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B cTtaTbe u3y4eHbl MJIEHOYHble KOMMO3ULUOHHbIE MaTepuasibl HA OCHOBE MOJIMMEPHOW MATpuLbl
nonn6eH3MMuaasona C HAHOCTPYKTYPUPOBAHHbIMU YIepOAHbIMU HaMoJAHUTeNsSMU. B kadvecTBe
NoJIMMEepHON MaTpULbl MCMONb30Ba/ICA NoAU-2,2'-n-okcuandeHnneH-5,5-anbeH3MMnaasonokcmng,
(OMBW). HanonHUTENAMM CAYXUAN rpaduUTOBble HAHOMMAACTMHLBI W MasloC/IOMHbIA  rpadeH.
DKCMepUMEHTa/IbHO WU3y4Y4eH TEeH30pe3UCTUBHbIM 3¢pdeKT B MIEHOYHbIX 06pasuax KOMMO3MTOB
M onpepeneHbl KO3PPUUUEHT TEH304YYBCTBUTE/IbHOCTM U YCTANOCTHas MPOYHOCTb. lMokasaHo, 4To
B npepenax MnorpewHocTM Ko3pPpuuMeHT TeH304YBCTBUTE/NIbHOCTU HE 3aBUCUT OT KOHLEeHTpauuu
HanonHWUTens 1 B cpegHeM paseH 15 ana MCr-komnosntos 1 13 gns FHM-koMno3ntoB. O6HapyXeHo, 4YTo
TEeH304YYBCTBMTE/IbHOCTb 06pa3LoB He u3MeHsieTcsl A0 100 TbiC. 3HaKONepeMeHHbIX LUK/I0B Harpysku.
M3Mepsinucb U aHaU3UPOBA/INCL TeMMepaTypHble 3aBUCUMOCTU 3/IeKTPOCONpPOTUBIEHUS 06pasLoB
KOMMO3UTOB. YCTaHOB/IEHO, YTO OCHOBHOW BKJaj, B 3/1IeKTPOCOMPOTMB/IIEHNE KOMMO3UTOB BHOCST
AN3NeKTPUYEeCcKMe MOJIMMEpHbIe MPOC/IONKU MeXAY Yr/iepoAHbIMM HAHOYACTMLLAMM HaMNoOJIHUTENS,
a 3/1eKTPOHHbIV TPAHCMOPT OCYLLECTB/SIeTCSA TYHHE/IMPOBAaHNEM MeXAY 3TUMU YacTULLAMMU.

Studied are the film composite materials based on the polymer polybenzimidazole matrix with nano-
structured carbon fillers. As a matrix the poly[2,2'-(p-oxydiphenylen)-5,5-bisbenzimidazole] (OPBI) has
been used. Graphite nanoplates and few-layered graphene were applied as the fillers. Piezoresistive
effect in the film composite samples, strain gauge factor and endurance were studied experimentally.
It is shown that the strain gauge factor does not depend on the concentration of filler and, on the
average, equal 15 (for FLG composites) and 13 (for GNP composites) within the error. It was found
that strain gauge factor of the samples does not change up to 100,000 alternating loading cycles.
Temperature dependences of electrical resistance of composite samples have been measured and
analyzed. It has been established that the main insulating polymer gaps between the carbon filler
nanoparticles make the main contribution to the electrical resistance and conduction mechanism is
tunneling between the particles.
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NANOMATERIALS

BBEAEHMUE

KOMIIO3MIIMOHHBle MaTepHajbl Ha OCHOBE II0JIH-
MePHBIX MaTPHI] C IPOBOJSIIMMH HAIIOTHUTENSIMHU
HaXOASAT Bce 6osbllee paclpocTpaHeHHe B 0671aCTAX,
re yCTOSBIIHECS II0TYIIPOBOLHUKOBbIE TEXHOIOT UK
He IPHMeHUMBI, B YaCTHOCTH B 3JIeKTPOHHKe Ha TUb-
KHUX IOJJIOKKAX. B mocieqHee BpeMs Bce 6OJIBIIM
WHTepec UCCIefoBaTesel IPUBIEKAT II0JHMep-
Hble KOMIIO3HUTHI, KaK IIepCIIeKTHBHbIEe MaTepHUalbl
IUISL 97IeKTPOHHUKH. OLHUM U3 HallpaBleHUH NPU-
MeHeHH S TAKHUX HOBBIX QYHKIIMOHATBHBIX MaTepHa-
JIOB SIBJISIETCSI KX UCII0/Ib30BaHUE B KaUeCTBe UyBCTBU-
TeJIbHBIX 3/IeMeHTOB JATYUKOB MeXaHHUYeCKUX BelH-
4yuH. OCHOBBIBAsICh Ha OOJBIIOM KOJIHUYeCTBE OIY-
6IMKOBAHHBIX PaboT, MOSKHO IPEAIIONIOKHUTH, YTO
TaKHe MaTepHassl 1160 yke HaX0AsAT, 1160 B 61K~
>KaHlIllee BpeMsl HAUAYT IPHUMeHeHHe B IIPOU3BOJ-
CTBe TeH30Pe3UCTOPOB Ha FH6KUX IoAIokKax [1-3].
[TpuHOUII pPaboThl TEH30PE3UCTOPOB OCHOBAH Ha TeH-
30pe3sUCTUBHOM 39 PexTe - 3dpPeKkTe U3MeHEHHUS
3JIeKTPOCOIIPOTHB/IEHHS IIPOBOJLHHUKA B pe3yibTaTe
ero gebopmanuu. Ha ceroqHsSIMHUN feHb B Kade-
CTBe IOJIMMEPHBIX MaTPUI] /s CO3LAHUS KOMIIO-
3UTOB HCIIONB3YeTCS IMUPOKUI PSf ITOTUMePOB [4],
OmHaKo c71ab0 M3yUYeHHBIMU OCTAIOTCSI KOMITO3HUTHI
Ha OCHOBe MaTpHUIBI TonubeH3NMHUIa301a. MexXay
TeM nonubeH3UMHIA307 06/1aaeT BHAAIOIHMMHUCS
10 CPAaBHEHHIO C IPOUYMMHU MOJIMMeEPAaMHU MeXaHHU-
YeCKMMH XapaKTepUCTHUKAMU M YCTOMUYHUBOCTbIO
TaKHX XapaKTEePUCTUK IIPH BRICOKHUX TeMIIepaTypax
(5, 6]. 15 Hero xapakTepHBI HK3Kas I10/I3y4ecTh,
BBICOKASI MeXaHHUYeCKas [IPOYHOCTh, PPUKIIMOHHAS

