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HWH®OPMAIIUA OJI1 ABTOPOB

CoopHuK Hay4HBIX TPyAoB «Hanocucmemu, Hanomamepianu, Hanomexnonozii» (HHH) nyGaukyer emé
HeOIyOJINKOBaHHbIE I He HAXO/AIIMeCs HA PACCMOTPEHNH 7151 OITyOIMKOBAHUSA B MHBIX UBJAHUAX HAYUHbIE
0030pBI ¥ OPUTMHAJIBHBIE CTATHY, COJEPIKAlNe U XapaKTePU3YIOIie Pe3yIbTaThl IKCIePUMEHTAIbHBIX U
TEOPEeTUYECKUX MCCJIeLOBAHUH B 00acTH GUSUKY, XUMUU, OMOJOTHY, TEXHUKN, METOJIOB CUHTE3a, 06paboT-
KU U AVArHOCTMKY HAHOPA3MEPHBIX CHCTEM M HAHOMACIITaOHBIX MaTepHAasOB: KJACTEPOB, HAHOYACTUIL,
HaHOTPYOOK, HAHOKPHCTAJLIIOB ¥ HAHOCTPYKTYP (AIlaTUTONOLOOHBIX U Ap. GHocucTeM, aMOP(MHBIX U KOJLIO-
W/IHBIX HAHOPA3MEPHBIX CHCTEM, HAHOCTPYKTYPHBIX ILIEHOK U IOKPHITUH, HAHOIIOPOIIIKOB U T.J.).

Coopunxk HHH He myGiauKyeT: CTaThbU IIOJIEMHUYECKUE, KJIACCUPUKAI[MOHHBIE M Y3KOCIeIUaJbHbIE,
coZieprKaliye PeIIeHns CTaHAaPTHBIX 3a/1a4; CTaThU ONKUCATEIbHBIE U MeTOguYecKye (CIIU METOJ He sIBJIfA-
eTCs IPUHIUINAIBHO HOBBIM); CTaThU, B KOTOPHIX M3JIATAIOTCA OTHeIbHbIe 9TAIlbl MCCIELOBAHUS WU Ma-
Tepuasl, pasfeSEHHBIN Ha HECKOJIBKO IOCIeL0BATEIbHBIX IIyOINKAINN; CTATHY O PAAOBBIX UCCJIEJOBAHUAX,
He [IPeJICTABIIAIIUX 00IIero NHTepeca 1 He COJePrKAalliNX 3HAYMMbIX BEIBOJIOB.

CraThu IyOGIUKYIOTCA Ha OSHOM U3 ABYX SB3BIKOB: aHIVIMHCKOM TN YKPAUHCKOM.

CraTsu, B 0pOpMIIEHUH KOTOPBIX He COOIIONEHBI Caeayoliue IpaBuia jiua nyoankanuu 8 HHH, Bos-
BpalamTca aBropaM 6e3 pacCMOTPeHU 110 cyInecTBy. ([laToil mocTyIIeHna CUnTaeTCd JeHb IOBTOPHOTO
TPeCTABIEHHA CTATHY ITOCJIe COOIIONEHIA YKa3aHHbIX HIYKEe IIPABUIL. )

1. CraThs JoJkHA OBITH MOAIIMCAHA BCEMU aBTOPaMU (C yKasdaHHEM UX aJPeCcoB dJIeKTPOHHOI IIOUTHI);
ciexyeT ykasaTh GaMUINIO, IMA ¥ OTYECTBO aBTOPA, C KOTOPHIM peJlaKknusd OyeT BeCTU IEPEINCKY, ero
IOYTOBBIII agpec, HoMep TesedoHa (pakrca), aApec dIEKTPOHHOM TOUTHI.

2. UsnoxkeHue [OJIKHO OBITH ACHBIM, CTPYKTypupoBaHHBIM (paszenramu «1.Berym», «2.Excme-
pumenraasHa/TeopeTuuHa MeTonukas, «3. Pe3yapraTn Ta iX 00roBOpeHHA», «4. BucHoBKM», «IluTOBa-
Ha JiiTepaTtypa»), CoKaThIM, 0e3 AJNHHBLIX BBEJEHU, OTCTYILJIEHUH U ITOBTOPOB, Iy0JUPOBAHUS B TEKCTE
JaHHBIX TA0JIHI], PUCYHKOB U IOANNCeHl K HUM. AHHOTAIIUA U pasjen « BUCHOBKM» TOIKHEI He Jy0aupo-
BaTh APYT gpyra. YucaoBble JaHHBIE CIeAYeT IPUBOJUTD B OOIIEIIPUHATHIX eAUHUIIAX .

3. 06'béMm craTbu 1oKeH ObITH He 60s1ee 5000 ci10B (¢ y4ETOM OCHOBHOT'O TEKCTA, TAGJINI], TOLINCEH K
pUCYHKaM, cIucKa auteparypsl) u 10 pucyHkoB. Bonpocs!, cBA3aHHbIe ¢ IyOInKaIieil Hay4HBIX 0030pOB
(ue 6osee 22000 ciooB u 60 pucyHKoB), pematorcs penkosterneit HHH Ha ocHOBaHUWU IIpeZiBapUTEIbHO
IpeZoCTaBIeHHOM aBTOPAMHU PACIINPEHHOM aHHOTA Y PabOTHI.

4. B pemakiuio 00sA3aTeJbHO IIPEAOCTABIAETCA IO e-mail (u1um Ha KoMIaKkT-gucKe) Gaily pyKOmucH
craThy (C WIIIOCTPATUBHLIM MaTepUajioM), HAaOpaHHBIA B TEKCTOBOM pemakTope Microsoft Word 2003,
2007 mau 2010 ¢ HasBaHWEM, cocTOAIUM u3 (aMUINKU IIEPBOrO aBTopa (JIaTwmHUIEl), HampuMmep,
Smirnov.doc.

5. JJIeKTPOHHASA BePCUA PYKOIINCH JOJIKHA cofiepkaTh anHotanuio (200—250 cioB) crarsu (BMecTe ¢
5—6 kmioueBbiMu ciaoBamu) u 5—7 unaexkcoB PACS (B mocinexnueit pegakmuu ‘Physics and Astronomy
Classification Scheme 2010’—http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition;
cm. PACS numbers (imp.kiev.ua)). TekcTsl yKPANHOASBIUHBIX CTATEH JOJMKHBI TAKIKE COAEPIKATH 3arjia-
BHe CTaThy (BMECTe CO CIIICKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUDPEKJEHUIT), PACIINPEHHYIO
anHorarnuio (300—350 cioB), KJIOUEBBIE CJIOBA, 3ar0JIOBKU TAOJIMI] U MOJNNCH K PUCYHKaM Ha aHIJIW-
ckoM s3bIKe. KpoMme TOro, comep:Kanus aHHOTAIUI HA YKPANHCKOM U aHTVINHCKOM S3BIKaX JOJIKHBI ObITh
UJEHTUYHBIMHY 10 CMBICITY.

7. Pucynku (1BeTHbIe, YePHO-0eJjible WU MOJYTOHOBBIE C Ipajaliueil ceporo) MOKHBI ObITH IIPeS-
cTaBJIEHBI B BUJ€ OTAEJbHBIX (DailinoB (mpexmoururenbHo B rpaduueckux dopmarax TIFF, EPS unun
JPEG) c HagBaHuUAMU, cOCTOAIUMU u3 (GaMUINY IIEPBOTO aBTOpa (JaTUHUIEH) M HOMepa PUCYHKA,
"HanpuMmep, Smirnov_fig2a.tiff. KauecTBo nimrocTpanuii (B TOM 4rciie IIOJTyTOHOBBIX ) JOJIKHO 06eCIIeun-
BaTh UX BocupousBejgeHue ¢ paspeurenuemM 300—600 Touek Ha [A0fM. J[OMOJHUTENIHEHO PUCYHKU IIPEJO-
cTaBJIAITCA B (hopMaTe IPOrpaMMbl, B KOTOPOU OHU CO3jaBaJIVCh.

8. Hagnucu Ha pucyHKax (0COGEHHO ITOJYTOHOBBLIX) HAZ0 IO BOBMOYKHOCTH 3aMEHUTH OYKBEHHBIMU
o6o3HaueHNAMY (HaOpaHHBIMU HA KOHTPACTHOM (DOHEe), a KPUBbIe 0003HAUUTD IU(ppPaMU NI PA3IUIHOTO
THIIA JUHUAMA/MapKepaMu, pasdbACHAEMbIMU B IOAINUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOJKHBI ObITH YEPHOTO I[BETA M JOCTATOYHBIX TOJIIVH/PAa3MepPOB [JIf KaueCTBEHHOTO
BOCIIPDOMBBEIeHNs B YMEHbIIIeHHOM B 2—3 pasa Buzie (peKoMeHAyemas IMHUPHUHA pucyHrKa — 12,7 cm).
CHUMKHU JOJ2KHBI OBITh YETKUMU ¥ KOHTPACTHBIMU, & HAJIIVCU M 0003HAUEHUS [JOJI’KHBI He 3aKPBIBATH
CyIlleCTBEHHbIEe AeTaau (IJIA 4ero MOXKHO KCIIOJb30BaTh CTPEJKU). BMecTo yKasaHWUSA B IOATEKCTOBKE
YBEJIMYEHUs IIPU ChEMKeE JKeJIaTeIbHO IIPOCTABUThH MacIITad (Ha KOHTpacTHOM (GoHEe) Ha OAHOM U3 HAEH-
THYHBIX CHUMKOB. Ha rpadukax mogmnucy K ocsM, BHIIIOJHEHHbIE Ha A3bIKE CTaThH, TOJKHBI COJEPIKATh
060o3HaUeHN (MU HAMEeHOBaHNUA) OTKJIA[bIBAEMbIX BEJIMUNH U Uepes 3alATYIO0 HX eJUHUALBI N3MeDeHUA.

9. ®opmyabl B TEKCT HEOOXOJUMO BCTABIATH C IOMOIIbI0 pegakTopa hopmysn MathType, mosHocThIO
cosmectumoro ¢ MS Office 2003, 2007, 2010.

10. PucyHKu, a Tak:ke TaOJMIBI U IIOJCTPOYHbIe NPUMeYaHuA (CHOCKH) JOJIXKHBI MMETH CILIONIHYIO
HyMepaIuio 1o Bcell craTbe.

11. CepLnku Ha JuTEpaTypHbIE UCTOYHUKY CJIeLyeT JaBaTh B BUJE IOPAJKOBOrO HOMEpa, HaleyaTaH-
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PALOK CJIeOBAHUA MHUIUAJIOB U (paMUINil aBTOPOB, OubanorpadnyecKux CBeIeHUI U Ha pas/iesnTelb-
HbIE BHAKH, & TaKKe Ha HeOOXOJUMOCTh YKasaHUd BCEX COABTOPOB IIUTUPOBAHHON paboThI U (B KOHIE
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BUJABHHUYA ETUKA

TA 3ATIOBITAHHSA HECYMJITHHIN OPAKTHII ITIYBJIIKAIIIA

Pepakimitina Kouseris 30ipHuka HaykoBux mpaib «HaHocucremu, HaHOMATEPiaaM, HAHOTEXHOJIOTIT»
JOTPUMYETHCA €TUUYHUX HOPM, NMPUAHATHUX MIiKHADOJHUM HAYKOBUM CIIiBTOBApHUCTBOM, i POOUTH
yce myia 3amobiraHHs OyAb-IKUM IOPYLIEHHAM iX. ¥ CBOIM AiAJIBHOCTI peJaKIlifA CIUpAEeTbCcA Ha
pekomerpanii Komitery 3 eruku HaykoBux myouikamiit (http://publicationethics.org).

O00B’A3KU pemaKIii
. Bci mpezpcrasiieHi cTaTTi perieH3yOTHCSA eKCIlepTaMu B JaHiii 06JacTi.
. ITig uac posrisay craTTi BpaxOBYIOThCS ii BigmoBigHicTh mpeamerHiit obsacti, o6r'pyHTOBA-
HiCTb, 3HAUMMICTH, OPUTiHANBHICTE, YNTAGEIBHICTE i MOBa (IIpaBoIuc).
. 3a pe3yJbTaTaMU pPelleH3yBaHHS CTATTS MOKe OyTU IpUIHSATA A0 OomybaiKyBaHHS 0e3 Jopod-
KU, IPUNAHATA 3 JOPOOKOI0 abo BimxuieHa.
. BigxuieHi crarTi MOBTOPHO He PEIeH3YIOTHCS.
. Crarti MOKyTh OyTH BigxmieHi 6e3 pereHsii, sSIKIIO BOHA OYEBUJHUM UYMHOM HE IIiAXOAATH
IUIA myOsTiKarrii.
° Pemakiisi yxBasioe pimieHHsA miogo my6iaikaiiii, Kepyiouuch MOJITHKOIO 30ipHUKA, 3 ypaxy-
BaHHAM JiI0YOT0 3aKOHOJABCTBA B 00JIaCTi aBTOPCHKOTO IIpasa.
° He nonyckaerbes mo myOuikaiiii indopmalris, SKIO € JOCTATHLO IifCTaB yBasKaTH, II[0 BOHA
€ marisTom.
3a HasIBHOCTH AKUX-HEOyAb KOHMIIKTIB iHTepeciB (hiHaHCOBUX, aKageMiuHUX, OCOOMCTUX) BCi
YYaCHUKU IIPOIleCy DPelleH3yBaHHsS IIOBUHHI croBicTuTu mpo Iie pexkoJierii. Bei cmipui nuramasa
POBIJIAAIOTHCA Ha 3aciaHHi pegKoJierii.
IMpuitaaTi Ko onyOJIiKyBaHHS CTATTi PO3MIIAIOTHCA Y BiIKPUTOMY AOCTYIi Ha caiiTi 30ipHUKA;
aBTOPCHKI IIpaBa 30epirarThCs 3a aBTOPAMU.

ETuuHi npuHOMnm B TJiAJbHOCTI pelieH3eHTiB

° PelleH3eHTH OIiHIOIOTL CTATTI 3a IXHIM BMicTOoM, 0Ge3BiJHOCHO IO HAI[lOHAJIBLHOCTH, CTAaTi,
CeKcyasJbHOI opieHTAIlil, pesliriiHuX mepeKoHaHb, eTHIYHOI MPUHAJIEKHOCTA a00 MOJITUYHUX
IepeKOHaHb aBTOPiB.

. CuiBpobGiTHUKY pefakiiii He IMOBUHHI HMOBIAOMIATH SAKYy-HeOyAb iH(opMalliio mpo crarTi, II[0
HagifnuIu, ocobaM, AKi He € pelleH3eHTaMU, aBTOPaMu, CHiBPOOITHUKAaMU pemakilii Ta Buza-
BHUI[TBA.

. PernensyBanHsA 1MOBUHHE OyTH IIPOBENEHO 00’€KTHBHO. IlepcoHaspbHA KPUTHMKA aBTOpPa HEIPHU-
nycruMa. PereH3eHTH 3000B’s3aHi 0OI'DYHTOBYBATH CBOIO TOUKY 30pY YiTKO I 00’€KTUBHO.

. PeniensyBaHHs gomnoMarae BUABIEBi IpUiiMATH PillleHHA Ta 3a JOIIOMOI0IO CIIiBPOOIiTHUIITBA
3 pelieH3eHTaMU I aBTOPaMU IOJIIIIIUTYA CTATTIO.

. Marepisin, orpumani miA perensii, € KOHQIAEHIIHHNMN JOKYMEHTAMU Ta PEIeH3YIThCA
aHOHIMHO.

° PereHseHT TaKoK 3000B’sA3aHUl 3BEPTATH yBary pefakTopa Ha iCTOTHY ab0 4acTKOBY IOAi0-
HiCTh MpeJCTaBIEHOI CTATTi 3 AKOI-HEOYAh iHIIOI POGOTO0, 3 KO0 PEIeH3eHT 0esmocepes-
HbO 3HAWOMUIA.

IIpuHUMOK, SKMMU IOBMHHI KePyBaTHCS aBTOPU HAYKOBUX ITyOJiKaIii

° ABTOpu crareil MOBUHHI HaZaBaTHW TOUHUM 3BIT PO BUKOHAHY POOOTY ¥ 06’€KTUBHE OOrOBO-
peHHsA Ii 3HAUMMOCTH.

. ABTOpU cTaTTi IOBMHHI HaJaBaTU [JOCTOBIDHI pe3yJsibTaTH NPOBEAEHOrO OIJIAAY U aHaIisu
nociimkenb. CBiomMo nmoMusKoBi abo chanbcudikoBaHi TBEPAKEHHA HEIPUHHATHI.

. CraTTsi MOBUHHA MICTUTH [HOCTATHIO KiMbKicTh iHdopmarii myis mepeBipKkM Ta MOBTOPEHHS
eKCcIeprMeHTiB a0 po3paxyHKiB immmmu gocaigaukamu. Illaxpaiiceki a6o cBimomo Hermpas-
IUBi 3aABU IPUPIBHIOIOTHCA 0 HEETUYHOI'O IMOBOYKEHHS 1 € HeIPUUHATHUMH.

e  ABTOpPM MOXKYTb HaZlaBaTU OPUIiHAJNBHI pPeryiadapHi @ oryAmoBi po6oTu. 3a BUKOPUCTAHHSA
TeKCcTOBOI abo rpadiunoi iHdopmarii, orpuManoi 3 pobiT iHIIUX 0ci6, 060B’A3KOBO HEOOXimHL
MOCUJIaHHS Ha BifmoBigHi myGiikarii abo muchbMOBUIA JO3BiJ IXHIX aBTOpIB.

. ITomaua crarTi GiJibII HiXK B OQUH KypPHAJ PO3I[IHIOETHCA AK HEETUYHE ITOBOKEHHS i € He-
MIPUAHATHOIO.

e  ABTOpCTBO ITOBHHHE OyTH O0Me)KeHe THUMH, XTO 3POOMB B3HAUHUI BHECOK y KOHIIEINIIiI0, PO3-
POOKY, BUKOHAHHSA a00 iHTepIpeTalriio 3agBI€HOTO JOCIiIKEeHH .

. I:xepesa (hiHAHCOBOI MiATPUMKHU AOCTiJMKEHHS, 110 MYOIiKYeThCA, MOXKYTh OyTH 3a3HAYEH].
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In this work, we have dealt with a problem encountered in transport phe-
nomena. The equations describing such phenomenon contain fractional
derivatives. We use the modified Jumarie’s definition of such a derivative
to solve the transport equation. In particular, we have treated the space—
time fractional diffusion equation (of Fick’s law) regarding the process of
degassing a thin plate in vacuum.

VYV miit pobori Mu poasriasmaeMo Ipo0IeMy, IO BUHHKAE B SIBUINAX IepeHe-
cenusA. PiBHAHHSA, 10 ONUCYIOTh TaKe SBUIIE, MiCTATH APo00Bi moxigui. Mu
BUKOPUCTOBYeEMO MonaudikoBaHe BusHaueHHA 3a Jixymapi Taxkoi moximmoi
Ui PO3B’sI3aHHS PiBHAHHSA NepeHeCeHHs. 30KpeMa, MU PO3TJIAZAEMO IIPOC-
TOPOBO-UacoBe ApoboBe nudysiiiHe piBHAHHA (3a PiKOBUM 3aKOHOM) CTOCO-
BHO IpOIlecy Aerasallii TOHKOI IIJIaCTUHU y BaKyyMi.

Key words: fractional Jumarie’s derivative, Fick’s law, Mittag-Leffler
functions, Laplace transform.
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1. INTRODUCTION

In recent decades, considerable attention has been paid to the frac-
tional derivative by the application of this concept in different are-
as of physics as quantum physics [1-6], quantum electronics, nanoe-
lectronics, transport in nanostructures [7—10], and in general engi-
neering as: continuum mechanics, viscoelastic and viscoplastic flow,
electrical circuits, control theory, image processing, viscoelasticity,
biology and hydrodynamics [11-15]. Historically, the fractional cal-
culus has been developed by Riemann and Liouville. Not only does
the latter defines a derivative and antiderivative (integral) for an
integer order (as usual derivative of order one, two, etc.), but to
give meaning to the derivative with non-integer order. The frac-
tional calculus was developed recently in Refs. [16—20] and applied
successfully for modelling some physical processes [21-29]. One im-
portant of such process is the diffusion phenomenon. The associated
fractional diffusion equation arises quite naturally in continuous-
time random walks. The fractional derivatives may be introduced by
different definitions. For example, Jumarie [30] has considered the
Riemann—Liouville definition and modified it agreeing with the
fractional difference definition and fully consistent with the frac-
tional-difference definition and avoiding any reference to the deriv-
ative of order greater than the considered ones.

The purpose of this paper is to study the problems of transport
equation as diffusion equation (Fick’s equation) in ordinary space.
Section 2 starts with defining fractional Jumarie’s derivative [30].
We show that this definition is agreed with the standard derivative;
as it happens, the fractional derivative of a constant is well zero.
Furthermore, when we perform the limit oo =1, the standard case is
recovered. In Section 3, we treated the Fick’s equation, when the
derivatives (in time and space) are fractional (0<a <1 and
0 <B < 2). The solution of this equation is presented explicitly for a
particular case. We end this work with a conclusion in Sec. 4.

2. JUMARIE’S DERIVATIVE

The analytical solutions of the fractional differential equation are
emerging branch of applied science also in basic science such as ap-
plied mathematics, physics, mathematical biology, and engineering.
There are many types of fractional integral and differential opera-
tors with the Riemann—Liouville (R—L) definition. Other useful def-
inition includes the Caputo definition of fractional derivative
(1967). Riemann—Liouville definition of the fractional derivative of
a constant is non-zero that creates a difficulty to relate between the
basic calculi. To overcome this difficulty, Jumarie modified the def-
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inition of fractional derivative of Riemann—Liouville type as follows
[30]:

1 »
b e a <o

o _ 1 i ! A —
D) = —F(l—a)(dtjjﬂ(t &) [ - f(0)]dE, 0<a<l, (1)

[f(afn)(t)]n , 0<a<l, n=>1.

With this new formulation, we obtain the derivative of a constant
as zero. For ao=1, we can check that the second definition recovers
the standard first derivative of f(¢); to be convinced, it easy to see
this statement by performing the Laplace transform to both side of
the second definition. We must stop here to make an important re-
mark about the second definition of Jumarie (0 <o <1):

1

apy L A, o _ a4
“th(t)_l“(l—a)(dt)-[o(t &) " [f(&) - f(0)]dg h 805 (2)

we can write it as follows:

[t -0 [7© - FO)]d = 11 - g (t). (3)

Recently in Ref. [26], it has developed analytical method for so-
lution of linear fractional differential equations with Jumarie’s
type derivative in terms of Mittag-Leffler functions and found that
the solution of the fractional differential equation ’'Dfy =ay is
y = E (ax”). This new finding has been extended in Ref. [31] to get
analytical solution of system of linear fractional differential equa-
tions. The main aim of this work is to investigate the possibility of
applying these new analytical-solution methods for treatment the
space—time fractional diffusion equation with Jumarie’s type deriv-
ative for degassing a thin plate in vacuum.

3. APPLICATIONS

In this section, we will deal with the Fick’s equation describing the
diffusion of impurities in a material during the process degassing a
thin plate under vacuum, which allows industry of a high-strength
component to reduce the impurity (like hydrogen) content within
the material by being removed in gas form [32, 33]. The impurity
transport in the material during degassing can be modelled by the
space—time fractional diffusion equation, which is referred to as
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Dfc(x,t) = puDle(x, t), (4)

where p is the diffusion coefficient of impurity through the materi-
al; 0<a<1and 0<B<2.

Consider the case of degassing a thin plate of thickness L in vac-
uum, whose surfaces, x =0, x = L, are maintained at zero concentra-
tion of impurity. The initial concentration of impurity is a given
function cy(x) defined at all points x on the plate. Therefore, the
initial and boundary conditions can be written as the following
equations:

c(x,0) = cy(x), 0 < x < L; ¢(0,%) = c(L,t) = 0. (5)

As p is time-independent, we use the separation of variables
technique:

c(x,t) = ¢,(t)cy (%), (6)
to get the following two equations to solve:
'Die,(t) = —k*uc, (1), (D
which is a time-dependent equation, and
"Dbe,(x) = —E’c,(x), (8)

which is a space-dependent equation, and %k is a positive real con-
stant.

3.1. Time-Dependent Equation

Taking into account the Jumarie’s definition (1), we can transform
Eq. (7) to the following integral equation:

1 ) (%j J}I(t -8 [cl © - 01(0)] dg. (9)

—E’ue, (1) = ———
pe, (¢) rl-o

By taking Laplace transform in both side, assumed that
C,(p) = L(c,(?)), it is easy to find

¢,(0)p*"

C.(p) =
l(p) k2“+p

(10)

Then, by taking the inverse of Laplace transform, we find the
solution of the time-dependent Eq. (7) as follows:
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Fig. Time-dependent part of the concentration for different values of a.

a-1

6(t) = § C(p)exp(ptidp = ¢, (0 -5 exp(pt)dp = E,(-uk't") ,
Y TR°u+p
(11)
which is shown in Fig. for different values of a.
For example, in case o =1/2, we get:
¢,(t) = B, ,(—uk*\t) = exp(uk*terfe(uk\t). (12)

It is clear that, when we put a=1 in Eq. (11), we retrieve the
standard case.

3.2. Space-Dependent Equation

To solve Eq. (8), we put =2y, where 0 <y <1; therefore, Eq. (8)
can be written as

mm D¥e, (x) = —ke,(x) , (13)
From Ref. [26], the solution of the last equation is

¢,(x) = Acos,(kx") + Bsin,(kx") , (14)

where
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cos,(kx') = 3 (1) (kx')" [T (2na +1) , (15)
sin (kx") = 3 (1) (k'Y [T(@no + a + 1) (16)

are the fractional cosine and sine. Therefore, the solution for the
space—time concentration, governed by Eq. (4), can be written as

o(x,t) = E,(-k*ut")| Acos,(kx") + Bsin, (kx") |, (17)

where A and B are constants to be determined by using the bounda-
ry conditions (5). Using the boundary conditions, we observe that

A =0, kL = (M), (18)

where M is the period [26]. Then, we get
Y Y
c(x,t) = B,EQL [(”f) ] ut® Jsiny[(nM)y %] (19)

The general solution is a linear combination

)= S BE [ [‘”f’]t]sm{(nM)“z—ZJ. (20)

Using the initial conditions (5), we have
j . (21)

To determine the coefficients B,, we multiply the both sides of

c(x,0) = ¢,(x) = ZB sin, ((HM )

n=0

Y
the last equation by siny[(mM ) %J, where m is an integer, and

integrate both sides of the resulting equation from a zero to L, and
we get the following result:

[l (x)smy((mM)/ jdx = ZB X smy((mM)/ jsmy[(nM)y jdx =

= Bm ,
(22)
or equivalently
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B, = Co(y)siny[(nM ) %j dy (23)

that gives the global solution of the diffusion Eq. (4) as
c(x,t) =

-, [—M(WL‘{ )YJ t“} sin, ((nM)V ’z—] [lewsin, ((nM)V i—j dy.

n=0
(24)
As initial function, we take the initial spatial concentration as
c(Y) = cy(L-y). (25)
Then, the coefficient B, (23) becomes as follows:
L yy
B, = ¢ y(L - y)sin,| (nMY' - |dy . (26)

By replacing the fractional sine and making the change y = Lk,
we find

) \ . . . ) . ((nM)YhY)2k+l
B, =c,L jﬂha h);( 1) e 27
or equivalently
B 3 Y Cr+1)y+1 1\
B, = c,L ;( 1) F(@k D14 () ). (28)

The last expression can be seen to be replaced by

_ 3 Y . (_kn)k _ S (_xn)k
B, = &L (nM) kz;‘ L((2k +1)y +3) 2,; T((2k +1)y + 4)} (29)

or equivalently
B, = ¢, L’(nM)' [ E,, , 4(-),) - 2E, ,,(-1,) ], (30)

such that E  (x) is the Mittag-Leffler function of the second kind,
and

A, = (nM)*, (31)

leading to the following final closed result (y=[/2):
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o0 7\. 2 v
c(x,t)= Y E, —u{g] t B,,siny(ﬁ ’2—} (32)

2
@ é?x ’ '
e’ E, —L{ Lyn 5 \NM By s (—Xn)siny[ o %j B

n=0

2
© 7\‘ Y
- —2¢,I'YE, —u("ﬂ"j t* | B, (—xn)sin{./xn %) (33)
n=0

4. CONCLUSION

In this work, we have treated some problems, which encountered in
transport phenomena. The equations describing these phenomena
have fractional derivatives. At first, we have presented the modi-
fied Jumarie’s definition of such derivatives. After what, we have,
as application, solved the fractional diffusion equation (Fick’s law)
that presents a partial fractional differential on the time ¢ and a
partial fractional differential on the spatial co-ordinate x. The order
of the fractionality in the time is o (0 < o <1) and in the space is
B (0<B<2). The solution of the time fractional equation is ex-
pressed in term of Mittag-Leffler function of the first kind, where-
as the solution of the spatial fractional equation is expressed in
term of Mittag-Leffler function of the second kind (see Eq. (33)).
This treatment can be useful to describe the transport phenomena
in nanomaterials and nanostructures.

ACKNOWLEDGMENTS

The first author acknowledges the support by the University of
Kasdi Merbah and the High Ministry of Education and Research at
Alger.

REFERENCES

1. N. Laskin, Phys. Lett. A, 268, Iss. 4—6: 298 (2000);
https://d0i:10.1016/S0375-9601(00)00201-2

2. X. Guo and M. Xu, J.M.P., 47, Iss. 8: 082104 (2006);
https://d0i:10.1063/1.2235026

3. J. Dong and M. Xu, J.M.P., 48, Iss. 7: 072105 (2007);
https://d0i:10.1063/1.2749172.135

4. R. Herrmann, The Fractional Schroedinger Equation and the Infinite Poten-



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

APPLICATION OF JUMARIE’S FRACTIONAL DERIVATIVE TO DEGASSING 315

tial Well-Numerical Results Using the Riesz Derivative, arXiv e-prints (2012)
arXiv:1210.4410[math-Ph].

Z. K. F. E. Bouzenna and M. Meftah, Rep. Math. Phys., 85, Iss. 1: 57
(2020); https://d0i:10.1016/S0034-4877(20)30010-0

J. Swift and P. C. Hohenberg, Phys. Rev. A, 15, Iss. 1: 319 (1977);
https://d0i:10.1103/PhysRevA.15.319

Ahmed Hashim, Aseel Hadi, and Noor Al-Huda Al-Aaraji, Nanosistemi, Na-
nomateriali, Nanotehnologii, 21, Iss. 3: 553 (2023);
https://doi.org/10.15407/nnn.21.03.553

Ugo Otuonye, Hee Woo Kim, and Wei D. Lu, Appl. Phys. Lett., 110: 173104
(2017); https://doi.org/10.1063,/1.4982648

Yana Hlek, Olga Khliyeva, Dmytro Ivchenko, Nikolay Lapardin, Viacheslav
Khalak, and Vitaly Zhelezny, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 3: 0745 (2022); https://doi.org/10.15407/n1nn.20.03.745

B. Kramer, T. Brandes, W. Hausler, K. Jauregul, W. Pfaff, and

D. Weinmann, Semicond. Sci. Technol., 9, Iss. 115: 1871 (1994);
https://d0i:10.1088,/0268-1242/9/11S/004

J. M. J. Lega and A. C. Newell, Phys. Rev. Lett., 73, Iss. 22: 2978 (1994);
https://doi:10.1103 /PhysRevLett.73.2978

D. H. J. M. 1. Aranson, Phys. Rev. A, 55, Iss. 4: 3173 (1997);
https://d0i:10.1103/PhysRevA.55.3173

H. Sakaguchi and H. R. Brand, Physica D, 117, Iss. 1-4: 95 (1998);
https://d0i:10.1016/S0167-2789(97)00310-2.9

M. Bartuccelli, Mathematical Methods in the Applied Sciences, 25, Iss. 8:
701 (2002); https://do0i:10.1002/mma.309

X-Jun Yang, Local Fractional Functional Analysis & Its Applications. Non-
linear Sciences Series (Asian Academic Publisher Limited: 2011).

X. dJ. Yang, Advanced Local Fractional Calculus and Its Applications (New
York: World Science Publisher: 2012).

K. S. M. B. Ross, An Introduction to the Fractional Calculus and Fractional
Differential Equations (Wiley: 1993).

S. Das, Functional Fractional Calculus (Springer: 2011), vol. 1.

I. Podlubny, Fractional Differential Equations. Mathematics in Science and
Engineering (Elsevier: 1999), vol. 198.

V. V. Anh and N. N. Leonenko, Stochastic Processes and Their Applications,
84, Iss. 1: 91 (1999); https://doi:10.1016/S0304-4149(99)00053-8

V. V. Anh and N. N. Leonenko, Statistics & Probability Letters, 48, Iss. 3:
239 (2000); https://d0i:10.1016/S0167-7152(00)00003-1

Y. Povstenko and J. Klekot, Journal of Applied Mathematics and Computa-
tional Mechanics, 13, Iss. 1: 95 (2014);
https://do0i:10.17512/jamcm.2014.1.10

U. Siedlecka and S. Kukla, Journal of Applied Mathematics and Computa-
tional Mechanics, 14, Iss. 3: 95 (2015);
https://d0i:10.17512/jamem.2015.3.10

S. Kukla and U. Siedlecka, Journal of Applied Mathematics and Computa-
tional Mechanics, 14, Iss. 4: 105 (2015);
https://d0i:10.17512/jamcm.2015.4.10

M. Basu and D. P. Acharya, Journal of Applied Mathematics and Compu-
ting, 10, Iss. 1: 131 (2002); https://doi:10.1007/BF02936212



316

26.

27.

28.

29.

30.

31.

32.

33.

M. E. MEZABIA, A. SOUIGAT, B. TELLAB, and M. T. MEFTAH

M. Caputo, Geophysical Journal International, 13, Iss. 5: 529 (1967);
https://doi:10.1111/j.1365-246X.1967.tb02303.x

M. Caputo, Rendiconti Lincei, 7, Iss. 4: 243 (1996);
https://doi:10.1007/BF03002242

R. Goreno and F. Mainardi, Problems and Methods in Mathematical Physics.
Conference Proceeding (Springer: 2001), p. 120-145.

G. Jumarie, Computers & Mathematics with Applications, 51, Iss. 9-10:
1367 (2006); https://do0i:10.1016/j.camwa.2006.02.001

S. S. U. Ghosh, S. Sengupta, and S. Das, American Journal of Mathematical
Analysis, 3, Iss. 2: 32 (2015); https://doi:10.12691/ajma-3-2-2

U. Ghosh, S. Sarkar, and S. Das, American Journal of Mathematical Analy-
sis, 3, Iss. 3: 72 (2015); https://d0i:10.12691/ajma-3-3-3

C. J. Carneiro Filho, M. B. Mansur, P. J. Mondenesi, and B. M. Gonzalez,
Materials Science and Engineering A, 527, Iss. 18-19: 4947 (2010);
https://doi:10.1016/j.msea.2010.04.042

E. I. Galindo-Nava, B. I. Y. Basha, and P. E. J. Rivera-Diaz-del-Castillo,
Journal of Materials Science & Technology, 33, Iss. 12: 1433 (2017);
https://d0i:10.1016/j.jmst.2017.09.011



Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO02IL © 2025 IM® (IacruryT MeTanodisuku
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kypaiomosa HAH VYkpainu)
2025, 1. 23, Ne 2, cc. 317-332 HaznpykosaHno B YKpaisi.
https://doi.org/10.15407/nnn.23.02.0317

PACSnumbers: 47.20.1b, 47.61.-k, 68.08.-p, 68.15.+¢, 81.15.Rs, 82.70.Rr, 83.60.Wc

JucnepryBaHHsa pifuH pPO3MOPOIIyBayaMM, [0 00€PTAIOTHCA

II. €. Tpopumerko', M. B. Haiina', O. B. Xomenxro', M. M. Jlana',
. O. CymuHChKMi®

ICymcvruil deprcasnuil ynisepcumem,

syn. Xapkiscvka, 116,

40007 Cymu, Yrpaina

Hayro60-0ocidnuybkuil yenmp paxemuux 6iiicvk i apmuJepi,
sys. I'epacuma Koudpamuvesa, 165,

40021 Cymu, Yrpaina

HucnepryBanHs pigfuH pO3MOPOIIIyBayaMu, IO 00epTaioThCA, € OAHi€ 3
Hale(DeKTUBHIIMNX TEXHIK OJep:KaHHA AUCIEPCHUX CHUCTEM 3 HAHOYACTHUH-
kamu. OcHOBHe NMPU3HAYEHHS QUCIEPI'YBAJbHUX IPUCTPOIB — Ie IIEPETBO-
PEeHHA CYIIJILHOI'O IIOTOKY PiAWHM HA NUCIEPCHY CUCTEMY, IO CKJIAJa€ThCA
3 ONHOPIAHMX Kpameab piguHu. € OBa cmocobu MEepeTBOPEHHS CTPYMEHiB
pimmHU B TOHKI maiBKuU: rigpocraTmuHuil (Ha MOXUJIill MJIacTUHi) i BigIeHT-
poBuil (Ha MIiBKOyTBOpIOBaui — Jonari). [ucnepryBaHHa piguH — Ie Ba-
JKJIMBA TEXHOJIOTiA, sIKA 3aCTOCOBYETHLCA B PIBHUX IIPOMUCIOBUX Taly3sdX,
TaKUX SK Ha(TOorasoBa, (papMalieBTUUHA, XapyoBa Ta iHImi. ¥ Iifi craTTi Mu
posTIAHEMO [AWCIEePIryBaHHA PiAWH pPO3MOpOoINyBayaMu, IO 0GepTaThCd.
ITeit mMeTOn YMOMKJIMBIIIOE OJep:KaTU APiIOHOAMCIEPCHI CHUCTEMU 3 MOHUIKE-
HUM PO3MipOM YaCTUHOK, IO BiAKPWBAE IMHUPOKI MOIKJIMBOCTI OJA MOJim-
IIeHHs AKOCTU KiHIIeBOro mpoAyKTy. IIoTpi6bHO 3HAXOAUTM HOBiI HigXoau IO
KOHCTPYIOBAHHS POSIIOPOIIYyBaUYiB BEJUKOI OAMHMYHOI MOTysKHOCTU. [lina
OOT'PYHTYBAHHSA IX CJIil TPOBOAUTU MPUHIIUIIOBI TEOPETUUHI MOCTiAKeHH A, a
3 MeTOI0 KOPeKI[ii pe3yJabTaTiB TEOpeTUUYHY aHaaidy HeoOXimTHO peTerbHO
mepeBipATH Ta KOPUI'yBaTH JaOOPATOPHUMHU Ta ITPOMUCIOBUMU HOCJIiTKEH-
HAMU. B cTaTTi mMoOKasaHO OCHOBHI IIPMHIIMIIOBI CXEeMH PO3IOPOIIYyBauiB pi-
IWHU, 1110 00epTaloThCA (COIJIOBUM BiAIEHTPOBUII POIMOPOIITYBAY, JIOIATKO-
BUH BiAIleHTPOBUII PO3IOPOIIYyBad, BiAJOBUII PO3IIOPOIIyBad), i mpoaHai-
30BaHO, HE BIAIOUNCH yV TEXHIUHI mompobuli, iXHi IPUHIIMIOBI HEZOJIKU, a
TAKOK MOJYKJIMBI HAIPAMU MHOIITYKiB CIOCO0iB 3MEHINIEHHSA €HepProCcIoKUBaH-
HS Ha AUCIEPIYBAHHSA Ta IMOJIIIIEHHA IUCIEePCHOTO CKJIAAY Kpalesb PO3IMo-
poireHoi pifuHM Ta, 30KpeMa, OJep:KaHHA CKJIANy Kpamesb, OJHOPiIZHOTO 3a
poamipamu. PosrisgHyTO BasKJIWMBI NUTAaHHA MOBENIHKU pPiAMHU BcepequHi
MUIIHAPUYHUX O0O0JIOHOK, I[0 00epTal0ThCS, a TAKOMK ITOKA3aHO OCOOJMBOCTI
PYXy piguHu mim yac Buxomy ii 3 po3mopoIrryBaua.

317
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Dispersing liquids with rotating atomizers is one of the most effective
techniques for obtaining dispersion systems with nanoparticles. The main
purpose of dispersing devices is to transform a continuous flow of liquid
into a dispersed system consisting of liquid droplets. There are two meth-
ods of converting liquid jets into thin films: hydrostatic (on an inclined
plate) and centrifugal (on a film-forming blade). Liquid dispersion is an
important technology that is used in various industries such as oil and gas
industries, pharmaceutical, food, and other ones. Dispersing liquids with
rotary atomizers has its advantages and disadvantages. On the one hand,
this method is very effective, as it allows obtaining a homogeneous dis-
persion system with nanoparticles. On the other hand, the dispersion pro-
cess can be quite complex, as its success depends on many factors, such as
atomizer-rotation speed, droplet size, liquid properties, etc. In this article,
we will look at the dispersion of liquids by rotating atomizers. This meth-
od makes it possible to obtain finely dispersed systems with a reduced
particle size that opens up wide opportunities for improving the quality of
the product. It is necessary to find new approaches to the design of atom-
izers with a large unit capacity. For their substantiation, fundamental
theoretical studies should be conducted, and in order to correct the re-
sults, the theoretical analysis should be carefully checked and corrected by
laboratory and industrial studies. The article shows the main principle
schemes for rotating liquid atomizers (nozzle centrifugal atomizer, vane
centrifugal atomizer, fan atomizer), and we will analyse, without going
into technical details, their fundamental shortcomings, as well as possible
directions of searching for ways to reduce energy consumption for disper-
sion and improve dispersed composition of droplets of sprayed liquid, and,
in particular, obtaining a composition of droplets that is uniform in size.
Important issues of fluid behaviour inside rotating cylindrical shells are
considered. In addition, the features of the movement of the liquid, when
it leaves the atomizer, are shown too.

KarouoBi cioBa: pigmma, Kpalisd, AUCHePryBaHHSA, ILIIBKOYTBOPIOBaY, Bif-
IIEHTPOBUY PO3IIOPOIITyBadU.

Key words: liquid, droplet, dispersion, film former, centrifugal atomizer.

(Ompumano 29 mpaens 2024 p.)

1. BCTYII

HucnepryBaHHsS PiAWH PO3IMOPOIITyBauaMu, IO 00e€PTalOThCSA, € OJHi-
€0 3 Halle()eKTUBHIMINX TEeXHIK OJep:KaHHsS OUCIEPCIHHMX CHCTEM 3
HaHouacTuHKamu. Ileii MeTOJ mmoJsArae B TOMY, ITIO PifuHA IIOTAaETHCA
Ha pPO3IIOPOINyBau, SAKWH BHUIIyCKA€ 11 y BUTJIAAL MiKPOCKOIIIUHMIX
Kpamneab. PosmoporryBaui, 1m0 00epTaioThbCs, XapaKTepU3yIOThCA Be-
JIUKOIO IIIBUIKiCTIO oO0epTaHHs, IO AOIOMAarae moApiOHIOBATU PigUHY
Ha ApiOHimti kpamensku [1-4].

3acTocyBaHHSA PO3IOPOIINYBAUiB, IO 00epPTAIOTLCA, AJIA IHUCIEPLy-
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BAHHA PIAWH 3HAHNIIIO IMINPOKE 3aCTOCYBAaHHA Y Pi3HUX rajy3dax Hay-
KM Ta TexHiku. Hampuikian, BOHH BUKOPUCTOBYIOThCA y (hpapmalies-
TUIL IJIS OJeP:KaHHA JiKapChbKUX 3ac00iB, B XapuyOBiil TPOMMCIOBOCTI
Ui BUPOOHMIITBA HAIOIB i IPOAYKTIB XapuyBaHHA, ¥ KOCMETUYHIN
IIPOMUCJIOBOCTI IJIsT OJEep:KaHHSI KOCMETUYHHUX 3aco0iB, a TaKOX ¥
HadTOrasoBiil raaysi AJid pPo3UYMHEHHs iHTiOiTOpiB Koposii it iHImx
pevoBUH.

HucnepryBaHHA PigWH PO3MOPOIIIyBavaMM, IO 00EPTAIOThCA, Mae€
CBOI IIepeBaru Ta HemOJiKM. 3 OZHOTO OOKY, Ileil MeTon € Ay:Ke edeK-
TUBHUM, OCKIiJIBKM YMOXKJIUBJIOE OAEPKATU TI'OMOTeHHY IUCIEPCHY
CHUCTEMY 3 HAaHOYACTUHKAMM. 3 iHIIIOTO OOKY, IIpOIlec AUCHePI'YBaHHS
MO)Ke OyTH [OCTaTHBO CKJIALHUM, OCKiJBKHK VCIIIIHICTH Iioro 3ae-
JKUTh BiJ 0araThbOX UMHHUKIB, TAKUX SIK 00epTOBaA IIBUAKICTHL PO3IMO-
poirryBaua, po3Mip KpaljWH, BJIACTUBOCTI pigmuu Tomio. Ilaa mocsAr-
HeHHs 0a’KaHoro pe3yJbTaTy HeOOXiJHO MpaBUJILHO IIiZi6paTu pos3Iio-
poirtyBau, BpaXoByHOUMN mOTpebu KOHKPETHOTro 3acTocyBauusa [5—11].

Ot:xe, qucIepryBaHHA PiAWH PO3IOPOINTyBaYaMu, III0 00ePTaIOThC,
€ BaKJIMBUM TEXHOJIOTIUHMM HIPOIECOM, SIKHNI BUKOPHUCTOBYETLCA Y
faraTnbox rayy3sax IIPOMKCJIOBOCTH Ta HAyKU. 3a TPaBUJILHOTO 3aCTO-
CYBaHHA IIell MeTOJ Oa€ 3MOTY OJep’KaTH BUCOKOAKICHI muciepcHi
cuctreMu 3 HaHouacTuHKamu [12-18]. OmHax mepen 3acTOCYBaHHSIM
posmopoIiryBauiB, II0 00epTalOThCs, IIOTPIOHO peTeabHO ITPOaHAJi3y-
BaTM YMOBHU IIPOIlECY Ta IIPAaBUJIBHO IIigZiOpaTH PO3IMOPOIIyBad, II00
3abe3meunTH HOr0o e(PpeKTUBHICTL ¥ yCImilmHicTh. MeToIo JaHOi cTaTTi €
IIOKAa3aTy OCHOBHI cXeMM PO3IIOPOIIYyBadiB pigmHM, IIT0 00epTaOThCA,
a TaKoK IIpoaHaJIi3yBaTH IXHI HNPUHIIUIOOBI HENOJIiKM Ta MOMKJIMUBIL
HAIIPsAMHU IIOITYKiB cIOCO0iB 3MEHINIEHHsS €HEPTrOCIOXKMBAHHS Ta IIO-
JIOIIeHHS AUCIEPCHOTO CKJAIy Kpalleb PO3IIOPOIINEHOIl PiIMHMA.

2. 3BATAJIbHI IUTAHHSA CTOCOBHO JIECIIEPT YBAHHS PITUH
OBEPTOBHUMHU POSIIOPOIIYBAYAMMU

Haii6inbmr moTysKHI aumcrepraTopu OAMHWYHOI HPOAYKTUBHOCTH 3a
piguHOIO, SAKY POS3IOPOIIyIOTh, 3a MOOCTATHLO APiOHOAMCIEPCHOTO
CKJIaZy POSIIOPOINEHHS — PO3MOPOoITyBaui, 110 obepraioThcA. Po3r-
JSHEeMO OCHOBHI IPUHIIMIOBL CXeMM pPO3MOPOINYBAaYiB pPiguUHMN, IO
obepTamThCcsd, Ta IIPOaHaAJi3yeMO, He BAAIOUNCH Y TeXHIiUHI moapobu-
Ii, IPUHIIUIIOBI HEJOJIiKM IX, a TaKO0X MOKJIMBI HAIIPAMU MOMIYKiB
criocobOiB 3MEHINIeHHsSI €HEePrOoCIOKMBAHHA HA JUCIEPI'yBaHHA Ta IIO-
JILIIIIIeHHS MHUCIEePCHOTO CKJIAAY Kpalejb PO3IOPOINeHol pigmHu i, 30-
KpeMa, oJep:KaHHs CKJIaLy Kpallejb, OAJHOPiZHOTO 3a po3MipaMu.

Ha pucyuky 1 HaBegeHO NPUHIIMIOBY CXeMY KOHCTPYKIIiI COMJIOBO-
ro (mro30BOr0) BimmeHTpoBOrO posmoporiryBava [1, 2]. ComioBuii Bif-
IEHTPOBUI PO3MOPOINTyBau (COIJIOBUM AUWCK) CKJIAZAETHCSI 3 00€pPTOBO-
ro xkopmycy I (HampuiJaan, MUIIHAPWUYHOI 00MUYaiiKu), IO PO3TAIIIO-
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Puc. 1. IIpuunumoBa cxeMma COILIOBOTO (AI030BOTO) BiAIIEHTPOBOTO PO3TOPO-
mrysaua.’

BaHUII Ha Baay 4, comja (mmosu) 2, mpucTpoio 3 MJasd HigBeJeHHS Ta
PiBHOMipHOTO PO3IOAiNly BCEPeAUWHI KOPIyCy PifiWHU, AKa IIig Ii€ro
BiZIIEHTPOBOI CHJIM YTBOPIOE II0 BHYTPIiIIHIA ITOBEpPXHi CTiHOK 0OU-
yalKH1 KijgbIe.

B pasi mocriiinoi wacToTu obepTaHHA AMCKA BUTpaTa PiAUHU BU-
3HAYAETHCS YMOBAMHU BXOAY PiIMHMN HaA OUCK, TOBIMWHOI PiAKOTr0 Ki-
JBIIEBOTO INapy, KigbKicTio Ta miamerpom comesn. Ilnasa 36igbieHHS
IIPOAYKTUBHOCTU COIIJIOBOTO PO3IMOPOIITyBada HMOro BUTOTOBJIAIOTH Oa-
raTopagHuM (II0 CKJIaJaeThcA 3 KiMbKOX PAAiB comet). Piguna, mas-
XOASAYU y COILIO, IPUTHUCKAETHCI 0 3aAHBOI IO X0y O0epTaHHS PO3-
ImopoIryBaya CTiHKHM, 1 TOMY OKPYsKHi IIBHAKOCTI coILIa Ta PiAWHU €
OMHAKOBUMHU. I3 BUXOAOM y rasoBe (IOBiTpsHE) cepemoOBUIINE IIBUI-
KicTh PIiAMHM CKJAQJAETHCA 3 OKPY/KHOI CKJIAJ0BOI INMBUAKOCTH Ta
CKJIQJIOBOI BiJHOCHOTO pPYyXy PiAUHU TO COIAY, AKY OJA HHU3b-
KOB’A3KUX PiAVH MOKHA 00paTH PiBHOIO pamisabHIii.

Co1mI0Bi IMCKY € IPOCTHUMU 3a KOHCTPYKI[i€I0, MAlOTh BUCOKY OIY-
HUYHY IIPOAYKTUBHICTL i B 0araTboxX BUMIAJAKAaX JAIOTh 3MOTY OfepsKa-
T XapaKTEePUCTUKU POIIOPOINEHHA, IMO 3aJ0BOJBHAITL IIPOMMUCJIO-
Bictb. OmHax papibHOAMCIIEPCHE PO3IIOPOIINEHHSA 3 COILJIOBOTO IHMCKA
MO:KHA OJepsKaTU TiJbKM 3a 3HAUHUX OKPYKHUX ImBuakocrtent (y 120
Mm/c i Bume). Ile BigOyBaeTbcsa 3 HacTymHol mpuumHu. Ha Buxomi i3
COILIa CTPYMiHBb pifmHu (IIOPiBHAHO BEJIMKOTO AifAMeTpa) B3aeMojie 3
HaABKOJIMIIHIM cepemoBuilieM (mmoBiTpsam, rasom). CmouaTkKy BiH pos-
PUBAETLCSI Ha OKPEeMi BeJIMKi (pparMeHTH, a IicJsd IIOBTOPHUX PO3APi-
OHIOBaHb IIEPETBOPIOETHCA Ha AemaJi mpiOHirmi Kpari.

Cuia B3aemogii cTpyMeHs, IO BUXOAUTH i3 comes y rasoBy ¢asy,
IIPAMO MPOIOPIlifiHa IIBUAKOCTI 3MiHN iMIIyJIbCY CTPyMeEHS Ta Ji00Oo-
BOTO IIepepidy cTpymeHsa. 1lsa BeqmuuHA y CBOIO Uepry IIPOIIOPIlifiHAa
misgsmerpy comia (10 mm). Tomy aas apibHOAHCIIEPCHOTO APOOJIEHHS
CTPYMeHSA TaKOTro Iepepi3y CTPYMiHb PO3TraHAIOTH O IIBUIKOCTEN
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120-150 m/c i Bumie. 3 1iel TpUUYMHU HEOOJiKOM COILJIOBHUX POBIIO-
poIllyBauiB € BeJIMKe MUTOME CIOKUBAHHA eHeprii y 4—6 kBr-rox zHa
TOHHY PiAWHU, 110 PO3IOPOIIyeThed [3].

€ @1 gpyruii BasKJIUBUM HENOJIK PO3IOPOIITYBaUiB COIJIOBOTO THUILY.
HismMeTpu KpalleJib 3a PO3IOPOIIYBAHHSA PO3IOPOINyBauaMu, Io obe-
pTaoThCs, MPOIOPIIiliHI XapakTepHOMY pO3Mipy, 30Kpema, TOBIIWHI
cTpyMeHdA pinmHu. I3 BUXOOOM CTPyMeHs PiguHM i3 coria #oro mepe-
pis y IJIOIUHI, MEePIEeHAWKYJAPHIN o0 pamidJapbHOrO HANpPAMY, MAae
BUTJIAA cermMeHTa. Tomy micasa BUXOOy CTPYMeEHsS B ra30Be CEpPeIOBU-
I1e CIIOYaTKy PYHHYIOTbCA HMOro HAWTOHIMNI AiMAHKU, a MOTiM — Je-
maai ToBcrimri. Yepes Taxi ocoOJMBOCTI AUCIEPCHUN CKJIAL Kpameib,
IIT0 YTBOPIOIOTHCS COIJIOBUMM PO3IOPOIITyBavYaMM, 3HAXOIUTHCSI B MIO-
CTAaTHLO IMHUPOKOMY iHTepBaji po3MipiB, IO AJA OiJBIITOCTH HTPOMIUC-
JIOBUX TE€XHOJIOTil € HeraTUBHUM UMHHUKOM.

3a aHaJi3u POOOTH COILJIOBHUX OHCKIB MOKHA BHOKPEMUTH JBi 0CO-
6suBocTi (mpobsemu). [yia api6HOro AuCIepryBaHHS COILJIOBUME PO3-
IopoIllyBayaMMy HeOOXiJHO 3aCTOCOBYBATH BEJIMKI IIIBUAKOCTI 00ep-
TAaHHA Yepe3 BeJUKY TOBIIUHY CTPYMEHsS pPiAWHN, 10 BUXOAUTH i3
comJja, i, OT)Ke, CHOKMBATH BOJIHOPAa3 3HAUHY KiJbKiCcTh eHeprii, a 3
iHITTOrO GOKY POS3IOPOINEHHS PIANHU € IPUHIIUIOBO MOJIiIMCIIEPCHUM.
OcHoOBHe 3aBIAHHA — MHOHUKEHHS IOTY:KHOCTHU, IO BUTPAUYAETHCA Ha
IUcHepryBaHHA BeJMKOl KiJTbKOCTU PiAVHU 3a ONTHMAJIIbHUX PO3MipiB
Kpamejb, — MOKe OyTu BUDPillleHe JIUINle 3 BUPIINIEHHAM IMIUTAHHA IIPO
icToTHE 3MEHINIEHHSA TOBIIMUHU CTPYMEHIB, IO BUXOIATH y ra3oBe ce-
pemoBuIlle B MOMEHT poamopolnyBaHuA ixX. Iliero mpobGiiemoro 3aiiMa-
Jocs 6araTo HOCHiTHUKIB i TeopermkiB. 1a po3paxyHKY cepegHBOTO
missMeTpa KpalleJb BiAIIEeHTPOBUX PO3MOPOIIYBadYiB 3alpPONOHOBAHO
Garato sanesxHocreii. Onuiero 3 Takux (HOPMyJ, AKa 3aCHYyrOBYE Ha
yBary — dopmyna Mapmannaa [4]. Ii 6yno icTorHO MOmepHizoBaHO
Ilitepcekum [2, 5], i 3acTOCOBYeTHCS BOHA 3a IIPOAYKTHUBHOCTU Bi-
IIEHTPOBOTO PO3IOPOIITyBaua 3a piguHow y mouan 30 T/rox.:

d,, =0,1¢"2 (cozr)l/ ° )

e ¢ =@Q/l — ninifia ryctuHa 006’eMHOI BuTpaTu pimmHmu, M°/(c-M); [
— [IOBKWHA 3MOYEHOT'0 IIeprMeTpa KPOMOK PO3IopoIllyBaua (cyMapHa
IIVPUHA ILTiBOK, IO PO3HOPOINYIOTLCS), M; ® — KYyTOBa HIBUAKICTH
obepTaHHS OUCKa, C '; r — pajiloc 00epTaHHA PO3MIOPOITYBAIBHUX
KPOMOK posmopoiliryBaua, M. AHamigyoun (1), MoKHa mepeKoHaTucCHd,
110 JJIS IIOCTiHOTO AifAiMeTpa Kpameib ds, AJIS PiSHUX PO3IOPOIIyBa-
4iB 100yTOK ®l Mae OyTu mocTiiHuM (3a OLHAKOBOI BUTpaTH Q).
ITorkasamo [6], mo dopmyna (1) 3acTocoBHA W y [eINO IITUPIIOMY
IifAmasoHi MPOAYKTUBHOCTEH COILIOBUX AWCKIiB. 3BiJicM HAIPOIIYyEThHCS
BHCHOBOK: iCTOTHOTO TOHWKEHHS CIOKWBAHOI TOTY:KHOCTH MOKHA
IOCATTH ILJIAXOM INOHW:KEHHA 00epTiB auCKa, IO PO3MOPOIIyE, 3a
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BiATIOBiAHOTO 30iJbINIEHHA NOBKUHU 3MOYEHOTO Iepumerpa. Ilisa Bu-
pimenHsa 1iei mpobseMu HeOOXiZHO CTPYMiHB pimmHM OyAb-AKOI mep-
BUHHOI ()OpMIU IEePeTBOPUTU Ha ILIiBKY 34 MOXKJIWUBOCTU OiJbIIOI IITH-
punu. 3 BUpPiNIeHHAM TPOOJEMH HU3bLKOEHEPTeTHYHOT'0 O[epPrKaHH:d
omHOpimHOl pimkol mIiBKM Ha po3IopolIyBauax, IO 00epTalThCS,
aBTOMATUYHO BUPIMIUTHCA Apyra mpobJieMa BiAIIeHTPOBUX PO3MOPO-
ITyBauiB — OJep:KaHHA AKiCHOTO PO3IOPOINEHHS, TOOTO Omep:KaHHSA
OiMBIIT MOHOAMCIEPCHUX Kpamedb. OOroBopmMoO 3 IIieli TOUKH 30py
OlJIBII MPHUAATHI KOHCTPYKIII po3ImopoIlyBauiB, IIf0 o0epTamoThCHd,
IS BUPIIIEHHS IIOCTaBJIeHOI mpobJyemMm — JonareBi (mIiuHHiI) pos-
roportrysaui [3].

IlpuHNUIIOBY cXeMy KOHCTPYKIIii JomaTeBOTO BiAIIeHTPOBOTO PO3-
ImopoIIyBaua HOKasaHo Ha puc. 2. JlomaTeBuil poO3mOPOIIIyBAY BKJIIO-
yae B cebe MUIIHIAPUUYHUNA Kopiyc I — BJacHe JUCK, AKUI KPiIUTbCSA
Ha Bany 4. Ha mepudepii mmucka poaraimroBani miacki Jsomarti 2. Ha
MeBHil Bigmaii Big oci oOepTaHHsA PO3TAIIOBYIOTHCA KaHaJ M abo iHIImi
eJeMeHTH BBimHOTo mpuctporo 3. Uepes BBimmmit mpuctpiit 3 pigmna
HAAXOIUTh BCepeanuy Kopmoycy I i OiJabII-MeHIT PiBHOMIpPHO PO3IIONi-
JSE€ThCSA Iepel HAaAXOMKeHHAM Ha jomnati 2.

Ha mouaTky pyxy piamHM, Ka HaIXOIUTH y OUCK, III0 00€PTAETh-
cs, Aie, Kpim r'pasiTarmiiimoi cuiam, cuiaa B SA3KOTO TePTs, 3a HTOIIOMO-
rol0 AKOI BOHA PO3KPYUYETHCA, PO3TAHAETHCA Ta IIEPEMIIAEThHCSI B
Hanpamky Jgomati. Ha jomari piguua mepebGyBae i miero BigieHTpo-
Boi Ta KopiomicoBoi cui. Ilo3goB:xHSA CKJIAZoBa BiAIleHTPOBOI CHMJIK
posraHse CTPYMiHBL PigmHM B3ZOBXK JiomaTi. 1lo3moB:KHS CKJamoBa
IMTBUIKOCTHU €JIeMEHTIiB piAuHU (THOY BOAM) B3AOBXK JIOIIATI HaOJIMIKa-
€ThCS OO0 OKPYKHOI IMBUAKOCTHA BiAIOBIZHMX TOYOK JIOIIATI.

KopionicoBa cmia Ta HOpMaJbHA CKJAZOBa BiAIleHTPOBOI CHMJIN
CIIPUYNHAIOTH IIOABY OCHOBOI CKJIQAOBOI IIBUIKOCTH €JIEMEHTIB PigKol

Puc. 2. IIpunmumosa cxemMa KOHCTPYKI[il JIOIATEBOr'0 BiJI[eHTPOBOI'O PO3IIO-
pomryBaua.?
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IUIIBKY, III0 TIPUBOAUTH A0 PO3TiKAHHA IUIIBKM B OCHOBOMY HAIIPAM-
Ky. CymapHa [id IIUX CHUJI IIEPEeTBOPIOE CTPYMiHBb PiAWHM Ha JIOHATi,
10 00epTaeThbCcA, B TOHKY ILIiBKY. [ 3MeHIIeHHS TipaBJiuHOrO
yzapy Ta JOJaTKOBOTO MOJIININIEeHHA PO3IMOiNy PiAMHU B MiCIAX BXO-
Iy PiAUHU Ha JonaTi BCTAHOBJIOIOTH HAIPAMHI eJeMeHTH.

3 MeTor0 30iJbIIIEHHA OAWHUYHOI IPOAYKTUBHOCTU JIOIIATEBOTO AU-
cKa 0e3 3MiHM AKOCTH PO3IOPOIIEHHSA Ta JisMeTpa AMCKa 3alPOIOHO-
BAHO KOHCTPYKIIiI OaraToapycHuxX auckiB. Bei mi # immmi «XuTporris,
Ha ’KaJb, He NaioTh noMiTHOrO edekTy. I Bce 1le — uepes3 BeJUKY TY-
pOyJIEHTHICTh TOTOKY PiAWHM B MOMEHT ii BXOAYy Ha JIONATh, 0COBJIMBO
B OararoapycHuX auckax. Tomy, smaBayiocs 0, 1o, ariguo 3 (1), mo-
CATHYTO BeJUKY JOBKUHY 3MOUYEHOTO IepuMeTpa, IO TEeOPeTUUHO
YMOJKJIUBJIIOE OAEepP:KaTh APiOHOAUCIIEpCHE DPO3MOPOIIEHHA, aJjie I00i-
yHi e()eKTU 3BOAATH Pe3yabTaT HaHiBEIlb.

3. OCOBJIMBOCTI PYXY PIIUHU 13 BUXOJIOM II
3 PO3IIOPOIIIYBAYA

Posraamemo meski BasKJAMBI IUTAHHA MNOBEIIHKM PiAWHM BCepeamnHi
MUIIHIPUUYHIX OOOJIOHOK, IO 00epTaloThCdA, AKINO ixHi oci cumerpil
30iraroThCcs 3 HEPYXOMOIO y IPOCTOPi BepTUKAJbHOIO Biccio obepTaH-
Ha. Hexail HepyxoMa pifiuHa 3HAXOAUTHCA y HEPYXOMili BepTUKAJIBbHO
BCTAHOBJICHiII 00OJIOHIII ab00 o0MuaiIli Ta HAAXOOUTH y OiUHMI OTBip
(comyo, Kpyrauii a6o immroi ¢opmu orBip). O6’emHa BuTpaTa @ pimm-
HY 4Yepe3 OTBip BM3HAUYAETHCSA 3a BiIOMUM 3 TigpOoaAMHAMIKM PiBHSIH-
Hawm [7, 8]:

2P
Q=¢¢S [—, (2)

p
Ie S — mepepis OTBOPY B ILJIOINHWHI, MePHEeHANKYJIIPHIN HaIPAMKY
IIBUIKOCTU BUTOKY; P — THCK Ilepes OTBOPOM BUTOKY; € i ¢ — Koe-

QimieHTN BUTpPaATH.

KoeddimienTnn BuTpaTtn BHU3HAYAIOTHhCA (POPMOIO, PO3MipaMu OTBOPY
BXOZYy PiamHmM, HamopoM i (pisMUYHMMM BJIACTHUBOCTAMM CaMOl pPiguHN
(B’ABKicTIO, ITOBEPXHEBUM HATSATOM), a TaKOMK, IO BaKJIWBO, TiJpo-
IUMHAMIYHOI0O OOCTAHOBKOIO B MOMEHT HAAXOMKEHHA PiAfuHM B OOKO-
BUYI OTBip y muninapuuHiyi obuuaiini. KoedimienT ¢ — me Tak 3Ba-
HUN Koe(dillieHT IIBUAKOCTH, SKUUA BPAXOBYE POI3MOiJ IIBUIKOCTEH
110 Iepepisy CTpyMeHs, € — Koe(il[ieHT CTHCHeHHS, [0 BU3HAYAETh-
cs BiTHOIIIEHHAM HOPMAaJBHOTO IIEpepisy cTpyMeHs S,, III0 BUTiKae 3
OTBOPY, 0 HOPMAaJBHOTO IIepepisy S OTBOPY BUTIKAHHS:

g =20 (3)
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1 HepyXOoMUX OOMUYANOK Koe(illieHTH BUTPATH BU3HAUAIOTHCH
HaAIoOpoOM pPiAWHM, HOJIOKEHHAM ILJIiBKOyTBOpIOBaua Ta TypOyJeHTHic-
Ti0 mOTOKY (PefiHOonmbacoBuM umuciioMm Re). 3a o0epraHHsa 000JOHKU
BiJHOCHO pPiguWHU, IIT0 3HAXOAUTHLCA BCepemuHi Ifiei 000JOHKU, KapTH-
Ha BUTiKaHHA 4yepe3 OiUHUI OTBip y camiii 0GOJIOHIII iCTOTHO 3MiHIO-
eThbca. Brepiie Take 3aBIaHHA pO3IJIALAJOCA Yy 3acTOCYBaHHI
nearpudpyr B. I'. Xominum i O. I. ImosemueBum. [[1sg aHATITHUYHOTrO
BU3HaUeHHA KoediIlieHTiB BuTpaTu y pasi 06epToBOi 00MUYAWKU PO3-
IopoIllyBaua BUKOPUCTOBYeThcA pPiBHAHHA Har’e—Crokca B IUIIiH-
pUuHi#l cucTeMi KOOPAWHAT, *KOPCTKO IIOB’sA3aHill 3 00MUYalKOIO, IO
o0epTaeThCsd, 1 PiBHAHHA HEPO3PUBHOCTU cTpyMeH [9]:

ou, uw? 10P (p%u, . ou, u,

“or r por \or* ror %)
ou. uu, o%u. ou.  u.
u, - =v =+ - =,
or r or ror r
1 OP ou
+-=—=0, = - %o, (4)
p 0z or r
TyT u, — pangianpHa cKJagoBa INBUIKOCTU PiAWHU, & U, — TaHIE€H-
mifina (OKPY’sKHA) CKJIaAoBa IMBUAKOCTH PigWHU; p, V — TyCTUHA Ta

KimematnuHa B’aA3KicThb pigmuu. KoopamHaTy z cIpsaAMOBaHO B3IOBIK
oci obepraHHS.

Ons crimamoBol KoedirmieHTa BUTpaTH (@ PO3B’A3aHHA JAHOI cCuCTe-
MU Hiyoro HoBoro He gae. Ta 1ie ¥ 3podyMmijsio 3 cyTo (hi3MUHUX Mip-
KyBaHb, TOMY II[O (0 BUBHAUAETHCA JIUIIIE CTAHOM PYXYy PigwHUM, TOOTO
yucaom Re i, oT:Ke, 3a Re =const omHakoBe mja Bcix pigmu. IHIma
cutyariss — 3 KoedillieHTOM CTHCHEHHs cTpyMmeHda ¢ (3). ¥ maHomy
BUIIAAKY BiH BH3HAUAETHCA B 00MUAIiIli, 1110 00ePTAETHCSI 3 AEAKOI0 He
PiBHOIO HYJIO BiTHOCHOIO IIBUIKICTIO, 3a BigHOIIIEHHAM 0 KYTOBOI
IIBUAKOCTH OOepTaHHSA CYILJILHOI PimluHMU.

Hexalt mumimapuuyHa oOmuaiika Ta pifmHa MAalOThL 3arajbHY Bich
obepTraHHsA, 10 30iraerncsa 3 Biccio xoopamHaT Oz. AKINO OKpPy:KHA
IIBUAKICThP O0epTAHHSA OOOJIOHKM ¥ OKPY:KHA IIBUAKICTL pigmHm y
MicIIgX 3aKiHYeHHS OCTAHHBOI JOPiBHIOIOTL OAHA ONHil, IXHS BimHOC-
Ha IMBUAKICTH HOPiBHIOE HYJI0. 3a Takoi cuTyallii pigmHa HagXOOUTh
B OTBOPM 3 TaKMM CAaMUM 3HAUEHHAM &, K i y BUIAAKY a0COJIOTHO
HePYXOMUX PiINHU U OOMUYANKHU.

