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HHPOPMAIIUA AJI1 ABTOPOB

COopHuK Hay4uHBIX TPYROB «Hanocucmemu, Hanomamepianu, Hanomexnonozii» (HHH) ny6nukyer emé
HeoyOJINKOBaHHbIE ¥ He HaXOAAIIVECS Ha PACCMOTPEHUM IJIs ONYyOJUKOBAHNSA B MHBIX UB3JAHUAX HAYY-
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Ha JiTepaTypa»), C:KaTbIM, 0e3 AJIUHHBIX BBeJeHUH, OTCTYIJICHUH U IIOBTOPOB, JYOJUPOBAHUSA B TEKCTE
MaHHBIX TA0JIUI[, PUCYHKOB U IOAINCEH K HUM. AHHOTAus U pa3nes « BHCHOBKM» TOJLKHBI He Ty6aInpo-
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PUCYHKaM, cIiucka juteparypsl) 1 10 pucyHKoB. Bompocs!, cBA3aHHBIE ¢ IyOanKanueil HAyYHbIX 0030POB
(ue 6omee 22000 cnoB u 60 pucyHkoB), pemratorcsa penkosteruneii HHH Ha ocHOBaHWU IpeABapUTEIHLHO
IIpeoCTaBIeHHOM aBTOPAMY PACIIIUPEHHON aHHOTAI[UY PAaGOTHL.

4. B pefaknuio mpegocTaBiasieTcsa 1 9K3eMILIADP PYKONNCH € WIIIOCTPATHBHBIM MaTepuajoM, Haleda-
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5. B pepakiuio o6s3aTeabHO IpefocTaBiasgercs (o e-mail niu Ha KoMmakT-gucKe) Gaity pyKomucH
craThbu, HaOpaHHLIN B TeKCTOBOM pegakrope Microsoft Word 2003, 2007 mau 2010 ¢ HagBaHUEM, COCTO-
AmuM u3 haMUInN IepPBOro aBTopa (JaTuHuIel), Hanpumep, Smirnov.doc.

6. IleyaTHBII BapUAHT PYKOIINCH U €€ 3JIeKTPOHHASA BEPCUS JOJYKHBI OBITH HACHTUYHBIMU U COZEPIKATH
5—7 ungexcoe PACS (8 mocnexnneir pegaknuu ‘Physics and Astronomy Classification Scheme 2010°—
http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition) u ammorammuio (200—250 cioB)
crarbu (BMecTe ¢ 5—6 KiaroueBbIMu ciioBamMu). TeKCTHI YKPAUMHOSSBIUHBIX CTATEHN JOKHBI TAKIKe COLep-
JKaTh 3arJyiaBre CTaTby (BMeCTEe CO CIMCKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIUX YUPEeKAEHMHIt), pac-
mupenHyto annoranuio (300—350 cioB), KIOUEBBIE CI0OBA, 3aTOJIOBKY TA0IUI] ¥ TOAIINCH K PUCYHKaM Ha
aHIIMIICKOM s3bIke. Kpome Toro, comepoxkaHus aHHOTAIWM HAa YKPAWHCKOM ¥ aHTJIMMCKOM S3BIKAX
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[eJbHBIX JINCTAX C YKasaHWeM HOMepa PUCYHKa U (paMuiny mepBoro aBropa. Bce pucyHKY JOIIKHBI GBITH
OTIOJIHUTEJILHO IIPE/ICTaBJIEHbI B BUE OTAeIbHBIX (DailioB (IIpeJrouTuTe IbHO B rpaduueckux opmarax
TIFF, EPS unu JPEG) c HagBaHuAMY, COCTOAIIUMY 13 (GaMUINU IIEPBOTO aBTOpa (JIaTUHUIEH) 1 HOMepa
pucyHka, Hanpumep, Smirnov_fig2a.tiff. KauecTBo mumrocTpanuii (B TOM YucJie ITOJIYTOHOBBIX) ZOJIMKHO
obecreunBaTh UX BocupousBegenue ¢ pasgpemienueM 300—-600 Touek Ha groiiM. J[OIOJTHUTEIBHO PUCYHKY
IpeoCTaBIATCA B hopMarTe IPOrpaMMbl, B KOTOPOI OHU CO3aBaJIUCh.

8. Hagnucu Ha pucyHkax (0CO0€HHO Ha ITOJIYTOHOBBIX ) HA/IO 10 BOBMOYKHOCTY 3aMEHUThH 6YKBEHHBIMU
o6o3HaueHNAMY (HaOpaHHLIMU HA KOHTPACTHOM (DOHE), a KpUBbIe 0003HAUYNTD IUMPAMU UJIU PA3IHIHOIO
THUIA IUHUSMYU/MapKepaMu, PasbsACHAEMbIMY B IOAIUCAX K PUCYHKaM uiu B Tekcre. Ha rpadukax Bce
JIMHUY/MapKEPHI JOJKHBI OBITH YEPHOIO I[BeTa M JOCTATOYHBIX TOJIIIVH/PAa3MePOB IJiA KaueCTBEHHOTO
BOCIIPOU3BEIEHUA B YMEHBIIIEHHOM B 2—3 pas3a Buje (peKoMeHAyeMas MIMpWHA pucyHka — 12,7 cm).
CHI/IMKI/I JOJIXKHBI 6I:ITI; ‘{éTKI/IMI/I Y KOHTPACTHBIMM, a HAAIIUCU U O608Ha‘{eHI/IH JAOJIKHBI HE 3aKPbIBAaTh
CyII[eCTBEHHBIE AeTajy (s 4ero MOXKHO HMCIIOJIH30BaTh CTPEJIKM). BMmecTo ykasaHWs B IOJTEKCTOBKE
yBeJIMUEHNs NIPU ChEMKE JKeJIaTeIbHO IPOCTAaBUTh MaciITab (Ha KOHTPACTHOM (hOHE) Ha OAHOM U3 HAEH-
TUYHBIX CHUMKOB. Ha rpadukax moanucu K ocsiM, BHINOJHEHHbIE HA A3bIKe CTAThH, JOJLKHBI COJEPIKaTh
0003HaueHns (NI HANMEHOBAHUS) OTKJIAJbIBA€MBIX BEJIUUNH U Yepe3 3alsTYI0 UX eIUHUIILI U3MEPEHU .

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

10. Pucynku, a Takike TaGJUIbI U IIOJCTPOUYHbIE MPUMeYaHUA (CHOCKM) JOKHBI MUMETh CILJIOIIHYIO
HyMepaIuio 10 BCeil craTbe.

11. Cebuiku Ha JUTEpaTypHBbIE NCTOUHUKY CJIEAYeT AaBaTh B BUE MOPAIKOBOIO HOMEPa, HalleuaTaH-
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BUJABHHYA ETUKA

TA 3ATIOBITAHHA HECYMJITHHI ITIPAKTUIII TYBJIK AL

Pepakmiiina Koseria 36ipHuka HayKoBux mpaib «HaHocucTemMu, HaHOMAaTEpiaain, HAHOTEXHOJIOTII»
JOTPUMYETHCS €TUIHUX HOPM, NPUUHATUX MI’KHAPOJHWM HAYKOBHUM CIIiBTOBAPWCTBOM, i pOOUTH
yce sl 3amobiraHHsA OyAb-AKUM IIOPYIIEHHSM I1X. Y CBOIMl isJIbHOCTI pefaKIlisi CIMpaeThCs Ha
pexomenzanii Komitery 3 ernkn HaykoBux myouikariit (http://publicationethics.org).

000B’A3KM pegaKuii

. Bci npencrasiieHi cTaTTi peneH3YIOTHCS eKCIIepTaMu B JaHil obacTi.

. ITig yac posriAmy cTaTTi BpaxXoBYIOThCS Ii BiAmoBigHiCTH mpeameTHiit obJsacti, o6r'pyHTOBA-
HiCTb, 3HAYMMICTD, OPUTiHAIBHICTE, YUNTAOEJBHICTL i MOBa (TIpaBomuc).

. 3a pesyJbTaTaMU PEIeH3YBaHHS CTATTS MOKe OyTU IPUMHSTA A0 OmyOIiKyBaHHS 0e3 Jopo6-
KU, IPUHHATA 3 TOPOOKOI0 abo BigxwuieHa.

. Bigxuieni crarTi moBTOPHO He PEIEeH3YIOTHCS.

. CrarTi MOKYyTh OyTH BigxwuieHi 6es3 pereHsii, SKIIO BOHM OYEBUJHUM UYWHOM HE IMiAXOAATH
I yOsTiKarrii.

. Pepakmia yxBaiioe pillleHHA oo IMyOsikailii, Kepyroouuch MOJITHKOI 30ipHUKAa, 3 ypaxy-
BaHHAM JiI0YOTO 3aKOHOJABCTBA B 00JIACTi aBTOPCHKOTO IIpaBa.

. He momyckaeTrbes mo myouikaiiii indopmaiiisi, SKIO € AOCTATHLO IiJCTAaB yBa’KaTH, II[0 BOHA
€ miarisTom.

3a HagBHOCTH SKWX-HEOyOb KOHGJIIKTIB iHTepeciB (piHaHCOBUX, aKaAeMiyHUX, OCOOMCTHX) BCi

YYacHUKHN IIPOIlecy pelleH3yBaHHS IIOBUHHI cHOBicTUTH IIpo Iie penkosierii. Bei cmipui nuranHa

PO3IJIANAIOThCA Ha 3acifilaHHi pegkoJerii.

IIpuiiaari go omyOJiKyBaHHS CTATTI PO3MIIAIOTbCA Y BiAKPUTOMY HOCTYII Ha caiTi 30ipHUKA;

aBTOPCBHKI ImpaBa 30epiraloThbCs 3a aBTOPaMU.

ETuyHi NpUHIUIN B JiSIbHOCTiI PEeleH3eHTiB

. PerleHseHTH OIIHIOIOTH CTATTi 3a IXHIM BMicTOM, 0E3BiZHOCHO J0 HAIIOHAJILHOCTH, CTATi,
CeKcyasIbHOI opieHTalii, peairilHuX mepeKoHaHb, eTHIYHOI MPUHAJEKHOCTA a00 MOJITUYHUX
IepeKoHaHb aBTOPiB.

. CriBpoGiTHUKY pefakiiii He IMOBUHHI MOBIAOMJIATH SAKYy-HeOyab iH(opMallio mpo crarTi, II[0
HagiAmIM, ocobaM, AKi He € pelleH3eHTaMM, aBTOPaMU, CIiBPOOITHHKaMU pefakiiii Ta Buma-
BHUIITBA.

. PeliensyBanHs moBUHHE OyTH IIpoBegeHO 06’eKTHBHO. IlepcoHasbHA KPUTHUKA aBTOpa HEIPHU-
nyctuMa. PereHseHTu 3000B’A3aHi OOI'PYHTOBYBATHU CBOIO TOUKY 30pPY UiTKO if 06’€KTUBHO.

. PerensyBanusi mornoMarae BUJABIEBi HpuUiiMaTy pillleHHA Ta 3a JOIIOMOIOI0 CIIiBPOOITHUIITBA
3 pelleH3eHTaMU If aBTOPaMU MOJIIIIIINTH CTATTIO.

. Marepianu, orpumani nisa pereHsii, € KOHGIZEHIIHHUME JOKYMEHTaAMH Ta PeleH3YIOThCA
aHOHIMHO.

. PerenseHnT Takoyk 3000B’s3aHUiI 3BepPTATH yBary peJaKTopa Ha icTOTHY ab0 Y4acTKOBY MOZi0-
HiCTb IIpeACTaBJIEHOI CTATTi 3 AKOIO-HEOYIb iHIIOI POGOTOI0, 3 AKOKI PEIeH3eHT Ge3rnocepes-
HBO 3HAHOMUMH.

IIpuHIMIN, AKMMHU NOBHMHHI KePYBAaTHCA aBTOPH HAYKOBUX ITyOJiKaIii

. ABTOpHU craTell MOBMHHI HagaBaTH TOYHUI 3BIT IpPO BUKOHAHY POOOTY i1 00’€KTHUBHE OOr'OBO-
peHHs i 3HAYMMOCTH.

. AsBTopu craTTi DOBMHHI HaJaBaTH MOCTOBipHI pesyJbTaTH IIPOBEAEHOr0 OIJIAAy U aHaxisu
nmocaimxenb. CBioMo mOMUIKOBI a60 chanbcudikoBaHi TBepKeHHA HEIPUUHATHI.

. CraTTss MOBMHHA MICTHUTH IOCTATHIO KiJbKicTh iHGopmariii [jis mepeBipKM Ta IIOBTOPEHHS
eKCIIePUMEHTIB ab0 po3paxyHKiB iHmwumu pociaigankamvu. [Ilaxpaiiceki abo cBimomo Hempas-
IUBi 3afBU IPUPIBHIOIOTHCS O HEETUUHOTO IIOBOAYKEHHS i € HeIIPUHHATHIMU.

. ABTOpDH MOXKYTb HAJaBaTH OPUIIHAJBHI PeryJsapHi # orasamoBi poGoTu. 3a BUKOPUCTAHHS
TeKcToBOI abo rpadiunoi indopmairii, orpumManol 3 pobiT iHmIMX 0cib, 000B’sI3KOBO HEOOXimHi
MOCUJIAaHHS Ha BiAmoBigHi myGiikarii abo mucbMOBHUI [03Bia iXHIX aBTOPIB.

. Ilogaua craTTi OGiABII HijK B OQUH KYPHAJ PO3IIHIOETHCS SK HEETHMYHE IIOBOIMKEHHS i € He-
TPUNHATHOIO.

. ABTOpPCTBO MOBUHHE OyTH O0OME)KEeHe TUMM, XTO BHIC 3HAUHUI BHECOK Yy KOHIIEII[il0, PO3PO0-
Ky, BUKOHAHHA a00 iHTepIpeTalito 3asBI€HOTO JOCTiIKeHHs.

. Ioxepesa (hiHaHCOBOI MiATPUMKY OCTiMKEHHA, IO TYOIiKyeThCS, MOKYTb OyTH 3a3HAUeHi.
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accepted by international scientific community and makes every endeavour to prevent any
infringements of the norms. The Editorial Board follows the guidelines of the Committee on
Publication Ethics (http://publicationethics.org).

Duties of Editors

o All submitted papers are subject to strict peer-review process by reviewers that are experts
in the area of the particular paper.

® The factors, which are taken into account in reviewing process, are relevance, soundness,
significance, originality, readability, and quality of language.

® The possible decisions include acceptance, acceptance with revisions, or rejection.

e If authors are encouraged to revise and resubmit a submission, there is no guarantee that
the revised submission will be accepted.

® Rejected articles will not be re-reviewed.

Articles may be rejected without review, if they are obviously not suitable for publication.

® The paper acceptance is constrained by such legal requirements as shall then be in force
regarding libel, copyright infringement, and plagiarism.
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® The reviewers evaluate manuscripts for their intellectual content without regard to race,
gender, sexual orientation, religious belief, ethnic origin, citizenship, or political philoso-
phy of the authors.

® The staff must not disclose any information about a submitted manuscript to anyone other
than the corresponding author, reviewers, other editorial advisers, and the Publisher, as
appropriate.

® Reviews should be conducted objectively. Personal criticism of the author is inappropriate.
Referees should express their views clearly with supporting arguments.

® Peer review assists the Publisher in making editorial decisions and through the editorial
communications with the experts from the scientific board and the author may assist the
author in improving the paper.

® Manuscripts received for review are treated as confidential documents and are reviewed by
anonymous staff.

® A reviewer should also call to the Publisher's attention any substantial similarity or over-
lap between the manuscript under consideration and any other published paper of which
they have personal knowledge.

Duties of Authors

® Authors of contributions and studies research should present an accurate account of the
work performed as well as an objective discussion of its significance.

® A paper should contain sufficient details and references to permit others to replicate the
work. Fraudulent or knowingly inaccurate statements constitute unethical behaviour and
are unacceptable.

® The authors should ensure that they have written original regular or entirely review
works, if the authors have used the work and/or words of others that this has been obliga-
tory and appropriately cited or quoted.

® Submitting the same manuscript to more than one publication concurrently constitutes
unethical publishing behaviour and is unacceptable.
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It is shown that, in a SmMnO,,; sample cooled in a magnetic field H =0 to
4.2 K, the topological order—disorder phase transition of the spin system
occurs within the framework of the Kosterlitz—Thouless XY-model decou-
pling of pairs of the flat 2D vortices. At the same time, when the sample
is cooled in the field H # 0, the transition of the system of spins to a dis-
ordered state with increasing temperature occurs in the form of dissocia-
tion of pairs of bounded Z, vortices at the same critical temperature
Txr=12 K, which is accompanied by a giant jump in the supermagnetiza-
tion of the sample. The excitation and decay of low-energy bosons in a 1D
metallic Luttinger liquid at temperatures of 0.5 K and 4.2 K during sam-
ple remagnetization in the ZFC and FC measurement modes is also studied.

B pmamiit po6ori mokaszano, mo B 3pasky SmMnO,,s, 0X0JIOJKEeHOMY B Mar-
HetHomy moJyi H =0 go 4,2 K Tomosoriunuii ¢asoBuii mepexin jgag—6esaan
cIiHOBOI cucTeMu BimOyBaeTbcad B pamirax XY-mozenio Kocrepaima—
Taymnecca gucorianii map maackux 2D-BuxopiB. Boamouac 3a 0XO0JOmKeHHA
3paska y moai H # 0 mepexin cucreMu CHiHiB y HeBIOPAAKOBAHUII cTaH i3
OigABUIIEHHSIM TeMIepaTypu BiAOyBaeThbcs y BUIMIAAL [gucOLiAIlii map
3B’A3aHUX Z,-BUXOPiB 3a OAHAKOBOI KpuTuyHoi Temmeparypu Tpr,=12 K,
IO CYOPOBOMKYETHCSA TIraHTCHKUM CTPHUOKOM HaJMAarHETOBAHOCTU 3pasKa.
HocaimxeHo TakoX 30yI:KeHHS Ta PO3MaJ HU3bKOEHEPTEeTUYHUX OO030HIB y
Jlarrinreposiit 1D-meranesiit piguni sa tremmeparyp y 0,5 K Ta 4,2 K ming
yac mepeMmarteryBanHdA 3paska B ZFC- ra FC-pexxumax mMipsauus.

Key words: Kosterlitz—Thouless phase transition, Luttinger liquid, bosons,
topological superconductors.

Karouosi cmoBa: 2D-MatiopaHoBi maacKi 30HM, KBaHTyBaHHsA 3a Jlangay, Z,-

KipaJbHa KBaHTOBA CIIiHOBa pignHa, KaniOpyBaJjibHe II0Jie CIEKTPY CIiHOH-
HUX TIap, TOIOJIOTiUHi HaAIPOBIZHUKMN.
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1. INTRODUCTION

Recently, the Tomonaga—Luttinger liquid model, or simply the Lut-
tinger liquid (LL), has been of great interest. This model describes
well the interaction of electrons or other fermions in a one-
dimensional conductor. Such a model is necessary because the com-
monly used Fermi liquid model loses its applicability in the one-
dimensional case. The LL theory describes low-energy collective ex-
citations in a one-dimensional electron gas as bosons. The Hamilto-
nian for free electrons is split over electrons with opposite (left—
right) directions of motion. Among the physical systems described
by this model, there are: conduction electrons in the mode of frac-
tional or integer quantum Hall effect, 1D chains of half-integer
spins described by the Heisenberg model. The LL theory describes
well the low-energy properties of a wide class of gapless one-
dimensional interacting fermionic systems [1, 2].

The limitation of consideration to low excitation energies is usu-
ally justified by the linearization of the spectrum of physical fermi-
ons around the right and left Fermi points €(k) = vy (tk ky). Within
this approximation, the system can be rigorously described even in
the presence of nonzero interactions between particles. The theory
of interacting fermions is transformed into the theory of non-
interacting bosons, and all correlation functions can be calculated
exactly. It is assumed that in the one-dimensional case, excitations
of many particles in the form of charge and spin density waves,
which obey Bose statistics, mainly replace the elementary excita-
tions of fermions. One of the remarkable features of one-
dimensional conducting systems of fermions in the Luttinger liquid
state is the separation of spins and charges. The Hamiltonian of the
interacting system is divided into two commuting terms, which act
in different Hilbert spaces, describe the charge, and spin degrees of
freedom separately. This unusual state of one-dimensional conduct-
ing systems is completely characterized by the spin and charge den-
sity wave velocities (v, and v,, respectively) and the Luttinger pa-
rameter K, which depends on the magnitude of the interaction be-
tween the particles. For nonzero interactions, these rates differ.
The collective nature of the LL Eigen oscillations and the existence
of separation of spins and charges are clearly manifested in various
dynamic response functions. The structure factors of charge density
S(k, o) and spin S (k, ) =S*+iSY, S**(k, ) measure the linear re-
sponse of a system of particles with momentum £ and energy o to a
perturbation that changes the density of charges and spins in the
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system. For a spin LL, the dynamic structure factor of the charge
density is S(k, ®) < 8(o» — v.|k[), while the dynamic structure factor
of the spin density is S*(k, ®)=1/25" (k, ®) o« 8(» — v k|). The pres-
ence of the d-shaped Dirac peak of these functions reflects the fact
that the charge and spin waves are natural oscillations of the LL;
therefore, each value of the wave number corresponds to certain ex-
citation energy. This result is directly related to the linearization of
the fermion spectrum in the linear LL theory. It should be noted
that, according to this model, charge and spin density waves are
completely decoupled. Far from the Fermi points, the curvature of
the physical spectrum of fermions e(k) cannot be neglected, for ex-
ample, curvature of the fermion spectrum leads to coupling of
charge and spin density waves [3—5].

In Refs. [6, 7], the dynamic response of strongly correlated one-
dimensional Mott insulators with a spectral gap M with a half and a
quarter filling level of the conduction band was considered. It was
found that the dynamic response functions of charges and spins are
very different in these two cases. According to [6], in the limit of
low excitation energies, both systems exhibit spin-charge separa-
tion, which made it possible to accurately calculate their dynamic
spectral function of the charge density and spin A(w, ks + q). It was
found that, in a one-dimensional half-filled Mott dielectric at a
temperature T'=0 K, the excitation and annihilation operators of an
ensemble of left-handed and right-handed fermions separate them
into separate charge and spin fragments as a result of bosonization
in the form of charge and spin density waves. The paper presents a
series of spectral functions Ag(w, kr+ q) calculated for the cases
v,=0.8v,, -4M < q<4M, which clearly shows the existence of two
peaks corresponding to CDW and SDW excitation. Much of the
spectral weight is concentrated in these features, which are a direct
manifestation of the charge-spin separation. The peak feature of the
spectral function with a lower (higher) energy corresponds to a sit-
uation in which all fermions with momentum ¢ participating in the
formation of the collective continuum of excitations are spin
(charge) carriers. It is important to note that both peaks have a
significant width. At low temperatures T < M, the effect of temper-
ature increase on the charge correlation function is small, but the
spin part of the spectral function can change greatly, since there is
no gap in the spinon spectrum. It was found that the spectral func-
tion of a one-dimensional Mott dielectric with a quarter-filling level
does not contain two distinct peak features associated with separate
excitation of charge and spin density waves. In contrast to half-
filling, one can expect the presence of only one asymmetric very
wide dispersed peak in the density of states A(w, kr+ q) located
around k. The formation of low-energy bosons in the form of 1D
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charge/spin density waves in systems of AFM spin chains, caused
by confinement of spinon pairs, has been well studied in [8—14].

As shown in [15—-17], the formation of ultranarrow 2D bands of
Majorana fermions in graphene as a result of Landau quantization
of the spectrum of quasi-particles with the Dirac spectrum of collec-
tive excitations is a possible reason for the appearance of topologi-
cal superconductivity in graphene. In [15], the superconducting
properties of a two-dimensional Dirac material, such as deformed
graphene, which in normal state has a spectrum of free charge car-
riers with a flat energy band. It is shown that in the superconduct-
ing state, the appearance of a flat energy band of carriers caused by
deformation leads to a strong increase in the critical temperature of
superconductivity compared to the case without deformation, an
inhomogeneous order parameter with a two-peak shape of the local
density of states, and a large, almost uniform and isotropic super-
current. According to [16], in systems with a condensed state, when
a quasiparticle 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 quasiparticles,
while the latter is useful as a qubit for topological quantum compu-
ting. Thus, the formation of flat bands of Majorana fermions is a
characteristic 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
crossover of electron pairs characteristic of BCS and Bose—Einstein
condensation of bosons in the form of a bound state of Majorana
fermions (Majorana zero mode) was also studied in topological su-
perconductors.

2. EXPERIMENTAL TECHNIQUE

Samples of self-doped manganites SmMnO;, ;s (6 = 0.1) were obtained
from high-purity oxides of lanthanum, 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 diame-
ter, 1.2 mm thick and sintered in air at a temperature of 1170°C
for 20 h followed by a decrease in temperature from at a rate of
70°C/h. The resulting tablets were is a single-phase ceramic accord-
ing to x-ray data. X-ray studies were carried out with 300 K on
DRON-1.5 diffractometer in radiation NiK,, ... Symmetry and pa-
rameters of the crystal gratings were determined by the position
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and character splitting reflections of the pseudocubic lattice perov-
skite type. Temperature and field dependences of magnetization
were obtained in ZFC- and FC-measurement modes dc magnetization
in the range of fields -5 kOe<H <5 kOe at 4.2 K using a non-
industrial magnetometer.

2. EXPERIMENTAL RESULTS AND DISCUSSION

According to the results of studying the temperature dependences
of the magnetization dc in SmMnO;,s measured in the FC mode [18—
20], in the temperature range 0 < T <20 K, the magnetization con-
tains three contributions: the well-known dominant contribution of
the magnetization of the Z, RVB phase of the gap quantum spin
liquid in the form of a broad magnetization peak with a top near 20
K and weaker additional contributions to the magnetization of the
degenerate state of thermal excitations of the spinon and vortex
pairs in the form of characteristic features of the supermagnetiza-
tion of samples near temperatures T,,,=8 K and Tx, =12 K,
where T,,,, is the average temperature of thermal excitation of the
spinon spectrum in QSL, and T, is the temperature of the topolog-
ical Kosterlitz—Thouless phase transition of the dissociation of 2D
vortex pairs in a superconducting quantum liquid. In the FC meas-
urement mode, the QSL is in a polarized state, which makes it pos-
sible to record weak changes in the magnetization of the samples
induced by thermal excitations of the nonmagnetic (singlet) ground
state of the quantum spin liquid in SmMnO,,s in the region of very
low temperatures.

According to Fig. 1, the excitation of spinons with S=S in a
magnetic field H =100 Oe occurs mainly in the temperature range
6—-10 K in the form of a doublet of two broad almost overlapping
supermagnetization peaks of the samples near the average excita-
tion temperature T,,,,,=8 K, which corresponds to the thermal ex-
citation energy of E,,,,=0.6 meV. At temperatures below 6 K, two
weak magnetization doublets of spinon pairs are observed, with an
excitation energy E,,,,, lower than the low-energy gap A,~ 0.4 meV
in the spinon excitation spectrum existing in the 2D system of
spins between the nonmagnetic singlet spin state in the ground RVB
state of the QSL and the excited magnetic state in the form of spi-
nons. As can be clearly seen from Fig. 1, the doublet excitation of
spinon pairs with S=1/2 occurs in the temperature range that
overlaps with the temperatures of decoupling of pairs of 2D vorti-
ces of the superconducting liquid, which indicates the practical co-
incidence (crossover) of their excitation energies. The decoupling of
vortex—antivortex pairs in a superconducting liquid at temperatures
above Ty, is accompanied by a giant jump in the supermagnetiza-
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Fig. 1. The temperature dependence M(T) of mixed state spin and super-
conducting quantum liquids in SmMnO;,; in FC mode, measured in the
field H =100 Oe in the temperature range 4.2—-20 K. At temperatures
T>T,=Tgr=12 K, a strong jump of the magnetization curve M(T) is ob-
served, caused by a topological phase transition of the dissociation of Z,
vortex—antivortex pairs in a superconducting quantum liquid [spinon pairs
(SP), vortex pairs (VP), free vortices (FV)].

tion of the sample.

The jump in magnetization is explained by the appearance of
plasma of free 2D vortices in the SC of a quantum liquid with the
opposite direction of magnetic moments, which are easily oriented
along the direction of the external magnetic field. Thus, in weak
magnetic fields of = 100 Oe, the thermal excitation energies of pairs
of spinons with S=1/2 and the plasma of 2D electron vortices prac-
tically coincide, which indicates the degeneracy of the ground states
of spin and superconducting quantum liquids. As can be seen from
Fig. 1, the jump in the additional magnetization near the T, is al-
most three times greater than its increase near T,,,,,, which indi-
cates a more significant contribution of the free vortex magnetiza-
tion to the total magnetization of the sample.

Figure 2 clearly show that an increase in the strength of an ex-
ternal magnetic field to the value H =1 kOe leads to significant
changes in the temperature dependences of the M(T) curves near
the critical temperature Ty, of transition into a coherent supercon-
ducting state. First, there is a complete consolidation of two weakly
resolved peaks of doublet excitation of spinon pairs with S=1/2
into a single symmetric sinus-like peak near the average tempera-
ture T,,,, =8 K and a strong broadening of the spinon excitation
spectrum in the temperature range 6—10 K. This result evidences of
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Fig. 2. The temperature dependence M(T) of mixed state spin and super-
conducting quantum liquids in SmMnO,,; in FC mode, measured in the
field H =1 kOe in the temperature range 4.2-20 K. At temperatures
Tyr=12 K, a strong decrease of the jump of supermagnetization is ob-
served [spinon pairs (SP), vortex pairs (VP), free vortices (FV)].

the existence of ‘gigantic’ fluctuations arising in the ground state
of QSL, which leads to smearing of the spectrum of low-energy spi-
non excitations. Secondly, the growth of the external magnetic field
leads to a strong decrease of the jump of supermagnetization near
the critical temperature T,p,= Txr= 12 K of the 2D vortex pairs’ dis-
sociation, while the intensity of spinon pair excitation near T,,,,=
~ 8 K is practically unchanged. This indicates that the QSL is much
more stable to the action of an external magnetic field compared to
the coherent SC state. Further destruction of the coherent SC state
in the superconducting composite occurs in the magnetic field
H = 3.5 kOe (Fig. 3).

This manifests itself in the almost complete suppression of the
‘gigantic’ jump in supermagnetization near Ty, =12 K. Only a weak
jump in the temperature dependence of magnetization is observed
near Ty, separating the phase with new quantum spinon oscilla-
tions and the phase with a low density of bonded vortex-antivortex
pairs. A distinctive feature of the temperature dependences of the
supermagnetization M(T), obtained with increasing external mag-
netic field up to 3.5 kOe, is the appearance of clearly pronounced
stepped oscillations of the spinon gas magnetization. As is clearly
shown in Fig. 3, a characteristic feature of the supermagnetization
oscillating in the temperature range of 4.2-9 K is the appearance of
periodic threshold features of width AE = (0.08-0.15 meV with char-
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Fig. 3. The temperature dependence M(T) of mixed state spin and super-
conducting quantum liquids in SmMnO,,; in FC mode, measured in the
field H =3.5 kOe in the temperature range 4.2—-20 K. At temperatures
Tyxr=12 K, a further destruction of the coherent SC state in the supercon-
ducting composite is observed [spinon pairs (SP), vortex pairs (VP), free
vortices (FV)].

acteristic narrow plateaus in the temperature dependence of the
sample magnetization in Landau bands with n=1, n=2, and n=3.
With increasing T, the height of thresholds and width of steps
(plateaus) grow. New quantum oscillations of temperature depend-
ences of the ‘supermagnetization’ of 2D spinon gas in the form of
three narrow steps (plateaus) correspond to an integer filling of
three finite gap Landau levels with spinons in a strong external
magnetic field. Thus, even a relatively small increase in the
strength of the external magnetic field led to the almost complete
destruction of the coherent SC state and the transition from a con-
tinuous spinon excitation spectrum of the QSL to a discrete one.
Note the significant difference in the evolution of the Landau quan-
tization of the spectrum of spinon pairs in SmMnO;;; and
La,y 5Sm, ssMnQO,,; with an increase in the strength of the external
magnetic field.

In this work, the excitation and decay of low-energy bosons in
SmMnO,,; at temperatures of 0.5 K and 4.2 K during sample re-
magnetization in the ZFC and FC measurement mode was also stud-
ied. Figure 4 shows the field dependences M(H) of the magnetiza-
tion of SmMnO,,; at T=0.6 K in the ZFC measurement mode in the
form of magnetization isotherms—1 and remagnetization—2. As
can be seen from the figure, two peak features are formed during
sample magnetization M(H) of equal intensity near H,=-300 Oe
and H, =0 in the interval of magnetic fields +600 Oe, which are
characteristic of the excitation of decoupled 1D charge and spin
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Fig. 4. Isotherms of magnetization—1 and remagnetization—2 of the sam-
ple SmMnOs,; in ZFC mode in the range of magnetic fields £600 Oe at
temperature T =0.6 K. Two-peak features are formed during sample mag-
netization M(H) of equal intensity near H;=-300 Oe and H,=0, which
are characteristic of the excitation of decoupled 1D charge and spin densi-
ty waves in a Luttinger liquid.

density waves in a Luttinger liquid [2].

It should be noted that, according to the experimental results ob-
tained in this work, in magnetization isotherm 1 at a sample tem-
perature of 0.6 K, decoupled charge and spin density waves are
formed, which are characteristic of the excitation of a 1D metallic
Luttinger liquid. While in remagnetization isotherm 2 near zero
magnetic field, a coupled 1D CDW /SDW appears in the form a wide
magnetization trough M(H). This unusual state is similar to the
excitation of two coupled 1D Majorana zero modes—characteristic
of collective excitations of topological superconductors. The excita-
tion of such collective 1D states in an external magnetic field was
observed earlier in systems weakly coupled by the exchange of Hei-
senberg and Ising AFM spin chains with different configurations
and degrees of anisotropy [8—14].

According to these works, even a weak increase in the transverse
component of the external magnetic field can lead to further con-
finement of spinon pairs, which is accompanied by the appearance
of gapless modes of natural longitudinal oscillations of the system
of spin chains. As can be seen in Fig. 5, a slight increase in the
temperature of SmMnO;,; to 4.2 K led to a dramatic change in the
magnetization reversal isotherms of the sample. There was a split-
ting of the peak features of the supermagnetization M(H) on iso-
therm I near the critical values of the external magnetic field
strength H, and H,, which we associate with the excitation of
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Fig. 5. Isotherms of magnetization—1 and remagnetization—2 of the sam-
ple SmMnO,,; in ZFC mode in the range of magnetic fields £600 Oe at
temperature T =4.2 K. A splitting of the peak features of the supermag-
netization M(H) on isotherm I near the critical values of the external
magnetic field strength H; =-300 Oe and H,= 0, associated with the exci-
tation of fragments of decoupled charge and spin density waves with dif-
ferent wave vectors q; and q,.

fragments of decoupled charge and spin density waves with differ-
ent wave vectors q; and q, parallel to the a and b axes of the crystal
lattice. At the same time, the splitting of a wide magnetization
trough M(H) near zero field at T=0.6 K completely disappeared
with increasing temperature, which can be explained by the
strengthening of the coupling of two 1D Majorana modes and a
strong increase in charge/spin fluctuations. According to Fig. 6,
during the remagnetization of the SmMnO; ;s sample at 4.2 K in the
FC mode, the field dependences M(H) of the magnetization practi-
cally coincide with the measured dependences of the magnetization
at T=0.6 K in the ZFC mode. This indicates a higher stability of
low-energy boson excitations in this measurement mode.

It is known that in two-dimensional (2D) systems at all tempera-
tures spontaneous ordering with the appearance of a conventional
long-range order is impossible. Studies of critical behaviour within
the framework of the classical two-dimensional XY model have
shown that at sufficiently low temperatures, a phase with new
properties arises in a 2D system, in which there is no conventional
long-range order. A number of theories predict a low-temperature
region, which is characterized as a phase of critical points with con-
tinuously changing critical indices. Within this phase, the correla-
tion functions of the order parameter decrease at large distances
according to power laws, while at temperatures above the critical
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Fig. 6. Isotherms of magnetization—1 and remagnetization—2 of the sam-
ple SmMnO;,; in FC mode in the range of magnetic fields +600 Oe at tem-
perature T =4.2 K. Two-peak features are formed during sample magneti-
zation M(H) near H, =-300 Oe and H,= 0 with different intensity, which
are characteristic of the excitation of decoupled 1D charge and spin densi-
ty waves in a Luttinger liquid.

value, the correlations decay exponentially. Kosterlitz and Thouless
predicted a new phase transition order—disorder type in a two-
dimensional lattice of spins, which is characterized by the estab-
lishment of a topological long-range order in a flat system [22—-24].

According to the XY Kosterlitz—Thouless model, the decoupling
of 2D vortex pairs is accompanied by a cusp-shaped drop in the two-
dimensional density of neutral superfluid liquids or the critical cur-
rent density in two-dimensional networks of Josephson weak links.
Previously, we discovered in SmMnQO;,5 a cusp-shaped feature of the
magnetization curves M(T) in the ZFC measurement mode near the
critical temperature of the Kosterlitz—Thouless transition of the
sample to the coherent superconducting state Tx;=T.= 12 K, which
is characteristic of the dissociation of 2D vortex pairs (Fig. 7). In a
narrow range of low temperatures 8 K<T <12 K, a plateau was
found in the temperature dependence of the dc magnetization of the
sample, while in the higher temperature range 12 K< T <16 K, the
magnetization decreases exponentially. This result differs signifi-
cantly from the behaviour of the magnetization M(T) near Ty,
measured in SmMnQO;, 5 in FC mode (Fig. 1).

In Ref. [25], the nature of the Kosterlitz—Thouless phase transi-
tion has been studied within the framework of the Heisenberg mod-
el with the exchange integral . The model is based on the concept
of a topologically stable point defect—the Z, vortex. Unlike an or-



244 F. M. BUKHANKO

E, meV

0.3 0.6 0.9 12 15
0.040 } } } } ; } }

0.035 ? -
VP : FV

0.030 | T -

0.025 F h‘A ‘ |
fhk. . )

0‘020 1 1 1 II I 1 1
4 6 8 10 12 14 16 18 20

T, K

M, emu/g

Fig. 7. A cusp-shaped feature of the magnetization curves M(T) in SmM-
n0,,5 in the ZFC measurement mode near the critical temperature of the
Kosterlitz—Thouless transition of the sample to the coherent superconduct-
ing state Txr=T,= 12 K, which is characteristic of the dissociation of 2D
vortex pairs [vortex pairs (VP), free vortices (FV)].

dinary 2D vortex, which is considered in the two-dimensional XY
model, Z, vortices are characterized by a topological quantum num-
ber. Just like ordinary vortices, Z, vortices at low temperatures ex-
ist in the form of a bound pair and begin to dissociate at a certain
critical temperature, which corresponds to the Kosterlitz—Thouless
phase transition. In contrast to the XY model, in this model the
spin waves destroy the spin order in such a way that the spin corre-
lation decreases exponentially even in the low-temperature phase.
Therefore, the Kosterlitz—Thouless-like phase transition occurs be-
tween two phases with exponential decay of spin correlations.

The authors found that the ‘order parameter’, which characteriz-
es the low-temperature and high-temperature phases, could be in-
troduced through the vorticity function of the system of spins,
which has the structure of a Wilson loop in the gauge theory. At
low temperatures, Z, vortices exist only as strongly coupled pairs of
vortices. At temperatures above Ty;, one can expect spontaneous
generation of free Z, vortices. The same transition was proposed by
Kosterlitz—Thouless for ordinary 2D vortices within the framework
of the XY model. The question arises as to which physical parame-
ter makes it possible to qualitatively distinguish between the low-
temperature and high-temperature Z, phases. Such a parameter is
the vorticity function V[C] on the contour C, whose thermal averag-
ing over the contour C is the topological order parameter
Ve=(ViC]), where R is the perimeter of the contour. The tempera-
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ture dependence of the heat capacity exhibits a sharp peak near the
temperature T/J=0.3, which corresponds to the critical tempera-
ture of the Kosterlitz—Thouless topological phase transition decou-
pling Z, of vortex pairs. The temperature dependence of the density
of elementary Z, vortices n,(T) exhibits a sharp decrease in n, with
decreasing temperature near the maximum heat capacity. A simula-
tion of the Z, distribution of vortex pairs in the lattice plane at
temperatures below and above the Ty, is given. As expected, at low
temperatures, Z, vortices are tightly coupled vortex pairs. As the
temperature rises, both the number Z, of vortex pairs and the sepa-
ration between the vortices forming a pair increase. At T/J=0.32,
pairs of vortices appear with a separation much greater than the
period of the crystal lattice, which confirms the mechanism of de-
coupling of vortex pairs during the Kosterlitz—Thouless transition.
It should be noted that there is a tendency for the formation of
clusters from N >2 vortex pairs. At T/J=0.34, the density of ele-
mentary Z, vortices n,(7T) increases strongly. Z, vortex in this mod-
el can be considered as a vortex formed by chirality vectors.

4. CONCLUSION

In this paper, it is shown that in a SmMnO;,; sample cooled in a
magnetic field H=0 to 4.2 K (ZFC mode), the topological order—
disorder phase transition of the spin system occurs within the
framework of the XY Kosterlitz—Thouless model: decoupling of
pairs of the flat 2D vortices, which is accompanied by cusp-like
drop in the two-dimensional density of neutral superfluid liquid or
the critical current density in two-dimensional networks of Joseph-
son weak links. At the same time, when the sample is cooled in the
field H #0 (FC mode), the transition of the system of spins to a
disordered state with increasing temperature occurs in the form of
dissociation of pairs of bounded Z, vortices at the same critical
temperature Tx,=12 K, which is accompanied by a giant jump in
the supermagnetization of the sample.

REFERENCES

1. F. D. M. Haldane, Phys. Rev. Lett. 47, 1840 (1981);
https://doi.org/10.1103/PhysRevLett.47.1840

2. T. L. Schmidt, A. Imambekov, and L. I. Glazman, Phys. Rev. B, 82: 245104
(2010); https://doi.org/10.48550/arXiv.1009.4708

3. S. Brazovskii, F. Matveenko, and P. Nozieres, JETP Letters, 58: 796
(1993); doi: 10.1051/jp1:1994161

4. T. Vekua, S. I. Matveenko, and G. V. Shlyapnikov, JETP Letters, 90: 289
(2009); https://doi.org/10.1134/S0021364009160139


https://doi.org/10.1103/PhysRevLett.47.1840
https://doi.org/10.48550/arXiv.1009.4708
doi:%2010.1051/jp1:1994161
https://doi.org/10.1134/S0021364009160139

246

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

F. M. BUKHANKO

M. Rizzi, M. Polini, M. A. Cazalilla, M. R. Bakhtiari, M. P. Tosi, and R. Fazio,
Phys. Rev. B, 77: 245105 (2008); https://doi.org/10.1103 /PhysRevB.77.245105
Fabian H. L. Essler and Alexei M. Tsvelik, Ann. Henri Poincaré, 4, Suppl. 2:
S589 (2003); doi:10.1007/s00023-003-0945-7

D. Controzzi and F. H. L. Essler, Phys. Rev. B, 66: 165112 (2002);
https://doi.org/10.1103/PhysRevB.66.165112

W. J. Gannon, I. A. Zaliznyak, L. S. Wu, A. E. Feiguin, A. M. Tsvelik,

F. Demmel, Y. Qiu, J. R. D. Copley, M. S. Kim, and M. C. Aronson, Nature
Communications, 10: 1123 (2019); https://doi.org/10.1038/s41467-019-08715-y
Bella Lake, Alexei M. Tsvelik, Susanne Notbohm, D. Alan Tennant, To-

by G. Perring, Manfred Reehuis, Chinnathambi Sekar, Gernot Krabbes, and
Bernd Biichner, Nature Physics, 6: 50 (2010); doi:10.1038/nphys1462

Zhe Wang, M. Schmidt, A. K. Bera, A. T. M. N. Islam, B. Lake, A. Loidl,
and J. Deisenhofer, Phys. Rev. B, 91: 140404 (R) (2015);
https://doi.org/10.1103/PhysRevB.91.140404

B. Grenier, S. Petit, V. Simonet, E. Canevet, L.-P. Regnault, S. Raymond,
B. Canals, C. Berthier, and P. Lejay, Phys. Rev. Lett., 114: 017201 (2015);
https://doi.org/10.1103/PhysRevLett.114.017201

M. Matsuda, H. Onishi, A. Okutani, J. Ma, H. Agrawal, T. Hong, D. M. Pajerowski,
J. R. D. Copley, K. Okunishi, M. Mori, S. Kimura, and M. Hagiwara, Phys. Rev.
B, 96: 024439 (2017); https://doi.org/10.1103/PhysRevB.96.024439

Q. Faure, S. Takayoshi, S. Petit, V. Simonet, S. Raymond, L.-P. Regnault,
M. Boehm, J. S. White, M. Mensson, C. Reegg, P. Lejay, B. Canals,

T. Lorenz, S. C. Furuya, T. Giamarchi, and B. Grenier, Nature Physics, 14:
716 (2018); https://doi.org/10.1038/s41567-018-0126-8

A. K. Bera, B. Lake, F. H. L. Essler, L. Vanderstraeten, C. Hubig, U. Schollwéck,
A.T.M.N. Islam, A. Schneidewind, and D. L. Quintero-Castro, Phys. Rev. B,
96: 054423 (2017); https://doi.org/10.1103/PhysRevB.96.054423

V. J. Kauppila, F. Aikebaier, and T. T. Heikkild, Phys. Rev. B, 93: 214505
(2016); https://doi.org/10.1103/PhysRevB.93.214505

M. Sato and Y. Ando, Rep. Prog. Phys., 80: 076501 (2017);
https://doi.org/10.1088/1361-6633/aabac?

L. Balents, C. R. Dean, D. K. Efetov, and A. F. Young, Nature Physics, 16:
725 (2020); https://doi.org/10.1038/s41567-020-0906-9

F. N. Bukhanko and A. F. Bukhanko, Nanosistemi, Nanomateriali, Nano-
tehnologii, 16, Iss. 2: 271 (2018); https://doi.org/10.15407/nnn.16.02.271

F. N. Bukhanko and A. F. Bukhanko, Fizika Nizkikh Temperatur, 47: 1021
(2021); do0i:10.1063/10.0006569

F. N. Bukhanko and A. F. Bukhanko, Fizika Tverdogo Tela, 64: 181 (2022);
do0i:10.21883/FTT.2022.02.51928.142

F. N. Bukhanko and A. F. Bukhanko, Journal of Technical Physics, 61:
1531 (2016); https://doi.org/10.1134/S1063784216100091

J. M. Kosterlitz and D. J. Thouless, J. Phys. C, 5: L124 (1972);
https://doi.org/10.1088,/0022-3719/5/11/002

J. M. Kosterlitz and D. J. Thouless, J. Phys. C, 6: 1181 (1973);
https://doi.org/10.1088,/0022-3719/6/7/010

J. M. Kosterlitz, J. Phys. C, 7: 1046 (1974); https://doi.org/10.1088/0022-
3719/7/6/005

H. Kawamura and S. Miyashita, J. Phys. Soc. Jap., 53: 4138 (1984);
https://doi.org/10.1143/JPSJ.53.4138


https://doi.org/10.1103/PhysRevB.77.245105
doi:10.1007/s00023-003-0945-7
https://doi.org/10.1103/PhysRevB.66.165112
https://doi.org/10.1038/s41467-019-08715-y
doi:10.1038/nphys1462
https://doi.org/10.1103/PhysRevB.91.140404
https://doi.org/10.1103/PhysRevLett.114.017201
https://doi.org/10.1103/PhysRevB.96.024439
https://doi.org/10.1038/s41567-018-0126-8
https://doi.org/10.1103/PhysRevB.96.054423
https://doi.org/10.1103/PhysRevB.93.214505
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1038/s41567-020-0906-9
https://doi.org/10.15407/nnn.16.02.271
doi:10.1063/10.0006569
doi:10.21883/FTT.2022.02.51928.142
https://doi.org/10.1134/S1063784216100091
https://doi.org/10.1088/0022-3719/5/11/002
https://doi.org/10.1088/0022-3719/6/7/010
https://doi.org/10.1088/0022-3719/7/6/005
https://doi.org/10.1088/0022-3719/7/6/005
https://doi.org/10.1143/JPSJ.53.4138

Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2023 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2023, 1. 21, Ne 2, cc. 247-252 HaznpykoBaHo B YKpaiHi.

PACS numbers: 07.05.Hd, 75.50.Gg, 81.07.0j, 84.40.Az, 85.70.Ge, 85.85.+j

Numerical Study of Passive Irregular Hexagonal Circulator
with Coplanar Topology in the Band 7—10 GHz

A. Bahloul and A. Boualleg

Laboratory of Telecommunications,

Department of Electronics and Telecommunication,
Faculty of Science and Technology,

University of 8 May 1945,

24000-BP 401 Guelma, Algeria

This paper presents a new design of an irregular hexagonal circulator
with coplanar topology. The proposed coplanar circulator has an irregular
hexagonal central conductor operating at the low frequency of 7-10 GHz.
Yttrium iron garnet (YIG) is used in this circulator as the magnetic mate-
rial that confer the nonreciprocity. This structure is analysed by high-
frequency structure simulator (HFSS), which is based on finite-element
method, to check all nonreciprocal transmission characteristics at the op-
erating frequency. The results obtained show a good agreement with those
developed in the literature.

Y poboTi mpencTaBIeHO HOBY KOHCTPYKIIiI0 HEPEI'YJISPHOI'O IIECTUKYTHHOTO
MUPKYJASATOPAa 3 KOMILTIAHAPHOIO TOIIOJIOTi€l0. 3alpOIIOHOBAHNII KOMILIAHAP-
HUU LIUPKYJATOP Ma€ HENPABUJILHUU IIeCTUKYTHIM IeHTpaJbHUU HIpPOBif-
HUK, III0 OpaIioe Ha HU3bKi#M uactori y 7—10 I'T'm. 3amisoiTpifioBuit rpanar
(YIG) BUKODUCTOBYETHCS B IILOMY IMPKYJATOPi AK MarHeTHUH MaTepis,
AKUYU Hajmae HeB3aeMHicTh. I[a cTpyKTypa aHaNiByeTbCA CUMYJIATOPOM BU-
cokouacToTHOi cTpyKTypu (HFSS), akwuii 6a3yeThcsa HA METOAi CKiHUEHHUX
eJIEMEeHTiB, IJAd IIepeBipKM BCiX HEB3a€EMHHX XapaKTepPUCTUK Ilepeaadvi Ha
pob6ouiit uactoTi. Omep:kaHi pe3yabTaTH MOKA3yIOTh XOPOIIHWM 30ir 3 po3po-
OJleHUMM B JiTepaTypi.

Key words: circulator, S-parameters, yttrium iron garnet, nonreciprocity,
waveguide, hexagonal structure.
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1. INTRODUCTION

The electromagnetic properties of magnetic materials are important
for microwave passive component design. Isolators and circulators,
which are nonreciprocal passive components, usually contain bulk
ferrites [1]. This passive component known since the fifties is al-
ways subject of researches for the improvement of their perfor-
mances and their miniaturization. These performances are charac-
terized by the insertion loss, the isolation, the reflection and the
length of the bandwidth. As a coplanar transmission line, coplanar
waveguide (CPW) offers several attractive features; it is very suit-
able for microwave and millimetre wave components [2].

In the sixties, Bosma introduced the strip-line junction circulator
[3, 4] and described the geometric and magnetic conditions for the
good operation of this device.

In 1969, Wen [5] proposed the coplanar waveguide structure
(CPW); Ogasawara and Koshiji [6] confirm that the design of the
circulator with CPW structure give a good response at certain fre-
quency. Other authors have studied the circulators for all models of
microstrip [6] forms, strip-line [7] and coplanar [8, 9].

The planar junction circulator using an irregular hexagonal reso-
nator has been proposed and studied by Helszajn [10] using a mi-
crostrip topology.

The purpose of this study is to propose and study numerically
with the Ansoft HFSS (high-frequency structure simulator) the ir-
regular hexagonal circulator with CPW topology operating at a
band with a good performance.

2. DESIGN OF CIRCULATOR WITH CPW STRUCTURE
The design of our coplanar circulator having the hexagonal central

conductor is based on the theory magnetic and geometric structure
of Bosma [3] and Helszajn [10, 11] as shown in Fig. 1.

3. GEOMETRIC AND MAGNETIC RULES BY BOSMA

From the theoretical results obtained by Bosma [3], the circulation
condition is defined by the following relations:

E _ Xu H, 1
= , (1)
A 2ne \H, +4nM,
1 TK
v = /p (2)

B1safu, e
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Port3 (Isolated)
Port2 (Output)

2>/ Nz /)
e \ p S R Circulation direction

Magneticwal: Bosma model

Portl (Input)

Fig. 1. Physical variables of irregular hexagonal circulator.

where R is the radius of the central disc conductor in the model by
Bosma [3], v is a strip-line width angle, € is the permittivity, y,; is
the Bessel’s solution of the first resonance mode of the ferrite
disks, p. is the effective permeability of ferrite, and p, k are the
polder tensor elements of ferrite materials.

It is possible to determine the strip-line conductor width W as a
function of the strip-line width angle v and the circumscribed radi-
us of an irregular hexagonal one R as follows [9]:

W = 2Rcos(a) tan v . 3)

In the proposed device, the central conductor has been modified
from a circular shape to an irregular hexagon shape as shown in
Fig. 1. The sides A4,, A, of the irregular hexagon can be calculated
using the following equations [9]:

A, = 2Rsin(a), (4)
A, = 2Rsin(B), (5)

where o, [ are the shape angles of a hexagon, where B = 60° — a.
The internal bias filed in layer of the ferrite is given by

Hi=H0+Ha_N2Ms’ (6)

where H, is the external field, M, is the saturation magnetization,
N, is the demagnetizing factor (N,=1 for a thin film), and H, is the
anisotropy field. For self-biased film circulator, it is reasonable that
H,=0 and N, =1; then,
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H=H -M.. (7

i a s

4. CIRCULATOR STRUCTURE

The circulator with a coplanar waveguide (CPW) proposed in this
paper is shown in Fig. 2. The central part of our device has a hex-
agonal irregular pattern. This Y-junction circulator has three ac-
cesses oriented at 120° relative to each other.

The circulator is made with a thin YIG-ferrite film to confirm
the nonreciprocal operation; its thickness is of around 100 pm (Fig.
4). This magnetic thin film is deposited over a 635 pum thick dielec-
tric alumina (Al,O;) substrate, and the inferior ground of the irreg-
ular hexagonal is located between the ferrite and the dielectric sub-
strate. Finally, signal line and ground plane are placed in an identi-
cal plan with a small slot (G;) between line and GND as shown in
Fig. 3.

The metallization of 1 um thickness is made of a copper, which
has a relative permeability ©u=0.9999991 and a conductivity
c=>58.106 S/m.

The magnetic characteristics of the thin YIG films are: the rela-
tive permittivity &, = 15.3, the dielectric loss tangent tand = 107, the

Fig. 2. Top view of CPW hexagonal circulator.

[ GND

B Signal line
Yig

1 Substrat

Fig. 3. Cross sectional view AB of CPW hexagonal circulator.
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Fig. 4. Evolution of S-parameters of irregular hexagonal circulator with
100-um YIG ferrite.

saturation magnetization M,=1.780 T, the ferromagnetic resonance
line width AH =100 Oe at a frequency of 10 GHz, and the internal
magnetic bias filed H;=557000 A/m has been applied in a perpen-
dicular direction to the YIG ferrite.

5. SIMULATION AND DISCUSSION

The simulated S-parameters of the circulator are shown in Fig. 4.
The nonreciprocal transmission characteristics are found at 10.2
GHz, with insertion loss S, of —0.85 dB, the isolation S;; is of
-29.46 dB, and the return loss is of about -22.33 dB.

The optimal dimensions corresponding to the obtained results of
the circulator are: W =450 um (the width of the signal line), G, = 50
pm (the spacing between the signal line and ground plane), G, =20
pm (the distance between the ground plane and the central conduc-
tor), and A,, A, are the sides of the hexagonal conductor, which are
equal to 1032 ym and 2827 pum, respectively. With these dimen-
sions, the characteristic impedance is equal to 46 Q.

6. CONCLUSION

In this work, the structure of irregular hexagonal circulator with
coplanar topology is proposed and studied numerically with the An-
soft HFSS. All the geometric parameters of this circulator can af-
fect directly on the transmission characteristics and the operating
frequency. After the optimization of our circulator, the best per-
formance is obtained around a frequency of 10 GHz with 100 um of
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ferrite thickness.

The result appears that we are enhanced the irregular hexagonal
circulator to function at a low-frequency band of 7-10 GHz with
miniature simple topology and supernonreciprocal transmission
characteristics.
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The temperature behaviour of the EPR spectrum of polycrystalline ZnSe,
which is characteristic of bivalent Jahn—Teller copper ions Cu'’, is stud-
ied. The temperature dependence of the EPR spectra shows a decrease in
the EPR-spectrum linewidth from 300 K to 120 K, but, at a temperature
below 120 K, the EPR lines are broaden. This broadening can be associat-
ed with the transition of the bivalent ion Cu™ to the univalent state.

Bupueno TemmnepatypHy moBefiHKy cuexTpy EIIP moaikpucraniumoro ZnSe,
XapakTepHy s ABoBajeHTHuX HoHiB Kympymy Cu't fIma—Temnepa. Tem-
neparypHa 3aje:kHicTh creKTpiB EIIP mokasye 3MeHINIEHHS ITUPUHU JiHIL
EIIP-cuexTpy Big 300 K 1o 120 K, ane 3a temmeparypu mmxue 120 K mimii
EIIP posmupmonThca. Ile posmupeHHa MoxKke GYTH IIOB sg3aHe 3 IIepPexXOom0M
nBoBasieHTHOro ona Cu't y ogHoBaseHTHHUII cTaH.

Key words: EPR in polycrystalline ZnSe, Jahn—Teller effect, ions Cu',
magnetic phase transitions, tetragonally distorted octahedrons.

Karouori ciora: EIIP B momikpucramax ZnSe, edbext duma—-Tennepa, iionu
Cu'*, marmeTHi (pa30Bi mepexosu, TeTPAroHAIbHO CIOTBOPEHI OKTaeApH.
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1. INTRODUCTION

In recent years, the role of oxygen and the influence of the sample
surface on the optical properties of A;By; crystals, including the
luminescence processes observed in these materials, have been in-
tensively studied [1-10]. This is because the long-wavelength emis-
sion bands observed in these crystals are impurity-defect lumines-
cence spectra, the study of the properties of which is necessary for

253
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modern optoelectronics operating in the blue-green and red regions
of the spectrum [1, 4]. In Refs. [6—10], where photoluminescence
has been studied from a polished and unpolished sample surface (in
both cases, in the same sample, there is the same excitation); some
difference has been observed in the spectra, and it was considered
that this difference is due to the uneven distribution of background
impurities (they can be called uncontrolled impurities) over the
depths of the sample. The temperature behaviour of the intensity of
the green band under UV excitation (325 nm), observed from the
polished and unpolished sample surfaces in the temperature range
of 80-180 K, is different, and a similar behaviour has been ob-
served upon excitation by x-rays, where the quantum energy is of
12 keV [6, 8]. The authors of Refs. [4, 11] assume that the yellow—
green luminescence of polycrystalline CVD ZnSe is due to the tran-
sition of electrons from a shallow donor to an associative acceptor
centre, which includes O and Cu background impurities {Cu'O(Se)}.
For volume and charge compensation of the isoelectronic acceptor
OSe, the incorporation of Cu ensures the formation of a stable com-
plex {Cu,, —Cu*O(Se)} called an associative acceptor centre, i.e., it is
assumed that Cu can be in two charge states in the sample under
study. As also known, the yellow—green luminescence is associated
with Cu™ (3d®) ions, and the red one is associated with Cu*(3d"?).

The change in the concentration of copper ions as a function of
temperature in the polycrystalline CVD ZnSe sample under study is
very important for investigating the intensity of the observed lumi-
nescence in the blue—green and red regions of the spectrum. There-
fore, in this paper, we want to study the temperature behaviour of
the EPR spectrum, since Cu’" (3d°) ions have unpaired electrons,
i.e., must have paramagnetic properties.

2. METHODS AND EXPERIMENTS

Polycrystalline ZnSe samples with the thicknesses of 3 mm were ob-
tained with a chemical-vapour deposition method (CVD). In the CVD
method, the crystal growth from the vapour phase occurs at a lower
temperature compared to the melting technology, which helps to
reduce the concentration of bulk defects, and reduces the contami-
nation of the growing crystal with the ampoule material. Concen-
tration of background impurities for the polycrystalline CVD ZnSe
sample under study was determined by two methods: atomic emis-
sion spectroscopy and laser mass spectrometry. The total impurity
content is of <10'%-10'" cm™ (= 10'® cm™® of Cu). Oxygen concentra-
tion is controlled by chemical gas chromatographic analysis and is
of =10%-10% cm™.

In the given paper, the study of the EPR spectra of polycrystal-
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line CVD ZnSe in the temperature range of 108-300 K was carried
out with an Elexsys 580 spectrometer (manufactured by Bruker),
operating at a frequency of 9.4348 GHz (x-band) with a magnetic
field modulation frequency of 100 kHz. The sensitivity of the de-
vice is of 1.2-10° spin/g. The first derivative of the EPR absorption
line was recorded in the temperature range of 108-300 K. The
number of paramagnetic electrons was calculated from a comparison
of the EPR spectra of the test and reference samples (T =300 K)
and has a value of the order of = 3-10'".

The diffraction pattern of the CVD ZnSe sample was taken using
a Miniflex 600 x-ray diffractometer (XRD). To study the morpholo-
gy and microcomposition of the sample surface, a Japanese-made
scanning electron microscope JEOL JSM6610-LV was used.

3. X-RAY STRUCTURAL ANALYSIS AND OPTICAL
MICROSCOPY

The diffraction pattern of the ZnSe sample obtained by chemical
vapour deposition is shown in Fig. 1. According to the results of x-
ray phase analysis of the studied sample, zinc selenide is polycrys-
talline, and analysis of the x-ray reflection intensity shows the
presence of a predominant direction in the crystal, as well as the
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Fig. 1. X-ray diffraction in CVD ZnSe.
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Element wt. % at.%
ZnK 44.08 48.78

SeL ~55.92 51.22

100 mkm

ZnKm | SKm

Fig. 2. X-ray microanalysis and micrographs of the CVD ZnSe crystal surface.

fact that the sample consists of single phase, i.e., cubic phase with
sphalerite structure (space group F43m (T,?), face-centred cubic lat-
tice), with lattice parameter a,=5.667 A. The data obtained corre-
spond to the previously known results [12]. Quantitative x-ray mi-
croanalysis determines the phase composition and the distribution
of chemical elements on the sample surface under study (Fig. 2).

Analysis of the obtained results shows the surface homogeneity,
but with a change in stoichiometry within the ZnSe homogeneity
region towards an excess of selenium (Fig. 2) [6].

4. EPR STUDIES: RESULTS AND DISCUSSIONS

The observed EPR spectra are characteristic of bivalent Jahn—Teller
copper ions Cu™" (Fig. 3). This conclusion is made from the determi-
nation of the g-factors and the observation of hyperfine splitting
due to the interaction with the copper own magnetic core.

The absorbed energy is proportional to the total number of un-
paired electrons in the sample under study. The resonance linewidth
AH was determined as the distance between the values of the mag-
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netic field, at which the first derivative of the absorption line
reaches its minimum and maximum values. The temperature de-
pendence of the linewidth of the central component of the EPR
spectrum is shown in Table.

As can be seen (Fig. 3) at room temperature (T = 300 K), the ani-
sotropy of the g-tensor and the anisotropy of the A-tensor are ab-
sent, and the anisotropy is observed at T =140 K. To estimate the
anisotropy of the g-tensor and the anisotropy of the A-tensor (hyper-
fine interaction tensor), calculations were carried out in the package
[13]. It is obtained that g=2.5, g =2.12 and A;=0.08 cm™,
A, <0.005 cm™ and, with decreasing temperature to 108 K, the ani-
sotropy of the g-tensor does not change. The calculated EPR spec-
trum at T=140 K is shown in Fig. 3 by a dotted line. g/>g,> g,
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Fig. 3. Temperature dependence of the EPR spectrum of polycrystalline
ZnSe.

TABLE. Temperature dependence of the linewidth AH of the central com-
ponent of the EPR spectrum.

Temperature, K Linewidth, G
300 560
140 350
120 290

108 390
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where g,=2.0023 is g-factor for free electron. Consequently, from the
values of g and the shape of the EPR spectra, it can be concluded
that the ground state of Cu™ ions is the d,. . orbital, and Cu™ ions
are located in tetragonally distorted octahedral positions [14, 15].
The ratio (g;—g.)/(g.—&.), which determines the position of the un-
paired electron of the Cu™ ion, also confirms that the ground state
for Cu"™ ions is d,. . (state 2B1g) [15, 16].

It can be suggested that, as a result of the interaction of Cu ions
with oxygen ligands, an oxygen octahedron is formed, which is elon-
gated in a distorted tetragonal order with elongation per molecule in
the direction of the Z-axis. The ratio gj/A; determines the degree of
this distortion [16]. In our case, the ratio gj/4, is equal to =30 and is
quite small compared to 200. Usually, large values of gj/A; are due to
the tetragonal distortion caused by the introduction of a ligand with
a weaker crystal field [16]. Therefore, it can be asserted that, in our
case, the Jahn—Teller tetragonal distortions are caused by the intro-
duction of a ligand with a stronger crystal field. It is known that the
electronic configuration of the Cu™ ion in an octahedral environment
with Jahn—Teller tetragonal distortion can be an extended or com-
pressed octahedron, where the ground state of the Cu" ions in com-
pressed octahedral sites is the d,: orbital. Since there is only one elec-
tron in the d,. . orbital, the Cu™-ligand bond is stronger due to these
electrons than due to d,: electrons. This change reduces the total en-
ergy, since the energy of two electrons in the d,: orbital decreases,
and the energy of one electron in the d,»,» orbital increases. On the
other hand, in elongated tetragonally distorted octahedral sites, four
ligands in the xy-plane are bonded to the Cu™ ion more strongly than
two ligands located along the z-axis and, depending on this one, the
degree of distortion in Cu"™ complexes is different.

From the temperature dependence of the EPR spectra, a decrease
in the line width in the EPR spectrum from 300 K to 120 K is ob-
served. It is known that the width of the EPR spectrum depends on
the interaction of the magnetic moment of an electron with the
magnetic moments of the surrounding nuclei (lattice) and electrons
[17] and usually decreases with decreasing temperature, which is
associated with a decrease in the spin relaxation rate. At tempera-
tures below 120 K, broadening of the EPR lines is observed (Fig. 3).
This broadening can be attributed with the transition processes of
the bivalent copper ion (Cu™) to the monovalent state (Cu"), i.e., a
magnetic phase transition occurs.

Magnetic phase transitions for copper ions at T<130 K are ob-
served not only in ZnSe and even earlier were observed in copper-
carbon compounds [18], and, in this case, the width of magnetic
phase transitions for copper ions is estimated to be AT = 30 K.

We suppose that in our case at least two types of centres are also
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formed, which are due to different charges and, accordingly, non-
magnetic states of copper in the 3d' (Cu') configuration and mag-
netic states in 3d° (Cu’™"). The modification of copper states occurs
with the direct participation of oxygen, i.e., with the help of oxygen
bridges forming the Cu'" magnetic state.

For volume and charge compensation of the isoelectronic acceptor
O(Se), the incorporation of copper in the form of Cu, —Cu’, where
Cu'" (8d°) ions replace zinc at lattice sites and Cu' (8d'°) at inter-
stices, ensures the formation of a stable complex {Cu,, "—Cu'O(Se)},
called an associative acceptor centre.

