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Evaluation of TSCC method on polypropylene films:
deviations from isothermal method

M. Michelazzi, D. Fabiani, P.Seri
DEI, University of Bologna
Viale Risorgimento 2
Bologna, 40141, Italy

Abstract- A recently reported fast test procedure named
“modified thermally stimulated charging current method”
(TSCC) was evaluated in comparison to the conventional
isothermal DC conductivity measurement method (IDCC) for
characterization of biaxially oriented isotactic polypropylene and
biaxially oriented polyethylene terephthalate. Results show that
the fast procedure is not applicable for the thin plastic film
dielectrics here analyzed and time-based measurements are
preferable for proper characterization. A theoretical model is
proposed to interpret TSCC results.

I. INTRODUCTION

Plastic film capacitors are experiencing a fast-paced
development in automotive and green energy conversion fields,
thanks to their intrinsic characteristics of low dissipation factor
and high dielectric strength which makes them ideal for high
power and high energy applications in general. Despite its
temperature limitations, the most used plastic dielectric film for
such applications is biaxially oriented polypropylene (BOPP)
with current reference operating conditions being 200-
250V/um and 105-110°C for films in the range 2-7 um. The
focus of recent development is on miniaturization and extension
of operating temperature, both resulting in the possible increase
of leakage current (LC) of the capacitor. Regarding the effect
of temperature, leakage current in plastic dielectrics is generally
following with good fit an Arrhenius dependency:

j o< e_(Ea/kBT) (1)
where j is the current density, E, is the activation energy of the
thermal process, kg is the Boltzmann constant ant T is the
temperature.

The effect of thickness may seem negligible when testing
samples with equal capacitance as in the case of selection of
films for a given application, but conductivity of thin plastic
films is often found to follow a hopping mechanism at high
electric fields, with considerable deviations from linearity

Hence, it is advisable to map LC or conductivity over a wide
range of temperatures (T) and voltages (V) repeating
measurements at defined ageing steps in order to be able to
predict the performance during operational life.

Proper characterization of dielectric materials requires the
assessment of conductivity at the design voltage and
temperature of the insulation.

The isothermal DC conductivity method is well established
and allows determination of current versus time slope together
with the steady-state or pseudo-steady-state conductivity at
each tested temperature (T) and voltage (V). This method is
intrinsically slow, requiring a minimum of 1000-10k seconds

(and up to several million seconds in the search for true steady-
state) for each T and V condition.

Indeed, it is possible to identify three phases in the evolution
of LC after the application of voltage to a plastic film capacitor:

1) polarization phase, in which the current trend follows a
Debye exponential decay.
jxe (2)
where j is the current density, t is the time from application of
voltage, R is the series resistance and C is the capacitance of the
sample. Due to the low capacitance of samples under test, the
duration of this phase is short with respect to the experimental
time, thus this will be neglected here after.
2) decay phase, in which current decreases while a constant
voltage is applied, following a Curie-Von-Schweidler (CvS)

power law.
joct™ 3)

where j is the current density, t is the time, and n is a numeric
coefficient generally ranging from O to 1.

3) steady-state phase, in which leakage current gets stable to
its ultimate value. The steady state phase is rarely observed in
experimental works and authors generally consider a pseudo-
steady-state where LC change over time is considered
negligible. It is reported [1], [2] and confirmed by the authors
that the CvS law remains valid up to over 10° seconds, often
with only modest change of trend towards stabilization.

Despite this, for practical reasons LC is often measured at
short times after application of voltage (e.g. 60 s), especially in
industrial environments. To try obtaining correct results with a
reduced waiting time, a recently proposed alternative method
(thermally stimulated charging current, TSCC [3], [4]) suggests
that after pseudo-steady-state stabilization at high temperature
of a specimen, it is possible to determine the steady-state or
pseudo-steady-state conductivity relative to lower temperatures
monitoring current while applying a cooling ramp. This would
make it possible to quickly characterize materials and the effect
of processes used for manufacturing, limiting the test runs to
the selected voltage levels only. The method was originally
proposed for epoxy encapsulation materials and here it has been
tested on dielectric films to validate its applicability.

-(t/RC)

Il. MATERIALS AND METHODS

A. Dielectric films

Biaxially oriented polypropylene 15um and Biaxially
oriented polyethylene terephthalate (BOPET) 12um films were
procured from commercial sources. The thickness was selected
for compatibility with the test setup in use.



Circular gold electrodes were formed by sputter coating on
both sides of 50mm diameter film coupons (thickness 50nm,
diameter 20mm).

Samples were allowed to discharge in short circuit at room
temperature prior the test.

B. Measurement setup

Both TSCC and isothermal DC-conductivity measurements
were performed using a Novocontrol Novocool equipped with
the sample cell Novocontrol BDS1200 HV. Temperature
control on this system is within +/-0.1K and the temperature
sensor is in close contact to the positive electrode side. The
atmosphere is N, obtained from liquid nitrogen. A Keithley
2290E-5 and Keysight B2981A were used as high voltage
power supply and current meter respectively.

