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HWH®OPMAIIUA OJI1 ABTOPOB

CoopHuK Hay4HBIX TPyAoB «Hanocucmemu, Hanomamepianu, Hanomexunonozii» (HHH) ny6aukyer emé
HeOIy0JINKOBaHHbIE U He HAXO/SAIIIEeCs HA PACCMOTPEHNH 7151 OITyOIMKOBAHNUSA B NHBIX UBJAHUAX HAYUHbIE
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W/IHBIX HAHOPA3MEPHBIX CHCTEM, HAHOCTPYKTYPHBIX ILIEHOK U IIOKPHITUH, HAHOIIOPOIIIKOB U T.J.).

Coopunxk HHH He myGiauKyeT: CTaThby IIOJIEMHYECKHE, KJIACCUPUKAI[MOHHBIE M Y3KOCIeIUaJbHbIE,
coZieprKaliye PEIIeHns CTaHAaPTHBIX 3a/1a4; CTaThU ONKUCATEIbHBIE U MeTOJuYecK e (CIIU METOJ He sIBJIfA-
eTCs IPUHIUINAIBHO HOBBIM); CTaThbU, B KOTOPHIX M3JIATAIOTCA OTHeIbHbIe 9TAIlbl MCCIELOBAHUSA WM Ma-
Tepuasl, pasfeJEHHBIN Ha HECKOJIBKO IOCIeL0BATEIbHBIX IIyOINKAINN; CTATHY O PAAOBBIX UCCJIEJOBAHUAX,
He [IPeJICTABIIAIIUX 00IIero NHTepeca 1 He COiePrKAalllNX 3HAYMMBbIX BEIBOJIOB.

CraThu MyOGINKYIOTCA Ha OTHOM U3 ABYX S3BIKOB: aHIVIMHCKOM TN YKPAUHCKOM.

CraTbu, B 0pOpPMIIEHUH KOTOPBIX He COOIIONEHBI Caeayoliue IpaBuia jiua nyoankanuu 8 HHH, Bos-
BpaljalTca aBTopaM 6es3 pacCMOTPEHU 110 cyInecTBy. ([laToil mocTyIUIeHns CUnTaeTCd JeHb IIOBTOPHOTO
Pe/ICTABIEHHA CTATHY IIOCJIe COOIIONEHIA YKa3aHHbIX HUYKEe IIPABUIL. )
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crmiBaBTOpiB», «IluToBaHA JiTeparypa»), C;KaThIM, 0e3 JIMHHBLIX BBEJEHUI, OTCTYILIEHUH, IOBTOPOB, Ny06-
JIMPOBAHUSA B TEKCTE JAHHBIX TAOJINI], PHCYHKOB, IOANNCEN K HUM. AHHOTAnusA U pasaesa «BucHoBkm»
JIOJI’KHBI He AyOIMpPOBaTh APYT Apyra. YKcI0BbIe faHHBIE CIeAYeT IPUBOAUTD B OOIIENIPUHATHIX eUHIIIAX .

3. 06'béM craTbu 1oKeH ObITH He 60s1ee 5000 cJ10B (¢ y4ETOM OCHOBHOT'O TEKCTA, TAGJINI], TOAIUCEH K
pUCYHKaM, crucka auteparypsl) u 10 pucyHkoB. Bonpocs!, cBA3aHHEbIe ¢ IyOInKaIiieil Hay4HBIX 0030pOB
(ue 6osee 22000 cooB u 60 pucyHKoB), pematorcs penkosterneiit HHH Ha ocHOBaHWU IIpeZBapUTEIbHO
peZoCTaBIeHHOM aBTOPAMHU PACIINPEHHOM aHHOTAI Y PabOTHI.

4. B pemakiuio 00sA3aTeJbHO IIPENOCTABIAETCA IO e-mail (u1u Ha KoMIaKT-gucKe) Gaily pyKOmHCH
craThy (C WIIIOCTPATUBHLIM MaTepUaioM), HAaOpaHHBIA B TEKCTOBOM pemakTope Microsoft Word 2003,
2007 mau 2010 ¢ HasBaHWEM, cOCTOAIIUM u3 (aMUINU IIEPBOrO aBTopa (JIaTumHHIEl), HampuMmep,
Smirnov.doc.

5. JJIeKTPOHHAA BePCUA PYKOIINCH JOJXKHA cofiepkaTh anHotanuio (200—-250 cioB) crarsu (BMecTe ¢
5—6 kmoueBbiMu ciaoBamu) u 5—7 unaexcoB PACS (B mocinexnneit pegakmuu ‘Physics and Astronomy
Classification Scheme 2010’—http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition;
cm. PACS numbers (imp.kiev.ua)). TekcTsl yKPaNHOASBIUHBIX CTATEH [JOJMKHBI TAKIKE COAEPIKATh 3aria-
BHe CTaThy (BMECTe CO CIIICKOM aBTOPOB U aJpecaMy COOTBETCTBYIOIIVNX YUPEKJEHUIT), PACIINPEHHYIO
anHoTarnuio (300—-350 ci0B), KJIIOUEBBIe CIOBA, 3ar0JIOBKY TAOJIUIL U MOANKCH K PUCYHKAM HA aHIVIMM-
ckoM s3bIKe. KpoMme TOro, comep:Kanus aHHOTAIUI Ha YKPANHCKOM U aHTIMHCKOM S3BIKaX JOJIKHBI ObITh
UJEHTUYHBIMIY 10 CMBICITY.

7. Pucynku (IBeTHbIe, YepHO-0esIble MJIM IOJYTOHOBBIE C TPajaliiieil ceporo) TOJKHBI OBITH IIpeJ-
CcTaBJIEHBI B BUJ€ OTAEJbHBIX (DailioB (mpexmoururenbHo B rpaduueckux dopmarax TIFF, EPS wuin
JPEG) c HasBaHUAMM, COCTOAIIMME K3 (paMUJINU IIEpBOTO aBTopa (JaTHHHUIEil) U HOMepa PUCYHKA,
"HanpuMmep, Smirnov_fig2a.tiff. KauecTBo nimrocTpauii (B TOM 4rciie IIOJTyTOHOBBIX ) JOJIKHO 06€CIIeun-
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BUIABHUYA ETUKA
TA 3ATIOBITAHHSA HECYMJITHHIN OPAKTHII ITYBJIIKATIIA
Pepakiitina Kouseris 30ipHuKa HaykoBuXx mpailb «HaHocucremu, HaHOMATEpiaaM, HAHOTEXHOJIOTIT»
JOTPUMYETHCA €TUUYHUX HOPM, NMPUAHATHUX MiKHADOJHUM HAYKOBUM CIIiIBTOBAPHUCTBOM, i POOUTH
yce mjia 3amobiraHHs OyAb-sIKMM IOPYIIEHHAM iX. ¥ CBOIM AiAJIBHOCTI peJaKIlifg CIUpAEeTbCA Ha
pekomenpanii Komitery 3 eruku HaykoBux myouikarmiit (http://publicationethics.org).

O00B’A3KU pemaKIii
. Bci nmpezncraiieHi crarTi peneH3yOTbCA €KCIIepTaMy B JaHi 061acTi.
. ITig gac posrisgy craTTi BpaxoOBYIOThCS ii BigmoBigHicTh mpeamerHiit obsacti, o6rpyHTOBA-
HiCTb, 3HAUMMICTB, OPUTiHAIBHICTE, YNTAGEJBHICTE 1 MOBa (IIpaBoIuc).
. 3a pe3yJbTaTaMU pelleH3yBaHHS CTATTS MOKe OyTHU IpUiHSTA A0 omy6aiKyBaHHsS 0e3 Jopob-
KU, IPUAHATA 3 JOPOOKOI0 abo BimxumieHa.
. BigxuieHi crarTi MOBTOPHO He PEIEeH3YIOTHCS.
. Crarti MOXKyTh OyTH BigxumieHi 6e3 pereHsii, sSIKII0O BOHM OYEBUJHUM UYMHOM HE IIiAXOAATH
A myOsTiKarrii.
. Pemakiisi yxBaioe pimreHHs 1miogo my6iikaiiii, Kepymoduch MOJITHKOI 30ipHUKA, 3 ypaxy-
BaHHAM [JiI0YOT0 3aKOHO/JaBCTBA B 00JIaCTi aBTOPCHKOrO Ipasa.
. He nmomyckaerbesa no myoOsikarii ingopmarisa, SKIO € JoCTaTHHO IiCTaB yBaKaTU, IO BOHA
€ 1IarisTom.
3a HasIBHOCTH AKUX-HEOYyAb KOHMIIKTIB iHTepeciB (hiHaHCOBUX, aKageMiuHUX, OCOOMCTUX) BCi
YYaCHUKM IIPOIleCy DPelleH3yBaHHsS IIOBUHHI croBicTuTu mpo e pexkoJsierii. Bei cmipui nuramasa
POBIJIANAIOTHCA Ha 3aciaHHi pegKosierii.
IMpuitaaTi Ko onyOJIiKyBaHHS CTATTi PO3MIIAIOTHCA Y BiIKPUTOMY AOCTYIi Ha caiTi 30ipHUKA;
aBTOPCHKI MpaBa 30epirarThcs 3a aBTOPAMU.

ETuuHi npuHOMnm B TiAJbHOCTI pelieH3eHTiB

° PelleH3eHTH OIIHIOIOTL CTATTI 3a IXHIM BMicTOoM, 0e3BiZJHOCHO IO HAI[lOHAJIBLHOCTH, CTAaTi,
CeKcyasJbHOI opieHTAIlil, PeliriiHuX ImepeKoHaHb, eTHIYHOI MPUHAJIEKHOCTA a00 MOJITUYHUX
epeKoHaHb aBTOPiB.

. CuiBpobGiTHUKY pefakiiii He IMOBUHHI IMOBIAOMIATH SAKYy-HeOyAb iH(opMalliio mpo cTarTi, II[0
HagifmIu, ocobaM, AKi He € pelleH3eHTaMU, aBTOPaMu, CIiBpOOITHUKAaMU pemakIlii Ta Buja-
BHUITBA.

. PernensyBaHHsA NMOBUHHE OyTU IIPOBEAEHO 00’€KTHBHO. IlepcoHaspHA KPUTHUKA aBTOpPa HEIPHU-
nyctuMa. PereH3eHTH 3000B’A3aHi OOI'DYHTOBYBATH CBOIO TOUKY 30pY YiTKO I 00’€KTUBHO.

. PenensyBaHHs [omoMarae BUJABIIEBi mpuilMaTu pillleHHA Ta 3a JOIOMOTOIO CIIiBPOOiTHUIITBA
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Size effects in the magnetoresistive properties of the magnetically ordered
‘symmetric’ Fe,¢Ni,,/Cu/Fe,;Ni,,/S sandwiches obtained by the layer-by-
layer metal condensation with the subsequent heat treatment in the tempera-
ture range of (3—5)-102 K are studied experimentally and theoretically using
the generalized Dieny formulas [1, 2]. At small (large) thickness values of the
covering magnetic layer in comparison with the total thickness of the inter-
faces, non-magnetic interlayer, and basic magnetic layer, the numerical val-
ue of the magnetoresistance ratio & is negligible due to the shunting of the
covering-layer resistance by the resistance of the basic magnetic layer, non-
magnetic layer, and interfaces (resistance shunting of the basic layer, non-
magnetic interlayer, and interfaces by the covering magnetic-layer re-
sistance). In the absence of the shunting effect, i.e., when the covering mag-
netic-layer thickness coincides with the thickness of the interfaces, interlay-
er, and basic magnetic layer, the value 3 in a ‘symmetric’ three-layered film
acquires its maximum value. In the case of an increase in the non-magnetic-
layer thickness (interface thickness between the basic magnetic layer and the
spacer), provided that the magnetic-layer thickness of the metal and the in-
terfaces (magnetic-layer thickness of the metal, spacer, and interface be-
tween the overlapping magnetic layer and the interlayer) do not change, the
magnetoresistance ratio decreases monotonically with an increase in the

619



620 O.I. MOKHONKO, Yu. M. SHABELNYK, Yu. O. KOLESNICHENKO et al.

spacer (interface) thickness due to an increase in the scattering probability of
the majority charge carriers within their volumes that leads to a decrease in
the interplay between the magnetic layers due to the spin-polarized charge
carriers and, as a result, to a decrease in the magnetoresistance ratio in a
‘symmetric’ magnetically-ordered sandwich.

PosmipHi edeKTr B MarHeTOpPe3UCTUBHUX BJIACTUBOCTAX MAarHETOBIOPAIKO-
BaHUX «CHUMeTpuuYHuX» cauasiuiB Fe,gNi,,/Cu/Fe,gNi,,/S, ogepxanux me-
TOZOM IIOIIIAPOBOI KOHAeHcAIlil MeTany 3 MOAAJBLIINM TEePMiuHUM 00pPOOJIeH-
HAM y giamasoni temmeparyp (3—5)-10% K, 6ys0 moCIigKeHO eKCIlepIMeHTa-
JIbHO Ta TEOPETUYHO 3 BUKOPUCTAHHAM y3araibHeHUX opmya weni[1, 2]. 3a
ManuXx (BeJIUKUX) 3HAUEeHb TOBIMHYU MOKPUBHOTO MATHETHOTO ITapy MOPiBHA-
HO i3 3araJIbHOI0 TOBII[UHOIO MiK()a3HUX MOBEPXOHb HEMATHETHOTO IIPOIIIaPKY
Ta 6a30BOr0 MarHeTHOTO IIIapy YMCJI0Be 3HAUeHHS KoedillieHTa MarHeToonopy
0 € HeBHAYHUM Uepe3 IIYHTYBAHHS OIIOPY IOKPUBHOTO IIIapy OIIOPOM 6a30BOTO
MAarHETHOTO IITapy, HeMarHeTHOro Iapy Ta MisK(asHUX IMOBEPXOHb (IIIYHTY-
BaHHA OIOPY 0a30BOTO MIAPY, HEMAarHeTHOTO MIPOIIAPKY Ta MisK(pasHUX IMOBepP-
XOHb OIIOPOM IMOKPUBHOTO MarHETHOTO ITapy). 3a BifcyTHOCTH e(heKTy IITYHTY-
BaHHSA, TOOTO KOJU TOBIMHA HOKPUBHOTO MarHeTHOTO MIapy 36iraeTbcsa 3 TOB-
HIUHOIO iHTepdeliciB, IPOMiKHOTO IIapPy ¥ OCHOBHOT'O MarHeTHOI'0O IIapy, 3Ha-
YeHHA 0 Y «CUMETPUYHill» TPUIIapOBiil mIiBIi HaOyBae CBOr0 MaKCUMAaJIbLHOTO
3HaueHHA. ¥ pasi 30iMbITeHHA TOBITUHY HEMAarHeTHOTO Iapy (TOBIIUHU iHTE-
pdeiicy MisK OCHOBHMM MATHETHHUM IITapoM i cmeiicepom), 3a YMOBHU, IO TOB-
IMHa MarHeTHOTO IIapy MeTaJjy Ta BHYTPIITHiX iHTepdeiiciB (TOBIIIMHA MAar-
HETHOTO IIIapy MeTaJy, cueiicepa ¥ inTepdeiicy MisK mepeKpUBaJIbHUM MarHe-
THUM IIIapOM i TPOMIKHUM IITIapoM) He 3MiHIOIOTHCHA, BiAHOIIIEHHA MarHeTOoOo-
IOPYy MOHOTOHHO 3MEHIIYEThCA 3i 301JIbIIIEHHAM TOBIIUHU crelicepa (BHYTpi-
IIHBOTO iHTepdeiicy) uepes 30iJbIIIeHHS WMOBiPHOCTH PO3CisTHHS OCHOBHUX
HOCiiB 3apsaay B ixHix o0’emax, II[0 IPUBOLUTL OO 3MEHIIEHHS B3a€MOUUHY
Mi’K MarHeTHHUMH IlIapaMU 3a PAXYHOK CIiH-IIOJSPU30BAHUX HOCIiB 3apaxy i,
AK HACJIiTOK, M0 3MEHIIIeHHS BiJHOINEHHA MArHeTOOMOPY B « CUMETPUUHOMY »
MarHeToOBIIOPAAKOBAHOMY CaHABiUi.

Key words: magnetically ordered ‘symmetric’ sandwich, giant magnetore-
sistance effect, magnetoresistance ratio, generalized Dieny formula, shunt-
ing effect, interfaces, basic and covering magnetic layers, interlayer.

Karouori cioBa: MarLHeTOBIOPSAAKOBAHUI «CHUMETPUYHUI» CaHIBiU, edeKT
TiraHTCBKOrO MAarHeTOOIIOPY, Koe(dillieHT MarLeToomopy, ysarajibHeHa (op-
mysa J[IbeHi, eeKT MIYHTYBaHHA, iHTepdeticu, 6a30BUl i MOKPUBHUIT MarueT-
Hi m1apu, TpoMisKHUI 1ap.

(Received 13 December, 2024 )

1. INTRODUCTION

The development of modern micro- and nanoelectronics requires the
development and introduction of the new functional elements based on
the magnetically inhomogeneous film materials. These materials also
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include three-layered and multilayered nanocrystalline structures ob-
tained using the latest technologies, namely, periodic systems consist-
ing of the alternately applied layers of various materials, in particular,
the ferromagnetic and non-magnetic metals [3—10]. The interest in the
study of the three- and multilayered films is due to the fact that they
exhibit effects, which cannot be realized in the homogeneous film con-
ductors [11, 12]. Structures, where the spin-dependent scattering of
charge carriers is observed in the volume of magnetic metal layers and
at the interfaces of a multilayered conductor, due to their wide appli-
cation, are of particular interest [4—12].

Despite a significant number of experimental and theoretical
studies of the film materials with the spin-dependent scattering of
electrons, a number of questions remain unsolved. Thus, there is a
need to develop and test the simple theoretical models of size ef-
fects in the magnetoresistive properties in the magnetically inho-
mogeneous structures. The development of theoretical models can
solve the problem of predicting the behaviour of magnetoresistance
values in the multilayered magnetically ordered systems with
changes in the thickness of the metal magnetic layer, non-magnetic
interlayer, and interfaces. The solution of such problems is possible,
only if a comprehensive approach to the study of the physical prop-
erties of film systems is used.

The goal of this work is to study experimentally and theoretically
the size dependence of the giant magnetoresistance (GMR) in the
‘symmetric’ magnetically ordered three-layered films (sandwiches)
based on a ferromagnetic Fe,3Ni,, alloy and a non-magnetic copper
interlayer using generalized Dieny formulas [1, 2].

2. METHODS AND TECHNIQUES OF EXPERIMENT

Multilayered film systems with a layer thickness of 1-50 nm were
obtained in a vacuum chamber at a residual atmospheric gas pres-
sure of 10™* Pa. Alternating film condensation was carried out as a
result of the metal evaporation from the independent sources. The
starting materials for obtaining Fe,¢Ni,, layers were massive alloys
of the corresponding composition.

The study results of the chemical composition of the original al-
loy and the obtained films show that they coincide within the meas-
urement error that did not exceed 2%.

Film condensation was carried out at room temperature of the
substrate with a speed v=0.5—1 nm/s depending on the evaporation
modes. Layer thickness was controlled during the film condensation
by a quartz resonator with an accuracy of 10% . An industrial reso-
nator of the PI'-08 type was used for this. The ultrathin-layers’
thickness was calculated by the condensation time at a known con-
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densation rate. The effective thickness of such layers was deter-
mined with an error of 10-15%.

The measurements of longitudinal and transverse magnetore-
sistance, as well as the thermomagnetic film processing, were car-
ried out in a device under the conditions of ultrahigh oil-free vacu-
um at a residual atmospheric gas pressure of 10°-10" Pa in a
magnetic field with induction up to B=0.2 T.

2. RESULTS OF EXPERIMENTAL RESEARCH

The conducted experimental studies of the field dependence of the
magnetoresistance in the magnetically ordered three-layered
Fe,3Ni, ,/Cu/Fe,Ni,,/S films made it possible to establish the na-
ture of the magnetoresistive effect (Fig. 1). As can be seen in Fig. 1,
the field dependence of magnetoresistance for the samples with the
magnetic layer thickness d, =20-30 nm and the nonmagnetic Cu-
interlayer thickness d,=5-15 nm are isotropic in nature. As a re-
sult of this, the mechanism of asymmetric spin-dependent electron
scattering in the volume of the magnetic metal layers is implement-
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Fig. 1. Dependence of the longitudinal (|) and transverse (+) magnetore-
sistance ratio & on the induction of the magnetic field B for a ‘symmetric’
three-layered structure Fe,gNi,,/Cu/Fe,¢Ni;,/S with dy=20 nm, dy=6
nm (a—as-deposited film; 4—T7,,,=400 K; ¢—T,,,=550 K; d—T,,,="700
K). Measurement temperature is of 300 K.
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ed (the giant magnetoresistance effect). In the investigated struc-
tures, a change in the magnetic configuration, i.e., the transition
from the antiferromagnetic interaction to the ferromagnetic inter-
action, occurs under the influence of a relatively weak external
magnetic field. As a result of the change in the magnetic configura-
tion, the sample resistance decreases, i.e., the GMR effect is real-
ized. It is also worth noting that the sample annealing at a temper-
ature of 700 K does not lead to a change in the character of the iso-
tropic field dependence of magnetoresistance, except for a change in
the amplitude of the effect and an expansion of the magnetoresis-
tive loops. The reason to preserve the isotropic nature of magneto-
resistance is to preserve the individuality of individual layers even
during the high-temperature annealing (T,,,= 700 K) that is espe-
cially important for the applied usage.

Figure 2 shows the dependence of the magnetoresistance ratio value
(MRR) on the magnetic covering-layer thickness d,, (the layer con-
denses on the non-magnetic interlayer) normalized to the basic mag-
netic-layer thickness d,,; = const (the layer condenses on the substrate)
in the three-layered ‘symmetrical’ Fe, 3Ni, ,/Cu/Fe,¢Ni, ,/S films. The
specified dependence has a non-monotonic character, and the rea-
sons for this behaviour are analysed in detail in the theoretical
analysis of the corresponding size dependence (see subsection 3). At
the same time, we note that, with the extremely small covering
magnetic layer thickness (up to 5—10 nm), magnetic solid solutions
are not formed and, accordingly, the magnetic covering layer is not
formed. As a result, the giant magnetoresistance effect is not ob-

8, %
0.5

0.4r

0.3f

0.2r

0.1r

05 05 10 15 20 25 3.0

d

m2, ml

Fig. 2. Dependence of the magnetoresistance ratio 6 (1) on the covering
magnetic-layer thickness d,,, normalized to the thickness d,,; = const of the
basic-layer thickness d,,; = const of a three-layered Fe,¢Ni,,/Cu/Fe,sNi, ,/S
film annealed at a temperature of 700 K. The basic magnetic-layer thick-
ness is d,; = 20 nm and the non-magnetic-interlayer thickness is d, =6 nm.
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Fig. 3. Dependence of the magnetoresistance ratio 6 on the non-magnetic-
layer thickness normalized to the thickness d,, = const of the magnetically
ordered sandwich Fe, ¢Ni, ,/Cu/Fe,3Ni,,/S (d,,=d,,; =d,; =20 nm) annealed
at a temperature of 700 K.

served in the ‘symmetrical’ sandwich.

Figure 3 shows the dependence of magnetoresistance ratio 6 (1) on
the copper-layer thickness normalized to the magnetic layer thickness
d,=const of a three-layered Fe,sNi,,/Cu/Fe,sNiy,/S film
(d,=d,,=d,,=20 nm) annealed at a temperature of 700 K. The max-
imum MRR value is observed at the minimum non-magnetic-layer
thickness d, = 6 nm, at which the sample remains structurally solid.

A further increase in the copper-layer thickness leads to a de-
crease in the MRR, caused by an increase in the probability of the
spin-polarized charge carriers scattering in the interlayer volume.
As a result, it leads to a decrease in the interaction between the
magnetic layers and a disappearance of the GMR effect.

3. THEORETICAL ANALYSIS OF THE DIMENSIONAL
DEPENDENCE OF MRR ON THE THICKNESS
OF THE COVERING MAGNETIC LAYER

The effect of giant magnetoresistance [11, 12] in a magnetically or-
dered three-layer film is quantitatively described by the magnetore-
sistance ratio 6, which is determined by the change in the specific
resistance (p,,(0)—p,(B)) of the sandwich as a result of its remag-
netization by the external magnetic field by induction B, normal-
ized to the resistance p, (B):

8 = (7,,(0) ~ p,(B))/,(B) = 5,,(0)/p,(B)— 1. (1)



SIZE EFFECTS IN ‘SYMMETRIC’ MAGNETICALLY ORDERED THREE-LAYER FILMS 625

Here, p,,(0) is the specific resistivity of a conductor averaged over
the sandwich thickness in the absence of an external magnetic field,
i.e., when the antiferromagnetic configuration is implemented in the
sandwich (directions of the spontaneous magnetization vectors M in
the magnetic-metal layers are antiparallel); p,(B) is the specific re-
sistivity of a sample averaged over the thickness of a magnetically
ordered three-layered film in the presence of an external magnetic
field, i.e., when a ferromagnetic configuration is realized in the
sandwich (directions of the spontaneous magnetization vectors M in
the magnetic metal coincide).

It is experimentally and theoretically substantiated that the di-
mensional dependence of transport coefficients (conductivity, spe-
cific resistivity, magnetoresistance, etc.) on the metal layer thick-
ness, both in the non-magnetic [13—15] and in the magnetic [16—19]
multilayered structures, depends on the ratio between the thickness
of the metal conductor layers. Thus, in particular, the nature of
MRR & behaviour depending on the change in thickness d,, of the
covering magnetic layer normallzed to the thickness d,,; of the basic
magnetic layer, ie., on d,,,, =d,,/d,, (d, =const), depends on the
inequality sign between thickness d,,, and total thickness 2d, of the
interfaces, thickness d, of a non-magnetic layer, and thickness do1s
i.e.,ond,, +d,+ 2d,.

In this case, if, for the lengths of free path electrons [ (j=1, 2)
in the transition regions between the spacer and the metaf magnetic
layers, the inequalities [ <<[ .l are fulfilled ([,;,l; —the lengths
of free path spin-polarized electrons in the j magnetic layer and in
the non-magnetic layer, respectively, s =+(Ty)—the spin indices,
which determine the projection sign of the electron spin on the di-
rection of the spontaneous magnetization vector M in the magnetic
conductor layer) and [ = (Dt,)"? (D—diffusion coefficient, ¢,—
diffusion time) [20, 21], then, the separation boundaries of the
metal layers can be modelled by the metal layers with a thickness d.,.
Then, thickness d,, of the covering magnetic layer is naturally
normalized to the total thickness d,; + d, + 2d; and, accordingly, the
approximating Dieny formula [1] can be written as follows:

d
1 _ exp _ m2,ml
1+d,,,+2d .,
: —, (2)
1 + dm2,m1
1+d,,, +2d,,

n,ml

where d,,,=d,/d,, and d,,,=d,/d,, are thickness d, of the non-
magnetic layer and thickness d; of the separation boundary between
the magnetic layer and the spacer, respectively, normalized to
thickness d,,; of the basic magnetic layer.

8(dm2,m1) =
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Let us investigate formula (2) for the boundary values of thick-
ness d,, of the magnetic layer. In the area of small values of thick-
ness d,,, of the covering layer compared to the total thickness of the
interfaces, spacer and basic magnetic layer, i.e., when the inequality

Qo <<1+d, ., +2d ., 3)
holds, the magnetoresistance ratio 6 increases linearly with an in-
crease in thickness d,,, of the covering magnetic layer (Fig. 2):

d

m2,ml

+2d, ,,

I

8( dm2,m1(1 - dn,ml - 2d ml) ’ (4)

L,

d =
m2,m1) 1 + d

n,ml

and the giant magnetoresistance effect, as follows from the asymp-
totic formula (4), is insignificant. This is due to the fact that, in
the indicated thickness interval (3) of the covering magnetic layer,
its resistance is shunted by the basic magnetic layer, interfaces, and
non-magnetic interlayer. As thickness d,, increases, the current
value in the covering magnetic layer increases that leads to an in-
crease in the MRR (Fig. 2). It also follows from expression (4) that,
if the thickness of the covering and basic magnetic-metal layers is
fixed (unchanged), the MRR value decreases linearly with the in-
creasing thickness of the non-magnetic layer (interface thickness d,)
(for more details, see subsection 4 and 5).

In the case of fulfilment of the opposite inequality compared to
expression (3),

d >1+d . +2d

m2,ml n,ml i,ml? (5)
the asymptotic formula for 8(d,,z .1):

5(d 1+d,,,+2d,, _d,+d, +2d
B d

m2,m1) e d
m2

, (6)

m2,ml

only if inequality d,5,1>1+d, .. +2d,,:, correctly describes the
size dependence 3(d,, 1), i-e., the MRR decreases. This is due to the
fact that, with an increase in thickness d,, of the covering layer,
the opposite situation is observed, namely, the resistance of the
basic magnetic layer, non-magnetic layer, and interfaces are shunt-
ed by the resistance of the covering magnetic layer (Fig. 2). In fact,
as experimentally established [4, 8, 23, 24], in the specified region
of thickness of the covering magnetic layer, the magnetoresistance
ratio & decreases exponentially with the increasing value of d,,.
Such a discrepancy between the results of experimental studies and
the corresponding theoretical calculations is due to the fact that, in
the case of performing a ‘strong’ inequality (5), the covering mag-
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netic-metal layer becomes thick, i.e., the length of free path ', of
the spin-polarized charge carriers becomes significantly less than
thickness d,, of the covering magnetic layer (I’, <<d ,). As a con-
sequence, the covering and basic magnetic-metal layers become ‘in-
dependent’ in the sense that there will be no interaction between
them through the spin-polarized charge carriers (electrons do not
pass from one magnetic layer to another) and, as a result, the giant
magnetoresistance effect will not be observed.

Considering the opposite behaviour of the MRR 6 (increase in the
area of small thickness d,,, decrease in the area of large values d,,;)
for the boundary values of d,,, it is advisable to investigate expres-
sion (2) for the presence of an extremum. In other words, we will
find thickness d,,, at which the GMR effect will be either maxi-
mum or minimum. To do this, we differentiate expression (2) by
dn2.m1 and equate the obtained result to zero. As a result, we get the
transcendental equation:

d

_ Omazm1 d
o V2 | g m2,m1 -1=0, (7
1+d,,,+2d,,,

n,ml

whose approximate solution is as follows:

d" =1.146(1+d,,, +2d, ). (8)

If equality (8) is fulfilled, the MRR & value acquires an extreme

value, and according to the sign of the second derivative with re-
spect to d,; ,; from the MRR (2),

dmz,ml 2
e_1+dnym1+2dlym1 {[1 ddmz’mIZd +2j 1l 9
d28 + n,ml + i,ml
dd2 = - 3 b (9)
m2,ml dm2 ml
1+ :
( 1+d,,, + 2di,m1]
at the extreme thickness (8),
2
d28 (d™" ) =-0.148, (10)
ddm2,m1 e

we can confirm that the magnetoresistance ratio (2) reaches its
maximum (amplitude) value.

Analysing expression (8), we see that, when equality d,,; = const is
fulfilled, an increase in either the interlayer thickness, d,, or the
interface thickness, d,, or both d, and d, values, leads to a shift of
the magnetoresistance ratio maximum towards the larger values of
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thickness d,, of the covering magnetic-metal layer. At the same
time, an increase in thickness d,; of the basic magnetic layer, under
the condition that the thicknesses d; and d, are constant, shifts the
MRR maximum towards the smaller values d,,,.

4. THEORETICAL ANALYSIS OF MRR DEPENDENCE ON NON-
MAGNETIC-LAYER THICKNESS

In the experimental study of the magnetoresistance ratio & depend-
ing on the change in the non-magnetic-interlayer thickness d,, in
order to avoid the shunting effect, the magnetic layer thicknesses
are usually chosen to be equal to each other (d,,=d,.=d,). There-
fore, it is natural to normalize the interlayer thickness d, in the
Dieny formula [1, 2] by twice the magnetic layer thickness and
twice the interface thickness, i.e., the MRR can be written in the
following form:

P {_ o1 +d m)}
8(d, ) = ’ (11)

b

n,m

14 —mm
21 +d,,)

where d, , is the non-magnetic-layer thickness d, normalized to the
magnetic-layer thickness d,, and d,,—the interface thickness d,
normalized to the thickness d,,.

In case of the inequality fulfilment as follows:

d, <<2(+d,), (12)

formula (11) can be presented approximately in the form

d
3d,,)=1-—">"—, 13
(d, ) 1+d,. (13)

i.e., MRR 4(d, ) decreases linearly with the increasing non-magnetic
layer thickness (Fig. 3). This decrease is due to the fact that, with
an increase in the non-magnetic-layer thickness, the probability of
the spin-polarized charge-carriers’ scattering in the volume of the
non-magnetic layer increases. It leads to a decrease in the interac-
tion between the magnetic-metal layers through the spin-polarized
charge carriers and, as a result, to a decrease in the giant magneto-
resistance value.

In the case of the opposite, in comparison with (12), inequality
d,n>>2(1+d,,), i.e., when the spacer is thick enough, the magnetic
metal layers become independent in the sense that the spin-
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polarized charge carriers do not pass from one magnetic layer to
another through a non-magnetic interlayer. Therefore, in formula
(11), the exponent will asymptotically go to zero, the MRR 6 will
also go to zero (6 > 0) and, accordingly, the giant magnetore-
sistance effect will be absent due to the lack of interaction between
the magnetic layers due to the spin-polarized charge carriers.

5. THEORETICAL ANALYSIS OF MRR DEPENDENCE
ON INTERFACE THICKNESS

In the case of an experimental study of the magnetoresistance-ratio
(0) dependence on the interface thickness, the following should be
done. After obtaining a two-layered film comprising a basic magnet-
ic layer (deposited on a substrate) and the non-magnetic interlayer,
the obtained sample should be diffusion-annealed over a certain pe-
riod of time. Subsequently, the spacer should be coated with a cov-
ering magnetic layer, and the resistance of the resulting sandwich
should be measured in the antiparallel and parallel sample configu-
rations.

By increasing the time of diffusion annealing, it is possible to
obtain the separation boundaries of different thickness d; between
the non-magnetic layer and the basic magnetic layer. This allows us
to study the MRR dependence on the interface thickness d;;, provid-
ed that the interface thickness d,, between the overlaying magnetic
layer and the interlayer does not change (d,, = const).

Within the limits of this model, assuming that the magnetic met-
al layer thicknesses in the magnetically ordered sandwich coincide
again, the MRR (d;; ;;) can be written in the following form:

dil,i2
exp-< —
1+2d, ,+d,

m,i2

8(dyy) = : (14)

1 i1,i2

J’_
1+2d

m,i2

+ dn,i2

where d;; ;,=d,;/d;, is the interface thickness d;; between the basic
magnetic layer and the non-magnetic interlayer normalized to the
thickness d,, =const, d,;,=d,/dy, and d,;;=d,/d,, the magnetic-
metal layer thickness d, and the non-magnetic-interlayer thickness
d, are normalized to the interface d,, thickness, respectively.

If the inequality

dyy <<1+2d,, +d (15)

m,i2 n,i2

is met, formula (14) can be written approximately as follows:
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2dil,i2 (16)
1 + 2dm,i2 + dn,i2 ,

S(dil,iZ) =1-

i.e., the MRR decreases linearly with an increase in the interface
thickness d;;. This decrease is caused, as in the case of an increase
in the layer thickness, by the fact that, with an increase in the in-
terface thickness, the interaction between the magnetic-metal layers
through the spin-polarized electrons decreases and, as a result, this
leads to a decrease in the giant magnetoresistance value.

In the case of the opposite, in comparison with inequality (15),
inequality d;; ,>>1+2d,,,+d,;, i.e., when the interface is thick
enough, the magnetic-metal layers become independent. For this
reason, in formula (14), the exponent will asymptotically go to zero.
As a result, the MRR 4&(d;; ;;) will also go to zero (5 — 0), and the
GMR effect will be absent due to the lack of interaction between the
magnetic layers due to the spin-polarized charge carriers.

6. CONCLUSIONS

Thus, it was established experimentally and theoretically that the
effect the giant magnetoresistance effect in a magnetically ordered
‘symmetrical’ three-layered film in the region of small thickness d,,,
of the covering magnetic layer, in comparison with the thickness of
the basic magnetic layer, interlayer, and interfaces, i.e., when ine-
quality d, .1 <<d, .. +2d;,,; is fulfilled, is negligible due to the re-
sistance shunting of the covering layer by the resistance of the
basic layer, interfaces, and non-magnetic layer.

In the case of implementation of the opposite inequality
Apom1 >>1+d, 1 +2d, 1, ie., in the area of large thickness of the
covering layer, the opposite effect is observed, namely the effect of
resistance shunting of the basic layer, non-magnetic interlayer, and
interfaces by the resistance of the covering magnetic layer and, ac-
cordingly, the value of the MRR will also be very small.

If equality d,g 0 =1.146(1 +d, ., +2d, ;) is fulfilled, the MRR &
acquires a maximum value due to the absence of the shunting effect
that shifts towards the larger values of thickness d,, with an in-
crease in thickness d, of the interlayer and thickness d; of the inter-
faces, provided that d,; = const. In the case of an increase in thick-
ness d,,, under the condition of constant values d, and d,, the max-
imum MRR shifts towards the smaller values of thickness d,,,.

With an increase in the non-magnetic-interlayer thickness d, (in-
terface thickness d,), provided that the thickness of the basic and
magnetic-metal layers, the interface thickness d; (layer thickness d,
and interface thickness d;,;) do not change, the magnetoresistance
ratio monotonically decreases due to a decrease in the interaction
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between the magnetic-metal layers due to the spin-polarized charge
carriers.

Note that the above formulas can be used to substantiate the size
dependence of the MRR on the metal-layer thickness in the mag-
netically ordered multilayer structures.
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MXenes are emerging materials that find significant applications in EMI
shielding. Ferrites, carbon, cotton fabrics, and polymer composites of
MXenes are said to improve EMI shielding. These composites are flexible
with low weight exhibiting high conductivity and large surface area. The
shielding effectiveness depends on parameters like reflection and absorp-
tion. Hence, the shielding efficiency may be enhanced by tailoring the
MXenes’ composite to suitable absorption and multiple reflections.
MXenes are two-dimensional materials, which are rapidly expanding in
view of their high conductivity, thermal stability, water dispersibility,
and easy-process ability. Their effective EMI shielding makes them more
significant in electromagnetic applications. This review aims to discuss
the shielding effectiveness (SE) obtained by MXenes and their composites.
The shielding parameters related to total attenuation (SE;), attenuation
due to absorption (SE,), attenuation due to reflection (SEg), and attenua-
tion due to multiple reflections (SE,,) of an electromagnetic wave are dis-
cussed. These values determine shielding effectiveness of a given materi-
al. If the value of SE, >30 dB, it signifies best efficiency; if SE, <10 dB,
no shielding exists, while, if SE; is between 10 dB and 30 dB, it denotes
minimum effective range of shielding.

Maxcinu € HOBiTHIMU MaTepidaiaMu, AKi 3HAXOAATHL 3HAUHE 3aCTOCYBaHHA Y
3axucTi Bix enexkrpomarunerHux saBaj] (EM3). Bramkaerbesa, mo depurtu, BYy-
rjelb, 0ABOBHSHI TKAaHWMHHM Ta IIOJiMepHI KOMIIO3UTH HA OCHOBI MakKciHiB
nosinimytoTs 3axmcr Bix EM3. Ili KoMmosuTm € THYUYKHMMH, JETKUMHU Ta
MalOTh BUCOKY eJIEKTPOIPOBifHicTh i Besuky niouty noBepxHi. EdexTus-
HICTH 3aXUWCTy 3aJ€KUTDH BiJ TaKMX HmapaMeTpiB, AK BigOuBaHHSA Ta BOUpPaH-
Ha. Tomy edheKTUBHICTh 3aXWCTy MOKe OyTH IiABHUINEHA ILIAXOM OITHUMi-
3aIii KOMIIOBUTY MaKCiHiB Js BigmoBimHoro BOmpaHHsS Ta 6araTopasoBOTO
BimbumBaHHA. MaKCiHM € ABOBUMIpDHMMH MAaTepidjaMu, AKi IIIBUAKO HaOU-
paoTh MONYJIAPHOCTH 3aBAAKHW BUCOKIiN IIpOBimHOCTI, TepMmiuHiii crabinbHO-
cTi, 3maTHOCTi AUCIEpryBaTHCA y BOIL Ta JIETKOCTi 00pobiadAHHA. IxHiil ede-

633
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KTuUBHUUN 3axucT Big EM3 pobutrh ixX OGiJbII 3HAUYIIUMU Y €JIeKTPOMArHEeT-
HUX 3acTocyBaHHAX. Llell orsan mae Ha mMeTi 06roBopuTu eheKTHUBHICTH €K-
panyBauua (SE), omep:xaHy 3a JOIOMOI'OI0 MaKCiHiB Ta IXHiX KOMIIO3UTIiB.
Posriamaorbea mapaMeTpu eKpaHyBaHHSA, IIOB’s3aHi i3 CYKYIIHUM 3aracam-
aam (SE;), saracanuam uepe3d BOupamasa (SE,), 3aracanHaM uepe3 Biabdu-
BauHa (SE;) Ta saracamaam uyepes GaratopasoBe BinmbuBanua (SE,,) emxexrt-
pomarteTHol xBuui. Ili sHaueHHs Bu3HaAUAOTh ehEeKTUBHICTH eKPAaHVBaHHSA
KOHKpeTHoTo Marepiany. fAkimmo sHauenna SE., > 30 nb, 1e osHauae Haii-
Buiy edexTuBHicTh; AKImo SE; < 10 1B, ekpanyBaHHA BifCyTHE, a AKIIO
SE, sHaxogutbca Mmizk 10 1B i 30 n1B, e osHauae MiHiMaibHO ehEeKTUBHUMN
piBeHb eKpaHyBaHHS.

Key words: MXenes, MXenes’ composites, EMI shielding, shielding effec-
tiveness.

Karouori cioBa: MakciHM, KOMIIO3UTH MaKCiHIB, eKpaHyBaHHS Bi eeKT-
poMarHeTHUX 3aBajll, eheKTUBHICTh eKpAaHyBaHHS.

(Received 5 March, 2024)

1. INTRODUCTION

High-frequency electromagnetic waves in the range of gigahertz
harm commercial IT devices and defence devices due to interference
with devices input signal [1]. This type of interference is called
electromagnetic interference (EMI), which leads to EMI pollution.
This phenomenon affects the efficiency and durability of the device.
Besides this, human health will be affected by EMI pollution that
includes cancer. It is inevitable to save humankind and electronic
devices from this EMI pollution. Hence, shielding of electromagnet-
ic interference using certain materials is of prime importance.
Shielding materials may be classified into metals, which exhibit re-
flection, as well as absorption ferrites, which have absorption only
[2, 3]. Shielding by reflection utilizes Faraday’s cage principle and
by absorption dealing with permeability [4, 5]. The main principle
behind EMI shielding is to design an effective material (shield) that
reflects incoming electromagnetic waves or to absorb energy in the
form of heat. Figure 1 shows the mechanism of EMI shielding [6].
As shown in this figure, the incident electromagnetic waves are re-
flected by the shields’ surface.

The extent of reflection depends on the electron density (availa-
bility of free electrons) and conductivity. It is reported that the EM
waves will be reflected, if the shielding material is highly conduc-
tive with large number of charge carriers [7]. If a shield with re-
flection dominance is used, the effectiveness will be reduced due to
creation of secondary waves. To overcome this drawback, shields
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Fig. 1. EMI-shielding mechanism (a, b) [6].

with absorption dominance with varying dielectric and magnetic
losses are preferred [8—10]. Graphene and MXenes prove to be po-
tential materials for EMI shielding [11, 12]. It is reported that
foaming materials (foamed polymers blended with carbon nanotubes
(CNTs)) effectively enhance dispersion, which improves shielding
efficiency [3]. Highly conductive MXenes lead the race due to lim-
ited usage of graphene/carbon-based materials [13, 14].

High metallic conductivity, mechanical flexibility, and customi-
zable surface chemistry of MXenes made them rapidly growing [15—
17]. The path travelled by electromagnetic waves in the shield and
the energy dissipated prior to transmission depend on the structural
design [18-20]. Apart from this, heat dissipation may affect stabil-
ity and duration of the device [21]. This drawback can be minimised
by using MXenes having layered structure and high temperature
stability [22]. In addition, secondary reflections affect environment
that can be overcome through green EMI shielding. In this context,
development of green M-Ti;C,T, MXene/hydroxyethyl cellulose
composite film was of importance. This film exhibited good shield-
ing performance confirming absorption-dominant EMI shielding
[23]. Hence, absorption dominated MXenes’ composites are pre-
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ferred for EMI shielding over secondary reflections. Based on the
above brief introduction, we provided a comprehensive analysis re-
garding the role of MXenes and their composites in EMI shielding
with focus on high-frequency devices.

2. PARAMETERS OF EMI SHIELDING

EMI-shielding effectiveness (SE) is given by the ratio of transmitted
power P, and incident power P;: SE = 10logP,/P,. It is reported that
the total EMI-shielding effectiveness (SET) is purely a function of
SE, (absorption loss), SE; (reflection loss) and SE,, (multiple reflec-
tion loss) of electromagnetic waves, which propagate through the
shielding material (Schelkunoffs theory). The total shielding effec-
tiveness is given by SE; =SE, + SE; + SE,,.

3. STRUCTURE OF MXenes

MZXenes (pronounced as ‘max-eens’) are 2D nanomaterials discov-
ered in 2011. They belong to ceramics class within the 2D materi-
als. MXenes are made of bulk crystal MAX. Their structure consists
of molecular sheets derived from titanium nitrides and titanium
carbides making them exhibit high conductivity and volumetric ca-
pacitance inherently. MXenes are known for various applications in
medicine, sensing, and energy storage, etc. MXenes can be easily
structured by ordering millions of carbon, transition metals, and
nitrogen with emphasis on stable arrangement. These ceramics pro-
duce 3D materials, when substituted with Ti;AlC, powder in hydro-
fluoric acid through selective removal of aluminium. Two-
dimensional Ti;C, nanosheets (MXenes) can be derived through ex-
foliation. MXene is similar to graphene with different properties.
MXene was first demonstrated in 2011 by transforming the three-
dimensional Ti;AlC, materials representing MAX phase into a 2D
material [24]. Figure 2 displays the journey of MXenes during
2011-2021.

MXenes gained prominence with high conductivity and mechani-
cal flexibility as compared to other materials. They can be moulded
into nanoparticles, nanosheets of single layer and multilayers.
MZXenes easily form composites with other materials. The structure
of MXenes enhances their mechanical flexibility and stretch ability
making them feasible for EMI shielding.

MXenes are derived from MAX phases, whose formula is given
by M, ,AX,, where ‘n’=1,..,4; ‘M’ represents early transition
metal, ‘A’ represents A-group element, ‘X’ represents nitrogen or
carbon.
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Fig. 2. Journey of MXenes from 2011 to 2021 [25].

They have edge-sharing structure with distorted XM, octahedral
loaded by single planar layers of A-group element [26]. 3D MAX-
phase structure is displayed in Fig. 3.

MXenes are derived from MAX phases through selective etching
of A layers (Fig. 4). Different preparation methods for MXenes are
reported in Ref. [28].

4. MXenes in EMI Shielding

High electrical conductivity is required for any material to be used
as EMI shield. 2D MXenes can be processed to have large surface
area and low density as compared to heavy metals, stretch ability
(foldable devices), and easy-process ability [29]. Conductivity of
two-dimensional MXenes ranges between 5 to 20 000 S/cm based on
composition with least conductivity required being 1 S/cm [30].
MXene films possess high electrical conductivity with multilayered
2D MXene sheets. This structure helps them to absorb the incident
electromagnetic wave as compared to conventional shielding materi-
als. Various forms of MXene films are available and are capable of
attenuating the energy with efficient shielding. MXene with a sin-
gle layer having 2.3 nm thickness could prevent EM interference
[31]. With suitable modification of MXenes’ structure by adding
pores or dielectric domains, reflections from multiple interfaces in
the shield can be enhanced that reduces the strength of electromag-
netic waves. In addition, electromagnetic-waves’ absorption can be
achieved by increasing polarization losses through chemical compo-
sition. Using the technique of capacitive loss, dipoles can be pro-
duced by negatively charged surface on applying electromagnetic
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field to reduce its energy [32, 33]. This is due predominance of di-
polar polarization gigahertz-frequency range. These characteristics
signify MXenes as potential materials for EMI shielding in electron-
ic devices.

The impact of heat treatment after etching on dielectric and wave
absorption on MXene was reported. Fifty percent annealed MXenes
exhibit a minimum reflection loss of —48.4 dB at 11.6 GHz with
good absorbance and shielding. MXenes of unit thickness exhibited
76.1 dB, when untreated, and 67.3 dB, when annealed. Absorbing
and total shielding effectiveness values were found to be 24.2 dB
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Fig. 5. MXenes with various functional groups [6].

and 32 dB [34]. MXene of 0.8 mm-thickness with sandwich struc-
ture demonstrated EMI-shielding effectiveness above 70 dB in X-
band [35]. MXene with large area, smooth surface, and high electri-
cal conductivity exhibited the mean and absolute shielding effec-
tivenesses equal to 55.7 dB and 48.800 dB-cm?g!. These results in-
dicate that EMI-shielding effectiveness of MXenes may be enhanced
with different manufacturing techniques [36]. Hence, it can be in-
ferred that MXenes can be considered EMI shields. As per the men-
tioned examples, large surface area, multilayered structure, and
high electrical conductivity of MXenes significantly contribute to
increase EMI shielding.

4.2, MXenes and Polymer Composites in EMI Shielding

Conductive polymer composites (CPCs) with conductive fillers are
highly considered for EMI shielding. They are of lightweight, eco-
nomical, resistive to corrosion and can be easily processed [37—-40].
Even though these materials exhibit high electrical conductivity,
increased impedance mismatch and dielectric loss act as major
drawback [41, 42]. In addition, CPCs filled with fillers are thick
and not adaptable to use and lose their mechanical strength. Hence,
MXene and polymer composites, wherein the polymer acting as
binder increases the mechanical strength, make them suitable for
EMI-shielding materials [43]. This combination was first tested in
2018. An ultrathin MXene/cellulose nanofibres-composite paper
with excellent mechanical property reported tensile strength of
135.4 MPa and strain near to 16.7% [44]. These materials can be
used in robot joints, weapon equipment, and flexible electronics.
Similarly, a composite of polyvinylidenefluoride, MXene and nickel
was synthesized and reported with good EMI-shielding properties
[45]. In addition, multilayered films of MXene, polydimethylsilox-
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Fig. 6. Synthesis (a) and shielding (b) mechanism of MXene, PDMS and BN
composites [6, 44].

ane (PDMS) and boron nitride were synthesized with spin-coating
method.

Figure 6, a [46] shows the synthesis and Fig. 6, b shows the
shielding mechanism of the prepared film. These films reported SE
of 35.2 dB for an 11-layered material with thermal conductivity of
3.29 kV/mm at 10.9 GHz. In addition, SE, was greater than SEj.

Figure 6, b explains the mechanism behind this effect. As shown
in this figure, electromagnetic waves, which are incident on
BN/PDMS layer, are penetrated directly. The waves, which strike
PDMS/MXene, are divided into two beams, in which one beam re-
flects back and the remaining part transmits through the interior
layer. The existence of alternative multilayer enhances the quantity
of reflection and scattering, which attenuates the waves continuous-
ly. Hence, it is inferred that SE depends on the number of
MZXene/PDMS layers. Considering this, fabrication of less-layered
Ti;C,T./epoxy composites using casting method, was reported [47].
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In addition, SE was of 41 dB with 15% loading, when annealed.
This was by 37% higher as compared to without annealing. This
can be attributed to formation of large number of dipoles post an-
nealing.

4.3. MXenes and Cotton Fibre Composites in EMI Shielding

Cotton and their composites are becoming prominent in view of
their advantages over synthetic textiles [48—50]. Electronic equip-
ment with conductive cotton fabrics has the ability of blocking elec-
tromagnetic radiation [561, 52]. However, the main drawback of cot-
ton is its flammability, when used in electronic equipment. Hence,
it is preferable to use materials, which are flame resistant for EMI
shielding. In this context, EMI-shielding cotton textiles developed
with aqueous impregnation and dip coating are of importance [53].
Three-layered combination of MXene, ammonium phosphate and
polyacetimidate could increase conductivity from unity to 670 S/m
by increasing MXenes. This addition of MXene sheets to cotton fi-
bre makes the fibre to act as a conducting body. In extension to
this, a conductive network of cotton fabrics was reported [54].

As shown in Fig. 7, MXenes are modified by adhering fabric sur-
faces. These fabrics exhibit high conductivity, Joule heating capa-
bility at 150°C with 6 V supply and are reported to block EM inter-
ference. In addition, they can be used as strain sensors to track the
activity of humans. In this sequence, waste fibres of cotton were

Reflected
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EMI shielding
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SRSy

AU
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i ;
pUE g 0 g
L Need d %
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Fig. 7. Preparation of modified cotton fabrics and its applications [6, 52].
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converted to aerogels by dissolving them in aqueous solution of
NaOH/urea. These aerogels were combined with MXene nanosheets
through dip coating to develop the woven carbon fibres/MXene
composites [55].

These composites exhibit an effectiveness of 39-t0-48 dB between
2 GHz and 18 GHz. As mentioned earlier to avoid flammable issues,
a combination of MXene with inflammable aramid non-woven fabric
was developed [56]. In this order, composites of MXene, polyaniline
(PANI) and cotton fabric were developed that increased shielding
effectiveness by 54 dB [57]. Similar developments include light-
weight non-woven fabrics combined with MXenes, which were ab-
sorption dominant [58]. Based on the number of fabric layers, con-
ductivity increased from 5.04 S/m to 13.45 S/m with optimum ef-
fectiveness of 25.26 dB at 12.4 GHz [59].

Even though cotton fabrics show increase in ohmic loss because
of being porous and absorb incoming radiation; their poor heat re-
sistance and low mechanical-strength challenge their EMI-shielding
characteristics.

4.4. MXenes and Carbon-Derivatives’ Composites in EMI Shielding

Carbon and its derivatives play an important role in EMI shielding
[60—62]. 3D structure and other characteristics made these materi-
als significant. However, porous nature and weak hydrogen bonding
make these materials to have low mechanical strength [63]. To
avoid this drawback, porous carbon composites using very thin aer-
ogel of MXene and wood were designed [64]. This enhanced the re-
quired mechanical strength and SE; was found to be of 69.4 dB.
This could achieve a shielding effectiveness of 71.3 dB. In continua-
tion, spin layered-composite films with MXene and CNTs were re-
ported [65]. Similarly, a lightweight-layered fabric with MXene and
PANI polymer was prepared and checked for shielding effectiveness
and Joule heating. SE, and SE; are reported to increase with as-
sembly cycles [66]. MXene and CNTs composite of 100-um thickness
prepared with facile electron deposition demonstrated an effective-
ness of 60.5 dB in X-band [67]. SE decreases to 50.4 dB, if the
thickness was reduced to 15 ym. The mechanism behind this high
shielding is due to reflection of EM waves on reaching the high-
conductive hybrid surface, as shown in Fig. 8.

2D composites of MXene and graphene nanoplatelets of 1.75-m
thickness exhibited 64 dB electromagnetic absorbance between 60—
80 GHz) [68]. MXenes being highly potential for EMI shielding and,
as graphene, exhibit good electrical conductivity, low density, and
corrosion resistant; their combination leads to excellent applications
in EMI shielding.
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Fig. 8. EMI-shielding mechanism for MXene and CNTs composites [6, 65, 95].

4.5. MXenes and Ferrite Composites in EMI Shielding

Low magnetic losses in MXenes make them poor electromagnetic-
wave absorbers. Hence, magnetic losses need to be enhanced [69—
72]. This can be achieved with the help of magnetic nanoparticles
[73]. Observations indicated that spinel ferrites possess superior
magnetic properties and, if coupled with MXenes, yield good results
[74-78]. MXene and Ni,;Zn,;Fe,0, composites prepared with co-
precipitation method vyielded saturation magnetization of
27.08 emu/g. MXene and Ni—Zn ferrite composites were reported to
be effective shields [79]. Different composites of this combination
with excellent absorption that could be used in 5G networks were
reported [80—-88]. MXene and Ni, 4Zn, Fe,0, (NZFO) nanocomposites
with reflection loss (RL,;,) of 66.2 dB at frequency of 15.2 GHz and
4.74 GHz bandwidth were reported. These composites simulate the
properties of double-loss electromagnetic absorbing material with
strong reflection loss [89]. This loss was attributed to impedance
matching. The mechanism behind this was shown in Fig. 9. As

Incldent microwaves

................................... ;
Incident microwaves i\
Reflected

VY SRy

Ny SR s

= Dipole
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Fig. 9. EMI-shielding mechanism for MXene/NZFO composites [6].
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shown in this figure, impedance matching favours reflection of in-
cident waves. Various interfaces between MXene layers improve in-
terfacial polarization contributing to dielectric relaxation. Numbers
of dipoles are generated due to large number of MXene-surface
termination groups leading to dipolar polarization and, finally, in-
teraction between magnetic and dielectric losses that enhances elec-
tromagnetic-wave absorption. Hence, combination of MXenes with
ferrite nanoparticles improves EMI shielding.

4.6. MXenes and MOF Composites in EMI Shielding

In view of the limitations exhibited by MXene over its own compo-
sites, a composite of MXene with metal-organic frameworks (MOFs)
was considered. MOFs have metal-ion terminals connected with or-
ganic ligands. They benefit from high porosity and large specific
surface area, which make them suitable for energy storage [90—92].
Co/Zn0O/Ti;C,T, MXene/MOFs composites were prepared. They re-
ported improvement in morphology due to interaction of MOFs with
MZXene possessing excellent dielectric and magnetic losses [93]. Sim-
ilarly, an intertwined one-dimensional heterostructure with MXene
and cobalt—nickel MOFs was reported. Three-dimensional structures
with CNTs with a matching thickness of 1.6 mm could exceed RL,;,
by 51.6 dB and 4.6 GHz for embedded array blocks (EAB) [94]. The
mechanism behind these absorption properties was shown in Fig.
10. As shown in this figure, interaction between MXene, MOFs and
CNTs lead to good attenuation and impedance matching promoting
interface polarization improving microwave absorption. Porous
structure of this combination enhances scattering and multiple re-
flections of incident EM waves.

5. CONCLUSIONS

EMI shielding has gained significance in protecting human beings
and electronic devices from pollution due to electromagnetic radia-
tion. Even though various materials are used for EMI shielding,
MXenes gained prominence in recent times. High conductivity, good
thermal stability, surface chemistry, and simple-process ability of
these materials make them crucial in EMI-shielding applications.
Since MXenes alone could not satisfy the criteria required by EMI
shielding, combination of MXenes with other shielding materials
was in the radar of researchers. Keeping this in mind, an attempt
was made to review the reported publications, which analysed the
role of MXenes and their composites in EMI shielding in a nutshell.
It was observed that, among the cotton fabrics, fabrics made of
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Fig. 10. Schematic mechanism of EMI-shielding performance of Co—Ni-
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MXenes and wood pulp show highest SE of 90.2 dB. Improved
shielding was seen in case of MXenes combined with cotton fabrics,
polymers, and ferrite nanoparticles. Hence, they may be used in IT
and defence sectors. In addition, various composites in combination
with MXenes suitable for EMI shielding were discussed.
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MoaucgikyBaHHA OJHOCTIHHMX BYTIJI€IleBUX HAHOTPYOOK
HaHouactTuHKamMu CdTe 3 BUKOpUCTAHHAM MiKPOXBUJIHOBOTO
ONMPOMiHEHHSA

H. A. Kyprau, B. JI. Kap6isceruii, C. I. Illyauma, B. O. Mockamiok,
0. A. Ilyssko
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OpuocTriHHi ByrienesBi HAaHOTPYOKM OyJio 3B’si3amo 3 HamouacTuunkamu CdTe,
TOKPUTUMHU TiOTJIiKOJIEBOIO KHMCJIOTOIO, 3 YTBOPEHHSM TiOPHUAHUX HAHOCTPY-
KTyp. HoBi HaHOriOpuau OyJ0 OoXapaKTepH30BAaHO 3 OCOOJHUBUM AaKIIEHTOM
Ha (pisuKo-xeMilo ImepeHeceHHs eJeKTpoHa. IlpeacTaBieHO CIIEKTPOCKOIIUHI
IOKas3u, M0 IMiATBEPAKYIOTh YaCTKOBE IMepeHeCeHHA T'YCTUHU 3apAny 3 GyH-
KI[IOHAJBbHUX Tpyn 6e3mocepegHbO Ha BYIJeNeBy HAHOTPYOKyY. OckinbKu
HAHOTPYOKU 3a0e3MeuyioTh MIBUAKUM IMIJIAX TPAHCIOPTYBAaHHA HOCIiB 3aps-
Iy OO eJeKTPOAU, IPOBEAEHI AOCHiMKEeHHA BiIKPWBAIOTh IMEPCHEKTUBU 3a-
CTOCYBaHHS TAKMWX HAHOCTPYKTYP [AJIA CTBOPEHHsS iHTepdeiciB CeHCOPHUX
cHucTeM.

Single-walled carbon nanotubes are bonded to thioglycolic acid-coated
CdTe nanoparticles for forming hybrid nanostructures. The new nanohy-
brids are characterized with a special emphasis on the physicochemistry of
electron transfer. Spectroscopic evidence confirming the partial transfer
of charge density from the functional groups directly to the carbon nano-
tube is presented. Since nanotubes provide a fast way to transport charge
carriers to the electrode, the studies open up the prospects of using such
nanostructures to create interfaces for sensor systems.

KarouoBi cmoBa: ByriereBi HaHOTpyOKu, HamouyacTuHku CdTe, MiKpoxBu-
JIbOBE ONPOMiHEHHS, TiOpuIHI HAHOCTPYKTYpPU, IIepPeHeceHHs 3apsaay.

Key words: carbon nanotubes, CdTe nanoparticles, microwave irradiation,
hybrid nanostructures, charge transfer.
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1. BCTYII

VuikanpHi BaactmBocTi ByrienieBux HaHOTPyOok (BHT) pobasars ix
IpUBaOJIMBUMI MATepisiiaMU [OJd CTBOPEHHS HOBHUX €JeKTPOHHUX
IIPUCTPOIB: OJHOEJEKTPOHHUX TPAH3UCTOPiB, MOJEKYJAPHUX Tiof,
CeHCOpiB, ejieMeHTiB mam’aATi Ta Joriunmx BeHTw B [1-11]. Bemuka
KIJIBKIiCTh 3acTocyBaHb B3aJIe’KUTh Bifl xeMiuHOro Moam(piKyBaHHA
BHT opramiuaumMu Ta HeopraHiuHuMu martepisinamu. Cepexn Heopra-
HIYHUX CIIONYK 1ad mMonudikyBamuHa moBepxoHb BHT BmKopucTOBY-
IOThCS MeTaJud, COJIi MeTasdiB, okcuau Ta Hamouactmuku (HY) ma oc-
HOBi meraJiB [12—15].

BHT, nexopoBani HY, yTBOpMOIOTH HOBHII KJiac TiOpUIHUX HAHO-
MaTepidaniB, AKi MOTEHIIHHO MOMYTh BUABUTHU NONATKOBI HOBi (hisu-
YHi Ta XeMiuHi BjacTmBOCTi, 3ymMoBJeHi B3aemonieo misk BHT i mpu-
enqunanuvu HY. IIi riopugai Hanomarepisanu € 6araToobimamouumu 0y-
IiBeJIbHUMU OJIOKAMM IJIs PiSHUX 3aCTOCYBaHb, BKJIOUAIOUM Tas3oBi
JaTUNKU, TaJUBHI eJleMeHTH, COHAYHI eJJeMeHTH, JiTili-ionHi 6aTapei,
eJeMeHTH s 30epiraHHsA BOAHIO Ta IIPO30Pi HPOBimHI emeKTpomu
[16—-21].

OmHaK Ha MIISAXY CTBOPEeHHA e(PEeKTUBHUX TiOpMIHMX HaHOMAaTepi-
aniB #Ha ocuHoBi BHT, sanumiaioTbcsa HeBUpPillleHUMU IIPOOIEeMU,
moB’a3aui 3 meTomamu (Gyukiionamizaiii BHT. Tumosi muaaxu ¢yH-
Kiiomaiisanii BHT BKII0OUalOTHL BOJIOTEe KMCJOTHE XeMiuHe OKMCHEH-
HdA, eTepu(ikaIiio, aKkTuBaIio giiMigoMm, eJeKTpoxeMiuHe MOIU(DPIKY-
BaHHA a00 TigpodobHY amcopOITifo apoMaTUUYHUX MOXimHMX [22-—24].
BaraTto 3 mux MeTomiB 3asBuuaili mepemdavaioTh KijlbKa eTamiB, IO
BKJIIOYAIOTh KU ATIiHHA 3 CUJIBHUMU KHUCJIOTAMU Y IOETHAHHI 3 YJIb-
Tpa3ByKoBuUM 00pobsenHaM [25]. Take arpecuBHe 0OpoOJEHHS CIIPHU-
yuHaAe nomkomxeHHA BHT uepes modaBy TPIiliuH i BUCOKY KOHIIEHT-
pailiro DOMIIIIOK uepes TpuUBAJINil uac o0pobaeHHs. Bce Ie mpusBo-
IUTHh 1O HMUB3bKOI AKOCTH OJEP:KaHUX HAHOCTPYKTYp. HesBarkaroum Ha
Te, IO eJeKTpoxeMiuHe MoOAUGDIKYyBAaHHA € M AKHM, 3aCTOCYBaHHS
moro oomesxkeHo enexkrTponpoBizuumu BHT [26—-28].

AnbrepHaTuUBHI migxomm mo QyHKIioHasgiszallii, sKi BUKOPUCTOBY-
I0Th HeiHBasWBHi Ta/ab0 HeTeIIoBi 30yI:KeHHs, MPOIOHYIOTh MOMKJIM-
BOCTi I/ YCYHEeHHS TaKUX HEIOJiKiB, HAIPUKJAM, 3aBIAAKU BUKOPU-
CTAaHHIO IIOJiMEpPHOTO OOrOpTAaHHS OJs HEeKOBaJeHTHOI (PYHKITioHAJi-
sarii BHT 3a momomoroio makpomoserkyJ [29—31]. Inmmuii anprepHa-
TUBHUII MeToh (pyHKIioHAmiszalii BHKOPHCTOBYE MiKpPOXBUILOBE
onpominennsa BHT [32—-33].

MikpoxBuiab0OBEe BUOPOMiHEeHHA € moOpe BigoMuM HeiHBa3WUBHUM i
YUCTUM iHCTPYMEHTOM OOpPOOJIeHHSA, AKUI IINPOKO BUKOPHUCTOBYETHCS
Ias akTuBaIii abo MpUIIBUIAINIEHHA XeMiuHuX peakiii [34]. dAr mpa-
BUJIO, MiKPOXBUJIbOBA €HEepPrid IOHIKYE KiHeTmuyHUU Oap’ep AJsa pe-
aKIliii, 3MiHIOIOUM eHepril0 KoJMBaHb 3B A3KiB i/a00 KoH(irypariio
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KOHKpPeTHUX peareHTiB. Taxa akTuBaIlia Mo:Ke 3a0€3MeUUTH POSIIU-
peHuil aiAmasoH peakIliii 3 HM)KUYNMH TeMIlepaTypaMu Ta/abo CKOpo-
YeHUM YacoM pPeakirii, 1Mo yMOKJIMNBJIIOE YHUKHYTU HeOaKaHUX II00i-
YHUX peakIiil i npoayKTiB. MiKpoxBu/JIbOBe BUIIPOMiHEHHS BUKOPUC-
ToBy€eThCcA aK naa cuHteduw BHT [35], Tak i maa 3’egumanua BHT 3
HAHOYACTUHKAMHI 3a JOIIOMOTOI0 I'€HEePYBAHHSA Ta PEKOHCTPYIOBAHHS
medexris [36].

B maniit pobori 0yso amamToBaHO HOBUII €KOJIOTIUYHO UMCTUIH miaxism
3 BUKOPHCTAHHAM MiKPOXBUJIb IJIs HMIBUAKOTO MOAM(IKYBAHHS OTHO-
crimaunx BHT mamouacturnkamu CdTe 6e3 BUKOPHCTAaHHSA arpecUBHUX
okmcHuioBauiB (Hampukigax HNO;) 3 yabTpasByKOBUM OODPOOJIEHHSIM.
et migxix npomonye HOBUiII cmoci6 e()eKTUBHOTO CTBOPEHHA TiOpua-
HUX HAHOCTPYKTYP 3a PaXyHOK TOrO, IIIO BeCh IIPOIleC BiAOYBAETHCA B
OIWH eTall, IO Ja€ 3MOT'y B IOJAJLIIIOMY MAacIITa0yBaTH TEeXHOJIOTiIO
mo mpomucyoBoro piBua. Oxmoctinmi BHT (OCBHT) snerko yTBOpIO-
IOTH BHCOKOIIPO30PY I €JeKTPOIPOBIAHY TOHKY ILIiBKY, dKa MOXKe
MaTH pisHe IMpUKJagHe 3acTocyBaHHA [37]. ¥V moemmamui 3 HaHouac-
Tuakamu CdTe, AKMil € MIUPOKO30OHHUM HAIIiBIIPOBIAHUKOM, BiZKpU-
BA€TLCA MOYKJIMBICTL CTBOPEHHSA TiOPHUAHMX HAHOCTPYKTYP AJIS 3aCTO-
CyBaHHA B AKOCTi KOMIIOHEHT HPO30PUX COHAUYHUX €JEeMEHTiB, CeHCO-
PiB, OOTOENIEKTPOHHUX IIPUCTPOIB, cHcTeM 30epiraHHs eHeprii Tomro
[38—-42].

2. MATEPIAJN TA METOAN

Hna mocrimsxens Oysmo Bukopuctano omuoctimui BHT, dyuxmiomari-
sdopari COOH-rpymamu D15L1-5-COOH (NanoLab, Inc., CIITA). 3a
imgopmalliero s CIOKMBAUa: B0BHIIIHINA migmerep — 15+ 5 HM,
poBknHa — 1-5 mxm, Bmict COOH-rpyn — 2-7 mac.% , nuroma IIo-
BepxHA — 220 m%/r.

Hanmouactruaxku CdTe, crabimisoBami Tiosamm, Oyja0 omep:KaHO 34
KiMHaTHOI TeMIlepaTypu 3 JOTPUMAaHHAM MeETOAM, ommcanoi B [43].

Hna mpuroryBanHA 3paskiB pobumsau mHaBickm OCBHT mo 0,03 r B
TPLOX OKpeMux (paaKoHaX, M0 AKHX J0AaBajocsa Mo 1 MJ OeioHizo-
BaHoi Bogu. Omep:xani 3pasku OCBHT Oyam mucmeprosaHi B yJabTpa-
3BYKOBill BaHHi 3a uwacToTu yJabTpasByky y 50 kI'm, wacy gzii y 10
xBuauH i Tremneparypu y 30 rpagyciB 3a Ilenbciem. IlotiMm mo omHOrO
¢daakony miaroroBsenoi cycmensii OCBHT nmomaBamu 1 mur cycmensii
nanouactTuHok CdTe Ta saBaHTaKyBau PasoM 3 OJHUM (PIaKOHOM
cycuensii umctux OCBHT y wmikpoxsuaboBy miu (mozeab LG MS-
2042), ocHaleHny MarHeTpoHoM moTy:kKHicTio y 700 Br, 1o mpairioe
Ha yactori y 2,45 I'Tun. Hua wmimimisariii meperpiBy posumHHUKA Ta
MigBUINEHHSA THCKY B 3aKpuUTOMy (QIaKOHi 3miHCHIOBAIW TUKJIIUYHIL
MIKPOXBMJILOBI eKcmosuirii 3 yacom yBiMKHeHHs y 30 ¢ 3a 100% -
MOTYsKHOCTH, poaxijeni 10-ceKyHIHUMHN iHTepBaJaMU Yacy BUMK-
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HeHHs. 3arajbHa TPUBAJICTL eKcmosuilii cranoBuaa 2400 c. Taki ma-
pamerpu OyJjo mimiopaHo 3 ypaxyBaHHAM JaHUX OOCTIIKeHb 3 OAep-
JKaHHA TONiOHUX HAHOCTPYKTYD [44—4T].

3arajioM OJA OOCHiAKEeHb OyJ0 IIiATOTOBJIEHO B3pPasKMd UYUCTUX
OCBHT, umctux OCBHT, o006po0seHUX MiKpPOXBUJIBOBUM BUIIPOMi-
HeHHAM, i riopmgaux ctpykryp BHT, momudikoBaHmx HaHOYACTUH-
kamu CdTe (OCBHT/CdTe). Bci spasku migroroByieHO y BUTJIALL CY-
CIIEH3i.

PentreniBcepki doroenexTporHi cunexktpu (PPC) ocroBHUMX piBHIB
eJleMeHTiB OyJIoO oOIep:KaHO HA PEHTIeHiBCbKOMY CIIeKTPOMeTpi
PERKIN ELMER PHI 5600. Pobounii BakyyM Imig yac OpOBemeHHS
ekcriepuMenTy 6yB y 107 Ila. BukopucToByBajaca aJroMiHifoBa
aHozma 3 eHepriero Jinii AlK, y 1486,6 eB. [lismerep mpomeHs OYB ¥
400 mxMm. [Ina xommeHcarrii sapsaay 3paska BUKOPHCTOBYBAJACS eJie-
KTpoHHA rapMmara. Posgiibua 3maTHicTh Mo eHeprii ckiaaganaa 0,1 eB.
Kamiopysauusa eHepriii 3B’sa3Ky mposogujocsa mo Audf-aimii y 87,5
eB. Ilna pocaimikeHb 3pasKM CYCHeH3il HAHOCUJANCA Ha OUUIIEHY
IJIACTUHY KPEeMHil0 Ta BUCYIIyBaJuCA 3a KiMHATHOI TeMIepaTypu
yupoaos:x 30 XBUJIMH, HiCJsS YOr0 BHOCHJINCS Yy BAaKYYMHY IIJIIO30BY
KamMmepy. PosKjameHHs CHEeKTPiB Ha KOMIIOHEHTH IIPOBOAMJIOCS 3a
mporpamoo XPSPeak. ITouarkoBa ImImpuHA Ha IIOJOBUHI BMCOTH IIiKa
KOMIIOHEHT PO3KJaJeHHsA BUOMpasacsa 3a 3HAUEHHAM AJIA YKUCTOI CIIO-
ayku. Yepes pisHe OTOUEHHS Ta XeMiUHMI 3B’A30K IIMPUHA HA II0JO-
BUHI BHCOTH MOXK€ JIelIo 3MiHoBaTmcsa. Popma KpPuBOI KOMIIOHEHT
PO3KJIaeHHA 3amaBaJjacsa y Burjaani JIopeHIigsHa 3 HEBEJINKOIO OJIEI0
T'aBcifna, AKWil BUBHAYAETHCA alapaTHOW0 (PyHKIieo. TaKuM YMHOM,
dopMa KpUBOi KOMIIOHEHTH PO3KJIaMeHHS IPEICTABISIETHCA Yy BUTJIALL
BropTKU ABOX (yHKIiH — Jlopenmiaxa ta I aBciaHa.

CrmekTpodoToOMeTpUYHI MOCTiM:KeHHA 3pas3KiB MpPOBOAMINCA HA Of-
HompoMeHeBoMy ciexTpodoromerpi Spekol 1500 y gisimasoui moBxuH
xBuab 190-1100 um. s gocaimskeHb 3pasKM CyCHeH3iH momaBaam
OesmmocepelHRO Y KBapIlOBY KIOBETY 3 AUCTUJIBOBAHOIO BOmOM. Era-
JIOHHUH PO3YUH, BiJHOCHO SAKOT0 OyJI0 OIep:KaHO OIITHUYHI CHEeKTpHU
BOMpaHHsS, — AUCTUJILOBAHA BOZA.

Enextponny wmikpockomito riopugsuux crpyxryp OCBHT/CdTe
IIPOBOAMJIA 34 [JOIOMOTOI0 CKAHiBHOTO €JeKTPOHHOTO MiKpOCKOoIIa
(CEM) TESCAN MIRAS. [lna pmociimsKeHb 3pasKM CyCHeH3iil HaHO-
cunuca Ha mpoBigue ckigo ITO Ta BucymiyBanmcsa 3a KiMHATHOI TeM-
mnepaTypu.

ey

3. PESYJIBTATH U OBI'OBOPEHHS

Onas HY CdTe cmocrepiraetbcsa IMIMPOKE PO3MHUTE ILI€Ue [JIs OITHUU-
Horo BOmpaHHA B okKoJi 425—500 um (puc. 1, a), 1m0 BigoOpaskae 1me-
pexin 1S(e)-1S;,, Ta Bignmosimae posmipam HY Bix 2,2 vm 10 4,5 HM
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Puc. 2. CEM-306paskerns riopugaux HamocTpykTyp OCBHT/CdTe 3a pisHo-
ro mMacmra6y.>2

[48, 49]. PosmuTicTh mmiKa moB’sA3aHa 3 HAABHICTIO IOJigucmepcii po-
amipis HY [39].

Ilix vac dopmyBauua riopugaux HanocTpykTyp OCBHT/CdTe cmo-
CcTepiraloThCcs YTBOPEHHA Po3MipoM y 7—9 HM 3a paxyHOK (GopMyBaH-
Ha KygactepiB 3 HY ma moepxui OCBHT (puc. 2, a, 6). Bogmouac Bi-
IOyBaeTbCcA 3MIillleHHA IIiKa ONTWUYHOro BOupanHa Ha 375 HM
(puc. 1, a), mo Bradye Ha B3aemoxito HY 3 BHT. 36isnbmienas pos-
mipy HY 06es3 3B’asyBamua 3 moBepxHeio OCBHT npusomuio 6 10
3MilnleHHA miKa B 00JlacTh OiABINTMX MOBMKUH XBUIbL [50, 51] 3 omwHo-
YACHOIO IIOABOIO IIiKa BOMpaHHSA, xapakTepHoro mas uumctux OCBHT,
akuil cmocrepiraetbea Ha =230 M (puc. 1, 6) i 3ymMoBaeHHMH T—7'-
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nepexozomMm apoMmaTuuHoro kijgpisa C=C. YiTko BUIHO, IO Ha IOBEPX-
Hi OCBHT 3 ¢opmyBanaam riopugaux ctpykryp OCBHT/CdTe sra-
cae 90% Bumnpominenas CdTe-HY mopiBaano 3 umctumu CdTe-HY.
3racaHHs BUIPOMiHEHHSA MOKe OyTU TOB’s3aHe 3 IIePEeHEeCeHHSIM eJjie-
KTpoHiB 3 poro36ymxenoro CdTe ma BHT.

Amnaiiza peHTr'eHiBCbKUX (DOTOEJEKTPOHHUX CIEKTPIB AOCIiI:KyBa-
HUX 3pasKiB maja 3MOry OJHO3HAYHO 1HTEePIpPEeTyBaTH eHepreTHuYHi
3B’A8KM, III0 MPEeBAJIOIOTL IIig uvac ¢opMyBaHHA iHTepdeicy
OCBHT/CdTe. 1s-ciekrp Kap6ony (puc. 3, Tabs. 1) Bimo6pakae eme-

|I|l|l'|l'I|“llI|l
297 294 291 288 285 282 279
Enmepria 3r’asky, eB
Puc. 3. P®C Cls-cimekTrpu 3paskiB: a) riopugui crpyxrypu OCBHT/CdTe

HY; 6) umcri OCBHT micia MiKpOXBUJIBOBOTO ONPOMiHIOBAHHSA; 6) UMCTi
OCBHT 6e3 MiKpOXBHILOBOT'O ONPOMiHIOBAHHA.®

TABJINIIA 1. Enepreruune moJsioskeHHs [eB] i muprHa Ha MOJOBUHI BUCOTH
(Y Ay’KKax) CKJIaJ0BUX KOMIOHEeHT ocToBHIX Cls-cIeKTpiB 3paskis.?

KOMIIOHEHTH CIEKTPY , 5 c-0
C=0 | 0-C-0 | n-

3pasok K P | (c-0H) o

Tibpuami crpyxTypn  284,2 284,6 285,1 286,1 288,4 291,2

OCBHT,/CdTe-HY 0,6) (0,5 (0,7) (1,2) (2,2) (3,3)

Yucri OCBHT micis mikpo- 284,2 284,6 285,3 286,6 288,4 290,8
xBUJABOBOTO onpomintoBanua (0,5) (0,5) 1,1) (1,3) 1,9) (2,4
Yucti OCBHT 6es mikpox- 284,2 284,5 285,1 286,1 288,7 291,4
BUJIbOBOro onpominoBauua (0,6) (0,5) (0,7) (1,3) 2,3) (3,7

Ilpumimka: noxubka mipaas — 0,1 eB.
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prifo 38’asky Kap6ony y pisEumx KoHdopmamiax: sp?, sp®, C—O (C—
OH), C=0, 0=C-0, n—n" Bigmosiguno. 3a B3aemoznii OCBHT 3 maHoua-
cruakamu CdTe 3a3Hae 3HAUHWX 3MiH KOMIIOHEHTa T—T, AKa Bimo-
6paskae 3B a30x C=C mixx KapboHoM Ha moBepxHi HAHOTPYOOK.