The bond of copper ions Cu (8d°) with oxygen is ionic, but, with
Cu'(3d"), it is covalent. Up to a temperature of 130 K, the ionic
bond predominates, and, at T <130 K, the covalent bond of the
copper ion with the surrounding oxygen atoms is significant, i.e., as
the distance between Cu and oxygen decreases, the covalence in-
creases [18—20]. Thus, copper in the CVD ZnSe sample can be in the
region of transition from ionic to covalent bonds; this is also indi-
cated by the large value of the HFS constant A;=0.08 cm .

The formation of two charge states of copper (Cu', Cu’) in poly-
crystalline CVD ZnSe depending on the temperature and the action
of a different type of excitation source are necessary for a more de-
tailed study of luminescence processes in the yellow—green and red
regions of the spectrum, in which the observation of such processes
in the spectra is directly related to presence of copper and oxygen.

5. CONCLUSIONS

Based on g-values and the shape of the EPR spectra, it was concluded
that the ground state of the Cu™ ions is the d,. . orbital, while the
Cu"™ ions are located in tetragonally distorted octahedral positions.
This position of the Cu™ ion is retained when the temperature is low-
ered to 120 K. However, at temperatures below 120 K, due to the
magnetic phase transition, the bivalent copper ion (Cu™) passes into
the univalent nonmagnetic state (Cu®).

The results of this work can be used for a more detailed study of
luminescence processes in the yellow—green and red regions of the
spectrum, in which the observation of such spectra in A;By; com-
pounds is directly related to the presence of copper and oxygen in the
composition.
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B po6oTi BUBUeHO TpHUBAJicTh i pafmitoc TepmaJsisarii HociiB 3apanmy 3a (oTo-
reHepairii ix B amophHUX MOJIEKYIApPHUX HamiBnposBizmmxax (AMH). B ek-
CIepUMeHTaxX s MipsSHb CIeKTPAJbHOI UYTJIUBOCTHA BUKOPUCTOBYBAJIU 3pa-
3KM y BUIJIAJI TOHKUX ITapiB Kap0asoJBMiCHUX MaTepifAiiB, ofep:KaHUX 3a
IOIIOMOT'0I0 IIOJIMBY TOJIYOJIOBUX PO3UMHIB. 3alIPONOHOBAHO (heHOMEHOJIOTi-
YHUHA MOJEeJb IIPOIleCy TepMaJsisallii, sKa IDYHTYETbCA Ha NTPUIYIeHHI
HBIOTOHIBCBKOTO XapaKTepy B3aJIe;KHOCTU IBUIKOCTH €HEPreTHUYHUX BTPAT
HEePiBHOBAKHUM €JIEKTPOHOM. B paMKax MOzeJi0 BCTAHOBJIEHO 3aJE€XKHOCTI
TPUBAJIOCTH TepMaJisaiiii Bixg uyacTtoTu 30yI:KyBaJIbHOTO CBiTJIa, TeMIepaTy-
pu AMH i mapamerpiB, 1[0 BM3HA4YalOTh IIBUAKICTL i AiAmMa30H eHepriii.
ITokasaHo, 110 B CUCTEMi peasidyloThCA BTPATU HAAJUINKOBOL eHeprii Hepi-
BHOBaKHUM HOCIEM €JEeKTPHUUYHOrO 3apAxy. IIpoJeMOHCTPOBAaHO CHiBCTaB-
JeHHA iX 3 eKCHepMMeHTaJbHUMH AaHuMH. MeToo pobGoTH € eKCIlepUuMeH-
TaibHe IOCHimKeHHs IIpollecy TepMaJiisaiii kapb6asoaBmicamx AMH, mro
3HAXOOATHCA B 30BHIIIHHBOMY €JIEKTPUUYHOMY IIOJi mim uac (oTo30ym:KeHHS
ix, i pospobKa pesieBaHTHOTO MOJEJIIO IIPoIlecy TepMaJiisaiiii HociiB sapaxy.

The duration and radius of charge-carriers’ thermalization during the

261



262 M. A. BABOJIOTHUM, JI. I. ACJIAMOBA, €. M. BOBOIIIKO ra in.

photogeneration of them in amorphous molecular semiconductors (AMS)
are studied in present work. The samples in the form of thin layers of
carbazole-containing materials obtained by pouring toluene solutions are
used in the experiments of spectral-sensitivity measurements. A phenom-
enological model for the thermalization process based on the assumption
of the Newtonian nature of the energy-loss rate dependence for non-
equilibrium electron is proposed. Within the model, the dependences of
the thermalization duration on the frequency of the exciting light, the
AMS temperature and the parameters determining the speed and range of
energies are established. As shown, the excess energy losses are realized
in the system by an unbalanced electric-charge carrier. Comparison of
them with experimental data is demonstrated. The aim of the work is both
the experimental study of the thermalization process of carbazole-
containing AMS located in an external electric field during photoexcita-
tion of them and the development of a relevant model for charge-carriers’
thermalization process.

Karouosi croBa: amopdHi MOJIEeKyAsapPHI HaMiBIPOBiAHUKM, GOTOUYTIUBICTS,
paziyc i wac Tepmasisaiiii, HAIPYKEHICThL €JEKTPUYHOTO IOJA, CIEKTPab-
Ha 3aJIe’KHICTh.

Key words: amorphous molecular semiconductors, photosensitivity, radius
and time of thermalization, electric-field strength, spectral dependence.

(Ompumano 15 nromozo 2023 p.; ocmamounuil eapianm — 31 6epesns 2023 p.)

1. BCTYII

Amopdui MonerynapHi HamiBnposigauku (AMH) Ha ocuoBi cmps:xke-
HUX IIOJiMepiB 3 ceHCcuOiMidyBaIbHUMU AOMIMIKAMU IITTPOKO BUKOPU-
CTOBYIOTBCSA B OIITOEJEKTPOHIIli, iH(opMamiiiHux i MiKpoeaeKTpOH-
HUX CHUCTeMax, (pOTOUyTIMBUX eJiIeMeHTaxX COHAuYHmMX Oarapeit [1, 2].
XapakTepHoio ocobauBicTio 6inbirroct AMH € ixma icrorHa doTouy-
TAUBICTh Y BUAMMIN Ta iH(ppauepBOHili 00JaCTAX CIEKTPY, MOMKJIU-
BicTh KepyBaHHS pPeoJoTiuHuMHU, (GoTodismuHMMU ¥ eJeKTpodismu-
HUMHI XapaKTepUCTUKaMI! CepedOBUII Ha iXHill OCHOBI 3a JOIOMOTOIO
BuOOPY AOMYyBaJbHUX HAHOAOMIIIOK. IIpMYMHOIO IIHOTO € Te, IO MO-
JeKyJU ceHcuOisizaTopa AiloTh He JHIlle AK IEHTPU BOMPAHHSA CBiT-
Ja, aje TakoK AK ImeHTpu (abo ixHi cKJamosi) ¢oToreHeparrii HociiB
sapany. BuBueHuMHu Ta mupoKo BukopucroByBanuMmu € AMH ma oc-
HOBi moai-N-Biminmkap6asoaa (IIBK), momi-N-emoxkcumnpormisikap6asona
(ITEIIK), wnomiantpaneninrainugimoBoro edipy (IIATE), mosi-N-
rainuginkapo6asona (II'K), xapbazosBMicHOTO ITOJiOPTaHOCUJIOKCAHY
(KCIIO). ®orouyrauBicte mux AMH 3ymoBiaeHO HasSBHICTIO B HUX
Kap0asoyioBUX sAIep, IO MalTh BeJIUKY 3aMKHEHY CIPAMKEHY -
€JIEKTPOHHY CHUCTEMY, PeryJIAPHICTIO IXHBOI CTPYKTYPH Ta T'YCTHHOIO
nakoBauHA. Bigomo [3, 4], o y pazni crpykryp IIBK (IIEIIK)-IITK-
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KCIIO peamnisyeTbca ImOCTyIIOBe 30iJbINIeHHA BigmaJui mik Kap6asoJio-
BUMHU SOpaMM 3a PaxXyHOK 30iJIbLINTeHHA KiJTBKOCTH aTOMIB y JaHKax
OCHOBHOT'O IIOJiMEpHOTO JaHIIOTa, AKUMU 3’€IHYIOThCS CYCigHi MoO-
HOMepHi JaHKu. 30iIbIlIeHHA Bigmaai Misk Kap0asoJIOBUMH AIpaMHU B
HOJIIMEPHOMY JIAHIIO31 HPHBOAUTL 0 3POCTAHHS HOT0 THYYKOCTH U
OJHOYACHO OO0 IIOJIIOIIeHHS yMOB IIOJAO0 YTBOPEHHS KOMILJIEKCIB i3 me-
perocom zapany (KII3). B AMH, yreopeuux ma ocuosBi IIT'K i ITATE,
CTPYKTypa JaHIIOTa 3aJHUINAaEThCId NPAaKTUYHO HE3MiHHOIO, a 3MiHIO-
€ThbCA JIUIIE BUTJISAA JOHOPHOTO BKJIIOUEHHS.

OcTaHHIM YacOM BUKOPUCTOBYETHCA V MPUKJIATHUX 3aCTOCYBAHHAX
[1, 2] MoIUBiCTh KepyBaHHA OINTHUYHUMU XapaKTEePUCTUKAMHU IOIIO-
BaHux AMH 3a momoMoroi 30BHIIIIHBOTO €JeKTPOMArHeTHOIO, eJIeKT-
PUYHOTO Ta MArHETHOrO MHOJIiB. Pi3MUYHOIO OCHOBOIO IILOTO € Te, II0
po3moAiin eJIeKTPOHHOI T'yCTMHM OCHOBHOTO Ta 30yI)KeHUX CTaHiB
MMOJIiMepHUX MOJIEKYJI, ceHcuOilizoBaHMX momaHTaMu, € pisHumu. Ile
MIPUBOIUTEL A0 PiBHUX CHUJ B3aEMOJil yTBOpPEHMX KOMILJIEKCiB i3 30B-
HIIITHIM eJIeKTPUYHUM II0JIEM, IITO 3YMOBJIOE MOMKJUBICTH peasisarrii
KJIacuuHOro uu To auHamiumoro IlltapkoBoro edexTy.

dorouyrauBicTh Takux AMH 3ymoBIeHO HaABHICTIO B HUX Kapba-
30JI0BUX fAMEp, 1110 MAIOTh BEJIUKY 3aMKHEHY CIPSKEHY T-eJIeKTPOHHY
CHCTEMY, Per'yJApHICTIO iXHBOI CTPYKTYpH Ta T'yCTHHOIO ITaKOBAaHHSI.
Y umsni crpyktryp Ha ocHoBi IIBK, IIEIIK, ITIATE, IITK Ta KCIIO B
AKocTi cemcubimizaropiB cmonyx 2,4,7-rpunitpo- (TH®) i 2,4,5,7-
rerpa"iTpodaooperony  (TEH®D), KUCJIOTHU 2,4,7-TpuHiTPO-9-
puinnamomeruiaeHdaoopen-4-kapookcuiaiky (KTH®OIIMEK), Terpairi-
anoksBimogumerany (TILLHEK), angenunika edipy xKucaoru 2,7-TUHITPO
(AEKJIM®K), ax Bimomo [3, 4], peanidyeTbcA NOOCTYIOBe B30iJb-
IIeHHA Bigmaai Misk Kap0asoJOBUMU AIpaMHU 3a PaxyHOK 30iJbIlIeHHS
KiTbKOCTH aTOMiB y JJaHKAX OCHOBHOTO IIOJiMePHOTO JIAHITIOTA, SKIU-
MU 3’€IHYIOTBCS CYCilIHi MOHOMEPHi JaHKHU.

Bigomo, 1m0 mima meoro tTumy AMH mporiec ¢gororemepairii ckianma-
€ThCA 3 IEKiJIbKOX eTaliB, i3 AKMX MOYKHA BUIIJIUTHU OBA T'OJOBHUX.
ITepmuit TpuBae 6auspko 1071'-107"2 ¢ [8—5]. YIPOm0OBK IILOTO eTaIy
micag BOMpaHHS KBaHTA CBiTJIa (DOPMYETHCA HeHTpaJIbHUI €KCUTOHO-
momiOoumii cTaH, AKWI 3aBOAKMN aBTOWOHisaIii mepexoauTh y WHOH,
TOOTO y «TapAuy» mapy HOciiB 3apsany. YTBopeHa rapsda Iiapa BTpa-
yae HAJJIUIIKOBY €Hepriio 3aBAAKMN HeNPYKHill Blaemopii i3 cycigHi-
MU aToMaMU Ta OPOTATOM Yacy TepMaJsisarii £, posmiisgeTbca HaA I0-
BKUHY TepMmaJtisarii r,. IIpomec Tepmasizariii Mo)KHa BBaKaTuU 3aBe-
pierum [5, 6], Koau HAAJHUINTKOBA €Heprid HepiBHOBAasKHOI mapu HO-
ciiB 3apAny 3MeHIIIYeThCA A0 TaKoro 3HaueHHA AW, 1o B3aemojis is
OTOUYEHHSIM CTa€ NPY:KHBOI. Tepmasisamida mpUBOAUTL A0 HEPEXOny
pyxXoMoro Hocid 3apAny Bix (oToreHepyBaJLHOTO IMEHTPY A0 MOJEKY-
au xKapb6asomy AMH, 110 y cBoO uepry HOpPUBOIUTH OO0 (POPMyBaHHS
mapu eJeKTPOH—IipKa, AKa mnepebyBae B TEMJIOBili piBHOBa3i i3 Ha-
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BKOJUIIHIM cepenoBuiieM. IloTiM po3mouymHaeThCA APYTUE eTalr, ITif
Yyac AKOr0 pealidyeThCcA AUCOIIAIIA mapu eJIeKTPOH—AipKa B IpoIlleci
nu@ysiino-apeiipoBoro pyxy B ejJekTpuuHoMy moJi. Taka Oaratocty-
IeHeBicTh, mporecy (Qororeseparii HOCIiB eJeKTPUUYHOrO 3apsAany B
AMH crBOpioe 3HAUHI TPYTHOINI Mifi yac HOT0 eKCIIePUMEHTAJILHOTO
OOCTiIKeHHSA, OCKiJIbKM BUMIPATH MOKJNBO TLILKHW Pe3yJbTaT pea-
Jizarii Bcix eramis.

JlomaTKOBY CKJAaIHICThL aHaJi3W IIpPOIlecy TepMaJiisallii 3yMOBJIIIOE
BiICYyTHiCTL aIeKBATHOIO MOZEJII0 JIPYyroro, PiBHOBAMKHOIO eTaIry
nporecy gororerepaiiii. Tax, HeMae mosgCHEHHA IPUPOAN e(PeKTHUBHOI
Temneparypu [4, 5], AKa icTOTHO BOJIMBAE Ha iHTEHCUBHICTL BILJIUBY
€JIEKTPUYHOTIO IIO0JIA Ha KBAHTOBUI BUXiA (poToreHepallili HOCIIB eJleK-
TPUYHOTO 3apAAy. 3aIpolloHOBaHe paxirmie [5, 6] moscHeHHS IPUPOAU
e(eKTUBHOI TeMIepaTypu HPOABOM TYHEJbLHUX II€PEXOmiB OJM3HIOUO-
ro eJeKTPOHY IIiJ uac mepebiry mpoiiecy (oToremepailii mpomoHyBaJo
TAYMayeHHsA He 3HaueHHA e(eKTHUBHOI TeMIepaTypu, a TOCTATHHO
IIUPOKOTO OiANa30Hy «e(heKTHBHUX TeMIlepaTyp». BpaxyBaHHS IIIu-
pUHU IiAa3oHy, BHU3HAUEHOT'O AJA KOMILIEKCiB 3 IIepeHeceHHAM 3a-
pany IIBK (IIEIIK) i3 gomimkamu cmonyk TH®, TEH®, mpuBoguio
IO HEOMHO3HAUHOCTH aHAJi3W MOJILOBOI 3aJIe’KHOCTH KBAHTOBOTO BH-
xony (oToreHepairii HOCiiB eJIeKTPUYHOTO 3apAny V 3a3HAUEHUX KOM-
mieKkciB. Bigmitumo, 1o mporiec 6auM3bKUil 3a mepebirom TepmaJriza-
il Mae Micie y BOTHUX cepeIoBUIIaX 3a remeparrii 6abcronis [7, 8].

2. EKCIIEPUMEHTAJIBHE JOCJAIOKEHHSA

BinbHi Hocii enexTpuunoro 3apany B AMH yTBopioloTbca micas mpo-
XOMKeHHs JIAHITIOTa OKPeMHUX eJIeMeHTAPHHX MPOIleciB, KOKHUHA 3
AKX BIJINBae Ha 3aKOHOMipHOCTI mporiecy ¢ororeHeparii. [asa Bu-
BUEHHs mpollecy ¢oTorerepailii mociiB eqexTpuuHoro sapanxy 8 AMH
0co0JIMBUII iHTEpec MpeNCTaBJAE 3aJIEKHICTH KBAHTOBOTO BUXOAY (hO-
TOoTeHepallii Bimg MOBKWHU XBUJI 30yI:KyBaJbHOro cBiTsa. Ile mosc-
HIOETHCA TUM, IO TaKa 3aJIe}KHICTh B OCHOBHOMY 33Ja€ThCA TEPMaJIi-
3aItieo, a He BCi€l0 CYKYHOHICTIO IIPOIECiB, AKi BUBHAUAIOTH ITPOILEC
¢oToreneparrii.

3aje:KHiCTh KBAaHTOBOTO BUXOAYy (hOTOreHepallii | B aHTpalleHi Ta
TeHTalleHi, a TaKOXK B Kap0a30oJIBMiCHMUX CIIOJYKaX MOCJi:KyBajaacs B
poborax [9]. Iloxasamo, 110 KBaHTOBUII BUXia ¢oToremeparrii Hociis
3apAny 3pocTae 3i 30iJbIIEHHAM YacTOTHM BOMpaHOTO cBiTyia. Yepes
BUBUEeHHs (DOTOIPOIlECiB y IMeHTalleHi Ta BuKopucTaHHsa OmcarepoBoro
MOJIEJIIO IJIA OIMCY MeXaHi3sMy AMCOIIAIlil eJJeKTPOHHO-IipKOBOI mmapu
[2] Oysi0 BusIBIeHO 3pOCTaHHS MOBXKUHU TepMasisarlii mociiB sapany
3i 36LIBIITEHHAM YacTOTH 30ymsKyBajlbHOro cBiTia. B pob6ori [9] Oy.iio
MOKAa3aHo, IO B IIOJiMEepHUX HANIiBOPOBIZHMKAX B OKOJII TpaHMIL
BJIACHOTO BOMpPAHHSA CBiTJIa CIIeKTpajbHa 3aJIeKHICTh KBAaHTOBOTO BU-
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xony (poToreHepalrii HOCiiB 3apany Moske OyTH omIHcaHa HAOIMIMKEHUM
CIIiBBiTHOIIIEHHAM

(o) ~ C(ho - E&)' ,n~2/5, (1)

e C — nmeska (YHKIIA TeMIIepaTypU Ta HANIPY:KEHOCTU €JIeKTPUUHO-
ro IIoJs, Egd — IIUpHHA aaigbaTUYHOI eHepreTwUuHol Imiamau. Bin-
MiTHMO, IO 3a[0BiJILHOI'O MOEJI0, SAKUH OM OOI'DYHTOBYBAB BHUpPAas3
(1), Toxi me Oy.I0.

Y pobGori Oyau mOpoBemeHi MOOAATKOBI MOCHimKeHHS 3aJIeKHOCTU
KBaHTOBOTO BUxOnRy dororeHeparii HociiB n(A) Ay OinbII IIMPOKOTO
pagy AMH. B nmux mocrig:KeHHSX BUKOPHCTOBYBAJH 3Pa3KMU TOBIIIU-
HOIO Vv 1,4—1,5 MKM, oJep:KaHi Ha CKJIAHIN OCHOBi i3 eJeKTpPOmpPOBif-
HuM migmapom SnO, 3a ZOIIOMOTOIO IIOJUBY i3 TOJMYOJBHOTO PO3UUHY
craggapTHuM MeTrozoM [4]. IloBepxHsa 3pasKka B KOPOHHOMY pPO3pPAni
OyJa sapam;KeHa HO3UTUBHUMU HoHaMu. CIeKTpaJbHY UyTJIUBICTE .S)
pusHauaau mo 20% -cmamy moreHIisny BiabHOI moBepxHi AMH mix
niero BunmpoMminenHs iHTeHCcHBHicTIO ¥ 0,1 MBr/cM?. PesyiabraTu exc-
IepUMEHTIB 1JII0CTPYIOTh JaHi, HaBeAeHi y TaOJamILi.

B Tabiuii maBemeHO maHi IO AOCHiAMKEHHIO CHEKTPAJbHUX 3aJeK-
HOCTeHN uyTJamBOCTH S;, KoedimieHTa BOmpanua 3paska k(A), KBaHTO-
Boro Buxoxy (ororeneparnii HociiB n(A) Ta eHeprii cmopizHeHOCTH IO
eJIeKTPOHY. 3TigHO 3 HaBeJeHMMUN B TaOJUIll pe3yabTaTaMM 3aJIerk-
HicTh KBAHTOBOTO BUXOAY (ororeHeparii Bix A (abo emeprii KBaHTy
ceita W) moCUIIOETECA 31 3MeHIIeHHAM eHeprii cmopimzeHoCTH IO
eJIEKTPOHY ceHcmOinmidaTopa. Takuii xapakTep 3ajaeXHOCTH 1(A) MOXK-
Ha AKiCHO 3p0o3yMiTH, BpaXOBYIOUM, IO IIOYATKOBY €HEPriio rapsuoro
enexTpoHa W, (i3 HeXTyBaHHAM BHECKY HOJIAPUBAIINHUX e(deKTiB)
moxHa oninntd Ak Wy, — I,+ E,+U. (Tyr U — mnoreHniaibHa eHep-
ris rapsyoro eJieKTpoHa.) ¥ IIbOMY BUIIAJKY BigHOocHa 3mina AW,/W,
3i sminoro W, BusHauaecThcs BigHomenHam AW,/ (W, - I,+E,+U),
BeJIMUNHA AKOTO 3pocTae 3i ameHIIeHHAM E,.

2. TEOPETUYHUI MO/IEJIb

B mamiit pobori 3ampomomnoBano (PEHOMEHOJIOTIUHUHA MOJEJNIbL IPOIecy
TepMaJIisaIii «rapaumnx» HOCIiB 3apAny, SKMH YMOMKJIWBJIIOE OIIMCATH
3aJIeXKHICTh XapaKTEPHUCTUK IILOTO IPOIECY BiJ MOBMKMHU XBHUJi 30y-
I:KYBAJbHOTO CBiTJia, TeMIepaTypu CepemoBHINA, IapaMeTpa, IO BU-
3HAYAETHCA CTPYKTYPOIO (DOHOHHOT'O CIEKTPY, TAa HAIPYKEHOCTH 30B-
HIIITHBOTO eJIEKTPUYHOTO ImoJad. Moaeab 3acHOBAHUN HA NPUNYINEHHI,
10 HAAJUIIOK eHeprii «rapsyoro» HEPiBHOBAMKHOTO HOCiA 3apAny,
AKUN PyXaeThbCsd Y 30BHIITHBOMY €JEKTPUUYHOMY II0Ji, 3MEHIITYEThCS
3aBASAKHU IIepexony ii Mo cycimHix MOJIEKYJ i3 IMIBUAKiCTIO Iepexony,
110 3aJICKUTDL BiJl PIsKHUIIL TeMIIEpaTyp «TapAuuX» eJeKTPOHiB i oTo-



266 M. A. BABOJIOTHUM, JI. I. ACJIAMOBA, €. M. BOBOIIIKO ra in.

yeHHI.
Ilepenbauaerbea [5], 10 mpoliec TepMasisallii IPUIUHAETLCI, KO-
JU eHeprisg «rapadyux» HOCIIB 3apAny 3MEHIIYEThCSI 0 BeJIUYUHH,

TABJINIIA. CrnekTpasbHa YYTJAUBICTH, KoedimieHT BOMpPaHHA Ta KBAaHTOBUM
BuUXin ¢ororeHepailii HociiB esexkTpuuHoro zapany B AMH 3a gBox moB:Ku-
HaxX XBWJIb BuUnpoMiHeHHsA. Bemmuwna I, — moreHmian iomiszamii AMH; E,
— eHepris CIOpiIHEHOCTU IO eJeKTpoHAa ceHcuOimizaTopa.l
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6 s s ® o=
'g o= [N - N 2 S 3
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KoJiu iXHA TeMIlepaTypa Ha May BenuuuHy AT IepeBUIye TeMIlepa-
TYPy HAaBKOJUNIHLOTO cepenoBuiia T,. BogHouyac mpuirycKaeTbcd, 10
IOTEeHIiAJIbHA €Heprisg B3aeMOojil «Trapsauoi» YaCcTUHKM i3 OTOUEHHAM
B Ipoilieci TepMmaJrizaiii He 3MiHIOETBCS.

Hocmimxenua mpoliecy TepMaiisarii ¢poTos0ym:keHnX HOCIIB eJek-
TpuuHuX 3apAniB B AMH mpoBoauThca mIpoOTATOM TPUBAJIOTO uacy [2,
4, 5]. HesBa:xatoun Ha icTOTHi pe3yJbTaTH, AOCATHYTI B JaHOMY Ha-
npaMi (BU3HAUYEHHS IIOPAAKY BEJIWUYMH Yacy Ta AOBMKUHU TepMaJisa-
1ii, coiBBigHOINIEHb MilK 3araJbHUMU BJIACTUBOCTAMU (DOHOHHUX CIIe-
KTpiB i ¢, #1 r;, 3B’A30K Mix ¢, Ta KoedimieaToMm audysii HociiB 3aps-
Iy TOIII0), 3aKOHOMIipHOCTI IIpollecy TepMaJisallii He € 3’sACOBaHUMH.

Hacammepen, Take MIOJIOXKEHHS HOSCHIOETHCA THUM, IO HPOIEC €
HepiBHOBasKHUM. lle mpmBOAMTH, HAIPUKJAL OO TOrO, IO HOCiii 3a-
pagy mim dac TepMaJsisaiiii He MOMKJINMBO XapaKTepU3yBaTH TAKUMU
PiBHOBasKHMMHU IIapaMeTpaMu SIK KoedimieHT audysii um pyxJamBicTb.
IIix wac cTBOpeHHA MOJeJiB TepMaJiszallii 3 BUKOPUCTAaHHAM KBaHTO-
BO-MEXaHIYHUX XapaKTEPUCTUK CTUKAEMOCS 3 TPYITHOIIAMU HdOCJIi-
IKeHHSA BiAMOBiAHWX TaMiJIbTOHISHIB i HEmMOBHOTOMO iH(opMaIllii mpo
3HaYeHHs IIepepisiB B3aemoii.

Hamu 3ampomoHOBaHO (DEHOMEHOJIOTIUHUU MOJAEeJb HPOIecy TepMa-
Jisarii rapAYUX HOCIIB 3apAny, AKWNA YMOMKJIUBIIOE OIUCATU 3aJIeK-
HiCTh XapaKTEPUCTUK IILOTO MPOIECY BiJ MOBMKUHU XBUJIL 30yA:KyBa-
JBHOTO CBiTJIa Ta TeMmepaTypu cepemoBuiia. JomycKaeTbcs, IO IIO-
TeHIIiAJbHA eHeprig B3aeMoAil rapsyoi YacTUHKM i3 OTOUEHHAM Y
mporieci TepmaJsizaiiii He 3MiHIOETBCS, a 30BHIIIHI moJiA BimcyTHi abo
MaJii Ta TOMY He BILIMBAIOTL Ha IIpollec TepMaJiisailii. 3a Takoro pos-
TIALy HAIJIUIIKOBA €HepTris HepiBHOBAYKHOTIO HOCiS 3apsaay Bus3HAYa-
€ThCS MOTro KiHeTHMYHOIO eHeprieio abo Temmeparypoio. Taxe cIiBBif-
HOIIIeHHSI YMOJKJIMBJIIOE€ BUSHAUUTH IIBUAKICTL HepeMiIllleHHd Hepis-
HOBaKHOTO eJeKTpoHa v(t):

3k, T(t
o) = |20 (2)
m
TyT kg — e BoabliMaHHOBa cTaja, m — e(@eKTUBHA Maca HEpPiBHO-

Ba’KHOTO HOCis 3apaAny.

3 BUKOPUCTAHHAM NPUIYIIEHHA, IO PYyX HOCiA 3apAny TPAMOJIi-
HifiHUI mig yac TepMmaJisaliii, JoB:KMHA TepMaiisarii moxxe GyTu Bu-
3HaYeHa 3a JOIOMOTOIO CIIiBBiJHOIIIEHHS:

r = j v(t)dt = f%j T(t)dt . (3)
0 m 0

IIporec BTpaTu HAAJUIIKOBOI eHeprii HEPiBHOBAKHUM €JIEKTPOHOM
BU3HAUAETLCA MOro B3aeMopieio i3 (oHoHamu. DOHOHHUI CIEKTep
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3amaeTbea cTpykTypoio AMH i mocaimxeHuii HemocTaTHLO. B Takmx
BUIIaAKAX MOJKe OyTH BUIIPaBIAHNM BUKOPHUCTAHHSA (PeHOMEHOJIOTiu-
HUX MomeniB [8, 9], AKi yMOMKJIMBIIOIOTL IOACHUTH 3aJIEKHOCTi, IO
CIIOCTEpiraloThcA Ha eKCIIePUMEHTi, i omepskaTu iH(OPMAIil0 IIPO Mi-
KpoIpoiliecu, 1o mepebiraiors 8 AMH. IIpunyctumo, 1o mpoiiec Te-
IIJIOBOTO IIEPEXOJy — HBIOTOHIBCBKMI, TOOTO Koe(dil[ieHT TeIIoBOro
mepexony MOPOMOPIiNHUNA PisKHUI TeMIepaTyp T(f)—]},. Toxi Tem-
mepaTypHa KiHeTHMKa HEPiBHOBAXKHOTO HOCiA 3apany BU3HAUAETHCS
piBHAHHAM (4) i TOYaTKOBOIO YMOBOIO:

dT(t)

7 +K(T(t)—71))—\/%a/T(t)—Tg =0, (4)

Ie K — IlapaMeTep, IO BU3HAYAE MIBUAKICTh BTPaTHU HAaIJIUIITKOBOI
eHeprii HepiBHOBAXKHUM TapAYUM eJeKTPOHOM, F — HaIpyKeHicTb
eJIeKTPUYHOTIO II0JfA, ¢ — 3apdAn enekTpoHa. OcTaHHINA JOJAaHOK B Ji-
Bilf vacTuHi piBHaSHHS (4) XapaKTepusye BILIMB 30BHIiIITHLOTO IOJA Ha
3MiHy KiHeTMuHOI eHeprii HepiBHOBAsKHOI YacTMHKM. B sAKocTi moua-
TKOBOI yMOBM BuKopucTauno Bupas (5), arimuo 3 axum T(0) BusHaua-
€TbCS eHeprieo Mo yBiOpaHOTro KBaHTa cBiTJIa Ta poboToo A, Heob-
xigHOIO, 1106 cTBOpPUTH 30yAsKeHUU craH [5] (mapamerep A mMae 3aje-
sKaTu Bijg 3HaueHb I,;, E, 11 eHepriii mojaAapusaniiunx nepedympoB):

T(0) = 3% (ho - A). (5)

Buxopucrosyouu Bupasu (2), (b) i pisuauusa (4), ogep:KuUMO BUpPa3
nas v(t):

2

v(t)zzfﬂmp(_m) B, (lo-4)  2fzer | o
Kmaf3k3

m Km\/SkB
Bennumna x, 3BUYaiiHO, Mae 3ajeKaTHm AK Big Gopmum (GOHOHHOTO
CHEKTPY, TaK i Bify ocobsmBocTell B3aeMOAii HEPiBHOBAKHOTO €JIEKT-
poxa iz moJsieKyaamu 3paska. OmgHak y ImomaJbliriii aHasuaisi obepemo ii
KOHCTaHTOIO.
BukopucToByeMO BU3HAUEHY PaHillle YMOBY

T(t)=T,+AT. (7)

3riguo 3 (7) mpoliec TepMaiisaiii 3akiHUyeTbCsI, KON €Hepris Hepis-
HOBasKHOTO €JIEKTPOHA CATae MeXKi MOMKJIMBOCTM peasisariii TirbKu
IPY:KHiX IIpolecis.

BukopucroBytouu criBeigHomieHua (5) i (6), omep:kxumMo piBHAHHA
I ¢, B HACTYITHOMY BUTJIAMII



OCOBJIMBOCTI ITPOITECY ®OTOI EHEPAIIII HOCIIB 3APSIIY 269

Ktr -—
2V2eF | [2(ho-A)  2eF | |8k (T, +AT) )
KM, [3k, 3k, K\/3kBm m

BenunumHau wacy Ta DOBXKMHU TepMaJizaiiii arigro 3 (8) BuaHaAua-
IOTbCS BUpPa3aMMu:

2. | 3k xho — A — 2J2¢F

t =—In
" x| k[T, + AT — 2v/2eF

9)

t,

.= %[F&(tr + i Jk2m (ho — A) - 2eFJ 1-¢ 2 |. (10)
B

BigmiTiMo, 1110 eKclieprMMeHTaJIbHO BCTAHOBJEHA Ta MOJeJbHA 3a-
aesxkHocTi ¢, (bopmynu (1) i (10)) Bix eHeprii no (yBiOpaHoro KBauTa
cBiTJIa) mOOpe Y3rOoMKyIOThCSI MisK CcO0OIO.

3 dopmya (9), (10) BunauBae, 10 AJaa MOme o (4) XapaKTepHUM €
3pocTaHHdA t, i r, 31 30inbIIeHHAM eHeprii 30ymKyBaJbHUX (DOTOHIB,
3MEHINIeHHAM IIBUAKOCTU BTPATHU HAIJIUIIKOBOI eHeprii HepiBHOBaK-
HUM TapAYUM eJeKTPOHOM Ta 30iJbIIIeHHAM HAIPYKeHOCTH 30BHIIII-
HBOT'O eJIEKTPUYHOTO IIOJIf.

3rigHo 3 mpenacraBiaeHHAM (9) BenmumHA ¢, 3pocTae i3 no (31 3MeH-
IIeHHAM A); IIe Jo0pe Y3roM:KyeThCsA i3 Oep:KaHUMU NAaHUMU, 3Bele-
HUMU B Tabaumi, AK i 3 Tumu, 1o HaBemeHo B [4, 5]. 3icraBneHHS
Bupasy (9) i3 eKcnepuMeHTAJIPHUMH JAaHUMU, ofepskanumu [6] y moc-
JiIPKeHHi meHTalleHy, HaBeleHO Ha pPHC., d, 0. AJeKBaTHUH 30ir mo-
BeIiHKM TEOPeTHUUHUX i eKCIepUMEeHTaJbHUX KPUBUX CBIIUUTH MPO
KOPEKTHICTh 3aIpPONOHOBAHOTO MOJEJI0 Hpollecy TepmaJsizarmii. Bifx-
3HAUMMO, IO 3aJIeKHICTh (L) mobpe y3TOmKyeThCA i3 pesysbTaTaMu
MOJEJIIO, IIT0 IPUMNYCKAae BTPATY HAAJIUIIKOBOI eHeprii HepiBHOBaYKHO-
ro HOCif 3apfAny 3aBAAKU 3ITKHEHHIO i3 HABKOJHUIIHIMM MOJEKYJaMU
[5]. 3 Bupasy (9) TakoK BHILIMBAE, IO AOBMKMUHA TepMaJsisailii 3poc-
Tae 3i 3MEHIIEHHAM TeMIepaTypu HaBKOJIUIIHLOTO CEepeIOBHIIA, IO
cIocTepirayiocda eKcuepuMeHTaabHO B [5, 10].

Orke, 3aIpPOIOHOBAHO MOJENb IpOIeCy TepMmaJsisaliii HociiB saps-
Iy, AKUN IOSCHIOE AKICHO CIEeKTPAaJIbHY i TeMIepaTypHY 3aJIeKHOCTi
IOBXKMHM TepMaJsrizaiii Ta KBaHTOBOTO BUXOAY (PoToreHeparlrii HociiB
eJIEKTPUYHOTO 3apsaAy i BuU3HAUAE CIIIBBiAHONIIEHHS MixK r; U f., IO
nepebyBa€e B IeBHill BiAMIOBIAHOCTI i3 eKCIepUMEeHTAJIBHUMU JaHUMU.

3. BACHOBRH

HociifgxeHHA KBAHTOBOTO BUXOAY (hoToreHeparllii HOCiiB eJIeKTPUYHO-
ro sapany B IIBK, IIEIIK, IIATE, IITK, cencu6inizoBaHMX aKIIEIITO-
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Puc. 3ane:xHOoCTi HOBKMHM TepMaJisallii B meHTalleHi Bijg eHeprii KBaHTY
30yMKeHHs: (a) eKcIepuMeHTaJdbHaA (CyIliJibHA) Ta TeopeTwWuHa (pPO3pWBHA,
CyIliIbHA CHWHS); KPUBi Ta CHEKTpalbHI 3a/JeKHOCTI MOBMKHHU TepMaJrisarrii
HepiBHOBAXKHUX €JeKTPOHIB 3a Pi3HUX 3HAUEHb HAIIPYXKEHOCTU eJeKTPUUYHO-
ro nona F (6).2

pamu enaektrporie TH®, TEH®, KTH®IAIIMEK, AEKIIM®PK,
TIIHK, moBesnm icToTHY 3ajielKHICTBH uyacy Ta pajiroca TepmaJsrizairii
BiJl JOBKMHM XBUJIL 30yI:KyBaJbHOTO CBiTJIA.

3anporIoHOBAHO (DEHOMEHOJIOTIUHUM MOJeJIb HPOoIlecy TepMaJsrisaiii
HociiB sapany B AMH, B AKoMy BpaXOBaHO BIJIMB 30BHIIITHBOTO eJie-
KTpUUYHOrO moJs. IlookeHHA MOmeaio — HAAJUIINOK eHeprii «raps-
YOro» HEPiBHOBAMKHOIO HOCiA 3apany, AKUH PYXa€ThbCA Y 30BHIIIHBLO-
MYy €JIEKTPUYHOMY IIOJIi, BMEHIIIYEThCSA 3aBAAKU Iepexoxy ii mo cyci-
OHiX MOJIEKYJ i3 IIIBUAKICTIO Hepexonmy, IO 3aJeKUTh Bim piskHHI
TeMIIEpATyp «TapsaumX» eJIeKTPOHiB Ta oToueHHs. IIporec Tepmasiiza-
il € 3aBepIIeHNM, KOJM HAAJUINKOBA €HEeprig HepiBHOBa:KHOI IIapu
HOCiiB 3apsAny 3MEHIIIYEThCS OO TAKOrO 3HAUEHHSA, IO B3aEMOZIiA i3
oToueHHAM crae mpy:xkHiM. IIIBMAKicTL BTpaTHm HAAJIUIIKOBOI eHeprii
rapadYuMy HOCiIMM 3apAay IPOHOPIliiiHA PiLKHUIL TeMIepaTyp Hepi-
BHOBAKHUX HOCiIB 3apdANy Ta HAaBKOJUIIHBOTO CepeqoOBUIIA.

B pamkKax IIbOTO MOMEJNI0O BCTAHOBJIEHO B3aJIEXKHOCTI MTOBMKHHM Ta
yacy TepMaJsisaiii Big wacToTu 30yI:KyBAJLHOTO CBiTJIa, TeMIIEpaTypu
AMH i mapamerpiB, IIT0 BU3HAUAIOTh MIBUAKICTL i OiAmasoH eHeprii,
e peaidyoThCs BTPATH HAIJIUIIKOBOI eHeprii HepiBHOBasKHHM HOCI-
€M eJIEKTPUYHOTO 3apsANy, Ta IPOBEJEHO 3icTaBJIEHHS iX 3 eKcIlepu-
MEHTAJbHUMU TaHUMHU.
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Nanocomposites of PVA/PEG blend doped with ZrC nanoparticles (NPs)
are fabricated by using casting process with various contents of PVA/PEG
blend and ZrC NPs. The A.C. electrical properties of PVA/PEG/ZrC nano-
composites are investigated at frequencies from 100 Hz to 5 MHz. The
experimental results show that the A.C. electrical properties (dielectric
constant, dielectric loss and A.C. electrical conductivity) of PVA/PEG
blend are increased with increase in the ZrC NPs’ ratio. In addition, die-
lectric parameters of PVA/PEG/ZrC nanocomposites are changed with rise
in the frequency from 100 Hz to 5 MHz.

HamokoMmmo3uTu cyMmiliri mosiBiHizagkoroas/moaierunenriaikoas (PVA/PEG),
snerosanoi HanouactTuakamu (HY) ZrC, BUrOTOBISIOTHCA 3a JOIIOMOTOIO IIPO-
mecy auttsa 3 pisuum Bmictom cywmimi PVA/PEG i HY ZrC. HocaimxeHo
eJeKTpuuHi BiacTuBocTi HamokommosuTiB PVA/PEG/ZrC ma uwacrorax Bifg
100 T'm mo 5 MTI'm. PesyabTaTi e€KCIEPHUMEHTIB MOKA3YIOTh, IO €JIeKTPHUYHI
BJIACTUBOCTi 3a 3MIiHHOTO CTPyMy (ZieJeKTpHYHaA NMPOHUKHICTD, JieJeKTPUUYHI
BTpaTu ¥ eJIeKTPOHpoBimHicTH 3MmiHHOrO crpymy) cywmimii PVA/PEG 36inb-
mryiothesa 3i 36imbinenaam mpormopiii HY ZrC. Kpim Toro, smiHiooThCA Hmie-
JekTpuuHi mapamerpu HaHokommo3utiB PVA/PEG/ZRC 3 migBuienHam ua-
croru Bixg 100 I'y o 5 MTI'm.

Key words: ZrC, blend, nanocomposites, conductivity, dielectric parame-
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1. INTRODUCTION

In recent years, synthesis of novel materials having high dielectric
constant (&), low dielectric loss for embedded microelectronic appli-
cations is in great and urgent demand. Polymer composites are ac-
tive materials, which provide an ideal solution to combine the die-
lectric or electrical properties for the microelectronic applications.
Moreover, these can be used in a wide range of low-cost dielectric
applications. Strong efforts are being invested to find a suitable
material with & of low-cost materials [1].

Polymer nanocomposites have been widely investigated not for
their numerous applications, but to understand their physical prop-
erties. In light of these studies, it was observed that adding a small
fraction of the nanoparticles to the polymer matrix develop consid-
erable properties for several applications such as electromagnetic
shielding, electrostatic dissipation, charge storage capacitor systems
and microwave absorbers [2].

Combining organic polymers with inorganic nanomaterials opens
new applications for the host polymer [3]. In recent years polymers
have been a subject of considerable interest because of their physi-
cal and chemical properties. Polymers are widely used in insulation,
electrical industries as well as in microelectronics. Different poly-
mers films, i.e., pure and doped with different additives is used in
various medical, biological and technological applications. Among
polymer PVA films (doped and undoped) have been the subjects of
several investigators, because it has many applications in industry
due its low cost and excellent durability. It is used in various appli-
cations including polymerization aid to make polyvinyl acetate dis-
persion for the preparation of glues, paper coating, paper adhesives,
thickener, protective chemical resistant gloves, eye treatment, pol-
ymer in capsulated nanobeads and in food products [4].

PVA can be blended with other polymers to form polymer com-
plexes by hydrogen bonding. Hydroxyl groups located on the carbon
chain backbone of the polymer are considered as the main source of
the hydrogen bonding. On the other hand, polyethylene glycol (PEG)
is a highly water soluble and nontoxic material, besides, its solubili-
ty in most organic solvents is considerably high. Moreover, when
PEG mixed with other polymeric material, most of these properties
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can be shared within the resulting blend. Introducing metal oxide
nanoparticles into polymers varies the physical and chemical prop-
erties of the resulting nanocomposite material. Of course, these
properties depend on the type of the nanoparticles used and their
preparation method [5]. The work aims to prepare of nanocompo-
sites films of PVA/PEG blend doped with ZrC nanoparticles and
studying their A.C. electrical properties.

2. MATERIALS AND METHODS

Nanocomposites films of PVA/PEG blend doped with ZrC nanopar-
ticles were prepared by using casting method. The PVA/PEG blend
was fabricated by dissolving of 1 gm of polymers in distilled water
(30 ml) with ratio 81 wt.% PVA and 19 wt.% PEG. The ZrC NPs
were added to the blend with concentrations of 1.5 wt.%, 3 wt.%,
and 4.5 wt.%. The A.C. electrical properties of PVA/PEG/ZrC
nanocomposites films were measured at frequency range 100 Hz-—
5-10° Hz by LCR meter (HIOKI 3532-50 LCR HI TESTER).

The dielectric constant (¢') of PVA/PEG/ZrC nanocomposites was
found by [6]:

g =C,d/eA, (1)

where C, is matter capacitance, d is the thickness, A is the area.
Dielectric loss (¢") of nanocomposites was calculated by [6]:

g"=¢D, 2)

where D is the dispersion factor.
The A.C. electrical conductivity was determined by [7]:

Oa.c. = 0€'Dey. (3)

3. RESULTS AND DISCUSSION

The variations of dielectric constant and dielectric loss of
PVA/PEG/ZrC nanocomposites with frequency and ZrC NPs’ con-
tent are represented in Figs. 1-4. It was observed that, only at the
lower frequency, the dielectric constant values are high that might
be due to the existence of interfacial polarization. Interfacial polar-
ization exists at the low frequencies only and diminishes as the fre-
quency is increased. When the frequencies are higher, the polar mo-
lecular rotational motion of material may not quick enough to ob-
tain equilibrium by means of an applied electric field. The higher
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Fig. 2. Variation of dielectric loss of PVA/PEG/ZrC nanocomposites with
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values of dielectric loss were noticed at lower frequencies that may
be due to Maxwell-Wagner effect ensuing from immigration of
charge carriers at the interface or sensitive mobile ionic impurities
and polar radicals having dipole moments [8-12].

The behaviours of A.C. electrical conductivity of PVA/PEG/ZrC
nanocomposites with frequency and ZrC NPs’ content are shown in
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Fig. 3. Behaviour of dielectric constant of PVA/PEG blend with ZrC NPs’
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Fig. 4. Behaviour of dielectric loss of PVA/PEG blend with ZrC NPs’ con-
tent.

Fig. 5 and Fig. 6, respectively. From these figures, the conductivity
rises with the rise in the frequency. This indicates that there may
be charge carriers, which can be transported by hopping through
the defect sites along the polymer chain [13—-16].

With increase in the ZrC NPs’ content, the electrical conductivity
of PVA/PEG blend increases that relates to form a network paths
inside polymer matrix and increase in the charges carriers [17—21].
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4. CONCLUSIONS

The PVA/PEG/ZrC nanocomposites films were fabricated by casting
method. The dielectric properties of PVA/PEG/ZrC nanocomposites
films are examined in the range of frequency from 100 Hz to 5
MHz. The experimental results showed that the dielectric constant,
dielectric loss and A.C. electrical conductivity of PVA/PEG blend
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are increased with the increase in ZrC NPs’ ratio. The dielectric
constant and dielectric loss of PVA/PEG/ZrC nanocomposite films
are decreased, while the A.C. electrical conductivity increases as the
frequency increases.
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Films of PVA/PEG/Ce0O, nanocomposites are fabricated to be used in dif-
ferent electronic applications. The A.C. electrical properties of
PVA/PEG/CeO, nanocomposites are studied. The dielectric properties are
examined at frequencies from 100 Hz to 5 MHz. The experimental results
indicate that the A.C. electrical properties of PVA/PEG/CeO, nanocompo-
sites are enhanced with increase in the CeO, nanoparticles’ content. The
dielectric parameters are changed with rise in the frequency.

IIniBkM; HAHOKOMIIOBUTIB PVA/PEG/CeO, (mosiBininoBU# crimpT—
mosieTuyeHTIiKoab—HaHOUYacTUHKU Ce0,) BUTOTOBIAIOTHCA MAJA BUKOPHUC-
TaHHA B PiBHUX eJEeKTPOHHUX 3aCTOCYBaHHAX. BUBUEHO eJIEKTPUYHI BJac-
tuBocTi HaHokoMmo3utiB PVA/PEG/CeQ,. [lieneKTpuuHi BJIaCTHUBOCTi KOC-
JdimKyioTrbea Ha uactorax Big 100 I'm mo 5 MI'm. ExcmepumeHTanabHI pe-
3yJbTATHA IIOKA3yIOTh, IO EJEeKTPUYHiI BJIACTUBOCTI HAHOKOMIIO3UTIB
PVA/PEG/Ce0O, mimBumiyioTbcsi 3i 306iJbIIEHHAM BMIiCTy HAHOYACTHUHOK
CeO,. ITapameTpu fgieqeKTpUKAa 3MiHIOIOTHCS 3 HMiBUIMEHHAM YaCTOTHU.

Key words: PVA/PEG, CeO, nanoparticles, nanocomposites, electrical
properties, conductivity.

Karouoni cioBa: 1oJiBiHiIOBMI CIMPT/TIOJi€THIIEHTIIIKOIb, HAHOYACTUHKY
CeO,, HAaHOKOMIIOBUTH, €JIEKTPUUYHI BJIACTUBOCTi, IIPOBiAHICTE.
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1. INTRODUCTION

Polymer composites are polymers containing modifiers that are uti-
lized as passive and active layers in optoelectronic devices, such as
solar cells, light-emitting diodes (LED), optical waveguides materi-
als, and photochromic materials [1].

Polyvinyl alcohol (PVA) is a synthetic, non-toxic biocompatible,
semi-crystalline polymer having good transparency, high dielectric
strength, and fast charge transfer at electrode—electrolyte interface.
Due to its excellent optical and physical properties, PVA is success-
fully used in a wide range of industrial field [2]. PVA being a hy-
drophilic—organic polymer has fascinated the interest of materials
scientists due to its variety of applications in food packaging, hu-
midity sensors, thin-film transistors, fuel cells, and so on [3].
Moreover, PVA has a carbon-chain backbone with hydroxyl group
that is a source of hydrogen bonding to improve the development of
polymer complexes.

Furthermore, polyethylene glycol (PEG) has significant features
such as superb water solubility, being good protein adsorption re-
sistance and low toxicity; therefore, it is used in several applica-
tions such as a coating material for biotechnical applications [4].

CeO, is one of the most attractive rare-earth metal oxides. It has
several applications in the field of corrosion prevention, electro-
chemical cells, electromagnetic shielding, thermal coatings, optical
and photoelectrical properties. Mostly, the rare-earth elements exist
in trivalent state, but cerium exists in both trivalent (+3) state and
tetravalent (+4) one. Because of its ability to alter oxidation state,
it has the several applications such as catalytic converters and solid
oxide fuel cells. In addition, CeO, has a great attention because of
its unique features like nontoxicity, biocompatibility, oxygen stor-
age capability, optical and thermal properties, which have signifi-
cant applications in solar cells, gas sensors and biosensors [5].

This paper deals with preparation of PVA/PEG/CeQO, nanocompo-
sites for films to be employed in different electronic applications.

2. MATERIALS AND METHODS

Films PVA/PEG/CeO, nanocomposites were synthesized by using
casting technique. The PVA/PEG blend was prepared with concen-
trations of 81 wt.% PVA and 19 wt.% PEG by dissolving of 1 gm
of polymers in distilled water (30 ml). The CeO, nanoparticles (NPs)
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were added to the polymer blend with contents of 1.5 wt.%, 3
wt.%, and 4.5 wt.%. The A.C. electrical properties of
PVA/PEG/Ce0, nanocomposites were measured within the frequen-
cy range 100 Hz—5-10° Hz by LCR meter (HIOKI 3532-50 LCR HI
TESTER).

The dielectric constant (¢') of nanocomposite films was calculated
by [6]:

g' =C,d/g, (1)
where C, is matter capacitance, d is the thickness, A is the area (in
cm?).

Dielectric loss (¢") was determined by [6]:

" =¢'D, (2)

where D is the dispersion factor.
The A.C. electrical conductivity was found by [7]:

Oa.c. = 0€'De,. (3)
3. RESULTS AND DISCUSSION

Figures 1-4 show the variations of dielectric constant and dielectric
loss of PVA/PEG/CeO, nanocomposites with frequency and CeO,
NPs’ concentration, respectively.

—+— Pure

Dielectric constant

0.9 T ; —rr . )
1-10° 1-10* 1-10¢ 1-10° 1-10° 1107

F, Hz

Fig. 1. Variation of dielectric constant of PVA/PEG/CeO, nanocomposites
with frequency.
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Fig. 2. Variation of dielectric loss of PVA/PEG/CeO, nanocomposites with
frequency.
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Fig. 3. Variation of dielectric constant of PVA/PEG blend with CeO, NPs’
concentration.

The dielectric constant and dielectric loss are decreased with in-
crease in the frequency. This is because the effect of space charge
polarization has decreased. Because of the charge accumulated due
to the polarization of the PVA/PEG/3 wt.% CeO, NPs’ interfaces,
more charges are generated, resulting in an increase in the number
of charge carriers accumulated at the sample—electrode interface
[8—14].
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Figure 5 and Figure 6 represent the behaviour of A.C. electrical
conductivity for PVA/PEG/CeO, nanocomposites with frequency
and CeO, NPs’ concentration, respectively. The conductivity in-
creases with increase in frequency as well as CeO, NPs’ concentra-
tion. This increase is attributed to the formation of excess charge
carriers developed in the polymer matrix [15—24].

0.45 1
0.4 1
0.35 1

0.3 1

Dielectric loss

0.25 1

0.2+ T
0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5

Con. of CeQ, nanoparticles, wt.%

Fig. 4. Variation of dielectric loss of PVA/PEG blend with CeO, NPs’ con-
centration.
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1 —+—Pure
—=—1.5 wt.%
1:107¢ 5
——3 wt.%

1-10'7f
110+
1-107 4

1-1071 4

A.C. electrical conductivity, S/cm

1.10-1 7 T e T AR rm
1.10? 1-10° 1104 1.10° 1-10% 1107

F, Hz

Fig. 5. Behaviour of A.C. electrical conductivity for PVA/PEG/CeO, nano-
composites with frequency.
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Fig. 6. Behaviour of A.C. electrical conductivity for PVA/PEG blend with
CeO, NPs’ concentration.

4. CONCLUSIONS

The current work includes studying the dielectric characteristics of
PVA/PEG/CeO, nanocomposites to use for various electrical devic-
es. The results indicated to enhance the dielectric properties of
PVA/PEG with adding of the CeO, NPs’ concentration. The dielec-
tric constant, dielectric loss and A.C. electrical conductivity are
changed with the increase in frequency.

REFERENCES
1. S. B. Aziz, E. M. A. Dannoun, D. A. Tahir, S. A. Hussen,
R. T. Abdulwahid, M. M. Nofal, R. M. Abdullah, A. M. Hussein, and
1. Brevik, Materials, 14: 1 (2021); https://doi.org/10.3390/mal14061570
2. S. G. Rathod, R. F. Bhajantri, V. Ravindrachary, P. K. Pujari, and
T. Sheela, J. of Adv. Dielectrics, 4, No. 4: 1450033 (2014);
do0i:10.1142/S2010135X14500337
3. P. Rani, M. B. Ahamed, and K. Deshmukh, Mater. Res. Express, 7: 1
(2020); https://doi.org/10.1088,/2053-1591/ab9853
4. Z. K. Heiba, M. B. Mohamed, and S. I. Ahmed, Alexandria Engineering
Journal, 61, No. 5: 3375 (2021); https://doi.org/10.1016/j.aej.2021.08.051
5. M. K. Mohanapriya, K. Deshmukh, M. B. Ahamed, K. Chidambaram, and
S. K. K. Pasha, Materials Today: Proceedings, 3: 1864 (2016).
6. E. Elbayoumy, N. A. El-Ghamaz, F. Sh. Mohamed, M. A. Diab, and

T. Nakano, Polymers, 13: 1 (2021); https://doi.org/10.3390/polym13173005
C. S. Rani and N. J. John, Int. J. of Innovative Techno. and Exploring Eng.,


https://doi.org/10.3390/ma14061570
doi:10.1142/S2010135X14500337
https://doi.org/10.1088/2053-1591/ab9853
https://doi.org/10.1016/j.aej.2021.08.051
https://doi.org/10.3390/polym13173005

®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

INVESTIGATING THE A.C. ELECTRICAL PROPERTIES OF PVA/PEG/CeO, 287

8, Iss. 11: 1285 (2019).

L. H. Gaabour, AIP Advances, 11: 1 (2021); do0i:10.1063/5.0062445

A. J. K. Algidsawi, A. Hashim, A. Hadi, M. A. Habeeb, and H. H. Abed,
Physics and Chemistry of Solid State, 23, No. 2: 353 (2022);
doi:10.15330/pcss.23.2.353-360

D. Hassan and A. H. Ah-Yasari, Bulletin of Electrical Engineering and In-
formatics, 8, Iss. 1: 52 (2019); doi:10.11591 /eei.v8i1.1019

D. Hassan and A. Hashim, Bulletin of Electrical Engineering and Informat-
ics, 7, Iss. 4: 547 (2018); doi:10.11591 /eei.v7i4.969

Z. S. Hamad and A. Hashim, Nanosistemi, Nanomateriali, Nanotehnologii,
20, Iss. 1: 159 (2022); https://doi.org/10.15407/nnn.20.01.159

M. A. Habeeb, A. Hashim, and A. Hadi, Sensor Letters, 15, No. 9: 785
(2017); https://doi.org/10.1166/s1.2017.3877

A. Hashim, A. J. K. Algidsawi, H. Ahmed, A. Hadi, and M. A. Habeeb, Na-
nosistemi, Nanomateriali, Nanotehnologii, 19, Iss. 2: 353 (2021);
https://doi.org/10.15407/nnn.19.02.353

N. Hayder, M. A. Habeeb, and A. Hashim, Egypt. J. Chem., 62, Spec. Iss.
(Pt. 2): 577 (2020); doi:10.21608/ejchem.2019.14646.1887

M. Bafna, N. Garg, and A. K. Gupta, J. of Emerging Technologies and In-
novative Research, 5, No. 1: 494 (2018).

A. J. K. Algidsawi, A. Hashim, A. Hadi, and M. A. Habeeb, Semiconductor
Physics, Quantum Electronics & Optoelectronics, 24, No. 4: 472: (2021);
https://doi.org/10.15407/spqe024.04.472

A. Hashim, A. J. K. Algidsawi, H. Ahmed, A. Hadi, and M. A. Habeeb, Na-
nosistemi, Nanomateriali, Nanotehnologii, 19, Iss. 1: 91 (2021);
https://doi.org/10.15407/nnn.19.01.091

A. Hashim, H. M. Abduljalil, and H. Ahmed, Egypt. J. Chem., 63, No. 1: 71
(2020); d0i:10.21608/EJCHEM.2019.10712.1695

Q. M. Jebur, A. Hashim, and M. A. Habeeb, Egypt. J. Chem., 63, No. 2: 611
(2020); d0i:10.21608/ejchem.2019.10197.1669

N. Al-Huda Al-Aaraji, A. Hashim, A. Hadi, and H. M. Abduljalil, Silicon,
14: 4699 (2021); https://doi.org/10.1007/s12633-021-01265-3

A. Hashim, J. Mater. Sci.: Mater. Electron., 32: 2796 (2021);
https://doi.org/10.1007/s10854-020-05032-9

B. Hussien, A. K. Algidsawi, and A. Hashim, Australian Journal of Basic
and Applied Sciences, 5, No. 7: 933 (2011).

H. Abduljalil, A. Hashim, and A. Jewad, European Journal of Scientific
Research, 63, No. 2: 231 (2011).


doi:10.1063/5.0062445
doi:10.15330/pcss.23.2.353-360
doi:10.11591/eei.v8i1.1019
doi:10.11591/eei.v7i4.969
https://doi.org/10.15407/nnn.20.01.159
https://doi.org/10.1166/sl.2017.3877
https://doi.org/10.15407/nnn.19.02.353
doi:10.21608/ejchem.2019.14646.1887
https://doi.org/10.15407/spqeo24.04.472
https://doi.org/10.15407/nnn.19.01.091
doi:10.21608/EJCHEM.2019.10712.1695
doi:10.21608/ejchem.2019.10197.1669
https://doi.org/10.1007/s12633-021-01265-3
https://doi.org/10.1007/s10854-020-05032-9




Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO2IT © 2023 IM® (IacturyT MeTanodisukm
Nanosistemi, Nanomateriali, Nanotehnologii im. I. B. Kypaiomosa HAH Vkpainu)
2023, 1. 21, Ne 2, cc. 289-299 HazapykosaHo B YKpaiHi.

PACS numbers: 71.15.Mb, 71.15.Nc, 78.20.Ci, 78.30.-j, 78.40.-q, 78.67.Sc, 82.35.Np

Design of PEO/NiO/In,0; Structures and Tailoring the Optical
and Electronic Characteristics for Electronic Devices
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In present work, the new PEO/NiO/In,0; structures are designed to be
employed in various optical and electronic approaches. The structural, op-
tical, and electronic characteristics of new PEO/NiO/In,0; structures are
studied. The effect of increasing the number of atoms on the geometrical,
electrical, and spectral features of PEO/NiO/In,0, structures is investi-
gated using the Gaussian 0.9 software and Gaussian View 0.5, as well as
density functional theory (SDD basis set) for the geometrical, electronic,
and spectroscopic properties of PEO/NiO/In,O; (with 85 atoms). Improved
geometrical optimization is done for the geometrical features (bonds and
angles). In addition to spectrum qualities, electronic properties include
ionization potential, electron affinity, chemical hardness, chemical soft-
ness, electronegativity, total energy, energy gap, electrophilicity as well
as the IR and UV-visible spectra. When the number of atoms in the inves-
tigated structure is increased, it has a direct effect on all of its attrib-
utes. Finally, acquired results for the new PEO/NiO/In,0; structures show
that they can be used in a variety of modern applications.

V¥ 1miit po6ori HOBi cTpykTypu moiaiokcueruiaeH/NiO/In,0O; (IIOE/NiO/In,05)
CTBOPEHO AJIA BUKOPUCTAHHA B Pi3HUX ONTUYHUX Ta €JIEKTPOHHUX MiAXOmaX.
JocaimsKeHO CTPYKTYpPHi, ONTHUYHI Ta €JeKTPOHHI XapaKTEPUCTUKU HOBUX
crpykTyp IIOE/NiO/In,O;. HocaimskeHo BIJIMB 30i/JbIIeHHA KiJIBKOCTH aTo-
MiB HA TEOMETPHUYHi, eJIeKTPUUHI Ta CIeKTpaJbHi 0COOJIMBOCTI CTPYKTYD
IIOE/NiO/In,0; 3a momomoroio mporpamMHoro sabesmeuenHsa Gaussian 0.9 i
Gaussian View 0.5, a Tako:k Teopii @yHKIioHaTy TrycTuHu (3 0a3MCHUM Ha-
6opom SDD) 1 reoMeTPpUYHUX, €JIEKTPOHHUX i CIIEKTPOCKOIIIYHUX BJIACTU-
Boctreir IIOE/NiO/In,O5 (3 85 aromamu). Iloginimeny reomMeTpuuHy OITHUMi-
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3aIil0 BUKOHAHO AJIs TeOMeTPUYHUX 0COOJMBOCTEel — 3B A3KiB i KyTiB. Kpim
CIEeKTPaJIbHUX SIKOCTeH, eJeKTPOHHI BJIACTHMBOCTI BKJIIOUYAIOTH ITOTEHITiA
Momizarii, CIOPiAHEHICTh €JIeKTPOHiB, XeMiuHy TBEepAiCTh, XeMiuHy M -
KicTbh, eJIeKTpOHEeraTUBHICTH, IIOBHY €HEprilo, eHepreTUYHYy IIiJINHY, eJeKT-
podinbHiCTE, a TaKOMK CIEKTPU B iH(ppauepBOHOMY AifANa30HiI Ta y BUINMO-
My ¥ yabTpadiosieroBoMy AismasoHax csitTia. Koawm KinbKicTh aToMiB y moc-
JiMKyBaHIA CTPYKTYpi 30inbIyeThbcsd, Ie 6esmocepelHbO BILIMBAE Ha Bei ii
osnaku. Opepskani pesyabratu anasa cTpyKTyp IIOE/NiO/In,0O; mokasyioTs,
1IT0 BOHY MOXKYTH OYTHM BUKOPHMCTAHI B PiBHUX CYyUYaCHUX 3aCTOCYBAHHAX.

Key words: poly(ethylene oxide), metal oxide, nanocomposites, optical
properties, electronic devices.

Karouori cioBa: moJsiiokcHeTHJIeH, OKCHUJA MeTajliB, HAHOKOMIIO3UTU, OITHY-
Hi BJIACTHUBOCTI, €JIEKTPOHHI HIpUIagu.

(Received 5 October, 2022)

1. INTRODUCTION

Polymer nanocomposites (PNCs) may be defined as a mixture of two
or more materials, where the matrix is a polymer and the dispersed
phase has at least one dimension smaller than 100 nm. In the last
decades, it has been observed that the addition of low contents of
these nanofillers into the polymer can lead to improvements in their
mechanical, thermal, barrier and flammability properties, without
affecting their processability. The ideal design of a nanocomposite
involves individual nanoparticles homogeneously dispersed in a ma-
trix polymer. The dispersion state of nanoparticles is the key chal-
lenge in order to obtain the full potential of properties enhance-
ment. This uniform dispersion of nanofillers can lead to a large in-
terfacial area between the constituents of the nanocomposites. The
reinforcing effect of filler is attributed to several factors, such as
properties of the polymer matrix, nature and type of nanofiller,
concentration of polymer and filler, particle aspect ratio, particle
size, particle orientation and particle distribution. Various types of
nanoparticles, such as clays, carbon nanotubes, graphene, nanocellu-
lose and halloysite, have been used to obtain nanocomposites with
different polymers [1].

Poly(ethylene oxide) is a hydrophilic, biodegradable and semi-
crystalline polymer with good biocompatibility and toughness [2].
PEO can be distinguished through its high thermal and chemical
stability, high viscosity, and non-ionic, heat formative, good water
solubility properties. PEO can also be identified through its floccu-
lent thickening sustained-release lubrication that disperses fibres
and retains water [3]. The properties of conducting polymer nano-
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composites depend mainly on the nature of the association between
inorganic and organic components.

Nickel oxide (NiO) is a p-type semiconductor with a variety of
applications in optical, electronic and magnetic devices and this is
because of the presence of Ni" and Ni"™ in the metal oxide [4]. The
introduction of NiO nanoparticles into the conjugated polymer
greatly enhances the charge storage capacity in comparison to the
parent polymer. This is mainly due to the morphology of the hybrid
system in which the specific surface area, particle size and size dis-
tributions are significantly modified by the incorporation of metal
nanoparticle [5].

Indium oxide (In,0;) is a technically very important transparent
conductive oxide (TCO) substance. In,O; is an n-type semiconductor
with energy gap in the range from 3.6 to 3.72 eV. The In,0; struc-
ture with crystalline form is b.c.c. (body-centred cubic) with a lat-
tice constant of 10.11 A [6].

This work aims to design of new PEO/NiO/In,0O; structures to
employ in various optical and electronic approaches.

