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OIITUMMU3ALIIUA COCTABA
HOJMUMEPHO-HEOPTAHUYECKHUX KOMIIO3UTOB
JJIA QJIEKTPOMUI'PAIMOHHBIX METOJOB AHAJIM3A
HA OCHOBE ®PAKTAJIBHOI'O AHAJIM3A UX CTPYKTYPbI

Oco0eHHOCTH MUKPOCTPYKTYPbI KOMIIO3UTOB HAa OCHOBE OJINTOMEPHOTrO JMHU30LIMAHATa C Pa3JIMUHBIM COJIepKaHHEM
CYOMUKPOHHBIX YaCTHIL[ CErHETO3JIEKTPUYECKOro HamoyHuTeNns: TutaHata Oapusi (BaTiO;) u3ydeHsl mocpeacTBoM
pacuera (pakTanbHBIX XapaKTEPUCTHK 110 JaHHBIM aHallM3a AJIEKTPOHHBIX MUKpodoTorpaduii. Y cTaHOBIEHA KpU-
THUYECKasi KOHLEHTpalusi HanoHuTens: okosno 30 00.%, mpy NpeBbIIEHUH KOTOPOH TPOUCXOIMUT PE3KOE CHIDKEHUE
(pakTambHON pa3MEPHOCTH U POCT JIAKYHAPHOCTU CTPYKTYPHI KOMIIO3UTOB B PE3yJbTATe arJOMEpaly YacTHIl Ha-
TIOJTHUTEJS, YTO COOTBETCTBYET PE3KOMY CHMIKEHHIO JHIJIEKTPUUECKON MPOHUIIAEMOCTH B POCTY THIIEKTPUICCKUX
HOTeph KOMIO3UTOB. JlanbHelee yBenuuenne conepxanust BaTiO; npuBoanT k pocTy (pakTanbsHON pa3MepHOCTH
BCJIC/ICTBHE YHOPAIOYEHHS B3aMHOTO PacIIO0KEHH 00pa3yIoMINXCs aCCOL[ATOB.

Kntouegvie cnoea: KOMIO3UTBI, MUKPOCTPYKTYpa, AMU30LIMAHAT, TUTAHAT Oapus, JUIJIEKTpUYEcKasi MPOHUIAEMOCTb,
(pakranbHas pa3MEpPHOCTb, JTIAKYHAPHOCTb, HJIEKTpOXpoMaTorpadus

BBEJEHUE

Pa3pa0oTka KOMIO3MIMOHHBIX MaTEpUAJIOB C 3a-
JMaHHBIMH JTUAJICKTPUYECKUMHU CBOMCTBAMU HE00XO0-
JUMa AJIS1 U3TOTOBJICHUS 3aIUTHBIX JUAIEKTPUUECKUX
CIOE€B B pAa3JIM4YHBIX JJIEKTPOHHBIX YCTPOWMCTBAX,
BKJIIOYasi CYNEPKOHIEHCATOPbI, OUCIUIEH, a TaKxKe
(yHKIIMOHANBHBIX CJIOEB COPOCHTOB B KANMIIISPHBIX
KOJIOHKaX ¥ MHUKPO(IIIOUTHBIX YuTaxX, 00ecrednBaro-
mux 3¢ dekTuBHOE pa3/ieneHre KOMIIOHEHTOB B AJIEK-
TPOMUTPAIIMOHHBIX METOAaxX aHanu3a [1-3].

