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Abstract: The ambient electrical conductivity (AEC) of carbon cathode materials was investigated in respect to their open porosity,
crystal structure and graphite content using hydrostatic method, four-probe technique and X-ray diffraction (XRD), respectively. The
AEC is proportional to the specific conductivity (oy) and the exponential of (1—¢) (¢ is porosity) by a quasi-uniform formula based on
the percolation theory. The oy can reflect the intrinsic conductivity of the carbon cathodes free of pores, and it depends on the mean
crystallite size parallel to the layer (002). The exponent n is dependent on the materials nature of the cathode aggregates, while an
averaged value, 4.65, can practically work well with 5 types of cathode materials. The calculation of ¢, can be extended to the

graphitic cathodes containing different aggregates using the simple rule of mixture.
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1 Introduction

Carbon cathode materials are widely applied to
electrolytic cells, arc furnaces and energy storage
devices [1-4]. The ambient electrical conductivity
(AEC) of the cathode materials is a key property for
these applications. In modem aluminum reduction cells,
especially for the super-high amperage cells up to
500—600 kA, a small improvement in the AEC may lead
to significant energy savings [5]. The major methods in
improving the conductivity of the carbon cathodes
include the increase of graphite content (GC) in the
cathode materials, for instances, semi- and full-graphitic
cathodes [6,7], and the perfection of the crystal structure
of the carbon cathodes, i.c., the graphitized cathodes [8].
The better AECs through these method above have been
reported in the literature [1,9], but most of the results are
limited to a rough treatment for the relationship of the
AEC with the crystal structure and the GC in the carbon
cathodes.

On the other hand, the cathodes have porous
structures which may change during the heat treatment
process [10] and have important influences on the

cathode properties [11—13]. Open porosity is considered
as one of the most universal parameters for the porous
structures, which can be related to the AEC of carbon
materials. WAGNER et al [14] studied the AEC of
polycrystalline graphite, and put forward a linear
relationship between the AEC and the porosity.
RHEE [15] advanced WAGNER’s model using a
non-linear formula, while SUN et al [16] proposed
another complex formula based on the ideal fluid
mechanic for the carbon materials. However, the above
formulae are still far from satisfactorily understanding
the effects of the porosity on the AEC in carbon
cathodes.

In this work, the relationship between AEC and
open porosity was studied on the cathodes used for
aluminum reduction cells. Experimental data obtained in
our laboratory and from the literature were analyzed and
modeled to describe their relationship among various
carbon cathodes. The effects of crystal structures of the
cathodes on the AEC were also discussed quantitatively.
Moreover, a mathematical formula was developed to
theoretically calculate the conductivity of graphitic
cathodes with various GC values. The work is aimed to
establish close relationships among the AEC, porosity,
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crystal structure and GC for quantitatively evaluating the
electrical conductivity of carbon cathodes.

2 Experimental

There are five types of carbon cathodes investigated
in this work, which are classified according to their
aggregate materials and listed in Table 1. The data of
AEC and porosity of the cathodes were tested in our
laboratory, together with some collected from the
Refs. [1,17,18] for a more systematic investigation. The
tested samples were taken from the commercial products
used in industrial reduction cells (H-1, H-2, S-1 and P-1
series), or prepared in our laboratory (Lab-1 and Lab-2
series). All the samples were machined to a cylindrical
form (50 mm in length and 25 mm in diameter).

Table 1 Selected carbon cathode materials under investigation

Type Carbon aggregate Data resource

100% electro-calcined
anthracite (ECA)

Amorphous

cathode Ref. [1]

~70% ECA+~30%
artificial graphite
(mass fraction)

Semi-graphitic
cathode

Laboratory (H-1
and Lab-1 series)

Laboratory (H-2 and

0 e
100% artificial Lab-2 series) and

Full-graphitic

cathode graphite Refs. [17,18]
Graphitized 100% calcined Laboratory (S-1 series)
cathode petroleum coke (CPC)  and Ref. [17,18]

High-purity
graphite
cathode (HPG)

