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a b s t r a c t

Charge distribution and transport have been investigated in LDPE films with different humidity content
under electric fields up to 130 MV/m. Pulsed electroacoustic measurements showed that, as water
content increases, positive charge packets formation in the anode is enhanced and they propagate to-
ward the cathode with higher transit speeds. Fits of surface potential decay measurements showed that
charges in dry samples are injected directly into the volume, but the presence of moisture generates new
trap centers in the surface of the material. This new trap level causes a charge accumulation on the
surface, that gradually passes into the bulk. The observed behavior in development and propagation of
charge packets are explained according to these results. Thermally stimulated depolarization current
measurements showed a non-distributed relaxation associated to the new trap levels on the surface of
the wet samples.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Low Density Polyethylene (LDPE) is a non-polar polymer
commonly used as insulating material due to its high electrical
strength. With the increased interest in high voltage direct current
applications (HVDC), these properties that make LDPE a good
insulator may paradoxically generate some problems in the per-
formance of the material. Its high trapping capacity along with the
low carrier mobility can favor the formation of space charge in the
material [1,2]. The presence of space charge in a dielectric material
generates localized electric fields and plays an important role in
aging processes [3]. Referring to the nature and depth of traps, it
has been proposed that impurities and/or chain defects could be
responsible for their existence in the material. Ieda [4] has per-
formed a detailed study on PE inquiring into both theories.

Space charge in the material can be studied by the Pulsed
Electroacoustic technique (PEA). In this technique a pulsed electric
field is applied to the sample inducing the oscillation of space

charges present through the material. The resulting pressure wave,
related to the space charge distribution, is recorded as a function of
time. More detailed explanation of this technique can be found in
excellent treatises [5]. Although accepted space charge theories
predict a continuous injection of charge with the generation of a
space charge distribution until a steady state is reached [6], mea-
surements at high and more recently medium electric fields
showed that discrete injection of charge from the electrodes occurs
[7,8]. Moreover, these injected ‘packets’ of charge retain the pulse-
like nature as they transit through the insulation.

Several aspects of this phenomenon have been analyzed since
then and a packet-like charge propagation has been observed in
various conditions. Positive or negative packets are formed
depending on the additives of thematerial and can be formed at the
electrode or in the bulk. The phenomenon can be repeated in time
or disappears after a certain number of pulses. The transit speed
can be constant or slow down as the material is crossed, and the
electric field necessary to originate these packets also varies from
medium values (30e50 MV/m) to quite high fields (100e400 MV/
m) ([9] and references herein). Models to explain the formation of
charge packets at the electrodeepolymer interface suggest that
high electric fields, generated by the accumulation of charge at the
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interface, can alter chain arrangement in the amorphous regions
making tunneling injection possible [10]. The necessary hysteresis
to obtain discrete charge injection can be obtained by this way.
Nevertheless some controversy exists in the explanation of this
phenomenon.

Another technique widely used to study charge transport in
polymers is the Surface Potential Decay technique (SPD) [11e14]. In
this technique, ions are deposited on a polymer film during a
corona charging process. Because of their own electric field, elec-
tron or hole transfer to surface traps can take place generating a
surface charge in the material. Depending on the potential applied
during the corona charging process, carriers can be as well directly
injected into the sample’s bulk. In order to neutralize this charge,
electrons or holes move by hopping to the opposite metalized
surface. During this process, surface potential decay is related to
charge transport in thematerial and can be analyzed applying some
phenomenological models [13,15,16]. Some authors have studied
SPD on LDPE [17] and recent works find accordance between ex-
periments and this transport process interpretation [18e20].

Thermally stimulated depolarization current (TSDC) is a comple-
mentary technique suited aswell to studycharge relaxationprocesses
in dielectrics [21e23]. In this technique an electret is formed by the
application of an electric field to the sample that is then cooled down
to freeze thepolarization. The sample is thenheated at a constant rate,
thermally stimulating the depolarization of this charge. Fitting of the
obtained discharge spectrum to some phenomenological models
allow us to evaluate the activation energies of the observed re-
laxations aswell as some other kinetic parameters. In a typical LDPEe
TSDC spectrum a peak appears around �40 �C which corresponds to
the a relaxation associated to the glass transition of thematerial. Free
charge relaxationprocesses generate a peak around50 �C followed by
a complex electrical response when the material goes into the melt
temperature range [24,25].