M3HOCOCTOMKOCTb M BBICOKAS XMMHYECKas CTOHU-
KOCTbh. B 3TOM CBSI3U KOMITO3UTHI HA OCHOBE ITOJTHOeH-
3MMHa30/Ia NPeACTABIAIOTCS IIepPCIeKTUBHBIMHU
JIJIS1 UCIIOJIB30BAHM S B KaueCTBe TeH30Pe3UCTUBHBIX
3/IeMeHTOB. B KadecTBe npoBoasme $pasel B pAMKax
OAHHON paboTHl IpeAaraeTcs UCIOIb30BATh yIJe-
PponHBIe HAHOYACTHUIIBL ~ TPAaGUTOBbIe HAHOII/IACTHHBI
(THII) u manocinonHbl rpader (MCI), Kak 06beKTHI
CXOXKHe II0 IPUPOLEe, HO C Pa3/IMUYHBIMHU aCIIeKT-
HBIMH OTHOIIEHUSIMH. B paboTe IpUBOISITCS pe3yiib-
TaThl SKCIIEPUMEHTAJIBHOTO UCCIeNOBAHM S ITapaMe-
TPOB T€H30PEe3UCTUBHOI0 3¢ deKTa U TeMIIepaTypHBIX
3aBHUCHMOCTEH 371eKTPOCOIIPOTHUBIEHH I KOMIIO3UTOB
Ha OCHOBe MaTpPHILBI ToNKM6eH3MMHIA30/1a C ABYMS
TUIIaMU HanogHuTens - FHIT u MCT.

CUHTE3 W METOAUKA 3KCNEPUMEHTA

[lpencTaBUTEeNb CeMeNCTBAa IONHOeH3UMU-
0a30/J0B MNOJHU-2,2'-Ti-OKCUAubeHUNEeH-5,5"-
nubensumungasonokcuy (OIIBH) 6bl1 monydeH
BBICOKOTEMIIepPaTypPHOH IOJHUKOHJeHCAallHeHt
3,3',4,4'-TeTpaaMUHOOUPEHUIOKCHUAA U 4,4"-0KCcH-
6rc(beH30MHOM KHCIOTHI) B peareHTe MTOHA 110 MeTO-
IOHKe, OIIMCAaHHOM B pabore [7]. [ly1s oydeHU ST KOM-
MO3UIMOHHBIX IIJIEHOK ObIIM CHHTE3UPOBAHBI JUC-
nepcuu (KOMJIOMIHBIE CUCTeMBI), IIPeCTaBIsIO-
muye cobol 4acTUIB IpadUTOBBIX HAHOIJIACTHUH
KA MaJIOCJIOMHOIO rpadeHa, paBHOMEPHO pacIpe-
meyleHHBIe B pacTBope OIIBM. B KadyecTBe mpeplie-
CTBEHHHKA I'PaQUTOBBIX HAHOMIACTUH HCIIOIb30-
BaJICSI KOMMePUeCKHUH NPUPOAHBIM IpadUT C pas-
MepoM YacTul, MeHee 200 MKM oupmbl Merck. [ins

INTRODUCTION

Composite materials based on poly-
mer matrix with the conducting
fillers have many uses in the fields
where established semiconductor
technologies can not be applied,
particularly in electronic devices
on flexible substrates. Recently
the polymer composites attract
the ever increasing attention of
researchers as the advanced mate-
rials for electronics. Application of
new functional materials as sen-
sitive elements of the detectors is
one of the modern trends in mea-
suring mechanical values. On the
base of a large number of publica-
tions it can be suggested that such

materials are either already used
or will soon be used in manufac-
turing of strain gauges on the flex-
ible substrates [1-3]. The operating
principle of strain gauges is based
on the piezoresistive effect, when
the electrical resistance of a con-
ductor is changed as a result of its
deformation.

Nowadays a large number of
polymers [4] is used as the poly-
mer matrix for production of com-
posites although the composites
based on the polybenzimidazole
matrix still have not been stud-
ied sufficiently. It should be noted
that comparatively to other poly-
mers the polybenzimidazole has

the outstanding mechanical prop-
erties and stability at high temper-
atures [5, 6].

It has high creep resistance,
high mechanical strength and
fatigue strength together with
the significant chemical resis-
tance. So, the composites based
on polybenzimidazole are pro-
spective as the strain sensing ele-
ments. We proposed to use the
carbon nanoparticles - graph-
ite nanoplates (CNP) and few-lay-
ered graphene (FLG) as a conduc-
tive phase due to their similar-
ity in nature but with the differ-
ent aspect ratios. This paper pres-
ents the experimental results of
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Iosy4eHUsI JUCIIepcU HaBeckd [HII cMeIMBaIUCh
¢ N-meTua-2-nupponugoHoMm (MII) u momBepraauck
IBYXCTaJUHHOM yIbTPa3ByKOBOK 06paboTke (ynibpTpa-
3BYKOBOM TeXHOJOTHYeCKUH AucIeprarop "BorHa"
tuna Y3TA-0.4/22-OM, MOLHOCTE yIbTPa3ByKOBhIX
Kosebanum 400 Bt, yactoTa 22 kI'y). s [IOJTyYeHU S
KOMIIO3UIJMOHHBIX IIJIEHOK MCII0Ib30BAJICS CyIlepHa-
TaHT (HaJocaJouHas 4acTh AUCIEPCHUH, TO ecTb be3
BKJ/IIOUEHHM S OCAKAEeHHBIX B IIpollecce HeHTPUPYTru-
POBaHUS KPYyIIHBIX YaCTHIL), COCTABIISION U OPSIAKA
70% pucnepcuu. TonmuHa yacTul, THII, mony4aeMbIxX
TaKHM CII0coboM, cOCTaBisieT mopsiaka 10 HM, TUHeH-
HBIe pa3Mepsl - OT HECKOJIBKUX [TeCATKOB [0 COTeH
HaHOMeTpoOB [8]. MeTolHKa CHHTe3a MaJIOCIOHHOIO
rpadeHa onucaHa B paborax [9, 10]. CpenHss To-
MKHa YacTUull MCI cocTtaBisger 3-4 HM, 4TO IIPU MeXK-
CJI0eBOM PaCCTOSIHUH B 00pa30BaBIINXCS IPAQUTOBBIX
nmaykax 0,347 HM COOTBETCTBYeT 9-12 CTPYKTYPHBEIM
cnosim [10]. JInHerHble pa3Mepsl YacTUI, MCI cocTaB-
JISITIM OT HECKOJIBKM X IeCATKOB JI0 COTeH HaHOMETPOB.
Aucnepcuu MCI mony4yanu SUCIHePTHPOBaHHEM
HeobxoxrMoro KonudectBa MCI B 2%-HOM pacTBoOpe
OIIBY B MII. [ns mony4YeHHUsS KOMIIO3HUIITMOHHBIX
rj1eHoK ¢ MCI' uCIIo/Ib30BajICA CyIIepHATAHT, COCTAB-
ASIOMKE nopsiaka 90% nucnepcuu. PopmupoBaHHUe
KOMIIO3MIIMOHHBIX I1JIeHOK ¢ THIT 1 MCT ocymrect-
BJISIOCH I10 O M HAKOBOK MeTOAMKe "TIoNKBa K3 pac-
TBOpa': NUCIIEPCHUH BBUIMBAIUCh HAa CTeK/ISTHHBIE
IIOAJIOKKHM W BBICYUIMBAJIMCh IPHU TeMIlepaType
70-80°C B TeyeHHe 24 4. TaKUM 06pa3oM, OBLIH IIOTY-
YeHBl IVIeHKHU TOJLUHOM HOpsAAKa 50 MKM, KOTOpbIe
3aTeM CBO6OJHO CHUMAJIUCh IIMHIETOM C IIOAJIOKEK