CPC added ~4%
artificial graphite

Laboratory
(P-1 series)

The porosity of the sample was measured by the
hydrostatic method [19]. 1) Determine the dry mass (1)
of the sample (accurate to 0.01 g) after being dried at
110 °C to constant mass. 2) Prepare a water saturated
sample in the set-up illustrated in Fig. 1. The dried
sample was immersed in distilled water under a pressure
no more than 133 Pa until water saturation. 3) Suspend
the saturated sample in water to obtain the suspended
mass (my) (0.01 g). 4) After Step (3), blot the sample
lightly with a moistened cotton towel to remove water
drops from the surface and weigh in air to obtain the
saturated mass, m; (0.01 g). Then, the open porosity (&)
was calculated as

e="5"" 100% (1)
my —m,
The AEC was measured in a device based on a
standard four-probe method [20], as shown in Fig. 2. A

constant current (/) from DC power supplier passed
through two Cu plates which were forced (F) to maintain
a good contact on both sides of the sample, which was
recorded by a high precision amperemeter (TAITAN
VC9806A", 0.001 A). The voltage drop (U) between the
two contact points (a and b) that were longitudinally
centered on the top of the horizontal sample, was tested
using a high precision voltmeter (Tektronix DMM4050,
0.0001 mV). The distance (L) between points a and b
was kept constant. The AEC was calculated by

o=—o 2)

where A4 is the cross-sectional area of the sample. The
test was repeated 8 times by axially rotating the sample
every 45°, and the reported value was an average of these
measurements.

—
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8

Fig. 1 Schematic drawing of set-up for preparing saturated
sample: 1—Valve; 2—Glass pipe; 3—Bottle 1 (containing
distilled water); 4—Rubber stopper; 5—Glass pipe; 6—
Vacuum pump; 7—Drying bottle; 8—Sample

Copper Copper
plate plate
\, /
— L

2y, e b
—) .-Sample-- = —
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Fig. 2 Schematic drawing of four-probe method for electrical

conductivity measurement

The crystal structure of the sample was examined
by X-ray diffraction (XRD, Rigaku D/max-2400) using
Cu K, radiation within a range of 10°-90° (26) by step
scanning of 0.020°. The XRD patterns were analyzed by
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MDI Jade5.0 software with an internal database of
PDF-2 Reference, to obtain the interplanar spacing of the
layer (002), d(oo2), and the mean crystallite size parallel to
the layer, aq0). For this purpose, a corrected FWHM (the
full-width at half-maximum) curve of the X-ray
instrumentation was constructed using high pure Si
powders (<42 pm and annealed) under the same
conditions, which was imported into the software during
the analyzing.

3 Results and discussion

3.1 Effect of open porosity on electrical conductivity

Figure 3 shows AEC as a function of porosity in the
investigated cathode materials. As can be seen, the AEC
decreases with the increase of porosity, and the degree of
such a decrease can vary with the material types given.
The deceasing trends with the graphitized and HPG
cathodes are more obvious than that with the amorphous,
semi- and full-graphitic cathodes. This phenomenon
should be related to the aggregate materials of the
cathodes, because the cathodes contained calcined
petroleum coke (such as the graphitized and HPG) with
their AECs sensitive to the increased porosity.

0.14 . \ o Data in Ref. [1]
0.2+ W & Data in Ref. [17]
' . L o Data in Ref. [18]
— 010 [4pG cathodes. " Craphitized cathodes
E T
& 0.08f Lo
3 R 8-y
S 0.06f &
ﬁ Semi-graphitic 2y
cathodes  '}? N
0.04 N H1T%q4 s 1o Full-graphitic
N o o-a_— cathodes
0.02 s e

P AReE - .
Amorphous cathodes . - "

5 10 15 20 25 30 35 40
Porosity/%

Fig. 3 AEC as function of porosity for five types of carbon
cathode materails

In addition, it looks like that some linear
relationships exist between the AEC and the porosity in
Fig. 3. However, the diverse nature of the slopes of the
fitted lines suggests that a simple linear relationship may
not be suitable as a uniform expression to describe the
complex effects of the porosity on the AEC of the carbon
cathode materials with a wide variety.

