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ABSTRACT 
 

This paper reports on space charge evolution in crosslinked polyethylene (XLPE) planar 
samples approximately 1.20 mm thick subjected to electric stress level of 30 kVdc/mm at 
four temperatures 25, 50, 70 and 90 oC for 24 h. Space charge profiles in both as-
received and degassed samples were measured using the laser induced pressure pulse 
(LIPP) technique. The dc threshold stresses at which space charge initiates are greatly 
affected by testing temperatures. The results suggest that testing temperature has 
numerous effects on space charge dynamics such as enhancement of ionic dissociation of 
polar crosslinked by-products, charge injection, charge mobility and electrical 
conductivity. Space charge distributions of very different nature were seen at lower 
temperatures when comparing the results of as-received samples with degassed samples.  
However at higher temperature, the space charge distribution took the same form, 
although of lower concentration in degassed samples. Space charge distributions are 
dominated by positive charge when tested at high temperatures regardless of sample 
treatment and positive charge propagation enhances as testing temperature increases.  
This can be a major cause of concern as positive charge propagation has been reported 
to be related to insulation breakdown. 

 
   Index Terms - Space charge, charge injection, crosslinked polyethylene insulation, heat 
treatment, ionization. 

  
1 INTRODUCTION 

 
   SPACE charge in dielectric materials under dc electric 
stress has been extensively studied over the last few decades.  
However, most of such research work was conducted at room 
temperature while space charge dynamics in XLPE under dc 
electric stress at different temperatures has only received 
limited attention [1-7]. 
 
    In a practical underground cable system, the operational 
temperature of underground cable is not constant, especially in 
countries where the climatic condition varies significantly 
during different times of the year.  It has been reported that the 
temperature experienced by underground cable can go up to 
90 oC [1].  As such, it becomes important to study and attempt 
to understand space charge dynamics in XLPE under various 
temperatures. 

Manuscript received on 3 June 2005, in final form 25 July 2006. 

 
    This paper reports on space charge evolution in XLPE 
planar samples of approximately 1.2 mm thick subjected to 
electric stress level of -30 kVdc/mm at temperatures 25, 50, 70 
and 90 oC for 24 h.  Space charge measurements in both as-
received and degassed samples were carried out using the laser 
induced pressure pulse (LIPP) method. 
 

2 EXPERIMENTAL DETAILS 
 

2.1 LIPP SYSTEM 
 
    The schematic diagram for the LIPP system used for this 
experiment is shown in Figure 1.  This LIPP system can be 
used to measure space charge in XLPE insulation under dc 
and 50 Hz ac electric stresses [8].  However, only space 
charge profiles under dc electric stress were measured in this 
study. 
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Figure 1. LIPP system setup. 

 

    Details of the technique and the principle behind its 
operation can be found in numerous publications [8-18].  In 
short, a very short (5 ns) laser pulse irradiates the front 
electrode (target) of the sample producing an acoustic 
pressure pulse due to the rapid thermal expansion of the 
target material. The dielectric is rapidly compressed by the 
leading edge of the pressure wave and then gradually relaxes 
back to its original state [19]. Under the effect of this 
mechanical disturbance, two effects are observed: any charge 
attached to the local atomic structure is displaced; and the 
relative permittivity of the sample is modified due to the 
variation in dipole and charge concentrations. These effects 
create a change in the induced charges on the electrodes, 
which produce a current in an external circuit. Through the 
evolution of the current, information on the space charge 
distribution within the XLPE can be calculated [20]: 
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where: ρ(x,t) = charge density at location x 
 Ispace(x,t) = current at location x 
 Ical(0,t) = calibration current at target interface 
 P0 = amplitude of pressure wave at target                
interface 

 Px = amplitude of pressure wave at location x 
 εo = permittivity in free space 
 εr = relative permittivity 
 Ecal = electric field used for calibration 
 νsa = velocity of sound in sample 
 τ(x) = width of pressure wave at location x 
 

   A typical output signal of the LIPP is shown in Figure 2. 
 

 
Figure 2. Typical LIPP output signal. 