Y [OIIOJIHHUTEIbHO BBICYIIHMBAJIKCh B BAKYyMe IIpHU
TeMmmepatype 100°C B TeueHHe 24 4 1 Ha BO3AyXe IIPU
200°C B TeueHHe 2 Y O/15 yAa/IeHHUS OCTATKOB pac-
TBOpUTes. B maHHON paboTe 6bIIM HCCIeL0BaHbI
IIJIHKH C MAaCCOBBIMH KOHIIeHTpauuaMu MCT ot 0,25
Io 2,00% 1 MaccoBbIMU KOHLeHTpauusMu I'HII ot 17
10 45%, o603HauYeHHe KOMIIO3UTOB /iajiee MPHUBOIUTCS
B Buge OIIBM-MCI-x u OIIBM-THII-X, roe x — macco-
Bas KOHIIeHTpPAllMsa HAIIOJHHUTeNs, BhIpaskeHHas
B IIPOLIeHTAaX.

B pamKkax paboTsl 6l OnpesesieH OAUH U3 HaU-
bonee Ba>KHBIX ITapaMeTPOB TeH30pPe3UCTHUBHOIO
3¢ dexTa - KOIPPUIIUEHT TeH304yBCTBUTEILHOCTH,
KOTOPBIH IpeAcTaBiseT cobolr OTHOIIEHHE OTHO-
CHUTe/IbHOTO MU3MeHeHMs 3JIeKTPOCONIPOTHUBIIEHUS
obpasua Kk gedopmMan vy, BEI3BABIIEH 3TO KU3MEHeHHe
[11):

K=AR/(Rypin €, (1

rae AR=R; . Remins Remax ~ 9/IEKTPOCOIIPOTUBIICHHE
obpasna npu gedopMalUHU €., Remin — 31€KTPOCO-
NpoTHUBJIeHHUe 0bpasua npu AePopMaLUH €, € =
€max ~ €min, € ~ AePopManims obpasiia (OTHOCHTeTbHOE
M3MeHeHHUe ero AJIMHBI). [IJIsl HCCleJOBaHUS TeH30pe-
3UCTUBHOrO 3¢ deKTa 3KCIIepHMeHTaTbHbIe 06pas3Iibl
MIPUKJIEMBAIHCH IIPH ITIOMOIIHM jaka BJI-931 k 6ankam
PaBHOTO CONIPOTHUBIEHUS U3TUby — yIIPYTHUM 3/1eMeH-
TaM, TpaleureBHuHas GopmMa KOTOPBIX [103BOJIs/IA
JOCTHYb PABHOMEPHOTO pacmpezeneHus nedopma-
LIMHU Mo IIKHe obpasua. [IoBepxHOCTh 6aIOK Mpes-
BapHUTe/IbHO IIOKPhIBaJiach cj1oeM j1aka BJI-931 nisa

piezoresistive effect and temper-
ature dependences of electrical
resistance for composites based
on the polybenzimidazole matrix
with two types of the fillers (CNP
and FLG).

SYNTHESIS AND EXPERIMENTAL
TECHNIQUE

A representative of poly-
benzimidazoles, poly[2,2’-(p-
oxydiphenylen)-5,5-bisbenzimid-
azole] (OPBI) was prepared by high-
temperature polycondensation of
3,3',4,4-tetraaminodiphenyl oxide
and 4,4'-oxybis (benzoic acid) in
Eton's reagent according to the
method described in [7]. To prepare

the composite films, the disper-
sions (colloidal systems) consist-
ing of graphite nanoplates parti-
cles or few-layered graphene dis-
tributed regularly in OPBI solu-
tion have been synthesized. The
natural commercial graphite with
particles lower than 200 pm pro-
duced by Merck was used as a pre-
cursor of graphite nanoplates.
Dispersions were obtained by mix-
ing GNP portions with N-methyl-
2-pyrrolidone (MP) and two-stage
ultrasonic treatment (by ultra-
sonic technological disperser
"Volna" UZTA-0.4/22-OM type,
power 400 W, frequency 22 kHz).
Supernatant (supernatant of a
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dispersion, i.e., without parti-
cles precipitated while centrifug-
ing) approximately constituting
of 70% of the dispersion was used.
In that case the GNP particle pre-
pared by this method is nearby
10 nm in thickness with linear
sizes from tens to hundreds nm
[8]. The synthesis technique to
prepare few-layered graphene
was described in [9, 10]. The aver-
age thickness of FLG particles is
3-4 nm and corresponds to 9-12
structural layers [10] of graph-
ite particles with interlayer dis-
tances of 0.347 nm. Linear dimen-
sions of FLG particles were in the
range from tens to hundreds of
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Puc.1. ®omozpadus 6anku pagHo20 conpomusneHus uzauby
C NpUKAEeHHbIM 06pa3u,om Komnosuma. Ha obpasue 8udHbl no-
MeHUUAAbHbIe U MOK08ble 3neKmpu4eckue KOHMakmsl, 8biN0A-
HeHHble cepebpsiHol nacmol

