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Synopsis

Thermal and current noise in carbon black-filled polystyrene and polyethylene was studied in
the vicinity of T, and T,,. A highly conductive grade of carbon black was used (Ketjenblack
EC): 4% for PS and 6.5% for PE. Pronounced maxima in noise voltage were found at T for PS
and T, for PE. Prolonged storage at T lower than T, enhanced the intensity of the noise peak
at T for PS. A hysteresis occurred on cooling after a heating cycle, with the current and ther-
mal noise being lower on the cooling cycle (no maximum in the case of PS). The peak tempera-
ture was lower for PE on the cooling cycle. Good agreement was found between experimental
and calculated thermal noise values. The thermal noise spectra were white within the tempera-
ture range of 20° to 140°C. The appearance of the current noise peaks could be associated with
a conduction model where a decrease in the number of contact points in the carbon black net-
work occurs in the transition regions. This is in accordance with the concept proposed earlier
that the carbon black network existing in a polymer undergoes a rearrangement when the poly-
mer melts (softens) or solidifies.

INTRODUCTION

Carbon black-filled polymers are known to exhibit a maximum in resistivi-
ty in the T, region'~* and often also in the vicinity of T.1'> In a previous
paper, some factors controlling the height of the resistivity peaks at T, and
T, were investigated.! It was found that the T, peak is highly time depen-
dent, appearing only with samples annealed at T' < T, or for heating rates
substantially higher than those used in cooling the samples prior to the mea-
surements. Further, the time dependence of the T; peak manifested itself in
pronounced relaxation effects. The T, peaks appeared to be influenced by
annealing to a lesser degree, although certain time effects (resistivity relaxa-
tion) were observed also in that case. The resistivity data presented were
complemented by some results showing the corresponding variation of the
thermal noise level. For references to resistivity anomalies at T, and T, in
pure and carbon black-filled polymers, the reader is referred to our previous
publication.!

The present paper reports on the variation of thermal and current noise
with temperature in the T, and T, regions of polystyrene and low-density
polyethylene, respectively. The resistivity peaks are shown to have their
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counterpart in the behavior of thermal and current noise. While thermal
noise and resistivity follow each other quantitatively (Nyquist’s formula),
some discrepancies are observed in correlating current noise with the corre-
sponding resistivity values. The spectral distribution is shown to be inde-
pendent of temperature for both types of noise (1/f spectrum for current
noise).

Except for the results published by the present authors for certain carbon
black-containing polymers! and chlorine-doped amorphous selenium,® mea-
surements of thermal or current noise in polymeric systems seem not to have
been given serious consideration. The suggestion put forward by Burgess? to
use current noise data to determine the homogeneity of carbon black-con-
taining rubbers appears not to have been taken advantage of. For the sake of
completeness, we refer here to measurements of random noise pulses generat-
ed in films subjected to high electrical fields® or in discharging electrets,?® al-
though these topics lie partly outside the scope of the present work. Bro-
phy!? studied the current noise in pyrolyzed polyacrylonitrile in order to fol-
low certain structural changes such as graphitization. He found a change
from a rather uneven to a smooth 1/f spectrum when the pyrolysis tempera-
ture exceeded 700°C, indicating a structural change at about 700°C. Carbon
fibers have been studied by Owston.!1

In other areas, noise studies have clearly demonstrated their usefulness.
References to the numerous publications on thermal and current noise in
conductors and semiconductors of various types may be found in a number of
monographs,12.13

Noise measurements have also been used in studying the fluctuations in
magnetic and dielectric solids, as the Barkhausen noise and the ferroelectric
and ferromagnetic critical fluctuations near the Curie temperature.’* Ther-
mal noise measurements have been found valuable in investigating the nature
of Curie-type transitions as no external voltage is applied which could influ-
ence the course of the transition.!42% Another example are noise effects as-
sociated with ionic transport across membranes,?! liquid-liquid interfaces,?2
chemical reactions,2324 or DNA transitions.2?

In general, noise measurements may provide useful information about the
mechanism of charge transport as influenced by the structural parameters of
the system under study. On the other hand, some care must be taken in in-
terpreting the results, as the theoretical background concerning the current
noise is not particularly well understood.

EXPERIMENTAL

Samples

The amorphous PS samples were dissolved in toluene (analytical grade)
and intimately blended with carbon black in a ball mill before film casting
with a slowly evaporating solvent. The crystalline PE samples, being more
difficult to dissolve and blend in a ball mill at room temperature, were calen-
dered with carbon black between heated rolls until intimate blending oc-
curred.

