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Bnuus TemMnepaTypu Ha CTPYKTYPY PO3TOIIB HA OCHOBI aJIIOMiHiIO

0. C. Poix, . C. Kanioonomnskuit*, B. I1. Kagimipos, A. M. BepxoBiiok”,
0. M. fdxoBenko, O. A. lllepenskuit’, P. A. Ceprieako*, €. I'. Buta™
Kuiscvruil HayionaavHuil ynieepcumem imeni Tapaca Illesuenka,
8ya. Borodumupcvra, 64/13,
01601 Kuis, Ykpaina
*Dizuro-mexrnonozivHull incmumym memaJnié ma cnaasie HAH Ykpainu,
6ynve. Akademira Bepradcvkoezo, 34/1,

03142 Kuis, Ykpaina
“HayionanvHuil mexHivHUil yHigepcumem Yxpainu

«Ruiscvruil norimexnivnuilt incmumym imeni Izopsa Cikopcvko20»

npocn. Bepecmeiicvruil, 37,
03056, Kuis, Ykpaina

Buronneno mnricts cromiB cuctemu Al-Cu-Ti—Fe mactymuoro ckiaany [mac.% J:
5,1-6,1% Cu, 0,05-0,32% Ti, 0,06-0,19% Fe. 11i cTomu 6ya0 HOCHimKeHO Y
piZKOMYy cTaHi BHCOKOTEMIEPATYPHUM DPEHTIEHOCTPYKTYPHUM METOAOM B Ce-
penosuiti rexiro 3a 700°C Ta 1000°C. 3 MipsaHUX KPUBUX PO3CiAHHS BUIIPOMi-
HEeHHS PO3Pax0BaHO CTPYKTYPHi (pakTopu Ta PYHKIIII ITapHOTO PO3IOAiIY aTo-
MiB. B cBOIO uepry, 3 KpUBUX IIapHOT'O PO3MOJiJIy aTOMiB BUSHAYEHO KiJIbKiCTh
aTOMiB y HaWOJIMIKUOMY OTOUeHHi (KoopAauHaIiiiHi unciaa). O6epHEHUM MeTO-
mom MonuTte-KapJiio mobygoBaHo Moesi po3ToIiB, AKi BiAIOBiZalOTE eKcIepu-
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MEHTaJbHO BU3HAUEHUM KDPHUBUM CTPYKTYpHOro ¢axTopa. 3a omep:KaHuMH
MOJIeJIAMH PO3Pax0BaHO MapIisjabHi CTPYKTYPHI (hakTopu Ta PyHKIIIT TapHOTrO
posmoniny aas aromoBux map Al-Al, Al-Cu i Al-Ti ta KoopguHaIiiiui ynciaa
IJA aTOMiB pisHOro copry. IloOymoBaui Momesi 6yja0 po30UTO HA CHUMILIEKCH
JenoHe Ta BU3HAYEHO MOJIiTEeTPaeIpPUUYHI aTOMOBI KJacTepHW iKocaegpUYHOTO
TUIy. BeTamoBieHO, M0 B TaKUX KJacTepax BMicT Mifi y 3—4 pasu Bumiuii,
aHiK Y TOMOT€HHOMY PO3TOIi.

Karouosi ciioBa: amomiHifioBi cTomm, po3Tomu, KJIACTEPH, MiKPOCTPYKTypa,
PEeHTI'eHOCTPYKTYpHAa aHajisa, obepuenuii metos Moure-Kapiio.

Six alloys of the AlI-Cu-Ti-Fe system are smelted. The alloys’ composition
varies in the following ranges [wt.%]: 5.1-6.1% Cu, 0.05-0.32% Ti,
0.06-0.19% Fe. The alloys are investigated in the liquid state by the high-
temperature x-ray diffraction method in a helium environment at 700°C and
1000°C. Structure factors and pair distribution functions are calculated from
the measured scattering curves. In turn, the numbers of atoms in the first co-
ordination sphere (co-ordination numbers) are determined from the pair-
distribution curves. Models of the melt structure are designed using the in-
verse Monte Carlo method in such a way to correspond maximally to experi-
mentally determined structure-factor curves. Partial structure factors and
pair distribution functions for Al-Al, Al-Cu and Al-Ti atomic pairs as well
as co-ordination numbers for atoms of different kinds are calculated from the
obtained models. The constructed models are divided into Delaunay simplex-
es, and polytetrahedral atomic clusters of the icosahedral type are defined. It
is determined that the copper content in such clusters is 3—-4 times higher
than in the homogeneous melt.

Key words: aluminium alloys, melts, clusters, microstructure, x-ray diffrac-
tion, inverse Monte Carlo method.

(Ompumano 29 epyous 2022 p.; ocmamoun. eapiaum — 12 ciuna 2023 p.)

1. BCTYII

Cromnu Ha ocHOBi Gimapuoi cuctemu Al-Cu IMIMPOKO 3aCTOCOBYIOTHCS B
aBia- 1 aBTOMOOiMBbHiI IIPOMMCIOBOCTI 3aBAAKM JETKOCTi Ta KOPO3ifHiHi
critikocti [1]. daa mosminmreHHa MeXaHIiYHNX BJIACTUBOCTEH ITUX CTOITiB
BUKOPHCTOBYIOTH AOJABAaHHSA JOMINIKOBUX KiJIBKOCTEW MeTaJiB, aTOMU
SIKUX MOKYTb BUCTYIIATH IIeHTPaMU KJacTepoyTBopenHsa. Ile mae smory
KepyBaTu MOP(OJIOTI€I0 CTOIIIB 3a PaXyHOK YTBOPEHHSA OaskaHUX iHTEp-
meraniganx Gas. Hanpuknaazn, rogaBanaa Turany 3a HaAIUIIKY AJio-
MiHito 3ymoBJIO€e yTBOpeHHA inTepmeranimy AlsTi [2], mio BuiuBae Ha
mopdosorio Kpucramiuaux ¢as a-Al it Al,Cu, aki € ocHOBHUME I
crouiB Ha ocHoBi cuctemu Al-Cu [3]. Heobxigmo BigmiTuTH, 110 IIPUCY-
THicTh TUTaHY BILIMBAE Ha IIPOIECH 3aPOJAKOYTBOPEHHS V PiAKOMY CTa-
Hi; TOMY eKCIepHMeHTaJIbHe Ta MOJeJIbHe [IOCJiIKeHHS PO3TOIIiB
Al-Cu, mo micrars gomimikum TuTany, Mae Ba)KJIMBE TEOPETHUYHE Ta
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IpUKJIaTHe 3HAUCHHA.

3rigHo 3 TaHUMU TEPMOAMHAMIUHUX MOCTim:keHb [4, 5], posTonu Oi-
napuux cucteMm Al-Cu i Al-Ti xapakTepusyOThCA iHTEHCHUBHOIO B3ae€-
MO/JIi€I0 MisK PiBHOCOPTHHMMHU aTOMaMH’, Ha IO BKAa3yIOTh HeTaTHUBHI eH-
TaJdbmii 3MimIaHHA i3 eKcTpeMaJdbHMMHU 3HaueHHAMU —17 KIK/MOJIb
(ma Al-Cu) i —30 xIox/moub (maa Al-Ti). MogenoBaHHSA CTPYKTYPH
pany posromis Bix AleyCus mo Al7oCuse 3a ZOIIOMOI'0I0 METOAY MOJEKY-
Jaspuoi nuHaMmiku ab initio [6] Bkasye ma ¢popmyBanuA dasu Al,Cu mix
Yyac KpucTaIisaiii 3aeBTeKTUYHNX PO3TOMHIB, TOAL AK OJIA €BTeKTUYHOI'O
Ta JOEBTEKTUUYHOI'O CKJIQAiB XapaKTep BIOPAAKYBaHHA aTOMiB BiAMiH-
HUM, i pisdHiI TUOU MiKPOYTIpPYyIIOBaHb CIiBiCHYIOTH ¥ PO3TOIIi OHOYACHO.
Hocmimxenua cromiB i3 Bmictom 1,9, 2 ta 2,5% ar. Kynpymy 3a momo-
moroo EXAFS-metrony [7, 8] Bkasye Ha Te, 1m0 posmonin atomiB Cu y
mepeHacnYeHOMY TBEpPAOMY PO3UMHI Ha OCHOBi aJlOMiHiI0O He € cTaTuc-
TUYHO BUIIAAKOBUM; HATOMICTD € KOPEJIAIliA y BBAeMHOMY PO3TaIllyBaH-
Hi aTomiB Cu, IO IPUBOAUTE IO YTBOPEHHS ABOX PAisiIbLHUX KOMIIO-
HEeHT y HaH6Im:KuoMy oToueHHI aTomiB Kynpymy: 2,67A mia Bzaemoxmii
y napi Cu—Cui 2,93A y mapi Cu—Al.

MeTo10 mAHOTO DOCHiI:KEHHS OYJIO eKCIIepuMEeHTaJIbHEe Ta MOJebHe
TOCTimKeHHA aJIOMiHifIOBUX PO3TOIiB 3 KOHIeHTpallielo Kympymy y
5-6% mac. i Turany go 0,3% Mmac.

2. EKCIIEPUMEHTAJIBHA TA POSPAXYHKOBA METOJUKA

Penrrenomudpakifiianii eKCIEePUMEHT IPOBOAUBCSA Y 3aXMCHIN aTMOC-
depi reairo 3a 700°C (mobusy Jgiuii mikBigycy) Ta 1000°C (mmeperpiB Hax
dimiero gmikBimycy =350°C) wma BucokoTeMIeparypHomy 0—0-
nmudpaxTomerpi (horkycyBaHHA 3a Bperrom—Bpenrano) 3 BUKopucTaH-
HAM MOHOXPOMATH30BaHOT0o BUNpoMinenusa MoK . 3 MeToro MiHimizarrii
eKCIIEPIMEHTAJIbHIX MOXMOOK JJIsI KOKHOT'0 PO3TOITY 34 3aJaHOI TeMIIe-
paTypu JOoCTimKeHHA 3paska Oy BUMipAHI II0 TPpU KPUBi iHTEeHCUBHO-
CTU po3cisTHUX mpoMeHiB I(®) y BimHOCHUX OgmMHUIAX (@ = 4nsinO/A, me
A=0,71069 A). Onep:xaHi KpuUBi ycepeJHIOBAIN Ta HOPMYBAJIHU 3 BPaxXy-
BaHHSM MIOIPaBKU HA HOJAPHU3AIiI0 PO3CiAHOrO BUIIPOMiHEHHSA, a Ta-
KOK aTOMOBUX (DAKTOPiB, AUCIIEPCIHHMX MONPABOK Ta iHTEHCHUBHOCTU
HEKOTepeHTHOTOo BunpomineHHd [9]. Is HopmoBanux KpuBux (@) Oyan
pospaxoBaHi 3araibHi KpuBi cTpyKTypHOro daxrTopa (CP) S(K) sriguo 3
meTozoM, sanpornonoBaruM O. C. Jlammkom [10]:

L@ 1
TR 1)

ne F?=3%nf?2, n,— aroMoBa 4acTKa i-ro KOMIIOHeHTa, f; — 0ro poaciro-
BaJbHA 3JaTHiCTh, N — 3arajbHe umcJo aTomis. Ha ocHOBi 3araibHUX
excnepuMeHTanrbHuXx CP® Oyam oxep:kaHi sarajbHi (QyHKIIII mapHOro

S@) =
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posuoziny atomis (PIIP) g(r):

Quax
! | @[s@ -1]sin(@r)dQ 2)

2
2n’rp, (z niKi] Qnin

ne K2=f?/F? — BigHocHa poa3ciloBajbHAa 3JaTHICTh ATOMIB i-I'0 KOMIIO-
HEHTa, Po— CEPeTHA aTOMOBA I'yCTHHA.

I3 KpUBUX PaALiAIBLHOIO POBIOIiITY aTOMiB podnrig(r) Meromom iHTe-
I'PYBaHHA OO0 IIEPIIOro JOKAJILHOTO MiHiMyMy g(r) OyJio OoIliHeHO cepe/-
HIO KiTbKiCTh aTOMIB Y HAWOJIMKUIOMY OTOUEHHI B PO3TOIIi — KOOpAMHA-
mitiae yucyao (CN).

Ina 3'AcyBaHHA 0COOJIMBOCTEH JTOKAIBHOI ATOMAPHOIL CTPYKTYPH PO3-
TOIIiB OYJI0O IIPOBEAEHO MOAeaI0BanHA ooepueHuM MeTogoM MouTe-Kapio
(OMEK) [11], 10 mepenmbavae MiHiMizaIlito piskKHUIII MiK eKcIlepruMeHTa-
apauM (SE(S))) i MmogensruM (SM(S;)) CTPYKTYpHUME (DaKTOPAMMU:

g(r)y=1+

. < (S58)-8"(s)) 3
D R (3)

i

ne 2 — daxrop 36isxkHOCTH, 6(S;) — CTAHZAPTHUN BiAXWJI HOPMAJIHHOTO
PO3IIOAiNY IJs eKCIIePUMEHTAJIbHOTO CTPYKTYPHOTO (paKkTopa. K Buxi-
IHY KOMipKy 0yJ0 obpauo Ky0, 1o mictuts 10000 aTomiB cTexiomeTrpu-
YHOT'O CKJIanAy, a JOBXKUHY peOpa Kyba Oyao o0UMCIeHO, BUXOAAUM i3
eKCIIepUMEHTAJbHIX 3HaUeHb I'YCTUHU PO3TOITY 34 TeMIIEpaTypHu eKciie-
pumenTy [12, 13]. Biggaini mimimaabHOro 36, IMKEHHS IS aTOMiB OJHO-
ro copTy OyJii BU3HAUEHI K TOUKA MIEPETUHY eKCIIepUMeHTAIbHOI KPH-
Boi ®IIP 3 Biccio abemuc (drooc(Al-Al) = 2,25 A, diooo-c(Al-Al)=2,20 A,
d(Cu-Cu)=2,10 A, d(Fe-Fe)=2,05 A, d(Ti-Ti)=2,30 A), a mix aToma-
MU 3 PiBHUM IIPOTOHHUM YMCJIOM — AK CEPeIHi 3HAaUeHHS MisK BiJIIIOBi-
pauMu BeanurnHaMu. Aaroputm OMK BKIIouae HaCTYIHI KPOKH.

1) [Ina koHpiryparii aromMiB po3paxoByOTh mapiianabai @IIP:
Mo ()

g (r) = , 4)

pe, 4dnridr
Ile p— aToOMOBAa I'yCTUHA, C, — KOHIIEHTPAIIiA aTOMiB COPTY O i né"é (r)y —
KiJgbKicTh aToMiB copTy [ Ha Bigmaii Bim r mo r+ dr Bif IeHTPaJIbHOTO
aToOMy COPTY ., III0 ycepedHeHa 0 BCiX aToMax cOpTy o KoH(pirypairii.
Iugexc «o0» (old) BKasye Ha momepeaHo KoHGIrypaiio.

2) PospaxoByioTh mapiiigiabai CP Sé‘gﬂ (Q) Ha OCHOBiI HapIiAIBHUX
PIIP:

SH@ =1+p | 4xr*[gll(r) - 1}%0” , 5)
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II€ I'max — IIOJIOBUHA pedpa OCHOBHOI KOMipKH.
3) PospaxoByioTh saranbHuil CP MomeabHOI KOHPIiryparrii:

S™(@) = XY ¢,k kS (@), (6)
B

o

Ie k,— BigHOCHA po3ciioBajbHa 3JaTHICTh ATOMiB COPTY O

g o Jo %

a .
o Zci/;Z
i

4) O6uncaoeTbeAa haKTop 30iKHOCTH MijK eKCIePUMeHTAIbLHUM i MOo-
nenbauM CD 2 3a piBHarHAM (3).

5) 3MiIyoTh BUIIAAKOBUM YMHOM OJUH i3 aTOMiB Ha BeJIMUYNHY 3aa-
HOT'O KPOKY, BPaXOBYIOUHN MiHiMaJbHI Biggairi misk aromamu. SIKIMO HO-
Be 3MiIlleHHA aToMa IIPUUHATE, II0 BigMivaeThea iHaeKcoM «n» (new),

po3paxoByIOTh mapiiaabui PIIP (gé"é" (r)) i mapuiansuai CP (Si‘g" @),

saransauii C® S (Q) i hakTop 36ixkHOCTH %2

6) fAxmro ¥, < xJ2, ToAl pyX npuiiMaeThcA, i HOBa KOoHMIrypaiia sami-
IIy€e Monepennio. Ko .2 > ¥, TO PyX OpuiiMaeThCcA 3 UMOBipHIiCTIO
exp(—(x2 — %2)/2); B iHmlIoMy BUIaAKy BiH Bigxupmaerbca. I[lpuiiHaTTa
JIUIIe YACTUHU PYXiB, AKi 30iJbIIYyIOTh PO30OiKHICTL MOEIIO i eKcIle-
PUMEHTY, POOUTE KiHIeBY KOHGMIrypaiito 6iJbIl He3aJesKHOIo Bif moya-
TKOBOI. 3 MOTPaANJITHHAM MOJEJNbHOI KoH(iryparii y JoKaJabHUN MiHi-
MYM y cucTeMu Oyze IaHc 3 HbOTO BUMTH 3a PAXYHOK PYXiB, I10 301Jb-
IIYIOTh po30ixkHicTh. IIpoleaypy MOBTOPIOIOTH 3 5-TO KPOKY OO0 3MEH-
IIIeHHs ITapaMeTpa 2 10 PiBHOBAXXHOTO 3HAYEHHS, HABKOJIO SKOTO BiH
aJli KOJTUBaTUMEThCA.

3 ozepKaHUX CTPYKTYPHUX MOJEJiB OyJau po3paxoBaHi mMapIiisiabHi
CTPYKTYPHi hakTOpU Ta (QPyHKILi] mapHOoro poanoxiny aromis. s aHa-
JIid¥ CTPYKTYPHUX MOTHBIB IIPOCTip MOAEJIB OYB PO3OUTHUI Ha CHUMILIE-
Kcu llenoHe (UeTBipKUM aTOMiB, III0 YTBOPIOIOTH €JeMEHTapHi ITyCTOTH)
BigmosigHo mo [14, 15].

3. PE3YJIBTATHU TA IX OBTOBOPEHHS

Homepu cTomiB Ta yTOUHEeHUI CKJAJ IicJisd eJIeMeHTHOI aHaJi3u IToKa-
3aHO y Tabi. 1. BuaBuiocsa, mio Bci cronu, okpim Kynpymy Tta Turany,
mictuiu go6aBku Pepymy (0,1-0,2% mac.). Ogun i3 cTomiB (6-i1) okpim
HaibinbImoi KoHIeHTpaIlii @epymy (= 0,2%) TakoK MicTUB Hes3HAUHI
pomimiku Mn (= 0,01%) Ta Zn (= 0,04%).

ExcnepumenTtanbHi kKpusi saranbuux C® i @IIP 3a remmnepatyp y 700°C
ta 1000°C HaBeneHo Ha puc. 1. {14 IOpiBHAHHA ITOKAa3aHO TaKOMK JaHi 11
pizkoro amominiro [16].
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TABJHUIIA 1. Cxaan gocimkeHuX CTOIB, % Mac.

TABLE 1. Investigated alloys’ composition, wt.%.

Ig;’(f5 Al Cu Fe i Mn 7n
1 94,737 5,07 0,1 0,093 - -
2 94,36 543 0,13 0,08 - -
3 94,11 5,53 0,12 0,24 - -
4 93,937 589 0,14 0,033 - -
5 93,524 6,10 0,056 0,32 - -
6 94,273 543 0,19 0,03 0,013 0,041

3HaueHHA NOJIOKEeHHA (@1, R1) Ta Bucotu (S(Q1)) mepmnx MaKkCuMyMiB
KpuBux CD i ®IIP noxasano y tabi. 2. Ogepsxaui kpusi CP i PIIP B 11i-
JIOMY BKa3yIOTh Ha MOAiOHICTH JOKAJIBHOI aTOMapHOI CTPYKTYPHU HOCJIi-
mxenux posroris Al-Cu—Ti—Fe Ta pigkoro aixromiiro, 1110 € IIPOrHO30BAa-
HUM uepes 3HaUHNKI BMicT Al B TOCIiA3KeHnX CTOIIax.

TABJINIIA 2. [TapameTpu KPpUBUX CTPYKTYPHOTO paKkTopa Ta GyHKIIT mapHo-

T'0 PO3IIOALTY.

TABLE 2. Parameters of structure factor and pair distribution-function

curves.
cromn | GO0 | sone. | 30 | Toon | 5@ | foi | Son
700 2,66 2,2 2,83 115
Al 0 0 1000 2,66 1,95 2,83 10,7
700 2,68 2,15 281 10,8
L2007 009 500 264 195 281 102
700 2,64 2,2 282 10,8
2 248 0080 4000 265 1,90 288 98
700 2,66 2,3 281 10,7
5 588 020 400 268 20 282 96
700 2,67 21 282 104
t 589 0038 000 265 1,95 281 10,2
700 2,66 22 281 104
° B0 0320 a0 267 19 28 101
700 2,67 22 281 10,0
M U 2,6 1,9 282 9,9
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Puc. 1. CtpykTypHi haxrTopu (a, 6), QyHKIIii mapHOro posmoainy (8, 2) 3a 700°C
(a, 8) 1 1000°C (6, 2) Ta KOHIIEHTPAITiliHi 3aJI€XHOCTI ITOJOKEHHSA IIEePIITOTo Ma-
KCUMYMY KPUBUX CTPYKTYpHOTO (paxTopa (9) i pyHKIII mapHoro posmnoaiay (e)
I gocirimkenux poadroniB. [{aHi nyisa yucroro asmominiro B3saTo 3[16].

Fig. 1. Structure factors (a, 6) and pair distribution functions (s, 2) at 700°C
(a, 8) and 1000°C (6, 2), concentration dependences of first maximum position
of structure factor curves (9) and pair distribution functions (e) for the stud-
ied melts. Data for pure aluminium are taken from Ref. [16].
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3HaueHHA eKCIIePUMMEHTAJIbHOI IMOXUOKM ITOJIOKEeHHS IIePIIOoro Mak-
cumymy Ha Kpusux ®IIP (+0,01 A™') He fae 3MOTy TOBOPUTH IIPO 3aJI€K-
HicTs R; Big Bmicty Cu um Ti. MoxHa 3ayBasKHUTH, IO IOJOKEHHS IIep-
mroro MakcuMymy Ha KpuBux C® (@;) 3a 700°C 3aMeHIITyeTbCS 3 ITepexo-
JIOM Bij pizkoro aamoMminio go posromy 3 5,07% mac. Cu, a 3 IOmAIBIITIM
301TIBIIIEHHAM KOHIleHTpAaIlii Cu B po3Tomi BimOyBaeThcsa 30iabIIeHH Q1
1o 2,60 A, IToxi6Hi smirm @; 3a 1000°C € MeHIII ABHUMH: 3MeHIIEHHSA
TIOJIOKEHHS IIepIIoro MakcuMymy CP 3 mepexomoM Bif YKMCTOTO PigKOro
arroMiHiio mo postony 3 5,43% mac. Cu BigOyBaeThCa B MeKaxX eKCIepu-
MEHTAJLHUX IIOXNOO0K.

Ase mopanbiiie 30iJgbIlIeHHA @: 3i 3pocTaHHAM KoHIeHTpallii Cu 1o
6,1% Mac. € CTATUCTHUYHO BipOTiIHIIM.

Hai6insmr oueBuaHi 3minu 3i 36igbiieHrHamM BMicTy Kynpymy MaioTs
MicIle IJIs cepeIHbOro KOOPAMHAI[IMHOTO YHCJa ATOMIB Y HOCTiIKeHnX
poaTomax (puc. 2). 3menrienHa 3HaveHHA CN i3 3pocTaHHAM KOHIIEHT-
pamii Kynpymy MoskHA IOACHUTY THUM, 1110 B Mipy 30iJbIIIeHHA B PO3TOII
KiJIBKOCTH aTOMiB 3 OiJIBIIINM pagilocoM, aHiK y AJOMiHil0, KiTbKicTh
aTOMiB B OTOUEHHI KOMKHOTO aToMy AJIIOMiHiI0 3MEeHINYeThCA. PiiKHUI[IO
Mixk sHaueHHAMU CN I/ PO3TOIiB OAHOTO CKJIALY, ajie 34 PisHUX TeM-
mepaTyp, MOKHA IOACHUTH PO3YHOPAIKYBAHHSIM 3a IIeperpiBy, IO Ta-
KOJK IPOABJISIETHCS Uepesd 3MEHIIIeHH BUCOT Iepux MakcumMymiB CP i
@DIIP ra 36inbIeHHA MiBIMIUPUHY Iepiioro Mmakcumymy C®. IlikaBum €
To#t haKT, 1o piskuuIg Misk CN 3a 700°C Ta 1000°C € HATMEHIIIOO AJIs
poaromiB i3 5,89 i 6,10% mac. Kynpymy. Ile moxxe 6yTu inTepmperoBa-
HO, AK 30epe:keHHsA 3 IeperpiBOM aTOMOBUX KJIACTEPiB i3 MeBHUM JIOKa-
JBbHUM aTOMapPHUM BOOPAIKYBAHHIM.
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1,0 N

S
- -- ; : :
N i : : : :
10,54 i o b deen L OORC
~ : ; i |
~\.§\ H . h |
10,0 ‘
9,5
90 , 71— — B —
0 5,0 5,1 5,2 5,354 5,565,6 5,7 5,859 6,0 6,16,2

Puc. 2. KiabpKicTh aTOMiB y HalGJAMKIOMY OTOUEHHI B JOCTIAKEeHNX PO3TOIAX.

Fig. 2. Number of atoms in nearest environment in the investigated melts.
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Puc. 3. ITopiBHAHHA eKCIepUMEHTAJIbHOTO (TOUKM) Ta MOAeJLHOro (KpuBa)
CTPYKTYpPHOro paxTopa 1-ro posromy 3a 700°C.

Fig. 3. Comparison of the experimental (scatter) and model (line) structure
factors for the 1%t melt at 700°C.

Pospaxoani meronom OMK ctpykTypu Mmaau CP, 1110 y3roaKyeETbC
3 eKCIIEPUMEHTAJIbHUM B MerKaX eKCIIepuMeHTaIbHOI moXubKu (puc. 3).

ITapmoianbHi KpuBi Sa-al(®) Ta Sai—cu(®) (puc. 4) TpakKTUYHO He 3aje-
sKaTh Big BmicTy Kympymy B posromax. CiaabKe 3aTyXaHHS OCITHJIAIIIMN
Saicu(®) 3a BUCOKMX 3HAUEHD @ TOPiBHAHO i3 Sa-a(®) BKasye Ha GLIBIII
BUCOKUI CTYIIiHb BIIOPAAKYBaHHA y HapHuX B3aemoniax Al-Cu. Hussb-
Kuit BMicT TuTany yHEeMOMKJINBIIIOE OJIeP:KaTH AKiCHI mapmianrbHi KpuBi
Sarti(®). Ocobaupo e nmposaBasgeTbea y Bunagky 0,08% mac. Ti. JIumre
nasa 0,24 ta 0,32% mac. Turany kKpuBi Sai-mi(®) MoKHaA IIOpiBHIOBATHU 3
CD pna inmux aromoBux mnap. g npukaagy Ha puc. 5 HaBeAeHO IIopi-
BHAHHA MapHiadbHUX QYHKIHA Sa-ai(®), Sa-cu(®) Ta Sai1i(®) mias 5-ro
cTotmy.

Ogep:xaHi maHi BUABJAIOTh Y BUIAAKY HapHux B3aemoxiii Al-Ti i
Al-Cu 06inpIl BHCOKHII CTYIIiHb JOKAJLHOTO aTOMAPHOTO BIIOPAIKY-
BaHHJA (ci1abKe 3aTyXaHHA OCIIUIAIIN).

CrmiBcraBiieHHA MapIiAJbHUX (PYHKI[INM ImapHOro poamominay (puc. 6)
BKaaye, 1110 y posTonax Bigmamni y mapax Al-Al, Al-Cu ta Al-Ti e npu6-
JIU3HO OJHAKOBUMHU B MeKaxX MOXMOKM BM3HAUEHHSA IX HeszaJe:KHO Bifn
Bmicty Kynpymy Ta Turtany B postoni. OgHaK mepiili MaKCUMyMU KPI-
Bux @IIP y Bunagky gai—cu(R) OIS BCixX HoCIig:KeHnX PO3TOHIB i gai-Ti( R)
3a BUHATKOM posTony i3 0,08% mac. Ti MatoTh MeHITY IIiBIMUPUHY Y II0-
piBHAHHI i3 gai-ai(R). Ile TaK0K MOKe BKasdyBaTu Ha (DOPMYyBaHHSA ¥ PO3-
TOIIaX HABKOJIO aTOMiB NepexXifHUX MeTaJliB aTOMOBUX KJIACTEPiB, AKi
BiAMiHHi Biff CTPYKTYpU PiIKOro aoMiHi0.
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Puc. 4. ITapuisanesHi cTpyKTYpHI akTopu mocaimxenunx posromis 3a 700°C (a,
8, 0)11000°C (0, ¢, ).

Fig. 4. Partial structural factors of the investigated melts at 700°C (a, 8, 0)
and 1000°C (6, ¢, e).
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Puc. 5. ITapriianbHi cTpyKTYypHI hakTopu A 5-ro posrorry 3a 700°C (a) Ta 1000°C (6).
Fig. 5. Partial structure factors for the 5 melt at 700°C (a) and 1000°C (6).

3 GopMyBaHHAM CTPYKTYPU PO3TOMIiB iCTOTHY pPOJb BimirpaioTsh aBa
YNHHAKA: IHTeHCUBHICTEL MI»KaTOMOBOI B3acMO/il, 1110 3B’ sA3aHa i3 XeMi-
YHUM JIOKAJbHUM BIOPAAKYBAaHHAM i peaJisalia IiiJibHOrO HEKpPUCTa-
Jiuroro nmakyBaHHA aToMmiB [17]. IIlinbHe makyBaHHA Y KPUCTAIIUHUX
Tilax XapaKTepu3yeThCA HAABHICTIO BeJMKOI KiJBbKOCTU IIyCTOT, IO
MaioTh (hopMy IpaBUIBHUX TeTpaeapa it okrtaexapa. lllinbHe HEKpuUcTa-
JiuHe MaKyBaHHA y PO3TOIIaxX Ma€ 3HAUHY KiJdbKicTh cumILieKciB [leso-
He y BUIVIALIL c1abo nedopMOBAaHNX TeTpaeIpis, 1o CXUJIbHI 00 efHuyBa-
THUCA 10 T'PAHAX, YTBOPIOIOUM IIOJiTeTpaeApUYHI KJacTepu: JiHiliHi, po-
arajayskeHi popMyBaHHA, 00 €IHAHHS y BUIVISAL] I ATUUIEHHNX KiTelb.

OcTaHHBOMY BUIIALKY, TOOTO (DOPMYBAHHIO 3 I ATLOX cJabo medop-
MOBAHUX TeTpaenpiB, BiAmoBimae mekaroHajbHa Oimipamima (mexaenp).
Jlexaenp € CKJIa0BOIO YaCTMHOIO iKOCaeApMUYHOTO0 aTOMOBOT'0O KJacTepa:
IEeHTPaJIbHUN aTOM € OTOUEHUM ABaHAAIATHMA CyCcigaMu.
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Puc. 6. ITapuignasai QyHKIII mapHOTro pOo3mOIiJy MOCHIAMKEHHX PO3TOMIIB 3a
700° (a, 8, @) i 1000°C (0, 2, e).

Fig. 6. Partial pair distribution functions of studied melts at 700°C (a, 8, 9)
and 1000°C (6, ¢, e).
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Puc. 7. 3ajeXHOCTI BilcOTKA aTOMiB y IOJiTeTpaeApUUHNX KJacTepax ikocae-
apuuHoro tumy (a) Ta Kynpymy y Kjaacrepax (cyImisbHa KpuBa) i B posTomax
(myuxTup) (0) Bix xoumeuTpairii Turany B po3ToIri.

Fig. 7. Dependences of atoms’ percentage in icosahedral-type polytetrahedral
clusters (a) and copper in the clusters (solid line) and in the melts (dash line)
(6) on titanium concentration in the melt.

3 06'eqHAHHAM JEeKiIbKOX AeKaepiB YTBOPIOIOTLCA IIOJIiTeTpaempu-
YHi KJIaCTepU iKOCcaeIpuUYHOTO THUITY, PO3MIp AKHMX MOYKE CAraTh IeKi-
JBbKOX HAHOMETPIiB.

Ha pucyHKYy 7, @ HaBejeHO 3aJIeKHICTD BiICOTKA aTOMiB (1), 1110 hOop-
MYIOTbH IIOJIITeTPaegPUYHI aTOMOBI KJacTepu iKocaeqPUIHOTO THUITY, Bif
Bmicty TuTany B postomi. Omep:kaHa 3ajJeKHICTh Mae eKCTpeMaIbHUi
xapaxTep i3 JokaabHuM MinimymoM aiasa 0,08% mac. Ti Ta MakcuMyMoM
nna 0,24% mac. Ti. Iligumenua remnepatypu 1o 1000°C ogmHo3HaUHO
3MEHINY€ KiJbKiCTh aTOMIiB, IO YTBOPIOIOTHL KJacTepH, BKasylud Ha
YyTJIUBICTH A0 IIePerpiBy HAJ JiHi€I0 JiKBiLyCY.
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HomaTkoBo OyJI0 MPOBeAeHO aHAJNI3y CKJIAAy TaKMX KJIACTEpPiB 3 BHU-
KOPUCTAaHHAM OJep:KaHMX CTPYKTYPHHX MOAeNiB. BuaBmiocs, mio y
BKasaHUX KJacTepax BmicT Kynpymy B 3—4 pasu BUIIIUIA, aHiK 3araJib-
HUH BMicT y JocJaimyxyBaHoMy poarori (puc. 7, 6), Tooto Kympym mae
CXUJBbHICTh BXOAUTU Yy IOJIiITETPaeApPUUHI KJacTepu iKocaeapuuYHOr0
TUIY.

4. BUCHOBKH

1. ITosrokeHHS TePIIOro MaKCUMYMY iHTeI'paJbHOI KPUBOI CTPYKTYPHO-
ro (paxTopa CIouaTKy TPOXW 3MEHIIIYEThCS 3 IIEPeXOI0M BiJ UMCTOTO
aJoMiHiio mo cromiB 3 5,1-5,4% mac. Cu, a moTim 3pocTae 3i 30iabIIIeH-
HAM KoHIleHTpalii Kynpymy mo 6,1% mac.

2. I3 3pocrannaMm KoHIeHTpaIlii KynmpyMmy sMeHIITYIOThCA cepeaHe Koop-
OUHAIlIfHEe YMCJIO B PO3TOIIL Ta PiMKHUIA MiK KOOPAWHAIIMHUIMU YKC-
gamu giaa (00°C Ta 1000°C.

3. IlapuianbHi KpuBi cTpyKTypHOro paxTopa Sai-ai(®) i Sa-cu(@) Tpax-
TUYHO He 3ajJeKaThb Bif BmicTy Kympymy y posromax mjsd BCix mocri-
mxenux cromiB. CiabKe 3aTyXaHHA OCIUIALIIN Sa-cu(®@) 1 Sami(Q) 3a
BHCOKUX 3Ha4YeHb @ IOPiBHAHO i3 Sai-ai(@) BKkasye Ha OGiibIII BUCOKMH
CTYIiHb BHOPANKYBAaHHA AJdA mapHux B3aemoumuis Al-Cu rta Al-Ti,
aHix mda map aromis Al-Al.

4. I3 mapiiaabHNX XapaKTEePUCTUK CTPYKTYPHUX MapaMeTPiB AJIA KOXK-
HOT'O i3 KOMIOHEHTiB 0yJI0 BCTAHOBJICHO, IIT0 JIOKAJIbHE OTOUEHHS ATOMIiB
mepexiTHUX eJeMeHTiB, ocobauBo Kynpymy, xapakTepusyeThbCa BUIITIM
CTyIIeHeM BIIOPAIKOBAHOCTH TOPiBHAHO i3 JOKAJBLHUM OTOUYEHHIM
Anominiro.

5. PospaxoBani 3a o0epuenuM meTogomM MouTe-Kapsao cTpyKTypHI Mo-
JIeJIi PO3TOIIiB, IO Y3TrOMKYIOTHCS 3 EKCIIePUMEHTAJIbHIMY PEHTI'€HOCT-
PYKTYPHHUMH [OaHUMH, XapaKTepU3yIOThCA HAIBHICTIO aTOMapHUX
YIrpyIIOBaHL 3 peajisalli€io IMiJIbHOT0 HEeKPUCTAJIYHOTO ITaKyBaHHI —
ImoJIiTeTpaeAPUUYHUX KJacTepiB ikocaempuunoro tumy. Bmict Kynpymy
y TaKuUX KJacTepax y 3—4 pasu BHUINI, aHiK CTeXiOMeTpUUYHUIN BMiCT
Kymnpymy B mociimkyBaHuX CTOIAX.
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CrpyKTypa MeTaJjieBoOl JiIMarHeTHOI KPaIlLi, 10 TBePIHYyJIa,
po3TiKarUYuCh IO HEMATHETHIH IMiTKJIAIWHIIl Y MATHETHOMY ITOJIi

0. B. Cepenenko, B. O. Cepegenko

Dizuro-mexrnoaoziuHuil incmumym memadnie ma cnaasie HAH Ykpainu,
6ynve. Axademira Beprnadcvrozo, 34/1,
03142 Ruis, Ykpaina

3’scoBaHO, 1[0 PO3TiKAHHS Ta TBePAHEHHS MeTajJeBol Kpalljii Ha MigKJIaguHIIL
€ 0a30BUM y pAIi IPOr'PECUBHUX i HOBITHIX TEXHOJIOTIiI Ta aKTUBHO BUBUYAETH-
cs B cBiTi. MaTeMaTuYHMUE amapaT IIPOTrHO3YBaHHS BHYTPIITHIX Teuilt i TexHi-
YHi 3acO00U IIPAMOTO CIIOCTEPEKEeHHS 3a IMBUIKOILJIMHHUM IIPOIIECOM OJHOYAC-
HOT'O PO3TiKaHHS PiAKOI KPAaILIi 3 Iepexo oM y TBEPAY ILJIaCTUHYACTY YACTUH-
Ky, 30KpeMa IIiJ Ji€io IIOCTiAHOro MAarHeTHOTrO II0JifA, BeJIbMHU YCKJIanHeHi. Ye-
pes 1e Ha0yBae aKTyaJbHOCTH PO3PO0Ka CIIOCO0iB ofepKaHHsa iHdopMmaIiii mpo
eBOJIIOIiITHI KaPTUHU TAHOTO IIPOIlecy, IO Bu3Hauae e()eKTUBHICTh TEXHOJO-
rii. Po3po6yieHO MeTOOUKY BidyaJsisarii kapTuH Tedii pifKoro eMmyJjbCOBaHOTO
crony Bi—Zn 3a ogHOYacHOTO PO3TiKaHHS, OXOJIOAMKEHHS Ta TBEPAHEHHS [Ii-
AMarHeTHOI Kpallli Ha HeMarHeTHid MeTaJieBiil migKIagMHII Ii BIIJIMBOM II0-
CTifHOTO Mar"HeTHOTO I10JiA. BigyasizaTopaMu KapTUH BHYTPIIIHIX Teuiil pos-
TOMYy, I1T0 OYB icTOTHO 36ypeHUi i cTpaTudikoBaHmii Mo TeMIiepaTrypi, 6yau
eMyJIbCOBaHi BKPAIJIeHHS 1 OKCUJHI ILTiBKU. BuaBieHo, 1110 mOCTiliHe MarHe-
THe II0JIe, HaKJaJeHe IepIeHANKYJIAPHO HiAKJIaNHIT, BIJINHYJIO HA JUHAaMI-
KY PO3TOIly, IO IIPOoABUIAcA B icToTHOMY (10 10 pasiB) ameHIeHHi geeKTiB y
CTPYKTYPi YacTMHOK. BU3HAUEHO Ail0 MarHeTHOTO II0JIA Ha CTPYKTYPY CTOIY,
AKa CYOPOBOIKYyBajJacA MiABUINEHHAM Yy 2 pasu OTHOPIAHOCTH POIMIMOTiTIY
eMyJIbCOBAHMX BKpPAILJIEHb i1 ITI0ABOI0 HOBUX (DOPM YTBOPEHB, AKi HE CIIOCTEPi-
rajiuch y YacTUHKAaX, HeoOpoObeHux mojaeM. IlokasaHo, 110 IOCTifiHe MarHer-
He II0JIe TIePCIeKTUBHO 3aCTOCOBYBATH Y BUPOOHUIITBI MacuBy KpalieJb (HaHe-
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CEeHHi MOKPUTTiB, CIpeli-IpoIeci ToImo) M MOOAMHOKUX Kpamneib (aJUTUBHUX
TEeXHOJIOTifX, 3MOUYBaHHI MiKp006’€KTiB TOII[0), a TAKOXK BUPOOiB 3i IIIBUIKO-
OXOJIOIKEeHUX MePCIeKTUBHUX CTOIIiB, HAIPUKJIAJL CHUCTEM Ha OCHOBiI Mimi 3
3aJ1i30M, aJIOMiHiIO 3 PiKiCHO3EMEIBbHUMU MeTaJlaMU, CXUJIBHUX A0 (hopMy-
BaHHA HEOTHOPIAHUX 1 TPyOUX CTPYKTYP.

Karouori croBa: JiaMarseTHa MeTajieBa Kpalljisd, JINTA CTPYKTypa YaCTUHKH,
MarHeTHe I10JIe, BidyaJjisallia 3aMoposKeHoi Teuii.

As found, the spreading and solidification of a metal droplet on a substrate is
basic in a number of advanced and new technologies and is actively studied in
the world. The mathematical apparatus for predicting internal flows and the
technical means of direct observation of the rapid process of simultaneous
spreading of a liquid droplet with the transition into a solid lamellar particle,
in particular, under the action of a constant magnetic field, are very compli-
cated. Because of this, the development of ways to obtain information about
the evolution pictures of this process, which determines the effectiveness of
the technology, becomes relevant. A technique for visualizing melt-flow pic-
tures of an emulsified Bi—Zn alloy under the conditions of simultaneous
spreading, cooling and solidification processes of a diamagnetic droplet on a
non-magnetic metal substrate under the influence of a constant magnetic
field is developed. Emulsified inclusions and oxide films are visualizers of
pictures of internal flows of the melt, which is significantly disturbed and
stratified by temperature. As found, a constant magnetic field applied per-
pendicular to the substrate affects the dynamics of the melt, which is mani-
fested in a significant (up to 10 times) reduction of defects in the particle
structure. The effect of the magnetic field on the structure of the alloy is de-
termined, which is accompanied by 2 times’ increase in the homogeneity of
the distribution of emulsified inclusions and the appearance of new forms of
formations, which are not observed in samples not treated by the field. As
shown, a constant magnetic field can be used promisingly in the fabrication
of an array of droplets (coating, spray process, etc.) and single droplets (addi-
tive technologies, wetting of microobjects, etc.), as well as products from
fast-cooled advanced alloys, for example, systems based on copper with iron,
aluminium with rare-earth metals, prone to the formation of heterogeneous
and rough structures.

Key words: diamagnetic metal drop, cast particle structure, magnetic field,
frozen flow visualization.

(Ompumano 7 wepensa 2023 p.; ocmamouH. gapianm — 15 aunnsa 2023 p. )

1. BCTYII

3amava KepyBaHHS PO3TiKAHHAM, (DOPMOIO Ta CTPYKTYPOIO Kpaleiab Me-
TaJeBUX PO3TOIIIB HA IMOBEPXHi TBEPJOro Tijia € BeJIbMH aKTyaJbHOIO,
OCKiJIbKM BOHH 3aCTOCOBVIOTBCS Y IPOI'PECUBHUX TEXHOJOTIUHUX IIPO-
mecax — HaHECEHHi IMOKPUTTIB, 3MOUYBaHHI MiKpOJiH3, CUHTE3i Kam-
CyJI, JIOTYBaHHi, 3BaplOBaHHi, y TOMY YHCJIi B iHTeJIEKTyaJIbHIN TEXHO-
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Jorii sBapoBaiabHOro BupobHuIiTBa (IWMT), B cucremax 0XOJIOAKEH-
HdA, IPUCTPOAX NEePeTBOPEHHA eHepTil TepMOoAAepHOI CMHTEe3W «TOKa-
MaK», cupeli-iporeci opmMyBaHHA KOMIIOSBUIIMHMX MaTepidiB 3 Me-
TajgeBoio Marpuiieio [1-6]; TakoK mig yac omeprKaHHA ITIBUIAKOO0XO0JIO-
MKEeHUX CTPiUOK, MaJMX MeTaJIeBUX YaCTUHOK, 30KpeMa ILIacTuHUAC-
TUX, I'Pamy, MopormkKy [7—11]. OcobauBo aKTyaslbLHOIO I 3a/IaUa CTaE Y
PO3BUTKY HOBITHBLOI afMTHBHOI TeXHOJIOTiI KpameabHOTo 3D-ApyKy (¥
mporieci DoD — drop-on-demand) BifgmoBiganbHUX CKIATHUX €JIEKT-
POHHUX KOMIOHEHTiB, THYYKNX CXeM, MeTAaJeBUX AeTaJiB 3 OJHOTO abo
IeKiTbKOX MeTaJiB, a Tak0oK y HaHeceHHi JioTiiB [12—-15].