Hexait y obuuaiiky 3 TrJIafKMMK BHYTPIIIHIMH CTiHKaMu pajiroca
R,, 1110 o6epTraeThCcsa 3 KYTOBOIO IIBUAKICTIO ), HAAXOAUTh Ha paliio-
ci R, piguna, 110 He obepraerbcsa. PigmHa uepes cuiau B’SA3KOCTU IIO-
YMHAaE 3aKpyuyBaTucs, obeprarucs. MakcuMmasbHa KyTOBa IIBUIKICTD
obepraHHsa piguHU ® 3aJe:KuTh [9] Bix BimHOCHOI Bigmasi Bim oci oGe-
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pranHa Ta Re, 00uMCI€HOro 3a BiTHOCHOIO IMBUAKICTIO MiXK ITBUAKIiC-
TIO 00MYAMKM Ta IMBUAKICTIO IMapiB pigwHM, IO 3HAXOAATHCA B 0e3-
ImocepenHiil 6auM3bKOCTI Bif moBepxHi oOmualiku. 3a pajmiioca HaIXo-
mxeHHa piguau R, — 0 KyToBa MIBUAKICTh ® piawum Ha Bigmami r Bix
oci obepTaHHA, AK MOKa3aHO B 3a3HAYeHill pobOoTi, JOPiBHIOE

Re

r
w = Ql E ’
a BigmoBimHA OKPYsKHA IMIBUAKICTh IIUX €JIEMEHTIB PilMHU JOPiBHIOE
Re
_ _ r
u =or=Qr E , ()

Ie r — IIOTOYHA NMWJIHAPWYHA KOOpAMHATA eJeMeHTy piauHm; R, —
pamitoc BHYTPIiITHBOI TOBEPXHiI IWIiHApPA OOMYANKM; KOMILIEKC
Re = QR, /v — PeiiHoJIbACOBE UNCJIO B PalisIbHOMY HAIPAMKY PYXY
pinuHM B MOMEHT BXoAy ii B OTBip oOuuaiikm.

fAx morkasano B [9], 3a Bcix R,> 0 KyToBa HMIBUIAKiCTH ® i, BiATOBi-
IHO, U, MeHINa, Hik 3a (5), ToOTO 00epTaHHSA PIAVMHU B pPeaJTbHUX
yMOBaX BificTae Bif IIBUAKOCTH OOEPTAHHSA IMJIIHAPUUYHOI OOMUAKIKH,
IIs AKOI OKpYy’KHA INMBUAKICTL U BHYTPINIHBOI MOBEPXHiI oOMUANKU
3aBKIU OopiBHIOE u=Q;R,. 3 IpOro BUIJIMBAE, IO, SAKIIO pixmHa
BCcepennHi 00epTOBOI riIagkoi oOMUYaiKy Ma€e KYTOBY IIBUAKICTH 00ep-
TaHHA 1HITY, Hi’K KyTOBa MIBUJAKICTh BHYTPIIIHiX CTiHOK OOMUYaiiKu, B
X YMOBax Koe(iIlieHT CTHUCHEHHS CTPYMeHs, II[0 BUTiKae 3 OOKOBO-
o OTBOPY Ta, BiAmOBimHO, 00’€MHA BUTpaTa @ TOPiBHIOIOTH

823_9((91}?1)2(114‘213/9) ) P (QIR1)2061+2P/p ’

S, P(o, + &) g SP o, +§ ©

ne S — mepepis 6iYHOTO OTBOPY AJA BUTIKAHHA pPigmHU, P — MOBHUIA
TUCK PiAUHU Tepesl OTBOPOM BUTiKaHHA, O, i 0, — KoedimieHTH Ki-
HeTnuHOi eHeprii 3a Kopiosicom ana pimume tuny Boau (= 1), § — Ko-
e(ilieHT MicIeBOro ormopy B TOUKAX BUTIKAHHA IJA PiAUH THUIY BOAU
(~ 0). dAxmoro piguHa € HepPyXOMOIO IOI0 JabopaTOPHOI cucTeMu Bif-
JiKy, To o0’eMHa BHUTpaTa pigmHM uYepe3 OiuHMI OTBip y obOmuaiiri,
110 obepTaeThbes, 3rigHo 3 (6), TopiBHIOE

SP
R=—, (D
PR,

OCKinbKHM moBHUM THCK P € HesHAuHUM y NopiBHaHHI 3 (QR,)?, i HUM
i KopeHeM y 3HaMeHHUKY Bupasy (6) MOKHa HeXTyBaTH.
BignocHa mBuaKicTs u, (IMIBUAKiCTh OoOMUAWKHU IMOAO PIAWHN) 3a
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BUKOHAHHA Iliei ymoBu 3rigHo 3 (5) HabAM:KaeThbcA MO JiHIAHOI TaH-
reHIifinoi (OKPY!KHOI) IIIBUAKOCTY BHYTPIiITHBOI ITOBepXHi obuuaiiku,
mo obepraervca: u, — u =QR,. Bignosigno no (6), xoedinienT Bu-
TpaTu & PiAuHU 3i 30iJbIIeHHAM BiZHOCHOI HMIBUAKOCTH MiXK ITapamMu
pimuHM Ta BHYTPIITHBOIO ITOBEPXHEI0 OOMUYANKU 3MEHIYeThCA. 3Bimcu
BUILJIUBAE, 1[0, YMM IIIBUAIIE o0epTaeTbca obmuaiira ((2; — ) 3 pi-
IWHOIO, IIT0 He o0epTaeThCcsA BCepeAuHi, TUM, Bimmosimzmo mo (6) i (7),
MEHIIIOI0 € BuUTpara ii uepes Oiunumii oTBip B obmuaiiri. OckiabKu pe-
aJbHA pigmMHA Bce-TaKM 00EpPTAEThCS, TO BiJHOCHA INBUAKICTE MixK
IapaMy PiAUHYU Ta IIOBEPXHEI0 00MYaliKu, I0 00epTaeThCAd, 3MEHIITY-
€ThCs, a KOoe(iI[iEHT CTHUCHEHHsA ¢ pigmHu crae immwmM. Tomy MoKHaA
CTBEPAKYyBaTH, IO BeJHWUYMHA 3arajbHOro Koe(imienTa BuTpaTtm 3a
BUTIKaHHA PiAuHMN 3 GOKOBOIO OTBOPY B OOMUAMIi, IO 00EPTAETHCA, €
iHITIOI0 B IOPiBHAHHI 3 BeJIMUYMHOIO Koe(illieHTa BUTpaTHU 3a BUTiKaH-
HsS HEPYXOMOi PifuHM 3 HEPyXOMOi oO0mUaiiku.

Y pobori [9] mokaszaHo, 10 3i 3MEHINIEHHAM BiJHOCHOI IITBUIKOCTHU
oOMuUaiKy Ta pigumHM Koe(il[ieHT & IPOXOAUTL uepes3 MiHiMyM, a Iie
o3Hauae, IO IJIOIa IIepepisdy CTPyMeHs, II0 BUXOAUTEL 3 OTBOPY OOU-
yaiKu, MOKe OyTH 3HAUHO MEHIIIOI0, Hi)K IJIoIa IIepepisdy OTBODY.
Bigmosiguo, 06’eMHa BuTpaTa piguHN @ 3a ImepepaxoBaHUX YMOB Ue-
pes comao abo iHITy HacagKy B OiUHOMY OTBOPi OOMUAMKM MOKEe MaTH
3HAYHO MEHITy BeJIMUYMHY, Hi*K y pasi BiAHOCHUX IIIBUJKOCTEH, IO
HAOIMKAIOTHCA 0 HYJd. I 110 0cO0JIMBO AUBHO: BilTHOCHE 3MEHITIEHHS
BUTPATU CIOCTEPiraeTbcs OiNBINOI0 Mipol0 3a BeJIUKUX IiAMeTpiB
OTBOPiB BUTiKaHHA, HiK 3a Maaux. TaKuii TeOPEeTUUYHUN BUCHOBOK
3apeecTpPOBaHUI MIPAMUMU CIIOCTEPeKeHHAMH (puc. 3).

Ha pucynry 3 3apeecTpoBaHO CTUCK CTPYMEHS PiIWHU THUIY BOIU,
110 BUXOAUTH 3 IMJIIHAPUUYHOI oOMUYaAlKU, sSKa o0epTaeTbCsA, uUepes
JIoTIaTeBi KaHa MW Ha IJIACKHWH ILJIiBKOYTBOPIOBAY (AUCK AiAMETPOM ¥

Puc. 3. CTucHeHHsI CTPyMeHs, II[0 BHUTIKAae 3 KaHAJIB JIOIATEBOTO PO3IOPO-
mryBaua.’
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270 mm, obopotu gucka — 2800 06/xB). Ha ¢oTo BumHO, 1110 piguHa,
AKa BUTiKae 3 KaHAJy B OOMYAMIli, JIUIIIE YACTKOBO 3aIIOBHIOE IOTO.
ITe cBimuuTs Tpo Te, 1110 KOe(iIliEHT CTUCHEHHA € B IIbOMY BUHIAJKY €
MEHIITIM 34 OJUHUITIO.

Hasenmeni ¢ororpadii € excrmepuMeHTaJIbHUM MiATBEPIKEeHHIM
CTHCHEHHS CTPYMeHs HiJ uyac poboTu OyAb-AKOTr0 BiAIIEHTPOBOTO PO3-
rnopoiiryBaua. PeaJbHUIN CTUCK CTPYMEHIB pifMHM MOTPiOHO BpPaxoBY-
BaTU Ta BUKOPHUCTOBYBaTH. BiH 3HaAWINOB iHXXKeHepHE 3aCTOCYBaHHA
I KOHCTPYIOBAHHSA PO3IIOPOIIYyBaUiB.

Ha pucyuky 4 mokasaHo pO3mOIiJ cepeqHBOI TOBIIMHU ILIiBKHU IIO
BHMCOTi KaHaJIy 3a Pi3HUX YacTOT oOepTaHHSA AUCKY Ta IOCTiiiHOI BU-
TpaTu piguHu. EKCIIEpUMEHT ITPOBOAUIU 3 NTUCKOM, IO Ma€ AigMeTep
d 270 mm, KigbKicTh KamaaiB — 16, BucoTy KamadiB — H = 25 MM,
IMIIPUHY KaHAIiB — b =25 mMm. XapaKTepucTuKa PigWHI, IO PO3IO-
poITyeThcA: TeXHIUHA BOJa KiMHATHOI TeMIlepaTypu, BUTpaTa piguHN
— @=0,4 M*/Toz.

Amnagnisyoun omep:xaHi pesyabTaTH, POOMMO BUICHOBKM, IO 3i 30i-
JIBIIIEHHSIM YaCTOTH OOepPTAHHS TOBIWHA ILTiBKK HA BUXOMi 3 KaHAJIiB
OUCKY cTae MeHINo0. TaKoK 3 PUCYHKiIB IIOMITHO, IO PigMHA 3aII0B-
HIOE€ KaHaJI II0 BUCOTi HEPiBHOMiIpHO, a MiK TOBHIMHU ILJIiBKU 3MiIly-
eThbcA 3i 3MiHOIO uacToTu OobepraHHsa. Taka HepiBHOMipHiCTL icTOTHO
BILIMBA€ Ha AUCIEPCHICTH PO3MOPOINeHHsA. 1A JocATHEHHSA OiabIm
AKICHOTO POSBIIOPOIIEHHA PiAMHM IIOTPiIOHO HPArHYTH OAEPKATH pe-
3yJILTAT, 3a SKOT0 TOBIMHA ILIiBKU OyJe OJHAKOBOIO IIO BCili BMCOTi
KaHaIy.

SKIimo BuUTpaTy piAmHM 3MIHUTH, TO XapaKTep CepeaHbOl TOBIIUHU
IUIIBKY TaKOoX 3MiHHTBhCI. Ha pucyHKy b mOKasaHO PO3IOAiJa cepepn-
HbOI TOBIMMHM ILIIBKM IO BHCOTI KaHaJly 3a UYacTOTHU OOepTaHHS IIC-
Ky v 3000 06/xB i BuTpaTu pigzuan Q=1 m®/rox. 3i 36imbHIeHHAM
BUTPATH PifIWHN TOBINMHA IJIiBKM cTae O0iJIbII PiBHOMIPHOIO IO BHCOTIL
KaHajly, ajie Bce IIle HeJOCKOHAJIOI0, XO0Ua i MOJIIIIye IUCIEPCHICTH
POBIIOPOIIeHHA.

Ilig yac mpoexTyBaHHSA KOHCTPYKIII posmopoliyBaua Tpeba 3BasKa-
T Ha 0araTo YMHHUKIB, IIIO0 AOCATTH OINTHMAJLHOTO Pe3yJbTaTy IU-
CIIEPCHOCTH poamopoilnenus. Ha 1ie BILIMBae He TiIbKU KOHCTPYKILiA
caMoro PO3IOPOIIYBAJILHOTO AMCKY, a M uacToTa oOepTaHHs, YMOBU
po0oTH, XapaKTepUCTUKA PiIMHM, IIT0 PO3MOPOINYETHCA, TA iHIIIE.

Ha pucynky 6 mokasaHo cxemMy OAHi€l 3 HAWIIPOCTIIINX KOHCTPYK-
I[ifl BifAJIOBOTO PO3IIOpOIIIyBaua, 0 AOOpe MpAaIlioe B IIPOMICJIOBOCTI.
BismoBuit posmopoIiryBau CKJIAZAEThCA 3 00MUYaliKU, IO 00epTaeThCsd,
— Kopuycy 1, 3’emmanoro 3 Bajgom 2. B obuuaiini 1 mepembaueHo
OTBOPU 3 HOJis BUTOKY PiAMHM, MOPYyY 3 AKUMHU HPUKPIIJIEHO MJacKi
IJIACTUHU-ILJIIBKOYTBOPIOBaui 4, poaralnoBaHi Bidgsom (3Bimcu ¥ HasBa
TUITy PO3MOPOIIyBauiB — Bismo). Piguna uepes saauBHY TpyOy 5 abo
iHIUH TPUCTPiN momaeTbcsA B oOmualiky I, B AKili BOHA 3aKPydYyETh-
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Puc. 4. Posnozgin cepenuboi TOBIMMHU ILIIBKM II0 BHCOTiI KaHaay 3a @ =0,4
m?/rox i n=2000 06/xB, n=3000 06/xB, n=3600 06/xB (BigmoBiZHI pucy-
HKY PO3TAIIOBAHO 3Tropy yHH3).!

cA mifg miero cua B’A3KOro TepTs Ta MigHIMAETHCA IO OTBOPIB 3 B 00u-
yauii I i yuepesd HUX BUXOAUTH HA BislJIOBi IIJIAaCTUHKU.

BianoBuit posmopoiryBau mpaiioe Tak. KoikeH cTpyMiub piguHu,
IIT0 BUTIKAEe 3 OTBOPY 3, PO3TIKAETHCA MO BifJIOBUX IJIACTUHAaX, IIepe-
TBOPIOIOUNCH HA OAWHOYHY ILIiBKY pigmau. OTBOpU 3 IO BHCOTi pPO3-
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Puc. 6. IIpuanuUIOBa cCXeMa BiflI0BOro posmopomrysada.’

TAIIOBYIOTh TaK, 00 OKpPeMi MIJIiBKM PiAWHN HA BifAJOBiH mjaacTuHi-
ILUIIBKOYTBOPIOBAYi BCTUTIN 3JIUTHUCA (00’eIHATHCS) YV CYIiJIbHY TOHKY
HeIlepepBHY ILIiBKY BeJIMKOI cyMmapHoi mos:kuuHu. IliiBka piguxwm,
3pUBAIOYNCh i3 BiAJOBMX IMJIACTUH i MOTpaAMJIAOYM B Ta30Be cCepeno-
BUIIE, iHTEHCUBHO PO3MOPOIITyeThcsi. CaMe YTBOPEHHS TOHKOI ILIiBKHU
BeJIMKOI MupuHu 3abesleuye BUCOKUM eHepreTUUHui KoedillieHT Ko-
pucHOI il gucmepryBaHHSA PiAWH BifJIOBUMM PO3MOPOIITyBAYaAMIHI.
BisasmoBi posmopoiryBaui ycminiHo mpaloTh, HAITPUKJIAL, y THUJIO-
BJIOBJIIOBAJIbHUX YCTAHOBKAX y XeMiUyHiI# 1 XapuoBifi mpomMmcIoBOC-
TAX, YOPHiN MeTaayprii, B abcopOIifiHUX CKpyOepax s IPOBemeHHs
XeMIUHMX peakIliii i B ycTaHoBKax mJasa inmwux 1iyeii. Ilepesaroio Bi-
AJOBUX PO3IIOPOIIYyBaUYiB € Te, IO iXHi OTBOPW BUTIKAHHSA € IIOPiBHMA-
HO BeJUKHMHN, Haupukjamg, vy 10 MM i GigbIiite, Ta Jal0Th MOKJIMBICTH
BUKOPUCTOBYBATHU [JIsI PO3MOPOIIEHHs 3a0pyaHeHi pimuam. Kpim To-
ro, 3a OOIOMOTIOI0 BiSIJIOBMX PO3MOPOIIYBAYiB € MOKJIMBICTH OZepsKa-
TH POBIIOPOIINEHHs, OJM3bKe 10 MOHOAMCIIEPCHOTO (3a PaxXyHOK II€peT-
BOPEHHA CTPYMEHIB PiAMHM Ha ILIIBKMA BEJMKOI IMUPUHU Ta Malike
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MMOCTifAHOI TOBIIIMHU).

4. BUICHOBRH

HucnepryBaHHs PiguH PO3IIOPOIITyBaUYaMU, ITIO0 00ePTAIOTHCA, € OAHUM
3 Halle(PeKTUBHIIIINX METOJiB OJep:KaHHs IOMOTEeHHOI AMCIEePCHOI Cu-
creMu. ¥ IIifi CTATTi POSIVIAHYTO HPUHIUII POOOTH TaKUX PO3IOPO-
IIyBauiB i 3acTocyBaHHs IX AJA AUCIEPr'yBaHHSA PiAWH y pisHUX Ta-
Jy3sX HAYKM Ta TexHiKM. M} TakoK MIpoaHaIidyBajJd mepeBarm Ta
HeJOJIiK! IIhOTO METOAY, a TaKOK HOT0 MOMKJIMBOCTI AJIsI BUPIiIIeHHS
IpaKTUYHUX B3aBAaHb. [[isHanucdA, AKi mapaMeTpu PpOIIOPOIIYyBauiB
BILIMBAIOTh HA SAKiCTh AUCIEPIrYBaHHS, i K IPaBUJILHO HigiépaTu po-
3IIOPOIITYBAY JJIS JOCATHEHHS IIOTPiOHOTO pesyJbTary.

IToxkasamo, 110 moTpi6HI HOBI HiAXoAM 40 KOHCTPYIOBAHHS POB3IIO-
poIrryBauiB BeIMKOI OAMHUYHOI MOTYysKHOCTH. [1d oOr'pyHTYyBaHHA ix
CJi TPOBOAUTH IIPUHITUIIOBI TEOPETUUHI MOCHiI:KeHHsS, a 3 MEeTOI
KOpEeKIIil pe3yJbTaTiB TEOPETUUHY aHajdidy HeoOXiZHO peTesibHO mepe-
BipATHM Ta KopUIyBaTu JIaOOpPaTOPHUMHU Ta MIPOMUCIOBUMU HTOCJIi-
mxenHaMu. Cepel HUX MEPIIOYEPTOBUMM Ta BaKJIUBUMU IJIS PO3IIO-
poiryBauiB, 1110 00epTaOTHCH, €:

— Tmo-mepine, 3’sCyBaHHS Ta BUBUEHHS YMOB BXOAYy PiAWHU Ha JoO-
aTh i BIIMB ITUX OPOIlECiB Ha IIPOAYKTUBHICTH Ta iHIIi XapaKTepmuc-
TUKU PO3IOPOINYBaYiB;

— mo-Apyre, BcebiuHi TeopeTuuHi I eKCIIePUMEHTAJIbHI MOCITimIKeHHA
dopMyBaHHA pPiAMHM Ha JomaTi, IIT0 00epPTAEThCs, TOOTO MEePEeTBOPEH-
HS HEOPraHi30BaHOTO IIOTOKY PiAIMHU B YIOPAAKOBAHUN OJHOPITHUN
ILUIIBKOBUM pPyX 3 HAaMEHIIMMM BUTpaTaMu eHeprii, Ta, B IEPIIY Uep-
Iy, BUBUEHHS BIJINBY (OPMHU Ta IIBUAKOCTEN PyXy JOMATi Ha Iapa-
MeTpHU IIePeTBOPEHHS piamHm y mobpe opraHizoBaHuii TOHKOILIiIBKO-
BUH PyX 3 IPOTHO30BAHUMU IIapaMeTpaMu;

— IIO-TPEeTE, eKCIIepUMeHTaJbHe BUBUEHHS iHIIMUX MOKJIUBUX CIIOCO-
0iB AuciepryBaHHsA pPiAWH, BUXOAAYN 3 MOJIEKYJIAPHO-KiHETHMUYHUX
0co0MBOCTEl IXHBOI OYIOBH.

Agropu BucaoBaoTh noaaky MOH VYkpaiuu sa ¢ginaHcoBy minT-
pUMKY HOpoeKTy «MexaHisMu (popMyBaHHS Ta MOAEJTIOBAHHS CTPYK-
TYPHOTO CTaHy ILTiBOK TYTrOILIaBKUX CIIOJNYK C IPOTHO30BAHUMU Me-
xaHiyHUMEU xapakTtepuctukamu» (Ne 0122U000776) Ta npiopuTeTHUX
HAIIPSAMIB HAYKOBUX IOCJiIKeHb i HayKOBO-TeXHIUHUX (EeKCIepuMeH-
TaJIbHUX) PO3P0o00OK (momaTkoBa yroga Ne Bd/25-2021).
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! Fig. 1. Schematic diagram of a nozzle (nozzle) centrifugal sprayer.

2 Fig. 2. Schematic diagram of the design of a bladed centrifugal sprayer.

3 Fig. 8. Compression of the jet flowing from the channels of the blade sprayer.

4 Fig. 4. Distribution of the average thickness of the film along the height of the channel at
Q@ =0.4 m?®/h and n =2000 rpm, n =3000 rpm, n =3600 rpm (corresponding figures are locat-
ed from top to bottom).

5 Fig. 5. Distribution of the average thickness of the film along the height of the channel
(@ =1 m?®/h and n = 3000 rpm).

5 Fig. 6. Schematic diagram of a fan sprayer.
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A prospective nanoarchitecture, quantum-dot cellular automata (QCA),
provides a novel technique for plotting digital architectures at a minimal
scale with substantial advances. It is a promising nanoarchetype with out-
standing achievement to challenge the deficiencies of complementary met-
al-oxide-semiconductor (CMOS) based architecture just as switching
speed, design, and fabrication sizes. QCA relies on the manipulation of
quantum dots (nanoscale semiconductor particles) to perform computation
and store information. Complex image processing approaches take in a
number of cases that identified binary median filter and mathematical
morphological (MM) procedures, for instance, erosion and dilation. When
it comes to MM on binary images, QCA can be used to implement digital
image-processing operations. Morphological operations are fundamental in
image processing and computer vision for tasks such as noise reduction,
object detection, and image enhancement. QCA can provide a platform for
designing and implementing efficient morphological operators for binary
images. Erosion and dilation are substantial approaches in frequent real-
life image appliance. In this research, optimized nanostructures in QCA
are outlined for MM applications that function dilation and erosion. The
proposed nanoarchitecture is compared with the best counterpart that re-
veals a substantial advancement with regard to cell operation, extent, and
delay. The proposed configurable design achieved 42.20%, 41.18%,
50.00% and 60.84% improvement, and the non-configurable design
achieved 12.42%, 31.24%, 34.36% and 12.45% improvement in terms of
employed cell, enclosed extent, clock and cell extent, correspondingly.
Further, the energy consumption through the structures is assessed at
distinct temperatures’ level of 2 K.

IlepcriekTuBHA HaHOApPXiTEKTypa, — KBAHTOBO-TOUYKOBI KJITMHHI aBTOMaTH

(KTA), — mpomoHye HOBUII MeTOJ MOOYZOBU IUMPOBUX apXiTEKTyp y MiHi-
MaJbHOMY MacmiTabi 3i sHAUHUMU AOCATHEHHAMU. lle — mepcrmeKTuBHUIA

333



334 Nasima AKTER, Md. ABDULLAH-AL-SHAFI, and Md. Nasim AKHTAR

HaHOAPXITHUO 3 BUAATHUMU IOCATHEHHAMH! Y IIONOJAHHI HEIOJIKiB KOMILIe-
MEHTapHOi apXiTeKTypu Ha OCHOBI  MeTas-OKCHUA-HAIliBIIPOBIAHUKIB
(KMOII), a Tako: y IIBUAKOCTI MepeMUKAHHA, AU3aliHi Ta posMipax BUTIO-
ToBiaeHHsa. KTA cnupaeThca Ha MaHiMyJ/IIOBaHHS KBAHTOBUMH TOUKaMU (Ha-
HOPO3MIPpHUMH HAMNiBOPOBIAHMKOBMMM UYaCTHHKAMH) AJS BUKOHAHHS 00UM-
ciaeHb i 30epiramua imgopmamnii. Cxaagui migxoam mo oO6poOKU 300pasKeHb
BPaxoOBYIOTh HHU3KY BHUHOAIKiB, AKi igeHTudikyooTh OiHapHUN MeIigHHNUIA
dinprep i maremaruuHi mopdosoriuni (MM) mpoienypu, HaIpuKJal, epo-
3ifo Ta muaaramiio. Koau crnpasa goxoauTh 1o MM Ha OGimapHuX 300paskeH-
Hax, KTA moxxe OyTu BUKOpHUCTaHa IJd peaJisaliii omepairiii mugpoBoi 06-
pobxu 300pakenb. MopdosoriuHi omepailiii € pyHIaMeHTaIbHUMHU B 00pOOITi
300pakeHb i KOMII'IOTEPHOMY 30pPi IJIS TAKUX 3aBAaHb, AK 3MEHIIIEHHS IIIy-
My, BUABJEHHS 00’eKTiB i mouimmenHsa so0pakenusa. KTA moxxe 3abesie-
YuTH TIaTGOPMY AJA IPOEKTYBAaHHS Ta BIOPOBAIKEHHA e(eKTHUBHUX MOP-
dosoriunmxX omepaTopiB s GiHapHUX 300pakeHb. Eposis Ta guaaraiiiga €
BaXKJIUBUMU IIiIXOZAMU B YacCTOMY 3aCTOCYBaHHI peaJbHUX 300paKeHb. Y
IbOMY AOCJi:KeHHi onmmcaHo omTuMiszoBaui HaHocTpyKTypu B KTA nma sa-
crocyBanb MM, 110 (YHKI[IOHYIOTh AK OUJIATAIlA I epodis. 3alrponoHOBaHA
HaHOAPXiTEeKTypa MOPiBHIOETHCA 3 HAWJIIOIINM aHAJOTOM, IO AeMOHCTPYE
icToTHUIT Tporpec ITOA0 POOOTH KOMipKHM, 00CATY Ta 3aTPUMKU. 3aIIPOIIOHO-
BaHa KOH(DIrypoBaHa KOHCTDPYKIIia pfocaria mosinmeHHa #Ha 42,20%,
41,18%, 50,00% i 60,84%, a HeKOH(pirypoBaHa KOHCTPYKIIiA AOCArJA IIO-
ginmenssa Ha 12,42%, 31,24%, 34,36% i 12,45% 3 TOUKH 30py BUKOPMUC-
TOBYBAaHOI KOMipKHU, 006CAry 3aMKHYTOT'O IIPOCTOPY, TAKTOBOI YacTOTH Ta
obcAry KoMipku BigmosigHo. Kpim Toro, cmoskmBaHHS eHeprii CTPYKTypaMu
OIIHIOETHCA HA PiBHUX TeMIepaTypHuX piBHAX y 2 K.

Key words: quantum-dot cellular automata, morphology, erosion, dilation.

KarouoBi cioBa: KBAaHTOBO-TOUKOBI KJIITMHHI aBTOMaTu, MOPQOJIOris, epo-
3ig, guaAaramis.

(Received 18 December, 2023; in revised form, 27 January, 2024 )

1. INTRODUCTION

QCA are imminent nanoarchitecture beyond existing changes to en-
code binary information [1-3]. In CMOS architecture, the computing
supremacy has improved drastically throughout the previous 10 years
and has been reliant on transistor decline [4—6], and so, improved con-
figurability of CMOS architecture effects the execution of several as-
pects such as heat depletion and outflow currents [7—9].

Many studies are accepted by researchers to annihilate the limita-
tions of transistor-based architecture. QCA, as one of the resolutions,
is an innovative transistor less quantum model with extreme low power
dissipation and decidedly small extent [10—13]. The logic statuses of
QCA are presented by a cell that is operated to encode and transmit da-
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ta through the two state electron arrangements [14-17].

The QCA cell group can be combined and ordered specifically to
manage computation functions [18—-20]. Image operations is a par-
ticularly investigating area in very large-scale integration (VLSI)
archetype by reason of its several restrictions in processing power
and as yet, this archetype is extensively operated to design the dis-
tinction of image operations. In real life image operations, it is re-
currently vital to lessen noise level through specific substances of
the image need to be sustained to expand the complete effect. A
nonlinear filtering approach such as median is adept to exclude co-
ercion noise although alleviating the image thresholds [3].

A familiar nonlinear image operation process is morphology [4]
that is placed on the figure of an individual embedded in an image
and profoundly linked with the set theory [5] and Minkowski alge-
bra [6]. In the early, MM process was functioned on binary images
later, several deviations and generalizations processes have been de-
fined to be practicable on monochrome or pigmented images [7].
Through the usage of complex coding and scripting, there are pro-
visional consequences where binary images emerge. Digital image
operation is continuously emergent research part with huge applica-
tions spreading out into our life and such utilization embrace sever-
al techniques like object realization and image improvement. Rec-
ognizing such complex presentations on everyday computer can be
adequate, but not decisive due to restrictions on computational
memory and peripheral machines [8]. Operating complex computa-
tional functions on hardware through pipelining and parallelism in
algorithms, return significant falling in execution phases [9].

Emerging nanoarchetypes have been the consideration of compre-
hensive investigation whereas traditional VLSI archetypes are get-
ting their substantial ceiling. QCA shows a state-of-the-art infor-
mation presentation system that proposed a systematic digital logic
presence and points to the expansion of different design methods
[10]. Numerous logic designs and devices are proposed through
QCAs, e.g., QCA wire [11], 3-input and 5-input majority logic, XOR
circuit [12], several and flip-flops [13—-19], several sequential and
combinational logic architectures [20—26], and reversible architec-
tures [27, 28].

Now, a number of operations are identified for scientific MM
methods with nonlinear filters. A marginal median filter was de-
signed without QCA structure in [29]. This work, two MM filters
are outlined focused on circuit functionality where the designed cir-
cuits present parallel processing, intense functioning, and minimal
energy depletion. Moreover, the designs are developed in reference
to cell intricacy, dimension, and latency as associated with the ex-
isting layout [30, 33].
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The preeminent purpose of this research is described below:

— designing optimal layouts of single layer QCA configurable and
non- configurable MM filters to decrease cell complexities and cov-
ered area;

— comparing and assessing the presented schematization with ex-
isting schematizations;

— investigating and demonstrating the effectiveness of the pro-
posed layouts with the usage of the QCADesigner and QCAPro sim-
ulation engine.

In the following Section, a detailed summary of MM operation is
systematized. Section 3 provides the relative study of QCA nanoar-
chetypes, and Sec. 4 presents the performance of the proposed cir-
cuits. Energy depletion and output emission by the designed cir-
cuits are provided in Sec. 5 and consequently conclusion in Sec. 6.

2. MORPHOLOGICAL TECHNIQUES IN IMAGE OPERATION

A number of shortcomings may enclose in binary images and, in
certain contexts, the binary spaces assembled by plain thresholding
are distorted by textures. MM process is a substantial choice of im-
age applications that adjusts the binary images based on contours.
This operation is measured to be particular data processing tech-
niques convenient in image practices e.g., noise abolition, boundary
removal, texture evaluation and more [5]. MM image operations
stick to the aim of abolishing the shortcomings and preserving the
formation of binary image. The procedures are certain basically on
the correlated classifying of pixel values, instead of the statistical
values, thus the process realized more on images, nevertheless this
process can also be practical to monochrome images where the light
transmission is unidentified and therefore the outright picture ele-
ment are not received in concern [6]. MM procedures substantiate
the image through a small prototype called configuring module and
this module is practical to all potential settings of the feedback im-
age and produces the similar dimension’s output. Within this oper-
ation, the producing image picture element values are formed on
same picture elements of feedback image through is neighbours.
This process shows a new image where if the assessment is positive,
it will perform non-null picture elements at that setting in the
feedback image. The basis of the MM process is opening, closing,
erosion, dilation specified in logical AND, OR representation and
defined by set evaluation [6]. The exclusion or addition of picture
elements rests on the configuring module that utilized for operating
the image.

Erosion is a particular and essential operator in MM and it is the
reasons of image lessening or become narrow in dimension. Erosion
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is mostly dwindling with the margins of the forefront that out-
comes in spaces of those picture elements shorten in dimension and
voids of those dimensions converted higher [7]. Thus, after thin-
ning and loading the voids of images, the margins become occupied,
hence, to some extent isolated; the margins erosion is practical so
as to create the margins of the images narrower for enhanced out-
put [8]. In this process, two elements work as data. The initial one
is the feedback image to be eroded and next is the configuring
module. Let M be a complete grid and B is an image in M. The
mathematical characterization of erosion of B by the configuring
module C is recognized by

BOC={ze M|C,C B}. (1)

In this equation, C, is the conversion of C through the direction z.

Dilation is another essential process in MM where it is practical
not only to binary image but also practical to monochrome image.
This operation reasons the image objects to rise in dimensions. The
outcome of this process will steadily rise the margins of forefront
pixels; hence, spaces rise in dimensions and voids in that dimen-
sions convert smaller [7, 38]. Unlike erosion, the dilation takes has
two elements that works as data. The initial one is the feedback im-
age that needs to be dilated and next one is the configuring module
also recognized as kernel. The mathematical characterization of di-
lation of B by C is recognized by

B®C=UBC_ (2)

ceC

This operation can also be achieved as follows:
B@C:%eMMWlmBim. (3)

In this equation, C° indicates the proportionate of C.

It can be perceived from Fig. 1 that the dilation and erosion
model can be noted the previous formation of the image and precise-
ly in what way the procedures of configuring module alter the ini-
tial image. During the dilation procedure if the origin of the con-
figuring module overlays through a dark picture element, then spot
dark all picture elements from the image surrounded through the
module. Wherever the origin of the module overlays with a white
one, then adjusts to the subsequent picture element.

Through the erosion operation if the origin of the configuring
module overlays through a dark picture element and as a least one
of the dark picture elements in the module drops over a white one,
then change the dark element in the binary image from dark to
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Fig. 1. Dilation and erosion operations by configuring module.

white. Wherever the origin of the module overlays with a white one
in the image, then no adjustment is needed, directly adjust to the
subsequent picture element.

3. QCA SUMMARY

QCA is a prospective generation nanoarchetype, which signifies log-
ic conditions not as voltage state but relatively as the form of a
couple of electrons in a square cell. The square cell is consisting of
four dots known as quantum-dots that are employed in the edges of
each cell, and two additional movable electrons. The electrons can
channel concerning the quantum dots in the square cell, however
cannot skip the cell. Then electrons continuously employ the dots at
the transversely contrasting edges, because of the coulomb revul-
sion within the electrons. Therefore, two firm statuses can be
shaped in the quantum cell, as indicated in Fig. 2, a, logic ‘0’ and
logic ‘1’ or polarization —1 and polarization +1, respectively. Infor-
mation in binary format can be conducted by adjoining cell inter-
faces along a route of cells that is termed as QCA wire. Another re-
volved (45°) cells, as exposed in Fig. 2, b, for realizing a QCA in-
verter chain also for crossing resolutions in QCA [9]. In this arche-
type, almost all designs are executed with inverter gate and majori-
ty voters as directed in Fig. 2, ¢ and Fig. 2, d, correspondingly.
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Fig. 2. QCA logical designs: a—plain cell; b—wires; c—potent inverter;
d—3-input majority gate; e—5-input majority gate.

Placing the QCA cells transversely enables the inversion process. A
basic majority voter can be executed with five QCA cells. Logical
AND or OR designs are arranged by changing particular fixed feed-
backs of the gate to logic ‘0’ or logic ‘1’, correspondingly. The set-
tled feedback in the input defines the statues of the others two in-
puts and it is a condition of the conservative three-input majority
voter. A different sort of QCA five-input majority voters is pre-
sented in [13-15, 19, 21-23, 37] but the most common is presented
in Fig. 2, e.

Like the archetypal CMOS layout, the clocking mechanism is a
decisive element in all combinational and sequential QCA architec-
tures. The foremost assistance of clocking keeps in the circumstance
that information forfeiture and lessening can be re-established. An
electric mechanism assists to generate the QCA clocking field [12].
The substantial states specify a benefit to QCA architecture [17];
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Fig. 3. QCA clocking procedures.

however, it is essential to plot with the consistent clarification of
the challenge for which the architecture is intended to resolve. QCA
architecture can be in several excited statuses if the feedback of the
architecture is moved unexpectedly which directs to a meta-steady
situation, and it can initiate interval to attain at its steady ground
situation [31]. Accordingly, to evade such complications, adiabatic
switching gains the attention. As per the research in Ref. [12], a
clock requisite four levels specifically switch, hold, release, and re-
lax as presented in Fig. 3 for an adiabatic sequence. In the initial
level, the inter-dot impediments are composed that polarizes the
cell. After that in the hold level, the impediments are so elevated
that the emission of the cells cannot be altered from an outside
origin; therefore, it holds its emission status [31]. The impediments
are dropped and the polarization are declines in the release level
and in time, the cells turn into un-polarized in the relax level. In
every rotation, the neutralized cells are revitalized [17]. The energy
depletion is minimal since only two additional electrons are affect-
ing [31, 37].

4. OUTLINED QCA CIRCUIT ARCHITECTURES

It is quite necessary in nanoscale design to propose a structure that
can perform with advanced reliability [33]. It has been investigated
that easy QCA outlines perform in computer simulation though,
break down once it is set to perform as a part of a complex archi-
tectures. In other illustrations, the circuit architects that take
about their projects to run it in computer simulation, they simply
regulate simulation constraints. Hence, a number of circuits are not
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practical. This part the designed architectures are provided with
applicable outcome. For erosion process, configuring module need to
be kept in the feedback image and for dilation process, it needs to
be temperately narrowed. At this time, all five-pixel valuation of
the image, which drops under the distinct picture element of 3x3
configuring module, is detached. Wherever the full dark picture
elements of the configuring module overlay with picture element on
the feedback binary image validate dark the pixel of the subsequent
object that relays to the configuring module. The resulting binary
image is dilated, if OR calculation of these picture elements is cer-
tain, and the resulting binary image is eroded, if AND calculation
of these picture elements is occupied.
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Fig. 4. QCA formation of designed non-configurable circuit: a—QCA sche-
matic; b—QCA representation; c—outcome.
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The designed architecture is drawn in Fig. 4, a and b, separately
and the consistent outcome is given in Fig. 4, ¢ where, it is coher-
ent that the outlined process operates applicably. The outcome
square is 1 (elevate), if each feedback is elevated excluding input i.

An innovative configurable design is also projected which con-
tains 5 inputs as drawn in Fig. 5, a and b, separately. The computer
simulation outcome is presented in Fig. 5, ¢, which authorizes the
precision of the designed nanoarchitecture. As of the simulation
process, it can be perceived that the outcome square is 0 (drop), if
each feedback is elevated excluding input i.

A systematic calculation in state-of-the art and the designed ar-
chitectures is provided in Table 1 and the productivity of the de-

a b

max: 1.00e+000 | I |
i
min: -1.00e4000 | | —
max 1.00e+000 T 1 I I
i
min: -1.00+000 | L | =1

11.00e-000 |
s | | [ | [ | | [
min:-1.00e+000 | | | | | | [ | J=
TR 0 Y ) (IR o O [ 4 ) R 1
min: -1.00e+000 _lfl_Ll_l_l_l _L_J_uil_lfLL_L
max: 1.00e-000
m
min: -1.00e+000
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c

Fig. 5. QCA formation of designed configurable circuit: a—QCA schematic;
b—QCA representation; c—outcome.
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TABLE 1. Valuation of designed QCA nanoarchitectures.

Architecture [Employed cellExtent in, pm?Clock cycle|Cell extent in, pm?

Non-configure 35 0.044 3 0.01136
in [33]
This paper 31 0.031 2 0.01007
Configure
in [30] 51 0.051 4 0.01654
This paper 30 0.031 2 0.00976

signed architectures is certain from assessment. The outlined non-
configurable nanoarchitecture achieved 12.42, 31.24, 34.36 and
12.45% improvement in terms of employed cell, enclosed extent,
clock, and cell extent, respectively. Likewise, the configurable
nanoarchitecture achieved 42.20, 41.18, 50.00 and 60.84% en-
hancement in terms of employed cell, enclosed extent, clock and cell
extent, correspondingly.

5. ENERGY DISSIPATION OF THE DESIGNED NANOCIRCUITS

Designing QCA nanoarchetype circuits, the comprehensive energy of
a cell is measured through Hamiltonian matrix [34, 35]. Used for a
group of cells, the matrix and Hartree—Fock assessment with the
columbic interaction regarding cells by a matrix explanation are
stated in Refs. [36, 37]. Now from Eq. (4), M, directs the overall
emission f the i adjoining cell, &;; is the numerical phase defining
electrostatic control inside m and n cells reliable with the numerical
plot, vy is the channelling energy concerning two logic phases of a
QCA cell in addition X, is the comprehensive amount adjoining the
cells;

f’* 2 Mh,, —v
H = ! E . 4)
=Y EkZMLhmn
The energy consumption can be nominal by calculating and

completely;

P, = L2 i1"+ Ltanh m _L tanh m . (9
T, \2T,. *||T| KT) |, KT
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TABLE 2. Inclusive energy consumed through the designed nanocircuits at
specific energy phase.

Outlined Average energy con- Energy consumption at T =2 K

nanoarchitectures sumed in, meV 0.50E, 1.0E, 1.5E,

Leakage energy 0.00828 0.02317 0.04096
Non-configurable | Switching energy 0.05448 0.05200 0.04524

Energy consumption 0.06276 0.07517 0.08620

Leakage energy 0.00836 0.02304 0.04027
Configurable Switching energy  0.05148 0.04716 0.04261
Energy consumption 0.05984 0.07020 0.08288

m0.5 Ek m1.0 Ek m1.5 Ek

ANASSANNNNNY

R S VS T N U R = NS o B U B e

Non-configurable Configurable

Fig. 6. Inclusive energy consumption at three different tunnelling phase
where T =2 K.

In Equation (5), I', and I"_ defines the Hamiltonian values earlier
and afterward the adjustment, T denotes the temperature, and K, is
the Boltzmann element. Overall energy consumption of the outlined
nanoarchitectures is estimated through QCAPro simulation engine
[35, 36]. The simulation engine evaluates the depleted energy of in-
clusive layout all design in a number of energy levels under non-
adiabatic converting [37]. Total energy consumption is estimated at
three specific channelling points is provided in Table 2 at a firm
temperature of 2 K.

Figure 6 shows overall energy consumption for several tunnelling
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Fig. 7. The energy emission plots of designed (a) non-configurable and (b)
configurable nanoarchitectures with 1.0E, tunnelling energy at T=2 K.

| Ll | |
O | [ | HE BN
EEN [ | EEE HEN
EEEEEEEEDNE EEEEEEENER
EENE NN EEE HEBN
O | [ | E N |
| | | |
a b

Fig. 8. The emission plots of designed (a) non-configurable and (b) configu-
rable nanoarchitectures with 1.0E, tunnelling energy at 7=2 K.

phase at a firm temperature of 2 K. The diagram shows that the
inclusive energy consumption growths steadily for practical tunnel-
ling level in the proposed nanoarchitectures.

The energy consumption map with 1.0E, tunnelling energy at
temperature of 2 K is provided in Fig. 7 mutually considering con-
figurable and non-configurable nanocircuits.

Besides, Figure 8 presents the emission plots for both nanoarchi-
tectures.

The temperature level effect on the output emission of proposed
nanoarchitectures is achieved in this study. The output emission is
occupied at several temperatures with QCADesigner engine. The av-
erage emission for every QCA cell is analysed from [14, 18] and sys-
tematized in Fig. 9. The structures perform proficiently in a tem-
perature level of 1-11 K, and the emission for QCA cell is altered
slightly in this level.
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Fig. 9. Temperature vs. output emission; (a) non-configurable and (b) con-
figurable nanoarchitectures.

6. CONCLUSION

In this research, the design and computer simulation of the MM
configurable and non-configurable nanoarchitectures of dilation and
erosion on digital binary images are analysed. The designed
nanocircuits provide enhanced design achievement, comparable dis-
pensation with minimal energy consumption related to state-of-the
art nanoarchitectures. The simulation outcomes confirm the precise
performance of the designed layouts. Moreover, the energy con-
sumption by the architectures indicates that depleted energy level is
rather minimal. This assists to form the proposed nanoarchitectures
appropriating image processing operations practical on independent
or cellular appliances.
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The ‘internet of things’ is a computer-science branch that offers concepts
as well as methods for connecting a broad variety of digital gadgets in
order to speed up mechanical operations. People living in cities, who
struggle to maintain their own gardens, find expert gardeners. This study
presents a NodeMCU or Arduino-based microcontroller-based Internet of
Things (IoT) method for monitoring smart gardens, enabling users to
check critical temperature, moisture, and humidity characteristics of their
indoor plants and gardens. A prototype is developed to show how the rec-
ommended technique may be used in practise. An Android smartphone
application is made to display the real-time profiles of environmental fac-
tors such as temperature, wetness, and humidity. With the use of this
technology, users will be able to better take care of the development and
health of their plants in their gardens. This scientific endeavour takes the
place of the need for gardeners and the challenges associated with main-
taining gardens in major cities. The purpose of this study is to advance
IoT innovation for smart cities in our culture.

«IuTepHer peueii» — Ie rajaysb iHQPOPMATUKM, AKA IIPOIOHYE KOHIIEIIii, a
TaKOK METONU MiAKJIOUEHHSA IIUPOKOr0 CIEKTPY IUMPOBUX TaAKiTIB mia
OPpUMIBUANIEHHA MeXaHiuHuWX omnepariit. Jlroogu, AKki KuByTH y Micrax i
AKUM BayKKO IOTJIAJATU 3a BJIACHUMM caZaMM, 3HAXOAATH NOCBiIUeHUX ca-
OiBHUKiIB. Y IIbOMY [OCIIiJKeHHi IIpeACTaBJI€EHO MeTOoHh IHTepHeTy peueit
(IoT) ma 6a3i mikpoxonTposepa NodeMCU a6o Arduino mjgsa MOHiTOpPHHIY
POBYMHHUX CcajiB, IO A€ 3MOTYy KOPHCTYBauaM MepeBipsaTHM KPUTUUYHI xapa-
KTEePUCTUKU TeMIIepaTypu, CUPOCTHA Ta BOJIOTOCTH CBOiX KiMHATHUX POCIUH
i cagmiB. Byso po3po0jeHO MTPOTOTUII, II[O0 ITOKAa3aTH, K PEeKOMEeHIOBaHUH
MeTOJ MOKHa BUKOPUCTOBYBATU HA HPaKTUIli. ByJo CTBOpPEHO 3aCTOCYHOK
niast cmaprgouiBs Android, axwuit BimoOpaskaTume mpodisi paxTopiB HABKO-
JIUIITHBOTO CEPEOBUINA B PEKUMIi peasibHOTO Yacy, TaKuUX AK TeMIlepaTypa,
CUPICTh Ta BOJIOTiCTh. 3aBASKY BUKOPUCTAHHIO I[i€l TEXHOJOTil KopucTyBaui
3MOJKYTBH JIIIIIEe HMiKJYyBaTUCA PO PO3BUTOK i 3MO0POB’S CBOIX POCIWH Y ca-

349



350 P. VIVEKANANDAN, P. RADHIKA, S. BHARATHI et al.

max. Ile HaykKoBe 3ycUJJIsS 3aMiHIOE MOTpedy y caAiBHUKaxX i mpobiemu,
moB’A3aHI 3 JOTJIAAOM 3a caJaMHU y BeIUMKHUX MicTax. MeToio IILOrO HOCJIi-
IKeHHd € pocyBauHdAa iHHOoBarik [oT nia posymMHUX MicT y HamIif KyabpTypi.

Key words: internet of things (IOT), fertilization, humidity, water level sensor.

Karouosi caosa: intepuer peueit (IoT), yao6pioBaHHs, BOJIOTICTD, JaBa4 PiBHSA BOIHU.

(Received 25 August, 2023)

1. INTRODUCTION

Agriculture is considered the primary sector of the Indian economy,
and its growth plays a crucial role in achieving sustainable econom-
ic development on a global scale. The tropical climate of India pro-
vides an excellent environment for cultivating diverse crops that
can be used for consumption. However, the availability of freshwa-
ter and fertile land is even more critical for the success of agricul-
ture in India. These natural resources are the backbone of the coun-
try's agricultural production and must be managed effectively to
ensure sustained growth in the sector. As such, it is essential to fo-
cus on preserving and efficiently utilizing these resources to max-
imize the potential of agriculture in India. Water scarcity is a ma-
jor issue in India, a country that heavily relies on agriculture as a
key driver of its economy. Insufficient water supply has a signifi-
cant impact on crop yields and agricultural output, which in turn
affects food production. Farmers face numerous challenges in pro-
ducing crops due to a lack of water, making it increasingly difficult
to meet the growing demand for food in the world. As a result, ad-
dressing water scarcity has become a critical concern for policymak-
ers, stakeholders, and communities involved in the agricultural sec-
tor in India. It is essential to implement effective measures to man-
age and conserve water resources to ensure sustainable agricultural
practices and food security in the country.

According to the International Water Management Institute
(IWMI), around 70% of land-based water consumption is used for
domestic, industrial, and environmental purposes, exacerbating the
issue of water scarcity. This makes it necessary to explore better
ways of managing water resources, especially in agriculture, where
water usage can be minimized. Irrigation is a technique used to wa-
ter food or cash crops, and it has been shown to increase agricul-
tural production. However, traditional irrigation methods can be
wasteful, leading to an overuse of water. To address this issue, ir-
rigation management techniques based on the World Bank have
been developed to enhance irrigated regions and increase earnings.
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The use of water-efficient agricultural systems has been shown to
boost economic development. Robotic equipment has largely re-
placed traditional watering methods, but it may not be suitable for
areas with water scarcity. Therefore, before implementing automat-
ic irrigation, factors like soil and plant moisture conditions, water
availability, and operational relevance of irrigation systems must be
considered. A smart watering system, which can automate the en-
tire watering process, could be a better alternative to traditional
irrigation methods.

The proposed project aims to monitor the irrigation network au-
tomatically, without requiring human intervention. This is particu-
larly useful for farmers who may have fields located far away from
their place of residence, making it difficult for them to visit and
inspect their crops regularly. With the implementation of an IoT
system, farmers can manage their plants remotely. The system
works by using a Node-MCU microcontroller to detect the present
temperature, moisture, and dampness parameters of the plants and
gardens. The data collected is then displayed in real-time on a mo-
bile application for smartphones, which also provides information
on external elements such as temperature, humidity, and wetness.
This approach allows farmers to modify the amount of water flow-
ing from the pump and adjust the intervals between watering cycles
as needed, providing greater control over the irrigation process.
Overall, this IoT-based technique offers a smarter way to monitor
gardens and crops, enabling farmers to make informed decisions re-
garding irrigation management. This research project aims to pro-
vide garden owners with the tools to have better manage their gar-
dens in terms of plant growth and health, particularly in urban are-
as where space is limited. The use of IoT technology can help ad-
dress the challenges faced by gardeners in urban settings. The pri-
mary objective of this research is to implement and develop IoT sys-
tems for smart cities, focusing on the specific application of smart
gardening. By utilizing IoT sensors and devices, gardeners can mon-
itor key parameters such as temperature, humidity, and moisture
levels, and adjust irrigation and other gardening practices accord-
ingly. This approach can lead to more efficient use of resources, re-
duced wastage, and improved overall garden health. Ultimately,
this research aims to promote the use of IoT technology in urban
gardening to create sustainable and thriving green spaces in smart
cities.

2. LITERATURE SURVEY

The research conducted by Jinling et al. proposed a remote-control
system for greenhouses, which is based on the Global System for



352 P. VIVEKANANDAN, P. RADHIKA, S. BHARATHI et al.

Mobile GSM-SMS. This system is capable of sending temperature,
ambient temperature, and humidity status via SMS, as well as con-
trolling watering equipment through remote machines. Additional-
ly, factories utilize sensors and automation devices to improve their
operations and efficiency [1]. Gautam and Reddy suggested a novel
on-board irrigation system that can be controlled remotely using
GSM and Bluetooth technology [2].

Suresh and colleagues presented a framework based on the func-
tionalities of present and future microcontrollers, as well as their
usage demands [3]. Kansara et al. introduced an IoT-based smart
irrigation system that reduces the need for human intervention.
This system uses sensors to detect changes in temperature and hu-
midity in the bypass region, and then sends a signal to the micro-
controller to enable or disable the irrigation setting. The microcon-
troller in this system is designed to minimize power usage and ex-
tend the system’s lifespan by reducing power consumption [4].

Archana and Priya have proposed a system based on a microcon-
troller that monitors the water level and irrigated area. This system
includes sensors that detect the presence of water in the fields. An-
itha proposed an IoT-based waste monitoring system that employs
sensors on the lid of the waste container to detect the level of waste
based on the height of the container. This system provides real-time
information on the waste level, allowing for efficient and timely
waste management. Uddin et al. proposed an automatic microcon-
troller-based variable irrigation system model that solely uses solar
energy as a power source to control the entire system [7].

Sensors are installed in rice fields to constantly detect water lev-
els and transmit the information to farmers to keep them informed
about the water level. Farmers can remotely monitor and control
various environmental factors using transparent wireless sensor
networks (WSN) developed by Chavan and Karande. These networks
are designed to monitor soil moisture, temperature, humidity, and
other factors in agricultural environments, which can be crucial for
efficient crop management. Anitha proposed an IoT-based home se-
curity system that includes motion sensors and a camera to detect
any suspicious activities in the home. The system also includes an
alarm that is triggered, when a potential threat is detected, and no-
tifications are sent to the homeowner’s mobile phone. The system
can be remotely controlled through a mobile application, allowing
the homeowner to monitor their home from anywhere. Additionally,
the system includes a smoke sensor to detect any fire hazards and
alert the homeowner [9]. Parameswaran et al. proposed an irrigation
system that utilizes soil moisture sensors and solenoid valves to
regulate water flow in crops [10].

The system takes into account not only the climatic conditions
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but also the pH levels of water and soil, as they are important fac-
tors in crop production. Monitors are used to display information
on pH, moisture content, and temperature, thus improving the ag-
ricultural system and increasing productivity. The system can also
provide remote monitoring and control, allowing farmers to adjust
irrigation levels and pH values from a distance. This technology can
be very useful in areas where water resources are scarce or in in-
stances where manual monitoring and adjustment of irrigation sys-
tems are not feasible.

3. MATERIALS AND METHODOLOGY

The research paper lists the necessary components for the system,
which includes Arduino Uno, fertilizer sensor, moisture sensor, relay,
pump. The software requirements are Arduino IDE, MIT App Inventor.

3.1. Arduino Uno

Arduino Uno is a type of open-source computer hardware that is
designed to simplify the creation of microcontroller-based projects
by providing a user-friendly programming environment and a com-
munity of users who can share resources and knowledge. A micro-
controller board can be used to sense and control various inputs and
outputs. The Arduino Uno is a popular board in the Arduino family
due to its affordability, ease of use, and compatibility with a wide
range of operating systems. It can be programmed using various
programming languages, including C++ and JAVA. A visual repre-
sentation of an Arduino Uno is displayed in Fig. 1.

3.2. Fertilizer Sensor

The sensor used for fertiliser monitoring is illustrated in Fig. 2. Its

Fig. 1. Arduino Uno board. Fig. 2. Fertilizer sensor.
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function is to measure the concentration of ammonium in the soil,
which is utilized by soil bacteria to produce nitrites and nitrates. In
conjunction with meteorological data, pH readings, and soil conduc-
tivity measurements, the sensor employs machine learning to calcu-
late the optimal timing for fertilisation. Based on this information,
it predicts the total nitrogen present in the soil currently and in the
next 12 days.

4. MOISTURE SENSOR

Soil moisture sensors (Fig. 3) are widely used for measuring the wa-
ter content in soil. Traditional methods for measuring soil moisture
require drying and weighing samples, which can be time-consuming
and labour-intensive. However, modern soil moisture sensors utilize
various indirect methods such as dielectric constant, electrical re-
sistance, or neutron interaction to estimate soil moisture. These
factors can be affected by factors like temperature, soil type, and
electrical conductivity, which, in turn, influence the accuracy of
the measurement.

The dielectric constant of soil is related to its water content, and
soil moisture sensors utilize capacitance to measure the dielectric
permittivity of the soil and determine its water content. These sen-
sors are inserted into the soil and provide the water content status
as a percentage. The data collected from these sensors can be used
for a variety of applications in hydrology, agriculture, soil science,
and environmental science. These sensors are also helpful in teach-
ing concepts related to horticulture, biology, and agriculture.

5. WATER PUMP

Figure 4 illustrates a water pump, which is a mechanical device
that increases water pressure for conveying it from one place to an-
other. These pumps are utilized worldwide to provide water for do-
mestic, agricultural, industrial, and municipal purposes. By guar-
anteeing that the correct amount of water is supplied to every sec-
tion of a field, water pumps enhance irrigation efficiency and speed
up crop growth. These pumps are easier to maintain due to their
less complicated design and fewer moving components, which re-
sults in less maintenance work.

6. RELAY

A relay is a switch that operates using electricity. It consists of a
set of input terminals for one or more control signals and a set of
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Fig. 3. Soil moisture sensor. Fig. 4. Water pump.

Fig. 5. Relay.

functional contact terminals. Relays use electromagnetism to con-
vert weak electrical inputs into stronger currents, where the elec-
tromagnets break or create circuits in response to these inputs. The
device is designed for simple updates to contacts and isolates the
activation component of the actuating part. It can operate at high
temperatures and requires little current to function, yet it can pow-
er large machinery. Figure 5 shows a general image of a 5-V relay.

7. PROPOSED METHODOLOGY

The purpose of this study is to develop a system that can remotely
monitor soil moisture levels in agricultural fields to maintain opti-
mal moisture levels for crop growth. This IoT-based system is de-
signed to accomplish this task. The prototype developed in this
study allows for monitoring and maintenance of soil moisture levels
in any agricultural field. This framework is expected to operate and
generate reports in real-time. Although adjustments in sensing
components, technologies, and source code may be necessary for ac-
tual implementation, the proposed approach and control remain
consistent. The proposed system was demonstrated using Thing-
Speak cloud, an IoT analytics platform that allows for real-time da-
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ta stream aggregation, visualization, and analysis. ThingSpeak also
allows for the execution of MATLAB code and can be used for pro-
totyping and proof of concept IoT systems that require analytics.
This system has the potential to promote sustainable agriculture
practices in any country.

7.1. PROPOSED SYSTEM

According to the presented methodology, data is gathered from var-
ious sensors including soil moisture level, temperature of the area,
air moisture, and water level. These sensors are connected to a
breadboard, which is further connected to an Arduino board. The
collected data is then transferred to the Arduino IDE for pro-
cessing. The programming language utilized in the system runs in-
structions to extract and display the data. If the data is found to be
invalid, the process is terminated, as illustrated in Figs. 6 and 7.
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Fig. 8. Working model of the proposed Fig. 9. Complete connection of the
system. system.

8. IMPLEMENTATION OF THE PROPOSED SYSTEM

The proposed system aims to automate and regulate the irrigation pro-
cess by monitoring the moisture level of the field. This smart irriga-
tion device is designed to be a useful tool for farmers and gardeners
who have limited time to water their plants. Moisture sensors and tem-
perature sensors are used to measure the water content and tempera-
ture of the plants. If the moisture level is found to be below the desired
level, the moisture sensor sends a signal to the Arduino board, which
activates the Water Pump to supply water to the specific plant. The
system can also be extended for outdoor use. The operational model of
the proposed system is illustrated in Figs. 8 and 9.

9. EXPERIMENTAL ANALYSIS

The DHT11 sensor was chosen due to its high sensitivity and accuracy
in measuring temperature and humidity. A digital sensor communi-
cates with the ESP8266 NodeMCU via a single-wire serial interface.
The NodeMCU’s analogue pin A0 was utilised to read the analogue
output from the moisture sensor, which is a variable resistor that
changes its resistance based on the moisture content in the soil. The
analogue value read by the NodeMCU is then converted to a digital
value using the built-in ADC (analogue-to-digital converter). To con-
trol the water pump, a relay module was used to switch the higher volt-
age required by the motor pump. The NodeMCU’s GPIO pins can only
supply up to 3.3 V, which is not sufficient to operate the motor pump.
The relay module acts as a switch that can handle higher voltage and
current, allowing the NodeMCU to control the pump. An external 5-V
power supply was also used to power the DHT11 and moisture sensors,
as they require more power than what the NodeMCU can provide.
Overall, the selection of these components and their integration into
the system design is crucial in ensuring the accuracy, reliability, and
efficiency of the automated irrigation system.
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The table below lists the information gathered from various sensors.

TABLE. Sample dataset.

Created at Created Entry

Date Time Id Al A2 A3 Ad
09 March 07:22:2 107

2019 4 113 35 51 49 6
23 March 07:28:3

2019 1 191 40 72 48 547
17 March 06:18:2

2019 4 138 37 71 44 589
22 March 07:19:5 132

2019 2 118 29 68 40 4
13 March 07:27:1

2019 6 132 32 51 49 562
23 March 08:05:1 112

2019 0 174 37 61 33 9
09 March 07:21:2

2019 8 165 36 61 45 703
19 March 06:01:5

2019 4 172 33 7 45 674
21 March 08:36:2 137

2019 6 180 38 53 34 9
20 March 07:37:2 123

2019 6 180 26 78 32 0
08 March 08:49:1 138

2019 1 176 28 50 28 5
14 March 07:48:1

2019 1 113 36 70 25 421
20 March 08:08:3 140

2019 6 105 38 57 35 1
10 March 06:59:3 136

2019 7 108 29 71 46 9
11 March 06:30:2

2019 2 159 40 78 27 304
14 March 07:46:5 124

2019 5 105 32 71 37 2
23 March 07:03:5

2019 2 130 36 61 33 948
16 March 07:50:1

2019 5 148 39 79 39 356
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Continuation TABLE.
Created at Created Entry
Date Time Id Al A2 A3 Ad
08 March 06:10:0
2019 9 128 30 80 31 625
05 March 06:09:1
2019 0 107 26 67 35 729
20 March 08:58:2
2019 6 175 36 71 31 659
23 March 06:33:0
2019 5 159 38 64 43 986
26 March 07:02:1
2019 4 108 34 55 25 368
19 March 06:21:1 138
2019 9 146 34 57 43 8
28 March 08:11:0
2019 7 161 25 65 41 589
19 March 08:14:1
2019 8 146 34 66 39 804
29 March 07:02:3
2019 4 186 33 56 34 827
11 March 08:40:5
2019 2 158 28 65 50 545
07 March 07:10:1
2019 8 163 32 72 34 785
04 March 07:26:4
2019 7 129 33 58 33 126
2
19 March 08:12:4
2019 2 136 32 67 27 680
27 March 06:31:0
2019 6 103 37 69 45 111
1
16 March 07:25:2
2019 3 199 31 73 47 146
9
08 March 06:42:4
2019 3 190 37 76 29 428
10 March 06:49:0
2019 4 189 40 65 30 916
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The data from the sensors for temperature, humidity, soil mois-
ture, and water level are shown in Table under the characteristics
Al, A2, A3, and A4, correspondingly.

The temperature measured by the DTH11sensor at various times
and dates at various locations in Vellore is depicted in Fig. 10 be-
low.

Similar to that, Fig. 11 of the graph below shows the humidity
measured by the DHT11 Sensor at various locations.

The soil moisture level recorded by the soil moister sensors is de-
picted graphically in Fig. 12.

The water level sensor is used to track the water level in differ-
ent fields throughout the Vellore districts. The following Fig. 13
makes this very evident.

The ThingSpeak cloud receives this data for visualisation, and a
connection between temperature and humidity is computed. When
watering plants, the relationship between temperature and humidity
is crucial. Therefore, we can turn on or off the irrigation system
depending on the correlation. The association is displayed in the fol-
lowing Fig. 14 using ThingSpeak to visualise data from the Matlab.

The working space of Arduino was depicted in Fig. 15.

The proposed work is new since, up until now, the majority of
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research on irrigation systems has typically recorded data and sent
SMSs or alarms to the owners to let them know when to water or
turn off the water supply. However, the suggested approach uses
data gathered from numerous sensors to turn autonomously on and
off. Additionally, the captured data is kept in the cloud for later
use.

10. CONCLUSION AND FUTURE WORK

In addition to automating the data collection process for soil and
plant nutrition requirements, future advancements in intelligent
irrigation systems may also involve the use of advanced algorithms
to predict soil moisture levels based on collected data. This could
result in even greater efficiency and cost-effectiveness in the long
run.

Furthermore, the use of sensors to monitor and regulate other
important factors such as water level and sand content in soil can
also be incorporated into the intelligent irrigation system. By in-
corporating additional variables, the system can become more pre-
cise and effective in delivering the correct amount of water to the
plants.

The system described in this study is just the beginning of what
is possible with smart agriculture. As more data is collected and
analysed, the system can be further tailored for specific applica-
tions and scenarios. Ultimately, the objective is to not only save
water but also reduce system costs, making it a more sustainable
and profitable solution for farmers and agriculturalists.
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The article discusses certain nanotechnologies’ key aspects: their rapid
development, purposes, and uses. The types of certain nanotechnology
generation are explained. Emphasis on the use is given to the cleaning of
drinking water, in particular, sewage and ballast water. The latter is dis-
cussed at the level of the publisher and organizer of the international wa-
ter industry—Global Water Intelligence. The variety of ways of applying
nanotechnologies to reduce pollution of aquatic environments is presented,
and the disadvantages are emphasized. The article is descriptive and ap-
plied to help the reader understand the essence of the growth of the nano-
technology boom in several different technologies, ways, and distribution
methods. A comparison of nanofiltration membranes with reverse osmosis
(SWRO) systems is provided, concerning to processes at the nanoscale lev-
el, namely, the use of semi-permeable membranes, which allow only mole-
cules of a certain size to pass through; the pore size in such membranes is
measured in nanometers. Therefore, reverse osmosis is an example of a
nanoscale technology that is widely used for water purification. The arti-
cle contains, as a research part, an illustrative example of the application
of the nanotechnological principle of the self-discharge filter in the inno-
vative process of disinfection/purification of ballast water according to
the quality standard D-2 of the IMO Convention, based on an experimental
level by the developers of the Danube Institute of the National University
‘Odessa Maritime Academy’ (DI NU ‘OMA’; Izmail, Ukraine). It is shown
how, with the help of its effective application process, the level of final
destruction of invasive foreign organisms in ballast water increases. In
the discussion of the article, it is stated that this filter will significantly
reduce the labour costs of the marine ships’ engine crew for the produc-
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tion of high-quality distillate and will allow to improve the cleaning and
washing of the filter working elements of the modernized ships’ SWRO.
In particular, shortly, these are ceramic membranes, which will be com-
mercialized and industrialized in the areas of water purification and de-
salination, as opposed to the use of the SWRO and nanofiltration mem-
branes. The application No. 1059B162300675 submitted by the applicant,
Candidate of technical sciences, Docent of the Department of Management
in the Transport Industry of the DI NU ‘OMA’ of the Ministry of Educa-
tion and Science of Ukraine Nataliia Tiron-Vorobiova (2216B—TUBITAK-
TWAS Postgraduate and Postdoctoral Fellowship Programs 2024-2027),
refers to the use of ceramic membranes: Ballast Water Treatment System
(BWTS) using Ceramic Membrane Filtration Method, Electrooxidation
(EOx) Development and Ecological Assessment. The application provides a
key decision (quotation): ‘Recently, research has mainly focused on im-
proving adequate, cheap, and aquatic-safe ballast water management sys-
tems (BWTS). However, most of these treatment processes alone do not
meet all the required discharge quality indicators; they require modifica-
tion. Thus, there is a significant need for innovative environmental tech-
nologies and clean, cost-effective, sustainable maintenance of safe sea-
water sources. Recently, the integration of electrochemical (EOx) process-
es with improved membrane filtration processes has been considered as a
means to overcome this barrier. The main idea is aimed at creating mod-
ern BWTS that meet the requirements of the quality standard D-2 of the
IMO Convention. BWTS developed based on experimental research within
the bilateral project Ukraine—Tiirkiye (‘2514 TUBITAK ve MESU ikili
isbirligi Program:’, 2021), is innovative, multifunctional, based on high
nanotechnological principles.’. Against the background of the driving ad-
vantage of the use of nanofiltration, reverse osmosis, special attention is
be paid to the acceptance of ‘nanotechnology: the environment’ (because
the latter remains under threat) with the participation of the increasingly
widespread use of nanotechnological approaches.

