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ABSTRACT
Using a computer-aided image recording monitoring system, extensive measurements 
have been performed in the inner layer of 66 kV cross-linked polyethylene (XLPE) 
cables. It has been found that there are three kinds of electrical trees in the samples, 
the branch-like tree, the bush-like tree and the mixed tree that is a mixture of the above 
two kinds. When the applied voltage frequency is less than or equal to 250 Hz, only the 
mixed tree appears in XLPE samples, when the frequency is greater than or equal to 
500 Hz, only the dense branch-like tree develops, both of which are attributed to the 
coexistence of non-uniform crystallization and internal residual stress in semi-
crystalline XLPE cables during the process of manufacturing. Through the fractal 
analyses of these electrical trees, it has been found that both the propagation and 
structure characteristics can be described by fractal dimension directly or indirectly. It 
is suggested that the propagation and structural characteristics of electrical trees are 
closely related to the morphology and the residual stress in material at low frequency, 
i.e., the propagation characteristics of electrical trees depends upon not only the 
boundaries between big spherulites and amorphous region, but also the impurity, 
micropore concentration and the relative position of needle electrode tip with respect to 
spherulites or amorphous region in the low frequency range. However, at high 
frequency, it has nothing to do with the morphology of material. It is suggested that the 
injection and extraction process of charge from and to dielectrics via the needle 
electrode are more intense at high frequency than in low frequency. Thus, it can form 
relatively uniform dielectric weak region in front of needle electrode, which leads to 
similar initiation and propagation characteristics of electrical trees at high frequency. 

   Index Terms — Cross-linked polyethylene cable insulation, electrical trees, frequency, 
residual stress, morphology.

1 INTRODUCTION
ELECTRICAL treeing is not only the main factor 

affecting the reliability of cross-linked polyethylene 
(XLPE) cable insulation, but also the final destructive form 

of cable insulation operating in the long run. The electrical 
trees can be initiated from various defects in cable 
insulation, such as impurity or local high electric field due 
to the protuberance of semi-conducting shielded layer. It is 
found that the factors responsible for initiating and 
propagating of electrical trees in polyolefin cable insulation 
depend upon not only the cable manufacturing technique, Manuscript received on 15 May 2009, in final form 12 October 2009. 
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the frequency of applying voltage, but also the impurity 
content, the internal residual stress and physical 
morphology of insulation material [1-8]. With the 
increasing applications of 220 kV and above, the insulation 
of XLPE cables becomes thicker and the harmonic 
problems in power system could not be neglected in recent 
years. Considering the high frequency harmonic voltage 
component in power system, non-uniform crystallization 
due to thicker extrusion insulation, and the enhancing effect 
of residual stress on electrical trees, it is now a new 
challenge to the reliability of cables in operation. It 
therefore brings up a new subject to the study of electrical 
trees. Many papers have studied the effects of morphology 
of semi-crystalline material on the initiation and 
propagation of electrical trees in the past decades [5, 6, 9, 
10], but little attention was paid to the influence of 
frequency and residual stress on electrical tree in XLPE 
cable insulation, only the papers concerning the effect of 
frequency up to 800 Hz have been reported [7, 11]. In this 
paper, the initiation, propagation and the structural 
characteristics of electrical trees under sinusoidal wave 
high voltage of 50 2000 Hz in XLPE cable insulation are 
studied systematically. The structural features of electrical 
trees and the relationship among the structural features, the 
morphology and residual stress of material in XLPE cable 
insulation samples are summarized. It is found that the 
electrical trees propagating in the inner layer of XLPE cable 
insulation can be divided into three kinds, whose 
propagation mechanisms are discussed respectively.  