The effect of elevated humidity on electrical conductivity of
different polymers can be found in the literature [26,27], however
its influence in the packet-like charge formation is much less
studied. In the present work we study the influence of humidity in
LDPE charge transport mechanisms andwe obtain some correlation
between the formation of new trap levels associated to humidity
and the generation of pulsed like charge transport. We analyze data
obtained by PEA, SPD and TSDC and explain the increased ability to
form packets of charge in the wet samples in the framework of
existing theories in the subject.

2. Experimental

2.1. Sample preparation

A commercial grade of LDPE, Lupolen 1800H, was kindly sup-
plied by Lyondel Basell. This is an extrusion grade LDPE having a
melt flow rate of 19 g/min (ISO 1133: 2.16 kg, 190 �C). Films of 125
and 250 mm in thickness were obtained using a cast-film line,
consisting of a single-screw extruder Collin Teach Line 20T-E (L/
D ¼ 25; D ¼ 20 mm), a multi-manifold die and a calendaring rolls
(Teach Line CR 72T). The die and calendering temperatures were
210 �C and 40 �C respectively. The prepared material was condi-
tioned by a 1 h annealing at 75 �C to prevent possible morpho-
logical changes during later measurements in temperature.

Three types of samples, with different degrees of humidity, were
prepared for the experiments. Among the samples kept at ambient
conditions for several days in our laboratory (low humidity sam-
ples), some samples were kept at 30 �C in a humidity saturated
ambient for 24 h (wet samples) and another set was kept in vacuum
at 30 �C for 24 h (dry samples) previous to the experiments. In the

case of samples for SPD and TSDC measurements, this humidifi-
cation process was carried out after metallization of the sample.

2.2. DSC and FTIR measurements

Initial characterization of the samples was performed by differ-
ential scanning calorimetry (DSC) and Fourier Transform Infrared
spectrometry (FTIR). DSC measurements were performed with a
PerkinElmer Pyris 1 calorimeter, which was previously calibrated
with standard samples of indium and lead. The samples (ca. 10 mg)
were taken from the middle of the films. The melting and crystal-
lization temperatures (Tm and Tc) were determined from the first
heating and cooling scans, respectively. The crystalline fraction (Xm)
was calculated by integration of the signal concerned, using the
100% crystalline LDPE crystallization enthalpy (288 g�1) [28].

The IR pattern of LDPE was analyzed using a Nicolet 6700
spectrophotometer. The spectral resolution was 1 cm�1, and the
wavenumber interval analyzed was between 4000 and 400 cm�1.
For each measurement, 50 scans were performed. A Smart Orbit
high-performance diamond single bounce attenuation total
reflection (ATR) accessorywas used. The depth of penetration of the
equipment is 2.03 mm at 1000 cm�1.

2.3. Pulsed electroacoustic measurements

PEAexperimental set-upused in thisworkwas a commercial PEA
equipment ‘Techimp PEA system’. A ‘Spellman SL10’ 130 kV high
voltage power supply was used to polarize samples and data were
recorded by means of a ‘Tektronix TDS 5032’ digital oscilloscope.
Measurements were performed polarizing the samples up to 5 h at
room temperature with applied voltages (Vp) between 2 and 20 kV.
The pulse amplitude was 300 V and the pulse length was 40 ns.
Charge distribution was measured continuously during polariza-
tion. Samples consisted in 8 cm square sheets and charge distribu-
tionmeasurements were performed in a 1 cm circular section at the
middle of the sheet. The software used for deconvolution of the
signal is a Labview based software provided by TechImp.