BupoGHUIITBO MeTaJIeBUX KpallesJb € HeJiHiHHUM, HepiBHOBAXKHUM i
HecTaIliOHAPHUM HPOIIECOM, B AKOMY AKEPeso Tellia MUTTEBO BXOIUTD
Y KOHTAKT 3 MEeBHOI0 IMiAKJaAMHKOIO, IO CYIPOBOMMKYETHCI (DA30OBUM
IIepeTBOPeHHAM piamHa—TBepAe Tijmo. Yepes Iie BeabMu IIpodIeMaTHd-
HUM € CTBOPEHHs aJeKBAaTHOTO aHAJITUYHOTO MOAeNI0 mporecy [16].
s 11boro HeoOXigHI icTOTHI 06UMCIIOBATIBLHI 3YCUILIIA, IKi TOTPEOYIOTH
peaJrizarrii MyabTH()i3MYHOTO MOAEJIO AJIs IIOETHAHHS OIINCY AUHAMIKM
PiIMHMN BCcepeaWHI Kpallili, Temjolepenadvi Ta MeXaHiKyU TBEPAOro TiJja.
Tomy iHTeHCHMBHUX OOUYMCIIIOBAHWX 3YCUJIbL 3aI00iraloTh BUKOPUCTAH-
HAM IPSIMOTO eKCIepPUMEHTAJLHOTO CIoCTepe:KeHHa MopdoJorii moBe-
pxHi Kpameab. AJle y aHATi3i KOHBEKIIHNX e(eKTiB y Kpallii uepes
ixHi BeJIbMU BY3bKi UacoBi Ta mIpocTOpPOBi MacIiTabu moci mpobyemMaTu-
YHOIO € TeXHiYHa peaJsisailid BisyaJsisaiii pyxy piaguau. Tomy Ha JaHui
yac IJd aHaJIisu IepeMillieHHA piAnHN y Kpallji BUKOPUCTOBYETHCSA Ma-
TeMaTUYHUHA MO 3 PAAOM IpunyIneHs [13].

KpuBuHa Ta XBUJISACTICTh MMOBEPXHi Kpamejab IPUBOAATE 10 3HAUHOTO
3pocTanud ii momri. 3acToOCyBaHHSA XeMiUHO aKTUBHOT'O OXOJIOIKyBaua
MIPUBOIUTE, 30KPEeMa, M0 IIiABUINEHHSA OKNCHEHHA Ta BUHUKHEHHS Tij-
puznis Ha moBepxHi yacTuHOK [10]. Ilixg vac 3D-aApyKy Ta IIoeHAHHSA Ta-
KHMX YAaCTUHOK MOKYTh BUHHKATHU IIOPU Ta IIYCTOTH, BUKPUBJIEHHSA IIO-
BepXHi uepes ycagKky MeTajay, IO IIPU3BOAUTHL M0 KOPOOJIeHHA BUPOOY
[12, 14, 15]. B nmpormeci ekcnyararii Ta gedopMmaiiii uepes 1e po3BuUBa-
I0ThCs JedeKTH (Po3IIapyBaHHs, HEOTHOPITHICTE CTPYKTYPH).

Haremep HOBiTHI TexXHOJIOTi] YacTO KOMEPIiAAi3yIOThLCA IIIBULIIE PO-
3BUTKY (pyHIaMeHTaJIbHUX (hi3MUHUX YABJIEHDb, Ha IKUX BOHU 0a3yIOTh-
ca[17]. Tomy yBary 6araTbox JOCHIZHUIIBKUX I'PYII CIIPIMOBAHO HA BU-
BUEHHS HOBEIiHKYM OKPEeMOi MeTaJIeBOl KpamJi Bix ii ocamkeHHA IO TBe-
pAHeHHs, AK 0a30BOI OZMHMUIN B 3aco0aX KePyBaHHA il PO3TiKAHHAM, Bix
YOT'0 HATIPAMY 3aJIeKUTh YCIIINTHiCTL TexHoJorii [12, 14].

PoarikaHHA Kpallii mo TBePAiil MOBEPXHi IPOXOAUTH 3a IBOMAa OCHO-
BHUMHU PeXKMMaMU — 3 BUILIECKOM i 6e3 Hporo [18]. 3rigHo 3i cmporre-
HuUM migxozom [19], posrikamua Kpaiii mo TBepAiil moBepxHi 0e3 Bu-
IJIeCKY BimOyBaeTheA y 3 eTamu: 1) Kpaljis IepeTBOPIOEThCA Yy IIap, 2)
peuoBMHA KPAILIi PO3TiKaeThCA Yy TOHKUH miap ((PopMyeThCs JamMess),
3) BimbyBaroThCA pisKe raJlbMyBaHHA Ta 3yIUHKA IPOIleCy PO3TiKaHHII.
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Ilig vac ymapy Ta po3TikaHHA KPAaILIi PiIKOro MeTaJly IO XOJIOIHIN II0-
BepXHIi mpoiiecu ii po3TiKaHHS M 0XOJIOMKEeHHS Bi0OyBalOThCI OQHOUAC-
HO. B 30HI KOHTaKTy 3 MigKJIaAUHKOIO YacTHHA 06’€MYy PO3TOIY TBEP/I-
He, a Ha Hel HaTiKalOTh ITapu PiflKoro MeTay. B pesysibraTi Ha moBepx-
Hi KpaIlri r'eHepyIoThCS HECTAJOCTi Ta (POPMYETHCA XapaKTEePHUN PEJIb-
ed [20]. Taxwuit peabed € HacaigkoMm mii mecramocteit Penes—Teiiaopa Ta
KensBina—T'enbmromsbiia [21]. Uepes piske raabMyBaHHA PiguHMA Kpail-
JIi Ha KPOMKax JilaMeJIi MOXKYTh BUHUKATH 3aBuxpeHH A [22]. Hecranocti
€ MPUYNHOIO BUHUKHEHHA Ae(eKTiB JUTHUX ILJIaCTUHYACTUX YACTUHOK.

Bizomo, 1110 114 DigBUIMEHHS AKOCTU JINTOL CTPYKTYPU MEeTaJIeBUX 3a-
rOTiBOK BUKOPUCTOBYETBHCA ITOCTiiHe marHeTHe nojsie. Ha manuit vac y
CBiTi aKTHBHO BeQyThCs AOCTiIKEeHHA KepyBaHH 3a JOIIOMOT'OI0 MarHeT-
HOTO IIOJIS PO3TiKAHHAM Kpareiab (epomarHeTHux piauu [2, 23], mapa-
MAarHeTHUX Po3umHiB [24], mismaraeTHoro :kuBocpidia [19], meTaseBoro
CTOIYy TaJIiHCTaHy, IO 3aJUIIABCA PiIKUM B YMOBaX €KCIEePUMEHTY Ta
cKJazaBcA 3 mapamargetanx Ga, Sn Ta gigamar"gerHoro In i morpebyBaB
3axuCTy Big oxkmcHenHd [1, 6]. HocaimKyeThbca po3TiKaHHA Kpaleib II0
TOPU3OHTAJBHUX a00 3 HAXMJIOM MiAKJIAAUHKAX 3 Pi3HUMHU €JIeKTPUUHN-
MU Ta MAarHeTHUMHY BJIACTHUBOCTAMU. B MOTOIIi eJ1eKTpOonpoBiAHOI pigmrHYT,
1170 IIepeTHHAE CUJIOBI JIiHil OQHOPiAHOr0 MArHETHOT'O MOJIsI, Bif0yBAIOTh-
cA rInOOKi 3MiHM Horo iHTerpaJbHUX i JOKAJTBLHUX XapaKTepucTuk [25].
Bupaskena pgiss DIOCTIiAHOrO MAarHeTHOrO IIOJI Ha MeTajieBl Kpainii
moB’si3aHa 3 IXHBOIO BUCOKOIO €JIEKTPOIPOBIAHICTIO BHACIITOK T'eHEpY-
BaHHA JIropeHTHOBOI cuyi. B pobori [26] BigMiueHO BIJIMB MarHeTHOTO
moJsa Ha GopMy Kpailli, I1To posTikajacsa 3 BUILIecKoM. ABropamu [19]
BUSIBJIEHO 3MEHIIIEHHS MIBUIKOCTHA PO3TIKAHHA KpAILIi ¥ MarHETHOMY
oJIi, AKe OyJIO CIIPAMOBAHO MEPIEHINKYIIPHO HAIPAMKY PO3TiKAHHA.
[IIBuakicTh po3TiKaHHA Kpalljii aMeHITyBajacsa 3i 36imbmrenHam [aprt-
MEHOBOI'O YHCJIa, AKe IIPAMO IIPOIIOPIiHO 3aJIeKUTh BiJ BEJIMUYMHU iH-
IYKI[ii MaraeTHoro mojd. MarseTrHe 1moJjie COpUAI0 YTBOPEHHIO MEHIITOTO
IissMeTpa po3TiKaHHa Kpalii Ta 30iibieHoi BucoTu ii Beprmuau [23], ic-
TOTHO 3MiHIOBAJIO XapaKkTep Teuii MeTaseBoi KpaiLii [6] Ta mepeposmozi
pimuHY B ii 06’eMi, 30iIBIITYBATIO KOHTAKTHIH KYT MisK KpaILaero Ta IIiIK-
JagnHKoio [1], 3amobiraio yrBopeHHIO IOTOBIMEHb HA Kpato Jamesi [2].

Amajiza JgiTepaTypHuUX HaHMX ITOKasaJa, IO Ha JaHUI Yac OCHOBHY
yBary IocCJimKeHb CIPAMOBAHO HA BUBUEHHA (DOPMU IIOBEPXHi Kpaleb,
10 PO3TiKATHCA, a BHYTPIIIHIO CTPYKTYPY HOTOKiB MeTasy y Kpam-
JAX, 30KpeMa c(popMOBaHY MiJl Uac po3TiKaHHSA Ta TBePJHEHH i Ai€to
MOCTiMHOTO MArHeTHOT'O II0JIf, BUBUYEHO HeJOCTATHLO, Y TOMY YHCJIi Ue-
pes CKJIamHiCTh IIPAMOI0 eKCIIePUMEHTAJIbHOTO CIIOCTEPEKEeHHI Ta Ma-
TeMaTUYHOT0 alapaTy AJIsA OIUCY IIHLOT0 IPOIleCy.

Mera gaHoi poboTH TOJArajga y 3abeslleueHHi BizyaJisarii BIJIUBY
MOCTiMHOTO MarHeTHOI'O II0JISI Ha TeYil0 PO3TOIy BCEPEIMHIi JisMarHer-
HOI MeTaJieBOi KpaIllii, 110 po3TiKaJyacsa 0e3 BUIJIECKY Ta TBepAHYJIa Ha
HeMarHeTHIiN ITigKJaOWHIIL 3a JTOIIOMOT'0I0 MiKPOEeMYJbCOBAHOT'O CTOILY
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Bi—Zn, B axoMy BisyaJiisaTopaMu CJIIyT'yBaJX eMyJIbCOBAaHI BKPaIJIeHHSA
M OKCHUIHI ILIiBKH, IO CBOIM PO3TAIIIyBAaHHAM Yy CTPYKTYPi TBepoi uac-
TUHKM BiITBOPIOBAJIM KapTUHU PYyXy PO3TOIY MiJl yac popMyBaHHA 3
KpaILIi INIaCTUHYACTOI YaCTUHKU.

2. EKCIIEPUMEHTAJBHA METOJUKA

Jiia Bigyasisairii Teuii po3Tony BcepeAuHiI Kpalljii, AKa 0X0J0IKyBaja-
cdA Ta TBepAHYJIa, OYB 3aCTOCOBAHUY HU3LKOTEMIIEPATYPHUI CTOII MOHO-
TeKTUYHOI cucteMu Bi—Zn 3 TeMmepaTypHO-KOHIIEHTPAI[iIMHOIO 30HOIO
He3MillTyBaHHA B PiAKOMY CTaHi Ta AiAMarHeTHUMM BJIACTHUBOCTAMMU.
Cruag crony Bi—25% mac. Zn BigmoBizas 3001 He3MilllyBaHHSA, e BUHU-
KaJu Kpalli Ha OCHOBI Zn B pimkiit maTpwuri Ha ocHoBi Bi. CTonm macoio y
10 r BUILIaBIABCA V II€Ui €JIEKTPOOIOPY, OYB meperpiTuii BUIIe TeMIlepa-
TYPH 30HU HE3MIIITyBaHHSA 0 OSHOPA3ZHOTO CTAHy. 3 OXOJOIKEHHIM PO-
3TONy B 30HI HeaMillTyBaHHA (hopMyBaJIuCA KpaIllJli MeTaloeMyJabCil, AKi
3 MMOJAJBIINM OXOJIOAKEHHAM 0 TeMIepaTypu MOHOTEKTUKYU TBEPIHY-
JIY, i pO3TOII cTaHOBUBCA cyclieHsiero. Ik Oyso moxkasamo B pobori [27], 3
OXOJIOAKEHHAM ILIIBOK 3 eMYyJILCOBAHOT'O PO3TOIY Y ixHBOMY 00’ eMi (ho-
pMyBajucA XapaKTepHi 30HU 3 OOKY IMiIKJIATUHKY Ta IOBIiTPs, a TAKOXK
IeHTpaJbHa 30HA Misk HuMU. 11i 3omu Oysiu BisyasisoBaHi 3aBIAKU PiK-
HUIIi PO3MipiB i po3moainy eMysbcOBaHUX BKpAILIeHb. 3i 30iabIIIeHHAM
IIBUAKOCTH OXOJIOIKEHHS IIeHTPaJIbHA 30HA BUPOIKyBajacs.

Pigxuii 6icMyT CXUJIBHUY 10 YTBOPEHHS IMTapy OKCUIIB Ha IIOBEPXHi B
KOHTAKTi 3 MOBiTpAM, i B JaHi# pobOTi 1ie TaK0K 0yJIO BUKOPUCTAHO IJIA
BisyaJrizallii kKapTuHu BHYTpPiNIHiX Teuiii. IIpomecu posTikaHHA 1 0X0-
JIOMI)KEeHHSA PO3TOIIYy KPAILIi mepebirajam pasoM, i Y JOKATLHIX IIOTOKAX
Y KpaIi BUHIKAJN eMyJIbCOBaHI BKPAILJIEHHS, PO3Mip 1 po3mogia aKux
BimoOpasKaam TeMIepaTypHUH i IMHAMIUHUEN PeXXUMU OKPEMOTro MiKpo-
00’emy.

06’em poaromy mis popmMyBaHHA omHiel Kpamuai (macoio mo 0,05T)
OpaBcs 3 Iedi JIOMMATKOIO Ta CKUAABCA IIif KyTOM Ha MEeTaJeBY MigKJIagu-
HKY. SrifHo 3 BijoMuM PiBHAHHAM B3a€MOJii CTPYMeHs PiAMHU 3 TBEp-
JIOI0 TIOBepXHEI0, 3BOPOTHE PO3TiKAHHA € MiHIiMaJbHUM 3a KYTiB 3ycTpiui
piguaMT 3 migkaaguHKOI < 30°, 1110 OyJI0 3a0e3meueHo y poborti. ITigkia-
INHKY O0yJio 3p0o0JieHO 3 HeMarHeTHOI Heip:kaBiitHol Kpuiri. JocaimxeH-
HSA IIPOBOAUJINCA B aTMoc(epi moBiTpsa 3a KiMHaATHOI TemiepaTrypu. Po-
pMa Kparuii po3Tony pisko 3MiHioBaJsiacd 3a 11 magiHHA Ha IMiAKJIaAUHKY.
IIix vac migaboOTy 4O HMiAKJIaAMHKHK JIOKAJIBHI 00’€MU B KPAILIi MaJil ce-
penHIo eHepriio pyxy Kpamiy 7-107° [Ix. ITix yac po3TiKaHHS eHepris B
Kpalii mepepo3mofijisgjacsa HepiBHOMIpHO MK Ii JIOKaJbHUMU
o0’emamvu. Ile mpUBOAMIO OO iHTEHCMBHOIO IIEPEMIIITyBAHHSA PO3TOILY.
Byau omep:xani vacTuHKY 0e3 1 mig giero MOCTiAHOrO MarHeTHOTO II0Jd,
CIPAMOBAHOTO MEPIEHAUKYJIAPHO miaxkJIaguHIli. OCKiILKM MarHeTHa
NIPOHUKHICTEL JiAMarHeTHUX MATEPiAJiB € OJu3bKOoI0 10 1, a migKIagmH-
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Ka OyJia HeMarHeTHOIO, CIJIOBIi JIiHii MAarHeTHOTrO IIOJIA He 3a3HaBaJIU BU-
KPHUBJIEHHSA 3 IEePEeX0IOM i3 cepegoBUINA IIi IKJIAINHKY 10 KPaILIi.

3 MeTOI0 aHaJIi3W HACTiAKiB yZapy Kpailii o0 TBepAy miAKJIaguHKY Ta
HACTYMIHOTO Po3TiKauusd (y BUIVISALIL JaMeJi, YTBOPeHHS KOPOHH, PO3PH-
BY, BUILJIECKY TOII0) OyJI0O BUKOPHCTAHO 0e3po3MipHi umcia moai6bHocTu,
110 BU3HAYAJU CHiBBiTHOIIIEHHA CUJI, AKi AiAnu Ha Kparuito. i sara-
JBbHOI XapaKTePUCTUKY IIPOIECY PO3TiKAHHS KPAaIlji B poOOTi BUKOPIC-
TAHO CIiBBiJHOIIIEHHS: CUJIM iHepIlii 70 mMOBepXHEeBOro HATATY — Bibe-
pose uucyo (We=(pV2D)/c, ne p — ryctuna, Kr/m?, V — IIBUAKICTB,
M/c, D — mismerep Jameni, M, ¢ — TmoBepxXHeBuil matar, H/m); cuiu
B’ABKOCTH [0 IIOBepXHeBoro Hatary —  umcao Ownesopre
(Oh =n/(poD)"®, ne N — nuHamiuHa B’A3KicTb, Ila-c), cuau imepmii m0
cuiu B’a3KocTu — Petinosbacose uuciio (Re = (pVI)/n, ne | — xapaxTe-
pHUi po3mip, m). Iaa ominky ocobInBOCTEN PO3TiKaHHA 00paHO: Imapa-
MeTep BuiLieckKy K = We'SRe%? (3amms NPOrHO3yBAaHHS MOKJINBOCTH
YTBOPEHHA KOPOHM), umcyo KamimapHoctu Ca=Oh/Re%® (3agnsa mpo-
THO3YBaHHA MOKJIMBOCTY BUHMKHEHHA BUILIecKy) [4, 12, 18, 21]). Ye-
pes yaap o0 mMoOBepXHIO MiAKJIAANHKN PiguHa y KpaIlljii 3aiHiCHIOE KOJIH-
BaHHS. ¥ IIOUYATKOBUH IePio] PO3TiKaHHA Pi3KO 3MIiHIOEThCS XapaKTep-
HUU poaMmip Kpaluri, Io cnopuse BUHMKHEHHIO Hecrtajocteii. Illepct-
KiCTh IIOBEPXHi, IO AKil PO3TIKAETHCA PiAMHA, TAKOK € IPUUNHOIO I'e-
HepyBaHHA HeCTaJIOCTeH ycepeluHi Kpalri Ta TypOyJsisamii il pigmum
[21, 28]. [lyia BUBHAYEHHS BIJINBY BJIACTUBOCTEN ITOBEPXHI IMiKIa WH-
KM Ha eBOJIIOI[iI0 KPAaIlJi 3acTocoBaHO 0e3po3MipHUII mAiaMeTep PO3Ti-
KaHHA b ~ Re?0Oh [28]. IuTerpajbHa Iisl IOCTIAHOrO MATHETHOTO IIOJIA Ha
MIOTiK pimKkoro merainy mim uac popmyBaHHA yacTUHKY 3 Kparai (Iaprt-
MeHiB e(eKT — CILIOIEeHHS TPOo@iaio IMBUAKOCTY TOTOKY) XapaKTepu-
gyBasiaca 'apTMeHOBUM YHCJIOM (BiZHOIIIEHHS €J1eKTPOMATrHeTHOI CUIN
no cunu B’ askoctu) — Ha = (Bl)/(pm)"°, ne B — iHAYKIlis MAarHeTHOTO
nons, Ta, p — nutomuit enexkrpoornip, Om-Mm. Edekr mokansHOI fii Mma-
THETHOTO II0JIA Ha XapaKTep PyXy posTony (IpuUTrHideHHS TPUBUMIPHUX
TypOyJIeHTHUX BUXOPiB Y PiAUHI Ta mepeTBOPEeHHA iX Y ABOBUMIipHi) BU-
3HaUYaBCA BEJIMUYNHOIO KoMILTeKkcy Ha/Re[25].

CTpyKTypa ILTaCTUHYACTUX YaCTUHOK JOCJiAKYyBajaach y BePTUKAJIb-
HOMY IIepepisi, MepueHAuKYJIAPHOMY MiAKJIAANHII B3AO0BXK HAIIPAMKY
PyXy mOTOKY po3Tony. BisyasizaTopu BUABIAJINCA 3a JOIOMOTOIO IIaB-
JeHHA 1% -pO3YNHOM IIJIABUKOBOI KHCJIOTH Y CYMIIIi eTHUJIOBOTO CIIUPTY
Ta AUCTUJILOBAHOI BOAM AK TEeMHiI 00’eKTH Ha cBiTJOMY (pOHI OCHOBHI.
BrpaniaeHHA MeTagoeMyJIbcii Maj OKPYTay (QOPMY; OKCUIHI ILJTiBKY Ha
IJIOIUHI ITiha BUABAANNCA AK JiHIiI 3 piI3HOMaHITHUM KOHTYPOM.

[IIBuAKicTh OXOJOMKEHHS IIJTACTUHYACTHUX YACTHHOK HA KPUIIEBUX
MigKJIagUHKAaX 3 IeBHOIO IIEePCTKiCTIO OyJI0 pO3paxoBaHO 3a METOTUKOIO
[27]. [Ins po3paxyHKY 0e3p0o3MipHUX UMces IMOAiOHOCTH, IO XapaKTe-
pu3yBaJii Ipollec PO3TiKaHHA KpaIli Ta NIBUAKOCTI il OXOJIOAKeHHd,
disuuHi xapakTepucTuku OyJsu B3ATi 3 [29] 3 ypaxyBaHHAM 3MiHU iX 3
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HOHMKEHHAM TeMIIepaTypu.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

Opep:xani vacTuHKY Maju ToBInHYy Big 120 o 450 MKkM, ssKa BUMipioO-
BaJlach y ixHil cepenHiii vacTtuni, i JoBxuny g0 6 mMm. IIIBuAKicTE 0X0-
JIOI KeHHs cTaHoBuia Bixg 9,5-10* 1o 3,6-10° K/c. BeranosaeHo, 1110 ¢o-
PMyBaHHA ILTACTMHYACTOI YACTHMHKM 3 MeTajeBOl KpaIlii mepebiraso
HACTYHHI eTanu: 1) MOMEHT TOPKAHHA KpaImielo MigKJIaguHKy, 2) Io4a-
TKOBAa CTalid PO3TiKaHH, IO TPUBAJIa O MOMEHTY IIepexony Typoy.Je-
HTHOTO PEeKUMY PYXY PO3TOIy V JaMiHapHU, 3) KiHIleBa cTamia po3Ti-
KaHHA 3a Pi3KOT0 MOHMIKEHHS IIBUIKOCTU IIOTOKY PO3TOIY Ta HOTO Te-
MIepaTypHu, 4) raIbMyBaHHA Tedii po3Tomy Ta foro mepexin y moB3Kuii
PEeKUM 0 3YIUHKHU.

IIBuakicTs Kpamai Ha 1-My erami O0yJI0 BU3HAUYEHO 3a Bigomoio ¢op-
mysoio Toppiuensi Ta ckaamana 0,5 m/c i moum:kyBasacsa no 0,05 m/c Ha
3-my etami sriguo 3 [30]1i 1o 0 Mm/c — Ha 4-my eramni. PosTikanua Kparri
10 HifAKJAIWHII XapaKTepu3yBalocsa BeJanmumHO0 umcaa Oh=2-107%,
aKe 6yio < 2-1073, mo BkasyBao Ha 30epesxeHHs LiIicHOCTH cdhOpMO-
BaHol mracTuHKY (yamesni) sriguo 3 [23]. 3uauenna We=34, i Buko-
HaHHA YMOBHU < 60 migTBEpIKyBajo, 10 KPAILId IIic/Isd PO3TIKAHHSI Ma-
Ja ¢popmy Jamei, oomerxenoi ooomom [28]. BimmoBigaicTs Oh << 1[12]1i
We >1[28] BkasyBaja Ha mepeBasKaHHA Aii cuam iHepiii Hag cuioro 1mo-
BEePXHEBOT'0 HATATY IIiJl yac YTBOPEHHA YacTUHKU. Po3TikaHHA Kparii
BigOyBanocsa 6e3 Buiecky ((Ca)®® =2-1073, m0 < 0,35 [18]), a Takox Ge3
yrBopeHHsa Koponu (K =40, mo <57,7 [4]). Ha eranax 1-4 3HaueHHS
yuces Re mopiBaioBaam: 15000, 2300, 125 i 1 Bigmosiguo. IToBepxHsa
OiIKJaIMHKY BILIMBAJIA HA MPOIleC PO3TiKaHHA KpalJji — r'eHepyBaJia
HEeCTAJIOCTi BcepeanHi KpaIji Ha eramax ii posTikaHHA 1—3, OCKiJIbKHT
ymoBa b < 1 BukonyBajacsa Tinbku a4 4-ro erany [28]. Ha eramax (11 2)
TOPKAHHSA Ta IIOYATKY PO3TiKAHHSA KPAILJIi PO3TON pyxXaBCs II0 HimKJia-
IWHIL y TypOyiaeHTHOMY pe:kumi (Re > 2300 [25]). ¥V mipy posrikanHs
KpalLri sMiHoBajlach SK IIBUIKICTb, TaK 1 BHCOTa IIOTOKY, IIOB’dA3aHi
yMOBOI0O Hepo3puBHocTHu. 1li mapamerpu BuU3HAUaAIOTh BEJIMUNHY YMCe-
JbHUKA y Bupasi uncyaa Re. B po1ieci po3TikaHHa # 0XOJIOAKEHHA PO3-
Tomy Ha eramnax 2 i 3 BimbyBasiochk icTorHe (B 1,8 pasu) migBuiieHHAa 1oro
B’sI3KOCTHU (3HaMeHHUK Yy opmyai unucia Re). Ilixg yac posrikanusa pos-
TOITy Uepes3 PisdHi yMOBU TeILJIOBiAlauyi Ha IMOBEPXHAX KOHTAKTY 3 raso-
BUM CEPeIOBUIINEM i MeTaJIeBOIO MiAKJIaAMHKOIO IIOTiK cTpaTudikyBaBcsa
3a TeMIlepaTyporo. BogHouac BHACIiZOK TypOyJIeHTHOCTH BimOyBaBcCs
OOMiH JIOKAJIBHUMU 00’ eMaMM MixK cTpaTu@ikoBaHMMU IapamMmu. B pe-
3yJbTaTi B’SABKicTh IMapiB cTpaTudikoBaHOrO IIOTOKY OCIMJIOBajga. B
TaKUX YMOBaX Teuid ITIapiB po3TOIy 3 PiBHOIO TEMIIEPATyPOIO ITOCJIi0B-
HO mepexoauia y Jaminapamit pe:xxuM (Re < 2300). 3rigno 3 [31], 3a He-
BEJIMKNX 3HaueHb unciaa Re (go 1-10%) pexxum Teuil moToKy Moske OyTh
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KBasuJaMiHapHUM, AKIIO V BY3bKill IPUIOHHIN YacTHUHI IOTOKY I'eHe-
PYIOTBhCS HECTAJIOCTI MaJol iHTeHCUBHOCTH, & PYyX OCHOBHOTO 00’e€MYy HaJ
Helo € JaMiHapHUM. 3 ypaxyBaHHSAM 3HAUeHHA b PeKUM PO3TiKaHHS
Kpamai Ha erami 3 OyB KBasmiaaMiHapuuM. TaKuMM UMHOM, 3HAUEHHS
0e3po3MipHHUX UYHCes, IO XapaKTepU3yIOTh PEKUM PYyXy PO3TONY, IIO-
Kasaju, 1o 30ypeHHs BcepeAuHi KpallIi reHepyBajaucsa Ha 1-my, 2-My
Ta 3-My eTamnax ii po3Tikamusd.

Amnajiza CTPpYKTypu YaCTHUHOK, OJep:KaHUX 0e3 mii mocrifiHoro Mar-
HEeTHOTIO II0JIs, IIiITBEePANJIA, 10 BCePeArHI KPaIlli o BCiil NPOTAKHOC-
Ti OyJIM IPUCYTHI HEOTHOPIAHOCTI CTPYKTYPH, IIT0 BUHUKJIN BHACJITOK
30ypeHb PO3TOIY Ta OyJM BidyasizoBaHi eMyJILCOBAHUMU BKPAILICHHS-
MU ¥ oKcuAHUMU 1IiBKamu. IlepemitnryBanHA cTpaTud)ikoBaHUX IIapiB
Oig yac PO3TiKaHHS IIPUBOAMJIIO OO 3aMIITyBaHHS OKCUIHUX ILIIBOK B
00’€M YaCTHHOK, YTBOPEHHS BUXOPiB, HEOTHOPiZHOCTEH CTPYKTYypPHU B
30HAX B3a€EMOUMHY 00’€MiB i3 pidHOIO TeMIepaTypoio, KaBepH i HepiBHO-
cTeii Ha moBepxHi. Ha pucyHKy 1, a ToKasaHo HecTaJIiCcTh Y 30HI KOHTA-
KTy cTpaTu(dikoBanmux I1apiB, BidyanaidoBaHy 3aMiltaHoO B 06’ €M ILIac-
TUHKYW OKCHUIHOIO IIIBKOIO XBHJIACTOI (popMu. B CTPYKTypi UacTHHOK
TAKOK OyJIM HMPUCYTHI OKCH[HI IUIiBKH, 110 (OPMYBaIU KiJbleBi KOH-
Typu ¥ OXOILTIOBANIM BuUXpu. IXHa moB:kmHaA Oysia Big 15 mo 300 MM.
Taxosx Ha puCYHKY 1, a mpeacTaBieHO HEOAHOPIAHICTE CTPYKTYPH, Bi-
3yajlisoBaHy CKyIUeHHAM BKpaIlJieHb Ha OCHOBI Zn. I1a HeogHOPiAHICTH
cKJaaHoi (hopMM BUHUKJIA BHACJIIOK B3a€EMOUMHY CIIapeHUX BUXPiB
(muB. puc. 1, a, mosuria 2). Taki HeogHOpimHOCTI Masu posmipu y 5—36
MEM. Ha pucyHKy 1, @ BUIHO OKCHUIHY ILTiBKY (II03UIIis 5), po3TalioBa-
HY I0 KOHTYPY BuUXo0py (mIo3uilia J3) Ta JOKaJbHi CKYITUeHHSA BKPAILJIEeHb
OKpyIJIol (hopMHU Ta BUTHYTHUX JIAHITIOMKKiIB. BiporigzaHo, oKpyrii cKyI-
yeHHsA BKPAILJIeHb BidyasizaTopa 3 poamipamu y 5—10 MmxM BigoOpaska-
au apibHi TpuBUMipHiI TypOyJaeHTHI Buxpu. BUTHYTI JaHIIOKKHU, IO
MaJIu IPOTAKHICTL ¥ 2—2,5 pasu 6iabITy, HixK AiaMeTep OKPYIVINX CKY-
ITYeHb, OyJI PO3TAIIIOBAHI Ha ITIOBEPXHAX KPYIHIIIINX BUXPiB.

Pucyuoxk 1, 6 irtocTpye OiISHKY YaCTUHKY 3 HEePiBHOCTAMM Ha ii IIo-
BepXHi, AKI BUHUKJIN B Pe3yJbTaTi po3BUTKY HecTajocTeir KennBina—
l'enpmroabia Ta Penea—Teitnopa 3 MakCUMaJIbHOIO aMILIiTynol0 y 12
MKM. B cTpyKTypi OyJsia mpucyTHA BUKPUBJIEeHA PO3TATyKeHa OKCHIHA
IJIiBKAa, Ha IIOBEPXHIi KOl CKYIUYMJINCSA BKpallJIeHHA BisyasaizaTopa. He-
CTaJIOCTi mpuBean 0 (POPMYBAHHA B 00’€Mi HACTUHKU KaBePH — KOM-
MaKTHUX i 3 BUTATHYTOIO (hOPMOIO PO3TAIIOBAHUX 0iJId ITOBEPXOHD Yac-
TuHKU. Poamipu kaBepHu maau gismaszod 30—120 mxwm. I1o Beiit mrormuHi
nuripa Oy posciAHi CKymueHHS BisyasrizaTopa oxkpyrioi ¢opmu (1mo-
3uia 6).

Jis mocTifiHOTO MarHeTHOTO IOJIA Ha PO3TOIl, 1110 PyXaBcd IIiJ yac po-
3TiKaHHA Kpallii, XxapakTepusyBajacsa 3HaueHHAMU Ha i Ha/Re Bigno-
BigHO eramam: 1) 5,21 3,5-10™%, 2) 0,81 3,5-10%, 3) 0,58 i 4,6:1073, 4)
0,58 1 0,58. 3riguo 3 [19], momitauit Bius (> 10% ) Ha BupiBHIOBaHHA
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Puc. 1. CTpyKTypH ILJIACTUHYACTHUX YACTHUHOK, OJepyKaHux 0e3 [il MarLeTHoro
MOJIS: MiITHKA YACTUHKM 3 OJHAKOBOIO TOBIIHWHOIO (a), MiJIsSHKA YAaCTUHKHU 3
pisHOI0 TOBIIMHOIO Ta BUPAKEHUMHU HEPiBHOCTAMU HA mMOBepxHi (6): I — okcu-
JHAa IJIiBKAa XBUJIACTOI opMu, 2 — HEOAHOPiAHIiCTL CTPYKTYpPH, BidyanaizoBana
CKYITUeHHAM BKpamJeHb Zn, 3 i 4 — cmapeHi Buxpu, 5 — OKcuIHa ILTiBKAa, IO
OXOILJII0OBAJIa BUXOP, 6 — JIOKAJbHI OKPYTIJIi CKYITUeHHA BKpalJjeHb, /7 — JIOKa-
JbHE CKYITUeHHS BKPAaIlJIeHb BidyaJizaTopa y BUTJISIAi BUTHYTHUX JAHIIOKKIB, 8
— "ecragaicts KenbBina—Tenbmroinbiia, 9 — Hecrasricts Penes—Teiinopa, 10 —
posrany:keHa OKCHUAHA IJIiBKa, 1] — KaBepHa KOMIaKTHOI (hopmu, 12 — KaBe-
pHa BUTATHYTOI (hopMHU.

Fig. 1. Structures of lamellar particles obtained without the magnetic field
action: a particle part with the same thickness (a), a particle part with differ-
ent thickness and pronounced irregularities on the surface (6): 1 —wavy oxide
film, 2—structure heterogeneity visualized by clustering inclusions of Zn, 3
and 4—paired vortices, 5—oxide film covering the vortex, 6—local rounded
clusters of inclusions, 7— local visualizer-inclusions’ cluster in the curved-
chains’ form, 8—Kelvin—Helmholtz instability, 9—Rayleigh—Taylor instabil-
ity, 10—branched oxide film, I 1—compact cavern, 12—elongated cavern.

eIopY IIBUAKOCTEN y IMMOTOIII ITiJi Yac PO3TiKAHHA AiAMarHeTHOI Kparii
macoio g0 0,05 r BinoyBaetrbca aada Ha > 0,2. Takum ynHOM, MarHeTHe
moJie e(peKTUBHO OisjJ0 Ha emiopy MIBUIKOCTEH HA BCiX eTamax po3Ti-
KaHHA Kpamii. 3 mepexomoM Ha 3-ii eram peaJjisyBajiaci yMoBa
Ha/Re>4,0-102, 3rifHO 3 K010 iCTOTHO 30iJbIIIyEeThHCA BILIUB IOCTIii-
HOTr'0O MarHeTHOTIO IOJISI Ha IepeTBOPEeHHS BUXPiB, a 3 3-T70 HA 4-11 eTam —
ymoBa Ha/Re >15-103, axa BKasyBaJja Ha IIOBHe IPUTIHidYeHHS 30ypeHb
y mororti [25].

Bceepenuni crpaTudikoBaHOI0 MOTOKY PO3TOIY MarHeTHe IoJje gude-
peHIifioBaHo AifAJI0 HA KOMKHUN JOKAJILHUN 00’€M B 3aJIeKHOCTI BiJ Xa-
paxTepy fioro pyxy. Ha pucyHKY 2 MOKasaHO CTPYKTYPY ILIACTHHYAC-
TUX YACTHUHOK, OJIeP:KAaHUX IIiJ] Ai€l0 MOCTiAHOT0 MarHeTHOro moJsa. SIK
BUIHO 3 IILOTO PUCYHKY, IIiJl Yac PO3TiKAHHA @ OXOJIOM:KEHHS KparLii
po3Tonmy B MarHeTHOMY ITOJIi cTpaTudikalisa mapiB i yrBOpeHHS BUXPiB
OyJin icToTHO mmocaabJieHi B IOPiBHAHHI 3 YaCTUHKAMHU, HEOOPOOIeHIMU
noseM. Ile mpoaBMIOCH Y BiZICYTHOCTI Bi3yasi3oBaHOTO BiJOKpeMJIEHHS
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Puc. 2. CTpyKTypa IJIACTUHYACTUX YACTHUHOK, O0OPOOJEHNX IIOCTIHHUM MarHe-
THUM IIOJIEM: OiJIAHKA IJACTUHUYACTOl YaCTUHKHU 3 IPiOHMMU HEOJHOPiZHOCTS-
MU CTPYKTYpH (a), AiNSHKA IIJIaCTUHYACTOI YaCTUHKHY 3 TeeKTaMu B CTPYKTY-
pi (6): 1 — cKynueHHA BKpaIlJieHb BidyasisaTopa y BUIJISAAI Maii:Ke MPAMUX
JIAHITIOXKKIB, 2 — cKJIagHi popMu 3 JaHIIOKKiB BKpallJieHb BisyaJsizaTropa, 3 —
OKPYIJIi CKYITUeHHs BKpAaIlJieHb BisyajizaTtopa, 4 — CKYIIUeHHS HOI0BKEHOI
dopmMu 3 BKpallJleHb BisyaJsizaTopa, 5 — Hecrajdicts KenbBina—T'eapmroasia, 6
— Hecragictb Penesa—Teiinopa, 7 — KaBepHa, 8§ — OKCHUHA ILJIiBKAa.

Fig. 2. The structure of lamellar particles treated with a constant magnetic
field: a lamellar particle section with small structure inhomogeneities (a), a
lamellar particle section with defects in the structure (6): 1I—visualizer-
inclusions’ cluster in the almost-straight-chains’ form, 2—complex forms of
chains of visualizer inclusions, 3—rounded visualizer-inclusions’ clusters,
4—elongated visualizer-inclusions’ cluster, 5—Kelvin—Helmholtz instabil-
ity, 6—Rayleigh—Taylor instability, 7—cavern, 8—oxide film.

3aMIiIlIaHMMM OKCHUIHMMHK ILTiBKAMM JIOKAJbHUX O00’€MiB 3 pisHMMM
CTPYKTypaMu, IIo, BiporigHo, Oyao moB’s3aHe 3 I'apTMeHOBUM edeK-
oM. OKpyIJIi Ta BUTATHYTI CKYIUeHHs BisyasisaTopa, amajgorTiumi
YTBOPEHHAM y YaCTHUHKAX, HeoOpoOIeHNX MarHeTHUM II0JIEM, BUHUKJIT
BHaCJIimoK mii BUXpiB, ajle mocaabieHX MarHeTHUM II0JeM. B pes3yb-
TaTi i HEOSJHOPIAHOCTI CcTaJ M BABIUI MEHIIMMMU Ta CBITJILIIMM uepes
MOHM)KEeHHSA B HUX KiJIbKOCTU eMYJbCOBAHUX BKpAIlJIeHb Y TOPiBHAHHI 3
MomiOHMMY HEOTHOPiIZHOCTAMU, IPeCTaBIeHUMU Ha puc. 1, a (guB. mo-
surniio 2). KinbKicTh ganmnx HeogHOpimHocTel mouuauiacsa o 10 pasis.
Ha BigmiHy Bif CTPYKTYpH Kpamesb, 1110 He IIiaBaJancs BILJIUBY IO,
i CKymueHHA Oyan Po3TaIIOBaHi He IO BCil mIomuHi nurida, a o011 -
3y BepXy YaCTHUHKHU. IXHI0 (hopMy He OyJIO TepeTBOPEHO MAarHeTHUM II0-
JeM, BiporigHo, uepes Te, IT0 BOHM BUHUKJIM Ha ITOYATKOBUX eTamax po-
srikamua Kpamri (kommieke Ha/Re He JocAr XapaKTepPHOI BeJIUUMHN)
Ta 0yJI PO3HECeHi ITOTOKOM MO0 TOBKUHI YaCTUHKMU.

Ha pucyury 2, a B mpaBiii BepxHili yacTuHi (poTO BKpaIlJIeHHA Bisya-
JisaTopa OyJM B OCHOBHOMY po30ocepemskeHi. ¥ JiBill HumKHiN uacTuHi
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puc. 2, a 3adikcoBaHO JOKAJILHI CKYIUeHHA BKpAaIJeHb BidyasizaTopa y
BUIJIALI MaliyKe IIPAMUX JIAHIIOMKKIB i cKIagHUX (POPM IXHBOTO IIOE]-
HaHHA. [IpOoTAKHICTh IIUX JaHITIOMKKIB OyJja cHiBpo3MipHAa 3i CKyIUueH-
HAMHA BKpaIlJIeHb BigyajizaTopa OKpPyrJyol ()OpMH B CTPYKTYpPi UacTH-
HOK, HeoOpoOJeHX MarHeTHUM moJieM (IuB. puc. 1, mosuia 6 i puc. 2,
mosutii 1 i 2). Biporigzo, IaHITI0MKY, 10 BUHUKJIN B CTPYKTYPi YacTu-
HKM, OJep:KaHol Iig mieio mocTiliHOT0 MarHeTHOTO II0JIs, BiZoOpaskaJim
mepexia Bifi BUpa'KeHUX TPUBUMIPDHUX BUXPIiB A0 OJM3BKUX O IBOBU-
MipHUX, YTBOPEHMNX 3a peanisarnii ymosu Ha/Re >4,0-1073. HaasuicTs
iHITUX JaHITI0KKOBUX (DOPM, Biporigmo, Oyjia HacIiZKOM 0COOJIMBOCTEH
KpHCTaIi3aliiiHOTO IPOoIlecy eMyJIbLCOBAHOTO PO3TOIY, II0 Iepebiras y
MeTacTabiIbHNX YMOBAX IIiJ Ji€I0 MO,

Ilig BnamBOM MarHeTHOIO IOJISA JOBKWHA XBUJIb HecTajoctein Peresa—
Teitnopa Ta KenbBina—I'eIbMToJIbIla HA TOBEPXHi YaCTUHOK 3MEHIIINJIA-
ca mo 2 pasiB (puc. 2, 6). Ha ammuityny mecramocreii Penea—Teiiaopa
BILIMBY IOJISI He BUABJIEHO, OCKIIBLKHY IXHiM pyX Bi0yBaBcd mapaieabHO
0oro cUJIOBUM JiHiAM. AMIIiTyna xBuab Tuny KensBina—T'enxbMrosniia
noHusuiaaca B 1,3 pasu. KasepHu crann KOMOAKTHUMU i OKPYTJIMU,
iXHA KiTbKicTh cCKOpoTHIaca 10 5 pasiB, posmipu — y 2,6 pasu. [lia ma-
THETHOT'O MOJIA IIPHUBeJia OO0 BUPaXKeHOol TpaHchopMaIlil XBUISCTUX OK-
CHUIHUX ILIiBOK, 3aMiIlIaHWX y POBTOI. IXxHA dopMa HaOIMKaIacad IO
mpamoi ginii (guB. puc. 2, 6, mosutlia 8), a foB:KUHA cKopoTuaacsa B 1,7
pasu. BigzminHOCTi B cTPpyKTYypax, HaBeJeHUX Ha puc. 2, a Ta 6 IoB’sA3aHi
3 pisHEMU (pasdaMU OCHUJIAIINA MIBUAKICHIX i TEILJIOBUX IIapaMeTpPiB II0-
ToRy. IlepeOymoBa CTPYKTYpHU TeUil PO3TOITy MarHeTHUM II0JIeM IpuBesa
0 3MEHIIIeHHA KiJIbKOCTM HepiBHOCTell Ha IMOBEPXHi IacTHHOK y 1,5
pasu. IlpurHiyenHs BUXPiB y PO3TOIi MarHeTHUM HOJIEM (3MeHIIIeHHS
iXHBOI KiZTBKOCTH A0 5 pasiB i 3HMKHEHHA KPYIHUX po3Mipom y =50
MKM) COPUYNHUIIO 301IBITIEHH OJHOPiAHOCTH PO3IOAiIY MiKpOoBKpAIl-
JIeHb eMyJbcii y 2 pasu. B miacTuHUacTHX YacTUHKAX, HEOOPOOJIeHnX
MAargeTHUM I10JeM, Je(eKTH CTPYKTYPH PO3TAIIIOBYBAJINCH K B 00’ eMi,
TaK i HA IMOBEPXHAX KOHTAKTY 3 IOBITPAM i migKJIagmHKO. B wacTuH-
KaX, ofep:KaHuX MiJ maieo moJis, geeKTu Oyamu 3ocepeasKeHi 0iyIsa mose-
PXOHB, a B 00’ eMi 3a(hiKCOBAHO TiJIBKY IIOOANHOKI.

