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Abstract

Thailand ranks as a world leader in the production of natural rubber. Most natural rubber produced is
used as raw materials in various industries, including automobile. construction, agriculture, etc. One
limitation that prevents larger usage of natural rubber in an automobile industry is poor electrical
conductivity of natural rubber. Its electrical conductivity is typically in the orders of 107" (Q/sq.)™,
which can be classified as insulator material. To make natural rubber suitable for practical
applications such as electrical sensors, much higher electrical conductivity is required. This research
aims to improve the electrical conductivity of natural rubber by addition of carbon black to make
natural rubber-carbon black composite. Our experimental results have shown that the diameter of
carbon black particle, structure and the content of carbon black play significant roles on the
improvement of the conductivity of the rubber composite. In the material preparation steps, natural
rubber latex was mixed with carbon black followed by heat curing in an oven at 150 °C for 1-2 hrs.
After the specimen was cooled overnight, the cured rubber composite was cut into a small piece of 10
cm %10 ¢cm followed by surface resistivity measurement. By varying the content of carbon black from
5 — 25 phr, the conductivity was improved to about 107 (Q/sq.)'. Further addition of carbon black
beyond 25 phr yielded no significant improvement of the electrical conductivity and segregation of the
composite became more visible, High structure carbon black was found to be more effective in
promoting the electrical conductivity of the composite compared to low structure carbon black.
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Introduction

Electrical conductive polymer composites have gained immense interests [2-13] in recent years due to
a large variety of practical applications such as pressure, temperature and deformation-sensitive
sensors. A simple model of electrical conductive polymer composite comprises of a matrix of
insulating polymer filled with conductive particles such as carbon black or metal particle additives [2].
The electrical conductivity of polymeric composites depends on several factors including the type of
the fillers, size, structure and content to which the filler is added to the matrix.

[n this paper, composites of natural rubber (NR) and carbon black (CB) were prepared and their
electrical properties were studied. The aim of this work is to improve the electrical conductivity of
virgin rubber to a level suitable for practical uses. The electrical conductivity of virgin rubber is
typically in the orders of 107" (€/sq.)". which can be classified as insulator material. To make natural
rubber suitable for practical applications such as electrical sensors, much higher electrical conductivity
is required and, thus, our goal is to increase the electrical conductivity to the orders of 107107
(C¥sq.)". The properties of carbon black investigated in this work include the content to which it is
added to the composite, particle diameter and structure. The electrical behaviour of the composite is
studied by measuring surface resistivities of the composite prepared from various conditions.
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Subsequently, the values of surface resistivity were converted to electrical conductivity (L) in a unit of
-1 < ~ 5 5
(€/sq.)” using the following equation

1 L 1
g =—= -
R DV

(1)

where R is surface resistivity (€/sq.)". ¥ is the applied voltage (V), 7 is the electrical current (A), L is
the separation distance between the two electrodes (em) and D is the sample width (cm).

Materials and Methods
Natural Rubber

The natural latex rubber was obtained from Rubber Research Institute of Thailand. The rubber latex
containing approximately 60%wt of solid rubber is stabilized with 0.6 wt% of ammonium hydroxide
(NH;OH).

Carbon Black (CB)

Five different types of carbon black (Oil Furnace Black type) from Thai Tokai Carbon Product
Company Limited were used as received (see Table 1 for description). The particle size and the
complex structure as measured from DBP absorption was between 18-43 nm and 72-125 ml/100g,
respectively.

Table 1- Physical Properties of Carbon Black Used in This Study [1].
Classification A!‘.ft:rag:c_: DBP. Density
of CB Particle Size Absorption (k fm") Features
: (nm) (ml/100g) &
Good processability. Strong
N220 22 114 345 reinforcement and high abrasion
resistance.

High abrasion resistance, high tensile

‘} >
N234 18 125 320 strength,

Low modulus, high tensile strength
N326 28 72 465 and elongation. Good abrasion
resistance with low structure.

High abrasion resistance, high tensile
N330 28 102 375 strength, proper modulus and
sufficient elongation.

High abrasion resistance. Good
N339 24 120 345 dispersion and processability with
high structure.

