
1. Introduction
Various forms of degradation of polymeric materi-
als and their composites represent an important fac-
tor that reduces their usability. The most common
causes of changes in the properties of polymeric
materials are: application of mechanical stress [1];
elevated temperature [2, 3]; exposure to electro-
magnetic radiation of high energy [4, 5]; presence
of slowly varying electric fields [6]; contact with
aggressive chemicals [7]. The changes in polymeric
materials resulting from aforementioned factors can
be classified into two groups. The first group consists
of chemical changes such as oxidation processes,

changes in molecular weight or other chemical reac-
tions, and the second group involves the physical
changes in the structure of the polymer or polymer
composite, including phase transitions, changes in
crystallinity, rearrangement of the amorphous phase
and redistribution of fillers [8]. In most cases the
physical and chemical processes occur together and
affect each other.
A number of standards were developed that pre-
scribe the methodology of investigation of degrada-
tion effects on the physico-chemical properties of
these materials. Regardless of their application,
polymeric materials are expected to have good
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mechanical properties, even after ageing. Among
other properties such as chemical resistance, toxic-
ity, optical properties and thermal stability, changes
in electrical properties are important for polymer
materials that are used in electronics or as electrical
insulating materials. It has been shown that in cases
where changes of electrical properties due to ageing
are not of primary importance, their changes can still
be correlated with, for example, changes in mechani-
cal properties [9]. Most of the methods that exam-
ine the properties of the material show a relative
measurement error of about 1%, but in some cases
this error can be much higher as is the case with
stress-strain measurements or lower in density meas-
urements. This measurement error is not a problem
when examining the effect of ageing, which signifi-
cantly changes the properties of the material. There
is however a need to detect the initial stages of
changes in material properties, which are important
in, for example, electrical insulation materials, where
the measuring sensitivity of the applied method
becomes extremely important.
Electrical measurements have an important place in
the field of materials characterization, and the meas-
urement of the frequency spectra of AC conductiv-
ity provides more information than the DC conduc-
tivity measurement. DC measurement gives only
one value, resistivity or conductivity, while dielec-
tric measurements provide two parameters, such as
amplitude of conductivity and delay angle, and also
their frequency dependence. The dielectric meas-
urement can also be improved by changing the
shape of the excitation signal, which is what is pre-
sented in this article. The application of the sine
wave electrical test signal in the investigation of the
dielectric properties of polymers is a standard pro-
cedure in polymer science [10–12]. The other wave-
forms of a test signal are rarely used in the analysis
of the electrical properties of polymers [13, 14], but
they are used for the testing of energy transformers
as well as for various electronic and mechanical
tests [15–18]. It is well known that the dielectric
relaxations in polymers occur over broad intervals
of frequencies and/or temperatures, which some-
times makes difficult to precisely establish the
dielectric parameters and the exact position of the
processes (they are simply too broad to be noticed).
The application of sinusoidal excitation allows the
presentation of AC conductivity (admittance) and
AC resistance (impedance) in a complex mathemat-

ical form. The real and imaginary parts of admit-
tance and impedance, and the complex permittivity
(&* = &' –%i&() and angle ) (usually tan )) are the
dielectric parameters that are commonly used to
describe the dielectric relaxation in polymers. In
some cases the dielectric relaxation of polymers is
clearly observed in the temperature and frequency
dependencies of electrical modulus (M* = 1/&*), as
well as appropriate derivations of the AC conduc-
tivity [19] or permittivity [11].
In the present study we used, besides the sine wave
signal, a triangular test signal to investigate the early
stages of ageing in an LDPE + graphite composite
which was subjected to high oxygen pressure at
room temperature. It was shown that the difference
between the delay angles obtained by applying dif-
ferent excitations waveforms, triangular and sinu-
soidal, shows a maximum whose position on the
frequency scale was very sensitive to changes in the
electrical properties of the composites. In order to
describe the applicability of the method to other
polymer systems, we also analyzed some typical
polymers (PVC and PVA) and a conductive poly-
mer composite (LDPE + carbon black (CB)).