Yepes onpominenaa uuctux OCBHT mikpoxBuimaMu BinOyBaeTbcA
3MillleHHA MaKcuMyMmy eHeprii 1iei kommonenTn Ha 0,6 eB y 6ik
3MEHINIeHHsS eHeprii 3B A3Ky Ta 3MeHINeHHS 3HaueHHS IMPUHU Ha
IIOJIOBUHI BWCOTH, IO 3YMOBJIEHO IIOABOIO MOJATKOBOI eJeKTPOHHOI
ryctuau. 3a B3aemogili OCBHT 3 CdTe-HY cmocTepiraeTbcsa 3BOPOT-
Hifl mpoIlec — 3MilleHHA MaKCHMyMy KOMIIOHeHTH n—7 Ha 0,4 eB y
0iK 30isibIlleHHs eHepril 3B’s3Ky Ta 30i/JbIIIeHHA 3HAUEHHS IIUPUHUA
Ha IOJOBUWHI BUCOTH, IO CBiAUNUTH IPO BiATiK €JEeKTPOHHOI I'YyCTUHU
3a popmyBaHHA riopugaux HanocTpykTyp OCBHT/CdTe.

3HauHi 3MiHu cmoctepiraioThea y (opmi 1s-cmekTpiB OKcureny is
30epeKeHHAM II0JIOJKEeHb OCHOBHUX KOMIIOHEHT CIIEKTPY B MeiKaX IIO-
xubKu MipAaHb (puc. 4, Taba. 2). aa yuctux OCBHT 6e3 xBUILOBOTO
onpomiHoBanHa crmexTep Ols xapaKTepusyeTbcsa ABOMAa MTiKaMu Ha
531,6 eB i 533,3 eB, 1m0 BigmoBimaroThr xemiunum 3B’a3kam C=0 Ta
C-0O (C-OH) BimmoBigHo.

O6ipeani KucHeB1 ¥
a ©®B ABKH

f
}
/

540 538 536 534 532 530 528
Enmepria 3e’3ky, eB
Puc. 4. P®C Ols-cuexTpu 3paskiB: a) riopugui crpyxrypu OCBHT/CdTe

HY; 6) umcri OCBHT micida MiKpOXBHJIBOBOIO OIPOMiHIOBAHHA; 6) UMCTI
OCBHT 6e3 MiKpOXBHUJIBLOBOTO ONPOMiHIOBAHHS.®
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TABJIUIIA 2. Enepreruuse nosioskeHHs [eB] i mupraa Ha moI0BMHI BuCcOTH
(V AysKKax) CKJIaJ0BUX KOMIOHeHT ocToBHuX Ols-cmekTpis 3paskis.’

KoMmoHeHTH cexkTpy =0 Cc-0 Oo6ipBani
3pasok B (C—OH)|Oxcurenosi 38’ a3Ku
Ti6pugni crpykTypu OCBHT/CdTe-HY 5316;1 5(336;1 5(35655
Yucti OCBHT micasa mikpoxsuaroBoro 531,6 533,4 535,2
OMIPOMiHIOBAHHSA (1,9) 1.9 (1,9)
Yucti OCBHT 6e3 mikpoxBuaboBoro 531,6 533,3 o
OMIPOMiHIOBAHHSA (1,9) 1,9)

Ilpumimka: noxubka mipaas — 0,1 eB.

Ilig uac o6pobasaraaa OCBHT MiKpoXBHUJIBOBUM BUIIPOMiHEHHIM
BimOyBaeThcsa ameHInenua mika C=0 Ta mosdBa HOBOro mika Ha 535,2
eB, saxwuii, mBuglne 3a Bce, BigmoBimae 3a obipBani Okcuremosi
3B’SI3KHU, IO YTBOPIOIOTHCSA BHACJHIZOK B3a€EMOUMHY BUIIPOMiHEHHS 3
dyurmionaapauMu rpymamMu COOH- ma moBepxHi HamoTpybok. Baa-
emonis OCBHT 3 HY CdTe 3a MiKpOXBMJIBLOBOI'O OIPOMIiHIOBAHHS
MIPUBOAUTH [0 3HAYHOTO 3MEHINEeHHSA iHTeHCMBHOCTHU IIiKa, IO Bigmo-
Bimae 3a 3B as3ox C—0O (C—OH).

ITik, 1o, mIBuAIle 3a Bce, BimmoBimae 3a obOipBami OKcureHoBi
3B’saA3Ku, 3mimyerbcsa Ha 0,3 eB y 6ik 36igbiieHHs eHeprii 3B’A3KY
nopiBHAHO 3i 3paskamu OCBHT micias MiKpoxXBuIbOBOrO 00POGJIEHHS.
Take swmimeHHa y OiK 30iJbIlIeHHA eHeprili 3B’A3KY 3 OJHOYACHUM
3MEHIIIeHHAM iHTEHCHUBHOCTHU ITiKa CBiYNTH PO BIiATIK eJeKTPOHHOI
rycTuHu 3 obipBaHumxX OKCHUI'€HOBUX 3B fA3KiB 3a paXyHOK YaCTKOBOTO
BimHOBJIeHHA iX 3 (popmyBamHaM 3B’a3kiB C=0 3 ifioHamu OKcureny
TiosoBux rpyn 3 noBepxHi CdTe-HY mix uac ¢hopmyBaHHA TiGpuIgHUX
HaHocTpyKkTyp OCBHT/CdTe.

Cnupamunch Ha ofeps:KaHi JaHi MOKHa NTPUIIYCTUTU HACTYIHUHN
MexaHisaM (¢opmyBaHHA ri6bpugnux HaHOoCTPpyKTyp OCBHT/CdTe
(puc. 5): 3a MiKpPOXBUJIBOBOTO OITPOMiHIOBAHHSA BiJOYBa€ThCSA YTBO-
peHHa obipBanux OKcUI'eHOBUX 3B’fA3KiB, Ha dAKi BimOyBaeTbca IIpue-
nHaHHg HaHouacTUHOK CdTe uepes ob6’emnamusa 3 OKCHUI'€HOM TioJio-
BUX Tpym, i (opmyBanHa ribpumaux HaHOoCcTpyKTyp OCBHT/CdTe.
BogHopas Bifm0yBaeThCcA TPAHCIOPT €JEKTPOHHOTO 3apAny 3 (GpyHKIio-
HaJbHUX Tpyn Oesmocepenuho Ha BHT, 1o migBuiiye mOpoBigHICTH
TaKuX TiOpUAHUX HAHOCTPYKTYP y mopiBHAHHI 3 unctumu OCBHT.

4. BUICHOBRH

Po3pob6iieno ogHoeTanmHui cmoci® ogep:kaHHsA TiOPUAHNX HAHOCTPYK-
Typ OCBHT/CdTe 3 BUKOPUCTAHHAM MiKPOXBUJIHLOBOI'O OIIPOMiHEHHS.
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Puc. 5. CxemaruuHa iHTepumperania MexaHiZMy IpPHEJHAHHSA HAHOYACTUHOK
CdTe no OCBHT.”

Bceramosieno, mo aaa uuctux OCBHT cmektep 1s Okcureny xapa-
KTepusyeThbcsa nBoMma mikamu y 531,6 eB i 533,3 eB, mio Bigmosina-
10Th XemiunuMm 3B’ sa3kam C=0 ta C—0O (C—OH) BigmosigHo.

ITix vac 06pobaaausas OCBHT MiKpoXBMJILOBUM OIPOMiHEHHAM Bij-
oyBaeThca 3MmeHmienud mika C=0 ta mosgBa HoBoro mika Ha 535,2 eB,
AKWHA, MIBUIINE 3a Bce, BigmoBimae 3a obipBami OxcurexosBi 3B’aA3KU,
III0 YTBOPIOIOTHCA BHACJIZOK B3a€MOUHNHY BUIIPOMiHEHHSA 3 (PYHKIIiO-
HaapHuMU rpynamu COOH- Ha moBepxHi HaHOTPYOOK.

3a Bzaemogii OCBHT 3 CdTe-HY cmocrepiraerbca 3HauHEe 3MeH-
IIIeHHsA iHTeHCUBHOCTH ITiKa, I0 Biamosimae s3a 3B’asox C—O (C—OH).
Ile sMeHIIeHHsA 3yMOBJIEHE 3MEHIIIEHHAM KimbKocTu 3B’a3kKiB C—O
(C—-OH) s3a paxyuok ytTBopenHsa 3B’saA3KiB C=0 3 HaHouacTUHKaMu? -
CdTe.

3aImIporoHOBAaHO MOSCHEHHS MeXaHi3My eJeKTPOHHOT'O TPAHCIIOPTY
3a (opmyBanHua riopugaux HanocTpykTyp OCBHT/CdTe, axkuit moasd-
ra€ B yTBOpeHHi obipBaHmx OKCHI'€HOBUX 3B’A3KiB Il yac MiKpOX-
BUJILOBOTO OIIPOMiHIOBAHHSA, Ha AKi BimOyBaeThcs KOBAJIEHTHE IIPUET-
Hauud HaHouacTuHOK CdTe Ta popmyBanHA riOpUIHUX HAHOCTPYKTYP
OCBHT/CdTe. BogHopas BimOyBaeThCsA TPAHCIIOPT €JEKTPOHHOTO 3a-
pAny 3 GpyHKIioHAIbHUX TPyl OGesmocepenubo Ha BHT, 1o migBuiiye
MIPOBiAHICTE TaKUX TiOPUAHUX HAHOCTPYKTYP y IOPIiBHAHHI 3 UMCTU-
mu OCBHT.

IIpoBeneHi mocuaimKeHHA BiIKPUBAIOTh IEPCIEKTUBU ITPOCTOT'O Ofe-
p:xanHa ri6pugaux HaHocTpyKTyp OCBHT/CdTe maa cTBopeHHA iH-
TepdeiiciB (mepexifHUX CTPYKTYP), IO 3’€IHYIOTH HAHOMATEPiAJIU UM
TO HAHOOG €KTH 3 MiIKPOCKOIIUHMMU IIPUCTPOAMH a00 TKAaHWHAMU ¥
bioMemMUYHMX iHBaA3WBHUX IIPUCTPOAX i ceHcopax.
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! Fig. 1. Optical absorption spectra of the samples: a) CdTe NP and SWCNT/CdTe; 6) pure
SWCNT.
2 Fig. 2. SEM images of hybrid SWCNT/CdTe nanostructures at different scales.
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3 Fig. 3. XPS Cls spectra of the samples: a) hybrid structures of SWCNT/CdTe NP; 6) pure
SWCNT after microwave irradiation; 8) pure SWCNT without microwave irradiation.

4 TABLE 1. Energy position [eV] and width at half height (in parentheses) of the components
of Cls core-level spectra for the samples.

5 Fig. 4. XPS O1s spectra of the samples: a) hybrid structures of SWCNT/CdTe NP; 6) pure
SWCNT after microwave irradiation; 8) pure SWCNT without microwave irradiation.

5 TABLE 2. Energy position [eV] and width at half height (in parentheses) of the components
of Ols core-level spectra for the samples.

" Fig. 5. Schematic interpretation for the attachment mechanism of the CdTe nanoparticles to
SWCNT.






Hawnocucmemu, HaHomamepiaiu, HAHOMEXHOLO02IL © 2025 IM® (Iacruryt meranodisuku
Nanosistemi, Nanomateriali, Nanotehnologii im. I'. B. Kyparomosa HAH Vkpaiuu)
2025, 1. 23, Ne 3, cc. 667-675 HaznpykosaHno B YKpaiHi.
https://doi.org/10.15407/nnn.23.03.0667

PACS numbers: 68.37.Hk, 68.37.Vj, 78.67.Rb, 81.16.Be, 81.65.Cf, 88.40.hj, 88.40.jp

Fabrication of Cadmium Selenide (CdSe)—Porous Silicon (PSi) Solar
Cell

N. H. Mohammad, Abdulkhaliq Ayuob Sulaiman,
and Abdullah L. M. Alabdullah

College of Science, Department of Physics,
Mosul University,

Al Majmoaa Str.,

41002 Mosul, Iraq

Chemical-bath deposition is used to prepare thin films of CdSe on p-type
porous-silicon wafers at room temperature. Porous-silicon substrates are
prepared using an electrochemical-etching method for etching time of 5
and 15 min. The energy gap of CdSe thin film is of 2.6 eV. Scanning elec-
tron microscope images and x-ray spectrum demonstrate that the films of
the PSi—CdSe junction show that the films are crystalline with a small
presence of the amorphous phase, and the grain size of CdSe compound is
of about 38—41 nm.The junction shows I-V characteristics similar to that
of ideal-diode and solar-cell characteristics.

st npuroryBaHHA TOHKUX IiBoK CdSe Ha mopucTUX KPEeMHIAOBUX IJIACTHU-
HaX p-TUNY 3a KiMHATHOI TeMIIepaTypu BUKOPHCTAHO METOJ XeMidHOT'O oca-
mKeHHA y BaHHi. Ilopueri KpeMHITIOBI MiAKJIaZMHKY BUTOTOBJIEHO METOAOM
€eJIeKTPOXEeMIiUHOI0 IIaBJEHHA 3 YacoM ImaBieHHA v 5 i 15 xB. EHepreTuuna
3a0opoHeHa 30HA s TOHKOI miaiBku CdSe cramosuyia 2,6 eB. 3o6paskeHHsd,
oJlepiKaHi 3a JOMOMOTOIO0 CKaHiBHOIO eJIeKTPOHHOI'0 MiKPOCKOIIa, Ta PeHTIe-
HIBCBKUII CIIEKTEep AEeMOHCTPYIOThH, IO IJIiBKM Ha mnepexoxi PSi—CdSe 6yau
KPHUCTAJIYHNMHU 3 HEBEJIMKOIO MPUCYTHICTIO amopdHOl (hasu, a po3Mip 3epeH
cunonyku CdSe = 38—41 um. Ha nmepexoi moxkasaHo BOJIBT-aMIIEPHI XapaKTepu-
CTUKHU, MOAiIOHI 0 XapaKTePUCTUK iflealbHUX A0 i COHAYHUX €JIeMeHTiB.

Key words: porous silicon, CdSe thin films, solar-cell characteristics, di-
ode characteristics.

Karouori cioBa: mopuctuii KpemHiit, ToHKi muiBku CdSe, xapaKTepucTuKku
COHAUYHUX €JIEMEeHTiB, XapaKTePUCTUKU Iiof.
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1. INTRODUCTION

Thin film of cadmium-selenide material has good optical and struc-
tural properties for the application of solar cell [1]. CdSe is highly
photosensitive and has suitable band gap (of 1.7 eV) that matches
the maximum intensity in the visible range of the solar spectrum.
Compared to bulk form, nanoparticles of CdSe have gained more at-
tention of researchers because of their interesting characteristics as
window layer in photovoltaic cell (PV cell) [2]. These properties
making CdSe suitable for several application, including optoelec-
tronic applications [3], solar-cell applications [4], field effect tran-
sistor [5], light emitting diode [6], biomedical imaging devices [7].
Several techniques have been used in the preparation and doping of
CdSe such as pulsed laser deposition [8], thermal evaporation [9],
chemical-bath deposition [10, 11], spray pyrolysis [12, 13], and elec-
trodeposition [14—16].

In our study, thin films of CdSe have been deposited on p-type
porous-silicon substrate. Scanning electron microscope, x-ray spec-
troscopy and UV-Visible spectrometer were used to measure struc-
tural properties of PSi—CdSe junction.

2. EXPERIMENTAL METHOD

The photoelectrochemical-etching technique of porous silicon (p-
type) with an orientation (111) and resistivity of 1-10 Q-cm was
used. The sample of wafer silicon was dipped into an aqueous solu-
tion of HF (18 wt.%) and ethanol (99.9%) (1:1). The applied cur-
rent was fixed at 15 mA/cm? and etching time was used of 5 and
15 min. Additionally, ethanol solution has a key role to increase the
wet strength of the porous-silicon substrate that is important to
enhance the lateral homogeneity of the PSi surface. Furthermore,

Fig. 1. Photoelectrical cell.



FABRICATION OF CdSe-POROUS SILICON (PSi) SOLAR CELL 669

the etching cell was made of teflon connected with a rubber O-ring
of 1.5 cm? diameter to permit it to touch the silicon wafer. The cur-
rent was fixed by two electrodes; the first electrode is a stainless
steel that was placed below the platinum-electrode electrolyte sili-
con. The cathode (second electrode) is a circular gold that is covered
in the HF electrolyte; it is placed between the top part of an alu-
minium ring and the teflon (Fig. 1).

3. RESULTS AND DISCUSSION

Thin films of CdSe have been deposited on glass substrates and po-
rous-silicon wafers.

The optical, structural, and electrical properties of CdSe thin
films and PSi—CdSe junction have been investigated.

The optical properties of the CdSe thin films are shown in Figs.
2, 3; the transmittance and refractive index increase with incident
wavelength over the visible wavelength, while the absorbance and
extinction coefficient decrease with wavelength. The energy gap of
CdSe thin films was of about 2.6 eV.
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Fig. 2. The optical properties of CdSe thin film: (a) transmittance; (b) ab-
sorbance; (c¢) refractive index; (d) extinction coefficient.
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Fig. 3. The optical properties and energy gap of CdSe thin films.
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Fig. 4. XRD patterns of CdSe (‘24 hrs—5 min’ symbolically).
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Fig. 5. XRD patterns of CdSe (‘24 hrs—15 min’ symbolically).
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The x-ray spectrum of PSi—CdSe junction (24-hrs deposition time
of CdSe film and 5-min etching time of silicon) shows two peaks;
one of them was a distinctive high-intensity peaks at 26 =28.8°
(b.c.c. structure) with orientation (101); the second low-intensity
peak appears at 20 = 26.2° with orientation (002) (Fig. 4). The x-ray
spectrum of the other PSi—CdSe junction (24-hrs deposition time of
CdSe film and 15-min etching time of silicon) shows a distinctive
single high-intensity peaks at 20 =29.8° with (b.c.c. structure) ori-
entation (101). The other low-intensity peaks appear at 20 =27.67°
reflecting different structures with orientations (002) (Fig. 5).

The scanning electron microscope images of the samples prepared
during 24-hrs deposition time of CdSe and 5-min etching time of sili-
con are shown in Fig. 6; they show inhomogeneous distribution of
nanoparticles of CdSe compound covering the sample surface; the
images also showed that the average grain size was within the range
near 41.9075 that agree with XRD results. In Figure 7, the scanning
electron microscope images of the samples prepared during 24-hrs

Fig. 6. Field-emission scanning electron microscopy (FESEM) picture of
PSi—CdSe with CdSe deposition time of 24 hrs and silicon etching time of
5 min.

Fig. 7. FESEM picture of PSi—CdSe with CdSe deposition time of 24 hrs
and silicon etching time of 15 min.
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TABLE 1. Average grain size of PSi—CdSe junction.

Sample |Pos. 26, °| FWHM left, 20, ° | D, nm | Average grain size, nm
| 7.2419 3.2168 2.474851
® s|: 12.5785 3.775 2.117426
2 S |15.3728 1.8086 4.432812
© = |26.0562 0.0635 128.424
° mq; = | 28.5163 0.767 10.68772
5 ©2 28.8293 0.3533 23.2188
Ei ‘é’ﬁ 28.8646 0.0753 108.9489 40.19941084
g5 28.9302 0.8015 10.23713
E ¥ |29.2693 0.6624 12.39638
g 5 |30.5024 1.8478 4.456624
& = | 38.8264 0.3838 21.94805
A 59.2158 0.0597 153.0503
14.3183 1.5622 5.125841
18.002 0.2127 37.81938
¢ . | 23.5521 0.0586 138.496
<3 |25.3949 0.1153 70.63481
e | 27.4487 0.4005 20.42072
|| 27.7909 0.1845 44.36041
B 5 | 28.2043 0.1235 66.33079
S | 29.5605 1.0648 7.716785
w '@ | 31,1957 1.5861 5.200614
5% | 32.8832 2.5677 3.226081 38.05298087
Zg |33.8205 1.9111 4.345094
5 |387.9183 0.3665 22.92084
2w | 38.8808 0.0727 115.8882
G2 |45.3173 0.1635 52.65465
%é 49.6394 1.089 8.037551
= 53.5337 1.3898 6.402139
58.6366 0.1232 73.95355
63.7559 6.5868 1.420229

deposition time of CdSe and 15-min etching time of silicon are
shown; the images show the formation of CdSe nanotubes with vari-
ous orientations covering the entire sample surface with presence of
some clusters. The average grain size of CdSe was of about 40.497
nm, and this agrees with XRD results (Table 1) too.

The I-V characteristics of the PSi—CdSe have been measured for
both samples (Fig. 8). The junctions show ideal characteristics of
the diode in both forward and revers bias. The solar-cell character-
istics of the PSi—CdSe also have been measured for both samples
(Fig. 9). The junctions show ideal solar-cell characteristics, where
the out power, efficiency and fill factor increase with etching time
of silicon as shown in Fig. 8 and Table 2.
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Fig. 8. I-V characteristics of the PSi—CdSe junction: (a) 24-hrs deposition
time of CdSe and 5-min etching time of silicon; (b) 24-hrs deposition time
of CdSe and 15-min etching time of silicon.
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Fig. 9. Solar-cell characteristics of the PSi—CdSe junction: (a) 24-hrs depo-
sition time of CdSe and 5-min etching time of silicon; (b) 24-hrs deposition
time of CdSe and 15-min etching time of silicon.

TABLE 2. Out power, efficiency, and fill factor of PSi—CdSe solar cell.

Parameters| Unite Deposition time—24 hrs, | Deposition time—24 hrs,

etching time—5 min etching time—15 min

Area Cm? 1 1

2 Mw/cm? 100 100

Iy mA /cm? 2.385 2.507

Voo \% 0.330 0.360

. mA /cm? 2.021 2.203

V nax A% 0.250 0.270

FF 0.642 0.659

PCE % 0.505 0.595
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4. CONCLUSIONS

Thin films of CdSe have been deposited for 24-hrs deposition time;
the film was deposited on porous silicon prepared during 5-min and
15-min etching periods. The energy gap of CdSe thin films was of
2.6 eV. The grain size of both junctions was of about 38—41 nm.
The junctions show ideal characteristics of diode and solar cell. The
fill factor and efficiency was of 0.642, 0.505 for 5-min etching time
junction and 0.659, 0.595 for the 15-min etching time junction, re-
spectively.
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This review focuses on the synthesis and characterization of p-type metal-
oxide (p-type CuO) semiconductor thin films used for chemical-sensing ap-
plications. p-Type CuO thin film exhibit several advantages over n-type
metal-oxide, including a higher catalytic effect, low humidity dependence,
and improved recovery speed. However, the sensing performance of CuO
thin film is strongly related to the intrinsic physicochemical properties of
the material and their thickness. The latter is heavily dependent on syn-
thesis techniques. Many techniques used for growing p-type CuO thin film
are reviewed herein. Copper oxide is called a multifunctional material by
dint of possessing a broad range of the chemical and physical properties,
which are often highly sensitive to changes in processing parameters, alt-
hough, extensive research and development, the optimization of the pro-
cessing parameters are still in full development until today, where the
overall research found that the different properties of copper oxide are
based on the experimental conditions. In this extensive review, we focus
more on discussing the effect of major synthesis processing parameters
such as precursor solution, annealing temperature, and thickness of the
nanomaterial, which various researchers have obtained. These factors are
critical overviewed, evaluated, and compared.

Ileit orssam 3ocepemKeHUN Ha CMHTE31 Ta XapakTepusallil TOHKMUX HaIliBIIPO-
BIJHMKOBUX ILIiBOK HaA OCHOBiI Merasookcuny p-tuny (CuO p-tuny), 1mo BU-
KOPHUCTOBYIOTbCA IJA XeMiuHoi ceHcumbGinizamii. Touki maisku CuO p-tuny
MaloTh P IlepeBar HajJ MeTaJOOKCHUIOM N-TUIY, BKJIOUAIOUN BUIMUHA KaTa-
JiTnuHUN edeKT, HU3bKY 3aJIeKHIiCTh BiJl BOJIOTOCTHU Ta IIOJIIMINEHY IIIBUI-
KicTh BigHOBIeHHA. OZHAK CEHCOPHA IPOAYKTHUBHICTL TOHKOI mriBku CuO
TicHO mOB’sA3aHa 3 BAacHUMHU (hiBUKO-XeMiUHMMU BJIACTUBOCTSIMU MaTepisay
Ta #oro ToBmimHON. OCTaHHS CUJILHO 3aJEKUTh Big MeromiB cuuTesu. TyT
PO3TJIAHYTO 0arato MeTOZiB, IO BUKOPUCTOBYIOTHCSA [OJIs BUPOITyBaHHA
ToHKOI miiBku CuO p-tunmy. Oxcun Kynpymy HasuBaioTh 6araTodyHKITioHA-
JbHUM MAaTEepPifAJoM B3aBASAKHU IIMIUPOKOMY CIEKTPY XeMiuHux i GisuuHmX
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BJIACTHUBOCTEM, AKi WacTo AysKe UyTJUBi M0 3MiH mapaMeTpiB oOpoOJIeHH A,
Xoua 3aBASAKHU IMUPOKUM JOCTi:KeHHAM i po3poOKaM OITHMisallisg mapame-
TpiB 00pOGJIEHHS Bce Ire mmepebyBae B IIOBHOMY PO3BUTKY AOTeIep. 3arajbHi
IOCTiMKeHHs MMoKasaJu, Io PisHi BaacTuBoCTi oxcuny Kympymy saiekaThb
BiJl eKcIlepMMeHTAJbHUX yMOB. ¥ IILOMY POSIIMPEHOMY OTJISAI MU OijIbIle
30CepemKyeMocsi Ha OOrOBOPEHHI BILIMBY OCHOBHUX HapaMeTpPiB CHUHTe3HU,
TaKUX AK PO3YMH-IIPOBICHUK, TeMIlepaTypa Bifmajly Ta TOBIMHA HaHOMAaTe-
piany, axi Bike omepskasu pisHi gocaimHmKu. Il YMHHUKN KPUTUYHO PO3T-
JSHYTO, OIiHEHO Ta MOPiBHAHO.

Key words: semiconductor copper oxide, synthesis methods, p-CuO thin
films, precursor solution, annealing temperature.

KarouoBi coaoBa: HamiBmpoBigHWMKOBUIT okcuj Kympymy, MeTrogu CUHTE3H,
ToHKI miaiBku p-CuO, po3suymH-IPOBiCHUK, TeMIlepaTypa Bifmay.
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1.INTRODUCTION

In the technology industry, semiconductors are critical tools for na-
noscale electrical transportation due to their physical and chemical
properties. It is seen as a promising material due to its appropriate
band gap and high absorption coefficient in the visible light region.
Apart from good optical and electrical properties, the material has
many advantages such as the availability and abundance of raw mate-
rials, the non-toxic nature and the low cost of production[1].

Among these materials copper oxide, which is a compound with the
binary copper—oxygen system, contains two stable phases: Cu,O (cu-
prite) and CuO (tenorite). In addition to these stable phases, a metasta-
ble one is also reported: Cu,O; (paramelaconite) [2].

Different processes can be used to deposit copper oxide in thin films.
One can note the chemical processes consist in elaborating the material
by chemical reaction or molecule decomposition such as electrodeposi-
tion [3], chemical vapour deposition [4], SILAR [5], sol-gel [6]. In-
stead, the physical processes consist in developing the film by extract-
ing the material from a target, for instance, sputtering [7], thermal
oxidation [8], and plasma evaporation [9].

Cupric oxide (CuO) has attracted a lot of interest due to its funda-
mental and technological potential, especially, in several industries
[10], where it has been employed as a basic material in photocatalytic
reactions [11, 12], inertness sensors [13], nonenzymatic glucose sen-
sors [14], ammonia sensing [15], antibacterial activity [16], oxide ar-
chitectural pores [17], polymer solar cells [18], antifungal agents [19];
and CuO nanoparticles are also used in dry cell batteries as lithium-ion
batteries [20, 21].
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Developing a good quality material and mastering its structural, op-
tical, and electrical properties are a major challenge. In this respect,
the quest for the most efficient synthesis process, which yields not on-
ly large quantities but also high-quality and advanced material proper-
ties, continue.

The aim of this review devoted mainly to the properties of CuO thin
films is to explain experimental-factors’ consideration required dur-
ing sample handling, and preparation according to the need imposed by
the type of application; its beginning with the influences of prepara-
tion materials, until finished, form-ready samples, future research di-
rections are also discussed.

2. INFLUENCE OF DEPOSITION PARAMETERS ON THIN FILM
PROPERTIES

It will be illustrated the fundamentals of the synthesis of copper oxide
with a particular focus on its influencing factors. Physical properties
will be described depending on the method adopted in the preparation,
and will be discussed stressing the consideration of the factors re-
quired during sample handling, preparation, and analysis.

2.1. Influence of Precursor Solution

The precursor solution is the first important process variable. Solvent,
type of salt, concentration of salt, and additives influencing the physi-
cal and chemical properties of deposited film can be tailored by chang-
ing the composition of the precursor solution.

Figure1l shows schematic diagram of the synthesis of CuO
nanostructures.

2.1.1. Salt and Alkali-Metal Solution

In principle, any kind of soluble copper salt could be used as a precur-
sor to prepare CuO nanostructures without much difference, or, at
least, there seems to be less report on the effect of copper-salt precur-
sor. Different copper salts such as chloride, nitrate, sulphate, and ace-
tate were used to prepare CuO nanomaterials [22]. However, the influ-
ence of different copper salts was not discussed in detail. However, in-
organic salts such as nitrates are often used, as precursors for sol—gel
CuO-based materials, even though their main drawback is related to
the inclusion or difficult removal of anionic species in the final prod-
uct. Using copper acetate as a precursor, the acetate groups, as con-
taminants of the gel, decompose under annealing producing combus-
tion volatile by-products [23]. Authors mentioned that the use of cop-
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CuO thin film CuO nanopawder

Fig. 1. Schematic diagram of the synthesis of CuO nanostructures.

per perchlorate instead of copper acetate yields a turbid suspension,
i.e., coagulation of the particles takes place [24]. This is also obtained,
when using copper sulphate as a precursor [25]. The equations of the
chemical paths of CuO deposition based on the various precursors in
distilled water are as follow:

Cu(NO;), + H,O — CuO + 2HNO,, (1)
CuCl, + H,0 —» CuO + 2HCI, (2)
(CH;CO0), + H,0 —» CuO + 2CH,COO. 3)

In order to that, particle size and uniformity of copper nanoparticles
prepared from copper acetate seem better than those from inorganic
copper salt do. A reasonable explanation is that carboxylate groups are
still adsorbed on the surface of the copper-oxide nanoparticles and play
the role of a surfactant and suppress nanoparticles from growth and
aggregating process [26].

2.1.2. Solvent

The term ‘solvent’ refers to a class of liquid organic chemicals of vari-
able lipophilicity and volatility, small molecular size, and lack of
charge, accordingly, which are frequently used to dissolve, dilute, or
disperse materials, which are insoluble in water. Solvents are classi-
fied largely according to molecular structure or functional group.
Classes of solvents include aliphatic hydrocarbons, many of which are
chlorinated (i.e., halocarbons), aromatic hydrocarbons, alcohols,
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ethers, esters/acetates, amides/amines, aldehydes, ketones, complex
mixtures that defy classification [27].

Indeed, one of the most crucial elements of wet chemical techniques
is the solvent, where it has a noteworthy influence on the performance
of the reaction and allows thermodynamic and kinetic control over a
chemical reaction. It also greatly influences the stability and morphol-
ogy of the synthesized particles; little consideration has been given to
how the solvent affects alkoxides gels. This part of the review of pub-
lished works on alkoxide sol—gel processing is pertaining to the role of
the solvent. It is necessary to use a common solvent to being them into
the solution [28].

Two primary criteria for the solvents used to synthesize CuO
nanostructures are as follow:

(i) they dissolve copper and alkali hydroxide compounds;

(ii) they can be washed away easily or decomposed during the washing
and drying process without leaving any detrimental impurities or resi-
dues in the final nanoproducts.

As seen in the following equation, copper-oxide nanoproducts are, as
observed in the following Eq. (4), generated [29]:

copper salt + alkaline hydroxide — salt of alkaline metal + Cu(OH),. (4)

Alcohols are the most commonly used solvents. However, any family
of organic liquids capable of hydrogen bonding with water can be em-
ployed, such as amines, amides, or ketones. Water was also used less in
some reports, but without additives, which lower the surface tension
and, thus, the appearance of defects. Researchers tend to use organic
solvents. The majority of research on sol-gel processing has used
methanol or ethanol as the solvent [30].

The synthesis process should pay close attention to a number of sec-
ondary parameters, including viscosity, surface tension, volatility,
reactivity, toxicity, and cost.

Firstly, the use of these solvents imposes compliance with safety
standards regarding their toxicity. The main determinants of a sol-
vents’ inherent toxicity are as follow:

(i) dimensional morphology: courser nanoparticles were lesser hazard-
ous to finer ones;

(ii) facet charge: nanoparticles’ toxicity is amplified by positive
charge; this affirmative load uplifts the reactions amidst nanoparti-
cles and cells;

(iii) dissolution: the CuO-nanoparticles’ shattering is dependent on pH
and temperature of the mixture and that influences their toxicity [31];
subtle differences in chemical structure can translate into dramatic
differences in solvent toxicity [32] (i.e., methanol, ethylene glycol, and
isopropyl alcohol are referred that ‘toxic alcohols’) [33]; in fact, in
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most of the reports, CuO nanoparticles were prepared by utilizing wa-
ter as certainly the cheapest safest and most environmentally friendly
solvent.

On the other hand, the hydrolysis and polymerization kinetics are
impacted by the viscosity of the solvent, which alters the solution. A
high viscosity will impede the reaction and lengthen the gelation peri-
od by reducing the mobility of the catalyst and reactants through the
solution.

Increasing the viscosity ratio causes the particles to agglomerate. In
the case of a highly viscous solvent, the viscosity resists particle move-
ment. As a result, the particles keep their initial distribution [28, 34].

In another part, in the case of a solvent with a low viscosity, the sol-
vent easily moves between the particles, and the surface tension then
causes the particles to agglomerate. In the midst of the agglomerated
particles, the solvent is prevented from evaporating consequently; the
amount of available gel depends on the extent of the agglomeration.

Moreover, the surface tension o of the used solution controls the
droplet shape impact. Both solution surface tension and dissociation
enthalpy alter the microstructure of the formed film as the surface
tension o increases, the connectivity of the pores decreases, and the
structure increases. In the case of large surface tension, the surface
tension overcomes the viscosity resistance and causes the particles to
agglomerate. In the midst of agglomerated particles, evaporation
stops, and, consequently, the remaining amount of gel increases.

As mentioned earlier, pure CuO films studied using different sol-
vents affect the morphological properties [35, 36]. The using water as
solvent larger particles of irregular shape and intricate structures as
3-dimensional structures were obtained [37—40]. Figure 2 shows the
morphologies of copper oxides having different morphologies: (a)
nanostructures, (b) nanowires, (¢) nanostructures, (d) nanobelts, (e)
nanostructures, (f) hollow spheres.

Noteworthy, they headed to use the organic solvent as a substitute.
Among these solvents were the alcohols-synthesized CuO nanoparti-
cles. Using a varied alcohol such as methanol, ethanol, and propanol
exhibits more homogeneous surface, and decreasing in the grain size
by using modified solvent was found to be comparable with a previous
study [42].

In the same context, some research attributed the increase in the
grain size in the films’ synthesis by the alcohols’ solvent to the in-
crease of hydroxyl groups [43, 44].

Within this framework, the optical and electrical properties are also
studied, but to lesser extent, most researches linked these changes to
the type of solvent used. As reported by P. Mallick, the absorbance of
CuO sample synthesized with propanol solvent shows faster exponential
decrease indicating more strain generation in this case [45]. The behav-
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Fig. 2. Shows the morphologies of copper oxides having different morpholo-
gies: (a) nanostructures; (b) nanowires; (¢) nanostructures; (d) nanobelts; (e)
nanostructures; (f) hollow spheres.

iour of absorbance is typical for many semiconductors and can occur for
a variety of reasons such as internal electric fields within the crystal,
deformation of lattice due to strain caused by imperfection, and inelas-
tic scattering of charge carriers by phonons [46]. Other study by N.
Zayyoun focuses on the solvent effects using water, ethanol and propa-
nol. They found that direct gap energy values were increased with de-
creasing particles’ diameter of this solvents, accordingly [47]. There
has been on other work in this filed by A. Y. Fasasi; using distilled wa-
ter and ethanol, he have found that films produced using alcohol have
more disordered states, and this manifest itself in the reduced band gap
compared with that of aqueous samples; the values obtained are of 920
and 640 meV for CuO films from alcohol and distilled water-based pre-
cursors, respectively. The least attention was paid to the electrical
properties as reported by A. Y. Fassasi; he has been observed that the
values of resistivity recorded using ethanol as a solvent 21% are great-
er than the values obtained for the aqueous samples [48].

2.1.3. Additives

The formation of a stable sol is employed to simplify the complete dis-
solution of the precursor-alcoholic medium [51]. They act as base or
acid and/or chelating agent. Alkali metal hydroxides, alkanolamines,
alkylamines, carboxylic acids, acetylacetone and polyalcohols are used
for this purpose [52].

The authors reported that the deposition efficiency and crystallinity
of the films deposited by adding additives, which act as stabilizers or
catalyst during the reaction, was improved.
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D. S. C. Halin et al. have shown the addition of polyethylene glycol
will increase the viscosity of solution due to chain length effects. Since
the polyethylene glycol additive can avoid the particle aggregation oc-
curring in the sol—gel solution, the grain size was reducing from 104
nm to 83 nm. Also, the addition of polyethylene glycol will produce
crack free films with high optical absorbance [53], whereas, P. Sama-
rasekara et al. demonstrated that ethylene glycol is a better additive
compared with the polyethylene glycol [54].

Instead, hydroxide and potassium hydroxide are base agent which
provides hydroxyl ion, which is strongly associated with reactions that
form nanocrystals [55]. This explained by the increase in OH-ions with
the pH, accelerating the process of CuOH formation Eq. (5) provoking
a faster crystallization of Cu,O Eq. (6) [56]:

Cu’ + OH — CuOH, (5)
2CuOH — Cu,0 + H,0. (6)

This fast crystallization reduces interstitial defects, allowing to the
interstitial atoms move to the boundaries, relaxing the crystal and
consequently reducing its size [567, 58].

Within the search of the authors, at bath pH = 9.0, the (100) plane
are produced and, in higher bath pH=11.0, the (111) are produced
[69-61].

Other common additives are the alkanolamines, i.e., monoethanola-
mine [MEA; (HOCH,CH,) NH,] [62], diethanolamine [DEA;
(HOCH,CH,),NH] [54], triethanolamine [TEA; (HOCH,CH,); N] [63]
are the most widely used in the CuO thin film fabrication. Likewise,
acetic acid (Ac. Ac.; CH;COOH) [64] and lactic acid (Lactic Ac.;
CH;CHOHCOOH) [65] tartaric acid [66], oxalic acid [66], malic acid
[66, 67] also added as complexing agent. Sometimes, it is preferable to
use only a single additive in certain circumstance for better dissolution
of the mixture.

As main results, used alcohols as a solvent implying produce an ex-
cellent characteristic and of nanostructure materials specially, when
they are used with organic precursor, in addition if they are added to
the additives they result from it more homogeneous layers, the alka-
nolamines are among the additives most compatibility with the result
which mentioned earlier.

2.1.4. Molarity

Thin films and their properties are related to those of the initial solu-
tion [68, 69]. The used solution controls the crystallinity, film micro-
structure and optical properties.
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Many studies investigated what effects molarity had on the struc-
ture, electrical and optical properties and surface morphology of the
thin films. They concluded that, with the change in molar concentra-
tion the properties including density, porosity and gelation time are all
significantly impacted consequently, the crystallite size varies, struc-
tural parameters change systematically, the shape of crystallites
changes, the transmittance decreases[70, 71].

2.14.1. Structural Properties

Whatever, the precursor nature or the elaboration method, CuO thin
films are generally polycrystalline in nature with monoclinic structure
and XRD peaks corresponding to the (111), (002) this two main peaks
at the angles = 35.5° and = 38.7° [74] and in some case, a small peak
(110), (200), (202), (113), (311), (220) with 20 = 32.52, 48.74, 58.30,
61.56, 66.25, 68.13, respectively [72]. Most studies conducted on the
impact of focus on synthesis have found that there is a relationship be-
tween the vary concentrations and structural parameters. There are
observed an increase in peak intensity and a narrowing in width with
increasing molarity of precursor solution. Furthermore, the strain de-
creased with the increase of molarity, reflecting the decrease of cohe-
sive force in the film—glass interface. Specifically, low concentration
results in no supersaturation, whereas high concentration results in
higher supersaturation and aggregation of small size nuclei to form
large particles and favours the nucleation under heterogeneous system
[73].

2.1.4.2.Optical and Electrical Properties

Indeed, a maximum transparency in the visible region was showed for
the lower concentration values, while it is increasing with this last.

The absorption edge in the transmittance spectra of the thin films
shifts towards higher wavelength region by the increasing of molarity.

Photoluminescence (PL) spectra are required to investigate the lev-
els and amounts of defects in CuO thin films.

In one case, they found the spectrum is composed mainly of a small
and sharp peak located at 668 nm (1.86 eV) and a red broad one located
at the 723 nm. The former peak is associated to the band-to-band tran-
sition since its energy is close to the value of the CuO bandgap. Howev-
er, the red peak originates from the defects localized in the forbidden
band of CuO material such as single ionized oxygen vacancy, the red
peak intensity was enhanced with increasing the salt concentration
suggesting that increasing the salt molarity leads to the formation of
larger concentration of electronic point defects in CuO thin films[73].
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From the literatures, the increase of grain size resulting reduction
in grain boundary scattering, which leads to larger electromobility and
enhanced conductivity. Hence, the films of higher molarity have low
resistivity. On other hand, carrier concentration increased with in-
creasing molarity of precursor solution [78].

3. EFFECT OF ANNEALING TEMPERATURE

Annealing temperature is an important parameter in the elaboration of
thin films where the deposition temperature is involved in all men-
tioned processes its effect on membranes properties has been studied
[81, 82]. Overall results suggest that the formation of CuO nanostruc-
tures with different shape, size and morphology can be achieved using
different annealing temperatures via these routes. The improvement
in their crystallinity and purification can be further attained by con-
trolling of the temperatures [83].

3.1. Structural Properties

Temperature affects the structural structure of copper oxide films,
and this means that its effect is clear on the optical, electrical and
morphological properties. It was found in many studies that, by in-
creasing the temperature from room temperature to higher degrees,
the phases of the films change. When the Cu,O thin films are annealed
molecular vibrations increases and lattice oscillations cause the weak
bonds resulting the break and switch to CuO crystal structure. Figure
3 shows the crystal structure of CuO and Cu,0. These structures arise
as more stable structures because of their strength [84—88]. This

Fig. 3. Crystal structure of CuO and Cu,0.
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means that higher temperature caused significant oxidation of pure
copper in air as shown in Eq. (7):

4Cu + 0, — 2Cu,0. (7)

Continued increase in temperature leads to further oxidation of Cu
nanoparticles (NPs):

2Cu,0 + 0, — 4CuO. (8)

The oxidation kinetics depends on many factors such as tempera-
ture, oxygen partial pressure, annealing time, etc.[89].

Observed during formation of a Cu oxide shell (Cu,O) followed the
order Cu,0, and CuO with increasing temperature. We note that the
formation of pure Cu,O thin films occurs at low temperatures (around
200°C), while the formation of a pure CuO films requires higher tem-
perature ranged from 300 to 500°C. However, the formation of Cu,O,
phase mixed with other CuO compounds are rarely [90]. The films de-
posited at low temperature showed clearly the peaks, which indicate
Cu,O (cuprite) phase corresponding to (111) plan observed at
~ 20 =36.4°[91, 92]. That is the last one becomes unstable at partially
converted to CuO (tenorite) represents the mixed phase of copper,
which match reflections forms near (111) for CuO and decrease in peak
(200) for Cu,0 [93]. Down to the pure phase of CuO (tenorite) with
(111) plan positioned at (= 20 = 38,7°) and in some cases, (100), is a
diffraction peak at 35.4° with a gradual rise in temperature reported
by Khojier et al. [94]. Figure 4 illustrates XRD patterns of the as-

e - _ 4 Cu0
IEE A « e Cu 0
s & Iaa, =
g AA i a e
Z Mo - ¢
g7
g M«LN
“g ™ . b
— o o =y o
2 I
—""'—-":‘-’—)\N:L w \;/ a
20 30 40 50 60 70 80
20, degree

Fig. 4. XRD patterns of copper oxide films: (a) the as-deposited film; (b) the
film annealed at 200°C for 1 h, and the films annealed at 300°C for (¢) 1; (d) 2;
and (e) 4 h, respectively.
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deposited and annealed thin films [95].

However, when the oxidation temperature was higher, the trans-
formations that occur in the membranes from one phase to another do
not mean the complete disappearance of the other phases, but only a
decrease in their intensity, where the degree to which these changes
will occur remains, it depends mainly on the method adopted in the
synthesis of the membranes, within the search of the authors, higher
annealing temperatures leads to the lattice constants a, b and ¢ de-
crease [93, 96].

The annealing temperature had an impact on the crystallite size (D);
several researchers observed that it was increasing [97]. In spite of
that, some exceptions were noted, where the crystallite size decreased
[98].

Noteworthiness, Raman spectrometry was used to analyse the phase
of the material prepared. The copper (II) oxide phase crystallizes in a
tenorite structure (monoclinic crystal system), which is represented by
symmetry group C2/c C;, n°15. Its Bravais space cell is composed of
two-unit formulas; Cu atoms occupy C, symmetry sites, and O atoms
are placed in C2 symmetry sites [99, 100]. The metal cation copper
forms four coplanar bonds with oxygen, which again self-coordinated
by four copper atoms, forming two sets of chains directed along (110)
direction [100, 101]. The factor group analysis yields [102]:

Cu:T'=384,+3B,;0: T'=A4,+2B,+A,+2B,.

This crystal has 12 degrees of freedom with the following irreducible
representation: 44, + 5B, + A, + 2B,, i.e., 3 acoustic modes (4, + 2B,), 3
Raman activity modes (4,+ 2B,), 6 IR-activity modes (34, + 3B,).
(Three well know peaks of copper oxide (296, 346, 632) cm™* are as-
signed to A, and 2B, CuO phonon peaks [95].)

Cu,0 crystallizes in a cuprite structure (cubic crystal system), rep-
resented by symmetry group Pn3m (02 ) n°224. Its Bravais space cell is
composed of two-unit formulas, with Cu atoms occupying D3d sym-
metry sites, while O atoms are placed in T, symmetry sites. This crystal
has 18 degrees of freedom represented by the following irreducible
representation [93]:

Cu,0: Ay, + 38T, + E,+ Ty, + Ty,

where acoustic modes T';,, Raman active modes T',, infrared (IR) active
modes T, silent modes A,,+ E, + T,

B. Balamurugan et al. studied Raman spectra of Cu,0O; they reported
two relatively strong peaks at 570 cm ™ and 618 cm ™. These correspond
to the Cu,0 phase [103].

Figure 5 shows Raman spectra of CuO nanostructures at different
annealing temperatures.
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Fig. 5. Raman spectra of CuO thin films at different annealing temperatures:
a—[104]; b—[105].

3.2. Morphological Properties

Generally, in PVD techniques the film formation is achieved through
the species condensation on the substrate which resulted that the films
deposited by these techniques being more homogenous, denser, and
smoother with good adherence.

However, films prepared by CVD techniques are formed through
chemical reactions coming from the solution. CuO films deposited by
these techniques are generally uniform and have fewer adherents.

The variations in morphology are significantly influenced by the an-
nealing temperature where the change in phases results in a change in
the crystal size [106], which increases with the increase in the anneal-
ing temperature.

On the other hand, a decrease in dislocation density and microstrain
was reported [94, 107]. This increase leads to grain uniformity [88].
Lower surface roughness, and a homogeneous morphological structure
as reported [108].

3.3. Optical and Electrical Properties

All works noticed that the decrease in the forbidden band gap (E,) is
likely due to the increase in crystal size and modification of the grain
boundary formation during growth. It causes a narrowing of the for-
bidden band gap, or due to a low concentration of traps near the con-
duction band [109].

Gopalakrishnan et al. reported a decrease in the optical band gap en-
ergy from 1.8 to 1.2 eV with increasing substrate temperature from
250-350°C[78].
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TABLE 3. Summary on the effect of annealing temperature on the properties of copper oxide.
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Continuation TABLE 3.

| Structure | Size, [nm] |Band gap, eV| Other parameters

Morphology
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Continuation TABLE 3.

Other parameters

Morphology |Structure| Size, [nm] |Band gap, eV
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The dependence of the band gap energy on substrate temperature
was recorded by different workers. This dependence is attributed to
the stress in films deposited at low temperatures, which results in
films band gap broadening [89, 104, 110].

As for Urbach energies (E,), their values are inversely proportional
to the band gap energy, and this inverse proportionality is logical be-
cause it expresses the disorder of the crystal lattice. Ravichandran et
al. have observed a decrease in disorder from 533 to 470 meV for as-
deposited and for CuO thin films annealed at 450°C, respectively; thin
films were deposited by the SILAR method [111]. Mugwanga et al.
have reported that the values of the disorder are in the range of 60—
192 meV for various oxygen influx rates changing from 5 to 22.5
(Scem) during films growth using the reactive de magnetron sputter-
ing technique[112].

Increasing the crystallite size reduces the effect of the grain bound-
aries that act as traps for free carriers and thus increases the life of the
carriers, which leads to a decrease in the resistivity, for CuO thin films
prepared by the thermal oxidation method. L. De Los Santos Valladares
et al. have reported resistivity equal to 4.2:107% Q-cm at 150°C which
decreased to 1.8:107'! Q-cm with increasing the annealing temperature
to 1000°C [113], or, in other words, the increase in the conductivity
may be due to the increase in the free carriers as a result of the pres-
ence of copper atoms in the interstitial positions and the presence of
oxygen gaps [105].

We conclude that the annealing temperature is indeed the most im-
portant thin film parameter that determines the shape and properties
of the film. By increasing the temperature to around 300°C, the film
structure can change from a cuprite to a tenorite phase.

The properties of deposited films can be varied and thus controlled
by changing the deposition temperature; it influences the structural,
optical, and electrical properties of thin films.

4. EFFECT OF THICKNESS

The thickness is an important parameter in the elaboration of thin
films, the thicknesses of films, elaborated by different methods at var-
ious experimental conditions, was measured by different techniques
such as cross-sectional SEM 2D-image, profilometer, envelope method
based on transmittance measurement.

4.1. Structural Properties

It was found that the thickness affects the properties of the films,
where for the thickness is less, it was found that the grains are irregu-
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lar and there are many cracks and crystalline gaps, which indicate poor
homogeneity of the sample, while it is homogeneous and dense with a
smaller surface roughness with increasing thickness [118]. Also, as the
thickness of the films increases, the size of the grains increases, and
the shape of the grains changes from regular hexagonal to triangular
[119].

4.2, Optical Properties

Approaching the infrared spectral zone, the transmittance is reduced
with the augmentation of the films thickness. First, this variation may
be linked to the structural. Second, the reduction of the transmission
may be associated to the thickness increase CuO thin layers reveal a
high intrinsic absorption in the visible range and all the transmission
spectra exhibit a sharp fall of transmittance at the band edge when the
value of the arriving photon energy is above or equal to the gap of the
semiconductor[119].

Figure 6 illustrates that the transmittance of the films increases
with the increase of the thickness [120]; in this context, L. Chabane
has demonstrated that the optical band gap gradually widens as the
grain size increases with thickness [121].

4.3. Electrical Properties

The larger grain size results in a lower density of grain boundaries,
which behave as traps for free carriers and barriers for carrier
transport in the film.

Transmittance, %

0 4 T T T T T T
4(I)0 600 800 1000 1200 1400
Wavelength, nm

Fig. 6. The optical transmittance spectra of the obtained films of CuO elabo-
rated with various thicknesses.
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Hence, an increase in the grain size can cause a decrease in grain
boundary scattering, which leads to an increase in the conductivity.
Thus, the initial decrease in resistivity and this, what is reported by
S. S. Shariffudin et al. [122] and [79], is due to an increase in both car-
rier density and carrier mobility of the films, which result from the
increased grain the resistivity can be related to the increase in carrier
scattering due to a decrease in grain size or to other discontinuities of
the film size. The influence of crystallite size on activation energy was
studied extensively [123].

We conclude that thickness has a role on degree of crystal orienta-
tion; it is closely attached to some of the other parameters. So, it in-
creases with molarity [74, 72], number of dips [120] deposition time
[125, 126], and annealing temperature [127]. Whereas, decrease with
increase of spin-coating speed and of dip coating drawls speed [122].

Besides preparation factors, physical properties of CuO films can
also be altered by addition of dopants. Doping, in general, is a powerful
technique for optimizing the sensing properties of metal oxide semi-
conductors.

From the literature, the use of extrinsic elements on CuO has been
widely. Where, the presence of impurity at the interfaces, vacancy,
vacancy cluster at the grain and grain boundaries can play an im-
portant role on the materials behaviour. These defects offer a scope to
tune the useful material properties in order to improve it. It is well
known that interstitial oxygen O, and free copper V, are determined as
the acceptors in CuO, and that these acceptors can take the place of lat-
tice defects and atomic impurities.

In this regard, various elements of large and small radius such as
lanthanide ions (La®*‘, Ce*", Pr®*", Sm*, Nd*', Gd*, Tb*', Dy*") [128—
132], transition metals (Mn?*", Cd*", Zn*', Ni*", Fe*",Y*", Cr*", Pd*', Ag",
Ti*") [183—139], post-transition metals ( Al*", Ga* and In) [140-142],
semimetals (Sn**, Pb®") [143, 144], and alkali metals (Li", Na*, and K*)
[145] are incorporated into CuO lattice for different applications as
ferromagnetic oxide, conductivity improvements or photocatalytic
properties. In this part, we review the most important studies related
to the dopant effect on the performance of films and their applications.

Theoretically, p-type doping in CuO may be possible by substituting
any group I elements (Li, Na, and K) as alkali metals acting as surface
acceptors in Cu sites; group I elements might be better p-type dopants
elements at shallow acceptor levels. However, experience has shown
that group I elements tend to occupy interstitial locations, because of
their small atomic radii, rather than substitution locations; so, they
act as donors instead of acceptors.

By H. Siddiqui et al., high-quality pristine CuO- and Na-doped CuO
nanostructures were made using a sol—gel method, with doping values
of 1.0, 3.0, 5.0, and 7.0 mol.% CuO/Na. The XRD analysis reveal the
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structural alteration from monoclinic to cubic symmetry with increase
in doping level and also reveal the phase purity up to 3% doping level,
and beyond this (i.e., for 5 and 7% doping level) the involvement of
Na,O phase increases with increase in Na concentration in CuO/Na sys-
tem. Morphology of the samples indicates that the Na-doped CuO
nanostructures exhibit less agglomeration compared to pristine CuO
nanoparticles. Moreover, from the diffused reflectance spectrum, it is
inferred that CuO/Na nanoparticles exhibit a microstructural defects
and ionic impurities, which play an important role in modifying its
band gap. The observed shift in band gaps 1.49 eV undoped CuO (1.48,
1.46, 1.51, 1.53) with increasing doping level is attributed to the na-
nosize effect as well as to the Cu, and O;-defects, which gives high con-
ducting behaviour of Na-doped CuO nanoparticles [146].

V. T. Trang et al. concluded that potassium ion (K*) doping has abil-
ity to improved electrochemical performance. The optimized K'-doped
CuO nanostructure K,Cu,;-,0,-5(x = 0.10) was synthesized using a sol-
vothermal method followed by annealing at 500°C for 5 h under air at-
mosphere. The morphology of CuO was slightly changed by the doping
of K'-ions in comparison to undoped CuO. X-ray diffraction analysis
demonstrates that the K™-ion doping caused no change in the phase
structure in the doped sample, the CuO nanoparticle size is in the range
of 25-50 nm, whereas the undoped CuO nanoparticles show a range of
50—100 nm with large agglomeration. On the other hand, the K'-doped
CuO nanoparticle electrode exhibited a high specific capacity of 354.6
mA-h-g ' at 0.1 C after 30 cycles, but in spite of this, it also retained
162.3 mA-h-g-' at a high current rate of 3.2 C, which is much higher
than that of undoped CuO (only 68.9 mA-h-g* at 8.2 C). The present
study will be beneficial to the development of high-capacity and long-
cycling-life anode materials for the next generation of Li-ion cells
[147].

C. Y. Chiang et al. were studied Li doped CuO nanoparticles pre-
pared by flame spray pyrolysis and followed by spin coating where syn-
thesized at dopant concentrations of 0.5 at.%, 2 at.%, 3.5 at.% and 5
at.%, they found that The photocurrent density and photon-to-
hydrogen conversion efficiency increased by a factor of five to ten
when introducing Li into CuO, and they justified this to the increase in
the electrical conductivity of the film by almost two orders of magni-
tude, i.e., from 2:10°-4.10°S/cm to 7-10°-3-10* S/cm, and thus, the
increase in the lifetime of the photogenerated charge carriers. The best
they got it photocurrent density and photon-to-hydrogen conversion
efficiency was 1.69 mA/cm?® and 1.8%, respectively, corresponding to
the film prepared by 2.0 at % Li—CuO sintered at 450°C for 1 h with
the thickness 1.7 nm at bias voltage of —0.55 V vs. Ag/AgClin 1M KOH
and under 1 sun illumination [148].

Another study by F. Z. Chafi et al. has reported that the incorpora-
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tion of metal ions such as Fe®", can contribute to more oxygen defects
on CuO along with an increase in the charge density of CuO, which sub-
sequently can induce higher performance of the nanostructure. Hence,
higher conductivity increased from 0.138 to 15.0873 as Fe dopant con-
centration advances, oxygen vacancies also reduce the activation ener-
gy that facilitates the sensor device to respond at low temperatures.
From the temperature dependent sensing measurements, it is found
that for all samples, the sensing response increases with temperature
up to 75°C beyond which decreases due to the desorption of oxygen at
the sensor surface. At room temperature, the sensor response was
found to have a power law dependent relation [149].

As mentioned in one of the articles they used ion of rare earth as
doping in copper oxide. Vimala Devil et al. proposed the use of ions La
it was prepared by solution combustion method and subsequent anneal-
ing at different temperatures, which the presence of La ion in CuO
showed a peak shift in XRD pattern and a significant and work to re-
duce the crystallite size and induces more number of non-radiative
transition centres in CuO. Annealed samples led to the growth of ag-
gregated spherical shaped morphology. PALS studies clearly denote
the presence of vacancies, cluster vacancies and microvoids in CuO and
La-doped CuO. The presence of defects is revealed from the three life-
time components. The decrease in their values upon annealing showed
the recovery of Cu vacancy type defect, reduced cluster vacancies and
microvoids in pure and doped CuO. Incorporation of La ion in CuO lat-
tice increased the lifetimes compared to undoped CuO. Annealed CuO
sample at 800°C, exhibited a shortest lifetime of 137 ps with a signifi-
cant reduced lifetime of 121 ps for La-doped CuO. The increased t,, and
S value of La-doped CuO with that of undoped CuO denotes the pres-
ence of more number of defects in doped samples. The photolumines-
cence spectra clearly inferred the increased intensity in defect related
peaks due to doping and annealing without the shift in the peak posi-
tion. It is mainly due to the lattice mismatch and difference in oxida-
tion state between Cu®*" and La®* ion in correlation with positron stud-
ies. The defects in La-doped CuO induced more number of quenching
sites for non-radiative transition. The increase in concentration of de-
fects in La-doped CuO is well supported by the lifetime and Doppler
broadening measurements. The presence of defects is quantitatively
and qualitatively explained using positron and PL studies [150].

S. Bhuvaneshwari et al. uniform copper oxide nanoboats undoped
CuO nanorods, (NRs) and Cr doped (2 at.% and 6 at.% ). CuO nanoboats
(NBs) have synthesized by a low-temperature hydrothermal route for a
room-temperature NH; sensing prototype application with an en-
hanced sensitivity. They were observed in PL emission spectra; a
strong green emission at 566 nm validates the increase in oxygen va-
cancies, which, in turn, boost the sensing response by adsorbing more
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surface oxygen increase in with the gas concentration.

Among the three CuO samples, 6 at.% Cr-doped CuO nanoboats
showed a 2.5-fold increase in sensor response observed at room tem-
perature and a maximum sensitivity of 180% at 75°C for 600 ppm of
NH, that is better than NH; sensitivity, which is attributed to the
higher specific area at the surface and oxygen vacancies which is not
evident in undoped CuO nanorods [151].

In this work, has endeavoured to demonstrate that Ag-doped CuO
has a greater specific surface area of nanoparticles and greater lattice
deficiency. Moreover, the transparency is reduced with increased sil-
ver content [152]. The transparent Ag-doped CuO may offer potential
applications in areas of photocatalysis, electronics, and optics. In simi-
lar work by J. Huang et al. is to report the using of Ag to doping the
electrode of array of CuO nanosheet via the silver mirror reaction. The
Ag loaded on the CuO nanosheet arrays improved the electrical conduc-
tivity of the electrode and also enhanced the electrical contact among
the substrate the active materials and the electrolyte, resulting in low-
er polarization with higher electrochemical activity.

The specific capacitance of the Ag-doped CuO nanosheet electrode is
689 Fg ' at 1Ag "' and 299 Fg ! at 10Ag ', respectively, much higher
than that of the unmodified CuO nanosheet arrays (418 Fg ' at 1 Ag™
and 127 Fg' at 10 Ag™'). The improved capacitance is explained in
terms of the presence of dispersed Ag particle coated. The results show
that the thickness of a single nanosheet is up to around 150 nm.

Due to considering the low cost, abundance resource and the high
specific capacitance, the NSA—Ag/CuO electrode has the promise as
potential electrode materials for pseudo-supercapacitors [153].

Saeid Masudy-Panah et al. The present work provides a possible so-
lution for the growth of doped CuO for photovoltaic application. The
potential of Ti to serve as a useful dopant in CuO thin film was investi-
gated. It was shown that the Ti content in the deposited films could be
controlled by tuning the sputtering power during the film deposition.
They have undoped and four different concentration: 0.049 at.%,
0.099 at.%, 0.19 at.%, 0.598 at.% Ti. Microstructural analysis re-
vealed that the crystal quality of samples was not significantly influ-
enced when the Ti content was increased up to 0.099 at.% . By tuning
the Ti doping, it was found that it is possible to improve the conductiv-
ity of the deposited thin films, while retaining the optical properties
and crystal quality. The p-CuO (Ti)/n-Si heterojunction solar cells fab-
ricated using Ti-doped CuO absorber layer exhibited improved solar
cell parameters compared with undoped cells [139].

S. N. Vidhya et al. demonstrated that CuO thin films doped by Ga
have morphological and optical properties and it confirms the suitabil-
ity of these films for photocatalytic and optoelectronic applications for
that the spray pyrolysis method was used to create the conductive pure
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and Ga-doped copper oxide thin films. X-ray diffraction studies con-
firm that all the films are in polycrystalline nature for Ga-doped CuO.
A good surface morphology was revealed by SEM studies for both pure
and Ga-doped films. The grains are uniformly distributed over the en-
tire scanned surface without any patches for concentrated 2 ml Ga-
doping. The surface is found to be smooth without any undulation. A
variation in the average transmittance, which is about 60-70% for the
Ga-doped CuO films and the maximum band gap value of 2.24 eV is ob-
tained for the 2 ml Ga-doped CuO[154].

By A. Yildiz et al., this work is describes hopping conduction in In—
CuO using dip-coating route for manufacture of the layers and they
used three concentrations 1%, 5%, 10%, the crystallite size was calcu-
lated and given 19, 17, 8 and 10 nm for undoped, 1% In, 5% In and
10% In doped samples. Furthermore, the band gap is increasing from
1.24 t0 1.46 eV with the increasing doping level.

The resistivity of the films was characterized by the Mott VRH mod-
el for 160 K < T < 300 K, while it exhibited a metallic-like behaviour
for T <160 K. The complete set of parameters describing the proper-
ties of the carriers (the hopping distance and the value of the density of
states at the Fermi level) was determined. The temperature dependent
resistivity data of the films were well explained by fluctuations in
these parameter [142].

However, that over-doping could attribute to the reduction of CuO
efficiency. This is probably due to the excess dopants that act as trap-
ping sites for both electrons and holes and this was hence proved by
Jing Wu et al., when they proposed the so—gel technique to prepared
Sn:CuO films with different Sn concentrations (0.5, 1, 1.5, 2) in order
to study the influence of Sn doping on the structural, optical and elec-
trical properties of Sn:CuO films. The results showed the Hall mobility
and resistivity reduced: 19, 10.5, 7.58, 6.18, 7.14 cm?/Vs, 64.8, 54.7,
47.4,77.5 (Q-cm), respectively [155].

F. Bayansal et al. presented the first report on the morphological,
structural and optical properties of Pb-doped CuO nanostructured thin
films were studied at dopant concentrations of 0.27 ,0.36, 0.37, 0.46,
0.75 at.% and were synthesized by the successive ionic layer adsorp-
tion and reaction method. The results showed them that the morpholo-
gy of the film surface was changed from plate-like to coral-like
nanostructures with increasing Pb concentration. The x-ray diffrac-
tion patterns showed the monoclinic crystal structure with preferen-
tial planes of (111) and (111). Furthermore, ultraviolet—visible spectra
showed that the band gap of the films was illustrated 1.43, 1.80, 1.76,
1.72,1.68, 1.65 eV with increasing of the concentration [156].

It can be said that methods like CuO coupling with other dopants will
improve their performance by producing smaller particles with high
specific surface area, shifting the band gap energy, suppressing the
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rate of electron—hole pair recombination, increasing charge separation
efficiency, and enabling better dispersion in the medium.

5. CONCLUSIONS

We took the research on a tour d ' horizon of different aspects of copper
oxide, starting from the fundamentals of synthesis to its properties
that express the appropriate promising application; we focused on
some factors along with the routes of synthesizing process for CuO
nanostructures. what we can say already is that accurate control of
synthetic strategies is very important since it makes it possible to ob-
tain CuO nanostructures with manageable dimensions and morpholo-

gy.
In order to provide greater stability and better performance, future
research should seek to overcome the disadvantages of CuO and the
practical problems that still exist.
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In this paper, thin titanium-dioxide films are prepared with sol-gel pro-
cessing, and the effect of annealing-temperature variations on some optical
properties (n, k, d) is investigated. Thin films are determined using the
ellipsometry technique, considering the effect of annealing temperatures of
360°C, 460°C, 550°C, and 700°C. By using a spectrophotometer (UV—Vis),
the optical properties are determined. As found, the best values of optical
transmittance are obtained for the annealed film at 500°C (the spectropho-
tometric curve at issue is showing the largest transmittance of the visible
length, reaching between 80% and 90% at wavelengths ranging from
400 nm to 600 nm, respectively). The best values of reflectance and refrac-
tive index appear at T'=460°C and T = 500°C, as the films show low reflec-
tance values in the visible region 400—700 nm. It should be noted that the
annealed film at a temperature of 500°C is the best. All films have a wide
band gap of = 3.2 eV as obtained for all samples prepared, especially, at
T = 500°C.
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V¥ miin pob6oti 6ys0 omeps;KaHO TOHKI IJIiBKHU miokcuay Turany 3a 30JIb—TeJb-
TexHoJoTiero. [JlocaifikeHO BIJIMB 3MiHM TeMmOepaTypu Bigmany Ha Aedri
onTuuHi BiaacTuBocTi (12, k, d). TOHKI MIiBKM BU3HAYAJIM 34 JOIOMOTOIO Me-
TOLy eJjimcoMmerpii, BpaxoBYyHOUM BILJIMB TeMmepatyp Bigmamy y 360°C,
460°C, 550°C i 700°C. 3a momomoroio cmexrpodoromerpa (UV-Vis) Oymro
BU3HAUEHO ONTUYHI BJIACTUBOCTi; OyJI0 BUSABJIEHO, IO HaWKpallli 3HAUEHHS
ONTUYHOTO IIPOITyCKaHHSA OyJIO Olep:KaHO IJdA IJIiBKH, Bigmamenoi za 500°C
(cmexkTpohoTOMETpUUHA KPHBA MOKA3ye HAI6GiNbIlle IPOTYCKAHHA BUIUMOTO
mismasony, 1o gocAraeTbesa Misk 80% i 90% Ha moBKMHAX XBUJb Yy Jidma-
soHi Bix 400 HM mo 600 HM BiamoBimHO). A Halikpalli 3HaueHHS KoediIlieH-
Ta BigOMBaHHS Ta IOKAsHMKA 3aJOMJIEHHSA ciocTepirarorsesa 3a T =460°C i
T =500°C, ockinbKM IJIiBKM MOKAasaJu HU3bKiI 3HaueHHA KoedilieHTa Bif-
ouBaHHa y BuguMoMy Aisamaszoni 400-700 am. Ciig sasmauwmTH, 110 ILJIiBKAa,
Bimmasnena 3a temneparypu y 500°C, e maiainmor. Bei miaiBKu MaoTh minm-
POKy 3abopoHeHYy 30HY y = 3,2 eB, omep:kaHy AJd yCixX IiATOTOBJIEHUX 3pa-
3KiB, ocobamso 3a T = 500°C.

Key words: sol—gel processing, thin films, optical transmittance.

KarouoBi croBa: 301b—TeIb-00pPOOJIEHHA, TOHKiI MIiBKM, OINTHYHE IIPOIYC-
KaHHA.

(Received 8 March, 2024 )

1. INTRODUCTION

Titanium dioxide is a solid substance that is white in colour. It is
known for its thermal stability, non-flammability, poor solubility,
and low cost. Additionally, it is a non-toxic material, which exhibits
excellent semiconducting properties. The materials’ lack of response
to visible light, due to its band gap of 3.2 eV [1-4], allows it to on-
ly absorb light in the near ultraviolet range. As a result, the films
made from this material exhibit high levels of transparency in the
visible region [5, 6].

Titanium dioxide finds extensive application in a wide array of
consumer goods and industrial sectors, including the treatment of
various surfaces [7]. Scientists are highly enthusiastic about the
wide range of applications that can be achieved with this field.
These include photocatalytic processes, solar cells, gas sensors, an-
tireflective coatings, and electrochromic systems [8]. Various meth-
ods have been employed to create thin films of TiO,, such as e-beam
evaporation, chemical vapour deposition, sputtering, spray pyroly-
sis, photodeposition, sol—gel processing, and hydrothermal method.

Nanostructure films made using sol—gel spin coating exhibit ex-
ceptional optical properties that make them ideal for use in solid-
state photovoltaic solar cells. The optical characteristics of TiO,
films under visible light, though relatively weak, are highly de-
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pendent on the chosen preparation methods [9]. One issue that aris-
es is the significant disparity in photoresponse between visible light
and UV irradiation. Thus, it is imperative to create and enhance a
novel photoresponsive nanostructure of TiO, that can effectively
harness visible light, while possessing also improved surface charac-
teristics and exceptional chemical and physical stability. This is es-
sential for the widespread adoption of photovoltaic systems in vari-
ous commercial applications.

Various techniques have been employed to create films of
nanostructures made of metal oxides, such as TiO, [10]. These
methods include sol-gel spin coating, chemical bath deposition, re-
active sputtering, pulsed-laser deposition, and chemical vapour dep-
osition [11, 12]. The sol-gel spin coating technique has become a
popular choice for nano-TiO, fabrication due to its ability to pro-
duce samples with a consistent synthetic approach, resulting in a
highly efficient UV—Vis optical response [13]. For this project, TiO,
is created using a sol—gel spin coating method and applied onto bo-
rosilicate glass substrates. The process involves utilizing titanium
tetraisopropoxide, isopropanol, acetic acid, and deionized water as
the initial components. Through precise manipulation of the ratio of
precursor materials to solvent, along with a pH of 9.5 achieved by
using nitric acid, a consistent and transparent sol of TiO, colloidal
suspension in the nanometer scale was obtained. This sol was then
applied onto meticulously cleaned borosilicate glass substrates and
spun at a speed of 4000 revolutions per minute for 30 seconds using
suction.

TiO, nanostructure films fabricated by sol—gel spin coating have
excellent optical properties suitable for application in solid-state
photovoltaic solar cells. Optical characteristics of TiO, films under
visible light though are very weak, but they strongly depend on
preparation methods. The main problem is that photoresponse under
visible light is much lower than that under UV irradiation. There-
fore, the development of new and optimized photoresponsive TiO,
nanostructure for the existing optical properties exhibiting activity
upon visible light with surface characteristics of improved perfor-
mance, and of the high chemical and physical stability are crucial
for broader scale utilization of photovoltaic systems in commercial
applications.

Transparent metal oxide (TiO,) thin films find applications in a
wide range of fields, including optoelectronics, energy efficiency,
sensors, and antireflective coatings; their unique properties make
them an essential component of many modern technologies [14, 15],
especially, in one of the promising applications such as windows of
solar cells. Thin TiO, films are commonly used as a UV-blocking
layer in solar cells due to their high refractive index, high trans-
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parency in the visible range, and strong absorption of ultraviolet
(UV) light [16]. The mechanism behind this lies in the fact that
TiO, is a wide-band gap semiconductor with a band gap of approxi-
mately 3.2 eV, which makes it highly transparent in the visible
range but highly absorbing in the UV range. When UV light is inci-
dent on the TiO, layer, the photons with energy more significant
than the band gap of TiO, are absorbed by the material, causing
electrons to be excited from the valence band to the conduction
band. These excited electrons generate electron—hole pairs, which
can recombine radiatively or non-radiatively. However, the thick-
ness of the TiO, layer is appropriate. In that case, most of the UV
light is absorbed within the TiO, layer, reducing the UV-light
amount that reaches the underlying solar cell layers [17, 18].

TiO, thin films can also act as a scattering layer, reducing the
amount of UV light that reaches the underlying solar cell layers.
The scattering effect is due to the refractive index mismatch be-
tween TiO, and the surrounding medium, which causes light to be
scattered at the interface, which leads to an increase in the optical
path length of the light, which results in a reduction in the amount
of light that reaches the underlying solar cell layers [18, 19].

Thin films are one of the essential branches of solid-state phys-
ics, especially, semiconductors’ thin films, because of their wide
applications in many electrical, electronic, and optical fields. The
thin film could be condensed from atoms, ions, or molecules to con-
struct a single layer or multilayers on a solid surface (metal or
glass substrate), depending on the application needed [20]. Recent-
ly, researchers have been interested in thin films, and they focused
their research on developing methods for preparing them by various
techniques due to the importance of thin films in a wide range of
applications such as electronics, optics, and electrooptics, surface
modifications (hydrophobic and anticorrosion surfaces). Thin films
can be deposited by many methods and techniques based on physical
or chemical mechanisms according to the application needed. Thin-
film deposition techniques are divided into two parts, depending on
whether chemical changes occurred in the materials used to prepare
the thin films [21, 22]. Sol-gel is one of the most widely used
methods for depositing thin films of TiO, due to several advantages
due to its low-temperature deposition, high purity, easy thickness
control, large-area deposition, and cost-effectiveness [23, 24]. The
thin-film deposition process requires special techniques; the spin
coater technique has been used in current research.

2. EXPERIMENTAL WORK

Firstly, each glass substrate was cleaned by dipping it in ethanol
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TABLE 1. The thicknesses for each sample measured by optical ellipsometry.

Annealed samples Thickness, nm
TiO, at 360°C 24.69
TiO, at 460°C 23.34
TiO, at 550°C 25.69
TiO, at 700°C 24.50

for 20 minutes inside the ultrasonic bath and then kept in acetone.
After drying them with nitrogen gas, the substrate would be ready
for use. The sol-gel phase was formed by adding 3.15 ml of titani-
um isopropoxide as precursor material to 30 ml of absolute ethanol;
the components’ mixture was magnetically stirred for around 20
minutes under room temperature (= 30°C), through which 5 ml of
glacial-acetic acid was added as a catalyst after 20 minutes yellow-
ish transparent solution has been formed. The chemical equation
C,,H,30,Ti + 6C,H,OH — TiO, + 8(CH;),CHOH illustrates the chemi-
cal reaction.

All materials used were supplied with high purity. The final step
is depositing a thin film; this step is done by dropping the prepared
solution on the cleaned substrate and coating it with a rotation
speed of 3000 rpm. Obtained films were dried at a temperature of
= 60°C before sintering them at different temperatures, 360°C,
460°C, 550°C, and 700°C, by using the programmed oven for 50
minutes for all films; the thickness of these films was measured by
optical ellipsometry n, and & as well as.

3. RESULT AND DISCUSSIONS
3.1. Ellipsometry (n, k, d)

The relationship between (n, k, d) and annealing temperatures for
TiO, thin films is complex and depends on multiple factors. Ellip-
sometry can be a valuable tool to characterize the optical properties
of the films and monitor changes induced by annealing tempera-
tures depending on various factors such as the deposition method,
substrate, and annealing conditions [25].

Ideally, as the annealing temperature increases, the thickness of
the TiO, film may decrease due to evaporation or diffusion of at-
oms; this can lead to a decrease in refractive indices and an increase
in &, but that arranged relationships did not accrue with all samples
measured as shown in Figs. 1, 2. These behaviours can be attributed
to structural changes in the film with annealing temperatures and
leading to variations in the refractive index and extinction coeffi-
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Fig. 1. The relationships between refractive index and wavelengths as
measured by ellipsometry.
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Fig. 2. The behaviours of the extinction coefficient as a function of wave-
length.

cient. However, the good thing about these thin films is that we ob-
tained essential values for the refractive index at annealing temper-
atures of 360, 460 and 500°C. The most suitable and best film for
optical applications was the film annealed at 500°C due to refrac-
tive index values of 1.48-2.2 at the visible range [26].

A visual representation is shown depicting the reflection of light off
the surface of a sample. The vectors labelled s and p denote the orienta-
tion of polarized light determined by the plane of incidence. The angle,
at which the light strikes the surface, is represented by ¢, and the re-
fractive indices of the surrounding environment, film layer, and sub-
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strate are represented as N,, N;, and N, respectively (G. E. Jellison
Jr., in Encyclopedia of Spectroscopy and Spectrometry (1999)):

2 Substrate N, =n_+ik,

3.2. Optical Absorbance and Transmittance

The relationship between the optical absorption and transmittance
of TiO, and the annealing temperature depends on the wavelength
of the incident light, which determines the region of the electro-
magnetic spectrum being considered.

TiO, typically exhibits high absorption and low transmittance
within the UV region, attributed to Ti*' states and oxygen vacan-
cies. As the annealing temperature is increased, the concentrations
of these defects decrease, resulting in a decrease in absorption and
an increase in transmittance, as shown in Figs. 3, 4, a [27, 28].

0.141
0.121
= 010,
8
g 0.081
2
[
ﬁ 0.06
< .04 1 — 360°C
2 — 460°C
0.024 3 — 5H0°C
4 — 700°C
0.00

700 400 500 600 700 800 900
Wavelength (1), nm

Fig. 3. Optical absorbance of TiO, films with different annealing tempera-
tures.
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Fig. 4. (a) Optical transmittance spectrum of TiO, films with different an-
nealing temperatures; (b) optical transmittance spectrum within the visible
region.

Within the visible region, TiO, typically exhibits low absorption
and high transmittance, which is attributed to the band-gap absorp-
tion of TiO, (see Fig. 4, b). As the annealing temperature increases,
the band gap of TiO, increases, resulting in a slight shift of the ab-
sorption edge to higher energies, hence a decrease in absorption,
and an increase in transmittance [29].

Generally, the relationship between optical absorption and trans-
mittance of TiO, with annealing temperature is complex. It depends
on several factors, such as the crystal structure, morphology, size
of the TiO, particles, and the experimental conditions. However, in
general, the optical properties of TiO, can be tailored by controlling
the annealing temperature, which makes it a valuable material for a
wide range of applications, including UV block layers such as solar
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cell windows, protecting glasses, and photosensors at a certain spec-
trum. The best values of optical transmittance were obtained from
the annealed film at 500°C; the red curve in Fig. 4 shows the larg-
est transmittance of the visible length, reaching between 809% and
90% at wavelengths ranging from 400 to 600 nm, respectively.
This film can be used in UV block layers, the most important of
which are windows for solar cells and in medical glasses [29-31].