2. THEORETICAL PART

The HOMO (the highest energy occupied by electrons) and LUMO
(the lowest energy occupied by electrons) are the main properties in
arithmetic such as molecular interaction and molecular ability to
adsorb photon light. According to Koopmans’ theory, the band gap
is given by [7]:

Egap = ELUMO - EHOMO' (1)

The ionization potential (IP) is difference between the positive
energy E(+) and the neutral one E(n):

IP = E(+) - E(n). 2)

The electron affinity (EA) is given as a function of both the neu-
tral energy E(n) and the negative energy E(-):

EA=E(n)- E(-). 3)
The energies of the frontier orbitals are determined as

IP =—-Eyomo, (4)
EA = _ELUMO' (5)

Chemical hardness (n) measures the extent of resistance to the
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transfer of charges. It is given as a function of electrons’ numbers
N and external potential V(r) [8]:

LR
2|on* |, "|aN| 2|aN ],
n=(P - EA)/2. (7)

Chemical softness (S) is a characteristic of molecules, which
measures the chemical reactivity degree. It is a converse of chemi-

cal hardness (n) [9]:
2
S = 1 = 0 ]\2] = oN . (8)
2n OE* |, ou |,

The chemical potential (K) u, defined as [10]:

K = [0E/oN],, (9)
where V is nuclei potential.
Then, we can determine the electronegativity using the relation-
ship [8]
X =-K = -[0E/oN], . (10)

It can be obtained by the average ionization energy and electron af-
finity [11]:

X = (IP + EA)/2. (11)

According to Koopmans’ theorem, ‘it is defined as the negative val-
ue for average of the energy levels of the HOMO and LUMO’ [12]:

X =—(Enomo + Ervmo)/ 2. 12)

It measures the energy stability, when the structure gets addi-
tional electron charges from the environment, defined as electro-
philic [13]:

o=x>/2n. (13)

The electric dipole polarizability is the measure of the linear re-
sponse of the electron density in the presence of an infinitesimal
electric field F, and it represents a second-order variation in energy
[14]. The polarizability is calculated by the following equation [15]:
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<0c> = (0, + 0, + oczz)/3 . (14)

3. RESULTS AND DISCUSSION

Density functional theory was used to simulate the relaxation of
structure for the new PEO/NiO/In,0; structures. Relaxation struc-
ture provided the bond length and angle between atoms.

Figure 1 represents geometrical model for the PEO/NiO/In,0,
structures.

Table 1 presents the geometric characteristics of PEO/NiO/In,0,
structures (85 atoms) including the lengths of bonds in [A] and the

. ﬁf;f
>

Fig. 1. Optimization of PEO/NiO/In,0; (85 atoms) structures.

TABLE 1. Optimized bonds’ lengths and optimized bonds’ angles for nano-
composites.

Values Optimization Linear
parameters
(C-C) 1.52475
(C-0) 1.45679
(Ni-0) 1.90727
Bonds, A (Ni-In) 2.72686
(In—-0) 2.11013
(C-H) 1.10320
(H-C-H) 108.83735
Angles, deg. (C-0-C) 113.61651
(O—Ni-In) 109.85133
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angles of bonds in degrees using the DFT with BSLYP/6-31G level
and the ‘Gaussian 09’ programs. The calculated bond values in this
study are in good agreement with earlier theoretically estimated
values [16—18].

The FTIR data are shown in Fig. 2 and Table 2. The interactions
are depicted by the FTIR spectra of structures. Differences in spec-
tra of PEO are caused by In,O;, which include differences in a shift
in many bonds and intensities.

The UV—-Vis spectra are shown in Fig. 3 and Fig. 4. The electrical
structure of the molecule determines the visible and ultraviolet
spectra. The absorption intensity of new PEO/NiO/In,0; structures
(85 atoms) has a greater UV—Vis spectrum, as shown in Figs. 3 and
4. As a result, absorption increases as the number of atoms grows.
This is due to electrons’ shifting from the valence level to the con-
duction band at these energies, resulting in an increase in absorp-
tion due to the increased number of charge carriers [6, 22—26].

6000

5000

B 4000
o
>
B 3000
Q
«
g 2000
=
1000
ATTEETY, W .| N
0 500 1000 1500 2000 2500 3000 3500 4000

Frequancy, cm™

Fig. 2. IR spectra of new PEO/NiO/In,O; structures (85 atoms) by using
B3LYP/SDD basis set.

TABLE 2. IR frequencies of new PEO/NiO/In,05 structures.

Typical vibrational

. . . 4
Assignment | Vibrational-mode type | Frequency, cm frequency, cm !

C-0 Stretching 1002.08 1000-128 [19]
CH, In-plane bending 1352.80 1340-146 [19]
C-C Stretching and bending 1058.13 700-1600 [18]
C-H Symmetric stretching 3064.83 3020-308 [19]
C-0-C Bending 1244.28 1238-129 [19]
Ni-O Stretching 469.88 457-600 [20]

In-O Stretching 469.18 441-583 [21]
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Fig. 3. UV—Vis spectrum for the PEO (85 atoms) by using BSLYP/6-31G.
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Fig. 4. UV—Vis spectrum for the new PEO/NiO/In,0, structures (85 atoms)
by using BSLYP/SDD.

TABLE 3. The values of HOMO, LUMO and energy gap in [eV] of new
PEO/NiO/In,0, structures.

Ribbon HOMO, eV LUMO, eV |Energy gap, eV
PEO -6.7995 1.2679 8.0674
PEO-NiO -3.9323 -1.3847 2.5476
PEO-NiO-In,0, -5.0972 -2.0641 3.0330

The energy gap for the new PEO/NiO/In,0, structures (85 atoms)
is shown in Table 3. The calculated energy gap diminishes as the
number of atoms increases, according to the data.

The energy gap reduces with adding the NiO and NiO—In,0;. This
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TABLE 4. Electronic-properties’ values of new PEO/NiO/In,0; structures.

Property | PEO New PEO/NiO/In,04 structures
Total energy (ET) -1692.8063 a.u. -2093.4601 a.u.
Ionization potential (/E) 6.7995 eV 5.0972493 eV
Electron affinity (EA) -1.2679 eV 2.0641 eV
Electronegativity (EN) 2.7658 eV 3.5806 eV
Chemical hardness (1) 4.0337eV 1.5165 eV
Chemical softness (S) 0.1239 eV 0.3297 eV
Chemical potential (K) -2.7658 eV -3.5806 eV
Electrophilicity (®) 0.94821 eV 4.2269 eV
Dipole moment (Debye) 1.6673 eV 8.3365 eV

TABLE 5. The calculated o
PEO/NiO/In,0, structures.

and its components for the new

ave

Polarizability, a.u.
Ol AU | a,,, a.u. | a,,, a.u. | Olypes .U
508.564 403.368 386.810 432.914

reduced energy gap indicates the presence of charge transfer com-
plexes due to the defect formations in the polymer matrix. These
defects create the localized levels in the energy gap [27-32].

Table 4 presents the results of the ET in [a.u.] and some electron-
ic properties of PEO and new PEO/NiO/In,0; structures calculated
at the same level of theory. These properties are also including IE,
EA, EN, n, o and dipole moment.

Table 5 shows the polarizability average o,, and its components
in [a.u.] of new PEO/NiO/In,0; structures.

Figure 5 show the three-dimensional distribution of HOMOs and
LUMOs in the nanocomposites examined.

4. CONCLUSIONS

The validity of the BSLYP level with SDD density functional theory
in investigating geometry optimization and calculating geometrical
parameters (bonds’ lengths and angles) was demonstrated.

FTIR studies show that there are no interactions between PEO-—
NiO and In,O; nanoparticles’ concentrations.

The optical absorbance of PEO-NiO nanocomposites increases
with the increase in In,O; nanoparticles’ concentration.

In addition, one of the most notable outcomes of this research
was the reduction of the energy gap. Because the HOMO and LUMO
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Fig. 5. The shape of HOMO (up) and LUMO (down) for the new
PEO/NiO/In,04 structures containing 85 atoms.

levels become progressively nearby, these nanocomposites are the
closest to semiconductors.

Because the ionization potential decreases with the addition of
nanoparticles to pure PEO, but the electronic affinity increases with
the addition of nanoparticles to pure PEO, all of the examined
nanocomposites require little energy to become cations.

The total ground state energy of the PEO has largest value of to-
tal energy in comparison with other nanocomposites, where ET is
decreased with addition nanoparticles to pure PEO.

The hardness decreases with addition nanoparticles to the pure
PEO; therefore, all the nanocomposites are softer, and this reduces
the resistance of species to lose electrons.

The obtained results indicated that the new PEO/NiO/In,O,
structures could be used for various modern applications.
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The PVA/Fe,O; nanocomposites are formed using a solution casting meth-
od with varying weight percentages of Fe,O; nanoparticles: 0, 2, 4, and 6
wt.% . The optical microscopy and optical properties for films are studied;
the results reveal that the nanoparticles form a continuous network in
films of polyvinyl alcohol (PVA); the nanoparticles are linked in this net-
work including routes for charge carriers to travel through it, causing a
shift in the material properties. The findings reveal that, as the concen-
tration of Fe,O; nanoparticles rises, the absorbance, absorption coeffi-
cient, extinction coefficient, refractive index, real and imaginary dielec-
tric constants and optical conductivity are increasing. The optical energy
gap for PVA is reduced from 4.4 eV for pure PVA to 3.7 eV when Fe,0,
nanoparticles’ concentration reaches 6 wt.%. This behaviour makes it
suitable for variety optical approaches. The transmittance drops as the
concentration of Fe,O; nanoparticles increases.

Hawmoxomnosutu IIBC/Fe,O; ¢hopMyOThCS METOAOM JHUTTA PO3UYUHIB 3 Pis-
HUM BaroBuUM BifcoTkoMm HaHOuYacTuHOK Fe,O5: 0, 2, 4 Ta 6 mac.% . BuBueno
OIITUYHY MIKPOCKOIIi}0 ¥ OITHYHI BJIACTHUBOCTI IIJIiBOK; pPe3yJIibTaTU IIOKAa3y-
I0Th, 10 HAHOYACTHUHKU YTBOPIOIOTH 0e3mepepBHY Mepe:Ky B ILIiBKaX IOJi-
Bimimosoro cmupry (IIBC); HaHOYACTMHKM IIOB A3aHi B Iiff Mepeski, o
BKJIIOUAE€ MapIIPYyTH MIPOXOAKEHHSA HOCIIB 3apAny uepe3 Hel, BUKJIUKAIOUU
3pYIIIeHHsA BJacTUBOCTell mMarepisany. Omep:xkaHi maHi MOKasyoOTh, 1110 3i 36i-
JIBIIEHHAM KOHIeHTparnii HanouactuHok Fe,O; crmexTpanbHa BOUPHICTH, KO-
edimierT BOMpaHHsS, Koe(illieHT 3racamus, IMOKA3HUK 3aJIOMJIEHHA, milicHA
U ysBHaA OieJIEKTPUYHI IIPOHMKHOCTI Ta OITHWYHA IIPOBiIHICTE 3POCTAIOTH.
Ontuuna eHepreruvHa mfijuHa aiaa IIBC samenmnyerbea Big 4,4 eB gaa uwuc-
toro IIBC mo 3,7 eB 3a KoHieHTpaliii HaHouacTuHOK Fe,O; y 6 mac.% . Ta-
Ka IMoBeAiHKa POOUTH HOT0o MPUAATHUM IJis Pi3HOMAHITHUX OMNTHUYHUX IIif-
xoxiB. KoeditieHT mpomyckanusa ciamae 3i 30iJbIIeHHAM KOHIEHTpAaIlil Ha-
HOouacTUHOK Fe,0;.
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1. INTRODUCTION

Nanotechnology has created a different part of study for the dis-
pensation and creation of nanomaterials, which are substances that
typically have crystallite sizes of less than 100 nanometers [1].
Nanotechnology is a hot theme this time, reaching, since new
changes in technique, physics to precisely new fields to educating
novel materials with nanometer dimensions scale [2]. That is fast
emerging and rising, with vast fields in various research approach-
es, advancement, and industrialized activities. Nanoparticles (NPs)
with higher thermal conductivity than their surrounding liquid
have been found to improve deferral effective thermal conductivity
[3]. Polymer matrix nanocomposites are an appealing and important
part of today’s materials because of their low weight, simple manu-
facturability, low cost, high fatigue strength, and good corrosion
resistance. The addition for nanoparticles into a polymer matrix
meaningfully alters its physical material properties such as struc-
tural, electrical, thermal, and optical properties [4, 5].

The polyvinyl alcohol is good host medium for an extensive varie-
ty for nanoparticles. It is motivated by the view of producing ultra-
transparent films with superior optical properties. They have ob-
tained a lot of attention due to their excellent dielectric properties.
Their flexibility is exceptional, and their dielectric strength is quite
robust. Due to they are created through erosion, iron oxides are in-
triguing due to their catalytic, magnetic, and semiconducting mate-
rial properties. They can be used as high-density magnetic storage
materials and as catalysts in the production of styrene. The typical
stoichiometric form of iron oxides is Fe,O; at room temperature.
For its structural, optical, and band-gap properties, the polymer
nanocomposite of ferrous oxide with PVA is included in nanocom-
posites [6].

2. EXPERIMENTAL PART

The PVA/Fe,O; nanocomposite films were made using the casting
method at different weight percentages (0, 2, 4, and 6 wt.%) by
dissolving 1 g from PVA in 40 ml of distilled water using a magnet-
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ic starrier for 30 minute at temperature of 70°C. With the UV-1800
from Shimadzu at wavelengths between 220 and 800 nm, the optical
properties of PVA/Fe,0; nanocomposites’ films were measured by a
double beam spectrophotometer [nm]. The formula shown below [7]
is used to calculate absorbance:

A= (1)

I, is the intensity of light that is absorbed by the substance, and I,
is the intensity of light that is incident.

The subsequent calculation can be used to calculate transmittance
TI[7]:

T=1Ir/1o; (2)

I; is the intensity of light that is transmitted through a material,
and I, is the intensity of light that is incident.

We can measure the absorption coefficient o of the current mate-
rials by use the thickness of the film [7]:

o= 2.303A/d. (3)

Absorbance is represented by A, and film thickness is represented
by d.
The indirect transition was formed by applying the relationship
[8]:
ahv=B(hv-E,) , (4)
where r=2 for transitions permitted indirectly and r=3 for transi-
tions proscribed indirectly. Av is the incident-photon energy; B is

constant value, and E, is optical band gap.
Calculation can be used to determine the refractive index n [8]:

R K*  R+1,
(R-1? R-1’

n

(5)

R is reflectance.
The calculation shown below [9] can be used to determine the ex-
tinction coefficient k:

k= o) /4m. (6)

The wavelength of the incident light is indicated here by A.
The real (g;) and imaginary (¢,) components of the dielectric con-
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stant are defined by the subsequent algebraic expressions [9]:

& = n’k?, (7
€, = 2nk. (8)
The following calculation is used to determine the optical conduc-
tivity o [10]:
_anc
4n

Refractive index is denoted by n, while light velocity is denoted by
¢, and absorption coefficient is denoted by a.

9

3. RESULTS AND DISCUSSION

Images of PVA/Fe,O; nanocomposites’ films taken at a magnifica-
tion power of 10x for samples of various concentrations are shown
in Fig. 1. We can see (a, b, ¢, d), when the concentration of iron
oxide reaches 6 wt.%, the nanoparticles form a continuous network
in films of polyvinyl alcohol; inside the polymers, the nanoparticles
are linked in this network, which includes routes for charge carri-
ers to migrate through, causing a shift in the material properties
[10].

The relationship between absorbance and wavelength of
PVA/Fe,O; nanocomposites as shown in Fig. 2. The display demon-
strates that, as the wavelength increases, the absorbance of films
decreases, peaking close to the fundamental absorption edge (220
nm). In general, visible and near-infrared film absorbance is mini-
mal. We can explain this performance in this way. Near the funda-
mental absorption edge, the incident-photon wavelength shortens,
but its energy remains sufficient to interact with atoms and trans-
mit. Due to photon interactions with the substance, absorbance rises
[11].

The relationship between transmittance and wavelength for
PVA/Fe,O; nanocomposites is presented in Fig. 3. We can see, if
Fe,O;-nanoparticles’ concentration rises, the transmittance decreas-
es. This procedure results in electrons’ release in their outside or-
bits, which is container to absorb electromagnetic energy, because
the electron transported to a higher level has occupied vacant loca-
tions of energy band [12]. The pure PVA have high transmittance
that allows the light to pass through while absorbing some of the
incident light. This is so that the electron connection can be broken,
and the electron can be moved to the conduction band [13].

The relationship between the absorbance coefficient and photon
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Fig. 1. The photomicrographs of PVA/Fe,0; nanocomposites: (a) of PVA;
(b) of 2 wt.% Fe,Os; (c) of 4 wt.% Fe,03; (d) of 6 wt.% Fe,05.

—+— Pure

—a— 2 Wt.O/o
—— 4 wt. %
147 ——6 wt.%

Absorbance

220 320 420 520 620 720 820
Wavelength, nm

Fig. 2. Relation between the absorbance and the wavelength for the
PVA/Fe,O; nanocomposites.

energy for the PVA/Fe,O; nanocomposites is shown in Fig. 4. We
can see that this absorption coefficient is lowest at high wave-
lengths and low energies, indicating that there is little chance of an
electron transition because the energy of the input photon is insuf-
ficient to allow the electron to pass from the valence band (V.B) to
the conduction band (C.B) (kv > E,) [14, 15]. This shows how the ab-
sorption coefficient can influence the type of electron transfer that
occurs. When the absorption coefficient is high (> 10* cm™ at high
energies), a direct transition of an electron is anticipated to take
place, and the energy and moment are retained by the electrons and
photons. However, because the absorption coefficients are > 10* cm™
at low energies, it is anticipated that an electron will make an indi-
rect transition and that the electronic momentum will be preserved
with the help of the adsorption process [15]. The PVA/Fe,O; nano-
composites’ coefficient of absorbance is fewer than <10* cm™,
demonstrating that the electron transition is indirect in these nano-
composites [16].

The relationship between the photon energy and the absorption



306 Majeed Ali HABEEB and Zanab Ibrahim ZIKE

Transmittance

0l
220 320 420 520 620 720 820
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Fig. 3. Relation between the transmittance and the wavelength for the
PVA/Fe,O; nanocomposites.
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Fig. 4. Relation between the absorbance coefficient and the photon energy
for the PVA/Fe,O; nanocomposites.

edge (ahv)'? for the PVA/Fe,0, nanocomposites is shown in Fig. 5.
By connecting the higher portion of the curve on the x-axis to
(ahv)? =0, we can draw a straight line to visualize the energy gap
of this permitted indirect transition.

The energy-gap values drop with weight percentages of Fe,O; na-
noparticles rise. The formation of localized levels in this prohibited
energy gap was creditable with causing this [17]. In this instance,
as the weight percentage of iron-oxide nanoparticles rises, the elec-
tron passages from V.B to these limited levels and consequently to
this C.B increase. The density of the localized state rise with con-
centration of nanocomposites rising because they are heterogeneous
(i.e., electronic conduction depends on the additional concentration



EVALUATION OF STRUCTURAL AND OPTICAL PROPERTIES OF PVA/Fe,0; 307

N0y Pure

—=—2 wt, %
251

20

15

(ahv)2, (cmt-e V)12

Fig. 5. Relation between the absorption edge (ahv)’? and the photon ener-
gy for the PVA/Fe,O; nanocomposites.
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Fig. 6. Change of (ahv)Y?® [(cm '-eV)Y3] with photon energy for the
PVA/Fe,O; nanocomposites.

rise as the weight percentage of iron-oxide nanoparticles increases
[18]).

This similar method is used to take into account the forbidden
transition for this indirect energy gap, as depicted in Fig. 6.

The relationship between wavelength and refractive index for
PVA/Fe,O; nanocomposites is depicted in Fig. 7. The graph demon-
strates that, as density increases, i.e., Fe,Os;-nanoparticles’ concen-
tration in PVA, nanocomposites’ refractive index increases. Due to
its low transmittance, the UV region has high refractive-index val-
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Fig. 7. Relation between the refractive index and the wavelength for the
PVA/Fe,O; nanocomposites.
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Fig. 8. Extinction coefficient as a function of wavelength for the
PVA/Fe,0O; nanocomposites.

ues, while the visible range has little values because of its high
transmittance [19].

The relationship between the extinction coefficient and wave-
length for the PVA/Fe,O; nanocomposites is shown in Fig. 8. We
can note that the extinction coefficient rises as Fe,O;-nanoparticles’
concentration rises. This is attributed to the increased weight per-
centages of Fe,O; nanoparticles and the improved absorption coeffi-
cient. This reason suggests that the host polymer structure will
change because of the Fe,O; nanoparticles [20, 21].

The relationship between the wavelength and the real part of the
dielectric constant of PVA/Fe,O; nanocomposites is displayed in
Fig. 9. The real dielectric constant rises with the rise of Fe,O; na-
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Fig. 9. Relation between the real part of dielectric constant and the wave-
length for the PVA/Fe,O; nanocomposites.
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Fig. 10. Imaginary part of dielectric constant as a function of wavelength
for the PVA/Fe,O; nanocomposites.

noparticles’ concentration. Due to the low value of n? this figure
demonstrates that g, is highly dependent on it (as &%) [22].

The relationship between the imaginary part of the dielectric con-
stant and the wavelength for the PVA/Fe,0O; nanocomposites is
shown in Fig. 10. We can see that the g, values, which vary due to
the absorption coefficient, are dependent on %k because of relation-
ship between ¢, and & [23].

The relationship between optical conductivity and wavelength for
the PVA/Fe,0; nanocomposites is shown in Fig. 11. As the propor-
tion of Fe,O; NPs reached to 6 wt.%, the optical conductivity of
PVA rises.

Electrons can passage from the V.B to the local levels to the C.B
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1.0-10"
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Fig. 11. Relation between the optical conductivity and the wavelength for
the PVA/Fe,O; nanocomposites.

more easily thanks to these new levels in this band gap. The band
gap closes, as a consequence, and conductivity rises [24, 25].

4. CONCLUSION

One founding of the optical microscopy, investigators revealed that
nanoparticles form a continuous network in films of polyvinyl alco-
hol; the nanoparticles are linked in this network including routes
for charge carriers to migrate through, causing a shift in the mate-
rial properties. This indicates a significant lack of interaction be-
tween the polymer and the Fe,O; nanoparticles. The absorbance of
PVA/Fe,O; nanocomposites rises as the concentration of Fe,O; na-
noparticles increase, whereas the transmittance and energy gap
drop as the concentrations of Fe,O; rise. The rises of weight per-
centages of Fe,O; nanoparticles increase the absorption coefficient,
extinction coefficient, refractive index, real and imaginary parts of
dielectric constant, and optical conductivity. Finally, the
PVA/Fe,O; nanocomposites may be considered as promise materials
for use of it in different optical fields.
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Bniue nmpumBuANIeHOT0 CTapiHHA HA BJIACTUBOCTI ONTUYHO
IIPO30POTr0 HAHOCTPYKTYpPOBaHOTrO Ti-BMiCHOTO emoOKCcHypeTaHy

T. ®. Camoiinenko, JI. M. dmenxo, H. B. fAposa, JI. O. Boponiiosa,
B. I. Illtommniens, O. O. BpoBko

ITuecmumym ximii eucoxomonexyaraprux cnoayxk HAH Ykpainu,
Xapkiscvre woce, 48,
02160 Kuis, Ykpaina

Ha ocHOBi emoKcuypeTaHOBOI MOJIiMepHOI MATPHUIIi aHTIAPUIHOTO TBEPIHEH-
HA 3 yIbTpaMaJUM BMiCTOM HaHOYACTHMHOK moJituranokcunmy (0,005 i 0,020
mac.% y mepepaxyHKy Ha TiO,), omepskaHuxX in situ 30Jb—TeJb-METOAOM ¥
CepeIoBUIIi IIOJiOKCUIIPOIiJIEHTIIKOII0, CHHTE30BAaHO OpraHo-HeopraHiuHi
riopugui marepigau. CTpyKTypy cPOpMOBaHHX OITHYHO IIPO30OPUX 3Pas3KiB
OiATBEPIKEeHO MEeTOZAMU CBiTJIOBOI MiKpPOCKOIIil Ta IMMPOKOKYTOBOT'O PO3Ci-
auHa PentreHoBux mpomeHiB. Ilokasano, mo TiO, mepebGyBae B amophHOMY
CTaHi Ta He YTBOPIOE arperaTw BeJauKoro poamipy (> 200 mm). ociimxeno
NMOBEeJiHKY THUTAHBMICHUX i BUXiTHOIO elOKCHYpeTaHiB B yMOBaX HIPUIIBU-
OIIIEHOTO CTapiHHA y KJaiMakamepi. 3MiHy iXHiX BJacTmBocTed mif mgiero
Y®-punpoMiHeHHs, ITiABUIIEHUX BOJIOTOCTH Ta TeMIIEpaTypu BUBUEHO Me-
TogamMu IY-cmeKTpockoiii, rigpocraTMYHOro 3BasKyBaHHA, AuepeHiiiHoi
CKaHYBaJbHOI KaJopuMeTpii, TepmMorpaBiMeTpuuHOl aHaJidu Ta CIEKTPOdO-
ToMmeTpii. BuaBaeHo, 110 IIiJg BOJIMBOM TaKWX KJIIMaTUUYHUX UYMHHUKIB XeMi-
YHa CTPYKTYypa 3paskiB 3MiHIOEThCA HEICTOTHO, IO 3acBiguye IXHIO aTMOC-
(epry criliKicTh. 3pocTaHHA I'yCTHHH, iHKPeMeHTa TemaoMicTkocTu (AC,) Ta
TeMIIepaTyp IMOUYaTKY TEPMOMAECTPYKIlI emOKCHypeTaHiB BKasyIOTh Ha mepe-
0ir peakIliii 3mIMBaHHA B yMOBaX KJIiMakaMepH, SKi 3yMOBJIOIOTHL (HOPMY-
BaHHA OLABII IMiJBHOI CTPyKTypu. Ilicisa crapiHHA KoeillieHT OITUYHOTO
MIPONYCKAHHA yCiX 3pasKiB Aelno MOHMIKYETHCS, OGZHAK BTPaTa IPO30POCTHU
3MEHIIyeThCA 3i 30iMbIIeHHAM BMicTy mosituranokcunpy (18,2% piaa Buxi-
nHoro moisimepy ta 11,6% pas spaska 3 0,020 mac.% TiO,). Mogudikosani
eMOKCHUYpPEeTaHU 3arajioM MAaloTh BHUIIY CTiHKicTh H0 merpapmaiiii mopiBHAHO 3
HeMOnu(piKOBaHUMU, IO € O3HAKOIO IIPOABY Y P-eKpaHYBaJIbHUX BJIACTUBO-
creit TiO, # ogHOUYacHOI BicyTHOCTH OTOKATATITUYHOI aKTUBHOCTH, AKa O,
HABIaKM, IPUIIBUAIINAIA JECTPYKI[iI0 IOJIiMepPHOI MaTPHILi.

Organic—inorganic hybrid materials are synthesized on the base of anhy-

dride-cured epoxyurethane polymer matrix with an ultra-low content of
poly(titanium oxide) nanoparticles (0.005 and 0.020 wt.% for TiO,) ob-
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tained in situ by the sol-gel method in polyoxypropylene glycol medium.
The structure of the formed optically transparent samples was confirmed
by the methods of optical microscopy and wide-angle x-ray scattering. As
shown, TiO, reveals itself as an amorphous phase and does not form ag-
gregates of large size (> 200 nm). The behaviour of the neat epoxyure-
thane and of titanium-containing ones is studied under artificially accel-
erated weathering conditions in a climate chamber. The changes in the
properties of films after exposure to UV radiation, elevated temperature
and relative humidity are investigated by the methods of IR spectroscopy,
hydrostatic weighting, differential scanning calorimetry, thermogravimet-
ric analysis, and spectrophotometry. As found, under the influence of
such climatic factors, the chemical structure of the samples changes in-
significantly that proves their atmospheric stability. The increase in den-
sity and initial temperatures of thermal decomposition as well as the de-
crease in the increment of heat capacity (AC,) of epoxyurethanes indicate
the proceeding of cross-linking reactions via condensation of hydroxyl
groups in the conditions of the climate chamber, which lead to the for-
mation of a denser structure. After accelerated weathering test, the opti-
cal transmission coefficient of all the samples diminishes slightly, but the
loss of transparency decreases with increasing content of poly(titanium
oxide) (18.2% for the neat epoxyurethane polymer and 11.6% for the
sample with 0.020 wt.% TiO,). In general, modified epoxyurethanes have
a higher resistance to degradation compared to the unmodified ones that
is an evidence of the exhibiting of the UV-shielding properties of TiO, and
the simultaneous absence of its photocatalytic activity, which, on the con-
trary, would provoke the destruction of the polymer matrix under UV-
irradiation.

Karouori cioBa: emoKcUypeTaHW, MOJITUTAHOKCUI, B30Jb—TeJib-CUHTE3a,
cTapiHHd B KJiMakamepi, Y®P-eKpanyBaHHS, (DOTOKATAJIITHYHA AKTUBHICTD.

Key words: epoxyurethanes, poly(titanium oxide), sol—gel synthesis, accel-
erated weathering, UV shielding, photocatalytic activity.

(Ompumano 25 xcoemus 2022 p.; nicas doonpayrosarnns — 27 scoemus 2022 p. )

1. BCTYII

HaiiBaskauBimum npusHaueHHAM OPTraHIUYHUX MOJIMEpHUX IOKPUTTIB
€ 3axXWCT Pi3HUX IOBEPXOHH (MeTaJy, HepPeBO, IJIaCTMAacH TOIIO) Bin
IeCcTPYKIIii B cyBopux armMocepuux ymoBax [1]. ¥V HusIi mocrimgKeHb
31 crapiHHA mogiMepHMX MaTepiAaiB [1-4] mokasaHo, 110 BOHM BTpa-
YaioTh CTAa0iMBLHICTH BJIACTUBOCTEH IIiJ BIJIMBOM IPUPOAHIX KJIiMaTu-
YHUX YUHHUKIB. 30KpeMma, yabrpadioseroe (Y®P) BuUnpomiHeHH,
KHCeHb, ITiABUINIEHA BOJIOTICTh, EKCTpPeMAaJIbHI TeMIIepaTypu Ta piska
3MiHa iX, a TaKko)KX aTmoc(epHi 3abpyAHIOBaYi 3aTHI MPUIIIBUAIIYBA-
Tu Qoromerpaaaiiio [5, 6], 3MiHIOIOUM XeMiUHY CTPYKTYpPy HOJIiMepiB,
noripmyooun ixHi (ismKo-MexaHiUHI XapaKTepUCTUKU Ta HOHUMKYIO-
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yn moBroBiuxicTs [2]. ToMy Ipy:KHBO-MIIHiCHI ITOKa3HUKHU IIOJiMep-
HUX KOMHOO3UIIIMHUX MaTEePisiB, SKNX BUKOPUCTOBYIOTH K IIOKPUT-
T, MAOThL OyTHM He IIPOCTO BUCOKUMM, a I HEUYTJIHUBUMH IO IIOTOJ-
HUX YMOB 1 COHAYHOI pajiaIrii.

1106 3axmcTUTHU MOJiMepHY MATPHUIIO, A0 ii cKJIamy 3asBUYail BBO-
IATH opramiuHi Y®-sOupaui; ogHaK BOHM MAIOTh TEeHAEHIiI0 MiIrpysa-
™ abo po3KJaJaTHCd IIiJ Yac eKcILryararii. 3Baskamouum Ha Iie, B
OCTAaHHI POKM Bce OiJIbINle yBaru 3BepPTAIOTh Ha HEOPraHiuHiI HaHOHA-
noBHIOBaui [7]. HomaBaHHA HEeBEeJIWKOI KiJIBKOCTH TAKOTO HATIOBHIOBA-
Yya MOKe He JHIle eKpaHyBaTu yJbTpadiosieToBe BUIIPOMiHEHH:A, 3a-
XWINAIOUYM IIOJIiMep Bim merpajmailii Ta IOJOBMKYIOUM TEePMiH HMOr0 eKcC-
mayaramii [8], a # wDoxaimmyBaTu TepMOMeXaHiuHi, ONTHUKO-
eJIEKTPOHHI Ta iHmti BiaactusBocti [9—11].

Cepen BimoMHX HAIOBHIOBAUIB OCOOJIMBUI iHTepec BUKJIHNKAE TiOK-
cun Turany (TiO,) [2, 12-17], axkuil € ekosoriuHO OedrieyHUM, edheK-
TUBHO OJIoOKye Y @P-BUIpOMiHeHHA Ta HABiTh 3a HU3BKOTO BMicTy 3xa-
TeH HiJBUIIYBATH MeXAaHiUHi XapaKTEepUCTHUKHN Ta TepMOCTabiIbHIiCTDL
nmoaimepHoro marepiany [18, 19]. Bimomo, mo amopduwmii TiO, mae
Oinpmry mupuuy 3abopoHeHoi 3ouHu (= 310 HM) MOPiBHAHO 3 KpHCTAa-
adiuaoo TiO,-dazoo (2400 HM); TOMY € OCOOJUBO IEPCIEKTUBHUM
Uil eKpaHyBaHHA KOPCTKoro Y ®D-sunpominenHs [14]. OgHak HU3bKaA
pucmnepcHicTs TiO,, a TakoK PUBUK Aerpafallii MATPHUILL IIiJ BIJIMBOM
OKCUI'€HOBMIiCHUX BiJBbHMX paIUKaJiB, YTBOPEHUX BHACJIiJIOK BUAB-
JeHHs #oro (oTOKATAJiTHUHOI aAKTHUBHOCTH, OOME:KYIOTH BUKOPIC-
TaHHA IILOTO HAIIOBHIOBaYa IJd (opmyBanHsa mokputrtis [13]. Ha do-
ToraTamiTuuny aktuBHicTh TiO,, AKka € 0aKaHOIO IJA iHITUX ITOTPeO,
TaKUX AK OUUINEHHS BOAU Ta CKJA Bij opramiuHmx 3a0pymHukis [8,
12, 16], BuauBaoTL MOPGOJIOTisd, PO3Mip YaCTHHOK MaTepiaay, daso-
BUI CKJaJ, CTYIIiHb KPUCTAJiUHOCTU, CTAH MHOBEPXHiI I eJIeKTPOHHI
BiractuBocTi [20].

3Bajkaioun Ha MOMKJMBICTL peryJoBaTu maHy BjaacTtubicTs TiO,,
IOCTiZHMKM HaMaralmTbCs CTBOPUTH TaKi riOpuaHi Marepianu, y
AKX BiH mepeBayKHO BUABJAB O0u BiaacTHUBOCTI ¥ D-6iokaTopa, ajie He
dororarasizaropa. 3oxkpema, aBTopu [21] mokasanaum, IO HAABHICTH
CWJIiKaTHOTO IIapy Ha NOoBepxHi HaHouacTuHOK TiO,, omepskaHUX
30JIb—TeJIb-METOJAOM i BBEeIEHUX y CTPYKTYPY aKPUJIOBOTO MOJiMepy,
IpUrHiuye ixHIO (DOTOKATAJITUUHY aKTUBHICTH i Haja€e ONTUYHO IIPO-
30pOMY IIOKPHUTTIO Ha HOT0 OCHOBI Y®-3aXMCHUX BJIACTUBOCTEeH. B
iHmi# pobori [22] xaag Takux jKe caMuX Ilijiell Ha MOBEPXHIO HaHOYA-
ctuHoK TiO,, momepegHbO MOKPUTHUX AioKcuaom Cuiirmiio, JogaTKOBO
MIPUIIEILTIOBAJIN MOJi-D-TakTU 3 OfepP:KaHHAM TiOpumiB 3 TOABiIHHOIO
000JIOHKOIO.

Huspkuii (oToKaTadiTUUHUA BOJAWB Ha IOJiypeTaHOBY MAaTPUILIO,
ajie BUCOKY 3JaTHicTh 10 Y®P-eKpaHyBaHHS CIIOCTEpiraam TaKkoMK IJId
HanouacTuHOK TiO,, 10 mMoBepxHi AKUX OyJI0 IPUINEIJIEHO Iap IIOJIi-
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BiHiImiposiZoHy 3 HmeTHIATPpUMEeTHuJIaMOHi#l 6pomizom i map SiO, [23].
Ilomi6Hi pesynmbTaTy ommcano i y mociimsxenui [13], me 3 TerpadyTu-
JTUTAHATY 30JIb—TeJb-MeToAoM cuuTesyBaiu TiO,/mosimepui ri6puz-
Hi HaHOYACTMHKHM HA OCHOBi MOJIieTMJI€HOKCUAY, II0Ji(2-TuMeTHI-
aMiHO)-eTHJIMeTaKPUJIaTy Ta IOJiCTUPEHY.

Taxo:xx meaxi aBropu [24] 3as3HaAUalOTh, M0 HEOOT'PYHTOBAHO MaJio
yBarun HaJZalOTh BUKOPHCTAHHIO HaHOpoaMmipmoro amopduoro TiO,,
AKUN € (HOoTOKATAIITUYHO HEeaKTUBHUM, aJjie XapaKTepU3yeThCA BUCO-
KOIO0 3JaTHicTiO 10 Y®P-eKpaHyBaHHA Ta HMU3BKOI TOKCHUYHICTIO, BHA-
CJLTOK YOTO € IpUBaAOJIMBUM, 30KpeMa I KOCMETUYHUX ITOTPeO.

Haiispyunimum MeTOnOM OJep:KaHHA OpPraHo-HeoOpraHiuHUX Tibpu-
OHUX MAaTepifJiB BBaKaiOTh 30JIb—I€JIb-METOH, AKUH y M AKX YMO-
Bax 3abesIleuye IOMOTeHHEe MHepeMiIllyBaHHA Ta IPOCTe PeryJIloBaHH
YMOB peakIlii oOJHOPiIHO JMCIeproBaHOT0 HEOPTaHIUHOI'O KOMIIOHEHTA
B OopraHiuHi#i mosimepuiit marpuri [9, 15, 21, 25-27]. 3aBaaku 1bo-
My MOKHA JOCATHYTH CHUHEPTEeTUYHOTO IIOETHAHHSA BJIACTUBOCTEHN Op-
raHiuHmx i HeopraHiuHux (Gparmentis [1, 2].

IIpoGseMmy HECYMiCHOCTM OPraHiuHMX i HEOPraHIiYHMX KOMIIOHEHTIB
ITONATKOBO MOJKHA BUPIIINTH, CUHTE3YBAaBIIMW TiOPUAHI CIOIYKHU, B
AKWX BOHU IIOEAHAHI KoBaJeHTHUMU 3B A3kamu [28]. Tarkwmii migxin
BUKOPUCTAHO i1 y momepenuiit poboti [29], me 6yJio BUBUEHO eJIEeKTPO-
(¢ismuHi XxapaKTepUCTUKU TUTAHBMICHUX eIIOKCHUYpeTaHiB i pO3TiIAHYy-
TO MOKJHWBICTh BUKOPUCTAHHA iX AK B3aXUCHUX OITHYHO HPO3OPUX
JEeTKUX MOKPUTTIB IJA KPEMHINOBUX COHAYHUX eJeMEeHTiB. ¥ peTaHo-
Ba CKJIaJoBa OAHUX MOKPUTTIB 3abesleuye XOpPOIIi MexaHiuHiI Biac-
THUBOCTi, 30KpeMa yAapoCTiliKicThb, OJHAK € OiJBINT UyTJIMBOIO OO mii
KJIIMaTUYHNX YMHHUKIB, aHisk emokcuaua. Came TOMY BBeJeHHS He-
opraHiuHoro ¢parmeHty 3 Y®-eKpaHyBaJbHUMU BJIACTUBOCTAMU OCO-
O0JIMBO BasKJIMBE IJIS YPETAHOBUX CHCTEM.

OpHaK BIIMB IPUPOAHIX KJIIMaTHUUYHUX YMHHUKIB, TaKuX AK YD-
BUIIPOMiHEeHHSA, KWCEHb, ITiABUINEHI BoOJIOTiCTh i TemIieparypa, Ha
BJIacTHBOCTI Ta merpapgariro Ti-BMicHUMX ellOKcHMypeTaHiB He OIliHIOBaA-
JIn.

BigmosigHo, MeTo0 HaHOI POOOTH OYJI0 MOCIIAUTU CTPYKTYPY €IOK-
CUypeTaHiB aHTiIPUIHOTO TBepPAHEHHA 3 YJIbTPaMAaJNM BMiCTOM IIOJIi-
rurtanokcuny (—TiO,—),, CHMHTE30BaHOTO 30JIb—TeJIb-METOJOM y Cepe-
JOBUIII ITOJIIOKCHUIPOIIIJIEHTJIIKOI0, Ta 3MiHY IXHiX XapaKTepHUCTHUK
IicJigd IPUINTBUAIIEHOTO CTApPiHHA B KJIiMakamepi.

2. EKCIIEPUMEHTAJIBHA YACTHHA
2.1. Marepiaau

JlJisg cuHTEe3W BUXIMTHOTO Ta TUTAHBMICHUX EIOKCUYPETAHOBUX OJIiro-
mepiB (EYO) Bukopucraau: toayineHgiisomianar (cymim 2,4- ta 2,6-



BIIJIVB ITPUINIBUAIMTEHOTIO CTAPIHHS HA BJIACTHUBOCTI 317

isomepiB Tosyinmempiizomiamary y macoBomy cmiBBimmomenui 80/20,
BMicT isomiamatEux rpyn — 42,0%, ryctuHa — 1,214 r/cm®, dipma
Bauer, Himeuuwmna); momiokcumnpominenraikons (IIOIIT, MM = 1000
r/MOJIb, TigpoKcuabHe umeao — 106-118 mr KOH/r, dpipma Sigma-
Aldrich, CIITA); emoxcuzuy cmosy DER-331 (BmicT emoxkcuaHux
rpyn — 22,4%, n=11,0 ITa-c 3a 25°C, p=1,16 r/cm® 3a 25°C, dip-
ma Dow Chemicals, Himeuuwmna); turan isompomorcun (Ti(OPr’),)
(97% , MM = 284 r/moib, dipma Sigma-Aldrich, CIITA).

Cunre3 BuximHoro ta turaEBMicHux EYO spificHioBaIm 3a MeTO-
INKOI0, onucaHoi B poboti [30]. TuranokcugHy ckaazoBy ¢opMyBa-
Ju in Situ 30JIb—TeJb-MeTOJAOM 3a PeaKI[ic€l0 TigpoJida—KOoHAeHCcaIlisd
isomponokcuny turany Ti(OPr), B cepemosumii IIOIIT 3a cmiBsimHO-
menna Ti(OPr)),:H,0 = 1:2. Bwmict moxituranokcuny B Ti-EYO B me-
pepaxyury Ha TiO, cramosus 0,005 (Ti-EYO/1) ta 0,020 mac.% (Ti-
EYO/2).

Enokcuyperanosi komnosutu (EY, Ti-EY /1, Ti-EY/2) onep:xkyBanu
Ha ocHOBi E¥VO i Ti-EYO ra TBepauuka — isomeruarerparigpodrae-
Boro amrigpuay (i-MTI'®A) y cmissigmomienni 10:9 i3 gomaBanHaM
IPUIIBUAIITyBaYa TBepaHeHHa — 2,4,6-tpuc-(N,N-gumeruaamino-
merua)dpenony (YII-606/2) y xinbkocti 1% Bim macu BigmosigHOTO
EYO a6o Ti-EYO. TBepaueHHA KOMIO3UTIB IIPOBOAUIN B CTYIIE€HEBO-
my pemxumi: 1 rog. — 80°C, 2 rog. — 100°C, 2 rox. — 125°C. 3pas-
K1 KoMmo3utiB ToBuuHOIO y 200+ 10 MKM dopMyBasy MiK CKJIAHU-
MU ILIACTHHAMU, MOKPUTHUMU AHTHAAe3WBOM HA OCHOBiI ITHMMETUJIIH-
XJIOPCUJIAHY.

2.2. MeToau mocCaimKeHHS

Jia aHaisym XapaKTepy PO3MIOAiJy MHOJITUTAHOKCHUAY B IIOJiMepHil
MAaTPHUI[L 3aCTOCOBAHO METOH CBiT/I0BOI Mikpockomii. 3pasku ILIiBOK
Ti-EY mocnimxyBaiu 3a HOIOMOTOIO ONTHYHOro MiKkpockoma MBI-6 B
mpoximHoMy cBiTsi 3a 30inbienHA x2250 (00’€KTHUB 3 UMCJIOBOIO are-
prypoio A = 1,25, poaginsua 3gatHicTs R =~ 300 HM).

IlopiBHANBHY aHAJNi3y CTPYKTYpHU ofepskaHux miaiBok EY ta Ti-EY
IIPOBOAMJIU METOAOM INMUPOKOKYTHBOTO PO3CiAHHA PeHTreHOBUX IIpO-
MmeHiB Ha gudpaxTromerpi JJPOH-4-07, peHTI'eHOONITUYHY CXeMY AKO-
ro BukKoHauo 3a meromoMm J[lebaa—Illeppepa (Ha TPOXOAKEHHS HeEpP-
BUHHOTO My4YKa PeHTI'eHOBUX IMMPOMEHIB KPi3b TOBIIY AOCJIi*KYyBaHOTO
3paska) 3 BurkopuctaHHaM CuK,-BUNIPOMiHeHHS (ZOB:KMHA XBUJIi
A =0,154 ™M), moHOXpOMaTU30BaHOro Ni-hisbTpOM.

3 MeTO0 JOCTiKeHHA BIJINUBY ¥ P-OMpPOMiHEHHS, TeMIIEPaTypu Ta
BOJIOTOCTH Ha CTPYKTYPY, Temyio(isnuHi # ONTHYHI BJIIACTUBOCTL Ofe-
psxanux KoMmo3uTiB ix Ha 30 ai6 momimanu B KJIiMaTHUUHY KaMepy 3
amapaTtypom AJdA 3amo0ijKeHHA yTBOPEHHIO KOHJAEHCATy Ha MOBEPXHi
IJIiBOK TiJ uYac BUIPOOYBaHb 3a TaKWX YMOB: TeMIleparypa —
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60 + 10°C, BimmocHa BoJioricTb moBiTpa — 95%, Y®-sunpomiHeHHS
— 240 HM.

Xewmiuni smiam B cTrpykTypi EV Ta Ti-EY nin BonauBom YP-
OIIPOMiHEHHS, TeMIIepaTypu Ta BOJOTOCTH BUBYAJIM METOAOM imdpa-
yepBouoi (I4) cmekTpockonii 6araTopasoBo MOPYIIIEHOTO ITiJIKOBUTOTO
BHyTpimHabOTO BinouBauua (BIILIBB).

T'yctuHy 3paskiB 0 Ta miciad cTapiHHA BU3HAYaJIW METOAOM Tiapo-
CTATUYHOI'O 3BaKyBaHHs, BHUKOpPHCTOByHOum Baru Radwag WPS
60/18C:C/2 iz BOymoBamoi0 (DYHKIIi€}0 aBTOMATUYHOTO BU3HAUEHHS
I'YCTUHM ¥ i300KTaH K PiAMHY 3 BigoMo0 rycTmHOK. I'ycTrHA 1300K-
tTaHy 3a Temueparypu y 23°C cranosuia 0,6773 r/cm®. TouricTs Mi-
pauasg Ha mosiTpi cranmoBuTh 0,0001 r, B cepegoBuIlli i300KTaHYy —
0,001 r.

TenmopisnyuHi BJIAaCTUBOCTI OJep:KaHUX EIMOKCHUYPETAHOBUX KOMIIO-
3UTIB XapaKTepuayBaJid 3a OOIOMOIOI0 METOAIB Au(pepeHIiiiHOI CKa-
myBanbpHOI Kajsopumetpii (IICK) Ta TtepmorpaBimerpuunoi amasisu
(TT'A). ICK-ananisy npoBoguau Ha KanopuMerpi Q100 (TA Instrum-
?nts, CIITA) B atmocdepi azoTy B TeMIepaTypHoMy iHTepBaJi Big —50
mo 200°C 3i mBuzakictio HarpiBamas y 20°C/xB. 3pasKm Macoio
0,01 +£ 0,015 r momimasu B anmioMiHiliOBI Kamcynu, AKi moTim repme-
TUYHO 3aKpuBaau. [JIa JOCTIMKyBaHUX 3Pa3KiB BUKOPHUCTATIU PEIKUM
CKaHYBaHHS «HarpiBaHHA—OXOJOMKEHHA». 3a IOJOXKEeHHSIM Ccepenu-
HU eHJ0TepMiuHOT0 Ilepexoly Ha KPUBiHl TeMIlepaTypHOI 3aJIesKHOCTHU
reriomictkoctu (C,) BU3HAYaIu 3HAUeHHA TeMIIepaTypHU CKJIyBaHHSA
(T.) monimepy. IOma TI'A BuxopucroByBamum mnpuiaag Q50 (TA
Instruments, CIITA). 3pa3ku mOCHiAKyBaau B TeMOepaTypHOMY iHTe-
pBaxi Bixm 20 o 700°C 3i mBuakicTio HarpiBanua y 20°C/xXB. B aTMo-
cepi nosiTp4.

MeTtonom creKTpooTOMETPil AOCTIMKYBaJM OINTUYHI BJIACTUBOCTI
EY- ta Ti-EV-unniBok. CneKTpu OpOIMyCKAHHA 3HIMAIN Ha CIEKTPO-
doromerpi Shimadzu UV — 2401PC 3 mpucraBkoo ISR-240A B nis-
naszoni Big 800 mo 240 HM 3 TOBIIMHOIO IMiAWMHMA y 5 HM. AK Gimumii
cTaHZApT BuUKopucToByBasiu BaSO,, sampecoBanuii BpydHy.

3. PEBYJIBTATHU TA IX OBTOBOPEHHS
3.1. CriTsroBa MiKpOCKOMis

HocaimxeHHa oxep:kaHUX 3paskiB miriBok Ti-EY meTomom cBiTsoBO1
MiKpOCKOIIil ITOKasajg0 iXHI0 IPo30picTh, a OTKe, BiCYTHICTh arpera-
TiB MOJITUTAHOKCUIY, PO3MipH AKUX OAM3BKiI a00 IMepeBUIIYIOTH Me-
JKY po3piskHeHHA omTUUYHOI cucTeMu Mikpockoma (R =300 mm). o
TOrO K Bimomo [31], 1[0 omTHMYHA IPO30OPICTh HMOJiMEPHOI KOMIIO3UT-
HOI ILTIBKM € MOJKJIMBOIO 3a YMOBH, SKIO HEOPraHiyHi BKJIOUEHHS
MaloTh PO3MipHM, 3HAUHO MeHIi, HixK 200 M.
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3.2. MeToa MIMPOKOKYTHHOTO PO3CiTHHA PeHTreHOBUX MPOMEHIB

JeTanpHillle CTPYKTYPY OAepP:KaHUX KOMIO3UTIB BUBUEHO METOIOM
IIUPOKOKYTHBLOTO PO3CciAHHA PemtrenoBux mpomeHiB. Oxep:xkaHi mud-
paxTorpamu Buximaoro ta Ti-BmicaHoro EY momamo ma puc. 1. Ha pe-
HTTeHiBCBbKill gudpaxTorpami Buxigumoro EY (puc. 1, kpusa 1) € ogun
iHTeHCUBHUN IUGPaAKIINHUN MaKCUMyM AUQY3HOro TUIY (CymAdYd 3
0ro 3HavHOI KYTOBOI IIiBIIMPUHHU), IIT0 BKA3ye Ha aMOP(MHY CTPYKTY-
py moiaimepnoi cuctemu. KyToBe mosaoskeHHsS MmMaxkcumymy (20,) Ha
mudpaxTorpami cramoBuTh 16,6°. Ilepioxm d O0amM3BKOro HOPAAKY 3a
TPAHCIAIIl Yy IpocTOpi (pparMeHTiB MAaKPOMOJIEKYJIAPHUX JIAHITIOTIB i
Mi’KBYBJIOBUX MOJIEKYJIAPHUX JIAHOK, 3rifiHO 3 BperroBuM piBHAHHAM
d =M2sind,,)" cramosuts 0,53 EM. OgHaK y AiAmasoHi KyTiB posci-
auua (20) PeurrenoBux npomeHis Bix 3,8° mo 9,6° mae miciie sgimitizma
3MiHa iHTeHcuBHOCTH (Ha BigMimy Bijg sBMUaliHOlI iHTEeHCMBHOCTH,
BKa3aHOI IIYHKTHPOM), IO CBiAYUTH IIPO HASBHICTL BipTyaJbHOTO
rudpakiiinoro makcumymy 6ina 20, = 6,2°, 3yMOBJIEHOTO OJU3LKUM
VIOPAAKYBAHHAM MIi’KBY3JIOBUX JAHOK eIMOKCHUYPETAHOBOI CiTKHU.
Beegeuns B 00’em enokcuyperany Ti-ckimamosoi (0,020% ) BuUKIHKaeE
MOSABY BTOPUHHOIO 3a iHTEHCHUBHICTIO MU(py3HOTO AMPPaAKIIHHOTO Ma-
KcuMyMy 3 BepInuHO0 0inma 20, = 5,6° (puc. 1, kpusa 2). Ileit max-
CUMYM 3YMOBJIEHO OGJM3bKUM YHOPAIKYBAaHHAM Mi’KBY3JOBUX JAHOK
eIIOKCHUYPEeTaHOBOI CiTKM; MOopaAn 3 UM Iepiog d O0JU3LKOro MOPAIKY
3a TPaAHCJAIIl y IPOCTOPi IUX JIaHOK CTaHOBUTH 1,6 HM. Takum un-
HOM, METOAOM IIMPOKOKYTHBOTO PO3CiAHHSA PeHTreHoBUX HPOMEHiB
BUABJIEHO, IO OJlep:KaHi IJIiBKM AK BUXIiJHOrO, TaK i THTAHOBMiCHOIO
EY e amopdhHuUMU, OCKiJIbKU Ha AudpakTorpamMax BifcyTHi miku, xa-
paxTepHi nna kpucraidivuaux ¢as TiO,.

20, rpan.

Puc. 1. IllupokokyTHi AudpakTorpamu spaskis EY (1) ta Ti-EV/2 (2).}



320 T. ®. CAMOMJIEHKO, JI. M. IIITEHKO, H. B. IPOBA Ta i=.

OpepsxaHi pe3yabTaTH € IIPOTHO30BAHNMMU, OCKiJIBKHK BimoMo, II[O 3a
30JIb—TeJIb-CUHTE3U IIepeBakHO dopmyeTbea amopduuit TiO, [32, 33],
a mepexinm y kpucramgiumy ¢asy BimOyBaeTbcs i yac TepMiuHOro 00-
pobiennsa s3a mimBuiieHux Temiepartyp [34]. ABTopu [35, 36] mpumy-
CKaIoTh, IT0 amopdua mpupoaa TiO, mMoxke OyTu 3yMOBJIEHA BUCOKOIO
GyHKITIOHAILHICTIO IpeKypcopa — ajdKokcuny Turamy, axa 3abesiie-
yye IIBUAKUHN IIpollec KOoHAeHcallili 3 yTBoOpeHHAM KopcTKoi Ti—OH-
citTku. fIK HacIigoOK, HEMOBHA TiApoJiida IEepPeInKoAKae YIIiJIbHEHHIO
TiO,-pasu, axe y BUOAAKY HAHOTIOPUIIB MTOJZATKOBO YCKJIATHIOETHCS
OTHOUYACHUM Ilepebirom mosriMepmsarrii opraHiuvHMX MOHOMEPIB.

3.3. 3miHa 30BHIIIHBOTO BUTJIAAY Ta MAacH 3pas3KiB micjda crapiHHA

3Bakaioun Ha MOKJIWBICTL BUKOpUCTaHHSA EY AK 3aXUCHUX ITOKPUT-
TiB, OIIiHIOBAJM IXHIO CTifiKicTh A0 Aii aTMocepHUX UMHHUKIB.

IIporiec crapinHsa BigOyBaBcA B KJIiMaTUYHIN Kamepi, AKa 3aBIAKU
JKOPCTKUM YMOBaM YMOMKJIMBJIIOE 3a KOPOTKMI Yac HAOJIMIKEHO 3MO-
IeJIIOBATU MOBTOTPUBAJY IIOBENiHKY MAaTepiANiB y HIPUPOIHBOMY Ce-
pemoBumii [37]. IIlo6 mpoaHanisyBaTH BIJIMB MIKiZJIMBUX HACTiTKiB
Y®-BunpomiHeHHs, BOJIOTM Ta TeIlJla Ha BJACTUBOCTI KOMIIO3UTIB,
BU3HAUAJIW 3MiHY B0BHIITHLOTO BUTJISAAY, Macu, T'YCTUHU, XeMiduHOI
CTPYKTYPHU Ta TeILIOPisMUHMX XapaKTepUCTUK 3pasKiB.

Y poborax [38, 39] Ha OCHOBI eKCHepHMMEHTAJILHUX IOCIiIKeHb
IMOKas3aHo, IMO Aisg yJabTpadioseToBOro BUIIPOMiHEHHS, HacaMmmIepen,
BILIMBA€E€ Ha AEeKOPATUBHI XapaKTePUCTUKHU MOJiMEepPHHX KOMIIO3UTIB.
Opmak BisyanbHa mepeBipka moBepxHi EY- ta Ti-EY-miaiBok micaa mii
arpecUBHMX UYMHHUKIB y KJIIMaTUUYHINI KamMepi mokasajia BiJCyTHiCTH
JUMNKOCTU, MyXUPI[iB i po3TpiCKyBaHHA.

ITicna mepebyBaHHA B KJiMakaMepi Maca ycix 3paskiB HeicTOTHO
s6inmpmuaaca. Ile cBiguuTh mpo Te, IO B yMOBAX IIiABUINEHOI BOJIO-
TOCTH BOHU CXWJIbHI 10 BOMpaHHA MOJIEKYJ Bomu. SIKOU K mepeBasKas
IpoIlec JeCTPYKIlil, 3yMOBJEHUH MOifBUINEHOIO TeMIepaTypor, ¥Yd-
BUNPOMiHeHHAM abo K HOeTHAHHAM iX, TO 3pasKM, HaBIaKM, BTpa-
yanau 6 macy. Ilig miero ocraHHiX ABOX KIIMaTHUHUX UNHHUKIB MOMK-
JIUBE TaKOK MO3IIMBAHHA MAaKpOJIAHIIOTIB, BHACJTIOK AKOTO0 Maca
3pasKiB mpakKTW4YHO He 3MiHIOeThbcsa [37]. IlpupicT macu 3paskiB y
kiaximaxkamepi cramoButh 0,60% mma EY ta 0,11-0,12% paa Ti-EY
He3aJIe}KHO Bim BMicTy mositTuraHokcunay. TuramBmicHi EY copOyroTh
MeHIIIe BOJIOTH, HixK BUXimHUI, OCKiJIbKM, AK OyJIO ITOKA3aHO B JOCJIi-
mxenHi [29], xapakTepusyoThCA BUIIOIO TiapodobHicTIO.

3.4. Anajiza I'Y-cieKkTpiB 3pa3kKiB 0 Ta micasa crapiHHA

XeMmiuHi 3MiHE OTBepAJMX ILJIIBOK OO0 Ta Hicjas cTapimHa (¢) mpeacTa-
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D 1737
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Puc. 2. IY4-cnexrpu: 1 — EV; 2 — EV(c); 3 — Ti-EV/2; 4 — Ti-EV/2(c).?

BireHo Ha [Y-cmexkTpax (puc. 2). 3 PUCYHKY 2 BUIHO, IO iCTOTHUX
amin B IY-cmekTpax micasa mepeObyBaHHA B KJiMaTHUUHIN KaMepi He
BimOyBaeThcA. OgHaK AjgdA 000X 3pasKiB MOKHA IOMITUTH He3HAUHE
3DOCTAHHA iHTEHCUBHOCTU IITUPOKOI CMYTM BOMDAHHA 3 MaKCHUMVYMOM
opu 1737 em ', npuramarEuM KoauBaEHaM C=O-rpym. Ile Bkasye Ha
YaCTKOBE OKVCHEHHS EeIOKCUYPEeTaHiB uyepesd Hil0 arPeCUBHUX UMHHU-
KiB. 3asHaummo, 110 camMe KapOOHiNBHUI iHIEKC IIMPOKO BUKOPUCTO-
BYIOTH JJI KOHTPOJIIO (DOTOOKUCHEHHS IOJiMepHUX Marepianis [40].

Okpim Toro, cumexktpu Ti-EY xapaKTepusviOThCsS HTOHMKEHHAM iH-
TEeHCUBHOCTH CMYTH BOMpaHHA i3 MakcumymoMm npu 3430 cm ', Biac-
TUBUM TiApoKcuJIbHUM rpynam. lle BKasye Ha mepebir peakiiiii 3a
ixHbOIO yuacTio. Taki sk cami sminm B IY-cmekTpax cmocrtepiranu i
immi aBTopu [41] 3a Y®P-onmpoMmiHeHHA KOMIIO3UWI[IHHUX MAaTEPidIiB
Ha OCHOBi €IOKCHUJY aMiHHOTO TBEDAHEHHH.

Bucoke 3HaueHHA BOJIOTOCTH MOBITpA y KJIiMaKamepi MoKe CIpus-
TU B3aBEPINEHHIO IIPOIecy Tiaposisu isompomoxkcupy Turany, AKUi,
AK 0yso 3asHaueHo Buile [35, 36], UacTo € HEIIOBHUM, B TOI Yac SK
Y®-onpominenHAa Ta HarpiBaHHA — OOJATKOBOMY SIIIMBAHHIO ITOJIi-
MepiB BHachimok B3aemoxii mixk OH-rpymamu. Taky KoHIeHcalriio sa
Iii mingBumenoi Temnepatypu Ta ¥YdP-cBiTiia, 3MaTHOTO BUKJINKATU
MMOSABY TiIPOKCUILHUX PagUKaIiB, mocaigauku [42] cmocTepiranu mias
IIJIIBOK, OJEP:KAHUX 30Jb—TEeJb-METOJAOM HA OCHOBI TETPAETUJIOPTOCH-
JiKaTy Ta TeTPaeTUJIOPTOTUTAHATY.

3.5. ICK 3paskiB g0 Ta micas crapimaa

Kpusi samexnoctu Temaomictkoctu Bijg temmnepatypu C,=f(T), oge-
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pxani merogom IICK, mna Buxigamx ta Ti-EY mo Ta micna crapimas
IpeCcTaBJIEHO Ha pHc. 3.

Ak BugHO 3 pmHc. 3, yCciM KpUBUM OpUTAMaHHUIN OAWH 3JaM, IO
BKadye Ha OAHO(GAa3HY CTPYKTYPY OOCJIIMKYBaHUX 3PasKiB, 3a AKUMU
Oysu Bu3HaueHi Temmeparypa cKiayBauuda (7,), cTpubGOK TeIJIOMiCTKO-
ctu (AC,) i inTepBan ckixyBaHHA (AT,) (Tabm. 1).

Hasegeni B Tabauii 1 gaHi mokasyioTh, IO i3 BBeJEeHHSAM IIOJIiTH-
TaHoOKcuay B EY-mosiiMepHy MaTpUII0O 3pOCTalOTh iHKPEMEHT TEeIJIo-
MiCTKOCTH Ta T'yCTHHA, ajie IPAaKTUYHO He 3MIHIOETHCS TeMmIlepaTypa
ckayBaHHa Ti-EY. 30ijbllleHHs TeILJIOMICTKOCTH IIOB’s3aHe 3 BHEC-
KOM MeTaJIOBMiCHOTO HeopraHiuHOro ()parMeHTy i3 BJIACTUBUM HOMY
BHCOKMM 3HAUEHHAM TeIlJIoMicTKocTH. Tpeba BigMiTHMTH, IO BBEAEH-
Ha ¢parmenriB (—TiO,-), B Ti-EY (Taba. 1) symoBiioe icTroTHe 36iyb-
IIeHHA TeMIIepaTypHOTo iHTepBady ckayBamHsa AT, (Bix 9,10 mxo
15,07), o MO:KHA MTOSICHUTH 3MiHOIO MOBMKUHU JAHOK KiHETHMUYHUX
CerMeHTiB.

3a pesyabratamu I[CK BusBIeHo, 1o mij yac cTapiHHA 000X IIO-
JimMepiB momiTHO moHMAKYyeThbca AC, (Tabx. 1). Bogrouac spocrae ryc-
THHA 3pas3KiB, IIT0 BKasye Ha YTBOPEHHS OiJbII I'yCcTO 3MINTOI CiTKH,
AKa IEPEeNIKOIKAa€e CEer'MEeHTHIilI PYXJMBOCTI IIOJiMepHUX JIAHITIOTiB.
Ockinpkn ana Ti-smicaoro EY mormxenna AC, € pi3KillluM, TO MOX-

1.6 !
: 2
© 3
12
S
% 4
= 0.3
S o4
0,04, : : : .
50 0 o 100 150

T, °C

Puc. 3. ICK-tepmorpamu: I — EV; 2 — E¥(c¢); 3 — Ti-EV/2; 4 — Ti-
EV/2(c).?

TABJMIA 1. Temmodiznuni xapakTepUCTUKHU 3pasKiB.*

3pasok | T., °C | AC,, Isx/r-r'pag | AT,, °C | Tycruna, r/cm®
EY 100,34 0,1752 9,10 1,1725
EV¥Y(c) 99,82 0,1596 9,28 1,1738
Ti-EY/2 100,17 0,1889 15,07 1,1951

Ti-EY/2(c) 100,28 0,1491 16,85 1,1993
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Ha OPUIIYCTUTH, IO HaABHicTh akTuBHUX IeHTpiB TiO, cupuse peak-
IMigM BIIMBAHHA, W0 Y3TOMKYEThCA 3 MaHUMH, OHep:KaHMMHU 3a MOo-
nomoroio IY-cruexTpocKomii.

Omxe, meromom JICK mokasaHo, IO HAABHICTL ITOJiTUTAHOKCUIY
BIIJINBA€ Ha pPeJlaKcaIlillHy HOBEemiHKY 3paskKiB, a Aia aTmMoc(hepHUX
YUHHUKIB 3MiHIOE I'yCTHHY 3MIMBAHHA CiTOK, a OT:Ke — i Temirogisu-
YHi XapaKTepUCTUKU JaHUX ITOJiMEepHUX CHUCTEM.

3.6. TepMocCTiliKiCTh KOMIIO3UTIB IO TA IiCJA CTapiHHA

Ax Bimomo, uwactmuku TiO, xapaKTepu3ylOThCA BHCOKOIO TEPMOCTii-
KicTiO Ta MOMKYTh CIPUATH IIiABUMIEHHIO II AJIA yChOTO KOMIIO3UILii-
Horo marepiaay [10, 11, 43]. Bommouac, maa KOMIIO3UTiB, HAIlOBHeE-
Hux yactmakamMu TiO,, iHKOJIM cHocTepiraloTh MOHUKEHHSA TepMOCTa-
O0inbHOCTM, IIOB’sA3aHE 3 KaTajJi30BaHOIO METAJOM OKICHOIO JeCTPYK-
mieio moaimepy [8]. TomMy BasKJIMBO JOCTIAWTH BIJIUB BBENEHHS IIOJIi-
TUTAHOKCUAY Ha TePMOCTIHKIiCTh eIIOKCHUYpPEeTaHOBUX ILIiBOK i 3MiHy i1
micaa il TaKWX YMHHUKIB, AK TeII0, Bojora Ta Y ®-BUIPOMiHEHHA.
Kpusi tepmorpasimerpuunoi (TT) ta nudepenIiiinoi TepMorpasimer-
puunoi (JITT) aHamis emoKcuypeTaHiB HaBefeHO Ha puc. 4.

fAx BugHO 3 pucyHky 4, Tepmiuna gerpagarmia EY Tta Ti-EY BimoOy-
BaeThbecA ABocTaniino. Ha mepimriii craxii sa 350—470°C posmamaioTbes
ypeTaHoBi 3B’A3KMH, PYUHYIOTHCA OKCHUIIPOIIiIJICHOB] JaHKK I €IOKCHU-
Ha ciTka [44, 45]. B npomy pmismasoui temmepatyp aad Ti-EY Takox
MOKYTH po3puBaTHUCA 3B aA3KU Mixk Pparmenramu (—TiO,—), it opra-
HiuHOIO moJriMmepHO0 Martpureio [46]. Hpyra cragia B gianazouni 470—
600°C BigmoBimae MOJAJBIIIOMY OKMCHOMY PO3KJAaTaHHIO BYTJIEIIEBOTO

[N [54)

T T T T T T
0 200 400 600 0 200 400 600
T, °C T, °C
a 0

Puc. 4. TT-kpusi (a) Ta ITT-kpusi (6): 1 — EV; 2 — EV(c); 3 — Ti-EV/1;
4 — Ti-EV/1(c); 5 — Ti-EV/2; 6 — Ti-EY/2(c).’