2. Experimental
2.1. Materials
PVC – The poly(vinyl chloride) sample was a com-
mercial PVC cling film obtained from Shanghai
StarLight Plastics Limited.
PVA – Merck-Alkaloid, art.821038.
LDPE – PE552, HIP Pan"evo, Serbia, Mw =
110 000 and * = 0.922 g/cm3.
The carbon black (ellipsoidal shape, diameter 3–
5 µm) and graphite flakes (about 10 µm) were
obtained from the Laboratory for Thermal Engi-
neering and Energy, Vin"a Institute of Nuclear Sci-
ences, Serbia.

2.2. Samples preparation
PVC samples of 210+150 mm and thickness d =
0.01 mm were cut from the middle of the sheets.
The poly(vinyl alcohol) sample was obtained from
an aqueous PVA solution (1.5 mass%). The poly-
mer was dissolved in boiling distilled water and
mixed at 6000 rpm for 120 minutes. In order to get
solid films, the solution was placed into a Petri dish
and dried in a vacuum oven at 40°C for 24 h. The
sample was in the form of disk with diameter D =
53 mm and thickness d = 0.11 mm.
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LDPE + 20 wt% carbon black and LDPE + 30 wt%
graphite composites were obtained in a Haake
rheometer at 433 K for 10 min. The isotropic sheets
were prepared by compression molding at 460 K
and a pressure of 1.75 MPa for 5 min, followed by
quenching in water at room temperature. The LDPE
+ graphite composites were gamma irradiated in a
60Co radiation facility, in air at room temperature, at
a dose rate of 6 kGy/h (100 and 200 kGy). The
accelerated ageing was performed at 22°C in an
Emmerson single vessel oxygen apparatus at
0.5 MPa. Samples of 50+50 mm and thickness d =
1 mm were cut from the middle of the sheets.
Electrical measurements were made more than
30 days after the mentioned treatments of the com-
posites. Electrical contacts on the samples were
made by fine copper powder.

2.3. Methods
The dielectric measurements were performed on a
Tektronix TDS 2022B oscilloscope. An Agilent
33220A 20 MHz function/arbitrary wave form gen-
erator was used as the voltage source. An amplitude
of 7.8 V was applied and the frequency range was
0.005 Hz–160 kHz. The sample cell was housed in
a Faraday cage and measurements were done at
room temperature (normal pressure and 50% rela-
tive humidity). The experimental set-up is shown in
Figure 1.
In the measurement procedure, the electrical current
through the sample was monitored via the resistor R
in Figure 1 (capacity less than 10–11 F). The pres-
ence of this resistor might have induced distortion
of the triangular signal applied to the sample. For
this reason, the values of R were changed in such a
way to ensure that the voltage drop across the resis-
tor did not exceed 1% of the input voltage of the
function generator. The electrical current through

the sample cell was calculated as I(t) = UCH2(t)/R,
while the voltage on the sample was determined as
US(t) = UCH1(t) –%UCH2(t). The reported results were
obtained after the correction IS(t) = IM(t) –%IB(t) was
applied, where IS(t) is the current through the sam-
ple, IM(t) the current measured with a sample in the
cell, and IB(t) the current in the empty cell without
the upper cell electrode. The value of the current at
each particular frequency (f) was determined as the
average value over the time interval that lasted at
least 10/f. Relative values of the standard deviation
of the obtained parameters were up to 2%, and they
did not change significantly with respect to the
change in input signals. Electrical DC conductivity
measurements were performed using an Agilent
4339B high resistance meter at room temperature,
and applying an electric field of 100 V/mm for
20 min.
The results of measurements with sinusoidal excita-
tion were related to the well-known current phase
diagram in Figure 2a (I0 is the amplitude of the cur-
rent). In contrast to the current amplitude obtained
by application of the sinusoidal voltage, the ampli-
tudes of the current obtained by application of a tri-
angular waveform are always in phase with the
voltage amplitude. Because of that, the delay angle
was determined under the condition I(t2) = V(t1) = 0
as shown in Figure 2b. The amplitude of the con-
ductivity was defined as Y0 = I0/U0 for both wave-
forms, where U0 and I0 are the maximum values of
the measured voltage and current, respectively.
Data processing was performed in a script program
originally designed for this purpose.