The mixtures were disintegrated and then given the final shape of a small
disc by compression molding. The molding was carried out in a KBr press
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TABLE I
Properties of Polymers Used
PS Polyscience, U.S.A. M,, =227,000 M,, /M, =3.07
LDPE ICI Alkathene 68300 p =0.924 g/cm? MFI =8 (190/2.16)

tool of standard design. The PS samples were heated to 160°C and pressed
at 3 kbar, whereas 120°C and 2 kbar was found sufficient for the LDPE sam-
ples. Higher temperatures or pressures did not influence the resistivity of
the samples.

Samples could also be prepared according to method A in our previous
paper,! that is, compression molding of an intimate mixture of carbon black
with the powdered polymer. The results obtained with these samples will
not be given in this paper, since they were in agreement with the results pre-
sented below, thus yielding no further information. Details about the sample
preparation are given in our previous paper.!

The dimensions of the disc-shaped samples were 13 mm in diameter and
0.3 to 2.0 mm in thickness (sample resistance adjusted by variation of thick-
ness). The electrodes were applied by painting the two planar surfaces with
a thin layer of a colloidal silver dispersion (Acheson type 1415) and heating
the sample to 150°C for a few minutes to cure the paint. The electrodes
formed in this way were flexible and showed no cracking during the expan-
sion/contraction of the sample upon heating/cooling. The current voltage
dependence was ochmic, indicating electrodes with low resistance.

The sample was placed in a holding device of PTFE in which it could be
heated to 7' > Tz or T > T, without distortion. It was not necessary to use a
three- or four-terminal electrode system except during measurements of the
capacity of the sample (three-terminal guarded system).

The carbon black used in these experiments was a highly conductive grade
(Ketjenblack EC) giving good conduction at low concentrations. This grade
had a very large surface area (BET value 800 m?2/g), a large pore volume
(DBP value 340 ml/100 g), a particle size of 200-300 A, a volatile matter con-
tent of 3.5%, and an ash content of 0.7%. The properties of the polymers
used are given in Table I. The carbon black concentration chosen was 4% for
the PS samples and 6.5% for the LDPE samples, giving sample resistivity
values of the order of 10°-107 chmem.

Measuring Equipment

The sample mounted in the sample holder was placed in a double-shielded
metal cylinder (CoNetic metal, Magnetic Shield Division, U.S.A.) heated by a
thermostat-controlled oil bath. The sample temperature was measured with
a thin Nichrome-Ni thermocouple attached to a dummy sample placed close
to the sample under investigation. This arrangement was necessary to de-
press spurious rf signals otherwise introduced by the thermocouple wires.
The temperature was registered on an X-T recorder giving an accuracy of
1°C. The heating/cooling rate was 1°C/min, with a constancy of 1%. Dry ni-
trogen was circulated in the sample box. The samples were stored in a desic-
cator over P2O5 between the measurements.
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Fig. 1. Circuit for current noise measurements: (A) voltage supply; (B) amperemeter to check
the constancy of the direct current; (C) series resistance to prevent signal shortcircuiting by volt-
age supply; (D) sample; (E) amplifier input resistance (PAR Model 113).

For the description of the electronic equipment, the reader is referred to
our previous paper.! ,

The current noise measurements were carried out using the conventional
technique with a wire-wound resistance (1 MQ) in series with the current sup-
ply to prevent noise signal short-circuiting by the current supply (Fig. 1).

The wire resistance showed negligible current noise compared to the other
noise sources. The sample resistance was in the range of 10°-10° ohms. The
current flowing through the sample was read on a shielded meter and kept
constant during the experiment. The usual precautions to eliminate shunt-
ing capacitances to earth and spurious noise and hum pickup were taken.
Some four-probe noise tests were made giving the samples the shape of a rod
(square ends), but the results were the same as for the more convenient two-
electrode system.

RESULTS

General Behavior of Thermal and Current Noise at Ty and T,

It was shown in a previous paper that a minimum time of storage at a tem-
perature lower than T is needed for a maximum in resistivity to develop in
the Ty region. Alternatively, a heating rate exceeding the previous cooling
rate produces a similar resistivity peak at T,. Prolonged storage enhances
the height of the T, peak compared to the R.T. value of resistivity. No peak
is recorded during cooling.! It will now be shown that the same applies to
the noise data, too. Figure 2 reproduces the peak in thermal and current
noise in the T region for a PS sample, containing 4% carbon black, stored 4
hr at 70°C prior to the measurement. Corresponding thermal noise values at
various temperatures calculated using the Nyquist relation are also shown in
the figure. The calculated values are based on the a.c. resistance at 1 kHz of
the sample and a bandwidth of 1 kHz. It can be seen that the agreement be-
tween experimental and calculated noise values in this frequency range is ex-
cellent. The height of the noise peak at T} is influenced by the combined ef-
fect of storage time and heating rate in the same way as demonstrated with
regard to resistivity in the previous paper.!