[ns ynpaBiieHHs SJEKTPUYECKUMU CBOMCTBAMHU
KOMITIO3HUTOB HCO6XO[[I/IM3 OIITUMU3aUA KaK HX CO-
CTaBa, TaK M CTPYKTYpHI, XapaKTepU3YIOLIeHcs B3a-
UMHBIM PAacIoJIOKEHHEM KOMIIOHEHTOB, T.€. 0COOEH-
HOCTSIMM paclipelesieHUs YacTHUL] HAllOJHUTEIIS B MaT-
puue. Kak mnpaBwio, Hawlydllde LEIEBbIE CBOWCTBA
KOMIIO3UTOB JIOCTHTAIOTCSl IPH HanOoJiee paBHOMEPHOM
WIN YHOPSIIOYEHHOM PpaclpelleIeHUH HaIOIHUTEIIS.
OTo 00ycioBIEHO 0COOEHHOCTSIMU MHUKPOCTPYKTYPHI
paccMaTpUBaeMbIX KOMIIO3UTOB, BKJIIOYAIOMIMX IIO-
CJIEZIOBATENIbHO WM MapajulebHO COSANHEHHBIE IPYT
C JpYroM KOMIIOHEHTBI, PE€3KO pa3JInYaroluecs
M0 CBOUM DJICKTPUYCCKUM CBOﬁCTBaM, BCJICACTBUC
4ero JAURIIEKTPUYECKHE CBOWCTBA MaTepualia MOTYT
HNOJUUHATHCSA KaK aJJUTUBHBIM, TaK U OOpaTHO Ipo-
MOPUHUOHAJIBHBIM 3aBUCHUMOCTIAM U ONPEACITIAIOTCA HE
TOJIBKO KOJMYECTBEHHBIM COOTHOLIEHHUEM MEXIY
KOMITOHEHTaMH, HO W XapaKTepoM MexX{(a3HbIX Tpa-
HHUII U KOHTakTOB Mexay HumH. [lomoGHble 3aBucu-
MocTU paHee [4—7] HAOMIOJAIUCH Il  KOMIIO3UTORB
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Ha OCHOBE LMAHITHJIOBOrOo 3(pupa MOJIUBUHUIOBOTO
cnupta ¢ tutanaroMm Oapus BaTiOs;, momudpunmpye-
MBIM DPa3JIMYHBIMH MHUKpPOZOOaBKaMH (IHCIIEPCHBIMHU
okcuaamu, (QyiiepeHosioMm, rpadeHOM, HaHOTPyOKa-
MH), CIIOCOOCTBYIOIIMMH YCHJICHHIO MEX(pa3HbBIX
B3aUMOJEUCTBUI MexXQy KoMioHeHTamu. [lpu stom
3KCTPEMAJIbHBIM POCT JIUNIEKTPUUECKON ITPOHHUIIAEC-
MOCTH KODPPEJIHpOBaJl C COJEpXKaHUEM creuudpuye-
CKHX IMOBCPXHOCTHBIX IHECHTPOB HAa MOBEPXHOCTU HaA-
MOJTHUTEJISA, CIIOCOOHBIX K B3aUMOZCWCTBHIO C IIOJIU-
MEpHOW MaTpuleH, MpedoTBpallatolleMy arperupo-
BaHME YACTHULl HAIOJHUTENS U 0OOeCledYnBaroLIeMy
MOBBIIIIEHHE OJJHOPOJHOCTH MaTepHara.

B c¢Bs3u ¢ 3TUM BaKHOU 3aJadeyl SBIIICTCSI UCCIIE-
JOBaHHE MHKPOCTPYKTYpPhl KOMIIO3UTOB, HE00XOAu-
MBIM MCETOAOM JIsI KOTOPOT'O ABJIACTCA 3JICKTPOHHAA
MHUKPOCKOIIUS, a TAKXKE CPABHUTENBHBIN aHAIMU3 I10-
JIYUYCHHBIX OaHHBIX C COIIOCTABJICHHUEM PaCIIOJIOKE-
HUSL KOMIIOHEHTOB. IlapameTrpamy, KOJINYECTBEHHO
OTIpEIETSAIOIIMMHA  paclpesielieHue  HaINOJHUTENS
B MaTpHIle, SBJSIIOTCS (hpaKTaIbHbIE XapaKTEPHUCTHKH,
Takue Kak (pakTalbHas pa3sMEpHOCTb, OTPaKArOILAs
CTeleHb CaMOTIOIO0UsI CTPYKTYPHI M IIOTHOCTH yHa-
KOBKH, U JIAKYHapHOCTb, XapaKTEePU3YIOIasi HEOJHO-
POIHOCTB CTPYKTYPBIL.

