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Abstract

The space charge distribution in polyethylene samples under direct current (DC) electrical field was measured by

pulsed electro-acoustic (PEA) method. It was found that by blending with 5 wt.% of poly(ethylene-co-vinyl alcohol)

(EVOH) in low-density polyethylene (LDPE) the amount of accumulated space charges decreased and the field dis-

tribution of space charge improved. The differential scanning calorimetry (DSC) study showed that crystallization of

LDPE/EVOH started at a higher temperature than LDPE. The results of wide-angle X-ray diffraction (WAXD) and

small-angle light scattering (SALS) for LDPE/EVOH indicated that the crystal forms did not change, whereas the

spherulites became smaller and imperfective. It can be seen from the results that EVOH played a role of nucleation

during the crystallization of LDPE in the blend. The observation of scanning electron microscope (SEM) showed that

the domains of EVOH were dispersed in LDPE as particles in diameter of 1 lm. The reduction of space charges in the

blend sample can be explained as the results of the trapping of homo-charges at the interface and the dissipation of

charges through LDPE matrix consisting of smaller spherulites.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers and polymer blends are frequently used as

insulators in electrical engineering and industry. In the

case of DC voltage application, the accumulation of

space charge can distort the electric field distribution

in the polymer insulation matrix. Electric breakdown

usually is caused by this uneven electric field distribu-

tion. It is, therefore, important to understand the

mechanism of the formation and accumulation of space

charges in power cable and to explore the means of

elimination.
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Polyethylene, due to its excellent electrical and

mechanical properties, is widely used as insulation

material for electric power cables. Numerous studies

have been performed to investigate the space charge

distribution and electrical conduction in polyethylene

systems [1–4]. It was reported, for example, that the

impulse breakdown strength of polyethylene can be

improved by blending with ionomers [2] or ethylene-

vinyl acetate copolymer [4]. The grafting technique has

also been employed successfully to improve the electrical

properties of polyethylene [5]. The PEA method was

frequently used to measure the distribution of space

charge accumulated under high DC field in cross-linked

polyethylene [6] and in LDPE [7].

Polyethylene is a semi-crystalline polymer. It is con-

ceivable that in a high DC field the crystalline structure

is affected by the applied voltage, which in turn alters

the distribution of space charges. Meunier and Crine
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reported a few years ago that polyethylene morphology

was indeed modified when subjected to high fields and

confirmed that the formation of tiny defects and

microscopic cavities using infrared spectroscopy mea-

surement (IR) [8,9]. There are also a few studies devoted

to the relationship between charge distribution and

crystalline morphology [10,11]. In our previous paper

[12] we reported our finding that the space charge dis-

tribution in LDPE tended to be uniform by adding 0.3

wt.% of sorbitol as a nucleation agent and discussed the

influence of crystallization microstructure on space

charge.

In blends of semi-crystalline polymers, for the matter

of crystalline morphology, it becomes much more

complicated. Blending not only changes the morpho-

logies of individual semi-crystalline polymers but also

creates interfaces between different phases of the two

polymers. In semi-crystalline polymers the interfaces

between the amorphous and crystalline phases are well

known trapping sites [13]. It is also possible that the

trapping of charge occurs at the interfaces between the

polymer phases. At present the understanding on

the origins and distribution of space charge in the semi-

crystalline polymer blends is still very limited. The

complexity of morphology of semi-crystalline polymer

blends renders much more studies. In this work 5 wt.%

of EVOH was added to LDPE. The relationship be-

tween the distribution of space charge in the DC field

and the morphology was investigated with PEA mea-

surement, small-angle light scattering (SALS) test,

scanning electron microscope (SEM) observation and

differential scanning calorimetry (DSC) analysis.
2. Experimental

2.1. Materials

LDPE was cable grade product DJ200 (Melting

Index of 2.1 g/10 min) of Shanghai Petrochemical Co.

Ltd. EVOH containing 47 mol% ethylene (G156) was

kindly provided by Kuraray Co. Ltd., Japan. The

properties of the EVOH are listed in Table 1.
Table 1

Properties of EVOH used in this study

Ethylene content 47 (mol%)

Density 1.12 (g/cm)

Tm 160 (�C)
Tg 48 (�C)
Mn 15,400

Mw 48,200
2.2. Preparation of samples

EVOH was dried at 90 �C for 24 h in a vacuum oven.

LDPE and 5 wt.% of EVOH were mixed in a Brabender

Plasticorder with rotor speed of 40 rpm at the temper-

ature of 195 �C for 5 min. The virgin LDPE was sub-

jected to the same process to be used as a reference.

