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Investigation of electrical conductivity of carbon
black-copper phthalocyanine matrix composites
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Electrical conductivity results obtained for two component composites were measured and
discussed. The composites consisted of copper phthalocyanine (semiconductor) and 7
different kinds of carbon black. The dependence of the electrical conductivity on the
composite composition was examined. The percolation theory as well as the Yoshida's and
McLachlan’s models were utilised to describe the experimental data. The relationships
between the carbon black physico-chemical properties and some parameters of the
theories were found. © 1999 Kluwer Academic Publishers

1. Introduction are expected to be good materials for possible appli-
An addition of one substance to other one gives materiatations. The phthalocyanine-graphite fibre composites
with new properties. For any two-component system thevere expected to be utilised for high temperature resis-
properties are determined by its composition, the comtant elements in vertical and short take-off and landing
ponents features and preparation conditions [1-3]. Thaircraft [13]. We have used Yoshida’s, McLachlan and
resulting composite properties are usually intermedipercolation models to describe our experimental data.
ate in respect to the component ones, e.g. the electricdlhe theoretical parameters obtained from the models
conductivity usually varies in the range limited by the might be relevant to the component properties. When
values of the high- and low-conducting componentsdependencies between the theoretical parameters and
The composite fabrication is intended to improve thethe composite characteristics exist then such relations
desired material property but often may also magnifyshould be helpful for the composite properties pre-
the undesired ones [3-5]. Designing the material fordiction.
certain purposes one has to take into account both pos-
sibilities. The prediction of the composite properties
is usually limited only to the rough estimation [3—7]. 2. Theoretical models utilised for the
Though the electrical conduction mechanism in com- experimental data description
posites has been outlined [8] there are still questiong.1. Percolation theory
concerning this problem [9]. Percolation theory is utilised for description of var-
The electrically conducting composites containingious phenomena [14]. Its application for composites
carbon black are utilised in many application fields (e.g.conductivity considers regular or random lattices com-
strand shields for high voltage cables, conductive jackposed of conducting and non-conducting bonds. The
eting for telecommunication cables, anti-static floor-electrical conductivity €) of the lattice depends on
ing, sheeting, operating room materials, compound#s symmetry, node co-ordination number, fraction of
for electromagnetic shielding) [6]. The influence of car-bonds present and distribution of the bond conductivi-
bon blacks utilised as polymer fillers on the compositegies [14—20]. Two basic models are considered for the
electrical properties have been widely discussed [5, 7theoretical investigation of the electrical current flow
10-12]. In this paper we would like to show and dis-in the lattice composed of two kinds of bonds. First
cuss electrical conductivity results obtained for carborof them includes the lattice composed of the bonds of
black (b, highly conducting component), copper ph- ginsulator= 0 andoconductor> 0 (DUt oconductoriS finite).
thalocyanine Cupg low conducting component) com- The lattice bond conductivities in the second model are
posites. For the low conducting component the pow-oconductor— ©© andogielectric> 0 (DUtogielectricis finite).
dered polycrystalline organic semiconductor has beeklectrical current can pass lattice composed of bonds
used because its physical properties are better defingubsessing finite, non-zero conductivities and the insu-
than the properties of polymeric matrices usually dedating ones when the conducting bond fractiénis
scribed in the literature. In our composites one of theequal or exceeds the certain value called critical or per-
componentsCupg remained unchanged but the secondcolation threshold {¢). For this lattices =0 if f < fe.
one,ch, was different in the various types of the ma- Close to the percolation threshold ihelependence on
terials. Our composites had small thermal conductivity f is described by the relationship:
and their electrical conductivity could be changed by
many orders of magnitude. Their stability is high so they o~ (f = fo) Q)
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bondsiisfinite forf smallerthanf;,oc — ocofor f > f..
Conductivity of the system satisfies the relationship:

where f. andt depend on the single bond conductivity
and the lattice parameters.
The conductivity of the lattice containing tHefrac- |
tion of bonds 0b¢onguctor— 00 and the low conducting
A B C D

o~ (fc— f)*s )] Figure 1 Four types of cells describing the material structure in the
Yoshida’s model.

wheref. ands depend on the single bond finite conduc-
tivity and the lattice parameters. Taking the dimensioncomposed of the two uniformly structured phases is de-
less, relative distance dffrom fc the relationships (1) scribed by the Bruggeman’s theory [29]. The Yoshida

and (2) can also written as follows [21]: model cells fraction depends on the materials compo-
sition and the components properties. There are six pa-
o = cif(f — fo)/fe}t (3a)  rameters describing the composite transport properties.