B nanno#t paboTe OblTa M3y4eHa MHUKPOCTPYKTypa
KOMITO3UTOB Ha OCHOBE OJINTOMEPHOI0 JUH30IHMaHa-
Ta, NPUMEHSEMbIX B KaueCTBE MOJEIbHBIX HEIMOJ-
BIKHBIX (a3 (COpOEHTOB) B 3IEKTpoxpomarorpadu-
YECKUX KANWUIAPHBIX KOJIOHKaX M MHKPO]IIOUIHBIX
qHUImax Omarofapsi TOBBIIIEHHOW CHOCOOHOCTH
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K CEJICKTUBHOMY Pa3JICJICHUIO aHATU3UPYEMbBIX KOM-
MOHEHTOB U PETYJIUPOBAHUIO CKOPOCTH BIIEKTPOOCMO-
THYECKOTO TIOTOKA, BHICOKOW CTAOMIBHOCTH B IIHPO-
KOM JIMafa3oHe YCJIOBHH SKCIUTyaTalllH, BBICOKOpa3-
BUTOW TOBEPXHOCTH M BO3MOXXHOCTH PETyJIHPOBAHUS
XMMHYECKOTO COCTaBa MOBEPXHOCTH B IIMPOKUX MpPE-
nenax [8, 9].

OKCITEPUMEHTAIJIBHA S YHACTb

Ceputo wHccleyeMbIX KOMIIO3UTOB — MOJYyYaju
TUCTIEprUpOBaHreM CyOMHKpPOHHBIX (500 £ 20 M)
gactunr BaTiO, (US Research Nanomaterials, Inc.
Houston, TX, USA, nusnektpudeckas IpoHHUIAe-
MocTh £ okono 4000) B MaTpuIle OJUTOMEPHOTO IH-
m3onmanara (Crosslinker CX-100, Cytec, USA, mo-
nekyispHas Mmacca M, ~1500, cogepkaHue uzonua-
HaTHBIX Tpynn 5.6%) B kommuecte 10, 20, 30, 40
u 50 06.% oTHOcUTENbHO 00BEMa M30LMAHATA B pe-
aKIMOHHOUN cMmecu. [lonyyeHHble KOMIO3ULIUA HAHO-
CHIM Ha  IOJUIOKKH H3 IOJUANMETHUICHIOKCaHA
(IIAMC) (Sylgard-184, Dow Corning) pa3zmepom
10 X 10 MM u TommuHOW 4 MM dUepe3 QuIbEpY
¢ moclenywomeil cymkoit mpu Ttemmepatype 50 °C
B TeueHue 60 MuH.

3areM Ha cIoW KOMIO3uWTa TOMmMHON 0.2—
0.25 MKM HaHOCWJIHM DJEKTPOJBI U3 KOHTAKTOJA Ce-
pebpsHOTO (TOKOMPOBOASIINN KIIeH), IOclie 4ero u3-
Mepstt eMKOCTh (C) W TaHTEHC UAICKTPUUECKUX
norepb (tgd) MONYyYEeHHBIX 00pa3lOB C TOMOUIBIO
n3Mmepurens ummuradca E7-20 (MHUIIH, Munck,
Benapyces) mpu wactore 1 xl'm. Jmdmexkrpudeckyro
MPOHHUILIAEMOCTh PACCUUTHIBAIIN TT0 POpMYyJIE:

_Cd
&S

&

b

rae C — u3MepeHHasi eMKOCTh KOHAeHcaTopa, d u .S —
COOTBETCTBEHHO TOJILMHA CJIOS KOMIIO3UTAa U IUIO-
1A 1b TTOBEPXHOCTH SMEKTPOJA, & = 8.85:107 d/m —
IURJIeKTpuUecKkas nocrtosiHHasg. IlorpemrHocTu omnpe-
JEJIEHUsT BEJUYUH € U tgd TI0 YCPEOHEHHBIM JTaHHBIM
U3MEPEeHU 1 3—5 3JEKTPOI0B, HAHECEHHBIX Ha I10-
BEPXHOCTh KAXKJOrO W3 HMCCIEAYEMBIX 00pa3loB, He
MPEBBIILIAIOT COOTBETCTBEHHO 15 1 10%.

