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HHPOPMAIINA AJI1 ABTOPOB

Coopuuk HayuHsix TpynoB «Hanocucmemu, nanomamepianu, nanomexnonozii» (HHH) my6nukyer eré
HeOIyOJMKOBaHHbIE U He HAXOJAIMECA HA PACCMOTPEHHY JJId OIyOINKOBAHNA B MHBIX UBJaHUAX HAYUHBIE
0630pbI I OPUTMHAJIbHBIE CTAThH, COAEPIKAIINe U XapAKTePU3YIOIINe Pe3yIbTaThl 9KCIePUMEeHTAIbHBIX U
TEOPETUYECKUX MCCIEAOBAHU B 061aCTH (PUBUKY, XIMUN, OMOJIOTUY, TEXHUKH, METOLOB CHHTE3a, 00padoT-
KU U AUArHOCTHKY HAHOPA3MEPHBIX CHCTEM M HAHOMACIITaOHBIX MaTEpPHAJIOB: KJIACTEPOB, HAHOUYACTHIIL,
HaHOTPYOOK, HAHOKPUCTAJJIOB ¥ HAHOCTPYKTYP (anaTUTONOLO0HBIX U AP. GuocucTeM, aMOP(MHBIX U KOJLIO-
HUHBIX HAHOPAa3MEPHBIX CUCTEM, HAHOCTPYKTYPHBIX IUIEHOK U IIOKPBITHIl, HAHOIIOPOIIIKOB U T.A.).

Coopuuxk HHH He my6Giukyer: cTaThu IIOJEMUUYECKUE, KIacCUMUKAIMOHHBIE M y3KOCIEIUaJbHbIE,
cofepoKalIiie perieHnsi CTaHAaPTHBIX 3a/{a4; CTaThU ONKCATEIbHbBIE M METOJUUECK e (€CIU MEeTOA He SBJIA-
€eTCA IIPUHIUIINAJIBHO HOBI)IM); CTaTbH, B KOTOPBIX MU3JIaral0TCA OTHEeJIbHBIE 3Tallbl NCCJIEJOBaAHUA UJIN Ma-
TepuaJl, pa3feJEHHbBIN Ha HECKOJIBKO IIOCIEA0BATEIbHBIX IIYOJNKAI[Uil; CTATHH O PANOBHIX UCCIEAOBAHUAX,
He IPeCTaBJSIONNX O0IIero NHTepeca 1 He COAEePIKAIUX 3HAUNMBIX BHIBOJIOB.

Crarbyu MyOJINKYIOTCSA HAa OAHOM M3 JBYX A3BIKOB: aHIVIMHCKOM MJIN YKPANHCKOM.

Crarbu, B 0popMIeHNN KOTOPBIX He COOIIOAEHBI ClaeAyolre mpaBuia fiua nyoaunkanuu 8 HHH, Bos-
BpAaIal0TCsa aBTopaM 6e3 pacCMOTPeHUA 1o cyiiecTBy. (J{aToil mocTyIieHns CYuTaeTes JeHb IIOBTOPHOTO
TIIPeJCTaBIEHUA CTATHH IIOCJIe COOJII0NeHN YKa3aHHbIX HIKe IIPaBUIL. )

1. CraThs K0JKHA OBITH MOANIMCAHA BCEMU aBTOPaMH (C yKadaHUEM HX aAPeCOB 3JIEKTPOHHOM ITOYTHI);
cieayeT ykasaTs (aMuInio, UMs U OTYECTBO aBTOPA, C KOTOPHIM pefaKuus OyAeT BeCTU IIePeNnucKy, ero
TOYTOBEII agpec, Homep TesnedoHa (hakca), aapec dJI€KTPOHHON IOYTHI.

2. UsnoxxeHue [NOJYKHO OBITH ACHBIM, CTPYKTypupoBaHHbIM (paspgenamu «1.Berym», «2.Exkcme-
pumenraasHa/TeopeTuuHa meToguka», «3. Pe3yabraTu Ta iX 00roBopeHHs», «4. BucHoBku», «I{urosa-
Ha JiTepaTypas), C2KaThIM, 0e3 AJUHHBIX BBeJEHUI, OTCTYILJIEHUH U IOBTOPOB, NYOJUPOBAHUS B TEKCTE
MaHHBIX TA0JIUI[, PUCYHKOB U MOAIMCEHN K HUM. AHHOTAUus U pa3nes « BHCHOBKM» TOJLKHBI He Ty6amnpo-
BaTh APYT Apyra. YucaoBble JaHHBIE CJIEAyeT IPUBOAUTE B OOLIENIPUHATHIX eJUHNUIIAX .

3. 0666m craThu qosKeH ObITE He 60s1ee 5000 ci0B (¢ y4ETOM OCHOBHOI'O TEKCTA, TAGJINI, TOAINCEH K
PUCYHKaM, cIiucka jureparypsl) u 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(e 6omee 22000 cnoB u 60 pucyHkos), pemratorcsa penkosterneii HHH Ha ocHOBaHWU IpeABapuTeIHLHO
IpeoCTaBIEHHOM aBTOPAMU PACIIINPEHHOI aHHOTAI[UY PaGOTHI.

4. B pemaxnuio 00sa3aTeJbHO IpenocTaBisgercsa no e-mail (wim Ha KoMnakT-gucke) dain pyKomucu
crarhy (C WIJIOCTPATUBHLIM MATEPHUAJIOM), HaOpaHHBINA B TEKCTOBOM pemakTope Microsoft Word 2003,
2007 mam 2010 ¢ HasBaHMEM, COCTOAIMM u3 (QaMWUIUM IEPBOro aBTopa (JaTUHUIEH), HAIPUMED,
Smirnov.doc.

5. DJIeKTPOHHAsA BEPCUs PYKOIMKCH AOJKHA comep:kars anHoTanuio (200—250 cioB) crarsu (BMecTe ¢
5—6 kmoueBbiMu ciaoBamu) u 5—7 uagexcoB PACS (B mocienueit pegakiuu ‘Physics and Astronomy
Classification Scheme 2010°—http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition;
cM. PACS numbers (imp.kiev.ua)). TeKcTbl yKpanHOA3BIYHBIX CTATel JOJIKHBI TAK)Ke COEPIKATh 3arja-
BU€ CTAThU (BMECTE CO CIMCKOM aBTOPOB U aApecaMy COOTBETCTBYIOIIUX YUDEKAEHUIT), PACIINPEHHYIO
anroTanuo (300—350 cioB), KIOUEBBIE CJIOBA, 3ar0JIOBKM TAOJIUI[ M HOAINCHA K PUCYHKAM HA aHIJIMI-
cKkoM sa3bIKe. Kpome Toro, cofepskaHus aHHOTAI[UI HA YKPAUHCKOM ¥ aHTJIMIICKOM S3BIKAX JOJKHBI OBITH
UJOEHTUYHBIMU I10 CMBICJIIY.

7. Pucynku (1BeTHbIE, YePHO-0ejble WM IOJYTOHOBBIE C rpajalueil ceporo) JOJLKHBI ObITH IIPes-
CTaBJIeHBI B BUJe OTAENbHBIX (paiiyioB (mpepmoururesbHo B rpaduuyeckux ¢opmarax TIFF, EPS wmau
JPEG) ¢ HasBaHUAMM, COCTOAIMMY U3 (DaMUJIMM IIEPBOTO aBTOpa (JaTHUHWIEH) M HOMepa PUCYHKA,
Hanpumep, Smirnov_fig2a.tiff. KauectBo mitroctpaiuii (B TOM YrcJe IIOJYTOHOBBIX ) JOJIIKHO o0ecredun-
BaTh UX BocupousBegeHue ¢ paspereruem 300—600 Touek Ha Ai0fM. [[OTOJHUTETHLHO PUCYHKU IPELO-
CTaBJIAIOTCSA B hopMaTe IPOrpaMMsbl, B KOTOPOH OHU CO3JaBaJIUCh.

8. Hagnmucn Ha pucyHKax (0COGEHHO IOJYTOHOBBIX) HAZO 110 BO3BMOXKHOCTU 3aMEHUTh GYKBEHHBIMU
o6o3HaueHnAMY (HaOpPaHHLIMU HA KOHTPACTHOM (hOHE), a KPUBbIe 0003HAUYNTD IUMPAMU UJIU PA3INIHOTO
THUIIA JUHUAMY/MapKepaMu, pasbACHAEMBIMY B IMOAINCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOLKHBI OBITH YEPHOIO I[BETA U JOCTATOYHBIX TOJIIIVH/Pa3MePOB IJiA KaueCTBEHHOTO
BOCIIPOU3BEEHUA B YMEHBIIIEHHOM B 2—3 pasa Buje (peKoMeHIyeMas MIMpWHA pucyHka — 12,7 cm).
CHI/IMICI/I JOJIXKHBI 6I:ITI: I{éTKI/IMI/I Y KOHTPACTHBIMUW, a HAAIUCU U 0608Ha‘{eHI/Iﬂ JAOJIKHBI HE 3aKPbIBAaTh
CyII[eCTBEHHBIE AeTajy (s 4ero MOXKHO MCIIOJIH30BaTh CTPEJIKM). BMmecTo ykasaHUs B IOJTEKCTOBKE
yBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUThH MaciITab (Ha KOHTPACTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucy K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKaTh
0003HaueHns (NI HANMEHOBAHUA) OTKJIAJbIBAEMBIX BEJIUUNH U YepPe3 3aIsTYI0 UX eIUHUIILI U3MEDEHU .

9. ®opMyasl B TEKCT HEOGXOJUMO BCTABJIATH C IOMOIIbI0 pegakTopa popmysn MathType, mosHoCTHIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. PucyHku, a TakyKe TaGIMIBI ¥ IIOJCTPOYHEIE MPUMeYaHHA (CHOCKH) TOJIKHBI IMETH CILIOUIHYIO
HyMepaIuio 0 BCeil craTbe.

11. CebLiku Ha JUTEpaTypHbIE NCTOUHUKY CJIEAYeT HAaBaTh B BUE MOPAIKOBOIO HOMEPa, HalleuaTaH-
HOI'O B CTPOKY B KBaAPAaTHBIX CKOOKax. CIIMCOK JIUTepaTyphbl COCTABJIAETCSA B IIOPSAIKE IIEPBOT0 YIIOMUHA-
HUS UCTOUHUKA. IIpuMephbl 0POPMIIEHUs CCHLIOK IPUBEIEHbI HUYKe; IPOCUM 00paTUTh BHUMAaHNE Ha II0-
PAIOK CJIeJOBAaHUSA MHUIINAJIOB U (paMuiuil aBTOpOB, 6ubarorpaduuecKuX CBeAEHUN U HA PasJe/IUTeb-
Hble 3HAKU, a TaKyKe Ha HEOOXOAMMOCTh YKa3aHUs BCEX COABTOPOB IIUTUPOBAHHON paboTH U (B KOHIE
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Ony6INKOBATE 3TY PYKOINCH HA AHIVIMHCKOM (YKPaHMHCKOM) S3BbIKe, 1 IPOCUT aBTOPOB CPasdy MPUKJIaLbI-
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TBEPIKYEMO, II10 I Iy0IiKallia He IOPYIIye aBTOPChKOr0 IIpaBa iHIux ocib, ycTaHoB a60 opraHisariii.
Iligmucu aBTOPiB: (ITPI3BUILLE Im’ s, nata, anpeca, Ne reedony, e-mail)

ITpu sTOM 3a aBTOpaMu COXPAHAIOTCA BCe OCTAJbHBIE IIPaBa KaK COOCTBEHHMKOB ATOH PYKOIIMCHU.
ABTODPBI MOT'YT MOJYYUTD OMYOJNKOBAHHBIN BEIIIYCK CO CBOEH CcTaThEN B pemakuuy cG0OPHUKA IO BBIIIE-
ykasanHOMY angpecy (res. NeNe: +380 44 4241221, +380 44 4249042), a rakske sarpysuts pdf-daiia cra-
ThU C caiita coopuuka: http://www.imp.kiev.ua/nanosys/ru/articles/index.html.
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BUJABHHYA ETUKA

TA 3ATIOBITAHHS HECYMJITHHII ITIPAKTUIII TYBJIKAIIII

Pepakmitina Koserisa 36ipHuka HayKoBuX mpaik «HaHocucTemMu, HaHOMAaTEpiain, HAHOTEXHOJIOTII»
IOTPUMYETHCS €TUIHUX HOPM, NPUUHATHUX MI’KHAPOJHUM HAyKOBHUM CIIiBTOBapHUCTBOM, i pPOOHTH
yce Isi 3amobiraHHA OyAb-AKUM IIOPYIIEHHSM I1X. ¥ CBOIM [isJIbHOCTI pefaKIlisi CIIMpaeThCs Ha
pexomenganii Komitery 3 etuxkn HaykoBux myoOumikaniit (http://publicationethics.org).

O0oB’a3Ku pemakIii
. Bci npencrasiieHi cTaTTi peleH3YIOTHCS eKCIIepTaMu B JaHil o6acTi.
. ITixg yac posryiaxy craTTi BpaxoBYIOThCS Ii BifmoBigHiCTH mpeameTHiit obJsacti, o6r'pyHTOBA-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, UNTAOEJBHICT i MOBa (IpaBomuc).
. 3a pesyJbTaTaMHU PEIEeH3YBaHHS CTATTS MOKe OyTU IpUMHSTA A0 OmyOIiKyBaHHS 0e3 Jopoo-
KU, IPUHHATA 3 JOPOOKOI0 abo BigxwuieHa.
. BigxuieHi craTTi mOBTOPHO He PeIEeH3YIOThCS.
. CrarTi MOKYyTh OyTH BigxwuieHi 6es3 pereHsii, SKIIO BOHM OYEBUJHUM UYMHOM He IIiAXOAATH
I mMyOsiKarrii.
. Pepakiis yxBajroe pilleHHsA oo myOsikaiii, Kepyroouwuch MOJITHKOI 30ipHUKAa, 3 ypaxy-
BaHHAM Jil0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.
. He momyckaerbes mo myOuikarii indopmaliisi, SKIO € AOCTATHLO IifCTaB yBaKaTH, II[0 BOHA
€ marisTom.
3a HasIBHOCTH AKMNX-HEeOyAb KOHGMIIKTIB inTepeciB (dhiHaHCOBUX, aKageMiuHUX, OCOOMCTUX) BCi
YYacHUKH IIPOIlecy PelleH3yBaHHs IIOBUHHI CHIOBiCcTUTH IIpo Iie penkosierii. Bei cmipri nuranHa
PO3IJIANAIOTHCA Ha 3acifjaHHi pefKoJerii.
IIpuiiaaTi mo onyOIiKyBaHHA CTAaTTi PO3MiIlAlOThCA Y BiAKPUTOMY AOCTYII Ha caiTi 30ipHUKA;
aBTOPCBHKI ImpaBa 30epiraloThbCs 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTI PeleH3eHTiB

. PerleHseHTH OIIHIOIOTH CTATTi 3a IXHIM BMicTOM, 0e3BiZHOCHO 0 HAIiOHAJIBLHOCTH, CTATi,
CeKcyasIbHOI opieHTanii, peairilHuX mepeKoHaHb, eTHIYHOI MPUHAJEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CuiBpobiTHUKY pefakiiii He IMOBUHHI MOBIAOMJIATH SKY-HeOyab iH(opMallito mpo crarTi, II[0
HagidmIM, ocobaM, AKi He € pelleH3eHTaMM, aBTOPaMU, CIiBPOOITHUKaAMU peJakiiii Ta Buma-
BHUIITBA.

. PeliensyBanHs IMOBUHHE OYyTH IIPOBeleHO 06’eKTHBHO. IlepcoHasbHA KPUTHUKA aBTOpPa HEIpHU-
nyctuMa. PereHseHTu 3000B’A3aHi 0OI'DYHTOBYBATHA CBOIO TOUKY 30pPY UiTKO I 06’€KTUBHO.

. PerensyBanusi mornomarae BUJABIEBI IpUiiMaTy PillleHHA Ta 3a JOIIOMOI'OI0 CIIiBPOGITHUIITBA
3 pelleH3eHTaMU I aBTOpaMU MOJIIIIIINTHA CTATTIO.

. Marepianu, orpumani s pereHsii, € KOHGIZEHIIHHUMEN JOKYMEHTaMH Ta PeleH3YIOThCA
aHOHIMHO.

. PerenseHT Takoyk 3000B’si3aHUil 3BepPTATH yBary peJaKTopa Ha icTOTHY ab0 Y4acTKOBY MOZi0-
HiCTH IIpeACTaBJIEHOI CTATTiI 3 AKOIO-HEOYIb iHIIOI POGOTOI0, 3 AKOI0 PEIeH3eHT Ge3rnocepes-
HbO 3HAWOMUA.

IIpuHIMIN, AKMMHU MOBUHHI KePYyBAaTHCA aBTOPH HAYKOBUX ITyOJiKaIiit

. ABTopu craTeil MOBMHHI HamaBaTU TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OOI'OBO-
peHHs i 3HAYMMOCTH.

. AsBTopu craTTi HOBMHHI HaZaBaTU [TOCTOBIpHI pesyJibTaTH IIPOBEAEHOr0 OrJISAy U aHaxisu
nmocaimxenb. CBiqoMo moMUIKOBI ab0 chanbcudikoBaHi TBepKeHHA HEIPUMHATHI.

. CraTTs MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh imdopmarlii mis mepeBipKu Ta IIOBTOPEHHS
eKCIIePUMEHTIB a00 po3paxyHKiB iHmwumu pociaigunxamu. [IlaxpaticeKki a6o cBimomo Hempas-
IUBi 3afBU IPUPIBHIOIOTHCS O HEETUUHOTO ITOBOMYKEHHS i € HEIPUUHATHUMHA.

. ABTOpPH MOXKYTb HAJaBaTU OPULiHANBHI peryispHi # orismoBi poboTH. 3a BUKOPHUCTAHHS
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Expressions for the entropy and equations for the quantum distribution
functions for systems of non-interacting fermions and bosons with an ar-
bitrary, including small, number of particles are obtained.
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1. INTRODUCTION

Currently, much attention is paid to the study of quantum proper-
ties of systems with a small number of particles, such as quantum
dots, other mesoscopic objects and nanostructures. In this regard,
the problem of describing such objects with taking into account
their interaction with the external environment is of current im-
portance.

Statistical description is usually used to study systems with very
large numbers of particles. Nevertheless, statistical methods of de-
scription can be also used in the study of equilibrium states of sys-
tems with a small number of particles and even one particle. When
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considering a system within the grand canonical ensemble, it is as-
sumed that it is a part of a very large system, a thermostat, with
which it can exchange energy and particles. The thermostat itself is
characterized by such statistical quantities as temperature T and
chemical potential u. Assuming that the subsystem under considera-
tion is in thermodynamic equilibrium with the thermostat, the sub-
system itself is characterized by the same values, even if it consists
of a small number of particles. For example, we can consider the
thermodynamics of an individual quantum oscillator [1]. In the
case, when an exchange of particles with a thermostat is possible,
the time-averaged number of particles of a small subsystem may be
not an integer and, in particular, even less than unity.

In statistical physics, the entropy and distribution functions of
particles over quantum states are calculated under the assumption
that the number of particles is very large. This consideration for
fermions leads to the Fermi—Dirac distribution, and for bosons, it
leads to the Bose—Einstein distribution [1].

In this work, the entropy and distribution functions of non-
interacting particles are calculated in the case when no restrictions
are imposed on their number in a system being in thermodynamic
equilibrium with the environment. In particular, the number of par-
ticles can be small, and not an integer and even less than unity.
Equations determining the distribution functions of fermions and
bosons are obtained, and their differences from the standard Fer-
mi—Dirac and Bose—Einstein distributions are analysed. A feature
of the obtained exact distribution functions, in comparison with the
distributions found in the limit of a large number of particles, is
the presence of energy boundaries, beyond which the average num-
ber of particles at all levels turns to zero or unity.

2. ENTROPY AND DISTRIBUTION FUNCTION OF FERMIONS

Let us consider a quantum system of fermions whose energy levels
g; have the multiplicity of degeneracy z;. If at each level j there are
N, <z, particles, then, the statistical weight of such a state in the
case of Fermi—Dirac statistics is given by the well-known formula

[1]:

1
Al = 5" (1)
" N,)z,—N)!

The entropy is defined as the logarithm of the total statistical
weight by the relation:

S =1In(AT) = Y In(AT,) = Z[ln(zj N - In(N,!) - In((z, - Nj)z)] .(2)

7
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To calculate all factorials under assumption N>>1 and z>>1, the
Stirling’s formula [2] is usually used in the form

In(N!) ~ NIn(N/e). (3)

When studying systems with small N, the accuracy of this for-
mula is insufficient. Therefore, for example, with N =16, its accu-
racy is 7.5% . For N =1, 2, there are negative numbers on the right
in (3). For small N, one can use a more accurate formula:

In(N!) ~ Nln (ﬁj +1n27N . (4)
e

For N=16, its accuracy is already 0.017%; for 1n(2!) ~ 0.693,
this formula gives a value of 0.652. Taking into account the more
accurate formula (4), for the entropy S = ZS]. , we obtain the ex-

i

pressions:

S, = —z;(n;In(n)) + (1 - n,)In(1 - n;)) - %m(znzjnja -n)). (5)
Here, n;=N,/z; is the average number of particles at level j (or the
population of the level). This formula differs from the usual formu-
la for the entropy of a Fermi gas [1] by the last term. Taking into
account that the total number of particles N and the total energy E
are determined by the formulae:

N = ZNJ =anzj , (6)
i j

E = zngj =Zsjnj2j , (7
i j

the average number of particles in each state is found from the
condition:

i(S—aN—ﬁE)zo, (8)

an

where o, B are the Lagrange multipliers. From here, we find the
equation determining the average number of particles in a state j:

1-n,
In " +i LI = o+ ;. 9)
n. 2z,\1-n, n,

J J

Neglecting the second term on the left side, we obtain the usual
Fermi—Dirac distribution:
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¢m=(yw%+1yﬂ (10)

From comparison with thermodynamic relations, it follows that
oa=-u/T, B=1/T (T—temperature, u—chemical potential), so that
0, = (¢, —w)/T . In the absence of a magnetic field, for particles with
spin 1/2, the smallest multiplicity of degeneracy only in the spin
projection is equal to two. With z,>>1, the second term on the left
in Eq. (9) can be taken into account as a small correction, so that,
in this approximation, the distribution function will take the form:

1-2n?
n.=n%--—7_,

(11)
J J 22].

For an arbitrary, including small and non-integer, number of
particles N, the factorial should be determined through the gamma
function I'(x):

N!=T(N +1). (12)
In this case, the statistical weight (1) is also expressed through the
gamma function:

Iz +1)

r = . (13)
" TN, +DI(z, - N, +1)

Some formulae for the gamma function as well as formulae relat-
ed to it are given in the Appendix. With allowance for Eq. (13), for

the nonequilibrium entropy S = ZSJ. , there follows the formula:
j

g=—m@uﬁHJ»—m@14a—myn»+hqn%+ny (14)

It is obvious that the contribution to the total entropy comes only
from partially occupied levels, for which O<n;<1. In this case,
when n;# 0, 1, from the condition (8), we find the equation that de-
termines the average number of particles in each state:

€ — U
w@ﬁfng+g—w4@+nzqmp=JT , (15)
where y(z) is the logarithmic derivative of the gamma function (the
psi function) (A4). If we use the asymptotic formulae (A3) and (A6)
given in the Appendix, then, formula (14) will turn into (5), and
formula (15) will turn into (9). Using formula (A11), Egs. (15) can
be written in the form
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(16)

[5e) 1 c. _“
z.(1-2n, = .
i 1);(k+zj(1—nj))(k+zjnj) T

Note that, here, the series converges rather slowly and the rate of
its convergence decreases with increasing z;; so, for calculations, it
is more convenient to use formulae (15).

The forms of distribution functions for a system of Fermi parti-
cles at z=2, z=10 and arbitrary | are shown in Fig. 1. The de-
pendence n(0) obtained from Eq. (9) with

0, =In(A-n)/n,)+1/22)(A-n)" —n")

(curves 2 in Fig. 1) turns out to be multiple-valued and leads to a
significant discrepancy with the calculation performed using the
exact formulae (15) (curves 1 in Fig. 1), so that Eq. (9) turns out to
be inapplicable for calculating average occupation numbers. In the
standard Fermi—Dirac distribution (10) (curves 4 in Fig. 1), for an
arbitrary value of the parameter 6 (—oo <0 <), the distribution
function does not turn exactly to zero or unity. At 6 — o, the dis-
tribution function exponentially tends to zero: n(f)= e, and at
0 — —oo, it tends to unity: n(0) ~ (1 — €.

A feature of the exact distribution function defined by Egs. (15),
(16) is the limited range of values of the parameter 0;, in which the

08 F

06

04} 04t
0z} 02t
2 2
0.0 L L ! L 0.0
-1.5 -10 -0.5 0.0 05 1.0 1.5 -2 -1 0 1 2
0
a b

Fig. 1. Distribution function of Fermi particles, n(0), over states in vari-
ous approximations with multiplicities of level degeneracy: (a) z=2, (b)
z=10. I—distribution function (DF) calculated using the exact formula
(15); 2—DF calculated using approximate Eq. (9); 3—DF calculated using
formula (11); 4—conventional Fermi—Dirac DF (10).
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function is different from 0 or 1. In this case, 0;,;,<6;<0,,., where

0max = O = V(& + D —y(@) = ;k‘l . (17)

At 0, >0, .., the average number of particles at level j becomes
zero (n;=0), and at 0, <90, . , it is equal to unity (n;=1). Thus, for
given values of T and u, the population of level j is different from
zero and unity, when there is fulfilled the inequality
< (& ~W/T <60y - (18)

_Gj max jmax

All the other levels remain either empty or completely occupied,
so that there is only a finite number of partially occupied levels,
and their number increases with increasing temperature.

The approximate expression for the distribution function (11)
(curves 3 in Fig. 1) following from formula (9) gives a good approx-
imation to the exact dependence (curves I in Fig. 1). However, at
points where the exact distribution function becomes zero and uni-
ty, the approximate function (11) is different from these values and
exists for all values of the parameter 6. The difference between the
exact distribution (15) (curves I in Fig. 1) and the usual Fermi-
Dirac distribution (10) (curves 4 in Fig. 1) is more significant: the
larger the absolute value of the parameter 6 and the smaller the de-
generacy factor z.

Equation (15) and approximate formula (11) determine the aver-
age number of particles in a state j as a function of temperature
and chemical potential: n, =n,(T,u). A substitution of these func-
tions into Eqgs. (6), (7), (14) gives equilibrium values of the entropy
S =8(T,u), the energy E = E(T,un), and the number of particles
N = N(T,u) as functions of temperature and chemical potential.
These quantities are natural variables for the large thermodynamic
potential, which can be defined by the usual expression

T, ) = E(T, ) - TS(T, 1) — uN(T, 1) ; (19)

so, at a constant volume, there holds the well-known identity
dQ =-SdT — Ndu.

For a fixed total number of particles N, Eqs. (15) are not inde-
pendent, since the populations of the levels are linked by the rela-
tion (6). If the total number of particles is such that they can com-
pletely occupy the lower j levels, and the level j+ 1 turns out to be

occupied partially, so that N = Zizl z,+N., and O<N, 6 <z

j+1 j+1 j+17°

then, at T — 0 K, the chemical potential takes the value p = €41
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Near zero temperature, p =g, , — T9j+1(N,~+1/2;+1) .

The entropy at zero temperature turns to zero only in the case
when all levels are completely occupied or empty. In the presence of
an unoccupied level, the entropy at T=0K is different from zero.
Thus, the third law of thermodynamics is always satisfied in the
Nernst formulation, according to which all processes at zero tem-
perature occur at constant entropy. Moreover, in the Planck formus-
lation, which requires turning of the entropy to zero, the third law
is satisfied only in the case of completely occupied levels.

3. ENTROPY AND DISTRIBUTION FUNCTION OF BOSONS

If at each level of a boson system with the multiplicity of degenera-
cy z; there are N, particles, then, the statistical weight of such a
state in the Bose—Einstein statistics [1] is as follows:

_(z+ N, -1

AT, Y -
N, !z, — 1!

(20)

The entropy is defined by the relation
S =In(Al') =
=Zs=}]mmg=}Im«z+N—ngquu—m«z—nﬂ-@U
- J - J - J J J J
J 7 J

It should be noted that, if the level is not degenerate (z;=1) or
not occupied (N;=0), then, as in the above considered case of Fer-
mi—Dirac statistics (1), A, =1, and it does not contribute to the
total entropy. Using the Stirling’s formula (4), we have

S, =(z,+zn,-In(z; +z;n, 1) — z;n;In(z;n;) — (2, - In(z, - 1) +
1 1 1 (22)
+§m@ﬂa+4m—ln—§m@mm)—§m@M4—D)

Then, from condition (8), it follows the equation for the distribu-
tion function over states:

. n -1 .
ln(z]+2,n] J+ 1 (#_lJ:oHng, (23)

zn, 22j z,tzn, - 1 n,

and for z; - o, we obtain the usual Bose—Einstein distribution:

n@>:(é“&f—1)1. (24)

]

Taking into account the correction of order 1/z;,, we have
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1+2n”

22, (25)

— 0 _
nj—nj

When determining factorials through the gamma function, the
statistical weight (20) will be written in the following form:

Iz, +N,)

=7 (26)
TTT(N, + DI(z,)
This implies the formula for nonequilibrium entropy S = ZSj :
i
S, =In(T(z;n, + 2,)) - In(T(z;n, + 1)) - In(I(z))) . (27)

As noted, unoccupied levels (n;=0) do not give a contribution to
the total entropy. For n;# 0, from condition (8), we find the equa-
tion for the average number of particles in each state:

vz, +2)-vwzn +1)=0,(n) = (g, —~W/T. (28)

If one uses asymptotic formulae (A3) and (A6), formula (27) will
turn into Eq. (22), and formula (28) will turn into Eq. (23).
By using formula (A8), Eq. (28) can be represented as

ij_:l/(zjnj)+zj—k=(8j—u)/T. (29)

The form of distribution functions for a system of Bose particles
at z=2, z=10 and arbitrary j is shown in Fig. 2.

In the standard Bose—Einstein distribution (24), the parameter 0
can take arbitrary positive values (0 <0 <®). At 0 —> o, the distribu-
tion function exponentially tends to zero: n(6) =~ ¢, and at 6 —0, it
increases according to the law n(6) ~ 1/6.

The dependence n(0) obtained from Eq. (23) with

0, = ln((zj +zn; - 1)/2jnj) + (1/22j)(2j/(zj +zn,—1)— l/nj)

(curves 2 in Fig. 2) turns out to be multiple-valued and leads to a
significant discrepancy with the calculation performed using the
exact formula (28) (curves 1 in Fig. 2). Therefore, Eq. (23) is not
applicable for calculating average occupation numbers. However,
the approximate formula for the distribution function (25) follow-
ing from Eq. (23) gives a good approximation, almost coinciding
with the exact dependence (curves I in Fig. 2). The essential differ-
ence consists in that, at some boundary value 6=0,,,, the exact
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o
w

10 0.0 0.5 10 L5 2.0 25

2] 0
a b

Fig. 2. Distribution function of Bose particles, n(0), over states in various
approximations with multiplicities of level degeneracy: (a) z=2, (b) z=10.
1—distribution function (DF) calculated using the exact formula (28); 2—
DF calculated using approximate Eq. (23); 3—conventional Bose—Einstein
DF (24). The calculation using the approximate formula (25) gives a de-
pendence that practically coincides with curve I (dotted line).

function (28) turns to zero, while the approximate function (25)
remains finite, although exponentially small.

Thus, for the exact DF (28) with values n;#0, the parameter 6,
changes in the finite region 0 <0;<0,,,,, where:

0, max = W(2,) —y(@) = Zk ! (30)

and 7,00,,,)=0. At 6, > 0, the exact DF increases according to the
law n, (9 ) =~ (2 - 1)/(2 9 ;). Thus, at given T and p, the population of
level j is different from zero, when there holds the inequality

€ —
JT“ <0, (31)

All the other levels remain empty; so, there are only a finite
number of partially occupied levels, and their number increases
with increasing temperature.

At zero temperature and a fixed number of Bose particles, only
the lower level is occupied, and the chemical potential takes the
value p=g,. The entropy S, =In(I'(N +2z,))—In(I(N +1)) - In(I'(z,))
remains nonzero in this case, so that the third law of thermodynam-
ics is satisfied only in the Nernst formulation. With a slight in-

0<
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crease in temperature, the lower level continues to remain occupied
with other levels being empty in a certain temperature range, and
the chemical potential changes Ilinearly with temperature
u=g —TO,(N/z). At the temperature T; determined by the condi-
tion

g, — & /T, = 0,(0)—0,(N/z,) , (32)

there begins filling of the second level, and the number of particles
at the lower level decreases. At further increase of temperature,
there begins filling of higher levels. At a certain temperature TV,
the number of particles at the ground level will turn to zero. This
temperature is determined by the equations for partially occupied
levels:

€ — € € — &

T

B

0, (nz(TB)) =0 ax = L, 0, (n3(TB)) ~ O ax = -5 (33)

B

where 0 =vy(z) —wv(@d), provided that

1max

2,n,(Tp) + 2,n,(Ty) +...= N, pp=¢ —Tz0, . .
If one goes down in temperature, then, Ty corresponds to the tem-
perature, at which the filling of the lower level begins, and there-
fore, it can be considered as an analogue of the temperature of
Bose—Einstein condensation in macroscopic systems [1].

4. SUMMARY AND CONCLUSIONS

In connection with the intensive study of quantum systems of small
sizes, the problem of theoretical description of such objects with
taking into account their interaction with the environment is be-
coming actual increasingly. Methods of statistical mechanics can be
also used to describe such systems with a small number of particles,
which are in thermodynamic equilibrium with a thermostat.

In this work, the equations are obtained for the distribution
functions of fermions and bosons over quantum states for systems
with an arbitrary, including a small, number of particles; in the
limiting case, when the number of particles and the multiplicity of
degeneracy of levels in the system are large, these distributions
transform into the well-known Fermi—Dirac and Bose—Einstein dis-
tributions, respectively. For systems with a small number of parti-
cles and at low temperatures, the average number of particles at a
given level can differ significantly from the values predicted by the
Fermi—Dirac and Bose—Einstein distributions. It is of interest to
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test experimentally the applicability of the obtained distributions
for structures with a small number of particles.

APPENDIX. Some Properties of the Gamma Function and Its Log-
arithmic Derivative (The Psi Function)

The definition of the gamma function is as follows:

I'(x) = Te’ttx’ldt = j [m GD 7 dt . (A1)

0

For the logarithm of the gamma function, there holds the inte-
gral representation:

0

In(T'(x)) = I[(x —1e’ - %}% , (A2)

and the asymptotics at x — « is as follows:
In (T'(x)) ~ {x - %) In(x) — x + %ln(Zn) . (A3)
The logarithmic derivative of the gamma function (the psi func-
tion) is defined by the formula

1 dI(x)

I'(x) dx (Ad)

_4ad _
y(x) = Ix In(I'(x)) =

The integral representation is valid for it as follows:

v = | {67 - }rt , (A5)

0

and the asymptotics at x — « is as follows:

1
y(x) = In(x) - —. (A6)
2x
There are useful formulas:
1
w(x +1) = y(x) + 2’ (A7)
n-1
y(x +n)= +\|/(x+1) (n>2), (A8)
= (n— k)

v - x) = y(x) + netg(nx) , (A9)
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W) =1, ) =7+ 3B (n22), (A10)
z x
w(1+x)_—y+;—k(k+x), (Al11)

where y=0.5772 is Euler’s constant.
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Low-Temperature Excitation of 2D Majorana Fermion Pairs in
SmMnQO;.; Manganites Controlled by an External Magnetic Field
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In this work, we investigate the evolution of the low-energy spinon-pairs’
excitation in the first Landau zone in frustrated SmMnO;,; manganites
caused by changes in the strength H of the measuring field. An alterna-
tion of double peaks and Dirac cone of features of the ‘supermagnetiza-
tion” M(T), which are characteristic of two types of excitations of Ma-
jorana fermions in hidden topological states CSL1 and CSL2 of chiral
quantum spin liquid, are revealed. The strong ‘smearing’ of features of
the magnetization M(T) in SmMnO;,; revealed in this work is explained by
an increase in quantum fluctuations of the sample magnetization caused
by the proximity to the quantum critical point of the magnetic phase dia-
gram of the La; ,Sm MnO;,; system.

B npawmiit po6oTi mociimxeHO eBOJIOIi0 30YA:KEeHHSA HU3bKOEHEePTreTUUYHUX
cuiHoHHMX mnap Yy uepmIii 3omi Jlammay y @pycTpoBaHumx MaHTaHiTax
SmMnO,, 5, cipuynHeHy 3MiHaMu Haupy:KeHocTu H BUMipOBaJbHOTO MOJIA.
BusasienHo uepryBaHHA moaBifiHux mikiB i [lipakiB KoHyc ocobJamBOCTeH
«magmaraeroBanoctu» M(T), XxapakKTepHUX AJA OBOX TUIIB 30ym:KeHb Ma-
mopamoBux (pepMioHiB y mpuxoBammx TomoJoriummx cramax CSL1 i CSL2
xXipaJbHOI KBaHTOBOI cIiHOBOiI pizmuu. BusaBiexme B mamiii poboTi cuibHe
«po3MUBaHHA» ocobauBocTeit HamarueroBanoctu M(T) y SmMnO,,; mosc-
HIOETHCA 30iJbIIIEHHAM KBAHTOBUX (DIIOKTyaIlili HaMarHeTOBAHOCTH 3pasKa
yepe3 OJM3BKICTh 10 KBAHTOBOI KPUTHYHOI TOUKM MarHeTHOI (pasoBoi Jisr-
pamu cucremu La; ,Sm MnOj,s;.

Key words: quantum spin liquid, Majorana zero modes, Dirac semimetal,
chiral spin liquid, frustrated manganites.

Karouori cioBa: KBaHTOBa cmiHOBa pigmua, MaifiopaHoBi HyaboBi moxm, [li-
pakiB HamiBMeTaJs, XipaJbHa CIiHOBA piAwHA, (ppycTpoBaHI MaHTaHiTHU.
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1. INTRODUCTION

According to Ref. [1], a Majorana fermion (MF) is a particle that is
its own antiparticle. In the language of second quantization, this
means that y=1y', i.e., the fermionic operator y squares to 1. The
creation and annihilation operators can be written as a superposi-
tion of two Majorana operators, a'=1/V 2(y, +1iy,), a= V. 2(y; — iyy). As
such, they also fulfil the commutation identity {y,, y;} = 25,. The task
at hand is to physically separate the two Majorana modes, y,, and
Y21, that make up a single fermionic mode, such that phase errors
corresponding to a'a;= (1 + iy, 7,)/2 are unlikely to occur. Put to-
gether, these properties would make the Majorana qubit immune to
decoherence. These Majorana’s fermions can arise as quasi-particles
in superconducting systems, which have been investigated in [1] in
a one-dimensional chain first proposed by Kitaev [2]. Shown that,
they are bound to zero energy, making them Majorana zero modes—
a more apt name given that they no longer obey fermionic statis-
tics—where [H, v;,]=0, with H being the Hamiltonian of the system
(more realistically, this condition is relaxed to [H, v]~e** [3],
where x is the distance between the Majorana zero modes (MZMs)
and & is the correlation length of the Hamiltonian). They obey non-
abelian statistics that enable the implementation of braid opera-
tions. This solves the final piece of the puzzle, where qubit opera-
tions are now intrinsically fault-tolerant due to their topological
properties.

The so-called Majorana bound states arising on point defects have
attracted great interest [4—13]. They can be interpreted as own an-
tiparticles in the sense that, in the language of second quantization,
the operator of creation and annihilation of bound states are equal
to each other. This means that Majorana bound states carry both
zero spin and zero charge. Majorana bound states arise exactly at
zero energy and are separated from other ordinary quasi-particle
excitations by a finite energy gap. For this reason, Majorana bound
states are also often referred to as Majorana zero modes (MZMs). It
has been shown that MZMs in a 2D material obey quantum ex-
change statistics, which are neither fermionic nor bosonic [6—7].
MZMs are supposed to be an example of so-called non-Abelian ani-
ons. This means that the replacement of two MZMs implements a
non-trivial rotation of the degenerate subspace of the ground state,
while subsequent rotations do not necessarily commute. This prop-
erty makes non-Abelian anions such as MZMs promising potential
building blocks for topological quantum computers, where logic
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gates would then be performed by exchanging anyons [11, 12].

According to Ref. [14], in systems with a condensed state, when
a quasi-particle is a superposition of electron and hole excitations
and its production operator y' becomes identical to the annihilation
operator y, such a particle can be identified as a Majorana fermion.
In the Reed—Green model, the Bogolyubov quasi-particles in the
volume become dispersive Majorana fermions, and the bound state
formed in the core of the vortex becomes the Majorana zero mode.
The former is interesting as a new type of wandering quasi-
particles, while the latter is useful as a qubit for topological quan-
tum computing. In condensed matter, the constituent fermions are
electrons. Because the electron has a negative charge, it cannot be a
Majorana fermion. Nevertheless, Majorana fermions can exist as
collective excitations of electrons. The resulting Majorana fermions
do not retain the true Lorentz invariance of the Dirac equation,
since they do not move at the speed of light. However, with proper
length and time scaling, the resulting Majorana fermions also obey
the Dirac equation. Such Majorana fermions appear within the
boundaries of topological superconductors or in the class of spin-
liquid systems. The condensation of bosons in the form of a bound
state of Majorana fermions was previously studied in topological
superconductors by tunnelling spectroscopy. The tunnelling conduc-
tivity spectra of topological superconductors depend on their size
and symmetry. In one-dimensional topological superconductors with
time reversal violation, there is an isolated single Majorana zero
mode at each end.

In this work, a study of the evolution of unusual spiky double—
peaks and Dirac cone-like features of the low temperature depend-
ences of ‘supermagnetization’ M(T) in SmMnQO;,; samples with in-
creasing external magnetic field strength H is carried out. These
features, according to numerous literature data, are direct evidence
of the excitation of 2D Majorana and Dirac fermions in quasi-two-
dimensional spin systems.

2. MATERIAL AND METHODS

Samples of self-doped manganites SmMnO,,; (6 = 0.1) were obtained
from high-purity oxides of samarium and electrolytic manganese,
taken in a stoichiometric ratio. The synthesized powder was pressed
under pressure 10 kbar into discs 6 mm in diameter, 1.2 mm thick
and sintered in air at a temperature of 1170°C for 20 h followed by
cooling at a rate of 70°C/h. The resulting tablets were a single-
phase ceramic according to x-ray data. X-ray studies were carried
out with 300 K on DRON-1.5 diffractometer in radiation NiK,;.qs.
Symmetry and crystal lattice parameters were determined by the
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position and character splitting reflections of the pseudo-cubic lat-
tice perovskite type. Temperature dependences of dc¢ magnetization
were measured using a VSM EGG (Princeton Applied Research) vi-
brating magnetometer and a nonindustrial magnetometer in FC
mode.

3. EXPERIMENTAL RESULTS

As can be seen in Fig. 1, the temperature dependence of the ‘su-
permagnetization’ M(T) in the first Landau zone of SmMnO,, in
the magnetic field 100 Oe has the shape of two weak spiky peaks
near the average temperature T = 4.65 K. According to Refs [15—
17], these spiky features in the magnetic response arise from excit-
ed states containing either only static magnetic fluxes and no mo-
bile fermions or from excited states, in which fermions are closely
coupled to fluxes. The structural factor is significantly different in
the Abelian and non-Abelian QSLs. Coupled fermion-flow composites
appear only in the non-Abelian phase. The main feature of the dy-
namical structure factor at the isotropic point of the non-Abelian
phase is the presence of a pointed d-component caused by Majorana
fermions coupled to flow pairs and a broad hump-like component
caused by fermion continuum excitation.

According to Figure 2, in external magnetic field [H| = 350 Oe dis-
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Fig. 1. The thermal excitation of spiky features in the magnetic response
M(T) in the Landau band with n =1 arise from excited states containing
either only static magnetic fluxes and no mobile fermions, or from excited
states in which fermions are closely coupled to fluxes in the external mag-
netic field [H| = 100 Oe (CSL1 state).



LOW-TEMPERATURE EXCITATION OF 2D MAJORANA FERMION PAIRS 17

E, meV
0.30 ‘ 0.33 . 036 , 0.39
1.30F , b
F n=1 ]
b 1.25f A
= q T
L 1 H Lo
g o
R 1 l ﬂ-f“‘f
]ls;f_ja'ffjj 2D Dir:ac cone 350 Oe |
1.1 ! 1 L I 1
2.0 4.2 4.4 4.0 4.8 5.0 52

T, K

Fig. 2. The thermal excitation of two coupled Majorana zero modes in the
Landau band with n=1 with energy E,;y=0.35 meV in the shape of a
truncated hill (2D Dirac cone) with a flat top near the average temperature
Tyzm= 4.6 K in external magnetic field [H| = 350 Oe (CSL2 state).

tinct magnetic response appears in the first Landau band in the
shape of a Dirac cone-like truncated hill with a flat top near the av-
erage temperature Ty =4.6 K, which corresponds to the excitation
of two coupled Majorana zero modes arising on spatially separated
point defects [4—13], In a broad sense, two MF together give a Dirac
fermion [18]. Thus, founded Dirac cones features of the ‘supermag-
netization’ M(T) in the first Landau zone are direct evidence of the
excitation of Dirac fermions in SmMnQO; ;. An alternate permutation
of the spiky double—peaks and Dirac cones features of the magneti-
zation M(T) in SmMnO,,; may be explained by the existence in this
material of two hidden states of the chiral spin liquid [1]. A further
increase in the external magnetic field strength to the wvalue
|H| =1 kOe led to the formation in the Landau zone with n=1 dou-
ble-peaks’ feature in the magnetic response (Fig. 3). In external
magnetic field |H| = 3.5 kOe, only the step-like quantum oscillations
of temperature dependences of ‘supermagnetization’ of incompress-
ible quantum spinon liquid were found (Fig. 4).

4. DISCUSSION

According to Ref. [18], the condensed matter version of MFs has
attracted theoretical interest, mainly because of their special ex-
change statistics. They are non-Abelian anyons, meaning that parti-
cle exchanges are non-trivial operations, which, in general, do not
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Fig. 3. The thermal excitation of double-peaks feature in the magnetic re-
sponse M(T) in the Landau band with n =1 arise from excited states con-
taining either only static magnetic fluxes and no mobile fermions, or from
excited states, in which fermions are closely coupled to fluxes in external
magnetic field [H|= 1 kOe (CSL1 state).
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Fig. 4. Ultra-narrow step-like features of the magnetization M(T) in the
SmMnO,,; in a strong magnetic field |H|=38.5 kOe in the Landau bands
with n=1 and 2. With growth of the field up to |H|=3.5 kOe, there is a
transition from a continuous spectrum of thermal excitations of spinon
pairs to a discrete one corresponding to an integer filling of three Landau

bands with finite gap.

commute.
This is unlike other known particle types, where an exchange op-
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eration merely has the effect of multiplying the wave function with
+1 (for bosons) or —1 (for fermions) or a general phase factor ¢ (for
‘ordinary’ (Abelian) anyons).

Furthermore, an MF is in a sense half of a normal fermion,
meaning that a fermionic state is obtained as a superposition of two
MFs. In a broad sense, two marjorams together give a Dirac fermi-
on. It should be noted, however, that any fermion could be written
as a combination of two MFs, which basically corresponds to split-
ting the fermion into a real and an imaginary part, each of which is
an MF. Normally, this is a purely mathematical operation without
physical consequences, since the two MFs are spatially localized
close to each other; overlap is significant and cannot be addressed
individually. When we talk about MFs here, we mean that a fermi-
onic state can be written as a superposition of two MFs, which are
spatially separated. Such a highly delocalized fermionic state is pro-
tected from most types of decoherence, since it cannot be changed
by local perturbations affecting only one of its Majorana constitu-
ents. The state can, however, be manipulated by physical exchange
of MFs because of their non-Abelian statistics, which has led to the
idea of low-decoherence topological quantum computation. Being its
own hole means that an MF must be an equal superposition of an
electron and a hole state. It is natural to search for such excitations
in superconducting systems, where the wave functions of Bogolyu-
bov quasi-particles have both an electron and a hole component.

To provide explanation for the rarity of 2D Dirac materials as
well as clues in searching for new Dirac systems, authors [19] re-
view the recent theoretical aspects of various 2D Dirac materials,
including graphene, silicene (silicone), germanene, graphynes, sev-
eral boron and carbon sheets, transition metal oxides and artificial
lattices (electron gases and ultracold atoms). As shown, the Dirac
cones are rather robust under perturbation. For example, when a
uniaxial or shear strain is applied, the band structure of graphene
keeps gapless and the Dirac point moves to a new k location near
the original one. At present, Dirac cone merging is achieved only in
artificial honeycomb lattices where parameters are much more ad-
justable. By patterning CO molecules on clean Cu(111), the hexago-
nal potential lattice of electron gases was effectively modulated to
demonstrate a transition from massless to massive Dirac fermions
in the system. In an ultracold gas of 40 K atoms trapped in a 2D
honeycomb optical potential lattice, the merging and annihilation of
two Dirac points were clearly recorded, when the lattice anisotropy
exceeds a critical limit. A simplified analysis on a general 2D sys-
tem, which contains two atoms of the same species in each unit cell,
demonstrated that a hexagonal cell is the most favourable for the
existence of Dirac cones, and the favourableness is gradually dimin-
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ished, when the cell evolves into a square one. According to Ref.
[19], to achieve Dirac materials, at least, three conditions are re-
quired.

(1) Symmetry. Specific symmetries are required to reduce the
number of equations to be solved. The k-points should be unchanged
after the symmetry operation (invariant k-point). Too low or too
high symmetries are both disadvantageous.

(2) Parameters. Even when the number of equations is equal to
the number of variables, the solution is not necessarily exist, since
the variables (k, and k,) are real numbers and appear in the equa-
tions in the form of a sine or cosine function. Therefore, proper pa-
rameters are required. This is usually described as a phase diagram
in the parameter space.

(3) Fermi level and band overlap. The Fermi level should lie at
the Dirac points and there should not have any other band than Di-
rac points overlap at the Fermi level.

In Ref. [20], an ultracold Fermi gas of 40 K atoms in a two-
dimensional tuneable optical lattice was investigated, which can be
continuously adjusted to create square, triangular, dimer and hon-
eycomb structures. It was exploited the momentum resolution of the
interband transitions to directly observe the movement of the Dirac
points. Starting from a honeycomb lattice, the authors gradually
increase the tunnelling along the x direction by decreasing the in-
tensity of the x-beam. The position of the Dirac points continuously
approaches the corners of the Brillouin zone, as expected from an
ab initio two-dimensional band structure calculation. When reach-
ing the corners, the two Dirac points merge, annihilating each oth-
er. There, the dispersion relation becomes quadratic along the g,
axis, remaining linear along ¢,. Beyond this critical point, a finite
band gap appears for all quasi-momenta of the Brillouin zone. This
situation signals the transition between band structures of two dif-
ferent topologies, one containing two Dirac points and the other
none. In Ref. [21], it was shown that the introduction of lattice ani-
sotropy causes Dirac cones to shift in response to the applied strain,
leaving a pseudo-gap at the original Dirac points. Here, a group-
theory analysis is combined with first-principles calculations to re-
veal the movement characteristics of Dirac points and band gaps in
various graphynes under rotating uniaxial and shear strains. Gra-
phene, where linear effects dominate, is different from -, p-, and
y-graphynes, which generate strong nonlinear responses due to their
bendable acetylenic linkages. However, the linear components of the
electronic response, which are essential in determining material
performance such as intrinsic carrier mobility due to electron—
phonon coupling, can be readily separated, and are well described by
a unified theory. The movement of the Dirac points in a-graphyne
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is circular under a rotating strain, and the pseudo-gap opening is
isotropic with a magnitude of only 2% that in graphene. According
to Ref. [22], there has been a recent growing interest for various
physical systems exhibiting a multiband excitation spectrum with
crossing points between the bands. This interest was boosted by the
discovery of graphene, where the low energy spectrum is described
by a 2D Dirac equation for massless fermions, giving the name ‘Di-
rac point’ to such linear crossing point. In two dimensions, a band
touching is a topological defect protected by time-reversal and in-
version symmetries. Such a contact point is characterized by a
winding number w, which describes the winding of the phase of the
wave function when moving around this point in reciprocal space.
Such singularities may emerge or disappear under variation of ex-
ternal parameters under the constraint that the sum of their wind-
ing numbers is conserved.

In Ref. [23], authors propose a simple Hamiltonian H,; to de-
scribe the motion and the merging of Dirac points in the electronic
spectrum of two-dimensional electrons. This merging is a topologi-
cal transition, which separates a semi-metallic phase with two Dirac
cones from an insulating phase with a gap. They calculated the den-
sity of states and the specific heat. The spectrum in a magnetic
field B is related to the resolution of a Schrodinger equation in a
double well potential. The effective Hamiltonian H,; has the re-
markable property to describe continuously the Landau level spec-
trum from the e,«Vn|B| dependence with double degeneracy for
well-separated Dirac cones to the e,oc(n+ 1/2)B| usual dependence
for a massive particle. For negative parameter 5o A/[B[*, the prob-
lem is similar to the one of a particle in a double well potential. In
the limit of large negative & that is far from the transition or in a
weak magnetic field, the potential has two well-separated valleys,
which are almost uncoupled. This corresponds to the situation of
two independent valleys. Note that in this limit the energy shift be-
tween the two valleys is 2V8. When & diminishes, we progressively
increase the coupling between valleys. The degeneracy of Landau
levels is progressively lifted. They evolve continuously from a v n|B]|
to a linear (n+ 1/2)B| dependence, with a [(n+1/2)|B[]*® depend-
ence at the transition. The spectrum in the vicinity of the topologi-
cal transition is very well described by a semi-classical quantization
rule. This model describes continuously the coupling between val-
leys associated with the two Dirac points, when approaching the
transition. It remarkably reproduces the low field part of the Ram-
mal Hofstadter’s spectrum for the honeycomb lattice.

In Ref. [24], analysis of the electronic properties of a deformed
honeycomb structure arrayed by semiconductor quantum dots (QDs)
is conducted theoretically by using tight-binding method. Through
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the compressive or tensile deformation of the honeycomb lattice,
the variation of energy spectrum has been explored. It was shown
that, the massless Dirac fermions are generated in this adjustable
system and the positions of the Dirac cones as well as slope of the
linear dispersions could be manipulated. Furthermore, a clear linear
correspondence between the distance of movement d (the distance
from the Dirac points to the Brillouin zone corners) and the tunea-
ble bond angle o of the lattice are found in this artificial planar QD
structure. These results provide the theoretical basis for manipulat-
ing Dirac fermions and should be very helpful for the fabrication
and application of high-mobility semiconductor QD devices.

The fact that doped manganites can have the properties of a 2D
semimetal has long been known, but relatively little theoretical and
experimental work has been done in this interesting area of solid-
state physics. The possibility of the existence of a state similar to
an exciton dielectric in doped La,_,Ca,MnO; manganites was first
pointed out in Ref. [25] within the framework of a two-band model
of double exchange of charge carriers in the e, shell of manganese
ions without taking into account the electron—phonon interaction. It
was shown that nesting of electron and hole regions (pockets) of the
Fermi surface, corresponding to two e, bands of charge carriers, ex-
ists in the initial LaMnO; compound. Because of the nesting of
these bands in LaMnO;, charge carriers are unstable to the for-
mation of a gas of electron—hole pairs of the exciton dielectric type.
A small dielectric gap appears in the spectrum of quasi-particles,
and the system becomes an insulator. The anomalies in the tempera-
ture dependences of the ac-dielectric permittivity found in the
La, ,Sm ,MnO;,5; system were explained in Ref. [26] in terms of the
existing concepts of the Bose—Einstein condensation of an electron—
hole liquid in the form of metal drops in an exciton dielectric. In
our later work [27], when explaining the effect of external influ-
ences on the magnetism of fluctuating low-dimensional electron and
spin correlations in frustrated manganites La, ,Sm MnO,; (y = 0.85,
1.0), we considered several weak coupling models of the appearance
of CDW/SDW states and superconductivity, based on the possibility
of the existence in some materials of an unusual state—an exciton
condensate (EC), in which, according to the literature data, new
types of charge/spin density and superconductivity waves can arise
under the influence of weak external influences, which are closely
related to various types of nesting of electron—hole regions of the
Fermi surface and interband (intraband) pairing of charge and spin
carriers.

In Ref. [28], a two-band model for the formation of an exciton
SDW was constructed taking into account the interband and intra-
band interactions of charge carriers. The case of complete nesting
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of electron—hole regions of the Fermi surface is considered for sev-
eral different values of the wave vector Q,. It was shown that the
change in the shape of the Fermi surface, caused by the relative
shift of the conduction and valence bands, leads to competition be-
tween different magnetic phases. Within the framework of this
model, the static magnetic susceptibility of the electron—hole sys-
tem was studied, which made it possible to determine the nature of
its various instabilities of the exciton SDW type. It is shown that
instabilities in the paramagnetic state of a system of EC spins can
be strictly identified by studying the peak features of the tempera-
ture dependence y(T) of their static magnetic susceptibility. When,
with a decrease in the temperature of the paramagnetic state of the
electron—hole system, it reaches a critical value, then, one can ex-
pect the appearance of peaks y(7T) of various shapes caused by the
appearance of SDWs with wave vectors equal to different values of
the nesting vector Q,; of the electron—hole Fermi surface regions. It
was found that in the case of exciton (interband) instability, the
feature of the paramagnetic susceptibility caused by nesting of the
phase transition has the form of a sharp peak, while the intraband
instability is characterized by a peak feature spread over a wide
range of wave vector values near Q,. Of particular interest is the
appearance of signs of anomalous ferromagnetism in self-doped
Lay ;5Sm; ssMnO,,s manganites at temperatures below Ty, =12 K in
magnetic fields |H| > 350 Oe, which we discovered in Ref.[27], ap-
parently associated with the EC ferromagnetism. EC ferromag-
netism was first studied theoretically in Refs. [29-31]. A model was
considered for the spectrum of fermions (S =1/2), which are unsta-
ble to electron—hole pairing in the weak coupling limit. Conditions
are found under which singlet (S=0) and triplet (S=1) types of
spin pairing can coexist, which leads to an unusual state of a fermi-
on gas of the exciton ferromagnet type. The authors considered
three types of fermion gas: 1) semimetals with overlapping phase
transitions, 2) semiconductors with a narrow band gap less than the
exciton binding energy, 3) metals with very narrow bands. In all
three cases, the system is unstable to coherent electron—hole pairing
of free charge carriers into a singlet state with a binding energy VC
or a triplet state with a binding energy VT, or to the formation of
two states that differ in q vectors.

The energy spectrum of such systems has a semiconductor char-
acter with a dielectric gap A, for singlet pairing and A, for triplet
pairing. It was shown that the transition of a gas of free charge
carriers in such materials to a ferromagnetic ground state is possi-
ble even in the case of a weak interaction between charge carriers.
It has been established that the simultaneous existence of singlet
(Ag) and triplet (A;) order parameters is accompanied by the for-
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mation of CDWs and SDWs, as well as the removal of spin degener-
acy of the electron and hole bands. In this case, if the number of
electrons is not equal to the number of holes, the number of charge
carriers with opposite spin is different. The total spin of such a sys-
tem is proportional to the difference in the electron and hole con-
centrations, which is the reason for the appearance of exciton fer-
romagnetism at T — 0K. In a later review [32], it was noted that
the weak coupling approximation, in which there is no Hund strong
coupling, describes weakly correlated metals well or semiconduc-
tors, in which the gluing of electron—hole pairs is carried out by the
long-range part of the interaction. This leads to the coexistence of
many degenerate exciton states in these materials. Due to this de-
generacy, even such a weak exchange interaction as hopping of elec-
tron—hole pairs between atoms can play an important role in the
formation of exciton ferromagnetism and CDW/SDW of ordered
states of fermions [33, 34]. According to Ref. [33], a charge density
wave with singlet spin pairing (S =0) and a spin density wave with
triplet spin pairing (S=1) can coexist in ECs. In weak coupling
models, it is assumed that the main cause of the EC instability is
the complete nesting of the electron—hole regions of the Fermi sur-
face. In our opinion, the models of exciton condensate considered
above in the simplest case of the weak coupling limit are directly
related to the experimental results obtained in this work and can be
used as a foundation in our further study of the unusual properties
of frustrated manganites of the La, ,Sm MnO,; type. The unusual
properties of frustrated manganites include the previously discov-
ered coexistence in them at temperatures below 60 K of spin, elec-
tron—hole, and superconducting quantum liquids.

4. CONCLUSION

An alternate permutation of the double—peaks and Dirac cone fea-
tures of the ‘supermagnetization’ M(T) in SmMnO;.s during the
Landau quantization of the spinon pairs spectrum by the weak ex-
ternal magnetic fields [H| =100, 350, 1000 Oe may be explained by
the existence in this material of two hidden states of the chiral spin
liquid CSL1 and CSL2. The double-peaks features in SmMnO,,s arise
from excited states of the chiral QSL containing from excited states
in which Majorana fermions are closely coupled to fluxes. In exter-
nal magnetic field [H|=350 Oe magnetic response appears in the
first Landau zone in the shape of a Dirac cone feature near the av-
erage temperature Ty =4.6 K, which corresponds to the excitation
of two coupled Majorana zero modes arising on point defects. In ex-
ternal magnetic field |H|= 8.5 kOe, only the step-like quantum oscil-
lations of temperature dependences of ‘supermagnetization’ of in-
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compressible quantum spinon liquid were found. The strong ‘smear-
ing’ of the features of the magnetization M(T) in SmMnO,.; found
in this work is explained by an increase in quantum fluctuations of
the sample magnetization caused by the proximity to the quantum
critical point of the magnetic phase diagram of the La, ,Sm ,MnO;.;
system.
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Non-stoichiometric Cd,Te, (m#n: Cd;;Te,, Cd,Te;5, CdigTe;5, CdisTeq,
CdssTe,s, and CdygTess) clusters with spherical form and diameter of 1,
1.4, and 1.6 nm are studied. These Cd,Te, clusters have T, point-group
symmetry. All calculations including geometry optimization and energy
spectra of the Cd,Te, clusters are made using density functional theory
(DFT). The GGA + PBE approximation is used to describe the exchange—
correlation energy of the electron subsystem with Hubbard corrections
(GGA + U). Structural properties, bond length, symmetry and electronic
properties like the HOMO-LUMO gap, binding energy, and electronegativ-
ity are analysed.

Ilogano pesysabTaTu gOCHIMKEHb HecTexiomerpuuHux Kiaactepie Cd,Te,
(m#n: CdysTe,, Cd,Te 3, CdigTess, CdigTerg, CdggTeys i CdygTess) 31 cdepuu-
HOI0O (opmoio Ta miamerpom y 1, 1,4 # 1,6 um. [ocrmimkyBaHi KJacTepu
Cd,,Te, onmcano TOUYKOBOIO rpymoio cuMeTpii T,. Yci pospaxyHKU, BKJIHOYA-
0UM ONTUMiBalito reomerpii it emepreruuHi cunekTpu Kiaacrepis Cd,,Te,, Bu-
KOHAHO 3 BUKODUCTAHHAM Teopii QyHKIioHany ryctuHu. [yia omucy oOMiH-
HO-KopesdAniiiaoi eHeprii Bukopucrano Habamxenusa GGA+PBE 3 T'aGbap-
nosumu nomnpaBkamu (GGA +U). IIpoananizoBaHO CTPYKTYpHi BJIaCTUBOCTI,
IOBYKUHY 3B 3Ky, CUMETPil0 M eJIeKTPOHHI BJIACTUBOCTi, TaKi AK eHepreTu-
yua mfianaa HOMO-LUMO, enepria 3B 3Ky # eJIeKTPOHETaTUBHICTD.

Key words: non-stoichiometric clusters, CdTe, semiconductor, HOMO-
LUMO gap, binding energy, electronegativity.
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1. INTRODUCTION

Nanocrystalline semiconducting materials of II-VI group offer
unique electronic and optical properties attributed to the so-called
quantum confinement effects [1]. The optical properties of such
compounds can be adjusted by altering the dimensions of the nano-
particles. CdTe clusters (also in the form of the quantum dots
(QDs)), are important II-VI group semiconducting materials with a
narrow bulk band gap (= 1.44 eV) [1] and a high excitation Bohr ra-
dius (7.3 nm) [2, 3]. QDs based on CdTe have potential applications
in novel light emitters, next-generation solar cells, sensing, and bi-
omedical diagnostics [4].

In the present work, the gap between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
binding energy and electronegativity of the non-stoichiometric
Cd,Te, (m = n) clusters have been calculated. The information about
studies of physical properties of the CdTe clusters was found in the
literature [2, 4-18]. In these works also are reports on the density
functional theory (DFT) calculations of electronic and optical prop-
erties of Cd,Te, (m=n [13, 18], m=n[10, 13, 16, 17, 18]) clusters.
Particularly, the LDA [18], GGA + PBE [10, 13, 18], and B3LYP
[10, 16] functionals were used for DFT calculations. The Cd,Tes,
Cd,sTeyy, Cd,,Te;3, CdiqTeyy, CdigTe,s, and Cd,oTeg, clusters were
studied in [13]. In Ref. [18], the Cd,;Te;;, CdisTe;3, CdisTeqy, and
Cd,yTe;s non-stoichiometric clusters were used for studies of the
electronic properties.

The paper is organized as follows. The next section introduces the
calculation techniques used. The first subsection in the third sec-
tion reports the main results of the electronic band energy struc-
ture of bulk CdTe. Structural properties of non-stoichiometric
Cd,Te, (m=n: Cd,sTe,, Cd,Te,;5, CdigTe;s, CdisTery, CdssTess, and
Cd,sTess) clusters are elucidated in the second subsection of the
third section. The third subsection in the third section is the study
of the HOMO-LUMO gap, binding energy, and electronegativity of
non-stoichiometric Cd,Te, clusters. Finally, the conclusions are
drawn in the last section.

2. METHODS OF CALCULATION

All calculations including geometry optimization and energy spectra
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were made using DFT, which was implemented in Quantum Espres-
so package [19]. Density functional GGA + PBE was used to describe
the exchange—correlation energy of the electronic subsystem with
Hubbard corrections (GGA + U). Unfortunately, for strongly corre-
lated materials, including CdTe, the standard DFT with GGA (PBE)
functional will underestimate the band gap. The easiest way to get
the results closer to experimental ones is to use a so-called ‘scissor’
operator, which leads to the band gap changing by shifting the con-
duction band into the region of higher energies [20] or to use Hub-
bard U correction [21].

Firstly, structure optimization and calculation of electron band
energy structure were made for bulk CdTe. This calculation was
performed to estimate the value of Hubbard corrections. The value
E =660 eV for the energy of cutting-off the plane waves was
used in our calculations. The electronic configurations of 5s?4d™ for
Cd and 5s*5p* for Te atoms formed the valence electron states. The
self-consistent convergence of the total energy was taken as 5.0-10°°
eV/atom. Geometry optimization of the lattice parameters and
atomic coordinates was performed using the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) minimization technique with the maxi-
mum ionic Hellmann—Feynman forces within 0.01 eV/A, the maxi-
mum ionic displacement within 5.0-10™ A, and the maximum stress
within 0.02 GPa.

Based on the optimized structure of the bulk CdTe, the Cd,Te,
clusters (in spherical form) with diameter (D) of 1, 1.4, and 1.6 nm
were built. The convergence criteria for energy and force were set
to =3-10* eV and = 5-10-2 eV /A respectively for all the calculations.
To describe accurately the electronic spectrum, two Hubbard correc-
tions were selected for the studied objects: for d-orbitals of Cd
(U, =5.80 eV) and p-orbitals of Te (U;,=2.55 eV).

3. RESULTS AND DISCUSSIONS
3.1. Electron Band Energy Structure of Bulk CdTe

In Figure 1, the full energy band diagrams of the CdTe crystal are
shown along the highly symmetric lines of the 1-st Brillouin zone
(BZ: W(0.500, 0.250, 0.750), L(0.500, 0.500, 0.500), T1'(0, 0, 0),
X(0.500, 0, 0.500), and K(0.375, 0.375, 0.750)). The energy posi-
tion of the Fermi level (E;) is aligned with 0 eV. Analysis of the
results of theoretical calculations of the energy band spectrum
shows that the smallest band gap is localized in the centre of the BZ
(the I' point) for GGA and GGA + U calculations. This means that
the crystal is characterized by a direct energy band gap. The esti-
mated band gap for the GGA calculation is 0.494 eV. It is less than
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Fig. 1. Electron band energy structure of bulk CdTe (calculated using
GGA +U).

the appropriate value obtained experimentally (= 1.44 eV [1]). Using
the Hubbard correction U,,=5.80 eV for Cd and U;,=2.55 eV for
Te atoms, we obtained the band gap of 1.438 eV for the bulk CdTe,
perfectly consistent with the experimental data [1].

3.2. Structural Properties of Non-Stoichiometric Cd, Te, Clusters

Based on the optimized structure of the bulk CdTe, the Cd,Te,
spherical clusters with different diameters between 1 and 1.6 nm
were built (see Fig. 2). The clusters were further optimized using
the parameters reported in the second section. The non-
stoichiometric Cd,Te, clusters before and after optimizations are
shown in the Fig. 2 (detailed information is in the figure). These
Cd,, Te, clusters have T, point group symmetry. The average Cd-Te
bonds lengths (/) in the clusters are listed in Table 1. As seen in Ta-
ble 1, Cd, Te, clusters with rich content of Cd (m/n > 1) have larger
average Cd—Te bonds lengths than the Te-content rich clusters
(m/n<1).

3.3. HOMO-LUMO Gap, Binding Energy, and Electronegativity of
Non-Stoichiometric Cd, Te, Clusters

To study the solvent effects on the energy position of the HOMO,
LUMO, and HOMO-LUMO gap, we performed the geometry optimi-
zation of the clusters in the presence of the solvents. A comparison
of the calculated value of the HOMO, LUMO, and HOMO-LUMO
gap for non-stoichiometric Cd;;Te, and Cd,Te;; clusters shows the
gaps to be very similar for water, acetone, and ethanol. Based on
these results, only water was used as a solvent in calculations for
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other clusters.

Non-optimized Cd . _Te cluster, D=1 nm

H18)" L3

Optimized Cd  Te, cluster

167 1g
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[® ~

Non-optimized Cd, Tt

seasy - Conn
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A S 2w g

Fig. 2. Structure of non-stoichiometric Cd,Te, clusters before (non-
optimized) and after optimizations.

TABLE 1. Average Cd—Te bond length for studied clusters (PGS states for
point group symmetry).

Cd, Te, cluster | m/n | PGS | l, A
Cd,,Te, 13/4 T, 2.99750
Cd,Te,, 4/13 T, 2.89275
Cd,.Te,, 16/19 T, 2.86100
Cd,,Te, 19/16 T, 2.87800
Cd,,Teys 28,38 T, 2.85840

Cd5Tes 38/28 T, 2.88257
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Fig. 3. Left panel—energy position of the HOMO, LUMO and HOMO-
LUMO gap for Cd,;Te, and Cd,Te,; clusters (solvent—water). Right panel —
energy position of the HOMO, LUMO and HOMO-LUMO gap for non-
stoichiometric Cd,Te, clusters (details in figure).

The energy positions of HOMO and LUMO for Cd,;Te, and Cd,Te,;
clusters are shown in Fig. 3 (left panel). In Figure 3 (left panel),
one can see that the energy position of HOMO and LUMO decreases
while moving from Cd-rich (Cd,;Te,) to the Te-rich (Cd,Te;;) clus-
ters. In addition, a higher value of the HOMO-LUMO gap is ob-
served for the Cd-rich cluster (Cd,;Te,).

In Table 2, the energy position of the HOMO, LUMO, and
HOMO-LUMO gap of non-stoichiometric Cd, Te, clusters are listed.
For analysis of these results, we used a composition ratio (m/n). In
Figure 3 (right panel), the dependence of the energy position of
HOMO, LUMO, and HOMO-LUMO gap from the composition ratio
is shown. As one can see in Figure 3 (right panel), the HOMO-
LUMO gap increases for all cases when the composition ratio chang-
es (transition from Cd-rich to Te-rich cluster). In addition, when
the composition ratio m/n is heading to 1 (case of the stoichio-
metric Cd,Te, clusters) this gap increases and goes to a value above
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TABLE 2. Electronic properties of non-stoichiometric CdTe clusters in dif-
ferent solvents.

Cd,,Te, cluster | Solvent | HOMO, eV |LUMO, eV |[HOMO-LUMO gap, eV

Cd,;Te, Water -3.449 -3.152 0.297
Cd,;Te, Ethanol -3.444 -3.145 0.299
Cd;;Te, Acetone -3.443 -3.145 0.298
Cd,Te,; Water —4.288 -4.103 0.185
Cd,Te,; Ethanol -4.290 -4.105 0.185
Cd,Te,, Acetone -4.290 -4.105 0.185

TABLE 3. Electronic properties of non-stoichiometric CdTe clusters (sol-
vent—water).

Cd, Te, cluster‘HOMO, eV|LUMO, eV |HOMO-LUMO gap, eV‘ E,, eV ’ %, eV

Cd,,Te, -3.444  -3.145 0.299 1.032983.2945
Cd,Te,s -4.288  -4.103 0.185 1.776384.1955
Cd,6Teyo -5.507  -5.398 0.109 2.051435.4525
Cd,,Te,; -3.833  -2.646 1.187 1.927183.2395
Cd,eTesq -5.201  -4.413 0.788 2.162134.8070
CdeTe,q -4.151  -2.625 1.526 1.933423.3880

1.526 eV (E, for CdssTey). This value (of 1.526 eV) is larger than
for bulk CdTe (1.438 eV). The increasing tendency of the energy
gap is connected with the quantum-size effect (D <2 nm). In addi-
tion, we established that the value for the HOMO-LUMO gap is
much higher for clusters with n > m.

To estimate the stability of studied clusters, the binding energy
was calculated. Binding energy was obtained using Eq. (1) and is
listed in Table 3; Table 3 also lists electronegativities, which were
calculated based on Eq. (2) [22]:

Eb = [mEtotal (Cd) + nEtotal (Te) + Etotal (Cmeen )] / [m + n] ’ (1)
% = —[HOMO + LUMO] / 2. (2)

A comparison of the binding energies of the Cd,Te, clusters
(E,(m/n<1)> E,(m/n>1)) indicates that the samples with m/n<1
(Te-rich clusters) are more stable than samples with m/n>1 (Cd-
rich clusters). In the clusters group with n > m, Te atoms are on the
surface (see Fig. 2) and hence these structures are energetically fa-
voured [18].
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Fig. 4. The relation between HOMO-LUMO gap and E, for non-
stoichiometric Cd,Te, clusters (details on figure).

The latter can be related to Jahn—Teller distortion in the m>n
clusters. A similar tendency has been observed in non-stoichiometric
HgTe [23] and CdTe [18] clusters. However, in our case, the struc-
ture symmetry (see Table 1) of the non-stoichiometric Cd,Te, clus-
ters was saved (in Ref. [18], [23] symmetry is destroyed after opti-
mization).

The relationship between E, and HOMO-LUMO gap is presented
in Fig. 4. In the case of m/n>1 (see Fig. 4 (left panel)), the in-
crease of E, is appears along with the increase in the HOMO-LUMO
gap, which means that the larger E, value will have a cluster with a
larger band gap. However, in the case of m/n <1 (Te-rich clusters),
this dependence (see Fig. 4 (right)) is more difficult. This can be
related to the decreasing in the average Cd—Te bond lengths (see
Table 1) when the composition ratio changes from m/n>1 on
m/n<1.

4. CONCLUSION

First-principle theoretical studies of the electron properties for the
non-stoichiometric Cd, Te, (m # n) clusters have been carried out us-
ing the reliable techniques of density functional theory and known
approximations. Based on these calculations, the energy position of
HOMO, LUMO, HOMO-LUMO gap, binding energy, and electroneg-
ativity are obtained for the studied clusters.

Structure analysis shows that the Cd,Te, clusters with rich con-
tent of Cd (m/n > 1) have larger Cd—Te average bonds lengths than
the Te-content rich clusters (m/n < 1). For all clusters, the structure
symmetry was saved.
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Analysis of the energy properties shows that the solvent (water,
acetone or ethanol) does not have effects the energy position of the
HOMO, LUMO, and HOMO-LUMO gap. Increasing of the HOMO-
LUMO gap when the composition ratio m/n is heading to 1 is ob-
served. Additionally, it was revealed, based on the calculated value
of the binding energy, that the samples with m/n <1 (Te-rich clus-
ters) are more stable than samples with m/n > 1 (Cd-rich clusters).

This work was supported by the Project for Young Scientists No.
01240000760 granted by the Ministry of Education and Science of
Ukraine.
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A comprehensive investigation on hydrogen grabbing by heteroclusters of
Mn-doped GaN, AlGaN, InGaN is carried out using DFT computations at
the CAM-B3LYP-D3/6-311+G(d,p) level of theory. The notable fragile
signal intensity close to the parallel edge of the nanocluster sample might
be owing to manganese binding-induced non-spherical distribution of
Mn@GaN, Mn@AlGaN or Mn@InGaN heteroclusters. The hypothesis of
the energy-adsorption phenomenon is confirmed by density distributions
of CDD, TDOS/PDOS/OPDOS, and electron-localization function (ELF) for
GaN and its alloys. Based on TDOS, the excessive growth technique on
doping manganese is a potential approach to designing high-efficiency hy-
brid semi-polar gallium nitride-based devices in a long-wavelength zone. A
vaster jointed area engages by an isosurface map for Mn-doping GaN, Al-
GaN, and InGaN towards formation of nanocomposites of Mn@GaN-H,
Mn@AlGaN-H, and Mn@InGaN-H after hydrogen adsorption due to la-
belling atoms of N,, Mn;, H,;, respectively. Therefore, it can be consid-
ered that manganese in the functionalized Mn@GaN, Mn@AlGaN or
Mn@InGaN might have more impressive sensitivity for accepting the elec-
trons in the process of hydrogen adsorption. Furthermore, Mn@GaN,
Mn@AIlGaN or Mn@InGaN are potentially advantageous for certain high-
frequency applications requiring solar cells for energy storage. The ad-
vantages of manganese over GaN, AlGaN, or InGaN include its higher
electron and hole mobility, allowing manganese-doping devices to operate
at higher frequencies than non-doping devices.