Films of different thickness were prepared using a hot

press at 170 �C for different length of time. Films of �0.5

mm in thickness were for PEA and DSC experiments.

Films of �0.1 mm in thickness were for the SALS and

WAXD studies.

2.3. Space charge measurement

The space charge distribution in samples was mea-

sured using pulsed electro-acoustic method as shown in

Fig. 1 (DC source, 0–20 kV; pulse width, 20 ns; pulse

voltage, 0–1 kV). The diameter of copper electrode was

25 mm. Aluminum was deposited on two sides of plate

samples as electrodes. Silicone oil was used as an

acoustic coupling agent in order to make a good

acoustic contact between the sample electrode and the

measuring electrode. The principle of this method and

details of measurement were described in the previous

paper [12].

2.4. DSC analysis

The Avrami exponent of crystallization was deter-

mined under non-isothermal conditions [14–17]. A Per-

kin Elmer DSC-7 was used for data acquisition and the

thermal analysis. The sample was first rapidly heated up

to 170 �C, approximately 60 �C higher than the melting

point of LDPE, and then maintained at this temperature

for 5 min in order to erase any previous morphological

history that the sample might be carrying. The sample

then non-isothermally crystallized under nitrogen when

it was cooled down to 0 �C at selected cooling rates. The

enthalpy of crystallization of 100% crystalline LDPE

was taken from literature as 68.2 cal/g [18], and crys-

tallinity of the sample was calculated from the crystal-

lization enthalpy.

2.5. Depolarization measurement

The crystallization speed of the samples was mea-

sured using depolarization method on a GIY-III optical

depolarization instrument at 85, 75 and 65 �C, respec-
tively.

2.6. SALS

The Hv light scattering patterns were recorded on a

small-angle light scattering photometer [19] equipped

with a polarizer, an analyzer and a He–Ne laser source.



Fig. 1. Schematic diagram of apparatus for measurement of sample space charge distribution.
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2.7. WAXD

WAXD measurements were carried out at room

temperature on a D/max-rB diffractometer (Rigaku,

Japan) equipped with a CuKa tube and Ni filter over a

range of diffraction angle 2h ¼ 5–50�.
2.8. SEM observation

The morphology of the LDPE/EVOH blend sample,

which was cryogenically fractured in liquid nitrogen and

etched with nitric acid for 7 h, was observed with a JSM-

5600LV scanning electron microscope (JEOL Corpora-

tion, Japan).
Fig. 2. Space charge distribution at various
3. Results and discussion

3.1. Space charge distribution in samples

The PEA measurement gives a curve of space charge

density ðqÞ versus the vertical distance (depth) from the

anode. Charge distributions in LDPE and LDPE/EVOH

are shown in Figs. 2 and 3. The distance between the two

vertical dotted lines is the depth of samples equal to the

distance from anode to cathode, and the amount of

space charges accumulated can be obtained from the

absolute value of integral areas. Fig. 2 shows the charge

distribution obtained while DC voltages were being

applied at the stress of 10, 20, and 30 kV/mm. Fig. 3

presents the charge distribution after short circuit
voltages of LDPE and LDPE/EVOH.



Fig. 3. Charge distributions after short circuit of LDPE and LDPE/EVOH.
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(discharging) for 10 s, 1 and 5 min. Under DC voltages,

it can be seen from Fig. 2 that the space charges in both

samples are mainly hetero-charges. Most prominent

negative space charges were observed near the anode. As

the applied field intensity increases, the negative space

charges near the anode increase remarkably. It is known

that the hetero-charge in LDPE originates from migra-

tion, polarization, ionization, and orientation of low-

molecular-mass species such as impurities, initiator

residue, and additives. However, the density of space

charges in LDPE/EVOH during charging is extremely

small when compared to pure LDPE. From Fig. 3, it is

also interesting to note that the discharge rate of LDPE/

EVOH was much faster than that of LDPE. Within as

short as 10 s, there were only few charges left in LDPE/

EVOH. The remaining negative charge near the cathode

after discharge is normally considered to be the result of

the electrons injected from cathode and subsequently

trapped in the samples during voltage application.
3.2. Morphology of LDPE/EVOH

The PEA measurement indicated that the space

charges were decreased and the field distribution im-

proved in LDPE by blending with 5 wt.% of EVOH. If

LDPE/EVOH blend had co-continuous morphology,

the space charge accumulated in the sample would easily

dissipate through more conductive EVOH phase at

discharge. However, the SEM observation shows that

EVOH domain is surrounded by more resistive poly-

ethylene matrix. Fig. 4(b) and (c) are the SEM pictures

of the LDPE/EVOH blend, where the holes were EVOH

domains removed by etching with nitric acid. LDPE and
EVOH are completely incompatible due to the polarity

of EVOH. From Fig. 4(c) the sharp interfaces between

EVOH domain and LDPE matrix can be seen. It has

been known that domain interfaces in immiscible poly-

mer blends can act as trapping sites for homo-charges

injected during the voltage application [20]. Therefore,

the decrease of space charges in the LDPE/EVOH blend

during the voltage application can be partially attributed

to the domain interfaces, which trapped the homo-

charge and resulted in an apparent decrease of hetero-

charge.