324 T. ®. CAMOMJIEHKO, JI. M. IIITEHKO, H. B. IPOBA Ta i=.

KicTaxa mojsekyau EY.

B Tab6sumi 2 maBemeHO OCHOBHI XapaKTepPUCTUKU, OJep:KaHi 3 Kpu-
Bux TI i ITI EY-kommosurtis: Temmeparypu 5%- ta 10% -BTpaT Ma-
cu (T, i Tyoy BiATIOBiZHO), TeMIlepaTypu, SAKi BiATIOBiZalOTh MaKCHU-
MaJbHIA IMTBUIKOCTI BTPATHM MacH Ha OCHOBHUX CTamisIX HECTPYKIII,
BiZICOTOK BTpaTM Macu Ha OCHOBHHX CTAalifdX, a TaKOXK KOKCOBUM 3a-
JIUIIOK.

Amajiza mouaTKOBOTO eTamy HeCcTPYKI[i 3a maHMMM, IOSAHUMU B
TabJyi. 2, BKagdye Ha Te, 110 3i 30inmbmenuam Bmicty (—TiO,—), Temme-
parypu Ty, Ta Ty, moHMKYIOTbCA 3 212°C mna EY mo 207 i 206°C
mna Ti-EY/1 i Ti-EY/2 sBigmosigmo, 1mo moB’sA3aHe 3 BUIIaAPOBYBaH-
HAM HHU3LKOMOJEKYJIIPHUX JEeTKUX CIOJYK, YTBOPEHHMX IIim dYac
30JIb—T'eJIb-IIPOIleCY.

3 Tabaumi 2 TaKoXK BUIHO, IO IJd THUTAHBMiCHUX 3paskiB T ..
mepioi cramii Ta (MeHimoo Mmipoio) T,.. APYroi cramii TepMOAECTPYK-
mii € mermmo BumuMmu. lle moB’sA3aHe 3 TuUM, II0 3a HagBHocTH Ti-
BMIiCHUX IIeHTPiB BiZOyBaeThCA MEHII iHTEHCHUBHA IECTPYKIIiA opra-
HiuHUX cKJamzoBux. IlomiOHi pesysbTaTu HE3HAUHOrO 3POCTAHHS TeM-
mepaTyp po3KJamaHHA B JiTeparypi [43, 47, 48] m0osSCHIOIOTH TepMOC-
TabiJbHicTIO THUTAHy, HOT0 AHTHOKCUIAHTHUMU BJACTUBOCTAMU I
eeKTOM «eKpaHyBaHHA» IIPOTHU Iepemadi TerLa.

ITicaa 30-menHoro cTapiHHS B KJIiMaKaMepi iCTOTHO 3pocJyid TeMmIie-
parypu Tepmiunoi merpagmamii Ty, i T9y VCiX emokcuypeTaHiB (puc.
4, a, 6, Taba. 2). Taka moBemiHka MOKe OyTU CIOpUUYNHEHA TO3IIIH-
BaHHAM IIOJiMepiB, dKe 3MEHINIWJIO MIBUAKICTH Aerpanariii ix micsada
Y®-onpoMiHeHHA, M0 Y3TOIMKYETHCA 3 Pe3yJbTaTaMU, OJIeP:KaHUMU
metogom JICK (taba. 1). ITouaTok mecTpykiiii HaiibinbIie 3MilyeTbCs
Uil TUTAHBMiCHMX B3paskiB 3 BumuMm Bwmicrom (—-TiO,—),, — Ha
~55°C, — y 6iK BUINMX TeMHOepaTyp MOPiBHAHO 3 TAKUMHU IO CTapiH-
Ha. HagBHicTh THTaHOBMX AKTHUBHUX IEHTPiB, AK yKe 3as3HAUaJOCHd,
MOXK€e CIPHUATH SIIHUBAHHIO MakKpoJaHmnoris. Okpim Toro, B Ti-EV-
3pasKax MOKe MIPOABJATHCA AHTHOKCUIAHTHUMN 3aXUCT IIOJiMepHOI

TABJIMIIA 2. Tani TTA.°

T oC Brpara macu N—
Bpasok |Tsy,, °C|T 100, °C me opu Tay, %0 5
3aJINIIOK, %
I cragisa |II cragiall cragia|II cragia

EY 212 255 407 542 43,7 7,5 0,25
E¥(c) 245 292 416 555 49,9 8,4 0,11
Ti-EY/1 207 244 413 543 43,5 7,1 0,06
Ti-EY/1(c) 232 274 422 563 47,9 8,8 0,06
Ti-EY/2 206 240 411 550 47,2 5,3 0,05

Ti-EY/2(c) 260 304 425 565 45,2 5,6 0,05




BIIJIVB ITPUINIBUAIMTEHOTIO CTAPIHHS HA BJIACTHUBOCTI 325

MAaTpUI[i TUTAHOKCUJIHUMU YACTUHKAMU.

TakuM uymHOM, OJlep:KaHi pe3yJIibTaTH IIOKa3yITh, MO0 HANUBUIILY
CTifiKicTs, mo Tepmiunoi merpapgarii mae Ti-EY/2 3 HaiibiabImo0 KOH-
neutparieo TiO,, To6TO mOMiTUTAHOKCUM 3a MaHUX YMOB He BUABJIIAE
(doToKaTANTITUUYHOI aKTUBHOCTHA, a HABOAKM, 3aXUIIa€ IOJIiIMEPHY Ma-
TPUIIO Bix poTomerpamarrii.

3.7. OnTnuyHi XapaKTepPUCTUKH 3Pa3KiB A0 Ta MicJs CTapiHHSA

Hna Buxiganx i Moau@ikoBaHUX eHMOKCHUYPETAHOBUX KOMIIO3UTIB Oy-
JIO IDOCJIPKeHO IXHIO ONTHUYHY IIPO30PICTH Yy MisIIas3oHi BUAUMUX IO-
B)KUH XBWUJIb i 3HATHICTH M0 BOMpPAHHA YJIbTPa()ioseTOBOTO BUIIPOMi-
HenudA. I'padiku sanesxuocTu Koedimienra nponyckauud (T, %) spa-
3KiB BiJ JOBKHMHM XBHUJL CBiTJIa MO Ta Iiciasa mepeOyBaHHSA B KJiMa-
KaMepi mmomaHo Ha puc. 5.

T, % T, %
100 - 100 1
1 — =
80 - 50 1 -
-
b
72 .
604 ’ 60 4
/
40 4 / 40 4
7
(4
204 ]
A 20
4 340 360 340
— JoBKUHEA XBUJII, HM
300 400 300 600 300 400 500 600
Joexuna XBUIi, HM IloBRWHA XBHJIi, HM
a 0
T, %

100 =

80 : il
60

40

0
320 340 360 380 400
HopsxuHa XBHIL, HM

204

300 400 500 600

JoBKIHEA XBHIL, HM
8

Puc. 5. Cnexkrpu nponyckauua EY (a), Ti-EV/1 (6) ta Ti-EY/2 (8); 1 — nmo
Kiaimaxamepu; 2 — Immicad KJIiMaKaMepH.
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Amnaniza spaskiB MeTomoM cmekTpodoToMerpii sacBimumiaa mocTart-
HBO BUCOKV Ipo3opicts EVY-3paskiB v nimgHni BuamMoro caiTia
(T=290% npu 600 um). Ilicas ompominenHs 3paskie miaiBok EY Ta
Ti-EY B Kaimakamepi (puc. 5, KpuBi 2) memio MOHUMKYETHCSI ONTHUUHE
OPOIyCKAHHA B AiAmasoHi goBXuH xBuab 400—-500 M, mpoTe, mouu-
"Hatouu Bim 500 M, 3HaueHHA KoedillieHTa IpPoIyCcKaHHS € CTA0iIb-
muMm. Haiibinbia Brpara mposopoctu (mmpu = 425 um) EY-mniBku cra-
"HoButhk 18,2% (puc. 5, a), Ti-EY/1 — 15,5% (puc. 5, 6), a Ti-EY /2
— 11,6% (puc. 5, 8). o Toro x, AK BUAHO 3 pucC. 5, 6, 8, Micid
OPUIIBUAIIEHOT0 CTapiHHA B KJiMakKamepi aiamazoH mposopocTtm Ti-
BMICHUX eIIOKCHYpeTaHiB HaBiTh HEiCTOTHO pO3MUpPUBCA B OiK Y-
cBiTiia. Bee 1e MosKe CBiIUMTHM He JIHINIE IIPO BiCYTHiCTHL HMpPOABY (o-
ToraTamiTuuHoi akTuBHOCTU Ti0,, AKa mocmaoe oTomerpamaIiio Ma-
TPUIL B KOMOO3UTHIN IIJIiBI[i Ta IPU3BOAUTEL A0 BTPAT IIPO30OPOCTH, a
1 mpo Y®-3aXUCHI BJIACTUBOCTiI TUTAHBMICHUX BKJIOUEHD.

dororaramiTuuna aktuBHicTh TiO, € HU3LKO0I0, AKIIO PO3Mip IOTO
yacTuHOK mepeBuiye 10 am [49] a6o AKII0, SK y HAIIOMY BUIIAAKY,
TiO, nepebyBae B amopdHii ¢asi (puc. 1) [50]. 3Bakarouu Ha 3HAUHY
KinpkicTe medexrTtiB amopduoro TiO, (obipami 3B’sA3KU, CIHOTBOpEHi
rparuacTi cTpyKTypu) [51], mpaKTHYHO MOBHY BifCyTHiCTBH Horo ¢o-
TOKATAJNITUYHOI aKTUBHOCTU IIOSACHIOIOTEL [52] moJieriieHoio pexoMoOi-
Haiiero GoTo30yIKEeHOTO eJIeKTPOHA Ta IMO3UTHUBHOI AipKu Ha Aedek-
TaxX, PO3TAIIOBAHNX Ha MOBEPXHi Ta B 00’€Mi YaCTUHOK, AKi JilOTh IK
MicIa 3axoImieHHs Ta/abo pexomoOimarii [12]. IloBuicTio amopdHuMii
TiO, mepeBaskHO € (OTOKATANITUYHO HEAKTUBHUM, He3aJeKHO Bif
foro miomii moBepxHi [52].

4. BAICHOBRH

CuHTe30BaHi TUTAHOBMICHI E€IMOKCUYpPETaHW AHTiAPUIHOTO TBEPAHEH-
HA 3 yJbTpaMaJuMu A00aBKaMU TOJITUTAHOKCHUIY, c(hOPMOBAHOTO in
situ B30JIb—TeJIb-METOJIOM VY CEPEIOBUINI MOJJiIOKCUIIPOIILJIEHTIiKOJIIO,
XapaKTepusylThcsad aMOP(hHOI OJHOPiMHOI0 CTPYKTYPOIO Ta BUCOKOIO
ONTUYHOIO ITPO30PiCTIO.

YMoBu KJaiMakaMepu, B SAKUX HIPOBOAUJIMN IIPUIIBUJIIIEHI JOCJi-
I)KEeHHA cTapiHHA 3paskiB, a came, Y®P-BUOpOMiHEHHA, MOiABUINEHI
TeMIepaTypa Ta BOJIOTICTb, CIPUAIOTH Hmepebiry peaxiriii Jo3MInBaHHS
3 YTBOPEHHAM OiJIBIII T'yCTO 3IIUTOI CTPYKTYPH, HA IO BKA3yIOTh pe-
syabratu IY-cnexkrpockomnii, JICK-ananisu Ta BUMiploBaHHSA T'yCTUHU.

Yactuaku TiO, He BUABIAIOTH (POTOKATATITHUHY Ail0; HATOMICTH
HaBiTH 3a yJbTpPaMaJIOTo BMicTy eheKTUBHO eKPaHYIOTh yjabTpadioe-
TOBe BUIIPOMiHEHHS Ta BUABJIAIOTH AHTUOKCUAAHTHI BJIACTUBOCTI,
CBiJUeHHAM YOro € Buira TepMmocTabiibHicTs Ti-EY-KoMmosuTiB mopi-
BHSHO 3 BUXIiZHUM i MeHIIa BTpaTa IIPO30POCTM IIiN Ai€ro KJiMaTuu-
HuX ynHHUKIB. To6TO mosiTmTaHOKCU] 3abesleuye 3aXUCT IIOJiMep-
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HOI MaTpPHIIi Bix merpapmartii, THM caMUM IIOZOBXKYIOUM TEPMiH IIpuia-
THOCTU HTOKPUTTS.
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! Fig. 1. Wide-angle x-ray diffractograms of the samples of EU (1) and Ti-EU/2 (2).

2 Fig. 2. IR-spectra: I —EU; 2—EU(weathering ageing); 3—Ti-EU/2; 4—Ti-EU/2(weathering
ageing).

3 Fig.3. DSC thermograms: I—EU; 2—EU(weathering ageing); 3—Ti-EU/2; 4—Ti-
EU/2(weathering ageing).

4 TABLE 1. Thermophysical characteristics of the samples.

> Fig. 4. TG (a) and DTG (6) curves: 1—EU; 2—EU(weathering ageing); 3—Ti-EU/1; 4—Ti-
EU/1(weathering ageing); 5—Ti-EU/2; 6 —Ti-EU/2(weathering ageing).

5 TABLE 2. TGA data.

" Fig. 5. Transmission spectra of EU (a), Ti-EU/1 (6) and Ti-EU/2 (8); 1—before weathering
ageing; 2—after weathering ageing.
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MaremaTnyHe MOJEJNIOBAHHSA IPOIECY TePMOAECTPYKILil
MOJIBiHIIXJIOPHUAY, HATIOBHEHOTO HAHOAMCIIEPCHUMH MeTaJaMu

B. B. Korynaes', B. C. Korynaes?, B. B. Jlepuyk?, 0. P. Makcumies?,
0. B. Marsiftuyk®

'Tnemumym kibepremuru

MixHapoOH020 eKOHOMIKO-2YMAHIMAPHO20 YHi6epcumemy
imeni axademira Cmenana Jem’ asnuyxa,

eyn. Cmenana em’anuyka, 4,

33028 Pisne, Yrpaina

2Pignencoruil deprcasnuil zymanimapruil ynisepcumem,
eyn. Cmenana Bandepu, 12,

33028 Pisne, Yrpaina

Hocaig:xeHo BIJIMB HAHOAMCIIEPCHOT'O MeTaJieBOro HamoBHIoBaua (Mizp (Cu),
rpadit (C)), omep:kaHOTO ILIAXOM eJeKTpuuHOoro Bubyxy mpoBigamuka (EBII)
Ta eJeKTpoJisu, B KimbkocTi (¢) 0 <0 <0,10 06.% Ha BeJMUYUHY TepMoOje-
cTpykIii cucrem mogiBiHinxmopuay (IIBX) B TemmeparypHOMY miAmasoHi
298 K<T <660 K. IIpoBenero pospaxyHok 3minu macu IIBX-cucTem min
Ii€I0 TeMIepaTypHOTO TOJsA, IO YMOMKJIMBUJIO B OCHOBY JOCJiMKEHHS Tep-
MOJECTPYKIIiI KOMIIOBUTY S3allPpOMIOHYBATH METOA OITHYHOI MiKpPOCKOIii,
AKMHA MOYKHA BHUKOPHCTATH B IIEHTPAJbHUX B3aBOJACBLKUX JabopaTopiax
(IT3JI). 3a itoro mOomoOMOrom MOKAas3aHo, IO IIiJ Aiel0 aKTHUBHOI ITOBEPXHi Ha-
"Hoxucmepcuoro Cu- i1 C-HamoBHIOBaua BimbyBaroThcs HeNIiHiMHI 3MiHU Kime-
TUYHUX [IapaMeTPiB TePMOAECTPYKILii, II[0 miATBEepAKEeHO iHTEeHCUBHUM 3pO-
CTAHHAM ONTHYHOI TycTuHU mosocu 1428 cm '. MakcuManbpHUiT edeKT Tep-
mocrifikoctu IIBX-cucrem cmocrepiraerses, akimo 0,04 < ¢ < 0,08 06.% Cu,
IIT0 3yMOBJIEHO JTOHOPHO-aKIIEIITOPHOIO B3aeMoAieo Mixk Honamu Cu (akiemn-
Top) Ta monapauMu rpymnamu Cl i3 sabesmeuennsam AE =8,0-107%° Imx. ®ax-
Top a"rapmoHiunocTu aroma Cl CTOCOBHO KoJia TOJIOBHHX BAaJI€HTHOCTEH
cragoButh 0,9 (Buxigmuii IIBX), 3,6-1072 (m1a ¢ = 0,01 06.% Cu)i 1,7-1077
(zma ¢=0,10 06.% Cu). IlokaszaHo, 110 3MiHM BeJIUYUH CTPYKTYPHO-
KiHeTMYHOI aKTMBHOCTHU, Koe(ilieHTa maxkyBaHHs, BiJbHOI eHeprii, BHyTpi-
IIHBOTO THUCKY, eHeprii akTmBaIiii TepMiuyHOI AECTPYKIil BUKJIMKAHO CTPYK-
rypoyTBopeHHAME IIBX, aAKi MamTh pisHuMil 4yac KUTTA. BCcTaHOBIEHO pe-
JakcamiiiHui MexaHisaM mporecy TepmogecTpykiii cucrem IIBX +wmigb—
rpadiT, oe «CTPiJaKoio» Ail BUCTyIae eHepris 30BHIIIHBOTO IIOJA, 3abesIe-
YyIOUXM BUKOHAHHSA IIPUHIIUIY TeMIIepaTypPHO-YacoBOi eKBiBAJIEHTHOCTH.
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Hanmomucnepcui mopomku Cu ta C MoXKHA peKOMeHAyBaTH AK aKTHUBHI Ha-
moBuioBaui [IBX. IIpucyTHicTh ix 3abesmeuye TeIJIOBi KOJUBAHHSA aTOMiB
H, Cl, C gma T >410 K (3a xoepimnienta maxyBamua K =0,64 B o006’emi
3,8:10'° m® maBKOJIO HONOMKEHHA KBAa3MpPiBHOBATM), iHTEHCHUBHO BUKJINKAIO-
yl Ha 3MiHY BeJIMUYMHU MeXKOBOro Imapy B Aiamasomi 2,510 M3<V, <
<1,2:1077 m%. PesynpTaTu pO3paxyHKIB CIyIyIOTH OCHOBOIO [JISI IIPOTHOBY-
BaHHS, oflep:KaHHA ¥ ekcmyaralii IIBX-cucreMm 3 peryiboBaHUM KOMILIEK-
COM BJIACTHBOCTEI.

The effect of nanodispersed metal filler (copper (Cu), graphite (C)) ob-
tained by means of the electrical explosion of conductor (EEC) and elec-
trolysis in the amount (¢) 0 < ¢ <0.10 vol.% on the value of thermal de-
struction of polyvinyl chloride (PVC) systems in the temperature range
298 K< T <660 K. The calculation of the change in the mass of PVC sys-
tems under the influence of the temperature field is carried out that make
it possible to propose an optical microscopy method, which can be used in
the central factory laboratories (CFL) as a basis for the study of thermal
destruction of the composite. As shown with using it, under the action of
the active surface of nanodispersed Cu and C, non-linear changes in the
kinetic parameters of thermodestruction occur, which are confirmed by
the intensive growth of the optical density of the 1428 cm™! band. The
maximum effect of heat resistance of PVC systems is observed if
0.04 <9 <0.08 vol.% Cu due to the donor—acceptor interaction between
Cu ions (acceptor) and polar Cl groups, providing AE =8.0-102° J. The
anharmonicity factor of the Cl atom in relation to the main valence circle
is of 0.9 (initial PVC), 38.6-1072 (at ¢ =0.01 vol.% Cu) and 1.7-107" (at
¢=0.10 vol.% Cu). As shown, the changes in the values of structural-
kinetic activity, packing coefficient, free energy, internal pressure, acti-
vation energy of thermal destruction are caused by PVC structure for-
mations, which have different lifetimes. The relaxation mechanism of the
thermodestruction process of PVC + copper—graphite systems is estab-
lished, where the ‘arrow’ of action is the energy of the external field en-
suring the fulfilment of the principle of temperature—time equivalence.
Nanodispersed Cu and C powders can be recommended as active PVC fill-
ers. Their presence ensures thermal oscillations of the H, Cl, C atoms at
T > 410 K (with a packing coefficient K =0.64 in a volume of 3.8:107'° m3
around the quasi-equilibrium position) intensively causing a change in the
value of the boundary layer in the range of 2.5:10® m?®<V,,<1.2.107" m3.
The results of the calculations serve as the basis for forecasting, fabrica-
tion and operation of PVC systems with an adjustable set of properties.

KarouoBi cioBa: TepMOAECTPYKITis, THYYKiCTh MaKpPOMOJEKYJI, HAHOAMCIIED-
CHiCTBb, CTPYKTYPHUII eJIeMeHT, peJiaKkcallis.

Key words: thermodestruction, flexibility of macromolecules, nanodisper-
sity, structural element, relaxation.

(Ompumano 22 eepecns 2022 p.; doonpauvosana gepcia — 29 sepecus 2022 p. )
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1. BCTYII

Opmiero 3 akTyaJabHUX IIpobseM ¢ismroxemii moaiMepiB € mocaim:KeH-
HA pyHHYBaHHA IIOJiIMEPHUX JAHIIOTIiB MaKpOMOJEKYJ IIig mieio ¢i-
BUYHUX, XeMiuHMx abo Giosoriunmx uYmHHHKiIB. B pesyabraTi Taxoi
IEeCTPYKIIil 3aMeHITyeThcA MoJeKkyJapHa Maca (MM) moaimepy Ta 3Mi-
HIOETHCS KOMILIEKC HMOro BJIACTHBOCTel. Po3pi3HsAI0OTh PisHi BUAM ne-
cTpykIiii [1], ogHAK HaOiAbLINT BasKJIWBUM cepel HUX € MeXaHiuHe Ta
TepMiuHe PYyHHYBaHHS MaTepisaay. BiamoBimHo, IOMIYKM BYEHHX
CIPAMOBAHO Ha PO3POOJIeHHA PisHUX (opM i MeTomiB MoaupiKyBaHHsa
IOJIiIMepiB 3 METOI0 PO3INHPEeHHA 00JIACTH eKCIJyaTallili cucTeM y Te-
pPMiuHMX 1 MexaHiuHMX ©TOJAX. B mepmry uepry, Ie AOCATa€ThCS
OIJIAXOM HAOPAMJEHOI 3MiHM CTPYKTYPOYTBOPEHL IIOJIiMepy Ha MoJie-
KYJASIpHOMY Ta HAAMOJEKYJIApHOMY PiBHAX. OCKIIbKK MaKpOMOJIEKY-
Jla BUCTYIIa€ AK 3allaM ATOBYBAJbHUM HPUCTPiil [2], IIe YMOMKIUBIIOE
BUKOPUCTATH METOAM MOJIEKYJISPHOI KiHeTHMKM OO0 TexHoJorii omep-
JKaHHA Ta caMoopramisariii moJiMepHUX CHUCTEM 3a JOIIOMOI'0OI0 PisHO-
MaHITHUX iHI'pemieHTiB. B mporeci mocaimkeHHS TEMJIOBUX i MexaHi-
YHUX IIPOIeciB y TakuxX reTeporeHHux mnoaimepuux cuctemax (I'TIC)
3’scyBajiocs, IO HEeOOXimZHO JOZAaTKOBO 3aJiydyaTH CTPYKTYpHi, Mexa-
HiUHi Ta KaJOpUMeTPUUYHI MEeTOJM, BUKOPUCTOBYBATH HAYKOBiI Hifxo-
IU CTaTHUCTUYHOI (pismKu, TepMoaAMHaAMiKM, (ismuHOl KiHeTMKHU, QPi-
3UKM HeJiHiftnux aswuil [2].

Hunimui cran gocaimxens I'TIC Bigsmauenunii oco0JIMBOIO YBarow
BUEHUX [0 BUBUEHHS CHCTEeM 3 HAHOAMCIEPCHUMHU MeTaJeBUMU HAaIo-
BHIoOBauamu [3]. Ilepir 3a Bce, IIe 3yMOBJIEHO CTBOPEHHSIM CTPYKTYp-
HO-CTATHUCTUUYHUX MOJEJiB, SAKi YMOKJIMUBIIOIOTH IIOACHUTHU IIPOIIEC
IEeCTPYKIIii B KOMIIO3UTaX i BKasaTH IJIAXU HAIPSIMJIEHOTO Pery.Jio-
BaHHA TelJoPisMYHUX i MexXaHiuYHUX BJACTUBOCTEH MaTepidiry.

B mepiry uepry, me crocyerbesa I'TIC Ha ocHOBiI JiHIAHMX THYYKO-
JAHITIOTOBUX IIOJiMepiB, IpoBimHe Mmiciie cepen axkux saiimae IIBX,
AKUH Tocimae gpyre Mmiciie B CBiTi cTOocOBHO 06’€My BHUPOOHHIITBA Ta
BUKOPHCTAaHHA BUPOOIB INTMPOKOrO CIIOKMBAHHA Ha WOro ocHOBi [4].
OnHak, yepe3 HU3BKY TEPMOCTiMKiCTh, BiIHOCHO HEBUCOKY TeMIlepa-
Typy TepmogecTpykiii (7T,), cnenudiuni ymoBu 30epiraHusa i eKCILIy-
ararmii BupoOiB, BUTroTOBJeHUX 3 mjaactudixoBanoro IIBX, obme:xe-
HUH Yac BUKOPUCTAHHSA iX TOCTPO CTABUTH IIepel MOCJiTHUKAMUI
po3B’sI3aHHA IUTAHDb, IIOB’A3aHUX 3 iHTEpPIIpeTaIicl0 MOJEKYJIAPHOTO
PyXy B moJimMepi Ta #oro o0OMe:KeHHAM, CTBOPEHHSIM HOBUX TEXHOJIO-
riil omep:KaHHS CHCTEeM 3 HiABUIIEHUMHU MOKA3HUKAMU TEPMOIECTPY-
Kiii. B cBoo uepry, TakoyK HeOOXiZHO IIPOJOBKYBATH IIOIIYKM 37€-
IIeBJeHHA MaTepianabHOI 6a3uW HAYKOBUX i IEHTPAJbHUX 3aBOACHKUX
naboparopiii (I13JI), B AKMX MOKHA IIPOBOAUTU MOCJiIKEHHS i1 aHa-
Ji8y BiNIIOBiZHMX BJACTHMBOCTEN MAaTEPifAIy Ha BUCOKOMY HAYKOBOMY
piBHi. IlosuTnBHe BuUpilIeHHS iX 3’ACye PO3MOAIN TeMIepaTypHUX i
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mexaHiuaux moaiB y I'TIC, omepsxanmx ma ocuoBi I[IBX, axkuii wmic-
TUTHh HAHOJAMCIEPCHI IOPOIIKM MeTaJiB i HaliBMeTalliB B AKOCTi aK-
TUBHUX HAIIOBHIOBAUiB.

Buxogsauu 3 1mporo, MeTOH POOOTH €: MOCJTiIKeHHS BILJIUBY MeTa-
JoHaHoaucrepcHUX nopormmkie migi (Cu) ta rpadiry (C) AK HOBUX HA-
MOBHIOBAYiB JIHIMHMX THYYKOJAHITIOTOBUX IIOJIiMEpiB Ha TepMiuHY
mecrpykiito IIBX; pospobuenua it omnmc mogeaiB I'TIC, arki maroTs
3MOT'Y, BUKOPHCTOBYIOUM METOJ MipAHHSA IIJIOIN, BUSHAUNTHU KiHETHUY-
Hi mmapamMeTpu IIOBOJKEHHSA MaTepidjlly B TepMiyHOMY IIOJi 3 Bpaxy-
BaHHAM peJIaKCaIlifHUX IIPOIECiB i IPMHIIUITY TeMIIepaTypPHO-4acoBOl
€KBiBaJIEHTHOCTH €JIEMEHTIB CTPYKTYPU KOMIIOSUTY.

2. IOCTAHOBKA 3AJTAYI 1 ACUMIITOTHEKA Ii PO3B’IBKY

Hiua mocaimxenHsa moBeminku IIBX-cuctem y TepMiuHUX IIOJIAX BU-
KOPUCTAEMO MOJEJIbHI YABJEHHA IIPO CTPYKTYPY THYYKOJAHITIOTOBUX
mosaimepiB [2]. 3rigHo 3 [5] BBakaemo, 110 BOHA ABJSAE COO0I0 B3a€EM-
He PO3MillleHHA y IIPOCTOPi, BHYTPIIIHIO OyJOBY Ta XapaKTep B3aeMO-
Iil MiK CTPYKTYPHUMU eJIEMEHTaMU, SAKi YyTBOPIOIOTH MaKpPOCKOITiuHe
Tijo. Ocob6IMBOCTI TAaKOro HigXOAy IOJATAIOTH ¥ TOMY, IO MPUIIYyCKAa-
€MO HaABHICTHL Ha OJHOMY i3 PiBHIB IOCTiHO yCKJAMHIOBAJBLHUX IIif-
cUCTEM TaKoi, AKa BU3HA4Ya€ OCHOBHi (ismuni xapaxrepucturku ['TIC.
Y Bunmagky IIBX Takoio 0COOJHMBOIO IIiICCTEMOIO BBasKAaeMO MAaKpPO-
MOJIEKYJIY, BJIACTHUBOCTI AKOi Yy BHUIVIAAL 3aKOJOBAHOI CTPYKTYPHOI iH-
¢dopmMmarili mepenaroThcA Uepe3 BCi HACTyIHI piBHI HaAMOJIEKYJIAPHOIL
oprauisanii (HMO) nonimepy. XapaktepHo, mo onuc HMO saBgaxku
QaoKTyaIiiHii npupoai He Mae KOPEKTHUX KiJbKiCHMX MTigxomis.
Tomy npetasizariro ysaBJeHb IIPO PiBHI CTPYKTYpPHOI opraxisarmii Ta
CTPYKTYPHI eleMeHTH OymeMo KJacudpiKyBaTH IO TphOX O3HakKax [2]:
reoMeTpuuHiil, TepmomumHaMmiuHiil i Kimeruuniii. Ile gacTe MOMKJIH-
BicTh BUSIBUTH Ta NPOAHAJNi3yBATH BIJIUB HAHOAMCIIEPCHOTO METAJY
Ta TEMIIEPATYPHOTO IOJIs HAa NPOSAB OMU3BKOTO MOPSAAKY B HalIOBHE-
momy IIBX, nuckpeTHicTb 1 (QuioKTyalifiHicTh CTPYKTYPHUX OpraHi-
samiii. Ilopsaxg 3 muM OygeMO BpaxoBYBaTH PYXJUBICTL 1 yac KUTTS
BiATOBIAHMX CTPYKTYPHUX €JEeMEHTIiB AK KpuTepil IxHix KiHeTmuHOI
Ta TEPMOAUMHAMIUHOI cTabiTbHOCTEM.

3rigao 3 [6] HeoOXimHOIO Ta DOCTATHBLOIO YMOBOIO TepMiuHOI me-
CTPYKIIii MaKpOMOJIEKYJ KapOOJIaHIIIOTOBOTO IIOJiMepy € YTBOPEeHHSA
AKTUBHUX IEHTPiB BiILHOPAAMKAJILHOIO THUIY. lIepBUHHUM aKTOM
IeCTPyKIlii, aK IIpaBUJIO, BUCTyIIae pyinyBanHA 3B’sa3KiB C—C (xo.a)
OCHOBHOTO JIAHITIOTA, Bil’eTHaHHS KiHIleBUX i/abo 6oxkoBux rpyim. Ilix
Yyac I[bOTO0 YTBOPIOIOTHCA BiJbHI pagmKaiu, SAKi B IIOAAJBIIIOMY MO-
JKYTh JemoJIiMepusyBaTucsA 3a cxeMomo [7]

~CH,~CHX-CH,-CHX — ~—CH,-CHX + CH, + CHX
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abo BCTyIlaTH B peakIliio Iepemadvi o JaHIIOTY MiK cycigmiMm Mak-
pomoJiekyJamMu atroMa l'igporeHy, yTBOPEHOTO B pPe3yJbTaTi TepMone-
CTPYKIIil mojsimepy:

~-CH,-CHX + ~CH,~CHX-CH,-CHX~ —
— CH, + CHX + ~CH,~CHX—CH,~CHX~.

3 MeToI0 IIiABUINEHHS TEePMOCTAOIILHOCTH Ta TEePMOLECTPYKINil
T'TIC, cTrBOopenmx Ha ixXHili OCHOBi, HeoOXiZHO He JIHIle 3MEHIINUTH
MIBUAKICTL HNPOXOMMKEHHS HMEePBUMHHOI peakIlili pyHHYBaHHS MaKpPOMO-
JeKyJ, 30iIbIINTH MIITHICTh €HepreTMUHMX 3B A3KiB y HIiHl, ajme i
CTBOPUTH IIEBHi yMOBHU, AKi CIHIPHUATHMYTL 3MEHIIEHHIO IITBUIKOCTHU
mepebiry TepMoAecTPYKIIiiHMX mporeciB. BimmoBigHo, ommiero i3 oc-
HOBHUMX 3a/au (pisuKoxeMil moJyiiMepiB € CTBOPeHHs 30BHINIHIX i BHY-
TPINTHIX YMHHUKIB, AKi yTPYAHIOIOTH 3[iliCHEHHSA IIPOIECiB TepMoje-
CTPYKIIil Ta IPUBOAATH MO0 IIIABUINEHHA eKCIIyaTallillHMX XapakTe-
puctuk Marepiamy. g mpOro CJix po3podMTH HOBUIT MeTOJ BU3HA-
YeHHA BEJIUUYMHU KiHEeTHMUYHMX Koe(dillieHTiB IIpoIllecy TepMOAeCTPYK-
mii, AKUHA, He MOHMMKYIOUN e(DEeKTUBHICTL Pe3yJbTaTiB HAYKOBUX IOC-
aimsxens I113JI, 3HaUHO 3M€IIeBUTh IXHIO MaTepidAJIbHy 0asy.

Taxkoxx mocaigmMo, AK BILIMBAE METAJOHAHOAUCIIEPCHUM ITOPOIIIOK
migi (Cu) ra rpadiry (C) ax mamopHioBauiB IIBX, — TunoBoro mpen-
CTaBHUKA KapOOJIaHIIOTOBUX IIOJiMepiB, — Ha IIBUAKICTH Iepebiry
peakiiii TepMomecTPyKIlil, BeamumHy ii eHeprii akTumBarllii, poamiu-
PeHHs TeMIIepaTypHOTO AiANa30HY eKCILIyaTallil MaTepiamny.

na 1mboro pejakcamifiHMEA CTaH CHUCTEeMH 300pasuMO y BUIVIAML
CIIEKTPY, JIe Yac JKUTTA OKPEeMUX pejlaKcaTOpiB BM3HAUMMO 3TigHO 3i
cuiBBignomenaaMm Boabimmanna—Appenitoca [5]:

U,
1,(T) = B exp| — |, (1)

kT
ne U, — eHepria akTumBarlil i-ro pejakcariiifHoro mpoiiecy, B, — Koe-
(¢imienT, mo mMae po3MipHicTE uacy, T, — uac pejakcaiii, Bz — bBo-
JBIIMaHHOBa crajia, I — Temneparypa. Cuin sayBaskuTu, II0 He

3’sCOBaHO 3aJIE)KHICTh pejlaKCcallilHUX BJIACTUBOCTEN KOMIIO3UTY Bin
4acy BJIACHOTO JKUTTH (T;) CTPYKTYPHUX eJIEMEHTIB, THUIY Ta BMicCTy
HAHOJUCIEPCHOI'0 MeTaJIeBOT0 HAIIOBHIOBAUa, TOIOJIOTII, Ail aKTUBHUX
LeHTpiB ioro moBepxHi, Temneparypu. g BpaxyBaHHA BILJIUBY Ja-
HUX YMHHUKIB Ha TepMmojecTpykiito IIBX-cuctem mpunycTtumo, IIo
YaCTUHKN HAHOJAWCIIEPCHOTO MeTaJy PO3MOJIJIAIOTBCA Y BUXIiZHOMY
IIBX BHyTpintHiM moJsieM B 3aJIesKHOCTi BiJ XxapakTepy B3aeMomii misk
KOMIIOHEHTaMU. BUHWKHEHHS a[copOIiiHmX 3B’A3KIiB 3 IMOBEPXHEIO
mig yac (opMyBaHHS KOMIIOSUTY CHpPUAE OOAATKOBOMY CTPYKTYpPY-
BaHHIO CHCTE€MU, BILJIMBAIOUM Ha PYXJUBICTH MOJIIMEPHUX JIAHOK, IIO
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3MiHIOE YMOBHU IIepeldiry pesiakcalifHMX IIPOIIeCiB i BeIwuuHy T; I
eJIEMEeHTIB CTPYKTypmu Tija. SIK pesyJjbTraT Takoi B3aeMOnii, MaKpo-
MOJIEKYJIM MAaTpPHUIli KOHTAKTYIOThL He 3 yCi€lo ITOBepXHEI0 HaIOBHIOBA-
ya, a JuIlle 3 I YaCTMHOIO, BeJIMUIHA AKOI 3aJIeXKUTh BiJ aKTHBHOCTHU
(o) HammoBHIOBaYa [5]:

a=N"In(m,/M,), (2)

me N — umcjo YacTMHOK HAHOAMCIEPCHOrO HAIIOBHIOBAUa B Maci mo-
Jimepy m,, M, — mouaTkoBa Maca moiaimepy. Posrimamatouu I'TIC ax
CTATHUCTUYHO KBA3Wi3OTPOIIHY CHCTEMY Ta IIPUIYCTUBIIMU, IO IJ5
BmicTy namoBHOBaua 0 < <0,10 06.% sHauenHsa N JOCTATHHO BeJIM-
Ke, a PO3Mip HAHOAWCIEPCHUX YACTHMHOK i IXHIiH PO3IMOAiJ y moJjime-
PHiMl maTpulli cranuii, y BUNAJKy KPUTUUYHOTO HAIIOBHEHHS MOJIiMepy
[8], Komu BiH MOBHICTIO IIEPEXOAUTHL ¥ CTAH MEKOBOTO ITapy, MAaeMo:

2

V. V.
o= —21In o1, 3)
VH.K. VHK
me V., V.., V, — BigmoBigHo, 06’eM YacTHHKHN HAIIOBHIOBaua IIpU

oro xputuuyHomy BMmicti V, . I 00’em moaimepa. MexxoBuii 1map, Bu-
CTyIIaluu MOANMIKATOPOM BJIACTHUBOCTEHl KOMIIO3UTY, 3MiHIOE BEJIU-
yuHy Koedimienra (K) makxyBaHHSA CTPYKTYPHUX €JIEMEHTiB CHCTEMM.
IIpencraBumo K sAK BigHomremHs BjiacHoro o6’emy (V,,) CyKYyIHOCTH
MaKpOMOJIeEKYJ A0 3arajbHoro 06’emy (V,,.) mo BigHOIIEeHHIO A0 1 MO-
Jas peuoBuHu [9]:

K = I[BJI. — NAZAV:
v, Mjp

3ar.

, (4)

me N, — crama ABoraapo, AV, — imkpemeHT Bam mep BaambcoBoro
00’emy i-ro atroma, M — MOJEKyJApHaA Maca IMOBTOPIOBAHOL JIAHKH, P
— T'yCTUHA TOoJIiMepy.

BigmocHy amimy macu abo V,,, mojgiMepHOI MaTpUIli IiJ BIJIUBOM
HAQHOAWCIEPCHOI'0 HAaIOBHIOBAYa i3 BpaxXyBaHHAM BiJIbHOI eHepril
CTPYKTYPOYTBOPEHBb BUBHAUUMO, K [10]

2/3

y = 1+ 20 0,55 ‘1], (5)
2(1—(p) ¢o+0,01

Anaiiza sanexxHoctTu Y = f(¢), ZAaCTh MOXKJIMUBICTH NPOCIiAKYBaTU
3MiHy MOPQOJIOTIiUHOI T'eTePOreHHOCTH CHCTEeM, BKA3aBIIM Ha YTBO-
peHHsA JOKAJbHMX AacoIlifgTiB Ha MeXKi mosiMepHa MAaTPHUIS—aKTHUBHI
IeHTPY MOBEPXHi HaHOAMcIepcHOI Mimi Ta rpadity. 3a Takux yMOB
Ma€ TaKOK 3MIiHIOBATHCSA BeJIMUYMHA BHYTPIIIHBOTO THCKY (P), aAKui
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XapaKTepusye KBasUpPiBHOBaKHUM CTaH cucTeMu, To0TO [11]
1-2
p-—_°" g, (6)
6 (1 + p,)

Ie o — IlyacconiB koedinient, £ — guHaMiyHUN MOAYJIb IPYYKHOCTHU
3a 00’emHOI medopmailrii Tima.

IIpoBememMo Ha OCHOBiI 3aKOHIB 30epe:keHHsa [8] deHOMeHOJOTIUHE
IOCTimsKeHHA IIpoliiecy TepMmogecTpykmili IIBX-cucrem, SKuii xapak-
TepU3yeTheA MaKpocKomiunuMu mnapamerpamu (P, V, T). Tak, sakon
30epeKeHHA eHeprii A TemaoTH, BHYTPIIIHBOI eHepTii Ta BUKOHAHOI
g gac 1»0ro podboTH 3amuireMo y Burami [12]

8Q = emdT + PdV (7)

Ie ¢, m — TeIJIOMiCTKicTh 1 Maca Tija BimmoBigHO.

Bceranosiewno [11], 1110 BHYTPIIIHI#T THCK BU3HAYAETHCA BEJINUYUHOIO
CUJU MPUTATAHHA/BiAIIITOBXYBAaHHS Mi)K CTPYKTYPHUMH eJieMeHTaMU
cucTeMH, BimHeceHoi mo ommHwuIi il miaoii, To6To P = f(r)/ r’, me
f(r)=dW/dr, r — mimxaromosa Bignans, W — norennian Mopse [5],
Ta BUHHKAE AK pPe3yJbTaT aHTrapMOHIUHOCTH ixHiX KoiamBaHb. Tomy
piBHAHHA (7) MOMKHA IIPEACTABUTU AK

@ _cmdT N PdV
|4 |4 |4

, ()

ne 8Q/V — o6’emHa rycTMHA TemoBoi eHeprii Tima. IIpoinTerpysa-
BIIIK JaHe CIIiBBiIHOIIEHHS, MaEMO:

A V,

7Q = ¢pAT + Pln-2%, (9)

1

e AQ=Q,-Q,, AT=T,-T,; V,, V;, — Bigmosigai o06’emu. Pospaxy-
HOK BesmumHM AQ/V , NpOBeIEeHWI HA OCHOBiI CHJI Mi:KaTOMOBOI Ta
MiKMOJEeKYJIAPHOI B3aeMOLiN MiK IIifcucTeMaMu IIOJiMepiB, IIOKAa3ye
[11], mo BoHA AOpPiBHIOE TEmJIOBOMY THCKY. lle yMOMKJIMBIIIOE IIpen-
cTaBUTHU pPiBHAHHA (9) y BUrIAgi

vV, 1-2
¢pAT + Pln-2 = ——“H_ (10)
vV, 6(1+p)
i BUsHAUNTH TeMIepaTypHy o0sacTb (AT) mouaTKy IIpoIecy TepMoze-
CTPYKIIil MaTepiday:

ar= L] 122 g oppY (11)
ep| 6(1+p) v,
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3. EKCIIEPUMEHTAJIBHA YACTHUHA

OcHOBOIO OJA oAep:KaHHA KommosuTiB cayrysas IIBX maprum KSR-
676 monexymasapuoi macu y 1,4-10°. Ile symoBieHo TuM, mo: 1) B 1a-
uii [CH,CHCI] 6Gisbille mOJOBUMHM MacH HAJIEKUTh aToOMy XJIOPY, IO
YMOJKJIMBJIIOE MPOCTIAKYBATU MOT0 B3AEMOMII0 3 aKTUBHUMU II€HTPA-
MM TOBEPXHiI HAHOAUCIIEPCHOTO MeTasly K HamoBHIoBaua; 2) IIBX
MOXKEe CJYT'yBaTH OCHOBOIO MOJEJbHUX YABJIEHb PO I'HYYKOJIAHIIOTO-
Bi mosimMepu Ta reTeporeHHi cucTeMM Ha ixHil ocHoBi; 3) € rocrpa
moTpeba y HOBUX AKTHBHUX MoAu@ikaTopax KapOOJIAHI[IOTOBUX IIOJi-
MepiB, AKi BiAIOBial0oTL BIMOraM HIPOMICJIOBOCTH.

B axkocti mamoBHioBauiB IIBX BuOpaHO HaHOAMCIEPCHI ITOPOINTKU
migi Ta rpadiry. Becramosieno [13], mio Ha moBepxHi Cu € aKkTuBHI
IMEeHTPU, 3OAaTHI [0 JOHOPHO-aKIEIITOPHOI B3a€MOJii; MisK aTomMaMu
MeTaJIly Ta CTPYKTYPOYTBOPEHHAMM IIOJiMepy B CHCTEeMi aAresmB—
cyOcTpaT MOMKJIMBI xeMiuHi 3B’SI3KM Ta BUHUKHEHHS d—S-II€PEXOiB;
okucHeHHA Cu He BUKJMKae IIOBHOI HelTpasisarii HoHIB moBepxHi;
cuctemMu IIBX + Cu MOXKYTh 3HAUTH INMUPOKEe BUKOPUCTAHHSA B HAYKO-
BUX i mpomwucaoBUX objacTsax. HamouacTuHKH Mimi omep:kyBaiu Me-
TOMOM ejleKTpuuHOoro BuOyxy mnpoBimuumka (EBII); Bigmosimumo mo mo-
pomkoBux craugaptiB ISPDS PDF-2, Bouu BiAmoBimzaau xkpucrajgiTam
Cu Ta manu posmip y 35+ 1 um [14].

HanogucnepcHuil rpagit ofep:KyBaau eJIEKTPOJITUUHUM METOLOM
[15] 3 BukopucTaHHAM rpadiToBuUX eJeKTpon. B AKOCTi eleKTpOoJiTy
cayryBaB pos3uuH NaCl y muctuinboBaHi#i Bomi (KoHieHTpalis — 0,5
kr/m°) 3a Temneparypu y 371 K i ryctunu crpymy y 100 A/m?. Tpu-
BaJliCTh eKcIepuMeHTy cTaHoBmia 2,88-10* c. 3 MeTo0 piBHOMipHOTrO
BUKOPHCTAHHSA ILIOI eJIeKTpos uepes KoxxkHuxX 1,80-10% ¢ 3xmiiicHoBa-
JU peBepc IMocTifiHOro crpymy. Bemnuwmua pH enekTposiTy, BusHaude-
Ha 3a gomomoroio rioHomerpa H-130M, mpoTATroM BCHOTO €KCIEPUMEH-
Ty craHoBua 8,0. PeHTI'eHOCTPYKTYPHI mOCIimKeHHA 3pa3KiB IPOBO-
munu  Ha gaudppaxromerpi J[POH-4 3 Bukopucranaam CukK,-
BUNIPOMiHEeHHS 3a KiMHATHOI TeMiepaTypu. AHOZHA Hampyra Ta CHUJa
CTPYMy CTaHOBHWJIM, Bimmosigmo, 41-10° B i 2,1.10* A. Kpok ckany-
BaHHA mudpaxtorpamu — 15,65 K, a wac excmosuiiii — 5 c¢. O6po6-
Ky PesyJIbTaTiB eKCIEePUMEHTY IPOBOAUJMN 34 AOIOMOIOI0 IIpOTrpamMu
X-Ray Scanner Graphic 1,28 Ta Origin 6.0. Pospaxyuku mokasaJu,
10 Kpuctas rpadgity Mae IjgacKy I'paTHHUIIIO, a CepPeIHil po3mip Ha-
HOKpucTragiB craHoBuTh 40 + 2 Hm. 3HauHaA Temo- # eJIeKTPOIPOBiI-
HiCTh, TEIJIOCTiHiKicTh, mposopicts B IY-obsacti, aHisorpomia mexa-
HiYHUX BJIACTUBOCTEH, iHEPTHICTH IOA0 PANY arPeCUBHUX CEPEIOBUIIT
CAYTYIOTh HOAATKOBUMU UMHHUKAMU, AK1 BU3Hauuau Bubip rpadiry B
sAKocTi HanmoBHIoBaua 11BX.

3pasku IIBX-kommosuriB iz BmicTrom 0<¢ <0,10 06.% HaHOUYAaC-
TUHOK Mifi Ta rpadiTy roryBaju y BUTJIAML MOJiMepPHUX ILJIiBOK TOB-
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muHol y 150+10 MM i giamerpom y (25 +0,5)-10° M B T—p-pesxumi
(T=393 K, p=10 MIla) 3 HACTYyIHUM OXOJIOJKEHHAM 3a IIIBUIKOCTU
y 5102 K/c. O6’eMHEuIii BMIiCT HaoOBHIOBaYa 3yMOBJIEHHIl BimcyTHic-
TIO cerperaiiii, yrBOpeHHs TOIIOJIOTril (pa3 i BHCOKOIO aKTHUBHICTIO Ma-
JuX BMicTiB iHI'pemieuTis [5].

B ocuHOBY gmocaimxenus TtepmoaecTpykirii IIBX-cucrem IIOKJaIeHO
MeTOJ OITHUYHOI MikKpockomii [16] 3 BHKOpHCTaHHAM MiKpocKoIa
SIGETA MB-302 40x+1600x LED Trino 3 TeleKamMepoio, Ieperysaf,
30epesKeHHA 1 00pOOKY iH(opmaIllii 3 AKOI IPOBOAUIN 34 JOIOMOTOIO
mporpamu Toup View B ¢opmari File Type (*.tft) 3 Bukopucranuam
KaIiOpyBasbHOI JiHIHKK i3 eTasomHOI0 Bigmammio y 10° mikcerxi Ha
meTp. IY-cmekTpu mpomyckanua cucteM [IBX + (C) Cu omep:kyBaiu
mpu T =293 K 3a momomororo caextpomerpa SPECORD-75 IR (Carl
Zeiss, Himeuunna) sa metomom 6asoBoi Jinii [16].

Busnauenua rtemmomicTkoctu I'TIC i BeqmumHM TeImIoBUX e(deKTiB
OPOBOAWJIN 3 BHUKOPUCTAHHAM JAepuBatorpada wmaprm P. Ilayrik,
I. ITaynik i JI. Epgeit mapku 3427-1000°C ¢pipmu «MOM» (Yropiu-
Ha) [16].

IIpunyctumo, 110 3arajbHa KiJbKiCTh TEPMiUHO 3pYHHOBAHUX KiJ
TOJIOBHUX BaJIeHTHoOcTeil maxkpomosiekyau IIBX 3HauHO MeHIIa 3ara-
JBHOI KIJIBKOCTM MOHOMEPHUX JIAHOK ITiTKOPAETHCA 3aKOHY HYJBOBO-
ro Ta mepiroro nopaakiB [6]. Ile ymokamBIioe sMiHYy Macu moJiiMmep-
HOI MaTpUIli IiJ Ii€l0 TeMIIepaTypPHOTO IIOJIS IIPEJCTaBUTU SAK

dM = -MLdT , (12)
ne L — rtepMmiunuii Koe(imieHT mpoliecy TepmojecTpykItii. Posminu-
BIIIM 3MiHHi, piBHAHHA (12) HaOyBae BULy:

M, T

1 M 1
am_ j LdT. (13)

M, T,

ITicna imTerpyBanusa cuiBBiguomienns (13) omep:KuMo, IO
M, = M, exp(-LAT), (14)

ne AT =T —-T,. BignosigHo, KilbKicTe moiimepy, AKa 3aIUIINAIACA
Imicsia mpoiltecy TepmojecTpykiii npu T, CTAHOBUTH

M =M, (1—e*W). (15)

Bpaxosyrouu, 1110 3pasoK BUTOTOBJIEHO y BUTJISAAI TOHKOI ILIiBKU
TOBIIIMHOIO A i mismerpoM d, cmiBBigmHomIenus (15) mpeacTraBuMoO AK

pIlh = p, I,k (1 —e ™), (16)
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e Il Ta I, — nmouti spaska npu T ta T, BignosigHoO; p, py — T'yCcTU-
Ha CHCTEeMHU IIpH IuX TeMmoeparypax. OCKiabKu s 3aJ0BOJLHAE YMOBY
h<<d, h #0, maemo:

I = all, (1- e ™), (17

Ae o= po/p-

TepMomecTPYyKI[il0O Ta TEPMOCTINKiCTh, AK MepIry ii cTamiio, ZOCJi-
IKYIOTh TAKOXK B 3aJI€KHOCTI BiJl IMIBUJKOCTHA HArpiBaHHA KOMIIOBUTY
abo B isorepmiunux ymoBax (T;=const i M = f(t)T1 ), II0 YMOXKJIUB-
JII0€ OMMCATHU 3MiHY MOCIIIKYBaHOI Macu y BUTJIAII

dm = —M,Bdt, (18)

e B — TepMiuHMHA KoediIieHT TepMOAECTPYKILil, AKUIN XapaKTepusye
BiTHOCHY BTpaTy MAacu 3pas3Ka 3a i30TepMiuHMX yMOB 3a OJUHUILIO
yacy; ¢ — d4ac.

3a TaKuX YMOB JOCTiIKeHHS

M=M,(1-¢"), (19)

Ie At — mpoMmiKOK uacy mepebyBaHHA 3paska mpu 1,. Bimmomigmo,
maHuii mapamerep B, AK i L (piBHanHa (17) xapaKkTepusye cyMapHY
€HepTeTUKY IIPOIIECiB, OB’ A3aHUX 3 TEPMOCTiHMKicTIO Ta TepMoamdy-
3i€f0, OCKiJIbKM BOHU 3yMOBJIeHi nuysieto [16], pyliHyBaHHAM XeMi-
YHUX 3B’sA3KiB [6], TOIOJIOTi€I0 CTPYKTYPOYTBOPEHL KOoMOO3uTy [4] Ta
OB’ A3aHi 3 BeJIMUMHOIO eHeprii akTuBarlii (E) TepmomecTpykIii [6].
Cuain sayBasKuTH, 1[0 MOJeJi, AKMX OyJI0 3alPOIIOHOBAHO /I BHU3HA-
YeHHA BeJUUYUHU FE, He B IMOBHiNI Mipi BpaxoByHOTb CYKYIIHiCTHL UMH-
HUKiB i @isuky mporecy Tepmogectpykiii I'TIC [16]. Bemuuwsnu B i L
(cmiBBigHOIMIEeHHA (17) i (19)) BUSHAUMMO AK

LzA—lTln%, (20)
Bziln%. (21)

XapakTepHo, M0 KpuBi 3ame:xkHoctu L Bim I1,, pospaxoBami niada
remnepatrypuoi obsactu T,< T <550 K cucremu IIBX + C (Cu), 6u-
3bKi 3a XapakTepoM A0 KiHeTMYHMX KPUBUX HYJIHOBOTO Ta MEPIIIOTO
TMOPAAKIB OI[iHIOBAHHA BEJIMUMHU TEPMiuHOI cTabiIbHOCTH IOJIiMepiB
pisHoro xiacy [16].

Ile masmo MOKJIMBICTH i3 BpaXyBaHHAM TOTO, IO PeaKIlid TepMmoje-
crpykiii IIBX BigOyBaeThcA 3a CXEeMOIO «TBephe TiJio —> TBepe Ti-
JIO + ra3», po3paxyBaTH, BUXOAAYMN 3 KiHETMUHUX KPUBUX 3aJEKHOC-
reii Inl1,/I1 ra I[1,/I1; Big Temueparypu, Beauuuny E aK



MATEMATUYHE MOIEJIOBAHHS ITPOITECY TEPMOJIECTPYKIIIT 341

n (MJ S4ITTI,
11
E’ —

! , 22
oo, (22)

nme I1; i [1, — BeawuwmHM ILJI0IN, AKi BigmoBimaioTh Temmepartypam T i
T, iutepBany [Ty; T;] (i=1, 2) rimetruunux xpusux [1,=f(T); T, —
IIoYaTKOBa TeMIlepaTypa.

4. PE3YJIBTATH TA iX OBI'OBOPEHHS

HocninyxenHsa KiHeTmuHux napamerpiB (L, B, E) IIBX-cuctem moxa-
3aJu, IO IXHi BeJIMYMHHU 3aJeKaTh BiJ TeMIlepaTypu, TUIY Ta BMiCTy
HaHoaucoepcuHoro HamoBHIoBaua (Cu, C) y kommosuti. Ha pucynry 1
HaBEeJIeHO pe3yJbTaTH 3ajiekHocTu BenmuuHu L Binm I1;,, pospaxoBani
nnasa obaactu temmeparyp 1.<T<660 K (me T, — TtemmepaTrypa
CKJIYBAHHS Tijia) B3JOBXK HelmepepBHOI KpuBoi aminm miomti (I1) Tep-
MOZECTPYKTYPOBAHOr0 3pasKa. XapaKTepHO, IO y BUIIAAKY CHUCTEMU
IIBX + 0,02 06.% C mpu T >510 K BigmbyBaeThca HeliHiliHe 3MeH-
menna Beauumum All =11, —1II;, 3a paxynok 3pocramusa I1,. Ile e cBix-
YeHHAM TEPMOIECTPYKIIii MaTepisny, mpoiiec sSIKOi iHTEHCHBHO MpU-
mBuAmyetbesa npu T > 600 K. Crixg sasHaunTH, 1o B AisIIIa30HiI TeM-
nepatyp 350 K< T <375 K iHTEeHCHBHO 3pOCTa€ ONTHUYHA TyCTHHA
mosocu 1428 cm ' (puc. 2), siKa, 3TifHO 3 TBepAKeHHAMH [6], BiAmo-
Bimae 3a cTrpykTypHi sminu IIBX. 3a onTuuHy moJiocy BHYTPIIIIHBOTO
cragapry ooOpaso 2920 cm!. 3pocTaHHA BeJIWYUHHU BiJHOIIEHHS
1428/2920 gna IIBX-cucTteM BKasdye Ha HAABHICThP HAAMOJEKYJAP-
HUX CTPYKTYPHUX BIOPAAKYBaHb HOJiMepHOI MaTpwuIli, AKi Bigmosi-

0,8+
0,61

0,4

0271

0- —_—
360 420 480 540 600 660

T, K

Puc. 1. Kinetuuni kpusi tepmogectpykiii cucrem IIBX + C (¢ =0,02 06.%):
1 — I1,/T,; 2 — In(I1,/I1)."
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I

1428 et

I14288M_1 1 1 } " . :
5004 330 370 30 410 430 450 T, K

6,001 %1
4,00 /

2,00+

0,01 0,02 0,03 0,04 0,05 0,06

¢, 00.%

Puc. 2. Bane:xnicts BimHOCHOI omTmuHOi rycrmHm cmyr 1428 em™' i 2920
cm ' Bixg remmeparypu (1) mpu ¢=0,01 06.% ta BMmicTy (2) rpadiry npm
T =300 K y IIBX.?

IAlO0Th 34 KOMILJIEKC BJIACTHUBOCTEI MaTepisdaay.

IligTBEpI:KEeHHAM OaHOTO BHCHOBKY € 3MiHNM BeJIWUYNHHU CTYIEHS
AKTUBHOCTH HamoBHIOBada (piBHAHHS (2)) B 3aJeKHOCTI Bim (GismKo-
XeMiuHOI IIPUPOAN HAHOAUCIIEPCHOTO METAaJy Ta Moro BMmicty. ¥ Mipy
30inpmierHd ¢ Cu B IIBX BenumumHa o HeJiHIWHO cmajgae, Maiouu IpU
T =348 K noxanpumii makcumym B obOisacti 0,20 00.% i Benmuuny
da/de y 2,20-10%' moanb/06.%. XapakTepHo, II0 B JifiMA30Hi
0,01 <9 <0,09 06.% Cu BeanuuHa O cArae MaKCUMAaJBHHOTO 3HAUEHHS
6,61-10%! Mmoab/06. % . Y BuUIAAKy HaHOAUCIEPCHOTO IrpadiTy xapak-
Tep 3aJeKHOCTU o = f(¢p); 30epiraeTbcs i y Mipy 30iMbIIeHHSA KOHIIEH-
Tparii isoTepMu aKTHBHOCTEHN HaIlOBHIOBaua 30smiKaioTbesa. 1le BKa-
3ye Ha Te, 1m0 i3 3pocraHHAM BMicTy Cu(C) KiJIbKiCThL CTPYKTYpPOYT-
BopeHb IIBX, 3maTHMX OO €HTPOIIMHOrO I €eHepreTUUYHOr0 B3aE€MOUM-
HiB 3 aKTUBHUMU II€HTPAMHU IOBEPXHi, 3MEHITYETHCA.

B cBoio uepry, mae Miciie 3MiHa BeJIMUYMHU MIiJILHOCTH HaKyBaHHS
CTPYKTypoyTBopeus IIBX-cucTeM, pospaxoBaHa 3TigHO 3i cIiBBigHO-
menuaM (4). 3uarouum mikpomapamerpu rpyn [CH,, CHCL] i akTus-
HUX IeHTPiB moBepxHi Mimi Ta rpadirty, Ha puc. 3 mpeacTaBJIeHO pe-
syabratu pospaxyHKy BeamuuHu K (mpu 300 K < T <353 K), aka me-
JiHiHO 3MiHIOETBCA Yy BCHOMY OisIIa3oHi BMicTy HamoBHIOBaua. Tak,
B obsacti 3amin 0<¢<0,05 06.% Cu cmoocrepiraeTbcs yIIiJbHEHHS
CTPYKTypu Kommosuty, a npu 0,05 <9 <0,10 06.% HamoBHIOBaua Xa-
pakTep 3samexxkHoctu K = f(¢); crae cmagHuMM, BKasyoOuu Ha PO3IY-
IIIeHHS CTPYKTYPH KOMIIOBUTY B o0OjsacTi Temmepatyp 292 K< T <343
K. Taka xkimeTuKa CTPYKTYPOYTBOPEHL HA€ MOKJIMNBICTL IIiJ Ai€i0 30-
BHIIITHBOTO TEIIJIOBOTO IIOJIS peali3yBaTh PYXJUBICTH CTPYKTYPHUX
eaemeHnTiB. Ha mpaBoMipHicTh JaHOTO TBEePAKEHHS BKA3yOTh PE3yJIb-
TaTA TEMIIEPATYPHOI 3aJIe:KHOCTH BeJIWUYMHU KoedillieHTa maKyBaHHS
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0644 K

0,63 3
0,62 p

0.61

O o oo ote 008 o010

®, 06.%

Puc. 3. Koumnenrpamniiina sane:xuicts Benmuuuau K cucrem IIBX + Cu mpm
300<T<353K:1 —300K;2 — 343 K; 3 — 353 K.}

K

0,531
2
1
0,45 —t 4ttt
300 320 340 360 380 400 420

T, K

Puc. 4. TemneparypHa 3aje:xkHicTh BeauunHU (K) makyBaHHA MOJIEKYJISPHOL
crpykrypu IIBX-cucrem: I — IIBX + 0,10 06.% C; 2 — TIBX + 0,06 06.%
C; 3 — IIBX; 4 — IIBX + 0,06 06.% Cu.*

MOJIEKYJISIPHOI CTPYKTYpHu cucteMu (puc. 4).

B remmneparypuomy mismasoni 300 K < T <420 K 3pocrae TemwmoBuit
PYX CTPYKTYPOYTBODPEHb, AKUII IIPOTHU/i€ BCTAHOBJIEHHIO PiBHOBAXKHO-
ro cTaHy cucrtemMu. K cymapHUii e)eKT, BCce Iie CIPUAEC BUHUKHEHHIO
Ta mepediry OeCcTPYKTHBHUX IIPOIECiB IIif Mi€l0 30BHIIIHIX IIOJiB.
Tax, npu T >410 K iHTeHCMBHO PO3BUBAETHCSA IIPOIEC TEPMOIECTPY-
KIii, AKuil cJhigye 3a 3poCTAaHHAM PYXJHUBOCTH He Jmine atomis H,
ane i1 C Tta Cl. Bpaxosywoumn, 1mo aromu Cl maxpomoseryau IIBX sas-
JIFI0Th o600 cepu MixMoaeKyaspHOro pafgiroca y 1,77-107%° m [15],
3a xoe@imienra makysanusa K = 0,64 B 00’eMi HaHOAMCIEPCHOTO I'pa-
diTy, cepenHiii 06’eM KOMMIO3UTY, SKHUHA 3a0e3leuye TeILIOBI KOJu-
BAHHS AaTOMiB HABKOJIO IIOJIOKE€HHS KBasWpPiBHOBAru CTAHOBUTH
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3,810 m®. Haii6inem iHTeHCHBHO BigOyBaeThca 3MiHA BeJIMUYMHHI
Me)K0BOTO IIapy B miamasoni 2,5-107° M®*<V,,,,<1,2.107'" M3, zaxomn-
mioroun 06gacth 0,01 < ¢ <0,05 06.% yulinbHeHHA 3 HACTYIHUM PO3-
MyITeHHAM CTPYKTypoyTBopeHsb mpu 0,05 < ¢ <0,10 06.% BM™MicTy imr-
penieHTiB. IIpoBemeHi po3paxyHKM, BUKOHAHI 3TrigHO 3 IIOTEHIIiAJIOM
Mopse mpu D=4,0-10% I, b=3,22/x, m,=10,8-10"% gr, T =300
K, £/x,<1,245, nokasaiu, 110 B KOMIIO3UTi peai3yioThbcAd KOJWBAH-
Ha B cucreMmi aromis Cu'+ Cl” B gismasosi v, 3,0-10''-7-10' ¢*.

IlopiBHAHHA pO3PaxyHKOBUX 3HaYeHb V; 3 pesyabraramu I[Y-
CIIEKTPOCKOITIYHUX AOCJiIKeHb BCTAHOBUJIU, IO ATOMapHE OTOYEHHS
C(H, Cl) mgna ssaemopintaux roopaunat (C, H) spificuHioe TemmoBi Ko-
JUBaHHA 3 yacToTolo 2,8:10% ¢'. ¥V wmipy s6inpmrenHs BmicTy HaHO-
mucnepcHol Mini BimOGyBaeTnca 3mimenHa v, B obaacts 3,0-10'%—
6,210 ¢!, a mpu ¢=0,10 06.% Cu macrymae moaspuszania C—Cl-
3B askiB npu 400 K < T <420 K ma Bigminy Bixg suxigmoro IIBX, aka
peanisyerbea mpu 390 K< T <415 K. XapakTepHo, II[0 y BUIIAAKY
Buxigaoro IIBX, ¢axTop anrapmoniunocTu KoauBaub aToma Cl 1momo
KOJIa TOJIOBHUX BaJieHTHocTell cranoBuTth 0,90, a mpu ¢=0,01 i 0,10
06.% Cu Bim gopisnoe 3,6-10721i 1,7-107% pigmosizno [14].