2 SAMPLE PREPARATION AND 
EXPERIMENTAL SET-UP 

2.1 SAMPLE PREPARATION 
   The samples were taken from a commercial 66 kV high 
voltage XLPE cable that has not been put into use. The 
cross-linking byproducts have not been removed before 
experiments. The cable insulation was cut into hollow disc 
with a thickness of 5 mm (shown in Figure 1). The 
electrode is a typical of point-plane geometry, and two 
kinds of metal needle electrodes were used, one of which is 
stainless steel with tip curvature radius of 5±1 m and the 
other is made of tungsten with tip curvature radius of 3±1 

m. In order to keep a good contact between needle 
electrode and XLPE material, the needle electrode was 
coated with a very thin layer of polyethylene before being 
inserted into the sample.   
   PE coating with a thickness of about 20 m was obtained 
by dipping the needle electrode into xylene saturated 
solution of PE followed by taking the needle  out to dry. 
Special purpose built mould was used to heat the samples. 
The main part of the special mould is a hollow cylinder 
made of stainless steel with an inner diameter of 60+0.2 
mm, a wall thickness of 10 mm and a length of 120 mm 
which is based on the size of the experimental samples used 
in the present study. Two flat heat sources which can be 
attached to the mould were located at both ends of the 

sample. The needle electrode was inserted into the sample 
after the mould was heated to 130 oC. A gauge was used to 
control the depth of the needle insertion. In the present 
study the needle tip was kept 3 mm away from the ground 
electrode. Finally the sample with the inserted needle was 
cooled down either naturally or by fan. The semi-
conducting layer was not removed during the processing 
and used as the ground electrode so that the sample can 
have a good contact with the ground electrode. For 
translucent XLPE samples, the surface smoothness plays a 
very important role in obtaining high quality photos.

In order to produce residual stress in the samples, a 
mechanical pressure was applied to the samples while 
heating. After the needle was inserted into the sample, the 
mould was cooled by blowing cool wind. It has been found 
that the residual stress was not present generally when the 
needle electrode was inserted into the softened sample 
followed by a natural cooling. However, the residual stress 
can be produced if the mechanical pressure was applied 
during the needle insertion followed by rapid cooling. The 
first sign of the residual stress presence in a sample is 
typically indicated by an extruded distortion at the edge of 
samples (Figure 1b). The residual stress can be further 
identified by polarization microscope. If the residual stress 
exists, a color stress diffractive ripple can be observed 
between two electrodes. 

2.2 SUBMISSION PROCEDURE 
   Figure 2 shows the experiment equipment system for the 
electrical treeing test. The main equipment is a wide band 
high voltage generator, which consists of a function signal 
generator and a wide frequency high voltage amplifier (the 
amplifier gain is 2000, frequency range is 0 3500 Hz and 
the peak-peak value of maximum output voltage is 20 kV), 
a microscope with a CCD camera and a computer system. 
The cable sample was put into a transparent glass container 
filled with silicone oil and connected to the electrodes. The 
sample was fully immersed into the silicone oil which is 
used to strengthen surface insulation of the sample and to 
eliminate the light scattering caused by uneven sample 
surface. The images and growth data of the electrical tree 
were observed and recorded regularly when the selected 
frequency sinusoidal voltage with a peak value of 10 kV 
was applied on the needle electrode. 
   In this paper, the fractal dimension of all electrical trees 
has been estimated by 2-D projected patterns, the fractal 
dimension calculating method used is so called box-
counting method [12, 13]. 

a  without stress    b  with stress 
Figure 1. Samples and metal needle electrode.
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3 EXPERIMENTAL RESULTS
   In the experiment, all photos of electrical trees are taken at 
room temperature. The initiation and propagation characteristics 
of electrical trees in XLPE cable insulation samples under high 
voltage with a frequency range from 50 to 2000 Hz are studied. 
More than 50 electrical trees have been obtained, and more than 
400 pictures have been taken. 20 dense branch-like trees 
electrical trees were gotten at low frequency without residual 
stress. 12 electrical trees were gotten at low frequency in the 
presence of residual stress and they belong to so called two-part 
structure [14].  20 electrical trees were gotten at high frequency, 
which are all dense branch-like trees. The experimental results 
show a very good reproducibility and regularity. It is found that 
there is remarkable difference in the inception time for different 
types of electrical trees and it is statistic in nature. The inception 
voltage is not part of the present study as a fixed voltage was 
used.
   The experiment results according to the frequency of applied 
voltage and the residual stress are represented as follows.