o = col(fe— F)/(L— fo))~° (3b) First three of them are the component conductivities,

the volume fraction of the conducting componérand
the remaining three denoted @s a1, o, are structure

wherec, andc, correspond to conductivities of the con- related. Theb parameter gives the volume fractions of
ductor and dielectric, respectively. Though, some mate- ) .
- resp Y gn, fells C and D. The fractions of the A, B, C and D

rials might be superconductors in certain experimenta . . o
conditions, the conductivity of a composite compo-ceuS are described by the following Equations:
nent are usually different from infinity. There also exist

weakly conducting materials but none of them exhibits A = Q-®)ys =1+ 1)/(ra+tre—1) (59)
o =0. For t_he fe)_(perimental data analysis thd) de- Fe=(1—®)(ya— f)/(ya+s—1) (5b)
pendence is divided into two regions separatedby

For f < f, Equation 2 (or 3b) is utilised, fof > f Fc = of (5¢)
Equation 1 (or 3a) is valid. Itis supposed, thatthe com-  Fp = (1 — f) (5d)
posite conductivityy. for f = f; is expressed as fol-
lows [22, 23] Denoting the radius of the cell K (¥ A or B) as R«
and the core radius ag the ya andyg parameters are
o ~ odog ! (4)  theratios of fa/Ra)® and ¢g/Rs)?, respectively. The

Yk parameters are expressedahywo, andd as follows:
whereo,, oq are, respectively, the conductor and di-
electric conductivities, whilet=t/(t + s).

As mentioned above the parametdgst ands de-
pend mainly on the lattice properties. For 3D systems va=f (62)
fc parameter evaluated from different lattice models V=0 (6b)
(site or bond percolation, mixed models) is usually lim-
ited to the range 0.16-0.18. However, other approachegy o, < f <ay
to the estimation of the conductivity threshold showed
that this parameter might vary from the values close . — f 4 (3— g3 — 209)[( f — a1)/(crz — 1)]?
to 0 up to ¥3 depending on the system investigated 3
and method utilised [14, 15, 23-25]. Th@arameter + (a1 + a2 = 2)[(f —a1)/(e2 —1)]®  (60)
usually ranges from 1 to 3 [14, 15, 23, 25, 26]. The
exponent was found to be not smaller than 0.6 and not b =1 — f + (201 + 202)[(f — &r2)/(cr2 — @1)]?
greaterthan 1.0[22, 23, 26]. However, Kogtial.[16] _ _ 3
have shown that thieands parameters might be greater loate)l(f = az)/(ez = an)] (6d)
than the supposed upper limit due to the special forr’qom2 <f<1
of distribution of conductances in the lattice. -~

forO< f <ay

Ya=0 (6e)

2.2. The Yoshida model w=1—f (6f)
The Yoshida model describes the transport properties
of the binary mixture [27, 28]. The real structure is Values of® anda; are limited to the ranges(0, 1), and
approximated by the model structure composed of ther; < a». For f > «; the B cells appear in the material
four cell types (Fig. 1). and for f > ay the cells A disappear. Fig. 2 shows an
The A and B types of cells represent the regions ofexample of the changes of the cell fractions in the range
the material where one of the components completelyrom 0 to 1 for a good conductor conteh{for ® = 0.6,
surrounds the second one. Such structure is described = 0.1 andu, = 0.5). The straight lines of slope and
by the Maxwell-Garnett theory [24]. The cells C and D —® describe changes & and Fp, respectively. The
are relevant to the composite regions where both cominfluence of®, a3, anda, on theF, and Fg fractions
ponents have the same bulk structures. The materias shown in Fig. 3.
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Figure 2 The changes of the K cell type fractions €A, B, C and D)
Fk in the range from O to 1 of a good conductor conté(for & = 0.6,
a1 =0.1 anday =0.5).
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Figure 3 The changes of A and B cell types fractions in the range from

0to 1 of agood conductor conteffor various®, o1 andep parameters.

For ® =1, regardless of the; anda, values, only
the cells C and D appear in the material®f= 0 and
a1 =0up=0 (ora; =az=1) one of the components is
represented as continuous structure containing granul
inclusions of the second component.

2.3. The McLachlan model

McLachlan introduced the equation describing change

of the composite conductivity fof ranging from 0 to
1 [30-33]:

(1 — f)(og™

+ f (acl/ tm

_ Ul/tM)/(Gdl/tM + Aal/tM)

— o) /(o 1 AgV) =0 (6)

(@)

Figure 4 The model structure composed of the uniformly (a) and ran-
domly (b) directed ellipsoids dispersed in the host material.

whereA=(1— f¢)/f¢, o isthe composite conductivity,
o4 ando; are the dielectric and conductor conductiv-
ities respectively. This relationship in its asymptotic
form is reduced to percolation expressions (3a) and
(3b) for zero and infinite component conductivities,
respectively. In McLachlan’s equation thg and f;
parameters are related to the other ones, describing the
depolarisation coefficient of the grains in the model
material. The mixture of low- or high-conducting ellip-
soids of oblate or prolate shapes uniformly (Fig. 4a) or
randomly (Fig. 4b) orientated in space replace the real
material.