KoMILtekcHe mOCIiIKeHHs 3axXOIlieHHA [igporeHy reTepokjacTepaMu JIero-
Bamoro Mn GaN, AlGaN, InGaN 6yno mpoBemeHo 3a momomoroio TOII-
obumcaens Ha piBHiI Teopii CAM-B3LYP-D3/6—-311+G(d,p). IlomiTHa imTe-
HCHUBHICTh HETPHMBKOI'O CUI'HAJY IOOJMU3Y IIapaJieIbHOTO KpPaio 3pasKa HaHO-
KJIacTepa MOJKe OyTHM HACHIZKOM iHAYKOBAHOI'O 3B’ A3YBAJbHUM MAHI'AHOM
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Hec()epUUHOTO pO3IMOALNYy reTepokyacrepis Mn@GaN, Mn@AlGaN a6o
Mn@InGaN. TimoTesy mpo sBullle afcopOIii eHeprii 6yJgo HiATBepA:KeHO
posuoginamu ryctuau CDD, TDOS/PDOS/OPDOS Tta ¢yHKIil Jokasmizamii
enekTpoHiB aaa GaN Ta fioro cromiB. 3acHoBanuii Ha TDOS, meTon magMip-
HOTO POCTY 3a JIeTyBaHHS MAHTAHOM € MOTEHI[IHHUM IIifXO0IOM II[0I0 PO3PO-
OKM BUCOKOe(EKTUBHUX TiOPUAHMX HANiBHOJSPHUX MPUCTPOIB HA OCHOBI
HiTpHUIY Tamifo B ZOBrOXBHUIBOBiH 30Hi. BimbIm IMUPOKY 3’eTHAHY 00JIaCTh
3a7iTHO KapToio isomoBepxHi mua jgeryBanua Mn GaN, AlGaN, InGaN saz-
JIT yTBOPeHHA HaHOoKoMmIo3nTie Mn@GaN-H, Mn@AlGaN-H, Mn@InGaN—
H micna agcopbuii Iizporeny BHacaimok miuenns atomiB N,, Mn,, Hig Bin-
noBigHo. TakuM UMHOM, MOKHA BBasKaTH, IO MaHIaH y (PyHKIIioHaJIizoBa-
Hux Mn@GaN, Mn@AIGaN a6o Mn@InGaN Mmoxke MaTé GilIbIII BUPasHY
YYTJIWBICTH 0 TPUHUOMY eJeKTPOHIiB y mpoiieci agcopbiii 'izporeny. Kpim
roro, Mn@GaN, Mn@AlGaN a6o Mn@InGaN € moTeHIi#HO BUTIAHUMY IJId
TMMeBHUX BUCOKOUYACTOTHUX B3aCTOCYBaHb, AKi BUMATralOTh COHAYHUX €JIEMEH-
TiB nna s0epiramHa eHeprii. IlepeBaru mamrany mnepen GaN, AlGaN a6o
InGaN BKJHOUYAIOTH HOT0 BUIY PYXJUBICTH €JIEKTPOHIB i AipOK, IO YMOMK-
JIUBJIIOE JIETOBAHUM MAHTAHOM IIPUCTPOSIM IIPAIIOBATH Ha BUIUX YaCTOTaX,
aHi}K HeJIeTOBAHUM IIPUCTPOSIM.

Key words: solar cells, hydrogen adsorption, energy storage, aluminium-—
gallium nitride, indium gallium nitride, first-principles study.

Karouosi cmoBa: cornsuHi 6arapei, agcopbiia ['igzporeny, HaKONIUUYEHHA eHe-
prii, m=iTpupg Asominiro—Tamimo, HiTpUI Tamito—Iugito, HEepPIIONPUHITUIIHE
ITOCJIiIsKeHHd.
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1. INTRODUCTION

A binary III/V direct bandgap semiconductor called gallium nitride
(GaN) is a very hard material with wide bandgap applied in a varie-
ty of technologies, including optoelectronic, high-power electronics
and light-emitting diodes, partly due to its favourable thermal
properties [1, 2].

The nitrides of group III in periodic table have low sensitivity to
ionizing radiation that makes them appropriate materials for solar
cell arrays for satellites. Therefore, space applications could also
benefit as devices have shown stability in high radiation environ-
ments.

Ternary ‘AlGaN’ alloys have been recognized as promising mate-
rials for realizing deep ultraviolet ‘DUV’ optoelectronic devices
with operating wavelengths down to 200 nm [1-3]. For the devel-
opment of high performance AlGaN-based ‘DUV’ devices, high-
conductivity p-type Al-rich Al,Ga, N (x>0.4) is essential. Many
studies have shown that enhancing the p-type conductivity has a
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significant effect on the improvement of both the electrical and op-
tical properties of AlGaN DUV optoelectronics [4—8]. In an investi-
gation, the scientists have shown the Al,;Ga, N/GaN heterojunc-
tion solar cells with a Mn-doped active layer. Under a 1-sun AM1.5G
illumination condition, the devices exhibited improved conversion
efficiency by a magnitude of 5 compared to the cells without Mn
doping in the active layer. This dramatic increase in conversion ef-
ficiency is attributed to the fact that the Mn-related energy states
cause sub-band gap photon absorption and thereby contribute an ex-
tra photocurrent [9]. The investigations conducted on Mn-doped
GaN have shown that the Mn impurity band could form approxi-
mately at the middle of the GaN band gap [10] (Fig. 1).

The researchers have estimated the suitability of Mn doped
In, ,Ga,N as an IB material. They predicted that the In, ,Ga,N-
based solar cells with a Mn-doped absorption layer could achieve
maximum efficiency [11].

The ternary semiconductor of Indium gallium nitride (InGaN) as
solar cells is remarkable owing to the adjustable direct band gap en-
ergy of InGaN veiling the total solar spectrum arraying from 0.7 to
3.4eV [12, 13], as well as preferable photovoltaic specifics of
InGaN consisting of vast absorption coefficients [14] and high car-
rier dynamism. Furthermore, great fixity and excellent radiation
persistence of InGaN alloys permit function of InGaN-based instru-
ments in uttermost situations such as space and geocentric usages

GaN —» Mn@GaN — Mn@GaN-H

Sl o Mn@AIGaN—-H
3 HOHY

H) %Sﬁg Mn@InGaN—H

Fig. 1. Application of Mn-doped hetero-clusters of GaN, AlGaN, InGaN for
hydrogen storage in transistors using CAM-B3LYP-D3/6-311+G(d,p) cal-
culation (@ denotes doping).
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[12, 15]. The solar cells of InGaN were constructed with low indium
amounts of the InGaN alloy compounds [16—18] that conduces to an
enhancement in the band gap energy of InGaN and then eventuates
in the absorption of shorter wavelengths of solar radiation. There-
fore, to find out InGaN solar cells with high yield, the In amount in
the InGaN active layer of these solar cells should be enhanced to
compensate a large part of the solar spectrum. Recently, it has been
suggested the application of dual nanogratings of Si and other or-
ganic solar cells, which are mostly in direct contact with the active
area of the solar cells [19-25].

Moreover, the researchers fabricated transition metal zinc doped
InGaN nanorods arrays by radio-frequency plasma-assisted molecu-
lar beam epitaxy. Doping obviously reduces indium atoms composi-
tion, the aggregation of In—In and induces the deep energy level.
This greatly decreases the defects and improves the valence band
potential of InGaN nanorods [26].

Recently, researchers have proposed an InGaN/GaN p—i—n thin-
film solar cell, which includes a dual nanograting compound: silver
nanogratings on the back of the solar cell and GaN—NGs on the
front. FDTD simulation parameters have exhibited that the dual NG
compound connects the eventual sunlight to the plasmonic and pho-
tonic styles, so enhancing the absorption of the solar cell in a wide
spectral span. It is perceived that the solar cells possessing the dou-
ble nanograting structures have a considerable increment in light
absorption compared with cells either having no nanogratings or
having only the front nanogratings or only the back nanogratings
[27].

In this paper, we propose the feasible semiconductors of GaN,
AlGaN, InGaN, which are doped with manganese (Fig. 1). We car-
ried out molecular modelling considering the geometrical parame-
ters of doping atoms on the surface of Mn@GaN, Mn@AIlGaN, and
Mn@InGaN through hydrogen absorption status and current charge
density of the solar cells was studied. Moreover, the effect of a rel-
ative chemical shift between GaN, AlGaN, InGaN and doped hetero-
clusters of the solar cell was also investigated.

2. MATERIALS AND METHODS

The Mn-doped GaN, AlGaN, InGaN nanocomposites were calculated
within the framework of first-principles calculation based on densi-
ty functional theory (DFT) (Fig. 2). The rigid potential energy sur-
face using density functional theory [28—41] was performed due to
Gaussian 16 revision C.01 program package [42] and GaussView 6.1
[43]. The coordination input for energy storage on the solar cells
has applied 6-311+G(d,p) and EPR-3 basis sets.
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Fig. 2. Characterization of heteroclusters includes (a) Mn@GaN/Mn@GaN—
H; (b) Mn@AlGaN/Mn@AlGaN-H; (¢) Mn@InGaN/Mn@InGaN—H through
a labelled ring in clockwise manner including Mn,, N,, Ga,5, N;, Gag, Ny,
towards H-adsorption.

First, we optimized the structural parameters of nanoclusters of
GaN, AlGaN, InGaN which are doped with manganese towards for-
mation of heteroclusters of Mn@GaN, Mn@AlGaN, Mn@InGaN for
obtaining the highest short-circuit current density. Then, Figure 1
shows the process of hydrogen adsorption on heteroclusters of
Mn@GaN, Mn@AlGaN, Mn@InGaN, which are varied to maximize
the absorption in the active region. This is a utility used to calcu-
late ring area and perimeter, since ring area is sometimes involved
in wave-function analysis. In this function, it is needed to input the
index of the atoms in the ring in clockwise manner including Mn;,
N,, Ga;;, N;, Gag, Ny, (Fig. 2, a, b, ¢). Then, it has be calculated to-
tal ring area and total ring perimeter for a tailored ring as 9.6981
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A? and 11.6921 A?, respectively (Fig. 2, a, b, c).

3. RESULTS AND DISCUSSION

In this article, the data has evaluated the efficiency of metal-doped
hybrid nanoalloys of Mn@GaN, Mn@AlGaN, Mn@InGaN and their
hydrated complexes of Mn@GaN-H, Mn@AGaN-H, Mn@InGaN-H
energy saving in batteries, transistors and solar cells.

3.1. Analysis of CDD, TDOS/PDOS/OPDOS and ELF

The amounts of charge density differences ‘CDD’ is measured by
considering isolated atoms or noninteracting ones. The mentioned
approximation can be the lightest to use because the superposition
value may be received from the primary status of the self-
consistency cycle in the code that carries out the density functional
theory (Fig. 3, a, b, c) [44].

Figure 2, a indicates the atom of Mn, from Mn@GaN and Mn;,
H,; from Mn@GaN-H accompanying gallium and nitrogen atoms
fluctuating around —9 to +3 Bohr. In Figure 2, b, the atom of Mn,
from Mn@AIGaN and Mn;, H;; from Mn@AlGaN-H accompanying
aluminium, gallium and nitrogen atoms have shown the fluctuation
around -9 to +3 Bohr and —8 to +4 Bohr, respectively. Moreover,
the atom of Mn; from Mn@InGaN and Mn;, H,;; from Mn@InGaN-
H accompanying indium, gallium and nitrogen atoms have shown
the fluctuation around -9 to +3 Bohr (Fig. 3, ¢).

To understand better the different adsorption characteristics of
Mn@GaN, Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN,
Mn@InGaN-H, total density of states (TDOS) using Multiwfn pro-
gram [45] has been measured. This parameter can indicate the ex-
istence of important chemical interactions often on the convex side
(Fig. 4, a, a', b, b', ¢, ¢'). In isolated system (such as molecule), the
energy levels are discrete, the concept of density of state (DOS) is
supposed completely valueless in this situation. Therefore, the orig-
inal total DOS (TDOS) of isolated system can be written as [45]:

TDOS(E) = > 8(E-¢,), (1)

i
2

eiﬁ, where ¢ = FWHM

1
e 2n 24/2In x '
Moreover, the curve map of broadened partial DOS (PDOS) and

overlap DOS (OPDOS) are valuable for visualizing orbital composi-
tion analysis, PDOS function of fragment A is defined as

G(x) = (2)
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PDOS,(E)=> =, ,F(E-¢), (3)

where Z; , is the composition of fragment A in orbital i. The OPDOS
between fragment A and B is defined as:

Mn©GaN-H

OF—
Q

(s

Fig. 3. CDD graphs for heteroclusters through hydrogen adsorption includ-
ing (a) Mn@GaN/Mn@GaN-H, (b) Mn@AlGaN/Mn@AlGaN-H, and (c)
Mn@InGaN,/Mn@InGaN—-H.
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OPDOS, 4(E) = Zi X, ,F(E-¢), (4)

where X, , is the composition of total cross term between fragment
A and B in orbital i.

In the TDOS map, each discrete vertical line corresponds to a mo-
lecular orbital (MO), the dashed line highlights the position of
HOMO. The curve is the TDOS simulated based on the distribution
of MO energy levels. In the negative part, the region around —0.40
a.u. has obviously larger state density than other regions for
Mn@GaN, Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN,
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Fig. 4. TDOS/PDOS/OPDOS graphs of heteroclusters include (a) Mn@GaN,
(a') Mn@GaN-H, (b) Mn@AIlGaN, (b') Mn@AIGaN-H, (¢) Mn@InGaN, (c)
Mn@InGaN-H.
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Continuation Fig. 4.

Mn@InGaN-H (Fig. 4, a, a', b, V', ¢, ¢').

However, Mn@InGaN—-H (Fig. 4, ¢') has shown larger state densi-
ty through pointed peaks than Mn@GaN-H (Fig. 4, a’) and
Mn@AlGaN-H (Fig. 4, b'). It is remarkable that the excessive
growth technique on doping manganese as noble transition metal is
a potential approach to designing high efficiency hybrid semi-polar
gallium nitride alloys devices on aluminium or indium layers in a
long wavelength zone.

Fragment 1 has been defined for N,, X; (X =Ga, Al, In), N,, Mn,,
Ga;;, Ny, N;; for Mn@GaN (Fig. 4, a), Mn@AlGaN (Fig. 4, b),
Mn@InGaN (Fig. 4, ¢) and H,3 for Mn@GaN (Fig. 4, a'), Mn@AlGaN
(Fig. 4, b'), Mn@InGaN (Fig. 4, c¢'). Moreover, Fragment 2 has indi-
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cated the fluctuation of N,, Mn;, Gag, Ny, Nys, Y5 (Y =Ga, Al, In),
Ga;;, N;; for Mn@GaN (Fig. 4, a), Mn@AlGaN (Fig. 4, b),
Mn@InGaN (Fig. 4, c¢) and H,; for Mn@GaN (Fig. 4, a'), Mn@AlGaN
(Fig. 4, '), Mn@InGaN (Fig. 4, ¢'). Finally, it was considered the
fluctuation of Ga,, N;, Zg (Z=Ga, Al, In), Ny, Y3 (Y =Ga, Al, In),
N.,, Ny, N;; for Mn@GaN (Fig. 4, a), Mn@AIGaN (Fig. 4, b),
Mn@InGaN (Fig. 4, c¢) and H,; for Mn@GaN (Fig. 4, a'), Mn@AlGaN
(Fig. 4, '), Mn@InGaN (Fig. 4, ¢') through Fragment 3.
Furthermore, a type of scalar fields called electron localization
function (ELF) may demonstrate a broad span of bonding samples.
Nevertheless, the distinction between deduced/raised electron delo-
calization/localization into cyclic m-conjugated sets stays encourag-
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ing for ELF [46]. The grosser the electron localization is in an area,
the more likely the electron movement is restricted within it.
Therefore, they might be discerned from the ones away, if electrons
are totally centralized. As Bader investigated, the zones with large
electron localization possess extensive magnitudes of Fermi hole in-
tegration. However, with having a six-dimension function for the
Fermi hole, it seems hard to be studied directly. Then, Becke and
Edgecombe remarked that spherically averaged as if spin condition-
al pair probability possesses a direct correlation with the Fermi hole
and proposed the parameter of electron localization function (ELF)
in Multiwfn program [29] and popularized for spin-polarized proce-
dure [47]:

1
ELF(r) = T 50 Do (5)
where
_1 : 1| Vp,(F V([
D) =5 Xn [ Vo P —g| —=e S o (6)
and
D,(r) = 5 67 [p, (1) 4 py ()] (@)

For close-shell system, since p,=pg=(1/2)p, D and D, terms can
be simplified as:

_1 2_1|VP(7')|2
D(r) =3 >0 Ve, (r) | 5 o) (8)
and
_ i 212/3 5/3
Dy(r) = 757 p(r)”*. (9)

Regarding kinetic energy, ELF was rechecked to be more punctu-
al for both Kohn—Sham DFT and post-HF wave-functions [48]. In
fact, the excess kinetic-energy density caused by Pauli repulsion
was unfolded by D(r) and Dy(r) and may be inspected as Thomas—
Fermi kinetic-energy density. Because D(r) is brought forward the
ELF as origin, what the ELF shows is affiliate localization. The
compounds of Mn@GaN, Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H,
Mn@InGaN, and Mn@InGaN—-H can be defined by ELF graphs ow-
ing to exploring their delocalization/localization characterizations
of electrons and chemical bonds (Fig. 5, a, a', b, b', ¢, ¢').
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The counter map of ELF for Mn@GaN, Mn@GaN-H (Fig. 5, a, a'),
Mn@AIlGaN, Mn@AlGaN-H (Fig. 5, b, '), Mn@InGaN, Mn@InGaN—
H (Fig. 5, ¢, ¢') has shown the electron delocalization through a la-
belled ring in clockwise manner including Mn,, N,, Ga;;, N;, Gas,
N,;, and H;3 towards H-adsorption (Fig. 2, a, b, ¢). Then, hydration
of Mn-doped GaN, AlGaN, InGaN indicates a larger isosurface map
of electron delocalization due to labelling atoms of N,, Mn;,, H,5 in
Mn@GaN-H (Fig. 5, a’), Mn@AlGaN-H (Fig. 5, b'), Mn@InGaN-H
(Fig. 5, ¢').
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Fig. 5. The graphs of ELF for heteroclusters include (a) Mn@GaN/Mn@GaN—
H, (b) Mn@AlGaN/Mn@AlGaN-H, and (¢) Mn@InGaN,/Mn@InGaN—-H.
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Continuation Fig. 5.

A narrower connected area occupied by an isosurface map means
that electron delocalization is relatively difficult. However, the
large counter map of ELF for Mn@GaN, Mn@AlGaN, and
Mn@InGaN can confirm that doping Mn nanoparticles on the sur-
face increases the efficiency of solar cells of GaN, AlGaN, and
InGaN for energy storage (Table 1).

Besides, the changes of charge-density analysis have illustrated
that GaN, AlGaN, InGaN have shown the Bader charge of —1.092,
-1.272, -1.131 coulomb before Mn-doping and -1.048, -1.252,
—1.098 coulomb after Mn-doping, respectively, that describes the
tensity value of these heteroclusters for energy storage (Table 1).

3.2. Analysis of Nuclear Magnetic Resonance Spectra

Based on the resulted amounts, nuclear magnetic resonance (NMR)
spectra of Mn@GaN, Mn@AlGaN, Mn@InGaN heteroclusters as the
potential molecules for energy storage can unravel the efficiency of
these complexes in solar cells through hydrogen adsorption. From the
DFT calculations, it has been attained the chemical shielding (CS)
tensors in the principal axes system to estimate the isotropic chemi-
cal-shielding (CSI) and anisotropic chemical-shielding (CSA) [49]:

Giso = (011 t GOy + 033) /3, (10)
Oaniso = Osz — (022 - 011) /2. (11)
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TABLE 1. Data of Bader charge (/Coulomb) for selected atoms of Mn@GaN,
Mn@GaN-H, Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN, Mn@InGaN-H
heteroclusters.

Mn@GaN |Mn@GaN-H|Mn@AlGaN Mn@AlGaN-H| Mn@InGaN [Mn@InGaN—-H

Q Q Q Q Q Q

Atom
Atom
Atom
Atom
Atom
Atom

0.9511
-1.0594
1.0827
-1.0219
0.7195
0.9420
-1.0627
1.0981

1.3172
-1.4501
1.4791
-1.3388
0.8126
1.2959
-1.4452
1.5085

Ga, 0.9961
N, -1.0483
Ga, 0.9744
N, -1.0171
Mn, 0.7522
Ga, 0.9743
N, -1.0482

Ga, 1.0084
N, -1.0386
Ga, 0.9936
N, -0.9210
Mn, 0.4224
Ga, 0.9933
N, -1.0489

Ga, 0.9852
N, -1.1478
Al, 1.2520
N, -1.0561
Mn; 0.7651
Ga, 0.9729
N, -1.1444

Ga,
N,
Al

0.9960 Ga,
~1.1288 N,
1.2506 In,
-0.9446 N,
0.3908 Mn,
0.9814 Ga,
~1.1129 N,

Ga,
N,
In,

Ga, 0.9958
N, -1.0455 N,
Ny, —0.6809 N,
Ga,; 1.0012 Ga,
N,, —0.9800 N,
Ga,; 0.9259 Gay,
N,, —0.6808 N,
Ga,; 1.0012 Ga,;
Ny —0.5692 N,
N,, —-0.5512 N,

Ga, 1.0123

Al, 1.2493
~1.0148 N, -1.2162
~0.6763 N,, —0.7651
1.0242 Ga,, 0.9972
~0.9025 N,, -1.0750
0.9193 Al,; 1.2071
~0.6916 N,, —0.7669
1.0272 Ga,; 1.0015
~0.5456 N,; —0.6368
~0.5327 N,, —0.6220
~0.0285

1.2696 In,
~1.1616 N,
-0.7700 N,,
1.0024 Ga,,
-0.9475 N,
1.1771 Iny,
-0.7570 N,,
1.0088 Ga,;
-0.6195 N,
-0.6003 N,
-0.0345

-1.0715
-0.7066
0.9750
-0.9944
1.0188
-0.7110
0.9812
-0.5787
-0.5623

-1.4269
—0.8648
1.4177
-1.3611
1.3032
-0.9195
1.4087
-0.8417
-0.8212
-0.0735

H18

The NMR data of isotropic (o,,) and anisotropic shielding tensors
(Caniso) for Mn-doped GaN, AlGaN and InGaN and their hydrated de-
rivatives of Mn@GaN-H, Mn@AlGaN-H, Mn@InGaN—H have been
computed by Gaussian 16 revision C.01 program package [26] and
been shown in Table 2. The notable fragile signal intensity close to
the parallel edge of the nanocluster sample might be owing to man-
ganese binding induced non-spherical distribution of GaN (Fig. 6, a)
and Mn@AIlGaN (Fig. 6, b) heteroclusters. Figure 6, ¢ exhibited the
same tendency of shielding; however, a considerable deviation exists
from doping atoms of manganese as electron acceptors on the sur-
face of Mn@InGaN heterocluster.

The observed increase in the chemical shift anisotropy spans for nanocag-
es of Mn@GaN/Mn@GaN-H (Fig. 6,a) and Mn@InGaN,/Mn@InGaN—-H
(Fig. 6, ¢) is near N,, and N,,, and for Mn@AIGaN/Mn@AlGaN-H
is close to N4y, N4, and N, (Fig. 6, b).
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Fig. 6. The NMR spectra for heteroclusters of (a) Mn@GaN,/Mn@GaN—-H,
(b) Mn@AIlGaN/Mn@AlGaN—-H, and (¢) Mn@InGaN/Mn@InGaN-H.

The yield of electromagnetic shifting can be directed by the men-

tioned active

nitrogen atoms extracted from hybrid nanomaterials.

Therefore, it can be observed that doped heteroclusters of
Mn@GaN, Mn@AlGaN, or Mn@InGaN might ameliorate the capa-
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bility of GaN-based nanocomposites in solar cells for energy stor-
age.

3.3. Insight of Infrared Spectroscopy and Thermochemistry

The infrared spectroscopy (IR) has been performed for nanocomposites
of Mn@GaN/Mn@GaN-H (Fig. 7, a, a’), Mn@AlGaN/Mn@AlGaN-H
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Fig. 7. The frequency (cm™') changes through the IR spectra for hetero-
clusters of (a) Mn@GaN,/Mn@GaN-H, (b) Mn@AlGaN/Mn@AlGaN—-H, and
(¢) Mn@InGaN/Mn@InGaN—-H.
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(Fig. 7, b, b'), and Mn@InGaN/Mn@InGaN-H (Fig. 7, ¢, ¢') through
hydrogen adsorption.

The frequency value through the IR curves between 200-1000
cm ! for Mn@GaN with one sharp peak around 414.78 cm™* (Fig. 7, a)
has been shifted to two pointed peaks around 863.78 and 921.24
cm ' of Mn@GaN-H (Fig. 7, a'). However, Figure 7, b shows two
sharp peaks around 389.02 and 713.88 cm™* for Mn@AlGaN that
have been shifted to one sharp peak around 952.45 cm™ for
Mn@AIlGaN-H (Fig. 7, b'). Furthermore, Figure 7, ¢ indicates one
sharp peak around 366.88 cm™ for Mn@InGaN that have been
shifted to several sharp peaks around 640.30, 767.66, 783.92, and
1811.738 cm™* for Mn@InGaN-H (Fig. 7, ¢').

Energy storage with heteroclusters has described that the frame
of the overcoming cluster is related to Mn@GaN-H, Mn@AlGaN—
H, and Mn@InGaN-H in the high amounts of frequency. This prop-
erty makes these hybrid nanomaterials potentially advantageous for
certain high-frequency applications requiring solar cells for energy
storage. The advantages of manganese over GaN, AlGaN, or InGaN
include its higher electron and hole mobility, allowing manganese
doping devices to operate at higher frequencies than non-doping de-
vices.

Table 3 through the thermodynamic specifications concluded that
heteroclusters of Mn@GaN, Mn@GaN—-H, Mn@AlGaN, Mn@AlGaN—
H, Mn@InGaN, and Mn@InGaN—-H might be more efficient struc-
ture for energy storage in the solar cells.

Thermodynamic parameters of heteroclusters of Mn@GaN/Mn@GaN—
H, Mn@AIlGaN/Mn@AlGaN-H, and Mn@InGaN/Mn@InGaN-H have
been assigned (Table 3). The changes of Gibbs free energy versus
for all nanocomposites could detect the maximum efficiency of
Mn@AlGaN—-H > Mn@GaN-H > Mn@InGaN-H for energy storage in
the solar cells through AG}? (Fig. 8).

The adsorption efficiency of Mn@GaN—H, Mn@A1GaN—H, Mn@InGaN—
H based on dipole moment has been evaluated by the AG)? . The solar
cells formed by Mn@GaN, Mn@AlGaN, Mn@InGaN feature a hier-
archical structure with the electron donor/acceptor layer sand-
wiched by anode and cathode, which raises the importance of con-
trolling the molecular crystal orientation, domain size, and vertical
distribution to facilitate the charge collection at electrodes. In this
paper, we have demonstrated that the nanocomposite semiconductor
of gallium nitride-based structure can lead to a significant absorp-
tion enhancement in a broad spectral range of incident light in the
presence of aluminium, indium and manganese. A comparison be-
tween solar cells containing 3d transition metal of Mn-doped GaN,
AlGaN, InGaN shows that a solar cell containing these elements
shows a more enhanced cell performance than the cells containing
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TABLE 3. The thermodynamic characters of Mn@GaN, Mn@GaN-H,
Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN, Mn@InGaN—H nanoclusters us-
ing CAM-B3LYP-D3/6—-311+G(d,p) calculation.

Compound | PiPole moment, \AE®,,107%, AH,4, 10, | AG,q0 107, | E%y yiings
P Debye kcal/mole| kcal/mole | kcal/mole |kcal/mole
Mn@GaN 4.8247 -383.439 -383.439 -383.483 —
Mn@GaN-H 7.3741 -383.596 -383.595 -383.636 -157
Mn@AlGaN 4.7914 -383.095 -383.094 -383.136 —
Mn@AIGaN-H 7.3741 -383.596 -383.595 -383.636 -501
Mn@InGaN 7.3629 -383.035 -383.035 —-383.082 —
Mn@InGaN-H 4.3037 -383.472 -383.472 -383.513 —437
a3 Mn@GaN Mn@AlGaN Mn@InGaN Compounds
Mn@GaN-H Mn@Al1GaN-H Mn@InGaN-H
—383.1
—383.21
—383.31
—383.41
—383.51
—383.61

3.7
AGY, keal/mol

Fig. 8. Gibbs free energy, AG;, for heteroclusters of Mn@GaN, Mn@GaN-H,
Mn@AlGaN, Mn@AlGaN-H, Mn@InGaN, Mn@InGaN-H.

only the bare gallium nitride-based structure. This efficient doping
strategy not only bridges the gaps of heteroatom doped GaN-based
semiconductor materials, but also can provide deep insights into
controlling the electrical and optical properties of these doping hy-
brid nanoclusters.

4. CONCLUSION

In summary, hydrogen grabbing on the heteroclusters of Mn-doped
GaN, AlGaN, and InGaN as solar cells was investigated by first-
principles calculations. We have provided gallium nitride-based
semiconductors, which are doped with manganese. The geometrical
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parameters of doping manganese on the surface of GaN, AlGaN,
InGaN through the absorption status and current charge density of
the solar cells were studied. Thermodynamic parameters have con-
structed a detailed molecular model for atom—atom interactions and
a distribution of point charges, which can be utilized to reproduce
the polarity of the solid material and the adsorbing molecules. En-
ergy storage with heteroclusters has described that the frame of the
overcoming cluster is related to Mn@GaN, Mn@AlGaN or
Mn@InGaN in the high amounts of frequency. This property makes
Mn@GaN, Mn@AlGaN or Mn@InGaN potentially advantageous for
certain high-frequency applications requiring solar cells for energy
storage due to hydrogen adsorption by formation of Mn@GaN-H,
Mn@AlGaN-H or Mn@InGaN-H. The advantages of manganese
over GaN, AlGaN, or InGaN include its higher electron and hole
mobility, allowing manganese doping devices to operate at higher
frequencies than non-doping devices. Thus, it should be explored its
unique properties, such as its ability to increase energy storage
which could lead to advancements solar cells.
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In this research scope, the mesoporous nanocatalyst MCM-41 is synthe-
sized using a direct hydrothermal approach. The process initiated with the
utilization of sodium metasilicate (Na,SiO;-5H,0) as the source of silica
and cetyltrimethylammonium bromide (CTAB) playing a pivotal role as a
surfactant and template. The hydrothermal reactor is employed, maintain-
ing a temperature of 120°C for the synthesis. The prepared catalysts are
characterized through a comprehensive analysis involving Fourier-
transform infrared spectroscopy, scanning electron microscopy, and x-ray
diffraction. The outcomes of this endeavour yield catalyst particles at the
nanoscale, with the majority of them exhibiting dimensions of less than
100 nanometres. Scanning electron microscopy images provide visual evi-
dence of the formation of a uniform and homogeneous mesoporous mate-
rial. Furthermore, XRD results conclusively verify the attainment of na-
noscale dimensions. This achievement is quantitatively determined
through the Scherrer equation—a well-established method for estimating
crystallite size based on XRD data. This research underscores the success-
ful preparation of MCM-41 nanocatalysts with exceptional mesoporous
properties, making them potentially valuable for various applications.

Y paMKax IbOT0 JOCTiMKEeHHS Me30HmOpHCTHH HamoKaragizatrop MCM-41
OyB CHUHTE30BAHMUM 3a [OOIOMOIOI0 IIPAMOIr0 TiAPOTEPMAaJLHOTO ITiAXOIY.
IIpomec  posmoumHaBcss 3  BUKOPUCTAHHAM  MeTacumiaikary  Harpiro
(Na,SiO;-5H,0) Ak mkepena KpeMHe3eMy, a OPOMiJA IeTUITPUMETUIAMOHIIO
(CTAB) BizirpaB KJI0UYOBY pPOJIb SIK IIOBEPXHEBO-aKTHUBHA PEYOBUHA Ta IMad-
JoH. Iy cuHTe3W BUKOPUCTOBYBAJIU TipOTEepMaJbHUIN PEaKTOp, AKUN Mij-
tpumyBaB temueparypy y 120°C. IlpuroroBani karanizaTopu GyJam oxapak-
TePM30BaHI IMJIAXOM KOMILJIEKCHOI aHaJi3u, IO BKJIIOUAE iH(ppauepBOHY
CHEKTPOCKOIIiI0 3 mepeTBopeHHAM Pyp’e, CKaHYBaJbHY €JIEKTPOHHY MiKpo-
CKOIIif0 Ta peHTreHiBCbKY audpariiio. Pesyabratu 1iei cipodbu gaau HAHO-
PO3MipHi YaCTMHKM KaTajisaTopa, IPUUYOMY OiJBIIICTH i3 HUX MaJX PO3Mi-
pu wmemmie 100 M. 300pakeHHS CKAHyBaJbHOI €JeKTPOHHOI MiKPOCKOITii
HaIajau BidyaJbHI HOKa3uW YTBOPEHHS PiBHOMIPHOTO W OJHOPiZHOrO Me30I0-

61



62 Jasim ALEBRAHIM, Mohammad Nour ALKHODER, and Reem TULAIMAT

puctoro marepisay. Kpim Toro, pesyabTaTm peHTIeHiBCbKOI audpaxiiii oc-
TATOYHO MiATBEPAWIN MOOCATHEHHS HAHOPO3MipiB, 110 OyJa0 KiJbKiCHO BH-
3HaueHo 3a momoMoroi piBHaHHA Illeppepa — mo6pe BCTaHOBJIEHOI METOIU
OIIiHKM PO3Mipy KPHCTaJiTiB Ha OCHOBi JaHWX PEHTI'eHiBCBKOI AupakrIii.
Ile mocmimkeHHs HigKpeCJIOE YCIiNIHe NIPUTOTYBaHHA HaHOKATAaJIi3aTOpPiB
MCM-41 3 BUHATKOBUMU ME3OIOPUCTUMH BJIACTHUBOCTAMM, III0 POOUTH iX
MOTEHIINHO MIHHUMM IJA PiBHUX 3aCTOCYBaHb.

Key words: adsorption, zeolites, mesoporous silica, MCM-41, catalysis.

Karouosi cimoBa: amcopOirisi, meosiTu, mMesomopuctuii kpemuesem, MCM-41,
KaTaJisa.
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1. INTRODUCTION

Environmental and economic considerations have garnered increas-
ing interest in restructuring industrial processes in recent years.
The aim is to minimize the use of harmful materials and reduce
waste. Within this context, heterogeneous catalysis can significant-
ly develop eco-friendly processes in petroleum chemistry and chemi-
cal production. Heterogeneous catalysis is distinguished by its abil-
ity to separate easily the catalyst from the reactants and its poten-
tial for reuse multiple times. Porous materials have been extensive-
ly studied and applied in practical applications as catalysts or sup-
ports [1]. Porous materials, according to the International Union of
Pure and Applied Chemistry (IUPAC), are categorized into three
main groups [2]:

1. microporous materials with pore diameters less than 2 nm;

2. mesoporous materials with pore diameters ranging from 2 to 50 nm;
3. macroporous materials with pore diameters larger than 50 nm.

Zeolite, a compound of aluminium silicates, is known for its crys-
talline structure. It is a type of microporous material that has been
extensively studied. Zeolite crystals comprise interconnected three-
dimensional frameworks formed by tetrahedral units [AlO,]” and
[SiO0,]™®, creating various crystal structures. All of these fall under
the chemical category of zeolites [3]. Despite their valuable proper-
ties, such as high adsorption capacity and large specific surface ar-
ea, zeolites have significant application limitations. They cannot
effectively accommodate large molecules due to the limited pore siz-
es, typically ranging from 0.5 to 1.2 nm.

Research has thus been directed towards synthesizing materials
structurally similar to zeolites but possessing mesopores with diam-
eters larger than 2 nm. This is crucial to enable the accommodation
of larger molecules and expand the potential applications of these
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materials [4].

Silicate materials, primarily composed of silicon dioxide (SiO,),
are known for their essential advantages, such as high thermal and
chemical stability. These materials do not swell in solvents, making
them highly desirable. They find numerous applications in hetero-
geneous catalysis, adsorption, separation, sensing devices, and re-
moving organic pollutants [2].

Manufacturing porous materials derived from silica has gained
significant importance since 1990 after researchers at Mobil Corpo-
ration discovered Molecular Sieves of the MMS type. The MCM
symbol, ‘Mobil Composition of Matter’ represents these materials.
Several forms of these materials have been synthesized, such as
MCM-50 with a layered structure, MCM-48 with a cubic structure,
and MCM-41 with a hexagonal shape. All of these materials are es-
sentially composed of (SiO,) polymeric units [5].

It is worth mentioning that these prepared materials are general-
ly non-crystalline in their overall structure. However, specific order
within narrow regions imparts a degree of regularity and organiza-
tion to them. This results in very sharp peaks in the low-angle X-
ray diffraction pattern (less than 10°). The absence of peaks above
10° indicates that the atomic arrangement within the pore walls is
in a random and disordered state [6].

MCM-41 has become the most commonly used material due to its
flexible synthesis conditions and high specific surface area (1500
m?/g). Additionally, its relatively large pore diameter (2—10 nm)
this allows it to absorb a variety of hydrocarbons. It comprises an
array of regularly structured hexagonal channels with adjustable
sizes, making it versatile for catalysis, adsorption, separation, envi-
ronmental pollutant removal, and electronic and optical devices [7].
Notably, MCM-41 has been employed as an adsorbent to remove
phenol and chlorophenol from wastewater [8].

Nanocatalysts play a crucial role in various chemical applications
due to their unique combination of homogeneous and heterogeneous
catalysis properties. They offer the advantage of easy separation
from the reaction product and possess a high specific surface area.
This has led to significant research interest, resulting in various
nanostructures, such as nanoclusters, nanospheres, and nanosheets
[9, 10]. Therefore, this research paper aimed to synthesize MCM-41
nanocatalysts with nanoscale dimensions.

2. EXPERIMENTS
2.1. Materials

Sodium metasilicate (Na,SiO;-5H,0), with a purity of 97% produced
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by BDH, was used as the source of silica. Cetyltrimethylammonium
bromide (CTAB) (C,,H,,BrN) with a purity of 99%, also from BDH,
served as the template. Sulfuric acid (H,SO,) was used as a pH-
modifying additive with a purity of 97% produced by BDH. Addi-
tionally, deionized water was employed as the solvent.

2.2. Preparation of Catalysts

The preparation process of the MCM-41 catalyst involves depositing
silica around the micelles formed by the surface-active agent. A so-
lution of cetyltrimethylammonium bromide (CTAB) in deionized wa-
ter with a concentration of 10% by weight was prepared.

2.5 grams of sodium metasilicate (Na,SiO;-5H,0) were dissolved
in diluted water, and the resulting solution was slowly added to the
CTAB solution with vigorous stirring over 2 hours. The pH was ad-
justed to a value of 11 by adding a 1N sulfuric acid solution. For a
further two hours, the mixture was constantly mixed. The resulting
solution was transferred to a stainless-steel autoclave lined with
Teflon, and it was then heated to 120°C and maintained at this
temperature for 48 hours under autogenous hydrothermal pressure.

The formed precipitate, primarily consisting of the silica source
along with the surface-active agent, was separated, washed with de-
ionized water, and dried at 80°C for 24 hours.

Finally, the organic template was removed by calcination in a
thermal furnace. The temperature was raised at a rate of 2°C per
minute from room temperature to 550°C, and this temperature was
maintained for 6 hours.

m mls CTAB-Na,Si0,
o,

A—
CM-41

lg

Fig. 1. Diagram for the preparation of MCM-41 catalysts.
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3. RESULTS AND DISCUSSION:
3.1. FT-IR

Infrared spectra were recorded using an (FT-IR-4100 type A) in-
strument from Jasco in the range of 400-4000 cm ™ employing the
potassium bromide (KBr) pellet method, commonly used for solid
sample analysis. Several milligrams of the MCM-41 catalyst powder
were mixed with an equal amount of dry potassium bromide (KBr)
powder. The mixture was then ground and transferred to a manual
press to create a fragile disk placed in the instrument for spectral
recording.

Figure 2 illustrates the resultant absorption spectra of the MCM-
41 catalyst before and after calcination. Thus, a distinct and broad
absorption band appears at 3450 cm™’, attributed to the asymmetric
stretching of the O—H bond in the silanol Si—OH groups and water
molecules (H-O-H). Another band at 1635 cm™ corresponds to the
bending vibration of water molecules. The bands at 1081 cm™ and
804 cm™ are related to the symmetric and asymmetric stretching of
the Si—O—Si bond, respectively. Finally, the band at 456 cm™ indi-
cates the bending vibration of the Si—O bond [6, 7, 11].

3.2. SEM Analysis

It is a type of electron microscopy that generates detailed images of
a sample by scanning its surface with a focused beam of high-
energy electrons. These electrons interact with the atoms in the
sample, producing various signals containing information about

100

9 -1
1635 oot 804 em
456 cm™

3450 em™!

T, %

70

60 ) . 1081 em '
4000 3000 2000 1000 400

Wavenumber, cm™

Fig. 2. Infrared spectrum of the calcined MCM-41 catalyst.
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surface topography and sample composition. The electron beam is
scanned in a point-by-point raster pattern, and the beam’s position
is correlated with the intensity of the detected signal to create an
image.

Figure 3 illustrates scanning electron microscopy (SEM) images
of the prepared catalyst. As shown in Figure 4, the SEM image of

Fig. 3. Scanning electron microscopy (SEM) images of the MCM-41 materi-
al.

R
SEM MAG: 100 kx Det: InBeam |
wD: 6 mm BI: 7.00 500 nm

_View field: 2.08 um |Date(m/dly): 10/02122

Fig. 4. The scanning electron microscopy (SEM) image of the MCM-41 ma-
terial with nanoscale dimensions.
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the catalyst reveals that most of the particles are relatively small,
individual, and have dimensions within the range of approximately
30-50 nm. They exhibit a regular spherical shape, high homogenei-
ty, and distinctiveness among the particles.

3.3. XRD Analysis

Figure 5 show the pattern XRD of the prepared and calcinated
MCM-41 sample at 550°C for 6 hours, within the 26 range of 1-10°,
revealing a prominent and robust peak (d;o) at 206 =1.1° calcula-
tions were performed to determine the dimensions of the resulting
crystals using Scherrer equation [12].

K\

D=——""" |
B rw s €OS O

where K is a constant with a value of 0.94, A—x-ray wavelength
used in XRD and its value of 0.1540 nm for the copper element,
Brwmn—the peak width at half maximum is measured in radians,
and (D) represents the crystal dimensions in nanometres, 6—x-ray
diffraction angle.

The calculated and measured values in Table confirm the

Counts
1500

10004

5004

0L, - - - - —. - - - ’H‘J\WJ
5 10

Position [°2Theta] (Copper (Cu))

Fig. 5. X-ray diffraction pattern of calcinated MCM-41 catalyst.

TABLE. Results of XRD data for MCM-41 catalyst.

20 0, rad FWHM | Brwau D, nm
1.1 0.009599 0.2131 0.003719 38.9397
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achievement of nanoscale dimensions. By examining the values D,
we find that the prepared catalyst MCM-41 has nanoscale dimen-
sions, with particle size in the order of 38.9397 nm. This is con-
sistent with the results obtained from the scanning electron micro-
scope. This will enhance its catalytic effectiveness in various chemi-
cal and industrial applications.

4. CONCLUSIONS

In this research, nanoscale silica-based MCM-41 catalysts were pre-
pared. The electron microscopy images confirmed the nanoscale
structure of the prepared catalyst, with an average particle size
ranging from approximately 30-50 nm. X-ray diffraction results
indicated the nanoscale dimensions, with a particle size of about 39
nm. These characteristics enhance their catalytic efficiency for var-
ious chemical and industrial applications.

REFERENCES

1. A. Taguchi and F. Schiith, Microporous Mesoporous Mater., 77, Iss. 1: 1
(2005); https://doi.org/10.1016/j.micromeso.2004.06.030

2. B. Zdravkov, J. Cermak, M. Sefara, and J. Jankd, Cent. Eur. J. Chem., 5,
Iss. 2: 385 (2007); https://doi.org/10.2478/s11532-007-0017-9

3. T. Armbruster and M. E. Gunter, Rev. Mineral. Geochem., 45, Iss. 1: 1
(2001); https://doi.org/10.2138/rmg.2001.45.1

4. G. OQye, W. R. Glomm, T. Vrelstad, S. Volden, H. Magnusson, M. Stocker,
and J. Sjoblom, Adv. Colloid Interface Sci., 123, Iss. 1: 17 (2006);
https://doi.org/10.1016/j.cis.2006.05.010

5. M. B. Bahari, S. N. Bukhari, L. N. Jun, and H. D. Setiabudi, Mater. Today,
42, Iss. 1: 33 (2021); https://doi.org/10.1016/j.matpr.2020.09.144

6. D. S. Lee and T. K. Liu, J. Sol-Gel Sci. Technol., 24, Iss. 1: 69 (2002);
https://doi.org/https://doi.org/10.1023/A:1015165600804

7. K. Wu, B. Li, C. Ha, and J. Liu, Appl. Catal. A, 479, Iss. 5: 70 (2014);
https://doi.org/10.1016/j.apcata.2014.04.004

8. P. A. Mangrulkar, S. P. Kamble, J. Meshram, and S. S. Rayalu, J. Hazard.
Mater., 160, Iss. 2—3: 414 (2008);
https://doi.org/10.1016/j.jhazmat.2008.03.013

9. S. Olveira, S. P. Forster, and S. Seeger, J. Nanotechnol., 2014, Iss. 3: 1
(2014); https://doi.org/10.1155/2014/324089

10. A. Zuliani, F. Ivars, and R. Luque, Chem. Cat. Chem., 10, Iss. 9: 1968
(2018); https://doi.org/10.1002/cctc.201701712

11. R. K. Rana and B. Viswanathan, Catal. Lett., 52, Iss. 1: 25 (1998);
https://doi.org/10.1023/A:1019019403375

12. T. S. Reddy and M. C. S. Kumar, Ceram. Int., 42, Iss. 10: 12262 (2016);
https://doi.org/10.1016/j.ceramint.2016.04.172



Hawnocucmemu, HaHOMamMepiaiu, HAHOMEXHON02iT © 2025 IM® (IacturyT Mmetamodisuxku
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kypaomosa HAH Vkpaiuu)

2025, 1. 23, Ne 1, cc. 69-78 HaznpykoBazo B Ykpaini.
https://doi.org/10.15407/nnn.23.01.0069

PACS numbers: 61.48.Gh, 63.22.Rc, 68.37.Ps, 68.65.Pq, 78.30.Na, 78.67.Wj, 81.05.ue

Raman Spectroscopy-Based Studying the Physical Differences
of Graphene Layers Prepared by Direct Exfoliation

Laith M. Al Taan' and Nawfal Y. Jamil?

1College of Science,
Department of Physics,
Mosul, Iraq

2Al-Noor University College,
Mosul, Iraq

This study explores the physical characteristics of graphene layers
through the application of Raman spectroscopy and atomic force micros-
copy. Graphene samples are meticulously prepared by exfoliating natural
graphite onto 300-nm SiO,/Si wafers. The analysis conducted at the
Wolfson Nanomaterials and Devices Laboratory at Plymouth University in
the UK focuses on examining the positions and intensities of the G and
2D bands in Raman spectroscopy, as well as scrutinizing atomic force mi-
croscope images. The investigation is aimed to assess various physical pa-
rameters, including the number of layers, quality, purity, domain size,
and full width at half maximum (FHWM) of each graphene sample,
providing valuable insights into their structural properties. This study
suggests that the graphene layers on a SiO,/Si substrate prepared by di-
rect exfoliating are suited for mechanical and electronic applications.

Hocaigsxeno ¢isnuHi xapakTepucTUKYM rpad)eHOBUX IIapiB 3a JOIOMOTOIO CIIe-
KTpocKoIrii PamManoBOro po3cistHHS i1 aTOMHO-CHJIOBOI MiKpockoIii. I'padeno-
Bi 3pasku OyJI0 peTeJbHO MiTOTOBJIEHO MIJIAXOM BiAJIyIITyBaHHS ITPUPOTHBOTO
rpadity Ha nnacturau Si0,/Siy 300 um. AHanisy, npoBegery y Boabdconosiit
snabopaTopii HaHOMAaTepianiB i nmpucrpoir ILmimMmyTchKkoro yHiBepcurery y Be-
aukiit Bpuranii, 0yJio 3ocepeakeHo Ha BUBUEHHI ITOJIOMKEHHS i iHTeHCUBHOCTU
G- i1 2D-cMyT y CIIEKTPOCKOIIii KOMOIHAIITHOTO PO3CisIHHSA, a TAKOXK Ha peTe-
JIBHOMY BUBUEHHi 300pa’keHb aTOMHO-CHJIOBOI MiKpockomii. IociigsxeHHs
MaJjo Ha MeTi oniHuTy pisHi pisnyHi mapaMmeTpu, B TOMY YUCJIi KiJTbKicTh mI1a-
piB, AKiCTH, UUCTOTY, POBMip JOMEHU Ta IIOBHY HIUPUHY Ha IIOJOBUHI MaKCHU-
mymy (FHW M) xKoxxHOTO rpad)€HOBOTO 3pasKa, Io Hajae I[iHHY iH(popMalliio
Ipo iXHi CTPYKTYPHI BaacTuBocTi. Ile gocaigkenHa cBiguaTs Ipo Te, II10 I'pa-
denoBi mapu Ha migkaaguHIi SiO,/Si, BUTOTOBJEHI MPAMUM BiNIyITyBaH-
HAM, OiIX0IATH AJA MEXaHIUHUX i eIeKTPOHHUX 3aCTOCYBAaHb.

Key words: graphene, graphite, Raman spectroscopy, exfoliation.

69



70 Laith M. Al TAAN and Nawfal Y. JAMIL

Karouosi cmoBa: rpagen, rpagir, PamaHoBa CIIeKTPOCKOIIisA, BiAIIapyBauHs.

(Received 22 November, 2023)

1. INTRODUCTION

Graphene, a two-dimensional manifestation of graphite, was first
isolated by Novoselov et al. at Manchester University [1]. This re-
markable material is a single-atom-thick sheet of carbon, crystal-
lized in a honeycomb structure monolayer. Widely recognized as the
foundational building block for all sp® graphitic materials, it en-
compasses (0D) fullerenes, (1D) carbon nanotubes, and contributes
to the composition of (3D) graphite [2]. These materials have
unique electrical, mechanical, and thermal properties that make
them promising for a wide range of applications. Due to these prop-
erties, graphene is a unique material that has exceptional attrib-
utes, which make it a versatile material for various applications. It
has thermal conductivity reaching 5000 W/(m-K), which is ten
times higher than copper, and surpasses carbon nanotubes (CNTSs)
and diamond, setting a new standard. Graphene’s charge carrier
mobility is 200.000 cm?/(V-S), which indicates minimal scattering
or resistance when electrons traverse it. Additionally, graphene has
a remarkable specific surface area of 2630 m?/g and outstanding
mechanical properties, boasting an elastic modulus of 1 TPa and ul-
timate tensile strength of 130 GPa, making it the strongest materi-
al known to date. These features make graphene a promising candi-
date for advanced applications in nanoelectronics, heat dissipation,
sensors, field emission, and transparent conductors. Notably, a sin-
gle graphene layer achieves 97.7% transparency to incident light
and absorbs only 2.3%, making it almost entirely transparent [6,
71-

Graphite is composed of multiple layers of graphene that are
linked by two distinct types of bonds. The first bond is a weak Van
der Waals attraction between the layers, which is approximately
0.34 nm long. This weak bond allows the layers to be easily separat-
ed. The second bond is a covalent bond between the carbon-carbon
atoms within each layer, spanning a distance of 0.14 nm. Extensive
theoretical and experimental studies have shown that the properties
of graphene are largely determined by its geometric structures, as
illustrated in Fig. 1.

2. MECHANICAL EXFOLIATION OF GRAPHENE

Exfoliation of graphene refers to the process of separating individ-
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Fig. 1. The geometric structures for graphite [8].

ual layers of graphene from a bulk material. There are several
methods for exfoliating graphene, including mechanical exfoliation,
chemical exfoliation, and liquid-phase exfoliation [9]. To separate
two layers of graphite, the Van der Waals attraction between them
needs to be overcome. One way to achieve this is by applying normal
force, demonstrated in micromechanical cleavage using Scotch tape.
Graphite's inherent self-lubricating ability in the lateral direction
can be exploited to apply lateral force and facilitate relative motion
between the layers. The force generated through the exfoliation
technique serves the dual purpose of fragmenting large graphite
particles or graphene layers into smaller ones. This fragmentation
effect has a two-fold strategy. On one hand, it can decrease the lat-
eral size of graphene, which may not be desirable for achieving
large-area graphene. On the other hand, it aids in exfoliation, as
smaller graphite flakes are more easily exfoliated due to the re-
duced collective Van der Waals interaction force between layers in
these smaller flakes.

The total energy (E;) required to exfoliate graphite in a liquid
environment is the sum of Van der Waals forces (£, and the
change in surface energies (E,), as expressed by the following equa-
tion [12]:

E;=AE+E,,, (1)
E.=E,  +E +E. (2)

vwf
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Fig. 2. Attractions in the layers of graphene [12].

In the context of exfoliation, the total energy required (E;) en-
compasses the Van der Waals force between graphite layers (E,,;),
the changes in surface energies (E), and the surface energy associ-
ated with the mixing organic solvent (E,). The exfoliation process
involves overcoming these energies. Typically, graphene layers ad-
here to each other through a weak Van der Waals attraction, and
this attraction is sufficiently robust to facilitate the exfoliation of a
single graphene layer from the graphite.

3. RAMAN SPECTROSCOPY TECHNIQUE

There are several methods for discovering graphene layers in a ma-
terial; one of these is Raman spectroscopy, which is a powerful tool
for analysing the vibrational modes of graphene and can be used to
determine the number of graphene layers present in a material. This
technique is particularly useful for identifying the number of gra-
phene layers samples and determining the size, shape of the gra-
phene layers and their properties. Raman spectrum is a graph of
the intensity of scattering of light from the sample as a function of
the incident light frequency. The interpretation of Raman results
for exfoliated graphene samples is less complicated than the other
methods [13].

Two distinct spectral features characterize the Raman spectrum
of graphene. The most prominent is the G-band, which corresponds
to the in-plane vibration of the carbon atoms in the graphene lat-
tice. It lies close to (1580 cm™). The G-band serves as the predomi-
nant mode in both graphene and graphite, symbolizing the planar
arrangement of sp®>-bonded carbon that defines graphene. Its utility
in determining the thickness of graphene layers is notable. The sec-
ond feature is the D-band (= 2700 cm™), which corresponds to the
out-of-plane vibrations caused by defects, such as vacancies or edges
of the graphene sheet. The D-band, also known as the disorder or
defect band, is a subtle feature in graphite and a less noticeable
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band in graphene. Its significance lies in its ability to indicate the
presence of defects within a material. As per Ref. [14], the intensi-
ty of the D-band is directly proportional to the degree of defects
present in the sample. In addition, there are two small peaks (G
and G'). It is well known that the D band originates from disordered
carbon atom symmetry. In well-ordered graphene and graphite, the
D band is absent.

The 2D-band in graphene spectra is sometimes called the G'-band,
but it is more commonly referred to as the 2D band. Unlike the D-
band, the 2D-band is the second order and consistently appears as a
robust feature in graphene, even in the absence of the D-band. This
indicates that the 2D band is independent of defects. The 2D-band
is crucial in determining the thickness of graphene layers, as high-
lighted in [15]. The position and shape of the 2D band offer a
straightforward means of determining the number of graphene lay-
ers. For example, a shift of the 2D band peak position to higher
values indicates an increase in the number of graphene layers, that
means there are more layers of graphene [16].

In this work, the variations in graphene layers were studied us-
ing Raman spectroscopy (RS) and atomic force microscope (AFM).
Four graphene samples were prepared by exfoliation of the graphite
on the wafer of 300-nm SiO,/Si. The positions and the intensities of
G-band, 2D-band and (G/2D) ratio of (RS) and (AFM) images were
checked to estimate the different layers, quality, purity, domain
size, Griineisen parameters, and FHWM of the graphene sample.
The experiments and preparations were conducted in Wolfson Na-
nomaterials and Devices Laboratory—Plymouth University (UK).

4. EXPERIMENT AND MATERIALS

The basic mechanical way to separate the layers from the bulk
graphite surface is called exfoliation. To obtain one, two or a few
layers of graphene on the silicon wafer by exfoliation method:
scotch tape is pressed onto a surface of the bulk graphite and then
pulled off very carefully;

after numerous repetitions, the graphite layer becomes thinner af-
ter each pull until there is just a single layer of graphene left (Fig.
4);

four samples of graphene by exfoliating graphite flakes, and were
lied on 300 nm SiO,/Si substrates (L, L,, L3, and L,).

The number of graphene layers was identified approximately with
an optical microscope. Although the graphene layers could be esti-
mated, the number of graphene layers through the colour and the
contrast is caused by the interference between the graphene and the
SiO, layers [18]. Then the number of graphene layers was exactly
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Fig. 3. Raman spectrum of graphene [17].

Fig. 4. The scotch-tape-based exfoliation.

identified using an AFM, and the Raman spectrum of the graphene
samples was obtained with a micro-Raman spectroscopy system
( =532 nm, E=2.33 eV).

5. RESULTS AND DISCUSSION

Figure 5, a (the Raman spectrum of graphene) shows that there are
two prominent peaks G and 2D. The D band is absent in the Raman
spectrum of single-layer graphene. (b) An optical microscope image
shows the variation of colour due to the thickness variation in a
thin graphite flake. The purple area is the SiO, substrate, and the
variation of the colour originates from the interference between the
graphene and the SiO, layer. It is observed that the sample consists
of monolayer graphene. The first-order D peak itself is not visible
in pristine graphene because of crystal symmetries [19]. The second-
order prominent peak, 2D, is always allowed because the second
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scattering (the e—h process) is also an inelastic scattering from a
second phonon, [20, 21].

In Figure 5, there is a small D-peak at the centre of the graphene
layers, indicating minimal significant defects.

The G band is a defining spectral feature of graphene, which is
found at approximately 1580 cm™. This characteristic is highly sen-
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Fig. 5. (a) Raman spectroscopy and (b) optical microscope images for the
graphene samples.
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sitive to strain effects and provides an indication of the number of
layers present in graphene. It is worth noting that the position of
the G band shifts towards lower frequencies as the number of layers
increases.

The thickness of a graphene layer can be determined using the
following equation: C’'=0.0046 + 0.0925N — 0.00255N?, where N is
the number of layers (< 10). These results can be applied directly to
a 300-nm SiO, capping layer, which is also commonly used [22].

Below, Table summarized the physical properties of graphene
samples (L,, L,, L;, and L,) on SiO,/Si. These parameters calculated
from RS and AFM. Here, the strain ratios were taken from Ferrari
2008 for each sample.

TABLE. The physical properties of graphene samples calculated from RS
and AFM. Under condition (A, =532 nm and E,,,,, = 2.33 eV).

Samples’
parameters

D-position 1350 cm™ 1350 cm™ 1350 cm™ 1350 cm™
G-position 1565 cm™ 1580 cm™ 1580 cm™ 1580 cm™
2D-position 2670 cm™ 2685 cm! 2700 cm™ 2680 cm™!

L L, L, L,

I(D) intensity 70 70 70 70
I(G) intensity 770 290 270 390
I(2D) intensity 1800 650 600 650
2D/@ ratio 2.32 2.22 2.22 1.51
or G/2D ratio 0.43 0.45 0.45 0.66
D/G ratio 0.1 0.24 0.26 0.18
Layer mono mono mono Bi-layer
C' =0.1 =0.095 =0.095 =0.184
Quality Hi medium medium hi
Domain size 18.03 nm 6.88 nm 6.41nm 9.25 nm
(- 16.61 16.61 16.61 16.61
FHWM(G) 16 cm™ =21.83 cm™ 26 cm™ =~32.8 cm™
- Qb e e L ® > L ® &
SETAEVEETAET S8 SEvaEY
- CorVNo=2°%ra 9930 =25
Strain, % Objgzc\igoo.gvo.g Oo.g‘;’Qg Oo.g@«ﬁg
(from [23-25]) |7 o8& |TEXTE |TEZ9E |TEST S
S5 A5 T 95 S5 TE Y5 TS
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Table shows that there are three monolayers and one bilayer out
of four samples prepared on SiO,/Si. The domain size and quality of
these samples have high quality and are good for electronic applica-
tions. Note that the FWHM for the peaks were broadened due to
disorder.

6. CONCLUSION

The combination of Raman spectroscopy and atomic force microsco-
py (AFM) has demonstrated its efficacy as a valuable tool in gra-
phene research for assessing its physical properties. The analysis of
the positions, widths, and intensities of the D, G, and 2D peaks al-
lows for exploring various attributes such as strain, quality, impu-
rity, thickness, and disorder within the Raman spectrum of gra-
phene, provided optimal conditions are maintained. This tandem
approach of Raman spectroscopy and AFM imaging proves instru-
mental in examining diverse facets of graphene structure and quali-
ty, providing an efficient means to ascertain the number of gra-
phene layers. Furthermore, our study suggests that the graphene
layers on a SiO,/Si substrate are well suited for mechanical and
electronic applications.
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Field Enhancement on the Dielectric-Grating Surface
due to Resonant Interaction with a Plane Wave
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UA-79013 Lviv, Ukraine

The power of surface Raman scattering is determined by the strength of the
electromagnetic field. The field strength can be enhanced under waveguide
resonance, which occurs when a plane optical wave interacts with a dielec-
tric grating on a dielectric substrate. The resonant interaction is possible,
when the optical wavelength and the grating period are carefully matched
for fixed parameters of the periodic structure. Studies are carried out to
determine the parameters of the grating and the parameters of the dielec-
tric substrate, which provide significant field enhancement at the surface
of the grating. The studies are performed under the normal incidence of a
plane wave of TE polarization only with a wavelength of 0.6328 um. The
grating period is approximated based on the waveguide-mode constant
propagation. The approximate grating period is always slightly smaller than
the resonant grating period, greatly facilitating the search for the period,
at which the reflection coefficient equals to one. The value of the refined
grating period is obtained using rigorous coupled-wavelength analysis
(RCWA). At this period, ‘full resonance’ is achieved. The reflection coeffi-
cient from the grating equals to one, and the field on the grating is en-
hanced tens or hundreds of times. As shown, the substrate does not have to
be completely homogeneous with a low refractive index, but can be a com-
bination, namely, a thin layer of a low-refractive-index dielectric deposited
to the main part of a high-refractive-index substrate. As found, reducing
the refractive index of the substrate and reducing the modulation of the
refractive index of the grating medium lead to an increase in the fields at
the grating—homogeneous medium interfaces. This method can be used to
obtain a field gain of 256 times the amplitude of the incident optical wave
for structures, which can be realized in practice.

IToTy:®kHicTh IOBEepPXHEBOTO KOMOiHAI[iTHOTO pPO3CiAHHS BU3HAUAETHCA Ha-
IPYKEHICTI0 eJeKTPOMATHETHOTO IIoJisd. Hampy:keHicTh Mo MoKe OyTH
MMOCUJIEHOIO ITiJ] Yac XBUJIEBOJHOTO PE30HAHCY, AKUIN BUHUKAE, KOJU ILJIACKa
OIITMYHA XBUJIS B3AEMOJi€ 3 MieJJeKTPUYHOIO I'PATHUIICI0 HA MieJeKTPUUHIN

79
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migkgaaguHIi. PesoHancHa B3aeEMOisd MOMKJINBA 3a PETENBLHOTO Y3TOIKeHHS
ONTMYHOI JOBXKUHU XBUJI Ta Iepiofy rpaTHuIi anaa ¢ikcoBaHUX IIapaMeT-
piB mepiognYHOI CTPYKTYpU. ByI0 mpoBemeHO MOCIiAKeHHSA A BU3HAUEH-
HA mapaMeTpiB I'PaTHHUIII Ta mapaMeTpiB JieJIeKTPUYHOI HiAKJIagWHKU, AKi
3a0e31IeuyIOTh 3HAUHE IOCUJIEHHA II0JIA Ha MOBepxHi rparHuri. [ocaimxeH-
HS IIPOBOAMJIN 3a HOPMAJBHOTO MaAiHHS Imackoi xBuii TE-momapusarii
auitie 3 HoB:KUHOIO XBuai y 0,6328 mxMm. Ilepiox rpaTHuIli 6yB ampoKCHUMO-
BaHUU Ha OCHOBI HOCTifHOrO MOIMUPEHHA XBUJeBOAHOI mMoau. IIpuGiausHmit
mepios r'paTHHUIII 3aBKAM TPOXW MEHIIHWI 3a Iepiol, pe3oHaHCHOI I'DaTHHUIL,
10 3HAYHO IIOJIETIIIyE IIOIIYK Iepioay, 3a AKOro KoedimieHT BimbuBamusa
IOPiBHIOE OAMHUIII. SHAUEHHS YTOUHEHOTO IIepioay rpartHuili 0yjso omepska-
HO 3a JOIOMOIOI0 CTPOTOi MapHOl aHaJsidum MOOBKUH XBHJb. ¥ Iel mepiof
IOCATAEThCA «IIOBHUM pes3oHaHC». KoegimienT BigdmBaHHS Big r'paTHUITI
IOPiBHIOE OAWHMUII, a IOJie HAa I'PATHUILl IOCUJIOETHCA B JECATKU Ta COTHI
pasiB. Ilokasamo, 1110 TWigKJIaAWHKA He 000B’A3KOBO Ma€ OYTH ITOBHICTIO Of-
HOPiZHOIO 3 HU3bKUM ITOKA3HUKOM 3aJIOMJIEHHS, aje MoKe OyTH KoMOiHaIri-
€10 — TOHKWI Iap AieJIeKTPUKa 3 HU3bKUM ITOKA3HUKOM 3aJIOMJIEHHSA, Ha-
HeCeHUI Ha OCHOBHY YACTUHY MiAKJIATUHKN 3 BUCOKUM IMOKA3HUKOM 3aJI0M-
JeHHsd. BcTaHOBIEHO, II0 3MEHIIEHHS MOKA3HUKA 3aJOMJIEHHA IiJKJIaInH-
KM Ta 3MEHIIIeHHS MOJAYJAIil MOKa3HUKA 3aJOMJIEHHSA CePeJOBUINA I'DATHU-
I[i TPUBOAATH M0 30iJBINTeHHA TMOJIiB Ha MeXi MOoAiay I'paTHUIA—OAHOPiAHEe
cepenoBuiie. Ilefi MeTon MOKHA BUKODPWCTOBYBATHU MAJIA ONEPKAHHA IIOCH-
JIeHHA 1moJsid B 256 pasiB Oisbile aMmiaiTyqu mamgHOI ONTHUYHOI XBUJL AJA
CTPYKTYP, AKi MOKHAa peaJsidyBaTH Ha HMPaKTUILi.

Key words: dielectric grating, RCWA, waveguide resonance, grating re-
flection, field enhancement under resonance.

KarouoBi ciaoBa: mienekTpuuyHa I'paTHUISA, peTesibHA aHajisa 3B’sI83aHUX [0-
BJKUH XBWUJIb, XBUJIEBOJHUII PE30HAHC, BifOMBaHHSA I'PATHUII, IIOCHUJIEHHS
MOJIA TiJ mi€lo pesoHaHCy.

(Received 18 November, 2024 )

1. INTRODUCTION

Combined Raman scattering is widely used to study vibrational
spectra of molecules and optical vibrations of solids and liquids [1,
2]. The sample with the medium under investigation is irradiated by
a light source with a narrow radiation spectrum.

There are mainly lasers, in particular He—Ne with a radiation
wavelength of 632.8 nm or YaG:Nd* with a second harmonic of
532 nm. The scattered light is shifted up or down in frequency
when the laser radiation interacts with the molecules of the testing
sample. The frequency shift is equal to the frequency of the oscilla-
tions occurring in the molecules, and there can be quite some such
oscillation modes. A substance can be determined by frequency
shifts because the molecules of each substance have only their own
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vibrational modes. If the frequencies of the scattered laser radiation
are shifted downward, such scattering is called Stokes scattering; if
the frequency of the scattered light is shifted upward, anti-Stokes
scattering is obtained [3]. The power of anti-Stokes scattering is
several orders of magnitude smaller than the power of Stokes scat-
tering.

However, even the power of Stokes radiation is quite small with
limited laser power, which requires high characteristics of the opti-
cal spectrometer in terms of sensitivity and resolution. It is ex-
pected that the power of the scattered light will increase with the
increase of the electromagnetic field surrounding the sample located
on the substrate. A field enhancement on the substrate is possible
due to the resonant interaction of the laser radiation with the sub-
strate, which may have a complex surface structure. Surface en-
hanced Raman scattering (SERS) is often achieved with a
nanostructured silver surface [4, 5], which is formed by electro-
chemical etching. The resulting signal enhancement was more than
4000 times [4]. The increase in Raman signal is explained by the
increase in electromagnetic field on silver nanoparticles due to sur-
face plasmon resonance [6].

Field enhancement methods based on resonance phenomena in pe-
riodic nanostructures are well known. There are resonances of
waveguide modes by dielectric gratings on a dielectric substrate [7],
resonances of surface plasmon—polariton waves by a periodic struc-
ture: a dielectric or metal grating on a metal substrate [8, 9], reso-
nances of surface plasmons by the structure of a metal grating on a
dielectric substrate [10].

However, during the resonant interaction of the electromagnetic
field with structures containing metal elements, the enhanced field
occurs at the metal—dielectric interface in a narrow spatial region
adjacent to the metal [6, 9, 10]. Therefore, in this case, the scat-
tered laser radiation will not be maximally possible due to the in-
teraction in a small volume.

It should be noted that in the structure of a silver grating on a
dielectric substrate, in which the resonance of surface plasmons oc-
curs, it is possible to obtain a maximum field enhancement of sev-
eral hundred times [10].

The enhanced field occurs in a significant part of the period un-
der the resonance of waveguide modes in the structure of a dielec-
tric grating on a metal substrate. Therefore, we have carried out a
study to identify the grating parameters and the dielectric sub-
strate parameters, which give rise to a significant field enhance-
ment at the grating surface. The study was performed at the nor-
mal incidence of a plane wave of only TE-polarization with a wave-
length of 0.6328 um.
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2. RESULTS AND DISCUSSION

Precise fabrication of gratings is required to achieve waveguide
resonance since the resonance response for TM-polarization is very
narrow spectrally [11]. In order to identify trends in changing the
parameters of the periodic structure to achieve the maximum field
at the surface of the grating, the thickness of the grating was var-
ied within sufficiently wide ranges from 300 to 1300 nm. The re-
fractive indices of the substrate 1.457 (SiO,) and 1.3245 (NaF) were
used. The refractive indices of the grating were n, =148,
n,, =1.52 and n, =149, n,, =1.51, respectively. The grating fill-
ing factor F=1/A=0.5 was the same for all numerical experiments.
The numerical modelling was performed by rigorous coupled-
wavelength analysis (RCWA) [12]. This makes it possible to study
in detail how light propagates and interacts with materials [13].

The simplest periodic structure (a dielectric grating on a dielectric
substrate) is shown in Fig. 1. It can provide a significant field at the
surface of the grating (z =0) under waveguide resonance, and the field
amplitude will be many times larger than the unit amplitude of an in-
cident plane wave. The reflection coefficient from the grating is equal
to unity with careful selection of the parameters of the periodic struc-
ture, i.e., thickness and period of the grating, modulation of the re-
fractive index of the grating medium, and the refractive index of the
substrate at resonance [11]. If the refractive indices of periodic
structure materials are given, then, each thickness d at waveguide
resonance corresponds to a certain grating period A. The approxi-
mate period can be found using the following expression [11]:

2m/ A = B(d, 1,5 115,7,) » 1)
! !
X
. Ty oy
A
Substrate n,
z

Fig. 1. Dielectric grating on a dielectric substrate where d is grating
thickness, [ is width of the part of the grating with refractive index n,,, A
is grating period, A—l — part of the grating with refractive index n,;, and
Ny >Ny, Ny and ng are refractive indices of the surrounding medium and
the substrate, respectively.
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where B is the propagation constant of the waveguide mode of a
non-symmetric waveguide that has a periodic structure.

The average value of the refractive index of the grating medium
n, is determined in the numerical analysis as follows:

fnz +n
n, = 21 5 22 (2)

If n,, —n,, > 0, then, A calculated by Eq. (1) goes to the period,
in which the reflection coefficient is unity. Having the value of A
according to Eq. (1), and this value is very close to the resonance
value, we find A that ensures the reflection coefficient R > 0.9999.
after several steps of numerical analysis. It should be noted that the
grating period calculated by Eq. (1) is always slightly smaller than
the resonance period of the grating. It greatly facilitates the search
for the period, at which the reflection coefficient is equal to unity.
The approximate and exact values of ¢ period for different thick-
nesses and different ns, n,;, ny, are given in Table. It is possible to
judge the accuracy of the analysis according to Eq. (1) from this
Table.

The propagation constants of the waveguide modes [ have been
determined by the method described in [12], which ensures precise
accuracy [14]. It should be noted that this method is suitable for
the analysis of gradient planar waveguides and all discrete propaga-
tion constants and corresponding field distributions in the wave-
guide can be found in one calculation cycle.

The field distributions in the waveguide with a grating thickness
of 500 nm for n, =1.49, n,, =1.51 and for two values of n; are
shown in Fig. 2.

The field distribution, corresponding the power of the waveguide
mode propagating along the waveguide, is more concentrated in the
layer with refractive index n,, when n, =1.3245, as shown in
Fig. 2. Therefore, it can be expected that a stronger field can be
obtained under waveguide resonance on the grating surface (z=0)
for n, =1.3245. The magnitude of the field at the grating surface
can be predicted using the following expression:

_ [E©)

= . 3
E@) ()

As a result, we obtain K=0.321 at n, =1.457 and K =0.632 at
n, =1.3245. This means that the K-ratio is about twice as high at
n, =1.3245 compared to n, =1.457. These preliminary findings
confirm the calculated results of the fields at the grating surface
and the grating/substrate interface using RCWA. The correspond-
ing field distribution is shown in Fig. 3 for the same structure pa-
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TABLE. Resonance parameters for the periodic structure.

d,pm | B, pm’ A,,, im A, nm | |[E0, 0) | E(0, d)
ny=1.3245, ny, =1.49, n,,=1.51
0.6 14.419938 0.435729 0.435756 95 153
0.5 14.286058 0.439812 0.439840 265 419
0.4 14.090589 0.445914 0.445943 83 130
0.3 13.798510 0.455352 0.455377 55 89
ng=1.457, ny, = 1.48, ny, = 1.52
1.3 14.778269 0.425164 0.425275 58 175
1.0 14.724143 0.426727 0.426831 27 90
0.9 14.698037 0.427485 0.427588 49 150
0.8 14.666097 0.428416 0.428518 25 77
0.7 14.627004 0.429561 0.429655 19 64
0.6 14.579813 0.430951 0.431029 27 90
0.5 14.525943 0.432549 0.432611 36 112
0.435  14.491739 0.433570 0.433615 54 163
0.4 14.476808 0.434017 0.434048 34 105
ny=1.457, ny, = 1.49, n,, = 1.51
1.3 14.77732 0.425191 0.425219 113 350
0.9 14.697162 0.427510 0.427536 97 301
0.8 14.665265 0.428440 0.428465 49 153
0.7 14.626232 0.429583 0.429606 39 127
0.6 14.579137 0.430971 0.430990 55 179
0.5 14.525426 0.432564 0.432579 72 224
0.435  14.491388 0.433581 0.433591 106 325
0.4 14.476580 0.4340244  0.434031 68 209

rameters as in Fig. 2. It can be seen that the field with the magni-
tude |E(x)| > |E(O)| / 2 occupies most of the grating period, which is
important for SERS. In addition, a decrease in the refractive index
of the substrate leads to a significant increase in the fields under
other identical conditions.

It should be noted that it is unnecessary to make the substrate
with a low refractive index completely homogeneous. It is possible
to make a combined one: a thin layer of dielectric with low refrac-
tive index applied on the main part of the substrate with high re-
fractive index. The layer thickness of 1000 nm with a low refrac-
tive index of 1.3245 is sufficient as shown in Fig. 2, b.

The grating periods A, calculated with Eq. (1) and the refined
periods A determined with RCWA, as well as the fields at x =0 for
z=0 |E(O, 0)| and for z=d |E(0, d)| are presented in Table. Calcula-
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Fig. 2. Field distribution in a periodic structure (red curves), as in a pla-
nar waveguide, with n,=1 and with n;=1.457 (a), and with n;=1.3245
(b). The green lines define the boundaries of the grating.
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Fig. 3. Field distribution in the periodic structure along the grating period

at n,;=1, the grating thickness of 500 nm and n;=1.457 (a), and
ny=1.3245 (b).

tions, which are more detailed, have been made for the parameters
in bold in the table, and the results are shown in Figs. 3, 4 and 5.
As shown in Table, the strongest fields on the grating surface
and at the grating/substrate interface are obtained with a smaller
modulation of the refractive index (n, =1.49, n,,=1.51) and for
the substrate refractive index of 1.3245. At the same time, the op-
timal grating thickness d is of 500 nm. As a result, |E(O, 0)| =265,
under the condition that the amplitude of the incident grating wave
is unity, i.e., we have a 265-fold field enhancement under resonance.
Spectral dependences of the reflection coefficient and spectral de-
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Fig. 4. Spectral dependences of the reflection coefficient (a) and the fields
on the grating surface (dashed curves) and at the grating/substrate inter-
face (solid curves) (b). The red colour of the curves corresponds to parame-
ters d =1300 nm, n;=1.457, ny,, =1.48, n,,=1.52; the green colour of the
curves corresponds to parameters d=435nm, n;=1.457, n, =1.48,
Ny, =1.52.
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Fig. 5. Spectral dependences of the reflection coefficient (a) and the fields
on the grating surface (dashed curves) and at the grating/substrate inter-
face (solid curves) (b). The red colour of the curves corresponds to parame-
ters d =1300 nm, ny=1.457, ny, =1.49, n,,=1.51; the green colour of the
curves corresponds to parameters d=500 nm, n;=1.3245, n, =1.49,

ngy=1.51.

pendences of the field amplitude module for z=0 and z=d at x=0
are shown in Figs. 4 and 5, respectively.