 

    The entrance peak and the exit peak in Figure 2 are the 
induced charges caused by the applied voltage. Their 
amplitude, under no space charge condition, should be 
proportional to the applied electric stress. 
    This LIPP system has numerous improvements from the 
conventional LIPP system, such as computer-controlled 
automation [21] and target protection system comprising of 
target cooling liquid (our choice of liquid is silicon oil) and 
aluminum disc block which acts as a target for the laser [22]. 

    It has been reported that the efficiency of laser absorption in 
the semi-con target surface will degrade after experiencing 
more than 40 laser shots [8].  In an attempt to prevent any 
error caused by target degradation, cylinder of aluminium 
block was placed in front of the front semi-con electrode to act 
as the laser target, such that measurement errors created by 
target ablation can be minimised.  Figure 3 illustrates a 
detailed sample arrangement with the aluminum disc block. 

 
Figure 3.  Detailed view of sample holder incorporating aluminum disc block. 

    It should be noted that the thickness of the aluminium block 
is critical; too thin will result in interfering reflected waves, 
while too thick will result in reduced spatial resolution.  The 
aluminium plate used in the present study is 1.98 mm thick. A 
detailed review of this can be found in [22]. 
 

(1)
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2.2 SAMPLES DETAILS 
 
    The samples used were made using cable graded XLPE 
material (Borealis XL4201S).  The semi-con electrodes were 
made from XLPE loaded with carbon black (LEO592).   
 
    Firstly, the insulating bulk of approximately 1.6 mm and 
semi-con electrodes of 0.2 mm thick were made, 
uncrosslinked, by hot pressing the respective pellets at about 
150 oC.  Next, both the front and the rear electrodes were hot 
pressed into plaque sample at about 200 oC for 10 minutes to 
ensure crosslinking.  The samples were subsequently 
quenched to room temperature with cold water (< 10 oC) 
running through the hot press.  The resulting bulk insulation 
between the two semi-con electrodes is expected to be roughly 
1.2 mm thick. 
 
    All degassing was done in a vacuum at 90 oC for 48 h. The 
samples were then left to cool at room temperature for 15 
mins.  Details of the samples and experimental conditions are 
shown in Table 1. 
 

Table 1. Sample details and experimental conditions. 
Sample Sample 

treatment  
Bulk 

thickness 
Testing 

temperature 
A As-received 1.21 mm 25 oC 
B As-received 1.17 mm 50 oC 
C As-received 1.25 mm 70 oC 
D As-received 1.26 mm 90 oC 
E Degassed 1.12 mm 25 oC 
F Degassed 1.19 mm 50 oC 
G Degassed 1.26 mm 70 oC 
H Degassed 1.20 mm 90 oC 

 
2.3 EXPERIMENTAL PROTOCOLS 

 
    The samples were loaded in the sample holder and then 
placed inside an oven.  The temperature in the oven is 
controlled by a temperature controller.  All samples were held 
at the set temperature for 1 h before any space charge 
measurements were taken.  This is necessary to ensure that the 
samples have reached thermal equilibrium as temperature 
affects the pressure pulse induced by the laser and also the 
velocity of the acoustic pulse as it transverse across the sample 
[17, 18]. 
 
    The space charge experiment consists of two parts; the step 
voltage test and the dc ageing test.  
 

2.3.1 STEP VOLTAGE TEST 
 
    First, a step voltage test was conducted to determine the 
voltage level at which space charge effect initiates. This is 
referred to as the threshold voltage or simply Vth of the 
sample. Voltages were applied from 0 to approximately 35 
kV, with a voltage step of 5 kV every 5 secs.  The entrance 

peak of the space charge signal was then plotted against the 
applied voltage. 
 

2.3.2 DC AGEING TEST 
 
    Immediately following the step voltage test, the samples 
were stressed under dc voltage conditions at the stress level 
for a duration of 24 h at temperature shown in Table 1.  The 
space charge profiles of each sample with applied voltage 
(herein known as volt-on profiles) and shortly after voltage 
removal (herein known  as volt-off profiles) were measured at 
various times during the ageing period. 
 