3.1 ELECTRICAL TREES IN XLPE CABLE 
SAMPLES AT LOW FREQUENCY

3.1.1 ELECTRICAL TREES IN SAMPLES FREE OF
RESIDUAL STRESS AT LOW FREQUENCY 

It is found that three kinds of electrical trees will appear at 
low frequency ( 250 Hz) under the same sample preparation 
processes and experiment conditions but different frequency. 
As shown in Figure 3, there are three kinds of electrical trees: 
pure sparse branch-like tree (Figure 3a), branch-bush mixed 
tree, (Figure 3b) [14] and pure bush-like tree (Figure 3c),
accounting for 55.6%, 33.3% and 11.1% respectively of the 
total number of electrical trees at low frequency. The relation 
between growth rates and fractal dimensions with growth time 
of these trees are shown in Figure 4. It is clear that, the growth 
rate of pure sparse branch-like trees is the fastest, while the 
bush tree is the slowest. On the basis of fractal analyses [12], it 
is found that the trees in XLPE cable insulation can be 
classified as follows: for the electrical tree with fractal 
dimension Df  1.45, it is pure sparse branch-like; and for the 

tree with Df  1.65, it is pure bush-like, and if Df  is in the 
range of 1.45 1.65, it is dense branch-like or mixed-like. 
Furthermore, the fractal dimensions of all the three-kind trees 
increase with growth time, and ultimately reach to a relative 
constant value (as shown in Figure 4). (Note: Df data in Figure 
4e are not available for the first 30 minutes because  the 
images for this period were not be recorded.) 

On the other hand, it is shown that besides the distinct 
difference in structure, there is a remarkable color 
difference for the three kinds (Figure 3). The color of pure 
sparse branch-like trees is light gray, the pure bush-like tree 
has a color of dark black, and the mixed tree is with light 
gray in branch part and dark black in bush part which 
indicates that there is large difference in corrosion degree 
of treeing channels. The black channel of the tree means 
there is heavy carbon deposited in the channel because the 
material was corroded by partial discharge (PD). For the 
gray tree channel it means there is less carbon deposition in 
the wall of the tree channels. So, one can generally judge 
conducting characteristics of electrical tree channels by the 
color of the tree [14]. Therefore, the growth mechanism of 
these trees should be different. In addition, no stress 
diffractive ripples are found in the sample by polarization 
microscope, which indicates that there is no residual stress 
presence in the samples.

3.1.2 ELECTRICAL TREES IN THE SAMPLES WITH 
RESIDUAL STRESS AT LOW FREQUENCY 

Generated at low frequency (  250 Hz), the 
electrical trees in samples with residual stress are 
shown in Figure 5a, b and c. The electrical tree 

Figure 4. The propagation characteristics of electrical trees at 50 
Hz. a, b, c represent the growth rate of the trees in Figures 3a, 3b 
and 3c, respectively; d, e, f represent the fractal dimension of the 
trees in Figures 3a, 3b and 3c, respectively.
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Figure 3. The structure of electrical trees at 50 Hz.
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Figure 2. Block diagram of experimental setup for  
electrical treeing test. 
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developed in this situation is usually with a dense
branch-like structure within a small region at the 
beginning and later extending into a pine-branch like or 
vine-branch-like structure within a larger area, termed 
as “two-part structure” [14]. For two-part structure 
trees, the growth rate of the first part is much slower 
than that of the second; for the second part, the rate of 
vine-branch-like is faster than that of pine-branch-like 
[14]. Moreover, the statistical initiation time of 
electrical trees with residual stress is shorter than the 
sample without residual stress; the statistical 
propagation rate of electrical trees with residual stress 
is faster than that of most samples without residual 
stress [15]. 

