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The mechanical properties and electrical resistivity of a composite material consisting
of polyvinylchloride plastisol material matrix and thermoexpanded graphite filler has been
investigated. The percolation threshold has been determined to be 0, = 0.04 vol. parts
graphite. During the material tension, its specific electrical resistivity p increases linearly
in the filler concentration range 0.04 <6 < 0.60. A model has been proposed for the
processes characterizing the system conductivity, which is based on the peculiarities of
intergrain contacts in the composite material. Guidelines are given on possible usage of
the new obtained material in strain gauges suitable for service at increased humidity and
in corrosive media.

HcenemoBaHbl MeXaHWUeCKle XAPAKTePUCTUKU W 3JeKTPOCONPOTHUBIEHNE KOMIIO3UIIMOH-
HOTO MaTepHuaja, MaTpUIla KOTOPOTO COCTOUT M3 IMOJHNBUHUJIXJOPUIHOTO ILNIACTU30JSI, a HAa-
MOJTHUTENIEM CJIYIKUT TEePMOPACIINPEHHLIN rpaduT. YCTaHOBIEHO, UTO AJS PacCMOTPEHHOI
cucreMel mopor nepkoxanuu O, = 0,04 06. uacTeii TepMopacmupenHoro rpaduTa. Ilpu pac-
TAMEHUU MAaTePUaa ero yIelbHOe 3JIeKTPOCOIPOTUBJICHUE p B AUAIA30HE KOHIEHTPAI Ui
0,04 <0 < 0,6 auueltHo Boapacraer. IlpeasoseHa MOIENb IIPOIECCOB, XaPAKTEPHU3YIOIIUX
2JIEKTPOIIPOBOAHOCTL PACCMOTPEHHON CHUCTEMEI, KOTOPAA ONMUPAETCA Ha OCOOGEHHOCTH MeKIpa-
HYJIBHBIX KOHTAKTOB B KOMIIOBUI[MOHHOM MaTepuajie. [aHBl PEKOMEHIAIUU 110 BO3MOKHOMY
WCIIOJIL30BAHNIO HOBOIO TOJYUYEHHOT'0 MAaTepHuajia AJsd TeH30JATUYNKOB, paboTaloIluX B yCJIO-
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BUAX IIOBLBINIEHHOI BJIAMKHOCTH U B arpecCcCuBHBIX Cpenax.

A possible usage direction of thermoex-
panded graphite (TEG) is the manufacturing
of composite materials (CM) with various
polymer matrices, having electrophysical
properties not worse than similar polymer
CMs reinforced with metals. For CMs with
TEG filler, a low specific mass, increased
stability in various corrosive media, and
lower prime cost are distinctive features. To
date, some electrical properties of
TEG/polyethylene, TEG/organosilicon lac-
quer, and TEG/fluoroplast CMs have been
investigated. Since the polyvinylchloride
plastisol (PVCP) is more stable against plas-
tic strains, it would be reasonable to inves-
tigate the mechanical characteristics of
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such a CM with various filler concentra-
tions and also to consider the changes of
electrical resistance parameters within a
wide strain range. The purpose of this work
is to prepared the TEG-PVCP CM, to study
the correlations of stress-strain and electri-
cal resistance-strain dependences for the
CM with various filler concentrations. Nov-
elty of this work consists in preparation
and study of the new composite functional
materials.

The CM samples were made from the fol-
lowing components: TEG with bulk density
of 1.8 to 2 kg/m3 and vermiform particle
length of 1 to 4 mm; PVCP matrix contain-
ing polyvinyl chloride, ester plasticizer, and
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Fig. 1. Concentration dependence of critical strain (a) and critical stress (b).

organometallic stabilizer. The powder mix-
ture was compacted by hot pressing at
175°C and pressure 107 Pa. When calculat-
ing the concentration in volume parts, 0,
the following density values of components
were taken: for TEG, 2.0 - 103 kg/m3, for
PVCP, 1.35 - 103 kg/m3. The specific elec-
trical resistance of the samples, p, was
measured by standard four-probe method
using direct current. The dependences of
tensile strength (c,) on the relative strain (g)
were determined using a modified tearing
machine and standard specimens. The speci-
mens were linearly stretched with the speed
2.96 % /min (the gripper movement speed
0.8 mm/min) up to failure, and changes of
electrical resistance and cross-section area
of the specimens were measured at the in-
creasing of stretching force applied to the
tearing machine grippers.