As can be seen from the comparison of Fig. 4 and Fig. 5, the
width of the spectral response of both the reflection coefficient of
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the grating and the modulus of the field amplitude decreases as the
modulation of the refractive index of the grating medium is re-
duced. We can also see that the resonance widths at half the re-
sponse height are quite narrow, about nm, which requires precision
fabrication of such gratings. However, it is quite possible to fabri-
cate such periodic structures by recording holograms on photopoly-
mer compositions [15, 16] with a modulation amplitude of the re-
fractive index of the photopolymer composition of 0.017 [15].

3. CONCLUSIONS

Significant field enhancement of 256 times can be obtained at the
air—grating interface with an optimal choice of the grating thick-
ness and other parameters of the structure in the periodic structure
of type the dielectric grating on the dielectric substrate under the
waveguide resonance. Numerical studies have shown that the field
on the grating increases as the refractive index of the substrate de-
creases and as the modulation of the refractive index of the grating
medium decreases. The resonant period of the grating can be ap-
proximated by the propagation constant of the waveguide mode in a
periodic structure such as a waveguide for the given wavelength.
The exact value of the grating resonance period can be determined
using RCWA. It should be noted that the period of the grating cal-
culated by Eq. (1) is always slightly smaller than the resonant peri-
od of the grating. It greatly facilitates the search for the period at
which the reflection coefficient is equal to one.
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The Co and Cu co-doped thin ZnO films are successfully deposited on glass
substrate by spray pneumatic method. In this work, it is obtained a semi-
conductor as Co and Cu co-doped thin ZnO films with good optical and
electrical properties. XRD patterns of the Co and Cu co-doped thin ZnO
films indicate that the obtained thin films are hexagonal ZnO (wurtzite,
JCPDS 36-1451). Structural, optical, and electrical properties of thin
films are studied as functions of atomic percentage (Co/Cu) co-doping thin
ZnO films. It is fixed the doping level of atomic percentage of 2% Cu and
various Co-doping atomic percentage (1.5%, 2%, 3%, 5%, 7%) in order
to find out the influence of Co/Cu co-doping on thin ZnO film properties.

Touki maisku ZnO, merosani Co i Cu, Oysu ycHinrHo HaHeceHI Ha CKJIAHY
OiAKJIAIUHKY MTHeBMATUUYHUM METOIOM PO3IIOPOINeHHs. ¥ AaHiii poboTi oxe-
PsKaHoO HAIiBOPOBIAHUK y BUIIAAL TOHKMHX MIiBok ZnO, merosanmux Co i Cu,
3 XOPOIIUMHU ONTUUYHUMU ¥ eJIEKTPUYHUMHU BJIACTUBOCTAMU. PeHTTeHOTpaMu
TOHKHUX ILTiBOK ZnO, smerosanmx Co i Cu, BKa3yioThb Ha Te, IO OfepiKaHi
TOHKi miiBku € rekcaronanbHuM ZnO (Biopiut, JCPDS 36-1451). CTpyKTy-
pPHi, onTuYHi # eJeKTPUYHI BJIACTUBOCTI TOHKUX IIJIiBOK BUBUEHO AK (DYHK-
1mii aromoBoro Bigcorka (Co/Cu)-meryBanHs TOHKHX IIiBOK ZnO. 3adikco-
BaHO piBeHbL aTOMOBOI'O BifcoTka JyeryBanuHa y 2% Cu Ta pisHi aTomoBi Bif-
corku Jgerysauusa Co (1,5%, 2%, 3%, 5%, 7%), mob6 3’sacyBaTu BILIUB Ha
BJIACTUBOCTI TOHKOI miaiBKu ZnO cnisbHOTO (Co/Cu)-eryBanu-.

Key words: ZnO, thin films, Co and Cu co-doping, spray pneumatic method.

Karouosi cmoBa: ZnO, Touki miiBku, jgeryBanua Co i Cu, posmopoIryBaib-
HUII THeBMATUYHUN METO[,.

89



920 Tayeb SAOUD, Abdallah DIHA, Said BENRAMACHE, and Amira SBAIHI

(Received 21 October, 2023; in revised form, 20 April, 2024)

1. INTRODUCTION

Zn0O is a natural semiconductor with a straight band gap of 3.37 eV
and a huge exciton binding energy of 60 meV. It is one of the most
important and increasingly popular semiconductor materials [1, 2].
Zn0O has been widely employed in a variety of fields, including the
automobile industry, medical equipment, communications, comput-
ers, spintronics, optoelectronics, biomaterials, data storage, energy
conversion, and even architecture, due to its unique features [1-5].

It is crucial to figure out what element or elements ZnO has to be
doped with in order to manage the band gap, electrical conductivity,
and carrier concentration.

Because of the potential uses in spintronics, several researchers
have recently focused on doping ZnO with transition metals (TMs)
such as Mn, Ni, Fe, Cu, Co, and Cr [1-7].

Cu is virtually optimal for changing the characteristics of ZnO
among the other doping elements because Cu atoms have a radius and
electronic shell that are comparable to those of Zn atoms; conse-
quently, replacing Zn with Cu does not result in a change in the lat-
tice constant. Cu-doping effects on magnetism, photoluminescence,
band gap, and transmittance of ZnO films generated by magnetron
RF sputtering, magnetron DC sputtering, spray pyrolysis, pulsed la-
ser deposition, and sol-gel methods have all been researched exten-
sively [6—10].

This work seeks to obtain a semiconductor from Co and Cu co-
doped ZnO thin films with good optical and electrical properties.
We investigated the effect of different Co and Cu concentrations on
the structural and optical properties of Co and Cu co-doped ZnO
thin films. The ZnO thin films were deposited onto glass substrate
by using the spray pneumatic method at 400°C for 2 ml/min of
deposition rate.

2. MATERIALS AND METHODS

Prepared Zn;_ g2.,Cu.,02C0,0 thin films were deposited by using the
spray pyrolysis technique onto glass substrates. The solution was
prepared by dissolving zinc acetate (Zn(CH;CO,),, 2H,0) in distilled
water to a 0.1 M solution, with cobalt chloride (CoCl,, 6H,0) and
copper nitrate (Cu(NO,),, 3H,0). The atomic percentage of [Co—Cu]
was varied as 1.5%, 2%, 3%, 5%, and 7 at.%. The solution was
sprayed onto the preheated substrates at and held at optimized sub-
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strate temperature (380°C) substrate temperature, the distance be-
tween the nozzle and substrates (25 cm) was kept constant for all
experiments.

The structural characterization of deposited thin films was car-
ried out by analysing the x-ray diffraction patterns recorded by
(XRD, Bruker AXS-8D) with (Ag,k, =0.15406 nm) by varying the
scanning range of (20) from 20° and 90°. The ultraviolet visible
spectrophotometer (JASCO V-770 UV-Vis/NIR)) to find the trans-
mittance, band gap and Urbach energy.

2. RESULTS AND DISCUSSION
2.1. Structural Properties

To determine the structure of Co and Cu co-doped ZnO thin films,
spray pyrolysis samples were deposited on glass substrates at atomic
percentage of Cu was 2 at.% and Co was varied as 1.5, 2, 3, 5 and
7 at.% . The films’ XRD patterns were captured using a diffractom-
eter and CuK,. Source of radiation (with wavelength =1.506 nm).
The XRD scan was performed on a scale of 20° to 90°. The XRD
diffraction patterns of Co and Cu co-doped ZnO thin films deposited
at different atomic percentage of Cu using the spray pyrolysis tech-
nique are shown in Fig. 1.

In all the Co and Cu co-doped ZnO thin films, XRD diffraction
peaks from the (100), (002), and (101) planes were found. For all
the samples, the observations revealed three diffraction peaks, the
greatest at 20 =31.6°, 20 = 34.4° and 36.1°, matching to the follow-
ing plans (100), (002) and (101), respectively. This indicates that Co

Zn_ . Cu, Co, O

0.905 .02 0.015

Znﬂ.ﬁﬁcuﬂ.QECQO.OEO

Intensity, a.u.
Intensity, a.u.

20 30 40 50 60 70 S0 90 100 20 30 40 50 60 70 80 90 100
20, degree 20, degree

Fig. 1. X-ray diffraction spectra of fabricated Zn, ¢5;Cug2C0g0150 thin
films.
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and Cu co-doping have no effect on the structure of ZnO. There are
no additional peaks (such as Co, CoO, Cu, CuO, Cu,0). Furthermore,
with the Cu ions doping, all of the diffractive peaks in the XRD
patterns gradually shift to the lower angle side [11].

The lattice constants a for <100> plane and ¢ for <002> plane are
computed from Refs. [12, 13]:

2 2 2

1 4{}; +hk+kj+l "

2 T 5 2 2
d,, 3 a c

The average crystallite sizes determined in Table 1 were calcu-

lated from following relation:
D DlOO +D002 +D101 +D102 (2)
m 4 b

where B,, is the FWHM, K is a constant equal to 0.90, A is the
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TABLE 1. Lattice parameters, average crystallite size D,, and mean strain
€ in Zn, ¢3Cuy ¢,C0,0 thin films

Sample name a, A | ¢, A Average crystallite Mean strain &, %
size D,,, nm

Zn0O 3.260 5.223 35.607 0.33
7y 05:CUp05C00 0150 3.253  5.250 27.701 0.85
Zng 05C000,Cly 00 3.274 5.226 29.760 0.38
Zng 0,Cy 05C00 00 3.2484 5.239 25.697 0.63
Zing 0,Cy 0,C00 00 3.380 5.214 23.376 0.15
7y 0,Clly 5C00 0,0 3.249 5.233 33.074 0.52

wavelength of the incident x-rays (A=0.15406 nm), D is the crys-
tallite size, and 0 is the Bragg angle.

The mean strain € in the films in the direction of the c-axis cal-
culated from the following relation:

e = Cum =G0 1009 , (3)

where C,=5.206 A.

It can observed the average crystallite size D, increase when Co
(at.%)=1.5% to 2% and decrease with Co (at.%)=3% to 5%,
then, increase Co (at.%)=7%.

It can be seen the change in cell parameters caused by (Cu, Co)
co-doped ZnO thin film.

The texture coefficient (TC,,), in terms of each directional inten-
sity (I,,) is calculated to the corresponding intensity of the JCPDS
card ([y,,). From it, we take information about the growth potential
according to the trend [kEl].

The parameter (TC,,) is given by the following relationship [14]:

1

hkl

— Lope , 4)

15 L
NZL’:II

Ohkl

TChkl

where N is the number of diffraction peaks.

The texture modulus values for the peaks of thin films of ZnO
and Zn, g3 ,C0y 02Cu,0 are shown in Fig. 2.

It should be noted, the value of the largest texture coefficient for
all films corresponds to the peak (002), indicating that it is the pre-
ferred orientation except for the film Zn, ;Cuy ¢2C0g0:50 Whose ori-
entation was according to the peak (100).
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Fig. 2. Texture coefficient values for all peaks of fabricated ZnO and
Zn, ¢5-.Cug ¢,C0,0 thin films.

2.2. Optical Properties

In the wavelength range from over 300 nm to 1200 nm, optical
transmittance and absorbance versus wavelength curves of the Co
and Cu co-doped ZnO deposited onto glass substrates at different
atomic percentage of Cu were measured. Thin film transmittance
and absorbance are depicted in Figs. 3 and 4, where the highest
transmittance values are around 95%. The transmittance initially
decreases with Co (=2 at.%), then, increase, but with fewer fringes.

100
<
qu; 80+
g —Zn,,.Cu, ,Co, .0
E 60 Zn, ,.Cu, .Co, .0
= Zn, ,,Cu, ,,Co, .0
§ 40 Zn,,.Cu, .Co, O
o Zn, ,,Cu, ,,Co, ;0

20+

400 600 800 1000 1200

Wavelength, nm

Fig. 3. Transmission spectra of fabricated Zn, s ,Cu,¢,C0,0 thin films.
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2.0
Zn . Cuy 0,Coy 4,50
Zn, ,.Cu, ,,Co, ,,0
Cﬁ: 1.5 Zn, , G, ,C0, .0
=
d Zn[).!).‘{Cull.(lldcoﬂ.‘lﬁo
5}
E 1.0 Znu.glcuu.uzcou.mo
e
o
o
7}
=]
< 0.5
0.0 . . e ————
400 600 500 1000 1200

Wavelength, nm

Fig. 4. Absorbance spectra of fabricated Zn, s ,Cu, ¢;C0,0 thin films.

It should be noted that the optical transmission spectra recorded in
the visible region are related to electronic transitions and help to
understand the electronic band structure of semiconducting films
[15, 16].

The absorption edge corresponds to the electronic excitation of
the valence band at the conduction band, which determines the di-
rect optical band gap value. The well-known equation [17] connects
incident photon energy Av and absorption coefficient a. Thin films’
direct optical band-gap values are calculated by extrapolating the
straight-line portion of the (ahv)®=f(hv) (Fig. 5). By drawing Ina
versus hv, we can determine E, value as the reciprocal of the linear
part slope graph in Fig. 6. The direct optical band gap and the Ur-
bach energy values of thin films are shown in Table 2.

The variation of optical band gap E, and Urbach energy E, of fab-
ricated Zn, s ,Cuy ¢2C0,0 thin films versus Co (at.%) shown in Fig. 7.

The structural, optical and electrical properties of Co and Cu co-
doped ZnO thin films were studied. Samples were deposited from Co
and Cu co-doped ZnO thin films using the pneumatic spray tech-
nique, where, in the first samples Zn, 45 ,C04,Cu,0, we fixed the
percentage of Co at 2% and varied the percentage of Cu at 1.5, 2,
3.5 and 7%, and in the second samples Zn,qs ,Cug¢,C0,0, we fixed
the percentage of Cu at 2% and varied the percentage of Co at 1.5,
2, 3.5 and 7% . The crystal sizes of all samples were estimated using
Scherer’s equation and were in the nanometer range. The optical
properties of the samples were determined by ultraviolet visible
spectrophotometer. The average crystal size was between 14.668 and
31.820 nm for Zn,gs,C040:Cu,O and between 23.376 and 33.074 nm
for Znggs,Cuy¢2C0,0. The average crystal size for Zn, g ,Cog¢.Cu,0
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Fig. 5. (ahv)? versus hv for fabricated Zn, 45 ,Cu, ,C0,0 thin films.

samples was slightly smaller than the average crystal size for
Zng ¢5-,Cug 02C0,0. The band gap energy of Zn, gz ,C0p0:Cu,0 samples
was between 3.31 and 3.50 eV. The band gap energy of the
Zn, o5 .Cuy 0,C0,0 samples is between 3.39 and 3.50 eV. The band gap
energy of Znggs ,C00:Cu,0 samples was slightly smaller than the
band gap energy of Zn, os_,Cu, 02C0,0 samples.

Comparisons of two Zngg¢;C00.0:ClUg01;0 and Zng ¢5C0g 02Clg 050
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Fig. 6. Ina versus hv for fabricated Zn, ¢5_,Cu, ¢2C0,0 thin films.

samples with two samples Zngys;Cug02C0p015:0 and Zn, ¢;Cuy 02C0p.0:0
that have less D, and less E, are shown in Table 3.

3. CONCLUSION

In this work, we investigated the effect of atomic doping ratio on
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TABLE 2. Band gap energy E, and Urbach energy E,.

Sample name E, eV E, eV
Zin965C,02C0g 0150 3.40 0.30
Zn, 4,Cuy 02C00 0,0 3.50 0.27
Zn, 45Cuy 02C00 030 3.43 0.29
Zn 95CU, 2C0 050 3.42 0.29
Zny 9;Cu, 02C00 070 3.39 0.30

354 = ' ' ' _._Eg, : o300
1.52- /\ L 0.295
3.504 . -0.290
- 3.48 F0.285 -
¢ [
., 3.461 F0.280 .,
a 3.44 F0.275 N
3,42+ L F0.270
1404 = 10.265
3.38 T T T T T T 0.260
2 3 4 5 6 7

1

Doping percentage of Co, %

Fig. 7. The variation of optical band gap E, and Urbach energy E, of fabri-
cated Zng g5 ,Cug ¢,C0,0 thin films versus Co (at.%).

TABLE 3. Comparison of structural and optical properties.

Sample Average Dcrystallite size e, % |E, eV|E,, eV|o, s/m
s TN
71, 965C00 02CUg 0150 31.820 0.30 3.35 0.31
Zn, 43C04.02CU, ;0 27.4222 0.21 3.31 0.33
ZM965C U 02COg 0150 27.701 0.85 3.40 0.30
71, ;Cuy ¢2C0; 07,0 33.074 0.52 3.39 0.30

optical properties.

The structural and electrical properties of films deposited by
spray pyrolysis technique were investigated. The XRD results
showed that the precipitated films are single-phase and polycrystal-
line, and have a hexagonal structure with high-density peaks along
the [002] direction, except for the film Zn, ¢4;Cug2C001;0 has a
high peak along the direction (100). The average crystal size D,, was
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found to be increasing with Co (at.%)=1.5% to 2% and decreasing
with Co (at.%)=3% to 5%, then, increasing with Co (at.%)="7%.
Optical properties analysis showed that the direct optical band gap
values of the fabricated thin films are varied from 3.39 eV to 3.5
eV.
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Light Dispersion in Thin Films of ZnGa,0,:Cr*" and
ZnGa,0,:Mn** Obtained by RF Ion-Plasma Sputtering
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Thin films of ZnGa,0,:Cr®** and ZnGa,0,:Mn®*" are obtained by high-
frequency (RF) ion-plasma sputtering in an argon atmosphere. The surface
morphology is studied by AFM, and the sizes of nanocrystallites forming
the films are analysed. Based on the interference technique, the refractive
index is determined. As found, in films of both types in the visible re-
gion, a normal dispersion of the refractive index is observed. The analysis
of the single-oscillator three-parameter model used to describe the disper-
sion dependence is carried out, and the static refractive index n,, the
characteristic energy E,, the approximation parameter A, and the plasma-
oscillations’ energy for valence electrons v, are determined.

Metogom BucokouactoTHOTO (BY) HOHHO-TIIa3MOBOTO PO3IMOPOIIEHHS B aT-
Mocdepi aprouy ofep:xaHo TOHKI mriBku ZnGa,0,:Cr®' i ZnGa,0,:Mn?*. Me-
Tomom ACM mpoBezeHo mocaifkeHHA MOpPQOJIOTii IMoBepXHi Ta mpoaHasi3o-
BaHO PO3Mipu HAHOKPUCTAIITIB, AKi hopMyloTh ofep:kaHi miiBku. Ha ocHo-
Bi iHTepdepeHITiTHOI MeTOAMKU IIPOBEIEHO BU3HAUYEHHS BEJNYNHU ITOKA3-
HUKa 3aJIOMJIEHHS Ta BCTAHOBJEHO, IO B IIIiBKaX 000X THUMOIB y BUAUMIH
obJiacTi cmocTepiraeThbcsi HOpPMaJibHA JHCIIEPCiss MOKA3HWKA 3aJOMJIEHHS.
IIpoBeneno aHanidy OOHOOCIUIATOPHOTO TPUIIAPAMETPUYHOI'O MOJENI0, KOT-
poro GyJi0 BUKOPUCTAHO IJIA OMMCY OUCIEPCiiHOI 3a/Ie’KHOCTH, Ta BU3HAUE-
HO CTAaTUYHUY IIOKAa3HUK B3aJIOMJIEHHA N,, XapaKTepUCTUUHY eHepriio E,
mapamMerep ampokcumaillii A # eHepriio MJIasMOBUX KOJUBAHL OJIs BaJICHT-
HUX €JIEKTPOHIB Av,,.

Key words: zinc gallate, thin films, RF sputtering, surface morphology,
refractive index dispersion.
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HdA, MopdoJioTia moBepxXHi, AUcIepcid MOKa3HUKA 3aJIOMJIEHHS.
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1. INTRODUCTION

ZnGa,0,-based thin films are promising materials for practical ap-
plications in optoelectronics and instrumentation. Due to their opti-
cal, dielectric, and performance characteristics, both nominally pure
and activated ZnGa,O, thin films are used in electron-optical devic-
es, vacuum fluorescent and field emission displays, and gas sensors
[1-10].

In general, the optical and electrical properties of thin films are
determined by the preparation methods, deposition modes, the pres-
ence of heat treatment in different environments, and the introduc-
tion of impurities that can change the properties of thin oxide films
in the desired direction. In this work, we studied ZnGa,0,:Cr and
ZnGa,0,:Mn thin films prepared by the RF ion-plasma sputtering
method, which is considered optimal for the deposition of multi-
component semiconductor and dielectric films [11].

The study of the optical properties of such films, including the
dispersion properties and their relation to the energy structure and
crystal-chemical properties, seems relevant. This is because they are
used to illuminate optical parts, manufacture optical light filters,
or create luminescent screens. The value of the refractive index de-
termines the reflective properties of films, and, accordingly, the
dispersion properties determine their spectral distribution.

2. EXPERIMENTAL TECHNIQUE

Thin films of ZnGa,0, activated with Cr** and Mn?" ions with a
thickness of 0.3—1 um were obtained by RF ion-plasma sputtering
in an argon atmosphere on amorphous substrates of fused quartz v-
Si0,. The starting material for the target was a mixture of ZnO and
Gay,0; oxides of stoichiometric composition (purity 99.99%). The
activator concentration of Cr®* and Mn?*" was of 1 mol.%.

The phase composition and structure of the obtained thin films
were studied by x-ray diffraction analysis (Shimadzu XDR-600). X-
ray diffraction studies have shown the presence of a polycrystalline
structure with a predominant orientation in the (002), (113), (004),
and (333) planes. The diffractograms and their analysis are de-
scribed in more detail in [12]. All diffraction maxima are identified
according to the selection rules and belong to the Fd3m space
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group. This indicates the cubic structure of the obtained films.

The surface morphology of the obtained thin films was studied
using an ‘Integra TS-150’ atomic force microscope (AFM).

The optical transmittance spectra of the thin films were meas-
ured on a CM 2203 spectrofluorimeter with a Hamamatsu R928
measuring head. Spectrophotometric techniques are the most com-
mon for determining the refractive index n, absorption coefficient,
and film thickness /4 in semiconductor and dielectric films. The
technique of Ref. [13] is quite often used, and we used it to deter-
mine the optical parameters of ZnGa,0,:Cr and ZnGa,O,:Mn thin
films.

3. RESULTS AND DISCUSSION

The surface morphologies of ZnGa,0,:Cr and ZnGa,0,:Mn thin films
were studied by AFM. Characteristic micrographs of the surface of
freshly deposited thin films are shown in Fig. 1.
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10 15 20 25 30 35 40 45
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Y Axis, um
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Fig. 1. Images of the surface morphology of freshly deposited ZnGa,0,:Cr
(a, b) and ZnGa,0, :Mn (c, d) thin films. Images a and c¢ are two-
dimensional, b and d are three-dimensional.
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The surface topography of the samples was analysed based on
standard parameters listed in Table 1. These values were calculated
based on AFM images for areas on the surface of the films of the
same size 50005000 nm.

The obtained results show that the formation of the structure of
ZnGa,0,:Cr thin films occurs from significantly larger nanocrystal-
lites, the average volume of which is almost 5 times higher than the
average volume of nanocrystallites in ZnGa,O,:Mn thin films. The
volume growth is due to both the increase in the size of nanocrys-
tallites perpendicular to the film surface and the growth of nano-
crystallites in the film plane. In particular, the root mean square
roughness of ZnGa,0,:Cr films is almost 3 times higher than the
root mean square roughness of ZnGa,0,:Mn films, and the average
grain diameter, respectively, is almost 2 times higher than the av-
erage grain diameter in ZnGa,0,:Mn films.

The characteristic optical transmission spectra T'(A) of freshly de-
posited ZnGa,0,:Cr and ZnGa,0,:Mn thin films are shown in Fig. 2.

According to the results obtained, films of both types have simi-
lar transmission spectra and the edge absorption region is observed

TABLE 1. Parameters of crystalline grains on the surface of ZnGa,0, thin
films activated with Cr®*" and Mn?" ions.

Parameter ZnGa,0,:Cr®" thin film | ZnGa,0,:Mn?" thin film
RMS roughness, nm 9.6 3.9
| Average 211 113
grain diameter, nm
_ Average 67600 11400
grain volume, nm
100
80+
2 a0 r
& 40}
201
900 300 400 500 600 700

A, nm

Fig. 2. Transmittance spectra of ZnGa,0,:Cr (1) and ZnGa,0,:Mn (2) thin
films; T =295 K.
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at 260 nm. At the same time, a slight increase in light transmission
is observed in ZnGa,0,:Mn films. Given that, the interference pat-
tern is evident in the transmission spectra for both types of films,
we calculated the optical constants of the films using the interfer-
ence technique [13].

The obtained dispersion dependences of the refractive index n(L)
for the studied films are shown in Fig. 3.

As can be seen in Fig. 3, both types of thin films obtained are
characterized by a normal dispersion of the refractive index. To de-
scribe such dispersion dependence, we used a single oscillatory
three-parameter model of the Zelmeyer type [14], which is used to
describe normal dispersion:

2 2
n, -1 Ao
=1-| L], 1
n®-A (lj 1

In relation (1), the value A, determines the characteristic wave-
length of ultraviolet absorption or the average wavelength between
the oscillator bands. This characteristic absorption is typical for
most semiconductor and dielectric materials and thin films [14-17].
The value A is the approximation factor, and n, is the static refrac-

1.84F

1.82F

1.80}

1.78F

1.76

L.741 , ) ) , ,
300 400 500 600 700 800

A, M

Fig. 3. Refractive index dispersion of ZnGa,0,:Cr (I) and ZnGa,0,:Mn (2)
thin films.

TABLE 2. Energy parameters of the dispersion curve of freshly deposited
thin films in relation (1) and (2).

Thinfilm | A4 | n, | X, nm E,, eV hv,, eV
ZnGa,0,:Cr**  2.35 1.41 250 4.96 4.93
ZnGa,0,Mn*  2.48 1.38 260 4.78 4.58
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tive index, which gives some idea of the structure and density of
the material. The values of n, and A, are determined by the depend-
ence (n> —A)"' on A2 The obtained values of A, n,, Ay, and the os-
cillator energy E,, which was determined from A,, are shown in Ta-
ble 2.

The difference of the coefficient A from 1 in relation (1) indi-
cates the presence of other absorption bands besides the band with a
maximum of E,, which determines the course of the dispersion de-
pendence. Such bands can be observed in both the UV and IR spec-
tral ranges. At the same time, such additional absorption bands are
more characteristic of ZnGa,0,:Mn thin films.

Previous studies have shown that the band gap in ZnGa,0, is
about 4.4 eV [18, 19]. At the same time, according to the calcula-
tions of the electronic structure of ZnGa,0O, [20, 21], the bottom of
the conduction band is formed by hybridized 4s4p states of Zn and
4s4p states of Ga. The top of the valence band is formed by 2p oxy-
gen orbitals and 3d zinc orbitals.

Taking into account our E, values for the obtained thin films, it
can be argued that the dispersion dependence in the visible region
of the spectrum of ZnGa,0, thin films activated by Cr and Mn im-
purities is mainly determined by electronic transitions from the
zone of 2p-states of O and 3d-states of Zn, which form the upper
filled level of the valence band, to the bottom of the conduction
band formed by hybridized 4s4p-states of Zn and 4s4p-states of Ga
with impurities of electronic levels Cr®** and Mn?, respectively.

According to Ref. [22], the average value of the oscillator energy
E, is related to the static refractive index n, by the relation

ng ~1+—=2—, (2)

where hv, is the energy of plasma oscillations for valence electrons.
As can be seen from expression (2), there is an inversely propor-
tional relationship between the static refractive index and the aver-
age oscillator energy and a directly proportional relationship be-
tween the static refractive index and the plasma oscillation energy.

The determined characteristic values of hv, for the obtained thin
films are given in Table 2. Comparison of the E, and hv, values
shows that in ZnGa,0,:Cr thin films these values are quite close to
each other. For ZnGa,0,:Mn films, a slightly larger discrepancy is
observed, which may be due to a disorder or defect in the structure.
In particular, given that thin ZnGa,0,:Mn films are formed from
smaller nanocrystalline grains, it is clear that they are character-
ized by greater imperfection due to a larger number of grain
boundaries.
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4. CONCLUSIONS

The studies show that polycrystalline thin films of ZnGa,0,:Cr and
ZnGa,0,:Mn are obtained by RF ion-plasma sputtering in an argon
atmosphere. At the same time, ZnGa,0,:Cr films are formed from
significantly larger crystallites than ZnGa,0,:Mn films. In particu-
lar, the average grain diameter on the surface of the ZnGa,0,:Cr
film is 211 nm, and the root mean square roughness of the films is
9.6 nm. For ZnGa,O,:Mn films, these values are 113 nm and 3.9
nm, respectively.

It was found that both types of films are characterized by a nor-
mal dispersion of the refractive index, which is determined mainly
by transitions from the zone of 2p states of O and 3d states of Zn,
which form the upper filled level of the valence band, to the bottom
of the conduction band formed by hybridized 4s4p states of Zn and
4s4p states of Ga with impurities of electronic levels of Cr®" or Mn?'
ions, respectively. The energy parameters of the approximation sin-
gle-oscillator three-parameter model of normal dispersion depend-
ence, which is typical for these films, are analysed.

REFERENCES

1. Mu-I Chen, Anoop Kumar Singh, Jung-Lung Chiang, Ray-Hua Horng, and
Dong-Sing Wu, Nanomaterials, 10, Iss. 11: 2208 (2020);
https://doi.org/10.3390/nan010112208

2. G. Anoop, K. Mini Krishna, and M. K Jayaraj, J. Electrochem. Soc., 158,
No. 8: J269 (2011); https://doi.org/10.1149/1.3604755

3. Chengling Lu, Qingyi Zhang, Shan Li, Zuyong Yan, Zeng Liu, Peigang Li,
and Weihua Tang, J. Phys. D: Appl. Phys., 54, No. 40: 405107 (2021);
https://doi.org/10.1088/1361-6463/ac1465

4. Chia-Hsun Chen, Shu-Bai Liu, and Sheng-Po Changu, ACS Omega, 9,

Iss. 13: 15304 (2024); https://doi.org/10.1021/acsomega.3c09965

5. Yong Eui Lee, David P. Norton, John D. Budai, Philip D. Rack,

Jeff Peterson, and Michael D. Potter, J. Appl. Phys., 91, No. 5: 2974 (2002);
https://doi.org/10.1063,/1.1448863

6. O. M. Bordun, V. G. Bihday, and I. Yo. Kukharskyy, J. Appl. Spectrosc., 80,
No. 5: 721 (2013); https://doi.org/10.1007/s10812-013-9832-2

7. Ray-Hua Horng, Shu-Hsien Lin, Yi-Che Chen, Dun-Ru Hung, Po-Hsiang
Chao, Pin-Kuei Fu, Cheng-Hsu Chen, Yi-Che Chen, Jhih-Hong Shao, Chiung-
Yi Huang, Fu-Gow Tarntair, Po-Liang Liu, and Ching-Lien Hsiao, Nano-
materials, 12, Iss 21: 3759 (2022); https://doi.org/10.3390/nano012213759

8. 0. M. Bordun, V. G. Bihday, and I. Yo. Kukharskyy, J. Appl. Spectrosc., 81,
No. 1: 43 (2014); https://doi.org/10.1007/s10812-014-9884-y

9. V. Castaing, M. Romero, D. Rytz, G. Lozano, and H. Miguez, Adv. Optical
Mater., 12, No. 36: 2401638 (2024);
https://doi.org/10.1002/adom.202401638

10. W.-L. Huang, C.-H. Li, S.-P. Chang, and S.-J. Chang, ECS J. Solid State



108

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

O.M. BORDUN, I.I. MEDVID, I. Yo. KUKHARSKYY et al.

Sci. Technol., 8, No. 7: Q3213 (2019); https://doi.org/10.1149/2.0371907jss
Kiyotaka Wasa, Makoto Kitabatake, and Hideaki Adachi, Thin Film Materi-
als Technology: Sputtering of Compound Materials (New York: Springer—
William Andrew Inc. Publishing: 2004).

0. M. Bordun, I. O. Bordun and I. Yo. Kukharskyy, J. Appl. Spectrosc., 78,
No. 6: 922 (2012); https://doi.org/10.1007/s10812-012-9555-9

R. Swanepoel, J. Phys. E: Sci. Instrum., 16, No. 12: 1214 (1983);
https://doi.org/1010.1088/0022-3735/16,/12/023

M. Abdel-Baki, F. A. Abdel Wahab, and F. El-Diasty, Mater. Chem. Phys.,
96, Nos. 2—-3: 201 (2006);
https://doi.org/10.1016/j.matchemphys.2005.07.022

S. H. Wemple and M. Di Domenico, Phys. Rev. B, 3: 1338 (1971);
https://doi.org/10.1103/PhysRevB.3.1338

0. M. Bordun, I. Yo. Kukharskyy, B. O. Bordun, and V. B. Lushchanets,

J. Appl. Spectrosc., 81, No. 5: 771 (2014); https://doi.org/10.1007/s10812-
014-0004-9

0. M. Bordun, I. Yo. Kukharskyy, and I. I. Medvid, J. Appl. Spectrosc., 83,
No. 1: 141 (2016); https://doi.org/10.1007/s10812-016-0257-6

M. Nonaka, T. Tanizaki, S. Matsushima, M. Mizuno, and C.-N. Xu, Chem.
Lett., 30, No. 6: 664 (2001); https://doi.org/10.1246/c1.2001.664

S. K. Sampath and J. F. Cordaro, J. Am. Ceram. Soc., 81, No. 3: 649 (1998);
https://doi.org/10.1111/j.1151-2916.1998.tb02385.x

K. Ikarashi, J. Sato, H. Kobayashi, N. Saito, H. Nishiyama, and Y. Inoue,
J. Phys. Chem. B, 106, No. 35: 9048 (2002);
https://doi.org/10.1021/jp020539e

Suresh K. Sampath, D. G. Kanhere, and Ravindra Pandey, J. Phys.:
Condens. Matter, 11: 3635 (1999); https://doi.org/10.1088/0953-
8984/11/18/301

David R. Penn, Phys. Rev., 128: 2093 (1962);
https://doi.org/10.1103/PhysRev.128.2093



Hawnocucmemu, HaHOMamMepiaiu, HAHOMEXHON02iT © 2025 IM® (IacturyTt Meranodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainun)
2025, 1. 23, Ne 1, cc. 109-122 HanpykoBazo B Ykpaini.
https://doi.org/10.15407/nnn.23.01.0109

PACS numbers: 61.05.cp, 68.37.Ps, 78.20.Ci, 78.66.Li, 81.15.Fg, 81.16.Mk, 81.40.Tv

Effect of Manganese Alloying on the Structural
and Optical Properties of Titanium Oxide (TiO,)
Films Prepared by Pulsed Laser Deposition (PLD) Method

Mohammed Ghazi Karim! and Reham Zaid Hadi?

"Tuz, Salah al-Din, Iraq
2Faculty of Education,
Department of Physics,
University of Tikrit,
Tuz Khurmatu, Iraq

The pure membranes of TiO, and manganese Mn are prepared in propor-
tions of 5, 3, 1 using the method of pulsed laser deposition (PLD), as the
sedimentation process is carried out on glass bases at room temperature,
and a thickness of 200 nm; here, the effect of manganese distortion on
the structural and optical properties is studied, as the results of x-ray
diffraction show that all the membranes are prepared as having a quater-
nary based structure (tetragonal) as well as within the structural charac-
teristics. The surface topography is studied with an atomic force micro-
scope, and the results show a decrease in the values of surface roughness
and mean square root of it with increasing the percentage of distortion;
the values of the roughness rate are of 3.935-2.983 nm, but, through
visual examinations, it is noted that the values of absorption and absorp-
tion coefficient increase with increasing the percentage of distortion,
while the optical energy gap decreases with increasing distortion with
manganese as 3—2.25 eV.

Yucri membpanu TiO, i Manrany Mn 6ysiu BUTOTOBJIEHI B IIPOMOPILiaAx 5, 3,
1 3a [OIOMOTOI0 METOAY IMIIyJIBCHOTO JIa3ePHOT'O OCaJKEeHHS, OCKIJIbKU
pollec CeAMMEHTAllii TPOBOAMBCS Ha CKJIAHNX OCHOBaX 3a KiMHATHOI TeM-
mepatypu, Ta ToBinuHO y 200 HM; TyT BHUBUYaBCsS BILJIMB CIIOTBOPeHHS Ma-
HI'aHOM Ha CTPYKTYPHiI ¥ ONTWYHI BJIACTHUBOCTi, OCKIJIBKM Pe3yJabTaTH PEHT-
r'eHiBChKOI mu(dpakiiii mMOKasyoTh, 1[0 BCi MeMOpaHu, AKUX OYJIO OJep:KaHO
AK Taki, 10 MalOTh YETBEPTHUHHY CTPYKTYPY (TeTparoHajbHy), a TaKOMXK V
MerKaxX CTPYKTYPHHX xXapakKTepucTuk. Tomorpadiro moBepXHi ZOCTim:KyBaIu
3a JOIIOMOTOI0 aTOMHO-CHJIOBOT'O MiKPOCKOIIAa, i pesyJbTaTH IOKa3ajlu 3Me-
HIIEHHA 3HaUYeHb IMNEePCTKOCTU IIOBEPXHiI Ta cepeJHbOKBAJPATUYHOTO 3HA-
uyeHHA 11 31 30iabIIeHHSM BiJCOTKA CIIOTBOPEHHS; 3HAUEHHS PiBHS IIEPCTKO-
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ctu crtaHoBuaIu 3,935—2,983 M, aje mig uac BidyaJabHUX AOCIIIMKeHDL 0YJIO0
3a3HAUYEHO, 10 3HAUEHHA IMOTJIMHAHHA Ta KoedillieHTa TOTJIMHAHHS 30iJb-
MIYIOThCA 3i 301MBIITEHHAM Bif[COTKA CIOTBOPEHHSA, TOAi AK OITHYHA eHepre-
TUYHA I[iJINHA 3MEHIITYEThCS 31 30i/JbINTEHHAM CIIOTBOPEeHHS 3 MaHTaHOM SAK
3-2,25 eB.

Key words: titanium oxide, jamming, deposition, pulsed laser, optical
properties, compositional properties.

KarouoBi croBa: okcuja TUTaHy, TJIYITiHHS, OCal:KeHHSA, iMOYJIbCHUI Jasep,
OIITHUYHi BJIACTUBOCTi, KOMIIO3UIIiiHI BJIacTUBOCTI.

(Received 25 October, 2023; in revised form, 13 March, 2024)

1. INTRODUCTION

Thin films are one of the most important newly innovative technol-
ogies in materials science and technology [1]. Thin films have a
small thickness ranging from several nanometers (nm) to several
micrometers (um) [1, 2].

Thin films are used in a variety of applications, such as medical
devices, thin electronics, renewable energy, precision manufactur-
ing and many other fields [3, 4].

Titanium dioxide (TiO,) membranes have played a large and wide-
spread role in scientific applications due to their great potential in
various functional applications such as solar photovoltaics [5], envi-
ronmental purification [7] and hydrogen production through water
splitting [5, 7]. The energy gap of pure TiO, oxide provides effec-
tive absorption of ultraviolet radiation with a wavelength of less
than 400 nm [8], preventing it from obtaining visible light-induced
functions [9]. To expand the functions of the visible light region of
TiO,, significant attempts have been made to reduce the bandgap in
TiO,, using non-metallic elements and transition metals as grafting
and chopping elements [10].

Titanium oxide (TiO,) or Titania is one of the most widely used
metal oxide semiconductors because it possesses interesting physical
and chemical properties. From a technological point of view, this
material has the following unique properties: corrosion resistance,
non-toxicity, high dielectric constant, high refractive index, high
permeability, wide blocked gap, high sensing capabilities, inert sur-
face characteristics, long-term stability and biocompatibility [11,
12].

TiO, has found extensive applications in the field of photocataly-
sis [13], solar cells [14], gas sensors [15], corrosion protective coat-
ings [61], anti-reflective coatings [71], memory devices [81], self-
cleaning [91], water treatment [20], antibacterial application [12].
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2. WORKING METHOD AND MATERIALS

The used materials are presented in Table 1, which shows the char-
acteristics of these materials.

3. PREPARATION OF MODELS

A sensitive balance of 0.001 of German origin was used to weigh
the samples, as a total weight of 2 gm of titanium oxide and man-
ganese was taken, where the percentages of manganese were 1, 3, 5
of the total weight and the rest of the percentage is due to the base
material titanium oxide.

After preparing the samples and taking the proportions, the hy-
draulic press device manufactured by Sky Spring was used; the
samples are placed in a mold with a diameter of 12 mm and exposed
to high pressure by 5 Tons.

The pressure and time are carefully adjusted to ensure that co-
herent and homogeneous samples are obtained, and Fig. 1 shows the
hydraulic piston device.

TABLE 1. Specifications of the materials used.

Material Purity | Density, g/cm? | Company
TiO, 99.9% 4.5 Titanium industries
Mn 99.7% 7.2 BHP Billiton

Fig. 1. Hydraulic press.
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4. SEDIMENTATION PROCESS

After the pressing process, the samples are processed to prepare
them for membrane formation, a pulsed laser device of the type of
laser Nidemum—Yak shown in Fig. 2 was used, pulsed laser deposi-
tion technology was used with a capacity of 500 mdJ to heat the sur-
face of the sample tightly and form a thin layer of material on the
surface of the glass base with dimensions 50x20x1.2 of Chinese
origin. In the laser deposition process, laser parameters such as
power, frequency and time are precisely controlled to ensure accu-
rate membrane formation and high quality. Table 2 explain the
specifications of the laser device used in the sedimentation process.
Using the sampling and laser sampling process, Mn-impregnated
titanium oxide samples are prepared to form the membrane and
achieve excellent results in manufacturing applications and tech-
nical research that require precise, high-quality installations, such
as electronic devices, solar panels and optical technologies.

5. THICKNESS MEASUREMENT

Thin film thickness measurement helps to understand the physical
properties of membranes and their behaviour. This information can
be used to improve membrane design and improve the performance

Fig. 2. UV spectrophotometer.

TABLE 2. Specifications of pulsed laser device used in sedimentation.

Properties Value
Energy 100-1000 mJ
Wave length 532-1064 nm

Frequency 1-6 Hz
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of associated applications. The diffraction method of the laser beam
was used to measure the thickness of the prepared membranes using
a helium-ion laser source He—Ne, lens and sample, after the laser
light passes from the lens to the eye, there will be optical input
(which is dark and luminous lines), and the thickness is calculated
as follows:

a="Y% (1)
y 2
where D means membrane thickness, Ay is the path of laser light

deviation y interference hem width, A—wavelength of helium-neon
laser of 632.8 nm.

6. OPTICAL MEASUREMENTS

Optical examinations of titanium oxide membranes with percentages
of 1, 3, 5% of manganese were measured using ultraviolet rays us-
ing the SP-8001 spectrometer and its wavelength is between 200-
1100 nm, and Fig. 2 shows an image of the device used in measur-
ing visual examinations, the sample is highlighted and the amount
of light absorbed at a specified wavelength is measured. This meas-
urement can give information about the level of light absorption
and changes in the electronic structure of the material, and then
through these measurements, we can calculate the rest of the visual
examinations such as transmittance, energy gap and reflectivity.

7. STRUCTURAL MEASUREMENTS WITH X-RAYS

X-ray diffraction test was measured for membranes prepared from
manganese-tinged titanium oxide, the device was used type 6100Lab
X, to perform the x-ray diffraction examination process, the follow-
ing steps can be carried out:

1) sample preparation of pure manganese-tinged titanium oxide
membranes by pulsed laser deposition (PLD) method;

2) the XRD device prepared is properly equipped and set the neces-
sary parameters such as the deviation angle, the deviation range
and the appropriate x-ray source;

3) in the x-ray reflexology, x-rays are directed towards the sample
and reflected rays are measured; x-rays are guided by control of the
angle of deviation and proper recording of reflected rays;

4) the data obtained from the XRD device (Table 3) are analysed
using special analysis programs to analyse the results, including
comparing the resulting patterns with the approved international
databases of known crystal patterns, determining the crystal struc-
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ture, and information related to atomic arrangement and distances
between crystal layers.

8. ATOMIC FORCE MICROSCOPY

AFM examination is a technique used to analyse and examine sur-
faces at the atom and particle level. AFM relies on the use of a sen-
sitive needle to interact with the sample surface and measure the
forces between them. A small compressive force is applied to the
surface using a needle, and by measuring the change in height and
interacting forces, a detailed map of the surface is created and var-
ious properties are analysed. The atomic force microscopy examina-
tion of the prepared membranes was performed using the Bruker
dimension icon atomic device force microscope.

9. RESULTS AND DISCUSSION
9.1. Structural Properties

The structural properties of pure manganese-tinged titanium oxide
(TiO,) films were studied by x-ray diffraction technique to know the
crystal structural changes of the materials, the crystal size, the
homogenization process of the constituent elements of the prepared
membranes, the topography of the membranes with the technique of
atomic force microscopy, the knowledge of particle roughness and
grain size.

9.1. X-Ray Diffraction

The results of an examination using x-ray diffraction technology
for pure titanium oxide membranes TiO,, as titanium oxide appears
in the case of pure sample, show through Fig. 3 that the x-ray spec-
trum of Ti membranes as having a quaternary structure (tetrago-
nal), by observing the diffraction pattern and knowing the locations
of peaks of the membranes prepared by pulsed laser deposition
method, the appearance of levels (101), (111), (211), (002), (301)
and (202). As shown in Table 3, this corresponds to the internation-
al card (ASTM) (ICDD) numbered (00-001-1197). After the distor-
tion with manganese, manganese appeared at two levels, namely
(210) at the angle 29.547° and (221) at the angle 43.395°, when
adding larger percentages of manganese, the intensity of manganese
peaks increases and the intensity of titanium oxide peaks decreases,
and according to the international card numbered (00-154-1139),
the crystal structure of manganese is a cubic structure, but after
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Fig. 3. X-ray diffraction patterns of prepared membranes.

adding it to titanium oxide, it has the same crystal structure as ti-
tanium oxide. Consistent with the results of the crystal size, as the
crystal size decreases with increasing the percentage of manganese
grabbing, and Table 3 shows the results of diffraction of x-rays of
membranes prepared from titanium oxide tinged with manganese
and for all ratios of distortion, and this is consistent with the find-
ings of the researcher Kharoubi and his group, but they were the
crystal size in their study is larger and a slight difference in some
peaks and their intensity [22]. Through the results of the x-ray dif-
fraction examination, it was observed that there is crystal growth
due to the tendency of titanium oxide peaks to decrease their inten-
sity by adding manganese, which is explained by the crystal growth
that occurs during the sedimentation process, and this is consistent
with the researcher Bhandarkar and his group [23]. However, in
their study, the addition hinders the crystal growth of some peaks
as a result of the change in surface energy [24].

9.1.2. Results of Atomic Force Microscopy (AFM)

The study of membranes prepared from manganese-tinged titanium
oxide was carried out using atomic force microscopy analysis.
Figure 4 shows pictures of the membranes prepared for pure ti-
tanium oxide and tinged with manganese for all proportions, as it
can be seen that the nests have a closely homogeneous granular sur-
face and that the surface is very uniform without any cracks.
The AFM image of the sample shows that the addition of manga-
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TABLE 3. Test results for x-ray diffraction of the prepared membranes.

Sample|2Theta, deg.[FWHM, deg.|C.S., nm | hEl | a, b, c; Phase No. Card
36.102 0.110 90.591 101 o<
% 41.228 0.109 97.947 111 gi Té
%] 54.070 0.204 67.076 211 <o c% No. Card TiO,
S | 62.160 0200 86.071 002 19 E  |(9g.001-1292)
& 68.727 0.308 71.947 301 [
76.235 0.413  81.711 202  °
29.547 0.142 65.223 210 Crystal system
36.134 0.192 51.896 101 ot Tetragonal
o 41.175 0.170 62.713 111 o< Té
= 43.395 0.150 73.614 221 i §
§ 54.094 0.261 52.392 211 g “l? %
62.950 0.285 61.950 002 o E No. Card Mn
68.375 0.328 66.517 301 S (00-154-1139)
76.276 0.495 68.425 202
29.631 0.178 52.012 210
36.699 0.290 34.512 101
41.280 0.211 50.730 111 °<C°<
g 43.466 0.212  52.256 221 X o
i 54.187 5.901 2.325 211 “f 3 Crystal s.ystem
N 62.791 11115 1.580 002 = Cubic
68.650 6.561 3.362 301 s °
76.252 7.680 4.399 202
29.446 0.178 51.917 210
36.397 0.390 25.567 101
41.210 0.411 25.993 111 ~
g 43.651 0.312 35.601 221 g
o 54.372 6.998 1.970 211 %ﬂ
) 62.140 11.115 1.546 002 <
68.834 6.981 3.186 301 =
76.124 7.865 4.257 202

nese on the titanium oxide membranes leads to improved roughness
and this is consistent with what the researcher came and this is
consistent with the results of the researcher Yang et al. [52], as the
crystal size began to increase and roughness began to decrease.
These results indicate the process of improvement in the mem-
branes because the increase in roughness reduces the number of self
on the surface and collects them to be in the form of larger assem-



EFFECT OF Mn ALLOYING ON THE STRUCTURAL AND OPTICAL PROPERTIES 117

2-Aois - Scan forward  Polynamial fit

Z s - Palymamial &

Poyremial & TE0m

X112 1pm

a b

2:Aas - Scon farwardPolynomial fit

416n

[

Palynemial ® 7o0nm

3 / Y 9.77m

X*953m

c d

Fig. 4. Atomic force microscopy images of membranes prepared for all al-
loy ratios: a—TiO, pure; b—1% Mn; ¢c—2% Mn; d—3% Mn.

TABLE 4. Results of the examination of atomic force microscopy.

Content, % |Average roughness, nm| r.m.s, nm |Average dimeter, nm

TiO, pure 3.935 6.981 18.451

1% Mn 3.794 6.036 18.987

3% Mn 3.201 5.249 19.768

3% Mn 2.983 4.780 20.341
blies.

This improvement is due to the effect of manganese on the crys-
tal growth process of titanium oxide membranes and the change in
the crystal structure of manganese too because it has a cubic struc-
ture as shown in Table 4.
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Fig. 5. Absorbency spectrum of titanium oxide membranes.

9.2. Optical Measurements
9.2.1. Absorption

The results of the absorbance values of pure titanium oxide TiO,
membranes tinged with manganese Mn prepared by pulsed laser
deposition decrease with increasing wavelength and the process of
distortion with manganese, as Fig. 5 shows that the value of ab-
sorbance is the greatest possible at short wavelengths 300 nm and
then the absorbance values gradually decrease with increasing wave-
length until the absorbance reaches its lowest value at the wave-
length 1100 nm, indicating that the membranes The preparation of
manganese-tinged titanium oxide has a large absorbency at the visi-
ble light area, which makes it suitable in some electronic applica-
tions such as solar cells, and decreases with increasing wavelength,
and the reason is that the energy of the incident photon is less than
the value of the energy gap of the semiconductor and this prevents
the electron from moving from the valence beam to the conduction
beam [26].The reason for the increase in absorption values with in-
creased manganese distortion ratios is due to the generation of de-
fect sites and thus the creation of additional energy states within
the energy band gap. The high concentration of the defect site with
the concentration of Mn thus contributes to increased absorption
[27].

9.2.2. Absorption Coefficient (A4)

Figure 6 shows the relationship between the absorption coefficient
and photon energy of membranes prepared by pure pulsed laser
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Fig. 6. Relationship between absorption coefficient and photon energy of
titanium oxide films.

deposition method with distortion percentages 5, 3, 1. It was found
that the values of the absorption coefficient of the membranes are
equal to (a0 < 10.000) and this indicates the electronic transfers that
occurred are of the type of direct transitions [28]. Through this
figure, we notice that the process of morphism with manganese
leads to an increase in the values of the absorption coefficient, and
this means that the membrane material began to crystallize and
homogeneity when it was saturated with manganese and that the
process of distortion led to a reduction in crystal defects and a re-
duction in the levels of localized crystal that exist within the pro-
hibited energy gap that was generated due to defects or defects
within the crystal structure, and this is consistent with the re-
searcher [29].

9.2.3. Transmittance

Figure 7 shows the relationship between permeability and wave-
length, if the results show there is a decrease in permeability values
whenever the percentage of manganese distortion increases as in
Fig. 7, titanium oxide membranes have the highest permeability of
about 80-90 at room temperature within the visible spectrum re-
gion, and Fig. 7 shows the transmittance spectrum with the wave-
length of pure titanium oxide membranes tinged with manganese
with smearing percentages of 1, 3, 5%. It is noted from the figure
that the transmittance decreases with increasing distortion rates,
but it begins to increase gradually and for all the prepared mem-
branes when the wavelength increases, and this is consistent with
Ref. [30], as the transmittance spectrum of these prepared mem-
branes can be used in the manufacture of the photodetector because
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Fig. 7. Permeability spectrometry of prepared titanium oxide membranes.

it is a window to the visible and infrared regions.

9.2.4. Energy Gap

The optical energy gap of the membranes prepared from TiO, and
pure and tinged with manganese was calculated and a graphical re-
lationship was drawn between 2oahv with the energy of the incident
photon (Av) as shown in Fig. 8, as this figure shows that the change
is linear in a certain range of photon energies (the range of the vis-
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Fig. 8. Energy gap values of prepared titanium oxide membranes.
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ible region). The energy gap value of the pure TiO, membrane was
equal to 3 eV, but when titanium oxide was imbued with manga-
nese, the energy gap began to decrease, and this is consistent with
what the researchers came up with Ref. [31], the increase in distor-
tion led to a decrease in the energy gap value from 3 eV for pure
membranes to 2.25 eV for the retained membrane showing that the
energy gap ratios for all distortion ratios and the reason is due to
the presence of surface defects to the tail of the absorption curve
[32].
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YMOBU CHMHTE3HU yJbTPAaANCIIEPCHOTO BOJb(ppamy
Y BHCOKOBOJIbTHOMY HaHOCEKYHIHOMY PO3pAni
MiK eJIEKTPOogaMHu 3 BOJb()paMy B iHEpTHHUX raszax

0. K. IlTyai6os, P. B. I'punaxk, O. 1. Muns, 3. T. T'omoxi, M. I. Barpaua

IIBH3 «Yoczopodcvkuil HAUiOHAIbHUL YHIBepcumemy,
na. Hapodna, 3,
88000 Yarczopod, Yrpaina

HaBezneHO eneKTpHUHi ¥ ONTUYHI XapaKTePUCTUKU BUCOKOBOJBLTHOTO HAHO-
cekyuauaoro poapany (BHP) mixk emexkTpomamu 3 BoJb(ppamy 3a armocdep-
HUX THCKiB imeptHux rasiB (He, Ar, Kr). YTBOpeHHS yJIbTPaAHCIIEPCHUX
YaCTUHOK BOJb(paMy BimOyBasocs B HPOIleCi BHECEHHA IapiB BOJIb(pamy B
PO3PANHUI IPOMIKOK BHACIILOK MiKpoBUOYXiB HeOmHOPiZHOCTEIl mOBep-
XOHb €JEeKTPOJ, ¥ CUJILHOMY €JeKTPUUYHOMY IOoJIi ¥ yTBOpeHHA eKToHiB. Ile
CTBOPIOBAJIO IIEPEIYMOBU IJI CUHTE3U YJIbTPAAUCIIEPCHUX YACTUHOK BOJIB)-
pamy B pospaaHiii Kamepi. llocaimkeHO ocrmiIorpaMu HAIpPyTH, CTPYMY,
iMOyJabCHY HOTYMKHICTH PO3PANY U eHepriro, AKa BHOCHJACA y IJIadMy 3a
OIWH PO3pANHUI iMmyabc. ONTUYHI XapaKTepPUCTUKU PO3PAAY HOCJiIKyBa-
JucA 3 IEHTPAJbHOI YACTHMHU PO3PATHOTO MPOMIiXKKY BEJIUUYNHOI Yy 2 MM.
BcramoBieHO OCHOBHI 30ym)KeHI CKJIAAOBI IIasMu MAporasoBUX CYMiIlei
He (Ar, Kr)-W 3a Bucokux 3HaueHb napamerpa E/N (E — Hampy:XeHiCcThb
eJIEKTPUUHOTO MMOJIsI, N — cyMapHa KOHIEHTPAIlisd YaCTUHOK y ILJaa3Mi).

The electrical and optical characteristics of a high-voltage nanosecond dis-
charge (HVND) between tungsten electrodes at atmospheric pressures of
inert gases (Ne, Ar, Kr) are presented. The formation of ultrafine tung-
sten particles occurred during the introduction of tungsten vapour into
the discharge gap as a result of the microexplosions of electrode-surface
inhomogeneities in a strong electric field and the formation of ectons.
This creates prerequisites for the synthesis of ultrafine tungsten particles
in the discharge chamber. The voltage and current oscillograms, the pulse
discharge power, and the energy introduced into the plasma during one
discharge pulse are studied. The optical characteristics of the discharge
are studied from the central part of the discharge gap of 2 mm. The main
excited components of the plasma of vapour—gas mixtures He (Ar, Kr)-W
at high values of the parameter E/N (where E is the electric-field
strength, N is the total concentration of particles in the plasma) are de-
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termined.

KarouoBi croBa: BUCOKOBOJIBTHUI HAHOCEKYHIHUI pPO3PAM, BOJIbDpam, iHe-
PTHi rasu, eKTOHU, IJIa3Ma.

Key words: high-voltage nanosecond discharge, tungsten, noble gases, ec-
tons, plasma.

(Ompumano 28 6epesns 2024 p.)

1. BCTYII

HesBarkaoum Ha BeJINKY KiJbKiCThb PiBHHMX MeTaJIeBUX HAHOYACTHUHOK
(HY), aki Oyam ycmimiHo ofep:KaHi pisHMMN MeTOomaMu, 3HAHHS ITPO
MexXaHi3MUu 3apoj»KeHHS Ta POCTY iX y JaHOMY PO3pSALi Bce Ile oOMe-
JKeHi TOJIOBHUM YMHOM Yepes3 Bi[CYyTHICTh eKCIepPUMEHTAJIbHUX JaHUX
in situ.

¥ crarri [1] moBigomasamoca mpo Gespizmany cuHTedy HY wmimi is
3aCTOCYBAaHHAM MATHETPOHHOTO PO3PAAY y XOJOZHOMY OydepHOMY
rasi. Tyr mpeacTaBjaeHO Pe3yJabTaTH MipsAHb PEHTI'€HiBCHBKOTO PO3Ci-
SHHA I MaJuM KYTOM in Situ, BUKOHAHUX MOOJM3y MarHeTpPOHHOI
mimieHi 3 migi B Oydepuomy rasi aproxi. Ilokasawmo, 1o (opMyBaHHsa
HY wmini BigbyBasocs mepeBaskKHO B 00JacTi, OOMesKeHill MarHeTpoH-
HUM IJIA3MOBUM Kinbiem. ¥ 1iii somi mismerep HY mizmi spocras Bifg
10 mo 90 uMm.

Pesynabratu cuntesu HY BoabdhpamMy 3 BUKOPUCTAHHAM TI'a30BOTO
arperaiiiiHOro KJIACTepPHOIrO I:Kepejia HAa OCHOBI MarLeTpPOHHOTO PO3-
pany HaBemeHo B crtarti [2]. Hanowacturku manu posmipu y 70—-100
HM, a ixHI0 opMy OyJI0 3yMOBJIEHO MEHIPUTHOIO MOP(OJIOTrieio 3 pPo3-
rajgyXeHHAMU, AKi BUXOOWJIMN i3 IIEHTPY Ta PO3BUBAJUCL y BUTJIAIL
KBiTRU. CTPYKTYpPHiI AOCIHiAKeHHS BUABUJIN HaABHICTH o-W-(dasu Ta
sanumnikoBoi 3-W-dasu.

V¥ crarri [3] moBimomisIoCcA PO OAep:KaHHSA OAHO(MA3HUX HAHOIIO-
pomikiB a-W 3 BUKOPHCTAHHAM ITapaBoJb(ppaMaTy aMOHiI0 SK BUXin-
HOTO MaTepialy ¥ onTMMaJbHUX YMOB cuHTe3u. IIpoliec BKJIOUAB aBa
eTamnn: paJioyacTOTHe iHAYKI[ifiHe TepMiuHe IIJa3MoBe OOpOOJIeHHS Ta
TepmMoxeMiuHe BimHOBIeHHA 3a 600—900°C. OminroBaBcsa BIJIUB TEM-
mepaTrypHu Bimmaay Ha (asy Ta Ha po3Mip YacTHHOK BoJbdpamy. Koanu
BHCOKOUYACTOTHE iHAYKIIiliHEe TepMiuHe IIJ1a3dMOBe OOpPOOJEeHHS IIPOBO-
munoca 3 IigporeHom i 6e3 HBOrO, TO CIIOCTEPiraJioCh YTBOPEHHS
amimanoi ¢asu o-W ta B-W-marnonmopomry i WO;-HaHOTIOPOIIKY Bif-
moBigHO. OmHOMasHUIT HAHOIOPOIIOK o-W OyB OJep:KaHUN ILIAXOM
Bigmasmy WO;-HaHOIIOPOIIKY Vv BOAHI (3a Temmeparypu y 700°C ympo-
mos:x 10 xB.), B pesyabTari uoro yrBopuaucsa romoreHHi HY soand-
pamy manux pos3MmipiB (= 21 uMm) 0e3 rasosoi arperarrii.
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B crarTi [4] HaBemeHO OTJIAN OCTAHHIX HOCATHEHDL y (pOopMyBamHHi i
ocamxkenai HY wmeromom rasoBoi arperaiii. Ilpukigamgu BapiroroThcd
Bim masxerHux meranxiB (Ag, Au) mo peaktuBHux merainiB (Al, Ti Ta
Si) i BigmoBimHUMX OKcHIiB. AKIIEHT 3po0JieHO Ha MeXaHisdMi pocTy
HaHOYACTHHOK i IXHiIX BjacTuBOCTaX. IIOBigoMIAIOCA TaKOMK IIPO PO-
3pOOKYy MomeJoBaHHA MeTogoM MouTe-Kapio moscHeHHS MexXaHisMy
pocty Ta amHaMiku yrBopeHHA HY 3ayme:xkH0 Bil yMOB €KCIEPUMEHTY.
Posraapanacsa poJib CIiIoBUX KiJIBKOCTEeHM pPeaKTWBHUX Ta3iB Ta iMiIry-
JbCHOI po0OTH IIIasMM Ha Ipoiiec 3apom:xkenus HY Ta obrosopiosa-
Jock o0pobsmeHHa HY y miaasMoBOMY CepemoBUINi, AKe IPUBOLUIO IO
sapamxagaa HY.

IIpo mBa cmocobu omep:kaHHS HAHOBOJb(ppaMy XeMiUHMUMU MeTona-
MU TmoBimomiasasmocsas B crarti [5]. HY Boabdpamy omep:KyBaucs
IIJIAXOM BOJHEBOIO TEPMIiUHOIO BiZHOBJIEHHs OoKcuay Boibppamy za
remnepatyp y 500—-600°C abo misxom TpoBeleHHsS mipoaisu. 3a mo-
IIOMOTOI0 PEHTI'€HOCTPYKTYPHOI aHAJi3W Ta CKaHYBaJbHOI €JIeKTPOH-
HOI MiKpOCKOIMIii 0yJIO ZOCIiIKEeHO CTPYKTYPY Ta MOPGOJIOTi0 3pas3Kis
HaHOBOJb(Mppamy. Omep:;KaHi HAHOTOPOIIIKY BOJIbGPaAMy MajJu PO3Mipu
B migmasoui 7—30 M (3ajeKXHO BiJ TeMIIepaTypu CUHTE3N).

B crarTi [6] moBigomMasauca pe3yabTaTH HPAMOro omep:kanHa HY
BoabpaMy 3 BOJB(MPPAMOBOTO 3JMBKA METOAOM €JeKTPOHHO-
IIPpOMeHeBOro BUMNapoByBaHHsA. CHHTe3y HaHOUACTHHOK OyJio 3ailicHe-
HO Yy BUCOKOBAaKyyMHil YCTAHOBIII 3 ()iSMUYHUM OCAIKEHHAM MHapu BO-
Jb(pamMy # eJIeKTPOHHO-IPOMEHEeBUM BUIIapOBYBaHHAM. PoaMipu cu-
HTEe30BaHOT'0 HAHOBOJIb(pamy 6yau B mismasoHi Big 50 mo 120 mwm.

Pesynpratu pocrigskenHAa Y®P-BUIIPOMiHEHHS BHCOKOBOJIBTHOT'O
0araToeJeKTPOSHOTO PO3PALY HAHOCEKYHIHOI TPHBAJIOCTU MO IIOBEPX-
Hi gieseKTpuKa y NOBiTpi, AKUIl € NepCHeKTUBHUM [Jis YTBOPEHHS
MiKpO- Ta HAHOYACTUHOK OKCH/IB IMepeximHUX MeTasiB, HaBEIEeHO B
crarti [7]. Pospan samantoBaBcAd B opMi HaOOPY MHOCJHiTOBHUX MiK-
PpoOIIIa3MOBUX YTBOPEHDL 3 MHUTOMUM €HEPreTMYHUM BHECKOM Ha PiBHI
1 xl»x/cMm® i KoHIeHTpamicio emexkTpoHiB v = 10" cm®. ¥V Bumpowmi-
HeHHi IJIa3Mu JOMiHyBaJIo BUIIPDOMiHEeHHA aTOMiB i HOHiB MaTepiamy
eqekTpox (Migb abo Heip:kaBiliHa Kpuiis). Pesyabratu MipaHHSA iHTe-
HCUBHOCTU ¥Y@P-BUOpPOMiHEeHHA ILIasMu Mokasanau, 1o KEKI Yo-
BUIIPOMiHIOBAHHSA BiJHOCHO eHeprii, AKy OyJI0 BHeCeHO B PO3PsMd, Ci-
ras ~1%.

Sk BumIMBae 3 BUINeHABEeAeHUX MAaTePiAJiB 3 CUHTEe3W HaHOIIOPO-
IIKiB BoJb(ppamy, AJA CUHTE3W iX BUKOPHCTOBYIOTh MArHeTPOHHI po-
3pAAY HU3BKOTO TUCKY, XeMiuHi MeToau, iCKpOBi po3pAAy HaHOCEKY-
HIHOI TpuBaJoCcTU I ejleKTPOHHUM KMyT. I1i MeTogu, Kpim iMmyJibc-
HOTO PO3PAIY, IMOTPeOYIOTH BUKOPHCTAHHS BHMCOKOBAKYYMHOI TeXHi-
KM, eJeKTPOHHUX KMYTiB a00 CKJIaIHUX XEMiKO0-TeXHOJIOTiYHuX pea-
KTOpiB.

[ cOpoIlleHHA TeXHIKM Ta TeXHOJOTil CMHTe3uW HaHOBOJb(ppamy
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MOKJIMBO BUKOPUMCTATH PeaKTOpP Ha OCHOBI IlepeHanpy:KeHOro HaHO-
CEeKYHIHOTO PO3PANY 3 eKTOHHUM BHECEHHAM IIapiB MaTepidly eliek-
Tpox y miaasmy [8, 9], 3a momomMoroio sSKoro OyJu CHHTe30BaHi MiKpo-
Ta HAHOCTPYKTYPU OKCHUJIB MepexifHUX MeTaJiB.

B pamiii crarTi HaBegeHO Pe3yJbTATH IOCJIIIMKEHHS YMOB CHUHTE3U
HaHOBOJIb()paMy B IlepeHaANpPy:KeHOMY HAHOCEKYHIHOMY PO3PAMi arT-
Moc(epHOro THUCKY 3 eKTOHHHM MeXaHi3MOM BHECEeHHS IIapiB Miik
eJIEeKTpoaMu 3 BoJIib()paMy B iHEPTHUX ra3ax.

2. TEXHIKA 1 YMOBH EKCIIEPUMEHTY

HocaigsxeHHA XapaKTEPUCTUK BUCOKOBOJBTHOTO HAHOCEKYHIHOTO PO-
spany (BHP) mixk enexTpomamMu 3 Boab(paMy B iHepTHHX rasax IIpo-
BOAMUJIOCSA 3 BUKOPUCTAHHAM EKCIIEPUMEHTAJIBbHOTO CTeHJa, CXemMy H
OCHOBHi XapaKTepPUCTHUKU AKOTO Ta CUCTEMY BUMIipDIOBAHHSA XapakKTe-
PUCTUK DPO3paAny HaBenmeHo B crarti [7]. Bimmans mixk esekTpomamu
criaanana d =2 mMm. ExekTpogu Oysnum BCTAHOBJEHI B PO3PAAHY KaMme-
Py, AKY BUTOTOBJIEHO 3 OPICKJIA.

Hna zananoBanasa BHP na esexkTpoau po3pAanHOi KaMepu IlofaBa-
aucsA OimonapHi iMOyJabcu BHUCOKOI Hampyru TpuBajdictio v 100-150
He, aminaitymoo y +20-40 xB. Yacrtora craigyBamHA iMOyJabciB Ha-
npyru 3Haxoguiaca B miamasoHi 80—1000 I'm. Tuck imepTHuUX rasis
criaanas 101,2 i 13,3 klla.

Pospanuuii mpomMizKoK OyJI0 mepeHAnpy:KeHO, 10 CTBOPUJIO CIIPUA-
TIWBI yMOBU IJId (DOPMYBAHHSA KMYTa «eJIEKTPOHiIB-BTiKadiB» BUCO-
KOl eHeprii Ta CymyTHBOTO PEHTI'eHiBChbKOTO BUNpoMineHnHs [10].

Pospanuny xamepy BigkauyBaau (hOpBaKyyMHOIO IIOMIIOIO S0 3aJIH-
miKoBoro Tucky y 5—10 Ila, a micaa B KaMepy HaIycKajuW iHEPTHi ra-
3u. JligsMeTep NMWIIHIAPUYHUX €JEKTPOMA 3 BOJIb(ppaMy CKJIAZAB D MM.
Paniroc 3aoxkpyriieHHA iXHBOI PoOOUYOi TOpIlEBOi IOBEepPXHi OyB omHAa-
KOBUM i JOpPiBHIOBaB 3 MM.

3. XAPARTEPUCTURN HAHOCERYHAHOI'O PO3PANY

3a aTMoc(epHOTro THCKY iHEepTHMX rasiB i Bigmami mixK exexTpomamu
d=2 MM BHP maB BUIISA SICKPaBOi IEHTPAJbHOI YACTUHU IisIMET-
poM 0aM3bK0 2—3 MM i HU3KHU OiJbII cJIa0KUX CTPYMEHIiB IJIasMHU, IO
Bimxomusm Bin i1 meHTpaJibHOI yacTuHU. B iHepTHUX rasax aTmocde-
puoro tucky Buraan BHP O0ye noxionum no BHP mixk enexktpomamu 3
cynbdiny Aprearymy B 1ux rasax [11].

OcmuyiorpaMu HaNpPyTru, CTPYMY, iMOyJbCHA MOTY:KHicTh aias BHP
Mi¥K eJIeKTpoaMu 3 BoJib(hpaMy 3a Pi3HUX THCKiB KPUIITOHY HaBele-
HO Ha puc. 1 3a BeJIMUYMHM HANPYTW Ha aHOMAI TUPATPOHA BUCOKOBOJIbL-
THOTO MOAYJIATOpa iMmyabciB y 13 KB.
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Puc. 1. OcnuiorpaMu CTpyMy, Hanmpyru i immyabscHOI moTryskHOcTH BHP
Mi}K eJeKTpoIaMU 3 BOJb(ppamMy 3a MikeJaeKTponHOI Bigmanai y 2 MM i THUCKiB
kpunrorny y 101,83 (a) i 13,3 Ila (6) (U,,, = 13 kB).!

3an

OcmuiorpaMyu HamIpyru Ta CTpyMy Oyiau B (popMmi 3racHmX y daci
ocIMJIAIi#l TpuBaJjicTio 6au3bko 80—100 He, IO 3yMOBJIEHO HEY3TO-
IKEeHICTI0O BUXiTHOTO OHOPY BUCOKOBOJIBTHOTO MOIYJIATOPA 3 OIOPOM
HaBaHTaKeHHs. [IoBHA TPUBAJIICTh OCIUJIAIINA HATIPYTHX HA IPOMiKKY
Ta PO3PALHOTO cTPyMy mocsarana 500 mc.

3a armochepHOT0 THCKY KPUIITOHY MaKCHUMaJbHa iMIIyJbCHA IIO-
TYy:KHicTh cKaagana 1,6 MBT (3a t,=115 Hc), a eHepreTUUYHUA BHECOK
y mrasmy ckjaagaB 263 mIxx (puc. 1, a). 3i 3MeHIIIEHHAM THUCKY KPHU-
nrony mo 13,3 xklla mi xapakTepuctuku sMmenmryBagucsa 1o 1 MBT (3a
t,=280 uc) i E=115,4 m)x (puc. 1, 6) BigmosigHo.

Ha pucynky 2 maBemeHo ejdeKTpuuHi xapaktepuctuxu BHP B ap-
roui. Ina BHP B aprorni armocepHOro THCKY aMILIITyAu IIEPIIoi,
Ipyroi Ta TPeThol IMiBXBMJIb HAIPYTH 3HaXOoAuauca B Me:xax 20-—22
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Puc. 2. OcmuiorpaMmu cTpyMy, Hapyru i iMoyJabcHa moTy:kHicTh BHP
MixK eJIeKTposaMH 3 Bosb(hpaMy 3a TuckiB apromy y 101 (a) i 13,3 (6)
klla.

kB 3a uaciB t; =50, t,=175 i t;=300 mHC BigmOBiZHO, a MaKCHUMyM
cTpymy ckyaagaB O0ams3bko 110 A (¢, =60 HC). MakcumMmyM iMITyJIbCHOI
nory:xkHOCcT BHP caras 2,7 MBT 3a t; = 35 HC, a eHepreTUUYHUA BHE-
COK Y ILIa3My 3a OAWH PO3pAmHUIN iMmysabc ckaamaB = 239 mIx.

3i sMmeHIeHHAM THUCKY aproHy mo 13,3 xlla ammmiTyma mepiiioro
HeTaTMBHOIO iMIIyJILCY HAIPYyTW 3MeHIIyBajsacad mo 15 kB, i Bim cmo-
crepirasca 3a t; = 100 mHc. MakcuMaJbHA BeJIWYMHA IiBXBUJL CTPYyMY
mocarasa 100 A 3a uyac, O6ausbkuii 7o ¢t =90-100 mc. MaxkcuMmaibHa
BeJINUNHA iMIIyJIBLCHOI IMOTY:KHOCTH mocaraJacsa 3a yacy 110 mc — 1
MBT (puc. 2, 6), a BHecok eHeprii y BHP 3a omuH pospaguuii im-
myJabc gopiBHIOBaB 160,7 MIIxK.

Enexkrpuuni xapaxrtepuctuku BHP y rexii sa tux Ke ymoB 30y-



YMOBU CUHTESU YJIBTPAOVICIIEPCHOI'O BOJIbB®@PAMY 129

IJKeHHS PO3PALY, IO i B KPUIITOHI If aproui, 3a ¢opmoio Oyam momi-
OHuMu 10 BigmoBimHux xapakrtepuctuk BHP B xpunromi # aprowi,
ajle BeJIMYWHU CTPYMiB i Hampyr OyJaW MEHIIWMU, III0 IPUBEJO [0
3MEHIIIeHHS eHepril pospAamHoro iMmyJabcy B 2—3 pasu. Tarkuii posmo-
Iin emekTpmuHMX Xxapaxktepuctuk BHP B pisHmx iHepTHHMX rasax
MMOBipHO 3yMOBJIEHUI DPi3HMM OIIOPOM IIJIa3MU Ta PiSHUMU yMOBaMU
HOT0 y3TroiKeHHs 3 BUXIJHIM OIIOPOM BHCOKOBOJIBTHOTO MOAYJIATOPA.

Pesynbpratu KOHTpoOJbHUX eKcrnepumeHTiB 3 BHP artmocheproro
TUCKY B IIOBITpPi Ta KWCHI moKasaji, IO iXHi eHepreTWYHi XapakTe-
puctTuku cymipHi 3 BigmoBiguuMm mgamumu jaa BHP y xpumnroni i
aproHi: eHepris, 0 BHOCHWJACA 3a OOMH po3paAmHuii immnyiabc y BHP
B moBiTpi ckaagana 312,6 m/:x, B kKucHi — 245,4 mIx.

Crnextpu Bumpomimenua BHP B pisumx rasomapoBux cyMiimax Ha
OCHOBi mapiB Boab(pamMy HaBegeHO Ha puc. 3. PesyabTaTu po3IIud-
PyBaHHA CIIEKTPiB BUIIPOMiHEHHA ILJIa3MM TrasomapoBux cywmimnreit Kr—
W, He—W nasegeno B Tabaunax 1 i 2. [aa igenTudikallii cuekrpa-
JIBHUX JIiHIN y cOeKTpax BUKOPUCTOBYBajucA AoBimauku [12, 13].

