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Low density polyethylene (LDPE) film samples with different morphology were prepared by three kinds of annealing methods which were different

in cooling rates in this study. A pulsed electro-acoustic (PEA) space charge measurement system was improved to solve the surface discharge

problems for small samples applied with a high voltage. Negative direct current (DC) fields from 50 to above 220 kV/mm were applied to the

samples. The influences of morphologies on space charge and space charge packet characteristics were measured by the improved high voltage

withstand (HVW) PEA system. Mobility and trap depth of released charges were calculated by space charge decay. It was found that there is a

different probability of space charge packet initiation under applied field from �60 to �100 kV/mm. Average velocity and mobility of the space

charge packets were calculated by space charge packet dynamics. It was found that the lower cooling rate samples have higher crystallinity, more

homo-charge accumulation, lower mobility and deeper trap depth. The mechanism of morphological effects on space charge phenomena have

been presumed to give a plausible explanation for their inherent relationships. The morphology in the metal–dielectric interface and in the bulk is

convincingly suggested to be responsible for the injection and propagation processes of space charge. A model of positive space charge initiation

in LDPE samples was also suggested and analyzed. The mechanism of morphological effects and the charge injection model are well fit with the

injection and propagation processes of space charge. The different effects of morphology in the metal–dielectric interface and in the bulk of

polymers are stressed. # 2011 The Japan Society of Applied Physics

1. Introduction

As a secondary effect of polymeric insulating materials,
space charge always plays a very important role in electrical
properties of dielectrics. Space charge is well known to
distort the local electrical fields, and to affect conduction,
breakdown and aging processes, etc.1–6) Vast amounts of
research have been carried out on the effects of space
charges. The knowledge of mobility and trap depth is crucial
for the investigation of the injection and transport mech-
anisms. Space charge decay after the electric field was
removed reflects the release procedure of trapped charges
from traps as mentioned by Montanari and coworkers7,8)

and Miyake et al.9) where they gave methods to calculate
mobility and trap depth. Many researchers also focus on
space charge packets which can greatly distort the field
strength. Several papers gave very different threshold field
values of space charge packet initiation such as 50, 70, or
120 kV/mm in low density polyethylene (LDPE), etc.10–15)

Measures also have been taken to test and diminish the
effects of space charge on electrical properties.16,17) Among
these measures, annealing which can influence electrical
properties via its modification effects on morphology6,18–21)

is an important process in manufacturing of polymeric
insulating materials. The influences of morphology on
treeing degradation and conduction processes have been
widely studied while few studies mention its influence on
space charge properties.22–24) In viewing the literature of
space charge studies, we still lack a sufficient database on
space charge properties such as space charge packets, trap
calculations and morphological influences, etc.

In this paper, different annealing methods with different
cooling rates were used to prepare LDPE samples. The
influence of the annealing method on morphology and space
charge properties were studied by polarization microscope
and Fourier transform infrared (FTIR) spectrophotometry.

Space charge characteristics in samples at different negative
direct current (DC) fields with different cooling rates were
measured by an improved high-voltage withstand pulsed
electro-acoustic (HVW-PEA) space charge measurement
system which can withstand far higher voltage as compared
to the present widely used PEA systems with the same
sensor size. From the experimental results, with the
assistance of calculation of mobility and trap depth, the
initiation and propagation properties of space charge are
discussed. Based on the probability analysis, the properties
of space charge packet occurrence at different electric fields
are also discussed.

2. Experimental Procedure

2.1 Samples

The raw material used in this paper was pellet LDPE
produced by Beijing Yanshan Petrochemical, which is a type
of pure polyethylene (PE) without additives. Its character-
istics are as follows: density 0.92 g/cm3 and melt index
4.0 g/10min. Pellet samples were laminated between two
pieces of poly(tetrafluoroethylene) (PTFE) in an oven
preheated at 180 �C. They were pressed using a 5 kg steel
block and kept at this temperature for 30min so as to make
the samples melt sufficiently. Then LDPE samples were
cooled at a low rate (0.03 �C/s, cooled together with a hot
steel block), a normal rate (10 �C/s, cooled in air) and a high
rate (50 �C/s, cooled in ice water), respectively. The samples
are about 100 �m in thickness and about 4mm in diameter.