TakuMm YMHOM, 3a JOIIOMOTI'OIO BidyaJisaTopiB ogep:kaHo iH(popMaILiio
Ipo XapaKTep BHYTPIITHIX Teuill y po3ToIi Irif uac po3TikaHHA KparLii.
BusasiieHo MO3UTUBHUHN BIJIMB IIOCTiMHOTO MArHeTHOTO II0JIA Ha IPUTHI-
YeHHS HECTAJIOCTEH y PO3TOIIi, IOHMKEHHSA Ae(deKTiB CTPYKTYypPH, ITif-
BUIINEHHA OJHOPiTHOCTH PO3IIOAiJIy eMyJbCOBaHOI (pa3m, YTBOPEHHS iH-
mux GOpM CTPYKTYPHUX CKJIATOBUX, ITIOB’ A3aHUX 3 IMHAMIKOIO PO3TOITY
Ta A0ro KPHUCTAJIi3aIlielo.

4. BUCHOBKH

BucsiTsieno, mo mpoiec pos3TiKaHHA Ta TBEPAHEHHA MeTaJIeBOl Kparii
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Ha MigKJIaJUHIIL aKTUBHO JOCIIIKYEThCA AK 0a30BUil y IIPOT'PECUBHUX i
HOBITHIiX TeXHOJIOTifAX 3 METOI0 BUBUEHHS 0COOJMBOCTEN (hopMyBaHHS
MIOBEePXHEBOI Ta BHYTPINTHBOI CTPYKTYD Kpamesab AJA BIOCKOHAJIEHHS
3aco0iB kepyBaHHA HUMU. [lokasano, 1110, Yepes BeJIbMH YCKJIaAHeHi Ma-
TeMaTHUYHMWU amapaT IPOrHO3yBaHHA BHYTPINIHIX Teuill i TexHiuHi 3aco-
01 IIPSIMOTO CIIOCTEPEKEHHA 3a ITBUAKOILINHHNM ITPOIIECOM PO3TiKaHHS
KpaIuii 3 il ofHOUaCHNM TBePOHEHHAM, aKTYaJbHOIO € PO3P00Ka CIIoco0iB
oJlep:KaHHs iH(popMaIlii IIpo KapTUHM €BOJIIOIII ITIOTOKY PO3TOMIY MHiZ dac
mepexomy KpaiLii 3 pPiAKOTo CTaHy Y TBePAY IMJIACTUHYACTY YACTHUHKY.

PospobieHo MeTonuKy Bidyasrizalii kKapTuH Tedii po3Tomy B yMOBax
OJHOYACHUX IIPOIECiB PO3TIKAHHSA 1 OXOJIOMKEHHSI KPAILIi IMJIAX0OM BH-
KOPHCTAHHS CTOIIYy Ha OCHOBiI Bi, CXMJIBHOTO 40 YTBOPEHHSA OKCHUIHUX
ILTiBOK, 3 eMYyJIbCOBAHMMY BKPAILIEHHAMU Zn. 3a TOIOMOIOI0 aHAJi3u
XapaxkTepy po3TalllyBaHHA B 00’€Mi 3aTBepAijiol HACTUHKI €MYJILCOBa-
HUX BKPAILIeHb i OKCUIHUX ILTiBOK O0yJio 3adgiKcoBaHo Ta BidyaJizoBaHo
KapTHUHU PYXY JOKAJILHIX 00’ €MiB PO3TOITY B KPAILTi.

BcraHoBeHO, IO PO3TIiKaHHSA KPaIlJi Ha BCiX eTalax mepexonmy Bin
KOMIIAKTHOI (DOPMHU JI0 IIJIACTHHYACTOI, OKPIM OCTaHHBOT'O €Tamy Iepen
3YIIMHKOIO PO3TOITY, CYIIPOBOIKYBAJIOCS I'eHePYBaHHIM HECTAJIOCTEH Ha
ii moBepxHi i1 y 06’emi. Uepes pisHi yMOBU 0XOJOIKEeHHS Ha MOBEPXHAX
KOHTAKTy 3 Ta30BHM CEPEIOBUINEM i MeTaJeBOIO MiIKJIAAMHKOIO IIOTIiK
cTpaTudikyBaBca 3a TeMIepaTyporo. BHacaizok aii HecTamocTeit BinoOy-
BaJjlacA TypOyiisailis posTomy, a uepesd Iie — OOMiH JIOKAJIbHUMU
00’eMaMu MixK cTpaTu(diKoBaHMMH IIapaMu. XBUJIACTI OKCUIHI IJIiBKHT
IMoKasyBaJid, IO BimbyBasocsA 3aMillTyBaHHS HOBEPXHEBUX INapiB B
00’eM posTony. HasgBHICTE OKPYIINX CKYIUEHDL 3 eMYJbCOBAHIUX BKpa-
ILJIEHb, PO3TAIIIOBAHUX IO BCHOMY 00’€My UYaCTMHKM, CBigumJa mpo iH-
TEeHCUBHE PO3IMOBCIOMKEeHHA TypOyJeHTHUX BuxpiB. Hecramocti Ha mO-
BEPXHIX YACTUHKY CHIPUYNHSAJIN 3aXBaT HOBiTPA 1, AK HACIIJOK, BUHHU-
KHEHHS IMOJAOBXKEHUX Ta OKPYIJINX KaBepH.

Busnaueno, 1o, uepes cTpatTudikaiiio IoOTOKY PO3TOMNYy misiMarHeT-
HOT'0 MeTaJIy IIiJ Yac PO3TiKaHHA M OXOJIOMKeHHsI Ha HeMarHeTHil miz-
KJaAWHII, IIOCTiliHe MarHeTHe II0Jie, HaKJaJeHe NepIeHIuKYJAAPHO Ha
MOTiK posTony, AudepeHIlifioBaHo iAo Ha JIOKAJbHI 00’eMu ¥ iHTeIpo-
BAHO HA YCIO CTPYKTYPY YaCTHUHKHU, 10 hopMyBajyacsa. BuaBieHo, IIo
MIOCTiliHe MarHeTHE IoJie BILINHYJIO AK Ha ANHAMIKy, TaK i Ha KpUCTaJIi-
3a11ifo poarory. [lid mojid Ha IMHaMiKy po3TONy MPOABUJIACA B iCTOTHOMY
(y 5—10 pasiB) 3mMeHINIeHHI HEOTHOPiAHOCTE! B CTPYKTYPi YaCTUHOK, Ha
IIT0 BKa3yBaJjia BiICYTHICTh XBUJIACTUX OKCUIHUX ILJIiBOK B 00’ eMi uacTu-
HKU Ta HAaABHICTDH JIUIIE TOOAUHOKUX OKPYIVINX CKYIYeHb 3 eMYJbCOBa-
HUX BKpAaIlJIeHb, PO3TaIllloBaHuX Oind ii moBepxwui. Ilig giero mocTifimoro
MATHETHOT'O IIOJISI OKCHUIHI ILIIBKM MaJii He3HauHe BUKPUBJIEHHS, a
OKPYIJIi CKYITUeHHsA eMYJbCOBAHNX BKPAILIEeHb (TPUBUMIPHI BUXPHU) IIe-
PETBOPUINCH Y MalKe IPAMIi JIAHITIOKKOBI yTBOPeHHS (BUXPHU, OIU3BKi
3a (hopmMoI0 10 ABOBUMipHUX). MarHerue 1moJie IpUTHIUyBaIo 30ypeHHs
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Ha HOBEPXHi YAaCTHMHKM’, OCKIJIbKM MOBYKHWHA I1XHIX XBUJIb 3MEHIINJIACS
BIBiUi, ITIOQOBKEHI KaBePHU 3HUKJIM, a KIJIBKICTh OKPYIVINX CKOPOTHUJIACH
y i’ aTepo. BIInB MarLeTHOrO I0JISA HA CTPYKTYPY CTOMY, IO OXOJOIKY -
BaBCs Ta TBEPAHYB, CYIPOBOAMKYBaBCA MiABUINEHHAM y 2 pas3u OTHOPiI-
HOCTHU PO3IIOiITY eMyJIbCOBAaHUX BKPAILJIEHb i IT0ABOI0 HOBUX (POPM yTBO-
peHb, AKi He CIocTepirajncsh y YaCTUHKAaX , HeOOPOOJIEeHUX IT0JIEM.

3’sacoBano, 1110 B YMOBaX HECTAI[IOHAPHOTO IMIBUAKOILIMHHOTO IPOoIle-
Cy POBTiKaHHS MeTaJIeBOi KpaIIi poaromy mix yac popMyBaHHS ILIac-
THUHYACTOI YACTUHKM 3 1 OJHOYACHUM OXOJIOAKeHHIM (PiswuHi xapak-
TEPUCTUKYU PO3TOIYy (T'yCTHHA, B’ SI3KiCTh, IUTOMA eJIEKTPUYHA IPOBi-
HiCTB Ta iH.) 3MiHIOIOTBCS CKJIaAHUM YMHOM. ToMy HeoOXimgHi momarbIiri
JOCJTiIKeHHSA B3a€MHOTO BILJIMBY TEILJIOBUX 1 MAarHeTOriApognHaAMIidYHIX
nporlieciB Ha (hOpMYyBaHHA CTPYKTYPU IJIACTUHUACTUX YACTHUHOK y IIOC-
rTiiHoMy MarHeTHomy Ioji. IloxkasaHo, IO MOCTifiHe Mar"HeTHe IIOJe
MOJKe CIIPUATHU IMOHMMKEHHIO He)eKTHOCTH (KaBepH, 3aMiIlTyBaHHS IIO-
BepXHEBUX IIapiB B 00’eM, HEOTHOPiAHOrO poamominy ¢as), i ii Bmius
MIepPCHeKTUBHO 3aCTOCOBYBATH AJIA BUPOOHUIITBA MacUBY Kpallejb y Te-
XHOJIOTisIX HaHeCeHHs MOKPUTTIB, cipei-mpoiieci Tomo. Takox maisa 1mo-
CTiHOTO MArHETHOT'O MOJIS B iHAWBiAyaJIbHOMY HaHECeHHi Kpareib (B
aguTuBHUX TexHoJoriax (DoD-mporeci), smMouyBamHI MiKp0o0O’€KTiB
TOII0) AOIiNbHA AJIA IPUTHIYeHHA XBUJIACTOCTH IIOBEPXHi 38 KOJIMBAH-
HA KPAaILIi IIiJl 4ac CXOMKeHHs 3 COILNIa, PO3TiKAHHSA M0 MiAKJIAANHIIL Ta
mepedyTIoBU BHYTPIIITHLOI TeUuii 3 MeToi0 yCyHeHHs (ecToHUATOI (hopMu
kpamiai. IToBeginka emyJIibCOBaAaHMX BKpaIlJIeHb BidyaJiizaTopa, 30KpeMa
IiJ BILTMBOM IIOJIsA, MOJEJIIOBAJIA IIPOIlecH, 10 mepediraTuMyTh IIig uac
GopMyBaHHA JUTOI CTPYKTYPU HIBUAKOOXOJIOJNKYBAHUX IEPCIIEKTUB-
HUX CTOIIiB, ()as3u AKUX CXUJILHI JO YTBOPEHHA Ipyonx GopM i HeoqHO-
PigHOTO POSIOAiNY, HAIIPUKJAaA eMyJbCOBAaHUX, — CHUCTEM Ha OCHOBI
Cu—Fe, cycnensiifioBaHux (3 yTBOPeHHAM IIePBUHHUX iHTEepMETATiTiB y
pizkiit ocuoBi), — cuctem AlI-P3M.
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HocaigsxeHo nepiofnuyHMil pyX IPOAYKTIB pPeaKIlii pOSUMHEHHA KPUIEeBOI KyJIi
B a30THIiN KMCJOTi y MarHeTHOMY HoJIi. BuKopucTano BifeosHiMaHHA AK Y IIPU-
POAHBOMY CBiTJIi, TaK i B KOTePEeHTHOMY BUIIPOMiHEHHi UepBOHOrO HaIiBIPO-
BigHUKOBOTrO Jazepa. O6poOKy pe3yabTaTiB IIPOBEAEHO 3a JOIOMOTIOI0 IIEPEeTBO-
py @yp’e Ta MeTogaMu CIEKJI-KOHTPAcTy. BusHaueHO XxapaKTepHi 4acTOTH IIe-
piognYHOrO PyXy IPOAYKTIB peakilil Ta posMOAiJ iXHiX BiIHOCHUX IIIBUIKOC-
Tei.

Karouosi ciioBa: marHeTHa rigpoguHaMika, eJeKTpoxeMiuHi peakirii, mepio-
INYHUN pyX, nepersip @Pyp’e, KOrepeHTHE CBiTJI0, CIIEKJIN.

We investigate the periodic motion of the reaction products of the dissolu-
tion of a steel ball in nitric acid in a magnetic field. Video recording is used in
both the natural light and the coherent radiation of a red semiconductor la-
ser. The video recording results are processed using the Fourier transform.
Coherent-radiation photography and its processing with speckle-contrast
methods are also used. As a result of the work, we find the characteristic fre-
quencies of the periodic motion of the reaction products and the distribution
of their relative velocities.

Key words: magnetohydrodynamics, electrochemical reactions, periodic mo-
tion, Fourier transform, coherent light, speckles.

(Ompumano 14 runnsa 2023 p.; ocmamoun. 6apisnm — 25 aunnsa 2023 p.)

1. BCTYII

BrinB MarHeTHOTO IOJIA Ha Mepedir eIeKTPOXeMiuHNX peaKiliii mpusBe-
pTae BeaukKy yBary BueHuX. Ilif mielo IOCTiAHOTO MATHETHOTO IIOJIS
CIOCTepiraeThbCcA sHaUHe IPUIIBUIIICHHS KOPo3il MeTaseBUux 3pasKiB y
eJIeKTPOJIiTaX i BUHUKHEHHSA BUXPOBUX CTPYKTYP IIiJ Uac pyxy OPOIYK-
TiB peakiii [1-9]. ¥ po6oTi [1] Oys10 mo6yZOoBaHO TEOPETUYHUH MOAEI,
AKUH MOSCHIOE BUHUKHEHHS BUXPOBUX MOTOKIB eJleKTpoJiTy 0iis mo-
BEepPXHiI MeTaJIeBOTO ITWJIIHAPA 3a MOro KOpo3ii B IPHUCYTHOCTI 30BHIIII-
HBOTO MATHETHOT'O IT0Jis. 3 IIbOT0 MOJEJII0 BUILJIUBAE, 1110 BUHUKHEHHSA
HABiTh HEBEJUWKOiI, HOPAAKY MB, PisKHUIII HOTEHIIIAJIB eJTeKTPUUHOTO
IMOJIsI HA MOBEPXHi NMUJIIHAPUYHOI eJeKTPOAM YV 30BHIIIIHbOMY MarHET-
HOMY II0JIi MPUBOAUTH O BUHUKHEHHS BUXPOBUX IOTOKIiB €JIeKTPOJIITY
3i mBUAKOCTAMEU O0u3bKO 1 MM/c. OCOOJUBOCTI BILIMBY 3aJIesKaTh Bin
BeJIMUNHY Ta I'PAJIE€HTIB II0JIS, MAarHETHUX BJIACTUBOCTEH i (hopMU eJleK-
TPOJ Ta CKJALY €JIeKTPOJiTy. ¥ HAINUX JOoCcJigax cliocTepirascsa obep-
TAJIbHUU PyX IIPOAYKTIB peakIii mig uac posurnHeHHA KPUIEBOI KYJIbKH
B PO3UYMHI a30THOI KUCJIOTHU Y OPUCYTHOCTI I'DAJi€HTHOTO MOJISI IIOCTilA-
HOTO Mar"eTy. 3a IOIIOMOTrOI0 OINTUYHUX METOIiB, 3 BUKOPUCTAHHIM
3BUYAMHOTO 6iJIOr0 CBiTJIa Ta JJa3epHOro BUIIPOMiHEHHS HOCJIiAKYyBaBCs
POBIIOAiT iIHTEHCMBHOCTHY PYXY IPOAYKTIB peaKIlii mo 06’eMy eJIeKTpPOoJIi-
Ty Ta YaCTOTHI XapaKTePUCTUKU iXHBOTO 00ePTOBOr0 PYXy. 3alPOIOHO-
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BaHUII HaMH CIOCi0 YMOMKJIMBJIIIOE MIPOBOAUTY BUMipPIOBAHHSA IIIBUIKOC-
TH PYXY IIOTOKY eJIEKTPOJIiTy 0e3 BBeIeHHS MapKepHUX YaCTHUHOK abo
iHIIUX 3MiH y XapaKTepi peakIrii.

Y mamux nmomnepenHix podorax [1-9] Mmu cmocTepiraiu BUXpoBuii pyx
OPOAYKTIB peakilii po3unHEeHH KPHUIEBOI KYJIbKH B a30THIN KHUCJIOTL y
NPUCYTHOCTI MOCTiAHOTO MarHeTHOTo NoJd. ByJio TeOpeTuUYHO TOACHEHO
BUHUKHEHHS BUXpoBoro pyxy [1-5]. Taxko:xk Hamu 6ys10 po3podeHo Me-
TOOAUKY 3HAXOMKEHHS XapaKTepHUX YacTOT 3a Bileo3HIMaHHSA y 3BU-
yaiHOMY IIPUPOAHLOMY cBiTJIi [6—9]. V 11i#f pobOoTi MU TOZATKOBO BUKO-
pUCTOBYBaJIi KOTEPEHTHE BUNIPOMiHEHHSA YePBOHOIO HANiBIPOBIAHUKO-
BOTO Jla3epa Ta MeTOJi CIeKJI-KOHTPACTY, AKNI 3aCTOCOBYETHCS, B30Kpe-
Ma y mexpuniuii [10] ana mocaimkenua pyxy KpoBi B opranismi. Mera
1iei poboTHU mMOJIATaE y PO3POOITi METOAiB 0€3KOHTAKTHOTO JOCIi K KeHH
HIBUAKOCTEN PYXy IIPOAYKTIB eJIeKTPOXEeMiUYHUX peaKI[iil 3a J0IIOMOT00
IIPUPOAHBOTO Ta JIA3€PHOTO CBiTJIAa i TOPiBHAHHS iX MisK c00010.

2. METOJIHMKA JOCJLIKEHD

Y poboTi MM JOCTimKyBalIl PO3UMHEHHS KPHUIEBOI KYJILKU B a30THIil
KMCJIOTi Y 30BHIIITHEOMY HEOSHOPiZHOMY MarHeTHOMY I10Ji. Peakirisa me-
pebirana y ckaawmiit gammi Ilerpi miamerpom y 100 MM i BucoToo y
20 mm. Kpunesa rkyiabka maja giamerep v 10 Mm i Oyjia BUTOTOBJI€HA
BigmoBizuo 7o I'OCT 801-78 3 kpui I1I1X-15. ¥ peakitii BUKOPHUCTOBYBa-
Jlacs a30THA KHCI0oTa KoHIeHTpallieo v 14% . Maraerse 1oJie CTBOPIO-
BaJiocsA HEOOUMOBUM MarueToM po3mipamu 40x20x5 MM, po3TaioBaHUIM
mig gammkoio Ilerpi; Hanmpy:KkeHicTh MATHETHOTO HOJIA Ha THI ammkuy 6es-
mocepenHbo Hang maraetroM — 2 KE. KpulieBa KysibKa yTpuMy€eTbCs Mar-
HeTHUM II0JIEM i 3HAXOAUTHCA IPAMO Haa MmaraeroM. OcBiT/IEHHA CTEHIY
3IiHCHIOETLCS 3BEPXY 0iJIOI0 CBIiTJ/IOMiOMHOIO JIAMIIOI0, a TAKOMK HAIIiBII-
POBiTHMKOBMM UePBOHUM JIA3€POM 3 JOBXKMHOIO XBUJIi y 650 HM.

[ crmocTepeskeHHs IIPollecy PO3UMHEHHS Ta BUSHAUEHHS IIapaMeT-
PiB pPyXy IIPOAYKTIB peakIlii BUKOPUCTOBYBaJuci (POTO- Ta BiIeo3Hi-
MaHHSA 3a gounomoroo Kamepu Canon IXUS 70. Pe:xum BigeosHiMaHHA
— 30 kaapiB y ceKyHay, po3Mmip kaapy — 640 ma 480 mikcesiB; 3a ¢oTo-
siioMKu — Kanpu posmipom 3072 ma 2304 mikcesaiB. SHiMaHHA IPOBO-
IUJI0Ch ¥ OiJloMy CBiTJIi, CBiTJII YepBOHOTIO Jla3epa Ta y 3MilllaHOMY OCBi-
TIaeHHi. AHarisdyBanuchk oKkpeMi ororpadii Ta BimeodparmenTu TpuBa-
Jgictio y 60 c, aki ckaaganucsa 3 1800 kanpis.

OcHoBHI BizMinHOCTI mamoro mocainy Bim ommcanux y poborax [6—9]
OJIATAIOTh Y iHIITOMY B3a€MHOMY PO3TalllyBaHHI MarHeTHOTO Ta I'PaBi-
TAIiAHOIO IIOJIIB — MapajieIbHOMY Yy IIbOMY BUHOAAKY Ta MEePIeHIUKY-
JAPHOMY IO IIOIePenHiX, 3HAUHO OiIBLIIiN HeOJHOPiZHOCTI MarHeTHOTO
OJIA Ta BUKOPUCTAHHI IJISI OCBiTJIEHHA AK 3BUYAMHOT0, TAK 1 KOTepeHT-
HOro BUIIpoMiHeHb. O0paHa HaMU cXeMa JOCJIiAY A€ BeJIUKY ILIOIY Bi-
JBbHOI MOBEPXHi eJIEKTPOJIiTYy 0e3 CKISAHUX CTiHOK, II[O IIOJIETIIIYE JOCJIi-
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IKeHHSA mepebiry peakiii ontunuauMu Mmetogamu. Ilig vac mpoxomsxen-
Ha peakii y uamii IleTpi crmocrepiraerhecs obepTaHHA €IeKTPOJIITY Ha-
BKOJIO KYJIbKM y TOPU30HTAJLHIN IIJIOIKWHI, ITT0 HAragye onucame y [6]
ABUIIE, ajie Ma€ IeBHi 0CO0JIMBOCTI.

Ha pucynky 1 mokasaHo oKpeMi KaJapu 3 Bifjeo, 3HATI 3a Pi3HUX BULIB
ocBiTyIeHHs. ¥ 0iToMy BUAMMOMY CBiTJIi MPOAYKTH peakIiii, 1o obepra-
IOThCsA, MOMITHI TiJIbKM y OesImocepemHili OJM3BKOCTI Bif KYyJIbKH. Y
3MIIIIaHOMY CBiTJIi MoOpe BUAHO PO3MOJiJ IPOAYKTIB peakIrii, axi ma-
I0Th (hopMYy cImipaJri, 0 PO3KPYUYYETHCSA HABKOJIO KYJILKU. ¥ YHCTOMY
Ja3epHOMY CBiTJIi MOXKHA MO0AUNTH OIISHKH, SKi BiAIOBiZa0Th IPOLY-
KTaM peakiiii, aje IXHIO BHYTPIiMIHIO CTPYKTYPY BUIHO MOMiTHO TipIIe,
Hi’K Y BUIAAKY 3MiIraHoro ocBiTaeHHA. IIpoaykTu peakiii po3unHeHHA
3aJIiza y a3oTHIA KMCJOTI MAlOTh YePBOHO-Oypuil KoJip; KoMOiHyOUM
0ijie Ta UepBOHE CBITJIO Y Pi3HUX HPOIOPIIiAX, MOKHA Ofep:KaTHU UiTKe
300pasKeHHsa PO3IOLLNY IPOAYKTIB peakii y wamimi Ilerpi. ¥ manomy
BUIIAJKY BajsKJINBa TiJIBKM JOBXKMHA XBUJIi Jla3depa; KOTepPEeHTHICTL MOTo
BUIIPOMiHEeHHA 3HAUEHHA HE Mae.

JJia aHasrisu ofep;KaHUX Bifleo I oJlep:KaHHA XapaKTepUCTUK Mepio-
OIUYHOTO PYXY PiAMHM MM BUKOPHCTOBYBAJU AJTIOPUTMM, PO3POOJIEHi

Puc. 1. 3o0paskeHHA eJIeKTPOXeMiuHOI peakIlii 3a pisHUX BapisiHTiB OCBiT/ICH-
HA OiaIuMMU cBiTJIOAiogaMU Ta YepBOHUM HAITiBIIPOBIJHUKOBUM JIa3€POM 3 JIOB-
KuHOI0 XBuIi y 650 HM: cBiTiomionu (a), smiiane ocsiTaenus (6), Jasep (8),
Jas3ep Ta ONTHUYHe 301JIbITeHHA (2).

Fig. 1. Image of an electrochemical reaction with different lighting options by
white LEDs and a red semiconductor laser with a wavelength of 650 nm: LEDs
(a), mixed lighting (6), laser (8), laser and optical magnification (2).
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HaMu paximre [6—9]. 3a gomomoroio mporpamu-KouBepTopa FFmpeg [11]
Bizeo OyJIM PO3KJIA[eHi Ha OKpeMi Kaapu. 3 KOMKHOI IOCIiJOBHOCTH Ka-
IPiB 3a JOIIOMOT0OIO0 PO3P00JIeHOI HaMH IPOrpaMu Oy AYEThCA 3a/I€KHICTD
ACKPABOCTH OKPEeMUX IIiKCeJiB 300pasKeHHsd Big uacy. BogHopas 3a sicK-
paBicTh OepeThCs cyMa iHTEeHCHUBHOCTEN BCiX TPHOX KOJILOPOBUX KOMIIO-
HEHT; 300paKeHHs PO3TIANAEThCA AK I'Pajallii ciporo; oKpemMi KoanLopu
He TOCTiIKyoThesd. Ilicaa Mpboro Mu pPo3paxoByeEMO A KOKHOI TOUKU
300pasKeHHsA cepeJHbOKBAAPATUUHNN BiAXMJI ACKPABOCTHA — iHTEHCUB-
HiCTh 3MiHUM ACKPaABOCTHU ITIiKCeJA YIIPOAOBMK BCHOTO Yacy 3MoMKUu. Uum
OinpIna 3MiHa, TMM iHTEHCUBHIIMNI PyX PiAWHM B OKOJi Iiei TouKu.
Axrmio modbyayBaTu 300pasKeHHs PO3MOLiNY CepeaHbOKBAAPATHUYHOTO
BiAXMJIY, MOKHA MOOAUNTH TiAAHKYN HAMOIIBII IIIBUIKOTO PYXY €JIEeKT-
PoOJIiTY; IIig Yyac pyxXy 3MiHIOETLCA ONTHUYHA I'yCTHHA PiAWHN, a Pa3oM 3
TUM i ICKpaBicTh ITiKcead:

I =1v7
_N; 1)

Ie Ip — cepenHe 3HAUEHHS SCKPABOCTHU HiKcenss, N — KilbKicTh mikce-
JIiB y IOCJIiTOBHOCTI, I; — SICKPABiCTh i-T0 eJIeMeHTa IIOCIiJOBHOCTH;

N(N 1)2( -L,)*, (2)

Ie G — CepeIHbOKBAIPATUUHUN BiIXUJ ACKpaBocTH ImiKcenda. KoxHOMY
I KCeJTIo 0Iep:KaHoro 300paskeHHs AucIepcii MprCBOIOEThCA 3HAUEHHS C.

s 00poOKY BUAIIAIOTh YACTUHY 300pakKeHHsd, e PYX eJIeKTPOJIiTy
HAMOiNbIN IMIBUAKKUHA. 3a 300pasKeHHIM CepeIHLOKBAAPATHUYHOIO Bis-
XUy BUILIAIOTE Ti HiKcesi, 3HaUeHHs AJId AKKUX OijbIlle 3aKaHOI BeJu-
YMHU, Ta OyAYIOTh KapTy, Ha AKiii BOHU BUAiJIeHi 6im1uM, a Bei iHmi mik-
ceyi vopHi. s moganbinoi 00poOKY BUKOPUCTOBYIOTH TiIbKY 0iji TOU-
KM KapTH, M0 Ja€ 3MOTY OiJIbII YiTKO MO0AYNTI OCOOJIMBOCTI PyXYy eJe-
KTpoJiTy. 300parkeHHs BiAXMay Ta BiAIOBigHI 300paskeHHS KapTH IJIs
IIPOBeIeHNX AOCJIiAiB ITIOKAa3aHo Ha puc. 2; HA KapTax 0ia1uM 300pakeHo
TOUKH, CePeIHbOKBAAPATUUYHNN Biaxuya s AKux Oinbmie 3a 0,74 Bifg
MaKcuUMaJIbHOrO (puc. 2).

H1a KoKHOro miKcesas Ha KapTi OyJio B3ATO BiANOBiAHY 3aJIe’KHICTH
sSICKPaBOCTH BiJ yacy Ta IIPOBEIEHO AUCKPeTHUI mepeTBip Pyp’e miel
dyukii [12]. IIeperBip @yp’e — pisHOBUJ iHTEI'PAJIHLHOTO IIEPETBOPY,
II10 CTBOPIOE QYHKIIiI0 YacToTH 3 QYHKILil BiZi yacoBUX ab0 IIPOCTOPOBUX
KoopauHAaT. IleperBip @yp’e YMOKINBIIIOE BUABUTH XapaKTepPHi yacTo-
TH TOCJiIKyBAHOTO IpoIecy. ¥ IOUaTKOBUX IIOCJIiZoBHOCTAX O0yo 1800
eJIEeMEeHTiB, Y YaCTOTHIiN 3aJIe;KHOCTi HUCKPEeTHICTh — po3aijibua 3maT-
HicTB 3a yacToTo!0, 1110 cranoBuaa 0,0167 I't. dyp’e-mepeTBip GyHKILII,
BM3HAUEHOI Ha KiHIleBOMY iHTepBaJi, IPU3BOAUTH 10 BUHUKHEHHS CIIO-
TBOPEHb ¥ YACTOTHOMY IisimasoHi. {1 sMeHIIIeHHA X MU 3aCTOCOBYBaJIU
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Puc. 2. 300pakeHHsa cepeJHLOKBAAPATUYHOTO BigxXmay BimeodparMeHTiB, AKi
BigmoBigaroTh puc. 1. Ha ¢pparmenrax 1—4 mokasaHo JiJIAHKHU 3 Bigxuaom, Oi-
apimum 3a 0,74 Big MakcuMyMy, IKi BUKOPHCTOBYBAJIMCS IJIA TOCIIMKEHHS
XapaKTepHUX YaCTOT.

Fig. 2. The image of the mean square deviation of the video fragments, which
correspond to Fig. 1. Fragments 1—4 show areas with a deviation greater than
0.74 of the maximum, which were used to study the characteristic frequencies.

BikomuMi meperBip @yp’e 3 BikHOM Xemminra. {1 KOKHOTO Bizeo Oy
3HAUJIEHI YaCTOTHI 3aJIEKHOCTI BCiX BUIiJIeHMX IIiKCEJIiB i IIPOBEIEHO
ycepemHeHHs IXHIX aMILIiTyJHHX 3HaUueHb. Pa30Bi 3HaUEHHS 3aJI€KHOC-
Tell He aHAJIi3yBaJINCs, OCKIJIBKY MiMK OCIMJIAIIIMEA OKPEeMHUX ITiKCeJIiB
cIIocTepiraeThea 3HaUHUH 3¢cyB das. Ogepr:kaHi YaCTOTHI 3aJI€KHOCTI II0-
KasaHo Ha puc. 3 (Bizeo aaa sBuuaiiHoro 6iJ10ro cBiTJIa, 3MIiIIaHOTO OCBi-
TJIeHHSA, Ja3ePHOTO OCBiTIeHHA) Ta puc. 4 (Bimeo 3 JasepHUM OCBiTJIeH-
HAM i JOZATKOBUM 30iJIbIIIeHHAM, HA AKOMY IIOMIiTHIi AedAKi ocobamBoCTi
OCBiTJIeHHA KorepeHTHUM BuipoMinenuam). IlocTifiny cKiIamoBy dacTo-
THOI 3aJIEXKHOCTH BiIKUHYTO AJIA JIIMIIOT0 COPUUHATTA rpadikis.

IIixm yac cmocTepeskeHHs y JIa3ePHOMY KOT€PEHTHOMY CBITJ/IL 00’ €KTYy,
AKUHA audys3HO BigOMBae CBiTIIO, HI0T0 ITOBEPXH Oy/e 34aBATHC 3€PHIC-
TOI0, IIOKPUTOIO BEJNKOI KiJBKiCTIO CBIT/IMX i TEMHUX, XaOTUYHO PO3-
TarroBaHux miaaM. I1i cTpyKTypu HasuBarwThCA cliekJamMu. PisuyHO cie-
KJIM BUHHUKAIOTh Y Pe3yJIbTaTi iHTepdepeHiIrii 6ararbox CBiTJI0BUX XBUJIb,
AKi BimOMBaroThCA Bif pisHMX TOUOK 00’eKTy. CepenHiii po3Mip CIEKJIy
Oyze 3ajie’KaTy Bif JOBKWHU XBWJIi Jasepa, PO3MipiB 00’€KTa, po3MipiB
HeogHOpPigHOCTeHN i Bigmami Bim 00’€KTYy OO0 MJIOIMMHU CIIOCTEPEIKEeHHS
[13]. Sane:xkHicTh KOHTPACTHOCTHU CIIEKJIIB Bif] IMTBUAKOCTU PYXYy CEpPemo-
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Puc. 3. CuekTep uacToT 00epTaHHA HPOAYKTIB peakilii, ofgepsKauuii 1aa BUIla-
IKiB a—8, mokasauux Ha puc. 1. I'padiku modymoBaHO A/ AiIAHOK 3 MaKCcHMa-
JBHOIO iHTEHCUBHICTIO PyXy eJeKkTpoiiTy. Ha BcTaBKax — misnasoH HAJHUS3L-
Kux yactor go 1 I'm.

Fig. 3. The spectrum of rotation frequencies of the reaction products obtained
for experiments a—6 shown in Fig. 1. Graphs are plotted for areas with the
maximum intensity of electrolyte motion. A range of ultralow frequencies up
to 1 Hz is shown on the inserts.

BUIIIa BUKOPUCTOBYETHCS Y CIIEKJI-KOHTPACTHIN Bigyasrisalrii, HaIrpuKaaz
Y MeIUIIUHI AJIA TOCaiAKeHHA pyxy KpoBi o cyaunax [10]. ckpasicTs
KOXKXHOI'0 CIIEKJIa 3MiHIOETBCS 3 YaCOM i 3aJIeKUTh BiJl IIBUAKOCTH PYXY
HEOTHOPiZHOCTU, Ha AKill YTBOPIOETHCA cleKJ. Yum OiibIla IIBUAKICTD,
TUM MEHIINI Yac Kopesudrnii, 3a AKuUl HEOTHOPIAHICTH 3MIIyeThCs Ha
Bigmayib HJOBMKUHU XBUJIL 30HIYBAJBHOTO Ja3€PHOr0 BUIIPOMiHeHHA. SIK-
1110 IPOBOAUTH (poTorpad)yBaHHs 300parkKeHHsa, Ha AKOMY IPHUCYTHI CIIeK-
JIU, TO CIIEKJI-KOHTPACT MOKHa onrucaTu ¢opmysioro [10]:
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Puc. 4. CeKTep yacToT 00epTaHHsA IPOAYKTIB peakIlii, ogep:KaHuX AJIA JOCJIi-
Iy, 110 Bigmosizae puc. 1, 2: nad SiTAHKY 3 HAWOIIBIIIO0 iHTEeHCUBHICTIO PYXY
(a), nna JinAHKYU 3 BEJIMKOIO TYCTUHOIO cuekJiB (6). Ha BcTaBkax — mismaszon
yactoT g0 1 I'it i ginanka sobpaskeHHs, 114 AK0I mo0ynoBaHo rpadik 6.

Fig. 4. Spectrum of rotation frequencies of reaction products obtained for ex-
periment corresponding to Fig. 1, 2: for the area with the greatest intensity of
motion (a), for the area with a high density of speckles (6). The insets show the
frequency range up to 1 Hz and the area of the image, for which graph 6 is

plotted.
c T T
—=£ = e ]l —exp|——%||, 3
1, \/2T [ p( ZTH (3)

e Gs — CepeIHbOKBAIPATUYHUN BiAXUJ SCKPABOCTHU ITiKCeIiB y BikHi,
Iy — cepenusa sicKpaBicTh ImiKcesaiB y BikHi, T. — "ac Kopeusilii, T — gac
ekcmoauIrii Kaapy. Iia o6poOKu 300paskeHHS MOKHA BUKOPUCTATH
CIeIiAJNbHUN PiabTED, AKUN Oyae BUALIATHA JIIAHKY 3 PisHUM KOHTPA-
cToM ciekJIiB. KoskeH miKcesb 300pakeHHsA BBAIKAETHCS IEHTPOM KBaj-
parta 3i croponoio y N mikceniB (kpai 300paskeHHs MINPUHOIO y N /2 miK-
cesiB BizkuparoThesa). aa KOKHOTO KBaApaTa 3HAXOMUTHCA CEepemHs
sickpaBicTh I Ta cepenHill KBagpaTUUYHMU#N Bigxui sickpaBocTu o. Cmis-
BimHOIIeHHS 6/l BBa'KaeThCA SHAUEHHAM KOHTPACTY Ta 3aJa€TbCA K
3HAYEHHS SICKPABOCTHU IILOTO IIiKCeJsA Yy HOBOMY 300pasKeHHi, AKe Oyze
MMOKAa3yBaTH iHTEHCUBHICTL CIIEKJIiB. 3HaueHHS N 3aJeKUTh Bil po3mi-
Py cherJiB i migdOuMpaeTbcsa eKCHepHMEHTAJIBHO; OJep:KaHi 3HaueHHS
KOHTPACTy HOPMYIOThCA Ha MaKCUMAaJbHY ACKPAaBiCTh HMiKceJad — y Ha-
IIIOMY BUIIAAKY 300parKeHHsa y I'pajaliax ciporo Ha 3HaueHHA 255.

3. PE3YJILTATHU i1 OBGTOBOPEHHS
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Ha pucynky 3, a HaBeJIeHO CIIEKTEP YacTOT 00epTaHHA MPOAYKTiB peak-
il 3a 3tioMKu y 6itomy cBiTai. Bugnao aBi xapaxkTepui uactroru: 1,08 I'tg
i 1,82 T, 1m0 BiAIOBiZAIOTh XapaKTEPHUM YaCTOTAM OOEPTAHHS €JIeKT-
POJIITY HaBKOJIO KPUIIEBOI KYJIi; CX0KY KapTUHY CIEKTPY MU OIIMCYyBa-
au y poborax [6—9]. Ha pucyury 3, 6 HaBeIeHO CIIeKTep YacToT obep-
TAHHS IPOAYKTIB peakIlii 3a 3fioMKU y 3MinanoMmy ocBitTiaeHHi. CmocTe-
piratorbesa xapaxkTepui uacrotu y 0,9 I';, 1,09 I', 1,82 I'tt, a TakoK 4a-
crotu 0,1 ' i 0,22 I'y v mianasowni vacror, mermux 1 I' (mokasaHo Ha
OKpeMiii Bcrasiri). Ha pucyHKy 3, 8 HaBeeHO CIIEKTep YacToT obepTaH-
HA IPOAYKTIiB peakKIlii 3a 3fiIOMKHK Y KOTepeHTHOMY ocBiTyienHi. CrocTe-
piratorbca mMaxkcumymMu Ha uwactorax y 0,75Tm, 0,87TI'm, 1,28 TI'm,
2,18 I't;, a rakoxx 0,06 I'r, 0,23 I'x, 0,53 I'.

MaxkcuMyMM 3a 3MillIaHOTO Ta JIa3ePHOT'O OCBiTJIEHh MEHII BUPaKeHi,
Hi}K 3a ocBiTiIeHHA O6isuM cBiTaIOoM. MakcCMMyMM 3 YacTOTaMM, 3HAUHO
meninumu 1 I't, He cocTepiraroThes 3a OCBiTJIeHHS OiTHMM CBiTJIOM i He
cIIocTepirasmucsa HaMH B IONepeNHiX Aocaizax. IxHA mpupoza moTpedye
MMOJAJIBLIIIOTO BUBUEeHHA. MOMKJINBO, Iie IIOB’sA3aHEe 3 CAMHUM ITPOI[ECOM
PO3UMHEHHA KPHUIEBOTO 3pa3Ka Ta 3MiHOIO H0ro MoBepXHi, Ha 1110 KoTe-
peHTHe BUIIPOMiHEHHS pearye CUJIbHiIlle 3a HEKOTepeHTHe; MOYKJIUBO,
cIIpaBa IIPOCTO y AeAKiil HecTabilbHOCTI poOOTHM CaMOro HaIiBIPOBif-
HHUKOBOTO Jia3epa.

3iioMKa OCTAaHHLOTO Bile0 IPOBOAMIIACS 34 TOTO CAMOTO KOTE€PEHTHO-
I'0 OCBiTJIEHHS, ITI[0 ¥ Y HOIIepeJHLOMY BUIAAKY, ajie ¥ IIbOMY pasi BUKO-
pucToByBajocA 3-KpaTHe oNTHUYHE 30iabIteHHsA. [le mpuBeso mo gimmmoi
BUAMMOCTH CIIeKJiB Ha Kaapax Bifeo i 6i1bIIoro BIJINBY iX HA YacTOTHI
xapakrepucTuku. Byyo po3dpaxoBaHO YaCTOTHI XapaKTEePUCTUKU AK B
OiJISTHITI 31 3BHAYHOIO iHTEHCUBHICTIO PYXY PiAuHM, TaK i AJIa JIIAHKY, Oe
el pyx IOPiBHAHO He3HauHUI (IiTAHKA, MO3HAUeHA Ha BKJAIII IO
puc. 4, 6). Y mepuiomMy BUIIaAKY BUIHO XapakrtepHi uacrotu y 0,21 I'm,
0,36 I'ry, 0,81 I'ty, 1,34 I'ty, AKi 6Iu3bKi 0 THX, IO CIIOCTEpiraamcs pa-
Hillle, a TAKOK MOPiBHAHO HeBelmKi Makcumymu Ha 3,5 ta 4,1 T (y
Ipyromy Bunagky — dacroruy 1,65 I'm, 4,44 I't (2a#ibinsIr iHTeHCUBHA
ckjaamoBa), 7,45Tm, 11TI'm). MokHa OPUIYCTUTH, IO YACTOTH Bin
3,5 I'tt i BuIme moB’A3aHi He 3 0COOJIMBOCTAME PYXY PiAuHU, a 3 GOPMY-
BaHHAM CIIeKJiB. BigHocHa iHTeHCHBHICTH CKJIAJOBUX, IIOB’SI3aHUX 3i
CIeKJIaMU, 30iIbINTYEThCA 31 BMEHIIIEHHAM ITBUAKOCTY PYXY PiAUHUA.

JJia mociigsKeHHA BiTHOCHOI MIBUAKOCTH PYXY HPOAYKTIB pearIril
MEeTOJIOM CIEeKJ-KOHTpacTy HaMu OyJo 3HATO 300parkeHHA PO3Mipom
3072 ma 2304 mikceJi 3a OCBiT/IeHHA UepPBOHUM JIa3€POM, Ha SKOMY Oy-
JU TiMAHKK 3 Pi3HOIO MIBUAKiCTIO pyxy pizmum. Came 300paskeHHsA Ta
pesyJabTaTu oro o0poOKIM HaBeAeHO Ha puc. 5. 3i 301IbIIIeHHAM Ha HbO-
MY MOXKHA PO3PiBHUTH OKPEMi CIIEKJIN, KOHTPACT AKUX € Pi3HUM Ha pis-
HUX TiIAHKAaX 300pareHHsa. PucyHok 5, 6 Bifmosigae miagHIl 3 TOBiib-
HUM PYXOM PigmHM, pUC. 5, 8 — 3 OLIBIN IIBUAKKUM. ByJI0 IPOBeIEHO
dinapTpario 300pakeHHs OMMCAHUM BHUINe (PiJIbTPOM IJA PisHUX 3HA-
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Puc. 5. 300pakerua pifuHu y Ja3epPHOMY BUIPOMiHEHHI 3 JOBXKUHOIO XBUJIL ¥
650 EM: mouaTKOBe 300pakeHHA (a), 30inbIIeHe 300pakeHHA cueKJIiB (0, 8) (0
— HepyxoMa YacTHHAa eJEeKTPOJIITy, 8 — MiIAHKA 3 iHTEHCUBHUM BUXPOBUM
pyxom), 3o6parkeHHs micaa pimbrpaitrii (2).