2.4. Surface potential decay measurements

Samples for surface potential measurements (SPD) were pre-
pared coating a 1 cm diameter Al electrode on one side of the LDPE
sheet by vacuum deposition. Measurements were carried out with
a Trek model 347 electrostatic voltmeter. Samples were charged by
the corona triode method [29]. The needle of the corona triode was
kept at þ10 kV during the charging process (3 s) while the grid was
grounded and the rear side of the sample was kept at �1 kV. The
distance between the sample and the grid was 8 mm. The gap
between the grid and the needle was 25 mm. After the charging
process, the sample was automatically moved to the measuring
position, under the electrostatic voltmeter, in less than 0.5 s, and
with the rear side of the sample grounded.

2.5. Thermally stimulated depolarization current

Samples for TSDC measurements were prepared by coating a
1 cm diameter Al electrode on one side of the LDPE sheet by vac-
uum deposition. In the measurements an air gap was present be-
tween the non-metallized side of the sample and the brass
electrode. TSDC measurements were carried out in a non-
commercial experimental setup, controlled by a Eurotherm-808
temperature programmer. The temperature, during measure-
ments, was measured to an accuracy of 0.1 K by a PT100 sensor
located close to the electrodes (in direct contact with the sample). A
Keithley-6514 electrometer was employed for the current
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measurements. All TSDC experiments were performed using the
null window width polarization method (WP-TSDC) [30], except in
the complete spectra discussed in Section 3.4. In the WP-TSDC
method an electric field Ep was applied at a constant polarization
temperature Tp for a polarization time tp (isothermal polarization).
Then the electric field was switched off and the sample was cooled
down to a temperature Td, where it remained for a time td previous
to the depolarization process. With this isothermal polarization
scheme the obtained depolarization peak can usually be described
in a more simple way by a unique relaxation time as a good
approach. Finally the sample was heated at a constant rate and the
depolarization current was measured. Used values of these pa-
rameters in WP-TSDC measurements are: Ep ¼ 100 MV/m,
tp ¼ 30 min, Td ¼ 8 �C and td ¼ 30 min. Tp varies in the different
measurements between, Tp ¼ 15 �C and Tp ¼ 50 �C. The heating and
cooling rate used for all TSDC measurements was 2 �C/min.

3. Results and discussion

3.1. Characterization of the humidity in the LDPE samples

Initial characterization of the samples was performed by dif-
ferential scanning calorimetry (DSC) and Fourier Transform
Infrared spectrometry (FTIR). DSC measurements in as prepared
material shows no significant differences in the crystallinity degree
regarding to the cooling roll temperature, so we selected 40 �C
samples to perform the electrical tests. Once ‘dry’, ‘low humidity’
and ‘wet’ samples were prepared as described in the Experimental
section, they were measured by FTIR to analyze the influence of the
treatment. Fig. 1 shows the presence of a broad peak at ca.
3500 cm�1, related with eOH groups, which ascertain for humidity
in the surface of the wet samples.

Together with these results, mass measurements of the result-
ing samples were carried out to determine the % of water absorbed
in each case. Results showed, as expected, very low water absorp-
tion with less than 0.4% weight increase in the wet sample with
respect to the dry sample.

3.2. PEA measurements

Charge distribution and transport in lowhumidity samples were
measured by PEA with applied fields between 12 MV/m and

120 MV/m. There is a threshold electric field around 80 MV/m
above which charge transport takes place in the material following
a packet like behavior. Positive charge packets flow from the anode
and move toward the cathode with constant transit speeds of
around 2.2� 10�7 m/s. Fig. 2 shows this evolution for the first 845 s
with an applied field of 100 MV/m. As has already been observed in
other cases [31], this packet like charge transport is not stable and
tends to disappear in long-term measurements. Another remark-
able fact is the packet size remains almost constant in these sam-
ples as it propagates through the material.

To analyze the effect of humidity in this phenomenon, wet
samples were measured by PEA in the same conditions. Results
obtained with these samples show several differences with the
previous case. The threshold electric field for packet charge for-
mation does not change appreciably, however packet propagation
begins sooner in this case. This result indicates some increased
tendency to form charge packets in thewet samples, also supported
by the observed increase in the packet transit speed, of
4.1 � 10�7 m/s in this case (Fig. 3). Another remarkable fact is the
progressive increase in the maximum of the charge density peak as
the charge pulse propagates through the material.