Excellent dynamic properties. Low
N350 43 121 121 shrinkage at extrusion molding and
smoothest surface.
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Composite Preparation

A dispersed solution of carbon black was prepared by mixing carbon black and dispersion agents in a
ball mill for about 36 hrs. The dispersed carbon black solution was then mixed with latex rubber and
various additives which include stearic acid, sulphur, ZDEC, wingstay-L. ZnO and TiO,. Composite
of NR/CB was prepared by casting into a rectangular aluminium mold and heated cured at 150 °C for
1-2 hours to evaporate the volatile components. The composite of thickness in the order of § mm was
obtained with NR/CB contents ranging from 100/0, 95/5, 90/10, 85/15, 80/20 and 75/25 phr. The
composite was kept in ambient air for 3 days before measuring surface resistivity.

Resistivity Measurement

The NR/CB composite was cut into a square piece of 10 em » 10 em. Then the test piece was
mounted on a sample holder and various voltages (100, 500 and 1000 Volts) were applied to the
specimen depending on the resistance of the specimen (Figure 1). The value of electrical current
across the specimen was recorded and was subsequently converted to the surface resistivity.

Results and Discussion

Effect of CB Content on Surface Resistivity of Composite
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Figure 2: Effect of CB Content on Surface Resistivity of Composite. Strong dependence of

surface resistivity on the content of CB added to the composite is observed. Surface resistivity of a
virgin rubber is in the orders of 14 (/sq.

Figure 2 shows the effect of CB content on the surface resistivity of the composite. The surface
resistivity of a virgin rubber was as high as 10" Q/sq. Addition of 5 wt% CB in the composite
reduces the surface resistivity roughly by six orders of magnitude to 10* €/sq. This trend is observed
for all types of CB used in this study. An increase of CB content in the composite further reduces
surface resistivity down to 10" to 10> Q/sq.. depending on the type of CB used. For the content of CB
above 25 wit% the composite cracked as a result of segregation of CB from the matrix of NR, thus we
were unable to obtain the surface resistivity measurement. However, a nearly constant value of the
electrical conductivity when the content of CB is above 20 wt% has been reported by Job er. al. [10].
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Effect of Particle Diameter on Surface Resistivity of Composite
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Figure 3- Effect of Particle Diameter on Surface Resistivity of Composite.

-

Figure 3 shows the dependence of surface resistivity on the particle diameter for composites made
with NR/CB contents of 95/5, 90/10, 85/15, 80/20 and 75/25 phr. An increase in particle diameter
from 18 to 28 nm results in increasing surface resistivities since the homogeneity of the composite
decreases with increasing particle diameter. As a result, poorer electrical conductivity is obtained at
higher CB diameter. However, a slight increase of the electrical conductivity is observed at the
particle diameter of 43 nm. This may be attributed to the effect of high structure of CB that promotes
the electrical conductivity. This type of CB has the highest structure compared to other types of CB
used in this study.

Effect of CB Structure on Surface Resistivity of Composite
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Figure 4- Effect of CB Structure on Surface Resistivity of Composite.
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Figure 4 shows the effect of carbon black structure on surface resistivity of composite. A comparison
of surface resistivity of composites with varying CB contents from 95/5, 85/15 and 75/25 phr shows a
reduction of surface resisistivity as the carbon black structure becomes more complex. This is because
high structure carbon black is highly branched and highly interconnected so that they form a network
of particles, which can facilitate the movement of electrons across the matrix of the composite. As a
result superior electrical conductivity can be achieved.

100 |
10° - 1.8E+08 2.0E+08 O Sphr

10¢ B =25phr)
107 -
108 -
105 - 5.4E403
104 - 1.4E+03
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Type of Carbon Black

Surface Resistivity (Q/sq.)

Figure 5- Effect of CB Content versus Structure. N326 and N330 are carbon black of equal
particle diameter of 28 nm, but different structure and density.

Figure 5 shows a comparison of surface resistivity between two types of carbon black, namely N326
and N330 which have equal particle diameter of 28 nm, but different structure and density. N326 1sa
low structure carbon black with density of 465 kg/m’. whereas N330 has medium structure with lower
density of 375 kg/m*. For low content CB composite (5 phr). the values of surface resistivity both for
N326 and N330 composites are almost unchanged. The effect of structure is not so obvious here since
the surface resistivity has been compensated by higher density of carbon black. On the other hand, at
high content CB composite (25 phr), the difference in surface resistivity is more pronounced as
indicated by about 74% reduction in surface resistivity.