3. Results and discussion
3.1. Dielectric response of PVC, PVA and

LDPE + CB
A comparison of the dielectric properties of poly-
mers with the appropriate RC circuit models has
already been presented in the literature [10–12]. We
presented in the appendix of this paper an analysis
of the electrical responses of serial and parallel RC
circuits due to sinusoidal and triangular voltage
excitations. Comparison of the dielectric response
of RC circuits to sine and triangular excitation indi-
cates that the angle of the triangular signal delay is
always greater than or equal to the appropriate angle
obtained by applying sinusoidal signals (#$(f) =
$TRI –%$SIN , 0). One reason for this is that the
response (current) of RC circuits to sine (voltage)
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Figure 1. Block diagram of the experimental set-up



excitation also has a sinusoidal shape with a unique,
time-independent delay angle, while the response
of the RC circuits to triangular excitation has a com-
plex frequency-dependent form, the amplitude of
which is always in phase with the excitation. The
phase deviation of the measured current of triangu-
lar excitation, due to the existence of a capacity, is
the largest in the intersection of the measured cur-
rent with the time axis (Figure 2b). This is used to
determine delay angle for this form of excitation. In
addition, numerical analysis shows that in the cases
of ideal serial and parallel RC circuits there is a
well defined peak of the function #$(f) (Figures 9a
and 10a). The position of the maximum in the differ-
ence between the delay angles in the frequency

spectrum, #$(f) = $TRI –%$SIN, obtained using trian-
gular and sinusoidal excitation for ideal electrical
circuits, can be related to the RC constant of the cir-
cuits (fo in Table 1). This gave us the idea to use the
frequency, that corresponds to the maximum of #$(f),
to describe the electrical properties of polymers. In
this section, the behaviour of the real polymer sys-
tems was tested on two polymers, PVC as a repre-
sentative electrically non-conductive polymer, PVA
that can then be considered as a semiconductor, and
an LDPE + 20 wt% CB composite with relatively
high electrical conductivity.
Figure 3 shows the results obtained after the appli-
cation of sinusoidal and triangular signals to the
PVC sample. The loss tangent of PVC (Figure 3a)
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Figure 2. a) Current phase diagram for sinusoidal excitation; b) the response of PVA to triangular excitation at 0.5 Hz

Figure 3. a) Loss tangent (tan)SIN), and the curves of b) differences in delay angles and c) amplitude ratios for polyvinyl
chloride (PVC). The results were obtained experimentally by application of sinusoidal and triangular signals to
the sample.



shows a peak around 1 Hz attributable to the - relax-
ation [20]. In addition to the - relaxation, the curve
of the differences in delay angles (## = $TRI –%$SIN)
also exhibits a peak at frequency f0 ~ 1.5 Hz (Fig-
ure 3b) in the observed frequency range in PVC
sample, as was suggested by the mathematical con-
siderations on RC circuits (Figures 9a and 10a). The
ratio between the amplitudes of conductivity at low
frequencies is lower than 1 (YTRI/YSIN < 1) and has a
peak at about 0.9 Hz (Figure 3c).
The loss tangent of PVA (Figure 4a) shows a small
maximum at 1.5 Hz. A peak is clearly observable in
the curve of angle differences (#$ = $TRI –%$SIN) with
the maximum positioned at f0 ~ 50 Hz (Figure 4b).
The ratios of the amplitudes at low frequencies are
close to 1 and the peak is at ~ 5 Hz (Figure 4c). The