The axis ratio of the ellipsoids might be estimated
from depolarisation coefficientk (high-conducting
grains) orL’ (low-conducting grains) for orientated el-
lipsoids andn, m' for random orientation respectively.

If an insulator & = 0) is one of the composite compo-
nents the following relationships are proposed [31]:

L/ == fct,\;l
m=tyf;t=1/L'

(8a)
(8b)

For the composite containing a superconducting com-
ponent & — oo) the depolarisation coefficients are ex-
pressed as follows:

L=1-(1- foty'
m=tu(l— fc)_l

(92)
(9b)

The above equations might be utilised for estimating
the ellipsoid shape for the composites containing com-
ponents that do not fulfil the assumption of the zero or
infinite conductivity respectively. However, the/oqy
value should be sufficiently high to draw the proper
onclusion about ellipsoid axis ratio in the composite.

3. Materials and sample preparation
ll’? our investigations materials obtained by mixing
nown amounts of polycrystalline copper phthalocya-
nine and carbon black were used. Copper phthalocya-
nine is a flat molecule with macroheterocyclic ring co-
ordinating a single copper ion (€t) in its centre. This
compound is resistant to many chemicals and temper-
atures up to 200C. Copper phthalocyanine used in
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our experiments was a deep blue powder Containing’ABLE | Grain diameted, specific surface are@and dibuthyl ph-
« form crystallites of approx. 1ﬂm diameter. It was thalate absorption indexof the carbon blacks used for the composites

found that the electrical resistivity of Cupc used in ourPeParation

experiments depends on the total weight of the samplearbon black d (nm) S(m?lg) v (cmP/100 g)

prepared. Carbon black particles are small spheroidally

shaped paracrystalline unit. Interconnected particle§'ack peart 2000 15 1475 330

form aggregates—discrete, colloidal entities that ar{fg:a‘:‘cea?g 700 11?3 4 estim) fggo 1;;()

the smallest dispersible units of this material. Carbony, 539 25 ' 47 95

black agglomerate is comprised of a large number obc 2 26 100 100

aggregates physically held together. Sakap 6 25 200 120
Carbon black is characterised by particle diametersaprex 20 70 20 86

and the surface properties, which can be determined,
among others, by nitrogen and dibuthyl phthalate ab-
sorption (DBPA). The distribution function of the par-
ticle diameters of the carbon black is almost normal g
(Gaussian) but usually positively skewed. The width of
the distribution is characterised by the heterogeneity in- -
dex HI defined as a ratio of the weighted mean diameter
to the arithmetic mean diameter. For most commercial
carbon blacks HI values for particle size range from 1.4 €0
to 1.8 [3].

The particle diameteat (nm) and density (g/cn?) of 50
the carbon black are related to the sepcific surface are:
determined by the electron microscop®SA(m?/g)
via the following relationship:

d [nm]

Sapex 20
+

Jas 539

40

EMSA= 6000/ pd @y

20
«—Black Pearl 700

To determine the specific surface aiaf carbon black
usually the BET equation is utilised with,Nas the T Black Pearl 2000
absorbate. The dibuthyl phthalate absorption (DBPA) " T 7 r[rrrr[rrrrrrrrprrrr]
parametew is mainly related to the aggregate shape. %% 001 02 0 0G4 065 0%
Absorption occurs both within the aggregate branches US [g/m’]
and between contacting aggregates in 3D network. Usu- - .
. Figure 5 The relationship between the inverse BET surface &raad
ally the highly brgnched aggregates are formed.b'y the o grain diameted of carbon blacks.
carbon black of high DBPA. It was found that mixing
of a carbon black into a vehicle system destroys partly
the aggregates structure. As the result the decrease in
DBPAwas observed. The new absorptionvalueis called Two kinds of methods of the composite preparation
crushed DBPA and in this paper denoted@sThe de-  were utilised. First of them involved homogenisation of
crease in DBPA is usually significant for tiebswith ~ the mixture by grinding the known amountsafand
highv. Cupcin the agalite mortar. The preliminary data analy-
Carbon blacks chosen for our investigation had varisis has shown that the electrical conductivity of the com-
ous physico-chemical properties such as grain diametgrosite depends on the amount of the mixture ground in
(d), BET specific surface are&) and dibuthyl phtha- the mortar (especially for losbconcentrations). To ex-
late absorption index. Seven types of carbon black amine this effect the total weight of the material ground
were utilised: Chezacarb (Czech), Jas 539, OC 2, Sakapas chosento be 1,4 or 10 g. To avoid mechanical stress
6 (Poland), Sapex 20 (Poland), Black Pearl 2000 anduring the homogenisation other method of preparation
Black Pearl 700 (USA). The physico-chemical proper-was utilised. Vesselus containing liquid suspension of
ties of carbon black used in our experiments were takeBlack Pearl 700 an€upcin acetone were placed in
from their producers notes and are listed in Table Ithe ultrasound bath for 20 min. Neith€upcnor the
There was not found any information about grain di-carbon black was soluble in acetone. No significant in-
ameter of Chezacarb carbon black. We expect that thBuence of homogenisation time (within 20-60 min) on
relationship betwees andd would have been similar the electrical properties of the mixture was observed.
to inverse proportionality in Equation 10. Fig. 5 shows The material obtained was dried by heating in 160
the dependence vs. 1/S found for a number of dif- for 5 h and kept in vacuum (approx. 0.1 Pa) for two
ferent carbon blacks (most of them were Cabot Corpdays. Portions (0.25 g) of the materials obtained by the
products). above-described procedures were compressed to obtain
Good interpolation ofl vs. 1/S was obtained with  pellets of 10 mm in diameter and 2 mm thick. In this
polynomial fit of the of third order (with correlation paper the composite names contain parts denoting the
coefficientr =0.9683). The estimated particle size of carbon black type and the weight of material prepared,
Chezacarb was 15.4 nm. e.g. BP7-4 is the composite containing Black Pearl 700
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and the amount of the mixture ground in mortar was 4 gTABLE 11 The fc, tw, ocp andopc parameters found for the compos-
The composite BP7-u was obtained by homogenisatiofies investigated
in an ultrasound bath.