Y crarTi posriAmaloThCAa KJIOYOBI acIeKTM HeBHUX HAHOTEXHOJIOTii: ixHih
CTPIMKUU PO3BUTOK, IMPU3HAYEHHA Ta BHUKOPUCTAHHA. [loscHIOEThCS IeBHI
TUON T'eHepallili HaHOTeXHOJIOTii. AKIeHT poOuThCA Ha BUKOPUCTAHHI IJd
OUMIINeHHA MUTHOI BOAM, 30KpeMa, CTiuHuX Bof i GamacTHux Boxa. OcraHHE
00roBOpPIOBAJIOCS HA piBHI BUAABIA ¥ opraHisaTopa MiKHapoOZHOI BOAHOIL
ranysi Global Water Intelligence. IlpeacraBieHo pisHomaHiTHI cmocobu 3a-
CTOCYBAHHS HAHOTEXHOJIOTIH I/ 3MeHIIeHHs 3a0pyAHeHHS BOJHOTO cepe-
IOBUINA Ta 3a3HaueHo HemoJsiku. CTaTTA Mae ONMCOBUM i NpUKJIAZHUN Xa-
pakTep, 11106 TOMOMOITH UNTAUEBi 3pO3YyMiTHM CyTh 3pOCTaHHA OyMy HAHOTE-
XHOJIOTI# Yy KiJIBKOX MEeBHUX PiBHUX TEXHOJOridAX, IJIgxXaX i MeTogax IIO-
mupeHHA. HaBeneHO mOpiBHAHHA HaHO(igbTpamiiiHmx memOpaH i3 cucre-
mMamu 3BOpoTHBOI ocmosu (SWRO) mrom0 mporieciB Ha HaHOPiIBHI 3 BUKODPHUC-
TaHHAM HAIiBOIPOHUKHUX MeMOpaH, AKi IPOMyCKAaIOTh JIUIIE MOJIEKYJIU IIe-
BHOTO PO3Mipy; po3Mip Iop y TaKuxX MeMOpaHax BUMIipPIOETHCSA B HAHOMET-
pax. OTike, 3BOPOTHS OCMO3a € IPUKJIALOM HAHOMACIITAOHOI TeXHOJIOTiI,
fAKa IIMUPOKO BUKOPUCTOBYETHCA IJA OuuINeHHA Bogu. CTaTTA MIiCTUTH SAK
IOCHiHUIIBKY YaCTUHY iJIIOCTPATUBHUN IIPUKJAJ] 3aCTOCYBAHHS HAHOTEXHO-
JIOTIYHOTO NPUHIIUIIY caMopo3paxHoro (inbTpa B iHHOBaIifiHOMYy Ipoiieci
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ne3iHdiKyBaHHA/OUUINEHHSA 0aJacTHUX BOJ BiIIOBiHO MO CTaHIAPTY SKOC-
™1 D-2 Kousenriiii IMO, 3acHOBaHOMY Ha eKCIepPHMEHTAJbHOMY PiBHI poas-
pob6rukamu [lyHaticbkoro imctutyry HamiomanbHoro yHiBepcurery «Omech-
Ka Mopchka axamemisa» (I HY «OMA»; Ismain, Ykpaiua). ITokasaHo, AK
3a JOIOMOT00 e()eKTMBHOTO IITPOIleCY HOT0 3aCTOCYBAHHS ITiABUINYETHCSI Pi-
BEeHb OCTATOYHOTO 3HUINEHHA iHBa3iMHMX CTOPOHHIX OpraHiamiB y 6ajact-
HHUX Bogax. B oOroBopeHHi cTraTTi 3asHauyeHo, IO Iel (iabTep 3HAYHO IIO-
HU3UTH BUTPATU TOpaIli MaIIMHHOTO eKillakKy MOPChKOTO CyAHa Ha BUPOOHU-
IITBO BUCOKOSKICHOTO AUCTUIATY Ta AACTH 3MOTY HOJIMINUTH OUYUINEHHS Ta
OPOMHUBAHHSA pOOOUMX eJeMeHTiB @iabTpa MOIAepHiZ0BaAaHOTO CYAHOBOTO
COOII. 3okpema, HaWOJIMKUNM UYacOM caMe KepaMmiuHi memOpanu OyAyThH
KOMepIlifAJizoBaHi Ta HPOMMKCJIOBO BIIPOBAJ:KeHi B cdepax OUUINEHHA Ta
ompicHeHHA BoaU, Ha Binmmimy Bixm Bukopumcramasa COOII i manodinbsTparriii-
HuX MemOpaH. 3aaBka Ne 10569B162300675, momana 3agABHUKOM — K.T.H.,
IOIeHTOM Kadenpu MeHeIKMeHTY B TpaHcmoprHin ranysi I HY «OMA»
MinicrepcrBa ocBitTu i Hayku YKpainu Tipon-BopobiioBoto Harasiero
(2216B 3a IIporpamoro cTUIIEHIil [OJis acIipaHTiB Ta IOCTJOKTOPAHTIB
TUBITAK-TWAS 2024—2027 poKiB), CTOCYeThCS BUKOPHCTAHHS KepaMid-
HUX MeMOpaH: cucreMu ouuilieHHsa OanactHux Boja (COBB) 3 BuKOpHCcTaH-
HAM MeTonxy (inbTparii uepes Kepamiuui mMeMOpaHW, PO3POOKH eJIEKTPOO-
kucHeHnHs (EOx) Ta ekosoriuHoi OIiHKK. 3asgBKa MICTUTHh KJIOUOBE pPillleH-
HA (murarta): «OcraHHIM YacoM AOCIiI:KeHHS B OCHOBHOMY 30CepelsKeHi Ha
BIOCKOHAJEHH]I aJeKBaTHUX, NEIeBUX Ta 0e3lMeYHUX IJA BOLHOTO CepPemo-
BuIla cucrtem ymnpapiainas O6amactauMu Bogamu (COBB). Oxmax 6inbIimicTh
IUX TPOIleciB oumineHHs caMi mo cobi He BigmoBimamTh yciM HeoOXigHWM
MOKA3HUKaAM SKOCTi CKHUAiB; BOHHU IOTPeOyroTh Moaudikailii.». Takum umu-
HOM, € 3HauHa mOoTpeda B iHHOBAI[IMHUX E€KOJIOTIYHUX TEXHOJIOTiAX i umMcTo-
My, eKOHOMiuHO e(eKTHBHOMY, CTAJIOMY OOCJIYTrOBYBaHHiI 0e3MeUHUX IiKe-
pen mopcbkoi Bogu. OcramuiM yacom iHTerpariis enaextpoxemiunux (EOx)
IpOoIleciB 3 yAOCKOHAJEHNMH IIpollecaMu MeMOpaHHOI (pimbTparrii poarasga-
eTbCcsd sAK 3acid momosiaHHA 1boro 6ap’epy. OCHOBHY ifelo cOpsAMOBaHO Ha
crBopeHHa cydacuux COBB, 1o BigmoBizaroTh BUMOTaM CTaHIAPTY SKOCTU
D-2 Komsennii IMO. COBB, pos3po0ieHa Ha OCHOBiI eKCIepHMEHTAJbLHUX
IOCHiIsKeHh Y paMKaxX [IBOCTOPOHHBOTO IHIPOEKTYy VYKpaina—TypeuunmHna
(«2514 TUBITAK ve MESU Iikili isbirligi Programi», 2021), e imHOBamiii-
HOI0, 6araTo(PyHKI[I0HAJIHHOIO, 3aCHOBAHOIO HA BUCOKUX HAHOTEXHOJIOTIUHUX
npuHIunax. Ha Tai pymifinol mepeBaru 3acTocyBaHHS HaHO(iigbTparii,
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BAAKHU BCe OLJIBII HMIMPOKOMY BUKOPHMCTAHHIO HAHOTEXHOJOTIYHUX ITiAXOMIiB.
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1. INTRODUCTION

Water is a rich source of valuable resources, whether it is chemicals
in industrial wastewater, minerals in geothermal brines, or water
itself. Interest in efficiently capturing and reusing products from
the aquatic environment is growing, creating opportunities for
technologies such as nanofiltration. Global Water Intelligence
(GWI), a leading publisher and event organizer serving the interna-
tional water industry, provides an essential guide to exploring this
key technology for resource recovery.

Stricter water quality standards have led to increased demand for
efficient membrane filtration technologies such as nanofiltration.

1.1. Nanofiltration as a Circular Economy

Nanofiltration (NF) (Fig. 1) is a type of semipermeable membrane, a
thin selective barrier used to filter liquids in many industries. Posi-
tioned between reverse osmosis and ultrafiltration, nanofiltration is
the second densest membrane with a pore size ranging between 1—
10 nanometers. Nanofiltration membranes are available in various
configurations, with the most common being spiral membranes;
however, hollow fibre membranes have gained popularity since Pen-
tair X-Flow introduced them in 2013. While polymeric NF materials
dominate the market, other options include ceramics and cellulose.

Pressure is required to push the liquid through the membrane, with
the permeate passing through while the concentrate is rejected. Parti-
cles can be rejected not only by size exclusion, but also by the chemistry
of the membrane surface, selectively attracting or repelling certain
contaminants based on their charge or chemical affinity.

Nanofiltration can purify high-quality water with less energy
consumption than reverse osmosis (RO). For applications that do
not require the removal of high levels of dissolved salts, nanofiltra-
tion membranes can be a useful alternative to RO, capable of re-
moving bacteria, viruses, organics, and divalent ions.
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Fig. 1. Nanofiltration [1].
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Nanofiltration was initially used for sulphate removal in the oil and
gas sector, but now, it is applied for various purposes such as water
softening, drinking water treatment, and purification of many indus-
trial wastewater and brines. Recently, NF has also been employed for
removing emerging contaminants from drinking water.

Nanofiltration aligns with the principles of the circular economy,
primarily by reclaiming high-quality water suitable for reuse, but
the recovery of other commodities such as biomass, minerals, and
chemicals is gaining momentum in the market [1].

Nanofiltration should be used with fresh water and low-salinity
brackish water if it contains heavy metals or microbiological con-
tamination. In such situations, reverse osmosis will produce overly
pure water that will need to be demineralized, increasing the cost
and complexity of the purification system.

2. MAIN PROBLEMS: GOALS AND SOLUTIONS
2.1. Water Pollution and Nanotechnology [2]

How can nanotechnology be used to reduce water pollution?

Nanotechnology is utilized to address three very distinct water
quality issues.

One problem involves removing industrial water contaminants from
groundwater, such as a solvent used in cleaning called TCE (trichloro-
ethylene). Nanoparticles can be employed to transform the contami-
nant through a chemical reaction to render it harmless. Research has
shown that this method can effectively capture contaminants dis-
persed in underground aquifers at significantly lower costs than meth-
ods requiring pumping water from the ground for purification.

Another complex issue is the removal of salt or metals from wa-
ter. The deionization method using electrodes made of nanofibers
shows promise in reducing costs and energy requirements for con-
verting saline water into potable water.

The third problem lies in standard filters being ineffective
against viral cells. Currently, a filter with a diameter of just a few
nanometers is being developed to be capable of removing viral cells
from water.

3. MAIN TEXT. WATER POLLUTION: APPLICATION
OF NANOTECHNOLOGY IN DEVELOPMENT

3.1. Research

Researchers at the University of Tokyo demonstrated the use of
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fluorine nanochannels for salt removal from water.

Researchers at EPFL demonstrated a water filter powered by so-
lar panels, which utilizes nanowires of titanium dioxide (TiO,) and
carbon nanotubes for water purification.

Researchers at Brown University demonstrated the creation of
water filters using short channels between graphene sheets, allow-
ing water to pass through but blocking larger contaminants.

Researchers at North-Western University developed a nanocom-
posite coating that can be applied to a sponge to absorb oil but repel
water.

Researchers at Nagoya University demonstrated the use of ami-
no-modified nanocarbons for removing heavy metal ions from wa-
ter.

Researchers at RMIT University and the University of New
South Wales demonstrated a filter made of nanosheets of alumini-
um oxide, which can filter water for both heavy metals and oils.

Researchers at the University of Cincinnati demonstrated a
method for removing antibiotics contaminating waterways. The
method utilizes vesicle nanoparticles that absorb antibiotics.

Researchers at the Pacific Northwest National Laboratory devel-
oped a material for removing mercury from groundwater. The ma-
terial is called SAMMS, which stands for Self-Assembled Monolay-
ers on Mesoporous Supports. This involves taking a ceramic particle
with many nanosize pores on its surface and lining the nanopores
with molecules containing sulphur atoms on one end, leaving a hole
in the centre lined with sulphur atoms, as shown in the SAMMS
figure. They line the nanopores with sulphur-containing molecules
as sulphur binds to mercury, trapping mercury atoms inside the
nanopores.

3.2. Usage

—Nanosponges with a reactive nanoparticle layer covering a synthet-
ic core that easily magnetizes. For example, silver nanoparticles, if
bacteria are a problem, attach to pollutants or kill them. Then,
when a magnetic field is applied, the nanosponges are removed from
the water.

—Pellets containing nanostructured palladium and gold as catalysts
for breaking down chlorinated compounds polluting groundwater.
Since palladium is very expensive, researchers formed pellets of na-
noparticles that allow nearly every palladium atom to react with
chlorinated compounds, reducing processing costs.
—Enzyme-functionalized micromotors for removing carbon dioxide
from water.

—Graphene oxide for removing radioactive material from water. Re-
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searchers found that graphene oxide patches absorb radioactive ions
in water. Then, graphene oxide forms clumps that can be removed
from water for disposal.
—Graphene as membranes for inexpensive water desalination. Re-
searchers have found that graphene with nanopores a nanometer or
less in size can be used to remove ions from water. They believe this
can be used for desalinating seawater at a lower cost than reverse
osmosis methods currently used.
—Carbon nanotubes as pores in reverse osmosis membranes. This can
reduce the power required to operate reverse osmosis desalination
plants as water molecules pass through carbon nanotubes more easi-
ly than through other types of pores. Other researchers are using
carbon nanotubes to develop small inexpensive water purification
devices needed in developing countries.
—Carbon nanotubes for oil spill clean up. Researchers found that
adding boron atoms during carbon nanotube growth results in the
nanotubes growing into a sponge-like structure that can absorb oil
many times its weight.
—Nanoparticle-like hairs (nanohairs) for capturing and measuring
mercury contamination levels in water.
—Integration of nanomembranes with solar energy to reduce the cost
of seawater desalination.
—Iron nanoparticles for cleaning groundwater from tetrachloroeth-
ylene contamination.
—Addition of graphene oxide to sand filters to enhance their ability
to remove pollutants from water.
—Silver chloride nanowires as photocatalysts for decomposing organ-
ic molecules in polluted water.
—Electrified filter consisting of silver nanowires, carbon nanotubes,
and cotton for bacteria eradication in water.
—Nanoparticles capable of absorbing radioactive particles polluting
groundwater.
—Iron nanoparticle coatings allowing them to neutralize dense hy-
drophobic solvents polluting groundwater.
—Nanodroplet mats for absorbing oil spills.
—Iron oxide nanoparticles for arsenic removal from water wells.
—Carbon nanotubes with a gold tip for capturing oil droplets pollut-
ing water.

Antimicrobial nanofibers and activated carbon in a disposable fil-
ter as an inexpensive means of purifying contaminated water.

3.3. Nanofiltration is Sometimes Used for Wastewater Treatment

It provides higher flow rates and consumes less energy than reverse
osmosis systems. The design and operation of nanofiltration are
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very similar to ‘nanofiltration, considerably similar to reverse os-
mosis’, with some differences.

The main difference is that the nanomembrane is not as ‘tight’ as
the reverse osmosis membrane. It operates at a lower feed water
pressure and does not remove monovalent (i.e., those with one
charge or valence) ions from water as effectively as the RO mem-
brane.

While an RO membrane typically removes 98—-99% of monovalent
ions such as chlorides or sodium, a nanofiltration membrane typi-
cally removes 50% to 90%, depending on the membrane material
and manufacturing. Due to its ability to remove effectively divalent
and trivalent ions, nanofiltration is often used for water softening,
leaving a smaller impact on the overall content of dissolved solids
than RO. For this reason, it is called a ‘softening membrane’. Nano-
filtration is often used to filter water with low levels of dissolved
solids, remove organic matter, and soften water.

As it is a ‘looser membrane’, nanofiltration membranes are less
likely to foul or scale and require less pretreatment than reverse
osmosis systems. Sometimes it is even used as pretreatment for re-
verse osmosis.

Nanofiltration can be used in various water and wastewater
treatment applications for economically efficient removal of ions
and organic matter.

In addition to water purification, nanofiltration is often used in
the manufacturing process for pharmaceuticals, dairy products,
textiles, and bakeries.

In particular, WaterProfessionals® have extensive experience in

How Nanofiltration Works

Contaminants

Ouriey ravedsation, ot
pressure i vsed to & vactera
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merrtrane.

Nanofiltration
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Fig. 2. How nanofiltration works [3].
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applying nanofiltration systems to address water purification chal-
lenges (Fig. 2).

3.4. Sea Water Reverse Osmosis (SWRQO) Systems on Maritime Vessels

Steam vacuum systems from leading manufacturers such as Alfa
Laval, Mitsubishi, and others, according to design documentation,
are expected to produce high-quality distillate on-board maritime
vessels. However, in practice, due to changes in the operation
modes of the main engine, the temperature of the water in the in-
ternal circuit of the engine, which serves as the heat carrier of the
ship’s desalination plant, may vary. As a result, the obtained distil-
late may not always meet the 1.5-ppm standard after desalination.
The obtained permeate does not meet the quality standard, leading
to fouling of the internal circuit of the main engine’s diesel genera-
tors. This increases the deposition of solid scale and loose sludge in
the engine rooms of internal combustion maritime diesel engines
(ICME) and boiler drums, requiring additional use of expensive rea-
gents for water treatment.

Currently, on new vessels, Sea Water Reverse Osmosis Systems
(SWRO) are being additionally installed alongside existing steam
vacuum systems, reducing energy costs for desalinating seawater.

Energy costs can be analysed using reversible thermodynamic
processes. From thermodynamic principles, it follows that any wa-
ter desalination method will be most efficient if it includes a ther-
modynamically reversible process. Energy calculation to determine a
reversible system serves as the lower bound of energy for any other
process [4].

To obtain large volumes of freshwater, a significant amount of
seawater must be used, where, as a result of desalination, we obtain
pure permeate and highly concentrated NaCl brine, which is com-
pletely drained overboard.

The ratio of produced freshwater to the volume of seawater re-
quired to obtain freshwater is called the water recovery coeffi-
cient—a.

In practice, a reverse osmosis desalination system cannot be a re-
versible process; there will always be losses depending on the coeffi-
cient.

v
a= R
V+V,

(1)

where V is the volume of fresh water (‘sweet-water’) produced; V, is
the volume of water remaining after the desalination process has
not been converted into fresh water (‘sweet-water’). It is usually
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called brine or concentrate.

For example, if the system processes 1000 L. of seawater:
V+V,=1000 L and, at the same time, receives 400 L of fresh wa-
ter: V=400 L, and 600 L remain as brine, then, the water recovery
coefficient will be:

a=400/(400 + 600) =400/1000 =0.4.

This means that 40% of the original seawater was converted into
fresh water.

Actual work considering losses are in a formula, more specifically
taking into account osmotic pressure and water volume. This for-
mula takes into account that the volume of seawater exceeds the
volume of fresh water (‘sweet-water’) by the water recovery coeffi-
cient:

W=PV(1—1j, 2)
a

where P is the osmotic pressure, V is the volume of pumped water.

For most engineering calculations, this simplified version of this
formula is used, which directly relates the volume of fresh water to
osmotic pressure and water recovery coefficient.

Another example. Let us say we need to get 100 L of fresh water.
Osmotic pressure P is of 5 bar (this is approximately of 0.5 MPa).
The water recovery coefficient a is of 0.4 (40% of the original sea-
water is converted into fresh water).

The actual work done by W is of 0.075 MJ (megajoules).

To convert into more convenient units, for example, kWh, you
can use the following conversion:

1 MJ=0.27778 kWh.

So, to obtain 100 L of fresh water under these conditions, it is nec-
essary to expend approximately 0.0208 kWh of energy.

It is sufficient to provide an example by comparing the Alfa La-
val VSP-36-C-125 steam vacuum unit, which has a capacity of 36
m?®/day, with a permeate quality of 1.5 ppm and consumes 52
kWh/m? [5]. In reverse osmosis units, energy consumption will be
five to ten times lower depending on the membranes used [6].

In recent years, reverse osmosis systems have gained widespread
popularity for water purification and desalination, with the use of
nanotechnology.

The FiiZK Aqua membrane filtration technology (see, for instance,
https://fiizk.com/en/news-from-fiizk /water-purification-and-
desalination-solutions-for-land-based-farming-and-parasite-control/)
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Applications
Membrane Filtration Pore Size (Um) Raw Water Source Desalinated Application
Ultrafiltration (UF) 001-10 Seawater No Intake water for land-
based facilities
Nanofiltration (NF) 0001 -001 Sea Water Brackish Partially (3-22 %) Prevention & treatment
water Salty of parasitesintake
groundwater water for land-based
facilities
Reverse Osmosis (RO) | <0.001 Sea water Yes (0.3 %) Intake water for land-
based facilities

Fig. 3. Applications (MF)/Seawater [3].

utilizes membrane filtration to stop unwanted substances. The use of
membranes is intended to prevent contamination by organic and bio-
logical contaminants (parasites, bacteria, and viruses).

The membrane pore size determines the fraction that can be re-
tained through filtration and our installations offer means for (Fig.
3):

—ultrafiltration (UF; pore size of 0.01-1.0 yum),
—nanofiltration (NF; pore size of 0.001-0.01 um),
—reverse osmosis (RO; pore size < 0.001 pm).

A significant drawback of using SWRO systems in the maritime
fleet is the high operating pressure of up to 100 bar required to
achieve the quality standards of the obtained permeate. All types of
installations are compelled to flush the working membranes from
heavy metals, salts, and other inclusions, and discharge them over-
board along with the brine, causing significant harm to the marine
environment and biodiversity.

4. DISCUSSION

In earlier works, the authors proposed a catalyst capable of obtain-
ing crystalline salt from the brine obtained during seawater desali-
nation with minimal costs, using modern crystallizers to produce
technical-grade salt in maritime conditions.

The scientific breakthrough in creating nanotubes, which subse-
quently found application in the production of nanomembranes for
seawater desalination in SWRO installations, provided enormous
potential for reducing energy consumption and operating pressure
from 80 bars to 3 bars. The material used to produce nanotubes
consists of sheets of carbon atoms. Their density is so high that on-
ly seven water molecules can pass through their cells, and the rate
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of seawater passage through nanotubes is 5000 times higher than in
synthetic membranes. This effect has not found a complete explana-
tion in science and requires further study. The quality of the ob-
tained fresh water is 0.5 ppm, and energy consumption does not ex-
ceed 2 kWh/m? [7, 8].

According to the authors of the article, a decision has been made
to propose the creation of a nanodischarge automated filter with
disks made of nanocarbon tubes in the development and testing of a
ballast water treatment/disinfection system created at the Danube
Institute of the National University ‘Odesa Maritime Academy’
(Izmail, Odesa region, Ukraine) in accordance with the IMO Conven-
tion D-2 quality standard (Fig. 4).

Such a filter will significantly reduce the labour costs of the ship’s
crew for the production of high-quality distillate and improve the
cleaning and flushing of the filtering elements of the modern SWRO
ship system.

The advantage of the self-cleaning filter lies in providing the in-
stallation with a high level of invasive species destruction in ballast
water treatment. The disc filter is used for filtering fine-dispersed
suspensions; it consists of a housing in which a hollow shaft with
perforated discs mounted on bearings is connected to the shaft cavi-
ty (Fig. 4).

Filtration cloth is fastened to the surface of the discs using
clamps. During filtration, the shaft with the discs remains station-
ary, and the filtrate passes through the filtering partition inside
the discs, then into the hollow shaft, and is discharged from the
top. A sediment layer forms on the upper and lower surfaces of the
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Fig. 4. View of the disc self-cleaning filter [4].
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discs. After filtration is completed, the suspension is drained, and
flushing liquid is supplied inside the shaft and discs, while the
shaft with the discs is rotated by an electric drive.

Due to centrifugal forces, sediment is removed from the discs
and discharged from the bottom of the filter. Then the filtration
and flushing cycles are repeated. The positive quality of the filter is
automatic sediment discharge.

The application of existing technologies from such company as
CJC™ for purifying circulating lubricants and heavy fuel for ship
engines provides the authors with practical experience and acquired
expertise. Regarding ballast water treatment, proposed fine purifi-
cation filters can be successfully applied since the density of oil is
significantly higher than the density of ballast water, which in-
creases the fluid’s permeability.

5. CONCLUSION

According to experts, nanotechnologies will become a driving force of
the industrial revolution and will change our way of life. Research
and development in nanotechnologies are on the rise in the pursuit of
original and useful things, and while there is a boom in factory pro-
duction, little is being done to ensure the safety of society and the
environment.

According to the National Science Foundation of the U.S.A., over
the next decade, nanotechnologies are expected to ‘capture’ 1 tril-
lion dollars of the world market. Nanotechnologies promise enor-
mous potential benefits in improving almost all types of industrial
products. However, on the other hand, the question arises: are they
safe? The increasing number of scientific studies and government
reports warns that created nanoparticles may pose a danger to hu-
man health and the environment, although there have been few
studies on their toxicity.

Considerable efforts have been made to overcome the shortage of
clean water, and nanotechnologies are a strong candidate for rapid
development. Research and commercialization of polymer RO and
NF membranes began in the early 1960s. So far, two types of mem-
branes dominate the water desalination market: cellulose-based
membranes (CA) and thin-film composite membranes (TFC). The
most representative products, such as TS40, TS80, and AD-90, were
developed over 30 years ago, and since then, there have been no
significant changes due to low production costs and a high level of
salt rejection. New research directions in barrier layers of TFC
membranes include improving resistance to contamination, as well
as chemical and thermal stability. Meanwhile, microporous supports
can be optimized to increase mechanical strength and permeability.
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Inorganic RO and NF membranes have been studied on a labora-
tory scale for water purification since the 1980s. The most typical
ceramic membranes are metal-oxide membranes and carbon-based
membranes. The main method for synthesizing metal oxide mem-
branes is the sol-gel technique, which requires further optimization
for particle size and distribution control. The efficiency of mixed
matrix membranes (MMMs), made from both organic and inorganic
nanomaterials, is excellent, but they are too expensive compared to
other membranes. Therefore, it is important to understand the eco-
nomic competitiveness of MMMs, as well as their potential applica-
tion.

Although nanotechnologies are leading the way in the develop-
ment of RO and NF membranes for water purification, there are
still technical and scientific problems that need to be addressed be-
fore more advantages can be gained. Despite the difficulties that
need to be overcome, it is very likely that ceramic membranes will
be commercialized and industrialized in water purification and de-
salination in the near future [9].

Thus, nanotechnologies encompass a wide range of technologies
for controlling the structure of matter at the atomic and molecular
levels. A nanometer is one billionth of a meter, the length of a
chain of 10 adjacent hydrogen atoms; the thickness of a human hair
is approximately 80.000 nanometers. It is difficult to imagine
something so small, let alone believe that it can be used in manu-
facturing processes [10].

At such a microscopic level, matter behaves differently than in
our everyday life in this world dominated by ‘classical Newtonian
physics’. In the nanoworld, ‘the properties of matter are determined
by a complex and rich combination of classical physics and quantum
mechanics’, as stated in an exclusive online issue of Scientific
American in January 2006. Moreover, in larger quantities, minia-
ture nanomaterials can have enormous power due to their signifi-
cantly higher surface area to volume ratio. As the particle size de-
creases and its reactivity increases, a substance that may be inert
on a micro or macroscale can acquire hazardous properties on a na-
noscale [11].

Regarding social and ethical issues, according to Vital Signs
2006—-2007, serious concerns are not limited to safety and health
impact; broader social and ethical implications need to be studied.

As with other forms of black carbon, such as carbon nanotubes,
there is an increasing risk to the environment and/or public concern
that graphene-based/(restored) rGO (GO—graphene oxide) nano-
materials will be found in natural water bodies due to their diverse
applications. In addition, these nanomaterials may play an im-
portant role in biogeochemical activity due to their high mobility in
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the environment. These nanoadsorbents may also contain various
toxic chemicals due to potential impurities.

Therefore, comprehensive research is needed to develop environ-
mentally friendly methods for producing clean nanomaterials based
on graphene/(restored) rGO and to assess the toxicity and biocom-
patibility of these nanomaterials.

‘The nanotechnological revolution is driven by profit—it is not a
necessity for human development; as long as poverty and social in-
justice are fundamental problems, new technologies will never be a
universal solution to them’, as stated in the Vital Signs report.
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The paper considers influence of various factors on the stability of the
ettringite structure of two forms of formation: a—on the base of pure
minerals C,4 + CSH,, b—a mixture of alumina cement (AC-400) and gyp-
sum plaster (G5); besides, a model of hydration process using the example
of calcium sulphate hemihydrate is presented. Factors affecting stability
of ettringite depending on changes in humidity and pH of the environ-
ment, temperature, and operating conditions are established. It is con-
firmed the hypothesis of the effect caused by the ratio G = f(CaO/Al,0;) in
the minerals of the CaO—-Al,0,—H,0 system on the Gibbs surface energy:
for CA,=0.27, AG=24.70; for CA=0.54, AG=51.86; for C,,A4,=0.8,
AG =141.00, for C;A=1.63, AG=145. It is also determined the depend-
ence of the order of formation of hydrate compounds during hydration of
aluminate and sulphoaluminate cements on the Gibbs surface energy
AG = f(Da) and the ratio AG = f(CaO/Al,0,) for the minerals of the system
by means of the average Gibbs energy (for CA,, 24.70; for CA, 51.86; for
Cy4;, 141.00; for C;A, 145) of the system CaO-Al,0,—H,0: C,AH,,
cAH,,;, CAH,,, CAH,,, AI(OH);. Change in the heat of hydration of pure
clinker minerals over time and change in their degree of hydration depend
on the wvalue of the coefficients. For example, the coefficient K
(mCa0/nAl,O,; ratio) is the largest for C;A mineral, i.e., 1.63, and the heat
of hydration is correspondingly the highest for C;A mineral and is of 873
J/g on the 28™ day; therefore, accordingly, C;4 mineral will enter the hy-
dration reaction as the fastest. An increase in temperature is detected for
artificially formed ettringite in the CzA+ CSH, system followed by
CA + CSH, and CA, + CSH, that confirms the main idea of the experiments.

379
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Stabilization of the ettringite phase is carried out by means of the nano-
modification with carbon nanotubes (CNTs), taurite, and silicon dioxide.
Results of investigations performed confirm a 4-5-fold increase in
strength indicators, a change in the softening factor depending on the
type of nanomodifier and systems with different plasticizers and nano-
tubes.

B po6oTi posrasgHyTO BIJIWB Pi3HMX UMHHUKIB Ha CTabiIbHICTH CTPYKTYpU
eTTPUHTITY [ABOX (DOPM YTBOPEHHA: @) Ha OCHOBL UHWCTHX MiHepaJiB
C,A + CSH,, 6) cymimi rimmosemucroro mementy (I'[[-400) i rimcy Gyxise-
apHOTO (I'5); TaKOXK IpeacTaBjIeHO MOJEJb Hpollecy TiApaTarii Ha mpukJaami
HamiBBogsaHOTo cyiabdary Kaibijito. BcTranoBieHO YMHHUKYN BIJIMBY Ha CTa-
O0inbHiCTH eTTPUHTITY Bifg 3minu Bosoroctum Ta pH cepemoBuiia, Temiepary-
pu, ymoB ekcmiayararii. IlinTBepasxeHO rinmoTe3y BIJIUBY CHiBBiJHOIIEHHS
G = f(Ca0/Al,0,) B minepanax cucremu CaO—Al,O; ua Ii66coBy mOBepXHEBY
euepriro: CA,=0,27 — AG=24,70, CA=0,54 — AG=51,86, C;,A,=0,8 —
AG =141,00, C;A =1,63 — AG = 145; Bu3HAUEHO 3aJIEKHICTH MOPAAKY (o-
PMyBaHHS TipaTHUX CHOJIYK 3a rigparaiiii ajdmoMiHATHUX i cyabdoaaromi-
HATHUX IleMeHTiB Bix Ii66coBoi moBepxmeBoi emeprii AG = f(a.0.M.) i cmiB-
BigmomenHa AG = f(Ca0/Al,0,) nna MiHepaTiB cucTeMu 3a cepefHBOI0 Ii66-
coBoio eHepriero: CA, — 24,70, CA — 51,86, C,,A; — 141,00, C;A — 145
cucremu CaO-Al,0,-H,0: C,AH,, C,AH,;, C,AH,,, CAH,,, AI(OH);. 3mina
TeILJIOTU TiAparalii uncTuX KJIiIHKepHUX MiHepaJiiB y uaci Ta 3MiHa iXHBOTO
CTyIleHsd Trigparailii sajeskaTh Big BequumHHU KoedimienrtiB. Hanpukiaanm, Ko-
edpinient K (cumiBBigHomenua mCaO/nAl,0;) e HaibinpmuM n1a MiHepamy
C;A — 1,63, a Tenmora rigpararnii, BigmoBigHo, HaiiBuma y Mminepany CiA i
craHoBuTh Ha 28 nody 873 II:x/r; Tomy, Bimmomimmo, mimepanm Ci;A Oyzme
HaHIIBHUAIIE BCTYIATH B PeaKIiio rigparamii. BuaBjeHO HiJBUIEHHA TeM-
mepaTypu IJd IITyYHO yTBOpeHoro errpuHrity B cucremi CzA + CSH,, mami
CA+CSH, i CA, + CSH,, mo migTeepaXye oCHOBHY imero mgocaizis. Ilpose-
IeHOo crabinizariito eTTpmHTiITOBOI (hasdw 3a pPaxyHOK HaHOMOAU(DIKyBaHHSA
Byraenesumu HaHoTpyokamu (BHT), Taypurom, miokcumom Cumirito. Hase-
IeHi pe3yJabTaTH OOCJHiAMKeHb IIiATBEPAKYIOTH 30iablineHHA B 4—5 pasiB Mmi-
IMHICHUX TOKAa3HUKiB, 3MiHy Koe(ilieHTa po3sM’AKIIEeHHS B 3aJI€KHOCTI Bif
BUAY HaHOMOAu(pikaTopa Ta cucTeM 3 pisHMMU maacTudikaTopamMu i HaHOT-
pyorammu.

Key words: nanomodifying, alumina cement, carbon nanotubes, hydration,
nanosystem, solidified structure.

KarouoBi croBa: maHoMoAu(MiKyBaHHS, TJIMHO3eMHUCTHUHN IIEMEHT, BYTJIEIleBi
HaHOTPYOKU, TifgparTallisi, HaHOCUCTeMAa, 3aTBEPAJa CTPYKTYypa.
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1. PROBLEM STATEMENT

The need for the production of the latest building materials for the
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repair and construction of high-quality buildings is constantly in-
creasing and requires a solution [1—4].

The rapid pace of construction of buildings and structures re-
quires rapid dismantling of monolithic structures, increasing the
reversibility of forms during the factory production of building
structures. In monolithic construction, such technologies are possi-
ble when using fast-hardening binders, which can gain up to 90—
100% strength after 1-3 days. This also applies to the emergence
of 3D-construction technologies.

In addition, during the war and post-war years, the restoration of
construction objects, thermal units of metallurgical plants as well
as production of building materials and reconstruction of existing
objects are possible only within short periods of time, and such pro-
cesses may include the use of composites based on alumina cement
and gypsum, which, in the early hardening periods, have high indi-
cators of strength properties.

In this regard, a particular attention should be paid to aluminate,
sulphate and sulphoaluminate binders [3—6].

One of the problems of their use consists in recrystallization of
sulphoaluminates during hardening and insufficient stabilization of
the ettringite phase during operation [3, 5].

Therefore, studies of the structure and durability of the ettring-
ite phase and its composition with calcium sulphates are relevant.

2. RESULTS AND DISCUSSION

Based on the analysis of literary sources of Ukrainian and foreign
scientists [1-3], it was concluded that there is a need to solve the
problem of developing compositions of composite binders based on
the Ca0O—-Al,0,—S0, system, surfactants with high structure density
and strength indicators by means of stabilizing the state of the
ettringite component. This will contribute to the intensification of
the construction period and to the formation of a durable concrete
strong structure.

After conducting an analysis of possible directions for formation
of the concrete structure, a hypothesis was proposed about the pos-
sibility of:

— stabilization of the ettringite phase by means of modification
with nanoadditives; in order to solve this problem, it is necessary to
determine the conditions under which the ettringite phase goes into
an unstable state;

— the technology of introducing nanoadditives and studying solu-
tions with the maximum amount of ettringite for the stability of
their structure and mineral composition of the CaO—-Al,0,—S0O;—H,0
system.
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Fig. 1. X-ray diffractograms of samples made of the composition C;4—CSH, on
the 3" day of hardening (a) and on the 28" day of hardening (b); B—ettringite
3Ca0-Al,0,-3CaS0,-31H,0; [O—ettringite 3Ca0-Al,05,-3CaS0,12H,0; * —
tetracalcium nineteen-hydroaluminate 3Ca0-Al,0,;-19H,0.

The cited results of research into the hydration processes of the
pure C;A—CSH, system showed that three periods of formation are
visible in the life cycle of ettringite: primary ettringite (hardening,
Fig. 1, a), secondary ettringite (Fig. 1, b), and recrystallization dur-
ing operation. 4

Thus, in the C;A—CSH, system (Fig. 1, a), after 3 days of harden-
ing, the main lines of hydrated ettringite phases appear
(d/n=0.892, 0.273, 0.260, 0.245, 0.241, 0.233, 0.197, 0.189, 0.180,
0.170, 0.166, 0.163, 0.150, 0.145 nm), 4Ca0-13H,0 (d/n=0.246,
0.220, 0.183 nm) (Fig. 1).

After 28 days of hardening, there is an increase in the intensity
of the main interplanar distances and hydrated phases C;AC;Hj,
(d/n=0.475, 0.399, 0.327, 0.2773, 0.2680, 0.225, 0.2130, 0.189,
0.187, 0.180, 0.166, 0,162, 0.155 nm) (Fig. 6, b). 4Ca0-Al,0,-:13H,0
lines (d/n=0.475, 0.248, 0.207, 0.197, 0.164 nm) are observed (Fig.
1, b).

Further, to determine the factors and conditions of stability of
the ettringite phase for compositions based on aluminate and sul-
phate components and sulphoaluminate cements, studies of the sta-
bility of the ettringite phase with changes in humidity and pH of
the environment, temperature, and operating conditions were con-
ducted (Figs. 2—4).

The rate of heat release, total heat release, temperature and in-
tensity of reactions of the hydration process depend on the ratio
AG = f(CaO/Al,05) of CaO, Al,O; molecular weights. As is customary
in the work, this ratio is defined as the coefficient of dependence of
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the Gibbs surface energy on the molar mass ratio. The higher the
mineral coefficient and the Gibbs surface energy, the higher the ex-
othermic rate of hydration and the total heat release (Fig. 2) [18].

The composition with a C;A mineral content of 70%, 150-200
J/g C;A has the highest exothermic rate during C;A hydration in
the C3;4—CSH, system with different CSH, content (Fig. 2, b). Be-
cause its surface energy is 2.8-times higher than that of CA and
5.8-times higher than that of CA,. Thermodynamic curves charac-
terize the rate of the hydration process and the influence caused by
the ettringite formation phase on the structure of the mixture and,
accordingly, on its properties.

In addition, the surface energy and specific surface area affect
the formation of ettringite crystals, which subsequently creates
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Fig. 2. Thermodynamic characteristics of the C;A + CSH, system: (a) exo-
thermic histograms (mW /h); (b) heat release (J/g) [18]; (¢) hydration tem-
perature of CA + CSH,, CA,+ CSH,, C;A + CSH,, systems [18].
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prerequisites for recrystallization in the process of system harden-
ing (Fig. 3) [18].
The study of the influence of external factors was carried out,

Fig. 3. Photomicrographs of the C;A + CSH, structure depending on the heat
release of the system: a—C;A + CSH, (70:30); b—AC + Gypsum (30:70) [18].

(Ksoft)
17 ‘
] M i oS
1.3 ™
- ~
1.1 T
—
0.9 | 2|
0.7 = i
Sy
0.5
60 70 80 90 100
W, %
a
= =®
- 30 o 40
2 - +=
5 40 v 5 31
E T R e - L 30 —
= T o
o 30 5] 22
: c —
20
c RN -
= 10 =] 10
-E -:
=0 g o
et 3 28 365 g 3 28 365
Hardening time, T, days Hardening time, T, days
b c

Fig. 4. Graphs of dependence [18]: coefficient of softening K., (a) on the
medium with variable humidity of samples containing: 1—C;AHg hydrate,
2—C3AC;H;, mineral, 3—AC:G; change in ettringite content over time: b—
C,A + CSH,, c—AC + Gypsum [18].
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e.g., humidity for 3 days (Fig. 4, a). Change of the ettringite phase
over time of nanomodified samples under normal conditions (Fig. 4,
b, c).

Due to the high cost of pure minerals, it was decided to conduct
further studies of the ettringite phase formed on the basis of the
AC + G composition (intended to replace alumina cement 70:30 and
modify gypsum binders with the AC:G composition (30:70)).

Stability of ettringite crystals depends on the morphology of the
crystals formed under different conditions, for example, on the pH
value. The pH range of 11-12 provides a needle-like form of
ettringite [7—10]. As the pH value increases, the length and thick-
ness of needle fibres of ettringite decreases. At a pH greater than
13, ettringite has an x-ray amorphous gel-like structure (Fig. 5)
[18].

Study of the stability of the ettringite phase of the AC:G (70:30)
system. Stabilization was carried out with nanomodifiers—taurite,
silicon dioxide, nanotubes, SiC after determining the effect of sur-
factants. The following additives were used as plasticizers: Sika
Viscocrete G, MC Bauhemi 2695, and Stachema STP 156. The
smallest reduction in W/T and the best indicators of the main phys-
icomechanical and technological properties are achieved using the
Sika Viscocrete G additive: W /T for the AC:G composition (70:30)
is of 0.27 compared to 0.32 without plasticizer, compressive and
flexural strength is of 19 MPa and 14 MPa, respectively [1].

In the compositions after three days of hardening, in the composi-
tions of alumina cement AC-40 gypsum grade G-5, after 3 days of hard-
ening, the main interplanar distances and intensities of hydrated phas-
es C,AC;H;, (d/n=0.973, 0.561, 0.388, 0.348, 0.256 nm) appear

Fig. 5. The influence of the environment temperature on the structure and
morphology of samples made of the composition of AC:G (70:30) on the 3™
day of hardening under normal conditions in running water (a) and on the
3" day of hardening at an elevated temperature of 40—50°C (b) [18].
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Fig. 6. X-ray diffractograms of samples made of the composition AC:G (70:30)
on the 8" day of hardening (a) and on the 28™ day of hardening (b); B—ettringite
3Ca0-Al,0,43CaS0,-31H,0; (0—ettringite 3Ca0-Al,043CaS0O,12H,0; ® —hydro-
aluminate Ca,0-Al,(OH),,6H,0; *—tetracalcium nineteen-hydroaluminate
4Ca0-Al,04,19H,0; —tetracalcium thirteen-hydroaluminate 4Ca0O-Al,0,-13H,0.

(Fig.10). The observed lines are as follow: 4Ca0-Al,0;,13H,0
(d/n=0.423,0.266, 0.246, 0.238, 0.212, 0.168 nm), 4Ca0-Al,0,-19H,0
(d/n=0.331,0.238, 0.151 nm), Ca,Al,(OH),,-6H,0 (d/n = 0.463, 0.255,
0.176, 0.151 nm) (Fig. 6).

In the process of hardening, after 3 days, intensity of ettringite
and calcium hydroxide lines appears and increases, which confirms
the fact of the intensified hydration process (Fig. 6, b).

When modified with nanoadditives, the structure of samples with
increased surface energy of the solid phase is formed as a result of
an increase in the number of crystallization centres, and as a result,
the structure is formed more quickly.

During the hardening process, the structure will have the proper-
ty to deform [10-17]. At the same time, the tubes play a reinforc-
ing role between the blocks [6].

Nanotubes and nanoadditives are entered into the crystal struc-
ture and alloying it.

As a result of modification with nanoadditives, an increase in the
strength indicators of composite materials was achieved: for AC:G
(70:30)% + 0.18% nanotubes + 0.4% Sika, up to 70.2 MPa compared
to 14.67 MPa of the reference composition AC:G (70:30)%; for
AC:G (70:30)% +0.75% taurite + 0.4% Sika, up to 66.40 MPa; for
AC:G (70:30)% + 1.0% silicon dioxide + 0.4% Sika, up to 60.73 MPa.
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The softening coefficients increase accordingly: when AC:G (70:30)%
is modified with nanotubes, up to 1.16; when it is modified with tau-
rite, up to 1.02; when it is modified with silicon dioxide, up to 1.07
(Fig. 7).

Research on the compressive strength limit of samples modified
with nanotubes over time showed that the composition with the op-
timal content of ettringite AC:G (70:30) at the age of three days has
a compressive strength of 70.2 MPa, while, for the base composi-
tion, it is 14.7 MPa (Fig. 8).

The issue of the proposed hypothesis of increasing the stability of
the ettringite phase due to modification with nanoadditives was
considered.

The developed model of the hydration processes of mineral bind-
ers (on the example of gypsum binders) is presented in the form of

sAC:G (T70: 30) AC G (70:30) + s AC:G (70: 30) + L AC:G (70 30) +
0.4% Si ka + 0.4% Si ka + 0.4% Si ka +
0.18% CNT 1% silicon dioxide 075% of Taurite

K soft

Fig. 7. Dependence of the softening coefficient for the AC:G (70:30) + Sika
system on the type of nanomodifier.
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Fig. 8. Change in the compressive strength limit for the composition AC:G
(70:30)% +0.4% Sika +0.18% CNT.
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Fig. 9. The amount of the formed ettringite phase for the composition
C,A+CSH, (a) (M—ettringite 28%, O—ettringite 11%, * —tetracalcium
nineteen-hydroaluminate 3Ca0-Al,0,-19H,0) and AC:G (70:30)% (b) (M—
ettringite 11% , O—ettringite 5% , ® —hydroaluminate Ca,0-Al,(OH),,-6H,0
23%, *—tetracalcium nineteen-hydroaluminate 4Ca0O-Al,05-19H,0,
tetracalcium thirteen-hydroaluminate 4Ca0O-Al,0;-13H,0) for 3 days during
hardening under normal conditions.

a system that changes over time and passes through the stages of
the physical state of macro—micro—nano—micro—macro. The transi-
tion from macro-/micro- to nanosystem with formation of a dis-
persed medium is presented in the form of a surface (Fig. 10), con-
sisting of nanoparticles in a multidimensional phase space [3].

The model represents a three-phase medium binder — solution —
— stone and is separated with two surfaces. The surface is the in-

The first surface The second surface

Initial components Water + surfactant + Hardened structure
(gypsum plaster) nanomodifier CNT-
COOH
m: CaS0.-0,5H:0 | m:+1,5H.0 CaS0:-2H.0 ms
m: Ca$0.:-0,5H:0 m52+1.5H20 CaS0.-2H:0 ms
fca: @ © |Ca? @ H:0 3
=~ @ |sof ©@ Sk G By
€L n Y sic & o
S0: ms SO: LY
CaCQ0s muo m CaCO0s Mz
Fe:0s mn M Fe.0s Mis
ceee M Mn

Fig. 10. Model of the hydration process on the example of hemihydrate.
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terface between structural elements and the dispersed medium. The
second surface is the interface between the dispersed medium and
the solidified structure. At the interface, there is a partial transi-
tion of the macro- and microsystem into a nanosystem, as well as
topochemical reactions of the transition of hemihydrate of calcium
sulphate into calcium sulphate dihydrate.

The measure of the change in the characteristic function at con-
stant parameters and masses (concentrations) of all substances (ex-
cept for the mass (concentration) of the component with a changing
amount in the system) is presented as the chemical potential, which
allows creating a structure and framework of the highest strength
by adjusting the dimensions of the solid surface and the number of
crystallization centres. Creation of a frame with the highest
strength can be achieved by adjusting the size of the solid surface
and centres of crystallization, which affect the primary spatial
structure.

The idea is that a frame of the highest strength can be created by
adjusting the dimensions of the solid surface and the number of
crystallization centres that affect formation of the spatial struc-
ture. Internal stresses, which lead to the weakening of the not yet
formed structure, do not arise as a result of the fact that the join-
ing of blocks takes place in free space.

The entire transformation of the system is reduced to obtaining a
solidified structure with certain properties.

In the system of macro-/micro- and nanoevolution, each of its el-
ements passes from one permitted state to another.

Calculation of the state of the nanosystem consists in the calculation
of the external and internal components and means (g, 1)Z,(m, &) in-
troduction of the elementary density, which can be calculated by
solving the Schrodinger equation.

According to the proposed model at the starting point, the specif-
ic surface of solid components consists of particles in contact with
the solution:

ZMM =m +m, +m, +m,+m;+...;

m, CaS0,-:0.5H,0 (mass of hemihydrate conversion to dihydrate due
to dissolution); m, CaS0,0.5H,0 (topochemical reaction); m,, m,,
mq3, mn—2 CaCO,, Fe,05, and other, respectively.

Taking the structure of hardened binder or materials based on it
as the final criterion (initial factor), it is necessary to determine the
main parameters. Such parameters include the spatial framework,
shape of the blocks, and morphology of the crystals.

A decisive role for formation of these parameters belongs to solu-
tions of a certain concentration, presence of a solid surface of the
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site (crystallization of centres), (water), temperature, pressure, and
the mechanism of transition of calcium sulphate hemihydrate to
calcium sulphate dihydrate.

The sequence of changes in the concentration of the solution de-
termines the moving force of the interaction, which varies from 0
to 1. The maximum concentration of C,=0.008 g/1 contributes to
creation of crystallization centres, growth and formation of blocks,
as well as to filling of voids.

Therefore, by means of changing conditions for introduction of
various additives into the solution system, it is possible to influence
the shape, size, number of crystals, and, accordingly, formation of
a spatial structure for the purpose of obtaining a product with cer-
tain properties.

4. CONCLUSIONS

Studies of the structure and durability of the ettringite phase and
its composition with calcium sulphates were carried out. Raw mate-
rial compositions based on fast-hardening binder systems CaO-
Al,0,—-S0;—H,0 AC:G (70:30) for obtaining concrete grades 300—400
were developed, which makes it possible to obtain fast-hardening
binders in monolithic construction that are capable to gain up to
90-100% of their strength within 1-3 days and increase the revers-
ibility of forms in case of factory production of building structures.

The influence of the Gibbs surface energy on the order of for-
mation of hydrated compounds during the hydration of minerals of
alumina cements was established theoretically and confirmed exper-
imentally: for CA,, 24.70; for CA, 51.86; for C;,A4;, 141.00; for C,A,
145 of the system CaO-Al,0,—H,0: C,AH,, C,AH,;, C,AH,,, CAH,,,
Al(OH),;, which makes it possible to determine the list of stable hy-
drate compounds and structures, which affect recrystallization in
multicomponent systems.

The theoretical position of influence of AG during hydration of
aluminate cements in the presence of gypsum received further de-
velopment; the frequencies of chemical reactions CaO—-Al,0;—SO;—
H,0 can be divided into two parts: a) CaO-Al,0,—H,0; b) CaO-—
Al,0,-S0;—H,0, and, as a result, C;AH,, CAH,,, C.,AH,;, C,AH,,,
Ca,(OH), are formed in the first one, and trisulphate C-A—-S—H and
monosulphate C-—A—-S—H are formed in the second one. As a result,
it is possible to determine the tendency of hydrate compounds to
interact with other components and creates conditions for recrystal-
lization of hardened stone.

It was theoretically established and experimentally confirmed
that the optimal content of calcium sulphate in AC + G5 composi-
tions is, according to the calculation, in the range from 28% to
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38% of the mass of the aluminate binder and contributes to the in-
crease in the formation of ettringite and allows obtaining the struc-
ture of cement stone with special characteristics.

Formulations of special solutions for the production of pre-
stressed products (road, airfield slabs, expanding, waterproofing
concrete) were developed that makes it possible to satisfy the need
for the production of the latest building materials for the repair
and construction of high-quality structures.

For the first time, a theoretical model of the hydration process of
mineral binders using ultra- and nanoadditives, surfactants was
proposed. The developed model of the hydration process can be used
in various systems, including those presented earlier.
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3a KpucTaJjisaiii kapoonaty Kasbiiro 3 rizpokap6oHaTHUX PO3YMHIB
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HocmigsxeHO yTBOPEHHS HAHOPO3MIpHUX KPHUCTAJITIB 3a KpucTasidaiii xap-
oouary Kanbiiro 3 rizpoxapOboHATHNX BOAHUX PO3UYMHIB MiJ BIJIMBOM IIOC-
TiAHOTrO MarHeTHOTO moJid. Kpucramisamia BigoyBasach y rizpokapboHATHUX
BOAHUX PO3UYMHAX IIJIAXOM 3MimryBaHHA Bomuux posumHiB CaCl, i NaHCO,.
KonmenTrpairili mouyaTKoBMX KOMIIOHEHTIB JOCIiIKyBAHOI CHCTEMH PO3PaXo-
ByBaJMCs Ha OCHOBI TepMOAMHAMIYHMX KOHCTAHT AUCOIAINil ByriipHOI KH-
CJIOTH TIO IEepIIOMY Ta APYroMy CTYIeHAM, KOHIEHTPAIiMHUX KOHCTAHT
crifikoctTu Kommaekcis NaCO; i NaHCOS, piBHAHHS eleKTpoHeHTPaJIbHOCTH
Ta piBHAHHA OaJlaHCY Mac, a TaKOMK eKCIePUMEHTAJbLHOTO MipAHHSA IIOKas-
HUKa akTuBHOCTU MoHIB l'igporeny. [na po3dpaxyHKY HOHHOI CUJIM POSUMHY
3a Teopiero [lebas—TfoKKe/sss BUKOPUCTOBYBAaJIM METO] iTepalliii, y AKOMY
I IepIrnoi iteparrii OpaJju IIOYaTKOBI MOmesibHI KOHIeHTpailii. B pesyib-
TaTi pPO3pPaxyHKIB BCTAHOBJIEHO, IO OCHOBHUM KOMIIOHEHTOM KapOOHATHOIL
mincucremu B ganux ymoBax € HCO;, BiZHOIIIEHHS KOHIIEHTpAIill rigpokap-
OoHAT-IIOHIB 10 KapOoHaT-iioHIB mepeBuIniyBao 18, a ToMy mpoliiec KpucTa-
gisamii kap6onaty Kausbitito Bim6yBaBcsa uepe3 IPOMiKHY peaxiliio AUCOIifd-
mii rizpokap6oHAT-HOHIB, IO € 0COOJMBICTIO MOCJiA:KyBaHOro mpoiiecy. Pe-
HTTeHOCTPYKTYPHI JOCTiMKeHHs ITOKasaju, I0 3a JaHUX YMOB eKCIepuMe-
HTY yTBOpPIOIOTHCS ABI Moaudikaiii xapbomatry Kanbllito: KajabIuT i BaTe-
pur, ajie MaJoiMOBipHO, 1110 OyAe yTBOPIOBaATHCH aparouiT. PospaxXyHOK po-
3mipiB kpucramitiB meromom [lebas—Illeppepa moKasas, IO B pPe3yJabTaTi
CHUHTE3UW yTBOPIOIOTHCS HAHOKPUCTAJIM, PO3MIpU AKUX AJA KAJBIUTY CTAHO-
BIATH 110 HM, a aaa BaTeputry — 23 HM. BcTaHoBJIeHO, IO 3a JaHUX YMOB
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CUHTEe3W MarHeTHe moJje iHaykiiiero y 125-250 mTa nmpaKTUuHO He BILIWBAE
Ha PO3Mipy HAHOKPUCTAJIB KaJBIUTY Ta BATEPUTY.

The formation of nanosize crystallites during the crystallization of calci-
um carbonate from aqueous bicarbonate solutions under the influence of a
permanent magnetic field is studied. Crystallization took place in aqueous
hydrocarbon solutions by mixing aqueous solutions of CaCl, and NaHCO;.
The concentrations of the initial components of the studied system are
calculated on the basis of the thermodynamic constants of the first- and
second-order dissociations of carbonic acid, the concentration constants of
stability of the NaCO; and NaHCOY complexes, the electroneutrality equa-
tion and the mass-balance equation, as well as the experimental measure-
ment of the activity index of hydrogen ions. To calculate the ionic
strength of the solution according to the Debye—Hiickel theory, the meth-
od of iterations is used, in which the initial model concentrations are tak-
en for the first iteration. As a result of the calculations, it is established
that the main component of the carbonate subsystem under these condi-
tions is HCOj, the ratio of concentrations of hydrocarbonate ions to car-
bonate ions exceeds 18, and therefore, the process of crystallization of
calcium carbonate occurs through the intermediate reaction of dissociation
of hydrocarbonate ions that is a feature of the investigated process. XRD
studies show that under the given conditions of the experiment, two mod-
ifications of calcium carbonate are formed: calcite and vaterite; but arag-
onite is unlikely to be formed. Calculation of crystallite sizes using the
Debye—Scherrer method shows that, as a result of synthesis, nanocrystals
are formed, the sizes of which are of 110 nm for calcite and of 23 nm for
vaterite. As established, under the given conditions of synthesis, the
magnetic field with an induction of 125-250 mT practically does not af-
fect the sizes of the calcite and vaterite nanocrystals.

KarouoBi cioBa: marmerHe o0poOJeHHs, Kpucraiisamisa kap6omary Kaib-
mito, rigzpokapOboHaTHaA BOJHA CHUCTEMAa, PO3UYMHU eJEeKTPOoaiTiB, Teopisa [e-
baa-ToKKeass, MeToJ iTepaliiii, PeHTI'eHOCTPYKTYpHA aHasisa, merox [le-
6asg—IIleppepa.

Key words: magnetic treatment, crystallization of calcium carbonate, car-
bonate aqueous system, electrolyte solutions, Debye—Hiickel theory, itera-
tion method, XRD analysis, Debye—Scherrer method.

(Ompumano 28 kgimns 2024 p.; nicas doonpauyrweanus — 16 ciunsa 2025 p.)

1. BCTYII

Hocrmimxenua Kpucraiiszaiiii xapoomaty Kaibllitlo 3a yTBOpPeHHSA IIO-
JiKpHCTaNiB, AKi ABIAIOTL cO00I0 arJaboMepallilzo HaHOPO3MipHUX
KPUCTAJITiB, 3a HAABHOCTM MAarHETHOTO WOJIA BUKOHYIOTHCA IIOHA]
60 pokiB [1]. 3a 1eit mepiog BeaMKa KiJIbKiCTh eKCIEePUMEHTAJIbHUX
MaHWX IIOKasajia, IO BIJIUB MAarHETHOTO IIOJA Ha KPUCTAJIi3aIliio
CaCO; He € TOBHIiCTIO W OogHO3HAUHO BcTaHoBieHUM [2, 3]. Taka He-
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OHO3HAUHICTh, OUEBMIHO, IIOB’sdA3aHa 3i CKJIALHICTIO AOCIiI:KyBaHOI
CHUCTeMU, Y AKiil mig uac xpucraiisarii BimbyBaeThbcs psaAm HOCTiTOB-
HO-TIapaJIeJIbHUX XeMiuHuX peakiliii [2—4], aAxki B KiHmIi mpuBOogATH
TAKOK OO0 CKJAIHUX (PasoBUX II€PETBOPEHb i ITOBEPXHEBUX IIPOIIECiB,
BiAmoBiZalIbHUX B3a KiHIleBe YTBOPEHHS ImoJiMop(HOr0o KapOoHATY
Kanpiito [5]. CkiaamuicTh JOCTimKyBaHOI cHUCTeMU TaKOMK MOJIATAE Y
ii mecTabiIbHOCTI IO BigHOIIEHHIO A0 piBHOBa)kHOrO IIiii cuctemi CO,
[6], 110 MOsKe 3MiHIOBATHCS 3a PiBHUX YMOB €KCIEePUMEHTY.

TaxuMm umHOM, BCTAHOBJIEHHS YMOB, 34 AKUX UYiTKO (piKcyBaJjucsa 0
e(eKT BIJIMBY MATHETHOTO II0JIT a00 BiACYTHiCTHL Takoro edeKTy Ha
Kpucrasisailiro kapooHaty KajbIlito, € BasKJIMBOIO HAYKOBOIO 3aJaUel0
3 TOUKM 30pPYy SAK IPUKJIATHUX TEXHOJOTIUHUX mpoiieciB [7, 8], Tak i 3
TOUKU 30PY (PyHIAMEHTAJbHUX IUTAHL CTOCOBHO MPOIIECIiB KpuCTAaJIi-
sarii [4, 9, 10].

2. EKCIIEPUMEHTAJIBHA METOJUKA

IminmiroBanHa kKpucraaisamii kKapoomaty KaJjbllilo BUKOHYBAJIH IILIA-
xom smimmyBaHHa 50 mu Bomuoro poaumuy CaCl, KoHIEHTpalieo y
20,0 mmoxs/am® i 50 ma posunry NaHCO, 3 kormenTparieo y 20,0
MMOJIb/AM°. EKCIepIMeHTH BHKOHYBAIM IapajelbHO V ABOX OJHAKO-
BUX xXeMiuHMX crakaHax eMHicTio mo 100 mu. Ilicasa Toro, K po3um-
HY 3MIiIIyBaJNCh, OOMH XEMIiUHNNA CTaKaH IIOMIIIaau y KOHTEHHep 3
MarHeTaMu. YIIPOJOBXK €KCIIEPMMEHTY PO3UMHHN IMIepPeMilllyBaJi
CKJSTHUMHU MaJUYKaMM BOPOJOBK OAHi€l XBHUJIMHU. YCi PO3UMHHU TO-
TyBaJu 3 XEeMIiUHO YMCTUX peareHTiB. PeareHTw roryBajam Ha AUCTU-
JbOBAHIN BOAI 3 NTHUTOMOIO eJIeKTPOImpoBigHicTIO y 3—4 MKCM/cM.
Koumenrpaiiii mpuroToBjiieHUX PO3UYUHIB HepPeBipASIUCA IIIIXOM Mi-
panHA HoriB Na“ moxym’sauM aHaiizatopom pizme ITAMK-2 3 BigHO-
cHOI0 MOXMOKOoM MipaHHa yv 1% i #iomis CIT — amaJsizaTopom #oHiB
AlI-123 (Cl -iiom-cenexTuBHA ejeKTpoma) 3 moxmbroio y 0,015 ox.
ITorasumr pH posummy NaHCO; mepeBipsBcs amasgizaTopoM HOHIB
AI-123 (pH-emexTpona) 3 moxubkroio y 0,01 og. MaruetrHe 1moJje CTBO-
proBajiocss 3a JOHNOMOTOI0 KOHTEeHHepa 3 JBOMAa IIJIaCKUMM caMapii-
KobambToBUMU MarHetamu (puc. 1, a). Temmeparypa y Bcix mocaimax
oyna y memxax 18—20°C. Ha pucyuky 1, 6 moxkasaHo pPO3IOAiJ Marue-
THOTO IIOJIA Y XeMiuHOMY cTakaHi. I[HIYKI[iT MarHeTHOTO MOJIS Mips-
jgacsa maraeromerpom MT-1 3 moxmubKoro, 110 He mepesuinyBaga 5% .

3. PESYJIBTATHU 1 IX OBIOBOPEHH{
3.1. BusHaueHHS KOMIIOHEHTHOTO CKJIAAY TiIPOKapOOHATHOI ImiJicucTeMu

151 yMOB €KCIepUMEeHTy 3aluilieMo PiBHAHHSA OajaHcy Mac:
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Puc. 1. Cxema eKCIIepUMEHTAJIBHOTO YCTAaTKOBAHHSA AJIS JOCJIiIKEeHHA KPUCTa-
aiganii CaCO; B maraerHomy modii (a): 1 — cycmensia CaCO,, 2 — xemiuHUH
crakaH, 3 — mocTiiini marseTu. Posmozin marHeTHOrO moJIsA B crakaHi (6).!

—

+Cq, +C +C o » (D

Na* HCO; HCO; coz NaCO; N

Cor )y * (Cucos ), = Ca + Ccer + €

a TaKOXK PIBHAHHA €JEeKTPOHEUTPaJIbHOCTH:

CNa+ + CH* = ZCCO? + CHcog + CNacog + COH’ ’ (2)
me C, — KOHIIEHTpAIlid BigmoBigHOTO KoMIIOHeHTa X. A BCTAaHOB-

JeHHS KiJbKiCHMX CHiBBiZHOIIIEHh MiK KOMIIOHEHTAMM KapOOHATHOI
migcucremu (COZ-, HCO;, CO,) sanumemo xeMiuni peakimii, mo Biz-
OyBalOThbCs y [HOaHi cucTeMi 3 YTBOPEHHSAM BOIJHOTO PO3UYUHY
NaHCO,, a came: peakIrii gucormisiiii ByriJibHOI KMCJIOTH IIO IIEPIIIOMY
Ta apyromy cryneuax (1), (2):
HCO, + H" < H,0+CO,, 3)
COZ + H" <> HCO; (4)
BigmoBimHO; peakIii aucoriaiii Bogm:
H,0 <« H +OH ; (5)
peak1iii yrBopenHsa komitekcis NaHCOS i NaCOj;:
HCO; + Na* <> NaHCO", (6)
COZ +Na' <> NaCO" (7N

BigmoBinmHO.
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Ha ocuoBi peaxiiiii (3)—(7) samuiieMo TepMOAMHAMIUHI KOHCTaAHTH
IucoIianii ByriJibHOI KMCJIOTU IIO IEePUIOMY i IPYroMy CTYIIeHaX:

a_.a
H'HCOj
Kl =—"* ) (8)
Ao,
a .a. .,
K, = _H €05 9)
%yco,

BiITOBiIHO, a TAKOXK TEPMOANHAMIYHY KOHCTAHTY AUCOIiAIil Boagu K

K =a_.a

w — UHToH

(10)

Koumnenrparifini KoHcrauTu crifikoctu KomiaexciB NaCO; i
NaHCOJ MaTuMyTh BUPasH:

cC.
K, = — N0 | (11)
CNa+ Ccoé*
C\ e
K, = NaHCO0Y (12)
CNa* CHcog

BimmmoBizmHO.
Takox HeoOXiZHO BpaxoByBaTU PiBHSHHA OaJjiaHCy Mac i piBHAHHSA
€eJIeKTPOHEeHTPaJIbHOCTH

(CNa* )0 + (CCO? )0 = CNa+ + Ccog’ + CHcog + CCOz + CNacog + CNchog ’ (13)
CNa* + CH* = 20005* + CHcog + CNacog + COH’ (14)

BigmoBizmHO.
3nauvenHs KoucrasT: K, 1,72.10*, K,=4,40-10",K, 1,00-10™.
I3 (1)—(14) ogepaxyemo sanexxHicTs CO:~ Bix H' y Buraami:

N 1KC
o LA LU N
e
A(HY) = Bileos gy K, B(H') = ERLC )
K4yHCO§’ K2YHCO§’
c(u')=—Ke - H

H" v, )

yHCOé’
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Koepimientn akTuBHOCTEH Y BU3HAYAJU 34 APYTUM HAOIMIKEHHAM
Teopii debaa—Trokkens [11]:

0,512221

log(y) = ————o
! 1+0,328a\/1

(16)

Ie Z — MOHHUI 3apAn, b — Bigmanab HaIMeHIIOro 30JMKeHHS HOHIB,
I — #ioHHA cuJia PO3UYMHY, IO BUSHAYAETHCA SAK

N
I=0,5).CZ; (17)

i=1
eextuBHi posmipu Howmis [12]: a,. =9, a . =4, Ao = 5, a,, 0 = 4,
a, = 3 (v [AD. Vouny cuay I BusHAuaam irTepamifiHuM MeTOLOM,

mepire HAOMMMKEHHSA SKOT0 BiAIOBiZA0O IIOYATKOBUM 3HAUYEHHIM
KOHIleHTpaIliii: (Na+)0=40 MMOJIB/AM® Ta (Ccog,) =20,0 Mmmouab/ame.
3 /0

Y mamoMmy BUIIAAKY HOCTAaTHLHO OyJIO TphOX iTepariit (puc. 2). OcKiab-
KU po3B’aA30K (15) € rpomisaruM, TO BBEIEMO AONATKOBI MO3HAUEHHS:

D-—1 , E--(Na') K, - AC- B,
2AB 0

4AB

F=(Na') K, ((Na*)o K, + 2B +2AC + j G = (B- AC)*.(18)

3

Y Tepminax mosuauenb (18) poss’s3ok (15) Oyme MmaTu BUTJIAL:

C.e =D[E+(F+&"]. (19)

.
co?

0,081

E 0074 \
A
=
o]
= I—E—E—85—8§
0,06
0,05 T T T T T T T
0 1 2 3 4 5 6 7
Irepamii

Puc. 2. 3ane:xHicTs HOHHOI CHIN Bij KilbKoCTH iTepariii.?
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0,005

0,004+

%
0,04 = o0
|
20,0024
Q-oom :
o 0,034 ]
= 0,000 =
= 70 75 KD 85 90 95 00
T_‘Q‘ pH, ogununl
= 0,024
=]
=
O 0,014
4
N
0,00 7 —T T T |
7 8 9 10 11 12

pH, opmHMIL

Puc. 3. Konnenrpanii koMmmoneHTiB BogHoro posunny 0,02 moan/am® Na,CO,
B sameskHocTi Bim pH posummy: I — COZ, 2 — NaCO;, 3 — HCO;, 4 —
CO,, 5 — NaHCO0).?

3a (15)—(19) obpaxysamu C_ C C C

03~ > THCO;’ TNaCO;° ~NaHCO) 1 CCOz (pI/IC. 3)

Ta CIIBBiZHOIIIEHHS MiX KOMIIOHEHTAMM KapOOHATHOI migcucreMu

CCOZ,, CHCO, 10002 . Is pucyury 3 BumHo, 1mo 3a pH mosoBamoro pos-
3 3

ynany NaHCO;, 1m0 gopiBHIOE 8,9, MOJIApHI KOHIIeHTpAaIlili KOMIIOHEH-
TiB MalOTh HACTYITHi 3HAUEHHA:

MMOJIb MMOJb MMOJIb
CCOg’ = 1, 78 AMS ’ CHCO; = 33’ 18 - ﬂMg ) CN&CO; = 1, 26 W N
_ MMOJb | B _, MMOJTB
Cuunoog = 0-T1=—5= 1 Ceg, =0,005-10° = 5=

Is pucyury 4 BugHo, 110 3a pH mgosoBanoro posumny Na,CO,, 1110
mopiBuioe 8,9, ocHoBHuUM KommoHeHTOM € HCO;. PospaxoBaHi cIris-
BiIHOIIIEHHS Mi’X KOMIIOHEHTAMH KapOOHATHOI IIigcucTeMu B JaHUX

yMOBax OyAyTb TaKMMMU: €ucor = 94,6%, Eo = 5,1% i €co, = 0,3%.

~ .
CO; 032

3.2. PeHTIeHOCTPYKTYPHI TOCIiIKeHHS

PeHTTr'eHOCTPYKTYPHY aHAJi3y MOCIiM:KyBaHUX 3pasKiB Oyjo mpoBeje-
HO 3 BHKOPHCTAHHAM PeHTTeHiBchbKoro audpartomerpa IPOH-4 3a
KiMHATHOI TeMmepaTypu. B sSIKocTi mikepesa PeHTI'€HiBCbBKOT'O BUIIPO-
MiHEeHHSI BUKOPHMCTAHO PEHTIeHiBCbKY TPYOKY 3 MimHoio amomoio. g
BOupaHHsA Kpy-BUIPDOMiHEHHs BHKOPUCTOBYBAJIM HiKJIeBUNl (QinbTep.
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Puc. 5. PeurreniBcbki nudpaxkrorpamMu 3paskiB, cMHTe30BaHuUX 6e3 mii mar-
HeTHOTO HoJia (a) i mij giero marmersOro moxaa (6).°

PexxuM poOoTm peHTTr'eHiBCbKOI TPpyOKM: aHomma Hampyra — 41 KB,
cuna ctpymy — 21 MA. Kpok ckamysanus gu@paxrtorpamu — 0,05°,
a gyac exkcmosuIrii — 5 c.

B mporieci 06poOku eKcrmepuMeHTAJbHUX AU(MPAKTOrPAM KOMKHUHA
pe(iexc ommcyBasu IayccoBor (PYHKII€0, B pe3yabTaTi 4oro Oyiu
olep:kaHi Taki mapamerpu pedJiekciB: KyToBe IOJIOXKeHHA 20, miB-
mupuHa (IIUpUHA HA TOJIOBUHI BucoTm) [, iHTerpajsbHa iHTEHCUB-
HicTh I. Omep:xani pesyabTaTd BUKOPHUCTOBYBAJMUCHA AJIA iHTepIpera-
il eKcmepuMeHTAJIbHUX OU(ppaxTorpaM i pPo3paxyHKY pO3MipiB Ha-
HOKPHCTAJIIB.

Ha pucynry 5 moxasaHo peHTT'eHiBChbKi aum@pakTorpamMm OABOX 3pa-
3KiB, aKuUX OyJ0 ofep:kaHo 0e3 BIJIMBY i IIif Ai€i0 IMOCTiAHOrO MAarHe-
THOTO IIOJISA 34 OJHAKOBUX iHIMUX yMOB. 3 audpaKTorpamM BUIHO, IO
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BOHHI JOCTAaTHLO MOAiOHi. Byjso BHC/IOBIeHO MPUNYIIIEHHd, 10 pedJie-
Kcu nudpakrTorpam Hajeskarb KapOonary Kasbiito. Bimomo, mo xap-
oomar Kasbllito KpucTalisyeTbcad B TPbOX MOAMMIKAIIAX: KaJBIUT,
BaTepuT i aparouit [13]. 3 BUKOPHUCTAaHHAM BiIOMNX MiKIJIOIMUHHUIX
Bigmaneit [14] i popmysnu Bynasda—DBperra [15]

2dsin 9 = kA, (20)
Ie d — MIKILIOIMIMHHA Bigmanab, 0 — KyT audpakriii, £ — IOPSAIOK
IN(PPaKIifHOr0O MAKCUMyMy, A — OOBMKHHA XBUJIiI PEHTI'eHiBCHKOTO

BUIIPOMiHEHHs, OyJI0 po3paxoBaHi KyTOBi moJiokeHHsA pediekciB 20
Inaa pisumx momupikaiiin xapboumary Kaibitito. B Tabaumi HaBemeHO
MIOPiBHAHHA Pe3yJIbTATiB PO3PaXyHKY Ta JiTepaTypHUX NaHUX 3 eKC-
MepUMEHTAJILHIMU JaHUMU OJsA ABOX Momudikaiiii kapoonary Kajb-
mifo (KyTOBi TOJIO}KEeHHA HaBeIeHO B I'paaycax, iHTEHCUBHOCTI — V
BimcoTkax). ExcnmepuMeHTanbHi KyTOBi moso:kenua 20 B Tabauili Ha-
BeIeHO JIUIlle MJsd 3paskKa, CUHTE30BAHOTO 0e3 BIJIMBY MAarHETHOTO
OJIsA, OCKIJIbKM IJIs 3pasKa, CUHTEe30BAaHOIO0 B MarHeTHOMY IIOJIi, Bin-
MOBiHI 3HAUEHHs AYy:Ke OJM3bKi.