Influence of humidity in charge distribution and transport was
also evidenced performing PEA measurements with the dry
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Fig. 1. Fourier transformed infrared spectroscopy of dry (black) and wet (red) LDPE
samples. LDPE, space charge, charge-trapping. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. PEA measurements in as received LDPE sample (low humidity) at 100 MV/m
and different times after voltage application: (a) 145 s, (b) 245 s, (c) 345 s, (d) 445 s, (e)
545 s, (f) 645 s, (g) 745 s, (h) 845 s.
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Fig. 3. PEA measurements in a LDPE wet sample at 100 MV/m and different times after
voltage application: (a) 45 s, (b) 145 s, (c) 245 s, (d) 345 s, (e) 445 s, (f) 545 s.
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samples. In this case no packet like charge transport is developed at
all with applied electric fields up to 130 MV/m (Fig. 4). Charge
distribution profile in these samples evolves developing steady
charge localized regions but with no packet like transport at all. All
these results show that humidity in the sample is an important
factor to take into account to understand, among other electrical
properties, charge distribution and transport in LDPE.

3.3. Surface potential decay measurements

To study the effect of humidity in the electrical properties of
LDPE we performed surface potential decay measurements (SPD)
on samples with different levels of humidity. Fig. 5 shows the
evolution in time of the normalized surface potential obtained with
the three types of samples. A clear different behavior can be
observed between the dry sample and those that present moisture
to some extent. The presence of water in the material favors the
surface voltage decay during the first seconds of the measurement.
This behavior is related to an increase in surface trap density as well
as structural disorder due to the presence of water as will be dis-
cussed below.

3.3.1. Modeling of SPD results
Several authors have proposed different models to explain how

charge transport takes place during a SPD measurement [13,15,16].
These models consider that, depending on the potential applied to
the needle, in the corona charging, charge carriers are placed on the
sample’s surface, from where they jump to the bulk with a fre-
quency a, or they can be directly injected into the samples bulk
(a ¼ N).

After Toomer and Lewis model [15], once the charges are in the
bulk, the band structure of the sample provides traps for the charge
carriers, which drift through the sample hopping from one local-
ized state to another, with a probability per unit time of a charge to
release from the trap, rr, and a probability per unit time to be
retrapped in a different trapping center, rt. This behavior takes into
account the distribution of distances between localized sites
available for carriers to hop as well as the dispersion of the po-
tential barriers between these sites. This distribution in distances
and/or energies affects the time a charge needs to hop from one site
to another. This model assumes different number of adjustable
parameters, depending on the type of traps and on the type of in-
jection of the carriers (instantaneous or partially instantaneous),
which at the end will depend on the characteristics of the sample.
With the assumptions of the model, the superficial potential decay
will follow the equation [15]:

VðtÞ � V0 ¼ �m0
2R

�
V0

d

�2 Zt
0

�
rr þ rte�Rt

�"
1

�
 XN

n¼1

ane�ant

!2#
dt (1)

In our study we consider the particular case, also considered in
Ref. [15], with one type of traps in the sample’s bulk and two types
of injection processes: a fraction a1 of the charges are initially
placed on surface traps, from where they jump to the bulk at a
certain rate a, while the rest, (1 � a1), are injected into the bulk
immediately after the discharge (a2 ¼ N). For highly disordered
structures of some samples a dispersive term has to be also
considered in order to explain the first decay of the surface po-
tential (see Ref. [32]). In our case, we consider that humidity pro-
vides the sample’s surface this disordered structure. After this, the
surface potential of the charged sample decays as:
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where the last term (ltb) is the dispersive term, R ¼ rr þ rt, d is the
sample’s width and m0 is the proper mobility of the sample. This is
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Fig. 4. First PEA measurements (up to 420 s) in a LDPE dry sample at 100 MV/m.
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Fig. 5. Normalized plot for surface potential decay of wet (green), low humidity (red)
and dry (black) samples. Doted lines correspond to experimental data while solid lines
are the fits after equation (2). All samples were initially charged at 1 kV. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Table 1
Parameters obtained from the mathematical fit of SPD curves to equation (2).