Fig. 5. Image of a liquid in laser radiation with a wavelength of 650 nm: initial
image (a), enlarged image of speckles (6, 8) ((—immobile part of the electro-
lyte, s—area with intense vortex motion), image after filtering (2).

YeHb po3Mipy BikHa N; eKCcIepuMeHTAJIbHO BCTAHOBJIEHO, 1110 HAMJTiTIIIIE
BUIIJIEHHS CHeKJ-KOHTPACTY HOJA HAIIMOr0 MOCJHiAY MOCATAETHCS IJIs
N =15. IIpodinbTpoBaHe 300pakeHHs HaBedeHO Ha puc. d, 2. fckpa-
BiCTB I[HOT0O 300PaKEHHSA 3AJIeKUTD BiJl MIBUAKOCTH PYXY PiAMHM: OiIbII
IIBUAKL JiTAHKY TeMHIIIi, OiJbIII HOBiIBHI — sICKpasBitiri.

4. BUCHOBKH

IIpoBengeHi HaMU AOCIHiAKEeHHSA IMOKAa3aJu HAaABHICTH BUXPOBOTO PYXY
€JICKTPOJIITY IIiJ Yac PO3UMHEHHS KPHUIEBOI KYJIbKN Yy a30THINA KMCJIOTI
mig miero mar"HeTrHoro mojisg. O0epralbHUII PYyX €JIeKTPOJIiTy OaraTto B
YoMy aHAJOTIiUHUII TOMY, ITIO CIIOCTepiraBca y poborax [5—9], ame mae
0COOJIMBOCTI, 3yMOBJIEHI BiIMiHHOCTAMM B YMOBAaX eKCIIepUMeEHTY. Byio
BCTAHOBJIEHO XapaKTepHi yacToTu obepTaHHA MPOAYKTiB peakirii. [ia
BU3HAUEHHS AUHAMIUHMX XapaKTepUCTHUK Oy BUKOPHUCTAHI K MeETO-
INKa O0pOOKU Bifeo 3 BUKOpPUCTAHHAM IIepeTBopy Pyp’e, po3pobiieHa
HaMu panimre [6—9], Tak i zogaTKoBi anrropuTMHU, IOB’sI3aHi 3 0COGIMBO-
CTAMU KOTEPEHTHOr0 BHUOpPOMiHeHHA. XapaKTepHi 4acTOTH HaNOiILII
YiTKO IPOABISAIOTLECS 34 CIIOCTEPEKeHHA Y HeKOrepeHTHOMY 0iJiIoMy CBi-



OIITUYHI JOCJIIIEHHA ITIEPIOONYHOT'O PYXY EJIEKTPOJIITY 1279

rai. Cymimn 6iJloro ¢BiT/ia Ta YePBOHOTO JIA3€PHOTO BUIPOMIiHEHHS A€
MOKJINBiCTE OiJIBINT JOKJIAJHO IIO0AUNTH IIPOCTOPOBUM POSIOLITI IIPOAY-
KTiB peakiiii. SHIMKN y YHMCTOMY KOTE€PEHTHOMY JIa3epPHOMY BUIIPOMi-
HeHHi IOILIbHO 00po0JATH (PiIbTpoM, AKWII BUAIISAE iHTEeHCHBHICTH
CIIEKJIiB, IO Ja€ 3MOIYy 3HAWTH PO3MOMiJI IIIBUAKOCTEH PYXy IIPOAYKTIB
peakii. Ila meTogmKa He BHOCHUTH CIIOTBOPEHL Y IIepedir peakiii ta
MOsKe OyTU aJalTOBAaHOIO AJIA TOCITiMKeHHA YaCTOTHUX XapaKTePUCTUK
PyXy pimmu, rasis i ApiOHMX 00’€KTiB 0€3 IPSAMOro BIJIMBY Ha JOCJIi-
I:KyBaHe cepeIoBUIIIE.
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IIpo ocobauBOCTI MaraeTHoro crany croiis y-Fe—Ni

I. B. BoaorapeBcskuii, B. I0. OabmiamenbKuii

HauionaavHuil yHigepcumem «3anopis3vka nosimexmHika»,
sya. ARyroecvkozo, 64,
6906 3 3anopixcics, Yepaina

IIpoaHnasizoBaHO MarLeTHy CTPYKTYPY, HEPiBHOBAXKHUI i piIBHOBAXKHUU CTaHU
Ta Mar€HeTHi HeogHopigHOCTi aycTeHiTy B iHBapHux Fe—Ni-cTomax 3 MeTo0 00-
I'PYHTYBAaHHS MOXKJHNBOCTH HASABHOCTU KOHIIEHTPAIiMHMX HEOTHOpPimHOCTell 3
Ie30Pi€eHTOBAHOI0 MArHeTHOIO0 CTPYKTYPOIO, AKi MOMKYTb OyTH II€eHTpaMH Mar-
HETHOTO Y<>0.-IIePEXO0/y IIEPIIIOTO POAY. ¥ 3arajibHEHO Pe3yIbTATHU PO3TIIAHYTUX
eKCIepUMEeHTANIbHUX i TEOPEeTUYHUX NOCIiIKeHb 1iei cucremu. Ilokasano, 110
cami mo cobi MarHeTHa CTPYKTypa Ta HepPiBHOBa'KHWUII CTaH ayCTEHITYy He MoO-
JKYTh IIPUBECTHU 0 MOABU KOHIIEHTPAIiHUX (MarHeTHUX) HEOTHOPiZHOCTE!T B
iHBapHUX cronax. IIpumyckaerncs, 1110 HassBHI KOHIIEHTPAI[iliHI HEOOHOPiZHO-
cTi MarTh (PIOKTyalliiiHe IOXOMKeHHA. 3aIPOIOHOBAHO MOIE/b, AKUHA II0AC-
HIO€ OCHOBHi iHBapHi BiaactuBocTi cromniB Fe—Ni HasgBHicTIO opuriHagbHOI Mar-
HETHOI CTPYKTYPH ayCTEHITY Ta 0T0 HEOMHOPiIAHMM i HePiBHOBaXKHUM CTaHOM
BigHOCHO O-(pasu. BoHa mepenbauae, II[0 KOHIIEHTPAIiliHi HeogHOpPigHOCTI 3
JIe30Pi€eHTOBAHOIO MarHeTHOIO CTPYKTYPOIO B aycTeHiTi iHBapHuX cromiB Fe—Ni
y IMIHPOKOMY TeMIlepaTypHOMY iHTepBaJi, — Big Touku Kiopi mo mapTeHcuTHOI
TOUYKH, — MOKYTh BilirpaBaTé poJib CTUCHYTUX MIPY:KHIX eJIeMeHTiB ycepeanHi
depomarueTHoi y-hasu. PaKTUUHO BOHU ABJIAIOTH CO00I0 JOKPUTHUYHI 3apOIKU
0.-MapTEeHCUTY MarHeTHOTO (a30BOTO IIepPexoay IepIIoro poay. AHOMAaJILHO Be-
Juki samiam 06’emy inBapHux cromis Fe—Ni Bin0yBaoThcsa BHACTILOK CHiIBHOI
Iii TepMOAMHAMIYHOTO CTUMYJIY B V-(hasi, 06’eM AKOI «IiAIITOBXYIOTH» 10 3DPO-
CTaHHSA YUCJEHHI TiIAHKY HEOAHOPiMHOCTeH (IOKPUTHUYHI 3apogKu o-(hasm), i
3MiHU ii HAMarHeTOBaHOCTHY B CUJILHOMY MarHeTHOMY II0JIi Ta/abo uepes 0X0JIo-
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1282 1. B. B0JIOTAPEBCEHKNI, B. 10. OJIBIITAHEITbKUI

MK EeHHA BHaCJIi,lIOK VIIOPpAAKYBaHHA aTOMOBUX MAarHeTHUX MOMEHTIB.

Kuarouori cioBa: imBapHi cTomm, KOHIIEHTPAI[iliHi MarHeTHI HeOZHOPiZHOCTI,
oOmiHHUY iHTerpas, Touku Kiopi Ta HeeseBa, piBHOBa:KHUM i HepiBHOBaKHU U
craHu, y-hasu FesNi i FeNi, sBuuaiinuii i mMarHeTHUN MapTEHCUTHI y—>0.-
TIepexonu.

The magnetic structure, nonequilibrium and equilibrium states, and magnet-
ic inhomogeneities of austenite in invar Fe—Ni alloys are analysed to substan-
tiate the possibility of the existence of concentration inhomogeneities with a
disoriented magnetic structure, which can be the centres of the magnetic
y<>a-transition of the first kind. The results of the considered experimental
and theoretical studies of this system are summarised. As shown, the mag-
netic structure and non-equilibrium state of austenite alone cannot lead to
the appearance of concentration (magnetic) inhomogeneities in invar alloys.
As assumed, the existing concentration inhomogeneities are of fluctuation
origin. A model is proposed that explains the basic invar properties of Fe—Ni
alloys by the existence of the original magnetic structure of austenite and its
inhomogeneous and non-equilibrium state relative to the a-phase. It assumes
that concentration inhomogeneities with a disoriented magnetic structure in
the austenite of invar Fe—Ni alloys in a wide temperature range, from the Cu-
rie point to the martensitic point, can play the role of compressed elastic ele-
ments in the interior of the ferromagnetic y-phase. In fact, they are the sub-
critical nuclei of a-martensite of the first kind magnetic phase transition.
Abnormally large changes in the volume of invar Fe—Ni alloys occur as a re-
sult of the combined action of a thermodynamic stimulus in the y-phase,
whose volume is ‘pushed’ to grow by numerous areas of inhomogeneities
(subcritical nuclei of the o phase), and changes in its magnetisation in a
strong magnetic field and/or during cooling due to the ordering of atomic
magnetic moments.

Key words: invar alloys, concentration magnetic inhomogeneities, exchange
integral, Curie and Neel points, equilibrium and non-equilibrium states,
Fe3Ni or FeNi y-phases, ordinary and magnetic martensitic y—>a-transitions.

(Ompumano 14 yepeus 2023 p.; ocmamoun. eapiasum — 1 gepecnsa 2023 p.)

1. BCTYII

3aJ1iz0 BUKOPUCTOBYETHCA JIOACTBOM 3 JaBHiX yaciB. 3okpema, 3 JaB-
HUHU 3HAXOAATHh BUKOPUCTAHHA (hepoMarHeTHi BJIaCTHUBOCTI 3BUYAMHOI
00’ MHOIIEeHTPOBaHOI KybiuHOoI Mogudikalrii sanisa (oa-pasu). Aje ocHo-
BHI MarHeTHi BJIACTHMBOCTiI TI'paHeIleHTpoBaHOI KybOiuHoi mommirarii
3airiza (y-asu) OyJsim AOCJIifKeHi IMOPiBHAHO HeJAaBHO, Y APYTill mMOJIO-
BuHiI XX crosiTTa. MaraetHi BiactTuBocTi y-Fe pisko BigpisHaoThCA Bix
MarHETHUX BJIaCTHBOCTell a-Fe. 3a HU3bKUX TeMIIepaTyp BOHO € aHTH-
¢depomarseTHumM. TBepauii posumH (epOMarHeTHOTO HIiKJIO y Yy-3aiisi
Ma€e He3BUUYAWHi BJIACTUBOCTi, IKi HA3WBaIOTh iHBapHUMHU. AHOMAJIBHO
BeJIMKa CIIOHTAHHA MAarHETOCTPHUKILiS iHBapHUX CTOIB HUIKUYE TOUKU
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Kropi mpakKTHYHO ITOBHICTIO KOMIIEHCY€E 3BUYAlHI TeMIIepaTypHi 3MiHu
00’emy. B margeTHOMY II0JIi B 00JIaCTi ImapampoIiecy TeX BUHUKAE aHO-
MaJIbHO BeJIMKa BuMYyIleHa (06’eMHa) MarHeTocTpukIlid. [lutamasa mpo
MIPUYMHY iHBapHUX aHOMAJIili y JIiTepaTypi Bimome AK «mpobiiemMa inBa-
py» [1]. Hapasi Hemae moBHOI 3aKiHueHOiI Teopii 1100 0COOJIMBOCTEH
(isUUYHUX BJIACTUBOCTEH ITUX CTOIIB.

Kpim cromiB Fe—Ni, inBapHi BaacTuBoCTi MaioTh Tako:xK cTomu Fe—Pt
i Fe—Pd. Bci 11i cronu B inBapHili 0o6acTi KOHIEHTpAIlill € pepomarue-
THKaMU 3 OJHUM THUIIOM I'DATHUIL, MOAIOHUMHK (PiBMUHUMU BJIACTHBOC-
TSAMM TA PO3TAIIIOBAHI B 00JIacTi BeIMKUX KOHIeHTPAaIiii depymy mob-
Jau3y (azoBoi rpaHuIli MapTEeHCUTHOTO Y—>0l-IIePETBOPEHHS.

B pobGorax [2—5] mokasano, 10 iHBapHi BIacTHUBOCTI (CIIOHTaHHA Ta
BUMYIIIeHA MarHeTOCTPUKILil) MOKYTh BILIMBATU HA XapaKTep MapTeH-
CHUTHOTO IIEPETBOPEHHSA. 3a IEBHNX KPUTUUYHNX MisKaTOMOBUX Bigmaiei
y 'IK-rpaTHUIi 3MiHIOETHCS MexXaHi3M MAapTEeHCUTHOrO IIepexonmy 3i
3BUYAMHOI0 Ha MarHeTHu#. BogHOpas meHTpaMy BUHUKHEHHS KPHCTa-
JIiB MapTEHCUTY IIil Yac MarHeTHOTO MepeXoay MOKYTh OyTH MarHeTHi
HEOJTHOPiTHOCTI 3 [Ae30pPi€HTOBAHOI MATHETHOIO CTPYKTYPOIO TUIY
«CIIIHOBE CKJIO».

OT:xe, BUBHAUEHHS MarHeTHOTO CTaAHY ayCTEHITYy B OKOJIi MapTEeHCHUT-
HUX TOYOK MOJKE CTATH OCHOBOIO IJIA ITOACHEHHSA 0COOJIMBOCTEI MapTeH-
CHUTHOTO IIEPEeTBOPEHHSA Y CTOIIiB 3aji3a.

2. AHAJII3 TEOPETHYHHX I EKCHEPUMEHTAJILHUX
IOCJII:KEHD

B OimapHMX cucTeMax eleMeHTiB rpynu @epyMy € Taki cucTemMu, TBep-
OIUH PO3UMH AKUX 34 JIOOMX KOHIIEHTPAIill Mae OOMH THUII I'PATHUIN, a
cami eremenTHn Ha KpuBiii Bere—Ciierepa MaOTh IPOTUIIEKHI TUIT Mar-
HETHOTO yHopAnKyBanuA. OOMeKUBIITNCH IPAMOJIIHiTHOIO 3aJI€KHICTIO
3MiHU iHTer'pasa oOMiHHOI B3aeMoii A B ITUX cucTeMax Binm paxTopa a/d
(BigHOIIIEHHS MiKaTOMOBOI Bigmasi Ko gisMeTpa He3allOBHEHOI 000JIOH-
KH), OJIeP:KYEMO IPAMY JiHito, 1110 3’eqHye TOuKHu + A i —A. 3a neperu-
HOM ITi€l IpAMOi 3 BicCI0 KOHIIEHTPAIlil KOMIIOHEHTIiB 3HAXOAMMO TOUKY
(cuHrynapuy), y Akii gia A~ (0 BeKTOpu MarLeTHUX MOMEHTIB aTOMiB
BTPayvaioTh KoJiHeapHicTh. OminKy Takoi Toukn i crouis y-Fe—Ni na-
HUM MeTOoa0M 3p0o06JieHo B poboTi [6].

Posraamemo cmouaTky iHINTYy momiouy cuctemy. Ha pucyHKY 1 306pa-
JKeHo Bimowmi TemmepatypHi 3amesxHocTi Touok Kiopi Ta HeemeBoi mns
cromiB a-Fe—Cr [7]. Biapisok mpsamoi, 110 3’e1Hy€e BeIUUNHN OOMiHHMX
iHTerpaJiB y BigHOCHUX oaAMHUIAX Ijad o-Fe i Cr, mepeTuHae Bich KOH-

MeHTpaIii y TouIri:
e = A g T, 1042

.= - - =77 ar.%,
A +A, T,+T, 1042+312
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Puc. 1. ExciepumenTansHi 3anesxkuocTi Touok Kropi (1) i HeeseBux Touok (2)
[7] Ta TeopeTruHa 3aI€KHICTHE 0OMiHHOTO iHTeT'paa A B IEPIITOMY HAOIMIKEHH1
(3) Bim xoumeuTpairii Cr B cucremi a-Fe—Cr.

Fig. 1. Experimental dependences of Curie points (1) and Neel points (2) [7]
and the theoretical dependence of the exchange integral A within the first ap-
proximation (3) on the Cr concentration in the a-Fe—Cr system.

N S L N— Y
A +A, T,+T, 1042+312

SK BUOHO 3 PUCYHKY, Ofep:KaHe 3HAUEHHS CUHI'YJIAPHOI TOUKU IS
cuctemu o.-Fe—Cr 1o6pe y3rofKyeTheA 3 pesyabTaTaMU eKCIIEPUMEHTIB.
TobTo mina A~ 0 KoHIeHTpaliiiHi 3ame:xHocti Touok Kiopi i Heenesux
To4YoK (KpuBi I i 2) paKTUUYHO CXOAATHCA HA CIYHOMY BiZIpisKy 3.

IITo cTocyerbesa cuctemu y-Fe—Ni, To nasa Hel BuABIeHO 3HAUHI PO3-
XOIKEeHHA MiK Teopielo i1 ekcriepuMmeHnToM. Ile MosKHa criocTepiraTu Ha
puc. 2. TeopeTuuHi OI[iHKY JAIOTh BEINUYNHY CUHI'YJISPHOI TOUKHA:

cp, = 90,43 ar.%, ¢y, = 9,57 ar.% .

ExcnepuMeHTaabHI MipaHHa TouoK Kiopi 3a HHBBKUX TeMIepaTyp
oO0Me:KeHi BUHMKHEHHAM i30T€PMiUYHOTO MAapTEHCHUTHOTO IIepPeTBO-
peHHsA, AKe J0 MarHeTHOro Iepexony He Mae BigHomieHHA. ExcTparo-
JAIiA THX JaHUX, AKi €, 10 Temnepatypu 0 K (A ~ 0) Bkasye Ha KOHIIEH-
Tpaiito Ni B TBepmomMy po3unHi B Mexkax cn ~ 20—25 ar.% , 1110 mepeBu-
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IITy€ TEOPETUYHY OIIiHKY II0 HiKJ0 B 2—2,5 pasu (IuB. puc. 2).

3HauHe PO3XOMIKEeHHA MijK TeOPETUUHOIO OI[IHKOIO I eKCTPAaIIoJILoBa-
HOIO BEJIMUMHOIO CIHiBBigHOMIeHH cKJIaniB Pepymy Ta Hikiaro B cromax
y-Fe—Ni nna meperBopeHHA «(epoMarHeTu3M<>aHTU(hepOMarHeTUu3M »
He MOKHA IOSCHUTHY MMOXNOKOI0 METOAY JOCTiIKeHb.

Hnsa cronie a-Fe—Cr (puc. 1) anamoriuni mociifskeHHA MOKa3YIOTH
mo0pe y3TOoI:KeHHS TEeOPEeTHUYHUX i eKCIepMMEeHTAJLHUX 3HaueHb. Lle
TAKOK He MOKHA IIOACHUTH BHYTPIIIIHIM IIepepos3IIoaijioM KOMIIOHEHTIiB
cromriB. HaBiTh SKIIO HiKeJb BUIIINTLCA MOBHICTIO B OKpeMy (asy, TO
Temnepartypa Kiopi spocre, xoua 3araibHui (cepegHiit) XxeMiuHUN CKJIAI
KOHKPETHOI'0 CTOIY JUINMUTLCSA 6e3 3MiH. ToOTo mopiBHANBHA aHATi3a
cBimuuTh (puc. 2), 110 eKcoepuMeHTaIbHA BeanunHa Touok Kiopi cTomis
v-Fe—Ni B obsacTi BetMKMX KOHIleHTpAIlilt PepymMy 3HAUYHO MEHIIIA 3a
OUiKyBaHY.

Bpaxosyiouu, 1o Touku Kiopi T'c 04HO3HAUHO IIOB’ I3aHi 3 OOMiHHIM
inTerpasom A 3ajekHicTIO

1000

800

200

2N
0 20 40 60 80  T8Q)

Fe, at.%

—-200

Puc. 2. ExcuepumenranbHa 3anekHicTs Touok Kiopi (1) [1] i Teoperuuna 3a-
JeKHicTh 00MiHHOTO iHTerpasia A B mepiitomMy HabamkenHi (3) Bix KoHIleHTpa-
uii Fe B cucremi y-Fe—Ni, 2 — HeeneBa touka y-Fe, 4 — KoHIIeHTpaIiiiHa 3a-
JeKHICTh MAaPTEHCUTHUX TOUOK M g 15T OXOJOAIKEHHA.

Fig. 2. The experimental dependence of Curie points (1) [1] and the theoretical
dependence of the exchange integral A within the first approximation (3) on
the Fe concentration in the y-Fe—Ni system, 2—Neel point of y-Fe, 4—
concentration dependence of martensitic points Mg during cooling.



1286 1. B. B0JIOTAPEBCEHKNI, B. 10. OJIBIITAHEITbKUI

T- % a4,
2k,

e 2 — KOoOopAuHAalliliHe Y1CJio, kg — BoJibIIMaHHOBA cTaja, MOMKHA 3PO-
O1UTH BHCHOBOK, IIf0 B 00JacTi iHBapHUX CKJIaJiB OOMiHHUI iHTerpaJ
3MEHIIYEThCSA. SMEHIITeHH BeIUYNHN A MOKe OyTH IIOB’ A3aHe 3 IIepexo-
oM KoJiiHeapHOi (hepoMarsHeTHoOl cTpyKTypu cromiB y-Fe—Ni (3oxpema,
FeqNigo-niepmaiioio) y HeKosiHeapHyY. Ile MOKIMBe 3 BUHUKHEHHAM Mar-
HETHUX HeOAHOpimHocTel y cromax. Bomgmouac mpoeKIlig aTOMOBUX Mar-
HETHUX MOMEHTIiB Ha BUOPAHUWI HAIIPAMOK MarHETHOTO II0JIA OyIe MeHIIIe
cepeIHbBOTO 3HAUEHHS ATOMOBUX MarHETHUX MOMEHTIB II0 CTOITY.

HeoguopigHy MarseTHy CTPyKTYpPY 3aJIi30HIKJI€BUX CTOIIIB CIIOCTEpPi-
raJiv B psafgi pooit. Oxpemi ginaHKYN aycTeHiTy MaoTh pisHi Touku Kiopi
[8]. € Takox minmauku poamipom y 1-2 HM, AKi igenTudikoBaHo AK ma-
pamarHetHi a6o antudepomardetrHi [9—11]. HeomHopimHy mMarHetrHy
CTPYKTYPY ayCTeHiTy BusABJIeHO TakoxK y cuctemax Fe—Ni—Cr, C—Fe—
Ni—Cr[1, 12].

Kpim maraetrHoi HeogHOpigzumocTu cromiB Fe—Ni, B miTepaTypi 06roso-
PIOETHCS TAKOMK IXHS KOHIleHTPAIlifiHa Ta medopMalliiina HeoHOPiZHO-
cti. BBamxaeTrnca, 1o Bci 11i HeogHOpimHOCTI € oxHouacHo [1]. Bawmiu-
BUM € IUTAHHA IPO BUHUKHEHHS HeOIHOPiAHOI CTPYKTYPU, OCKIJIBKY 3
Helo IMoB’ A3YIOTH HAasABHICTh iHBAPHUX BJIACTUBOCTeIl cuctemMu y-Fe—Ni.
Cratuctuuni daroktyanii. OgHe 3 MOMKJIUBUX IIOSICHEHb MOXOIKEeHHS
KOHIIeHTPAIiiHUX HeogHopizHOocTel v cTronax Fe—Ni r'pyHTyeThCA HA BU-
3HAHHI TOJIOBHOI poJri craTucTUUYHUX (DIIOKTYAIlill CKJIamy ayCTeHiTy y
BUHUKHEHHI iHBapHMX ocobOjuBocTeii. DIOKTYyallii ckiamy, sSki 3aau-
HIaIOThCA ITiCJA rapTyBaHHS, B iHBapHux cromnax Fe—Ni mpuBogaTs 10
«p0O3Ma3aHOCTH» KOHIIEHTPAIIIHHOTO IIepexoay Bil (epoMarHeTusmMy I0
auTudepomaruetrusmy. [le sBuiie Mmoke OyTu OB’ si3aHe 3 BUHUKHEHHIM
KJiacTepiB y-Fe, MmaraeTHi BJIacTUBOCTI SKUX BiIPi3HAIOTHCA BiJ ogHOPiA-
HOTO CTOITy. BMCHOBKUY 111010 KOHKPETHUX MAarHeTHUX BJIACTUBOCTEH ITUX
KJIacTepiB poOMJIMCS Ha OCHOBI IBOX pPisHUX mpunyieHs[1, 9, 10].

OpuH migxix mo iHTeprperallii MarHeTHUX BJACTHUBOCTell KJacTepiB
3aJIiza I'PYHTYEThCA Ha BpaXyBaHHI poJii HeraTuBHOI 0OMiHHOI B3aeMomil
mixk aTromamu Pepymy B I'ILIK-rpatauti. Ilepegbauaerses, 1o 1A B3ae-
MOZifA HTPUBOAUTH 400 M0 PO3YIOPAIKOBAHOCTM MarHETHUX MOMEHTIB
X aTOMiB, ab0 70 BUHMKHEHHA aHTU(EepOMarHEeTHOI'0 MIOPAIKY B KJa-
crepi. BomgHouac abcosifoTHA BeIWUYMHA MarHeTHUX MOMEHTIB aTOMiB
DepyMy 3aIUNIAETHCA HE3MiHHOIO.

[HIlIe TpUOYIeHHA TPYHTYEThCA Ha BpaXyBaHHi BILIUBY MisKaTOMOBOI
B3a€MOJii Ha abCOJIOTHY BEJIMYNHY MarHeTHHX MOMEHTIB aToMiB Pepy-
MY, BiloMOro siK «e(eKT JIOKaJbHOI'0 cepefoBUIa». B TnX BUHagKax,
Koau aToM DepyMy Mae y CBOEMY HAMOJIMIKUOMY OTOUCHHI y KpHCTaJIiu-
HiM rpatuuii y-Fe—Ni menre nes’aTbox atromiB @epymy, 1eil BubpaHnuii
aToM Ma€ MarHeTHUN MOMEHT, GJM3bKUI [0 MaKCHUMAaJIbHOIO 3HAUEHHS
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(= 2,8ug). Ao & y uymeni HANOAMIKUIMX cycifiB BubpaHoro atomy Pe-
pyMmy € neB’saThb abo 6iybIIIe aToMiB 1IHOTO 3K copTy (Pepymy), To 1€l BUO-
pauwuit arom @epymy BTpavae cBiit MaraeTHUit MoMeHT (auB. [1], c. 194).

Mo:KIuBiCTh BILINBY JOKAJIbHOI'O CEPEIOBUINA, IK Ha BeJINUNHY, TaK
i Ha HaIpPAMOK MarHeTHMX MOMEHTIB aToMiB @epymMy B iHBapHUX CTO-
nax Fe—Ni, sigmiuamaca soxkpema B[11].

Koukypenuisa (pepomaruetrnoi it anTugepoMarseTHoi B3aemomiii. € ge-
KiJTbKa MOZeJIiB, IO HOSCHIOIOTH iHBapHi BJIACTHMBOCTI CTOIiB 3aJisa,
CIMPAIOYNCH Ha CKJIaAHYy MarHeTHY B3A€MO/IiI0 B HUX.

3a 3imepom (quB. [1], c. 162—163) marHeTHi BJIACTMBOCTI BCixX Iepe-
XigHUX MeTaJiB rpynu @epyMy BU3HAUAIOTHCA KOHKYPEHI[I€I0 TBOX Me-
xaHisMiB 00MiHy: pepomarueTHoi B3aeMomii 3d-eJIeKTPOHIB, JOKaJi30-
BaHUX B PiBHUX By3JaX KPUCTAJIIUHOI I'paTHUII (HempAMUil oOMiH uepes
eJeKTPOHU IIPOBiAHOCTH), Ta HpAMOI aHTU(hepoOMArHETHOI B3aeMOMil
MixK 3d-elleKTpoHAMM, IO 3HAXOAATHCS Y CYCIAHIX By3JaxX KpPHUCTAIiU-
Hol r'patuuiti. Hempsama oOMinEHa B3aeMOgisa € JAJIEKOCIKHOIO, TOML AK
IpAMa — KOPOTKOCSKHOI0. 3MiHa MikaTomoBoi Biggasi (abo po3mipis
3d-000JI0HKM) CUJIBHO BILIMBAE HA KOPOTKOCSIKHY aHTH(EPOMAarHeTHY
B3aemogiro. [lumM MoKHA MOACHUTH HadABHICTH hepomarnHeruamy y Ni,
Co #1 a-Fe i anTudepomarneruamy y y-Fe, Mn #1 Cr, a TakoX BeIuKy
KPYTHUSHY 3aJIe:KHOCTHU OOMiHHOrO iHTerpasa A Bim miskaToMoBoi Bimma-
Ji B cucremi Fe—Ni inBapHUX CKJIagiB.

Binsmr koukperHuUM € Momenb Korgopebkoro Ta Cemosa [1]. B mbomy
iHTepmperallia ocodoauBocTeii croniB Fe—Ni rpyuTyeTbesa Ha aaTudEpoO-
marHetusMi y-Fe, ekcnepumentanbHo BinkpuTomy B pobori [13]. Leit
MOJeJIb mepeabauae, 1o mapamMerep oOMiHHOI B3aeMoAil Mixk cycigHiMm
aromamu Fe—Fe € HeraTuBHOIO BEJIMUNHOIO, TOAL SIK MJIs map aTomiB Ni—
Ni i Ni—Fe Bin BBaskaeTbca mo3auTuBHUM. JlaHuit MoAea b JOTYCKAE MO-
JKJINBICTh BUHUKHEHHA 3HAUHOI JOZATHLOI 00’ € MHOI MAarHeTOCTPUKITIT y
CHUJILHOMY MATHETHOMY IIOJIi Ta 3i 3MeHIIIeHHAM TeMIepaTypu 6e3 mojs
(cmoHTaHHA MAarHEeTOCTPUKILifA).

Mo:xua 0yJyo 60 HOIIYCTHUTH, IO KOHKYPEHIIiA MArHeTHOI B3aeMOXil
mixk aromamu Fe—Fe i Ni—-Ni npuBoguts no cerperaiiii aromis ®@epymy
ta Hikmaro i, TaKuM YMHOM, Hece BiANOBiZaJbHICTH 3a YTBOPEHHS KOH-
IeHTPaIiiEnX HeogHOpinHOCTel y cTonax y-Fe—Ni (qus. puc. 2). Pasom
3 TUM, IIOAi0He ABUIIEe MaJio 0 crmocTepiratucs i B cucreMmi o-Fe—Cr, 60
MarHeTHa B3aemofisa map atomiB a-Fe—Fe (dpepomarmerma) ta Cr—Cr
(arTH(EepoMarueTHa) TeXK YTBOPIOE KOHKYPEHTHY cucTeMy. AJjle HiTKMIX
0co0JIMBOCTEN IIOAO0 KOHIIEHTPAIIMHMX 3ajekHocTell Touok Kiopi Ta
Heenesoi gna cucremu o-Fe—Cr me cnocrepiraersca (gus. puc. 1). Ot-
JKe, MarHeTHa KOHKYPeHIia aroMmiB y cronax y-Fe—Ni e HeobximgHO¥O,
aJjie He JOCTATHBLOIO YMOBOIO BUHUKHEHHSA iHBapHUX 0COOJIMBOCTEM.
AromoBa B3aemogmia B cucremi Fe—Ni. € mozeni, aki mepegbauaroTs
MOKJIMBIiCTh BUHMKHEHHS KOHIEHTPAIiMHMX HEOJTHOPigHOCTEeH B pe-
3yJbTaTi xemiu#oi B3aeMmogil aromiB y cucremi Fe—Ni.
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ExcnepumenTu 3 ompomMiHoBaHHsS iHBapHUX Fe—Ni-cTomiB miBuaKm-
mu esnekTpoHamu (3 MeB) mpusenu Illam6po i3 cuiBpobiTamkamu [14]
10 BUCHOBKY TIPO Te, 1110 cTaH y-Fe—Ni-cTomiB € meracrabinsaum. B pis-
HOBaXHOMY CTaHIi IIi CTOIM MAalOTh CKJIaJaTUCA 3 IBOX Y-(has, 1[0 MaIOTh
pisHmMil KoHmeHTpaiiEMi cKaan. Craax oxguiel y-hasu Bixmosizae cre-
xiomerpuunomy ckjaazny FesNi. IIpyra y-haza mae ekBiaTomMOBUI CKJIaZ
FeNi. Takuii gBohasHMI cTaH BUHNUKAE B OIPOMiHEHMX 3pasKax iHBap-
Hux FeNi-cromiB 3a Temneparyp y 250—80°C B pesyabrarti nudysii Baka-
HCili, AKi BUHUKAIOTH B IIpoIieci onpominioBaHHs. el mporiec mepebdirae
JIOCTATHBO IITBUAKO 3a TeMIIepaTyp, 0IU3bKUX A0 KiMHATHOI (puc. 3).

HocaigyxkeHHsA, BUKOHaHI B poborti [14] pisuuMu MmeTtomamu, moKasa-
au, mo (pismuHi BaactuBocTi croniB Fe—Ni B gBopasHomy cTaHi pisdko
BiIpi3HAIOTLCA BiJ BJIaCTUBOCTEHl BUXIZHMX iHBapHUX cTomiB. dasa
FesNi € mapamaraeTukom, ToAi AK ekBiaTomoBa (pasza FeNi — (gepomar-
HetukoM. Ili ¢asu maroTh 6/m3bKi MikaToMOBi Bigmami. B 3B’aA3Ky 3
UM Ha ixHil MixdasHill MexXi 30epiraeTbcsad KOrepeHTHiCT: KPUCTAaJTi-
YyHOI I'paTHUIli. TakoMy cTaHy MOKHAa IpPUNUCATH OJHe 3HAUEHHA mapa-
MeTpa KpUCTaJIiuHOI I'paTHUILi (AUB. puc. 3).

BaxauBo, 1110 B 1BO(hpa3HOMY CTaHi y IMX CTOIIB BiICyTHilZ OCHOBHU I

3,60 . .
Bl,quan{o

{+400°C

OmnpomiHIOBaHHA
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— .
° Pk

a80°C

a, A

3,59 /
L 7
/
/
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Puc. 3. 3anexuicTs mapamerpa Kpucraaiuuoi rpatauli a cromis y-Fe—Ni Big
CKJIaly 3a KiMHATHOI TeMIlepaTypwu IIiciid Biamanay (cyuinbHa JiHis) Ta micias
ONPOMIHIOBAHHS IIBUAKNMH €JEKTPOHAMHU 3a PisHUX TemmeparTyp (IITPUXOBi
ainii) [14].

Fig. 3. Dependence of the y-Fe—Ni lattice parameter a on the composition at
room temperature after annealing (solid line) and after irradiation with fast
electrons at different temperatures (dashed lines) [14].
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Puc. 4. PiBnoBaxkuuii ctan cucremu Fe—Ni[16].

Fig. 4. Equilibrium state of the Fe—Ni system [16].

imBapHU edeKT. To6TO KoedillieHT TEIIOBOTO PO3IINPEHHS Ma€ HOP-
MaJbHe 3HaueHHA. KpiM Toro, 3a HUSBLKUX TeMIlepaTyp He cIiiocTepira-
JIOCS 1 MapTEeHCUTHE Y—>O.-IIepeTBOpeHHs [14].

PesyabraTu, omepskaHi aBTopamu pobotu [14], miagTBepaKeHO MOCITi-
[UKEeHHAMHU 3aJIiB0HIKJIEeBUX MEeTeOpPUTiB iHBapHUX cKJaxis [15]. I'panu-
IIi piBHOBa:KHOTO cTaHy cucteMu Fe—Ni 3a manumu po6ortu [16] mpen-
CTaBJIEHO Ha puC. 4.

Agropu pobotu [17] giiiam BUCHOBKY, I1I0 OCHOBHI iHBapHi 0co0u-
BocTi cTormiB y-Fe—Ni € HacigKoM IXHBOTO HEPiBHOBAYKHOTO CTAHY.
MeTacTa0inbHiCTh iHBAPHMX CTOIIIB IO BigHOMIEHHIO 10 d-a3u. Cipo-
0U MOACHUTY aHOMAJIii iHBapy BILIMBOM 06’€MHOT0 e)eKTY ITiJl Hac y<>a-
IIepeTBOPEeHHS POOMINCS JaBHO. AJle Tic/id yTOUHeHHS JisirpaMu CTaHy,
0yJI0 BCTaHOBJIEHO, III0 BOHO He cIIocTepiraeThes B cronax Fe—Ni 3 maco-
Boio yacTkowo Hikmaio 6inbite 34% Hi 3a AKUX TeMIlepaTyp, TOIi AK y
KJIacuYHOMY cToIi «iHBap» NicramoButh 36% , a B CTOIII «IIJIATHUHIT —
42% .Y 3B’A3KYy 3 IIUM, IUTAHHS IIPO BILJIUB Y<>0.-IIEPETBOPEHHS Ha OC-
HOBHi imBapui BiaacTuBocTi cromiB Fe—Ni Oys0 3HATO 3 06roBOpeHHS
[18]. Pazom 3 TuM, MIUTAHHA IPO MeTacTabiIbHICTL iHBAPHUX CTOIILB II0
BiJHOIIIEHHIO 0 o-(ha3H 3aTUIIAETLCI aKTyaabHuM. IloTpi6bHO BigMiTH-
TH, 110 3a JoBrorpusaJoro Bigmaay cromiB Fe—Ni 3 30—-40% Ni za 400°C
cIocTepirajyiaca sMminraHa CTPyKTypa o- i y-as pisaux ckaanis [1]. Axe
3a MEHIIIUX TeMIIepaTyp i rerHeparrii BakaHCi¥il ITOPiBHAHO IIIBUIKO BU-
HUKAaJa CTPYKTypa 3 ABoMa y-hasamu [14].
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IIpoanaisyemMo MOMKJIMBY POJb IIMX ABOX PiBHOBaKHUX CTAHIB Ha
dopMyBaHHS BJIACTUBOCTEHN HEPiBHOBAYKHOT'0O ayCTEeHITY.

SKIT0 IPUOYCTUTH, 110 Y HEPIBHOBA*KHOMY ayCTEHIiTi TOJIOBHY POJb
Bimirpae TeHIeHIIis 40 XeMidHOI aTOMOBOI B3aeEMOil, TO IIsI BBA€EMOisd,
AK BUIHO 3 pucC. 3, Bele OO 3MEHINIeHHA ImapamMerpa rpatHuii. Makcu-
MaJbLHO MOMKJIMBA 3MiHa 00’ €My IIij] Uac mepexoIy BiJ HEPiBHOBAaYKHOTO 0
abcomtorao piBHOBaskHOTO cTaHy (FesNi+FeNi) nna imBapy Fe—36Ni
cranoBuTh = 1% . HeBizjomo, AK 3 TeMIepaTyporw MOXKe 3MiHIOBATHCS XAa-
paxTep Taxoi Baaemogii. 11106 KoMIleHCyBaTH TEILJIOBE PO3IIUPEHHS Ue-
pes3 aHrapMOHIUHI KOJIMBAHHS aTOMiB uepe3 HarpiBaHHSA, XeMiuHi cuian
MaOTh 301JIBITYBATHUCSA TA CTUCKATH TiJ0. 3 OXOJOIKEeHHAM, HaBIAKHU,
XeMiuHa B3aeMoIid MaJjia 6 3MeHIITyBaTHUCs, 11100 0T0 POSIITUPUTH.

1106 BimmoBicTH Ha Ile MUTaHHS, Tpeda POITJIAHYTH MOMKJIUBY Hil0
VX CUJI Ha 3pa3oK y CUJIbHOMY MarHeTHomy moJi. Bigomo, 110 Bumy-
IIeHa MarHeTOCTPUKIliA iHBapHUX cToniB Fe—Ni € aHOMaIbHO BEJIUKOIO
i Mmae momaTHil 3HaK. I 1me Tpeba mMOACHUTH. XeMiuHA K B3aeMOid, IK
BUHO 3 JOCaiay (AUB. puc. 3), Ma€ IPOTUICKHUM 3HAK BEJIUYNHY 3MiHT
00’emy. Ile osHauae, 1110 i 3i 3MiHOIO TeMIepaTypHu XeMiuHi CUJI He I0-
moMaraTUMyTh pealbHill 3MiHi 00’eMy 3paska, a MOKJINBO, HABIAKH,
OyAyTh IPOTULIATH HOTO 3MiHaM.

IIpunyctumo Tenep, 1110 Y HePiBHOBAKHOMY ayCTeHiTi BayKJIUBY POJIb
Bimirpae TeHAEHIIIA IO POSIINPEHHSA I'DATHUIIL 3 OXOJIOMKEHHAM 3a pa-
XYHOK BUHUKHEHHA o-hasu. [loBemeHo, 10 3a HU3LKUX TEMIEPaTyp y
croniB Fe—Ni y marseTHOMy HOJIi MOMKJIMBUMN MarHeTHUU MapTEHCUT-
Huil y—>a-nepexin [2—5]. B geaxkux cronmax Fe—Ni—C raxkuit marseTHui
nmepexia cmocrepiraerbes i 6e3 marmeTHoro moiad [4]. BraskaeTnbces, 1o
IeHTPaMU POCTY ITUX MAPTeHCUTHUX KPUCTAIIB, IK B MAarHeTHOMY HOJIi,
Tak i 6e3 HLOT0, € MAarHeTHiI HEOJHOPIAHOCTI 3 Ae30Pi€eHTOBAHOIO MarHe-
THOIO CTPYKTYPOIO, PO3MipH SKUX IIEPEBUIYIOTH KpuTuuHi [5]. Bizomo,
IIT0 PO3Mip MarHeTHHUX HeoZHOpimgHocTeill y cTomax Fe—Ni B cBoiii 6ijb-
IITOCTi CTAaHOBUTD = 1 HM, ITI0 MEHIIIe KPUTUYHOTO (3a HAIITMMH OI[iHKaMH
PO3Mip KPUTHUYHOTO 3aPOAKY MAPTEHCUTY MOXKE CTAHOBUTH = 2 HM [5]).
MarzeTHi HEOTHOPIZHOCTI 3 HE30Pi€HTOBAHOIO MATHETHOIO CTPYKTYPOIO
B OTOUYBaJIbHiN (hepoMarHeTHi# ocHOBI y-hasu HUKYe TouKu Kiopi ma-
OTh IigBUNIEHY eHepriro. Ili HeogHOPiIAHOCTI MAaOTh Y CBOEMY CKJIAIi
O0inpITy KimbKicTh aToMiB @epyMmy, HidK cycimui epomarueTHi IiaaHKy.
JJig HUX eHepreTUYHO BUTIAHO HepeliTy y (hepoMarHeTHY KoOJIiHeapHY
CTPYKTYPY — imeansHo, y epomaruerny o-¢asy (OLLK) 3 6inbiroro mi-
JKaToMOBOIO Bimmamnmio [2—4]. Tob6To mepeTBOpeHHA B HUX MOXKe MTHU 3a
CXeMoOIo, IKa 3HaXOAUThCSA B TeMIIepaTypHoOMY iHTepBaJi Big Touku Kio-
pi T¢ mo mapTeHCUTHOI TOUKHM Mg, 3a IKOI MapTEeHCUTHI 3apoaKm (Mar-
HEeTHi YM TO AMCJIOKAIIifHi) JOCATAIOTh KPUTUUYHOTO Po3Mipy. B mbomy
TeMIepaTypHOMY iHTepBaJIi IJIsg OOrOBOPIOBAHUX MATHETHUX (KOHITEHT-
pamifinmx) HeOMHOPiZHOCTEH TaKuil Ipollec MoKe OYTH IOBHICTIO 000-
poruiM. Bin cTae HeoOOpPOTHIM TOMi, KOJIM 3aPOAKYN MAPTEHCUTY IEepPeT-
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BOPIOIOTHCA ¥ IIEHTPU POCTY MapTeHCUTHUX KPUCTAJIiB.

OT:Ke, Mar"HeTHI HEOTHOPIiZHOCTI 3 Ae30Pi€HTOBAHOI0 MAarHETHOIO
CTPYKTYPOIO B aycTeHiTi inBapHux cToniB Fe—Ni B mocTaTHHO HIMPOKO-
MYy TeMIepaTypHOMY iHTepBaJi MOKYTb BifirpaBaTu pPOJb CTUCHYTUX
IPY:KHiIX ejleMeHTiB ycepeAuHi ¢epomMarHeTHoli y-pasu, gKa TeX He €
iTeaIbHOIO KOJIIHEAPHOIO MAarHETHOIO CTPYKTYPOIO.