3 Tabauili BUAHO, 10 Ha AudpaKTorpaMax IIPUCYTHI juiie ped.Je-
KCHU, XapaKTepHi A KaJbIIUTy Ta BaTepury. PedJekciB 1me oxHiel
momupikailii, a came, aparomiry, He 0yJao 3adikcoBamo. PospaxoBani
M eKcIepUMeHTAaJbHI 3HAaUEeHHsS KYTOBUX IOJIOMKEHb pediieKciB mobpe
s3biraroTbca Mixk co0or0. BigmiHHOCTI BifHOCHMX iHTEHCHUBHOCTEI 3y-
MOBJIEHO THUM, IO JIiTEpPaTypHi AaHI HaBedeHO MIJId ITIKOBUX iHTEHCH-
BHOCTEH, a HAMU BUKOPHCTAHO iHTerpaJsibHi iHTeHcmBHOCTi. Kpim TO-
ro, gu@dpaxTorpamMu OYyJI0 OJEp:KaHO 3 BUKOPHUCTAHHSIM PEHTIE€HiBCh-
KOT'0 BUNIPOMiHEHHSA PiSHUX MOBMKUH XBUJIb B 000X BUIIaIKAaX.

TABJINIIA. ExciepuMeHTaNbHI Ta JiTepaTypHi JaHi AJA KaJabIUTy #H BaTe-

pury.®
Kanpmur Barepur

PospaxyHoxk ExcnepumeHnT PospaxyHoxk ExcnepumenT
20 | I 20 | I 20 | 1 20 | I
23,0 12% 23,1 11% 24,9 63% 24,9 66%
29,4 100% 29,5 100% 27,1 75% 27,1 100%
36,0 14% 36,0 10% 32,8 100% 32,8 2%
39,4 18% 39,5 17% 44,0 63% 43,9 46%

43,2% 18% 43,2% 15% 48,8 15% 49,2 50%
47,2 5% 47,2 6% 49,9 63% 50,1 42%
47,5 17% 47,6 19%
48,6 17% 48,6 22%

57,5 8%

57,5 8%
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Hna ingexcarii pedJiekciB Hamwux audparTorpam O0yJa0 BUKOPUC-
TaHo ¢opmyay Byabha—DBperra Ta Kpagpatuuny (Qopmy IJs TeKcaro-
HaJbHOI cuHI'OHII [15]:

1 4h+hk+E I?

a®> 3 a’ " ¢’ (21)
e a i ¢ — mapameTpu ejeMeHTapHOI KoMmipku, (k kl) — Minneposi
ingekcu peduiekcy. B pesysabrari 0yJsio BCTaHOBJEHO, IO pedJeKcHU 3
KyToBUMHU moJioskeHHamu 23,1°, 29,5°, 36,0°, 39,5°, 43,2°, 47,2°,
47,6°, 48,6° i 57,4° HalexaTh KaJbIUTy Ta MaioTh Mijmeposi iHaeK-
cu (102), (104), (110), (113), (202), (204), (108), (116) i (212) Bin-
moBigHo. Pednexcu Barepury wMaioTh Minmeposi immexcu (100),
(101), (102), (110), (112), (104) Ta (202), axum BigmoBimarOTh KyTOBi
moJoxkenua 24,9°, 27,1°, 32,8°, 43,9°, 49,2° rta 50,1° BimmoBimHO.
Harrri peHTT'eHOCTPYKTYPHI MOCTiIKeHHSA N0Ope KOPETIIOTh 3 Pe3yJib-
TatamMmu pobiT [16—18], B aKMX aBTOPW MOOCHiAKyBaaW CHUHTETUYHI
moaupikaiii kapooumary KaabIriio.

JJia pospaxyHKY PO3MipiB HaHOYACTMHOK BUKOPHUCTAIU (DOPMYITY
Hebaa—Illeppepa [19, 20]

0,89\
D=2 , (22)
Bcos6
Ie A — IOBKMHA XBUJi PEHTIEHiBCHKOT'O BUIPOMiHEHHSA, [} — IIiB-
mupuHa pediercy, 0 — Kyt audpariii. @isuune 3HaAUEHHS IIiBIIH-
puHU ob6uMCcIeHO 3a (POPMYJIOI0
_ (p2 241/2
B = (Bl _Bz) ’ (23)
Ie [; — eKcIepuMeHTaJibHEe 3HAUEHHS MiBIIMPUHU PEHTI'eHiBCHKOTO
pediekcy, B, — iHCTpyMeHTaJibHe 3HAUEHHA IiBIIUPUHU DPEHTIEHiB-

cbKOro pedexcy. IHcTpyMeHTa/bHe 3HAUEHHS MHiBIMUPUHU PEHTTe-
HiBCbKUX pedJieKCciB BU3HAUAJIOCA HA OCHOBLI aHAJiI3M PEHTI'€HiBChKUX
nudpaKTorpaM eTaJIOHHMX TOPOIIKiB Kpemuito i Al,O;, axux 0yJo
OZIeP:KaHO 3a TAaKUX CAMUX yYMOB.

3a momomoroio (opmyau Iledbaa—Illeppepa BusHaAUAIU PO3Mipu s
BCix pediekciB aBox moaupikamiii xapbonary Kaibilito Ta 3maxonu-
Ju cepenHe apudMeTHUHe 3HAUEHHS OJEPyKAHUX pPe3yJabTaTiB I
KoskHOI momupikallii. BHacaimox 1mporo OyJio BCTAHOBJIEHO, IO IJIS
3pasKa, CHHTe30BaHOro 0e3 BILIMBY MarHeTHOTO II0JIA, PO3MipH HAHO-
YAaCTUHOK KaJbIIUTy cKJamzaioTs, 110 um, BaTepury — 23 HM. A nasa
3pasKa, OIep:;KAaHOT0 B HOCTiHOMY MarHeTHOMY IIOJi PO3MipH CKJia-
maroTh 115 um i 25 um BigmosigHo. TaxuM UmMHOM, IIOCTiliHE MarHeT-
He IIoJie He BIJIMBAE Ha PO3MipM HAHOKPHCTAJNIB KaJbIIUTYy Ta BaTe-
pUTY 3a KpucTadizaiii KaabI[if-rizpokapOoOHATHOI CUCTEMU YU TO el
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BILIVB HE € iCTOTHUM.

B momnepenniit Hariii poboTi [3] Mu mocaimKyBasim KpuCTasisalliio
Kap6bonaty Kaubllifo 3 KaJabIiii-Kap6b0oHATHOI BOAHOI CHUCTEMH Ta
BCTAaHOBUJIM, IO 3a KpHCTaJisallil y MarHeTHOMY IIOJIi po3Mipu Bare-
puty spocraioTh Big 24 um mo 31 M, a Kaiabutry — Bim 100 um mo
MiKPOHHUX PO3MipiB, AKi HEMOKJIUBO BU3HAUUTU MeTomoM J[lebGas—
Ileppepa. Kpim Toro, inTerpaybHui inTeHcuBHOCTI pedieKciB KaJIbIlu-
Ty Ta BaTepUTy NPUOJM3HO cHiBMipHi. ¥ gaHiii poboTi imTerpasbHi
iHTEeHCUBHOCTI pedh)ieKCiB KaJbIIUTY iCTOTHO MEePEBUIMIYIOTH iHTEHCUB-
HocTi peduekciB Bareputy (puc. 5). OcKinbKu iHTerpasibHi iHTEHCUB-
HOCTi IIPSAMO IIPOHOPIIifiHI 00’€MHOMY BMIiCTy KOMIIOHEHTIB CyMiIIi,
3a Kpucrajisarii 3 pisHUX cucTeM (KaJjbIlifi-KapOOHATHOI Ta KaJbITiii-
riIpoKapOOHATHOI) YTBOPIOIOTHCA PidHi 00’€MHi CIIiBBiJHOIIIEHHA Ka-
JBIUTY Ta BaTepury. Iid KiTbKiCHOI OI[iHKM IMUX CHiBBiIHOIIIEHDL He-
00XimHl TOZaTKOBI JOCJIiIKEHHS.

3 Touku 30py (PismKO-XeMiuHMX IIPOIeciB, IO BimOyBarmThCA B Ka-
JbIiM-KapOoHATHIl 1 KaIbIilA-TiTpoKapOOHATHII BOOHUX CHCTEMAax, y
IUX CcHUcTeMax i€ IPUHIUINAJIBHO pi3HI MexXaHi3MU YTBOPEHHA
CaCO;. 3a kpucramisamii xapOomary KazbIito 3  KaJbIliii-
rizpoxapboHaTHUX BOTHUX po3umHiB, yrBopeHHsa CaCO; BimbyBaeThca
B pesyJbTaTi mempoToHisalii rigpoxapbomary B moji ioma KauabIrizo
3a peakIieio

Ca” + 2HCO, = CaCO, + CO, + H,0. (24)

3a kpucranizaii x CaCO; 3 KanbIii-KapOOHATHUX BOTHUX PO3-
YMHIB BimOyBaeThCcA IpAMa peakilisd CUHTEe3U

Ca®> +CO> = CaCo, . (25)
3 3

Ha ngymKy aBTOpiB, BKasaHa PLKHHUIEA B MeXaHi3Mi yTBOpPeHHS
CaCO; mo:xke OyTHM TPUYWHOIO Pi3HOTO BILJIMBY MATHETHOTO IIOJSA HAa
Kpucrasizaimiio xKapbomary Kanbllifo 3 KaabIii-TimzpokapOoHATHUX i
KaJIbI[if-KapOOHATHNX BOAHUX PO3UMHIB, IO IMOTPeOye CIeisabHUX
IMiJIBOBUX MOCJTiIKeHb.

4. BACHOBRKH

HociimkeHHA IIOKasau, IO 3a 3HAUHOTO IIEPEBUINEHHA Yy PO3UYUHI
& . - & 2— e . .
onis HCO; mapn tiomamm CO; (y mamiin pobori — B 18,6 pasiB) 3a
remeparyp y 18—-20°C 3 maiibiibIlIol0 HMOBipPHICTIO YTBOPIOIOTHCS
KaJIbIIUT i BAaTEePUT, Ta MAJOWMOBIpHO, IO Oyae yTBOPIOBATHCSA apa-
T'OHIT.

B mporieci xpucragnisarmii 3 rizpoxap00HATHOTO BOJHOTO PO3UNHY
YTBOPIOIOTHCA HAHOKPUCTAJU KAJBbIIUTY Ta BATEPUTY 3 poaMipamMu y
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110 M i 23 uM BigmoBigHO.

IIpoBemenusa kpucrasaiszaiiii CaCO; rizpoxkapboHATHOTO BOIHOTO PO-
3YMHY B HOCTiliHOMY MarmeTHomy moJi y 125-250 mTna mpakTuuHO
He BILJINBAaE Ha PO3MipM HAHOPO3MIPDHUX KPUCTAJIITIB KaJabIIUTy Ta
BaTEPUTY.
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! Fig. 1. Scheme of the experimental setup for studying the crystallization of CaCO; in a
magnetic field (a): 1—suspension of CaCO3, 2—chemical beaker, 3—permanent magnets. Dis-
tribution of the magnetic field in the glass (0).

2 Fig. 2. Dependence of the ionic strength on the number of iterations.

3 Fig. 3. Concentrations of the components of an aqueous solution of 0.02 mole/dm?® Na,CO,
depending on the pH of the solution. 1—C0%, 2—NaCOj;, 3—HCO3;, 4—C0,, 5—NaHCO}.

4 Fig. 4. The ratio ¢ (in percent) between the components of the carbonate subsystem of an
aqueous solution of 0.02 mole/dm?® NaHCO, depending on the pH of the solution. — —HCOj, ---
—CO0,, --- —CO0%.

> Fig. 5. XRD-patterns of samples synthesized without the action of a magnetic field (a) and
with the action of a magnetic field (6).

5 TABLE. Experimental and literary data for calcite and vaterite.
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Isomorphous Substitutions of Calcium with Rare-Earth Elements
and Lithium in Scheelite-Structured Molybdates for Actinoid
Simulation

E. I. Get’man and S. V. Radio

Vasyl’ Stus Donetsk National University,
21, 600-Richchia Str.,
UA-21027 Vinnytsia, Ukraine

Using V. S. Urusov’s crystal-energy theory of isomorphous miscibility,
the mixing energies, critical decomposition temperatures, and limits of
isomorphous substitutions are calculated, and the regions of thermody-
namic stability of Ca,_.(Li,;Ln,;),MoO, solid solutions, where Ln are rare-
earth elements (REE), are determined. As shown, the critical decomposi-
tion temperatures decrease symbately with the mixing energy as the REE
number increases in the La—Sm series within the temperature range of
162—-16 K, and it increases in the Eu—Lu series within the temperature
range of 30—294 K. The thermodynamic stability diagram and the decom-
position domes of solid solutions in the concentration range from x =0 to
x =1.0 through x=0.05 are presented. These allow for the determination
of equilibrium substitution limits by temperature, temperature by a given
substitution limit, or ranges of thermodynamic stability of solid solutions.
The results may be useful for the storage and disposal of actinoides, radi-
oactive REE isotopes, and molybdenum in the field of ultra-low tempera-
tures.

3 BUKOPHUCTAHHAM KPHCTAJOCHEPTeTUUHOI Teopil isomMopdHOI 3MminTyBaHoCcTH
B. C. YpycoBa pospaxoBaHO eHeprii 3MiIllaHHs, KPUTUYHI TeMIOepaTypu Po-
31maxy, Mei isoMopHUX 3aMilleHb, a TaKOXK BU3HAUEHO 00JIacTi TepMomu-
HamiuHOl crabinpHOCTH TBepaux posuuHis Ca, (Li,;Ln,;).MoO,, ne Ln —
pinkicuozemenbHi enementu (P3E). IlokaszaHo, 110 KPUTUYHI TeMIIepaTypu
posmany 3i s36imbimenaam Homepa P3E B pamy La—Sm cumbaTHO 3 eHepriewo
3MiIlIaHHA 3MEHIIYIOThCA B iHTepBasai temneparyp 162—-16 K, a B pagxy Eu—
Lu spocrators B inTepBaJsi temneparyp 30—294 K. IlpexacrasieHo misarpamy
TepMOAMHAMIYHOI cTabiIbHOCTH, a TaKOXK O0aHi pos3maay TBepPAUX PO3UHHIB y
mismasoHi koHieHTpamiit Bigm x=0 g0 x=1,0 uepes x=0,05. Bouu maioThb
3MOTy BM3HAUATH PiBHOBaKHI Me)Ki 3aMilleHb 3a TeMmepaTypoio, abo Tem-
mepaTypy 3a 3aJaHOI0 Me:Kelo 3aMillleHHs, Y TO 00JiacTi TepMoaMHAMiuHOL
cTabilIbHOCTH TBEPAUX PO3UYMHIB. PesysbTaTu poOOTH MOMKYThH OYTH KOPHUC-

407
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HUMU OJis 30epiranHs Ta 3aXOpPOHEHHSA aKTUHOIAIB, paJioaKTHBHUX i30TOMiB
P3E Ta Moni6aeny B o6JiacTi HaAHUBbKUX TEMIEpPaTyp.

Key words: solid solution, mixing energy, molybdates, lanthanides, actin-
oides, calcium, lithium, scheelite structure, isomorphous substitutions,
thermodynamic stability.

KarouoBi cioBa: TBepAuii po3uWH, eHeprisa 3aMilmaHHA, MOJi6IaTH, JaHTAHO-
inu, aktuHoimm, Kamnwmiit, JIiTiii, cTpykTypa IeeiTy, isomopdHi 3amiineH-
HA, TepMOAUMHAMIUHA CTa0iIbHICTD.
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1. INTRODUCTION

Materials with scheelite mineral structure (calcium tungstate,
CaWO0,), based on individual molybdates and tungstates or solid so-
lutions, which are considered as matrices for immobilizing radioac-
tive isotopes, can contain elements in oxidation states from +1 to +7
(in the Ca positions: Li, Na, K, Rb, Cs, and Tl; Ca, Sr, Ba, Mn, and
Cu; Fe, La—Lu, and Y; Th, U, Np, and Pu; in the W positions: Nb,
Ta, Mo, W, Re, I, V, and Ge [1]. Normal salts of tungstates and
molybdates of alkaline earth elements of the composition M"XO,
and double molybdates and tungstates of alkali and rare-earth ele-
ments (REE) of the composition Na,;Ln, ;X0O, (where M" is an alka-
line earth metal, Ln is a rare-earth element, and X = Mo or W) with
a scheelite structure are of interest due to their potential practical
applications as ion conductors, microwave dielectrics [2], lumino-
phores [3], scintillators [4], LEDs, optical fibres, photocatalysts for
wastewater treatment [5], high-performance electrochemical super-
capacitors for energy storage and conversion [6], lasers [7], and in
many other cases.

Of particular interest is the recent trend of using molybdates and
tungstates of alkaline earth elements doped with double molybdates
and tungstates of alkali metals and REEs with a scheelite structure
for the storage and disposal of high-level radioactive waste with
long-lived radioactivity [8—13]. Previously, alumophosphate or bo-
rosilicate glasses, which have a lifetime of no more than 30-40
years, were used as matrices for radioactive waste disposal [14]. Ac-
cording to [8, 15], under conditions typical for deep geological re-
positories, borosilicate glass may dissolve upon contact with
groundwater over geological timescales. Meanwhile, according to
current regulations, the matrix material must ensure environmental
safety for more than 10° years [16]. Such a long time can be provid-
ed by ceramic matrices of minerals that can persist in natural con-
ditions for at least the above-mentioned number of years, in partic-
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ular, molybdates and tungstates of alkaline-earth elements with a
scheelite-type structure, which can isomorphously incorporate radi-
oactive isotopes of actinoides and lanthanides close to them in size
and charge (the amount of the latter, according to [17], is up to 35
wt.% of nuclear reactor waste), as well as radioactive isotopes of
molybdenum.

However, most publications focus on studying synthesis condi-
tions and properties of the corresponding solid solutions but do not
predict their behaviour during storage and disposal. As known [18],
solid solutions tend to decompose upon cooling, which can lead to
the degradation of materials based on them, as well as changes and
non-reproducibility of their properties. The insufficient information
on the substitution limits and thermodynamic stability areas of sol-
id solutions forces researchers to choose material compositions and
synthesis conditions either by analogy with related systems or by
the ‘trial and error’ method, which can lead to excessive consump-
tion of expensive reagents and increase the duration of research.
Therefore, it is rational to apply not only experimental but also
computational methods, free from the drawbacks. An example of
such an approach can be found in the works [19, 20], where the re-
sults of calculations from the study [21] were used to select synthe-
sis conditions for solid solution samples of the Y, Sc, PO, system.

At the same time, to date, studies have mainly focused on sys-
tems in which larger REE ions were used as simulators for large
triple-charged actinoides, such as U or Pu, in matrices containing
strontium and sodium [9-13]. At the same time, to the best of our
knowledge, only in the Ca,_,Li, ,Gd, ,Mo0O, system [8] was Gd?* used
as a simulator for minor actinoide Cm?®*, involving, according to the
requirements of isomorphous substitutions [18], smaller calcium
and lithium cations compared to strontium and sodium. As noted in
Ref. [8], the study of the structure and chemical stability of
Ca,_,Li,,Gd, ;M00, yields promising results in the development of
new single- or multicomponent systems for immobilizing high-level
nuclear waste with high molybdenum content.

Therefore, the present work aimed to predict the limits of isomor-
phous substitutions and the thermodynamic stability of
Ca,_,(Li,;Ln,;),MoO, solid solutions with a scheelite structure con-
taining REE cations as actinoide simulators for the disposal of high-
level radioactive waste.

2. INITIAL DATA AND CALCULATION METHODOLOGY

In V. S. Urusov’s crystal-energy theory of isomorphous miscibility,
the main problem in determining the limits of isomorphous substi-
tutions is finding the mixing energy (®,;) [18]. Since both compo-
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nents of the Ca,_.(Liy;Lng;).MoO, systems are isostructural with
scheelite, the mixing energy can be calculated as the sum of only
two contributions, resulting from the differences in the degrees of
ionicity of the chemical bonds in the system components (®.) and
the sizes of the substituting structural units (®z) [18]:

2
B _ 1390mz, z o(Ac)? AR
Q.. =Q +Q, = o +Cmnz, 2z, [ R J [kdJ/mol], (1)

where m =2 is the number of different structural units in the com-
ponents of the systems in the pseudobinary approximation of the
scheelite structure (lithium and lanthanides, statistically located at
the cation sites in the Li,;Ln,;Mo00, scheelite structure, are consid-
ered as one structural unit, and the molybdate anion is considered
as the second one); z, =2z,=2—the formal (integer) charges of the
substituting (z,) and common (z,) structural units of the compo-
nents; a=1.723 is the reduced Madelung constant, calculated using
the Templeton formula [22]; C =20(2Ay + 1) is a constant depending
on the properties of the components, where Ay is the difference in
electronegativity () values of the cations taken from Ref. [23], and
the anion MoO% taken, according to the recommendation [24], as
equal to the y of the oxide anion O* (3.758). The choice of the y
scale [23], as opposed to the scales of other authors, was because
the y values change in it with a regular periodicity, increasing in
the series La*—Eu®" from 1.327 to 1.433 and Gd*—Yb* from 1.386
to 1.479, with a sharp drop during the transitions Eu®*-Gd*" from
1.433 to 1.386 and Yb®*'—Lu®*" from 1.479 to 1.431, which is due to
the structure of the electronic shells of the REEs. Europium and
gadolinium have a half-filled 4f-shell (7 electrons), and ytterbium
and lutetium have a filled shell (14 electrons). When transitioning
from europium to gadolinium and from ytterbium to lutetium, the
first electron appears in the b5d-sublevel; n=8 is co-ordination
number of the substituting structural unit in the pseudobinary rep-
resentation of the scheelite structure; Ry, 1, is interatomic dis-
tance ‘cation—tetrahedral anion’ in Li,;Ln,;Mo0O, calculated from
the unit cell parameters taken from Ref. [25]; AR is the difference
in the interatomic distances ‘cation—tetrahedral anion’ in CaMoO,
and Li,;Ln,;MoO,; AR/R, is relative difference in the interatomic
distances ‘cation—tetrahedral anion’ in the system components (di-
mensional parameter); R, is interatomic distance ‘cation—tetrahedral
anion’ in the system component with the smaller cation radius; Ag is
the difference in the degrees of ionicity of the chemical bonds in
the system components in the pseudobinary approximation of the
structure. The degree of ionicity of the chemical bond € in the crys-
tals was determined by the difference in y between the tetrahedral
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TABLE 1. Some initial data”, calculated mixing energies, and critical de-
composition temperatures of the solid solutions in the Ca,_.(Li, ;Ln, ;),MoO,
systems.

°< ~

= = o K

- + S E

Oo 2? é A N
Ln = Tin | DX I |AR/R,| = 2 |

=1 S = - | N

< -

= i & :

<) 3} <@

&
La 3.851 1.327 2.594  123.76 0.0185 2.710 2.720 162
Ce 3.837 1.348 2.589  123.56 0.0148 1.732 1.772 105
Pr 3.812 1.374 2.582  123.28 0.0081 0.518 0.609 36
Nd 3.798 1.382 2.580  123.2 0.0044 0.153 0.314 19
Sm 3.775 1.410 2.573  122.92 0.0016 0.020 0.274 16
Eu 3.765 1.433 2.567  122.68 0.0043 0.145 0.511 30
Gd 3.756 1.386 2.579  123.16 0.0067 0.359 0.522 31
4\ 3.744 1.410 2.573  122.92 0.0099 0.771 1.027 61
Dy 3.734 1.426 2.569  122.76 0.0126 1.249 1.618 96
Ho 3.727 1.433 2.567  122.68 0.0145 1.651 2.021 120
Er 3.714 1.438 2.566  122.64 0.0181 2.571 3.077 183
Tm 3.707 1.455 2.562  122.48 0.0200 3.135 3.642 217
Yb 3.698 1.479 2.556  122.24 0.0225 3.961 4.800 286
Lu 3.692 1.431 2.568  122.72 0.0241 4.562 4.936 294

“Note: The unit cell parameters of CaMoO, for calculating the distance
R(CaMoO,) = 8.7812 A are taken from Ref. [30], and the distances R(LiLn(MoO,),)
are taken from Ref.[31]. y;,;=1.009; 9y =1.160; y(Ca; . (Li,;Ln,;),) =
= (Owa+ Aan)/2 + %)/ 25 Ay =38.758 = ((trs + Xin)/2 + YAca)/ 2-

anion and the cations according to the tabulated data provided by
S. Batsanov [26].

Since the size parameter, AR/R;, was significantly less than 0.1
(Table 1), according to Ref. [18], the calculation of the equilibrium
substitution limits as a function of temperature was carried out in
the approximation of regular solid solutions using Becker’s equa-
tion [27]

-(1-2x)  RT,

U 2
n[x/0-0] Q. @

where x is the mole fraction of the dissolved component, R, is the
universal gas constant, T, is the decomposition temperature of the
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solid solution. The values of R, and @,;, in both latter cases were
expressed in calories [18].

The critical decomposition temperatures, T,,, were calculated ac-
cording to Ref. [18] in the approximation of regular solid solutions

using equation

7, = Qo

2EN

where k is the Boltzmann constant, and N is the Avogadro number.
The error in calculating the critical (maximum) decomposition

temperature of solid solutions was +100 K, and the mixing energy
@z, considering the error of the initial data, was up to +13% [18].

(3)

3. RESULTS OF CALCULATIONS AND THEIR DISCUSSION
3.1. Mixing Energies of Solid Solutions
Some initial data and calculation results of mixing energies are

summarized in Tables 1 and 2 and presented in Fig. 1. As can be

TABLE 2. Data for calculating the mixing energy for solid solutions in the
Ca,_.(Li, ;Ln, ;). MoO, systems.

Ln |yx(MoO,) - y(LiysLng 5)| e(Li,sLng5)MoO, Ag” Q., kJ/mole
La 2.590 0.768 0.002 0.010
Ce 2.579 0.766 0.004 0.040
Pr 2.566 0.764 0.006 0.091
Nd 2.562 0.762 0.008 0.161
Sm 2.548 0.760 0.010 0.254
Eu 2.537 0.758 0.012 0.366
Gd 2.560 0.762 0.008 0.163
Tb 2.548 0.760 0.010 0.256
Dy 2.540 0.758 0.012 0.369
Ho 2.5637 0.758 0.012 0.370
Er 2.534 0.756 0.014 0.506
Tm 2.526 0.756 0.014 0.507
Yb 2.514 0.752 0.018 0.839
Lu 2.538 0.758 0.012 0.374

“Note: Ae=g(CaMo0,) - &(Li, ;Lin, )MoO,; the value of g(CaMoO,)=0.77 was deter-
mined according to the tabular data of S. Batsanov [26], based on y(MoO,) =3.758
and y(Ca)=1.160.
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Fig. 1. Dependences of the calculated contributions to the mixing energy @
(a), @, (b), and the total mixing energy @, (c¢) of the Ca,_ (Li, ;Ln, ;). MoO,
systems on REE atomic number.

seen from the data provided, with an increase in the atomic number
of REEs, the contributions to the total mixing energy due to differ-
ences in the sizes of the substituting structural units, @5, initially
decrease significantly and smoothly from 2.71 to 0.02 kdJ/mole in
the REEs series from La to Sm, then increase from 0.02 to 4.56
kd/mole in the REESs series from Sm to Lu (Table 1, Fig. 1 a). This
is related to a similar change in the size parameter AR/R;, which
first decreases from 0.0185 to 0.0044 and then increases to 0.0241.
Such a change in AR/R, is because the crystal ionic radius of the
substituted double-charged calcium cation, which mainly determines
the value of AR/R,, lies within the range of ionic radii of the sub-
stituting REEs from lanthanum to lutetium and is close to the ionic
radius of samarium [28].

The dependences of the contributions to the total mixing energy
due to differences in the degrees of ionicity of the chemical bonds
of the components, @., for the cerium and yttrium subgroups are
identical (Fig. 1, b). They systematically increase in the groups of
systems containing REEs of the La—Eu series from 0.010 to 0.366
kdJ/mole and REEs of the Tb-Yb series from 0.256 to 0.839
kdJ/mole, followed by a sharp decrease when transitioning from the
system containing Eu to the system containing Gd, from 0.366 to
0.163 kJ/mole, and from the system containing Yb to the system
containing Lu, from 0.839 to 0.374 kdJ/mol. This is due to the
aforementioned structure of the electron shells of the REEs.

According to Ref. [18], in general case, if the differences in the
degrees of ionicity of the chemical bonds in the system components
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are less than 0.05, the value of @, will be insignificant and can be
neglected. This is also because the errors in the values of electro-
negativity, which served as the basis for calculating @., are on the
order of 0.05 [29], which is much larger than the inaccuracies in
determining the parameters of the unit cells, which are mainly used
to determine the @ energy.

In this case, Ae varies from 0.002 to 0.018 (Table 2), and most of
the Q. values are significantly smaller than @, (Fig. 1, a, b). How-
ever, in the case of systems with samarium and europium com-
pounds, the @, values, on the contrary, exceed @y values. Therefore,
the contributions of @, to the mixing energies were considered in all
systems.

3.2. Decomposition Temperatures of Solid Solutions

The calculated critical decomposition temperatures T,, of the unlim-
ited series of solid solutions in the Ca,_.(Li,;Ln,;),Mo0O, systems
(Table 1, Fig. 2, e for x=0.5) decrease in the range of 162-16 K
with an increasing of REEs atomic number in the La—Sm series, in
correlation with the mixing energy. In the Eu—Lu series, the values
of T, increase in the range of 30-294 K. It should be noted that
the Ca,_,(Li, ;Ln, ;). MoO, systems are characterized by very low crit-
ical decomposition temperatures for solid solutions (for 12 out of 14
systems, they are below room temperature), and only for two of

T,K

3009 —amg — x=0.05 :
1=—e—b — x=0.10

d
2504 —a—¢ — x =0.15 2/
| =v—d — x = 0.20 "
200 —t—c¢ — x = 0.50 / [
h/
150 /

57 58 50 60 61 62 63 64 65 66 67 68 69 70 71
REEE atomic number

Fig. 2. Dependences of decomposition temperatures for solid solutions in
the Ca, ,(Li,;Ln,;).MoO, systems on the REEs’ atomic numbers (thermo-
dynamic-stability diagram) for substitution limits of x=0.05 (a), 0.10 (b),
0.15 (¢), 0.20 (d), and 0.50 (e).
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TABLE 3. Calculated thermodynamically possible decomposition tempera-
tures (T, [K]) for solid solutions in the Ca, ,(Li,;Ln,;),M0oO, systems at
x=0.05, 0.10, 0.15, and 0.20.

Lo Values of T, [K] at corresponding x

0.05 0.10 | 0.15 | 0.20
La 99 118 131 140
Ce 65 77 85 92
Pr 22 26 29 31
Nd 11 14 15 16
Sm 10 12 13 14
Eu 19 22 25 26
Gd 19 23 25 27
Th 37 45 49 53
Dy 59 70 78 84
Ho 74 88 97 104
Er 112 134 148 159
Tm 133 158 175 188
Yb 175 209 231 248
Lu 180 214 238 255

them, Ca,_ (Li,;Yb,;),M0oO, and Ca,_,(Li, ;Lu, ;). MoO,, they are close
to room temperature.

For all systems, based on the critical decomposition temperatures
T, (at x=0.5, Table 1) and the decomposition temperatures (T, for
substitution limits x=0.05, 0.10, 0.15, and 0.20, Table 3) of the
limited series of Ca,_,(Li,;Ln, ;). MoO, solid solutions, thermodynam-
ic-stability diagrams, i.e., dependences of decomposition tempera-
tures on the REEs’ atomic numbers, have been plotted (Fig. 2).

These dependences can be used to determine graphically the equi-
librium substitution limits x at given decomposition temperatures
T, or the decomposition temperatures at given substitution limits
[32]. The intersection points of an isotherm, drawn from a given
decomposition temperature, with a vertical line drawn from the
REE atomic number, make it possible to determine the composition
range in which the substitution limit is located. Interpolating the
segment of this vertical line between the two nearest curves pro-
vides the possible substitution limit.

3.3. Areas of Thermodynamic Stability

From the thermodynamic stability diagram, it follows that the unlim-
ited solid solutions of the Ca;_.(Li,;Ln,;).MoO, systems, which are
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stable at temperatures above the critical (Fig. 2, above curve e),
should decompose when the temperature is lowered below the critical,
forming limited areas. This would occur if the diffusion rate and
time were sufficiently large to allow stable nuclei of the new phase to
form and begin to grow.

For each of the Ca,_.(Li,;Ln,;).MoO, systems, the decomposition
temperatures of the solid solutions were calculated in the composi-
tion range of 1.0 > x>0 with a step of x=0.05 and decomposition
domes were plotted (Fig. 3). According to them with greater accura-
cy than in Fig. 2, it is possible to determine graphically for each
system the decomposition temperature at a given substitution limit
or the equilibrium substitution limit at a given temperature, as well
as the regions of thermodynamic stability. Above the peaks of the
decomposition domes, a continuous series of stable solid solutions
will exist; below the peaks but above the dome lines, there will be

T, K
180
Ln=La
160] @
140
1201 Ln=Ce
1 0 07 _ge-n—A—E—E—n.

Ln =Pr

A,

Ln = Sm

" Ln=Nd
00 02 04 06 08 L0 00 02 04 06 08 1.0

x for Ca,_(Li, .Ln, )MoO, solid solution

T, K T, K
3001 Ln=Yb 300
-,\ d Ln =Lu
2504 v 2504
2001 Ln - Er 200 Tn = Tm
,‘"‘_‘__.A_-A.—m—m-_‘.__‘__‘\k
150 Lo = Ho 1504
—a—a———
1004 N 100
Ln = Dy =
50 50 Ln = Gd

00 02 04 06 08 10 00D 02 04 06 08 L0
x for Ca, (Li, .Ln, )MoQO, solid solution
Fig. 3. Decomposition domes for solid solutions in the Ca,_,(Li,;Ln, ;). MoO,

(1.0 > x > 0) systems: (a) Ln=La, Ce, Pr, and Nd; () Ln =Sm, Eu, and Tb;
(¢) Ln =Dy, Ho, Er, and Yb; (d) Ln = Gd, Tm, and Lu.
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two limited solubility regions; and below the dome lines, there will
be two limited solubility regions and mixtures of two solid solutions
based on each of the system components.

3.4. Comparison of Calculation Results with Literature Data

As far as we know, there is no literature data on the critical de-
composition temperatures, limits of isomorphous substitutions in
the case of limited solubility of components, and thermodynamic
stability of solid solutions in the Ca,_ (Li, ;Ln, ;). MoO, systems.

Previously (see Table 3), the synthesis conditions and some prop-
erties of solid solutions in systems with wide areas of solid solu-
tions, such as [(Liy;Nd,5),.Ca,MoO, and [(Li,;Sm,;), .Ca,]MoO,
(x=0.2-0.9) [33], the unlimited solubility of components in
Ca;_y, Eu,Li, MoO, [34] and [(Li, ;Gd, 5);-.Ca,]Mo0O, [8], as well as one
solid solution composition Ca,,M00,:0.05Eu®’, 0.05Li" [35], have
been studied. Additionally, the literature presents results on the
study of solid solutions in the systems CaMoO,:Eu®‘, Li" [386] and
CaMoO,:Eu®*, M* (M =Li, Na, K) [387] without specifying the com-
ponent ratios.

The results obtained in this study are consistent with the data [8,
33—37] in the sense that the synthesis temperature ranges for the
samples of these systems (673—-1223 K, Table 3) fall within the pre-
dicted areas of thermodynamic stability of the solid solutions, i.e.,
well above the decomposition domes presented in Fig. 3, a, b, and d.

It is known [38] that, for radioactive waste disposal, its compo-
nents are included in chemically and mechanically stable matrices,
with subsequent placement in underground storage until the com-
plete decay of radionuclides or until their activity approaches the
level of the surrounding natural background. In this process, the
oxides of fission products are incorporated into a glassy matrix,
since glass, being a non-stoichiometric compound, can dissolve a
complex mixture of fission products in its liquid state and subse-
quently retain it firmly upon cooling (and solidification). The re-
sulting product has relatively high chemical and radiation re-
sistance. Most commonly, two types of glass are widely used for
immobilizing radioactive waste: aluminophosphate glass and borosil-
icate glass. However, the main problem of glass remains unresolved,
i.e., its thermodynamic instability, which manifests as glass crystal-
lization (devitrification) under the influence of increased tempera-
tures caused by radioactive decay. Devitrification phenomena de-
grade the initial properties of the product, particularly increasing
its leaching rate, resulting in the release of radioactive waste ele-
ments into the solution over a relatively short period. In addition,
due to the formation of crystalline phases with a total lower iso-
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morphous capacity than that of glass, some radionuclides may leach
into aqueous solutions, posing a threat to the biosphere. It is noted
[89] that glass and ceramics are among the most reliable materials
for immobilizing radioactive waste. Ceramic matrices have the
greatest potential for practical use due to their high chemical sta-
bility and thermal stability. Ceramics based on natural and artifi-
cially synthesized mineral additives can incorporate a significantly
larger volume of radioactive waste than glass. Furthermore, it has
been noted [40] that the immobilization of certain radioactive iso-
topes proves to be a more complex process for molybdenum-rich
waste generated during the reprocessing of used nuclear fuel, such
as UMo—MoSnAl fuel from gas-graphite reactors, or mixed waste
containing lanthanides and transition metals proposed for nuclear
fuel reprocessing in the United States. In both cases, immobilization
in glass is found to be impossible, as the waste contains substantial
amounts of highly radioactive isotopes that release heat during de-
cay, as well as a large quantity of molybdenum that exceeds the
solubility limits in borosilicate glasses. Currently, it is planned to
mix such waste with aluminoborosilicate, during which separation
into two liquid phases occurs upon cooling, followed by the crystal-
lization of molybdate phases and further additional separation into
two liquid phases. It has been noted [40] that a detailed understand-
ing of the thermochemistry of vitrification and phase formation
processes is required to ensure the formation of the desired crystal-
line phase.

As the further development of nuclear power engineering could
lead to unacceptable radioactive contamination of the Earth’s bio-
sphere, one direction for preventing this situation could be the dis-
posal of radioactive waste in space [41]. If it becomes necessary to
dispose of radioactive waste not only within the Earth’s crust but
also at ultra-low temperatures in space, materials based on solid so-
lutions of Ca, ,(Li,;Ln, ;). MoO, may be used, particularly those con-
taining Nd, Sm, Eu, Gd, and actinoides close to them in size. Such
materials have lower critical decomposition temperatures (16—31 K)
compared to previously recommended materials based on solid solu-
tions of other compositions: phosphates La; .Ln,PO,, fluorides
La, ,Ln,F;, and arsenates Lu, ,Ln,AsO,. The critical decomposition
temperatures of the latter are in the intervals of 150-830 K [42],
522-1811 K [43], and 186—-624 K [44], respectively.

4. CONCLUSIONS

1. Within the framework of V. S. Urusov’s crystal-energy theory of
isomorphous substitutions, the mixing energies (interaction param-
eters), critical decomposition (stability) temperatures, and the lim-
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its of isomorphous substitutions have been calculated, and the
thermodynamic stability of the solid solutions in the
Ca,_,(Li, ;Ln, ;). MoO, systems, where Ln are rare earth elements, has
been assessed.

2. It has been shown that with the increase in the REE number, the
contributions to the total mixing energy due to differences in the
sizes of the substituting structural units, @y, initially decrease sig-
nificantly from 2.71 to 0.02 kJ/mole in the REEs series from La to
Sm, and then increase from 0.02 to 4.56 kJ/mole in the REEs’ se-
ries from Sm to Lu.

3. The contributions to the total mixing energy @, due to differ-
ences in the sizes of the substituting structural units @ signifi-
cantly exceed the contributions due to differences in the degrees of
ionicity of the components @,. However, in the case of systems with
samarium and europium compounds, the . values exceed the @
values.

4. The calculated critical decomposition temperatures T.. of the un-
limited series of solid solutions in the studied systems decrease
along with the mixing energy as the REEs’ numbers increase in the
La—Sm series, ranging from 162 to 16 K, and increase in the Eu—Lu
series, ranging from 30 to 294 K.

5. A thermodynamic stability diagram and decomposition domes for
each solid solution system are presented in the concentration range
from x =0 to x =1.0 through x =0.05. These allow for the graphical
determination of the decomposition temperature of solid solutions
for a given composition x, the equilibrium substitution limit for a
given decomposition temperature, and the assessment of thermody-
namic stability regions over a wide range of compositions and tem-
peratures.

6. The calculated results do not contradict the literature data, in
the sense that the temperature range for obtaining samples of pre-
viously synthesized systems falls within the thermodynamic stabil-
ity regions of solid solutions as predicted by modelling.

7. For the disposal of radioactive waste at extremely low tempera-
tures (e.g., in space), materials based on solid solutions of
Ca,_,(Li, ;Ln, ;). MoO,, particularly those containing Nd, Sm, Eu, Gd,
and actinoides of similar size, may be used. These materials have
significantly lower critical decomposition temperatures (16—-31 K)
compared to previously recommended materials based on solid solu-
tions of other compositions such as La, .Ln PO, phosphates,
La, ,Ln F; fluorides, and Lu,_,Ln,AsO, arsenates.
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In this work, the formation of a superconducting network of quantum
nanowires in SmMnO,,; manganites in two hidden topological states CSL1
and CSL2 of a chiral quantum spin liquid is experimentally studied. As be-
lieved, the states of bound pairs of Majorana fermions are trapped at the two
ends of the quantum nanowire. The formation of nanofragments of 1D cou-
pled charge and spin densities’ waves with wave vectors q,|a and q,|b as re-
gards directions in the crystal lattice within the magnetic fields H > 100 Oe
indicates formation in ab planes of 2D quantum-nanowires’ net. Within the
weak magnetic fields H = 100 Oe, 350 Oe and 1 kOe, the continuous spectrum
of the thermal excitations of bounded Majorana pairs in SmMnQ;,s in tem-
perature interval of 4.2—-12 K is divided into two low-energy Landau zones
with numbers n=1 and n =2 with two specific features of magnetization
M(T) in the shape of alternating double peaks and truncated Dirac cones.

VY 1iii poboTi eKcIepMMEeHTaJbHO BUBUYEHO YTBOPEHHS HAAIPOBIAHOI CiTKHU
KBAaHTOBUX HAHOMPOBOAIiB y MaHraHiTax SmMnO,,; y ABOX HPUXOBAHUX TO-
mosoriuamx craHax CSL1 i CSL2 xipaabHOI KBAHTOBOI CITiHOBOI pimmHM.
BBaskaeTbcs, 110 craHu moB’sAsaHuxX map MaiiopaHoBux (epMioHIB 3axom-
JIIOIOThCA Ha JBOX KiHIAX KBAHTOBOTO HAHOIIPOBOAY. ¥ TBOPeHHA HaHo(dpa-
rmMeHTiB 1D-3B’A3aHMX XBUJIb 3apANOBOi Ta CIIIHOBOI I'yCTUH 3 XBUJIHOBUMU
BeKTOpaMu qlla i q,[b moa0 HampAMKiIB KpucTamiuHOI I'PaTHUI y MarHer-
Hux noiaax H>100 E Bxkasye Ha yTBOpeHHsS B IommuHax ab 2D-ciTKu KBa-
HTOBMX HAHOMNPOBOAIB. ¥ caabkux marmeTHux mnoasx H=100 E, 350 E i
1 xE OesmepepBHUII CIeKTep TEIJIOBUX 30ymKeHb OB ’sa3anux MaiiopaHo-
Bux map y SmMnO,,; B iHTepBasi Temneparyp 4,2—12 K pos6uBaeTbcs Ha
IBi Hu3bKoeHepretuuHi 3oHu JlaHmay 3 HOoMepamu n=1 i n=2 i3 ngBoMma
ocobsuBocTamu HamarHetoBanoctu M(T) y dopwmi nmoxsifiEnx mikiB i 3pisa-
HuX JlipaKoBUX KOHYCiB, II[0 YEPTYIOTHCAH.

Key words: Majorana and Dirac fermions, alternating double peaks and
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truncated Dirac cones, chiral quantum spin liquid.

Karouosi caoBa: Maitiopanosi Ta [lipaxkoBi ¢hepmionu, uepryBanHa MOABIAHUX
mikiB i 3pisanux [lipakoBuUX KOHYCiB, KipaJbHa KBaHTOBA CIIiHOBA PiguHA.

(Received 24 September, 2024 )

1. INTRODUCTION

Topological superconductors (TS) in dimensions D=1, 2, with bro-
ken time-reversal (TR) symmetry have recently attracted a lot of
attention [1-10]. These systems support Majorana fermion excita-
tions at order-parameter defects such as vortices and sample edges.
Majorana fermion excitations, with second quantized operators
y satisfying the self-Hermitian condition y' =y, can be construed as
quantum particles, which are their own antiparticles [11]. The self-
Hermitian character of Majorana fermions (MFs) leads to a 2D
quasi-particle exchange statistics, which is non-Abelian [1, 12]. The
non-Abelian statistics of MFs can be used as a robust quantum me-
chanical resource to implement fault-tolerant topological quantum
computation (TQC) [13, 14]. In 1D TS with broken TR symmetry,
Majorana fermion modes are supposed to be trapped at the two ends
of a quantum wire [13—15], which, in a 2D quantum wire network
[15], can potentially lead to successful demonstration of non-
Abelian statistics as well as TQC [15—17]. According to Ref. [18], in
flat-band superconductors, the group velocity v; of charge carriers
is extremely small, which leads to freezing of the kinetic energy.
Superconductivity in this case seems impossible, since within the
framework of the BCS theory this means the disappearance of such
microproperties as the coherence length of Cooper pairs, their su-
perfluidity rigidity, and the critical current. The authors report the
existence of a group velocity of free charge carriers in the two-layer
graphene studied by them, which is characteristic of a graphene su-
perlattice with a Dirac superconducting flat zone [19-23]. For the
filling factor of the moiré superlattice in superconducting graphene
1/2<v<3/4, a very small value of the group velocity v;=1000
m/sec was found. It is important to note that the measurement of
superfluidity, which controls the electrodynamic response of a su-
perconductor, shows that it is dominated not by kinetic energy, but
by an interaction-controlled superconducting gap, which is consis-
tent with the theories of the quantum geometric contribution [19-
23]. Evidence has been found for the crossover of electron-pairs
characteristic of BCS and Bose—Einstein condensation [24—27]. The
superconducting properties of a deformed graphene, which in nor-
mal state has a spectrum of free charge carriers with a flat energy
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band, were studied in Ref. [28].

According to Ref. [29], 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 [29].

The condensation of bosons in the form of a bound state of Majo-
rana fermions was previously studied in topological superconductors
by tunnelling spectroscopy [30—32]. The tunnelling conductivity
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. Tunnelling conductance due to the isolated zero
mode shows a differential conductance peak dI/dV with zero offset
height 2e?/h [30—-382]. If one Majorana zero mode is coupled to an-
other Majorana zero mode at the other end of the superconductor,
the tunnelling conductance is highly dependent on the coupling ¢
between the Majorana modes at the different ends. When the ratio
t/I" of the coupling between modes to the width of the fermion spec-
trum I' is very small, the peak shape dI/dV is realized [32]. How-
ever, in the case of significant mixing of the two Majorana modes,
the differential conductivity has the form of a trough. In this case,
the zero-bias conductance vanishes. The cause of the coexistence of
superconductivity and strong correlations in electron systems with
flat bands was studied in Ref. [33]. Flat band systems with a low
density of charge carrier states play an important role because the
flat band energy range is so narrow that the Coulomb interactions
between free carriers E. o ¢?’/a dominate over the kinetic energy,
which puts these materials in a regime with strong correlations. If
the flat band is narrow in both energy and momentum, its occupa-
tion can be easily changed in a wide range from zero to full.
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It is well known that Landau levels are a striking example of
two-dimensional flat bands. They occur when a strong magnetic
field acts on a 2D electron system. In this case, the electron motion
is reduced by the Lorentz force to quantized cyclotron orbits. In
this case, the translational degeneracy leads to completely flat
zones, the width of which is completely determined by the degree of
disorder. Partially filled Landau levels, first studied in semiconduc-
tor heterostructures, contain a rich set of competing orders, includ-
ing ferromagnetism, charge-ordered band and bubble phases, and
the best-known fractional quantum Hall liquids. The essential fea-
ture of these states is their intrinsic Berry curvature, which under-
lies their topological character and leads to integer and fractional
quantum Hall effects. Twisted bilayer graphene has recently been
found to exhibit highly correlated states and superconductivity.
Thus, the formation of flat bands of Majorana fermions is a charac-
teristic mechanism of topological superconductivity, BCS and Bose—
Einstein condensation of bosons in the form of a bound state of 2D
Majorana fermions and Dirac superconducting flat zone. The cross-
over of electron pairs characteristic of BCS and Bose—Einstein con-
densation of bosons in the form of a bound state of Majorana fer-
mions (Majorana zero mode) was also studied in topological super-
conductors.

The phase transition of a quantum spin liquid (QSL) to a chiral
state in 2D frustrated AFMs with different types of crystal lattice,
caused by an external magnetic field close to H =0 Oe, has at-
tracted great interest among theoreticians and experimenters [34,
35]. It was shown that the transition of the QSL to the chiral state
induced by an external magnetic field is accompanied by a phase
transition into a phase with a topological order and excitation of
fractional fermions (Majorana fermions). Kitaev was the first to
construct a quantitative model of the so-called Z, quantum spin liq-
uid (a spin liquid with a local Z, magnetic flux in the unit cell) for
spins S=1/2 located at the nodes of a quasi-two-dimensional hex-
agonal lattice [34]. As shown in work [35], the chiral spin liquid
state spontaneously breaks time-reversal symmetry (TRS), but re-
tains other symmetries. There are two topologically different CSL1
and CSL2 states of the chiral spin liquid separated by a quantum
critical point. In this work, the formation of quantum nanowires-
like net bounded Majorana pairs in SmMnO,,; manganites was first
experimentally studied in two hidden topological states CSL1 and
CSL2 of chiral quantum spin liquid.

2. MATERIAL AND METHODS

Samples of self-doped manganites SmMnO;,s (6 = 0.1) were obtained



CREATING OF BOUNDED MAJORANA PAIRS IN SUPERCONDUCTING NET 427

from high-purity oxides of samarium and electrolytic manganese,
taken in a stoichiometric ratio. The synthesized powder was pressed
under pressure of 10 kbar into discs of 6 mm in diameter, 1.2 mm
thick and sintered in air at a temperature of 1170°C for 20 h fol-
lowed 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, .,,- Symmetry and crystal lattice parameters were determined
by the position and character splitting reflections of the pseu-
docubic perovskite-type lattice. Temperature dependences of dc
magnetization were measured using a VSM EGG (Princeton Applied
Research) vibrating magnetometer and a nonindustrial magnetome-
ter in ZFC and FC modes.

3. RESULTS AND DISCUSSION

According to our previous work [36], the temperature dependences
of the magnetization of frustrated manganites La;_,Sm MnO;,;
(6=20.1, y=0.85, 1.0) contain two sharp peaks M(T) of different
intensity at close temperatures T; and T, slightly above the critical
temperature T. of the phase transition of the samples to the coher-
ent superconducting state. It was shown that these features corre-
spond to the Lindhard divergence y.(q,..) of the temperature de-
pendence of the paramagnetic susceptibility of stripe-like 1D elec-
tron/spin correlations modulated with the wave vectors q,..; = 2k
and q,.2 = 2ky,. The appearance and evolution of the magnetization
features with increasing field are explained by the formation in ab
planes with complete nesting of the electron—hole regions of the
Fermi surface of a spatial modulation of the electronic and mag-
netic properties in the form of fragments of two fluctuating quasi-
one-dimensional waves of the charge/spin density (CDW/CDW) in-
commensurate with the crystal lattice with the wave vectors q|a
and q,b directions. As can be seen in Fig. 1, the peak features of
the magnetization M(T) in SmMnO;,; arise at temperatures T, =20
K and T, =50 K slightly above T.=12 K. In contrast to the sample
with y=0.85, the intensity of the peak feature near the tempera-
ture T, in SmMnO,,; is negligible but finite. A small Curie-like in-
crease in magnetization at T — 0 K should also be noted. An in-
crease in the measuring field strength to 350 Oe did not lead to a
qualitative change in the temperature dependence of magnetization.

Cardinal changes in the magnetization M(T) were detected during
measurements in a magnetic field of H =1 kOe. An increase in the
magnetic field led to a decrease in the Kosterlitz—Thouless jump in
the magnetization of the sample near the temperature 7.=12 K of
its transition to the coherent SC state, complete suppression of the
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magnetization peak near T, and significant broadening of the M(T)
peak near T,.

The final stage of the evolution of the temperature dependences
of magnetization M(T) in SmMnO;,; with increasing external mag-
netic field strength can be considered the results of measurements
in a field of H = 3.5 kOe, shown in Fig. 2.

0.20 :
100 Oe
0.15 1
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~
2
PM |
S 0105y
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W @o-oomomo
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Fig. 1. Temperature dependence of magnetization M(T) in a field H =100
Oe in the ZFC-measurement mode. In the ZFC mode of magnetization
measuring in the temperature range 4.2 <T <100 K, a coherent supercon-
ducting state with a critical temperature T,.=12 K is observed. In the
temperature range 12—60 K, the charge/spin density wave state is realized
in the form of a two-peak magnetization feature M(T).
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Fig. 2. Temperature dependence of magnetization M(T) in a field H = 3500
Oe in the ZFC-measurement mode in the temperature range 4.2 <T <100
K. A coherent superconducting state with a critical temperature T.=12 K
is absent. In the temperature range 20—-70 K, the spin-density wave state
is realized in the form of a wide-peak magnetization feature M (T).
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At temperatures below 60 K of the transition of the sample from the
paramagnetic phase to the phase with periodic nanoscale ordering of
quasi-particles in the form of fluctuating CDW/CDW fragments, only
a wide peak of magnetization near the temperature T, ~ 42 K is pre-
served. As a result of the increase in the external magnetic field
strength in the range of fields of 100 Oe < H <3500 Oe, a ‘metallic’
state of the SDW type with a fairly high density of free quasi-particles
at the Fermi level was formed in the SmMnO;,; sample at temperatures
below 60 K. This indicates a small value (absence) of the charge pseu-
dogap in the electron spectrum of charge/spin carriers in SmMnO,,;s at
EF in a magnetic field of H = 3.5 kOe.

Thus, an increase in the field strength to H = 3.5 kOe led to the sup-
pression of the charge pseudogap in the quasi-particle spectrum, to a
decrease in the 1D CDW amplitude and, accordingly, to an increase in
the amplitude of the fluctuating 1D SDW incommensurate with the
crystal lattice. With increasing H, we have a transformation of the
mixed state of nanofragments of charge-spin density waves into a 1D
spin-density wave. The increase in the width of the M(T) peak near T,
with increasing H is apparently caused by the renormalization of the
spectrum by coupling with magnons. Thus, we associate the appear-
ance of the two peak features of magnetization at temperatures
slightly above T, with the formation in SmMnO;; in weak fields
H >100 Oe of nanofragments of 1D coupled charge and spin density
waves incommensurate with the crystal lattice in two spatially sepa-
rated regions of the sample (conventionally ‘metallic’ and ‘dielectric’
nanophases) with high and low densities of states free carriers at the
Fermi level N (E;) <<N,(Ey). With an increase in the external magnetic
field strength H, ‘metallization’ of the spectrum of free charge carri-
ers in SmMnO;, 5 occurs.

Previously, the formation of a broad continuum of spinon pair
excitations in SmMnO;,; in the ‘weak magnetic field” regime
H =100 Oe, 1 kOe in the FC mode is explained in the framework of
the Landau quantization models of the compressible spinon gas with
fractional values of the factor v of filling three overlapping bands
with quantum numbers n =1, 2, and 3 [37]. In the regime of ‘strong
magnetic field” H = 3.5 kOe, the new step-like quantum oscillations
of temperature dependences of supermagnetization of incompressi-
ble spinon liquid were found. According to the experimental results
obtained in this work, in low-energy Landau zones with numbers
n=1, 2, with an increase in the strength of the measuring field H,
two alternating supermagnetization features are formed, which are
characteristic of the excitation of 2D Majorana and Dirac fermions.

A singularity of supermagnetization M(T) in Landau band with
number n =1 in a magnetic field H = 100 Oe has a double-peaks’ shape
with a strong dip near the average temperature T = 4.65 K (Fig. 3).
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However, in the zone with n = 2, the singularity has a distinct shape:
a truncated Dirac cone with a flat top in an ultra-narrow energy range
AE =0.01 meV with a weak dip in its top near the average excitation
temperature of massless Dirac quasi-particles, T' = 5.41 K (Fig. 4).

E, meV
032 034 035 036 038
E : .
0.510F :) 1
_ i
20 0.505¢ P T
= : C pri
= o
© 0.500F mamiaf 1

0.495-

- ] FC
double-peaks 100 O

7]

0AN =335 46 47 48 49 5.0

T, K

Fig. 3. An alternate excitation in the FC-measurement mode of a double-
peaks’ feature in the magnetic response arise from excitation of bounded
Majorana pairs in Landau zone with n=1 near average temperature
T =4.65 K in external magnetic field H = 100 Oe (CSL1 state).
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Fig. 4. An alternate excitation in the FC-measurement mode of a 2D Dirac
cones-like feature in the magnetic response arise from excitation of
bounded Majorana zero modes with energy E,;,,,= 0.4 meV in Landau zone
with n =2 in external magnetic field H =100 Oe (CSL2 state).
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In a magnetic field H =350 Oe, the alternation of magnetization
features M(T) in the zones with number n =1 and 2 changed to the
opposite. In the zone with number n =1, a singularity M(T) in Lan-
dau band has a shape a truncated Dirac cone with a flat top in a
wider energy range AE = 0.05 meV with a weak dip in its top near
the average excitation temperature of massless Dirac quasi-particles
T=4.6 K. At the same time, in the zone n =2, the supermagnetiza-
tion feature has the form of two broad weak peaks M(T) with a
strong dip near the average temperature of the excitation of Majo-
rana fermions near T=5.5 K. As can be seen in Figs. 5, 6, this
regularity in the alternation of features M(T) in low-energy Landau
bands with number n=1 and 2 is also preserved in the measuring
field H =1 kOe despite a significant expansion of features M(T)
caused by the appearance of strong fluctuations of the topological
order in spin system.

In the n=1 zone, a two-peak super magnetization feature forms
near the average temperature T =4.6 K, while in the n=2 zone,
with increasing temperature near the average excitation tempera-
ture T'= 5.5 K, a cone-like feature M(T) with a flat top appears in a
wide energy range AE =0.05 meV. Thus, an increase in the mag-
netic field strength in SmMnQO;.; in the ‘weak magnetic fields’ mode
is accompanied by a rearrangement of singularities of super mag-
netization in low-energy Landau bands with number n =1 and 2. As
shown in Fig. 7, new step-like features of super magnetization form
in ‘strong magnetic fields’ regime. An alternate permutation of the
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Fig. 5. An alternate excitation in the FC-measurement mode of a double-
peaks’ feature in the magnetic response arise from excitation of bounded
Majorana pairs in Landau zone with n=1 near average temperature
T =4.65 K in external magnetic field H =1 kOe (CSL1 state).
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Fig. 6. An alternate excitation in the FC-measurement mode of a Dirac
cones-like feature in the magnetic response arise from excitation of
bounded Majorana modes with energy E,;,,=0.41 meV in Landau zone
with n =2 near average temperature T = 5.5 K in external magnetic field
H =1 kOe (CSL2 state).

double-peaks’ and truncated-Dirac-cones’ features of the magnetiza-
tion M(T) in two Landau bands with number n=1, 2 during the
Landau quantization of the fermion pairs spectrum in SmMnO,,;s in
‘weak magnetic fields’ regime may be explained by the existence in
this material of two well-known in the literature hidden states CSL1
and CSL2 of the chiral spin liquid.

4. CONCLUSIONS

According to the experimental results of this work, the temperature
dependences of the magnetization of SmMnO;,; in ZFC-measurement
mode contain two sharp peaks of different intensity at close tem-
peratures T, and T, slightly above the critical temperature T, of the
phase transition of the samples to the coherent superconducting
state.

It was shown that these features correspond to the Lindhard di-
vergence Y% .(q..) of the temperature dependence of the paramag-
netic susceptibility of stripe-like 1D electron/spin correlations
modulated with the wave vectors q,..1 = 2Kri, Quesi2 = 2Krs. We asso-
ciate the appearance of the two-peak features of magnetization with
the formation in SmMnO,,s in weak fields H > 100 Oe of nanofrag-
ments of 1D coupled charge and spin density waves incommensurate
with the crystal lattice in two spatially separated regions of the
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Fig. 7. The thermal excitation in the FC-measurement mode of a step-like
features of temperature dependence of supermagnetization in interval
temperature 5—8 K of incompressible quantum spin liquid in Landau zones
with n=1 and 2 in external magnetic field H = 3.5 kOe.

sample (conventionally ‘metallic’ and ‘dielectric’ nanophases) with
high and low densities of states free carriers at the Fermi level
N,(Ep) <<Ny(Ey). An increase in the field strength to H =3.5 kOe
led to: 1) the suppression of the charge pseudogap in the quasi-
particle spectrum; 2) a decrease in the 1D CDW amplitude; 3) an
increase in the amplitude of the fluctuating 1D SDW incommensu-
rate with the crystal lattice. With increasing H, we have a trans-
formation of the mixed state of nanofragments of 1D CDW/SDW
into a 1D SDW.

In the weak magnetic fields H =100 Oe, 350 Oe and 1 kOe, the
continuous spectrum of the thermal excitations of bounded Majo-
rana pairs in SmMnO;,s in interval temperature 4.2-12 K in FC
mode is divided into two low-energy Landau zones with numbers
n=1, n=2, with two specific features of magnetization M(T) in the
shape of alternating double peaks and truncated Dirac cones. An
increase in the magnetic field strength in SmMnO,,; to H = 3.5 kOe
is accompanied by a rearrangement of singularities of super mag-
netization in low-energy Landau bands with number n=1 and 2:
new step-like features of super magnetization form in ‘strong mag-
netic fields’ regime. An alternate permutation of the double-peaks’
and truncated-Dirac-cones’ features of the magnetization M(T) in
two Landau bands with number n=1, 2 during the Landau quanti-
zation of the bounded Majorana pairs spectrum in SmMnO;.; in
‘weak magnetic fields’ regime may be explained by the existence in
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this material of two well-known in the literature hidden states CSL1
and CSL2 of the chiral spin liquid.
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Thin films of (Y, sGag.4):05:Cr are obtained by radio-frequency (RF) ion-
plasma sputtering in an argon atmosphere on amorphous v-SiO, sub-
strates. The surface morphology of the obtained films is studied by means
of AFM. The low-temperature (8.6 K) luminescence of the thin films of
(Y0.06Ga0 04):05:Cr®* under excitation by synchrotron radiation (22.14 eV
and 7.75 eV) is studied. The obtained luminescence spectra are analysed
according to excitation energy. A high-energy shift of the R;-line in the
spectra of the activator luminescence of the Cr®* ion in the thin films of
(Yo.06Ga0 04):05:Cr®* is found relative to the same for single crystal sam-
ples. This shift is analysed in the form of a nephelauxetic effect.

Meromom BucokouactoTHOro (BY) fi0OHHO-IIJIa3MOBOTO PO3MOPOIIEHHS B aT-
mocdepi aprony Ha amophHUX migKIagUHKAX L-Si0, Oomep:KaHOo TOHKI MJIiB-
KU (Y,06G0,94)205:Cr. Meromom ACM pocaimsxeno mopdosorizo moBepxHi
oJepsKaHUX ILIiBOK. IIpoBemeHo mociimxeHHaA HusbKoTemmnepaTtypuoi (8,6 K)
mominecreHnii ToHKUX WIBOK (Y, 06Gag,04):05:Cr’* uepes s0ymxeHHs CHHX-
porpoHHUM BuUIpoMiHeHHAM (22,14 eB i 7,75 eB). IlpoanasizoBano onep-
JKaHi CIIeKTPHU JIIOMiHeCIIeHIIil 3aJe:XHO Bif eHeprii 30ymkeHHsA. Beramosie-
HO BUCOKOEHepreTUYHe 3MilleHHA R;-miHil y creKTpax akKTUBaTOPHOI'O CBi-
gyenns #ona Cr®" y tourux miaiBrax (Y, 0sGag94):05:Cr BigHOCHO Takoi s
MOHOKPHUCTATIUYHUX 3paskiB. [lame 3mileHHs IpoaHaidoBaHo y (opmi He-
(PeJIOKCETUUYHOTO ePEKTY.

Key words: gallium oxide, yttrium oxide, chromium activator, thin films,
nanocrystals, photoluminescence, synchrotron radiation.

Kuarouosi cioBa: oKcusy Tasiro, okcup ITpito, akTuBaTOPHUN XPOM, TOHKI TTi-
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1. INTRODUCTION

In recent years, oxide nanostructures based on B-Ga,0; have been
extensively studied. This material, which belongs to wide bandgap
semiconductors, is widely used in ultraviolet photodetectors, gas
sensors, solar cells, luminescent devices, and high-power Schottky
diodes [1-8]. Due to their operational and chemical properties, pure
and activated nanometre thin films of B-Ga,0; obtained by various
methods are widely used in luminescent devices. Among them, an
important place is occupied by B-Ga,0;:Cr®" as a red phosphor for
multiple types of luminescent screens, including flat panel PDP
(plasma, display, panel) screens [9—-13].

In general, the optical and luminescent properties of thin oxide
films, including p-Ga,0;:Cr®", are determined by the methods of
preparation, deposition modes, processing technology, and the in-
troduction of special impurities that can purposefully change the
spectral and luminescent properties of the films. Given that the lu-
minescence of B-Ga,0; depends significantly on structural defects
[14-16], in this work, some Ga®" ions were replaced by isovalent Y*"
ions, which did not require local compensation of the electric
charge. At the same time, it was taken into account that Y,0; thin
films are quite promising when used in optoelectronics and lumines-
cent technology [17—20]. This led to the study of thin films with
the chemical composition (Y, 0sGa.94):05:Cr®* in this work.

Taking into account that the physical properties of thin films are
determined by the size of the nanocrystalline grains from which
they are formed and the presence of intergranular boundaries, the
surface morphology of thin (Y, 0sGay.04):05:Cr®* films was studied by
atomic force microscopy (AFM). In order to study in detail the lu-
minescence in these films, the luminescence spectra were studied
under excitation by synchrotron radiation at low temperatures
T =8.6 K. The films were obtained by the method of RF ion-plasma
sputtering, which is considered optimal for depositing homogeneous
multicomponent semiconductor and dielectric films [21].

2. EXPERIMENTAL TECHNIQUE

Thin films of (Y,.06Gag.94):05:Cr with a thickness of 0.3—1.0 pym were
obtained by RF ion-plasma sputtering in an argon atmosphere on
amorphous substrates of fused quartz v-SiO,. The feedstock was a
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mixture of Y,0; and Ga,0O; oxides of the stoichiometric composition
of the ‘OCY’ (especially pure) grade. The concentration of the acti-
vator ion Cr®" was 0.5 mol.% . After the films were deposited, they
were heat treated in argon at 1000—-1100°C.

The structure and phase composition of the obtained 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), (111), (110),
and (512) planes. The analysis of the obtained diffractograms shows
that the structure of the films corresponds to the monoclinic crystal
structure of B-Ga,0;.

At the same time, the obtained diffractograms practically coin-
cide with the diffractograms of unalloyed films of (Y;0Gag4)203,
which were presented earlier in our work [22].

Using an OXFORD INCA Energy 350 energy dispersive spec-
trometer, elemental analysis of the samples was carried out at sev-
eral points on the surface of the films. The calculations showed that
the percentage of components in the obtained films corresponded to
their percentage in the (Y, 0sGag.94):05:Cr compound.

The surface morphology of the thin films was studied using an
INTEGRA TS-150 atomic force microscope (AFM). The image of the
thin film surface was obtained in the semi-contact mode.

The luminescence spectra at T=8.6 K were studied using syn-
chrotron radiation at the Superlumi facility (DESY, Hamburg,
Germany) [23]. A primary monochromator with a spectral resolu-
tion of 4 A was used to select the spectral range of synchrotron ra-
diation for luminescence excitation. The luminescence spectra were
recorded and analysed using an ANDOR Kymera monochromator
with a spectral resolution of 2 A, a Newton 920 CCD camera, and a
Hamamatsu R6358 photoelectronic multiplier.

3. RESULTS AND DISCUSSION

Microphotographs of the surface of thin (Y, 05Gag94)205:Cr films are
shown in Fig. 1.

The topography of the samples was quantitatively characterized
by standard parameters: root mean square roughness, maximum
grain height, and average grain diameter, which were calculated
from AFM data using Image Analysis 3.5 image processing software
for a 5000x5000 nm area.

Based on the analysis of the surface morphology images, it was
found that thin films of (Y,05Gagq4)205:Cr after argon heat treat-
ment have an average square surface roughness of 2.9 nm with a
maximum grain height of 33 nm. The average grain diameter is of
123 nm.
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Fig. 1. Images of the surface morphology of thin (Y, ,sGag.94):05:Cr films
after heat treatment in an argon atmosphere on v-SiO, substrates. a—two-
dimensional image; b—three-dimensional image.
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Fig. 2. Grain height distribution for AFM images of the surface of thin
(Y.06Gag 94)205:Cr films after heat treatment in an argon atmosphere.

The histogram of grain height distribution for the obtained films
is shown in Fig. 2.

The characteristic distribution of grain diameter sizes in thin
(Y.06Gag.94)205:Cr films is shown in Fig. 3.

As can be seen in Fig. 3, the distribution of grain diameters in
the obtained thin films has the form of a bimodal distribution. The
growth of crystalline grains and the evolution of crystal structures
were analysed in a thorough review [24], and it was shown that
polycrystalline thin films with a thickness of up to 1 um, which is
typical for our (Y, ,sGago4):05:Cr films, often have 2D-like struc-
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Fig. 3. Distribution of grain diameter sizes and calculated approximate
diameter distribution on AFM images of thin (Y, 0sGag.94),05:Cr films after
heat treatment in argon atmosphere.

tures. Most of the materials analysed in Ref. [24] form thin films
of nonequilibrium grains, whose dimensions are smaller than the
film thickness, and they form two-dimensional structures only after
annealing. In some cases, further grain growth is observed due to
‘anomalous’ growth or preferential coalescence of several grains,
which usually have specific crystallographic orientations and ratios
relative to the substrate surface plane. Our results show that such a
situation is most likely characteristic of the (Y,.06Gag.94):05:Cr films
we obtained. In particular, according to Ref. [25], when the number
of growing grains leads to a ‘matrix’ of grains beyond statistical
limits, a bimodal grain size distribution develops, which is called
secondary grain growth. Grains that grow abnormally often have a
limited or homogeneous texture.