On the other hand, upon removing voltage the

charges will dissipate and return to the electrodes where

they come from, if there are hopping sites through which

charges can migrate. Accordingly, after discharge the

decrease of space charges in the LDPE/EVOH blend

should be related to the charge mobility in LDPE

matrix. Because the LDPE component did not change

chemically during blending, it is expected that the

change of charge mobility is relative to the crystalline

structure of LDPE matrix. Fig. 4(a) shows the crystal-

line spherulites in the LDPE sample, where the amor-

phous region between spherulites was partly etched by

nitric acid and globular contour in diameter of �4 lm
can be found. After blending the spherulites in the

LDPE matrix became less distinct (see Fig. 4(c)), which

size will be given from SALS measurements.
3.3. Crystalline form of LDPE matrix in the LDPE/

EVOH

WAXD curves for the LDPE and LDPE/EVOH

samples are shown in Fig. 5. Both samples have three



Fig. 4. SEM pictures of (a) LDPE (b) LDPE/EVOH and

(c) LDPE/EVOH.
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main crystalline diffraction peaks at 2h of 21.4�, 23.7�
and 36.1�, corresponding to the 110, 200, 020 lattice

planes of the orthorhombic crystalline form of poly-

ethylene. The amorphous scattering centered at 2h of

19.8�. The refractions of monoclinic and triclinic forms

were not found at the X-ray diffractogram. These results

show that blending with 5 wt.% of EVOH did not

change the crystalline form of LDPE. However, the

inter-planar distance of the LDPE/EVOH was a little

higher than that of the LDPE (see Table 2), which

means that the order of macromolecules arrangement in

crystalline lattices of polyethylene was slightly affected

by blending with EVOH.
3.4. Size of spherulites of LDPE matrix in the LDPE/

EVOH

A light scattering method was devoted to investigate

crystalline superstructures in polymer films. The theories

of spherulitic scattering were developed based upon the

model of a homogeneous anisotropic sphere embedded

in an isotropic medium. This approach successfully de-

scribed the principal features of most experimental

patterns. The HV scattering gives the familiar four-leaf-

clover-type pattern with its maximum intensity at the

position angle ðlÞ of 45� and at a particular scattering

angle ðhÞ which is inversely related to the size of spher-

ulite [21], and the perfection of the spherulite lowers as

the four-leaf-clover-type pattern diffuses. The relation

between measured scattering vector at maximum scat-

tering intensity (qm) and spherulite size (RS) can be

written as the equation given below. So the size of

spherulite can be roughly evaluated.

qmRS ¼ 4:0 ð1Þ

where the scattering vector has the following form,

q ¼ 4p
k

sin
h
2

ð2Þ

The SALS patterns and profiles of LDPE and LDPE/

EVOH samples are shown in Figs. 6 and 7, respectively.

The profiles of SALS are obtained from the scattering

intensity ðIÞ against the scattering vector ðqÞ at a certain

position angle l ¼ 45�. The SALS patterns for both

samples are four-leaf-clover-type (see Fig. 6). Therefore,

the crystalline morphologies of both samples appear to

be spherulite. However, the major difference between

them is the appearance of the contour of four-leaf-clover

pattern. LDPE sample has a clear contour while the

LDPE/EVOH sample has the diffused scattering pattern.

The scattering curve for LDPE passes through a maxi-

mum at q of 1.6 lm�1 while the maximum for the

LDPE/EVOH is at q of 2.6 lm�1 with larger half-width.

The spherulite radius estimated from Eq. (1) is 2.5 and

1.5 lm for LDPE and LDPE/EVOH, respectively. These

results indicate that the spherulites of LDPE become

smaller and imperfect after blending with EVOH, which

is consistent with results from SEM observation.

The decrease of spherulites size can be explained by

the nucleation of crystallization of LDPE on the surface

of EVOH domains. DSC analysis usually can be used to

investigate the crystallization behavior of semi-crystal-

line polymers. Fig. 8 shows the corresponding DSC

curves at the cooling rate of 10 �C/min. It is shown that

crystallization of LDPE/EVOH started at higher tem-

perature than that of virgin LDPE. In order to compare

the crystallization rates of the two samples, the half-time

t1=2 was measured using depolarization method. The plot

of 1=t1=2, which is proportional to the crystallization



Fig. 5. WAXD diffractograms of (a) LDPE/EVOH and (b) LDPE.