CuexTpanbHi Jinii aromis i #iomiB y BHP y Bcix rasomapoBux cy-
Mimrax Ha OCHOBi BoJb()pamy criocTepiraauca Ha (pOoHI HellepepBHOTO
BUNIPOMiHIOBAHHA maasMu. HalbiabIl scKpaBo Iiell KOHTUHYYM OYB
Bupaskenuit y sunpominenni BHP Ha ocHOBiI KpunToHy aTMochepHOTo
THCKY. Bin cmoctepirascs B crnekTpagbHomMy inTepBaysi 400—-500 M.
MMuporuit KOHTMHYYM Yy cIHeKTpaJbHili obsacti 200-1100 uM
OB’ ABaHMUI 3 TEINJOBUM i PeKOMOiHAI[iiHUM BUIPOMiHEHHAMM! HOHIB
BaKKUX iHepTHuMX rasieB [14]. Bin TakoX OpoABIABCA B ILJIa3Mi Ha
ocHOBi moBiTpA Ta KucHio (puc. 3). KoHTnHYy™M OyB IpPaKTUYHO Bis-
cyTHi1 y cnekTpi Bunmpominennsa BHP na ocHOBi rejmiiro 3a Tux ke
caMHuX YMOBaX eKCIepuMeHTy (puc. 3).
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Puc. 3. CuexTpu BunmpominenHa miaasmu BHP B rasomapoBux cywmimiax ar-
MocepHOTO THCKY.>
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TABJIUIIA 2. Pesyasratu igentudikailii cuekTpy BHUIPOMiHEHHS IJIa3MU
BHP wmixx emexTpomamMu 3 Bosb(pamy 3a Tucky reraio y 101 kIla (d =2 mwm,
f=1000 I'm).5

2 G
Ne % | Iogen» BinH. 071, |O6’exT| 3 3 s s

'S g 3 =8 =

< S & =
1 388,86 326 Hel 7,42 23,00 1s2s S, 1s3p P,
2 395,53 51 WI 2,48 5,57 5d°(°G)6s°S, 5d'6s(°D)7s °D;
3 400,87 55 WI 0,365 3,45 5d°(°S)6s’S, 5d°(°S)6p P,
4 40743 63 WI 0,365 3,40 5d%(°S)6s 'S,  5d°(°S)6p P,
5 447,14 176 Hel 20,96 23,73 1s2p *P, 1s4d ®D,
6 471,31 33 Hel 20,96 23,59 1s2p P, 1s4s 38,
7 492,19 69 Hel 21,21 23,73 1s2p 'P, 1s4d 'D,
8 501,56 152 Hel 20,61 23,08 1525 'S, 1s3p 'P,
9 587,59 2136 Hel 20,96 23,07 1s2p ®P, 1s3d ®D,
10 656,28 449 H, 10,2012,09 2p P 3d D
11 667,81 525 Hel 21,21 23,07 1s2p 'P, 1s3d 'D,
12 706,51 228 Hel 20,96 22,71 1s2p P, 1s3s 28,
13 728,13 64 Hel 21,21 22,92 1s2p 'P, 1s3s 'S,
14 777,19 231 OI 9,14 10,74 25%°(*S)3s °SY 25°p*(*S)3p °P,

V¥ crarti [15], ne BuBUaiucAa XapaKTEePUCTUKU iCKPOBOTO PO3PALY B
aproHi atrMoc(epHOro THUCKY MiK MeTaJleBUMHU eJIeKTPOJAAMM, B CIIEeK-
TPi BUOPOMiHEHHS ILJIa3MM TaKoK OyJIO 3apeecTpoBaHO iHTEHCUBHUM
KOHTUHYYM y HOismasoHi HoB:KUH XBUJIb 350—-460 HM 3 MaKCHMyMOM
miag A =420 am.

Coekrpainbui jgiHii aroma Boanppamy 395,53, 400,87, 407,43 WI
HM (BumijeHi B Tabamuiax KypcuBoM) cmoctepiramnchk vy BHP y Bcix
pobounx cepemoBuiniax. HeBelnKa KiJIbKiCTh CHEeKTPaJbHUX JIiHIN
aroma Boabdppamy y BHP moske OyTu 3ymMoBJIeHa THUM, IO 30yAKeH-
Hi aTomMu Ta ¥nomu Boiabpamy BCcTymaoTh y IIBUAKI peakIlili yTBO-
peHHa MaJanX KJacTepiB i HaHOYAaCTHHOK BOJb(pamy. IHTeHCHBHICTH
BUIIPOMiHEHHS CIeKTpaJbHUX JIiHilI aToma Boanppamy mocaijoBHO
3MeHIIIyBaJiach i3 3aMiHOIO KPUITOHY Ha aproH 1 aproHy Ha reJii,
10 Y3TOMKYEThCSA 3 BEJIUUYMHOIO eHeprii, AKa BHOCUJIACH Y PO3PAL Y
IUX IIJIAa3MOBUX CE€PEIOBUINAX.

B cnexTpax Bunpowminenns BHP y rasomapoBux cywmimiax y Buau-
Mi#i i 6IMBBKiN iH(pauepBOHIN AiIAHKAX MOBKHUH XBUJb CIOCTEpira-
JUCA XapaKTepuCTUUHi crneKTpaibHi sgimii aromiB He, Ar i Kr.

MexaHisaM yTBOpeHHSA 30yI:KeHMX AaTOMiB iHepPTHMX rasiB y IUX
eKCIIepUMeHTaX 3 BeJNKOI0 MMOBIpHICTIO BU3HAUAETHCA IIpPOIlecaMu
30ym:KeHHA Ta HoHisarmii ereKTpoHaMmu aTOMiB iHepTHUX rasiB y Me-
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TacTabiIbHMX cTaHaX i MOHIB iHepPTHUX ra3iB B OCHOBHOMY €HepTeTH-
YHOMY CTaHi, a TAKOMK IIpollecaMi iXHBLOI peKomOiHAIlil 3 eJeKTpoHa-
MHU.

4. BAICHOBRH

BcranosiaeHno, 110 3a aTMOC(EPHOTO THUCKY Tejlifo, aproHy Ta KPHUIITO-
HY MiXK eJeKTpogaMu 3 BoJab(pamMy 3a MixkeJeKTpomHol Bimmaai y 2
MM 3anaJjioBaBcsa omHopizmaumin BHP 3 MakcmMaJIbHOIO aMILIITYIOIO
Hanpyru ogHol moyaapuoctu 10 30 KB i crpymy mo 100 A y mosiTpi 3a
p=101 xIla. BHP sanamioBaBca i1 icuyBaB y (popMi IIyry oxpemMmx
OiBXBMJb TpuBaJicTio mo = 100 Hc 3 MaiiiKe CTaJOI0 AMILIITYJOIO0 3a
TPpUBAJIOCTU Iyry B Mexxkax 500 Hc, [0 ONTUMAJLHO AJS PYHHYBaHHS
TIOBEPXHi €JIEKTPOJ i CMHTEe3W TOHKHUX ILIIBOK 3 TaKol miasmu. Mak-
cuMaJibHa iMIryJsibcHa moTy:KHicTh BHP nmocaranaca B KpumToHi —
2,6 MBT 3a Hali6igbI0l eHeprii B 0MHOMY e€JeKTPUUYHOMY iMITyJIbCi ¥
263 mI»x. 3meHIieHHsa THUCKY OydepHux rasis 3 101 mo 13,3 klla
MIPUBOAUJIO OO0 3HAUHOIO 3MEHIIIEHHS eHePreTUUYHHX XapaKTePUCTUK
PO3pAmIiB.

HocaimxeHHa crekTpadbHUX xapaktepuctTuk BHP y rasomapoBumx
cyminiax Kr (Ar, He)-W mokasajo, II[0 B ra3omapoBHX CyMiIllax Ha
OCHOBi KpUNOTOHY U aproHy crocTepiraBcad KOHTUHYYM, Ha (OHI AKOTO
peecTpyBasiich oO0Me:KeHa KiJabKicTh JiHiNT aToma Boabdpamy Ta xa-
paxkTepucTuuHi JiHil iHepTHUX rasiB. IHTeHCUBHICTL BUNPOMiHEHHS
JiHi# aToma Bosab(hpamy 3MeHIITyBaJiacA ITOCJIiZOBHO 3 IIEPEXOIOM Bis
OydepHOro rasdy KPUITOHY MO0 rejifo. 3SMeHIIeHHSA THUCKY iHEePpTHUX
ragiB i wacroru cihaigyBaHHA imnoyabciB crpymy 3 1000 mo 80 I'y mpu-
BOAMJIO 0 3HAYHOI'O 3MEHIIEHHS iHTeHCHUBHOCTH BCiX CHEeKTPaJIbHUX
JiHi# i KoHTMHYYMY. Haiibiabiln AMOBIipHMMY IIpollecaMu YTBOPEHHSA
30ysKeHX aToMiB i IOoHIB OydepHOro rasy MOKYyTb OyTH IIpOIlecu
CTYIIeHeBOro 30ym:KeHHsA Ta IoHisaIii, AuCOIiATHBHOTO 30yIKeHHS
Ta HMoHisalii, 30yI:KeHHs aTOMapHUX HOHIB eJIeKTPOHAMU Ta IIPOIlecH
pekomMbinarii e1eKTpoOHIB 3 HoHAMU.
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! Fig. 1. Oscillograms of current, voltage, and pulse power of the HVND between tungsten
electrodes at an interelectrode distance of 2 mm and krypton pressures of 101.3 (a) and
13.3 kPa (6) (U, =13 kV).

2 Fig. 2. Oscillograms of current, voltage and pulse power of the HVND between tungsten
electrodes at argon pressures of 101 (a) and 13.3 (6) kPa.

3 Fig. 3. Radiation spectra of the HVND plasma in atmospheric pressure gas—vapor mixtures.
4 TABLE 1. Results of identification of the emission spectra of the HVND plasma between
tungsten electrodes at a krypton pressure of 101.3 kPa (d =2 mm, f= 1000 Hz).

> TABLE 2. Results of identification of the emission spectrum of the HVND plasma between
tungsten electrodes at a helium pressure of 101 kPa (d =2 mm, f=1000 Hz).
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The influence of carbon nanospheres (CNS) on the electromagnetic proper-
ties of composite materials is investigated. CNS are fabricated by high-
frequency electrical-discharge treatment of propane—butane mixture in
the ratio of 0.5:0.5. The structural characteristics of the synthesized ma-
terials are investigated through high-resolution electron microscopy and
x-ray diffraction analysis. As revealed, the individual particles measured
as of 20—40 nm in size assemble into agglomerates exhibiting a predomi-
nantly spherical morphology. Each particle is composed of multilayered,
partially closed graphene shells with structural defects. As found, the
synthesized material has graphite-like type of short-range atomic order.
As shown, the addition of 10-20 wt.% of CNS into epoxy matrix results
in increase of dielectric permittivity and shielding properties of compo-
sites in frequency range 26—40 GHz.

Hocaigxeno BrauB Byrieresux Hanochep (BHC) Ha enekTpomarseTHi BJac-
TUBOCTI KoMImo3uTHUX Martepisais. BHC ozgep:KyBaiu MIISAXOM BHCOKOUYACTO-
THOTO €JIeKTPOPO3PSAAHOTO 00POOJEeHHSA MIPOIaH-0yTaHOBOI cyMiIi y cmiBBif-
wormrenHi 0,5:0,5. CTpyKTypHi XapaKTepUCTUKN CHHTE30BAHUX MAaTEpPiAIiB
IOCJIII?KEHO MeTOJaMM eJIEKTPOHHOI MiKPOCKOITii BMCOKOI po3aijabpuoi 3mar-
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HOCTU Ta PEHTITeHOCTPYKTYPHOI aHauisu. BusaBiaeHo, IO OKpeMi YacTHUHKU
posmipamu y 20—-40 EM 30uparoThCA B arjoMepaTu, IO MalOTh IIE€PEeBaKHO
chepuuny mopdosorizo. KoxkHa uacTHKA CKJIamaeTbca 3 0araToIlapoBUX,
YAaCTKOBO 3aMKHEHUX Tpad@eHOBUX OOOJIOHOK 3i CTPYKTYpHUMHU gedeKTaMu.
BcraHnoBileHO, III0 CHHTE30BaHi MaTepiAn XapaKTepuayioThea rpadiTomnomio-
HUM THUIOOM OJM3BKOTO aTOMOBOro mopsaaky. Ilokasamo, 1o momaBanHsa 10—
20 mac.% BHC o emoxcuaHol MaTpuIli MPUBOAUTL A0 IIiABUINEHHS TieJeK-
TPUYHOI IPOHUKHOCTU ¥ eKpaHyBaJbHUX BJIACTUBOCTeIl KOMIIO3UTIB y HidAma-
30Hui wacror 26—40 I'T'.

Key words: carbon nanospheres, permittivity, dielectric loss, electrical
conductivity, electromagnetic shielding.
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1. INTRODUCTION

The tremendous development of mobile communications, high-speed
electronic switching components and circuits, radars, and systems
of navigation operating in microwave range requires the effective
protection of various electronic devices against the destructive im-
pact of electromagnetic interference and ensuring electromagnetic
compatibility. To solve this problem, the development of polymer
composites filled with various nanoparticles is a perspective alter-
native way for efficient electromagnetic shielding [1, 2] compared
with traditional metallic materials.

Among all the conductive nanofillers in polymer matrix, the
nanocarbon is the most used as a component of polymer composites
with carbon nanotubes, graphene, carbon black, carbon nanofibers and
porous carbon due to the combined lightweight and remarkable me-
chanical, electrical and thermal properties as well as high corrosion
resistance [3—5]. Nanocarbon fillers introduced in polymer matrix
promote a significant increase in permittivity, and low dielectric loss
at a low filler volume fraction, that is prospective for the development
of high energy-density capacitors and electric field grading materials,
owing to the unique property of dramatic increase in their dielectric
constants near the percolation threshold [6, 7].

The observed enhancement in the permittivity can be attributed to
the formation of a large network, which is composed of local microca-
pacitors with carbon particles as electrodes. Due to the high aspect ra-
tio of nanocarbon fillers, carbon-based composites also exhibit en-
hanced microwave shielding properties and have demonstrated en-
hanced attenuation of electromagnetic radiation (EMR) due to the two
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most important loss mechanisms, dielectric (dipolar) and conduction
losses [8]. On the other hand, the good conductivity of carbon nanopar-
ticles used as a microwave absorbing material has the shortcoming of
poor impedance matching that results in high reflection of EMR on the
first boundary ‘air—composite’. To change the balance between the
electromagnetic reflection and absorption into high microwave absorp-
tion capability of polymer-filled composite, some alternative ways are
used, such as combining dielectric and magnetic fillers [9], the special
microstructure design of composite [10], the development of uniform
core—shell microstructures [11], carbon micro- and nanospheres [12,
13, 14], or carbon nanoonions (CNOs) particles [15, 16] that open up
new perspectives for the creation the lightweight and highly efficient
carbon-based microwave absorbing materials.

The special structure and high chemical activity of surface of the
mentioned globular carbon particles, which are embedded in a polymer
matrix results in the formation of a large number of active interfaces as
centres for the multiple reflection and scattering of electromagnetic
waves enhancing the microwave shielding—absorption capability of the
composite. The electrical and electromagnetic properties of polymer
composites filled with globular carbon particles significantly depend on
the type, structure and morphology of carbon filler. For example, in
Ref. [17], it was found that composites with content of mesoporous car-
bon hollow nanospheres (MCHS) lower than the percolation threshold
possess excellent EMR absorbing behaviour, while composites with a
MCHS content close to or higher than the percolation threshold reveal
outstanding EM interference (EMI) shielding. Therefore, the EMR
shielding effectiveness (SE) achieved an average value of 84.50 dB at
MCHS content of 12 wt.% . On the other hand, for onion-like carbon
(OLC)/polydimethylsiloxane composites with an average aggregate size
of 250 nm, the percolation threshold was 10 vol.% and consequently,
the electromagnetic shielding efficiency value is low [18].

This paper is focused on the synthesis of carbon nanomaterial by
high-frequency electrical discharge treatment of hydrocarbon gases
and study of their structural and morphology properties. In addi-
tion, we have prepared the epoxy composite materials (CMs) filled
with synthesized nanocarbon materials—carbon nanospheres (CNS)
to establish the influence of this type of nanocarbon filler on dielec-
tric and shielding properties of two-phase CNS/epoxy CMs in a wide
frequency ranges: 1-500 MHz and 26—40 GHz.

2. MATERIALS AND METHODS
2.1. Synthesis of Carbon Nanospheres

The studied carbon nanospheres were synthesized by high-frequency
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electrical discharge treatment of propane—butane mixture
(C;H; + C,H,() in the ratio of 0.5:0.5. This technique was developed at
the in the Institute for Pulse Research and Engineering of the National
Academy of Sciences of Ukraine. The main idea is to create non-
equilibrium electric discharge plasma due to the high frequency of
passing short high-voltage pulses in the medium of gaseous hydrocar-
bons [19]. Providing high temperature and pressure gradients as nec-
essary conditions for the synthesis of carbon nanomaterials is achieved
through the high rate of energy input into the plasma channels. Non-
equilibrium plasma, generated by discharges with a frequency of kilo-
hertz, makes it possible to involve rather large volumes of gas in the
synthesis process. In a reactor with special electrode systems, at at-
mospheric or slightly elevated pressure, the reaction products con-
dense in the gas environment near the plasma channels. Visual obser-
vation showed that the reaction products condense in a gaseous medi-
um at one or more centimetres from the plasma channel. Synthesis
products were collected sometime after the equipment was turned off,
allowing enough time for synthesis products to settle.

2.2. Composite Fabrication

The preparation of epoxy-filled composites was performed via ultra-
sonic dispersing of carbon nanospheres and epoxy resin (L285) mix-
ture with subsequent curing in Teflon forms for complete polymeri-
zation. The preparation procedure was described in detail in Ref.
[20]. The composite mixture is placed in an ultrasonic bath BAKU
for dispersion during 2 hrs at power of 50 W. Ultrasound allows
increase the homogeneity of filler particles distribution and to re-
duce the agglomeration of nanocarbon filler. After ultrasonic dis-
persing the curing agent H285 was added in the amount of 40% by
the weight of the epoxy resin L285 and then the composite mixture
was subjected to mechanical mixing. After that, the mixture was
poured into suitable Teflon moulds. The polymerization took place
at least 24 hrs at room temperature. After that, for the complete
polymerization, the samples were treated at a temperature that
gradually increased from 40 to 80°C for 5 hrs. After cooling the
samples, they are ready for the measurements. The content of
nanocarbon filler (CNS) was fixed at 10 and 20 wt.% . The samples
are accordingly marked as xCNS/epoxy, where x is the weight con-
tent of CNS in the composite.

2.3. Methods

The structure of the synthesized carbon materials has been analysed
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using high-resolution electron microscopy, XRD analysis, and the ra-
dial distribution function method. X-ray analysis was performed on a
standard DRON-4 diffractometer with MoK, monochromatic radiation
in the Debye—Scherrer geometry. Electron microscopy was carried out
on a JEOL JEM-2100F high-resolution electron microscope.

The study of the complex permittivity (&', ¢’) in the frequency
range of 1-500 MHz was performed using Keysight Impedance Ana-
lyzer E4991B. The samples for the measurements were in the form
of tablets with a diameter of 15 mm and a thickness of 1 mm. The
shielding properties and complex permittivity spectra in the fre-
quency range of 26.5-40 GHz were measured by Keysight PNA
N5227A vector network analyser using the transmission—reflection
method. The specimens were in the form of a plates with size
7.1x3.5x1.83 mm®. The complex relative permittivity was derived
from measured S-parameters (S;) of material using 85071 Agilent
technology software [20].

Using S-parameters, the overall EMR shielding SE;, shielding due
to EMR reflection SE, and absorption SE, were determined [21]:

SE, =101g(1 -|S,,[), SE, =101g(S,,[), SE, = SE, - SE,. (1)

And the EMR reflection R, transmission T and absorption A indices
are related to scattering parameters, respectively, as follow:

R=|S,[", T=|Su[", A=1-IS,] —|S.[ - (2)

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology of Synthesized Carbon Nanomaterials

High-resolution electron microscopy was used to determine the
structure of individual particles. Figure 1 shows the typical micro-
graphs of carbon nanospheres obtained by electric discharge treat-
ment of propane—butane. It can be seen, that particles are collected
into agglomerates (Fig. 1, a) and exhibit a globular shape with a
size of 2 20—-40 nm. It was also found that CNS have a complex hi-
erarchical structure. The internal structure of a single particle con-
sists of non-closed defective graphene layers (Fig. 1, b). This is typ-
ical of amorphous carbon.

Figure 2 represents typical XRD diffraction spectra from the crys-
talline graphite and obtained carbon nanospheres. The XRD spectrum
for the sample synthesized by electric discharge treatment of gaseous
hydrocarbon shows an intense broad peak at @ 11.1° coming from the
(001) graphite crystal lattice plane (Fig. 2, b). This indicates that the
material is characterized by an amorphous state and has a graphite-like
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Fig. 1. High-resolution micrographs of carbon nanospheres obtained by
electric discharge processing of propane—butane mixture.
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Fig. 2. Typical XRD patterns of graphite (a) and carbon nanospheres syn-
thesized by electric discharge treatment of propane—butane mixture (b).

type of short-range atomic order. However, it should be noted that the
maximum shifts to a smaller value 260 relative to the position of the
(002) peak of crystalline graphite (Fig. 2, a).

For a more detailed analysis of the material structure synthesized
by electric discharge treatment of propane—butane mixture from
XRD scattering intensities were calculated experimental structure
factors (SF) and radial distribution functions (RDF) using the pro-
cedure described in Ref. [22]. The results of the calculated SF for
the study samples are shown in Fig. 3, a.

On the SF of CNS, there is an intense peak with a maximum of
c,=1.74 A", which corresponds to the graphite-like component. It
confirms the conclusion that the obtained material possesses a
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Fig. 3. Structure factors (a) and radial distribution function (b) of graphite
and CNS.

graphite-like type of short-range atomic order. For crystalline
graphite, the first peak has a position of s; =1.87 A™!. By the width
of the first maximum on the structure factor, using the formula
given in Ref. [23], the size of ordering regions R, was determined.
The calculation results obtained for all samples are presented in Ta-
ble 1. It can be seen that the R, value for the CNS is of = 38 A.

The first and second peaks in the radial distribution function of
crystalline graphite are located at position of 1.43 and 2.48 A, re-
spectively. The positions of these peaks on the RDF for the synthe-
sized CNS shift to higher values of 1.46 and 2.54 A, respectively. A
slight increase in the positions of the first and second co-ordination
spheres indicates a partial disordering of the structure in compari-
son with that of crystalline graphite. The co-ordination number N,
and bond angle ©® [22] are determined for samples from experi-
mental RDF. The obtained data are represented in Table 1. The
bond-angle ® value for CNS is close to graphite (120°). However,
the coordination number for them is much larger compared to
graphite. Such an increase in the value of the coordination number
may indicate that the CNS have a randomly close-packed structure.

3.2. Dielectric Properties of Epoxy Composites with Carbon Nanofiller

The complex permittivity (e. = &/ —ic") spectra of CNS—epoxy com-
posites in the frequency range 1-500 MHz were determined using
Impedance analyser E4991B. In the frequency range 26-40 GHz,
permittivity spectra were derived from the measured s-parameters
spectra using PNA N5227A vector network analyser. The results
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are presented in Fig. 4.

As seen in Fig. 4, the adding CNS particle into epoxy matrix results
in an increase in permittivity ¢ up to the values of 8 and 17 (at 1 MHz)
for 10 wt.% and 20 wt.% of CNS in composite, respectively. Such in-
crease of permittivity is related to the electric nature of nanocarbon
particles, acting as dipoles and enhanced interfacial polarization due
to large difference between the electrical conductivity of filler and ma-
trix phase and accumulation of charge carriers on ‘nanocarbon—epoxy’
interfaces. The observed gradual decrease of permittivity is explained
by the relaxation of dipole polarization and stimulation of hopping
(tunnel) conductivity with increasing EMR frequency. The imaginary
part of permittivity ¢’ is also increased with CNS content, especially
for the microwave range 26—40 GHz that testifies the increase of A.C.
conductivity of the composite. It should be noted that the permittivity
values for the studied epoxy composites with 3D CNS nanoparticles
(content 10 and 20 wt.% ) are significantly lower compared with epoxy
composites filled with 2D graphite nanoplatelets and 1D carbon nano-
tubes (content up to 5 wt.%). Such a difference in permittivity value
may be explained by the high aspect ratio of GNP and CNT particles
and agrees with Maxwell Garnett model predictions for the composites
with carbon fibres [24, 25].

Since the ratio between the real and imaginary parts of permit-
tivity is often more convenient for determining the nature of com-
posite interaction with the electric field than the value of the imag-
inary part of the dielectric permittivity &”, the dielectric-loss tan-
gent tand =¢"/¢’ is used for the analysis of dielectric loss. Figure 4,
b displays the dielectric-loss tangent tand values for studied epoxy
composites and as seen dielectric loss significantly increases with
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Fig. 4. Complex permittivity (a) and dielectric loss tangent (b) for CNS—
epoxy CMs.
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frequency, which is related to the increased conduction loss due to
enhanced A.C. conductivity.

The conduction losses in composites occur from the electric leak-
age between electroconductive fillers and are described by the fol-
lowing equation [26]:

€)c = 0. /(2nfe,) 3)

Using the relation (3) the values of A.C. conductivity was calculat-
ed, and o, ¢(f) dependences for the samples with 10 and 20 wt.%
CNS are presented in Fig. 5.

As seen in this figure, the electrical conductivity increases with
increasing frequency for all investigated frequency ranges. Such
behaviour of A.C. conductivity o(f) can be described by an empirical
Jonscher’s power law, where the free term o, is the electrical con-
ductivity at direct current [27]:

o(f) = Gy + AF". (4)

The parameter A represents the strength of polarizability in the
sample, whereas the parameter represents the reactivity between
the sample constituent (such as the interaction between the fillers
or the fillers with the polymeric chains).

In the case of studied CMs with 10 and 20 wt.% of CNS, the value of
Gpc. is low that results in a gradual increase of conductivity ¢ with f.
The change in the A.C. electrical conductivity results from restructur-
ing and reordering of charges at the sample’s interface under an exter-
nal electric field and interface polarization. As the frequency increas-
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Fig. 5. A.C. conductivity of epoxy composites CNS/epoxy versus frequency
with filler content 10 and 20 wt.%.
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es, the capacitive resistance will decrease sharply, and some microca-
pacitors (formed by electrically conductive particles or clusters) be-
come electrically conductive (activation of current carrier hopping (or
tunnelling) increases), which leads to a decrease in permittivity and an
increase in electrical conductivity. It was found that o(f) < 9, i.e.,
exponent u > 1. Usually, exponent u lies in the range, and change o, ¢
with frequency is described within the correlated barrier hopping
(CBH) model [28]. Such an increase of u exponent was also observed for
PVA-treated MWCNT electrolyte composites [29] and testifies to a
more complicated conduction mechanism in percolative nanocarbon-
filled polymer composites.

3.3. Shielding Properties of Nanocarbon—Epoxy Composites

The development of polymer composite materials filled with electri-
cally conductive carbon nanoparticles is the perspective way to
achieve the excellent microwave shielding and absorption proper-
ties. The greater the number of charges (especially free current car-
riers) in the material, the higher is the level of EMR interaction
with this material, and accordingly, the greater the EMR attenua-
tion inside the sample.

The efficiency of the shield is determined by two main mecha-
nisms: the reflection of part of the EMR from the front surface of
the shield and the absorption of part of the EMR inside the shield
material. Therefore, the total shielding efficiency of the material
SE;=10logT is the sum of the term due to absorption SE, and term
due to reflection SE, [30]:

SETZSER+SEA. (5)

The value SE, characterizes the ability of the shield material to
absorb the EMR that has transmitted inside the shield and the clos-
er the ratio SE,/SE; to 1, the higher the absorption capability of
the shield material. There is the following relation for the absorp-
tion term SE, depending on the shield thickness [ and the skin-
depth 5, (8, = 1/Jnfuc ) [31]:

SE, =-8.71/5, = 8.7, (6)

where o is the EMR attenuation index. The index aand the skin-depth
are determined by the electrodynamic parameters of the material—
permittivity € and permeability u. Thus, the larger the shield thickness
and the smaller the skin-depth the higher EMR shielding due to ab-
sorption. In addition, the presence of a large number of ‘filler—
polymer’ interfaces in the composite promotes the high attenuation of
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EMR due to effective processes of multiple reflection and electromag-
netic wave scattering on these interfaces [32].

The shielding term due to reflection SE, is determined by the
impedance mismatch at the first boundary ‘air—shield’: the high
impedance mismatch (as for metallic shields with high electrical
conductivity) results in high EMR reflection index |S;;|* and en-
hanced SEj shielding term.

The experimental results on the CNS/epoxy composites EMR
shielding characteristics are presented in Fig. 6.

Figure 7 also presents the spectra of EMR reflection R, transmission
T and absorption A indices for studied CNS/epoxy composites, which
shows what part of incident electromagnetic radiation is reflected, ab-
sorbed inside the sample and transmitted through the shield.

As one can see in Fig. 6, the EMR shielding SE; achieves the
values 4—6 dB for 10 CNS/epoxy composite and increases with CNS
content (20 wt.% CNS) up to the values 6—9 dB in the studied fre-
quency range. Such an increase of SE, values correlates with en-
hanced electrical conductivity due to a large number of added
charge carriers. However, in epoxy CMs filled with 10-20 wt.% of
CNS, the percolation threshold is not achieved, so D.C. electrical
conductivity is low and shielding due to absorption (SE,) is lower
compared to the shielding due to reflection (SEj), especially, for
10CNS/epoxy CNS (see Fig. 6, b). The decrease of EMR shielding
|ISE,| with frequency is explained by the dominating contribution of
EMR reflection into total EMR shielding due to impedance mis-
match at the first boundary ‘air—composite sample’. As seen from
Fig. 7, for studied composites at f=26.5 GHz, EMR reflection in-
dex R is much higher (0.6-0.7) compared to EMR absorption index

0 8
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Fig. 6. Dependences of SE; (a) on frequency and SE, constituents on car-
bon nanospheres content in CNS/epoxy composites at 35 GHz (b). The
thickness of the samples is of = 1.3 mm.
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Fig. 7. EMR reflection, R transmission T and absorption A indices versus
frequency for CNS/epoxy composites filled with 10 and 20 wt.% of CNS:
solid line—reflection index, dashed line—absorption index and the inset
displays EMR transmission index.

A (0.12) and decreases with frequency that results in a decrease in
total shielding efficiency SE;, (increase of EMR transmission index
T with f). The improvement of shielding and absorption capabilities
of CNS-filled epoxy composites may be achieved via the increase of
CNS content or combination of CNS filler with other conductive
particles, such as 1D carbon nanotubes, 2D graphite nanoplatelets,
or magnetic nanoparticles.

3. CONCLUSION

The effect of carbon nanomaterials, produced by high-frequency
electrical discharge treatment of propane—butane mixture, on the
electromagnetic properties of composite materials is established. It
is revealed that individual particles represent carbon nanospheres
(CNS) measuring 20—-40 nm in size and assemble into agglomerates.
Each particle is composed of multilayered, partially closed graphene
shells with structural defects. The synthesized material has graph-
ite-like type of short-range atomic order.

As shown, the addition of 10-20 wt.% of CNS into epoxy matrix
results in an increase of complex dielectric permittivity €, = ¢, —ig’
that is related to the electric nature of nanocarbon particles, acting
as dipoles and enhanced interfacial polarization due to the large
difference between the electrical conductivity of filler and matrix
phase. The observed increase of the imaginary part of permittivity
e, with CNS content, especially, for the microwave range 26—40
GHz, testifies the increase of A.C. conductivity, which obeys the
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empirical Jonscher’s power law and increases due to the activation
of current carrier hopping (or tunnelling) with frequency.

The electromagnetic shielding efficiency of CNS-filled epoxy
composites SE; increases compared to neat epoxy resin in the fre-
quency range 26—-40 GHz that correlates with enhanced electrical
conductivity due to a large number of added charge carriers. The
increase of CNS content up to 20 wt.% promotes the enhancement
of EMR shielding due to absorption SE,; however, the contribution
to shielding due to reflection SEj is still dominant in total EMR
shielding efficiency.

This work was partially supported by project #8F-2024, which in-
volved joint teams of scientists from Taras Shevchenko National
University of Kyiv and the G. V. Kurdyumov Institute for Metal
Physics of the N.A.S. of Ukraine.
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KoucTpyloBanHA 3aXMCHUX €KPaHiB 3QiHCHIOIOTH IILJIAXOM CTBOPEHHS IIOK-
PUTTIB 3 pi3HUX 3a CKJIAJOM IIIapiB i 3a PisUUYHUMU XapaKTepUCTUKAMU Ha-
IOBHIOBAUiB y IOJiMepHi# MmaTrpuili. BurorosieHHs 0araToliiapoBOTO IOK-
PUTTA 3AiMCHIOBAJIU HIJIAXOM II0ETAaIHOTO (OPMYyBaHHA PIiBHUX 3a CKJIAJOM
mIapiB 3 €MOKCUIHUX KOMIIO3UTIB, BUXOOAYM 3 HacTymHoro. Ilig wac cTBo-
PeHHS KOMIIO3UTIB BUKOPHUCTAHO IPUHIIUN 3POCTAHHS IIPOBiTHOCTH MIAPiB y
Mipy HaGJMKEHHSA [0 TUJBHOI CTOPOHU 3aXMCHOTO IMOKPUTTA. 3aJaBaju Pi-
3Hi MarHeTHi Ta AieJeKTPUUHI BJIACTUBOCTI MaTepisaiB IIapiB aasd 3abeslie-
yeHHA (PAa30BO-CTPYKTYPHUX BigMiHHOCTEeHl Ha Meixi moxminy ¢as aAK B camo-
My Marepisaimi, Tak i Ha Mexi momimy ¢as mmapiB. BuKopmcTaHo TaKOMK
TPUIIIapOBe IOKPUTTS, BUKOHAHE YJbTPAa3BYKOBOI METAaJIi3alli€l0 MMOJIiMepy
31 30eperkeHHAM IPUHIIUIY 3MiHM TOKOIPOBimZHOCTH ImapiB. B mocimimxen-
HAX BUKOPHCTAHO BYIJETKAHWHY, IO IIOKpuTa Mimmio Ta Hikjaem. Illapwm
HiKJII0O Ha TOBEPXHi Mili BUKOHYIOTH ABi (QyHKIIii: 36iJbIIyIOTH BHYTPIIIHE
BiOMBAHHSA y MaTepisji miapy Ta 3axuIalTb MiAb BiJ OoKMCHeHHsS. B moc-
JiMKEeHHAX BUKOPUCTAHO eMOKCUAHY niamoBy cmousy mapku EI[-20 i mHamos-
HioBaui. Marepisaiu pisHHMX IMIapiB MiCTATh KOMIIOHEHTHW Ta HAIIOBHIOBAYi
HAHOPO3MipiB i OJIM3BKUX A0 HAHOPO3MipiB YACTHMHOK BMCOKOI OUMCTKU IJIS
IOoCHimsKeHHA B3aeMmonii 3 esmekTpomarHeTHuM Bunpominenuam (EMB). Yep-
TYBaHHAM IIapiB, IO BOMPAIOTh, PO3Ci00OTH abo BimomBatoTs EMB, mocara-
JIX PO3MUINPEHHA AiANas0Hy YacToT. BUKOpuUcCTaHO GaraToIapoBi MOKPUTTA.
BukoHaHHsS IIepIIOro IIapy 3 QieJeKTPUUYHOTO MaTepisay OJu3bKUM 3a
XBUJIBOBUM OIIOPOM A0 3HAYEHHS XBUJILOBOTO OIIOPY B30BHIIIHBOTO CePeNo-
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BUINA iCTOTHO 3MeHIUTh BimbuBanua EMB mokpurtam B misomy. Boupanusa
Ta PO3CiIOBAaHHS €JEeKTPOMAarHeTHOI eHeprii peajisyeThbca Ha MeXKi mominy
miapiB 3 pisHuMEH KoedimieHtamu BimouBaHHs. Ciin 3ayBasKHTH, IO CIO-
cTepiraeTbca B3aeMOJisA eJeKTPOMAarHeTHOI eHeprii 3 AUCIEePCHUMU YacTUH-
KaMM HAIlOBHIOBAUiB, AKi MalOTh BHCOKY €JeKTPOIIPOBiHICTH, IO MOJATKO-
BO POBIINPIOE IiANIa30H 4acTOT Iif yac ekpaHnyBanua EMB.

The development of modern industry raises the problem of creating new
materials for various functional purposes. One of the most important
tasks is to develop protective shields against electromagnetic radiation
(EMR), including at high frequencies. The primary task in this area of
research is to expand the frequency range of protective shielding for the
equipment and biological objects. The design of protective shields is car-
ried out by creating multilayer coatings with different properties of the
layers. Achievement of the specified characteristics is carried out by ad-
justing the composition of the material of the layers. The use of polymeric
materials is promising in solving this problem. The modification and fill-
ing of layers based on epoxy composites is carried out with nanoparticles
with different physical characteristics. The multilayer coating is made by
phased formation of layers of different composition from epoxy compo-
sites based on the following. The principle of changing the electrophysical
characteristics of the layers is used to create the composites. It is im-
portant to increase the conductivity of the layers as they approach the
back of the protective shielding coating. Different magnetic and dielectric
properties of the layer materials are set to ensure phase-structural differ-
ences at the interface both inside the material itself and at the interface
of the layers. Many industries use large-size polymer products with long-
dimensional surfaces of complex profiles. These include, in most cases,
computer equipment housing parts. The use of such products made of
thermoplastic polymeric material requires their protection against exter-
nal influences, including external intrusion, electromagnetic radiation of
various frequencies. In this regard, for comparison, a three-layer metal
coating is studied. Formation of it is performed by the method of arc
metallization from wire under ultrasonic spraying and from metal powder
on the polymeric surface of a 3-mm thick polycarbonate plate. The princi-
ple of changing the interaction of EMR with the materials of the layers,
which is set by their characteristics, is preserved. Continuity of the ap-
plied layers is ensured. Studies on EMR shielding are carried out in the
frequency range of 30-3000 MHz. Epoxy-diane resin of ED-20 grade and
fillers are used in the experiments. In the formation of a multilayer epoxy
coating, a carbon fibre coated with copper and nickel is used as a base.
The nickel layer on the copper surface performs two functions: it increas-
es the internal reflection in the layer material and protects copper against
oxidation. This ensures the stability of electrophysical characteristics. The
back layer of the protective coating is the specified conductive carbon fi-
bre + ED-20, the backside of which is additionally coated with a composite
containing dispersed copper. On the opposite side, the next layer is ap-
plied to the composite fabric: Co+ ED-20. Next, a layer is formed from
the material —powder (Co + Ni + Fe + Si + C) + ED-20. The closest layers to
the EMR source are made on the base of ED-20 with nanocarbon multi-
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layer tubes. In this case, we should expect an improvement in the absorb-
ing properties of EMR. By alternating layers, which absorb, scatter, or
reflect electromagnetic waves, the frequency range is expanded. Multi-
layer coatings are used. Making the outer layer of dielectric material close
in wave impedance to the value of the wave impedance of the external en-
vironment will reduce significantly the reflection of EMR by the coating
as a whole. The absorption and scattering of electromagnetic energy is
realized at the interface of layers with different reflection coefficients.
The interaction of electromagnetic energy with dispersed particles of fill-
ers having high electrical conductivity is observed that additionally pro-
vides an expansion of the frequency range of protection against EMR. It
has been established experimentally that the use of epoxy multilayer and
three-layer metal coatings on a polycarbonate plate provides a different
shielding mechanism.

KarouoBi cioBa: eKpaHyBaHHA, eJIeKTPOMArHeTHEe BUIIPOMiHEHHSA HAaJBUCO-
KOi 4acTOoTH, eIMOKCHUAHI KOMIIO3UTH, 0ATaTOIIaAPOBi IMMOKPUTTS, BYIJIETKAHU-
Ha, MOTJIMHAHHSA, BiJOMBaHHI.

Key words: shielding, high-frequency electromagnetic radiation, epoxy
composites, multilayer coatings, carbon fabric, absorption, reflection.

(Ompumano 3 6epesns 2024 p.; ocmamournuil apisum — 17 keimnsa 2024 p.)

1. BCTYII

KoucrpyooBaHHA Ta BUTOTOBJIEHHA 3aXWCHUX EKPaHYBAJbHUX IIOK-
PUTTIB O PiSHMX YACTOTHUX OiANA30HIB €JeKTPOMAarHeTHOTO BH-
npominenasa (EMB) cTaHOBIATH BaKJIWBY, ajie CKJAAHY IPOOJIEMY
nna ii peanisarmii. [[aamit HATPAM TOCTiMKeHB Y TeIepimnHiil uac pos-
BUBAETHCSA 34 PAXYHOK CTBOPEHHS MAaTepidaiB aasa OaraTomiapoBuX
OOKPUTTIB, IO 3JaTHI 3HAYHO IIOJINMNINTA eKPaHyBaJbHI (PDYHKI[II B
IITPOKOMY AifAIA30HI UacTOT, B TOMY UHCJL ¥ Y HAABUCOKOYACTOTHO-
my (HBY). CxragHuii MexaHisM HOMIMPEHHS, BigOMBaHHSA, BOMpPaHHS
Ta poacitoBanHa EMB B ekpamyBaJbHUX MarTepidiax, a TaKoXK TeX-
HOJIOTIUHI CKJIAJHOCTi CyMimmeHHs IXHiX KOMIIOHEHTiB 1 (popMyBaHHSA
y BUPOOM 3 HAYKOBO-IIPOTHO30BAHWMMU €JIEKTPOMArHETHUMHU XapaKTe-
PUCTUKAMM B IIMIHUPOKOMY [ifANa30Hi YacCTOT 3YMOBJIIOIOTH BUKOPUC-
TAaHHS PiIBHOMAaHITHUX BiKe HAABHUX €EKpaHyBaJbHUX MAaTepidaiB i
MMOKPUTTIB Ha iXHi# ocHOBi. Kiacudikario Takux MaTepisaiaiB MOKHA
IIPOBECTH 3a €JIEMEHTHUM CKJAJ0M, MiKPOCTPYKTYPOIO, (hazoBOIO Op-
ramisairiero Toio. 3a (a3soBUM CKJIAAOM MAaTEePisJd MOKHA PO3TiINTH
Ha TOMOTeHHi Ta TreTeporeHHi, TOOTO Ti, IO CKJIAZAIOTLCSI 3 ONHiel,
nBox i 6inbime ¢as [1, 2]. ['omorenHi maTepisanau BUPiSHAIOTHCA i30T-
POITHUMM BJACTHUBOCTAMU Ta XapaKTepPU3YIOTHCA OJHOPiITHOIO CTPYK-
Typoro. B 3ajie:kHOCTI BijJ eleKTPOMarHeTHUX BJIACTUBOCTEM iX ITOAi-
JSI0Th HaA IPOBiAHI, MaruerHi Ta miemekrpuuni. Ciaix HarosocurTu, Imo
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TEOpil0o eKpaHyBaHHA 3aCHOBAHO Ha ABOX (PyHZaMEHTAJbLHUX ITPUH-
muiIax — Ha BigOwBaHHI Ta BOMPAHHI eJIeKTPOMATHETHHX XBWUJIb IIiJ
Jac Iepexoy uepe3 MeyKy IoAiny (a3 3 OZHOTO MaTepifAJbHOTO cepe-
moBuitia mo immroro. O6maBa BKasaHi eeKTH HOHMIKYIOTH €HEepTiio
eJIEKTPOMATHETHOT'O TOJIs, IO IIPOUIIIa 3a ekpad. MoyKHa I Jemio 1o
iamromy chopmyaoBaTy (QisMUHUYN ceHC eKpaHyBaHHSA BiJl eJeKTpoMa-
THEeTHUX Ilepenikoi. B ocHOBi ekpanyBanua EMB nexxars nBa (isuu-
HUX TPUHIUONA — IOJAPU3AIid Ta MarHeTyBaHHA MAaTepidajay B Ia-
pax ekpany. llommpioouncs y IIMX MaTepidjax, eJeKTPoMarHeTHe
punpominenaa (EMB) cTBoproe 3MiHHE eJIeKTpUYHE TIOJie, €Heprid
AKOTO IEePETBOPIOETHCS Y TEILJIOBY €HEepPrilo IPaKTUYHO IIOBHICTIO B
pamioBOupanbHUX i MiHiMaJbHO B pajiompo3opux MaTepisgigax. ¥ Ta-
KMX MaTepiajgax i KOHCTPYKIiAX MOpAJ 3 AieJJeKTPUUYHUMU Ta MarHe-
THUMU BTpaTaMHW MalOThb Miclie Aucnepcid, audpakilisg, iHTepdepeH-
I[igd Ta BHYTPilllHE BiIOMBAHHA €JEKTPOMArHeTHUX XBWUJb, IO BU-
KJIUKAIOTh OONATKOBe IMOHM:KeHHA eHeprii EMB. Bupobu 3 3asHaue-
HUX MaTepidAJiB BOMPAIOTHL eJeKTpPoMarHeTHy eHeprito. OcHOBY pamio-
BOMpPaIbHUX MATEPiATiB CKJIANAIOTh OPraHiuHi UM TO HEOpTaHiuHi Ma-
Tepigau. SIK aKTUBHUI BOWMpPAJIbHUIN KOMIIOHEHT, BBOAATH MOPOIIKU
rpadirty, MeTasiB Ta ixHiIX KapOigis.

panmienTHi pamioBOMpasbHI MaTepiAJM KOHCTPYKTHUBHO BUKOHAHO
OaraToIrapoBUMU; IXHi CTPYKTYpPHI XapaKTepPUCTUKU 3a0e31meuyloTh
3aJjlaHy BMiHY [IieJeKTPUYHOI HPOHMKHOCTU IIOIIAPOBO IO TOBIIWHI
eKpaHy. ¥ JaHOMY BUIAJKY 30BHIIIHiIl I1ap BUT'OTOBJAIOTH 3 TBEPHAO-
ro IieJeKTpUKA 3 AieJIeKTPUUYHOK IPOHUKHICTIO, 0Ju3bKOI0 A0 1 (Ha-
MIPUKJIaZ], 3 IIOJiMEPHOTO MAaTepiAnay, 3MIiITHEHOTO KBapIlOBUM CKJIO-
BOJIOKHOM). HacTymHi 1m1apu BUTOTOBJISAIOTH 3 Mi€JEKTPHUKIB i3 GiabIm
BHUCOKOIO ITPOHUKHICTIO (IPOHUKHICTh €MOKCHUIHOI CMOJIM 3 HAIIOBHIO-
BaueM cTaHOBUTH 25). Ilyia 30ijbllleHHA BKasaHOT'O ITOKAa3HWKAa BUKO-
pucToByOThH rpadiroBuii nua Ak B6upau EMB. Omnmcama cTpyKTypa
0araToIlrapoBOr0 IIOKPUTTS CIPUSE MiHiMaJbHOMY BiOMBaHHIO pa-
MiOXBUWJIb BiJi TOBEPXHI HMOKPUTTS Ta 30iJbIIEHHIO MOTJIWMHAHHA iX 3
MIPOHMKHEHHAM y TVIMOMHY ITOKPUTTA €KpaHy.

3 PO3BUTKOM TEXHOJIOTii BUTOTOBJEHHA KOMIIO3WI[IHUX Marepis-
JIiB, BJIACTUBOCTI AKWUX MOKYTh 3MIiHIOBATHCA B IIMWPOKUX MeKax
MIJIAXOM Migbopy MaTepifsy 3B’sA3yBada Ta HAIOBHIOBAaYa, OCOOJIUBY
yBary NOPUAiJISAIOTH TeTePOTeHHUM pafioBOMPATLHUM CEPEIOBUIIIAM.
Marepisanu Ak BOupaui EMB omep:Kyo0Th MeTOJaMU ITOPOIIKOBOI Me-
TaJyprii Ta 3 BUKOPUCTAHHAM TEXHOJIOTil BUTOTOBJEHHS KOMIIO3U-
MiHWX  MAaTepidAJiB y BUNAAKY BHUKOPUCTAHHA  MOJiMEepHUX
3B’aA3yBauiB. B aAKoCTi BUXigHOI CUPOBUHM 3aCTOCOBYIOTHL HEOpPTaHiuHi
HOPOIIKM Ta  BOJOKHA. IX  ()OPMYIOTH  BaKpilLIEHUMH Y
3B’A3yBaJIbHOMY MATEpisji Ha OCHOBI CIOJYK — HeopraHiuumx (OK-
cuniB Amominito, TuTany Ta iH.) a60o opraHiuHuUX (TepMOpPEaKTHUBHUX
CMOJI, IOJiMEepHMUX MAaTepisanaiB, BuUpPoOiB 3 maacTmac, mapadiHiB To-
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o) [3—5]. Taki maTepigiaum MalTh K BUCOKY e(DEKTUBHICTH eKpamHy-
BaHHSA, TaK i sHauHMil Koe@imienT BOupanus EMB; ogHak uacTo 3a-
CTOCYBaHHS iX OOMEKeHO BY3bKMM UYACTOTHUM AiamasomoMm. Ocrammi
IOCJHiI)KeHHs B o00JacTi pPO3POOKM KOMIIOSHUI[IMHHMX MaTepisaiis,
COPAMOBAaHI Ha POBIIMPEHHA YACTOTHOTO AiAMNA30HY eJeKTPOMAarHEeT-
HUX eKpaHiB i omep:kaHHS O0araTo@yHKIIIOHAJILHUX KOHCTPYKIIill BU-
pobiB y BUTIAAI IMOKPUTTIB, H0oOpe IIpeacTaBjieHO B poborax [2, 5—
13]. 36inbirenHa eGeKTHBHOCTH BKa3aHUX I'PANi€HTHUX MATEpPisdjiB
JocAaranau ImimbopoM IapiB i posMiineHHAM iX y mOPAAKY 306iJIbITeHHS
eJIeKTPUUYHMX 1 MarHeTHUX BTpaT y Mipy BigmaneHHA Bijx mkepesa
EMB y cucrtemi «BiIbHHI IpoCTip—IlIapym eKpaHy—00’€KT 3aXUCTY».
IpanieHTHI MaTepifaum MOKYTb OyTH BUKOHAHI y BUIVIAAL OararTorma-
POBUX CTPYKTYp ab0 3 HEIepepUBHOIO 3MiHOIO IMapaMeTpiB MaTepiairy
mo riubwuui. IIprmuyomy HeobximHo mimbmpaTtu Imiapi, 1o posmimieni
onm:kue mo myxepena EMB, takum uwmHOM, 1106 3a0e3meyuTy 3pOcC-
TaHHA [7—18] XapaKTepUCTUK HO BHYTPIiIIITHbOMY BifOMBAaHHIO €JIEKT-
POMAarHEeTHUX XBUJIb. 3arajbHa e()eKTUBHICTh Y JAaHOMY BUIIAJKy BU-
3HAUAETHCA B OCHOBHOMY BJIACTUBOCTAMU MaTepidAly IIapiB BcepeauHi
expany [19-23].

B 3B’A3KYy 3 BUKJQJAEHUM BUIIle PO3POOKA 3aXMCHUX IOKPUTTIB Ta
eKpaHiB 3 HUX, y TOMY UHCJi H IIMPOKOCMYT'OBUX, € aKTyaJbHOIO 3a-
lauel0 CydacHOTO MAaTepifAo3HAaBCTBA. B TaKMX MHOKPUTTAX POBIIIH-
PEeHHA MiANa30oHy 3aXWUCTy BiJ eJIEKTPOMArHETHUX XBWJIb Peaji3yioTh
3a PaxyHOK BHYTPIIITHLOTO PO3CilOBaHHA Ta BOMpPAHHA IXHiIX MartHer-
HOI ¥ eJIeKTPUYHOI CKJIAJOBUX 3a MiHiMaJbHOTO BigOMBAHHA Bim Imo-
BEePXHi IOKPUTTA.

MeToto maHOi PoOOTM € CTBOPEHHA 0araToIlapoBUX IOKPUTTIB [JIsd
POSIIIMPEHHA YAaCTOTHOTO MifiNa30HYy B3aXWCTy Bil eJeKTpOMarHeTHUX
XBUJb NLIAXOM (hOPMYBaHHA O0araToliapoBUX HOKPUTTIB 3 PiBHUMU 3a
CKJI[IOM i MPU3HAUYEHHAM IlIapaMU 3 BUKOPUCTAHHAM TEPMOpPeaKTOILIa-
CTiB (eMOKCUIHUX KOMIIO3UTIB) i TepmomiacTtiB (mosikapooHary).

2. MATEPIAJUA TA METOOAU TOCJIIKEHHSA
2.1. MeToauka CTBOPEeHHSI MaTepisiiB mja ekpanyBanugd EMB

BunpobyBauua marepiaiiB myia eKkpanyBanasa EMB anificHioBasu 3ri-
nuo 31 crapmaprom ASMT D4935-18 (GB/T 30142-2013, KHP). Pe-
KOMEH/IOBaHI 3HAUEeHHA AJIA BUMIpDIOBAaHHA eKpaHyBaHHA 3a YaCTOTHU
EMB i Bigmani MiKk aHTeHOIO I eKpaHYBaJbHUM MAaTepisiJioM TakKi:
0,8m (10-30 kI'm), 0,6 m (1-18 I'Tr), 1 m (30-1000 MTI'1r), 0,3 m
(18-40 I'Tm). Cxuixm HarosocuTu, IO YACTOTHHUUN IiAAa30H BHUIIPOOY-
BaHb OXOILIIOE BCi TUIIM aHTEH — KiJbIleBy (PAMKOBY), BEPTUKAJIBHO
MOJIAPM30BaHy MOHOIIOJNIbHY, OiKOHIUHY, AWUIOJBHY, JIOTAPUTMIUHY
nepioguuHy, pynopHy. IIpuHIIMTIIOBY cxeMy, 3pas3Ku IJid BUIPOOYBaHb
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Puc. 1. TIpuHIHMIOBA cxXeMa TeCTOBOI CHCTeMH TeHepaTopa CHUIHaJIiB—
aHajisaTopa cIekTpy: I — reHepaTop curuajiiB; 2 — arTeHmaTop; 3 — 3pa-
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Puc. 2. 3pasku a1 BUMIPOOYyBaHb eKPAHyBAJbHOI 3JATHOCTU HMOKPUTTA: 4 —
eTAJOHHUIT 3pa30K; 0 — 3PasoK JJId BUIPOGYBAHB.>

Ta KOH(PirypaIiiiny cxemy TecTyBaHb ImOKasaHo Ha puc. 1-3. Ilig uac
BUIIPOOYBaHb OXOILIIOBAJIMN LifANAa30H YaCTOT, IO BUKOPHUCTOBYIOTH y
pobori pisuux amTen (Tabx. 1), Ta pekomMeHmoBaHi Bigmami Bim mixepe-
aa EMB nmo spaska aasa BumpoOyBaHb (Tabi. 2).

2.2, 3pa3ku Qs BUNIPOOYBAHb

3pasku Ajid BUMPOOYBaHb BUTOTOBJANU Yy BUTJIALI IIJACTHUH 3 PO3Mi-
pamu, mio BiamosimaioThb puc. 2, 6. 3pasok (ekpaH 1) BUTOTOBJIEHO Y
BUTJIALL ILJTAaCTUHU 3 IoJiiKapbomaTy ToBIuHOW y 3,0 MM cdopmoBa-
HuM 3i cropoHu nii EMB Tphoma miapamu: 3 MUHKY (Zn) TOBIIUHOIO Y
50-120 mkwMm, migi (Cu) ToBmuuoo v 120-150 MxM™ i 3i cromy Ha oc-
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Puc. 3. Koudirypariiina cxema TecTyBaHHSA MeTOIOM E€KPAHOBAHOTO IIPUMi-
mienssa (Bikao 0,6 M): 1 — oOsmagHaumHA OJA 3alyCKy; 2 — 3allyCKHa aHTe-
Ha; 3 — BUIIPOOYBaJbHUN 3pa30oK; 4 — IpuUiiMajJbHA aHTeHa; 5 — IIPUCTPii
IJ1d Oflep:KAaHHA CUTHAIY.®

TABJINIA 1. AHTeHH, 1110 BUKOPUCTOBYIOTh V KOXKHOMY AifgmasoHi dacror.*

HiAmason yacTor Tun anTenu
10 xI'u—30 MTI'x Kinemena (pamkoBa)
10 xI'u—30 MTI'x BeprukanbHO mOJIApUM30BaHA MOHOIIOJIbHA
20 MT'n—200 MT'1 Bixkoniuna
100 MTI'z1—1000 MT'1 HumosbHa
200 MT'1—1000 MTI'g JlorapurmiuHa mepioguuHa
1 I'T—40 I'T'rg Pymopua

HOBi K0basnbTy (Co(71.2) + Ni + Fe + Si + C) TomuHoio y 150 MKM.

TaKoX BUTOTOBJIEHO IIJIACTUHY IJiA BUNPOOyBaHb (eKpaH 2) y BU-
rIAni 6araTomiapoBOTO0 IMOKPUTTA HACTYIHUM dYHHOM (puc. 4): gk
3B’sA3yBau BUKOPUCTAHO €IOKCUAHY AiaHoBy cmouy (Mapku EII-20) Tta
3aTBepIsKyBau — mnojierunernoniamin (IIEITA).

BukopuctaHHA BKa3aHUX IHI'PEeNi€HTIB YMOMKJIUBIIOE (HOPMYyBaTHU
BUPiO 3a KiMHAaTHUX TeMIilepaTyp. TUIbHUN IIap 3aXMCHOTO IMOKPUTTA
BukoHauo 3 EJ1-20, m1o mictutrs 50% npucmepcHol Mifi BHCOKOI oumc-
Tku. HacTynmHuii map BUKOHAHO Ha OCHOBI TOKOIIPOBiAHOI ByTrJieTKa-
HuHu ToBinuHOIO y 0,3-0,35 MM, mio mae migHe moxpurrta. ia 3a-
XWUCTY BiJi OKMCHEHHSA Ha Iap MiJi HaHeceHO Mmiap HiKJoo. PaKTUUYHO
Taxka BYIJIETKAHWHA 3 MEeTaJeBUMU IapaMy Ha IIOBEPXHi CKJIAJZAETHCS
3 TPhOX MAaTepiAJiB, IO CIpHUAE 3MiHI MexaHisMy B3aemomii ix 3
EMB. Jlani Taky TKaHWHY OPOCOUYYIOTh EIMOKCHUIHUM KOMIIO3UTOM
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TABJINIIA 2. PexomeHaoBaHa Bigmayb MiK aHTEHOIO Ta MaTepisjoM eKpa-
5

HY.
HiAmason yacTor Bigmansp

10 xI'u—30 MTI'rg 0,3 ™m

10 kI'u—30 MTI'g 0,3 m

30 MI'ti—1000 MTI'1x 1,0 m

1 ITu—18 I'T1g 0,6 m

18 I'Tu—40 I'T1x 0,3 ™m

10 xI'u—30 MTI'rg 0,3 ™m

1

Byraerkanuuna

Puc. 4. CxemaTtuune 300pakeHHS eIOKCHKOMIIOSBUTHOTO 0araTorrapoBOro
nokpurta (exkpau 2). I — map enmokcukommnosury (EK), mo mictuts 50%
IUCIIePCHOI Mifmi; ByryieTkaumHa, npocouena EK, mo micturs 50% mOpOMIKY
kobanbry; 2 — EK, mo micture 50% mopomky kobanbry; 3 — EK, 1o mic-
tuth 50% mOpOIKy KobGanbTy Hacrymuoro criaanmy Co(71,2)+Ni(12,2)+
+Fe(6,2)+ Si(7,3)+C(3,2); 4 — EK, mo micture 30% mIOPOIIKY KOOAJIBTY
Hacrymuoro ckJaamy Co(71,2)+Ni(12,2)+Fe(6,2)+Si(7,3)+C(3,2); 56 — EK,
110 MiCTUTHL HAaHOPO3MipHi ByrJiereBi GararomrapoBi Tpyoxu (HBBT) (cmis-
BiHOIIIeHHA KOMIIOHeHTiB, mac.ud.: EI[-20:IIEITA:HBBT =100:11:10); 6 —
EK, mo micture HBBT, nmoenuanuii 3i cnuprom (C,H,OH) (cuiBBigHOIMIEHHSA
KommoHeHTiB, Mac.4u.: EI[-20:IIEITA:HBBT:C,H,OH =100:11:12:12); 7 —
EK, mo mictuths HaHOpo3MipHi ByriereBi OararomapoBi Tpyoxu (HBBT)
(cmiBBimHOIIEHHS KOMIIOHeHTiB, mac.4d.: EI[-20:IIEITA:HBBT =100:11:3); 8
— EK, 1o mictuths HaHOpo3MipHi Byrienesi 6aratomaposi tpyoxku (HBBT)
(cmiBBimHOIIeHHsT KOMIIOHeHTiB, Mac.4.: EI-20:IIEITA:HBBT =100:11:1.3).
TopmuHa mapy ckaagae 0,15-0,2 mm.°

(EO-20 + Co y cmiBBigaomenHi 1:1). HucnepcHicts mopommky Co —
1-2 mxm (3 uuctoToro 99,99%). laxi ¢popmyioTs ABa ITapu, Ha OCHO-
Bi EII-20 Tta 3 cymimi mopomkiB Co(71,2)+ Ni, Fe, Si, C (pemrra).
Hani ¢popmytors wotupu mapu Ha ocHoBi EII-20, 110 MicTuTh HaAHOBY-
raerneBi Oararomaposi (HBBIII) Tpy6Kku pisHOl KOHIIEHTpAaIlii, Ta Tex-
HOJIOTiUHUX T00ABOK.
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2.3. MeragorpacdiuHi gocaigxeHHI

Meranorpagiuai mocrigKeHHA OJep:KaHMX B3pPasKiB BHKOHYBAJIM 3a
JOIIOMOI0OI0 CBiT/IOBOI MiKpocKomii. 3pasku AJd JOCIig:KeHb IoTyBa-
JW Ha BUCOKOIIBUAKICHUX ITOJIiPYBaJbHUX KPyrax 3 BUKOPUCTAHHAM
aJIMa3HUX IacT pisHOI amcriepcHOCTH. JOCHisKeHHA MiKPOCTPYKTYpPU
BUKOHYBaJi Ha MeraJjorpadiunomy Mikpockomi Zeiss AXIO Imager
M2. 300pakeHHSI MIKPOCTPYKTYP OZEP:KAaHO 3a JOIIOMOIOI0 ITH(MPOBOi
dororamepu OLYMPUS-BX3.

3. PE3YJIBTATH 1 OBTOBOPEHHS

3amponoHOBaHO 06araToIIapoBi MOKPUTTA [Jid 3aXUCTy BiJ €JIeKTPO-
marHetHoro BunpomineHHA (EMB) Ha OCHOBiI eNOKCHUIHUX KOMIIO3H-
TiB, IO MicTATH pPis3Hi (QyHKIioHaAJBHI mapu. SIK mpaBuio, BUKOPHUC-
TaHHA MaTEPiAJiB Mg BY3bKOTO HiANAa30HY YacTOT He ed)eKTUBHE Ha-
BiTh 3a He3HAUHOI 3MiHU 4YacTOTu. TOBIMWHA TAKWX MOKPUTTIB BUMi-
PIOETHCA MMOJOBUHOKIO NOBMKUHU XBUJIi, IO OOMEKYE HOT0 IITUPOKE BU-
KOPUCTAaHHSA B AiANAa30HI IPOMUCIOBUX YaCTOT.

dopmMyBaHHA MMOKPUTTIB HA ILJIACTUHI 3 MOJiKapOOHATY TOBIIIMHOIO
y 3,0 MM 3AificHIOBANIM IIOCJIiLOBHO: 3 IIMHKY, MiZi Ta Ha OCHOBi cTO-
ny Co 3 BUKOPUCTAaHHAM METOAY IJIa3MOBOT'O HAJ3BYKOBOTO HAIIOPO-
IeHHA. BuaBIeHO icToTHe 306iJBINIEHHA €KpaHYBaJbHUX BJIACTUBOC-
Teil. Brkasane KomIlosuIifiie MIOKPUTTA Cc(HOPMOBAHO 3 CYIIJIbHUX
mapiB, a eGeKTUBHICTH 3axuCTy 006’€KTa pearisoBaHO, IMOBiIpHO, 3a
paxyHOK BinOmBaHHA manHoi xBuyi EMB. Pesysnbratm BuUnpoOyBaHBb
IIpecTaBjeHo B TabJa. 3.

Hairi smificHIOBaIM KOHCTPYIOBAHHS 3aXWCHUX IMOKPUTTIB ILIAXOM
CTBOPEHHA 0araToIIapoBOr0 eMOKCHUIHOTO MoKpuTTA (eKkpaH 2). B pis-
HUX IIapaX BUKOPHCTOBYBaJM HaIOBHIOBadYi, pisHi 3a ckjamom i i-
BUYHUMHU XapaKTePUCTHUKAMU, IJA Marepiany mapi. Cxemy Takoro

TABJIUIIA 3. PesynbraTu BUIPOOYBaHb MOKPUTTS Ha IMOJiKapOoHATI (eK-
pau 1).7

Yacrora, MI'r SE, 1B SE, % |

30 -74,571 99,99999650

50 -63.586 99,99995720

100 -66,263 99,99997636

250 -76,019 99,9999750

500 -81,208 99,99999924
1000 -96,734 99,99999998
2000 -68,214 99,99998991

3000 -59,027 99,99987489
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MIOKPUTTSA IpeJCcTaBIeHo Ha puc. 4. Bukopucrano po3mip AucmepcHUX
YACTUHOK y HAHOMIAIAas3oHi Ta OJM3bKOMY A0 HHOrO. SIK OCHOBY, BU-
KOPHCTAHO BYIJVIETKAHUHY, IO IIOKPHUTa Migmgio Ta Hikjgem. Dopmy-
BaHHA 0araToIlIapoOBOr0 IOKPUTTSA 3AiHCHIOBAJU IJIAXOM IIOETAIIHOTO
(opMyBaHHA PISHMX 3a CKJIAAOM IIapiB 3 €MOKCHUIHMX KOMIIO3UTIB,
BUXOAAYN 3 HACTYIHOTO. 3abe3lmeuyBajal 3MiHYy MarHeTHUX i Jiellek-
TPUUYHUX BJIACTUBOCTEIl MAaTepisjiB IMapiB y Mipy HaOIMMKEHHA [0
TUJIBHOI CTOPOHHU 3axXMCHOTO MOKpuTTda. Illapu, 1o O0yau chopmMoBami
Yy THIABbHIA YaCTHUHI HOKPUTTA, BUKOHAHO TOKOIpPOBimHmMu. Ilig uac
BUTOTOBJIEHHS 0araToIliapoBOr0 IOKPUTTA TapaHTyBagud (pasoBo-
CTPYKTYPHI BigMiHHOCTI Ha MexXi mominy (pas AK MisK ImapaMu, Tak i
Mi)X IOBepXHEI0 HAIIOBHIOBAUIB i 3B’sg3yBaueM y KOMIO3UTHOMY Ma-
TepidJi mapy HOKpUTTA.

ExcnepuMeHTa/IbHO BCTAHOBJIEHO 3MiHY €KpaHYBAJbHUX XapaKTe-
PUCTUK IIJaCTUHU 3 HAHECEeHHAM 0araToIllapoBOTO MATEpPisly B 3ae-
skHOCTi Big wactoru EMB (Tabi. 4).

Taxke BUKOHAHHA 0araToIrapoBOTO e€KPaHy BPaXOBYE€ Y3TOMKEHHS
XBUJIBOBOTO OIIOPY ITOBEPXHi eKpaHy 3 XBUJIBOBUM CYIPOTHUBOM Cepe-
IOBUINA, Oe Imoiupierbed EMB. YaromxeHHAM BOMpPAIbLHUX Xapak-
TEPUCTUK MAaTepidajiB mIapiB y HOKPUTTi, B TOMY UucJi # 1apy, IIIo
KOHTAKTy€ 3 OTOUYBAJbHUM MIPOCTOPOM, iCTOTHO 3MEHIIWJIM iHTerpa-
JbHUHN e@deKT BimOWBaHHA eJIEKTPOMAarHETHUX XBUJb. BKasaHuii
MPUHIIUI KOHCTPYIOBaHHS 3a0e3lMeunuTh eKPAaHyBAHHA 3a PaXyHOK
BOupanHa eHeprii EMB. ¥V sampomnoHoBanux 0araTolapoBUX eKpaHax
BOMpaHHS XBUJI BifOyBaeThCcs 3a PaxXyHOK OaraTopasoBOTO IIepeBi-
OMBaHHA eJeKTPOMarHeTHOI XBWUJIi BCepeAUWHI eKpaHy MiK Imapamu
(puc. 5). Ha mamry nymMKy, BOuUpaumHsA eJeKTPOMarHeTHOI eHeprii Bin-

TABJUIIA 4. PesynapraTu BUMPOOYBaHb HNOKPUTTA Ha MoJiKapbomaTti (ex-
pan 1).2

Pesyabratu BUIPoOYBaHb SE. %
Yacrora, MI'n SE, 1B ’

30 53,3114 GB/T 30142-2013
80 35,495 GB/T 30142-2013
150 35,9944 GB/T 30142-2013
300 38,9050 GB/T 30142-2013
450 44,6881 GB/T 30142-2013
915 39,0895 GB/T 30142-2013
1000 36,0041 GB/T 30142-2013
1500 43,1591 GB/T 30142-2013
1800 39,7509 GB/T 30142-2013
2450 44,1561 GB/T 30142-2013

3000 38,1705 GB/T 30142-2013
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8 4

Puc. 5. MikpocTpyKTypa MOKPUTTS HA OCHOBiI eMOKCHUIHUX OaraToIiapoBUX
KOMIIO3UTIB: TUJbLHUU IIap (a) 3aXUCHOTO MOKPUTTHA; TOKOUpOBimHA (6) BYyT-
aerkauuHa + EI[-20 + Co; EJII-20 + mopoitriok (Co + Ni + Fe + Si + C), mrapu Ha
ocuosi EI-20 + HBBT (s, 2).°

OyBaeThCcA 3a PAXYHOK JieJIEeKTPUUYHUX, MarHeTHUX BTPAT i BTpaT Ha
MPOBiAHICTD, IIT0 MAKCUMAJbHO 30iJbIINI0 e(PpeKTUBHICTL eKpaHyBaH-
HA. Pesynbratu [OOCHiIKeHBb M0O0pe Y3TOKYIOThCA 3 AAHUMU POOIT
pany aBropis [6—10].

Y nmanoMy MaTepisaji BUKOPUCTAHO NIPUHIIMI IIOCTYIOBOI 3MiHUI
OIIOPY Ta IIPOBIAHOCTHM BiJILHOTO IPOCTOPY HA MOBEPXHi MafiHHA eJje-
KTPOMAarHeTHOI XBUJi A0 OiJILIIT HU3BKOTO OMOPY Ta OiJbII BUCOKOI
MPOBiTHOCTU INIApiB IOKPUTTSA 3 HAOMMIKEHHAM OO IHOT0 3aIHbOI
(runbHOi) moBepxHi. Ilf0 mocTymoBy 3MiHy MOKe OyTHU TOCATHYTO
3MiHOI0 BJIACTMBOCTEH MaTepidAsy, IO peasi3yloTh 3 BUKOPUCTAHHAM
pisHMX ByrJerneBux HamoBHIoOBauiB. Taki KommosuTHi wMarepisium,
Kpim BOupanus EMB, MOXyTh 3HAUHO POIMINPUTH YACTOTHUH Aidma-
30H 3a HEBEJUKOI TOBIIMHU MOKpUTTA [15].

HoBeneHo, 1110 3 BUKOPUCTAHHAM (hepoMarHeTHUX ILIiBOK edeKTu-
BHiCTh eKpaHyBaHHA MOKHA 30iJbIIUTH ILISAXOM PO30UTTS TOBCTOTO
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Iapy MeTajay Ha OiJbII TOHKi, i30/IbOBAaHi OSWH BiJ OZHOTO IIapu
[16]. Cxmim sayBaskuTH, IO TEXHOJIOTIUHI MOIKJIHBOCTI OJep:KaHHSI
eMOKCUIHUX 06araTorrapoBUX KOMIO3SUTHUX BOMPAJIbHUX MaTePidATiB
JAOTh 3MOTY pealidyBaTH 1X y IIMPOKOMY IiAIa30Hi KOHIIEHTpAIlii
HamoBHioBauiB. Ciig ouikyBaTu edheKTHUBHICTL BUKOPUCTAHHA B HAaj-
BucokouactrorHomy (HBY) miamasoni EMB. [lna mOpPOMIKOBUX MAarTe-
pianis, mpusHaueHUX O 06’eMHOTO BOuMpanusa eHeprii EMB, ognum
i3 rosmoBHUX € 3abe3leueHHs 3aJaHOI MiKpPOCTPYKTYpPHOI opraHisairii B
mapax Mmarepiany [17—-19]. Omiaky poJi posmipy isosboBaHUX MeTa-
JeBUX YACTHUHOK i MIKpoOG’e€KTiB M/ eKpaHiB eJeKTPOMATHETHOT'O
3axuCTy HaBemeHo B pobori [20]. MakcumaibHe yHIiJILHEHHS B MarTe-
piani Tuny meram—owxcuna ANOMiHiIO cmocTepiraim 3a MacoBOT'O BMic-
TY B cTOomax MeTasjeBMX KoMIoHeHTiB y 40—50% . 36inbmienus Bimco-
TKOBOTO BMIiCTy MeTaJeBOr0 KOMIIOHEHTA IPU3BOAUTH A0 MOHUKEHHS
edekTy o6’emHoro BOMpanud. IlagHa XBUJIA OPAaKTUYHO ITOBHICTIO Bi-
IbuBaeThCcA. MaTepiss TaKoro Iapy Ipaifoe AK CYIiJIbHUI MeTale-
BUI €KpaH, IO i cmocTepirajgm 3a BUKOPUCTAHHSA IIOJiKapOOHATy 3
TPUIIIAPOBUM MeTajieBUM HNOKpUTTAM (ekpan 1). Taki sakoHomipHOCTI
CIIPaBeJINBI IJIs MIMPOKOTO MiAIIa30OHY YacTOT i KYTiB IMamiHHA eJieK-
TpoMarsieTHuX XBuJb [15]. EmekTpoamHaMiuHUII PO3paxyHOK TaKUX
cyMmimneit Mo)Ke OyTU TPOBENEHUN AK I/ 3BUYAWHUX MAarHETOMieJeK-
TPUKiB 3 BUKOPUCTAHHAM e(eKTUBHUX MOKA3HUKIiB MarHeTHOI Ta Jie-
JIEKTPUYHOI TIPOHUKHOCTEH. Y HAIIOMY BUIIAJKY BaKJIWUBUM € KOHC-
TPYIOBaHHA gK CaMOTO IIapy, Tak i 6araTolrapoBOr0 IOKPUTTA 3 Pis-
HUMHU (PYHKI[IOHAJbHUMU BJIaCTUBOCTAMU ItapiB. Ciif HayKoBO Ha-
MIPaBJIEHO BUKOPHCTOBYBATU BUXiAHI KOMIIOHEHTH ab0 IXHIO CyMiIm
IJIA OJlep:KaHHA MaTepiAiB mJid pisHMX IIapiB i3 Hamepen 3aJaHUMU
BIacTuBoCcTAMU. PamioBOupanbui marepisaum (PBM) Ha OCHOBiI emok-
CUIHNX KOMIIO3WUTIB 3 BYIJIEI[EBUM HAIOBHEHHAM MAaIOTh IIOPiBHAHO
HEBEeJIUKY MIiJBHICTh, OMHAK TOBIIUHY MOKPUTTA MOKHA PEryJIloBaTH
B IIIUPOKOMY JifANas30Hi ILJIAXOM IIOCTiTOBHOTO (hopMyBaHHA IIapis
[20].

JloBeneHo, IO HAWJIIMNII eJeKTPOoAMHAMIUHI, MexaHiuHi Ta 3axucHi
XapaKTepUCTUKHU MAIOTh OaraTomiapoBi MaTepisnm i cpopmMoBaHi MOK-
puTTa Ha iXHifl OCHOBI, III0 peaJili3oBaHi 3 BUKOPUCTAHHAM BCiX BHIIlE
mmepepaxoBaHux MexaHisMmiB B3aemonii EMB 3 ekpanamu. 3ampomnoHO-
BaHO OaraToImrapoBi GepuT-gieeKTPUYHI MaTepidaaud 3 TOKOIIPOBiI-
HUM, Yy TOMY YHCJi i MeTajieBUM, HamoBHIOBaueM. [[oBemeHo edeKTH-
BHiCTh BHKOPUCTAHHS EMOKCUAHUX KOMIIOSUTHUX 0OaraTolapoBUX
MaTepisriB, IO MalOTh MJIABHUUN (IOCTYIIOBMU) mepexim Bim BaacTu-
BOCTEH BiJIBHOTO IIPOCTOPY OO BJACTHUBOCTEN MAaTepPisaay IIapiB MHOK-
PUTTS 3 BUCOKMMU 3HAUYEHHAMU €JIEKTPOIPOBITHOCTU Ta MAarHETHUX
BTpaTr. BogHouac, ms 30inbinenusa Boupanusa EMB moske OyTu BHKO-
pucTaHe pe3oHAHCHe BOMPAHHSA eHeprii eJeKTPOMArHeTHOTO MOJIA B
OKpeMUux Inapax. ENDOKCHUIHI KOMIIOBUTHI MAaTepisam MOMKYTh OyTH
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BUKOpPUCTaHi, i B GiJbIIIOCTI BUNAAKiB iX BUKOPUCTOBYIOTh, V BUIJIAIL
TIOKPUTTIiB.

Y pospobiieHOMY HOKPUTTI AJaA BOMPAHHS BUKOPUCTOBYIOTH MeTa-
JeBi AucIIepcHI HamoBHIOBAUi, IO 3a0e3MeUyIOTHL AOJATKOBE PO3Cilo-
BanHga EMB, migBumiyoTh MeXaHIYHY MII[HiCTBH i IIOJIONIYIOTHL TEILIO-
BiIBOMOBI XapaKTepHMCTUKU. Buxoasgum 3 pel3yJbTATiB OOCJIiIKEHb
3’sABUJIACS MOKJIMBICTL CTBOPEHHS ITMPOKOCMYyroBux BOupauis EMB.
Y mamomy BuUHOamKy CJia BpaXOBYBaTH BJIACTUBOCTI AUCIIEPCHUX Ha-
IOBHIOBAUYiB y Pi3HUX IMapax. 3alIpolIOHOBAHI €MOKCHUIHI KOMIIO3UTH
MOKYTb TaKOK OyTH BUKOPHUCTAHI AK KOHCTPYKIIMHUN MaTepida ais
000710HKOBUX BUPOOiB. OcTamui MOXKYyTb OyTHM BUTOTOBJEHI Aasa (op-
MYBaHHSA ITOJIIMEPHUX KOMIIOSUTIB BiJOMMMU BUCOKOTPOAYKTUBHUMU
MeToJaMM, V TOMY YMCJi 0araTolrapoBUM IIpecyBaHHAM IiJ yac Ba-
KyyMyBaHHA (€IMOKCUAHI KOMIIOSUTH, PEAKTOILJIACTHU) 1 JIUTBOM IIif
TUCKOM (TepMOILIACTHUYHI MAaTepifAir) 3 HACTYIHUM HaHECEHHAM Me-
TaJeBUX IapiB (MeTon Merasiszailii 3a TrasoTepMiuHOTO HAIIOPOIIIEH-
Hs).