    While degassing of as-received samples is inevitable during 
the measurement at high temperature, however such effect is 
assumed to be limited and hence not taken into account. 
 
    Minor changes in the morphological structures of the 
samples as a result of difference testing temperatures is also 
ignored as it has been demonstrated [23] that such effect on 
space charge is insignificant. 
 

3 RESULTS AND DISCUSSION 
 

3.1 STEP VOLTAGE TEST 
 
    In this experiment, only the magnitude of the entrance 
peaks (anode) of the space charge signal is plotted against the 
applied voltage.  This is because the magnitude of the noise 
will be of similar order as that of the actual signal due to the 
relatively poor signal-to-noise ratio of the exit peak when the 
applied voltage is small.  As such, any data extracted from the 
exit peak of the space charge signal, when the applied voltage 
is small, may be questionable. 
 
    The generation of pressure pulse is a result of rapid heating 
of the target surface.  Due to this, the temperature of the target 
has a definitive effect on the magnitude of the entrance peak.  
Hence, in order to have a better comparison of the step voltage 
results, the magnitude of the entrance peak of each sample is 
normalised with respect to the final value obtained during the 
step voltage test.   
 

3.1.1 AS-RECEIVED SAMPLES (SAMPLES A TO D) 
 
    The normalised entrance peaks of the space charge signal 
are plotted against the applied voltage of the as-received 
samples are shown in Figure 4. 
 
    In the absence of space charge, the magnitude of the 
entrance peak of the LIPP signal should have a linear 
relationship with the applied voltage.  This is represented by 
the dotted line shown in Figure 4 
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Figure 4. Normalised entrance peak (anode) magnitudes of the LIPP current 
against the applied voltage of as-received samples. 
 
    Any deviation from the dotted line indicates the presence of 
space charge. Figure 4 suggests that the threshold voltage at 
which space charge initiates are roughly 10 kV for samples A 
to C and 20 kV for sample D.  Positive deviation of the curves 
from their respective dotted line suggests electric stress 
enhancement of at the interface.  Stress enhancement at the 
interface is normally caused by heterocharge accumulation in 
the vicinity of the interface.  For samples A to D, negative 
charge is expected to have accumulated near the anode when 
the applied voltage is higher than their individual threshold 
value. 
 
    The by-products generated from crosslinking include 
acetophenone, alpha methyl styrene, cumyl alcohol and water. 
It has been reported that acetophenone generates ionic charges 
in XLPE when coexist with water [24].            The formation 
of negative charge near the anode of samples A to D is 
believed to be caused by electric stress assisted ionic 
dissociation of crosslinked by-products.  This is consistent 
with the results reported in [23] that space charge in as-
received samples is dominanted by heterocharge. 
 
    It is also possible that charge injected from the electrodes 
migrated towards the opposite electrodes.  However, it is 
unlikely in the present case as the time for the injected charge 
to travel across the sample could be several minutes [25].   
 
    For ionic dissociation to occur, energy is required to break 
the bond holding the ionic pairs together. In the present case 
the cross-linked by-products (neutral) could be considered as 
being in chemical equilibrium with their ionic components. 
The energy gained from the electric field may be sufficient to 
separate ions by a Debye length for which the ions essentially 
become independent.  On the other hand, energy is also 
required to transport the injected charge to the opposite 
electrodes.  From the above experimental setup, there are two 
sources of energy: electrical from the applied voltage and 
thermal from the heating.  Bearing this in mind, one would 
expect the threshold voltage of sample D to be the lowest 
considering it has the highest thermal energy which 
contradicts the results of the step voltage test. 
 

    In order to explain this, the space charge profile of sample 
D with an applied voltage of 20 kV was further examined. 

 

   
Figure 5. Space charge profile of sample D at 20 kV. 

    

    Figure 5 shows the space charge profile of sample D during 
the 20 kV stage of the step voltage test.  Heterocharges can be 
clearly seen in the vicinity of both electrodes.  As mentioned 
earlier, the formation of heterocharges normally enhances the 
interfacial stress.  However, this is not reflected on the step 
voltage experiment.  One possible explanation is that the 
positive heterocharge near the cathode is significantly larger 
than the negative charge adjacent to the anode, masking off its 
effect on the interfacial stress at the anode. 
 