3.3. Reflectance and Refractive Index

TiO, thin films exhibit reflectance and refractive index variations
based on factors like film thickness, wavelength of light, and anneal-
ing temperature. The reflectance of TiO, films can be adjusted by ma-
nipulating the refractive index and thickness. Interference effects oc-
cur when the film thickness is comparable to the wavelength, resulting
in constructive or destructive interference and changes in reflectance.
The refractive index of TiO, films is high in the visible and UV regions
and can be increased by increasing film thickness or annealing at high-
er temperatures. The refractive index also varies with the wavelength
of light due to dispersion effects. The film thickness affects interfer-
ence effects, with thinner films showing lower reflectance and thicker
films exhibiting higher reflectance due to multiple internal reflec-
tions. Annealing temperature influences the film crystallinity and
density, affecting its refractive index and optical properties.

0.14-
0.121 4
- 1
& 0.10-
8
0.081
g 2
Py
[]
2L 0.06-
g
=
0.044 1 — 360°C
2 — 460°C
0.024 3 — 550°C
4 — 700°C
0.00

300 400 500 600 700 800 900
Wavelength (L), nm

Fig. 5. Reflectance (R) of TiO, thin films.
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Fig. 6. The refractive index (n) of TiO, thin films.

Higher annealing temperatures generally increase the refractive
index by improving crystallinity and reducing porosity. By control-
ling these parameters, the optical properties of TiO, thin films can
be tailored for specific applications [32, 33].

The best value of reflectance and refractive index appears for the
films annealed at 460°C and 500°C, as the films showed low reflec-
tance values in the visible region 400-700 nm. It should be noted
that the annealed film at a temperature of 500°C is the best, allow-
ing visible light transmittance; this property is essential in both
solar-cell window applications and UV-block ones.

3.4. The Band Gap E,
(ahv) =A(hv - E)"; (1)

here, A is a constant that depends on the electron—hole mobility; o
is an absorption coefficient, cm™; Av is photon energy (E,); m=1/2
for a direct band gap:

(ahv) = A(hv — E )% (2)

m = 2 for an indirect band gap.

Figure 7 shows the linear proportion between (ahv)“? and hv of
annealed samples; it also seems that there is no apparent regularity
in the values of the optical energy gaps with the relationship with
annealing temperatures, which may be due to several reasons, the
most important of which is the thicknesses of thin films, or perhaps
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Fig. 7. The band gap of TiO, thin films.

the non-uniformity of the coats as well as [34].

TiO, thin films have high optical transparency in the visible
range and a wide band gap of = 3.2 eV, as obtained for all samples
prepared, especially at T =500°C, which has n and R, making it ide-
al for use as a window layer in solar-cell applications [35]. The high
transparency ensures that the solar cell absorbs the maximum
amount of light. The wide band gap of TiO, also ensures that the
generated charge carriers can be efficiently extracted from the cell.
The range of 2.3—2.5 is higher than that of most other transparent
conducting oxides, making them suitable for antireflective coatings
[36, 37].

4. CONCLUSION

According to the results and interpretations, which were stated in
the research, we reached the following conclusions.

The values of optical transmittance obtained from the annealed
film at 500°C were the best, as we can see in Fig. 4; the red curve
showed the largest transmittance of the visible length, reaching be-
tween 80% and 90% at wavelengths ranging from 400-600 nm, re-
spectively. This film can be used in UV block layers, the most im-
portant of which are windows for solar cells, as well as in medical
glasses; and the band gap of TiO, thin film annealed at 500°C was
the best.

The best reflectance and refractive index values appear in the
films annealed at 460°C and 500°C, as the films showed low reflec-
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tance values in the visible region 400—-700 nm. It should be noted
that the annealed film at a temperature of 500°C is the best, allow-
ing visible light transmittance; and this property is essential in so-
lar-cell window applications and UV-block applications.
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Features of Formation of Optically Transparent Nanostructured
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The main conditions for the formation of the sitallized nanostructure of
glass-ceramic materials based on spinel containing Co?' ions with high ab-
sorption in the range of 1.6—1.7 um for laser shutters operating in the
mode of passive @-switched are determined: the presence of phase-forming
oxides X(MgO, Al,0,)=40.0 wt.%, glass-forming oxides X(B,0;, SiO,) =
=54.0 wt.%, crystallization catalysts X(P,0;, ZnO, ZrO,, TiO,, CeO,, Sb,05) =
=4.9 wt.%, modifying additives X(SrO, BaO, CaO, Co0)=1.1 wt.%.; glass
melting at a temperature of 1550°C for 6 hours; three-stage heat treat-
ment (I stage—800°C, t=1 h; II stage—900°C, 1=30 min; III stage—
950°C, 1=5 min). As established, ensuring high values of light transmis-
sion (T =74%) and crack resistance (K,.=5.0 MPa-m'?) of glass-ceramic
material is realized due to the following stages: metastable phase immisci-
bility by the mechanism of spinodal decomposition (800°C), intensification
of nucleation (850°C) while keeping the bidispersity of the system and
providing the structural stability of the glass with kinetic inhibition of
the crystal growth process under conditions of high viscosity, formation
of solid solutions with the structure of high-temperature quartz in the
low-temperature region (900°C) and spinel crystals of 50 nm in size in the
amount of 50 vol.% (950°C) with a regular distribution of nanocrystals in
the residual glass phase.

Busnaueno ocCHOBHI ymMOBM (OPMYBaHHS CHUTAJIi30BAHOI HAHOCTPYKTYPU
CKJIOKPHUCTATIYHNX MaTepisysiB Ha ocHOBi mmimesi, mo micrars itorm Co?',
3 BHCOKUM BOupaHHAM y miAmasoHi 1,6—1,7 MKM [ad JasepHUX 3acjiHOK,
AKi QYHKIIOHYIOTh V PEesKMMi ITacuBHOI MOAYJAIil JOOPOTHOCTU: HAABHICTH
dasoyTBoproBansHUX OKcuzaiB X(MgO, Al,O;) = 40,0 mac.% , cCKJIOyTBOpPIOBA-
apHUX OKcuaiB X(B,0s;, Si0O,) = 54,0 mac.% , kKarasisaTopiB Kpucrasisaiii
>(P,0;, ZnO, ZrO,, TiO,, Ce0,, Sb,0;) =4,9 mac.%, mMomudiKyBaabHUX HO-
6aBok X(SrO, BaO, CaO, CoO)=1,1 mac.% ; BapuBO CTEKOJ 3a TeMIlepaTypu
y 1550°C ympomoB:k 6 roxm; Tpucrangiiine Tepmoobpoobsenns (I craxmia sa
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800°C, t=1roxm; II cramia sa 900°C, t=30 xsB; III cragig 3a 950°C, t1=5
xB). BcraHoBieHo, 1110 3a0e3leueHHsT BUCOKMX 3HAUEHb CBITJIONPOHUKHOCTU
(T=74%) i mokasHmka TpimmuOocTifikoctn (K, = 5,0 MIIa-M/?) ckaoxpuc-
TAJTIYHOTO MAaTepisajy peasi3yeThCs 3a PaxXyHOK CTafiii: meTacTabiJibHOTO
dasoBoro He3MiNIyBaHHS 3a MexaHid3MOM cumHOZAJILHOTO posmanxy (800°C),
inTencudikarii sapoaxoyTBopenHs (850°C) i3 36epeskeHHAM OimucrepcHOC-
TH CHUCTEMH Ta 3a0e3lMeueHHSIM CTPYKTYPHOI CTiKOCTH CKJa 3 KiHEeTHUYHUM
raJbMyBaHHAM IIPOIIECY POCTY B yMOBaxX MigBUINlEHOI B’A3KOCTU, (opMy-
BaHHA TBEPAUX POBUUHIB 31 CTPYKTYPOIO BUCOKOTEMIIEPATYPHOI'O KBapIly B
HuU3bKOTeMIepaTypHiit obsacti (900°C) Ta KpucraaiB mmiznesai posmipom y
50 um y kimbkocti 50 00.% (950°C) 3 peryasapHUM XapaKTepoM PO3MOAiTYy
HaHOKPUCTAJIB y 3aJIUIITKOBIN CKJIO(dasi.

Key words: glass-ceramic materials, magnesium-aluminosilicate glasses,
spinel, nanostructure, light transmission, crack resistance.

KarouoBi ciaoBa: CKJIOKpPHUCTATIUHI MaTepisiam, MaruiiiaJaioMocuJIiKaTHI cre-
KJa, IIMIiHeJ b, HAHOCTPYKTYpPAa, CBITJIOMPOHUKHICTh, TPIMIMHOCTINKiCTS.
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1. INTRODUCTION

Nanotechnology is of great importance for both fundamental science
and advanced technology [1]. The creation of glass-ceramics based
on very small crystallites with volume percent of nanocrystals in it
up to more than 90 vol.% was as an example of nanotechnology.
Glass-ceramics is a material that consists of a nanocrystalline phase
dispersed within the glass matrix. This microstructure can be
achieved via controlled crystallization of a glass, but the crystal
growth rate must be limited [2].

The use of a certain composition of glass and a defined mode of
its heat treatment make it possible to synthesize a glass-ceramics
with such important properties as chemical, thermal, optical, me-
chanical and dielectric tailored to particular values [3].

An important class of photonic materials is transparent glass-
ceramics, activated by luminescent elements, due to their specific
structural, optical and spectroscopic properties [4]. Glass-ceramics,
consisting of nanocrystals in a glass phase, become the most promis-
ing photonic material for use in tuneable solid-state lasers, lumines-
cent solar concentrators, optical amplifiers and up-conversion lumi-
nescence devices, etc. [5]. Alternative matrices are spinel crystals of
magnesium aluminate (MgAl,0,) with high thermomechanical prop-
erties [6].

Cobalt-doped magnesium—aluminium spinel is an effective mate-
rial for passive solid-state lasers with a @-switched output operat-
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ing in the near-infrared range [7]. To obtain transparent
Co:MgAl,O, ceramics with a high absorption cross-section and a
high linear transmittance, nanopowders of cobalt-doped magnesium-
aluminium spinel with a pure phase were synthesized by the co-
precipitation method. The 0.05 at.% Co:MgAl,O, highly transparent
ceramics were obtained after vacuum sintering and hot isostatic
pressing (HIP). The HIP post-treated ceramic at 1800°C for 3 h
demonstrated the best optical qualities, which were of 81.4% at 400
nm and of 85.9% at 900 nm, as well as the average grain size was
of 16.8 nm. Co?' was incorporated into the spinel lattice, as evi-
denced by broad absorption bands in the wavelength range of 500—
700 nm and 1200-1600 nm. However, the limitation of the applica-
tion of such ceramics is related to the low absorption in the transi-
tion range *A,(4F) — ,T,(*F) of Co?" ions and, therefore, the low sat-
urated absorption contrast at the generation wavelength [9]. The
difficulty of obtaining spinel ceramics is related to the fact that it
is very hard to inhibit the growth of the particle size during solid-
phase sintering, which significantly affects the change in the opti-
cal properties of the materials. In addition, when using pure na-
nooxide powders for the production of spinel, which allows to re-
duce the formation temperature and activation energy, the for-
mation of MAS-based materials occurs at high temperatures from
1000°C to 1400°C [10]. Thermoplastic magnesium—aluminate spinel
(MAS) nanocomposite developed in Ref. [11] can be shaped via pol-
ymer injection moulding at high rate and precision. The nanocom-
posite becomes dense MAS by means of debinding, pre-sintering,
and hot isostatic pressing obtaining transparent ceramics with high
mechanical strength and high optical transmission up to 84%.
However, the limitation of thermoplastic moulding for the produc-
tion of ceramic materials is the difficulty of obtaining large-size
materials and the presence of total porosity (of = 3-5%), which can
significantly affect the reduction of optical characteristics. In addi-
tion, the use of nanooxide powders significantly increases the cost
of such materials, and the use of complex technological equipment
requires significant changes in the production of ceramic materials.
All this inhibits the market entry of nanostructured ceramic mate-
rials and limits their competitiveness. Therefore, an important sci-
entific and technical task is the development of new high-tech
nanostructured materials based on spinel containing Co®" ions with
high absorption in the range of 1.6-1.7 um.

The prospective use of transparent glass-ceramics is determined
by the possibility of providing high light transmission (T'=72%)
due to nanostructuring according to the traditional technology of
glass production under conditions of low-temperature heat treat-
ment [12]. The high manufacturability and relatively low cost of
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glass-ceramics allows it to be effectively used in many fields of sci-
ence and technology, including photonics, given the fact that their
structural or functional elements, namely, clusters, crystallites or
molecules, are in the size range from 1 nm to 100 nm [13].

Thus, the authors of Ref. [14] studied thermal, mechanical, and
optical properties, in addition to the electron paramagnetic reso-
nance (EPR) spectra and microstructure, for MgAl,O,:Cr®" spinel
glass and glass-ceramics. The presence of uniform cubic crystals
with a size of 10—-15 nm in the glass-ceramics was shown by the
TEM images. The obtained glass-ceramic samples were characterized
by high wvalues of microhardness (6.0 GPa), 3-point flexural
strength (of 100 MPa), elastic modulus (of 55 GPa), and fracture
toughness (of 5.0 MPa-m'/?).

Homogeneous crystallization of crystallites with a size of about 9
nm and not great spherulitic structures consisting of small crystal-
lites ensure the transparency of spinel glass-ceramics with increas-
ing crystallinity. The total amount of nucleating agents
(ZrO, + Ti0,) in the parent glass composition should exceed 5 mol.%
for obtaining such a uniform microstructure [15].

For the synthesis of protective transparent high-strength glass-
ceramic materials, a methodological approach has been developed
that provides transparency in the visible spectral range and high
ballistic resistance by fine volumetric crystallization of glass with
the formation of a high-strength lithium-disilicate phase of =50
vol.% with a size of crystal of <0.4 ym [12]. The lithium-silicate
system was chosen as the initial. The low-temperature two-stage
heat treatment was established. It comprises annealing at 723 K for
30 min; stage I—903 K, 30 min; stage II—1123 K, 5 min. The fac-
tors that influence on the formation of a fine volumetric crystal-
lized structure under the chosen heat-treatment mode were deter-
mined. The ratio of phase-forming oxides is Li,0/SiO,=4.0. There
were given the type and quantity of modifying additives SrO, MgO,
and CaO, crystallization catalysts ZnO, P,0,, and ZrO, and fining
agents CeO, and Sb,0; for the crystallization of glass. The high
strength (HV =8.74 GPa, K,,= 3.1 MPa-m'?) and light transmission
in the visible spectrum (7T'=72%) of the developed glass-ceramics
were achieved via fine volumetric crystallization of glass with the
lithium-disilicate content of 45 vol.% and the B-spodumene content
of 5 vol.% . However, to create compact lasers on Yb:Er glass, it is
necessary to use glass-ceramics, which are characterized by the best
parameters of pulses in the passive @-switched mode (PQS). In the
model of a laser on Yb:Er glass with lateral diode pumping, this
was demonstrated by glass-ceramics based on Co?":Mg(Al,Ga),0,
nanocrystals and based on Co®':y-Ga,0; nanocrystals [16]. An im-
portant drawback is that these glass-ceramic materials differ in
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high and long-term temperatures of melting and heat treatment.
Ensuring high performance characteristics (Vickers hardness of
10.4 GPa, fire resistance of 1350°C) and reduced cost due to a two-
stage heat treatment at temperatures of 850°C and 1150°C is real-
ized by the determined content and ratio of modifying, glass-
forming, and phase-forming components and the introduction into
the composition of the combined crystallization catalyst X(TiO,, ZrO,,
Ce0,, P,0;) with the aim of forming a sitallized structure based on
solid solutions of mullite [17]. It has been established that ensuring
phase separation at temperatures of 800-850°C by the spinodal
mechanism for experimental magnesium—aluminosilicate glass in the
pre-crystallization period is an important stage in the formation of
solid solutions with the structure of high-temperature quartz in the
low-temperature region (850-900°C) with the simultaneous for-
mation of a-quartz and spinel (850—-1000°C), which contributes to
their recrystallization into a-cordierite (1000-1050°C) and the for-
mation of mullite from o-cordierite at 1100°C [18]. However, alt-
hough these materials are nanostructured and characterized by a
significant spinel content (>50vo0l.%), they are opaque due to the
mismatch of the refractive indices of the glass phase and the crys-
talline phase and the presence of spinel-crystal growth of =1 pum.
Therefore, in order to develop optically transparent nanostruc-
tured spinel-containing glass-ceramic materials, it is important to
study the features of their structure formation at the initial stages
of nucleation under conditions of low-temperature heat treatment.

2. EXPERIMENTAL PART
2.1. Aim Setting and Research Methodology

The purpose of the work is to study the structure formation of
magnesium—aluminosilicate glasses in the process of nucleation and
growth of crystals under the conditions of high-speed low-
temperature heat treatment.

Investigation of phase transformations in glasses and determina-
tion of their heat-treatment temperatures was carried out using
gradient-thermal (gradient furnace), petrographic (NU-2e optical
microscope with a magnification of 25-1200 times in transmitted
light in opaque sections), x-ray phase analysis (DRON-3M diffrac-
tometer, Siemens small-angle x-ray diffractometer (radiation
source—CukK,, voltage—30 kV, current—18 mA, set at a point—
200 seconds), electron microscopy (Tesla 3 LMU scanning electron
microscope with a resolution of 1 nm). The light transmission T [% ]
of the glass-ceramic material was determined on a FM-94g photome-
ter. The stress intensity coefficient of materials K,. (MPa-m'?) was
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determined according to the calculation method [19], which was
based on measuring the hardness of samples using PMT-3.

2.2. Rationale for the Selection of Compositions and Synthesis
of Glasses for Obtaining Transparent Glass-Ceramic Materials

A glass-ceramics can be transparent in the visible range if it meets
one or a combination of the following requirements: the sizes of
crystals must be much smaller than the wavelength of visible light
(i.e., less than 200 nm); the birefringence must be very low or the
difference between the refractive indices of the residual glass ma-
trix and the crystals must be negligible. This applies to most exist-
ing transparent glass-ceramics, because they have crystals smaller
than 200 nm and a crystallized phase of 1-to-70% [3].

In order to ensure high light transmission (T > 74%) and mechan-
ical strength (HV>8.0 GPa, K, >3.0 MPam'?) of transparent
glass-ceramic material, it is necessary to provide the following con-
ditions during low-temperature heat treatment:

— the metastable phase separation of glass by the spinodal mecha-
nism in the glass-transition interval;

— the formation of a developed droplet biframe structure near the
softening point in a short period of time (=1 h);

— the formation of evenly distributed crystalline nuclei in the
amount of (10'2-10"%)/cm? in the pre-crystallization period;

— the formation of a significant number of crystals > 50 vol.% at
the temperature crystallization;

— the inhibition of crystal growth due to high viscosity > 10® Pa-s;
— the formation of a self-organized sitallized nanostructured tex-
ture of glass with the size of spinel crystals <200 nm.

Taking into account the specified criteria to the glass matrix,
compositions with PSK marking in the magnesium—aluminosilicate
system, which are characterized by a certain content of glass-
forming, phase-forming, modifying components and crystallization
catalysts (Table 1), were designed with the aim of forming spinel as
a crystalline phase that provides high light transmission and me-
chanical strength.

The choice of phase-forming components in the composition of
magnesium—aluminosilicate glasses was based on the classical prin-
ciples of the sitallized-structure formation of materials and the re-
sults of previous developments [18]. In addition, the liquid phase-
separation of glass can give an opportunity to control the glass
properties and obtain new unique optical materials [20]. Traditional-
ly, to ensure the nucleation and the formation of crystalline phases
in the region of lower temperatures, ZnO is introduced into the
glass composition, which, along with CeO, and P,0;, will contribute
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TABLE 1. Features of the chemical composition of the PSK series experi-
mental glasses and the crystalline-phase content after heat treatment at
temperatures of 850°C and 1000°C for 2 hours.

Phase-forming and glass- g & 5 o
forming components, > Q © 2
wt. % -fg & Z ©
. - 0|2 -
5 cL9E S
o SN | =S rystalline
2 EX§@|8X0 Crystalli
é*, '4;;' = %“CSG %”"g ?; phase content
Si0, | B,O3 | MgO |ALO; |5 N 3 q? M
< 2 he] d
R =]
O
Vs o 9 inel 40 vol.%
A =) ) spine vol.%,
g 2 — S S 7.9 2.1 a-cristobalite 20 vol.%
00 .
v < o e < 7.9 9.1 spinel 20 vol. %,
% 2 — S 3 : : a-cristobalite 10 vol.%
5o S 9 inel 20 vol.%
v ) S ) spine vol.%,
g 3 — = % 7.9 2.1 a-quartz 10 vol.%
S
; < = < < spinel 40 vol.%,
(% 3 ~ - Q 4.9 1.1 a-quartz 10 vol.%
[a¥
-
: < 0 < < spinel 20 vol.%,
c% 3 ~ S x 7.4 2.1 a-quartz 10 vol.%
[a¥

to the phase separation of glass and the formation of a nanodis-
persed structure of glass during its heat treatment. The propensity
for phase separation of the experimental glasses is determined by
the presence of B,0;, refractory compounds Al,O; and ZrO,, and the
regulated content of CaO, MgO, SrO, and BaO [18]. As the ionic ra-
dius increases in the series MgO > CaO > SrO > BaO, the degree of
liquid-phase separation decreases.

It is known that the crystallization temperatures (T,) of liquid
MAS system decreased with the addition of B,0; or P,O, from 764°C
to 726°C and 764°C to 750°C, respectively [21]. In order to increase
the refractive index of the glass phase, zirconium oxide was intro-
duced as a crystallization catalyst. According to Ref. [22], the vis-
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cosity of the glass melt of the MAS system increases with an in-
crease in the concentration of ZrO, and CeO,; so, they were intro-
duced to increase the transparency of the glass.

Experimental glasses with PSK marking in the chosen system
were melted in corundum crucibles at temperatures of 1600—-1650°C
in condition of oxidising atmosphere.

2.3. Study of the Crystallization Nature of Experimental Glasses
under Heat Treatment in Relation to Their Light Transmission and
Crack Resistance

In order to determine the possibility of spinel crystallization, exper-
imental glasses were treated at the temperatures of nucleation
(T,=850°C) and crystal growth (7,=1000°C) for 2 hours at each
stage, which were chosen based on the results of previous studies of
the crystallization ability of magnesium—aluminosilicate glasses [12,
17, 18]. After heat treatment, the light-transmission index for
PSK-7 glass-ceramics is of 50% ; for PSK-8, PSK-9, PSK-11, it is of
70%, and for PSK-10, it is of 72% and is due to the type (Table 1)
and the content of the crystalline phase, which was determined us-
ing scanning electron microscopy. To obtain optically transparent
glass-ceramic materials with high-strength characteristics, which
are distinguished by a high crystalline-phase content of =80 vol.%
and crystal size of <0.4 uym, an important condition is the optimiza-
tion of the heat-treatment mode of the experimental glasses.

The mechanism of nucleation and crystallization of PSK-7 and
PSK-10 glasses, which were previously heat-treated at the ‘manifes-
tation’ temperature (T,,..;:), namely, at 800°C for 1 hour with sub-
sequent holding at temperatures of 850°C, 900°C, 950°C, and
1000°C (Table 2) for 2 hours, were studied to optimize the heat-
treatment regime. The ‘manifestation’ method is based on the crys-
tal growth at the temperature T,,.;, which originated under heat
treatment at lower temperatures. The application of this method is
especially valuable for designing the regime of heat treatment of
transparent glass-ceramic materials, for which the presence and
content of the crystalline phase cannot be determined using tradi-
tional methods of gradient—thermal and petrographic methods of
analysis and temperatures of crystal formation and growth (Fig. 1).

The influence of the preliminary heat treatment of PSK-7 and
PSK-10 glasses at T,,,.;; = 850°C made it possible to confirm that the
pre-crystallization treatment allows to intensify the crystallization
and to form a sitallized structure with a crystalline-phase content
of 80 vol.% . An important manifestation of the possible phase sep-
aration with subsequent nucleation in glasses is the presence of
opalescence already at 850°C. This character of phase formation is
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TABLE 2. The crystallization ability and the crack resistance of experi-
mental glasses PSK-7 and PSK-10, which were previously ‘manifested’ at a
temperature of 800°C for 1 hour.

.. |Markin o Markin
SN = =% N g N
sE 585 E &
=]
§ i ? gn ® Q{:; Nature of crystalliza- Qc':s
+ < . % _
= 8| pSK.7 qa.:g 2 = | PSK-10 tion"/degree of trans =
Q= °o'g & R parency R
£E =S g 2 g
£ 5 g5E a a
s 2 N
not identified crystal- not identified crystal-
800 I:l line phase/clear glass 1'5|:| line phase/clear glass 1.5
850 @l opalescence 1.5 opalescence 1.5
not identified crystal-
900 @l opalescence Z'Ol:l line phase/clear glass 2.4
surface crystalliza- not identified crystal-
tion/opaque glass line phase/clear glass
950 light transmission co- Z'Ol:l light transmission 4.8
efficient 50% coefficient 72%
volume crystallization volume crystallization
0,
80 vol.% /opaque glass ™" 80 vol.% /opaque 4.3

glass

Notes: no crystals were detected by x-ray diffraction.

confirmation of the existence of precrystallization liquation and the
formation of an optically transparent crystallized structure of PSK-
10 glass in the temperature range of 850—-900°C. The presence of a
crystalline phase in this temperature range is evidenced by the sig-
nificant content of the crystalline phase at 1000°C. For PSK-7 glass
in the temperature range of 850—900°C, there is opalescence, which
indicates intensive nucleation and crystal growth already at 950°C.

Confirmation of the transparent sitallized-structure formation is
a change in the crack resistance of the experimental materials from
1.5 MPa-m"? under heat treatment in the temperature range of
800—-850°C, when the glasses retain their amorphous structure, to
4.0-4.8 MPa-m'? under heat treatment in the temperature range of
950-1000°C, when a sitallized structure forms in the glass. Some
decrease in the crack-resistance index at a temperature of 1000°C
for PSK-10 indicates the crystal growth and destrengthening of the
glass structure. In general, the developed glass-ceramic materials
are characterized by a higher coefficient of crack resistance com-
pared to spinel-based ceramic materials (x 2.0 MPa-m'/?) [22], that is
possible due to the formation of nanostructured glass.
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2.4. Study of Structure Formation

The structure of PSK-7 and PSK-10 glasses at characteristic tem-
peratures was studied to determine the features of phase formation
of glasses in relation to performance properties. According to the
results of electron microscopy, the PSK-7 glass material at
t; =800°C (t=1 h) represents a multiphase system formed from a
mother glass with spherulites with well-defined boundaries = 100
nm in size (Fig. 1, a, I), which combine into agglomerates and rib-
bons on the general background of nanoinhomogeneities with a size
of 10-50 nm (Fig. 1, b, II), which may be nuclei of crystallization.
The uniformity of the distribution of inhomogeneities in the entire
volume of =50 vol.% is characteristic. The glass material PSK-10,

Fig. 1. Structure of experimental glass-ceramic materials after heat treat-
ment: a—PSK-7, b—PSK-10 at 800°C; ¢c—PSK-7, d—PSK-10 at 850°C; e
PSK-7, f—PSK-10 at 900°C; g—PSK-10, ~—PSK-7 at 950°C.
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which was treated according to the same regime, is characterized by
an increase of up to 80 vol.% in the number of spherical inhomoge-
neities with sizes of 50-100 nm, which are formed based on
nanoinhomogeneities with sizes of 10—20 nm. The formation of a
significant number of spherulites is an important condition that
prevents the further crystal growth with increasing temperature,
which can lead to a decrease in light transmission.

When the temperature is increased to #,=850°C for the PSK-7
glass material, there is a slight increase in nanoinhomogeneities in
the glass structure and their combination in ridges with a size of
100-200 nm (Fig. 1, ¢, II), and the formation of crystallization nu-
clei on their faces. The difference in the formation of the structure
at the initial stages of nucleation for PSK-10 glass material is the
increase in the number and the decrease in the size of spherical in-
homogeneities with sizes of 50—-100 nm (Fig. 1, d, II), which form a
single interconnected structure. The crystal growth is a characteris-
tic difference of phase separation by the spinodal mechanism, which
is manifested in the merging into druses and the coarsening of ag-
gregates (Fig. 1, d, III), when the temperature is increased to
t;=900°C (Fig. 1, e, f, III). The formation of quartz-like solid solu-
tions and matrix magnesium—aluminosilicate glass are close.

Therefore, in the formed heterogeneous system, sharp boundaries
of separation of two phases are not formed that is important for
ensuring the light transmission of the material due to the approxi-
mation of the refractive indices of the crystalline and glass phases.
The dissipative structure of experimental glasses at the stages of
nucleation is the main reason for the formation of spinel crystals of
an octahedral habit already at ¢,=950°C (Fig. 1, g, I). A character-
istic feature of PSK-10 glass material is the uniform nature of the
distribution of nanocrystals of =50 nm size with a content of = 80
vol.% in the residual glass phase (Fig. 1, g, III), which is decisive
for ensuring high strength and optical indicators of the glass mate-
rial. For PSK-7 glass material, some clusters > 200 nm are observed
against the background of nanosize crystals (Fig. 1, A, III), which
can lead to crystal growth and loss of transparency.

The study of the curves of small-angle x-ray scattering (SAXS)
phase analysis of PSK-10 and PSK-7 glasses allows us to trace in
detail the process of phase separation and nanostructure formation
depending on the heat-treatment temperature (Fig. 2).

A significant increase in the intensity ¢I(¢) of SAXS and, accord-
ingly, the values of the mean square of the difference in the elec-
tron densities of the coexisting phases is observed before the ap-
pearance of crystalline phases recorded by the x-ray diffraction
method (XRD). The formation of a nanoinheterogeneous structure
at the initial stages of nucleation is associated with the processes of
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Fig. 2. Dependence of ¢I(p) on ¢ (SAXS) during heat treatment of PSK-10
and PSK-7 glasses in the area of metastable liquation and nucleation: I,
2—initial glasses PSK-10 and PSK-7; 3, 4—PSK-10 and PSK-7 glasses af-
ter heat treatment at a temperature of 800°C; 5, 6—PSK-10 and PSK-7
glasses after heat treatment at a temperature of 850°C; 7, 8—PSK-10 and
PSK-7 glasses after heat treatment at a temperature of 900°C.

metastable liquid-type phase separation. A weakly expressed maxi-
mum is observed on the curves of the SAXS of the initial glasses,
which indicates the presence of inhomogeneities—sybotaxic groups
after the glass melting (Fig. 2, curves 1, 2).

In the process of heat treatment, an increase in the intensity of
the SAXS and a sharpening of the maximum on the SAXS curves
with the highest peak for PSK-10 (Fig. 2, curves 7, 8§) were ob-
served. This character of SAXS is usually observed with the spi-
nodal mechanism of phase separation, which is associated with the
regularity of the distribution of the concentration of the compo-
nents of the phase that is formed and occurs in the early stages of
decomposition. After heat treatment at 800°C, the SAXS curves
(Fig. 2, curves 3, 4) have two maxima each, which indicate the co-
existence of two types of inhomogeneity regions: for PSK-10 glass,
a significant number of nanoinhomogeneities is observed near the
scattering angle of 50 min, while, for PSK-7, nanoinhomogeneities
are concentrated at higher scattering angles near 100 min.

The areas under the curves make it possible to estimate their part
in the total volume of the inheterogeneous sample. The observed
bidispersity results from metastable separation.

When the processing temperature is increased to 850°C, the ten-
dency to bidispersity is observed after high-temperature heat treat-
ments at the stage of relative stability of the structure (Fig. 2,
curve 5). This means that a relatively stable state of the structure
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is achieved at each temperature under the conditions of long-term
heat treatment. Thus, in PSK-10 glass, the values and sizes of re-
gions of inhomogeneity grow rapidly up to 850°C and change uni-
formly at higher temperatures. When the temperature rises to
900°C for PSK-10 glass, the presence of only one phase is recorded,
while the structure remains stable (Fig. 2, curve 7). This may be as-
sociated with an increase in the viscosity of the silicate matrix dur-
ing the separation of phases containing magnesium and aluminium
oxides, i.e., with a kinetic inhibition of the phase growth process.
Therefore, this structural stability of PSK-10 glass determines the
formation of its nanoscale structure during further heat treatment
and ensuring high light transmission. For the composition of PSK-
7, the SAXS curves have a gentler slope, which indicates an in-
crease in the size of nanoinhomogeneities and the manifestation of
monodispersity, when the temperature is increased to 850°C (Fig. 2,
curve 6), that leads to the crystal growth at a temperature of 900°C
(Fig. 2, curve 8) and the decrease in light transmission (Table 2).

Therefore, in the temperature range of 800-850°C, which pre-
cedes the crystallization of glass, the metastable liquation immisci-
bility by the mechanism of spinodal decomposition is observed,
which will allow the formation of a finely dispersed structure of
glass during heat treatment. Keeping the bidispersity of the system
in this interval leads to the structural stability of the glass and the
kinetic inhibition of the phase-growth process. The regular nature
of the distribution of nanocrystals in the residual glass phase leads
to interference effects in scattering x-rays and visible light that al-
lows obtaining a highly transparent glass-ceramic material.

Taking into account the conducted research and previous studies
on the development of transparent glass-ceramic materials, the fol-
lowing heat-treatment mode was chosen for obtaining transparent
nanostructured spinel-containing glass-ceramic materials: (I stage—
T =800°C, t=60.0 min; IT stage—T =900°C, t=30 min; III stage—
T =950°C, 1=5 min).

A transparent nanostructured sitall based on PSK-10 glass with
content of 50 vol.% of spinel crystals, which is characterized by
light transmission of 72% and a stress-intensity index of 4.8
MPa-m'?, allows it to be considered promising in obtaining of opti-
cal materials for laser technology.

4. CONCLUSIONS

The main criteria for ensuring high light transmission and, at the
same time, mechanical strength of the magnesium—aluminosilicate
glass-ceramic material by forming a self-organized sitallized
nanostructured glass texture with a size of spinel crystals of 50 nm
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under conditions of low-temperature heat treatment have been de-
termined.

The peculiarities of the formation of optically transparent
nanostructured spinel-containing glass-ceramic materials have been
established. They consist in: the formation of two types of inhomo-
geneities with sizes of 10-50 nm and 50—100 nm based on sybotaxic
groups by phase separation via the spinodal mechanism (7 = 800°C);
stimulation of nucleation during the combination of bidisperse
spherulites in the ridge (7'=850°C) and the stabilization of the
nanostructure by limiting the growth of monodisperse spherulites
and their fusion into druses (T = 900°C); the formation of a dissipa-
tive sitallized structure (T = 950°C) due to nanostructuring with the
presence of spinel of an octahedral habit with a size of = 50 nm and
a content of =50 vol.% in the residual glass phase, which is deci-
sive for ensuring high strength and optical indicators of the glass
material.

The technological parameters for obtaining of a transparent
glass-ceramic material based on spinel were selected (stage I—
T =800°C, t=60.0 min; stage II—T =900°C, t=30 min; stage III—
T =950°C, t=5 min) and a transparent nanostructured sitall with a
content of 80 vol.% of spinel crystals, with a light transmission of
72% and a stress-intensity index of 4.8 MPa-m'? as a basis for
functional elements of optics and laser technology was developed.
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KobansT- i kapoonaTBMmicHI hocaTu Kasmitiro: cuHTesa i mocimkeHHsa

H. I0. Crpyturcska', O. M. Be6kepnu’, I. I1. #Kunax?, M. C. Ciobogasuk’

'Ruiscorcuil nayionanvruii ynieepcumem imeni Tapaca Ilesuenka,
8y.st. Borodumupcvra, 64/13,

01601 Ruis, Ykpaina

2Ymancoruil HAYiIOHANLHUIL YyHigepcumem cadiéHuymea,

eyn. Incmumymecoka, 1,

20305 Ymanv, Yrpaina

Hamouactuaku KobGanbsT- i kapbomarBmicHux Kambliii-ocdariB amaTuTosBo-
ro tuny ta 6idasaux Kambiiti-gocdariB (cymimnt ¢as Ha OCHOBI Timpokrcua-
natuty Ca,o(PO,)s(OH), i B-Tpuransuiii-dochary B-Cay(PO,),) cuaTe30BaHO 3
BogHUX posumHiB cucremu Ca*—Co®*—P0,*—C0,”-NO, 3a MOJBHMX CIiB-
Bigmomens Ca®:Co?":PO:C0,% =(10-x-y/2):x:(6 -y):y (x=0,05, 0,1,
0,5, 1,0; y=0, 0,5) 3a kimHaTHOI TeMIIepaTypu 3 IOJAJILIINM HarpiBaHHAM
nmo temmeparypu v 500°C. Posmipu KpucTamiTiB y BCix BUIIagKax, He3aeK-
HO BiJ cKJamy BUXiZHOro posuuny, € 6au3bko 30 am. PospaxoBani mapamer-
pu KoMipok naisA cuHTe3oBaHMX KaubIlii-pochariB (rekcaroHajbHa CHUHIO-
Hid, mpocropoBa rpyna P6;/m) sMeHIIYIOTbCA B Mipy 30iJbIIeHHA KiTBKOCTH
karioniB KoGaabTy B iXHBOMY CKJIaIi, I1I0 CBIAYNTEL IIPO YACTKOBE 3aMilleH-
Ha aromiB Kagbiito KobanbTom y KaTioHHIl migrpaTHUIl allaTUTOBOTO THUIY.
Pesyabratu IY-crmekTpocKomii miaATBepAKyIOTH peasisalliio 4acTKOBOT'O 3a-
mimnienHsa gocdar-aHiony KapbonatrHumu rpymamu (B-Tum) y cTpyKTypi ria-
poxcuamnatutry. Omep:kaHi pesyJbTaTH MOMKYTH OyTH BHUKOPHCTAHI y PO3pP00-
Kax HaHOMATEPidAJiB pPidHOro Impm3HAYEHHA HA OCHOBi JeroBaHUX KaTioHaMM’
KobGanbsry (mo 3 mac.% ) Kanbimiii-gocharis amaTuToBoro Tuiy.

Nanoparticles of cobalt and carbonate-containing calcium phosphates with
apatite-type structure as well as biphasic calcium phosphates (a mixture
of phases based on hydroxyapatite Ca,o(PO,)s(OH), and B-tricalcium phos-
phate B-Cay(PO,),) are obtained from aqueous solutions of the Ca*—Co?'—
PO, -C0O,>* -~ NO,  system at the molar ratio Ca?:Co?:P0O,:CO,* =
=(10-x-y/2):x:(6 —y):y (x=0.05, 0.1, 0.5, 1.0; y=0, 0.5) at room tem-
perature with subsequent heating to a temperature of 500°C. The size of
the crystallites in all cases, regardless of the composition of the initial
solution, is close to 30 nm. The calculated cell parameters for synthesized
calcium phosphates (hexagonal system, space group P6,;/m) decrease as
the amount of cobalt cations in their composition increases. This fact in-
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dicates partial substitution of calcium atoms by cobalt ones in the cation
sublattice of apatite-type structure. The results of FTIR spectroscopy con-
firm the partial substitution of the phosphate anion by carbonate groups
(B type) in the hydroxyapatite structure. The obtained results can be used
in the development of nanomaterials for various purposes based on apa-
tite-related calcium phosphates doped with cobalt cations (up to 3 wt.%).

KarouoBi cmoBa: rigpokcumanatutr, 6idasuuit Kambmifi-gpochar, KobanbT,
rKapbouat, [4Y-crieKTpoCcKoIis.

Key words: hydroxyapatite, biphasic calcium phosphate, cobalt, carbonate,
FTIR spectroscopy.

(Ompumano 13 cepnna 2024 p.)

1. BCTYII

Kambmiii-pocharu amaruroBoro tuimy (rizpoxcuanatut Ca,o(PO,)s(OH),)
1 P-rpuransiiit docdar (B-Cay(PO,),) Ta ixmi 3amimieHi ananoru
IIPUBEPTAIOTh 3HAUHUI iHTepec y po3podKax (PYHKIIOHAJILHUX MaTe-
pisniB pisHOro mMpmM3HAUYEHHA — Big MaTepisaniB aad opromenii, cro-
matoJsorii [1-4] mo xarasizaTopiB B opramiuHux cucremax [5—8], co-
p6eutiB [9-10] yu ¢dororaranisaropiB [11-13]. Oxguum iz ederTUB-
HUX ITiAXOAiB IIOA0 BILIMBY Ha iXHi (pyHKI[ioHAJIBHI BJIACTHMBOCTI, 30-
KpeMa JJisl BiITHOBJEHHSA KiCTKOBOI TKaHUHU, € MOAU(DIKYBaHHS BUXi-
nHOI CTPYKTypu Kariomamm Zn?", Cu®’, Co®*', Sr*", Fe®', mo Bnnupa-
I0Th Ha (iBWKO-XeMiuHi XapaxkTepUCTUKU MaTepidaay um 3abesmeuy-
I0Th aHTUMiKpPOOHY aKTuBHicTH [14—-16].

Meroro manoi poGoTu OyJio: BCTAaHOBJEHHS OCOOJMBOCTEH (QopMmy-
BauHa KobOanbr- i KapOoHaTtBmicHux Kasbiifi-gocharie y cucremi
Ca*—Co*-P0,* —C0O,* —NO, 3a mosbHUX criBBigHOmMens Ca*:Co®: PO,
:CO,* =(10 — x — y/2):x:(6 — y):y (x=0,05, 0,1, 0,5, 1,0; y=0, 0,5) B
YMOBaX OCAJKEeHHS 3 BOJHOTO PO3UMHY 3 MOJAJBIIINM BiAmajoM 3pa-
3KiB 3a Temmeparypu y 500°C, 3’sacyBamHsA BIJIMBY JOJaBaHHS Kap-
0oHATY y BUXITHOMY PO3UMHI Ha cKJanm ofep:kaumx (as. CuHTe30BaHi
monudikoBaui Kanbiiii-ochaTu aHamisyBaaum MeTogaMu IIOPOIIKOBOI
peutrrenorpadii, I'Y-cumekTpocKomii; OI[iHeHO BIIJINB MOAU(MIKyBaHHS
Kanbiiii-pochariB Ha posmipu iXxHiX HAHOUACTUHOK.

2. EKCIIEPUMEHTAJBHA YACTHHA

Cunresa ¢ocdaris. Bsaemounn y cucremi Ca*—Co*—P0O,* —CO,> —NO;,
JOCIimKyBaIn, Bapirooun BMicT KaTioHiB KobanbTy Ta momaioum KapoOo-
HaT-aHiOHHU 32 MOJBHUX cHiBBigHOmeHb Ca?:Co?:PO,* :CO,* = (10 — x):x:
:(6-y):y (x=0,05,0,1,0,5,1,0; y=0, 0,5). Ak BUXigHi KOMIIOHEHTH BU-
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kopucroByBamu Ca(NO;),-4H,0 («u.m.a»), Co(NO;),4H,0 («u.m.a»),
(NH,),HPO, («u.m.a») i NH,HCO; («u.mg.a»). 3rifHO 3 METOIUKOIO €KC-
IIepUMeHTy 3MilllyBaJIi BOJHI PO3UUHU, IO MICTHJIM PO3PaxoBaHi Ki-
abpkocTi HiTpariB Kanbiito i KobanbTy Ta ¢ocdary amonito abo iroro
cyminri 3 rimpoxapboHaToM aMoHi0 (y BUIAAKY KapOOHATBMiCHOTO
pospisy) 3a kimHaTHOI Temmeparypu. Omep:kamy rerepodasHy CHCTe-
My IepeMilllyBaJii BOPOAOB:K 5 XB i JomaBau 3 MJI PO3UMHY aMOHiiO
(25%) nna mocaruenua pH suime 10. Cywmimn mepemitryBaiu 1mie 3 XB
i B mojaJsipllIoMy HarpiBaJu Ha IIiIaHiil 0aHi 40 oJepsKaHHS TBEPLOTO
danuinKy. IIOpOmIKM peTelbHO IIepeTHupasyd Ta HarpiBajaum OO0 TeMIIe-
parypu y 500°C 3a 2 rox. 3 i3oTepMiUyHMUM BUTPUMYBaHHAM 2 TOI.;
IicJIsg OXOJIOMMKeHHsS OO0 KiMHaTHOI TemIieparypu (docdaTu IIOBTOPHO
nmepetupanu i amagisdyBaau. Mydeabny miu SNOL-7.2/1100 3 pery-
asaropom Termo Pro-601 6yj0 BuKopucTaso AJis HarpiBaHHA 3pasKis.
Meronu mocaimskeHHa. Das3oBUil CKJIal CHHTE30BAaHUX 3PasKiB BcTa-
HOBJIIOBAJIM 3a METOAOM PEeHTIeHiBChbKOI mmdpakiiii Ha IOpPOIIKaX.
HudpaxTorpamMu s3amnucaHO 3 BUKOPUCTAHHAM IIOPOIIIKOBOTO AM(pPaK-
Tomerpa Shimadzu XRD-6000 (meton 20 GesmepepBHOr0 CKaHyBaHHS
3i mBuakictio y 1°/xB.; 20=5.0°..60.0°; rpadiroBuii MOHOXpOMA-
Top). ImenTudikarmiro ¢as smificHeHO IIIAXOM IOPiBHAHHA eKCIIEPU-
MeHTaJbHUX audpaktorpam 3paskiB i3 gammmu 3 6asu ICDD (The
International Centre for Diffraction Data). ITapamerpu esiemeHTap-
HOI KOMipKu pospaxoBaHO 3 BuKopuctanusam mnporpamu FullProf.
EdexrTuBHNI pOo3Mip HaHOYACTHMHOK po3paxoBaHOo 3a (opmysioio Ille-
ppepa: L=EkL/(BcosO,,), ne B — woedimienT, mo popiBuioe 0,9, B —
KyTOBe PO3MIMPeHHs AudpakriiiiHoro makcumymy (y pamisHax), III0
BU3HAUAETHCA K IMMPUHA MaKCHMyMy Ha HOJIOBUHIi ifioro BucoTtu, 0,
— KYTOBe IIOJIOMKEeHHSA TU(PpaxiiiiHoro MakcuMymy. AHIOHHUI cKJan
dochariB mipTBepm:xerno meromom IY-cmekrtpockorii. ImdpauepBoni
CIEeKTPH 3apeecTpoBaHo y miamasomi 400-4000 cm ' 3 BHKOpHCTAH-
HaMm crnexktpomerpa PerkinElmer Spectrum BX masa spaskis, sampe-
coBanux y tabmerku 3 KBr.

3. PEBYJIBTATH TA IX OBI'OBOPEHHS

Ocob0auBocti GopmyBanus KobOanbT- i KapOomarBmicHux KanabIriii-
docharti y cucremi Ca*—Co*—P0,* —CO,> —NO,  mociigxeHo 3a pis-
HUX Kimbkocteit KobanbTy y BuxigHOMYy pos3umHi (MOJbHE CIIiBBigHO-
menna Ca®’/Co* =(10-x)/x, me x=0,05, 0,1, 0,5, 1,0) 6e3 moxa-
BaHHA KapboHaTy (MoabHe cuiBBigHomenua (Ca* + Co?")/P0O,* =1.67)
Yy y po3pisi MosbHOro cmisBigHomenHs PO,* /CO,* =11, mo nepex-
0auaJjo peaisarriio YaCTKOBOT'O izoBaJiIeHTHOTO 3aMilieHHsa
(Ca*" — Co®") B karionHi#l miarparHuni Ta KOM6iHOBAHOTO 3aMilleHHS
(Ca*" + PO* — Co*+ CO,*) y rariounii i amionni#i migrparaunax ri-
nporcuanatuty Ca,o(P0O,)s(OH), BigmoBigHO.
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TABJUIIA. PesyabraTi cTOCOBHO (ha30BOTO CKJIAAY Ta PO3paxoBaHi mapa-
MeTpH eJieMeHTapHOI KOMIpKHM [IJd CcuHTe30BaHuUX (ocdaTiB y cmcreMmax
Ca?—Co*-P0,*-NO, i Ca?**—Co*-P0,* —C0O,> —NO, .}

ITapameTpu
M L. T eJIeMeHTapHOIL
OJIbHE CITiBBigHOIIIEHHS] nnu das KOMipDKE
a, A | ¢, A
Cucrema Ca®**—Co?*'—P0O,* — NO,"
Ca*"—Co*—P0O,*

9,95:0,05:6 9.416(8) 6.883(7)
9,9:0,1:6 Ca10(PO,)s(OH), 9.414(2) 6.877(8)
9,5:0,5:6 9.413(1) 6.863(1)
9:1,0:6 B-Cay(PO,), (50 mac.%)+ 10.396(3) 37.371(2)

+ Ca;(PO,)s(OH), (50 mac.%) 9.413(2) 6.871(2)
Cuctrema Ca*—Co*—P0,* —C0,* —NO,~
Ca?":Co*":P0O,*:CO,*

9,7:0,05:5,5:0,5 9.418(3) 6.872(5)
9,65:0,1:5,5:0,5 Cayy(PO)s(OH), 9.410(9) 6.869(9)
9,25:0,5:5,5:0,5 9.392(1) 6.867(3)

B-Cay(PO,), (25 mac.%)+ 10.391(2) 37.369(3)

,75:1,0:5,5:0,
8,75:1,0:5,5:0.5 | G, (PO,)((OH), (75 mac.%) 9.424(9) 6.878(2)

3a maHUMU PeHTIeHiBCbKOI Au@dpakrIlii Ha HMOpOIIKaxX BCTAaHOBJIEHO
BILJIUB CIIiBBiTHOIIIeHb BUXiJHUX KOMIIOHEHTiB Ha (Das3oBUIl CKJIaL Oje-
piKaHUX MPOAYKTIB B3aeMouuHy (TabJi., puc. 1). ¥ Bunagky 6esxapoo-
HATHUX PO3UMHIB 3a MOJILHUX cHiBBigHOMmeHDL Ca?’/Co®" = (10 — x)/x, me
x=0,05, 0,1 i 0,5, dpopmyrorbca momudpikoBaui Kaabiiii-pocharu
amatutoBoro tuny (puc. 1, a, 6, 8), a 3a Ca®’/Co* =1,0 ogmep:kxaHo
Oidasumii Kommoautr — cymim das Ha ocHOBi [-Casz(PO,), (BiT/IOKiTO-
Bu#i crpykrypumit tum) i Ca,o(PO,)s(OH), (amaTuToBuUii THHO) y Maco-
Bomy criBBimHomenHui 50:50. Ile Mmoske BKasyBaTu Ha MeKi 3amilmeH-
Ha Kaabllifo MeHIIMM 3a posMipoM kKaTioHoM KobOanabTy, II0 MOKe
peaiisoByBaTucs 3i 30epe’KeHHAM CTPYKTYPU allaTUTOBOTO THUILY.

Y BuUmagky momaBaHHA KapOOHATY Y BUXITHUM PO3UUH AJIA CUCTEMU
Ca*—Co*—P0,*—C0,* —NO, 3a cmissignomenna PO, /CO,* =11 ¢a-
30BUU CKJIAJ IIPOAYKTIiB B3a€MOUMHY HE 3MiHIOETHCS 3a BUKJIIOUEH-
HAM PO3UMHY, II[0 MICTUB HAMNOLILINY cepel AOCIiIAKeHNX PO3UMHIB
KimbkicTe KobGasnbTy, I AKOTO BUABJIEHO 30iJbIlIeHHS BMicTy (asu
Ha ocuoBi Ca,o(PO,)s(0OH), no 75 mac.% , Ha BigMiHy Big posumHy 0e3
IomaBaHHA Kapbomarty (puc. 2, 2, TabJ.).

Peurrenorpamum mMoHO(GasHUX 3pas3KiB iHIEKCOBAHO y reKcaroHaJb-
Hifi cumHI'OHiII 3 mpocTropoBoio Trpymoilo P6;/m (dpasa Ha OCHOBI
Ca,o(PO,)s(OH), — PDF2 #01-089-6495; puc. 1, a—6 Ta puc. 2, a—8);
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Puc. 1. PenTtrenorpaMu 3paskiB, cuHTesoBaHux y cucremi Ca?'—Co*'—P0,* —
NO, 3a monbHEUX cmiBBigHOmeHb: Ca?:Co?:P0O, = (10 — x):x:6 a1a x = 0,05
(a), 0,1 (6), 0,5 (8) 1 1,0 (2) i marpiTux go 500°C. IHgekcalisa ¢asu amaTu-
ToBoro Tumy Ca,,(PO,);(OH), (PDF2 #00-089-6495) — BepTukranbHi Jjginii
YOPHOTO KOJILODPY, a (hasdu Ha ocHoBi PB-Cay(PO,), (PDF2 #00-070-2065) —
BepTHKAJIBHI JiHIT ciporo Koapopy.>2

pospaxoBaHi mapamMeTpu eJieMeHTapHUX KOMIPDOK HaBemeHO y TabJl.
Amnajiza ojepsKaHUX JaHMX BUABMIIA, 1Mo aaA Kaibiiii-gocdaris,
CHHTE30BaHNX 3 BOAHUX PO3UMHIB 0e3 momaBamHA KapOoHaT-aHiOHY
(cucrema Ca?*—Co*-P0O,* —NO,) y mipy 306inbIneHHS KiTbKOCTH KaTi-
oHiB KobanbTy BigMiuaeThcA 3MEHINIEHHS IapaMeTpPiB KOMipKuM — B
Oinmpmriii Mipi mapamerpa ¢ y HMOpiBHAHHI 3 BiANOBiZHMMM ITapaMmer-
pamu a=9,435(5) A, ¢=6,890(1) A mna dasu Ca, (PO,)s(OH),, 110
MiATBEPAKY€E peasisallilo 4acTKOBOTO 3aMilleHHs KaTioHiB Kasbiriio
MEHINUMH 3a posMipamu katioHamu KobOanbTy. ¥V Bumamky gocdaris,
CHHTE30BAaHIUX 3 PO3UMHIB 3 A0oJaBaHHAM KapOoHAT-aHIOHY, BigmiueHo
OiJIBIII iCTOTHE 3MEHIIIeHHs IIapaMeTpiB KOMipKH.

VY 3paskax, CHHTE30BAHUX 3 PO3UMHIB, 1[0 MiCTHUIN HAKOIIBIITY KiJlb-
kicTe kariomis Co sa cmiBigmOmens Ca?—Co?'—P0,* =9:1,0:6 i Ca®*—
Co*-P0,*—-C0,* = 8,75:1,0:5,5:0,5, oxpim dasu Ha ocHOBi C-
a,0(PO,)(0OH),, dopmyeThca dasa Ha ocHoBi 3-Cay(PO,),, 110 HATEKUTH
0 TPUTOHAJIBHOI cuHTOoHiI (mpocTopoBa rpyna R—3¢c — PDF2 #00-070-
2065) (puc. 1,2, pwuc.2,2). PospaxyHok mapamMeTpiB KOMipKU mJId
OCTaHHBOI Ta MOPiBHAHHA iX 3 mapamMmerpamu HedamireHoro $-Caz(PO,),
(a=10,429(8) A, ¢ = 37,380(1) A) cBizuaTs npo peamisariso 4acTKOBOro
sdamimnennsa Ca karionom Co y ctpykTypi -Cas(PO,), (Tabma.).
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Puc. 2. PenrresorpaMu 3paskiB, cuHTesoBaHux y cucremi Ca?—Co?—P0O,*—
CO,>—~NO,” 3a wMombHHX cHmiBBigHOmeHb: Ca?:Co?":P0O,:C0,% =(9,75—
x):x:5,5:0,5 nna x=0,05 (a), 0,1 (6), 0,5 (8) # 1,0 (2), marpitux mo 500°C.
Inpexcania dasu amaturoBoro tuny Ca,.(PO,)s(OH), (PDF2 #00-089-6495)
— BepTuKaabHi JiHiI 4YopHOTrO KOJBODPY, a dasu Ha ocHoBi B-Cas(PO,),
(PDF2 #00-070-2065) — BepTuKaJbHi JiHii ciporo kKoabopy.?
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Puc. 3. I9-cunextpu mogupikosanux Kanbitiii-gocdariB, CHHTE30BaHUX Y CUC-
remax (a) Ca?"—Co?**—~P0,*—NO,” (moxbHi cmiBigHomenna Ca®:Co*:PO,* =
=(10 - x):x:6) i (6) Ca®*"—Co*—P0O,*—C0,*—-NO,  (MoibHi cHiBBiZHOIIEHHS
Ca?":Co?":P0O,*:CO,* =(9,75 — x):x:5,5:0,5), ne x = 0,05 (xpusa 1), 0,1 (xpusa
2), 0,5 (xpusa 3) it 1,0 (kpuBa 4), HarpitTux go 500°C.*
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Poswmip xpucramitiB momudpikosanux Kaibirifi-gocdaris amaTurto-
BOTO TUIY po3paxoByBasum 3a opmysoio [lebas—Illeppepa Ta BcTaHo-
BMJIM BiJICYTHICTh BIJIMBY CKJIQNy BUXIZHOTO PO3UYUHY Ha PpO3Mipu
CUHTE30BAaHUX YACTHUHOK. ¥ BCiX BUIIaJKaX OJE€PKaHO HAHOUACTUHKU
poamipamu 6au3npx0 30 HM.

B IY-cmexkTpax yciXx cuHTe30BaHHX 3pas3KiB CIOCTEpPiramThbesa KO-
auBHI Moau docharHUX TeTpaenpis 3a 550-630 cm ' (v,) i 990-1120
eMm ! (v, ivs) Ta OH -rpynu 3a 3480 cm ' i 600 cm ! (puc. 3). Cmyra y
yacToTHi# obaacti 3210—-3600 cm ' Binmosimae amcopGoBamiit Bomi Ta
micTuTh KomuBaHHa OH -rpynu y cTpyKTypi amatutoBoro tumy. Ilo-
JIO’KeHHA KOJMBHMUX MOJ| V YacTOTHHX obiactax 1355—-1490 cm ' (vs)
i 880-890 cm ' (v,) cBiZUMTH Impo peasizalilo YaCTKOBOTO 3aMillleHHS
PO,* - CO,* (B-Tum) y CTPYKTypi rizpoKcmamaTury.

4. BACHOBRKH

B pesyinbraTri BukoHaHHSA poOOTH 3MiMCHEHO CHUHTe3y MoAu(piKoBaHUX
Kamnsbiifi-ocdaris anarutroBoro Tumny (rekcaroHajbHa CUHI'OHif, IIPO-
cropoBa rpyma P6;/m) saranpHux ckriaagis Ca,, ,Co.(PO,)s(OH), i
Cag 75-,C0,(PO,);5 5(CO3) 5(OH), (x=0,05, 0,1, 0,5) Ta 6ipaszaux Kanb-
mii-ocdariB 3 pisHMM MAaCOBUM CIIiBBigHOIIIEHHAM (a3 Ha OCHOBI
Ca,o(PO,)s(OH), i B-Cay(PO,),, mo micTtars g0 6 mac% Co®’. Beranos-
JIeHO, IO AOJAaBaHHA KapOOHATY y BUXIiTHMA PpPO3YMH y CHiBBigHO-
menni PO,*:C0O,* = 11:1 cupusde 36iTbIeHHI0 BMicTy a3y Ha OCHOBI
rigpokcuamnarury Ca,(PO,)s(OH), Bix 50 mac.% (6es momaBamHs Kap-
bomary) mo 75 mac.% y ckiyani 6idasHux Kambiiii-gocdarie. Pospa-
XOBaHi MmapaMeTpu KOMipOK CHHTe30BaHUX (pas amaTUTOBOTO TUITY €
IeIno MeHIuMU, HiK BigmoBimui mma Ca,o(PO,)s(OH),, mo migTsep-
IKy€e peasiisalliro 3aMillleHHA y KaTiOHHIN Ta aHiOHHINA IIigrpaTHUIIAX
Kanrwmiii-pochary. IlomokeHHS KOJMBHUX MOJ KapOOHATHUX TPYI Y
IY-cnekTpax cuHTe3zoBaHux (ocdariB cBiguath mpo peasizario b-
tuny (PO,*” — CO,*) s3amimmenHsa y CTPYKTYpi TiipoKcHanaTuty.

OnepsxaHi pe3yabTaTH B IIOHAJBIIIOMY MOMKYTH OYTH KOPUCHUMU Y
po3pobKax e(heKTUBHUX (PYHKI[IOHAILHUX MATEPifJiB HAa OCHOBi Ha-
HOUacTUHOK MoaupikoBanux rKarionHamu Kobanbry Kambiiiii-dochari
pisHOrO IpU3HAYEHHSA, y TOMY YMCJi 1 KaTaJjidaTopis.

Po6ory BuKoHaHO 3a (imamcoBoi miaTpumiru MimicTepceTBa ocBiTH i
Hayku Ykpainu (mpoext Ne0122U001959).
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ratio Ca?:Co?":P0,*:C0O4% =(9.75 — x):x:5.5:0.5 (x=0.05 (a), 0.1 (6), 0.5 (8), 1.0 (2)) and
heated to 500°C. Indexing was done with respect to data for Ca,y(PO,)s(OH), (PDF2 No. 00-
089-6495)—vertical black lines, and for B-Cas(PO,), (PDF2 #00-070-2065)—vertical grey
lines.

4 Fig. 3. FTIR spectra for modified calcium phosphates obtained in systems: (a) Ca?—Co*—
PO, -NO; (molar ratio Ca?:Co?:PO,* =(10-x):x:6) and (6) Ca*—-Co*-P0,>—CO;*-NO;
(molar ratio Ca?":Co?:P0O,*:C04% = (9.75 — x):x:5.5:0.5) (x =0.05 (curve 1), 0.1 (curve 2), 0.5
(curve 3), 1.0 (curve 4)) and heated to 500°C.
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Characteristics of the Pulse-Periodic Gas-Generating Source of Flows
of Ultraviolet Radiation and Silver Sulphide Microstructures

0. K. Shuaibov, R. V. Hrytsak, O. Yo. Minya, A. O. Malinina,
O. M. Malinin, M. O. Marhitych, O. V. Zubaka, and M. M. Feldii

Uzhhorod National University,
3, Narodna Str.,
UA-88000 Uzhhorod, Ukraine

The research results on the synthesis conditions of surface microstruc-
tures of silver sulphide from the plasma of an overvoltage nanosecond
discharge (OND) between electrodes made of polycrystalline Ag,S com-
pound in helium are presented. The discharge is ignited in atmospheric-
pressure helium with a 2 mm-gap between the electrodes. Silver sulphide
vapours are introduced into the He—Ag,S gas—vapour mixture by means of
the ectonic mechanism. The voltage pulses, current, pulsed discharge
power, and energy input into the plasma per pulse are studied at pulse
repetition frequencies of 40—1000 Hz. Spectral and spatial characteristics
of the OND are analysed. Using micro-Raman spectroscopy of laser-
radiation scattering, the Raman scattering spectra of thin films deposited
from the OND plasma onto a quartz substrate located near the electrode
system are investigated and analysed. Based on solving the stationary
Boltzmann kinetic equation for the electron-energy distribution function,
numerical modelling is performed for the plasma transport parameters,
specific energy losses, and rate constants of electron processes as func-
tions of the parameter E/N, where E is the electric-field strength, and N
is the total particle concentration in the working mixture. The discharge
can be utilized as a source of bactericidal radiation, a source of silver sul-
phide microstructures, and as a plasma-chemical reactor for synthesizing
corresponding thin films.

Haseneno pesyabTaTé JOCHIIKEHHA YMOB CMHTE3U MOBEPXHEBUX MiKPOCTPY-
KTyp cyabdiny ApPreHTyMy 3 IJIa3MU IIePeHaANPY:KEeHOTO HAHOCEKYHIHOTO
pospany (ITHP) mixx enexTpomamu 3 mosrikpucTaniunoi crosyku Ag,S B re-
Jaii. Pospsajg samasiioBaBca B reJii arMocepHOTo THUCKY 3a Biggayi MixK esex-
Tpomamu y 2 mMm. Ilapu cynbpdiny ApreHTyMy BHOCUJIMCA B ra3omapoBy CYy-
mim He—Ag,S 3a paxyHOK eKTOHHOro MexaHisamy. [lociimskeHo immyiabcu
HAIpyTu, CTPYMY, iMIIyJIbCHA IOTYKHICTH PO3PANY, €HEPTEeTUUHUNA BHECOK Y

759
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IJIa3My 3a OMWH iMIOyJbC 3a YAaCTOT HMOBTOpPeHHs immynabciB y 40—1000 I'm.
HocmigykeHo creKTpasibHi Ta IpocTopoBi xapaxrtepuctukm IITHP. Metomom
MiKpopaMaHiBChKOI CIIEKTPOCKOIIil PO3CIAHHA JIa3epPHOTO BUIIPOMiHEHHS [0-
CJi’KeHO Ta NMpPOaHaJIi30BaHO CIEKTpu PaMaHOBOrO PO3CiAHHA TOHKUX TILIi-
BOK, AKi Oyau ocamxeni 3 maasmu ITHP Ha KBaploBy IiAKJIaJWHKY, BCTAHO-
BJIeHY 0Oinisg cucteMu eyieKTpona. Ha ocHOBI pimeHHs cramioHapHoro BoibIl-
MaHHOBA KiHETUUYHOTO PiBHAHHSA s (PYHKIII posmominy ejleKTpPOHIiB 3a eHe-
prisMm BWMKOHAHO YKCJIOBE MOJEJNIOBAHHA TPAHCIOPTHUX IIapaMeTpiB ILIas-
MM, TUTOMUX BTPAT €HEepTii Ta KOHCTAHT IMIBUAKOCTH €JIeKTPOHHUX IPOIEeCciB
B 3aJIeXKHOCTL Bij BenuumHu napamerpa E/N, ne E — Haupy'KeHICTbH eJIEKT-
puuHOro 1mojsA, N — IIOBHA KOHIIEHTPAIlid YaCTUHOK y pobouiii cymimri. Pos-
pAn MoXKe OyTH BUKOPUCTAHUI SAK AKepesao 0aKTepUIIMIHOTO BUIIPOMiHEHHA
Ta AKepeso MiKPOCTPYKTYP Cyabdiny ApreHTymMy, a TaKOK fAK ILJIa3MOX€Mi-
YHUN PeakTOp CUHTEe3W BiAMMOBIAHMX TOHKUX ILJIiBOK.

Key words: overvoltage nanosecond discharge, silver sulphide, helium,
radiation spectrum, Raman spectrum, thin film.
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1. INTRODUCTION

An overvoltage nanosecond discharge (OND) of atmospheric pres-
sure between electrodes made of transition metals (Cu, Zn, Fe, Al)
and the CulnSe, compound in air and oxygen was successfully used
for the synthesis of surface micro-nanostructures of electrode mate-
rial on a solid substrate installed near the electrode system [1-4].
The introduction of vapours of the electrode material in these cases
occurred due to microexplosions of natural inhomogeneities of the
electrode surface in the form of nanopoints in a strong electric field
(formation of ectons) [56]. The plasma of such a discharge was quite
homogeneous in space even without prior ionization of the inte-
relectrode gap [6] and was a source ultraviolet radiation, therefore,
the synthesis of these structural elements took place with the auto-
matic assistance of ultraviolet radiation, which can be promising
for improving the characteristics of the synthesized structures,
conditions of application of such films in solar batteries and other
optoelectronic devices.

A windowless OND-based reactor in atmospheric pressure air be-
tween transition metal electrodes was effectively a source of UV ra-
diation streams and metal oxide nanoparticle streams that were au-
tomatically time-synchronized.

Therefore, it may be promising to use OND in inert gases at at-
mospheric pressure and for the synthesis of surface structures
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based on superionic conductors such as Ag,S, Ag.GeS;, etc. Such
compounds are synthesized by various chemical methods initially in
the form of macroscopic polycrystalline elements. However, their
use in micro-nanotechnology requires the synthesis of such com-
pounds in the form of thin films.

Physical methods for the synthesis of thin films based on superi-
onic conductors were used in Ref. [8], where the synthesis of thin
films from the Ag,S compound in a magnetron discharge was re-
ported, and the results of the synthesis of films from the Ag,S
compound, which was excited in the form of a vapour by a low-
voltage electron beam (E = 800-1600 eV) are given in Ref. [9].

To optimize the process of gas-discharge synthesis of films of su-
perionic conductors, it is necessary to study the characteristics and
parameters of the OND plasma in inert gases between electrodes
made of superionic conductors in the form of polycrystalline sam-
ples. Such characteristics and parameters of plasma currently do
not exist. This restrains the development of new supercapacitors,
batteries, photovoltaic devices and sensitive gas sensors based on
superionic conductors.

The goal and task of this research is the development of new gas-
discharge UV lamps based on the destruction products of superionic
conductors (Ag,S) and the development of a technique for the syn-
thesis of thin nanostructured films with the properties of superion-
ic conductors by using microexplosions of inhomogeneities on the
surface of metal electrodes and electrodes made of superionic con-
ductors in an overvoltage nanosecond electric field discharge (for-
mation of ectons, flow of nanoparticles and clusters of electrode
material and UV plasma radiation).

The article presents the results of an experimental study of elec-
trical and optical characteristics and numerical modelling of the
OND plasma parameters in helium at atmospheric pressure between
silver sulphide electrodes. Thin films from the products of destruc-
tion of electrodes in plasma were synthesized and their qualitative
composition was determined.

2. EXPERIMENTAL METHODOLOGY

Experimental measurements were carried out using the method of
measuring the spectral analysis of the emission of light sources.

A Dbipolar high-voltage discharge with duration of 100-450 ns
was ignited between two electrodes, which were made of a polycrys-
talline Ag,S compound. The distance between the electrodes was 2
mm. The radius of rounding of the end parts of the cylindrical elec-
trodes is of 10 mm. The diameter of the electrodes is of 5 mm.

Silver sulphide is a superionic conductor, and thin films based on
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it are promising for use in high-voltage pulse technology (superca-
pacitors, etc.). Since such films contain silver, in addition to high
ionic conductivity, they can also have bactericidal properties.

The scheme of the installation, the structure of the discharge de-
vice and other conditions for studying the characteristics of the
OND are given in the work [4].

The discharge was ignited by overvoltage of the discharge gap,
when a beam of runaway electrons is formed in it [6]. Under the
action of such a beam, the discharge in atmospheric pressure helium
was uniform and had an aperture close to square, the area of which
was of 4 mm?®. In a strong electric field on the working surface of
the electrode based on the Ag,S superionic conductor, micro-
explosions of inhomogeneities occur on the surface of the electrodes
[6], which contributed to the introduction of vapours of the superi-
onic conductor Ag,S products and their decay (Ag, Ag", S, ...) into
the plasma and the formation of a flow of clusters and of nanopar-
ticles based on the Ag,S compound and its dissociation products in
the plasma, which were further deposited on the quartz substrate in
the form of thin films. For the synthesis of nanostructures of su-
perionic conductors, which are intended for various applications in
micro-nanotechnology, mainly chemical methods are wused, i.e.,
methods of exploding thin wires or plates, when a current pulse of
hundreds to thousands of amperes passes through them. Therefore,
the application of synthesis technologies of these nanostructures
based on more technological and less expensive gas discharge tech-
nologies is promising. At the same time, it becomes possible to car-
ry out the synthesis of nanostructures without the use of vacuum
technology in low-cost gases, both in gasostatic conditions and in
low-velocity gas flows.

The UV-radiation power density of the discharge was measured
using a TKA-PCM UV meter at a distance of 15 cm from the centre
of the discharge.

The surface of synthesized samples of thin films was examined
with the help of a microscope with a magnification of 50 times.

The polycrystalline compound of silver sulphide (Ag,S), from
which the electrodes are made, was synthesized in the technological
laboratory of the Uzhhorod National University.

The study of thin films of Ag,S in helium at atmospheric pres-
sure was carried out under the following conditions: the voltage at
the anode of the thyratron modulator of high-voltage nanosecond
pulses was of 13 kV, the frequency of following voltage pulses was
of 80 Hz, the distance from the centre of the discharge to the glass
plate was of 10 mm, the sputtering time was of five cycles of 30
minutes each. Analysis of thin films was carried out using three
available laser wavelengths, 532, 633 and 785 nm, on a Renishaw
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InVia confocal Raman microscope spectrometer at their 100% pow-
er of 60.6, 9.2 and 32 mW, respectively. The diameter of the laser
beam was of 1-2 pm. The micro-Raman method is recognized as a
powerful and versatile tool for the analysis of solid films and con-
densed media in general. This method is non-contact, which allows
non-destructive and quantitative microanalysis of structural and
electrical properties.

The OND plasma parameters were determined numerically and cal-
culated as total integrals of the electron distribution function (EEDF).
The EEDF was found by solving the Boltzmann kinetic equation in
the binomial approximation [13]. EEDF calculations were carried out
using the program [14]. Based on the obtained EEDF, the plasma pa-
rameters were calculated depending on the magnitude of the reduced
electric field—E/N (the ratio of the electric field strength (E) to the
total concentration of helium atoms and a small admixture of silver
sulphide vapours (IN)). The range of changes in the parameter
E/N=1-1000 Td (1-10-1-10* V-cm?) included the values of the
parameter E/N, which were implemented in the experiment. These
values of the E/N parameter were of 327 Td and 53 Td at 0 ns and
180 ns from the start of the discharge, respectively (Fig. 1, a).

In the integral of collisions of electrons with helium atoms and
silver atoms, the following processes are taken into account: elastic
scattering of electrons on helium and silver atoms; excitation of the
energy level of helium atoms (threshold energy of 19.80 eV); ioniza-
tion of a helium atom (threshold energy of 24.58 eV); excitation of
energy levels of atoms and silver ions (threshold energies of 6.01
eV, 5.99 eV, 3.78 eV, 3.66 eV, 7.19 eV, 7.02 eV, 6.71 eV, 5.99 eV,
and 17.00 eV); ionization of silver atoms (threshold energy of 8.00
eV); electron—electron and electron—ion collisions. Effective sections
of processes were taken from databases [15—18].

3. RESULTS AND DISCUSSION

In Figure 1, the oscillograms of voltage and current pulses, the
pulsed power of the OND and the energy contribution to the plasma
of the He—Ag,S gas—vapour mixture for one discharge pulse are
shown.

The total duration of voltage pulses reached 450 ns. The voltage
pulse included oscillations decaying in time with duration of 40—
50 ns. The maximum values of the electrical characteristics of the
OND were observed at the atmospheric pressure of helium. Thus,
the greatest drop in the value of the voltage of positive polarity
during the discharge interval was of 17 kV, and the maximum am-
plitude of the pulse of the current of positive polarity reached 150
A. The maximum impulse power of the discharge was observed at
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Fig. 1. Oscillograms of current pulses, voltages, pulsed power, and energy
contribution to the plasma of an overvoltage nanosecond discharge for one
discharge pulse: (a) p(He) =101 kPa, (b) p(He) =13.3 kPa; f=1000 Hz.

p(He) =101 kPa in the first 110 ns from the moment of its ignition
and reached 2.3 MW (at ¢t =110 ns). The energy of a single electric
pulse at p(He) =101 kPa was of 91 mdJ, and at p(He)=13.3 kPa, it
decreased to 35.6 md.

Let us consider the dependence of the radiation intensity of the
discharge in He—Ag,S gas—vapour mixtures on the value of the he-
lium pressure and the main parameters of its excitation system—
the pulse tracking frequency and the value of the charging voltage
of the working capacitor of the high-voltage modulator of nanosec-
ond pulses.

Figures 2, 3 present the dependence of the intensity of UV-
radiation on the frequency of repetition of voltage pulses and the
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Fig. 2. Dependences of the UV-radiation intensity in the UV-C, UV-B, and
UV-A ranges for OND plasma on the value of the repetition frequency of
voltage pulses at a charging voltage of U=13 kV in helium between Ag,S
electrodes at a He pressure of 101 kPa.
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Fig. 3. Dependences of the UV-radiation intensity in the UV-C, UV-B, UV-
A ranges for the OND plasma on the voltage on the electrodes at a fre-
quency f=80 Hz in helium between the Ag,S electrodes at a He pressure

of 101 kPa.

value of the charging voltage.

The highest value of the average power of plasma UV radiation
was observed at a helium pressure equal to 101 kPa at a maximum
frequency f=1000 Hz and a charging voltage of 19 kV (Figs. 2, 3).

The emission spectra of OND in the He—Ag,S gas—vapour mixture
at different helium pressures and different repetition frequencies of
voltage pulses are shown in Fig. 4. For the spectrum in Fig. 4, the
reference book [10] was used to decode the spectrum.
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Fig. 4. The emission spectra of OND between the Ag,S-compound electrodes
at: p(He) = 101 kPa, f = 1000 Hz (a); p(He) = 13.3 kPa, f = 80 Hz (b).

TABLE 1. The maximum values of the power of UV-OND radiation in he-
lium-silver sulphide steam—gas mixtures at different pressures of helium
(U,., =20 kV, f=1000 Hz).

Spectral range p(He)=13.3 kPa p(He) =101 kPa
W, a.u. W, a.u.
UV-C (200—-280 nm) 1.4 3.3
UV-B (280-315 nm) 0.8 1.2
UV-A (315-400 nm) 1.7 3.8

As can be seen in Table 1, in the ultraviolet part of the OND-
plasma spectrum, radiation at the transitions of an atom and a sin-
gly charged silver ion is prevailing.
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The results of identification of spectral lines are shown in Table 2.

TABLE 2. The results of the identification of the emission spectra of OND
between the electrodes of the Ag,S compound at atmospheric pressure of
helium (f=1000 Hz).

= 8% O
No.| A4, nM s | = 3 § Lower,,,,, Upper,,,,,
~ | © | & :5
1 211.38 250 Agll 4.85 10.71 4d°CD, )55 /sl 4d°CDs )50 T°/al;
2 224.64 1226 AgIT 4.85 10.37 4d°CD,,)5s T/sl, 4d°CDs)5p /s,
3 227.99 582 AgIl 5.70 11.05 4d°CDy,)5s T/, 4d°CDsy»)5p T/l
4 232.02 1514 Agll 5.05 10.36 4d°CDy,) 55/}, 4d°CDy2)5p /o),
5 238.62 584 AglI11.1416.34 4d°CD,,)5p [3/2], 4d°CDy)5d 73/2],
6 241.13 975 Agll 5.42 10.56 4d°CD,,)5s [3/2], 4d°CD;.)5p 1[5/2];
T 243.77 952 Agll 4.85 9.94 4d°CD, )55 T/l 4d°CDs0)5p /sl
8 244.78 580 AgIl 5.70 10.77 4d°CD, )55 [3/2], 4d°CD,.)5p 1[5/2],
9  260.59 251 AgI710.1814.94 4d°CD;.)5p '/ A4d°CD; )65 T/l
12 271.17 254 AgII10.3714.94 4d°CDy.)5p 7/, 4d°CD; )65 20/,
13 276.75 150 AgII 5.70 10.18 4d°CDy,)5s 2[3/2], 4d°CDs.)5p [7/2];
14 203.83 280 Agll10.7714.99 4d°CD,,)5p ’[5/2], 4dy(*D;,)6s ’[5/2],
15 318.77 256 Hel 19.8123.70  1s2s°S, 1sdp °P,
16 328.06 2793 Agl 0.00 3.77  4d"5s’S,, 4d"5p °P,
17 338.28 2589 Agl 0.00 3.66  4d'5s’S,, 4d"5p °P, ,
18 388.86 1129 Hel T7.42 23.00  1s2s S, 1s3p °P,
19 405.54 356 Agl 3.66 6.72  4d“5p’°P,, 4d"6d *D, ,
20 421.00 417 Agl 3.77 6.72  4d“5p°P,, 4d"6d *D, ,
21 447.14 905 Hel 20.9623.73  1s2p °P, 1s4d *D,
22 487.41 465 Agl 7.30 9.84 4d5s(D)5p Fop  4d°5s(3D)6s ‘D,
23 490.24 508 SIT 15.5518.08 3s?3p%°P)dp S, , 3s3p" P, ,
24 501.56 673 Hel 20.6123.08 1525 'S, 1s3p 'P,
25 520.90 2482 Agl 3.66 6.04  4d“5p°P,, 4d"5d °D;,
26 546.54 3888 Agl 3.77 6.04  4d“5p°P,, 4d"5d °D; ,
27 587.59 11174 Hel 20.9623.07  1s2p °P, 153d *D,
28 —362587.6%32) 5157 Agl 0.00 3.77  4dY5s’S,, 4d"5p °P ,
29 667.81 2663 Hel 21.2123.07  1s2p 'P, 153d 'D,
30 —sgg?z'g(m 2253 Agl 0.00 3.66  4d"5s’S,, 4d"5p °P, ,
31 706.51 1498 Hel 20.9622.71  1s2p—°P, 1535 °S,
32 77719 1669 OI 9.14 10.74 35 7S, 3p °P,




768 0. K. SHUAIBOV, R. V. HRYTSAK, O. Yo. MINYA et al.