CunbHe MarHeTHe TOJIe B 00JIACTi mapampoIlecy i OXOJOMKeHHA HI-
skue Touku Kropi 30iabI1yioTh HamMaraeToBaHicTh cTomriB Fe—Ni zaBaaxu
BiAIIOBimHINM opieHTAIil IXHiX aTOMOBMX MAarHeTHUX MOMEHTIB i TUM ca-
MuM 30iJBIIYIOTH 00°€M aycTeHiTy. BomHopas 3pocTae CTYyHiHB IIepeo-
XOJIOJKeHHs Y-(hasu, 00’eM SKOI «IiAIITOBXYETbCA» 10 30iTbITTEeHHS
YHCJIeHHUMU IiISHKaMI HeOJHOPiIHOCTel, TOTOBUX 0 Y—>0l-IIEPEXOY.

Taxum unmHOM, iHmBapHi aHomaJii cromis Fe—Ni MoxyTs OyTHU mosc-
HeHi HepiBHOBaYKHICTI0O BUCOKOTeMIIepaTypHOI y-ha3u II0 BiIHOIIIEHHIO
Io o-(hasm Ta ii CKJIagHOI0, HEOOJHOPiJHOI MarHeTHOIO CTPYKTYPOIO.
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The Relationship between Chemical Composition of the Alloy
and the Parameters of the Martensitic Transformation in NiTi
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Today, shape-memory alloys have already taken their place in various fields
of science and technology. The most used alloy is titanium nickel or nitinol.
When manufacturing alloys based on NiTi in order to use them for various
products, it is necessary to know the conditions, under which it is possible to
obtain alloys with previously known parameters of the phase transformation.
In the work, the dependence between the Ni/Ti ratio, preliminary thermome-
chanical treatment (TMT) and the temperature of the beginning of the mar-
tensitic transformation (M;) is obtained.

Key words: direct and reverse transformations, shape-memory effect, vacu-
um induction melting, vacuum arc melting, additive methods.

Huwi cronu 3 mam’aTTio opMu BiKe 3aMHAIN CBOE MicCIle B Pi3HUX rayry3sx Ha-
yKu Ta TexHiku. Hai6iab1 BUKOPUCTOBYBAHUM € HiKesin TuTany abo HiTMHOJ
(NiTi). Oaa suroroBnennsa cromiB Ha ocHOBi NiTi morpi6HO 3HAaTH yMOBHU, 3a
AKMX MOKHA OJIepsKaTH CTONH i3 3a3majerigp BimoMuMu mapaMmerpamu ¢hasoBo-
ro IIePeTBOPEeHHS, YOMY i IPHUCBSAYEHO JaHy CTAaTTiO. B poboTi omep:kaHo 3aJie-
JKHicTh Mixk cuiBBigmommenuam Ni/Ti, momepenuimM TepMomMexaHiuHUM 00pPOO-
aeuuam (TMO) Ta TemepaTypoIo IIOYATKy MapTEeHCUTHOTO mepeTBopenHs (Ms).
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1. INTRODUCTION

Today, the industrial production of nitinol is carried out using two
traditional methods of melting, namely vacuum induction melting
(VIP) and vacuum arc melting (VAM). The best generalization of the
traditional production process is given in [1]. The most modern meth-
ods, namely, selective laser melting and production of nitinol using
additive manufacturing are described in [2] and [3], respectively. In-
duction melting allows obtaining homogeneous samples. However, it is
necessary to conduct an analysis of both pure components and final
castings for oxygen and carbon content [1], since melting is performed
in copper water-cooled or graphite crucibles. For example, NiTiMet
Company Group [4] in the material posted on the website claims that
the optimal conditions for obtaining TH1 and TH1-HK nitinol (which
is used in medicine) are the presence of a vacuum with a residual gas
pressure of 0.0001 mm Hg, the melting itself should be carried out in
vacuum-arc furnaces with a consumable electrode, vacuum-arc cruci-
ble furnaces with a non-consumable electrode, vacuum furnaces with
induction heating (which provide garnish melting), electron beam fur-
naces, plasma arc furnaces. According to [1], the most harmful impu-
rities in nitinol castings are carbides and oxides. Samples after VAM
are considered cleaner. After smelting, the next step in casting pro-
cessing is the destruction of the cast structure. Such destruction oc-
curs due to heat treatment using hot deformation at temperatures of
850-950°C, and then, cold deformation is carried out with the aim of
obtaining a product or semi-finished product (rolled sheets or wire).

According to[1], the process of processing a cast nitinol sample is as
follows: 1) hot deformation process (rolling, extrusion) at a tempera-
ture of 850—950°C. After it, the sample is cooled in air; 2) the cold de-
formation process, which consists of two parts: the first is the cold de-
formation itself (cold rolling or obtaining the wire by drawing through
the dies, and the degree of deformation can reach 45%), and the second
is a specific heat treatment after the cold deformation process.

Thus, the first stage is the production of the casting; the next step is
the thermomechanical processing of the casting in order to obtain
rolled steel, wire, and tubes. In addition, powders for the production of
various products can be produced from castings in various ways using
powder metallurgy methods. It should also be noted that nitinol pow-
der is used for 3D printing [5].

Schematically, the technology for the production of nitinol semi-
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finished products can be represented according to the scheme: melting
+ thermomechanical treatment (rolling + heat treatment).

An important position for controlling the acquisition of the required
properties is the maintenance of the given ratio between nickel and ti-
tanium (Ni/Ti). According to the considerations presented by the au-
thors [1], a deviation of 0.1 at.% in the Ni/Ti ratio causes a deviation
in the transformation temperatures by 5—10°C. In order to use a nitinol
product for the needs of the human body, it is sometimes necessary to
ensure the accuracy of the transformation temperatures up to 2°C.

In electrical engineering and cybernetics, the ‘black box’ method is
used [6]. The production of nitinol, or another alloy with shape
memory, can be imagined as a black ‘box system’. Such systems have
an ‘input’ for inputting information and an ‘output’ for displaying
work results. The state of the outputs usually functionally depends on
the state of the inputs. If the working mechanism is not important,
then, the dependence of the results on the input data is usually known;
the concept of a ‘black box’ is used in order not to be distracted by the
internal structure. We are going to assume that the ratio between the
components is an input parameter, and the characteristic temperature
of the beginning of the direct transformation, respectively, is the out-
put. Thus, the task of obtaining a semi-finished product with predeter-
mined values of functional properties is reduced to establishing a rela-
tionship between input and output parameters. The semi-finished prod-
uct production scheme, based on the ‘black box’, will look like in Fig. 1.
Analysis of the behaviour of the connection between the input of the
‘black box’ and the output is the ‘model of nitinol production’. Moreo-
ver, a mathematical model are described such a relationship between in-
put and output parameters. This model reflects the production process.
According to[6], the equation can be considered as such a model:

y=0(x), (1)
where y is the output parameter: the temperature of the beginning of

the martensitic transformation of M; [°C], and x is the input parame-
ter: the ratio between Ni/Ti.

Ti/Ni

Fig. 1. Scheme of the ‘black box’ for the production of nitinol.
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The main goal of this work is to establish the appearance of a math-
ematical model of the connection between input and output, or a model
that describes the influence of the ratio between alloy elements and the
temperature parameter of the martensitic transformation.

The issue of predicting phase transformation parameters taking in-
to account changes in chemical composition and various thermome-
chanical developments is described in [7].

In [7], the authors used an interpreted boosting surrogate model of
machine learning (ML) to predict the characteristic transformation
temperatures in alloys that exhibit the shape-memory effect, and the
prediction accuracy is 95% . The authors of this work also take into ac-
count the influence of heat treatment of the rolled samples of alloys,
extrusion parameters on the transformation parameters in the alloy.
With the help of Shapley values, the influence of the importance of
these parameters on the transformation temperature has a certain
quantitative assessment. The value of the article [7] is that the authors
carried out a quantitative assessment of the influence of various pa-
rameters on the transformation temperature, and determined the
‘weighted importance’ of each factor in relation to the transformation
temperature. In this way, the authors predict alloys that demonstrate
the ability to restore shape. It should also be noted the analysis of the
problem of ‘discovery of new alloys that are able to restore shape’, con-
ducted by the authors of this work. They argue that when studying al-
loys, the ‘traditional discovery’ consists in working within a system of
compromises, namely, to obtain some characteristics, we degrade oth-
ers. When creating an alloy, the optimal composition is soughed ac-
cording to the principle: we select the elements to provide the property
that we consider the main one, but greatly suppress others. A brief il-
lustration of the development of alloy design is given in [8]. At first,
one matrix base element is used, striking examples are alloys based on
copper or iron. The second element was added to improve certain prop-
erties of the main one. According to the reasoning of the authors [8],
metal-matrix composites and intermetallic compounds began to devel-
op more intensively from the 1970s of the last century. In the form of a
matrix, traditional aluminium alloys were used, then alloys based on
Ti—Al, Ni—Al, Fe—Al and others, and third and fourth elements were
added to them. The use of rapid solidification technologies has led to
the creation of alloys with many components. The principle of selection
of elements to certain base elements for rapid solidification technolo-
gies was the selection of elements that contribute to the creation of a
fine-grained structure, or contribute to the appearance of an amor-
phous phase. Having cited all the above considerations, the authors
proposed a new concept of creating multicomponent alloys, the con-
stituent elements of which are introduced into the alloy in equal molar
fractions. It was expected that the alloys would be brittle due to the



THE RELATIONSHIP BETWEEN CHEMICAL COMPOSITION OF THE ALLOY 1297

formation of many intermetallic compounds, but the result turned out
to be different. The obtained compounds turned out to be more stable
due to the large entropy of mixing. The theoretical basis for the crea-
tion of multicomponent alloys is Boltzmann’s hypothesis about the re-
lationship between the entropy of a system and the number of its possi-
ble microstates or the complexity of the system. The result of using
this approach was the creation of high-entropy multicomponent alloys
using the concept of configurational entropy. Examples of such alloys
are given in work [8]. High-entropy alloys demonstrate [9] martensitic
transformation and the ability to restore shape. In [7], the authors
rightly noted that changes in the chemical composition and/or micro-
structure parameters (i.e., parameters of thermomechanical processing
and the alloy production method) affect the parameters of the marten-
sitic transformation. The task of creating multicomponent alloys re-
quires the creation of work in a multidimensional, nonlinear, highly
singular mathematical space. Moreover, in such a space, it is necessary
to carry out point studies, which is quite expensive. The authors [7]
also analyse the change of the chemical component of the alloy design
and come to the conclusion that by changing the ‘chemistry’ it is possi-
ble to achieve undesirable properties. They also analyse the use of com-
binatorial approaches, but find a drawback there, which consists in the
complexity of processing the multidimensional and multielement space
of multielement multifunctional alloys. They also indicate the com-
plexity of first-principle calculations. In general, according to them,
today's models allow analysing models for the creation of alloys only
within the framework of some alloy systems. The surrogate model cre-
ated by them will make it possible to make such a ‘design’ for many
systems, while separately taking into account the weight of the chemi-
cal factor and factors of thermomechanical processing. Consider a sur-
rogate CatBoost model for predicting recovery temperatures.

Selection of data: step 1 is the formation of data on chemical compo-

sition (the data of binary NiTi alloyed NiTi were used for the analysis,
resolution of chemical composition 0.1 at.%; step 2 is taking into ac-
count the parameters of thermomechanical processing: heat treat-
ment, rolling, extrusion; step 3 is the data processing: the results of
both steps are entered into the list of primary parameters for ML of the
surrogate model (actually, the result of the model was the phase trans-
formation temperatures); step 4 is sifting out clearly unsuitable data
and forming a ‘reliable set’.
Training and Building a Strong Algorithm. As a result of the analysis,
the authors established that the CatBoost model is optimal for ML, and
the previous history of the ML algorithm, evolutionary methods, and
Bayesian optimization hyper parameters were used. Thus, this model
can be used to design alloys with given MT (martensitic transfor-
mation) parameters.
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With the help of Shapley values, the importance of the influence of
various factors of thermomechanical processing is taken into account.
The authors of this paper really successfully predicted the phase trans-
formation parameters for a number of nitinol-based alloys. Thus, ML
is a promising direction for forecasting transformation parameters.
However, there are a number of issues related to the optimal formation
of the input data set, the creation of the error function, and other is-
sues that are quite difficult. It is difficult to select data, since they
must be taken from a large number of works, the authors of which
studied various issues, and therefore there will be a difference in the
methods of manufacturing alloys, types of thermomechanical pro-
cessing, which will complicate the process of learning the model

In our work, we tried to simplify the forecasting process and simply
process the existing data using a linear polynomial. Such work will al-
low us to see the simplest picture of alloy production and the creation
of the necessary phase transformation parameters by changing the
chemical composition and TMT parameters. The values of the coeffi-
cients of the polynomial will indicate the ‘weight’ of the TMT parame-
ters and chemical composition.

2. EXPERIMENTAL DETAILS

Alloys for research were produced using arc melting in an argon at-
mosphere. The weight of the casting was 30 g, pure Ni, Ti components
with a purity of 99.99% were used as filler materials. Analysis of the
chemical composition after melting was carried out with the help of x-
ray spectral analysis (x-ray fluorescence spectrometer VRA 20 method
of x-ray analysis, I'OCT 28033-89). After production, the alloys were
examined in the cast state and after a series of thermomechanical
treatments (TMT): 1) holding at 500°C for 5 hours and quenching in
water at the temperature of 20°C; 2) hot rolling at the temperature of
900°C, then, holding at 500°C for 5 hours, and quenching in water at
the temperature of 20°C. The parameters of the phase transformation
were estimated by measuring the dependence between the deformation
caused by the action of the external load and the change in tempera-
ture, and the load is carried out using the three-point bending tech-
nique [10]. This one was done in a similar way in works [10, 11].

3. RESULTS AND DISCUSSION
3.1. As-Cast Conditions

The first series of studies was carried out with samples in the cast
state. Table 1 shows the results of determining the parameters of di-
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TABLE 1. Values of characteristic transformation temperatures for the stud-
ied alloys in the as-cast state of the NiTi system.

Composition Ni/Ti M, °C M;, °C A, °C Ag, °C
NisoTiso 1 70 40 73 100
Nis1Tiag 1.04 -10 -90 -50 15

Nis1.5Tis05 1.06 -10 -160 -160 20
NisaTias 1.083 -20 -150 -150 35

rect (martensitic) and reverse (austenitic) transformation in the cast
state, and Fig. 2 shows the dependence between the temperature of the
beginning of the direct transformation of M, and the ratio between
nickel and titanium M= f(Ni/Ti), where Ni/Ti is the ratio between
nickel and titanium, M, is temperature of the beginning of direct
transformation, M; is temperature of the end of direct transformation,
As is temperature of the beginning of reverse transformation, A: is
temperature of the end of reverse transformation. The analysis of
these data with the help of linear approximation led to the creation of
equation (2), which, in our opinion, most likely has a linear character
and reflects the melting process. In further consideration, we will try
to confirm this assumption.

Analysing the data, we can suggest that in the as-cast state the pol-
ynomial has the following form:

y=-1085x+1141.2. (2)

y=-1085x+1142.1

—-40 T T T T T : : : . |
0.90 0.94 0.98 1.02 1.06 1.10
Ni/Ti

Fig. 2. Dependence between the temperature of the beginning of martensitic
transformation (M) and the ratio between nickel and titanium (Ni/Ti):
M, =f(Ni/Ti). Samples in the as-cast state without TMT.
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3.2. After Thermomechanical Treatment

Based on our results, taking into account thermomechanical pro-
cessing, polynomials of the dependences between the Ni/Ti ratio and
the temperature of the beginning of the martensitic transformation
were constructed, taking into account TMT (Fig. 3). The following heat
treatments were carried out hot rolling of as-cast samples from a tem-
perature of 900°C.

The following dependence was obtained:

y=-1217.1x+1248. (3)

Exposure of as-cast samples at 500°C for 5 hours with subsequent
quenching in water:

y=240x — 242.45. (4)

Another series of TMT consisted of a combination of rolling and heat
treatment, namely, as-cast samples were rolled from 900°C, and then
the rolled samples were kept for 5 hours at a temperature of 500°C, fol-
lowed by quenching in water at room temperature (RT):

y=465.6x —474.4. (5)

To simplify the analysis, we summarize all polynomials in Table 2.
The most complete overview of NiTi alloys is given in the paper [11],

1004
—As-cast and hot rolling at 900°C

80/ < Heat treatment at 500°C

- Hot rolling at 900°C +

- + heat treatment at 500°C
601 y=-121T7.1x+1284

O 401
-~ y=240.85x—-242.45 =
= 20 x a
y=465.6x-474.4
0.
- »
._207 =
—40+ . . . . . - . - ;
0.9 1.01 1.08 1.05 1.07 1.09

Ni/Ti

Fig. 3. Dependence between the temperature of the beginning of direct trans-
formation (M) and the ratio between nickel and titanium (Ni/Ti): M= f(Ni/Ti).
Samples after various thermal and thermomechanical treatments.
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TABLE 2. Polynomials for the studied NiTi alloys after a series of thermome-
chanical and thermal treatments.

Thermomechanical or heat Connection
. Reference
treatment polynomial

As cast condition y=-1085x+1142.2
Rolling of as-cast samples froma  _
temperature of 900°C y=-1217.1x +1248
Exposure at 500°C for 5 hours
with subsequent quenching in y=240x+ 242.45
water

Rolling of cast samples from

900°C, rolled samples were kept

for 5 hours at a temperature of y=465.6x—-474.4
500°C, followed by quenching in

room temperature water

Data for constructing
y=-4088.6x +4135.8the polynomial are
taken from work [11]

Samples were hardened from
1000°C (linear part-on)

and its authors used quenching from 1000°C in water at 20°C as heat
treatment. Based on the data of this work, we also constructed a poly-
nomial (6) of the dependence of the temperature of the beginning of the
martensitic transformation on the ratio between Ni/Ti (the polynomial
was constructed under the condition that the samples were quenched
from 1000°C). It should be noted: if the polynomial is constructed ac-
cording to all the data of the work [11], then, it is a polynomial of the
second order (Fig. 4, Table 3):

y=-20031x2+37891x - 17843. (6)

As can be seen in Fig. 4, up to the ratio Ni/Ti~ 1, the temperature
M almost does not change, when going from 1 to 1.07, the dependence
M= f(Ni/Ti) is linear. Since our studies were conducted in the same
‘linear range’ and the data we obtained are described by a linear poly-
nomial using the data of work [11]in the range 1 to 1.07, such a section
can be described by a linear polynomial (Table 2):

y=-4088.6x + 4135.8. (7)

Thus, it can be concluded that when constructing the approximate
dependence of M= f(Ni/Ti) as a linear function:

y=kx+b; (8)
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1004
50 ° 0 c SO, y=—4088.6x + 41135.8
% o] ¥y=—20031x?+37891x - 17843 ¥ 50
E 501 o g"m O
B . 501 °
—130- . 100, =
~1501 ~1501
—2001 o 200
-250 ‘ —250 °
0.91 0.95 099 103 107 “T0.99 1.01 1.08 1.05 107
Ni/Ti Ni/Ti
a b

Fig. 4. The dependence between the temperature of the beginning of the direct
transformation M, and the ratio between nickel and titanium M= f(Ni/Ti) is
constructed according to the data of [11]: entire ratio range Ni/Ti (a), only
Ni/Ti=0.99-1.07 (b).

in the latter, the coefficients k and b change depending on the previous
history of the samples.

We also note that the coefficient k£ varies depending on the history
of the sample’s production. As can be seen from Tables 1 and 2, in the
case of as-cast samples, £ =-1085, and for hot rolled samples, changes
it to —1217.1; hot rolled samples with additional annealing leads to a
value of 465.6.

The conducted microstructural studies revealed a change in the mi-
crostructure after rolling in relation to the as-cast state (Fig. 5). A
change in grain shape is observed in the rolled sample. The average
grain size changes slightly from the order of 30—55 um in the as-cast

TABLE 3. Polynomials for the NiTi system alloys studied in the entire range
of the Ni/Tiratio and only its linear part.

Thermomechanical or heat . .
Connection polynomial Reference
treatment
Not specified by the author tradi- y=-29104x%+ 56201x 27047, [15]
tional production method entire range
Not specified by the author tradi- y=-3471.7Tx + 3534.3, [15]
tional production method linear part
10 hours of annealing at 1050°C y=-3361.4x%2+6571.4x—-3145.2,
and quenching in water, entire range
30 hours of annealing at 600°C [16]
and quenching in water y=-761.26x + 848.55,
Additive manufacturing method linear part

Quenching from 1000°C tradi-

tional production method y=-20031x"+37891x — 17843 [11]
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a

Fig. 5. Microstructure of as-cast alloy and after hot-rolling NisqTiso: in the as-
cast state (a), after transverse hot-rolling (b).

state to the order of 25—35 um after hot rolling, and there is an elonga-
tion of the grains in the rolling direction.

Therefore, it can be assumed that the change in the coefficient & is
related to the change in the microstructure, and probably to the release
of Ti3Ni4 particles due to the presence of the R phase, which is released
during the annealing process, and the appearance of internal stresses
that arise during the annealing process.

Let us consider the results of the authors of the work [12], where the
alloy Tis.1Nisee was studied 1) in the as- cast state, 2) the samples in
the as-cast state were subjected to hot rolling in the temperature range
of 845-955°C, 3) the cast samples were rolled on hot and then subject-
ed to a cold draft. It should be noted that the cast samples did not
demonstrate the presence of texture, and the samples after hot defor-
mation and cold deformation by broaching revealed the presence of
texture in the direction of the deformation axis.

The authors of the work [12] pointed out another important applica-
tion of nitinol castings of large sizes, namely as limiters of the move-
ment of bridges, and such parts of bridges represent a massive casting
after thermomechanical processing. Production of this casting con-
sists of two parts: melting and heat treatment. The process of obtain-
ing such a part of this production can be described with the help of our
polynomial casting (2) and polynomial (5) a combination of rolling and
thermomechanical processing. Let us consider them more carefully.
Thus, the value of k=-1085, and b=1141.2 in polynomial (2) describes
‘obtaining a cast state’, and after thermomechanical processing, these
coefficients are £=465.6, b=-474.4. Using both our results and the
data of [12], it can be assumed that the change in the value of k£ and b
reflects a change in the samples. Thus, according to our data, the ap-
pearance of texture was established, and this fact was also established
in the work [12]. In addition, the release of TisNi4 particles in the cast
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samples is random, and rolling and additional annealing led to the co-
herence of the release of these particles and the appearance of a tex-
ture, M;=40°C after rolling and annealing and M= 20°C in the as-cast
state (although it is difficult to determine due to the blurring of the
peak on the presented results of dynamic mechanical analysis) [12].
The closest to this is our Nis; 5Ti49.5 alloy, which showed similar proper-
ties; it can also be assumed that the separation of particles in our case
is also coherent. When comparing the data, it should also be considered
that the crystallization in the authors of this work took place in a cruci-
ble with cooling with a furnace, and in our work, the crystallization took
place in a copper water-cooled basin, so the comparison of the data is
somewhat complicated, although overall, they correspond to situations.

It was found that a polynomial of linear form allows describing both
the process of melting and obtaining a casting as well as the process of
thermomechanical processing. The scheme of ‘polynomial operation’ is
shown in Fig. 6.

A comparison of all the above dependences shows that the change in
the values of k& and b testifies to the influence of the particle release
processes in different TMT regimes. In addition, the influence of in-
ternal stresses arising from rolling, as well as the presence of the R
phase, which is probably released during the annealing process, should
be taken into account.

It is necessary to mention the methods of additive technology, which
were mentioned above. With the help of three-dimensional printing,
you can get an almost ready-made product, when hiring, such a general
opinion exists in the world today. The work [13] gives eight general
steps that are included in the stages of production of a part using addi-
tive technologies: 1) creation of a 3D CAD model of the product, 2)
converting the model into STL format, 3) transfer of the file to the
equipment, on which the detail will be created using the method of ad-
ditive technology, 4) machine settings, 5) production, 6) opening the
machine and removing the part, 7) treatment to which the part is sub-
jected after producing.

The authors of this work analyse the possibilities offered by additive
technology for obtaining finished nitinol products that demonstrate
the ability to restore shape at specified temperatures and have arbi-
trary mechanical characteristics. The work [13] also states that meth-

Coefficient of the Transformation
Composition M o1 hection polynomial B parameter

Fig. 6. Scheme of ‘work of the black box’.
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ods based on laser melting are quite attractive for use. There are two
main approaches: a) electron-beam melting (EBM); b) laser-beam melt-
ing (LBM). The main difference in the methods is that photons are used
in LB instead of electrons in EBM as energy sources for powder melt-
ing. It is difficult to say which of the methods is more suitable, since
they are quite similar in result. In work [14], a Niso.2Tis.s test sample
was studied, which turned out to be suitable for creating actuator. This
sample demonstrated the presence of the shape-recovery effect and
good functional properties.

Disadvantages include a lower fracture strain than a sample obtained
by the traditional method. Moreover, the authors used binary nitinol
powder for production. The authors of this work note that the produc-
tion of NiTi is a rather complex process due to the high reactivity of the
alloy and the formation of impurities enriched in oxygen Ti:Ni and TiC.

Photographs of the microstructure of the alloy given in [14] show
that it has the character of longitudinally applied layers. In a certain
sense, the microstructure of nitinol in the VIM produced by the tradi-
tional method (Fig. 5, a) or VIM has grains conventionally, looking like
‘balls’, while the microstructure of the ‘printed’ material looks like
‘bricks’ [14] , which have quite significant longitudinal dimensions
(about 250 ym) and much smaller transverse ones (50—100 um). Of
course, these are very approximate estimates.

The authors of the work [15] believe that minimal changes in the
chemical composition of nitinol create a significant impact on the
properties. We slightly changed the data given by them by replacing
the Ni content in the temperature dependence of M, with the ratio be-
tween Ni and Ti. In Figure 7, it can be seen that when the ratio between
Ni and Tiis of the order of 1, the dependence changes approximately to
1, the M, temperature is practically independent of the ratio between

1007
RO S 100
o 50 o | y=—8471.7x+3534.3
cnm ) o o %) 50 < o
E E’m 0 AN
,50_
-501 .
~100 y=-29104x%+ 56201x — 27047 1001
4 &

~150 . . ‘ ; . 150 , : : .

0.93 095 097 099 1.01 1.03 1.05 0.98 1.00 1.02 1.04 1.06

Ni/Ti Ni/Ti
a b

Fig.7. Dependence between the temperature of the beginning of the direct
transformation and the ratio between Ni/Ti[15]: the entire range of the Ni/Ti
ratio (a), only Ni/Ti=1-1.05 (b).



1306 Yu. M. KOVAL, V. V. ODNOSUM, T. G.SYCH et al.

Ni and Ti and has an almost constant character (Fig. 7, a), and when
Ni/Ti=1-1.05, a fairly close to linear dependence is observed.

The authors of this work used nitinol powder from a pre-made cast-
ing as a material for printing. After the production of the samples, the
following heat treatment was applied, annealing at 850°C for 15
minutes, followed by quenching in water. Then, in order to increase
the temperature at the end of the reverse transformation, heat treat-
ment was carried out at 350°C and 450°C for an hour, followed by
quenching in water.

The authors believe that thermomechanical treatment allows con-
trolling the transformation temperatures, the size of the powders af-
fects the final concentration of oxygen in the powders and thus the
transformation temperatures.

In work [16], the authors created 3D samples using the so-called
(LENS = formation of a mesh using a laser) laser mesh method. In their
work, the authors created a large number of samples from 48 at.% Ni-
Tito 51.6 at.% NiTi.

In this work ([16] in Fig. 4), the dependence of the characteristic
transformation temperatures on the Ni content is shown, we slightly
changed the form of the dependence and created the dependence of the
M, temperature on the change in the ratio between Ni and Ti (Fig. 8).

It should be noted that the authors of [16] printed the samples, and
Ni powders and Ti powders were first mixed, and then they were ex-
posed to the laser beam. Powders of pure elements served as raw mate-
rials in this case, while in previous works powders obtained from bina-
ry NiTi were used. The obtained samples were subjected to homogeniz-
ing annealing at 1050°C for 10 hours followed by quenching in water.
After that, the samples were again kept at 650°C for 30 hours and
quenched in water, and such heat treatment was required to lower the
phase transformation temperature by forming the TisNis phase. Ana-

801 y=—761.26x+848.55
60 ° ° ¢ e 9 60 i <
© 40{y=-3361.4x"+6571.4x - 3145.2 ;"”’40

@ °

= 29 20 ’

0.90 094 098 1.02 1.06 ?.01 1.03 1.05 1.07
Ni/Ti Ni/Ti
a b
Fig. 8. Dependence between the temperature of the beginning of the direct

transformation M, and the Ni/Ti ratio M, = f(Ni/Ti) [16]: the entire Ni/Ti ra-
tio range (a), only Ni/Ti=1.01-1.07 (b).
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lysing Figure 8, it can be said that the dependence M= f(Ni/Ti) be-
haves in the same way as for samples obtained by the traditional meth-
od, that is, up to the ratio Ni/Ti~ 1, the temperature of M can be con-
sidered conditionally constant, and after a linear section of tempera-
ture decrease is observed.

With the help of ‘Excel’ capabilities, we built a description of the
data dependencies of the entire range of ratios with a second-order pol-
ynomial and separately for the linear part with an ordinary linear pol-
ynomial (Fig. 7). An examination of Fig. 7 shows that the behaviour of
alloys obtained by additive methods is similar to alloys obtained by
traditional methods.

In work [3], a review of works devoted to NiTi with shape memory ob-
tained using additive methods was carried out. They believe that selec-
tive laser methods are promising for obtaining ready-made parts at
once, especially parts of complex shape. They found that during the ap-
plication of such methods for the manufacture of samples, evaporation
of Ni is observed, which contributes to the formation of secondary phas-
es containing Ni in their composition, and therefore changes the compo-
sition of the matrix and the temperature of the phase transformation.
Conducting heat treatment after the additive method of obtaining does
not completely solve this problem. It needs additional research. The use
of polynomials to describe the production process and subsequent heat
treatment is one of the ways to overcome such a shortcoming, since the
analysis of polynomials will allow us to get closer to their optimal coeffi-
cients and, thus, adjust the parameters of technological processes.

In our work, alloys were studied in the cast state and the dependence
M, =f(Ni/Ti) was constructed (Table 1, Fig. 1), and the same alloys were
studied after thermomechanical treatments (Table 2, Fig. 3). The analy-
sis of these dependences allows us to note that an increase in the Ni/Ti
ratio lowers the temperature of the beginning of the transformation,
and the dependence M= f(Ni/Ti) is close to linear in nature, so a linear
polynomial (2) was used for the description. We carried out the devia-
tion of the chemical composition of the alloy from the specified (that is,
what we wanted to get) using the x-ray fluorescence analysis method.

The casting was cut along the edges and samples were taken for
analysis from two opposite extreme points of the casting, after which
the average value was calculated, which was considered the real chemi-
cal composition. Our data indicate that, in this series of alloys, we lost
Ti, and the maximum error in determining the chemical composition
reached 0.57% wt. When analysing the error, all possible sources of its
occurrence are taken into account, namely, error when weighing the
charge, operator error, error in determining the chemical composition,
and others. When determining the chemical composition, we deter-
mined the average value and operated with it as a real composition,
although there is usually a certain dispersion of the chemical composi-
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tion on the casting. It is difficult to compare such data, because the au-
thors of other works do not fully cover this issue.

Analysis of Table 3 and Figs. 4, 7, 8 allows us to do the following
considerations. Practically, consideration of the entire range of the
ratio between Ni and Ti allows us to single out a certain point where
Ni/Ti~ 1, which is characterized by a break and the beginning of the
linear dependence M= f(Ni/Ti) for both traditional and additive pro-
duction methods. The question to which there is no answer yet is which
polynomial is better to use to describe the process in the ‘black box’:
power polynomial of at least the second order, which allows working in
the entire range of compositions where MT occurs, or linear, which de-
scribes the data in the range interesting for production. As said above,
when using ML methods, the authors [7] managed to predict the tem-
peratures of phase transformations in a wide range of alloys using the
surrogate CatBoost model using ML, taking into account the chemical
composition and parameters of TMT. However, it is not entirely clear
from this work what data the authors used, although this does not di-
minish the importance of the results of the work: the authors managed
to predict the parameters of the transformation taking into account
the chemical composition and TMT. This approach is quite complex and
the question arises as to how much it can be applied in real production.
We offer a simpler way of describing the production process using a
linear polynomial in the range of Ni/Ti ratios ~ 1. It should be added
that our approach could be applied when training algorithms in order
to create strong algorithms in ML.

4. CONCLUSION

Based on our own research, a ‘black box’ model was proposed, with the
help of which we obtained an empirical law of change in the tempera-
ture of the beginning of the martensitic transformation (Ms) from a
change in the ratio between the Ni/Ti components in the form of a line-
ar polynomial: y=kx+b. It is shown that when constructing the ap-
proximate dependence M.=f(Ni/Ti) as a linear function, the coeffi-
cients k and b change depending on the previous history of the samples.

The analysis of literature data and the results obtained by us allows
us to identify an inflection point in the dependence of M= f(Ni/Ti),
which is located in the vicinity of the ratio Ni/Ti~ 1.

The temperature of MT does not change in the Ni/Ti~0.9-1 de-
pendence interval and decreases linearly, when Ni/Ti~ 1-1.07.

The analysis of literature data showed the similarity of the behav-
iour of the function M,=f(Ni/Ti) for alloys obtained by traditional
methods and additive methods.

The polynomials proposed in the paper can be used for the purpose of
creating a strong machine-learning algorithm, and for adjusting the
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processes of manufacturing and thermomechanical processing of alloys.
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Mechanisms of Structure Formation under Severe Plastic
Deformation: A Review

A. V. Volokitin, E. A. Panin, and D. N. Lavrinyuk
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30 Republic Ave.,
101400 Temirtau, Republic of Kazakhstan

Modern materials often have multicomponent alloys, whose properties are
determined by their phase and structural composition formed as a result of
previous thermomechanical processing. Therefore, the problem of managing
the structural state occupies an important place in the overall strategy of de-
veloping new materials. Particular attention is drawn to phase transfor-
mations in ultrafine systems, in particular, in alloys subjected to severe plas-
tic deformation. In this case, the sample size becomes an important parame-
ter determining the physical properties of the substance and, in particular,
its structural and phase compositions. Despite the considerable interest of
researchers, until recently, it was not possible to achieve significant theoret-
ical results in this area. Therefore, the development of modern models for
describing structural transformations in heterogeneous systems and their
application to ultrafine-grained materials seem promising and relevant.

Key words: severe plastic deformation, nanostructure, fragmentation mech-
anism, ultrafine-grained structure.

CyuacHi MaTepisjay 4acTo ABIAIOTL CO00I0 6AaTaTOKOMIIOHEHTHI CTOIIHM, BJac-
THUBOCTi IKMX BI3HAUYAIOTHCA iXHBOIO (ha30BOIO i CTPYKTYPHOIO OygoBamMu, cdo-
PMOBaHMMHY B pe3yJIbTATi MOIEePeIHbOT0 TepMOMeXaHiuHoro 06podaennsa. To-
My IIpob6JieMa yIIPaBJIiHHSA CTPYKTYPHUM CTAHOM IIOCiJla€ BasKJIMBE Miclie B 3a-
raJIbHIil cTpaTerii po3pobjieHHsS HOBUX MaTepisaiaiB. OcoGauBy yBary mpuBep-
TaoTh (ha3oBi mepeTBOPEHHA B YIALTPAAUCIEPCHUX CUCTEMAaX, 30KpeMa, ¥ CTO-
max, II0 3a3HaJIM iHTeHCUBHOI ITacTUYHOI medopmallii. ¥ mboMy BUOAAKY PO-
3Mip 3pa3Ka CTae BA)KJMBUM IIapaMeTpPOM, IIT0 Bu3HAaUae (pisuyHi BIacTUBOCTI
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PevYoBUHU i, 30KpeMa, il cCTpyKTypHO-(has3oBy OymoBy. HesBaskarouu Ha 3HAU-
HUM iHTepec MOCIiMHUKIB, 0 OCTAHHBOTO Yacy He BIABAJIOCA HOMOTTUCS 3HA-
YYMIUX TEOPETUUYHUX PE3yJabTaTiB y Ii#l raaysi. ToMy po3BUTOK Cy4acHUX MO-
IeJiB JJIs OIMMCY CTPYKTYPHUX IEPETBOPEHDb Y HEOTHOPIAHUMX cucTeMaxX i 3a-
CTOCYBAaHHSA iX 0 VJIbTPAAPiOHO3EPHUCTUX MATEPiAJiB BUJAETLCS IIEPCIEKTH-
BHUM i aKTyaJIbHUM.

Karouosi cioBa: inTeHcuBHA ILIacTUYHA AedopmMallis, HAHOCTPYKTypa, Mexa-
HisM (pparmeHTalrii, yabTpaapiOHO3epHUCTA CTPYKTYpAa.

(Received 9 June, 2023; in final version, 10 September, 2023 )

1.INTRODUCTION

The development of methods of severe plastic deformation (SPD) in
recent years has expanded the process of evolution of metal systems up
to the formation of nanostructured state. Many review papers [1-3],
experimental [4—15] and theoretical papers [16—18] have appeared in
this direction, including those using computer modelling, the authors
of which, systematizing the results obtained, complementing and en-
riching each other, create a general picture of severe deformation of
solids. Nevertheless, it should be recognized that today there is still no
general physical model of matter evolution under plastic deformation.

Under the evolutionary model of a deformable solid, it is necessary
to understand a set of laws and a description of the mechanisms that
occur during plastic deformation. Such a model should make it possible
to understand how a substance changes its structure under the influ-
ence of external mechanical influences at all stages of deformation and
at all scale levels as well as how it degrades subsequently. However, in
addition, such a model can become the basis for solving specific techno-
logical problems, in particular, the formation of nanoscale structures.

The evolutionary path of metal systems under deformation condi-
tions largely depends on the nature of the material, the degree of in-
teratomic bonding, elastic modules, the energy of packaging defects,
the degree of alloying, the presence of second phases, the degree of
metastability of the initial phases, temperature, the deformation de-
gree and the stress state scheme.

At the same time, methods for obtaining materials with ultrafine-
grained (UFG) and especially with nanocrystalline (NC) structure both
in the past and now are characterized by high labour intensity and low
productivity. Therefore, for their improvement, it is important to un-
derstand the process of formation of ultrafine grains during plastic
deformation. Currently, there are many scientific ideas and corre-
sponding models [19—21] devoted to this issue. In them, the formation
of ultrafine grains is described at micro- or macrolevel. In the first
case, grinding occurs due to the passage of the so-called ‘low tempera-
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ture’ dynamic recrystallization and/or phase transformations. In the
second case, the grinding does not depend on the crystal structure of
the workpiece but is the result of continuous shifts in the workpiece
toward tangential stresses determined by the simple shear scheme.
Note that there is no faultless evidence of the implementation of pro-
cesses corresponding to the noted representations in these works and
other works developing these representations.

In this paper, based on the analysis of literature data and own re-
sults, it is proposed to present, indicating the main points, the struc-
ture evolution of metallic materials under severe plastic deformation.

2. STRUCTURE FRAGMENTATION DURING DEFORMATION

The active development of methods of severe plastic deformation in
recent years has been dictated primarily by the need to obtain a
nanostructured state due to fragmentation of the initial grains. Most
works in this direction discuss the fragmentation phenomenon as a
process of discretionary boundary formation because of the dislocation
interaction [22—-24]. The fragmentation phenomenon is characterized
for the first time as the dominant mode of defective structure evolu-
tion at the stage of advanced plastic deformation, leading to the organ-
ization of discretionary boundaries. To date, several models have been
put forward to determine possible ways of fragment formation.

The fragmentation process begins with strain £~ 0.2—-0.3. Further,
as the strain increases, the transverse dimensions of the strips and
cells in them decrease with respect to the direction of extraction. The
longitudinal dimensions of the strip increase but not adequately to the
elongation of the sample due to their splitting into parts due to local
curvatures. Such curvatures are characteristic for many lamellar-type
formations because of the influence of transverse disturbances on
them [25]. The uneven distribution of strain over the cross-section of
the material already at an early stage of deformation leads to the for-
mation of various modifications of strip structures: deformation,
transition and microstrips, differing in transverse dimensions. The
largest transverse dimensions are deformation strips filled with sever-
al rows of enlarged cells; the smallest dimensions are microstrip in
which there is one row of cells of minimal size. At the same time, the
transverse dimensions of the microstrip coincide with the transverse
dimensions of the cells contained in them; as a result, the longitudinal
boundaries of the cells that coincide with the boundaries of the strips
acquire, in contrast to the transverse boundaries of the cells, increased
angular misorientation.

In Ref. [26], a slightly different view of the development of frag-
mentation is proposed, which is based on the regularities of the for-
mation of band structures. The mechanisms of shear band formation,
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the orientation of the boundaries of which differs from the orienta-
tions of the planes of light sliding, have not yet been fully elucidated.
The fact of alternately changing the sign of the angle of disorientation
of the crystal planes of neighbouring bands has not received a scien-
tific explanation. The authors of [26] proposed a model for the for-
mation of a nanostructure during deformation by equal-channel angu-
lar pressing (Fig. 1). However, the question of the mechanism of the
reorientation band formation was not discussed in this work.

An interesting interpretation of the shear bands is given in [27],
where, based on the consideration of the joint action of two sliding sys-
tems, the shear band begins at the intersection of the two sliding sys-
tems, i.e., a stress mesoconcentrator arises, called ‘christon’, the carrier
of lattice displacement quanta during shear deformation. Such a con-
centrator is able to polarize actively the medium at the mesoscale, creat-
ing an excessive dislocation charge of the opposite sign in the vicinity of
the initial concentrator forming a dipole pair with the initial charge.

The conclusions made in [28] are largely consistent with the ideas
about the formation of boundaries with discrete misorientation of mat-
ing regions in terms of the formation of dipole dislocation charges.
When the dislocation dipole has a configuration of two flat dislocation
clusters of different signs, the displacement field around such a charge
represents a cylindrical bend (similar to the curvature of a tile).

Consequently, it can be imagined that during deformation, a period-
ic elastic displacement field arises which, under certain conditions, can

27 cyele 1% cycle
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1 cycle (£=0.42) X plane 2 cycles (§=0.56)
a b

}:d
4 cycles (£=0.56)

c

Fig. 1. Microstructural model showing grain refinement after: 1 (a), 2 (b) and
4 pressing cycles (¢) [26].
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relax into shear bands with alternating changes in orientation and non-
crystallographic direction of the boundaries.

When the sample enters the matrix, it appears in the field of in-
creasing gradient stresses. However, in addition, additional stresses
arise in the material associated with the need to reorient the lattice to a
favourable location of the planes of light sliding relative to the direc-
tion of external influence. This process causes the formation of dipole
dislocation charges and the subsequent wave field of atom displace-
ment, forming the bending of crystal planes.

In the new methods of severe plastic deformation, the stress state
scheme assumes a change in the direction of external action and, in
particular, the introduction of shear components. Changing the orien-
tation of the planes of maximum shear stresses requires a new reorien-
tation of the planes of light sliding in the material, thereby contrib-
uting to the grinding of grains.

The nature of fragmentation consists of the deformation grinding of
the structure, which consists of splitting the initial grains into smaller
disoriented areas separated by small- and medium-angle boundaries.
At the same time, the misorientation angles 0 increase with the growth
of strain according to the linear law. In the works of V. V. Rybin and
his followers determined that at temperatures below the recrystalliza-
tion temperature, fragmentation patterns are universal and persist
under any deformation methods for structural metals of any chemical
composition, crystal structure and initial structure [29]. During
fragmentation, the dislocation structure evolves during plastic defor-
mation: increasing the density of uniformly distributed dislocations to
102 m2; the redistribution of dislocations (tangles, plexuses) and their
annihilation and the density increases to 10'* m=2; the formation of a
poorly oriented cellular structure separated by imperfect dislocation
boundaries; the emergence of collective forms of movement of strong
dislocations, the appearance of plastic reversals of one part of the crys-
tal relative to the other.

In a deformed metal, with an increase in the degree of deformation,
the density of defect increases. When the possibility of uncorrelated
movement of individual dislocations is exhausted, the collective
movement of interacting dislocations occurs due to the occurrence of
rotational plasticity modes. At the first stages of fragmentation,
fragments are formed in the structure, disoriented at small angles,
with a developed substructure inside, as the deformation continues,
the disorientation angles increase. The final stage of fragmentation is
the formation of isotropic fragments, disoriented by large-angle
boundaries and practically free from dislocations.

In essence, fragmentation is the result of plastic accommodation, the
heterogeneity of structural defects evolves into a fragmented substruc-
ture consisting of dislocation subboundaries of deformation origin and
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an internal space containing or not containing dislocations. To date,
fragmentation processes have been well studied in austenitic steels, ti-
tanium, aluminium, and ferritic steels during cold deformation.

The article [30] is devoted to the theoretical and experimental study
of grinding for various SPD processes (equal-channel angular press-
ing, high-pressure torsion, orthogonal cutting). The experimental re-
sults show that in the processes studied, there are some limits to grain
grinding. An energy approach was used for theoretical research. It is
assumed that the applied mechanical work is spent on increasing the
energy of the defective microstructure (dislocations, vacancies; when
constructing the model, this contribution is neglected), a change in the
surface energy of the grains and an increase in temperature. It is as-
sumed that grain sizes change because of two competing processes:
grinding due to deformation (possible at room temperature) and
growth due to thermally activated diffusion, a simple evolutionary re-
lation is proposed to describe the change in grain size (an ordinary dif-
ferential equation). When determining the temperature change, both
adiabatic conditions and the possibility of heat energy runoff due to heat
transfer to the environment are considered. The results of calculations
of the change in the average grain size for aluminium, copper and nickel
samples subjected to the specified SPD processes are presented.