2.2 Morphology

An Olympus microscope CX40 was used to observe the
sample surface and morphology. The crystallinity of samples
was investigated by FTIR spectrophotometry.

2.3 Space charge measurement

Space charge in samples was measured by the PEA method.
Figure 1 shows the principle of the PEA method.25,26) In a
PEA system, an externally pulsed electrical field is applied to�E-mail address: zhou-yx@tsinghua.edu.cn
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the sample and induces a perturbation electric force on space
charge in the sample. This force causes the space charge to
move slightly in its position. This movement launches an
acoustic pressure wave. The wave is detected and analyzed
to get the space charge distribution in the sample.

The pulse voltage is 1 kV with duration of 5 ns, the
minimal repetition interval is 0.5ms. A poly(vinylidene
fluoride) (PVDF) film with 9 �m thickness is used for the
piezo-electric transducer. The theoretical spatial resolu-
tion is about 10 �m for PE material.27) By using the above
described pulse generator and ‘‘sequence’’ function of a
LeCroy WR6100 oscilloscope. The noise is reduced by
an averaging method. In our experiment, an average on
50 acquired profiles can derive stable space charge distribu-
tion information. The usual measurement interval is 25ms,
however, by using another pulse generator AVTech AVMH-
5-C, the minimal interval of space charge measurement can
decrease to 10 �s if necessary.

DC electric fields from 50 to 240 kV/mm were selected.
The high voltage plate electrode is made of semiconductor
(SC) and the ground electrode is aluminum. In this paper the
space charge distribution was measured every 5 s. When
high voltage was applied and removed measurements were
made every 0.8ms.

2.4 Improved high voltage withstand PEA system

Figure 2 shows the improved electrode structure of the PEA
system. The inner diameter of the shield cage is 70mm and
the diameter of the high voltage electrode is 20mm which
is widely adopted in a normal system.25) In such a normal
system, the creepage distance through a surface of epoxy
between the high voltage electrode and the shield cage is
only 25mm. On the other hand, for our samples with only
40mm diameter, the creepage distance along the surface
of sample between the high voltage electrode and earth
electrode is only 10mm. The surface discharge voltages
of the above two creepage distances are only 12 and 7 kV,
respectively. Therefore, the maximum DC voltage in the
normal system is only 7 kV. For the samples with 100 �m
thickness, the corresponding field is only 70 kV/mm if

applied with such a low voltage, which is too small to study
space charge in PE. Enlarging the shield cage and samples
by several times may solve this problem, but a larger scale
measuring system was not available for small samples of
40mm diameter for the present work.

Therefore, two concave-convex shelter plates were used
as shown in Fig. 2, to prevent surface discharges. By this
method, without volume modification of the measurement
system or sample size enlargement, the maximum voltage of
the PEA system can be increased to 40 kV, even for samples
as small as 40mm in diameter as in the present case. The
improved HVW-PEA system fit our experimental purposes
well and is strongly recommended for small diameter
samples stressed by high voltage.

3. Results

3.1 Morphology

Figure 3 shows the bulk photos using a polarization
microscope with different cooling rates. Table I tests the
crystallinity of the three kinds of samples calculated from
FTIR spectrophotometry. The results indicate that different
cooling rates result in different morphology in LDPE:22)
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Fig. 1. The Principle of the PEA method for space charge measurement.
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lower cooling rate results in larger spherulite and higher
crystallinity and higher cooling rate results in smaller
spherulite and lower crystallinity.

3.2 Time-dependent space charge distribution

Time-dependent space charge distribution in low cooling
rate samples applied with 50, 100, and 150 kV/mm DC
fields for 10min and removed for 10min are respectively
shown in Figs. 4, 5, and 6. The basic space charge distri-
bution characteristics of samples with different cooling rates
are similar to each other when applied fields are 50 to
150 kV/mm, so only the results of low cooling rate samples
are typically given here.