The most intense lines were the resonant spectral lines of the sil-
ver atom at 328.06 nm of Agl and 338.28 nm of Agl. The 224.64
lines stood out from the ion spectral lines by intensity at 232.02
nm.
The most intense spectral lines include lines 388.86, 447.14,
501.56, 587.59, 667.81, 706.51 nm of Hel. These lines of the He
atom in a pulsed atmospheric pressure plasma are observed, when
the process of energy transfer from the lower metastable levels of
Hel to some impurity (for example, silver sulphide molecules and
its dissociation products) is effective [11, 12].

When the frequency of voltage pulses was reduced to 80 Hz and
the He pressure was reduced to 13.3 kPa, a decrease in the intensi-
ty of all spectral lines of silver was observed that is caused by a de-
crease in the concentration of the electrode material in the dis-
charge plasma.

The formation of excited silver atoms and ions can occur during
the excitation of a silver atom by electrons, in the processes of exci-
tation of a singly charged silver ion by electrons with subsequent
recombination of silver ions (Agll, AgIII).

When the quartz substrate was installed at a distance of 2—3 cm
from the centre of the discharge gap and the burning time of the dis-
charge was of 30—60 minutes, the deposition of a thin film from the
products of sputtering of the electrode material in atmospheric-
pressure helium was recorded on the substrate (Fig. 5). As can be
seen from this photo, the surface of the synthesized thin film is
quite uniform. Against the background of a homogeneous surface,
individual surface microstructures with characteristic dimensions of

Fig. 5. Photo of the surface of the current film obtained at a 50-fold mag-
nification and synthesized from OND products between electrodes from the
superionic conductor Ag,S at atmospheric pressure of helium.
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10—-20 pm can be observed (in the photo, they have a dark gray col-
our and an ellipsoidal shape). It is most likely that these are pieces
broken off from the electrodes, when their surface is affected by
the powerful electric field of the OND. Therefore, in order to im-
prove the uniformity of the film, it is worth reducing the pulsed
power of the OND energy contribution to the plasma.

Of all buffer inert gases (Ne, Ar, Kr), the energy characteristics
of OND in Ne are minimal. It is also possible to reduce the energy
characteristics of the OND by reducing the pressure of the buffer
gas and the magnitude of the electric field between the electrodes
(lowering the charging voltage on the anode of the thyratron), but
this will lead to significant changes in the value of the E/N param-
eter, as indicated by the results of modelling plasma parameters [2]
and the result of calculations shown below.

Figures 6—8 show the Raman spectra of a thin film that was syn-
thesized from OND products between silver sulphide electrodes at
atmospheric helium pressure using laser radiation at wavelengths
A =785 nm, A=532 nm and A =633 nm, in accordance. The use of
different wavelengths of laser radiation allows obtaining additional
information about the properties of Ag,S nanoparticles, since the
intensity and position of the bands in the Raman scattering spectra
depend on the wavelength of the excitation radiation. The wave-
length affects the depth of radiation penetration into the sample
and the efficiency of the induced oscillations in the crystals. This
can lead to a difference in the intensity and position of the spectral
bands of scattered light.

When examining the samples using laser radiation at A = 785 nm,
the spectra in Fig. 6, a, b, ¢ are characterized by bands in the range
of 100-300 cm™, in particular, at 228 cm™ (Fig. 6, a), 235 cm™*
(Fig. 6, c); laser spectrum at A =532 nm in Fig. 7, a are character-
ized by bands in the range of 100-300 cm™, in particular, at
242 cm™ (Fig. 7, a); laser spectra at L =633 nm are characterized
by bands in the range of 100-300 cm ™, in particular, at 238 cm™
(Fig. 8, a), 242 cm™ (Fig. 8, b). Broad bands in the range of 210—
250 cm™’, in particular, the maxima in this range given above
caused by Ag,S nanoparticles, are associated with symmetric longi-
tudinal vibrational modes of Ag—S—Ag bonds. Bands with a maxi-
mum at 604 cm™ (Fig. 6, ¢), 595 cm™ (Fig. 8, a), 602 cm™ (Fig. 8,
b) can be attributed to O—S—O bonds (asymmetric bending). Bands
with a maximum at 960 cm™ (Fig. 2, ¢), 957 cm™* (Fig. 8, a—d) re-
fer to the symmetric stretching of S—O bonds.

In Figures 6, b, 7, b, 8, d, visible broad bands in the range of
1460-1600 cm ™" are associated with fluctuations of silver and sul-
phur oxide compounds, which are formed during the photoinduced
decomposition of Ag,S.
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Fig. 6. Raman spectra of light scattering by a thin film deposited from
OND plasma at atmospheric helium pressure, which were obtained using
laser radiation at A = 785 nm (a, b, c).
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Fig. 7. Raman spectra of light scattering by a thin film deposited from an
OND plasma at atmospheric helium pressure, which were obtained using
laser radiation at A =532 nm (a, b).

Therefore, the results showed that the Raman spectra reflect the
characteristic features of Ag,S films and their oxides. In particular,
bands were observed that corresponded to chemical bonds in the
composition of Ag,S compounds. This indicates a successful synthe-
sis and formation of films with the desired properties.

Let us consider the results of numerical modelling of the parame-
ters of the OND plasma in the He—Ag,S gas—vapour mixture.
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Fig. 9. Dependence of the average energy of electrons in the plasma of a
gas—vapour mixture, He:Ag,S=101000:300 [Pa], at a total pressure
p=101300 Pa on the value of the parameter E/N.

Figure 9 shows the dependence of the average energy of electrons
in the discharge on the value of the reduced electric field strength
for the gas—vapour mixture He:Ag,S =101000:300 [Pa].

The mean energy of discharge electrons in the gas—vapour mix-
ture increased from 0.3778 to 118.8 eV (Fig. 9) as the reduced elec-
tric-field strength increased from 1 to 1000 Td. At the same time,
an increase in the rate of its change was observed in the range of
growth of the E/N parameter from 100 to 1000 Td.
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TABLE 3. Electron-transport characteristics for times 60 and 180 ns at
electric-field strength E=8-10° V/m and 1.3-10° V/m for a discharge in a
gas—vapour mixture He:Ag,S=101000:300 [Pa] at total pressure p-=
=101300 Pa.

t,ns |E/N, Td ixture He:Ag,S =101000:300 [Pa]

g, eV T,K | Vyom/s | N,m?®
60 327 28. 54 331 064 6.7.10° 2.4.10"
180 53 4.774 51 898 8.4.10° 2.3.10%

TABLE 4. The value of the specific power of discharge losses due to the
elastic and inelastic processes of collisions of electrons with helium and
silver atoms in the plasma of the steam—gas mixture He:Ag,S=
=101000:300 [Pa] for the reduced electric-field strength on the plasma,
which was reached at the moment of time t=60 ns and 130 ns from the
start of the breakdown of the bit gap.

Mixture He:Ag,S =101000:300 [Pa]
E/N, Td | Elastic, Power/N, eV-m?/s | Inelastic, Power /N, eV-m?/s
327 0.4371-107%° 0.1519-10712
53 0.1041-107%° 0.2532.10714

Table 3 shows the results of calculating the transport characteris-
tics of discharge electrons: mean energy (g), temperature (7', K) and
drift speed (V,,.) of electrons for plasma on a mixture of helium and
silver. The following regularities were observed: the mean energy,
temperature, and electron drift speed increased with an increase in
the applied voltage and were of 28.54 eV and 4.774 eV, 331.064 K
and 51.898 K, 6.7-10° m/s and 8.4-10*m/s for E/N =327 Td and 53
Td, respectively, which were reached at the time t=60 ns and 180
ns from the start of breakdown between the electrodes. The values
of the electron concentration at these moments of time were of
2.4-10° m™® and 2.3:10*° m™® at the current density of (2.55 and
3.06)-10° A/m? on the surface of the electrode of the radiation
source (0.196-10* m?) for the reduced electric-field strengths
E/N =327 Td and 53 Td (Fig. 2).

Table 4 shows the values of the specific power of discharge losses
due to elastic and inelastic processes of collisions of electrons with
helium and silver atoms in the plasma of the gas—vapour mixture
He:Ag,S=101000:300 [Pa] at a total pressure of p=101300 Pa for
the reduced electric-field strength between the electrodes, which was
reached at the time t1=60 ns and 180 ns from the start of break-
down. The maximum value of the specific power of discharge losses
was obtained for inelastic processes, and it was of 0.1519-107'2
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Fig. 10. Dependence of the specific power of discharge losses on the elastic
and inelastic processes of collisions of electrons with helium and silver at-
oms on the reduced electric-field strength in the plasma of the vapour—gas
mixture He:Ag,S =101000:300 [Pa] at a total pressure of p=101300 Pa.

eV-m?®/s for E/N =327 Td.

Specific discharge power losses in the mixture of He:Ag,S=
=101000:300 [Pa] were the largest for elastic scattering on helium
atoms (Fig. 10, curve 1) at E/N =1 Td. For the total inelastic scat-
tering and ionization of electrons on silver atoms, they were of
80% for E/N =35.4 Td; a smaller value (34.8%) was reached for
E/N =248 Td for the process of atom ionization helium. Excitation
of the energy level of helium atoms (threshold energy of 19.80 eV),
namely, by 27.3% at E/N =104 Td, and for ionization of silver at-
oms, by 5% at E/N =50 Td. The specific discharge power losses for
the excitation of energy levels of silver atoms had maximum values
at E/N =30 Td for the excitation of energy levels of silver atoms
(threshold energy of 3.78 eV, A =3828.068 nm and threshold energy
of 3.66 eV, A=3838.289 nm), and they are of 3.8% and 2.2%, re-
spectively.

This completeness was consistent with the radiation spectrum of
the discharge, where these spectral lines were the most intense (Fig.
2), for ionization of silver atoms (threshold energy of 8 eV), by
3.2% at a reduced electric-field strength of 70 Td.

The rate of rise and fall of discharge power losses due to the pro-
cesses of excitation of electronic states and ionization and its mag-
nitude are related to the nature of the dependence of the effective
cross sections of inelastic processes of collisions of electrons with
the components of the mixture on the energies of electrons, their
absolute values, and the dependence of the electrons’ distribution
function on the values of the reduced field strength and threshold
energy values of the process.

The rate constants of electron collisions with helium and silver at-
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TABLE 5. Excitation-rate constants of the spectral lines of silver atoms
for fixed values of the reduced electric-field strength in the plasma on a
gas—vapour mixture of helium with silver at time points of 50 ns and 100
ns from the start of discharge ignition.

E/N, Td] Mixture He:Ag = 101000:300 [Pa]
397 A, nm  328.06 338.28 405.54 421.09
k, m*/s 0.1914-10% 0.1138107'% 0.2362-10%° 0.2362.10
A, nm  328.068  338.289 405.54 421.09
53 Ag

k, m®/s 0.9089-10™"* 0.5541-107'" 0.5791-107'" 0.5791-10"7

oms on the E/N parameter in the discharge on gas—vapour mixtures
varied in the range of k~10'2-10"% m?®/s that is related to the val-
ues of the absolute effective cross sections of the corresponding pro-
cesses. For silver atoms, they are maximal for the excitation of lines
with wavelengths A =328.06 nm and 338.28 nm (Table 5) and reached
values of 0.1914-10"* m?®/s and 0.1138-107'2 m®/s at the value of the
reduced electric field of 327 Td. The elastic-scattering rate constant
of electrons on helium atoms was greater than the elastic-scattering
rate constant on silver atoms, namely, 0.6666-10'* on helium and
0.1815-107*2 on silver, both for the parameter E/N =327 Td, and for
the parameter E/N =53 Td of the reduced electric field, they are of
0.7151-107*2 on helium and 0.4276-10*® on silver.

4. CONCLUSIONS

As a result of studies of the characteristics and parameters of the
plasma of an overvoltage nanosecond discharge in helium at atmos-
pheric pressure between electrodes made of a polycrystalline Ag,S
compound, the following was revealed:

— with the total duration of the voltage pulses up to 450 ns, the
maximum amplitude of the voltage of positive polarity between the
electrodes reached 17 kV, and the maximum amplitude of the cur-
rent pulses reached 150 A, the largest pulsed electric power of the
discharge reached 2.3 MW with the energy in a single pulse of 91
md; decreasing the helium pressure to 13.3 kPa led to a decrease in
the amplitudes of voltage, current, and pulse power, and the energy
in the pulse decreased to 35.6 mdJ, the maximum intensity of UV
radiation was achieved at the atmospheric pressure of helium, the
frequency was of 1000 Hz, and the value of the charging voltage
was of 19 kV;

— discharge plasma radiated in the UV range of wavelengths at the
transitions of an atom and a singly charged silver ion; resonance
spectral lines of the silver atom (328.06 and 338.28 nm of Agl)
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were distinguished by intensity; the discharge plasma is the source
of the flow of UV radiation and the flow of silver sulphide
nanostructures that is promising for applications in micro-
nanotechnology, microbiology and biomedical engineering; the high-
est intensity of UV radiation at the transitions of atoms and singly
charged silver ions was obtained at the atmospheric pressure of he-
lium at the repetition frequency of voltage pulses f= 1000 Hz;

— surface microstructures with dimensions of 10-20 pm were syn-
thesized during deposition of electrode-erosion products on a quartz
substrate installed near the electrode system;

— the results of Raman light-scattering spectra of synthesized
films showed that they consist exclusively of silver sulphide and are
quite homogeneous in terms of surface structure;

Analysis of the plasma parameters of an overvoltage discharge in
a gas—vapour mixture of helium and silver sulphide showed the fol-
lowing patterns:

— an increase in the reduced electric-field intensity led to an in-
crease in the number of ‘fast’ electrons in the discharge and an in-
crease in the mean electron energy from 0.3778 eV to 118.8 eV in
the range of E/N =1-1000 Td; the mean energy, temperature, and
electron drift speed increased with increasing applied voltage and
were of 4.774 eV and 28.54 eV, 51898 K and 331064 K, 8.4-10* m/s
and 6.7-10° m/s for E/N =53 Td and 327 Td, respectively, which
were reached at the moment of time t=180 ns and 60 ns from the
beginning of the breakdown between the electrodes; the electron
concentration at these moments was of 2.3-10*° m™® and 2.4.10" m™®
for reduced electric-field strength E/N =53 Td and 327 Td;

— an increase in power losses was observed with an increase in the
reduced electric-field strength, both for elastic electronic processes
and for inelastic electronic processes; for inelastic processes, dis-
charge losses were approximately three orders of magnitude higher
for E/N =327 Td and approximately two orders of magnitude high-
er for E/N =53 Td; the maximum value of the specific power of
discharge losses was for inelastic processes, and it was equal to
0.1519-107*% eV-m?®/s for E/N = 327 Td; the specific discharge power
losses for the excitation of the energy levels of silver atoms had
maximum values at E/N =30 Td for the excitation of the energy
levels of silver atoms at A =328.068 nm and A =338.289 nm, and
they are of 3.8% and 2.2%, respectively; for ionization of silver
atoms, A loss is of 3.2% at E/N =70 Td.

Taking into account the results of our work [20], in which the
characteristics of OND between selenium electrodes in an inert gas
atmosphere are given, it is possible to propose a gas-discharge
plasma chemical reactor based on OND for the synthesis of complex
compounds of the Ag,Se—Ag,S type, which will combine the proper-
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ties of individual silver chalcogens and can find new fields of appli-
cation in medicine, biomedical engineering and biotechnology. For
this, one electrode made of selenium and another one made of sul-
phur sulphide should be installed in the reactor and filled with he-
lium at atmospheric pressure.
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Thin GaN films are obtained on sapphire (Al,0;) substrates and amor-
phous quartz (v-SiO,) substrates with MgAl,O,, AIN, and ZnO buffer lay-
ers using radio-frequency (RF) ion-plasma spraying in a nitrogen atmos-
phere. Based on x-ray phase analysis, the phase composition of the ob-
tained films is investigated, and the sizes of the nanocrystallites forming
the deposited GaN films, as well as the average stresses in the crystal lat-
tices, are determined. As found, the smallest crystallite sizes and the
highest mechanical stresses are characteristic for thin GaN films deposit-
ed on quartz substrates with an MgAl,O, buffer layer.

Meronmom BucorkouactorHoro (BY) HoHHO-IIJIa3MOBOTI'O PO3MOPOIIEHHS B aT-
mocdepi asory omepskamo ToHKI mriBku GaN Ha camdipoBux migKJIagUHKAX
(Al,05) Ta migkaaguuHKax 3 amopdHoro KBapiy (v-Si0O,) iz GydepHUMU mix-
mapamu MgAl,O,, AIN i ZnO. Ha ocHoOBi peHTreHO(})a30BOi aHaAJi3u HOCJi-
I:KeHo (hasoBUM CKJIA ONEPyKAaHWX ILJIIBOK, BU3HAUYEHO PO3MipM HAHOKPUC-
TamiTiB, axi QopmyroTh ocamkeHi miaiBku GaN, Ta cepenHi HampysKeHHS
KPUCTANIYHUX I'PATHUIIL. BCTaHOBJIEHO, 10 HAWMEHIIII PO3MipH KPUCTATITIB
i Ha#ibinbpIni MexaHiUHI HaNPyKeHHS XapaKTepHi Aad TOHKuX miiBok GaN,
OoCaKeHUX Ha KBapIoBi migkaaguuiKu 3 6ydeprum migmapom MgAl,O,.

Key words: gallium nitride, thin films, buffer layer, RF sputtering.

Kirouosi croBa: mitpuz Iamiro, ToHkI miiBkm, GydepHHUH migmap, BUCOKO-
YaCTOTHE HAIOPOIIEeHHS.
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1. INTRODUCTION

Compounds based on gallium nitride (GaN) and gallium oxide
(Ga,0;) are promising materials for optoelectronic applications.
They are used to produce semiconductor lasers and light-emitting
diodes, which emit in the blue and ultraviolet regions of the spec-
trum, and are also used as detectors of ultraviolet radiation [1-8].
Along with this, high-power fast-acting transistors based on GaN
have also become widely used. Such devices surpass their silicon
counterparts in terms of operating frequencies and power densities
[9-13].

An important technical task in the creation of various electronic
devices based on thin GaN films is to obtain films of perfect quality
with a controlled composition of intrinsic defects. Such atomic de-
fects largely determine the absorption and emission spectra, the
type and magnitude of electrical conductivity, and a number of oth-
er optical and electrical properties of the material.

To obtain samples of the required quality based on thin GaN
films in electronic or optoelectronic device technologies, it is im-
portant to find optimal substrates, which match GaN in terms of
crystal-lattice parameters and thermal-expansion coefficient. An-
other approach to solving this problem is to use thin buffer layers,
whose characteristics are consistent with the high-temperature
growth modes of the main gallium-nitride layer. The properties of
the buffer layer used are indirectly determined by the properties of
the main thin-film layer deposited on it. At the same time, optimi-
sation of the deposition mode of films of the required quality is on-
ly possible, if there is a suitable buffer layer. In general, the proce-
dure for determining the optimal parameters for the deposition of
thin GaN films is complex and multifaceted.

Based on this, this work conducts structural studies of thin GaN
films obtained by radio-frequency (RF) ion-plasma spraying on vari-
ous substrates and MgAl,O,, AIN, and ZnO buffer sublayers. The
RF ion-plasma spraying method is considered optimal for obtaining
homogeneous semiconductor and dielectric films [14].

2. EXPERIMENTAL TECHNIQUE

Thin GaN films with a thickness of 0.3—1.0 um were obtained by
radio-frequency ion-plasma spraying in a nitrogen atmosphere. The
films were deposited on sapphire (Al,O;) substrates and amorphous
quartz (v-SiO,) substrates, on which there are corresponding buffer
sublayers of MgAl,O, (v-SiO, + MgAl,0,), AIN (v-SiO,+ AIN) and
ZnO (v-Si0, + ZnO0).
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The structure and phase composition of the obtained gallium-
nitride films were studied by x-ray diffraction analysis (Shimadzu
XDR-600). X-ray structural studies showed the presence of a poly-
crystalline structure with a predominant orientation in the (002)
and (011) planes, depending on the type of substrate. At the same
time, all diffraction maxima are identified according to the selec-
tion rules for the ideal hexagonal structure of wurtzite.

3. RESULTS AND DISCUSSION

One of the most reliable methods for determining the composition
and structure of a substance under investigation is x-ray phase
analysis. The diffraction patterns we obtained for thin GaN films
on various substrates and buffer layers are shown in Fig.

Analysis of the obtained diffractograms shows that the structure
of the deposited films differs slightly depending on the type of sub-
strate or buffer layer. In particular, it has been established that
films deposited on sapphire (Al,O,;) substrates and quartz (v-SiO,)
substrates with MgAl,O, and AIN sublayers have a dominant orien-
tation in the (011) plane. At the same time, films deposited on a
quartz substrate with a ZnO sublayer have a dominant orientation
in the (002) plane. In addition, we have established that, for thin
GaN films deposited on a v-SiO,+ MgAl,O, substrate, there is a
slight shift of the maximum dominant characteristic reflection band
from the (011) plane towards smaller 20-angle values up to 36.35°.
For gallium-nitride films deposited on pure sapphire (Al,0;) sub-
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Fig. X-ray diffractograms of thin GaN films deposited on a quartz sub-
strate with an MgAl,0, underlayer (1), on a pure sapphire substrate (2), on
a quartz substrate with a ZnO underlayer (3), and an AIN underlayer (4).
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strates and v-SiO, + AIN substrates, the 20-angle values for this re-
flection band are of 36.68° and 36.65°, respectively. The reason for
this shift is most likely a slight increase in the interplanar distanc-
es in GaN films on v-SiO, + MgAl,O, substrates relative to films on
the other two types of substrates. Considering that the value of the
detected shift exceeds the instrumental error of the experiment
(A20 > 0.07°), it can be stated that the packing density of GaN films
on v-Si0, + MgAl,O, substrates is lower than on the Al,O; and v-
SiO, + AIN substrates. This situation is consistent with previous
studies, which have shown that the packing density of thin films is
determined by technological parameters and the type of substrate
and is lower than the packing density of single-crystal samples [15].

It is known that the widths of diffraction bands are determined
by the sizes of nanocrystals (areas of coherent scattering) and the
presence of defects and mechanical stresses in the sample [16]. This
allows the obtained results to be used to determine the size of the
particles, which form the obtained thin films, and to analyse the
mechanical stresses in the samples.

According to Debye and Scherrer, the relationship between the
half-width of the diffraction band and the size of the crystallites d
is given by the expression

d- 0.941
Bcos®’

(1)

where A is the wavelength of the diffracting wave, which is of
0.15418 nm (CuK, radiation) in our case,  is the half-width of the
diffraction band (width at half height), and © is the diffraction an-
gle.

Another reason for the broadening of diffraction bands is imper-
fections in the structure of crystallites and defects, which cause
stress in crystallites. Stress-related broadening is described by the
expression

p

£=——, 2
4tg® (2)

where ¢ is the average value of the crystal-lattice stresses.

If the broadening of the bands is caused by the presence of very
small particles in the sample, then, the characteristic bands will
have values close to Bcos®. Otherwise, in the presence of stresses,
the diffraction bands will have values close to the ratio /(4tg®).

The results of calculations of the crystallite sizes d and the aver-
age values of the crystal-lattice stresses ¢ in gallium-nitride films
depending on the substrate type are given in Table.

Analysis of the results presented in Table indicates that the sizes
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TABLE. Analysis of diffraction-band broadening in thin GaN films de-
pending on the substrate type and buffer layer.

Substrates Charg;irsleg'istic Angle 20, degree B d, nm €
Al 0, (011) 36.68 0.0040 38.2 0.0031
v-Si0, + MgAl,O, (011) 36.35 0.0116 13.2 0.0088
v-Si0, + AIN (011) 36.65 0.0052 29.4 0.0039
v-Si0, + ZnO (002) 34.42 0.0059 25.7 0.0047

of nanocrystals forming thin GaN films are determined by the type
of substrate and buffer layer, on which these films are deposited.
At the same time, the smallest size of nanocrystals and the highest
stresses in them are observed for thin GaN films deposited on
quartz substrates with an MgAl,O, buffer layer. Other types of sub-
strates and buffer layers are characterised by larger sizes of nano-
crystals, which form GaN films and lower stresses. The ¢ values we
obtained indicate that thin GaN films obtained by RF sputtering in
a nitrogen atmosphere are characterised by rather low average crys-
tal-lattice stresses. For example, in thin films based on Y,0; ob-
tained by RF sputtering in different atmospheres, the ¢ values vary
from 0.0125 to 0.0148 [17].

4. CONCLUSIONS

Based on x-ray phase analysis data, it was established that thin
GaN films obtained by RF sputtering in a nitrogen atmosphere form
a hexagonal wurtzite structure on sapphire (Al,0;) substrates and
quartz (v-SiO,) substrates with MgAl,0,, AIN and ZnO. Analysis of
the width of the diffraction bands showed that the sizes of nano-
crystals forming gallium-nitride films on these substrates vary
from 13.2 to 38.2 nm, depending on the type of substrate. It was
found that low average crystal-lattice stresses are observed in the
deposited GaN films for all types of substrates. At the same time,
the smallest crystal sizes and the highest mechanical stresses are
characteristic of thin GaN films deposited on a quartz substrate
with an MgAl,O, buffer layer.
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The article deals with development of solutions and influence caused by
nanoadditives and surfactants on the processes of structural formation of
sulphoaluminate phases. According to the results of the research, the in-
troduction of nanoadditives is not possible without surfactants. The influ-
ence of modifiers is determined on the basis of experimental studies of
mixtures of pure C;A and AC, AC + H minerals. Therefore, the technology
of dispersion of nanoadditives and their introduction during the process
of preparation of the mixture is proposed. Based on the methods of plan-
ning a full-factor experiment and conducting experimental studies, a set
of experimental and statistical models are developed, a number of solution
compositions based on the components of alumina and gypsum binders
containing the maximum amount of ettringite are determined: 17.1%
alumina cement, 7.32% gypsum, 0.4% plasticizer, 0.18% nanotubes, 75%
sand, and a system strength of 40.2 MPa is provided. The optimal compo-
sition providing system strength of 37.8 MPa includes 16.7% alumina
cement, 7.15% gypsum, 0.4% plasticizer, 0.75% taurite, and 75% sand.
Samples with silicon dioxide (the optimal content of it is of 1%) have sys-
tem strength of 42.8 MPa and consist of 16.52% alumina cement, 8.48%
gypsum, 0.4% plasticizer, 1% taurite, and 75% sand. Formation of a
strong structure of solutions is associated with the creation of a gel phase
and hydroaluminates of cubic crystal system C;AHg, as well as a stable
ettringite phase. With the use of nanomodifiers, the formed blocks are
freely joined in the cement matrix that leads to a decrease in internal
stresses in the not yet formed cement system. In addition, doping of
C,ASH;, and C;ASH,, crystals is suggested. Internal stresses leading to a
decrease in the strength of the not yet formed structure do not arise be-
cause the joining of blocks takes place in free space. In the case when the
hydration process is topochemical, the rate of structure formation will
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depend on the granulometric composition of the components and the rate
of diffusion inside the grain. By means of changing conditions for intro-
duction of various additives into the solution system, it is possible to in-
fluence the shape, size, number of crystals, and, accordingly, formation of
a spatial structure for the purpose of obtaining a product with the re-
quired properties.

B crarTi posrasmamThbCca NUTAHHS PO3POOKM PO3UMHIB i BILIMBY HaHOIOOAa-
BoK i ITAP Ha mpollecu CTPYKTYpPOYTBOpPEHHS cyJb(oanioMiHaTHUX (das. 3a
pesyabTaTaMU [TOCJHIM)KEeHHA BBENeHHS HAHOJOOABOK € HEMOKJIUBUM 0e3
ITAP. Bmnius moaupikaTopiB BuU3HAUYaIWM HA OCHOBI eKCIepuMeHTaJbHUX
mociaimskeHs cywmimteit umcetux minepasiB C;A i T'ID, T'Il + I'. Tomy 3ampomo-
HOBAHO TeXHOJIOTii0o aucrepraiii HaHomo6aBOK 1 BBeleHHA iX y mporlieci
OpuroTyBaHHaA cywmimnri. Ha ocHOBI MeTo[iB mIaHyBaHHSA ITOBHO(AKTOPHOTO
eKCIIePUMEHTY Ta IPOBEJEHHS eKCIIePUMEeHTAIbHUX HOCJiIKeHb pPo3pPobJIeHO
PAL eKCIepUMEeHTAJbHO-CTATUCTUYHUX MOJeJIiB, BU3HAYEHO PAJ CKJIAIiB
PO3UYMHIB Ha OCHOBI KOMIIOHEHTIB I'NIMHO3EMMHCTHUX 1 TilICOBUX 3B A3yBAJb-
HUX PEYOBUH, II[0 MICTATHL MAaKCHUMAJIbHY KiibKicTeh erpunrity (17,1% ruu-
HO3eMHcToro memenry, 7,32% rincy, 0,4% mractugpikaropa, 0,18% Hamo-
TPYyOOK, 75% micky) Ta sabesmeuyiors Minmicts cuctemu y 40,2 MIIa. Om-
TUMAaJbHIM CKJIQJOM, AKHH 3abesmeuye MinuicTs cucremu y 37,8 MIla, e:
16,7% raumHO3emMucroro unemenry, 7,15% rimcy, 0,4% mnmactudikaropa,
0,75% Traypury Ta 75% micky. 3pasku 3 miokcumom Cuiiiiro, omTMMAab-
HUHE BMicT AKoro craHoBuTh 1%, mMaioTh MinHicTs cucremu y 42,8 MIla i
ckJaamaoTbea 3 16,52% ramHO3eMucToro iementy, 8,48% rimey, 0,4%
nnacrudirkaropa, 1% taypury ta 75 % micky. @opMyBaHHA MII[HOI CTPYK-
TYypM PO3UMHIB OB si3aHE 3 YTBOPEHHSAM IparaucTol (asu Ta rigpoasromi-
HaTiB KyOiunHoi cmuromii C;AHg;, a Tako:x criiikoi erpuHTiTOBOI (hasu. 3a
IOIIOMOT0I0 HamoMoAupikaTopiB c)opmMoBaHiI OJIOKM BiJIbHO 3POINYIOTHCA B
IeMeHTHill MaTpulli, 110 IPUBOAUTH A0 3MEHIIEeHHS BHYTPIMIHIX HANPY'KEHb
y mie HechopMmoBaHiil nmemenTHill cucremi. Kpim Toro, mpunyiieso Jjerysas-
ua kpucranis C;ASH,, Ta C,ASH,,. BHyTpimHi HanpyKeHHA, [0 MPU3BO-
IATH 0 TMOHUKEHHS MIITHOCTU Ille HeYTBOPEHOI CTPYKTYpU, He BUHUKAIOTH
BHACJiJJOK TOTro, IO 3POIIeHHs OJOKiB BimOyBaeThcAa y BiIBHOMY HPOCTOPI.
¥V pagi, xkoam mporiec rigpararrii e TOMOXEeMiUuHO, IIBUAKICTh (DOPMYyBaHHSA
CTPYKTypHu Oynae 3ajieKaTU BiJ I'PaHYJIOMETPUUYHOTO CKJIAAy KOMIIOHEHTIiB i
mBUAKOCTU Au(pysii Bcepenmui sepHa. SMiHIOIOUM YMOBHU BBEJEHHS Pi3HUX
I00aBOK y CHCTEMY PO3UMHY, MOKHA BIJIMBATH Ha (GOpMYy, Po3Mip, Kijb-
KicTh KpucrainiB i, BigmoBimHO, Ha (GOPMYyBaHHSA IIPOCTOPOBOI CTPYKTYpPU 3
MEeTOIO0 OJIeP:KaHHA MPOAYKTY 3 MOTPIOHUMU BJIACTHUBOCTIMU.

Key words: nanomodified solutions, sulphoaluminate binders, alumina ce-
ment, carbon nanotubes, hydration, nanosystem, hardened structure.

Karouori caoBa: HamoMogu(iKOBaHI PO3UYMHU, CYIb(MOAJIOMIHATHI 3B A3y-
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1. INTRODUCTION

In modern construction, there is a rather great need to use cements
with special properties and solutions based on them [1-5]. Alumi-
nate and sulphoaluminate cements belong to the group of such ce-
ments. However, the disadvantages of their properties include re-
crystallization during the exploitation of the ettringite phase [3, 6].

To solve this problem, a hypothesis was proposed as follows: sta-
bilization of the ettringite phase of sulphoaluminate cements due to
nanomodification.

During the research, the following tasks were set:

1. to determine the factors affecting the stability of ettringite;

2. to conduct a study of the effect of Gibbs surface energy on the
order of formation of minerals;

3. to test the hypothesis of stabilization of the ettringite phase
with nanoadditives (silicon dioxide, taurite, SiC, carbon nanotubes).

2. RESULTS AND DISCUSSION

An analysis of potential reserves for improving physical and me-
chanical properties of sulphoaluminate binders was performed.

The method of creating composite binders based on compositions
of alumina cement and gypsum and the hypothesis of increasing the
stability of the high-sulphate ettringite phase (calcium monosulpha-
toaluminate hydrate—CmSAH) and the production of solutions
based on them was proposed.

Sulphoaluminate cements belong to the group of special cements
with phase composition represented by calcium sulphoaluminate
minerals 3Ca0-Al,0;-SO; (CAS). Positive properties: firing tempera-
ture (1250-1350°C), reduced amount of CO, release, high hydraulic
activity, rapid gain of strength, no volume changes during harden-
ing.

However, production of sulphoaluminate cement (SAC) with C;AC
as its main material requires the use of scarce materials: bauxite
ores, aluminate slags. In addition, some sulphoaluminates are not
stable under certain operating conditions [7—9].

The second direction consists in development of special cements
and composite binders based on the CaO-Al,0,—SO;—H,0 system of
increased stability of ettringite due to modification with nanoaddi-
tives. This is because one of the main phases of these binders is
represented as hydrosulphoaluminate C;As;Hj, [6].

Analysis of research results in the field of concrete science con-
firms that creation of a cement matrix with the regulation of struc-
ture formation processes at the macro-, micro- and nanolevel is a
necessity today, as far as it will allow obtaining new construction



788 H. M. HRYSHKO, Yu. L. SAVIN, D. O. SMOLIN et al.

materials with improved strength characteristics in terms of compo-
sition and structure [3, 6].

The main research work during the development of such cements
is carried out in the direction of creating new compositions provid-
ing replacement of scarce components. With such a material compo-
sition, the cost of such cements is slightly higher than those of or-
dinary cements, but their properties make it possible to replace
sulphoaluminate cements in construction. Summarizing the accumu-
lated experience, we note that new effective sulphoaluminate com-
positions can be obtained on the basis of gypsum and production
waste. Modification of calcium sulphates will make it possible to
purposefully regulate the rate of their hydration and coordinate the
structure formation of pastematrix in time.

Works of the following domestic scientists are devoted to study-
ing technology and properties of cements: P. V. Kryvenko, R. F.
Runova, L. Y. Dvorkin, V. D. Hlukhovskyi, I. V. Kryvenko, T. V.
Kuznetsova, O. O. Pashchenko, T. H. Habadadze, I. H. Lugina,
A. A. Saley, H. M. Shabanova, and this matter was also researched
by foreign scientists: M. Polivky, J. L. Kolouseka, P. K. Mehty,
H. Lakhuma, U. Yarmaki and others. Also, the generalization of
scientific and technical information in the field of cements made it
possible to draw a conclusion about expediency of using nanoaddi-
tives as a structuring component of the formation of calcium hy-
drosilicates; this matter was developed in the fundamental works by
H. F. Taylor, M. V. Belov, V. V. Ilyukhin, L. H. Shpinova, M. A.
Sanytskyi, H. S. Sobol.

Characterization of raw rocks and production waste, which can be
used for the production of alumina and composite sulphoaluminate
cements, was carried out.

Special attention is paid to the technology of manufacturing and
use of composite binders (alumina cement + gypsum).

To determine the properties and structure of materials, a com-
plex of modern physical and physical and chemical methods of anal-
ysis (chemical, x-ray phase, differential-thermal, electron-
microscopic, determination of the degree of sintering and glass
phase formation, micro- and macroporosity research) carried out in
Ukraine were used in the work. Determination of physical and me-
chanical properties was carried out according to standard methods.

A research methodology was developed, which includes the fol-
lowing using a hypothetical method. According to the purpose of
the work, it is development of special concretes based on composite
binders of the CaO—Al,0,—S0O; system, where the main mineralogical
phase of such binders during the transition to the CaO—-Al,0;—SO,;—
H,0 system is represented as ettringite, which is characterized by a
violation of stability in certain operating conditions. Therefore, the
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methodology of conducting research provides for determination of
influencing factors as well as dependence of stability on these fac-
tors. First, analysis of research results obtained in this direction by
the following scientists was performed: P. V. Kryvenko, R. F.
Runova, L. Y. Dvorkin, V. D. Hlukhovskyi, I. V. Kryvenko,
T. V. Kuznetsova, O. O. Pashchenko, T. H. Habadadze, I. H. Lugi-
na, A. A. Saley, H. M. Shabanova, V. A. Voznesensky [11-17].

Next, a study of the properties of the ettringite phase was car-
ried out using pure minerals: C;A and CaSO,-2H,0.

The main goal of experimental research is to test the hypothesis
of increasing phase stability due to CNT nanomodification.

Research methods were based on the use of x-ray phase and elec-
tron microscopic analysis, as well as on determination of the main
properties of solidified solutions.

Due to the fact that it is difficult to organize production of
sulphoaluminate cements due to the lack of bauxites in Ukraine, the
hypothesis for production of composite binders of the CaO—-Al,O;—
SO, system based on alumina cement and gypsum binders is pro-
posed.

According to the research methodology, the main properties of
raw materials AC-400, AC-500 (Turkish and Polish manufacturers)
and gypsum binders (G-5 Kamianets-Podilskyi and Ivano-Frankivsk)
were determined according to the methods of DSTU.

Additives based on surface-active substances of the plasticizing
group were used for reducing water consumption, regulating rheo-
logical properties, as well as for introducing nanomodifiers.

As a result of the research, it was established that the mineralog-
ical composition of alumina cement is represented as monalbite
(d/n=0.275, 0.243, 0.229, 0.213, 0.204, 0.1988, 0.1893, 0.1727,
0.1574, 0.1490, 0, 1455).

Theoretical calculations of the amount of ettringite based on pure
minerals C,A and CSH, gave a ratio of 28:72.

For the composition of alumina cement + gypsum plaster, this
ratio was determined experimentally with the help of research con-
ducted on the basis of Full Factorial Experiment (FFE-2").

Further investigation of the hydration processes of the Al,O;—
Ca0-S0;—H,0 system shows that the formation of ettringite can be
divided into two stages. At the first stage, compounds are formed
and then they interact with sulphates. The direct formation of
ettringite is the reaction of C;A aluminates and sulphates, as well
as a small amount of CA and CA,. Hydration processes, formation
of hydrosulphoaluminates of highly sulphated form based on inter-
mediate compounds create problems of internal stresses. Moreover,
when the system has gained certain strength, it leads to destruction
of the structure (Fig. 1, 2).
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Fig. 1. Photos of the structure of composition samples of the highly sul-
phated hydrosulphoaluminates C;AS;H;,: a—3 days; b—28 days; ¢—90
days.
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Fig. 2. Roentgenograms of the composition of alumina cement + gypsum
(AC + G); during hardening periods 1-3 days (a) and 14—-28 days (b); B—
ettringite (3Ca0-Al,0,-3CaSO,-31H,0); I—ettringite (3Ca0-Al,0,-3CaSO,-12H,0);
®—hydroaluminate (Ca,Al,(OH),,6H,0); ¥«—tetracalcium nineteen-hydroaluminate
(4Ca0-AL,0519H,0); X —tetracalcium thirteen-hydroaluminate (4Ca0-Al,05-13H,0).

In the process of hydration of minerals of the CaO-Al,0,—H,0O
system, hydroaluminates and gel CAH,,, C,AH,,, C;AH,;, C;AH,,
C,AH,;, Al(OH); are formed. With the presence of calcium sulphates
(Ca0—-Al,0;,—S0;—H,0) in the system, the hydration process is more
complicated.

Ettringite or the calcium trisulphatoaluminate hydrate (CtSAH)
and calcium monosulphatoaluminate hydrate (CmSAH) (accordingly,
3Ca0-Al,0,-3CaS0,-31H,0 and 3Ca0-Al,0,-:3CaS0,-12H,0) is a prod-
uct of the hydration reaction in many mineralogical mixtures. Con-
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tents of crystallization water may vary. When heating the sample
in dry conditions, ettringite is stable up to 65°C, and in wet condi-
tions, it is stable up to 93°C. Within 10-12% relative humidity, the
amount of crystallization water does not change, but when it de-
creases, 10—20 H,O molecules are lost, which is accompanied by de-
struction of the ettringite structure.

Aluminous cement minerals in the presence of calcium sulphate
ions also form ettringite of primary (a) and secondary (b) com-
pounds:

a) CA + 8CS + 2CH + 80H — C,AS;H,,,
b) C,AH,; + 2CSH, + 16H — C;AS;H,,.

Research on the properties of ettringite obtained in the process of
hydration of pure minerals ettringite (C;A) and dihydrate calcium
sulphate (CSH,) was carried out.

The process of hydration of alumina cement and the addition of
calcium hydrosulphates also creates conditions for the formation of
secondary ettringite (Fig. 4), the maximum amount of which is
formed at the ratio of alumina cement + gypsum AC+ G (70-30%)
(Fig. 3, a).

According to the results of the research, the introduction of
nanoadditives is not possible without surfactants. The influence of
modifiers was determined on the basis of experimental studies of
mixtures of pure C;A and AC, AC+ H minerals. Therefore, the
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Fig. 3. X-ray diffractogram of samples made from the composition 70
AC:30 G (a) and 50 AC:50 G (b) on the 3™ day of hardening; M—ettringite
(3Ca0-Al,0,-3CaS0,-31H,0); O—ettringite (3Ca0-Al,0,-:3CaS0,-12H,0); ®—
hydroaluminate (Ca,-Al,(OH),,-6H,0); ¥ — tetracalcium nineteen-hydroaluminate
(4Ca0-Al,0519H,0); X — tetracalcium thirteen-hydroaluminate (4Ca0-Al,O5 13H,0).



792 H. M. HRYSHKO, Yu. L. SAVIN, D. O. SMOLIN et al.

technology of dispersion of nanoadditives and their introduction in
the process of preparation of the mixture is proposed.

A method of improving the distribution and stability of solutions
using carbon nanotubes was developed. This is achieved by reducing
the settling of solutions with the help of Sika plasticizer and their
treatment with ultrasound with a frequency of oscillations from 15
Hz to 20 Hz, as well as further mixing with water to obtain stable
connections, which opens prospects for introduction of a modifica-
tion technology for construction solutions. Theoretical concepts
were developed and confirmed by experimental studies regarding
the mechanism of the ettringite phase stabilization by introducing
functional nanotubes with a diameter of 5 to 25 nm. This mecha-
nism includes alloying and nanoreinforcement of the structure of
the ettringite phase, which guarantees its stability during operation
of products.

The results of the development of solutions based on nanomodi-
fied composite binders of the CaO-Al,0,—SO; system are shown in
Fig. 4 and Table.

First, it was performed the combined ultrasound treatment of
carefully dosed and mixed components of the solution, which con-
sists of plasticizer, nanoparticles, and water. Ultrasound treatment
depends on the values of the transmission coefficient and optical
density and is of 4.5 min for nanotubes. After the treatment of this
solution with ultrasound, it was mixed with cement, gypsum and
sand until a solution of normal density was obtained. Samples
160x40x40 mm in size were formed from the paste, which hardened
in air—dry conditions.

4. CONCLUSIONS

Conducted research aimed at obtaining the maximum amount of
ettringite phase showed that the best ratio of C;A i CSH, is of 70—
30.

In this way, it can be emphasized that, at the ratio of AC:G of
70-30, it is possible to replace 30% of AC with gypsum, and at the
ratio of 30-70, it can be considered as a technology of modifying
gypsum binders.

The results of studying nanomodified solutions containing the
maximum amount of ettringite show that the optimal composition
ensuring the strength of the system of 40.2 MPa is as follows:
17.1% alumina cement, 7.32% gypsum, 0.4% plasticizer, 0.18%
nanotubes, and 75% sand.

The principles of dispersion and increasing the stability of solu-
tions using carbon nanotubes by ultrasonic treatment at a frequency
of 15-20 Hz and subsequent mixing with water was developed,
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Fig. 4. Change in the compressive strength limit for AC:G solutions
(7:17)% + 25% sand + 0.1-0.4% Sika + 0.035-0.18% CNT.

TABLE. Structures of research compositions and results of cement tests
based on nanotubes.

Ratio of components (in wt.%)

Compositions of binders and indicators of properties

and their properties

1 2 | 3 | 4
Alumina cement 7.47 9.88 12.28 17.1
Gypsum 17.4 14.82 12.28 7.32
Plasticizer 0.1 0.2 0.3 0.4
Nanotubes 0.035 0.1 0.14 0.18
Sand 75 75 75 75
Water/solid ratio 0.29 0.27 0.26 0.25
Compression strength, MPa
1 day 25.3 26.4 26.7 28.5
3 days 40.1 40.7 40.9 40.2
7 days 42.3 43.1 44.3 45.2
28 days 44.2 45.9 46.1 48.9

which made it possible to develop a modified technology for produc-
tion of construction solutions.

For the first time, theoretical provisions were developed and the
mechanism of stabilization of the ettringite phase due to the intro-
duction of functional nanotubes with a diameter of 5—25 nm was
confirmed by means of experimental studies. The mechanism in-
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volves alloying and nanoreinforcement of the ettringite phase struc-
ture, and in this way, its stability during operation of products is
ensured.
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BriuB MarHeTHOTO MOJISI HA YTBOPEHHA HAHOPO3MipHOIO BYTJIEI(I0
Y MaTPUISAX 3 MiporeHHoro giokcuay Cuiriiro

B. B. I'onuapyk', B. M. Orerko?, JI. B. [Iy6posina’

Themumym kon0idnot ximii ma ximii 600u im. A. B. Jymarncokozo HAH Ykpainu,
0yavs. Axademixa Bepradcvkoezo, 42,
03142 Ruies, Ykpaina

ITnemumym 3azanvH0i ma Heopeariunoi ximii in. B. I. Bepnadcviozo HAH Ykpainu,
npocn. Axademika Ilannadina, 32/34,
03142 Ruis, Ykpaina

ITopucTi HaHOKOMIIO3UTH, IO CKJIALAIOTHCA 3 KPEMHE3eMy Ta BYIJIEIIo, Oy-
JIO OJlep:KaHO METOJOM OJHOPEeaKTOPHOI CHMHTEe3U MIJIAXOM KapOoHisarii Ha-
Tpifi-kapbokcumeruatenionodu (KMIL) y marpuri 3 miporenmoro Cuirito
miokcuay. 3MmimmyBaau miporeHHUN KpemHesdeM (miporemHuit Cuiiniio miok-
cun A-50, posmip wactunok < 80 M, S, =50 M?/r) i Boguuit posuns KMI]
(marpifioBa cimp xapOorcumeruiientoaosu Acucell AF 3265). 3a paxyHOK
mporecy camooprauizarii (self-assembly) y aucmepcii iz Cuiiniro miokcugom
i KMII dopmyBanHA MaTpuUIli Ta PO3MIiIIeHHA y Hili MaKpPOMOJIEKYJI IIOJIi-
Mepy BimOyBasiocs oguouacHo. Kpim Toro, momaBanu posuun NiCl, y eranouri
AK npekartasaizaTrop. Oxay uactuHy (3pasoxk SiO,/C/Ni) omepskaHoi puciep-
cii y 3akpuTOMy BMiCTHIII PO3TAIIOBYBaJM Ha JepeB’STHOMY CTOJIi, a APYTy
(8pasox m/Si0,/C/Ni) — Ha mocTiiHOMY MarsHeTi Ta BUTPUMYBaJIU [T00Y.
fx KoHTpoabHUIL, 3pasok 0e3 momaBaHHA pos3unmHy NiCl, cuHTEe3yBadM y TUX
ke ymoBax (SiO,/C). ITotim BmicTuINa BiAKpPUBAIM Ta BUCYIITYBAJIU TUCIIED-
cii mo yrBOopenusa Kceporesoo. Kceporesi kap6onisyBanau 3a 750°C y moroiri
aprouy BupomoB:k 20 xB; mBuUAKicTb HarpiBy ckJjaazana 10 rpax/xs. Ilicasa
KapOowmisarii spasku HabyJaum YOpHOro KoJabopy. Meromom P®PA moxasaho,
0 CMHTE30BaHi HAHOKOMIIOBUTH CKJagaloThcsa 3 Si0,, Byriemio y pisHUX
aJIOTPOIMHUX (PpopMax, BiAHOBJIEHOIO MO MeTajdeBoro crany Hikjawo ta NaCl.
BuBuenHsa cTpyKTypu 3paskiB 3a gomomoroio CEM mokasaJio, 1110 BidyaJbHO
mopdoJtorii spaskie SiO,/C # m/SiO,/C/Ni mpakTuuso imeHTHMuYHi, TOGTO
HAHOCTPYKTYPHU BYTIJIEI[I0 PO3TAINIOBAaHI IO moBepxXHi yacTmHOK Si0,. ¥ 3pa-
3kiB m/Si0,/C/Ni Ha HpUCYTHiCTHL BiIHOBJIEHMX YACTHUHOK METAJIEBOTO HiK-
JII0O BKas3ye HAABHICTH OiJBIII KOHTPACTHUX CHEPUUHUX UYACTUHOK PO3MipoM
menmie 100 um Ta ixHiX cKymueHb. ¥ 3paskax SiO,/C/Ni, kpim mipoByrie-
10, AKUI YTBOPUBCA Ha IMOBepXHi uyacTuHOK Si0,, mpucyTHi KJIyOKHU 3 Ha-
HOTPYOOK ab0 BOJIOKOH ByrJjeio poamipom Bix 20 um mo 60 am. Ha ximmax
IUX CTPYKTYP BHAXOAATHCS HAHOYACTUHKY METAJIeBOI'0 HiKJIIO PO3MipoM 10
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80 HM, III0 AEMOHCTPYE THUIIOBE KiHUMKOBE KATAJITHUYHE 3POCTAHHS HAHOYT-
BOpPeHb. ¥YcCi oflep;KaHi KOMIIOBUTU € BUCOKOIIOPDUCTUMM MaTepidnamu; IxXHA
mosipHa rycrmHa ckaazae Big 0,55 r/cm® go 0,64 r/cm®. IIposBoM MoJeKy-
JIApHO-cUTOBOro edexrTy € Te, I0 Bigkpmra mopucricts (Bixm 73,3% mo
55,2%) i BOUpaHHA PO3UMHHUKIB 3pasKaMu 3ajeKaThb Bil po3Mipy MOJIEKY.I
PO3UMHHINKA, MO0 SKMX iX BuaHauvajaum. HaWkpamuil edeKT omep:KaHO IJId
spaska SiO,/C. 3pasku SiO,/C/Ni i m/SiO,/C/Ni, axki maoTb y cBoeEMY
CKJIaAi MeTajieBUIl HiKeJlb, MPUTATYIOTHBCSI IO IIOCTiAHOTO MAarHeTy, TOOTO
BOHU BUSABJISIOTH (hepoMarHeTHi BJIaCTHUBOCTI.

Porous nanocomposites consisting of silica and carbon are obtained by the
method of one-reactor synthesis by carbonization of sodium carboxyme-
thyl cellulose (CMC) in a matrix of pyrogenic silicon dioxide. Fumed silica
(fumed silicon dioxide A-50, particle size <80 nm, S,, =50 m?/g) and an
aqueous solution of CMC (sodium carboxymethyl cellulose Acucell AF
3265) are mixed. Due to the process of self-assembly in the dispersion of
silicon dioxide and CMC, the formation of the matrix and the arrange-
ment of polymer macromolecules within it are occurred simultaneously.
Additionally, a solution of NiCl, in ethanol is added as a precatalyst. One
part (the SiO,/C/Ni sample) of the obtained dispersion in a closed contain-
er is placed on a table, and the second part (the m/SiO,/C/Ni sample) is
placed on a permanent magnet and kept for a day. A sample of SiO,/C is
synthesized as a control under the same conditions without adding a NiCl,
solution. Then, the containers are opened, and the dispersions are dried to
form a xerogel. Xerogels are carbonized at 750°C in an argon stream for
20 min; the heating rate is of 10 degrees/min. After carbonization, the
samples are acquired a black colour. The XRF method shows that the syn-
thesized nanocomposites consist of SiO,, carbon in various allotropic
forms, metallic nickel, and NaCl. Studying the structure of the samples
using SEM shows that the visual morphologies of the SiO,/C and
m/Si0,/C/Ni samples are practically identical, i.e., the carbon nanostruc-
tures are located on the surface of the SiO, particles. In the m/SiO,/C/Ni
samples, the presence of metallic nickel particles is indicated by the pres-
ence of both brighter spherical particles smaller than 100 nm and their
clusters. In the SiO,/C/Ni samples, in addition to the pyrocarbon formed
on the surface of the SiO, particles, there are tangles of carbon nanotubes
or fibres ranging in size from 20 nm to 60 nm. At the ends of these for-
mations, there are nanoparticles of metallic nickel up to 80 nm in size
that demonstrates the typical catalytic tip growth of nanoformations. All
obtained composites are highly porous materials; their apparent density
ranges from 0.55 g/cm?® to 0.64 g/cm®. A manifestation of the molecular-
sieve effect is that the open porosity (from 73.3% to 55.2%) and the ab-
sorption of solvents by the samples depend on the size of the solvent mol-
ecules, by which they are determined. The best effect belongs to the
Si0,/C sample. The SiO,/C/Ni and m/SiO,/C/Ni samples, which contain
metallic nickel, are attracted to a permanent magnet, i.e., they have ac-
quired ferromagnetic properties.

KarouoBi caoBa: mopucTi KpeMHe3eM-ByTrJIelleBi KOMIIO3UTH, IIiPOT€HHUHA
Cuinito miokcua, HaTpPili-KapOOKCHUMETUJIIIEII0JI03a, BYIJIeIleBi HAHOCTPYK-
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TypHU, HiKJIEBi HAHOYACTUHKU, e(heKT MOCTiiHOrO MarHeTHOT'O TOJIA.

Key words: porous silica-carbon composites, fumed silica, sodium carbox-
ymethyl cellulose, carbon nanostructures, nickel nanoparticles, effect of
permanent magnetic field.

(Ompumano 27 sepecnsa 2024 p.)

1. BCTYII

B mamuii yac mys BupimieHHA mpobjeM HAHOTEXHOJIOTIN AK y (yHIa-
MEHTAJLHOMY, TaK i B IPUKJATHOMY 3HAUYEHHi IS CTBOPEHHS HOBUX
MMOKOJIiHb (PYHKI[IOHATBHUX i KOHCTPYKI[IMHMX HaHOMATEpifdJIiB BuU-
KOPHCTOBYIOTH PidHi HampsaMu mOIIyKy. Po3pobka HaHOMAaTepisaiB is
3aJaHUMU BJIACTUBOCTAMU € NOCTATHBHO CKJIAJHUM HAYKOBUM 1 TpakK-
TUYHUM 3aBIAHHAM, AKe Mae 3abeslledyBaTH B3a€EMO3B’A30K (QyHma-
MEHTaJbHUX O0COOJMBOCTEH HAHOMATEPisjaiB i3 B3aeMoOmiel0 HaHO-
00’eKTiB Ha BcixX piBHAX iepapxii cTpyKTypu. 3aBOAKMU CBOili yHiKa-
JBbHIA HAHOCTPYKTYPi Ta XeMiUHUM BJACTHUBOCTSIM 0araToobilsiouum
MaTepiaioM AJig PisHOMAHITHUX 3aCTOCYBaHb CTaB HAHOBYIJeNnb. lJa
CHUHTEe3U BYIJIEIeBUX HAHOMATEPiAJNiB, TAaKMX AK BYIJIEIleBi HAHOTPY-
OKu, rpadeH i QyiiepeHu, BUKOPUCTOBYIOTH X€MiuHe OCaIKeHHS 3
mapoBoi (asu, BiHOBJIIEHHA OKCUAY I'padeHy, AYTOBUI PO3pAL i Me-
TOAU JasepHOoi abmArii. [Iasg omep:KaHHsA HAHOKOMIIOSUTIB Ha OCHOBI
BYTJIEITIO 3aCTOCOBYIOTH METOAU 3MiIllyBaHHS B PO3UYMHIi, IIoJimMepuaa-
mii in situ, 3minryBaHHS B PO3TOII, e€JIeKTPo(OPMYyBaHHS Ta BiTHOB-
JeHHda in situ [1-3].

IlopucTti HeoprawmiuHi mMaTepisiiu MalOTh Pi3HOMAaHITHiI 3acTocyBaH-
HS OJIS OUUINEHHS BOAMU, IMOBIiTpA Ta 6araThboxX iHIINX PEYOBUH, 30K-
peMa, B MeJUIIUHI AK €HTEPO- i XeMOCOpOeHTH, a TaKOXK AK HOCii Ka-
TasizaTopiB Ta iH. Bce 1me 3yMOBJIIeHO IXHIMH eKCILTyaTalliiHUMU
BJIACTHMBOCTAMU: XeMiUHOIO iHEPTHICTIO, BUCOKOIO TepMiuHOIO cTiiiKic-
TI0, MiITHiCTIO, BeIMKUM 00’€MOM IIOP 3a HM3bKOI BApTOCTU BUPOOHI-
IITBA Ta IPOCTOTH BUKOPUCTAHHA. [[JId CUHTe3M TAKUX MATepidiiB 3
BHCOKHUM CTYIIeHeM KOHTPOJIO iXHiX CTPYKTYPHHX i TEKCTYPHUX BJia-
CTHUBOCTEell HaWuacTillle BUKOPUCTOBYIOTh MaTPUUYHUU MeTon. SIK mia-
OJIOHM Y KOMIIOHEHTHU [IJIA CUHTE3UW JOJAI0ThCA MOJIEKYJAPHiI abo cyIi-
paMoJIeKyJAPHI OAWHUINI. 3aBAAKN BIAJIOMY BHOOPY HPOIEAYpHU IIad-
JIOHYBaHHA 3a OCTaHHI JeKiJIbKa POKiB OyJI0 JOCATHYTO GesIpelieeH-
THUU KOHTPOJIb CTPYKTYP 1 TeKCTyp pPO3MipoM BiJy HAHOMETPiB IO Mi-
KpoMeTpiB. ¥ Oigbirocti pobiT TeMIIaTHY CHUHTE3y KpPEeMHE3eM-
BYIJIEIIEBUX HAHOKOMIIO3UTIB IIPOBOAATH IILIAXOM iMIIperuarii Ta
BTiJIEHHA y CUJIKaTHI MaTpPUIli ITOJiMEepHUX KOMIIO3UIIINA 3 IOJaJjb-
11010 KapOoHizalieo ixX i BugajeHHaM MaTpuilh [4—6].

3 BUKOPUCTAHHAM KOJIOIJHOTO KpeMHe3eMy AK MaTpPHUIlb, IO YTBO-



798 B. B. TOHYAPVYK, B. M. OT'EHKO, JI. B. IYBPOBIHA

pIooThCA MeTOJOM caMocKJanaHHA (self-assembly) B mpucyrHOCTI
mojimMepiB abo 3a OJHOUYACHOTO YTBOPEHHA iX, HaMHU OYJIO OZep:KaHo
micyaa KapOoHisallii HaHOBYTJIEIeBi UaCTMHKM, TOOTO OIep:KaHO Kpe-
MHe3eM-ByTJIelleBl HaHoOMaTepidAan, B TOMY YKCJi HaHOTPYOKu [7, 8].

B ocranni porku 3’saBusocsa 6arato pobGiT 3 BUBUEHHSA BIJIUBY Mar-
HETHOTO II0JISI Ha CTPYKTYPY Ta BJIACTUBOCTI BOAM, BOOTHUX PO3UYUHIB i
PO3UMHIB MmoJriMepiB. ¥ MNPUCYTHOCTI MarHeTHOTO IIOJA 3MiHIOETHCA
KoH(MOpMAI[id IedKuUX IIOJiMEePHUX MAaKPOMOJIEKYJ, IO 3YMOBJIEHO
aHiBOTpOIIi€l0 1IXHHOI MArHeTHOI COPUAHATIAMBOCTU. HakjiamaHHa Ma-
THETHOT'O II0JISI Ha PO3UMHU II0JiMepiB HPUBOAUTH A0 MOAATKOBOI Opi-
€HTAaIlil MakpOMOJEKYJ, OCOOJMBO MHOOJM3Yy PiAKOKpHCTAIiuHOro (da-
30Bor0 Iiepexony. oA BOOHMX pO3UMHIB AedAKUX e(ipiB IeJrosos3u
OyJI0 BUSABJIEHO, IO HAKJAAAHHA MAarHeTHOTO IIOJISA NPUBOAUTH [0
IIOMIiTHOTO 30iJbIIIeHHA B A3KOCTH PO3UMHIB, IO IIOB’sA3aHE 3 OPi€H-
Tallie}0 MAaKPOMOJIEKYJ y IIOJi Ta mpollecaMu AOJATKOBOTO CTPYKTY-
POYTBOpPEHHS MiK MOJIEKYyJIaMU BOAM Ta MaKPOMOJEKYyJlaMHU 3a paxy-
HOK TigporeHoBux 3B’s3KiB. 3a MarLeTHOro OOpPOOJEeHHsS BOSHO-
IUCIIEPCHUX CHCTeM TaKOK BimOyBaeThbcs 3MiHA (isuKo-xeMiuHMX
MMOKA3HUKIiB, IIT0 BKa3ye HA BIJIMB MATHETHOTO IIOJA HA IXHIO CTPYK-
Typy [9-13].

MeToro gamoi poboTu OyJI0 BMBUEHHS BILINBY IIOCTiAHOTO MarHeT-
HOT'O TO0JIsI Ha YTBOPEHHS HAHOBYTIJIEIEBUX CTPYKTYD Y MaTPHUIli 3 Ii-
POTEeHHOT0 KpeMHe3eMy Ta BOJHHUX PO3UNHIB KapOOKCHMETUJIIETI0JIO-
3U IicJis xKapOoHisaIrii.

2. EKCIIEPUMEHTAJIbHA YACTHHA

Martepiamu. K CTPYKTYpPOYTBOPIOBAJIbHUI KOMIIOHEHT IJs OJep-
JKaHHA KOMIIOBUTHUX MATPUIF BUKOPUCTOBYBasin mmiporeHHmit Curi-
mito mioxcun (Kamym, A-50, posmip uacturok <80 mm, S, =50
m?/r). TlosiMepHUM IIPeKypcoOpoM IIipOBYTJIEIfo cIyryBaja HaTpiiioBa
cine wapb6oxcumeruiiientosnosu (KMII, Higepaamaum, Acucell AF
3265, xapuosa, crymims 3amimenaa 0,7-0,85). Ax mpexarasaisaTop
Bukopuctano Hixkaro xmaopupm NiCl,.-6H,O (xu). PosumaHuNKaMu OyJu
IUCTUJIHOBAaHA BOJAa ¥ eTaHoJI.

MeTtomuka omep:kKaHHS HAHOPO3MipHOTO BYIJIEII0 Yy MATPHUILAX. ¥
CcKJsHe BMicrture, 1o mictuao 30 ma 1% -posumuay KMII B gucrtu-
agboBaHiil Bomi momasamu 4 r A-50 (3pasox SiO,/C) i 1 ma 12%-
posumny NiCl, B eranoii, mepemimyBanu 15 XB. 3a IIBUIKOCTH ¥
3000 06/xB. Opepskauuit renb [14] posgimuam Ha aBi piBHI yacTUHU
1 oxmy (3pasdok SiO,/C/Ni) samumianu Ha Ja00paTOPHOMY CTOJi, a
immy (3pasdok m/SiO,/C/Ni) posmimiyBanm Ha 3ai30-K00aJIbT-
Hi00i#I0BOMY IIOCTiAHOMY MAarHeTi 3 MiZHO-HiKJIeBUM IIOKPUTTSIM, Ha-
MPYKeHiCTh IIOJIS SKOr0 Ha Iojiocax craHoBuiaa (¢ Tia. 3axpuri
KPUIIKAMU 3PasKy BUTPUMYBAJIM Y TaKUX YMOBax n00y, HicJiA YOTO
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3HiMaJI1 KPUIIIKY Ta BUCYIIYBaJX 3pa3KM 3a KiMHATHOI TeMIlepaTypu
Ha 1moBiTpi. Bucymieni spasku kap6onisyBasu 3a 750°C y mororii ap-
rouy ympomor:k 20 xB.; mIBUAKicT, HarpiBy ckJjaagana 10 rpan/xs.
TakuM yrnHOM OYJIO OIepP:KaHO MOPUCTI HEOPTaHiUYHi HAHOKOMIIO3UTH.
MeToau OOCHiAKEHHS CKJATy, CTPYKTYPU Ta BJACTUBOCTEH HAHOKO-
mmo3urtiB. Ilosipuy rycruny (d,,,) BU3HAUYaJ BAarOBUM METOJIOM, BU-
XOAAYU 3 TeOMEeTPUUYHUX PO3MipiB 3paskiB. BigKkputy mopucTicThs Ha-
Hoxkommosutis (W, %) i BOMpaHHA UX PO3UMHHUKIB 3pasKkaMy BHU-
3HAUAJM 32 MOTJIMHAHHAM (p, CM°/T) OPraHiUHMX PO3UMHHUKIB y CTa-
TUYHUX YMOBAX MiCJIs BUTPUMKHU iX yOpomoB:K 1 mobu y BimmoBimHo-
MY PO3UMHHUKY 3a KiMHaTHOI Temmnepatypu [15]. Ckiam HAaHOKOMIIO-
3UTIiB BUBUAJIM METOAOM peHTTreHo(pasoBoi aHamisu (PPA) Ha aBTOMA-
tuyHomy nudparromerpi JIPOH-3M 3 mxepesoM BUIIPOMiHEHHSA
CuK, (A=1.54178 A) y ngisnasoni xyrie 20 Bix 5° mo 70°. BigHeceH-
HA peduiekciB Ha gudpaxTorpamax Oyao 3pobJjieHO Ha mifcraBi 6asu
JTaHWX IIporpamuoro zabesmeuenHsa Match!, mo BizmocuTsca go izeH-
tudikamii (a3 mopomkoBux mudparTorpam. Mopdosorito 3paskiB
JMOCJTiI}KYyBaJI 3a JOIOMOTOI0 CKAaHYBAJILHOTO €JeKTPOHHOTO MiKpOcC-
koma JSM-6700F (JEOL, fAnonia). Ilonmepenabo Ha TOBEPXHIO 3Pa3KiB
HAIIOPOIIYBaIM ILJIATHHOBY ILIiBKY saBroBmkm y 30 A. Bitomra Bu-
KomyBajsaca B pesxumi SEI 3a mpumBuamnryBagbHol Hanpyru vy 10 kB
i ctpymy soHma y 0,65 HA.

3. PESYJIBTATH TA IX OBI'OBOPEHHS

Bukopucranasa HeopraHiYHMX MATPUIb AJISI CHHTE3W HaHOMATEPiAJIiB
3YMOBJIIOE PO3Mip i (popMy HAHOCTPYKTYP i 3abesmeuye 30eperKeHHS
iX 3a paxyHOK i30JdAIil YacTMHOK CTiHKaMu IIop. SIKIIO mJsa omdep-
JKaHHSA HAHOBYIJIEI[IO BUKOPHCTOBYIOTH TBepAo@asHy KapOoHisaIliio
moJiiMepiB, TO iX, AK IPaBUJIO, HAHOCATH y BUIJIAAL TOHKOTO IIapy Ha
nopucty marpumio. Ilim yac TepMiuHOro poO3KJIAZaHHS MOJiMEPHOTO
Ipexypcopa y TBepAii (pasi yTBOPIOIOTHCA TaKi BYIJIelleBi CTPYKTYPH,
AK aKTHMBOBaHe BYTiJJIA, MOJEKYJSAPHiI cuTa, BoJokHa Ta iH. Popmy-
BaHHA Tiel UM iHITOI CTPYKTYpU IIiPOBYTJIEIIO 3aJEeKUTh Bil] CTPYK-
TYPHUX XapaKTePUCTUK MaTPUIlb, KOHIIEHTPAIil Ta CKJamy IoJimMepy
Ta IPOMIMKHUX IIPOAYKTIB KapOouisarmii [16, 17].

Mu BuUKOpPHCTOBYBaJM IIiPOTeHHUH KpeMHEe3eM i BOAHUN PO3UUH
KMII omHouacHO; TOMY 3a paxXyHOK Ipoliecy camoopraxisarii (self-
assembly) dopmyBanua marpuii iz Cuaimiii mioxcuagy Ta posTally-
BaHHA y HIMl MaKpOMOJIeKYJI IIOJiMepy BimOyBajsioch ommodacuo. Ilif
yac HArpiBy OJeP:;KAHOrO IIiCJIs BUCYIIYBAHHS KCEpPOr'eiio BimOyBaeTh-
csd IipoJrida 3 YTBOPEHHAM pPisHOMAaHITHMX (OpM BYTJIEII0O Ta HU3b-
KOMOJIEKYJISAPHUX Trasonomioumx cmoayk. Ilicasa xapOonizarlii spasku
HaO0yBalOTh YOPHOTO 3a0apBJIEHHA.

Ha pucynry 1 mpeacTaBieHO pes3yJabTaTH MOOCTiAMKEHHA CKJIALy
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Fig. 1. [udpaxrorpamm KpeMHe3eM-ByrieneBux 3paskie Si0,/C (1),
m/Si0,/C/Ni (2) ra SiO,/C/Ni (3).!

omep:kaHux MarepisanaiB meromom P®PA. Ha gudparrTorpamax € Iiu-
pokmit mik nmpu 20 y 15-30°, axkuii BignoBimae amopdrOMy Cmiiriro
niokcuay Ta pedJercaM Bif aMOp(HOTO BYIJIEII0, BYTJIEIIEBUX HAHO-
BOJIOKOH, TPYOOK i rpadiry. Takoxx mpucyTHi pediekcu Big merasie-
Boro Hikmaro ta NaCl. IToaBy pedekciB Big ¢asu meraseBoro Hikiio
symoBJeHo BimHoBaeHHaAM Ni*" 3 Hikao xjgopugy rasomofiOHUMHI
CIIOJIYKaMU, AKi yTBopuauca mig dac mipoaisu KMII. MeraneBuii Hi-
KeJIb € KaTajli3aTopoM YTBOPEHHS HAHOTPYOOK 3 OPTaHiUYHUX CIIOJYK;
0COOJIMBO SICKPAaBO IIi BJIACTUBOCTI BUABJIAIOTHCA 3a MOTO OCAMKEeHHS
Ha moBepxHIo Si0,. YrBopenusa NaCl mepebirae sk 3a peaxiii oomiHy
misk KMII i NiCl, y posumuHi, BHACJIiJOK YOTO yTBOPIOETHCA ciib Ni-
Kapb6okcumeruianeaono3u i NaCl, Tak i mig uac kap6omisamii KMIT
Ta poskaaganua NiCl, [18, 19].

Ha pucynky 2 HaBemeHo Mikpodororpadii omep:kaHmx 3pasKiB Ha-
HoMaTepiaaiB. Ik BuaHO 3 HaBemeHux mauux (puc. 2, a, 0), Bizyaiab-
HO Mopddoorii 3paskis Si0,/C i m/Si0,/C/Ni € npakTUYHO imeHTUY-
HUMHU, TOOTO HAHOCTPYKTYPHU BYTIJIEII0 PO3TAIIIOBAaHi II0 MOBEPXHi ua-
ctuHOK Si0O,. Ajle YaCTMHKM HaHOKOMIIOBUTY, AKUHA YTBOPUBCS IIin
yac KapOomwizarmii Timbxku KMII, ymaxkoBaui OinbIll MIiJbHO, HiXK ¥
3paska, AKUH ofep:KaHo 3a KapOowisarii cywmimii posumuis KMII i
NiCl,, xoua mpucyTHi mopu Oinbmmux posamipiB. Ha mpucyrHicTh Me-
tajmeBoro Hikmaio y spasky m/SiO,/C/Ni BKasye HasgBHiCTH OiJbII sc-
KpaBHUX IMIapoIMOAiOHMX YacTHHOK poamipom Mmenine 100 HM Ta ixHix
CKyIOueHb. 3 PUCYHKY 2, 8, 2 BUJHO, II[0, KPiM MIipoByrJeIo, AKUH
yTBOpPUBCSA Ha ImoBepxHi uactumHOK SiO, y 3pasky SiO,/C/Ni, mpucyrt-
Hi KJIYOKM 3 HAHOTPYOOK ab0 BOJOKOH BYIJIEIf0 po3Mipom Bim 20 HM
mo 60 um. Ha KiHIsAX TPyOOK 3HAXOAATHLCSI HAHOUACTHUHKHN METAJIEBO-
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Fig. 2. CEM-wmikpodororpadii KpemMHe3eM-BYTJIEIIeBUX HAHOKOMIIOSUTIB
Si0,/C (a), m/Si0,/C/Ni (b) Ta Si0,/C/Ni (c, d).?

ro HikJio posmipom mo 80 HM, IO AeMOHCTPYE THUIIOBE KaTaJiTUUHE
KiHYMKOBe 3pOCTaHHA HaHOyTBOpeub [20, 21]. Cuix sasmauuTu, IO
3pasKm  BYIJIellb-KpeMHe3eMHux KommoautiB m/SiO,/C/Ni  rta
Si0,/C/Ni micia kapOonizarii HabyJu BHACJIIJOK IPUCYTHOCTU Yac-
TUHOK MeTaJieBOro HiKJII0 ()epoMarHeTHUX BJIACTUBOCTEHl — BOHU
OPUTATYIOTHCA OO IOCTiNHOTO MarHeTy.

Opep:xkaHi pesyabpTaTé MOKHA MOACHUTH TUM, 110 KMII e mosriesne-
KTpoJiToM, i i1 KOHIIEHTPOBaHI BOMHI PO3UMHU € IIPOCTOPOBOIO (DJIIOK-
TyalifiHOI0 CiTKOI0 3i CTHCHYTHMX KJIYOKiB MakpOMOJIEKYJI, TOOTO TI'e-
JieM, YTBOPEHHS SKOTO 3yMOBJieHO HasaBHicTio KymomoBux i rigpodo-
OHUX B3a€MOZili, BOZHEBUMHU 3B A3KaMH Ta B3aeMogicio iomiB Na' i
COO™-rpyn MakKpoOMOJIEKYJau. ¥ MIPUCYTHOCTI HipOTeHHOTO KpeMHese-
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TABJIHNIISA. BracTuBocTi KpeMHe3eM-ByTIeIeBIX KOMIIO3HUTiB.?

CCl, | reKcau | 0eH30JI
apasox d — BaH-zIep-BaanbciB & momexya, HM [25]
ros? 0,61-0,69 0,67 0,59
W, % |p, em®/t | W, % |p, em®/Tr| W, % |p, cM®/T
Si0,/C 0,55 64,1 1,08 66,7 1,12 73,3 1,53

Si0,/C/Ni 0,64 62,7 1,06 64,5 1,04 67,5 1,07
m/Si0,/C/Ni 0,57 55,2 1,02 57,9 1,01 62,4 1,05

MYy Ha HOro IIOBepPXHi BimOyBaeThCcs aacopOIlid AK OKPeMHX MaKpPOMO-
agexyn KMII, rak i ixmix kay6kis. ITig uac peakimii #iomis Ni*" 3 maxk-
pomoaerymamu KMII yTBopioeThcss BomoHeposdumuHa ciab Ni-KMII,
AKa MOJKe MIepemIKoKaTH 3MiHi KoH(popMalii MaKpOMOJEKYJI IIOJIi-
Mepy B PO3UMHi, IO IIpuBeJe 3a KapOoHisallii 3paskiB 40 YTBOPeHHS
KJIYOKiB HaHOTPYOOK abo BoJioKOH (puc. 2, 8, 2) [22—24].

Y mpucyTHOCTI MarHeTHOTO IIOJIA IIiJ HOro BIIJIMBOM AaHi30TPOIIHi
CTPYKTYypu 00epTaroThCcA MiJ Ai€l0 MarHeTHOrO MOMEHTY, BHACJIiTOK
YOro IIPOXOAUTH IIeBHA IIepPeopieHTAallid MaKpPOMOJIEKYJ IapaJesIbHO
IO JIIHIM ITOJIT MArHeTHOI iHAYKIIiI, IO IPWBOAUTL IO AOZATKOBOIO
BIIOPAAKYBaHHS CTPYKTypu auciepcii SiO,—Bomumii posumua KMII, i
JIOKaJbHA KOHIIEHTPAI[isd IIOJiMepy CTae HeZOCTAaTHLOIO IJIA YTBOPEH-
HS HaHOTPYOOK abo Bosiokom [11].

Y Tabauili mpencTaBJeHO BJIACTHUBOCTI OJep:KaHNX KapOOHBMiCHMX
KOMIO3uTiB. 3 Tabauili BUIHO, IO KOMIIO3UTU € BHCOKOIIOPUCTHMI
MaTepisiiaMm, TOMY IIO IXHS I'yCTHHA iCTOTHO HUIKYA, Hi¥K I'yCTHHA
amopdroro Cumiimito miokcuay ta rpadiry (2,20 r/em® i 2,27 r/cm?®
BiMOBiAHO), a IXHA CTPYKTypa 3aJeKUTh BiJ CKJIAAy Ta CI0OCcOo0y onie-
p:KaHHI.

fAK BuaHO 3 HaBeJeHUX MNAHUX, YTBOPEHHS METAJEBOTO HIiKJIO Y
3pasKax IIPUBOAUTL M0 30iJbIMEeHHA MHO3ipHOI T'yCcTHMHU. 3aJIeKHIiCTH
BiZKPUTOI IMOPHCTOCTH 3Pas3KiB i KiabKocTu abcopOOBaHUX POIUMHHIUI-
KiB Bifg posMipy ixXHiX MOJEKYJ CBiIUMTH IIPO HASIBHICTH MOJIEKYJISAP-
HO-CUTOBUX BJIacTuBOcTeil. HaiibinbIn sicKkpaBo IIi BJIAaCTHUBOCTI MIPO-
ABJSIOTBCSA Yy 3PasKiB, AKuUX oxep:xkamo 0e3 Hikmamo xmgopupmy, ToOTO
YTBOPEHHS YaCTUHOK METAJIEBOTO HiKJII0 BILIMBAE HA po3Mip abo Ki-
JBbKICTh OP y 3pasKax.

Onepsxkani mopucTi HeopraHiuHi HAHOKOMIO3SUTH 3 MATrHETHUMU
BJIACTUBOCTAMU MOKYTb 3HANUTU MOCTATHHO IIMPOKE 3aCTOCYBAHHA K
copbenTu, HOcii KarasmizaTopiB Ta iH.

4. BACHOBRKH

CUHTEe30BaHO BYTJIEIIb-KPEeMHE3eMHi ITOPHCTI HAHOKOMIIO3UTH IILIIS-
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xoM KapOoHisarii HaTpiitoBoi cosi kap6okcumeruanemogosu (KMIL)
B Mmatpuili niporemnoro Cwurimiio miokcuny 3 NiCl,. @opmyBanusa ua-
CTUHU 3pasKiB mpoBoamau Ha nocritiHomy wmarzeri. IlokasanHo, 1110
micasa KapOoHisallii Kceporesio 3 cywminri Hamopoamipaoro SiO, i Box-
Horo posumny KMII yTBopOEThCA KOMIIO3UT, B AKOMY dacTUHKHU Cu-
Jiniro giokcuay MOKPUTI mapoMm mipoByrienio. [lomaBaHHA y BUXiITHY
nuctepcito posunny NiCl, B eranosi mpuBeso (micasa BUCYIITyBAaHHSA Ta
KapOoHizalii) o omep:KaHHA KOMIIO3UTIB 3 YaCTHHKAMU METaJIeBOTO
HiKg0 posmipom meniie 100 aM. Y 3pasKy, CTPYKTypa sxKoro ¢op-
MyBajach y MArHETHOMY IIOJIi, YTBOPHMBCA Iap IIipOBYTJIEI0 Ha
CTPYKTYPHHUX CKJIQZOBUX MATPHUIli. ¥ IHIIOro 3paska, AKUUA (HopMy-
BaBCA Y B3BUYAMHMX YyMOBaX, KPiM TOHKOTO IIapy MIipOBYIJIEIIO,
YTBOPUJNCA BYyTJIelneBi HaHOTPYyOKHM abo BOJOKHA pos3mipom y 20—
60 HM 3 yacTMHKAMU MeTaJIeBOro HiKJI0 po3mipoM y 80 HM Ha IXHiX
Kinumkax. Beci 3pasku MaioTh BUCOKY BiIKPHUTY IOPUCTICTH (Bix
73,3% mo 55,2%) i IPOABIAIOTE MOJEKYJIAPHO-CUTOBI BJIACTUBOCTI.
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Effect of Different Concentrations of Nanoparticles
on the Optical Parameters of Biopolymer Blend
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Hillah, Iraq

Solution casting is used to create the PVA-PEG—-Ag nanocomposites of
silver (Ag), polyethylene glycol (PEG), and polyvinyl alcohol (PVA) with
varying weight ratios of Ag nanoparticles: 0, 2, 4, and 6 wt.%. The re-
sults show that the index of refraction, the extinction coefficient, real
and imaginary parts of the dielectric constant, and the optical conductivi-
ty all increase with increasing of concentration of Ag nanoparticles. These
results could be crucial for the use of PVA-PEG-Ag nanocomposites in a
variety of photonics applications and optoelectronic devices.