Particular attention when considering grain-grinding processes is
paid to the consideration of disclination and their interaction with dis-
location ensembles [29]. The research results indicate the emergence of
‘new’ structures in the depths of the ‘old’ and the gradual absorption
of the latter by the former. In particular, the grinding of the grain
structure begins with the formation of dislocation and disclosure
walls, which cause the turns of parts of the crystallites relative to each
other; the ongoing plastic deformation leads to an increase in the diso-
rientation of crystallites, the formation of subgrains and new grains
smaller than the original sizes. On the basis of the obtained data on the
evolving microstructure, numerous so-called ‘physically oriented’
models are based, a significant part of which operates with continuous
variables to describe the interacting dislocation and disclosure sub-
structures changing during deformation [31—34] of the process is the
presence of a certain effect of metal hardening under the combined in-
fluence of plastic deformation and temperature. The changes in the
structure of steel caused by riveting are usually stable and persist after
double phase recrystallization a — y — «, therefore, preliminary plas-
tic deformation can play a significant role in the formation of the aus-
tenite structure during subsequent heat treatment. The acquisition of
properties is influenced by the hereditary transmission of structural
defects: the density of imperfections, fragmentation of the structure,
as well as the grinding of austenitic grains.

The nature of the physical processes occurring at the high-pressure
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torsion (HPT) in AA7075 alloy varies depending on the deformation
mode. The predominant mechanism of relaxation of internal stresses
in various true strains e<6.4 is fragmentation, while the structure is
crushed to nanoscale. The average grain size at e=6.4 is 55 nm. At
e>6.9, another channel of elastic energy dissipation begins to operate
in the alloy—low-temperature dynamic recrystallization. Unlike static
recrystallization, in dynamic recrystallization, the nucleation and
growth of new grains occurs during deformation and not after it as
part of a separate heat treatment. Reducing the grain size increases
the risk of grain boundary sliding at elevated temperature and reduces
the mobility of dislocations in the material. The new grains are less de-
formed, which reduces the hardness of the material. Dynamic recrys-
tallization allows obtaining new grain sizes and orientations, which
can prevent the spread of cracks. Instead of deformation causing the
destruction of the material, the deformation can initiate the growth of
a new grain by absorbing atoms from neighbouring pre-existing
grains. In this case, less defective grains with clear boundaries appear
in a mixed structure consisting mainly of fragmented grains[35].

As described before, applying high levels of equivalent plastic
strains at low temperatures via various SPD routes can drastically in-
crease the density of statically stored and geometrically necessary dis-
locations. At first, during primary SPD passes caused by low strain
levels, the structure of these dislocations is in the form of a tangle.
However, by continuously repeating the SPD process and increasing
the strain level, dislocations can interact and rearrange to form cellu-
lar structures in ultrafine or nanoscale ranges. In the following, more
generations of dislocations via further straining can increase the den-
sity of dislocations through the cellular walls. This can increase the
misorientation angle between the cells by gliding dislocations from the
cells inside toward the relating walls and accordingly shifts these cel-
lular structures from low-angle grain boundaries (LABs) toward more
high-angle grain boundaries (HABs) [36]. In this case, the structural
restorations for the severely plastic-deformed structures before and
after post-annealing treatment are schematically demonstrated in Fig.
2, a and b, respectively.

3. GRAIN STRUCTURE REFINEMENT MODELS

In the article [387], it is assumed that the process of grain refinement in
a polycrystal can be conditionally divided into three stages. At the first
stage, the boundaries of the disoriented regions of the crystal lattice or
blocks are formed. At the second stage, these boundaries turn into
small-angle subboundaries of fragments. At the third stage, sub-
boundaries develop into large-angle boundaries. With further defor-
mation of the formed grains, the process is repeated until the for-
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Fig. 2. Schematic plots illustrating the mechanisms for grain structural mod-
ification during: SPD treatment (a), post-annealing modification (b) [36].

mation of a nanostructured state with equiaxed grains. To describe the
first two stages of grain fragmentation, the authors suggest the use of
dislocation and declination models. Regarding the third stage, the de-
velopment of large-angle boundaries, the authors propose the follow-
ing analogy for consideration. The large-angle grain boundaries con-
sist of regions with a structure characteristic of the crystal lattice and
regions with a disordered structure characteristic of a supercooled lig-
uid. The origin and development of large-angle grain boundaries in
SPD is considered as a structural transformation, in which the volume
fraction of the structure characteristic of a supercooled liquid becomes
significant at the macrolevel. The distribution of atoms in the inter-
grain space is described by two order parameters. In the local approxi-
mation of nonequilibrium thermodynamics, the evolution equations
for the order parameters are obtained. Solutions describing the strati-
fication of a homogeneous state with the formation of a spatially in-
homogeneous distribution of order parameters at the grain boundary
characteristic of fragmentation are considered.

The description of the above mechanisms, it seems, must necessarily
be included in multilevel models for studying the deformation of poly-
crystalline metals and alloys. Of course, depending on the experi-
mental data for a particular material and the SPD process, the set of
grinding mechanisms considered can be supplemented.

The article [38] presents the results of a study of the SPD process of
samples from materials with a lattice of b.c.c. and h.c.p. by equal
channel angular pressing (ECAP) method and describes the optimal
processing schemes for obtaining a fine-grained structure. The rela-
tionship between the change in the deformation trajectory and the
grain-grinding process is investigated. It is concluded that it is neces-



MECHANISMS OF STRUCTUREFORMATION UNDER SEVEREPLASTICDEFORMATION 1319

sary to analyse the deformation at different levels to determine the
most effective loading scheme.

The paper [39] analyses the results of a series of experiments to
study the efficiency of the process of obtaining an ultrafine-grained
structure in steel wire by the method of deformation nanostructuring
according to the ‘drawing—torsion’ scheme. Because of metallographic
analysis of the microstructure of the wire after the application of this
method, a change in the main structural components (crushing, i.e.,
grinding due to brittle destruction of cementite plates, reduction of
the interplate distance in perlite) indicates the development of grind-
ing processes of structural components of steel with an increase in the
degree of deformation by torsion and the formation of an ultrafine-
grained structure.

The articles [40—43] systematize experimental data on the proper-
ties of ultrafine-grained and nanostructured materials and discuss the
current state of the problem of the theoretical description of the pro-
cesses of obtaining a fine-grained structure. The authors emphasize
that a comprehensive theory of this process has yet to be developed,
since various modifications of traditional SPD methods can lead to ef-
fects that cannot be predicted within the framework of classical theo-
ries of plasticity.

The results of an experimental study and determination of the opti-
mal (from the point of view of grain grinding) mode of ECAP of an-
nealed copper samples are presented in [44]. It is based on the require-
ment to preserve in each passage the equality of the angle between the
shear plane and the grain elongation plane to the angle between adja-
cent sliding planes of the h.c.p. lattice {111}. The angle of the channel
break is set to 120°. The angles of rotation of the workpiece between 8
consecutive approaches are determined. As a result, a polycrystal with
an average grain size of 55.5 nm, a high tensile strength and a large
elongation to fracture was obtained.

A significant part of researchers considers the accumulation of ex-
cess internal energy in the material due to the generation of crystal lat-
tice defects as the main reason for the change in the grain structure. In
the mechanics of a deformable solid, accumulated inelastic defor-
mations are usually used to assess the level of ‘defect’, the measure of
which is the integral over the process time of the intensity of the plas-
tic (viscoplastic) component of the velocity strain tensor. It should be
noted that this measure does not have a clear physical meaning (ex-
pressed through the characteristics of the main mechanisms of inelas-
tic deformation at the meso- and microlevels) [94]; the ‘transparent’
mechanical (geometric) meaning of this measure is only for the sim-
plest loading of a macroform by uniaxial tension—compression, in this
case it is equal to the longitudinal logarithmic deformation.

In addition, it is known that the behaviour of mono- and polyecrystal-
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line metals and alloys, the evolution of their defective structure at both
macro- and meso- and microlevels is significantly influenced by the type
of stress—strain state and the complexity of the loading process.

The internal energy accumulated during inelastic deformation re-
laxes because of activation of physical mechanisms of various struc-
tural-scale levels, the intensity of which depends on the ranges of pa-
rameter values describing the thermomechanical effects acting on the
material under study. The relaxation of internal energy is accompa-
nied, as a rule, by a significant restructuring of the micro- and
mesostructure (including grain and dislocation structures). At rela-
tively low deformation temperatures, the restructuring of the struc-
ture is carried out mainly due to mechanical influences. Under these
conditions, intensive multiplication of dislocations, their interaction
with each other, and self-organization lead to the formation of cellu-
lar, block-cellular, fragmented structures, reversals of fragments and
subgrains relative to each other [45, 46] and eventually to a crushed
‘new’ grain structure.

From a geometric (kinematic) point of view, the change in the grain
structure is associated with the reversals of individual parts of the
grains relative to each other; when a certain value (usually 15°) is
reached, the disorientation of the grain subdomains relative to the ori-
entation of the ‘mother’ phase and neighbouring parts, these subdo-
mains are considered separate grains. Models, in which along with
translational degrees of freedom for material particles, rotational
modes of motion are also introduced, appeared in continuum mechan-
ics (primarily for elastic materials) in the early twentieth century [47].

Two different scenarios of the evolution of the grain structure in the
SPD processes, which can be superimposed on the mechanism of crys-
tallite refinement, are considered from the energy standpoint in [48,
49]. A common feature of the considered scenarios is their cyclicity.
According to the first of them, the process of crushing (primary frag-
mentation) is replaced by primary recrystallization followed by sec-
ondary fragmentation, after which comes the stage of dynamic recrys-
tallization. In the second scenario, after the primary fragmentation
stage, alternating processes of amorphization and nanocrystallization
follow. The authors note that the ‘trajectory’ of structural rearrange-
ments is determined by factors such as temperature, the size of the dis-
location Peierls barrier and their ability to diffuse rearrangements,
and the energy difference of the crystalline and amorphous states. The
evolution of the defect structure (point defects, dislocations), their in-
teraction, restructuring, and the formation of new boundaries are con-
sidered as the driving force of the processes of crystallite change.

The transition to fragmentation and amorphization (and for some
materials and/or deformation modes—to a solid-state phase transi-
tion) occurs after the possibility of relaxation of the supplied mechani-
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cal energy is exhausted due to dislocation mechanisms and point defect
flows. Grain sizes do not explicitly appear in the proposed model; an-
other characteristic is introduced to describe the grinding process: the
density of the boundaries.

To describe these mechanisms within the framework of phenomeno-
logical theories, models developed in terms of mechanical variables
(stresses, inelastic deformations, strain gradients) are used, sometimes
with the introduction of internal variables. With an increase in the pro-
cessing temperature, the mechanisms caused by diffusion (atoms, va-
cancies, etc.) are activated, due to which return and recrystallization are
realized, also leading to a change in the subgrain and grain structure.

A brief overview of the results of experimental studies and the main
physical mechanisms of grinding is given in [50], which mainly consid-
ers studies of SPD at low temperatures, obviously lower temperatures,
at which the recrystallization process becomes significant and solid-
state phase transitions can be realized. Our article is devoted to the re-
view of existing continuum models focused mainly on the description
of changes in the grain structure under these conditions [51].

At the same time, the mentioned transformations can occur in met-
als and alloys in the SPD processes even at temperatures significantly
different from the characteristic ranges of their realization under the
action of only thermal factors. Due to the complexity of separating the
various mechanisms, changes in the grain structure of the work, in
which the latter are the result of the implementation of several mecha-
nisms, will also be reflected in the review.

It is proposed to use a qualitative model based on the application of
the first principle of thermodynamics (the law of conservation of ener-
gy) and the Landau theory of phase transitions to describe the SPD pro-
cesses. In accordance with this, the terms responsible for the energy of
various types of defects are introduced into the expression of internal
energy along with elastic energy dissipated on plastic deformations and
thermal (coming from outside the system) energies. At the same time,
the main type of defects is considered high-angle grain boundaries, the
formation of which determines the grinding of grains; the density of
boundaries is taken as a quantitative measure of this type of defects.

The article [52] presents the viewpoint of Yu. M. Weinblat on the
processes occurring in the alloys of the Al1-Mg system. The formation
of deformation textures in aluminium alloys is described as follows. At
both high and low temperatures, the elementary mechanism of defor-
mation of aluminium and its alloys is a shift along the plane {111} in
the direction <110>. Sliding begins in the most favourably oriented
grains, and then, as the stress increases, it spreads to all other grains.
Shear deformation is accompanied by a regular rotation of the crystal
lattice relative to external forces. In addition, each grain is affected by
neighbouring grains, forcing it to change its shape in accordance with
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the deformation scheme of the entire product or part of it. Because of
coordinated turns with a degree of deformation of 30—50%, the grains
acquire final orientations that do not change or change slightly with
further deformation. The nature of the final orientations depends on
the deformation scheme. Due to the symmetry of the deformation pro-
cess, grains can take with equal probability one of several orientations
symmetrical with respect to the main directions of deformation. The
texture is usually described using these preferential orientations, oth-
erwise called texture components.

Further in the article [53], mainly devoted to the review of the re-
sults of experimental studies of the mechanical behaviour of single-
phase polycrystals at creep at elevated (in the vicinity of 0.5 homolo-
gous) temperatures, the issues of the formation and evolution of the
subgrain structure are also considered. The subgrains begin to form at
a transitional stage, and at the stage of steady creep, they form a stable
and homogeneous structure. It is pointed out that the determining role
for the formation of the subgrain structure of reproduction and self-
organization of dislocations forming flat clusters and walls, which are
further transformed into the boundaries of the subgrains, the latter
have high mobility, which determines the growth processes of the
characteristic sizes of the subgrains.

The microstructure of the deformed semi-finished product is formed
by means of two processes: the gradual transformation of the original
microstructure and the creation of new microstructure elements of de-
formation origin. The first process consists of changing the shape of
the grains in accordance with the deformation scheme in a given cross-
section zone and the second consists of the formation of new grain
boundaries. There is a definition of grain as an area surrounded by a
high-angle boundary (i.e., a boundary with a misorientation angle of
more than 10-15°) and containing no such boundaries within itself. In
cast metal, dendrites meet this definition. The proof that new bounda-
ries arise during deformation is the experiments on pressing and roll-
ing single crystals, because of which they turned into polycrystals. The
degree of hereditary influence of the original structure is the weaker,
the more the process of formation of new boundaries is developed. New
boundaries are formed in cases, where it is difficult to transform the
initial shape of the grains into the final one and when there is a distinct
texture in the workpiece that is very different from the texture of
semi-finished products. The intensive formation of new boundaries is
observed, for example, during the deformation of cast grains having a
complex shape and with longitudinal sedimentation of the pressed
workpiece. In the latter case, both factors are at work, since the texture
of the pressing is very different from the texture of the precipitation.

If the grain elongation directions coincide during the first and sec-
ond deformation (double pressing, rolling without edging), then, new
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boundaries almost do not arise and new grain sizes are easy to calcu-
late, knowing the old dimensions, scheme and degree of deformation.
The formation of new boundaries is also unlikely when the grains in
the workpiece are equiaxed, and there is no distinct texture [54].

4. MECHANISMS OF GRAIN REFINEMENT AT SPD

It is possible to distinguish several main features of structures ob-
tained using SPD methods, which have a significant impact on the
strength characteristics of the material.

The first feature is an increase in the density of defects in the struc-
ture and a decrease in the size of structural elements because of SPD. At
the first stages of the formation of the UFG structure, with an increase
in the density of dislocations in metals, a cellular structure is formed
and fragmentation of the structure is observed. The structure formation
occurs in the same way in other single-phase h.c.p. materials [55].

At low degrees of deformation, dislocations accumulate and tangles
and plexuses of dislocations form; fragmentation of the structure is
observed. The angles of misorientation of grain boundaries between
fragments are less than 1°. As the degree of deformation increases, the
size of the fragments decreases and a cellular structure is formed.
With a further increase in the degree of deformation, dislocations are
built into dislocation ‘walls’ and the formation of ‘knife boundaries’.
These boundaries have disorientations of the order of several degrees
and are very long. Against the background of the developing cellular
structure, microstrips and shear bands are formed, which contribute
to the formation of the grain structure. Shear bands, as a rule, are
formed inside clearly defined mesofields. The formation of microstrips
leads to the fact that the initial grains are divided into separate sec-
tions where various sliding systems operate [56—58]. With an increase
in the degree of deformation, the angles of misorientation of grain
boundaries increase and an UFG structure with a smaller grain size
and predominantly high-angle misorientation of grain boundaries is
formed in the material (Fig. 3).

The second feature of the UFG structure of h.c.p. materials with low
energy of packaging defects, which in particular include austenitic
steels when deformed at relatively low temperatures or to high degrees
of deformation, is the presence of deformation twins [58]. As the au-
thors show [59], the presence of twins, their shape and size can also in-
fluence the hardening of the material. The size of the twins depends on
the energy of the packaging defects, with its decrease, the size of the
twins also decreases, reaching several nanometers [58]. As shown in
[60], deformation twinning is also accompanied by the appearance of
multiple secondary twins, which also contributes to the formation of
UFG structures.
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Fig. 3. Schematic illustration of microstructural evolution during severe
plastic deformation: uniform distribution of dislocations (a), formation of
elongated cells (b), blocking dislocations by subgrain boundaries (c), destruc-
tion of elongated subgrains (d), reorientation of subgrain boundaries and
formation of ultrasmall grains (e) [67].

In Ref. [61], the effect of grain size on the process of deformation
twinning was investigated. It is shown that, with a decrease in the size
of the initial grains, deformation twinning can be suppressed. Accord-
ingly, deformation twinning may be absent or present to a lesser extent
in UFG states[62, 63].

During the formation of UFG structures, the dislocation density in-
creases significantly, and dislocation hardening undergoes significant
changes too. When the dislocation density in the metal exceeds 10°—
108 cm™2, their elastic interaction with each other begins to affect,
causing braking of sliding dislocations and, as a consequence, an in-
crease in shear stresses. The main process of inhibition of mobile dislo-
cations is considered to be their intersection with dislocations of the
‘forest’, i.e., with dislocations that do not lie in the primary sliding
plane of the moving dislocation. As a result, dislocation clusters are
formed, creating elastic stress fields that gradually lock up the sources
of dislocations.

Potential barriers caused by the interaction of dislocations can be di-
vided into long- and short-range stresses. Long-range stresses are
caused by elastic stress fields of dislocations and their groups. Short-
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range stresses are associated with short-range forces acting at a distance
of several lattice periods and arising at the intersection of dislocations,
their splitting, the formation of thresholds, kinks, dislocation dipoles.

Adjacent to the theory of hardening by short-range stress fields are
theories linking deformation hardening with braking of screw or
mixed dislocations with the formation of thresholds on them as a result
of mutual intersection. According to Gilman’s theory, dislocation di-
poles are formed when dislocations with thresholds move—stable pairs
of closely spaced dislocations of the opposite sign, chains of vacancies
and interstitial atoms that hinder the movement of other dislocations.

In Ref. [64], the main mechanisms of meso- and microstructure
changes during hot deformation of samples from AA5052 and AA7050
alloys are considered, which include: generation of dislocations; for-
mation of subgrains due to the formation of dislocation walls; migra-
tion of small-angle boundaries, accompanied by rotation of subgrains
and transformation of boundaries into large-angle boundaries; migra-
tion of large-angle boundaries with absorption of dislocations, small-
angle and parts of the large-angle boundaries, the formation of new
grains (continuous dynamic recrystallization). A system of equations
is given to describe the action of these mechanisms, most of which are
modifications of previously known phenomenological relations. To
identify and verify the model as a whole, the results of macroexperi-
ments (for torsion and precipitation at different temperatures and de-
formation rates) were used. A comparison of theoretical and experi-
mental data on several parameters (the dependence of the flow stress
on deformation, the proportion of large-angle boundaries, the evolu-
tion of the average grain size) demonstrates a satisfactory correspond-
ence.

Figure 4 shows the above mechanisms contributing to the evolution
of the microstructure and viscoplastic flow of aluminium alloy during
hot stamping: 1—accumulation of dislocations during moulding (Fig.
4, a), which lead to the formation of new subgrains with low-angle
grain boundaries (Fig. 4, b); 2—migration and accumulation of dislo-
cations of the same sign in the grains with low-angle boundaries and
subsequent shifting of grain boundaries, which leads to rotation of the
subgrains, for example, subgrains 1, 2,4, 11 and 14 in Fig. 4, ¢; 3—
rotation of the subgrains leads to an increase in the misorientation an-
gle and eventually transforms part of the low-angle boundaries into
high-angle ones, for example, subgrainl1ll in Fig.4,b,c,d; 4—
migration of low-angle boundaries absorbs dislocations of grains and
leads to an increase in misorientation, gradually turning part of the
low-angle boundaries into high-angle ones, for example, low-angle
subgrains 21 in Fig. 4, b, c in high-angle grains 21 in Fig.4,d; 5—
migration of high-angle boundaries sweeps away part of the higher and
low-angle boundaries, which leads to a decrease in the corresponding ar-
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Fig.4. Schematic illustration of microstructural evolution during defor-
mation: accumulation of dislocations (a), formation of LABs and subgrains
(b), increase in disorientation of LABs due to rotation of subgrains and migra-
tion of LABs and decrease of LABs due to migration of HABs and LABs (¢),
formation of HABs from LABs; e—decrease of LABs and HABs due to HABs
migration (d) [64].

eas. For example, migration of the initial high-angle grain boundary
leads to annihilation of the low-angle boundary surrounding the sub-
grains 17 and 19 from Fig. 4, c to Fig. 4, d; migration of newly formed
high-angle boundaries leads to annihilation of the low-angle ones sur-
rounding the subgrain 3 from Fig. 4, d to Fig. 4, e. Migration of grains
with high-angle boundaries sweeps away part of the grains with low and
high-angle boundaries that surround grain 11 from Fig. 4, d to Fig. 4, e
[64].

The conclusions made in [65] are largely consonant with the ideas
about the formation of boundaries with discrete misorientation of mat-
ing regions in terms of the formation of dipole dislocation charges (de-
scribed earlier in this section, when discussing the bending mode of
deformation). When the dislocation dipole has a configuration of two
flat dislocation clusters of different signs, the displacement field
around such a charge represents a cylindrical bend (similar to the cur-
vature of a tile).

Consequently, it can be imagined that during deformation, a period-
ic elastic displacement field arises, which, under certain conditions,
can relax into shear bands with alternating changes in orientation and
non-crystallographic direction of the boundaries.

When the sample enters the matrix, it appears in the field of in-
creasing gradient stresses. However, in addition, additional stresses
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arise in the material associated with the need to reorient the lattice to a
favourable location of the planes of light sliding relative to the direc-
tion of external influence. This process causes the formation of dipole
dislocation charges and the subsequent wave field of displacements of
atoms, forming the bending of crystal planes.

There are two main models explaining the effect of grain size on the
polycrystal flow stress. The classical theory of Hall and Petch is based on
the formation of dislocation clusters at the grain boundaries. This con-
cept explains the increase in the strength of metals with a fine-grained
structure by an increased concentration of dislocations in clusters and
the activation of several sources of dislocations. The strain-hardening
model relates an increase in the flow stress during grain grinding to an
increase in the dislocation density generated by the boundaries, which is
inversely proportional to the grain diameter in accordance with a de-
crease in the free path of the dislocation. Both models give a qualitative-
ly identical dependence of the polycrystal yield strength gain on the
grain diameter, expressed by the Hall-Petch ratio [66, 67].

It is shown in Ref. [68] that three stages of structure formation can
be clearly distinguished depending on the interval of realized degrees
of deformation, which are shown in Fig. 5. The first stage of structure

Structure formation in the cross section of the rod

a (&
Structure formation in the longitudinal section of the rod

\\"!‘\ﬁ“‘\’ \\ﬂ-‘u-
KA

Fig. 5. The scheme of forming the rod structure: the first stage (a, d), the sec-
ond stage (b, e), the third stage (c, f). Note, that white colour—austenite, grey
colour—martensite, DB—dislocation boundary, DT—deformation twin, SB—
shear band, EM—martensite embryo, PM—martensite packages [68].
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formation (Fig. 5, a) is characterized by deformation (with degrees up
to ¢=0.56) in accordance with the twinning mechanism—the TWIP
effect, which forms a barrier for sliding dislocations with the for-
mation of dislocation cells. Deformation twins cross the boundaries of
previously formed dislocation cells and further act as barriers to dislo-
cation movement, which causes the formation of cells inside micro-
volumes bounded by deformation twins. Inside austenitic grains,
twinning occurs mainly in one system. Twins in steels with a face-
centred cubic lattice are formed as a result of radiation from a partial
Shockley dislocation in a system of planes {111}. In addition to the de-
formation twins, the structure includes formed shear bands that split
austenitic grains into microvolumes of austenite with a lamellar struc-
ture oriented in a predictable way along the axis of the rod (Fig. 5, d).
In addition, at such degrees of deformation, martensitic nuclei are
formed in the structure caused by deformation. Thus, at the first stage
of deformation, a lamellar austenitic structure with deformation twins
and shear bands is formed.

At the second stage of structure formation (the degree of defor-
mation in the range from e=1.00-1.71), the process of deformation-
induced twinning on secondary systems increases, which leads to the
transformation of the lamellar structure obtained at the first stage in-
to a block trapezoidal structure in cross-section. However, this pro-
vides the basis for martensitic transformation caused by deformation
because of the formation and growth of embryos with further for-
mation of martensitic packages.

Thus, at this stage, a block trapezoidal austenitic-martensitic struc-
ture is mainly formed (Fig. 5, b) in the transverse direction along with
obtaining a ribbon structure in the longitudinal section (Fig. 5, e).

At the third stage, in most of the studied fields of the microstruc-
ture of the cross-section of the rod, the block trapezoidal structure is
transformed into an equiaxially granular one (Fig. 5, ¢), which is prob-
ably caused by the rotation of each part until an equilibrium orienta-
tion is reached. In addition, deformation twins are not found in most
grains, for the largest grains, which is due to the so-called restriction
effect. In the longitudinal section at this stage, a ribbon austenitic-
martensitic structure is formed (Fig. 5, f), which is further fragmented
by dislocation and interfacial boundaries in the transverse direction.

In Ref. [69], experimental data are presented on the significant ef-
fect on the process of changing the microstructure (grain size, texture,
grain disorientation) of the processes of dynamic return and dynamic
recrystallization in samples from the intermetallic Ni—Al compound
obtained by thermostatic pressing from a powder composition. Exper-
iments on the compression of samples were carried out in the tempera-
ture ranges of 1100-1300°C and strain rates of 103-10"'s™'. At high
temperatures and medium strain rate, intermittent dynamic recrystal-
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lization prevails, whereas at medium temperatures and high strain rate
the role of continuous dynamic recrystallization increases. It is shown
that, with an increase in temperature and deformation rate, the propor-
tion of large-angle boundaries increases; a decrease in temperature and
an increase in the deformation rate in these ranges lead to greater grain
refinement.

The methodology and results of an experimental study of the effect
of heat treatment (annealing) of pre-subjected plastic deformation of
nickel superalloy samples are presented in [19, 70]. After pressure
treatment, the samples have an inhomogeneous grain structure, which
can be significantly changed due to annealing. In the first article [19],
various variants of single-stage annealing at different temperatures
(from 900 to 1100°C) and holding times (from 5 to 180 min) are consid-
ered. Because of static recrystallization, grinding and homogenization
by grain size occurs, while the 5-phase falling out along their bounda-
ries plays an important role in restraining grain growth; with increas-
ing temperature and annealing time, the proportion of large-angle
boundaries increases sharply. The annealing mode at a temperature of
980°C for 10 min is considered optimal from the viewpoint of grinding
the grain structure. However, with the increase of temperature, a cer-
tain number of large grains remain in the microstructure, which reduces
the strength characteristics of the material. In this regard, a two-stage
mode was proposed [70]: at the first stage, annealing at a temperature of
900°C for 9—-12 hours, and at the second stage, annealing at a tempera-
ture of 980°C for 60 min. This mode makes it possible to obtain a homo-
geneous fine-grained structure with high strength characteristics.

Severe plastic deformations accompanied by a significant change in
the grain structure, are also inherent in many (especially high-speed)
machining processes. [71] presents the methodology and results of a
thorough experimental study of the formation of a nickel (containing
12.3% Cr and several percent Co, Nb, Ta, Al, Ti, Fe) superalloy of the
so-called white layer—a surface layer 2—4 microns’ thick with a nano-
crystalline grain (average size 200 nm) in a milled sample. The grind-
ing of grains, according to the authors, is due to both mechanical in-
fluences proper and intensive recrystallization and return occurring in
the near-surface layer due to its strong heating (up to 1000-1200°C).
An important effect on the inhibition of grain growth during the re-
crystallization process of particles of ¥’ inclusions is noted.

The microstructural mechanism of grain grinding during SPD can
be schematically depicted in five stages, formed sequentially during
microstructural evolution (Fig. 6). In this Figure, the symbol ‘T’ indi-
cates dislocations. The boundaries of large-angle grains and dense dis-
location walls are represented by solid lines. At the first stage, large
dislocation cells are formed, which contain numerous dislocations. In
the second stage, microstrips are formed and some early dislocation
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i,

Stage 3

Fig. 6. Diagram of the microstructural mechanism of grain refinement during
SPD[72].

cells are transformed into cell blocks. At the third stage, the formation
of subgrains occurs, which contain numerous dislocations. At the
fourth stage, well developed deformed and equiaxed subgrains are
formed. At the fifth stage, there is a homogeneous distribution of
equiaxial ultrafine grains or nanograins.

For example, in Ref. [73], the process of grinding grain from ul-
trafine-grained to nanocrystalline state in Cu—30% Zn alloy during
deformation by the HPT method is also schematically described in five
stages (Fig. 7). At stage 1, equiaxed ultrafine-grained grains are di-
vided into double lamellae. With an increase in the degree of defor-

A g
Vs 7
— —
Step 1 Step 2 I! ! '! !

Step 3 l

Fig. 7. The mechanism of grain refinement from ultrafine-grained to nano-
crystalline state [73].
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mation, the density of dislocations, packaging defects and twins in-
creases. Some of these dislocations accumulate in the twins because the
twins are obstacles for dislocations to slip [74—76]. At stage 2, there is
a continuous accumulation of dislocations on the double, which leads
to a gradual bending of the double and turns it into a semi-coherent
double. At stage 3, with further deformation, the semi-coherent twins
completely lose coherence and turn into a large-angle boundary. As a
result, long parallel lamellar grains are formed. At stage 4, secondary
grain boundaries and twins divide lamellar grains into rhombic do-
mains. At stage 5, the twin boundaries are transformed into incoher-
ent large-angle boundaries. Such a mechanism is characteristic of met-
als with low EPD.

In the article [77], the austenite grain refinement process in stain-
less steel at HPT is described in four stages (Fig. 8). The initial austen-
ite had a coarse-grained structure with a low density of randomly dis-
tributed dislocations (Fig. 8, a).

At stage 1, deformation twins are formed in coarse-grained austen-
ite. Twinning systems are activated in each grain depending on the rel-
ative orientation of the individual grains (Fig. 8, b). At stage 2 (this
stage covers the deformation stages 2 and 3), a detwisting process oc-
curs, which increases the distance between the twin boundaries. Also
at this stage, the remaining twins turn into ordinary large-angle
boundaries due to the interaction of dislocations with the twins (Fig. 8,
¢). During the deformation at stage 3, the resulting high-double ul-
trafine-grained structure goes through a second detwisting process.
The decrease in the density of twins caused by the second de-twisting

—
Step 1
a b

Fig. 8. The scheme of the grain regeneration process in austenite caused by
HPT[77].
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process increases dislocation activity in the planes {111}, which leads to
a significant interaction of dislocations with twins and consequently to
the transformation of the remaining twins into large-angle boundaries
for further grain separation (Fig. 8, d). Further deformation occurs
through the interaction between the newly formed dislocations and na-
noparticles, which leads to further refinement of the grains (Fig. 8, e).

The microstructural evolution of austenite is rich in interesting fea-
tures; so, it is worth studying the details of the austenite microstruc-
ture at each stage of deformation in order to clarify the deformation
mechanisms involved at different stages and how these mechanisms
affect the microstructure and properties of the material.

There is still a large amount of work on the evolution of the micro-
structure and mechanical properties of various metals and alloys in
SPD, but the mechanisms of structure formation themselves are very
rarely painted and at the moment there is no consensus on the mecha-
nism of formation of UFG and nanostructure.

5. CONCLUSION

The review given in this article showed that the most important factor
responsible for the formation of unusual physical and mechanical
properties in materials with UFG and NC structure are the features of
their highly non-equilibrium structure, in particular the defective
substructure of grain boundaries, characterized by high defect densi-
ty, structural and thermodynamic disequilibrium, the presence of sig-
nificant fields of local internal stresses, changes in atomic density in
border zones, etc.

To date, a fairly large amount of experimental papers on the struc-
tural features of UFG and NC materials obtained using SPD methods
has been published. However, it is not yet possible to link fully these
features with the formation of special physical and mechanical proper-
ties. In addition, the mechanisms of the formation of UFG and NC
states under various SPD conditions have not yet been identified. The
latter is largely due to the extremely complex (cooperative) nature of
the plastic flow and the reorientation of the crystal lattice under condi-
tions of large plastic deformations.

This research was funded by the Science Committee of the Ministry
of Science and Higher Education of the Republic of Kazakhstan (Grant
No. AP19576369).
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Bniue cTpyKTypu Ta IIBUAKOCTH 0X0J0MKeHHs cTomiB Fe—B—C
Ha MeXaHiYHi BJIJACTUBOCTI Ta 3HOCOCTIHKiCTh

0. B. CyxoBa

ITncmumym mpancnopmuux cucmem i mexuoaoziit HAH Ykpainu,
sya. ITucapaicescvriozo, 5,
49005 qnuinpo, Ykpaina

B po6oTi BuBUeHO CTPYKTYpHUIL cTaH i hasoBuii ckaanu cromiB Fe—B—C y Kou-
LmeHTpaniinomy mismasoxi 2,0-9,0% sar. B, 0,1-0,2% Bar. C (Fe — perrra),
oxonmomxenux 3i meuaxoctamu 10—-10%2K/c. BukopucraHo MeTonu MiKpo-
CTPYKTYPHOI, KinbKicHOI MerasorpagiuHoi Ta peHTI'€eHOCTPYKTYpPHOI aHaJia.
Buwmipsaso mikpoTBepaicTb, MiIlHiCTh Ha CTHUCK, KoedilieHTn BigHOCHOI abpa-
3UBHOI Ta ra3o-abpasuBHOI 3HOCOCTiiKocTH. 3aeBTeKkTuHi cronu Fe—B—C Biz-
pisHAIOTHCA IiABUINEHOI0 MiIKPOTBEPIiCTIO, IO 3abesmeuye iXHiN OGiabITUii
omip abpasMBHOMY 3HOIIEHHIO. JJOEBTEKTHUYHI CTONIM XapaKTepPU3YIOThCSI Mif-
BUII[EHOIO MiITHiCTIO Ha CTHUCK, II[0 BU3HAYA€E 1XHIO O1JIBIITY CTifiKiCTh B yMOBax
raszo-abpasmMBHOIO 3HOIIIYBAaHHA 3a KiMHATHOI TeMiepaTypu. Haiibinbimy raso-
abpas3uBHY 3HOCOCTiMIKicTh 3a TemmepaTypu y 473 K MatoTh 3aeBTeKTHUYHI CTO-
I 3aBAAKU OLJIBII BMCOKiM OKAJIMHOCTIMKOCTI IXHIX CTPYKTYPHHUX CKJIALO-
BuX. 3i 30iIBIIEHEAM IMIBUAKOCTH oXoaomxernHa Bix 10 go 103 K/c crpykTypa
crouiB Fe—B—C 3miHIOETHCS BHACJILOK 3CYBY JIiHiil Ha Aiarpami crany B OiK
3aJIi3HOTO KyTa. B IOEBTEKTUUHUX CTOIIaX 30iJbIITYETHCA BMICT IIEPBUHHOI ay-
cTeHiTHOI (Dasy, a B 3aeBTEKTUUYHUX CTOIIaX 3MEHIIYETHCS BMIiCT IePBUHHOI
dasu Fey(B,C). 3a 1p0ro MikpoTBepAiCTh CTOIIIB IIiABUIIYETHCS, a MiITHIiCTh Ha
CTHCK CIIOYaTKYy B iHTepBaji mBumkocrteii oxosmomxenuasa 10—-300 K/c 36inb-
IITYETHCA, a 3a OiIBIITNX MIBUAKOCTEHN OXOJIOMKEeHHS MIOUYNHAE 3MEHIITyBaTUCH.
Haiininmi ekcnryarariiiai xapaKTEPUCTUKY ITOKA3yIOTh 3a€BTEKTUYHI CTOIH
Fe—-B-C, oxosonsxeni B inTepsaii 8:102-102 K/c, B cTpYKTYypi AKUX BMiCT eB-
TekTuKu Fe—Feq(B,C) ne nepesuitye 10—20% 06. I1i cTonu MoKHA peKOMeH-
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IyBaTHU SK HAIOBHIOBAUi KOMIIOSUI[IMHUX IIOKPUTTIB, IO EKCILJIyaTyIOTh B
yMoBax mii abpasuBHUX i raszo-adpasWBHUX CEPEIOBUII, B TOMY UHCJi 3a TeM-
nepatyp 1m0 473 K.

Kuarouogi caoBa: cronu Fe—B—C, cTpykTypa, MIBUAKICTH OXOJIOAMKEHHA, MiK-
POTBEPAiCTL, MIITHICTh Ha CTHUCK, abpasduBHa i ra30-abpasnuBHA 3HOCOCTIMKOCTI.

The structural state and phase composition of Fe—B—C alloys containing 2.0—
9.0% wt. B, 0.1-0.2% wt. C, Fe—balance cooled at 10—-10% K/s are studied in
this work. The methods of microscopy, quantitative metallography, and x-
ray analysis are applied. Microhardness, compressive strength, coefficients
of relative abrasive, and gas—abrasive wear resistance are measured. Hyper-
eutectic Fe—B—C alloys exhibit elevated microhardness, which ensures higher
resistance to abrasive wear. Hypoeutectic alloys possess enhanced compres-
sive strength, which ascertains their higher gas—abrasive wear resistance at
room temperature. The highest resistance to gas—abrasive wear at 473 K
show hypereutectic alloys due to higher oxidation resistance of their struc-
tural constituents. As cooling rate increases from 10 to 102 K/s, structure of
Fe—B-C alloys changes since lines of phase diagram are shifted towards the
iron corner. A content of primary austenite increases in the hypoeutectic al-
loy, and a content of primary Fex(B,C) phase decreases in the hypereutectic
alloys. Meanwhile, microhardness of the alloys increases, but compressive
strength increases firstly in the range of cooling rates from 10 to 300 K/s
and, then, decreases at higher rates. The hypereutectic Fe—B—C alloys con-
taining 10-20% vol. of Fe—Fey(B,C) eutectics in the structure cooled at
8-102-10% K /s exhibit the best performance properties. These alloys can be
applied as filler materials for composite coatings working under abrasive and
gas—abrasive wear conditions, even at temperatures up to 473 K.

Key words: Fe—B—C alloys, structure, cooling rate, microhardness, compres-
sive strength, abrasive and gas—abrasive wear resistances.

(Ompumarno 4 6epesns 2023 p.; ocmamouH. apiasnm — 13 mpaens 2023 p.)

1. BCTYII

Po3BuTOK mpoMMCIOBOTO BUPOOHUIITBA (AK B YKpaiHi, Tak i 3a ii mesxa-
MM) TOCTiHHO ITOTPedye BUKOPUCTAHHSA CTOIIB HAa OCHOBI 3aJiza 3 mif-
BUITEHNMU BJIACTUBOCTAMU. KIIIOUOBUM YMHHUKOM (hOpMYyBaAHHSA HeO00-
XiTHOTO KOMILIEKCY XapaKTEepHCTHUK € CTPYKTypHuit ¢axtop [1-5].
Mopdoaoriag Ta 6ymoBa CTPYKTYPHUX CKJIAJOBUX e(eKTHBHO BILIMBA-
I0Th Ha MeXaHiuHi ¥ eKcmayararifini BiaactuBocTi [6—10]. Ogaum i3
eJIEMEeHTiB, AKUH MIMPOKO BUKOPUCTOBYIOTE JJIS JIETYBAHHS 3aJIi30BYyT-
JeneBux cToiuiB, € Bop [11-16]. Cronu Fe—B—C 3smaxomaTs 3acTocyBaH-
HS OPaKTUYHO B YCiX Trajys3sX Cy4YacHOTO BUPOOHUIITBA AJIA BUTOTOB-
JIeHHS JeTajiB pi3sHOMAHITHOTO OOJIafHAHHSA I OJep:KaHHsA 3aXMCHIX
moxkpuTTiB [17—21]. Boru 3a6e3meuyioTh BUCOKY TBEPHiCTb, JKAPOMIII-
HiCTh, OKAJMHOCTINKiCTh, KOPO3iiHY CTiMKiCTh B arPeCMBHUX CEPEmO-
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BUIIAX ToIIo [22—-27].

Bigmimma ocobauBicTs cromis Fe—B—C mossarae B Tomy, 1110 BOHHI Xa-
PaKTepU3yoThcA 0araTocTagiliHUM IPOIECOM TBEPHiHHA Ta IIOCJIiTOB-
HOIO peaJjisaliero HuU3Ku (asoBux mneperBopeHb [28—30]. Busnauaisn-
HUU BIIMB Ha ()OPMYBaHHSA CTPYKTYPU Ta BJIACTUBOCTEN IIUX CTOMIB
MalOTh eBTeKTUYHI rmepeTBopeHHs [31-34]. Bukopucranua sakoHOMip-
HOCTEeH ITMX IIePeTBOPEHb YMOMKJIMBJIIOE BU3HAUATHU IJIAXU CIPIMOBA-
HOT'O BILIMBY Ha IXHIO CTPYKTYPY, 30KpeMa IIJIAX0OM BHOOPY OIITHMAJIb-
HOT'O MiAMa30Hy IMIBUAKOCTEHN 0XOJOAMKEHH ITiT uac TBepainHsa [35—37].

Opuak y JgiTeparypi sHalifjeHo JHIlle OOMeKeHi BiJloMOCTi CTOCOBHO
BILIMBY IIBUAKOCTH OX0oyog:keHHA 10 102 K/c Ha cTPYyKTYypy Ta BIacTH-
BocTi cromiB Fe—B—C. Tomy B po00OTi 3 MeTOI0 PO3POOKM CKJIALYy HAIIOB-
HIOBauUiB i TeXHOJIOTiI oflep:KaHHA KOMMIO3UI[IMHUX IIOKPUTTIB AOCJi-
MKYBaJIU CTPYKTYPY, MeEXaHiuHi BJAacTUBOCTi, abOpasmBHY Ta Traso-
abpasuBHY 3HOCOCTiiikicTh cromiB Fe—B—C, oxosomxenux 3i mBuakKic-
tio y 10-103K/c, cKIam SKMX 3HAXOAMBCA B KOHIEHTPAI[IHOMY TPH-
KyTHUKY Fe—Fe;B—Fe;C.

2. EKCIIEPUMEHTAJBHA METOJUKA

Cronu Fe-B—-C, 1o mictuau 2,0-9,0% sBar. B, 0,1-0,2% Bar. C (Fe —
pelirTa), oIep:KyBayd CTOILICHHSIM XEeMiuHO UMCTUX ejieMeHTiB (99,95—
99,97%) B anyumoBux turiax y Tammanosiit meui. IllBuakicTs 0xo0J10-
IsKeHHA cromiB ckiaagasa 10—103 K/c. MikpoCTpyKTypy CTOIIB BUBYAJIN
Ha omTuuyHOMY MiKpockomi «Neophot». Kinbkicui meramorpadiuui moc-
JiIyKeHHA BUKOHYBaAJIM Ha CTPYKTYpPHOMY aHajaizatopi « Epiquant». Ige-
HTU(IiKaIio (a3 IPOBOAMIN METOLOM PEHTI'€HOCTPYKTYPHOI aHaIi3u Ha
JIPOH-YM1 3 BukopucTaHnHAM BifgdiabTpoBaHoro BunpomMineHHsa Cuk .

MikpoTBepzaicTsd (a3 BumipioBamu Ha mpubopi IIMT-3 sa maBanTa-
Keub vy 0,2 Ta 0,5 H i TpuBasiocTH BUTPUMKU IIiJi HaBaHTAKEHHAM He
menire 10 cekyun. Ha Ko:xXHIM 3pasky BukonyBaau 10—5 sumipis. 3a-
raJjbpHy MikpoTBepaicTs (H,) BUBHaUa, BUXOAAYY 3 BJIaCTUBOCTU &IV~
TUBHOCTH T'eTepOoreHHUX cTomiB. MimHicTs Ha cTHUCK (C) OIliHIOBaIM Ha
CIIEI[isIIbHOMY IIpeci IMJIAXOM CTATUYHOTO HABAHTAMKEHHS 10 PYHHY-
BaHHSA 3pasKiB. 3a MOKa3HUK PYHHIBHOTO HaBaHTAKeHHA OpaJju cepe-
He apudmernune 10 MipaHb.