When a 50 kV/mm field was applied as shown in Fig. 4,
homo-charge accumulated near to the electrode. The other
possibility is hetero-charge accumulation near electrodes of
opposite polarity to the nearby charge. The curve peaks of
accumulated space charge only stay near the two electrodes
but do not move through the bulk of LDPE to the opposite
polarity electrode. This indicates that interface processes are
more important for the hetero-charge accumulation under low
field. Different from the low field case, Figs. 5 and 6 show
that at high fields of 100 and 150 kV/mm that space charge
packets appear. In other words, the curve peaks of the
accumulated space charges go through the bulk of LDPE and
move towards the opposite electrode. Here we define a space
charge packet as the accumulated space charge moves across
the dielectric from one electrode to another by a collective,
dynamic and packet-like way as shown in Figs. 5 and 6. In this
paper the positive and negative peak positions of the curves
are defined as the highest or lowest points of a space charge
packet and the movement of these points indicates the packet
movement. In Figs. 5 and 6, positive space charge packets are
initiated from the anode and move to the cathode. After
the high electric field was removed with open circuited
electrodes, homo-charges near both electrodes were observed.

(a)

(b)

(c)

Fig. 3. Photos of LDPE samples with different cooling rates by microscope:

(a) high cooling rate, (b) normal cooling rate, and (c) low cooling rate.

Table I. Crystallinity of samples with different cooling rates (units: %).

Cooling rate

High Normal Low

Crystallinity 43.1 46.2 48.8
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Fig. 4. Space charge distribution in low cooling rate samples during (a) 50

kV/mm field application for 10min and (b) depolarized for 10min.
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3.3 Morphology-dependent space charge distribution

Figure 7 shows the space charge distribution in samples
with different cooling rates after 50 kV/mm field was
applied for 10min and the charge dissipation process
after being depolarized for 10min with open circuited
electrodes. As mentioned, there is no visible space charge
packet phenomenon in this case. Lower cooling rate sam-
ples have more space charge accumulation; and on the
contrary, higher cooling rate samples have less space
charge accumulation. This shows the influence of the
annealing method or morphologies on space charge
accumulation.

As shown in Fig. 8, when 100 and 150 kV/mm fields were
applied, the space charge packet phenomena appeared as
mentioned. The results of Fig. 8 are the charge distribution
after being polarized by a 100 or 150 kV/mm DC field and
then depolarized for 10min with open circuited electrodes
which are similar to that applied with a low field of 50
kV/mm as show in Fig. 7(b).

3.4 Initiation voltage of space charge packet

Figure 9 gives the probabilities of space charge packets
initiated in samples applied with different DC fields and

cooling at different rates. Each point of the probability
indicated in the curves is respectively calculated with 10
samples measured.

When the applied fields are lower than 60 kV/mm, no
space charge packet occurs in all three kinds sample cooling
rate; when the applied field is higher than 110 kV/mm, space
charge packets occur almost in all of the samples at any
cooling rate; at a field between 60 and 110 kV/mm, the
probability of space charge packet initiation increases
with the increase of applied field and the probability in
lower cooling rate samples is higher than that at higher
cooling rates. This means that the applied voltage of space
charge packet initiation at lower cooling rate samples
is lower, which can be due to the different morphologies.
It also indicates that the applied voltage of space charge
packet initiation does not mean a constant field but a certain
range of fields corresponding to a probability band of
initiation.

4. Discussion

4.1 The mechanism of morphology effects on local state

in semi-crystalline polymers

As one kind of semi-crystalline polymer the morphological
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Fig. 5. Space charge distribution in low cooling rate samples during

(a) 100 kV/mm field application for 10min and (b) depolarized for 10min.
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Fig. 6. Space charge distribution in low cooling rate samples during

(a) 150 kV/mm field application for 10min and (b) depolarized for 10min.
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microstructure of crystalline and amorphous regions in
LDPE films are schematically shown in Fig. 10.28) Poly-
ethylene molecules are not all arranged parallel to each
other. The polymer molecular chains are closely packed and
lined up parallel in an orderly crystalline structure, which
are called crystalline areas. In other areas, the chains are
randomly arranged in an irregular structure. This structure is
called amorphous. Different crystalline structures can be
found between the crystalline region in the bulk and near the
polymer/glass (or polymer/metal) laminated interface, and
are respectively called spherulites and transcrystals.

Generally, due to the irregular structure and lower density
of the amorphous region, electrons can drift more easily than
in the crystalline region. This may be due to the fact that
during the crystallization processes, impurities and uncrys-
tallizable polymer molecules are rejected and finally settle in
the amorphous region near the spherulites or transcrystals.