    To confirm this, the electric field distribution, E(x), across 
the sample was computed based on Poisson’s equation: 

 
( ) ( )

xd
x

dx
xdE

rεε
ρ

0
=  ,    0< x < d  

 

where ρ(x) is the charge density at x, ε0 the vacuum 
permittivity, εr the relative permittivity of XLPE and d the 
sample thickness. 
 
    The electric field distribution across sample D is shown in 
Figure 6. 

 
Figure 6. Electric field distribution across sample D at 20 kV. 

(2)



IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 14, No. 1; February 2007 

 

69

   The approximate average electric stress across the sample, 
that is, the stress across the sample if there is no space charge 
inside the sample is represented by the dotted line.  It can be 
seen that the actual electric stress at the anode, as indicated by 
an arrow, is almost the same as the average stress despite the 
presence of space charge which clearly affects the electric 
field across the bulk and at the cathode.  This suggests that the 
results from the step voltage test should not be used explicitly 
but to be complemented with space charge profiles and 
electric field distributions whenever possible. 
 
    Although there is no calibration signal for sample D, the 
space charge signal during the 5 kV step was used as a 
calibration for the above analysis.  It should be pointed out 
that this signal has space charge accumulation and very poor 
signal-to-noise ratio (due to the rather low electric stress and 
high testing temperature).  As a result of these factors, the 
result in Figure 6 may not be totally correct. 
 
   Notwithstanding the possible error of Figure 6, it is good 
enough to illustrate that the presence of space charge may not 
necessarily leads to enhancement of the interfacial stress. 
 
    Careful examination of the all space charge profiles and 
electric field distributions of the step voltage test revealed that 
only samples A and B truly reflect the threshold voltage 
suggested by the test.  Sample C, however, indicates space 
charge accumulation at applied voltage of 10 kV while in the 
case of sample D, the threshold voltage is less than 5 kV.  This 
is probably because the amount of thermal energy gained by 
the samples A and B is not enough to cause any difference in 
the threshold voltage.  At 70 oC, the amount of thermal energy 
gained, together with the energy from the applied field, is 
probably big enough to break the holding bonds even at a low 
applied voltage of 10 kV. Not surprisingly, this effect is even 
more pronounced in sample D tested at 90 oC. 
 
    It is important to highlight the significance of the step 
voltage test results of sample D.  As the threshold voltage was 
less than 5 kV, there is a problem with choosing the reference 
signal for calibration purpose.  This is because even at 5 kV, 
the poor signal-to-noise ratio of the output profile is barely 
suitable for calibration purpose; let alone lower than 5 kV.  On 
the other hand, if the applied voltage was higher than 5 kV, 
space charge would have already built up. 
 
    The accumulated space charge in a sample ρaccumulated (x) of 
can be calculated using  

 
)(-)()( - xxx electrodesonvoltdaccumulate ρρρ =  

 
where: 

ρ volt-on (x) = volt-on space charge profile with charge 
ρ  electrodes (x) = charge induced by the applied voltage on the 

electrode 
 

    Assuming that the charge in the sample is trapped 
reasonably deep such that there is no fast charge, ρaccumulated (x) 
will be equal to ρvolt-off (x).  By substituting ρvolt-off (x) for 
ρaccumulated (x) and rearranging equation 3, one has 
 

)(-)()( -- xxx offvoltonvoltelectrodes ρρρ =  
 
    Hence, under no fast charge condition, ρelectrodes (x) can be 
calculated using equation (4).  This space charge profile can, 
therefore, be used as a reference signal for calibration purpose.  
It must be stressed that this is true if and only if 
 

)(-)()( - xxx offvoltdaccumulatefast ρρρ =  ≈ 0   
 
where ρfast (x) is the fast charge 
 
    A few of points regarding the concept of space charges and 
fast charges as used in this paper need to be highlighted.  
Firstly, a finite time interval is needed between the removal of 
applied voltage till the measurement of ρvolt-off (x).  The time 
interval for such measurements is fixed at 4-5 s for this 
experiment.  As such fast charges, in the context of this paper, 
are charges that liberate themselves during this 4-5 seconds 
window. 
 