Conclusion

Surface resistivity of NR/CB composite can be significantly reduced by addition of carbon black
particles. It was found that composites having large content of CB possess high electrical conductivity
suitable for applications such as sensors. The particle diameter has an inverse effect on the electrical
conductivity, whereas the conductivity improves with increasing complexity of the carbon black
structure. It is worthwhile to further investigate the effects of variation in specimen’s length (i.e.,
during tensile test) on electrical conductivity so that one can establish the relationship that would be
useful for practical applications.
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Conductivity (Q) " (N330)

Conc.

%Al =10 | %Al =20 | %Al =30 | %Al =40 | %Al =50 | %Al =60 | wAl =100

Sphr | 1.289x10° | 1.028x10° | 9.234x10” | 1.621x10” | 1.385x10" | 1.164 x10~ -
10 phr | 1.242x10° | 1.204x10° | 1.128x10° | 1.044x10° | 8.893x10" | 7.472x10" | 6.044x10~
15phr | 4.562x10° | 4.422x10° | 4.343x10° | 4.248x10° | 4.197x10° | 4.110x10° | 3.711x10°
20 phr | 7.234x10° | 6.664x10° | 6.331x10° | 6.075x10° | 5.904x10° | 5.792x10" | 3.159x10°
25phr | 2.727x10° | 3.764x10° | 4.361x10° | 4.426x10° | 4.486x10° | 4.411x10° -
30 phr | 2.748x10" | 2.554x10" | 2.417x10" | 2.510x10" | 2.320x10" | 2.215x10" | 1.442x10"
40 phr | 1.552x10° | 1.633x10° | 1.653x10° | 1.749x10° | 1.745x10° | 1.736x10° | 1.548 x10"
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Conductivity (Q) " (N550)

Conc.

%Al =10 | %Al =20 | %Al =30 | %Al =40 | %Al =50 | %Al =60 | %Al =100

Sphr | 8.987x10° | 6.164x10° | 5.441x10" | 4.013x10" | 1.474x10" | 8.829x10" | 5.550x10"