The spherulites are easily formed in the bulk of LDPE
where some crystalline centers are in existence. Generally,
beside molecule chains, impurities and structural anomalies
in the bulk of films often act as such centers. Thus the
electric potential among the spherulite centers can be
increased due to the arrangement of molecular chains

surrounding the centers. The amorphous regions in polymers
mean a higher density of impurities and structural anomalies
which dominate the local state in the bulk of polymers. The
size increase of the amorphous region causes the increase of
local charge densities and therefore leads to a decrease of
trap depth of the local state. Thus, in the bulk of polymers,

-50 0 50 100 150

-2

-1

0

1

2

x 10
-4

Anode (GND, Al) Cathode (-HV, SC)

Thickness (µm)

S
p

ac
ec

h
ar

g
e 

D
en

si
ty

 (
C

/c
m

3 )
High rate 
Normal rate 
Low rate 

(a)

-50 0 50 100 150
-3

-2

-1

0

1

2

3
x 10

-5
Anode (GND, Al) Cathode (-HV, SC)

Thickness (µm)

S
p

ac
ec

h
ar

g
e 

D
en

si
ty

 (
C

/c
m

3 )

High rate 
Normal rate 
Low rate

(b)

Fig. 7. Space charge distribution in samples with different cooling rates after

50 kV/mm field was (a) applied for 10min and (b) removed for 10min.

-50 0 50 100 150
-3

-2

-1

0

1

2

3
x 10

-5
Anode (GND, Al) Cathode (-HV, SC)

Thickness (µm) 

S
p

ac
ec

h
ar

g
e 

D
en

si
ty

 (
C

/c
m

3 )

High rate 
Normal rate 
Low rate 

(a)

-50 0 50 100 150
-2

-1.5

-1

-0.5

0

0.5

1

1.5

2
x 10

-5
Anode (GND, Al) Cathode (-HV, SC)

Thickness (µm)

S
p

ac
ec

h
ar

g
e 

D
en

si
ty

 (
C

/c
m

3 )

High rate 
Normal rate 
Low rate 

(b)

Fig. 8. Space charge distribution in samples with different cooling rates after

being polarized by (a) 100 and (b) 150 kV/mm field and then depolarized for

10min.
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with the increase of crystallinity the amorphous region
decreases and finally the trap depth increases. That is, the
trap depth in the bulk of polymers increases with the
increase of crystallinity.

With the increase of crystallinity, the local density shows
a different changing figure due to the perpendicularly
aligned lamella of transcrystals to the aluminum ground
electrode at the position near to the interface between
the dielectric and aluminum electrode. The lamella of a
transcrystal is anomalistic because of the existence of
the amorphous region between lamella which is directly
connected with the metal electrode as shown in Fig. 10. The
amorphous region operates like conduction pipes when the
electric field is applied. Thus, with the increase of crystal-
linity, while more and more impurities and uncrystallizable
polymer molecules synchronously settle outside the tran-
scrystal due to a rejection effect of crystallization,28) the
increase in the thickness of lamella may not decrease the
anomalies. On the contrary, it may lead to a more severe
irregular state. Both the rejection effects and morphology
modification increase the local density of impurities and
anomalies in the metal–dielectric interface.

Any charge injection and propagation processes are
inherently related to conditions at the metal–dielectric
interface and in the bulk. It is worth to notice the mor-
phological effects at the metal–dielectric interface.

4.2 Morphology effects on space charge initiation

Based on the above experimental results, a model of positive
space charge initiation in LDPE samples was suggested as
shown in Fig. 11.

In Figs. 11(a) and 11(b), when the voltage is applied on
dielectrics, some positive induced charge appears in the
interface between the anode and dielectrics, and it means
a space charge distorted field exists at the interface. The field
makes some negative charges be extracted from the area
in dielectrics near anode into the anode. Therefore, some

positive charges remain at the area in dielectrics near anode
as shown in Fig. 11(c). The positive charge accumulation
makes the electric field near the interface between anode
and dielectrics decrease and the electric field of the inside
area in the bulk increase as shown in Fig. 11(d). The
decreased field near the interface makes extracted negative
charges become less and less. When a dynamic balance
is established, no more negative charge is extracted and
the accumulated positive charges were isolated from the
anode. If the inside field around the positive charges is high
enough, the charges can move as a positive space charge
packet.29–31)

The crystallinity of lower cooling rate sample is higher
and the local density in the metal–dielectric interface also
is higher as mentioned in x4.1. A higher local density
spontaneously causes more space charge accumulation. The
results shown in Figs. 7 and 8 are well in accordance with
this picture that lower cooling rate sample has more space
charge accumulation. Therefore, in a same applied field, in a
lower cooling rate sample, the field near interface between
anode and dielectrics is lower, and the field inside dielectrics
around the positive charges is higher. Consequently,
according to above model, the applied voltage of space
charge packet initiation is lower in lower cooling rate
samples as shown in x3.3 and Fig. 9.