PospobKy Ta mpoexTyBaHHsa PBM sacHoBaHO Ha aHAJITUYHUX Me-
TOAAX PO3PAXYHKY U eKCIepUMEHTAaJbHUX MTOCTiIKeHHAX. 3agaua
dopMyBaHHSA 3aXUCHUX IIOKPUTTIB MOJIATAE B TOMY, I100 3a 3aJaHUMU
mapaMeTpaMu BUXiTHUX eJIEKTPOMAarHeTHUX IIOJIB i KOHCTPYKIIii
BOMpaIbHUX 1 BiIOWMBAJBPHUX €KPaHIiB BUBHAUUTU CTYIiHb B3aXUCTY.
BomHopas, BU3HAUAlOTh PO3MOJiJ €JeKTPOMAarHeTHUX IIapaMeTpPiB IIO
TOBIIIMHI y 6araToinapoBOMy HOKPUTTi, OOI'PYHTOBYIOTH €JEeKTPOMI-
HaMiuYHU# MOJeJNIb IJid po3paxyHKy. Ha oCHOBi eKcliepuMeHTaJIbHUX
IOCJiI:KeHb MPOBOIATHCSA PO3PaXyHKMU KoedilieHTa BigbuTta abo Ko-
edimienra mpoxomxenua EMB B samanomy ngiamasoni uacror. Corin
3ayBaKUTHU, IO TOBIMHA IIapiB JETKO 3aJa€ThCAd KOHCTPYKTUBHO ITiJ
yac BurorosjeHHsa PBM. Haii6inepin BakJAMBUM IUTAHHSAM IIiJ yac
pospobku PBM € 3aBmaHHS IIPOTHO3YBAHHSA IJIA OJEP:KaHHS 3aJaHOTO
KoedimienTa BiZbuTTA (IPOXOMKeHHA) B HEOOXiZHUX HismasoHaxX uac-
tor EMB 3a 3amanux mapaMmeTpiB marepisny exkpauma [22, 23].

BusHaueHHsA eJeKTPOMAarHeTHUX IIapaMeTPiB KOMIIOHEHTIB KOMIIO-
BUIINHUX MaTepiAJiB IapiB, PO3MmMOLia iX II0 IfOT0 TOBIIMHI, 3abe3me-
YeHHS PaJioTeXHIUHMX XapaKTepUCTUK i MOMKJIMBOCTI (pismuHOI pea-
agisanii kommosutiB 3 PBM i BOupauiB eJleKTpoMarHeTHOTO BUIIPOMi-
HeHHS BXOIATH B 3aJaUy CHUHTE3W 3a 3aJaHOT'0 YACTOTHOIO AisdIa30HY
i ix meranbHO TpoaHasizoBaHo B pobori [20]. ¥ mpoieci po3podxu
PBM migbopoM cremnisabHUX 3aco0iB i posmomioM IXHiX eJleKTpomau-
HaMiYHUX i eJTeKTpoPisuUHIX XapaKTepPUCTUK I10 (ha30BOMY IIPOCTOPY
MaTepisggy MOMKHA ofepsKaTh [aysKe HeBeJuke BimbuBanua EMB,
MIPaKTUYHO X0 moJjieii BizmcoTkiB. B poGori [21] Ha ocHOBI PpeHesieBoi
dopMyJi 3aIPOIOHOBAHO METOAUKY IIPOEKTYBAHHSA O6araToIlIapoOBUX
BOMpaAIbHUX eKpaHiB. Bkasana meromuka gae 3MOTy BHUKOHATHU PO3-
PaxXyHOK OINTHMAJbHUX IINPOKOCMYTOBUX BOMpauiB 3 ypaxyBaHHAM
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YaCTOTHOI AMCIIepcii AieJIeKTPUUYHOI Ta MarHeTHOI NPOHMKHOCTEH Ma-
TepiAxiB mapiB. BOupaHHA eeKTPOMAarHeTHOI XBUJII CYIPOBOMKYETD-
ca omivauMu abo ricrepesucHuMu Brpatamu [23]. Omiuni BiIacTuBOC-
Ti MaTepidayy crocTepiranu, HaIPUKJIAL, Y MJACTUKY 3 IIOPONIKOBUM
HaIOBHIOBAYEeM.

TakuM YMHOM, BUKOPUCTAHHSA 0araToIlapoBOr0 IIOKPUTTA Ha OCHO-
Bl eIIOKCHUIHUX KOMIIO3UTIB MOJIIIIIITYEe eKpaHyBaJIbHi XapaKTepPUCTU-
Ku y gpianasoui uactor 30—3000 MI'p ma 35—53 1B, a 3a miasMoBOro
(opMyBaHHA MOKPUTTA 3a IMUX XK€ YaCTOT CIIOCTepirajam 3MeHNIeHH:
3TacaHHSA eJIeKTPOMATHETHOTO BHUIPOMiHenHs Ha 59-96 nB. 3i 36i-
JbIIeHHAM uYacToTu EMB ciig ouikyBaTu OigBUINEHHS eKpPaHyBaJlb-
HOI 3JATHOCTU PO3POOJIEHUX MaTepisaiiB.

4. BAICHOBRH

TakuM UYMHOM, B3aIIpPOIIOHOBaHe OaraTolllapoBe IOKPUTTSA HA OCHOBIi
€IMOKCUIHNX KOMIIOBUTIB MOKe OyTM BUKOPHUCTaHE AK €KpaH Bij eje-
KTPOMAarHeTHOTO BUIIPOMiHEeHHA y Aisnmasoni wactor 30—3000 M.

BceranoBiaeHo, 10 piBeHb BUIIPOMiHEHHS ITiCJsA eKPaHy IIOHMMKY-
eTbcad Ha 35—53 1B 3a BKAsaHOTO EIMOKCUAHOTO MaTepiany. I3 mok-
pUTTAMU Ha TOJIiKapOoHaTi 3a miasMoBOro )OpMyBaHHA TPHOX MeTa-
JIEBUX CYIIJIbHUX IIapiB Ha BKAa3aHMWX YaCTOTaX IMiCJA eKpaHy CIO-
cTepirasm 3MeHINIEHHA eJeKTPOMarHeTHOTO BUIIPOMiHEHHA Ha 59—
96 nb.

B pospobienmx MaTepisgjgax peaslisoBaHO IIPUHINO 3MiHU eJIeKT-
pOMarHeTHUX XapaKTepUCTUK (IIPOBiHOCTM, MarHeTHUX i TieJeKTpu-
YHUX XapaKTePUCTUK) y Mipy HabOJM:KeHHA A0 06’eKTy 3axucty. Pos-
pobseHi MaTepiAny Ta MOKPUTTS HA iXHI OCHOBI YMOMKJINBIATH 3HA-
YHO POSIIUPUTHA YACTOTHUM MisANa30H IJIA 3aXUCTy 00’€KTiB Bin eJiek-
TPOMarHeTHOTO BUNpPOMiHeHHdA. 3i 30inbieHHAM uyactotu EMB cirig
OUiKyBaTU MiJBUINEHHA €KpPaHyBaJbHOI 3JATHOCTU PO3POOJIEHMX Ma-
Tepidiis.
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! Fig. 1. Schematic diagram of testing the material of shields against electromagnetic radia-
tion: 1—signal generator; 2—attenuator; 3—sample; 4—flange coaxial device; 5—
electromagnetic analyser.

2 Fig. 2. Samples for testing the shielding ability of a material against electromagnetic radia-
tion, made in the form of plates: a—reference sample; 6—test sample.

3 Fig. 3. Configuration diagram for testing materials using the shielded room method (0.6-m
window): I—launching equipment; 2—Ilaunching antenna; 3—test specimen; 4—receiving
antenna; 5—signal receiving device.

4 TABLE 1. Types of antennas used in the specified frequency range.

> TABLE 2. Recommended distance between the antenna and the screen material.

5 Fig. 4. Schematic representation of an epoxy composite multilayer coating (screen 2). I—
epoxy composite (EC) layer containing 50% dispersed copper; carbon fibre impregnated with
EC containing 50% cobalt powder; 2—EC containing 50% cobalt powder; 3—EC containing
50% of cobalt powder of the following composition Co(71.2)+ Ni(12.2)+ Fe(6.2) + Si(7.3) +
+C(3.2); 4—EC containing 30% of cobalt powder of the following composition
Co(71.2) + Ni(12.2) + Fe(6.2) + Si(7.3) + C(3.2); 5—EC containing nanoscale carbon multilayer
tubes (NCMT) (the ratio of components, mass parts: ED-20:PEPA:NCMT =100:11:10); 6—EC
containing NCMT combined with alcohol (C,H;OH) (the ratio of components, mass parts: ED-
20:PEPA:NCMT:C,H;OH =100:11:12:12); 7—EC containing NCMT (the ratio of components,
mass parts: ED-20:PEPA:NCMT =100:11:3); 8—EC containing NCMT (the ratio of compo-
nents, mass parts: ED-20: PEPA:NCMT = 100:11:1.3). The layer thickness is of 0.15-0.2 mm.
"TABLE 3. Test results of the coating on polycarbonate (screen 1).

8 TABLE 4. Test results of the coating on polycarbonate (screen 2).

9 Fig. 5. Microstructure of the coating based on epoxy multilayer composites: back layer (a)
of the protective coating; conductive (6) carbon fibre+ ED-20+ Co; ED-20 + powder
(Co + Ni + Fe + Si + C), layers based on ED-20 + NCMT (s, 2).
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Synthesis and Evaluation of Dielectric Characteristics of
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In current study, fabrication of PVA-CuO-Fe,O; nanocomposites with
various contents of PVA and CuO—-Fe,O; nanoparticles is investigated. The
dielectric properties of fabricated nanocomposites are examined at fre-
quency range from 100 Hz to 5 MHz. The results display that the dielec-
tric constant and dielectric loss of PVA-CuO-Fe,O; nanocomposites are
reduced, while the electrical conductivity is increased with rising frequen-
cy. The dielectric parameters such as dielectric constant, dielectric loss,
and electrical conductivity of PVA are increased with increasing CuO-
Fe,O; nanoparticles’ content. The final results show that the PVA-CuO-
Fe,O; nanocomposites could be useful in many nanoelectronics fields.

Y mamiit po6oTi 6ysa0 MOCIiIKEeHO BUTOTOBJIEHHS HAHOKOMIIO3UTIB ITOJiBiHi-
goBuii ciupt (IIBC)-CuO-Fe,0; 3 pisaum Bmicrom IIBC Ta HamOUYaCTMHOK
CuO-Fe,0;. lieneKTpuyHi BIACTUBOCTI BUTOTOBJIEHUX HAHOKOMIIOSUTIB IO-
caimsxkyBanau B mianaszoui wactot Bix 100 I't 7o 5 MI'n. PesyabTaTy mokasa-
Ju, 110 AieJeKTPUUYHa ITPOHUKHICTh 1 MieJIeKTPUYHI BTpaTH HAHOKOMIIO3UTIB
IIBC-CuO—-Fe,0; 3MeHIIyIOTHCA, a €JIEKTPONPOBifHICTH 3pocTae 3i 30iab-
mieHHAM dYacToTu. [iesekTpruHi mapamerpu, — JieJeKTpUUYHA IITPOHUK-
HicTb, AieJeKTPUUHI BTpaTu I ejgeKTpomnposigmicts, — IIBC 3pocraam 3i
30ismpirenHAM BMicTy HaHouacTuHOK CuO—Fe,0;. Ocrarouni pesysbraTu mo-
kasanu, 1o Hanokommnosutu IIBC—CuO-Fe,0; MoKyTh OyTHM KOPUCHUMU B
faraTboX rajy3sX HAaHOEJEeKTPOHIKU.

Key words: nanocomposites, PVA, CuO-Fe,0;, dielectric constant, conduc-
tivity.
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Karouori cioBa: HAHOKOMIIO3UTHU, MoJiBiHinmoBUil crimpr, CuO—Fe,0;, mieie-
KTpUYHA IPOHUKHICTh, €JIeKTPOIIPOBiIHICTS.

(Received 3 September, 2023)

1. INTRODUCTION

According to the physical and chemical properties and applications
in different medical and industrial fields, nanomaterials were at-
tracted the interesting of many investigators. On other hand, na-
nomaterials have a long axis to absorb incident sunlight; one-
dimensional nanostructures were gained attention in solar energy
conversion [1]. Dielectrics with high permittivity are widely used in
electronic industry. With the advancement of flexible electronics,
high permittivity dielectric materials with excellent flexibility are
in demand. As compared to conventional dielectrics like ceramics,
polymers are widely being used as dielectric materials as polymers
exhibit better properties, like relatively high electric breakdown
field, processing ease, mechanical flexibility, etc. Moreover, their
properties can be modified by incorporating inorganic materials into
it. Many polymers like PVA, PVP, and PMMA has been studied for
their electrical and dielectric properties. However, PVA is the most
studied polymeric dielectric material due to its versatile properties
like high solubility in water, low cost, easily process able, non-
toxicity, good film forming, great insulating properties and the
most important high dielectric permittivity. The above properties
qualify PVA as a favourable organic material for interlayer dielec-
trics. PVA is produced by the hydrolysis of polyvinyl acetate that is
obtained by polymerization of vinyl acetate monomer [2].

Fe,O; is known as hematite with a rhombohedral crystal struc-
ture. Fe,O, is resistant to chemical reactions and temperature, envi-
ronmentally friendly, widely used in semiconductor applications,
and it can absorb light. Fe,O; can be used as a catalyst, gas sensor,
solar cell, pigment, and lithium-ion battery [3]. Another metal ox-
ide material is cupric oxide (CuO) which has been substantially ex-
plored for various applications. As a p-type semiconductor having a
narrow band gap of 1.35 eV, it has a great potential for field emit-
ters, catalyst, and gas-sensing devices. The physicochemical proper-
ties of CuO such as photoconductivity and photochemistry can be
used for the optical switches and the solar cells [4]. Nanocomposites
included enormous applications in various fields like sensors [6—13],
antibacterial [14—20], optical fields [21-30], electronics and optoe-
lectronics [31-46], energy storage [47—50], radiation shielding and
bioenvironmental [51-57], etc. The present work deals with fabrica-
tion of PVA—-CuO-Fe,0; nanocomposites to use in nanoelectronics
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applications.

2. MATERIALS AND METHODS

Nanocomposites films of PVA as a matrix and the CuO-Fe,O; nano-
particles (NPs) as an additive were synthesized by dissolving of
0.5 gm PVA in 30 ml of distilled water utilizing magnetic stirrer
for 1 hour to obtain more homogeneous solution. The CuO-Fe,0,4
NPs were added to PVA solution by various contents of 1%, 2%,
and 3% with constant concentration 1:1. The casting method was
employed to fabricate of PVA—CuO-Fe,O; nanocomposites. The die-
lectric characteristics of PVA-CuO-Fe,O; nanocomposites were
measured with frequency range from 100 Hz to 5-10° Hz using LCR
meter type (HIOKI 3532-50 LCR HI TESTER).
The dielectric constant (¢') was determined by Ref. [58]:

' =C,/Cy, (1)

where C, represents the material capacitance and C, is the vacuum
capacitance.
Dielectric loss (¢") was given by Ref. [59]:

¢"=¢D, (2)

where D is the dispersion factor.
The A.C. electrical conductivity was found by Ref. [60]:

O, = 2nufe' Dg,. 3)

3. RESULTS AND DISCUSSION

The behaviours of dielectric constant and dielectric loss for PVA-
CuO-Fe,O; nanocomposites with frequency and CuO-Fe,0;-NPs’
content are conformed in Figs. 1-4, respectively. These figures
demonstrate that the dielectric constant and dielectric loss have
large values at low frequencies. The interfacial effects present in
the majority of the sample and the electrode effects might both be
responsible for the high values of dielectric constant and dielectric
loss. It can be observed that for all frequency ranges, the values of
dielectric constant and dielectric loss for PVA-CuO-Fe,O; nano-
composites are increased with increasing CuO—-Fe,O;-NPs’ content.
The increase of dielectric constant and dielectric loss values can be
related to raise in the numbers of charges carriers [61-73].

Figures 5 and 6 display the variation of A.C. electrical conductiv-
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Fig. 1. Behaviour of dielectric constant for PVA-CuO-Fe,O; nanocompo-
sites with frequency.
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Fig. 2. Dielectric-loss performance for PVA-CuO-Fe,O; nanocomposites
with frequency.

ity for PVA-CuO-Fe,0; nanocomposites with frequency and CuO-
Fe,0,-NPs’ content, respectively. These figures showed that the
A.C. electrical conductivity increases with an increase in the fre-
quency and CuO—-Fe,0;,-NPs’ content.

It was also observed that the A.C. electrical conductivity values
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Fig. 3. Behaviour of dielectric constant for PVA with CuO-Fe,0;-NPs’ con-
tent.
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Fig. 4. Performance of dielectric loss for PVA with CuO-Fe,0;-NPs’ con-
tent.

are increased as the content of CuO-Fe,O; NPs increased into PVA
medium. The increase of electrical conductivity attributed to in-
crease the mobility and charges carriers numbers. Moreover, these
observations might be related to space-charge polarization [74—-85].

4. CONCLUSIONS

In this work, PVA-CuO-Fe,O; nanocomposites have been prepared.
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Fig. 5. Variation of A.C. electrical conductivity for PVA-CuO—Fe,O; nano-
composites with frequency.
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Fig. 6. Behaviour of A.C. electrical conductivity for PVA with CuO—-Fe,0,-
NPs’ content.

The dielectric properties of PVA-CuO-Fe,0; nanocomposites are
tested. The experimental results confirmed that the dielectric pa-
rameters such as dielectric constant, dielectric loss, and electrical
conductivity of PVA are increased with increasing CuO—Fe,0;-NPs’
content. The dielectric constant and dielectric loss of PVA-CuO-
Fe,0; nanocomposites are decreased, while the electrical conductivi-
ty is increased with increasing frequency.
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Finally, results of dielectric properties show that the PVA—-CuO-
Fe,0; nanocomposites may be suitable in several nanoelectronics ap-
plications.
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This study involves preparing nanocomposites consisting of polyvinyl al-
cohol (PVA) and tungsten carbide (WC) nanoparticles. The casting process
is employed to create these nanocomposites, with varying weight percent-
ages of WC nanoparticles: 0, 1, 2, and 3 wt.% . Various ways of diagnosis
are employed to analyse the PVA—WC nanocomposites, including Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM) imaging, and optical microscopy imaging. The experimental find-
ings obtained from the images captured by an optical microscope reveal
the spatial arrangement of tungsten-carbide nanoparticles throughout all
nanocomposite films. Additionally, these results demonstrate the presence
of a cohesive network of ions dispersed throughout the polymer matrix,
with a tungsten-carbide nanoparticles’ concentration of 3 wt.% . Further-
more, the experimental findings obtained from Fourier-transform infrared
spectroscopy (FTIR) demonstrate an upward trend between the absorbance
values of the PVA-WC nanocomposites and the fraction of tungsten-
carbide nanoparticles. The peak properties remain consistent, and most
bonds exhibit similar wavenumbers. The electrical characteristics of nano-
composites are investigated in the frequency range of 100-to-5-10° Hz at
ambient temperature. The analysis of the A.C. electric properties reveals
that, as the frequency of the applied electrical field increases, the dielec-
tric constant and dielectric loss of the nanocomposites diminish. In con-
trast, these properties indicate an increase with tungsten-carbide nanopar-
ticles’ concentration. Additionally, the A.C. electrical conductivity of the
nanocomposites displays an increase with higher concentrations of tung-
sten-carbide nanoparticles and frequency, while remaining relatively con-
stant at high frequencies. The conclusive findings indicate that the
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nanostructures composed of polyvinyl alcohol and tungsten carbide (PVA-
WC) possess potential applications in diverse electrical and electronic
nanodevices.

ITe mocnimsxeHHA mependavae MPUTOTYBAaHHA HAHOKOMIIO3UTIB, IO CKJAaka-
I0ThCS 3 HAHOYACTMHOK moJjiBininoBoro crnupry (PVA) i kapbigy Boabdhpamy
(WCQC). Ilpoiiec TUTTA BUKOPUCTOBYBABCA MIJIA CTBOPEHHS ITUX HAHOKOMIIO3U-
TiB i3 3MiHHMM BarosuMm BimcoTkom HaHouacTuHOK WC: 0, 1, 2 i 3 mac.%.
Hna ananisu HanokommodutiB PVA-WC BukopucToByBanucsa pisHi crmocobu
IiATHOCTUKM, BKJIOUAIOUU iH(pPaUEepPBOHY CIEKTPOCKOIil0 Ha OCHOBI Pyp’e-
nepetBopy (FTIR), ckanyBanbHy eJIeKTPOHHY Mikpockotmiio (SEM) ta omru-
YHy MiKpockoimiio. EKcnepuMeHTanbHI HaHi, omepskaHi i3 300paskeHb 3a J0-
TIOMOTOIO0 OITUYHOTO MiKpPOCKOIAa, MOKa3yIOTh IIPOCTOPOBE pO3TAITyBAHHSA
HAHOYAaCTHMHOK Kapbiny BoabppamMy B yciXx HaHOKOMIIO3UTHHUX ILIiBKax.
Kpim Toro, 11i pes3yabTaTu JeMOHCTPYIOTH HASIBHICTH IijlicHOI Mepeski HoHiB,
po3CcigAHMX II0 BCili IMmMoJiMepHill MaTpuili, 3 KOHIIEHTPAIli€}0 HAHOYACTHUHOK
Kapb6iny Boandppamy y 3 mac.% . Kpim Toro, excrepuMeHTaIbHI pe3yjbTa-
TH, OJep:KaHi 3a JOIOMOTOK iH(ppPayepBOHOI CIIEKTPOCKOIIiI Ha OCHOBI
dyp’e-neperBopy (FTIR), mpomeMoHCcTpyBa i TEHAEHITIIO O 3POCTAHHS MisK
3HAUEeHHAMMN BOUWpaHHA HaHoKoMmmodutamu PVA-WC i yacTKolo HaHoUac-
TUHOK Kapbinmy Bosabppamy. BiactuBocTi miKy s3aaninamTbCAd HEe3MiHHUMU,
i GinbmricTs 3B’A3KIB AEMOHCTPYIOTH MOAIOHI XBUIBbOBiI umcaa. EjekTpuusi
XapaKTepPUCTUKN HAHOKOMIIO3UTIB MOCHII)KYyBaJau B OisIa30oHi YacTOT Bif
100 mo 5-10° I'm 3a TeMmepaTypu HaBKOJHUIIHBOTO CepefoBHINA. AHauiza
BJIACTUBOCTEH 3MiHHOTO €JeKTPUUYHOIO CTPYMy MOKAasye, IO 3i 30iJbIIeH-
HAM YacTOTH IIPUKJIAQEHOTO eJEeKTPUYHOTO IIOJIS JieJeKTPUYHA IIPOHUK-
HicTh i AieneKTpUUYHI BTpaTM HAHOKOMIIO3UTIB 3MEHIIyIOThCA. HaBmaku, IIi
BJIACTUBOCTI BKa3yIOTh Ha 30iJBIIIEHHSA 3 KOHIIEHTPAI[i€I0 HAHOYACTHUHOK Ka-
p6iny Boabppamy. Kpim TOro, emeKTpompoBifHICTH HAHOKOMIIO3UTIB Ha
3MiHHOMY CTPyMi JeMOHCTpPY€E 30iJbIlIeHHS 3 BUIUMU KOHIIEHTPAIiAMU Ha-
HOUYACTHUHOK Kapbimy Bosb(dpamy Ta 4acTOTO0, 3aJHUIMAIOUNCh BiJHOCHO IIO-
CTiliHOI0O Ha BUCOKMWX dYacToTax. IlepeKOHJIMBI BUCHOBKM IIOKa3yIOTh, IO
HAHOCTPYKTYPH, II[0 CKJIAAAIOThCS 3 MOJIiBiHiOBOro crmupty Ta xapbimy Bo-
abppamy (PVA-WC), maroTh HOTeHIIifiHe 3aCTOCYBAHHSA B Pi3HOMAHITHUX
eJIEKTPUYHUX Ta €JIEKTPOHHUX HAHOIPUCTPOIX.

Key words: PVA, WC nanoparticles, nanocomposites, electrical properties.

Karouosi croBa: moiiBiHinoBuii crimpt, HaHouacTUHKM WC, HaHOKOMIIO3U-
TH, €JIEKTPUYHI BJIaCTUBOCTI.
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1. INTRODUCTION

Polymer nanocomposites (PNCs) can be described as composite ma-
terials whereby one or more nanofillers are dispersed inside a poly-
mer matrix. The primary objective is to integrate the ease of pro-
cessing of polymers with the exceptional material properties offered
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by nanofillers to create composite materials that demonstrate sub-
stantially enhanced macroscopic characteristics [1, 2]. Polymer
nanocomposites (PNCs) hold significant importance in industrial
and research domains, finding extensive applications in several sec-
tors, such as packaging, transportation, safety, energy, electromag-
netic shielding, catalysis, sensors, defence systems, and the infor-
mation industry. Polymer nanocomposites (PNCs) can address nu-
merous real-world difficulties and daily concerns, exhibiting prom-
ising prospects for future applications. Phenolic nanocomposites
(PNCs) are formulated using the idea that increased size and sur-
face area significantly enhance reactivity. Polymer nanocomposites
(PNCs) are composite materials with polymers as the matrix and
nanomaterials as the nanofillers. Polymer nanocomposites (PNCs)
possess exceptional multifunctionality owing to integrating many
components into a suitable and integrated structure. This unique
characteristic allows PNCs to find extensive applications in diverse
fields such as electronics, magnetism, and optics [3, 4]. Polyvinyl
alcohol (PVA) is a significant and versatile non-ionic hydrophilic
polymer that has attracted considerable interest as a hydrogel and
for various other applications, predominantly due to its non-
toxicity. There are two distinct ways to create polyvinyl alcohol
(PVA) gels: chemical and physical methods. Chemical cross-linking
of PVA hydrogels can be accomplished by utilizing multifunctional
aldehyde compounds like glutaraldehyde, glyoxal, and borate-
containing species or through irradiation methods such as gamma
radiation. However, using a chemical cross-linker may be associated
with deleterious consequences, such as undesired interactions with
other constituents, if present. Physically crosslinked polyvinyl alco-
hol (PVA) hydrogels are commonly favoured for various applica-
tions, particularly in biotechnology, owing to their exceptional pu-
rity and ease of gelation at mild conditions [5, 6].

Transition metal carbides are important due to their desirable
features, including thermal stability, resistance to corrosion and
wear, and electrical, magnetic, and catalytic characteristics [7]. Due
to its extraordinary electrical conductivity and favourable hydro-
gen-adsorption properties, tungsten carbide (WC) has attracted
much interest in the scientific community [8]. Nanosize tungsten
carbide (WC) has garnered significant interest within the scientific
community due to its improved tribomechanical and chemical char-
acteristics. The applicability of fuel cells has given rise to a new
realm of catalytic applications in power production [9, 10]. The WC
nanomaterial has been discovered to exhibit a bulk modulus compa-
rable to that of diamond, making it suitable for utilization in high-
pressure tests. A significant proportion of industrially manufac-
tured tungsten carbide (WC) is allocated for producing cemented
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carbide, which finds application in several sectors, such as cutting
tools, tunnelling operations and drilling, dies, and wear-resistant
components, among others [11, 12]. In a recent study, we have doc-
umented the successful production of WC nanoparticles using a sol-
id-state reaction involving scheelite and activated charcoal. This re-
action occurred under an argon atmosphere at a temperature of
1025°C [13]. Tungsten carbide (WC) is a highly challenging sub-
stance characterized by its exceptional hardness, inertness, and re-
fractory nature.

Moreover, it has remarkable catalytic capabilities that closely re-
semble those of platinum. Historically, the synthesis of transition
metal carbides has predominantly relied on powder metallurgical
methods involving high temperatures. The techniques above exhibit
high-energy consumption and yield coarse particles with reduced
surface area, constraining their potential in ceramic and catalytic
contexts [14, 15].

This work used tungsten carbide to improve the structural and
electrical properties of nanocomposite PVA—WC. This study showed
a significant improvement in these characteristics mentioned above.

2. MATERIALS AND METHODS

Polymer nanocomposite films were fabricated by dissolving pure
polyvinyl alcohol (PVA) in 40 mL of distilled water for 35 minutes.
The solution was stirred using a magnetic stirrer at a temperature
of 60°C to enhance the uniformity of the resulting solution by
summing the weight percentages of additives 0, 1, 2, and 3 wt.% of
(WC), the resulting films are obtained through casting. This process
entails depositing the mixture into a template, specifically a Petri
dish with a diameter of 5 cm, and allowing it to dry for 3—7 days.
Subsequently, the films are carefully removed from the template for
the required tests. The thickness of the films is measured using a
micrometre, resulting in a value of 120 pym. The technique em-
ployed in this study is Fourier-transform infrared (FTIR) spectros-
copy, which is utilized to analyse nanocomposite samples consisting
of polyvinyl alcohol and tungsten carbide. The spectral analysis is
conducted within the 1000 to 4000 cm™ wave number range. The
dielectric characteristics of nanocomposites were assessed by em-
ploying an LCR meter, namely the HIOKI 3532-50 LCR HI TESTER
model, which operates within a frequency range spanning from
100 Hz to 5 MHz. The materials were tested at various concentra-
tions using an Olympus-type Nikon-73346 optical microscope. This
microscope had a magnification of x10 and was paired with a cam-
era designed specifically for capturing microscopic images.

In order to determine the dielectric constant (¢'), one may employ
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the following formula [16]:
¢ =C,/C; (1)

C, represents capacitance, and C, represents a vacuum capacitor.
Dielectric loss (¢") is calculated as follows [17, 18]:

" =¢D. (2)

In this case, displacement D is applied.
The conductivity of A.C. electricity is computed with the follow-
ing formula [19, 20]:

Oa.c. = OEE, 3

where o is the angular frequency.

3. RESULTS AND DISCUSSION
3.1. Fourier-Transform Infrared (FTIR) Analysis of PVA—WC NCs

Fourier-transform infrared (FTIR) spectroscopy is a highly valuable
analytical technique that offers great insights into the interactions
of functional groups within a given compound. This study conduct-
ed infrared (IR) analysis on a Fourier-transform infrared transmis-
sion profile spectrum. The purpose was to describe the interface be-
tween pure polyvinyl alcohol and its nanocomposite films, which
contained varying ratios of tungsten carbide nanoparticles (WC
NPs) at 1, 2, and 3 wt.% . The analysis was performed at room tem-
perature (RT) within the 500-4000 cm ' wavenumber range, as de-
picted in Fig. 1. The functional groups of PVA emerged at 3259,
2908, 1416, 1250, and 1084 cm™’, corresponding to broadband to
the stretching vibrations of hydroxyl groups O-H, methyl C—H;,
asymmetric stretching band, O—CH; deformation, O—H ether group
bending vibration and C—O stretching vibration, respectively. The
spectral bands observed at 900 cm—' and within 600-to-550 cm™
range are attributed to the stretching vibrations of peroxide C—0-0O
bonds and C—H bonds, respectively [21, 22].

Upon comparing the characteristic wavenumbers of the PVA-WC
nanocomposite with those of pure PVA, it becomes evident that the
distinct peaks representing the nanocomposite were not discernible;
this can be attributed to the observed shifting, which can be at-
tributed to the incorporation of WC. Moreover, it has been observed
that the transmittance exhibits a drop when the ratios of tungsten
carbide nanoparticles (WC NPs) grow, increasing the density of
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Fig. 1. FTIR spectra for PVA-WC nanocomposites: (a) for pure PVA; (b)
for 1 wt.% WC; (¢) for 2 wt.% WC; (d) for 3 wt.% WC.

these nanoparticles. Based on the present investigation, it can be
inferred that no discernible absorption peaks were observed, indi-
cating the absence of any notable interactions between the PVA pol-
ymer and WC NPs [23, 24].

Figure 2 displays the photomicrographs of the surface of pure
polyvinyl alcohol (PVA) and its nanocomposites (NCs) containing
varying weight percentages (wt.%) of tungsten carbide nanoparti-
cles (WC NPs) at a magnification level of x10. The schematic dia-
gram of the polymer film in part (a¢) demonstrates a uniform com-
position without any distinct separation of phases. Specifically, it
exhibits a refined structure with a sleek surface, indicating the re-
markable compatibility of PVA at this particular mix ratio. The
analysis of the figures (part b—d) reveals that the WC NPs exhibit a
uniform distribution across the surface of the polymer-mix films.
This observation becomes more pronounced as the weight percentage
of WC increases.

The non-covalent interactions (NCs) exhibit an almost circular
arrangement of particles with a consistent shape. This phenomenon
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Fig. 2. Photomicrographs (x4) for PVA-WC NCs: (a) for pure PVA; (b) for
1 wt.% WC; (¢) for 2 wt.% WC; (d) for 3 wt.% WC.

is attributed to the significant surface area of nanoparticles (NPs)
[25, 26].

On the other hand, the polymeric solution with distinct polar
groups exhibits a pronounced attraction towards WC, hence result-
ing in the alignment of the nanoparticles within the polymer chain.
Consequently, the structural arrangement of the NC becomes dens-
er, leading to an enhancement in the material’'s overall consistency.
This method presented below offers an appropriate approach for de-
veloping NC films [27, 28].

Figure 3 demonstrates the influence of including WC nanoparti-
cles on the dielectric constant of pristine polyvinyl alcohol (PVA).
There is a positive association between the concentration of WC na-
noparticles and the dielectric constant. The increased concentration
found can be ascribed to the aggregation of WC nanoparticles with-
in the nanocomposites when they are included at low levels. Conse-
quently, the dielectric constant experiences a decrease, while, at el-
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evated concentrations, the presence of WC nanoparticles leads to
the formation of a cohesive network inside nanocomposites, thereby
increasing the dielectric constant value [29, 30].

Figure 4 depicts the frequency-dependent fluctuation of the die-
lectric constant in nanocomposites of polyvinyl alcohol and tungsten
carbide PVA-WC. The data presented in the figure indicates a de-
crease in the dielectric constants of the nanocomposite samples as
the frequency of the applied field increases. This phenomenon can
be attributed to the alignment of the dipole moments within the
nanocomposite samples as they orient themselves in response to the
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applied electrical fields. Consequently, this alignment reduces the
polarization of the space charge, ultimately leading to a decrease in
absolute polarization [31, 32].

Figure 5 illustrates the fluctuation in dielectric loss of pure pol-
yvinyl alcohol (PVA) concerning the material’'s weight concentration
(WC). The dielectric loss of PVA-WC nanocomposites positively
correlates with the concentration of WC nanoparticles, which can be
attributed to the concurrent increase in the number of charge carri-
ers. When the concentration of nanoparticles is beyond a certain
threshold, nanoparticles aggregate to create a cohesive network
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within nanocomposites [33, 34].

Figure 6 depicts the dielectric loss characteristics of nanocompo-
sites composed of polyvinyl alcohol (PVA) and tungsten carbide
(WC), as influenced by frequency. The provided figure illustrates a
noticeable trend in which the dielectric loss of nanocomposites de-
creases as the frequency of the applied electric field increases. The
phenomenon can be attributed to the reduced influence of space
charge polarization and the heightened dielectric loss observed in
the nanocomposites comprising polyvinyl alcohol and tungsten car-
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TABLE. Values of dielectric constant, dielectric loss, and A.C. electrical
conductivity for PVA-WC NCs at 100 Hz.

(ﬁ)lils"ovat\‘}g/f Dielectric constant| Dielectric loss A.C. electrltéa/dc;i)nductlwty,
0 0.46 0.04 1.95-107'2
1 0.79 0.15 8.34-10712
2 0.77 0.20 1.10-107%
3 1.01 0.39 2.19-1071!

bide PVA-WC at lower frequencies. In the present study, we aim to
investigate the effects of sleep deprivation on cognitive perfor-
mance [35, 36].

Figures 7 and 8 depict the performance of A.C. electrical conduc-
tivity of PVA-WC NCs as a function of frequency (¥) and WC-NPs’
concentration, respectively. The alternating current (A.C.) conduc-
tivity demonstrates a notable increase when the electric field fre-
quency escalates across all samples. The observed phenomenon can
be attributed to space charge polarization, which occurs at low fre-
quencies, in addition to the hopping motion of charge carriers [37,
38]. Moreover, the conductivity exhibits an upward trend as the
weight percentage of WC nanoparticles (NPs) increases. The ob-
served behaviour can be attributed to the influence of space charge,
which arises from the accumulation of charge carriers resulting
from an increase in their regular distribution throughout the poly-
mer matrix [39].

Table shows values of dielectric constant, dielectric loss, and A.C.
electrical conductivity for PVA-WC nanocomposites at 100 Hz.

4. CONCLUSIONS

The solution cast approach was employed to deposit successfully
pure polyvinyl alcohol (PVA) and its composite with varying ratios
of tungsten carbide (WC).

The Fourier-transform infrared (FTIR) spectra exhibit a dis-
placement in certain bands and alterations in the intensity of other
bands compared to the spectra of pristine films. The optical micro-
scope demonstrates high uniformity and precise integration of WC
charge transfer complexes within the pure PVA sheets. The experi-
mental results demonstrated that the dielectric constant and dielec-
tric loss of the PVA-WC nanocomposites experienced a decrease
with increasing frequency of the applied electric field. The electri-
cal conductivity of alternating current (A.C.) positively correlates
with the current frequency.
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The decisive results suggest that the nanostructures composed of
PVA-WC possess promising prospects for utilization in a wide
range of electrical and electronic nanodevices.
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Heterocyclic compounds have great importance in the medical and industrial
fields. Furan and pyridine are most widespread and effective of these com-
pounds. In this study, we prepare two novel Schiff bases 1,1'(1,4-
phenylene)bis(N-(4-((pyridin-2-ylmethylene)amino)phenyl)methaneimine (L,),
1,1'-(1,4-phenylene)bis(N-(4-((furan-2-ylmethylene)amino)phenyl)methanimine)
(L,), and their metal complexes with (Cd*", Mn?*, Sn®"). The prepared com-
pounds are characterized using 'H-NMR, *C-NMR, UV—Vis, FT-IR, and SEM
techniques. As a result, all the metal complexes are bimetallic and non-
electrolytic. In addition, the biological activity against Escherichia coli and
Staphylococcus aureus bacteria is studied for the prepared compounds.

TeTeponuKIiUHI CIIOTYKY MalOTh BeJINKe 3HAUEHHA B MEUITNHI Ta IPOMUCIOBO-
cTi. PypaH i mipnauH € HAaHOIIBII MOITUPEeHNME 1 e(eKTUBHUMU 3 ITHX CIOJIYK.
B npomy pocraimkenni mum migrorysasum aBi Hosi IITuddgosi ocmosm 1,1'(1,4-
deninen)oic(N-(4-((mipugun-2-inmetTunen)amino)denin)meraneimin (L), 1,1'-
(1,4-dpeninen)oic(N-4-((bypan-2-inmernieH)amino)denin)meranimin) (L,), a
TakoK ixHI Meramiuni Kommiekcu 3 (Cd*, Mn?*, Sn*"). B pesyxbrari Bci meTa-
JIOKOMILIEeKCcH Oyau OiMeTaTiuHMMU Ta HeeJleKTPoaiTHuMu. Takox 0yJIo BUBUe-
HO 0i0JIOTiUHY aKTHUBHICTD OfepP:KaHUX CIOJIYK I[og0 OakTepiit Escherichia coli
ta Staphylococcus aureus.

Key words: pyridine aldehyde, furfural, 1,4-diaminobenzene, terephthal al-
dehyde, metal complexes.

Kuarouogsi cioBa: mipugmuoBuii anabgeria, Gypdypoa, 1,4-giaminobenson, Te-
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1. INTRODUCTION

The processes of designing drugs from organic compounds with new
and practically important biological behaviours is required organic
interactions involving the condensation of two or more types of
molecules to obtain a new derived from imine compounds as a com-
monly used compounds for this purpose [1-3]. The reaction of con-
densation of the primary amines with aldehydes or ketones gives an
important product. The Schiff base reaction was done under normal
conditions. The presence of a Schiff base in our interactions is of
great importance due to the stability of complexes of metal ions
with different oxidation states and because of its involvement in
many vital processes on a large scale such as industrial fields and as
catalysts for reactions in addition to its significant wide involve-
ment in biological activities [4]. The stable structure of metal com-
plexes is attributed to the nitrogen lone pair electrons on azome-
thine (-N=CH) bonding [5]. Donor atoms of Schiff base ligand can
be enhanced the antibacterial activity through the coordination to
metal ions [6, 7]. The interaction of metal ions with Schiff base lig-
ands can give structures of different geometric shapes and have
various applications such as their use in organometallic chemistry
as catalysts, and for the design of important medicinal compounds
as anti-tumour, anticancer, anti-bacterial, anti-fungal agents, anti-
viral agents [8, 9]. The presence of heterocyclic (pyridine and furan)
increases the effectiveness of the Schiff bases ligands. Many studies
have dealt with the preparation of different compounds based on
furan and pyridine [10-16].

In this paper, we aim to prepare (Cd(II), Sn(II), and Mn(II)) com-
plexes with the two new ligands derived from furan and pyridine.

2. EXPERIMENTAL
2.1. Materials and Apparatus

All chemicals used in this work were purchased from BDH, Aldrich
and Merck companies and were used without further purification.

NMR spectra were recorded on a Brucker instrument (400 MHz)
spectrometer. Chemical shifts were reported in (8) ppm relative to
tetramethylsilane (TMS). Data were reported as follow: chemical
shift, multiplicity, coupling constant (Hz), integration, and assign-
ment. FT-IR spectra (v, cm™') were recorded on a JASCO Spectrum
FT-IR 4100 spectrometer using KBr pellets. UV-Vis spectroscopy
were measured by using Jasco-V630-UV-Vis at the wavelength
range 200—-800 nm, using match quartz cells (1 cm) and DMSO as a
solvent.
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2.2. Synthesis of Ligand 1,1 (1,4-Phenylene)bis(N-(4-((Pyridin-2-
Ylmethylene)Amino)Phenyl)Methaneimine (L,)

The ligand (L;) was prepared from the compound (PMAD) according
to Fig. 1.

In a clean tow-necked round bottom flask 100 mL equipped with
a magnetic stir and reflux condenser, PMAD (0.661 g (2.1 mmol))
and 50 mL of ethanol were gradually added into the flask and
stirred at 55°C until completely dissolving. picolinaldehyde (0.422
mL (4.2 mmol)) dissolved in 10 mL of ethanol was added into the
flask, after 10 min of stirring at same previous temperature, then
the mixture heated up to 78°C and stirred for 6 h, while the reac-
tion was monitored through TLC technique. After that, the result-
ing mixture was stirred for 24 h at room temperature. Finally, the
solution was cooled, and then the precipitate was filtered and left to
dry giving a yellow precipitate, and recrystallized using hot etha-
nol. The yield of the product was found to be 72.65%.

2.3. Synthesis of (L,) Metal Complexes

L; (0.123 g (0.25 mmol)) was dissolved in 25 mL of ethanol in a
clean tow-necked round bottom flask 250 mL equipped with a mag-
netic stir and reflux condenser. (0.5 mmol) of metal chloride MCl,
(M =Mn?*", Sn*", Cd*") was dissolved in 10 mL of ethanol and added

i
H N
| s Sm
HZN N=! C=N NH2+ 2
\ /
H

4.4'((1.4-phenylenebis(methaneylylidene))bis(azaneylylidene))dianiline Picolinaldehyde
(PMAD)

Ethanol
~T78°C

C_»&OT#QWQH/“_

\_/

1.1'-(1.4-phenyllene)bis(N-(4-((pyridin-2-ylmethylene)amino)phenyl)methanimine)
(L)

Fig. 1. General reaction scheme for synthesizing of L,.
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drop by drop to the ligand solution, pH was adjusted at 7 using tri-
ethylamine, after that the mixture stirred at 78°C for 3 h. The pro-
duced precipitate was filtered, washed with ethanol, then, diethyl
ether, dried, and weighted. Figure 1 describes the chemical reaction.

2.4. Synthesis of Ligand 1,1 -(1,4-Phenylene)bis(N-(4-((Furan-2-
Ylmethylene)Amino)Phenyl)Methanimine) (L,)

The ligand (L,) was prepared from the compound (PMAD) according
to Fig. 2. In a clean tow-necked round bottom flask 100 mL
equipped with a magnetic stir and reflux condenser, PMAD (1.33 g
(4.2 mmol)) and 50 mL of ethanol were gradually added into the
flask and stirred at 60°C until completely dissolving. Furfural
(0.850 mL (8.4 mmol)) dissolved in 15 mL of ethanol was added into
the flask; after 10 min of stirring at same previous temperature,
then, the mixture heated up to 78°C and stirred for 5 h, while the
reaction was monitored through TLC technique. After that, the re-
sulting mixture was stirred for 24 h at room temperature. Finally,
the solution was cooled, and the precipitate was filtered and left to
dry giving a brownish yellow precipitate, and recrystallized using
hot ethanol. The yield of the product was found to be 92.96%.

2.5. Synthesis of (L,) Metal Complexes

L, (0.117 g (0.25 mmol)) was dissolved in 25 mL of ethanol in a
clean tow-necked round bottom flask 250 mL equipped with a mag-
netic stir and reflux condenser. 0.5 mmol of metal chloride MCl,
(M =Mn, Sn, Cd) was dissolved in 10 mL of ethanol and added
drop-by-drop to the ligand solution; pH was adjusted at 7 using tri-

NENON_ﬂ_}TQ () [}\ ﬁ/H

(PMAD)

s

T

Ethanol
~78°C

Fig. 2. General reaction scheme for synthesizing of L,.
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TABLE 1. The yield and physical properties of the produced compounds.

M, %
found (calc)
L, C;.H, Ny 492.59 Yellow 72.65 —

Compound Formula M, g-mol™! Colour Yield, %

Mn,L,Cl, Mn,Cy,HyN,Cl, 744.27 Light brown 67.07 (}i'?g)

Cd,L,Cl, Cd,CypHyNCl, 859.23  Light yellow  70.23 ég'i’g)

Sn,L,Cl, Sn,Cy,H,N,Cl, 871.81 Light yellow 48.85 ég';;)
Brownish

L, C,4oH,,N,0, 470.53 ;‘;ﬁ;‘if 92.96 —

Mn,L,Cl, Mn,CyH,,N,0,Cl, 722.21  Light brown 73.18 (}g'g?)
Brownish 24.50

Cd,L,Cl, Cd,CsH,,N,0,Cl, 837.17 o 75.96  5ea0
Brownish 26.87

Sn,L,Cl, Sn,CaoH,N,0,Cl,  849.75 o 58.05 52Ol

ethylamine; after that, the mixture stirred at 78°C for 3 h. The
produced precipitated was filtered, washed with ethanol then dieth-
yl ether, dried and weighted.

Melting point was determined using thermometer, which was of
> 300°C for all compounds. Electrical conductivity has been also
measured for all metal complexes, and it was below 80 us, so, we
concluded that all the prepared metal complexes ware non-
electrolyte.

Silver nitrate solution as an indicator was used to determination
of chloride ions, the results shows the chloride ions linked with
metal ions in the co-ordination sphere, while the metallic calcula-
tions showed that all complexes were bimetallic. The physical prop-
erties of the prepared compounds were arranged in the Table 1.

3. RESULTS AND DISCUSSION
3.1. NMR Characterization

L, and L, compounds were characterized using H-NMR, C-NMR.

(L,): '"H-NMR (400 MHz, DMSO): § 6.628—-7.668 (m, 6H), 7.861—
8.167 (m, 8H), 8.595-8.860 (m, 3H) ppm; *C-NMR (125 MHz, DMSO):
d 114.565, 120.790, 122.797, 123.495, 124.985, 126.731, 137.161,
138.781, 149.322, 149.889, 154.237, 155.529, 160.880 ppm.

(Ly): '"H-NMR (400 MHz, DMSO): § 6.712-6.725 (m, 1H), 6.783—
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6.796 (m, 1H), 7.150—-7.161 (m, 2H), 7.321 (s, 2H), 7.542-7.7553 (m,
1H), 7.950—7.955 (m, 2H), 8.492 (s, 1H), 9 (s, 1H) ppm; *C-NMR (125
MHz, DMSO): & 113.029, 113.388, 117.374, 122.474, 130.683,
142.827, 146.878, 148.158, 149.515, 149.665, 152.531, 161.052 ppm.

3.2. FT-IR Characterization
3.2.1. FT-IR of L, Ligand and Its Complexes

The FT-IR spectrum of L; compared with PMAD are presented in
Fig. 3, where the IR spectrums showed that the disappearance of
the absorption band at 3374, 3338 cm™ belongs to N—H, bond of the
PMAD; also a new band appears at 1585 cm™ belongs to (C=N) in
the pyridine ring confirming that the condensation reaction between
the PMAD and picolinaldehyde has occurred. On the other hand, the
metal complexes IR spectra shows shifting of absorption band of
azomethine (C=N) and pyridine (C=N). The most important IR data
of L, ligand and its complexes are summarized in Table 2.

110

T, %

L,
20- Wavenumber, cm™! 180

}1800 EO(IJ(J 2060 l()‘()() 400

Wavenumber, cm™!

Fig. 3. FT-IR spectrum of L; compared with PMAD.

TABLE 2. The absorption bands of L; and its complexes.

Compound | v(C=N) \ v(C=N) | V(C=N) pyridine
L, 1637 1612 1585
Mn,L,Cl, 1636 1590 1552
Cd,L,Cl, 1631 1586 1561

Sn,L,Cl, 1639 1587 1553
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3.2.2. FT-IR of L, Ligand and Its Complexes

The FT-IR spectrum of L, compared with PMAD presented in Fig.
4, where the IR spectrums showed that the disappearance of the ab-
sorption band at 3374, 3338 cm ™' belongs to N—H, bond of the
PMAD; also a new band appears at 1245 cm ™ belongs to (C—0) in
the furan ring confirming that the condensation reaction between
the PMAD and furfural has occurred. On the other hand, the metal
complexes IR spectra shows shifting of absorption band of azome-
thine (C=N) and (C-0). The most important IR data of L, ligand
and its complexes are summarized in Table 3.

3.3. UV—Vis Characterization

The electronic spectra of L, and L, ligands and their complexes
showing the electronic transformation between energy levels are
presented in Figs. 5 and 6 with the UV-Vis of L, ligand and its
complexes and of L, ligand and its complexes, respectively.

«‘“hA W I\ i‘.l' 0 i WA
. e
ﬁ%o() - 30I00 2(]'()0 — 10100 400

‘Wavenumber, ecm™’

Fig. 4. FT-IR spectrum of L, compared with PMAD.

TABLE 3. The absorption bands of L, and its complexes.

Compound | v(C=N) | v(C=N) | v(C-0)
L, 1636 1609 1245
Mn,L,Cl, 1638 1576 1214
Cd,L,Cl, 1640 1580 1216

Sn,L,Cl, 1634 1588 1219
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L, —1

a3

4
2
<

950 200 600 800
Wavelenght, nm
Fig. 5. UV—Vis spectrum of L; and its complexes.

2
Y

o 200 600

Wavelenght, nm

Fig. 6. UV—Vis spectrum of L, and its complexes.

TABLE 4. The electronic transitions for L;, L, and their complexes.

800

Compound Ton nomn d—>d
L, 326 384 —
Mn,L,Cl, 372 434 488
Cd,L,Cl, 354 410 _
Sn,L,Cl, 362 424 —
L, 338 390 —
Mn,L,Cl, 376 434 490
Cd,L,Cl, 364 418 —

Sn,L,Cl, 366 420 —
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H
O OO

_ b —
/ ~ cl

\ / 01/ . M,LCl, 01/ 7/

01 Cl
/\ e Ul O
M,LCl,

Fig. 7. Structures for the L, and L, complexes (M = Mn?", Cd*", Sn?").

The obtained data from UV—-VIS spectra are arranged in the Table
4. Therefore, we can assume the structures for the L; and L, com-
plexes as showed in Fig. 7.

3.4. SEM Characterization

Scanning electron microscopy technique was used to analyse the
surface morphology of metal complexes (Fig. 8 represents SEM im-
age of Cd,L,Cl, complex; the particles’ sizes are in nanoscale range).

<
L1 =90.3 nm

SEM MAG; 20.00 kx Det SE VEOAW TESCAN
Scan speed: 7 SM: RESOLUTION 2um £
SEM HV: 30.00 kV Arab European University n

MN-ALKafi & A Obaid

Fig. 8. SEM image of Cd,L,;Cl, complex.
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3.5. Antibacterial Activity Study

The antibacterial efficacy of the prepared compounds was tested
against Escherichia coli, and Staphylococcus aureus bacteria comparing
with gentamicin (as a reference). Two different concentrations (50 and
1000 mg/ml) of the compounds and gentamicin have been selected for
antibacterial assay. In our research, we chose to study E. coli and S. au-
reus bacteria, because of their wide spread in society so they affect in
the daily life of humans, as Escherichia is a common bacterium found in
the intestines of humans and warm-blooded animals. It is often used as
an indicator for faecal contamination in water and soil [17].

Pathogenic strains of E. coli are often transmitted through contam-
inated food or water [18] and can be particularly dangerous for young
children, elderly individuals, and those with weakened immune sys-
tems. This bacterium can cause a range of infections, including intes-
tinal, skin, wound sepsis, septicaemia, neonatal septicaemia, and uri-
nary tract infections [19]. Studies have shown that some non-steroidal
pain relievers, such as diclofenac sodium, can play an inhibitory role in
the growth of some bacteria, whether negative or positive, in addition
to using it as an anti-inflammatory [20, 21].

E. coli is also commonly used in scientific research, as it is easy to
grow and manipulate in the laboratory. It has been used as a model or-
ganism for studying various biological processes, and has contributed
to many important discoveries in microbiology and genetics [22], while
S. aureus is a major bacterial human pathogen that causes a wide varie-
ty of clinical manifestations. Infections are common both in communi-
ty-acquired as well as hospital-acquired settings and treatment remains
challenging to manage due to the emergence of multidrug resistant
strains such as MRSA (methicillin-resistant S. aureus) [23]. S. aureus is
found in the environment and is also found in normal human flora, lo-
cated on the skin and mucous membranes (most often the nasal area) of
most healthy individuals. S. aureus does not normally cause infection
on healthy skin; however, if it is allowed to enter the bloodstream or in-
ternal tissues, these bacteria may cause a variety of potentially serious
infections [24]. Transmission is typically from direct contact. However,
some infections involve other transmission methods [25].

The results are arranged in Table 5 and presented graphically in
the bar graph (Fig. 9).

4. CONCLUSION

In summary, two new Schiff bases ligands and their metal complexes
were successfully prepared and characterized using 'H-NMR, *C-
NMR, UV—-Vis, FT-IR and SEM methods, which indicate the bimetallic
structure in the metal complexes formula, the particle size of the com-
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TABLE 5. Biological test results of the E. coli and S. aureus.

Entr 50, ng/mL 100, pg/mL
Y E. coli | S. aureus E. coli | S. aureus
L, 8 9 10 11
Cd,L,Cl, 12 14 14 16
Mn,L,Cl, 15 17 16 16
Sn,L,Cl, 13 15 14 15
L, 11 13 13 15
Cd,L,Cl, 13 14 16 18
Mn,L,Cl, 16 17 17 17
Sn,L,Cl, 14 16 15 16
gentamicin 22 25 25 26
DMSO 0 0 0 0
30 «Escherchia coli 50 30-Escherchia coli 100
25 .Staphylocoecus aureus 25, Staphylocoeccus aureus
20 20
15- 15
10 10
l ;
0
\,\, 9,» ‘&w A AP byn, \,\‘b Se: §O A¥LS Oé,xé/&p A~ \)m @Q@
< (§° Q
X R
Q@ Q@“

Fig. 9. Biological activity of prepared compounds.

plexes were in nanoscale. In addition, the biological activity against
Escherichia coli and Staphylococcus aureus bacteria was studied; it
was found that the prepared metal complexes have more biologically
activity than Schiff bases ligands, which promises with amazing re-
sults for the prepared compounds in various pharmacological appli-
cations.
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KoMmo3uiiia HaHOYaCTHHOK CpifdJja Ta 30/10Ta AK CKJIAJA0Ba
KOMIIOHEHTA JIikapchbKoro 3aco0y «Koarymokc_N»

I. B. BaroBcwkuii, C. M. [Ilubkosa, JI. C. Pesniuenko, O. A. ITuramosudy,
T.T. I'pysiuma, A. B. Ilausko, B. A. IIpokonesnko
ITnecmumym 6ioxonoionoi ximii imeni D. J]. Osuapenka HAH Ykpainu,

o0yave. Axademirxa Bepradcvkozo, 42,
03142 Kuis, Ykpaina

B pobGoTi mocmimkeHO MOMKJIMBOCTI Ofep:KaHHA KOMIIO3UIiI BOIHO-
CIMPTOBUX €KCTPaKTiB He3pinux IaoAiB ropixa Bojiockkoro (Juglans regia
L.) 3 HaHOYACTUHKAMU cpibjsia Ta 30Js0Ta. HaHOUACTUHKU 3a3HAUYEHUX MeTa-
JIiB CHMHTE30BaHO TifporepMaabHuUM MeTomoMm. Omep:kaHi HAHOYACTHHKHU Ta
IXHI0O KOMIIO3UI[II0 3 POCIMHHUMHU €KCTPAKTaAMU OXapaKTepM30BaHO METOoja-
mu CEM ta UV-Vis. Ilokasamo, 1110 CHHTEe30BaHi HAHOYACTHMHKHU cpibaa Ta
30JI0Ta MalOTh cepuuHy (opmy 3 mismerpom 6au3bko 30 HM i xapaKTepHi
miku BOupaHHsa i3 427 uM i 528 M BigmosigHo. Metomamu [THK-kKoMmer i 3a
xapakTepoM BILIMBY Ha Mg?-AT®aszny axTusHicT, MeMOpaHHOI (Gpakmii
eyKapioTUUYHUX KJITUH IIO0KasaHo 0i00e3IleuHicTh HAaHOUACTHHOK 000X TH-
miB. ITpogeMOHCTPOBAHO MOJKJIMBOCTI HMOE€NHAHHS 30JiB cpibaa Ta 3oJsi0Ta 3
IOCHTiIKeHNMH eKCTpPaKTaMH’ He3piJnX IJIOAiB ropixa BOJIOCBKOIO i3 30epe-
SKEeHHAM MOP(OJOTIiUHUX XapaKTepPUCTUK HaHOUAaCTHUHOK. OmepsKaHi pesyib-
TaTh 3acCBiAUYIOTH HMPUHITMIIOBI MOMKJIMBOCTI BUKOPUCTAHHS BUBUYEHOI KOM-
mo3uIlii y pos3pobroBaHiil perenTtypi Jikapcbkoro 3acody «Koarymore N».

The paper investigates the possibilities to prepare a composition of water—
alcohol extracts of unripe walnut fruits (Juglans regia L.) with the silver
and gold nanoparticles. The metals’ nanoparticles are synthesized by the
hydrothermal method. The synthesized nanoparticles and their composi-
tion with plant extracts are characterized by the SEM and UV-Vis meth-
ods. As shown, the synthesized silver and gold nanoparticles have a spher-
ical shape with a diameter of about 30 nm and characteristic absorption
peaks at 427 nm and 528 nm, respectively. The biosafety of nanoparticles
of both types is shown by Comet assay and by the influence on the Mg?*"-
ATPase activity of the membrane fraction of eukaryotic cells. The possi-
bilities to prepare the composition of the silver and gold sols with the in-
vestigated extracts of unripe walnut fruits, while preserving the morpho-
logical characteristics of nanoparticles, are demonstrated. The obtained
results show the possibilities to use the studied composition in the devel-
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oped formulation of the means ‘Koaguloks N’.

KoarodoBi ciioBa: HaHOUYACTUHKY cpibJia Ta 30JI0TA, BOJHO-CIUPTOBUM €KCTPAKT,
ropix Bosocbkuii (Juglans regia L.), CEM, UV—Vis-cneKkTpockomis, 6iobesmneu-
HiCTb.

Key words: silver and gold nanoparticles, water—alcohol extract, walnut
(Juglans regia L.), SEM, UV-Vis spectroscopy, biosafety.

(Ompumano 2 woemnsa 2024 p.)

1. BCTYII

3a ocTaHHi poKH mpobieMa PO3POOKM HOBUX BUCOKOE(PEKTUBHUX KPO-
BOCIIMHHUX 1 paHO3aroloBaJbHUX JIKapChbKUX KOMIO3UIIill HalbyJa
3HAUHOI aKTyaJIbHOCTH AK B YKpaiHi, Tak i y pAni iHmwux KpaiH, aki
IIOTepIIaloTh Bif iHTeHcuBHUX OoroBux miii. Ciinm sasmaumTu, 110 Tpa-
IUITifiHI Ha ChOTOAHI 3aco0M 3yNMHEHHS BEJIUKUX KPOBOTEU (romMeocTa-
TUYHI T'yOKU, TPpOMOiH, IIpemapaTé Ha OCHOBI MiHepaJbHOI CUPOBUHU
— meoJtiTu Ta iH.) [1, 2] € mieBuMu JauIlie Ha cramii HAZAHHA IePBUH-
HOI IOIIOMOTHM Ta He 3a0e3IeuyloTh IIoJaJibille eeKTHUBHE JIiKyBAHHA.
Tomy 6a30Bi BUMOTH IO 3aC00iB IOAAJIBIIOTO JIKYBAHHS Ta BiIHOBJEH-
HS MAalOTh OXOILIIOBATH OiJIBIII IIMUPOKUU CIeKTep Iii, a caMe, IPOJIOH-
roBaHY 3He3apasKyBaJIbHy aKTUBHICTb y MOETHAHHI 3 peUOBMHAMMU, AKi
cupusaay 6 MBUAKOMY 3aTOEHHIO paH uM OmiKiB. Take KoMILIeKCcHe 3a-
BHAHHA Ilepenbauae OXOIJIEHHS KOMIIOHEHTIB PisHOI IIpUpOAN y pPaM-
Kax OJHOTO IIpemapary, y TOMY UYHCJIL i3 MOMKJINBUM 3aJIyUYeHHIM
OCTaHHIX JOCATHEHb MEIMUYHUX HAHOTEXHOJIOTIH.

Y BigmoBimHOCTI 40 B3a3HAYEHOrO MiAXOAy TYT MH PO3TJIATAEMO
MIJIAXW MOAUMIKYBAHHSA Ta POSIIMUPEHHS PAHO3arolBAaJbHUX Ta aH-
TUMIiKPOOHNX BJIACTUBOCTEM JIiKapChKOI KOMIIO3UIlil, SAKa CTBOPIOBA-
Jacda OJid ImoTpebd XBopux Ha remodimiro, — penentypu «Koarymokc»
[3]. IlepBunHa kKommosuiiia «Koaryiaokc» mependauania KomMOiHyBaH-
HA TepMooOpoO6JIeHOI TVIMHUCTOI MiHEepaJibHOI CHPOBUHU (MeTaKaoJIiH,
Axuil yepes BmiauB Ha XII-paxTop 3ropTaHHA KPOBiI aKTHUByE Mexa-
Hi3M IIPOTPOMOiHAB0YTBOPEHHS Ta CIPHUAE IIEPETBOPEHHIO IIPOTPOMOi-
HY y TpoMOiH), KpeMHe3eMy i eKCTPaKTy He3piJiMX IJIONIB ropixa BoO-
aocbkoro (Juglans regia L., AKU# MiCTUTHh PEYOBUHU, IO CHPUSIIOTH
CTUMYJAIII CcyAuHHO-TpoMOOIIUTAapHOTO TemocTasdy). OmHak TakKa
KOMIIO3UI[isl B IOBHi#l Mipi He 3abesmmeuye IPOTHUAII0 YCKJIATHEHHSIM,
1[0 BUHUKAIOTh AK HacHimok iHdikyBanHa paH. 3 iHmoro 00Ky, Bi-
IOMO, IIT0 HAHOYACTUHKU PALY MeTaJiB (cpibso, 30J10TO Ta iH.) MalOTh
3HAYHY AaHTUMiKpPOOHY aKTUBHICTH IO BiZHOIIIEHHIO SAK OO TIpaM-
MO3UTHUBHUX, TaK i I'paM-HeraTMBHUX ITaTOTeHHUX MiKpoopraHisamiB
[4, 5]. Binbmr Toro, Taki HaHOYACTMHKY MAalOTh IIPOTH3aNaJbHUI i
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pereHepaTUBHUI HOTEHIiAJ IIiJ Yac JiKyBaHHA 1HQEKIINHUX ycCKJa-
IHeHb y Xipyprii [6—8]. Ile cTBopioe 6asmc y KoMOiHyBaHHi Hamouac-
TUHOK METAJIB 3 I[iJIuM PAIOM MeIUUHUX 3ac00iB, 30KpeMa 3TraJaHOIo0
Kommosuiliero «Koaryjokc», 3 MeTO 3HAUHOIO IMIOJIMNIIEeHHS IXHiX
pamo3arooBaJbHUX BJIACTUBOCTEMN.

BigmosigHo, Ba)JIMBUM acCIeKTOM [OCIiIKeHb € BUSABJIEHHS 0CO0-
JUBOCTEN 1 MOMKJIMBOCTEN KOMOIHYBaHHS HAHOYACTMHOK METAJIB 3
PisHUMI KOMIIOHEHTAMM MeIUUYHUX KOMIIO3UI[il, IKi MaioTh 3a0e3sIie-
yyBaTH CTAOiIBbHICTL yCiX CKJIaZOBUX Ta ixHIo Oe3meuHicTh. AmHasriza
JiTepaTypHUX AKepeJs MOKasaJja, M0 3a OCTaHHill yac iHTepec 10 TO-
CJII’KeHHS aHAJOTIYHMX HAHOBMICHUX cHCTeM 3HA49HO 3pic [9-12] i
Ma€ 3HAUYHUU ITOTEHI[IAN IPAKTUYHOIO BUKOPHMCTAHHSA, 30KpPeMa y Me-
InuHin chepi.

Y nmamiii pobGoTi mOCHim:KeHO MOKJIMBOCTI IIOETHAHHS BOIHO-
CIUPTOBUX €KCTPaKTiB HE3PIJIUX IJIOAIB ropixa Bojocbkoro (Juglans
regia L.) 3 HaHOYaCTMHKAMU cpibja Ta 30Ji0Ta 3 METOIO CTBOPEHHS
HOBOiI JikKapcbkoi xkommoaurii «Koarymaokc N», a TaKoiK IIPOBEIEHO
OI[IHKY 0e3IIeUYHOCTH IPAKTUYHOTO BUKOPHCTAHHSA HAHOPOPM 3a3Ha-
YeHUX MeTaJiB.

2. METOOJUKA ERCIIEPUMEHNTY

CuHTe3a HAHOYACTHHOK 30J10Ta Ta cpidaa. Omep:KaHHA HAHOUYACTU-
HOK cpibsa Ta 30Ji0Ta 3iMCHIOBAJY B TiApOTEePMaJbHUX YMOBaxX 3a
remnepatrypu y 121°C ta tucky B 1,04 arm. fIx Buximmi pearentu
oyso Buropuctano AgNO; (>99%, Sigma-Aldrich), HAuCl, 3H,O
(=299.9%, Sigma-Aldrich), raninmoBy Kucaory (papm., Icnanisa), mur-
par Harpiro («x.4.») i K,CO; (99,995%, Sigma-Aldrich). Cunresy
BOJHUX PO3UMHIB HAHOYACTHHOK cpibna 3 C,,=8,0 mr/mia (3a mera-
JIOM) TIPOBOAWJIN MLIAXOM BimHOBIAeHHA 149 MM-po3umHy HiTpaTy
Aprearymy 4 MM-po3umMHOM TaHiHOBOI KHCJOTH y IPUCYTHOCTI 222
MM-posunny xapbouaty Kamito. Hanouactunxku sosora 3 C,, = 154,4
pur/Ma (3a MeTaloM) oAep:KyBanu BimmoBiaeHHaM 29 MM-posuunHy
HAuCl,-3H,0 posumnamu cywmimi 8 mM-mturpaty Harpiro Tta 0,1 mM-
TaHiHOBOI Kucjotu B mnpucyTHocTi 15 MM-posumny K,CO,;. B ob6ox
BHIIALKAaX 4Yac B3aeMoAil ckiaangas 15 xB.

Omep:xaHHSI BOJHO-CIMPTOBHUX EKCTPAKTIB He3piJuMX ILIOAIB ropixa
BoJocbKoro (Juglans regia L.) it onep:KaHHA KOMIIO3UTIB 3 HaHOYaC-
TunkaMu. Hespini mimomm ropixa Bosocwkkoro (Juglans regia L.) mop-
piOHIOBaJM y HOMKOBOMY MJHHIi, momaBasu 40% mac. BOAHI posuMHU
COUPTY €TUJIOBOTO, TePMETUYHO 3aKOPKOBYBasu Ta 36epiranu BIIpPO-
IOBK 21 MHA y TEMHOMY MicCIli 3 MepioAUYHUM CTPYIIYBAHHAM, ITiCJsd
yoro (isbrpyBasu. Byjo BUTOTOBJIEHO ABa TUIIM €KCTPAKTiB, AKi Bix-
MmoBifanm PisHiMl mouaTKOBill wacTii He3piaux maoxiB ropixy: 23,0 i
37,5% wmac., 110 B mogajibinoMy mosHauanu gk E-1 i E-2 Bigmosigwo.
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Amnajizy cymMapHOro BMiCTy eKCTparoBaHMX PEUYOBHMH B eKCTpaKTax
3mificHIOBAIM IIJIAXOM BUCYIIYBAaHHA iX A0 mocTiitHol Macu (Temmepa-
rypa — 105°C, wac — 90 xB.), mo Bigmosizamo sHauenuaMm 1,55%
mac. (spasox E-1)1i 3,04% mac. (3pasor E-2).

[y TopiBHAHHA TAKOXX BUKOPUCTOBYBAJIM KOMEPIiNHUI 3pasok
BOJITHO-CIIMPTOBOTO EKCTPaKTy HEe3PiJIMX IIJIOAIB TopiXa BOJOCBKOTO
BupoOHuITBa «YIl CinbcbKe rocmomapcTBO YKpaiHm». SaJaHUIIIOK CY-
XUX PEUYOBUH JJSA I[HOI'0 €KCTPAKTy s3Haxogmpeda y mexax 0,1-0,2%
Mmac.

Kommosuiiii HaHOUACTMHOK cpibJja Ii 30J0Ta Ta BOAHO-CIHNPTOBUX
eKCTPaKTiB He3piamx maomiB ropixa Bojgocbkoro (Juglans regia L.)
TOTyBaJX IJIAXOM 3MimryBamua ix. Jlo 7,75 MJ eKcTpaKTy mmim dac
mepeMiltyBaHHA HOoJaBaau 1 MJI pPO3YMHY HAHOYACTUHOK cpibia
(Cse=8,0 mr/mi), 1,25 M pPO3UMHY HAHOYACTHHOK 30J0Ta (C,,=
=154,4 uyr/ma) i moBommau po3uuH g0 06’emy y 100 Ma eTuysoBUM
CIIUPTOM 3 YaCTKOI0 cnupty y 35% wmac. OcraTouHuii BMicT HaHOUac-
TUHOK Yy TaKMX cucremax ckjgazaB 0,8 mr/ma pnaa cpi6aa ta 19,3
Ur/MJ IJad 30JI0TAa.

Merogu xapakrtepusanii. BogHi posumHM HaHOYACTWHOK cpibjsa Ta
30JI0Ta, a TaKOXK IXHI KOMITO3UIIil 3 eKCTpaKTaMHU He3PiJIuX TMJIOAiB
ropixa BOJIOCBKOTO HOOCJiM:KyBamu 3 BuKopuctanHAM UV—Vis-
cunekTpockotii (cmekTpomerep Shimadzu UV-1800, fAmnownia) B miama-
30HI moB:xKUMH xBuJab 300—700 M (Kpok ckamyBanua — 0,5 HM). 3o0-
OpaskeHHs CKaHyBaJIbHOI eqeKTpoHHOI MiKpockomii (CEM) oxep:xyBa-
au 3a gomomoro mikpockona TESCAN Mira 3 LMU (Yecbka Pecmy-
osika).

Oinka 6e31MeYHOCTH CHMHTE30BAHUX HAHOYACTHMHOK cPidja Ta 30J10Ta.
HaHnouacTuHKY 000X THIIB OIliHIOBaJIM 3a IIapaMeTPaMu I'eHOTOKCHUY-
HOCTU Ta OioxeMiuHMM MapkepoM — BILIuB Ha Mg?-AT®aszny akTu-
BHiCTh MeMOpaHHOI (paKIlii eyKapioTMUHMX KJiTHMH 3rigHOo 3 Meto-
INYHUMU peKoMeHpariamu «Ominka Oe3mexky JiKapChbKMX HaHOIpe-
mapatiB» [13] i Bumoramu TV ¥ 20.1-05402714-004-2014 CyG6cran-
i MeguKo-0iooriunoro nmpusHauenua «HaHouacTUHKY 30JI0Ta».

OIiHKYy Te€HOTOKCMYHOCTM HAHOUYACTUHOK MeTaJiB in vitro amilic-
mioBasu meromoMm J[IHK-Komer y Jy;KHUX yMOBax i3 3acTOCyBaHHAM
MepeIerIloBaHol KYJAbTYPU KJITHH HUPKU eMOpioHa 3eJeHOl MaBIIU
Cercopithecus aethiops MA104 (MA-104 Clone 1, ATCC® CRL-2378.1).

1 BUABJIEHHS BILIMBY HaHOYacTHHOK cpibma (AgNP) i somora
(AuNP) ma Benmuuny Mg?-ATdaszHOI aKTHUBHOCTH CyMAapHOi MeM-
OpanHOI (QpakKIlii eyKapioTMUHUX KJITHUH AK TECTOBY OyJ0 BUKOPHUCTA-
HO KyJbTypy KJiTuH (iopobsactie muineir 1L.929. Kiaitunu Haporrysa-
JI1 y MOHOIIAPOBINl KYJBTYPi y IJIACTUKOBUX (DJIaKOHAX 3 IJIOIMIEI0 Y
75 cm® y mosxuBHOMY cepemoBuii DMEM/F12 3 nogaBanaam 10% eM-
opionanbHOI cupoBaTku Teaar (ECT) ta anTubioTnKa-aHTUMIKOTHKA 3a
37°C B ymoBax mocriiinoro piBua 5% CO,. KiiTunu sHimManiu 3 mMOXKU-
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BHOT'O CepPemoBUINA PO3UYMHOM BEePCEHY, BiIMWBAJIN CBLKHM IIOKUBHUM
CEepeoBUIIEM, ITiAPAaXOBYBaJIM 3arajbHy KiJbKiCTh KJITMH i BuU3HaAua-
JU BiJICOTOK JKMBUX KJITHH 3a jgomomororo @apoysanus 0,3% -
PO3YMHOM TPUIIAHOBOT'O CUHBLOTO.

Mem6Opauny Qpakiiro Kiaitua 1929 omep:xyBaim HACTYIIHUM UHMHOM:
KJIiTUHN BiAMWBaJIU Bif MOKUBHOTO cepemoBuirna crangaptaum PCB-
oydepom mBokpaTHuUM IeHTpodyryBamuaaMm iz 2000 06/XB. yIPOIOBXK 5
XB.; IIOTIM IIOBTOPHO CYCIEHAyBaJau y Oydepi AJaa eKCTpaxilii ITMTOo30-
as: 250 mM-caxaposa, 70 mM-KCl, 250 mr/mua guritomin, 1 mM-
DOMCD, 5 MM-E[ITA ma ®CB-6ydepi (pH 7,4); iHKyOyBaau BOPOIOBIK
10 xB. 3a 4°C 3a yMOBM HOCTiiiHOTO IepeMimntyBaHHs (BogHouac 80—
90% KJIITHH CTalTh IPOHUKHUME [JIS TPUIAHOBOTO cuHBLOro). Cy-
CIIeH3i10 00pPO0IAIN YIbTPA3BYKOM i3 OXOJOIMKEHHAM YIPOIOBK 1 XB.
(mesimTerparop Y3I[H-1, 22 kI'm, cuna amomuoro crtpymy — 0,4-0,7
A, pesomancHi ymoBu). Omep:kaHUN Oe3iHTerpaT ocamKyBasl IIEHTPO-
dyrysamaam i3 8000 o6/xB. ympomos:k 10 xB. Ocanx (membOpaHHY (pa-
KI[ifo) 3HOBY cycmneHmyBaau y cepemosuiri: 20 mM-Tpuc-HCl, 3 mM-
MgCl, (pH 7,4).

Opmep:xkanuii mpemapaT mMeMOpaHHOI (pakilii xapaKTepusyBaau 3a
BMicToM Ginka mo meroxy Jloypi. Busnauenna Mg® -AT®aznoi akTu-
BHOCTH cyMapHOi meMOpanHOi ¢pakrilii mpoBoguau 3riguo 3 [13]. Be-
JUYUHY aKTUBHOCTHU OI[IHIOBAJUW Y BiTHOCHUX ommHUIAX A,/A,, Ie A,
— mBuakicte AT®asHoi peakiii iHTAKTHHUX IIJa3MaTHUUYHUX MEM-
OpaH, a A, — IIeil 'Ke MOKA3HUK IJA MOAM(PIKOBAHUX HAHOUACTUHKA-
MU Iperaparis.