10 phr | 1.723x10° | 1.646x10° | 1.544x10° | 1.345x10° | 1.050x10° | 8.430x10" | 2.887x10~
15phr | 6.929x10° | 6.126x10” | 5.787x10° | 5.017x10° | 4.342x10° | 3.879x10” -
20 phr | 1.348x10" | 1.280x10" | 1.167x10" | 1.220x10" | 1.146x10" | 1.092x10" | 4.963 x10"
25phr | 5.493x10° | 5.056x10° | 4.680x10° | 4.222x10° | 4.029x10° | 3.680x10° | 4.258x10"
30 phr | 2.342x10" | 2.503x10" | 2.670x10" | 2.705x10" | 2.819x10™ | 2.734x10" | 2.219x10"
40 phr | 6.579x10" | 6.308x10" | 6.790x10" | 7.361x10" | 7.719x10" | 7.964x10" | 8.248x10"
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Conductivity (Q)
BHA Conc.
30°c 40 °c 50 °c 60 °c 70 °c 80 °c
N234 Sphr 9.330x10° | 1.011x10" | 1.808x10" | 8.744x10" | 5.390x10" -
15phr 3.986x10° | 4.900x10° | 5.729x10° | 6.886x10° | 6.619x10° | 5.673x10"
25phr 3.748 x10° | 4.110x10° | 4.659x10° | 5.296x10° | 5.436x10° | 4.410x10°
40phr 2.375x10° | 2.660x10° | 2.780x10° | 2.926x10” | 3.118x10” | 2.717x10”
N220 Sphr | 3.644x10° | 3.797x10" | 7.152x10" | 7.198x10° - -
15phr 2.633x10° | 3.914x10° | 4.523x10° | 5.077x10° | 3.866x10° | 2.871x10"
N339 15phr 2.774x10° | 3.813x10° | 4.838x10° | 5.183x10° | 3.924x10° | 3.190x10"
N326 15phr 9.425x10° | 1.094x10° | 1.633x10° | 1.745x10° | 1.551x10° | 1.510x10°
N330 Sphr 2.709 x107 | 3.084x10” | 5.363x10° | 7.160 x10” - -
15phr 1.960 x10° | 2.144x10° | 2.385x10° | 2.597x10° | 2.420x10° | 2.093 x10~
N550 Sphr 8.162x10" | 8.300x10" | 1.525x10" | 7.436x10° | 2.299x10" -
15phr 9.606 x10° | 1.018x10" | 1.238x10" | 1.272x10" | 1.270x10" | 1.154x10"
25phr 2.340x10° | 2.638x10° | 2.960x10° | 3.075x10° | 3.200x10° | 3.038 x10”
40phr 1.069x10” | 1.258x10” | 1.509x10” | 1.571x10° | 1.610x10° | 1.588x10”
s gumdait liiideya de Wiamwnsafamanmmsh lulih 18
d' ua o Y Aaa 1 4 < < A A al
MINN V.7 ’(,’fll‘ljﬁﬂﬁilﬂllw’I/‘hEJN‘ﬁiﬂJG]ﬂGW]GlﬁﬂWTIJﬂullﬂaﬂﬂlﬂ!gﬂﬂﬂ@‘ﬂQﬂ!’ﬁﬂ”ll@N”]
- sy Conductivity (Q) "
THUA
(%Al) 30 °c 40 °c 50°c 60°c 70 °c 80°c
N234-15% 0 4.093x10° | 5.319x10° | 6.457x10° | 6.715x10° | 6.552x10° | 6.442x10°
10 2.965x10° | 3.334x10° | 3.487x10° | 3.498x10° | 3.320x10° | 2.840x10°
20 2.484x10° | 2.804x10° | 2.946x10° | 3.065x10° | 3.055x10° | 2.903 x10°
30 2.235x10° | 2.343x10° | 2.441x10° | 2.459x10° | 2.312x10° | 2.256x10°
40 2.068 x10° | 2.165x10° | 2.163x10° | 2.227x10° | 2.138x10° | 2.090x10°
50 1.883x10° | 1.943x10° | 2.011x10° | 2.065x10° | 1.989x10° | 1.947x10°
60 1479 x10° | 1.492x10° | 1.526x10° | 1.601x10° | 1.555x10° | 1.529x10°
100 8.434x10° | 8.592x10° | 8.721x10° | 8.687x10° | 8.549x10° | 8.472x10°
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Surface Resistivity and Surface Resistance Measurements
Using a Concentric Ring Probe Technique

William A. Maryniak, Toshio Uehara, Maciej A. Noras

Abstract The relationship between surface resistivity and surface resistance is established and

explained.

1 Introduction

Concepts of surface resistance and surface resis-
tivity can be sometimes confusing. Definitions of
both terms can be found in many books and stan-
dards [1-4]. Surface resistance, Rs, is defined in
all of the aforementioned literature sources as the |
ratio of a DC voltage U to the current, Is flowing |
between two electrodes of specified configuration |
that are in contact with the same side of a material |
under test (Figure 1).

R; 1) |
- (M|
Surface resistivity ps, on the other hand, is deter-
mined by the ratio of DC voltage U drop per unit

length L to the surface current Is per unit width D.

electrodes

material

Figure 1: Basic setup for surface resistance and
surface resistivity measurement.

Surface resistivity is a property of a material. The-
oretically it should remain constant regardless of

the method and configuration of the electrodes
used for the surface resistivity measurement. A
result of the surface resistance measurement de-
pends on both the material and the geometry of
the electrodes used in the measurement. The
physical unit of surface resistivity is Ohm (£2). The
legitimate unit of the surface resistance is also
Ohm. Because of that surface resistivity and the
surface resistance are often mixed up. In order
to differentiate between the two, surface resistiv-

| ity is often expressed also in Ohm/square (£2/sq.)
| which is not a valid unit from the dimensional anal-

ysis point of view.

2 Surface resistivity and

surface resistance

2.1 Current density and surface cur-

rent density

It is possible to establish a relationship between
the surface resistance and surface resistivity for
any electrode configuration. An idea of the cur-
rent density is very helpful in understanding of that
relationship. Consider two samples of a material
as shown in Figure 2. With a constant voltage U
and both samples made of the same material the
amount of current flowing through the material will
be different. The thicker bar (sample #1) conducts
"more easily" than the thin bar (sample #2). One
may use a water pipe analogy - given a constant
water pressure, there will be more water per unit
time coming through the pipe with a larger diame-
ter. The flow density, be it water or electric current,
is the amount of flow passing through a unit area
of the pipe or the sample of the material. The sur-
face area is perpendicular to the direction of the
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[ B
[ 4

(b) Sample #2.
Figure 2: Current density.