Table 2

d-Spacing of crystal planes from WAXD analysis of LDPE and

LDPE/EVOH

Sample Crystal plane

110 200 020 210

LDPE 4.1487 3.7511 2.4833 2.9898

LDPE/EVOH 4.1603 3.7542 2.4860 3.0055
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speed, versus temperature was given in Fig. 9. It can be

seen that the crystallization rate of the LDPE/EVOH

is much higher than that of the LDPE. These results

implied that the EVOH in LDPE might play a role of

nucleating agent for the crystallization of LDPE result-

ing in smaller spherulites.
Fig. 6. Hv patterns of SALS: (a) L
In this study, non-isothermal crystallization was also

conducted to determine the Avrami exponent n
according to the method of Ozawa plots [15]. The

measured Avrami exponent for LDPE is 1.73, which

agrees well with the literature data ðn ¼ 1:72Þ [21]. The
measured value of Avrami exponent for LDPE/EVOH is

1.36, which is appreciably lower than that for LDPE.

The value of Avrami exponent may be composed of two

parts: the contribution of the nucleation and the con-

tribution of growth. The observed difference of the Av-

rami exponent may be essentially attributed to the

nucleation. The Avrami exponent is close to 1 for the

LDPE/EVOH and 2 for the LDPE. The integral value of

LDPE/EVOH implies that it primarily forms one-

dimensional crystallites from heterogeneous nucleation.
DPE and (b) LDPE/EVOH.



Fig. 7. SALS profiles of LDPE and LDPE/EVOH.

Fig. 8. DSC thermograms of non-isothermal crystallization for LDPE and LDPE/EVOH at the cooling rate of 10 �C/min.
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In Table 3 the data of crystallinity from DSC at

cooling rate of 10 �C/min are also listed. The LDPE/

EVOH sample exhibits lower crystallinity. This is be-

cause the crystallization of polyethylene was influenced

by the interfaces of the EVOH domains.

It is well known that during crystallization the

‘‘impurities’’ in polymer are usually expelled out and

localized at the boundaries of spherulites, at the amor-

phous regions between crystalline lamellae, and at the
defects of crystalline regions. In the case of polymers,

‘‘impurity’’ is a broad term covering weak polar mole-

cules, initiator residues, macromolecular end segments,

metal ions, and so forth. The regions of spherulites

boundaries provided the path of migration for charge

carriers. However, when perfect big spherulites are

formed, the boundaries of spherulites will become the

trapping sites blocking up the transportation of space

charges because of its discontinuity or weak connection.



Table 3

Crystallinity and Avrami exponent of LDPE and LDPE/EVOH

LDPE LDPE/EVOH

Avrami exponent, n 1.73 1.36

Crystallinity from DSC (%) 42.0 38.4

Fig. 9. 1=t1=2 versus temperature for LDPE and LDPE/EVOH.
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It has been reported that the conductivity of polymer is

correlated to the spherulites size [22]. Vella and Toureille

found that the space charge distribution in polyethylene

film corresponded with the distribution of spherulites

size, and attributed this phenomenon to higher con-

ductivity in the outer region consisting of small

spherulites and lower conductivity in the center having

big spherulites [11]. It was also found in our previous

paper [23] that small and imperfect spherulites may re-

sult in uniform distribution of space charge in DC field.

In this study, the domain surface of EVOH, acting as a

nucleating agent for LDPE, reduces the size and per-

fection of spherulites of LDPE. The decrease of the

amount of homo-charges after discharging may be

attributed to the smaller size of spherulites that result in

the formation of dense and fine boundaries of spheru-

lites, through which the charge can migrate. Therefore,

the accumulated space charges will dissipate and return

more easily to the electrodes where they came from.
4. Conclusions

The PEA measurements indicate that the amount of

space charges of LDPE in DC field can be largely
reduced by blending with 5 wt.% EVOH. The SEM

observation shows that EVOH domains dispersed in the

matrix of LDPE. The decrease of space charges in the

blend during the voltage application can be partially

attributed to the sharp domain interfaces that traps the

homo-charges and results in an apparent decrease of

hetero-charges. The results of DSC measurement and

SALS analysis imply that blending with EVOH dimin-

ishes the spherulites size of LDPE. The improvement of

space charge distribution after discharging is probably

attributed to the smaller size of spherulites.
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