Our results (Fig. 3) show that the distribution of grain diameters
on the surface of the (Y,0sGago4):05:Cr film after argon heat treat-
ment is described by a two-modal distribution with maxima in the
region of 100 and 135 nm. This situation may indicate that grain
growth occurred during the heat treatment due to growth and sin-
tering processes. It should be noted that a similar situation is ob-
served during RF deposition on similar v-SiO, substrates and pure
thin B-Ga,0; films, where the growth of secondary and even tertiary
grains is observed [26].

The luminescence spectra of the obtained thin (Y, ,Gag4)205:Cr
films under excitation by synchrotron radiation at 56 nm (22.14 eV)
and 160 nm (7.75 eV) are shown in Fig. 4.

As can be seen from the results shown in Fig. 4, the spectra ob-
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Fig. 4. The emission spectra of thin (Y, ,Gag.94)205:Cr films at A, =56 nm
(1) and A, =160 nm (2) at 8.6 K.

tained at different excitation energies differ slightly. The lumines-
cent luminescence spectrum under 56 nm excitation is characterised
by intense luminescence in the 690-750 nm region with a maximum
at 700 nm (1.77 eV) and a less intense band with a maximum at 600
nm (2.07 eV) and a local maximum in the luminescence spectrum at
400 nm (3.10 eV). When excited at 160 nm, a broad intense lumi-
nescence with a maximum in the 400 nm region, a local maximum
in the 600 nm region, and a slight luminescence in the 690—-750 nm
region, which shows a narrow band with a maximum at 693.5 nm
(1.788 eV), are observed.

The luminescent band with a maximum around 400 nm is a typi-
cal luminescence of the (Y,0sGagq4):0; substrate, which was dis-
cussed in detail in Ref. [27]. This luminescence is also characteristic
of pure B-Ga,0; crystals [28, 29] and thin B-Ga,O; films [30]. The
luminescent band with a maximum in the region around 600 nm
most likely corresponds to the luminescence of defects, primarily
due to a disturbance in stoichiometry. This luminescence has not
been reported in studies of nominally pure B-Ga,0O; crystals [28, 29]
or the B-Ga,0; and (Y(.06Gage4)205 films [30], but it has been ob-
served in thin ZnGa,0,:Cr films [31] and Y,0,:Cr®*" nanophosphors
[32]. At the same time, as can be seen in Fig. 4, the luminescence
intensity of luminescence and such defects depends on the energy of
the excitation quanta. A similar situation is observed in the photo-
luminescence of ZnGa,0,:Cr [31].

The wide luminescence band in the 690-750 nm region is due to
the intracentre luminescence of the Cr®*" impurity [83]. Gallium ox-
ide has a monoclinic structure, and Cr®" ions in the structure of -
Ga,0; are in an octahedral oxygen environment [33]. In such an en-
vironment with an inversion centre, electrodipole transitions are
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prohibited by parity. Therefore, the luminescent spectrum can be
caused either by the displacement of chromium ions from the inver-
sion centre or by interaction with crystal lattice vibrations. The in-
dicated broad band of luminescence arises from the radiative transi-
tion *T, —*A, [33] in Cr®' ions. Against the background of this
band, two narrow R-lines (R, and R,), characteristic of Cr®" ions in
an octahedral environment, are distinguished in the short-wave re-
gion. The spectral position of these lines depends significantly on
the temperature and the perfection of the samples obtained. In par-
ticular, with a decrease in temperature, the maxima of the R;- and
R,-lines shift to the short-wave (high-energy) region [36—39]. In ad-
dition, our studies show that the cooling of B-Ga,0;:Cr®" crystals to
lower liquid nitrogen temperatures leads to a sharp decrease in the
luminescence yield of the *T, — ‘A, transition, quenching of the R,
line, and a strong increase in the intensity of the R; line [36—39].
Our results are in good agreement with the above results and show
that the intensity of the *T, — *A, transition is determined not only
by the temperature but also by the excitation energy.

A characteristic feature of the results of the study of the lumi-
nescence of B-Ga,0;:Cr®" crystals at temperatures of 20 K and lower
[836—39] is the presence of an intense luminescence of the R, line,
the spectral position of which differs slightly from one author to
another. In particular, in Ref. [36], the spectral position of the R,
band is of 695.3 nm; in Ref. [37], it is of 695.6 nm; in Ref. [38], it
is of 694.5 nm; and in Ref. [39], it is of 696.1 nm. Most likely, this
situation is due to the structural perfection of the studied samples
in different works. At the same time, in the obtained luminescence
spectra of thin (Y, sGag94):05:Cr®" films, the spectral position of the
R, band is even more energetic, i.e., of 693.5 nm. Such a shift could
be explained by the addition of Y*" ions to the structure of B-Ga,O,
instead of some Ga®*" ions. However, this situation seems unlikely.
Unfortunately, we have not found any scientific publications de-
voted to the low-temperature luminescence of Y,0;:Cr®". However,
studies of such luminescence at room temperature [32] show that
the spectral position of the R, line in the luminescence spectra of
Y,0,:Cr®" is more than 700 nm. At the same time, at room tempera-
ture, the position of the R;-line varies from 695.6 nm [38] to 694.5
nm [39] depending on the perfection of the B-Ga,0,:Cr®" samples.
Therefore, the replacement of some Ga®" ions with Y*'ions should
shift the R;-band to a longer wavelength region, but the opposite
situation is observed.

To analyse the observed high-energy shift in the spectral position
of the R; band in the low-temperature luminescence spectra of thin
(Yo.06G0 04)05:Cr®" films, we assume that they consist of nanocrys-
talline grains, for which a size effect is possible. The main reason
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for such effects is the influence of surface energy. In a review arti-
cle [40], the authors point out that the source of the change in sur-
face energy is a large number of incomplete broken bonds. In this
case, the smaller the size of the nanoparticle, the more such bonds
account for the total number of bonds in the nanocrystal. That is,
as the particle diameter decreases, the surface energy also de-
creases.

According to Ref. [41], a decrease in surface energy increases the
volume of a unit cell. Therefore, in thin films consisting of
nanocrystalline grains, the metal-ligand (Cr—O) distance increases
and, as a result, the crystal field strength decreases, and the posi-
tion of the emission bands is shifted. This situation, in particular,
is observed in thin films of B-Ga,05:Cr, where the crystal field
strength is D,=1667 cm™ [31]. The calculations of D, in single-
crysltal samples of B-Ga,03:Cr®" [42] give the value of D,=1680.7
cm .

An increase in the metal-ligand (Cr—O) distance leads to a change
in the Raka parameters, which may result in a nephelauxetic effect.
The term ‘nephelauxetic’ was introduced by Jergensen in Ref. [43]
to describe the expansion of the 3d-electron cloud, when a metal ion
is in a crystal lattice. For a metal ion in a crystal lattice, the elec-
trostatic repulsion between these electrons is weaker, and the elec-
tron-to-electron repulsion parameter Rakia B decreases. A simple
phenomenological description of this effect was proposed in Ref.
[43]:

B =By, e))

where B, is the Raka’s parameter of the free ion and B is the pro-
portionality coefficient, called the nephelauxetic parameter. In Ref.
[44], certain limitations of the relation (1) were noted, and an ex-
tended form of the nephelauxetic parameter was proposed, which
takes into account both the Raka’s parameters B and C, in particu-

lar,
B C
= |—+—, 2
Py \fBO C, 2)

where C, is the Raka’s parameter of the free ion.

When the Cr®' ion is in the *A4, ground state, three 3d-electrons
occupy orbitals stretched in the directions between the ligands. As
the ligands approach the metal ion (Cr—0), the bonds become more
covalent, the 3d-electrons move further away, and the B parameter
decreases. This leads to an increase in the distance between the *A4,
ground state and the excited 2E state. Given that, the excited 2E
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state splits in the crystal field into two sublevels, £ and 24, we ob-
serve two R-lines in the luminescence spectra.

Since, by definition, the nephelauxetic effect is manifested in a
decrease in the Rakad’s B parameter and an increase in the C pa-
rameter with a decrease in the metal-ligand distance, i.e., with an
increase in the size of crystallites, we observe the presence of such
an effect at a short-wave shift of the R, line in the luminescence
spectra of thin films of (Y, 05Gag4)205:Cr compared to single crystal
samples. Given that, for example, the grain diameters vary from 25
to 170 nm (Fig. 3), this shift is considered as an average result due
to the different magnitude of the nephelauxetic effect in crystal-
lites of different sizes.

4. CONCLUSIONS

It has been established that thin films of (Y, 06Gag.94):05:Cr with an
average surface roughness of 2.9 nm are formed on v-SiO, sub-
strates after heat treatment in argon, which are formed from
nanocrystalline grains with an average diameter of 123 nm.

It is shown that, at low-temperature luminescence of thin
(Y.06Gag.94)205:Cr films, the shape of the luminescence spectrum de-
pends on the energy of the excitation quanta, and the spectrum
shows the luminescence of the (Y, ,Gag4)20;5 in the form of a broad
band with a maximum in the region of 400 nm, the luminescence of
defects according to stoichiometry in a band with a maximum in the
region of 600 nm and the activator luminescence of Cr®" ions in the
region of 690—-750 nm, in which an intense R, line is distinguished.
The maximum of this band was shifted to the high-energy region
relative to single crystal samples. The analysis of this shift is based
on the fact that at smaller sizes of nanocrystals in thin films rela-
tive to single crystals, the influence of surface energy is observed,
since the number of elementary cells in nanocrystals decreases and
the relative number of elementary cells on the surface of the crys-
tallite increases proportionally. As a result, the volume of the unit
cell increases, and the Cr—O distance increases accordingly. The
consequence is the weakening of the ligand field and the appearance
of a nephelauxetic effect, which leads to a high-energy shift of the
R, band in the activator luminescence of thin (Y, ¢sGag.04)205:Cr®*
films at a low temperature of 8.6 K.
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We employ first-principles calculations to investigate the structural sta-
bility and electronic properties of cubic zinc oxide (Zn0O) and zinc sulphide
(ZnS) heteroclusters adsorbed with H,O molecule. A comprehensive inves-
tigation on H,O grabbing by ZnO/ZnS heteroclusters 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 nano-
cluster sample might be owing to H/OH-binding-induced non-spherical
distribution of ZnO or ZnS heterocluster. The hypothesis of the energy
absorption phenomenon is confirmed by density distributions of CDD,
TDOS/PDOS/OPDOS, and LOL for ZnO/ZnO-H,0 or ZnS/ZnS-H,0. A
vaster jointed area is engaged by an isosurface map for H/OH adsorption
on ZnO or ZnS surface towards formation of ZnO-H,0 or ZnS-H,0 com-
plex due to labelling atoms of O1, Znl5, 027 or S27, H29, H30. There-
fore, it can be considered that zinc in the functionalized ZnO or ZnS
might have more impressive sensitivity for accepting the electrons in the
process of H/OH adsorption. It is considerable that, when all surface at-
oms of ZnO or ZnS are coated by OH and H groups, the semiconducting
behaviour is recovered. Our results open up the possibility of tailoring the
electronic properties by controlling the surface adsorption sites.

Mwu BUKODPHCTOBYEMO PO3PAXyHKU 3 HEPIINX IPUHIIUIIB AJA TOCIiAKEeHHA
CTPYKTYPHOI CcTabiIbHOCTU I €IeKTPOHHUX BJACTUBOCTEH KYOiUHUX TeTEepPOK-
aacrepiB okcuny Huaky (Zn0O) ta cyapdiny IHuaky (ZnS), agcopboBaHUX i3
moaekyoio H,0. KomniekcHe pocmimkenua saxomaenas H,O rerepokacre-
pamu ZnO/ZnS 6yno mpoBeneHo 3 BukopucrtanaaMm DFT-o6umncieHs Ha Teope-
TuuHoMmy piBHi CAM-B3LYP-D3/6-311+G(d, p). IIlpumiTHa cnabka inTeHcu-
BHICTh CUT'HAJIy MO0JIM3Y IIapajeibHOTO Kpaio 3pasKka HaHOKJacTepa Moxke 0y-
THU MOB’sI3aHAa 3 HechepPUUHUM POIIOAiJIoM rerepokJjacrepa ZnO ado ZnS, iH-
nyxoBanuM 3B’ a3yBanuam H/OH. I'imoresy mpo aBuitie abcopbirii emeprii 6yao
miaTBepiKeHo posmoxinamu ryctuau CDD, TDOS/PDOS/OPDOS i LOL gna
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Zn0/Zn0-H,0 abo ZnS/ZnS—H,0. lupma 3’exHanHa 0061aCTh OXOILJIIOETHCA
izomoBepxHeBO Marnoo aasa agcopobiii H/OH na nmoepxHi ZnO abo ZnS sania
yTBOopeHHA KoMmiiekcy ZnO—-H,0 a6o ZnS—H,0 3aBaaKu MapKyBaJbHUM aTO-
mam O1, Zn15, 027 a6o S27, H29, H30. Otxe, MmoxkHa BBasKaTu, mio [{luuk y
dyuKIionasizoBanomy Zn0O abo ZnS Moxke MaTU BpasKaouy YyTJIUBiCTh II[0J0
OIPUNHATTS eJIeKTPOHIB y mporieci agcop6biii H/OH. Bamauso, 1110, Koau BCi
noBepxHeBi atromu 3 ZnO a6o ZnS noxkputi rpynamu OH i H, maniBomposiguu-
KOBa MOBeiHKAa BifHOBIIOEThCA. Hamti pe3ysbTaTl BITKPUBAIOTh MOKJINBICTH
HAJAIITyBaHHSA eJIeKTPOHHUX BJIACTUBOCTEH IIJISAXOM KOHTPOJIO BY3JIiB IOBe-
pxHeBoi agcopOITii.

Key words: cubic ZnO/ZnS heteroclusters, semiconductor, H/OH adsorp-
tion, first-principles calculations.

Karouosi croBa: Kyb6iuni rerepoxaacrepu ZnO/ZnS, HamiBIPOBIAHUK, aIco-
p6uia H/OH, nmepmonpuHIUIIHI PO3PAXYHKH.
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1. INTRODUCTION

Zinc oxide (ZnO) is a promising semiconductor material for various
applications ranging from optoelectronics to biomedicine, attributed
to its wide direct band gap, high excitons-binding energy, high mo-
bility, and high quantum efficiency. To improve further the per-
formance of ZnO devices, plasma treatment is a common method for
surface modification [1-4]. The luminescence properties of ZnO af-
ter plasma treatment are significantly changed, including ultravio-
let (UV) luminescence, visible luminescence, and recombination
mechanism [5-11].

Optical properties are improved significantly by H plasma, with
negligible alteration in thickness. Although no chemical reaction is
introduced, emission intensity is enhanced by Ar plasma by elimi-
nating the non-radiative recombination centres. Furthermore, H
and Ar plasma also induce strong exciton localization, leading to
significant broadening of the UV spectrum [12-15].

However, replicating or applying the reported improvement in
plasma treatments for ZnO often proves challenging. This difficulty
arises from several factors, including the diverse properties of ZnO
samples, which encompass thin films, single crystals and nanostruc-
tures grown through various methods. Moreover, the specific ef-
fects of plasma treatments using different gases remain unclear, as
each type of gas plasma exhibits unique interactions. Consequently,
it is crucial to conduct a systematic comparison of the influence of
various plasma gases on the optical and electrical properties and to
identify accurately the specific defects affected [16—21].
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Transparent and superhydrophilic materials are indispensable for
their self-cleaning function, which has become an increasingly
popular research topic, particularly in photovoltaic (PV) applica-
tions. It was reported hydrophilic and superhydrophilic ZnO by
varying the morphology for use as a self-cleaning coating for PV
applications [22].

The researchers have applied molecular dynamics simulations
through a reactive force field for ZnO—H,0 ambient. The force-field
parameters were fitted to a dataset of energies, geometries and
charges derived from density functional theory calculations. The
applied model has provided a good fit to the quantum mechanics
reference data for the ZnO-H,0 system that was present in the
dataset. The force field has been used to study how H,0 is adsorbed,
molecularly or dissociatively, at monolayer coverage on flat and
stepped ZnO surfaces, at different temperatures. The results show
that structures that promote hydrogen bonding are favoured and
that the presence of steps promotes an increased level of hydroxyla-
tion in the water monolayers [23].

The cubic form of zinc sulphide (ZnS) is the prototype II-VI semi-
conductor with smallest lattice constant of a,=5.4102 A at 300 K and
the primarily candidate for UV-light emitting devices because of its
large band-gap energy around = 3.7 eV at room temperature [24].

Many research groups have attempted to dope anions and cations
into the ZnO or ZnS lattice, which helps to reach various complex
applications since its electronic structure and characteristics may be
significantly adjusted. The enhanced catalytic properties reveal the
synergy between ZnO and ZnS functional nanomaterials, which up-
grade the electron—hole pair, resulting in an enhanced catalytic per-
formance under the visible region. Notably, the ZnO-based ZnS
nanocomposite was prepared by a wet chemical method without any
template. The template method is not sensitive to the preparation
conditions, is easy to operate and implement, and controls nanoma-
terials’ structure, morphology, and particle size through the tem-
plate material. Generally, the outstanding photocatalytic perform-
ance of wurtzite ZnO and ZnS semiconductor and their composite
under visible light irradiation could be attributed to synergistic ef-
fects, when coupled with other metal oxide semiconductor. The pre-
sent study is a part of our ongoing research to understand the solar
energy conversion/harvesting directions. We reported a facile syn-
thesis of ZnS and ZnO nanoparticles and their nanocomposites by
the wet chemical method [25—29].

In this work, we analysed the effect of H,O adsorption on the
properties of ZnO or ZnS heterocluster via the density of state,
charge distribution, bond orders and HOMO-LUMO orbitals using
DFT studies. The optimized ZnO or ZnS is shown in Fig. 1, a, b,
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Fig. 1. Characterization of (a) ZnO/ZnO-H,0 and (b) ZnS/ZnS—H,0 hetero-
clusters through a labelled ring in clockwise manner including H, O, S, Zn
towards H,0 adsorption.

and the Zn and O or S atoms are also numbered to characterize the
reaction pathway.

2. THEORY, MATERIALS AND COMPUTATION

The hydration of ZnO or ZnS and formation of ZnO-H,O or ZnS-—
H,0 heterocluster was calculated within the framework of first-
principles calculation based on density functional theory (DFT) (Fig.
1). The rigid potential energy surface using density functional the-
ory [30—43] was performed due to Gaussian 16 revision C.01 pro-
gram package [44] and GaussView 6.1 [45]. The coordination input
for energy storage on the solar cells has applied 6—-311+G(d, p) and
EPR-3 basis sets.

First, we optimized the structural parameters of the nanocluster
of ZnO or ZnS and hydrated nanocluster of ZnO-H,0 or ZnS—H,O
for obtaining the highest short-circuit current density. Figure 1
shows the process of H,0 adsorption on nanocluster of ZnO or ZnS
which is varied to maximize the absorption in the active region.
This is a utility used to calculate 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, which can conclude the total ring area and total
ring perimeter for a tailored ring as 9.4242 A and 12.2796 A? for
ZnO (Fig. 1, a) and 9.4240 A and 12.2794 A? for ZnS, respectively
(Fig. 1, b).
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3. RESULTS AND DISCUSSION

In this article, the data has evaluated the efficiency of ZnO or ZnS
in H,O medium through energies, geometries and charges derived
from density functional theory calculations. The applied model has
provided a good fit to the quantum mechanics reference data for
the ZnO—-H,0 or ZnS—-H,0 systems that was present in the dataset.
The force field has been used to study how water is adsorbed
molecularly at monolayer coverage on ZnO or ZnS surfaces.

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. 2, a, a’, b, b') [46]. Figure 2, a, b indicates all Zn, O or
S atoms of ZnO or ZnS fluctuating around -9 to —1 Bohr. In Figure

1
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L
=)

g—axis (BobT}
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Fig. 2. CDD graphs for heteroclusters of (a) ZnO, (a’) ZnO-H,0, (b) ZnS,
and (b') ZnS—H,0.
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2,a, b, the atom of Zn15, 027 or S27 from ZnO-H,0 or ZnS—-H,0
and O1, H29, H30 from H,0 molecule accompanying other Zn, O or
S atoms from ZnO-H,0 or ZnS—-H,O have shown the fluctuation
around —1 to +1 Bohr and -9 to +1 Bohr, respectively.

Furthermore, atomic charge during H,O adsorption by ZnO or

TABLE 1. The atomic charge (@/coulomb) for heteroclusters of ZnO and
ZnS through H/OH adsorption and formation of ZnO-H,0 and ZnS—H,O
heteroclusters.

ZnO Zn0O-H,0 ZnS ZnS—H,0

Atom | Charge | Atom | Charge | Atom | Charge | Atom | Charge
Znl 0.7141 o1 -0.5958 Znl -0.5916 01 -0.6526
Zn2 0.7139 Zn2 0.6972 Zn2  -0.5915 Zn2  -0.5742
Zn3 0.7135 Zn3 0.7278 Zn3  -0.5915 Zn3  -0.5431
Zn4 0.7141 7Zn4 0.7273 Zn4  -0.5914 Zn4  -0.5535
Znb 0.7141 Znb 0.5927 Zn5  -0.5914 Zn5  -0.4722
Zn6 0.7135 Zn6 0.6958 Zn6  -0.5913 Zn6  -0.5761
Zn7 0.7140 Zn7 0.7113 Zn7  -0.5913 Zn7 -0.5656
Zn8 0.7140 Zn8 0.7264 Zn8  -0.5912 Zn8  -0.5528
Zn9 1.7451 Zn9 0.5981 Zn9  -0.4176 Zn9  -0.4722
Zn10  1.7450 Znl1l0 1.7256 Znl0 -0.4179 Znl0 -0.4578
Znll 1.7471 Znll 1.7376 Znll -0.4175 Znll -0.4581
Znl2 1.7471 Znl2 1.8835 Znl2 -0.4176 Znl2 -0.4646
Znl3 1.7461 Znl3 1.9004 Znl3 -0.4175 Znl3 -0.5131
Znl4  1.7460 Znl4 1.6986 Znl4 -0.4176 Znl4 -0.3470
015 -1.5357 Znlb  1.4867 S15 0.6704 Znl5 -2.6670
016 -1.2210 016 -1.5460 S16 0.5475 S16 0.7342
o17 -1.2210 017 -1.2236  S17 0.5473 S17 0.6123
018 -1.2210 018 -1.2143 S18 0.5473 S18 0.7932
019 -1.2209 019 -1.2232 S19 0.5475 S19 0.8517
020 -1.2209 020 -1.2259 S20 0.5473 S20 0.5726
021 -1.2209 021 -1.1381 S21 0.5471 S21 1.1263
022 -1.2209 022 -1.2260 S22 0.5469 S22 0.5741
023 -1.2210 023 -1.1370 S23 0.5475 S23 1.1166
024 -1.2210 024 -1.2155 S24 0.5473 S24 0.5695
025 -1.2210 025 -1.2183 S25 0.5471 S25 0.6185
026 -1.2210 026 -1.2157 S26 0.5471 S26 0.5693
027 -1.2210 027 -1.1850 S27 0.5469 S27 0.2986

028 -1.2183 S28 0.6184

H29 0.2973 H29 0.4588

H30 0.3764 H30 0.3556
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ZnS towards formation of ZnO-H,0 or ZnS—-H,0 (Table 1) was dis-
cussed. The atomic charge of Zn, O or S, and H/OH adsorbed on
ZnO or ZnS have been measured. The values detect that, with add-
ing H,0, the negative atomic charges of oxygen atoms of 016, O17,
018, 019, 020, 021, 022, 023, 024, 025, 026, 027, 028 in ZnO—
H,0 have changed through coating of ZnO with H/OH. In fact,
ZnO—H,0 has shown more efficiency than ZnO for admitting the
electron from electron donor of 016 to 028 (Table 1 and Fig. 3, a).
However, the negative atomic charge of zinc atoms and loss of

Atomic charge
25

Atomic charge
154

14

0.5

0

——7ZnS-H,0
—e—7nS

b

Fig. 3. The fluctuation of atomic charge (@/coulomb) for (a) ZnO/ZnO-H,0
and (b) ZnS/ZnS—H,0.
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negative atomic charge of sulphur in ZnS/ZnS-H,0 have been ob-
served through Table 1 and Fig. 3, b. The changes of charge density
analysis in the adsorption process have illustrated that ZnO and
Zn0O—H,0 nanoclusters have shown the ‘Bader charge’ of —1.747 and
—1.900 coulomb, respectively. The differences of charge density for
these structures are measured as AQ,4s zn0-n,0=—0.153 coulomb. The
changes of charge density analysis in the adsorption process have
illustrated that ZnS and ZnS—-H,0 nanoclusters have shown the
‘Bader charge’ of —0.670 and —2.667 coulomb, respectively. The
differences of charge density for these structures are measured as
AQ s, 70s-1,0 = —1.997coulomb.

To understand better the different adsorption characteristics of
Zn0/Zn0O-H,0 and ZnS/ZnS—H,0 heteroclusters, total density of
states (TDOS) using the Multiwfn program [45] has been measured.
This parameter can indicate the existence of important chemical in-
teractions often on the convex side (Fig. 4, a, a', b, b'). In isolated
system (such as molecule), the energy levels are discrete, the con-
cept of density of state (DOS) is supposed completely valueless in
this situation. Therefore, the original total DOS (TDOS) of isolated
system can be written as follows [47]:

TDOS (B) =Y 3(E-,), 1)

2

1 eiﬁ where ¢ = M (2)
c\2n ’ 2421n 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

PDOS,(E)=Y&, ,F(E-I,), (3)

G(x) =

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

OPDOS, , (E)=> 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 —0.60
to —0.80 a.u. has obviously larger state density than other regions
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for ZnO and ZnO-H,0 nanoclusters (Fig. 4, a, a'). However, it has
been shown a larger state density through pointed peaks for ZnO-
H,0 (Fig. 4, a') than ZnO (Fig. 4, a) around -0.20 to —0.40 a.u.

It is remarkable that, when all surface atoms of ZnO are coated
by OH and H groups, the semiconducting behaviour is recovered.
Our results open up the possibility of tailoring the electronic prop-
erties by controlling the surface adsorption sites. In the positive
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Fig. 4. TDOS/PDOS/OPDOS graphs of heteroclusters of (a) ZnO, (a’') ZnO—
H,0, (b) ZnS, and (b') ZnS—H,O.
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part, the region around 0.1 to 0.2 a.u. has obviously larger state
density than other regions for ZnS and ZnS—-H,0 nanoclusters
(Fig. 4, b, b').

Fragment 1 has been defined for Znl (Fig. 4, a), 01 (Fig. 4, a')
and Zn2, Zn4, Zn6, Zn8, Znl10, 016, 019, 022, 024 (Fig. 4, a, a’)
and H30 (Fig. 4, a’'). Moreover, Fragment 2 has indicated the fluc-
tuation of Znll, Znl2, Znl3, Znl4, 017, 025, 026, 027 for ZnO
and ZnO—-H,0 heteroclusters (Fig. 4, a, a’) and H29 for ZnO-H,0
(Fig. 4, a'). Finally, it was considered the fluctuation of 015 (Fig.
4, a), Zn15 (Fig. 4, a') and Zn3, Znb, Zn'7, Zn9, 018, 020, 021, 023
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for both ZnO and ZnO-H,0 nanoclusters (Fig. 4, a, a’) through
Fragment 3. Moreover, Fragment 1 has been defined for Znl (Fig.
4, b), 01 (Fig. 4, b') and Zn2, Zn4, Zn6, Zn8, Zn10, S16, S19, S22,
S24 (Fig. 4, b, ') and H30 (Fig. 4, b'). Moreover, Fragment 2 has
indicated the fluctuation of Znll, Znl2, Znl3, Znl4, S17, S25,
S26, S27 for ZnS and ZnS—H,O heteroclusters (Fig. 4, b, ') and
H29 for ZnS—H,O (Fig. 4, b'). Finally, it was considered the fluctua-
tion of S15 (Fig. 4, b), Znlb (Fig. 4, b’) and Zn3, Znb, Zn'7, Zn9,
S18, S20, S21, S23 for both ZnS and ZnS—H,0 heteroclusters (Fig.
4, b, b') through Fragment 3.

Localized orbital locator (LOL) has similar expression compared
to electron localization function (ELF) [48]:

LOL(r) = 1 i(r() % (r) = T Dy (r) - (5)
T(r Ezini Vo, (r)|
3 21\2/3 5/3 5/3

D,@) =75 (67| (p.)"" + (p, @) |- ()

Multiwfn [49] also supports the approximate version of LOL de-
fined by Tsirelson and Stash [50], namely, the actual kinetic energy
term in LOL is replaced by second-order gradient expansion like
ELF, which may demonstrate a broad span of bonding samples. This
Tsirelson’s version of LOL can be activated by setting
‘ELFLOL_type’ to 1. For special reason, if ‘ELFLOL type’ in set-
tings.ini is changed from 0 to 2, another formalism will be used:

_
1+(w(r)) "

If the parameter ‘ELFLOL cut’ in settings.ini is set to x, then,
LOL will be zero, where LOL is less than x.

The heteroclusters of Zn0O/ZnO-H,0 and ZnS/ZnS—-H,O can be
defined by LOL graphs owing to exploring their delocaliza-
tion/localization characterizations of electrons and chemical bonds
(Fig. 5, a, a’, b, b'). Covalent zones have high LOL value, the elec-
tron depletion zones between valence shell and inner shell are indi-
cated by the blue circles around nuclei (Fig. 5, a, a’, b, b’). The
counter map of LOL for ZnO/ZnO-H,O (Fig. 5, a, a') and ZnS/ZnS—
H,0 (Fig. 5, b, b') has shown the localized orbital locator through
H/OH adsorption. ZnO-H,0 or ZnS—H,0 heterocluster indicates a
larger isosurface map of the localized orbital locator due to label-
ling atoms of O1, Znlb5, 027 or S27, H29, H30. A narrower con-
nected area occupied by an isosurface map means that localized or-
bital locator is relatively difficult. However, the large counter map

LOL(r) = (7
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of LOL for ZnO-H,0 or ZnS—H,0 can confirm that ZnO or ZnS can
be a promising semiconductor material for various applications.

Moreover, intermolecular orbital overlap integral is important in
discussions of intermolecular charge transfer, which can calculate
HOMO-HOMO and LUMO-LUMO overlap integrals between the
H/OH and heterocluster of ZnO or ZnS. The applied wave-function
level is CAM-B3LYP-D3/6—-311+G(d, p) that corresponds to HOMO
and LUMO, respectively (Table 2).

The amount of ‘Mayer bond order’ [51] is generally according to
empirical bond order for the single bond is near 1.0. ‘Mulliken bond
order’ [52] with a small accord with empirical bond order is not ap-

Length unit: Bohr

T T
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0.00 156 312 4.68 625
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a

Fig. 5. The graphs of LOL for heteroclusters of (a) ZnO, (a') ZnO-H,0, (b)
ZnS, and (b') ZnS—H,0. (Counter line map on the right and shaded surface
map with projection in the left.)
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propriate for quantifying bonding strength, for which Mayer bond
order always performs better. However, ‘Mulliken bond order’ is a
good qualitative indicator for ‘positive amount’ of bonding and
‘negative amount’ of antibonding, which are evacuated and local-
ized, respectively (Table 3).

As it is seen in Table 3, ‘Laplacian bond order’ [53] has a straight
cohesion with bond polarity, bond dissociation energy and bond vi-
brational frequency. The low value of Laplacian bond order might
demonstrate that it is insensitive to the calculation degree applied
for producing electron density. Generally, the value of ‘Fuzzy bond
order’ is near Mayer bond order, especially for low-polar bonds, but
much more stable with respect to the change in basis-set. Computa-
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TABLE 2. LUMO, HOMO, and energy gap (AE) for ZnO and ZnS through
H/OH adsorption and formation of ZnO-H,0 and ZnS—H,0 heteroclusters.

Heteroclusters | Eyomo, €V Eivmos €V | AE = E;yy0 — Enomor €V
ZnO -2.4280 -1.3056 1.1223
Zn0O-H,0 -2.6110 -1.6053 1.0056
7ZnS -2.7413 -1.1723 1.5690
ZnS-H,0 —2.7459 -1.1762 1.6696

TABLE 3. The bond orders of Mayer, Wiberg, Mulliken, Laplacian, and
Fuzzy types from mixed alpha and beta density matrix for ZnO and ZnS
through H/OH adsorption and formation of ZnO-H,0 and ZnS-H,0 het-
eroclusters.

Zn0O-H,0 ZnS—-H,0
01-Zn15| 01-H29 | 027-H30 | 01-Zn15 | 01-H29 | S27-H30
Mayer  1.1308 0.6507  0.4783  1.2782 0.6905 0.8056
Wiberg ~ 1.7176  0.6631  0.4490  1.0554 0.6397 0.6436
Mulliken ~ 1.9120  0.1727  0.0573  1.8753 0.1573 0.1864
Laplacian ~ 1.6451  0.2169  0.1505  1.7453 0.2014  0.2491
Fuzzy 1.6561  0.6878  0.4321  1.5246 0.6273  0.6852

Bond order

tion of ‘Fuzzy bond order’ demands running ‘Becke’s DFT’ numeri-
cal integration, owing to which the calculation value is larger than
assessment of ‘Mayer bond order’ and it can concede more precisely
[54].

4. CONCLUSIONS

Considerable attention has recently been given to ZnO or ZnS as a
promising multifunctional material with wide-ranging technological
applications. Understanding the interaction of water with ZnO or
ZnS is important for this material to be used in gas sensing, cataly-
sis and biomedical applications. In summary, H,0 grabbing on the
ZnO or ZnS was investigated by first-principles calculations. We
have provided ZnO or ZnS heterocluster, and then, the geometrical
parameters of H/OH adsorption on the surface of ZnO or ZnS
through the absorption status and current charge density were
studied. ZnO-H,0 or ZnS—H,0 heterocluster indicates a larger iso-
surface map of electron delocalization due to labelling atoms of O1,
Znl5, 027 or S27, H29, H30. A narrower connected area occupied
by an isosurface map means that electron delocalization is relatively
difficult. However, the large counter map of LOL for ZnO-H,0O or
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ZnS—H,0 can confirm that ZnO or ZnS can be a promising semicon-
ductor material for various applications.

ACKNOWLEDGEMENTS

In successfully completing this paper and its research, the author is
grateful to Kastamonu University.

REFERENCES

1. Christopher J. Frederickson, Jae-Young Koh, and Ashley I. Bush, Nat. Rev.
Neurosci., 6: 449 (2005); https://doi.org/10.1038/nrn1671

2. Amir Moezzi, Andrew M. McDonagh, and Michael B. Cortie, Chem. Eng. J.,
185—186: 1-22 (2012); https://doi.org/10.1016/j.cej.2012.01.076

3. Jingbin Han, Fengru Fan, Chen Xu, Shisheng Lin, Min Wei, Xue Duan, and
Zhong Lin Wang, Nanotechnology, 21, No. 40: 405203 (2010);
https://doi.org/10.1088,/0957-4484/21/40/405203

4. Zenan Jiang, Saeid Soltanian, Bobak Gholamkhass, Abdullah Aljaafari, and
Peyman Servati, RSC Adv., 8, Iss. 64: 36542 (2018);
https://doi.org/10.1039/C8RA0T071G

5. J. Cizek, J. Valenta, P. Hruska, O. Melikhova, I. Prochazka, M. Novotny,
and J. Bulif, Appl. Phys. Lett., 106: 251902 (2015);
https://doi.org/10.1063/1.4922944

6. Kiyoshi Matsuyama, Kenji Mishima, Takafumi Kato, Keiichi Irie,
and Kenichi Mishima, J. Colloid Interface Sci., 367: 171 (2012);
https://doi.org/10.1016/j.jcis.2011.10.003

7. Buguo Wang, Bruce Claflin, Michael Callahan, Z. -Q. Fang, and David Look,
Proc. SPIE, 8987: 89871D (2014); https://doi.org/10.1117/12.2042344

8. B. J. Jin, S. Im, and S. Y. Lee, Thin Solid Films, 366: 107 (2000);
https://doi.org/10.1016/S0040-6090(00)00746-X

9. C. V. Manzano, D. Alegre, O. Caballero-Calero, B. Alén, and M. S. Martin-
Gonzalez, J. Appl. Phys., 110: 043538 (2011);
https://doi.org/10.1063/1.3622627

10. M. A. Borysiewicz, M. Wzorek, T. Wojciechowski, T. Wojtowicz,
E. Kaminska, and A. Piotrowska, J. Lumin., 147: 367 (2014);
https://doi.org/10.1016/j.jlumin.2013.11.076

11. Oscar Marin, Vanessa Gonzalez, Moénica Tirado, and David Comedi, Mater.
Lett., 251: 41 (2019); https://doi.org/10.1016/j.matlet.2019.05.033

12. Huan-Ming Xiong, Da-Peng Liu, Yong-Yao Xia, and Jie-Sheng Chen, Chem.
Mater., 17: 3062 (2005); https://doi.org/10.1021/cm0505561r

13. D. C. Agarwal, U. B. Singh, Srashti Gupta, Rahul Singhal, P. K. Kulriya,
Fouran Singh, A. Tripathi, Jitendra Singh, U. S. Joshi, and D. K. Avasthi,
Scientific Reports, 9: 6675 (2019); https://doi.org/10.1038/s41598-019-
43184-9

14. E. Wolska, J. Kaszewski, P. Kielbik, J. Grzyb, M. M. Godlewski, and
M. Godlewski, Opt. Mater., 36: 1655 (2014);
https://doi.org/10.1016/j.optmat.2013.12.032



464

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Fatemeh MOLLAAMIN

J.-H. Lim, C.-K. Kang, K.-K. Kim, I.-K. Park, D.-K. Hwang, and S.-J. Park,
Adv. Mater., 18: 2720 (2006); https://doi.org/10.1002/adma.200502633
Diana B. Tolubayeva, Lesya V. Gritsenko, Yevgeniya Y. Kedruk,

Madi B. Aitzhanov, Renata R. Nemkayeva, and Khabibulla A. Abdullin, Bio-
sensors, 13: 793 (2023); https://doi.org/10.3390/bios13080793

Haijie Liu, Yan Zhang, Haihua Zhang, Longcai Wang, Tao Wang,

Zhifa Han, Liyong Wu, and Guiyou Liu, J. Transl. Med., 19: 221 (2021);
https://doi.org/10.1186/s12967-021-02892-5

Kh. A. Abdullin, M. T. Gabdullin, L. V. Gritsenko, D. V. Ismailov,

Zh. K. Kalkozova, S. E. Kumekov, Zh. O. Mukash, A. Yu. Sazonov, and

E. I. Terukov, Semiconductors, 50: 1010 (2016);
https://doi.org/10.1134/S1063782616080029

Shang-Chou Chang, Jhih-Ciang Hu, Huang-Tian Chan, and Chuan-An Hsiao,
Coatings, 12: 945 (2022); https://doi.org/10.3390/coatings12070945
Shang-Chou Chang, Tsung-Han Li, and Huang-Tian Chan, Int. J. Electro-
chem. Sci., 16: 210817 (2021); https://doi.org/10.20964,/2021.08.34

Cong Zhang, Zongsheng Cao, Guangliang Zhang, Yu Yan, Xin Yang, Jiayuan
Chang, Yanfei Song, Yuhang Jia, Peng Pan, Wei Mi, Zhengchun Yang, Jinshi
Zhao, and Jun Wei, Microchem. J., 158: 105237 (2020);
https://doi.org/10.1016/j.microc.2020.105237

Srijita Nundy, Aritra Ghosh, and Tapas K. Mallick, ACS Omega, 5, No. 2:
1033 (2020); https://doi.org/10.1021/acsomega.9b02758

David Raymand, Adri C. T. van Duin, Daniel Spangberg, William

A. Goddard III, and Kersti Hermansson, Surface Science, 604, Nos. 9-10:
741 (2010). https://doi.org/10.1016/j.susc.2009.12.012

Gang Wang, Baibiao Huang, Zhujie Li, Zaizhu Lou, Zeyan Wang, Ying Dai,
and Myung-Hwan Whangbo, Scientific Reports, 5: 8544 (2015);
do0i:10.1038/srep08544

Afaq Ullah Khan, Kamran Tahir, Karma Albalawi, Mona Y. Khalil, Zainab
M. Almarhoon, Magdi E. A. Zaki, Salman Latif, Hassan M. A. Hassan,
Moamen S. Refat, and Alaa M. Munshi, Materials Chemistry and Physics,
291: 126667 (2022); https://doi.org/10.1016/j.matchemphys.2022.126667
Dejan Zagorac, Jelena Zagorac, Milan Peji¢, Branko Matovi¢, and Johann
Christian Schon, Nanomaterials, 12: 1595 (2022);
https://doi.org/10.3390/nano012091595

Nicolas Perciani de Moraes, Lucca Gabriel Penida Marins, Marcelo Yuji de
Moura Yamanaka, Rebeca Bacani, Robson da Silva Rocha, and Liana Alvares
Rodrigues, J. Photochem. Photobiol. A Chem., 418: 113377 (2021);
https://doi.org/10.1016/j.jphotochem.2021.113377

Asset Bolatov, Alida Manjovelo, Bilel Chouchene, Lavinia Balan, Thomas
Gries, Ghouti Medjahdi, Bolat Uralbekov, and Raphaél Schneider, Materials,
17: 4877 (2024); https://doi.org/10.3390/mal7194877

Zhifang Dong, Yan Wu, Natarajan Thirugnanam, and Gonglin Li, Appl.
Surf. Sci., 430: 293 (2018); https://doi.org/10.1016/j.apsusc.2017.07.186
P. E. Blochl, Phys. Rev. B, 50: 17953 (1994);
https://doi.org/10.1103/PhysRevB.50.17953

J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett., 77: 3865
(1996); https://doi.org/10.1103/PhysRevLett.77.3865

Paul Ziesche, Stefan Kurth, and John P. Perdew, Comput. Mater. Sci., 11:



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

SMART NANOCOMPOSITES OF ZnO & ZnS AS POTENT SEMICONDUCTORS 465

122 (1998); https://doi.org/10.1016/S0927-0256(97)00206-1

Marco Arrigoni and Georg K. H. Madsen, Comput. Mater. Sci., 156: 354
(2019); https://doi.org/10.1016/j.commatsci.2018.10.005

P. Hohenberg and W. Kohn, Phys. Rev. B, 136: B864 (1964);
https://doi.org/10.1103/PhysRev.136.B864

W. Kohn and L. J. Sham, Phys. Rev., 140: A1133 (1965);
https://doi.org/10.1103/PhysRev.140.A1133

Axel D. Becke, J. Chem. Phys., 98: 5648 (1993);
https://doi.org/10.1063/1.464913

Chengteh Lee, Weitao Yang, and Robert G. Parr, Phys Rev B, 37: 785
(1988); https://doi.org/10.1103/PhysRevB.37.785

K. Kim and K. D. Jordan, J. Phys. Chem., 98, No. 40: 10089 (1994);
https://doi.org/10.1021/j100091a024

P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch, J. Phys.
Chem., 98, No. 45: 11623 (1994); https://doi.org/10.1021/j100096a001

C. J. Cramer, Essentials of Computational Chemistry: Theories and Models
(Wiley: 2004).

Fatemeh Mollaamin and Majid Monajjemi, Int. J. Quantum Chem., 124:
e27348 (2024); https://doi.org/10.1002/qua.27348

Fatemeh Mollaamin and Majid Monajjemi, Molecular Simulation, 49, 4: 365
(2023); https://doi.org/10.1080,/08927022.2022.2159996

S. H. Vosko, L. Wilk, and M. Nusair, Can. J. Phys., 58, No. 8: 1200 (1980);
https://doi.org/10.1139/p80-159

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb et
al., Gaussian 16, Revision C.01 (Wallingford CT: Gaussian, Inc.: 2016).

R. Dennington, T. A. Keith, and J. M. Millam, GaussView 6.0.16 (Semichem
Inc.: 2016).

Zihan Xu, Chenglong Qin, Yushu Yu, Gang Jiang, and Liang Zhao, AIP Ad-
vances, 14: 055114 (2024); https://doi.org/10.1063/5.0208082

A. D. Becke and K. E. Edgecombe, J. Chem. Phys., 9: 5397 (1990);
https://doi.org/10.1063/1.458517

H. L. Schmider and A. D. Becke, Journal of Molecular Structure:
THEOCHEM., 527, Nos. 1-3: 51 (2000); https://doi.org/10.1016/S0166-
1280(00)00477-2

A. D. Becke and K. E. Edgecombe, J. Chem. Phys., 9: 5397 (1990);
https://doi.org/10.1063/1.458517

V. Tsirelson and A. Stash, Acta Cryst., B58: 780 (2002);
https://doi.org/10.1107/S0108768102012338

I. Mayer, Chemical Physics Letters, 544: 83 (2012);
https://doi.org/10.1016/j.cplett.2012.07.003

F. Mollaamin, M. T. Baei, M. Monajjemi, R. Zhiani, and B. Honarparvar,
Russ. J. Phys. Chem., 82, 2354 (2008);
https://doi.org/10.1134/S0036024408130323

Tian Lu and Feiwu Chen, J. Phys. Chem. A, 117: No. 14: 3100 (2013);
https://doi.org/10.1021/jp4010345

Xiyi Wang, Xuefeng Zhang, Witold Pedrycz, Shuang-Hua Yang, and Driss
Boutat, Fractal Fract., 8: 523 (2024);
https://doi.org/10.3390/fractalfract8090523






Hanocucmemu, HaHomamepianiu, HAHOMEXHOL02iT © 2025 IM® (IacturyT Metanodisuku
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kyparomosa HAH Yxpainm)
2025, 1. 23, Ne 2, cc. 467-476 HanpykoBano B YKpaisi.
https://doi.org/10.15407/nnn.23.02.0467

PACSnumbers: 71.20.Tx, 73.20.Hb, 73.22.-f, 78.20.Bh, 78.66.Tr, 78.67.Sc, 81.05.ub

EneKTpoHHi BIaCTHBOCTI HAHOKOMIIO3UTIB CKBAPaTHOBUX OAPBHUKIB
3 OTHO- Ta 6araTOCTIHHNMM BYTJelleBUMHI HAHOTPYOKaMu:
CIIEKTPOCKOIIisl Ta MOJAEJJIOBAHHS

M. TI'anosos’, B. C. Makcumyxk!, O. JI. [TaBrerko’, O. I1. IMuTpenKo’,
II. Kynim®, A. I. Momor?, A. II. Haymerko', B. O. BorBunoBChKIit!,
0. Tecennko?, O. [I. KaukoBcbkuii®

'Ruiscvruil Hayionanvuuil ynieepcumem imeni Tapaca Illesuenka,

8y.i. Borodumupcora, 60,

01033 Kuis, Ykpaina
2Inemumym ximii eucoxomonrexyraprux cnoryx HAH Yrpainu,
Xapriscvre woce, 48,

02160 Kuis, Ykpaina

*ITnemumym Gioopzaniunoi ma napmoximii imeni B. IT. Kyxaps HAH Ykpainu,
eyn. Mypmancvka, 1,

02094 Kuis, Ykpaina

PosraagaioTbeca ONTMUYHI BJACTHUBOCTI NJIIBOK HAaHOKOMIO3MUTIB Ha OCHOBI
0apBHUKIB 3 OOHO- Ta 0araToCTiHHUMM BYTJIelleBUMU HaHOTpyOKamu. IToka-
3aHO0, IO B 3aJIE’KHOCTI BiJ TUNy HAHOTPYOOK Ma€ Miciie TpaHchopmallisg
CHeKTPiB BOMpPAHHS MOPiBHAHO 3i CIIeKTpaMM ILIiBKM 0OApBHUKIB Ha migKJa-
OIUHKaX KBapiy. Ha nmpuriazni kommiekciB ¢gymnepeniB C;, 3i ckBapaiHoBu-
My 0apBHUKaMHU IIOKa3aHO MOMKJIMBICTH 3MiHU CIIEKTPiB BOMpPaAHHS 3aJI€:KHO
Bif misiMeTpa BYTIJIEIleBOI CTPYKTYDPHU.

The optical properties of nanocomposite films based on dyes with single-
and multiwalled nanotubes are considered. As shown, depending on the
type of nanotubes, there is a transformation of the absorption spectra
compared to the spectra of the dye films on quartz substrates. Model of
the complexes based on C,, fullerene with squaraine dyes is used to dem-
onstrate the possibility of dependence of the absorption spectra on the di-
ameter of the carbon structure.

KarouoBi croBa: omHOCTiHHI ByrieneBi HaHOTPYOKM, 6araTocTiHHI ByTJereBi
HaAHOTPYOKU, Gymnepenu C,,, cKBapaiHoBi OapBHUKM, ILIiBKU, OITUYHA
CIIEKTPOCKOIIisl, KBAHTOBO-XEMiUHi PO3PaXyHKU.

Key words: single-walled carbon nanotubes, multiwalled carbon nanotubes,
C,, fullerenes, squaraine dyes, films, optical spectroscopy, quantum-
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chemical calculations.

(Ompumano 20 wosmus 2024 p.; nicas doonpauyrwearns — 14 6epesns 2025 p.)

1. BCTYII

Komnekcu ByrJjeneBUX HAHOCTPYKTYP (ByIJeleBi HaAHOTPyOKMU, I'pa-
den, Qynnepenu) i3 ceHcmbinmizaTopamMm-0apBHUKAMU 3HAXOAATH BCe
mIupIri obJyiacTi MpaKTUYHOTO 3acTocyBaHHA. Tak, ByIrJelleBi HaHOCT-
PYKTypu 3 OapBHMKAMHN BHKOPMCTOBYIOTHLCS Y CTBOPEHHI xXeMiuHMX i
0i0JIOTIUHMX CEeHCOPiB, 30KpeMa [IJsd BUSIBJIEHHSA TOKCUUYHUX PEUOBUH,
0iOMOJIEKYJI, a TAKOXK Y MiSITHOCTHUII OJIS CTBOPEHHS (PJIIOOPECIIeHT-
HuUX OioMapKepiB i KOHTpacTHMX areHTiB aadA Bisyamisamii [1, 2]. By-
TJierleBi HAHOCTPYKTYPW B MOEAHAHHI 3 OapBHUKAMHU CJIAYTYIOTH IJIA
CTBOPEHHS (POTOMiON, COHAYHUX eJeMEHTIiB 3aBAAKMN IXHIN 37aTHOCTIL
I0 edeKTMBHOTO BOMpaHHS Ta BUIIPOMiHIOBAHHS cBiTaa. 30KpeMma,
MePCIEeKTUBHUMEU € PO3POOKU CHCTEM HAHOTPYOOK 3 OapBHUKAMU IJIs
oxHouacHOI (ororepmiuHoi Ta (oToaMHAMIUHOI Tepamii MyXJIMHHUX
3axBopioBaHb [3]. Hamorpybku mix yac BOMpaHHA eHeprii ejlexkTpoma-
THETHUX XBUJIb OJM3HKOTO iH(pPauepBOHOTO AisITa3soHy MOMKYTH Iepe-
TBOPIOBATH ii y TEIJIOBY, TAKUM YMHOM HPUBOAAYU OO0 (hOTOTEPMiUHO-
ro eperry. Bommouac, 6apBHUK-(poTOCeHCcHOiIizaTOp, II0 3HAXOAUTH-
csd Yy KOMILJIeKCi 3 HaHOTPYyOKOI0, 3a BOMPAHHS BUIIPOMiHEeHHS B o0Jia-
cTi ororepaneBTmunoro BikHa (600-1200 HM) MOKe r'eHepyBaTHU CH-
Hraeruuin OKCUI'€H, IO JA€ 3MOTY I[iJIeCIIPAMOBAHO PYHUHYBATH KJIi-
TUHU IIePePOIKeHNX TKAHUH.

Bararo gociaimskeHb OyJa0 IPUCBAYEHO BUBUEHHIO e()EKTHUBHUX Xa-
PaxKTepUCTUK KOMILIEKCIB HaHOTPYOOK 3 OapBHUKAMMU, OJHAK MeXaHi-
3MU IXHBOI B3aeMOJil 3aJHINAIOThCA He N0 Kiuida BusHaueHumu. Ce-
pen Takux, K caMe, BILIMBAE THUII HAHOTPYOOK, IxHiil pajiroc Ha BJa-
CTHBOCTiI camMoro O0apBHUKAa. AmKe BijomMoO, II[0 HEPiBHOMipHIiCTL PO3-
MOAiNy 3apsany Ha MOJeKyJiaX 0apBHUKIB cIpuse IpolecaM arperairii
X MOJIeKyJ [4]; Oiabllle TOTO, BIIMBAE AK THUM IMiAKJIATUHKN, IOBE-
PXHsA, TaK 1 TeMIepaTypHi peKUMU ocaIKeHH [5].

Y namiii pobOTi POSrIAHYTO 3MiHM CIEKTPaJbHUX BJIACTHUBOCTE
0apBHUKIB, OCAM)KEeHNX Ha OJHO- Ta 0AaraTOCTiHHI ByTJIeIleBi HAHOTPY-
OKM, AKi MaloTh pisHuii miAmeTep, y HOPiBHAHHI i3 iXHIMU cHeKTpa-
MM Ha KBapIOBi#A IMiAKJIAOWHIIL Ta 34iHCHEHO KBAHTOBO-XEMiUuHi pO3-
pPaxyHKU B3aeMOMii CKBapaiHOBUX OApBHUKIB i3 BYIJIeIeBUMU CTPYK-
TypaMu, M0 MalOTh Pi3HY KPUBUHY T-CIIPAKEHOI ITOBEPXHi.

2. METOJUKA EKCIIEPUMEHTY TA MOJAEJIOBAHHS

[ BUBUEHHS CIIEKTPAJbHUX 0COOJMBOCTEN OApBHUKIB 3a HaHECEHHS



EJIEKTPOHHI BJIACTUBOCTI HAHOKOMITIO3UTIB CKBAPATHOBIIX BAPBHUKIB 469

iX Ha ByTJIelleBi HAHOTPYyOKu Oyj0 oOpaHO BOAOPO3UMHHIi, (PYHKIiO-
HaJIi30BaHiI OKTaAenuIaMiHOM OIJHOCTiHHI ByTJleleBi HaHOTPYOKHU Ii-
amerpom Bixm 2 mo 10 M i moB:kwmHOMIO Big 0,5 mo 2 mrm. [Hismerep
faraToCTiHHUX BYTJIEIIEBUX HAHOTPYOOK OyB OinbmimMm. OOuaBa BuUAU
HAHOTPYOOK OyJiM CIIOUATKY IIiAJaHi yJIbTPa3ByKOBOMY AUCIIEPI'YBaH-
HI0O Y BOJHOMY pO3umHi. EJIeKTpOHHO-MiKpocKomiuHi 300paskeHHS
oJlep:KaHUX ILJIiBOK HaBeIeHO Ha puc. 1 y BUMAAKY OTHOCTIHHUX (JIi-
BopydY) i GaraTocTiHHuX HaHOTPYOOK (mpaBopyu) — OCBHT i BCBHT
BigmoBigHO. BuaHo, 1m0 Mae Micie (opMyBaHHS CYOMOHOIIAPOBUX
maiBok. OcKinbKM 6GaraTocTiHHI HaHOTPYOKHM He Oyau (GQyHKIiOHAJI-
30BAaHUMU JJIsI PO3UMHEHHS y BOMi, CTYIiHb IXHBOT'O YJIbTPA3BYKOBOTO
IUCIIepIYBAHHA CIPUSAB (DOPMYBAHHIO OiJIBIII TOBCTUX ILJIIIBOK Y IIOPi-
BHSHHI i3 BUMIAAKOM OJHOCTiHHUX HAHOTPYOOK.

IIig yac gucmepryBaHHs y PO3UMHHN 3 HAHOTPYOKaMu OyJIO JOJAHO
cKBapaiHOBi OapBHUKM, po3umHeHi y xjgopodopmi. KonmeuTpalii 6a-
PBHUKIB OyJjau mifiopami TaKuM YMHOM, II[O0 BiKe Y IIOYATKOBOMY PO-
3YMHI XJIOpO(OPMY YHUKHYTHU arperariii Iux MOJeKyJi, M0 KOHTPO-
JIIOBAJIOCSA CIEKTPOCKOIIielo BOMpaHHsA. HamecenHsa 3paskiB Ha KBap-
OBl HigKJIaAMHKM BigOyBajocs IIJISIXOM 3aHYPEHHS OCTAaHHIX y POS3-
YUHY ONHOCTIHHUX HAHOTPYOOK i3 GapBHUKaAMM Ta PO3UMHU Oarartoc-
TiHHUX HAHOTPYOOK 3 OapBHuUKamu (Meron Jlenrmiopa—Biomsxert [6]).
3pasky IJIiBOK BUCUXAaJIU 3a KiMHATHOI TeMIlepaTypu.

[ mosicHeHHs MexaHi3MiB B3aeMofii 6apBHUKIB i3 HAHOTpyOKaMu
0yJI0 IPOBEAEHO KBAHTOBO-XEMiUHi PO3PaxXyHKM [OJS MOIEJIbHUX BU-
magKiB 31 cKBapaiHOBMM O0apBHUKOM i BYTIJIEIEBUMM HAHOCTPYKTypa-

LAl
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Puc. 1. EneKTpoHHO-MiKpPOCKOMIiuHe 300pakeHHs ILIiBOK OJHOCTIHHHX BYI-
JIelleBUX HAHOTPYOOK (& — BEpXHA YacTHHA 300pasKeHHs) Ta 6araTOCTIiHHUX
(6) ByrJIeneBUX HAHOTPYOOK.'
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mu. s pospaxyHKIB OyJoBH, POSIOAiAY 3apsamiB i eleKTpPoOHHOI
CTPYKTYPU BHUKOPHCTOBYBAJM HamiBeMmipuuHe Habam:kenus AMI1 y
nporpamHomy makeri Gaussian 09 [7], nasa po3spaxyHKY eJIEKTPOHHUX
nepexonis — wmeton ZINDO. PosriassHemo, 4M MOKe BILJIMBATU KPU-
BHHA BYTIJIEIeBOl HAHOCTPYKTYPU HAa OITHUYHI BJIACTHUBOCTI OApBHUKIB.
OckinbKu JgissMeTep HaABITH OMZHOCTIHHOI HAHOTPYOKU II€PEBUIIYE
2 HM, a 3aJaBaHHS MOJeJIiB HAHOTPYOOK 3 OiabpIMImMU IigMeTpamMu
BHUMAarae OKpeMUX IMiX0MiB, PO3TJISHEMO AK HAWUIIPOCTIIIIUNA MOIENb
¢ynnepena C;, AK CTPYKTypy, IO Ma€ JaBa Pis3Hi mAismeTrpu 3a paxy-
HOK cBoe€l erimcoiganbuoi opmu: Giabinuii mismerep, AKUHA CKJIALAE
6ausbko 0,9 HM, Ta KoporKuii — 0,83 um [8]. Haa xKomiaexcis 6ap-
BHUK—C,, poarairyeMo GapBHUK IJis BUIAAKiB, KOJW CKBapaiH 3Ha-
XOAUTBHCA 0ijig OiNBIIIOT0 Ta MEHIIIOrO AiAMETPiB MoJeKyJaIu QyJsaepe-
uHa C,,. HesBa:xamoum Ha Te, IO OiAMETPU PO3TIAAYBAHUX HAHOTPY-
0OK 3HAUHO IEPEeBUIIYIOTh AiAmerpu moseKyau C;y, JaHUA MOIEJb
MOKJUKAHUKN [JIsI PO3TJIANY BIJINBY KPUBUHU IIOBEPXHi BYTJIEIEeBUX
HAHOCTPYKTYP, fdKa BiANOBilae 3a T'yCTHMHY IiXHiX eJIEKTPOHHUX CTa-
HiB, Ha CIEKTpaJbHi BjacTuBOCTi OapBHUKIB. [0 pPO3TIALY d0maMO
TakoK rpad)eHOBY ILIOMINHY 3 JAaHUM CKBapaiHOBUM 6GapBHUKOM.

3. PE3YJILTATH 1 OBTOBOPEHHSA

A BUAHO 3 puUCyHKA 2, COHeKTPH BOMpPaHHSA CKBapaiHOBOTO OapBHUKA,
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Puc. 2. HopmanizoBaHi cuexkTpu BOUpPaHHA AJA ILIIBOK: | — dumcTuii 6aps-

HUK, HaHECEeHUU Ha KBapIOBY MiAKJIAAUHKY METOIOM CIIiH-KOATiHI'Yy 3 XJO-
podopmHEOTO po3unHy; 2 — HaHokKoMmmo3uT O6apBHukis 3 OCBHT, maneceHuit
HA KBapIOBY MiAKJIaAWHKY Meromom Jlemrmiopa—BiomsxerT; 3 — HAHOKOM-
mo3ut OapBHukiB 3 BCBHT, mameceHuii Ha KBapIioBY MHiAKJIaAWHKY TaKOK
meTtozoMm Jlerrmoopa—BaomxerT.?
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HaHeCeHOT0 Ha IMiAKJAAWHKY i3 po3uuHy XJOPOo(OPMYy METOIOM CIiH-
KoariHry mae 2 mupoki mikm mpm 648 i 600 um. T'osoBHMI miK, IO
BiimoBizmae s3a m—m-miepexonu, AKi poOJATH TOJOBHUII BHECOK Y CIEK-
Tep BOMPAHHS pPO3YMHIB MOHOMEpPHUX OapBHUKIB, i poasTamioBaHui
npu 634 um [9, 10] v BUmagKy IJIiBKU 3CYBa€ThCA B 00JIACTH OiJIb-
INX JOBMKUH XBUJIb Ha 14 HM, IO BKasye Ha J-arperariio 6apBHU-
KiB. BimbIte Toro, mik icTOTHO PO3IMIUPAETHCHA, a HiK, AKUN IJI9 PO3-
YUHIB MOHOMEPIB Jedb IMOMITHUI, IJA IJiBKU 3POCTAa€ 3a iHTEHCUB-
HICTIO Ta TaKOYK PO3IIUPAETHCA, Malouu MakcumMyM npu 600 HM.

3 momaBaHHAM OaHUX OAPBHUKIB A0 PO3UMHY 3 HAHOTPYOKaMu, Ha-
HEeCEeHHAM MaHWX PO3UMHIB Ha MiAKJIAIWHKHN TAa BUIAPOBYBAHHAM PO-
3UMHHUKIB CIIeKTep BOMPAHHS HeI0 3MiHIOETLCS; TaK, JOBrOXBUILO-
Ba cMyra 3CyBaeThCA y 0iK MEHIINX JOBYKUH XBUJIbL Ha 4 HM, a KOPO-
TKOXBUJILOBE ILJIeue — Ha 2 HM. BogHouac, iHTeHCUBHOCTi 000X IiKiB
TAKOMK 3MIiHIOIOTLCA: I8 O0apBHUKIB, 110 B3aemonirors 3 OCBHT, Bix-
OyBaeThCA BiHOCHE 3POCTAHHSA JOBrOXBUJILOBOI KOMIIOHEHTU BOUpAH-
Hg. Y BUIAAKY 0araTOCTiHHMX HaHOTPYOOK ITiKM Maliske 3PiBHIOIOTH-
cA 3a IHTEHCUBHICTIO, IPUYOMY Ma€ Miclle BUHMUKHEHHS IOJZATKOBOTO
miaeua B objacti 500—-550 uM, miku OapBHUKiIB Ha 0araToCTiHHMX Ha-
HOTPYOKax 3MiIyIOThCA HA 3—5 HM IIOPiBHAHO 31 cmexkTpaMu O6apB-
HUKIiB y IIiBIli 3 OQHOCTIHHMMHU BYTJIEI[eBUMU HAHOTPYOKAMMU.

OueBupgHO, 110 Imporecu J- Ta H-arperarii, aAki xapaxkTepHi masa
mTaHuX OapBHUKIB y IJIiBKaxX, BU3HAYAIOTH Pi3HI UMHHUKUN, TaKi K
TUI TiIKJIaIUHOK, Peabed IMOBEPXHi, IO BIJIMBAIOTH HA CIIEKTPH.

CupobyeMo OI[iHUTH 3a AOIIOMOTOI0 KBAaHTOBO-XEMIiUHUX PO3PaxyH-
KiB poJib BIJIMBY BUTHYTOCTU BYTJIEIIEBUX IIJIOIMH Ha CIEKTPU OApPB-
HukiB. Ha pucyHKy 3 s3o6pakeno mogmeni ¢ymneperiB C;y, 0ina axux
poaTrairoBaHO cKBapaiHoBi OapBHMKM, a came, Oijis OiIbIIIOro Ta Me-
HIIIOTO 3a IOiAMeTpoM (yJiaepeHa, a TaKoK KOMILIEKC XaHOTo 06apB-
HUKAa 3 rpad@eHOBOI0 MJIOMIUHOIO.

PospaxyHKu BKa3yoTh, 110 B Pe3yJabTaTi ONTHMi3aIlil KOMILJIEKCY 3
dynnrepeHOM MOJEKyJia CKBapaiHOBOTO 0apBHUMKA PO3TAIIOBYETHCS Ha
Bigmami y 3,48 A (gna Bumazky, Koau GapBHUK IapaseJbHUH A0 Me-
Hioro miamerpa C,,, — L-JoKaJjizamisa); BogHOpas, CKBapaiHoBe Ki-
JIbIle 3HAXOAUTBLCA TMAapaJieJJbHO Haj II' ATUKYTHUKOM y OOKOBiii yac-
TuHi Qyanepena C,y. ¥ iHIIIOMYy BUIAAKY Bigmaab € OinbIoo i cKJja-
nae 3,58 A; BomHOpas, ckBapaiHOBe Kijblle 3HAXOAMTHCH HAJ ATOMOM
Kap6oHy, SKMI € BEepIIMHOI TPHOX IMeCTUKYTHHKiB. Takoik cmocre-
piraerbcs HesHaUHe BUTHMHAHHA ILJIOMIMHU OAapBHUKA BiZHOCHO IOTO
IIOYaTKOBOTO CTaHY.

IToxo posmominy 3apAny, To, 3TiAHO 3 pO3paxyHKaMU, OKpeMa MO-
aexyna ¢ynanepena C,;, mae 30 aromis KapOboHy 3 HeraTUBHUMU 3Ha-
YeHHAMHU 3apsAniB, a 40 aToMiB IMOBUTHUBHO 3apsAmKeHi. Y KoMmIaekci
31 ckBapaiHOBUM O0apBHUKOM, AKWUN MiCTUTH ABa €JIEKTPOHO-TOHOPHI
aromu OKcureHy, KiJbKiCTh HEraTHBHO 3apAIKeHUX aTOMiB 30iJb-
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Puc. 3. OnrumisoBana reomeTpis cKkBapaiHOBOro 6apBHHKAa (Bropi), KomiLie-
KciB @ynneperiB C,, 3i ckBapaiHOBUMY OapBHUKaMHU y BUIIAIKY JOKaJisalrii
OCTaHHiX B3MOBK MeHmIoro (L-jaokanisariig, JgiBopyu) i Oinbiroro (S-
JIoKaJjizaiisa, mpaBopyu) miamerpiB dysaaepena C,y; onTuMizoBaHa reoMeTpis
CKBapaiHoBoro 6apBHUKA 3 rpad)eHOBOIO ILIOIMHOL (BHUZY).?

myeTbea Ao 31 mgaa Bumaaky L-iokaiisarii, mpuyoMy OOAaTKOBUI
HEeTAaTUBHO 3apAIKeHUH aTOM JIOKAJi30BAHUHN y I’ ATUUJIEHHOMY Ki-
Jbii ¢ynaepera Cgy, 110 3HAXOAUTLCA HANOJMIKYE MO CKBapaiHOBOTO
dparmenra 6apBHUKA. ¥ BUIAAKY S KiJbKiCTh IMO3WTHUBHO TAa HEr'aTU-
BHO 3apAKEHUX aTOMiB 3aJIUINAEThCSA MOCTINHOIO, AK y He3aJe:KHO-
my ¢yanaepeHi C,,, mpoTe BimbOyBaeThCcsa MepepoOs3IOAis 3apAmLy, IO 30-
OpasxeHo Ha puc. 4.

IMomo monmekysu GapBHMKA, TO ii XpomModop 3a3Ha€ iCTOTHUX 3MiH
y posmopnini sapaniB (puc. 4, 6). ExexTpono-goHopHi atomum Oxcure-
HY, IKi 10 B3aeMozii Manu 3HaUeHHs HeraTuBHOTO 3apany y —0.542
€.0., YaCTKOBO BTpPATUJM Horo ta HaOyam 3HaueHHaA y —0.484 e.o. B
MeXKax KiHIleBUX Ipyl, — (DeHOJbHUX Kijenb, — BimOyJsoch aabTep-
HyBaHHA 3apsANiB, Ha BigMiHy Bij BuximHoro cramy, ae Bci KapOonoBi
aToOMM MaJu OJHAKOBI 3HAUEHHSA BEJIUUYUH 3apsaAiB. SMiHM BeJIUYUH
3apAIiB OMHAKOBL B 000X BUIIAAKAX PO3TAIlyBaHHS OAapBHUKA BigHOC-
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Puc. 4. a — posnozin zapany y KapboHoBuX aToMiB MOJIeKyJIu (QyJiepeHa

C,, (uopHi KBagpaTm) Ta Ha HUX Ke y Komiiekcax C;, 3i cKkBapaiHOBUMU
0apBHUKaMU: Kijnblld — y BUHAAKY L-yiokamnizamii, TPUKYTHUKN — Yy BUOa-
IKy S-iokaiisarii. 6 — posmonin 3apany y KapOoHoBuUX aToMiB MOJEKYJIHU
bGapBHUKA (YOpHiI KBagpaTH) Ta HUX JKe Y KOMILIEKCaX 3 (PyJIepeHoOM: Kijlb-
g — y BuUmagky L-iokasisaniii, TPUKYTHUKH «BTOPYy» — Y BUOAAKY S-
JIoKaJIizalii, TPUKYTHUKU «BHU3» — [IJA BUNAAKY 3 I'padeHOBOIO ILJIOIIU-
Holo. Hymeparito aTomiB HaBemeHo mix rpadgikamm.?

Ho Qynnaepena C,. 3a Bzaemozii 3 rpadgeHOBOIO IMJIOIIWHOIO KiHIIEBi
rpynu 6apBHUKa BedyTh cebe momiGbHO J0 BUIIAAKIB 3 (ysiepeHoM, a
aromum OKcuUr'eHy Ta CyCiiHi 40 HMX aTOMH BTPadyalOTh 3HAUYEHHS 3a-
paxpiB 1re Oinbime.

Posrnaremo, SK BIJIMBa€ 3MiHaA PO3MOAiNy 3apsany KOMILIEKCiB
dynnepena C,, i3 ckBapaiHOBUMI OapBHMKAMM Ha IXHIO €JIEKTPOHHY
CTPYKTYPY. STiAHO 3 pPO3paxyHKaMH, AJsS KOMILIEKCiB CKBapaiHOBOTO
bapsHuKa Ta Qyiaepena C,, mae micie moumxenus HOMO-piBua Bi-
IHOCHO PiBHiB OKpeMoro 60apBHMKA B 000X BUIIAAKaX PO3TAIIYBaHHI.
IIpu nmbomy piBerb LUMO gis 060X BapifgHTIB KOMIIJIEKCiB JIOKAJi30-
BaHUUN Ha QyJaepeHi (pumc. 5), OomycKauUucCh BiJHOCHO B3HAUYEHHS
LUMO oxkpemoro ¢yaaepeHa.