Hnsa crBoperHa HaHokomnosuTiB IIBC-ITEI'-Ag 3i cpi6na (Ag), mosieTume-
"riaikoaio (ITET) Tta moaiBiminmoBoro crnupry (IIBC) 3 pisHuM BaroBuM CIriB-
Bimmomenusim HamouacTuHOoK Ag: 0, 2, 4 Ta 6 mac.% OyJI0 BHKOPHUCTAHO
MeTOJ JIUTTA 3 PO3UMHY. Pe3yJbTaTy IIOKa3yIOTh, IO MOKA3HUK 3aJIOMJIEH-
HA, Koe(dillieHT eKCTMHKIII, AificHa i ysdBHA YAaCTUHU AieJeKTPUUYHOI ITPO-
HUKHOCTHM Ta OIITHMYHA MPOBiAHICTL 3pPOCTAIOTH 3i 30i/JBINTEHHAM KOHIIEHTpA-
mii HanouacTuHOK Ag. Ili pe3yapTaTu MOMKYTh MATHU BUpPiITaJbHe 3HAUEHHA
nnsa Bukopucranuasa HaHoKoMmmo3utiB IIBC-IIE'-Ag y pisHoMaHiTHHUX 3a-
CTOCYBAaHHSAX (DOTOHIKM M ONTOEJEKTPOHHUX IIPUCTPOIB.

Key words: polyvinyl alcohol (PVA), polyethylene glycol (PEG), silver
(Ag), extinction coefficient, dielectric constant, optical conductivity.

Karouori cioBa: mosiBiHiJIOBUIT cIUPT, MOJieTHMJIEHTJIIKOIb, cpibyo, Koedi-
IMi€HT eKCTUHKILII, JieJeKTpuyHa IIPOHUKHICTL, ONITUYHA MPOBiAHICTH.
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1. INTRODUCTION

A novel synthetic material with potential applications in the field of
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nanoscience is called a nanocomposite. Along with these qualities, it
demonstrated the outstanding benefits of optical, structural, elec-
trical, biodegradable, and biocompatible properties [1, 2]. Because
of their remarkable qualities such as low cost, ease of synthesis,
stability, etc., polymers are widely used in a variety of applications.
Polymer-based composites have advantages of being inexpensive and
having straightforward manufacturing procedures [3, 4]. Further-
more, flexible electronics that are lightweight might be produced
primarily from polymer matrix composites, which would be advan-
tageous given consumer demands [5, 6]. The usage of nanocompo-
site materials in scientific research has increased recently, with
modifications in energy storage technologies and the advancement
of physical qualities being crucial elements for real-world applica-
tions [7]. Now, nanocomposites (NCs) are being used in gas sensors,
UV filters, optoelectronics, high-energy batteries, fuel cells, and
microwave absorbers. Stretchable, lightweight, dielectric/conductive
polymer materials are needed for many microelectronic devices [8,
9].

Better optical and thermal characteristics can result from the
successful formation of electrical conduction networks in insulating
polymers with the addition of a small number of nanofillers [10,
11]. When building network co-ordination polymers, polyvinyl alco-
hol (PVA) anions make good bridge ligands. Because of bioinert-
ness, it has drawn more interest in the biomedical arena [12, 13].
Hydrophilic and non-toxic, polyethylene glycol (PEG) possesses re-
markable attributes such as electron-acceptor nature, biocompatibil-
ity, chain flexibility, and a broad molecular weight range [14, 15].
PEG is frequently used to improve the flexibility and ductility of
stiff polymers [16]. Ag has the highest SPR peak in the visible
range, which increases its demand across a variety of sectors, in-
cluding electronic fields, optical sensors, and cosmetics [17, 18].
Because of their unique chemical and physical properties, silver na-
noparticles are being used more and more in commercial, industrial,
health care, and medical applications [19, 20].

2. EXPERIMENTAL PROCEDURE

Casting process was used to create films of PVA/PEG/Ag NCs with
different Ag concentrations of 0, 2, 4, and 6 wt.%. PVA and PEG
were dissolved in 40 ml of distilled water by using a magnetic stir-
rer for 45 min at temperature of 70°C to create a more uniform so-
lution. Ag nanoparticles were added to the polymer blend. A Shi-
madzu UV-1800 dual-beam spectrophotometer was used to analyse
optical properties of nanocomposite films at wavelengths ranging
from 190 nm to 800 nm.
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One may find coefficient of extinction (k) by Refs. [21, 22] as fol-
lows:
— a}\l .

k__9
4n

1)

A is wavelength.
Refractive index (n) is defined by Refs. [23, 24] as follows:

_ 2
- 4R kz_R+1; )
(R-1) R-1
R is reflection.

Real (g;) and imaginary (g,) components of the dielectric constant
are provided by Refs. [25, 26]:

g =n— k2, (3)
&2 = 2nk. (4)

Optical conductivity (o) is defined by Refs. [27, 28] as follows:

anc
kil 5
o= (9)

where ¢ is the velocity of light.

3. RESULTS AND DISCUSSIONS
3.3. The Optical Characteristics for PVA/PEG/Ag NCs

Figure 1 depicts how extinction coefficient of PVA/PEG/Ag NCs
fluctuates with wavelength. Extinction coefficient is less at low
concentrations and increases with increasing Ag nanoparticle con-
centrations. This is because as the proportion of nanoparticles
grows, so, does the absorption coefficient [29, 30]. This study
demonstrates that Ag-nanoparticle atoms affect the structure of the
host polymers [31, 32].

As the NCs’ wavelengths change, Fig. 2 illustrates how the re-
fractive index of PVA/PEG/Ag NCs varies. Figure demonstrates
that, when the density of the nanocomposites rises, the concentra-
tion of 6 wt.% Ag nanoparticles also rises, as refractive index does
with increasing weight percentages of Ag nanoparticles added to the
PVA/PEG formulation [33, 34]. In the visible spectrum, high
transmittance results in low refractive index values, whereas poor
transmittance causes high values in the UV range [35, 36].

Figures 3 and 4 show the real and imaginary dielectric constants
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Fig. 1. Extinction-coefficient variation with wavelength for PVA/PEG/Ag
NCs.
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Fig. 2. Refractive index of PVA/PEG/Ag NCs varying with wavelength.

as both components for PVA/PEG/Ag NCs. Figure 3 illustrates how
g, varies in relation to wavelength. Because of the low k? value, ¢, is
heavily dependent on n?. Furthermore, the real dielectric constant
rises as the Ag-nanoparticle concentration does. The wavelength-
dependent fluctuation of ¢, is seen in Fig. 4. As demonstrated, val-
ue of k fluctuates with absorption coefficient [37—40].

The relationship between wavelength and optical conductivity is
depicted in Fig. 5. This figure demonstrates that, when the Ag con-
tent of the PVA/PEG mix rises (6 wt.%), the optical conductivity
rises as well. Electrons may more easily transit from valence band
to these lower levels and the conduction band thanks to this eleva-
tion in band gap, which is result of new-levels’ forming. Conse-
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Fig. 4. Imaginary component of the dielectric constant changes with wave-

length for PVA/PEG/Ag NCs.

quently, conductivity rises and band gap narrows [41, 43].

4. CONCLUSION

Solution-casting technique is used to make films of PVA/PEG/Ag
NCs. The optical measurements showed that the refractive index,
extinction coefficient, dielectric constant (both real and imaginary
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Fig. 5. Variance of optical conductivity of PVA/PEG/Ag NCs with wave-
length.

ones), and optical conductivity all increase with increasing numbers
of Ag nanoparticles until they reach a weight of 6% compared with
pure; these results are much better than pure. Furthermore, the re-
sults used in this study showed that the PVA/PEG/Ag-NCs’ films
have superior optical properties compared to the pure mixture.
These results indicate the possibility of using PVA/PEG/Ag NCs in
photonic and optical applications.
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Using casting technology, nanocomposites are created from a mixture of
polyvinyl alcohol (PVA), polyethylene glycol (PEG) doped with silver (Ag)
nanoparticles (NPs) in their different amounts: 0, 2, 4, and 6 wt.%. At
frequencies ranging from 100 Hz to 5 MHz, the A.C. electrical properties
of PVA-PEG—-Ag nanocomposites are studied. Experimental results indi-
cate that an increase in proportion of Ag NPs led to an increase in A.C.
electrical properties of the PVA-PEG mixture, including dielectric con-
stant, dielectric loss, and A.C. electrical conductivity. Moreover, when
frequency increases from 100 Hz to 5 MHz, A.C. electrical conductivity
increases, while the dielectric constant and dielectric loss decrease. The
improved dielectric properties of PVA-PEG—-Ag nanocomposites make
them suitable for a range of electricity and energy storage applications.
The study provides a new understanding of materials’ design for electrical
and electronic applications.

3a J0mOMOroi0 TeXHOJIOTil JUTTA HAHOKOMIIOBUTU CTBOPIOIOTHCA i3 cymimri
nouisimimoBoro crnuprtry (IIBC), momierunenriaikonio (ITET), smerosammx Ha-
HOuacTUHKaMu cpibsa (Ag) y pisHux Kimpkoctax: 0, 2, 4 ta 6 mac.% . Ha
yacrorax Big 100 I'm mo 5 MI'm mociaim:kyBanum eJeKTPUUYHI BJIACTHUBOCTI
3MminHOTO cTpymMy y HaHokommoautax IIBC-ITEI'-Ag. ExcmepumeHTalIbHI
pes3yJabTaTd MOKa3yIOTh, IO B30iJbINIeHHA YacTKM HAHOYAaCTUHOK cpibia
HPUBOAUTE [0 TOJIMINEHHA eJIeKTPUUYHNX BJIACTUBOCTEl 3MiHHOTO CTPYMY V
cymimai ITBC—-IIET, BKJIHOUAOUMN AieJeKTPUUHY IIPOHUKHICTH, AieJeKTPUUHI
BTPaATU U eJEeKTPOIIPOBiAHICTL 3MiHHOTO cTpyMy. BijbIle TOro, KOJM YacToO-
Ta 36iapmyerbea Bixm 100 I'm go 5 MI'1, eaeKTpPOmpOBiAHICTL 3MiHHOIO
CTPYMY B301JIBIIYETHCS, TOAI AK AieJeKTpUUYHA IMPOHUKHICTH i mieJsekTpuuHi
BTpaTu 3MeHNIyThcsa. [losimimeni miesleKTpUYHI BJIACTHMBOCTI HAHOKOMIIO-
surie [IBC-IIET'-Ag po6uATh iX NPUAATHUMU AJIS IIHPOKOTO CIEKTPY 3a-
CTOCYBaHb €JIEKTPUKU Ta HAKONMUYeHHA ejgeKkTpoeHeprii. IocmimxeHnusa 3a-
Oe3Ieyye HOBE PO3YMiHHS PO3POOKM MATEpPisaiiB AJA eIeKTPUUHUX i eJIeKT-
POHHUX 3aCTOCYBaHb.
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1. INTRODUCTION

Recently, there has been a significant and pressing need for the
synthesis of new materials with high dielectric constant and low di-
electric loss for embedded microelectronic applications. Polymer
composites are active materials that offer a perfect way to integrate
electrical or dielectric qualities for microelectronic applications.
Furthermore, there are several low-cost dielectric applications, for
which they may be employed. There are several low-cost materials
available; thus, great efforts are being made to locate ones that
work [1, 2]. The primary reason for the extensive research on poly-
mer nanocomposites is not their vast range of uses, but rather their
physical characteristics. These studies have shown that incorporat-
ing a small percentage of the nanoparticles into the polymer matrix
results in properties that are noteworthy for a variety of applica-
tions, including microwave absorbers, charge storage capacitor sys-
tems, and electrostatic dissipation [3, 4]. Due to their interesting
physical and chemical properties, polymers have received a lot of
attention recently. The electrical and microelectronics sectors, as
well as the insulation industry, widely use polymers. There are sev-
eral uses for distinct polymer films in biology, technology, and
medicine, including pure and doped versions with various additives
[5, 6].

Many studies have focused on PVA (doped and unsaturated) pol-
ymer films because of their inexpensive cost and outstanding dura-
bility in industry [7]. It is utilized in a variety of applications, in-
cluding polymerization aids that break down polyvinyl acetate to
make adhesives, paper coatings, paper adhesives, thickeners, chemi-
cal-resistant protective gloves, eye therapy, polymerization in coat-
ed nanobeads, and culinary items [8—12]. In addition to being ex-
tremely water-soluble and nontoxic, polyethylene glycol (PEG) is
also very soluble in most organic solvents. Furthermore, the majori-
ty of these properties can be shared by the blended product when
PEG is combined with other polymeric materials [13—16]. The re-
sultant nanocomposite-materials’ chemical and physical properties
change, when metal-oxide nanoparticles are added to polymers. Ob-
viously, these properties depend on the type of nanoparticles used
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and how they are prepared [17, 18].

The aim of this work is to prepare PVA-PEG films blended with
nanocomposites impregnated with Ag nanoparticles and examine
their A.C. electrical properties.

2. MATERIALS AND METHODS

Movies were made using a casting method to create PVA-PEG—-Ag
nanocomposites (NCs). The PVA-PEG formulation was created by
dissolving 1 g of polymers in 30 mL of distilled water at various
concentrations. Ag nanoparticles (NPs) were added at weight ratios
of 0, 2, 4, and 6% to the polymer mixture. Using an LCR meter
(HIOKI 3532-50 LCR HI TESTER), A.C. electrical properties of the
PVA-PEG—Ag NCs were measured in the frequency range from 100
Hz to 5106 kHz.

Following equation can be used to compute dielectric constant (g')
[19, 20]:

&' =C,/Co, (1)

where, as the vacuum capacitor (C,) is denoted, by the symbol C,,
the capacitance is denoted.
The dielectric loss (¢”) was computed using the equation [21, 22]

g = 8,, (2)

where D is the dispersion factor.
To compute electrical conductivity, the equation is used as fol-
lows [23, 24]:

Gpc = 0e"e'. 3)

3. RESULTS AND DISCUSSIONS

Figure 1 shows the frequency-dependent changes in the dielectric
constant of PVA-PEG—Ag nanocomposites. It was noted that dielec-
tric constant values are high only at lower frequencies that may in-
dicate the presence of interfacial polarization [25, 26] only at low
frequencies; if interfacial polarization occurs at higher frequencies,
it becomes less pronounced. Higher frequencies may cause the mate-
rials’ polar molecular rotational motion to be too slow to achieve
equilibrium with the use of an applied electric field [27, 28].

Figure 2 shows the increase in dielectric constant with increasing
concentration of Ag NPs. Until the concentration reaches 6% of Ag
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Fig. 1. The dielectric constant of PVA-PEG—-Ag NCs changing with fre-
quency.
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Fig. 2. Variation in the dielectric constant for PVA-PEG—-Ag NCs with Ag
NPs’ concentration.

NPs, this activity can be explained by interfacial polarization, a
phenomenon that occurs, when two surfaces within PVA-PEG—-Ag
NCs are separated by an oscillating electric field, leads to an in-
crease in charge carriers [29—-32].

Figure 3 shows the increase in frequency leading to a decrease in
dielectric loss. This is due to the reduced effect of space charge po-
larization. The number of charge carriers accumulated at the elec-
trode—sample interface of PVA-PEG—Ag NCs increases due to the
additional charges generated by polarization and low-frequency die-
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lectric-loss values [33—35]. These may be a result of the Maxwell—
Wagner effect, which occurs with charge-carrier migration at the
interface, or polar radicals with a dipole moment and mobile ionic
contaminants [36, 37].

Figure 4 shows low concentrations of Ag NPs leading to a de-
crease in dielectric-loss values. When concentrations of Ag NPs rise
until they reach 6% by weight, dielectric loss increases, as network
of nanostructures of nanocomposite continues to grow within the

B -=- Pure

7+ -2 wt.%
-4 wt.%

p -0 wt.%

Dielectric loss

0! -
10? 10° 107 10 106 107
F, Hz

Fig. 3. Dielectric loss in PVA-PEG—Ag nanocomposites varying with fre-
quency.
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Fig. 4. Dielectric-loss variation with Ag-NPs’ concentration for PVA-
PEG—-Ag nanocomposites.
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mixture of PVA-PEG [38, 39].

Figure 5 shows variation of A.C. electrical conductivity of PVA-
PEG—-Ag with frequency. At high frequencies, the electrical conduc-
tivity increases. This is due to the mobility mechanism, which
moves the charge carriers, and polarization of the space charge,

10
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=
5 107
o 3
= 9
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g 10%
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Fig. 5. A.C. electrical conductivity of PVA-PEG-Ag NCs with frequency
increasing.
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Fig. 6. Changes in A.C. electrical conductivity for PVA-PEG—Ag NCs with
Ag NPs.
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TABLE. The values of dielectric constant, dielectric loss, and A.C. electri-
cal conductivity at 100 Hz.

Concentration | Dielectric Dielectric A.C. electrical conductivity,

of Ag, wt.% constant loss S/cm
0 18 3.01 6.1248-107"
2 28.1 3.66 9.2317-107"
4 34.1 4.46 1.8712.107"°
6 39.3 5.41 1.8975.107"°

which occurs at low frequencies; these are reasons behind the sig-
nificant increase in electrical conductivity with the frequency
shown in this figure [40, 41]. Electron polarization and charge car-
riers lead to a slight improvement in electrical conductivity at high
frequencies [42].

In Figure 6, the change in A.C. electrical conductivity of PVA-
PEG—Ag nanocomposites with concentration of Ag nanoparticles. As
shown in this figure, with increasing of Ag concentration, the elec-
trical conductivity increases. Until the Ag-nanoparticles’ concentra-
tion reaches 6 percent, density of charge carriers in PVA-PEG pol-
ymer matrix increases that enhances electrical conductivity [43].

Table displays the results for ¢', ¢”, and A.C. conductivity.

4. CONCLUSIONS

Using the casting method, PVA-PEG—-Ag films were prepared to
determine A.C. electrical properties. The results showed that, when
the concentration of nanoparticles is increased, both the dielectric
constant and dielectric loss of PVA-PEG—Ag NCs are increased,
while, with the increase of frequency, both the dielectric constant
and dielectric loss are decreased. The A.C. electrical conductivity of
PVA-PEG—-Ag NCs increased with increasing of frequency and Ag-
nanoparticles’ concentration. A wide range of electrical applications
can take advantage of these qualities in films.
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This work aims to investigate the synthesis of PVA-NiO-Ti nanostruc-
tures and exploring their dielectric properties to use in various nanoelec-
tronics applications. The dielectric properties of PVA-NiO-Ti nanostruc-
tures are examined in the range of frequency between 100 Hz and 2 MHz.
The experimental results demonstrate that the dielectric constant, dielec-
tric loss, and electrical conductivity of PVA are improved with increasing
NiO-Ti-nanoparticles’ ratio. The dielectric constant and dielectric loss of
PVA-NiO-Ti nanostructures are reducing, while the electrical conductivi-
ty is rising with increasing frequency. The attained results of dielectric
properties for PVA—NiO-Ti nanostructures indicate that these nanocom-
posites are useful for various nanoelectronics applications.

Mertoro 1iei po6otu € mocraimxkenHs cuHTesu HaHOCTPYKTYyp IIBC—NiO-Ti Ta
BUBUYEHHA 1XHIX Mi€JIEKTPUYHUX BJACTUBOCTEH AJI BUKOPUCTAHHA B PiBHUX
3aCTOCYBAaHHAX HAHOEJIEKTPOHiKU. [liejleKTpUYHi BJIACTHBOCTI HAHOCTPYK-
Typ IIBC-NiO-Ti mochimskyBanucsa B miamasoni uacror Bim 100 I't mo 2
MTI'n. ExcrepuMeHTaJNIbHI pe3yJibTaTH IIOKAa3ajH, IO AieJeKTPUUYHA IIPOHU-
KHiCcTb, mieseKTpuyHi BTpaTty # enextponpoBigzuicTs IIBC mosinmysanucsa
3i s6imbpmrenHaAM chiBBigmomrenHs waHouacTuHOK NiO-Ti. [liemekTpuuHa
OPOHUKHICTh i miemexTpuuni BTpaTu HaHOCTPYKTYp IIBC—NiO-Ti amenry-
BaJINCSA, TOAI AK eJeKTPOIIPOBIAHICTH 3pocTaja 3i 30iJBIIIEHHAM 4YaCcTOTH.
Opep:xaHi pes3yJbTaTH AOCTIIMKEHHS OieJIeKTPUUYHUX BJIACTHUBOCTEH HaAHOCT-
pyxTyp IIBC—NiO-Ti BKasyioTh Ha Te, IO I[i HAHOKOMIIO3UTH KOPUCHI AJIA
pi3HUX 3acTOCyBaHb Yy HAHOEJIEKTPOHIIIi.
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1. INTRODUCTION

Hybrid (organic—inorganic) nanocomposites have recently attracted
more attention for their outstanding physical and chemical proper-
ties. Hybrid nanocomposite films are used in various technological
and industrial fields, including supercapacitors, optical lenses,
light-emitting diodes (LED), photodetectors, solar cells, multisen-
sors, and UV shielding [1-4]. Polymer-matrix nanocomposites,
which exhibit distinct physicochemical characteristics by incorpo-
rating inorganic fillers into polymer networks, have received much
attention due to their various industrial applications in drug deliv-
ery, water treatment, food industry, aeronautical and aerospace
structures [5]. Metal nanoparticles (NPs) combined with polymers
are greatly attractive because of the various applications offered by
these materials. More development of the nanocomposites properties
can be enhanced by loading nanofiller materials with aspect ratio
[6]. Polyvinyl alcohol (PVA) has significant potential for ground-
breaking innovations. It is a non-toxic, water-soluble, and biocom-
patible synthetic polymer and is mostly utilized in the pharmaceuti-
cal, packaging, and biomedical industries with various purposes.
The chemical structure of PVA is simple and consists of the main
structure of carbons with hydroxyl groups. Because of intra- and
intermolecular hydrogen interactions, PVA samples dissolve at high
temperatures (of about 80°C) and require constant stirring. Addi-
tionally, it has great film-forming properties, high chemical re-
sistance, and a PVA surface layer that prevents nanocomposites
from clumping together, which causes them to become stable and
monodispersed [7]. The nanocomposites of inorganic-doped polymers
or inorganic—inorganic included numerous applications in various
fields involved thermal energy storage [8—16], antibacterial [17—
25], optical fields [26—35], etc.

The present study investigates the fabrication of PVA-NiO-Ti
nanostructures to utilize in various nanoelectronics applications.

2. MATERIALS AND METHODS

The samples of pure PVA and PVA-NiO-Ti nanostructures were
synthesized with various contents of PVA and NiO-Ti NPs via cast-
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ing method. The PVA of 1 gm was dissolved in 30 ml of distilled
water to produce of PVA film. The NiO-Ti NPs were added to the
PVA solution by contents of 1, 2 and 3 wt.% with concentration
50% NiO:50% Ti. The dielectric properties of PVA-NiO-Ti
nanostructures were investigated at the frequency from 100 Hz to 2
MHz using LCR meter type (HIOKI 3532-50 LCR HI TESTER). The
dielectric constant, ¢, is defined by Ref. [36] as follows:

€=C,/C,, (1)

where C, is the matter capacitance and C, is the vacuum capacitor.
The dielectric loss, ¢”, is determined be Ref. [37] as

¢"=¢D, (2)

where D is represented dispersion factor.
The A.C. conductivity is given by Ref. [38] as

Ca.c. = WE"€, 3

where o is the angular frequency.

3. RESULTS AND DISCUSSION

Figures 1 and 2 confirm the variations of ¢ and &” for PVA-NiO-Ti
nanostructures with frequency, respectively. From these figures,
the ¢ includes elevated values at low frequency. The ¢’ value of die-
lectric constant at low frequency might be related to the electrode
effect and interfacial effect of the film. The elevated value of ¢” for
PVA—-NiO-Ti nanostructures at low frequency is due to the charges’
mobility. The & and &” are rising with increasing NiO-Ti-
nanoparticles’ content; this result can be related to the rise in con-
ductivity because of the rising density of charge carriers in polymer
medium [39-55].

Figure 3 illustrates the A.C. electrical conductivity behaviour
with frequency for PVA-NiO-Ti nanostructures. With decreasing
frequency, the more charge is accumulated at the electrode and
electrode interface that leads to reducing in the number of mobile
ions and, eventually, to a drop in the conductivity at low frequen-
cies. At high frequency, the conductivity increases with the fre-
quency as related to the mobility of charge carriers and the hopping
of ions from the infinite cluster. As a result, the ion exchange pro-
cess occurs effectively in the high-frequency region. The A.C. elec-
trical conductivity of PVA is increasing with an increase in the
NiO-Ti-NPs’ content; this performance is due to the improvement
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Fig. 1. Variation of ¢ for PVA-NiO-Ti nanostructures with frequency F.
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Fig. 2. Behaviour of &” for PVA—-NiO-Ti nanostructures with frequency F.

of the mobility of charge ions and the larger number of charge car-
riers in polymer medium [56—67].

4. CONCLUSIONS

Fabrication of PVA and PVA NiO-Ti-doped nanostructures’ films
are investigated in this work. The dielectric properties of PVA-
NiO-Ti nanostructures were studied to utilize in various nanoelec-
tronics fields. The results demonstrate that the dielectric constant,
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Fig. 3. Performance of A.C. electrical conductivity with frequency F for
PVA—-NiO-Ti nanostructures.

dielectric loss, and electrical conductivity of PVA are increased
with increasing NiO—-Ti-NPs’ content. The dielectric constant is en-
hanced by 32.1% at 100 Hz, when the NiO-Ti-NPs’ content of 3%
is reached. The dielectric constant and dielectric loss of PVA-NiO—
Ti nanostructures are decreased, while the electrical conductivity is
rising with increasing frequency. The obtained results for dielectric
properties of PVA-NiO-Ti nanostructures show that these nano-
composites are functional materials for deferent nanoelectronics
fields.
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This study investigates the dielectric properties of polyvinyl alcohol
(PVA) with manganese dioxide (MnO,) and tin dioxide (SnO,) nanoparti-
cles. The objective is to utilize these properties in electronic and electric
nanodevices. An investigation is conducted to analyse the impact of vary-
ing concentrations of MnQO,/SnO, nanoparticles on the dielectric properties
and A.C. electrical conductivity of the composites. The findings indicate
that, as the frequency increases, the dielectric constant and dielectric loss
decrease. However, with a higher concentration of MnO,/SnO, nanoparti-
cles, both the dielectric constant and dielectric loss increase. On the other
hand, the A.C. electrical conductivity shows an increase as the frequency
and concentration of MnO,/SnO, nanoparticles increase. The
PVA/MnO,/Sn0O, nanocomposites exhibit exceptional dielectric properties,
making them highly versatile for a wide range of applications in the elec-
tronics and energy-storage industries. This study offers fresh perspectives
on the development of materials for electrical and electronics applications.

Ile mocaimsKeHHSA CTOCYETHCS Mi€JEKTPUYHUX BJIACTHUBOCTEH MOJIiBiHiJIOBOTO
cuupry (IIBC) i3 Hamouactmakamu amiokcuny Maurany (MnO,) ta giokcumy
Cranymy (Sn0O,). MeTolo € BUKOPUCTAHHS IIUX BJIACTUBOCTEN B €JIEKTPOH-
HUX Ta eJeKTPUYHUX HAHOIPUCTPOAX. ByJI0 IpOBENeHO AOCHiMKeHHSA A
aHaJi3W BILJIMBY PiBHUX KOHIEHTpPaIiin HaHouactTmHOK MnO,/SnO, Ha mie-
JeKTPUYHI BJIACTUBOCTI Ta 3MiHHY eJeKTPOIPOBiAHICTH KOMIIO3UTiB. Pe-
3YJIbTATU [NOCJiYKEeHHSA IOKAa3yI0Th, IO 3i 36iJbIIIEHHAM YacCTOTH HieJeKT-
pUYHA NPOHUKHICTH i AieqeKTpuuHi BTpaTu 3MeHInyioThcA. OgHAK 3 HigBuU-
HIeHHAM KOHIeHTpalii HaHouacTuHOK MnO,/SnO, AK miejleKTpUYHA IPOHU-
KHiCcTh, Tak i AieleKTpuuHi BTpaTu 30iJbIIYIOThCA. 3 iHIIIOr0 OOKY, 3MiHHA
eJIEKTPONPOBiAHICTL 3pocTae 3i 36iJbIIIEHHAM YACTOTH Ta KOHIlEHTpAaIlii Ha-
"HoyacTuHOK MnO,/Sn0O,. Hanoxomnosutu IIBC/MnO,/SnO, neMOHCTPYIOTH
BUHATKOBI [ieJIeKTPUUHI BJIACTMBOCTi, 110 POOUTH IX Ay:Ke yHiBepCcaJIbHUMU
IJIA IIAPOKOTO CIEKTPY 3aCTOCYBaHb B E€JIEKTPOHIIII Ta HAKOIMMWYEHHI eHep-

831



832 Majeed Ali HABEEB, Ali Hussein ABDEL-AMIR, and Dhay Ali SABUR

rii. Ile mociimKeHHS IPOIOHYE HOBiI MEPCIEKTHUBU PO3POOKHM MAaTepisaiiB
ISl eJIEKTPUYHUX 1 eJIEKTPOHHUX 3aCTOCYBAHb.

Key words: PVA, MnO, and SnO, nanoparticles, nanocomposites, A.C.
electrical properties.

Karouosi caosa: [IBC, manouactuaku MnO, tTa SnO,, HAHOKOMIIOBUTH, €Jie-
KTPUYHI BJIACTUBOCTI Ha 3MiHHOMY CTPYyMi.

(Received 6 January, 2024 )

1. INTRODUCTION

Since polymers operate as carriers of charges by causing charge mo-
bility along their chains via the m-electrons, they are regarded as
organic materials with conjugating chains, which exhibit strong
electric conduction [1, 2]. The properties of polymers are compara-
ble to those of inorganic matter, but they also have a number of ad-
vantages (and disadvantages), including excellent flexibility, re-
sistance to corrosion, process ability, low cost, and lightweight na-
ture. Important properties like high mechanical properties and
thermal stability are also present in inorganic materials [3, 4]. As a
result, the polymer/inorganic system has several uses in many in-
dustries [56]. Nanocomposite materials show significant promise in
several applications such as sensors, radiation shielding, antimicro-
bial agents, thermal energy storage and release, piezoelectric devic-
es, solar cells, diodes, and other industries, which prioritize to
lightweight and cost-effectiveness [6, 7]. Polymer-matrix nanocom-
posites (NCs) are increasingly being used in materials owing to their
many advantages, such as their low weight, ease of production, af-
fordability, superior resistance to fatigue, and exceptional ability to
withstand corrosion [8, 9]. The incorporation of nanoparticles into a
polymer matrix leads to significant modifications in the electrical,
structural, thermal, and optical characteristics of the matrix [10].
Both organic and inorganic nanocomposites have great promise for
applications in gas sensors, photovoltaic cells, photodiodes, light-
emitting diodes, smart microelectronics, etc. [11, 12]. Because of
their remarkable chemical and physical properties that set them
apart from the bulk, metal-oxide nanoparticles have attracted a
great deal of attention in solar cell applications, optoelectronics,
sensing, catalysis, and other fields. Semi-crystalline polyvinyl alco-
hol (PVA) has poor electrical conductivity [13, 14].

PVA crystal-amorphous interfacial phenomena give rise to cer-
tain physical properties. By adding the appropriate doping material,
its electrical properties may be precisely altered [15]. MnO, is re-
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garded as one of the greatest catalysts because of its affordability,
low toxicity, and friendliness with the environment. Manganese ox-
ide is a transition-metal oxide that occurs in a variety of forms. Be-
cause of its special qualities, MnO, is one of the most appealing ox-
ides. Manganese dioxide (MnQO,) is a semiconductor with a narrow
band gap and a high optical constant that has catalytic and ferroe-
lectric qualities [16, 17]. In the field of scientific study, tin oxide
(Sn0,) is now a topic that is receiving a lot of attention. Because of
its well-established features as an n-type semiconductor with a large
band gap of 3.6—3.8 eV, this is the reason why it is so appealing
[18, 19]. It has a significant potential for a variety of applications,
including the use of transparent conducting electrodes in solar
cells, the use of gas-sensing material in gas-sensor devices, and the
use of transparent conducting electrodes in photochemical and pho-
toconductive devices for liquid-crystal displays and gas dischastifi-
cation [20].

2. EXPERIMENTAL PART

Nanocomposite films containing polyvinyl alcohol (PVA) and nano-
particles of manganese dioxide (MnO,) and tin dioxide (SnO,) were
fabricated using the casting method. In order to conduct the exper-
iment, 40 millilitres of distilled water were used to dissolve pure
polyvinyl alcohol (PVA). Next, various weight percentages of 0, 2,
4, and 6 wt.% of tin dioxide (Sn0O,) and manganese dioxide (MnO,)
nanoparticles were added to the polymer. This dissolving procedure
was place at 70°C for 40 minutes with constant stirring of the solu-
tion using a magnetic stirrer. Achieving more homogeneity in the
solution was the aim of this process. Following 3 days of air-drying
at room temperature, polymer nanocomposites were successfully
formed. The PVA/MnQO,/Sn0O, nanocomposites were taken out of the
Petri dish and used as measurement samples. With an LCR meter of
the HIOKI 3532-50 LCR HI TESTER type, the dielectric character-
istics of nanocomposites were evaluated between 100 Hz and 5
MHz.

The dielectric constant (¢') is computed using the following for-
mula [21, 22]:

£=C,/C,. 1)

The sign C, is usually used to denote a vacuum capacitor, whereas
the term C, is generally used to describe capacitance. It is possible
to express the dielectric loss (&) [23, 24] as follows:

g"=¢'D. 2)
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The variable ‘displacement’ (D) is utilized in this context.
The calculation for the alternating current (A.C.) electrical con-
ductivity is as follows [25, 26]:

Ca.c. = WE'E, 3

where ® denotes the angular frequency.

3. RESULTS AND DISCUSSION

As shown in Figures 1 and 2, the complex permittivity of the
PVA/MnO,/Sn0O, nanocomposite films changes in a way that is fre-
quency dependent, with regard to both the real component (¢') and
the imaginary part (¢"). The statistical findings show that at lower
frequencies, both ¢ and &” have substantial values. With increasing
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Fig. 1. Variation of &' for PVA/MnO,/Sn0O, films with frequency.
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Fig. 2. Variation of &¢” for PVA/MnO,/Sn0O, films with frequency.
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Fig. 3. Relation between dielectric constant and MnO,/SnO,-NPs’ content
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Fig. 4. Variation of ¢’ with MnO,/Sn0O,-NPs’ content for PVA/MnO,/SnO,
films.

frequency, the values of ¢ and &" for PVA/MnO,/SnO, NCs are no-
ticeably reduced. This phenomenon is more accurately described as
interfacial polarisation, which is also known as the Maxwell—
Wagner effect [27-31].

Figures 3 and 4 give more information on how the inclusion of
MnO,/Sn0O, nanoparticles (NPs) influences the performance of ¢ and
¢" for the PVA/MnO,/SnO, films. When the concentration of
MnO,/SnO, NPs increases, the values of ¢ and &” increase propor-
tionally. This is clearly shown by the findings, which are clear and
precise. One may deduce from the pattern that the MnO,/SnO, na-
noparticles are responsible for an increase in the total number of
charge carriers [32—-37].

The graphs in Figs. 5 and 6 illustrate the variations in the A.C.
electrical conductivity (o) of the PVA/MnO,/SnO,-nanocomposite
films as a function of frequency and the ratio of MnO,/SnO, nano-
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Fig. 6. Variation of o, with MnO,/Sn0O,-NPs’ content in PVA/MnO,/Sn0O,
films.

particles. Based on these observations, it can be seen that the o,
values of the PVA/MnO,/SnO, films increase in tandem with the
frequency and ratio of MnO,/SnO, nanoparticles. There is a connec-
tion between the hopping process and the polarisation effect because
the values of o, rise as the frequency increases [38—41]. Further-
more, the increase in conductivity values that occurs as the additive
ratio rises may be attributed to an increase in the amount of charge
carriers as well as the creation of a network of nanoparticles inside
the composite [42—44].

Table show values of A.C. electrical conductivity, dielectric loss,
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TABLE. Results for the A.C. electrical conductivity, dielectric loss, and
dielectric constant of NCs composed of PVA/MnO,/Sn0O, at 100 Hz.

Concentration of Dielectric constant| Dielectric loss A.C. e.l ef:trical con-
MnO,/Sn0,, wt.% ductivity, S/cm
0 0.84 0.084 4.68-10712
2 1.17 0.093 5.2:10712
4 1.33 0.119 6.62.10712
6 1.63 0.142 7.91.107'2

and dielectric constant for NCs composed of PVA/MnO,/SnO, at
100 Hz.

4. CONCLUSIONS

This research aims to examine the dielectric properties, namely, the
complex-permittivity real component (¢') and imaginary part (¢"), as
well as the electrical conductivity (c,c). Understanding how the
materials react to different electrical loads requires paying close
attention to these vital details. During the process of assessing the
results of the PVA/MnO,/Sn0O, nanocomposite films, a distinct pat-
tern was found. As the concentration of MnO,/SnO, nanoparticles
grew, it was observed that the dielectric constant (¢'), dielectric loss
(¢"), and alternating current conductivity (o, ) values for the poly-
vinyl alcohol (PVA) rose. It has been observed that the electrical
characteristics of the composite material are improved in proportion
to the increase in the concentration of nanoparticles. A further
finding from the experiment was that the &' and ¢” values for the
PVA/MnO,/SnO,-nanocomposite films decreased as the frequency
rose. On the other hand, the o, values showed an increasing
trend. It seems that there is a complex interplay taking place be-
tween the frequency and the dielectric properties of the material.
Taking all of these findings into consideration, it is clear that the
PVA/MnO,/SnO, nanocomposite films have a significant amount of
potential for use in the fields of electricity transfer and energy
storage. Because of the unique dielectric properties, which they
possess, they have the potential to be taken into consideration for
further research and development in a variety of industries.
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The present study explores the fabrication of new PVA-PbO,~ZrO, nano-
composites to utilize in different electrical and electronics applications.
The dielectric properties of PVA-PbO,—Zr0O, nanocomposites are tested in
frequency range between 100 Hz and 2 MHz. The results illustrate that
the dielectric parameters, namely, dielectric constant, dielectric loss, and
electrical conductivity, of PVA are increased with rising PbO,—ZrO,-
nanoparticles’ content. The dielectric constant and dielectric loss of PVA—
PbO,-ZrO, nanocomposites are decreased, while the electrical conductivity
is increased with increasing frequency. The achieved results of dielectric
properties indicate that the PVA-PbO,—ZrO, nanocomposites are potential
materials to use in different electrical and electronics fields.

Ile mociim:KeHHS CTOCYETHCA BUTOTOBJEHHSA HOBUX HaHOKOMIO3uTiB IIBC—
Pb0O,~ZrO, nna BUKOPUCTAHHA y PiBHUX €JEKTPOTEXHIUHUX Ta €JIEKTPOH-
HuX ranyssx. IliemexTpuuni Biaactupocti Hamokommosuris IIBC—PbO,-ZrO,
Oysao BumpoOyBaHO B mismasoni uactor Big 100 I'm mo 2 MI'm. PesyabTaTi
IOoKasajiu, IO JieJIeKTPUUYHI ITapaMeTpu, a caMe, OieJIeKTPUYHA ITPOHUK-
HiCTb, AiemeKTpuuHi BTpaTu Ta eidekrpounpoBiguicTts IIBC s6inmbiryBanuca 3i
30iJbIIeHHAM BMicTy HaHOUacTMHOK PbO,-Zr0O,. [lieneKTpruHa IPOHUK-
HicTh i miesekTpuuHi BTpatTu HaHOKoMmosutiB IIBC-PbO,~ZrO, smenmryBa-
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JINCS, TOMAi SIK eJeKTPOIIPOBiAHICTE 3pocTaJia 3i 30imbieHHaM uactotu. Ome-
peKaHi pesyJbTaTH MOCHiAMKEHHS JieJeKTPUUYHUX BJIACTUBOCTEH BKAa3YIOTh
Ha Te, mo HaHokomnosutu [IBC-PbO,-ZrO, € moTeHIiiHUMU MaTepidgiaMu
IS BUKOPUCTAHHSA B PiBHUX €JIeKTPOTEXHIUHUX Ta €JIeKTPOHHUX Traay3dxX.

Key words: PVA, ZrO,, PbO,, nanocomposites, dielectric properties, con-
ductivity.
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1. INTRODUCTION

Polymer composites are polymers contain of modifiers, which are
used as passive and also active layers in optoelectronic devices, such
as optical-waveguide materials, light-emitting diodes (LED), solar
cells, and photochromic materials. In this regard, seeking low-cost
photovoltaic substances and minimum energy consumption during
the industrialized process is becoming increasingly demanding. To
achieve this stage of demand, blending certain fillers with a number
of functional polymers (i.e., polar polymers) at the atomic level of
interaction has been carried out. For example, using the earlier
mentioned methodology, a promising class of inorganic—organic
nanostructured (NS) materials, i.e., polymer nanocomposites (PNCs)
with exceptional mechanical strength can be obtained [1]. Flexible
composite materials have been receiving a great deal of attention in
optical-energy applications due to their remarkable electrical, ther-
mal, mechanical, dielectric, and optical properties versus the other
traditional materials. Currently, polymer composites are of high in-
terest in different energy applications because of their pliable char-
acteristics and their easy to use. Huge attention has been given to
reveal the optical properties of polymers and to potentiate their im-
plementations in optical-energy applications [2]. Modern electronics
heighten the demand for adaptable, multipurpose, eco-friendly die-
lectric materials with superior properties. Historically, ceramics
were used as dielectric materials; however, it possessed undesirable
properties such as brittleness, processing difficulties, and low sta-
bility. Polymers have superior flexibility, processability, and light-
weight, when compared to ceramics. Moreover, they gained signifi-
cant interest in science and technology during the last decade as a
dielectric or interfacial layer between metals and semiconductors.
Among the polymers, biodegradable, non-toxic, and hydrophilic
ones have specific research interest, as they can be applicable in bi-
oelectronics [3]. Polyvinyl alcohol (PVA) has drawn the researchers’
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attention because of its physical and chemical properties. PVA is a
biocompatible, non-toxic, and chemically stable compound. It has
been used for a wide variety of applications, including biomedicine,
water filtration, and food packaging. It has a hydrophilic character,
which can provide a suitable mechanism for its chemical interaction
with the environment and, thus, ensure sufficient bioactivity. It
has a semi-crystalline nature, arising from the position of hydrogen
bonds and the OH groups. PVA has good charge-storage capacity,
high dielectric strength, and filling-dependent electrical and optical
properties [4]. The nanostructures of inorganic—organic and inor-
ganic—inorganic hybrid systems involved many applications in dif-
ferent fields included thermal energy storage [56—13], radiation
shielding and bioenvironmental fields [14—18], and electronics and
optoelectronics [19-34].

This work deals with fabrication of new PVA-PbO,-ZrO, nano-
composites to use them in various electrical and electronics applica-
tions.

2. MATERIALS AND METHODS

The films of PVA-PbO,-Zr0O, nanocomposites have been prepared
with different contents of polymer and nanoparticles (NPs) using
casting method. The PVA film was fabricated via dissolving of
1 gm of PVA in 30 ml of distilled water. The PbO,~ZrO, NPs were
added to the PVA with concentration of 1:1 and different weight
percentages are of 2, 4 and 6 wt.%. The dielectric properties of
PVA-PbO,-ZrO, nanocomposites were tested in frequency ranged
from 100 Hz to 2 MHz by LCR meter type (HIOKI 3532-50 LCR HI

TESTER).
The dielectric constant, €', is defined by Ref. [35] as follows:
C
g =-"F, (1)
CO

where C, is the matter capacitance and C, is the vacuum capacitor.

The dielectric loss, &", is determined by Ref. [36] as
g"=¢'D, (2)

where D represents the dispersion factor.
The A.C. conductivity is given by Ref. [37] as follows:

Oa.c. = WE"g, 3)

where o is the angular frequency.
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3. RESULTS AND DISCUSSION

Figures 1 and 2 illustrate the behaviours of dielectric constant and
dielectric loss for PVA-PbO,~ZrO, nanocomposites with frequency,
respectively. At low frequencies, the dielectric-constant values for
PVA-PbO,~Zr0O, nanocomposites are high. This is because of a large
number of charges accumulated on the surface area of the polymer
electrode, i.e., interfacial polarization and induced dipoles. Fur-

Dielectric constant

+~—

0 : : , , .
1-10? 1-10° 1-10¢ 1-10° 1-10¢ 1-107
F, Hz

Fig. 1. Dielectric constant behaviour for PVA-PbO,~ZrO, nanocomposites
with frequency.
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Fig. 2. Performance of dielectric loss for PVA-PbO,-ZrO, nanocomposites
with frequency.
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Fig. 3. Variation of electrical conductivity for PVA-PbO,~ZrO, nanocom-
posites with frequency for different content of PbO,-ZrO, nanoparticles.

thermore, at high frequency, electrons and atoms exhibit displace-
ment polarization, while interfacial and orientation polarizations
are restricted, resulting in a low charge on the film surface. In ad-
dition, the dielectric loss has high values at low frequency that is
due to the polarization effect. The dielectric constant and dielectric
loss of PVA are increased with rising PbO,—ZrO,-nanoparticles’ con-
centration. These results may be attributed to the increase charge-
carrier density [38—56].

Figure 3 confirms the variation of electrical conductivity for
PVA-PbO,~-ZrO, nanocomposites with frequency for different con-
tents of PbO,—ZrO, nanoparticles. The electrical conductivity is in-
creased with increasing frequency and PbO,—ZrO,-nanoparticles’
content. The increase with the increase in PbO,—ZrO, content is ob-
vious because of the increase in charge carriers. The electrical con-
ductivity also rises at higher frequencies because of the short-range
intrawell hopping of charge carriers between localized states [67—
67].

4. CONCLUSIONS

This work investigates the study of dielectric properties of PVA-
Pb0O,~Zr0O, nanocomposites to exploit in various electrical and elec-
tronics fields. The results demonstrated that the dielectric constant,
dielectric loss, and electrical conductivity of PVA are enhanced with
increasing PbO,—ZrO, NPs’ content. The ¢’ is increased by 90% with
rising PbO,~Zr0O,-NPs’ content to 6% at 100 Hz. The dielectric con-
stant and dielectric loss of PVA-PbO,~Zr0O, nanocomposites are re-
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duced, while the electrical conductivity is raised with increasing
frequency. The final results of dielectric properties indicated that
the PVA-PbO,-Zr0O, nanocomposites are functional nanomaterials
to utilize in various electrical and electronics applications.
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This study investigates the fabrication of new polyvinyl alcohol (PVA)-
silicon nitride (Si;N,)—cobalt ferrite (CoFe,O,) nanocomposites to use them
in various electrical and electronics fields. The dielectric properties of
PVA-Si;N,—CoFe, O, nanocomposites are examined in frequency range
from 100 Hz to 2 MHz. The results indicate that the dielectric constant
and dielectric loss of PVA-Si;N,—CoFe,O, nanocomposites are reduced,
while the electrical conductivity is increased with increasing of the fre-
quency. The dielectric constant, dielectric loss, and electrical conductivity
of PVA are raised with rising of the Si;N,—CoFe,O,-nanoparticles’ content.
The obtained results of dielectric properties demonstrate that the PVA-
Si;N,—CoFe,0, nanocomposites are useful for different electrical and elec-
tronics fields.

Ile mocaimskeHHA CTOCYETHCS BUTOTOBJIEHHA HOBUX HAHOKOMIIOSUTIB HA OC-
HOBi mouiBinimoBoro cnupry (IIBC)—mirpuny Cuainito (SizN,)—deputry Ko-
6anbTy (CoFe,0,) Mia BUKOPUCTAHHA B PiBHUX Tay3dX €JeKTPOTEXHIKU Ta
eneKkTpoHiku. [liemekTpuuni BiacTuBocTi HaHOKOMIO3uTiB IIBC—-Si;N,—
CoFe,0, mocaimxysanu B miamaszoni gactor Big 100 I'm o 2 MT'u. Pesyisb-
TaTH IOKAa3aJiv, IO AieJleKTPUUYHA MPOHUKHICTH i AieseKTpuuHi BTpaTu Ha-
soromuo3utiB IIBC—Si;N,—CoFe,0, 3menmIyoThCS, TOAI AK €JIeKTPOIPOBiA-
HicTb 30imbIyeTheA 3i 36imbmIeHHAM yacToTu. [iesleKTpuUYHA MPOHUKHICTD,
nieJeKTpuuHi BTpaTtm i eneKrtpomnpoBiguicts IIBC 3pocratoTh 3i 36inblieH-
HAM BMicTy HaHouacTmHOK SizN,—CoFe,O,. Omep:xkani pesyabTaTH IOCJi-
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IPKeHHS IieJIeKTPUYHUX BJIACTUBOCTEHM IPOAEMOHCTDPYBAJIU, IO HAHOKOMIIO-
sutu IIBC—Si;N,—CoFe,0, € KopucHUMU AJIA Pi3HUX Tajay3ell eJIeKTPOTeX-
HiKH ¥ eJIeKTPOHIKHU.

Key words: polyvinyl alcohol (PVA), Si;N,, CoFe,O,, nanocomposites, die-
lectric properties, conductivity.

KarouoBi cioBa: momisininosuii cnupr (IIBC), SizN,, CoFe,O,, HaHOKOMIIO-
3UTH, OieJIeKTPUYHI BJIACTUBOCTI, IIPOBiIHICTE.

(Received 28 November, 2023)

1. INTRODUCTION

Polymer matrix composites are used in various fields, such as au-
tomotive, aircraft, aerospace, and marine machinery, due to their
exceptional mechanical and physical properties. Polymeric compo-
sites have replaced conventional metal parts in ships because they
are lightweight and wear-resistant [1-4]. Poly(vinyl alcohol) (PVA)
is a semi-crystalline, water-soluble, environmentally friendly bi-
opolymer that is produced nowadays on a large scale. It has a hy-
drophilic nature and exhibits good processability, film forming abil-
ities, flexibility, high transparency, non-toxicity, excellent tensile
strength, and good thermal stability (200°C) for applications, which
do not require higher temperatures for optimal functionality of the
material and interesting dielectric properties as was described in
certain studies [5]. PVA [(C,H,O)n] is an exciting polymer due to its
physical, chemical, mechanical, and thermal characteristics. Moreo-
ver, PVA has particular features such as semi-crystalline, adhesive
properties, and water-soluble. It is suitable for a wide range of sci-
entific, biomedical, and technological applications [6]. Among the
fillers, ferrimagnetic materials, such as cobalt ferrite (CoFe,0,), are
characterized by permanent magnetization, raised coercitivity, heat
stability, good dielectric features, and moderate hardness; however,
the research regarding the implication of the CoFe,0,-loading on the
physical properties of a polymer matrix is not so abundant [7]. Sili-
con nitride (Siz;N,) is amid the mainly significant ceramic substances
for elevated-temperature fields as a result of combination of its me-
chanical characteristics at the room and elevated temperatures, re-
sistance for oxidation, low thermal-expansion coefficient, and low
density compared of refractory metals [8]. The nanostructures ma-
terials were added to improve the optical, electrical, and electronics
properties to employ in different fields like sensors [9-15], elec-
tronics and optoelectronics [16—31].

The present work deals with fabrication of PVA-Si;N,—CoFe,0O,
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nanocomposites and studying their dielectric constant to employ in
different electrical and electronic applications.

2. MATERIALS AND METHODS

The PVA-Si;N,—CoFe,0,-nanocomposites’ films have been prepared
employing casting technique. The film of pure PVA was prepared by
dissolving of 1 gm in 30 ml of distilled water. Then, the Si;N,—
CoFe,0, nanoparticles (NPs) were added to polymer (PVA) with ra-
tio 1:1 and various concentrations of 2.1, 4.2 and 6.3 wt.%.

The dielectric properties were examined in frequency range from
100 Hz to 2 MHz by LCR meter type (HIOKI 3532-50 LCR HI

TESTER).
The dielectric constant, €', is defined by Ref. [32] as
C
g =2, (1)
CO

where C, is the matter capacitance and C, is the vacuum capacitor.

The dielectric loss, ", is determined by Ref. [33] as
g"=¢'D, (2)

where D represents the dispersion factor.
The A.C. conductivity is given by Ref. [34] as follows:

Ca.c. = 0E"E, 3)

where o is the angular frequency.

3. RESULTS AND DISCUSSION

Figures 1 and 2 show the variation of dielectric constant and dielec-
tric loss for PVA-Si;N,—CoFe,0, nanocomposites with frequency of
applied field for different contents of Si;N,—CoFe,O, nanoparticles.
The behaviour of the dielectric properties concerns the increasing
values of dielectric constant and dielectric loss. It has been observed
that the provided attitude leads to an enhancement in the conduc-
tivity of the films. This is attributed to the increase in carrier con-
centration and mobility.

Additionally, the rise in dielectric constant and dielectric loss in
the lower-frequency region is ascribed to the effect of polarization
on the films. The dielectric constant and dielectric loss of PVA were
rising with rising of the Si;N,—CoFe,O,-nanoparticles’ content.
These behaviours are related to increase the density of carriers’
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Fig. 1. Variation of dielectric constant for PVA-Si;N,—CoFe,0, nanocom-
posites with frequency.
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Fig. 2. Variation of dielectric loss for PVA-Si;N,~CoFe,0, nanocomposites
with frequency.

numbers [35—-50].

Figure 3 demonstrates the performance of A.C. electrical conduc-
tivity for PVA-Si;N,—CoFe,0, nanocomposites with frequency for
various contents of Si;N,—CoFe,O, nanoparticles. The conductivity
has low values at low frequencies that could be related to spatial
charge polarization, suggesting non-Debye properties of the films.
The conductivity value increases, when the frequency is increased.
Furthermore, the conductivity values of the PVA-Si;N,—CoFe,O,
nanocomposites were found to be greater than those are for PVA,
that implying the insertion of Si;N,—CoFe,O, NPs into the PVA
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Fig. 3. Performance of A.C. electrical conductivity for PVA-Si;N,—CoFe,0,
nanocomposites with frequency for various contents of Si;N,—CoFe,O, na-
noparticles.

could enhance significantly rapidly the charge-conduction mecha-
nism. Furthermore, such enhancement may indicate an increase in
disorder degree that regulates charge-carriers’ movement and ob-
taining the formation of a linked percolating chain that is suitable
for the mechanism of charge transfer [51-64].

4. CONCLUSIONS

The present work comprises fabrication and dielectric properties of
PVA-Si;N,—CoFe,O, nanocomposites. The results indicate that the
dielectric constant and dielectric loss of PVA-Si;N,~CoFe,O, nano-
composites were decreased, while the electrical conductivity was in-
creased with increasing frequency. The dielectric constant, dielec-
tric loss, and electrical conductivity of PVA were rising with rising
of the Si;N,—CoFe,O,-nanoparticles’ content. The dielectric constant
is increased from 4.53 for PVA to 5.88, when Si;N,—CoFe,0,-
nanoparticles’ content reached 6.3% . The obtained results of dielec-
tric properties demonstrate that the PVA—-Si;N,—CoFe,O, nanocom-
posites are useful for different electrical and electronics fields.
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This article aims to fabricate the silica (Si0,)/silicon nitride (Si;N,) nano-
particles’-doped polystyrene (PS) for utilize in a variety of electronics and
electrical nanodevices. By casting method, the films of PS—-SiO,—Si;N, are
synthesized at various weight percentages of 2.3%, 4.6%, 6.9% of SiO,—
Si;N,. The distribution of SiO,—Si;N, nanoparticles (NPs) are examined by
optical microscopy (OM). The OM confirms a good distribution of
Si0,/SisN, NPs inside the matrix of polystyrene. The dielectric character-
istics are evaluated at room temperature across a frequency range of
100-5-10° Hz. The results reveal that the dielectric constant and dielectric
loss of PS—Si0,-Si;N, nanocomposites are reduced as the frequency of the
applied electric field is increased. The electrical conductivity of alternat-
ing current rises with rising frequency. With increasing concentration of
Si0,—SizN, nanoparticles, the dielectric constant, dielectric loss, and A.C.
electrical conductivity of PS—Si0,-Si;N, nanocomposites are enhanced.
The results confirm that the dielectric properties of the PS-SiO,—Si;N,
nanostructures might be used in a variety of nanoelectronics and electrical
applications.

IIa craTrTa mMae Ha MeTi CTBOPEHHA HAHOMATEPiAJiB Ha OCHOBI moOJIicTHpOJIY
(IIC), seroBamoro HaHouacTmHKamMu nriokcunay Cuminiio (SiO,)/Hitpuzy Cu-
gimito (SizN,), IJd BUKOPUCTAHHA B Pi3HOMaHITHUX €JE€KTPOHHUX Ta €JIeKT-
PUYHUX HAHOHNPUCTPOAX. MeTogom JIuTTA Oyjao cuHTe30BaHO miaiBku IIC—
Si0,—Siz;N, 3 pisaum BaroBum Bigcotrkom y 2,3%, 4,6%, 6,9% SiO,—Si;N,.
Posnogin manouactunok Si0,—Si;N, O0ysm0 mocaifkeHO 3a MOIOMOTOIO OIITH-
YHOI MIiKpPOCKOITii, M0 IIiATBepAMJia XOPOIIUHA PO3MOMiJA HAHOYACTUHOK
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Si0,/Si;N, Bcepenuui moaictuposioBoi martpurni. iereKTpuuHi xapakTepuc-
TUKU OyJ0 OI[iHeHO B3a KiMHaTHOI TeMmIepaTypu B [iAla3OHi YaCTOT
100—(5-10°%) I'm. PesympraTu IOKasaim, IO JieJeKTPHYHA IIPOHUKHICTH i
miesmexkTpuuHi BTparm HaHOKOoMmosuTiB I[IC-Si0,—Si;N, smenmyiorsca 3i
30iJIBIIIEHHAM YaCTOTU HPUKJIALEHOTO €JEeKTPUUYHOTO IOoJiA. KIeKTpompoBin-
HicTh 3MiHHOIO CTPyMy 3pOCTa€ 3i 30iJbIIEHHAM YacTOTHU. 3i 36iJbIIeHHAM
KoHIeHTpalii HaHouacTuHOK Si0O,—Si;N, miesekTpuyHa OPOHUKHICTH, HAie-
JIEKTPUYHI BTpaTHM Ta 3MiHHA €JIEKTPONIPOBiAHicTh HaHOKOMIO3uTiB IIC—
Si0,—Sis;N, momimmysBanmuesa. Pesynbratu migTBepamam, Imo gociimsxeHi mie-
JeKTpuuHi BiactuBocTi HaHOCTPYKTYp IIC—Si0,—Si;N, M0XKyTH OyTHM BUKO-
pucTaHi B pisHUX HAHOEJEKTPOHHUX Ta €JIEKTPOTEeXHIUHNX 3aCTOCYBAaHHSAX.

Key words: polystyrene (PS), silica (SiO,), silicon nitride (Si;N,), dielectric
constant, dielectric loss, conductivity, electrical nanodevices.

Karouosi cmoBa: mosictuposn (IIC), kpemueszem (SiO,), HiTpma Cuirimiro
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1. INTRODUCTION

Polymer nanocomposites are one of the most important materials in
the academic and industrial areas, and are produced by dispersing
nanofillers with one or more dimensions at nanoscale into the poly-
meric matrix. Recently, researchers have been attracted to polymer
nanocomposites over conventional microcomposites due to their
wide applications in electromechanical systems and their large in-
terfacial area per unit volume of the dispersion medium [1]. Recent-
ly, the improvement of polymeric materials by modification of their
physical properties has become of concern in order to fulfil the in-
creasing requirements in various industrial applications such as ca-
bles, materials of electronic packaging, jackets, and films of capaci-
tors [2]. Flexible composite materials have been receiving a great
deal of attention in optical energy applications due to their remark-
able electrical, thermal, mechanical, dielectric and optical properties
versus the other traditional materials. Currently, polymer compo-
sites are of high interest in different energy applications because of
their pliable characteristics and their easy to use. Huge attention
has been given to reveal the optical properties of polymers and to
potentiate their implementations in optical energy applications [3—
6]. Silicon dioxide is developed as additive in polymer composites.
Targeting to raise microwave absorption, behaviour for antimicro-
bial, mechanical characteristics, etc., silica may be employed as a
dispersed phase in polymer substance. In numerous cases, SiO, is
accrued as to enhance the polymers processability in various fabri-
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cating techniques [7]. Si;N, is an extremely stable covalent com-
pound with large application value in numerous fields because of
excellent resistance for corrosion and good resistance to tempera-
ture alter. It may be an effectual filler to enhance the behaviour of
polymer substances [8].

This study examines how the SiO,—Si;N, addition affects on the
dielectric characteristics of polystyrene nanocomposites.

2. EXPERIMENTAL PART

Polystyrene (PS), silicon dioxide (SiO,) nanopowder, and silicon ni-
tride (Si;N,) nanopowder (obtained from US Research Nanomateri-
als) were casted in varying amounts to create PS/SiO,/Si;N,
nanostructure films. The film of pure polystyrene was prepared by
one gram of polystyrene dissolved in 30 mole of chloroform. The
proportions of the SiO,/Si;N, nanoparticles (NPs) added to the PS
solution were of 2.3%, 4.6%, and 6.9%. We synthesized 100 yum-
thick PS/SiO,/Si;N, nanostructure films. SiO,/Si;N, nanostructure
distribution inside the PS medium is investigated using an optical
microscope. The Hioki 3532-50 Hi Tester LCR analyser is used to
evaluate dielectric characteristics in the frequency range of
100 Hz—5 MHz and at room temperature.

The dielectric constant (¢') of PS/SiO,/Si;N, nanocomposites is
calculated by the following equation [9]:

g=2, (1)

where C, is parallel capacitance and C, is vacuum capacitor.
The following formula calculates dielectric loss (¢") [10]:

" =¢'D, (2)
where D is dispersion factor.
The A.C. electrical conductivity of PS/SiO,/Si;N, nanocomposites
is determined by the following equation [11]:
Oa.c. = 0€"€g, 3)

where o is the angular frequency.

3. RESULTS AND DISCUSSION

Figure 1 shows that the SiO,—Si;N, NPs are dispersed as clusters at
lower ratios. When the ratios of SiO,—Si;N, increase, the SiO,/Si;N,
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Fig. 1. Microscope images (x10) for PS-Si0O,/Si;N, nanocomposites. a—PS;
b—2.3 wt.% Si0,/SizN,; ¢c—4.6 wt.% SiO,/SizN,; d—6.9 wt.% Si0,/Si;N,.

——PS
44 2.3 wt.%
——4.3 wt.%
4.2 ——6.9 wt.%

4.0
3.8

3.6 \—/‘—/M/\
3.4 \/\/\

3.2 r . — r ]
i-10? 1-1¢° 1-104 1-10° 1-10¢ 1-107
F, Hz

Dielectric constant

Fig. 2. Behaviour of dielectric constant against frequency for PS—SiO,—
Si;N, nanocomposites.

particles form a network within the PS matrix. The nanoparticles
specify the charge carriers inside the polymeric framework [12—-19].

Figures 2 and 3 indicate that the dielectric constant and dielec-
tric loss of the PS—Si0,—Si;N, nanocomposite decrease with increas-
ing applied-field frequency. This is due to the nanocomposites’ di-
poles pointing in the direction of the applied electric field, resulting
in a decrease in space charge polarization relative to total polariza-
tion. At low frequencies, space charge polarization contributes more
to polarization, whereas polarization decreases at higher frequen-
cies. As a consequence, all samples of PS—SiO,—Si;N, nanocompo-
sites exhibit a drop in the dielectric-constant and dielectric-loss
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Fig. 3. Behaviour of dielectric loss of PS—SiO,—Si;N, nanocomposites
against frequency.
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Fig. 4. Relation between A.C. electrical conductivity with frequency F for
PS—Si0,—SizN, nanocomposites.

values as the electric-field frequency increases. The figures show
that, for nanocomposites at f=4 MHz, ¢ and ¢" increase to their
highest values. The dielectric constant and dielectric loss of PS in-
crease with rising SiO,—Si;N, that is due to increase in the number
of charge carriers [20—35].

Figure 4 confirms that the A.C. conductivity of PS-SiO,—Si;N,
nanocomposites changes with frequency at room temperature. The
substantial increase in A.C. conductivity with frequency is caused
by both the hopping process, which moves charge carriers, and
space charge polarization, which occurs at low frequencies. In addi-
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tion, the A.C. conductivity of PS rises with rising SiO,—Si;N,-
nanoparticles’ content; this performance is related to rise of charge-
carriers’ number [36—48].

4. CONCLUSIONS

The current study comprises the fabrication of PS—Si0O,—Si;N, nano-
composites for utilize in a variety of electronics and electrical
nanodevices. The PS—SiO,—Si;N, nanocomposite films were synthe-
sized by casting method. The distribution of SiO,—Si;N, nanoparti-
cles were examined by optical microscopy (OM). The OM confirms a
good distribution of SiO,/Si;N, NPs inside the matrix of polysty-
rene. The dielectric characteristics were evaluated at room tempera-
ture across a frequency range of 100—5-10° Hz. The results revealed
that the dielectric constant and dielectric loss of PS—SiO,—Si;N,
nanocomposites are reduced as the frequency of the applied electric
field is increased. The electrical conductivity of alternating current
rises with rising frequency. With increasing concentration of SiO,—
Si;N, nanoparticles, the dielectric constant, dielectric loss, and A.C.
electrical conductivity of PS—SiO,—Si;N, nanocomposites were en-
hanced. Finally, the results confirmed that the dielectric properties
of the PS—Si0,—Si;N, nanostructures might be used in a variety of
nanoelectronics and electrical applications.
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Using computational methods, the influence of the donor—acceptor inter-
play between the structural elements of polyvinyl chloride (PVC) and
nanodispersed Cu-filler (at 298 K<T<T,+10K, 0<¢<0.30 vol.% Cu,
® =0.4 MHz) on the change in the values of dynamic moduli (E, K, G),
viscosity (u), internal friction (tgd), and relaxation times (t;) of the sys-
tem. Based on the Maxwell-Frenkel model, the ways to regulate the be-
haviour of PVC composite in the ultrasonic and thermal fields are indicat-
ed.

3 BUKOPUCTAHHAM OOYMCJIIOBAJIBHUX METOZiB 3’sCOBAHO BILIUB JOHOPHO-
aKIIeIITOPHOTO B3a€EMOUYMHY MisK eJIeMeHTaMHu CTPYKTYPHU HOJiBiHiIXIopmmy
(IIBX) i manogucnepcaoro Cu-HamoBHIoBaua (3a ymoB 298 K<T<T,+ 10K,
0<9<0,30 06.% Cu, ®=0,4 MI'it) Ha 3MiHU BeJUUYUH JUHAMIUHUX MOIYJIiB
(E, K, G), B’askoctu (u), BHyTpinmHbOTO TepTa (tgd), yaciB pemaxcairii (t,)
cucremu. Ha ocHoBi momesto MakcBesmina—®PpeHKeIsd 3a3HAUEHO ILIAXU pe-
rynoBanua moBefiHKu IIBX-KomMmosuTa B yJIbTPa3BYKOBOMY Ta TEILIOBOMY
TOJIAX.

Key words: nanosystems, coordination bonds, structural element, dissipa-
tion.

KarouoBi ciaoBa: HamocucTeMu, KOOPAUWHAIIWHI 3B’SA3KU, CTPYKTYPHUU eJie-
MEHT, OUCHUIIAIid.
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1. INTRODUCTION

It has been established that polyvinyl chloride (PVC) filled with
nanodispersed metal can be used as a matrix for displays, acoustic
delay lines, and structural elements [1]. However, there have been
no systematic studies of the viscoelastic properties of PVC compo-
sites containing nanodispersed copper obtained by the method of
rapid conductor electric explosion (RCE) at different types of de-
formation (¢, (i=1, 2, 3), content (¢p) of ingredients, and a wide
range of temperatures (7). At the same time, the most valuable and
complete information on the nature of the effect of nanodispersed
metal on PVC structure formation can be obtained on the basis of
the results of ultrasound physics (molecular acoustics) in the mega-
and kilohertz frequency range [2]. Today, it has become obvious
that the law of distribution of the internal energy of the system be-
tween the elastic and viscous components of the composite defor-
mation has not yet been established, the role of the surface and the
interstructural interaction of amorphous polymer—metal on the
formation of viscoelastic properties of the material has not been
clarified, and there is no complete structural and statistical model
that can explain the physics of the processes of momentum and en-
ergy transfer in the composite and indicate ways to control them.

Accordingly, the aim of the study is to investigate the viscoelas-
tic properties of PVC—nanodispersed metal systems using phenome-
nological approaches and elements of the molecular kinetic theory
of polymers as a condensed state of matter, taking into account the
physical chemistry of the surface metal (Cu)—dielectric (PVC), and
to determine the limits of practical use of the composite.

2. MODEL. THE EFFECT OF VISCOELASTICITY
IN A COMPOSITE

The development of non-ionic technology [3] requires the study of
the viscoelastic properties of flexible chain polymers filled with
nanodispersed metal powders. At the same time, it is necessary to
investigate the directed effect of the active centres of the filler sur-
face on the distribution of the composite free energy between elastic
and inelastic deformation of such heterogeneous polymer systems
(HPS). The solution to this problem requires the use of the Boltz-
mann’s superposition principle, which allows describing the behav-
iour of HPS by a system of differential equations and using ele-
ments of the dual quasi-linear body model to determine changes in
the mobility of structures in force and energy fields. The model
representations of the PVC system are based on the statement about
the fluctuating structure of the existence of microblocks [4], the
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elements of which are characterised by a certain lifetime t,,. Char-
acteristically, depending on T, macromolecules themselves can ex-
hibit different forms of mobility. This makes it possible to repre-
sent the PVC macromolecule as a one-dimensional crystal-like ‘pearl
necklace’ [56] with the lattice wvalue of the wave number,
k, = (6n*N)"? (N is the number of structural elements of a body
with volume V). Calculations have shown that k,=1.6-10""m™ is
commensurate with the size of the monomeric link [-CH,-CHCIl-],
PVC. Since the Debye frequency o, = vk, is equal to 2.4-10" s,
consequently, the condition w,>> w is fulfilled that allows, accord-
ing to the Williams—Landel-Ferry principle, to study the relaxation
spectrum of PVC-Cu at @ =0.4 MHz [2].

It has been established [6] that, in order to regulate the viscoelas-
tic properties of a composite in a targeted manner, it is necessary to
create an appropriate covalent network in it, in which there are ar-
eas for dissipating the thermal energy of dynamic structural ele-
ments, whose movement is realised due to the thermal energy of the
structons.

The active centres of the surface of nanodispersed copper powder
were chosen as a model for this coordination bond network, which
contribute to changes in the mobility of the structures in accord-
ance with different inter- and intramolecular forces [7]. This sug-
gests that the material possesses the property of bulk viscoelasticity
under the action of an ultrasonic field of low intensity, the defor-
mations are small (¢ = AV/V < 1) and are described by the Frankel—
Maxwell model [8]. The result of inter- and intramolecular interac-
tions between structural elements is manifested in the form of vis-
cosity (damper (R;)), and springs characterise Hookean deformation
(¢). The analytical description of the model (as a kind of connection
of dampers and springs) was carried out using the method of elec-
trical analogy [8], which allows the relaxation time of PVC struc-
tures exposed to the action of active Cu surface centres to be identi-
fied with the waiting time 1, of the transition across the potential
barrier [9] and to determine the viscoelastic properties of the tran-
sition layer (TL) of the PVC—Cu system. First of all, let us take into
account the fact that coordination bonds of the donor—acceptor-type
interaction occur between them, which is due to the acceptor prop-
erties of PVC macromolecules containing polar chlorine (Cl) groups
[6]; Cu ions can accept unshared elemental pairs of Cl atoms and
thus form a stable energy bond [10].

Let us assume that the surface density of donors and acceptors
per 1 m? is N, and N,, respectively. The occurrence of adsorption
bonds of the PVC macromolecule with the Cu surface, when forming
a polymer composite in the T—p mode, contributes to additional
structuring of the system, limiting the mobility of polymer links
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near the surface of the nanodispersed filler. As a result, this causes
a change in the conditions of the relaxation processes and delays
the establishment of a quasi-equilibrium state of PVC structure
formation near the Cu surface, increasing the free volume of the
composite [11].

Thus, the PVC macromolecules are only in contact with a part
(S;) of the total surface (S) of the filler:

S, =———8, (1)
n, +n,

where n,, n, are the number of atoms of the polymer matrix and
filler per unit volume, respectively. Considering that the interaction
between the components, depending on the distance (d;) between the
structural elements, is determined, as a first approximation, by the
Boltzmann’s function [8], the number of PVC-atoms’ ‘bounds’ to
the surface of the filler is

N, = SN, exp(‘Z‘Tx)j, @)

where N, is the number of PVC kinetic elements per surface unit,
U(x) is the energy of interaction between component atoms at the
PVC—Cu interface. The values of S;, N; were calculated based on
the change in the value of the heat capacity for the unfilled (AC,)
and filled (AC) composite [11]; U(x) was calculated by the Morse’s
method [8]. This difference between the potential energies of the
electron in the donor and acceptor centres is defined as

Wi(n) = W'O(dl,dz,sl,sz)—eAV, 3)

where AV is the potential difference between the centres of the elec-
tron pits in the donor and acceptor centres created by the field of
all other unreacted pairs.

Since the density of acceptor centres located on the surface of
nanodispersed copper is greater than that of donor centres [12], we
assume that the electron of the donor centre is transferred to the
nearest acceptor centre. In this case, the quasi-equilibrium state of
the composite is determined from the condition of minimum free
energy with respect to the number of reacted donor—acceptor pairs
[6]. This allowed us to determine the limits of parameter changes:
Wo(d,, dy, 0y, n),~(1.0-1.5)-10"°J, d,+d,~10°-10°m, n,;~10"%-
10", which provide a change in the shear modulus at the interface
of the order of (0.8-2.0)-10° N-m? at T, =843 K, T, =313 K, respec-
tively.

On the equivalent Frankel-Maxwell substitutional scheme [8], the
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relationship between the change in pressure (Ap) of the U/W field
caused by the action of a low-intensity generator in the mode
p = p,exp(jot) and the volumetric strain was established by intro-
ducing the viscosity coefficients R,, R, and viscoelastic moduli
(and/or compression coefficients C,, C,) K,, G, (i=1, 2) of PS and
PVC, respectively.

To derive the rheological equation of state of the composite, the
mechanical model of the Kneser’s medium is represented as the
Kelvin’s electrical model [2] for the PS structures (R;, C;) and
Maxwell’s one [8] for the original PVC (R,, C,).

Let us describe the proposed model using the method of symbolic
representation through the potential difference U, (i=1, ..., n) and
the system charge ¢. After the appropriate mathematical transfor-
mations, we obtain the following relations:

2.2
Re|Z| - Reli] - Bt Bt RO @)
1+ @1

- : . 1 2_2 2 C
Im‘Z| - Im|n‘ - +m%:tl++wm§;?)l 2

(5)

where 1, = R,C, is the relaxation time, C,, C, are the compressibility
coefficients (C;=7%; ", Co=7%s ).

Given that the sample has the shape of a flat cylinder of infinite
dimensions (I >>4) and is deformed by an ultrasonic wave (A) propa-
gating in a medium, whose dimensions are significant compared to
the wavelength, we have:

1= Z = Reli] + Im[] = o/ - 7", (6)

where 1 is the dynamic viscosity of the composite equivalent to the
total resistance of the system Z.

At the same time, the composite undergoes a transverse defor-
mation with a frequency ®, which causes a phase shift & between
stress and strain equal to

go— & 1 _ B+ R+ Ro'r)aC, )
G 1  1l+o’t+o’tyRC,

Let us analyse the limiting cases of changes in the value of tgo,
if: 1) R, >> R,, then, tgd = (ot,)", i.e., the behaviour of the PS is
described by the Maxwell’s model [8]; 2) R,>> R,, then, dynamic
change tgd = o1, characterises the energy exchange of PVC in the
volume and is described by the Feucht’s model [2]. In the studied
region of ingredient content, the viscoelastic properties of PVC
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composites obey the relationship (7), which indicates the relation-
ship between elastic (C;, C,) and viscous (R;, R,) deformation.

3. OBJECTS OF STUDY AND METHODOLOGY
OF THE EXPERIMENT

We studied redeposited PVC of the KSR-676 brand with MM 1.4-10°
in the [-CH,-CHCI-], linkage, where more than half of the mass be-
longs to the chlorine atom. This allows us to trace its interaction
with the active surface centres of nanodispersed copper (Cu) as a
polymer filler. In addition, the results of the study of the PVC—-Cu
composite can serve as the basis for model representations of flexi-
ble-chain and heterogeneous systems (HS) obtained on their basis.
PVC, as a multitonnage polymer, requires new active modifiers, the
search for which is ongoing [5].

The nanodispersed copper powders were obtained by the method
of electric explosion of the conductor (EEC). In this case, a copper
conductor was placed in the mass of the initial PVC, the rapid elec-
tric explosion of which made it possible to obtain a homogeneous
metal-polymer mixture (PVC-Cu), from which a composite was
formed in the T—p mode (T =410 K, p=10.0 MPa) [3].

The linear dimensions () of the filler, determined by the method
of Debye—Scherrer x-ray diffraction analysis [13], were (45 + 2)-10°
m.
The volume content of nanodispersed copper powder, due to the
lack of segregation, the formation of a phase topology, and the high
activity of low filler contents [5], varied in the range of 0 < <0.30
vol.% Cu with a step of 0.05 by volume.

To conduct ultrasonic measurements of the viscoelastic properties
of the composite, samples of the following dimensions were used:
diameter of 3-1072 m, height of (8—10)-10° m. The propagation ve-
locity of the longitudinal v, and transverse v, U/W waves, as well as
their corresponding absorption coefficients o,, o,, were determined
at a frequency of 0.4 MHz using an experimental setup [11]. Using
a measurable differential cuvette, the values of v, v, o, a, for PVC
systems in the range 298 K< T <358 K were determined on one
sample using the pulse method in conjunction with the rotating
plate method. Based on the Stokes equation [2], knowing the propa-
gation velocity and energy absorption coefficients of the U/Z field,
the real and imaginary parts of the elastic moduli and energy dissi-
pation of the system were calculated. The measurement error of the
v, and v, values was of 0.5-1.0%, and the absorption was of 8-
10%, respectively.

The density of the samples (p) was determined by hydrostatic
weighing with an accuracy of 0.2% at a heating rate of 3 K/min.
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4. RESULTS AND DISCUSSION

Figure 1 shows the results of the concentration dependence of tgd,
longitudinal (E£) and transverse (u) U/W waves in PVC systems. It
is characteristic that a nonlinear dependence of the energy dissipa-
tion value is observed in the entire region of nanodispersed copper
content (0<9<0.30 vol.%) and temperature range (7'=303-333 K).
At the same time, the value of tgd, (> tgd,), in both the concentra-
tion region and temperature one, changes with external factors. It
is characteristic that the value of tgd of PVC systems in the studied
range of @ and T exceeds the corresponding characteristics of the
original PVC. This indicates the presence of quantitative changes in
the values of intra- and intermolecular interactions, which affects
the mobility of the composite structure elements.

In the case of the original PVC, in the range of 308 K<T<328 K,
under longitudinal deformation, the B-relaxation region is mani-
fested, which, at a content of 0.05 < ¢ <0.30 vol.% Cu, is character-
istic of shear deformation. An intensive increase in the value of
mechanical energy losses during deformation of the composite also
occurs in the range of 333—358 K. The obtained results allow a dif-
ferentiated (Atgd) approach to the analysis of the energy dissipation
of the PVC system, which is due to the presence of nanodispersed
copper as PVC filler. It has been found that the value of Atgd at
different types of deformation of the composite by the U/W field
increases in the entire range of changes in ¢ and T. Characteristi-
cally, when the temperature increases above 323 K (¢ = const), the
intensity of growth of Atgd = f(¢); decreases.