ocbx 1072 opcx 1077

To improve the electrical contact between the elec-composite type ~ fc tm (S/m) (S/m)
trode and the sample both surfaces were covered by
silver paint. The electrical conductivity of the pellets BP2-4 00394 277 20 078
in three heating-cooling cycles remained unchangeo‘éz:i 8'(1)828 i;ﬁ 5'28 18'72
This result suggests absence of silver diffusion into these,-1 00798  1.37 63 47
material or at least no influence of this effect on the DCchez-10 0.0344 225 58 0.20
conductivity of the pellets. For the BP7-u composite theJas-1 0.170 1.55 3.4 22
stability of the components pre-treated in acetone anggk'll %-12i51 11253 %-‘;9 3?2
then dried should alsp be noted. The conductivity meag,, , 0.204 165 20 33
surements were carried out at room temperature usingyp.; 0.135 193 0.3 4.9

Keithley 197 and Keithley 195A multimeters.

log(c/Sm™)
4. Results and discussion 30

Figs 6 and 7 show the log{ vs. f dependencies for 2o
the composites investigated. The solid and dashed line:
show the computed best fit for the McLachlan’s and '°
Yoshida’s models, respectively. 00

The parameters computed werk, ty for the
McLachlan model andd, a1, oo for the Yoshida's
model. The inflection points of the experimental le(  -20
vs. f plots were used forf; estimation. Conductivi- a0
ties for the both composite components were also com-
puted. Due to theb's properties the direct measurement 4o
of bulk conductivityoc, was impossible for the pel-
letised form—after compaction the pellets broke into
pieces immediately. Because of thgfwas obtainedas 60
a fitted parameter. Th€upcs bulk conductivity ¢pc)
was established for a pellet but in the computations 3,
some variation of its value was allowed to obtain the 80 T T T
best fit. The results obtained for McLachlan’s equation 000 005 o010 015 020 025 030 03
are shown in Table II. f

Janzen introduced the relationship betweentiie  Figure 7 The dependence of the logarithm of the composites electrical

dex characterising the aggregate structuregtfsaden-  conductivity orchcontentf . Solid and dashed lines represent the plots of
the best fit found for the McLachlan’s and Yoshida’s models respectively.

-7.0

log(c/Sm™)
30

sity and the critical volume fractioriy of cbin com-
posites [3]. This formula is presented below:

fl=(1+40v)* (11)

where p is cb's density in g/cm and v values are

in cm®/g. The pycnometric density of various carbon
blacksin benzene was found to be approximately within
the range of 1.8-2.0 g/ch{3]. Taking the average
value of 1.9 g/crd and Ap = +0.1 g/cn? as the den-
sity uncertainty the expected valuesfofand theAp-
caused deviationsA(fJ) were computed. The results
obtained are shown in Table III.

The results in Table Il show that the Janzen formula
predicted properly thé; value for the Chez-10, BP2-4,
and Sap-1 composites. The difference betweenfthe
values found for BP7-uand computed from Equation 11

000 005 010 015 020 025 030 035 040 045 exceeds the predicted fJ. However, due to the un-
f knownv error of Black Pearl 700 and the low relative
Figure 6 The dependence of the logarithm of the composites electrical fc deviation value 100% (fc — fCJ)/fc = 7.3% the fair

J - .
conductivity orchcontentf . Solid and dashed lines represent the plots of 2dreement ofc and f; values is Supposed- Th.e d!f_fer-
the best fit found for the McLachlan’s and Yoshida’s models respectively.ences found for the other composites were significant.
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TABLE Il The computedf? values, the differences between the crease in DBPA as the result of mechanical treatment.
experimentally estimated, (Table 1) and thefy found from Janzen The differencey — ve might be taken as a measure of
equation, and the computeﬁdfcJ values for the investigatecbs in the the cb agglomerate destruction during the composite
composites . S . .
preparation. However, while it might be envisaged that
Composite type fJ (fo— £ x 16 atdx10®  the Chezacarlkb was the most easily to crush while
grinding (Chez-1) it should be noticed that practically