C. TSCC procedure
The method was derived from [3] with the due adaptations
because of different sample type, and is summarized in Fig. 1.
At time zero, voltage was supplied so that the electric field
applied was 100V/um and temperature was rapidly increased to
110°C. Temperature stabilization generally occurred in about
1000 seconds.

Polarization at constant voltage and constant temperature was
maintained for 10000 seconds. Keeping a constant voltage
value, specimen temperature was decreased at a constant rate
over time, until reaching 25°C.

Experiments were performed at cooling rates in the range of
0.3 to 8K/min, with cooling rates above 4K/min being affected
by instability and oscillations in the present setup.

To simplify the discussion only results obtained at 0.5K/min,
2K/min and 4K/min are discussed.

TSCC procedure

Electric field (V/um)

Temperature (°C)
/

Polarization phase

Cooling phase

Current density (A/m?)

4000 6000
Time (s)

Fig. 1. TSCC procedure as used in this work. BOPP 15um polarization
110°C 10ks, cooling 2K/min. Plots indicate a) applied electric field, b)
imposed sample temperature, and c) current density measured during the
procedure
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The effect of polarization time was also investigated varying
the duration of the constant temperature initial phase from
10000 to 50000 seconds.

D. Isothermal DC-conductivity procedure
Isothermal DC-conductivity was measured by recording the

current vs time curve of samples subjected to steady
temperature and voltage. The electric field was kept constant at
100V/um for all samples under test, while temperature was
varied on three levels: 50°C, 80°C, 110°C. A new sample was
used for each measurement. In analogy with the procedure used
for TSCC, the voltage was applied at time zero with the sample
at room temperature, then heated to steady temperature. The
transient to target temperature required less than 1000s.

Isothermal measurements were stopped at 50000 seconds and
considered as pseudo-steady-state for the purpose of this work.
The 10000 seconds current value was also considered for direct
comparison with the 10000 seconds polarization phase of
TSCC.

I1l. RESULTS AND DISCUSSION

The isothermal conductivity measurements for BOPP are
presented in Fig. 2 at three temperatures up to 50000 seconds.
For tests at 80°C and 110°C the current density is not reaching
stable values and also the slope of the LC curve, here
corresponding to the exponent n of the CvS law (3), is not
varying, indicating no change of mechanism. For this reason,
we chose to keep the indication of current density instead of
using the term “conductivity” for the description of the
phenomena here observed. The two are linearly related, as all
samples have the same electrode area and applied electric field.
The three curves have different slopes in log-log plots,
corresponding to different exponents in the CvS law that
describes them.

The value of n at 50ks is close to 1 at 110°C, to 0.5 at 80°C
and to 0.25 at 50°C, indicating a temperature effect on the
current density decay trend. Time extended tests are needed to
further characterize the phenomenon.
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Fig. 2. Isothermal DC conductivity measurement for 15um BOPP at
100V/um and 50°C 80°C and 110°C up to 50ks.
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Fig. 3. TSCC plots for BOPP 15um at 100V/um. Polarization at 110°C and
100V/um for 50ks, cooling at rate from 0.5K/min to 4K/min. IDCC quasi-

steady-state current density values at 10ks — 50°C 80°C and 100°C - are
reported as a reference.

TSCC results are reported for BOPP in Fig. 3 and Fig. 4
selecting three different cooling rates (0.5K/min 2K/min
4K/min) and two polarization durations. TSCC results for
BOPET are reported in Fig. 6 employing a 10ks polarization
phase and the three cooling rates used for BOPP.

Isothermal steady-state data points measured at 10ks and 50ks
are also reported in Fig. 3 to 5 as a reference. It is possible to
verify that all steady state values follow an exponential
dependency with 1/T, according to the Arrhenius mechanism.
Comparison of Fig. 3 and Fig. 5 indicates that the duration of
the initial polarization phase of TSCC has significant influence
on the high temperature results, while the low temperature part
of the curves is only slightly affected. For BOPP the 10ks TSCC
results are highly dispersed, indicating that such polarization
time is not an adequate stabilization phase for the procedure.

Except for initial high temperature values, TSCC curves do
not match the reference steady state values obtained by IDCC
and present a systematic deviation from the steady state values.
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Fig. 4. TSCC plots for BOPP 15um at 100V/um. Polarization at 110°C and
100V/um for 50ks, cooling at rate from 0.5K/min to 4K/min. IDCC quasi-
steady-state current density values at 50ks — 50°C 80°C and 100°C - are
reported as a reference.
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Fig. 5. TSCC plots for BOPET 12um at 100V/um. Polarization at 110°C
and 100V/um for 10ks, cooling at rate from 0.5K/min to 4K/min. IDCC quasi-

steady-state measurements are reported as a reference for temperature 50°C
80°C and 110°C.