TemmoBuit pyx Cl-H-3B’A3KYy 3 MiABUIMEHHAM TeMIIepaTypu 3yMOB-
awoe pyihnyBamua C—Cl- i C—H-3B’A3KiB, BUKJIMKAIOUN IIPOIECU Tep-
MozecTpyKIIii cucremu. K Oyj0 mMOKasaHO, 3a MOIOMOTIOI0 HaHOIWC-
IIepcHUX IIOPOINKiB Mini Ta rpadiTty BAaeThcA HLIJIAXOM €HepreTUYHO-
ro i1 eHTPOIifHOrO B3a€MOUYUHIB, B IepIry uepry, aroma Cl 3 Bigmosi-
IHUMU CKJIQZOBUMU ATOMiB KOMIIO3UTY, 30iJbIINTA BeJIUUYNHY €Heprii
repmogecTpykiIrii IIBX-cucrem (puc. 1). BuaBasgerses, 110 AJA BUXi-
mHoro IIBX Bemnunua E popisaioe 68-10° I3k /Mo, 1o mob6pe yaro-
MUKYEThCA 3 MAaHUMU, oJep:KaHuMU iHmuMmu metomamu [16]. ia cuc-
Trem IIBX + Cu cmocrepiraerbeca OinbIn iHTEHCMBHE B TOPiBHAHHI 3
kommosutoM IIBX + C 3pocTaHHS BeJIWUYMHU eHeprii aKkTuBAaIlii, Mak-
cuMaJbHU edexT yoro mae micme B mismasoni 0,04 < ¢ <0,08 06.%
BMicTy HamoBHIOBaua. lle BKasye Ha OLIbIN iHTEHCHUBHE CTPYKTYpHE
BOOPAAKYBAHHA KOMIIOSUTY 3a paxyHOK Bzaemonii IIBX 3 akTuBHU-
MU IIeHTPaMu MOBEPXHi Mimi, ockinbKu toHM Cu BOJOIIIOTH AKIIEITO-
PHUMU BJIACTUBOCTAMU, a MaKpPOMOJEKYJU II0JiMepy, AKi MicTATH
nonapHi rpynu Xiuaopy (Cl), — momopuummu. Biamosigmo, Mimx HUMU €
ITOHOpPHO-aKIenTopHa B3aeMomia [5]. IIpu KoHieHTpallii JOHOPHUX i
aKIeNITOPHUX IeHTpiB mopazaky 10'—10" m? uwmenmo B3aemopiitHuMx
nap Ha miomyi y 1 M® crasoButs 4-10'7, mo Bigmosizae piskmmmi mix
MOTEeHIIiANbPHUMU eHepriaMu ejeKkTpoHa y momopuHomy (Cl) i axiem-
topaomy (Cu) menTpax nopasky AE =8,0-107%° IIx.

4. BAICHOBRH

3aHpOHOHOBaHO ONTHUYHUNA MEeTO/J, BUSHAUYEHHA BEJINYMHN eHepri'l' aK-
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TuBaIlii mpoiecy Tepmiunoi gectpykiii IIBX, akuii MicTUTh B AKOCTi
HaIIOBHIOBAaYa HAHOAUCIIEPCHI mopomiKkm Mizi Ta rpadiry. Becranosie-
HO KiJbKicHMIT B3a€MO3B’SA30K MiK TeMIIepaTypHOIO 00JIACTIO TEPMOC-
TiAKOCTH KOMIIO3UTY, €HepTriel0 aKTHUBAIlil IIPoIlecy TepPMOIECTPYKITil
Ta CTPYKTYPHO-UYTJIHUBUMU XapaKTepUCTUKaMHU MaTepianay (rycTu-
HOIO, TemoMicTKicTio, IlyaccoHoBuUM KoegimmieHTOM, BHYTPIlIHIM TH-
CKOM, 00’€MHOI0 T'YCTHMHOIO TEILJIOBOI eHeprii, MesKOBUM IIIapoM), AKi
samexxkats Big Bmicty (0<¢<0,10 06.%), Tumy (Migb, Byrjemb) Ha-
HomucIiepcHOro mMerayay Ta Temmoeparypu (298 K< T <660 K). Ilig mi-
€10 aKTUBHUX IIEHTPiB IOBEepPXHi HAMOBHIOBAYa BilOyBaiOThCA HeJi-
HillHi 3MiHM KiHeTMUHHUX HOapaMeTPiB TepMOAEeCTPYKIIii, AKi MaioTb
peJjlaKcaliiiny IIpupoay Ta BU3HAUAIOTHCS UYACOM KUTTS CTPYKTYPHUX
eJIEMEeHTIiB KOoMHOOo3uTy. MaKcuMaJbHUI BILJIMB HAHOAWCIEPCHOT'O Ha-
IOBHIOBaYa Ha BeJWUYMHY eHeprili axkTusaiii tepmomecTpykiii IIBX-
cucrem cmocrepiraerbea npu 0,04 < ¢ <0,08 06.% Cu, C. IIpoBexeni
IOCJIiIPKeHHA MaloTh 3MOTI'y IIPOTHO3YBATH, OJEP:KYBATU M €KCILIyaTy-
Batu IIBX-cumcremMm B AKOCTiI TEPMOi30JATOPiB, TEMJIOHOCIIB, y3ro-
MKYBAJBHUX IIPUCTPOIB B 00JIACTI TePMIiYHUX IIOJIiB.
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Threads
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The influence of the concentration of plasticizer (glycerine) and carbon
nanotubes (CNTs) on the micro- and macrorheological properties of melts
of polypropylene/plasticized polyvinyl alcohol (PP/PVA) mixtures is stud-
ied. During flow of melts of all the studied compositions, a microfibrillar
structure is formed within them. As found, changing the ratio of viscoe-
lastic properties of PP and PVA, when adding different amounts of modi-
fying additives, allows us to adjust the mass fraction of types of struc-
tures (microfibrils, films, particles), as well as their dimensional charac-
teristics. Reducing the average diameter of microfibrils from 2.7 to 1.2
pm and increasing their share from 84.3 to 96.8 wt.% in the initial and
nanofilled mixtures, respectively, are achieved in a composition with simi-
lar values of viscosity and elasticity of the components. As shown, the
melts of bi- and three-component systems are typical non-Newtonian flu-
ids, and the viscosity of their melts is several times lower than n of the
initial components. The values of elasticity, judging by the equilibrium
swelling of extrudates, are higher than for the starting polymers, and de-
pend on the content of nanotubes. The ability to longitudinal deformation
of the melt jet, which determines its fibre-forming properties, in compo-
site systems is reduced, but remains sufficient for stable processing into
threads on available process equipment. As established, the formed micro-
fibrillary structure helps to improve the performance characteristics of
composite monothreads due to the effect of self-reinforcement. Tensile
strength and dimensional stability of threads obtained from a mixture
containing 0.5 wt.% CNTSs increase by 1.5 and 1.6 times, respectively.

BuBueno BIIUB KOHIleHTpallii miactudikaropa (riaileprHy) Ta ByTJIelleBUX
Hamorpyoox (BHT) ma mikpo- Ta MakpopeoJioTiuHi BJIACTHMBOCTI PO3TOMiB
cymimieii mosainporminer/naactudikopauuit moaiBinimosuii coupt (ITII1/IIBC).
3a Teuii BCiX MOCHiAMKEeHMX KOMIIO3UIN B HUX (POPMYETHCSA MiKpodiOopmisa-
pHaA CTpyKTypa. BcramoBieHo, IO 3MiHA CHiBBiZHOIIIEHHS B’SI3KONPYIKHiX
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BiaactuBocteit III1 i ITBC uepes momaBamusa y HUX PisdHOI KiJIbKOCTHM MOIU-
GiKyBaIbHUX N00ABOK YMOMKJIMBIIIOE PEryJIIOBATH MAacOBY OOJIO PisHOBUIIB
CcTPYKTYpP (Mikpo(diOpuam, IIiBKU, YaCTUHKHM), a TAKOK IxHi posMipHi xa-
paxkTepucTUKU. 3MEHIIIEHHS CcepeJHbOro aiamerpa Mikpodibpua 3 2,7 1o
1,2 MKM i 36impIrenHa ixapoi wacTku 3 84,3 mo 96,8 mac.% y Buximmiii i
HAHOHAIIOBHEHIN cyMilllaxX BiIIOBilHO AOCATHYTO B KOMIIO3UIIil 3 OJM3bKU-
MU BeJIMUMHAMHU B’ SIBKOCTH i1 e€JIaCTUUYHOCTH KOMHIOoHeHTiB. Ilokasamo, IIo
posTonu 6i- Ta TPUKOMIIOHEHTHUX CHUCTEM € THUIOBMMHU HEHBIOTOHiIBCBKUMU
pimuHamu, a B’A3KicTb iIXHIX po3TomiB y Jekinbka pasiB HMiKYa 3a 1 BUXin-
HUX KOMIIOHEHTiB. BeJWUYMHU eTacTUYHOCTU, CYAAYM 3 TMOKA3HUKIB piBHO-
BajKHOTO pO30yXaHHS eKCTPYJaTiB, € BUIMUMU, HidK IJA BUXITZHUX IIOJIiMe-
piB, i 3ame:kaTh Bim BMicTy HaHOTPYOOK. 3maTHICTH A0 IO3TOBXKHBOI medop-
Maiii po3Tomy CTpPyMeHsd, SKa BU3HAUA€ MOT0 BOJOKHOYTBOPIOBAJIbHI BJac-
TUBOCTi, y KOMIO3UIIIHHNX CHCTEM IIOHUKYEThCSA, ajie 3aJUIIAEThCA JOCTa-
THHOIO AJIsA CTabibHOI mepepoOKUM y HUTKM HA HAABHOMY TEXHOJIOTiYHOMY
obsmagHanui. BcramoBieHo, 110 copMoBaHa MiKpodibpuiadapHa CTPYKTypa
CIpUAE IIOJIMIIeHHI0 eKCIIyaTallilHuX XapaKTePUCTHUK KOMIIOSHIIiNHUX
MOHOHUTOK 3a paxyHOK e(deKkTy camoapMmMyBaHHA. PospumBHa MilHicTh i
dopMOCTiHiKiCTh HHUTOK, ofeps:kaHux i3 cywmimi, mo wmicrure 0,5 mac.%
BHT, spocratoTrs B 1,5 i 1,6 pasu Bigmmosigmo.

Key words: polypropylene, polyvinyl alcohol, glycerine, carbon nanotubes,
mixtures, morphology, monothreads, viscosity.

KarouoBi cioBa: moJsinporisieH, mMoJiBiHiIOBUE ciupT, TJillepuH, BYTJenesi
HAHOTPYOKM, cyMimri, Mmop@oJioriss, MOHOHUTKH, B A3KiCTb.
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1. INTRODUCTION

The discovery of carbon nanotubes (CNTs) in 1991 led to significant
advances in nanotechnology and marked a new era in the material
world, especially in the field of polymer nanocomposites. Single-
and multilayer CNT have a complex of unique mechanical, electri-
cal, thermal and chemical properties, as well as a high ability to
transfer electrons. The modulus of elasticity of carbon nanotubes is
close to the values of this indicator for diamond (1.0 and 1.2 TPa,
respectively); their strength is 100 times higher than strength of
the best steel samples. They are also characterized by high electrical
conductivity (~10%® S/cm), thermal stability (up to 2800°C in vacu-
um), and thermal conductivity (approximately twice higher than for
diamond) [1]. Today, there are various methods of introducing
CNTs into polymer matrices, which have made it possible to create
new promising materials with multifunctional properties. At this,
the modifying effect is manifested with a small amount of filler.
Because the ratio of the length of nanotubes to the diameter is from
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hundreds to the thousand, high conductivity was achieved even at
an additive concentration of 0.0025 wt.% [2]. CNTs/polymer compo-
sites are used in a variety of fields: as reinforced and anti-corrosion
materials, solar panels, chemical sensors, adsorbents, shielding
products from electromagnetic and microwave radiation, etc. [1].
Carbon nanotubes with unique graphitic structure, superior optical
and biological properties have attracted more and more interests in
biomedical applications, including gene/drug delivery, bioimaging,
biosensor and tissue engineering [3].

A necessary condition for achieving maximum indicators of prop-
erties of nanocomposites is to ensure uniform dispersion and orien-
tation of CNTs in the system, as well as the ability to transfer
stresses from the matrix to the filler. Functionalization of CNTSs’
surface is one of the methods that prevents their aggregation, in-
creases the affinity for polymer melts in the mixture and provides
predictable placement in the composition [4, 5]. Modification of
carbon nanotubes with titanium stearate allowed reducing their
content in the mixture of CNTs/polyolefin by an order compared to
the original tubes, and obtaining hydrophobic composites with high
hardness and wear resistance [5].

It is known that in mixtures of incompatible polymers highly dis-
persed fillers are unevenly distributed in the phase volumes of dif-
ferent by chemically nature components. This phenomenon signifi-
cantly expands the possibilities of regulating of heterogeneous mor-
phology and makes mixed composites even more attractive [6—11].
A review of recent advances in CNTs-filled composites shows that a
number of factors can control their functional properties: selective
localization of nanotubes (thermodynamic and kinetic effects),
changes in morphology due to their compatibilizing action, effects
on rheological properties of components and on melting and crystal-
lization processes [6]. Thus, the mechanical and dielectric properties
of composites based on an incompatible mixture of polystyrene
(PS)/polyvinylidene fluoride were regulated by selective localization
of CNTs in one of the phases, using two-stage mixing [7]. A signifi-
cant increase in the tensile strength of biodegradable composites
based on a mixture of poly(e-caprolactone)/poly(lactic acid) was
achieved due to interfacial adhesion and the formation of percola-
tion mesh in the matrix with the simultaneous use of organomodi-
fied montmorillonite and multilayer CNTs [8].

Regulation of homogeneity of the morphology of polymer disper-
sions and selective localization of nanoadditives in one of the phases
can also be achieved by introducing an additional component—a
compatibilizer [9—11]. The use as a compatibilizer of polystyrene
with grafted maleic anhydride in a mixture of PS/polyamide/CNTs
has increased the homogeneity in size and geometric shape of PS
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drops, regardless of the sequence of injection of components [8].
The materials obtained from these compositions had high electrical,
electromagnetic and mechanical properties. In our previous works,
it was shown that the preliminary injection of additives CNTs or
CNTs/compatibilizer into the melt of a mixture of polypropylene
(PP)/copolyamide helps to reduce the average diameter of PP mi-
crofibrils and the proportion of unwanted structures (particles,
films) [10, 11]. The established regularity is due to the compatibil-
izing effect of modifiers, which is confirmed by the decrease in the
value of the interfacial tension. At the same time, the mechanical
characteristics of composite mono- and complex microfibrillary
threads obtained from the studied mixtures increase.

Thus, significant progress has been made in the development of
polymer/CNTs composites characterized by unique mechanical and
physical properties. In order to use fully the properties inherent in
carbon nanotubes, it is advisable to conduct further theoretical and
experimental studies on the formation of morphology at the macro-,
micro- and nanoscale, rheological behaviour of systems and charac-
teristics of finished products.

2. OBJECTS AND METHODS OF RESEARCH

The studies were performed using a mixture of polypropyl-
ene/polyvinyl alcohol composition of 30/70 wt.%. The dispersed
phase was isotactic polypropylene brand 575P company ‘SABIC’ with
melt flow index of 11 g/10 min (230°C/2.16 kg, ISO 1133-1) and a
melting point of 169°C, and the dispersion medium—polyvinyl alco-
hol brand Moviol 5—88 company ‘Kuraray Co. Ltd’ with the following
characteristics: viscosity of 4% aqueous solution at a temperature of
20°C—5.5-5.8 mPa-s, the degree of hydrolysis—86.7—-88.7%, the
content of volatile compounds—5.0 wt.% . The flow and destruction
temperatures of PVA are very close that makes it impossible pro-
cessing through the melt. To solve this problem, it was plasticized
with glycerine, which was injected in an amount of 10.0 wt.%
(PVA,) and 15.0 wt.% (PVA,). As the nanoadditive were selected a
three-layer carbon nanotubes manufactured by ‘Spetsmash LTD’
(Ukraine) with the following characteristics: bulk density—29 g/dm?,
specific surface after acid cleaning—340 m?/g, outer diameter of
nanotubes—10-20 nm. The concentration of CNTs in mixtures was
0.1-1.0 of wt.% . The compositions were prepared on the worm-disc
extruder (‘DniproPolymerMash’, Ukraine). Carbon nanotubes were
pre-introduced into the PP melt, and then, the obtained granules
were mixed with plasticized PVA. The rheological properties of the
melts, i.e., viscosity (n) and flow mode (n), were investigated on the
capillary microviscosimeter at a temperature of 190°C in the range of
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shear stress t (0.10—5.69)-10* Pa. Construction of flow curves and
calculations were made using specially created software [12].

The elasticity of melts was determined by the value of the equilib-
rium swelling of extrudates (B) [13]. The ability of the melts to lon-
gitudinal deformation was evaluated by the value of the maximum
degree of drawing (F,..), which was calculated as the ratio of the jet
reception velocity to the linear velocity of the melt in the spinneret.
Composite threads were formed on a laboratory stand through a die
with a diameter of 780 pm with a degree of drawing of 1000%.
Thermoorientational drawing was performed at a temperature of
150°C with a multiplicity of 4.2-5.0. The tensile strength, the ini-
tial modulus, i.e., the force required to deform the thread by 1.0%,
and the relative tensile elongation of the composite threads were de-
termined using a rupture machine of KT 7010 AZ brand. The micro-
structure of extrudates was studied by optical microscopy. Digital
micrographs of cross-sections of extrudates and PP residues after
PVA extraction were obtained using a digital camera with an adapt-
er. Quantitatively structure formation was assessed by determining
under a microscope MBR-15 all types of PP structures and their siz-
es. Experimental data were processed using software, and the aver-
age diameters of microfibres and particles (d) and the mass fraction
of each type of structures were calculated [12].

3. RESULTS AND DISCUSSION

Studies of the rheological properties of the starting polymers have
shown that the introduction of nanoadditives and plasticizers dif-
ferently affects the effective viscosity of the melts of PP (n;) and
PVA (n,) and the nature of their flow (Tables 1, 2).

Increasing the glycerine content by 5.0 wt.% causes a decrease in
n, of the PVA melt in = 1.5 times, and with increasing concentra-
tion of CNTs from 0.1 to 1.0 wt.%, viscosity of polypropylene in-
creases by 1.1-1.6 times. In this case, the degree of deviation from
the Newtonian regime of the flow of melts of plasticized polyvinyl
alcohol decreases, and for the composition of PP/CNTs, it increases.

The decrease in the value of the indicator (n) for the PVA sample
with a higher concentration of glycerine is natural, because the
plasticization occurs by intrabundle mechanism. There is a destruc-
tion of the supramolecular structure of the polymer, which brings
its flow regime closer to the Newtonian fluid. CNTs additives struc-
ture the melt that is accompanied by an increase in the viscosity
anomaly.

The viscosity of the melts of PP/PVA mixtures is reduced by 2—-3
times compared to n of the starting ingredients (Table 2). Glycerine
is a selective plasticizer and remains in the mixture in a thermody-
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TABLE 1. The effect of glycerine and CNTs additives on the rheological
properties of PVA and PP melts".

Additive, wt.% ® <

& ® .

5y ~ E ® 5 g
25 g =3 2%
Ees glycerine | CNTs 2 g 2 =
“ = g = | ° =3
= 5

PVA, 10,0 0 490 1,5 1,3 14900
PVA, 15,0 0 330 1,3 1,4 12700
PP 0 0 290 2,0 1,8 26900
PP 0 0,1 310 2,0 1,7 27100
PP 0 0,5 350 2,1 1,5 27900
PP 0 1,0 450 2,1 1,5 28100

‘at 1=5.69-10* Pa.

TABLE 2. The effect of CNTs additives on the rheological properties of
melts of mixtures PP/PVA”".

o Ny @ X
< (<]
s i = | 2| o | EE
= g > iy = Q g g
2 S 3 = N1/ M2 = T = SR
= m B & & = q 58
g & 3] o N s 5
< Z 2 = S
2 3] = a s
PP/PVA, O 150 0.59 1.4 2.2  1.38 8700
PP/PVA, 0.5 240 0.71 1.7 2.5 1.15 11700
PP/PVA, 0 110 0.88 1.3 2.6  1.29 8400
PP/PVA, 0.1 130 0.94 1.5 2.9 1.21 9300
PP/PVA, 0.5 190 1.06 1.5 3.3 1.07 11400
PP/PVA, 1.0 230 1.36 1.6 2.8 1.07 11600

“at 1=5.69-10* Pa.

namically advantageous phase of PVA.

The sharp drop in the viscosity of the composition may be due to
the process of structuring the component of the dispersed phase in
the matrix. Isolation of PP in a separate phase with the formation of
a continuous surface between the components helps to reduce the vis-
cosity due to the sliding of polymers on the phase separation surface.
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At the same time, the flow mechanism changes, namely, there is a
transition from the segmental movement of polymer macromolecules
in the flow to the stratified flow of individual components [14].

For nanofilled melts of mixtures, there is an increase in their
viscosity at all investigated concentrations (Table 2). At this, the
values of n of the three-component compositions remain much lower
than the additive values. Since the filled polymer melts are suspen-
sions, their properties are determined by the possibility of interac-
tion of the additive particles with each other, as well as with the
ingredients of the mixture. The thickening effect of CNTs in the
PP/PVA melt is obviously due to their ability to form network
structures [1, 6]. PP/CNTs and PP/PVA/CNTs melts are typical
non-Newtonian fluids (Fig. 1, Table 2). At this, the effect of defor-
mation speed on the effective viscosity of the compositions is much
smaller than on the n of polypropylene. On the dependence curves
lgn = f(lgt) for mixtures of all compositions, the ‘structural’ section
is more inclined than in curves for the original and filled PP. The
nature of flow of the studied systems, judging by the values of n, is
due to the polymer of dispersion medium that is established for
many pairs of polymers [14].

The elasticity of PVA melts also depends on the concentration of
the plasticizer, judging by the values of equilibrium swelling of the
extrudates: with increasing glycerine content, the value of (B,) in-
creases slightly. At the same time, the elasticity of nanofilled PP
melts (B;) decreases with increasing amount of additive (Table 1, 2).

lnn, Pa-s
3.5
2
S
3.0 a3 )
‘5\‘3:
Z‘-_\
2.5
2.0
35 40 45 5.0

Int, Pa

Fig. 1. Dependence of melt viscosity on shear stress: 1—PP; 2—PP/CNTs;
3—PVA,; 4—PP/PVA,; 5—PP/PVA,/CNTs.
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This is due to changes in the mobility of macromolecules PP and
PVA and the possibility of their transition from a spherical ball to
elongated chains in the presence of a solid nanofiller and plasticiz-
er, respectively. As can be seen from Table 2, for melts of bi- and
three-component mixtures, the increased elasticity is characteristic,
compared with the same indicator for the original components. Ad-
ditional accumulation of large normal stresses occurs due to the de-
formation of the droplets of the dispersed phase into ellipsoids of
rotation and jets (cylinders).

Studies have shown that changes in the viscoelastic characteris-
tics of ingredients in the presence of modifying additives signifi-
cantly affect the course of microrheological processes during flow-
ing of melts of mixtures PP/PVA. Thus, the degree of dispersion of
PP in the PVA matrix depends on the content of the plasticizer. As
its concentration increases, the size and geometric shape of the
drops change, i.e., their diameters and the proportion of elongated
drops decrease (Fig. 2). The injection of carbon nanotubes into the
system contributes to the formation of a finer and more homogene-
ous morphology.

Microscopic studies of PP residues after extraction of the matrix
component from the extrudates of all compositions showed that mi-
crofibrillar morphology is formed during their flowing. Polypropyl-
ene is mainly in the form of microfibrils, as well as films and small
particles (Fig. 3). The formation of films is facilitated by the mi-
gration of the component with lower viscosity to the capillary walls:
the smaller the viscosity ratio (n;/n,), the greater the share of films
(Tables 2, 3). Micron-size particles apparently appear due to the de-
cay of small-diameter jets, which are the most thermodynamically
unstable.

The results of the quantitative assessment of the microstructure
of the extrudates are presented in Table 3, which shows that the
ratio between its different types significantly depends on the con-
tent of plasticizer and nanoadditives in the compositions.

With increasing concentration of glycerine and CNTs, the dimen-
sional characteristics of PP microfibrils decrease, and their mass
fraction increases. The modifying effect of the nanoadditive de-
pends on its concentration and reaches the maximum at content of
0.5 wt.%, the average diameter of the fibrils is reduced by more
than 2 times. One of the reasons for this is the approximation of
values (n;/n.) and (B,/B,) to 1 (Table 2); as it is known, these fac-
tors increase the degree of dispersion and deformation of droplets
during flowing of melts of incompatible polymer mixtures [14]. The
in situ formation of PP microfibrils of smaller diameters may also
be the result of the compatibilizing action of nanotubes. Reducing
the value of surface tension and increasing the stability of thin fi-
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Fig. 2. Microphotographs of cross-sections of extrudates of the initial mix-
tures PP/PVA and filled with 0.5 wt.% of CNTs: a) PP/PVA;; b)
PP/PVA,/CNTs; c) PP/PVA,; d) PP/PVA,/CNTs.

Fig. 3. Microphotographs of polypropylene residues after extraction of the
matrix component from the extrudates of mixtures: a) the original
PP/PVA, (a;—films, a,—microfibrils); b) PP/PVA, /CNTs with a content
of 0.5 wt.% CNTs (b;—films, b,—microfibrils).

brils, we found earlier for a mixture of PP/CPA/CNTs [10, 11]. The
use of two-stage mixing of components contributed to the migration
and selective localization of nanotubes at the interphase area.
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TABLE 3. Characteristics of the microstructure of extrudates of the origi-
nal and nanofilled mixtures.

Name of | Content of Microfibrils Particles 1 o
mixture |CNTs, wt.% | d, pm | wt.% | d, pm | wt. % Films, wt.%
PP/PVA, 0 3.4 77.5 3.6 0.7 21.8
PP/PVA, 0.5 1.6 83.0 2.0 0.4 16.6
PP/PVA, 0 2.7 84.3 2.8 0.5 15.2
PP/PVA, 0.1 2.0 90.9 1.8 0.2 8.9
PP/PVA, 0.5 1.2 96.8 1.3 0.1 3.1
PP/PVA, 1.0 1.7 96.0 2.1 0.1 3.9

Regulation of the microstructure of polymer systems by adding
CNTs has been described for many incompatible mixtures of poly-
mers [10, 11, 15-19]. Carbon nanotubes can increase the degree of
dispersion of the component of dispersed phase or its coarsening,
cause the droplets to combine into clusters or in liquid jets, to form
continuous structures or domains of irregular shape.

The modifying effect of nanotubes, in addition to the above fac-
tors, is associated with suppression of coalescence due to the for-
mation of a solid barrier around small droplets, creating a physical
network by them and adsorption interaction of polymer macromole-
cules with CNTs’ surface [15].

Thus, introduction of 1.0 vol.% CNTs into the mixture of
PP/polystyrene caused significant changes in the morphology of the
mixtures of complementary composition and with a component ratio
of 50:50 [19]. At this, in all the studied systems, the nanotubes
were mainly localized in the PS phase or at the interphase area. The
authors explain the significant morphological changes by the migra-
tion of CNTs between domains in combination with their effect on
the viscoelastic properties of the components.

It is known that the feature of polymeric liquids is the ability to
longitudinal deformation of the jet, flowing from the hole of the
die, which led to the very existence as a branch of technology of fi-
brous materials, in particular chemical fibres. Technological param-
eter that characterizes the ability of the melt to uniaxial tensile is
the value of maximum degree of deformation (F,,). The fibre-
forming properties of polymer compositions are better the higher
the value of F,,,. Experimental data show that the values of defor-
mation of the melts of the mixtures of PP/PVA in the field of the
longitudinal velocity gradient are smaller than those for the origi-
nal components are. This is due to the heterogeneity of their struc-
ture and weak interaction in the transition layer of the segments of
macromolecules of polar and nonpolar polymers. The injection of
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nanotubes improves the fibre-forming properties of the composi-
tions by increasing the proportion of anisotropic structures (PP mi-
crofibrils) with smaller diameters and increasing the viscosity of
nanofilled melts. The F,,, values of bi- and three-component sys-
tems remain lower than in the original PP and PVA, and they are
stably processed into threads on existing process equipment.

The mechanical characteristics of monothreads formed from the
original polymers and modified compositions are given in Table 4.

The analysis of the obtained results shows a significant improve-
ment in the mechanical properties of monothreads containing addi-
tives of carbon nanotubes.

The values of tensile strength and initial modulus of threads
from the original and modified mixtures are greater than the addi-
tive values (Table 4).

The degree of increase in strength and dimensional stability for
threads from nanofilled systems is higher than that from polypro-
pylene. The maximum mechanical indicators have threads, in which
the prevailing type of structure is microfibrils with the minimum
diameters (Tables 3, 4). This is achieved primarily through self-
reinforcement, which is characteristic of products with microfibril-
lar morphology [20]. The improvement of the performance charac-
teristics of monothreads from nanofilled mixtures may also be due
to the selective localization of CNTs in the PP phase or at the in-
terphase, because the greater the relationship between the dimen-
sional characteristics of nanoobjects, the faster they move in the
system [21]. In addition, according to some authors, this is facili-
tated by the formation by nanotubes of percolation mesh, ‘cross-
linked’ structure or the effect of nanobridge of CNTs at the inter-
phase area [15].

TABLE 4. The effect of CNTs additives on the mechanical properties of
monothreads from PP melts and mixtures of PP/PVA,.

Name o_f pol- Content of Tensile MoFlglus Elongation, %
ymer, mixture| CNTs, wt.% |strength, MPa|of elasticity, GPa ’

PP 0 330 2.6 12.9
PP 0.1 370 2.8 12.6
PP 0.5 450 3.7 12.0
PP 1.0 470 3.8 11.8
PVA, 0 310 2.9 13.7
PP/PVA, 0 340 3.1 14.0
PP/PVA, 0.1 410 3.7 13.9
PP/PVA, 0.5 520 4.9 13.5

PP/PVA, 1.0 530 4.8 13.3
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4. CONCLUSIONS

The influence of the concentration of carbon nanotubes on the rheo-
logical properties and morphology of melts of polypropyl-
ene/plasticized polyvinyl alcohol mixtures with different glycerine
content was established. It is shown that the melt viscosity of the
initial mixtures decreases by almost 3 times compared to the n of
matrix, regardless of the plasticizer concentration. This is due to
the formation of liquid jets and PP films in the PVA melt and the
formation of a continuous separation surface between them, which
facilitates the transition from segmental movement of polymer mac-
romolecules in the flow to the stratified flow of individual compo-
nents. Increasing n of compositions containing 0.1-1.0 wt.% CNTs
is due to the ability of nanotubes to form mesh structures. The melt
elasticity of bicomponent and ternary mixtures increases, compared
to the same indicator for the initial components, which is due to the
additional accumulation of normal stresses by deformed drops of
the dispersed phase.

It is shown that the change of viscoelastic characteristics of in-
gredients in the presence of modifying additives allows regulating
the morphology of PP/PVA mixtures. Approximation of the values
of the ratio of viscosities and elasticities of the components to 1 in
a mixture containing 0.5 wt.% CNTs caused a decrease in the diam-
eters of microfibrils PP from 2.7 to 1.2 ym and the proportion of
films and particles from 15.7 to 3.2 wt.%, respectively.

The possibility of self-reinforcement of monothreads from initial
and filled with CNTs mixtures of PP/PVA due to the formation of
microfibrillar structure in them was established; the value of ten-
sile strength and the initial modulus of the threads are higher than
the additive values. Maximum indicators of strength and dimen-
sional stability are achieved provided that the predominant type of
structure is microfibrils with minimal diameters. The formation of
threads from mixtures, in which the component of the dispersed
phase in the flow forms in situ microfibrils, is the most attractive,
because it simplifies threads production, and the effect of modifica-
tion becomes much higher.
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IlinBuUIleHHS BJIACTMBOCTEH Ta eKCILIyaTalliifHOI CTIHKOCTH
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B pob6orti aHamisyoThCcA TPU HOBUX METOOM OJEep:KaHHSA MOKPHUTTIB Ha merali
3 piBHMX MaTepifAniB: HU3BKOBYIJIEI[EBUX, HMU3bKOJEI'OBAHUX 1 AHCIIEPCHO-
3MIiITHEHUX, B SKUX AOCATAJINCA HEOoOXimHi BIACTHMBOCTI AKOCTU i1 e)eKTUB-
HOCTH y BUKopucTauHi. o HUX BiJHOCATHCA: MiABUINEHHA CIOKUBUUX BJIa-
CTUBOCTEH, TaJbMyBaHHSA 3MIiITHIOBAJbHUX (a3 3 BiJHOBIIOBAHOIO JeTaJIO
IO TIOKPUTTS ¥ OJAHOpPa30Be 3MIITHEHHA Ta 3ajiKoByBaHHA AedeKriB. [iaa
IIbOTO0 BMKOPHCTOBYBAJU Pi3HI TEeXHOJOTiIUHI migXoAu BBeJeHHS MOAUDIKY-
BaJIbHOI JOMIIIKY B PiKy BaHHY 3a HATOILJIEHHA 3 IolepeiHim ii Bigmamaom
I8 KopuryBaHHS dyacTKu OKCUI'eHY; TaKOK OJHOPasO0BO KOPUI'YBAJIH i yac-
TKY MOAuM(iKyBaJbHOI MOMIIIIKM, SKa 3MiHIOBajaca B Me:kax Bim 5,0 mo
15,0% Baru emexTponu. ExoHoMiuHmi edeKT Bii BIPOBaAKEeHHS TEXHOJIO-
rii BizmoBimenua 100 miT. KapZaHHUX BaJiB 3TifHO 3 PO3POOJIEHOI TEXHOJO-
riefo Ta mapamMeTpaMu iXHBOrO 3MillHeHHA cArae 187,5 Tuc. rpH.

The work analyses three new methods of obtaining coatings on parts from
different materials: low-carbon, low-alloy, and dispersion-hardened ones,
which achieve the necessary properties of quality and efficiency in use.
These include improvement of consumer properties, inhibition of the
strengthening phases from the restored part to the coating, and one-time
strengthening and healing of defects. For this purpose, various technolog-
ical approaches are used to introduce a modifying admixture into the lig-
uid bath during surfacing with preliminary annealing it to correct the
proportion of oxygen. The proportion of the modifying admixture, which
varies from 5.0 to 15.0% of the electrode weight, is also adjusted once.
The economic effect of the implementation of the technology of restora-
tion of 100 cardan shafts, according to the developed technology and pa-
rameters of their strengthening, reaches 187.5 thousands of hryvnias.
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Karouori ciroBa: Moaud)iKyBaHHS 3a HATOIJIEHHS, 3MIiI[HIOBAJIbHE ITOKPUTTS,
CTPYKTYPOYTBOPEHHSA, HEOLHOPiAHicThH, B3aeMouuH (a3, mismanToBa (pak-
Iis, eKclIyaTaliiiHa CTifiKicTb.
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(Ompumano 8 aucmonada 2022 p.)

1. BCTYII

Haa migBuIleHHSA SKOCTH MeTaJly BUPOOIB BUKOPHCTOBYIOTH, KPiMm
JeryBaJbHUX MOMIIIOK, i MomudikyBaabHi cyMmimri, AKi cKJaamarTbCs
i3 pisHMX KOMIIOHEHTIB, II[0 CTBOPIOIOTHL 3MiHHI (pas0oBUX CKJIAZOBUX i
CIPUAIOTh HOBMM yMOBaAM Kpucrajisamii. Taxuii migxim sabesmeuye
KOPUI'YBAHHS CTPYKTYPHOTO CTAHY MeTajJy M oJep:KaHHA 3a HOIajb-
IINX TEeXHOJOTIYHMX 00poO0JieHb HeoOXimHi CIOMKMBYI BJIACTHUBOCTI BU-
po0bisB.

BwmicT KommomeHTiB-goMiIIok ad MoAuM(MiKyBaHHSA IIig0MpPaiOTh B
3aJIXKHOCTI Biff HeoOXimHOCTH 3a0e3leueHHS KOHKPETHUX BJIACTHUBOC-
Tel mixg uac omep:KaHHSA BUPOOiB Pi3HMMUM METOZAMMU.

B ocTanHi poxu ocobimBa yBara mIpHUIiIAE€THCSI BUKOPUCTAHHIO Ma-
JIOBUTPATHUX TEeXHOJIOTiN 1uas ix omepskaHHA. o HHUX BimHOCATBHCS
pisHI mITaku® JOMEHHOTO BHMPOOHUIITBA, 30JHM Bij] CIIAJIOBAHHS BYTLJ-
asa TEII, B ckiag AKUX BXOIOATH MiKpOJIEeI'yBaJbHI Ta MOAu(iKyBajb-
Hi KOMIIOHEHTH.

HoBum nHampamom Moaum@ikyBaHHSA € OOCJiMKeHHs (BigHOBIIIOBA-
JbHUX IOKPHUTTIB), CIPSIMOBAaHI HAa BUKOPUCTAHHS MOMIIIIKK HAHO- Ta
OUCIEPCHUX MisIMAHTiB, SKMX ONEP:KYIOTh PISHMMM MeETOJaMH: CTa-
TUYHUM HaBaHTAKEHHAM, AUHaAMiuHUM i geromariiiaum. OCHOBHUM
HeJOJNIIKOM TaKHX MiAMAHTIB 3 IIMUXTH € IXHA CXUWJIbHICTH OO PO3Iany
3 (popmyBaHHAM rpadiTy 3a HABiITHL HEeBEJIMKOTro Iepiomy 30epiramus.
OpepsxkaHHa OiIBINT CTAaOLIBHMX OiAMaHTOBUX (PPAaKII JOCATAETHCS
0araTopasoBOIO METOHAIIIEIO, i IIe POOUTH IX Ay:Ke BHCOKOKOIITOBHUM
MaTepisaioM.

XapKiBCbKUU HaIliOHAJbHUI TeXHIUHWII YHIBEepPCHUTET CiJIbCBKOTO
rocrmogapcTBa imeni Ilerpa Bacuienka ympomos:k OaraThox POKiB pa-
30M 3 IHIIMMH! CHeIlisgJicTaMu BiAMOBiZHOTO mPodiao BUKOHAIN HOC-
Ji*KeHHs CTOCOBHO OJep:KaHHA MINXTHU 3 JiAMAHTOBOIO ()pPaKIi€io Bix
yrumiaisariii meBHoro Habopy OoempmmnaciB [1]. Taka mmxTa MicTHTB
HaHO- Ta AWCIIEPCHI miaMaHTH, SKi MOKasajaum CBOIO CTAOLILHICTL mifg
yac 30epiramnsa. Buxomgum 3i cxiaamy dopmyBanbHuUX (a3 y Takiit
IINXTi, HA MEepPIIOMY eTali y paHilll BUKOHAHUX MOCIIiIKeHHAX BUKO-
pHUCTOBYBaJM JIMIlle HeMarHeTHy ii ¢paxiito [1]. ¥ BukoHaHUX HOCJIi-
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I)KeHHAX B IIifi poOOTi BIepIllle IPOBOAMJIN IIOIIYK HOBUX METOXIB i
HaOpAMiB BUKOPUCTAaHHA MarHeTHOI YacTKU TaKOl IMINXTH, AKa MOXKe
3a0e3meunTy HOBi migxoau Ko ePeKTUBHOTO MOAUMIKYBAHHSA ITOKPUT-
TiB 3 PiBHUX MaTepidANiB i 3a pi3HMX YMOB eKcILayaTallii, i Tomy Taki
PO3POOKM BiZHOCATLCA OO BAKJIUBUX Ta aKTyaJbHUX.

MeTra maHUX OOCJHiM:KEeHb: IiABUINEHHA eKCILIyaTalliiHWX BJIACTH-
BOCTEH meTaJIiB 3MiIIHEHHSM 1 BiZHOBJIEHHAM IXHBOTO 3HOIIIEHOTO IIa-
Py MomupikyBaHHIM MAarHeTHOIO CKJIAJOBOIO INMHXTH 3 AiAMAaHTOBOIO
dpakKIieo Big yruiaisailii meBEoro Habopy Ooempumacis.

3aBIaHHA JOCJIiIKEeHb:

— BUKOHATH CTATHCTUUYHY aHAJi3y CKJIQLYy 3epeH KOHIJIOMepaTy IITH-
XTH OJISI HOIEePeSHBOTO HPOTrHO3YBaHHS e(PeKTHMBHOIO BUKOPHCTAHHS
ii;

— TEOPETUYHO OMiHUTU SKICHMUH i KiJIbKiCHMI BMiCcTHM KOMIOHEHTIB i
(a3 3a CTPYKTYPOYTBOPEHHS 3€PeH KOHIJIOMEPATy MArHEeTHOI CKJIaJo-
BOI IITMXTH Ta BCTAHOBUTHU 3B’SI30K MixK (paszamu, 110 (GOPMYIOTHCS;

— OOI'PYHTYBATH OCHOBHiI mapamMeTpu PO3POOKH HOBiITHBOI TE€XHOJOTiI
BiTHOBJIEHHSA JeTaJiB IJA KOHKPETHUX YMOB BUKOPHCTAHHSI;

— JOCJIiAUTU BIJIUB AiAMaHTOBOI ()paKIlii Ta 3epeH MarHeTHOI IMUXTU
Ha TeXHOJIOTiuHi IIporecu BUPOOHUIITBA I eKCILIyaTalliio;

— TPOBECTU BUIPOOYBAHHS PO3POOKH.

2. METOJIH TOCJLIKEHD

B pocaimskeHHAX BUKOPUCTOBYBAJIU CYYacHiI eKCIepUMeHTAaJIbHI Ta
TeopeTuuHi Meromu. OIiHIOBAJIN 3MiHY CTPYKTYPOYTBOPEHHS Iij Uac
mMoau(piKyBaHHA MarHeTHOI YaCTKOIO AeTOHAIiNHOI IMUXTH BiJl yTH-
Jiszariii meBHOro mHabopy OoempuIlaciB, y SKHUX 3aKiHUMBCA TepMiH
36epiranua. [l OpPOTHO3yBAHHA MOMKJIUBOCTU I e(EKTHUBHOCTH ii
BUKOPHUCTAHHA NJIA BiTHOBJEHHS AeTajiB BUBYAJU SAKIiCHUT i KiJgbKi-
CHUM CKJIagUW OHep:KaHmX 3epeH KoHIyoMmepary. OIiHKY CTPYKTYypOY-
TBOPEHHA INIPOBOAUJU MeTajiorpadivHOI0 ONTUYHOI0 MiKPOCKOIIi€ro,
€JeKTPOHHOI0 MIiKPOCKOMi€l0 Ta TeOPeTUUYHUM OIUCOM OITHUKO-
MaTeMaTUYHUM MeToAOoM. TeopeTHuHi AOCTiMKeHHsS I'PDYHTYBaJUCSA Ha
BUABJIEHH] (pa3 pi3sHUMU KOJbOpPaMU, a AOAATKOBO BOHU YMOIKJIUBUJIN
OI[iHMTHM i IXHi¥t BlaemMoumH. BjacTUBOCTI MOKPUTTIB OIiHIOBAJIU 3Ti-
IHO 3 BUMipaMu MiKpPOTBEPJOCTH Ta KOEPIUTUBHOI CUJIU, a TaKOX
icmuTaMu Ha 3HOC B yMOBaX CTEHJIOBUX BUIPOOYBaHb.

Ha mimcraBi TeopeTUYHMX Ta €KCIEPUMEHTAJIBHUX MOCTiAKeHb Oy-
JIO HaJlaHO peKoMeHjallil 3 BUKOPUCTAHHA MarHeTHOI CKJIaJOBOI [e-
TOHAIiMHOI IMMXTH Bif yTuiaisamii OoempuiaciB, fAKa BUPiISHAETHCS
TUM, III0 BOHA MiCTUTH OiJIbIlle TOHKUX BKJIOUYEHb OKCHUIIB Pepymy
(FeO, Fe,0;, Fe;0,), AKi MOKPHUBAIOTL AUCIEPCHY AiAMaHTOBY (pak-
miro. OmHOYACHO y KOHIJIOMepaTax 3epeH TaKoi IIUXTU € i HaHOJid-
MaHTU 3 IJACTUYHUMU MOKPUTTAMMU, Ta BOHU MOAPIOHIOIOTHCA B IIPO-
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meci O0araTopasoBoi mgeroHalrii. BpaxoByooun I0 PiKHHITIO, 3HAHAEHO
TONATKOBI HAIPAMM BUKOPHCTAHHS MATHETHOI YaCTKM IMUXTHU IS
MoAu(PiKyBaHHSA 3MIiITHIOBAJbLHUX 1 BiIHOBJIIOBAJILHUX IIOKPUTTIB.

IlokasaHo, IO BUKOPHUCTAHHSIM TaKol MOIM(PIiKyBaJbHOI JOMIIIKHI
(3a onmTMMAaNIbHOI TEXHOJIOTiI BUKOpPHMCTaHHA ii) 3a0e3leuyeThbca raJib-
MYBaHHS OUCIIEPCHO-3MIIITHEHUX BKJIOUEHL 3 OCHOBHOIO MeTAJy, IO
Jla€ 3MOTY IIPOTHO3YBATHU BJIACTHUBOCTI IIOKPUTTH.

IITuxTa, sKa MiCTUTh AUCIEPCHY IiAMAHTOBY (ppakKIiio IIig uac
BHECeHHs Ii B pPiIKy BaHHY, € e(peKTHBHOIO JA BUKOPUCTAHHA V
cupsxenuax. Ile mocaraeTbcsa TuM, IO Taka (pakiid mig vyac TepTd
3a paxyHOK gedopmarliii moapiOHIOeThCa i i1 uacTKu moBIle 30epira-
IOTBCA Y HOPOYKHMHAX, a IIOTIiM IIOCTYIIOBO 3aMiIlyIOTh 3HOIIIEHi, (po-
pPMyIOUM BTOPUHHI 3aXWCHi OKCUAHI ILJIIBKHU.

Pospobieno HOBUI KoMOiHOBaHUiT MeTon mMomudikyBamusa. OOr'pyH-
TOBAHO MOJKJIMBICTL BUKOPHUCTAHHS HMOro IJd MOAU(MIKYyBaHHSA PigKo-
r0 PO3UYMHY OJHOPA30BO IJA BiJHOBJIEHHSA IIOKPUTTIB i 3aBapioBaHHA
HesHauHUX nedexTiB. Meton moiasarae y tomy, Ifo AedeKTH, AKUX
O0yJI0O CTBOPEHO IIif uUac eKcIyarTallii, MOKJIMBO JiKBiZyBaTu 3aBap-
KO0 uepes HaHECeHHS IIJIiKepHOTO IMOKPUTTA (JIOKAJILHOr0) Ha Miclie
IXHBOTO pO3TallTyBaHHA. B 3aje’XKHOCTiI Bif posmipy medeKTHOI 30HU
CJIiI BUKOPHUCTOBYBATH YacTKy momimuku Bix 5,0 mo 12%. Ilicaa Bin-
HOBJIeHHA NedeKTiB epeKTUBHUM € HaHEeCeHHS JOTaTKOBO IMOKPUTTA 3
mMonud)iKyBaHHAM O0OMAa3KOI0 eleKTponu. JacTKa AOMIIIIKK € ONTHMA-
JbHOI Y 5—T% i Kopuryerbcsa xoedimieHTOM aHi3oTpoOIii CTPYKTYpH.

Bukonaui mocaimkeHHs B3rifHO 3 BUKOPUCTAHHAM JIeTOHAIiMHOL
muxTu (MarHeTHOI Ta HeMarHeTHOI pakIiil) Bim yruiisamii meBHOTO
Habopy OoempuiaciB mPOUIIIN CTEHAOBI Ta IIPOMMCJIOBI BUIIPOOYBAH-
ua Ha [II «3aBox imeni B. O. MaauieBa»; migTBepAsKeHO ixmHio ede-
KTHUBHICTL.

3. PEBYJIBTATH MOCJIUIKEHHS

B onyG6isikoBanux y JiTepaTypi poboTax HpUIIJIAETHCA yBara CTOCOB-
HO MOKJMBOCTY BUKOPUCTAHHA i HEPOZUMHHUX MOAUDIKYyBaIbLHUX
JOMIIITOK, AKi MOXKYTbH iCTOTHO BILIMBATU Ha PiAKMHN pPO3UYMH i Bjac-
TUBOCTi MOKPUTTIB 3a PaxXyHOK 3MiHM yMOB KpucTaJizaiii, dopmy-
BaHHA HOBUX (ha3, MUCIOKAIINHOI CTPYKTYPU, CXUIBHOCTHA 0 Ae(eK-
TOyTBOPeHHA. EdeKTuBHIicTh Takoro moaudiKyBaHHS B3aJIEKUTh Bif
Mipy aKTHMBHOCTH Ta CTYHEHs IXHBOTO 3B’S3KY 3 KUCHEM, ra30HAaCH-
YEeHOCTH OOpPOOJIIOBAHOTO MeTany. BasKJIMBUM € TaKOK BCTAHOBJIECHHS
ONITUMAJBbHUX JOMIIIIOK Moau@ikaTopa Ta cmocib #oro BBeJeHHA.

MeTom0IOTiUHO BUKOHAHHA pobOTH HOOYyZOBAaHO HA OCHOBL midrpa-
mu IcikaBu Ta BimoOpaskae IIOCHiZOBHiICTH, HANIPAMM Ta 3MiCT IOCJIi-
IKeHb.

ExcnepuMeHTaNbHI AOCIIiIMKEeHHA I'DYHTYBaJNCA Ha MeTOJaX MeTa-
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JorpadiuHoi Ta eJeKTPOHHOI MiKPOCKOIIill, JOKAJbHIN CHEeKTpaJbHil
i xemiuniti amamnizi. KoHI'ToMmepaTn 3epeH OI[iHIOBAJIU T CTATHYHO
CIIEKTPAJLHOIO Ta XeMiuHOI0 aHajgisamu. Taxa mmxTa IIicjad pPo3mOomi-
Jay ii 3 BUAiJIEHHAM MarHeTHOI CKJIaJO0BOI BKJIIOUAE€, KPiM OCHOBHUX
kommonentie C, Fe, Cu, Al, me i many KouieHTpalliro moaudikysa-
JBLHUX 1 JJeTKUX CKJIAJOBUX.

3SMiHM CTPYKTYPHOTO CTaHY OIKNCYBAJW TEOPETHUUYHO ONTHUKO-
MaTeMaTUYHOIO aHaJi3010, IKa YMOMKJNBUJIA BUABUTU SKICHMUI 1 Ki-
JbKiCHUU cKJamu (as, iXHI0 3MiHy uepe3 MOAM(piKyBaHHS, a TaKOXK
B3a€EMOUYMH Mi’K OKPEMUMU CKJIaJOBUMU.

BaacTuBoCTI HOKPUTTIB OI[IHIOBAJIM METOAAMM MiKPOTBEPAOCTH Ta
MMOKAa3HUKAMU KOEPIUTUBHOI cuju (HEepYHHiIBHUM MeTOJOM KOHTPO-
JI10), 3MiHM SKUX BimoOpaskaioTh Aerpafallilo CTPYKTYPHOTO CTAHy ITiJ
yac eKcIlIyaTallil Ta piBeHb BUHMKAIOUNUX HAIPY KEHb.

ITo-mmepite, pos3TaAma N BTOPUHHY CHUPOBUHY 3 AiAMAHTOBOIO (pak-
miero nada moamdpikyBaHHA. Po3riadgHYyTO CKJan TaKol AeToHAaIiiiHOol
IMIUXTH Bix yTuiisarmii meBHoOro Habopy 6Goempuiacis, AKi mepeBuUIu-
Ju TepMiH 30epiraHHA Ta BUKOpuUcCTaHHA. /leranbHa aHajisa ii OyJa
HeoOXximHoIo0, 1100 BU3HAUUTH ii BUKopucTaHHd. Omineno ii xemiunmii
CKJIaJ 1 MOXKJIMBICTH PO3MOJiay 3a BJIaCTUBOCTAMU. PaHillle BUKOHA-
HUMHU JOCJiIKeHHAMU OyJO OI[iHEeHO CTYIiHb BIJIUBY Ha CTPYKTYpPOY-
TBOPEHHA BUKOPUCTAHHA TAKOlI BTOPUHHOI CUPOBUHMN.

PosriaguyTo ckjaam i MOMKJIMBICTL BUKOPUCTAHHSA MATHETHOI YacTH-
HU Takoi IIMUXTH, a TAKOK cIocib il omepskamusa.

Bcranosieno, 10 MarHeTHa CKJIATOBa BTOPWUHHOI CHPOBUHU Bin
yTuaisaliii 6oempuacie BiApisHAEThCA THUM, IO B ii CKJIami € migBu-
ImeHa KifmbKicTh okcuauHux BKJIKOUYeHb: FeO, Fe,0;, Fe;0,, Al,O5, aki
CTBOPIOIOTH 3aXVCHe IOKPUTTA Ha NiAMaHTOBiM (hpakIiii Ta He moapi-
OHIOIOTE ii 3a GarartorapoBoi meronarnii. HaaBricTs 3maumoi moiai Ox-
CUTeHY B IIUX CIOJYKAX, a TaKOX HOKPUTTS IIMMU KOMIIOHEHTAMU
IisgsMaHTiB Oyme IiABUINYBATH IXHIO eKCILJIyaTalliliHy CTiMKicTh yIIpo-
JIOBXK BCHhOT'O MEPiofly BUKOPUCTAHHA 3MIiITHIOBAJBHUX MOAU(piKyBaH-
HSAM IIOKPUTTIB 34 HATOILIEHHSI.

OnTuMajbHA YacTKa Takoli MOAu(iKyBaJbHOI TOMIINIKM, sSKa BHO-
CUThCA B PiIKYy BaHHY, 3aJeKUTh Bim Hampamy ii Bukopucramusa. Ta-
Ke Moau(piKyBaHHA 3a BHECEHHA AOMIMIKE y 6% CYIpOBOMKYETHCS
IONATKOBMM BHECEHHAM 3 IMMMXTOI0 Yy PifKy BaHHY KOMIIOHEHTIiB [y
%]: 0,7 Al, 2,56 O,, 0,46 C, 0,26 Cu, 0,45 Cl, 0,36 Ba, 0,21 Mg.
3arajpHuil CKJag TAaKOl IMTUXTU HaBegeHO Ha puc. 1.

BBemeHHsa IMUXTU 3 OiAMAHTOBOIO (hpaxiliero, a TaKOK TOJATKOBI-
MU KOMIIOHEHTAMHU, CIPUAIOTh MOAu(iKyBaHHIO pPiAKoi BaHHH, IIIO
3MEHIITye PO3Mip 3epeH, migBuIllye MiKpoTBepaicTb. Tak, 3a HaHeCeH-
HS BiJHOBJIIOBAJILHOTO IMOKPUTTA ejieKTponoio ER321 ma meranb 3 By-
TJIEIIEBOI KPUIli MaKCHMaJibHAa MiKPOTBEpPHicTh 6e3 MoamdiKyBaIbHOI
momimiku mopiBuioe H-50-338, a 3a itoro mogmdikyBaHHA IIiABUIITY-



368 I.M.PUBAJIKO, C. II. POMAHIOK, JI. B. OMEJIBYEHKO, O. B. MAPKOB

Ti(%) 10,665 0,3356

Cr(%) 0,5293 0,0488 1
Mn(%) 0,3587 0,0321,,:
Fe(%) 8,3091 0,1127:s "
Co(%) 0,7409 0,0324
Ni(%) 0,1280 0,0119'=
Cu(%) 17,226 0,1321,.3
Zn(%) 5,9031 0,0603u]
Y(%) 1,2441 0,0209 "

750

Mo(%) 0,0683 0,0047 "+
Ag(%) 0,4094 0,0130 ..
Cd(%) 0,9016 0,0205
Sn(%) 1,7472 0,0399=]
Sb(%) 0,7709 0,0178 3] .
Au(%) 0,8723 0,0318 sukey 70y ot 10!later 11 Toker 13 3ay 4TkeY 1614v0SY 15\00KEY 15IGNEY Z1-GANEV 22 TOREV ARV T oheY

Pb(%) 50,125 0,2571

A3 cd Sn Sh
2 O !

Puc. 1. Posnozis KOMIOHEHTIB y 3epHAX MarHeTHOI CKJIANOBOI IIMXTH.'

erbesa o H-50-362 Ta crae 6inbIn ogHOpPiAHMM.

Omizeno BoauB MoAudiKyBaHHS Ha HAIPYKEHUUN CTaH, i OIS IIbOTO
BUKOPUCTOBYBAJIN HEPYHHIBHUHI MeTOJ KOHTPOJIO 3a KOEPIIUTHUBHOIO
cuoo. AHalisoi0 omep:KaHUX pe3yJbTaTiB BUMipiB BCTAHOBJIEHO, IO
el moxkasHuK 0e3 Mogu(iKyBaHHA 3MiHIOETHCA B Mexkax 25% ; micus
HaHeCeHHs MOKPUTTS 3 AOMIIIKO0 He mepeBulye 4,4% . Ile cBiguuth
PO BifCYyTHICTL iCTOTHMX HAIPYKEHb, SKi MOKYTb BHOCUTU 3MiHH Yy
eKCILTyaTaIliliHi mOKasHUKH.

Bukomamo TeopeTHUHY OIiHKY 3epeH KOHIJIOMEepATy IIUXTH, IO
BUKOPHCTOBYBaJaca Mg MoaudiKyBaHHS PiIKOTO PO3UYMHY HaHECEH-
HAM NOOKpHUTTiB. J[loCaigsKeHHs IIPOBEAEHO CTATHUCTUYHO OITHUKO-
MAaTeMaTUYHUM MEeTOJOM OIIMCY CTPYKTYPOYTBOPEHHS 3ePeH KOHIJIO-
mepary [2]. Ilokasamo, 1m0 miamMaHTOBa (hpakKIilis vacrimie 3a Bce 3Ha-
XOAUTBHCSI Y CepefuHi 3epeH, a MOKPUBAIOTH IX PisHI THUOM CHOJYK.
Ilepini mamomapu — BiZHOCHO M’AKi 3’€IHaHHA 3 KOMIOHEHTAMHU Pi-
3HUX 3’€NHaHb, M0 BKJOYAIOTh MOAN(DIKYyBaJIbHI JOMIIIKM, JETKOTO-
OKi KOMIIOHEHTH Ta JIeTKi (B IIbOMY BHHOAAKy AisMaHTOBa (pasa IIOA-
piOHIOETHCSA 3a MeTOoHAIlil Ta BUABIAEThbCA 3i 30iabpmierHam y x10000).
Hpyri mucmepcHi AisMaHTH MOKPUTI OKCHUIHWUMM BKJIIOUEHHIMHU, AKi
MalOTh JOCTATHLO BHCOKY TBEPHiCTh, i 3a IUKJIUHHX BuUOyXiB meTo-
Haiii Taka gigamManTOBa (PpaKIlid 3aIUINTAECTHCA HE3MiHHOIO 3a (hOopMOI0
Ta po3MipoM. Ii hopMa OKpPyIJIeHa Ta BUBUAETHCSA JIMIIE IIiCJISA HATOI-
JeHHS Ta PO3UMHY OKCHIiB Pepymy, 110 ii TOKPUBAIOTh.

Ha pucyuxky 2 moxasaHO HAHOBKJIIOUEHHS NisSMAHTIB Yy KOHIJIOMeE-
pari sepeH HeMarHeTHOI YACTKU IITUXTH.

TeopeTHYHO ONTUKO-MATEMAaTUUYHUM MeTOIOM omnucano [3—8], 1o
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Puc. 2. Posnogin moasifiHmx rpym (as 3a KOJIbOPOM Ha AiAMAHTOBUX 3ep-
2
Hax.

3a geToHAaIil 3 ()opMyBaHHAM KOHIJIOMEPATiB KPUCTAJIi3yIOThCA PisHi
dasu Ta CHOJYKHU, AKi OI[iHIOBaJSIM 3TiAHO 3i 3MiHOIO KoJsibopiB. Bera-
HOBJIEHO, IO B INMHXTi YacTKa OJHOrO KOJbOPY CKJAaJga€ JIUIIe
11,26%, 3’emmanbp aBox — 80,9%, tppox — 6,19%, YoTUpHOX He
nepesuinye 1,65%, a 6inpmre — sigmosimae 0,81, 0,52, 0,23%. Teo-
PeTUUYHY OI[IHKY CTPYKTYPOYTBOPEHHS IITPOBOIUIN 3 BUKOPUCTAHHIM
JlannsacoBux oImepaTopiB 3a po3pobjeHHMMHU paHillle migxomamwu, 3a-
CHOBAHMMHU Ha TifpoaMHaAMiUHMX aHaJorax i3 BUKOPUCTAHHAM PiB-
Haub Hap’e—CToKca, AKi BpaxoByBaJu OuBepIreHIliio (ryctuHy ¢par-
MeHTy Ta audysifiui mpormecu). Ile mamo MOMKIMBICTL BUABUTHU CTY-
MiHb JIOKAJbHOI HEOTHOPiTHOCTH CTPYKTYPM IOKPUTTIB Ha MeTAaJoT-
padiuHnx 300paKeHHAX.
Hudysito ominioBanu 3riguo 3 Jlannacigauamu, AKi 418 KOMXKHOI TO-
yKHu (mikcesns) ¢pparMeHTy MaiOTh BUTJIALI:
—AZC+A2C—C +c_,.+cC
Yoi T A AP TG TG

i1 TG — 4ci,j . (1)

JluBepreHItielo onmMCcyBaJ X HEOTHOPiAHICTH (a3 uepes AucCHUHOAIIIO
eHeprii i 8MiHM T'ycTMHUW Ta PO3PiIKeHHA, ne V(x, y) XapakTepusye
iHTEeHCUBHICTh CTPYKTYypHUX Hamnpyskeub I Ta II poxy BHacaimor mu-
dyaii:

dc

x,j

D_. =dive :&+—zD =c¢ . ,+c_,.,—2¢C (2)
x,j w T dj i = Cij-1 T G xj*

OmiHnuTH KOHKPETHO YaCTHHY KOXKHOTO i3 IMuxX 3’¢JHaHb HE € MOK-
JUBUM y 3B A3KYy 3 THUM, IO aHajJidyBaju iHTepBaau 3’€THAHL 3i
3MiHHMM BMiCTOM KOMIIOHEHTIB; TOMY Ha OCHOBi 6a30BUX JOCJiI:KeHb
MOJKJIMBO IIPUITYCTUTH JIXIIE OKpeMi 3 HuX. OJHOro KOJbOPY MOMKYTH
Oytm pmiamanToBa (hasa, y-3anisdo, Kpucranum 1uHKY. IloxBitiHi
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3’eIHAaHHA — Ile OKCUIHI BKJIOUEHHS, 10 (JOPMYIOTLCSI 3a OaraTopa-
30BOI0 METOAY JeTOHAaIlii, a TaKOoMK TaKi, IO yTBOPIOIOTH coJji. IHrmi
3’efHaHHA 3 TPhOMA Ta OiJBIINM YHCJIOM KOMIIOHEHTIB OI[iHUTH
OPaKTUUYHO HEeMOJKJINBO, Ta IXHS UYacTKa He 3HauHa. B Tabuawuii 1 Ha-
BeleHO MOJKJINBiI 3’e¢IHAHHS KOMIIOHEHTIB, AKHUX MOCJiIMKEHO MiKpo-
PEHTI'eHOCIIEKTPAJbHOI0 aHaJIi30l, IO BiAOBiAalOTH JIiTepaTypHUM
J:KepesaM Ta eKCHePUMEeHTAJbLHUM JOCTiMKeHHIM.

OnTuko-MaTeMaTUUYHY aHaJidy BUKOHYBAJIW Ha OCHOBL poa3momiay
das 3a 255 Kombopamu, aki momisuau Ha 16 imrepBasiB. PospaxyHku
BUABUJIM, IO OI[iHIOBAHHSA IOABiNHNX 3’€IHAHL TIIBLKU II0 OJHOMY
iHTepBa/ly BUKOHATU HEMOJKJIMBO, TOMY HI0 BOHU UYiTKO He IIOAiJIA-
I0Thecsa mo oxHilt ¢asi. Ile moB’saA3aHe 3 TUM, IO BOHU Oy:Ke AUCIIEPC-
Hi; TOMy HOBTOPIOIOTLCA i B imTepBaii iHmmoro 3’emmanusa. Tomy pos-
PaxyHKU TPOBOAUJIN OTHOPA30BO II0 ABOX, OJM3BKO PO3TAIIOBAHUX
iHTepBasiax.

IToxaszaHo, 110 MakcHUMaJbHAa YacTKa IOABiMHUX 3’€IHaHL — IIe
intepBanu 10—14, i BoHM, BUXOASAYU 3 aHAJNi3W IXHLOTO TUNY, HaJe-
JKaTh OKCUIHUM.

OcobyuBicTIO MarHeTHOI CKJIAOBOI IMMUXTHU € HAABHICTL y Hill 3Ha-
yHOi Ao Ta OGiNbIIMX 3a PO3MIpPOM BKJIIOUEHBb AUCIEPCHOI AiAMAHTO-
BOI YACTKM, HacHUYeHOI Ha MHOBEePXHi MOKPUTTAMUH 3 TBEPAUX OKCHUJ-
HUX CIIOJYK.

ExcrnepuMeHTaIbHI JOCTiMKeHHA Ta POo3po0KAa HOBITHIX TeXHOJIOTI-
YHUX IIPOIEeCiB BiJHOBJIEHHA JAeTaJsiB IIPOBEJeHO TaKOX Ha OCHOBI
KOMILIEKCHUX eKCIepUMEeHTANbLHUX OI[iHOK 3 BUKOPUCTAHHAM OIITHY-
HOI 1 eJIeKTPOHHOI MiKPOCKOIIifi, MiKpDOPEHTI'eHOCIIeKTPalIbHOI aHaJIi-
31, a TAKOXK OI[IHKM BJIACTHBOCTEHN 3rifHO 3 MiKpPOTBEPIiCTIO Ta Koe-
PIIUTHUBHOIO CUJIOI0, AKY BUKOHAHO IMOPiBHAJBHOIO aHalidol — 06es

TABJUIIA 1. Paszu, axki MoKyTH (GopMyBaTuUCSA B 3€epHAX KOHIJOMEepPaTy
nmeroHalifinol muxTum.®

KoMIoHeHTH IIUXTH Mosxkausi ¢dasu abo 3’egmamusd
Fe geO, Fe,0;, Fe;0,, FeC, Fe,C, Fe;C, FeP, Fe;P, FeS,
e
Cu CuCl, CuO, Cu
Al Al, 04, AICI
Mg MgO, MgCl,
Zn ZnO, ZnH, (xpucrann)
Ba BaCl, BaH, (coxi); BaSO, Ta BaNO,, BaC,, BaPb,
Ba,Pb (kpucrasn)
Pb PbO,, Pb,0,, PbO,, PbO,, PbCl,
C KHCEHb, 1[0 MOKPUBAE NisIMaHTHU

Cl BCi MOKJIMBI 3’e¢JHAHHSA, 3a3HaUeHi BUIIE
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mMoau(piKyBaHHA i 3 MOAU(PIKYBAaHHAM.