BP2-4 0.0383 11 1.9 no influence on the aggregate structure was observed
BP7-4 0.101 —31.2 4.8 forthel ts of the mixt d(Chez-10
BP7-u 0.101 8 45 or the larger amounts of the mixture ground (Chez-10).
Chez-1 0.0344 46 1.9 The Sapex 20 aggregates appeared to be the most re-
Chez-10 0.0344 0.0 1.9 sistant to the mechanical stress. The data in Table IV
Jas-1 0.122 48 5.6 confirm the supposition that there exists relation be-
0C-1 0.116 49 5.4 tween the mixtures weights taken for grinding and the
Sak-1 0.0988 142 47 ducting clust tructure inth ite obtained
Sak-a 0.0988 105 47 conducting clusters structure in the composite obtained.
Sap-1 0.133 2 6.1 For BP7-4 there was observed the increase in the esti-

mated DBP absorption. This observation is an exemp-
tion from the other materials and might be the result of

With exception of BP7-4 composite tigvalues found the spe.cific Black Pearl 700 structure and m_echanical

experimentally were higher thafi computed from Properties of thebaggregate. For thisbthe grinding

Equation 11. Higher than expected valuesfgfsug- ~ Procedure might not only destroy the aggregates but

gest the decrease in the DBPA values after grindingISo rejoin them together again. As the result the higher

in mortar. Thev index is related to the structure of than expected composite conductivity was observed.

chaggregates. During the composite preparation these There was found the relationship betwerand the

aggregates were probably crushed because of this ti& grain diameter. The threshold volume fraction in-

initial cb properties described bywere changed inthe creases while the grain diametégrows. According

final material. to the Kusy's model [34] thef. value for a compos-
Excluding Sap-1 the greatest difference betwéen it€ consisting of_ sp_herical grajns of two components

and fJ was observed for the composites prepared fronflépends on their diameter ratio. It was shown that

1 g mixtures. As the result of the small amount of bothiS inversely proportional to the linear function of the

materials the layer between the mortar and the pesti€dietectric/deonductorratio. Fig. 8 shows the relationship

was thinner for 1 g mixtures than for 4 and 10 g Ones_betweerd‘_l and fc. o _ _

The destruction ofbaggregates was more efficient for The statistical parameters of this linear rglathnsh|p

1 g mixtures than for the greater quantities of the ground®s Well as the parameters of the dependencies discussed

and f? found for Sapex 2@b it might be concluded representing thebswith the greatest grain diameters

that this aggregates were the most resistant to mechah€- Jas 539 and Sapex 20, the line obtained from the

ical stress while grinding. The greatest sensitivity onKusy’s model describes the positions of the remaining

mechanical crushing of aggregates was observed fg¥nes well. Assuming small changes of {es grain

the Sakap 6 carbon black. For both 1 and 4 g batchediameters in the composites, the crucial role ofdbie

of the Sakap 6 mixtures the deviations frdifivalues

were the greatest among the samples tested. Utilising

Equation 11 and thd; values obtained for our com-

posites the estimation of values was computed. The 025 <" Skt

vc parameters and the differences- v are collected ] ¥

in Table IV. T
With an exception of the BP7-4 composite for the g2 -

other materials investigated there was suggested the d¢ ]

Jas-1
- +

TABLE IV The dibuthylphthalate absorption indexesf the carbon 015

blacks, the estimaten. found for the composites investigated and the - ¥

differencesy — v¢ h

Composite v Ve v —ve 010 =

type (cn®/100 @) (cn3/100 g) (cn¥/100 g) .

BP2-4 330 321 9 005 _'

BP7-4 117 175 —-58 i

BP7-u 117 108 9 E

Chez-1 370 152 218 ]

Chez-lo 370 369 1 000 LEELELIL rrryar7y1rTrrirryprriorid LI LI
Jas-1 95 64 31 ! [ ! AR
oc-1 100 67 33 0.01 0.02 0.03 0.04 0.05 0.06 B 0.07
Sak-1 120 41 79 1/d [nm’]
Sak-4 120 51 69 _ o

Sap-1 86 84 2 Figure 8 The relationship between the threshold volume fracfioand

the inverse grain diameter! of the investigatedbs.
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grain diameter in defining the conducting cluster (ag-c axis of the ellipsoid to thex axis c=b#a). The
glomerate) size might be concluded. This suppositiorx values in Table were estimated from the plot shown
is also supported by the results obtained by ¥&faek  in [31].