The relation between growth rates and fractal 
dimensions with growth time of the three different two-
part structure trees in Figure 5 are shown in Figure 6. 
As shown in Figure 6, the fractal dimensions of the 
trees shown in Figure 5a and 5b increase with respect 
to growth time, ultimately tend to a relatively constant 
value (Figure 5a: Dfa = 1.6, 5b: Dfb = 1.67), but the 
fractal dimension of the tree shown in Figure 5c 
decreases with respect to growth time (Figure 5c: Dfc =
1.46). At the same time, it is easy to find that vine-
branch-like trees are very light in color (Figure 5c), but 
the color of pine-branch-like trees are relatively dark 
(Figures 5a and 5b), which indicates that the 
propagation mechanisms of the two kind of electrical 
trees are different from each other. 

3.2  ELECTRICAL TREES IN XLPE SAMPLES AT 
HIGH FREQUENCY 

   The electrical trees generated in samples without 
residual stress at a frequency of 1 kHz are shown in 
Figure 7a, 7b and 7c. It is obvious that only dense 
branch-like trees appear. The growth length and the 
fractal dimensions of these three electrical trees with 
respect to growth time are shown in Figure 8. On the 
basis of the fractal analyses, it is found that the fractal 
dimensions of the three electrical trees increase with 
growth time in the beginning, and then reach to a 
relatively constant value of 1.52, which indicates that the 
structure of these electrical trees nearly keep unchanged 
in the last period of the tree growth. Furthermore, it can 
be seen from the color of the electrical trees, the growth 
rate of the light gray trees are larger than that of the 
black trees, which is similar to that of at low frequency. 
Although not presented here, the structure of the 
electrical trees in the sample with residual stress is very 
similar to that free of residual stress, the growth rate of 
the former is larger than that of the latter. 

3.3 SUMMARY ON CHARACTERISTICS OF 
ELECTRICAL TREES IN XLPE CABLE 

INSULATION SAMPLES 
The propagation characteristics of electrical trees in 

XLPE cable insulation samples can be generalized as below:

Figure 8. The propagation characteristics of electrical trees at 
high frequency. a, b, c represent the growth rate of the trees in 
Figures 7a, 7b and 7c, respectively; d, e, f represent the fractal 
dimension of the trees in Figures 7a, 7b and 7c, respectively.
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Figure 7. Electrical trees at frequency of 1000 Hz [15].
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electrical trees in sample with stress. a, b, c represent the growth 
rate of the trees in Figures 5a, 5b and 5c, respectively; d, e, f 
represent the fractal dimension of the trees in Figures 5a, 5b and 
5c, respectively. 
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Figure 5. Residual stress trees at low frequency.
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3.3.1 PROPAGATION CHARACTERISTICS 
With the same experimental temperature and applied 

voltage, multiple types of electrical trees can be 
generated at low frequency with various shapes and 
growth rates, whereas they are similar in shapes and 
develop rates at higher frequency. The statistical 
propagation rate of electrical trees at high frequency is 
faster than that at low frequency. The initiation time of 
the electrical tree in the sample with residual stress is 
shorter than that of the tree in the sample free of 
residual stress, and the propagation rate of the former is 
faster than that of the latter. The effect of frequency 
mainly accelerates the propagation rate of electrical 
trees but has no significant influence on the structural
characteristics of dense branch-like at high frequency.

3.3.2 RESIDUAL STRESS EFFECT 
The effect of the residual stress on the structure of 

the electrical trees in XLPE cable insulation sample 
mainly took place in low frequency range ( 250 Hz). 
The structural characteristics of the electrical trees at 
high frequency are nearly independent of residual 
stress. It is also shown in the experiments that the 
growth direction of electrical tree is guided by the 
residual stress, and the growth of electrical tree can be 
accelerated by residual stress generally at low 
frequency. 