Taking into account the influence of low nanodispersed filler con-
tent (¢ £0.30 vol.% Cu) on the change in the structure of PVC sys-

tgo

02

0.1 A—1
X —2
- — 3
n— 4

0 | ] | ,

0.1 0.2 0.3

¢, vol.%

Fig. 1.
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tems and the condition that & << i (U/Z), we calculate the effect of
donor—acceptor interaction between the system structure units on
the value of the viscoelastic characteristics of the material. Calcula-
tions performed according to relations (2), (3) showed that the value
of the strength of a single donor—acceptor interaction in the PVC-
Cu system is of 2.7-10"'N. This, according to the Kirkwood—
Riseman model [18], corresponds to a shear modulus of 3.8:10°
N-m™? as a result of the relative percentage of chlorine atoms in the
PVC macromolecule and the average value of the strength of the
donor—acceptor interaction.

The knowledge of the value of the dissipation energy of U/W vi-
brations (Fig. 1) in the original PVC (tgd;) and composite (tg3,)
makes it possible, according to the conservation law, to determine
the mechanical energy losses caused by the presence of donor—
acceptor interaction forces in the form of

Atgd = tgd, — tgd, , (8)

Considering the presence of donor—acceptor bonds in the
PVC + Cu system as an electrical model of the Kelvin’s environment
[8] RC,, we have that

Re]ﬁ2|

Atgd = _
Im ‘n2|

=0t =Gt 9

This makes it possible, knowing the value of the shear modulus and
the dissipation of the U/W field energy, according to Eq. (9), to de-
termine the dynamic viscosity of the composite, taking into account

the donor—acceptor interaction in the system:
n, =8¢, (10)

o

Figure 2 shows the concentration dependence of the dynamic vis-
cosity of the PVC+ Cu system under compression—tensile defor-
mation under isothermal conditions (T, # T';). As the content of the
nanodispersed filler increases, the value of n, = f(cp)|T changes non-
linearly with a tendency to increase and a plateau region at ¢ > 0.05
vol.% Cu. For the longitudinal and shear strains, the condition
1, > 1, is observed to be fulfilled at T = const. This indicates that a
change in the amount of movement of the composite structures be-
tween adjacent infinitesimal elements of the medium volume occurs,
when their velocities are different under shear and/or tensile—
compressive deformation. The internal friction forces in a PVC
composite between structural units due to the presence of donor—
acceptor bonds in the case of shear deformation are smaller (Fig. 2)
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than in the tensile—compression process. With an increase in tem-
perature (Fig. 3), the nature of the relationship between the values
of h,> h, is preserved, and the value itself decreases monotonically.
This dependence is also typical for other Cu concentrations and
temperature regions.

The results of the study of the temperature and concentration
dependence of the dynamic moduli and viscosity per unit volume of
the PVC system, which was directly affected by the donor—acceptor
bond between the ingredients, allow, using the relations (5)—(7), to
calculate the viscoelastic properties of the composite as a condensed
body. This, in turn, makes it possible to trace the nature of the re-
laxation processes in the PVC system due to the formation of a do-
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nor—acceptor bond between nanodispersed copper powder and a
chlorine atom of the polymer matrix. It should be noted that such
studies in the megahertz range of the GCS field with simultaneous
determination of the real and imaginary parts of Young’s and shear
moduli, volume strain, and viscosity allow us to determine not only
the dynamic characteristics but also the range of composite perfor-
mance in wide ranges of changes in 7' and ¢. The nature of the de-
viation of the calculated values of the viscoelastic characteristics
(tgd;,, i E; G; (i=1, 2)) for PVC + Cu systems from their experi-
mental data will allow us to assess the relaxation state of the mate-
rial.

Figure 4 shows the temperature and concentration dependences of
the value of the viscoelastic Young’s modulus and volumetric com-
pression of PVC systems. It is characteristic that, for all composites
in the range of 298 K<T <358 K and 0< ¢<0.30 vol.% Cu, a non-
linear change in values with a relaxation B-transition in the region
of 308 K < T <328 K. At the same time, the most intense decrease in
the value of E = f(T)| occurs with a minimum at ¢ =0.30 vol.% Cu.
Comparison of the experlmental results of the dynamic viscosity
w1th the calculated values according to Eqs. (4), (5) and (6), where

= (M2 +1")"?, showed that, in this region of the volume content
of the ingredient, they are in satisfactory agreement with each oth-
er. As the temperature increases, the action of the acceptor centres
of the filler surface, as well as the increase in the mobility of Cl”
atoms of PVC, reduce the effectiveness of the donor—acceptor inter-
action on the relaxation properties of the composite. Due to thermal
fluctuations, the time of detachment of the CI” atom from the ac-

u; E-107%, N-m~2

ry ._1
X — 2
5.0 N
0 — 4
401
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898 308 318 328 338 348 358
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Fig. 4.
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tive centre of the nanodispersed copper surface becomes shorter
than the period of action of the external alternating voltage of the
U/V source [14], i.e.,

1< 1, exp(—%), (11)

where 1, ' =1.0-10'2 s7! [8]. The equality sign in expression (11) cor-
responds to the temperature (T,), starting from which there is an
effective reduction in the influence of the filler on the value of the
viscoelastic characteristics of the material. The calculations showed
that the value of T, lies in the region of 400 K, indicating an in-
crease in the thermal stability of the PVC system.

The analysis of the dependence t=f(T), (relation (11)) states
that the Arrhenius-type equation is valid for the centre of the max-
imum B-transition at T=T,, [8]:

U
T, = 0T, exp| = |=1; 12

m

moreover, at ¢ =0.30 vol.% Cu, the relaxation time of the struc-
tures in the region 300 K <7 <331 K varies in the range of 1.8:107"—
1.2.10° s. At T=313 K, the value of U, is of 5.3-10?° J, which
corresponds to 1,=1.7-107 s. For the original PVC, at the same
temperature, the value of t,=8.9-10° s. Thus, the presence of the
donor—acceptor interaction Cu'—Cl™ at the PVC—Cu interface reduces
the mobility of the structural elements of PVC systems, increasing
their lifetime as an independent ‘morphosis’, i.e., observed by the
U/Z method at a frequency of 0.4 MHz.

If we consider that the value of the bulk viscosity and viscoelas-
tic moduli due to donor—acceptor bonds is n,, G,, and the polymer
matrix m;, G,, then, a change in the quasi-equilibrium conditions
due to the energy of the U/W field will cause a non-equilibrium
state with a stability criterion [6]:

K =—1 | (13)
N + Mg

The calculations of the wvalue of K., using relations (4)—(6),
showed that, in the regions 0<(<0.30vo0l.% Cu, 298 K<T<358 K,
it varies in the range of 0.58, 0.62, and 0.64 for the Young’s modu-
lus, shear, and volumetric compression, respectively.

5. CONCLUSIONS

The studies show that, due to coordination bonds of the donor-—
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acceptor-type interaction at the interface of nanodispersed metal-
flexible polymer in the regions 0<¢<0.30 vol.% Cu, 298 K<T <358
K, a nonlinear change in the viscoelastic properties of the PVC—-Cu
system occurs, and the composite resistance to dynamic deformation
in the range Of 81 (tensile—compressive strain) > 82 (shear strain) > 83 (volume strain) increas—
es. This increases the temperature range of the PVC system. The
proposed computational methods and a Maxwell’s mechanical model
can be used to predict the behaviour of other condensed media un-
der the influence of dynamic and temperature fields.
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The paper presents the results of the development and tribological evalua-
tion of a system based on Si;N,—25 wt.% TiN composite ceramic with a
surface layer of solid lubricant composed of substitutional solid solution
of 2D MoSSe (molybdenum sulphoselenide) nanostructures. The Si,N,—TiN
composite powder is synthesized by thermal reaction of precursors. Dense
ceramic specimens with a relative density of 0.98 and a microhardness of
15.7 GPa are fabricated by spark plasma sintering at a maximum tempera-
ture of 1800°C. 2D MoSSe nanostructures are synthesized by chemical va-
pour deposition. A solid lubricant layer of 2D MoSSe nanostructures is
deposited on the surface of the ceramic specimens by ultrasound-assisted
deposition in ethanol, followed by drying and annealing at 200°C. Tribo-
logical tests are performed under dry sliding and with a solid lubricant
layer according to the ball-on-disk scheme in contact with ceramic and
steel counterbodies. As shown, the presence of 2D MoSSe reduces signifi-
cantly the friction force and linear wear: for the ceramic counterbody,
linear wear decreases by a factor of 10—-20 depending on the loading re-
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gime. The friction force in the tribosystem with the solid lubricant, as
compared to that under dry sliding, decreases by a factor of 2—6 for the
steel indenter under dynamic-loading conditions and by a factor of 2-10
for the ceramic indenter, depending on the sliding time. The SEM and
EDS data confirm the formation of a dense tribolayer based on 2D MoSSe.
This layer reduces the adhesive and abrasive wear under friction in the
ceramic—lubricant—steel tribosystem. The obtained results create prerequi-
sites for using developed materials in hybrid bearings and other friction
units operating under extreme conditions.

B po6oti mpeacraBieHo pesyJabTaTH OOCHIIMKEHHSA 3 PO3POOKU Ta TpubOOTECc-
TYBaHHS CHUCTEMU 3 KOMIIO3UIIifiHOI KepaMiku ckuaany Si;N,—25 mac.% TiN
i3 TOBEPXHEBUM IIAPOM TBEPAOTO MACTUJIBHOTO MAaTepidAsy 3 HAHOKPUCTAJIi-
YHOT'O IIOPOIIKY TBEPAOTO PO3UMHY 3aMilleHHA cyJiabhimocenenigy Momaibne-
"y 2D-MoSSe. Komnosunifinuii mopoiok Si;N,~TiN ozep:kaHo TepMiuHOIO
CHUHTEe3010 3 IpekypcopiB. KomnakTHi KepamiuHi 3pasku i3 rycrunoo y 0,98
Bim TeoperuuHoi Ta MikporBepzicTio y 15,7 I'lla BUTOTOBJIEHO METOAOM iCK-
POIIIa3MOBOTO CIIiKAHHA 3a MakcuMaJbHOI Temmnepatypu y 1800°C. HanocT-
pyxTypu 2D-MoSSe CHHTE30BAaHO METOJAOM XEMiUHOT'O OCaMKeHHS 3 IapoBOi
¢asu. ITap TBepmoro mactuaa 3 HaHOCTPYKTYp 2D-MoSSe HaHeceHO HaA TIO-
BEPXHIO KepaMiuHMX 3pasKiB MeTOAOM YJIbBTPA3BYKOBOTO OCAIKEHHS B €THU-
JIeHi 3 HACTYOHOIO CYIIKOI0 Ta Bimmasaom 3a temmnepatypu y 200°C. Ilpose-
JIeHO TpuOOTEeCTH B YMOBAX CYXOro TEpPTs Ta 3 IIapoOM TBEPAOTO MacTuJia 3a
CXeMOI0 ILJTOIMHA—KYJS Y KOHTaKTi 3 KepaMiuHUM i KPUIEBUM KOHTPTiJja-
mu. ITokasamo, mo npucyTHicTs 2D-MoSSe icTOTHO MOHMIKYE CHUJIYy TEpPTsS Ta
JiHIAHWN 3HOC: y mapi 3 KepaMiyHUM KOHTPTIJIOM JIiHIAHUI 3HOC 3MEHIITY-
erbea y 10—20 pasiB 3ayiesKHO Bif peKMMYy HaBaHTaKe€HHs. ¥ TOPiBHAHHI 3
CYXHM TepTAM CHUja TepTsd B TpubocumcTeMi 3 TBePAUM MAaCTUJIOM 3MEHIIY-
€ThCA AJIA KPUIEBOrO iHAEHTOpa 3a AUHAMIUHMX YMOB HaBaHTAaXKEHHA B 2—
6 pasiB, maa KepamiuHoro immeHTopa — B 2—10 pasiB B 3ajesKHOCTi Bif
TPUBAJIOCTU TEPTA. 3a JaHUMU CKAHYBAJbHOI eJeKTPOHHOI MiKpockomii Ta
eHeproucIepciiiHol peHTIreHiBChbKOI crieKTpocKotii y Tpubocucremi Kepami-
Ka—MaCTUJIbHUU IIap—KPHUIleBe KOHTPTIJIO YTBOPIOETHCA IIiIIBHUN TpuboIiIap
Ha ocHOBiI 2D-MoSSe, axkuil cupuse MOHMKEHHIO aaresifiHoro it adpasmBHO-
0O 3HOINYBaHHA Mmig uac Teprd. OmepsKaHi pe3yJabTaTU CTBOPIOIOTH IEPENy-
MOBU JJIA 3aCTOCYBaHHS PO3POOJIEHUX MAaTepisaiB y TriOpUAHUX BaJBHUIAX
Ta iHIMUX By3JIaX TEePTs, M0 MPAII0I0Th B eKCTPEMAaJIbHUX YMOBaX.

Key words: composite ceramic, Si;N,, TiN, spark plasma sintering, solid
lubricant, 2D nanostructures, MoSSe, wear resistance.

Karouori ciaoBa: Komnosuitifina Kepamika, Siz;N,, TiN, ickpomrasmose cmi-
KaHHdA, TBepAe MacTuiao, 2D-HaHOCTPYKTYypu, MoSSe, 3HOCOCTIHKiCTS.
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1. INTRODUCTION

In Ukraine, the technical ceramic market actively developed until
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2022, and now, in wartime with import restrictions, its rapid
growth is expected. The most promising directions for the import
substitution of components of critical import are the productions of
wear-resistant composites and modern lubricants for operation un-
der extreme conditions. Wear-resistant ceramics for operation un-
der conditions of high loads and temperatures are traditionally
manufactured from silicon nitride, but to increase substantially the
wear resistance, it is necessary to select friction couples and a lub-
ricant that corresponds to the operating conditions. In the produc-
tion of hybrid bearings with balls based on silicon nitride, as the
second material of the friction couple, components based on steel
are used [1-3]. Unfortunately, in most cases, the operation of a ce-
ramic—steel couple under extreme conditions is limited by the rapid
wear of steel components [4—8]. In this connection, the search for
new friction couples for ceramic materials based on silicon nitride,
the development of efficient lubricants, and the determination of
functioning regularities of friction couples depending on the physi-
comechanical characteristics of the materials of tribological con-
junctions is an urgent problem.

The structure and composition of wear-resistant composites based
on silicon nitride substantially influence their tribological and me-
chanical properties. Researchers of modern wear-resistant ceramics
are giving most attention to the determination of the influence of
the composition of materials based on silicon nitride and the size of
structural elements [8—15]. The structural factor (grain size and
porosity), as a rule, depends on the chosen consolidation method of
the wear-resistant composite. For instance, in Ref. [8], tribotests of
counterbodies made of commercial silicon nitride powder with a
grain size above 1 pym were carried out according to the ‘ball-on-
disk’ scheme under condition of marginal lubrication and dry fric-
tion. An analysis of the obtained data showed that the tribological
properties of silicon nitride substantially increased as a result of
imparting nanostructuring to it. However, at the same time, the
fracture toughness of such ceramics substantially decreases, which
limits the field of application of nanocrystalline wear-resistant ce-
ramics based on silicon nitride. The tribological properties can be
improved by introducing titanium nitride into the composition [8,
10, 12, 14, 15]. As compared to monolithic Si;N, ceramics, Si;N,—
TiN composites demonstrate a higher wear resistance and a smaller
coefficient of friction. At the same time, the mechanical properties
of ceramic composites based on silicon nitride can be improved by
the formation of a bimodal granular structure [10, 12].

One way of solving the problem of improving the functional
characteristics of wear-resistant ceramics is to achieve a macroscale
super lubricating ability of materials to minimize friction, in par-
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ticular by using two-dimensional (2D) materials [16—20]. Due to the
weak interlayer interaction, 2D materials have the potential to
achieve the superlubrication effect. Most investigations are devoted
to graphene-like monolayers and nanoparticles (‘few-layers’) of lay-
ered d-transition metal dichalcogenides, which are 2D inorganic an-
alogues of graphene, and to their numerous nanoheterostructures
(van der Waals nanostructures) [20]. Among these, molybdenum
disulphide with the 2H-MoS, structure type and materials based on
carbon (including graphite and graphene) are best studied [20, 21].
At present, micron powders of natural MoS, with a layered struc-
ture are successfully used in industrial scales as efficient solid lub-
ricants and are components of numerous antifriction materials (in-
dustrial lubricants, oils, greases, and coatings) due to the relatively
widespread availability of commercial micron powders of MoS, of
natural origin. In practice, solid lubricant additives to oils and
greases are successfully used only an in the case of very small par-
ticle size that makes it possible to stabilize their suspension and
prevent the deposition of lubrication systems on filters. Another
limitation to using MoS,—steel friction systems is the formation of
iron sulphide (FeS,) or solid iron solutions in molybdenum disul-
phide, which is accompanied by the fracture of the surface of steel
structural elements and an unpredictable change in the properties
of the lubricant [22]. A possible way of solving this problem is to
reduce the sulphur content, in particular to replace sulphur by sele-
nium by the method of using substitutional solid solutions 2D
MoS,_.Se, (0<x<2), which will kinetically limit the formation of
undesirable FeS,. For instance, the use of nanopowders of 2D
MoS,_.Se, (0 <x<2) substitutional solid solutions as a solid lubri-
cant or additives to lubricants or oils is a promising direction of
improving the operation of hybrid or other friction units.

Wear-resistant materials for the transport, machine building,
chemical, and aerospace industries often operate under extreme
conditions of high or ultralow temperature and high pressure,
which leads to their intensive wear. The use of a lubrication system
based on nanopowders of 2D MoS,_,Se, (0 < x < 2) substitutional sol-
id solutions in combination with the components of tribological con-
junctions of the composite nanoceramic will favour an increase in
the service life of machines and mechanisms and the assurance of
high energy efficiency indices.

Thus, the aim of the work is to investigate the preparation condi-
tions of Si;N,—TiN wear-resistant composite materials, deposit of
solid lubricant layer from substitutional solid solution of molyb-
denum sulphide selenide 2D MoS,_,Se, (x =1) nanostructures, and
determine the tribological characteristics of the obtained tribosys-
tem in friction couples with a ceramic and a steel counterbody.
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2. INITIAL MATERIALS AND EXPERIMENTAL TECHNIQUES

The initial material for the manufacture of composites was a 75
mass% SizN, + 25 mass% TiN powder mixture (corresponds to a
volume content of titanium nitride of 17%), which was obtained by
the synthesis technology developed in the IPMS N.A.S.U. and de-
scribed in Refs. [23, 24]. This technology assumes the use of com-
mercial silicon nitride and titanium powders, which are available in
the Ukrainian market as precursors. The micron Si;N, powder
(DZKhR LLC, Ukraine) and titanium powder with a mean particle
size of 0.5 mm (‘Velta’ Mining Company, Ukraine) were subjected
to mechanical mixing to reduce the powder particle size and provide
a homogeneous distribution of the components. Mixing was per-
formed in a Pulverisette 6 planetary mill (Fritch GmbH, Germany)
in ethanol using a drum and milling balls made of silicon nitride at
a rotational speed of 400 rpm and a ball-to-powder weight ratio of
4:1 for 5 h. The prepared mixture was subjected to heat treatment
in an SNV-1.3,1/20-1I1 high-temperature electric furnace in the
temperature range of 1100-1400°C in a vacuum of =1-10"® Pa and
in a nitrogen atmosphere to synthesize Si;N,—25 mass% TiN compo-
site powder.

Spark plasma sintering (SPS) was carried out in a FCT HP D25
furnace (Systeme GmbH, Germany) in a graphite die with a diame-
ter of 20 mm in a nitrogen atmosphere at maximum temperature of
1800°C, maximum pressure P = 30—-50 MPa, and heating rate of 70—
100°C/min. Aluminium and yttrium oxides in amounts of 5 mass%
and 6 mass% , respectively, were added to the synthesized powder to
intensify densification in sintering. Sintering regimes were chosen
on the basis of information about densification of powder composi-
tions [25] to achieve a maximum density. The change in the linear
size of specimens was evaluated from the displacement of the upper
punch at a stationary lower punch.

The nanocrystalline powder of the substitutional solid solution
2D MoS, ,Se, (x =1, in what follows, MoSSe) was synthesized by the
chemical vapour deposition method (CVD) at the interaction of the
constituent elements (MPCh high-purity molybdenum powder, ele-
mental sulphur and selenium powders of more than 99.9% purity in
stoichiometric ratios Mo:S:Se =1:1:1 in evacuated quartz ampoules
in modes tested by the authors under laboratory conditions [26].

The x-ray analysis of the synthesized 2D MoSSe nanostructures
was carried out on an HZG-4A automated powder diffractometer in
FeK,-radiation by full-profile method, including the determination
of the average sizes of anisotropic nanoparticles. The indexing of
XRD patterns, the refinement of the parameters of elementary cells
by the least square method (LSM) and structural parameters were
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performed by the WinCSD software for structural calculations [27].
The average sizes of anisotropic nanoparticles were determined by
the method of line broadening analysis (Scherrer formula). In the
analysis of the functions of physical expansion, the possible distor-
tions of the crystal structure (Stokes formula) was taken into ac-
count. Corresponding computer calculations of the nanoparticles’
average sizes in the crystallographic directions [013] and [110] were
performed with the help of the improved WinCSD [27].

The surface of sintered ceramic Si;N,—TiN specimens was covered
by 2D MoSSe nanostructures as lubricant coating by deposition af-
ter ultrasonic treatment (cavitation mode) for 1 h in ethanol. After
deposition, the obtained specimens were air-dried at room tempera-
ture and annealed in the air at 200°C for 3.5 h. The thickness of
coating 2D MoSSe was estimated to be of about 17 ym by gravimet-
ric method.

SEM analysis was performed with Mira 3 scanning electron mi-
croscope (Tescan, Czech Republic).

The friction and wear parameters of a ceramic Si;N,~TiN speci-
men were investigated at room temperature on an automated tri-
bodynamic complex (ATKD) with a module of dynamic loading in
the quasi-stationary and dynamic operating modes [15]. Tribological
tests were carried out according to the plane—ball scheme in couples
with counterbodies, namely a ceramic (Si;N,) or a steel (ShKh-15)
ball 8 mm in diameter [28—31]. Wear tests of a clean surface of the
SizN,~TiN ceramic and a ceramic surface after deposition of a lub-
ricant layer from the 2D MoSSe nanopowder on it were carried out.
The mean sliding speed was of 1.47 mm/s. This value was chosen to
model microsliding in ball bearings operating at a speed of = 105
rpm [32]. The test time was chosen equal to 30 min to provide a
stable friction mode. The tests included static and dynamic loading.
Dynamic loading combines the action of a static load of 30 N and an
oscillating load with amplitude of 4.5 N and a frequency of 25 Hz,
which modulates oscillations of the load in ball bearings [5]. The
parameters of tribotechnical tests were chosen on the basis of re-
sults of previous investigation of similar composite materials based
on silicon nitride [6—8, 15]. The combination of the static and dy-
namic loading makes it possible to investigate the contribution of
different mechanisms into wear processes. It has been previously
shown on a large series of materials (from aluminium alloys to ce-
ramics) that dynamic loading reduces the force of friction and the
adhesive component of wear, but can increase wear, when its main
mechanism is fatigue or abrasive wear [5—8, 29—-33]. In tribotests,
the friction force, the size of the contact spot, and linear wear were
determined from the profile of the tribocontact zone. The system
for measuring the friction force consists of a calibrated elastic ele-
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ment sensitive to an inductive displacement sensor and a 12-bit ana-
log-to-digital converter [15]. Wear was measured on a Leeb 462 sur-
face roughness tester.

3. RESULTS AND DISCUSSION
3.1. Si;N,—TiN Ceramic Material

For the sintering of ceramic specimens, the composite powder based
on silicon nitride and obtained by thermal synthesis from precur-
sors was used. According to the XRD data, it contains 83 mass%
Si;N, and 25 mass% TiN (Fig. 1).

According to data of the SEM and EDS analyses, the synthesis
product is a highly disperse composite powder containing TiN (light
phase B) and p-Si;N, (dark phase A) (Fig. 2) in the form of a mix-
ture of agglomerates of titanium nitride particles with a size of 30—
200 nm in the B-Si;N, matrix. Before sintering, the powder was
subjected to deagglomeration in the Pulverisette 6 planetary mill to
homogenize the distribution of the components.

As a result of spark plasma sintering of the composite Si;N,—TiN
powder, dense specimens of cylindrical shape were obtained. The
analysis of the densification data of a specimens showed that, in the
temperature range of 700—-900°C, a negative shrinkage took place as
a result of the thermal expansion of the graphite die. Intensive den-
sification begins at a temperature of = 1350°C, which can be associ-
ated with the formation of a eutectic liquid phase in the SiO,—
Al,0,-Y,0; system. A maximum densification rate of 1.6 mm/min
is attained at = 1470°C, which agrees with analogous data for com-
posite materials containing nanodisperse titanium nitride particles

v SigN,
s TiN

60

S
=)

L
i

Intensity, cps

30 40 50 60 70
20, deg.

Fig. 1. X-ray diffraction pattern of the Si;N,—25 mass% TiN composite
powder.
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Fig. 2. SEM image of the synthesized composite powder (A—Si;N,, B—
TiN): a—general view; b—region with a dominant titanium nitride con-
tent.
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Fig. 3. Temperature dependence of densification parameters in the SPS
process: I—linear shrinkage of the specimen; 2—densification rate.

[10, 34] (Fig. 3). Then, the densification rate decreases down to
0.6-0.8 mm/min and remains constant in the temperature range of
1530-1780°C.

The analysis of the microstructure of the Si;N,~TiN composite
consolidated by SPS showed zonal isolation with the formation of
regions of predominant content of titanium nitride grains (Fig. 4).
Moreover, acicular silicon nitride grains are observed, which is
characteristic of sintering with the formation of a liquid phase af-
ter attainment of high temperatures.

On the whole, the structure of the Si;N,~TiN composite is bimod-
al, where silicon nitride grains with a size up to several microns as
well as titanium nitride and silicon nitride grains with a size of
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SEM MAGZ3.78 kx

Fig. 4. SEM image of the Si;N,—TiN ceramic sintered by the SPS at tem-
perature of 1800°C: A—TiN, B—Si;N,.

200-500 nm are present. The specimens of the Si;N,—TiN composite
material sintered at 1800°C had a relative density of 98% and a mi-
crohardness of 15.7+ 0.8 GPa.

3.2. Analysis of the Synthesized 2D MoSSe Nanostructures

It was established by x-ray data that the synthesized anisotropic 2D
MoSSe nanostructures were homogeneous in chemical composition,
with type of the layered structure (2H-MoS,) and the type of
nanostructures (2D, few-layers nanosheets), did not contain foreign
impurities, including roentgen-amorphous impurities, phases, and
other nanostructures, as well as micron particles. The average sizes
of 2D MoSSe nanoparticles in the crystallographic direction [013]
and [110] are djy3=4.9(3) nm and dj;,0;=22.6(1) nm, respectively;
the parameters of the elementary cell of 2D MoSSe are a =0.3209(1)
nm and ¢ =1.2637(7) nm.

According to SEM data analysis, the synthesized 2D MoSSe na-
noparticles have clear facets (hexagons form) that testifies to the
stationarity of the physicochemical conditions of their growth. The
nanoparticles form agglomerates as a result of the action of com-
mon crystallization centres in the initial stage of the growth pro-
cess (Fig. 5).

3.3. Tribological Characteristics of Ceramic—Ceramic and Ceramic—
Metal Friction Couples with 2D MoSSe Solid Lubricant

The surface of sintered ceramic Si;N,—TiN specimens was covered



888 R. V. LYTVYN, N. B. KONIH-ETTEL, I. A. POLIAKOV et al.

MIRA3 TESCAN]
Det: InBeam 2 jim

Fig. 5. SEM images of agglomerated 2D MoSSe nanoparticles in view field
of: a—15 pym, b—2 pm.
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a

Fig. 6. The surface of the ceramic specimen covered with 2D MoSSe solid
lubricant: a—optical image in view field of 200 um; b—SEM image in view
field of 1 pm.

by 2D MoSSe nanostructures as lubricant coating to reduce the
shear resistance in the region of tribocontact and friction coeffi-
cient (Fig. 6).

The adhesion strength of the coating and its influence on the tri-
botechnical indices depend on the initial state of the surface of the
sintered ceramic material and its mechanical properties. The fact
that sliding with a low shear resistance in MoSSe favours a decrease
in friction and wear is undeniable. Micrographs of worn surfaces
demonstrate that the presence of the MoSSe lubricant layer leads to
the formation of a tribolayer in the tribocontact zone in the cases of
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Fig. 7. Tribocontact surface on sintered Si;N,—TiN specimens: a—with ce-
ramic counterbody; b—with ceramic counterbody and 2D MoSSe solid lub-
ricant; c—with steel counterbody; d—with steel counterbody and 2D
MoSSe solid lubricant; e—surface profile of friction zone with ceramic
counterbody; f—surface profile of friction zone with ceramic counterbody
and 2D MoSSe solid lubricant.

both the steel and the ceramic counterbody (Fig. 7, b, d).

The morphology of the tribolayer changed depending on the ma-
terial of the counterbody and the type of loading (static or dynam-
ic). Under dynamic loading, an almost continuous surface layer
formed for the ShKh15 counterbody (Fig. 7, d). For the ceramic
counterbody, the formed layer was fragmented but sufficiently
dense to influence the obtained results (Fig. 7, b).

According to the EDS data, the tribolayer consists of Mo, S, Se,
and the material of the counterbody. In friction without lubricant,
a tribolayer did not form (Figs. 7, a, ¢), which led to the intensive
wear and damage of the surface. In the presence of 2D MoSSe coat-
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ing, a noticeable damage of the surface of the ceramic material did
not occur, which confirms the efficiency of the used approach for
decreasing the adhesive interaction between solid surfaces during
tribocontact.

A substantial decrease in the wear after introduction of the
MoSSe solid lubricant into the tribocontact zone was detected also
by the analysis of the tribocontact surface profile (Figs. 7, e, f).
The presence of solid lubricant nanostructures abruptly decreases
the linear wear of the surface specimen in the couple with a ceramic
indenter, namely by a factor of 20 under static conditions and by a
factor of 10-11 under conditions of dynamic loading (Fig. 8). A
significant reduction in linear wear of the steel counterbody lubri-
cated with MoSSe compared to dry sliding was observed; however,
its reliable quantification was complicated by the presence of a
dense tribolayer. Additionally, a decrease in the friction force under
dynamic loading conditions was recorded, amounting to 2-6-fold
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Fig. 8. Area of the contact spot (S) and the linear wear (I) of the Si;N,—
TiN composite material before and after deposition of the 2D MoSSe solid
lubricant.

45- Counterbody/Mode 28 Counterbody/Moaode
—e— B,N,/static —e— 8N /static
40r —e— 8,N,/dynamic 24} —e— 8N, /dynamic
35r —e— steel ShKh15/static —e— steel ShKh15/dynamic "
30- ——',‘:::teel ShKh15/dynamic 20 . /.____./'
LR 7 ek
R 20f \ P s—s__g B
15¢ / b e O e
10 B e | i
::.—‘.—__(. > .7./. 0 £ - > L L L L I
5 10 15 20 25 30 4 8 12 16 20 24 28 32
Time, min Time, min
a b

Fig. 9. Friction force (F) on the Si;N,~TiN surface: a—dry friction, b—
friction with the 2D MoSSe solid lubricant.
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Fig. 10. Mean force of friction (F) of Si;N,—TiN before and after deposi-
tion of the 2D MoSSe solid lubricant.

reduction for the steel indenter and 2—-10-fold reduction for the ce-
ramic indenter, depending on the sliding time (Fig. 9).

These results clearly emphasize the importance of controlling ad-
hesive interactions of the materials of the friction couple [35]. On
the whole, the obtained results testify to the fact that adhesive
wear rather than the abrasive wear is a dominant wear mechanism.
This conclusion is true for both ceramic/steel and ceramic/ceramic
contacts. This is why the reduction of adhesive interaction is of
critical importance for improving the tribological characteristics of
the ceramic based on Si;N, (Fig. 10).

4. CONCLUSIONS

A complex investigation on obtaining a tribosystem from a wear-
resistant composite ceramic based on silicon nitride was performed
using a modern technology for synthesis of composite powders and
their consolidation and surface covered with solid lubricant of mo-
lybdenum sulphoselenide solid solution 2D MoS, Se, (x=1)
nanostructures. Specimens of the Si;N,—25% TiN dense composite
ceramic with a submicron granular structure, a relative density of
98% , and a microhardness of 15.7+ 0.8 GPa were obtained by the
spark plasma sintering. A solid lubricant layer of 2D MoSSe
nanostructures was deposited on the surface of the ceramic speci-
mens by ultrasound-assisted deposition in ethanol.

The tribotechnical characteristics of the obtained Si;N,—TiN com-
posite in couples with a ceramic and a steel counterbody under dry
friction conditions and after introduction of the 2D MoSSe solid
lubricant into the tribocontact region were determined. It was
established that the introduction of the 2D MoSSe lubricant inter-
layer promotes the formation of a tribofilm and substantially reduc-
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es the linear wear under static and dynamic loading conditions (by a
factor of 20 and 10-11, respectively). At the same time, the solid
lubricant reduced the friction forces under dynamic loading condi-
tions by a factor of 2—6 for the steel indenter and by a factor of 2—
10 for the ceramic indenter. The obtained results demonstrate that
the tribofilm based on 2D MoSSe nanostructures forms more readily
under dynamic loading for the ceramic/steel couple, which corre-
sponds to the conditions of hybrid bearings. The obtained results
create prerequisites for using developed materials in hybrid bear-
ings and other friction units operating under extreme conditions.
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Concrete fouling is the accumulation of unwanted material on solid sur-
faces caused by seawater exposure. Copper oxide (CuO) nanoparticles can
be added to protect concrete layer. This study analyse the performance of
paint mixed with various amounts of copper oxide nanoparticles and cop-
per-based film applied to cement-based mortar immersed in seawater. The
mortar is then soaked in seawater for 7 and 28 days. To measure the ef-
fectiveness of the protective layer, compressive test and scanning electron
microscopy characterization are conducted to selected samples. The com-
pressive results show that seawater decreases the compressive strength of
the sample. Mortar with 7.5% -CuO-nanoparticles’ protective layer shows
the compressive strength during 28 days increased than one during 7
days. SEM images show that there are more unreacted calcium hydroxide
(CH) in sample without protection compared to mortar with CuO-
nanoparticles’ protective layer; at the same time, more calcium silicate
hydrate (CSH) can be examined.

3abpynHeHHA 0eTOHY — Ile HAKOINUYEeHHS HeOaKaHOTOo MAaTepidJy Ha TBep-
IUX IIOBEPXHSAX, CIPUUYNHEHE BILIMBOM MOPCBhKOI Bomu. Jljis saxucTy OGeTOH-
HOTO IIapy MOKHaA AoJaBaTu HaumouacTHHKU okcuny Kympymy (CuO). ¥
IIbOMY [IOCJiM)KeHHi aHaJisyeThcsa epeKTUBHiCTL (hapbu, sMmimianoi 3 pisHOIO
KinbKicTI0O HaHOUACTHMHOK oKcunay Kynmpymy, Ta miiBKM Ha OCHOBiI Mifni, Ha-
HeceHMX Ha IIeMeHTHHI PO3YMH, 3aHYypPeHUU Yy MOPChbKY Boxy. IloTiMm posumH
3aMOUYyBaJIM B MODPCBHKiil Boxai BupomoB:k 7 i 28 guiB. [na mipauasa edeKTu-
BHOCTH 3aXMCHOTO ITapy OyJi0O IpPOBeJeHO BUIIPOOYBAaHHSA HA CTHUCK i Xapak-
TepuaaIiio 3a JOIIOMOIOI CKaHYBAJbHOTO eJeKTPOHHOTO MiKpockomna (CEM)
Ha BUOpaHWX 3pa3Kax. PesynabTaTu BUOPOOYBaHL HA CTUCK HOKAa3YIOTh, IO
MOPCbKa BOJa IIOHMI)KYE MIIHICTH 3pasKa Ha CTHUCK. PO3UMH i3 3aXMCHUM
mapom 3 7,5% wmanouacTuHOK CuO meMoHCTpPyeE, IO MIiI[HICTH Ha CTHUCK Ue-
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pe3 28 muiB Oyma 6inbioro, HixK uepesd 7 nHiB. CEM-300paskKeHHA ITOKAa3y-
I0Th, IO y 3pasKy 0es3 3axucTy Oijibllle HempopearoBaHoro rixpoxcuny Ka-
JIBI[i}0 TIOPiBHAHO 3 POBYMHOM i3 3aXWCHUM ImapoM 3 HaHouacTuHOK CuO;
BOJHOYAC MOXKe OyTH AisirHOCTOBAHO OijbIme Triapaty cuiaikaty Kambirito.

Key words: concrete, coating, copper oxide nanoparticles, compressive
strength, fouling, ettringite.

KarouoBi croBa: 6eTOH, MOKPUTTS, HAHOYACTUHKU OKcuny Kympymy, Mirr-
HiCTh Ha CTHCK, O0pOCTaHHSA UepemalikaMi Ta BOAOpocTAMU (IIigBOAHOI uac-
TUHU CyIHA), eTTPUHTIIT.

(Received 16 May, 2024)

1. INTRODUCTION

Indonesia is the largest archipelagic country in the world consisting
of 17.508 islands with a coastline of 81.000 km. To expedite the
wheels of economy, many transportation infrastructures are built in
the form of full concrete or concrete/steel composite bridges be-
tween one island and another. Seaports and docks are also currently
being built, which are currently experiencing a lot of damages, if
not protected properly, thus, requiring routine maintenance. Deg-
radation of concrete and corrosion of steel-based components in the
marine environment, apart from being caused by atmospheric fac-
tors or physical and chemical properties of seawater, can also be
caused by the attachment of marine biota [1-3]. Some biotas, which
live in the sea, have developed their way of life by attaching them-
selves to objects, which are submerged in seawater, either temporar-
ily or permanently [4—6]. For example, concrete supporting bridges
or roads can be attached by barnacles or sessile organisms in biolog-
ical terms. Concrete that is plastered with barnacles will become
more brittle than original concrete [7]. This is caused by the for-
mation of an acidic environment around the concrete due to the
metabolic process of barnacles, as it is known that an acidic envi-
ronment will weaken the bond of cement and water, causing the ma-
terial to become brittle [8—10]. This condition will be further exac-
erbated by the diffusivity of seawater, followed by concrete abra-
sion caused by seawater currents, making the rate of chloride-ions’
penetration into the concrete becomes faster, that, if it reaches the
steel, results in corrosion of the reinforcement. One of the most
widely used countermeasures at this time is to use antifouling
paint, namely, paint containing biocidal compounds, which usually
consist of cupric oxide compounds, which are antimicrobial [11, 12].
This type of paint is generally applied to ships and will be activat-
ed, when the ship is moving, that was called dynamic surface anti-
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fouling type [13—15]. This type will not work effectively, when ap-
plied to the static structure such as bridge; so, it is necessary to
find an antifouling paint formula that can work effectively on stat-
ic structures and is environmentally friendly.

This research is conducted to synthesize protective compound
consisted of paint and CuO nanoparticles (NPs) with various per-
centage. The mixture was applied to cement-based mortar then im-
mersed into seawater. The density and compressive strength were
measured in 7 and 28 days. Selected samples were then analysed for
its morphological features by using SEM characterization to meas-
ure the effectiveness of protective compound.

2. EXPERIMENTAL
2.1. Materials

The Portland Cement Composite (PCC) and sand for light aggregate
were obtained from local building store in Cimahi, West Java, Indone-
sia. The water used for reacting PCC and sand was the tap water from
West Java, Indonesia. The paint used for protection of mortars was
commercially available acrylic copolymer emulsion type. CuO-NPs’
powder was prepared from electrolysis of copper scrap in Cimahi, West
Java, Indonesia. The copper thin films were obtained from local sup-
plier from Jakarta, Indonesia. The materials were dried and collected,
resulting in black powder. Copper thin film was obtained from Cika-
rang, West Java, Indonesia too. Seawater for immersion of mortars
was collected from West Java, Indonesia.

2.2. Methods

The mix design of mortars with protective coating is listed in Table.
The ratio of PCC:sand was kept as 1:2.75, and w/c of 0.5. It was
then mixed and moulded using 50 mmx50 mmx50 mm cubes accord-
ing to ASTM C109: Standard Test Method for Compressive Strength
of Hydraulic Cement Mortars (Using 2-in. or [50-mm] Cube Speci-
mens).

After one day, the hardened mortar was unloaded from the mold
and immersed in seawater. It was then tested for its density and
strength at 7 and 28 days. The compressive strength of resulting
mortars was measured using Universal Testing Machine confirmed
to ASTM C-39. Debris from the test was collected for characteriza-
tion purposes. SEM measurement was performed with HITACHI
SU3500. Since the mortars are not conductive, it was coated with
carbon with Ion Sputtering Method. The characterization was con-
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TABLE. Mix design of mortars with CuO-nanoparticles’ protective coating.

Code CuO nanoparticles, % Immersion method
N — Tap water
NC — Seawater
P — Seawater
C-2.5 2.5 Seawater
C-5 5 Seawater
C-7.5 7.5 Seawater
C-10 10 Seawater
F — Seawater

ducted at the BPU Politeknik Manufaktur Bandung, Indonesia.

3. RESULTS AND DISCUSSION
3.1. Density Test Result

The density of mortars immersed in seawater is presented in Fig. 1.
The samples with code NC, P, and F have lower density at 28 days
compared to 7 days after immersion in seawater. In contrast, the
densities of N, C-2.5, C-5, C-7.5, and C-10 were increased the more
time immersed in seawater. The sample immersed in normal water
(N) had its density increased. This is due to water for hydration,
which was available all the time. When the mortars were not pro-
tected (NC) or using paint only (P), the densities at 28 days were
decreased. This is due to the presence of organic compound such as
glucose, which disrupts the hydration of mortars and can induce
low consistency [16—18]. There are also leaching product from the

Density, kg/m?*
m7 days a8 28 days

[ve)
©
=
—

1872

N NC P C-2.5 C5b C—7. C-10 F

Fig. 1. Density results for mortars with various protection method and
immersion media.
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mortars because Ca has high atomic size. The same decrease phe-
nomenon in density can be also seen in mortar protected with cop-
per thin film (F). This is because the pores are sealed, so, the ce-
ment only relies on the starting water, when mixing, hence, the hy-
dration reaction was not perfect. All the mortars covered with CuO-
nanoparticles’-infused paint has the density increased at 28 days.
The CuO act as antibiotic to negate the penetration from organic
compound, and the water will help the hydration of cement. The
visual image of NC, P, C-2.5, and F were presented in Fig. 2. The N
and F samples has gray-like colour; this is because N is immersed in
normal water, while F has protective film to prevent the penetra-
tion of seawater. The P sample has white-like colour from the paint.
The C-2.5 sample has slightly blue colour, which indicates the for-
mation of copper sulphate (CuSO,).

3.2. Vickers Microhardness Analysis

The compressive strength of mortars immersed in seawater is pre-
sented in Fig. 3. The samples with code NC, P, and F have lower

Fig. 2. The visual image of (a) NC, (b) P, (c¢) C-2.5, and (d) F.

Compressive strength, MPa
B7 days B28 days

Fig. 3. Compressive strength of mortars with various protection method
and immersion.
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density at 28 days compared to 7 days after immersion in seawater.
In contrast, the densities of N, C-2.5, C-5, C-7.5, and C-10 are in-
creased the more time immersed in seawater. Mortars without coat-
ing and paint only have negative effect on seawater immersion.
CuO-nanoparticles’ addition on paint has mixed effect on compres-
sive strength of mortar exposed to seawater. Small amount (2.5%)
has no significant effect on the protection from seawater, as the
compressive strength still decreased. Addition of 5-10% CuO nano-
particles protects the mortars from seawater. This is proven by the
compressive strength development where as normal as mortar was
immersed in normal water. Copper thin film also protects the mor-
tar from seawater, since the film covers almost all the surfaces.
Concrete acts like a protective layer, which provides excellent pro-
tection to reinforcing steel. In addition, a mixture of Portland ce-
ment with water will produce calcium silicate hydrate and calcium
hydroxide, which are alkaline with a pH ranging from 13-13.5.
This alkaline condition of the concrete will make the reinforcing
steel in a passive condition and not corrode [19]. The entry of dis-
solved oxygen will trigger a series of electrochemical cells, which
cause corrosion.

Dissolved chloride ions come from the penetration of seawater.
CO, gas can also cause corrosion of concrete, but at a slower rate
than corrosion caused by chloride penetration. Carbonation in con-
crete occurs due to the interaction between carbon dioxide gas in
the atmosphere and hydroxide compounds in the moist concrete
pores. The runoff of this carbonation process causes a decrease in
the pH of the concrete and causes a shift in the corrosion potential
of reinforcing steel to become actively corroded [20].

3.3. SEM Analysis

Figure 4 shows that the morphology of CuO-nanoparticles’ powder
has a dendritic-like structure with average particle size of 74 pm.
Finer size means that the specific area is higher, and the contact to
surrounding is increased. To observe the performance of CuO after
exposure in seawater environment, SEM test was conducted to the
mortar immersed in normal water (N), mortar immersed in seawater
without protection (NC), mortar with highest compressive strength,
which was protected by paint and 7.5% CuO (C-7.5), and mortar
with copper film (F). These data are represented in Fig. 5.

Figure 5, a shows the calcium silicate hydrate (CSH), which is a
trademark compound of hydration and calcium hydroxide (CH) for-
mation on mortar N. Both CH and CSH have a role in the strength
of mortars [21].

Figure 5, b shows that there is some unreacted CH on mortar NC,
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Fig. 4. SEM results for CuO nanoparticles magnified by x1000 (left) and
x10000 (right).

Fig. 5. SEM images of (a) N, (b) NC, (¢) C-7.5, and (d) F.

as well as ettringite (E). Ettringite plays an important role in set-
ting time of mortars. The presence of CH indicates unreacted ce-
ment particles that is why the compressive strength of 28 days was
lower than 7 days [22]. The presence of organic compounds in sea-
water delays the hydration of cement.

Figure 5, ¢ shows the formation of CSH with the fibre-like struc-
ture on mortar C-7.5. This shows that CuO has a role on prevent
the organic compound to interfere on hydration. Copper is reported
to improve the concrete resistance against sulphate attack, setting
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periods, and water tightness.

Figure 5, d also shows the presence of CSH mortar F. However,
there is an internal pressure inside that makes the voids (V); and
since most of the surface was covered, that is why, although the
compressive strength development was normal, its strength was not
as good as N or C-7.5.

4. CONCLUSION

This study concludes that CuO can prevent the mortar from fouling
after immersion in seawater. Mortar immersed in seawater tends to
have lower compressive strength at 28 days compared to 7 days.
Addition of 2.5 and 5% CuO in paint still cannot negate the
strength decreasing effect of seawater. Mortar protected with paint
and 7.5% and 10% CuO as well as copper film shows normal
strength development. This shows that, when used at right amount,
CuO powder can protect mortar from seawater environment.
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The present study examines the impact of TiO, nanoparticles on the fa-
tigue behaviour of composite materials with internal or exterior cracks. In
order to guarantee that the TiO, nanoparticles are completely dispersed
throughout the base material, the nanocomposite material is created by
combining them with epoxy using an ultrasonic mixer, varying weight
percentages of particles as 1%, 2%, and 3% . The epoxy is supplemented
with TiO, nanoparticles. A single layer of woven roving glass fibre is add-
ed to the synthesized epoxy nanoparticles to create various hybrid nano-
composite materials, which have a consistent weight of 10% . After that,
lamellar hybrid composite nanomaterials are made by hand with a vacuum
device. Experimental specimens for tensile and fatigue tests are produced
in compliance with ASTM guidelines. According to the data, the hybrid
nanocomposite with the highest fatigue-stress limit is with 3% of parti-
cles. Additionally, it is generally noted that the stress behaviour of this
material is improved by the inclusion of TiO, nanoparticles.

Y 1poMy JOCJiIMKeHHI PO3IIALAEThCA BIINB HaHouacTUHOK TiO, HA yTOMHY
MOBeiHKY KOMIIOBUTHUX MAaTepisAniB 3 BHyTpimrHiMu abo 30BHIIIHIMU Tpi-
muHamu. 11106 rapaHTyBaTu IIOBHe pDO3MOAijieHHsS HaHouacTuHOK TiO, mo
BCHOMY OCHOBHOMY MAaTepissy, HAHOKOMIIO3UTHUH MaTepidAs 0yJ0 CTBOPEHO
IIJIAXOM IIO€THAHHA WOTO 3 €HMOKCHUIHOIO CMOJIOIO 3a JOIIOMOIOI0 yJIBTPa3BY-
KOBOro 3MmilnyBaua, sMmiHooun Ha piBHi 1%, 2% i 3% Barosi BigcoTku Ha-
"HouacTuHOK TiO, (i1 emoOKCUIHY CMOJY HOHOBHIOBaJM HuMu). Ilo cuHTE30Ba-
HUX €NOKCUJHUX HAHOUYACTHMHOK OYyJIO JOAAHO OAWH INap IJIETEHOTO CKJIOBO-
JIOKOHHOTO POBIiHI'Y (I)KryTa 3i CKJIOBOJIOKHA, IO OJEPKYETHCA ILIAXOM
3pOIITYBaHHA KiJIBKOX HUTOK) IJIs CTBOPEHHA Pi3HUX TiOpUIHMX HAHOKOM-
MOBUTHUX MaTepidaiiB, AKi mMaiors cTitiky Bary y 10%. Ilicia mboro BpyduHY
3a JTOIIOMOT0I0 BAKYYMHOTO IIPHUCTPOIO OYJI0O BUTOTOBJIEHO IJIACTUHYACTI Tib-
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PUAHI KOMIO3WTHI HaHoMaTepiaam. EKcnepmMeHTanbHI 3pasKum AJA BUIIPO-
OyBaHb HA PO3TAT i BTOMY BUTOTOBJIEHO 3TifHO 3 peromenpmariiamMu ASTM
(AMepUKaHCBKOTO TOBAapUCTBA 3 BUIPOOYBaHHA MaTepiAniB). 3rigHo 3 gma-
HUMU, TiOPUIHUNE HAHOKOMIIO3UT 3 HAWBUIIOI0 MEXKEI BTOMU MicTUTb 3%
YacTUHOK. KpiM Toro, BHYTpimrHA MinHicTh (g yac HANMpPyKeHHA) IIHOTO
MaTepiAay HoJIiNNIyeTheA 3aBAAKYN MomaBaHHIO HaHOUacTHHOK TiO,.

Key words: polymer, composite materials, crack, fracture mechanics, fatigue.

Karouogi coroBa: mosiiMep, KOMIO3UTHI MaTepidAau, TpillluHa, MexXaHiKa pyHHY-
BaHHA, yTOMa.

(Received 5 April, 2025)

1. INTRODUCTION

One of the major challenges in the marine energy industry is the ability
to predict fatigue failure of composite structures. High-cycle fatigue
occurs in many marine energy conversion devices; in particular, tidal
turbine blades, which are subject to an environmentally affected fa-
tigue load and, therefore, the corrosion fatigue capability is a life-
limiting factor. Glass fibre-reinforced epoxy-resin composites are fre-
quently used in the design of tidal turbine blades, and the primary fa-
tigue failure modes are delamination and fibre breakage [1, 2]. Other
researchers say that incorporation of a very small volume fraction of
nanofiller into the polymer enhances fatigue properties of some mate-
rials. Their data were supported by the high-cycle fatigue test by
Grimmer and Dharan, which were able to extend the high-cycle fatigue
life of the epoxy and glass fibres with the use of multi-walled carbon
nanotubes [3]. Khan et al. [4] asserted that adding nanoclay to carbon
fibre-reinforced plastic (CFRP) composites could improve the materi-
als’ fatigue life under cyclic loads, mechanical residual qualities after
a specific cycle-fatigue period, and mechanical properties under static
loading. The studies according to Pinto et al. [5] have shown that the
addition of TiO, nanoparticles can improve the fatigue fracture propa-
gation in the epoxy.

According to Wetzel et al. [6], enhancement of the epoxy fatigue-
fracture resistance can be improved by the addition of Al,O; nano-
particles. Research indicates that, in comparison with pure epoxy,
the fracture in dynamically loaded nanocomposites tends to crack at
a slower pace. Because of the silica-nanoparticles’ inclusion to the
epoxy polymer resin, the maximum fatigue stress was noted by Ajaj
et al. [7], while, at the same time, with reducing the brittleness of
the resin, fatigue life, and the composites’ surface roughness. The
impact of adding nanoclay on the fatigue behaviour of carbon fibre-
reinforced polymers (CFRPs) was investigated by Khan et al. [4].
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The collected results showed that adding nanoclay to CFRP compo-
sites enhances the composites’ fatigue behaviour for a given cycle-
load level, mechanical properties under static loading, and mechani-
cal features after a specific cyclic-fatigue period. Borrego et al. [9]
investigated the fatigue properties of composites composed of na-
noscale clay and multi-walled carbon nanotubes. Under tension—
tension loading, it has been discovered that both nanoclay and mul-
ti-walled carbon nanotubes raise the fatigue ratio, indicating that
they may inhibit the spread of fatigue cracks. Ansari and colleagues
[9] examined how the fatigue-life behaviour of fibre-reinforced pol-
ymer composites was influenced by factors such as fibre volume
percentage, fibre type, and fibre orientation. As concluded, fatigue
frequency first increases and then it decreases as the volume of the
fibre fraction increases up to a certain point.

At a length of 500 meters, C. Capela et al. [10] investigated the
fatigue life of an epoxy-based composite reinforced with carbon fi-
bres in different volume fractions ranging from 2% to 10%. The
fibre volume fraction increased up to 17.5% enhances stiffness,
tensile strength, and fatigue resistance by 140%, 52%, and 400%,
respectively, according to the data. Nevertheless, after that, me-
chanical qualities are slightly decreased. The behaviour of car-
bon/epoxy was examined by Amore and Grassia [11] in order to
predict static strength, fatigue limit, and residual strength of com-
posite under cyclic loadings of constant amplitude. It has been ob-
served that the model captures the hierarchical damage into specific
insights development as well as other important characteristics of
the composites’ reaction. By altering the fibre direction at three
distinct angles 0°, 45°, and 90°, Lee et al. [12] investigated the
high-cycle fatigue behaviour of glass fibre with a 30 wt.% implant
in polyamide 6,6. The results indicated that the glass fibre with a
0° direction had the highest fatigue life strength across all testing
conditions. Debonding, vacancies, and the formation of microcracks
at the fibre ends were blamed for the failure. Utilizing 60% long
carbon fibre-reinforced nylon 6,6 oriented at three distinct flow an-
gles 0°, 45°, and 90°, Bondy et al. [13] looked into how fibre direc-
tion affected the materials’ fatigue life. The results showed that the
intensity of fatigue stress decreased as the fibre flow angle in-
creased. The effects of epoxy resin and activated carbon powder at
various weight fraction ratios of 0, 5, 10, 15, 20, 25, 30, 35, and
40 wt.% on tensile properties were investigated experimentally by
Mustafa B. Hunain et al. [14]. The results showed that the tensile
strength magnitude increased up to 15 wt.%, when the activated-
carbon content was increased, but then decreased at 40 wt.%.

The current study examines how composite materials with internal
or exterior fissures behave during fatigue and TiO,-nanomaterials’
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impact. In order to guarantee that the TiO, nanoparticles were com-
pletely dispersed throughout the base material, the nanocomposite
material was created by combining them with epoxy using an ultra-
sonic mixer and varying weight percentages of particles as 1%, 2%,
and 3% . The epoxy was supplemented with TiO, nanoparticles too.
A single layer of woven roving glass fibre is added to the synthe-
sized epoxy nanoparticles to create various hybrid nanocomposite
materials, which have a consistent weight of 10%.

2. METHODOLOGICAL APPROACH
2.1. Materials

The polymeric substance, which was utilized for this study, is Ren
floor HT 2000 formulated in a transparent epoxy. One plate short-fibre
E glass E6-CR was used for reinforcement, and kraft adhesive tape and
wax were used for creation of the interior crack inside the plastic.

2.2. The Method of Work

After placing a glass beaker and a pot of hot water in epoxy beaker
and hardener, epoxy resin (Ren floor HT 2000) and hardener (HT
2000) are mechanically stirred for 10 minutes in a weight ratio of
2:1. The mixture was mechanically mixed using a mechanical mixer
(Model No. HE-133). The mound should then contain the mixture
and unidirectional fibreglass added. The inside crack dimensions
were of 10 mmx1 mmx1 mm, and two different techniques were
used to repair the crack, plastic sticky tape and wax. The manual
techniques involve cutting the tape or wax apart and then combin-
ing all the parts including pouring the sample with the inner crack

Fig. 1. Epoxy type (Ren Fig. 2. Fibre E glass (E6-CR). Fig. 3. Wax.
floor HT 2000).
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that is allowed with 36 hours of curing time. The moulder crack
(i.e., the dimension of the inner crack) is done concomitantly with
their hardening, which is done with a CNC-operated machine. Using
a CNC machine, the plastic moulds were in compliance with ASTM.

2.3 Fatigue Test

The HSM20-type Alternating Bending Fatigue Machine (Hi-Tech)
[15] was used. It was found that the instrument was situated at the
Department of Mechanics in the College of Engineering at the Uni-
versity of Technology (in the location shown in Fig. 5).

The specimen dimensions were created based on the instrument
guide. Six samples were evaluated for each composite, and the test
frequency was kept constant at 20 Hz with R=1, where R is the
ratio of the maximum to minimum stress. The materials were tested
at six different maximum stress values, starting from 80% to 20%
of the ultimate tensile stress [16]. Finally, in every situation, the
S—N-curve is plotted by charting the stress against the number of
cycles, and Fig. 6 shows the fatigue specimens after testing.

The fatigue tolerance of polymer composites is influenced by sev-
eral factors including, which type of matrix and which type of rein-
forcing fibre have been used, and how the structure among the two
metals is arranged as these are influential over the stress applied,
temperature and these afore-mentioned variables [17]. Seven repli-
cas of the same type are tested, and multiple loads are applied in
order to perform the fatigue test of the fabricated composite mate-
rials. All the loads are the same, whereas the structures of 42 spec-
imens differ and are being tested for fatigue in multi-tester setup.

The outcomes have been represented in the form of the S—N-
curves. These curves have been formed using the fatigue-test data,
which have been gathered, and a curve-fitting methodology, which

» QOQIQPQ

] - - [ J Q
Fig. 4. 5-mm-thick fatigue specimens Fig. 5. Bending fatigue machine
moulded using an HSM20 machine [16]. (University of Technology).
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Fig. 6. Samples from fatigue tests following failure.
has been applied to these curves.

3. RESULTS AND DISCUSSIONS

The estimation of how long the composite material has been in use is an
essential part; so, a Univariate Linear Model (ULM) analysis is con-
ducted. The results for the samples of epoxy (Ren floor HT 2000) and a

® Pure epoxy

Epoxy + 1F

@ Epoxy + 1F + external
crack
Epoxy + 1F + internal
crack (T)

@ Epoxy + 1F + internal

crack (W)

Power (pure epoxy)

—— Power (Epoxy + 1F)
Se— = Power (Epoxy + 1F

-‘:—-(_._,'.__:_:"‘—; + external crack)
- Power (Epoxy + 1F

+ internal crack (7))}
— Power (Epoxy + 1F

0 500000 1000000 1300000 + internal erack (W)
No. of cycles

50

o @
(]

Stress of fatigue, MPa

Fig. 7. S—N-curve without TiO,.

TABLE 1. Fatigue properties without TiO,.

Samples | R? | a | b
Free EP 0.9509 579.76 -0.319
EP + 1F 0.9847 965.7 —-0.306
EP + 1F + external crack 0.9837 1165.7 -0.333
EP + 1F + internal crack (Tape) 0.9792 1082.4 -0.322

EP + 1F + internal crack (Wax) 0.9853 1289.4 -0.349
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single short E glass fibre plate (E6-CR) in the graphs illustrate the
changing number of cycles vs. fatigue-stress values. The tests were
performed in two cases to understand, if there were any nanomaterials
in this material, and in both cases as integrity.

We document the percentages of expansion and enhancement that
resulted after addition of TiO, nanoparticles to understand how the
incorporation of nanomaterials affects the composite materials,
which have internal or external cracks. These are evidenced by the
images in Figs. 7-11 and Tables 1-4.

Dynamic stress can be alleviated through TiO, nanoparticles. The
fatigue fracture propagation increase for the epoxy is discussed in
details with diagrams and tables. The tabletops show the increase of
dynamic stress by 3%. This is seen as a result of the addition of
3% scaffolding to the epoxy. The increased fatigue strength of the
hybrid nanocomposite material is enabled due to the interaction of
materials and components between added nanoparticles as well as
the slurry due to their huge surface area.

However, such adhesive strengthening can be combined with the
increase of volume concentration of the nanoparticles, which would
in turn have a negative effect on the fatigue strength of the prod-
uct.

o 00 ® Pure epoxy + (1%)T
a, 3 e E+1F + (1%)T
= 50 e E+1F+ (1%)T + EC
iﬂf 46 o E+1F + (1%)T + L.C.T
o e E+1F+(1%)T + L.C.W
-~
s 30 \ Power (Pure epoxy +
H \‘K w5 (Ino)T)
C 20 ————— —— Power (E + 1F +
g | e T £ (%))
£ 10 = —— Power (E + 1F +
a + (1%)T + E.C)

0 —— Power (E + 1F +

)
0 500000 1000000 1500000 . (19%)T + L.C.T)

— Power (E + 1F +

No. of cycles (L%)T - LCW)

Fig. 8. S—N-curve with 1% of TiO,.

TABLE 2. Fatigue properties with 1% of TiO,.

Samples | R? | a | b
Free EP + 1% TiO, 0.9888 266.84 —-0.233
EP +1F + 1% TiO, 0.9903 1252.4 —-0.299
EP + 1F + external crack + 1% TiO, 0.995 1875.4 -0.345
EP + 1F + internal crack (Tape)+1% TiO, 0.9935 1522.5 -0.321

EP + 1F + internal crack (Wax) + 1% TiO, 0.9948 2378.5 -0.37
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® Pure epoxy + (2%)T

® E+ 1F + (2%)T

e E+ 1F + (2%)T + E.C

o E+ 1F + (2%)T + I.C.T
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Fig. 9. S—N-curve with 2% of TiO,.

TABLE 3. Fatigue properties with 2% of TiO,.

Samples | R* ] a | b
Free EP + 2% TiO, 0.9459 416.24 -0.277
EP + 1F + 2% TiO, 0.994 1249.1 —-0.308
EP + 1F + external crack + 2% TiO, 0.9956 1787.3 -0.348
EP + 1F + internal crack (Tape) + 2% TiO, 0.9939 1435 -0.325
EP + 1F + internal crack (Wax) + 2% TiO, 0.9946 2155.9 -0.37

@ Pure epoxy + (3%)T
® E+1F + (3%)T

—— Power (E + 1F +
+(3%)T + L.C.T)

¢ —— Power (E + 1F +

0 500000 1000000 1500000 2000000 (3%)T + LC.W)
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2
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Fig. 10. S—N-curve with 3% of TiO,.

TABLE 4. Fatigue properties with 3% of TiO,.

Samples | R? | a | b
Free EP + 3% TiO, 0.9927 261.74 -0.224
EP + 1F + 3% TiO, 0.9713 1111.2 -0.278
EP + 1F + external crack + 3% TiO, 0.9754 1549.5 -0.315
EP + 1F +internal crack (T'ape) + 3% TiO, 0.9723 1327.5 -0.298

EP + 1F +internal crack (Wax)+3% TiO, 0.9765 1743 -0.331
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Fig. 11. Fatigue-improvement percentages.

4. CONCLUSION

Results, which are regarded as less efficient than composite materi-
als without manufacturing flaws or internal cracks, show that the
existence of the internal or exterior cracks in composite materials
decreases their mechanical capabilities. We discovered that adding
nanoparticles improves the composite-materials’ ability to withstand
fatigue stress.
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Pitch as Li-Ion Battery Anode

Evgen Strativnov', Oleksandr Khovavko', Anzhela Piatova'?, Andrii
Nebesnyi', Denys Filonenko', Dmytro Leonov?, and Maksym Barabash'***

!Gas Institute, N.A.S. of Ukraine,

39, Degtyarivska Str.,

UA-03113 Kyiv, Ukraine

2Technical Centre, N.A.S. of Ukraine,

13, Pokrovs’ka Str.,

UA-04070 Kyiv, Ukraine

’National Technical University of Ukraine
‘Igor Sikorsky Kyiv Polytechnic Institute’,
37, Beresteiskyi Ave.,

UA-03056 Kyiv, Ukraine

‘Institute for Applied Control Systems, N.A.S. of Ukraine,
42, Academician Hlushkov Ave.,

UA-03187 Kyiv, Ukraine

For the thermal treatment of powders, a special thick-walled container (a
saggar) is used to ensure uniform heating of the material throughout its
volume. This article presents a method of convective heating of a 1-liter
laboratory reactor using flue gases from natural-gas combustion. A ther-
mal engineering calculation and numerical modelling in COMSOL Mul-
tiphysics are conducted. The calculation involves the consideration of
complex heat transfer: from the gas flow to the saggar wall, through the
wall, and further into the powder layer. The problem is solved in a transi-
ent, axisymmetric formulation. Data are obtained on the temperature re-
gimes of the material being processed and the heating rate. The simula-
tion also enables the determination of the thermal diffusivity of the pow-
der layer. The results are planned to be used in the design of an industrial
reactor with a volume of 40 litres.

Hnsa TepmiuHOTO OOGPOOJIEHHA IMOPOINKIB BUKOPUCTOBYIOTH CIIEIisIIbHY TOBC-
TOCTiHHE BMicTHIIle — carTap, dKe 3abesleuye piBHOMipHe HarpiBaHHS Ma-
TepifAay mo BcboMy 00’eMy. ¥ CTATTi PO3TISHYTO CIIOCi0 KOHBEKTHBHOI'O Ha-
rpiBaHHs J1aGOpPaTOPHOTO peakTopa 00 €MoM y 1 JI IMMOBMMM TasaMu Bif
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CIIaJIOBaHHA IIPUPOAHBOrO Trasdy. IIpoBemeHO TeNJIOTEeXHIUHMIT PO3paxyHOK i
yuceJbHEe MOJeJI0BAaHHA B mporpamuHomy 3abesmeuenni COMSOL Multiphys-
ics. PospaxyHOK moJsAraB y BpaxXyBaHHI CKJIAJHOTO TEIJIOOOMiHY: Bif raso-
BOTO NOTOKY O CTiHKHM carrapy Ta uepes Hei, qajii — y miap mopoImnky. 3a-
BIAHHSA BUPIITyBajocA y HeCTAI[lOHAPHIiNW, BiceCMMeTPWYHiNl ITOCTAaHOBIII.
Opep:xaHO MaHI IIPO TeMIEPATYyPHI peXUMHU HarpiBaHHS 0OpPOOJIOBAHOTIO
MaTepisay, MIBUAKICTL HarpiBanHs. MogaeJgoBaHHS YMOMKJIMBIJIO BU3HAUN-
TH TeMIIepaTypy Miapy mopormky. OmepskaHi pe3yabTaTy IJIAHYETHCSI BUKO-
PUCTATHU IIiJi 4ac IPOEKTYBAaHHA IIPOMUCJIOBOIO peakTopa 06 emom y 40 .

Key words: saggar, spheroidized graphite powder, heat transfer, thermal
conductivity, thermal diffusivity, computational fluid dynamics, comput-
er-aided design and modelling.

Karouosi cioBa: carrap, cepoigmsoBanuii rpadiToBuil MOPOIIOK, TEILJIOIe-
pemaua, TemJOIPOBimHICTH, TEMIIEPAaTypPONPOBIAHICTH, O0UYMCJIIOBAJbHA Tif-
poAMHaMiKa, KOMII I0TepHEe IPOEKTYBAHHS Ta MOJEJIOBAHHSI.

(Received 17 June 2025)

1. INTRODUCTION

Saggars are refractory protective containers [1] used in high-
temperature thermal processing of materials to prevent contamina-
tion, oxidation, and uneven heating. Their application is especially
relevant in technologies requiring high purity, stable microstruc-
ture, and reproducible properties of the final product, such as in
the preparation of carbon-containing materials for the battery in-
dustry [2-5].

This study investigates the thermal treatment of high-purity
graphite powder (particle size of 20 pm), modified by applying a
petroleum pitch coating. The use of pitch in this case serves to cre-
ate a dense carbon layer 20—40 nm thick on the surface of graphite
particles, which reduces their surface porosity. For the successful
application of this spheroidized-graphite powder as an anode mate-
rial for lithium-ion batteries [5], it is necessary to reduce its specif-
ic surface area from 7ml/g to 4 mI/g. This is achieved by adjusting
the thickness of the deposited coating and strictly controlling the
thermal regime parameters [6].

A key technological requirement is a very slow heating rate, no
more than 10°C per minute, during the initial stages of pitch de-
composition. This is necessary to avoid ‘boiling’, cracking of the
coating, and the formation of surface defects. The proposed techno-
logical scheme uses heating by flue gases from natural gas combus-
tion, while a protective atmosphere is ensured by supplying a small
amount of nitrogen into the reactor. The saggar in this system en-
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sures uniform temperature distribution of the processed material
and protects it from contamination by combustion by-products.

The use of flue gases for heating the laboratory-industrial reactor
prototype (with an internal volume of 1 litre) is justified by the in-
tention to develop an industrial energy-efficient installation in the
future (with a working saggar volume of 40 litres).

2. EXPERIMENTAL TECHNIQUE, RESULT AND DISCUSSION

The saggar is a thick-walled container (Fig. 1, a, b) equipped with a
graphite tube for supplying nitrogen into a layer of spheroidized
graphite powder. Figure 1, b shows the technical drawing of the
saggar, weighing 2.2 kg, with an internal volume of 1 litre (con-
taining 1.3 kg of powdered graphite material). The total weight of
the saggar-powder system is of 3.5 kg.

The saggar (Fig. 2) is placed inside the channel of a muffle fur-
nace with internal dimensions of 500x265x250 mm for heating with
flue gases.

The drawing does not show the purged supports beneath the sag-
gar or the lid on top, which may be integrated with the removable
cover of the furnace thermal channel.

3. MODELLING AND THEORETICAL CALCULATIONS
OF THE POWER REQUIRED FOR HEATING 1 KG OF GRAPHITE

This theoretical calculation serves not only for the practical selec-
tion of the burner device but also for providing initial data for
computer modelling in COMSOL [7], where all further simulations
were carried out.

The calculation of the thermal power of a gas burner required to
heat 1 kg of graphite at a rate of 10°C/min is based on the follow-
ing equation: P =@Q/t, where @ is the amount of heat required for
heating and ¢ is the heating time.

The amount of heat @ is determined as follows: @ = CmAT, where
C is the specific heat capacity of graphite (C~ 710 J/(kg-°C)), m is
the mass of graphite (m =1 kg), AT is the temperature change.

Given the heating rate of 10°C per minute, AT =10 K:

1. heat required per minute: @ = 710 J/(kg-°C)-1 kg-10°C = 7100 J;
2. heating time: t =1 min = 60 s;
3. thermal power: P=Q/t=7100 J/60 s~ 118.33 W.

Thus, to heat 1 kg of graphite at a rate of 10°C/min, a thermal
power of approximately 118.33 W is needed. For 3.5 kg of graphite,
P~414 W. To obtain 1 kWh of energy, it is necessary to burn ap-
proximately 0.1-0.12 mi of natural gas (at 100% efficiency); as-
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Fig. 1. Cross-section of the saggar with material: a—external view of the
saggar; b—technical drawing of the saggar.
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Fig. 2. Geometrical dimensions of the muffle furnace channel for heating
the saggar with flue gases.

suming = 90% efficiency, 0.11-0.13 mi is required.

3.1. Calculation of Flue Gas Volume from Natural Gas Combustion

Input data: volume of natural gas—0.13 m?, flue gas temperature—
900°C.
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Fig. 3. Computational domain of the muffle-furnace channel for heating
the saggar with flue gases.

3.1.1. Determining the Composition of Combustion Products with
Assuming that Natural Gas Consists of 95% Methane (CH,)

Combustion reaction: CH, + 20, —» CO, + 2H,0. Considering air (21%
0, and 79% N,): CH, + 2(0,+ 3.76N,) > CO, + 2H,0 + 7.52N,. Thus,
burning 1 mi CH, yields: 1 mi CO,, 2 mi H,O (in vapour phase),
7.52 mi N, (from air). Total: 1+ 2+ 7.52=10.52 mi of flue gases at
standard conditions (0°C, 1 atm). Recalculating for 0.13 mi of nat-
ural gas: 0.13x10.52 =1.37 mi.

Correcting for temperature of 900°C with use of ideal gas law:
V.T=V OT_T/T _0), where V_T—volume at temperature T T,
V_0=1.837 m®*—volume at 0°C (278 K), T T=900+273=1173 K,
T 0=273K, V 1173=1.387-(1173/273)=5.89 m®. Therefore, flue
gas (f.g.) volume (for 1 kW) at 900°C is of 5.89 m?. For power of
0.414 kW, the volume of f.g. is of 2.44 m®. Assuming 3 kW-system,
the required f.g. flow rate is of 17.67 m®/h. The modelled axisym-
metric region of the channel is shown in Fig. 3 with the following
parameters: channel cross-section=265x250 mm, area=0.06625m?,
gas flow speed through the section =266.7 m/h =~ 0.075 m/s.

3.2. Calculation of Saggar Heating by Flue Gases at 900 C

Initial data for modelling: flue gases with velocity V=0.075 m/s and
temperature T,=900°C are supplied from the left into the furnace
channel (Fig. 4). Nitrogen is directed through a pipe to purge the pow-
der material layer inside the saggar with velocity V,=0.01 m/s and
temperature T, = 20°C; it is supplied from above through a pipe with
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Fig. 4. Mesh of the computational domain of the muffle-furnace channel
for saggar heating with flue gases, including the saggar body and the
graphite powder volume.
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Fig. 5. Results of external heat-exchange simulation: a—velocity and flow
direction; b—temperature distribution and flow direction.

diameter d =5 mm, at a flow rate G=7-10"* mi/hour (Fig. 4).

3.3. Results and Discussions

The simulation results of the external heat exchange caused by the
flow of hot flue gases are presented as streamlines of the flue gas
motion (Fig. 5, a). The temperature distribution (isotherms) on the
walls of the muffle-furnace channel and the saggar surface is shown
in Fig. 5, b.

In the simulation of external heat transfer from the flue-gas flow
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to the saggar surface, radiative heat exchange and convective trans-
fer within the channel were not taken into account. However, heat
losses through the external walls of the channel were considered.
The physical properties of the powdered graphite layer are present-
ed in Table 1.

The permeability of the graphite powder layer was calculated using
the Ergun equation: k = 82d2(1 —g)” / 150. At a porosity of 40%, the
permeablllty (according to Ergun) is approximately of k~4.74.10"
m?. The nitrogen flow through the porous material layer (Fig. 6) was
simulated using the specialized Brinkman module.

TABLE 1. Physical properties of the powdered graphite layer.
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Fig. 6. Results of modelling the internal space of the saggar: a—nitrogen
pressure generated by the layer of porous graphite material; b—
temperature distribution in the saggar and graphite powder.
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For modelling the external and internal heat exchange through
the porous nitrogen body (Fig. 6), a Multiphysics simulation module
was used, combining the Brinkman and Heat Transfer modules for
porous media with external flow. The coupled solution of the corre-
sponding differential equations allowed taking into account the mu-
tual influence of hydrodynamic and thermal flows passing through
different physical materials and media. The time-dependent dynam-
ics of the average and minimum temperatures of the porous graph-
ite material are presented in the graph (Fig. 7).

The dependences indicate that the main heating of the powdered
material occurs within 4-6 hours of processing. Afterwards, the
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Fig. 7. Temperature of the porous graphite material inside the saggar. 1—
Temperature Ave (degC); 2—Temperature Min (degC).

n

A
R

=
in

s

(o]
W
L~

v

/

Heating rate, K/min
e
o
//

<
[

<

Time, h

Fig. 8. Average heating rate of the porous material for various heat carrier
temperatures.
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material’s temperature exponentially approaches the temperature of
the heat carrier. It can be approximately considered that the tem-
perature change ceases after 12 hours. It is shown that the heating
time of the processed material does not significantly depend on the
heat carrier temperature under the given conditions.

The average heating rate (Fig. 8) under the given conditions reli-
ably does not exceed the established technological limit of 10 de-
grees per minute.

4. THERMAL EFFECTS UPON THE INTERACTION OF PULSED
RADIATION WITH THE MATERIAL

The thermal diffusivity of powdered graphite coated with a layer of
carbonized petroleum pitch was determined using a pulsed thermal
diffusivity measurement method. This method is non-destructive
and contactless. The developed technique requires special sample
preparation—pressing the powder into a pellet. The pressing force
is minimal to ensure that the sample is not destroyed and, at the
same time, does not significantly differ from the structure of the
powder processed in the saggar.

The front surface of the sample is irradiated with a short light
pulse (Fig. 9, a) in the visible range (pulse duration of 100 ms),
generating a primary radiation flux.

The absorbed portion of the energy is converted into heat, caus-
ing local heating that gradually spreads throughout the volume of
the material. Part of the heat flux reaches the backside of the sam-

g (%)
LED
—
Ts
PS
16 B; £15 B AD-DA
X
a b

Fig. 9. Scheme and working principle of the setup for measuring thermal dif-
fusivity: a—model of the heat flux redistribution process through the sample;
b—Dblock diagram of the pulsed thermal diffusivity measurement method:
LED diode (GREE-XML); S—graphite material sample; PyEs—pyroelectric
sensor (IRA-E700STO0); PA—amplifier (Gain =10.000); AD-DA—ADC-DAC
unit (£10 V, 12-bit resolution, 2 channels); SPS—computer.
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ple, where a secondary infrared radiation flux is generated. This
secondary flux, delayed in time relative to the primary one due to
the finite speed of thermal diffusion, is detected by an IR sensor.
When using a pyroelectric sensor as the IR detector, it is not neces-
sary to know precisely the energy of the incident and absorbed radi-
ation, the absorption coefficient of the front surface, the emissivity
of the back surface, as well as the temperature curve of heating and
the sensitivity parameters of the sensor [8, 9].

The block diagram of the measurement system is shown in Fig. 9,
b. In this setup, a light-emitting diode (LED) was used as the heat
radiation source, and a pyroelectric sensor (PyES) was employed to
register the thermal response. This method allows effective and re-
liable determination of the thermal diffusivity of graphite materials
under pulsed heating conditions.

Thermal diffusivity is critically important in modelling tasks, as
it directly affects the accuracy of numerical calculations of temper-
ature fields. Moreover, during scale-up from laboratory to industri-
al volume, thermal diffusivity acts as one of the key variables ena-
bling the transfer of thermal regime parameters without loss of
heat treatment quality. Therefore, accurate evaluation of the ther-
mal diffusivity of the studied graphite powder is an essential step
in developing and scaling an effective technology for producing an-
odic material of the required quality.

The dynamics of thermal diffusivity changes in the porous graph-
ite material are presented in the graphs (Fig. 10, a, b).

The thermal diffusivity of graphite powder depends on several
factors, including: particle size and shape, packing density, pres-
ence of impurities in the powder, temperature, anisotropy of graph-
ite (layered structure), as shown in Table 2.

Thus, the thermal diffusivity of the graphite powder is approxi-
mately as follows: a~0.001-0.02 m?/s. For the studied graphite
powder, the dependence of thermal diffusivity (Fig. 10, ) on the
temperature of the porous graphite material appears almost linear,
ranging from 0.2¢* m?/s at the initial 20°C to 2¢* m?/s at 900°C.

5. CONCLUSIONS

A model of thermal interaction in the system ‘flue gases—saggar—
graphite powder’ was developed and implemented, taking into ac-
count the porous structure features of the spheroidized powdered
graphite material under protective atmosphere conditions. Numeri-
cal modelling allowed obtaining data on the temperature character-
istics of the spheroidized powdered graphite material over time, in-
cluding average and maximum temperatures, as well as heating
rates that are critically important for preserving the structure of
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Fig. 10. Changes in the thermal diffusivity of porous graphite material: a—
depending on time; b—depending on temperature.

TABLE 2. Thermophysical properties of graphite powder.

Thermal conduc- | Density (compact- | Specific heat ca- |Thermal diffusivi-
tivity, W/(m-K) ed), kg/mi pacity, J/(kg'K) ty, m®/s
1-10 500-1200 700-900 0.001-0.02

the pitch coating.