Since the first point obtained from TSCC is obtained under
the very same conditions of an IDCC procedure, it is expected
that results are matching at this instant.

On the other hand, during the cooling phase of TSCC, current
density values are found to deviate considerably from the
expected IDCC results, aside from seldom occurrences.

For a better understanding of results, TSCC curves can be
divided in two phases: a first phase from about 110°C to 70°C
in which current follows an exponential decay with T
(corresponding to the linear slope in log(j) vs 1000/T
coordinates) and a second phase from about 70°C to 25°C in
which this trend settles to a different, reduced, slope.

A model is proposed to explain the TSCC curves and possibly
extract relevant data from the procedure.

During the cooling ramp, several phenomena will occur at the
same time because of the simultaneous variation in temperature
and test time, and three main mechanisms can be identified.

A. Temperature dependency of conductivity

As shown by IDCC measurements, current density will follow
an exponential trend with 1/T. Activation energy for the
relevant materials can be derived from this trend. Since during
the TSCC procedure temperature varies linearly with time, the
Arrhenius equation can be written as:

j = joe Falks(To=Kt) 4)
with jo being the current at the initial temperature To, K the
cooling rate and t the time. This trend is visible in the initial
exponential phase of TSCC tests, which can fit an Arrhenius
type temperature dependency. However, the slope, thus the
activation energy, is found to be higher in absolute value than
those obtained via IDCC. Fit of TSCC data in this temperature
range returns an activation energy value exceeding by 38% the
one obtained from IDCC data, respectively 1,6eV and 1,1eV.
The second phase of TSCC shows large deviations depending
on the applied cooling rate, with current density values at 25°C
spanning over about one order of magnitude.



Despite some points of the curves matching results from
IDCC, we could not identify a specific set of TSCC testing
parameters able to consistently reproduce IDCC values at all
temperatures.

B. Boundary effects

One reason of those discrepancies can be found considering
boundary effects of real testing conditions. The change in
conductivity of BOPP and the surrounding gas (N.) in the
testing cell induced by the temperature change during
measurements will determine a variation of electric field
distribution, hence a current flow. This additional current
should be superimposed to the theoretical bulk leakage current
from (4), with positive or negative contributions, depending on
the ratio of conductivities of different materials at each testing
temperature and cooling rate. The overall result is overlapping
with the Arrhenius law, and eventually modifying the apparent
activation energy.

The effects of this kind of mechanism are stronger when
TSCC cooling starts before complete polarization of materials
at high temperature (i.e. after 10ks), and directly proportional
to the applied cooling rate, since a faster temperature change
would require a faster charge flow to allow field redistribution.

C. Steady state polarization current

As mentioned, polarization current at a fixed temperature will
decay following a law similar to (3). This mechanism will be
active during the TSCC procedure, and particularly noticeable
for longer times (e.g. lower temperatures or cooling rates, as the
total experiment time is inversely proportional to the cooling
rate).

Fig. 6 reports the same plots of Fig. 3 relative to the cooling
phase of TSCC of BOPP, on a time scale. As mentioned, it is
possible to distinguish a power law trend for the long-time low-
temperature range.

The three t™ decay phases are found to align for all the tested
cooling rates, and this has to be expected, since temperatures at
those stages must be very similar, despite the different timing.
Hence, current densities will have to eventually match in the
same power law, at three separate time instants.

This might be mainly responsible for the differences between
IDCC and TSCC results obtained during the second phase of
the procedure.

Fittings of proposed model to experimental results are shown
in Fig. 6 as dashed curves, using E;*=1.6eV, n=0.65 and jo
taken at the first instant of cooling. The contribution of
boundary effects is neglected as an approximation.

The model proposed is qualitatively able to fit TSCC curves
based on characteristic parameters of the material, but
parameters were not in full agreement with those obtained via
characterization through IDCC procedure.
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Fig. 6. Current density during TSCC cooling phases of BOPP plotted against
cooling time (solid lines) and fit curves (dashed lines)

IV. CONCLUSIONS

The TSCC technique was found not adequate for fast
determination of conductivity or current density of
polypropylene and polyethylene terephthalate films, because of
concurrent mechanisms affecting the measured current during
cooling ramps. Derivation of material properties from the fit of
multiple curves appears possible but this will compromise the
ability of the technique to produce results in short test time. The
technique is expected to produce effective results when the time
dependent mechanism is negligible in the material under test.

It was made evident that polarization time is fundamental for
the description of conductivity or leakage current of thin plastic
films, and the wvariation of other parameters during
measurements, such as temperature, will not provide a
definitive picture characterizing the tested material.
Conventional isothermal DC conductivity measurements can
also provide additional information, as the slope of current
decay, (exponent of the CvS equation), which shall be further
investigated as a possible indicator of plastic film quality, as the
rate at which leakage current decays over time will be affecting
the performance in long term operation.
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