HeTanbHO POBTIAHYTO TPpU HAIpAMHU eheKTHBHOIO BUKOPUCTAHHSA
MarHeTHOI YaCTKHM AeTOHAIliiiHOl IIMXTH AJA PO3POOKM HOBITHIX Tex-
HOJIOTiH, CIIPAMOBAHMX HAa MHiJABHUINEHHS SKOCTH M eKCIJIyaTaliiHWX
BJIACTUBOCTEeH MHOKPUTTIB. BcTaHOBJIEHO, IO 3a BiJHOBJIEHHS HATOI-
JEeHHAM [IeTaliB 3 AUCIEPCHO-3MiIlHEHMX ab0 3acMiueHMX HeMeTaJie-
BUMH BKJIIOUEHHAMM BHPOOIB OCHOBHOT'O METaJy BOHHU CILJIMBAIOTH ¥
HOKPUTTA Ta YaCTKOBO DPO3UMHAIOTHCA. lle CTBODIOE JIOKAJNIbHI HEOH-
HOpPimHI 30HM 36araueHHsS KoMHOoHeHTamMu. o HMX BXOZATL Ti, ¥
AKUX TeMmiepaTtypa ToiieHHsa Buile 1600°C, i BOHM CILIMBAIOTL i BU-
ABJAIOTLCA II0 BCHOMY IIe€pepi3y HOKPUTTHA, IO CTBOPIOE HEOTHOPiIHY
CTPYKTYPY, JIOKAJbHi HaANpPYy:KeHHA Ta MNOHMMKYE eKCILIyaTalifiHy
CTiHKiCTBh.

1A rarbMyBaHHA BKJIOUEHL 3aIllPOIIOHOBAHO HOBHI MeTOn i Tex-
HOJIOTIiUHMI NpoIlec HaHEeCeHHA ixX. B mpomMy BHIAAKY OJA BHUKOPIC-
TaHHSA PEeKOMEHIOBAHO AOJaTKOBe MOAM(iKYBaHHA PifKOI BaHHU BTO-
PUHHOIO IMMUXTOI — AEeTOHAIiNHOI0 JOMIIITKOI MAarHeTHOI CKJIaJoBOI
IMUXTH, OAep:kaHol Bix yTuiisarii meBHoro Habopy OoempumaciB 3
BKJIIOUEHHAMHU AisTMAHTOBOI AMcHepPCcHOI dpakririi.

OnrtumanbHa YacTKa MOAu(piKyBaabHOI JOMIIKYU cKJagae 5—10%.

Ha pucyury 3 HaBemeHO c(pOopMOBaHY CTPYKTYPY y IepeximHiii 30Hi
Ta JOKaAJbHUU PO3IMOJAiJ KOMIOHeHTiB. BoHM BigmoBimaioTh amciiepc-
HUM (pasaM BUXigHOTO MaTepisaay (tada. 2).

3a HaToILIeHHA 3 MOAMGMDiKyBaHHAM TAKOIO IMTUXTOIO 3 Iii CcHeIiflb-
HOI0 TiATOTOBKOIO Ta NLIiKePHUM HaHECEHHIM IINXTH Ha OeTalb i
HACTYIIHMM HATOILJIEHHAM IIOBHICTIO TraJbMYy€ThCS CIJIMBAHHSA BKJIO-
YeHb, a TaKOK PO3UMHEHHS iX i 3abesmeuyeThbcsA IMOAPiOHeHHA 3epHa,
MOHMIKYETHCA PO3SKUJ MOKA3HUKIB y 3,4 pasu (aHi30TpoOIisa CTPYKTY-
pu) 3a paxyHOK moapioHeHHa ix (3 0,8 mo 0,95). PiBenb HampyKeHb
MOHMMKYEThCA HA 25% .

3rigHo 3 ApyruM HaOpPAMOM BCTAHOBJIEHO, IO AOMIIIIKA AJA MOI-
¢dikyBaHHS MAarHeTHOI CKJAOOBOI IMHUXTH YMOMKJIUBJIIOE IIiABUIIUTH
eKCILTyaTallifiHi MOKasHUKU AeTalliB y CHPAMKEHHAX, AK1 HeZOCTYIIHI
10 BBEJIEHHS MACTHJ 3 BYTJIEIIEBUX i HM3bKOJIETOBAHWX KPHUIlh 3a pa-
XYHOK TOAPiIOHEHHS  JAWCIEPCHUX  AiAMAHTIB 183 OKCUIHUMU
3’eguanuamu (CuO, FeO, Fe,0;, Fe;0,).

JlucmiepcHI BKJIIOUEHHS iAMaHTOBOI (ppaKIlii B mpolieci ekcmiya-
Tarii moApiOHIOIOTECA TA MOCTYIMOBO HAAXOAATh B OCEPEIOK TEepTs, a
Ti, IO 3aJUITUINCA, SHAXOAATLCA y HMOposKkHMHAX. Ile crpusae momo-
B)KEHHIO IIepiogy mii BTOPMHHMX 3aXUCHUX OKCUIHUX ILIiBOK. Takxa
TEeXHOJIOTisA 3a0e3IeuyeThCs BBENeHHAM JOMIIIKKM 3 00MAa3KOI0 eJIeKT-
ponu B KinbkocTi y 5—10%.

HoBa TexHoOJIOTiA HaHeCeHHS BiJHOBJIIOBAJbLHUX IIOKPUTTIB 3a0e3-
neuye gpouo Oxcureny B miaiBkax o 0,32% i 6inbiie; po3UMHIOETHCS
i cmonyka CuO. Tarke momudikyBaHHS IIIUXTOMI IiJBUIINYE MiKpOTBe-
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20KV - X500

Puc. 3. CtpyKTypa mepexigHoi 30HM: @ — JQUCIEPCHi ajJMas3Hi BKJIIOUEHHSA Y
MOKPUTTi; 6 — MaTpPUYHA CTPYKTypa B 30HI TepMiuHOro BILJIMBY Ta Iepexif-

HoOi.*

TABJINIIA 2. JlokanbuWil PO3MOAiJ KOMIIOHEHTIB Y 30HI CTOIJIEHHS IIOK-

PUTTA 3 OCHOBHMM MeTaJIOM BaJy 3a MOAU(iKyBaHHS MAarHeTHOI YaCTKOIO
5

IINXTH.

Enement YmosHa . . Kopexmis Barosuii % AromuUR %
KOHITeHTpaIlisa iHTEeHCHUBHOCTHU
Si 0,02 0,62 0,18 0,36
S 0,04 0,8489 0,29 0,50
Cr 0,24 1,2613 1,20 1,28
Mn 0,21 0,9769 1,39 1,41
Fe 15,16 0,9968 96,94 96,45
Bcenoro: 100

paicte Ha 13,6% (Oinbin Hisk v 2 pasu), smeHIIye posmip sepen 3 50
1o 15—20 MKM, 10 CIPHUSE IIiABUINEHHIO 3HOCOCTIHKOCTH.

3rizHo 3 TpeTiM HAIpPAMOM PEKOMEHIOBAHO TEXHOJOriio Momudi-
KyBaHHsA, AKa 3abesneuyye HaAWOIIBINT OJHOPIAHY TBEPAICTh HE TiIbKU
Ha MeXXi 3UellJIeHHA IOKPUTTSA—OCHOBA, a ¥ 1o ¥oro mepepisy. Hocuri-
MUKEHHAMU ITOKa3aHO MOJKJIMBICTH OJHOPA3OBOTO BUKOPUCTAHHS M-
rOTOBKU Ae(eKTHOI MOBEPXHi 3 HE3HAUHUMU HEJOCKOHAJIOCTAMHU IIO-
IO TIOaJILIIIOT0 BUKOPUCTAHHA i3 3aiKOByBaHHAM. [ 1IHOTO PeEKo-
MEHIOBAaHO BUKOPKUCTOBYBATH IILIiIKepHE MOKPUTTA, a IIOTIiM IPOBOAHU-
TH BiTHOBJIEHHS €JIEKTPOJ0I 3 O00Ma3K0I MAarHeTHOIO CKJIaIJ0BOIO
muxT. CymMapHa yacTKa MoAu(iKyBaJIbHOI JOMIIIKK B I[bOMY BHIIA-
IKy Mae He mepesBuintyBatu 12-18% . HacTka OOMIIIKK 3aJ€KUTH i
Big mouti Ta Tuny gedeKTiB, 10 YTBOPUJINUCA HA IIOBEPXHi TepT4.

3a ONTUMAJBLHOTO CHiBBiZHOINIEHHS TEeXHOJIOTiUYHMX IapaMeTpiB Ha-
HECEeHHSI TMOKPUTTIB MOCATAETHCA AOCTATHBO OJHOPiTHA CTPYKTypa 3
KoedimienTom ii amizorpomii K =0,93-1,05; cepenuiit Bigxua mokas-
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HUKiB He mnepesBuinye 5—7%. Taxwuii meron BigHOBIEHHS QopMmye
XBUJIACTY CTPYKTYPY 30HU CTOILJIEHHS, iCTOTHO 3MEHIIYE€ 30HY TepPMi-
yHoro BiauBy 3 1000 go 185 mxM.

PosraanyTo pos3pobJeHi TeXHOJIOTiIUHI IIpollecu BiTHOBJIEHHS IeTa-
JiB, cOpAMOBaHi Ha (opMyBaHHA MNOKPUTTIB 3 OiJbII OAHOPiZHOIO
CTPYKTYPOIO METaJly, 3MEHIIIeHHs HaIpy:KeHb y IepexigHiii 30mi, mi-
OBUINEHHSI MiKPOTBEPIOCTH.

Hosi TexmogoriuHi mpoiiecu BigHOBJIEHHSA OeTAliB 3axuIleHo 4 ma-
TeHTaMu YKpainu [9-12].

Bukonani gociigsKeHHS IPOUILIN BUIPOOYBAHHS B YMOBAX BUPOO-
Huirsa. Crooci06 3MmiIfHEeHHA HATOILJIEHHAM i3 JOLaBaHHAM MAarHETHOI
CKJIAJIOBOI JETOHAITiMHOI YaCTKHU IMUXTH Y PiAKYy BaHHY YMOIKJINBJIIOE
KOpUT'YBATH HeOOXiAHi CHOMKMBYI BJIACTUBOCTI BigHOBJIEHUX IIOBEP-
XOHBb BUPOOiB i migBuIyBaT! IXHIO 3HOCOCTiHKicTh 10 25% 3a paxy-
HOK 3MEHIIIeHHsS PO3Mipy 3epeH y 3 pasu, HOHMKeHHS HaIpyKeHb B
1,2—-1,4 pasu Ta nigsuineHusa TBepmoctu Ha 15%. Ile mae smory mo-
TOBKUTHU TEePMiH eKcILTyaTallii Ta samobiraTu mepegyacHOMY PYyHHY-
BaHHIO JIeTaJIiB.

JlocaimkeHHAMY BUABJIEHO KiHETUKY 3MiHM IWCIIEPCHUX IifAMaH-
TOBUX BKJIOUEHL 3a TepTsd, dKa XapaKTepHa IJs MArHeTHOI CKJIamo-
Boi mwuxTu. BoHa moasrae B IOCJHiZOBHOMY HOAPiOHEHHI TaKMxX
BKJIIOUEHD i ITOCTYIIOBOMY HAAXOMKEHHi iX pasoM 3 OKCHUIHOIO CKJa-
ITOBOIO B 30HI TepTsa (puc. 4).

3aBaaKu OinbIIil saranbHill TpuBasocTi moctynmy OKcCUT'eHY B 30HY
TEPTA CHPAKEHb BiJHOBJIIOIOTHCA BTOPMHHI 3aXWCHI CTPYKTypH, AKi
OiABUINYIOTh €KCITyaTalliliHi BJIaCTUBOCTI He TiJIbKU JeTajJio 3 TAKUM
MMOKPUTTAM, ajie i cupsamkenoro (tabu. 3). Hactka OKcureny sa OiibIm
TPUBAIUX OOCHiMKeHb 30epiraeTbcA Ha HOBEPXHiI TEpTSa 3a PaxyHOK
mOKpUTTA miaiBkamu 3 Oxcurenom i cmoaykamu FeO, Fe,O;, Fe 0, mi-
aMaHToBOI Ppakiii — mo 0,9%.

PisHi HampaMM HOBUX TEeXHOJOTIiUHUX IIpoIleciB OyJO AeTaJbHO PO-
BTJIAHYTO 3 BUKOPHCTAHHAM eKCIIEPHMEHTAJbHUX 1 TEOPEeTUUYHUX IOC-
JigsKeHb, a TOTiM, 3TiAHO 3 peKOMeHIaIliAMM, IPOUIILIN ampoOaliio
Ha nignpuemctii Il «3aBog imeni B. O. Manumesa» (Tabua. 3).

OmiHKy eKOHOMiuHOI e()eKTUBHOCTH BMKOHAJIU AJIA ILIiNLOBUX Ka-
PIaHHUX BaJIiB CIEIiAJbHOI TexHiKU. I3 BUTOTOBJIEHHAM TaKuUX JeTa-
aiB tinbku 100 1mIT./piK SMEHIIYIOTBCS BUTPATU y eKCILIyarTarii mo
185,7 Tuc. rpH.

4. BAICHOBRH

Hnsa migBuINeHHA AKOCTH M eKCIIyaTalliiiHol cTifiKocTu BUPOOIB ¥y
po6oTi POBTIIALAIOTHCA METOAU Ta TEXHOJIOTiuHi mpoiecu MOaudiky-
BaHHA PiAKOI BaHHM MArHETHOI0 YACTKOKI METOHAIIMHOI IMUXTU Bif
yTuiisailii meBHOTO HabOpy OoempumnaciB, AKi 3aBepIININ IIepPiox Mo-
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Puc. 4. 3mina gucnepcHoi miaMamToOBOI (hpaKIlii uepes TepTa B eKCILIyaTalrii:
a — Ha TIOYATKY eKcILIyaTallii; 6 — B Ipolieci po6oTH cIHpsaxKeHHs.’

TABJINIIA 3. Tpubosioriudi BiIacTUBOCTI 3a PiBHUX TEXHOJOrIN 3MillHEeHHS
HOKPUTTAMU.

No Cmocib Koedimieut KoedimienT suomenns
HAHECEHHS IMOKPUTTS 3HOIIIEHHS IMOKPUTTS | HETAJI0 V CIPIKEeHHI
1 IToxkpurTta 6e3 Mmogudikry-
1,0 1,0
BaHHSA
2 TTokpuTTS 3i NLIiKEPHUM 1.1 0.96
HaHECeHHAM JOMIiIIKN ’ ’
3 IToxkpurra 3 MmogudikyBaH-
p AUOLEY 0,75 0,63

HAM (00MasKa eJIeKTPOIN)

SKJIMBOTO BUKODPUCTAHHS.

PosrigHyTo MOKJIMBICTH BUKOPUCTAHHS MAarHeTHOI YacTKU [OeTo-
HAIMiHOI IMUXTU 3 AUCIIEPCHOIO AiAMaHTOBOIO (hpakiliero, AKY OITiHIO-
BaJIX HA OCHOBiI KOMILJIEKCHOTO HiXOMy 3 BUKOPUCTAHHAM XEMidHOTO,
CIIEKTPaJbHOTO, JOKAJBHOrO aHadidiB. Merasorpagiuni mocaimxeHHA
pobuJsim MeTofaMM ONTUYHOI Ta eJeKTPOHHOI MiKPOCKOIIi#, a BjacTu-
BOCTi BMBYAJHU 3TiJHO 3 MiKPOTBEPIiCTIO MOKPUTTA Ta MOTr0 HAIIPYIKe-
HuM craHoM. [jma meranmbHOTO omucy (opMoBaHuX (a3 Ta iX B3ae-
MO3B’A3KY BUKOPHUCTOBYBAJM TEOPETUYHI MOCTII}KEHHA OITHUKO-
MaTeMaTUYHUM MEeTOAOM omucy (asoBuX 3MiH CKaHyBaHHAM (oTor-
padiii MiKpocTpyKTypu i3 KoMmipkoio 3x3 mikKcens, a Bci ¢asu Bimo-
opaskanu BigmoBimuo 16 imTepBamam, 3 axux 0—9 Bigmosimanu depu-
THUM (hasaMm 3 pisHUM HacuueHHAM Kapbomom, 10 — Gefimity, 11-15
— KapOigaum daszam. 3a MoauGiKyBaHHA MOPiBHIOBAJU 3MiHU CTPY-
KTYPOYTBOpPeHHs 6e3 3aCTOCYBaHHA AOMIIIIKK Ta 3 HUM.

PoarinanyTo TexXHOJIOTiI0 oAep:KaHHSA AeTOHAIiMHOI ImumXTW Ta Iii
cKJan s Moam(iKyBaHHSA PifKOl BaHHU 3a HATOILJIEHHSA ITOKPUTTIB.
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Pamimre ocHoBHA yBara mpupijsaiacsa OOCHIIKEHHAM BHUKOPHCTAHHS
HeMarHeTHOI YaCTKM IINXTH, OJePsKaHol Big yTmaisaliii meBHOI HoOMe-
HEKJaTypu OoempumaciB. B IuUX OCTiMKeHHAX POSTVIALAETHCA MOMK-
JUBICTH BUKOPHCTAHHSA MAarHeTHOI YAaCTKM IMUXTHU 3a GaraTormapoBoi
geToHAIlil A IiABUIIEHHA SKOCTU M eKCIIyaTalliiHMX IIOKa3HUKiB
meranis. Ckaan omep:KaHOl IIMXTH BUBYAJM IIiCJIS MATHETHOTO 00po-
OJIeHHA Ta BHUALIEHHA ApioHOI (QpaKiii seper KoHIJIoMepaTiB. Kom-
IJIEKCHUMU JOCTiMKeHHAMU TAKUX 3€PeH BCTAHOBJEHO, IO MarHeTHa
CKJIaJ0BA BUPIi3HAETLCSI OiIBIIIOI0 UYACTKOIO AUCIEPCHUX AiAMAaHTIB,
AKi TOKPUTI OKCUIHUMU, HemeOpMOBAaHMMHU BKJIOUeHHAMHU FeO,
Fe,0;, Fe;0, Ta Al,O,, 110 3axuIaioTh TBepAy (PaAKIi0 Bim pyHHy-
BaHHA 3a OaraToIrapoBoi JeToHAIlil Ta CUPUAIOTH MOAATKOBIM IXHIiM
n1iapHOCTi. BKJITOUeHHA MalOTh OKPYIJEHY (opMy, a TOCTPi KyTH Bif-
cyTHi. B KoHI'JTOMepaTax HMIMXTH OJHOPA30BO NPUCYTHA 1 HeMarHeTHa
CKJIaoBa. BuaBjeHa PisKHUIA B CKJAAI MArHeTHOI IMUXTHU YMOMKJIIB-
JI0€ BUKOPHMCTOBYBATH 11 i nia pimmeHHA iHINMWX 3aBHaHb, HiMK I
BUpimieHHA 3 MoAudiKkyBaHHAM HeMar"HeTHol yacTKu. IlomaTkoBo Ta-
Ka muxTa BKJIOuUae komoonentu: O,, C, Cu, Fe, Cl, Ba, Mg, Al.

BukKoHAHO TeOPETUUYHY OIiHKY ONTUKO-MaTeMaTUUYHUM METOIOM
3epeH KOHIJIOMepaTy IIMXTH Ta IIOKa3aHo, IO BCi MiAMaHTOBI BKJIO-
YeHHA NOKPUTI OKCHUIHMMHU ILIIBKAMM PIi3HOTO CKJany Ta
3’eqHAaHHAMU. BcTaHoBJIeHO, IO YacTKa onHiel gasu (a0 KOMIIOHEH-
Ta), OI[iHeHa 3riJHO 3 KOJbOPOM Ta ioro 3miHo0, ckJjazae 11,26%,
3’enmanb gBox — 80,9%, Tppox — 6,19% , YOTUPHOX He IIEePEBUIIYE
1,65%, a Oinpmie — Bimmosimae 0,81, 0,52, 0,23% . MaxcumaianHa
YacTKa HaJeXKUTh ILIiBKAM CIIONYK KOMIOHEHTiB 3 Oxcuremom. BoHu
BigmoBimaioTh Jauille 5 iHTepBasaM 3MiH ckJany 16 po3TIAHYTHUX Ba-
piaariB. YacTtka nismaHTOBOI (hpakiiili B 3epHaxX KOHIJIOMepaTy JOKa-
JBbHO 3MiHIOeThCA Bix 7,04 mo 24,27%.

Po3pob6ieHo HOBi TeXHOJIOTiIUHI mpollecu HaHEeCeHHS IMOKPUTTIB, AKi
BUKOHYBAJIM B 3aJIE3KHOCTI BiJf yMOB eKcmyaTallii metajiB i 3aBmanusa
OigBUINEHHA IXHBOI AKOoCcTH. [0 HUX BiTHOCATHL HACTYIHI IPOIlEeCH.

— Hamecennsa mOKPUTTIB Ha AeTasi 3 TUCIEPCHO-3MIiITHEHUX MaTe-
pianmie abo marepifaaiB, 3acMiueHMX HeMeTAJeBUMM BKJIIOUEHHAMU,
AKi 3a HATOILIEHHSA IIOTPAILISIOTh Yy IOKPUTTA ab0 PO3UMHIOIOTHLCS B
JIOKaJbHIN 30Hi, 110 IPU3BOAUTL 10 (hOPMYBaHHA HEOTHOPIAHOCTH iX
Ta 3MEHIIeHHdA Ii JKUTTEBOTO IUKJIY 3a eKciuryaranii. Hiaa BupimieH-
Ha Iiel mpobjeMu PO3POOUIM ITapaMeTpu TeXHOJOTiYHOT'O IIPOoIlecy,
coci® BBemeHHS MoAu(pikyBasbHOI mAomimiKu, ii wacTku. Bukopucro-
ByBaJIi IMLIiKepHEe HMOKPUTTH, dKe Iepel HATOILIEeHHAM HAHOCUIW Ha
BiTHOBIIOBANbHY IMOBEPXHIO 3 uacTKol y 5-10% Bim moai merany
eJIeKTPOIU, II0 3a PAaxXyHOK MiAMaHTOBOI ()paKIii raibMyBaJi0 MOSABY
BKJIIOUEHDb Yy PiAaKitt BanHi. IcTOTHO 3MeHIITyBanuCca IepexifHa 30HA Ta
HAIIPY:KeHHA, AKi OIliHIoBaaIM 3rigHO 3 IapaMeTpoOM KOEepPIUTUBHOI
CUJIN.
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— IligBumenua epeKTUBHOTO MOAM(iKyBaHHA BiJHOBJIIOBAJIbHUX
HOKPUTTIB JIeTaJIiB, IO IPAIIOIOTh V COPSIKEHHIX 1 3HAUHMX HaBaH-
TaKeHHAX. PeKOMeHIOBAaHO BHUKOPHCTOBYBATH MAarHeTHY YaCTKY IIIH-
XTH ITicJd il CIemifgJbHOI HiATOTOBKM Ta HAHOCHUTH Ha ejieKTpony. B
OpoIreci exciayarTaril AUCHEPCHI AiAMaHTHM MarHeTHOI IIMXTH IIOAPi-
OHIOIOTHCA TAa YACTKOBO 3aJUINAIOTLCSI y HOPOKHMHAX IXHBOTO Iep-
BUHHOTO PO3TAITyBaHHS, a IPOTATOM 3HAYHOTO Yacy YacTKOBO HAaj-
XOOATh m0 30HU TepTdA. lle 3abesmeuye ImimABUINEHHS eKCIJIyaTalliii-
HUX BJIACTUBOCTEN 3a PaXyHOK IIOCTiAHOTO BiTHOBJIEHHS BTOPUMHHUX
3aXMCHUX CTPYKTYDP, TOBIIMHA AKUX He mepeBuinye 50 mm. omxa Ox-
cureHy y ILIiBKax aMmiHroerbcsa Big 0% mpo 0,32%, a Kynpymy — 3
0% mo 0,82%. ¥V HOKPHUTTI 3MEHINYETHCS PO3Mip 3€peH CTPYKTYypHU
metany 3 40-60 mo 15-20 mrm. Ile 3abesmeuyeTbcsa 3a MOAUMIKY-
BaHHA 4acTKoi0 mmuxTn y 8—10% Big Macu eleKTpomu.

— Buxopucranaa KOMOiHOBAHOTO METOAY HAHECEHHS IIOKPUTTH,
110 Iepeadadyae OTHOPA30Be 3aiKOByBaHHA HOedeKTiB Ha ITOBEepXHi
TEepTA 3a BiAHOBJEeHHA. B IIbOMYy BUIIaAKYy TaKy HIINXTY HAHOCUJIHU SIK
NLIiKepHUI I1ap Ha IOBEPXHIO JAeTajiB i3 ByTJIEIIEBOI KPHUIIi AJId 3a-
JiKOByBaHHsA Ae(eKTiB, M0 BimHOBIIOBanau. IloTiM 1map, 1o KOMIIEH-
cye 3HOC, (pOpMyBaJi MOKPUTTAM 3 MOAU(MpIKyBaHHAM 00Ma3KOIO eJe-
KTpomoro. CymMapHa yacTKka MoAudiKyBaJIbHOI TOMIIIKY cKJaamaaa 15—
18% Bix moxi esextpomu. Taka KOMILIEKCHA TEXHOJIOTisA BiIHOBJIEH-
Hsa 3a0es3meuyBaja HaWOLIBINT OTHOPIAHUYM PO3MOAia AisMaHTOBOI ¢hpa-
KIIii, a Tako:X Moan@pikyBaJabHUX AOMIiMIoK. HacTKa MIMXTHU B IILIiKe-
pHOMY MHOKpUTTI Mae He mepeBuinyBatu 5—12%. Taxa TexHoJoria
3abesmeuye (popMyBaHHA MiITHOI XBUJSCTOI 30HU CTOILJIEHHS 3 OCHOB-
HUM METAJIOM, 3MEHIIIye€ PO3Mip 30HU CTOIJIEHHS 3 OCHOBHMM MeTa-
JIOM, TIOAPiOHIOE AEHIPUTHY CTPYKTYPY, 3MEHIIYE PO3Mip 30HU Tep-
MiuHOTrO BIJIUBY B 5,4 pasiB (He mepeBuirye 185 Mxm).

IIpomucioBuMY BUIIPOOYBAaHHAMEN Ha 3HOC 34 PO3TJIAHYTUX Bapis-
HTiB BiTHOBJIEHHsS BUPOOiB Pi3HOTO MpPU3HAUEHHS MMOKAa3aHO, IO iXHA
AKICTb micJIsg BiTHOBJIEHHS Ta 3MIIITHEHHS MarHeTHOIO YACTKOIO ITHXTU
MOKPUTTiB, migBuinyerbcsa Ha 20—-37%. Ilokasamo, 1o 3a poboTu y
CIIPAMKEHHI JIMIe OJHOTO JAeTajio 31 3MIITHIOBAJILHUM HOKPUTTAM ITif-
BUIIY€E CBill KUTTEBUUN IMUKJ i iHIMUN meTanb y COpPAKEHHI 3a paxy-
HOK CTBOPEHHS BTOPMHHUX 3aXNCHUX OKCHUIHUX ILIiBOK B eKCILIya-
rarfii. PesysbTaTy HOCHiI:KeHb ITiATBEPIKYIOTH IIPOMMCIIOBE BUKOPU-
cranHdA. [IigBuIleHHA eKCITyaTalliiffHOl CTiMKOCTU TiJIbKM KapAaHHUX
BaJiB 3abesmeuye exomomiio y 187,5 Tuc. rpH./pik 3a 06’emy BUPOO-
HuiTea y 100 1mr.

OUTOBAHA JITEPATYPA-REFERENCES

1. T. S. Skoblo, S. P. Romaniuk, A. I. Sidashenko, L. V. Omelchenko, and
A. K. Oleynik, Problems of Tribology, 3: 51 (2017) (in Russian).



IIOBUIIIEHHSA BJIACTUBOCTEM TA EKCIIJIVATAITIMHOI CTIMKOCTU 377

2. T. Skoblo, A. Nanka, Yu. Kuskov, A. Saychuk, V. Romanchenko,

S. Romaniuk, I. Rybalko, A. Markov, Yu. Samsonov, and T. Maltsev, Nano-
sistemi, Nanomateriali, Nanotehnologii, 19, Iss. 1: 23 (2021);
https://doi.org/10.15407/nnn.19.01.023

3. T. S. Skoblo, O. O. Honcharenko, A. V. Markov, V. V. Teliatnikov, and
S. V. Tupichenko, Technical Service of Agro-Industrial, Forestry and
Transport Complexes, 6: 57 (2016) (in Ukrainian).

4. T. S. Skoblo, L. V. Omelchenko, and S. P. Romaniuk, Bulletin of the
Kharkiv Petro Vasylenko National Technical University of Agriculture, 183:
145 (2017) (in Russian).

5. A. A. Honcharenko, S. P. Romaniuk, A. S. Polyanskyi, L. V. Omelchenko,
and V. V. Kolomiets, Technical Service of Agro-Industrial, Forestry and
Transport Complexes, 10: 20 (2017) (in Russian).

6. A. V. Nanka, L. V. Omelchenko, and A. V. Markov, Agricultural Technology
and Energy Supply, 1, 18: 16 (2018) (in Russian).

7. L. V. Omelchenko, Technical Service of Agro-Industrial, Forestry and
Transport Complexes, 11: 301 (2018).

8. T. S. Skoblo, A. I. Sidashenko, S. P. Romaniuk, A. A. Honcharenko,

L. V. Omelchenko, and V. A. Bantkovskiy, Materials Science, 55: 884
(2020); https://doi.org/10.1007/s11003-020-00383-4

9. T. S. Skoblo, O. I. Sidashenko, S. P. Romaniuk, L. V. Omelchenko,

I. M. Rybalko, O. O. Honcharenko, and V. M. Zaets, Sposib Pidvyshchennya
Vlastyvostey Pokryttiv Modyfikuvannyam Pry Naplavlenni [The Method of
Improving the Properties of Coatings by Modification During Surfacing]
(Patent No. 117615 of Ukraine, B22D 19/08, B22D 19/10 (Korysna Model’,
No. 12) (2017)) (in Ukrainian).

10. T. S. Skoblo, O. I. Sidashenko, O. I. Trishevskiy, S. P. Romaniuk,

L. V. Omelchenko, V. M. Vlasovets, and O. D. Martynenko, Kombinovanyy
Sposib Modyfikuvannya Dlya Pidvyshchennya Yakosti Vidnovlennya Vyrobiv
[A Combined Method of Modification to Improve the Quality of Restoration
of Products] (Patent No. 121869 of Ukraine, B23K 26,/342, C04B 41/87
(Korysna Model’, No. 24) (2017)) (in Ukrainian).

11. T. S. Skoblo, O. V. Nanka, O. I. Sidashenko, L. V. Omelchenko,

S. P. Romaniuk, O. O. Honcharenko, E. A. Satanovskiy, O. K. Oliynyk, and
0. V. Markov, Sposib Vidnovlennya Detalei Dyspersno-Zmitsnenykh Abo Iz
Znachnym Skupchennyam Nemetalevykh VEklyuchen Stalei [The Method of
Restoration of Parts of Dispersion-Strengthened Steels or With a Significant
Accumulation of Non-Metallic Inclusions] (Patent No. 128982 of Ukraine,
B29C 41/16, C23C 8/00, B23P 6/04, B22D 19/10 (Korysna Model’, No. 19)
(2018)) (in Ukrainian).

12. T. S. Skoblo, O. I. Sidashenko, S. P. Romaniuk, L. V. Omelchenko,

O. O. Honcharenko, and O. D. Martynenko, Sposib Pidvyshchennya Ehksplu-
atatsiynoyi Stiykosti Spryazhen’ Pry Vidnovlenni Detaley [A Method to In-
crease the Operational Stability of the Mates During the Restoration of
Parts] (Patent No. 137676 of Ukraine, B23P 6/04, B23K 9/00, B23K 35/22,
C23C 8/00 (Korysna Model’, No. 21) (2019)) (in Ukrainian).

IState Biotechnological University,
44, Alchevskykh Str.,
UA-61002 Kharkiv, Ukraine


https://doi.org/10.15407/nnn.19.01.023
https://doi.org/10.1007/s11003-020-00383-4

378 I.M.PUBAJIKO, C. II. POMAHIOK, JI. B. OMEJIBYEHKO, O. B. MAPKOB

2National Guard Military Academy of Ukraine,
3, Zakhysnykiv Ukrainy Sq.,
UA-61001 Kharkiv, Ukraine

! Fig. 1. Distribution of components in the grains of the magnetic component of the charge.

2 Fig. 2. Distribution of double groups of phases by colour on diamond grains.

3 TABLE 1. Phases that can form in conglomerate grains of the detonation charge.

4 Fig. 3. Structure of the transition zone: a—dispersed diamond inclusions in the coating; 6—
matrix structure in the zone of thermal influence and transition.

5 TABLE 2. Local distribution of components in the fusion zone of the coating with the base
metal of the shaft when modified with a magnetic particle of the charge.

5 Fig. 4. Change in the dispersed diamond fraction during friction during operation: a—at the
beginning of operation; 6—during the process of conjugation.

“TABLE 3. Tribological properties of various coating strengthening technologies.
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PisnoBara mapysaroro Cu/Ni/Cr-nmokpurTsa mijg JOKaJIbHUM
HaBaHTAKEHHIM
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Pospobiieno iHKeHepHY MeTOAMKY PO3PaxyHKy HaIpy:KeHo-IedhopMOBAHOTO
cTaHy ¥ omiHOBaHHA MinmHOCcTH TpuinapoBoro Cu/Ni/Cr-moKpuTTA IIacKOro
IeTaio 3a Oil JIOKAJbHOTO HaBaHTaskeHHA. Ilapa IyImKMX XPOMOBOIO Ta Hi-
KJIEBOTO IITapiB PO3IJIAAAETHCSI AK KYCKOBO-OJHOPiHA IJIACTHMHA, a IIOAAT-
JUBUYN MigHUI I1ap miAIOpPALKOBYEThbcA BiHKJeposiii rimoresi mpo mpomop-
IifiHicTh HaUpyKeHb 1 IepeMimieHsb. JlociifikeHO PO3NMOAIN HAUPY:KEHb Y
mrapyBaToOMy IIOKPUTTI Ta BU3HAUEHO KoediIlieHTH 3amacy MIiITHOCTH 3ajeiX-
HO BiJf MexXaHiuHMX BJIAaCTUBOCTEH i TOBIMHYW KOMIIOHEHT. 3arajioM BCTAHO-
BJIEHO, IO TPAHWUYHWHN CTAH HEOJHOPIAHOTO MOKPUTTA MOXKe BU3HAUATUCHA
He MaKCHUMAaJbHUM eKBiBaJ€eHTHUM HaNPY:KEeHHAM, a MiHiMaJabHUM Koedilri-
€HTOM 3aIlacy MiIlTHOCTH.

The engineering methodology for calculating the stress—strain state and
evaluating the strength of a three-layer chromium—nickel—copper coating
of flat part under the action of the local load is developed. A pair of hard
chromium and nickel layers is considered as a piecewise-homogeneous
plate; the malleable copper layer is subject to Winkler’s hypothesis of the
proportionality between stress and displacement. The stress distribution
in the layered coating is studied, and the safety factor is determined de-
pending on the mechanical properties and thickness of the components. In
general, as established, the limit state of an inhomogeneous coating could
be determined not by the maximum equivalent stress, but by the mini-
mum of the safety factor.

KarouoBi c1oBa: HAHOKOMIIOSBUTHI TOKPUTTSA, XPOMYBaHHSA, HiKJIOBaHHSI,
MigHeHHS, JIOKAJIbHEe HaBaHTAKEeHHSA, HAIPYKEHUH CTaH, MiITHiCTh.

Key words: nanocomposite coatings, chrome plating, nickel plating, cop-
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per plating, local load, stress state, strength.

(Ompumano 7 mpasrnsa 2022 p.; nicas doonpauwseanns — 20 aromozo 2023 p.)

1. BCTYII

Jo umciaeHHUX CIOCO0iB ITOBEPXHEBOTO 3MiIlTHEHHA METaJeBUX JETaJIiB
i BupoOiB HaJjie:KaTh yJIbBTPA3BYKOBe yaapHe, (pPUKIIiliHe, JlazepHe 00-
pobaenasa Tomio [1-3]. Okpemy Himy 3aiiMaloTh MeTOAM HaHECEHHS
Ha IIOBEPXHIO TOHKMX ITOKPUTTIB, HaAiJeHNX (PYHKIIAMU 3aXUCTY Bif
3HOIITYBaHHA Ta KOPO3ii, HAIIPUKJAL, eJeKTPOXeMiuHe XPOMYBaHHA B
enekTpoJiri [4—7], HikaoBanHA [8] #1 okcuayBanua [9—11], exexTpo-
ickpoBe JeryBaHHa [12], i#iomHO-masmoBuit [13] i xKombGiHoBaHMIt
eJeKTpoHHO-TIpoMeHeBuil [14] metomu. Cnmparouynch Ha TEOPETHUHI
migxomu Ha crtaznii Bubopy ckiaxy martepisiaiB [15—17] i BpaxoByioun
TEeXHOJIOTiUHYy CHagKOBicThb mix uyac BuroroBsieHHA [18—20], moxHa
3abesnmeunTy (PYHKI[IOHYBAaHHS BUPOOIiB YIPOMOBXK KHUTTEBOTO ITUKJIY
[21].

IToxpuTi merasi MamTh MOAOBKEHUIH pPecypc eKcIIyaTalii B mapax
TEPTSA 3a IPUCYTHOCTU arpecuBHUX cepenonuir [22—24]. IIlobu mobdu-
THCA 0araToIliiIbOBOTO Pe3yabTaTy, AJA IOJIMIIeHHs HMOBEepXHi mera-
JII0 HaliyacTiIlle 3acTOCOBYIOTH (PYHKI[IOHAJIBLHO I'PAfi€HTHi, 30Kpema
KOMIIOSUIIi¥iHI Ta IapyBaTi, MOKPUTTA 3 HAATOHKUMU KOMIIOHEHTAMU
HaHO- Y1 MiKpocTpyKTypu [25—28]. IIpukiaamomM TakKoro MyJbTHU(MYH-
KIIiOHAJBbHOTO 3MillHEHHS € I[oUeproBe MiJHEHHS, HiKJIOBAHHS Ta
XPOMYBaHHS KPHUIIEBOTO HOeTanio. TyT KOXKHUHA (parMeHT BHUKOHYE
cuenu@iuyHy QyHKIIiIO:

— BHYTPpIilIHiN m1ap i3 Mmigi sabesmeuye moOpe 3UEIICHHS IIOKPUTTSA 3
KPHUIIEBOIO OCHOBOIO Ta KAaTOAHUM 3aXWCT BiJ KOpO3ii;

— IPOMiKHUI ITap i3 HiKJI0 GopMye CYILIbHY KOMIOHEHTY TJIaIKo-
ro MOKPUTTS, MIiITHIITY 3a MigHy;

— BOBHIIIHIN ITap i3 XpoMy € HaAMOiILII KOPO3iAHOTPHUBKUM 3a pa-
XVHOK IIIBUAKOI IIacuBaIlii 3 YTBOPEHHAM OKCHUIHOI IIJIiBKH; BHCOKAa
TBepAicTs, i Maamii KoediiieHT TepTsa 3a0e3meuyioTh BHICOKY 3HOCO-
CTiMKiCTL MMOKPHUTTHA, a iHKOJM BaKJIWBOIO € i JeKopaTHBHA (PYHKIiA
XpOMY.

Huni moctaTHRO PO3BUHYTUMHU € MOZEJiI Ta METOAM MeXaHiKu Ia-
PyBaTHX IIOKPUTTIB 3 ypaXyBaHHIM 3MiHM TeMHOepaTypH Ta IIPOILECY
nudysii [29—31]. 3acayroByooTh Ha yBary TaKOMXK ITiAXOAM IO aHAJII3U
BILIMBY TOHKMX THYUYKHMX 1 KOMIIO3UIIIHHMX HMOKPUTTIB HA T'PaHUYHUN
CTaH TOIIKOMKEeHMX ILIacTuHYacTux [32—36] Ta obGosoHKOBUX [37—
41] KOHCTPYKIIi# 1 KPUXKHUX TiJ 3 MoBepxHeBUMU Tpimuuamu [42].

OxpeMuii Kjac s3agau i3 CHUHI'YJAPHUM MOJIeM HAIPY:KeHb CTAHOB-
JATH OOCHIAMKEeHHs nedOopMyBaHHA ITapyBaTUX MOKPUTTIB IIiJ JOKAa-
Jid0BaHMM HaBaHTAXKEHHAM. HaBaHTa)KeHHS TAKOTO THUIy 3ycTpiua-
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IOThbCS 3a B3Aa€EMOUMHY IIOBEPXOHL 3 abpasmBoM ab0 3 HPOAYKTAMU
3HOIITYBAHHSA M OKMCHEHHSA, a TaKOMK IMiJ uac BUOPOOYBaHbL ITOKPUTTIB
HAHO- Ta MiKpoiHaeHTyBaHHAM [43, 44].

Y Tux BUmagKax, KOJU AOCTATHBO ITYIIKE MOKPUTTA BiTOKpeMJIio-
€ThCA BiJ JeTayf0 IOJATJIMBUM IIPOIIIAPKOM, IJsS OMIMCY PiBHOBAru
MMOKPUTTA IOIIJLHO 3aCTOCOBYBATH Teopiio ImmacTuH (000JOHOK) Ha
BinksepoBi#i ocHOBi. Ile yMOMKIUBIIOE TOHU3UTH BUMIPHICTH KOHTU-
HYyMy Ta HaBiTb AOCATTH aHaJITHMUYHMX pesyibraTiB. Ilpmriaanu Ta-
Kux 1D-mopmerniB HaBeleHO B cTaTTAX [45, 46] a1 KPUIIEBOTO JETaJIio
3 Al,O;-moxpuTTaM Ha ajgoMiHifioBomy mifmapi Ta B myOaikamisx
[47, 48] nna indppauepBoHOro (GiNbTpa 3 KPEeMHINOBUM IOKPUTTIM Ha
mapyBatit Si/SiO-cTpykrypi. Arxmio y xommosuiiii Cu/Ni/Cr mapy
Ni/Cr BBaskaTu HEOJHOPiMHOIO IJIACTUHOIO, a MiZHUN (parmMeHT —
MOJATJIMBUM IIPOIIIAPKOM, TO 3rajaHa CXeMa PO3PaXyHKY MOKe IIpe-
TeHAyBaTH Ha ycmix. Taxa imeda ciayrye MOTHBAI[i€I0 HAIIIOTO JIOCJIi-
MKeHHs, CIPAMOBAHOIO HA PO3BUTOK OJHOBUMIipPHOTO MOZEJIO po3pa-
XYVHKY HaIOpyKeHOTO0 CTAaHy Ta TPAaHNYHOI PiBHOBArW TPUIIIaPOBOTO
MMOKPUTTA HiJ JOKAJIbHUM HABAHTAMKEHHIM.

2. IOCTAHOBKA 3AJAYI TA MOAEJDb IIOKPUTTSA

PosrigueMo eqeMeHT KpPHUIleBOI KOHCTPYKIIil, Ha AKY HaHeceHO TOHKe
MMOKPUTTA, IO CKJAZAETHCA 3 BHYTpimHbLOTOo MimHoro (Cu), mpomix-
Horo HikJgeBoro (Ni) Ta soBHimEbLoro xpomonoro (Cr) miapisB (puc. 1).
3 TOUKM 30py MeXaHiKM mmapa IyOKWX XPOMOBOT'O Ta HiKJIEBOTO IITapiB
posrifanaeTbcsa AK KYCKOBO-OJHOPiZHA MJacTHMHA, AKa IIpaljloe Ha BU-
TMH, a TOoAATJWBUM MigHUNA IIap IiAMOPAIKOBYETbCA BiHKJIepOBiHt
rimoresi mpo INpPONOPIifiHICTE HANPYKeHb 1 IPYKHIX IepeMiIllieHb.
s mpocToTH KpUIleBa OCHOBA IPUITYCKAETHCA a0COJIOTHO ITYIIKOIO.
MexaHiUHUY KOHTAKT MiK KOMIIOHEHTAMHU HA MOBEPXHAX CIPAKEHHSA
BBasKaEThCA ifleanbHUM. KOMIIO3UITiI0 HaBaHTAKeHO HOPMAaJILHOIO CH-
jgoo P [H/m], piBHOMipHO PO3MOAiJIEHOIO B3JO0BXK IPAMOI, IEepIeHAU-

steel [

Y

Puc. 1. Cxema tpumiaposoro Cu/Ni/Cr-moKpuTTa miA JOKaJIbHAM HaBaHTAa-
SKeHHAM. '
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KYJSpHOI 0 IJIOIIUMHYU pPUCYHKa. KpiM Toro, mpumyckaeMo CTaH IJja-
ckoi medopmarii (¢,=0). Ciuix BUBUMTH PO3MOAiJI HANPY:KeHDL Yy IIa-
pyBaTOMy HOKPUTTI Ta BCTAHOBUTHU PiBEHH AOIIYCTUMOI'O JIOKAJHHOTO
HaBaHTaKEHHJ.

BBegemo cuctemy [leKapToBUX KOOPAWHAT 3 MOUYATKOM Ha MOBEPXHi
Ta Bicco Oy, cnpsaMoOBaHOIO Briaub miBmpocTopy (puc. 1). 3a npuiiHsa-
TUX NOPUIIYIIEHb 3aIMUIIEeMO PiBHAHHA DPiBHOBAru JIBOIIIAPOBOTO KYyC-
KOBO-OTHOPiAHOTO MOKPUTTA HA IPYKHIi ocHOBi [49]:

d'u
D dx“y +ku, =Pd(x), x € (-0, ©). (1)
TyT u, — KOMIIOHEHTa BEKTOpa IPYXKXHBLOT'O IEePEeMillleHHs HeHTpalb-
HOI IMOBEepPXHi IJIACTUHU;
b thg
E(®y) 2
= — (W -y)dy =
s 1-V()
__Ey [ (A~ Yo’ + ﬁ + Ey ((he +hg—yc) _ (g, — Yo’ (2)
1- vir 3 3 1- vf\ﬁ 3 3
— JKOPCTKiCTh HA BUTHUH;
v+ I
E® g Eo R %ip%+%f_%q
oy 1Y) C1-vE 2 1V 2 2 3
Ye = ey +hy - E E ( )
E(y) O +-N_p
1T vin dy 1-y2 Ty 2
0 -V (y) Cr Ni
— OpAMHATA PO3TAIyBaHHSA HEHTPAJbHOI ITOBEPXHi;
poo Fo 1
! 1 - V(23u h’Cu

— KoeiIlieHT KOPCTKOCTH MigHOI ImocTei;

E,,ye (0’ hCr)’ v(y) = { Vors Y € (0’ hCr)’
Ev, y e(hCr, he, + hNi)’ Vni» Y e(hcv he, + th)

— KyCKOBO-cTasi GyHKIil; Eq., Ey, Ec, — mMomyai FOHTA, a Ve, Viis
Veu — IlyaccoHoBi KoedimienTnn MaTepianaiB mokpuTtsa; Ac,, Aniy Poy —
ToBIIUHU I1apiB; d(x) — [lipakoBa pyHKITiA.

Ha 6e3Mes;KHOCTI 3yCcHJLIS TAa MOMEHTHU 3TacaloTh:

E(y) = {

2 3

DX ey =0, DL ()= 0 (4)
t0) =0, t0) =0.
dax? dx®
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Oroxx, KpaiioBa 3amaua (1), (4) ommcye IIyKaHe II0Jie BePTHUKAJb-
HUX TepeMillleHb ILJIACTUHU-TOKPUTTA Ha IPYKHIM OCHOBI.

3ayBaKUMO, IO Y pasi HaATOHKOro xpomMoBoro mapy (A, << hy)
dopmyanu (2) Ta (3) copoIIyIOTHCA:

D= ENi hI?\’Ii + ECr hCrh’I%Ii
1-v3, 12 1-vi 4

2
yczhmwc{l_; E, 1 Vj

b

2 21-v2, E,

r

IIi Bupasu € yTOUHEHHAMU IIOMiOHUX pesyJabTariB 3 mpaiti [50].

3. PESYJIBTATHU TA AHAJII3A

Posr’sasok samaui (1), (4) 3HANMLIN y BUTJIAL:

P .
u,(x) = sDn e (cos A% +sind |x

)s (5)

me A, = ,ﬁky /4D — KoeiImieHT 3aleMJIeHHA 3 PO3MipHicTIO, obepHe-

HOIO 10 TOBXKUHMU.
Ilepemimenuam (5) BiAmoBiTae BUTMHAILHUNT MOMEHT V IOKPUTTIL

2
duy

dx?

P
x)=——e""
(x) Y

y

M(x)=-D (cos A,x —sink, |x|)

Ta KOHTAKTHe HaOpysKeHHsd Ha inTepdeiici Ni—Cu
o(x) = -ku, (x) = —El e (cosk X +sin) |x|)
vy 2 Yy y 7 .

Hampy:xeHHsa y IIapyBaTOMy IIOKPHUTTI OOUMCJIIOIOTHCA 3a (QOpMy-
JaMmu:

Bw) M@
v b ¢

Gx(x7 y) =

E( ) — P _ ylx .
= l_v-lzj(y) Yy Dyc 4}\’!/ e Ayl ‘(coskyx—SlIl?\.y |x|), Yy 6(0, he, +h’Ni) s

o,(x, y) = o(x) 7, y (0, H),

ne H = h, +hy +h,, — cymMapHa TOBIIMHA TPHhOX IIapiB.
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MinnicTh KOMKHOTO 3 mIapiB omimmmo 3a MisecoBUM KpUTEpPieM.
Tak, yMOBOIO MIiITHOCTH OJIS ILJIACKOAe()OPMOBAHOI'O XPOMOBOIO IIOK-
purtsa 6yne

G, = \j(l - Vg, + vér)(ci + Gj) - (1 +2v;, — 2vir)cxcy <[cl.>

IJIsT HiKJIEeBOro miapy —

G, = \/(1 -V viﬁ)(ci + Gj) - (1 +2vy, — 2vf\n)cxcy < [oly»

IJIA MiZHOI IigKJIagUHKN —

O, _|Gy| <[oc]g, -
Tyr o,, — exBiBanenTHe MisecoBe HanpyxeHHd; [c].,, [Cly, [Olc,
JOTMYCTUMi HATPYKEHHS AJA MaTepisiB KOMHIO3UIIiMHOTO IOKPUTTS
(a [c]=o0,/n, ne oy — TpaHUIA IJIMHHOCTU, & N — KoedimieHT 3a-
nacy).

Opmep:xaHi pesyabTaTH MOalOTh MOMKJINBICTL BUBHAUUTU BEJIUUUHY
JOIIyCTMOT'0 HaBaHTaKEHH:A, 3aJIeKHY BiJ MexXaHiuHUX i reoMeTpud-
HUX XapaKTepPUCTUK INapyBaTOro IIOKPUTTA.

Jaii mogaeMo mpUKJIaZ OIMiHIOBAHHSA HAIPY:KEHOTO Ta I'PaHWUUYHOIO
CTAHiB TPUIITAPOBOI KOMIIO3MIIII Wi JIOKAJbHUM HaBAHTAYKEHHIM.
Buxigmi maHi n1a o0umMCIeHHS eKBiBaJeHTHUX HaIpPy:KeHb G,, Ta KO-
edimienTa samacy MimHOCTU N = GY/Geq HaBeJeHO B TabJuuili, a pe-
3yJbTAaTH PO3PaxyHKiB — Ha puc. 2—4.

AK BugHO 3 PUCYHKIB 2 Ta 3, HAIPYXKEHUH CTAH KOHIIEHTPYETHCA B
OKOJIi JiHil mpuKIamzamHA 30cepem:keHOl cuaM, a HaMOijbImi eKBiBa-
JIeHTHI HaNUpy’XeHHd CIOocTepiraroThcAa Ha HMMKHIN rpaHi HikJeBoro
mapy (Ha JiHii (x, y) = (O, he, + by — O)).

OcCKiTbKM MAEMO CIPaBY 3 HEOOHOPIAHUM IOKPUTTIM, TO IJIS OITi-
HKM HOTO0 I'PaHMYHOrO CTAHY Tpeba TaKOXK B3ATHU OO0 YBaru IPOCTOPO-
BUII PO3IOAIJI XapaKTepHMCTHK MimHocTH (y JaHOMY pasi 3HauyeHHA
TPaHUIlh IJIMHHOCTHA KOMKHOTrO miapy). Tomy OinbIll mpaBUJILHY Xapa-
KTEePUCTUKY TPAHUYHOTO CTAHY IIapyBaTOTO IIOKPUTTS OA€ PO3MOIiJ

TABJIAIIA. Mexaniugi BiacTuBOCTi mapiB mokpuTTs.>

XapaKTepUCTUKH Marepian
mapis Cr Ni Cu
E, I'Tla 280 210 110
v 0,21 0,3 0,35
h, MKM 0,8 15 25
oy, MIla 370 450 210
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HGW/P
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4,0
3,5
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1.5
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0,0 / f ¥ t t t
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1,5] ! ! | S
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Puc. 2. Posnogin ekBiBaJleHTHUX HAIPy:KeHb B3IOB:K rpaHeid miapis: a — Cr,
6 — Ni, 8 — Cu; cymuinapHi JiHil — AJg BepxHixX, a MITPUXOBI — A HUMKHIX
rpameii.?

Koedimienra 3amacy mimaoctu (puc. 4). HesBaskarouu Ha Te, IO MaK-
CIMYM eKBiBaJIEHTHOTO HAIPYKEHHS NOCATAETLCA B HiIKJIEBOMY IIIapi,
rpaHWYHA piBHOBara MOKPUTTS HAaUIepIlle MOPYIIUTHCA HA MMOBEPXHi
XPOMOBOTO IIIapy, TaM, Ae KoedillieHT 3amacy € HalMeHIIIIM.

4. BAICHOBRH

PosBuHyTa MeTOAMKA PO3PAXYHKY YMOMKJIMBJIIOE B aHATITHUHIN Qop-
Mi BifcTe:KyBaTH BIJIMB MEeXaHIUHHX i TeOMETPUUYHUX XapaKTEPUCTUK
Cu/Ni/Cr-nmoKpuTTsa Ha HOro HAIpPY KeHWI CTaH i rpaHWYHY PiBHOBA-
Iy Oif JOKAJbHUM HaBaHTAKEHHIM.
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0,0

Cr eq
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Cu

1,0

y/H
Puc. 3. Posmnonin eKBiBaJIeHTHHNX HANPYKEHb II0 TOBIIUHI TPUIIAPOBOrO IO-
KpUTTA npu x = 0 (IyHKTUPOM BifsHaueHO opAMHATH iHTepdeiicis).?

0.0 2 4 6 8 10 12 14 16 18 20 22
8 }i\_\”””” 77777777 e e e EEEE EECE

0,1 —
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0,5
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Puc. 4. Posnozgin xoegimienTa s3amacy MiIIHOCTM IIO TOBIIHHI TPHUIIIapOBOTO
nokpuTTa npu x = 0 (IYHKTHPOM BiJj3gHaueHO OpAMHATH iHTepdeiicin).®

IloxazaHo, IO I'PaHUYHUI CTAH IIAPYBATOTO IIOKPHUTTA MOXKe O-
cATATHCA HE Yy MiCI[i MaKCMMyMy €KBiBaJIeHTHOTO HaIpPY:KeHHsS, a B
Mmicii mimiMmyMy KoedilfienTa 3amacy MiIfHOCTH.
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MeToau mocaigskeHHsS MOBEePXHi KOHTAKTY (a3, 10 CTBOPIOETHCA
KPaIIgAMi PO3MOPOIICHOI PiIuHU

II. €. Tpopumenxo, M. B. Haiiga, O. B. Xomenko, C. II. Jlariu

Cymcvruil Oeprcasruil ynigepcumem,
s8y.s. Pumcvrozo-Kopcakxosa, 2,
40007 Cymu, Yrpaina

OcHOBHe TpPU3HAUEHHA OUCIEPIYBAJIbHUX MPUCTPOIB — TMEPETBOPEHHSA CY-
IiTBHOTO IOTOKY DIAWHM Ha JUCIEPCHY CHUCTEMY, IO CKJAAAETHCA 3 Kpa-
meab pigmuu. € aBa croco0M IIEePEeTBOPEHHS CTPYMEHiB PiAMHM B TOHKI ILIi-
BKHU: TigpocTaTWyHUH (Ha MOXWMJIiMl MJIACTHHIi) Ta BiAlleHTPoBUH (HA IJIiBKO-
yTBOpioBaui — Jjomari). IIpoiec posmoporreHHA abo AuUCIepryBaHHA 3ara-
JIOM 3MiHCHIOETHCA HACTYIHUM UYMHOM. 3 ILIiBKOYTBOPIOBAJILHOTO €JIEMEHTY
(mnacturmM abo JomarTi) piguHAa y BUTJIAAI TOHKOI IJIACKOI IIIBKM PYXa€ThCS
3 MEeBHOIO0 BiJHOCHOIO INIBUIKICTIO y Tra3oBe CepemoBHUINE, B3aEMOAil0Ui 3
AKUM ILIiBKa PYHUHYETHCHA, IIEPETBOPIOETHLCSI B MOTIK Kpaleab — (Paxesa pos-
MOPOIITyBaHHS. BUBUEHHAM pO3IOPONMIYBAJILHOTO TEILIOMAacooOMiHy 3aiima-
Juca 6araTo IPym BUEHMX i HMBKa iHCTUTYTiB. Mae ceHC POSTIAHYTH IIHU-
TaHHA, AKOTO PO3Mipy Kpamejb pallioHAJbHO MPArHyTH NOCATTU B IIPOMIUC-
JIOBUX TEXHOJOTiAX 3a BUKOPHUCTAHHA TEMJIOMAaCOOOMIHHMX KOHTAKTHUX
amapaTriB poO3IMOPOIITyBaJbHOr0 TUNY? IHIIMMHU cJaoBaMu, SKHI PO3Mip Kpa-
meJib Ma€ AaBaTW TeXHiuHi, eHepreTWuHi I iHINiI mepeBaru AJjA HAWJIiOIIIOrO
BUKOPHUCTAHHSA e(peKTy MIBUAKOCTH 3MiHM HMOBepXHi KOHTAKTy (pas3? OcHOBHi
HEeJOJiKM APiOHOAUCIIEPCHOTO PO3MOPOIIEHHs: IMPOOJEeMHU OAep:KaHHA MiHi-
MaJbHUX PO3MipiB (uepes BeJauKi 000POTH BiAIIEHTPOBUX PO3IOPOIIyBAUiB
a00 BeJWKUH THUCK i MaJay IPOAYKTUBHICTH (POPCYHKOBUX PO3IOPOIIYBaUiB);
BeJIUKE eHeproCIOKMWBAaHHS; BeJWKa BTpaTa Kpamesab (6opoThba 3 HEI0 —
3aBIaHHA HABiTH CKJAAHiIIE, HiXK OJepsKaHHS APIOHMX Kpamesb); BeIUKe
BUIIAPOBYBaHHA (UMM MEHINUH AiAMeTep Kpameab, TUM IIIBUIINIE BOHU BU-
mapoByoThcs1). OcTanHe Mo:Ke OyTHM KopucHUM edeKTOM, ajie iHomi i abco-
JIIOTHO HENPUUHATHUM IJA 0araTboxX TEXHOJOTiuHuX mpoleciB. IlepeBaru
BEJINKOAVCIIEPCHOTO PO3IOPOIIEeHHA: O0JMagHAHHA IJA SAiNCHEHHA TaKOTO
POSIIOPOIIIeHHA AOCTATHLO ITPOCTE; HEeBEJIMKAa BTpPaTa Kpalesb; BUTpaTa eHe-
prii B GaraTto pasiB MeHIIle, HiK 3a TPASUI[IMHUX CIOCOOIB PO3IOPOINEHHS
pizuHa (POopCyHKOBOTO, BiATIEHTPOBOTO Ta iHIITUX).

The main purpose of dispersing devices is to convert a continuous flow of
liquid into a dispersed system consisting of drops of liquid. There are two
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ways to convert fluid jets into thin films: hydrostatic (on an inclined plate)
and centrifugal (on the film-forming—blade). The process of spraying or
dispersing is generally as follows. From the film-forming element (plate or
blade), the liquid in the form of a thin flat film moves at a certain relative
speed into the gaseous medium, interacting with which the film is de-
stroyed, turns into a stream of drops (spray torch). Many groups of scien-
tists and a number of institutes have been engaged in the study of the
spray heat and mass transfer. It makes sense to consider the size of the
drops rationally seek to achieve in industrial technology, when using the
heat and mass transfer contact devices of the spray type. In other words,
what size of droplets should give technical, energy and other advantages
for the best use of the effect of the rate of change of the contact surface of
the phases? The main disadvantages of fine spraying are: problems of ob-
taining the minimum sizes (due to big turns of centrifugal sprayers or big
pressure and low productivity of nozzle sprayers); high energy consump-
tion; large loss of drops (fighting it is the task, which is even more diffi-
cult than getting small drops); large evaporation (i.e., the smaller the diam-
eter of the droplets, the faster they evaporate). The latter can be a useful
effect, but sometimes, it is completely unacceptable for many technological
processes. Advantages of bulk spraying are quite simple equipment for such
spraying, small loss of drops, energy consumption many times less than
with traditional methods of spraying liquids (nozzle, centrifugal, etc.).

KarouoBi cmoBa: miriBka, iMepcifiHa pigmHa, IJIiBKOYTBOPIOBAY, JIOKAJbHA
TOBIIIUHA, BiIIEHTPOBUN PO3IIOPOIIyBad, KPAaIlasd.

Key words: film, immersion fluid, film former, local thickness, centrifu-
gal sprayer, drop.

(Ompumano 18 smcoemus 2022 p.)

1. BCTYII

IToBepxHs KOHTAaKTy (a3, CTBOpIOBaHa yciMa KpamiasMu piguHu, BU-
3HAYAETHCA AK CyMa IIOBEPXOHBb BCiX OKpeMUX Kpalesb piguau. Ko
3aCTOCYyBaTH HAMNOiNMbIN HigXOAAINE AJA IILOTO BUIAAKY IOHATTS Cepe-
IHBOTO 00’€MHO-TIOBEPXHEBOTO AisiMeTpa, TO MUTTEBA IIBUAKICTHL 3MiHU
noBepxHi F KOHTaKTy (a3 Mo)Ke GyTU IPEACTABIEHOIO0 TAKOIO 3aJIEIK-
Hictio [1-9]:

dF 6
ar _ 6@ (1)
dt dr

ne @ — ob6’emHa BuTpara pigmau [M3/c], d, — cepezmiii 06’eMHO-

IOBEPXHEBUH AiAMeTep Kpaleib.

IIpunyctumo @ ta d, mocriimuMuy (BUIIAPOBYBAHHSA PiAWHU 3 IIOBe-
pxHi Kpamesab BBasKaTmMeMO He3HauHmM). Hexaii cepenmmiit uac pyxy
KpameJyib Bil MOMEHTY BUHUKHEHHS iX OO HOIaJaHHS HA CTIHKU KOH-
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TaKTHOT'O amapary abo Ha HOBePXHIO PiguHU AOpiBHIOE (T). 3a TaKUX
YMOB yCepeArHi KOHTAKTHOI'O alapaTy yTBOPIOETLCS IIOCTiliHa OHHA-
MiuHa IIOBepXHS KOHTaKTy F (has, mio mopiBHIOE:

F =(6Q/d,)1)- (2)

CamMe I[fo AUHaAMIUHY IIOBEPXHIO KOHTAKTy (a3 HailuacTillle MarmOThL Ha
yBasi i BpaXxoBYIOTh Y PiBHAHHAX TeILJIO- Ta Macomnepenaui. Yac Baae-
MOUYMHY Kpallii 3 ra30Boi0 (a30i0 3aJIeKUTh BiJl TOUaTKOBOI MIBUAKO-
CTH Ta 3arajbHOI JOBXKUHU NIIAXY PYXy Kpallii B KOHTAKTHill 30Hi.
BignocHa mBMAKicTh, IPUINBUAIICHHS W iHIIL mapamMeTpu Pyxy Kpa-
IJIi HaBiTH 3a ii ImOCTifiHOTrO misMeTpa € 3MiHHMMM, II0 3aJIeKaThb Bif
O0araTbox (arTopiB.

IIpunycTuMo, 110 KpaIjid PO3IOPOINEHOl pifMHM He 3MiHIOE CBOIO
dopmy Ta posmip. BimHocHa MmMBMUAKICTE U KOMKHOI Kpamiai y Oyab-
AKUN MOMEHT uacy € (DyHKIIiero Binm uacy, PeitHonbacosoro umcia Re,
d, ¥ immwumx mapamerpis: u =u(d,,t, Re, ..). Kpurepiit Re Busmaua-
€ThCA Uepe3 BiTHOCHY IIBUAKICTL U Ta AisMeTep Kpameyb. dac T pyxy
KpamiIi Mo:KHa 3HAWTH, HOCTYJIOIYN KiHeMaTWYHi Ta TeIlaioMacoo0-
MiHHI Mogmesi mpomecy. Haituacrilie BeiuunHA T 3HAXOAUTHCA Ha pe-
aJIbHOMY alapaTi IIicjigd ycepemHEeHHA IIBUIKOCTEHN yciel cyKymHOCTH
Kpanesab (haKesa pPO3TIOPOIITYBaHHSA.

3 (1) i (2) BunuBae, 110 3a PO3MOPOIITYBATLHOTO TEIJIOMACOOOMIHY
€ JIBa cmoco0u OJlep:KaHHA BHCOKOPO3BUHEHOI IMOBEPXHI KOHTAKTY
das: mUIAXOM 3MEHIIEHHS CEePeIHbOro AiAMerpa d, Kpamejb 3a IIoC-
rTifimoi BuTpaTu @ abo MIIAXOoM 30iJbIIIeHHA BUTpATH ¢ OHCIEpProBa-
HOI pilMHU 3a MOPiBHAHO BEJIUKOTO d,.

B mani#i craTTi po3riaAHYTO KiJIbKa METOAIB peecTpariii Kparenb.
3a J0IOMOro0 MOCTiI;KeHHS YTBOPEHHA Kpamejib y MaiOyTHbOMY IIO-
JIETTITYETHCA PO3POOKa PO3MOPOIITYBAaJbHUX alaparisb.

2. OITUMAJIbHUY PO3MIP KPAIIEJIb

ITicaa uucaeHHUX IOCJHiAMKEeHb, BUBUEHHA U aHaJisu POOOTH POB3IIO-
POIIyBAIbHNX KOHTAKTHUX alapaTiB y IIPOMHCJIOBUX YMOBax 3pol.ie-
HO BUWICHOBOK, IO HAWOiJbII NPUAHATHUM € POBIOPOIIEHHSA PiAWHU
ISl TeIJIoMacooOMiHHMX mporleciB (KpiM mIpolieciB CyHIiHHA Ta 3T0-
PAHHA B ABUTYHAX BHYTPIIIIHLOTO 3TOPAHHS), 3a AKOr0O AisiMeTep po-
3MOPOIIIeHNX Kpaleiab 3HaxoauThed B mexax 0,3—-0,6 mm — B cepen-
HboMy 0sm3bK0 0,4 MM.

CopaBzi, mBUAKiCTh pyXy Kpamenab AismerpoMm y 0,3—-0,6 MM B mo-
BiTpi — Osuabko 1 m/c [1]. [aa Takux poaMipiB Kpamesab 3a BiAIo-
BigHO mimibpamoi aepogMHAMIKK ra3opifMHHNX MMOTOKIB MOYKHA IIOPi-
BHSIHO IIPOCTO YVHUKHYTHU OCOOJIMBO IMIKiAJIMBOrO HACIiAKY ApPiOHOKpA-
MIeJIbHOTO PO3IOPOIIeHHA — BiJHeceHHA KpallejJb 3a MeXXi posImopo-
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IIyBAJbHNX KOHTAKTHUX amapariB. Ta ¥ BigHOCHA KiJbKicTh ApiOHHX
Kpamejb 3a BeJIMKOKPAIEJLHOTO CIOCO0Y PO3IOPOINIEHHS € HeBeJu-
kKoro. Tomy sarajnbHe BUHECEHHS PiAWHU 3a PaXyHOK IPiOHMX Kpa-
meJb MOXKe mepebyBaTH B Me:KaX HOPM TPAHUYHO AOMYCTUMHUX KOH-
IMeHTpaliii BUKKUIIB 3a MiHiMaJbHUX €HEePreTHUYHUX i almapaTHUX BHU-
Tpar.