A device for the pulse method of measuring the thermal diffusiv-
ity of materials of different nature with data recording on a PC was
developed. Measurements of thermal diffusivity were conducted on
samples of spheroidized powdered graphite material. The calculated
values of thermal diffusivity of the graphite powder correlate well
with known literature [10] and experimental data, confirming the
correctness of the applied model. It was established that, at the giv-
en heat carrier temperature and the corresponding flue gas flow
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rate, the heating rate of the graphite powder does not exceed the
established technological limit of 10°C per minute. The use of a
compact laboratory-industrial installation with a volume of 1 litre
is justified as a stage of preliminary validation of thermal calcula-
tions, the results of which can be scaled for the design of an indus-
trial saggar with a volume of 40 litres. The developed methodology
can be applied for calculating and optimizing thermal regimes in
similar heat treatment processes of porous materials with higher
requirements for uniformity and property control.
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IonipyHKIioHAJNBbHI MArHETOYYTJINBI HAHOCTPYKTYPHU
Ta MaTePifAJau: CydJaCHUH CTaH i MepPCHEeKTUBM JOCIiIKeHb

II. II. T'opbux, C. M. Maxuo, A. II. Kycak, P. B. MasypeHko,
O. M. Jlicora, C. JI. IIpokomnenko, I. B. [Iyoposiu, C. II. Typaucbka,
A. JI. IlerpamoBchka, O. M. Illermos

Incmumym ximii nogepxhi im. O. O. Yyiika HAH Ykpainu,
s8ya. Oneea Myodpaxa, 17,
03164 Kuis, Ykpaina

ITpoanasisoBano i ysarajJbHEHO pPe3yJbTaTH aBTOPCBKUX MOCJi:KeHb B pa-
MKaX HOBOTO MIXKIWCIUILIIHAPHOTO HAYKOBO-IPaKTUUYHOro Hampamy «Ilo-
JipyHKIIOHAJIBbHI MarHeToOYyTJANBI HAHOCTPYKTYPU Ta MaTEPidam», IO 0XO-
IJII0E IMUPOKE KOJIO aKTyaJIbHUX CydacHUX ImpobJseM xewmii, disumru, menmu-
muHU (30KpemMa OHKoJIoTil), porodapmakrosorii, 6iosmorii, ekosorii, TexHiKNI
TOI[0. PO3riIsgHyTO MPUKJIAAN PO3POOOK, MEPCIEeKTUBHUX IJs IPAKTUUYHOTO
BHKOPHUCTAHHS, IIOB S3aHUX 3. XeMIUHMM KOHCTPYIOBAHHAM 6araTopiBHEBUX
HaAHOKOMIIO3UTIB THUOY SAPO—O000JOHKA 3 (PYHKIIAMHN MeIUYHO-0ioJoTiuHmX
HaAHOPOOOTiB; CTBOPEHHAM HOBOTO ITOKOJIiHHSI MarHeTHHUX aJCcOPOeHTiB 3 pis-
HOIO IPUPOJOI0 IMMOBEPXHI MEAMUYHOrO, TEXHIUYHOr0, TeXHOJOTiYHOT0O I €KO0JO-
TiYHOrO MNPHUB3HAUEHHS; PO3BUTKOM HAHOTEXHOJOTiuHOI 0asu MajioiHBas3uB-
HUX METOAiB (POTOAMHAMIUHOI MPOTUIYXJUHHOI Tepamii Ta HeiHBa3WBHOTO
KepoBaHOro (apMaKOJIOTiUYHOTO BIJIMBY 3aJaHOT0 HANPAMKY Ha OioJsoriuni
KJITUHHI CUCTEeMU; CUHTE30I0 HOBUX MarHeTHUX DPiIMH Ha OCHOBI (hiziosori-
YHOTO PO3UUHY, IO MiCTATH MAarHeTOUYYTJIUBiI OaraTopiBHeBi moaiyHKIiO-
HaJbHI HAHOKOMIIOSUTH 3 aKTYaJbHUMHU NPOTUNYXJIUHHUMH JiKapChbKUMU
mpemaparaMu I aHTuUTiTaMu. I[IoKasaHO IMEPCIEKTUBHICTL HOBUX e(EKTHB-
HHUX B3aXWCHHUX MaTepisjaiB, 3JaTHUX BOUpATU eJeKTPOMATHEeTHe BUIIPOMi-
Heuua (EMB) B zagaHux misimasoHax CIEKTPY AJA BUKOPHUCTAHHS B: €JIEKT-
poHini # y 60poTHOi 3 €IeKTPOMATHETHUM CMOTOM; CTBOPEHHI ITOKPHUTTIB,
akTuUBHUX B iH(pauepBonomy (IY) ta magBucoxouactorHomy (HBY) miama-
30HaX crnekTpy. [IIupokocMyroBe BOMpPaHHS Ta MPONYCKAHHS B IILOMY BHUIIA-
IKY € Ba)KJIUBUMHN UYMHHUKAMU, 110 BU3HAYAIOTH €KCILIyaTaIlliiHy IpPUAAT-
HicTh MaTepiAdiB.

The results of the authors’ research within the new interdisciplinary sci-
entific and practical direction ‘Polyfunctional magnetically sensitive
nanostructures and materials’, covering a wide range of topical modern
problems of chemistry, physics, medicine (including oncology), photo-
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pharmacology, biology, ecology, engineering, etc. are analysed and sum-
marized. Achievements are summarized, and directions of development of
scientific approach in the field of creation of the molecular and nanoscale
objects with predefined properties are analysed. Examples of promising
developments for practical use related to the chemical design of multilevel
core—shell nanocomposites with the functions of biomedical nanorobots,
which can move independently along different trajectories, be controlled
by external fields, and interact with objects and the environment, are con-
sidered. The article presents the creation of a new generation of magnetic
adsorbents with different surface properties for medical, technical, and
environmental purposes, the development of a nanotechnological basis for
non-invasive photopharmacological methods of anticancer therapy, and
controlled pharmacological effects of a given direction on biological cellu-
lar systems. Considerable attention is paid to the synthesis of new mag-
netic fluids based on saline solution containing magnetically sensitive
multilevel polyfunctional nanocomposites, which allow the transportation
and retention of nanoscale magnetically sensitive drug carriers in the ves-
sels of various types of the circulatory system using an external magnetic
field, with topical anticancer drugs and antibodies. The prospect of new
effective protective materials capable of absorbing electromagnetic (EM)
radiation in specific ranges of the electromagnetic spectrum for use in
high-tech electronics and protection against electromagnetic pollution, the
creation of scientific foundations of protective coatings active in the in-
frared (IR) and ultrahigh frequency (UHF) ranges of the spectrum, are
shown. The advantages of protective materials containing magnetic, die-
lectric and electrically conducting components, and core—shell nanocompo-
sites include reduction of reflection coefficients, optimization of loss and
impedance coherence with open space, and wideband absorption. These
important factors determining the serviceability of the materials, as well
as general technical factors such as mass—dimensional characteristics and
corrosion resistance, and point to the prospects for unique technical appli-
cations, particularly in the field of creating new types of surfaces and
coatings with defined electrodynamic properties.

KarouoBi ctoBa: HaHOCTPYKTypa, HAHOKOMIIO3UT SAPO—00O0JIOHKA, (PYHKILIT
HaHOpPOOOTAa, MArHEeTHUI aJCcOpOeHT, MarHeTHa PiAMHA, B3BAEMOIid 3 €JIeKTPO-
MarHeTHUM OIIPOMiHEHHAM, NPOTUNYXJUHHA Tepanid, (poTodapmMaKooTisa.

Key words: nanostructure, core—shell nanocomposite, functions of nano-

robot, magnetic adsorbent, magnetic fluid, interaction with electromag-
netic radiation, antitumor therapy, photopharmacology.

(Ompumano 6 aromozo 2025 p.)

1. BCTYII

Ha mouatky XXI croiiTTsa HabyJja akTyaJbHOCTU MIpo0JieMa CTBOPEH-
HA MOJIEKYJSAPHUX 1 HAHOPO3MIPHUX CTPYKTYP, IO 3a CBOIMU (PYHK-
I[IOHAJBbHUMU MOMKJNBOCTAMU BU3HAYAJINCH SK MOJIEKYJISPHI MAaIlu-
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HU, HAHOMOTOPH, HAHOPOOOTH TOINO, 3JaTHi 3AiliCHIOBATH 3aIporpa-
MOBaHUUM KOMILJIEKC KOPUCHUX [Milf, HAIIPUKJAL, XeMi4YHOT0, TeXHOJO-
riyHOTO, GiOJIOTIYHOTO UM TO MEAWYHOr0 XapaKTepy Ha aToOMapHOMY,
MOJIEKYJIAPHOMY Ta reHHoOMY piBHAX [1-7]. Ha pamnHix eramax mocJi-
IKEeHb 1 MOIIYRYy HLIAXiB Ii po3B sS3aHHS 3HAUHE MicIle BiZBOAMIOCHA
BCTAHOBJIEHHI0O HAYKOBUX NPUHIUIIIB (PYHKIIIOHYBaHHS BKa3aHUX MO-
JEKYJIAPHUX 1 HAHOPO3MIpPHMX 00 €KTiB, a4 TaKOM IIePCHEeKTUBHUX
coco0iB 3a0e3meueHHs iXHIX KOHTPOJIBOBAHUX MEXaHIUHUX IIepeMi-
IeHb, 30KpeMa y Oiosoriummx cepemoBumiax. s KOHCTPYIOBaHHSA
GiosoriuHMX HAHOPOOOTIB, MOJIEKYJAPHUX MOTOPIB i MAIIIMH BUKOPUC-
ToByBaau (pparmentu moaekya JHK, m'aszosi mamosomokHa [2, 3],
KigbIemoniOHI OioMoOJIEeKYyaM, «HAHM3aHi» Ha JiHIAHMA «MICTOK» i3
aminokwucyaor [4, 5], poro3bym:xeni Ta MmeracTabibHI cTaHM HaHOYAaC-
TUHOK, aCUMETPUYHUMN POBIMOAiJ eJeKTPUUYHUX IIOJIB y HANPAMKY iX-
HBOTO PYXY, (PIOKTyaIliiiHi mpomecu MOJEKYJAAPHOI M eJIeKTPUYHOIL
mpuponu [6, 7].

Buxogauu 3 JjitepaTypHEHX OaHUX, HaBeleHi IIpobJeMu 3ajIuIlia-
IOThCS aKTYyaJIbHUMHU i Ha Ied Jac.

Tax, y pob6ori [8] mpoaHamizsoBamo pyx Karamitmunux Au/Pt-
MiKPOMOTOPIB y II€POKCHUIHOMY IIAJIMBHOMY CepefoBHUIIL 3a e(eKTy
BILJINBY ITOBEPXHEBUX aKycTWYHUX XBUJIb (SAW). [ocmimxkeno sminy
IIBUAKOCTH MiKPOMOTOPA, 3aJIedKHO Bif TuUIy I iHTeHcuBHOCTH SAW.
Crpareris aBTOpiB OasyBajacs Ha BUKOPHCTAHHI OJHOJAHITIOTOBUX
HOHEK-3ougiB, immo6inizoBanux mo Au/Pt-mixpomoropiB, AKi poami-
3HAIOTH 11ia1L0BY MikpoPHK-21 ax Giomapkepa, OB SI3aHOT0O 3 PAKOM.

B pob6ori [9] moBinomasgeTheA Tpo AM3aliH, cCUHTe3y Ta (PpyHKITiOHA-
JIbHE TEeCTYBaHHs IIOPUCTUX CAMOPYXOMHUX MiKpPOMOTOPiB, BUTOTOBJIE-
HUX i3 MerajoopraHiuHoi rkapxacHoi ocHoBu (MOF), aAkKi mpaimomors
Ha (pepMeHTax i B MaOyTHBOMY MOMKYTh OYTH HEePCHeKTUBHUMU IJIA
aIpecHOr0 AOCTAaBJAHHS JIiKAapCbKUX 3aco0iB, copOIrii, KaTamiTHYHMX
sdactocyBaub Tomro. Kmacrepu Zrg;O,(OH), 3 1,4-6eH30AUKapOOHOBOIO
kucaoroio (UiO-66), ax mpexacraBHuk cimeiictea MOF y crpykTypi
MIiKPOMOTOpPiB, IIIMPOKO 3aCTOCOBYIOTHLCSA B CEHCOPHUILi, 3B A3yBaHHI Ta
BUBiJIbHEeHHI JiKapchbKUX 3aco0iB, PO3IOAiIi, HAKOIMUYEHHI I amcopo-
1ii pevyoBMH 3aBAAKMN CBOIll BeNMKiM BHYTPIIIHI# NJOIIi IOBEepPXHi,
ONHOPiZHOMY PO3Mipy IIOp, IMOPiBHAHO JIeTKill (GyHKI[ioHaJizarmii Ta
BUHATKOBIiN cTabiJIbHOCTI.

B ormamax [10, 11] mizcymoBaHO AOCATHEHHS Ta ITPOAHAJi30BaHO
HaAIpAMU PO3BUTKY HAYKOBUX IIiAXOMiB y Tajly3i CTBOPEHHS HAHOPO-
0OTiB 3 POBIIMPEHUMHU MOMKJINBOCTIMHU, AKi MOKYTh BUKOHYBATHU Pis-
Hi 3aBJaHHS Ta OyJau B IEHTPiI 3HAUHMX [OOCIAIAHUIBKMUX iHTepecis.
Hamopo6oTut MOMKYTh CaMOCTIMiHO PyXaTHCS PiSHUMU TPAEKTOPisMIU,
KepyBaTHCA 34 JOIIOMOI'OI0 30BHIIIHIX IIOJIB 1 B3aeMomisTu 3 00 €K-
TaMH Ta HABKOJUIIHIM cepemoBuilieM. B ocranHi poxu ¢ismuni Ta
XeMiuHi MeToAM BUTOTOBJIEHHA iX, 30KpeMa 3 BUKOPUCTAHHAM CaMOO-
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pranisarii, 3HaxoauJaNCA B OCHOBI peaJiszalfii meBHUX KOpPUCHUX (Y-
HKIIifi. ChOroaHi KOHBEpIreHIlid Mixk OioMeIUUYHUMHN HAHOUACTUHKAMU
Ta HaHOpoOOoTaMmu crajia oueBuAHOIO0. Tomy, AK NIpiopuTeTHUII Ha-
IPAM, OOTOBOPIOIOTHL MOJKJIMBOCTI CTBOPEHHS HACTYIHUX IIOKOJiHDb
HAHOPOOOTIB, TeXHOJIOTii BUTOTOBJIEHHA iX 1 QyHKIII aiaa 6io3acTocy-
BaHb. SHAUHY yBary NPUIiJISIOTh AM3aliHy HAHOPOOOTiB, ITO0 mOJIer-
IIMUTHA BIPOBAMKEHHA IX y KJIiHIUHY IPAKTHUKY Ta MOBHICTIO PO3KPH-
TH MOTEHIAN y 6ioMeIUUHNX AOCTIIKeHHAX I OXOPOHi 340pOB 4.

Cruim sayBasKuTH, III0 IPAKTHUYHE 3aCTOCYBAHHSA 3a3HAUEHUX HAHO-
Ta MOJIEKYJSPHUX CAMOPYXOMHX CTPYKTYp 3 METOI, HAIpPUKJIAI,
CIIPIMOBAHOTO TPAHCIIOPTYBAHHSA JiKapChbKUX 3ac00iB a00 BUKOHAHHS
iHIMNX KOPUCHUX (PYHKI[IHM, HO IILOTO Yacy 3aJUINAE€ThCsS TOBOJI IPO-
0JIeMaTUUYHUM, a OOCJHIAMKeHHsS IX MalioTh JabopaTopHHUii, AOKJIiHiu-
HUI Xapakrep.

Tomy HayKoOBUH i IpaKTUUYHUI iHTepec Ma€ aJbTepPHATUBHUN Ha-
HOXeMiuHUH migxin, Bukopucranuii y pobori [12], B akiit cuHTe30Ba-
HO Ta gociaimsxkeHo marHeTHi manouactuuku (HY) Fe,0;, inkamcyibo-
BaHI TOHKOIO KPeMHEe3eMHOI0 O0O0JIOHKOM, AKY (PYHKIiOHAIi3yBaIn
datoopecuienTHMU OapBHUKamMu Ta rpynamMu LH—-RH gasa Giorapre-
TyBaHHA Ha chnenugpiuHi permentopu pakoBux KJIiTmH. Taki iepapxiu-
HO mOoOyJZOBaHi HAHOUYACTUHKM, BU3HAUEHI K «HAHOKJIIHIKM», Xapak-
TEPUIYBAJIUCA MOKJIUBOCTAMU MiABUINYBATA KOHTPACT MAaATHETHO-
pesoHaHcHOI II omTMUYHOI BisyaJsisalii B mocaim:KeHHAX OioJgoriuHmMX
eexTiB, a TakoK BIiMiICHIOBATU NPUILJIBbHY JOKAJIbHY MarHeTOIHIY-
KoBaHY Tepamiio paky. CTpyKTypa Ta (GyHKIIII HaHOKJIIHIK oxapakTe-
PHM30BaHO MeTOJAMHU eJeKTPOHHOI Ta PeHTIeHiBCbKOI amdpakrimii, Tpa-
HcMicifiHOI eJleKTPOHHOI MiKpPOCKOMii, aTOMHO-CHJIOBOI Ta CKaHyBaJb-
HOI eJIeKTPOHHOI MiKpOCKOMiil, MBOMOTOHHOI Ja3epHOl CKaHyBaJbHOIL
mikpockormii. TakuM umHOM, 3a MOIIOMOTOI0 MarHeTHHMX HAHOKJIHIK
0yJ0 IIPOAEMOHCTPOBAHO HOBMU AaKTyaJbHUU MeXaHi3M BuOipKOBOTO
SHUIIEHHA PAaKOBUX KJITHWH.

Hapenmennit manoxemiunuii miaxia [12] HabyB yCHiIITHOTO DPO3BUTKY
3a peasizaifii Ta IPaKTHYHOI ampolarrii KOHIIEIIlili HaHOKOMIIO3WUTiB
(HK) tuny sapo—o00JjioHKa 3 QPYHKIIIMU MeIUYHO-0i0JOTiuHMX HaHO-
poboris [13—23]: posmisHaBaHHS MiKpoOiogoriuHmx 00 €KTiB y 6ioJo-
TiYHUX cepemoBUINaX, aApPeCHOr0 JOCTABJSHHS JiKapChbKUX Ipelaparis
IO KJIITHH- Ta OpraHiB-MillleHel i JemoHyBaHHS, KOMILIEKCHOI JIOKAJIb-
HOI XeMio-, iMyHO-, HeHTPOH3aXOILIIOBAJIbLHOI, TimeprepmiuHoi, ¢oTo-
IUHaMiuYHOI Tepalrii Ta TiSTHOCTHKHN B PEKUMi peaJbHOro 4acy, JeTOK-
cuKaIii opraHiamy IJISXOM ancopOIii TOKCHHIB, BipyCHMX UYaCTHUHOK,
MOHIB BasKKMX MeETAJiB TOIO Ta BUAAJEHHS IX 3a JOIOMOI'OI0 30BHIIII-
HBOT'O MarHETHOTO IIOJIA.

3nilicHeHHsS CHCTEMHUX OOCJi:KeHb Yy BKas3aHOMY HaOpsaMi IoTpe-
OyBajJI0 IMOCTAHOBKU I[iJIECIPAMOBAHUX KOMILJIEKCHUX €KCIIepHMeHTa-
JbHUX POOIT, a TaKOK TeOPeTHUYHMX OI[IHOK, aHAJ3iB Ta ysarajb-
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HeHb. [HTepec H0 BKasaHOI TeMaTUKMU Iife Oijbllle IIiABUIIUBCA ITiCJIA
BUABJIEHHA e(eKTy CUHepriiiHoro miacmiaeHHS (apMaKoJorigyHoi mii
oimifiHUX TPOTUHYXJUMHHUX IIperapariB 3a ydacTio 6iocymMicHMX Ha-
HOYACTUHOK MAarHeTHUTY, AKi B caMOCTifHOMY BUKOPHCTaHHiI IMOMiTHOI
IUTOTOKCUYHOCTY HE BUABJAIOTH, 8 TaKOMK SBUIIA IITUPOKOCMYTOBOTO
BOMpAHHA HaJBHCOKOUACTOTHOTO €JeKTPOMATrHETHOTO BUIIPOMiHEHHS
cepemoBuIinaMu, 1o Mictars HK 3 mierexTpuuyHMMM, MarHeTHUMU Ta
mpoBigHUMU BTpatamu. OcTaHHE IPSIMO BKa3yBajJo HA HePCHEeKTHUBU
VHiKaJIbHUX TEXHIUHUX B3aCTOCYyBaHb, 30KpeMa B Trajysi CTBOpPeHHA
HOBUX TUITIiB IIOBEPXOHBb 1 MOKPUTTIB i3 3aJaHUMMU eJIeKTPOAMHaAMIiU-
HUMU BJIACTUBOCTSAMM.

TaxuM YMHOM, HaBeAeHi 00CTABMHU CIIPUAIN BUHUKHEHHIO HOBOTO
MLKIVCIIUILIIHAPDHOTO HAayKOBO-IpPaKTUuHOTo Hanpamy «IlomidyHKILi-
OHaJIbHI MAarHeTOUyTJMBI MAaTepiAam Ta HAHOCTPYKTYpPU», AKUHN Ha
el yac OXOILIIOE ITHUPOKE KOJIO CYYACHUX aKTyaJbHUX ITPOOJIEM Xe-
Mii, Qisuku, megunuHm (30KpeMa OHKOJOrii), omrodapmakoJorii, 6i-
oJiorii, exosorii, TexHiKku Toifo. Tomy MeToro Itiei pobOTH € OrJIAf,
aHaJliza Ta ysaraJbHeHHSA DPe3yJbTaTiB aBTOPChKMX E€KCIEepUMEHTAJIb-
HUX i TEOPEeTMUYHUX MTOCTil:KeHb, CIPAMOBAHUX Ha HAyKOBe OOI'DYH-
TyBaHHA Ta CTBOPEHHA IMMMPOKOTO ITOKOJIiHHA HOBITHIX IPaKTUYHO
BaXKJIMBUX TIOJNi()YHKITIOHAJbHUX MAarHETOUYTJIMBUX HAHOCTPYKTYDP-
HUX MaTepidaaiB.

2. IOJII®YHRKIIOHAJBHI HAHOKOMIIO3UTH
BIOMEJHUYHOI'O ITIPUSHAYEHHA

Peasizalniis saBmanusa cTBopeHHs moiyHKIioHanbHuX HK mi1s BuKo-
pucTanHsa B OioMeIUUHNX Tajy3sX IOTpedye PO3poOKHU IIiaAXOIiB IIf0Z0
CUHTE3W HOBUX HAHOCHUCTEM BUCOKOTO CTYIIEHA CKJIAAHOCTU, AKi MaioThb
3a0e3MMeYnT CTPOTY IIOCJTiOBHICTL BUKOHAHHS YHIKAJIBLHUX Iili B OpP-
raHi3Mi JIIOAWHU, CIPIMOBAHUX HAa MJOCATHEHHS TePaIleBTUYHOIO pe-
3yabTarTy. BomHouac ymMOBU CHMHTE3W MAaiOTh HE IPU3BOAUTU 0 BTPAT
MargHeTHUX BJacTuBocTel i OioaxkTmBHOCTH KommoHeHTiB HEK, a ixmii
XeMiYHUII CKJIaJ, Mae He BUKJIHKATH [JOJATKOBOTO TOKCUKO-
ajJeprivHOrO HaBaHTaKeHHS Ha opraHism. Marsetui BimactuBocti HK
MalOTh BiOBiZaTHM yMOBAM YCHIiIITHOI ZOCTaBH JiKapChbKUX 3aco0iB IO
OiosmoriuHMX MillleHell i He CTBOPIOBATH IIPOIECH HEKOHTPOJbOBAHOI
OKJIIO3ii cyamH, eM0o0Jii TOIIIO.

BupinienHo mocTaB/IeHNX 3aBIaHb IIPHCBAYECHO eKCIepUMeHTaJIbHIL
[13—18] Ta Teoperuuni [15, 18—20, 24] mociigkeHHA HA TOYATKOBUX
eramax po0oTu. 30KpeMa, TeOpeTUUHa aHajliza YMOB TPaHCIOPTYBaH-
HA I yTPUMAaHHS HAHOPO3MipPHMX MATHETOUYTJIMBUX HOCIIB JiKapch-
KHUX 3aco0iB y CyAMHAX Pi3HUX THUIIIB KPOBOHOCHOI CHCTEMU 34 BUKO-
pucTaHHA 30BHIIIIHHOTO MATHETHOTO IIOJIA YMOMKJIUBUJIA OJEpP:KaTHU
KpuTepiii ycmimuol moctaBum iX g0 opraHy-miimeHi, omimuTu 006J1aCThb
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3HAUYEHb HAIPY/KEHOCTU Ta I'PANIEHTY IO0JiA, BCTAHOBUTH 3B A3KHU PO-
3MipHUX IIapaMeTpiB CyAUH 3 XapaKTEePUCTUKAMU KPOBOTOKY Ta 30HU
aKTHUBHOI Aii mojia ToIo. Pe3yabTaTu po3paxyHKiB MOMKYTL OyTH KO-
PUCHUMU MiJi 4ac CTBOPEHHS ONTUMAJLHUX MArHeTHUX CUCTEM s
IpaKTUYHOI peasizalfii MarHeTOKEPOBAHOTO aJ[PECHOTO AOIPABIAHHS
JIiKiB 10 TepaleBTUYHOI MiIlleHi.

2.1. XemiuHe KOHCTPYIOBAHHS HAHOKOMITO3UTIB 3 (DYHKI[iIMN HaHOPO-
o0oTiB

CxeMy XeMiuHOTO KOHCTPYIOBAHHA OaraTopiBHEeBOi iepapxiuHoi HaHO-
apxitektypu marmerouyrauBux HK i3 ¢pyHKIiaMu HamopoboTiB, 3ri-
OHO 3i c(hopMyJIbOBAHOIO BHUIIEe KOHIIEIIi€I0, HAa CHOTOAHI eKCIIepuMe-
HTaJbHO BiAIIpamboOBaHO 3a BCiMa OCHOBHMUMH XEMIiUHMMHN Ta TeXHO-
JIOTIYHMMU eTallaMH’, peajii3oBaHO Ta BCeGiUHO MepeBipeHO Ha BUKO-
HaHHA (QPYHKIIN IMomo MeAudHO-OiosoriuHmx sactocyBaHb [18, 20,
24, 25]. IloOymoBaHO CTPYKTYPHUII MOMAEJb IOJi(PpYHKIIIOHAIHLHOTO
HK (pwmc. 1), spificHeHo mMaTeMaTWYHWUII OMNC MOTO MArHeTHUX BJIac-
TUBOCTEM, AKUHA 3aJ0BiIbHO Y3TOAMKYETHCA 3 Pe3yJbTaTaMU KOMILIEK-
CHUX eKCIIEpUMEHTaJIbHUX NOCJimxKeHDb [26—28].

ITepwum iepapxivnum pienem HEK, fioro agpom, € Buximuumit mare-
piAn mja mOmAJBIIIOTO XEeMiUHOTO KOHCTPYIOBAHHSA HAHOAPXiTEKTypHu
— cynepnapamarfetHa omuomomenHa HY npiamerpom d=d,+ 2h,. ¥
oMy Mogesi (puc. 1) aapo BUKOHYE (PYHKIII MarHeTouyTJIMBOTO HO-
cig JikKapchbKmX 3aco0iB [0 opraHiB- i KJIiTHWH-MillleHel, IIepeTBOPIO-
Baya eHeprii BICOKOUYACTOTHOT'O MATHETHOTO ITOJIA 30BHIIITHBOTO IKe-
peja Ha TeIJIOBY €HEpTil0 3 MEeTOI0 CTBOPEHHA TilmepTepMiyHUX B30H,

274,
V/ d\h’lg\’%

\/

I

Puc. 1. Crpykrypuauii mogens HK Tuny agpo—6araTopiBHeBa obosionka. Ilo-

sHaueHo: d — pgiamerep chepuunoi HYU marmeruka (axpo); d, — nissmerep
MarHeTHKa 3 HAMArdHeTOBAHICTIO HACUTY, XapPaKTEPHO AJs 00 €MHOI'0 MaTe-
piany sappa; h; — TOBI[MHA IPUIOBEPXHEBOTO «3HEMATrHETOBAHOTO» IIIapy
MarseTtuka; h,, hs, h, — ToBImuUHA Iapy MoxudixkaTopa, JiKapChKOro IIpe-

mapary Ta Kamcyau (crabirisaTopa) BiAmoBizHO B CTPYKTYPi 06010HKM.
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peakIlifHO3IaTHOI MOBEPXHi, IO /Ma€ 3MOTY pearisyBaTH ITOAAJIBIMTHUHN
Iusaiin OaraTopiBHeBol ImapyBaroi ob6osiouku HK, 3aci6 KoHTpacTy-
Bauua B MPT-gigraoctuni toio [6, 14]. BcraHoBieHo, 110 IPUIIOBe-
pxHeBuii map HY ToBimuHOIO £, 3a MOPAAKOM BeJUUYMHU CyMipHUH i3
IIOCTiHOI0 KPUCTAJIUHOI I'DATHUIIL PEUYOBUHU fAApa i € «3HeMarHeTo-
BaHuM» (abo «caaboMarHeTHUM») BHACIIIOK CTPYKTYPHUX IIOPY-
IIeHb.

Omke, PO B CTPYKTYPi HAHOKOMIIOBUTY BUKOHYE KiJbKa BayKJIUBUX
dyHKIIi; ToMy Bix itoro BuOOpy ¥ omTumMmisarii B sHauHiii mipi saie-
JKUTh yCHiX moOymoBU BCiel 6araTopiBHEBOI iepapxiuHOi HAHOAPXiTEKTY-
pu.

Bubip i cuHTesa mMarmeTouyTauBuUX saep moiaidyHkiioHambEnx HE
IJIsT MeTUYHO-0i0JIOTIUHMX B3aCTOCYBaHb, SKi BUKOHYIOTH POJb HOCis
JiKapchbKuX 3aco0iB, € OKpeMHM aKTyaJbHUM 3aBIAHHAM, IO IIOTPEe-
Oye BCeOiUHOIO HAYKOBOrO OOr'pyHTyBaHHA. ToMy HaMu pPo3pobJIeHO
METOAVUKY CUHTE3W PIiBHUX TUIIB MEPCIEKTUBHUX MAaTHETOUYTJINUBUX
HAHOMATEPiAJiB 1 BUBUEHO IXHiI BJIACTHMBOCTi: HAHOPO3MIipHHX MeTaJie-
Bux uactTuHoK Fe [25], Co [15], Ni [15, 30-32], ogHomomMeHHUX (hepu-
tiB Fe;0, [33—35], MnFe, 0, [36], NiFe,O, [37], CoFe,0, [38], GdFe,0O,
[39], TBepaux posumHiB y cucremax (Fe,_.Mn/)Fe,O, [36],
(Fe,_ Ni )Fe,O, [37], (Fe,_,Co,)Fe, O, [38], (Fe,_.Zn,)Fe,0, [40] Tomo.
3MiHIOOUN IXHIA TUI i BapilolUM XeMiuHMI CKJIaA MOXKHA 3a40BOJIb-
HUTH 0araThbOM BHMOTAM, IO BUHHKAIOTH mif uac cTBopeHHs HEK iz
3aJaHNM KOMILJIEKCOM BJIACTUBOCTEM.

Ha 1eit uac cepen BimoMux THUOIiB MarHeTHHUX 0iOCYyMiCHMX peYOBHH
IMTUPOKOTO 3aCTOCYBAaHHS, 30KpeMa IJA CUHTE3UW KOMIIOSUTHUX HAHO-
CTPYKTYyp, HabyB MmarHetutr (Fe;O,), axuii mae OioreHHYy IpUPOLY.
Criocobm BUTOTOBJIEHHS ¥ yHiKaidbHiI BiaactuBocTi Fe;O, mobpe BuBuUe-
HO (3a HOpPMAaJIbHMUX YMOB pPO3MipHa 00JacTh cymepHmapaMarHeTHOT'O
CTaHy ¥ aOCOJIIOTHOI OMHOZOMEHHOCTHU cKJamae 3—23 um) [22].

O6osonka mnosidyukmionamssaoro HK dopmyeTrhea HaBKOJIO IOTO
agpa (puc. 1), mae craagHy OyooBYy, B SAKili MOKHA BUILJIUTU TPU
Iapu TOBIUHOIO h,, hs, h, BigmoBimuo. Ili mrapm mocaizoBHO yTBO-
pooThesa B mporieci cuaTesun HK 3 MeToi0 BUKOHAHHS HUM 3aJaHUX
dyHKIi. 3a3HAaUMMO, IO IIOAiJ OOOJOHKM HA KiJbKicThb IIapiB Mae
YMOBHUM XapaKTep i BU3HAYAETLCS OCOOJMBOCTAMU (PYHKITiOHAJIBHO-
ro npusHauenus HE.

Tak, obosoHKa MicTuTh Opyeuil iepapxiunHuil pisenv HK (h,), axwuii
CTBOPIOETHCA XeMiuHmM MoAn(iKyBaHHAM HOBEPXHi BUXimHOI MarHer-
HOI HAHOYACTUHKU IMOKPUTTAM (B €KCIIePUMEHTaX BUKOPUCTOBYBAJIU Y-
amino-niponincusnokcan (y-AlIC), meso-2,3-mIuMepKaNTOCYKIIUHOBY KU-
caory (IMCEK), mietunentpumaminnentaykcycHy rucuaoty (IITIIK), mu-
Tpat Harpito, rigpokcuamatur (I'A), oxkcun Cwuiiriito, okcun Turany,
okcuy Agrominito, mosiakpmaamin (ILAA) romro) [15, 18, 22, 25, 41].
Mogudikarop crabimisye aapo B OiosioriuHomMy cepemoBuiili, 30epirae
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OTO BUCOKY IIMTOMY IIOBEPXHIO, IiBUINYE OiocyMmicHiCTh i 3abesmeuye
HeoOXimHy xeMiuHy (YHKIliOHAJisaIlito AJjaA HacTyIIHOI 6ioyHKIIioHA-
agisamii HK. ToBuimua momudikatopa h, CTaHOBUTH 1—2 HM B 3aJIeK-
HOCTi Bifi #I0TO IIpM3HAUEHHS, XeMIiUHOI IPUPOIN Ta PO3MipPy Ampa.

BiodgyuKIiionasisaiis HAHOKOMIIO3UTY BiZ0OYBa€ThCsA HA MPEMbOMYy
pisHi (h3) iepapxXiuHOi HAHOCTPYKTYPH ILIAXOM iMMmo6isisarii xemio-,
iMyHO-, paJioTepalleBTUUHUX HeNTPOH3aXOILJIIOBAJbHUX 1 JiATHOCTHU-
YHUX IIpemapariB, a TaKoK CEeHCOPiB (aAHTUTIJ), 0 PO3MiZHAIOTH CIIe-
nudiuni Mikpob6iosoriumi o6'exktu [15, 19, 22, 25, 41]. Ockiabkmu
cyMmicHa iMMmoOGinisaria pisHmMxX TUIB JiKapchbKUX 3ac0o0iB He 3aBiKIU
€ MOJKJINBOIO, TOMY IIIap, IM0 MicTuthb ix (hk;, puc. 1) popmyeThca B
MMeBHIHA MOCJIiZOBHOCTI; #OTO TOBIMMHA CTAaHOBUTHL 1-3 HM. [las Oio-
dyurmionanisanii HK BuKopmcTOByBaiM aKTyaJbHI cydacHi IpoTH-
MyxXJuHHI 3acobm 3a mexaHismamu: xemiorepamnii (mumemmatma (LIII),
nokcopy6inuu ([IP), remmmrabin (I'Il)), imynorepanii (arturina (AT)
CD-95, HER2, imyHOrso0yJinm), pamiosoriuHoi HeHTPOH3aXOILII0BA-
apHOl Tepamii (kap6opam (KB), B-, Gd-BmicHi cmonyku), doTomuHa-
miunoi (immomiaHiHOBI GapBHUKU, alleTOHITPMJI, AMWi3OIIPOIIiIaMiH) Ta
doTorepmasbHOI (HaHOUACTUHKU Au, Ag) Teparii ToImo.

3asHaunMo, IO AOCJim:KeHHs cuHTe3oBammx HK Ha ocHOBi mpotu-
ODyXJIUHHUX IIpemnapariB, IXHBOI OioaKTmBHOCTHU in vitro # in vivo,
CTBOPEHUX MOJEJIiB HOBUX MHEPCIEKTHUBHUX MATHETOUYTJIUBUX OHKOJIO-
riuyHMX JiKapchbKuX 3acobiB BuKoHaHO ciiabuo 3 IEIIOP im. P. €. Ka-
Benbkoro HAH Yxkpaiuu.

Peamizamia gikyBanbHUX (PYHKIIN BmiACHIOETHCSA ILIAXOM BUBLJIb-
HeHHA 0i0aKTHMBHUX CKJIANOBUX 3 000J0HKOBOI cTpyKTypu HK abo mi-
€10 Ha TepaleBTUYHY MillleHb KOMILJIEKCiB, YTBOPEeHUX OioaKTUBHUMUI
mpernaparaMiu i3 3ajJi30BMiCHMM HAHOPO3MIpHUM HOCieM, AKUN TaKOMX
BUKOHY€E BaKJIWBY W aKTHUBHY POJb y OioxeMiuHMX mporlecax Ha KJIi-
TUHHOMY piBHi [42, 43]. YucieHHUMU AOCTiIKEHHAMU €KCIepPUMEH-
TAJIbHO BCTAHOBJEHO BaKJIUBY ocobuuBicte HK 3 QpyHKIisME HaHOpO-
60TiB: cuHeprisaMm aii fioro 0ioJOriuHO AKTHBHUX CKJIAJAOBUX Ha Tepale-
BTUYHY MiIlIeHb.

DyuKIil yvemaepmozo iepapxiunozo pisusa (hy, puc. 1) mos'asaumi 3
kancyaoBanHaM HK i momsraiors y 30epeskeHHi IXHIX BJIACTUBOCTEH
i mpomomrarmii pxii. HamokamcyamoBaHHSA B3OiHCHIOIOTH ITEKCTPAHOM,
JKeJaTUHOM, IIOJIiBiHiJIOBUM cnmpToM, moJiBiHimmiposaigonom [15, 18,
22].

2.1.1. MarHeToYyT/JIMBi HAHOKOMIIO3UTHU /51 KOMILIEKCHOI JIOKAJIbHOL
Tepamii

3 MeTOI CTBOPEHHS HOBITHIX MArHETOUYTJIUBUX IIPOTUINYXJIUHHUX
JiKapchbKUX 3aco0iB, 3JaTHUX PO3MisHaBaTy cmenu@iuHi KJIITHHH Ta
BUKOHYBATH KOMILIEKC XeMio-, iMyHO-, TillepTepMiuHUX TepareBTHY-
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HUX i JiArHOCTMYHUX (PYHKIIN Ha TKAHMHHOMY Ta KJIiTUHHOMY piB-
HAX, cuHTe3oBaHo 3pas3ku HK rtumy saapo—OaraTropiBHeBa 0060JIOHKA,
aKi MmicTmam B cTpyKTypi samisoBmicHoro sapa ionm Iagouimiio, a
000/IOHKM — iMMOOiJIi30BaHUU NPOTUNYXJIUHHUNA XeMioTepareBTUY-
uuii npenapar (IIII, [P, I'll), monorkaounamsae AT CD 95, AT HER2
[14-25, 42, 43] To1mo.

EkcmepumMmenTaIbHO BigOpalibOBaHO Ta MHiATBEPAMKEHO OCHOBHI (Qy-
HKITioHaabHi Mo:kauBocTi HK: KepoBaHe mOCTaBIAHHSA MO0 TYXJIUH,
YTPUMYBaHHA 3a JOIOMOTOI0 I'PAliEHTHOrO MOCTiHOTO 30BHIIITHBOTO
MATHETHOT'O II0JiA, IIPOJIOHTOBAaHEe BUBLIbHEHHSA JIKapChbKMUX IIpemapa-
TiB PpisHMX MexaHisMiB mii, posmidHaBaHHA NYyXJWHHUX KJIITUH i
3iMICHeHHS JIOKAJBbHOI XeMio- i iMyHoTepamii.

HomaTkoBUMU MOMKJUBOCTAMU cuHTe3oBanux HK e crBopemns ri-
neprepMivHOro e(peKTy 3a JOIIOMOIOI0 3MiHHOIO 30BHIIITHHROTO MAarHe-
THOTrO moJisa Ta 3xiticHeHHa MPT-giaraocturku B T,-, Ty-pekumax pe-
aJBHOTO Yacy.

Ha ocuosi gocrimxenux HK cTBopeHo HOBI Mozesi BiTUM3HAHUX
OHKOJIOTIYHMX JiKapChbKUX 3aco0iB 3 HigBHUINEHOI0 e(EeKTUBHICTIO Ta
gmiticmeHo HeoOximHi (ismko-xemiuui Ta 6GiosoriuHi (in vitro, in vivo)
mocaimxenna [44—-55].

Cunepriiina cymicHa i Ha TyXJWHHI KJIITHHHN 3aJi30BMicHOTO HO-
cidg, xemioTepanmeBTHUYHOIO IIpenapaTy ¥ aHTuTijia 3a e(eKTHUBHICTIO
Ha 50-100% mepeBepIiryBaJia Ail0 BiAmOBigHMX JIiKapChbKUX 3acCO0iB B
iHOUBigyaTbHOMY BUKOPMCTAHHI IIpemapaTiB y Tux ke mosax [17].
Buasnenuii cuHepriiHUM MUTOTOKCUYHUYN/ITUTOCTATUYHNN e(eKT mo-
SCHEHO BWCOKOIO 0iOJIOTiUHOI0 aKTWBHICTIO KOMILJIEKCY MATHETUTY 3
XeMioTepaleBTUUYHNM JiKapchbKUM IIperapaToM M aHTUTiJIOM BHAaCJIi-
IOK po3MidHaBaHHA PEIEeNTOpPiB MYyXJMHHUX KJIITHH aHTUTiJIOM i (da-
pMakoJoriunoi KopekIlii oOominmy eHmorenHoro 3aiiza [43, 56]. fx
IpuKJan, B Tabsa. 1 HaBelAeHO Pe3yJbTAaTU AOCJiIKEeHHSA BILJINBY Mar-
merouyTausux HK 3 agcop6oamum IIII, KOH IOroBaHMX MOHOKJIOHA-
apHUME auTutigamMu CD 95, Ha sKuTTesmaTHicTh KiaiTuH Jimii MCF-7
[14, 17].

Tax, BcTaHOBJEHO, IITO B MexXaHisMax peaJjisarmii mporpamMm amoii-
TO3y BHACJiZOK (popmMyBamHA MegukaMmeHTo3HOTo BmiauBy HK icrorHy
POJIbL BifirparmTh IMOPYINEeHHS OOMiHY €HIOTeHHOI'O 3ajlisa B OHKOKJII-
TUHaX. BKasaHi HOpyIIeHHS BUKJIMKAIOThH IIiABUINEHY IIOTPeOy KJIi-
TUH y 3aJidi, AKa 3aJ0BOJILHAETHCA HAKOIMMUYEHHIM 3HAUHOI KiJIbKOC-
™ HY Fe;0,. Bucoxkuii piBeHb «BisbHOTO 3aiiza» y opmi HaKOIIM-
yeHoro Fe;O, Ta KucJjoro cepegoBUINa B KJIITHHAX 3yMOBJIIOE IIPHUIII-
BUAIIIeHEe YTBOPeHHA HOHIB Pepymy ¥ akTuBHHX (GopMm OKcureny
(PenToHOBa peakIlifd), 1110, B CBOIO UEPry, OPU3BOAUTEL M0 OKCUIATUB-
HOT'0 CTpecy KJiTMH i amomTody. Bommouac BigOyBaeThCA TAKOMK IIij-
cujeHHA e(eKTUBHOCTU il AK XeMioTepameBTUUHOTO IIperapary, Tak
i aHTHTLIA.
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TABJHAIIA 1. Brime maraerouyriusux HK 3 amcopGoBamum IIIT, KoH toro-
BaHMX MOHOKJOHAJbHMMHK aHTUTinamMum CD 95, Ha KUTTE3mZATHICTL KJIITHUH
aimii MCF-7 [14, 17].2
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oI, 2,5 mer/ma 25 34 — — 31 — —
CD 95, 0,2 mgr/ma | 10 — 25 — — 20 —
IIIT + CD 95 40 — — 46 — — 46
1011, 2,5 MKr/ma 25 38 — — 48 — —
CD 95, 0,2 mxr/ma | 10 — 21 — — 27 —
IIII+ CD 95 40 — — 57 — — 57

2.1.2. MaraeTouyTJInBi HAHOKOMIIO3UTH JIJI1 HETPOH3aXOILTIOBAJIHHOL
Tepamii

Po3pobKa HAyKOBUX MiAXOmiB A0 BUPIIIeHHS IPOOJEeMU BIIPOBAAKEH-
Hs MarHeTOKepoBaHUX Moai(pyHKIioHaaAbHUX B- i Gd-Bmicaux HEK y
HelTpoH3axommoBaabHy Tepamiio (H3T) e akTyanbHUM 3aBIaHHAM,
OCKiJIBKM BOHU MOXKYTH CTATH OCHOBOIO IJI CTBOPEHHS HOBUX THUIIIB
MAaJIOTOKCUYHHNX CEJeKTUBHUX PAMiOJOTiUHMX JiKapchbKUX 3aco0iB iz
IONAaTKOBUMU (PYHKIIAMMN MArHETOKEPOBAHOTO CIPAMOBAHOIO AOCTAB-
JSAHHS O OpraHiB- a00 KJIITHMH-MiIlleHeHd 1 memoHyBaHHA XeMio- u
iMyHOTepameBTUUHNX IIpelapariB, rimeprepmii Ta xKomb6inmoBanoi T-,
T,-MPT-giiTHOCTUKHY Yy Pe:KUMi peaJbHOTO dYacy.

B pob6orax [18, 21, 24, 25, 33, 39, 47, 49, 55, 57, 58] pospobiaeHO
METONUKHN CHUHTe3u Ta mociimskeHo BiaactuBocti HK ma ocHOBI omHO-
momenHoro maraeruty aasa H3T, soxkpema:

1) Fe;0,/y-AIIC/OTIIK/Gd — KoBaJIeHTHOIO iMMoOOisisailiero Ha IIO-
BepxHi Fe;0,, mogudirkosanii y-AIIC, NTIIK y rommiekcax 3 iioHa-
mu Gd®';

2) Fe;0,/IMCK/Gd — moaugpikyBanuam moBepxHi maruerury JIMCK,
0 KapOOKCUJBHUX i Cyab(oTiapuiabHUX (QYHKIIOHAJIBHUX TPYI AKOI



II0JIIPYHKIIOHAJIBHI MATHETOYYTJIMBI HAHOCTPYRTYPU TA MATEPISAJIN 937

npuenHaso fioru Gd*';
3) Fe;0,/IMCK/KB — moaudikyBanuam moBepxHi marmeruty JIMCK
3 IOAaJbINoI (PYHKIIIOHAJi3aIlielo OpTo-TiokapOopaHoM 3a peaKIlieio
Tion-gucyab@pigHoro obminy;
4) Fe;0,/GdBO; — momudikyBaHHAM HOBEPXHI MarHeTUTy 060paTOM

agosimito GABO,, 110 yTBOPIOETHCA B pe3yJbTaTi B3aeMomii HOHIB
Gd* iz rigparoBamumu amiomamu Bopy [B,05(0OH),]; 3 momajbIoo
rigposisoo mo GdBO,; HEK nporo tumy ogHouacHo MictaTsh Bop i Ta-
IOJiHIN, MOMKYTH ITOENHYBATH (PYHKIIII HEOPTAaHIYHOTO CIIMHTUJIATOPA
Ta HEHTPOH3AXOIIIOBAJILHOIO areHTa.

HK cuHTe30BaHO 3 KOMIIOHEHTIB, II[0 XapaKTePU3YHTbCA 3a/]0Bilb-

HOI0 GiocymicuicTio. IxXHi GymOoBY Ta BJIaCTHUBOCTI BUBUEHO KOMILIEK-
coM (PiBUKO-XeMiuHHMX METOXiB.

2.1.3. HanoxkommosuTu ajsa ¢oTomuHaMiuHOI Tepamii

3 MeTOI0 CTBOPEHHS MHePCHeKTUBHUX IJId BUKOPUCTAHHA B (OTOAMHA-
miuniit Tepamii (PIT) HOBUX MATHETOUYTJIUBUX MOJiPYHKIIIOHATBHUX
JikapchKux 3aco0iB cumTesoBamo HK Tumy sapo—obosiomka 3 OaraTto-
piBHEBOIO iepapxiyHOI HAHOAPXITEKTYpOoH Ta (GPYHKIIAMH MeIUUHO-
OiosOTiYHMX HaAHOPOOOTIB, IO MICTATHL MarHeTUT i3 MOAM(pIKOBAHOIO
IUMEPKAITOCYKIIMHOBOIO KIMCJOTOIO0 IIOBEPXHEI0, iMMOOiIizoBaHi iHIO-
miamimoBi 6apBHUKHN (163207, 163428, Burorosseni B IHcTuryTi opra-
miunoi ximii HAH Vipaium Ciaomincskum IO. JI.) Ta mocmimxeno ixmi
durroopectienTHI BiacTuBocTi [25].

SIK POBUMHHHMK BWKOPHCTOBYBAJMN alleTOHITPHWMJ, a KaTaji3aTopoM
peaxii B3aemozii 6apBuuka ta Komnosury Fe;O,/I[IMCK cayryBas mgu-
i3ompomisamiH.

IIpo npuennanua 6apeauka 163207 mo moepxui HK Fe;0,/IMCK
cBigunnu HaABHI cMyru BOupaHHA B iHTepBami 3220-3560 cm ' indpa-
uepBounx Pyp'e-cuextpis HK Fe;0,/IMCK/IB3207, axki mokHaA Bin-
HecTu A0 BajieHTHuUX KoamBanb OH-rpyn IB3207, a Tako:x cmexTpu
mudysuoro BigomBanua HK Fe;O,/[IMCK/IB3207 y Bugumiii obsacTi,
a came, HagBHicTh xapaxkTepHoi s 13207 cmyru BOupanusa mpu 690
HM.

Taxox excmepuMeHTaIbHO OyJio BcTaHOBJIeHO, 1m0 y HE
Fe;0,/IMCK/IB3207 cmocrepiraerbcsa aBuiie (OTOJTIOMiHECIIEHITiI: 3a
IOB:KUHUN XBUJIL 30ymsKeHHsS y 514,5 um B obsacti 775—850 HM Big0y-
BAETLCA iHTEHCHBHE BUIIPOMIHIOBAHHSA, IIOB dg3aHe 3 aKTUBHICTIO iHJO-
IiaHiHOBOTO OapBHUKA.

Opneps:xkaHi maHiI cBimUATH PO MEPCIEKTUBHICTh MOCIiIKEHb 3 METOI0
npakTuunoro 3actocyBanasa HK Fe;O,/IIMCK/IB3207 nna ®IT, sxa-
THUX 10 (paroopeciieHIrii y 61u3bKill imdpauepBoHiil o6acTi ciexTpy,
3 OOJATKOBUMHU (DYHKIIIIMM aJpECHOTO JOCTABJSAHHS, rimeprepMmii, Ko-
HTpacTyBaHHA 1ig wac MPT-giarHocTuku TOIIO.
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3. HAHOKOMIIO3UTH [AJIsd MATHETOYYTJINBUX
AJICOPBIIMHUX MATEPIAJIB

Hauokomnosumu 0as GiomazHemuux imynHoadcopbenmis. IIpoBeneHo
MOCJTiI)KeHHS 3 METOI0 BUPIIIEHHA aKTyaJbHOI MPOOJeMU CTBOPEHHS
bioMarHeTHUX aAcOpOEHTiB, 3MaTHUX BUAAJIATH BipyCHI UaCTHHKU re-
maTuTy 3 0ioJIoTiuHUX PiAWH, 30KpeMa 3 IJIasMU Ta CUPOBATKU KPOBi
gaoguau [15, 19, 24, 25]. Po6oTtu 0yjo0 BUKOHAHO CHiIbHO 3 (haxis-
namu IHcTUTyTy TremaroJorii Ta Tpaucdysiosorii HAMH Vxkpaiuu.
BiomarnerHuii amcopbeHT oAep:KyBaanm MOAU(MIKYBAHHSAM 30JIb—I'€JIhb-
MEeTOIOM ITOBEPXHi HAHOIUCIIEPCHOTO MAaTHETUTY CUITiKa-y-
aMIiHOIIPOIIiJICMJIOKCAHOM 3 HACTYIIHOIO iMMOOindisaliiero BimmosimHmx
iMyHOrI00yIiHIB (ZEeTalbHO eKCIIePUMEHTAJIbHI MEeTOANKY HaBeIeHO B
[24, 25]). Ha 1mi#t ocHOBi OyJI0 CHHTE30BAaHO 3Pa3KM, CIEIUMiUHi 111070
BipyciB renatutiB B i C, 3maTHi 10 edeKTHBHOro BHUAAJIEHHS BKa3aHUX
iH(eKIifinux BipyciB i3 MpoAyKTiB JOHOPCHKOI KpoBi Joguuu. OmHaK
IMOBHOI BipycHOl iHaxTuBalii pimma He Oyjao mocarmyTo. Jlocuimxen-
HAMM BCTAHOBJICHO, II[O Il IIOB A3aHEe 3 HAABHICTIO HE3HAYHOIL 3aJIMIII-
KOBOI KiJbKOCTU BipyimeHTHUX medeKTHUX (MyTOBaHUX) iH(peKIiAHMX
BipYCHUX YaCTHHOK, SKi He po3IlisHaBaJaWCA aHTUTIJIOM, IO YHEMOMK-
JIMBJIIOBAJIO 3AIMCHUTH MOBHY AeKOHTaMiHAIiIO iX.

Hanorxomnosumu 0as adcopbenmis meduiHozo, MexHiLH020, MeEXHO-
JI02iYHO020 1l eK0N02iuH020 npu3HaieHHsa. 3pasku MmarHetuty ta HEK 3
moBepxHAMHU pisHoi xemiunoi mpupoau (Fe;O,/TA (I'A — rigpokcua-
narurt), Fe;0,/y-AlIC, Fe;,0,/0IMCK, Fe;O,/ITIAA (IIAA — mosiakpu-
aamin), Fe;0,/Si0,, Fe;0,/TiO,, Fe;0,/Al,0,, Fe;0,/C) 6yau BUKOPH-
cTaHi aya mocaimkens amcopomii IIII, P i I'Ll.

BiocywmicuicTs, 3a70BiibHI MarseTHi BJIACTHUBOCTI # amcopOIiiiHi
napamerpu gociimxenux HK 1mo BigHoIeHHIO 70 BKasaHUX XeMioTe-
pameBTHUYHUX IIpemapariB, IouiB Pepymy, IlmomOymy, Kympywmy,
Kamgwmiro, Huuky, Tagourinito, Aprearymy, AypyMy TOIIO, 30KpeMa 3a
IXHIX MaJanx KOHIIEHTPAI[ifl, MOXKJNBICTH BHKOPHUCTAHHS B PIAKHX
cepemoBHUIaX, B TOMY UMCJIL 0ioJOTiuHMX, CBiAUATL IIPO MEePCIEKTUB-
HiCTh 3aCTOCYBaHHSA iX B AKOCTi agcopOeHTiB MeIuUHO-OiosoriuHOTO,
TeXHIiYHOT0, TEXHOJOTiUHOTO II eKOoJIoOTiyHOTo mpma3HadyeHHs [15, 18,
24, 25, 47-52, 59-63].

4. IIOJI®YHKIIOHAJIbHI HAHOKOMITIOSUTH JJIsI
DPOTOPAPMAKOJIOITI

Amnanisa orasAny HayKOBOI JiTepaTypu U iHTepHeT-I:Kepesl CBiIYuTh,
1[0 KJIIOUOBOIO IIpobJeMoOio cyuacHOol KiiHiuxoi dapmaxrosorii € Bin-
CYTHiCTBh mocTaTHBOI cremudivHocTy I icToTHI mobiuni edexTu 6iab-
IIIOCTU JiKiB, 0COOJMBO THX, TepaleBTUYHA Oid SKUX Mae€ OYTHU CTPO-
ro oOMeKeHOI0 THMH! UM iHINMMMK BHYTPIIIHIMU OiISHKaAMH OpraHis-
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My, TKaHMHaMu abo rpynaMu KJaiTuH. [asa BupimenHs miel mpobiaemMu
IIPOIOHYETHCA MOETHAHHA CBITJIOUYTIAUBUX (popM O6iosIoTiuHO aKTHUB-
HUX CHOJYK i3 HaHOUYACTHHKaMU, AKi 3JaTHI HepeBUOPOMiHIOBATHU
KBAHTU BUAMMOTO CBiTJIa y BiAmOBigh Ha BOMpPaHHSA KBAHTiB BUCOKOII-
POHUKHOTO BUIIDOMiHEHHS, 30KpeMa, PeHTr'eHoBOTO. BBarkaeTncd, 1110
Taka CTpaTerid MOTEHI[IAHO JAaCThb 3MOTY BUBIJIBHATU OYAb-AKUN TUI
0iosoTiuHO AKTHBHOI CHIOJNYKHU, AJA SAKOI CTBOPEHO CBITJIOUYTJIHBY,
GioJioriuHo iHepTHY (opMy, V OyAb-AKOMY BHOpPaHOMY MicIi opraHis-
My Ta B OyIb-IKUil BUOpPAHUI Uyac, IPOAUKTOBAHUN BUKJIIOUHO Tepa-
MeBTUYHUME IOKa3aHHAMI, 0e3 3HAUHUX mobiunux edextis. Hasepe-
Ha cTparerid, IO CYTi, CKJIagae imeiiny ocHOBY (doTodapmakroorii (3a
IeIKUMHU IKepesaMu — omnTodapMaKoJorii).

B munynomy gecaTmiaiTTi (oTodhapmarosioria (pakTUUHO BigKpuia
HOBY METOOJIOTiUHY epy B Helpobiosorii. 3oKpeMa, CTBOPEHO cydac-
HUW OOTY:KHilI KOMIIJIEKC METOHIB i HmifXomiB, IO YMOMKJIMBJIIOE 3Iitic-
HIOBATH PiBHOOIUHUN i CEeKTUBHUUA MOHITOPMHI i KOHTPOJL HEHPOH-
HOI aKTUBHOCTH.

B mar uac ocobauBOl aKTyaJIbHOCTH HAOYBAIOTH AOCJIiAMKEHHS TOJIO-
BHOT'O MO3KY K KOMILIEKCY TICHO B3a€MOIIOB I3aHHX PO3IOLLICHUX
HEUPOHHUX Mepe, B3ae€MOJil SKMX CTaHOBJATH TIOJIOBHY CYTh HOTO
dyukriiii. CyyacHa Hayka IIPO MO30OK HOTpedye e)eKTUBHOTO eKCIepH-
MEHTAJLHOTO BUBUEHHA MOAIOHUX CKJIATHUX (PYHKITIOHAJIbHUX CUCTEM,
30KpeMa IMLIAXOM aHalisu poboTHM HEeHPOHHUX MEPerk 3a ITOIOMOTOIO
BHOipKOBOTO KepyBaHHA (PYHKIIIAMU CKJIANOBUX iXHiX HEHPOHIB.

OmHak 3araJbHOBUB3HAHO, IO aKTYaJbHUMHU S3aJUINAIOTHLCA IIPO-
06JieMU CTBOPEHHS HOBUX e(PeKTMBHUX (oTohapMaKoJOTiuHMX 3ac0o0iB
CIIPAMOBAHOTO BILJINBY Ha KJIITMHHOMY PiBHi, IXHHOI TOKCMYHOCTH Ta
cTabiIbHOCTH, PO3POOKM CEHCOPHUX CHCTEM, iHTepIpeTallii pesyiabra-
TiB TOIIIO.

Buxopsauu 3 HaBemeHMX MaHWX, MOXKHA CTBEPKYyBaTH, IO aKTya-
JBHUMM 3aBIaHHAMMU cy4YacHOl ¢dorodapmarosorii 3 pyHIAMEHTAb-
HOI Ta NIPUKJAAHOI TOUYOK 30PYy, JOTUYHUX [0 XeMiyHOl HayKu, €
CTBOPEHHS HAHOTEXHOJIOTINI BUTOTOBJIEHHS (DOTOUYTJIMBUX HAHOCTPY-
KTyp 3 KepoBaHOIO 0i0aKTMBHICTIO, PO3pOo0Ka METOAIB aJpecHOro I0C-
TaBJSHHS (PoTodpapMaKoJOTiuHOTO 3aco0y A0 TepameBTHUHOI MiIlleHi,
KOHTPOJIIO B peaJbHOMY Uaci 3a HOro ImepeMillleHHAM, JOKaJisallieio,
HAKOIMYEHHAM 03U TOIIO.

Tomy B Mumymi Tpu poxku B ImcrturyTi ximii mosepxui im. O. O.
Yyiixa HAH Vikpaiau coinbHO 3 IHcturyrom ¢isiomorii im. O. O. Bo-
romoJibilss HAH VYKpainu posmouaTo JOCTiI:KeHHS B HOBOMY HAYKOBO-
MIPAKTUYHOMY HaAIpPAMi, IO IOEAHYE KOHIIEII[iI0 MAarHeTOUYyTJIUBUX
bararopisuesux HK 3 QpyHKIisMu HamopoOOoTiB 3i crpareriero ¢oroda-
pMakKoJsorii, 110 JacTh MOKJIMBICTE peajidyBaTu iXHi IiepeBaru B OIHil
pospodi [41, 64—69]. Takuii migxin 3a6e3meUynuTh PO3BUTOK HAHOTEX-
HOJIOTiuHOI 6a3M BITUM3HAHOI METOHO0JIOTil MaJoiHBa3MBHOI HMPOTUIIYX-
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JIUHHOI Teparii Ta KepoBaHOTO BIJIMBY Ha 6ioJOriuHi KJIITHMHHI cucre-
MU, IePCHEeKTUBHOI A IPAKTUYHOTO BIPOBAMKEHHS.

TosoBHA CyTh CIHiIBHUX MOCIiIKeHb — PO3POOKA MiI0UOTO MOIEJIIO
KOHTPOJBLOBAHOTO [JOCTaBJAHHA (OoTOo(papMaKoJOTiuYHOTO 3aco0y B
OyIb-AKY OIMAHKY OpraHisaMy 3a AOIIOMOTOI0 MATHETHOTO IIOJIS IJIs
CTBOPEHHsS HEiHBA3WMBHOTO BILJIMBY 3aJaHOT0 HANPAMY Ha HeWpPOHHIi
a00 TyXJWHHI KJIITHHHI cucTeMu.

I cTBOpeHHs 0i0aKTUBHOTO HAHOKOMILIEKCY, Oid AKOr0 BKJIOUA-
€ThCA BUCOKOIPOHUKHHUM PeHTI'eHOBUM BUIIPOMiHEHHAM, PO3POOJIEHO
METOAUKY CUHTE3UW U OHep:KaHO pPeHTIeHoomHo(a3Hi HaHOIMCIIEPCHI
peHTI'eHOJIOMiHO(GOPH Ha OCHOBLI (propuny Ta ¢docary Jlamrany, ak-
tuBoBaHuX Tepbiem. Busueno TEM-zo6pasxenuas HY LaF;:Tb 3 mo-
nudikoBanoio muTparom Harpito mosepxuero (LaF;:Tb/Citr), ixui ¢a-
30BUI CKJIA, PO3IOIiJ 3a Po3MipaMu, PEeHTI'€HOJIOMiHECIIeHIiI0, aj-
copOItito MomesbHOI (DOTOUYTJIMBOI PEUOBUHU — PYTEHiH-OimipummnH-
mikoruny (RuBiNik), aka sa il JroMiHeCIeHTHOroO BHUIPOMiHEHHS B
miamasoni 530—550 HM BUBiJIBHIOE 0i0AKTHUBHY MOJIEKYJY HIiKOTHUHY 3
MIPUNRHATHUM KBAaHTOBUM BUXOIOM.

CuHTEe30BaHO Ta JOCIiAKEeHO MarHeTOUyTJINBI pPeHTI'eHOJIIOMiHecIie-
utai HK marmerur—dropus Jlantany, mepCueKTUBHI A1 KOHTPOJILO-
BAHOTO aJpPecHOT0 IOCTABIAHHS (POTOUYTIMBOTO (hapMaKOJJIOTIiUHOTO
mpemapary Ta (ikcairii fioro B oprauismi (puc. 2).
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Puc. 2. TEM-3o6paxkeunsa (a, macirab 20 HM) Ta peHTreHommGpaKkTOorpaMa
(6) HK Fe;O0,/LaF,;:Tb, peHTI'eHOJIOMiHECIIEHI[iI CHUHTE30BAHOTO CYXOTO
LaF;:Tb (8) Ta Boguoi kosmoiguoi cucremu Fe;0,/LaF;:Tb (2¢) [65, 66], 3ame-
sHicTs agcopbmii RuBiNik ma mosepxsi LaF;:Tb/Citr Bix uacy () [41].2
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Taki HAHOKOMIIOBUTH TAaKOK MOYKYTh OyTHM BUKOPUCTaHi Ijs (oTo-
IVHaMiuHOI IIPOTUIIYXJUHHOI Tepamii, 3oKkpema, iHTer'poBaHi B cepe-
moBuille OioakTUBHOI KepaMmiku [65, 66], Ta 3acTocoBaHi B KiCTKOBIiii
xipyprii, yckgagHeHill NyXJIMHHUMU IIPOIleCaMU.

5. CHHTE3A TA BJIACTUBOCTI MATHETHHUX PITWH

Jia mociigsKeHb CHMHTE30BAHO 3pPasKM MAarHeTHUX PiWH Ha OCHOBI
disiomoriunoro posuuny (PP), 110 mMicTHIM MarHeTOUyTJIMBiI GaraTo-
piBueBi moaidyrkmionmansui HK [20, 22, 24-28, 48, 50, 52-54, 70,
71]. ¥V axocTi mpOTHIYXJIMHHUX JiKapChbKHUX IIpemapaTiB, iMmo0iii-
doBanux B obosoniii HK, BukopucroByBamu IIII, [P, I'll, a Takox
AT CD 95, HER2. fx cBiguaTh pesyabTaTu BUIPOOYBaHb, amcopo-
IiftHu# MeTon iMmoOidisarii xemMioTepameBTHUYHNX IIpellapaTiB Ha IIO-
BEePXHi MarHeTOUyTJIMBUX HOCiiB Mae IlepeBaru Iepeja KOBaJIEHTHUM,
OCKIJTBKM XapaKTepU3yeThCs 30epeKeHHAM IXHBOI IIMTOTOKCUYHOCTU
1 € COPUATINBUM JJ5 BUBiJIbHEeHHA y OioJoriuHe cepeqoBUIIIE.

BceramosieHo yMoBu e(peKTHBHOI KOBAJEHTHOI iMMoOimizariii anTu-
TiJ Ha TOBEepPXHi MarHeTOUyTJMBOIO HOCisI Ta cyMicHOI amcop0OIrii xe-
MioTepameBTUYHMNX IIpemnapariB ¥ aHTUTIA AJgA POpMyBaHHS O0OJIOH-
KM 3 KOMOIHOBAaHMM MeXaHi3MOM HOPOTHUOYXJWHHOI mii Ta 3abesIie-
YeHHs PO3IIidHaBAaHHA CIeIU(MiuHUX KJIITHH.

Maruerui ®Hocii crabimisyBamu  osmeatrom  Harpito (oxn.Na,
CgH,,CH=CH(CH,),CO—0—-Na) 3a Temmneparypu y 80°C (muHamiuHwUii
pe:xxuMm, 1 rox) ta moaiermnenraikoaem (IIET-2000). Bigomo, 1o IIET
MIePeIIKOoKae aAcOPOIifHNM B3a€EMOJiAM KOMIIOHEHTIB pigmuu 3 Oi-
JKaMH", 10 € BaXKJWUBUM IJIA MeIUUYHHUX 3aCTOCYBaHb MarHETHUX Pi-
nna. HaBaskku oseatry Harpito m gna crabimisamii moBepxmi HUY i
HK y cxmani MP pospaxoByBaniu 3a KOHIIEHTPAIIE€IO TiAPOKCUJIbHUX
rpyn Ha ixHilfi moBepxHi. PospaxyHok mpoBoguiau 3a (GopMYyJIor
m=BMg, ne B — KoHIIeHTpaIlid NOBEPXHEBUX AKTUBHUX TiIPOKCH-
JbHUX rpyn, M — wmoJsekyaspHa maca oix.Na (304 r/moinb), ¢ — Ha-
Baskka HY abo HK. [MomarkoBe momudirkyBanusa ITEI-2000 agificuio-
BaJiM B AUHAMIUHOMY PEKHNMi 3 BUKOPHCTAHHAM IIIelKepa; KiJIbKicThb
noaimepy ckiaazana 10-15% Big macu maBaskku HY Fe;0, abo HK.

Mipauasa HaMarHeTOBAHOCTY BMKOHYBAJM 3a MOIIOMOTOI0 MarHETO-
MmeTpa 3 BiOpyBasbHuM 3paskoMm (f= 283 'y, ywac mipamua = 100 c,
T = 300 K) B 3ayne:xuocTi Bim 3oBHinraboro marusernoro mojs (H). Pe-
3yJabTaTH MarHeTHUX MipsaHb [26, 27, 48] cBiguaTh mpo 3MeHIIIEHHSA
KOoepnuTuBHOI cuau H, MarHeTHUX PiAWH y MOPiBHAHHI 3 Bimmosiz-
HUMHU BUXiIHMUMM HaHOKOMIosuTamu. lle moB'AsaHe 3 TuUM, IO PiB-
HOBasKHA OpieHTAaIligd MarHeTHUX MOMEHTiB uacTuHOK MP y 3oBHiI-
HbOMY MATHETHOMY IIOJIi JOCATAEThCA OOEPTAHHAM CaMUX UYACTUHOK
BiTHOCHO JmcIiepciiiHOTO cepenoBuilia. B yMoBax eKCIIEPUMEHTY dYac
BpoynoBoi oGeproBoi audysii amcambao uactTuHOK MP € 3HauHO
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meHmnmuM 4dacy HeeaeBoi pesraxcarii HamMarHeTOBaHOCTH BiAIIOBiTHMX
YACTUHOK, PO3IOAiJIeHUX Y TBEPAili MaTpuili. 3a He3HAUHY TicTepesy
MP BignoBimaioTh, TMOBipHO, 3aJUIIIKU arperaris, yreBopeHux ii HY.

3HaueHHsA HaMarHeTOBAHOCTU HAacuUTy ¢epo- Ta (pepuMarHeTHUX
YACTUHOK TAKOXK IMOHMKYIOTHCA 31 3MEHINeHHAM poa3mipiB. K Bimo-
MO, MOHOKpHCTaJ MarHeTuty 3a Temmepatrypu y 300 K xapakTepusy-
€ThCA BEJMUYMHOI0 HaMarHeTOBaHOCTH Hacuty (c,) =92 I'c-cm®/r, 3ma-
yeHHA AKoI mpamye go =98 I'c.em®/r iz T — 0 K. HY Fe,0, 3 d <23
HM 3a temeparypu y 300 K € abcooTHO OMHOZOMEHHUMHU Ta CyIIep-
mapaMarHeTHUMU (HaMarHeTOBAaHICTh YACTHHKH 3a OyAb-AKHX 3Ha-
YeHb 1 HAIPAMIB MArHETHOTO IIOJA 3aJHUINAaEThCd OTHOPiIAHOIO IIO
BchOMYy ii 00'emy) [27].

5.1. IInTOTOKCHYHI BIacTHBOCTI Ta 0iojoriuHa 0e3meKa MAarHeTHUX
pinuua

Hutorokcuuni BaactuBocTi MP, 1m0 wmictare wmarmerut i IIII
(Fe,0,@01.Na@IIET /IIII + ®P), mocaimxysanu B IEIIOP iwm. P. €.
Kasenpkoro HAH VYkpainu Ha uyTauBux i pesucreHTHHX mo mii ITII
KJIITUHHUX JiHISX paxy moJsouHoi 3amosu Jjoguau (MCF-7 i MCF-
7/CP Bigmosimzo) Ta myxaumHax I'epeHoBoi kaprumomu [56, 72]. Pe-
sucteHTHiI KaiTuau MCF-7/CP omepskaHo IIJIAXOM BUPOITYBaHHS BU-
xigaux xiaituH Jigii MCF-7 y KyJbTypalbHOMY CEPemOBHUII 3 moza-
BaHHAM HapocTadbHUX KoHIeHTpaninn IIII B miamasoni mos Bim 0,01
mo 6 mxr/mia. PopmyBanHA pesucTeHTHOCTU TyxJawmH mo IIII mposo-
OUJIN TLJIAXOM IIOCTiZOBHUX IIepellelyieHb IIYXJWHHUX KJIITHH, AKi
ozep:KyBaam Binm 1mypiB gimii Wistar 3 I'epeHoBOIO KapIimHOMOIO IIic-
JId TIpoBeJleHHA Kypcy Tepamii I1I1.

Burorosnena ana pocuigxess MP Fe,0,@O01.Na@IIET /ITII + ®P
[66] uumHMIA MOCTOBipHUWII NMPOTUNYXJWHHUNA e(deKT Ha IYyXJUHU pe-
3MCTEHTHOI'0 [0 IUCILIATUHY IITAMy: CepefHiil 00 €M HyXJMWH IIOHH-
skyBaBca Bixg 20,2 + 1,0 cm® y KoHTpOIBHIH rpymi o 12,1+ 2,4 cm® y
TBAapUH, SAKMM BBOAWJIM HAHOKOMIIO3UT (puc. 3); BifICOTOK TaibMy-
BaHHA pocty nyxauH ckjaazas 40% (puc. 4).

Y cucremax in vitro u in vivo IOBeIEHO IIepeBaru 3aCTOCYBaHHS
MP Fe,0,@01.Na@IIET'/IIII + ®P mnopiBHAHO 3 TPAaAMIiiHUM BHKO-
pucramuam III. Tak, HanpukIam, mMOKasaHo, IO HAWOIJIbIIIA ITUTOTO-
KCUYHA aKTWUBHICTH, BigsHauena y pesucteHTHinn Jinii MCF-7/CP,
IIOB sizaHa 3 OiJbII AaKTUBHMM HakomumueHHaM HY sasizoBmicHOro
MarHeTHMKa y KJITHHaX 3a PaXyHOK BHMCOKOTO PiBHS peIenTOpiB Tpa-
HcepuHY, a TaKOXK Uepe3 IOPYIINEHHSA CUCTEMU AHTHUOKCUIAHTHOTO
3aXVCTy PE3UCTeHTHUX KJIiTHH. BcTaHOBJIEHO, IO MarHeTHa pigmHa
Fe;0,@01.Na@IIET/IIII + ®P BukJMKae B KJIiTMHAX Ppe3UCTeHTHOI
JiHil BUpakeHi mMuTOMOP(MOJIOTiUHI 3MiHM Ta FeHOTOKCUYHI e(peKTH.

Takum ymHOM, HaBeleHi MaHi cBimyaTh IIPO IIEPCIEKTUBY BUKOPUC-
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Puc. 3. Cepenniii 06'eM NyXJMH PE3UCTEHTHOI [0 LHUCILIATHHY I'epeHOBOI
KapIIMHOMHU ITIiCJIS Teparmii IUCIJIaTUHOM i (pepoMarHeTHUM HAHOKOMIIO3U-
ToM. Bick abcic — rpynu TBapwH, Ha AKi Aigau Pi3HUMU YMHHUKAMH, Bich
opzuHAT — 06'eM myxmamau (cM®) [56].1
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Puc. 4. IIpomeHT raJgbMyBaHHS POCTY PE3UCTEHTHOI 0 IUCILIATUHY ['epeHo-
BOI KapIumHOMHK 3a Tepamii mucmiaaTmHOM i (pepoMarHeTHUM HAHOKOMIIO3MU-
oM [56].°

ragEa MP Fe,0,@01.Na@IIET /IIII + ®P pgiaa maToreHeTHYHO OOIDY-
HTOBAHOI TapreTHOl Teparil 3JJ0AKiCHUX HOBOYTBOPEHbD.

Bionoriuny 6esnexy MP Fe,0,@01.Na@IIET /IIII + ®P y nopiBHAH-
Hi 3 Tpaauniiaum BukopuctanHaM IIII ominioBasu 3a 3arajJbHUMHU Ta
bioxeMiuHMMU IIOKas3HMKaMH KpoBi ITypiB Jgimii Wistar micas saBep-
mieHHA Kypcy Teparii. JlocaigxeHHA MpoBagud Ha ABOX IpymHax TBa-
puH (AKMM  BBOAWJIM  IIUCILIATHMH 1 axuMm  BBomuumu  MP
Fe;0,@01.Na@IIET /IIII + ®P). BcraHoBieHo, [0 mucmiaatud i MP
IPUBOIATEL O IIiABUINEHHS PiBHA KpPeaTHWHIHY y CHPOBATIIL KPOBi JOC-
JiZHUX TBapuH. 3a iHIMMMM 0ioXeMiuHMMM IIOKA3HUKAMK CHPOBATKH
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KpOBi Ta 3araJbHMMHU ITOKA3HWKAMM KpPOBiI BILIMB BKasaHUX AareHTiB
MIPaKTUYHO He BipisHAETHCH.

Or:ke, IMOKasaHo, 110 BUKopucTaHHa MP 3a sarambummum Ta Gioxe-
MIiUYHUMU IIOKa3HUKaMU KPOBi He CTBOPIOE GiJIBLIIT TOKCUYHOTO BILJIUBY
HaA OpraHi3M y MOPiBHAHHI 3 OQIimiiHMM NPOTUNYXJUHHUM IIperapa-
TOM IUCIJIATHH.

3a3HaUNMO, 10 y TBApPUH JOCIITHUX T'PYyH, SKUM BBOIUJIU ITHCII-
gatuH i axum o MP Fe;0,@O01.Na@IIET /111 + ®P), 6yau Bu-
ABJIEHI TOMiOHI 3MiHM y CTPYKTYPIi IMEUiHKM Ta HUPOK.

JeTasbHiIlIe METOAUKY Ta Pe3yJabTAaTU HaBEIEHUX AOCTiKEeHb Mic-
TaTbed B [66, T2].

5.2. 3acTocyBaHHSI MOJEJNIO «SIIpPOo—0araTonapoBa 000JOHKA» IJIA PO-
3paxyHKiB po3MipHHUX mapaMeTpiB moJdi)yHKI[iOHATbHUX HAHOKOMIIO-
3UTIB

Y pobori [48] migTBepasKeHO, IO AJA moJimmcrepcHoi MP Ha ocHOBIi
MATHETUTY Y3TOM:KeHHS eKCIIEPMMEHTAJbHOI Ta TeOPeTUUYHOI KPUBUX
MAarHEeTYBaHHS MOJKJIWBE 3a IIPUNYIIEHHA HASIBHOCTH Y YaCTHUHOK
Fe;O, cxkaagmoi MmarmeTHoi CTPYKTYDPHU, a caMme, cJaOOMarHeTHOTO
IIPUIIOBEPXHEBOT0 MIapy TOBIMUHOIO A, = 0,83 HM (cTasa rpaTHUIi Ma-
raetuty 3a 300 K cxmamae 0,824 um). ¥V [26, 48] BcTaHOBIIEHO, IO
pPo3paxyHKU KpuBoi MmarseryBaHHA MP Ha OCHOBI OJHOZOMEHHOTO
Fe;O, B pamrax Jlan:KeBeHOBOI Teopii mapaMarHeTHU3My 3aI0BiJIbHO
YBTOIKYIOTBCS 3 eKCIIePUMEHTAJIbHUMU Pe3yJbTaTaMU 3a IIPUIYIIeH-
Hd, 110 HAMarHEeTOBAHICTh HACUTY YACTUHOK MATHETUTY 3aJIE’KUTHh Bif
IXHiX pPO3MipiB, a IO eKCIlepUMeHTaJbHO BUMIpPAHUX pO3MOJijax 3a
posMipaMm HaHOYACTHMHOK B aHcaMO0Jii MOMKHaA pO3paxyBaTH KPUBY
MmargeryBanusa MP Ha ixHiifi ocHOBI.

CucreMaTUYHUMHU TOCTiAKEHHIMY MATHETHUX BJIACTHUBOCTEH HaHOC-
TPYKTYP TUIY AAPO—000JIOHKA Ta HA OCHOBI aHAIi3W oAep:KaHUX ma-
HUX 00r'pyHTOBaHO BuKopucranHa saaep HK (amcamb6iio cymepmapama-
THETHUX HOCIiiB) Yy AKOCTi 30HIa I BU3HAUEHHS Ta KOHTPOJIIO PO3Mi-
PHUX IIapaMeTpiB CKJIamZHOI 00010HKOBOI OymoBu HK, 3oxkpema y ckia-
Ii MarHeTHUX PiAWH, IO JaJI0 MOMKJIMUBICTH YIOCKOHAJHTH METOJ MAar-
HETHOI I'paHyJoOMeTpil Ta POIIMUPUTH MeKi Horo BHMKoOpUCTaHHS [26—
28, 48, 73].