MHUKpPOCTPYKTYpY HOJYYEHHBIX KOMIIO3UTOB HC-
CIIEZIOBAIM METOJOM KOH(OKAaIBHOW Jla3epHOH CKa-
HHUPYIOLIEH MUKPOCKOIIMH C UCIIOJIb30BaHUEM KOH(]O-
KaJIbHOTO JIa3€pHOT0 CKaHUPYIOLIEr0 MHKpPOCKOIa
Leica TCS SP5 (Leica Microsystems). [lomyuenHsie
MUKpodoTorpaduu KCIOIb30BaIH I pacueTa (pax-
TANIbHBIX  XapakTEpPUCTHK  METOAOM  pa30MeHus
Ha KBaJApaTHBIC CETMEHTLI C IOACYETOM 4YHCJIa YaCTUI]
HarnoJiHUTeNeH B Kaxkion u3 Hux (box counting) [6]
C HKCIOJb30BaHUEM Mporpammel Imagel ¢ mpumnoxe-
Huem FracLac no ciaegyroniemy aropurmy.

1. Pa3buenue wmcxomHoli MuUKpodoTorpaduu
(500 X 500 MxM) Ha 25 KBaIpaTHBIX SYEEK pa3MEPOM
100 X 100 MM ¢ mocnenyroriel OnHapu3aImen u30-
OpaskeHHs U MOJICYETOM YHMCIIa IEHTPOB MacC YacTHII
B KOKIOU sSTUEHKeE.

2. Pacyer cpegHero umcia EHTPOB Macc YacTHIL
HAIIOJIHUTENS X B AHAJIU3UPYEMBbIX sTYEHKaX

2.()
¥=-1—,
" M

rie X; — YUCIIO LEHTPOB MAacC YacTHIl B KaXKAOM
U3 S4€eK, 7 — YUCIIO SUEeK.

3. Pacuer cTaHIapTHOro0 KBaApaTUYHOIO OTKJIOHE-
HUS B paccMaTpUBaeMOM MAacCHBE OTHOCHUTEIHHO
JAHHOTO CPEIHEro 3HAYCHUS

2

4. PacyeT NaKyHapHOCTH A — mapameTpa, Xapak-
TEPU3YIOILEr0 HEOJHOPOAHOCTh paclpelesieHus Jac-
THUII HAIIOJIHUTECIISA B HOHHMCpHOﬁ MaTpuie

A= [gj . 3)
X

CHmwKeHNE BEJIMYMHBI JAHHOIO Iapamerpa CooT-
BETCTBYET IOBBIIIEHUIO OIHOPOIAHOCTU paclpemneie-
HUA HAIIOJTHUTEIIA B MaTpHUIIC.

5. Pa3bumenne wucxomHoil MuUKpodoTorpadun
Ha KBaJApaTHBIC sTUeHKN C IIOCJIIEJ0OBATCIIbHBIM
YMEHBIIIEHHEM UX pa3Mepa & C 3aJJaHHBIM IIaroM.

6. IlocTpoeHue 3aBUCHUMOCTEH UHCIa siUeeKk N,
B KOTOpBIE HONANAEeT XOTs Obl OAMH LIEHTP MAacc aHa-
JIM3UPYEMBIX YaCTHUI[ TUTaHata Oapus, OT pa3Mepa
SYEEeK £ B JIBOMHBIX JIOTAPU(PMHUUECKIX KOOPIUHATAX,
T.e. Ig N = f (Ig &), 9TOo MO3BONSIET TMHEAPU3OBATH
paccMaTpuBaeMyI0 3aBUCUMOCTb, IIPUBOS €€ K BUILY

lg(N)=-Dlge+k, @)

rae k — xodpunmeHT.