The peak around T, exhibited by the current noise appears to be more pro-
nounced than the thermal noise peak.

The results reproduced in Figure 2 are characteristic of the general behav-
ior exhibited by PS samples of various carbon black concentrations and ther-
mal histories.
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Fig. 2. Thermal and current noise voltage vs. temperature for PS containing 4% carbon black.
Corresponding thermal noise values at various temperatures calculated using the Nyquist rela-
tion are also shown. Sample stored 4 hr at 70°C prior to measurements. Bandwidth 500-1500
Hz; filled points, heating; unfilled points, cooling.

The crystalline LDPE sample, containing 6.5% carbon black, exhibited a
behavior basically similar to that of PS. Figure 3 shows the measured and
calculated thermal noise values versus temperature of such a sample. In this
case, also, the calculations are based on the Nyquist relation using the 1-kHz
resistance values of the sample and a bandwidth of 1 kHz. Figure 3 further
illustrates the temperature dependence of current noise in carbon black-filled
LDPE. Both types of noise show a pronounced maximum close to the T},
point of the base polymer. Contrary to the amorphous sample, the noise
(thermal and current) goes through a maximum at T, during cooling, even
though a hysteresis effect can be seen. As with the amorphous PS sample,
the height of the current noise peak at T, is larger than that of the thermal
noise peak. Again, the agreement between experimental and calculated ther-
mal noise values is excellent.

Noise Level versus Sample Resistance

As illustrated above, Figures 2 and 3, the calculated thermal noise levels at
1 kHz corresponding to a bandwidth of 1 kHz agreed well with the measured
values. It may be noted that the agreement was not confined to those fre-
quency characteristics, but was rather general within the frequency range
studied, that is, 20 Hz-10 kHz. Further, there was no difference in the a.c.
and d.c. behavior, the a.c. resistance of the samples used being practically in-
dependent of frequency.

Normally, the current noise level (RMS) in resistors of this type is found to
vary as a certain power of the resistance and of the current flowing through



494 KLASON AND KUBAT

‘\
.7
® O CURRENT NOISE .’ T
DC 20 pA ./ .
I I
820 o o
o]
0o ®
= ¢t |
> //° .
W o/ | \
—_ b4 O\ Y
w / \ ]
144 e Qav/
) 10+ o) 00
Z /, an
. [ A 1
o o v 'a-THERMALNOISE
o’ 07"  Y~CALCULATED
a L]
o L J av 3 -
./ o " Dx v
[} a .
—* . 9 .
0 ny ® av®” ° gv®
0 50 100 150

TEMPERATURE °C

Fig. 3. Temperature dependence of thermal and current noise in LDPE containing 6.5% car-
bon black. Thermal noise values calculated from the Nyquist relation are also shown. Band-
width 500-1500 Hz; filled points, heating; unfilled points, cooling.

the sample. As the current was kept constant in the present case, we consid-
er the noise level dependence on the resistance only. Describing this depen-
dence in terms of the d.c. resistance R as R?, we found the value of § to be be-
tween 1 and %.

Noise Spectra

The noise spectra were determined using a constant bandwidth of 2 Hz
within the frequency range 20 Hz-10 kHz. The current used during the cur-
rent noise experiments had to be large enough to produce a noise magnitude
in excess of the background thermal noise even at high frequencies, but still
small enough to prevent heating of the samples. Currents of the order of 10
uA were found sufficient. As already mentioned, all the experiments were
carried out at constant current through the sample.

The thermal noise spectra of the PS sample were white at all temperatures,

as illustrated in Figure 4. The decline of the spectra in the high-frequency
region is due to difficulties in correcting properly for the leak capacitance to
earth at these frequencies. The current noise spectra at various tempera-
tures (Fig. 4) have the usual 1/f* character, the value of « being 0.6.
« Similar results were recorded with the LDPE samples, the thermal noise
being white and the current noise showing a 1/f* behavior with « being 0.6, as
shown in Figure 5 for some temperatures. The spectra in Figures 4 and 5
were recorded with continuous temperature scanning, no deviations from the
described behavior being found at any temperature.