SIK TO3UTMBHUII KOHTDPOJb, — TOKCHUYHHUII BB Ha Mg®'-
AT®asHy axKTUBHICTb, — BUKOPUCTOBYBAJIU pAaHillle TOCJiIKEeHUHA
Kou’roraT AuNP-anp0yniua B TOKCUUHIN KoHmeHTparii [14].

3. PE3YJIBTATH 1 OBTOBOPEHHS

dDizuko-xeMiuHA XapaKTepHu3allisi CUHTEe30BaHMX HAHOUYACTHHOK CPi-
01a Ta 30soTa. Po3mip i popMy cHHTE30BaHMX HAHOYACTHUHOK CpibJia
Ta 30JI0Ta OI[iHIOBAJM 3a pPe3yJbTaTaMU CKaHYBaJbHOI €JIEKTPOHHOI
Mikpockomii. 3o6paskerus CEM Buasusu (puc. 1), 1o B 000X BUIIa-
Kax (GopMyHOThCA YACTUHKU Y (OPMi KyJhOK 3 HE3HAYHUM CTYIEHEM
medopwmarii. Cepenuiit migsmMeTep HAHOUACTUHOK CpibJia 3HAXOAUTHCA B
Mmexkax Bim 25 mo 35 mm (puc. 1, a) i € mocTraTHRO PiBHOMIpHUM 3a
dpakmiiauM cKJIamoM. BinmoBigHO, MOMKHA alTPOKCUMYBATHU AiAMeETED
TaKUX YaCTWHOK K 6imsbko 30 HmM. HanouactmHKU 30J0Ta (puc. 1,
0) MaoTh momioHuil (paximiiiauii ckaang (6auspko 30 HM), aje B
Oi7IbINI MHUPOKUX MeKax. SIK MoKHa 0auuTH, 3yCTPiUAalOTHCS YACTUH-
Ku Oinpmroro (asxk mo 50 um) i menIioro poamipy (6ixsa 20 um).
Ognep:kani pesyabratu CEM IiJIKOM KOpPeJIIOIOTH 3 pPes3yJbTaTaMu
UV—Vis-crieKTpocKomii po3umHiB HaHOUYACTHUHOK. Tak, y cekTopi Ha-
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Puc. 2. UV-Vis-cneKkTpu AJA PO3YMHIB HAHOUACTUHOK: I — cpibaa (pos3bas-
JIEHO AUCTUIbOBaHOIO Bomoio v 30 pasiB); 2 — 3osora (pos3baBIeHO AUCTH-
JILOBAHOIO BOJIOI0 ¥ 2 pasu); 3 — 3oJsiora (po36aBjeHO AUCTUIHLOBAHOKI BOIOIO
v 4 pasn).?

HOYACTUHOK cpibja YiTKO MPOABJIAETHCA IiK BOMpaHHA 6amsbKo 427
HM (puc. 2, cuexTep 1).

3asHaumMo, IO IOJOKEeHHS HiKa BOMpPaHHS y CHEKTPiB HaHOUAac-
TUHOK cpibja, AKWH 3yMOBJIEHUN XapaKTEePHUM MIOBEPXHEBUM ILJIa3-
mouHUM pesoHaHcoMm (IIIIP), samexuThb Bif 6araTbox YMHHHUKIB (pO3-
Mipy, dopmMu, TOJNIiAUCIEPCHOCTH YAaCTUHOK) i 3a3Bmuail cmoctepira-
erbcsa A minauku yactor 400-410 um [15]. Oguax cmyra IIIIP mo-
JKe iCTOTHO 3MiIaTucsa y 4epBOHUM OiK CIIEKTPY, 1[0 3YMOBJIEHO 3Mi-
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HOIO JieJIEKTPUYHOI'O CEepPemoBUINA Ha il MOBEPXHIi 3aBAAKU IIPOIlecam
copO11ii (pparmeHTiB opraHiumoro BimHOBHUKA. Y poboti [16] mpoxe-
MOHCTPOBAHO, IO AJII YaCTHHOK cpibia 3 cepemuiMm mismerpom y 30
HM abcopOoBaHUII IIap CIPUUNHAE 3MiIlleHHA ITiKa CMyTru BOMpaHHS
Io 3HaueHb y 426—428 HM, AKe I cIocTepiraeTbcsa y HAIIOMY BUIAJ-
Ky (puc. 2, cuextep I1). [lyia po3umHiB HaHOUACTHHOK 3ojyora y UV-—
Vis-cmmeKkTpax crocTepiraeTbcsa cMyra BOMpaHHA OJu3bKO 528 HM, IIO-
JOXKEHHsS KOl He B3aJIe’KUTh Bil CTylmeHsa pos30aBJIeHHSA PO3IUUHY
(puc. 2, cuextpu 2 ta 3). 3rigmo 3 [17], 3a3HaueHe MOJIOMKEHHS CMY-
T KOPEeJIIoE 3 HAHOUYACTHHKAMU 30JI0Ta AigaMeTpoM O0am3bKo 30 HM.

UV-Vis-crieKTpu eKCTpPaKTiB He3PiJmX ILJIOJIB ropixa BOJOCHBKOTO
(Juglans regia L.) HaBemeHO Ha puc. 3, a. B 3B’A3Ky 3i 3HauHUM BOU-
PaHHAM BHXITHHX €KCTPAKTIiB IX IIOmepesHLO PO30ABIAIN PO3UMHOM
35% mMac. cIupTy eTUJIOBOTO y MHPOMIOPIIiAX COUPT:eKCTpPaKT AK 4:1,
AK IJIs KOMEepIifiHOro 3pasKa, Tak i mia spaskiB E-1 Tta E-2. ¥V coek-
TPpi KOMepIifHOTO 3pasdKa eKCTPaKTy y Mipy B3MeHIIeHHA TOBKUHU
xBuai (miamason — 350—-700 HM) cmocTepiraeThbcsa IIOCTYIIOBE HapocC-
TaHHA BOMpPaHHA CBiTJIa 0e3 BUpaskeHUX IikiB (puc. 3, a, cuekrep 1).
B Toit ke uac, naa omepskaumx excrpakTiB E-1 Tta E-2 B obsacTti mo-
BkuH xBuab y 400-550 HmM BimOyBaeThcA piske MmiABUINEHHSA BOU-
pauua Tta ¢opmyBanHA miaato (puc. 3, a, cuektpu 2 ta 3). Taky mo-
BeNiHKY CJIil mOB’sI3yBaTU 3 IPUCYTHICTIO B eKCTpaKTaxX 3HAUHUX Ki-
JILKOCTEH OpraHiuHMX PEUYOBHH, AJSA AKUX € XapaKTePHUM BOMPaHHS
Y BUAMMIN OiJIAHIII CIEKTPY.

Cuextpu UV—-Vis BOuUpanHsa KOMIIO3UI[IM €KCTPaKTiB 3 HAHOUYACTIU-
HKaMu cpibaa Ta sojora (puc. 3, 6) € MOIOHMMU IO CIIEKTPiB EeKCT-
paxtiB (puc. 3, a). Ile 3ymoBiaeHo aBomMa mpuumHamu. Ilo-mepiie, B
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Puc. 3. UV—-Vis-cekTpu (a) eKCTPaKTiB He3piJMX MJIOAIB Tropixa BOJOCHKOTO
(I — KowmepriliHUN ekcTpaKkT; 2 — ekctpakT E-1; 3 — ekcrpakTt E-2) Ta (0)
KOMOO3UIIifl eKCTPaKTiB 3 HaHOYAaCTHMHKaMu cpibsa Ta somora (I — Komep-
mifiEni ekcTpakT; 2 — excrpakT E-1; 3 — excrpaxr E-2).°
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obmacti 400—-550 HM BOWMpAHHA EKCTPAKTIB BiKe € Iy:Ke iCTOTHUM.
Ilo-mpyre, KoHIIEHTpAIlid HAHOYACTUHOK MeETAaJiB y CKJali KOMIIO3M-
i € He3HaUYHOIO, IO YVHEMOJKJUBJIIOE iZeHTH(iKyBaTn ixXHI HiKK Ha
doui BOMpPaHHA €eKCTPaAKTiB.

s mepeBipKu cTabiJibHOCTH HAHOYACTUHOK cpibja Ta sosora y
KOMIIO3UIiAX O0yao Bukopuctano meron CEM. Opep:xkani so0paskeHHsa
CEM (puc. 4) cBiguaTh npo 36epe:keHHA 3arajbHoi MopdoJorii HaHO-
YaCTUHOK MeTaJiB (popMu ¥ posMipy) Ta IPUHIIUIIOBY MOMKJIUBICTD
(popMyBaHHA 3a3HAUYEHUX KOMIIO3UILiiA.

Orinka 0e3MeYHOCTH CHUHTEe30BAHNX HAHOYACTHHOK Cpibdja Ta 30JI0Ta.
PesyabraTin gocuaimkeHHS HAHOUYACTHHOK 30JI0TA TA cPibja 3a IMOKas-
HUKOM I'€eHOTOKCUYHOCTH in vitro HaBemeHO B Ta0JI.

Tak, HAHOYACTUHKU 30JI0Ta Ta CpibJia He BUABJIAJIN I€HOTOKCUYHOI
nii Ha KysabTypu KiaituH JiHii MA 104. [loka3HUKYU T€eHOTOKCUYHOCTU
«Ippg» AOCTIAKyBaHMX HAHOYACTHHOK 30JI0Ta Ta cpibsa € OIM3bKUMU
IO PiBHA HETaTUBHOTO KOHTPOJIIO.

Mg?*-zanesxna AT®-rigponasua (Mg?'-AT®PasHa) aKTUBHICTL MeM-
OpaH eyKapioTMYHUX KJITHH miATpuMye (isiosoriunmii piBeHb 1XHBO-
r0 €eHepreTUYHOT0 MeTaboJIisMy uepes TiApoJIidy OCHOBHOTO eHepreTH-

BEM V20,0 kv 11T WOT0.8T man (i A | no3eomm SEMHY: 2000V, | WD 0.97 mm Lol e rescan
View Beid: 200pm | Det InBears | 800 am | Det indeam Voo Mold: 0467 pm | Dot InBowmn 100 nem
SEM MAG: 4.3 kx - 250 SEM MAG: 208 ks 2 ;

Puc. 4. CEM-3o6paskeHHs I KOMIIOBUIIil €KCTPaKTiB HEe3piux IJIOAIB ropixa
BosockKoro (Juglans regia L.) i HaHOUAaCcTMHOK cpibJyia Ta 30J0Ta 3a PisHUX
36ibIIeHs. *

TABJIUIIA. Ominka reHOTOKCUYHOCTU CUHTE30BAaHUX HAHOUACTUHOK cpibia
5
Ta 30JI0TA.

Innexc « JHK-romeT», Bucuosox
3pasok I .
THE PO NeHOTOKCUUYHICTh
HeratuBHuii KOHTPOJIb 0,415+ 0,001 Herenoroxcuununii
IlosuTuBHUIT KOHTPOJD 2,112+ 0,002 T'enoTokcuunMin
AuNP 0,418 + 0,001 Herenoroxcuunnuii

AgNP 0,421 + 0,001 HerenoTokcuunuii
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yHoro cyocrpary AT®. Ila depMeHTaTHBHA aKTUBHICTL € TOCTATHHO
YYTJAUBOIO 0 TOKCUYHOTO BILJIMBY PEUYOBUH, IO YMOXKJIUBIIIOE PO3T-
agpaty ii aK 6ioxeMiuHME MapKep TOKCHUUYHOCTH UM TO 0iobesmeuHoC-
ta [13].

Pesynsratu ominku BmiuBy AuNP ma Benmumny Mg?'-ATd®aszHoi
aKTuBHOCTH MeMOpamHOI (paxiii xiaitun L9929 maBemeHo ma pwuc. 5.
Arx BumHO 3 misrpamu, (pepMeHTATHBHA aKTHUBHICTh, AKa BimoOpaskae
piBeHb eHepreTuyHOro oOMiHy KiaiTuH L929, BusBUIa BUCOKY UYTJIU-
BiCTBH IO TOKCHUYHOI Jil BUKOPHMCTAHOIO B SAKOCTi IIO3BUTHUBHOT'O KOHT-
ponro kKom’orauty AuNP-anpoymup. Orixe, AuNP y mocaimxenux
KOHIIEHTPAIliIX He BILIMBAJX Ha PiBeHb rigposaisu ATD memOpaHHOI
dpakIii, o0 MosKe CBiAUNTH IIPO IXHIO 01i00e3IMeuHiCTh.

AgNP y BuBUeHHX KOHIEHTpAaIiAXx y cepemHbomy Ha 10% moHWH-
KyBau BeanunHy Mg?'-AT®azHol aKTHBHOCTH, TOGTO MAaIH He3HAU-
Huil TokcrnuHu#l BmiauB. IIpoTe 1eil BIJIMB He € KPUTUYHUM IJA PiB-
Hsa 6i00e3meyHOCTH ITUX HaHOUACTHUHOK (puc. 6).

Opmep:kaHi pe3yabTaTH AW 3MOT'y BCTAaHOBUTH, IO 3a MOKa3HUKA-
MM TeHOTOKCHUYHOCTH Ta OioXeMiuHMM MapKepoM CHHTe30BaHi HaHO-
YacTUHKM cpibja Ta 30JI0Ta y BKasaHUX MiAmasdoHax po3MipiB i dopmi
€ 0i00e3meyHNMU Ta MOMKYTH OYyTH BUKOPUCTAHI AK CKJaJ0Ba KOMIIO-
HeHTa JiKapcbkoro 3acody «Koarymaokc N».

4. BAICHOBRH

TakyuM YMHOM, METOAOM TiIpOTEePMAaJILHOI CHHTE3H OJepPiKaHO HAHO-
YacTUHKH cpibJia Ta 3oJsi0Ta cepuunoi popmMu 3 posmipamMu OJIU3BKO
30 uMm i mokasaHo ixHIO 0ioOesdmeuHicTh in vitro. BCTaHOBIEHO MOXK-
JIUBICTh IMOEJHAHHS BHUBUEHUX HAHOYACTUHOK 3 BOIHO-CINPTOBUMU

AJA, %
120

(Il

HaTaBEmE  rorcuuHui AuNP 154,4 AuNP 77,0 AuNP 30,8 AuNP 154
KOHTDOJIb KOHTPOJE  MKT/MII 32  MKI/MJ 38 MKD/MJ 38 MKT/MJI 38
METAJOM MeTaloM MeTalloM MeTaJjioM
(poeBenenHs 3) (poseegenasn 2} (posBeneHHA 1)

Puc. 5. Onizka BOAuBY HaHoYacTHMHOK 30i0Ta (AuNP) ma Benmummy Mg*'-
AT®aznoi akTuBHOCTH MeMOpaHHOI (pakmii Kritur L.929.5
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AJA, %
120
100 e -

80

60
40
20

Il

HATHBHHHA TOKCHAYHHAN AuNP 8,0 AuNP 4,0 AuNP 1,6 AuNP 0,8
KOHTPONb KOHTPOJIE MI/ M MI/MI I/ M MT/Ma

{(pospefeHHA 3)(po3seneHHA 2)(pospedeEHA 1)

Puc. 6. Oninka BIIMBY HaHO4YacTHHOK cpi6iaa (AgNP) mHa Benmummy Mg?'-
AT®aznoi akTuBHOCTH MeMOpaHHOI dpakmii kritur 1L.929.7

eKCTpaKTaMl He3piJuX IJIoAiB ropixa Bojgocbkoro (Juglans regia L.)
iz sOepe:xkeHHAM ixXHiX MopQoJsorivHmx XapaxTepucTuk. Omep:xami
pesyJbTaTH IIOKAa3ajHu MepPCIeKTHBY BUKOPHUCTAHHS BUBUYEHOI KOMIIO-
3uIlii 1151 PO3POOKM pelenTypu JiKapcbKoro 3acody «Koarymokce N».
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! Fig. 1. SEM image of prepared nanoparticles of (a) silver and (6) gold.

2 Fig. 2. UV-Vis spectra for solutions of nanoparticles: I—silver (dilution with distilled wa-
ter of sample:H,0 = 1:30); 2—gold (dilution with distilled water of sample:H,0 = 1:2); 3—gold
(dilution with distilled water of sample:H,0 = 1:4).

3 Fig. 8. UV—Vis spectra of (a) extracts of unripe walnut fruits (I—commercial extract; 2—
extract E-1; 3—extract E-2) and (6) compositions of extracts with nanoparticles of silver and
gold (I —commercial extract; 2—extract E-1; 3—extract E-2).
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4 Fig. 4. SEM images of compositions of extracts of unripe walnut fruits (Juglans regia L.)
and nanoparticles of silver and gold at different magnifications.

> TABLE. Assessment of genotoxicity of synthesized silver and gold nanoparticles.

5 Fig. 5. Evaluation of the effect of gold nanoparticles (AuNP) on the value of Mg?'-ATPase
activity of the membrane fraction of L929 cells.

” Fig. 6. Evaluation of the effect of gold nanoparticles (AgNP) on the value of Mg?'-ATPase
activity of the membrane fraction of L929 cells.
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Highly-Effective Antifungal and Antibacterial Properties of
ZnO0, ZnS, FeS,, and Sn0, Against Various Fungal and Bacterial
Isolates
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ITM University Gwalior,
474001 Gwalior, India

Nanoparticles have been focussed on greatly to determine their application
in various fields of science. Their versatility, which is a result of their
size, is the key to their ability to be applied in varying areas of industry.
The medical and pharmaceutical fields have seen a rise in resistance to the
current treatment regimes available against some bacterial and fungal in-
fections among human beings and animals. This raises a need to find oth-
er ways to treat the particular microbes, which have become resistant.
This study is focussed on the determination of the ability of nanoparticles
to elicit antifungal and antibacterial activities, hence, providing a plat-
form or an option for their use in this regard. The nanoparticles of ZnO,
ZnS, FeS,, and SnO, are tested for antibacterial and antifungal activities
using the well method. Varying amounts of the nanoparticles are loaded
into the wells and observed for the development of inhibition zones after
24 hours of culture at 37°C. The nanoparticles of FeS, and ZnO are man-
aged to show broad-spectrum activity against the various bacterial and
fungal isolates used in this study as evidenced by the fabrication of clear
zones of inhibition.

Benury yBary mpupinsigacd HaHOYACTHUHKAM, IM00 BUBHAUUTH iXHi 3acTocy-
BAHHA B Pi3HHUX TaJIy3dx HAYKHU. IXHA yHiBepCalbHICTb, AKa € Pe3yIbTaTOM
IXHBOTO PO3Mipy, € KJIIOUEeM 0 iXHbOI 3JaTHOCTU 3aCTOCOBYBATHUCHA B Pi3HUX
rajyssax OPOMUCJIOBOCTU. ¥ MeAWYHIiN i (papMaleBTUUYHINA TaJay3sax CIOCTe-
piraeThcsa 3pocTaHHS PE3UCTEHTHOCTHU A0 HAABHUX PEKUMIB JiKyBaHHS Je-
AKX OaKTepiAnbHUX 1 rpubKoBMX iHGeKIiit cepex mawoxeit i TBapuu. Ile
COpUYUHSAE MOTPeOdy 3HAWTHU iHII crrocoO6u 00pOOJeHHS KOHKPETHUX MiKpo-
0iB, AKi cranu crifikumu. Jlame gociigskeHHs O0yJ0 30cepelsKeHO Ha BU3HA-
YeHHI 3JaTHOCTU HAHOUACTUHOK BUABJATH IMPOTUTPUOKOBY i aHTHOAKTEPis-
JbHY aKTHUBHOCTi, OT:Ke, 3a0e3meuyroun IaaTdopmy abo BapisHT AJA BUKO-
pucTaHHA iX B IboMy BimgHomenHi. Hanouactuukmu ZnO, ZnS, FeS, i SnO,
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mepeBipsaan HAa aHTUOAKTEPisAJAbHY Ta MPOTHUTIPUOKOBY AKTUBHOCTI METOZOM
ayHku. PisHy KinbKicTh HAHOYACTUMHOK 3aBaHTAXKyBaJlU B JIYHKU Ta CIOCTe-
piramu 3a po3BUTKOM 30H iHriOyBamusa mmicas 24 ToguH KyJbTHUBYBAaHHS 3a
37°C. Hanouactuuku FeS, i ZnO moxkasaiu IMUPOKUN CIEKTEP aKTUBHOCTU
IPOTU PisHUX O0aKTEPiANbHUX i IPUOKOBUX i30JIATiB, BUKOPUCTAHUX y I[HO-
MYy OOCJIiIKeHHi, PO IO CBiAUNUTL YTBOPEHHS UiTKUX 30H iHriOyBaHH4d.

Key words: nanoparticles of ZnO, ZnS, FeS, and SnO,, antifungal and an-
tibacterial activities.

Karouori ciosa: mamouactuaxku ZnO, ZnS, FeS, i SnO,, nmporurpubrosa i
aHTHOaKTepisJIbHAa aKTUBHOCTI.

(Received 18 November, 2023)

1. INTRODUCTION

Nanoparticles are understood to be particles that have a size be-
tween 1-100 nanometres [1]. They have been reported for applica-
tion in biomedicine, advanced materials, pharmaceuticals, electron-
ics, magnetics and optoelectronics, cosmetics, energy, and catalytic
and environmental detection and monitoring, communications, sens-
ing and data storage because of their important optical, electrical,
and magnetic properties [1, 2]. Nanoparticles are a revelation in the
medical field as they are said to be able to kill over 650 cells while
antibiotics kill ten percent of what nanoparticles can kill [3].

Major challenge has developed due to resistance by bacteria and
fungi to current treatment regimes, because of broad use and abuse,
hence, the need to develop and acquire new compounds for bacterial
treatments. For example, tuberculosis causing strains have devel-
oped resistance to antibacterial treatment that were effective
against it and the resistant strains are now causing new infections
that are resistant to current treatment regimes [4]. There is a lim-
ited range of antifungal drugs that are used against fungal infec-
tions, with systemic fungal infections being treated using four
mainline classes of molecules, which include fluoropyrimidine ana-
logues, polyenes, azoles, and echinocandins. Morpholines and allyl
amines have poor efficiency and severe adverse effects, when ad-
ministered systemically, hence, are not used like the other counter-
parts [5]. Hence, there is a great need to find new methods for
treating the bacterial and fungal infections.

Nanoparticles have been shown to have antimicrobial, anti-
inflammatory and wound healing properties [6, 7], but information
is still in its infancy as this is a new field. The small size of nano-
particles, a useful property in industry and medicine, has a direct
effect on the reactivity of the nanoparticles, which, as the size gets
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smaller, the reactivity increases and leads to higher toxic effects
[8]. According to Ref. [9], toxicity can be dependent on a variety of
factors, each factor being viable enough to cause toxicity and their
combinations with even greater levels of toxicity. These include
dose, size, surface area, crystal structure and chemistry, concentra-
tion, surface coating and functionalization.

Aggregation of particles has been noted when concentrations of
nanoparticles are very high, which lead to a reduction in the toxic
effect as compared to lower concentrations [10]. Smaller particles
which can get into cells easier have been seen to have higher toxici-
ty as compared to larger particles (or aggregates) as they are easily
stopped from entering the cells (macrophages) hence the low toxic
levels [11, 12]. Toxicity studies have been carried out in many re-
gards, with some studies taking advantage of the toxicity of nano-
particles to determine their abilities as antimicrobial [13] and their
capability to be antifungal agents. Reports have shown that green
synthesised ZnO nanoparticles have effective action against bacteri-
al and fungal pathogens [6], while the toxicity of CuO, ZnO and
TiO, nanoparticles tested against microalgae [14]. Toxicity of metal
oxide nanoparticles to E. coli, Bacillus subtilis and Streptococcus au-
reus were reported in Refs. [156—-17], and ZnO nanoparticles were
shown to have an antibacterial activity [18].

This study was aimed at determining the antibacterial and anti-
fungal activities of ZnO, ZnS, FeS,, and SnO, against a number of
fungal and bacterial isolates. The thrust being on taking advantage
of the toxicity of the nanoparticles to stop fungal and bacterial
growth and, in addition, determining whether an increase in con-
centration or dose has an effect on the activity. This will add more
knowledge to the growing field about the ability of these nanoparti-
cles as antimicrobials.

2. MATERIALS AND METHODS
2.1. Fungal and Bacterial Isolates
The fungal (Aspergillus niger and Aspergillus fumigatus) and bacte-
rial (E. coli, Bacillus cereus and Bacillus subtillis) isolates were ob-
tained from the ITM University microbiology department. These

were stored in a 4°C freezer and were revived by culturing them on
SDA or NA respectively at 37°C for 24 hours.

2.2. Nanoparticles

Nanoparticles were obtained from the ITM University physics de-
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partment, where they were synthesised using the solution gel meth-
od. The nanoparticles had a concentration of 0.5 M in 50 cc of eth-
anol.

2.3. Testing of Antifungal Activity of Nanoparticles

Sabouraud Dextrose Agar media, 100 ml, was prepared and auto-
claved together with 6 Petri dishes at 121°C at 15 lbs of pressure
for 15 minutes. Media was dispensed equally in a laminar airflow
cabinet into the 6 Petri plates and allowed to set. Two (2) wells
were punched at opposite ends on the set media on 4 of the Petri
plates using a sterile borer with a diameter of 6 mm. Four (4) of the
Petri plates were inoculated with Aspergillus niger or Aspergillus
fumigatus using a spreader. One Petri plate was also inoculated
with the fungi and used as a positive control and the negative con-
trol was the one not inoculated with the fungi.

2.4. Testing of Antibacterial Activity of Nanoparticles

Nutrient Agar media, 100 ml, was prepared and autoclaved together
with 6 Petri dishes at 121°C at 15 lbs of pressure for 15 minutes.
Media was dispensed equally in a laminar airflow cabinet into the 6
Petri plates and allowed to set. Two (2) wells were punched at oppo-
site ends on the set media on 4 of the Petri plates using a sterile
borer with a diameter of 6 mm. Bacterial suspension was made by
taking bacteria on an inoculating loop and suspending it in 1.2 ml
of sterilised distilled water. Using a micropipette, 40 uL of the sus-
pension was placed in a Petri plate and spread using a sterilised
glass spreader. Four (4) of the Petri plates were inoculated with E.
coli or Bacillus subtillis or Bacillus Cereus. One Petri plate, that
was not punched wells into, was also inoculated with the fungi and
used as a positive control and the negative control was one not in-
oculated with bacteria.

Nanoparticles of ZnO, FeS, SnO, or ZnS were loaded into one of
the wells aseptically using a micropipette at varying concentrations
of 15 pL, 20 pL, 25 pL and 30 pL and, in each Petri plate, an equal
amount of ethanol was loaded into the other well. The Petri plates
were then cultured at 37°C for 24 hours in an incubator. Cultured
plates were observed after 24 hours and were checked for develop-
ment of a circular zone of inhibition around the well inoculated
with nanoparticles or ethanol. The diameter of the zone of inhibi-
tion, if developed, was measured using a 30 cm metre rule and rec-
orded. The tests were done three times, and the results were then
averaged to get final values.
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3. RESULTS AND DISCUSSION
3.1. Antifungal Tests Results

The nanoparticles used in the experiment produced results against
fungi as depicted in Figs. 1 and 2 using the well method. The re-
sults were based on the production of a zone of inhibition, whose
diameter was measured, to ascertain the activity of the particular
nanoparticle against the fungi.

The results presented in Fig. 1 show that FeS, and ZnO managed
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to produce zones of inhibition against A. niger for all the concentra-
tions of nanoparticles used in the experiment. Whilst, SnO, and ZnS
produced negative results for all the concentrations used against A.
niger. According to Ref. [6], the presence of zone of inhibitions is
an indicator of the fungicidal action of the nanoparticles, with the
mechanism of action highly being that of ROS production. This was
in agreement with results obtained in this study. The diameter of
the zone of inhibition increased for FeS, and ZnO, which had posi-
tive results, as the concentration of the nanoparticles increased.
The production of the zone of inhibition by FeS, and ZnO against
A. niger showed that the nanoparticles have good antifungal activi-
ty, as they managed to prevent the growth of the fungi near the
loaded wells. The FeS,, however, proved to have better antifungal
activity than the ZnO against A. niger as the minimal concentration
(15 pL) had 20 mm diameter of zone of inhibition as compared to
Zn0O, which had 16 mm. While the 30-uL concentration for FeS, had
a 25 mm zone of inhibition and ZnO having 24 mm. The FeS, 15 uL
and 20 pL had the same zone of inhibition diameter (of 20 mm)
showing that the increase in concentration, from 15 pL to 20 pL,
did not lead to an increase in the antifungal activity. This was in
agreement with what Ref. [30] highlighted, that the toxicity of the
nanoparticles can be dose dependant or concentration dependant.
However, it was contrary to what Ref. [68] indicated that higher
concentrations did not have effective toxicity as the high concentra-
tions led to aggregation of the nanoparticles to form large mole-
cules. The inability of SnO, and ZnS to produce zone of inhibitions
can be attributed to the fact that the fungi, A. niger, might have
less sensitivity to the nanoparticles and the toxic effect of the na-
noparticles is not effective against the fungi because of this [6].
This can also explain the difference in the inhibition zones for the
Zn0 and FeS,, which showed to have its toxic effect exerted against
the fungi as the fungi showed susceptibility to the toxicity of the
nanoparticles [19-21].

The results in Fig. 2 show that FeS, nanoparticles were the only
ones which showed antifungal activity against A. fumigatus as it
was the only one that managed to produce zones of inhibition
against the fungi (as shown in Fig. 3). The other three nanoparti-
cles, ZnS, SnO, and ZnO, did not produce any clear zones of inhibi-
tion (had negative results). This could be because the A. fumigatus
fungi species were not susceptible to the toxic effect of the nano-
particles used, while the toxic effects of FeS, were strong enough to
elicit an inhibition to fungal growth.

Figure 2 shows that the FeS, of 15 nL and 20 uL had the same
diameter of zone of inhibition of 14 mm, showing that increase
from 15 pL to 20 pL did not lead to an increase in antifungal activ-
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Fig. 3. Images showing the zone of inhibition exerted by (a) ZnO nanopar-
ticles against Bacillus cereus and (b) FeS, nanoparticles against Aspergillus
fumigatus.

ity. This anomaly is similar to the one that FeS, produced against A.
niger, where an increase in concentration from 15 pL to 20 puL did
not lead to an increase in the antifungal activity. This could explain
that the 15 uL and 20 pL concentrations of FeS, produce the same
results, and the increase from 15 uL to 20 puL is not significant
enough to elicit a difference in the activity against the fungi. How-
ever, the FeS, produced zones of inhibition against A. fumigatus,
which are smaller than those it produced against A. niger. Ref. [17]
explained that the effect of the nanoparticles toxicity on the micro-
organism was not only dependant on the nanoparticles type but also
the bacterial species involved. This was in agreement with results
obtained as the sensitivity of the fungi was different, with the A.
fumigatus being less sensitive to the toxic effect and hence the na-
noparticles exerted different toxic effects to the fungi. The maxi-
mum for FeS, against A. fumigatus was of 20 mm, while the mini-
mum for FeS, against A. niger was of 20 mm showing that FeS, had
smaller zone of inhibition against the A. fumigatus fungi.

This can also be an indicator that the A. fumigatus fungi was
more resistant strain, as compared to A. niger, as it produced small-
er zones of inhibition. This can also be supported by the fact that
Zn0O, which produced clear zones of inhibition against A. niger only,
managed to reduce the growth of the A. fumigatus within the prox-
imity of the well, but did not produce clear zones of inhibition. This
could also signify that maybe an increase in concentration of ZnO
above 30 uL can lead to a production of the zones of inhibition. It is
also important to note that the nanoparticles were dissolved in eth-
anol and one of the wells on the left was loaded with ethanol. The
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results show that the ethanol did not manage to prevent the growth
of the fungi (as there was no production of zones of inhibition) and
hence all the antifungal activity is clearly attributed to the nano-
particles.

Overall, in relation to antifungal activity, we can say FeS, was
the best, followed by ZnO nanoparticles. This was mainly due to its
ability to inhibit the growth of the fungi by producing clear zones
of inhibition. The ability to exert this antifungal activity can be at-
tributed to its mechanism of action, mainly disruption of the cell
membrane and eventual disruption and death of the cell, in con-
junction with the production of radical oxygen species that are also
lethal to cell organelles [6, 22—23]. In addition, the production of
the inhibition zones was also an indicator of the proper diffusion of
the nanoparticles in the agar media. The zones of inhibition were
also maintained by the nanoparticles after 48 hours of culture, in-
dicating their effectiveness in their fungicidal activity.

3.2. Antibacterial Tests Results

The activity of nanoparticles against the bacteria, Bacillus cereus,
is shown in Fig. 4. Results show that all the nanoparticles managed
to produce zones of inhibition against the bacteria. This was an in-
dication of the ability of the nanoparticles to diffuse in the media
to produce inhibition zones and the bactericidal ability of the nano-
particles was shown by the clear zones of inhibition produced [6].
ZnO was shown to be the best against the Bacillus cereus as it
had the largest inhibition zones for all the concentrations used as
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compared to all the other nanoparticles, and this activity is illus-
trated in Fig. 3: SnO, followed after ZnO in terms of effectiveness,
then FeS, and lastly ZnS. ZnO was shown to be the best and this is
supported by the fact that, the 20 uL concentration had a zone of
inhibition (25 mm) greater than the inhibition zones for the 30 uL
concentration for ZnS (17 mm), SnO, (24 mm) and FeS, (23 mm).
Maximum activity was noted for ZnO at 30 uL concentration (26
mm) and the least at that same concentration for all the nanoparti-
cles was ZnS (17 mm). All the nanoparticles managed to show an
increase in the inhibition zone as the concentration of the nanopar-
ticles increased, with ZnO and FeS, not having an increase in the
inhibition zone when concentration was increased from 25 to 30 uL
over the specified time. The increase in inhibition zone was in
agreement with Refs. [6] and [17], which highlighted that inhibi-
tion zones increased with concentration increase and can be ex-
plained by Ref. [30] that toxicity effect is concentration dependent.
Ref. [17] explained that the effect of the nanoparticles toxicity on
the bacteria was not only dependant on the nanoparticles type but
also the bacterial species involved. In this study, the nanoparticles
managed to show the effect of varying the type of the nanoparticles
used as all the nanoparticles had varying effects on the bacterial
growth. The results obtained showed that ZnO, ZnS and FeS, main-
tained clear inhibition zones after 48 hours, whilst SnO, showed an
inhibition zone that was not clear, as the bacteria had started grow-
ing in the inhibition zone. This could be attributed to the fact that
the SnO, nanoparticles concentration decreased as the cells bacterial
cells divided and hence a reduction in the antibacterial effect that
was noted in Refs. [41, 71]. Ref. [17] showed that sensitivity of mi-
croorganism to the test nanoparticles was species specific, results
obtained in this experiment showed that the Bacillus subtillis was
more sensitive to ZnO and less sensitive to the ZnS particles.

The activity of nanoparticles against the bacteria Bacillus subtil-
lis is shown in Fig. 4. Results show that all the nanoparticles man-
aged to produce zones of inhibition against the bacteria. This indi-
cated the ability of the nanoparticles to diffuse in the media to pro-
duce inhibition zones, which were an indication of the bactericidal
effect of the nanoparticles [6]. SnO, was shown to be the best
against the Bacillus subtillis as it had the largest inhibition zones
for all the concentrations used as compared to all the other nano-
particles, except for the 20-uL concentration, where it had a similar
inhibition zone to that of ZnO. This was followed by ZnO, FeS, and
finally ZnS. The SnO, was shown to be the best, and this is support-
ed by the fact that, at all the concentrations, it had inhibition zones
higher than all other test nanoparticles at the same concentrations.
Maximum activity was noted for SnO, at 30 uL concentration (30
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mm) and the least at that same concentration for all the nanoparti-
cles was ZnS (18 mm). All the nanoparticles managed to show an
increase in the inhibition zone as the concentration of the nanopar-
ticles increased. The increase in inhibition zone was in agreement
with Refs. [6] and [17], who showed that inhibition zones increased
with concentration increase and was also supported by Ref. [30],
which explained that toxicity effect was concentration dependant.
Ref. [17] explained that the effect of the nanoparticles toxicity on
the bacteria was not only dependent on the nanoparticles’ type but
also the bacterial species involved. In this study, the nanoparticles
managed to show the effect of varying the type of the nanoparticles
used as all the nanoparticles had varying effects on the bacterial
growth. The results obtained showed that ZnO, ZnS and FeS, main-
tained clear inhibition zones after 48 hours whilst SnO, showed an
inhibition zone that was not clear, as the bacteria had started grow-
ing in the inhibition zone. This could be attributed to the fact that
the SnO, nanoparticles concentration decreased as the cells bacterial
cells divided and hence a reduction in the antibacterial effect that
was noted in Refs. [41, 71]. Ref. [17] showed that sensitivity of mi-
croorganism to the test nanoparticles was species specific, results
obtained in this experiment showed that the Bacillus subtillis was
more sensitive to SnO, followed by ZnO, then FeS,, and less sensi-
tive to the ZnS particles.

Figure 5 illustrates the results for the test nanoparticles against
E. coli. Results obtained indicated that all nanoparticles except SnO,
managed to produce inhibition zones against E. coli. The maximum
inhibition zone was seen for ZnO nanoparticles at 30 uL with a 32
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mm inhibition zone. This was followed by FeS, (25 mm) and finally
ZnS (14 mm) at the same concentration for those that managed to
produce the inhibition zone. Against E. coli, ZnO was seen to be the
best as it managed to produce the largest inhibition zones for all
the concentrations as compared to the other test nanoparticles.
Refs. [6] and [17] showed that inhibition zones increased with con-
centration increase and were supported by Ref. [30], which ex-
plained that toxicity effect was concentration dependent [24—-27].
This was in agreement with results for E. coli in this study as in-
crease in the inhibition zone was noted as the concentration of the
nanoparticles increased for all the test nanoparticles except SnO.,.
However, not all the test nanoparticles produced inhibition zones,
SnO, had no inhibition zone for all the concentrations, showing that
it did not have an effect on the E. coli. This was in agreement with
Ref. [17] who illustrated that each species has a specific susceptibil-
ity to certain nanoparticles in relation to its ability to growth in the
presence of those nanoparticles and, in this case, E. coli was not
sensitive or susceptible to the SnO, nanoparticles. Results obtained
showed that E. coli was more sensitive to ZnO nanoparticles, and all
the test nanoparticles managed to maintain clear inhibition zones
after 48 hours of culture.

3.3. Antifungal and Antibacterial Analysis

In comparing all the bacteria and their response to exposure to the
nanoparticles, a number of key things were noted. The ZnO nano-
particles were the most effective, in terms of eliciting an antibacte-
rial activity, across all the test isolates. This was due to its ability
to produce inhibition zones that were large even though at times
not maximum against the test bacterial isolates. This effectiveness
can be attributed to the mechanism of action of the ZnO nanoparti-
cles, which is effective. The mechanism of nanoparticle toxicity de-
pends on composition, surface modification, intrinsic properties, and
the bacterial species [72]. These results obtained for ZnO were in
agreement with Refs. [6] and [17], which highlighted that the ZnO
nanoparticles mechanism of action was effective in being bactericid-
al, with the mechanism being the disruption of the cell wall and
membranes of the bacteria leading to loss of cellular components
and eventual death of the cell. This was also attributed to the small
size of the nanoparticles that allows them to pass through the mem-
branes easily and access the cellular contents and to their ability to
cause stress on the cell membrane with eventual break down of the
membrane [6].

The next nanoparticles effective against the bacteria were FeS,,
which showed great consistency in inhibiting the growth of the all
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the bacterial test isolates, showing that all the bacterial samples
had sensitivity to the FeS, nanoparticles, with its mechanism of ac-
tion being that of production of the reactive oxygen species [58].
ZnS also had consistent but low inhibition zones for all the test iso-
lates, while SnO, had effectiveness against both the Bacillus species
but non-against E. coli. This was in agreement with what Ref. [17]
explained that the effect of the nanoparticles toxicity on the bacte-
ria was not only dependant on the nanoparticles type but also the
bacterial species involved as the inhibition differed with the bacte-
rial species and nanoparticles involved. In terms of susceptibility,
the Bacillus cereus was the most sensitive to all the test nanoparti-
cles as it had fairly high-inhibition zones as compared to those ob-
tained for all the other isolates. This was followed by Bacillus sub-
tilis and finally E. coli was the less sensitive one on an overall scale.
Results for sensitivity of Bacillus subtillis being more than that of
E. coli obtained in this study was in agreement with Ref. [17],
which also showed that Bacillus subtillis was more sensitive to the
test nanoparticles than E. coli.

The activity of the nanoparticles against the fungi showed that,
in relation to antifungal activity, FeS, was the best, followed by
ZnO nanoparticles. This was mainly due to its ability to inhibit the
growth of the fungi by producing clear zones of inhibition. The
ability to carry out this antifungal activity can be attributed to its
mechanism of action, mainly disruption of the cell membrane and
eventual disruption and death of the cell, in conjunction with the
production of radical oxygen species that are also lethal to cell or-
ganelles [6, 58]. In addition, the production of the inhibition zones
was also an indicator of the proper diffusion of the nanoparticles in
the agar media. The zones of inhibition were also maintained by the
nanoparticles after 48 hours of culture, indicating their effective-
ness in their fungicidal activity.

Comparing the effectiveness of the nanoparticles against the bac-
teria and fungi, results showed that the nanoparticles were more
effective against the bacteria as shown by their ability to inhibit
bacterial growth for the test isolates, while for the fungi, only two
nanoparticles (ZnO and FeS,) were effective against the fungal iso-
lates, with one of those two, FeS,, being the only one that was ef-
fective to all the fungal isolates, as ZnO was only effective against
one fungal isolate. This even supported more the position of Ref.
[17] that effectiveness of the nanoparticles was based on the nano-
particles and the microorganism species involved.

4. CONCLUSIONS

The nanoparticles managed to show antifungal and antibacterial ac-
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tivities as they managed to produce inhibition zones against the test
bacterial and fungal isolates. The results also showed that an in-
crease in the concentration led to an increase in the inhibition zone
produced by the nanoparticles against the test isolates. However,
some nanoparticles did not manage to elicit an effect on the bacteria
(Sn0O,) and on the fungi (SnO, and ZnS), showing that the test iso-
lates were not sensitive to the nanoparticles. The FeS, and ZnO na-
noparticles were the ones that managed to show broad activity
across the fungal and bacterial samples, as they managed to produce
inhibition zones.
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The article discusses the use of nanotechnology in the production of tex-
tile materials. Considering the fact that a person today is affected by
many external factors, which can cause a negative impact on his body, the
creation of tissue packages with multifunctional properties is appropriate.
The work presents the results of research into the properties of textile
materials using nanofibres; the impact of created materials on the human
body is investigated; methods of packaging clothing details are studied;
methods and means of creating packages of textile materials using nano-
modified materials are investigated. Particular attention is paid to the
issue of methods of connecting packages of textile materials using nano-
modified components, in particular, attention is focused on the option of
creating a package of materials with the addition of nanomodified compo-
nents, which consists of two non-woven materials different in their raw
material composition (70% hemp fibres and 30% polyester including 15%
low-melting polyethylene) and non-woven material obtained by the adhe-
sive method with antimicrobial properties, which are connected by an ad-
hesive thread. The creation of such a package solves the problem of
providing the necessary elastic properties, and an additional layer of na-
nomaterial based on nanomodified fibres ensures the antibacterial proper-
ties of the package. The work proposes to use textile materials with cer-
tain properties in those parts of clothing, where it is necessary.

Y craTTi pO3rAAHYTO MUTAHHSA BUKOPUCTAHHS HAHOTEXHOJOTIH Yy BUPOOHUII-
TBi TEeKCTUJIBLHUX MaTepidaiB. BpaxoByrouu Te, 110 HaA JIOAUHY ChHOTOMHI Hie
faraTo 30BHIIIHIX YMHHUKIB, AKi MOMKYTh COIPUUYMHUTHU HETATUBHUN BILJIUB
Ha ii opraHiam, CTBOPEeHHS HaKeTiB TKAHWH 3 NOJi(DYHKIIOHAJIBHUMHU BJIAC-
TUBOCTSIMU € HOpeduHuM. B pobOoTi mpeacTaB/ieHO pe3yabTATH MOCJiIKEeHb
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BJIACTUBOCTEN TEKCTUJIbHUX MAaTepifAsiB 3 BUKOPUCTAHHAM HAHOBOJIOKOH,
BMBUYEHO BIJINB CTBOPEHMX MAaTepiAJiB Ha OpraHisM JIOAWHU, BUBUEHO Me-
TOAY TAaKeTYBaHHA JeTalliB OgATY, MOCIiI:KEeHO MeTONU Ta 3aco0u CTBODEH-
HS TaKeTiB TeKCTUJIBHUX MATePisajiB 3 BUKOPUCTAHHAM HaHOMOAU(piKoBa-
HuX Marepiani. OKpemMy yBary IpHUAiJIeHO IHUTAHHIO METONIB 3’ €IHaHHS
MaKeTiB TEeKCTHUJIbHUX MATEPifAJiB 3 BUKOPHUCTAHHAM HaHOMOAU(iKOBaHUX
KOMIIOHEHTIB, 30KpeMa 30CepeasKeHO yBary Ha BapisHTiI CTBOpPeHHS IIaKeTy
MaTepiAaiB 3 JomaBaHHAM HaHOMOAM(pDIKOBAaHMX KOMIIOHEHTIB, AKUHU CKJa-
IaeTbcA 3 NBOX HETKAHUWX MAaTepiAJiB, pPi3HUX 3a CBOIM CUPOBUHHUM CKJIa-
noM (70% xomomnsaHMX BOJOKOH i 30% mnosiedipy, B T.4. 15% HM3BKOTOI-
KOro II0JieTujeHy) Ta HEeTKaHOTO0 MAaTepify, OJep:KaHoro KJIEHOBUM MeETO-
IOM, 3 aHTUMiIKPOOHUMU BJIACTUBOCTSIMHU, AKi 3’€qHaHI KJIEHOBOIO HUTKOIO.
CTBOpeHHS TaKoro IIaKeTy BUPIiIllye mpobJyieMy 3abesmneueHHA HEOOXigHUX
IPY:KHiX BJIACTHUBOCTEN, a HOAATKOBUIU MPOIIIapPOK HaHOMATEPifAJay Ha OCHOBI
HamoMoAu(piKOBaHUX BOJIOKOH 3abesleuye aHTUOAKTEPiAJbHI BJIACTHUBOCTL
maxketry. B po0OTi MPOMOHYETHCA 3aCTOCOBYBATH TEKCTUJILHI MaTepidanau 3
BU3HAYEHUMHU BJIACTUBOCTAMU B THUX YACTUHAX OAATY, A€ Ile HeoOXimHo.

Key words: nanomaterials, dimensional stability, fibres, polyethylene.
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1. INTRODUCTION

The new millennium has witnessed significant research and devel-
opment worldwide in the field of nanotextile development. In recent
years, a number of innovative approaches have been implemented,
which tend to apply the functional properties and adaptation of fab-
rics to specific requirements. The main and most promising direc-
tion of expanding the assortment and improving the properties of
textile materials of various compositions is not the development of
new types of chemicals for the production of textile fibres, but the
modification of already existing fibres and finished textile materi-
als in order to give them new properties.

The results of the research of nanomaterials have created a great
potential for the production, and the synthesis of high-tech materi-
als of a new generation with improved properties, or with complete-
ly new, previously unknown, valuable properties. When developing
this method, the main problem is to identify the regularity of the
combination of different molecular structures to create nanomateri-
als with predetermined properties.

The study of these issues makes it possible to expand the infor-
mation space, scientific and industrial cooperation with other coun-
tries, and expand the sales market for products of the national
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manufacturer, including scientific ones. The possibility of Ukraine's
participation in these processes as an equal partner exists only un-
der the condition of carrying out developments or producing com-
petitive products. Today, without the latest achievements, it is im-
possible to solve the task of providing textile materials in various
spheres of the economy: automobile construction, road construction,
the agricultural sector, the development of health care items, per-
sonal protection, etc. Based on this, it is possible to establish the
fact that the problem of finding ways to create high-quality nano-
modified materials for various fields of application is a priority di-
rection for the development of the global textile industry and
should become such for Ukraine.

2. EXPERIMENTAL DETAILS

The term ‘nanotechnology’ was first used and put into circulation
in 1974 by the Japanese scientist Professor Norio Taniguchi of the
University of Tokyo, but only in 1980 the measuring and working
equipment necessary to work with nanoscale objects appear ap-
peared [1]. Later, more and more companies began to invest in the
development of nanotechnology. Today, many countries of the world
are conducting intensive fundamental research on the creation of
new nanomaterials with special properties [2—4].

Thus, it can be stated that the development of nanotechnology is
taking over the world on a large scale, while not separating the use
of nanoparticles in certain branches of production, which makes it
possible to optimize the process of manufacturing various textile
materials, and as a result, clothes, which can be used for various
purposes, starting from clothes for everyday use and ending with
workwear.

At the moment, the use of materials with multifunctional proper-
ties is gaining more and more importance, because with the devel-
opment of science, technology and human needs, the properties that
materials should have are constantly changing. Therefore, the use
of fabrics with nanoparticles, and, as a result, textile materials
with multifunctional properties, is of great importance to human-
kind and is actively being implemented in production.

The analysis of global trends in the development of textiles indi-
cates a fundamental change in the concept of ‘multifunctional tex-
tiles’. The main task that is solved when creating nanotextiles is to
ensure the necessary set of properties depending on the type of
product. In this regard, in the last five to seven years, a new ap-
proach has been formed in the development of textile materials for
a new purpose—the creation of multifunctional materials. When
designing multifunctional nanotextiles, one has to solve the prob-
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lem of combining several necessary properties, sometimes opposite
ones, in one material. The possibility of solving this problem de-
pends on a rational combination of the properties of the raw mate-
rials, the structure of textile materials and the technology of their
production. One of the ways to solve such compromise problems can
be the creation of multilayer textile composite products by connect-
ing (layering) individual textile products with different properties
into one structure. This method makes it possible to use the ad-
vantages of each of the components and provides a fundamental op-
portunity to vary the properties of materials within the fairly wide
limits. Polyfunctional textile composite materials can find qualified
applications in various industries.

A promising direction is the study and improvement of technolo-
gies for obtaining non-woven materials, fabrics and products made
of fibres, threads or other types of materials (textile and their com-
binations with non-textile, for example, films) without the use of
spinning and weaving [6, 7]. In comparison with the traditional
methods of production in the textile industry, namely, weaving and
spinning, the production of non-woven materials is distinguished by
the simplicity of the technology (including the reduction of the
number of technological stages), the increase in the productivity of
the equipment and, therefore, lower capital and labour costs, the
variety of the range of cloths, the possibilities rational use of vari-
ous raw materials, lower cost of production, implementation of
maximum automation of production, i.e., creation of flow lines and
automatic factories, and non-woven materials themselves have high
operational properties. Therefore, non-woven materials have become
one of the main types of modern textile products, although their
large-scale industrial production appeared only in the 1940s of the
20th century. At the moment, the production of non-woven materi-
als is quite important, because their properties allow them to be
used quite widely in various areas, for example, household, medi-
cine, construction [8].

Packaging of clothing parts is carried out in various ways:
thread, glue, welded [9]. The use of one or another connection in
each specific case depends on the requirements for it, the type of
connection of materials, the thickness of the package, as well as on
the power and capabilities of the equipment used. Thus, work [10]
shows the effective use of polymer sheets in the interlayer between
fabrics, which become thinner as humidity increases, thereby reduc-
ing the gap between fabrics and reducing thermal insulation. Such
moisture-sensitive polymers can be effectively used for the manu-
facture of clothing, which will provide comfortable conditions for
being in it. Regarding the production and use of non-woven materi-
als in the manufacture of clothes, the important point of using this
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or that connection in each specific case depends on the requirements
for it, the type of connection of materials, the thickness of the
package, as well as on the power and capabilities the equipment
used.

The connection of layers of materials with the help of an adhesive
thread that has antimicrobial properties can be considered as one of
their alternative methods of packaging materials. Adhesive thread
is a monofilament or polyfilament fibre made of a thermoplastic
polymer. Adhesive thread is used to connect inconspicuously parts
of clothing or a package. The second direction of using such a
thread is the creation of non-woven materials from synthetic and
natural fibres and their use in the creation of bags. The quality of
the created package depends on the characteristics of the main ma-
terial, the spacer material and the duplicating modes. Taking into
account the above, there was a need to determine the technical and
technological capabilities of nanomodified materials, including
nonwovens, and packages based on them.

The HB-1 installation was used to produce non-woven materials
from thermoplastic polymers. This equipment can produce tubular
frameless filter elements, roll materials from heat-bonded fibres,
etc., as well as non-woven materials, the structure of which in our
case includes components in combination with nanomodified poly-
ethylene fibres and polyethylene fibres of the 2212 brand (15%),
which provide gluing of non-woven fabrics. Non-woven material is
made by physicochemical method of binding fibrous base. Fibres
(threads) in the fabric are fastened into a single system due to ad-
hesive interaction at the interface between the binder and fibre
(thread). Elastomers, thermoplastic and thermoset polymers in the
form of dispersions, solutions, aerosols, powders, fusible and bi-
component fibres are usually used as binders. Sometimes binders
are not used; in this case, the basis of non-woven materials is sub-
jected to a special treatment (heat, chemical reagents, gases), which
leads to a decrease in the flow of the polymer from which the fibres
(threads) of the fibrous basis are made, or to the appearance of
‘stickiness’ on their surface as a result of swelling, plasticization,
which contributes to the bonding of fibres in the places of their
contact.

In the presented work, the starting materials for determining the
rational parameters of duplication when creating packages with na-
nomodified elements are adhesive threads, the composition of which
is polyethylene 2212 + 1% Sevilen + 0.5% antimicrobial additive and
polyethylene 2212, a non-woven material obtained by the adhesive
method with the addition of silver nanoparticles, namely, non-
woven material, in which 70% are natural fibres (hemp), 30% are
synthetic (polypropylene, polyester, including 15% low-melting
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components (polyethylene, polyester)), and top material (suit fabric
68632).

During planar duplication, it is necessary to ensure uniform
pressure, material heating temperature and constant temperature
control directly in the package-gluing zone. These requirements are
met by the semi-automatic VTO-1 installation modernized taking
into account modern technical capabilities. The unit includes upper
and lower pads with an adjustable heating temperature of 100-
2000°C. If necessary, the design of the pads allows you to simulate
wet heat treatment processes using steam and vacuum suction.

3. RESULTS AND DISCUSSION

Previous studies [11] demonstrated the possibility of using polyeth-
ylene threads of the 2012 series nanomodified with silver particles.
Research results show that the use of nanomaterials, in particular
silver-based, is an effective alternative to traditional methods of
combating microorganisms and microbes. This is explained by the
multiple resistances of the latter to drugs (for example, antibiotics).
Instead, nanomaterials with silver particles make it possible to
achieve impressive antimicrobial efficiency thanks to their in-
creased surface area, shape and size [12, 13]. In the presented work,
the duplication of costume fabric 68632 with a non-woven nanomod-
ified material using the above-mentioned polyethylene threads was
investigated and carried out on the VTO-1 installation with the pa-
rameters indicated in Table 1. As elements of the package, the cos-
tume fabric 68632 (wool—40%, viscose—40%, polyethylene—

TABLE 1. Comparative assessment of the quality of duplicating costume
fabric 68632 with non-woven nanomodified material (NM) using polyeth-
ylene threads of the 2212 series.

Temperature of the

No. of upper and lower pads

Duplication Pressure, |Duplication quality

package of the press, T, °C time, ¢, s Pa assessment

The adhesive thread

140 melted a little, but

1 100 20 83.75 the gluing process
did not take place

NM stuck to the

150 fabric without in-

2 100 20 33.75 fraction the struc-

ture of the top
3 160 20 33.75 Partial melting of

100 NM occurs




RESEARCH INTO NANOMODIFIED TEXTILE MATERIALS 235

20% ), non-woven material modified with silver nanoparticles, poly-
ethylene thread (article: 2012) are involved.

The given data indicate the expediency of using the second ver-
sion of the duplication parameters, but it was found that, in other
versions, there is a waviness of the fabric of the top (Fig. 1).

Further studies of duplication processes are associated with
change in some parameters, namely, time and temperature. The re-
sults are shown in Table 2.

The given data indicate the need to adjust the duplication time.
At the same time, the best duplicating results are provided when
using polyethylene threads, which are thermally stabilized at
T =110°C. Such threads provide sufficient strength of the adhesive
connection.

Thus, the following duplicating parameters can be considered ra-
tional: T,,=150°C, t=15 s.

One of the options for packaging materials with the addition of

Fig. 1. General appearance of the fabric of the top after duplicating it with
non-woven material.

TABLE 2. Comparative assessment of the quality of duplicating costume
fabric 68632 with non-woven nanomodified material using polyethylene
threads.

Temperature of

No. of | thermostabilization Duplication time, #, s Duplication quality

package of polyethylene assessment
threads, T, °C
1 without 20 waviness
1" thermostabilization 15 satisfies
2 110 20 satisfies
2" 110 15 satisfies
3 120 20 waviness
3" 120 15 smaller waviness
4 130 20 waviness
4" 130 15 smaller waviness
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Fig. 2. Package containing nanomodified components: a) appearance; b)
section, where I-—non-woven material (100% polypropylene); 2—non-
woven material based on hemp fibres (70% hemp fibres, 30% low-melting
substances); 3—polyethylene threads.

TABLE 3. Determination of the growth retardation zone of Saures ATCC
259283 and C. aibicaus HT 885-653 of nanomodified non-woven materials
based on polypropylene (PP) AT7.

No. PP without bacteri- | Saures, growth C. aibicaus,
example| cidal components |retardation zone | growth retardation zone

PP without a bacteri-
1 . 0 0
cidal component

PP modified with

2 0.5% Ag 34 0-1
PP modified with
3 0.5% Cu 45 1-3
PP is impregnated
4 with a nanocompo- 12-17 5-8
nent of Ag
5 After washing 4-6 4-6

nanomodified components is a package consisting of two non-woven
materials that differ in their raw material composition. Figure 2
shows a package consisting of non-woven material (70% hemp fi-
bres and 30% polyester, including 15% low-melting polyethylene)
and non-woven material obtained by the adhesive method with an-
timicrobial properties (Table 3), connected by an adhesive thread of
the 2012 series. The creation of such package solves the problem of
providing the necessary elastic properties, and an additional layer
of nanomaterial based on nanomodified fibres ensures the antibacte-
rial properties of the package.

As can be seen from the above data, even a small introduction of
Ag and Cu nanoparticles (0.0002-0.0004% by mass) into the PP
structure has an antimicrobial and biostatic effect [8].

It is advisable to use such package in those areas of clothing
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Fig. 3. Areas of use of the package in clothing: I—locations of the de-
signed package to ensure dimensional stability; 2—locations of the devel-
oped package to ensure human protection against the pathogenic effects of
microflora (viruses, fungi, microbes).

Fig. 4. An example of using a pad made of nanomodified materials (section
of a package): I—non-woven material (100% polypropylene); 2—non-
woven material based on hemp fibres (70% hemp fibres, 30% low-melting
substances); 3—polyethylene threads; 4—adhesive material.

where it is necessary to ensure dimensional stability (Fig. 3, posi-
tion 1) and to protect a person from the pathogenic influence of mi-
croflora (viruses, fungi, microbes) (Fig. 3, position 2).

As a substrate in such a package, it is advisable to use an adhe-
sive material that is in contact with a non-woven material based on
hemp fibres (Figs. 3 and 4). This technology will make it possible to
use this package as an additional part of clothing, for example, an
insulating lining for hats or outerwear. According to the raw mate-
rial composition, the first layer of the bag is made of non-woven
material (polypropylene), which allows moisture to pass inside the
bag, where the second layer is placed, namely, a non-woven canvas
based on hemp fibres, which has good sorption and antimicrobial
properties, which will allow the bag to perform a barrier function.

According to Refs. [14, 15], hemp fibres neutralize the microbial
environment, and the barrier function is manifested in a positive
effect on the functional state of organs and organ systems, in addi-
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Fig. 5. Package with the content of nanomodified components in cross-
section: I—non-woven material (100% polypropylene); 2—non-woven ma-
terial based on hemp fibres (70% hemp fibres, 15% polyethylene, 15%
low-melting substances); 3—adhesive material, which can serve as a sub-
strate.

tion, hemp cotinine fibres exceed cotton fibres by 95% in breaking
load.

The studies given in the Table 2 make it possible to create such
packages without using adhesive thread (Fig. 5).

The melting point of non-woven polypropylene material is 150—
154°C, which makes it possible to make an adhesive connection with
another non-woven fabric by melting a certain part of the non-
woven polypropylene material itself.

4. CONCLUSION

The presented studies of materials with multifunctional properties
allow solving a number of issues in the creation of light industry
products for various purposes, namely: inhibition of the vital activ-
ity of microflora (antimicrobial activity is two times higher than
the antimicrobial properties of cotton fabrics); implementation of
thermoregulation; ensuring a high rate of dimensional stability.
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3aIlIpomoHOBAHO HOBi eKOJIOTiuHi 3ac00M HA OCHOBiI BHCOKOIIOPHCTHUX HOCIiB 3
BUCOKOJUCIIEDCHUMM YaCTUHKAMU BOTHeracMJbHUX coJjeil (amoHiiidocdary,
IiamoHitidochary Ta kKagili HiTpaTy) A4 raciHHA IOMKEXK Ha IOBEPXHI BO-
IOWMHU Ta HOoNepeIKeHHA MOIMUPEHHA iX Ha TopdosuIinax. locaimxeHo po-
3II0JiJI YaCTMHOK BOTHEraCHJbHUX coJeil 3a iMmmobimisarfii ix Ha BHyTpimI-
Hili MOBepXHi BMCOKOMOPHUCTHUX HOCIIB (CIIyueHOTro BepMiKyJIiTy Ta THUpcHU
IepeBUHM). 3a OIiHKOIO CTYIIeHSA MOHMKEHHS MOPHCTOCTU 3a iMMoOimisarii
BUABJIEHO, 10 3 HOCiiB HaMWOGiJBII IPUAATHUMU AJA BUTOTOBJIEHHSA BOTHETa-
CHUJIBHUX 3acobiB Takoro tumy € crnydeHuii Bepmikyiait mapku FINE ZU i
THpPCA JepeBUHU; 3 BOTHEraCUJbHUX coJieli — pmiamoHifidocdar i ramiit HiT-
par. 3a IDOIOMOTOI0 PEHTI'€HOCTPYKTYPHOI aHANi3M Ta CKAHYBaJbHOI €JeKT-
POHHOI MiKPOCKOIIil ITOKasaHo, IO 3pasKM BEPMIKYJIITYy Ta JepPeBUHM IIiCJIA
00pobyeHHa iMMoOiiidaTopaMu MicTATHL B cobi arsiomMepoBaHi YaCTHHKHU CO-
Jel, AKi B I[iToMy PiBHOMiIpHO IIOKPUBAIOTh MOBEPXHIO HOCidA.

New ecological means based on highly-porous media with highly-dispersed
particles of fire-extinguishing salts (ammonium phosphate, diammonium
phosphate, and potassium nitrate) are proposed for extinguishing fires on
the surface of the reservoir and preventing their spread on peatlands. The
distribution of fire-extinguishing salt particles during their immobiliza-
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tion on the inner surface of highly-porous media (swollen vermiculite and
wood sawdust) is studied. According to the assessment of the degree of
reduction of porosity during immobilization, it is found that the most
suitable media for the fabrication of fire-extinguishing agents of this type
are the expanded vermiculite brand FINE ZU and wood sawdust, and of
fire-extinguishing salts, these are diammonium phosphate and potassium
nitrate. With the use of x-ray structural analysis and scanning electron
microscopy, it is shown that the vermiculite and wood samples after
treatment with immobilizers contain agglomerated salt particles, which,
in general, evenly cover the surface of the carrier.

Karouori croBa: exosioriuni 3acodu raciHHs Ta IIONePeIKeHHs IO0MKeXK, BU-
COKOIIOPMCTi HOCiI, BUCOKOAMCIIEPCHI YaCTUHKW, BOTHEracuUJbHi coji, iHTi-
OyBaHHA, iMMoGimizarisa.

Key words: ecological means of extinguishing and preventing fires, high-
ly-porous media, highly-dispersed particles, fire-extinguishing salts, inhi-
bition, immobilization.

(Ompumano 31 mpasus 2024 p.)

1. BCTYII

ITo:xe:xi roproumx piAwH HA IMOBEpPXHi BomoiiMuiy (MOpiB, OKeaHiB) i
mosKeski Ha Topd’sHMKAX MAalOTh cHiJbHI prcu. Kosm BOHM BHUHUKA-
I0Th, TO IIPOJOBKYIOTHCA THKHAMM, a TO U MicAIAMU, i IPU3BOASATH
IO 3HAUHUX MAaTepPiAJbHMX 30MTKIB i 0 MOMITHOTO HOTipIIeHHS eKOo-
goriunoi curyarii. I'opirHa HapTu # i DOXiZHUX HPOAYKYE BEIUKY
KiJIBbKiCcTh MPOAYKTIB IMOBHOTO i1 HEIIOBHOTO 3TOPAHHS Ta Ma3yTOIIOi-
oHux sanumkiB. Cepen mponykTiB 3ropamusa [1]:

— BeJIMKa KiJbKiCTh BYTJIEKHCJIOTO rasdy, KU CIPUAE TI00AILHOMY
TIOTEeNJIiHHIO;

— OTPYWHUI AJIA JIOAei i TBapUH YamHUU ras;

— UM, AKWN Mae KaHIepOTeHHI BJIACTHUBOCTI Ta MOHUMKYE ITPO30-
picTts aTmochepu.

SaJuITKY HEOBHOT'O 3TOPaHHA Ha(TU ABJIAITH CO00I0 CyMiIl Ma-
3yTy 8 6irymom. Ii ryctmra 61mM3BbKa [0 TyCTMHEM Mopchbkoi Bogu. To-
My IId CyMilll IJiaBa€e HeJaJIeKO BiJl MOBEpXHi Ta IepeMimnlyeThcA Ha
BenuKi Bimmasi. ¥ Boai BoHa 30epiraeThcs TpPHMBAJMHM Uac, IO CTBO-
proe HebesIeKy s MJIAaHKTOHY Ta MOPCcbKuUX TBapuH [1]. A BuHUKA-
I0Th HOJKeXki 3 ropimmam piguu gyske uacto [1-3]! IToxe:xki mHa Top-
doBHUIIIaX TEX MTPOMOBKYIOTHCSA MICAIAMM ¥ OXOILTIOIOTH BEJIUKi
mirotti [4, 5]. BogHouac BOHM CTAOThH AKEPESIOM IOMIMPEHHSI YaIHOTO
rasy, MeTaHy, PaJOHY Ta KaHIIEPOTeHHOTO AUMY, i B AyKe BEJIUKUX
KiJIbKOCTAX YTBOPIOETHCSA BYTJIEKHUCJIUHN Ta3, AKWUA BHOCUTHL Baromy
yacTKy y 3Miny Kiaimary miaaHetu [4]. [acimaa 060X 3 MuUX MOKEX —
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Oy:Ke CKJamHa 3amadva. I'OpiHHA piAMH Ha IIOBEPXHI BOJAOMMHU IIepe-
Ba’KHO B3aKiHUYETbCA JIMINIE TicJd BUTOPAHHA BCiel roprouyoi pedyoBU-
Hu. BomHopas mMpaKTWYHO BeCch BAHTaK BTPAYAETHCA, & B HABKOJIHUIII-
HE cepeloBHUIle BUKUIAECTHCA BeJIMKA KIIbKIiCTh HIKIIJINBUX PEUYOBUH
[1-8]. TopiHHA TYyT HEMOMKJIMBO HPUINHUTU BOAOIO, OCKiJIBLKH HadTa
1 IPOAYKTU IEePepoOKM ii JIeriri 3a BOAYy Ta 3aBiKAU BUILIUBATUMYTD
Ha ii moBepxHI0. 'acinua iHepTHUMU raszaMu abo XJaJOHAMU BHMAarae
CTBOPEHHS IIeBHOI KOHIIEHTpAIlil IIoramryBaJIbHOTO areHTa, AKOlI Ha
BIiIKPUTOMY HIPOCTOPi MOOCATTH HEeMOKJIUBO. He maioThL O6asKkamoro
epeKkTy I 3BHUUANHI HOPOIIKOBI 3acobu racimus mosxkesk. Ilopolnkm
MaOTh IUTOMY T'YCTHHY, O0inbmry 3a 3 r/cm®. Ile sHAUHO BHIIE IIHTO-
MOl I'yCTUHM BOAM Ta BYIJIEBOAHEBHX pigmH. B pesyiabTaTi mMOpOIIIOK
3a JIeKiJIbKa CEeKYH] MicJisd HaHEeCeHHsS 3aHyPIOEThCA IiJ] ITOBEPXHIO Ta
3aJiuiae 30HY ropiHHaA 0e3 saxucty. Ha mpaxkTuili ropinEa Ha@TOII-
POAYKTIB Ha IIOBEPXHI BOAOMMU 3 pIiBHHMM yCIIiXOM HaMararTbCd
OIPUNNHUTH IOBiTPAHO-MeXaHIiUHMMHN IiHAMMU, III0 Ma€ Macy HeIOoJIi-
KiB, B IepIIly 4epry, 3 TOUKU 30Py €KOJIOorii.

He mewnmr ckJjagHO Ta AOPOTO TACUTU MHOMKe:Ki Ha TopdoBuIimax. A
Il IOoKeXKi caraoTh HaBiTh OiAbIIMX MaciuTabiB, aHIXK IOMKeXKi Ha
mopi. Haibinbiry Topd’auy moske:xky OyJo 3adikcoBano B 1997 pori
B Iugonesii. B armocdepy morpanuao 0,81-2,57 TucAY TOH BYIJIEIIO.
T'opiHHA TPOIOBIKYBAJIOCSA OLNIbINIe MicAIlA ak OO Ce30HYy HoImiB. oIl
3aracuB BUJIUMUI BOTOHBL, ajie IIOKeXKa IIOTPOXY IIPOMOBIKYETHCA I
sdapas. OcramuimM yacom mofiOHi mo:ke:xki BimOyBasuca i B IliBmenniii
Awmepuri. Menmri, aje TeX NTOTYKHiI Ta [TOBrOTEPMIiHOBI MOKeMXKi
Top(’ AHUKIB crlocTepiraroThbcss KOMKHOrO POKY i B YKpaiHi.

CkiaagHicTh racimHa Topd’SAHUKIB 3yMOBJIEHO AeKiJIbKOMa UMHHI-
KaMu. BoHU HpPOXOJATH IIiJ IMOBepxHEIO0 3eMJi I HebOe3meuHi parTo-
BUMU IIPOPUBAMU BOTHIO 3-IIiJ] 3eMJIi Ta TUM, II0 IXHiA Kpali He 3aB-
KU moMiTHuit. 3acobu raciHHdA, mepeBaskHUM (Pi3MKO-XEeMIiUHUM Me-
xaHisMoM Aii AKUX € i30sAIid BiJf OKMCHUKA 30HU T'OPiHHSA, TYT He-
npugatHi. Topd mig moBepxHE Mae KMWCEHb Yy CBOIMl CTPYKTYypi Ta
MMOBiTPsA 330BHi NJisd TOpiHHA He MOTPiOHe. BorHeracuabHUII TOPOIIIOK
0 MigNIapoBMX MiJLHUIIL He ITPOHUKAE, HOT0 MOKHA HAHECTHU JIUIIEe
Ha IIOBEepPXHIO. €OUHUM 3aco00M, SKHUIl 3aCTOCOBYETHCA OJiA TaciHHSA
MoXKesKk Ha TOP(OBUINAX, JHUIIAETHCI Boaa. Ajie TyT BoHa MaJioedex-
TUBHOIO. Bojma ab0 He IPOHUKAE IIiJ IIOBEPXHIO, a00 CTiKae CTPyMOU-
KaMu B OKpeMi mipu rimboko mix map Topdy. Lo Toro & TopdoBuiia
posralioBaHi B MicIax, 3me0iJBIIIOT0 BimmameHuMX Big m:Kkepesa BOIO-
ImocTavyaHHA, a BOAU MOTPiOHO Ay:Ke OaraTo.

€ B molkerxax Ha MOpi Ta B HOMKe)Kax Ha TOpdoBHUINAX i IPUHIIU-
moBa BigMimHicTh. ABapii TaHKepiB 3 BUIMBOM i 3aropaHHaM HadTo-
MPOAYKTIiB IepeadaunTy MIPAKTHYHO HEeMOKJIMBO. OTiKe, Ii HOXKexi
IOBOAUTBLCA TacuTu Juilie mo GaKTy BUHUKHEHHA iX. A oT Ha Topdo-
BUIIAX cuTyarnisa imaxma. TyTr, Ak i B 6araTbox iHIINX BHUOAIKaX,
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MMOXKesKy Habararo Jieriie IIomepenuTH, Hik morim ii racutu. Ocobuu-
BicTh TOMKeXK Ha TOPHOBUINAX TOJATAE Y TOMY, II[0 BUHUKAIOTH BOHU
nepesaMdcHo HA NOBEpPpXHi, i BiKe IMOTIM MOIIHPIOIOTHCA y Braubd i
Bmiup. OT:Ke, Tpeba abo0 He maBaTH MOJYM 10 BUHUKHYTH, TPUMAIOUN
TIOBEPXHIO BOJIOTOI0, a00 MPUAYNITYBATH BOTOHB B TEPIIi K MOMEHTH
ioro mosBu. IlocTifiHO 3BOJOKYBATHM IHOBEPXHIO OaraToreKTapHOI'O
TopdoBUIIa MPAKTUYHO HEMOXKJINBO. [imoTeTnyHno MokHa O6yja0 6 po-
3CifTH IIO0 ITOBEPXHI BOTHETACUJBHUI ITOPOIIOK — CBOTO Poay IIpodi-
JIAaKTUKY 3aropaHHA. AJie OCHOBHOIO i€BOI0 DPEUYOBWHOKI BOTHEracu-
JbHUX IIOPOLIKiB € BOJOpo3umHHA cinb. Toix mepimmii ke moiy ado
TaJia BOJa BUMUIOThH ITI0 CiJib yV HUKYI ITapu, i IMOBEPXHS 3aJUINNUTLCA
0e3 3axmcry.

Yuponosx ocrauHix gecAtuaite y UYIIIB im. I'epoie YopHoOumis
IIPOBOAATHCA AOCTIIMKEHHA 3 PO3POOKU IPUHIIMIIOBO HOBUX BOTHETA-
cuibHUX 3acobiB. Ili sacobu ABAAIOTH CO00I0 BUCOKOIIOPHUCTI HOCII
(cmyueHui#l BepMiKyJiT abo TUpca AEPEeBUHU), BHYTPIIHIO TOBEPXHIO
IIOp SAKUX 3a CHEeIliAJbLHOI0 TeXHOJIOTielo iMMO00isli30BaHO BOTHETracHIU-
Mu consamu [6—12]. BoHu MaTh HACUIHY T'YCTUHY, HUMKUY 3a IUTO-
My TYCTHUHY BYTJIEBOAHIB i, TuM made, Bogu. OT:Ke, 3 HAHECEHHAM Ha
MMOBEPXHIO OYAb-IKOI pimmumM Ii 3aco0u He 3aHypPIOIOThbCA Iin ii mose-
PXHIO, a IIOCTifiHO 3HAXOJATHCA y 30HI ropiHHA. JlumaroThed IIi 3aco-
O0u Ha moBepxHi abo mobsim3y ii Ta 3 HAaHECEeHHAM Ha TOP(OBUIIE; TYT
BOHM MOXKYTH JIUIATUCA HEYNIKOAMKEHUMHU JeKiJbKa POKiB.

Kamingapu mux HOciiB HacTiIbKM BY3bKi, IO BOma, 3 OTJIAAY Ha ii
3HAYHUI MMOBEPXHEBUN HATAT, BCEPEAMHY HUX MPOHUKHYTU HE MOJKE.
Or:xke, 3 HAHECEHHAM Ha IIOBEPXHIO TOPIOUYOi piAmHU, M0 TJIaBae Ha
BOIOIIMi, KOHTAKT 3aco0y 3 BOJOIO 10 BUMHBAHHS BOTHETaCUJBHOI CO-
Ji Ta mesakTuBAallii He NPUBOAUTL. ¥ BUIIAAKY 3aCTOCYBaHHS I[HOTO
3aco0y [Jid ToNepelKeHHA MOINMMPEHHA IOMKeK Ha TopdoBuUINax aHi
JIOII, aHi Taji BOAMW TeX BUMUTHU BOTHETacHUJIbHY CiJib He B 3mMo03i. Jle-
TKU 3aci0d KiJgbKa POKiIB MO’Ke 3HAXOQUTHCA HA MOBEPXHiI TOpdhoBU-
ma 6e3 BTpaTu CBOiX saAKocTeil. IlifBUIeHHS K TeMIlepaTypu i y BU-
MagKy TaciHHA IOMKeXK Ha MOpi, 1 y BUNIaJKy BUHUKHEHHS 3aropaHHsA
Ha IOBEPXHi Topd’AHUKA MPUBOAUTH A0 AecopOIlii 3 KamiiApiB BoTrHe-
racUJIbHUX COJIel, PO3KJamaHHA IIUX coJel i 10 eeKTUBHOTO raciu-
HA TOXKeKi 3a iHriOyBambHUM (QisuKo-xemiunmMm wmexanismom. Ille
OIHa TepeBara Takux 3acobiB — abCOJIIOTHA HEMIKIIJWBICTH iX IJsd
HaBKOJIMIITHBOTO cepenoBuinia. CrydeHU BEPMIiKYJIT BUKOPUCTOBY-
€ThCA Y CiIBCHKOMY T'OCIIOZAPCTBi JIA CTPYKTYPYBaHHA I'PYHTIB, THD-
ca JepeBUMHM — B3araJjii IPUPOMHIN MaTepisa, a BOTHEracHJbHi coJri
(amomito ¢ochaTu Ta Kasiro HiTpaT) € IO CyTi MiHepalbHUMHU I0OPH-
BaMU.