In our previous work [10], it was found that the
aggregates with binder distributed in carbon matrix
randomly to form a continuous conductive phase around
by pores, as shown in Fig. 4(a). This structure pattern
seems very close to the model of percolation theory
which has been developed for the materials with random

.
(b) ' k//

Sample

@ Conductive phase

O Non-conductive phase
Fig. 4 Optical microscopic photograph showing distribution of
conductive (carbon) and non-conductive (pores) phases in
carbon cathodes (a) and schematic diagram of percolation
theory model for electrical conductivity testing (b)

and complicated structure [21], as illustrated in Fig. 4(b).
Based on this similarity, therefore, the relationship of the
AEC (o) and the porosity (¢) can be expressed as

o=0y(1-¢)" 3)

where o, is the specific conductivity (SC) of a full
density (pore-free) sample, which is only dependent on
materials. The constant n is also dependent on the
materials in a percolating system [21]. Taking natural
logarithm on the both sides, Eq. (3) becomes

In o=In oy+nln(1—¢) “

Treating the data in Fig. 3 by Eq. (4), the values of
oo and n for the investigated cathodes can be obtained
using Origin 8.0 software, as listed in Table 2. For all the
five types, linear relationships with similar slopes are
satisfied between In ¢ and In(1—¢) with the adjusted
R-square (R?) values more than 0.8945. The five fitted n
values are close within the range of 4.4 to 5.0. The
reason of the n values varied in different types should be
ascribed to the difference in the carbon aggregates
contained (see Table 1), because n is mainly dependent
on materials in a percolating system. In spite of this, it
may still be reasonable to take the n value as one
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constant for all the five types of carbon cathodes, as the
variation among the five fitted n is so small. For a
practical convenience, an average value of n=4.65 with
the standard deviation of £0.28 is adopted. To describe
the relationship between the AEC and the porosity in
carbon cathodes, a quasi-uniform formula is proposed as

620_0(1_8)4465i0.28 (5)

It should be noted in this case that oy is only
dependent on materials which should be a constant for
each type of cathode aggregates. This means that g, can
act as a reflection on the intrinsic electrical conductivity
of the carbon aggregates. However, the ¢, of carbon
cathodes could be almost impossible to obtain in practice,
since it is unable to make any carbon cathode sample
pore-free with any technology available for today. Thus,
a statistical approach in this work has been applied to
obtaining the g, values for various carbon cathodes.

Table 2 Fitted results for five types of carbon cathodes using
Eq. (4)
Type Fitted formula R?

Amorphous In 6=—2.97+4.41In(1—¢) 0.9924 5.13x1072 4.41

oo/(Qm™) n

Semi- 5
.. Ino==2.75+4.27In(1-¢) 0.9781 6.39x10 © 4.27
graphitic
Full- )
.. Ino=2.26+4.68In(1—¢) 0.8945 10.44x10 ~ 4.68
graphitic

Graphitized In o=—1.27+4.95In(1—¢) 0.9930 28.09x10* 4.95
HPG In 0=—1.47+4.96In(1—¢) 0.9852 22.99x10°% 4.96

3.2 Effect of crystal structure on electrical

conductivity

Figure 5 shows the effects of the crystal parameters,
aqooy and d(goy), on the AEC and SC (o) for the samples
tested. It can be seen that the AEC changes irregularly
with the two parameters, but the SC increases with the
increase of ago) (Fig. 5(a)) while decreases with the
increase of d(ygy) (Fig. 5(b)).

In the classical free electron theory, the electrical
conductivity of full density materials is determined

by [22]
e’ NI
UO =

- *
2m'v

(6)

where N is the concentration of carriers, / is the mean
free path of carriers, m* is the effective mass of carriers,
and v is the average velocity of carriers. The values of
(N/m*) are comparable for various carbon cathode
materials at room temperature [23], which means that
(N/m*) should be a rough constant for carbon cathodes. v
is also an approximate constant at room temperature in
carbon cathodes [24]. Therefore, the o, should be mainly
affected by / for various types of carbon cathodes.