best agreement with the parallel RC circuit model
was noticed in the composite of LDPE filled with
20% of carbon black. The loss tangent of the LDPE
+ CB composite shows a nearly linear dependence
on frequency in the log-log scale (Figure 5a). The
curve of the differences between the delay angles
obtained by using sinusoidal and triangular excita-
tion (Figure 5b) is similar to the results obtained
mathematically on the parallel RC circuit (Fig-
 ure 9a). Figure 5c also shows that the ratio of the
amplitudes of conductivity corresponds well with
the results in Figure 9b. The characteristic frequen-
cies obtained for the composite were f0 ~ 5 kHz and
about 500 Hz for the maximum in amplitude ratio.
The RC time constants of the samples estimated
according to the model of a parallel RC circuit
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Figure 4. a) Loss tangent (tan)SIN), and the curves of b) differences in delay angles and c) amplitude ratios for polyvinyl
alcohol (PVA). The results were obtained experimentally by application of sinusoidal and triangular signals to the
sample.

Figure 5. a) Loss tangent (tan)SIN), and the curves of b) differences in delay angles and c) amplitude ratios for the compos-
ite LDPE filled with 20% of carbon black. The results were obtained experimentally by application of sinusoidal
and triangular signals to the sample.



(Table 2) and the corresponding DC conductivities
are shown in Table 1. As can be seen, as the DC con-
ductivity of the polymers or composites increases,
the value f0 also increases, which is in accordance
with the established dependence of this quantity in
terms of the idealized models of polymers accord-
ing to the parallel and serial RC circuits (f0 ~ 1/R).
The mentioned models also point to a more complex
dependence, e.g. f0 ~ 1/(RC) (Table 2). It is obvious
that this parameter shows the biggest sensitivity to
changes in polymer properties that are subject both
to an increase in conductance (resistance decrease)
and a decrease in capacity, or vice versa. A good
example of this is the process of grouping the con-
ductive particles in conductive paths in polymer
composites, during which part of the capacitive
contact switches to direct contact, giving rise to a
decrease in capacity and an increase in conduc-
tance. Since the true $SIN = f(RC,.), the same is
true for the sensitivity of the delay angle (or
tan (//2 –%$SIN)). However, f0 is an integral parame-
ter that does not depend on the frequency and
describes the dielectric properties of the material in
a wider range of frequencies. This is probably one
of the reasons why it is more sensitive to changes in
the dielectric properties of the material then the
delay angle. It should be noted that for the detection
of processes with opposite changes in resistance
and capacitance in polymer materials (RC 0 const),
the admittance (or impedance) amplitude may be
more suitable than the delay angle.
The results in Figures 3, 4 and 5 clearly show that
application of sinusoidal and triangular signals
enables one to draw additional information about
the dielectric properties of real polymers samples.
The curve of differences in delay angles (#$ =
$TRI –%$SIN) shows a well defined peak, even when
the loss tangent implies more complex dielectric
properties for a particular polymer. It should be
noted that the methodology presented here may be
used to also study other physical properties of poly-

mers. For example, it has been shown that electro-
luminescence of polymers induced by AC electrical
signals exhibits a time shift, depending on the
waveform signal applied [13].

3.2. Changes in the dielectric properties of the
LDPE + graphite composite induced by
ageing

As was noted previously, the frequency (f0) which
corresponds to the maximum of the #$(f) =
$TRI –%$SIN curve could be a suitable parameter to
describe the changes in the electrical properties of
polymers. As an example of this, Figure 6 shows the
effect of gamma irradiation on the dielectric proper-
ties of an LDPE + graphite composite. Radiation-
induced processes of oxidation, networking and
grafting in the composite increases its electrical con-
ductivity [21], and these changes in the composite
also affect the maximum of the #$(f) (Figure 6a)
and tangent loss (Figure 6b) curves. The dominant
effect of a gamma radiation dose of about 100 kGy is
the networking of chains in the polyethylene matrix.
The application of higher doses (200 kGy) leads to
significant degradation of the crystal domains, in
addition to networking, which is reflected by the
electrical [21] and the mechanical properties [22].
The results shown in Figure 6 are in line with this
influence of gamma radiation on the LDPE + car-
bon based composites. Unlike the composite samples
exposed to gamma radiation in air, the physical and
chemical changes in the composite samples that
were aged at room temperature in high pressure
oxygen for several days were significantly less.
The use of elevated temperature and oxygen pres-
sure (thermo-oxidative ageing) is a frequently applied
method of accelerated ageing of the polymeric mate-
rials to predict their lifetime. The degradation mech-
anism of thermo-oxidative ageing can be described
through physical changes, densification and shrink-
age, that are directly related to the thermo-mechan-
ical history of the material, as well as surface chem-
ical degradation with the formation of microcracks,
and chemical changes in the sample [23]. Thermo-
oxidative ageing usually causes degradation of
mechanical properties but in some cases, such as
reticulated resins, can lead to an improvement in
these properties due to the subsequent process of
networking [24]. The changes in electrical charac-
teristics caused by these processes are very com-
plex and diverse [6–9]. In the existing literature
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Table 1. Experimentally determined f0 and RC time con-
stants calculated by the model of a parallel RC cir-
cuit (Table 3), and DC conductivities of the poly-
mers and composite