Dry Low humidity Wet

V0 (V) 1040 1130 1050
m0 (�10�15) (m2 V�1 s�1) 3 400 900
rr (s�1) 4 � 10�5 10�5 6 � 10�5

rt (s�1) 3 � 10�5 0.08 0.24
a1 0 0.65 0.92
a (s�1) 0 0.04 0.12
l (s�b) 0 0.005 0.01
b 0 0.4 0.3
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the carrier’s mobility between one trap and the next. We must
distinguish this parameter from the effective mobility, that is
influenced by the number of available traps and decays as the
injected charges are being trapped and they remain trapped for
certain amount of time [15].

The values of the free parameters, resulting from fitting equa-
tion (2) to the experimental data of Fig. 5, are shown in Table 1. The
parameters were obtained by the downhill simplex method [33],
where the seeds were chosen after the bibliography.

Five different SPD measurements were performed on each type
of sample, while no significant differences were found in the fitted
parameters. All the values obtained are in good agreement with
those in Refs. [15,32].

We can see how the decay of the dry sample can be explained
considering that all the charges are instantaneously injected into the
sample’s bulk. For the samples with humidity a new dynamics had to
be considered in order to properly describe the decays. In this case
some of the charges seem to be initially retained on the sample’s
surface and remain there a certain time before jumping into the bulk.
Once inside the sample, the propermobility is higher in this case than
in the case of the dry sample. This parameter should be, in principle,
similar in all the cases although it may also be influenced by the con-
centration of charges in the sample. At high carrier density, a decrease
in thepropermobility isexpectedduetopossible interactionsbetween
them. As charges do not penetrate instantaneously into the samples
with humidity, the carrier density will be smaller and this difference
could explain the increase in proper mobility.

A dispersive term has also to be considered in order to explain
the effect of humidity on the samples. The higher the humidity the
higher the disorder and the higher the fraction of charges initially
placed on the surface. The probability for a charge to be trapped (rt)
rises with humidity, while the probability of a charge to release
from a trap (rr) remains constant, for the experimental parameters
studied. We interpret this as due to a smaller initial concentration
of charges in the bulk of the wet samples. This provides a higher
number of available traps which facilitates charges to be trapped.

3.4. TSDC measurements

TSDC measurements have been performed to provide comple-
mentary information about conduction mechanisms in the mate-
rial. This technique is able to discern between different trap levels,
and thus different types of traps, as the depolarization of charges is
thermally activated at different temperatures. Fig. 6 shows the

complete spectrum obtained with the wet sample polarized at
30 �C for 30 min and cooled down to 8 �C with the electric field
applied. In this figure, two depolarization peaks can be noted. At
approximately 25 �C a first heteropolar peak appears, which is not
present in dry samples. At about 50 �C a broad homopolar peak can
be seen. The homopolar sign of this peak indicates probably that it
is related to the relaxation of charge injected in the material from
the electrodes.

A second set of TSDC measurements was carried out, which
consisted on successive charges and discharges of a wet sample in
dry air ambient inside the oven where measurements were made.
In each discharge the sample was heated up to 35 �C, fact that
promotes the progressive drying of the sample. This drying process
was checked as well by weight loss measurements of a sample
subjected to the abovementioned cycles. This test sample showed a
mass loss of almost 0.4%, slightly lower than that of the sample
treated in vacuum (see Experimental section).

Fig. 7 shows the evolution of the heteropolar relaxation ob-
tained in these measurements. A progressive decrease in the het-
eropolar response and a slight shift toward lower temperatures of
the peak maximum is observed. After nine cycles the overall peak
turns out to be scarcely observable. These results suggest that water
molecules present in the sample during polarization are the main
factor responsible of the heteropolar response.

To study the 50 �C broad homopolar peak another set of TSDC
discharges were performed by theWPmethodwith Ep¼ 120MV/m
and varying in this case the polarization temperature from
Tp ¼ 15 �C to Tp ¼ 50 �C. Fig. 8 shows the spectra obtained in this
case. As expected from the broad response observed in Fig. 6, there
is a displacement of the peak with Tp which indicates a distributed
relaxation. An optimal polarization temperature is obtained for
Tpo ¼ 30 �C. At this polarization temperature is when the maximum
discharge current, Im, reaches a maximum value and from this
temperature the thermal agitation begins to be dominant and the
action of the electrical field diminishes.