    Secondly, fast charges are charges that have sufficient 
energy in them to surmount the depth of the traps that they 
were trapped upon removal of applied voltage.  A charge with 
higher energy, enabling it to liberate itself from a trap with a 
deep depth is considered a fast charge. On the other hand, a 
charge trapped in a relatively shallower trap but does not have 
enough energy to surmount the trap is not considered as fast 
charge.  In other words, the depth of the trap alone has no 
direct bearing on whether a charge is considered as fast charge 
or not. 
 
    Lastly, the LIPP technique utilises propagation of acoustic 
waves acting as a virtual probe sensitive to charges for the 
measurement of space charge.  Hence, the charges that are 
transported from end of the electrode to the other at a speed 
faster than that of acoustic wave travelling in the same media 
(in the case of XLPE at room temperature is approximately 
2000 m/s), will not be detected by the measurement technique.  
Such charges, although technically should be considered as 
space charge, will not be taken into account in this paper. 

 
Figure 7. Fast charge in samples A to C immediately after step voltage test. 

(3)

(4)

(5)
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    Throughout the step voltage test, no volt-off space charge 
profile was measured until the final stress level of each sample 
was obtained.  Based on ρelectrodes, ρvolt-on and ρvolt-off space 
charge profiles immediately after the step voltage test, 
accumulated charge profile (ρaccumulated) can be calculated using 
equation 3, while fast charge (ρfast), can be calculated using 
equation 5.  The fast charge profiles of samples A to C were 
computed and shown in Figure 7. 
 
    The fast charge of sample D cannot be computed because 
all the space charge profiles measured have charge 
accumulation, in other words, there is not a ρelectrodes.  
Nonetheless, from Figure 7, it can be seen that the higher the 
testing temperature, the more fast charge present in the 
sample.  This is probably due to the increase in charge’s 
mobility with temperature as reported in [1, 7, 17].  This 
increase in charge’s mobility is probably attributed to the fact 
that charges in sample B have higher energy than that in 
sample A. Therefore, more of these charges will have enough 
energy to be detrapped shortly after the applied voltage 
removed.  This effect is even more pronounced in sample C 
which is tested at even higher temperature. 
 

3.1.2 DEGASSED SAMPLES (SAMPLES E TO H) 
 
    The step voltage results of the degassed samples are shown 
in Figure 8. 

 
Figure 8. Normalised entrance peak (anode) magnitudes of the LIPP current 
against the applied voltage of degassed samples. 
 
    As seen in Figure 8, the relationship between the entrance 
peak magnitude and the applied voltage of the samples E and 
F appears to be linear.  This suggests that no significant charge 
has been formed adjacent to the anode in the degassed sample 
during the step voltage test up to 50 oC.  This is probably due 
to the reduction in crosslink by-products from degassing 
which in turn reduces the amount of ionic pairs that can be 
dissociated by the applied electric field. 
 
    In the case of samples G and H, the magnitude of the 
entrance peak against the applied stress deviates negatively 
from the dotted trend line. This indicates that homocharge has 
been formed close to the anode.  This is believed to be caused 
by charge injected from the anode to the insulation.  By 
comparing the results of all the degassed samples, it is evident 

that the threshold stress of the homocharge formation 
decreased from above 35 kV to 15 kV as the testing 
temperature was increased from 25 to 90 oC.  This suggests 
that charge injection is enhanced by high temperature. 

 
3.2 DC AGEING TEST 

 
3.2.1 AS-RECEIVED SAMPLES 

 
    The volt-off space charge profiles taken at various times 
and the corresponding charge integral of sample A were 
shown in Figure 9.  The charge integral can be calculated 
using equation 6.  The charge integrals were calculated across 
the bulk of the sample and sub-divided into positive and 
negative charges with the sum being the net.  It should be 
noted that the charge integral does not include the induced 
charge on the electrodes. 