etal.[35] who observed for the phthalocyanine - carbon The x¢, parameters show that oblate grains in the
black composites containing 20% b, the decrease model composite represent the carbon black aggre-
in the electrical conductivity with increasing grain di- gates. The most flat is the ellipsoid corresponding to
ameters. Black Pearl 2000, Black Pearl 700, Chezacarb and

The extrapolated conductivities of carbon blagk  Sapex 20cbsin the composite. The Jas 539 is rep-
depended not only on tleb type but also on the prepa- resented by the ellipsoids of the approximate axis ra-
ration conditions. The increase in weights of the mix-tio 7:1. The Sakap 6 and OC 2 carbon blacks might
tures ground was followed by increase intheonduc-  be described by similar ellipsoidal structures with the
tivity (Chezacarb, Sakap 6). For Black Pearl 700 thereaxis ratio within the range from 4:1 to 6:1. It was
was observed the decreaseiprelated to the change of expected that the grains of copper phthalocyanine in
the preparation method. The decreasgjr—in spiteof  real material would be similar in all composites. For
the soft homogenising—method (ultrasonic bath) wasChez-1, OC-1 and BP7u composites thec grains
probably due to the changes of tble aggregate sur- were nearly spherical. For the other composites inves-
face properties. It is possible that acetone, utilised atigated thepc corresponding grains were oblate with
the suspensing medium, removed from feemicro-  approximate axis ratio 1:3 (Jas-1, BP7-4) and 1:10
crystallites some impurities which were then absorbedSak-1, Sak-4, Sap-1). Tipein BP2-4 is best described
on thecb aggregates surface. As a result of the surfacas strongly elongated, rodlike structures of axis ratio
coverage the electrical contact between aggregates b&- y, with y exceeding 10.
came poor and the decrease in conductivity ofdhe The relationship between the depolarisation coeffi-
network was observed. cients found forchsand the grain diameters were ob-

The changes of for different composites proved served. Ifd was not greater than approx. 30 nm the
the influence of the microcrystallite contact on the av-linear increase irL ., with increasing grain diameter
eraged conductivity of the phthalocyanine matrix. Forwas found (Fig. 9). It might be expected that ttie
small amounts of the mixtures ground in a mortarconducting cluster features were influenced bydhe
the surfaces of copper phthalocyanine microcrystallitegrain diameted what affected the final electrical prop-
were efficiently pressed against each other. The formaerties of the composite.
tion of the interface connection might be affected also Fig. 10 shows the plot of the logty) depolarisation
by thecbmechanical properties. However, the origin of coefficient dependence as a function of the estimated
the main influence opc's conductivity should be re- parameter value. Though, bathy, andv, share thef,
lated to the conditions facilitating the intergrain contact,dependence (Equations 8a and 8b),the parameter
e.g. the pressure applied on the material while grindingvas also determined by thg variable that makes the
which, in turn, depends on the total weight of the mix- mey(vc) relationship not so obvious. Although in this
ture. The second factor influencing theconductivity — paperthe. parameters have been merely estimated, the
is temperature. The measurements were performed atlationship logfy) vs. v found points at usefulness
room temperature, which can fluctuate in some narrovof v in the composite properties assessing.
range. Thus, changes in phthalocyanine matrix conduc-
tivity with temperature might be expected due to the
thermally activated conduction pt.

Table V contains the computed depolarisation coeffi- o 1g _L
cientsL andm of the ellipsoids representirdp andpc .
in the material. As it was proposed by McLachlan [31] 444 3
the depolarisation coefficient values allow estimating .
the shapes and axis ratios of ellipsoids in the model, 4,

material. Thex parameter is defined as the ratio of the ]
0.10 -

TABLE V The depolarisation coefficients found for the ellipsoids
representing carbon black and copper phthalocyanine in the composite ™~

Say

and corresponding axis ratios . ¥

0.06 —
Composite type L¢p Mep Lpc Mpc  Xcb Xpc E
BP2-4 00142 70.4 0653 2.88>10 <0.1 004
BP7-4 00397 252 0472 1.89>10 ~0.33 3
BP7-u 0.0876 114 0281 1.39>10 ~1 002
Chez-1 0.0583 17.1 0.328 1.49>10 ~1 ]
Chez-10 0.0876 114 0281 1.39~10 ~1 000 L s
Jas-1 0.110 9.09 0468 187 5-10~0.33 L AL L L
oc-1 0.135 741 0316 146 6-4 ~1 10 20 30 40 50 60 70
Sak-1 0153 653 0520 208 45 ~0.1 d [nm]
Sak-4 0.124 8.06 0518 207 5-6 ~0.1
Sap-1 0.0700 14.3 0552 22310 ~0.1 Figure 9 The depolarisation coefficierit., dependence on theb's

grain diameted.
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Figure 11 The oz anday parameters dependence on the inverse grain
diameterd—? of the investigatedbs. The points in circles were excluded
from computations.

Figure 10 The logarithm ofmc, dependence on the estimatedf the
investigatectbs.