3.4.1. Modelization of TSDC results
Free charge TSDC depolarization curves can be fitted to the

general order kinetics model [34]. In this model a unique relaxation
time is considered and the current intensity is assumed to follow
the empirical equation:

Fig. 6. Complete TSDC spectrum of a wet sample. Polarization parameters: Tp ¼ 30 �C,
Ep ¼ 100 MV/m, tp ¼ 30 min and cooled down to Td ¼ 8 �C with the applied field on.
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I ¼ �dn
dt

¼ s00n
bexp

�
�Ea
kT

�
(3)

where n is the trapped charge at time t, Ea is the activation energy
(the depth of the trapping sites in this model), T is the absolute
temperature, k is the Boltzmann constant, s00 is a preexponential
factor and b is the kinetic order, an empirically determined
parameter.

Integration of equation (3) simulating a TSDC discharge leads to
the general kinetic order model equation:

I ¼ n0s0 exp
�
�Ea
kT

�264ðb� 1Þs0
v

ZT
T0

exp
�
� Ea
kT 0

�
dT 0 þ 1

3
75

�b
b�1

(4)

Where v is the heating rate, constant in our case, n0 is the initial
trapped charge and s0 ¼ s00n

ðb�1Þ
0 is the preexponential frequency

factor.
The b parameter is related to the interplay between the

recombination and simultaneous retrapping rates. Equation (4) in
the limit b tending to 1 (first order kinetics) reduces to the Randall
andWilkins equation that corresponds to the slow retrapping case,
being recombination the dominant process [35]. In the case of
b¼ 2, this equation reduces to the Garlick and Gibson equation [36]
(second order kinetics is a case of strong retrapping probability). In
the fit of experimental data, the values obtained habitually are
around 1 and 2, or even higher ones in some cases that are difficult
to interpret physically [37]. TSDC data were fitted to the general
order kinetic equation by multidimensional minimization by the
downhill simplex method [33].

In the calculations, n0 was estimated from the total area of the
TSDC peak and Ea, s0 and b, are obtained fitting equation (4) to the
data shown in Fig. 7. Table 2 summarizes the obtained values.

It can be noted that the initial trapped charge, n0, decreases with
successive cycles, i.e., with the progressive drying of the sample.
This result suggests that the peak is related to the presence of water
molecules in the LDPE sample.

A good overall adjustment is obtained to experimental data as
shown by the continuous lines plotted in this figure. The estimated
errors in Ea and b are about 1% and 5% respectively. In the case of the
s0 parameter, the obtained values are less reliable with estimated
errors above 10%.

Values obtained for the b parameter shown in Table 2 are close
to 1 in all the cases with a slight tendency to decrease. This in-
dicates slow retrapping case and recombination as the main de-
polarization process, in good agreement with the stated hypothesis.
The activation energy Ea does not change significantly throughout
experiments, with a slight tendency to grow. Values obtained for
the frequency factor, s0, increase as the sample gets dried.

The parameters that fit the spectra of the second homopolar
peak (Fig. 8) to equation (4) can be seen in Table 3. This homopolar
peak corresponds, as stated above, to charge injected from the
electrodes during the polarization process, and thus it is related to
the traps through which the charge packets can move. Obtained
results show a high distribution of trap energy levels comprised in
the range Ea ¼ 1.11 eV for Tp ¼ 15 �C to more than 1.8 eV as Tp in-
creases. We must notice that the decrease in Ea observed for
Tp ¼ 45 �C and Tp ¼ 50 �C is an experimental artifact, as recorded
curves are not completed in these cases because we stopped the
scan before the peak ended, to avoid sample degradation.