The thermal history of the samples and the value of the current did not in
any case influence the character of the spectra at any temperature. Current
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Fig. 4. Frequency dependence of the thermal and current noise at various temperatures for a
PS sample similar to that in Fig. 2. Bandwidth 2 Hz.

noise measurements with a four-electrode system did not produce any results
differing from those described here.

Sample Capacitance versus Temperature

It is known that the capicitance of a carbon black-containing polymer sam-
ple is substantially larger than that of a similar unfilled sample.26 During
the capacitance measurements, it was found necessary to use a three-terminal
guarded electrode system to eliminate disturbing capacitive effects connected
with the wiring and surrounding objects. The calculated dielectric constants
were in the range of 50-100. For the PS sample, the effect of temperature
was comparatively small, whereas a pronounced minimum was found at T,,
with LDPE. Such a minimum accompanied by a hysteresis effect appeared
also on cooling the sample from T > T, (Fig. 6).

DISCUSSION

Thermal Noise

In equilibrium systems, the thermal noise level is given by Nyquist’s for-
mula, stating that the square of the mean noise voltage is proportional to the
resistance R, as follows:

((v)?) = 4kTRB (1)

where v is the noise voltage, T is the temperature, R is the resistance of the
sample within the bandwidth B, and k is the Boltzmann constant. If S,(f)
denotes the spectral density of the open-circuit voltage fluctuations ap-
pearing across the sample, eq. (1) can be written as follows:

Su(f) = 4kTRe[Z(f)] = 4kTR(f) (2)
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Fig. 5. Frequency dependence of the thermal and current noise at various temperatures for an
LDPE sample similar to that in Fig. 3. Bandwidth 2 Hz.

where R(f) is the real part of the sample impedance Z(f) at a frequency f.
The thermal noise is thus characterized by a white spectrum (insensitive to
frequency) provided that the Re[Z(f)] is frequency independent.

The relation between the measured noise voltage, v, and the sample ther-
mal noise per Hertz, 4k TR (f), is given by

(w3 = @(?)S * 42?) / [ (Rif) * ?212) e 02] ®)

where Ts and T;. denote the temperature of the sample and the load, Ry, is
the amplifier input resistance, w = 2xf, and C is the total sum of the parallel
capacitances of sample and load. Equation (3) assumes that the inherent
noise of the amplifier is negligible; otherwise, it must be considered in the cal-
culations as shown in a previous paper.6 The noise figure of the amplifier
used (PAR Model 113) was very small (1 dB) for the chosen sample resis-
tances.

The results of our thermal noise measurements show that no deviation
from the spectrum predicted by eq. (1) occurred at any temperature of the
sample, including the T and T, regions. The noise level was always in ex-
cellent agreement with values calculated from the resistance of the sample.
This implies that no fluctuations in excess of those required by eq. (1) are in-
volved in the noise maxima observed at the Tz and T, transitions of the car-
bon black-containing PS and LDPE.”

Another interesting result is the white character of the noise spectrum,
implying a frequency-independent conductivity. Pollak?? has shown that it
is possible to distinguish between band-type and hopping-type conduction
from the frequency dependence of the conductivity. Hopping or tunnelling




THERMAL AND CURRENT NOISE 497

20
0o o FREQUENCY 1 kHz
e ‘.o\. o,
°~
m o°
(z) : \'o ° o,o
2P S
o 0 -
: W
h) .
o |
H
\
10 1 1 ® 1
50 100 150

TEMPERATURE °C

Fig. 6. Variation of sample capacitance with temperature for an LDPE sample identical to
that in Fig. 3. Measurements with a dielectric capacitance bridge at 1 kHz.

is normally accepted to be the predominant mechanism of charge transport
through carbon black-filled rubber and polymers.45:26:2829 The temperature
dependence of the resistivity has been difficult to explain. Ferralli and
Lewis® assumed a two-mechanism charge process and expressed the resis-
tance by a two-term relation taking account of both the intrinsic resistance of
the carbon elements and the interparticle gap resistance (tunnelling model).
A correlation with the linear expansion of the polymer was introduced into
the gap quantity in the tunnelling term whereby reasonable agreement with
experimental data at T < T, was reached. Crystalline polymers were not
treated in that study. At T, the model failed. This was also the case with
similar models for crystalline polymers at T',.4