0.30
(a)

T 025t
5 o— AEC 2.1
g = — SC (calculated
= 0.20f data by Eq. (5))
2 s — g (fitted data in Table 2)
£ 015}
=
=
S 0.10f
= 2 )
.2
£ 0.05r H-1 Lab-1 &
= o o )
[5a]

0 . 1 : . .

4.0 4.5 5.0 5.5 6.0 6.5 7.0
a{lnn/“m
0.30
(b)

g 025) o— AEC
& S-1 = — SC (calculated
2 020F data by Eq. (5))
= & — g, (fitted data in Table 2)
£ 015}
=3
=
=
S 0.10r
= o °
2
3 0.05F o Lab-1 H-1
2 o o ©
[84]

0 . . )

3.37 3.38 3.39 3.40

d‘i(JﬂlJEA

Fig. 5 Effects of a00) (a) and d(gg2) (b) on AEC and SC for
selected testing samples

The value of / may be dependent on the thermal
scattering from the lattice vibrations and the defects
within the crystallites as well as at the crystallite
boundaries, which can be expressed as [14,25]

—= +—+ ) — @)

where /1 is the mean distance between thermal scattering
centers, and /; are all other scattering mean free paths,
where both should be constants at room temperature. By
substituting Eq. (7) into Eq. (6), we have

L = 2’211 v 1 + i_}_ l (8)
Oy e“ NI/ a(lOO) IT li

Equation (8) can also be rewritten as
Lol ip ©)
Oy a(100)

Equation (9) suggests that an approximate linear
relationship may exist between (1/0¢) and (1/a(g0)), as
shown in Fig. 6.
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20
18+ = — Specific resistivity
a— g, (Fitted data in Table 3)
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Fig. 6 Linearity between (1/6¢) and (1/aqqp) with selected
carbon cathode sampsles

In addition, the effect of dgp) on the SC exactly
shows an opposite tendency to the effect of a(og) (see
Fig. 5(b)). This can be directly due to an inverse linear
relationship between a9y and dop2), as shown in Fig. 7.
Under this connection, both d) and e can be
affected by the types of the carbon aggregates and the
heating-treatment temperatures for the carbon cathode
materials as well.

3.405
3.400
3.395¢

°< 3390+

2

00

(

= 3385%

1=3.45-1.20 x 1073x

3.380 R*=0.9906

3375¢

3.370 1 L L L .
40 45 50 53 60 65 70

{.T[ i[]m."rnm

Fig. 7 Inverse linearity between a(1q9), and d(gp)

3.3 Relationship between specific conductivity and

graphite content

According to Table 2 and Eq. (5), the AEC of the
five types of carbon cathodes could be evaluated and
predicted quasi-uniformly. However, the evaluation is
still difficult for the cathode materials lack of SC values.
A probable solution is to theoretically calculate an
unknown SC value by using the known gy. In this
section, we derived the SC of various graphitic cathodes
with the mixed aggregates of anthracite and artificial
graphite (i.e., the graphite content varied).

For a two-phase composite, if the AEC of each
phase is similar to each other, the effective conductivity
(e, 1.€., SC) of the composite can be determined by the
simple rule of mixture (ROM) [26,27]:

Oeff :Z§0io'i (10)

where ¢; is the volume fraction of phase i, and o; is the
SC of phase i. In our case, the SC (o5c) of the mixed
aggregates can be calculated as

Osc=PGOGTPATA (11)
where ¢g and og are the volume fraction and the SC of
artificial graphite (AG), respectively, while ¢, and o, are
those for the anthracite, respectively. The volume
fractions of the two aggregates can be determined by

- We/Pg
P =
WG/PG +Walpa (12)
wy/
On = ATPA

W6/pG +Walpa

where wg and w, are the mass fractions of AG and
anthracite, respectively, and wgtwa=1; pg and p, refer to
the real densities of AG and anthracite, respectively,
and pg=2.08 g/em’, pa=~1.86 g/em® [1], 06g=12.34x10"*
(uQ'm)"' (2800 °C), and 0,~6.10x107% (uQm)’
(2400 °C) [23].