Ha ocnoBe (4) MOXHO paccunTaTh (HpaKkTaIbHYIO
pa3MepHOCTh D Kak MOIyJb YIJIoBOro kKoadduiuen-
Ta, ONPEAENIAEMOr0 METOJIOM JIUHEHHON anmpoKcuma-
uun. @OpakranbHas pa3MEpHOCTh  XapaKTepU3yeT
IUIOTHOCTh YIAaKOBKM 4YacTull, NpHOIMKasch K 2
mo MEpe ¢€ IMOBLINICHUA Ha IMJIOCKOCTU MU K 3
B TPEXMEPHOM IPOCTPAHCTBE.

PE3VYJIBTATBI 1 UX OBCYXJIEHNE

3aBUCUMOCTH JUAJIEKTPUUECKUX CBOMCTB KOMIIO-
3UTOB OT COJAEpKaHMS TUTaHaTa OapHsl NPHUBEICHEI
Ha puc. 1. TlomydeHHbIe pe3ynbTaThl MOKAa3bIBAIOT

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 3
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Puc. 1. 3aBUCHMOCTH IHAIIEKTPUIECKON MPOHUIIAEMO-
cTH (2) ¥ TaHTeHCa JMAJIEKTPHYECKUX MOTeph (0) KoM-
MTO3UTOB OT COJEPKaHUs TUTaHATA Oapus

B3aMMHO TPOTHBOMNOJOKHBIA OCHMUTUPYIOIIUA Xa-
paKTep HM3MEHEHHs IUAJIEKTPUYECKON HpPOHHUIAeMO-
CTH M TaHTeHCA JHAICKTPUYECKHUX TOTEPh C OTYCTIIH-
BBIM MHHHMYMOM € U MaKCHUMYMOM tgd mpu copaep-
xannu BaTiO; 30% wmacc. Mukpodororpaguu 06-
pas3loB CIOEB MOJyYSHHBIX KOMIIO3UTOB MPHUBEICHBI
Ha puc. 2, 3. Pasmep xaapos 500 X 500 Mxm.

CormocTapiieHUe MOJTYYEHHBIX Ppe3YyNbTaTOB MOKa-
3bIBa€T POCT OJHOPOJHOCTH KOMIIO3UTOB 110 20 00.%
C TMOCHEeNyIIMM €€ CHWKEHHEM  BCIIC/ICTBHE
arperupoBaHust 4actun Hamonmuutens. [Ipum coxmep-
xaHuu TuTaHata Oapus 30 00.% HaOmomaercs
o0pa3oBaHHe IIETIOYEYHBIX CTPYKTYp  pa3invyHOM
HNPOTSDKEHHOCTH U pa3BeTBIeHHOCTH, a npu 40 00.%
HaunHaeTcs: POPMUPOBAHUE KPYIHBIX aCCOLUATOB.

Pesynbratel pacdera (QpaKTanbHBIX XapaKTepH-
CTHK KOMITO3UTOB (pHC. 4) MOKa3bIBAIOT, YTO MpPHU Ipe-
BBIIIEHNH KPUTHYECKOW KOHLEHTPAIlMM THTaHaTa Oa-
pusi, cocraistonieid 30 00.%, TPOUCXOIUT PE3KOE
CHIDKeHHE (PpaKkTaIbHON pa3MEpHOCTH BIUIOTH IO MU-
HumyMa npu 40 00.% B codyeTaHMH C POCTOM JaKy-
HApHOCTH CTPYKTYPbI KOMIIO3UTOB.