Ocob6JIMBOCTI BEJIMKOKPAIEJILHOTO PO3MOPOIITYyBAHHA MTOKA3yIOTh,
110 HOTO0 MOKHA Ta MOTPiOHO BUKOPHCTOBYBATH B IIPOCTUX 3a KOHC-
TPYKI[I€I0 TEeILIOMACOOOMiHHMX KOHTAKTHMX almaparax. Ajle B TaKux
amaparax HeOoOXilTHO CTBOPUTH yYMOBHU, AKi 0 3abe3mmeuyBajyl BUCOKY
e(PeKTUBHICTEL IXHBOI POOOTH 3a MiHIMAaJbHOIO €HEepPTrOCIOKMBAHHSI Ha
caM IIpOIleC PO3IOPOINEeHHS PigmHM Ta iHIIL BUTpPaATH eHeprii,
MOB’A3aHi 3 BUKOPUCTAHHAM y KOHTAKTHHMX amapaTax 3a3HaueHUX
PoO3MipiB Kparesb.

BinbimocTi 3 mepepaxoBaHMX BUMOI BiJTIOBijla€ ITHEBMOILIiBKOBUM
posmoporirryBau. JJig HaWOiabII TOHKUX TEIJIOMACOOOMIHHUX MHPOIEciB
(HampuUKJIaA IJis PO3IOPOINTYBAJLHOIO CYIIiHHA) pallioHaJbHO BUKO-
pucTOBYyBaTH MajJ0000pPOTHI IJIiBKOBiI po3mopolryBadi 3 popMyBaHHAM
IUIIBOK Ha BIOCKOHAJIEHUX KOHCTPYKI[IAX ILJIIBKOYTBOPIOBAUiB.

3. METOIM OJOCJAIIMAKEHHSA IIOBEPXHI KOHTAKTY ®A3

IloBepxHA KOHTAKTy (had BU3HAYAETHCA CYKYITHOI IOBEPXHEI BCixX
Kparejb, 1110 0epyTh aKTUBHY y4YacThb y aHAJiB0BaHOMY mpolieci. 3Be-
pTaeMo yBary Ha HOHATTS «aKTHUBHE». AKTUBHMMHU Ha3WBaAIOTh TaKi
Kparii, MoBepXHA AKUX MOKEe IPOBOAUTU KOHTAKTHUH TEIJIOMacOoO0-
OMiH 3 HaBKOJIUIIHLOIO TrasoBoi0 (a30i0 3HAUHO MIBUAINE, HiK BiH
IIPOBOAUTHCS HA YUCTO MOJIEKYJAPHOMY PiBHi.

HaragaemMo KOPOTKO HPUHIIKII POOOTH ITHEBMOILIiBKOBUX PO3IIOPO-
mryBauiB. OKpemi crpymeHni piguam 3i 36ipuuka I (puc. 1) uepes

Puc. 1. EkcriepuMeHTAIBHAHE CTeH] IHEeBMOILIIBKOBOI'O PO3IOPOIIyBaUa.’
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OTBOPH 3, PO3TiKaAOUMCHL II0 MOXMJIIHM IJIACTUHI 2, IIepeTBOPIOIOTHCS
Ha OAWHOUYHI ILTIBKM, SKi Ha KOMHIN ILIACTHMHI 3JMBAIOTHCI B CY-
iTbHY TOHKY IIiBKy. CylinbHa IJIiBKA PiIWHU, CXOAAYN 3 KPOMOK
IJIACTUHU-ILJIIBKOYTBOPIOBAYA, MOTPAILJIAE€ B PO3IOPOITYBAJILHY KaMe-
py — rasoxiguumii KaHaa 4 IPAMOKYTHBLOTO abo iHIIoro mepepisy,
B3/IOBXK AKOT'0 PYXae€ThCA Ia30BUU IIOTiK, IIIO PO3MOPOINYE ILIIiBKY Pi-
IUHU.

Hia ¢oropeectparrii posmipiB i mporieciB nucnepryBaHHSA 3acTOCO-
ByBaBCA [O3epKaJbHUI (Qoroamapar, AKUHA podouB Qororpadii uepes
IPO30py ILIacTUHY B Kopmyci 6. OcBiTmioBaui 5 — imMmyabcHI maxepe-
Jia CBiTJIa 3 PEr'yJIhOBAHUMHU XapPaKTEPUCTUKAMMU B T'ePMETUYHOMY KO-
pryci 3 OXOJOMKEHHAM AMCTUJILOBAHOIO BOJOIO Ta MOBITPAM YMOMXK-
JUBJIOBAJN TPOBOJAUTH OCBITJIEHHS, 3MiHIOIOUM KYTH IIaJiHHS CBiTJIa
Ta TPUBAJICTH OCBiTJIEeHHA, HEOOXimHI IJId TOro UM iHIITOrO KOHKpPET-
HOTO JOCJisKeHHd.

Posmipu kKpamenp Bu3HayanamcA KijJTbKoMa crmocobamu. 3o0KpeMa,
YacTO BUKOPUCTOBYBaBCA MeTOJ OesrmocepeanHboro ¢ororpadyBaHHA
dakesa pifuHMU, AKUNA POSIIOPOIIYETHCSA B MHEBMOILIIBKOBUU PO3IIO-
poOIIyBay, 3 HOPiBHAHO TPUBAJIOI BUTPHUMKOI mHopaiky 107°-1072 c.
IIpuknan Takoro (oros3HiMKa mpeacraBieHo Ha puc. 2. Ha HbOMY 30-
OpaxeHo (haxes i3 Kpalejib PO3IOPOIIEHOI THEBMOILIiBKOBUM PO3IIO-
pomryBaueM TeXHIiuHOI BOAM 3 KYTOM YCTAaHOBKMW ILIacTUH y 45°,
MIBUAKICTIO IIOBITPA y KaHaJi MHEBMOILIIBKOBOTO PO3IOPOIIIyBada y
10 m/c, mHanopom Bogu y 250 MM; wac ekcmosumii — 0,5:107% c.

Ha pucynry 3 mpeacraBieHo dakesa Bijfi PO3MOPOINEHHA TEXHIUHOI
BOAU Y BiAIIEHTPOBOMY pO3MOPOIITyBaui (IIBUAKICTHE OOepTaHHA —
3000 06/xB). Mipsaioun IMUPUHY «KOMETHHUX XBOCTiB», 3HAXOIATD
IIUPUHY 300paskeHHs Kpamejab Ha (ororpadisax, a cmiBBigHOCAYM X
i3 posmipamu Mmapkepa (ApoTiB mismerpoMm y 1-3 MM), BM3HAUaIOTh
COpaBKHI po3Mipu Kpamejab. A 3a 4acoM €KCIIO3UIlii Ta JOBMKHHOIO
«XBOCTa» y KOMKHINl KpaIlli 3HAXOAATH A0COJIOTHY HMIBUAKICTH KpAall-
Ji.

IIpore 1eit MmeTOm, X0U i HAOUHUII, ajie Uepe3 HepisKicTs GinbIirocTu
Kparmeab Ha ¢ororpadii fioro pesyabTaTu AajieKi Bil TOCKOHAJOCTH.
HepiskicTs 3ymoBieHO (hisuuHOIO TPUPomoi0 GoTo00’€KTHUBIiB — He-
BEJIMKOIO TJIMOMHOI0 Pi3KOCTH KOPOTKOGOKycHUX (OTO00’€KTUBIB i
CYMapHOI0 PO3IiJbUOI0 3HATHICTIO (POT006’eKTUBY Ta (hOTO300paKeH-
HA.

Bigomo kinbka iHmMMX MeToxiB peectpalii kpamesab. Havmpocti-
U — MeTOJ KOJBOPOBUX Kpameab Ha GiJbTpyBasbHOMY mamepi [2,
3]. Biu mosArae y mMipAHHI AiAMeTpiB KOJbOPOBUX ILJISIM, YTBOPEHUX
mig yac mamiHHA Kpalejb Ha BUCyHIIeHU#N (iabTpyBaJbHUII maiip,
ToIIepPeIHbO IPOCOUEHU OyIb-IKUM iHAUKATOPOM, II[0 Ja€ KOJHLOPOBE
3abapBieHHA maaMu. el MeTox € IPUAATHUM [Jisd MipAHHA Kpameib
nismerpom 6ausbko 0,5 mm. pi6Hinm xpammi gaioTh qyske HeposoOip-
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Puc. 2. Paxesn Bif posmmieHHS TeXHIUYHOI BOAM B ITHEBMOILIiBKOBHUI PO3MUIIO-
2
Bad.

Puc. 3. Pakesn Big posnuaeHHS TeXHIUHOI BOAM B BiAIIeHTPOBOMY PO3IIUIIO-
;3
Baui.

JIUBi POBIJIMBUYACTI IJIAMU, AKi IPAaKTUUYHO HEMOJKJIMBO BiporigHo 3a-
peectpyBaTtu. Benmki Kpamii 3a BeJIMKOi IIBUAKOCTU, AK IMMOKa3asu
HAIli JOCJIiaKeHHs, po30uUBalOTHCS B MOMEHT IMAmiHHA Ha ApibHi; To-
MYy pes3yJIbTaTh MipAHb TAKOK CIIOTBOPIOIOTHCS.

Cepen iHTerpaJbHMX METOMAIB IIUPOKOIO MOMYJAPHICTIO KOPHUCTY-
IOThCA €JeKTPOKOHTAaKTHI Metonu [4, 5]. BoHu mpaiffoioTh 3a HIPUH-
IIUIIOM 3aMUKAHHA eJeKTPOIPOBiMHOI Kpaljeld PiIKMX TOHKUX Me-
TaJeBuX rojok. Ha Bimmami MisK romkaMm 3a KiJbKiCTIO 3aMUKaHbL
TOJIOK KpaIlJIAMHU BOAU 3a IEBHUX IPUNYIIEeHb [6] omep:KylOTh iHTer-
panbHy KpuBY posmnominy. Came MpUIIYINIeHHA IPO iHTEI'DAJIbHUMN BUL
dyHKIIiI posnomisy Kparejb, a He a0COJNIOTHUM BUMIDP BiHOCHOTO PO-
3Mipy KpalleJb iCTOTHO 3HEIIiHIOE eJeKTPOKOHTAKTHI MeTooum MipAaHb
missmerpiB Kpameab. ToMy eJIeKTPOKOHTAKTHI MeTOAW OCOOJMBO BaiK-
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JUBi JIUIle JJIsT BUABJIEHHS Ta MIpAHHA Kpalejab MaKCUMaJbHUX PO-
3MipiB.

OnTtuuHi MeToaW MipAHHS PO3MipiB Kpamenb [7—9] s3acHoBaHO Ha
MipsHHI CBITJIOBOTO IOTOKY, IO PO3CiAHMII abo IIPOMIIIOB Uepes Iap
IeBHOI TOBIIMHU (aKejla Kpamejab posmopolieHol pigmuum. OnTuuni
METOIU IalOTh IIEePEeBaKHO BifHOCHE 3HAUEHHS CePemHiX Po3MipiB ua-
CTUHOK y (paKeii, ToOTO 3a JOIIOMOIOIO IILOTO METOAA MOYKHA IIOPiB-
HIOBATH BiJHOCHI pPO3MipM dYacTHHOK y IIboMy (Qakemi 3 daxeaom,
OPUUHATAM 3a 3pa30K. B ONTMYHMX MeToJaX BU3HAUYEHHA XapaKTe-
PUCTUK TaK B3BaHOI KpPUBOI poO3CiAHHA — Halypasjiusiilie wicie,
OCKiJIBbKHK il mepebir sajieXKUTh BiJ PO3MipiB Kpamenasb. 3a3HAUMMO,
110, HAIPUKJAaJ, B alapaTi HOBepXHEBUX CHUJ OIITHYHI iHTepdhepeH-
mifiHi MeTOAMKMN AAlTh 3MOTY MIipATH BiAjgakb MiK MOJEKYJIAPHO-
TJIaIKUMU moBepxXHAMHU 3 TouHicTio mo 0,1 am [10-13].

Crenianbui ¢goTorpadiuni MeTOmM MOCHIAKEHHS Mal0Th HaNOLILII
TOUHY KapTUHY POSIOAiJIy YaCTHHOK 3a poaMipamMu y (akeyi posmo-
pomenoi piguam [14-17].

Haii6inem mOpoAYKTUBHUM Y HOCHIMKEHHAX IUCIIEPCHOIO CKJIALY
IPi6HMX Kpaleab € MeTOH YJIOBJIOBAaHHSA Kpalesb B iMepciiiHy pimgmmy.
Hamu npoBeneHO BUBUEHHS JOCBily MOCIHiTHUWKIB, AKi paHimie sacToco-
ByBaJIu Taxuii Meron. PosrisaHemo ioro meAki TexmHiumi # iHImi ocob-
JIUBOCTI.

Ha pucyury 4 moxasamo IjIacKoIapaJieJbHy KIOBETY, IO BUKOPUC-
TOBYEThCA JJisl YJIOBJIOBaHHA Kpalejb B iMepciiiny pizuny. Ilpuctpiit
KIOBeTHU: Ha 3BiJIbHEHY BiJ KeJaTWHH (OTOILIACTUHKY HAKJEIOETHCS
IJIaCTHHKA i3 IIJTaCTUKY 3 OTBOpPOM niamMerpoM Osus3bko 40 M.
CrJasgHA IJIACTUHKA HOKPUBAETLCA TBEPAUM IIPO3OPUM IIIapoOM Pedo-
BUHU, IO HE 3MOUYYETHCA KPAILIAMM AOCTiM:KYyBaHOI pimuHM. Y III0
KIOBeTY HaJUBaeThCA iMepciiina piguua. Bumoru no imepciitinoi pinu-
HU, 1110 BUKOPUCTOBYETHLCSA IJIs YJIOBJIIOBAHHS Kpallelb: BoHa Mae Oy-
TH He3MIiITyBAaHOIO Ta Xe€MiUHO iHEPTHOIO 3a BiJHONIEHHAM IIIOAO Pi-
IVUHU, SKY POIMOPOIINYIOTh, MaTH 38 MOMKJWUBICTIO OiJBIII BUCOKY

Puc. 4. KroBera ans yiaoBIOBaHHA cJIa0KO iHTEHCMBHUX IIOTOKiB Kpalejib B
imepcifiny piguay.*
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B’sBKicTh (3a HU3BKOI B’ABKOCTU PiIMHMN KIOBETY He MOKHA HAXUJIA-
™1 abo mepeHOCUTH IIig uac Bimbopy mpob). Imepciiina pigzuna mae
MaTH HU3BKMHM NTOBEPXHEBUM HATAr, 00 HaWOiabmr api6HI Kparii
MOTJIM TPOHUKHYTH Yepe3 IIOBEPXHEBUU IIap imepciiiHol pigmHu, a
rycTuHa imMepcifimoi pigsmHm Mae OyTuM TpPUOJIM3HO PiBHOIO TyCTUHI
Kpameab mociaimkyBaHoi pigmau. Kpim Toro, imepciiima pimmma mae
OyTH OITHUYHO OJHOPiAHOIO Ta IIPO30OPOIO.

Buxogauu 3 HaBegeHUX BHUIIle BUMOT, IIiA0ip PeYOBMHU AJIA iMep-
citimoi pimmHM 3mifiCHIOETHCA eKclepuMeHTadbHO. Tarkuit mimdip pi-
IWHU Ta TOBIIWHU ii IIapy B KIOBETi € 0co0JMBO HeoOXimmmMm y pasi
MaJIOTrO IIOBEPXHEBOT'O HATATY Ta B’SA3KOCTH MOCTiMIKyBaHMX PigwH, i
0CO0JIMBO, KOJM Kpallai JieTaTh 3i mBuakictio y 20 m/c i Bumme. ¥
pasi MaJleHbKMX B’A3KOCTM Ta TOBIWHU Iapy iMepcifiHol pigmHM
KpaIii, 1110 IPpOHUKAIOTh B iMepciliHy pifuHy, MOKYTb IOBTOPHO PO-
30MBaTHCA Ha CKJIAHY MiAKJIaIUHKY 34 MOPiBHAHO HEBEJUKOI TOBIIIH-
HU MIapy piguHM. A 3a BeJUKOI B’A3KOCTU iMepciiiHOl pimmHM IIBUI-
Ki Kpamiri MOMKyTh po36MBaTHCS, HABITH yAapsaouunch 00 IIOBEPXHIO
camoi imepciiinoil piguau. I B nepiromy Ta B ApyroMy BUOagKaX 3ape-
€CTPOBaHi posMipu Ta KiJBKOCTi Kpamejb i IXHiI posaMmipu Bigpi3HATH-
MYTbCS BiJl JifiCHMX 3HAUEHb.

IIpo HasBHicThL IpolleciB ApoO0JeHHA KpalleJbh Ha IIOBEepXHi IIapy,
III0 BJIOBJIIOE, a00 3a ymapy o0 CKJIO MOMKHA CYJUTH 3a YTBOPEHHAM
0ind «BeJIMKUX Kpamejab» [OedAK0ol KiJbKoCTH JpiOHMX Kpaleb-
CYyIyTHUKiB, IOBepXHeBa KOHIIEHTpAIlid AKUX PidKO BiAgpisHAeThCA
BiJl KOHIIeHTpAIlil po3TamnioBaHMX Kpallejb B Ifijjomy 1o KioBeTi. Ilo-
BTOpPHE ApOO0JIeHHA A00pe BimpisHAEThCA IIiJi BUMipIOBAJIbHUM MiKpOC-
KomoM. SIKIT0 KiJIbKicTh Kpamesab 3 BigJaJeHHAM BiJl BeJIMKOI Kparnri
Ha Biggann Oinbie 2d, pisKo 3MEHIIIYETHCA, TO MAa€ Miclie IIOBTOPHE

Puc. 5. IIpukiang yIoBIIOBAaHHA Kpaleib y KIOBETY 3 iMepciiiHoIo pizmHOIO0.?
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IpOoOJIeHHsA BeJIWKUX Kpameab Ha api6Hi. IIpurjaan yJIoBIOBAHHS
Kpameab B iMepciiiHy pifuHy HaBeIeHO Ha pHC. .

4. BAMOTH 10 KOHCTPYKIIII ITIPOBOBIIBIPHUKA

IIpo6oBimbipHMK Mae OYTH HOCTATHHO KOMIAKTHUM, YMOMKJINBJIIOBATHU
BapiroBaTH yac eKCHO3UIlii, BUKJIUATH JONYCK KpalleJb M0 iMepciii-
HOT'O cepemoBHUINA OO0 Ta IicJA Bimbopy mpobu, 3amobiraTui BTOPUHHO-
My IpoOJIeHHIO Kpamejb i MOTPaIlIAHHIO CTOPOHHIX OPM30K, a TaKOXK
MiHiMaJBHO BILJIMBATHA Ha JOCJiAMKyBaHI IMOTOKU Kpamejgb i rasoBoil
dasu. [aa He Ay:Ke IMIJIBHUX IIOTOKIiB Kpamejb i MOPiBHAHO HEBeJU-
KUX INBUAKOCTeIl rasy IIPOOOBiAOIpHUK € NiIMHHUM 3aKpUBOM, B
KU BCTAHOBJIIOETHLCSI KioBeTa 3 imepciiiHoroo pimmuoro. OcHoBa 3a-
KpUBYy — IIiJIHA, IO PYXA€ThCA, 3 000X OOKiB SAKOI 3HAXOAUTHCS
eKpaH, IM0 He MpomycKae Kparai. HaTaykHa mpy:KMHA YMOMKJINBJIIOE
MIHATH YaCc eKCIO3UIlil KIOBeTH MiJ IIOTOKOM Kpamejab. Kpammi, 1o
ocisiu B imepciitiniti piagmui, HeraitHo ¢ororpadyroTbca MiKpodoToyc-
TaHoOBKOIO (puc. 6).

MikpodoToycTaHOBKA BKJIOUAE€ iHCTPYMEHTAJbLHUU AOCIigHUI BU-
MipIOBaJIbHUII MiKPOCKOII, IIT0 3abesleuye MOMKJINBICTL (hiKcyBaHHS
Ta TOYHOTO IIepPeMillleHHA KIOBETHU, Ta BUMIPIOBAJBbHUN MiKPOCKOI
tunty MUP-2 a6o anajoriunmii, 1o 3abesmneuye dororpadyBaHHA O3e-
pKaIbHUM (poTOamapaTOM MiKPOMETPHUYHOI IMTKAJIU 3 I[IHOI IOAiIY Yy

Puc. 6. MikpodoTroycTaHOBKa AJA OIepP:KaHHSA (POTO300parkeHb Kpameilb i
MipAHHA IXHiX po3MmipiB B imepciliHiit piguHi.
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0,05 MM Ha TJai BUMipIOBaHMX Kpameilb. SIK OCBiT/IIOBAJIbHUU NIpPU-
CTPili BUKOPMCTOBYBaBCA €JeKTPOHHUM OCBITJIIOBAY i3 peryab0BaHOIO
eHepriero cmnamaxy. @Pororpad)yBaHHSA IIPOBOAMJIOCA 3a JIOIIOMOIOIO
mudposoi Kamepu DinoEye; 3a momomororo Hei 300pakeHHS Iiepeja-
BaJIoCcs Ha MOHITOP KOMII loTepa.

5. BUICHOBRH

1. Ina po3pobKu MaiiOyTHIX pPO3IOPOIIYBAJLHUX alapaTiB BasKJINBe
MicIie mocifae gocaimkeHHS MOBepXHi KOoHTAKTy (as. OcobamBa yBara
OPUAINIAEThCA TOCIiAKEeHHI0O YTBOPEHHA Kpaleab Ta IXHiX po3Mipis,
10 TOTiM BIJIMBAE HA Tajly3b BUKOPHUCTAHHA POSIOPOIIYBAJIHLHUX
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MeTOoJ; KOJILOPOBUX KpalleJib, iHTeI'PaJbHUN MeTO[, OITUYHUYI MeTOoJ.
3. Haiibinbil TPOAYKTUBHUIN y MOCHiIKEHHAX IHCIEPCHOTO CKJIAILY
IpiOHMX Kpamejb — METO] YJIOBJIOBAHHA Kpallejib B iMepciiiny pigu-
HY.
4. dDororpadii, omep:;KaHi mTaHUM METOIOM, OAIOTh YABJIEHHS IIPO
AKiCTh pesyJbTaTiB, OJEP:KyBaHUX IIiJl yac peecTpallii Kpareb.
Agropu BucaoBmioTh, nmogaky MOH VYkpainu 3a ¢imancoBy miar-
puMKy pobotu (mpoekT «MexaHisaMu (opMyBaHHS Ta MOJIETIOBaHHS
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MeXaHiYHUMU Xapakrepuctukamu», Ne 0122U000776).
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. 1. Experimental stand of air-film sprayer.

. 2. Torch from spraying technical water in air-film sprayer.

. 3. Torch from spraying technical water in a centrifugal sprayer.

. 4. Ditch to capture low-intensity flows of droplets in the immersion fluid.

. 5. Example of trapping drops in a cuvette with immersion fluid.

. 6. Microphoto installation for obtaining photo images of drops and measuring their size

in immersion liquid.
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Surface Morphology of Thin ZnGa,0, Films Obtained
by Different Methods
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Thin films of ZnGa,O, are obtained by the method of discrete thermal
evaporation and radio-frequency (RF) ion—plasma sputtering. Studies of
the surface morphology of the obtained films by atomic force microscopy
(AFM) show that the transition from discrete thermal evaporation to RF
sputtering leads to increases in the average grain diameters by a factor of
two and in grain heights by more than a factor of three. As established,
the distribution of grains in terms of their diameters is multimodal and
has several centres, which in both methods of preparation correlate as
small integers. This indicates the growth of small grains among them-
selves with the formation of large grains.

MeTomoM AUCKPETHOTO TEPMiYHOTO BUIIAPOBYBAHHA Ta BUCOKOYACTOTHOTO
(BY) iioHHO-TIJIa3MOBOTO POIIMOPOIIIEHHS OAep:KaHo TOHKI miaiBku ZnGa,0,.
Hocaigsxenaa mopdosiorii moBepxHi oflep:KaHUX IIJIiBOK METOJOM aTOMHO-
cunoBoi Mikpockomii (ACM) mokasanu, IO 3 TEPEXOAOM BiJi AUCKPETHOTO
TepMiuHOTO BUIIAapoByBaHHA N0 BYU-posmopolneHHs BifOyBaeThCsA 3POCTAHHS
PoO3MipiB cepemHiX AisTMeTpPiB 3epeH y ABa pasu Ta BUCOT 3epPeH y IIOHAI TPHU
pasu. BcraHOBJIEHO, IO PO3IOMiJ 3epeH 3a BEJIUYMHOIO IXHIX AiAMeTpiB €
GaraToMOZaJIbHUM i Ma€ AeKiJbKa IeHTPiB, AKi B 000X MeTomax oJep:KamHsd
cIiBBifgHOCATHCA AK MaJi migi umcaa. Ile cBigumTh, mpo 3poCTaHHA MaIMX
3epeH MiX c000I0 3 YTBOPEHHAM BEJIUKUX 3€PEeH.

Key words: zinc gallate, thin films, nanocrystallites.

Karouosi cmoBa: ramar IluHKy, TOHKI MJIiBKM, HAHOKPUCTAIITH.
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1. INTRODUCTION

Due to the wide range of applications in optoelectronics and device
engineering, researchers in recent years have shown interest in thin
films of metal-oxide materials. Among them, thin films based on
zinc gallate ZnGa,0O, have a significant place due to their good opti-
cal, dielectric, and operational properties [1-4]. In addition, both
pure and activated ZnGa,0, films exhibit good luminescent proper-
ties and are widely investigated for practical use in electronic—
optical devices [5—7]. The presence of nanocrystalline components
that form such films ensures high efficiency and stability of the
luminescence of these materials and expands the potential areas of
their use. Analysis of the dimensional, morphological, and structur-
al characteristics of nanoparticles indicates that they depend signif-
icantly on the method and conditions of obtaining nanostructures
[8—10]. This has led to the study of the surface morphology of thin
films of ZnGa,0, obtained by the method of thermal discrete evapo-
ration in vacuum and radio-frequency (RF) ion—plasma sputtering.
Atomic force microscopy (AFM), which was used in this study, be-
longs to the methods of high-resolution capability to determine the
size and morphology of nanoparticles.

2. EXPERIMENTAL TECHNIQUE

Thin films of ZnGa,0, with a thickness of 0.3—1.0 ym were obtained
by discrete evaporation in vacuum and RF ion—plasma sputtering on
substrates of fused quartz v-SiO,. The RF sputtering was carried
out in an argon atmosphere in a system using the magnetic field of
external solenoids for compression and additional ionization of the
plasma column. The initial raw material was a mixture of ZnO and
Ga,0; oxides with a stoichiometric composition of the OSCh brand
(especially pure). The deposition of films on substrates was carried
out at room temperature. After the films were deposited, they were
heat treated in air at a temperature of 1000-1100°C for 2-2.5
hours.

X-ray diffraction studies showed the presence of a polycrystalline
structure with a predominant orientation in the planes (022), (113),
(004), and (333). The characteristic diffraction patterns of thin
films of ZnGa,0, were previously presented in our work [11], and
typical electron diffraction patterns are presented in the work [12].
The obtained diffraction patterns did not reveal reflections that did
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not correspond to ZnGa,0,, indicating the absence of other phases.
All diffraction maxima are identified according to the selection
rules and belong to the space group Fd3m, which indicates the cubic
structure of the obtained films.

Elemental analysis of samples at various points on the surface of
films was carried out using the OXFORD INCA Energy 350 energy-
dispersive spectrometer. The calculations confirmed that the per-
centage composition of the components in the obtained films corre-
sponded to their percentage composition in the ZnGa,O, compound.

The morphology of the film surfaces was investigated using the
Solver P47 PRO atomic force microscope. The processing of experi-
mental data and the calculation of surface morphology parameters
were carried out using the Image Analysis 2 software package.

3. RESULTS AND DISCUSSION

Microphotographs of the surface of thin ZnGa,0, films obtained by
the method of discrete evaporation and RF magnetron sputtering
are presented in Fig. 1 using AFM. The topography of the samples
was quantitatively characterized by standard parameters such as the
average grain diameter and height, root-mean-square roughness,

um
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Fig. 1. Image of the surface morphology of a thin ZnGa,0, film obtained
by discrete evaporation (a, ¢) and RF ion—plasma sputtering (b, d). Images
a and b are two-dimensional, ¢ and d are three-dimensional.
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which were calculated from AFM data for regions of the same size
(50005000 nm). The characteristic parameters of the thin ZnGa,0,
films obtained by different methods are given in Table.

As can be seen from Fig. 1, ¢, d, the ZnGa,0, films obtained by
the method of discrete thermal evaporation method have a more un-
even surface with smaller nanocrystalline formations observed. Spe-
cifically, our results show that, with transition from discrete ther-
mal evaporation to RF sputtering, the sizes of nanocrystals forming
the structure of thin ZnGa,0O, films increase. Interestingly, this re-
veals a pattern in the morphology of the surface of the obtained
films. As shown in Table, the average grain diameter on the surface
of the films obtained by RF sputtering is twice as large as the aver-
age grain diameter on the surface of the films obtained by discrete
thermal evaporation. Additionally, the root-mean-square roughness,
average height, and maximum height of the grains on the surface
of the thin ZnGa,0, films obtained by RF sputtering are more than
three times greater than those obtained by discrete thermal evapo-
ration are.

To analyse the obtained results, we use the results of the classical
work by B. A. Movchan and A. V. Demchishin [13], according to
the classification of the microstructure state of thin films. A whole
series of subsequent works, including those using computer model-
ling methods, took this work as a basis and confirmed its positions
[14-18]. According to [13], for deposited metal and oxide films, in-
cluding ZnGa,0O,, there are three different temperature intervals.
These intervals are separated by temperatures T,~0.3T,, and
T,~0.5T,,, where T,, is the melting temperature of the deposited
material. In the highest temperature zone III (T > T,), large crystal-
lites are formed, and their formation is associated with volume dif-
fusion processes. A columnar structure is formed in temperature
zone II, which is associated with surface self-diffusion. Low-
temperature precipitation occurs in the low-temperature zone I
(T <T,). In this region, the film surface is formed from dome-
shaped microcrystallites that have a block structure and pores along
the boundaries. As the temperature decreases, the sizes of the crys-
tallites and block structure decrease [13]. It should be noted that

TABLE. Parameters of crystalline grains of thin ZnGa,0, films.

Parameter Discrete evaporation | RF sputtering
Average grain diameter, nm 78.0 157.0
Average grain height, nm 9.0 42.4
Root-mean-square roughness, nm 3.3 10.2

Maximum grain height, nm 30.1 94.0
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the physical mechanisms by which the microstructure of thin films
is formed in the low-temperature zone I have not yet been estab-
lished.

Differences in the structure of the obtained thin ZnGa,0, films
are due to differences in the process of condensation of materials
during RF ion—plasma sputtering and thermal vacuum discrete
evaporation. During ion sputtering, there is no critical temperature
or critical density of the particle beam, so film condensation occurs
at any practically possible beam densities and substrate tempera-
tures [19], which is due to the high energy of the sputtered parti-
cles. The average energy of sputtered particles obtained by ion sput-
tering methods is one to two orders of magnitude higher than that
of particles evaporated at ~ 2000 K. Specifically, according to [20],
these values are of 3-5 eV and 0.15 eV, respectively. Such differ-
ences lead to differences in the formation of the structure of depos-
ited films. In addition, significant influence on the formation of the
film structure is the bombardment of the substrate with secondary
electrons, negative ions, and atoms of the sprayed material, which
leads to an increase in the temperature of the film. Based on our
results of the investigation of the morphology of the surface of thin
films of ZnGa,0,, we can suggest that, as a result of radio-
frequency ion—plasma sputtering, the temperature of film for-
mation begins to exceed 0.3T,,, and as a result, a columnar struc-
ture begins to form. This can be seen from the fact that when tran-
sitioning from discrete evaporation to radio-frequency ion—plasma
sputtering, the average grain size doubles, and the height of the
grain increases by more than three times. The typical height distri-
bution of grains on the AFM images of thin ZnGa,0, films obtained
by various methods is shown in Fig. 2.

The observed increase in grain size in thin films of ZnGa,0, upon
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Fig. 2. Grain height distribution in AFM images of thin ZnGa,0, films ob-
tained by (a) discrete evaporation and (b) RF sputtering.
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transition from discrete evaporation to RF sputtering (Table) indi-
cates the possibility of surface transformation of ZnGa,0, film into
a more nanostructured state through the crystallization of the sur-
face layer during RF ion—plasma deposition.

The characteristic distributions of grain diameter sizes in thin
films of ZnGa,0, obtained by different methods are presented in
Fig. 3.

The results show that for the surface of ZnGa,0, films obtained
by different methods, a complex multimodal distribution is ob-
served. This distribution is characterized by a set of maxima, the
position of which is determined by the film preparation method. In
particular, during discrete evaporation, the most intense maximum
appears at 37 nm and then several weaker maxima are recorded at
110, 190, 265, and 370 nm. During RF ion—plasma sputtering, the
main maximum appears at 120 nm, and then, a set of maxima is
observed at 233, 354, and 480 nm.

The growth of crystalline grains and the evolution of crystal
structures were analysed in detail [21]. This work demonstrates
that polycrystalline thin films with thicknesses not exceeding 1 pm
often have 2D-like structures, for which most grain boundaries are
perpendicular to the film surface. Most of the materials analysed in
[21] have nonequilibrium grains with sizes smaller than the film
thickness, which form two-dimensional structures only after anneal-
ing. However, the formation of grains in thin films is difficult to
describe accurately based on model assumptions or analyses of ex-
periments on other structures.

In some cases, further grain growth is observed due to ‘abnormal’
or predominant growth of several grains, which usually have specif-
ic crystallographic orientation relationships with respect to the
plane of the substrate surface. When the number of growing grains
leads to a ‘matrix’ of grains with static boundaries, a bimodal dis-
tribution of grain sizes develops, which is called secondary grain
growth [22]. This situation, for example, is manifested in thin
Y,0;:Eu films obtained by RF ion—plasma sputtering, depending on
the concentration of the Eu®' activator [23]. Abnormally growing
grains often have limited or homogeneous texture. Secondary grain
growth in thin films usually involves the evolution of texture dis-
tribution as well as the evolution of grain size distribution.

The situation with the growth of grains that form thin ZnGa,0,
films looks somewhat more complicated than the examples given
above.

As can be seen from Fig. 3, grain growth during the growth of
the ZnGa,0, film leads to the existence of several peaks and, accord-
ingly, distributions. The analysis shows that for the cross section
near the surface in films obtained by discrete evaporation, five dis-
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Fig. 3. The distribution of grain diameters and the approximated diameter
distribution in AFM images of thin ZnGa,O, films obtained by discrete
evaporation (a) and RF sputtering (b) were calculated.

tributions are observed with centres at 37, 110, 190, 265, and 370
nm. For ZnGa,0, films obtained by RF sputtering, four distribu-
tions are observed with centres at 120, 233, 364, and 480 nm. In-
terestingly, the centres of the distributions in both types of films
are related as small integers. For ZnGa,0, films obtained by discrete
evaporation, this ratio can be expressed as 1:3:5:7:10, and for films
obtained by RF sputtering, it is expressed as 1:2:3:4. Such a ratio
between the centres of the distributions indicates that the growth
of grain diameters near the surface of ZnGa,0, films occurs by the
growth of small grains to form larger ones.

4. CONCLUSIONS

It has been found that polycrystalline ZnGa,O, films are formed
from nanosize grains during radio-frequency ion—plasma sputtering
and discrete thermal evaporation.

According to the AFM data, a transition from discrete thermal
evaporation to radio-frequency sputtering leads to an increase in
the average grain size diameter by a factor of two and a more than
threefold increase in grain height. This is attributed to an increase
in substrate temperature during radio-frequency sputtering and an
increased influence of surface self-diffusion, resulting in a colum-
nar structure of the thin ZnGa,0, films obtained by this method.

Based on the analysis of the grain-size distribution results, it has
been established that in the thin ZnGa,0, films formed by both dis-
crete evaporation and radio-frequency sputtering, multimodal dis-
tributions are observed, with the distribution centres corresponding
to small integers. This indicates the growth of small grains into
large ones.
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In this paper, the effect of the precipitation conditions and phase compo-
sition of the precursor on the mechanism of decomposition of intermediate
compounds and the characteristics of the final product is shown. The stoi-
chiometric barium titanate can be obtained from pure oxalate under con-
centration of 1.5 M and pH = 1. When composition is deviated from the
stoichiometry, the final temperature of organic-precursor decomposition is
increased above 720°C due to the multiphase-system formation. The crys-
tallites formed during the thermal decomposition of precursors based on a
multiphase system have smaller sizes (< 26 nm) compared to the decompo-
sition product of pure oxalate (32—34 nm) due to the hydroxide and car-
bonate formation. At a concentration of 1.5 M, the decomposition of bari-
um titanyl oxalate occurs due to the formation of intermediate oxycar-
bonates, rather than due to the oxidation of the precursor to barium car-
bonate and titanium dioxide. Applying nonisothermal mode for the calci-
nation of the stoichiometric barium titanate allows the domination of the
nucleation over the crystal growth resulting in the formation of monodis-
perse barium titanate with the crystallite and particle sizes of 22 nm and
25 nm, respectively. We suggest that the obtained results can be useful
for the facile preparation of nanocrystalline stoichiometric barium titan-
ate particles with desirable composition and size.

Y mamiit po6oTi MOKa3aHO BILJIMB YMOB OCAAKeHHSA Ta (PasoBOT'0 CKJIAAY IIpe-
Kypcopa Ha MeXaHi3M PO3KJAJaHHA IPOMIKHUX CIIOJYK i XapaKTepPUCTUKU
KinmeBoro npoayktry. Crexiomerpuunuit Turanatr Bapito MokHaA omep:kaTu 3
YKUCTOrO OKcaJiaTy 3a KoHmeHTparii y 1.5 M i pH 1. 3a Bigxunay crkaamgy Bif
crexiomerpii KiHIleBa TeMIeparypa PO3KJaJaHHA OPTaHiYHOrO IpeKypcopa
spoctae Buiie 720°C zaBaAKuM yTBOpeHHIO OaraTodasuoi cuctemu. Kpucra-
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JiTH, 0 YTBOPIOIOTHCA MiJf Yac TEePMIiUYHOTO PO3KJAZaHHSA HPEKYpCcopiB Ha
OCHOBi GaraTodasHol cucTeMu, MAlOTh MEHIIN po3Mipu (< 26 HM) HOpPiBHAHO
3 TIPOAYKTOM PO3KJIaJaHHA YUCTOTO oKcajaTry (32—34 mM) 3a paxXyHOK YTBO-
PeHHd TigpoKcuAy Ta KapboHary. 3a KoHIeHTpamnii y 1.5 M poskmaganHsa
TUTaHiJoKcasaTy Bapiio BimOyBaeThcsa 3a pPaXyHOK YTBOPEHHS NPOMIiKHUX
OKCHUKApOOHATiB, a He 3a pPaXyHOK OKHMCHEHHS IIONepeJHHKa M0 KapboHATy
Bapiro Tta miokcuay Turany. 3acTocyBaHHS Hei3oTepMiuHOTO pesKMMY BHUIMA-
JIy CTE€XiOMEeTPUUYHOr0 TUTAHATY Bapilo YMOXKJIMBIIIOE NOCATTH IOMiHYBaHHSA
3apOAKOYTBOPEHHS HAJ, POCTOM KPUCTaNy, IO JAa€ 3MOTY OJep:KaTu MOHO-
OUCIepcHUIl TuTaHaT Bapiro 3 po3MipoM KpuCTajIiTy Ta YaCTHMHOK y 22 HM
Ta 25 HM BigmoBigHOo. Mu mpumycKaeMo, IO Oflep:KaHi pe3yJabTaTH MOKYThb
OyTH KOPUCHUMMU [IJIsI IPOCTOTO OJepPrKaHHs HAHOKPHCTAJIIUYHUX CTexiomer-
PUYHUX YACTHHOK THUTaHATy Bapiio 6a:KaHOro CKJaay Ta po3Mipy.

Key words: barium titanate, stoichiometry, precipitation, nanoparticle,
thermal decomposition, crystallization.

Karouosi caoBa: Turamar 6apiio, crexiomerpis, ocag:KeHHsA, HAHOUYACTUHKA,
TEPMIUYHUHN PO3KJIAM, KPUCTAJi3aIlisd.
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1. INTRODUCTION

Barium titanate (BaTiO;) has unique ferroelectric and dielectric
properties and is widely used in capacitors [1]. The application of
nanoscale BaTiO; particles makes it possible to obtain high-density
ceramics and, therefore, improves the product properties. Moreover,
reducing the particle size of BaTiO; in the polymer composite per-
mits an increase in the permittivity value [1]. Also, to obtain a thin
ceramic BaTiO; dielectric layer, high stoichiometry (Ba/Ti ratio in
the range of 0.99-1.01), crystallinity, and dispersion characteristics
in the suspension are required [2]. Thus, the control of the stoichi-
ometry, size, and structure of the nanoparticle, which forms the
ceramic material, presents a special field for the research. Such
regulation of the particle characteristic may be realized through the
selection of the appropriate synthesis method as well as thorough
tuning of the synthesis parameters.

Among the existing methods of the preparation of BaTiO; nano-
particles as the high-temperature solid-state [3], sol-gel [4-6],
hydrothermal [7, 8] ones, the most convenient chemical method in
terms of the high-yield and low-cost production of stoichiometric
nanopowder with a narrow size distribution, minimization of
secondary phases, the ability to obtain a wide diversity of
nanopowders under standard conditions, is the oxalate method (or
Pechini method) [9-12], which include the step of deposition of the
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organic metal-based complex from colloidal solutions, and the sub-
sequent step of thermal decomposition of the obtained precursor to
the final product.

The main characteristics of the precipitated barium titanyl oxa-
late are stoichiometry (Ba/Ti= 1), which allows the minimization of
the secondary phases and obtaining the pure barium titanate. An-
other demand is the amorphous nature of the precursor, which fa-
cilitates the solid-phase diffusion in the next step of compound
thermolysis and allows the adjustment of the final particle size.
However, little attention is paid to the phase composition of the
precipitated complex, its effect on the thermal decomposition of
this compound, and the characteristics of the final product.

The literature data regarding the effect of the pH of the reaction
medium on the phase of the precipitated precursor are contradictory
(Fig. 1). Despite the possibility of the complete precipitation of
metals with the pure perovskite formation at pH above 5-7 [13],
the oxalate technique suggests precipitation of oxalate complex at
lower pH which is more attractive in terms of high yield and sim-
pler realization. According to the calculation of the equilibrium
constants and solubility products [14], the optimal pH value at a
concentration above 0.02 M for complete deposition of stable bari-
um titanyl oxalate is 4—5 due to the formation of the stable com-
plex Ba?' ions with the oxalate ions under pH above 4, while the
complex TiO(C;0,),® is formed in the pH range of 1-5 [14]. Howev-
er, the data regarding the pH region for the high precursor stoichi-
ometry is varied from pH = 2.5 [15] to pH above 3 [14]. When pH is
below 1, the mixtures of metal oxalates are deposited, as well as
TiO* ions, which compete with TiO(C,0,),> ions. The compound
TiO(OH), is continued to precipitate at pH above 3 [16], while
TiOH(C,0,) and TiOH(OH), are formed when oxalate ions are in ex-
cess. When pH increases above 5, BaTiO(C,0,), becomes unstable,
and the mixture of TiO(OH),, Ti(OH),, TiO(C,0,),(OH),, TiO,, BaCO,
as well as jelly-like BaTiO(OH),C,0,H,0, which requires a higher
decomposition temperature, are formed. At such high pH, ions Ba*'

low stoichiometry

BaTiO(OH)Q(}JonszO
i
TOCH), ———————————
BaC,O0,
TioC,0, —— —
2 3 4 5 6 7 8 9 PH

—_

Fig. 1. Illustrative scheme of the phases precipitated at various pH.
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are leached, leading to the formation of a Ti-enriched complex [14,
16]. pH diagram exhibit the predominance of the precipitation of
the TiOC,0,, TiO(C,0,),>” and TiO(OH),, when pH increase from 1 to
3—4 and above 5, respectively [17]. The BaTiO; obtained under the
modified oxalate method with pH control and O, flowing shows that
nanopowder obtained at pH 3 instead of 1 results in the precipita-
tion of a mixture of carbonates and oxalates instead of pure oxalate
complex, and allows the formation of a single phase of BaTiO; al-
ready at 650—-720°C [18]. The typical mechanism of destruction of
the precipitated BaTiO(C,0,),;nH,O is described in the line of the
papers, where the intermediates are supposed to be presented as
BaTiO(C,0,)CO;, a mixture of BaO and TiOC,0,[19], BaTiO4(CO),
[20].

Therefore, despite the existed data regarding the possible struc-
ture formation at the different pH, the determination/prediction of
the complex and its impact on the thermal decomposition behaviour
require further studies. To study the impact of the precipitation
condition on the thermal decomposition of the precursor and char-
acteristics of the obtained product, the synthesis was carried out in
the concentrations range of 0.1-1.5 M and pH of 1-6.

2. MATERIALS AND METHODS

BaTiO; nanopowder was obtained by the thermal decomposition of
the predeposited (Ba, Ti)-based oxalate complex. Titanium tetra-
chloride (TiCl,), barium chloride (BaCl,), ammonia solution (NH,OH,
25%), oxalic acid (H,C,0,), distilled water (H,0), and ethanol
(C,H,OH) were used as starting reagents. To prevent particle
growth by the mechanism of Ostwald ripening, precipitation has
proceeded under standard conditions. The process was carried out in
the concentration range of 0.1-1.5 M and the solution pH of 1-6
under constant stirring. Firstly, a solution of oxalic acid in ethanol
was prepared. An aqueous solution of TiOCl, was added dropwise to
a solution of oxalic acid in alcohol with a constant stirring at 200
rpm using a magnetic stirrer ‘RCT basic’ (IKA), resulting in the
formation of the complex TiO(C,0,),. A solution of BaCl, was added
dropwise in order to precipitate the barium titanyl oxalate complex
BaTiO(C,0,),-4H,0. To prevent the dissolution of the precipitate at
low pH and to support the complete precipitation of the complex
BaTiO(C,0,),-4H,0, pH was maintained in the range of 4-6 by a
dropwise adding of the solution of ammonia NH,OH. The final sus-
pension was stirred for 1 h at room temperature and subsequent ag-
ing for 20 min for the peptization. The obtained precipitate was de-
canted using a Buchner funnel, washed with a chlorine solution,
and finally washed with ethanol in order to dehydrate the precursor
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and to reduce the agglomeration degree. The obtained precipitate
was dried at 100°C for 12 h, cooled down in a desiccator, and
grounded out in an agate mortar until a homogeneous state.

The determination of the precursor stoichiometry was performed
by x-ray fluorescence analysis using x-ray spectrometer Rigaku
Primini. Differential thermal analysis of the oxalate precursors was
performed at a heating rate of 10°C/min in the air using the Deri-
vatograph (Q-1000). X-ray phase analysis was performed using the
diffractometer DRON-3M in CukK, radiation with a nickel filter.
The crystallite size of the precursors was evaluated by Scherrer’s
formula using data for (101) reflection. The BaTiO; particle size
was evaluated based on the data obtained from the field-emission
scanning electron microscopy (FESEM) (Zeiss ULTRA plus).

3. RESULTS AND DISCUSSION

The stoichiometric compound (Ba/Ti= 1.00) was obtained at highest
concentration (1.5 M) at lowest pH (1) (Fig. 2, Table 1). The Ba/Ti
ratio is increased when pH is increased (at C = 0.5 M) while the con-
centration is decreased (Fig. 2). Therefore, the optimal pH and C
for obtaining stoichiometric BaTiO; are of 4.3 and 1.2 M, respec-
tively.

The deviation from the stoichiometry at low concentration and
high pH can be explained by the decrease in the stabilization of Ti*"
ions by chlorine ions, while the hydrolysis of Ba and Ti ions is facil-
itated, leading to the shifting of the equilibrium to the formation of

Ba/Ti
C=05 | o8s PH=-4.5
. 1.06
= 1.04] -
1.02]
. 0.98 ——————2rre o
0.06]02040.6081.0121.41.6
0.94 C, M
0.92]
090
0.88-
0.86
. 0.84]
—0.827
6

stoichiometry line

Fig. 2. Dependence of Ba/Ti ratio on the solution pH and reagent concen-
tration. The blue and red colours depict BaTiO; content above or below
90%, respectively.
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TABLE 1. The precipitation condition and characteristics of the obtained
products.

pH ‘ C, M ‘ Ba/Ti ‘ T, °C ‘ L, nm ‘ Particle size, nm Phase

1 0.5 0.83 740 22 28 BaTiO;+ TiO,am

4 0.5 0.96 720 24 35 BaTiO; + TiO,am

1 1.5 1.00 720 34 45 BaTiO,

1 1.5 1.00 720 (n.i.) 22 25 BaTiO,

4.5 1 1.01 770 32 55 BaTiO,

5 0.25 1.03 26 — BaTiO; + BaCO4
4.5 0.5 1.04 967 26 45 BaTiO; + BaCO,
4.5 1.5 1.05 890 33 75 BaTiO,

6 0.5 1.05 — — BaTiO; + BaCO4
4.5 0.75 1.05 25 — BaTiO; + BaCO,

5 0.5 1.06 >1000 26 — BaTiO; + BaCO,
4.5 0.25 1.07 22 — BaTiO; + BaCO,

the hydroxide of Ti and Ba ions rather than oxalate complex. This
leads to the formation of the secondary phase and precursors with
composition deviated from BaTiO(C,0,),.

Therefore, at a pH of 4.5, the increase in the reagent concentra-
tion from 0.25 M to 1.5 M naturally leads to the shifting in the
chemical equilibrium towards the formation of the titanium barium
oxalate complex, which, in turn, determines the high stoichiometry
of the deposited compounds.

X-ray diffraction analysis of thermally decomposed precursors at
a heating rate of 10°C/min showed that the formation of the pure
BaTiO; phase can be achieved in the Ti/Ba ratio range of 0.96-1.01
(Fig. 3), at high concentration and low pH. The deviation from this
range leads to the formation of the BaCO; phase or amorphous TiO,.

The weight loss curves of the samples 1-1.5, 1-0.5, and 4-0.5
(Fig. 4) with 4 clear regions is consistent with the typical stages of
the barium titanyl oxalate decomposition. The TG curves at the
whole temperature range, as well as DTA curves at temperatures
above 400°C for the mentioned samples are similar indicating the
precipitation of the complex with the close structure and the simi-
lar decomposition mechanism. Other samples are decomposed at
higher temperatures (above 770°C), and the decomposition process
includes more than 4 stages, indicating the complexity of the de-
composition processes of the system due to the presence of hydro-
and carbo-groups.
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Fig. 3. X-ray diffraction pattern of BaTiO; nanopowder. The Miller’s in-
dexes correspond to the cubic BaTiO,; phase.
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Fig. 4. TG/DT/DTG curves of the samples. Dash lines present the decom-
position steps.

At a temperature range of 100-200°C, the dehydration process of
the precursor (endothermic peak at 150°C, Fig. 4) is occurred, ac-
companied by a weight loss of 8-11% (Fig. 3, Table 2). At the next
stage (temperature range of 200—400°C), depending on the precipi-
tate composition, the organic complex destruction has occurred with
the release of H,O (endothermic peak at 300—-380°C), CO, and CO,
(exothermic peaks at 330 and 350°C). The weight loss of this pro-
cess is varied in the range of 13—-21%. The weight loss of 5% is
well consistent with a value of CO, evolved during the gradual de-
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TABLE 2. Weight loss during thermogravimetric analysis.

Temperature range, °C| 5-0.5 [4.5-0.5 | 4.5-1 [4.5-1.5 [4-0.5[1-1.5[1-0.5

100-200 9 12 12 12 11 11 13
200-400 13 14 18 16 21 21 20
400-600 9 9 10 11 10 8 7
600-1000 2 3 4 4 4 6 6

2 2 1 2 — — —

Total weight loss, % 36 40 45 45 46 46 46
Water amount 1.9 2.5 2.8 2.8 25 2.5 3.2

Final decomposition

temperature, °C >1000 970 770 890 720 720 740

composition of BaTiO(C,0,), through the formation of the interme-
diate oxycarbonate [21-23]. At the followed step, the exothermic
reactions of the crystallization of Ba,Ti,0,CO; as well as CO, de-
sorption from the surface take place, followed by a weight loss of
8-11%.

The final stage is the formation of BaTiO, starting at a tempera-
ture of 600°C due to endothermic reactions of barium carbonate with
titanium dioxide as well as decomposition of Ba,Ti,0,CO; where the
weight loss is of 5—6% . Above 720-740°C, no effects or weight loss
are observed for samples 1-1.5, 1-0.5, and 4-0.5, indicating the
completeness of the crystallization BaTiO; for the given samples. At
the same time, other samples need temperatures higher than 770°C
to complete the BaTiO; crystallization. The total weight loss of each
sample in the temperature range of 100-1000°C is 36—46%.

Samples precipitated at the highest C, i.e., 1.5 M (1-1.5 and 4.5-
1.5) show a strong single exothermic peak at 350°C, referred to the
CO and CO, liberation (CO > CO,), and the oxidation of CO to CO,.
Together with a high weight-loss value, this may indicate the prior-
ity of the decomposition of barium titanyl oxalate through the for-
mation of intermediated oxycarbonates (rather than the oxidation of
the precursor to BaCO; and TiO,) [22]. The higher exothermic peak
of the hydroxo-complex (4.5-1.5, 4.5-1, 4.5-0.5, 5—-0.5) appeared
at 450°C as compared to the low threshold of the oxalate complex
(1-1.5, 1-0.5 and 4-0.5) means the extending of the gas evolution
process.

When the concentration is decreased below 1 M (sample 4.5-0.5,
4.5-1), the single peak at 350°C is split into 2 exothermic peaks at
330°C and 380°C while the endothermic peak at 300—-380°C has ap-
peared that points to the formation of a hydroxooxalate complex
with chemical formulae BaC,0,Ti(OH),(C,0,),-, ., or BaC,0,TiO,(OH),,.
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DTG analysis exhibit the release of more oxalate in a sample ob-
tained at pH 4, while more hydroxide in the mixture complexes is
obtained at pH =4.5-5.

When pH is reached value 5 (C=0.5 M), only the endothermic
peak at 300—-350°C is visible meaning the formation of the hydrox-
ide complex BaC,0,TiO,(OH),,,. Thus, samples contain different
amounts of hydroxide groups in the structure, which, in turn, de-
termines the crystallization mechanism, total weight loss, and
amount of water adsorbed at the surface (Table 3).

Thus, the TG, DTG, and DT analysis suggest various structures
of the precipitated complex (Table 4) and different schemes of the
decomposition for the samples obtained at different synthesis condi-
tions.

When OH content in the structure is increased, the crystalliza-
tion of the BaTiO; is started at a lower temperature but more ex-
tended in time as compared to the pure oxalate complex leading to
the multistep crystallization process caused by the different decom-
position temperature and activation energy of the nucleation of the
different phases. This, in turn, results in the lower temperature of
the BaTiO; crystallization from the multiphase system, and the
formation of smaller crystallite size due to the competition between
the nucleation of the different phases and crystal growth inhibition.
The crystallite size of BaTiO; exhibits a direct dependence on the
Ba/Ti and the decomposition temperature (Fig. 5).

When the concentration is reduced below 1 M at pH 4.5, the
complex structure has deviated from the stoichiometry (Ba/Ti above
1) leading to the formation of BaCO; as a secondary phase. In this
case, the crystallite size is determined predominantly by the compe-
tition between the nucleation and growth in the multiphase system
rather than the decomposition temperature. Particularly, the
formed BaCO; inhibits the BaTiO; growth and the mean crystallite
size of BaTiO; is 26 nm.

Similarly, to the crystallite size, the increase in pH or C in the
deposition process leads to an increase in the BaTiO; particle size
(Fig. 6). Thus, in the pH line 1-4-4.5 at C=0.5 M, the particle size
is 28—35—-45 nm.

When C increase in the line 0.5-1-1.5 M at pH =4.5, the particle
size is of 45—55—-75 nm.

The smallest particle size (of 28 nm) and narrowest particle size
distribution (Fig. 7) are observed for the sample obtained at the
lowest pH (1) and C (0.5 M). However, if the stoichiometric BaTiO,
1-1.5 is decomposed via non-isothermal mode [24], the size of the
crystallite and particle (sample 1-1.5 n.i.) reach a similar to non-
stoichiometric compound value, particularly 22 nm and 25 nm, re-
spectively (Table 1, Fig. 6).
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Thus, the smallest crystallite and particle size of the BaTiO; is
obtained from the oxalate complex (Fig. 8) due to the facilitation of
the product crystallization with high Cl-ion concentration, addition-
al nucleation centres from the TiO, amorphous phase at the lowest
pH (1), as well as due to the minor particle collisions at lowest C
(0.5 M).

The average size of BaTiO; crystallite and particle were almost

> 90% BaTio, < 90% BaTiO,
34 4.5-1.5
33 4.5-1 -
324 ] rad
g 3l
30 145 _ BaTi>1
8 2] s BaTiO,+ BaCO,er = Ba/Ti<1
2 28 i BaTiO, + BaCO,cr
5 27 \ Ba/Ti<1  A5-0.55-0.5
= 26 \ a/Ti < : . e
b7 \BaTiO + Ti0,am
> 231 4-0.5 \ ’ S
S o4 \
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224 u
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Fig. 5. The variations of the crystallite size with the temperature.

Fig. 6. SEM images of BaTiO; obtained from the precursor deposited at
different condition. a—4-0.5; b—1-0.5; ¢—4.5-0.5; d—4.5-1; e—1-1.5;
f—4.5-1.5; g—1-1.5.
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the same at low C and pH, while, at the high values, a large differ-
ence between them is observed, meaning the formation of several
crystallites in an individual particle or the formation of an amor-
phous secondary phase at surface of BaTiO;.
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Fig. 7. Size distribution of the BaTiO; nanoparticles obtained from the
precursors deposited at different condition.
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Fig. 8. The effect of the synthesis condition on the crystallite size of the
BaTiO; (blue) and particle size (sky-blue).
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4. CONCLUSIONS

The oxalate method allows obtaining stoichiometric nanoparticles
with the desired size, which is important for controlling the proper-
ties of the final material based on such nanoparticles. It was shown
that the stoichiometric BaTiO; (Ba/Ti=1) may be obtained at C of
1.5 M and pH of 1. The formation of the multiphase system, espe-
cially, if Ba/Ti< 1, induces the formation of smaller crystallite size
as compared to the pure phase. The decomposition temperature of
the samples with Ba/Ti< 1 is of 720-740°C, while the hydroxide
and carbonate samples with Ba/Ti > 1 are decomposed at a tempera-
ture of above 770°C. At the highest C (1.5 M), the decomposition of
barium titanyl oxalate goes through the formation of intermediated
oxycarbonates rather than the oxidation of the precursor to BaCO,
and TiO,. The calcination of the stoichiometric BaTiO; via non-
isothermal mode leads to the formation of BaTiO; with crystallite
and particle sizes of 22 nm and 25 nm, respectively.
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Magnetosensitive Nanocomposite Fe;0,/Al,0;/C Synthesis
and Properties

A. P. Kusyak, N. V. Kusyak, O. I. Oranska, T. V. Kulyk,
L. S. Dzubenko, B. B. Palianytsia, O. A. Dudarko,
N. M. Korniichuk, A. L. Petranovska, and P. P. Gorbyk

O. O. Chuiko Institute of Surface Chemistry, N.A.S. of Ukraine,
17, General Naumov Str.,
UA-03164 Kyiv, Ukraine

The processes of carbonization of sucrose-containing coatings on the sur-
face of single-domain magnetite and magnetosensitive nanocomposite
(MNC) Fe;0,/Al,0; are studied. The MNC with a carbon surface is synthe-
sized by the method of low-temperature pyrolysis of carbohydrates. As
revealed, the used heat-treatment mode does not lead to deterioration of
the magnetic characteristics of magnetite under the condition of prelimi-
nary creation of a protective layer of alumina on its surface. Differential
thermal analysis (DTA) in combination with differential thermogravimet-
ric analysis (DTGA) and programmed temperature-desorption mass spec-
trometry show that the carbonization of sucrose under these conditions is
complete. The shape and dimensions of the Fe;O,, Fe;0,/Al,0; and
Fe;0,/Al,0;/C MNCs are investigated by the TEM method. As established,
the values of the specific saturation magnetization of MNCs are consistent
with the corresponding changes in the mass fraction of magnetite in the
Fe;0,/Al,0; and Fe;0,/Al,05/C structures. The results of TEM studies and
magnetic measurements indicate the formation of the Fe;0,/Al,0; and
Fe;0,/Al1,0;,/C MNCs by the core—shell type. Methylene blue is used to
study the adsorption activity of the Fe;0,/Al,0,/C MNC surface. The re-
sults of the work can be used in the development of new magnetically con-
trolled adsorption materials for medical-biological purposes.

Hocaigsxeno mporecu KapOoHisaIlii caxapo3oBMiCHMX MOKPUTTIB HA IOBEP-
XHI OJZHOZOMEHHOT0O MATrHETUTY Ta MAarHeTOUYyTJIUBOTO HAHOKOMIIO3UTY
(MHK) Fe;0,/Al,05. MeTomoM HU3BKOTEMIEPATYPHOI MipoJiisu BYTJIEBOAIB
cunte3oBano MHK 3 ByriierieBoro moBepxHe. BcTaHOBIE€HO, IO BUKOPHUC-
TOBYBaHUII PEKUM TePMOOOPOOJIEHHA He NPU3BOAUTEH IO HOTIPIIEHHS Mar-
HETHUX XapaKTEePUCTHUK MATHETUTY 34 YMOBU MOMEPEIHLOTO CTBOPEHHSA Ha
oro MOBEPXHi 3axXMCHOTO MmIapy okcuay AutomiHito. [[udepeHiiiina Tepmiy-
Ha anamisa (JTA) y moemHamui 3 nudepeHIiliHOIO TepMOI'DaBiMETPUYHOIO
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anamisoro (JTI'A) Ta Mac-CIeKTpPOMeTpiei0 IIporpaMoBaHOi TeMIepaTypHOI
IecopOIrii cBiuaTh mPO MOBHOTY KapOoHizalii caxapos3um 3a YMOB eKCIIepH-
meHTy. Mertomom IIEM gocaimskeno dopmy Tta posmipu MHEK Fe O,
Fe;0,/Al,05 Ta Fe;0,/Al,0;/C. BeranoBieHo, 1110 3HAUYEHHS IIHUTOMOI HaMar-
HeroBaHoctu Hacuty MHK ysromxymoThsca 3 BimoBiZHMMU 3MiHaMu Maco-
BOI YacTKM MarHeTuTy B CTpyKTypax Fe;0,/Al,0; ta Fe;0,/Al,0;/C. Pe-
gynbratu IIEM-nociimkeHb 1 MarHeTHUX MipAHBb CBiguaTh Ipo (hOpMyBaHHSA
MHEK Fe;0,/Al,05 Ta Fe;0,/Al,0;/C 3a Tunom sapo—obononka. s mocui-
IoKeHHs agcopoOritinoi aktusuHocTu moeepxui MHK Fe,0,/Al,0,/C Bukopuc-
TOBYBaJIU METUJIEHOBUU CcuHi#i. Pesysbratu po60oTHM MOXKYTH OyTU BUKOPIC-
TaHi I pPo3poOKM HOBUX MATHETOKEDPOBAaHMX Aa[CcOopOIifHMX MaTepisiiB
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1. INTRODUCTION

Analysis of the state of the economy and trends in the modern
nanoindustry leads to the conclusion that one of the most promising
branches of nanotechnology is the production of carbon nanomateri-
als for various functional purposes. Carbon is known to form an ex-
tremely rich range of structural modifications with unique physical,
chemical and biological properties. According to the existing classi-
fication, such structures include, in particular: crystalline forms—
diamond (cubic structure), graphite (hexagonal structure), carbine
(structure of linear chains of carbon atoms packed into crystals by
the van der Waals forces); fullerenes (quasi-zero-dimensional struc-
tures) and their derivatives—fullerites; carbon fibres and single-
walled and multiwalled nanotubes (quasi-one-dimensional struc-
tures); graphene (quasi-two-dimensional structures) [1, 2]. There-
fore, the growing interest of researchers in the use of various car-
bon nanostructures in the composition of nanocomposites (NCs) is
natural [3—8].

In particular, carbon nanomaterials and NCs based on them, in-
cluding magnetosensitive ones, are in growing demand in engineer-
ing, biotechnology, medicine, environmental protection, etc. [1-3,
9-13]. Thus, magnetosensitive NCs with carbon components are
used in the development of new types of carriers for targeted deliv-
ery of drugs, contrast agents for magnetic resonance imaging, med-
ical hyperthermia, magnetically controlled adsorbents for various
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functional purposes. Carbon coatings are able to perform unique
functions in the composition of NCs and protect them from the ag-
gressive action of acidic and alkaline environments [14].

Among the nanodisperse magnetically sensitive materials used to
create multifunctional MNCs, magnetite (Fe;O,) and its modified
forms occupy an important place due to their unique physicochemi-
cal and biological properties [15—20]. In particular, MNCs based on
single-domain Fe;O, with a core—shell structure and hierarchical
multilevel nanoarchitecture are capable to performing a theranostic
complex of functions characteristic of medical-biological nanorobots
[20-30]: recognition of microbiological objects in biological envi-
ronments; targeted delivery of drugs to target cells and organs and
deposition; complex local chemo-, immuno-, neutron-capture-, hy-
perthermic-, photodynamic therapy and real-time diagnostics; de-
toxification of the body by adsorption of cell decomposition resi-
dues, viral particles, heavy metal ions, etc. and their removal by
magnetic field.

The result of surface modification is a decrease of the aggrega-
tion of magnetite nanoparticles (MNPs) and an increase of the spe-
cific surface area of MNCs [31], which allows optimizing the mag-
netic and adsorption properties [32]. Such MNCs exhibiting a high
adsorption capacity can be controlled by a magnetic field, and the
stage of separation of the spent adsorbent can be performed by the
method of magnetic separation.

The aim of this work is the synthesis of promising for practical
use magnetosensitive MNCs with a structure of the core—shell type
based on single-domain magnetite and carbon, the study of their
adsorption activity and magnetic properties.

2. EXPERIMENTAL SECTION

The most common one-step method for the synthesis of carbon-
containing NCs is hydrothermal (solvothermal) [33—35]. The disad-
vantage of this method is the formation of a mixture of organic
compounds on the surface of magnetic particles [36]. The controlled
carbonization process due to changes in reaction conditions and en-
vironment occurs when mixing pre-synthesized magnetic NPs with
a carbon source (e.g., glucose, dopamine and ethylene glycol) [37,
38].