Table VI presents the results obtained from applica-

tion of the Yoshida’'s model to our results. The lowést Similar relationship was introduced for thgevs.d 1

value was found for the Sak-1 composite. These resultglot where the point representing the Sak-1 composite

suggest the prevalence of the structure shown on Fig. 1ghould be omitted. Since the number of grains in 1D

where the phases surround each other. The highest chain of a given length is inversely proportional to their

was found for the composites containing Jas 539 andiameter the conclusion is that the dependence;of

Chezacarkcbs For this materials the fraction of the anda, parameters od—?! involves the processes on the

structures shown on Fig. 1c, d is the highest amongontacting grain surfaces.

the materials investigated. A decrease in the value of Percolation theory is expected to describe the com-

the differencex, — oy with increasingd can be seen. posite conductivity close to percolation threshold i.e.

This implies narrowing of the range where the cells for f not very different fromf.. To obtain the parame-

A and B coexist. They; values change in range not terst, ci, sandc, from the percolation Equations 3a and

exceeding 0.1 and the, parameter varies more than b, the slope and the intercept of legvs. log(f — f¢)

0.6. It might be expected that is influenced primary and logo vs. lod{( f. — f)/fc} plots in their linear part

by the low-conducting component properties that in ouwere computed. The results are shown in Table VII.

composites were not changed. Thgarameter, which It was found that the ( ) relationship for the com-

values varied within a broader range, might characterisposites containing Sapex 20 did not satisfy the perco-

the high-conducting component i.e. the different typedation theory equations. For the other composites the

of carbon black. Fig. 11 shows tlie! dependence of threshold volume fractiorf; shown in Table 11l and,

a1 anday. Excluding the points representing ttlessof ~ sexponents (Table V) are comparable to the values pre-

the greatest grain diameters (i.e. Jas 539 and Sapex 2@icted by the percolation theoretical models. The higher

the remaining ones are expected to be linearly deperthan expected values of tlseparameter (i.es ~ 0.7)

dent ond 1. were found for most of the composites. This fact might
be explained by the model proposed by Kogfal.[16]

TABLE VI The ®, a1, a2, ocp and ope parameters found for the
composites investigated

TABLE VIl Thet,s, c; andc; parameters found for the investigated

Composite ocp x 1072 Opc X 107 composites
type P a1 ar (S/m) (S/m)

Composite type  t S a (S/m) c2 x 107 (S/m)
BP2-4 0.243 0.000 0.419 2.0 1.1
BP7-4 0.442 0.010 0.371 2.0 1.1 BP2-4 2.6 2.3 0.45 1.1
BP7-u 0.577 0.043 0.294 0.44 30 BP7-4 1.7 4.3 4.3 0.15
Chez-1 0.656 0.022 0.207 11 50 BP7u 2.2 0.58 1.8 23
Chez-10 0.650 0.000 0.146 8.5 0.21 Chez-1 4.2 — 22x10° —
Jas-1 0.636 0.000 0.567 3.0 21 Chez-10 2.2 1.9 2.8 0.53
OC-1 0.405 0.057 0.510 3.6 13 Jas-1 18 1.7 46 26
Sak-1 0.030 0.030 0.836 0.95 45 0oC-1 1.5 0.88 42 12
Sak-4 0.512 0.088 0.504 35 8.1 Sak-1 1.2 1.6 21 39
Sap-1 0.144 0.008 0.649 4.2 10 Sak-4 1.7 1.5 67 54
aThis result is taken from [36]. aThe data are taken from [37].
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TABLE VIII The values of the slopea, the intercepb and standard deviatiorss, s, of this parameters, the correlation coefficierand its
confidence levek

Relationship Points excluded a S b =Y r o
fo(1/d) Sap-1, Jas-1 -6 1 0.43 0.05 —0.925 0.999
Len(d) Sap-1, Jas-1 0.011 0.002 -0.13 0.03 0.929 0.999
log Mep(ve) — 0.0032 0.0003 0.75 0.05 0.976 1.000
ai(1/d) Sap-1, Jas-1 -2.0 0.6 0.14 0.03 -0.783 0.978
az(1/d) Sak-1 -8 2 0.77 0.08 -0.873 0.998
t(1/d) Jas-1, Chez-1 35 9 0.02 0.49 0.861 0.987
log c1(1/d) Jas-1, Chez-1 -61 11 4.0 0.6 -0.932 0.998

t log(c,/[S/m}]) posite the corresponding conductivities of its compo-
45 — Chget go  hentswere similar,independently on the model applied.

ongz- oep Of order 16 S/m is usually reported for bulkb's
40 70 and this is comparable to our results. Tgarameter

] ——(d) varied in the range 1@ to 10' S/m and was lower than

] - % - loge (d') 80 4ep—in contrast to the, parameter which values were

] similar to the computed values of,. These results
4 shows the difference between the electrical conductiv-

30 40 ity of the bulkcb and the same property of the cluster
. oo composed of theb grains dispersed in thec matrix_.
25 1'%’ ) 36 The parameters from the McLachlan’s and Yoshida’s

models discussed earlier were utilisedddif ) descrip-
tion in the whole range of fractions investigated. This
is in contrast to the percolation description, limited to
the relatively narrow range of close to thef; value.