Puc. 2. Muxkpodororpaduu o00pa3ioB KOMIIO3UTOB
HA OCHOBE [MOJHMEPHONH MAaTpHIBl IUHM30IHMaHATa
¢ cogepkanuem BaTiO;: 10 (a), 20 (6) 06.%

Puc. 3. Mukpodotorpadun 00pa3ioB KOMIIO3UTOB Ha OCHOBE MOJIMMEPHOI
MaTpHIBI Tuu3onuanara ¢ cogaepxanuem BaTiOs: 30 (a), 40 (0), 50 (B) 00.%

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3
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Puc. 4. 3aBucumoctsb (paxranbHO# pazmepHocTH D (a) 1
BaTiO3

DTO OTpaXkaeT CHIKCHHE OJJHOPOJHOCTH pacipe-

JCJIICHUS HAIIOJIHHUTCIIA B HOJ'IPIMCpHOﬁ MaTpuue
BCJICACTBUC HaydaJla arjiomMepanuu €ro 4aCctuly ¢ o6pa-
30BaHMEM HEOJHOPOJHBIX IIO pasMepaM acCourarToB,

B YACTHOCTU LIENOYEYHBIX CTPYKTyp. lIpn nanbHei- 2.

meM yBenuueHun cozpepkanus BaTiO; mo 50 006.%
(bpakTangpHas pa3MEpHOCTH CHOBA BO3pAcTaeT BCIIEI-
cTBHe (QopMUpoBaHHs OoJiee YMOPSAOUYEHHOH CTPYK-
TYpPBI U3 OTHOCHUTEIHHO PAaBHOMEPHO PACHOJIIOKEHHBIX

accoruaToB Oim3koro pasmepa. IlosrydeHHbIe pe3yiib-

TaThl KOPPEIHPYIOT C PACCMOTPEHHBIMH BBIIIE PE3-
KUM CHIDKEHHEM JHIJIEKTPHUYSCKON MPOHUIIAEMOCTH
U POCTOM JIU3JIEKTPUYECKHX MOTEPh KOMIIO3UTOB MPH
nocrxenun coxaepxkanus BaTiOz 30 06.%, o0ycinos- 4

JICHHBIMHA

pa3ymnopsiioueHueM  MHUKPOCTPYKTYPHI,

U TIEPCTIEKTHBHBI JUIS TIPOTHO3WPOBAHUS IIETIEBBIX Xa-
PAKTEPpUCTHUK PA3JIUYHBIX KOMIIO3UIIMOHHBIX MaTe-
pHaIoB.
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OPTIMIZATION OF THE COMPOSITION OF POLYMER-INORGANIC
COMPOSITES FOR ELECTROMIGRATION ANALYSIS METHODS
ON THE BASIS OF FRACTAL ANALYSIS OF THEIR STRUCTURE

S. V. Mjakin, N. A. Bubis, L. M. Kuztetsov, A. Y. Shmykov

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

Microstructural features of composites based on oligomeric diisocyanate with various contents of submicron
particles of barium titanium oxide (BaTiO3) ferroelectric filler were studied by calculating fractal characteristics
based on electron micrograph analysis. A critical filler concentration of approximately 30 vol.% was estab-
lished, above it, a sharp decrease in fractal dimension and an increase in the lacunarity of the composite struc-
ture occur as a result of filler particle agglomeration. This corresponds to a drastic decrease in permittivity and
an increase in dielectric loss of the composites. A further increase in BaTiOs content leads to an increase in frac-
tal dimension due to ordering of the mutual arrangement of the resulting associates.

Keywords: composites, microstructure, diisocyanate, barium titanate, dielectric permittivity, fractal dimension, lacunarity,
electrochromatography
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INTRODUCTION

The development of composite materials with
tailored dielectric properties is necessary for the
fabrication of protective dielectric layers in various
electronic devices, including supercapacitors and
displays, as well as functional sorbent layers in
capillary columns and microfluidic chips, which
ensure efficient separation of components in
electromigration analysis methods [1-3].