B mimomy miinmHa KOMILJIEKCiB 3BYsKYETbCA B 000X BUIIAAKAaX JIO-
KaJsrizariii 6apBHMKAa BiZHOCHO PiBHIB OKpeMoro 0apBHUKA, IO KOpe-
JII0€ 3 pedyabratamu, omep:kanuMu B [11]. IIpore 3a posraimryBaHHS
0apBHMKA IapajieJIbHO IO MEHIIIOrO pajiloca Mae Miciie OiJIbINMuil 3CyB
MiKy BOMpPaHHA Y YepPBOHY 00JaCTh, B TOI Yac SIK MOr0 PO3TallyBaHHS
rmapaJjiejibHO [0 OiJIbIlIoro pasmiroca mae meninuii 3cys. ToOTo 6apBHUK,
BHAXONAYUCH OiJid BYIJIEleBOi HAHOCTPYKTYPHU 3 OiJAbIIIUM PamilocoM,
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Puc. 5. a — dopmu mMoserkyaspHUX opbiTaseil B 00acTi eHEPreTUYHOI IIfi-
auHU MoJeKkynau (QyinepeHa C,y,, CKBapaiHOBOro OapBHUKa Ta A IXHIX
KOMILJIEKCiB. 6 — po3paxoBaHi CIeKTpU BOMPaHHA CKBapaiHOBOTO 0apBHUKA
(1) Ta iioro xrommyiekciB 3 (yimnepenom C,, masa L-moxkamizamii (2) Ta S-
Jorasisamii (3).°

Oyme sMmimyBaTH IIiK BOMpaHHSA MeEHIIIe Y HOPIBHAHHI 3 BHUIAAKOM,
KOJIM BYTJIelleBa HAHOCTPYKTypa OiJIbIIT BUTHYTA.

Ontumisamisa pgocraigsxkyBaHOI cumcTeMu OapBHUK-—TpadeHOBa ILIO-
IUHA BKAasye, 10 0OapBHUK TAKOXK 3a3HA€ 3MiH, IO HPOABJIAETHCS,
OKpiM posmominy sapsany, Ha eJeKTPOHHIN CTPYKTypi, amKe BeJInUu-
Ha €HepreTWYHOl MIiJIMHM iCTOTHO 3BYXKYEThCA Y IIOPiBHAHHI 31 mri-
JUHOI0 KOMILIEeKciB 3 (ymaepenom C,y, po3mip saAKoi, 3rigHO 3 pospa-
XYHKaMu, cKJjagae 3,3 eB abo 376 mm, 1110 MOKe IPUBOAUTH OO 3CY-
BY MaKCHUMyMYy CIIEKTPiB BOMpPaHHA B KOPOTKOXBUJIBLOBY 00sacTh. To-
MYy MOJIeJIIOBAHHSI OApBHUKA 3 IIJIOIIMHOI HMOTPedye OiJIbIN AeTaTbHUX
IOCJIiIMKeHb.

Opnep:xani pesyabTaTH BKAa3yHOTh, IO Pailoc BYTJIEIeBOI HAHOCT-
PYKTYpH BILJIMBA€E Ha CIEKTpH OapBHUKA, Ta Ile Mae OyTU IPeJMeTOM
HOMAJBINNX JOCJIiIMKeHb.

4. BAICHOBRH

3a Bzaemofii ckBapaiHOBUX 0apBHUKIB 3 HAaHOTPyOKaMM pisHOTO mid-
MeTpa, IO PeajisyeThbCd IIJIAXOM OCAIMKEHHA 1X 3 PO3YMHIB 3a MeETo-
nom Jlenrmmopa—bBiomxerT, Mae Micie TpaHchopMallis MaKCUMyMiB
BOMpaHHA KOMIIO3UTHUX ILJIIBOK BiTHOCHO CIIEKTPiB BOMpPAHHS ILIiBKU
6apBHUKIB. 3 (OpMyBaHHAM KOMILIEKcCiB (ymaepeniB Cqy, III0 MaOTh
OlAbINMUI 1 MeHIIMHA AiAMeTpM, a TaKoX rpadeHoBOl ILIOIMHMA 3i
CKBapalHOBUMHU OapBHUKAMMU, II[0 MIiCTATHL 2 €JeKTPOHO-TOHOPHI aTo-
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mu OKcureHy, BifOyBaeThbCcsA MePePO3IOAia 3apsaay Ha xpomodopax
OapBHUKIB i Mosekyinax @yaeperiB. Takuii mepeposmomis 3apsany
MIPUBOAUTE MO 3MiH reomerpii 0apBHUKIB i MOHMIKEHHS cuMeTpii Mo-
aexyau Cqy, IO CYIPOBOMKYETHCA 3MIIEeHHAMHN E€JIeKTPOHHUX PiBHIB
Cro- A 3MiHU eHepreTUYHOl HIIJIMHU MAaIOTh Miclie IJd KOXKHOTO 3 BU-
MagKiB KOMIJIEKCIiB CKBapaiHOBOTO 0apBHUKA 3 BYTJIEIIEBUMU HaHOYA-
CTUHKAaMU.
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! Fig. 1. Electron microscopic images of films of single-walled carbon nanotubes (a—top part
of the image) and multi-walled carbon nanotubes (6).

2 Fig. 2. Normalized absorption spectra for films: I—film of pure dye deposited onto a quartz
substrate by spin coating from a chloroform solution; 2—nanocomposite of dye with SWCNT
deposited onto a quartz substrate using the Langmuir—Blodgett method; 3—dye nanocompo-
site with MWCNT deposited onto a quartz substrate also using the Langmuir-Blodgett
method.

3 Fig. 3. Optimized geometry of squaraine dye (top), fullerene C;y complexes with squaraine
dyes in cases where the dyes are localized along the smaller diameter (L-localization, left) and
larger diameter (S-localization, right) of fullerene C;y; optimized geometry of the squaraine
dye with a graphene plane (bottom).

4 Fig. 4. a—Charge distribution on the carbon atoms of fullerene C;, molecule (black squares)
and on it in the complexes with squaraine dyes: circles—L-localization, triangles—S-
localization. 6—Charge distribution in carbon atoms of the dye molecule (black squares) and
in complexes with fullerene: circles correspond to L-localization, upward triangles correspond
to S-localization, downward triangles correspond to the case with a graphene plane. The atom
numbering is shown under the graphs.

® Fig. 5. a—Forms of molecular orbitals in the energy gap region for fullerene C;,, squaraine
dye, and their complexes. 6—Calculated absorption spectra of squaraine dye (1) and its com-
plexes with fullerene C,, for L-localization (2) and S-localization (3).
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The Impact of y, Neutron, Ion, and Electron Irradiation
on the Structure and Properties of Graphene

Roman Biliak

Lviv Polytechnic National University,
12, Stepan Bandera Str.,
UA-79013 Lviv, Ukraine

The development of nuclear energy and space industry imposes new re-
quirements on materials and devices based on them. One such requirement
is the resistance of materials to radioactive radiation. Therefore, the
study of the impact of radiation on the structure and properties of gra-
phene is a key stage in the research of this ‘two-dimensional’ material.
This article examines the influence of y-radiation, neutron, electron, and
ion irradiation on graphene and devices based on it. All types of radiation
induce defects in graphene proportionally to the intensity, exposure time,
and particles’ energy. Studies have shown that devices based on graphene
remain functional during irradiation; and further heating and annealing
can set off the effect of defects, restoring the characteristics to their ini-
tial values. This unique property demonstrates graphene ability to self-
heal defects caused by irradiation.

Po3BUTOK TepMosaepHOI eHepreTMKU Ta KOCMiuHOI iHAycTpii cTaBUTH HOBI
BUMOTH [0 MaTepisaniB i mpuiaaniB, AKi Ha HuUX I'pyHTyIOThCcA. OnHieo 3 Ta-
KHUX BUMOT € CTifiKicTh MaTepidAsiB o pajioaKTMBHOrO BUOpPOMiHeHHA. To-
My BUBUEHHS BIJINBY BUIIPOMiHEHHS HA CTPYKTYPY Ta BJIACTUBOCTI rpadeHy
€ KJIIOUOBMM €TaIlloM y HOCJi:KeHHi IIbOTr0 «IBOBHUMipPHOTO» MaTepiany. Y
Iiff CTaTTi PO3IIANAETHCA BILJIUB Y-BUIIPOMiHEHHS, HEHTPOHHOI'O, €JIEKTPOH-
HOT'O Ta HOHHOTO ONIPOMiHIOBAaHHA Ha rpadeH i mpuiany, 3aCHOBaHI Ha HBO-
My. ¥Yci BUau ONpOMiHEeHHSA COPUUYNHAIOTH JedeKTH y rpadeHi nponopiiiino
iHTEHCUBHOCTI, Uacy eKcrmosullii Ta eHeprii yactTuHOK. IlocirigsKeHHA TOKa-
3aJii, M0 ONPUCTPOi, 3aCHOBaHi Ha rpadeHi, 3aaUINIAIOTHCA TPANE3TaTHUMU
mig yac ompoMiHEeHHs, a moJaJibIlle HArPiBaHHA Ta Bigmasa MOXKYTh KOMIIEH-
cyBatTu OedeKTH, IMOBEPTAIOUN XapPAKTEPUCTUKU OO IIOYATKOBUX 3HAUYEHD.
ITa yHikasbHA BJIACTUBICTH CBiJUUTH IPO 34AaTHICTH rpad)eHy caMO3aJIiKOBY-
BaTu gedeKTH, 1110 BUHUKJIYN BHACIiJOK OIIPOMiHEHHH.

Key words: graphene, y-radiation, neutron irradiation, electron irradia-
tion, ion irradiation, self-healing effect, nuclear fusion.
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1. INTRODUCTION

As of today, graphene is one of the most actively researched mate-
rials worldwide [1]. The interest in this material is driven by its
unique properties and two-dimensional structure [2, 3]. One key re-
search direction for graphene is the study of the impact of irradia-
tion on its structure and properties [4]. This issue is particularly
relevant due to plans for using graphene-based devices and materi-
als in nuclear reactors, the space industry, and other fields, where
the level of radiation exposure is significant, and conventional
semiconductor devices cannot withstand such conditions [5-T].
Based on literature sources on the graphene structure, it can be
concluded that it interacts weakly with radioactive radiation [8—10].

Thermonuclear fusion requires the use of new materials and sen-
sors for accurate measurement of the magnetic field and plasma
control in the reactor, especially in the DEMO reactor. Considering
the high neutron flux [11] and temperature conditions that can
reach 350°C during the reaction [12], traditional Hall sensors may
not cope with this task. For this reason, graphene-based sensors
[11] are considered one of the possible alternatives.

Recently, SpaceX successfully launched the ‘Fourth Transporter’
mission [13], which, in addition to commercial purposes, also in-
cluded scientific research. Students from the Netherlands and Chile
developed devices incorporating graphene elements to study the ef-
fects of space travel and space conditions on graphene components.
Graphene elements will undergo a series of tests to check their per-
formance and resistance to extreme conditions of the space envi-
ronment, such as vibrations, radiation, and temperature changes.
The obtained data will be used to develop sensors and instruments
for navigation and astronomical observations in space [13].

2. IMPACT OF y-RADIATION

Studying the impact of y-radiation on graphene and micro- and
nanoelectronic devices based on it is crucial due to their potential
applications in the space industry and nuclear energy. Ensuring the
reliability and long-term operation of such equipment requires un-
derstanding how y-radiation affects various components and devel-
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oping devices and materials resistant to this type of radiation.

Y. Zhang and colleagues [14] investigated the influence of y-
radiation on graphene layers. Graphene oxide was first obtained us-
ing the improved Hummers method, and then, graphene oxide was
exfoliated to obtain graphene oxide. Subsequently, graphene oxide
was transformed into graphene using sodium citrate. The prepared
graphene underwent heat treatment in a nitrogen atmosphere and
was later irradiated with y-rays from a Co® source at a dose of
100 kGy with an accumulation rate of 2 kGy/h. Gamma irradiation
resulted in a reduction in the distance between graphene layers, but
it increased the size of the graphite crystal and the number of lay-
ers. The authors suggest that this increase was likely caused by
cross-linking opened due to gamma irradiation [14].

Other researchers investigated the impact of y-radiation on gra-
phene-based devices. Xu and colleagues [15] studied the effects of y-
radiation on graphene/Si Schottky diodes. Co® served as the radia-
tion source, and the devices were irradiated without electrical bias.
The devices were irradiated up to a dose of 10 kGy at a dose rate of
0.5 Gy/s. The research revealed an increase in reverse current after
irradiation. y-radiation disrupted C=C bonds in graphene and Si—O
bonds in SiO,. Photoelectron spectroscopy showed the formation of
defects in the form of unpaired Si bonds. y-irradiation of gra-
phene/Si Schottky diodes led to the degradation of their electrical
characteristics, including a reduction in the Schottky barrier
height, resulting in a significant increase in reverse current [15].

Another team of scientists led by Xi [16] investigated the impact
of y-radiation on energy-independent memory using graphene nano-
disks (Fig. 1). Co® was also used as the radiation source, and it was
found that irradiation caused electron loss through photoemission.
Despite significant shifts in the graphene and surrounding oxide
conduction zone, data retention after irradiation remained satisfac-
tory. The researchers concluded that y-radiation affects signifi-
cantly devices in programmed states, but data retention after irra-
diation is acceptable, with devices exhibiting good data retention
even after irradiation with a dose of 10 kGy [16].

/ALO,/GNDs/SiO, /c-Si

Fig. 1. Scheme of graphene nanodisk memory [16].
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Fig. 2. Schematic representation of the graphene field-effect transistor
(GFET) [17].

Similar results were obtained by a team of scientists from the
Brookhaven National Laboratory [17] on Long Island, New York,
USA. The team studied the impact of y-quanta on the graphene
field-effect transistor (GFET) schematic representation of the tran-
sistor shown in Fig. 2. Co® served as the traditional radiation
source, and the radiation dose was approximately of 1 kGy/h, simi-
lar to previous studies. The study found that transistors exhibit
high sensitivity to this type of radiation. y-radiation resulted in a
decrease in electron mobility in graphene and a shift of the Dirac
point towards positive p-doping.

Raman spectroscopy indicated an increase in the D-peak to G-
peak intensity ratio after y-irradiation, suggesting an increase in
disorder in monolayer graphene [17].

As a result, it can be stated confidently that this type of irradia-
tion affects the physical and electrical properties of graphene. The
acquired defects degrade graphene properties, and this type of ra-
diation influences the interactions between graphene and other sub-
stances within the device. It is noteworthy that, after such testing,
all devices retained their functionality.

3. IMPACT OF NEUTRON IRRADIATION

It is crucial to understand the impact of neutron irradiation on
graphene, as this material exhibits higher radiation resistance [18].
This characteristic makes it promising for use in various sensors in
the space industry and, particularly, in nuclear energy, including
future thermonuclear fusion reactors.

Eapen and colleagues [19] from the University of North Carolina
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investigated the effects of neutron irradiation using the PULSTAR
reactor with a flux of 2.8-10°° dpa/s. The irradiation was performed
at =325 K with an average fast neutron flux of 2:10'? n/(cm?s).
The Raman spectroscopy results showed an increase in the intensity
of the D-peak after irradiation, indicating the formation of new de-
fects in graphene. X-ray photoelectron spectroscopy (XPS) results
indicated changes in the chemical structure of irradiated graphene
samples [19]. Specifically, a high content of sp® bonds was noted,
likely formed during heating and cooling. These sp® bonds may sug-
gest the formation of new chemical bonds and defects in graphene.

In 2019, Bolshakova et al. [18] conducted the world’s first study
on the influence of neutron irradiation on Hall sensors based on
monolayer graphene. The study was conducted in-situ, meaning in-
formation was collected from Hall sensors located in a magnetic
field in the operating reactor. The neutron flux in the reactor was
of 1.5:10%° n/(m?®s). Graphene for Hall sensors was grown using the
CVD method on a copper foil, and the substrate was made of Al,O;.
The experiment lasted for 48 hours. After irradiation, the sensitiv-
ity of the sensors remained unchanged, indicating that graphene-
based sensors are resistant to neutron irradiation.

Another research team led by Semir El-Ahmar [6] also investi-
gated the effects of neutron irradiation on Hall sensors based on
graphene passivated with a 100-nm Al,O; layer. They used hydro-
gen-intercalated graphene grown on a semi-insulating high-purity
single-crystal 4H-SiC(0001) substrate by the CVD method. Irradia-
tion was performed at the National Centre for Nuclear Research
(NCBJ) using the MARIA research nuclear reactor. MARIA is a
high-performance device for extracting nuclear energy with a ther-
mal neutron flux up to 2.5:10 cm?s' and fast neutrons up to
1.0-10" cm?s™!. The samples were irradiated with fast neutrons at
a fluence of = 6.6-10'" cm ™ for an exposure time of 121 hours. Elec-
trical measurements were taken before and after irradiation, and
the temperature during irradiation did not exceed 300°C [6].

Raman spectroscopy revealed a characteristic defect D-peak, indi-
cating that the neutron flux penetrates through the Al,O; layer to
graphene, creating defects. Hall effect measurements showed that
the structure after a nuclear reaction retained the characteristics of
graphene, which would not have been the case, if the sheet had un-
dergone intensive chemical bonding with the substrate [6]. This in-
dicates the stability of graphene to neutron irradiation. As a result
of the study, scientists found that the defect density was seven or-
ders of magnitude lower than the fluence, suggesting that graphene
has a small cross-section for neutrons [6].

Neutron irradiation leads to structural changes in graphene, in-
cluding the formation of defects and alterations in the chemical
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structure. However, Hall sensors in two studies [6, 18] did not lose
their functionality, demonstrating the resilience of graphene to
neutron irradiation.

4. IMPACT OF ION IRRADIATION

The study of the impact of ion irradiation on graphene is essential,
as this type of radiation can be used to create defects in graphene
in the form of nanopores [20] and alter its properties. Ion irradia-
tion is also a common technique in the production of semiconductor
devices [21]. Ions can be either atoms with unpaired electrons or
whole molecules with unpaired charges [22].

A research team led by Kichul Yoon [25] investigated the influ-
ence of ion irradiation on graphene using the Zeiss ORION NanoFab
ion microscope, operating at a voltage of 25-27 kV and using the
helium and neon gas atoms as ions for irradiating CVD-grown gra-
phene. Researchers observed the formation of various types of de-
fects, including single-atom vacancy defects (monovacancies) and
Stone—Wales defects (STW).

Xu and the team [24] also studied the impact of low-energy (less
than 50 eV) ion irradiation on graphene. Monolayer graphene sam-
ples were irradiated with various ions, including boron, nitrogen,
and fluorine, with different energies and fluences. Analysis of the
samples before and after irradiation was performed using X-ray
photoelectron spectroscopy (XPS), X-ray spectroscopy, Raman spec-
troscopy, and scanning electron microscopy [24]. The research re-
vealed that low-energy ion irradiation can be successfully used to
dope graphene with other atoms, but it also introduces damage and
defects into the graphene [24]. The level of damage depends on the
type of ion and fluence. Boron irradiation caused the least damage
among the three types of ions considered, as this atom is the light-
est. Nitrogen and fluorine irradiation at high fluences led to sig-
nificant changes in the structure and properties of graphene, in-
cluding its transformation into amorphous carbon [24].

Vazquez and the team proposed using this type of irradiation for
graphene modification, specifically for creating nanopores, which
could further be applied in filtration and sensing devices [21].

Ion irradiation causes serious damage to the two-dimensional
structure of graphene, a conclusion supported by other researchers
as well [23-26].

5. IMPACT OF ELECTRON IRRADIATION

Scanning electron microscopy and transmission electron microscopy
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are crucial tools for studying micro and nanoscale objects, making
the investigation of electron irradiation’s effects on graphene im-
portant due to potential damage to the studied samples. Addition-
ally, this type of radiation can be employed to control graphene
properties, such as adding functional groups, altering electronic
structure, or manufacturing graphene devices through electron
beam lithography (EBL) [27].

I. Childres and colleagues [29] presented data on the impact of
electron irradiation on the electrical transport properties of
monolayer graphene and the performance of devices based on this
material. The irradiation resulted in a decrease in charge carrier
mobility in graphene and the appearance of the D-peak in Raman
spectroscopy, indicating defects induced by irradiation [29].

Studying the impact of electron irradiation on graphene devices
revealed two main effects: a reduction in the charge-neutral point
(CNP) for substrate-supported graphene and a decrease in graphene
mobility with the appearance of the D-peak in Raman spectroscopy,
suggesting irradiation-induced defects [29].

Similar conclusions were drawn by other researchers, including
Yangbo Zhou and colleagues [30], who investigated mechanically
exfoliated graphene layers irradiated with electron beams ranging
from 1 keV to 30 keV. Irradiation doses were controlled by the
beam current (from 0+ 1 pA at 2 keV to 130+ 1 pA at 30 keV). The
study revealed that electron irradiation can lead to changes in the
electrical characteristics of graphene devices, such as increased re-
sistance and reduced charge carrier mobility. The effects of irradia-
tion depended on electron energy and dose, with high-energy elec-
trons and large doses causing significant changes in graphene prop-
erties [30].

Electron irradiation can also have a positive impact on the opera-
tion of graphene-based devices. Hossain et al. [31] investigated the
influence of electron irradiation on graphene and 1/f noise (flicker
noise). The level of 1/f noise is an important indicator for assessing
material suitability for practical devices in various fields. The au-
thors demonstrated an interesting feature of 1/f noise in graphene:
it decreases with an increase in the concentration of defects result-
ing from electron irradiation [31]. They found that bombarding
graphene devices with 20 keV electrons can reduce the spectral
noise density by an order of magnitude. The authors analyzed this
noise reduction using mobility mechanisms and fluctuations in the
number of charge carriers. The research results showed that elec-
tron irradiation introduces defects into graphene, confirmed by the
appearance of disorder peaks in Raman spectroscopy. Interestingly,
the noise level in graphene decreases after irradiation, contrary to
the behaviour of traditional materials, where irradiation typically
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increases noise levels [31]. This noise reduction is explained by de-
creased mobility caused by defect introduction. In graphene, mobil-
ity is limited by long-range Coulomb scattering from charged de-
fects, even at room temperature, unlike traditional materials where
phonon scattering typically determines mobility limitations [31].

In conclusion, electron irradiation influences graphene, altering
its electronic properties and structure. It is important to use scan-
ning and transmission electron microscopes cautiously for graphene
investigation and electron beam lithography (EBL) in the fabrica-
tion of graphene devices. Prolonged exposure can lead to a deterio-
ration of graphene device properties; so, optimal conditions should
be adhered to for preserving its characteristics.

6. IMPACT OF TEMPERATURE ON GRAPHENE

Understanding how temperature affects graphene and graphene-
based devices is crucial for predicting and comprehending whether
such devices can operate in high-temperature environments, such as
nuclear fusion reactors.

Studies have shown that elevated temperatures can restore the
properties of graphene and reduce defects that accumulate in sam-
ples during irradiation [6, 14, 24, 30]. The processing temperature
in experiments was around 300°C. Performing several annealing cy-
cles proves to be more effective than a single annealing process [6].
These findings indicate that graphene possesses self-healing proper-
ties for defects induced by irradiation through annealing.

7. CONCLUSION

Summarizing the obtained results, it is noteworthy that all types of
radiation have an impact on the structure of graphene, inducing
defects in the material. It is evident that an increase in fluence and
particle energy leads to a higher concentration of defects in gra-
phene. An important conclusion is that graphene-based sensors,
even in the presence of defects, continue to function effectively,
demonstrating the resilience of graphene to radiation. This opens
up possibilities for the application of graphene in high-radiation
environments where traditional semiconductors may not be effi-
cient.

Radiation exposure also allows for the modification of the gra-
phene structure, creating pores and altering the interactions be-
tween graphene and substrates. A significant outcome is the reduc-
tion in the 1/f noise level upon irradiation, in contrast to the in-
creased noise observed in classical semiconductors. Post-irradiation
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material treatment contributes to defect reduction, indicating gra-
phene ability to compensate for them.

It is crucial to conduct more in-situ studies, particularly measur-
ing sensor characteristics during irradiation, rather than solely be-
fore and after, to gain a more precise understanding of the impact
of radiation on device functionality. Considering the unique proper-
ties and radiation resistance of graphene, this material stands out
as an excellent candidate for applications in nuclear energy and
space exploration.
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The characteristics of optical absorption and cytostatic activity under
high-energy electron irradiation of a solution of doxorubicin (of anthracy-
cline class) in sodium chloride are studied. The energy of irradiating elec-
trons was of 1 MeV, and the absorbed dose was within 2-90 kGy. As
proven, when sodium chloride is irradiated, the absorbed dose affects the
optical absorption spectra of samples and leads to an increase in the cy-
tostatic effect of the drug. As shown, the optical spectra and cytostatic
activity change with time in a co-ordinated manner. The dissolution of
conium (of alkaloid class) in irradiated sodium chloride causes shifts of
the maxima of the infrared absorption spectra of conium. A possible rea-
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son for the changes in solution properties, when using pre-irradiated so-
dium chloride, is the conformational rearrangement of the antitumour
drug molecules. This effect can be caused by the interaction with
bubbstons and their clusters, which are formed under the impact of irra-
diation.

Y pob6oTi mocaimiKeHoO XapaKTepPUCTUKU OINITHUYHOTO BOMPAHHS Ta ITUTOCTATH-
YHOI aKTUBHOCTH IIiJi YaC ONPOMiHEHHS BUCOKOEHEPTreTUUYHUMU eJIEKTPOHAa-
MH POBYMHY [JIOKcopyoOinmmHy (Kjaacy antpanukiginiB) y Hartpito xmaopuni.
Enepria emexkTpouiB ompominmenHs mopiBHioBama 1 MeB, a yBibpama mosa
sHaxomuiaca y me:xxax 2—90 xkI'p. IoBemeHo, 1o 3a ompomimenusa Hartpiio
XJIOPUAY BeaWUYMHA yBiOpaHOI 03U BILIMBAE HA CIEKTPU OITHUYHOTO BOU-
paHHsA 3pasKiB i NPUBOAUTL A0 IIOCHJIEHHS IIMTOCTATHYHOI Aii mpemapary.
IToxazaHo, 110 3MiHM ONTHUYHUX CIEKTPiB i MUTOCTATUYHOI aKTUBHOCTHU Bif-
OyBalOThCA Y3TOAKeHO B uyaci. PosumHeHHsA KOHiyMy (XeMiuHOro KJacy aj-
KajoiniB) B ompomineHomy Hatpiio xJsiopuii 3yMOBIIIOE 3CYyBU MaKCUMyMiB
IY-cumexTpiB yBiOpaHHA KOHiyMy. MOKJIMBOIO IPUUYMHOIO 3MiHH BJIACTHBOC-
Tell PO3YMHY 3a BUKOPUCTAHHSA MOIIepeIHBLO onpoMineHoro Hartpito xsmopunmy
€ KoH(opMaIlifiHa mepeOyaoBa MOJEKYJ HPOTHUIIYXJWHHOTO IIpemapary. Ta-
KUHA edeKT MOoiKe 3yMOBJIIOBATUCSA B3aeMoOaieo 3 6abcToHaMu Ta iXHiMU
KJacTepaMu, 110 BUHMKAIOTH MiJ] BIJIMBOM PaAisIliffHOTO OIIPOMiHEHHS.

Key words: NaCl, doxorubicin, conium, bubbstons, optical absorption,
high-energy electrons, radiation dose, cytotoxicity.

Karouoni crosa: NaCl, mokcopy0imun, xKoHiyM, 0a0CTOHM, OITHYHE BOMPAH-
HfA, BUCOKOEHEPreTUYHI eJeKTPOHU, 1034 ONPOMiHEHHS, IIUTOTOKCUYHICTE.
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1. INTRODUCTION

The problem of antimicrobial resistance in 2020 was proclaimed by
the World Health Organization as one of the ten global public
health threats facing humankind.

It should be noted that the use of anticancer chemotherapy drugs
is associated with a number of significant problems. These problems
include nonspecific action and high toxicity of anticancer drugs to
organs and tissues not affected by the tumour. A serious obstacle to
the therapeutic effect of drug therapy is the resistance of malignant
tumours to cytostatics [1, 2].

One of the most promising new approaches for modifying water-
soluble antitumour drugs has been developed at the Taras
Shevchenko National University of Kyiv [3, 4]. It is based on the
use of high-energy (of 1 or 2 MeV) electron irradiation of sodium
chloride for injections before dissolving antitumour drugs in it.

Studies [5, 6] have shown that the cytostatic activity of doxoru-
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bicin and conium increases. The magnitude of the activity increase
depends on the antitumour drug concentration, the radiation dose I
absorbed by sodium chloride, and the time interval between the ir-
radiation and determination of cytostatic activity. It is important
that the above-mentioned drugs are related to different chemical
compounds: doxorubicin belongs to the anthracycline class, while
conium is an alkaloid.

The aim of the study is to investigate the mechanisms of high-
energy electron irradiation effect on the optical spectra and cy-
tostatic activity of doxorubicin and conium solution in sodium chlo-
ride pre-irradiated with electrons, and to assess the possibility of
modifying existing antitumour drugs.

2. MATERIALS AND EXPERIMENTAL PROCEDURE

The absorption spectra of doxorubicin (Pharmacia Italia SpA, Italy)
and conium (Conium maculatum, Weleda, Germany) solutions in
sodium chloride were studied. Conium contains the alkaloids coniine
(CgH;;N), N-methylconiine (CoH;4N), y-coniceine (CgH;;N), conhy-
drine (CgH;;NO), and pseudoconhydrine (CgH;;NO)). Sodium chloride
for injections (0.9% NaCl, YURiA-PHARM, Ukraine) was used as a
solvent for antitumour drugs.

The solvent was irradiated with electrons with energy of 1 MeV
using a resonant linear electron accelerator Argus (pulse duration
of 3.3 ps, pulse frequency of 400 Hz). The average current density
of the electron beam was of 0.1 pA/cm?, which corresponded to a
flow density of 6.25-10' cm2s™'. The absorbed dose I was deter-
mined, considering that one gray (Gy) corresponds to a fluence of
4.5-10° cm ™. The dose I absorbed by the solvent ranged from 2 to
90 kGy.

The IR absorption spectra were recorded with a Bruker IFS-66
spectrometer; the absorption spectra in the visible and ultraviolet
(UV) ranges were recorded with a Shimadzu UV-260 spectropho-
tometer with a measuring range of 190-900 nm.

The luminescence was recorded with a CaryEclipse spectrofluoro-
meter (Varian) using a 1x1 cm? quartz cell.

The cytostatic activity of doxorubicin was determined using
Lewis lung carcinoma (LLC) cell line.

All samples for recording IR spectra were formed as KBr tablets.
The IR spectra were recorded using a Bruker IFS 66 Fourier-
transform IR spectrometer (Germany) in transmission mode. The
accuracy of the wave-number determination was 0.2 cm™, the
transmittance was determined with accuracy of 0.1%. The OPUS
5.5 software package was used for the spectra recording and proc-
essing.
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3. RESULTS AND DISCUSSION

The effect of preliminary electron irradiation of sodium chloride for
injections on the optical and cytostatic properties of doxorubicin
and conium dissolved in it was studied. The Fourier-transform in-
frared (FTIR) absorption spectra A(I,k) in the UV range for
doxorubicin after its dissolution in sodium chloride for injections,
which was pre-irradiated with high-energy electrons, are shown in
Figs. 1, 2.

The data shown in Fig. 1 indicate significant changes in the spec-
tra, which was caused by solvent irradiation. In the range of va-
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Fig. 1. Absorption spectra for doxorubicin in the range 3800—-2400 cm™: curve 1
(I =0kGy), curve 2 (I =10 kGy), curve 3 (I =40 kGy), curve 4 (I = 80 kGy).
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Fig. 2. Absorption spectra for doxorubicin in IR the range: curve I (I = 0 kGy),
curve 2 (I =10 kGy), curve 3 (I =40 kGy), curve 4 (I = 80 kGy).
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lence vibrations of OH-NH-CH molecular groups at 3800-2400
cm ', the intensity of this band increases for all samples with irra-
diated solvent without exception (curves 2—4). Besides, a shift of
the maximum of this band to higher frequencies is observed com-
pared to the non-irradiated sample (I).

Analysis of the spectra in Figs. 1, 2 and the data listed in Table 1 in-
dicates that the position of the absorption maxima corresponds to the
values of the corresponding normal vibration of a certain molecular
group. A comparison of the positions of the peaks, which correspond to
vibrations of the same groups of atoms of unirradiated sodium chloride
and solution samples irradiated with different doses, showed that some
absorption maxima shifted, split and sometimes vanished. These ef-
fects can be associated with specific interactions between molecular
groups, bubbstons and free radicals that appeared after irradiation.

The complete vanishing of a maxima compared to the control

TABLE 1. Maximums of IR absorption spectra of doxorubicin with saline
irradiated by 1-MeV electrons with different doses.

Wave-number, cm™

Dox + NaCl ' Dox + NaCl ' Dox + NaCl ' Dox + NaCl
(irrad. 10 kGy) (irrad. 40 kGy) (irrad. 80 kGy)

671.374 — — 671.374
720.436 720.436 — 720.436
763.186 763.186 759.225 763.186
806.824 806.824 806.824 806.824
— 846.113 846.113 846.113
978.772 978.772 978.772 978.772
1011.502 1011.502 1011.502 1011.502
1075.962 1075.962 1075.962 1075.962
1288.453 — — 1282.387
1403.152 1403.152 1403.152 1403.152
1572.995 1580.123 1575.697 1575.697
1615.075 1615.075 1615.075 1615.075
2925.531 2937.000 — 2925.531
— 2980.385 2980.385 2980.385

— - — 3348.112

— 3450.845 3450.845 3450.845

— 3600.645 — 3600.645

— 3625.685 3625.685 3625.685
3693.217 3700.760 3700.760 3700.760
3722.331 3722.331 3722.331 3722.331

— 3750.509 3750.509 3750.509
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sample occurs due to changes in the conformational characteristics
of molecules belonging to those molecular groups whose vibrations
have corresponding frequencies (Table 1). Since vibrations are ac-
tive in the IR spectrum only when they lead to a change in the di-
pole moment of a molecule, those molecular groups, whose maxima
vanish after irradiation, do not affect the total dipole moment of
the molecule because they oscillate near the centre of symmetry.

This conclusion correlates with the findings of the analysis of the
spectra in the range 500—-1000 cm™, in which the deformation vi-
brations of hydrogen bonds contribute. A significant increase in the
absorption intensity is also observed, which is the largest in the
spectrum 2. At the same time, no significant shifts of bands are ob-
served in the range corresponding to vibrations of C=0 double
bonds and deformation vibrations of CH.

The increase in the intensity of the bands along with high-
frequency shifts can indicate an increase in the number of hydrogen
bond groups in the case of valence vibrations. The distortion of the
planar shape of the doxorubicin molecule due to the free rotation of
its parts around single bonds can lead to a change in the positions
of the maximums of the absorption bands with a frequency shift to
the low-frequency range of the spectrum. These effects can be
caused by nonspecific interactions between the molecular groups of
doxorubicin and the radiolysis products of the solvent water. This
conclusion is confirmed by the data presented in Fig. 3, which
shows the effect of irradiation by value AA(I,k)/A(0,k), where
AA(I, k) =A(, k) — A0, k) (A0, k) =A{ =0 kGy)) in the FTIR spectra
of doxorubicin solution.

The curves 1, 2, and 3 in Fig. 3 are given by functions

AA(I =10,kGy) AA(L =40,kGy) . AA(I = 80,kGy)
A(0, k) ’ A(0, k) ’ A(0, k)

b

respectively. According to the spectra in Fig. 3, A(I, &, ,)/A(0, k, 5)> 7
for all used values of I and wave-numbers k,=668.94cm™ and
ky, =900.60 cm . This behaviour of A(I, k) may indicate the invariance
of the power centres responsible for the absorption of waves with wave-
numbers k;, k;, and their coagulation under the influence of irradia-
tion with high-energy electrons.

The dependence of the optical absorption spectra of doxorubicin
solution in the UV and visible range on the absorbed dose was in-
vestigated (see Fig. 4).

The time interval between the irradiation of the samples and the
measurements shown in Fig. 4 did not exceed ten days. During this
time, no changes in each of the spectra were observed for all I un-
der study. The absorption value of doxorubicin solution in the visi-
ble range (Fig. 4) does not monotonically depend on I that is consis-
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Fig. 3. Ratio of difference in absorbances of irradiated and non-irradiated
doxorubicin solution to absorbance of non-irradiated doxorubicin.
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Fig. 4. Optical absorption spectra of doxorubicin solution in the UV and
visible range: curve I—I = 0 kGy, curve 2—I = 10 kGy, curve 3—I =40 kGy,
curve 4—I = 80 kGy.

tent with the data obtained for the infrared range (Figs. 1, 2). The
optical spectra recorded within ten days after solvent irradiation
were analyzed using the OriginLab software package. The experi-
mental spectra were approximated by linear combinations of Lor-
entzian functions (Fig. 5).

The dose dependence of the position of the maxima of the absorp-
tion spectra in the UV and visible range, recorded immediately after
solvent irradiation and preparation of doxorubicin solutions, is pre-
sented in Table 2.

The results of the analysis of the obtained spectra indicate shift-
ing of the maxima (Table 1) and dramatic changes in their intensi-
ties, depending on the solvent irradiation dose.
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Fig. 5. Approximation of absorption spectra of doxorubicin solution in so-
dium chloride in the UV range by linear combinations of Lorentzian func-
tions: (a) I =0 kGy, (b) I =10 kGy, (¢) I =40 kGy, (d) I =80 kGy.

TABLE 2. Position of maxima of absorption spectra in the UV and visible
range as a function of dose in optical absorption spectra.

AI, kGy | irrad. 0 kGy |irrad. 10 kGy | irrad. 40 kGy | irrad. 80 kGy

A, NI
A, NI
A, NIM
A, NIM
A, NI
A, NI

192.57
229.32
255.81
289.45
471.44
509.07

195.10
230.31
255.34
290.06
474.53
510.72

194.59
230.83
255.27
290.79
474.71
510.81

206.20
248.51
292,04
474.34
510.13

The effect of irradiating solvent on an alkaloid drug (conium)
was also studied in order to compare it with an anthracycline drug
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Fig. 6. Dependence of normalized absorption of conium on wave number
for 0.9% NaCl solution non-irradiated (curve 1) and irradiated with dif-
ferent doses of absorbed electron radiation: 2—5 kGy, 3—10 kGy.
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Fig. 7. Cytostatic effect of doxorubicin dissolved in irradiated and non-
irradiated sodium chloride solvent.

(doxorubicin).

The addition of solvent (Fig. 6) irradiated with different doses of
electron radiation affected the position of the maxima of the
conium absorption bands: 1120 cm™ line (curve 1) shifted to 1106
cm ' (curve 2), then, to 1089 cm™ (curve 3). This shift of the ab-
sorption lines of conium in the vibrational range of the IR spectrum
indicates a change of conformational state caused by the interaction
with bubbstons (their clusters) present in the irradiated solvent.

The cytostasis of doxorubicin dissolved in sodium chloride irradi-
ated with high-energy electrons in comparison to a non-irradiated
solvent was studied. Figure 7 shows the numbers of live LLC cells
in percentage (N) after 24-h incubation of doxorubicin solution for
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different concentrations (X).

In Figure 7, curve 1 shows the percentage of live LLC cells after in-
cubation of doxorubicin dissolved in irradiated (I =40 kGy) sodium
chloride for different concentrations of doxorubicin; curve 2 shows the
percentage of live cells for the non-irradiated solvent; curve 3 shows
difference of curves 2 and 1. The dependences in Fig. 7 show the effect
of the irradiated solvent depending on the doxorubicin concentration.

A possible reason for the changes in the spectra of doxorubicin solu-
tion, when using a pre-irradiated solvent, is the conformational rear-
rangements in the antitumour drug molecules caused by the interaction
with bubbstons and their clusters under the radiation exposure. The
space distribution of the electric field of single bubbstons was studied
in Refs. [6—8], but the formation of bubbston clusters has not been fully
investigated. On the one hand, solving this problem is complicated due
to the nonlinear nature of the equations describing the electric field of
the double electric layer of a bubbston; on the other hand, it is due to the
lack of information about the polarization, deformation, and forces of
individual bubbstons and their clusters. When bubbstons coagulate,
their spherical symmetry is broken; the fractal dimension of coagulants
depends on the mechanisms of cluster growth [7].

Usually, the electric potential distribution ¢(k) in the vicinity of
a single spherically symmetric bubbston is determined using the
Poisson—Boltzmann equation [9] and information on the distribution
of counter-ions (n,) and density p(r) around the inner positively
charged surface of the air-liquid interface [10].

In the case of spherical symmetry of the nanoparticle and zero
total charge of the nanoparticle and the adjacent layer of singly-
charge counter-ions with a concentration of n,, the corresponding
equations are [10, 11] as follow:

Q, +4n[ p(ryridr =0, %%(r %) = —% - %smh(wm), (1)
R, 0 0

where R, is the radius of the bubbston air bubble, ¢, is the vacuum
permittivity, ¢ is the dielectric constant, T is the ambient tempera-
ture, kg is the Boltzmann constant, and y = e/(k,T) .

At low values of electrical energy,

M<<1

B

, (2

eg kT

2

. Therefore,
2e’n,

the Debye radius (R)p) is supposed to be R, =

the R, decreases with increasing n, caused by irradiation.
Using the Maple 2019 software, Egs. (1) were solved numerically



MODIFICATION OF OPTICAL SPECTRA AND CYTOSTASIS OF DOXORUBICIN 499

for n,=10%", 3-10?!, 10?> m3. The parameter R, was estimated by
the co-ordinate of the point r,, at which the derivative ¢(r)/r=r,
differs from the tangent of the angle at the point R,. This analysis
showed that the space dimensions of bubbstons decrease, when so-
dium chloride is irradiated with electrons, causing changes in the
distribution of ponderomotive forces near a bubbston.

4. SUMMARY

The mechanisms of antitumour drug modification of doxorubicin
and conium solutions in sodium chloride for injections, irradiated
with high-energy electrons, are investigated. Modifications of exist-
ing antitumour drugs without adding foreign nanoparticles are de-
veloped. It should be noted that doxorubicin belongs to the chemical
class of anthracyclines, and conium belongs to the class of alka-
loids.

It is shown that the absorption spectra of doxorubicin solution in
the infrared range are characterized by a non-monotonic dependence
of the ratio of intensities of high- and low-frequency maxima on the
absorbed dose. This behaviour is caused by the coagulation (cluster-
ing) of bubbstons, which can occur at high bubbston concentrations
(at high doses of absorbed radiation).

The radiation dose absorbed by sodium chloride affects the spec-
tral dependence of the absorption of doxorubicin dissolved in it (in
the visible range). In the range 175-250 nm, the absorbance de-
creases, however, in the range 250-600 nm, it increases as com-
pared to the absorbance of doxorubicin solution prepared with non-
irradiated solvent. The value of the absorption difference modulus
in the visible range of the spectrum increases monotonically with
increasing absorbed radiation dose, which does not coincide with the
behaviour in the infrared range. This is associated with the depend-
ence of molecular absorption processes on the frequency of electro-
magnetic radiation.

It is shown that the addition of an irradiated solvent affects the
positions of the maximums of the conium absorption bands. The ab-
sorption line at 1120 cm™ shifts to 1106 cm™, and then, to 1089
cm . This shift of conium absorption lines in the vibrational range
of the IR spectrum can indicate changes in its conformational state
caused by interaction with bubbstons (or their clusters) present in
the irradiated solvent. The effect of irradiation (I =2 kGy, 5 kGy)
on the IR spectra of the conium solution was observed over the
course of two weeks.

The study of the doxorubicin pharmacological activity performed
using the Lewis lung carcinoma cell line proved that pre-irradiation
of sodium chloride with high-energy electrons before dissolving



500 M. A.ZABOLOTNYY, L.I. ASLAMOVA, G.I. DOVBESHKO et al.

doxorubicin increased the cytotoxic/cytostatic effect of the drug.
This effect was most pronounced at relatively low concentrations.

The optical effects of doxorubicin dissolved in pre-irradiated so-
dium chloride decreases significantly after two—four months; the
higher the radiation dose, the slower the relaxation processes pro-
ceed. The forces of interaction of bubbstons during their clustering
depend on their mutual orientation and are non-central.
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Electromagnetic radiation emitted from various sources need to be shield-
ed. Especially, in case of human beings, this is of prime significance. EMI
shielding can be done using various shields with more and more flexibility
through stretchable, bendable, and droppable shields. In view of human
health and its importance, lot of emphasis has been laid in developing tex-
tile fabrics, which can exhibit shielding properties along with mechanical
strength, based on textile structure and material. The required character-
istics such as electric and magnetic properties in normal textile fabrics
are not up to the mark. Hence, these properties are to be added. This can
be achieved by coating the layer, conductive yarn or magnetic fibre inte-
gration, etc. Based on the previous work done, an attempt was made to
review the various materials and their use for this very purpose. This
mainly includes fabrics with metal coating, MXene coating, carbon coat-
ing, etc. It is observed that high conductivity and effective EMI shielding
make MXenes to be in the forefront in EMI shielded fabrics, while other
coatings (magnetic and conductive) will be the next choice.

EnekTpomMaraeTHe BUIIPOMiHEHHS, II[0 BUIIPOMIHIOETHLCS PiSHUMHU OKepeJa-
mu, morpebye eKpaHyBaHHA. lle Mae mepIioueproBe 3HAUYEHHS, OCOOJIMBO
nns goneii. EKpaHyBaHHA BiJ eleKTPOMAarHeTHHUX IIEPEeITKOol MoKe OyTu
3mificHeHe 3a JOMOMOTOIO PiBHMX eKpaHiB 3 OiJbINIOI0 THYYKICTIO 3aBAAKU
POSTAKHUM, THYYKUM i CKUTAJBHUM eKpaHaM. 3 OIJIALY Ha BaKJIUBiCTH
3I0POB’A JIOAWHU, BEeJINKY yBary IPUOIJIAIOTH PO3P0o0Ili TEKCTUIBHUX TKa-
HUH, AKi MOXYTh NPOABJSATH €KpaHyBaJbHIi BJIACTHUBOCTI pasoM 3 MeXaHid-
HOI0 MIiITHiCTIO, 3a/IeKHO Bil CTPYKTYpPHU TeKCTHJi0 Ta Marepisay. IlorpibHi
XapaKTepUCTUKYU, TaKi AK eJeKTPUUH]I Ta MarHeTHi BJIacTUBOCTi, y 3BUUAM-
HUX TEeKCTUWJIbHUX TKAHWH He BiAmoBimarTh BuMoram. Tomy IIi BJIaCTUBOCTI
HeoOximHo momatu. I[HOrO MOKHA MOCATTH ILIAXOM HAHECEHHSA IMOKPUTTA,
OpoBigHOI HUTKM abo iHTerparii MmarHeTHOro BOJIOKHAa ToIo. Ha ocHOBi mo-
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mepeaHboi poboTu O0ysa0 3pobJsieHO CIIPo0y IMEeperAHyTH PisHi MaTepidnu Ta
BUKODPUCTAHHA iX came mjisA 1iel metu. Ile roJIOBHUM YMHOM BKJIOYA€E TKa-
HUHU 3 MeTaJIeBUM HOKPUTTAM, MOKPUTTAM MaKCEHAMU, BYTJIEI[EBUM IIOK-
purtam Tomro. IlomiueHo, 1110 BUCOKAa IIPOBiHICTE ¥ epeKTHMBHE eKpPaHYyBaH-
HA BiJ eJeKTPOMarHeTHUX IIE€PeINKOJ] BHCYBAlOTh MaKCEeHHM Ha IIepeqHin
IJIaH y TKaHWHAX, 1[0 €eKPAaHYIOTh BiJi €JIeKTPOMATHETHUX IIePEeITKOJ, TOMIi
AK iHIIi moKpuTTa (MarHeTHI Ta IPOBiAHI) OYAyTh HACTYIHUM BHOOPOM.

Key words: textile fabrics, EMI shielding, shielding effectiveness.

KarouoBi cioBa: TeKCTHJIbHI TKaHWUHY, €KPAaHYBAHHA e€JEeKTPOMATHETHUX
IEePemIKos, e()eKTUBHICTh eKPaHyBaHHA.
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1. INTRODUCTION

EMI (Electromagnetic Interference) is a phenomenon that takes
place, when an electromagnetic field disturbs the operation of an
electronic device close to it. Various EMI-shielding materials pro-
tect devices and human beings from this radiation by reflecting or
absorbing it [1, 2]. In spite of huge increase in usage of electronic
devices, shielding of human as well as equipment from EM waves is
of prime importance. Since life without technology is not possible,
electromagnetic irradiance even though dangerous for devices and
human beings needs to be used in daily life. Many devices like
switches, regulators, and circuit boards are likely to become defec-
tive due to EMI. These radiations also effect human cells and capa-
ble of altering DNA. Human cells subjected to EM radiation might
lead to cancer. In addition, exposure to EM radiation leads to fa-
tigue, stress and many other diseases. Earlier reports indicated bio-
logical impacts of EM radiation from various home appliances like
TV, oven, etc. It was reported that exposure to microwaves impacts
bone marrow and liver tissues [3, 4].

Figure 1 shows some of the non-cancerous effects of low frequen-
cy in the human beings.

Recent focus on developing EMI-shielding devices was towards
usage of textile fabrics. Since textile fabrics are thin, lightweight,
and flexible, they are preferred especially in view of cyber security.
Reflection by conductive materials that lead to secondary electro-
magnetic radiation can be minimized through absorption [5, 6].
This mechanism in EMI shielding is widely used in medical electri-
cal equipment. Generally, shielding materials are tested between
10*-10'2 Hz for computers, motors, and power lines [7, 8], while as
other experiments like magnetic resonance tomography are tested
for low frequencies [9, 10]. Various frequency ranges in a shielding
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Fig. 1. Non-cancerous effects of low frequency in the human beings [4].
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Fig. 2. Schematic representation of the EMI-shielding mechanism [4].

material demand various physical properties [11].
Figure 2 shows the mechanism of EMI shielding.
The effectiveness of shielding (SE) is given by:

(1)

t

SE =20log T or as SE =10log [%J ,

SE=SE, +SE, +SE,,, (2)
where SE is a parameter comprises of shielding due to reflection
(SEpR), absorption (SE,), and multiple reflections (SE,;) inside the
shielding material. T represents the transmission coefficient, P, and
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P, represent powers without and with shielding [12, 13]. Textile-
based EMI shielding has gained more significance in recent times
due to advent of novel materials such as MXenes. It is reported that
EMI shielding depends on reflection and absorption inside the
shielding fabric [12]. The thickness, porosity, conductivity, dielec-
tric and magnetic properties influence shielding properties in tex-
tiles. If the thickness of the fabric is very small, multiple reflec-
tions need to be considered [14].

In general, electrical conductivity and thickness of a material de-
termine high-frequency properties, while low-frequency properties
are determined by magnetic properties [15—24]. Different methods
are reported, while probing EMI shielding in materials. These in-
clude free space, shielded box, shielded room and coaxial transmis-
sion-line methods [25]. Coaxial transmission method is used between
10 kHz to 1 GHz. Free space method is preferred, if large distance
exists between antenna and the device. Shielded-box method was
confined to approximately 500 MHz with low reproducibility.
Shielded room method uses an anechoic chamber, which is unsuita-
ble for specimens in small size [26]. Various materials are used in
EMI-shielding materials and some of them are discussed in the next
subsequent sections.

2. ROLE OF MXenes IN EMI SHIELDING

Many techniques in preparation of EMI shielded fabrics are based
on fibres, metal coating, and carbon coating. However, MXenes and
their use in preparation of conductive coatings were widely report-
ed. MXenes are 2D layered materials with nitrides [27]. Even
though their preparation [28—30] is not mentioned in this review;
sixty plus MXenes with different chemical composition and proper-
ties were reported [31].

2.1. MXene Coating

2D nature of MXenes makes them significant as coatings on textile
fabrics. Electromagnetic interference shielding in combination with
solar water evaporation as well as photothermal conversion was re-
ported [32]. SiO, nanoparticles and PFOTES along with MXene were
combined to yield shield effectiveness of 36 dB. Similarly, MXene
textiles of bark shape demonstrated high effectiveness, good Joule
heating and piezoresistive sensing [33]. It is reported that bark
shape enhanced EMI-shielding effectiveness. Similarly efficient fab-
ric shield with good electrical conductivity and low resistance with
MXene loaded on cotton fabric that can be used as strain sensor to
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detect human motion was reported [34]. Basalt fibre fabrics are
used as EMI shields [35]. Combination of Mxene with polymer net-
work results in a textile fabric EMI shielding [36]. Samples without
Mzxene have almost zero EMI shielding in X-band [37]. Polyethylene
terephthalate textiles applied with Ppy-modified Mxene sheets are
coated with silicon. This yields 1000-S/m electrical conductivity
and shielding efficiency of 90 dB [38]. Mxene combined with Pani
nanowires on carbon-fibre fabric with PDMS coating reported a
conductivity of 325 S/m and 35-dB effectiveness [39]. In a similar
way, 3-dimensional nanoflower structure gives an effectiveness of
52 dB efficiency in X-band [40]; Mxene with metal reported 54 dB
in X-band [41]; MXene with carbon-based conductive materials re-
ported about 43 dB shielding [42].

2.2. MXene Fibres

Apart from MXenes, another possibility is to use MXene fibres.
MZXene fibres can be used as core in a coaxially spun fibre [43].
MZXene fibres are reported to exhibit a shielding effectiveness of 27
to 33 dB for single layer with conductivity of 10° S/m. If 3 layers
are considered, SE was up to 100 dB. Coaxial spinning of MXene
core and aramid nanofibre shell has an efficiency of 83 dB [44].
Similarly, MXene fibres designed from MXene—glutaraldehyde (GA)
solution with thermal drawing yield SE of 50-60 dB in X-band
[45]. In continuation, short MXene fibres, which produce MXene
nonwoven, yielded SE of 75 dB in X-band [46]. Similarly, a combi-
nation of reduced graphene oxide (rGO) and MXene to form a core
shell aerogel reported to have SE value up to 83 dB, which could
sustain 83% even after four months [47].

3. ROLE OF METALS IN EMI SHIELDING

Majority of the metals exhibits very high conductivity. However,
low conductivity was seen in case of thin films and transition met-
als [48, 49]. Based on the magnetic properties, metals are used as
coating to produce EMI shielding.

3.1. Metal Coatings & Metal Wires

Fabrics coated with metal (smart textiles) are used as strain sensors
to detect human motion [50], as electrodes in ECG [51], textile bat-
teries [62], textile solar cells [53], etc. In the same way, it was re-
ported that EMI-shielding properties can be added to textile fabrics
by metal coating. In this context, copper-coated polyester nonwoven
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was of importance [54]. As shown in Fig. 2, thick layer of copper
was formed on the fibre, which reported a shielding effectiveness of
42 dB to 63 dB between 30 MHz to 1.5 GHz, depending on the coat-
ing thickness. In multilayer systems, 90 dB can be attained with
three to five layers of copper-coated nonwoven fabrics.

Figure 3 shows a copper-coated PES fabric.

By using the above material, 30 to 55 dB can be attained between
0.5 GHz—-1.5 GHz in a PES nonwoven fabric. This uses electroless
plating of copper [565]. Apart from copper, silver is often selected to
get high conductivity in coating. An oxidized-cellulose textile sur-
face exhibited 47 dB and 69 dB for single and triple layers [56].

Combination of silver nanowires with Fe;O, nanoparticles pro-
duced SE of 60 dB for single fabric layer and 100 dB for three fab-
ric layers in X-band [58]. Silver nanowires combined with CNTs
reached more than 51 dB EMI shielding [59]. A PES woven fabric,

‘ Cu coating

a . 04 i TR

MELIFE l\gEFTEX

Single & cross-section view

Fig. 4. EMI-shielding mechanism in copper-based activated carbon fibres
[57].
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Fig. 5. Mechanism of Ag/aminated GO-based cotton fabrics [63].

when dipped in Ni(CH;CO,), solution along with hydrazine hydrate,
formed nickel nanoparticles on the surface of the fabric giving rise
to 32-dB effectiveness. This is due to the ferromagnetic and con-
ductive nature of nickel [60]. Keeping the mechanical, thermal, and
chemical stability in view, various researchers opted for embedding
of metal nanoparticles in polymeric coatings. A textile fabric im-
mersed in PVB-ethanol solution embedded with silver nanowires
yield an effectiveness of 59 dB between 5-18 GHz [61]. Silver nan-
owires with polyurethane layer exhibit SE of 64 dB that reduced by
11% after 20 washing cycles and to 18% after 5000 cycles. This
fabric can be used as for various applications, where washing of
fabric is essential [62].

Apart from these regular metals in nanoform, liquid metals are
proposed. This include In, Pb, Ga, Bi, Sn, etc. with low melting
points. A combination of liquid metal and PDMS coating yielded 73-
dB efficiency [64, 65].

Apart from coating of textiles, metal wires can be inserted. In-
stead of polyamide filament yarns coated with silver, yarns with
stainless-steel fibres are being used in smart textiles [66—69]. Since
stainless-steel fibres exhibit magnetic properties, they are suitable
for EMI shielding [70]. In place of stainless-steel yarns, self-spun
yarns, which include stainless-steel wires, are widely used for EMI-
shielding textile fabrics. A ring-spun composite yarn from stainless
steel and polyester fibre reached EMI-shielding effectiveness of 31—
35 dB in the range of 8.2-18.0 GHz [71-73]. A wrap yarn with
same combination has SE around 5-28 dB for various wrapping
densities in the frequency range of 4-8 GHz [74]. However, metal
coatings are reported to have higher shielding effectiveness as com-
pared to metal-wire approach [75, 76].
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4. ROLE OF CARBON IN EMI SHIELDING

Designing of textile fabrics with carbon coating or carbon fibres
was one of the techniques investigated. Carbon coated textiles are
used in batteries, sensors [77], and electronic textiles [78—80]. Car-
bon has various forms like quantum dots, graphene, CNTs, carbon
black and graphite [81]. Based on their dimension, carbon can have
different conductivities [82]. Based on these conditions, they are
well suited for EMI-shielding applications.

4.1. Carbon Coatings, Carbon Fibres, and Filaments

Carbon coatings with CNTs (carbon nanotubes) on fabrics enhance
their EMI-shielding effectiveness. 1D-shape high anisotropic con-
ductivity of carbon nanotubes influence EMI-shielding properties.
Usage of CNTs along cotton fibres has SE of 21.5 dB in X-band and
20.8 dB in Ku-band [83].

By adding graphene, SE was enhanced [4]. EMI-shielding effec-
tiveness was increased to 55 dB by adding ZnO nanoparticles and
rGO in a textile coating [85] as desired in most of the shielding ap-
plications. Apart from copper, silver nanowires in combination with
graphene reached SE of 72 dB at 8.2 GHz [90]. Usage of rGO sheets
with silver nanoparticle coating on a fabric reach SE of 27 dB in X-
band [86]. Combination of CNTs with nickel ferrite (NiFe,O,) coat-
ing on a textile fabric reached SE of 84 dB in X-band with en-
hanced structural stability and thermal conductivity [87]. Apart
from carbon material and metal fillers’ combination, conductive
polymers are also used. It is reported that PANI polymerized on
CNT improved distribution of CNT on cotton fabrics [88]. Usage of
recycled carbon fibres reached SE of around 30-70 dB. In a similar
way, 73 dB of SE with carbon fibre/TPU composite was reported
[89].

These are some of the materials and methods reviewed in prepa-

Cotton fiber

MWCNT
Reflection at CTF/PDMS

or CTF/MWCNT interfaces
PDMS

A Transmitted wave

Fig. 6. EMI-shielding mechanism for PDMS/MWCNT-based cotton fabric
[84].
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ration of fabric textiles, which exhibit EMI shielding. Majority of
the assessments were carried out in X-band, and a shielding effec-
tiveness of about 30—-90 dB was reported. The samples are of thick-
ness below 1 mm. These values correlate with SE values of electro
spun nanofibre mats [13]. Based on various factors, EMI-shielding
fabrics, macroscopic textiles, and nanofibrous mats can be used in
variety of applications.

5. CONCLUSIONS AND FUTURE PERSPECTIVES

Smart textiles and research in their area is widely enhancing in
view of their EMI-shielding properties. Required physical proper-
ties, which include electrical and magnetic conductivity, may be
added to regular fabrics by coating with conductive polymers, car-
bon- or metal-based coatings as well as MXenes. Apart from this,
developing of yarns using metal wires or carbon fibres to produce
EMI-shielding textile fabrics is of significance. In this review, some
of the developments in this area of research were presented. In
many cases, 30-dB to 100-dB EMI-shielding effectiveness based on
various coatings was observed. Various approaches may be used to
obtain high EMI-shielding effectiveness not limited to X-band, but
also in other frequency ranges.

Future research is mainly focused on investigating more and
more materials to dig their inherent properties and tailor them to
act as a durable EMI shield. Emphasis should be laid on polymers
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Fig. 7. Schematic representation of future perspectives [4].
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and natural chemicals, which suit for EMI shielding. This would be
economical and environment friendly. Fabrics should be reusable
and could withstand various conditions like stress and strain. Since
the effectiveness is reported to decrease with multiple washes, self-
cleaning techniques need to be envisaged. In view of the significant
potential for development of EMI-shielding fabrics at various work
places with different conditions, emphasis need to be towards devel-
opment of durable, flexible, and lightweight textiles for EMI-
shielding applications.
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Gallium arsenide GaAs nanoparticles are prepared in water using laser
ablation method. The optical properties and energy gap of the colloidal
solution are investigated using UV-visible spectrometer; the absorption
peaks are observed between 200 and 300 nm wavelength, and the energy
gap is calculated of about 1.86 eV. Zeta potential value is of about
—-22.18 mV that gives the impression of acceptable stability of the colloi-
dal solution.

Hamouactuuku apceriny Iamito GaAs 6yso ofep:kaHi y BoAi MeTomoM Jase-
pHOI abaanii. OnTuYHi BJIACTUBOCTI I eHepreTUUYHY 3a00POHEHY 30HY KOJOIi-
JHOTO PO3UYMHY OYyJIO MOCJIiI:KEHO 3a HOIOMOT00 Y @P-OITUYHOrO CIEeKTpoMe-
Tpa; MiKM BOMpPAHHA OYJIO CIIOCTEPEKeHO B MiANMasoHi MOBMKUH XBUJb Bif
200 mo 300 uM, a eHepreTuuyHy 3a60POHEHY 30HY OYyJI0 PO3PaxXOBAaHO IIPUO-
ausno y 1,86 eB. 3maueHHA [3eTa-MOTEHIISAIY CTAHOBUJIO IIPUOJIUBHO
—-22,18 MB, 1m0 cTBOpIOE BpasKeHHSA TPUUHATHOI CTA0iJIBHOCTM KOJOITHOTO
pO3UUHY.

Key words: gallium arsenide GaAs, laser ablation, zeta potential, optical
properties of GaAs.

Karouosi croBa: apcenin Tamito GaAs, JasepHa abiAIis, A3eTa-IMOTeHI[isdI,
ontuuHi BaactTuBocTi GaAs.
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1. INTRODUCTION

Studying the optical properties of the semiconductors gives a clear
indication to determine the nature of the use of a substance semi-
conductor, and to understand the mechanism of electronic transfers
between energy bands by measuring the absorption of radiation by
the semiconductor and its transmittance. All semiconducting mate-
rials share an important and distinctive feature in a scheme of ab-
sorption, which is the increase in absorbance when the absorbed ra-
diation energy becomes equal to the gap energy and this point has
been called the fundamental absorption edge [1].

Progress in solid-state physics has been characterized by a shift
in dealing with large crystals to dealing with small crystals that are
characterized by the length of at least one of their dimensions being
within the range (100—1 nm). The change in dimensions affects the
properties of the electron in the semiconductor, such as the Broglie
wavelength and the wave behaviour of the particle; particles behave
wave-like. In addition, the decrease in the size of the crystals leads
to a greater separation of the energy levels and an increase in the
effective energy gap, which leads to the appearance new physical
properties due to quantum effects such as quantum Hall effects,
quantum conductance oscillations [2, 3].

Nanotechnology is any technology that is accomplished on a
nanometer scale and has many applications. Nanotechnology in-
cludes the production and application of physical, chemical, and life
(biological) systems on a scale that extends from a single atom or
molecules to dimensions of a fraction of a micron, as well as the in-
tegration of the resulting nanostructures into systems [4].

The process of manufacturing materials on the nanoscale can be
done in two ways, the first is self-assembly, or called a bottom-up
approach, in which nanomaterial are built atom by atom (atom-by-
atom), the second method is called top-down approach, in which ma-
terials are sculpted to obtain their nanosize [5, 6].

The concept of the assembly method was derived from natural
biological processes where molecules combine to form a more com-
plex compound with nanoscopic dimensions. In this method, the
secondary units assemble and organize into a final structure charac-
terized by the lowest possible free energy, and this process is di-
rected according to the properties of the secondary units. The
nanostructure or microstructure can be obtained from one or more
building components. For example, the superlattice resulting from
the assembly of magnetic and semiconducting nanoparticles, in
which the nanocrystal contains two construction components and is
characterized by specifications, which differ from the properties of
separate universes, as seen in Fig. 1 [3, T7].
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2. EXPERIMENTAL METHOD

Laser ablation method has been used to prepare GaAs nanoparticles.
The nanoparticles have been extracted from GaAs plate immersed in
water and using Nd:YAG laser with 1064-nm wavelength, 1.32
J/cm?, 8-cm lens’ length and 5-min. ablation time.

The extracted GaAs nanoparticles were predicated in the water as
shown in Fig. 2.

The water colour was changed to a light brown colloidal solution
of GaAs nanoparticles as shown in Fig. 3.

Self-assembly T i Atom-by-atom method
or buttom-up approach / ¢ f or top down approach

T
L SLSLSES

Fig. 1. Manufacturing materials on the nanoscale methods.

!«_’Plano-convex lens

—Nd:Yag laser

GaAs nanoparticles
GaAs plate

Fig. 2. Laser ablation method.

Fig. 3. Light brown colloidal solution of GaAs nanoparticles.
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3. RESULTS AND DISCUSSION

The transmittance of GaAs has been examined using UV-visible
spectroscopy.

The transmittance of the particles increases with wavelength and
stabilizes approximately between 60% and 75% over the wave-
length range 800—-1000 nm (Fig. 4). The absorbance and reflectance
spectrums are determined using Ref. [8] as follow:

A=1In(1/T), (1)
R+A+T=1. (2)

The absorbance show several peaks within the range 200—-300 nm,
which belong to the GaAs nanoparticles [9]. The reflectance also
varied with wavelength as shown in Fig. 4, c.

The optical constants n, k, and absorption coefficient have been
deduced from the optical properties using Egs. (3), (4) and (5), re-
spectively, and showed a clear variation with wavelength as shown
in Fig. 5 [10-12]:

809 12 120
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| 8 80
= % B 2
o 404 .6 . 60
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4 40
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104 2 20
0 0 0 ————r
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Fig. 4. Transmittance, absorbance, and reflectance of GaAs nanoparticles
versus wavelength.
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Fig. 5. Absorption coefficient, refractive index, and extinction coefficient
of GaAs nanoparticles versus wavelength.
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n, =(+R)/(1- R)+4R/(1 - R)* - KZ (3)
ky = 0/(47) (4)
o =2.303A/t. (5)

where o is the absorption coefficient, A is the absorbance and ¢ is
the film thickness.

The energy gap of GaAs nanoparticles was also investigated by
drawing the relation between the square of the absorption coeffi-
cient multiplied by the energy (ahv)® [(eV/cm)?] and the photon en-
ergy E [eV], where the tangent to the curve showed that the energy
gap of the GaAs nanoparticles of about 1.86 eV (Fig. 6).

One of the most important properties of colloidal solutions is sta-
bility, and this property is measured by examining the zeta poten-
tial. The stability of the colloidal solutions increases with the in-
creases in the zeta potential. Figure 7 shows that the zeta potential
value is of around —22.01 mV that reflects acceptable stability for

90+
80
704
60
50+
40
301
20+
10

0 rrreeT
1.4 1.5

(ahv), (eV/em)?

Fig. 6. The energy gap of GaAs nanoparticles versus wavelength.
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Fig. 7. Zeta potential of GaAs nanoparticles.
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the colloidal solution of GaAs nanoparticles [13].

4. CONCLUSION

Gallium arsenide GaAs nanoparticles have been prepared in water
using Laser ablation method, the transmittance of the particles
show good transmittance of about 60-75% over the wavelength
range 800—-1000 nm. The absorbance, reflectance, refractive index
and extinction coefficient were varied with wavelength. The energy
gap was calculated of about 1.86 eV; finally, the zeta potential
value was of —22.18 mV.
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This work is a comparative study of the effect of two different annealing
methods on the copper-oxide (CuO) nanoparticles’ properties. These later
are synthesized using the direct precipitation method. Rapid thermal an-
nealing (RTA) and slow thermal annealing (STA) are two methods of an-
nealing tested. The prepared samples are annealed in air at various tem-
peratures of 300, 400, 500°C for 1 hour. Then, they are characterized by
employing scanning electron microscopy (SEM), x-ray diffraction (XRD),
UV-visible and Fourier Transform Infrared (FT-IR) spectroscopies. The
main results revealed an increase in the grain size with both methods as
the annealing temperature increases. It reaches 30.93 nm with RTA and
26.75 nm with STA at 500°C. XRD spectra show, in the case of RTA at
500°C, a significant decrease in the intense picks corresponding to the
(002) and (111) orientations. This result indicates that, beyond 400°C, one
hour of RTA is not suitable for enhancing CuO-nanoparticles’ crystallinity
compared to STA. The optical analysis demonstrates that the energy of the
optical band gap in STA is higher than that in RTA. It reaches 2.88 eV at
500°C using RTA that is close to the gap value for CuO in the range of
1.8-2.8 eV. FT-IR results show, for both methods, the presence of charac-
teristic peaks of the Cu—O bonds in the monoclinic CuO structure without
any trace to Cu,O structure. Nevertheless, samples subject to RTA for one
hour are more susceptible to absorbing species of C=0 bond than those sub-
ject to STA. Hence, RTA at 500°C is far from producing CuO nanoparticles
with preferred characteristics. It needs further research to examine
higher-temperature annealing with controlling annealing time.