4.3 Morphology effects on carrier mobility and trap depth

Figure 12 shows the mobility as a function of depolarization
time, samples with different cooling rates were applied with
50 kV/mm negative DC field for 10min and then depolar-
ized with open circuited electrodes. It was calculated
by the space charge decay curve after the high voltage
was removed, using the method from eq. (1), which was
proposed by Montanari et al.:6)

�ðtÞ ¼ 2"

q0ðtÞqðtÞ �
dqðtÞ
dt

; ð1Þ

Fig. 10. Schematic diagram of spherulites and transcrystals in polymer.
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where " is the permittivity, qðtÞ is the total charge density
measured by the PEA method, and q0ðtÞ is the difference of
positive and negative average charge densities.

Figure 13 shows the trap depth as a function of depo-
larization time, where samples with different cooling rates
were applied with 50 kV/mm negative DC field for 10min
and depolarized. It was calculated by7)

� ¼ kT ln �
kT

veR2

� �
; ð2Þ

where k is Boltzmann’s constant, T is the Kelvin tem-
perature, � ¼ kT=h is the attempt frequency, h is Planck’s
constant, and R is the mean distance between localized states
(5� 10�7 m selected here).8,9)

The results indicate that lower cooling rate samples have
lower mobility and deeper trap depth which also can be
found when applied with 100 and 150 kV/mm fields. The
deeper trap depth leads to more difficulty charge carrier
escape and leads to a lower mobility. In the present case, the
calculation of mobility and trap depth is based on the space
charge movement in the bulk of the polymer and therefore
the calculation results indicate a bulk process of charge
propagation. Conduction is determined by bulk physical
processes. The calculation result demonstrates that the

decrease in mobility and increase in trap depth can be due
to the decrease of local charge density due to the decrease
of amorphous region in lower cooling rate samples as
discussed in the case of the bulk processes. Furthermore, this
conclusion well matches the experiment results as shown in
Figs. 7(b) and 8, the lower cooling rate samples have deeper
traps and after the field was removed, more space charge
remained in the samples.

4.4 Morphology effects on space charge packets

Velocity of space charge packets can be calculated by
the movement of the location of its peak. In this paper the
positive packets were used for calculations because they are
clear, sharp and fast moving compared with the negative
charge packets. Figure 14 shows the average velocity of
positive space charge packets in samples with different
cooling rates at 100, 150, and 220 kV/mm negative DC
fields. Figure 15 shows average mobility of space charge
packets which is calculated by velocity in Fig. 14 divided by
the applied field. It also indicates that lower cooling rate
samples have lower mobility, which is accordant with the
results shown in Fig. 12.
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The results shown in Figs. 14 and 15 further demonstrate
that there are inherent relationships among higher crystal-
linity, more space charge accumulation, lower mobility and
deeper trap depth. Lower mobility and deeper trap depth
have a monotonic relationship. Lower mobility makes the
movement of injected charges more difficult, and deeper
traps make release of trapped charges more difficult, as a
result, more homo-charges are accumulated.

5. Conclusions

The influences of the annealing method on space charge and
space charge packet phenomena in LDPE samples were
studied by the HVW-PEA system.

(1) The injection processes of space charge might be
controlled by both the transcrystal structure and amorphous
region in the metal–dielectric interface, while the propaga-
tion processes of space charge are inherently related to the
bulk morphology.

(2) The model of space charge initiation presented here
can well describe space charge packet phenomena.

(3) Probability is introduced to evaluate the applied
voltage at space charge packet initiation. A space charge
packet initiation probability band of 60 to 100 kV/mm is
given.

(4) The lower cooling rate samples have higher crystal-
linity, more homo-charge accumulation, lower mobility and
higher trap depth. The relationship among these character-
istics is valuable for the study of polymer dielectrics and
further study is strongly suggested.
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