When the voltage U is kept constant, the current
density for the thin and the thick bar is the same.
The electric current density is often expressed by:

/
4 S
where [ is the current and S is the surface area,
and is measured in [A/m?]. Surface current den-
sity is the next concept helpful in understanding
the relationship between the surface resistance
and surface resistivity. Consider Figure 1, where
both electrodes are on the same side of the mate-
rial. Itis assumed that electric current flows on the
surface of the material only. In reality, this is not
exactly true. There is always a portion of that cur-
rent flowing through the bulk of the material. How-
ever, in order to make it possible to compare sur-
face properties of various materials, it had been
presumed that the surface current flows through
infinitesimally thin surface layer. This layer is so
thin, that the thickness of it can be neglected. Sur-
face current density Js is therefore defined as:

where D is a width of the electrode.

2.2 Concentric ring electrodes con-
figuration

The relationship between surface resistivity and
| the surface resistance for a concentric ring probe
'j geometry can be found by defining a surface cur-
| rent density in the area between rings. Knowing
 the surface current density, it is possible to find an
| electric field intensity between the electrode rings
(Figure 3).

Figure 3: Surface resistance and surface resistiv-
ity measurement configuration for concentric ring
electrodes.

Define:
* R4 outer radius of the center electrode,
* R, inner radius of the outer ring electrode,

as it is shown in Figure 3 (see also Figure 5). The
surface current density Js for a concentric rings
configuration is determined as:

Is

Js = (3)

27r’
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where the radius r varies from Ry to Ry. 1t is
important to remember that when testing the sur-
face resistivity (or resistance) of any material, it is

Where k is frequently called a geometry coeffi-
cient.

assumed that all the currents flow between elec- |

trodes along the surface and do not penetrate into
the bulk of the material.
the surface currents are measured properly, some
more advanced techniques for surface resistivity
measurements have been developed [1,2,4]. The
Ohm's law describes relationship between a cur-
rent density J and an electric field intensity E. Itis
also valid for the surface currents:

(4)

Therefore, it is possible to find electric field be-
tween the concentric rings by solving the following
dependency (using equation 3 and 4):

_ /‘sls

27r’ (2)

The voltage between electrodes can be found by
integrating the electric field E from Ry to Ra:

R

Ui, = / "Edr=
R;
= /'R' /)5/3
JRr, 2m'r
psls [Re 1
= s [ g
27 /R, r
_ /;q/ 5)
“in( 5 ©)
Substituting Rs = £:
Ps R
Rs = | — 7
=5 (R) ¥

After rearrangements, the surface resistivity is re-
lated to the surface resistance by a constant that
depends on the geometry of the electrodes only:

2%
Ps = R%'

: In—(%) (8)

In order to ensure that |

Figure 4: Surface resistivity measurement setup.

Figure 5: Concentric ring probe.

Figure 4 presents a typical surface resistivity mea-
surement setup using a resistivity meter and a
concentric ring probe (Figure 5). The resistiv-
ity meter is capable of measuring surface resis-
tivities directly, utilizing various configuration of
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electrodes. Meter provides a constant voltage U
and measures the current / flowing between elec-
trodes. Resistance R; is then easily calculated
and the value of resistivity is equal to the value of
resistance multiplied by the geometry coefficient.
Usually electrodes are especially constructed to |
simplify calculations of surface resistivity and the |
geometry coefficient is equal to a simple integer.
Most of industrial standards use this simplified ap-
proach [1,2,4].

Example 1: Consider the following measurement
configuration:

R4 = 15.3 [mm],
R, = 28.6 [mm],
U=10[V].