IIsa poboTa € MOPiBHAJIBHUM MOCTiAKEHHSAM BIJIMBY OBOX PIBHUX METOXiB
BifiTTaIIOBaHHA HA BJIACTHUBOCTI HaHouacTMHOK okcuay Kympymy (CuO). ITis-
Hirre ix 0yJI0 CHHTE30BaHO METOAOM IIPAMOro ocalKeHHsA. Byso mporecToBa-
HO JBa METOIM BiATIa/I0OBaHHA: IMBUAKE TepMmiuHe BigmamtoBanusa (IIITB) Ta
noBisnbHe Tepmiune BigmamoBauHs (IITB). IlinroroBieni 3pasku BimmasaioBa-
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JI1 Ha ToBiTpi 3a pisHmx Temmepatyp y 300, 400, 500°C ympomoB:x 1 romm-
Hu. IloTiM iX XapakTepm3yBajam 3a [TOIIOMOTOI0 CKAHYBaJIbHOI €JeKTPOHHOIL
mikpockorii (SEM), pertreniBcbkoi gudparmnii (XRD), Y®-onTuyHOi CIIEKT-
pockomii Ta iHdpauepBoHoi cnekTpocKotmii 3 @yp’e-neperBopom (FT-IR). Oc-
HOBHi pe3yJbTaTu MOKasaju 30iJbIIeHHA PO3Mipy 3epeH 3a oboMa MeTogaMu
3 TigBUINEHHAM TeMmiepatypu Bimgmany. Bim carae 30,93 uam iz IIITB i
26,75 am i3 IITB 3a 500°C. PenrreniBchbki audpakriliiini cmeKTpu moKasaau
y sumaaky IIITB 3a 500°C smauHe 3MeHIIEHHS iHTEHCHUBHUX IIiKiB, II[0 Bif-
noBizarore opieHTariam (002) it (111). Ile#t pesysabTaT mokasas, IO ITOHAT
400°C omua roguua IIITB me mimxoauTh AJIg HigBUIEHHS KPUCTAJIUYHOCTH
rHanouyacTuHoK CuO mopiBHaHOo 3 IITB. OnTuuHa aHajiza mokasaja, IO eHe-
prig omtuuHoi 3a6opoHenoi 30HU 3a IITB Buma, mixk 3a IIITB. Boua carae
2,88 eB 3a 500°C 3 Buxopucramuam IIITB, 1o 6au3bKO A0 3HAUEeHHS 3a60-
pouenoi somm CuO B pmismasomi 1,8-2,8 eB. Pesyapratm FT-IR mokasanu
IIst 000X METOMiB HAasgBHICTh XapakTepHuX HikiB Bif 38 sa3kiB Cu—0 y moHO-
KJIiHHIT cTpyKTypi CuO 6Ges Oyab-axkux caigiB crpykrypu Cu,0. Tum He
MeHII, 3pasku, miggani IIITB mporarom oxmiei rogmawM, GiAbINT CXUIBHI 10
OOrJIMHAHHSA YacTUHOK 3i 3B’ a3kamu C=0, Hixk 3pasku, miggaxi IITB. Orxe,
IIITB 3a 500°C e gmanexum Big yrBoperHA HaHouacTuHOK CuQO 3 OakaHUMU
xapakrepuctTukamu. € morpeba y MOJAJBININX MOCHiIMKeHb AJs BUBUEHHS
BifiTIay 3a BHUIIOI TeMIIepaTypu 3 KOHTPOJIEM Yacy BiAma/TloBaHHS.

Key words: annealing methods, copper oxide, nanoparticles, nanoparticles’
synthesis methods, rapid thermal annealing.

Karouori cioBa: Meronu BipmasioBaHHsA, oKcupn Kymnmpymy, HaHOYaCTUHKH,
MeTOAY CUHTEe3W HAHOUACTUHOK, IIBUAKE TePMiuHe BiAmaafoBaHHS.
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1. INTRODUCTION

Nanoparticles are particles of matter, whose properties are quite
different from those of the corresponding bulk material [1]. Their
properties depend on their size, shape, and morphology [2—4]. Thus,
the main advantage of nanomaterials is that they can be used to
improve current materials or create new ones having exceptional
properties.

Copper oxide in its nanostructure attracts considerable attention
because of its outstanding properties. It is non-toxic, its constitu-
ents are available in abundance, it is a good solar absorber [5], a
good electrical conductor [6], and it is stable at high pressure and
temperature [7]. The enhancement in these properties can be influ-
enced by the morphology of its nanostructures, which in turn de-
pends on the process of synthesis [3, 6, 8, 9].

The thermal annealing process is an important step in synthesiz-
ing nanostructures of a metal oxide including copper oxide. There
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are two techniques of thermal annealing, which are slow thermal
annealing (STA) and rapid thermal annealing (RTA). The influence
of these kinds of annealing on the physical properties of copper ox-
ide in the form of thin-film nanostructure is the most commonly
studied by researchers [10—15]. This may be due to the diverse ap-
plications possible of this kind of nanostructure [6, 16, 17]. Some
of them confirmed the efficient impact of STA in an optimum an-
nealing-temperature range of 200-650°C on structural and electri-
cal properties of thin copper-oxide films [10-12, 18-22], and others
demonstrated that RTA is an effective and efficient technique to
enhance the structural properties in a high annealing-temperature
range from 400°C to 800°C for a tuning time corresponding to each
temperature [13—15, 23].

Nevertheless, several studies showed the effective implementa-
tion of copper oxide in form of nanoparticle structure to produce
materials for environment, energy [24—33], and therapeutics [34—
38]; annealing process in operation represents an important step in
synthesising copper oxide [39, 40]. There are only a few reports
studied the effects of annealing temperature in the case of copper-
oxide nanoparticles [24, 40, 41]. Yet, in all previous research, the
annealing process was performed in different conditions, which are
specific to each experimental work, and they in turn may influence
the obtained results. No study was conducted so far that reported
the results of the effect of the rapid and slow thermal annealing
processes performed under the same experimental conditions to con-
clude the efficiency of one annealing method relative to the other.

Therefore, this work aims to examine the efficient effect of rapid
annealing on the physical properties of copper-oxide nanoparticles
compared to the slow annealing process.

2. MATERIALS AND METHODS
2.1. CuO-Nanoparticles’ Synthesis

CuO nanoparticles were synthesized using the sol-gel method
through the following process. 2 g of CuSO,-5H,0 is dissolved in 20
ml of distilled water. On the other hand, 8 g of NaOH has been dis-
solved in 200 ml of the same solvent. Each solution is stirred sepa-
rately for a few minutes at room temperature to obtain two ho-
mogenous solutions of 0.4 mol/l and 1 mol/l, respectively. Sodium
hydroxide solution is completely added to the first solution of cu-
pric sulphate and then stirred for one hour on a heating plate set at
100°C. The solution is then left to cool at room temperature; then,
it is filtered to get a black powder. This later is carefully collected
and dried in an oven for an hour at 100°C to evaporate all residual
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solvents on the substrate surface. After that, it was milled using a
ceramic mortar. Thus, copper-oxide nanoparticles are obtained.

2.2. Specimen Preparation

After synthesizing CuO nanoparticles, they were divided into two
portions. From the first portion, three fractions were prepared to
undergo a rapid heat annealing at 300°C, 400°C, and 500°C for one
hour. In the same way, three other fractions were prepared from
the second portion, but this time to undergo a slow heat annealing
at the same temperatures and during the same time. In both anneal-
ing processes, a Nabertherm GmbH annealing furnace was used. It
is an electrically heated furnace that heats from 30 to 3000°C.

In STA, the sample is heated gradually in the oven from room
temperature to the target temperature with a heating rate of 2°C
per minute. Once the set temperature is reached, heating maintains
it constant for one hour; then, it automatically stops heating allow-
ing gradual cooling of the sample. Whereas in the case of the RTA,
the sample is heated directly at the desired temperature for one
hour; then, it is immediately removed from the oven and cooled at
room temperature. To do so, the sample is put in a special glass
tube, which is brought in through a hole drilled in the back of the
oven made to evacuate the vapour produced during heating.

After heat treatment, different specimens were subdivided into
small amounts to be characterized.

2.3. Specimen Characterization

To determine the nanoparticles’ size and shape, a morphological
study was conducted using a scanning electron microscope of
TESCAN-VEGO03 type. Magnification of 5 um has been used. Struc-
tural properties were studied using Rigaku Mini Flax 600 x-ray dif-
fractometer (CukK, radiation, A =1.54056 A); x-ray diffraction pat-
terns were set between 20 = 20° and 80° with a step of 0.5° per min-
ute. In this intention, infrared spectrophotometry (FT-IR-8400S)
was used as well. Optical properties were analyzed employing a UV—
visible spectrophotometer (Perkin Elmer-Lambda 25); the spectral
range was measured between 200 and 800 nm.

3. RESULTS AND DISCUSSION
3.1. Morphological Analysis

SEM images of the surface morphology of the prepared CuO
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nanoparticles are presented in Fig. 1. They show that most CuO
nanoparticles have a sheet-like shape. The same result was found in
the literature using the same synthesizing method [41]. Actually,
sheet average particle size varies in a broad range in this structure;
so, it is not practical for easy to measure the particle size of our
samples. Nevertheless, SEM results reveal some distinctions be-
tween the morphology of the RTA and STA samples annealed at dif-
ferent temperatures. RTA images at different temperatures show an
inhomogeneous distribution of the nanoparticles with large con-
glomerates compared to STA samples [10]. This could be justified
by the grain growth mechanism correlated to rapid thermal anneal-
ing [42, 43]. The fast ramping to the target temperature triggers
the nucleation process within the short time; a higher temperature
generates high pressure, which promotes the mutual diffusion of
small and intermediate grains during annealing, resulting in larger
agglomerates [10, 44].

300 STA

500 RTA 500 STA
a b

Fig. 1. SEM images of the CuO nanoparticles synthesized using (a) RTA
and (b) STA at 300°C, 400°C, and 500°C for one hour of annealing.
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3.2. Structural Analysis

The x-ray diffractograms of the prepared CuO nanoparticles are
presented in Fig. 2. The results show that the peaks in all obtained
XRD spectra are well matched with the monoclinic phase of CuO
crystals (JCPDS card No. 080-1268). All samples exhibit the same
preferential orientations, (111) and (002), which agree with re-
search on copper-oxide nanoparticles [8, 9]. X-ray diffractograms’
analysis demonstrates that, in both methods, the diffracted inten-
sity of the most intense peaks increases with the increase of the
temperature except for the case of RTA at 500°C, where it de-
creases significantly as depicted in Fig. 3, a, b. It is also noticeable
that STA peaks are more intense than RTA peaks at all positions
and almost at all the studied annealing temperatures (Fig. 2).

Further, Table 1 indicates that the crystallite size calculated in
both techniques of annealing increases with the increase of the tem-
perature, but it takes higher values in RTA cases.

To explain those observations, it is necessary to return to the
factors associated with both peak intensity and crystallite size.
Thermal treatment increases the crystalline nature, which leads to
an increase in the number of grains orientated in a particular direc-
tion. By increasing the annealing temperature, many different
grains of the same orientation coalesce together and form a large

2000 4

500°C RTA 6000 7 500°C STA
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1200 4000 4
] 3000 4
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Fig. 2. XRD patterns of CuO nanoparticles prepared with RTA and STA at
300°C, 400°C, 500°C for one hour of annealing.
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Fig. 3. The predominant peak corresponding to the (002) orientation as a
function of annealing temperature and method: (a) RTA case; (b) STA
case.

TABLE 1. Structural properties of CuO nanoparticles annealed following
two methods.

Annealing method STA RTA
Annealing temperature 7, °C 300 400 500 300 400 500
Crystallite size D, nm 22.28 23.48 26.75 22.36 24.22 30.93
Strain 1072, % 0.146 0.141 0.120 0.139 0.133 0,099

Dislocation density 6-10%, nm2 0.201 0.181 0.139 0,200 0.170 0.104

grain having a certain orientation. Therefore, the diffracted inten-
sity is supposed to be increased as the crystallite size increases as in
the case with STA samples. In contrast, RTA spectrum measured at
500°C revealed a significant decrease in the intensity even though
the crystallite size increased at that temperature. This proves that
texture may change during grain growth and affects the kinetics in
the process of rapid annealing [45].

This could be justified by the fact that the rapid annealing proc-
ess at high temperature (above 400°C) for one hour can favour the
crystallization process, but, at the same time, may produce micro-
cracks in the growing grains after sudden cooling from high tem-
perature to room temperature [46, 47]. These microcracks can scat-
ter x-rays in different directions, thereby changing the texture and
reducing the peak intensity in a particular direction as indicated in
Fig. 3, a, as it can be attributed to the grain recrystallization in
contrast to recovery behaviour, which occurs in the case of RTA at
relatively high temperatures [46, 47]. Recrystallization results in
the formation of new grain orientations that explains the reduction
of the peak intensity, and the recovery occurs during the incubation
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period for recrystallization [47] that, on the other hand, explains
why the grain size did not decrease. Peak intensity can increase
again, when the recrystallization is completed, and this depends on
both the annealing time and temperature [45—49].

For this reason, further study is required to be conducted about
the effect of rapid thermal-annealing time and temperature.

The high intensity of STA peaks compared to RTA peaks may be
explained by the difference in the crystal structure factor of the
samples. It is known that the diffracted intensity in a particular
direction is proportional to the square of the structure factor
modulus. This latter reflects the total scattering from each crystal
plane and depends on the distribution of atoms in the crystal struc-
ture. In other words, it is related to both the crystal structure and
composition. Therefore, the peak intensity is affected by the ther-
mal perturbation of the atoms and, more generally, by the disorder.
Atoms, which have undergone rapid heating, are perturbed and sus-
ceptible to disorders more than those undergone slow heating. The
latter has time to return to its equilibrium state; this leads to a low
state of disorder and high diffracted intensity.

In addition, Figure 3 shows that, by increasing temperature,
curves shift towards increasing 6 in both methods, especially, in the
STA method; this means that the nanoparticles have undergone
compressive stress. This can be explained by the merging process
induced by increasing thermal annealing, and this, in turn, enlarges
the grain size [10, 42].

The crystalline size increases from 19.99 to 31.47 nm for tem-
peratures from 350 to 550°C. This can be explained by the merging
process induced by thermal annealing.

Table displays the calculated values of compressive stress and dis-
location density (8), where 6 is determined, based on the crystallite
size (D), using the formula [50]

§=D7?, 1)

whereas the microstrain values were determined using the following
formula [50]:

Bcos©
4

As illustrated in Table, the dislocation density and the compres-
sive stress values decrease as the temperature increases in both
techniques of annealing. The decrease is slightly higher in RTA
than in STA. The increase in the temperature stimulates the kinet-
ics and the interactions of the dislocations. This leads to an increase
in the migration and annihilation of the dislocation and, conse-

. (2)
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quently, to a decrease in their density.

However, rapid thermal annealing enhances the concentration of
the vacancies in the lattice arrangement, which, in turn, increases
the velocity of dislocation glide motion. Therefore, the dislocation
density is reduced more effectively in rapid thermal annealing than
in slow thermal annealing. This behaviour can also be attributed to
the grain boundary effects. It is known that dislocation density,
stress, and grain-boundary size are interrelated [51]. Grain bounda-
ries contribute to the strain-hardening phenomenon in metals. They
block the continued movement of dislocations in the metal during
straining. As more dislocations become blocked, the metal becomes
more difficult to deform. That is probably what happened in the
case of the RTA, in which crystallite size takes higher values than
those in STA, thereby, higher values of boundary size and lower
values of stress.

3.3. Optical Analysis

The optical band-gap energy (E,) for CuO nanoparticles was esti-
mated employing the absorption spectrum fitting method (ASF)
[62]. In this method, the optical band gap can be calculated using
only the absorbance spectrum without any need for thickness. It is
based on the following equation [52]:

A

g

A:le[%-iJ +B,, (3)

where A is the absorbance, A is the wavelength, B; and B, are inde-
pendent on A, m takes the value of 1/2 for the best fitting.

Thus, the value of the band gap is obtained from 1/A,, where E,
is equal to 1240°/,. The value of A, can be determined by extrapo-
lating the straight line of (4/A)? versus 1/\ curves, shown in Fig. 4,
at (A/1)?=0. Table 2 displays the variation in the optical gap as a
function of the annealing temperature. It can be noticed that the
optical gap decreased by increasing the annealing temperature in
the two cases of the annealing method.

However, the RTA method yielded lower values of the energy
gap, especially, at 500°C (Fig. 5). This may be justified by the fact
that the increase in particle size decreases the optical gap according
to the potential-well quantum theory, i.e., the quantum confinement
in nanometer particle-size materials. This result confirms what is
mentioned above (Fig. 1): the particle size for RTA is larger than
the particle size for STA.

On the other hand, to understand better the effect of two types
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Fig. 4. ASF diagrams for samples prepared using (a) RTA and (b) STA an-
nealing methods at 300°C, 400°C, 500°C for one hour of annealing.

of annealing processes on the structure of copper oxide, an infrared
absorption bands analysis was done.

FT-IR spectra of all the samples are presented in Fig. 6. All sam-
ples’ spectra show a wide band located at around 3440 cm™ that
corresponds to the O—H-group stretching of a water molecule ad-
sorbed on the oxide surface [53], and an intense peak located at



SYNTHESIS AND CHARACTERIZATION OF CuO NANOPARTICLES 533

TABLE 2. Energy-gap values calculated using two methods of annealing at
different temperatures.

Annealing temperature T, °C 300 400 500
RTA: E,, eV 3.72 3.63 2.88
STA: E,, eV 3.91 3.87 3.79

4.0
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Fig. 5. Optical band-gap energy of the prepared CuO nanoparticles as a
function of annealing temperature following two methods: RTA and STA
for one hour of annealing.

1384 cm™!, which is attributed to the stretching vibration of C=0
group indicating the presence of absorbed species in the surface of
nanoparticles [53, 54]. Another intense peak at around 613 cm™ is
attributed to the Cu—OH-vibration bands [54]; but the most intense
absorption bands are located at around 494 cm ™' and 504 m™; it is
assigned to the stretching vibrations of Cu—O indicating the forma-
tion of copper oxide [55].

It is noticed that, by increasing the annealing temperature, Cu—
O-bond concentration increased and Cu—OH-bond concentration de-
creased, especially, in the case of RTA. However, the decrease of O—
H- and C=0-bonds’ concentrations is noticed in the case of STA,
particularly, at 500°C, where the O-H group disappears. This
means that 500°C is not sufficient to remove all residues and impu-
rities in RTA more than in STA.
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Fig. 6. FT-IR spectra of CuO nanoparticles prepared following: (a) RTA
and (b) STA at 300°C, 400°C, 500°C for one hour.

No FT-IR peak of Cu,O exists in all synthesized samples.
Both method of annealing did not affect the crystal phase of CuO
nanoparticles, but affect only the crystal quality. The same result
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was found in literature [41, 56].

4. CONCLUSIONS

In summary, this work reports the results of the effect of rapid and
slow temperature annealing on the structural and optical properties
of copper oxide nanoparticles. RTA and STA effects were studied
for the first time under the same working conditions in the case of
copper-oxide nanoparticles using the direct precipitation method.
The objective of the work is to provide the literature with data
about the effect of rapid thermal annealing on copper-oxide
nanoparticles’ properties and to examine the efficiency of this
method of annealing compared to slow thermal annealing in enhanc-
ing CuO-nanoparticles’ properties. The results showed that samples
in both methods have a sheet-like shape at different tested tempera-
tures. They reveal a change in the texture of samples, which un-
derwent rapid thermal annealing at 500°C for 1 hour. Compared to
STA, RTA at 500°C is not sufficient to remove all residues and im-
purities, but it has recorded relatively the lowest value of band-gap
energy. Thus, rapid thermal annealing at 500°C resulted in im-
proved optical properties of CuO nanoparticles, whereas STA re-
sulted in improved crystalline nature of CuO nanoparticles.

We need to increase further annealing temperature and shorten
the annealing time at the target temperature to study the effect of
RTA on improving the crystallinity of copper-oxide nanoparticles.
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Conducting polymers are important materials with important applications.
Most of their applications depend on the shape of the particles and often
on their thin films. In this paper, a new copolymer is synthesized from
aniline and formylpyrrole in acidic solution. The polymer is described us-
ing infrared spectroscopy, and the presence of hexagonal rings in its
structure is confirmed. In the scanning electron microscopy (SEM) images,
a change in the shape of the particles is observed to become fibres instead
of balls in poly(2-formylpyrrole) (PFPy) that confirms the effect of the
presence of aniline as a reactant. Thin films are fabricated by anchoring
onto glass films of different thicknesses. The surface of the film appears
rough and contains many peaks, whose heights range between 10 and 30
nanometers, and the dimensions of its particles match the SEM images.

ITpoBigHi mosiMepu € BasKIMBUMU MaTepidjaMmy 3 BasKJIUBUMU 3aCTOCYBaH-
HAMU. BinpmricTs ix 3acTocyBaHb 3aJI€KUTH Bifl (OPMH YACTHHOK i YacTo
Big iXHiIX TOHKWX ILTIiBOK. ¥ IIifi CTaTTi CHMHTE30BAaHO HOBUI KOIOJiMep 3
aHinTiny Ta Qopminmipony B KucsioTHOMy posuuHi. Ilosimep ommcano 3a 1o-
IOMOT0I0 iH(ppauepBOHOI CIEKTPOCKOMil Ta MiATBepAKEeHO HAABHICTH IreKca-
TOHAJBHUX KiJenb y #oro cTpyKTypi. Ha 300paskeHHAX CKaHYBAJbHOI €JIeK-
TpouHOI Mikpockormii (CEM) cmocrepiraerbeca 3mina GopMU YaCTHHOK, AKi
ePeTBOPIOIOTHCA HaA BOJIOKHA 3aMiCThb KYJBOK y moJi(2-dopminmiposi), 1o
OiATBEeP:KYy€e BILJINB IIPUCYTHOCTU aHiLIiHYy AK peareHTy. ToHKiI mIiBKuU BU-
TOTOBJIEHO IIJIAXOM 3aKpiMJIEHHA Ha CKJIAHUX ILUIIBKaxX pPi3HOI TOBIUHU.
IToBepxHA MNIiBKU BUTIALAE IIEPCTKOI0 Ta MicTuTh OaraTo mikiB, BmcoTa
Axux Bapitoerbeda Bix 10 mo 30 HamoMeTpiB, a poamipu ii YaCTMHOK BiAIIOBI-
maioTh 3o0paenuam CEM.

Key words: aniline, 2-formylpyrrole, thin films, polymerization, conduct-
ing polymers.
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1. INTRODUCTION

Conducting polymers were discovered in the middle of the last cen-
tury [1], and have been developed over the past years to obtain ma-
terials with unique properties [2]. Conducting polymers are used in
the manufacture of sensors and biosensors [3] and electronic appli-
cations [4, 5], rechargeable batteries [6], enzyme-immobilization
matrices [7], light-emitting diodes [8], optical displays [9], as mem-
branes [10] (in addition to their uses in chemical analysis and oth-
ers [11]). Thin films are the basis for most applications of sensors,
modified electrodes [12], and electrochemical drug release systems
all rely on conducting polymer films [13].

Poly(2-formylpyrrole) was prepared by the action of strong acids
on the monomer [14]. The resulting polymer particles depend on the
method of synthesis and the conditions applied. All the references,
which mentioned the preparation of polyformyl, had spherical par-
ticles, which agglomerated and formed clusters [14]. Spherical par-
ticles are of different sizes and rough surfaces [15]. The particles
form thin films easily, and the films have good mechanical proper-
ties and good chemical stability [16]. The thickness of
polyformylpyrrole thin films can be easily controlled regardless of
the supporting substrate [17]. The shape and size of the particles
make up the film material greatly affect its properties and, thus,
its applications [18].

In this work, we present a method for modifying polyformylpyr-
role with a small amount of aniline to improve the linking of poly-
meric chains and change the shape of the particles and the proper-
ties of their thin films.

2. EXPERIMENTAL
2.1. Materials and Measurements

Aniline >98% sigma, Pyrrole-2-carboxaldehyde 98% sigma, Hydro-
chloric acid 35.5% sigma, Ethanol 99% sigma: polymer was charac-
terized with surface morphologies examined with SEM, EDX and
XPS (TESCAN model MIRA3), FT-IR (JASCO FT/IR model M4100)
spectrophotometer between 4000 and 400 cm™, and AFM (Nanosurf
model: eseyscan?2).
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2.2. Polymer Synthesis

2-Formylpyrrole (20 mmol) was dissolved in 25 ml of alcohol (5%
hydrochloric acid prepared by adding the appropriate amount of
concentrated 35% hydrochloric acid to the alcohol). Then, aniline is
added in a varying percentage each time to the reaction medium.
The mixture is stirred, and a bright yellow precipitate is formed.
Then, it soon begins to dissolve and the solution becomes darker
and darker until a very soft dark green precipitate is formed. After
a period of 48 hours, the precipitate is separated with the sediment
and washed well several times with distilled water and then alcohol.

2.3. Films Fabrication

Films fabricated by anchoring method with glass plates were im-
mersed in the reaction medium (four sheets in each experiment) and
removed successively for different times. The films were gently
washed with distilled water and alcohol, then, dried with gentle air
without touching the film and prepared for later study. Table 1
shows a list of the experiments carried out and the weight yield of
the reaction. The thicknesses of thin films were calculated from the
optical absorption spectrum [17].

3. RESULTS AND DISCUSSION; POLYMER CHARACTERIZATION

Scanning Electron Microscope Images (SEM). SEM images provide
important information about the physical size, shape, surface na-
ture, and accumulation method of nanoparticles in a descriptive
manner. Figure 1 shows SEM images of the prepared samples. We
note that the polymer has particles in the form of fibres with sharp
irregular angles. The fibre sizes are for diameter: 95, 75, 123, 156
nm and for length: 800, 1200, 1500, 1800 nm for the percentage of
aniline of 2, 5, 10, 15%, respectively. In comparison with the SEM
images of the same polymer prepared in the absence of aniline, we
notice a significant difference in the shape and size of the prepared
particles, as the prepared particles appear spherical in shape, while
they are in the form of fibres and rods, if they are prepared in the
presence of aniline.

FT-IR Spectrum. Figure 2 shows the FT-IR spectrum of the result-
ing polymers. In the IR spectrum, a broad peak around 3500 cm™ is
due to the stretching of the [O—H] bond, and this band obscures
completely any peak of the primary or secondary amine. A weak
peak at 1730 cm™ is due to stretching of the unreacted carbonyl
group at the end of the polymer chain. The peaks at 1585, 1490,
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Fig. 2. The FT-IR spectrum of the resulting polymers.

1290 and 1160 cm ™ mostly belong to the hexagonal rings that con-
firms the inclusion of aniline within the polymer chains.
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Fig. 3. Proposed linking scheme for polymeric chain.

An increase in the percentage of aniline in the reaction solution
corresponds to an increase in the intensity of signals returning to
the hexagonal rings compared to others.

During the experiment, a yellow precipitate formed at the begin-
ning of the experiment and then dissolved again later. The precipi-
tate is Schiff’s base, which dissociates in acidic media into the al-
dehyde and amine. The presence of the active aromatic ring in ani-
line during the reaction makes it vulnerable to electrophilic attack
by the electrophile formed during the polymerization reaction, and
this helps to link the polymeric chains and form random branched
chains. Figure 3 shows the proposed linking scheme for polymeric
chains.

On the other hand, the presence of the amine in the acidic envi-
ronment gives aryl ammonium salts, which may play the role of an
electrophile that attacks the active aromatic rings (both aniline and
pyrrole) in the presence of an oxidizer (here, the aldehyde plays the
role of the oxidizer), which gives possibilities for different binding
to the polymer structure as is published in Ref. [19].

Figure 4 shows the proposed possibilities for the structure of
polymers formed during the reaction. The polymer formed is a mix-
ture of all possibilities, and one cannot be preferred over the other.
Thin Films. Five thin films with different thicknesses were fabri-
cated during the reactions for different reaction times. Table shows
the reaction times and film thicknesses. The thickness of the films
increases with increasing reaction time in an unsteady manner, and
this is consistent with that researchers have found in previous stud-
ies [17]. The thickness of the first films (with different durations)
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Fig. 4. The proposed possibilities for the structure of polymers formed
during the reaction.

Fig. 5. AFM images of thin films on glass (3D image and topography at 6 h).

also increases with the decrease in the percentage of aniline due to
the consumption of part of the aldehyde in the form of Schiff’s base
at the beginning of the reaction. In addition, the movement of the
precipitate, when the reaction is triggered, reduces the stability of
the molecules attached to the surface of the substrate during the
beginning of the reaction. For long times (> 2 h), the films thickness
are increase with increasing percentage of aniline. It is believed
that this is due to the activity of the aniline ring in the reaction.

Figure 5 shows AFM images of thin films on glass. The surface
of the film appears rough and contains many peaks, whose heights
range between 10 and 30 nanometers, and the dimensions of its par-
ticles match the SEM images.
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4. CONCLUSIONS

Adding aniline to the 2-formylpyrrole, polymerization reaction af-
fects the shape and size of the polymer particles, giving rod-shaped
particles of different sizes instead of balls. Aniline causes changes
in the positioning and shape of the particles, which make up the
prepared thin films. Aniline enters the polymer chain in two ways.
The first one is by linking the chains as a result of the electrophilic
addition to the aromatic ring, and the second one is as a result of
the formation of an alkyl ammonium that plays the role of an elec-
trophile in the presence of the aldehyde as an oxidant. This leads to
the formation of a random copolymer of aniline and 2-
formylpyrrole.

HIGHLIGHTER

1) Changing the shape of the polyformylpyrrole particles by adding
a small amount of aniline.

2) Formation of a random copolymer of aniline and 2-formylpyrrole
with properties different from the base polymer.

3) Thin films of different thicknesses are easily fabricated using the
anchoring method.
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Synthesis and Improved Optical Properties of PVA—In,0;—Fe,0,
Nanostructures to Use in Optical Fields
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Hillah, Iraq

The PVA-In,0,—Fe,O; nanocomposites are fabricated by the casting
method. Solar cells, transistors, and electronic gate units are just a few
examples of the many nanoelectronic—optical systems, which can benefit
from these nanocomposites. Nanocomposites including polyvinyl alcohol
(PVA), indium oxide (In,O;), and iron oxide (Fe,O;) have their optical
characteristics studied. The nanocomposites have significant ultraviolet
(UV) light absorption properties. Moreover, the transmittance diminishes,
when the In,O;—Fe,O;-nanoparticles’ increase. By raising the weight per-
cent ratio of In,0;—Fe,O; nanosize components to 6 percent, we found that
polyvinyl-alcohol average energy gap (E,) decreases that makes it suitable
for photonics applications. A number of optical characteristics are evalu-
ated, such as the extinction coefficient (&), absorption coefficient (o), re-
fractive index (n), optical conductivity, the real component (g;) and
imaginary component (¢,) of the dielectric constant.

Haworomnosutu IIBC—In,0;—Fe,O; BuroroBseno meromom jauttda. Comauni
eJIeMeHTH, TPAH3WCTOPU I €JIeKTPOHHI 3aTBOPU — Iie JIHUIIe KiJbKa IPUK-
JaxiB 6araTboxX HAHOEJEKTPOHHO-ONTUYHUX CUCTEM, AKi MOXKYTH OTPUMATU
KOPUCTh Bil MUX HAHOKOMIIO3UTIB. HocCaimiKeHO ONTUYHI XapaKTEepUCTUKU
HAHOKOMIIO3UTiB, IO MicTaTh modiBirimoBuit cnupt (IIBC), oxcua Immito
(In,0;) # orcux Pepymy (Fe,0;). HaHoKOMIO3uTH MarOTh iCTOTHI BIACTMBO-
cTi momo BOupaHHA yabTpadioseroBoro (Y®) ceitia. Kpim Toro, xoedirri-
€HT IIPONYCKAHHS 3MEHINYEThCSA 31 30iJbIIeHHAM KiJbKOCTH HAHOYACTHUHOK
In,0;—Fe,05. 36impmmBINIM Barose CIiBBiHOIIIEHHSA HAHOPO3MipHUX KOMIIO-
HeHTiB In,0;—Fe,0; 1o 6 BifcOTKiB, MM BUABUIN, IO CEePeJHS IIMPUHA 3a-
6opoHeHOI 30HU moJiBiHiNOBOrO cnupry (E,) 3MeHIIyeTbCsA, [0 POOUTH i10T0
OPUJATHUM AJIA 3acTOCyBaHHA y (QoToHimi. OmiHeHO HU3KY ONTHUUYHUX Xapa-
KTEePpUCTHK, TaKuX AK KoedimieHT excTuHKII (k), KoedimieHT BOMpaHHA
(o), TOKa3HUK 3aJIOMJIEHHA (1), OITUYHA IPOBigHICTH, AificHa cKJiamoBa (&)
Ta ysABHA CKJAAOBA (&;) AieJeKTPUUHOI TPOHUKHOCTH.

547



548 Noor HAYDER, Majeed Ali HABEEB, and Noor A. SAMI

Key words: polyvinyl alcohol, indium oxide, iron oxide, optical properties.

Karouori ciaoBa: mosiBimisioBuii cnupt, okcun IHgito, oxkcug @epymy, OOTH-
YHi BJIACTUBOCTI.

(Received 22 December, 2023)

1. INTRODUCTION

The optical properties of polymers play a crucial role in various ap-
plications such as electrical transitions, insulation covers, optical
filters, greenhouses, and selective surfaces. However, the primary
objective of boosting the optical properties of these polymers is ac-
complished by improving reflection, interference, antireflection,
and polarization phenomena [1, 2]. Polymers have become the pre-
ferred choice over traditional silica-based optical materials, because
they are easier to process, less expensive, and can be produced in
larger quantities [3, 4]. Polymers can have their characteristics en-
hanced and controlled by adding the right dopant. Some key points
about optical properties of the intermixture composed of several
metal salts interacting with PVA are shown, which are determined
by refractive index and the light absorption coefficient [5, 6]. There
are myriad uses for polymers. The polymeric properties such as pie-
zoelectric, optical, semiconductor and electro-optical ones have en-
abled more recent developments in stretchable electronics [7].
Dopant—polymer optical properties are very sensitive with respect to
electronic nature of electrolytes. For good optical properties of pro-
duced materials, it is necessary to have command over electronic
mechanisms [8, 9].

2. EXPERIMENTAL PROCEDURE

The samples were fabricated using polyvinyl alcohol (PVA), indium
oxide (In,O,), and iron oxide (Fe,O;). The nanoparticles composed of
In,0;—Fe,0; were incorporated into a polymer PVA by the casting
method at various weight percentages: 0, 2, 4, and 6 wt.% . To cre-
ate a more uniform solution, 40 ml of distilled water was used to
dissolve polyvinyl alcohol (PVA). The solution was then stirred us-
ing a magnetic stirrer at a temperature of 70°C for duration of 30
minutes. The UV/1800/Shimadzu spectrophotometer is utilized for
the precise measurement of the optical characteristics of PVA-
In,0;—Fe,0; nanocomposites within the wavelength range of 200 to
1100 nm.

Absorbance is the quotient of the intensity of light absorbed by a
material (I,) and the intensity of incoming light (I,) [10, 11]:
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A=1,/1,. (1)

The transmittance (T) is defined as the ratio of the intensity of

the transmitting rays (I;) passing through the film to the intensity
of the incident rays (I,), which fall on it [12, 13]:

T =1;/1,. (2)

Absorption coefficient (o) is defined as the ability of a material
to absorb the light of a given wavelength [14, 15]:

o =2.303A/t, (3)

where A is the absorption of the material, t—the sample thickness
in cm. The coefficient a for this transition type is given by [16, 17]

ahv = B(hv-E™Y (4)
where E ' is energy gap between direct transitions.
The refractive index (n) is given by [18, 19]
2
n=- [ap-F__ B+l (5)
(R-1) R-1

The below equation can be employed to obtain the extinction coef-
ficient (k) [20]:

k= o)/(4m). (6)

The formulas for the real (g;) and imaginary (e,) components of
the dielectric constant may be used to separate it [21, 22]:

g =n?—k?, (7
g, = 2nk. (8)

The optical conductivity (o) is determined via the equation given
by Ref. [23]:

G, = anc/(4mn). (9)

3. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra for PVA-In,0;—Fe,O; nano-
composites versus wavelength. In the visible/near infrared spec-
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trum, films often have low absorption values. This explains, why
objects absorb light of longer wavelengths because few photon in-
teracts with atoms well and transmit less energy. Therefore, since
the photon interacts with matter depending on its frequency and,
thus, the wavelength, there will be an increasing in absorbance as
the wavelength decreases. That means that these unbound electrons
will simply absorb the falling light. This leads to an increase in ab-
sorbance with increasing weight percentages of In,0;—Fe,04
nanoparticles [24, 25].

Optical transmittance spectra at different incident-light wave-

2:5
——Pure
-2 wt.%
2.0 —2—4 wt.%
6 wt.%

Absorbance, %

860

Wavelength, nm

Fig. 1. The relationship between the wavelength and changes in the ab-
sorbance of PVA-In,0;,—Fe,0; nanocomposites.

1.1
1.0] e
0.9;\./"‘*' ) S

0.8
0.7

Transmittance, %

0.61
0.5 ; < ——Pure
//X ——2 wt.%
0.44 ——d4 wt.%
0.3] wﬁ// ——6 wt. %
0.2 T T T v T )
260 360 460 560 660 760 860

Wavelength, nm

Fig. 2. The PVA-In,0;—Fe,Os-nanocomposites’ transmission changes de-
pending on the wavelength.
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lengths are shown in Fig. 2 as a function of increasing the concen-
tration of In,0;—Fe,0O; in PVA films. Transmittance drops with in-
creasing concentration of In,0;—Fe,0; nanoparticles, as seen in this
graph. The addition of In,0;—Fe,0;, which possesses electron-
accepting electromagnetic energy, has the capability to enhance the
excited states of electrons [26, 27]. It also conforms to that previ-
ously was determined in other studies [28, 29].

The absorbance coefficient versus wavelength is drawn in Fig. 3
for PVA-In,0;—Fe,0; nanocomposites. The low absorption coeffi-
cient at long wavelengths and low energy level 1-3 eV is revealed in
Fig. 3. The probability of an incident-photon exciting an electron
from the value band to the conductivity band because Av is lower
than E, is rather small. However, if the incident-photons’ energy is
higher than prohibited energy gap of the material, a good absorp-
tion at high energies occurs since the electron hops to the conduc-
tion band from valence band [30]. The absorption value gives away,
if it is the direct electron transition or no. Therefore, with o values
more than 10* cm™ at high energies, direct electron transition
means that both the electrons and photons retain the same amount
of energy and the momentum. At low energies, when the absorption
coefficient is small o <10* cm™, indirect electron transition is ex-
pected, whereby phonons preserve electrons’ momenta [31].

In Figure 4, we can see, how the square root of the absorption
edge hv relates to the photon energy. To calculate the size of the
energy gap for an approved indirect transition by following a
straight line from the peak, all the way is down the x-axis, where
the square root of the product of Planck’s constant and frequency is
zero. A smaller energy gap is seen for higher concentrations of

09 —— Pure

-2 wt.% ;,/
400{ —4 wt.% /
——6 wt.% prNIE S

300

o, cm!

200

100

0.0+
1 2 3 4 5 6 7

Fig. 3. The absorption coefficient of PVA—-In,0,—Fe,0; nanocomposites will
change as a function of photon energy.
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In,0;—Fe,0; nanoparticles. The growth of the localized levels inside
the forbidden energy gap is the corresponding reason.

The transition occurs in a two-stage process, when the amount of
In,0;—Fe,0; increases. With a rise in the amount of In,0;—Fe,04
nanoparticles, the electron moves from a valence band passing
through its local levels until it reaches the conduction band. The
reason for such observation lies in the nature of these materials:
since they are heterogeneous (for example, electrical conductivity
depends on the degree of concentration), the density of localized
states rises with the increase of In,0;—Fe,O;-nanoparticles’ concen-

—&—Pure

70] =2 wt.%
—A—4 Wt.ofn
601 =6 wt.%

(ahv)2, (cmt-eV)l/2
5

Em’ eV

Fig. 4. The correlation between the square root of (akv) and the energy of
the photons for nanocomposites consisting of PVA-In,0,—Fe,0,.

20
——Pure
184 ——2 wt.%
2 16 A4 wt. %
. —#—6 wt.%
7?9 14
12
g
o 10
5*3_' 8
= 6
=
é 4
2
0 6

E ,eV

ph

Fig. 5. The correlation between the cubic root of (akv) and the energy of
photons for PVA-In,0;—Fe,0; nanocomposites.
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tration. This is that other researchers have already shown [32, 33].

Forbidden energy-gap transitions also use the same procedure to
obtain them. Figure 5 depicts the forbidden transition of the indi-
rect energy gap of PVA-In,0;,—Fe,0; nanocomposites.

Figure 6 shows the connection between refractive index and
wavelength. There is a significant increment observed in the refrac-
tive index with an increase in nanocomposite density. The low
transmittance in the UV region gives a higher value for the refrac-
tive index. They have high transmittance, which makes them trans-
parent; hence, they are low in the visible zone [34, 35].

Figure 7 shows the variation of (k) for PVA-In,0;—Fe,0; nano-
composites with wavelengths. Observed (k) values suggest that it
decreases with increasing concentration of In,0;—Fe,O; nanoparti-
cles in a solution. The absorption coefficient increases with the per-
centage of In,0;—Fe,0; nanoparticles, thus, resulting in an increase.
Consequently, the structure of the host polymer will be altered by
the atoms of the In,O;—Fe,O; nanoparticles [36, 37].

The equations (7) and (8) were used to determine the real and
imaginary components of the dielectric constants for the nanocom-
posites consisting of PVA-In,0;—Fe,0;. Figure 8 illustrates the cor-
relation between the variable g; and the wavelength. Reducing the k&
value results in the noticeable influence of n on the g, value, as seen
in this figure. The actual dielectric constant increases as the con-
centration of In,0;—Fe,0s;-nanoparticles’ increases. Figure 9 illus-
trates the correlation between the variable g, and the wavelength.
The absorption coefficient, denoted as k, governs the relationship
between k and o, ultimately determining the value of k. This value
of k influences subsequently [38—40].

The optical conductivity (o,,) may be calculated using Eq. (9).
Nanocomposites made of PVA-In,0,—Fe,0; show wavelength-

2.8; —— Pure
3 ——2 wt.%
2,63 ——4 wt.%
2_45 ——6 wt.%
2.2
203
1.8
1'65/\\-\_‘_‘*‘
1.43 . L
1.23 o
L )
260 360 460 560 660 760 860

Wavelength, nm

Fig. 6. Relationship between the refractive index and wavelength for
PVA-In,0;—Fe,O; nanocomposites.
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9.10 4 X ——4 wt.%
8107 4\ 6w
710 4§ s NI

s HHE

6-]074 e o o  a
= 50+
410+

Wavelength, nm

Fig. 7. The relationship between the extinction coefficient and wavelength
for the nanocomposites PVA—-In,0,—Fe,0,.

——Pure

1 T T T r T )
2640 360 460 560 66() 760 860
Wavelength, nm

Fig. 8. Relationship between the wavelength and the real part of the di-
electric constant of nanocomposite consisting of PVA, In,0;, and Fe,0;.

dependent changes in optical conductivity (Fig. 10). Improving op-
tical conductivity may be achieved by increasing the iron oxide to
iron trioxide weight ratio in PVA polymer to 6 weight percents.
Elevated electron mobility is the result of expanding the band gap
to include additional energy levels [41, 42]. Therefore, electrons can
go from the valence band to the newly formed energy levels and,
then, into the conduction band. So, the band gap narrows and con-
ductivity grows [43].

4. CONCLUSIONS

Through the casting approach, nanoparticles of In,0;—Fe,O; were
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110723

-1 +———— -

Wavelength, nm

Fig. 9. The variation of imaginary part of the dielectric constant of PVA-
In,0;—Fe,05 nanocomposites with wavelength.

310% —— Pure

3.10 -2 wt. %
——4 wt.%

2108 6 wt.%

2-10"
1-10%
510"

1 100 T At b
260 360 460 3560 660 760 360
Wavelength, nm

Optical conductivity, S

Fig. 10. The variation of optical conductivity of PVA-In,0;—Fe,O; nano-
composites with wavelength.

integrated into polyvinyl alcohol (PVA), resulting in the develop-
ment of cost-effective optoelectronic nanocomposites. The percent-
age of In,O;—Fe,O; nanoparticles in PVA-In,0,-Fe,0; nanocompo-
sites determines how much light the composites absorb. At 6 weight
percent (wt.%) of In,0;—Fe,O; nanoparticles, the energy gap of PVA
for permitted indirect transitions dropped from 4.75 eV to 4.15 eV
and, for prohibited indirect transitions, from 4.4 eV to 3.55 eV.
Optoelectronics is one of numerous optical areas and nanoscale
technologies, which will benefit greatly from this finding. These
enhancements are closely related to the variables of extinction coef-
ficient, absorption coefficient, optical conductivity, refractive in-
dex, imaginary and real dielectric constants, and concentrations of
In,0;—Fe,0; nanoparticles. Happening more often, nanocomposites
made of PVA-In,0;—Fe,O; show outstanding optical properties,
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which increase their prospective applications in electric and opto-
electronic fields, according to these results.
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Polymer-nanocomposites’ films have numerous applications in various
fields due to their few cost, lightweight, and good chemical and physical
properties. The current study aims to investigate of dielectric properties
of PVA-Zr0,—Sb,0,; nanocomposites at frequency range from 100 Hz to 5
MHz. The results demonstrate that the dielectric constant, dielectric loss,
and A.C. electrical conductivity of PVA are increased with increasing the
Zr0,—Sb,0;-nanoparticles’ content. The dielectric constant and dielectric
loss of PVA-ZrO,—Sb,0; nanocomposites are reduced, while the A.C. elec-
trical conductivity is increased with rising frequency. The obtained re-
sults exhibited that the PVA-Zr0O,—Sb,0; nanocomposites can be consid-
ered as promising nanomaterials to apply various electronics applications.

ITonimepHi HAHOKOMITOBUTHI IIJIIBKM MAIOTh YKWCJIE€HHI 3aCTOCYBAaHHS B Pis-
HHUX Tajays3sax 3aBIAKHN CBOI HM3BKill BaprocTi, Jierkiit Basi Ta gobpum xe-
MiunuM i QisuuHEM BiIacTUBOCTAM. MeTO I[OT0 AOCIIIKEeHHS € BUBUCHHS
JieJTeKTpUYHUX BiacTuBocTeil HaHokommosutiB IIBC-Zr0,-Sb,0;, B giama-
3oHi yactoT Bixg 100 I'p ;o 5 MT't. PesyabTaTy mokasaaum, 110 JieJeKTpUYHA
IPOHUKHICTh, NieJeKTPUUHI BTpaTy Ta 3MiHHA €JeKTPONPOBITHICTH IIOJIiBi-
HiJOBOTO cmupTry 30iabimyBanucsa 3i 30iJbIIEHHAM BMICTy HAHOYACTHMHOK
Zr0,—Sb,0,. [liesexTpruyHa MPOHUKHICTL i AieleKTPUYHI BTpaTH HAHOKOM-
nosutis IIBC-ZrO,—Sb,0; s3meHIyBasucsa, TOAi AK 3MiHHA eJeKTPOIIPOBi-
HicTh 30iybIllyBasiacA 3i 3pocranHaM uacToTu. OmepsKaHi pesyJbTaTH IOKa-
sanu, 1o HaHokommosutu IIBC-ZrO,—-Sb,0, mMoxHA posrisamaTu AK Iepc-
NeKTUBHI HaHOMATEPisAju IJid 3aCTOCYBAHHA B DPi3HUX eJEKTPOHHUX IIPU-
CTPOAX.
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1. INTRODUCTION

Polymeric materials are used instead of traditional materials be-
cause they are cheap, light, and have the proper physical and chem-
ical properties. The performance properties of polymer composites
are superior to those of individual polymers. It is simple to modify
the microstructural, electrical, mechanical, and other properties of
polymers by adding nanofillers into the polymer matrices in varying
amounts. Modified polymer composites are significantly affected by
the size, shape, concentration, and interfacial contact with nanopar-
ticles (NPs). The strength of the bonds between polymer and nano-
particles is an important consideration for composite material per-
formance [1].

Inorganic particles embedded in the polymer matrix have been
found to increase the density, mechanical, magnetic, redox, elec-
tronic, and thermal properties of the material. These properties de-
pend on the shape, size, adhesion of particle-matrix interfaces, and
filler content in the polymer matrix of the nanocomposites (NCs).
Metal oxide nanoparticles have been found to be effective for poten-
tial applications in photocatalysis [2].

The surface of the nanoscale metal oxides provides vacancies’ or-
bitals to interact with the host polymers that leads to charge trans-
fer between them. The characteristics of individual polymeric nano-
composites are affected by the structure of the components, the
content and shape of the nanometal oxides, the morphology of the
composites, in addition to the nature of interactions at the interfac-
es between components in the NCs. Therefore, the improvement of
such properties and interfacial interactions between polymers and
nanometal oxides acquire a role in decorated the optoelectrical
properties of polymeric nanocomposites.

In this article, the authors have focused on the effect and role of
different nanometal oxides in the modification of the optical and
electrical properties of host polymers to be suitable for optoelec-
tronic and industrial applications [3].

7Zr0, is a technologically important material due to its superior
hardness, high refractive index, optical transparency, chemical sta-
bility, photothermal stability, high thermal-expansion coefficient,
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low thermal conductivity, high thermomechanical resistance, and
high corrosion resistance. These unique properties of ZrO, have led
to their widespread applications in the fields of optical, structural
materials, solid-state electrolytes, gas-sensing, thermal barriers
coatings, corrosion-resistant materials, catalysts [4].

Antimony oxide (Sb,0,;) has a wide band gap of 3.4 eV that is
widely used in various applications as catalyst, flame retardant, op-
toelectronic and photoelectric devices. The photocatalytic activity of
pure Sb,0; is low due to high band gap (E, = 3.4 eV) [5].

A polar organic polymer such as polyvinyl alcohol (PVA) has re-
ceived a lot of interest in recent years due to its highly transparent,
mechanical flexibility, affordable, non-toxic, high-biocompatibility,
and good storage properties as well as strong chemical and thermal
stabilities [6]. The nanoparticles-doped polymers comprised of great
applications for a variety of fields like optical, optoelectronics, and
electronics approaches [7—31].

The current work aims to investigate of dielectric properties for
PVA-Zr0O,—Sb,0; nanocomposites to use in different electronics ap-
plications.

2. MATERIALS AND METHODS

The nanocomposites films of PVA doped with ZrO,—Sb,0; nanoparti-
cles were fabricated via dissolving of 0.5 gm PVA in 30 ml of dis-
tilled water by using magnetic stirrer to mix the polymer for 1 hour
to obtain solution that is more homogeneous. The ZrO, and Sb,0,
nanoparticles were added to PVA with different contents of 2.2%,
4.4% and 6.6% at constant ratio 1:1. The casting process was used
to prepare the PVA-ZrO,-Sb,0;-nanocomposites’ films. The dielec-
tric properties of PVA-Zr0,—Sb,0;-nanocomposites’ films were test-
ed at frequency ranged between 100 Hz and 5-10° Hz using LCR
meter type (HIOKI 3532-50 LCR HI TESTER).
The dielectric constant (&') is given by [32]

' =C,/C,, (1)

where C, is the matter capacitance, C, is the vacuum capacitance.

Dielectric loss (¢") is determined by [33]
e"=¢'D, (2)

where D is the dispersion factor.
The A.C. electrical conductivity is found by [34]

Ga.c. = 27f€'Dg,. (3)
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3. RESULTS AND DISCUSSION

The variation of dielectric constant and dielectric loss for PVA-
Zr0,—Sb,0; nanocomposites with frequency and ZrO,—Sb,0;-NPs’
content are shown in Figs. 1-4.

Dielectric constant
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Fig. 1. Variation of dielectric constant for PVA-ZrO,-Sb,0; nanocompo-
sites with frequency.
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Fig. 2. Behaviour of dielectric loss for PVA-ZrO,—Sb,0; nanocomposites
with frequency.



FABRICATION AND TAILORED DIELECTRIC CHARACTERISTICS 563

5.37
5.1
4.9
47

4.59

Dielectric constant

4.3
4.1

k.

=
0 .

Con. of ZrO,—Sb,0, nanoparticles, wt.%

Fig. 3. Dielectric constant variation for PVA with ZrO,—Sb,0;-NPs’ con-
tent.
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Fig. 4. Behaviour of dielectric loss for PVA with ZrO,—Sb,0;-NPs’ content.

The dielectric constant and dielectric loss of PVA increase with
increasing Zr0,—-Sb,0;-NPs’ content; this is due to increase in the
number of charges’ carriers. The elevated values of dielectric con-
stant and dielectric loss at low frequencies were assigned to the
availability of enough time for the dipoles to interact with the
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fields before it changes, while dielectric constant and dielectric loss
values’ decrease at high frequencies relate to the short time availa-
ble to them [35—45].

Figures 5 and 6 illustrate behaviour of A.C. electrical conductivi-
ty for PVA-ZrO,—Sb,0; nanocomposites with frequency and ZrO,—
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A.C. electrical conductivity, S/em
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Fig. 5. Behaviour of A.C. electrical conductivity for PVA-ZrO,-Sb,0,
nanocomposites with frequency.
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Fig. 6. Performance of A.C. electrical conductivity for PVA with ZrO,—
Sb,0,;-NPs’ content.
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Sb,0,-NPs’ content, respectively. The A.C. conductivity rises with
increasing Zr0O,—Sb,0;-NPs’ content. In all samples, the conductivi-
ty increases with frequency. The bonds are designed to switch at
high frequencies, resulting in a dielectric transition with vulnerable
trustworthy polar functional groups, which causes physiological ad-
aptations within the polymer structure via the formation of charge
transfer complexes, implying increased electrical conductivity of
the films.

The rise of A.C. electrical conductivity with nanoparticles’ con-
tent can be related to increase of charge-carriers’ numbers [46—58].

4. CONCLUSIONS

The present work included investigation of dielectric properties for
PVA-Zr0O,—Sb,0; nanocomposites to employ in various electronics
fields. The results showed that the dielectric constant, dielectric
loss, and A.C electrical conductivity of PVA are increased with in-
creasing the Zr0,-Sb,0;-NPs’ content. The dielectric constant and
dielectric loss of PVA-ZrO,—Sb,0; nanocomposites are reduced,
while the A.C. electrical conductivity is increased with rising fre-
quency. Finally, the obtained results displayed that the PVA-ZrO,—
Sb,0; nanocomposites can be suitable for various electronics appli-
cations.
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The nanocomposites consisting of polyvinyl alcohol (PVA), copper oxide
(Cu0O), and silicon dioxide (SiO,) are produced using the solution cast
method. The samples are consisted of PVA serving as the organic host
matrix, together with different amounts of nanosize CuO and SiO, rang-
ing from 0 to 6 wt.% . This study investigates the electrical properties of
nanocomposites (NCs), namely, PVA—-CuO-SiO,. An inquiry is carried out
to examine the electrical properties of NCs throughout the frequency
range of 100 to 5-10° Hz under standard temperature settings. The ex-
perimental findings indicate the reduction in the dielectric constant (g¢')
and loss (¢”) of the PVA-CuO-SiO, NCs with increasing frequency. The
electrical conductivity o, ¢ of an alternating current (A.C.) increases with
higher frequencies. The €', ¢", and o, of pure PVA increase with the in-
creasing concentration of the CuO-SiO, nanoparticles (NPs). The defini-
tive results demonstrated that the PVA-CuO-SiO, nanostructures have
promising potential for various electrical and electronic nanodevices.

HanoxommosuTu, 110 cKJamaioTbesa 3 moJiBirisoBoro crnupty (ITBC), okcunmy
Kympywmy (CuO) Ta miokcuny Cuminiro (SiO,), 6y10 omep:KxaHO METOIOM JIUT-
TS 3 po3unHy. 3pas3ku ckiaagaaucsa 3 [IBC, akuil cayXuB opraHiuHoO0 MAaT-
puiero-xa3saiHoM, pasoM i3 pisHOM KijgbKicTio HaHopoamipHux CuO Ta SiO,
Big 0 mo 6 Bar.% . ¥ IbOMY AOCIi[KEHHI BUBUEHO €JIEKTPUYHI BJIACTUBOCTI
"HanorkomnosutiB (HK), a came, IIBC-CuO-SiO,. Bymo mpoBemeno mocJi-
I:KEeHHsI 3 METOI0 BUBUEHHSA eJeKTpuuHux BjactuBocteidi HK y Bchomy mis-
masoHi wacror Bim 100 mo 5-10° I'm 3a craHAZapTHUX TeMIIEPATYDPHUX YMOB.
ExcnepumeHnTasbHi pesysbTaTy IIOKA3aJy MOHMKEHHA AieJeKTPUUHOI IIpo-
HukHOcTHu (¢') Ta BTpar (¢”) HK IIBC-CuO-SiO, 3i 30i/ibIIIeHHAM YacTOTHU.
EnexTponpoBifHicTh G, 3MIiHHOTO CTPyMy 30iJbIIIyeTHCA 3a BUIUX Yac-

569
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ToT. 3HaueHHA €', €” 1 o, uucroro IIBC 36iabIlyloThea 3i 30iJIbIIEHHAM
KoHmeHTpalii HamouacTuHOK CuO—SiO,. OcTtaTouHi pes3yabTaTH ITPOILEMOHC-
TpyBasu, 1o HaHocTpyKTypu ITBC—-CuO—-SiO, matoTe 6araToobimaoouuii mo-
TEHIIAJ IJIA PISHUX eJeKTPUUYHHUX TA €JIeKTPOHHUX HAHOIPUCTPOIB.

Key words: nanocomposites, PVA, CuO—-SiO, nanoparticles, electrical prop-
erties.

KarouoBi ciioBa: HAaHOKOMIIO3UTH, ITOJiBiHiIoBHU criupT, HaHouacTuHKKT CuO—
Si0,, eJIeKTPUYHI BJIaCTUBOCTI.

(Received 3 December, 2023)

1. INTRODUCTION

Nanotechnology is a recently emerged scientific field that explores
the distinct characteristics of materials at the nanoscale scale,
which vary dramatically from those shown by the same materials at
higher particle sizes [1, 2]. It has revolutionized multiple domains,
with medicine being the most significant beneficiary. Notably,
nanotechnology relies on principles of biology, pharmacy, engineer-
ing, physics, and chemistry. Therefore, researchers must possess a
comprehensive foundation encompassing all these disciplines.
Nanotechnology has revolutionized several aspects of our lives. Ex-
amining the management of several illnesses has instilled signifi-
cant optimism for the potential remedy of various formerly un-
treatable conditions. Nanotechnology has great potential for revolu-
tionizing medical practices by enabling precise diagnostics and
highly efficient treatments for life-threatening illnesses like cancer.
These advancements will be realized over the next decade via
nanomedicine [3, 4].

Polymer nanocomposites (NCs) have gained substantial attention
from both academia and industry in recent decades and have
emerged as essential materials for developing cutting-edge applica-
tions, particularly in the field of electrical engineering [5, 6]. Poly-
vinyl alcohol (PVA) is well recognized as a very important polymer
and is extensively used in several crucial applications and indus-
tries. Examples of these applications and businesses include electro-
chromics, fuel cells, biomedical domains, and sensors. Polyvinyl al-
cohol (PVA) has distinct characteristics compared to other poly-
mers, such as exceptional mechanical robustness, resistance to cor-
rosion, and favourable thermal stability [7, 8].

Polyvinyl alcohol (PVA) is a hydrophilic artificial polymer that is
a granular powder with no smell, transparent appearance, lack of
taste, and white or cream hue. Due to its water-solubility, PVA may
produce hydroxyl organic components. Two prominent features of
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PVA are its susceptibility to biological degradation and its biocom-
patibility. Polyvinyl alcohol (PVA) has exceptional tensile strength
and durability, along with a remarkable ability to resist the permea-
tion of oxygen and odours. The visual propagation of light is excep-
tional. Additionally, it has exceptional attributes in terms of form,
mixing, and adherence [9, 10].

Silicon dioxide, also known as silica, is a compound consisting of
silicon and oxygen. Its chemical formula is SiO,, and it is mostly
found in nature as quartz. All types of silica have the same chemi-
cal makeup but vary in atomic arrangement [11, 12].

The SiO, particles operate as a solid plasticizer, enhancing the
composite polymer dimensional stability and chemical and mechani-
cal properties [13]. Moreover, SiO, is an amorphous, non-toxic ma-
terial with several potential applications. Silica is a solid substance
that lacks odour and comprises silicon (Si) and oxygen atoms (O,).
Silica (SiO,) particles go airborne and aggregate to create non-
combustible particulate matter [14, 15].

CuO nanoparticles (NPs) have been utilized to improve the char-
acteristics of polymer films, regardless of whether they are derived
from petroleum or biological sources. This is attributed to their
ability to enhance the mechanical properties of polymers, relatively
low toxicity, thermal stability, and high surface area to volume ra-
tio [16]. Copper oxide is a metallic substance with semiconductor
properties and unique optical, electrical, and magnetic attributes. It
has found applications in several domains, such as near-infrared
filters, sensors, catalysis, producing supercapacitors, magnetic
storage media, and semiconductors [17, 18].

The electrical properties of pure PVA were improved by including
the copper oxide (CuO) and silicon dioxide (SiO,) nanoparticles
(NPs) in this work. The study results show a substantial improve-
ment in the aspects mentioned above.

2. MATERIALS AND METHODS

The casting approach was used to manufacture nanocomposite films
by adding polyvinyl alcohol (PVA), copper oxide (CuO), and silicon
dioxide (SiO,) nanoparticles. The experimental protocol included the
dissolution of pure polyvinyl alcohol (PVA) in 40 ml of distilled wa-
ter for 45 minutes. A magnetic stirrer was used to agitate the mix-
ture at 50°C, enhancing the solution uniformity and homogeneity
throughout this procedure. The polymer was modified by adding
copper oxide (CuO) and silicon dioxide (SiO,) nanoparticles at vary-
ing weight percentages 0%, 2%, 4%, and 6% . Following four days
of air-drying the solution at room temperature, the outcome was
the achievement of polymer nanocomposite formation. The PVA-
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CuO-Si0O, NCs were obtained from the Petri dish and used for
measurement. The dielectric properties of NCs were assessed using
the LCR meter/HIOKI/3532/50/LCR-HI-TESTER with a frequency
range from 100 Hz to 5 MHz.

To get the value of the dielectric constant (¢'), the following for-
mula might be used [19, 20]:

g’ =C,/Cy, 1)
where C

»» Co are signifying capacitance and vacuum capacitor.
Dielectric loss (¢") is given by [21, 22]:

e" =¢'D; (2)

here, the displacement (D) is used.
The A.C. electrical conductivity is calculated as follows [23, 24]:

Oa.c. = 0EE", 3)

where o is angular frequency.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the variations in the dielectric properties of
nanocomposites made up of polyvinyl alcohol (PVA), copper oxide
(Cu0O), and silicon dioxide (SiO,), referred to as PVA-CuO-SiO,
nanocomposites, as a function of frequency. The results suggest
that the &' negatively correlates with the frequency (f) in all sam-
ples. At low frequencies, the insulating materials’ dipoles align
with the applied electric field, causing charge accumulation. This
accumulation leads to increased polarization and, consequently, an
increase in the ¢'. At higher frequencies, the dipoles cannot align
quickly enough with the direction of the applied electric field; this
results in a reduction in polarization and, therefore, a drop in the ¢’
value. This characteristic has many applications, including commu-
nication antennas and microwave components [25, 26].

Figure 2 depicts the dielectric loss of nanocomposites made up of
polyvinyl alcohol (PVA), copper oxide (CuO), and silicon dioxide
(Si0,), which varies with frequency. The graph data demonstrates a
negative correlation between frequency and dielectric loss, indicat-
ing that as frequency increases, dielectric loss decreases. This be-
haviour is attributed to mobile charges inside the polymer back-
bone. The occurrence arises from diminishing the impact of space
charge polarization as the frequency increases. The dielectric loss of
PVA-CuO-SiO, NCs increases with more electrons, especially, at
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Fig. 2. Behaviour of &¢” with a frequency for the PVA-Cu0O-SiO, NCs.

intermediate frequencies, but decreases as the frequency increases
[27-30].

Figures 3 and 4 depict the relationship between the levels of
nanoparticles and the dielectric properties, including the dielectric
constant and dielectric loss, in nanocomposites made of polyvinyl
alcohol (PVA), copper oxide (CuQO), and silicon dioxide (SiO,).

The data demonstrates the relationship between the concentration
of CuO-SiO, nanoparticles and the simultaneous rise in &’ and ¢".
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Fig. 4. Influence of CuO-SiO, NPs’ content on the &” of PVA-CuO-SiO,
NCs at 100 Hz.

The observed phenomena may be explained by interfacial polari-
zation inside the nanocomposites when an electric field is applied
[81, 32]. This polarization increases charge carriers, resulting in a
higher dielectric constant and dielectric loss. This behaviour is con-
sistent with the discoveries made by other researchers [33—36].
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Figures 5 and 6 depict the correlation between the frequency (f)
and the concentration of CuO—-SiO, nanoparticles in the PVA-CuO—
Si0O, nanocomposites, especially, in connection to the performance of
A.C. electrical conductivity. The graph demonstrates a direct rela-
tionship between the A.C. electrical conductivity and the electric
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Cu0-SiO, NPs’ contents.
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TABLE. Dielectric constant, dielectric loss, and A.C. electrical conductiv-
ity values at 100 Hz for PVA-Cu0O-SiO, nanocomposites.

Content of CuO-SiO, NPs,|Dielectric|Dielectric|A.C. electrical conductivity,

wt. % constant loss S/cm
0 0.34 0.024 1.34.107*2
2 0.58 0.050 2.81-107*
4 0.76 0.069 3.86:107*
6 0.94 0.082 4.55-107"

field frequency in all nanocomposite samples. This phenomenon may
be ascribed to the migration of ions inside the clusters and the
movement of electrically charged particles [37—39]. At lower fre-
quencies, there is a higher accumulation of charge at the interface
between the electrode and electrolyte, leading to a decrease in the
number of ions that can move and, therefore, a drop in electrical
conductivity. The conductivity increases directly to the concentra-
tion of CuO-SiO, nanoparticles. The rise in electric charge results
from the creation of fully saturated nanoparticles.

Table displays the dielectric constant, dielectric loss, and A.C.
electrical conductivity values of PVA—-CuO-SiO, nanocomposites at
a frequency of 100 Hz [40—-42].

4. CONCLUSION

The present investigation entails the fabrication of nanostructured
films comprising PVA—-CuO-SiO, by the solution casting technique.
An inquiry has been carried out to examine the electrical properties
of mnanostructures consisting of PVA-CuO-SiO,. The dielectric
properties of PVA-CuO-SiO, nanocomposites indicate that &', &,
and o, of pure PVA increase, when the concentration of CuO-SiO,
nanoparticles increases. In addition, the & increased from 0.34 to
0.94 at a frequency of 100 Hz, whereas the ¢” increased from 0.024
to 0.082 at the same frequency. The ¢ and ¢” drop in magnitude as
the frequency increases, but the A.C. electrical conductivity experi-
ences an increase. The dielectric properties of the PVA—-CuO-SiO,
nanostructures render them highly appropriate for a wide range of
flexible nanoelectronics applications, owing to their cost-
effectiveness, high energy-storage capacity, and low loss.
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B poGoti ommcamo mpoliec CHHTe3UW TimporejieBUX MaTepisjiB Ha OCHOBi mo-
niBirinosoro cnmpry (IIBC) i momiermmenrmikomio (IIEI), HamoBHeHHX uac-
TUHKaMu giokcuny Turamy B KoHmeHTpamiax 1%, 0,1% i 0,01% wmac. Pos-
TOMis 3a po3MipaMu YacTHMHOK HioKcupy Turamy OyJo omep:kaHO MeTOIOM
IWHAMIYHOTO po3citoBaHHA cBiTsia. {1 omepskaHHA HAaHUX IIPO CTPYKTYPY
oJlep:KaHUX MAaTePifAiB A0 i ITicisg OompoMiHeHHS eJeKTPOHAMU BUKOPUCTO-
ByBaJjacs HIMPOKOKYTOBA PeHTreHorpadis, 3a pesyjbTaTaMu KOl OyJIO BHU-
ABJIEHO MOJKJIMBUU B3a€EMOYMH Mi’K YaCTHHKAMMW AioKcuay TuTaHy Ta IOJi-
MepHOI0 MaTpuileio. BumpoOyBaHHA Ha PO3PUB IMOKA3ajJW MOHUMKEHHA Mill-
HOCTH Ha pO3puB i medopmalliio IO0J0 PO3PHUBY TiAporesaro 3i 3pocTaHHAM
KoHIeHTparii giokcuny Turamy. Tigporemi IIBC-IIEI-TiO, He mpoaBuin
aHTUMiKpoOHOI mil g0 pedepentHux 1mramiB Staphylococcus aureus i
Escherichia coli.

The paper describes the synthesis process of hydrogel materials based on
polyvinyl alcohol (PVA) and polyethylene glycol (PEG) filled with tita-
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nium-dioxide particles in concentrations of 1%, 0.1%, and 0.01% mass.
The size distribution of titanium dioxide particles is obtained by the
method of dynamic light scattering. To obtain data on the structure of the
obtained materials before and after electron irradiation, wide-angle radi-
ography is used, the results of which reveal a possible interplay between
the titanium-dioxide particles and the polymer matrix. Tensile tests show
a decrease in the tensile strength and strain to break of the hydrogel with
increasing titanium-dioxide concentration. PVA-PEG-TiO, hydrogels do
not show antimicrobial activity against reference strains of Staphylococ-
cus aureus and Escherichia coli.

Kmrouosi cioBa: rigporens, IIBC-IIEI, TiO,, eleKTpoHHe OIpPOMiHEHHHd,
MexaHiuHa MII[HiCTb, 0aKTepUIINAHA aKTHUBHICTb.

Key words: hydrogel, PVA-PEG, TiO,, electron irradiation, mechanical
strength, bactericidal activity.

(Ompumano 18 keimusa 2024 p.)

1. BCTYII

ITonimMepHi KOMIO3SMTHI MaTepisju 3maTHI 3aJ0BOJILHATU OiIBIIiCTH
CyuYacHMX BHMOT IO MaTepisaaiB, gki mManum 0 KOMILJIEKC HeOOXigHMX
dyHKIiOHATLHUX BJacTuBOCTelr [1].

HamoBHeHHA moJiMepiB AMCIIEPCHUMM HaNOBHIOBAYaMU A€ 3MOTY
OJIeP)KYyBaATH MAaTepPisdam 3 IMeBHUMHU (PYHKI[IOHAJIbHUMHU XapaKTepuc-
tukamu [2, 3].

Tigporemi — 1e o6’emHui rigpoginbHi momimepHi meperki, smarTmi
BOMpATH BEJUKY KiJbKicThb BOAM UM TO OiOJIOTiUHMX PiAMH, IO PO-
O0uTh iX 0COOJMBO KOPHMCHMMM B MeAUIIMHI Ta (papMalleBTHII. Ixusa
CXOJKiCTh 3 KMBUMM TKaHMHAMHU Kpala O0yIb-sIKOTO iHIITOTO BUIY CH-
HTeTUUYHUX OioMaTepisiB, IO MOSCHIOETHCA IXHIM BHCOKMM BOUpAaH-
HAM BOAM Ta M AKOIO KOHCHCTEHI[i€l0, OJIM3bKOI0 4O KOHCHCTEHILil
MPUPOIHiX TKAHMH, TUM CAMUM 3a0e3IMeuyiour iXHI0 BHCOKY Oiocymi-
cuicts [4].