In this work, nanosize single-domain Fe;O, in the superparamag-
netic state was used as a magnetically sensitive mineral matrix for
the synthesis of core—shell type structures with a carbon surface.
Such MNPs became uniformly magnetized throughout the volume at
any values and directions of the external magnetic field H [25-27,
29].
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Obtaining MNCs with a carbon shell is possible by pyrolysis of
the carbohydrate layer deposited on its surface. Pyrolysis at tem-
peratures from 400 to 550°C was considered low-temperature, and
at temperatures from 600 to 1000°C and higher, as high-
temperature one. At higher temperature, the carbonization process
was faster. Glucose, sucrose, starch and CS polygel (carbomer 934)
were previously investigated as a carbon source [16]. It is was es-
tablished that using sucrose as a carbon source, due to it physico-
chemical and thermal properties, carbon yield and properties of the
obtained carbon coatings, was advisable. Magnetite, in the absence
of oxygen, was characterized by the preservation of ferromagnetic
properties to the Curie point (585°C) and by the preservation of the
reversibility of magnetothermal characteristics after heating to
800°C. Due to the oxidation of magnetite in the air, phase transi-
tions were recorded as the formation of maghemite (y-Fe,0;) at tem-
peratures of 250—-300°C and hematite (a-Fe,O;) at temperatures
above 350°C [39] that leaded to a significant deterioration of mag-
netic properties. To stabilize the chemical composition and magnetic
properties around the Fe;O, nucleus, oxide shells were created, for
example, SiO, [16].

Previous research has shown that the best way to achieve this
goal may be the use of magnetite with a modified alumina (Al,O,)
surface. Thus, the Fe;0,/Al,O0; MNCs were characterized by thermal
stability sufficient to preserve the magnetic properties of the NC
core by heat treatments in the range of sucrose pyrolysis tempera-
tures during the formation of carbon coatings in the Fe;0,/Al,O,/C
MNCs’ structure.

2.1. Synthesis of Nanodispersed Fe;0,

Nanodispersed magnetite was synthesized by the Elmore reaction
[20]:

Fe* + 2Fe*" + 8NH,0H — Fe,0O, + 4H,0 + SNH,".

The NPs Fe;O, ensemble was characterized by sizes of 3-23 nm,
and their average size (Dxgp) determined by Scherrer’s formula was
of 10.5 nm. The specific surface area, estimated by the formula
S,, = 6/(pDxgp), where p is the particle density, was of 110 m*g™".
The values of the coercive force H.=81.0 Oe, the saturation mag-
netization o,=55.6 emu-g”' were characteristic of Fe;O, NPs in the
absolutely single-domain state. The presence of OH groups on the
surface of magnetite (2.2 mmole/g) was determined using IR spec-
tra. The synthesis and properties of magnetite are described in more
detail in Refs. [27, 29].
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2.2. Synthesis of Fe;0,/Al1,0; MNCs

The isopropyl alcohol was added to the highly dispersed magnetite
and stirred for 15 min to form a stable suspension. Three times
more aluminium isopropylate (C;H;0);Al was calculated relative to
the number of hydroxyl groups of magnetite surface; the overage
was added to the suspension.

The weight of the modifier was calculated by the formula

m=ngAM, (1)

where M is the molecular weight of the modifier; A is the number
of hydroxyl groups on the surface of magnetite [mole]; n =3 is ex-
cess modifier; g is weight of the carrier (magnetite) [g].

The modification was performed in a boiling mixture with stir-
ring for 6 h. The obtained NCs were separated by decantation on a
permanent magnet, washed with isopropyl alcohol until a negative
reaction of the washing liquid on Al (IIT) (0.1% solution of alizarin
red) and dried in air for 24 h.

The synthesis of aluminium-containing coating on the surface of
Fe,0, was carried out by two time chemical modification with alu-
minium isopropylate. As a result of the polycondensation reaction,
the surface of magnetite acquires an amphoteric character due to
Al-(OH)- groups [41]. The polycondensation reaction can be repre-
sented by the scheme:

i — OH + (C3H;0),Al — ] — O — AIO(H) + 3C,H,OH.

2.3. Synthesis of Fe;0,/Al,0;/C MNCs

The obtained Fe;0,/Al,0; NCs was impregnated using a rotary
evaporator with sucrose solutions at the rate of 0.45 g of carbohy-
drate per 1 g of NCs. Carbonization of the carbohydrate shell of
NCs was carried out in argon at 500°C for 2 h in a furnace with
programmable heating (heating rate—10 deg-min™).

2.4. Research Methods

The crystal structure of NPs was determined by x-ray diffraction
(XRD). XRD measurements were performed using DRON-4-07 dif-
fractometer with CoK, radiation and Fe filter focusing on Bragg-
Brentano.

Structural studies of NPs and modified ones were performed by
powder x-ray diffraction method (XRD) using DRON-UM1 diffrac-
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tometer (‘Burevestnik’, Russia) with Fe-filtered CoK, radiation fo-
cusing on Bragg—Brentano in 260 range of 10—-80°.

The specific surface of the samples was determined by the meth-
od of adsorption—desorption of nitrogen using KELVIN 1042 Sorp-
tometer ‘COSTECH Instruments’ at the boiling point of liquid ni-
trogen. The sorbents were previously degassed in a helium stream
at 110°C.

S,y = AN 0, (2)

where S,, is the specific surface area of the adsorbent [m*g™']; A, is
limiting value of adsorption [mole-g']; N, is the Avogadro con-
s}\%nt, (6.022-:10%® mole™); ®,, is the area of the adsorbate molecule
[A°].

The specific surface area of the original magnetite was of 110
m?g™, the volume of micropores was of 1.16 mm?, the surface area
of micropores was of 3.30 m?g".

Determination of the possible presence of organic residues on the
surface of the NCs as a result of insufficiently deep destruction of
the organic phase of the modifier in the process of pyrolysis of
composites was studied by temperature-programmable desorption
mass spectrometry (MX-7304A, Sumy, Ukraine) with electron im-
pact ionization [41, 42]. A sample weighing 10-20 mg was placed
on the bottom of a quartz—molybdenum ampoule at a pressure of
= 5-10"° Pa. Programmable linear heating of the sample was per-
formed at a rate of 0.17°C-s™ to a temperature of = 750°C. The reg-
istration of mass spectra was carried out in the range of 1-210
amu. About 240 mass spectra were recorded during the experiment.

The method of differential thermal analysis (DTA) in combination
with differential thermogravimetric analysis (DTGA) was used to
study thermal transformations in NCs. The thermograms were rec-
orded using a Q-1500D derivatograph (MOM, Hungary) in the tem-
perature range of 20—1000°C at a heating rate of 10°C-min™".

Investigations of morphology and size distribution of NPs were
performed in water solutions. The size and shape of the NPs were
determined by electron-microscopy methods using transmission elec-
tron microscope JEOL 1200 EX (Tokyo, Japan) with a tungsten fil-
ament operating at a 120 kV acceleration voltage. The TEM samples
were diluted in deionizer water, dropping it onto a carbon coated
copper grid (EM Resolutions Ltd) and were dried at room tempera-
ture for 12 h.

The magnetization of the samples was measured using a vibrating
magnetometer at a frequency of 228 Hz at room temperature as de-
scribed in Ref. [24]. Samples for research were dry demagnetized
polydisperse materials. For comparing, Ni sample and Fe;O, (98%)
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nanoparticles (‘Nanostructured&Amorphous Materials Inc’, USA)
were used. The measurement error did not exceed 2.5%.

The adsorption capacity was estimated using methylene blue
(MB). Optical density measurements and concentration in solutions
were performed by spectrophotometric analysis using spectrometer
Lambda 35 UV/Vis (Perkin Elmer Instruments). To study the pro-
cesses of MB adsorption on the surface of MNPs, the series of sam-
ples (g=30 mg) with different concentrations in the range of
0.002-0.150 mg-mL™" were made (V=5 mL, pH = 7.0).

MB adsorption was performed for 3 h in static mode at room
temperature. The amount of adsorbed MB on the surface of nano-
composites was determined by measuring the concentration of the
solutions before and after adsorption. The concentration was deter-
mined by spectrophotometric measurements at A = 590 nm using the
calibration graph method.

The adsorption capacity A [mg-g~'] is calculated using Eq. (3):

A=(Cy=C)V/m, (3)

where A [mg-g™'] is the amount adsorbed; C, and C,, [mg-L™'] are the
initial and equilibrium concentration of the solution; V [mL] is the
volume of the solution; g [g] is the mass of absorbent used.

The removal efficiency of MB, R, was obtained with Eq. (4):

R={(C,-C,)/Cy}-100% . 4)

3. RESULTS AND DISCUSSION

The influence of sucrose content, pressure (p), temperature (¢) and
pyrolysis time (t) on the structure of magnetite and the composition
of the carbon shell during thermal transformations of magnetite
and carbohydrates on the surface was studied.

According to XRD analysis, the crystal structure of the original
Fe,O, was characterized by clear reflexes, the most intense of which
are at 20=35.5°, 41.5°, 50.1°. The data found (Fig. 1, a) are in
good agreement with the crystallographic data of the magnetite
phases (JCPDS No. 88-315).

Results of XRD studies for samples with carbon shell obtained by
pyrolysis of magnetite/sucrose NCs (magnetite:carbohydrate mass
ratio is 1.00/0.45, t=200°C, p=506.6 kPa, t=6 h, environment
argon) is shown in Fig. 1, b.

XRD study of samples of NCs obtained under these pyrolysis
conditions indicates the preservation of the magnetite phase and the
formation of the y-Fe,O; phase ((JCPDS No. 39-1346) (Fig. 1, b).

Organic residues in the composition of the carbon shell formed on
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Fig. 1. XRD patterns of MNPs: of the original magnetite (a) and magnet-
ite with a carbon surface (b).
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Fig. 2. The p—T curve for pyrolysis of a sample of Fe;O,/C obtained by
carbonization of a sample of Fe;O,/sucrose (magnetite:carbohydrate mass
ratio is 1.00/0.45, ¢ = 200°C, p = 506.6 kPa, t=6 h, environment argon).

the surface of NCs because of carbonization were investigated by
the TPD MS method. Analysis of mass spectrometric data showed
that, under these conditions (¢t = 200°C, p = 506.6 kPa, t=6 h), com-
plete destruction of the organic modifier does not occur, because
the p-T curve has wide diffuse maxima at ¢,,,=180°C and
toax = 470°C (Fig. 2). These maxima indicate desorption of volatile
products formed from dehydration products (mainly anhydrosugars)
and other products of thermal conversion of sucrose.

Analysis of mass spectra (Fig. 3, a—c) and TPD curves (Fig. 3, d)
obtained in the process of pyrolysis of the Fe;0,/C sample showed
that, in the temperature range of 150-320°C, heterocyclic com-
pounds of the furan series (furan, methyl furan, furfural, methyl
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Fig. 3. Pyrolysis of Fe;O,/C NCs (carbon source—sucrose). Mass spectra
for temperatures: 82°C (a), 240°C (b), 320°C (c); TPD curves (d) for molec-
ular ions of furan series compounds: m/z=68 (furan), m/z=82 (methyl
furan), m/z=96 (furfural), m/z=110 (methyl furfural), and aromatic
compounds: m/z=178 (benzene), m/z=91 (toluene), m/z =128 (naphtha-
lene).

furfural, etc. (Fig. 3)) are the main products formed as a result of
thermal transformations of the organic coating.
In the temperature range of = 150-320°C, in the mass spectra,
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molecular ions of compounds with m/z=68 (furan), m/z =82 (me-
thyl furan), m/z=96 (furfural), m/z=110 (methyl furfural) (Fig.
3, b), are observed as the main products of pyrolysis of poly-, oligo-
and monosaccharides [43, 44].

The peaks on the TPD curves have a complex shape (Fig. 3, d),
probably, as a result of the superposition of several peaks, the pres-
ence of which may be due to several ways of formation of molecular
ions of compounds (Fig. 4). The sucrose molecule consists of mono-
meric units of glucose and fructose. Accordingly, the activation en-
ergies of the formation of furan derivatives from the six-membered
glucopyranose cycles will be significantly different from the activa-
tion energies of the formation of such derivatives from the five-
membered fructose cycles. It is also necessary to take into account
anhydro-derivatives of fructose and glucose, the pyrolysis of which
produces furan compounds with different activation energies (Fig.
4) and, accordingly, with different temperatures of the maximum
desorption rate T,,,,.

Analysis of mass spectra at temperatures in the range of = 270—
400°C showed that the second stage of pyrolysis (Fig. 4) was due to
the destruction of the modifier with the formation of aromatic
compounds. Molecular and fragment ions of the following aromatic
compounds were observed in the mass spectra: m/z =78 (benzene),
m/z=92 (toluene), m/z=91 (tropylium ion is responsible for the
most intense peak in the toluene spectrum), m/z =128 (naphthalene)
(Fig. 3, ¢). The peaks of TPD curves at T, =330°C (m/z=91),
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Fig. 4. The main pathways and products of thermal transformations of the
modifier of carbohydrate nature (sucrose) on the surface of Fe;O, in the
process of the carbon-coating forming.
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Fig. 5. XRD patterns of Fe;0,/Al,0; MNPs’ sample: one-time modification
(1), twice- (2) and three-time (3) modifications (¢ =500°C, t=2 h, envi-
ronment argon).

345°C (m/z="T8) and 350°C (m/z=128), indicate desorption in the
molecular form of aromatic carbohydrates and condensed aromatic
carbohydrates.

Thus, XRD and TPD MS studies indicate that pyrolysis at 200°C
for 6 h in argon at a pressure of 506.6 kPa is not sufficient for
complete carbonization of the organic modifier (sucrose) on the sur-
face of magnetite. Therefore, to protect the magnetite from oxida-
tion under the influence of the elevated temperature required to ob-
tain a high-quality carbon shell, an additional modification of the
surface of the magnetite with aluminium isopropylate was per-
formed.

The amount of alumina sufficient to protect the magnetite when
heated to 500°C for 2 h in an argon atmosphere was optimized by
XRD control of phase content studies of the samples (Fig. 5).

Thus, it was shown that one-time modification does not prevent
partial oxidation and formation of the a-Fe,O; phase during heat
treatment of the samples (ICDD No. 73-603) (Fig. 5, a). The use of
twice- and three-modifications allows to obtain coatings that protect
the magnetite from oxidation due to heat treatment, as evidenced
by the presence on the diffraction patterns of reflexes related only
to the Fe;O, phase (JCPDS No. 88-315) (Fig. 5, b, c¢).

Furthermore, the diffractogram of the Fe;0,/Al,0;/C NC sample,
obtained with 2 layers of aluminium oxide and pyrolysis with su-
crose, differs from the diffractogram of Fe;0,/Al,0; MPCs, ob-
tained with only double Al,O; modification, by the lower intensity
of the diffraction Fe;O, peaks. This indicates the formation of an
amorphous carbon-containing coating on the surface of
Fe;0,/Al,0;,/C NC sample (Fig. 6).

That is, the two-layer coating of alumina is sufficient to protect
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Fig. 6. XRD patterns of Fe;0,/Al,0; MNPs’ sample (1), obtained by twice
time modification, and Fe;0,/Al,0;/C NCs (2) (t = 500°C, t=2 h, environ-
ment argon).
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Fig. 7. TGA measurement for Fe;O, MNPs’ samples.

the magnetite from oxidation during the pyrolysis of
Fe;0,/Al,05/sucrose composites. All further studies were performed
on Fe;0,/Al,0; samples obtained by double modification.

The increase in the transition temperature of magnetite to hema-
tite was also confirmed by the DTA method.

This is derivatogram of the original nanodispersed magnetite pre-
sented in Fig. 7 and registered in air. When on DTA curve, there
are having place next temperature effects—one was characterized
by an endothermic effect at a temperature of 1000°C being accom-
plished by weight-loss effect (on TG one), and those are owns corre-
sponding minimum on DTG one too. This thermal effect refers to
the loss of physically bonded water.

Next, clear endothermic minimum appears at temperature of
275°C, in the range of 200-380°C (DTA curve), and there is one
corresponding minimum on the DTG one, which linked with the re-
moval of water, and, as a result, to the condensation of hydroxyl
groups on the particle surface. There are available also exothermic
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maxima: first, weak at 360°C, and second, intense at 480°C, may be
attributed to thermal phase transitions of magnetite.

There are available such of exothermic maxima—first, weak at a
temperature of 340°C, may be referred to magnetite—to—maghemite
(y-Fe,0;) phase oxidation process, which being particularly created
during heating in derivatograph oven and derivatogram registra-
tion, and second, intense at a temperature of 480°C, may be corre-
sponding to magnetite—to—hematite transition (a-Fe,0;) one, which
may be attributed to thermal phase transformations of magnetite.
Derivatograms of thermal transformations of the Fe;0,/Al,0; NCs
are shown in Fig. 8.

There are curves of the complete thermal analysis, which is re-
flecting the transformation of both composite components: for both,
magnetite (core) as well as shell, where aluminium isopropylate pol-
ycondensation process is, when, at involving of functional groups,
one goes on during heating. There are minima on DTA and DTG
curves (Fig. 8, a) at a temperature of 110°C, which are correspond-
ing to the volatile products removal such as water and isopropyl al-
cohol. Narrow low-intensity minimum at 210°C on the ascending
branch of main one and at 110°C on the DTG curve can probably be
attributed to the residual aluminium isopropylate removal. There is
a minimum on the DTG curve at a temperature of 300°C; this can
be associated with the condensation of hydroxyl groups on the mag-
netite surface, and water removal. Next, extensive minimum on
DTG may be responsible to the condensation of —AI-OH groups,
when with following formation process of —Al-O—-Al- groupings.
There are two exothermic peaks at 210 and 310°C; they can be asso-
ciated with redox processes of both components: magnetite—to—
maghemite oxidation and thermal destruction of isopropyl radicals.

Am/m, % mass. Am/m, Y mass.
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Fig. 8. TGA measurement of NCs’ samples: Fe;0,/Al,0; (a), Fe;0,/Al,04
(b), annealed at 500°C for 2 h.
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There are exothermic peaks in the temperature range 500-620°C,
and those are regarding to the magnetite—to—hematite transition
process. An exothermic peak at 660°C is observed also for the sam-
ple, which firstly dried and, then, annealed at 500°C in a stream of
argon (Fig. 8, b).

Temperature of the exothermic peak increases, when characterizing
magnetite—to—hematite oxidation process; there was also observed
such a phenomenon in Ref. [45], where magnetite was modified with
layers of silicon and titanium oxides. Such a shift may be indicating on
the formation of a protective oxide shell on magnetite NPs.

When regarding for the sample annealed at 500°C in a stream of
argon (Fig. 8, b), in the temperature range of 100-300°C, there is a
slight mass increasing, which can be caused by oxygen connection,
i.e., oxidation process. There is pyrolysis of the organic part of the
modifier exists, namely, for isopropyl radicals, which can create a
reducing atmosphere for iron oxides. When at heating in air during
thermogram registration, the oxidation process reflects on the DTA
curve in form of exothermic maximum, and as mass increase on the
TG one, as well as the corresponding maximum on the DTG one. It
is likely that a small part on the surface layer of magnetite parti-
cles being subjected to redox effects.

The completeness of the carbonization of the surface layer of the
carbohydrate was evaluated using the method of TPD MS. Signifi-
cant reduction of peak intensity on p—T curves on TPD curves (Fig.
9) and analysis of mass spectra (detected CO,, CO and H,0, no char-
acteristic of thermal destruction of carbohydrates furan derivatives
and other products) (Fig. 10) for samples subjected to pyrolysis at
500°C in an argon stream, compared with samples whose pyrolysis
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Fig. 9. The p—T curves for pyrolysis of a sample of Fe;0,/Al,0,/C (1) ob-
tained by carbonization of a sample of Fe;0,/Al,0;/sucrose (magnet-
ite:carbohydrate mass ratio is 1.00/0.45) and Fe;0,/Al,0; (2) (t=500°C,
t=2 h, environment argon).
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was carried out by lower temperature (Fig. 2), indicates the effec-
tive carbonization of the carbohydrate modifier.

According to the results of image processing of ensembles of
Fe,O, NPs, Fe;0,/Al,0; and Fe;0,/Al,0;/C NCs, obtained by the
TEM method, the similarity of shape and their average size were
established: for Fe;O,, 10.5 nm; for Fe;0,/Al,0; NCs, 14.5 nm; for
Fe;0,/Al,0,/C NCs, 15.5 nm (Fig. 11).

Using the principles of magnetic granulometry and the superpar-
amagnetic properties of Fe;O, as a probe [24—-26, 29, 32], the mag-
netic and dimensional parameters of Fe;0,/Al,0; and Fe;0,/Al,0,/C
nanostructures were studied. Using these approaches and data of
magnetic measurements on the value of o, /o=, the diameters
and thickness of the shells of the synthesized nanostructures were
calculated.

Magnetic hysteresis loops measured at room temperature (= 26°C)
for the NPs and composites are presented in Fig. 12.

I, a.u.
T
0.8
0.6
0.4 a4
0.2 h 28 J
0 LL,,,JuJ‘ \ LV
0 50 100 150 200

m/z

Fig. 10. Mass spectra of Fe;0,/Al,0;/C NCs for temperature of 235°C
(magnetite:carbohydrate mass ratio is 1.00/0.45, pyrolysis ¢t =500°C, t1=2
h, environment argon).

c

Fig. 11. TEM images: Fe;O0, (a); Fe;0,/Al,0; (b); Fe;0,/Al,0;/C (c). Scale
bar of 20 nm.
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Fig. 12. Magnetic hysteresis loops for the samples: Fe;O, (1); Fe;0,/Al,04
(2) and Fe;0,/Al,0,/C NCs (3).

TABLE 1. Magnetic characteristics of Fe;O,, Fe;0,/Al,0;, Fe;0,/Al,0,5/C
NCs.

Samples ‘G(H:S roep €Mu-g Yo, emu-g Yo, emu-g 'lo,/c,| )¢ /5" |H,, Oe
Fe;0, 55.6" 7.379 57.9 0.12 1 81
Fe;0,/Al,04 48.7" 6.319 51.0 0.12 0.88 82
Fe,0,/Al,0,/C 42.4° 5.367  44.3 0.12 0.76 94

Note: * error +2.5%; H, [Oe] is coercive force; o, [emu-g™!] is specific saturation
magnetization (its value is obtained by extrapolation of the experimental curve
o(H™) to the y-axis); O 8 K0e) [emu-g!] is specific magnetization in the field of 8
kOe; o, [emu-g™!] is residual specific magnetization; o,/c, is relative residual mag-
netization; o)°/ct%% is mass fraction of magnetite in NC.

s

In Table 1, the magnetic characteristics of Fe;0,, Fe;0,/Al,0O; and
Fe;0,/Al,0;,/C NCs are presented.

The value 6,=57.9 emu-g ' (Table 1) for Fe;0, samples is charac-
teristic of nanodispersed magnetite [26, 27], and a decrease in this
value for the Fe,0,/Al,0; (51.0 emu-g*) and Fe,0,/Al,0,/C/C (42.4
emu-g ') structures are consistent with the corresponding changes
in the mass fraction of ¢"°/c"™* magnetite in the NCs and indi-
cates the presence of a nonmagnetic shell around the magnetic core.

It is seen that the dimensions of the studied nanostructures, de-
termined by the methods of statistical processing of TEM images
(Fig. 11), are consistent with the corresponding values obtained by
magnetic measurements (Table 2).

Studies have shown that the magnetic characteristics of single-
domain magnetite are virtually unchanged, and the properties of
Fe;0,/Al,0;/C NCs correspond to the sequential formation of Al,O,4
and C shells because of modifications.
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TABLE 2. The average diameters (d,g,, d, ) and the thickness of the
shells of nanostructures #,, determined by electron microscopic (TEM)
and magnetic (M) measurements.

Samples rEar » DM s M > M
Fe;0, 10.5 10.5 0
Fe;0,/AlL0,4 14.5 10.5 2(Al1,0,)
Fe;0,/Al1,0,/C 15.5 10.5 2.5(2A1,0; + 0.5C)

TABLE 3. The value of the specific surface area and pore size of the mag-
netite-based nanostructures.

e g S . @ o
g g < S
. B = E g £F
& ER g7, ST, ® 2 <
a g3 o oo S S ¢
g o B &g Sog O’ o =t
< =] o o = E =
@D ) & & S & ° g o
- Q o 1 Q
ms = < g o ®
s £ 5 S > &
& = = a
Fe,0, 110 313.24 1.16 3.298 82.93
Fe,0,/Al,0, (annealed) 104 277.10 0.91 2.58 76.70
Fe,0,/Al,0,/C 160 248.52 19.27 54.70 60.07

Using the obtained average values of the size of the original
magnetite, Fe;0,/Al,0; and Fe;0,/Al,0;/C NCs and their shells, us-
ing the results of TEM studies and magnetic measurements, it was
calculated the density of the Al,O, shell, i.e., 3.23 g/cm?, which is
in good agreement for the y-Al,O; phase [46, 47].

The values of the specific surface area and pore size of the stud-
ied nanostructures, which were determined by the method of ther-
mal desorption of nitrogen, are shown in Table 3. For the
Fe;0,/Al,0; and Fe;0,/Al,0;/C samples, annealing of the coating
and pyrolysis of the carbohydrate were carried out under the same
conditions: T = 500°C, t =2 h, environment argon.

Table 3 shows that annealing Fe;0,/Al,O; NCs reduces, compared
to unmodified magnetite, the specific surface area to 104 m?g
with a micropore volume of 0.91 mm®g ' and a micropore area of
2.58 m?g!. This can be explained by the formation around the
magnetite core of a polymer structure of alumina, the thermal an-
nealing of which leads to better ordering of the Al,O; layer, its
compaction and release of isopropylate residues, which, in turn,
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given the coating thickness (2 nm, Table 2) and leads to a decrease
in the surface of the NCs.

The process of carbonization of the layer carbohydrate increases
the specific surface of NCs to 160 m*g' with a micropore volume
of 19.27 mm?®g ™ and a micropore surface area of 54.70 m*g™. Giv-
en the value of the average thickness of the carbon layer (0.5 nm,
Table 2) on the surface of Fe;0,/Al,0; NCs and the significant con-
tribution of carbon micropores (54.70 m?g™') in the specific surface
of Fe;0,/Al,0;/C NCs (160 m*g™), we can conclude about the heter-
ogeneous structure of the carbon coating.

Testing of the adsorption activity of Fe;0,/Al,0;/C NCs was per-
formed using methylene blue (MB). Experimental results of kinetic
studies were used to determine the limiting stage and the possible
mechanism of adsorption. Correspondence to the kinetic model was
established by the method of linearization in the coordinates of in-
tegral equations and statistical methods with the determination of
the correlation coefficient [48—50]. To model the adsorption kinet-
ics, the Weber—Morris and Boyd’s diffusion models, Lagergren
pseudo-first-order models, Ho and McKay’s pseudo-second-order
models, and Yelovich’s model were used.

Analysis of the experimental kinetic dependence (Fig. 13, a) indi-
cates a mixed-diffusion mechanism of kinetics. The model of the
pseudo-second order with a high correlation coefficient r*=0.993
(Fig. 13, b) and similar to the experimental value of A,,. (Table 4)
agrees with the parameters of adsorption of molecules and ionic
forms of MB.

Experimental results of the study of the adsorption activity of
Fe;0,/Al,0;/C NCs relative to MB in the concentration range
C,=0.028-0.148 mg-ml™ were used to construct the isotherm (Fig.
14) and analysed for compliance with the adsorption model.

The value of the correlation coefficient (7°), the close values of
the experimental and calculated values of A indicate the correctness
of the use of the Freundlich model to describe the adsorption pro-
cesses (Table 5).

The calculated isotherm parameters and kinetic characteristics of
adsorption indicate the process on non-equivalent energy centres of
the surface by the mixed-diffusion mechanism.

The results of the work may be relevant for use in the develop-
ment of new magnetically controlled adsorption materials for tech-
nical, technological, environmental and medical—-biological purposes,
medical test-systems, theranostic systems of targeted delivery, etc.

4. CONCLUSIONS

The processes of pyrolytic carbonization of sucrose-containing coat-
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Fig. 13. Experimental kinetic curve of MB adsorption on the surface of
Fe;0,/Al,0;/C NCs (a) and linearized form in the co-ordinates of the pseu-
do-second order model (b).

TABLE 4. Kinetic parameters of MB adsorption on the surface of
Fe;0,/Al1,0;/C NCs.

Kinetic model of the pseudo-second order equation t/A=1 /kAzeq +t/A,
Linear form ¢/A-t

T P
T T T Moo C) =
g E o 7 g B
o0 %n g = e o0 & RS
5 : 3 3 | K g &
3 5 3 S
O QO < < bf 3
== ~
0.034 3.1-10% 5.67 5.75 99.9 0.077 2.476 0.99

Note: A,,, is experimental adsorption capacity [mg-g7']; A,,. is calculated adsorp-
tion capacity [mg-g']; k is pseudo-second order adsorption equilibrium rate con-
stant [g-(mg-min)™']; V, is initial adsorption rate [mg-(g-min)™].

ings on the surface of single-domain magnetite and Fe;0,/Al,O; NCs
have been studied. In the mass spectra of volatile pyrolysis products
of coatings heat-treated at 500°C for 2 h in an argon stream, the
main pyrolysis products are CO,, CO and water that indicates the
efficiency of the carbonization process of the carbohydrate coating.
It is revealed that the used heat-treatment mode does not lead to
deterioration of the magnetic characteristics of magnetite under the
condition of preliminary creation on its surface of a protective layer
of alumina. As shown, the carbonization of sucrose-containing coat-
ings on the surface of Fe;0,/Al,O; NCs under these conditions is
complete, and the final product of the process is Fe;0,/Al,0;/C
NCs.

The TEM method showed that, in all studied samples of Fe;O,,
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Fig. 14. Isotherms of MB adsorption on Fe;0,/Al,0,/C NCs: obtained from
adsorption experiment (I); calculated from the parameters of the Freun-
dlich equation (2); linearized form of Freundlich isotherm (a).

TABLE 5. Parameters of MB adsorption on Fe;0,/Al,0,/C NCs calculated
using Freundlich models.

Equation A,=K,.C'"
Linearized form InA, =1nK;+ (1/n)InC,
Calculated parameters |A,,, mg~g’1|Amlc, mg-g’1| K; | 1/n | r’
C,=0.028-0.148 mg-ml™* 18.9 18.17 40.89 0.24 0.98

Fe,0,/Al,0;, Fe;0,/Al,0;/C, the shape of the NPs is similar; their
average sizes are consistent with the data of magnetic measure-
ments. The values of the specific saturation magnetization o, of
Fe;0,/Al,0; (48.7 emu-g') and Fe;0,/Al,0;/C (42.4 emu-g*) NCs are
consistent with the corresponding changes in the mass fraction
o /6™ of magnetite in these structures. Data from TEM studies
and magnetic measurements indicate the formation of the structure
of Fe;0,/Al,O; and Fe;0,/Al,0;/C NCs by the core—shell type. Test-
ing of the adsorption activity of the carbon surface of
Fe;0,/Al,0;/C NCs was performed using MB. The results of the
work may be relevant for use in the development of new magnetical-
ly controlled adsorption materials for technical, technological, envi-
ronmental and medical-biological purposes, medical test-systems,
theranostic systems of targeted delivery, etc.
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The present work aims to fabricate the polystyrene (PS)—polycarbonate
(PC)/cobalt (II) oxide nanoparticles (Co,0; NPs)—silicon carbide nanoparti-
cles (SiC NPs) nanocomposites’ films to use in different antibacterial ap-
plications. The structural properties and antibacterial activity of (PS—
PC/Co0,05,—SiC) nanocomposites are studied. The structural properties in-
clude data of field emission scanning electron microscopy (FE—SEM) and
optical microscopy (OM). The field emission scanning electron microscopy
(FE-SEM) and optical microscopy (OM) confirm that the (Co,0;/SiC) NPs
are distributed uniformly throughout the PS/PC blend. The results of an-
tibacterial testing show that the diameter of inhibition zone increases
with an increase in the (Co,0,;/SiC) NPs’ content. The diameters of inhibi-
tion zones for the gram-negative bacteria (Salmonella) are bigger than the
diameters of the inhibition zones for the gram-positive bacteria (Staphylo-
coccus aureus). The final results indicate that the (PS—PC/Co0,0,—SiC)
nanocomposites’ films have good antibacterial activity.

ITro po6GoOTy COPAMOBAHO HAa BUTOTOBJIEHHA HAHOKOMIIO3UTHUX ILIiBOK 3 IIO-
gicrupoay (IIC)-moxirkap6onary (ITK)/manouacturok okcunmy Kobaabry (II)
(Co,0; HY)—manouacTurOK Kapbiny Cuainiro (SiC HY) gia BukopucraHHa B
pisHMX aHTUOAKTEPiAJBHUX 3aCTOCYBaHHAX. BMBUEHO CTPYKTYpPHi BJIacTu-
BOCTi i1 aHTmMOaKTepianbHy akKTuBHicTh HaHokoMmmoautie (IIC-IIK/Co,0,—
SiC). JTo CTPYKTYPHMX BJIACTUBOCTEH BiAHOCATHCA OaHi MOJBOBOI eMiciiiHol
cKaHyBaJbHOI eneKTpoHHOI MiKpockomii (IIE-CEM) i ontTuuHOoi MikpocKoOIii
(OM). IlonwoBa emiciiiHa ckamyBaJabHa ejeKTpoHHA MiKpocKomia (ITE-CEM)
i onTumura mikpockonia (OM) mimgrBepmxyrors, mo HY (Co,0,/SiC) posmo-
Iineni piBHoMmipHO mo Bci#t cywmimi IIC/IIK. PesyabpratTu aHTHOAKTEPisAIbHO-
TO TeCTyBaHHS IOKAa3YIOTh, IO AiAMeTep 30HU iHTiOyBaHHA 30iJbIITyEeTHCS 3i
36inpmenaam Bmicty HY (Co,0,/SiC). ismerpu 30H iHriOyBaHHS rpaMHe-
raTuBHUX OaKTepiit (casvmonesu) OinbIlli, HiK miAMeTpH 30H iHriOyBamHA
TPaMOO3UTUBHUX OaKTepiit (3os0TmcTOr0 cTadimorkoka). OcraTouHi pes3yianb-
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TaTu MOKas3yTh, 10 miiBKu HaHokoMmmosurtis (IIC-ITK/Co,05,—SiC) maioTh
XOpOIITy aHTMOAKTEPiAIbHY aKTUBHICTE.

Key words: silicon carbide, cobalt oxide, polystyrene—polycarbonate nano-
composites, antibacterial agent.

Karouosi cixoBa: kap6in Cuiimiro, okcua KoGanbTy, HAHOKOMIIOSUTH IIOJIiC-
THPOJI—TOJiKapOoHaT, aHTUOAKTEePiAIBHMUH 3acib.

(Received 25 June, 2022)

1. INTRODUCTION

Nanotechnology is an important part of modern research, especially,
when it comes to both making nanoparticles with different shapes,
sizes, and chemical makeups and finding ways to use them to help
people. The technology can be used in many different areas, especial-
ly in the medical, chemical, and physical industries. The catalytic
activity and other properties of the nanocomposites, such as their
ability to kill bacteria, are related to the nanocomposites. Nanocom-
posites are interesting because of their unique magnetic, electrical,
optical, catalytic, and antimicrobial properties, as well as the way
they are made and used. Nanocomposites can be made in many ways,
including chemical, physical, biological, etc. Nanomaterials’ unique
and customizable features have fascinated researchers throughout
the globe, and their potential is being studied in disciplines such as
medical treatments and diagnostics, drug transport, antibacterial
nanomedicine, photocatalysis, catalysis and energy generation [1-3].
Therefore, fabrication of nanocomposites containing two or more
different nanoscale materials for many potential applications such as
electronics, photonics, catalysis and biomedicine has gained tremen-
dous interest as advanced nanomaterials due to their unique multi-
functional nanoassembled systems, which exhibit simultaneously nov-
el and enhanced properties. Researchers are now focusing on multi-
functional nanocomposite particles containing, at least, one magnetic
component, which may be used to create fascinating semi-conducting,
plasmon, and magnetooptical features, when they are combined with
magnetic nanoparticles (NPs) and metal nanomaterials [4].
Polystyrene (PS) is a transparent glass-like substance, which does
not dissolve in acids, bases, or alcohol, but dissolve in aromatic hydro-
carbons, benzene, and esters. Its melting point is of 239°C, density is
of 1.05 g/cm?, the glass transition temperature is of 100°C, and it is
randomly crystallized [5]. Polystyrene (PS) is a clear, colourless, and
bright thermoplastic polymer that is both useful and inexpensive. It is
also had a low dielectric loss, a strong heat resistance, and it has light-
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weight. Because of its unique qualities, it is frequently employed as a
transparent food packaging material, an electric cover, an insulator, a
lamp cover, a filter, and a breathable thermal comfort textile. Because
of its brittleness and weak mechanical characteristics, polystyrene has
a restricted range of uses. Because of this, a variety of enhancements
have been made to PS materials, including the incorporation of addi-
tional polymers and the development of a new manufacturing tech-
nique for PS materials that generates ones with superior mechanical
and chemical capabilities [6].

Polycarbonate (PC) is a major engineering plastic because of its ex-
ceptional chemical and physical qualities, including outstanding heat
stability and ductility, superb transparency, and high mechanical
strength. It has been widely used in electrical and electronic products
and automobiles as a result of this fact. Therefore, there is an oversup-
ply of polycarbonate wastes, which is need to be disposed due to their
widespread use. More research into ecologically acceptable and cost-
effective methods for properly discarding polycarbonate trash is,
therefore, still required [7]. Cobalt oxide (Co,0,) is one of the transi-
tion metal oxides in the form of a black powder having antibacterial
and magnetic characteristics. The magnetic nanoparticles are inde-
pendent particles with a maximum diameter of 100 nm, which exhibit
magnetic characteristics. Because of its three semi-stable phases, co-
balt is one of the most significant magnetic metals. For example, sen-
sors, magnetic materials, electrochemical systems, smart absorbers,
catalysts, and medical devices are all examples of applications for co-
balt (II) oxide nanoparticles based on their unique features. Consider-
ing the variety of applications for Co,0; NPs, optimizing their manu-
facture is essential. Controlling the effective parameters in the syn-
thesis process may enhance nanoparticle structure, size, morphology,
and surface characteristics [8].

Silicon carbide (SiC) is very resistant to wear and has good me-
chanical properties as well. SiC particles in the reinforced particu-
late can act like a cutting edge during machining and as abrasion at
the tool-workpiece interface. It also affects the mechanical proper-
ties of the composites, such as their tensile strength and hardness
[9]. Silicon carbide may present a biosafe path to protect restorative
surfaces from bacterial adhesion and degradation without compro-
mising the bulk properties of traditional dental-materials technolo-
gy [10]. In this point, antimicrobial susceptibility testing using
agar disk-diffusion, which was first devised in 1940 [11], is stand-
ard procedure in many clinical microbiology labs. Disk-diffusion as-
say, on the other hand, has many benefits over other techniques,
including simplicity, cheap cost, and the capacity to test a large va-
riety of bacteria and antimicrobial drugs, and the ease, with which
the data may be interpreted. Patients with bacterial infections bene-
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fit greatly from antibiotics depending on the causative agent anti-
biogram, as established in multiple studies [12]. They all kill bacte-
ria through different mechanisms: (i) metal ion selectivity (replac-
ing original metals, which causes cellular dysfunction); (ii) metal
reduction potential (generating or catalysing the formation of reac-
tive oxygen species (ROS), which damage cellular proteins, lipids,
and DNA); and (iii) direct nanoparticle (NP) interaction with bacte-
rial surfaces, which can block membrane transport channels and
disrupt electrochemical gradients [13]. The aim of current work is
fabrication of PS—-PC/C0,0,—SiC nanocomposites and studying their
structural and antibacterial properties to use as coating materials
for antibacterial applications.

2. MATERIALS AND METHODS

The materials used in the present work are polystyrene and polycar-
bonate as matrix, while cobalt (II) oxide nanoparticles and silicon
carbide nanoparticles are used as additives. The nanocomposites’
films are prepared by mixing of 1 gm of 50% polystyrene (PS) and
50% polycarbonate (PC) in 50 ml of chloroform and, then, doped
with various content of cobalt (II) oxide nanoparticles (Co,O; NPs)
(purity of 99.7% with diameter of 50 nm) and silicon carbide nano-
particles (SiC NPs) (purity of 99% with diameter of 80 nm) with
concentrations of 1.3%, 2.6%, 3.9% and 5.2% . The casting method
is used to fabricate the (PS—PC/Co0,0,—SiC) nanocomposites. The
structural characteristics of (PS—PC/Co0,0,—SiC) nanocomposites’
films were tested by the field emission scanning electron microscopy
(FE-SEM) and optical microscopy (OM). The (PS—PC/Co0,0;—SiC)
nanocomposites were employed as antibacterial agents. The antibac-
terial agent was determined using a disc-diffusion method. The fol-
lowing equation was used to determine the overlapping respiratory
inhibition ratios of bacteria, when the diameters of bacterial inhibi-
tion for the sample that killed the most bacteria were compared to
the sample that did not kill the bacteria [14]:

RD [0/0] — Dinhibitia‘nD_ Dnon-inhibition . 100 [(VO] s (1)

inhibition

where R;, [% ] represents the percentage increase in the diameter of
the inhibition zone of the bacterial respiratory overexpression inhi-
bition zone after the addition of the nanocomposite; D;,,iion T€PTE-
sents the diameter of the inhibition zone of the sample, where bac-
teria were killed (the maximum inhibitory concentration), and the
diameter of the inhibition zones of the sample, where no bacteria
were killed (minimum inhibitory concentration), is represented by
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D

non-inhibition*

3. RESULTS AND DISCUSSION

Figure 1 represents the geometric structures of the (PS/PC) blends
(100 atoms), while the optimized structures of the (PS—C/Co0,05—
SiC) nanocomposites (58 atoms) are shown in Fig. 2.

Fig. 2. The optimized structures of the (PS—PC/Co0,0,—SiC) nanocomposites
(58 atoms).
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Fig. 3. FE-SEM micrographs of (PS—PC/Co0,0,—SiC) nanocomposites: (a)
for pure one; (b) with 1.3 wt.% (Co,0,/SiC) NPs; (¢) with 2.6 wt.%
(Co0,0,4/SiC) NPs; (d) with 3.9 wt.% (Co0,0,/SiC) NPs; (e) with 5.2 wt.%
(Co0,0,4/SiC) NPs.

Figures 3 and 4 show the field emission scanning electron mi-
croscopy (FE-SEM) and photomicrograph images (OM) of (PS/PC)
blend with varying concentrations of (Co,0;/SiC) nanoparticles.
From these figures, clusters of nanoparticles are formed at lower
concentrations. With an increase in the nanoparticles’ content in
the matrix, a network is formed [15—20]. The surface morphology
of the (PS—PC/Co0,0;—SiC) nanocomposites has changed significantly
as a result of the nanoparticles’ addition. The images show that the
grains grow as the nanoparticles’ fraction rises. There are several
randomly distributed aggregates or particles on the upper surface
of films made of (PS—PC/Co0,0,—SiC) nanocomposites. Grain distri-
bution on the films’ surfaces is uniformly dense. In (PS/PC) compo-
site films, nanoparticles tend to form well-distributed aggregates.
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Fig. 4. Photomicrographs (x10) for (PS-PC/Co0,0;—SiC) nanocomposites: (a)
for pure one; (b) with 1.3 wt.% (Co,05/SiC) NPs; (c¢) with 2.6 wt.%
(Co,0,/SiC) NPs; (d) with 3.9 wt.% (Co,0;/SiC) NPs; (e) with 5.2 wt.%
(Co,0,/SiC) NPs.

An antibacterial activity test is a very common and important
microbiological test standard, by which we can determine the effec-
tiveness of any antimicrobial substance.

This work represents the data of testing of (PS—PC/C0,0,—SiC nano-
composites for antibacterial activity with varying concentrations of
nanoparticles (1.3, 2.6, 3.9 and 5.2 wt.% ). For gram-positive bacteria
(Staphylococcus aureus) and gram-negative bacteria (Salmonella), the
antibacterial activity was measured by measuring the dimeters of inhi-
bition around each sample using the agar diffusion method, and they
are calculated by using relation (1) as of about 51.7% and 59.3%, re-
spectively, when the Co0,0;/SiC NPs content is of 5.2 wt.%.

Figure 5 shows that the gram-negative (Salmonella) inhibited NPs’
films more effectively than the gram-positive (Staphylococcus aureus).
Inhibition zone diameter increases with increasing Co,0,/SiC NPs’
content. Nanocomposites’ ability to inhibit microorganisms is seen in
Table.
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Fig. 5. Antibacterial activity of (PS-PC/Co0,0,—SiC) nanocomposites:
(a) images for inhibition zone of gram-positive bacteria; (b) images for in-
hibition zone of gram-negative bacteria against Staphylococcus aureus and
Salmonella.

TABLE. The values of inhibition zone diameters of (PS—PC/Co0,0,—SiC)
nanocomposites.

Inhibiti .
Content of (Co,0,, SiC) NPs, nhibitions zone diameter

wt.% Gram-positive Gram-negative
(Staphylococcus aureus)| (Salmonella)
0 0 0
1.3 15 21
2.6 22 28
3.9 25 29
5.2 30 33
33 5.2 wh Y B35 26uwo

2.6 wt. %
25

%
20
10
5

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

30

25 3 wt. ¥
20

10

5 U wt. %

0

Sample 1 Sample 2 Sample 83 Sample 4 Sample 5

_j-—

Inhibition zone diametr, D, mm

Inhibition zone diametr, D, mm
o

Concentration of (Co,0,, SiC) nanoparticles Concentration of (Co,0,, 8iC) nanoparticles

Fig. 6. Inhibition zone diameter of Fig. 7. Inhibition zone diameter of
(PS—-PC/Co0,0;—SiC) nanocomposites (PS—PC/Co0,0,—SiC) nanocomposites
for gram-positive bacteria (Staphylo- for gram-negative bacteria (Salmone-
coccus aureus) with concentrations of Illa) with concentrations of 1.3 wt.%,
1.3 wt.%, 2.6 wt.%, 3.9 wt.%, 5.2 2.6 wt.%, 3.9wt.%, 5.2wt.%).
wt.%.
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As demonstrated in Figures 6 and 7, increasing the concentration
of nanoparticles resulted in an increase in inhibition. Antibacterial
effect has been connected with the suppression of reactive oxygen
species (ROS) because of their capacity to destroy bacterial cell
membranes, as well as their impact on ROS levels and which cells
and proteins may be harmed by activating death receptors [21-25].

4. CONCLUSIONS

This study includes enhancing the structural properties and anti-
bacterial activity of the (PS—PC/Co0,0;—SiC) nanocomposites’ films.
The (PS—-PC/Co0,0;—SiC) nanocomposites were analysed using field
emission scanning electron microscopy and optical microscopy. The
antibacterial activity of the nanocomposites’ films was tested by the
disc-diffusion method. It was found that the (PS—PC/Co0,0;—SiC)
nanocomposites exhibit excellent antibacterial activity against both
Staphylococcus aureus and Salmonella. The results of antibacterial
activity showed that the diameter of inhibition for gram-negative
bacteria (Salmonella) was larger than the diameter of inhibition for
gram-positive bacteria (Staphylococcus aureus). Finally, the (PS—
PC/C0,0,—SiC) nanocomposites may be useful in biotechnology and
medical engineering fields.
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Synthesis and Characterization of Two Ligand Polydentals
and Their Complexes with Cobalt(IT) and Copper(II) Derived
from Pyridine-2,6-Dicarbohydrazide and Studying
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Two tridentate-type Schiff-bases’ ligands: 2,6-bis[(salicylidene) hydra-
zinocarbonyl] pyridine (L) and 2,6-bis[(3-methoxysalicylidene) hydra-
zinocarbonyl] pyridine (L') are synthesized from the reaction of pyridine-
2,6-dicarbohydrazide with salicylaldehyde and 3-methoxy salicylaldehyde.
The co-ordination behaviour of the (L) and (L') towards Cu(II) and Co(II)
ions is investigated. The reaction of the Schiff-base ligands (L) and (L’)
with cobalt(II) and copper(Il) ions in 1:3 molar ratio affords polynuclear
metal complexes. The shifts of the some IR-bands’ spectra of synthesized
complex in the selected vibrational bands in FT-IR indicate that Schiff
bases behave as trilydentate ligands and co-ordinate to metal ions from
phenolic oxygen atoms, amide and azomethine nitrogen atoms. The struec-
ture of the metal complexes exhibits octahedral arrangements. The anti-
bacterial activity of the ligand (L) and its metal complexes against two
bacterial species is studied. The Co(II) complex indicates a good inhibition
activity. The structures of the ligands are elucidated by FT-IR, 'H-NMR,
and UV-Vis electronic spectra. The characterization and structure eluci-
dation of the complexes are achieved by FT-IR, UV—Vis electronic spectra.

OBa Iluddosux miramam tpmaydoHOro THIy: 2,6-0ic[(camimuimigzen) rigpasu-
Hokapbouin] mipugun (L) i 2,6-6ic[(3-MeToKcucaminuIigeH) rigpasuHOKap-
6ouin] mipuama (L') cuHTE3yIOTbCS B pe3yabrari peakxmii mipuamm-2,6-
IUKapOoriipasuay 3 CamillMIOBUM aJbIeriloM i 3-MeTOKCHCAJIIIUJIOBUM
anpgerigom. JocmimkeHo KooOpAMHAIINHY moBemiuky iouiB (L) i (L') momo
ttiorie Cu(Ill) ta Co(Il). Peakuia IIuddosux miranxis (L) i (L') 3 fioHamMu

461
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Kob6anpry(II) Ta Kynpymy(II) B Mmonsapuomy cmiBBigHOmIeHHI 1:3 cTBOpIOE
KOMILJIEKCH MOJiAZPOBUX MeTaJiB. 3CYBU CIEKTPiB CHHTE30BAHOTO KOMILIE-
Kcy gmeskux I1Y-miamasoHiB y BHOpaHUX KOJUBHMX cMyrax y @yp'e-
nmepeTBOpi iH(ppauepBOHOI CIEKTPOCKOIIii BKasywTh Ha Te, mio Illuddori
OCHOBU MHOBOIATHCA SAK TPUJIIJEHTATHI Jirauau Ta KOOPAMHYIOTHCA Ha HOHU
MeTaJIiB 3 aToMiB (peHoabHOro OKCUI'€HY, ATOMiB aMifHOTO I a30METHMHHOTO
Hirporeny. ¥V cTpyKTypi MeTajieBUX KOMILJIEKCIB IPOABISIOTHLCSI OKTaeqpu-
YHi posTamryBaHHs. BuBueHO aHTHOAKTePiAJbLHY aKTHBHiCTB Jiranmy (L) Ta
oro mMerajeBMX KOMILJIEKCIiB m1omo ABoxX BufAiB 6akTepiii. Kommuexc Co(II)
BKasye Ha XOPOIINY TaJdbMiBHY aKTuUBHicTb. CTPYKTypHW JiraumiB 3'sCOBY-
IOTbCA 34 eJeKTPOHHUMU ciekTpamMu Pyp'e-meperBopy iH(ppauepBoHOI cie-
KTpockomii, 'H-AMP # y Bugumiii i yabrpadioneropiit obmacTax csiTia.
XapaxkTepusaiia Ta 3 SCyBaHHA CTPYKTYPH KOMILIEKCIB JOCATalOTLCA eJeK-
TPOHHUMHU cIeKTpamMu Pyp'e-mepeTBopy iHGpauepBOHOI CIEKTPOCKOmii # y
BUAMMIH i yabTpadioneToBiit obsmacTax critiaa.

Key words: pyridine-2,6-dicarbohydrazide, Schiff bases, polynuclear com-
plexes, polydentate ligands.

Karouosi croBa: mipuamu-2,6-guByriaeBogasum, IlluddgoBi ocHoBU, mOiAn-
POBi KOMILJIEKCH, HOJiJeHTaTHI Jiraumm.

(Received 29 August, 2022)

1. INTRODUCTION

Schiff bases are a very important class of organic compounds, be-
cause of their ability to form complexes with transition metal ions
[1-3] and of their pharmacological properties. It is due to the pres-
ence the group imine (or azomethine) (-CH=N-) in its structure,
they play an important role in the field of pharmaceuticals field [4—
5]. Their complex have a vital role as antibacterial and antifungal
[6, 7] and antitumor [8]. The pharmacological use of azo compounds
originates from the discovery of the antibacterial action of prontosil
on streptococcal infection [9]. Furthermore, azo compounds were
reported to show a variety of biological activities including antibac-
terial [10], antifungal [11], pesticidal [12], antiviral [13] and anti-
inflammatory [14] activities. On other side, azo compounds are
highly important, well known, and widely used in the textile, paper,
and colouring agents for foods, cosmetics, dyes and plastics indus-
tries. They play an important role in emerging technologies applica-
tion like liquid crystals, organic photoconductors and non-linear op-
tics [15]. The goal of this research is to synthesize new Schiff bases
and mineral complexes to obtain new compounds of industrial im-
portance. In the recent years, multifunctional dihydrazones contain-
ing amide, azomethine and phenolic functions in duplicate have at-
tracted a lot of attention, mainly due to their potentiality to yield
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homo- and heteropolynuclear complexes. The polynuclear complexes
are of interest in the areas such as multimetallic, enzymes, and ho-
mogeneous and heterogeneous catalysis [16].

The ligating diversity of such ligands has prompted us to design
and synthesize (L, L') and to study its chelating behaviour towards
different transition metal ions such as cobalt(II) and copper(II).

2. EXPERIMENTAL
2.1. Apparatus and Chemicals

(pyridine-2,6-dicarbohydrazide by Sigma-Aldrich), (3-methoxy salic-
ylaldehyde by Sigma-Aldrich), (salicylaldehyde by MERCK), co-
balt(II)-chloride 6-hydrate 97% (by SCP), copper(II)-chloride 97%
(by BDH), absolute ethanol (by CHEMLAB), absolute methanol (by
CHEMLAB).

UV/Vis spectroscopy (model: HITACHI U-1900), spectrum NMR
proton device 400 MHz model Bruker by Switzerland company, op-
tical absorption spectrum infrared device model FT-IR-4100 from
the Japanese company Jasco, rotary evaporator 4.91 model from the
German company Normschiff, thin layer chromatographic of alu-
minium coated by Silica Gel 60F254 measuring 20x20 from the
German company Merck.

2.2. Experimental Procedure
2.2.1. Synthesis of the Ligand (L) and (L)

The L and L' ligands were synthesized by adding pyridine-2.6-
dicarbohydrazide (0.6 g, 3 mmol) in absolute ethanol (20 ml), a so-
lution of salicylaldehyde (0.6 ml, 6 mmol) or 3-methoxy salicylalde-
hyde (0.9 g, 6 mmol) in the same solvent (20 ml) was added, and
refluxed for 7 h. The precipitated (L) and (L') were filtered, washed
with hot water followed by hot ethanol, air dried and recrystallized
from 2-ethoxyethanol. Ligands as cream and yellow crystals was ob-
tained with a yield of (70%) and (72%), respectively.

| IS
| ~ Py a O < 0 .
OH
0 = 0] C.H OH OH N’NH b HN\N OH
N + 2 2y | [ %
R
H,N—NH HN—NH, R
L:R=H
L":R=0CH,

Scheme 1. Synthetic route for L and L'.
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2.2.2. Synthesis of Metal Complexes

Ligands L (0.040 g, 1 mmol) or L' (0.046 g, 1 mmol) were boiled
under reflux with sodium hydroxide (0.080 g, 2 mmol) in 75%
aqueous ethanol (10 ml) for 30 min. The metal (II) chloride (Co and
Cu) (3 mmol) dissolved in ethanol (10 ml) was added and the mix-
ture was refluxed further for 7—8 h. The precipitate obtained was
filtered, washed with distilled water and dried in air.

2.3.3. Evaluation the Antibacterial Activity of Complexes

Two Petri plates were prepared using (agar medium 11), the first
plate cultured with the gram-positive bacteria (Staphylococcus au-
reus) and the second plate cultured with gram-negative bacteria
(Escherichia coli). Six samples were prepared in each plate.

The first is the complex [LCo;(H,0),Cl,]:[LCos;(H,0),Cl,] with a
concentration of (50 pg/ml) using dimethyl sulfoxide (DMSO) as a
solvent. The second is the complex [LCos;(H,0),Cl,]:[LCos(H;0),Cl,]
at a concentration of (100 pg/ml) in (DMSO) as a solvent. The third
sample is the complex [LCuy;(H,0),CL,]:[LCus;(H,0),Cl,] at a concen-
tration of (50 pg/ml) in (DMSO). The forth is the complex
[LCu,(H,0),Cl,]:[ LCus(H,0),Cl,] at a concentration of (100 ng/ml) in
(DMSO). The fifth is the augmentin as a reference using a concen-
tration of (25 pg/ml) in (DMSO). The sixth is the (DMSO). The
samples were placed in a pre-prepared Petri plate, and the areas of
inhibition were compared with the reference sample.

3. RESULTS AND DISCUSSION
3.1. Characterization of Ligands and Their Complexes

The Schiff base (L) was prepared by the condensation of pyridine-
2,6-dicarbohydrazide and salicylaldehyde in their 1:2 molar ratio.
The second Schiff base (L') was prepared by the condensation of
pyridine-2,6-dicarbohydrazide with 3-methoxy salicylaldehyde in
their 1:2 molar ratio. Both ligands were obtained after reflux and
then on cooling as cream and yellow precipitates. The properties
(colours, yield and the melting points) and their complex are pre-
sented in Table 1 and 2.

3.2. Infrared Spectra

The infrared spectra indicate a stretching absorption for v(C=N),
v(N-H) and v(O—H). The IR data of the spectra of Schiff base lig-
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TABLE 1. Molecular weight and melting point of the ligands.

Compounds [Molecular weight| Colour Yield, % | M.P., °C
L 403.39 Cream 70 295-297
L' 463.45 Yellow 72 300-302

TABLE 2. Molecular weight and melting point of the different complexes.

Complexes [Molecular weight] Colour | Yield, % | M.P., °C
[LCo3(H,0),Cl,] 773.17 Brown 86 > 300
[LCu3(H,0),CL,] 787.01 Reddish brown 63 > 300
[L'Co3(H,0),Cl,] 833.22 Brown 72 > 300
[L'Cuy(H,0),CL] 847.06 Green 81 > 300

TABLE 3. Characteristic infrared absorption frequencies [cm™] of the lig-
and and complexes.

% \E \E \E \E g g
g (] o ) o o 7
o = ~ = = 3 5
= o o @) Z =~ =
g | [ I
3 S z S d T | ¥
© ¢ = = = <) <)
> >
L 3371 3274 1696 1613 — —
[LCo4(H,0),CL] — — — 1626 1524 3421
[LCu,(H,0),CLy] — — — 1617 1533 3423
L 3454 3240 1672 1609 — —
[L'Coy(H,0),Cl,]  — — — 1624 1530 3418
[L'Cuy(H,0),Cl;]  — — — 1615 1542 3434

ands (L and L’) and their complexes are presented in Table 3.

The IR spectra of the complexes were compared with those of the
free ligands in order to determine the coordination sites that may
be involved in chelation. In all the complexes, the bands due to v(O—
H) and v(N-H) were absent, indicating the complex formation
through phenolic oxygen and amide nitrogen via deprotonation [17,
18]. The absence of amide band and presence of a new strong and
broad band centred in all the complexes was assigned to the stretch-
ing frequency of newly formed C=N-N=C azine moiety indicating
the co-ordination of amide oxygen and nitrogen through enolization
and deprotonation [19]. The azomethine vibration has shifted to
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Fig. 1. IR absorption spectra of ligand (L).
100
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&
60 C=N
OE 1626 cm™'
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40 3321 cm . , 1524 ¢cmt! \
4000 3000 2000 1000 400

Wavenumber, em™

Fig. 2. IR absorption of [LCo,(H,0),CL,].

higher wave number in all the complexes indicating the co-
ordination of azomethine nitrogen to the metal.

3.3. Electronic Spectral (UV) Data

The data of the electronic spectra of the ligand and its complexes
are given in Table 4. The spectrum of Schiff base (L) presented
three bands in the UV interval at 275 nm assigned to (n — "), 297
and 335 nm assigned to (1 — ) transitions, respectively.

The electronic spectra of the [LCos(H,0),Cl,] in DMSO has three
bands at 450, 542 and 690 nm. These bands may be assigned to the
transitions *T(F) - ‘T (P)'T,(F) > *Ay(F) and *T,(F) > ‘T (P),
respectively (Fig. 7). The position of these bands suggests an octa-
hedral structure [20].
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100
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B
60
OH‘—
water
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Fig. 3. IR absorption of [LCu,(H,0),Cl,].
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B
40 C=N
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4%00 3000 2000 1000 400

Wavenumber, cm™

Fig. 4. IR absorption of L'.

The electronic spectra of the [LCuy;(H,0),Cl,] in DMSO has two
band. A band centred at 520 nm, observed as an envelope in cop-
per(Il) complex, assigned to the ?B,,— *4,, reveals the octahedral
geometry and another band at 415 nm was due to charge transfer
transition (Fig. 8). The position of this band suggests an octahedral
structure [21].

3.4. 'H-NMR Spectroscopic Measurements

'"H-NMR spectra of the Schiff base ligand L revealed its formation
by the presence of (HC=N) proton signal at (3 =8.96 ppm) and pro-
ton signal for hydroxyl at (§=11.16 ppm). The 'H-NMR spectro-
scopic measurements of L, L' Schiff bases are given in Table 5.
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Fig. 5. IR absorption of [L'Cos(H,0),CL].
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Fig. 6. IR absorption of [L'Cuy(H,0),CL].

3.5. Determination of Molar Ratio of (M:L) by Furnace

Analyse of metal ions followed dissolution of the solid complex (0.1
gr) in hot concentrated nitric acid, HNOj;, then, these sample were
sintered at 800°C for 1.5 h in a furnace (Carbolite Furnace, CWF
1200), and then, cooled at room temperature in desiccators; after
that, we notice that the formed compound is CuO (black colour)
(0.0289 gr):

Cu <« CuO
63.546 gr 79.545 gr; X =0.0231 gr.
gr 0.0289 gr

So, the complex contains (0.0231 gr) of copper metal; we suggest
structure of this complex and account the amount of copper in it
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TABLE 4. Electronic spectral data and geometries of ligand and complex-
es.

Compounds Electron;fnspectra, Assignments Geometry
I 297, 335 n>
275 n—n
450 AT, (F) —> *T, (P)
[LCo4(H,0),CL,] 542 17, (F) > *A,(F)  Octahedral
g g
690 AT, (F) = *Tyy(P)
415 2B 524
[LCuy(H,0),Cl,] 30 ((2 e T;j)) Octahedral
I 307, 330 n>
295 n—n
441 AT, (F) > *T,(P)
[L'Co4(H,0),CL,] 560 T (F) > *A,(F)  Octahedral
680 AT, (F) > *T,(P)
, 435 (B, — %4,,)
[L'Cuy(H,0),Cl,] 568 CE ; e, :) Octahedral
l2 1 ] 1 1 1 1 1
e R
i /N 1 1 1 11
-~ [N S S S SR R B
N
W 06 1 1 1 1 1 1 1 J
0 [ | ] [ [ 1 [ [
IR
0.4 T T
ol N3 || A0
R
200 4510 5(;() 550 660 650 760 750 860

Fig. 7. UV absorption spectra of [LCo4(H,0),Cl,].

with the practical value to determine the correct structure.
Copper complex with L:

molecular weight 787 gr contain 190.64 gr of copper metal
weight of disjointed sample 0.1 gr contain Y gr of copper metal
—>Y =0.0242 gr.

When we compare between X, Y, we notice that X =Y. So, the
complex has a polynuclear structure (Fig 11):
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Fig. 8. UV absorption spectra of [LCuy(H,0),CL].

TABLE 5. The 'H-NMR spectroscopic measurements of L, L' Schiff bases.

Compounds 'H-NMR (8-ppm)

11.16 (s, 2H, OH)
8.96 (s, 2H, H,, H,)
12.46 (s, 2H, H,, H,)
8.23 (t, 1H, J = 6.7, H,)
L 8.44 (d, 2H, J = 7.5, H,, H,)
7.64 (d, 2H, J = 10.0, H,, H,)
3 (¢, 2H, J = 9.4, H,, H,, Hy)
43 (¢, 2H, J = 8.8, H;, H;)
.9 (d, 2H, J = 11.3, Hy, Hy)
12.42 (s, 2H, OH)
8.87 (s, 2H, H,, H,)
10.66 (s, 2H, H,, H,)
8.31 (t, 1H, J=9.1, H,)
L 8.36 (d, 2H, J =9.9, H,, H,)
7.3 (d, 2H, J =5.9, H,, H,)
6.8 (t, 2H, J = 8.2, H,, H,)
7.14 (¢, 2H, J = 12.1, H,, H,)
3.81 (s, 2H, OCH,)

6.9
7
6

Yeild = X = 29281 _ o5 4o
Y 0.0242

Analyse of metal ions followed dissolution of the solid complex
(0.1 gr) in hot concentrated nitric acid, HNO;, then these sample
were sintered at 800°C for 1.5 h in a furnace (Carbolite Furnace,
CWF 1200) and then cooled at room temperature in desiccators; af-
ter that, we notice that the formed compound is CuO (black colour)
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(0.0273 gr).
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Fig. 10. '"H-NMR spectrum of L' (400 MHz, DMSO, &5 = 0).
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Cu « CuO
63.546 gr 79.545 gr+ X = 0.0218 gr.
gr 0.0273 gr

So, the complex contains (0.0218 gr) of copper metal; we suggest
structure of this complex and account the amount of copper in it
with the practical value to determine the correct structure.

Copper complex with L':
molecular weight 847 gr contain 190.64 gr of copper metal
weight of disjointed sample 0.1 gr contain Y gr of copper metal

Y =0.0225 gr.

When we compare between X, Y, we notice that X =Y. So, the
complex has a polynuclear structure (Fig. 12):

Yeild = g = 0.0218 =96.8%.
Y 0.0225
e H,0
HO H,0 | : H,0
2\ /O N/ O—__
/

H,0 Hz‘i‘) H,0
Hal — 8 O\M<
S e /”f{\ o
| ole ‘T
0] Hzo O
iz ™~

Fig. 12. The proposed structure for the L' complexes.
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3.6. Evaluation the Antibacterial Activity of Complexes
[LCO4(H,0),ClL;] and [LCuy(H,0),CL,]

The biological activity of complexes was studied on two strains of
bacteria: Staphylococcus aureus and Escherichia col. The incubation
was for 30 minutes at a temperature of 37°C. Meanwhile, the tab-
lets contain a food medium and sterile. The zone of inhibition is
measured with a graduated ruler. The samples (5 and 6) showed a
fort activity against the bacteria compared to the augmentin.

Figure 13 shows the areas of inhibition. The results are recorded
in Table 6.

4. CONCLUSIONS

Two ligands L and L' have been synthesized. The crystal structure
of L and L’ reveals clearly the presence of donor sites in the trident

Fig. 13. The zones of inhibition against to the growing of Staphylococcus
aureus and Escherichia coli. in different concentrations.

TABLE 6. The activity of the complexes calculated by measuring diameter
of the inhibition zone [mm].

f i s

No. Sample Concentration Mean of zone diameter n}m

St. aureus | E. coli

5 50 pg-ml! 26 0
6 [LCo3(H;0),Cl,] 100 pg-ml™ 12 0
7 50 pg-ml™ 14 12
8 [ECu(HO)CLT 00 pgeml 23 13
Con* Augmentin 25 png-ml™ 21 21

Con™ DMSO — 0 0
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compartmental mode. Both L and L' act as a nonadentale tri-
compartmental ligand by coordinating through hydrazonic carbonyl
oxygen, hydrazonic nitrogen and phenolic oxygen [in the two side
compartments (a and c¢)] and through pyridyl nitrogen and two hy-
drazonic nitrogens [in the central compartment (b)] as shown in the
scheme 1.
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