B nmawiit po6oti OyJsio mocTaBIeHO 3aBAaHHA PO3POOUTH HOBi €KOJIO-
riu"i 3acoO0m Ha OCHOBI BUCOKOIIOPHUCTHUX HOCIiB 3 BUCOKOJUCIEPCHU-
MU YacTMHKAMU BOTHeracUJbHUX cojieli (amonifidochary, miamoHiii-
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dochary Ta Kajgili HiTpaTy) AJIA TaciHHS ITOKeK Ha IMOBEPXHi BOMOIM-
MU Ta IOoIepelKeHHsA IIONIMPeHHs iX Ha Top@oBUINAX 1 mOCTiguTH
CTPYKTYPY OIep:KaHMX MaTepisiB, 30KpeMa PO3IOJIiJl YaCTHMHOK BOT-
HeracuJbHUX coJjiell 3a iMmoOimisarii iX Ha BHYTPIiIIHiil moBepxHi BU-
COKOIOPUCTHUX HOCiiB (COy4eHOT0 BEPMiKyJIiTy Ta TUPCU AEepeBUHHU). 3
Ii€0 MEeTO0 BUBUYAJHUCA IOPUCTICTh, MiKPOCTPYKTypa Ta CTPYKTYpPHI
XapaKTePHUCTUKU BUXIZHUX HOCIIB i HOCiiB 3 iMMOOijsizoBaHMMHU B IO-
pax BOTHETaCUJIbHUMU COJAMMU.

2. METOOJUKA ERCIIEPUMEHTY

B mocaimkeHnx 3paskax B SAKOCTI HOCiIB BUKOPHUCTOBYBABCA CITyUe-
Huii BepMikyaiT mapoxk FINE UE Tta FINE ZU (Bupoomux — HBO
«YKPBEPMIKVJIIT», macunua ryctmra — 0,108 r/cm® # 0,172
r/cm® BigmoBizHO) Ta TMpca cocuu (Taba. 1). BepMukyait — MiHepas
KJacy BOZHHUX aJIOMOCHJIiKaTiB Maruiro ra @epymy mapysaToi 0y-
noBu i3 szarambHOI0 dopmyaolo — (Mg, Fe?", Fe*"),[(OH),(Al, Si),:
4H,0; xemiunmMii ckJaj 3MiHHUH, ryctmHa — 2,4-2,7 r/cm®. Buko-
PUCTOBYETHCA CITYUEHUIN BEPMIiKYJIT MaiiKe BUKJIIOUYHO IJs BUTOTOB-
JEeHHSA TEeMJIOIBOJAMINHNX ILJIUT i iHOAI mPOCTO AJIA 3aCUIIKU 3 Ti€l0 K
MmeTo0. Panirre Hi B AKOCTI HmpoCTO BOTHEracuUJbLHOTO 3aco0y, Hi B
SAKOCTi HOCiiB BOTHeracmMJIbHOTO 3aco0y BEPMIiKYJIIT He 3aCTOCOBYBaB-
cd.

Ilepen mpoBemeHHAM oIeparliii iMmmob6imizarii 3pasku HociiB mpo-
MUBAJIUCA TUCTUJIHOBAHOIO BOJOI0 Ta BUCYIIYBAJNCA 3a TeMIlepaTypu
y 80-90°C. Immob6inizamia 3pasKiB CIIyuyeHOT'O BEPMIiKyJIITy pO3YmHA-
MU aMOHi#i- i miamownifiochariBs mpoBoguiacsa i3 3acToCyBaHHAM Ba-
KyyMmuOI TexHiku [6, 7, 9]. IMmoO6inisalisa 3paskiB mepeBUHU PO3UN-
HaMU aMoOHi#- i miamownifidocdaris i Kanxiii HiTpaTOM — IIPOCTUM CTHU-
CKaHHAM BiIIIyCKaHHAM IX y po3umMHax aMoOHil- i giamoxitidocdarin
abo kaiiit miTpary [8, 9]. Ilicia 3amoBHeHHS KaIiJaApiB po3uMHAMU
3pas3Ku BUCYINYBAJNCA B CYMIMJIbHIN 1mradi Ta nad MOBHOTO BUIAJIEH-
HS BOJIOTM BUTPUMYBAJIUCA TEILJIMMU IIPOTATOM 3—4 TOAUH y BaKyyM-
HOMY eKCHUKAaTOpi 3a 3aJIUIITKOBOIO TUCKY YV 1—3 MM pT. CT.

ITopucricts P oliHioBajiacsi 3a PO3po0JIeHOI0 aBTOPaAMU METOMM-
KOIO, IO YMOMKJIMBJIIOE ITPDOBOAUTU EKCIPEC-TECTH BUCOKOIOPUCTUX
MaTepiANiB 3 HUBbKOIO HACUIIHOIO I'YCTHUHOIO, 3a (popmyJioro [13]:

P = sz — I/1 — m/p
- b
m
me V, — obG’em piguHuM 3 00’eMOM yTpUMyBaua AJA MAaTepisaay Ta
00’eMOM TIOMPiOHEHOTO BMCOKOIIOPMCTOrO Marepiaay; V;, — o00’em pi-

IVWHU pasoM 3 00’eMOM yTpuMyBada [IJs MaTepidasy; m/p — IOIpaB-
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Ka, III0 BpaxoBye 00’eM MaTepisanay y HemoapibHeHomy cTaHi (mmasa mi-
HepaJly BepMUKYJIT p = 2,55 r/cm®); m — wmaca mozapiGHeHOro BHCO-
KOIIOPMICTOTO MaTepisiy.

dazoBy aHaJIiI3y 3pasKiB IIPOBOAMJIM Ha IIOPOIIKOBOMY PEHTI€HiB-
cbkomy nudpaxtomerpi JIPOH-4 y reomerpii Bperra—Bpenramo y
MoHOXpoMaTnzoBaHoMy MoK ,-BunpominerHi (A =0.71068 A) 3 mud-
POBOIO peecTpalli€eio JaHUX. Y MOBU excunepumenty: U — 45 kB, I —
20 MA, Kpok Mixk Toukamu — 0,05 r'pajn, BUTPUMKA B KOMKHIN TOUIli
— 4 c. Poamip ob6iacTeil KOTepEeHTHOTO PO3CiTHHA (HAHOKPUCTAIITiB)
naa Bepmikyiaity FINE ZU rta FINE UE y Buxigmomy crtaHi OyJio
omineHo 3a piBuaHHaM Illeppepa 3a MeTOmUKOIO, omucanoio B [14].
HocmigxeHHsa MiKPOCTPYKTYpPHU 3pasKiB y BUXiZHOMY @ 00pobOaeHOMY
craHax OyJiM BHKOHAHI 3a MOIIOMOI'OI0 CKAHYBAJLHOI'O €JIeKTPOHHOI'O
mikpockona JEOL JSEM IT-300.

3. EKCIEPUMEHTAJIbHI PE3YJBTATH TA IX OBTOBOPEHHSA
PesynbraTy Bu3HAUeHHS IIOPUCTOCTU 3pas3KiB HaBemeHo y Tabu. Bun-

HO, 110 cuoyueHuil BepMikyaiT FINE ZU mae mopucTicTs OiabIny, HiK
cuyueHuit BepmikyaiT FINE UE i, otike, 114 BUKOPUCTAHHA B AKOCTI

TABJHUIIA. Nocrimxeni spasku Ta iXxHA HopUCTicTs.'

Ne . .. KinskicTs 00po06ieHB Cepenusa
Hociit ImMmob6inisaT .. . . . 3
3/ (muriiB immob6inisanii) [mopucricts P, cm®/T
BepwmikymiT
1 FINE ZU - - 2,64
BepwmikymiT -
2 FINE ZU Awomniidochar 1 2,48
BepwmikymiT . -
3 FINE ZU Hiamoniiidocdar 1 1,86
BepwmikymiT . -
4 FINE ZU Hiamoniiidocdar 2 1,70
BepwmikymiT
5 FINE UE - - 1,24
BepwmikymiT -
6 FINE UE Awomniidochar 1 1,18
BepwmikymiT . -
7 FINE UE Hiamoniiidocdar 1 0,83
8 Tupca cocHu — — 1,64
9 Tupca cocau [Hiamoniiidocdar 1 1,46
10 Tupca cocuu [diamowniiidochar 2 1,34
11 Tupca cocam Kadmiro miTpar 1 0,93
12 Tupca cocam  Kadmiro miTpar 2 0,56
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Puc. 1. [fludpakrorpamMu nepeBUHU COCHU (Tupca) y BuximHomy (a) it o6pob-
JeHoMy cTaHax (6 — iMmmoOinisamia xamiiii miTpaTtom; 8 — miamoniiidocda-
TOM); AuU(dparKTOrpaMy BiANOBIAZHMX peUYOBUH-iMMOOiIizaTiB HaBegeHO CY-
HiTpHEME cipumu TiHigmun.?

HOCiiB BOTHeTracHMJILHUX coJieil € Oinbmn mpumaTHUM. SIK i ouiKkyBaJo-
cs, iMMOOiTisallis cosell y BCiX BHIIaAKAaX 3aIOBHIOE MOPOMKHUICTOCTI
Ta MOHUIKYE 3arajabHy mopucricts 3 2,64 mo 1,70 i 3 1,24 mo 0,83
nnasa spaskiB Bepmikyaity FINE ZU i FINE UE sigmosigmo. Ilikaso,
o miaMmoHimdochdar amcopOyeTbecsa 3HAYHO Kpalle, HiK MOHOAMOHIiM-
Ha cinb. BomHouac mepimii muKJ iMMmoOinmisailii samosHioe 0ijsd Tpe-
TuHU 3arajbHOro 06’emy. IIlo crocyeThesa mepeBUHM, TO TYT HAWIimIIri
pesyJbTaTH CIIOCTepiramTbeAd 3 KaJjiil miTpaTtoMm. Bike mepmiuii ke
MUKJ gae sMory samoBuuTu 6iaa 40% MTOPOKHUCTOCTH, a IIiCas ApY-
roro IUKJy 3amoBHeHO moHan 60% — 1e HaBiTh OijbIlle, HiX ITOTPI-
OHO, OCKiJIbKU 30i7bINyeThCS HACHUIHA Maca 3acol0y, a 3 BUKOPUCTAH-
HAM BiH Oyze 3aHYPIOBATUCA IIiJ IIOBEPXHIO.

PeutreniBenki gudpaxTorpaMu JepeBHUHUN COCHU (THUPCH) Y BUXIZ-
HOMY ¥ 00po0OJIeHOMY cTaHax HaBemeHO Ha puc. 1. [{obpe BugHO, 110 Y
BUXiJHOMY CTaHi TMpCa COCHM XapaKTepPU3YETHCS TUIIOBO BUPAIKEHOIO
aMOpP(HOIO CTPYKTYPOIO, ITIIO HPOABJSAETHCA Y HPUCYTHOCTI IIMPOKOTO
IudysHOro rayo B okoiai 5—12 rpanyciB (puc. 1, a). Ha pucyuky 1, 0,
6 HaBeIeHO MU@MPAKTOTpaMU THUPCU COCHHU ITIicjid OoOpoOJeHHSA KaJrii
HiTpaToMm i miamomiiidocharom BimmoBigzHo. Ha mux ke pucyHKax Ha-
HeCeHO TaKOXX IU@MpaKTOrpaMHu BiAHOBIiMHUX XEeMIiUHUX PEUYOBUH, AKi
3HAXOIATHCA Y KPUCTAJTIYHOMY CTaHi.

Mo:xkHa 3po0UTH BUCHOBOK, IO AUPPAKIIHHI KapTUHU 00p0o6IeHO1
TUPCU € CYIIepIIo3ulliero Au@pakrilili Big gepeBUHU Ta BiAmoOBimHOI xe-
MiuHOI peuoBMHM, IO BKa3ye Ha AOOPY amcopOIliio cojeill JepeBHHOIO0
B mpoiieci ii o0pobieHHs.

PentreniBcbki audpparrTorpamm BepMmikyiaity ZU y BuximHomy
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Puc. 2. Judparxrorpamu BepMukyaity ZU (uopHi Touku) y BuximHomy (a) i
obpobaenomy amomiiidocharom cramax (6, 8, 2; AUudpaKTOrpaMu TiaMOHiii-
dochary HaBeIeHO CYIIIbHUMHU CipuMu JiHigAMMT).

00pobsieHOMYy aMoHiliochaToM cTaHAX HaBeAeHO Ha puc. 2. ¥ BUXiA-
HOMY cTaHi BepMikysiT ZU Mae KpucrajdiuHy CTPYyKTypy (puc. 2, a).
Hudpakniiiai ginil € posmupeHNMU, 0 CBiJUUTH IIPO HaHOAMCIIEPC-
Huii crad nopomky. OmiHKa po3Mipy iHAWBiAyaJbHUX YACTUHOK BU-
xigHoro mopomiky 3a ¢opmysoio Illeppepa [14] mokasye, II0 BOHU
3HAXOAATHCA B HAHOPO3MipHOMY miAmas3oHi = 5 HM.

O06pobieHHa miamoHiidochaToM MPUBOAUTH A0 IOABU Ha Audpak-
TorpaMax BJIaCTUBUX HOMy IikKiB (puc. 2, 0, 8, 2). Ha mux e pucyH-
Kax [IJd IOPiBHAHHSA CYIIJIBHOIO JiHi€l0 HaHeceHO AudpaxTorpamu
yuctoro niamonifidocdary. Ilpuuomy KinbkicTs aiamoniiiochary B
3paskax B3aJIe;KUTh Bil pe:xuMy O0OpoOJIeHHA: y BUNAAKY IOABiMHOI
imMMmob6isisarii (puc. 2, 8) fioro moMiTHO 0ijibIlle, HiXK IIicJas OJHOKpA-
THOTO 00pobseHHA (puc. 2, 0).

EneKTPOHHO-MiKPOCKOIIIUHI JMOCTiqyKeHHA Ha CKaHyBaJbHOMY eJe-
KTPOHHOMY MiKPOCKOIIL y PesKMMi 3BOPOTHBO PO3CIAHUX €JEeKTPOHIB
moKasajau, 1m0 BepMmikysiT ZU y BuUXiTHOMY CTaHi XapaKTepU3YyEThCA
HEONHOPiAHOI0O MiKPOCTPYKTYPOIO y BUIJIALL OKPeMHX IJIACTUH i3
IIIUPOKOIO AUCIEepciero 3a posaMipamMu — Bix mgekiabkox mo 50 MKM 3
SABHOIO CXUJIbHICTIO M0 arjomepaiiii (puc. 3, a, 6). O6pobieHHa mia-
MoHiM(pochaToM TPUBOAUTL N[O BUHUKHEHHA OiJIBIII OJHOPiIZHOTO CTa-
HY 3i 30iJILIIIEHUM PO3MipoM UYacTHMHOK-arjioMepariB BepMikyJiTy ZU:
OOHOKpaTHe 00pobJyieHHsA — poa3mip yacTuHOK y 20-100 mxm (puc. 3,
a, 3), nBokpatHe — 50—-200 mrm (puc. 3, 0, ¢). BogHouac moBEepXHIO
YACTUHOK BepMiKyJiTy ZU BKPUTO OiJBII AMCIEPCHUMN YACTUHKAMI
miamoHifiochary i3 posmipamu y 5—10 MKM, SKi ZOoCTaTHBO OJHOPI-
JHO PO3IIOAiJIeHI IO HhOMY.

PentreniBeski gudpartorpamu BepMmikyaity UE y Buxignomy #
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x100 = 100um

HC

Puc. 3. EnexrponHo-Mikpockoniuni mikpodororpadii Bepmikyaity ZU y Bu-

xigmomy (a, 0) it obpobseHomy amoHildochaTrom cranax (8, 2 — miaMOHiM-
docdar, ogHe obpobaenus; d, e — miamoHifidocdar, 1Ba 00pPOOJIEHHS; X, 3
— awmoHifihocar) 3a pisHux 36igbiTens (¢ — Nel Bepmikyait ZU Buxif-
Huit; 6 — Nel Bepwmikymit ZU Buxiguwuii; 6 — Ne6 Bepmikymit ZU +
+ miamowmitipocdar, omHe 00pobgeHHSI; 2 — Ne6 Bepmikymait ZU +
+ miamowmiiipochar, oxmmHe o00pobseHHsA; 0 — Ne8 Bepwmikyait ZU +
+ amowmindocdar; e — Ne8 Bepmikyait ZU + amoniiipocdar, 1Ba 00poOIeHHST;
s — Ned Bepwmikyair ZU + amomifijocar; 3 — Ned Bepmiryait ZU +

+ amomHiidocdar).*

00pobsieHoMy aMoHifipochaTomM cTaHAX HaBemeHO HA puc. 4.

¥ BuximHomy crani BepmikyaiT UE xapaxkTepusyeTbcsi KpuUCTaJIid-
HOI0 CTPYKTypoio (puc. 4, a). Mudpakiiiiai miuii maroTh 3HaAYHY iH-
TEeHCUBHICTb i HEBEJUKY IiBIIUPUHY, IO CBiAUYUTH PO HOTO GiIbIITy
CTPYKTYPHY JOCKOHAJICTh y MOpiBHAHHI 3 BepMmikymiTom ZU. Cepen-
Hi#l poamip iHAWMBiAyaJabHUX YACTUHOK, OlliHeHmMU 3a (opmysoio Ille-
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10000 - —— N6 (Bepmikymit UE + Awmonifidocdar)
—— Awmonifidochar

—— N7 (Bepmikyxit UE + Miamoniiigocdar)
Hiamoniiidocdar

[ T T T T |
—— Ne2 (Bepmirynit UE suxigsauii)

5 10 15 20 25 30
20, rpan.

Puc. 4. udparrorpamu BepMmiKysaiTy UE (uopHi TouKmM) y BuUXimHOMYy (@) i
obpobenomy amoHifiochaTom craHax (0, 8; AudpaxTorpaMmu giamoHiiigoc-
dary #i amoHifidochary HaBefeHO CipUMU CYILIBHUMH JiHigME).®

prepa, cramoBuTh = 15 HM. OOpobaenHa miamouiidochaToM IPUBO-
INTh OO IIOABM Ha au@paKTorpaMax BJIacTHUBUX HOMY IIiKiB (puc.
4, 6, 8). Ha 1mux Ke pUCYHKAaxX AJA HOPiBHAHHSA CYI[iJBLHOMIO JIiHi€io
TaKOK HaHeceHO AU(PaKTOrpaMU YHUCTOTO AiaMoHiHdochary.

EjneKTpoHHO-MIKPOCKOTIUHI MOCTiA:KeHHA Ha CKaHyBaJbHOMY eJe-
KTPOHHOMY MiKPOCKOHi y peXuMi 3BOPOTHBO PO3CIAHUX eJIEKTPOHIB
nokasanu, mo BepMikysiT UE y BUXifHOMY cTaHi TaKOK XapaKTepu-
3yeThCA HEOMHOPIAHOI0 MiKPOCTPYKTYPOI Yy BUTJIAAI OKPEMHX ILjIac-
TUH i3 IITMPOKOI0 AUCIIepcieio 3a po3Mipamu — Bif merimabkox mo 100
MKM i3 CXHUJBHICTIO O arjioMeparlrii 4acTMHOK IIOpoIky (puc. 5, a,
0). O6pobsieHHa miamoHifidochaToM IPUBOAUTEL A0 IOABU HA IIOBEPX-
Hi nynactuHOK BepMikysniTy UE nucnepcHMX 4YacTHMHOK AiaMoHitidoc-
dary i3 posmipamMum y 3—10 MKM, AKi ZOCTATHBO OJHOPiMHO PO3MMOMi-
JeHi mo wux (puc. 5, 8, 2 Ta puc. 5, d, e).

TakuM YMHOM, BU3HAUEHHS IMOPUCTOCTH MOCTiMKeHHX 3PasKiB IIo-
KasaJjo, II10 3 JBOX MapOK CIIyYE€HOTO BEPMIiKYJITY OiJbIIT IpUAATHUM
JlJIsT BUTOTOBJIEHHsI 3aC00iB raciHHA ITOKe’Ki Ha MOBEPXHi BOMOMMHU Ta
BUT'OTOBJIEHHA 3aCO0iB IIONEPEIKEeHHsA MMOKeK Ha TOPMOBUINAX € CITY-
yenuii BepMikysiT mapku FINE ZU. 3a immo6inisariii #ioro coasamu
aMOHiI0 10 TpeTuHU 006’eMy MOPOKHUH MOKe OyTH 3aIlOBHEHO BiKe Yy
mepioMy IIHUKJII iMMob6imisamii—BucyiyBaHHs. 3 cojieil aMOHiIO JIiIl-
1l pe3yabTaTU OAEP:KAHO i3 3acTocyBaHHAM miamoniifipochary. Hoc-
TAaTHBO NPUJATHI pesyJbTaTy AiaMoHilidochaT moxasaB i 1A BUTOTO-
BJIEHHS 3ac00iB Ha OCHOBiI Tupcu JepeBuUHHU. A BUTOTOBJEHHA K
reHepaToOpPiB BOTHETaCHJILHOTO aepo30Jiio [8] B AKOCTI OKMCHUKA s
IepeBUHN HAMOiJbIlle MigXOoAUTL Kajaiil HiTpar. Aje B IIbOMY BUIAJ-
Ky, 1100 36eperTu OOCTATHBO HU3KY HACHUIIHY Macy, iMMobOigiszairizo
Tpeba HaBiTHL oOMe:kyBaTu. CpaBa B TOMY, IO 3a PiBHAHHAM peaKIii
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~x1,000 == 10um

Puc. 5. EnextponHo-Mikpockoniuni Mikpodotorpadii Bepmikyaity ZU y Bu-
ximaoMy (a, 6) it oO6pobseHoMy amoHiiiocharom craHax (8, 2 — amMOHiH(DO-
char; 0, e — miamoHifidocdar) 3a pisHUX 30inbIIeHDb (@ — N2 BepMiKyJiT
UE Buxigunii; 6 — Ne2 Bepmikyait UE Buximuunii; 6 — Neb BepMmikyJir
UE + amowmiiidpocdar; 2 — Neb Bepmikymit UE + amoriiigocdar; 0 — Ne7 Be-
PMIiKyJIiT UE + giamoniiigocdar; e — Ne'7 BEPMIiKyJIiT UE +
+ miamomiidocdar).®

I OKUCHEHHS IePeBMHU IIOTPiOHA AOCTATHBO BeJMKA KiJIbKicTh Ka-
Jito HiTpaTy. AJe, AKIIO AepeBUHA Oyle MpocoueHa TAKO KiJbKicTio
coJIi, BoHA 36iJBIINUTL CBOIO HACUIIHY Macy. JlJIs BUKOPUCTAHHS 3a1Js
MoIIepe»KeHHs HOIIUPEeHHA IIoKeXKi Ha TopdoBHUINAX Ie 0COOJIMBOTO
3HaUeHHd He Mae. Xoua i Tyr Jjimmre, 1100 3aci6 aKomora IoBIIIe 3a-
JUIITUBCA Ha IIOBEPXHi, a He 3aHypIOBaBCA IIiJ Yac OOIIIB i TaHEeHHS
CHiry Ta He 3aMyJIIOBaBCS YaCTUHKAMHU I'PYHTY. A OT mig uac racinas
MMOJKEeXK TOPIUYMX PiAWH HA MOpPi Ile Mae icTOTHe 3HAUEHHsS. 30HA TIO-
PiHHA TYT 3HAXOAWUTHCA HA MOBEPXHi pifuHM — HaBiTH Hax Heio. OT-
JKe 3acib racimHs Mae OyTH DOCTATHBO JETKUM, 3 HACUIIHOIO MAacoio,
MEHIIIOIO 3a T'YCTUHY 1 BoAU, i HAQTOMPOAYKTY.

4. BUICHOBRH

Ha ocHOBi BHCOKOIIOPHCTHUX HOCiiB 3 BMCOKOAMCIEPCHUMU YaCTHUHKA-
MU BOTHeEracUJIbHUX coJeill (amoHiiidochary, miamoHinidocdary ta
KaJiit "HiTpaTy) po3po0JeHO HOBi eKoJoriuxi 3acodu mjsd racimHsa IIo-
JKeK Ha IIOBEePXHi BOMOMMU Ta IONepel:KeHHs IOIMINPEeHHSA iX Ha To-
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pdoBumax. 3a JOIOMOIOI0 PEHTI€HOCTPYKTYPHOI aHAaIi3duM Ta CKaHy-
BaJIBHOI €JIEKTPOHHOI MiKpOCKOMii moKasaHo, M0 3pa3KM BEPMIKYJIITy
Ta OepeBUHU ITicjid 00poOJieHHs imMmoOisisaTaMu MicTaTh B co0i ar-
JIOMEPOBaHi BHUCOKOIMCIIEPCHI YAaCTUHKM COJIeH, SIKi B IIiJloMy PiBHO-
MipHO MOKPUBAIOTH ITOBEPXHIO HOCiA. JlOCTiI3KeHO pPO3MmOIial YaCTUHOK
BOTHETACUJILHUX COJIeW 3a iMMo0inisarii iXx Ha BHYTpIilIHiNI mMOBepXHi
BUCOKOIOPUCTUX HOCiiB (CIIyueHOTO BEPMiKyJiTy Ta THUPCHU [TepeBU-
HU).

3a OIiHKOI0 CTYyIIeHs MOHMKEHHS ITOPOIKHUCTOCTHU (IIOPUCTOCTU) 3a
iMmMmoOiizaIii BUABJIEHO, IO 3 HOCIIB HANOiABIIT IPUAATHIMU OJIS BH-
TOTOBJIEHHS BOTHETaCHUJILHUX 3aCO0iB TAKOro TUNOY € CIOYYeHUH Bep-
mikyaiT mapku FINE ZU i tupca mepeBunu. 3a immob6imizarii Bepmi-
KYJiTy COJMAMU aMOHIiI0 MO0 TPeTUHU 00’eMy IOPOKHUH MOKe OyTu
3aIIOBHEHO BiKe y IepIoMy ITMKJiI imMMmo6imisarii-BucyrryBaHHsS. 3
coJiel aMOHiI0 JinmIi pe3ysabTaTU Odep:KaHO i3 3aCTOCYBaHHAM JiaMoO-
Hiiochary. g BUTOTOBJIIEHHSA T'€HEPaTOPiB BOTHEraCUJILHOTO aepo-
30JI10 B KOCTi OKMCHUKA OJA HePeBUHU HaNOiJIbIe HiAXOAUTL KaJIiii
HiTpaT. AJe B IIbOMY BHHOAIKy, IM00 36eperTu MOCTAaTHLO HU3KY Ha-
CUIIHYy Macy, iMMob6iisarito Tpeba oOMeKyBaTH.

PoboTy BUKOHAHO B paMKax TeMu «JlocaimxeHHA MOMKJIHBOCTI IIO-
TepeIKeHHA MOKeK Ha TOp(hOoBUINAX MIIAXOM OOPOOKUM ITOBEPXOHB
HOCiAMMU, IO IIPOCOYEHi BOTHETACHUMM COJIAMU» Ta JoroBopy mpo
cHiBpoOiTHUITBO MisKk YUepKachbKMM iHCTUTYTOM IIOMKEKHOI OesleKku
im. I'epoie Hopuobuisa ta Iacturyrom Mmeramodisurm im. I'. B. Kyp-
niomoBa HAH Yxkpaiuwu.
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L TABLE 1. Studied samples and their porosity

2 Fig. 1. X-ray diffractograms of pinewood (sawdust) in the initial (a) and processed states
(0—immobilization with potassium nitrate, 6—with diammonium phosphate; diffractograms
of the corresponding immobilized substances are shown by solid grey lines).

3 Fig. 2. X-ray diffractograms of ZU vermiculite (black dots) in the initial (¢) and ammonium
phosphate-treated states (6, 8, z—diffractograms of diammonium phosphate are shown by
solid grey lines).

4 Fig. 3. SEM micrographs of ZU vermiculite in the initial (a, 6) and ammonium phosphate-
treated states (6, z—diammonium phosphate, one treatment; 90, e—diammonium phosphate,
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two treatments; s, 3—ammonium phosphate) at different magnifications.

® Fig. 4. X-ray diffractograms of UE vermiculite (black dots) in the initial (a) and ammonium
phosphate-treated states (6, s—diffractograms of diammonium phosphate and ammonium
phosphate are shown by grey solid lines).

5 Fig. 5. SEM micrographs of ZU vermiculite in the initial (a, 6) and ammonium phosphate-
treated states (6, z—ammonium phosphate; d, e—diammonium phosphate) at different magni-
fications.
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B craTTi 1OKJIagHO PO3TIALAIOTECA KOHCTPYKIII TEIJIO3aXMCHUX IIOKPUTTIB,
AKiI MOKYTH OyTH peajiizoBaHi MeTOJOM eJIEKTPOHHO-IIPOMEHEBOI TeXHOJIoTil
BUIlapoByBaHHA—KoHJeHcalii. IIpoananisoBaHo HafgBHI KOHCTPYKIIil TeILIo-
3aXMCHUX TOKPUTTIB Ha JOIATKaxX ra3oBUX TypOiH pi3HOro mpusHaveHHHd.
Amnanisa mokasaJja, IO TeIJIO3aXWCHI IIOKPUTTA 3a0e3IeuyioTh 30iIbIIIeHHs
TeMIIepaTypu Tasdy mepej] BXOAOM Y HPOTOYHY YACTUHY TYpOiHM UM TO mif-
BUINEHHA eKCILIyaTaIliffHOTO pecypcy JOIaTOK 3a He3MiHHOI TeMIepaTypu
rasy, 1o Beae mo migsuineHHs KKl i ekonowmii mamuBa. BcramoBieHO oOII-
TUMaJIbHI ITapaMeTpu AJA PIBHUX TUIIB IMOKPUTTIB, BKJIOUAIOUN KOHCTPYK-
Iif0 Ta KOMIIOHEHTHUH CKJAaJ IMapiB, 1[0 COPUSE IIiABUIIEHHIO KapPOTPUB-
KOCTM Ta 3arajJbHOTO pecypcy poboTum MOKPUTTs. [IoKasaHO IepCIeKTUBU
BUKOPUCTAHHSA TepMobGap’€pHUX IOKPUTTIB 3 HAHOUACTUHKAMHU OOPHUIIB y
30BHINNIHBOMY KepaMmiuHomy Imapi. JleTajsbHOo ommcaHo JiabopaTOpHI Ta Ipo-
MHUCJIOBi €JeKTPOHHO-IIPOMEeHEeBl yCTATKOBAHHS AJA HAaHECeHHS MOKPUTTIB,
AKi 3a0e3IeUy0Th ONTUMAJbHI YMOBHU AJisi POOOTH Ta BUTOIJIEHHS MaTepid-
aiB. OcobamBYy yBary socepemskKeHO Ha HOBiTHboOMY ycraTKoBauHi JI-9, ake
BifipidHAETHCA Bif IOmepenHiX BUKOPUCTAHHAM eJEKTPOHHO-IIPOMEHEBUX
rapMaTr 3 XOJIOZHOIO KaTOMd0I0, IO IIiABUINYE CTabiJabHIiCTH i TpMBAJiCTH iX-
HBOI poboru. Kpim Toro, B crarTi ommcamo TeXHiuHi 0COOJHMBOCTI yCTaTKO-
BaHb, 1XHI KOHCTPYKI[iA Ta MOKJIMBOCTI BUKOPUCTAHHS IJIsI HAHECEHHS Pis-
HUX THUIIB HMOKPUTTIB. Hamano Taxko:x iHGopMaIliro IMOJ0 CHUCTEMH YIIpaB-
JiHHA YCTATKOBAHHAMU Ta HPUHIUOY POOOTH HOBITHBOTO YyCTAaTKOBAHHI,
AKe MOXKe 3aCTOCOBYBATHUCHA IJdA OCAMKeHHS PIBHUX TUIIB 3aXUCHUX IIOK-
PUTTiB, BKJIOUAIOUMN HOBi CHJIIIIUIHI TOKPUTTA MiKpPOIIIapoBOro Tuiy. Bpa-
XOBYIOUU IIeil JeTaJdbHUI OTJISAN TEeXHOJOTINd Ta yCTAaTKOBaHBL, CTATTA AEMOH-
CTPYE HANPAM OOCTiAKeHb 1 PO3BUTKY B Taly3i TeINIOBaXWCHUX ITOKPUTTIB

255
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JUIA TMiBUIIEHHA HALiHHOCTHU ¥ e()eKTUBHOCTHU Ta30BUX TYPOiH.

The article provides a comprehensive analysis of heat-resistant coating
structures, which can be implemented using the electron-beam evapora-
tion-condensation method. The authors are examined available construc-
tions of heat-resistant coatings on blades of various-purpose gas turbines.
The analysis reveals that these coatings result in an increase in gas tem-
perature before entering the turbines’ flow path or an enhancement of the
blades’ operational lifespan, while maintaining the gas temperature lead-
ing to increased efficiency and fuel savings. Optimal parameters are estab-
lished for different types of coatings, including the structure and compo-
sitional makeup of layers, contributing to improved heat resistance and
overall coating durability. The prospects of utilizing thermal-barrier coat-
ings with nanoparticle borides in an external ceramic layer are highlight-
ed. Detailed descriptions of the laboratory and industrial electron-beam
facilities for applying coatings are provided, ensuring optimal conditions
for material workability and melting. Special attention is directed towards
the latest L-9 facility distinguished from its predecessors by employing
electron-beam guns with a cold cathode enhancing their stability and op-
erational longevity. Furthermore, the article outlines the technical specif-
ics of these facilities, their construction, and their capabilities for apply-
ing various types of coatings. Information regarding the management sys-
tem of these setups and the operational principle of the cutting-edge facil-
ity capable of depositing various protective coatings, including new micro-
layered silicide coatings, is also presented. Considering this detailed re-
view of technologies and facilities, the article highlights the direction of
research and development in the field of protective heat-resistant coat-
ings, aiming to enhance the reliability and efficiency of gas turbines.

KarouoBi croBa: eleKTPOHHO-IpOMeHeBe OOJIafHAHHSA, METOJ BUIIAPOBYBaH-
HA—KOHJeHcAallil, TapoKOHAEeHCOBaHI KOMMIO3UIIiHI MaTepisanm, Temao3aXmu-
CHi IOKPUTTA, JOMATKYU ra30BUX TYpOiH.

Key words: electron-beam equipment, evaporation—condensation method,
vapour-condensed composite materials, thermal-barrier coatings, gas-
turbine blades.

(Ompumano 12 epyous 2023 p.; nicas doonpayroeanus — 26 keimus 2024 p.)

1. BCTYII

CTBOpeHHS e(peKTMBHUX ra3oBuUX TypOiH, AKi IpaioTbh HamiHO, €
CKJIQAHOIO IPO0JIeMOIO, IIT0 BUHNUKAE B XOJi PO3BUTKY Tras3oTypOoOymy-
BaHHA. KII0U0BMME acleKTaMu Ifie€l CKJIaZHOCTH € po0oui Ta ComIoBi
JomaTKM TypOiHM, umi MaTepisanm Ta KOHCTPYKIIiA MAIOTL BaKJIBE
3HAUEHHA [JIs AOIYCTUMOI TeMIlepaTypu rasy mepen TypOiHOIO i1, OT-
JKe, BILIMBAIOTh HaA TEXHIKO-eKOHOMIUHI XapaKTEePUCTUKHN Ta30Typ-
O0imumx gBuryHiB (I'TI). Huwmi texHosoriuni BuKJIMKM, IOB’sA3aHI i3
MOJAJILIITIM PO3BUTKOM KOHBEKTHUBHOTO OXOJIOMKEHHSA JIOMATOK i
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CTaHOM MeTaJyprii :KapoMiIlHMX CTOHiB, CBiguaTh HPO HEOOXigHICTH
BHockoHaJieHHsa mapamerpiB mukay I'TI. Ile Bumarae po3po6Ku HOBOI
CUCTEMHU 3aXWCTy JIOIATOK ras3oBHX TypOiH i mepexonmy Binm sKapoTpus-
KnX 0araTOKOMIOHEHTHUX NOKPUTTIiB 1m0 Ttemnodaxucuux (T3II).
CrpoOu CTBOpEHHSA 3aXMCHUX TEILJIONOKPUTTIB AJA Tas30oBUX TypOid
Oyau 3actocoBaHi moHanm 60 pokiB Tomy. AJe 3alikaBJIeHHS B IUX
TEeXHOJIOTiAX OCTaHHIM YacoM 3HAUHO 3pPOCJIO, OCKiabKmM cyuacHi I'TI]
MIPAaIioITh 3a AYsKe BUCOKUX TEMIIePaTyp, IO CTABUTh HOBiI BUKJIUKU
mepen MaTepisgjaMM Ta TeXHOJIOTiAMM TeIJIO3aXUCTY.

2. EKCIIEPUMEHTAJIBHA YACTHUHA

Y HBII «Earexmali» 3aXuCHi IMOKPUTTA Ha JIONATKU TI'a30BUX TYpPOiH
HAHOCWJIN IIJIAXOM eJIeKTPOHHO-ITPOMEHEBOTO BUIIAPOBYBAHHSA CTOIIiB
MeCrAlY (me Me — NiCoFe), MeCrAlIYHfSiZr i xepamiku Ha ocHOBi
ZrQ,, crabimizoBanoro Y,0; Ta momajibInoi KOHIeHcAllii mapoBoi ¢asu
Ha TOBEPXHi po00oUYMX JIOMATOK ra30BUX TYpPOiH pi3HOro mpusHaueHHS
[1] (puc. 1).

IIpoBenmeHi mociimsKeHHA IOKasaju, IO 3aCTOCYBAHHA TEIJIO3aXU-
CHMX IIOKPHUTTIB 3aBTOBIIKH y 250 MKM 3 TeILIONpPOBigHiCTIO Yy
1 Br/(Mm*K) Ha aBox mabaax TypOiHU Jae 3MOTy peasisyBaTu OLHY 3
IBOX MOKJIUBOCTel [2—T7]: 1) 3a HesmimHOI poboUOoi TemMIepaTypu Ma-
TepifAJy JOMATOK 30iJIbINMUTH TEeMIIepaTypy rasy iepen TypOiHOIO mpu-
osmusuo Ha 100°C, mo mpuBene mo migBumnienusa KK][ #i exkomowmii ma-
auBa Ha moHan 13%; 2) He 3MiHIOIOUM TeMIIEpPaTypy rasy mepen Typ-
0iHOI0, 30iJBIINTU MOBTOBIiUHICTH JIONIATOK HPUOJIM3HO B 4 pasu BHa-
CJIIIOK TMOHW}KEHHA iXHbOI POOOUOI TeMIlepaTypu.

3arajbHa TOBIIMHA OJHOIIAPOBUX JKAPOTPUBKUX HOKPUTTIB He IIe-
peBumrye 150 MKM, aBomrapoBux TemtodaxucHux — 200 MxM, Tpu-
mapoBux Ttemnodaxucinx — 300 mrm. ToBmmHa AeMndyBaIbHOTO
BHYTPIiIIIHBOTO IIapy 3 HMoHWKeHuM BMmicToM Al (3—6% wmac.) y Tpu-
IIapOBUX TEIJIO3aXMCHUX MOKPUTTAX BapitoeTbea Bixg 30 mo 50 Mk,
MIPOMisKHOTO KApPOTPUBKOro Iapy cTaHoBuTh 50—80 MKM, 30BHIIII-
HbOTO Kepamiunoro — 80-120 mrm. KoumenTparlii Xpomy, Ajromi-
Hifo, ITpifo B KapoTpMBKOMY IIapi CKJagaloTh BigmoBiguo 18-24%
mac., 10-130% wmac., 0,4-1,8% wmac., a IMupkoniio, I'apuiro, Curi-
miro cramosiars Bix 0,05 mo 0,2% wmac.

3. PE3YJIBTATH 1 OBTOBOPEHHS

HomatkoBe JseryBanudA cromiB MeCrAlY Iupkoniem, I'apuiem i Cu-
JIIiEM YMOMKJIUBUJIO, 3 OSHOTO OOKY, MiABUIIUTU KAPOTPUBKICTH Of-
HOINIAPOBUX OaraTOKOMIIOHEHTHHX 1 KOMIIOSUIIIHUX KApPOTPUBKUX
MMOKPUTTIB, a 3 iHIITOTO0 OGOKY, 3a BUKOPUCTAHHSA 3a3HAaUEHUX CTOIIB B
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6ap’epEUil MikpomIap

Puc. 1. CxeMu KapoTPUBKUX i TEIJIO3aXMCHUX MOKPUTTIB, OJEeP:KaHUX eJjie-
KTPOHHO-IIDOMEHEBUM OCaIKeHHAM: @ ONHOIIAPOBi MeTaseBi THUIy
MeCrAlY, MeCrAlY(HfSiZr); 6 — omuomapoBi KoMmosuIifini Mikporraposi
tunu 3 uepryBamHsMm mapiB MeCrAlY (MeCrAlYHfSiZr)/MeCrAlY
(MeCrAlYHfSiZr) + MeO, ne MeO—-Al,O; a6o ZrO, + 6—8 mac.% Y,05; 6 —
IBOIIIapoBi mMOKpUTTA 3 BHyTpimHIM MetaneBuM MeCrAlY (MeCrAlYHfSiZr)
i 30BHIMIHIM KepaMiyHUM IIapaMu; 2 — JBOIIAPOBI MOKPUTTA 3 BHYTPIIIHIM
kommosumiiaum MeCrAlY(MeCrAlYHfSiZr) + MeO pucrepCcHO3MIiI[HEHOT'O
abo mikpomapoBoro TumiB i 30BHimHIM Kepamiunum (ZrO,—Y,0;) mapamu; 0
— TPUMIAPOBI IMOKPUTTA 3 BHYTPIIIHIM i IPOMiKHUM MeTaJIeBUMHU IITapaMu
Ha ocHOBi cromiB MeCrAlY (MeCrAlYHfSiZr) Ta soBHimHiM mapom Ha oc-
HOBi Kepamiku (ZrO,-Y,05); s — TpuUITapoBi MOKPUTTA 3 BHYTPIIIHIM Me-
raseBuM MeCrAlY (MeCrAlYHfSiZr), npoMisKHUM KOMIOBUIiliHUM
MeCrAlY (MeCrAlYHfSiZr) + MeO nmucmepcuo3Mminmenoro abo MiKpoIrapo-
Boro TUIB Ta 30BHimHiIM Kepamiunum (ZrO,—Y,0;) mapamu; 3 — Tpumapo-
Bi mokpurta 3 BHyTpimHiM MmerameBum MeCrAlY (MeCrAlYHfSiZr), mpo-
miskHUM Kommosuriinum MeCrAlY (MeCrAlYHfSiZr) + MeO pgucmepcHO3-
MIiITHEHOTO YM TO MiKpPOIIIapoBOTO TUIIIB i 30BHimHIM Kepamiunum (ZrO,—
Y,0;) 3 HaHOOUCIEPCHUMHU YaCTUHKaMu OOPUAIB, AKi mifg yac OKUCHEHHSA
3aJIiKOBYIOTHh MiKPOTPIIIIMHY y 30BHINTHBOMY KepaMiuHOMY IIapi, IO BUHU-
KAaIOTh Yepe3 TePMOIMKJIN HATPiBY il OXOJIOmKeHH.

AKOCTi MaTepifjiB s BHYTPIIIHLOTO AeMO(pyBAILHOTO Ta IIPOMiK-
HOT'O KapOTPUBKOIO IAPiB yIOBLIbHUTH AuQY3iiiHi mpomecu Ha Me:xi
OoCHOBA—AeMII(pyBaIbHUI IMap, MITPOMIKHUNA KAPOTPUBKUUN IIap—
SBOBHIIIHINA KepaMiuHMU IIap i TMM caMHM HOigBUINUTHA 3arajioM pe-
cypc pobOTH IMOKPUTTS.

IIle Ginmbiie croBinbHEHHS AMQPY3iHHUX OPOIECIB y IOKPUTTI Bix-
OyBaeThbCA, KOJU BUKOPHCTOBYETHCS IPOMLKHUU KApPOTPUBKUI IIap
y MikpoirmapoBoMy BapiaHTi. OnTUMAaJIbHI IIapaMeTpu AOCATAIOTHCA 3a
TOBIIIMHN METAJEeBOTO Ta KOMIIOSUI[IAHOTO IIIapiB, IO UYEPTyIOTHCS,
Bix 0,5 10 1 MKM, a KOHIIEHTpAIlil AUCIEePCHUX TIKKOTOIKUX YACTU-
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HOK Zr0,-Y,0;, Al,O; y KoMmmosuriifinomy mikporiapi — Big 0,3 mo
1% wmac.

Ilig wac KoHcTpyoBaHHA Temino3axucHuX nokputtis (T3II) Bamxiu-
BOTO 3HAUeHHA HaOyBae (popMyBaHHsA O0ap’epHOro MiKpoIIapy Ha MexXi
IOiy MPOMIMKHUN KAapPOTPUBKUY ITap—30BHIMIHIN KepaMiuHUH 11ap.
3asBuuaii 1ap MeTaJoKepaMiKM 3aBTOBIINKM Bif 1 70 5 MKM Ha OCHO-
Bi crumaguux mminenei 3 Al,O;, Zr0,, Y,0;, CrO; i cromy MeCrAlY
OJIEP’KYIOTH 3a [JOIOMOTOI0 CIEIifAJbHMX TEeXHOJOTIUHHX CIIOCO0iB.
ITomiOouuit Gap’epHuii map raabMye yTBopeHHsS okcumuoi (Al,O;) mimi-
BKM Ha MeMKi MOJijly MpOMiKHUU ITap—30BHINIHIN ITap TeIiosaxuc-
HOT'O ITOKPUTTA.

Ao Topmumua miaiBku Al,O; csarae 10—-15 mKM, cmocrepiraeTbes
BifgmmapyBaHHA 30BHIITHLOTO Kepamiuuoro mapy ZrO,—Y,0s;.

I BorrapoBi HOKpUTTS MeTaJs/Kepamika (puc. 1, 8), omep:xkaHi 3a
OBOCTALiNHOIO TEXHOJIOTi€I0, IIMPOKO 3aCTOCOBYIOThCS HA MHiAIIpHeMc-
™81 «3opa—MammnpoexkT» (M. MukosaaiB, YKpaima) Ta 3ab6e3lneuyioTb
pecypc po0OTH JIOHATOK IIEPIIIOTO CTYIeHA TypOiHM ras3oTypOiHHUX
arperaris gaas meperauyBamua rasy mo 25000 roguH. B mamuii uac
MIPOBOIATHLCS POOOTH 3 ONMTHMisaIlii TexHOJIOTil HaHeceHHS IBOIIIAPO-
BUX TEIJIOBaXWCHUX MOKPUTTIB 3 BHYTPIIIHIM KOMIIOSHUIIiMHUM II1a-
poMm MikporrapoBoro Tumy 3 uepryBamuaMm ImapiB  CoCrAlY-
CoCrAlY + (Zr0O,-Y,0;) Ta BoBHimIHIM KepamiuHuM Itapom ZrQO,—
Y,0;. IToni6Hi MOKPUTTA HAHOCATHCA 34 OAUH TEXHOJOTIYHUHA ITUKJ i
MaioTh 3abesneunTtu pecypc g0 32000 roxuu.

IligBumienua poBroBiumoctm T3II gorminbHe 3a paxyHOK 3MiHU
KOHCTPYKIIiI IOKPUTTIB, OCKIIbKHM HeMae HeOOXiTHOCTHM BHOCUTHU
AKiCch 3MiHH B cXeMy TeXHOJIOTiUHOTO IIPOIeCy, IO IOB’sI3aHO i3 3Ha-
YHUMU €HepPreTUuYHUMIU BUTPATaMU.

Kopurysauua y cxemi KoHCTpyKILii T3II He 00Me:KeHO MOMKJIMBOC-
TAMUI eJIEKTPOHHO-IIPOMEHEeBOI TeXHOJIOTii. ¥ TPUIIAPOBUX IMOKPUTTAX
(puc. 1, 0, x, 3), AK yiKe 3asHAUaJOCSd PaHiIlle, B SIKOCTi BHYTPiIII-
HBOTO JeMII()YBAJbHOrO IITapy BUKOPUCTOBYIOTH ctTomu MeCrAlY,
MeCrAlYSiHfZr i3 cmiBBigHOIIIEHHAM KOMIIOHEHTIB, IO 3a0e3meuye
BHUCOKY ILJIACTUYHICTDH (BiHOCHE IMOJOBXKEHHA 3a Po3puBy 0=2,5%) i
JIOCTATHIO »KapoTPUBKicTh. Ileit 1map cay:KuTh AJId IMOHUKEHHA Ha-
npy:xeusb y T3II, a TakoK IJs radbMyBaHHA Ta OJOKYBaHHS TPIIfWH,
IIT0 PO3BUBAIOTHCA 3 MOBEPXHi BrIub OCHOBU.

IIpomiskHMUME 1M1ap ABJsAE CO00I0 KOMIIOSUT IIiABUINEHOI KapPOTPUB-
KocTu Ta TepMmocTabisbHOCcTH. Tperiii 30BHINIHIN KepamiuHUil Iap
copmoBano Ha ocHOBi miokcuay I[upkoHiio, crabisizoBaHOro OKCH-
moM Itpiro. ¥ 30BHIIIHIN KepaMiuyHHME IIap AOJAaTKOBO BBOAATH OIUH
abo kKimbka OopuAiB 3 KoHIeHTpalieo y 5—10% wmac., po3amip HaHO-
4acTUHOK dAKux ckiaagae 10—-20 pm. 3asHaueHi HAHOUYACTHUHKU IIif
Yyac OKMCHEHHS 3aJJiKOBYIOTH MIiKPOTPillIUHU, IO BUHUKAIOTHL y 30B-
HIITHbOMY KepaMiuHOMY Iapi.
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Puc. 2. 3oBHimHi#l BUrAaa yHiBepcaabHOTO JabOPATOPHOTO €JeKTPOHHO-
IIPOMEHeBOTO ycTaTkoBaHHS JI-2.2

3500

1000

1700

1000

Puc. 3. CxeMu TexXHOJOTiUHUX IIPOIlECiB ycTaTkoBaHHA JI-2: 1 — poboua
Kamepa; 2 — enexktponHo-npomenena (EII) rapmara aas marpiBaHHs BUPOOiB
sumnsy; 3 — Ell-rapmara mjs BumapoByBaHHsA MmarepisiaiB; 4 — Ell-rapmara
I HAarpiBaHHSA BUPOOIB 3BepXy; 5 — BePTHUKAJLHUI MeXaHisM s momaui
3aTrOTiBKM [JIs CTOIJIEHHS; 6 — MexaHisM mifBicKu # obepTaHHA BUPOOY; 7
— oruAgoBa cucreMa; 8 — rabapuT IUJIIHAPUUYHOTO BUPOOY; 9 — rabapur
IrcKoBoro BupoOy; 10 — 3acaiuka; 11 — Turenb; 12 — 31uBOK; 13 — Mme-
XaHi3M Iozavi 3JuMBKAa [OJd BUIAPOBYBaHHSA; 14 — TOPU30OHTAJbHUNA MeXa-
HisM mogmaui Bupoby; 15 — mIao30Ba KaMmepa.®
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Ocranua mopudikaiia T3II — gaa 3aXMCTy JIOIIATOK IEPIoi 11ad-
JUHU TYpOiHM BifiCbKOBUX ABUTYHIB II’ATOro mOKoJiHHA. Taki poboru
IPOBOAATHCA JIJIdA YKPAIHChKUX HiAIIPUEMCTB, IO IPAIIOITh YV ralysi
raszorypoobynyBauua (Il «IBuenko-IIporpec» Tta AT «Motop-Ciu»,
M. 3aIlopimKIKI).

[l HaHeceHHA »KAPOTPUBKUX 1 TEIJ03aXUCHUX MOKPUTTIB PO3PO-
0JieHO J1abopaTOpHE Ta IIPOMICJIOBE eJIeKTPOHHO-IIPOMEHeBe O00JIaf-
Hauuda. Ha pucyHKy 2 IMoKasaHO 30BHIIMHINA BUTJIAL YHiBepCaJIbHOTO
J1a00PaATOPHOTO €JeKTPOHHO-IIPOMEHEBOT'0 yCTAaTKOBaHHA JI-2 mjsa To-
IJIEHHS Ta BUIIAPOBYBAHHA MaTepianiB y Bakyywmi [8]. Cxemu TexHO-
JIOTiUYHMX IIPOIlECiB IIpeJcTaBJeHO Ha puC. 3; TeXHiuHI xapaKTepmuc-
TUKM YCTATKOBAHHS HaBegeHO y TabJ. 1.

TABJIMIA 1. Texniuni xapakTepUCTUKU ycTaTKoBaHHA JI-2.*

1 [BcramoBieHa HMOTY:KHiCTH, KBT 300
I[IpumiBuaIIyBaIbHa Hampyra, KB 20
Posmip 3/1MBKiB, 110 BUIAPOBYIOTHCS, MM:

3 |— mismerep 70
— IOBXKUHA 400
Posmip 3aroTiBoK, IO CTOMJIIOIOTLCS, MM:

4 |— mismerep 80
— MOBJKUHA 390
Posmip 3/IMBKiB, 1110 BUTOILIIOIOTHCA, MM:

5 |— mismerep, MepeTHUH 70
— IOBXKUHA 400
Posmip moBepxHi KOHAeHcAIlil, MM:

— IPAMOKYTHBOI ILJTaCKOi 350x350

6 |— Kpyrami miackuit (mismerep): 400
— MUJIIHIPUYIHOL
— mismerep 150
— JIOBJXKIMHA 350

7 |KinpkicTb TuUImiB, ImT. 3

8 |BuyTpimHiil giamerep TUITIB 70, 74

9 |BaHTaKOIiAHOMHICTS TOPUBOHTANBLHOTO IIITOKA, KI' 30

10 [BauTaKOIMigHOMHICTh TOPU30HTAJBLHOTO IIITOKA, KT 50
KinbKicTh 1 HOMiHAIbHA MOTYKHICTD €JIeKTPOHHUX Tap-

MaT, nxKBT:

11 |— nna BUDAapoBYBAaHHS MaTepiAiB 3x60
— IJIs HarpiBaHHS BUPOOiB 2x60
— IJIS TIePEeTOIJIeHHA (3x60)

12 |Crynius Bakyymy B pobouiii kamepi, Ila 6-10%-1-102

13 [Burpara 0X0JI0AKyBAIBHOI BOAHM, M°/TOZ 10

14 [[Lmoma, 3aliMaHa yCTATKOBAHHAM, M2 100
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Puc. 4. 3aranpHuil BUrasan ycrarkoBaHHa JI-9 i cxema HameceHHS MMOKPHUT-

TiB: I — Kamepa TexXHOJIOTiuHa; 2 — KaMepa IILII030Ba; 3 — eJIeKTPOHHA
rapmara; 4 — Kacera; 5 — MexaHisM mogaui Kacetu (BupoOy); 6 — mexa-
Hi3M mogaui 3amBKa; 7 — Tureib; 8§ — orisgmoBa cucreMa; 9 — 3aciiHKa;
10 — BaxkyymHa cucrtema; 11 — malifaHUYUK OOCJIYroByBaHHsA; [2 — HyJbT

KepyBaHHA.’

TABJHAITA 2. Texuiuni xapakTepucTUKK ycTaTKoBaHHA JI-9.5

1 [BcraHoByieHaA MOTYKHiCThH, KBT 400
2 [[IpumBupiyBaJbHA Hampyra, KB 25
3 |PosMmip 3J1MBKiB, III0 BUIIAPOBYIOTHCSA, MM:

— nmiamerep 70

— JOBXKUHA 500
4 |Posmipu KaceTu 3 HAIOPOINYBAHUMU JOHATKAMM, MM:

— misamerep 250

— JIOBKUHA 500
5 |KinekicTe TuUriis, mir. 4
6 [BanTaxkomigiioMHIiCTh IIITOKA IIOJAaYi KaceTu, KI 50
7 |[KimbKicTh i HOMiHa/JIbHA MOTYKHICTh €JI€KTPOHHUX Tap-

maT, nxkBT 6x60
8 |Crymims Bakyymy B po6Gouiii kamepi, Ila 6-103-1-102
9 [BuTpaTa 0XOJOZ:KYBAJIBHOI BOLU, M°/TOZ 15
10 [Inoma, safiMaHa yCTATKOBAHHAM, M> 140

YceraTKOBaHHSA CKJIALAETHCA 3 PO00UOI Ta AOMOMIiMKHOI KamMep mJIs
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3aBaHTAKEHHsI Ta BUBAHTAXKEHHs BUPOOiB, IO IMOKPUBAIOTLCI. ¥YCTa-
TKOBAHHS OCHAIINEHO 5 eJIeKTPOHHO-IIPOMEeHEeBMMMU rapMaTaMu i3 ra-
pAYMMHK KaToJaMU BJaCHOI KOHCTPYKIIil. YcTaTKOBaHHA IIpU3HAUYEHE
LI

— IePeTONlJIEHHSA MeTaJIiB i cTomiB 3 MeToro padiHyBaHHA W omep-
JKaHHS MUJIIHIPUYHUX 3JIMBKiB;

— OJep:KaHHsA CIeIisJbHUX CTOIIB, BKJIIOUAIOUM iHTEepMeTaigu, Ha-
mpukgang NiAl, TizAl, TiAl Toimo;

— OCAIKeHHSA KOPO3IMHOCTIMKUX, TEIJ03aXNCHUX, KOHCTPYKI[IMHUX
MMOKPUTTIB Ha MJIACKi ITOBepPXHi Ta MOBEPXHi 00epTaHHS, BKJIIOUAIOUU
JIOTIATKM Tra30BUX TYpOiH;

— 0Ca»KeHHsI 0COOJMBO TBEPAMX 3HOCOCTIMKHX MOKPUTTIB i3 UMCTUX
MEeTAaJIONMOAIOHUX CIIONYK Ta iXHiX cyMiIeil, y TOMY YMCJi IIOKPUTTIB
MiKpPOIIIapoOBOTO THUILY;

— CHHTEe3U MiJ] 4ac OCaJKeHHA MapOBUX IIOTOKIB TAMKKOTOIKUX CIIO-
JyK (xapbimis, 6opumiB, cuIinuaiB) Ta omepsKaHHA TOHKUX 1 TOBCTUX
IIOKPUTTIiB;

— OJlep’KaHHA [OUCIEPCHO3MIITHEHMX MiKpOIIIapoBUX 1 MiKpoIiopuc-
TUX MAaTepiAJiB y BUIVIAAI MOKPUTTIB i MacUBHUX B3aroTiBOK, Bimo-
KPeMJIOBAHUX BiJ MigKJIagIUHKUI;

— OoJlep:KaHHA MOKPUTTIB 3 PiBHOBAXKHUX (pas3 BYTJIEITIO.

[ mpoMucI0BOTO 3aCTOCYBAHHS CTBOPEHO YHiBepcasibHE eJIeKT-
poHHO-IpOoMeHeBe ycTaTKoBaHHA JI-9 [9]. SarampHuUil BUrIAm ycrar-
KOBaHHA Ta CXeMYy HaHECEeHHA MOKPUTTIB moKaszaHo Ha puc. 4. TexHi-
YHi XapaKTepUCTUKU HaBeIeHO y Tabia. 2.

YceraTkoBaHHA ABJISAE c000I0 OJOK BAKYYMHHX KaMep 3 MexaHizMa-
MU, TPUCTPOSIMHU Ta CUCTEMaMM, IO 3a0e3meUyioTh IMPOBEAEHHS TeX-
HOJIOTiUHOTO IIPOIleCy HAHECEeHHS IIOKPUTTIB y BakyyMi Ha pisHi BU-
pobu. o HmKHBOTO (QuaHIA PoO0OYOI KaMepu IPUCTUKYBAHO OJIOK
TUIJIiB, HO CKJIAAy AKWX BXOAATHL UOTHPU MEXaHisdMU Iofadi 3JIUBKiB,
III0 BHUIOAPOBYIOTHCSA. 3aBaHTaKeHHs 3JMBKIB MaTepidiB, II0 BHUIA-
POBYIOTHCS, B MEXaHi3MHU ITPOBOAUTHLCSA 3BepPXy uepes Turii. Ocobsau-
BiCTIO KOHCTPYKIIil yCTaTKOBaHHA € OCHAIlleHHA ii HOBUM [IKEpesioM
JKUBJIEHHS 31 crabinisaIriieo IpUIIBUAITIYBAJbHOI HANOPYTH M eJIEeKT-
POHHO-IPOMEHEBUMHU HArpiBauaMm 3 XOJIOAHOIO KaTOO00.

BukopucTaHHa XOJIOZHOI KaTogW 3 MAaJIOJIeI'OBAHOTO CTOIIy Ha OC-
HOBi asIfoMiHiI0O BHKJIOUae OyOb-AKi HOT0 BUKPUBJIEHHS, II[O0 JA€ MO-
JKJINBICTh OHEpP:KyBaTH CTAOiJIbHUUN €eJeKTPOHHUI IYyYOK YIIPOIOBIK
250 roguu pobotu ycraTkoBaHHs 0e3 ii samimm. 3 immoro GoOKy, eJe-
KTPOHHO-IIPOMEHEeBi HarpiBaui 3 XOJIOLHOIO KAaTOMOI0 3MATHI cTa0iIbHO
npaimoBatu 3a Bakyymy y 10 Ila, Toxi Sx eleKTpoOHHO-IIPOMEHEBi Ha-
rpiBaui 3 rapAador CTPIiYKOBOIO KAaTOHOIO0 IIPAIlIOIOThH Yy BaKyyMi He
Husxge 51072 Ia.

BukopucraHHSA eJeKTPOHHO-IPOMEHEBUX HarpiBauiB 3 XOJOTHOIO
KaTomoIo Iependauae HaNyCKaHHA KUCHIO B ITAPOBY XMapy 3 AiOKCHUIY
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ITupkoHito Ta 3abesmeuye OJep:KAHHA CTEXiOMETPHUUHOTO CKJAIy 30B-
HIIITHBOTO IIapy TEIJI03aXUCHOTO IMOKPUTTS.

YoTupu eJeKTPOHHO-IIPOMEHEBi rapMaTyé 3 XOJOJHOI KAaTOI0I0
CIyKaTh IJif BUIAPOBYBaHHS BUXITJHWX MaTepPidAaiB 3 TUIJIB i BcTa-
HOBJIEHI TaKUM YMHOM, III0 KOXKHa eJIeKTPOHHA rapMara, IpU3HaueHa
IJIsI BUIIAPOBYBAHHS 3JIMBKAa 3 BiAMIOBiZHOTO TUIJISA, MOKE BUKOPHC-
TOBYBaTHCSA TAKOMK IJIA BUIIAPOBYBAHHA MAaTEPisaly i3 CycigZHBOTO TH-
rnsa. Taka morpeba MoKe BUHUKHYTH uepes 3MiHY KiJTBKOCTH TUIJIIB
abo poaralryBaHHA iX 3a BHMOTaMH TeXHOJIOTiYHOTO IIporecy. IBi
CUHXPOHHO HPAITIOIOUi 3aCHiHKY IIPU3HAUEHO MIJIs eKpPaHyBaHHA BUPO-
0iB mig uac posirpiBy BHIapoBYyBaHUX MaTepidsiB i BupobiB mo crTabi-
Jisarii TexHoJoTriuHOTO peskuMmy. /g HarpiBaHHA BUPOOIB CIY:KaTh
OBlI Taki XK eJIeKTPOHHI rapMaTy, BCTAHOBJIEHI 3BepXy TeXHOJIOTidHOI
Kamepu. [[Bi 1Ir030Bi KamMepu IIpM3HAUYEHO IJdA Mepe3aBaHTaKeHHSA
BUPOOiB, IO TOKPUBAIOTHCA.

Pos’egnanaa o0’emiB poGoduoi Ta IJII0O30BOI Kamep ITPOBOAUTHCA
IBOMAa BAKYYMHUMHM 3aKpuBaMH. ¥ IILIIO30BUX KaMepax mepeadadeHo
MIPUCTPOi HMOHHOI OYMCTKU BUPOOIB Ilepel HaHECEHHAM IIOKPUTTIB.
HasaBHicTh ABOX JOHOMIiMKHUX Kamep 30iJbIIIye TNPOAYKTHUBHICTEH ycTa-
TKOBaHHA. HaHeceHHA MOKPUTTIB Ha BUPOOU, IO MONAIOTHLCSA II0 Uepsi
3i IMIII030BUX KaMmep, BimOyBaeThca 0e3 po3BaKyyMyBaHHA pobouoi
KaMmepHu, B AKifi BigOyBaloThCA OCAMKEeHHsA ITOKPUTTiIB. MexaHidM ro-
PU30OHTAJBHOI MOAAYi CIYKUTh AJIA IepeMillleHHs BUPOOiB i3 III030-
BUX KaMep y KaMepy HAIIOPOIIIeHHS Ta Hasal, a TaKo:K AJid obepTaH-
Ha BupoOiB. IIlToku 3abe3meueHO NPUCTPOAMU OJIA 3HATTA CUIHAJIB,
IIT0 HAAXOOATH 3 TepMOIlap, 3aKPillJIeHnX Ha KaceTaxX 3 JIOMaTKaMHu. Y
KOHCTPYKIIil yCTATKOBAaHHSA BUKOPUCTAHO MIKEpesia OKPEMO IJIA KOMK-
HOI eJIeKTPOHHOI rapMaTH i3 OPHUIIBUAINYBAJbHOIO Hampyroo y 30
KkB.

Cucrema ymnpaBJiHHA YCTaTKOBAHHAM 3JiMICHIOE:

— KOHTPOJIb TEXHIiUHOT'O CTAHy BCiX CHUCTEM YCTATKOBAHH;

— aBTOMATHUYHY IIiITOTOBKY YCTATKOBAHHS IJA BUKOHAHHS TEXHOJO-
TriYHOTO IIPOIlEeCy;

— KepyBaHHsSA 3 IyJbTa OllepaTopa By3JaMM YCTATKOBAHHSA ITiJ dac
IPOBEIEHHA MPOIIECY;

— 00pobOKy, BimoOpaskeHHs Ta 30epiraHHsa B peaJbHOMY MacHiTadi
Yyacy TeXHOJIOTIUYHUX IapaMeTpiB i MuUKJIOrpaM IIpPoIlecy.

B manuii yac mpomoBKYIOThCA POOOTU 3 PO3POOKU KOHCTPYKTOPCH-
Kol JOKyMeHTallil Ha NPUHIIMIIOBO HOBE MIPOMUCIOBE €JeKTPOHHO-
IIpoMeHeBe OOJIATHAHHSA O OCAMKeHHS 3aXMCHUX HOKPUTTIB. YcTa-
TKOBaHHA (puC. ) ABJAE CO00I0 OJIOK, IO CKJAZAETHCA 3 YOTHUPHOX
BAKYYMHHUX KaMep, IIOB’sI3aHUX MiK c000I0: BJIaCHE TeXHOJIOTiuHOI
Kamepu I, mepexigHOl KaMepu 5 i JBOX IILIIO30BUX Kamep 3. Ycepe-
IUHI TexXHoJIoTiuHOl KamMepu 1 BCTAHOBJIEHO BOJOOXOJIOMKYBAJbHI TH-
rai 11, B AKUX PO3SMIITYyIOTH 3auBKU 9, 10 MarTepisainiB, 110 BUIIapo-
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Puc. 5. Cxema mepCcrueKTUBHOTO eJIeKTPOHHO-IIPOMEHEBOTO YCTATKOBAHHS MIJIS

HaHeCEeHHA 3aXMCHUX MHOKPUTTIB: I — poboua Kamepa; 2 — ILJIaHETAPHUN
MexaHisM o0epraHHA BUpPOOy (I0maTok); 3 — 3aciiHka; 4 — MaHIiOyJIATOD;
5 — mepeximgma Kamepa; 6 — peiliku; 7 — IILJI030Bi KaMmepu; 8§ — mifcTaBKa;
9 — xepawmiunmit 3n1uBoK; 10 — MerayieBuii 3aUBOK; I1 — Turensb; 12 —

obeproBa omopa; I3 — Bupib (;momarka); 14 — eneKTpoHHaA rapmara; 15 —
moBimHM Tpub; 16 — 3axomaeHHsA; 17 — 3aKpuB.’

ByIOThCS. IIpoMeni eleKTpoHHUX rapmar 14 BHUOApOBYIOTh MaTepisi
3JUBKiB, AKMI y BUTJIAAL IIapu KOHAEHCYeThcsa Ha Bupobax 13. Kinab-
KicThb BUKOPMCTOBYBAHMX THUIJIIB MOKe 3MIiHIOBATHUCA B 3aJI€KHOCTI
BiT HeoOXimHOTO CKJaZy Ta KOHCTPYKIiI (OBO-, TpUIIIApOBE, MiKpO-
IiapoBe) IMOKPUTTA. Ha IIboMy yCTaTKOBaHHI MOMKJINBE OCAMKEHHS
BCiX THHOIB 3aXMCHUX IOKPHUTTIB, Y TOMY YHCJi HOBUX THUIIIB CHJIIIU-
IOHUX IIOKPUTTIB MiKpPOIIIapOBOTO THUILY.

Cnimg sasmaumTum, IO Ha MOiATPUEMCTBI peasidoBaHO BaMKHYTHUU
IIUKJ OCAIKEeHHsS ITOKPUTTIB Ha JIOMATKMW TYypOiH, IO BKJIOUAE BUTO-
IJEeHHdA BCiX TUHIB 3JMBKiB Ha HiKJeBili, KoOaJbTOBil i 3asaisHill oc-
HOBaX 3 BUKOPHCTAHHAM 3JMBKiB KepaMiKu.

4. BAICHOBRH

3acToCyBaHHSA €JeKTPOHHO-IIPOMEHEBUX YCTATKOBAHb AJIs HaHECeHHS
3aXVWCHUX IIOKPUTTIB Ha JIONMATKU Tra3oBUX TYypOiH MMOKasye 3HAUHUI
HOTEHIiAJ y IOJNiIIIeHHI e(@eKTWBHOCTM IINX MABUIYHIB. 3rigHo 3
MIPOBEeIEHUMH OOCJiIKEeHHAMM, yCTaTKOBaHHA JI-9 3 XosomHMMU Ka-
TOZAMHU IEMOHCTPYE cTabiibHYy pobory BupomoB:k 250 rogun 6e3 He-
0o0XigHOCTH 3aMiHM KaToZ, IO € iCTOTHMM MOJIIIIeHHAM Yy IIOPiB-
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HAHHI 3 IIONEepPeIHiMy MOAeJNAMM. ¥ CHillTHe BOPOBAMKEHHS ITUX TeX-
HOJIOTIii y IIPOMMCJIOBICTHL CBigUWTh IIPO 3JAaTHICTh €JIEeKTPOHHO-
IpOMeHeBUX yCTaTKOBaHbL 3abesmeuyBaTu g0 30 KB mpumsuairysa-
JBHOI HaANPyTU MJIA KOXKHOI eJeKTpoHHOI rapmartu. Ile mae 3smory
cTabiIbHO OCaKyBaTU IIOKPUTTA HA IIOBEPXHi JiomaTok TypOiH, 3a-
Oesmeuyoun iXHIO 3aXUIEHIiCTh i TPUBAJIMHN TepMiH eKcILTyaTaii.
YTouHeHi TexHiuHi IMOKA3HUKMU, TaKi AK HMOHM)KXEHHSA BUMOT IO BaKy-
ymy Ha piBerb 10 Ila mjia eleKTpoHHO-IPOMEHEBHX HaArpiBauiB 3 Xo-
JIONHOIO KaTofoi0 mopiBHaHO 3 5:1072 Ila mua rapAumx CTPIYKOBHUX
KaToJl, BKasyOTh Ha IIOJIIIIEeHHA e(PeKTUBHOCTU BUKOPUCTAHHA HO-
BUX TexHOJIOTi#. Ile yMOMKJIMBIIIOE ONTHUMiI3yBaTH IIPOIlEC HAHECEHHS
IOKPUTTIB y BaKYyMHHX yMOBax, 3abesmeuyooum crabiabHiCTH i
AKicTh MOKPUTTA. [ocaiKeHHA TAaKOM IMMOKAa3yITh, IO eJeKTPOHHO-
IpoOMeHEBiI yCTaTKOBaHHA AAIOTh 3MOIY OCalKyBaTH Pi3sHOMAaHiTHI 3a-
XVCHI IIOKPUTTS, BKJIOUYAOYN HOBI TUNN CUJIIIMIHUX IIOKPUTTIB Mi-
KPOIIIapoBOT0 THUIY, IO BiIKpWBa€E MIMPOKI IMEPCIEeKTUBU IJdA ITiJBU-
IMeHHA HATIHHOCTH Ta TEePMiHy CcJay:k0u rasoTypOiHHUX MOBUTYHIB.
OTmixe, pes3yabTATH MOCTIIKEHb i IMpaKTHYHE BIPOBAMKEHHS eJIeKT-
POHHO-TPOMEHEBUX YCTATKOBAHDb IJis1 HAHECEHHSA 3aXVCHUX MOKPUTTIB
Ha JIONIATKM Tra30BUX TYpOiH CBiguaTh MPO iXHIO BEJIUKY HEePCHEeKTUBY
y TOJIIIIIIEeHHI TEeXHIUHWX XapaKTepUCTUK IMUX NABUTYHIiB, 30KpeMa 3i
30iIbIIIEHHAM iXHBOI e()eKTUBHOCTU Ta HAJITHOCTHU.
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! Fig. 1. Schemes of heat-resistant and thermal barrier coatings obtained by electron-beam depo-
sition: a—single-layer metallic types like MeCrAlY, MeCrAlY(HfSiZr); 6—single-layer compo-
site microlayered types with alternating layers of MeCrAlY (MeCrAlYHfSiZr)/MeCrAlY
(MeCrAlYHfSiZr) + MeO, where MeO represents Al,0; or ZrO, + 6—8 wt.% Y,05; 6—two-layer
coatings with internal metallic MeCrAlY (MeCrAlYHfSiZr) and external ceramic layer; z—two-
layer coatings with internal composite MeCrAlY(MeCrAlYHfSiZr)+ MeO dispersed-
strengthened or microlayered types and external ceramic (ZrO,-Y,0;) layers; d—three-layer
coatings with internal and intermediate metallic layers based on MeCrAlY (MeCrAlYHfSiZr)
alloys and external ceramic (ZrO,-Y,0;) layer; sx—three-layer coatings with internal metallic
MeCrAlY (MeCrAlYHfSiZr), intermediate composite MeCrAlY (MeCrAlYHfSiZr)+ MeO dis-
persed-strengthened or microlayered types, and external ceramic (Zr0O,—Y,0;) layers; 3—three-
layer coating consisting of an internal metallic MeCrAlY (MeCrAlYHf{SiZr), intermediate com-
posite MeCrAlY (MeCrAlYHfSiZr) + MeO dispersed-strengthened or microlayered types, and an
external ceramic (ZrO,—Y,0;) with nanodispersed boride particles, which, during oxidation, seal
microcracks in the external ceramic layer formed during thermal cycles of heating and cooling.

2 Fig. 2. External view of the universal laboratory electron-beam installation L-2.

3 Fig. 3. Schematics of technological processes in the L-2 installation: I—working chamber; 2—
electron-beam (EB) gun for bottom heating of products; 3—EB gun for material evaporation; 4—
EB gun for top heating of products; 5—vertical mechanism for feeding the workpiece for melt-
ing; 6—suspension and rotation mechanism of the product; 7—inspection system; 8—dimensions
of a cylindrical product; 9—dimensions of a disc-shaped product; 10—shutter; 11—crucible;
12—ingot; 13—mechanism for feeding the ingot for evaporation; 14—horizontal mechanism for
feeding the product; 15—gate chamber.

4TABLE 1. Technical specifications of the L-2 installation.

® Fig. 4. General view of the L-9 installation and coating application scheme: I —technological
chamber; 2—gate chamber; 3—electron gun; 4—cassette; 5—cassette (product) feeding mecha-
nism; 6—ingot feeding mechanism; 7—crucible; 8—inspection system; 9—shutter; 10—vacuum
system; 11—service platform; 12—control panel.

S TABLE 2. Technical specifications of the L-9 installation.

" Fig. 5. Diagram of a prospective electron-beam installation for applying protective coatings:
1—working chamber; 2—planetary mechanism for rotating the product (blades); 3—shutter; 4—
manipulator; 5—transition chamber; 6—rails; 7—gate chambers; 8—base; 9—ceramic ingot;
10—metal ingot; 11—crucible; 12—rotating support; 13—product (blade); 14—electron gun;
15—drive gear; 16—gripper; 17—gate.
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This article is concerning to a review of experimental studies of nanocom-
posite-coatings’ formation processes with improved functional properties,
as well as the study of nanocrystals’ formation patterns within the bulk of
binary and ternary alloys. Among the most popular materials of the pre-
sent time, the main place is occupied by composite coatings, to improve
functional properties of which, the structuring of the metal matrix with
nanodispersed particles is used, as well as binary and ternary alloys with a
nanocrystalline structure. Such coatings have found application in microe-
lectronics, mechanical engineering, aerospace and rocketry, chemical in-
dustry and environmental technologies. Introduction of nanosize compo-
nents into the coating composition makes it possible to obtain catalytic,
anticorrosion, magnetic, and high-strength materials, which are in de-
mand in aggressive environments and high temperatures.

JlaHa cTaTTa CTOCYETBHCA OTJIAAY €KCIIePUMEHTAJbHUX OCJiIKeHb IIPOIECiB
¢opMyBaHHA HAHOKOMIIOSUTHUX HOKPUTTIB 3 HOJINNIeHMMH (DYHKIIOHATbL-
HUMU BJACTUBOCTSAMU, & TaKOK JOCJIIIKeHHS 3aKOHOMipHOCTell yTBOpEeHHSA
HAaHOKPUCTAJiB B 00’eMi OimapHuX i morpiifinux cromiB. Cepeln HaNHIOMyJIAp-
HIiMIX MaTepidAJiB Cy4acHOCTH OCHOBHE MicCIle IIOCiZaroTh KOMIIO3UILiNHI
OOKPUTTA, OJA IOJIMINeHHA (PYHKIIOHAJIbHUX BJIACTUBOCTEU SKUX BUKOPU-
CTOBYETHCSA CTPYKTYPYBAHHSA MeTaJIeBOI MATPUIlI HAHOAUCIEPCHUMHU YACTH-
HKaMM, a TakoyX OiHapHi Ta MOTPiiiHI cTONIM 3 HAHOKPUCTAJIIYHOIO CTPYKTY-
poto. Taki MOKPUTTA 3HANMIIN 3aCTOCYBaHHS B MiKPOeJIEKTPOHIIi, Marim-
HOOyZyBaHHI, aepOKOCMiuHiil i pakeTHO-KOCMiuHi#l TexHini, xemiuniii mpo-
MHCJIOBOCTI ¥ EKOJIOTiUHMX TeXHOJIOTifAX. BBemeHHsS 10 CKJIAAy IOKPUTTS
HAHOPO3MIpHUX KOMIIOHEHTIB YMOMKJIMBJIIOE OAepP:KaTH KaTaJIiTU4YHi, aHTH-
KOpPOB3iiiHi, MarHeTHi Ta BUCOKOMIIIHI MaTepisau, 3aTpeOyBaHi M1 BUKODPH-
CTaHHA B arPeCUBHUX CEPENOBUINAX 1 3a BUCOKUX TeMIepaTyp.