3.3.3 THE STRUCTURAL CHARACTERISTICS OF 
THE TWO-PART STRUCTURE TREES AT LOW 

FREQUENCY
The two-part structure trees are the most significant 

experimental results obtained in our experiments [14]. 
As has been said in the paper, at low frequency, 
although the initial propagation rates of two-part 
structure trees differ from each other, once the vine-
branch-like or the pine-branch-like part is initiated, the 
tree will propagate very fast, and the transversal 
propagation rates of vine-branch-like part often exceed 
the longitudinal propagation rates (respect to the 
direction of applied voltage). Moreover, some single-
long branches of vine-branch-like trees even propagate 
in the direction opposite to applied voltage. Another 
propagation characteristic is that there exists a distinct 
growth ceasing period between the two part structures. 

Figure 9 shows the tree photos with residual stress 
taken by a digital polarization microscope which are 
partially enlarged photos, corresponding to the trees 
shown in Figure 5a, c and Figure 7c, respectively. It 
can be seen clearly that stress diffractive ripples 
appeared in the sample, indicating the existence of 
residual stress. Table 1 gives the effects of both 
frequency and residual stress on the color and growth 
time of the electrical trees. 

Table 1. The Effects of frequency and residual stress on propagation time 
and the color of electric trees. 

Without stress  With stress 
f/Hz Color Propagation 

time/min 
Propagation 
length/mm 

Propagation 
time/min 

Propagation 
length/mm 

Light 
gray 
trees 

21 3.0   
50

Black 
trees 826 3.0 178 3.0 

Light 
gray 
trees 

39 3.0   
1000

Black 
trees 145 2.7 70 2.8 

4  DISCUSSION
Based on proposed initiation and propagation 

mechanisms of electrical trees [10, 16-22] and the 
experimental results in this paper, it is suggested that 
similar initiation mechanisms exist among all of the trees in 
our experiments [14, 15, 23]. The initiating processes of 
electrical tree in the inner layer of 66 kV XLPE cable are: 
electron injection and extraction at the needle electrode due 
to high electric field, part of the insulation in the front of 
needle will be deteriorated by this process, this is followed 
by the intense partial discharge and photo-ionization due to 
charge recombination in the channel of the tree, the 
continuous micro-breakdown at the tree tips and the 
electron avalanche mechanisms, etc. 

4.1 THE ELECTRICAL TREES AT LOW 
FREQUENCY AND THE NON-UNIFORM 

CRYSTALLIZATION OF MATERIAL
The shape and growth characteristics of electrical tree 

after the initiation mainly depend on the relative position of 
the needle electrode among spherulites and amorphous part 
in the sample under the same conditions including constant 
voltage, constant frequency, etc. Three kinds of electrical 
trees with different shapes and growth characteristics have 
been obtained in the similar samples at low frequency (as 
shown in Figure 3). It is found that the dominant factor 
leading to the experimental phenomenon is the relative 
position between the big spherulites and the needlepoint in 
the inner layer of thick XLPE cable insulation. It can be 
analyzed as follows: (1) when the tip of the needle 
electrode just lies in the gap of big spherulites, the initiating 
process of the tree will be quick because micro-pores and 
impurities concentrated in the boundary between big 
spherulites and amorphous region, this boundary insulation 
disfigurement formed a reticular insulation weak region in 