The consideration of electrical resistance
dependences on the filler (TEG) concentra-
tion in the CM has shown that the percola-
tion threshold 6., in terms of the percola-
tion theory [4], for the CM is equal to
0.04 wvol. parts. As the concentration in-
creases (0 > 6,), the specific electrical resis-
tance (p) decreases sharply from 9.92 - 102
down to 1.0 Q-cm at TEG content in volume
parts 0 near 0.12, and then goes down
smoothly to 2.81-1072 Q-cm for samples
pressed of pure TEG. Near the percolation
threshold, (0 >0,), separate TEG clusters
associate and form a continuous infinite
cluster of TEG particles through the whole
sample. The electrical current passes in this
case the cluster skeleton in the CM. The p(6)
dependence for materials of this class [1-3]
can be described analytically by the classical
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expression of percolation theory for three-
dimensional conducting network with blocked
sites:  pep(0) ~ prEa® — 6.)7%, where poyy
and pppq are specific electrical resistance of
the CM and TEG, respectively; ¢t = 1.7, the
critical index. A drawback of that model
application to CM of the class under consid-
eration is its formality. The model does not
take into account the interaction between
the polymer and filler, contact and dimen-
sional phenomena in the field of low TEG
concentration and is somewhat approximated
in the high TEG concentration region.

Fig. 1 presents the concentration depend-
ences of the failure strain ¢, and stress o,
for the samples. As is seen, the g, value for
pure PVCP samples is 550 % while for
those pressed from pure TEG, 2 %. As 6
increases up to 0.2, g, decreases sharply
down to 15 % and then it decreases more
smoothly. Introduction of TEG into PVCP
decreases the CM stability against strain,
but, up to a certain concentration (6 ~ 0.4),
it raises its tensile strength. This fact can
be explained as follows: for samples with
low TEG concentration, the material
strength is defined by the polymer matrix.
Thus, the Poisson coefficient v is found to be
the same in the directions perpendicular and
parallel to the pressing axis up to 6 ~ 0.08.
At this concentration, the relative narrow-
ing of the CM in the directions perpendicu-
lar and parallel to the pressing axis be-
comes different, and at the further increase
of concentration, this difference becomes
more evident. As the concentration attains
0> 6, at which the continuous infinite
cluster appeared (6, ~ 0.12), the strength is
defined both by that of polymer matrix as
well as that of the filling material. At 6 ~
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Fig. 2. Dependences of mechanical stress (a) and electric resistance (b) on strain for various filler
concentrations (volume parts): 0.04 (1), 0.06 (2), 0.08 (3), 0.12 (4), 0.2 (5), 0.3 (6), 0.4 (7).
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Fig. 8. (a) The stress-strain curve fragments for various samples with 0 = 0.12; (b) correlation of the

stress-strain and electric resistance-strain curves for a sample with 0 = 0.12.

0.4, maximum o, value is attained. At the
further increase of TEG concentration, the
character of the CM strain changes from
elastic-plastic to fragile, v =0 in parallel
and perpendicular directions to the pressing
axis, and its mechanical strength goes
down. In this concentration area, it is just
the TEG matrix that contributes mainly to
the CM strength. Fig. 2a illustrates the
family of -strain curves stress for the CM
at 6 varying from 0.04 to 0.4.

The p(e) measurements done in parallel
to o(e) ones has shown (Fig. 2b) that the
specific electrical resistance p of material
depends linearly on the strain. The dependence
can be described analytically as p = pg + ke,
where p, is the specific resistance of un-
strained material; %k, a proportionality fac-
tor which depends on TEG concentration.
At 6> 0.6, E=0. At 6 =0.04, p grows in-
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definitely after even a small strain, that is
caused presumably by breakdown of contact
bonds between TEG particles. At relatively
high filler concentrations (6 ~ 0.06), non-
linear sections appear in the p(g) dependence
in the high strain region; that can be
caused by dimensional effects of electrical
resistance, when the distance between TEG
particles is close to the free path length
charge carriers. At 6 > 0.07, the linear
character of dependence is restored.

At concentrations exceeding that neces-
sary for infinite cluster formation
(6 >0.12), a maximum similar to the fluid-
ity tooth for metals [5] appears in o(g)
curves for some samples (Fig. 3a). It is pos-
sible to explain the appearance of tooth of
fluidity in the framework of the following
model. Due to straining, two extreme cases
are possible in a certain volume: the TEG
particles arranged parallel or perpendicular
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Fig. 4. Model concept of the intergrain contact.

to the matrix stretching axis. In the first
case, the material acquires an additional
strength due to the face that the strain is a
shear one. At a certain stress, the dense
contact between particles is broken off (top
of the tooth). A further straining results in
a—reduced stress, since the material
strength in this volume is defined by the
polymer matrix only. In the second case,
the cohesion strength of particles lower
than in the first one. It is just the polymer
matrix that contributes mainly to the com-
posite strength, so the fluidity tooth is ab-
sent. The tooth height can be supposed to
depend on the size of areas where the parti-
cles are parallel. The maximum appearance
in the o(e) curve is accompanied by a maxi-
mum in the p(e) one (Fig. 3b). This is ex-
plained by that cross-section narrowing of
the material results in a compaction of par-
ticles at initial stages of deformation.