Hasenmenuii Ha pucyHky 1 Mojens IIOOyZOBAaHO 3a pesyJbTaTaMu
mocraimkens peanbuux HEK cTpyKTypu Tumy aapo—o0osoHKa 3 Oara-
TOIIIAPOBOIO 0OOJOHKOIO, AKi BUKOPUCTOBYIOTHCS AJIA OHEePKaHHA HO-
BMX MAarHETOUYTJIMBUX OHKOJIOTIUHUX JiKapcbKux 3acobis [27, 28].

Tak, B [73] 3ampomoHOBaHO Ii aIpo0OBaHO PO3PAXYHKOBY METOAUKY
Ta 3AilicHEeHO IepeBipKy ii eKcIepuMeHTAJIbHUMU IOCJiAKEeHHAMMU.
Insa pocaimskens Buxopucrano amcam6ai HY Fe,0,, HK Fe,0,@IIII
ta Fe,0,@IIII/01.Na/IIET (Ol.Na — osear Harpito, IIEI' — mouie-
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TUJIEHTJIIKOJIb), a TaKOoX HAIOBHEHi BKAa3aHUMU HaHOCTPYKTYpPAMU
MarHeTHI pigmHM Ha ocHOBi Bogm ab6o ®P. IIpoamanizoBaHo BUpasu
OIS 3HaXOIKeHHS MaKCHMAaJbHOI MUTOMOI ILJIOIIi ITIOBEpPXHi aHcamoO-
ais HK 3 ogHo- Ta mBOIIapoBUMK O0OJOHKAMMU, a TaKOXK YMOBH OII-
tumisaliii HK 3a MakcuMaJIbHOIO ILIOINEI0 MOBEePXHi IXHiX 000JI0HOK.

3asHaumMo, IO HaBeAeHi MeToauuHi miaxonu [73] € 3acToOCOBHUMU
mo HK Ha ocHOBIi cymepmapaMarHeTHUX SOepP, IO MICTATL y CTPYKTY-
pi obosoHKM iHINI XeMioTepalleBTUUHI IpemapaTry, HAITPUKJIAL TOKCO-
pyoOimuE abo remMiuTabiH, a TAKOMX AJd PO3PAXYHKIB MHMTOMOI IIJIOIIi
IOBEPXHi HIapiB 3a AOBIIbHMX 3HAUEHDb I1XHiX KIiJIBKOCTU Ta T'yCTHUHU.
PesyabTaTu pob0OTH € aKTyaJbHUMHU TAKOMK OJIS BUKOPHCTAHHS B PO3-
poOKax HOBHUX MATHETOKEPOBAHUX aJACOPOIiiHMX MATEpidaiB TexHiu-
HOT'0, TeXHOJOTiIUYHOI0, €KOJOTiuYHOI0 Ta MeIUUYHO-0i0JOoTiuHOTO IIPHU3-
HaUeHHSA, MeJUUHUX TECT-CHCTEM TOIIO.

5.3. HoBi BekTOpHi cucTemu Ha ocHOBI MP nis 3acTtocyBaHHS B OHKO-
Jorii

TexHoJioriuHa cxeMa BUI'OTOBJIEHHS HOBOI MarHeTOKEPOBAHOI ITOJIiy-
HKIIIOHAJBbHOI IPOTUIIYXJNHHOI BEKTOPHOI CHCTEeMM Ha OCHOBi Marse-
THUX PigWH, IO MiCTATHL HEOoOXimHI JiKapchKi mpemapaTu B CTPYKTYPI
HEK (puc. 1), cknagaerbesa 3i cragiii, HaBegeHUX Ha puc. 5 [72].

Ha xoxHIT cramil omep:KaHHA TAKMX BEKTOPHUX CHUCTEM S3IiMCHIO-
BaJMW KOHTPOJb iXHiX (Pi3MKO-xeMiuyHMX i MarHeTHUX IIapaMeTpiB, 0io-
JoriuHOl aKTuBHOCTHU. {714 KOHTPOJIO BUKOPHCTAHO METOJUN PEHTI'eHO-
¢da30BoO1 aHaJIi3M, TEpPMOIPaBiMeTPUYHOI aHaJidW, PEeHTIeHiBChKOI (o-
TOEJIEKTPOHHOI CHEeKTPOCKOIIii, TpaHCMiCifiHOI eJIEKTPOHHOI MiKPOCKO-
mii, BiOpamiiitHol MarHeTomeTpii, MuToxeMiuHi ToIo. BeTamoBieHo om-
TUMaJIbHI 3HAQUEHHA PO3MIPHUX I MarHeTHUX XapaKTEPUCTUK MarHeT-
HOTO HOCiA (OZHOJZOMEHHOTO MATHETUTY) Ta IIapaMeTpPu [IJs IXHbOI
cranmaprmusairii [26—28, 48]. ITapameTpu MarHeTHOI PiAWHU 3 ONTUMI-
30BaHVMM BJIACTUBOCTAMH AJISA OJEP:KAaHHSI MarHeTOKEPOBAHOI BEKTOP-
HOI cumcTeMu HamaHo y Tabj. 2.

OgnepskaHi pesyJbTaTH PO3BUBAIOTH (Pi3MKO-XEeMiuHi OCHOBU PO3PO-
OKM HOBUX THUIIIB BEKTOPHHX CHUCTEM NPOTUNYXJUHHUX IIpPenaparis
Ha ocHoBi MP namsa 3acTocyBaHHS B OHKOJIOril Ta BUKOPUCTAHO IJIS
ixHBOI omTmMisarii, cTtaHgapTU3aIii Ta KOHTPOJIIO IapaMeTpPiB y IIpPo-
meci BupoOHuUIITBAa. KpiM TOro, pesyabTaTy HaBeIeHUX OOCTiIKeHb
MOKYTh OyTH BUKOPHCTAHI B PO3POOKAX HOBUX MATHETOKEPOBAHUX
amcopOIiiHMX MaTepifAliB TeXHiYHOro, TeXHOJOTiYHOT0, eKOJIOTiuHO-
ro Ta MeIUUYHO-0i0JOTiuHOTO NPpU3HAUEHHS, Y BUPOOHUIITBI MeIUYHUX
TECT-CHUCTEM TOIIIO.

3 MeTOoI0 MNPaKTHUYHOIO BIIPOBAIKEHHS pPO3POOOK 3apeecTPOBAHO
TUMYACOBUII TEeXHOJIOTIUHMI perjiaMeHT Ha BHPOOHUIITBO PEYOBUHU
«Marumerur ¥Y» [74], asxa € HanopoaMmipHuUM omHOomoMeHHUM Fe;O, Ta
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Moandikysanns Immobinizanin
Cnires o tllk?f g JiKapChKAX
3a/izoBMicHOrO NOREPXHI HOCIH npenaparis Ha
CymepmapaMarairaoro |— (crBopenns mapy | .| momudikopanmiii
I~ —] 3 2
Hocis monudikaTopa- MOBEPXHI HOCIA
HOYaTOK (cTROpeHHS WAapy

(AP NABOEIMNOIETY) dopmypanusoGononkn)| |JMKAPCHENX npenaparis)

Crafibiizaniu . MarnitoxepoBannii
Buroropnenns EONEIEEORAAN i cnii 3aci6
KommeRTpoBamol [  MArmiTHOIplimmm M S
MAaTHiTHoi pianHn {crBopenmA mapy (BeKTOpHA cuicTeMa
pia cTabinizaTopa- NPOTHOYXJIHHHAX
3aBepIIeHHA npenaparis)
dopmyBanns 060T0HKH)

Puc. 5. TexHosoriuna cxemMa BHUI'OTOBJIEHHS HOBOI'O MarHETOKEPOBAHOI'O II0-

Ji(YyHKIIIOHATBHOTO JiKapChKOTO 3ac00y — MPOTHUNYXJWHHOI BEKTOPHOI CH-
6

CcTeMU.

TABJIUIIA 2. Pisuuni napameTpu OITUMi30oBaHOI MarHeTHOI piguHU 3a
T=300K.”

Hassa xapaxkTepuctuku, 3HaUeHHs
ONVHUILA BUMipIOBaHHS ¢isuuHOI BETUUNHU
KoHmenTpamnia marasetury, Mr/MJ 14
Poawmip yacTuHOK MarseTury, HM 4-22
Cepenuiii po3mMip YaCTUHOK MarHeTUTy, HM 10,8

CepenHill po3Mip YaCTHHOK MarHeTUTy,

o . 16,8
cTabiIizoBaHMX 0JI€eaTOM HATPil0, HM
Hamarsmerosanicts macury M., I'c 14,1+ 2,5%
Tinmcomerpuuna Bucora, cM 25+10%
B'askicts 1, mlla-c 1,14+ 3%
T'ycTuHa pyp, T/CM° 1,14 +1,0%

MOXKe CJYI'yBaTH IJI CTBOPEHHS HOBOIO MOKOJIIHHA IIOJIi(pyHKITioHA-
JIBHUX OHKOJIOTiUHUX JIiIKapChbKUX 3ac0o0iB aJpecHOr0 JOCTABJIAHHS Ta
JIOKaJIbHOI Tepamii KoMOiHOBAaHMMHN 1 KOMILIEKCHUMN METOJAaMM,
BKJIIOUAIOUN XeMio- ¥ iMyHOTepamneBTUYHUMN, PalioJoTiYHNiT HEeHTPOH-
3aXOILIIOBAJIbHUM Ta iHImi. Po3pobseHo Tako:K THMYACOBUU TEXHOJIO-
riyHmil perjiaMeHT Ha BUPOOHUIITBO MarHeTHOl pigmHm [75] Ha ocHOBI
OTHOJJOMEHHOTO MAarHeTHuTy, 1o moxke wmictutm IIII, P, anTumTijNO
CD 95 yu HER2.

5.4. MIPOTUNIYXJUHHUU JIKAPCHKH 3ACIB «®EPOILJIAT»

CunresoBani Ta mociimxeni MP Fe,0,@01.Na@IIET /IIII + ®P Buxo-
PHUCTAHO IiJ Yac CTBOPEHHS CINJIBHO 3 IHCTUTYTOM eKCIepUMeHTAaJb-



IIOJIIOYHRIIOHAJIbHI MATHETOYY TJIMBI HAHOCTPYKTYPU TA MATEPISAJIN 947

HOI maroJiorii, oukoJorii i pamiobiosorii im. P. €. Kasenpkoro HAH
YKpaiHy HOBOrO BiTUMBHAHOIO IIPOTUIIYXJUHHOTO JiKapChbKOTO 3acCo-
0y «®epomaar». Imea BKasaHOro JIiKapchbKOro 3aco0y MHOJIATaE B CTpa-
Terii IMOAOJIaHHA PE3NCTEHTHOCTU 3JIOAKICHUX ITyXJIUH MIOAO0 ITUCILIA-
TUHY OLIAXOM (PapMaKoJOTiuHOI KOpPeKIlii oOMiHy eHIOTeHHOT'O 3aJIi-
3a, IO 3a0e3meuyeThCcsd 3aCTOCYBAHHAM 3aJIi30BMiCHOTO HAHOKOMIIO-
BUTY Ta IMUCILIaTUHY [56, 72].

«@epomnar» aBjage cobo Ko torar HY marmermoi pigmum 3 ITII.
Bin e crammapTusoBaHUM 3aco00M OJiA ITiABUINEHHSA e(PeKTUBHOCTHU
xeMmioTeparrii Ta IOAOJIAaHHA MEIMKAMEHTO3HOI PEe3UCTEHTHOCTU 3JI0fA-
KiCHUX HOBOYTBOPEHBb 1 IIPUBHAYEHUH MIJIA I[iJIHOBOTO TOCTABJIIAHHSA

3

Puc. 6. IIEM-3o6pakenusa cuutesoBanux HY MnFe,O, (a, 6, 8); BBHT (e, 0,
e) rta BHT, mogudikoBanux mauranosum gepurom (€, i, 3). OnrumaabHa (3
MaKCUMAaJIbHOIO e(eKTUBHICTIO) KOHIIeHTPAaIlisa BHT B cucreMi
MnFe,0,/BHT (4,,,,) cranosuaa ¢ = 0,044 (06.) [85].2

max.
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IIUTOCTATHKA 0e3IocepelHbO N0 IMyXJWHHOI TKAHUHU, IO 3abesmeuye
MaKCHUMaJIbHE HAAXOKEHHS HMOro y KJITUHU Ta CIIPUAE IIiABUIIEHHIO
TepaleBTHYHOrO e(dekTy. Moro smaTHicTh 70 BUGIPKOBOTO HAKOIH-
YeHHS B NyXJUHI mosinmye nporunyxJamHHuil edext IIII 3a mixgBu-
IeHHA piBHA Oiosoriunoi Oesmexu. Ha Bimminy Big BimomMumx xemioir-
pemapartiB, «®epomnjars aKTHUBHIMIUN IMOA0 TYXJWH, PE3UCTEHTHUX
mo ITII, i BuABJNsAEe MEHNIYy TOKCHUYHICTH MIOAO0 HOPMAJBHUX KJITHH;
He Mae aHaJoTiB y cBiTi. Ha 1e# vac ycminrHo 3aBepIiieHO AOKJIiHiUHI
BUIIPOOYBaHHA «@PepoIiaTy».

6. BBAEMOAIA HAHOCTPYRTYP 3 EJIEKTPOMATI'HETHHUM
BUITPOMIHEHHAM

CTBOpeHHs HOBUX e()eKTUBHUX 3aXUCHUX MATEPiANiB, 3MaTHUX IIOTJIM-
Hatu ejekTpomarHetHe (EM) BumpomiHeHHA B 3aJaHUX [IiANasOHAX
€JIeKTPOMATHETHOTO CIEeKTPY, € BaKJIUBUM HAYKOBO-TeXHIUHUM 3a-
BIAHHAM, TIiCHO IIOB f3aHMM 3 BUKODPHCTAHHAM BHCOKOTEXHOJIOTIYHOI
eJIEKTPOHIKM Ta 00pPOTHOOIO 3 eleKTpoMarHeTHuM cmorom [15, 33, 34,
76-91]. CrBOopeHHIO HAYKOBUX OCHOB 3aXMCHUX HMOKPUTTIB, aKTUBHUX
B indpauepBonomy (I4) Ta mamBucokouactorHomy (HBY) mismasomax
CIIEKTPY, B CyYacHiil HayKOBill JiiTepaTypi HpHUCBAYEHO 3HAUHY KiJb-
KiCTh TEOpeTMUHUX Ta EeKCIIEPUMEHTAJIbHUX AOCIiI:KeHb, SKi pPO3TJisd-
IaloTh, HATIPUKJAL, ITUTAHHSA IMIOA0 PE30HAHCHUX YaCTOT HAHOYACTU-
HOK, PO3MIIIEHNX IT00JIM3Y ILJIACKOI ITOBEPXHi Ta BILIMBY MYJIbLTUIIOIb-
HUX B3aEMOMill Ha cIeKTep iX BOMpPaHHS, POJh BEJIUKUX KBAHTOBUX
OATOK Y MOJEJI0 B3aEMOMIMHMX IIJIAa3MOBUX OCIMJIATOPIiB ToImo. Illm-
poKocMyTroBe BOMpPaHHS Ta IIHPOKA CMyra IIPOIyCKAaHHSA B IIbOMY BH-
IMagKy € JIBOMa BaXKJIMBUMU UYMHHUKAMMU, I0 BU3HAUAIOTHL EKCILIyaTa-
ifiHy OpUAaTHICTh MaTepiAiB.

AK mpaBmiio, Taki mMaTepisim Ta HOKPUTTS € CKJIATHUMU Oararto-
IMTAPOBUMU CTPYKTypaMu, IO MiCTATh KOMIOHEHTH 3 MieJIeKTPUYHU-
MU, €JeKTPOIPOBIAHMMM Ta MarHeTHHUMH BTpaTaMU eJeKTPOMAarHeT-
HOl eHeprii. Tomy OyJs0 CHHTE30BaHO Ta MOCJiIKEeHO MEeBHUI aCOPTH-
MEHT TaKuUX KOMIOHEHTiB (Tabj. 3), 110 B3aEMOIIiIOTH 3 BUIPOMiHEH-
HAM BiATIOBiTHMX cHeKTpaJbHUX AiAmnasoHiB [87].

Crimg Tako:x BKasaTH, IO 3HAUHHUI iHTepec B paMKax Ifiei TemaTu-
KU BUKJINKAIOTh crucTeMu TUITY ImoJiMepHa MaTPUIA—
HaHoAuCcIepcHNl (PYHKI[IOHAJbHUUN HAIIOBHIOBAY K OCHOBA CTBOPEH-
HA CTiAKMX OO0 BIJIMBY 30BHIIIIHHOTO CePemOBUINA MAaCUBHUX, YJIbTpPa-
OUCIEePCHUX, ILJIiBKOBUX, BOJOKHHCTUX i HUTKOBUX KOMIIO3UTiB, IO
e(peKTUBHO B3aEMOMIIOTh 3 €JeKTPOMATHEeTHUM BUIIPOMiHEHHAM i xa-
PaxTepusyoOThCA JOJATKOBUMU HOBUMH YHiKAJIbHUMH BJIACTUBOCTIMU
BHaAcJimok Misk@asHoi B3aemonii kKommoueHTiB [76]. IIpukmamom
CTBOPEHHS TaKHX MaTepisiB € po3poOKa BYIJIEIeBUX (PePyMBMiCHUX
(Fe/C) mamoTpyOOK i HAHOBOJIOKOH 3 MATHETHUMHU ¥ €JEeKTPOIPOBifI-
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TABJUIIA 3. KoMmmnoueHTn 3 AieJIeKTPUUYHUMMU, €JIeKTPONPOBIAHUMHU Ta Ma-
rHeTHUMHU BTpaTamu.’

OPOBiAHUK—HAAIIPOBITHUK)
FeNi, FeCo, Ni—Co)

Marepisiniu 3 pO3BUHEHOIO IOBEPXHEIO
Ta (Pa3sOBUMU IIEPEXONAMU THUITY MeTal—
IieJIeKTPUK, MeTaJI—HalliBIPOBiAHUK,
Hanopoawmipai (hepuTn Ta ixmi TBepai
posuunu: Fe;0,, (Fe, ,Co,)Fe,O,,
(Fe, ,Zn,)Fe,0,, (Fe, .Mn,)Fe,O,,
(Fe,_,Ni,)Fe,0,, BaFe,O, Y;Fe,O,,
Byrienesi namomarepisniu i HaHOKOM-
nosutu: BBHT, HaHOBOJIOKHUCTI CTPYK-
TypHu, rpad)eHOBI HAHOIJIACTUHN
Meran—syrienesi HK tuny agpo—
o6osiouka (Me/C; Me =Fe, Ni, Co, Mn,
Hawmopoawmipui HaniBopoBigHUKM, pedo-
BUHU 3 €JIeKTPOHHO-HOHHOIO HIPOBiIHiC-
10 CdS, CuS, Cul, Agl

HUMU BaacTuBocTAMu [77] Ta moainpomisenosux (I1I1) MOHOHUTOK Ha
ixHi#t ocHoBi [78].

B pobGorax [85, 86] BUKOHAHO MOCTiIKeHHS 3 METOI0 CMHTE3UW Ha-
HOCTPYKTYP Ha OCHOBi (pepury Mamramy Ta 06araTOCTiHHMX BYyIJIelle-
Bux HaHOTPYOOK (BBHT) B ckiaxi mosiMepHMX KOMIIOBUTIB 3 IIiBU-
I[eHOI0 3JaTHIiCTI0O BOMpPAHHSA HAABUCOKOYACTOTHOTO BUIIPOMiHEHHS.
51 BUTOTOBJIEHHS IIOJiMEPHHUX MATPUIL BUKOPHUCTOBYBAJIM IIOJiX-
JOPTPU(TOPETUICH Ta €HOKCUAHY CMOJY. BUABIEHO HaABHICTL edeK-
TUBHOTO BOUpaHHA B AiAmasoni wactor 5—20 I'Tm i BcTaHOBIEHO, IO
nnss HK 3 BBHT koeditiear Boupanua y 2,5—3 pasu HepeBUIIIYE Iie
3HaueHHA naA (peputy Maurany.

CunreszoBano Ta mocJaimskeno [79, 80, 83] mamouacturku NiCo i
HAHOKOMIIO3UTH HiKeJb—K00aJIbT Ha rpad)eHOBUX HAHOIIJIACTUHAX
(NiCo@I'HII), ma BucOoKomucmepcHoMy KpemHesemi (NiCo@SiO), ma
HEOKHNCHEHUX 178 OKHMCHEHUX foaraToIrrapoBux HaAHOTPYOKax
(NiCo@HBBHT, NiCo@OBBHT) MeTomoM XeMiduHOIO CIiBOCAAKeHHS
kapo6onatiB Hikimio Ta KobanbTy 3 posumny rigpasuarigpary. Poamip
MeTaJeBUX uvacTUHOK carae 20 mm, a ixHix araomepatiB — mo 200
HM. BusxmaueHo pmificHI i yABHI CKJIAJOBI KOMIIJIEKCHUX IieJeKTPUU-
HOI Ta MarHeTHOI ITPOHMKHOCTEN AUCIEPCHUX CHUCTEM HAHOKOMIIO3U-
TiB MeTOJaMMW HAaJABHUCOKOYACTOTHOI iHTepdepomerpii. MHociimxeni
HAHOCTPYKTYPU € IEePCHeKTHUBHUMM IS CTBOPEHHSA MAaTepiAmiB, IO
BOMPAIOTH HAJIBHUCOKOUACTOTHE BUIPOMiHEHHS.

B [87—-89] moBimomiseThcs TPO BUTOTOBJEHHS Ta IOCTiIKEHHS
IoJIiMepHAIIOBHEHNX (PapOOBUX IOKPUTTIB, aKTUBHUX y HAABUCOKO-
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TABJINIIA 4. OcHoBHi BiacTUBOCTI HOKPUTTIB. '

BiactuBicTh, xapaxkTepucTuKa | 3HaUeHHA
Hianmason pobounx yacToT, I'T1 6-80
Bigousaunusa 8 HBY-nianasoni, 1B —(10-14)
Bigousauusa B I9-gianasoni, 1b —(8-10)
Bogos6bupanusa, % 1-2
Tosmiuua, cM 0,15-0,35
IloBepxHeBa rycTuHa, Kr/M> =4,1

Puc. 7. fxicHuii Momesb ONTHMMi30BAHOTO BOMpAaUa €JIeKTPOMATHETHOTO BU-
NIpOMiHeHHSA TUIY AAPO—000J0HKA. !

yactrorHoMmy (HBY) Ta 6sm3bKoMy iH(ppauepBOHOMY OisIa30HAX CIIEK-
Tpy. OCHOBHI ITapaMeTpu IOKPUTTIB HaBeleHO B TabJ. 4.

IlepeBaramMu Takux TOKPUTTIB € QyHKIioHaabHicTh vy HBY- @1 IY-
IigmasoHax, BHCOKa aTMoc(pepocTiiikicTb, TexHoJOTiuHiCTh. [0 mIad-
XiB yIOOCKOHAJIEHHA I1X MOJKHA BifHeCcTH 3MeHIIeHHA Koe(ilieHTiB
BimOuBaHHA Ta Maco-rabapUTHUX XapPaKTEePUCTUK, HAIPUKJIAT, BUKO-
puctagaam HK tuny sapo—o0o0HKA, IO MiCTATH MarHeTHi, dielek-
TPUYHI ¥ eJeKTPONPOBiAHI KOMIIOHEHTH, OINTHMi30BaHiI 3a BTpaTaMu
1 iMIegaHCHO y3TO:KeHi 3 BimxpuTum mpoctopom (puc. 7). B mpomy
BUIAAKY ifes #ioro Tpamcgopmarii 3i cxemu puc. 1 moasarae B OnTHu-
Misarii 3a XeMiUHMM CKJIQAOM i posMmipaMu sapa i 000JIOHOK CTPYK-
TYypU, 3HAUEHHAMU IXHIiX IieJIeKTPUYHOI Ta MarHeTHOI MPOHUKHOCTEHN
3a YMOBHU Y3TO'KE€HHA 3 BIIKPUTUM IPOCTOPOM:

€9 > 81> 83> 83> 84 =&y Ho> Mg > Ha > Hg > Ky = Uy

BTpaTaMMu eJeKTPOMAarHeTHOl eHeprii, BaroBUMH XapaKTepPUCTHUKAMU
Torto [87, 88]. IleBHUM NPakKTUYHUM HAOJMIKEHHAM [0 HaBeIeHUX
BuMor Bimmosimaiors HK Tumy sapo—obGononka Fe;0,/Al,0,/C [90,
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91].

Ha zaBepiiieHHs 3a3HAYMMO, IO, KPiM HAYKOBOI'0, IPAKTUUYHOTO Ta
MEeTOHOJIOTIUHOT0, HaBeJeHi AOCJIiIKeHHs MAaloTh IIle I HaBUaJIbHe 3Ha-
YeHHs: 30KpeMa, BasKJIMBUM 3aBIAHHAM € IIiATOTOBKA CTYAEHTIB i MoO-
JIOAUX CIIEIiAJicTiB BUIMOI KBasi(ikarii BiqmoBigHMX coemisgbHOCTEN.
Tomy HaBeneHi MaTepifAJym BUKOPUCTAHO ¥ OCBiTHBOMY mporieci [15, 24,
25, 92, 93] BiTuusuauux yriBepcureTiB (HTYY «KIII imeni Iropa Ci-
Kopcbkoro», KHY imeni Tapaca IlleBuenka), Imig Jac IIiArOTOBKU acmi-
paHTiB i TOKTOpPAHTIB.

7. BAICHOBRH

IIpoananizoBaHo cydacHUII CTaH i MEPCIEKTUBU HAUOGIJIBIIT aKTyaJsb-
HUX TEOPETUUYHUX Ta €KCIEPUMEHTAJbHUX aBTOPCHKUX HOCIiIKeHb B
paMKax HayKOBO-TIpaKTUUYHOTo Hampamy «lloaidyHKIioHaNMbHI Mar-
HETOUYTJUBI HAHOCTPYKTYPU Ta MaTepianm». PosradgHyTo IpuKJIagu
PO3pO0OOK, IOB'A3aHUX 3: XEeMIiUHMM KOHCTPYIOBAHHAM OaraTopiBme-
BUX HAHOKOMIIO3UTIB THUIIY SAAPO—O000JIOHKA 3 (PYHKIIAMU MeIUUHO-
6i0JIOTiUHMX HAHOPOOOTiB; CTBOPEHHSAM HOBOT'O IOKOJiHHSA MarHeTHHUX
HAHOCTPYKTYPHUX aACcOpPOEHTIB 3 PidHOIO HIPUPOI0I0 IIOBEPXHi Mequu-
HOT'0, TEXHIYHOI'0, TEXHOJOTIYHOI0 1 eKOJIOTiYHOT0O IIPU3HAYEHHSI; PO-
3BUTKOM HAHOTEXHOJIOTiuHOI 0asu cydJacHHX MaJIOiHBa3WBHUX METO-
IiB (hoTOAMHAMIUHOI HNPOTUIIYXJMHHOI Tepalii Ta HeiHBa3MBHOTO Ke-
poBaHOro (papMaKoOJIOTIiUHOTO BILIMBY 3aJaHOT0 HAIPAMY Ha Oiosoriu-
Hi KJITMHHI cHMCTeMHN; CHHTE30I0 HOBUX MATrHETHUX PiAWH Ha OCHOBI
(disiosoriuHOro po3umMHy, IO MIiCTATH MarHETOUYTJIMBiI OaraTopiBHEBi
nonidpyurmionansbai HK 3 akTyaapHUMH TPOTUNYXJIWHHUMU JIiKap-
CbKUMU IIpernapaTaMy I aHTUTiJIaMHW; CTBOPEHHAM HAYKOBUX OCHOB i
BUTOTOBJIEHHAM 3aXWCHUX IOKPUTTIB, aKTUBHUX Y 3aJaHUX isdIIa30-
HaX eJeKTPOMAarHeTHOTO CIIEKTDPY.
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! Fig. 1. Structural model of NC of the core—multilevel-shell type. Marked: d =d, + 2h;—the
diameter of the spherical nanoparticle magnet (core); d,—the diameter of the magnet with
saturation magnetization characteristic of the bulk material of the core; #;—the thickness of
the near-surface ‘demagnetized’ layer of the magnet, h,, ks, h,—the thicknesses of the layer,
modifier, drug and capsule (stabilizer), respectively, in the structure of inflammation.

2 TABLE 1. Effect of magnetosensitive NC with adsorbed CP, conjugated with monoclonal
antibodies CD 95, on the viability of cells of the line MCF-7 [14, 1T7].

3 Fig. 2. TEM image (a, scale of 20 nm) and x-ray diffraction pattern (6) of Fe;O,/LaF,:Tb
NC, x-ray luminescence of synthesized dry LaF;:Tb (8) and aqueous Fe;O,/LaF;:Tb colloidal
system (2) [65, 66], dependence of RuBiNik adsorption on the LaF;:Tb/Citr surface as a time
function (9) [41].

1 Fig. 3. Mean tumour volume of cisplatin-resistant Guerin carcinoma after cisplatin and fer-
romagnetic nanocomposite therapy. The abscissa axis—animals groups, which were affected
by various factors, the ordinate axis—tumour volume (cm?®) [56].

5 Fig. 4. Percentage of growth inhibition of cisplatin-resistant Guerin carcinoma at therapy
with cisplatin and ferromagnetic nanocomposite [56].

5 Fig. 5. Technological scheme for the fabrication of a new magnetically controlled multifunc-
tional medicinal product—an antitumor vector system.

"TABLE 2. Physical parameters of the optimized magnetic fluid at 7= 300 K.

8 Fig. 6. TEM images of synthesized MnFe,0, nanoparticles (a, 6, 68), MWCNTs (2, 9, e) and
CNTs modified with manganese ferrite (e, s, 3). The optimal (with maximum efficiency) CNT
concentration in the MnFe,0,/CNT system (4,,,,) was ¢ =0.044 (vol.).

9 TABLE 3. Components with dielectric, conductive, and magnetic losses.

10 TABLE 4. The main properties of coatings.

1 Fig. 7. Qualitative model of an optimized core—shell absorber of electromagnetic radiation.
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The carbides’ nanoparticles are characterized by a distinguish properties
that make them appropriate for use in a variety of industrial and medicinal
applications. Some of these unique characteristics of the carbides are high
antibacterial and antimicrobial activities, chemically inert and high hard-
ness. In this review, the properties, advantages, and limitations of carbides’
nanoparticles for antibacterial applications are discussed. The carbides’ na-
noparticles for previous studies possess strong antimicrobial action against
both gram-positive and gram-negative microorganisms.

HanouactTuuku KapbigiB XapakTepuU3yIOTHCA OCOOJMBUMU BJIACTHUBOCTAMU,
[0 POOJATH IX IPUIATHUMU IJS BUKOPHCTAHHS B Pi3HOMaAHITHUX IIPOMUC-
JIOBUX Ta MEIUUYHUX 3aCTOCYBaHHAX. lesIKMMU 3 IIUX YHIKAJbHUX XapaKTe-
pucTuUK KapbiZiB € BUCOKi aHTHOaKTepiAJbHA W aHTUMiKpoOHA aKTUBHOCTI,
XeMiuHa iHepTHiCTh i BUCOKa TBEPAiCTh. ¥ IILOMY OIJIAAL OOTOBOPIOIOTHCS
BJIACTUBOCTI, TlepeBaru i oOMesKeHHsA HAaHOUYACTMHOK KapOimiB mjad aHTuUOAK-
TepisabHOro 3acrocyBanus. HaHouacTuHKY KapOigiB, 3rigHO 3 momepeaHiMu
IOCJIiIKeHHSIMHY, MAlOTh CUJIbHY aHTUMIKPOOHY Iil0 IIPOTU IPaMIIOBUTUBHUX
Ta rpaMHETraTUBHUX MiKpoopraHismis.

Key words: carbides, nanoparticles, antibacterial range, gram-negative bacte-
ria, gram-positive bacteria.

KarouoBi caoBa: Kapbigy, HaHOYACTUHKM, aHTHOAKTEPiANBLHUI CIIeKTep Aii,
rpaMHeraTuBHi 6akTepii, rpaMno3uTUBHI GaKTepii.
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1. INTRODUCTION

Because of their large surface area-to-volume ratio and the quantum
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confinement effects, nanoscale particles are thought to be viable
options for modern nanodevices [1]. Comprehensive research has
been done on nanoparticles (NPs) in biomedical applications. Exten-
sive studies on NPs in biomedical uses, such as biomaterials, diag-
nostics, and cancer treatment have been conducted [2]. NPs bind
securely to microbial membranes because of their small size and
large surface to volume proportion, which is essential for their an-
tibacterial effectiveness [3]. Bacteria can be broadly categorized as
either gram-positive or gram-negative. The arrangement of pepti-
doglycan, a crucial membrane component, accounts for the struc-
tural variations. The membrane of the cytoplasm and the outside
membrane of gram-negative bacteria are separated by a very thin
(= 2-3 nm) peptidoglycan layer, whereas gram-positive bacteria do
not have an outer membrane and have a roughly 30-nm-thick pepti-
doglycan layer [4].

2. PROPERTIES OF NANOPARTICLES

In nanoscience and nanotechnology, the dimension of stuff that mat-
ters most commonly falls between 0.2 nm and 100 nm (nanoscale).
When a substance gets closer to the nanoscale, its properties alter.
Furthermore, a material-surface atom fraction starts to take on
greater significance. Regardless of their size, bulk materials have
comparatively constant physical properties; however, this is fre-
quently not the case at the nanoscale. The fraction of atoms at the
surface grows in relation to the whole amount of atoms in the bulk
material, as the substance gets smaller. Because the material surface
predominates over its bulk qualities, this can result in surprising
properties of nanoparticles.

The enormous surface-to-volume ratios and discrete electrons’ en-
ergy states of the materials at this size give rise to the distinctive
mechanical, optical, magnetic, and electrical features of the nano-
materials. Generally speaking, the optical and electrical properties of
both organic and inorganic substances change significantly from a
bulk substance at the atomic and molecular levels as their sizes ap-
proach the nanoscale and are depending on their form and size. Ob-
servable size-dependent features include superparamagnetism in
magnetic materials, surface plasmon resonance in noble metal parti-
cles, and quantum confinement in semi-conductor particles. Because
of their enormous surface-to-volume ratio and crystalline surface
structure, the nanoparticles exhibit exceptional properties. Further-
more, because of their highly active facets and ability to be synthe-
sized to a specific specification, nanoparticles have an increased cata-
lytic activity that makes them an appealing solution for solving a va-
riety of technological issues.
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Nanoparticles are being thoroughly investigated in the realm of
medicine due to their size-dependent chemical and physical character-
istics. Nanoparticles are comparable in size to the majority of biolog-
ical molecules and structures. This makes them a compelling option
for use in biomedical research, both in vivo and in vitro. Their use in
specific drug delivery, visualization, detecting, and artificial im-
plants has resulted from their integration with the medical industry.
Their application as antimicrobial agents to combat extremely patho-
genic and drug-resistant bacteria is a new intriguing direction for
their research in medicine.

However, the biocompatibility is a highly attractive feature for the
use of nanoparticles in biology. The capacity of a material to func-
tion medicinally without causing undesirable local or systemic conse-
quences is known as biocompatibility [5].

3. ADVANTAGES OF NANOPARTICLES

In comparison to conventional delivery remedies, nanoparticles can
provide a number of important benefits. Because of their surface
features and particle size, nanoparticles can target drugs in both
active and passive modes. Because of the way that using nanoparti-
cles changes the drugs’ organ distribution and subsequent clear-
ance, there is a decrease in adverse effects and an increase in the
therapeutic efficacy of the treatment. Additionally, nanoparticles
regulate and maintain the drugs’ release. It is simple to control the
release and degradation characteristics of nanoparticles based on
the selection of matrix ingredients. Another benefit of nanoparti-
cles is their ability to target specific sites. It can be accomplished
by applying targeted ligands on the particle surface. Nanoparticles
can be administered intraocularly, parenterally, nasally, orally, etc.
These nanoparticles also exhibit great stability, the capacity to
transfer hydrophilic and hydrophobic molecules, a high surface ar-
ea-to-mass ratio, high reactivity, extended systemic circulation, ac-
curate medication targeting, and the simultaneous administration
of numerous medicines [6].

4. THE DISADVANTAGES OF NANOPARTICLES

Despite all of these advantages, there are a number of disad-
vantages of nanoparticles [6]: physically manipulating nanoparticles
in both liquid and dry states can be difficult due to particle—
particle aggregation caused by their huge surface area and small
size. Furthermore, the large surface area and small particle size
readily result in burst release and minimal drug loading [6].
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5. PROPERTIES AND APPLICATIONS OF CARBIDES

Carbides are significant substances due to their unique characteris-
tics and variety of applications. The carbon compounds have the
fewest electronegative components. Carbon compounds, such as
phosphorus, nitrogen, sulphur, and oxygen, are not regarded as
carbides [7]. These are their classifications as follow.

1. Ionic or Salt-Like Carbides. Ionic or salt-like carbides are used to
describe the carbides of strongly electropositive elements including
aluminium, alkali metals, and alkaline earth metals (calcium and
aluminium carbides among other examples) [7].

2. Transition Metal Carbides. Due to their beneficial physical char-
acteristics, such as their high melting points (for example, hafnium
and tantalum carbides have the highest known melting tempera-
tures of all substances), they have been intriguing active materials;
additionally, they exhibit both excellent electrical conductivity and
chemical stability, and commercial uses for transition metal car-
bides include cutting tools, gas turbine rotors, and protective coat-
ings for fusion reactors [8].

3. Interstitial Carbides. Carbon atoms occupy the interstitial area
inside the closely spaced array between metal atoms. These have
high melting points and are quite hard. They are effective electrical
conductors. These may be hydrolysed by diluted acids or by water
[7].

4. Covalent Carbides. Metalloid substances, such as boron and sili-
con, create them. Between each atoms of the metalloid are covalent
connections. These substances are unsolvable, chemically inert, and
exceedingly hard [7].

Due to its high melting temperatures, high degree of hardness,
resistance to oxidation, strong abrasion resistance, and heat shock
resistance, carbides have been widely used in a variety of indus-
tries, including wear resistance, aerospace materials, and composite
ceramic materials [9—-13]. The characteristics and uses of binary
carbides are mentioned in Table.

Potanin et al. [14] in 2018 created biocompatible ceramic com-
pounds via combustion-mode synthesis in the system Ti—C—Co—Ca—
(PO,),—Ag—Mg. Investigations were done on how cobalt affected the
structure, characteristics, and parameters of the mixtures’ combus-
tion. Compact ceramics are made up of localized calcium oxide
(Ca0O) isolations, a uniformly distributed titanium phosphate
(Ti;-PO,) phase along grain boundaries, and a composite grain frame
made of nonstoichiometric titanium carbide (TiC,;—TiC,;). The ad-
dition of cobalt encourages the synthesis of the intricate intermetal-
lic combination CoTiP and TiCo. A solid solution based on silver is
created, when magnesium and silver are alloyed.
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TABLE. A list of some binary carbides’ features and uses [7].

Sr. |Molecular

No.| formula Properties Applications

Wear parts, fine drills,

1 WwC Abrasion resistant and very hard . . .
mining and cutting tools
2 Mo,C Insoluble in water Cutting tools gnd coating
material
Used as an abrasive, re-
High melting point, inertness, fractory coating, and
3 ZrC polar covalent compound, and cladding material in nu-
thermal conductivity clear reactors and thermo-

photovoltaic radiators

To improve the properties
Cubic crystal structure, excellent of cermet and arrange the
4 VC high temperature property and mechanical properties of
chemically stable steel alloys, tungsten car-
bide is added

The most refractory material
5 HEC known to date is 1nsolgb1e in wa-  o0q in hard coatings
ter and has a low resistance to

oxidation

Its production is energetically
favourable, it is strong metallic-
compound and paramagnetic, and
it has an orthorhombic structure

Used in the steam refor-
mation of alcohols to pro-
duce hydrogen

6 Co,C

As a coating, it serves as
Heavy dark colour powder that is  an inhibitor of grain
7 TaC extremely hard, barely soluble in growth and is used in the
acids, and has a metallic shine creation of sharp instru-
ments and cutting tools

6. NANOPARTICLES FOR ANTIBACTERIAL

Antibacterial compounds are those that either directly kill or re-
strict the growth of germs in the vicinity without generally endan-
gering adjacent tissue. Nowadays, most antibacterial drugs are
made of chemically modified natural compounds like carbapenems,
cephalosporins, and lactams (like penicillins). Furthermore, pure
natural antibiotics like aminoglycosides and entirely synthetic anti-
biotics like sulphonamides are regularly used. Generally speaking,
the agents fall into two categories: bactericidal ones, which destroy
germs, and bacteriostatic ones, which stops bacteria from growing.
Antibacterial medications are crucial in the fight against infectious
diseases. Antibacterial antibiotic resistance has emerged frequently
as a result of their widespread usage and abuse, which is a signifi-
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cant issue. Resistance is typically the result of evolutionary pro-
cesses during happens, for instance, antibiotic medication, and
these processes result in inheritable resistance. Additionally, re-
sistance may develop through horizontal gene transfer via conjuga-
tion, transduction, or transformation [15]. Each nanoparticle has a
unique mechanism for its antibacterial activity. The antibacterial
mechanism for all types of nanoparticles is not entirely known.
Some theoretical processes focus on the fast release of antibacterial
metal ions from the surfaces of the nanoparticles, while others are
related to the physical properties of these nanoparticles (membrane-
damaging abrasiveness of the nanoparticle). Increased material con-
tact with the environment is made possible by the growing specific
surface area of a dosage of nanoparticles as the particle size de-
creases.

Consequently, increasing the surface-to-volume ratio of naturally
antibacterial materials enhances their antibacterial effect. Because
of this, a nanoparticle composed of an intrinsically antibacterial
material may show antibacterial activity in a number of ways, such
as the release of antibacterial metallic ions from the particle surface
and the antibacterial physical properties of the nanoparticle, such
as membrane damage or cell wall penetration. By comparing the
outcomes of numerous trials, it is possible to determine characteris-
tics of nanoparticles, which are most crucial for developing the ide-
al antibacterial particle. One of the most significant factors influ-
encing antibacterial activity is chemistry, followed by particle size,
shape, and zeta-potential [16].

7. CONCLUSION

Carbides nanoparticles are considered actually promising materials
in environmental, medical, and industrial applications, which are
attributed to the optimum properties of carbides. According to the
review, metal ion release, cell wall penetration, or membrane dis-
ruption are three main ways, in which nanoparticles work. The car-
bides’ nanoparticles exhibit strong antibacterial activity against
both positive-gram and negative-gram bacteria.
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Bnaug Bomopo3unaHux Cy -(hpyirepeHiB Ha mapamMeTpH IJIaJJKoro
TeTAHIYHOTO CKOPOYeHHsA muscle gastrocnemius mypiB micisa
HeliporeHHol aTpodii
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Hocaigsxeno OiomexaHiuHi mapaMeTpu CKOPOUeHHS muscle gastrocnemius
mypiB (3o0KpemMa, MaKCHUMaJbHY i MiHiMaJlbHY CUJIM IIOOAWUHOKOTO CKOPO-
YeHHS WM’s3a) MicJas HelporeHHoi aTpodii, BUKJIMKAHOI IepepidyBaHHAM
citamunoro HepBy. Pikcamia ix Bigmbysasacsa ma 30 moby micas imimisii
TpaBMu. SIK TepameBTMUYHUN areHT, BUKOPUCTAHO IepopasibHe BBegeHHA Cg,)-
dymnepeHniB y moneHHi#t m0o3i 1 MI'/KI yIpomoB:K eKclepuMeHTy. lleTajsbHO
mpoaHaJ i30BaHO mepexia cuoBOi BiAmoBimi akTuBHOro mM’s3a 3i crany 3y0-
YacToro TeTaHyCy B IUIAAKUU, AK MapkKepa pnoro auchyukiii. Ilokasano, mo
BUKODPUCTAHHA BOJOPO3UMHHUX Cgyo-QyiaepeHiB 30ibIIyBaI0 MaKCUMAJIbHY
CUJIY TIOOMMHOKOTO CKOPOUYeHHsS muscle gastrocnemius, Habmmxamoum ii 10
KOHTPOJI0, Ta 3MEHIIIYBAJ0 MiHiMaJlbHy CHUJIY, BUKJUKAIOUMN TJIagKe TeTaHi-
YyHe CKOpoueHHA M’ fa3a. OmepskaHi pes3yJsbTaTy BKa3yOTh HA IEPCIEKTHUB-
HiCTh BUKOPUCTAHHSA IIUX BYIJIEIEBUX HAHOCTPYKTYD AJA BiJHOBJEHHS CKO-
POTIMBOI AaKTUBHOCTHU CKEJIeTHUX M’ fA3iB micasa Heliporemuoi aTpodii.

The biomechanical parameters of the rat muscle gastrocnemius contraction
(in particular, the maximum and minimum force of a single muscle con-
traction) are studied after neurogenic atrophy caused by sciatic nerve
transection. Their fixation is occurred on the 30 day after the initiation
of the injury. As a therapeutic agent, oral administration of Cg, fullerenes
is used in a daily dose of 1 mg/kg throughout the experiment. The transi-
tion of the force response of the active muscle from the state of serrated
tetanus to smooth one, as a marker of its dysfunction, is analysed in de-
tail. As shown, the use of water-soluble Cq, fullerenes increases the maxi-
mum force of a single contraction of the muscle gastrocnemius, bringing
it closer to the control, and reduces the minimum force, causing smooth
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tetanic muscle contraction. The results obtained indicate the prospects of
using these carbon nanostructures to recover the contractile activity of
skeletal muscles after neurogenic atrophy.

Karouosi cmoBa: C60-pyniaepen, muscle gastrocnemius, HeliporeHHa aTpoO-
(disa, 6iomexaHiuHi mapaMeTpu CKOPOUYEHHA CKEJIETHOTO M’s3a.

Key words: Cg, fullerene, muscle gastrocnemius, neurogenic atrophy, bio-
mechanical parameters of skeletal muscle contraction.

(Ompumano 5 keimus 2025 p.)

1. BCTYII

ATtpodisa mM’a3iB CyIIPOBOAIKYETHCA CTOHIIIEHHAM M’ SA30BHX BOJIOKOH i
3MEHINeHHAM IXHBOro 06’eMy. BinbIinr Toro, mMm’sizoBa TKaHMHA YACTKO-
BO 3aMiHIOETBHCSA CIIOJMYYHOIO TKAHWHOIO, AKa He 3JaTHa CKOPOUYyBaTH-
ca [1]. Ha croroaui Hemae edeKTHMBHOro JiKyBaHHA aTpodii ckeer-
HUX M’ A3iB uepe3 HeZOCTATHE PO3YMIiHHSA i MOJEKYJIAPHUX MeXaHi3-
MiB. O3mopoBua (Pis3KyJIbLTYpa 3aIUIMIAETHCA HANOIIBII BIKHUBAHUM Me-
TOIOM JIiKyBaHHA aTpodii ckemeTHux m’a3is [2].

Opmiero 3 HalickJamgHimux @opMm M’ saA30Boi aTpodii € HeliporenHa
aTpodisa — IOIMKOAMKEHHA HeHPOHHUX e(epeHTHUX NLIAXIB aKTHUBAa-
mii m’asa ITHC, mo mpusBoguTh OO BTpaATH iHHEpPBAIlii CKeJeTHUX
M’A3iB, TOHMKEHHA PYyXoBOoi QYHKIIII Ta HaBaHTa)KeHHSA Ha CKeJeTHi
m’asu [3]. Taki cynyTHI YMHHUKKM HeWpPOreHHOI aTpodii, AK XpoHiuHe
3alajJieHHsA Ta MOIIKOMKeHHS AOIOMIKHUX CTPYKTYP M’s3iB OKUCHIO-
BaJbHUM cTpecoM [4], IPUIIBUANIYIOTL aTpo(iio CKeJeTHUX M’ dA3iB i
MOKYTb BUKJWKATH amoIITO3 M’ S30BUX KJITWUH, BiAKJAIEHHA JKUPY
Ta MiABUINEHHA XOPCTKOCTHU M’f3a O KPUTUYHUX 3HaueHb [5]. Heii-
porenHa atpodiA cKeJeTHUX M’ fA3iB TaKOK IIOB’sizaHa 3 OaraTbMa CHU-
cTeMHUMHU AUCHYHKI[IIMU, IO BIJIMBAIOTh HA BiTHOBJIEHHS PYXOBOI
aKTHUBHOCTH Y MTAIi€HTIB 3 IIOIMIKOMKeHHAM edepeHTHOI iHHepBalril
[6]. Hocrmimxenusa [7] migTBepAMIM BasKJIWBY POJIb AKTHUBHHUX (opm
kucHio (ADPK) 3a po3BUTKY HelporeHHOI aTpodii ckemeTHux m’asiB i
BHCOKHH TepaleBTUYHUNA TMOTEHI[isJ 3aCTOCOBAHUX AHTHUOKCUIAHTIB
[8-10].

Bigomo, mio GiocymicHi Cgo-(pysrnepenu 3maTHI ePeKTUBHO 3aXOII-
goBatu 1 imaktuByBatu APK y cucremax in vivo # in vitro [11, 12].
Pawmimte mamu 0yJio mMOKasaHo, IO 3aCTOCYBaHHS BOAOPO3UMHHUX Cgo-
dynnepeHiB 3a 0e3ameUHUX iloUMX A03 Hicaa imimiamnii imemiunoro
TIOIKOKEeHHA CKeyieTHOro M’ A3a [13], iftoro mexaniunoi TpaBmu [14],
axinmorenoromii [15] Ta m’sa30BOi muchyHKIIII, ITOB’A3aHOI 3 OTPYEH-
HaM mectuniugamu [16], moaimimye @QYHKI[IOHYBAHHSA CKEJIETHO-
M’s130BOi cucreMu IypiB. Takum umHOM, MeTOl0 ITiei poboTu Oyio
TOocHimuTu BILIUB BOHOPO3UMHHUX Cgo-hyiiepeHiB Ha KiHEeTUKY TJan-
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KOro TeTaHIUHOTO CKOPOUYEeHHsA muscle gastrocnemius miypiB, AK On-
HOT'O 3 KJIOUOBUX OioMexaHiUHMX MapKepiB ioro auchyHKIii, miciaa
HelporeHHOi aTpogii, BUKINKAHOI IOMIKOMKEeHHAM CiIHUYHOTO Hep-
Ba (nervus ischiadicus).

2. METOAUKA ERCIIEPUMEHTY

s omep:kanua Boguoro po3unuy Cgo-pyraepeny (CqPBP) BuKopu-
CTOBYBaJII METOJZ, IO I'PYHTYEThCA Ha mepeHeceHHiI moyeKya Cg, 3
TOJIYOJIY y BOAY 3 ONHOUACHUM OOpPOOJeHHAM yJabTpasBykoMm (8 I'm, 8
roguu) [17]. Omep:xkanuii Cy,PBP y MakcuMaJbHilI KOHIIEHTpAIlil
0,15 mr/ma 36epirae crabinbHiCTh ynpomoB:xk 12—18 wmicAliB 3a Tem-
neparypu y +4—25°C. Bin € TUIIOBUM HaHOKOJIOIZOM, IO MIiCTHUTh SK
okpemi momexysnu Cgy, Tak i ixHi HamoarperaTtu [18].

ExcnepumenTr mpoBoamam Ha IMypax-camIirax Jrinili Wistar Bikom
y 2 wmicami Baroo y 170+ 5 r. IIpoToKos mocaimxeHHsa OyB 3aTBep-
mKeHnit Komiciero 3 muraub Oioetuxu HHIIL «ImctuTtyT 6Giosorii Ta
MequinHN» KuiBChbKOro HaIllioHaJIbHOrO yHiBepcuTeTy imeHi Tapaca
IlTeBuenka srigHO 3 mpaBmaIaMu «EBpoImeilicbKOl KOHBEHIII Hpo 3a-
XUCT XpebeTHUX TBapUH, ITT0 BUKOPUCTOBYIOTHCSI B €KCIEPUMEHTAID-
HUX Ta IHIINX HaYKOBUX IiIAX» i HOpM OioMemMuHOI eTUKM 3TiJHO i3
3akonom Yxpaimm Ne3447-IV 21.02.2006 p. (m. KuiB) «IIpo saxucrt
TBapuH BiJ »KOPCTOKOTO IIOBOMKEHHS» Il Yac HPOBEIEHHS MEINKO-
010JIOTIUHMX AOCJiIKeHb.

TBapmH BUIIAAKOBMM UYWHOM POSIOALIAJM Ha Taki migmocirigmi
rpymnu: KOHTPoJb (n=7), rpyma «TtpaBma» (n= "7, mepepisyBauus cif-
HUYHOTO HepBa), rpyma «TpaBma+ Cg» (n =7, 1omeHHe, YIPOIOBIK
30 gmi6 excmepumeHTy, mepopanbHe zactocyBaHHsa CgPBP y mosi
1 Mr/Kr macu Tija TBapuMHU IIicad imimiaiii TpaBmm).

Amnecresio TBapuH 3iMCHIOBAJIN BHYTPIITHHOUEPEBUHHUM BBEIEH-
Ham 3oaetuay (40 mr/kr). CiZHUYHUNA HEPB MiAAOCHiAHUX TBApPUH Y
JiBi#i samHiii KiHIiBIi OyB orojeHuii i mepepisanuit Ha 10 MM IIPOK-
CUMAaJIbHiIlIe BiJ pPO3TaNy:KeHHS BEJUKOTOMIiJIKOBOTO Ta MAaJIOTOMiJ-
KoBOTO HepBiB [19].

Muscle gastrocnemius 3BiIbHANM BiA OTOUYBAJbLHUX TKAHUH; ¥
OUCTAJNbHIA YaCTHUHI HOT0 CYXOMKMJIbHY YACTHUHY IIPUEIHYBAJIU OO Te-
H30HaTYMKiB. [/ migroToBKM A0 MOAYJIBLOBAHOI cTUMYyJAIil edepen-
TiB y BiATIOBiZHMX cerMeHTax IlepepisyBajii BEeHTPAaJbHiI KOpiHIi 6e3-
IIOCEePeIHbO B MicCIlsgd IXHBOTO BUXOAY 3i CIMHHOTO MO3KYy. DimamMeHTH
mepepisaHnx BEHTPAJbHUX KOPIHIIIB 3aKpillIIOBaJIX HA CTHMYJIIOBA-
JBbHUX eJIeKTPoAaxX i 3MifiCHIOBAJIM ITUKJIUHNI PO3IIOALJI IMOCIiZ0BHOC-
™ ctuMyJaiB. CTumyisaiio edepeHTIB 3AiliCHIOBAIN eJeKTPUUHUMU
iMoyibcaMu TpuBaJicTioO y 2 Mc, cOPMOBAaHUME 3a JOIIOMOTOI0 I'eHe-
paropa immyibciB. KoOHTPOJb 30BHIIIHLOTO HABAHTAYKEHHS HA M’ A3
3MilficHIOBAIN 3a JOIOMOTOI0 CUCTEMHN MeXaHOCTUMYJaATopis [20].
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Amnanizyoun MeXaHOKiHeTHKY CKOPOUEHHs M’ s34, MU BPaxOBYBaJIU
0COOJIMBOCTI II€PEeTBOPEHHS CerMeHTapHOI Ta HU3XimHol Horo akTuB-
HOCTH 3a PO3BUTKY aTpodiuHoi martoJsorii. ¥ mporieci BigHOBIIEHHSA
M’sI30BOI TKAHUWHU IIicaA aTpodivyHOro Iepepoa:KeHHs 3HaYHa iHep-
IifHICTh M A30BOTO CKOPOUYEHHA BUMATA€E BiJi MOTOHEWPOHIB HAsABHOC-
T TAKUX OUHAMIUYHMX BJIACTUBOCTEI, AKi O 3MOIJIM KOMIIEHCYBATHU
HEeJOCTaTHbO BUCOKi IMBUAKiCHI mapameTpm cKopoueHHA M’ A3a [21].
TaxuM YMHOM, YIOBiJIbHeHHS BUHUKHEHHS TJIAAKUX CKOPOUYBAJIbHUX
peakiIriii (rJIaZfKOTO0 TEeTaHyCy) € OJHHM 3 KJIOUOBUX OioMexaHiuHMX
MapKepiB, AKMH BKa3ye Ha PO3BUTOK IIATOJIOTiI ¥ HEPBOBO-M’SA30BOMY
npemapari. MexaHOKiHeTHMUYHA aHaJida IIepexoly CHJIOBOI BimmoBimi
aKTHUBHOTO M’sI3a 3i cTaHy 3yOUacToro TeTaHyCy B IJIaIKHUI € BasKJIU-
BOIO IJIsI aJleKBAaTHOTO PO3YMiHHS NPOABY HOro AMCHYHKIIN mim udac
reHepyBaHHA CUJIU OKPEeMUMHU PYXOBUMU omuHUIAMU [22].

CraTUCTUUYHY aHaJIi3y pesyJbTaTiB IPOBOAUIN METOJaMH Bapisd-
mifiHol cratmcTuKM y mporpami Statistica 8.0. KosxkHa 3 omep:KaHuX
eKCIIePUMEHTAIbHUX KPUBUX CKOPOUEHHA muscle gastrocnemius €
pesyabraTom ycepenuenua 10 aHamoriuHux BuUMiproBaHb. g OIMiHKU
JIOCTOBIpHOCTH BUABJIEHUX 3MiH 3aCTOCOBYBAJIM AUCIIEPCifiHY aHAJi3y
ANOVA 3 HacTymnHHM TeCTOM MHOMKHMHHOI'O IIOPiBHAHHA 3a Boudep-
poui. 3uauenua p < 0,05 BBaskaauca 3HAUYIITUMU.

3. PE3YJIBTATH 1 OBTOBOPEHHS

Yac mocsaTHEHHS CHUJIOI0 M’fA3a TJIaJKOT0 TeTaHiYHOTO CKOPOUEHHS Xa-
PaKTepuU3yeThCA BHCOKOIO UYYTJMBICTIO 0 il 30BHIMIHIX YMHHUKIB
[23]. Ileit kKOoMOOHEHT M’S30BOi AMHAMIKM OCOOJMBO BAKJIUBUMN IIifm
yac KOHTPOJII0O CKOPOUEHHSA KWCTiI PyKHU, aisKe MaTOJIOTIUHI mporecu,
AKi BUHUKAIOTH y HEPBOBi#A abo M’fA30Bili TKAHWHi, 3MEHIITYIOTH ITIO
BEJIMUUHY, IO YCKJIATHIOE MOMKJIMUBICTH TOUYHOMIPHOI'O HMO3UIIiIOHYBaH-
Ha cyrao0y 3 momkomkenuM M asoM [21]. Oxgmak BimminHOCTI peax-
IIiA M’A3a HA 3MiHY YacTOTU CTUMYJAIINHOTO BILIUBY [22] BKa3yoTh
Ha Te, IO OJA BUBHAUEHHS CKOPOUYBAJNLHUX BJACTHUBOCTell M’ s3iB
Ba)KJIMBO 3HATU He JIMIIe IIOTOUHI 3HAaueHHS CHUJIOBOI BigIoBimi # iH-
TeHCHUBHOCTH aKTHBallii, a @ mepeficToOpilo 3MiHM HIHuX IIapaMeTpiB.
Tomy nnsa amekBaTHOI aHAJNi3M IIATOJIOTIiYHMX IIpoIeciB y muscle
gastrocnemius 1ypiB micas 30-mo6oBoi HeliporeHHOi arpodii Hamu
OyJ0 IIpoaHaji3oBaHO KiHETMKY BUHUKHEHHS TJIAAKOTO TeTaHiuHOTO
CKOPOUEHHS M’fA3a 3a JOoTeTaHiuHol cTumy Anii vacroramu y 15, 20 i
25 T'm.

Ha pucysky 1 mnpexacraBieHO MexXaHOTpPaMM CKOPOUeHBL muscle
gastrocnemius 11ypa, BUKJINKAHI CTUMYJSIIIHHUME IIyJIaMKA YacTOTa-
mu y 15, 20 i 25 I't. 3a crumyasaiii gvacroroo y 15 I'i makcumaabHa
cuja IOOAWHOKOTO cKopoueHHS (f,..) muscle gastrocnemius micis
30-m060B0i HelporeHHoi arpodii Maike He BimpisHsagaca Big KOHT-
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Puc. 1. MexanorpaMu CKOpO4YeHb muscle gastrocnemius 1mypiB: cmumyaayia
15, 20 i 25 T'y — CKOpOUYeHHA, BUKJINKAHI CTUMYJIAIINHUMY IIyJIaMH YacTO-
Toto y 15, 20 i 25 T'y BizmoBizHO; Tpynu «TpaBMa» i «TpaBMa + Cgy» — cumiia
CKOpoueHHA muscle gastrocnemius dyepes 30 7ai6 micaa mnepepisyBaHHSA
nervus ischiadicus Ta 3a BBegeHHsa Cy,PBP y moxenHuiit 7o3i B8 1 Mr/xr Big-
moBigHO; f,., — MaKCuUMaJbHA CHJIA IOOJAMHOKOI'0 CKOPOUEeHHS M’s3a; [y, —
MiHiMaJibHe 3HAUEHHS CHJIOBOI BiAmoBimi B omHomy 3y06Ii 3ybdacToro tera-
Hycy (3MeHIIIeHHs IThOTO IapaMeTpa M0 HYJbOBOTO 3HAUEHHS NMPUBOAUTH MO
BUHUKHEHHS IJIAJKOTO TeTaHyCy); KOHTPOJIb — HATHBHUH M’ 3.}

poiro: 56 + 3 mH mpotu 58 + 3 MH. I3 30iIbIIeHHAM CTUMYJIOBAJILHOL
yacrotru go 20 I''m mMakcuMaabHa CcHJIA IIOOAUHOKOTO CKOPOUEHHS V
rpymi «TpaBMa» 3meHinmuiaaca go 58 £ 3 mH (y xomtpomi — 63 +3
MmH). 3a Buropucramua Cy;,PBP 1eii mokasHMK CTATUCTUYHO He Bin-
pisHABCA Big KOHTPOJILHUX 3HaueHb (puc. 2). IligBuiieHHa cTUMYJIIO-
BasmbHOI wactoTu A0 25 I'm (wacToTa BUHMKHEHHA TJIAAKOTO TETAHYCY)
3MEHIITYBAJI0O MaKCHUMAaJbHY CUJIY IIOOAMHOKOTO CKOPOUEHHsA muscle
gastrocnemius y rpyni «tpaBma» Ha 17 + 1% mDOpiBHAHO 3 KOHTpPOJIEM
(61 £3 mH mpotu 74 + 3 mH) i He BUBOAMIIO CKOPOUEHHS Y CTaH TIJIa-
nxoro teranycy. HaBmaku, BukopuctanHs CgPBP 36inbiryBaso ma-
KCUMAJBbHY CHUJIy Maii:ke mo xKouTposaio (71 +3 mH) i mpuBommmo mo
BUHUKHEHHSA TJIaJKOT'0 TeTaHyCYy HANPUKIHI[ CTUMYJIIOBAJIBbHOTO IIYJIY
(puc. 11i 2).

3ayBa:KMMO, I[0 BUHUKHEHHS IJIaAKOr0 TeTaHyCcy 3yMOBJIEHO 3Me-
HIIEeHHIM (IO HYJLOBOTO 3HAYEHHS) MiHIMaJbHOI CHJIM y KOMKHOMY
IMIOOMHOKOMY CKOpOUeHHi. 3MiHa camMe IIbOTo mapamerpa 30iJbITye #
yac BUHUKHEHHS TIJIaJKOT0 TETAaHiYHOTO CKOPOUYeHHS Ta Moaudikye
YACTOTHI XapaKTePUCTHUKHN e(PepeHTHUX CUI'HAJIB, HeoOXimHuUX aJsd
agekBaTHOTO (BhyHKITiOHyBaHHA M’ a30Boi cuctemu [21]. Uepesa 30 nib
micasa mepepisyBauusa nervus ischiadicus mMiHiMaabHa cujaa CKOPOYEH-
HA 3a ctTumyadAnii gacroroio y 15 I'm ckaagana 34 + 2 mH (y xouTpO-
ai — 14 +1 mH). fx O6aummo, el mapameTep B3pOCTae MalKe y



978 O. M. HO3APEHKO, M. C. AHI'EJIOB, K. I. BOTYIIBKA ra in.

f max? wH
cramynania 25 T

80
crumyaania 20 T'oop | #

| crumyaania 15 T'o

L
60 — % * =z
207 ’

Ved
&Qo& @é& ><CmQ &o@? > XO'&P &Qol“y q;b@ xc" ¢
& T Y S
& & &

Puc. 2. 3mina MaKCUMaJBbHOI CHJIN TOOAMHOKOTO CKOPOUEHHA (f,..) muscle
gastrocnemius ITypiB i3 3aCTOCYBAaHHAM CTUMYJAIIMHOTO CUI'HAJIY YaCTOTOIO
y 15, 20 i 25 T'uy BigmoBizmo: rpymu «TpaBma» i «TpaBma + Cg» — cuia
CKOpOUeHHs muscle gastrocnemius uepes 30 mi6 micasa mepepisyBanHA
nervus ischiadicus ta 3a BBemeHHs Cg;PBP y mopennit 1os3i y 1 mMr/Kr Big-
IIOBiZHO; KOHTPONh — HATUBHME M’a3; p < 0,05 moZo KOHTPOJBHOI I'DYIN;
#p < 0,05 mono rpynu «mpasmar.’

2,5 pasu (puc. 3). Bukopucranua Cy,PBP 3meHnIiryBaso #oro sHaueH-
Ha Ha 38 £ 3% miomo rpynm «TpaBMa», Ake ckiaano 21 +1 mH. ITix-
BUIIIEHHA CTUMYJAAIifHOI uacTotu o 20 I'y 3MeHITyBajao MiHiMaIbHy
CUJIy CKOpoueHHA y KoHTposi mo 9,0+0,5 mH, a y rpymi «TpaBmar
el nmoxkasHuk ckjaaB 24 + 1 mH (maitxke 300% -30inbIlieHHs 3HAUEHHA
nmporo mapamerpa). BuxopucranHa CgPBP amenmwuno mirimMambHy
cuny MaiiKe BABiui mrogo rpymnu «tpaBma» (13 =1 mH). Crumysnaiis
yacToTon y 25 I'm mpuBoaMIa 10 BUHUKHEHHS TJIAAKOTO TEeTaHiUHOTO
CKOPOUYEHHS Y KOHTPOJi — MiHiMaJbHA cuja He mepeBuinyBajga 0,5
MH. V¥V rpymi «TpaBMa» 1eil mOKasHUK He IMMOHMKYyBaBcAa HuxKdYe 18 +1
MH i He mpuBOAMB 40 BUHHUKHEHHS TIagkKoro reramycy (puc. 3). Bu-
kopuctaHHsa Cy, PBP mpomemMoHCcTpyBaso 3MeHINIEHHS ITHOTO IapaMer-
pa mo 4,0 £ 0,5 mH, a HanpuKiHIli cTUMYJIAIil coocTepirany BUXig Ha
rJIagKe TeTaHiuHe ckopoueHHs (puc. 1, 3).

3HauHa BiAMiHHICTL y BelIMuMHAX MaKCHMaJbHOI Ta MiHiMaJbHOI
CHJI CKOPOUEHHS muscle gastrocnemius y rpyii «TpaBMa» Mo:Ke OyTH
0B’ sA3aHa 3 HEeJIHiMHNM PO3BUTKOM 3YCHJLIA M s34 IMiff 4ac IOBLIb-
HUX i mBuUAKuUX OajicTruHmMX pyXiB. TpaeKTopis MOBIIBLHOTO PyXy
muscle gastrocnemius IOBHICTIO BUM3HAUAETLCA MO0 CTATUYHUMU
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Puc. 3. 3mina MmiHiManbHOI CHMJIM ITOOZWHOKOTO CKOpoueHHA (f,,) muscle
gastrocnemius IIypiB IIiJ Yac 3acTOCYBaHHSA CTUMYJAI[IMHOTO CUTHAJy dYac-
Toroo y 15, 20 i 25 I'm BigmoBigHO: rpymu «TpaBmMa» i «TpaBMa + Cgp» —
cuia cKkopoueHHsa muscle gastrocnemius uepe3 30 mi6 micaa mepepisyBaHHA
nervus ischiadicus ta 3a BBemeHHA Cy@BP y mogenniit nosi y 1 mr/xr Big-
IIOBiZHO; KOHTPONh — HATHUBHHHE M’a3; p < 0,05 mozo KOHTPOJBHOI I'DYIN;
#p < 0,05 10710 TPYIH «TPaBMa».’

BJIACTUBOCTAMHU. SIKIO K PyX BimOyBaeThCs IIBHUAINE, TOAL CJIim Bpa-
XOBYBaTH IWHAMiUHI KOMIIOHEHTH, AKi OesmocepegHbBO 3ajieKaTh Bif
JKOPCTKOCTH Ta IIOMATJIMBOCTH M’sI3a, a 3a aTpodivyHMX HOpYIIeHb 3a-
3HAIOTHh 3HAYHUX 3MiH [24]. 36isbIIeHHA BHYTPiMTHBOM I30BUX KOJIE-
TaHOBUX CTPYKTYP, HASBHICTh HEDYHKI[IOHAIBbHUX M’ SIB0BUX BOJIO-
KOH, 3alaJIbHi IIPOIlecH Ta 3aJIlyUYeHHS B OCEPEeIOK ITOMIKOMKEeHHA aK-
TUBOBAaHUX HeHTpodiaiB, ki BuUBiIbHAIOTE HomaTKoBi ADK, smiHiO-
IOTh PiBeHb AWHAMIYHHNX HapaMeTPiB CKOPOUEHHS, 30KpemMa 30iJabIry-
IOTh MiHIMaJIbHY CHJIY 3 II€PeX0J0M CKOPOUEHHS y TJIAAKMWI TeTaHid-
Hu# cra [25].

Takum uywmHOM, 3adiKcoBaHa IIO3UTHBHA AUHAMiIKa 3MiHH OCJIi-
I:KyBaHMX  OioMexaHiUHMX  IIapaMeTpiB  CKOPOUYEeHHS muscle
gastrocnemius ITypiB HaA TJi HeHWporeHHOI aTpodii 3a mepopabHOTO
mogenHoro BBemeHHA Cgy-(pysiiepeHiB y 1031 1 MI'/KI YIPOAOBIK €KC-
IIEPUMEHTY CJYTYy€e IMATPYHTAM IJis IPOBEAEHHSA IOAAJBINNX TOKJIi-
HiYHNX BUIPOOYBAHBL iX 3 METOI0 KOPHUI'YBAHHS IATOJIOTiUHMX CTAHIiB
M’sI30BOI CHCTeMU, II[0 BUHMKAIOTEL 3a aTpodii ckemeTHnx M’ A3iB yHa-
CIiTIOK HeBUKOPUCTAHHS iX.

Hocrmimxenua BuKoHaHO 3a (imaHcoBoi mipTpumku MimicTepcTBa
ocBiTu i Hayku Ykpainu [Tema Ne24BI1018-02, 2024-2026].
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! Fig. 1. Mechanograms of the rat muscle gastrocnemius contractions: stimulation of 15, 20
and 25 Hz—contractions caused by stimulation pools with a frequency of 15, 20 and 25 Hz,
respectively; ‘injury’ and ‘injury + Cq,” groups—the force of contraction of the muscle gas-
trocnemius 30 days after transection of the sciatic nerve and with administration of Cg4, FAS
at a daily dose of 1 mg/kg, respectively; f,.~—maximum force of a single muscle contraction;
fmin—minimum value of the force response in one prong of serrated tetanus (reducing this
parameter to zero results in smooth tetanus); control—native muscle.

2 Fig. 2. Change in the maximum force of a single contraction (f,.) of the rat muscle gas-
trocnemius when applying a stimulation signal with a frequency of 15, 20 and 25 Hz, respec-
tively: ‘injury’ and ‘injury + Cq,” groups—the force of contraction of the muscle gastrocnemi-
us 30 days after transection of the sciatic nerve and with administration of C4, FAS at a dai-
ly dose of 1 mg/kg, respectively; control—native muscle; *p <0.05 relative to the control
group; #p < 0.05 relative to the ‘injury’ group.

3 Fig. 3. Change in the minimum force of a single contraction (f,;,) of the rat muscle gas-
trocnemius when applying a stimulation signal with a frequency of 15, 20 and 25 Hz, respec-
tively: ‘injury’ and ‘injury + Cq,” groups—the force of contraction of the muscle gastrocnemi-
us 30 days after transection of the sciatic nerve and with administration of C4, FAS at a dai-
ly dose of 1 mg/kg, respectively; control—native muscle; “p < 0.05 relative to the control
group; *p < 0.05 relative to the ‘injury’ group.






Haykose suoanms

HAHOCHUCTEMMN,
HAHOMATEPIAJIN,
HAHOTEXHOJOTI'II

3BIPHUR HAYROBHUX IIPAILD
TOM 23

BHUITyCK 3
(2025)

Ilignucano mo apykKy 25.09.2025. ®opmat 70x100/16.
ITamip odcerrnuii. Ipyk pisorpadiunnii.
YwMm. apyk. apk. 31,20. O6xa.-Buz. apk. 28,70.
Haxaan 55 mpum. 3am. Ne 3

ITonirpadiuyno-posmuoskyBanbHa Ainbauinsg PBB IM® im. I'. B. Kypaiomosa HAH VYkpainu
oyasB. Akajn. Bepuaacbroro, 36; 03142 Kuis, Ykpaina



>
[ XTNEN] ‘m o

| Y s

HAITIOHAJIBHA AKAJIEMIA HAYK YKPATHH

HAHOCUCTEMU . NANOSYSTEMS
HAHOMATEPIANIK NANOMATERIALS
HAHOTEXHONOTrI NANOTECHNOLOGIE



3acHOBHME: [HCTUTYT METAJIO®IZUKA IM. I'. B. KyPIioMOBA HAH VKPATHUA
Bupmaseus: [HCTUTYT METAJIO®IBUKHY IM. I'. B. KyPaioMoBA HAH YKPATHU

Tlepeamnatauii ingexc 94919 ISSN 1816-5230
Indopmanis npo nepeamniary Ha 36ipHUK HAYKOBUX Npalb
«HAHOCHUCTEMH, HAHOMATEPIAJIY, HAHOTEXHOJIOT'TI»

Penaxiisa miokBaprasbHOro 30ipHmka HaykoBux mpaunb «HAHOCUCTEMU, HAHOMATEPIAJIU,
HAHOTEXHOJIOT'Ti» (CODEN: NNNAAT; ISSN (Print): 1816-5230, ISSN (Online): 2617-3794) mosi-
JIOMJIsIE 4YUTAdiB Ipo Iepeamiary (10 IOYMHAETHCA 3 IIOTOYHOrO KBapTaly Bumycky). Lleit 36ipHUK
BXOAUTH 3a iHgekcom 94919 no «Karanory Bumanb YKpainu». PeKkoMeHIyeMO 0(DOPMUTH HEPEAILIATY:
1) uepes TOB «IIpecllentp Kuis» / LLC ‘PresCentr Kyiv’ / (01019 Kuis, Ykpaiua, a/c 185; Texn. / daxc:
+38044 5361180 / +380 44 5361175; e-mails: podpiskal@prescentr.kiev.ua, market7@prescentr.kiev.ua,
ksl1@prescentr.kiev.ua) un To uepes Internet:

Hanocucremu, HaHOMaTepianu, HaHOTeXHOJIOTiI (prescentr.kiev.ua) (Product Code: 14724);
2) uepes nepeamIaTHy arefiio «Mepkrypiit» / Subscription agency ‘Mercury’ (49000 Muinpo, Ciao6osxan-
cbKuit mpocuekt, 6yxa. 10, kopm. 2, kB. 51; 03056 Kuis, Bysn. Baguma Terbmana, Oyz. 27, od. 74; rei.:
+38093 3935740 / +380 44 2210557; e-mails: podpiska@mercury.net.ua, 1.podbereznaja.mercury@gmail.com);
3) 6esnocepenuim nepepaxyBaunusam Big 390 rpH. 3a oguH npuMipHUK BUIycKy 1o 1560 rpu. 3a ogus Tom (4
BUIIYCKHU Yy PiK):
«OTPUMYBAUYY»: IncturyTr meranodisuxu im. I'. B. KypatomoBa HAH Vkpainu
Ha pospaxyHKoBuii paxyHok Ne UA058201720313291001201001901 B 6auky I'VIKCY B M. Kuesi
Kog 6anky: 820172
Kon expunoro mepskaBHOro peecTpy miampueMcTB i opraxisarniit Yipainu (EPIIOY): 05417331
Hna «IIOCTAYAJIBHUKA» — Iucturyry mMeranmodisuku im. I'. B. Kyparomoa HAH Vxkpainu
CeimonrBo miaTHuKa momaTKy Ha gogany Bapricth (ILIB) Ne 36283185, immuBigyanbHuii moJaTKOBUI
aomep (IITH) 054173326066
Kopn mpusnauenna miarexxy: 25010100
[PUBHAYEHHS IUJIATEXKY: 3a 36ipHuk «Hanocucremu, HaHOMarepianu, HaHoTexHosorii» aia PBB IM®
HAHY
IIJICTABA: nepegomrata 100%

INFORMATION FOR FOREIGN SUBSCRIBERS

Editorial Board of a Quarterly Collected Scientific Transactions ‘Nanosistemi, Nanomateriali, Nano-
tehnologii’ (CODEN: NNNAAT; ISSN (Print): 1816-5230, ISSN (Online): 2617-3794) advertises the sub-
scription on an annual basis. Orders should be placed through one of the methods described below. Besides 1)
the subscription via the LLC ‘PresCentr Kyiv’ / «IIpecllenrp Kuis» (with address: UA-01019 Kyiv,
Ukraine, P.B. 185; tel. / fax: +380 44 5361180 / +380 44 5361175; e-mails: podpiskal@prescentr.kiev.ua,
market7@prescentr.kiev.ua, ksl1@prescentr.kiev.ua) or via Internet:

Hanocucremu, HanoMmarepianu, HaHOTexHOJOTi1 (prescentr.kiev.ua) (Product Code: 14724),
as well as besides 2) the subscription via Subscription agency ‘Mercury’ / «Mepkypiii» (with juridical
address: UA-49000 Dnipro, Slobozhansky Ave., Bldg. 10/2, apt. 51; postal address in Kyiv: UA-03056
Kyiv, Vadym Hetman Str., Bldg. 27, off. 74; tel.: +380 93 3935740 / +380 44 2210557, e-mails:
podpiska@mercury.net.ua, l.podbereznaja.mercury@gmail.com),
3) the Editorial Board will take orders sent directly to the Editorial Board. To obtain our collected
scientific transactions, the persons and institutions interested in this title should made the definite
payment sent, according to the order, to the account of the Publisher—G. V. Kurdyumov Institute
for Metal Physics of the N.A.S. of Ukraine.
The periodical frequency is 4 issues per year. The annual subscription rate for ‘Nanosistemi, Nano-
materiali, Nanotehnologii’ is 160 USD (or 148 EUR), including airmail postage, packing and han-
dling charges. All other-currency payments should be made using the current conversion rate set by
the Publisher (subscribers should contact the Editorial Board).
Subscription is valid after obtaining by the Editorial Board of banker’s order. Banker’s order
should be sent to the address:
G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
currency account No. UA603223130000025308000000067, MFO 322313,
in the Kyiv’s Branch of JSC ‘The State Export-Import Bank of Ukraine’ (Public Joint Stock Com-
pany ‘Ukreximbank’) (11° Bulvarno-Kudryavska Str., UA-04053 Kyiv, Ukraine)
simultaneously with written notice providing the Editorial Board with a copy of banker’s order for
subscription and detailed address for mailing.
Prepayment is 100% .
Address of the Editorial Board: G. V. Kurdyumov Institute for Metal Physics, N.A.S. of Ukraine,
36 Academician Vernadsky Blvd., UA-03142 Kyiv, Ukraine.
E-mail: tatar@imp.kiev.ua (with subject beginning by word ‘NNN’)
Fax: +380 44 4242561. Phone: +380 44 4241221, +380 44 4249042.
After receiving of banker’s order, the Editorial Board will send the guarantee letter to the sub-
scriber’s address for mailing the journal for a corresponding term.
The Editorial Board of this journal hopes for effective co-operation with its present and future
readers and requests to promote the maximum information about its contents to persons and organ-
izations concerned.
© IucruryT meranodisuku im. I'. B. Kyparomosa HAH Vkpaiuu (Kuis), 2025




Inpexc 94919