a                              b                            c 
Figure 9.  Residual stress in sample. 
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XLPE samples. The sparse branch-like tree develops 
rapidly along the direction of this insulation weak region 
(see Figure 10a), this kind of tree channel wall is often in 
the state of insulation; (2) Once the initiated branch-like 
trees penetrate into the big spherulites, because the 
spherulites has a character of brittle with perfect and pure 
structure, the growth speed of the tree will reduce greatly or 
even stop growth over a very long period. The color of the 
tree inside spherulites will change into dark black and the 
structure will change into bush-like gradually. The original 
insulating trees gradually change into conducting tree by 
weak partial discharge and partial high temperature 
decomposition of the material in the channel of the tree. 
The main growth mechanism of the tree also gradually 
changes from the tree initiation process into tiny 
breakdown in the tip of the tree. The screen effect by space 
charge surrounding the spherulites certainly makes the tree 
nearly cease to grow. Once the tree penetrates out of the 
spherulites, the new branches will develop along the 
direction of concentrated insulation defects with a fast 
growth speed. That is the growth mechanism of branch-
bush mixed tree (shown in Figure 10b); (3) If the 
needlepoint of electrode just penetrate into the big 
spherulites, the process of trees growth inside the big 
spherulites is similar to the process of (2) as discussed 
above, the tree channel will have a character of conducting 
and the tree will propagate with a way of tiny breakdown at 
the tip of the tree, this can be proved by the black color of 
the treeing process. For the reason of the experimental 
result of the treeing with a very long stop period, that is 
because the injected space charge from the tip of the 
conducting electrical trees to the dielectric will 
symmetrically distribute in charge traps on the surface of 
the spherulites, the screen effect by space charge 
surrounding the spherulites makes the tree in spherulites 
cease for propagation (shown in Figure 10c). To verify this, 
we can do the following calculation.

Using the real size of electrical trees in experiments (as 
shown in Figure 3c) and presuming that the radius of uniform 
distributed space charge screening shell is r1 = 0.5 mm and 
the distance between the tips of electrical trees and ground 
electrode is r2 = 2.5 mm (assume the length of electrical tree 
is 0.5 mm), and the applied voltage is U = 7 kV, then the real 
electrical field can be estimated as follows: 

E = U/( r1 – (r1
2 /r2))  17.5 MVm 1

which indicates that the field at tips of electrical trees 
surrounded by the space charges is less than the breakdown 
strength of polyethylene (E < Eb and Eb = 18 28 MVm 1

[2] ), so the space charge screening shell indeed inhibits the 
growth of electrical trees. 

From the polarization photos and SEM (Scanning 
Electron Microscop), it is evident that the big spherulites
exist among vine-branch-like trees (Figure 11) and there is 
a large morphology difference (Figure 12) between the 
inner and outside layer of the sample clearly. The observing 
cross-section of the samples was obtained by brittle 
rupturing the sample placed inside liquid nitrogen at the 

temperature of 190 oC, then sprayed gold electrodes, and 
then the morphology of cross-section of the samples was 
obtained with the SEM. It is fond that the size of the 
spherulites is generally among 1 10 m. As it is showed in 
literature [24, 25], the resistance to electrical trees in XLPE 
cable insulation is worse than PE because of the imperfect 
crystallization and the formation of large spherulites of 
XLPE due to crystal nucleus destroyed by cross linking. 
Literature [26] has studied the crystalline morphology of 
the 35 kV XLPE cable insulation by Freeze-rupture and 
potassium permanganate etching method and found that the 
diameters of the equivalent spherulites in the cable 
insulation were typically between 4 40 m or greater.

Figure11. The big spherulites in samples.

a                                            b

20 m 20 m

(a) Inner layer              (b) Out layer 
Figure 12. The morphology difference in the sample.

10 m10 m

Figure10. The effects of spherulites on the trees in low 
frequency. a, The needlepoint is in the gap of spherulites; b, 
Branch-like tree penetrate into the spherulites; c, The needle 
point just penetrate into the big spherulite; d, The possible 
developing path of trees along the series microholes and the 
concentration of impurity. 

a                            b                      c 
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4.2 THE ELECTRICAL TREES WITH RESIDUAL 
STRESS AT LOW FREQUENCY 

The electrical trees generated with residual stress at low 
frequency sinusoidal wave voltage usually have the two-
part structure. Once the second part of two-part structure 
trees was formed, the electrical trees will propagate with a 
faster rate in a broader area. There are two reasons for the 
appearance of pine-branch tree, one is the tiny breakdown 
of the material at the tip of needle, which is proved by the 
black color of the tree implying the conducting tunnel of 
the tree; the other reason is that the residual stress makes 
the material in this region more easily to break down. In
addition, the growth characteristics of two-part structure 
trees generated under residual stress are similar to those 
generated trees after PD [27]. 