Jas-1
+

5 . Eoo The statistical parameters of the linear relationships
] St y(x) =ax+ b found for our composites are collected
10 10 in Table VIII. The first column in Table VIII contains
002 0.03 004 005 006 007 the description of the relationship and the second col-
1/d [nm’'] umn includes information about the points excluded

from computations. The parametegxsands, are the
Figure 12 Thet exponent and log; dependence on the inverse grain standard deviations of the slopeand the intercepb,
) 9 U . ( )
diameterd™ of the investigatedbs. respectively. The last column in Table VIII contains
the computed values of the confidence lavedf the

involving the specific form of the distribution func- correlation coefficient.

tion of conductances. The relationship between the pa-
rameters from Equations 3a and b, was proposed by

Kirkpatrick [38]: 5. Conclusions
The conductivity dependence on the volume fraction of
s/t = fe/(1— fo) (12)  cbscontentwas quite well described by the McLachlan
and Yoshida models as well as the equations derived
However, the above relationship is not satisfied by thédrom the percolation theory (with the exception of the
parameters found in our experiment. An increase in theomposites containing Sapex 20). Several relation-
t exponent with the decreasing grain diametewvas  ships between the physico-chemical propertieshisf
observed. Fig. 12 shows thevs.d~! and logc; vs.  and the parameters from the models were found.
d—! dependencies. In the composite preparation tkb aggregate struc-
The point representing the Chez-1 composite is vistures were probably changed enough to lose its pri-
ibly different than the others. Furthermore, the com-mary properties characterised by the DBPA index value.
posite containing Jas 53% also does not fall into the For the composites containing the same carbon black
straight line defined by the locations of all other points(Sakap 6 in Sak-1 and Sak-4, Chezacarb in Chez-1 and
on the plot. Similarly, the linear relationship with the Chez-10) but prepared using the different amounts of
same exceptions was found for logvs.d— plot. The  the material for a mortar grounding, the influence of the
c;increase with increasirdjsuggests that thebcluster  total weight of the mixture on most of the parameters
conductivity is limited by the conductivities of contacts investigated was observed. As a result ¢this aggre-
between the adjacent grains. No reliable relationshipgates were broken into pieces and smaller amounts of
were found between the exponent as well as thee  the grainy material in the mortar were easier to crush
parameter and theb's properties shown in Table I. than the larger ones. The Janzen’s formula allows pre-
Thec; andc, parameters should be discussed in rela-dicting the f; values of the composites obtained util-
tion to theoc, andoy, conductivities found by utilising  ising the mixing methods that did not fracture ttie
the McLachlan’s and Yoshida’s models. For the com-aggregates extensively. It was expected that for BP7-4
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the mixing procedure caused additional tangling of the 5.
cb aggregates resulting in the decreasefjrand the

subsequentincrease in DBPA. For the other composites
fc values lower than predicted by the Janzen’s formula
were found. 8

crucial role of the grain diameter and the intergrain con-

tacts in the theoretical parameter determination. Thé®:

number of contacts between the grainsin 1D chain (proz

fe, @1 anday parameters of the Yoshida model as well
as the exponentand; parameter from percolation the-

ory. However, the exceptions from these relations weré>

found, especially in the case of the Chez-1 compositg,,
for the fc(d~1), t(d—1) and logc; vs.d~? relationships.
The comparison of and the estimated. values ob-

to thecb aggregates during the preparation procedure,

caused by suctbaggregates fracture. For thbspos-

sessing the greatest grain diameters (i.e. Jas 539 aR@

Sapex 20) the deviations from the outlined formulas
were found for ther; vs.d=%, t vs.d =2, logcy vs.d 2

andL, vs. d relationships. From the (approximately) oo

inverse proportionality of, andd falls out the point

representing the Sak-1 composite. For all of the com23.

posites investigated there was found exponential rela*
25. M. P. HOLLEWAND andL. F. GLADDEN,J.Phys: Condens.

tionship between the depolarisation coefficient of the
randomly orientated, conducting ellipsoidscf) and
v parameter estimated from the Janzen’s formula.

Although, there were found few exceptions it was?27-

shown that some of the parameters describing the con?&

29. R. LANDAUER, J. Appl. Phys23(1952) 779.
posite conductivity were predictable on the basis of the, )" J* &\ ACLLAN  Sol. State Commo (1986) 821
. Idem, J. Phys. C: Solid State Phy20(1987) 865.

of materials (thgoc-cbsystem was described). Design- 32.
ing of composite properties might be supported and3.

components properties at least within the specified clasg

simplified using the parameters from the selected theo-

the simple and cheap way.

36.
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