Fig.1. Image of the beam of uniform strength (in bending) with the
bonded composite sample. It shows potential and current electri-
cal contacts made of silver paste

37IeKTPHUUeCKOM H30msI UK obpasnos. s obecre-
YeHHUS Aepopmanuu obpasmos 6anka OGHUM KOH-
LIOM SKeCTKO 3alleMJ/Is1/Iach, CBOOOLHBIN KOHELl OTKJIO-
HSIJICSL C IIOMOIIBIO YCTAHOBKH, IOAPOOHO OMHCAH-
HOU B paborte [12]. OTK/IOHeHHe CBOOOIHOTO KOHIIA
6aJKU B IIPOTHBOIIOJIIOKHBIX OT II0JIOKeHHU I PABHO-
BeCHs HallpaBlIeHU X [103BOJISIJIO B PAMKaX OLHOTO
3KCIIEPUMEHTA U3MePSTh 3JIeKTPOCOIIPOTHUBIIEHUE
06pa3ioB Kak IIPU PaCTSIKeHUHU, TaK U IPHU CKa-
THH. DKCIIePUMEHTAJIbHbIe 06pa31ibl IIpeCTaBISIN
CObOM ITOJIOCKY JJIMHOM 7 MM, K PHUHOM OT 1 10 2 MM.
doTorpadus ogHOro u3 06pasioB, 3aKpeIyIeHHOIO

Ha 6aJike paBHOT'O CONPOTHUB/IEHUS U3TUbY, IIpHBe-
JeHa Ha puc.l. Dl1eKTpuUueckHe KOHTAKTBI K 06pa3-
IIaM BBITIOTHSJIMCh CepebOPSHOM [1acTOH, B KauecTBe
MIOJBOJSIIHX IPOBOJAHKKOB KCII0/Ib30Ba/1ach TOHKAS
MeJiHasl IPOBOJIOKA. DIeKTPOCOIIPOTHBIeHHE U3Me-
PSLIOCh YeTBIPeXKOHTAKTHBIM MeTOZOM C UCII0JIb30Ba-
HHeM HCTOYHHKA [IUTAaHUS B pesKUMe CTabrIn3anum
HaIIpsiKeHHUS.

Jl71s1 Kcce[OBaHU S 371eKTPOHHBIX TPAHCIIOPTHBIX
CBOMCTB OBIIH H3MePeHbl TeMIIepaTyPHbIe 3aBUCHMO-
CTH 3/IeKTPOCOIIPOTUBIeHH I 06pa31ioB. Temmeparypa
06pasLoB ycTaHABAKMBAIACh C [IOMOIbIO BCTABKH 7151
MIOr'Py>KeHHU s B TPAHCIIOPTHBIN cOCyz [pIoapa, B Kaue-
CTBe TeIlJIOHOCUTeJIS UCII0/Ib30BaJICsI Ta3000pa3HbIi
renui. TeMIepaTypa U3Mepslach Kele30poAreBbIM
TepMOMEeTPOM COIIPOTHUBJIEHHUS BO BCeM MCC/Ie/I0-
BaHHOM JHalla30He TeMIlepaTyp. [Ipy HU3KUX TeM-
IepaTypax CKOPOCTb OXJIa’kKJeHHS He IIpeBhblIIana
0,5 K/muH. FeomeTpHs 06pa310oB U 3/1eKTPUUECKHe
KOHTAKTHI OBIIM TaKHe ke, KakK U B CJIy4ae HCCIefo-
BaHU S TeH30pe3HUCTHUBHOro0 3¢ deKTa. [ M3MepeHHUs
Na/leHUs HallpsKeHU S Ha IOTeHIIMaIbHBIX KOHTAK-
Tax 06pasLoB ¥ 06pPa3LOBBIX KATYIIKAX COIIPOTHBIIE-
HU4 HUcronab3oBascs BonsTMeTp Keithley 2000 co cka-
HUpYIoIen m1aTou 2000-SCAN.

PE3Y/IbTATbI U UX OBCY)XKAEHUE

TeH30pe3UCTHUBHBIN 3 deKT ObIT HCCIeJ0BaH B 06pa3-
max kommnosuToB OITBM-MCI ¢ MaCcCOBBIMH KOHIIEH-
Tpauusmu MCT 0,25, 0,75 u 2,00% 1 KOMIIO3UTOB
OIIBM-THII ¢ MaccoBRIMHU KOHLIeHTpauusamu I'HII 17,
30, 40 u 45%.

nanometers. FLG dispersions
were synthesized by sonication
of the necessary quantity of FLG
in 2% OPBI solution in MP. It was
applied the supernate in quantity
of 90% of the dispersion to obtain
the composite films. Composite
films with GNP and FLG were
prepared with one and the same
conditions by the method called
"flow coating", when the disper-
sions were flowed on glass sub-
strates and dried at 70-80°C dur-
ing 24 hours. As a result, the
films of about 50 pm in thickness
were prepared. Afterwards the
films were removed from the sub-
strates with a tweezers and have

been dried additionally in vac-
uum at 100 °C for 24 hours and in
air at 200 °C for 2 hours in order to
remove the solvent remained. In
this paper the films with mass
concentrations FLC and GNP from
0.25 to0 2.00% and from 17 to 45%
were studied. Hereinafter we des-
ignate the composites as OPBI-
FLG-x and OPI-GNP-x, where x
is a mass concentration of filler
in percentage. One of the most
important parameters of the
piezoresistive effect - the strain
gauge factor, which is the rela-
tion of relative change in electri-
cal resistance to the strain that
caused this change [11]:
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K=AR/(Rpin'€), 1)
where AR=R,.,.y Remin,
R,..x ~ electrical resistance

of a sample at strain of ¢,,,
R.min — electrical resistance of a
sample at deformation of €,
€ = €qax ~ Emin, € - Strain of a
sample (relative changes of its
length). To study the piezore-
sistive effect, the experimental
samples were bonded with B/I-931
glue to the beams of uniform
strength (in bending) (which
are elastic elements of trapezoi-
dal shape) in order to achieve the
uniform distribution of strain
along the length of the sample.
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Puc.2. 3agucumocms 3nekmpoconpomueierus (0cb caesa) U om-
HOCUMeAbHO20 U3MeHeHUs 3Aekmpoconpomueaerus (ocb cnpaea)
o6pasua komnozuma OMNMBN-MCI-2,00 om depopmavuu