The highest trapped charge, n0, corresponds to TP ¼ 30 �C which
is the optimum polarization temperature for this relaxation. With
regard to the b parameter, it shows approximately a constant value
close to 3. This fact indicates that recombination has dropped in
favor of retrapping as the main charge release process. Prakash
et al. proposed for this case around 33% of recombination processes
in front of 67% of retrapping [37]. In any case, the predominance of
retrapping supports the assumption that injected charge travel
through thematerial and is released at different traps fromwhere it
was generated.

4. Conclusions

Charge pulse generation and propagation in LDPE measured by
PEA show clear differences in dry, low humidity and wet samples,
only attributable to the presence of water in the material. As water
content increases, positive charge packets formation in the anode is
enhanced and they propagate toward the cathode with higher
transit speeds. Weight measurements, however, show that low ab-
sorption ofwater takes place (around 0.4%) even in the samples kept
at 30 �C in a humidity saturated ambient for 24 h. This fact is due to
the very low polarity of PE main polymer chain and water absorp-
tion, presumably, takes place close to the surface of the material.

SPD measurements also show significant differences between
wet and dry samples. Moisture in the LDPE brings up a new process
in the injection of charge carriers. While charges in dry samples are
injected directly into the volume, our results indicate that moisture
causes a charge accumulation on the surface, that gradually passes
into the bulk. This charge accumulation associated with the

280 290 300 310 320 330 340 350
T (K)

0

5

10

15

20

I 
(p

A
)

Tp=15 ºC

Tp=20 ºC

Tp=25 ºC

Tp=30 ºC
Tp=35 ºC

Tp=40 ºC

Tp=45 ºC

Tp=50 ºC

Fig. 8. WP-TSDC spectra of dry samples at different Tp. Continuous lines reproduce
theoretical fit of the discharges. Polarization parameters: Ep ¼ 120 MV/m, tp ¼ 30 min,
Td ¼ 8 �C and td ¼ 30 min. Tp varies in the different measurements between Tp ¼ 15 �C
and Tp ¼ 50 �C.

Table 2
Kinetic parameters obtained by fitting TSDC curves shown in Fig. 7 to the general
kinetic-order model as a function of the cyclical chargeedischarge.

Curve 1 2 3 4 5 6 7

n0 (pC) 1400 1180 1010 746 581 477 310
Ea (eV) 1.70 1.73 1.73 1.76 1.80 1.82 1.84
S0 (s�1) 4 � 1026 1 � 1027 1 � 1027 7 � 1027 3 � 1028 7 � 1028 2 � 1029

b 0.974 0.986 0.989 0.890 0.890 0.913 0.817

Table 3
Kinetic parameters obtained by fitting TSDC curves shown in Fig. 8 to the general
kinetic-order model as a function of the different temperatures of polarization.

Tp(�C) 15 20 25 30 35 40
n0 (nC) 8.14 8.36 8.61 9.60 9.38 6.86
Ea (eV) 1.11 1.39 1.47 1.66 1.70 1.78
S0 (s�1) 1 � 1014 6 � 1018 2 � 1020 4 � 1023 3 � 1024 2 � 1026

b 2.82 2.82 2.82 3.03 2.88 3.34
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moisture has also been found in the TSDC and PEA measurements.
This suggests that water molecules are placed on the surface,
creating a new type of traps that affect the rate at which charges
penetrate the sample. This behavior may promote the development
of charge pulses propagating through the sample. Once charges
begin to cross the sample, the charge density inside is lower, with
more available traps. The fits, which indicate that the probability of
falling into a trap increases with moisture, while the probability of
release does not change, supports this idea. In turn, the proper
mobility of charge carriers rises with moisture, perhaps related to a
lower presence of other carriers that shield their movement.

TSDC measurements in wet samples show a non-distributed
relaxation peak around 298 K. The gradual disappearance of this
peak with successive cyclical discharges, and its absence in dry
samples, indicates that it is originated by the presence of moisture
in the sample. This trap level may be the one responsible of the
charge accumulation on the surface of the material detected in SPD
results modelization. A second distributed peak appears in TSDC
measurements in all the samples (dry and wet) between 307 K and
337 K. This relaxation is characteristic of LDPE and is associated to
trapping centers in the bulk of the material.
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