IIizm yac BunmpoOyBaHb Ha omip abpasMBHOMY 3HOIIIEHHIO OITiHIOBAJIHT
3MEHINIeHHS Macu 3pasKiB poamipamm 16x6x16 MM Imiciia cTupaHHS
LI yBaIbHOIO IIKYPKOIO Ha HIIAXy yV 413 M. Omip raso-abpasuBHOMY
3HOIIIeHHIO BU3HAYAJIYN Ha YCTAHOBIII, AKAa JaBaJjia 3MOT'y OJHOYACHO BI-
npoboysatu 6 3paskis posmipamu 50x50x15 mm. AOGpasmBOM CJIYIyBas
KBaproBuii micok. Kyt araku abpasuBy cramoBuB 45°. [lo3oBaHa BuTpa-
Ta abpasuBy 3a OAUH IIUKJ BUIPOOYBAaHbL — 6 KI, KiIBKiCTh IIUKJIIB TPU-
BaJIicTiO 35 XBMJIMH — He MeHIIle YoTUPhoxX. KoedimienT BigHOCHOI a6-
pasuBHOI (€a) Ta ra3o-adpasuBHOI (&r.a) 3HOCOCTIAKOCTH OO0UMCIIOBAJIN
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sIK BigHoimeHHs BTpaTu Macu erasoHa (crou Fe—-3,8% B-0,1% C) mo
BTPaTH MacH 3paska. EKCIIepMMeHTH IIPOBOAMIN 3a TeMuepaTyp v 293 i
473 K ra BigHOCHOI BoJsiorocTu moBiTpsaA y 60 + 5% . TouHicTh BU3HAUEH-
Hd BTpaTu Macu Ha aHamiTmuamx Tepesdax BJIA-200M mopiBHIOBama
+0,0002 r.

OKaMIMHOCTIMKICTh OI[iHIOBAJIM B YMOBaX HPUPOAHBOI IMUPKYJIAIil
MOBITPA TepMOI'PaBiMETPUUYHUM METOAOM 3 TMepioanuHoio (iKcaliero
Mmacu Ha gepuBatorpadi MOM-1500. Temmeparypa mpoliiecy JOPiBHIO-
Basma 1073+ 10 K, TpuBasmicTh izoTepMiuHOI BUTPUMKU — 2 TOAUHU.
KoedimienT BigHOCHOI sKyKemuIeTpuBKocTH (K ox) 00UMCIIIOBAIN 34 Pe-
3yJbTaTaMi 3—5 BUMipiB K BiJHOIIIEHHS IIMTOMOI 3MiHM MacH eTajoHa
(crou Fe-3,8% B-0,1% C) mo sminum mMacu JOCJIiIKyBaHOTO 3pasKa 3
TOYHICTIO 0 IPYTOTO AJeCATKOBOTO 3HAKY.

3. PESYJIBTATH TA IX OBTOBOPEHHSA

CrpyKTypa moeBTeKTHUHUX cTOuiB Fe—B—C, oxonomxennx 3i mBuakic-
0 y 10 K/c, xapakTepusyeTbCcsi IPUCYTHICTIO MIEPBUHHUX OEeHIPUTIB
aycreHity Ha (oni eBrekTuKu Fe—Fey(B,C) (Taba. 1, puc. 1, a). EBrex-
TUYHI KOJIOHII yCcHaAKOBYIOTh IIpuU3MATHUYHy Qopmy 0aszoBoi ¢dasu
Fes(B,C), aka Beme xkpucraiisamiio [38]. 3 migBUIEHHAM IIBUIKOCTH
oxosomsxenua 1o 102 K/c i Buime cTpyKTypa J0eBTEKTUUYHNX CTOIIIB II0-
npiomioeThea (puc. 2, a). Kpim Toro, 36igbITyeThCA BMICT II€PBHUHHOIL
aycreHiTHOI (asu (Tabda. 1), 110 cBigUMTL PO 3CYB JiHil Ha miarpami
cTaHy B OiK 3aJi3HOro KyTa.

Mopdomoria esrekturu Fe—Fes(B,C) y cromi Fe—B-C, ckman sxoro
BiAIIOBizae CKJIaLy eBTEKTUYHOI TOUKHU, 3aJI€KUTh BiJl IMBUIKOCTH OXO-
JIOIKeHHA. 11 cKiIagHa 30HATbHA 6Y0Ba XapaKTepU3yeThCa HAABHICTIO
IiJISTHOK, IO MAaIOTh IJIATIiBUACTY, CTiIBHUKOBY Ta CTPUMKHEBY MOpP(do-
Jgorito (puc. 1, 6). IIigBuineHHA ITBUAKOCTU OXOJOIKEHHS BUKJINKAE
3MiHy 00’€MHOTO BMiCTY IiJITHOK eBTEKTUKHU 3 PidHOI0 MopdoJiorieto [38],
MIOABY BKJIIOUEHDb ayCTeHiTHOI (hasu, a TaKoK MoApPiOHeHH (pas3 B eBTEK-
TUYHUX KOJIOHiAX (puc. 2, 6).

B cTpyKTYypi 3a€BTEeKTUYHMUX CTOIIiB CIIOCTEePiraroThCcs IIEPBUHHL KpU-
crasu 6oporkap6iny Feq(B,C) i eerekTura Fe—Fes(B,C) (puc. 1, 8). ®op-
MOIO POCTY HepBUHHOI (pasu € MPAMOKYTHS UYOTHPOrpPaHHa IIPHU3Ma 3
KBaJIpaToM B OCHOBi. 30iJbIITeHHA IITBUAKOCTH OXO0JOIKeHHA BUKJINKAE
MMOABY AEHAPUTHUX ILTaCKOTPAHHUX Bigraay:keub (puc. 2, 8). Bogmouac
BMiCT IIEpBUHHUX KPUCTAJIiB 60pokapbimy smenmyerbesa (Tabs. 1), 1o
OiATBEepAKYy€E 3CYB JiHill Ha Hiarpami cTaHy B 6iK 3aJi3HOT0O KyTa.

3a Bmicty Bopy y 9,0% Bar. B cTpyKTypi crouis Fe—B—C, oxosomxe-
Hux 3i mBuakictio y 10 K/c, eBreKkTnuHi ckaanosi BigcyTHi (puc. 1, 2).
Ilepmioto 3 piguau Kpucraidisyerbea dasa Fe(B,C), aka mix uac oxoJio-
I)KeHHA PO3UUHAETHCA B PiIMHI 3 YTBOPEHHAM IIEPUTEKTUUYHOI (ha3u
Fey(B,C). Kpim Toro, 6opokapb6in Feq(B,C) kpucranisyerbcs 6esmocepe-
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TABJUIIA 1. Xemiunuii i cTpyKTYypHUI CKJIam gocigxenux cromiB Fe—B-C.

TABLE 1. Chemical and structural composition of investigated Fe—B—C alloys.

Bwmict, % YacTKa
Ne Bar. CTpyKTypHU#t cKIaz Tun eBTeKTuKH, % 00.
3paska CTPYKTYpPH
B | C 10K/c | 10°K/c

1 20 0.2 v-Fe, nerosanuii B,

eBrexTnKa Fe—Fey(B,C) JoeBTeKTUYHa 45+ 2 30+1

v-Fe, nerosanuii B,
2 30 0.1 esrexTuKa Fe—Fey(B,C
3 3,8 0,1 eBrekTura Fe—Fey(B,C) eBTekTHuHa 100 85+3

Feq(B,C), eBTeKTHKA
4 45 01 Fe—Fey(B,C)

Fey(B,C), eBTEeKTUKA
5 50 02 Fe—Fey(B,C)

Feq(B,C), Fe(B,C), eB-
rekTuKa Fe—Feq(B,C)

) moeBTeKTnyHa 70+3 55+2

3aeBTeKTUUYHa 65+ 2 75+3
saeBTeKkTuHa 30+1 50+2

6 9,0 0,2 3a€eBTEKTUYHA - 20+ 3

IHBO 3 PIAVMHYU BHACJIiIOK 0JM3bKOCTH CKJIAAY CTOIY 0 CKJIALy IIepUTe-
KTUYHOI TOUKH. ¥ pasi mifgBUIIIeHHS ITBUIKOCTU OXOJIOAMKEHHS CTOMIiB
Fe—B—C 1o 103 K/c y cTpyKTypi JOAATKOBO 3’ ABISAECThLCA eBTeKTuKa Fe—
Fey(B,C), AKa KPUCTATII3yeThCA 3a MeTacTaOiIbHOIO AiArpaMoI0 CTaHY
(puc. 1, 2)[32].

SaranbHa MikpoTrBepaicTs H, croniB Fe—B—C 3pocTae 3 noHM:KeHHAM
00’€MHOI'0 BMiCTy II€pBUHHOI ayCTeHiTHOI (hpas3u i 3 migBUIIeHHAM BMic-
Ty nepBuHHUX Kpucrtaais Feqx(B,C), gocAaramoun HaWOiIbIINX 3HAUEHD

Puc.1. Mikpoctpykrypa crtomiB Fe—B-C, oxomomkeHuMx 3i IIBUAKiICTIO ¥
10 K/c (x200): 3spasox 2 (a), 3pasok 3 (0), 3pa3ok 5 (8), 3pa3ox 6 (2).

Fig. 1. Microstructure of Fe—B—C alloys cooled at 10 K /s (x200): sample 2 (a),
sample 3 (6), sample 5 (8), sample 6 (2).
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Puc. 2. Mikpoctpykrypa crtomiB Fe—B-C, oxomomkeHMX 3i IIBUAKICTIO ¥
103 K/c (x1000): spasok 2 (a), 3pasok 3 (6), 3pasok 5 (8), 3pasok 6 (2).

Fig. 2. Microstructure of Fe—B—C alloys cooled at 10® K/s (x1000): sample 2
(a), sample 3 (6), sample 5 (8), sample 6 (2).

TABJHUIIA 2. BaactuBocti cromiB Fe—B-C, oxomomxeHMX 3i HMIBUAKICTIO Y
10K/c.

TABLE 2. The properties of the Fe—B—C alloys cooled at 10 K/s.

Nl g,.Tha | o, Mia £a cra
apaska 293K | 473K
1 6503 2210+10 0,6+0,1 1,6+0,2 1,1=0,2 0,90+0,08
6,8+0,2 2080+10 0,8+0,1 1,8+0,11,2+0,1 0,95+0,04
7,1+0,1  1920+20 1 1 1 1
7,4+0,2  1760£30 1,4£0,2 0,9+0,11,3£0,1 1,22+0,11
7,6+0,1 1600£20 1,7+0,2 0,8+0,1 1,6+0,1 1,32+0,09

8,0+0,1 1350+10 1,9+0,1 0,7+0,21,6+0,2 1,44+0,07

KOH

SO B W N

JUISI 3aeBTEKTUYHUX CTOHIB (Tabs. 2). 3i 3pocTaHHAM IITBUIKOCTU OXO-
JOMKEHHSA CTOIIB 3arajbHa MiKPOTBEPHiCTL 30iJIBLIITYETHLCSA BHACJIIZOK
YTBOPEHHS MepecuUYeHnX TBepPAnX PO3UMHIB, 3MiHM 00’€MHOTO BMiCTy
CTPYKTYPHUX CKJIATOBUX, MMOAPiOHEHH iX To10 (puc. 3, a).

3MiHa 3HaUeHb MIITHOCTH HA CTHUCK G KOPEJIIOE 3 Pe3yabTaTaMU Mi-
paub MikpoTBepaocTu croniB Fe—B—C. 3i 36inbiieHEHaM MiKpoTBEpPIOC-
TH MIITHiCThL Ha CTHCK 3MeHIIyeTbcs (Tabi. 2). Haiibinbie 3HaueHHS
miei xapaKTepUCTUKM Mae 3pasoK 1 3 MOEBTEKTHUUYHOKI CTPYKTYPOIO,
BMiCT IIepPBUHHOI aycTeHiTHOI (hasu B AKOMY HAHOLIBINNI, a eBTeKTUKHU
Fe—Fey(B,C) — Halimenmuii. [[Jid 3aeBTEeKTUYHUX CTOITIB 30iJbIIIEHHA
00’emHOro0 BMicTy mepBuHHOI (pasu Feq(B,C) i sMeHIIIeHHA BMiCTy eBTeK-
TuKku Fe—Feq(B,C) cyIpoBOoIKy€eThCA MOHMKEHHAM MiITHOCTH Ha CTUCK.

3pocTaHHS IIBUAKOCTU 0X0JomM:KeHHA B iHTepBasi 10—-300 K/c cmo-
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Puc. 3. BIiuB MIBUAKOCTY OXOJOIMKEHHS Ha MiKpoTBepaicTs (a) i minmHicTs Ha
ctuck (0) spaskiB 1 (kpuBa 1) ta 6 (kpuBa 2) cromis Fe—B—C.

Fig. 3. Microhardness (a) and compressive strength (6) vs. cooling rate of sam-
ple 1 (curve 1) and sample 6 (curve 2) of Fe—B—C alloys.

YATKY BUKJINKAE MiJBUINEHHA MiITHOCTH HA CTHUCK 34 PAXYHOK IIOAPi0-
HeHHs (a3, 30iJbINMeHHS KiMTbKOCTH AedeKTiB KpucTaldiuHol I'paTHUIL
roto (puc. 3, 6). IlomanbIlie 3pocTaHHS ITBUAKOCTH OXOJIOMKEHHS CTOIY
Fe—2% B—-0,2% C (3pasox 1) 1o 10° K/c BUKINKAa€ TOHMKEHHS MiI[HOC-
TH Ha CTUCK JI0 3HAUEHHS, Ha0araTo MeHIIIOro, Hi’K BUXiHe 3HAUCHHS 3a
mBUAKOCcTH oxoaomienHa y 10 K/c (puc. 3, 6, xpusa 1). Ileit pesdyabrar
MOJKe OyTHU IIOB’A3aHmuii i3 cerperaiieio HaIJIUIIKOBOr0 Bopy mo memxax
3epen cromy. MimuicTs Ha ctuck cromy Fe—9% B-0,2% C (3pasok 6) 3
MiABUIEHHAM IIBAIKOCTH OXOJOMKEeHHA B inTepsaui 3-10°-10° K /¢ mo-
HUKYETHCA 3HAUHO MEHIITOI0 MipoIo 3aBASKY YTBOPEHHIO 110 MeXKaX 3epeH
Fey(B,C) meracTabinbuoi eBrekTuRu Fe—Feq(B,C) (puc. 3, 6, Kpua 2).

Ha pucymky 4 mokasaHO 3MiHY MiKpOTBepIOCTH Ta MiITHOCTH Ha
CTHCK 3aeBTeKTUUYHUX cToniB Fe—B—C 3aieXHO0 Big MIBUAKOCTH OXOJIO-
IxeHHA i1 06’eMmHOTO BMicTy eBTeKTuKu Fe—Feq(B,C). A Bummo, onru-
MaJIbHe MOEeTHAHHSA IINX XapaKTePUCTUK JOCATAEThCA AJIA CTOIIiB, 0XO-
momxenux B imrepsaii 8-10°-10% K /c, Bmict eBTrekTurku Fe—Fey(B,C) B
arux gopisaioe 10—-20% o00.

Omip cromiB Fe—B—C abpasuBHOoMYy Ta ra3zo-adpasuBHOMY 3HOIITEHHAM
TAKOK 3aJIEKUTh BiJl iIXHBOI CTPYKTypHu. Pe3ysibTraT BU3HaYEHHSA KOe-
dimieHTiB BiZfHOCHOI a0pa3sMBHOI 3HOCOCTIMKOCTH €4 IOKA3YIOTh Ha Hasd-
BHICTHL IIPSAMOTO 3B’ABKY MiK 3POCTAHHAM MiKPOTBEpPIOCTH Ta 306iJb-
ITeHHAM €a cTOHiB (Tabi. 2). IlimBumnienuM omopoM pyHHYBaHHIO B abpa-
3UBHOMY CEPEIOBUIINI XapaKTepua3yIThCSI 3pas3Ku, 110 MAlOTh 3a€BTEK-
TUYHY CTPYKTYPY. 3i 30iIBIITEHHAM IIBUIKOCTH OXOJIOIKEHHS CTOIIiB
BU3HAYAJIbHUU BILIUB Ha 3MiHY KoedimieHnTa BigHocHOI abpasuBHOI 3HO-
COCTiKOCTH Ma€ IMiIBUIIEHHS MiKPOTBEPAOCTH, a He IMIOHMMKEHHS MIiIl-
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Puc. 4. SanexkHocTi MiKkpoTBepaoCTHU (@) Ta MIITHOCTH HA CTUCK (6) 3aeBTEKTHUY-
Hux croiriB Fe—B—C Big HMIBUAKOCTY OXOJIOMKEHHA i 06’€MHOI'0 BMIiCTy €BTEK-
Tuku Fe—Fes(B,C).

Fig. 4. Microhardness (a) and compressive strength (6) of Fe—B-C alloys vs.
cooling rate and volume fraction of Fe—Fe2(B,C) eutectics.

HOCTH Ha CTUCK, OCKiJIbLKH B iHTepBaJIi IMIBUAKOCTEI 0xXoomKeHHsa 300—
500 K/c o crony Fe—9% B-0,2% C (3pasok 6) smeHiyeTbcs (puc. 3, 0,
KpuBa 2), a €x IPOAOBIKYE 3POCTATHU 31 30iJIBITEHHAM MiKPOTBEPAOCTH
(puc. 5, a). {Ix BugHO, abpasmBHA 3HOCOCTIHKIiCTDH MIBUAKOOXOJIONKEHO-
ro crorry Fe—B—C, B cTPpYKTypi AKOro mpucyTHA MeTacTabilbHa eBTeK-
tuka Fe—Fex(B,C), carae HaitbinbImoro pisus.

OgnepsxaHi pe3yabTaTy BU3HAUEHHSA aOpasMBHOI 3HOCOCTIMKOCTH MO-
JKHA IIOSCHUTHU THUM, II[0 3HOIIIEHHS BiI0OyBaeThCs MepeBaskHO BHACIILOK
pisamusa 3paskiB abpasuBom. IIpo e cBiguaTh YMCIeHHI MOAPATUHA HaA
ixHi} moBepxHi. B mepity yepry pyifinyeThcsa epBUHHA aycTeHiTHA (hasa
B JOoeBTeKTUUHUX cromax Fe—B—-C, MiKpoTBepAicTh AKOI MeHIIIA, HixK
MiKpoTBepAicTs mepBuHHOI (hasu Fey(B,C) y 3aeBTEKTHYHUX CTOIAX.
IlizBuIIeHHA €4 TAKOMK CIIOCTEpiraeThcA 3i 30iJBINIEHHAM ITBUIKOCTH
OXOJIOJKEeHHSA CTOMIB 3aBAAKM 3POCTAHHIO MiKDPOTBEpAOCTU 3pasKiB i
YTPYIHEHHIO pidaHHA IXHBOI ITOBEPXHi aOpasuBOM.

Haii6inpmnri smaueHHs Koe@illieHTiB BiHOCHOI 3HOCOCTiHKOCTM IIif
yac BUOPOOYBaHb y Ta30-abpasvMBHOMY CEPEeIOBUII €ra 3a KiMHaATHOI
TeMIIepaTypu MaioTh cronu Fe—B—C, aki xapakTepusyioThCs IigBUIIE-
HOI0 MimHicTIO Ha cTucK (Taba. 2). 3pasKu, IO MAIOTh JOEBTEKTUUHY
CTPYKTYPY, IMOKA3YIOTEL OiJIBIITY 3HOCOCTINKiCTEL 3aBAAKY IIPHUCYTHOCTI B
CTPYKTYpPi IepBUHHOI aycTeHiTHOI (asu. IloHUIKEeHHA OIlopy TIaso-
abpasuBHOMY PYHHYBaHHIO 3aeBTeKTUUYHUX CTOIiB Fe—B—C BuKIukane
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Puc. 5. BoiuB IIBUIKOCTH OXOJIOJKEHHA HA abpasruBHY 3HOCOCTIHMKiCTEL 3pasKka
6 (a) i raso-abpasuBHY 3HOCOCTiliKicTh 3paska 1 3a 293 K (0).

Fig. 5. Influence of cooling rate on abrasive wear resistance of sample 6 (a)
and gas—abrasive wear resistance of sample 1 at 293 K (6).

Kpuxkictio mepBuHHOI (pasu Feqx(B,C). BucHOBOK IIpo BHU3HAYAJIBHUN
BILJIMB MIiITHOCTM Ha CTHCK Ha raso-abpaswMBHY 3HOCOCTiHKiCTh TaKOIK
MiATBEPAKYIOTh Pe3yJbTAaTU BUBUEHHSA BIJIMBY IIBUIKOCTH OXOJIO-
mxeHHa crony Fe—2% B-0,2% C (s3pasok 1) Ha #oro 3HOCOCTiMKicTh
(puc. 5,06). fAx BumHo, 30inbIlmeHHA KoedimienTa BigHOCHOI Traso-
abpas3uBHOI 3HOCOCTIHKOCTH KOPEJIo€ 3i 3MiHOIO MIITHOCTH Ha CTHCK 3i
3POCTAaHHAM HIBUAKOCTH OXOJOmKeHHA (puc. 3, 6). CmouaTtky B iHTEp-
Baii 10—-300 K/c er.a migBuInyeTbes, a MOTiM 3a IIIBUAKOCTeI, OiIbIInx
amixx 300 K/c, — IOHMKYETHCA.

I3 30inbIIIeHHAM TeMIepaTypu BUIpooyBaub 00 473 K cmocrepiraers-
cA MiIBUINEHHS BiJHOCHOI raso-adpasnBHOI 3HOCOCTiHKOCTH 3a€BTEKTH-
YHUX B3pasKiB i IOHMIKEeHHS MOeBTeKTMUYHUX 3paskiB (rabi. 2). Ile
OB’ sI3aHe 3 BiIHOCHO HM3bKOIO OKAJMHOCTIHKICTIO IePBUHHOTO ayCTe-
HiTYy MOPiBHAHO 3 OKAJMHOCTiHMKicTIO mepBuHHOiI 60poKapbiguoi dasu,
10 IiATBEPAKYIOTH Pe3yJbTAaTH BU3HAUEHHS Koe(imieHTa BimHOCHOI
swysxennnerpuBkocT Ko, (Tadma. 2).

Boniaue MillHOCTM Ha CTHCK Ha OIp raso-abpasMBHOMY 3HOIIEHHIO
MOKHA IIOSICHUTHU, IIOCJTYTOBYIOUNCH pesyJabTaTaMu MeTajorpadiuamx
IOCJIi;KeHb 3HOIIIeHUX IToBepxoHb cTomriB Fe—B—C. Ha moBepxHi 3pas-
KiB, KpiM YMCIIeHHUX IOAPSAIINH, CIIOCTEPIraloThCA MiKPOTPIIIUHMI, PO-
3TalllOBaHi MapajejbHO Ta MIEePIEHAWKYJIAPHO MOBEPXHi 3HOIIEHHS.
ITosiBa ix moB’A3aHAa 3 IMpoIlecaMy ILJIACTUYHOTO IIepene)OpMyBaHHS Ta
IIJINHHOCTH MeTaJy IIiJ mieio raso-abpasmBHOTO cepenoBuia. Tomy ra-
30-abpasuBHY 3HOCOCTiHKicTh cromiB Fe—B—C, Hacammepen, Bu3Hauae
MiITHiCTL Ha CTHCK, KA XapaKTepusye ILIaCTUYHiCTL Marepismy. 3i
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3poCTaHHAM TeMIlepaTypu BunpobyBaub 10 473 K Ha 3Homewiit mosep-
XHi ZOCJIiIKeHUX CTOIIB MOJATKOBO 3’SABJIAIOTHLCS IMIPOAYKTU OKMCHEH-
HaA. B mux ymoBax HaMOiILIITy 3HOCOCTIHKICTh MAIOTEL 3Pa3KM 3i CTPYK-
TYPHUMU CKJIAZOBUMH, IKi XapaKTepus3yIOThCA IIiIBUINEHOI0 OKAJIMHO-
cTifikicTIO.

4. BUCHOBKH

IligBuIieHHA IMBUAKOCTH OXOJOMKeHHaA cToniB Fe—B—C, mio mictars
2,0-9,0% =Bar. B, 0,1-0,2% Bar. C, a Fe — pemra, Big 10 no 103K/c
BUKJINKAE CTPYKTYPHI 3MiHM, ITOB’sI3aHi 31 3cyBOM JIiHili Ha midArpami
cTaHy B 0iK 3aJisHOro KyTa. fIK HacIigoK, BMiCT IIepBMHHOI ayCcTeHiTHOI
¢asu B JOEBTEKTUYHUX CTONAX 301IBITyeThCA, a 0opokapoiny Feqx(B,C) B
32€BTeKTUUYHUX CTOIAX 3MEHIyeTheda. CTomu 3 GiJbIITMM BMicTOM ayc-
TeHITHOI (ha3y XxapaKTepu3yIThCA ITiABUIIEHOI0 MiITHiCTIO Ha CTUCK, a 3
oinpmum BmicToM (dasu Fex(B,C) — mixporsepaicTio. 3i 3pocTaHHAM
IIBAAKOCTA oxoyomkeHHa cromis Fe—B—C Bixg 10 mo 103 K/c ixua Mik-
poTBEPAiCTEL 301IBIIYETHCA, 4 MIIlTHIiCTL HA CTHUCK CIOUYATKY B iHTepBaJIi
10-300 K /c migBuIyeThCsd, a IOTiM IOHUKYETHCA.

Hait6insmry abpasuBHY 3HOCOCTiiKicTh MaioTh cTonu Fe—B—C i3 zae-
BTEKTUYHOIO CTPYKTypoio. IligBuIlleHo0 raso-abpasmuBHOIO 3HOCOCTii-
KicTio 3a KiMHATHOI TeMIlepaTypyu BUPIBHAITHCA AOEBTEKTHUYHI cTONH
Fe—B-C, oxomnomxeni 3i mBuakictio y 10-300 K/c, a 3a Temmepatrypu
473 K — zaeBTekTnuHi cronu Fe—B—C. BusHauaJlbHMI BILINB HA IOKa-
3HUKU abpasuBHOI 3HOCOCTiKOCTY MAa€ MiKpPOTBEPAiCTh CTOIIiB, a raso-
a0bpas3MBHOI 3HOCOCTIHKOCTH — iXHA MII[HicTh Ha cTucK. OnTHMAaIbHe
MOETHAHHS ITNX XapaKTePUCTUK MOCATAETHC MJIA 3aeBTEKTUYHUX CTO-
mis Fe—-B—-C, oxosomsxenux B intepsanxi 8:10°-102K/c, B cTpyKTypi
saxux BMmicT eBTeKTUKHU Fe—Fey(B,C) He mepesuiniye 10-20% 06. Takum
YUHOM, ILJIAXOM IIPaBUJIBHOTO BHOOPY (ha30BOTO CKJIAAY Ta CTPYKTYP-
Horo ctaHny croniB Fe—B—C, aKi eKcmiryaTyoThca B yMOBax abpasuBHO-
ro i raso-abpasMBHOIO 3HOIIYBaHb, MOJKHA 3a0€3IEUUTU CIIOJIYUCHHS
ONTUMAJILHOI MiKPOTBEPAOCTHU Ta MJIACTUYHOCTH MATEPiAIy.
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Profiled Detonation Waves in the Technologies of Explosion
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A short review is represented concerning physicotechnical features of cur-
rent technologies, plane-wave, converging cylindrical and spherical detona-
tion waves used in physics and chemistry of high energy densities, physics of
metals, materials science, machine building, and mining and metallurgical
industry. The main drawbacks of existing technologies are shown, and atten-
tion is focused on the technical nature of the reasons limiting their applica-
tion. Attention is paid to solving the problem of simultaneous initiation of
detonation of the entire surface layer of a light-sensitive explosive, regard-
less of the shape of the surface. A physical and mathematical methodology
for estimating shock-wave parameters of an explosive during initiation of
detonation in it by explosion of the initiation layer of the charge of a light-
sensitive explosive composite is proposed. Prospects of practical application
of detonation (shock) waves of the specified profile formed by laser ignition
of the surface of a light-sensitive explosive composite are discussed. Physico-
chemical potential of the system of laser initiation of detonation makes it
possible to form any wave profiles and get pulses of the intensity from 0.1 to
1.0 kPa-s on the surfaces being more than 1 m2. Precision and safe system of
laser initiation can be used during any types of blasting operations including
the ones that cannot be implemented principally, while applying standard
systems for initiating explosives and means of explosion.
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ITogano KopoTkuii orasaz (PisMKO-TeXHIUHUX OCOOJIMBOCTEH CYyYaCHUX TEeXHO-
JIOTi#i MJIaCKOXBUJIBOBOI, 30iKHOI MUIIHAPUYHOI Ta CPEePUUHOI AeTOHAIIHHUX
XBUJIb, III0 BUKOPUCTOBYIOThCA Y i3uIli Ta XeMil BUCOKUX I'yCTUH eHeprii, ¢i-
3UITL MeTaJiB, MaTepisgIo3HaABCTBI, MalllnHOOYAYBaHHI, ripEnrYo-
MeTaJyprivHii npomucaoBocti. [lokazarno oCHOBHI HEIOJiKM HAABHUX TEXHO-
JIOTi# i 30ocepeKeHO yBary Ha TEXHIUHOMY XapaKTepi IMPUYMH, II[0 OOMEXKY-
I0OTh 3acTocyBanusda ix. IIpumisieHo yBary BUpillieHHIO Ipo06jgeMu OJHOUYACHOTO
iHiIifOoBaHHS JeToHAaIlil BChOr0 IIOBEPXHEBOTO IIapy CBITJIOUYTJIMBOI BuUOYXO-
BOI pPeUOBMHM, He3aJeXKHO Big ¢opMu moBepxHi. 3ampomoHOBaHO (isMKO-
MaTeMaTUYHy METOAWKY OIliHKHW yAAapHO-XBUJIbLOBUX IapaMeTpPiB BHOYXOBOI
PevYoBMHU IIif uac imimiroBanHA B Hill JeToHaIii BubyxoMm iHimisamifinoro mapy
3apsay CBITJIOUYTJIMBOTO BHOYXOBOTO KOMIIOBUTY. OOGTOBOpPEHO IIEPCIEKTUBU
MPAaKTHUYHOTO 3aCTOCYBAHHA AETOHAIINHUX (YIapHUX) XBUJIb 3aJaHOTO0 TPodi-
JII0, IITO0 YTBOPIOIOTHCS il Uac JIa3ePHOIo 3allaJIeHH s IOBEePXHi CBITJIOUYTIMBO-
ro BUOYXOBOTO KOMIO3UTY. PidMKO-XeMiYHUH ITOTEHI[isIJI CUCTEMHU JIa3ePHOTO
imimiroBaHHA meTOHAIil YMOMKJIUBIIOE opMyBaTu Oyab-aIKi mpodini xBuIb i
ozep:kyBaTu iMmmyabcu inTeHcuBHicTiO Big 0,1 mo 1,0 kIla‘c Ha moBepxHaX 0i-
asie 1 m2. Ilpenusiiina Ta GesmeuHa cucTeMa JIA3ePHOTO iHIIITOBaHHA MOXKe
OyTu BUKOPHCTAHA IIig yac OyAb-IKUX BUAIB BUOYX0BUX poOiT, ¥y TOMYy umci
THUX, SKi IPUHIIUIIOBO HE MOXKYTh OyTHU peasi3oBaHi 3a 3aCTOCYBaHHSA CTaHIap-
THHUX CHCTEM iHiliroBaHHA BOYXO0BMUX PEUOBHUH i 3ac00iB BUOYXY.

Karouosi ciroBa: cBiT/IOUYyTIMBUI BUOYXOBUI KOMIIO3UT, JIa3ep, BUIIPOMIiHIO-
BaHHA, XeMiuHi peakIii, JeToHaIisa, XBUJIbOBi (pPOHTH, yIapHiI XBUJIi, HAZKO-
POTKUI iMIyJIbC.

(Received 8 June, 2023; in final version, 15 July, 2023)

1.INTRODUCTION

Studies of the regularities of changes in physicochemical properties of
substances and phenomena occurring in the materials under shock-
wave action are aimed at solving scientific problems of mostly funda-
mental nature along with creating new technologies and materials.
Currently, being independent scientific and technical areas, shock wave
technologies are uncontested and cost-effective, having no competitors
in many respects. The most well-known technologies are various meth-
ods for the production of detonation nanosize diamond crystals [1-3],
synthetic diamond micropowders [4-6], monocrystals [7, 8], superhard
modifications of boron nitride [9, 10], cubic silicon nitride [11], chaoite
[12,13] and its transformations [14] into carbon phases as well as other
superhard materials. The technologies of explosion stamping [15],
hardening and explosion welding [16, 17], powder compaction [18], etc.
are being developed successfully. Shock action is applied to change
shape and density of materials, their conductivity, strength, crystal-
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line structure, defectiveness, chemical activity, refractive index, va-
lence of chemical elements and even isotopic composition, absorption
spectra, and other physical and chemical properties of substances.

A significant contribution to the development of shock-wave studies
was made by the research carried out especially intensively during the
Second World War and the following years after its completion. Ac-
cording to the programme of works in the frameworks of the USSR nu-
clear project, there were investigations concerning the method of ini-
tiating a chain reaction using chemical explosives along with the
planned studies of the shock-wave parameters of minerals, rocks, met-
als, and other materials at high temperatures and pressures [19-21].
Scientists and engineers from Germany, the USA, the USSR, and
Great Britain were the first researchers and world leaders. In the early
1960s, reports on the results of scientific studies of the shock wave ef-
fect on substances began to appear regularly in open sources of infor-
mation in Poland, France, Japan, and some other countries. During the
recent three decades, the list of countries has expanded significantly;
each of the country has a growing number of research and production
organizations specializing in the development and application of ex-
plosive technologies.

In the process of shock wave processing of materials, regular indus-
trial explosives (ammonites, octogen, hexogen, heating elements, plas-
tic explosives, etc.) and various methods of priming are used. The selec-
tion of methods depends on the operating conditions, safety require-
ments, technical and economic feasibility. A method of non-electric
priming using a detonating cap (DC) and an electrical priming system,
which main element is an electric detonator (ED), are the most widely
used techniques. From the viewpoint of any of the selected explosive
treatment technologies using ED, DC, and any priming system, the ex-
plosive is a point source of excitation. In this regard, all known materi-
al processing schemes were developed taking into account technological
capabilities of ED and a blasting method. When detonation is initiated
in explosive charges by an electric detonator explosion, a front of a di-
verging detonation wave propagates from the point of initiation. It is
obvious that the sliding front of a detonation wave (and of a shock
wave, respectively) limits the possibility of expanding a range of prod-
ucts with complex relief and large surface area. Problems arise espe-
cially when a very short pulse action (up to 1 ps) is required in terms of
simultaneous excitation of detonation over the whole explosive surface.

2. METHODS AND FOCUS AREAS OF THE SHOCK-WAVE
COMPRESSION TECHNOLOGY

In the context of experimental studies and technological processes,
materials are processed using following main varieties of shock-wave
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profiles: 1—by a linear wave front sliding at an angle of inclinationa
to the material surface (0° < o < 90°); 2—Dby a plane-wave front, impact
angle with the material surface as well as impact angle of the shock
wave fronts or detonation waves is at 0°; 3—by an axisymmetric (cy-
lindrical) wave front converging to the axis of symmetry; 4—by a
symmetrical front with respect to a point (spherical),as a rule, the ac-
tion of a spherical converging front on the material is studied; 5—by a
Mach wave front (the result of irregular impact of oblique waves to the
axis of symmetry or collision of two plane fronts of detonation or shock
waves); and 6—self-organization of the detonation wave profile in the
explosive charge initiated by the explosion of an electric detonator or a
detonating cap.

Most methods indicate the formation of detonation waves of a speci-
fied profile using two different explosives: an initiating high-velocity
explosive with a detonation velocity D1 and the main explosive charge
with a detonation velocity D2 (D1> D2) [22-24] using systems (or
methods) of electric or non-electric initiation.

Some of the most common schemes of shock wave processing of ma-
terials are shown in Fig. 1. a linear front of a detonation wave sliding
over a flat surface can be created in several ways, one of which is repre-
sented in Fig. 1, a (I—detonator; 2—direction of the detonation wave
front motion; 3—linear-wave generator of the explosive charge;
4—origination of the detonation front in the main explosive charge 5;
6—front of the plane detonation wave and its direction 7). One type of
explosive is used in a device of that kind.

A scheme of a plane-wave generator is demonstrated in Fig.1,b
(I—detonator; 2 and 3—plane-wave generator consisting of charges of
explosive 1 with D1 and explosive 2 with D2< D1, respectively;
3, a—main explosive charge; 4—thrown striker plate; 5—test sample;
6—metal matrix to preserve the sample after its shock compression).
This figure shows the most well-known scheme of an explosive plane
wave front generator used in the SHM synthesis technology, studies of
the matter properties at high pressures, and solution of many other
problems in shock wave physics.

A converging cylindrical front of a detonation or shock wave is ob-
tained using generators of various designs. One of their diagrams is
shown in Fig. 1, ¢. Shock waves converging to the axis are used mainly
in experimental physics, i.e., for creating high-power lasers, studying
cumulative flows, analysing fundamental possibility of obtaining
thermonuclear temperatures, etc. Following designations are taken for
the diagram in Fig. 1, ¢: I—generator of a converging circular front of
a detonation wave; 2—main explosive charge; 3——cylindrical work-
piece; 4—detonator; 5—arrows indicating direction of the detonation
front motion; 6—lens made from an inert substance. Devices with ax-
isymmetric arrangement of elements (cylindrical ampoules) (Fig. 1, d),
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Fig. 1. Simplified diagrams of some generators of profiled detonation waves:
linear-wave (a), plane-wave (b), cylindrical front of a converging detonation
wave (c), sliding wave front along the generatrix of a cylinder at an angle of
90° (d), sliding wave front along the generatrix of a cylinder at a given angle
being less than 90° (e), scheme of an explosive generator with throwing of a
hemispherical shell (f).

are used in the technology of synthesis of dense modifications of boron
nitride, diamond, chaoite, many chemical compounds, crushing of su-
perhard materials, welding and hardening of metals. It is also used in
studies of regularities of changes in the properties of shock-treated
substances, hydrodynamic flows of matter behind the shock front, i.e.,
analysis of specific features in the development of vortices and turbu-
lent supersonic flows is an urgent task of modern gas dynamics and
physics of high energy concentrations. Such problems arise when stud-
ying the entry of space objects into the dense layers of the Earth’s at-
mosphere, etc. It is possible to change a shock wave profile in the pro-
cessed material in cylindrical ampoules by changing the geometric ra-
tios of structural elements and characteristics of explosive charges.
Thus, incident shock waves in a porous material can have following
profiles: they do not reach the axis (weak); meet near the axis (medi-
um); collide near the axis, representing a cone in space (strong); and
are very strong when the Mach (head) wave front is formed near the
axis. In the first three examples, the material is processed relatively
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evenly across the cross section. In the latter case, the wave front is
called a three-wave shock configuration, representing a truncated cone
in space, which smaller base is called the Mach front. The pressure and
temperature in the Mach wave front are several times higher than the
pressure and temperature of the incident shock waves. The main ele-
ments of the device are as follows: I—detonator; 2—lens; 3—explosive
charge; 4—workpiece of a cylindrical shape (a striker pipe, inside
which there is a container with the material under study and other var-
iants of elements).

A similar cylindrical device is demonstrated in the diagram in
Fig. 1, e. The main designations of structural elements are as follows:
1—detonator; 2—lens; 3——cylindrical workpiece; 4—layer of high-
velocity (active) charge with a detonation velocity D1; 5—main explo-
sive charge (passive) with a detonation wvelocity D2 (D2<D1);
6—arrow indicating direction of the detonation front motion in the ac-
tive explosive; 7—incident front of a detonation wave in the passive
explosive charge. Unlike the design in Fig. 1, d, the front inclination
in a device with a generator of a given detonation wave profile Fig. 1, e
can vary depending on the D2/D1 ratio.

First, the issue of technical implementation of the spherical cumula-
tion of detonation waves (implosive explosion) was studied in secrecy
during the development of the first samples of nuclear weapons. The
idea was implemented by blasting the explosive charge in the form of a
ball with electric detonators installed on its surface, equidistant from
each other. Creation of a spherical converging profile of a detonation
wave is not a simple process, requiring long-term preparation. To de-
velop extremely high pressures in the materials under study, a method
for exploding hemispheres was proposed. Figure 1, f shows a diagram
of an explosive generator with the explosion products that throw a
metal hemispherical shell [25]. The figure numbers indicate following
elements of the device: I—generator of a spherical converging detona-
tion wave; 2—hemispherical propellant explosive charge; 3—air gap;
4—hemispherical steel shell (striker); 5—test material;
6—hemispherical metal shell.

The experience of the authors of the above-cited works indicates
that creation of detonation waves (shock waves) with the specified
front profile does not require necessarily the use of a special device
with charges of two explosive types. Sometimes, when using explosive
charges weighing up to 1 kg, it is possible to apply multipoint initia-
tion or a blasting method using metal foils or wires (a current pulse
with a duration of 10°-10"s and a density of 10*-~10°% A-mm™2) as well
as other designs, which description can be found in [20, 22-26].

Practical implementation of any design of an explosive generator
requires additional mass of explosives to the main charge, which some-
times amounts to at least half the mass of the main charge. However,
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use of such generators is expedient for blasting small explosive charg-
es, limited to two or three dozen kilograms, applied in experimental
physical studies or under industrial conditions in the SHM synthesis or
pressure treatment of small-size metal structures. Pressure treatment
of complex-relief surfaces often results in insurmountable technical
difficulties associated with the shortcomings of modern means of ini-
tiation and properties of explosives. For example, to create a plane
wave using the scheme in Fig. 1, b, a plane wave generator will require
1.3-1.7 times more explosive than for the main charge. When using
small masses of explosives, the problem is solved without any difficul-
ties. However, with an increasing area of the treated surface, the task
becomes rather demanding and inexpedient both technically and eco-
nomically.

The disadvantage of using blasting tools (detonating cap, electric
detonator, igniter cord, waveguide of a non-electric initiation system,
etc.) is that detonation in the explosive charge starts at the points of
contact of the corresponding means of initiation. Simultaneous excita-
tion of a detonation wave (hence, a shock wave in a material) over large
areas and complex-shape surfaces is currently either not feasible or, at
best, is associated with great practical difficulties.

Testing the strength of samples of multifunctional coatings of air-
craft bodies (missiles) and stability of structures, where it is necessary
to create low-power pulses with the duration of less than 1 us, is one of
the features of simulation modelling of the effects of pulse radiation of
x-ray combat lasers [27, 28]. The problem here is that it is impossible to
achieve short pulses when testing real structures with the area of more
than 1 m? by any method of shock-wave action using standard explo-
sives and initiation devices. It is possible to expend a large amount of
light pulse energy to excite detonation simultaneously on a large area
surface; however, there have been no reports of the results of such ex-
periments so far.

An issue of standardization of experimental studies using explo-
sives, methods, and means of priming remains topical. A problem of
standardization and methodological support of the experimental works
as well as testing of light-sensitive compounds and blasting means is
one of the urgent problems of experimental physics of explosion.

3. EXPERIMENTAL AND THEORETICAL STUDIES

A system of laser initiation of explosives is selected as the basis for the
proposed method of shock-wave processing of materials by profiled
waves. The method specifics is in simultaneous ignition of the entire
surface of the light-sensitive explosive composite (LSEC) by an expand-
ed beam of laser pulse radiation. LSEC is ignited over the entire surface
exposed to radiation. LSEC is applied to the surface of the explosive
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Fig. 2. Scheme of initiating a light-sensitive explosive composite by laser ra-
diation: laser beam (1), diaphragm (2), laser beam after diaphragm (3), di-
verging lens (4), scattered laser beam (5), LSEC layer (6), explosive charge or
the processed material (7).

charge 7 (Fig. 2) or immediately on the surface of the processed materi-
al 7. The surface, on which the light-sensitive layer of the explosive
composite is applied, and except for the plane, may have other profiles.

As it is seen from a simple diagram, a laser beam passes through a
diaphragm that transmits the central part of the beam, which is char-
acterized by maximum energy. After that, the beam is expanded by a
diverging lens and irradiates the surface of the light-sensitive compo-
site. This method of initiation is convenient since detonation is excited
simultaneously on the entire surface exposed to laser radiation. Solid-
state lasers on neodymiume-activated glass were used as a radiation
source (Table 1). Wavelength of radiation is A=1.06 um; pulse dura-
tion at half-maximum ist,=11 ns.

When studying LSEC sensitivity, various types of polymers were
used, and their concentration varied too. As a result, composites were
obtained, which critical initiation energy densities were within the
range of 2.3-40.0 mJ/cm?[29-31]. According to [30, 32], the sensitiv-
ity level of such energy-saturated explosive compounds as EC2, EC7,
EC16, EC17, and LSEC-1 (Ukr.BC2 (VS2), BC7, BC16, BC17, and CBK-
1 (SVK-1)) (Table 2) is 1-2 orders of magnitude higher than the sensi-
tivity of standard primary explosives, e.g., lead azide, lead trinitrore-
sorcinate, and fulminate of mercury. It should be noted that it would
be impossible to conduct research without synthesized explosive com-

TABLE 1. Operating characteristics of lasers.