Fig.2. Dependence of electrical resistance (left axis) and relative
change in electrical resistance (right axis) of OPBI-FLG-2.00 sam-
ple on strain

3aBHCHUMOCTD 371eKTPOCOIIPOTUBJIEHUS U OTHO-
CUTeJIbHOTO M3MeHeHHUS 3JIeKTPOCONPOTUBIIEHUS
o6pa3ua komrIto3uTa OIIBK-MCI-2,00 oT mepopMaliim
NpHBeJeHa Ha puc.2. Ha mony4eHHOHN 3aBUCHMOCTH
BHJIHO, YTO SKCIIEPHMEHTAJIbHbIE JAHHBIE MOT'YT OBITh
OIMCaHBI IMHEeNHOH QYHKIHel B IIpefie/iaX IIorpell-
HOCTH B MCC/IeJOBAaHHOM JAHama3oHe gedopMaliuu
ot -0,14 mo +0,14%. [1J1s1 OCTaJAbHBIX MCC/IeIOBAHHBIX

Puc.3. 3agucumocms K03 PuyUeHma meH3o4y8cmeumenbHo-
cmu obpasya komnosuma OMNBU-MCI-2,00 om koauyecmaa
UUKA08 CXamusi-pacmsikeHust npu degpopmauuu +0,14%
Fig.3. Dependence of strain gauge factor of OPBI-FLG-2.00 com-
posite sample on the number of compression-tension cycles with
strain of +0.14%

KOMIIO3UTOB 3aBHCHMOCTH MMeIOT aHa/JIOTUYHBIN
BH]I.

Ko3¢pdHuIIMeHT TeH30UyBCTBUTE/IBHOCTH OIpe-
pensincs no popmyie (1). ng komno3uTos OIIBU-
MCT ko3pdunueHT coctaBun ot 14,4 1o 16,6, gas
koMIio3sutos OIIBM-THII ot 12,1 no 14,5. B mpene-
7MaxX 3KCIepPHMEHTA/JIbHOM IOTPemIHOCTH KO3(-
GUIUKMEeHTH He 3aBHCeJH OT KOHIeHTpPallMH

To insulate the samples, the
beams were covered previously
with the BJI-931 glue layer. To
ensure deformation of the sam-
ples, one end of the beam was
rigidly fixed and the free end
of the beam was deflected with
the device described in detail in
(12]. Deflection of the free end of
the beam in opposite directions
to the balance position makes
it possible, in the frame of one
experiment, to measure the elec-
trical resistance of the samples
both at their tension and com-
pression. Samples were made as
strips of 7mm long and 1 to 2 mm
wide. Fig.1 presents the image of

the sample bonded on a beam of
uniform strength (in bending).
Electrical contacts were made
with silver paste and leads con-
ductors - of thin copper wires.
Electrical resistance was mea-
sured using four-contact method
with power supply operating in
the voltage stabilizing mode.
Temperature dependencies of
electrical resistance of the sam-
ples were measured to study
the electronic transport proper-
ties. Temperature was set up by
an insert to immerse into the
Dewar vessel, helium gas was
used as a coolant. Temperature
was measured with iron-rhodium

resistance thermometer in the
range of temperatures studied.
The cooling rate at low tempera-
tures did not exceed 0.5 K/min.
Geometry and electrical contacts
were the same as in case of when
the piezoresistive effect was
investigated. Keithley 2,000 volt-
age meter with the 2,000-SCAN
internal scanning plate was used
to measure the voltage on the
potential contacts of the sample
and resistance coils.

RESULTS AND DISCUSSION

The piezoresistive was investigated
in the OPBI-FLG composite samples
of mass concentration FLG 0.25,

Vor.12 No.12019 NANO INDUSTRY
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Puc.4. TemnepamypHas 3asucumocms yoeAbHO20 conpomuene-
Hus 06pasuo8 komnoszumos OMNBW-MCI u OBIM-THIT u 06s-
eMH020 0bpazua MCr

Fig.4. Temperature dependence of OPBI-FLG and OPBI-GNP com-
posite samples and the bulk FLG sample

HaIoJHUTENeN. 3aBUCHMOCTh KoddPurueHra
TEeH304yBCTBUTEIbHOCTH o6pa3lia KOMIIO3UTA
OIIBKM-MCI-2,00 oT KOMHYeCcTBa 3HaKOIlepeMeHHBbIX
IIMKJIOB HaTrPy3KHU IIpU Aedopmanuu +0,14% npuse-
JleHa Ha PUC.3, OTKyZa BUOHO, YTO KOSQPUILIMEHT
TeH304YyBCTBUTE/JIBHOCTHA He M3MeHseTCs A0 KaK
MHUHHUMYM 100 ThIC. IKUKJIOB. TaKas Xe cTabuIb-
HOCTb KO3QPUIIMEHTA TeH30YYBCTBUTEIbHOCTHU

Habaomanace OISl OCTAJbBHBIX HCCIeLOBAHHBIX
06pa3110B KOMIIO3HUTOB.