∫=
d

dxtxt
0

.S),()(Q ρ  ,    0< x < d 

where S is the electrode area.The volt-off space charge 
profiles show trapped charge, since this charge remains in the 
sample after the applied voltage has been removed.  
 

  
Figure 9. (a) Volt-off space charge profiles and (b) charge integrals of sample 
A. 
    As seen in the volt-off space charge profiles, heterocharges 
were trapped in the vicinity of both electrodes.  These 
heterocharges can be seen even at 0 hour (i.e. immediately 
after step voltage test) and increased with ageing time.  This is 
in agreement with the step voltage result.  It should be pointed 
out that  ageing time, in this paper, refers to the duration 
which the sample is under the applied voltage. 
   From the charge integral plot, it can be seen that the rate at 
which space charge was build up reduces with ageing time.  
This is probably because as the amount of heterocharges 
increased, the stress at semicon/insulation interfaces also 
increased.  This increase in the interfacial stress enhanced 
charge injection which neutralised some of the heterocharges 
which had accumulated.  
    Figure 10 shows the fast charge profiles in sample A, which 
were computed using equation 5, and their integrals over 24 

(6)
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hours of ageing.  Unlike the charges in the volt-off space 
charge profiles which are trapped in the sample, fast charges 
are charges which disappeared almost immediately after the 
removal of the applied voltage.  A quick comparison between 
the volt-off space charge profiles and the fast charge profiles 
shows clearly that the amount of fast charge is significantly 
less than that of the volt-off space charge, particularly the 
negative charge adjacent to the anode.  This suggests that most 
of the charges in the sample did not have enough energy to 
overcome the trap depth.   

 
Figure 10. (a) Fast charge profiles and (b) charge integrals of sample A. 

 

    Comparing the charge integrals of the trapped charge and 
the fast charge, it can be seen that the amount of space charge 
trapped (i.e. volt-off space charge) in sample A increased with 
ageing time, while the amount of fast charge increased during 
the early stages of the ageing period, but reduced after about 2 
h in the case of negative charge and 4 hours for positive 
charge. 
 
    It has been reported that space charge trapped in samples of 
LDPE or indeed XLPE tends to decay at a slower rate when 
the samples have been aged under dc [26-28] or ac [29-32] 
electric stress for longer duration or higher stress level as 
compared to one aged for a shorter duration or lower stress 
level when short-circuited. Bearing this in mind, the reduction 
of fast charge in sample A could be interpreted as indicating 
formation of deep traps being accompanied by reduction of 
shallow ones as a result of dc ageing. 
 
    Figure 11 illustrates the volt-off space charge profiles of 
sample B and its integral. 

 
Figure 11. (a) Volt-off space charge profiles and (b) charge integrals of 
sample B. 
 

    The general distribution of the charge trapped in the 
sample B is similar to that of sample A.  As in the case of 
sample A, the amount of trapped heterocharges in sample B 
also increased with ageing time but the amount is 
comparatively smaller.  This is probably due to the increase 
in testing temperature, which would result in a number of 
implications.  Firstly, the increase in temperature may 
result in enhancement of charge injection at the electrodes, 
which in turn neutralised the heterocharges.  Secondly, 
higher temperature causes electric conductivity to increase.  
As such it will be more difficult for sample B to trap charge 
as they are moving at a faster speed.  Thirdly, as the 
temperature in sample B is higher than sample A, the 
charges in the former will have higher energy and, 
therefore, may possess enough energy to surmount certain 
shallow traps almost immediately after the removal of the 
voltage. 

    Figure 12, which shows the fast charge profiles in 
sample B and their integrals, indicates relatively large 
amount of fast charge when compared to sample A.  This 
partially supports the earlier argument of more charge 
having enough energy to surmount the trap depth as a result 
of higher energy. 
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Figure 12. Fast charge profiles and charge integrals of sample B. 