Controlling the electrical properties of composites
requires optimization of both their composition and
structure, the latter is characterized by the mutual
arrangement of components, i.e., the distribution of
filler particles within the matrix. As a rule, the best
target properties of composites are reached due to the
most uniform or ordered filler distribution. This is due
to the microstructural features of the composites under
consideration, which include components connected
in series or parallel to each other and differing
significantly in  their  electrical  properties.
Consequently, the dielectric properties of the material
can obey both additive and inversely proportional
relationships and are determined not only by the
quantitative ratio between the components but also by
the nature of the interphase boundaries and contacts
between them. Similar relationships have previously
[4-7] been observed for composites based on
polyvinyl alcohol cyanoethyl ether with barium
titanate BaTi10;, modified with various microadditives
(dispersed oxides, fullerenol, graphene, nanotubes),
which contribute to the enhancement of interphase
interactions between the components. Moreover,
the extreme increase in permittivity correlated with
the content of specific surface centers, located on
the filler surface and capable of interacting with the
polymer matrix to prevent filler particle aggregation
and ensure increased material homogeneity.

In this regard, an important task is the study of the
microstructure of composites, for which electron
microscopy, as well as a comparative analysis of the
obtained data with a comparison of the arrangement of
components, are necessary methods. The parameters
that quantitatively determine the distribution of the
filler in the matrix are fractal characteristics, such as
fractal dimension, reflecting the degree of self-
similarity of the structure and the packing density, and
lacunarity, characterizing the heterogeneity of the
structure.

In this work, the microstructure of oligomeric
diisocyanate-based composites used as model
stationary phases (sorbents) in electrochromatographic
capillary columns and microfluidic chips was studied
due to their increased ability to selectively separate
analyzed components and regulate the electroosmotic
flow rate, high stability over a wide range of operating
conditions, a highly developed surface, and the ability

to regulate the chemical composition of the surface
over a wide range [8, 9].

EXPERIMENTAL SECTION

A series of studied composites were obtained by
dispersing submicron (500 + 20 nm) BaTiO; particles
(US Research Nanomaterials, Inc. Houston, TX, USA,
permittivity ¢ is about 4000) in a matrix of oligomeric
diisocyanate (Crosslinker CX-100, Cytec, USA, mo-
lecular weight M,, ~1500, isocyanate group content
5.6%) in amounts of 10, 20, 30, 40, and 50 vol.% rela-
tive to the volume of isocyanate in the reaction mix-
ture. The resulting composites were applied to poly-
dimethylsiloxane (PDMS) substrates (Sylgard-184,
Dow Corning) measuring 10 X 10 mm and 4 mm
thick through a spinneret, followed by drying at 50 °C
for 60 min.

Silver contactol electrodes (conductive adhesive)
were then applied to 0.2-0.25 pm-thick composite
layers. The capacitance (C) and dielectric loss tangent
(tgo) of the resulting samples were measured using an
E7-20 immittance meter (MNIPI, Minsk, Belarus) at
a frequency of 1 kHz. The permittivity was calculated
using the formula:

C-d

&= ,
&S

where C is the measured capacitor capacitance, d and
S are the composite layer thickness and electrode sur-
face area, respectively, and g, = 8.85-10"" F/m is the
vacuum permittivity. The errors in determining ¢ and
tand based on averaged measurement data for 3-5
electrodes applied to the surface of each of the studied
samples do not exceed 15% and 10%, respectively.

The microstructure of the resulting composites was
examined using confocal laser scanning microscopy
using a Leica TCS SP5 confocal laser scanning micro-
scope (Leica Microsystems). The resulting micro-
graphs were used to calculate fractal characteristics by
dividing them into square segments and counting the
number of filler particles in each segment (box count-
ing) [6] using ImagelJ and the FracLac application ac-
cording to the following algorithm.

1. Dividing the original micrograph (500 x 500 um)
into 25 square cells measuring 100 x 100 pum, fol-
lowed by image binarization and counting the number
of particle centers of mass in each cell.