TeMIlepaTypHEIe 3aBUCUMOCTH YIe/IbHOTO COIIPO-
THUBJIeHHUS 06Pa3IoB BCeX HCC/IeOBAHHBIX KOMIIO3H-
TOB IIpUBEJEHbI Ha PUC.4. B KOMIIO3MIIMOHHBIX MaTe-
pHanax, npeACTaBISIOMUX CO60M UITeKTPHUUECKYI0
IIOJIMMEPHYIO MaTPHILY C BKIIOYEHHIMH YaCTHL] [1PO-
BoAsILel da3bl, 37IeKTPOHHBIN TPAHCIIOPT MOXKET OCY-
IIeCTB/ISATBCS Yepe3 KOHTAaKTUPYIoLre MexXay cobor
YJacTHLBI 1160 Uepe3 YaCTHULBI, pa3fe/eHHbIe [TOTH-
MEepPHBIMH IIPOCIOMKAMHU. ITOCKONBKY OHUCIIePCHH
vactul MCT u THII B pactBope OIIBH 4BISIOTCS YCTOM-
YKMBBIMU B TeueHHUe [T TelbHOI0 BpeMeHH (0 Mecsiia
1 6oslee YaCTHULIBI He BHIIIAJAIOT B 0CAJIOK), TO MOSKHO
3aK/IIOYHTE, 4TO YacTULbl MCT v THII He KoaryaupyoT
U OKPY>KeHBI paCTBOPOM ITo7iMMepa. ITocsie GopMHpoBa-
HH A IUIEHOK U3 TAKUX AUCIIEPCUH YaCTHIBI OCTAKOTCS
pa3neneHHBIMH IOJTMMEPHBIMH JUIeKTPUYEeCKUMHU
MIPOC/IOMKAMH.

B 11011b3y TOT0, UTO YaCTUIIBI IIPOBOASILIEH (a3l OKPY-
SKeHBI NH3TeKTPUUYeCKUMHU IIPOCIOMKAMH, TOBOPUT
U TOT GaKT, YTO 3HAUYCHM S YIeIbHOIO COIIPOTHBIICHM S
rpaduTa (H1H 06pasia, COCTOSIIEro TONBKO U3 YaCTHI]
MCT - o6peMHOr0 06pasua MCI) u 06pa31ioB KOMIIO3H-
TOB OTIMYAIOTCS 60JIee YeM Ha YeThIpe MopsifKa. Takyio
Pa3HUIly He IIPe[CTaBJISIeTCs] BO3MOKHBIM OOBSICHUTD
B paMKax TeOPHH IepKoJIsLKU 6e3 yueTa BK/Iala COIIPO-
THUBJIEHUS JU3IeKTPUYeCKHUX IIPOC/IoeKk. B mpoTus-
HOM CJIy4ae IIpY yBeJIMYeHHUH KOHLEHTPALMK IIPOBO-
Isier ¢aspl cHavdana Habmomanocs 661 pe3koe yMeHb
IIeHMe ye/IbHOTO COIIPOTUB/IEHH S KOMIIO3KTa B 0b1a-
CTH IOpora MepKOSLUHU U 3aTeM cl1aboe yMeHbIIeHHe

0.75and 2.00%, and OPBI -GNP com-
posites of mass concentration of
GNP 17, 30, 40 and 45%. Fig.2 indi-
cates the dependence of electrical
resistance and the relative change
of the electrical resistance of OPBI-
FLG-2,00 composite on strain of
the sample. It was shown that
the experimental data may be fit-
ted by linear function within the
error accuracy in all studied range
of strain (from -0.14% to +0.14%).
All studied composites present the
same shape of the curves.

The strain gauge factor was deter-
mined by the formula (1). Coefficient
values for OPBI-FLG and OPBI-GNP
composites were from 14.4 to 16.6 and

from 12.1 to 14.5, correspondingly.
The obtained factor did not depend
on the concentrations within the
error. Fig.3 presents the dependence
of the strain gauge factor for OPBI-
FLG-2,00 composite sample on the
number of alternating loading cycles
with +0.14% strain. It is shown that
the strain gauge factor is stable up
t0 100,000 cycles. The same stability
was observed for all studied samples.

Fig.4 shows the temperature
dependences of resistivity for all
studied composite samples. In the
composite materials that present
a insulating matrix with the con-
ductive phase particles the elec-
tron transport can be effected by
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the particles contacting each other
or particles separated with polymer
gaps. Due to stability of the disper-
sions of the FLG and GNP particles in
the OPBI solution for a long time (up
to a month and longer without sed-
imentation), can be concluded that
FLG and GNP particles are not coag-
ulated and are surrounded by the
polymer solution. After the films of
such dispersion have been formed,
the particles remain separated by
the insulating polymer gaps.

The fact that the particles of
the conducting phase are sur-
rounded by insulating gaps is
supported by the fact that the
value of resistivity of graphite
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Fig.5. Temperature dependences of the values of derivative
d(InR)/d(1/T) for the experimental data in Fig.4

COIIPOTHBJIEHH S IIPH AajbHelIleM YBe/IM4eHNH KOH-
LeHTpaluu. OgHAKO TaKkas KApTHHA He HabmromaeTcs.
Hamnonuutenu MCT v I'HII B MicciemoBaHHBIX KOMIIO-
3UTaX NPeACTaABIISIOT COD0K HAHOYACTHULIBI IIOTyMeTal-
nmuyeckoro rpagura. [IpoTekaHHe ToKa B 06pasiie ocy-
LIECTBJISTCS I10 IYTAM, BKIIOYAOIIHNM TaKHe HaHOYa-
CTHIIBI, pasfie/eHHble JH3JIeKTPUYeCKUMU II0TUMep-
HBIMH IIPOCJIOMKaMU. BO3MOKHBI 1Ba MeXaHH3Ma IIpe-
Ofi0JIeHU I [IOTeHIIHIBHBIX 6appepoB, 00pa30BaHHBIX