As Zhao et al found [4] that when linear PE is 
crystallized at the temperature of 115 ºC, spherulites are 
formed closely together. The trees will grow around 
spherulites or along intergranular layer between the 
spherulites in this case. In addition, at 120 ºC the 
polyethylene copolymer can be crystallized to form 
separate spherulites with high concentration. In this kind of 
material, the propagation process of the electrical trees 
cannot be considered to be stochastic. For instance, when 
the material is crystallized at 124 ºC, it is observed that 12 
percent of electric trees are located at the surface layer of 
the spherulites, 20 percent occurs in the region with low 
crystalline and 68% are related to the boundary of the 
spherulites. As it is showed in literature [24, 25] that the 
electrical trees of  XLPE cable insulation were easier for 
growth along the large spherulites surface because of the 
imperfect crystallization and the existence of large 
spherulites in XLPE. As pointed out by Toshikatsu Tanaka 
[10], the weak region is composed of the delamination and 
three-dimensional network among spherulites. It has proved 
that the tree channels are related to these weak networks. 

On the basis of the analyses in this paper, it is proposed 
that the continual weak region can be formed in the 
amorphous region among the spherulites because of both 
the delaminating phenomena of the spherulites and the 
tension or compression of the residual stress. The electrical 
trees will grow in a way of tiny breakdown along this weak 
region, when space charges have been injected into the area 
and led to partial electric field distortion before electrical 
tree initiating. According to the thermal distortion of 
samples during its processing, such a delaminating of the 
spherulites in XLPE cable insulation is more likely to be 
perpendicular to the direction of the applied field (shown in 
Figure 13). This can explain our experiment that many 
vine-branch-like trees develop along the direction nearly 
perpendicular to the direction of the applied field, and some 
branches even grow along the direction opposite to the 
applied field. As showed in Fig. 3b, the reason for the 
electrical trees grown rapidly in the direction almost 
perpendicular to the applied electric field is that many 
defects, such as micro-voids and impurities etc, 
accumulated along this direction. The driving force for this 

tree branch development is local high temperature and 
pressure due to PD in main branch of the tree [28].  
   The experimental results above can be explained as 
follows theoretically. 
   The necessary condition for the extension of tubular 
cracks is that the sum of both the electrostatic energy Wes
and the electric mechanical energy Wem stored in tree 
channels must be larger than the sum of both the plastic 
deformation energy Wfp and the surface energy Wfs, their

values can be approximately given by the following 
equations [16] 

yfp LrW 2                            (1)

rLW fs 2                             (2)

where  is the surface tension, is a correction factor, y is 
the yield stress, and L and r are the length and radius of the 
cylindrical cavity of the electrical trees, respectively.
   If a static stress exists in the material, Wfp will reduce to
W’fp, namely, 

2

2
' LreWW fpfp                       (3)

In equation (3),  is the residual stress and e is the 
tension level. Equation (3) indicates that the residual stress 
leads to the decrease of the plastic deformation energy Wfp
of the material along the stress extension direction, so the 
electrical trees growth along the direction of stress 
extension.

4.3 THE ELECTRICAL TREES AT HIGH 
FREQUENCY

Due to the intense PD at high frequency, electrical tree 
growth is less affected by the material morphology and
residual stress. PD is the main reason for the electrical tree 
growth at high frequency. At high frequency the combined 
effects of local high temperature and partial pressure
produced by intense PD and channels decomposition 
always make the initial branch-like trees continue to grow 
until they reach the opposite electrode, and the existence of 

Figure 13. Diagram of the delaminating of spherulites and 
stress in sample.
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space charge will promote this process [29]. So electrical 
trees initiated at high frequency mostly have a dense 
branch-like structure; but the growth rate of the tree in the 
presence of residual stress at high frequency will be faster 
than those without residual stress, which indicates that
weak link chain resulting from the presence of residual 
stress is more easily broken and PD is more intense in the 
branch channel. 