Key words: coatings, nanocomposites, structure, applying.
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1. INTRODUCTION

One of the most important purposes of modern materials science is
the study of patterns formation nanocomposite materials micro-
structures [1-9]. This is due to special attention to fundamental
problems of composite systems creating and application in various
fields of engineering and technology. Therefore, the development of
fundamentally new physical and technological stages of multicom-
ponent systems structures formation is one of main problems in the
field of nanomaterials and nanotechnology science [10—13].

It is well known that composite materials are heterophase struc-
tures, taken from two or more elements, preserving the properties
of each component. Most solid-state composites are a matrix, in the
volume of which the second phase is distributed in a certain way.
Matrix elements can be metals and their alloys, inorganic and or-
ganic polymers, ceramics and other materials [14, 15]. Strengthen-
ing or reinforcing components are both thread-like fibres and fine
particles of various natures.

In recent years, scientists from leading countries of the world
determined that nanostructured materials such like nanotubes, full-
erenes and nanoparticles are the most promising in terms of im-
proving functional properties materials by several orders of magni-
tude [16].

Among the most popular materials of the present time, the main
place is taken by composite coatings, to improve functional proper-
ties of which, structuring is used with metal-matrices’ nanodis-
persed particles, as well as double and triple alloys with nanocrys-
talline structure. Such coatings have found application in microe-
lectronics, mechanical engineering, aerospace and rocketry, chemi-
cal industry and environmental protection technologies. Introduc-
tion to composition coatings nanosize components allows obtaining
of catalytic, anti-corrosion, magnetic and high-strength materials,
which are in demand in aggressive environments and high tempera-
tures.

Thus, the study of nanosystems and their influence on the physi-
cochemical properties patterns formation is one of the pressing
problems in the production of nanostructured composite coatings.

Today, one of the promising areas for improving the performance
characteristics of industrial products is modernization-using coat-
ings based on transition metal nitrides and intermetallic com-
pounds. An option was proposed for converting such protective
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coatings into a nanostructured state, as well as the formation of
multilayer structures with nanoscale architecture [17—20]. The gra-
dient nature of multilayer structures allows for a variety of func-
tions, such as increasing adhesion, increasing resistance to wear
and corrosion, and much more. Alternating two or more layers of
materials with different physical and mechanical characteristics
makes it possible to change the properties of the system, including
stress concentrators, and influence the propagation of cracks as a
result of achieving increased fracture toughness of the material
[21-23]. Multilayer compositions based on binary nitrides TiN/CrN,
TiN/MoN, ZrN/CrN, ZrN/MoN, ZrN are of particular interest.

The literature typically uses hypotheses and ideas from various
fields of natural sciences, namely, solid-state physics, physical ma-
terials science, chemical physics and condensed matter physics.
Multilayer nanocomposite coatings are of particular interest because
they have some special physical, chemical and micromechanical
properties, such as high temperature stability [23], hardness and
improved thermal barrier properties, which are most suitable for
operation under extreme tribological conditions [24—28].

At the same time, the properties of nanocomposite materials are
not always necessary in the entire volume of structure or part, but
only in a thin layer of a certain thickness. In this aspect, the meth-
od of composite electrolytic coatings (CECs), which is based on the
electrolytic precipitation of metals and dispersed particles, makes it
possible to obtain compositions in the form of thin protective layers
is promising.

The CECs’ method, compared to others, is much less labour-
intensive, does not require high temperatures and is economical.
These advantages of the CECs’ method led to the intensive devel-
opment of research work in the U.S.A., Germany, the CIS, and oth-
er countries.

The growing interest in nanocomposite electrolytic coatings is
evidenced by publication activity over the past 5 years and citations
in both applied and basic science.

2. METHODS OF OBTAINING CEC

Methods for obtaining nano-CECs can be divided into two main ones
groups. The first of them includes methods in which standard elec-
trolytes add nanosize powders and as a result get a metal coating in
which nanoparticles are embedded in the matrix. The second group
includes deposition methods, in which, during the formation, elec-
trolytic coatings use various electrolysis modes, and thus, purpose-
fully reducing the crystal size down to obtaining an amorphous-
crystalline structure.
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During the process of electrolytic coatings, as a second-phase
forming powders with particle sizes not more than 100 nm were
used. These CECs are accepted count nanostructured coatings, and
technology for their fabrication, namely, nanotechnology. For ex-
ample, in work [29], a multichamber electrolyser is used for appli-
cation of nanocomposite Cr;C,—TaC—NiCr coatings on steel substrate
A29 1044 (Fe—0.45C—-0.18Si—0.6Mn). According to literary data, it
was found that developed method provides conditions to form dense
layer nanocompositions with porosity below 2% and microhardness
800+ 25 HV ;.

The authors’ works were carried out [30, 31], in which nanocom-
posite Ni—-Al,O; coatings were prepared method jet electrodeposition
and analysed influence of Al,O; concentration in the electrolyte cur-
rent density and speed of electrolyte stream on the content of nano-
AlL,O;. In work [32], microstructures of composite coatings were
studied using methods electron microscopy. The authors assessed
the effect of Al,0; nanocontent on microhardness and corrosion du-
rability. According to the results, it was established that deposited
Ni layers have nanocrystalline microstructure with average 50 nm
in size. Al,O; particles are well dispersed in the layer, and the con-
tent particles is up to 12.2 at.%, and also presented composite Ni—
Al,O; coatings, which were obtained in a new way from modified
Watt type electrolyte containing Al,O; nanoparticles, where instead
of mechanical stirring a strong magnetic field was created in a di-
rection parallel to the electrolytic current. The authors investigated
influence of magnetic field on particle content, morphology surfac-
es, microhardness and wear resistance. It was discovered that
strong magnetic field plays an important role in the formation of
composite coatings. The number of Al,0; nanoparticles in the com-
posite coating is increased with increasing magnetic-flux density,
reached its maximum values at 8 T and then decreased slightly.

Microhardness and wear resistance nanocomposite coatings also
increases with increasing magnetic flux density compared to purity
of Ni coating. This is because co-sedimented Al,O; nanoparticles
were evenly distributed in the Ni matrix and contributed signifi-
cant increase of microhardness and wear resistance of composite
coatings.

Nanocomposite coating Ni—Al,O; obtained by electrochemical pre-
cipitation has many excellent properties and is a promising material
for use as a protective coating. In this study, Ni—Al,O; nanocompo-
site microcomponents were prepared using different electric current
densities [33].

Young’s module was calculated from experimental curves bending
composite cantilevers. Research has shown that Young’s module of
Ni—Al,O; nanocomposite amounts to approximately 202 GPa at 45°C



CURRENT STATUS AND PROSPECTS FOR THE USE OF NANOSYSTEMS 273

its deposition and current density of 10 mA/cm? but at current
density of 60 mA/cm?, sharply drops to 67 GPa. By compared to
electrodeposited pure Ni, the Ni—Al,0; nanocomposite exhibits in-
creased elastic properties [34].

Ni—Al,O; nanocomposite coating was prepared by electrolytic
rubbing, and for comparison, Ni—Al,O; coating was also applied by
electrolysis. It was studied the morphology of surfaces, microstruc-
ture, microhardness and wear resistance coatings [35].

The results showed that Ni—Al,O; nanocomposite coating, ob-
tained by electrolytic rubbing has a smoother, fine, dense micro-
structure and more uniform characteristics across compared with
the electrolytic nanocomposite coating Ni—Al,O;.

The first demonstrated more high microhardness and better wear
resistance under lubrication conditions compared to the latter at
tribological tests [36].

Joint deposition Cu (Zn) and graphite powders size less than 10
nm [37]. Electrocomposite coatings were cooked with a help of elec-
trodeposition traditional methods. The influence has been studied
parameters such as stirring speed and current density, on compound
electrodeposited brass, as well as the influence of graphite particles
concentration in brass bath, air-mixing speed to include graphite in
brass matrix and deposition efficiency.

Wear resistance and friction properties of compositional Cu (Zn)—
C coatings containing different percentages of graphite particles
have been studied. The presence of graphite particles improved anti-
friction properties composite coatings. It has been shown that com-
posite coating, containing approximately 3.7 vol.% graphite, has
the best tribological properties.

Nanocomposite Ni—SiC coatings were received electrodeposition
from nickel sulphate bath containing nanoparticles SiC with average
size particles 30 nm. The characteristics of the coatings were as-
sessed using scanning electron microscopy and test on microhard-
ness.

Friction and wear characteristics nanocomposite Ni—SiC coatings
and Ni films have been comparatively studied during the process of
sliding on ceramic Si;N, balls under non-lubricated conditions. The
results showed that according to compared to Ni nanocomposite
film Ni—SiC coating shows increased microhardness and wear re-
sistance [38—-41].

3. PROPERTIES OF MULTILAYER COATINGS

An important role in the formation of nanostructured films and
coatings plays a role in controlling the crystallographic orientation
and grain sizes by changing the energy of particles during deposi-
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tion and mass transfer, introducing individual elements into compo-
site solid matrix or variations of nanometer-thick layers with alter-
nating amorphous and crystalline phases. In this case, microstruc-
ture of film is significantly affected by the temperature of the sub-
strate and the energy of ions, which transfer their kinetic energy to
the coating during deposition [42]. This specificity is characteristic
primarily of the magnetron sputtering method, in which the energy
of the deposited particles depends on working gas pressure in the
vacuum chamber, the distance from the source to the substrate, and
magnitude of the bias potential applied to the substrate.

Vacuum-arc deposition is highly ionized technology using the ion
energy of about 10 eV, which makes it possible to regulate zonal
temperature and kinetics of interaction with the cathode spot, from
which the emission of ions and neutral particles involved in the
formation of coating takes place. Consequently, the structure and
substructure significantly depend on the particle collision energy,
and by changing a set of parameters, it is possible to establish the
preferred range of physical and mechanical properties of coatings
[43]. The main criteria for nanocrystalline films desired properties
obtaining grain size and crystallographic orientation, which is pro-
vided by ion bombardment during deposition. The effectiveness of
ion bombardment is manifested in a decrease in crystallite sizes,
relaxation of compressive stresses, compaction of grain boundaries
and localization of radiation defects, which leads to changes proper-
ties coatings [44, 45]. At this optimal method for control of crystal-
lite sizes in the direction of coating growth is the formation of a
multilayer architecture with nanoscale layers. This coating struc-
ture is ensured by periodic deposition of thin layers of various com-
pounds of a given thickness.

The work [46] presents classification of hard coatings according
to the type of their connections (Fig. 1). Nitrides, carbides and car-
bonitrides transitional metals (especially elements from groups IVB,
VB and VIB of the periodic system) are among the most favourable
materials for creating wear-resistant coatings.

The structural and compositional distribution in a multilayer
coating relative to individual layers, interphase boundaries, as well
as their dimensional relationships allows setting the functionality of
modernized surface, controlling its properties, such as hardness,
strength, elasticity, etc.

During the deposition of a multilayer structure, the proportion of
interphase boundaries increases relative to the total volume of the
interfaces, which prevents propagation of dislocations and cracks,
thereby raising mechanical resistance systems. However, the reduc-
tion in the thickness of resulting layers is limited to values, upon
reaching which blurring of the interphase boundaries occurs [47,
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indicates change in properties
with the change of chemical bond

Fig. 1. Classification of different groups of hard coatings according to
their bonding type and crystal structure [46].

48]. Therefore, studies of the phase state, structure and physical
and mechanical properties data nanosize complexes present special
scientific and practical interest.

According to the reverse Hall-Petch effect [49], in nanocrystal-
line materials with grain sizes of about 10 nm, maximum hardness
values are achieved. Grain strengthening is happening behind due
to intercrystalline processes, such as absorption by the grain bound-
ary of the dislocation core and interaction with point defects [21,
50].

In works [51, 52], the influence on the mechanisms hardening
size nanograins and near-surface effects at the film—substrate
boundaries was investigated. There is also a strong dependence of
the structure and properties of coating on technological parameters
of its production, which complicates the unambiguous interpreta-
tion of the nature of grown structures. At interphase boundaries,
atoms of various thin layers crystal lattices in multilayer films can
be replaced, which in turn leads to the appearance of additional de-
formation energy proportional to the shear modulus of material.
Layers with different shear module prevent the movement of dislo-
cations. In addition, trajectory deviations or redistribution of dislo-
cations and cracks at grain boundaries help to increase the re-
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sistance of coatings to fracture. Periodic alternation of nanometer-
scale layers with different physical and mechanical characteristics
makes it possible to change significantly such properties of a multi-
layer architecture as the concentration of internal stresses, crack
propagation and, consequently, an increase in viscosity destruction
(crack resistance) of the structure [44].

Particular attention should be paid to the issue of existing mecha-
nisms and their modified versions. During research, a series of exper-
imental works was carried out to study the mechanical, elastic, and
plastic properties of multilayer systems using the example of for-
mation and propagation of cracks and energy dissipation [46, 52].

Mechanical loads produce multiple effects on the multilayer
structure, which are divided into surface effects (cracking), defor-
mation of the internal layers of interphase boundaries, as well as
changes at the grain boundaries and response of the entire coating.
A crack begins on the surface, can branch and change its trajectory
at grain boundaries (strengthening due to grain boundaries), similar
processes also occur at the interfaces between layers (strengthening
due to interphase boundaries). On the other hand, local delamina-
tion may occur at the interfaces due to occurrence nanosize cavities,
which lead to local relaxation of internal stresses and an increase
plasticity on nanolevel. In addition, there is an interaction between
cracks and periodic deformations at the interfacial nanoscale
boundaries multilayer structures, as well as the interaction of
through cracks with the substrate material. These mechanisms are
shown schematically in Fig. 2 [46].

If we look at this process from the dislocation motion point of
view, then, due to the presence of a large number of grain bounda-
ries in the nanocomposite coating, dislocations, which propagate
through the grains, begin to slow down their movement at the grain
boundaries, which leads to their accumulation. Consequently, for
their further movement, increased voltage is required, which leads
to an increase in hardness [53]. The dislocation density increases
with decreasing grain size, which means the hardness increases pro-
portionally size nanograins. However, it is extremely important to
note that with very small grain sizes (less than 2—3 nm) the univer-
sal mechanism accumulation of dislocations is unacceptable because
dislocations cannot be generated in small grains. It is believed that
grain-boundary sliding and grain-boundary migration play an im-
portant role in the reduction of hardness at small grain sizes, better
known as the Hall-Petch inverse effect [49].

Internal interphase boundaries demonstrate a positive effect on
the micro- and macroscopic properties of the entire coating, when
their number is carefully selected relative to the total volume of
coating.
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> inhibition of grain growth (crack splitting,
W %= jnterface toughening, stress relaxation)
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crack propagation, stress relaxation)

substrate

Fig. 2. Conditional mechanism of crack propagation in multilayer systems
and their distribution at interfacial boundaries [46].

In addition to grain geometry, significant influence on physical
and mechanical properties is determined by their crystallographic
orientation. In the case of applying single-layer coatings, orienta-
tion of grains is largely determined by the material and orientation
of substrate [18, 54]. In nanocomposite structures, there is an in-
creased interfacial region, which makes the contribution of surface
and interfacial energy dominant. This improves hardness, strength,
and wear-resistance compared to single-layer counterparts [55]. By
manipulating the ratio of layer thicknesses and grain size, tendency
to change the surface energy can appear, therefore, transition to
one or another preferred orientation is possible. In this case, the
first (template) layer will determine orientation subsequent recrys-
tallizing during the process layer growth. For example, in work
[66], dedicated to NbN/MoN nanocomposites, crystallographic ori-
entation switched from (111) to (200), which has a lower surface
energy, as soon as the thickness of molybdenum template layer ex-
ceeded 2.1 nm. In Ref.[57], it was revealed that in coatings
TiN/Si;N, at decrease grain size from 50 to 20 nm or less, which
was achieved by increasing the silicon concentration, the structure
changed from (111) to randomly oriented, which made it possible to
regulate the wear resistance and hardness of resulting coatings.

As a result, several approaches can be proposed to explain mech-



278 A. DENISSOVA and M. LATYPOVA

anisms effect superhardness, including blocking dislocations at in-
terfaces, differences in the nature of internal deformations in indi-
vidual layers and an increase in the reverse Hall-Petch effect.
Moreover, all the considered models have common premises to
achieve superhardness. First, two composite layers must have dif-
ferent shear moduli and, therefore, different dislocation line ener-
gies. Secondly, layers must be thin enough to limit the formation
and movement of dislocations in individual layers. Finally, and
most importantly, two modulation levels must form consistent in-
terfaces [68—62]. In the case of a multilayer coating that meets
these criteria, to increase hardness, significant internal stress is
required to move the dislocation along the interface.

4. MECHANISMS OF COATING FORMATION

Analysis of literature data allowed classifying the nanocoatings de-
veloped to date as follow [63—6T7].

1. Coatings with nanosize grains and crystals, unlike classic ones,
have increased microhardness and plasticity. The behaviour of
nanocrystalline materials with grain sizes of 10 nm or less is de-
termined mainly by processes in the boundary regions, since the
number of atoms in grains is comparable or less than in their
boundaries. This circumstance significantly changes the nature of
the interaction between neighbouring grains, for example, it inhib-
its the generation of dislocations and prevents propagation of
cracks due to the strengthening of grain boundaries. Under these
conditions, there are no dislocations in nanograins.

2. Nano-CECs are characterized as a solid nanocrystalline phase,
which consists of grains with a thin layer of an amorphous phase.
Consequently, solid grains of strengthening phase are separated
from each other by thin layers of another-phase atoms. Such coat-
ings have ultra-high hardness, high elastic return coefficients, and
high heat resistance.

3. Nanolayer coatings are highly crack resistant. Conditions for
their production appeared in recent decades, when multilayer coat-
ings containing titanium nitride/niobium nitride, titanium ni-
tride/vanadium nitride, aluminium nitride/chromium nitride with
alternating metal and composite nanolayers were synthesized. Such
coatings differ in elastic modulus and thermal expansion coeffi-
cients. The thickness of layers should be so small that new disloca-
tions cannot arise within one layer. At the same time, linear defects
accumulate at the boundaries of soft layers of coatings and form
elastic stresses in harder layers. Total number of layers in nano-
coatings is calculated, depending on the technological tasks, and, in
some cases, can reach up to two hundreds.
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In work [71], Ukrainian specialists of the Kharkiv National Uni-
versity showed an analysis of the current state of research into the
structure and properties of solid (hardness H, =40 GPa) and super-
hard (H,>40 GPa) nano-CECs. The review examines physical prin-
ciples of thin coatings hardness increasing (< 10 nm), methods for
their creation, possible uses and the scope of further development
of this nanotechnology area. The authors emphasize that infor-
mation about the hardness of certain nano-CECs exceeding the
hardness of diamond and boron nitride needs to be confirmed, as
they may be the result of methodological errors, and emphasize the
need to develop new non-destructive hardness measurement tech-
niques. They also present a set of experiments to explain the physi-
cal factors involved in increasing the hardness of nanocoatings.

Micrograined coating structure based on the principles of com-
pounds of refractory metals is explained by high hardness and wear
resistance. Nowadays, methods are emerging for producing modern
vacuum nanocoatings with grain sizes of no more than 100 nm; this
type of coating has increased mechanical characteristics [72].

Over the past few years, the influence of nanostructure on the
properties materials was often discussed and some synthesis results
were shown as volumetric reinforced materials nanostructured ele-
ments, and surface layers. Nanostructured pure and alloyed super-
ficial Ti—Ni layers for medical tools were developed. It is common
knowledge that alloying Ti—Ni with various components allows con-
trolling temperature and martensitic transformation for subsequent
use [73—77]. Due to the content alloying element, phase transfor-
mation sequence and possibility of repeated temperature cycles ter-
nary Ti—Ni—Cu alloys occupy special place among all multicompo-
nent alloys. Results studying impact nanodispersed phases on fea-
tures of compositional materials with shape-memory effect (SME)
make it possible to obtain fundamentally new results to improve
performance properties superficial layers nanostructured memory
effect materials forms.

Nanodispersed powders are widely used for structuring of metal
matrix apply that obtained by mechanical and mechanochemical ac-
tivation methods. Authors have chosen two-component Ti—Ni and
Ni—Al powders’ plasma method as a way of surface layers materials
functional characteristics increasing, because it allows the for-
mation of amorphous—crystalline layers, has high performance and
versatility.

Experimental setup for plasma electrolytic deposition (PED) made
it possible to control all stages of surface modification, including
temperature and mechanical processing. Based on analysis and gen-
eralization of experimental results optimized design of the VPS-3D
installation was developed, allowing to obtain specified technical
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and structural characteristics of coatings.

It is noteworthy that in this method of nanocomposite coatings
deposition defining properties are both dimensions and nanodis-
persed powders energy intensity.

Because of crushing, local tensions, which in the process of fur-
ther relaxation ultimately change the properties of the dispersed
phase as a whole. According to modern ideas, the main reason for
modifying powder characteristics is to increase temperature and
dislocation energy, as well as an increase in interphase boundaries.

Original size of dispersed TiNi particles was of 2.0—12.0 microns.
Because of mechanical activation during four hours, average size of
nickelide-titanium powder particles decreased up to 50—-100 nm.

Based on the analysis of experimental data, it was found that the
average size of IITH55T45 powder components after 2.5 hours of
grinding is 0.9-7.0 nm, 93% of which are up to 5.0 nm in size in
the form of flat disks with a thickness-to-diameter ratio of 1:7.
Thus, more than 90% of the ground powder is nanosize dust. Anal-
ysis of the morphology of the composite coating obtained by plasma
spraying of microsize and nanosize Ti—Ni and Ti—Ni—Cu powders
made it possible to establish that the use of mechanically activated
dispersed phase leads to a significant reduction in porosity and im-
provement in adhesion by 7.51-10.78 times. Obviously, this is due
to the accumulation of energy by the particles, which contributes to
their better penetration into the surface layers of the material,
which ultimately leads to the formation of a monolithic, almost
pore-free microstructure with improved mechanical properties [74].

During the grinding process, particles undergo intense plastic
deformation, which ultimately leads to the formation of defects,
which in turn become centres for the formation of nanocrystals.
Chamber grinding attritors are accompanied by increase tempera-
ture. Mechanical activator camera cools down flow-through water to
room temperature. Rapid cooling in the area of contact of powders
with the working fluid contributes to increased fragility and for-
mation nanocrystals. This process of nanoparticles’ formation oc-
curs until nanograins’ dimensions achieved critical sizes, at which
further plastic deformation will not affect the process. Analysis of
experimental-studies’ results led to the conclusion that as a result
of the formation of numerous defects, accumulation occurs energy
inside nanopowder particles, which stands out in the process plasma
spraying and promotes the best adhesion of nanostructured compo-
sitional coatings [75—80].

5. CONCLUSION

In the presented review, class of nanosize coatings with nanolayer
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architecture, consisting of both binary and multielement (of 3—6
elements) nitrides, carbides and their combinations, was considered.
It was shown, that extremely fine-scale structural ordering on
nanolevel is prerequisite for the design of new multifunctional hard
surfaces. The review does not pretend to be a complete analysis of
numerous works (the number of which reaches several thousand);
however, we believe that the main patterns that appear in these
structures (systems) have been considered, and we can briefly out-
line them. Regarding further progress in the development of multi-
layer coatings with alternating nanolayers of various functional
purposes with understanding the role of the selected materials,
growth conditions, microstructure and required properties, a sys-
tematic approach is required. Changes in the columnar structure
and grain shape, as well as coherence between layers, can lead to
significant changes in physical and mechanical properties.
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3’scoBaHO BIJINWB 6araTopasoBOTO BUKOPUCTAHHS ITOPOINKY TUTAHOBOTO CTO-
ny Ti—6Al-4V y mporeci cesekTuBHOro0 Jasepuoro Tominenusa (SLM) ma iioro
¢isuKo-xeMiuHi BJACTHBOCTI ¥ sKicThb ojgep:kaHux BupoOiB. IIpoBemeno
KOMIIJIeKCHE MOCJiM:KeHHS I'PaHyJOMETPUUYHOTO CKJAAy, MiKPOCTPYKTYpPH,
XeMiUHOTO CKJIAAY Ta MeXaHiYHMX BJACTHUBOCTEM IIOPONIKY Ha Pi3HUX eTa-
max #oro ekcmayararii. BuaBiaeHo merpapariiiini mporiecu, Taki AK yTBO-
peHHA OKCHUIiIB, MOP(OJIOTIUHI 3MiHM YaCTUHOK, 3pocTaHHs BMicTy Oxcure-
HY § arjomepaliisf, 0 IPU3BOAATHL OO0 IOTiPIIEeHHA MEXaHIUHMX XapakTe-
PUCTUK APYKOBaHUX BUPOOiB. IIpoaHasizoBaHo MeTonu pereHepaitii mopoiii-
Ky, 30KpeMa TpOCiloBaHHA Ta OOAAaBAaHHA HOBOTO MAaTepisay, IO AAl0Th
3MOT'y YaCTKOBO BiTHOBHUTM IOro BJIacTmBOCTi. IIpemcraBieHo pexkomeHmaril
IO0 ONTUMAJBHUX YMOB BUKOPHCTAHHS Ta peredepariii MOPOINKY, AKi
CIIPAMOBAHI Ha IIiABUINEHHS e(PeKTUBHOCTH aJNTHUBHOTO BHUPOOHHUIITBA. Pe-
3yJAbTaTH MOCTIIKEHHA € KOPUCHUMU IJIS ITPOMUCJIOBUX i MEIUUHUX 3aCTO-
CcyBaHb, ¢ KPUTUYHUM € OajlaHC MijK eKOHOMIiUHiCTIO I AKiCTIO MPOAYyKITii.

The impact of multiple reuse of titanium Ti—6Al-4V-alloy powder in the
selective laser melting (SLM) process on its physicochemical properties
and the quality of the fabricated wares is revealed. A comprehensive
study is concerned to the particle-sizes’ distribution, microstructure,
chemical composition, and mechanical properties of the powder at various
stages of its usage. Degradation processes, including oxide formation,
particle-morphology changes, increased oxygen content, and particle ag-
glomeration, are identified as factors deteriorating the mechanical proper-
ties of printed products. Methods for powder regeneration, such as sieving
and adding new material, are analysed and shown to restore partially its
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properties. Recommendations on optimal conditions for the powder use
and regeneration are provided, aiming to enhance the efficiency of addi-
tive manufacturing. The study findings are valuable for the industrial
and medical applications, where a balance between cost-effectiveness and
product quality is critical.

Karouori cimosa: Ti—6Al-4V, ceneKTuBHe JasepHe TOILJIEHH:A, IIOBTOPHE BU-
KOpHCTaHHA IIOPOIIKY, Aerpajallis, MiKpOCTPYKTypa, MeXaHidHi BJIaCTHUBO-
CTi, YTBOPEHHA OKCHUIiB, afUTUBHE BUPOOHUIITBO.

Key words: Ti—6Al-4V, selective laser melting, powder reuse, degrada-
tion, microstructure, mechanical properties, oxide formation, additive
manufacturing.

(Ompumano 24 epyousa 2024 p.; nicaa doonpayreanus — 5 aomozo 2025 p.)

1. BCTYII

AmuTuBHE BUPOOHUIITBO, 30KpeEMa CeJeKTUBHE Jia3epHEe TOILJIEHHS
(SLM), axTUBHO BUKOPUCTOBYETHCA MJIsI BUTOTOBJIEHHSA BUPOOiB 3i
crory Ti—6Al-4V zaBogxm HOoro BHCOKMM MeXaHIiUHHM BJIACTUBOC-
TAM, KOpPO3iliHi#l crifikocTi Ta Oiocymicuocti [1, 2]. Ileit TuranoBuMit
CTOIl € KJIIOUOBUM MAaTEPiAJIOM IJiAd aepPOKOCMiuHOI, MeIWYHOI i aB-
TOMOOGiIBbHOI mpoMucaoBocTeil [3]. OmHaxk 3HauHa BAPTIiCTL MOPOIIKY
Ti—6Al1-4V 3ymoBJII0O€ HeOOXimgHiCTL ¥Oro 06araTopasoBOr0 BUKOPUC-
TaHHSA, 1[0 € BaKJIWBUM €KOHOMIiUHWUM UYMHHUKOM JJA MACIITa0HOTO
BUpOOHUIITBA [4].

BaraTopasoBe BUKOPUCTAHHA MOPOINKY B mporeci SLM npussoguthb
o merpapariii ioro xapakTepUCTHUK, 110 MOKe BIJIMHYTH Ha:

— I'paHyJIOMETPUYHUI CKJaJ (PO3IOAiJ PO3MipiB yacTMHOK) [5];

— Mmopdosiorito yacTuHOK (hopMy, moBepxHeBi medexTu) [6];

— XeMiuHUH CKJIad, 30KpeMa 3pocTaHHsa BMicTy Okcureny [7];

— MexaHiYHi BJIACTHMBOCTI HaJPyKOBaHMX BUPOOiB (MimHicTh, mJac-
TUuHicTD) [8].

HaxonnueHHsA OKCUIHUX ILIIBOK, arjoMepallig YacTUHOK i Iopy-
IIeHHA OMHOPiAHOCTM PO3MOJiJy PO3MipiB HMOHUIKYIOTH AKICTH i HOB-
ropiuHicTh BupoO6iB [4, 9]. BigcyTHicTh UiTKHMX peKoOMeHAAIlill IITOI0
o0Me:KeHHs ITMKJIIB BUKODWCTAHHA IIOPOIIKY Ta METOXIB MOTO pere-
Hepallii CTBOPIOE MPAKTUUYHY NPo0JeMy Y IpoMucjaoBux ymoBax [10].

MeToro maHOI pPOOOTH € MOCHiJKeHHS BIJIMBY 0araTopasoBOTO BU-
KopucTtaHHsa mopomKy Ti—6Al-4V Ha foro rpaHyJOMeTpUUYHII
CKJIaJl, MiKPOCTPYKTYpPY, XeMiuHUN CKJIaJ i MexaHiuHi BJlacTUBOCTI
BUpPOOiB, BUTOTOBJIEHUX MeTogoM SLM.

Hns mocArHeHHA IMiel MeTu OyJiM IOCTaBJIEHI HACTYIIHI 3aBIaHHS:
1. mpoBecTu I'paHYJIOMETPUUHY aHaJi3y MOPOIIKY Ha Pi3HMX eTamax
BUKOPUCTAHHS;
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2. IOCHiANTH MiKPOCTPYKTYPY UYAaCTUHOK 3a momomoroio CEM npis Bu-
ABJEHHA me)eKTiB Ta arjioMmeparii;

3. ominuTu BMicT OKCUT'eHY Ta MOr0 BILJINB HA SKiCTHb IIOPOIIKY;

4. mpoaHaJisyBaTM MexXaHiIUHi BJIACTMBOCTi 3paskiB micaa pisHOI Ki-
JBbKOCTHU IIUKJIiB MOBTOPHOT'O BUKOPUCTAHHS;

5. po3poduUTH peKoMeHIaIlil MO0 KiJTbKOCTHU IIUKJIIB BUKOPHUCTAHHS
IOPOIIKY Ta METOJiB MOro perexeparii.

AnuTuBHEe BUPOOHUIITBO, 30KpPEeMa CeJEeKTHBHE Ja3epHe TOIJICHHS
(SLM), axTHBHO BUKOPUCTOBYETBLCA MJIsI BUTOTOBJEHHS BUPOOiB 3i
crorry Ti—6Al-4V 3aBIaAKM M0Oro BUHATKOBUM BJIACTUBOCTSIM: BUCOKIH
muTOMi#l MirHOCTi, cTifikocTi 1MOm0 KOpo3ii Ta cymicHocTi 3 Giosoriu-
Humu TKaHuHamu [11, 12]. Texuaosoria SLM yMOKJIUBIIOE BUPOOJIA-
TH CKJIQAHI JeTaji 3 BICOKOIO TOUHICTIO, ajie cTabiJbHIiCTh BJIACTHUBOC-
Tell IMOPOINKY 3aJUINAETHCSI BaKJINBUM UMHHUKOM, OCOOJMBO 3a IOTO
baraTopasoBoro Bukopuctanusa [13].

B mpomeci moBTopHOro BuMKOpuHcTaHHA mOpoImKy Ti—6Al-4V coo-
cTepiraloThbcd TaKi OCHOBHI 3Mimm: 30inbmienHa BMmicTy Oxcureny,
MOP(OJIOTiUuHi BMiHM IOPONIKY, HOPYIIEeHHS I'PAHyJIOMETPUUHOTO
CKJIANy Ta MOHMKEHHS MEeXaHiYHUX BJIACTUBOCTEH HaJPYKOBAHUX BU-
po6iB. Ilim BIIMBOM BHCOKHX TeMIIepaTyp y Kamepi ApPYyKy BimOyBa-
€ThCA IIOBepPXHEBe OKMCHEHHS YAaCTUHOK, IMo migBuirye Bmict Oxcu-
reny [14, 15]. ¥V mocaimxennax Pedrazzini Ta iH. 6yJj0 BcTaHOBJIEHO,
o Bmict OKcureny migsumryerbesa 3 0,11% mo 0,15% micas 20 mu-
KJIiB BUKOpUCTAHHA NOpomKy [16]. Ile mpmsBoAUTL OO YTBOPEHHS
OKCHJIB Ha IIOBEPXHI YaCTMHOK i MOHM:KEHHS ILJIACTUYHOCTU Ta MiIl-
HOCTHU Ha PO3TAT.

MopdoJioriuni 3MiHM € 1€ OAHiI€I0 iCTOTHOIO IPOOGJIEMOIO, IITO
BILIMBA€E€ HA BJIACTHUBOCTI HMOPOIIKY. 3a 6araTropasoBOoro BUKOPUCTAHHS
IIOPOIIOK BTpauae chepuuHy (GopmMy uepes YyTBOPEHHs arjaomepariB i
cynytaukiB [16]. Lutter-Giinther Ta in. mokasaiu, 1o micasa 10 1u-
KJIiB KijbKicTh aryiomepartiB 30iabiyeTbca Ha 15—20%, 1o mpusBo-
IUTH OO0 HEPiBHOMIpHOI'O yKJIaJaHHA IOPOIIIKOBUX IIApiB i MOHUIKEH-
HSI SKOCTH HaAPYKOBaHUX BUpPoOiB [14]. fpaHyHOMeTquHa aHaJtiza
migTBepAMJia, IO Y HOBOMY IIOPOIIKY CEpEemHill po3Mip UYaCTHHOK
(D50) cramoBuTh 30—35 MKM; ofHAK ITic/id KiJIbKOX IIMKJIB IIOBTOP-
HOT'O BUKOPUCTAHHS YaCTKA BEJINWKHUX YACTUHOK 30iJIBLIITYEThCA uepes
00’emHaHHA I araomepaiiiio [8]. ¥V cBoo uepry, IpoCiloBAHHSA IIOPOIII-
Ky mae amory moumsutu D50 mo 28 MKM i mosimimmTy ogHOPiZHICTH
posuoziny uactuaok (SPAN < 1,0) [12].

3MiHM y BJIACTHUBOCTAX IIOPOINKY 0e3mocepeHbO BILJIMBAIOTH Ha
MeXaHiuHi BJIaCTHBOCTI HAaAPYKOBaHUX BUpPoOiB. Moridi Ta iH. moka-
3ajyim, 10 0araTopasoBe BUKOPUCTAHHS IOPOINKY MOHUMKYE MIITHICTH
Ha poatAr Ha 5—10% micaa 30 nmukiaiB Bukopuctanua (3 1100 MIla
mo 1030 MIla), a momoB:KeHHs 3MeHINyeThbcsa 3 14% mpo 12% uepes
YTBOPEHHS BHYTPIIIHIX OKCUAHUX BKJIOUEHDL i HeeKTiB CTPYKTypHu
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[11]. Perynapue mpocioBaHHSA HOPOIIKY Ta MOJaBaHHSA HOBOTO Mare-
piAany KoMIeHcye 4acTKOBY Aerpajallito BjaacTuBocTei [6].

OpuuM i3 e(eKTHBHHX METOAIB pereHepailii ImOPOIIKY € MIPOCiio-
BaHHA, 0co0amBO uepes npioui cura (40—50 MKM), IIIO YMOKJIMBJIIOE
BUAAJNTN BeJaWKi arysmomepatu Ta nedeKTHI uacTuHKuH. Tang Ta iH.
IIPOIEMOHCTPYBAJIU, IO IIPOCciloBaHHA mae 3mory mouusutu SPAN 3
1,1 mo 0,97 i moaxinmmuTy cunmydicTs mopoIky [7]. JomaBamusa HOBOTO
mopoInky meromom «tom—am» (10—20% wmoBoro marepisay micasa 5—7
IIUKJIIB) ITOKa3ye IO3UTUBHUI BILJIMB Ha BiJHOBJIEHHS MeXaHiUHUX
BJactTuBocTelr [12].

ITonpu HasgBHICTH YMCIEHHUX MOCJIiLMKEHb, II0 CTOCYIOThCA Oararto-
pasoBoro BukKopucranHs mopomkis Ti—6Al-4V y SLM, saaumamoTbCcs
HEeBUPINIEeHMMHN HACTYyITHI muTaHHA. BigcyTHA cmcTremaTuuHa aHaJisa
merpazaiiii mOPOINKY Ha PiBHMX eTalaxX BUKOPUCTAHHA, BKJIIOUHO 3
rpanysomerpieto, CEM-300paskeHHAMN Ta XeMiuHOIO aHasizor. He-
IIOCTaTHHO BUBUYEHO BILJIUB 3pOCTaHHA BMicTy OKCUT'eHY Ha BTOMHY
MinHicTh BUPOOiB, a TaKOK e(PEeKTUBHICTH KOMOiHOBAHUX METOMIB pe-
reHepailtii, TaKUX AK IPOCIiIOBAaHHA Ta AOJABAHHA HOBOT'O IIOPOIIKY.

Hana poGora Bupillye BUIle3asHAUEHI IPOTAJIWHU IIIJIAXOM KOM-
miaekcHoi anasisu mopoimrky Ti—6Al-4V Ha pisHuUX eramax 6Gararopa-
30BOTO BUKOpucTaHHA. OCcoO0JMMBY yBary HmpuUAiJIeHO 3MiHaAM y I'paHy-
JIOMETPUYHOMY CKJIaZi, MIKPOCTPYKTYpPi Ta MeXaHiUYHUX BJIACTUBOC-
TAX HaJPYKOBAaHMX BUPOOiB, a TaKOK BU3HAUEHHIO OITUMAJHLHUX
YMOB JJIA pereHepallii mopoIIKy.

2. EKCIIEPUMEHTAJIBHA METOJUKA

Y 1npoMy ZOCIiI:KeHHI BUKOPUCTOBYBaBCA MOPOIIOK cTomy Ti—6Al1-4V
Eli Grade 23, ceprudikoBaHoro ajs MeIUUYHHUX 3aCTOCyBaHb. BuUpoo6-
HUK 3aABUB I'DAHYJOMETPUUYHUI CKJIAJ TOPOIIKY i3 cepegHiM pos3mi-
pom uactuHOK (D50), 1m0 craHoBuB 6au3bKo 35 MKM. Ilopoirok 3a-
CTOCOBYBaBCA B IIPOIIECi CEeJEeKTUBHOIO JiazepHoro TomaeHHs (SLM),
AKe BUKOHyBajoca Ha ycraHoBIi Concept Laser M2 i3 mocrifinumu
rmapaMeTpamMu, 3a3HAaUEHUMU BUPOOHMKOM. AHaJisi migmAranm s3pas-
KM HOBOTO TIOPOINKY, IMOPOMKY Imicasa 30 IUKJIiB BUKOPUCTAHHA, a
TaKOK MOPOINKY, AKWII OYB BUBHAHUN HEIPUAATHUM JJId TOAAJBIIO-
ro BUKOPHUCTaHHA, TOOTO BiZCiBy.

HpyK 3pa3KiB BUKOHYBaBCA B yMOBaX 3aXMCHOI aTMoc(epu aproHy,
y AKill KOHIleHTpaIlisa KMUCHIO He mepeBuinyBana 0,3% mig uac poboru
npuHTepa. Temmeparypa ImaIaTopMu MOigTpuMyBajiaca Ha piBHI
200°C, a Bucora miapy cramoBuja 50 MKM. ¥ mpoiieci 6araTopasoBoro
BUKOPHCTAHHSA TOPOIIKY IOTO BJACTHUBOCTI PEryJaIOBAIU IIIAXOM
MIPOCifOBaHHA Ta MEPiOAUYHOro AOJaBaHHSA HOBOI'O IIOPOIIKY B 00’emi
Big 3 mo 6 Kr Ha KO:KHiI 3—5 nmuKJIiB ApyKy. Jid OI[iHKM BIJINBY IIO-
BTOPHOI'O BUKOPHMCTAHHS MOPOIIKY KOMKEH IPYruii 3alyCK IIpPUHTEpa
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BUKOPUCTOBYBaBCA MIJIs BUTOTOBJIECHHA MeXaHiUYHMX 3PasKiB.

[y BUBUEHHA 3MiH y MOp@oJIoTii YaCTHHOK ITOPOMIKY BUKOPHUCTO-
ByBaBCA CKaHyBaJbHUI ejdekTpouuuit Mmikpockomn (CEM). 3mimMKu Bu-
KoHyBaJduca i3 30iabpmenaamu y gianasoui Big 50 o 1000 pasis, 110
YMOKJIMBJIIOBAJIO aHAJi3yBaTu (DOPMY YaCTHUHOK, HAABHICTh Je(eKTiB
MMOBEPXHi, CymyTHUKIB i armomepariB. lle 3abesmeuyBayio riauboKe po-
3yMiHHA 3MiH, gKi BigOyBaloThCsa IIiJ uac 0araTopasoBOTO0 BUKOPHIC-
TaHHA IIOPOIIKY.

dazoBull CKJaJ IIOPOIIKY OI[IHIOBABCSA 3a AOIOMOIOI0 PeHTIeHOo(pa-
saoro mudpaxromerpa Rigaku Ultima-IV. Hociaim:xkeHHS BUKOHYBA-
Jaucs B AisgmasoHi KyTiB Bixm 20 mo 80°, m1o yMOIKJIMBJIIOBAJIO ifeHTH-
dikyBaTu ocHOBHI (hasu, Taki AK a-(asa (rekcaroHajabHa MIIiJIbLHONIA-
KOBaHa CTPYKTypa), B-hasza (kKyOiuma 00’€MHOIIEHTPOBaHA CTPYKTY-
pa), a Takoxk mo:xkauBi oxcunu Turamy (TiO,). Ileit meTon 3abesmeuye
TOUHY XapaKTePUCTUKY KPUCTAJIIUHOI CTPYKTypu MaTepisnay Ta ii
3MiH y mporieci BuKopuctanua [11, 12].

BumpoOyBaHHA MeXaHIUHHX BJAaCTHUBOCTeHl 3pasKiB IIPOBOAUIINCS
BigmoBigHO mo cramapty ISO 6892. 3pasku ansa BUOpoOyBaHb MaJiu
MUIiHAPUYHY opmy 3 miamerpom y 4,86 MM i Bucoroio y 30 mm. Ilix
yac BUIIPOOyBaHb BU3Hauaau MinuicTs Ha posrar (UTS) i momom:xeH-
HA 10 pPyUHYBaHHA, IO AAJI0 3MOTY OI[IHUTU BILJIUB 3MiH y CTPYKTYpi
IOPOIIIKY HAa BJACTUBOCTI roToBUMX BUPOOiB [13, 14].

I paHyJOMeTpHYHA aHaIi3a BUKOHyBajacd 3a AOIOMOroio Better-
sizer S3 Plus. Ilopoiiox aucmepryBaju B i30HPOIIiJIOBOMY CIHPTi 3
moIepenHiM pos’eTHAaHHAM YaCTHHOK B YJIbTPA3BYKOBi# BauHi. Ile
IaJ0o 3MOTy YVHUKHYTH arjomMepairii Ta 3a0es3lednsio TOUYHICTh BUMi-
PIOBaHb PO3MipiB uacTuHOK. IlapaMmeTpu pos3moaisy posMmipiB, Taki dK
D10, D50, D90 ta SPAN, BUKOPUCTOBYBAJNHUCS OJA OIIIHKU SKOCTHU
MIOPOIIKY IIicJsA KOXKHOrO eTamy peremeparrii [15, 16].

3. PE3YJBTATH TA IX OBTOBOPEHHS
3.1. ®azoBuil cKIang

Penrrenodasna anamisza mopoikis Ti—6Al-4V (puc. 1) ymoxauBmIa
oinuTy (as30BUIl CKJAJ HOBOTO IOPOIIKY, MOPOMKY micaa 30 mMuKJIiB
BUKOPHUCTAaHHA Ta BimciBy. HocaiikeHHs ITOKasaJW iCTOTHI 3MiHU y
CTPYKTYPi YaCTUHOK 3aJIe}KHO BiJ KIJIBKOCTU IMKJIB BUKOPUCTAHHS.
HoBuii mopoImoK cKJaagaBca IIepeBaskHO 3 o-(asu, dKa XapaKkTepu-
3yeThCA TeKCcaroHaJbHOIO IiJIbHONAKOBAHOIO CTPyKTypoio. Ila dasa
3abesreuye OITHMaJIbHI MexaHiumi BiactmBocTi cromy Ti—6Al-4V,
110 POOUTH MOTO HNPUTATHUM OJA MEIUUYHUX i IPOMUCIOBUX 3aCTOCY-
BaHb. PenTrenHoasHa aHaJisa He BusBmJja B-hasu yu oxkcunaiB Tura-
HY, I[0 HiATBEPAKYE BMCOKY UMCTOTy Marepisany. OcHOBHI miKu Ha
nudpaxrTorpamMi BiAmoBimamTh o-(asi TuTaHYy, 30KpeMa IJIOMIMmHAM



290 M. IO. EPIMEHEKO, O. 0. IMUTPMYEHKO, f. 5. TOJIOBEHBKO ra iH.

=
A‘-\\
(o Jp ] —
¢ 822 § 5 85353 ao3
= < S ~ —
\-'b'{ S = otgQo o —
gl S o883 88%
ORI | L WU WU GO W s eana)

!

......—M%.J‘U v LL,.,._)L__J“._.,:‘L‘t (VP P

|
|

|

IrTencuBHiCTS, ¥.0.

T
20 40 60 30 100 120
20, rpagycu

Puc. 1. PenrreniBcoki nudparxrorpamu nopoikis Ti—6Al-4V: a — Biacis; 6
— 30 nmKIiB; 6 — HOBHIL.'

(100), (002) Ta (101). ITapamerpu eleMeHTAPHOI KOMiPpKU CTAHOBJIATH
a=2,9278(8) A, ¢c=4,6646(14) A, a 06’em — V =34,627(16) A®. Ile
CBiIUMTL MPO BiAmOBiAHiCTE HOBOro MmOpPOINIKY craHmapram ASTM
F136, 110 3a6esmneuye Oro MpUAATHICTD AJIS BUKOPUCTAHHS B IIPOILE-
cax CeJeKTUBHOIO JasepHoro TomaeHHsa (SLM).

ITopomrox micas 380 MuUKJIiB BUKOPUCTAHHA JIEeMOHCTPYE icTOTHi
3MiHu y (dasoBomy ckiaazni. OcHOBHOI0O 3MiHOIO € mosBa P-dasm, ara
panimme Oyma BigcyTHA. AHajiza iHTEHCHBHOCTU IIiKiB CBigYMTH IIPO
Te, 1[0 yacTKa [B-asu 3pocaa mo 5—8%, 1110 BKasye Ha CTPYKTYPHY
TpaHchopMAaIlilo HiJl BIIMBOM TEePMiUHOTO HaBaHTasKeHHs. KpiMm Toro,
3’aBunuca okcugu Turamy, 3okpema y ¢popmi pyruay (TiO,), 1o cBi-
IYUTH IIPO OKWCHEHHS MaTepidasy uepesd B3aJUINTKOBUI KUCEHb y Ka-
Mepi mig yac 6araTopasoBOro BUKOPUCTAHHA mOporky. Ilapamerpu o-
dasu Tex sasHanu 3MiH: a=2,9284(11)A, ¢c=4,6638(19) A, a 06’em
eJeMeHTapHOI KOMipkm s6impmmBes mo V= 34,64(2) A%, Taxi smimnm
MOKYTb OyTu 3yMoBJeHiI posdumHeHHAM OKcureny B o-(asi Ta HaKo-
OUUYeHHAM MiKpoAedeKTiB y KpUCTATIUHIN cTpyKTypi. Xoua mi samMiHn
HOTipIIYIOTHL BJIACTHUBOCTI MaTepisay, mopoiok mmicas 30 mukIiB 1me
MOJKe BUKOPHCTOBYBATUCA 32 YMOBU CyBOPOTO KOHTPOJIIO AKOCTHU.

Bizgcie mopoIiKky, SAKWiI He BUKOPHUCTOBYETHCA B IIPOIECi APYKY,
IeMOHCTPY€E HAUTIpIIi pes3yJbTaTH Cepel YCixX MOoCIIimKeHuX 3pasKis.
OcHOBHY YaCTUHY 10T0 (ha30BOTO CKJANY CTAHOBJIATH OKCUAUW TuUTamy
(TiO,), Tomi aAK a-(pasa sb0epersacss y merpamoBaniii ¢opmi. O6’em
eJleMeHTapHOI KoMipku a-(asu smeHmuscs 1o V = 34,603(14) A®, mo
CBimuMTHL PO BHAUHY [erpajmaliiio CTPpyKTypu. Kpim Toro, mimpumHa
OiKiB peHTreHOrpaM BKasdye Ha IIIABUINEHY MiKpozedopMalliro Ta
3MEHIIIeHHA PO3Mipy KPHUCTAJIITIB, IO € 03HAKOI 3HAUHOI Ae(eKTHO-



IETPATATIIIHI BJIACTUBOCTI TUTAHOBOT'O CTOITY Ti-6Al-4V 291

ctu MaTepianay. Taki sminu po6sATH BificiB HEmpUAATHUM AJIA IIOBTO-
PHOTO BUKOPUCTAHHA y mIpoitecax SLM.

PesyapraTu peHTr'eHO(as3HOl aHai3W MTOKAa3yIOTh, IO HOBUM IIO-
PpoIIIOK BiamoBizmae crammapram, HeoOximuum aada SLM, Toxi sk Oara-
TOpa3oBe BUKOPHCTAHHS MOPOIIKY (30 IIMKJIB) CIIpUUYMHAE HAKOIM-
yeHHA [-dasu  OKCHUIIB, 1[0 BIJIMBAIOTH HA MEXaHiUHi BJIACTUBOCTI.
IlopoIok BifciBy € MOBHICTIO AerpaJoBaHUM i HEOPUAATHUM OJISA II0-
IaJbIIoro BUKoOpPUCTaHHA. 1li BUCHOBKHU MiIKPECJIOIOTh BaKJINBICTH
pereneparrii Ta KOHTPOJIO SIKOCTU IIOPOILIKY IIig uac iioro 6araropaso-
BOTO BUKODPUCTAHHSA.

3.2. MikpocTpykTypa

Ha pucyukry 2 mpeacTaB/eHO MiKPOCTPYKTYpPy mopoinkis Ti—-6Al-4V
y pisHmx ctaHax. HoBuil mopoIlrok Mae chepuuny (opmy is riaagkoio
moBepxHeio; micad 30 MUKJIIB BUKOPUCTAHHSA CIIOCTEPiraeThca HadaB-
HicThb cynmyTHUKIB i medeKTiB; mpocitoBanHa uepes curta (80 mxMm i 50
MKM) IOJIimnIinye (GopMy UYaCTHHOK, 3MEHIITYIOUM KiJbKiCTh JedeKTiB;
BificiB JeMOHCTPY€ HepPiBHOMIpHY (OpMYy UYACTHMHOK i3 BEJIMKOIO KiJb-
KicTio arjaomeparis, IO POOUTH HOT0 HEIPUAATHUM OJIS BUKOPHCTAH-
H.

Hosuii mopoimok (puc. 2, a) IPOAEeMOHCTPYBAB BHCOKY SAKiCTL i3
mepeBaskHO chepudyHOO (OPMOI0 YACTHUHOK 1 TJIAJKOI0 IOBEPXHEIO.
BigcyTHicTh mederTiB, ariomepaTiB ab0 CYIYTHUKIB CBiOUUTH IIPO
MOoro ONHOPiMHICTL i MpUAATHICTL A BUKOPUCTAHHA B AIUTUBHUX
TEeXHOJIOTifAX, 3a0e3meuyoyd ONTUMAJbHI YMOBHU MJId PiBHOMipHOTO
VKJaJaHHA MIapiB IIiJT yac OPYKY.

ITopomrok micsaa 30 IMUKJIIB BUKOPUCTAHHA A0 IpOcifoBaHHA (puc.
2, 6) mokasaB ictoTHi Mopdosoriuni saminu. Ha moBepxHi 4acTUHOK
3’ABUJINCA CYOYTHUKHU, IO BUHUKAIOTL uepe3 aAresditro ApiOHuMX uac-
TUHOK [0 OLJIBINIMX, a TaKOXX O3HAKU IIOPUCTOCTU Ta IIMEePCTKOCTH.
Arsomepallis 4acTHHOK cIIOCTepirajiacs 3HAUYHO YACTiIlle, IO IIOTip-
1IIy€ CUIIYYICTh NMOPOMIKY ¥ YCKJIQMHIOE HOro piBHOMipHe YyKJIaTaHHSA
mig gac apyky. Ili 3MiHM MOMKYTH IPUBOOUTHU M0 30iJIBLIIIEHHS TOPUC-
TOCTH y TOTOBUX BHPOOAX.

IIpocitoBamusa uepes cTaHZAPTHE CUTO 3 pPo3Mipom ocepenkiB y 80
MKM (puc. 2, 8) najio 3MOTY BHJAJUTU BEJUKi arjoMepaTy Ta 3HAYHO
nosinmuTu chepuuHicTh YacTUHOK. IIpore mpi6HiI medexTm Ta Hepis-
HOCTi 3ajuImajucs, IM0 OOME)KyBajJO MOMKJINBICTH IIOBHOTO BiJHOB-
JIeHHS AKOCTU IIOPOIIKY JIUIIle 3a JOIIOMOTOI0 IILOTO METOLY.

IIpocitoBamusa uepes apidue cuto (40-50 mrm) (puc. 2, 2) majo ic-
TOTHO Jimiri pesdyasratTu. KigbKicTs araomepartiB i cynyTHUKIB 3HAU-
HO 3MEHIIMJIACSA, a IIOBEPXHS YAaCTHMHOK CTajia OiJIBII IJIagKoI0 M Of-
HopizHomo. Ileit MmeTon pereHeparilii yMOMKJIMBUB BiZHOBUTH CUNYUiCThb
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Puc. 2. MiKpoCcTpyKTypa MOPOLIKiB @ — HOBUII HOpOIIOK; 6 — micaa 30
IUKJIIB BUKOPUCTAHHA; 8 — IIPOCisiHUI mopoIrok (80 MKM); 2 — mpocisHMMi
noporiok (50 MEM); 0 — Bifcis (HenmpumaTHUI 10 BUKOPUCTAHHS IIOPOIIOK).2

MIOPOIIKY Ta IOHU3UTHU PU3UK YTBOPEHHSA AedeKTiB y IOTOBUX BUPO-
0ax.

Iloemgmamusa mpociroBaHHA uepesd APiOHe cuUTO 3 AJOAABAHHSIM HOBOTO
MOPOINKY IITPOMEMOHCTPYBAJO Hanjinmii pesyabTaTu. YacTUHKH Ha-
Oyau chepuunoi dopmu, Maiiyke 0e3 CYmyTHHKIB i 3 MimimMamabHUMUI
moBepxHeBUMU AedeKTamMu. TakKuil migxin yMOMKJINBUB MAaKCHMAJIbLHO
HaOJM3UTH SKICTh IOPOIIKY OO PiBHS HOBOTO, HOJIIIIIIHNBIIN HOTO CH-
Iy4icTh i 3MEHIITUBINY PUSUK YTBOPEHHS IIOPUCTOCTU.

ITopomrox (puc. 2, 0), mo OyB BimcisHmit K HeOpUAATHUI HO IIO-
IaJbIIIOr0 BUKOPUCTAHHSA, XapaKTepM3yBaBCSA BEJUKOI KiJbKiCTIO
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arjioMeparTiB, IIOPUCTUX YACTUHOK i HepiBHOIO moBepxHelo. Ila mop-
¢osoriss BKasye Ha 3HAUHY Aerpajallilo MaTepifairy, I0 YHeMOMKJINB-
JII0€ MOTO MOBTOPHE BUKOPUCTAHHA B aJfUTUBHUX ITPOIlecax.

Mikpoctpykrypua CEM-anamiza miaTBepamia edeKTHUBHICTH MeTo-
IiB pereHeparrii, Takux SK NOPOCiIOBaHHA Ta AO0JaBaHHA HOBOI'O IIO-
POIIKY, IJA IMiATPUMAaHHSA SKOCTH HOPOIIKY IIiJi yac 0araTopasoBOTO
BUKOPUCTAaHHSA. PesyJbTaTy IIOKA3yOTh, III0 KOMOiHOBAHUN ITigxinm
YMOMKJINBIIIOE MiHiMisdyBaTu nedexTu Ta 3abes3meuynTy CTablIbLHICTH
BJIACTUBOCTEH MOPOIIKY.

3.3. I panyaomeTpis

[ paHyJIOMETpHUYHA aHAIi3a Haja 3MOTY AOCJLLUTH POSIONLT PO3MipiB
YACTUHOK IIOPOINKIiB 3a Pi3HMX YMOB BUKOPHCTAHHS Ta pereHeparii.
OcHOBHI pe3yabTaTu HaBeIeHO y TalJI.

Hosuii mopoIiok xapaKTepu3yeThbCS HAWIIMIINMN TOKA3HUKAMU,
BKJIIOUAIOUN BY3bKUU [JiANAa30H PO3IOAINTYy YACTHUHOK 1 HUSBKUH
SPAN (1,0). Ilopomok micas 30 MUKJIIB Ma€ IIUPIIUA POIIMOIia PO3-
MipiB uepes aryioMepallilo YaCTHUHOK, TOAi SIK IIPOCiIOBAHHS 3MEHIITY€E
cepenuiii posmip uactuHoK (D50) i mouimimye iXHIO OZHOPiITHICTE.
Komb6inaiis mpociroBaHHA Ta HOoZaBaHHS HOBOTO IMOPOIIKY 3abes3meuye
BiTHOBJIEHHSI SKOCTH MATEPisay MO0 PiBHSA, HAOIMKEHOTO 10 HOBOTO
mopoInKy. HaToMicTh IOPOIIOK BifCiBYy AeMOHCTPYe HAWUTipIIMi xapak-
TePUCTUKHU Uepe3 IMepeBasKaHHSA BeJINKUX arjioMeparis i meerTiB.

3.4. MexaHiuHi BJIIaCTHBOCTI

Me:xa TPOIOPIIAHOCTH € MOUYATKOBMM IIapaMeTPOM IIPYKHBOI IIOBe-
niaku matepiany. I'padik sanexHOCTH G, BiJ NOPAAKOBOI KiTbKOCTU
IIUKJIB BUKOPUCTAHHA JEeMOHCTPYE 3arajbHy TeHAEHI[il0 OO0 IIiJABuU-
meHHA 3HaueHb y migmasoHi 940-950 MIla. IIa crabinbHicTh CBin-

TABJIHIIA. I'panyromerpuuna anamsisa mopomkis Ti—6A1-4V.3

Kareropia moporky |D10, MM | D50, mxm | D90, mxm | SPAN

HoBuit mopomrok 15 35 50 1,0
ITicna 30 nukais 20 36,5 55 1,1
IIpocisuuii (80 MKM) 12 30,2 42 1,0
IIpociaunit (50 MKM) 10 25,7 35 0,97

IIpociauwmii (50 MKM)
+ HOBUH IOPOIIIOK 13 28 40 0,98
Binciz 30 50 70 1,2

(HemTpUIaTHUUN TOPOIIIOK)
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YUTh HOPO OSHOPiAHICTH MaTepisanly, Ifo 3abeslleuye mependauyBaHy
OPYsKHIO medopmaliiio 6e3 pynHYBAHHS CTPYKTYPH.

Ax mokasaHo Ha puc. 3, 3aJ€XKHICTb G, Bil KITbKOCTU IUKJIIB BU-
KOPHCTAaHHSA JeMOHCTPYE cTabinbHicTs v Mexxkax 940—-950 MIla.

YMoBHA Me)Ka IIJIMHHOCTU 3aJUIIAETHCA CTa0iIBHOIO 3 TEHIEHIIIEIO
IO He3HAUHOTO MHiJBUINEHHs; 3HAUEHHA BapimooThcd B Mexax 990-—
1017 MIla. Ile cBimumTh TpPO CTIHKiCTL MaTepiANy A0 IIJIACTUYHUX
medpopMarlriii mig HaBaHTa’KeHHAM. Taxa HoBemiHKAa € BaKJIMBOIO IJIS
KOHCTPYKIIiH, AKi 3a3HAIOTH IIOCTiHHMX HaBAHTAYKEHb.

«

=

= 9801

- a

’;g 960

= ooq] = ° o .

3 .

S 920+ T L
g 900 .. - -

S 8804 "

Q =

2 360 ="

«

¥ 8401 .

w T T T T T
= 0 10 20 30 40

I_[I/II{.TI BHUEOPDHUCTAHHA

Puc. 3. 3anexkHicTh MeKi IPOMOPIiiHOCTHY Bif KiJIbKOCTH ITUKJIIB BUKOPUC-
4
TAHHS.

< 1030
= ]
= 1020 . .
~ 1 L |
~ 10101 -“
\t_), ] "
= 1000+ . .
g 1 .
g oy - - .
] e
5 9804 i " "
5 1 . " " n
g 9704 . . .. -
9 ]
E 960 .
g 950-
Q [ ]
£ 940
0 10 20 30 40

HI/]I{JI BHKOPHCTAHHA

Puc. 4. BanexHicTh MeXi IIMHHOCTU Bifi KiTBKOCTH IMKJiB BUKOPUCTAHHA.’



IETPATATIIIHI BJIACTUBOCTI TUTAHOBOT'O CTOITY Ti-6Al-4V 295

Ha pucyHKy 4 mokasaHo 3aJIe:KHICTb O, Bil KiJIbKOCTU ITMKJIiB BHU-
KOPUCTaHHSA, IO 3aJUIIAETHCA CTAOIIBLHOIO 3 HE3HAUHUM IIiJBUIIEH-
HaMm. Ha pucyHkry 5 300paskeHO 3aJeKHICTh G, BiJl KiTbKOCTU ITUKJIIB
BUKOPUCTAHHS, IO IeMOHCTPYE cTabiibHicTh v miamasoni 1040-1070
MIlIa.

3arajbHe BUIOBIKEHHSA MTEeMOHCTPYE TEHIEHITiI0 A0 HOHUMKEHHS 3i
301JIBITTIEHHAM MIiITHOCTH MaTepifaay. 3HaUeHHsd BapilOIOTBCSI B MerKax
10-14%, mo € tumoBum mias Ti—6Al-4V. Ila sanexHicTh migTBep-
IKY€E 3arajJbHOBiZOMY OO0OepHEHY KOPeJISIlil0 MisX MiIfHicTiO Ta mjac-
TUYHICTIO MaTepisaiy.
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TTuka BEKOpHUCTAHHT

Puc. 7. 3amexHiCTh BiIHOCHOTO 3BYKEHHSA BiJf KiJTbKOCTH ITUKJIB BUKOPUC-
8
TaHHs.

Ha pucynky 6 maBemeHo rpadik sayiedKHOCTU O, BiJ KiJbKOCTU IIH-
KJIiB BUKOPUCTAaHHA, AKUN NEeMOHCTPYE TEHIEHI[il0 0 MOHUMKEHHA 3i
30i/IBIIIeHHAM MiITHOCTH.

BingmocHe 3BysKeHHA () € TOKA3HMKOM 3JaTHOCTH MAaTepisaay mo
agamTarlii mig yac pyiHyBaHHA. 3HaUEHHS BapilOIOThCA B Mekax 26—
38%, sanuiapouuchk crabimbaumMu. Ile cBiAUuUThL PO BUCOKUII pPiBeHb
ILJIACTUYHOCTU, AKUHA € BaKJIUBUM OJIA YHUKHEHHS KPUXKOrO PYHHY-
BaHHA Y peaJibHUX YMOBaX eKCILJIyaTaiii.

fAx mokaszaHo Ha puc. 7, 3aJIEKHICTH Y Bifl KiJIbKOCTH IIUKJIIB BU-
KOPUCTaHHS 3aJIUIIAEThCSI CTa0iIbHOIO B MexKax 26—38% .

OpnepskaHi pe3ysabTaTH MiATBEPAKYIOTH CTabibHICTHL i mepexbauy-
BaHicTh MexaHiuHUX BjactuBocteir cromy Ti—6Al-4V. IligBuienHsa
MIiITHOCTH CYIIPOBOIKYETHCSA MOHMIKEHHSAM ILIaCTUYHOCTH, IO BifIo-
Bilae BimoMuM 3 MaTepisyioOBHABCTBA 3aKOHOMipHocTAM. Martepisan
IEeMOHCTPY€E€ BHCOKY NPUAATHICTL OJA 3aCTOCYBAaHHSA Y MEOUUHHUX i
TeXHIYHUX ray3dX, 3a0e3leuyoun ONTUMAJbHuil O0ajaHc MiK MimHi-
CTIO Ta MJIACTUYHICTIO.

4. BUICHOBRH

Y mochimkenHi ImpoaHa i3oBaHO BIJIMB 6araTopasoBOTO0 BUKOPHUCTAH-
Ha nopotiky Ti—6Al-4V y mpolieci celeKTHBHOIO JIa3€PHOTO TOILIEH-
Ha (SLM) ma iioro BJIACTHMBOCTI Ta SKiCTh oJep:KaHUX BUPOOiB. Busas-
JIEHO, III0 OCHOBHUMM UYMHHUKaMU Jerpajgallii € spocTaHHA BMiCTy
Okcureny, aminu mMopdoJiorii YacTUHOK, arjioMepaiiisa i yTBOpPeHHS
OKCHUIIB, IKi HeraTMBHO BILIMBAIOTh HA MEXaHiuHi BJIACTHUBOCTI IApPY-
KOBaHUX JAeTasiB. 3aCTOCYyBaHHsS METOiB pereHepallii, TaKux sK IIPO-
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ciroBaHHsS Ta AOoJaBaHHS HOBOI'O HOPOIIKY, JAa€ 3MOTY UYACTKOBO Bif-
HOBHUTHU BJIACTUBOCTI MaTepidAay Ta migBUIMUTH e(PeKTUBHICTh IIPOIIECY
IpyKy. PesyabTaTii poOOTH MAalOTh MPaKTHUHE 3HAUEHHS IJA IIPOMI-
CJIOBUX i MeIMUHMNX 3aCTOCYBaHb, Je BAXKJIUBUM € 30epekeHHs Oaja-
HCY Mi’K eKOHOMIiUHiCTIO BUPOOHHUIITBA Ta AKiCTIO IIPOAYKILiI.
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Nanocrystalline of FegCo,, powders are prepared by mechanical alloying
using ball milling technique (BMT) under several milling times (of 0, 1, 3,
5 hrs). Structural diffractometry (XRD), scanning electron microscopy
(SEM), element dispersive spectroscopy (EDS), and the vibrating sample
magnetometry (VSM) are used for investigation of the structural changes,
magnetic and morphological properties during the milling times. XRD
analysis suggests the face-centred cubic (f.c.c.) phase formed successfully
after initial milling time. The particle sizes are decreased significantly
with the milling time. The SEM results show that particles of all practical
sizes are approximately of spherical shapes with uniform sizes. The EDS
results show no strange elements in the milling media. The magnetic
properties appear to be sensitive to milling times. The saturation magnet-
ization (M,) is found to increase with increasing milling time, but the co-
ercivity (H,) is found to decrease, so that the Fe4,Co,-nanoalloy powder
exhibits a soft ferromagnetic character.

Hamoxpucraniuai mopomku Feg,Co,, OyI0 omep:kaHo MIIAXOM MEXaHiYHOTO
CTOILJIEHHS 3a JOIOMOIOI0 TEeXHIKM KYJIbOBOTO MJIMHY 3a KiJbKa dYaciB pos-
menoBanusa (0, 1, 3, 5 rogun). BuKopucTano peHTr'eHiBChbKY AUPPAKTOMET-
pito (XRD), ckanyBaJbHY €JIeKTPOHHY MiKpockomito (SEM), ereMeHTHY nu-
cuepcitiny cunekrpockomiio (EDS) Ta BiOparitiny maraeromerpito (VSM) mns
PeTeJIbHOTO IOCJiMKEeHHA CTPYKTYPHHUX 3MiH, MOP(OJOTivHMX i MarHeTHUX
BJIACTUBOCTEeH mij yac poamesioBanHA. XRD-aHasiza mokasaja, M0 rpaHe-
nentrpoBana Kyb6iuna (I'IIK) ¢dasa ycminrao yTBopuJacs micasa MOYATKOBOTO
Yacy po3MeJIIOBaHHsA. Po3Mip YacTMHOK 3HAYHO 3MEHIITYBABCS 3 YacOM DPO3-
MmestoBaHHA. Pesynpratru SEM mokasajsiy, M0 YACTUHKHU YCiX IPAKTHUUHUX
poamipiB € mpubamsHO chepuuHoi (GopMH 3 OLHAKOBUMH posMipamu. Pe-
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gyabratu EDS He mokasajim AMBHUX €JE€MEHTIB Y PO3MeJTIOBAJILHOMY cepe-
moBuilli. MarHeTHi BJIACTUBOCTI BUSBUJINCA YYTJIUBUMH [0 Yacy PO3MeJio-
BaHHA. Dyso BuABJIEHO, N0 HaMarHeToBaHicTb Hacuty (M,) 30iabIIyeTHCA
31 30i/JIBIIEHHAM dYacy pPO3MeJIOBaHHA, ajie KoepnuTuBHicTs (H,.) 3MeHIIy-
€ThCA, TaK IO mOpomroKk HaHoctony Fey Co,, memoHcTpye M’ AKUHi (epomar-
HETHUI XapakTep.

Key words: Fey,Co,, nanoalloy, nanostructures, saturation magnetization,
coercivity.

Karouori caosa: manocron FeyCo,y, HAHOCTPYKTYpH, HaMarHeToBaHiCTh Ha-
CUTY, KOEPIIUTUBHICTS.

(Received 25 November, 2023)

1. INTRODUCTION

Nanoalloys present an intriguing theoretical problem, in fact, the
presence of two distinct atom types increases the complexity of bi-
metallic nanoalloys, opening the door to the possibility of isomers
based on the permutation of unlike atoms as well as regular geo-
metrical isomers (with different skeletal structures), (4,B,) alloy
cluster structures with a fixed number of atoms (N=m +n) and
composition (m/n ratio) are referred to as ‘homotopic’ because they
have the same geometrical arrangement of atoms but differ in the
arrangement of A- and B-type atoms [1].

Because of their many uses in magnetic separation, microwave
absorbers, magnetic fluids, magnetic sensors, and magnetic record-
ing systems, magnetic nanomaterial are a subject of growing re-
search [2, 3].

There is a wide range of literature studies of magnetic transition
elements and alloys such as nickel (Ni), cobalt (Co), iron (Fe), or
composites [4, 5]. These nanomaterials have become the subject of
large-scale research due to their high saturation magnetization
(M,), relatively low coercive field (H,), and fairly large Curie tem-
perature (T,) [6].

Several specific techniques and development approaches have
been adopted to synthesize nanostructured Fe—Ni, Ni—Co, and Fe—
Ni—Cr alloys [7].

One of the most widely used methods for preparation is mechani-
cal alloying (MA), as well as the powder technique (PT) method [8].
During the MA process, the powder particles are subjected to severe
mechanical deformation, leading to their gradual refinement at the
nanoscale [9]. Therefore, we investigate the structural, magnetic,
and morphological powder properties of the Fey,Co,, nanoalloy pre-
pared by the mechanical alloying process after 0, 1, 3, and 5 hrs
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milling times.

2. EXPERIMENTAL PROCEDURES

Commercial Fe and Co powders with particle sizes of 40 pm were
milled using a planetary ball miller. Pluck initial elemental iron and
nickel of highly 99.93% purity have been used as starting materials
with particle sizes around 40 um for both elements, and they were
mixed at the desired composition of the Feys,Co,, alloy.

The milling practical was conducted using 40 hardened balls with
a diameter of 10 mm at room temperature. The weight ratio of the
ball to powder was set at 40:1 grams. We employed the variable
milling times of 0, 1, 3, and 5 hours. 135 rpm was the rotation
speed. Energy dispersive spectrometry (EDS) equipped scanning
electron microscopy (SEM) with Model Philips (XL30) was used to
assess morphology and conduct elemental analysis. The powdered
powders’ precisely defined structure and phase changes were ob-
served. The magnetization properties are derived from the hystere-
sis loops by using a vibrating sample magnetometry (VSM) device.
Finally, the structure was characterized by x-ray diffraction (XRD)
using a Philips (PW 1820) diffractometer equipped with a Cuk, ra-
diation source (wave length = 1542 A).

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the Fe4Co, nanoalloy with
varying milling times (0, 3, and 5 hrs). As revealed from XRD pat-

FeGOCO4D @ FeO
@ Fe 0,
(111)

(220)
T

=5 hr

Intensity, a.u.

3l() 4I0 Sb l%O 7.0 SIU 9'0
20, degree

Fig. 1. XRD patterns of the Feq,Co,, alloy with various milling times (0, 3,
5 hours).
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terns, the peaks at 44.32°, 51.80°, and 76.20° correspond to the
crystal planes of (111), (200), and (220), respectively, of face-
centred cubic (f.c.c.) lattice, which are in closer agreement with the
reported articles [10, 11]. In addition, the diffraction peaks of 41.5°
and 47.5° may represent FeO and Fe;0,, respectively [12]. This may
be due to the exposure of heat through the mechanical alloying that
generated the oxide layers [11]. No diffraction peaks related to the
h.c.p. phase are detected for cobalt (Co) at milling times. The other
result shows that, by using the Scherrer equation for the calcula-
tion of particle size, we found all values to be close to 19.30 nm for
all samples at various milling times [12].

These results mean that the size of the nanocrystalline Feq,Co,, is
nondependent on the FeqzCoy-nanoalloy composition through the
milling time [13].

The magnetic properties results of the Fez,Co,, nanoalloy were
measured using VSM at room temperature (RT) to determine the
values of saturation magnetization (M,) and coercivity (H.), as
shown in Fig. 2. It shows the M—H curves at various milling times
of 1, 3, and 5 hrs measured in an external magnetic field, ranging
from —10 to 10 kOe. The results show that the saturation magneti-
zation (M,) increases with the increase in milling time, but the co-
ercivity (H,) decreases with the increase in milling time. Their max-
imum (M,) and minimum (H, were found to be close to 104.88
emu/gm and 56.95 Oe for the FeyCo,, nanoalloy, respectively (Fig.
3). The present results show a clearer agreement than those report-
ed in the literature [13, 14].

Finally, the results obtained from the magnetic properties of the
Feq,Co, nanoalloy can indicate that the sample has soft magnetic
behaviour and can be used for various practical applications [15].

The SEM-images’ results for the Fey;,Co,, nanoalloy are presented
in Fig. 4, a—d for 1, 3, and 5 hours milling times. It shows clearly
in Fig. 4, a, after 1 hour of milling, the particles were no longer
uniform and began to combine. After 38 hours of milling, a changea-
ble structure was observed, indicating that the two elements are
probably alloyed completely and formed [16]. All particle sizes in
Fig. 4, b, ¢ are approximately spherical in shape and uniform in
size. The composite (Fey,Co,,) particles are formed completely (Fig.
4, b, ¢) with a spherical shape morphology and aggregated them-
selves into a cluster of particles. The agglomeration is probably due
to the high cold-welding rate that occurs during the milling process
[17].

Latterly, as seen in Fig. 5, elemental mapping by (EDS) coupled
to the (SEM) displays the spectroscopy of Fe and Co distribution for
the sample areas, which were chosen at the 5-h milling period. It is
made abundantly evident that iron and cobalt are still easily distin-
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Fig. 3. The magnetic properties of Feyz,Co, nanoalloy at various milling
times.

guished from one another. This means that Fe and Co are a com-
pletely alloying processed. These EDS results actually match and are
consistent with the XRD study. They both observed that there was
no elemental contamination.

4. CONCLUSION

XRD, SEM, EDS, and VSM experiments were used to examine the
impact of mechanical alloying on the structural, morphological, and
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Fig. 4. SEM images for Feyz,Co,, nanoalloy at various milling times: a—1
hr, b—3 hr, ¢c—5 hr; d—particle size distribution.
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Fig. 5. EDS spectra for Fey,Co,, nanoalloy at 5-hours milling time.

magnetic properties of the Fez,Co, nanoalloy, which was created
from pure elemental Co and Fe powders.
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XRD analysis indicates the formation of a main face-centred cu-
bic (f.c.c.) structure of Fe—Co solid phase.

SEM micrographs reveal spherical-shaped particles and a homo-
geneous size distribution.

EDS results show no strange element during milling times.

The magnetic properties of the Fez,Co, nanoalloy powder show
that they are sensitive to milling times and exhibit soft ferromag-
netic behaviour.
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