The frequency independence of the thermal noise results shown above
seems to imply that the hopping-type conduction is less dominant in the car-
bon black-filled polymers used in this study. The glassy and crystalline
polymers behave in a similar way, suggesting that a band-type conduction
takes place.26:27

The dielectric constants calculated from the capacitances of the samples
showed rather high values in agreement with previous findings.26-30 Dielec-
tric materials interspersed with conducting spheres show unusually high
values of the dielectric constant. In this respect, there are some differences
between our results and those reported by Bueche3® concerning electrical
properties of carbon black-filled waxes (SBR-tetracosane systems) close to
Tr. Bueche noticed a frequency dependence of the resistivity and capaci-
tance of the samples at temperatures exceeding T, whereas no dependence
was found in the solid state. The resistivity of his samples did not decrease
when T exceeded T,,. Bueche further found a sharp drop in resistivity at T'
> T,, at large d.c. voltages. He proposed a theory similar to the theory of gel
formation in polymers. This similarity was used to explain the sudden onset
of conductivity at a critical concentration of carbon black, where the particles
tend to form a conducting three-dimensional network. The theory of Bueche
is not applicable to polymers like our PS and LDPE samples since the ap-
pearance of the noise peaks at Ty and T}, is not sensitive to smaller varia-
tions in the carbon black concentration. An explanation to this is the fact
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that the critical range where the polymer changes from nonconductor to a
semiconductor covers a rather broad range of carbon black concentration.2?

Current Noise

A current flowing through a conductor gives rise to a current noise in excess
of the thermal noise level. Normally, current noise is characterized by (i) a
power spectrum proportional to 1/f*, with « approximately equal to
unity,!>13 and (ii) an RMS voltage value proportional to the steady cur-
rent.!213  One of the main problems in explaining the nature of the 1/f noise
is its unusually broad frequency range.

The hypothesis has been put forward that the current noise is due to coop-
erative phenomena.?! Burgess’ postulated that if critical fluctuations in a
polymer occurred in the neighborhood of transition temperature such as T,
they would be associated with the appearance of an excess current noise.
The magnitude and spectrum of this excess current noise would provide some
information concerning the kinetics and the range of spatial order involved in
the transition. Up to now, no excess noise of this type seems to have been re-
corded.

Similar to the thermal noise behavior, our current noise spectra show no
deviations from the average temperature behavior when T approaches T} or
T,., thus confirming that no critical fluctuations of measurable size are in-
volved in the current noise maxima observed at the transition points of the
carbon black-filled PS and LDPE.

Despite the numerous theories in this area, it now appears established that
current noise is associated with fluctuations in the number of free carriers.??
Without considering the basic mechanisms of the phenomena involved, we
have chosen to discuss our results in terms of a simple empirical model pro-
posed by Hooge,32 who found the following relation to describe the magni-

tude of the current noise
2
< (&) =N @)
G N f

In this formula, G is the conductance, N is the number of mobile carriers in
the sample, ¢ is a dimensionless constant, and f is the frequency. This rela-
tion holds for most materials.

According to eq. (4), the appearance of the current noise peaks could be as-
sociated with a conduction model where the total number of charge carriers
decreases as the transition point is approached. Such a model could be
based on electrons passing through contacts formed by the carbon black par-
ticles, the number of such contacts decreasing due to the thermal expansion
or enhanced thermal motion when T approaches T, or Th,.

It is interesting to note that the decrease in the number of contact points in
the carbon black network according to eq. (4) fits well the concept proposed
by the present authors in order to explain the occurrence of resistance and
noise peaks at Ty and T}, in carbon black-filled polymers.! According to this
concept, the carbon black network existing, for instance, in a crystalline poly-
mer undergoes a rearrangement when the polymer melts or solidifies. In the
region around T, the number of contacts should be lower than below or
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above the melting point where consolidated and therefore more conductive
structures exist. This picture also explains, though only qualitatively, the
time effects involved in phenomena of this type. Further studies aiming at a
more careful analysis of current noise data at Ty and T, in carbon black-
filled amorphous and crystalline polymers may improve the picture of the
conduction mechanisms in such systems. The method also appears promis-
ing in studies of flow and transition mechanisms in carbon black-filled liquid
or solid systems, the rearrangement of the carbon black network being an in-
dicator of the flow or transition processes taking place in such systems.

Results pertaining to the time dependence of the resistance and, conse-
quently, also of the noise level have been presented earlier.!

The authors would like to thank Miss K. Rehn for her skillful assistance and to the Swedish
Board for Technical Development for financial support.
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