OH371eKTPUUYeCKUMHU MIPOCIOMKAMHU ~ HafibapbepHoe
[IPOXOK/IeHHe HOCHUTeJIe! 3aps/a U TYHHe/IMpOBaHHe.
M3 TeMIIepaTypHBIX 3aBUCHMOCTEH 3/IeKTPOCOIIPOTHB-
NleHH s 06pa310B MOKHO OLIEHUTh BeTUUHHY 3ddek-
THUBHOM SHePruH aKTHUBALlMH IIPOBOJMMOCTH, KOTO-
pasi B cIydae TOJIBKO HaJ6apbepHOTO IIPOXOKAEHU SI
HOCHUTeJIeH 3apsifia IpefcTaBisiia 661 co60 BBICOTY
MoTeHIMaJbHBIX 6apbepoB, 06pa30BaHHBIX IPO-
clIouKaMHu. Ha puc.5 mpHuBefeHbl 3aBUCUMOCTH A g
~ d(InR)/d(1/T) (>ddexTuBHAS SHePrus aKTHUBALIUHU
[IPOBOAMMOCTH, BhIpa>keHHAas B eUHHUIIAX TeMIIe-
patypsl, K) oT Temmepatypel. M3 moy4yeHHBIX 3aBU-
CHMOCTel BUAHO, YTO IIpHU JI060M 3HaUeHUU TeM-
IepaTyphl COOTBETCTBYIOLIHE 3HAYEHHUS A ¢ MEHBIIE
OAHHOM TeMIIepaTyphl. OTO 3HAYUT, UTO eC/IH Obl
HMeJI0 MeCTO TOIbKO HaJbapbepHoe IIPOXOKIeHHe
HOCHTeJIeH, TO IIpU JI0601 TeMIlepaType TepMUie-
CKasl aKTHUBAIMUs I103BOJIsia Obl HOCUTENISIM 3apsifa
cBobomHO mpeomoneBaTh Takue 6apbepnl (T > A.g)
(cMm. puc.5). B TaKoM ciiy4dae 371eKTPOCOIIPOTHUBIIe-
HHe 06pa3IoB oIpesesIsiioch 65l 371eKTPOCOIIPOTHB-
JeHHueM YaCTHUL NPOBOAALeN Gpa3bl U TOIIOJOTHEH
MepKOISLIMOHHOM ceTKU. TaKasi Mofie/lb TPAHCIIOpTa
He I103BOJIsieT OOBSICHUTD YBeJIUUYeHUe YIeIbHOTOo
COIIPOTHB/IEHU ] KOMIIO3UTOB Ha MHOI'O IIOPSAKOB
BeJMYHHBL. COOTBETCTBEHHO MOKHO 3aK/JIIOYHUTH,
YTO 3JIeKTPOHHBIM TPAaHCIOPT OCYyLeCTBISeTCS
I7IaBHBIM 06pa30M TYHHeJIHPOBaHHEM MeXK/AY MOy-
MeTa/UIMYeCKMMH YacTHLIAMHU IPOBOAALIeH da3bl
yepes [U31eKTpUUecKUe IPOCIONKU IIOTHMePa.
TyHHenupoBaHUe ABISETCS TeMIlepaTypHOHe-
3aBUCHMBIM MeXaHM3MOM IIPOBOAHMMOCTH, HO IIpU

(or a sample consisting only of
particles of GNP - bulk sample
of FLG), differ from the value of
resistivity of the composite sam-
ples by more than four orders of
magnitude. This difference can-
not be explained by the perco-
lation theory without taking
into account the influence of
the insulating gaps. Otherwise,
with an increase in concentra-
tion of the conducting phase,
a sharp decrease in resistivity
of the composite near the per-
colation threshold would have
been firstly observed, and then
a slight decrease in resistivity
with a further increase in the

concentration. However, this
type of behavior is not observed.
Fillers of FLG and GNP compos-
ites are the nano-scale particles of
semimetallic graphite. Electrical
current in a sample flows through
the nanoparticles separated by the
insulating polymer gaps. There
are two possible mechanisms of
overcoming the potential barri-
ers involved by the gaps: above-
barrier transitions of the charge
carriers and tunneling. It is pos-
sible to estimate the effective acti-
vation energy from temperature
dependences of electrical resis-
tance of the samples. In case of
the only above-barrier transitions
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it would have been equal to the
height of the potential barrier
involved by the insulating gaps.
Fig.5 presents temperature
dependences of A ¢~ d(InR)/d(1/T)
(effective conductivity activa-
tion energy expressed in units of
temperature, K). As one can see,
at any temperatures the values
of Ay are lower than the corre-
sponding temperature. This fact
means that were the above-bar-
rier transitions of charge carriers
the only electron transport mech-
anism, the termal activation
would have allowed the charge
carriers overcoming the barri-
ers at any temperatures (T > A,g)



NANOMATERIALS

3TOM Ha 3aBHCHMMOCTSAX, IPUBEJEHHBIX Ha pHUC.4,
HabniofaeTcs yBeJIMUeHHe 31eKTPOCOIIPOTHUBIEHU S
06pas1ioB IpU MOHMKeHHU U TeMIIepaTyphl. JaHHBIH
daKT MOXeT 6bITH 0O6BSICHEH ClaefyomUM obpa-
30M. Ilockonpeky HamonuuTenu MCI u I'HII mpen-
CTaBJSIOT cOO0M HAHOYACTHUIIB IIOAyMeTaIHnyde-
CKOro rpaduTa C OTHOCHUTEIBHO MaJIOH IIJIOTHOCTBIO
COCTOSIHHH, TO 3a CUeT pa3Mepa 4acTHUI] M HaTUUHUs
B HUX edeKTOB CIIeKTP pa3pelleHHbIX COCTOIHHH
B UacTulax 6ymeT AucKpeTHBIM. C yUeTOM JUCKpeT-
HOTO CIIeKTPa TPAHCIOPT bymeT oCymecTBASITHCS
TYHHEJIbHBIMH IlepexofaMH ("TIPIKKaAMHU") MeXIY
Pa3/HUYHBIMH 10 SHEePTUHU JTOKAJIHW30BAHHBIMHU
COCTOSHHUSAMMU. YeM HMKe TeMIIepaTypa, TeM MeHb-
IIee KOJIMYEeCTBO He3aHSATHIX C JOCTYIIHOM SHepruen
COCTOSIHHMM MMeeTCs B CUCTeMe, M, KaK pPe3y/bTaT,
TeM Ha 6o/bIIMe PACCTOSHUS OCYIeCTBISIOTCA
TaKHe TyHHe/IbHbIe IIepexoabl. To eCTh IIOHHKeHHe
TeMIIepaTyphl BeJleT K YBeJIMYEHHUIO 3JIeKTPOCOIIPO-
TUBJ/IeHUS KOMIIO3UTA. JJaHHBIM MeXaHH3M 3JIeK-
TPOHHOI'0 TPAHCIIOPTa UMeeT XapaKTep IIPbI>KKOBOM
MPOBOAMMOCTH C IIePeMeHHOH JIMHOU IPBIKKa.
[Ipy MOBBIIIEHW M TeMIIEPATY Phl PACCTOSHUE ITPBIXK-
KOB YMEHBIIAETCS BIIOTH S0 TOJILIHMHBI TH3JIEKTPH-
YeCKHUX IIPOCJIOeK.