The current measured during the test was equal
to Is = 110 [A]. The surface resistivity of the ma-
terial under test can be calculated from the equa-
tion 8:

Ps = R ZR =
In(R)
- U 27 »
2 ;
sin (&) l
. 10Vl 2n
10°[A] | (223,{@11]
27
P 7
= 1079 Saseey T
= 107[©]-10=
= 10%[¢)

3 Additional remarks

While conducting the surface resistivity and the |
surface resistance tests, it is important to consider |

some additional components affecting the test re-
sults. The electric resistivity of any dielectric ma-
terial depends on many environmental factors. It
can change with humidity, temperature, etc. For
this reason it is recommended to condition the test
sample before the measurement. Another impor-
tant aspect is to ensure a proper contact between
electrodes and the tested material. Electrode sys-
tems can be made of various materials and may
come in various shapes and configurations. The
way of electrode contacts the material under test
has a very significant influence on the result of
a measurement. The DC voltage level used for
testing is also an important issue. Usually resis-
tivity of the material depends on the value of the
applied voltage and the time span during which
the sample was energized. All these contributing
factors and criteria are described in appropriate
guides and standards [1-4].

References

[1] ASTM Standard D 257-99. Standard test
methods for D-C resistance or conductance of
insulating materials, 1999.

ESD STM 11.11-2001 Standard. Surface
resistance measurement of static dissipative
planar materials, 2001.

(2]

[3] Michael B. Heaney. The Measurement, Instru-
mentation and Sensors Handbook, chapter
Electrical Conductivity and Resistivity. CRC
Press, 1999.

[4] IEC 61340-5-1 Standard. Electrostatics - part
5-1: Protection of electronic devices from
electrostatic phenomena - general require-

ments, 1998.

TREK, INC

e 11601 Maple Ridge Road e Medina, NY 14103 e Tel: (585) 798-3140
Call: 1 800 FOR TREK e FAX:(585)798-3106 e E-mail: sales@trekinc.com e Web: www.trekinc.com

s
s

Copyright © 2003 TREK, INC

0623/MAN Rev. 1b

page 4 of 4



97

MARHIN A

4 (Y]

v A av
3ﬂ%9§ﬂ7ﬂﬂﬂ?%@ﬂﬂﬂﬂ1ﬂ?ﬂﬂ

o v a Aa o 4 < A 9
ﬂ15llﬁﬂ\1‘ﬂaﬂﬂ151uﬂ1§ﬂ5$Qﬂﬂﬁﬁﬂl‘ﬂﬂﬂigﬂ@']ﬁ]'lﬂfl'lﬂ‘ﬁiillﬂﬂ@]ﬂﬂﬂTiﬂ@ul!ﬂﬁﬂlWﬂi‘lﬂ

< < 4 o o @ X A
Wwdwaes vaadlugd a1 vaz a2 Taenanmsae msihldfhwesiagruiain
v 1 4 [ { Q) o ' T { o
srazrnIznIeumamsveunuaniiludnatlumsasiunszua lihadeunlass

v Y
Wnszualiluddould TasudnmsiamnsaldiuiuSuaes lunmsasragouns

v W

] Y 9 H ¥ ' v
L’?f’ﬂll?fﬂTWGU’O\i“lfu\ﬂu ‘I/]\“Iﬁ‘]/l'li]'lﬂﬂ'l\‘lﬁiiﬂ‘]ﬂ@] uawmmﬁuﬁm U ﬁﬂﬂigﬂﬁ)ll"l]'lﬂﬂ'l\i

[

Aa 'l 3 1 9 1 @ Y A o a I Y
TITUFIANUAITUBDULUAN [FU ATUVUDAND aﬁ@ﬂuﬁsmau ‘]J11J‘W‘]J“1Jﬂl,ﬂﬂ L“lJ‘L!G]Ll

v

¥ /9 ¥ { g R T Yy 9 1
uonnlgiausnlszgnd 1 ludiuidite wiodaldein wu Joaeilugdlde dese

A o da A )
miewﬂwmmuﬂﬂﬂqmwammmmmgﬂumu

length length+
- -
e, e,

Conductivity varies width/length

Perspective view

|eng!!

length+

<« -

Top view

a a o & s
Eﬂﬂ a.1 uufa lumMsiiguei1nes



98

length

Conductivity varies width/length

Perspective view

@ engin®
A\ T

Top view

a ¢ a A quad d @
gﬂ‘ﬂ .2 LL“L!'J‘VI’N']J5$Qﬂﬁﬂ']\3‘ﬁiill"]ﬂ@]LW@ITUJHL%HLW@?