Sample f0
[Hz]

RC = 1/4f0
[s]

!DC
[S/m]

PVC 1.58 0.156 1.2·10–15

PVA 50 0.005 3.3·10–12

LDPE+CB 5000 0.00005 2.1·10–6



there is no evidence that the accelerated ageing that
we applied to the LDPE + graphite composite (up to
4 days at room temperature ageing at high oxygen
pressure) caused noticeable chemical or physical
changes. We also could not detect such changes in
the permittivity and loss tangent curves of these
samples outside the experimental error (±1%). How-
ever, in the curves of the difference between the
delay angles the initial ageing stage of the compos-
ites is clearly visible.
Figure 7a shows the frequency dependence of loss
tangent and #$ of the LDPE + graphite composite

which was subjected for different periods up to 4
days to oxygen at a high pressure at room tempera-
ture. While the loss tangent shows no significant
differences due to the effect of ageing, there is a
clear shift in the position of the maximum in the
#$(f) curves. The magnified part of Figure 7a is
presented in Figure 7b. We emphasize that both the
delay angles ($TRI and $SIN) were measured in the
same experimental setup and with the same relative
error of about 1%. The results suggest that the posi-
tion of the maximum in the #$(f) = $TRI –%$SIN
curves ($TRI and $SIN are measured by applying tri-
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Figure 6. The effect of gamma irradiation on the dielectric properties of the LDPE+graphite composite: a) the curves of dif-
ferences in delay angles and b) loss tangent (tan)SIN) and permittivity (inset)

Figure 7. The effect of accelerated ageing on the dielectric properties of the LDPE+graphite composite: a) loss tangent
(tan)SIN) and #$; b) the magnified part of the picture in a)



angular and sinusoidal voltage respectively) shows
more sensitivity to changes in the electrical proper-
ties of LDPE + graphite, due to ageing, than other
dielectric parameters. These changes could also not
be observed in the values of permeability (Fig-
ure 8a), and there is also no evidence of these
changes in the dependence of the derivation of the
delay angles versus frequency (Figure 8b), because
of big errors in these results.
As previously stated, there is no indication that the
ageing treatment that we applied causes significant
physical and chemical changes in the LDPE +
graphite composite. In addition to the possible oxi-
dation process, we believe that the observed shift in
the value of f0 is a consequence of compressive
pressure and thereby induced structural relaxation
in the samples during treatment rather than chemi-
cal changes. Bearing in mind the modeled depend-
ence f0 ~ 1/(RC) (Table 2), the analysis of only this
parameter cannot give conclusive evidence on
whether the increase in f0 with ageing time resulted
from an increased number and/or quality of the
direct contacts between the graphite particles in
LDPE. However, based on existing experience such
an increase is expected [8]. Since the change in
amplitude of the conductivity caused by the oxygen
ageing is also within experimental error, only one
conclusion can be drawn, and that is that the
observed increase in f0 with increasing ageing time
indicates a decrease in the delay angle $SIN (parallel
RC circuit), i.e. an increase in ) (and also tan)) in the
frequency spectrum. This can be concluded on the

basis of the dependence f0 ~ 1/(RC) and the expres-
sion for $SIN under the condition . = const in the
model of a parallel RC circuit (Table 2). The same
result is obtained by considering f0 and the delay
angle in the model serial RC circuit.