2. Calculating the average number of filler particle
centers of mass in the analyzed cells

n
2. x)

- 1
X :—’
n 0



where x; is the number of particle centers of mass in
each cell, and » is the number of cells.

3. Calculating the standard deviation in the dataset
under consideration relative to a given mean value

2

4. Calculating the lacunarity A — a parameter
characterizing the heterogeneity of the filler particle
distribution in the polymer matrix

A= [gj : 3)
X

A decrease in this parameter corresponds to an in-
crease in the homogeneity of the filler distribution in
the matrix.

5. Dividing the original micrograph into square
cells with a sequential decrease in their size ¢ by
a given step.

6. Plotting the dependences of the number of cells
N, containing at least one center of mass of the ana-
lyzed barium titanate particles, on the cell size ¢ in
double logarithmic coordinates, i.e., Ig N = f (Ig &) to
linearize the dependence under consideration, reduc-
ing it to the form

lg(N)=-Dlge+k, 4)

where k is the coefficient.

Based on (4), we can calculate the fractal dimen-
sion D as the modulus of the angular coefficient de-
termined by the linear approximation method. The
fractal dimension characterizes the particle packing
density, approaching 2 as it increases on a plane or 3
in three-dimensional space.

RESULTS AND DISCUSSION

The dependences of the dielectric properties of the
composites on the barium titanate content are shown
in Fig. 1.

Fig. 1. Dependences of the dielectric permittivity (a)
and dielectric loss tangent (6) of composites on the
content of barium titanate

The obtained results demonstrate a mutually oppo-
site oscillatory pattern of changes in permittivity and
dielectric loss tangent, with a distinct minimum in &
and maximum in tand at a BaTiO; content of 30% by
weight. Micrographs of sample layers of the resulting
composites are shown in Figs. 2 and 3. Image size:
500 x 500 pm.

Fig. 2. Micrographs of composite samples based on
a diisocyanate polymer matrix with BaTiOs: content
of 10 (a), 20 (6) vol.%

Fig. 3. Micrographs of composite samples based on a
polymer matrix of diisocyanate with BaTiO;: con-
tent: 30 (a), 40 (0), 50 () vol.%

A comparison of the obtained results reveals an in-
crease in composite homogeneity up to 20 vol.% fol-
lowed by a decrease due to filler particle aggregation.
At a barium titanate content of 30 vol.%, chain struc-
tures of varying length and branching are observed,
while at 40 vol.%, large associates begin to form.

The results of calculating the fractal characteristics
of the composites (Fig. 4) show that when the critical
concentration of barium titanium oxide, which is
30 vol.%, is exceeded, a sharp decrease in the fractal
dimension occurs down to a minimum at 40 vol.%,
combined with an increase in the lacunarity of the
composite structure.

Fig. 4. Dependence of fractal dimension D (a) and
lacunarity A (6) of composites on the BaTiO; content

This reflects a decrease in the uniformity of the fil-
ler distribution in the polymer matrix due to the onset
of agglomeration of its particles and formation of he-
terogeneous-sized associates, particularly chain struc-
tures. With a further increase in the BaTiO; content to
50 vol.%, the fractal dimension again increases due to
the formation of a more ordered structure of relatively
uniformly distributed associates of similar sizes. The
obtained results correlate with the discussed above
sharp decrease in permittivity and the increase in di-
electric loss of the composites upon reaching
a BaTiO; content of 30 vol.%, caused by microstruc-
tural disordering, and hold promise for predicting the
target characteristics of various composite materials.

CONCLUSIONS

The obtained results allowed us to analyze the rela-
tionship between the fractal characteristics of the mi-
crostructure of the studied composites, the aggrega-
tion of filler particles within them, and their target
dielectric properties. This confirms the need to im-
prove the uniformity of filler distribution in the poly-
mer matrix to increase permittivity and reduce dielec-
tric loss.