99

ﬂﬁ f.3 L!ﬁ'ﬂ\‘lﬂ'lﬁl‘lﬁ'ﬂﬂl‘ﬂﬂﬂﬂ13‘Uﬂull‘UaﬂTﬂi\iﬁ'iNﬁ\iﬂ‘UﬂWi‘Uﬂull‘Uaﬂjﬂiﬂﬁﬁ'lﬂﬂ'l
14 o o
Iﬂﬂﬂ1i‘ﬂf’)ull‘ﬂaﬂIﬂﬁ\‘]ﬁiNQ\iNaﬂHﬂ!Sﬂ']3Lﬂ1$§]’)ﬂlﬂ\1®1§ﬂ1ﬂﬂ'}3ﬂﬂullﬂaﬂlﬂuﬂ\iﬂ1ulla$
v Y ! ¢ < ¥ b 2 ¢ < 9 o a
FUEDUNINNI ﬂ'lﬁ‘UfJulL‘UﬁﬂTﬂﬁﬂﬁiNﬂW HUDNIINU ﬂTﬁ‘U@ul!ﬂaﬂiﬂiﬂﬁﬁ'l\igﬂﬂﬂllﬂ'li

o 1 1 3 o
ﬂi%ﬂ18@3@ﬂﬂﬂ1ﬂﬂﬂgﬂa1\1ﬂ'liﬂ@@lgﬂ'lﬂiﬂﬂﬂ'ﬂﬂ1§ﬂ@uuﬁﬁﬂiﬂiﬂﬁ%)NWl

¢ < v
ﬂﬁﬂﬂulmﬂﬂiﬂiﬂﬁ'ﬂﬁq\i

* «w: j 0 3;'
. o @

- m Y
'_-*;. £r. ° s "-‘ " .2 4'-

T
T

2 < Y o
ﬂﬁ‘lJE]uLl,‘]JﬂﬂTﬂiQﬁ'iN@ﬂ

~ A ) P o
sUn a3 wilalaseadnamiveunuan



100

Vo ¢ 8 < A 2 v 2 o
fniﬂﬂﬂ?ﬂl@\‘lﬂklﬂ'lﬂﬂWﬁ‘UﬂuL!Uaﬂlﬂuiulaf}aﬂﬁl‘ﬂﬂ]ﬂlu Llﬁ'ﬂ\‘]ulﬂ%'lﬂgll .4 BIANYUE

J % 1 4 <} 14 I (% an
miﬂemﬂlemﬁaxmgmﬂmiuemmaﬂﬁluTmaqamiueu ﬂmﬂualuaﬂymz 3 Ue Iﬂﬂ
o 14 3 a ldy =\ [ ] [ 1 dy o
aﬂ‘]slﬂ!%sllfNIiJLaQaﬂHﬂWﬂﬂ'ﬁUﬂuLLUaﬂ“l/lﬁlﬁﬂJusUu UM INOA Y UANHULTNUHNINVY 91

Y] a PRI 1 o = T v & A A o 9
Glﬁl!f)ﬂ%1ﬂﬂ'lﬁlﬁ3MLLﬁQVILW?JGUu%WﬂaﬂHﬂ!3ﬂ@@lﬂlﬂuﬁﬂll‘ﬂ ﬂﬂlﬂuﬂWﬁlWMﬁNUﬂquWWWMWﬂ

dy [ 1 ad Y 1 9 1 4 <3
YU %'lﬂﬂ'lﬁﬁ\‘]W'luﬂlaﬂﬂﬁ@ullwclﬂhW'luiﬂﬁﬂﬁﬁ'l\‘]ﬁ'l\‘lllﬁellﬂﬂjulaﬂaﬂ'ﬁﬂ@ullﬂaﬂ

Zhells are relled graphite sheets

B

The number of shells
varies. Eight is
typical.

* L

Approx. 10 nm

Y]

3 ' ¢ 3 a {
51U a4 msne TwanamSueunnamiluTassadreidudou [16]

wa o 9 s < A v A o !

auialumsih Iihvesaiveunvanuaaslugy a. 5 Wewninmsdtaizoedivesuaas
o 3 < 3 o 9 ' o aa g Ay v
symaniueunuanluluanailuuny sp’ il lunaazeymanisueulidianasoui
@ x o { g @ U ad v o ]
afriuszmae svhwihndudnaddumsdunuddnasou (nszud il lUdadumia

1 o 4 < A o < 4
a199 TuTuana Mldasveusudniiauiani Wi uenviniilaseadweynamvou

v A Y

< . A o
nuan salanyazad1eni Indsaliauialumsii Wi 1aa



101

C/2 » Interlayer distance
Lc = Crystaliite hesght

(M

FORM AND FUNCTION:
CONDUCTION

Two coupled atoms in sp2 configuration

Owverlapping pibonds:

Overlapping sigma bonds: electron conduction
phonon conduction g R = g
— =
{ > o =
Nucleus E S .