M3MmeHeHHe B IIMPOKOM AHala30He KOHIEHTpa-
LU IIPOBOAAIIel ¢pa3sl He IPUBOLUT K U3MeHeHHUIO
MexaHH3Ma 3JIeKTPOHHOTrO TpaHcoopTa. OTciofa
clemyeT, YTo pu3HUecKas Npuposa HabaomaeMoro
TeH30Pe3HUCTHUBHOIO 3¢ PpeKrTa 3aKI0YaeTCsI B U3Me-
HeHHUHU 3/IeKTPOCOIIPOTHUBIIEHH S TYHHEIbHBIX KOH-
TaKTOB IIpU JedopMaLi K 06pa3LoB.

BblBO/bl

B pamKax HacTosmeN paboTsl OBIIM HCCIef0BaHBI
KOMIIO3HIIMOHHBIE MaTepHaJibl Ha OCHOBE MaTPHUIIbI
nonubeH3NMMHUAA30/Ia C YIVIEPOAHBIMU HAHOCTPYK-
TYPUPOBAaHHBIMU HAIlOJTHHUTEISIMH, MaI0C/IOH-
HBIM rpadeHOM U IpaPUTOBBIMU HAHOIIACTH-
HaMH, B KaueCTBe TeH30Pe3HUCTHUBHBIX 3/IeMeHTOB.
[TokasaHo, 4TO KO3QPUIIMEeHT TeH304yBCTBUTEIbHO-
CTHU 06pa3u013 koMmIo3uToB OIIBHM-MCT u OIIBU-THII
He 3aBHCHUT OT Pa3MepoB YaCTHL] TpoBoAsIel a3sl
U UX KOHLeHTPAaLlUH B UCCIeJOBAHHOM JHalla30He.
HccnemoBaHHe 3/IeKTPOHHOIO TPAaHCIIOPTA IIOKA-
32710, YTO OCHOBHOM BKJIa[l B 3/IeKTPOCOIIPOTHBIIEHHE
KOMIIO3UTOB BHOCST AH3/IeKTpHUUeCKHe IPOCIONKH,
a 3JIeKTPOHHBIM TPAHCIIOPT OCYIeCTBIsIeTCS TYHHe-
nupoBaHHeM Mexkay yacTuiaMu MCI unu IHIT yepes
TaKHe IPOCIONKHU. M3MeHeHHe B IIMPOKOM AHaIla-
30He KOHIIeHTPAILIMHU IIPOBoAsiell Gpa3sl He IIPUBO-
OUT K U3MeHeHHI0 MeXaHH3Ma 3/IeKTPOHHOI0 TPaHC-
nopra. HccnenoBaHHbIe 06pa3iibl KOMIIO3UTOB IIPOSIB-
JISIIOT YCTOMYHBOCTD K JJIUTEABHBIM [UKINYECKUM
Harpyskam, Ko3pPHUIIMeHT TeH30YyBCTBUTEIbHO-
CTH He U3MeHsgeTcs 40 100 ThIC. IIMKJIOB CXKaTH-pac-
TsKeHHU . [lollydeHHBIe JaHHBIE [I03BOJISIOT 3aKJ/IH0-
YUTh, YTO TeH30Pe3UCTHUBHEIC 3JIeMeHTHl Ha OCHOBE
MaTPpHUIIBI TONHOeH3UMHIA30/1a SIBJISIOTCS ITepCIieK-
TUBHBIMHU [JIS CO3MAHUSA CEHCOPOB MeXaHHYeCKHUX
BeJIMYMH, TEH30Pe3HUCTOPOB.

B/IATOJAPHOCTH
PaboTa BBIIIOJIHEHA B paMKaX FOCyJapCTBeHHBIX 33/1a-
HUM MHX CO PAH B obinactu PyHIAMeHTAIbHBIX

(see Fig.5). In this case electrical
resistance of the samples would
have been determined by electri-
cal resistance of conductive phase
particles and percolation net-
work topology. This model can not
explain the increase of compos-
ite resistivity by many orders of
magnitude.

Hence, it was proposed to
explain the behavior of electronic
transport by the tunneling of
charge carriers through the insu-
lating polymer gaps between the
semimetallic conducting phase
particles.

It is well known that tunnel-
ing is a temperature-independent

mechanism of electrical con-
ductivity, however, Fig.4 shows
increasing electrical resistance
of the samples while the temper-
ature decreases. We explain this
fact as follows. Because the FLG
and CNP fillers are the nanoparti-
cles of semimetallic graphite with
defects and with relatively small
density of states, the allowed
states spectrum in the particles
will be discrete. Accordingly, the
electron transport will be carried
out by the tunneling transitions
(hoppings) between the local-
ized states of different energy.
The lower the temperature, the
smaller quantity of unoccupied

states with available energy in the
system, and, as a result, the tun-
neling transitions become longer.
That is decreasing of the temper-
ature leads to an increase of the
electrical resistance of the com-
posite. This mechanism of elec-
tron transport has a character of
the variable range hopping con-
duction mechanism. As the tem-
perature rises, the hopping length
decreases down to the thickness of
insulating gaps.

Changes of the conductive
phase concentration do not lead
to the changes in the electron
transportmechanism. It means
that the physical nature of the
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piezoresistive effect is in changes
of electrical resistance of tunnel-
ing contacts at deformation of the
samples.

CONCLUSIONS

This paper presents the research of
composite materials based on poly-
benzimidazole matrix with nano-
structured fillers, few-layered gra-
phen and graphite nanoplates as
the strain sensing elements. It was
shown that the strain gauge factor
of OPBI-FLG and OPBI-GNP com-
posites did not depend on conduc-
tive phase particle sizes and their
concentration in all studied range.
It was observed that the insulating

gaps made main contribution to
the composite electrical resistance,
and the electron transport is car-
ried out by tunneling between FLG
or GNP particles through the gaps.
Changes in the conductive phase
concentration in the wide range
do not lead to change of the mech-
anism of electronic transport. The
studied composite samples are
resistant to long-term cyclic load-
ings and their strain gauge fac-
tor does not change up to 100,000
compression-tension cycles. The
obtained experimental data con-
firm that the strain sensing ele-
ments based on polybenzimidazole
matrix are promising for creation
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of the mechanical quantities sen-
sors, strain gauges in particular.
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