4. Conclusions
We investigated the dielectric properties of different
polymer systems with respect to the application of
sinusoidal and triangular input signals. Our study
also describes the possibility of dielectric character-
ization of the initial stages of ageing in a low-den-
sity polyethylene + graphite composite using com-
parison of the delay angles obtained by triangular
and sinusoidal voltage excitations. The differences
in the results obtained with these two signal excita-
tions were first studied by simulation on parallel
and serial RC circuits (see Appendix). The curve of
the differences in delay angles (#$ = $TRI –%$SIN)
obtained by the differently shaped input signals
shows a peak with a well defined position of the
maximum. The frequency that corresponds to this
maximum can be related to the RC time constant
(RC) of the circuits by the simple formulas f 0
1/(4RC) for a parallel and f 0 1/(7.2RC) for a serial
RC circuit. All the tested polymers (PVC and PVA)
and polymer composites (LDPE + CB and LDPE +
graphite) show a well-defined peak in the #$(f)
spectra. Through the use of this method we discov-
ered early ageing processes in an LDPE + graphite
composite that could not be detected by conven-
tional dielectric spectroscopy methods. Our results
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Figure 8. a) Imaginary part of permittivity of aged composite samples; b) normalised derivation of delay angles per fre-
quency for unaged sample



suggest that the position of the maximum in the
#$(f) = $TRI –%$SIN curves ($TRI and $SIN are meas-
ured by applying triangular and sinusoidal voltage
respectively) is more sensitive to changes in the
electrical properties of polymer materials then angle
) (or tan)). We think that the proposed methodology
could find industrial application, for example, in
early stage detections of ageing in electrical insula-
tion and transformer oils or for the purpose of mon-
itoring other physical or chemical changes in mate-
rials.

Appendix
The basic equations that characterise the parallel
and serial RC circuit in terms of the application of
the sinusoidal and triangular signals are given in
Table 2. AC currents i(t), that are shown in Table 2,
are obtained by applying the differential equations
for the RC circuits on the expression for the trian-
gular wave voltage which are also presented in the
same table.
The analysis of the responses of serial and parallel
RC circuits was done by using software that was
specifically designed for this purpose, and some of
these results were checked by measurements on dif-
ferent RC circuits, which confirms the validity of
the applied equations and software operation.
Two basic parameters were studied: the amplitude
of AC conductivity (Y) or AC resistivity (Z) and
delay angle ($) (see Figure 2). The amplitudes (Y
and Z) and delay angles (for both applied wave-
forms) were presented for four different values of R

and C, but keeping their product constant in Fig-
ure 9 for parallel and in Figure 10 for serial RC cir-
cuits (RC(1), RC(2), RC(3) and RC(4) are presented
in Table 3). As for a sinusoidal signal (Table 2), the
delayed angle upon triangular excitation on serial
and parallel RC circuits depended on the time con-
stant but not on the individual values of R and C.
For this reason we presented only the results for
RC(1) in Figures9a and 10a. It is clear that the
delayed angles for these two signals differ in the
narrow range of intermediate frequencies (around
1 kHz), while their difference, #$ = $TRI –%$SIN,
exhibits a peak of about 33° for parallel and 9° for
serial circuits at the corresponding frequencies f0. It
was found that this frequency can be related to the
circuit time constant (RC) by the empirical formulas
shown in Table 2. The results shown in Figures 9,
10 and 11 were also verified by experimental meas-
urements.
The amplitudes of admittance (AC conductivity) of
both signals for the parallel RC circuit (Figure 9b)
are almost inseparable at low frequencies (f <<
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Table 2. The corresponding equations for parallel and serial RC circuit
Parallel RC circuit Serial RC circuit