(V)

Y o 4 I a 4
s a5 anwensalumsih fhvesmsvounuaniann §-bond ves  m5ueu

<] =2 A ds! J '
puanluluana FUAATUTEHINTZUVYDIAAY Tuana (P-v) [16]



102

anvaz lumaih lihvewsaz faasalsznounanslugyd a. 6 math Idihiaeiuves

usazidg nannglitsvesian Usuadag uazvmatagi liihinan Taetagnil

q

Tassadraeriiosnunazinlniiaimsih Idihgeniiag lassadicliaeiios Usummiaeg

A A da! o Y wa o 9| A da! @ A 1 A A o Y
NIWUUU %31’1111’?ﬁﬂJ‘Uﬂﬂluﬂﬁ"lﬂulw‘1/‘]'l!lelGUL!’E'JL!LufNﬂ'lﬂﬂ'J'lllﬁ@Lu@ﬂﬂlﬂﬂﬂgﬂ'lﬂﬂﬂ@ﬁ')ﬁlﬂa

o da! a @ A A da! A g o Y Y o tg [ a
ﬂuu’]ﬂﬂlu%’]ﬂﬂﬁu’]ﬂl'ﬂﬁﬂﬂlwuﬂlu Llagﬂlu']ﬂﬂklﬂ']ﬂﬂlaﬂV]’]GlﬂiJﬂ’]ﬁlﬂl’]ﬂuiulu@?ﬁﬂlﬂf\‘]

]
[

v '
Uszneuun msih lWihlege wenviniiglsiaginauszdawase msi Wi AeTagnil

U Q
1 )
A = [ o

o I ) 1w Y { g
anvaziludule Tnmsih Idhaniagiilueynia Bnnsamsasunseldganniagniu

q

A v A o & A A o A g dy @ a Y =
BUNIANTEAVNITIAAINUI LHONTTYAAIUNNUUIINUY Qﬁﬂlﬂf\‘]ﬂigﬂ'ﬂﬂi]’lﬂ!ﬁuiﬂi]z!ﬁﬂﬁﬂ’lw

9 1w a A g
1dheniiaqdelsenouidlueynia

(V)



103

(A1)

siil a6 JUuaauayTaqEalseneuniman/asumlasgiling

= o 4 <3 I A 9 v 9
g‘ﬂ f. 7 LLEWNﬂﬁﬂﬂliﬂﬂ@]’)"ll’f)\iﬂuﬂ"lﬂﬂﬁﬂE)‘L!L!,‘Ufﬂﬂlﬂuinlﬁf}ﬁﬂuiﬂiﬂﬁiN“]f‘]J"lfﬂuiﬂﬂ

2 s 3 Aa 9 = VW 1 o I Aad
VU Iﬂﬂﬂ15UfJ1Jll1JaﬂVIﬂJTﬂi\‘]ﬁi’]\‘]Qﬂ%gﬂﬂqiﬂ@?’]'ﬂlf]\ulﬂﬁ3@1@3’]?’1?’]Tﬁﬂﬂulﬂuiﬂlaﬂaﬂﬂﬂﬂ

v Yy Ao 9 ' s 3 Aa )
NIU LlagTﬂﬁﬂﬁﬁ?ﬂﬂ“ﬁﬂ“ﬁ@ﬂﬂ??ﬂﬁﬂﬂullﬂaﬂﬂﬂiﬂﬁﬂﬁiﬁ@n

TEM picture of ENSACO™ Carbon Black
showing the high level of aggregation.
By cowrtesy of University of Louvain (Lowvain-La-Neuve)

H v o 4 <
E‘I.Iﬁ .7 gﬂllﬁﬂ\iiﬂﬁ\iﬁ%}'l\iﬂ'lﬁi?uﬁ')ﬂuéllf]\?ﬂ'li‘ll@uullaﬂ [17]