The CM electrical resistance changes can
be described using the following model. At
any concentration 8 > 6,, the kinetic proper-
ties of the material are defined mainly by
properties of intergrain contacts (electric
current passes the infinite cluster). Each
such contact represents a micro-narrowing
in the conductive circuit. Such a contact
can be presented by a bridge disk of radius
r in a non-conductinve boundary dividing
two conductve half-spaces (Fig. 4a). At r > A,
where ) is the electron free path, the resis-
tance of contact (Haln resistance) is defined
by the expression R = p/2r, where p is the
specific resistance of a conductive half-
space. At r << ), there is an additional dis-
persion of current on the disk boundaries.
The contact resistance R (Sharvin resis-
tance) is defined as R = (p/2r)(A/2r)7L.

For an arbitrary relation r and A, the
resistance is
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At a change of pressure, the contact re-
sponse to compression can be estimated
from solution of the elasticity theory prob-
lem [6] for spheres being squeezed by exter-
nal force F (Fig. 4b). The effective pressure
P = F(nD?/4)71, where D is the contact zone
diameter. The radius r for elastic deformations

D 3(1 2) 178
_ 1/3 _ |84 =Vv7)
r_a2P ’ a_{ 4E } ’

where E is the Youngs modulus; v, the Pois-
son factor. If there is a certain some initial
pressure P, in the polymer, then

r(P) = a—(P + Pyl/3 = opy/32 S+ P)l/g.

0

It follows from the above formulas: at
r>>%, R(P)~a(l + P/Py) /3, at r<<i,
R(P) ~ o (1 + P/Py)"2/3.

Taking into account Eq.(7) we get: at r >> A,

R(r) ~ a1 + r3/ry3)"1/3; at

r<hX R(r)~oa (1+r3/ry32/3.

So, as r increases, the resistance should
decrease and at the CM stretching, to go
down, as it was observed in experiment. The
specific electrical resistance of the
TEG/PVCP composite material depends line-
arly on strain in the TEG concentration
range from 0.04 to 0.6 vol. parts. This de-
pendence can be used in practice for manu-
facturing of the CM strain gauges for serv-
ice under high humidity and aggressive
media. Besides of the strain gauges, the CM
are potentially suitable for microphone mem-
branes, DC/AC converters, sensors of auto-
matics, etc. CM magnetoresistors changing
electrical resistance in a magnetic field are
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known [7]. By analogy, the CM described in
the work can be called dilatoresistors.
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Bniaus pedopmainii Ha eJIeKTPOOIip
KOMIIO3MI[INHOTO MaTepHuaJjly TEPMOPO3MIHNPEeHN N
rpadirt/moJiBiHIIXJOPUAHUN MJIACTU30]b

A.10.Kapaman, B.C.Konanw, C.JI.Peso

HocaimkeHo MexaHiUHI XapakTepUCTHKHU Ta €JEKTPOOIp KOMNIO3UIIMHOrO Marepiary,
MAaTPUILI AKOr0 CKJIALAETHCA 3 IIOJiBiHIIXJIOPUIHOrO ILIACTU30JI0, a B AKOCTi HAIIOBHIOBAYA
BUKOPUCTOBYETLCA TepMmopoamupernuit rpadir. Beramosiaeno, 110 mjad pPoO3TIAIyBaHOI cucre-
mu nopir mepromsanii 0, = 0,04 06. wacr. rpadiry. IIpu postasi marepiany fioro nuromuii
omip p v miamasoni Kommentpariit 0,04 < 6 < 0,6 mimifino 3pocrae. 3aTPOTIOHOBAHO MOENH
mporieciB, 110 XapakTepusye eJeKTPONpPOBIAHICTL cHCTEeMHM, M0 CIUPAETHLCA Ha OCOBJIUBOCTL
MULKIpaHyJABLHUX KOHTAKTiB B KoMIo3uliiHomymartepiani. [Jano pekomengaiiii 3 MOKJINBOTO
BUKOPUCTAHHSA HOBOTO OTPUMAHOTO MaTepianay AJA TeH30JATUNKIB, 1110 3IaTHi MpaIioBaTH B
yMOBaxX IiBUIIEHOT BOJOTOCTI Ta B arpeCUBHUX CEePEIOBUIIAX.
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