Laser number

Characteristics
1 | 2 | 3 | 4
Threshold voltage Usnreshola, V 1400 1450 1400 1400
Threshold pump energy Einreshold, J 98 105 101 98

Output energy of pulse generation E;,, J  0.18 0.17 0.18 0.19
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TABLE 2. Explosive characteristics of some light-sensitive composites
[29, 30, 34, 35].

LSEC Density B:f:é;:;ign Critical density of ignition |Critical energy
p, kg/m3 m/s ’ energy E, J/cm? E,J
EC2 3000 6500 2.3x1073 1.1x107°5
EC7 4600 - 5x1073 50.3x107°
EC16 1100 5100 12x1073 57.5x107°
EC17 1800 6700 40x1073 136x107°
LSEC-1 2100 4850 24x1073 76x107°

posites, being anomalously sensitive to laser radiation.

Pulse laser initiation of regular explosives with different sensitivi-
ties was studied in a number of theoretical and experimental works by
A. A. Brish, I. A. Galeev, and V. N. Zaitsev, 1966; E. I. Aleksandrov
and A. G. Vozniuk, 1978; Yu. F. Karabanov and V. K. Bobolev, 1981;
V. N. Viliunov, 1984, and others. While analysing the results obtained
in the listed works, it was found that there is no unified measurement
technique. This circumstance was the basis for the development of a
new technique for measuring the pulse of explosion products and sen-
sitivity of explosives to laser initiation. Compared with the known
studies, the new technique has made it possible to improve significant-
ly the measurement accuracy [33].

Following LSECs were used in the experiments: EC2, LSEC-1 based
on lead azide, and EC17. The attractiveness of using the EC2 composite
is in its extremely high sensitivity to laser pulse radiation—its initia-
tion threshold is lower than that of pressed lead azide [29, 32]. We
used EC2 in a limited amount (for the samples with a surface of no
more than 100 cm?), mainly because of the relatively complex synthesis
technology. Production of the LSEC-1 composite was technologically
convenient, since the chemical plant, where the experimental work was
carried out, produced lead azide. However, the content of lead azide in
LSEC-1 is the main disadvantage of this composite. Use of composite
EC17 on an area of up to 0.5 m? is stipulated by the fact that it satisfies
almost all requirements of technical and environmental safety; moreo-
ver, it is characterized by the available initial components and a rela-
tively simple production technology. EC17 is based on such explosive
substance as urotropine peroxide. Its characteristics are as follows
[36, 37]: oxygen balance is of —92.2%; explosion heat is of 5080 kJ /kg;
explosion temperature is of 2370°C; and gas volume is of 813 1/kg. It
detonates from the impact, from the flame of an igniter cord. The min-
imum charge for tetryl is of 0.05 g; the TNT equivalentis 1.
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To obtain a light-sensitive explosive composite and apply it as a coat-
ing on an explosive charge or on a material being processed, the tech-
nology of preparing a viscous base, being a suspension of explosive
powder in a polymer solution, was used [38]. Explosive composites of
the EC, LSEC-1 grades and new blasting tools based on them make it
possible to expand considerably a range of types of blasting operations
and areas of application of explosion energy. Light-sensitive explosive
composites of abnormally high sensitivity to pulsed laser action form a
new class of primary initiating explosives. Depending on the tasks set
and the conditions for carrying out blasting, detonation in explosive
charges can be excited either by transmitting a laser pulse through a
light-fibre cable or through an air atmosphere by direct action of a nar-
row or expanded radiation beam on the surface of a light-sensitive
composite (Fig. 2).

A method of forming profiled detonation waves using LSEC charges
was tested taking into account dependences of the energy and density
of ignition energy on the binder component concentration [29, 30] as
well as dependence of the irradiation spot diameter [39] and ignition
delay time on the radiation energy density [31, 40, 41]. It was estab-
lished [40] that lead azide sensitivity in a composite (phlegmatized lead
azide) to mechanical impacts is at the level of secondary initiating ex-
plosives. The results of studies obtained during LSEC initiation by
plane detonation waves were also taken into account [42—-44].

The explosives were manufactured and experimental studies were
carried out at the State Enterprise “Scientific and Production Associa-
tion ‘Pavlohrad Chemical Plant’”. Trial explosions of small-mass sin-
gle explosive charges were performed both in the explosive section and
in a special experimental drift.

3.1. Estimation of Shock-Wave Parameters in the Explosive Charge
When Initiated by a Plane Detonation Front

Detonation in the explosive charge (passive explosive charge, PE) is
excited by the plane front of a detonation wave of the active explosive
charge (AE), which role is played by the LSEC layer (Fig. 2). Detona-
tion characteristics and dynamic compressibility for PE (hexogen
charge) are taken from [22]. The calculations were carried out taking
into account following assumptions about the state behind the front of
a refracted wave: 1—refracted wave—shock wave. There is no chemical
reaction behind the wave front. The shock compressibility of PE is lin-
ear and is described by linear equation D =a + bu (where D, u are wave
and mass velocities, respectively; a is speed of sound; b is constant);
2—refracted wave—detonation wave. Behind its front, a state of deto-
nation products (DP) is described by a polytropic equation of maximum
heat release; 3—refraction of the detonation wave from the AE and PE
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occurs according to the shock wave mechanism; 4—shock adiabat and
isentrope of AE detonation products coincide. The initial densities of
AE (po1,) and PE (po2) are related by the ratio po1 > pos.

The front of a plane detonation wave in the AE layer propagates to
the interface, whose initial parameters are described by the equations
[45]

Uy = Dyy (K, +1) 7, Cyy = Dy (K, +1) 7, (1)
4 2 1
P = Por (K1 + 1)(K1) » Py =Poy (DHl) (Kl + 1) ’ 1)

where Ugi is mass velocity of particles behind the detonation front; Cx;
is speed of sound; Dg; is detonation velocity; px1 is density; Pui is pres-
sure; K is adiabatic index of the detonation products at the Chapman-—
Jouguet point for the AE layer.

When a detonation wave passes the interface, reflection occurs, as a
result of which either a shock wave or a rarefaction wave appears in
DP; in the second explosive (PE), there is a shock wave. Obviously, if
DP shock compressibility of the AE layer is less than DP shock com-
pressibility of the PE layer, a rarefaction wave will go through the ex-
plosion products of AE and following condition will be satisfied at the
interface between the layers with different densities

U,=U,m+AU, (2)

where U, is speed of the surface motion; AU, is velocity increment of the
detonation products in the rarefaction wave propagating along DP of
the AE layer. Increment AU, is determined by the Riemann integral [45]:

AT, = | fm AP _ l‘; J-dPdU,. 3)

Pa C1p1

The integration limits are taken from the final pressure P,; to the ini-
tial pressure Pi. The integrand includes density p; and speed of sound
C: in DP of the AE layer. For DP of the AE layer, we will consider the
isentropic law that relates pressure and density in the expanding deto-
nation products to be valid, i.e.,

P, = Apy, 4)

where A; is AE constant; A;=Pv=P/p, vm=1/pm are specific volume
of PD. Then,

Clz = (;_P AlKlpfl_l’
p
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P K -1
Cl :(pl\J :[lelzKl, (5)
Ciy Pr1 Py,
1
P _ [le jKl
Pr1 Py,

Having substituted the literal values for p; and C; from (5) into
equation (3), after simple transformations, we obtain

K,-1

2K,
AUl — 2I{II-)Hl 1_[Px1 J . (6)
(K1 - 1) PeiCin P

H1

However, since C>= K1Py1/pm and Cyy = Dm K1 /(K1 + 1),

K1
K,
av, 2Kl |y (Pa) | -
K -1 P,
Then, condition (2) will be as follows:

K -1

2K,
Uy =Uy + 21{21DH1 1- Fa . (3)

K’ -1 P,

Taking into consideration (1), we can express

K,-1

v, - Lm |1, 2K [y (Ba) L 9)
1K +1 K, -1 P, ’

from here,

2K,

P 3K,-1 K;-1 U, a1
S ) & 2K, D,,

(10)

By relating the pressure in a rarefaction wave to the magnitude of a
mass velocity, we will have

2K,
3K, -1 K;-1 U, [t
2K, 2K, U, )

P, :PH1|: (11)
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At the moment of exit of the initiating detonation wave, a mode is
established at the interface between two explosive layers. In terms of
this mode, pressure P,; and corresponding mass velocity U,: of parti-
cles in the layer of explosives behind the front of the excited shock or
detonation wave will be equal to the pressure and mass velocity of the
expanding detonation products of the PE layer, i.e.,

P, =P, U, =U.,. (12)
z1 x2 x1 x2

Consider the case when a refracted wave is a shock wave, there is no
chemical reaction behind its front, and a state of the shock-compressed
medium is approximated by the equation

D=a+bu. (13)
Shock adiabats of many explosives can be constructed basing on the
techniques described in [46]. Thus, shock compressibility of explosives
(TNT, RDX, nitroglycerin, etc.) is of following form [47]
D=C,+2U -0.1U /C,, (14)
and for salts of various acids,

D=C,+1.5U -0.05U /C,. (15)

Based on Eq. (13), the relation between pressure and density for ex-
plosives is approximated using following equation
a®(1-
P — pO ( pO /p) =, (16)
[1-B(1-p, /)]

equations in Theta form

P = A[(p/po)" ~1], (17)
or equations
P =B(p/s,)" +ec, (18)

where A, B, n, m, C are compressibility parameters of the PE. The pro-
cedure for transition from equation (16) to equations (17) and (18) is
described in detail in [48].

Taking into account the laws of conservation of mass, pulse, and en-
ergy described by the gas dynamics equations [49] and one of the shock
adiabatic equations (16)—(18), we obtain the dependence of pressure on
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the velocity of medium flow behind the shock wave front. For the shock
adiabat of form (16), the dependence will be as follows:

4bP . U..) +a®—a
x2=J( = 22 ; (19)

for the shock adiabats of forms (17) and (18), respectively, we obtain

1
U, = \/PxZUO2 {1 -(1+P,/ A)n} (20)
P, -C\
sz = ‘Px2U02 1 _(szj . (21)

Thus, for the case when a plane detonation wave of the initiating AE
excites a shock wave in PE, the parameters of the latter are determined
by joint solution of one of the equations (19)—(21) and equation (9) us-
ing condition (12) on the contact interface between the AE and PE lay-
ers. Equating U, of mass velocity from (9), i.e., U1 = U2, depending on
the accepted form of the shock adiabatic equation, we will have

K, -1

2K,
U, = KDH1 1+ 2K, 1- P
L +1 K -1

P,
\/(4be2U02)2 +a® —a
= Ux2 = ’
2b
K -1
2K,
lez DHl 1+ 21{1 1_(Px1] —
K, +1 K -1 P, ©3)
1
=U, = \/Px2U02 [1 - (1 +P,/ A)n},
K, -1
DHI 1 2K1 _ le 2 —
K +1 K, -1 P,
(24)
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Obviously, solution of any of Egs. (22)—(24) will be such a value of P.,
P.1, P.2, when the right and left parts of these equations will be equal.
This problem is most simply solved graphically by plotting in the P-u
coordinates an isentrope of DP expansion of the AE layer from the
Chapman—dJouguet state and a shock adiabat of the analysed explosive.

When organizing a numerical solution with the preset degree of ac-
curacy, it is convenient to use an iteration method, taking the value
P,1 =Py, as a zero approximation.

The performed studies have shown that transition of a detonation
wave from AE to PE is accompanied by the formation of an overcom-
pressed detonation in the latter, provided that the characteristic di-
mensions of the PE charge exceed the critical ones. An ‘undercom-
pressed’ detonation wave is possible in case when the transition is car-
ried out from a less powerful AE to a more powerful PE; in this con-
text, a detonation mode in the calculations was estimated not from the
ideal detonation velocities of two explosives but from the pressures in
the incident and refracted waves. The issue of mutual influence of the
finite dimensions of the charges of two explosives on the occurrence
and propagation of incident and refracted detonation waves was not
considered in this study.

The proposed method for estimating and predicting the initial pa-
rameters of the ‘imposed’ detonation is used in gas-dynamic calcula-
tions when selecting the types of explosives in the designs of plane-
wave generators and bilayer explosive charges.

3.2. Results of the Measurement of LSEC Flash Delay

When determining the explosion delay time from the beginning of the
laser pulse action, the dependence of time on the polymer binder con-
tent (Fig.3) and radiation energy was determined experimentally
(Fig. 4). Figure 3 represents the dependences of ignition time delay of
the samples of photosensitive explosive composites on the density of
laser energy at mass polymer concentration (%).

It has been defined experimentally [29] that EC2 samples containing
15% of polymer demonstrate a longer ignition time delay than the ones
containing 20%. At first glance, everything should be vice versa. First,
the area of laser energy release in EC2 samples, containing 15% of pol-
ymer, is smaller than in EC2 with 20%; thus, heating of the subsurface
layer of the substance in such explosive composites should be carried
out more efficiently. Secondly, the higher the explosive content in
LSEC is, the shorter the flash delay time should be.

However, according to the results of studies [30], the regularity is
fundamentally different. In our opinion, the emphasized fact indicates
that the induction time of LSEC ignition is determined by the time of
the ignition source formation, and the time of transition from combus-
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Fig. 3. Dependence of the delay time of LSEC initiation on the energy of laser
radiation density: EC2 (30%) (1), EC1 (15%) (2), LSEC-1 (30%) (3), LSEC-1
(20%) (4).
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Fig. 4. Oscillogram of the records of LSEC delay time relative to laser pulse (in
terms of EC17).

tion to detonation is a small part of the total recorded ignition delay
time. Therefore, laser detonation of LSEC is determined primarily by
deformation unloading of the substance in the ignition source.

Figure 4 shows that the first peak corresponds to the laser pulse, and
the second one corresponds to the maximum of light radiation emanat-
ing from the explosion products. When LSEC detonation is initiated by
wide beams (d = 3-4 mm) with a critical laser energy density, no chang-
es are observed on the surface of LSEC sample. When initiated by nar-
row laser beams (d <1 mm), in case of failure, slight colour changes of
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LSEC occurred; however, no failure of the composite was observed. We
consider that the nature of the changes indicates that the laser ignition
process occurs at a low average surface temperature of LSEC.

To confirm this conclusion, spectrophotometric measurements of
the reflection coefficient and absorption index of LSEC were carried
out. The methods and recommendations given in [38] were applied.
From practical, economic, and environmental-safety considerations,
LSEC of EC17 grade (20% of binder) was selected. To measure optical
properties, the EC17 sample was exposed to radiation from a low-
power laser with a radiation wavelength of 1.06 ym. The angle of radi-
ation incidence did not exceed 5° relative to the normal. It has been
found that the diffuse reflection coefficient of LSEC samples is = 80%.
The intensity peaks of the reflected light in front of LSEC sample cor-
respond to the reflection from the lacquer that was used when coating
LSEC on glass. A large value of the diffuse reflection coefficient is not
unique; most likely it confirms the fact that explosives have high re-
flectivity at the laser wavelength, A = 1.06 nm. The absorption index is
at the level of about 100 cm™. Unfortunately, the exact value of the
index could not be determined due to practical difficulties in fabricat-
ing thin and translucent LSEC samples.

The nature of energy density distribution in the laser beam in the
horizontal and vertical profiles corresponds to the normal distribution
law (Fig. 5).

In terms of EC2 with a binder concentration of 20% (as a composite
with anomalous sensitivity to laser radiation), having heat capacity
C,=0.4J/g-K, density p=4.0 g/cm? at the critical impact energy densi-

Horizontal Cursor Profile

a b

Fig. 5. Distribution of energy density in a laser beam: in a print (a), horizontal
and vertical profile (b).
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ty Erp, = 0.5 J/cm?, the heating temperature is approximately equal to:
AT = E,,(1+ R)k/(C,p) = 56 K.

Naturally, such a heating temperature cannot be the reason for
LSEC ignition and a stimulus for phase transformations.

On the other hand, a heating temperature of optical absorbing mi-
croinhomogeneities (in our case, copper inclusions) can reach a much
higher value. However, dependences of the ignition delay time on the
energy density of laser radiation and sensitivity of EC on the binder
concentration contradict the hypothesis of a ‘purely thermal mecha-
nism of the EC ignition’, which occurs because of heating of optical mi-
croinhomogeneities.

The entire complex of experimental data indicates that LSEC igni-
tion by short laser pulses depends largely on the material unloading by
rarefaction waves. In our opinion, initiation is carried out according to
the following mechanism. As a result of rapid heating of optical inho-
mogeneities (210ns), due to thermoelastic stresses, shear defor-
mations of a crystalline lattice occur in the microvolumes of the explo-
sive adjacent to the inhomogeneities, being the cause of elementary
chemical transformations; consequently, certain conditions arise for
the formation of ignition centres. This statement is consistent with the
results of quantum-mechanical calculations [50], in which, using the
example of the simplest initiating explosive (silver azide), it was
shown that crystalline structure decomposition (the interaction of N

groups) can occur during shear deformation of the crystalline lattice
(Fig. 6). Therefore, the substance unloading due to rarefaction waves,
leads to the deformation relaxation of the material; consequently, it is
the reason for ‘quenching’ of the reaction of blasting transformation

of explosives. In the linear structure, N = N = N, the outermost N at-
oms are trivalent; their bound electrons are in the 152252 states; and the
central atom is pentavalent, containing electrons in the 1s? states.
Thus, nitrogen atoms donate 5 electrons to the formation of a chemical
bond, and the sixth electron is external, ‘acquired’ in the process of
substance synthesis from the Ag atom. In general, AgNs; is an ionic
crystal [51].

When calculating the electronic therm of an ion Nj, it was assumed
that valence electrons occupy the states of (1/2, 0, 0), (3/2, 0, 0), and
(5/2, 0, 0). Angle o in the normal lattice state is 45°. The calculations
assumed the change in angle o within the range of 45°-75°. This corre-
sponds to shear deformations of the lattice within the range of an-
gles 0°-30°. As we can see from the results shown in Fig. 6, an increase
in lattice deformation results in a decreasing minimum energy therm
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Fig. 6. Calculation of the AgN3 structure stability during its deformation (an-
glea): 45° (1), 55° (2), 65° (3), 75° (4).

as well as in an increasing internuclear distance. Thus, deformation of
the silver crystalline lattice is the cause of violation of group stability
N, , resulting in its decomposition (ionization) and, consequently, in
the formation of chemically active radicals N3, which interaction caus-
es explosion blasting in terms of dense packing of atoms of a solid.
Along with these calculations, the lattice stability was calculated un-
der conditions of available interstitial defects by Ag ions in it. It is
shown that in this case, when the lattice is deformed, its stability is re-
duced significantly.

3.3. Measurement of the LSEC Explosion Pulses

One of the most complicated problems in mechanics is study of the sta-
bility of structures that take the shock-wave loads. Rapid change in
process parameters over time, available wave fronts, and formation of
plastic zones in the material of construction—all the factors compli-
cates significantly the study and makes us resort to a number of sim-
plifying assumptions and hypotheses, being subject to experimental
verification. In this regard, the role of experimental studies increases;
they make it possible to obtain the necessary data on the material and
structure behaviour under conditions of pulse action.

Particularly great difficulties arise in the studies dealing with the
impact experienced by the structures from submicrosecond pulses of
moderate intensity—0.1-1.0 kPa-s as there are no experimental meth-
ods for generating pulses of the specified range over large areas (more



1368 V.V.SOBOLEV, O. V. SKOBENKO, M. M. KONONENKO et al.

than 1 m?). For instance, such well-known shock-wave methods as hy-
draulic impact[27], air [652] and underwater explosion [53], and electric
foil explosion [54] cannot implement fundamentally such an impact.

The interest in simultaneous initiation of the entire surface of an ex-
plosive layer coated over a large area is stipulated by the need for exper-
imental modelling to simulate structural response of a material under
the action of high-power pulsed x-ray radiation [55]. When the product
surface is exposed to x-rays, the material evaporates as a result of rapid
heating and generates a shock wave in the structure of the material,
causing external and internal failures. While understanding the causes
and mechanisms of destabilization of the system functioning to coun-
teract them, various measures are taken at the design stage [56].

To implement a method of shock-wave treatment with a plane front
of a detonation wave, a method of point initiation was excluded; a
method was required for initiating a corresponding very sensitive ex-
plosive to a light pulse by a flash of light [57]. Paper [568] used a thin
coating of silver—acetylene—nitrate silver explosive covering a rela-
tively large area (up to 70 cm?). The total duration of the light pulse
exposure was about 6 us. However, an impact with the duration of less
than one microsecond can be satisfactory, which was not achieved by
the authors of [59]. To simulate subshort pulses, it is necessary to
search for new explosives being anomalously sensitive to the initiating
action of a pulse light source. In this context, laser initiation of plane
charges (diameter is 4.0 cm; thickness is 0.5 cm) made from a mixture
of highly dispersed RDX and aluminium powders was studied in [60].
The energy density of laser radiation was 10 J/cm?, more than two or-
ders of magnitude higher than the values given in Table 2 for explosive
composites [38]. To ignite by low-energy laser initiation, active re-
search is being carried out to find safe primary explosives with low
sensitivity to other initiating sources [61, 62].

To assess the possibility of achieving the required loading parame-
ters, following conditions were accepted. A layer of explosives of
thickness 1is coated on the flat surface of the barrier under study. De-
pending on the type of explosive used, thickness of its layer, amount of
the binder polymer, and wavelength of the initiating radiation, volu-
metric or surface ignition of the explosive is possible. In case of volu-
metric ignition, the explosive transformation covers simultaneously
the entire explosive layer, since the pressure duration of the explosion
products will depend on the propagation time of a rarefaction wave
through the explosion products. The pressure on the barrier begins to
drop when the wave is reflected from the barrier surface.

A satisfactory approximation for determining the transferred pulse
magnitude can be the well-known solution of the problem of expansion
of instantaneous detonation products [45]. A value of the pulse density
is calculated by the formula
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1/2

J, = &(2m,E,) (25)
where m; is mass of explosives per unit surface; E; is internal energy of
the detonation products; § is coefficient of proportionality, depending
on the exponent of the adiabatic of the explosion products.

We can assume approximately that the value of E; is proportional to
the energy of chemical transformation at a constant volume @. We
consider that the adiabatic index of the explosion products is y=3. For
this y value, the proportionality coefficient is £ =0.865. Considering
that m, = pl, E, = Qpl, we find from equation (25) that

1=, /(5@p), (26)

where p is density of the explosive.

Take lead azide as an example (p=4200 kg/m?3, @ = 1667 kJ/kg) and
determine the thickness of an explosive layer, which explosion gener-
ates a specific pulse of 0.1-1.0kPa-s. It follows from (26) that
1~0.02-0.2 mm. The time of pressure action on the barrier can be es-
timated as follows:

t+>1/C,. (27)

Cy is speed of sound in the explosion products. This estimate is valid
since the barrier pressure after arrival of a rarefaction wave changes
inversely proportionally to ¢3[45]

(P+/P,)>(1/C,) . (28)

Having substituted Cx=3700m/s, I~ 0.02-0.2 mm in (28), we get
t>10%-10"s. Taking into account that the action of a detonation wave
starts at the moment of its arrival to the wall and continues during the
expansion time of the products in a rarefaction wave following a deto-
nation wave, we can assume that the loading time will not exceed the
values given above.

When the explosive surface is initiated, the plane front of a detona-
tion wave propagates along the normal to the surface. The impact of
the detonation product pressure begins at the moment a detonation
wave arrives at the barrier surface (¢t =1/D, where D is detonation ve-
locity of the explosive charge) and corresponds to the propagation time
of a rarefaction wave through the explosion products.

The density of pulse transmitted to the barrier (rigid wall) is deter-
mined by the expression

J, =8plD /21. (29)

Estimation of the explosive layer thickness according to expression
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(29) (D=5500m/s for p=4200kg/m? [63]) results in [~0.015-0.15
cm. Thus, to implement the pulse density 0.1-1.0 kPa-s, the coating
thickness is obtained, if lead azide is used. Both considered schemes of
explosive transformation of explosives give practically the same re-
sults. In real conditions, when using standard explosives, blasting de-
vices, and initiation systems, it is fundamentally impossible to apply a
layer of lead azide and initiate its entire surface. However, despite
this, there is a way to achieve the required parameters of pressure
pulses; it is based on laser initiation of detonation in coatings of light-
sensitive explosive composites [64, 65]. Four LSECs that meet the re-
quirements are represented in the following order: EC2—4-1072 J/cm?
(2.5m?, EC7—5103J/cm?(2.0m?), EC16—8-103J/cm?(1.25m?),
EC17—40-103J/cm?(0.25 m?).

The information in parentheses indicates the maximum possible are-
as of initiation by a laser pulse with the energy of 100 J. Figure 7 and
Figure 8 show the dependences J(m;) for some LSECs. Experimental
data were processed by the least squares method. As we can see from the
figure, in terms of the same EC mass density, the maximum pulse of the
explosion products is implemented upon laser initiation of VS17, which
is smaller when VS2 is blasted; it is the lowest one when EC7 is blasted.
On the other hand, extrapolation of the dependence Ii(m;) at m;—0
(dashed lines) shows that I,(m;) does not tend to zero, as it follows from
the theory [49]. This means that a part of EC mass does not make a sig-
nificant contribution to the recorded load pulse. Undoubtedly, this

2y 2
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Surface density of the LSEC m,, mJ/cm” Surface density of the LSEC m , md/em?
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Fig. 7. Changes in the pressure pulse density depending on: LSEC grade [43]
(I—EC2, 2—EC17, 3—EC7) (a); surface density of the mass at different con-
centration of binder material in composite EC2 (I—10%, 2—20%, 3—30%,
4—40%) (b).
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Fig. 8. Dependence of the pressure pulse density on the LSEC surface density:
a—Ilead azide; b—lead azide + 20% of polymer (a); dependence of pulse density
on the LSEC coating thickness: I—EC7; 2—EC2; 3—EC16, 4—EC17 (b).

mass is consumed during the transition from combustion to detonation.

Figure 7 shows that along with the decreasing LSEC coating thick-
ness, the pulse density goes down linearly. However, there are physico-
chemical limitations that do not allow obtaining arbitrarily small puls-
es. There is a certain coating thickness for each LSEC, at which detona-
tion cannot be initiated even at such laser radiation energy densities
that correspond to critical values of undermining massive (thick) sam-
ples at an increasing energy density of the initiating laser pulse. A fur-
ther decrease in J; is possible, but this reduces the possibilities of a
loading method as a whole since the LSEC ignition area decreases.
When undermining EC2 coating with a surface density of
ms=30mg/cm? (Fig. 7, a), the minimum value J;=0.08 kPa-s was ob-
tained. During the experiments, J; does not tend to zero at m;—0, since
it is due to the fact that the products of chemical reaction of some part
of LSEC mass are consumed during the transition from combustion to
detonation and do not contribute to the recorded pulse.

Figure 7, b demonstrates the results of measurements of pulse den-
sity as a function of the polymer mass concentration C,, for EC2 within
the range from 10% to 40%. It can be seen that the increasing binder
concentration results in the decreasing tangent of the slope of straight
lines to m, axis. This means that the EC detonation velocity decreases
with the increasing polymer concentration. In addition, the material
consumption for transition from combustion to detonation increases
along with growing C,. A pulse of a specified density can be imple-
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mented using any of the represented explosive composites. For the
same values of surface density ms, the pulse durations of each of the
composites will be different. To obtain the same pulse density, coatings
of different thicknesses are required, i.e., using composites of differ-
ent formulations, it is possible to change the exposure duration in a
certain range.

The pulse was determined using a pendulum [66, 67] on the samples
with a surface mass density (10-100 mg/cm?) of the composite. The
voltage oscillograms show that the plane front of a shock wave degen-
erates into the spherical one [68]. This is indicated by the presence of a
rarefaction region following the compression region. The compression
pulse duration grows along with an increasing thickness of the compo-
site coating. Within the specified range of the composite surface den-
sity (EC2, LSEC-1, EC17), the pulse duration did not exceed 0.7 ps.

A composite based on lead azide (LSEC-1), along with the composites
of EC grade, can be used in studies of the resistance of structures to
short (less than 1 ps) loads. However, only composite EC2 manages to
receive loads within the range of pulse densities being 0.08-1 kPa-s.

Thus, the proposed method of loading, based on laser detonation of
explosive compounds, makes it possible to obtain submicrosecond puls-
es with the intensity of 0.1-1.0 kPa-s. Taking into consideration the
peculiarities of laser initiation, this method can be used when testing
materials for strength.

The measurement error did not exceed 7%. The pendulum disks were
made from those materials, for which it was necessary to obtain the
characteristic dependences of the pulse density J; on the LSEC surface
density m;. The dependences J:(m;) represented below correspond to
the loading of steel specimens. When measuring pulses, the same sam-
ples were used as in the study of sensitivity. The laser beam expanded,
and the energy density at the centre of the beam exceeded by no more
than 20% the energy density at the sample periphery. In addition, the
average radiation energy density on the sample was twice the critical
value. In this case, there was plane blasting of EC specimens, which
was confirmed by the failure pattern of the materials loaded during the
blasting of coatings made from EC grade composites with the area of 1
and 20 cm?.

3.4. Plane and Linear Shock Waves

The method was tested by exposing a sample consisting of a three-layer
material (Table 3) to a plane-wave front formed by a profiled detona-
tion wave in the LSEC layer (Fig. 2). The first and second layers of the
package were composite materials (CM). A polymer adhesive with a
polymerization temperature of = 250°C was used to connect firmly the
layers. Experimental samples were made in the form of & 50 mm circle.
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TABLE 3. Characteristics of coatings.

Coating material | Material composition | Thickness, mm Speed of sound, m/s

Carbolon 3 1250
MFP-1 TTP-KS 3 800
AMG-6 2.5 1900
UP-E 3 950
MFP-2 TTP-KS 3 80
AMG-6 2.5 1900

A LSEC coating of EC2 with a thickness of 1.2-1.5 mm was applied to
the CM surface. The laser beam diameter was 70 mm; the average ener-
gy density in the beam was 1.5-2 times higher than the EC2 sensitivi-
ty. The features of impact of various-profile shock waves on the mate-
rial were studied by a comparative analysis of the pattern of three-
layer material failure (Fig. 7).

When a plane detonation wave front was formed by the action of a
laser pulse on LSEC or a plane shock wave in a target consisting of sev-
eral layers of different materials, simple estimate was made concern-
ing the minimum loading area size. It was assumed that the maximum
tensile stresses in the material arise at the moment of the reverse rare-
faction wave arrival on the sample surface. This time can be estimated
from the formula

t, =(r/D,,)+(r/Cy,),

where r is sample thickness, D, is shock wave velocity, Cuin is mini-
mum value of the speed of sound of the materials included in the sam-
ple. Obviously, such an estimate gives an overestimated value of ¢,.

The maximum distance, to which a lateral rarefaction wave will
propagate during this time, will not exceed the value of d=Cuaxtp,
where C.x is maximum value of the speed of sound.

Thus, to ensure the impact of the shock wave plane front on MFP, it
is necessary that the size of area loaded by a plane wave exceeds the d
value. Basing on this condition, it follows that the plane loading condi-
tion is ensured on a site, which diameter is not less than

d=2C,{(r/D,)+(r/Cy,)} =50 mm.

Here, the shock wave velocity was taken equal to the detonation veloci-
ty of the light-sensitive explosive composite used in the experiment
(D =6500m/s).

To obtain a plane shock wave front, the sample was mounted in such
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a way that, under the action of a light pulse, detonation was excited
simultaneously on the entire LSEC irradiated surface (Fig. 2). In this
way, a plane detonation wave was formed, propagating along the nor-
mal to the surface of a three-layer coating sample (MFP). Interaction
of a direct rarefaction wave following a shock wave and a backward
wave that occurs, when a shock wave reaches the rear surface of the
sample led to delamination of the central part of the three-layer pack-
age along the boundary of the first (I) and second (II) composite materi-
al. At the periphery of the sample, delamination was observed along
the boundary of the second and aluminium layers (Il); it is explained
by the influence of a lateral unloading wave on the material defor-
mation process. Thus, as a result of the plane-wave action of a shock
wave, the aluminium plate delaminates (Fig. 9, a).

To obtain sliding detonation waves, a part of the surface of film
charges was covered with a screen. In this context, an annular detona-
tion wave, converging to the sample centre, impacted as follows. The
central sample part was covered with an opaque screen (black paper) in
the form of a circle; its diameter was 2 mm smaller than the diameter
of LSEC coating and, accordingly, the sample. Thus, the LSEC initia-
tion occurred along a ring of 1 mm thick. The failure pattern differs
from the one of the entire sample surface by a plane wave front. Along
with the package delamination along the boundary (I)-(II), one can ob-
serve a rupture of the upper material along a circle with the diameter

Fig. 9. Failure pattern of a three-layer material sample influenced by a shock
wave: plane wave (a), wave converging to the centre (b), wave diverging from
the centre (¢), linear wave (d), open LSEC surface (1), screen (2), detonation
front (dashed line) (3), direction of the front movement (arrows) (4).
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of =40 mm. This discontinuity is stipulated by the action of a lateral
rarefaction wave following the material behind an oblique shock wave
moving towards the sample centre. The failure pattern is shown in
(Fig. 9, b).

A detonation wave front diverging from the sample centre to its pe-
riphery (an annular wave front) was formed by laser initiation of the
LSEC layer in the sample centre, which was covered preliminarily with
paper with a central hole of 4 mm in diameter. Interaction of a rarefac-
tion wave following an oblique shock wave and a rarefaction wave gen-
erated by the reflection of an oblique shock wave from the rear side of
the packet leads to the sample delamination along the boundary
(D—(IT). The output of a shock wave on the lateral surface of the three-
layer package generates an unloading wave, which interaction with a
rarefaction wave results in breaking of the outer material of the pack-
age. Typical failure pattern is shown in Fig. 9, c.

A sliding linear detonation wave was obtained by laser illumination
of an open segment being 12.5 mm high (Fig. 9, d). Obviously, the fail-
ure pattern is determined by the profile of a sliding detonation wave.
As we can see in Fig. 9, the failure pattern depends on the initiation
conditions. The results of the experiments indicate that use of screens
makes it possible to form a sliding detonation wave front from a linear
shape to any configuration that is necessary to solve the problems of
shock wave processing of materials.

The methodology for studying the effect of a plane detonation front
on the stability of materials (especially the multilayer ones) was com-
plemented by certain changes in the values of pulses affecting the ma-
terials. The pulses were changed by altering the mass of a photosensi-
tive explosive composite.

An analysis of the obtained experimental results showed that the
pattern of shock-wave failure of the outer layer of the MFP sample de-
pends on the pulse magnitude of the acting shock wave [69, 70]. Thus,
failure of carbolone (MFP-1) is observed when loading with a pulse of
1.42 kPa-s, and failure of UP-E is observed at 0.58 and 1.42 kPa-s. Re-
gardless of the pulse magnitude, a plate from AMG-6 is detached from
the middle layer of the MFP—TTP-KS. When loaded with pulses of 0.3
and 0.58 kPa-s, detachment occurs at the place of gluing; at 1.42 kPa-s,
the AMG-6 plate detaches from MFP as a result of failure of the middle
layer—TTP-KS.

Different pattern of the plate detachment from AMG-6 is explained
by different magnitude of a load pulse. At low pulse values, as a result
of interacting incident and reflected rarefaction waves, the maximum
tensile stresses arise in a plane located near the rear side of MFP, lead-
ing to AMG plate delamination from TTP-CS within the gluing area.
At high values of pulses, the plane of maximum tensile stresses is clos-
er to the middle layer of CM, resulting in its failure.



1376 V.V.SOBOLEV, O. V. SKOBENKO, M. M. KONONENKO et al.

Failure pattern of the second layer of the substance indicates that
laser initiation of a large-area of LSEC surface results actually in
plane-wave loading of materials. Rupture of the second layer of MFP
material at maximum loads as well as its plane geometry indicates that
plane rarefaction waves—incident and reflected ones—play a decisive
role in the destruction process. The results of the experiments specify
the decisive role of the interaction of rarefaction waves in the process
of material failure under mechanical pulse loads [71]. The main idea of
these experiments was to change the place where rarefaction waves
meet by using a liquid as a damper, which linear size towards normal to
the sample surface exceeded significantly the sample thickness. The
wave impedance of the damper had to correspond to the wave imped-
ance of AMG-6 to exclude the formation of a reflected shock wave.

While performing studies with laser initiation by light-sensitive
composites, it should be noted that an increase in the binder material
concentration is accompanied by growing transparency of the LSEC
samples along with the increasing area of radiation exposure to the
material, being similar to an increase in the sample thicknesses. The
process of laser ignition is determined largely by radiation scattering
in the LSEC samples. A dependence of LSEC sensitivity on the thick-
ness was identified, indicating a significant role of an unloading wave
in the initiation and development of a chemical reaction in the bulk ex-
plosive composite.

3.5. Converging Cylindrical Shock Waves

Scientific interest in converging cylindrical detonation and shock
waves was initiated by the results of studies published within the peri-
od of 1940s-1950s. Thus, for the first time, G. Guderley proposed a
physical and mathematical model of a converging cylindrical front of a
shock wave [72]. L. D. Landau and K. P. Staniukovich established an
asymptotic law of pressure growth as the axis of a cylindrical detona-
tion wave front is approached; the law is described in Ref. [45]. Ya. B.
Zeldovich proposed a scenario for the onset of the convergence process
and a mechanism for amplification of the cylindrical detonation wave
front [73].

The relevance of studies concerning the problem of stability of con-
verging cylindrical and spherical shock and detonation waves is evi-
denced by the results of studies analysing stability of cylindrical con-
verging detonation waves in a gaseous explosive [74], in air [75] as well
as studies of the patterns of motion and causes of instability, which
affects principally the energy concentration behind the front of a con-
verging shock wave [76] with the allowance for nonlinear heat conduc-
tion [77]. In this context, studies of cumulation, pulse, and energy in
converging shock waves were especially actively developed; attention
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was paid to flows in the vicinity of the transition point of an overcom-
pressed cylindrical and spherical detonation wave to the Chapman-—
Jouguet regime [ 78-80].

A converging cylindrical detonation wave is formed according to the
principle of the formation of a plane-wave front in the LSEC charge.
The experiment was distinguished by the fact that the outer lateral sur-
face of a cylindrical steel pipe with the applied LSEC layer was covered
with laser radiation (Fig. 10). If a similar scheme of the experiment de-
scribed in [71] provides for adjustment of the laser beam path using 12
interdependent elements (mirrors, diaphragms, diverging lenses, di-
viding plates), the device in Fig. 10 has only two elements of that kind:
adiaphragm and a lens; however, four (or three) lasers are used.

The studies dealing with the formation of a converging front of a
cylindrical shock wave [81] used the idea of initiating detonation of the
entire LSEC surface exposed to laser radiation [64]. The following pos-
itive results were obtained in studies [81]. The excitation of detonation
occurred simultaneously on the lateral surface of a cylindrical contain-
er. Evidence of strictly symmetrical compression is the position of the
container after the explosion—at the site of its installation before ex-
plosion. The shocked material was preserved, and the container was
not damaged. The calculated values of the shock wave parameters were
achieved; they corresponded to the p, T-conditions for the transition of
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Fig. 10. Scheme of a device for forming a converging front of a cylindrical
detonation (shock) wave: laser (1), diaphragm (installation level—0.3) (2),
diverging lens (3), expanded laser beam (4), LSEC layer covering a lateral sur-

face of a cylindrical pipe (diameter is 30 cm; wall thickness is 0.7 cm; height is
30 cm) (5).
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graphite into diamond. One laser and 13 interdependent elements (5
mirrors, 1 diaphragm, 4 lenses, 3 dividing plates, and I diaphragm)
were used in the cylindrical wave formation scheme, which complicat-
ed significantly the adjustment of the laser path.

A device diagram shown in Fig. 10 distinguishes with a simpler set-
up of the laser path, which runs separately from each of the four la-
sers. The beams of four lasers included in a single electronic network
with almost identical energy characteristics (Table 1) irradiate syn-
chronously the lateral surface of a cylindrical pipe, on which the LSEC
layer, being 1.7-2.2 mm thick, is applied. If EC17 is used, the exposure
time is 0.25-0.3 ps. As a result of laser pulse radiation, the LSEC lat-
eral surface detonates simultaneously. After the LSEC explosion, the
cylindrical pipe remained at the place of its installation, which indi-
cates a uniform shock-wave compression of the lateral surface of the
pipe. Maximum duration of impact pressure is about 0.1 ps.

Since the energy distribution in the beam is consistent with the
Gaussian distribution (Fig. 5), when the beam is expanded by a lens,
the distribution will also be Gaussian but extended along with the in-
creasing area. The energy density distribution in a Gaussian beam with
radial symmetry can be specified as [82]:

E(r)= w exp(— r’ ] (30)

2nc? 26°

Function (30) is normalized to the total laser pulse energy
WZnI: E (r) rdr = W. Parameter ¢ determines the Gaussian curve
shape; there is a specific value for each laser installation.

As arule, the experiments on LSEC laser initiation involve Gaussian
beams limited by a diaphragm in terms of the radiation intensity level
p. The diaphragm radius is determined from the condition:

p= E(r) =exp[— o j (31)

E(0) 2¢°

where E(0) = W/ (chszg is energy density at the beam centre.
Since the unexpanded beam passes through the diaphragm, the beam
radius, at the intensity level p, is determined by the expression

1, =4/26° In(1- p). (32)

From (32), express the Gaussian parameter ¢ in terms of radius r, of
the expanded beam at level p in some section of the beam

c= r[Zln(p—l)]_M.
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The expanded beam radius at distance R from the focus of the lens is
expressed as follows

L _d
P 2F

where d is diaphragm diameter, F is focal length of the lens, R is dis-
tance from the lens focus to the pipe axis.

We select r, so that the expanded beam illuminates the entire sur-
face of a cylinder, visible from the laser installation site. In addition,
its beam radius must be more than half the diagonal of the axial section
of the cylindrical pipe (according to the practice, by 10-15%):

> 2 H (2 (34)

where H is height of the pipe, r is radius of the cylinder.

The distribution function of the laser energy density was calculated
using the initial geometric characteristics of the pipe, the distance
from the lens focus to the pipe axis being 1000 cm, the height being
z=H/2, and the energy characteristics of laser radiation.

The minimum value of the distribution function E is 2.162-10*
cm2, the maximum oneis 2.516 10~ cm™—.

Let us estimate the energy value of the laser pulse. Energy density
distribution is

R, (33)

E(6,2) = EW, (35)

where W is total energy per pulse.
We select a value of the critical energy density for LSEC; moreover,
we select the maximum of the given values in Table 2:

E(6,2) =40 mJ / cm’.

Energy W falls on each of the four sides; we will find the energy
from (35)

W =4E(6,2)/ E.

While substituting the numerical values, we determine
W=40md/cm?/2.162:10*cm 2~ 183 J. Such a pulse energy value is
quite achievable by stationary laser installations, which can be used
during industrial application of the laser initiation method for dynam-
ic pressure processing.

Explosive composites, being photosensitive to a laser pulse, and new
means of blasting and detonation initiation developed on their basis
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make it possible to perform shock-wave processing of materials in
terms of cylindrical cumulation of shock waves and, at the same time,
preserve reliably the material after its shock compression.

4. CONCLUSIONS

Formation of detonation and shock waves of a specified profile makes
it possible to increase significantly the dimensions and, accordingly,
the workpiece surface, reduce the mass of explosives consumed, auto-
mate the process of explosion preparation and conduct, increase a de-
gree of personnel safety, improve significantly the accuracy of blast-
ing, and enhance environmentally positive effect when using ‘green’
light-sensitive composites. A laser method of detonation excitation
helps standardize future physical experiments on the material pro-
cessing by shock waves.

The effect of laser initiation of a converging cylindrical front of a
detonation wave in a thin layer of a cylindrical LSEC charge is advisable
to use for developing a methodology to test strength of materials of var-
ious airframes, stability of cylindrical shells (structures). The use of
unique explosive characteristics of light-sensitive explosive composites
and a laser method of detonation excitation of the whole surface coated
with the composite can simulate quite satisfactorily the pulse effects
(less than 1 ps) of x-ray and ultraviolet radiation from the combat laser
systems on the area (up to 4 m?). This technique is the only one that al-
lows loading simultaneously the structure surface and implementing
the required parameters of pulse loading. The research was tested dur-
ing strength tests of multifunctional coatings of missile bodies.

Studies of the ignition process of light-sensitive explosive compo-
sites with wide laser beams have made it possible to develop a method
for influencing materials with profiled shock waves for throwing plates
and shells, and strengthening the complex-surface materials. Metal
shells were tested for strength under the action of pulse mechanical
loads of microsecond duration and moderate intensity of 0.1-1.0 kPa-s.

The uniqueness of the technique for initiating detonation in explo-
sive charges with a specified wave front profile makes it possible to
simulate fully the real action of an x-ray laser on a test sample, being
one of the important means of modelling the structural response of
high-power pulsed x-ray radiation; in addition, it is possible while us-
ing an experimental laser with the power of about 1000 less than the
combat one. That also helps widen a range of products in the field of
metal hardening by explosion, especially in terms of large-sized prod-
ucts.
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