Differential equations i1t 2 5 u1t 2
R
1 C

du1t 2
dt

i1t 2 5 u1t 2
R
1 C

du1t 2
dt

i1t 2 5 C
duC1t 2

dt
5

uR1t 2
R

i1t 2 5 C
duC1t 2

dt
5

uR1t 2
R

Delay angle upon sinusoidal
coercion wSIN 5

p

2
2 arctan

1
RCv

wSIN 5
p

2
2 arctan

1
RCv

wSIN 5
p

2
2 arctanRCvwSIN 5

p

2
2 arctanRCv

Amplitude of admittance or
impedance YSIN 5 Ä

1
R2 1 1Cv 2 2YSIN 5 Ä
1
R2 1 1Cv 2 2 ZSIN 5 ÄR2 1 a 1

Cv
b 2

ZSIN 5 ÄR2 1 a 1
Cv

b 2

Triangular signal u1t 2 5 8u0

p2 a
q

k50

cos 3 12k 1 1 2vt 4
12k 1 1 2 2u1t 2 5 8u0

p2 a
q

k50

cos 3 12k 1 1 2vt 4
12k 1 1 2 2

i(t) – Current in circuit upon
triangular coercion

8u0

Rp2 a
q

k50

cos 3 12k112vt42RCv12k112sin 312k112vt 4
12k 1 1 2 2

8u0

Rp2 a
q

k50

cos 3 12k112vt42RCv12k112sin 312k112vt 4
12k 1 1 2 2

8u0

Rp2 a
q

k50

cos 3 12k112vt42 1
RCv12k112 sin 312k112vt 4

12k 1 1 2 2 1 a 1
RCv

b 2

8u0

Rp2 a
q

k50

cos 3 12k112vt42 1
RCv12k112 sin 312k112vt 4

12k 1 1 2 2 1 a 1
RCv

b 2

f0 – Frequency that corre-
sponds to a maximum differ-
ence between delay angles,
$TRI –%$SIN in range
f0 !(0.01 Hz, 100 kHz)

1
f0RC

5 4.0660.03 1 f0 <
1

4RC
1

f0RC
5 4.0660.03 1 f0 <

1
4RC

1
f0RC

5 7.260.08 1 f0 <
1

7.2RC
1

f0RC
5 7.260.08 1 f0 <

1
7.2RC

Table 3. RC circuits and corresponding parameters for
dielectric analyses presented in Figures 9, 10 and 11

N° R
["]

C
[µF]

RC
[10–4 s]

1 1737.5 0.1036 1.80005
2 1491.5 0.1207 1.80069
3 1191.5 0.1509 1.79881
4 978.5 0.1839 1.79946
5 2990.1 0.0386 1.15414
6 703.5 0.3271 2.30044



1/RC) and YTRI = YSIN = 1/R for each particular resis-
tivity. However, they do differ at higher frequencies
(f >> 1/(RC)), with the YTRI/YSIN ratio approaching
~0.64. In the case of the impedance amplitude in
serial RC circuits the relation ZTRI = ZSIN = R at f >>
1/(RC) is also true (Figure 10b).
Figure 11 shows the values of the differences in the
delay angles and amplitude ratios for both the input
signals calculated (for the parallel RC model) by
using the different time constants RC(3), RC(5) and
RC(6) from Table 3, as well as the loss tangent for
the sinusoidal signal calculated for the same con-

stants. Figure 11a shows that the dependence of tan
) () = //2 –%$SIN) on frequency is a straight line in
the log-log scale with a slope equal to –1. At the
same time, the curves of YTRI/YSIN and #$ exhibit
maxima that shift towards lower frequencies with
increasing time constant. Similar results were
obtained for the case of differences in delay angles
for a serial RC circuit.
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Figure 9. a) Delay angles and b) the amplitudes of admittance obtained by software simulation on parallel RC circuits with
the four equal time constants RC (R and C values were altered and stated in Table 3). In the case of delay angles,
the results for RC(1) were presented, since the calculations with other time constants gave identical values.

Figure 10. a) Delay angles and b) the amplitudes of impedance obtained by software simulation on serial RC circuits with
the four equal time constants RC (R and C values were altered and stated in Table 1). In the case of delay angles,
the results for RC(1) were presented, since the calculations with other time constants gave identical values.
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