4.4 THE CRYSTALLIZATION AND THE RESIDUAL 
STRESS

After analyzing the characteristics of growth speed and 
structure of the vine-branch tree reported in recent years, it
is found that this kind of electrical tree must be the result of 
residual stress cooperated with morphology in XLPE cable 
insulation. 

The significance of the research in this paper is that, 
considering the influence of morphology and residual stress 
to electrical aging of XLPE cable insulation, much attention 
should be paid to the cooling temperature and cooling rate 
during the cable manufacturing. It is also very important to 
use appropriate post-treatment for XLPE cable insulation so 
as to get reasonable morphology and to eliminate the 
residual stress in cable insulation. Furthermore, using
super-clean XLPE-cable producing technique to eliminate 
the defects between crystalline and amorphous region, this 
may be one of the most important methods to improve the 
character of treeing resistance of XLPE cable insulation. 
Recently, we have found the proof that higher voltage 
rating XLPE cables have a much better treeing resistance 
characteristic than 66 kV or below XLPE cables, and there 
is very significant difference in morphology and impurity 
content between the two materials. Of course, eliminating 
and reducing harmonic wave in Power Grids are practical 
significance to the safety of XLPE cable insulation. 

5  CONCLUSIONS
a) The initiation mechanism of different structure of 

electrical trees in XLPE cable insulation is similar. The 
propagation mechanism of electrical trees at high frequency 
(f  500 Hz ) is also similar, i.e. electron injects into and 
extracts from sample via electrode, the violent partial 
discharge in the channel of the trees, photo-ionization by 
charge recombine in the tree channel, the tiny-breakdown 
in the polymer around tree tips and the electron avalanche 
mechanisms, etc.  

b)  On the basis of fractal analyses, the electric trees can 
be approximately classified into three kinds. If the fractal 
dimension Df  1.45, the trees would be branch-like; if 1.45 

Df  1.65, they will be dense branch- or mixed-like; if Df
> 1.65, they will be bush-like. If the Df remains almost 
unchanged during the treeing process, the trees would grow 
at almost a constant rate, and the structure of the trees also 
remains unchanged. If the Df decreases with time, the tree 
growth process will speed up, and the structure of the tree 
will become sparse. If the Df increases with time, the 
growth speed will decrease, and the structure of tree will 
become dense. 

c) It has been found that at low frequency and no 
residual stress conditions, there are branch-like trees, mixed 
trees with branch-and bush-like together and pure bush-like 
trees in XLPE cable insulation. The structures of three 
electric trees depend upon the relative position between 
needlepoint and spherulites.  

d) For the samples with residual stress and at low 
frequency, the structure of electrical trees will be two-part 
structure-like, and first part will have a structure of dense 
branch-like within a small region and second will have a 
structure of pine-branch like or vine-branch-like within a 
larger area. As for the growing rate, the latter is much faster 
than the former. There are two reasons for black color pine-
branch tree appeared, one is the tiny breakdown of the 
material in the tip of needle, and PD is very weak in the 
channel of the treeing in this situation; the other reason is 
the residual stress that makes the material in this region 
more easily be breakdown, and the influence for treeing is 
lager than morphology in this situation. 

e) For the electrical trees initiated and grown at high 
frequencies, the trees are always dense-branch-like due to 
intense partial discharge inside the channel regardless of 
the residual stress. Their growth characteristics and 
structures have nothing to do with spherulites. The residual 
stress will accelerate the growth rate but never change 
structures of the trees. 

f) The residual stress only affects the structure of 
electrical trees at low frequency, while it has no effect at 
high frequency. 
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