A comparison of SC values between the data fitted
from Eq. (5) and the values calculated by Eq. (11) is
shown in Fig. 8, where the former are higher than the
later.

0.13
= Fitted data by Eq. (5) 5
012 - Calculated by Eq. (11)
0.11| — Modified calculated by Eq. (13), . Lab2

2 ;
-

008l
ol

Specific conductivity, ag-/(unQ-m)™!

0.05f Anthracite

0 20 40 60 80 100
Graphite content/%

Fig. 8 Comparison of calculation by Eq. (11), modified
calculation by Eq. (13) and fitted data by Eq. (5) for specific
conductivity vs graphite content in graphitic cathodes

We note that the carbon part of a cathode consists of
carbon aggregates and binder baked residues (BBR) [1,2].
Empirically, the mass fraction of BBR is approximate to
a constant of (14+2)% so that a modification is as
follows:

0'Sc=PGOGTPATATPBROB (13)
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0 = We/Pg
¢ WG/PG + WalPA +Walpp
We/Pg
= 14
O P + Wl P+ Wil o
Or = W6/Pg
B WP + Whipa + Whlpg

where ¢, wgp, pp, og are the volume fraction, mass
fraction, real density, SC of BBR, respectively. wg=~14%
empirically. As for w'g+ w's+wp=1, w'ctw',=86%, there
are w'c=0.86ws and w’,=0.86w,. However, the data of
og and real density for BBR are not abvailable. The SC
(1.43x107% (uQ'm) ") and real density (1.85 g/cm’) of a
baked hot ramming paste [1] have to be substituted
approximately, as the carbon materials and the
manufacture process of the baked hot ramming paste,
especially its heat-treatment temperature ~1200 °C, are
close to the BBR in the graphitic cathodes. Then, the
modified calculated values can be obtained and also
shown in Fig. 8. It can be seen that the modified
calculation agrees well with the fitted data. According to
the modification, the o, values of semi- and full-graphitic
series are 6.85x1072 (uQ'm) " and 10.66x107? (uQ'm) ',
respectively. Both are very close to the corresponding
values in Table 2.

A series of graphitic cathodes with 40% graphite
content and varied porosity were used to verify Egs. (5)
and (13). According to the modification in Fig. 8, the g
of this series cathodes should be 7.41x10% (uQ'm) .
Substituting it into Eq. (5), the AEC of this series can be
calculated, as shown in Fig. 9. It can be seen that the
calculated values are in good agreement with the
experimental data. It means that the formulas proposed in
this work represent a better treatment on the fitted
parameters and the experimental data.

0.040

T

0.035

— Calculation
» Experimental data

0.030

T
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0.020

T

AEC/(uQ+m)™!

0.015¢

T

0.010

0.005

0.15 020 025 030 0.35 0.40
Porosity/%

Fig. 9 Validation of Egs. (5) and (13) for graphitic cathodes
with 40% graphitic aggragates

4 Conclusions

1) The relationship between ambient electrical

conductivity and open porosity for five types of carbon
cathodes classified by their carbon aggregates has been
studied. A model based on the percolation theory is
proposed to describe the relationship quantitatively and
uniformly, as o=c(1—¢)**0%,

2) Specific conductivity (gp) independent on the
pores can be obtained through fitting model based on the
percolation theory. The o, value is dependent on the
crystal structure and aggregate materials of the carbon
cathodes, while the reciprocal of gy is linearly related to
the reciprocal of the structure parameter a ;o).

3) The relationship of oy and graphitic content in the
carbon cathodes with mixed aggregates of anthracite and
artificial graphite can be determined by a simple rule of
mixture with the consideration of the binder baked
residues. The modified calculations by the proposed
formulas agree well with experimental results.
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