Burkopucranusa rigporesiB AJs CTBOPEHHS IIOB’SI30K € CYYacCHOIO
aJIbTEPHATUBOIO TPAAUIIIAHUM MapJIeBUM IIOB’SI3KaM [Js JiKyBaHHSA
pau [5]. EdexTuBHi mOB’A3KM MaloOTh OyTU HETOKCUYHUMU, IiJTPHU-
MyBaTH BOJIOTIiCTh y MicCI[i paHM, 3axXUINATU PaHy BiJ TOAATBIINX
MOMIKOAMKEHb 1 CIpMATH 3aroeHHio. [igporesi MoXKyTh MicTUTH IO
96% BOAM, UMM IIiATPUMYIOTH BOJIOTE CEpPemOBUIIE, ifeasibHe IJIS 3a-
TOEHHS paH’, MOKYTL BOMpATH IE€BHY KiJIBKICTh PAHOBOTO eKCYAATy
i ocobsimBO e(eKTUBHI AJA 3HEBOAHEHUX ab00 HEKPOTHMUHUX paH [6].
JlucToBi rigporesi Jerko BUIAJIUTH, HE MOIIKOIMKYIOUHM JIOMKE PaHU
3aBASAKM BOJIOTiHl TMOBEPXHiI MiK paHOI0 Ta IIOB’SA3KO0I0; BOHU 0OXOJO-
MKYIOTh PAHY Ta CIPUAIOTH MOJIETIIeHHI0 600 [7].
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IToTpeby B rigporensax mjis MeIUUYHUX 3aCTOCYBAaHbL 3yMOBJIEHO iX-
HIMH BJIACTUBOCTAMM, TaKUMU SAK TigpodinbHicTh i OGiocymicHicTb.
BoHu € py:ke sarpeOyBaHMMHU [OJid JIKyBaHHS pPaH; TOMY BaKJIMUBO
pPo3poduUTI MeTOAUKM HabiJbIl eeKTUBHOTO BUPOOHUIITBA Tiapore-
JIiB MeIUYHOTO NMPU3HAUYEHHA 3 YPaxyBaHHAM IOCTYIIHOCTU CUPOBUHU
Ta JiKyBaJbHUX BJIACTUBOCTEH MaTepisiy.

YV 1mi#t poboTi naA cUHTE3U TiApor'esiitoc BUKOPUCTOBYETLCA IIOJIiMep-
Huii kommosur IIBC—IIEI i3 BKaooueHHAMH uyacTuHOK TiO, 3 MeTOO
HAJAHHA aHTUOAKTEePisIbHUX BJIACTHBOCTEIH OJEep:KaHUM TigporeJe-
BuM Martepisgiaam. IIBC € cuHTeTUYHUM TOJiMepOM, SIKUA BUKOPHUCTO-
ByeThbcA 3 mouaTky 1930-X POKiB y HMIMPOKOMY IiANa30Hi ITPOMMCJIO-
BUX, MEIUYHUX 1 XapuyoBUX 3acTocyBaHb. PisHi BilacTmBOCTi, TaKi AK
B’d3KicTb, TeMIepaTypa TOIJIeHHS, IIOKA3HUK 3aJOMJIEHHS, 3MiHIO-
IOThCA 3aJIeKHO Bill MOJIEKYJIApHOI Macu Ta BimcoTka rigpoaisu [8].
IIBC yacTo BUKOPUCTOBYETHCA y IOETHAHHI 3 iHIMMMM HOJiMepaMu
[9]. ITonieTumeHITiKOIb (HEF) PO3UMHSETLCA Y BOXi, eTaHOJIi, aiie-
TOHIiTpMJIi, O€H30Ji Ta TUXJOPMETaHi, € YHiBepcaJIbHUM IIPOCTUM IIO-
JdieipomM, AKUHA IMTUPOKO BUKOPUCTOBYETHCA B PIi3HUX Tranys3ax,
BKJIIouatoun menuiiuuy [10].

3IIrBaHHSA TiApaToOBaHOI MOJiMepHOI cucTeMu IIBC-IIET i pes3yJib-
TiBHI MeXaHiuHi BJIACTHBOCTI MOCATHYTO 3a JIOIIOMOT'0I0 MOHi3yBaJb-
HOT'O BUIIPOMiHEHHS, SAKe CIPUUYMNHSIE Pagiojidy BOAM W YTBOPEHHSI
BLIBHUX pamguKaJiB, Takux Ak pagzukanau OH, H i rizpaToBaHi emekT-
ponu: H,0 -»"OH, H", €0 H', H,0,, H, [11-14].

TigpokcuapHi pagmkanu, NOMiK IHITUX peaKIifiHO3ZAaTHUX (OpPM,
BifirparoThs HaWBaKJUBIIIYy pOJb, BimpuBatwouu l'imporen Bim moxaime-
PHUX JIQHIIOTIiB 3 YTBOPEHHAM MaKpOPaAUKAaJiB, CIPUIIOUMN IIepexpe-
CHOMY 3IIMBAHHIO MaKpoMoJeKysa mosimepy [11, 12].

Hawmouactuuku TiO, € ogHuMI 3 HaNOiJbII BUBUEHUX OIS AHTHMI-
KpPOOHIX 3aCTOCYBAHb 3aBAAKMN IXHIi OaKTepUIIMIHiNT aKTHUBHOCTI Ta
besmerri [15]. Kpim mwboro, miokcung Turamy BUPiSHAETHCA BUCOKOIO
xeMiuHOI0 cTabiibHicTIO, cymeprigpodinabHicTiO, OiocymicHicTIO Ta Bi-
ITHOCHO JelleBoOMYy BuUpPoOHUITBY [16].

Taxoxx TiO, cay:RuTh (poToKaTaaizaTOpoM i HaIiBOPOBIZHUKOM i3
3a00pPOHEHO0I0 30HOIO V 3,2 eB, axuii € Ak y amopdHiii (HeoTOaKTUB-
Hilf), TaK i y TPhOX NPUPOAHIX KpHUCTATIUYHHX (PpopMax: aHarasi, py-
T Ta OPyKiTi, mpmuomy amartas € OiabIn (OTOAKTHUBHUM i, OT:Ke,
JimmuM aja GoToKaTaliTUUYHUX 3acTocyBaHb [16].

Or:xe, mioxkcun TuTaHy € HepCIEeKTUBHUM HAIIOBHIOBAYUEM IJIA Tin-
poreeBUX KOMIIOBUTHUX MAaTepifliB 3aBAAKU HOro (oToKaramiTmd-
HUM i aHTHOAKTEPisSJIbHUM BJIACTUBOCTAM. BHCOKUN MONMUT HaA Tiapo-
resieBi mepeB’A3yBaJbHI MATepisaym BuUMAarae MOAJBIINX MOCIiIKeHb
TaKUX MaTepisaiaiB i MeTomiB BUPOOHUIITBA iX.

MeToto maHOI POOOTHM € [OOCTiAKEHHS O0CO0JUBOCTEll CTPYKTYpPHOI
opraHizarii, MexaHiYHUX i OAKTEPUIIMAHUX BJIACTHUBOCTEH Timgporee-
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Bux Kommosurie IIBC-IIEI-TiO,, SIIHTHX eJeKTPOHHUM OIPOMiHEH-
HAM.

2. CHHTE3A

IIpomenypa cuHTEe3u BKJIOUae po3umHeHHa 4,8 r mosisiHizoBOTO
cunupty (IIBC 17-99) y 28,6 Mo Bogm Ta 0,6 r mojieTUJIeHIJIiKOJIIO
(ITET-6000) y 3,95 mu Bogu 3a remueparyp y 95°C i 20°C Bigmosiguo
3 noganbmuM nepemimryBanHaM. o posuuny IIBC gomaBasiu posumH
IIET i sminryBaau BIpomoB:K 10 XBUJIWH, YTBOPIOIOYU OJHOPITHY CY-
Mint 060X KOMIIOHEHTIB.

Hami miokcun Turany (Sigma-Aldrich) 3 cepexgnim mismerpom uac-
TUHOK y 265 HM momaBaau B pisHux mpomopiiax (1%, 0,1% i 0,01%
Mac.) o cymimi IIBC-IIEI pasom 3 2 mu Bogu. MarHeTHHM mepeMi-
IIyBAHHAM 6YJIO JOCATHYTO OZHOpizHicTb posumny IIBC—IIEI-TiO,.

ChopmoBaHi TaKUM YMHOM I'eJli MOMIITaJuCh y zip-TIakeTH Ta 36epi-
ranucsa 3a remnepatyp y 4°C Bupomos:k 4 mguiB. Oxosomxeni reui 6yio
OIPOMiHEHO eJeKTPoHaMHu 3 eHeprieo y 4 MeB i3 mo30r0 ompoMiHeHHS
y 33 xI'p.

3. METOJIN HOCJAINKEHD
3.1. MeTox nMHAMiYHOTO PO3CiIOBAaHHS CBiTJIA

Hia oxepskaHHA rpadika posmomisy yacTMHOK Jiokcuny Turany sa
po3MipaMm 3acTOCOBAaHO METOJ AUHAMIUYHOTO PO3CiIOBaHHS CBiTJIa
(DLS) 3 BuKoOpmcTaHHAM aHaJizaTopa dYacTmHOK LiteSizer 500. V¥
IIbOMY METOZi BUKOPUCTOBYETHCA ABUIIE XaOTUUYHOTO TEILJIOBOTO PYXY
YACTUHOK Y PiAuHi, e IMBUAKICTL PYyXy YaCTHHOK OOEPHEHO IIPOIIOP-
mifina ixHiMm posmipam. PoscigHHA cBiT/ia Ha 3pasKy AeTEeKTYeETbCA U
dircyernca 6araTo pasiB. IlopiBHIOIOUM 3amncy B PisHiI MOMEHTH dYacy
MOJKHA BU3HAUUTU INMBUAKICTHL Pyxy uacTuHOK. Omep:kaHa indopwma-
Mifd YMOMKJMBJIIOE OJePsKaTH PO3IOAiJ YaCTMHOK 3a po3MipaMu Ta ce-
penHe 3HAUYEHHS PO3Mipy.

Hna BusHaueHHsa posmipiB wactmHOK TiO, 0,1 r miokcumy Turamy
momanu o 1,5 Ma Boau, pesyJIbTIBHY CYMiIll 3aJMBaju B OZHOPA30OBY
KIoBeTy, AKy momimianaum B mpuian LiteSizer 500. Temmeparypa mpo-
BeJleHHs JOCJIiIKeHb criaazana 25°C.

3.2. MeToa MINPOKOKYTOBOI peHTreHorpadii

Hocaimkenns xpucraiaiunoi crpykrypu TiO, #I cTpyKTypHOI Ooprasi-
3arfii 3pa3kiB Ha OCHOBIi IIOJIiBiHiJIOBOTO CIIMPTY IIPOBOAUJINCS METO-
IIOM IIUPOKOKYTOBOI peHTreHorpadii Ha nudpaxtomerpi XRD-7000
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Bupo6uunTBa Shimadzu. Moro peHTreHOOmTHYHA cXeMa BUKOPHCTO-
Bye wMmeton [ebas—Illeppepa Ha NIPOXOMKEeHHA NEPBUHHOTO IITyUYKa
eJIEKTPOHIB UYepes MOCTimKyBaHMUI 3pas3ok i3 s3actocyBaHHAM Cuk,-
sunpominenHs (A =1.54 A) i rpadiToBoro moroxpomaropa.

BigHocHui# piBeHb KPHUCTATIUHOCTH aMOP(MHO-KPUCTAJIIYHOrO IOJIi-
Mepy BuU3HAUaBCA 3a (POPMYJIOI0

X = —Q“p -100;
Qxcp + QaM
TYT Qypy Que — IIOIMA Tpadiky mix Au@parkmiiHUMM MaKCHMyMaMHU

I KpuctajgiuHol # amMopdHOI CTPYKTypHM IojJimMepy BigmoBimHO,
Q. + Q. — IUIOIIa BCHOTO rpadgiky aMOP(QHO-KPHUCTAIIYHOL CTPYKTY-
pu B iHTepBasi KyTiB posciguua (20,—20,).

Hocraimxenusa OyJio MPOBeIeHO METOAOM aBTOMATHUYHOI'O ITIOKPOKO-
Boro ckaHyBaHHs B pekumi 3 U =30 kB, I =30 MA y inTepBai KyTiB
posciguua (20) Bixg 3 mo 50 rpaxyciB i vacom excmoaurrii y 5 c. Tem-
meparypa IpoBeJeHHs AocaimxeHb ckaaganaa T = 20 + 2°C.

3.3. BunpoOyBaHHA HA MeXaHiUHY MiIlHiCTh

MipaHHa MIiIHOCTU Ta BUAOBYKEHHA O PO3PUBY 3pasKiB 3 KOHIIEHT-
pamiamu y 1%, 0,1% i 0,01% wmac. TiO, npoBoguan Ha PO3PUBHIN
mamruHi Shimadzu AGS-X 10kN Tensile Tester. Posmipu mpsMoryT-
HixX 3paskiB craagaau 50x8,5x5,8 MM, MIBUAKiCTE poadTary — b
MM/xB. [na mosinmmeHHA 34UellJIeHHA 3pasKiB 3 TUIVIAMU MiXK 3pas-
KOM i MOBepXHAMM THUIJIIB HMOMiIIaam TOHKUH IIap Iarmepy, IIpusHa-
yeHNI OJIs BOMpPaHHSA HAIJIUIIKOBOI BOJIOTH.

3.4. AHTUMiIKpPOOHA AaKTHMBHICTH 3pa3KiB 1m[00 pe(pepeHTHUX HMITAMIB

Ominka 6aKTepUIIMAHOI aKTHBHOCTH 3PasKiB IIPOBOAMIN IIOA0 pede-
PEHTHUX INTaMiB yMOBHO-IIATOT€HHWX MiKpOOpraHismMiB, — rpam-
mosutTuBHUX Staphylococcus aureus ATCC 25923 i rpaM-HeraTuBHUX
Escherichia coli ATCC 25922, — metomom mudysii B arap Ha TBepao-
My mo:KuBHOMY cepemoBuili Luria—Bertani (LB). Ilo:xkusHe cepenoBu-
ute LB y uamkax Ilerpi saciBamu 0,100 + 0,001 M iHokyJaTa Tect-
KyJBbTYp MiKpoopraHiamiB Staphylococcus aureus, Escherichia coli 3
pospaxyHKyY 2,5+ 0,1-10° KYO/ma. 3pasku, HanoBHeHi TiO,, Aki Mamn
dopmy gauckiB gpiamerpom d=10=+0,5 MM momimanu Ha IIOBEPXHIO
MMOKMBHOTO CepeloBUIlla, 3aCisHOrO TecT-MiKpoopraHismamwu. Yarrku
3i spaskamu iHKyOyBanum 24 rox. 3a Ttemneparypu 1T =37,0+0,1°C.
AHTUMIKDPOOHY aKTHBHICTH OI[iHIOBAJIM 3a HASBHICTIO UiTKOI 30HU 3a-
TPUMKHU POCTYy HABKOJO JUCKAa IOJiMEPHOTO 3pasKa. 3pasoK 0e3 HaIo-
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Puc. 1. Bane:xHicTs BigHOCHOI yacToT yacturoK TiO, Bij ixHbOTO HigMeTpa.

BHIOBaua OyB BUKOPUCTAHUUN AK KOHTpPOJbHUI. EKcnepuMeHT OyB IIO-
BTOPEHUI TpUUi.

4. OBT'OBOPEHH{A TA PE3YJbTATHU
4.1. Po3mip yacTUHOK

3acToCcOBYIOUM METOHA AWHAMiUHOTOo poscitoBamua cBitia (DLS) 6yio
IIPOBEIEHO aHAJIi3y po3Mipy Ta posmoxiny uacTuHOK. Ha pucyuky 1
IIPeACTABICHO 3aJIeKHICTh BIJHOCHOI YAaCTOTH POS3IOAiIY YaCTHUHOK
TiO, 3a KimbkicTO Bif IXHBOrO AigmMeTpa.

Cepenniii gismetrep vactuHoK TiO, ckias 265 um. HacTUHKH Maau
poamipu B mismasomi Big 150 mm mo 540 HM, a iHIeKc moJiguciepc-
HOCTU, AKUI € Mipoio HeOomHOpPiZHOCTHM BUOIpKH 3a posMipamu, CKJia-
mae 9%.

4.2, lllupoxkoKkyTOBa peHTIeHOorpadisa

JocaikeHHA CTPYKTYPU OJlepKaHUX 3PasKiB ITOKasayiu, 10 YHUCTUU
MOJIiBiHiJIOBUII CIUPT Mae HaIiBKPUCTAJIUHY CTPYKTypy. Ile memoH-
CTPYIOTh Audppakiiiiai mikm is 20, =11,2°, 19,5°, 23,0°, 40,8°, 110
BimoBizmaroTh Kpuctasorpadivamum maommHaM 3 MinsepoBumu iHjge-
kcamu (100), (101), (200), (201), ax moxasamo Ha puc. 2.

Ilig vac amasism MIMPOKOKYTOBUX PEHTI'€HIBCBKMX Au(pparTorpam
IOCHiI:KyBaHUX 3pasKiB OyJI0 BCTAHOBJIEHO, IO AOJaBaHHS IIOJIieTHU-
JIEHTJIIKOJII0 3 MOJIeKyasapHo0 Maco 6000 mo ckaamy moJiBiHisIoBOTO
CIIPTY He 3MiHIOE MOTO CTPYKTYPHUX ocobamBocTeil (puc. 3), 30Kpe-
Ma KyTOBe IIOJIOKEHHS Ta CIIiBBIAHOIIEHHS iHTEHCUBHOCTEN OCHOBHUX
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Puc. 2. IIIupokoKyTOBa pPeHTreHOrpaMa IOJiBiHisoBOrO crmpry.2
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20, rpaj.

Puc. 3. [IlupokoKyTOBi PeHTIeHiBCHKi AU parkTOrpaMm mOJIiBiHiIOBOTO CIIMp-
Ty, mojietuneHriaikoao 6000 Ta KOMIDO3UTY IOJIiBiHiIOBUA CcOUPT—
moJieTunenraikoas 6000.3

IUpakIifHuX TiKiB 3ajiuinamTbecd He3MimHUMU. Ile Takoxx migTse-
pIKyeTbCA MaliyKe imeHTUYHUM piBHeM Kpucrtaaiunoctu IIBC Ta iioro
cyminti 3 moaierunenraikosem 6000. KpucramiuxicTs moaiBiniszoBoro
CIHUPTY Ta Horo cymimri 3 moaierunenraikogem 6000 cTaHOBUTH HpH-
ommsao 46% i 47% sBimmosimmo. BapTo 3asHAuMTH, [0 KPHCTAJiU-
HicTh camoro moJieruiaenriaikonio 6000 mopiBHIOE 01113bK0 88% .
Amajniza HINPOKOKYTOBUX PEHTI€HIBCHKUX AuU(PPaAKTOrpaM BUXi-
Horo spaska IIBC-IIEI-6000 i spaska, 1o OyB OIpOMiHEHUH eJeKT-
poumammu (muB. puc. 4), BUABUJA, III0 ONPOMiHEHHS 3pasKa 3 J030I0 Y
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33 kI'p mpuBOAUTHL 1m0 OiNbINT BUpakeHOro AU@PAKI[IHHOTO ITiKy i3
20,, = 23,0°, 1o Bimmosimae xpucrajgorpadiuaum maomnimuam (101).
Kpim 1mporo, ompomiHeHHs 3paska I[IBC-IIET-6000 muBugKuMu
eJIEKTPOHAMHU CHPUYNHSE 301JbIMEHHS CTYIeHsS HOro KPHUCTAJiUHOCTH
347% a0 53%.
Hocaimxkenns Buxigaoro mopomry TiO, mMeTomoM IIMPOKOKYTOBOL
perTreHorpadii BUSBUIN KPUCTAJIUYHY CTPYKTYPY aHaTasdy 3 Xapak-

120 T T
—e—TTBC-ITET" ompoMiHeHMH|
100 ——TIIBC-TIET
< 80 x
3]
60
-
0
~ 40
204
0 | | I
10 20 30 40 50
26, rpaz.

Puc. 4. IIIupokoKyTOBi peHTIeHiBCbKi audpaKTOrpaMu BUXiTHOTO 3pasKa
moJiBiHisoBuit citupr—mosietuneHrrikoab 6000 i ompomMiHeHOTO eIeKTpOHA-
MHE 3 103010 v 33 kI'p.*

180 . ‘ : :
160l (101) | . TiO, |
—«— IIBC-TIET-TiO,
140 ——TIBC-IIET
. i (200)
5 120 (004)
E-[ 100
‘5 80
~ 60
40/ .
20,
| I |
%% 30 30 0 50
20, rpag.

Puc. 5. IIlupokokyToBi peHTr'eHiBChKiI amdparTorpamu mopomky TiO, Ta 3pas-
KiB ompomimennx emextpomamu (33 kI'p) IIBC-IIEI' i IIBC-IIEI-1% mMac.
Ti0,.5
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repaumu mikamu (101), (004) i (200), aki comocrepirarorbca Ha auD-
paxkTorpami (puc. 5).

Iudpaxrorpama spaska IIBC-IIEI, mo micturs 1% mac. TiO,, Ta-
KOJK IIoKasajia miku, mo Bigmosimaiors TiO,. Opmax 1mi mikm mpoje-
MOHCTPYBaJl HEBEJUKHUI 3CYB KYTOBOI'O IIOJIOKEHHS IIOPiBHAHO 3
Buxiguum mopomkom TiO, (ma puc. 5 BKasaHo cTpinkoio). Ile cBix-
YUTHh NP0 MOKJIUBUIN B3a€EMOUMH MiK mojimepHoio marpuiieio ITBC—
IIET i wactuakamu TiO,.

4.3. BunipoGyBaHHSI Ha PO3PUB

Amnajniza MexaHIUHMX XapaKTePUCTUK TiApOr'esi0 A€ 3MOTY OIIHUTH
MiIIHiCTh MaTepisAay Ha PO3PUB Ta BUMIPATH HOT0 HOJOBMKEHHS [0
po3puBy.

Ha pucyuKy 6 mpeicTaB/eHO 3aJIeKHICTh MijK HANPY:KeHHAM i Bi-
ITHOCHOIO Aedopmarlriero ajs 3pasKiB IIOJIiBiHIJIOBOTO COUPTY 3 IOJie-
TUJICHIJIiKOJIeM (HBC—HEF), OIIPOMiHEHUX eJIEKTPOHAMM, IO Mic-
TATH PidHI KOHIEeHTparii giokcuny Turany.

PesynbTaTu eKcHOepUMMEHTY [gaju 3MOTYy BCTAHOBUTH IIOKA3HUKU
MIiITHOCTM Ha PO3PUB i MaKcumMaJbHE IIOJOBMKEHHA 1T0 po3puBy. Ili
3HaUeHHA OyJI0 BHECeHO B TalJI.

PesyibraTu gociimikeHHA CBiUaTh NP0 MOHUIMKEHHS AK MIITHOCTH
Ha PO3pUB, TaK i MaKCHMAJbLHOTO IIOLOBYKEHHS 3i 30iJIbIITeHHAM KOH-
meutparii TiO,.

Hai6inem #imoBipHO, 1o wactunku TiO, cayryiorh medexTamMu y
IOJIIMEPHIN MaTpuIili, HeraTMBHO BIIJIMBAIOUM Ha MeXaHidyHi BJlacTu-
BOCTi, aHAJOTIYHO IO IIOPOKHUH.

0,03 w ‘ . T
—0,01% Ti0)
| —0,1% Tio,
— 1% TiO,
0,02 i

0,01

Hanpymeenns, MIla

|
0 50 100 150
Hedopmanis, %

Puc. 6. Kpusi mHanpyKeHHA—medopMalii as 3pasKiB 3 piBHUMU KOHIIEHT-
paniamu TiO,.°
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TABJINIISA. 3HauenHa gedopmalii Ta MexaHiYHOTO HANPY:KEHHA AJA 3pas-
KiB rigporento 3 xoumentpamisvu y 0,01%, 0,1%, 1% wmac. TiO,, ompomi-
HEHOTO eJIeKTPOHAMH 3 103010 v 33 kI'p.”

0,01% TiO, | 0,1% TiO, | 1% TiO,
~164% =131% =120%
23,2+ 0,5 klla 20,2 +0,4 klIla 16,2 +£ 0,5 xIla

a

Puc. 7. Hocuimxenusa GaxTepununuol mii spaskis iz Bmicrom 1% wmac. TiO,:
a — Escherichia coli, 6 — Staphylococcus aureus.®

4.4. bakTtepunugHa mia

Byno mpoBemeno mepeBipKy aHTHOAKTEPiAJbHUX BJIACTUBOCTEH Timpo-
reseBux kommoaurie IIBC-IIET, o Oyau HAIOBHEHI YaCTHHKAMU
okcuny Turany 3 cepenuim posmipom y 265 HM.

Ha pucyuky 7 300paskeHo rigporeiesi spasku i3 Bmicrom 1% wmac.
TiO,, posramoBani B uamrkax Ilerpi, 1o Oyam BsacifgHi TecToBUMU
Kyabrypamu Escherichia coli i Staphylococcus aureus.

BigcytHicTh obsacTeir 6e3 ABHOTO POCTy OaxkTepili BKasye Ha Biacy-
THiCTH aHTHUMiKpOOHOI aKTMBHOCTH 3paskiB. Ile Moike cBimumTy mpo
Te, IO PO3Mip BUKOpUCTAaHUX dYacTuHOK TiO, € 3aHAATO BEIUKUM,
11106 e)eKTUBHO MPUTHIUYyBaTU PiCT MiKpoopraHismig.

5. BUICHOBKH

B pesysbraTi mpoBemeHMX AOCJIiAMKEHb BU3HAUEHO CePenHiil mismerep
yactuHoK TiO, rizporeneBux 3paskiB, AKUI cTaAaHOBUTHL 265 HM.
CTpyKTYypHi JOCHimsKeHHs 3pasKiB IIOKasaju, IO 3 AONAaBAHHAM
mioxkcuny Turany mo mojiMepHOI MaTPHILi IIBC-IIET CIIOCTepiraeThbcs
He3HAUHE 3MIIl[eHHA KYTOBOTO ITOJIOXKEHHA AUMPPAKI[IHHUX MaKCUMY-
MiB, AKi BigmoBimaroTh Kpuctanxiuniii ctpykTypi TiO,. Ile moxke cBif-
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YUTU IIPO B3AEMOYMH miokcuay TuTaHy 3 IOJiMEPHOI MATPUIIEIO
IIBC-IIET.

HocaimxeHHs MeXaHiYHUX BJIACTHUBOCTEN TiIpoOresieBUX MaTepisIiB
moKasaau, 1Mo 3i spocramuam KoHIieHTpallii TiO, y momimepHiii mar-
puili BigOyBaeThbcsA 3MEHIIIEHHS 3HAUYeHb MIiITHOCTH Ha PO3PUB i BUIO-
BJKEHHS 0 PO3PUBY 3pPasKiB.

HocaimxenHns aHTHOAKTEePiANIbHUX BJacTuBocTeln 3paska IIBC—
I[IET-1% wmac. TiO, mokasanu BigcyTHicTh, OGaKTepuIuAHOI mii, II10,
MOBipHO, ITOB’A3aHe 3 BEJIMKUM PO3MipOM YACTHUHOK.

OIHAHCYBAHHSA

Pob6oTy BuKOHaHO 3a (piHaHCOBOI miATpMMKH I'paHTy HamiomaiabHOTO
doumy mocruimxeHb YKpainu «PospobOka GiomosriMepHMX HAHOKOMIIO-
BUTHUX MAaTEPiAJiB A CTHUMYJIAIl pereHeparliii KUBUX TKAHUH Ta
sdaroeHudA paH» (izentudirarop s3aasru 2023.05/0009).
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The study is aimed to improve the mechanical and thermal properties of a low-
density polypropylene—polyethylene blend mixed at 80—20 wt.% . Titanium
dioxide is added at different percent ratios: 0, 2, 4, 6, 8 wt.% . Particle sizes
and melt processing of the low-density polyethylene—polypropylene blending
play a significant role in thermoplastic arrangements. The composite material
is prepared using the composite by the melt mixing technique in a screw ex-
truder. The results show that the mechanical properties are improved, when
TiO, particles are added at an average particle size of 0.201. The tensile
strength and hardness increase with the increase in filler content. The tensile
modulus increases due to the higher surface area of the filler. The bending
strength decreases due to the decrease in elasticity and the increase in tensile
strength. The impact strength decreases by 2% and then increases. FT-IR re-
sults show the physical bonds between the filler particles and the blend. DSC-
test results indicate two glass transition temperatures, making the blend im-
miscible. SEM results show that ethylene—propylene—diene monomer (EPDM)
rubber (as a type of synthetic thermoset elastomeric copolymers produced from
a terpolymer of ethylene, propylene and a diene monomer) coupling agents en-
hance the adhesion between the titanium dioxide and the blended composite.

Meroto mocaimsxeHHA OYI0 MOJMIMIIeHHS MEeXaHiYHUX 1 TepMiuHUX BJIACTHUBOC-
Tell cyminri moJstieTuseHy HU3BKOI I'yCTUHU Ta IOJIIPOIijieHy, 3aMmimianoi 3
BmicTrom 80-20 mac.% . Iiokcun Turtany gomaBaium B PiBHUX BiJCOTKOBUX
cuiBeigumomrenuax: 0, 2, 4, 6, 8 mac.% . Posmipu yacTuHOK Ta 06pOGJIEHHS PO-
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3TONY CYyMimIi moJrieTnyieHy HUB3BKOI I'YCTMHU Ta MOJINIPOMNiJIeHYy BimirparoThb
3HAUYHY POJIb ¥ TEPMOILJIACTUUHUX KOMITO3uIlifAx. KomMmnosutHuit Mmarepisaia O0yB
BUTOTOBJIEHUH 3 BUKOPHUCTAHHAM KOMIIO3UTY METOAOM 3MiIlTyBaHHS PO3TONY B
IITHEKOBOMY eKCTpyAepi. PesysabTaTy MOKa3yoTh, 10 MeXaHIUHi BJIACTUBOCTI
mosrinmmuiaucA i3 fomaBanHAM yacTUHOK TiO, i3 cepemHiM po3MipomM 4aCTHHOK
0,201. MimHicTh Ha PO3PUB i TBEPAICTL 3POCTAIOTH 31 301IBIIIEHHSAM BMiCTy Ha-
moBHIOBaua. MoAyab NPYsKHOCTU 301JIBIITYETHCS 3aBAAKM OLMBIIiI IIJIOMIi mO-
BepXHi HamoBHIOBadya. MiIHiCTh HA BUTWMH 3MEHIIYETHCA UYepes 3MEHIeHHS
€JIaCTUYHOCTU Ta 306iJbIIeHHA MiITHOCTU HA PO3PUB. ¥ JapHa B’A3KiCTH 3MeH-
myetbed Ha 2%, a morim 3poctae. Pesynbratu IY-cmekTpockomii 3 Pyp’e-
IepeTBOPOM IIPOABUJIU (hisuWuHiI 3B A3KM MiK YaCTMHKAMM HAIIOBHIOBAaUYa Ta
cymimmrio. Pesyasratu [JCK-TecTiB mokasanm aBi TeMiepaTypu CKJIYBaHHSI,
10 pOOUTH cyMmilt HeaminyBanoo. Pesyiasratu CEM moxkasaiu, 110 CIoJyJYHa
PeUYOBUHA «CMHTETUYHUN KayuyK Ha OCHOBi COIIOJIiMepPY eTUIeHY, IPOIIiJIeHy 3
nmobaBkoio miemoBoro moHoMmepa» (CKEIIT) migcuiioe aaresiio MisK miokcumom
Turany Ta 3MilIaHUM KOMIIO3UTOM.

Key words: titanium dioxide, polypropylene, polyethylene, blend, EPDM.

Karouosi croBa: niokcua Tutany, mosinpoiriieH, mogietunen, cymit, CKEIIT.
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1. INTRODUCTION

In recent years, a significant focus has been on the study and de-
velopment of composites, which incorporate nanoparticles [1-3].
These nanocomposites have garnered significant interest due to
their impressive enhancements in various characteristics, such as
mechanical strength, optical clarity, and thermal conductivity [4,
5]. In addition, they have shown great potential for a wide range of
applications. Nevertheless, a significant hurdle in polymer nano-
composite technology is inhibiting particle aggregation [6—8]. Sur-
face modification can help overcome this issue by improving the in-
terfacial interaction between the polymer matrix and inorganic par-
ticles, which, in turn, can enhance the general properties of nano-
composites [9—-13].

Polyethylene (PE) and polypropylene (PP) were developed recently
due to low cost, good mechanical properties, lightweight, and desirable
applications. PE in two kinds, of low and high density, may be added to
PP to develop mechanical PP properties [14]. The blend of PP and PE is
used because PP and PE have similar characteristics, such as reasona-
ble wear and mechanical, thermal, electrical, and chemical resistance,
used in pipes. PE has more moisture and depredation resistance than
PP; therefore, it was blended with it [15, 16]. The characteristics of
the PP-PE blend are refined by several additives, which are mixed
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with them, like adding nanofillers, which improve the properties such
as TiO,, CaO, Al,O;, Zr0O,, and SiO, have [17].

Inorganic particles like clay, silica, CaCO;, layered silicate nano-
particles, and titanium dioxide (TiO,) have garnered significant at-
tention as inorganic materials for inorganic—organic nanocompo-
sites. One material that stands out is TiO,, which has significant
potential in various applications, such as photocatalytic activity and
photoelectric conversion in solar cells. In addition, TiO, nanoparti-
cles also exhibit antibacterial properties, help prevent odours, and
have a self-cleaning mechanism [18, 19]. The numerous benefits of
TiO, make it a highly desirable inorganic component for creating
nanocomposite materials. These materials offer exceptional mechan-
ical properties, low density, and protection against the UV and
thermal degradation, critical in regions with intense sunlight, high
temperatures, and humidity, including Vietnam’s tropical climate.
Various polymers can be effectively combined with TiO, nanoparti-
cles through different processing techniques, including sol-gel or
polymerization in solution. These polymers include poly(methyl
methacrylate), epoxy, polyethersulphonate, poly(ethylene tereph-
thalate), and polystyrene [20].

By adding small amounts of nanoparticles, polymer nanocompo-
sites improve the mechanical properties, heat resistance, thermal
resistance, degradation, and elastic modulus. Besides, other charac-
teristics like melt processing, polymer crystallization, and electrical
and thermal conductivities can be modified [21]. Nanofillers like
Si0,, TiO,, Al,O;, and ZrO, reinforce the polymers by embedding
them in the polymer matrix. TiO, is very important due to particu-
lar characteristics like low density, thermal degradation, hydro-
philic and photocatalytic degradation, and a large surface ratio,
which makes them aggregate easily; therefore, styrene ethylene bu-
tylene styrene (SEBS) can be used as a coupling agent [22].

SEBS showed good attributes, as found by Sajad and Farmarz’s
desperation of titania nanoparticles in the matrix, and increased the
samples’ thermal stability. Another coupling agent used with eth-
ylene and propylene is PDEM (propylene diethylene monomer) to
prevent filler agglomeration [23].

The current work aims to enhance the mechanical, thermal, and
morphology properties of polypropylene—low-density polyethylene
blend by preventing filler agglomeration in nanocomposite material
by using EPDM coupling agents.

2. EXPERIMENTAL WORK

The polypropylene purchased from Sabic Company is produced in
Saudi Arabia, and the low-density polyethylene purchased from
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Amber Kabir Petrochemical Company is made in Iran. The polypro-
pylene and polyethylene pellets were mixed with TiO nanofiller with
PDEM as coupling agent, then, put in the twin-screw extruder with
a speed of 35 cycles/min at 170°C to mix, then, roll through the
roller to get the sheet of 5-mm thickness. The samples are then cut
into the required shapes.

3. RESULTS AND DISCUSSION
3.1. Mechanical Properties Tests Results and Discussion
The tensile strength test results (stress—strain curve for the compo-

site) are represented in Fig. 2. The results show that the tensile
strength increases, when titanium oxide increases due to high sur-

lggg D, =0.201 J,---—"’ . Diam, um| Percent
D, = 0.507 : 0.100 | 0.00

. S0p  =5.329 72 0.200 | 0.48
> 700 6.3 o [[0.500 | 49.80
= 600 54 < [ 1.000 | 71.67
2 500 ! 45 [Z.000 | 7430
S 400 \‘ 3608 | 5000 | 88.15
300 I lﬂ 27 10.000 96.09
200 IiF / \ 18 20.000 | 98.02
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Fig. 1. LBZA average particle size of titanium dioxide.
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Fig. 2. Tensile strength versus strain.
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face activity between the filler and the coupling agent PDEM and
polypropylene and polyethylene that is due to reduction in interfa-
cial tension, stabilization of morphology, enhancements adhesion
between faces in the solid state facilitating the stress transfer,
hence improving the mechanical properties of the product.

The tensile strength modulus increases, when the titanium diox-
ide percentage increases, as shown in Fig. 3, due to the maximum
surface area, aspect ratio, and loading, which all will increase the
modulus. Through active sites or coupling agents, fillers with
strong chain attachments resist the chain extension most.

The hardness increases to 6% of titanium dioxide. Then, it de-
creases, as shown in Fig. 4, because titanium dioxide has higher
hardness than the polypropylene—polyethylene blend and has a high
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Fig. 3. Tensile modulus versus titanium oxide content.
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Fig. 4. The total percent hardness versus titanium oxide content.
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surface area due to the small particle size of the filler. The reason
behind the hardness increases is that the density increases. The dif-
ferent shapes of particles, which are irregular, including pentagonal
and rectangular shapes, and have high surface area, aspect ratio,
and high loading; therefore, the surface area increases.

The flexural strength test was used with the machine at the 2-
mm/min speed applied at 3 points. A load was applied at the central
axis until fracture occurred. The bending strength decreases, when
filler content increases (Fig. 5) due to the high modulus-strength in-
crease of blend material and the elasticity decrease, and it has a brittle
fracture. When the filler content is increased, the distance between
polymer chains is increased, hindering the movements of chains.

0.06
0.05.
0.04
8;0.034
0.03

0.02

0.01

Bending strength, MPa

0

0 1 2 3 4 5 6 7 8 9

Titanuim oxide ratio, %
Fig. 5. Bending strength versus titanium oxide content.
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Fig. 6. Impact strength versus titanium dioxide ratio content.
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The impact strength decreases to 2%, as shown in Fig. 6, because
the elasticity decrease is related to PP having a methyl group,
which is rigid and attached to a carbon atom of the polymer main
chain, limiting the spin of the chain, producing a stronger but less
flexible material; then, the impact strength increases; due to the
high surface area of filler and high hardness, also titanium dioxide
has high surface activity with higher content.

3.2. DSC-Test Results and Discussion

The thermal properties were indicated by the DSC test for the sam-
ples. As shown in Figure 7, there are two T,, 125.59°C and
155.82°C; so, it is an immiscible blend. The glass transition temper-
ature T, is decreased for the sample 2 and, then, increased in other
samples due to the filler-particles’ (TiO,) substantial spaces in the
structure performance as strengthening filler between chains due to
small average particle size (D50:0.507) and making van der Waals
bonds, as shown in Figs. 7-11.

3.3. FT-IR Results and Discussion

As shown in Figure 12, there is a physical attraction between tita-
nium-dioxide particles and the PE-PP blend.
In sample 1, there is no titanium dioxide. Titanium dioxide was

DSC, mW
0.00|
[ Peak 180°C Peak 164°C
Onset 125.59°C  Onset 155.82°C
5,00 _ Endset 135.91°C  Endset 169.05°C

Heat -135.60 mJ Heat -114.64 mdJ
-13.56 J/g -11.46 J/g

-10.00}

—15.00F

40.00 80.00 120.00 160.00 200.00

Temp, °C

Fig. 7. The DSC test for sample 1.
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DSC, mW
Peak 130°C Peak 164.40°C
=5.00F Onset 124.91°C Onset 155.44°C
Endset 135.61°C Endset 169.21°C
Heat -190.75 mJ Heat -145.65 mJ
-19.08 J -14.56 J
1000l /g /g
—15.00
40.00 80.00 120.00 160.00
Temp, °C
Fig. 8. The DSC test for sample 2.
DSC, mW
-5.00F Peak 130.68°C Peak 164.49°C
Onset 125.17°C Onset 159.60°C
Endset 136.25°C Endset 169.00°C
Heat -151.76 mJ Heat -63.00 mJ
-15.18 J/g -6.30 J/g
-10.00 F
-15.00F

120.00 160.00 200.00
Temp, °C

40.00 80.00

Fig. 9. The DSC test for sample 3.

added in other samples at different ratios 2, 4, 6, 8% . The trans-
parency intensity increases, when the titanium-dioxide filler con-
tent increases, because titanium-dioxide particles far apart the dis-
tance between chains, and the light can pass through the chains.
Then, the transparency intensity decreases because the content of
filler particles increases, and the distance between chains increases.
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DSC, mW
0.00f
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Fig. 10. The DSC test for sample 4.
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Fig. 11. The DSC test for sample 5.

The light cannot pass through the chains. There is vibration in the
range of 466—700 cm ™ due to the single bond between the titanium
and oxygen atoms, Ti—O, and often present in the stretching of the
titanium-dioxide molecule.

The bond at 1410 cm™ and 1375 ecm ™' occurred due to the sym-
metric bending of the —CH, group and the scissoring of an extended
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Fig. 12. Transparency versus the wavelength for the samples.

chain alkyl group. In addition, the peak at 1462 cm™ is attributed
to the vibrational changes occurring in the C—H bond.

3.4. SEM Results and Discussion

The morphology of the specimens shown in Fig. 13 in sample 1 is a pure
blend containing 70-20% of PP—PE blend without titanium dioxide,
as shown in Fig. 13. There are little delaminations of the PP—PE blend
and immiscible blend. In sample 2, there is more delamination and
white colour in most of the reigns than in sample 1 due to TiO, addi-
tion. The homogenous structure appears in the sample 3. As shown in
the sample 3, there is no delamination due to good adhesion between
TiO, particles and the blend, because the EPDM coupling agent en-
hances the adhesion. As shown in samples 3, 4, the filler particles were
distributed evenly due to good adhesion, when the titanium-dioxide
filler increased. There is no evidence of agglomeration of filler parti-
cles in the samples. In the sample 5, there are separation between tita-
nium-dioxide particles, as shown in white dots, and delamination due
to the high fraction of filler content.

4. CONCLUSIONS

1. The tensile stress is improved at 5 wt.% titanium-dioxide con-
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Fig. 13. SEM for the samples (a—sample 1 (0% TiO,); b—sample 2 (2% TiO,);
c—sample 3 (4% TiO,); d—sample 4 (6% Ti0,); f—sample 5 (8% Ti0,).

tent, when compared with neat blend samples.

2. The tensile strength modulus is improved at 5 wt.% titanium-
dioxide content.

3. The bending strength has a minimum value of 4%, in which the
elasticity is decreased to the minimum value, and the tensile
modulus is increased to the maximum value.

4.SEM tests reveal the enhanced morphology in samples 3 and 4
due to the EPDM coupling agent, which enhances the adhesion.

5. The titanium-dioxide particles increase the temperature of the
nanocomposites’ glass transition. DSC results indicate that the
blend is immiscible.

REFERENCES

1. N. S. Radhi and Z. S. Al-Khafaji, Proc. 6th International Scientific Conference
on Nanotechnology, Advanced Materials and Its Applications (May 13—-14,
2018, Iraq), p. 1-9.

2. S. Sattar, Y. Alaiwi, N. S. Radhi, Z. Al-Khafaji, O. Al-Hashimi, H. Alzahrani,
and Z. M. Yaseen, J. King Saud Univ. Sci., 35, No. 8: 102861 (2023);
doi.org/10.1016/j.jksus.2023.102861

3. N. M. Dawood, N. S. Radhi, and Z. S. Al-Khafaji, Mater. Sci. Forum, 1002,
No. 1: 33 (2020); doi.org/10.4028 /www.scientific.net/MSF.1002.33



602

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Abeer Adnan ABD and Zainab S. AL-KHAFAJI

N. S. Radhi, H. H. Jamal Al-Deen, R. Safaa Hadi, N. Al-Ghaban, and Z. S. Al-
Khafaji, J. Nanostruct., 14, No. 1: 1 (2024);
https://jns.kashanu.ac.ir/article 113861.html

A.J.Salman, Z. F. Jawad, R. J. Ghayyib, F. A. Kareem, and Z. Al-Khafaji, En-
ergies, 15, No. 18: 6808 (2022); https://doi.org/10.3390/en15186808

H. A. Sallal, M. H. Mahboba, M. S. Radhi, A. Hanif, Z. S. Al-Khafaji,

S. Ahmad, and Z. M. Yaseen, J. King Saud Univ. Sci., 36, No. 2: 103061 (2024);
https://doi.org/10.1016/j.jksus.2023.103061

A.M. Humad, A. J. Dakhil, S. A. Al-Mashhadi, Z. Al-Khafaji, Z. A. Moham-
med, and S. F. Jabr, Res. Eng. Struct. Mater., 10, No. 1: 1 (2024);
http://dx.doi.org/10.17515/resm2023.43me0806rs

I. A. U. Kadhim, H. A. Sallal, and Z. S. Al-Khafaji, ES Mater. Manuf., 21,

No. 1: 828 (2023); https://dx.doi.org/10.30919/esmm5f828

A. H. Jasim, N. S. Radhi, N. E. Kareem, Z. S. Al-Khafaji, and M. Falah, Open
Eng., 13, No. 1: 20220472 (2023); https://doi.org/10.1515/eng-2022-0472

N. S. Radhi, A. H. Jasim, Z. S. Al-Khafaji, and M. Falah, Nanosistemi, Nano-
materiali, Nanotehnologii, 21, Iss. 4: 769 (2023);
https://doi.org/10.15407/nnn.21.04.769

N. D. Fahad, N. S. Radhi, Z. S. Al-Khafaji, and A. A. Diwan, Heliyon, 9, No. 3:
14103 (2023); https://doi.org/10.1016/j.heliyon.2023.e14103

S. Sattar, Y. Alaiwi, N. S. Radhi, and Z. Al-Khafaji, Acad.J. Manuf. Eng., 21,
No. 4: 86 (2023); https://ajme.ro/current_issue.php

E. Mohammed and Z. Al-Khafaji, Acad.J. Manuf. Eng., 21, No. 3: 1 (2023);
https://ajme.ro/content.php?vol=21&year=2023&issue=3&offset=0

M. Awang and W. R. Wan Mohd, IOP Conf. Ser.: Mater. Sci. Eng., 342, Iss. 1:
012046 (2018); DOI:10.1088/1757-899X/342/1/012046

C. Rosales, C. Bernal, and V. Pettarin, Polym. Test., 90, No. 1: 106598 (2020);
https://doi.org/10.1016/j.polymertesting.2020.106598

J. A. Vallejo-Montesinos, J. A. L. Martinez, J. A. Montejano-Carrizales, E. Perez,
J. A. B. Pérez, A. A. Almendarez-Camarillo, and J. A. Gonzalez-Calderon, Mech.
Mater. Sci. Eng., 8, No. 1:1(2017); d0i:10.2412/mmse.96.48.950

0. Kaymakeci and N. Uyanik, Mater. Plast., 57: 309 (2020);
https://doi.org/10.37358/Mat.Plast.1964

B. Al-Zubaidy, N. S. Radhi, and Z. S. Al-Khafaji, Int.J. Mech. Eng. Technol.,
10, No. 1: 776 (2019);

https://cdnx.uobabylon.edu.iq/research/repositoryl publication14452 28 816.pdf
S. A. Hamza and N. S. Radhi, Acad. J. Manuf. Eng., 21, No. 1: 65 (2023);
https://ajme.ro/content.php?vol=21&year=2023&issue=1&offset=0

H. A. Sallal, M. S. Radhi, M. H. Mahboba, and Z. Al-Khafaji, Egypt.J.Chem.,
55, No. 6: 197 (2023); doi:10.21608/EJCHEM.2022.154630.6684

B. M. Rudresh, B. N. Ravikumar, and D. Madhu, Indian J. Adv. Chem. Sci., 4,
No. 1: 68 (2016); https://ijacskros.com/artcles/IJACS-M174.pdf

H. Jones, J. McClements, D. Ray, C. S. Hindle, M. Kalloudis, and V. Koutsos,
Polym., 15, No. 21: 4200 (2023); https://doi.org/10.3390/polym15214200

S. Daneshpayeh, F. Ashenai Ghasemi, and I. Ghasemi, Teh. Glas., 13, No. 3: 165
(2019); https://doi.org/10.31803/tg-20190312191013



Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO02IL © 2025 IM® (IacturyT Meranodisuku
Nanosistemi, Nanomateriali, Nanotehnologii im. T'. B. Kypaiomosa HAH Vkpainun)
2025, 1. 23, Ne 2, cc. 603-610 HaznpykosaHno B YKpaiHi.
https://doi.org/10.15407/nnn.23.02.0603

PACS numbers: 06.60.Vz, 61.72.Mm, 62.20.fk, 62.23.St, 68.37.Lp, 81.20.Hy, 83.50.Uv

Study of Copper Microstructure after ECAP and Rolling

A. T. Turdaliev', A. S. Yerzhanov?, and B. B. Makhmutov?

International Transport and Humanitarian University,
Zhetisu 1, Microdistrict 32,

KZ-050063 Almaty, Kazakhstan

?Karaganda Industrial University,

30, Republic Ave.,

KZ-101400 Temirtau, Kazakhstan

In this article, the evolution of copper grade microstructure after equal-
channel angular pressing (ECAP) and rolling is investigated. There is a
relatively equiaxed ultrafine-grained structure formed after rolling after
10 passes of ECAP transformed into a lamellar structure with smaller
grain-boundary spacing. After 10 passes of ECAP, the grain-boundary
spacing is 180 nm, and it is reduced to 110 nm after rolling. Microstruc-
ture grinding during rolling almost does not occur. There is an increase in
the share of large-angle boundary by 20% compared to the states after 10
passes of ECAP.

VY 1mi#i craTTi OOCHimKYyETHCSA €BOJIIOIiA MiKPOCTPYKTYPU MiZHUX COPTIB Iric-
Jg piBHOKaHambHOro KyroBoro mpecyBanus (PKKII) ta BanbioBaunusa. Cio-
cTepiraeTbCcs BiJHOCHO PiBHOOCHOBA YJIbTPaApiOHO3EpHHCTA CTPYKTypa, IO
YTBOPIOEThCA IIicJIsi BajJbI[loBaHHA, ska micasa 10 mpoxoxis PKKII mepetso-
PIOETBCA Ha ILIACTHHYACTY CTPYKTYPY 3 MEHIIOK BiImajlio Mix MexkaMu
seper. Ilicaa 10 mpoxoxis PKKII Bigmanp MixK Me:xaMu 3epeH CTaHOBUTH
180 um, a micioa BandbI[IOBaHHA BoHa 3MeHIyeTbesa A0 110 am. IToapi6HeH-
HS MIKPOCTPYKTYpPHW IiJ uYac BaJbIIOBAaHHA Mali’ke He BigbyBaerbcsa. Cio-
cTepiraeThcsa 30iJMBIIEHHA YACTKU BEJUKOKYTOBOI Me:ki Ha 20% mopiBHAHO
3i cramom micaa 10 mpoxoxais PKKII.

Key words: microstructure, severe plastic deformation, pressing, rolling.

Kuarouori croBa: MiKpocTpyKTypa, iHTeHCHMBHA ItacTudyHa gedopmairis,
pecyBaHHs, BaJbIIIOBAHHS.

(Received 25 February, 2024, in revised form, 26 February, 2024 )

603



604 A. T. TURDALIEV, A. S. YERZHANOV, and B. B. MAKHMUTOV

1. INTRODUCTION

Nowadays, copper and copper alloys are widely used in industry due
to their excellent physical and chemical properties. They make a
great contribution to modern life: in magnetic circuits, power and
communication cables, and other electrical devices. Recent achieve-
ments in the electronics industry have drawn the attention of many
researchers to the development of copper-based alloys. Such alloys
should have high strength and good electrical conductivity. Howev-
er, high strength and good electrical conductivity are the two oppo-
site conditions of all alloys.

Much works have been done in adding alloying elements (such as
Cr, Ag, Zr, Nb and Co) to pure copper die. Such conventional hard-
ening methods lead to various types of defects (e.g., dislocations,
hardening particles, point defects) in the copper die, which increase
the scattering of conduction electrons and increase the electrical
resistivity. Studies by K. X. Wei et al. [1] and C. Zhu et al. [2]
have shown that the addition of Mg to copper-based alloys yields
favourable results, and a reduction in production costs is achieved
when Cu—Mg alloy contact wires are used.

Traditional metal forming techniques, including rolling and
drawing, are commonly used to manufacture copper wires. High
tensile strength (> 500 MPa) and good conductivity (> 60% IACS)
are the most important properties required for wires [2]. Cold work-
ing improves the microstructure and increases the strength of al-
loys.

A high dislocation density is required to transform a coarse-
grained material into an ultrafine-grained material, and a high
stress shall be applied to increase the dislocation density [3—6]. At
the same time, grain boundaries are reorganized to form an ul-
trafine-grained (UFG) or nanostructures. Conventional metal pro-
cessing methods, such as extrusion or rolling, are limited in their
ability to produce nanostructures for two important reasons. First,
a limit to the amount of stress can be applied using these methods.
Secondly, the stresses applied in conventional processes are insuffi-
cient to form nanostructures due to the low machinability of metal
alloys under ambient conditions and low temperatures. As a result
of these limitations, alternative machining methods based on the
application of extreme deformation are needed. That means that
very high stresses are applied at low temperatures without changing
cross-sectional dimensions.

A new process of extreme plastic deformation, equal channel an-
gular pressing (ECAP), can be used to obtain nanostructures with
high strength and good electrical conductivity [7T—11]. ECAP pro-
cess has proven to be an efficient method for grinding metal grains
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and composites and has the advantage of being scalable for the pro-
duction of large volume samples. Although ECAP is an effective
processing tool for laboratory research, it is labour-intensive and
not easy to use in industrial conditions [12, 13].

In copper, high structure grinding and growth of mechanical
properties are achieved during ECAP. Similar changes are observed
when other metals are treated with ECAP, as well as with other
methods of severe plastic deformation (SPD) [14-18]. Further mi-
crostructure grinding is only possible when followed by another
strain method. Therefore, combinations of ECAP and other metal
forming techniques began to be used later on [19-22]. The most
widespread is the combination of ECAP with subsequent rolling. It
allows obtaining sheet semi-finished products with ground structure
and increased strength properties, which can be used in industry.

From the presented literature data, it can be concluded that cop-
per is significantly hardened after SPD due to the grinding of its
microstructure, and additional rolling after ECAP will further
grind the microstructure and prepare the work piece for further
use.

Therefore, the purpose of this work is to study the peculiarities
of nanostructures formation in copper using ECAP and rolling.

2. EXPERIMENTAL METHODS

M2 grade copper was used for the study and was supplied as a bar
with a diameter of 25 mm and a length of 120 mm. M2 grade cop-
per contained 99.7% Cu.

A tooling with a channel-crossing angle of 90° was used to per-
form the ECAP. The speed of movable die was 5 mm/sec. Pressing
was carried out at room temperature using the Vs route for 10 cy-
cles. The rolling direction after ECAP was perpendicular to the ex-
trusion direction during pressing. At the same time, before rolling,
the samples, which had a cylinder shape after pressing, were milled
to obtain two parallel flat surfaces 15 mm apart. Rolling was car-
ried out with compression rates per pass of 5-10%. The final
thickness of samples after rolling was equal to 1.5 mm, i.e., the to-
tal compression was of 90%, which corresponds to the degree of
true deformation of 2.7.

Optical microscope, transmission electron microscope and EBSD
analysis were used to analyze the microstructure of the samples.
Samples for metallographic analysis were thinned on a Tenupol-5
device using the electrolyte composition: 250 ml of H;PO,, 250 ml
of ethyl alcohol, and 500 ml of distilled water. EBSD measurements
were performed on a JOEL field emission electron microscope (at 20
kV) using the Oxford software package.
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3. RESULTS AND DISCUSSION

The microstructure of the initial bar consisted of large grains of
120 ym. Twins were observed in the body of many grains (Fig. 1,
a). After 10 passes, clear thin boundaries appeared in the structure
with presumably high-angle disorientation. The shape of grains has
become more regular. The structure consisted of both fairly equi-
axed grains and grains elongated in the shear direction. The grain
size was of 350 nm (Fig. 1, b). A large number of twins were also
observed in the structure.

EBSD analysis showed that the structure became much more
equiaxed after 10 cycles. However, even after such a number of
ECAP cycles, the structure remained extremely heterogeneous as
small submicron grains were adjacent to areas consisting predomi-
nantly of subgrains. In general, no significant differences in micro-
structure in different planes were found, except for metallographic
texture.

Metallographic analysis showed that the microstructure after
rolling is significantly different from the obtained microstructure
after ECAP (Fig. 1, ¢). A distinct fine-grained lamellar microstruc-
ture is observed. Lamellar boundaries parallel to the rolling plane
are straight and clear. Many lamellae are internally divided into in-
dividual fragments by transverse boundaries, often thick and erod-
ed. In the rolling plane the structure is characterized by sufficient
equiaxiality, most grains are irregularly shaped; their boundaries
are thick and indistinct.

EBSD confirms the data of metallographic analysis and shows
that the majority of lamellar boundaries acquire high-angle disori-
entation with increasing number of cycles, and the structure be-
comes quite homogeneous. However, the transverse boundaries
within the lamellae retain predominantly low-angle disorientation.

In our case, the Vs route carried out pressing, so, the shear di-
rection in each subsequent pressing cycle was different. In such a

Fig. 1. Graphs of microhardness distribution along the bar section.
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case, the newly formed shear bands are likely to intersect the bands
formed during the previous cycle. Therefore, a rather equiaxed
structure can occur at the intersection of shear zones that are per-
pendicular to each other (since the sample has been rotated at
90°C). The number of such intersections increases with each new
pass and the volume fraction of equiaxed structures increases. In
addition, the temperature of shear zone is probably much higher
than the temperature of material volume. Therefore, the dynamic
processes of return and recrystallization are more active and the
fraction of large-angle boundary increases.

Figure 2, a shows the dependence of the large-angle boundary
spacing (LABs) on the number of passes in different planes of the
sample. Since after 1-2 passes the structure contains only a small
number of grains whose size can be measured, the results of such
measurements are very unreliable, so, they are not given at all. Af-
ter 4 cycles, the average distance between large-angle boundaries
was about 1 pm, whereas, after 10 cycles, it decreased to 700 nm.
The distance between low-angle boundaries (SABs) as a function of
the number of cycles varies similarly to the grain size, decreasing
after the first two passes and then remaining almost constant at
approximately 400 nm (Fig. 2, b).

In general, the obtained data on copper microstructure after
ECAP coincide quite well with the known literature data. Thus, the
transformation of elongated subgrains with predominantly low-
angle boundaries formed after the first pass into a fairly equiaxed
grain-subgrain structure with increasing number of passes was ob-
served in the paper [9].
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Fig. 2. Distances between boundaries after ECAP according to EBSD anal-
ysis: a—distance between large-angle boundaries; b—distance between low-
angle boundaries.
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Fig. 3. Distances between boundaries after ECAP according and rolling to
EBSD analysis: a—distance between large-angle boundaries; b—distance
between low-angle boundaries.

The numerical values obtained from EBSD analysis after rolling
show a significant difference between the microstructure in the
rolling plane and in other planes. Thus, in the ED and TD planes,
the distances between large-angle boundaries and low-angle bounda-
ries decrease monotonically enough with increasing number of
ECAP cycles, reaching values of 200—-300 nm after 10 passes (Fig.
3). In the rolling plane, the distances between the boundaries almost
do not change with the change in the number of passes, and are
about 1000 nm for large-angle boundaries, and about 600 nm for
low-angle boundaries. In the rolling plane, the portion of large-
angle boundaries is basically unchanged after the first 4 cycles,
amounting to 25-30%, and it increases to 45% after 10 cycles. In
the ED and TD planes, in all cases except for 1 pass of ECAP, the
portion of large-angle boundaries was almost the same and much
higher than in the rolling plane. Large-angle boundaries portion in-
creased by 20% after rolling compared to the values after ECAP.

4. CONCLUSION

The following conclusions can be drawn from the results obtained.
Morphologically, the microstructure after ECAP does not differ
from the typical microstructure formed in cubic metals during cold
straining. The elongated microstructure becomes equiaxed after 10
straining cycles and the large-angle boundaries portion increases.
Transverse grain size almost does not decrease with increasing
number of passes. Rolling leads to a further reduction in the size of
the structural components, at least in the RD and TD planes.
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The conducted studies have shown that rolling after ECAP leads
to extremely serious changes in microstructure. Instead of a rela-
tively equiaxed structure, a lamellar structure is formed typical of
cold-rolled b.c.c. metals.
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In this paper, the change in the mechanical properties of copper wire in
the process of deformation in a new way is studied. This new method con-
sists in combining two technologies in one line, namely, traditional draw-
ing and twisting in an equal-channel stepped matrix. The twisting of the
work piece occurs precisely in an equal-channel stepped matrix due to its
rotation around the work piece axis that allows achieving the twisting in
the entire volume of the work piece, followed by calibration of the cross-
section due to the passage of the die channel. A physical experiment has
shown the possibility of obtaining increased mechanical properties in cop-
per wire by obtaining the nanostructure in the surface layer. In this re-
gard, the use of an improved drawing method, combining torsion meth-
ods, which implement a simple shear scheme and the classical drawing
process through a die, allows expanding the limits of the use of tradi-
tional structural materials.

V¥ it po6oTi mocaimiKeHO 3MiHY MeXaHiYHWX BJACTHUBOCTEI MiZHOTO APOTY
B mporeci medopMyBaHHA HOBUM crocobom. Ileit HOBMIT MeTOHN HOJATAE B
HOEeOHAHHI JBOX TEeXHOJIOTi#l B OAHIN JiHil: TpamuiiiiHOro BOJIOUiHHSA Ta
CKPYUYyBaHHSA y PiBHOKaHAJNbHiN cTymiHuacriii marpuili. CKpyuyBaHHA 3a-
roTiBKu Bif0yBaeThbCcs camMe B PiBHOKAHAJbHIN cTymimuacTiii marpuii 3a-
BOAKU 1i 00epTaHHIO HABKOJIO OCi 3aroTiBKH, IO Ja€ 3MOTY AOCATTU CKPY-
YyBaHHA Yy BCbOMY O0’€Mi 3arOTiBKM 3 MOJAJBIINM KaJdiOpyBaHHAM IOmIepe-
YHOTO Iepepisy 3a paxyHOK ITPOXOM:KeHHS KaHaiay marpuili. PisuuuHuil ex-
CIIEPUMEHT TOKa3aB MOJKJIUBICTL Ofep:;KaHHSA IIiABUINEHUX MEeXaHIuHUX BJa-
CTUBOCTEH MiZHOTO APOTY IJIAXOM OIEP:KaHHS HAHOCTPYKTYPHU Yy IIOBEpPXHeE-
Bomy 1mapi. ToMy BUKOpPHCTAHHS BIOCKOHAJEHOTO METOAY BOJIOUiHHSA, IO
MOENHYE METOAU KPYUYeHHS, AKMMU PeaIidyeTbcA IIPOCTA CXeMa 3CyBY, Ta
KJIAQCUYHUU IIPOIleC BOJIOUIHHA UYepe3 MAaTPUII0, YMOXKJIUBIIOE PO3UIUPUTU
MesKi BUKOPHCTAHHSA TPAAUIIAHNX KOHCTPYKIINHUX MaTepisiiB.

Key words: copper wire, drawing, twisting, microstructure, mechanical
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1. INTRODUCTION

Over the past few years, articles on the application of severe plastic
deformation (SPD) methods have been the most widely read and
cited. This is due to the fact that SPD is successfully used to pro-
duce submicron granular structures, and in some cases nanoscale
crystallites, in a wide range of alloys [1-7]. However, despite the
large number of SPD methods, the creation of deformation nanos-
tructuring technologies for industrial use and, in particular, for the
production of mass products, including wire, is a complex scientific
and technical problem, the solution of which requires the develop-
ment of continuous SPD schemes that ensure the production of ul-
trafine-grained and nanostructures in long metal semi-finished
products. Such new technologies can be based on the well-known
metal drawing process.

Traditionally, most metals and alloys for structural purposes are
characterized by a homogeneous microstructure, where the average
grain sizes in different parts are more or less uniform. According
to the classical Hall-Petch ratio [8], a homogeneous polycrystalline
metal can be strengthened by reducing the average grain size, since
an increase in the volume fraction of grain boundaries will further
hinder the movement of dislocations. However, a reduction in grain
size will inevitably lead to a decrease in the ductility and deform-
ability of the material due to the limited mobility of dislocations,
thereby creating a dilemma known as the ‘strength—ductility com-
promise’, which limits the use of many metallic materials. However,
in recent years, metals with a gradient nanostructure have become a
new class of structural materials with a promising potential to
overcome the compromise between strength and ductility. In such
materials, nanostructures smaller than 1000 nm are formed in the
surface layer, thereby, improving their mechanical properties [9-
11].

Therefore, the development and development of new processes for
obtaining high-strength materials with improved strength proper-
ties is an urgent and important issue for the development of pro-
duction. In this regard, the use of an improved drawing method,
combining torsion methods, which implement a simple shear scheme
and the classical drawing process through a die, allows expanding
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the limits of the use of traditional structural materials.

The purpose of this work is to study changes in the mechanical
properties of copper wire during deformation in a new way, which
consists in twisting the wire in an equal-channel step matrix and
traditional drawing.

2. EXPERIMENTAL METHODS

To implement the combined technology for the deformation of cop-
per wire, an industrial drum drawing mill B-1/550M was used. The
deformation was carried out at room temperature using the Vs
route (the rotation of the wire after each deformation cycle was
carried out at 90°). The number of passes was 3. The reduction in
the diameter of the wire after each deformation cycle was 0.5 mm.
So, after 3 deformation passes, we got a wire with a diameter of 5.0
mm.

The technology of the twisting process in an equal-channel step
matrix with subsequent drawing has no significant differences from
classical drawing (Fig. 1). At the first stage, the wire is sharpened
on the cutting machine to the required diameter. Next, the wire is
passed through a lubricated chamber, in which a rotation mecha-
nism is installed. The wire passes through the hole of the matrix
bandage, and then through the hole of the die. The front end of the
wire is fixed in the pliers of the drawing drum. Next, two segments
of an equal-channel stepped matrix are installed around the wire
and are inserted into the bandage according to the wedge principle.
At this stage, all preparatory operations are completed. After that,

7 2 ER 5 6

-
A /'. / , /.
/ / y "

Fig. 1. Diagram of the combined wire deformation process: I—wire; 2—
frame; 3—drawing block; 4—drive gear; 5—intermediate gear; 6—
bandage; 7—equal-channel stepped matrix; 8—fiber holder; 9—die.
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the mill is started with the output to the planned drawing speed
and the mechanism that rotates the equal-channel step matrix is set
in motion in parallel.

Metallographic analysis was carried out on a transmission elec-
tron microscope JEM 2100. Objects for TEM were prepared by jet
polishing on a Tenupol-3 device at room temperature and a voltage
of 25 V in a 7% -solution of H;PO, in distilled water.

The effectiveness of hardening after deformation was evaluated
by measuring microhardness in accordance with GOST 9450-76 with
an interval of 1 mm, as shown in Fig. 2, using the Vickers method.
The indenter was a diamond tip in the form of a four-sided pyramid
with a square base. The load was of 0.5 N.

Tensile tests were carried out using the Instron 5982 electrome-
chanical measuring machine. The tests were carried out in accor-
dance with GOST 10446-80 ‘Wire. Tensile testing method’ and
GOST 1497-2000 ‘Metals. The method of tensile testing’. These
standards establish methods for testing static tensile strength at a
temperature of 20°C of wire made of metals and their alloys with a
diameter or maximum cross-sectional size not exceeding 16 mm of
circular cross-section. As test samples, wire segments with an ini-
tial estimated working length of 26+0.1 mm and a diameter of 5
mm, limited with an error of up to 1%, were used. To recalculate
the elongation with the reference of the rupture site to the middle
of the calculated length, marks were scratched along the entire
working length of the sample at regular intervals. The full length
of the sample included sections for fixing it in the clamps of the
bursting machine. The strain rate was of 0.56-10% s™!, which corre-
sponds to a stretching rate of 0.5 mm/min. After the tensile tests,
a fractographic analysis of the surface of the destroyed samples was
carried out using scanning electron microscopy (SEM). Due to the
large depth of focus, SEM gives an apparent volume and thereby
facilitates the interpretation of the fracture topography.

Fig. 2. Hardness measurement point diagrams.
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3. RESULTS AND DISCUSSION

Figure 3 shows photos of the microstructure obtained using TEM.
The first image was obtained at a distance of ~0.2 mm from the
surface of the wire (surface layer) (Fig. 3, a). As shown, the grain
boundaries are fibrous and curved, which is usually characteristic
of a large number of defects, the average grain size is 500 nm. This
approach to the formation of the nanostructure of the wire surface
layer is created due to friction and torsion during twisting in an
equal-channel stepped matrix and is based on the use of the strain-
rate intensity coefficient, which controls the thickness of the layer
of intense plastic deformation. As a result, a layer of nanofine-
deformed grains is created in the wire with generated at the mate-
rial-tool contact. The following TEM image was obtained at a dis-
tance of *2 mm from the wire surface (middle layer) (Fig. 3, b). A
bimodal structure has been formed here, which consists of small
grains with high-angle boundaries and large grains with a developed
substructure. The average grain size is 2 microns. Inside the grains,
a thin structure is formed in the form of clusters of dislocations
and cells. Large grains were most likely formed by the mechanism
of diffusion-free recrystallization, since, if dynamic recrystalliza-
tion had occurred, the grains would not have had distortions of the
crystal lattice and would not contain defects. In addition, the last
image was obtained from the central part of the wire. The structure
is a cellular dislocation structure of deformation origin with an av-
erage grain size of 4 microns (Fig. 3, ¢). They are observed as large
grains with a small number of subboundaries, as well as grains con-
taining a large number of subboundaries.

Figure 4 shows the stress—strain curves and mechanical proper-
ties of the samples obtained during stretching. The tensile strength
of deformed copper wire compared to undeformed increases from

Fig. 3. Microstructure of deformed copper wire (cross section): a—surface
layer; b—middle layer; c—central part.
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Fig. 4. Stretching curves of copper wire: I—before deformation; 2—after
3 deformation cycles.

Fig. 5. Hardness distribution map in copper wire in cross section.

302 to 635 MPa, and the yield strength increases from 196 to 406
MPa—an increase of almost 100%. The elongation decreased from
42% to 27% . The obtained results of plastic properties are superior
to some existing SPD methods of wire [12—-15].

Figure 5 demonstrates a map of the hardness distribution of the
sample, which shows that the hardness values of the surface layers
are higher. The central regions have lower hardness values. This
hardness distribution confirms the presence of a gradient micro-
structure.

A more accurate measurement of microhardness was carried out
by Vickers hardness test randomly. Thus, the average value of mi-
crohardness in the surface layers was of 216 MPa, in the middle
layers microhardness value was of 174 MPa, and 155 MPa in the
centre of the wire. Such a spread of microhardness can be explained
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by the formation of a gradient structure and the hardening of grain
boundaries due to an increase in the density of dislocations.

Fractographic analysis of copper wire after stretching showed
that the fracture has a mixed viscous character. The destruction
zone of the wire surface layer has elongated pits and micropores;
there are no cut zones. This indicates viscous destruction, since the
main feature of such destruction is high-energy intensity, and slow
crack development, resulting in a large number of pits. The middle
part of the wire occupies the periphery of the fracture and consists
of ridges of separation, the microrelief is stepped and traces of vis-
cous stratification are visible. In the central part of the copper
wire, together with large sections of the quasi-cut, areas with the
formation of a shallow relief are observed.

4. CONCLUSION

Metallographic analysis showed the presence of a gradient structure
in the copper wire after deformation by a new method. A nanos-
tructure with a grain size of 500 nm was obtained in the surface
layer, which increases to 4 microns towards the centre of the wire.
The micromechanical tests carried out to determine the microhard-
ness confirmed the presence of a gradient microstructure in the
copper wire. Tensile tests showed not only a 2-fold increase in the
strength properties of the wire, but not a strong decrease in plastic
properties. Fractographic analysis of the destroyed wire samples
showed the presence of a viscous fracture, which also indicates good
plastic properties.
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