 
    It is noted that the rate of fast charge accumulation in 
sample B increases rapidly during the first 2 hours of the 
ageing but reduces steadily after 4 hours of ageing. This rapid 
increase followed by gradual decrease of fast charge, although 
less pronounced, was also seen in sample A.  Therefore, it is 
believed that the charge generating mechanism of the sample 
B is basically the same as sample A, only accelerated and 
enhanced by the increase in temperature.  It is also interesting 
to note that, the fast charge profiles were dominated by 
positive charge and its magnitude is comparable to the positive 
trapped charge. 
    Figure 13 shows the volt-off space charge profiles and its 
integral of sample C and Figure 14 shows the corresponding 
fast charge profiles and integral.  
    From these Figures, it can be seen that sample C has 
significantly less trapped and fast charge compared to samples 
A and B.  Furthermore, like in the case of samples A and B, 
the amount of fast charge reduces with ageing times. These 
changes are probably due to the increase in testing 
temperature, relative to samples A and B.  

 
Figure 13. (a) Volt-off space charge profiles and (b) charge integrals of 
sample C. 

 
Figure 14. (a) Fast charge profiles and (b) charge integrals of sample C. 

 
    Comparing the results of samples A to C, it can be 
concluded that, for this combination of electrode and 
insulation materials, positive trapped charge dominates the 
space charge dynamics under high temperature dc ageing.  
  

3.2.2 DEGASSED SAMPLES 
 
    The volt-off space charge profiles of sample E and their 
integral can be seen in Figure 15. 
 
    The formation of homocharge in the vicinity of both 
electrodes is believed to be caused by charge injection from 
the electrodes into the insulating material.  As mentioned 
earlier, crosslinked by-products can be dissociated into ionic 
pairs under the influence of electric field.  Sample E, being 
strongly degassed at 90 oC for 48 h will have its volatile 
crosslinked by-products largely removed [33].   
 

 
Figure 15. (a) Volt-off space charge profiles and (b) charge integrals of 
sample E. 
 
    As mentioned earlier, the two agents of crosslinked by-
products- acetophenone and water generates ionic charges 
when coexist. There are also reports that acetophenone 
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increase conductivity such that carrier transport becomes 
accelerated [34-39]. The combination of these two effects 
causes the ionic charges generated to be more easily 
transported to electrode of the opposite polarity forming 
heterocharge.   

 

 
Figure 16. (a) Fast charge profiles and (b) charge integrals of sample E. 

    On the other hand, due to the lack of crosslinked by-
products after strong degassing, there will be significantly less 
heterocharge formation.  Furthermore, any charge injected will 
more likely be trapped in the vicinity of the electrodes, 
forming homocharge, as opposed to being transported to 
opposite end since the conductivity is reduced.  These are the 
main reasons homocharge is usually dominant in pure PE or 
XLPE samples that have been strongly degassed. 
 
   Figure 16 shows the fast charge profiles and charge integral 
of sample E.  As seen from the fast charge profiles, only 
negative fast charge can be seen in the sample.  
 
    Evidently, from both the trapped and fast charge integrals, 
negative charge seems to be more dominant than positive 
charge.  In the absence of ionic dissociation of crosslinked by-
products, most of the charge, both trapped and fast, in the 
sample originates from charge injected across the 
insulation/semicon electrodes interfaces.  Bearing this in mind 
and looking at the negative fast charge in the vicinity of the 
anode, suggests that, at 25 oC, negative charge is more mobile 
than positive charge and more readily to be transported from 
the cathode to the anode.  Careful observation of the volt-off 
space charge profile in Figure 15, which indicates that 
negative charge is more widely distributed in the bulk as 

compared to positive charge, further supports the above 
statement. 
 

 
Figure 17. (a) Volt-off charge profiles and (b) charge integrals of sample F. 

 
    With reference to Figure 17, which shows the volt-off space 
charge profiles and charge integral of sample F, a rapid 
increase in homocharge accumulation adjacent to both 
electrodes can be observed after 1 hour of ageing.  Beyond 1 
hour, the negative charge at the cathode started to decrease 
while the positive charge near the anode remained reasonably 
stable throughout the ageing experiment. It was also noted that 
all the negative charge in the vicinity of the cathode 
disappeared after about 4 hours and was replaced by a small 
amount of positive charge. 
 
    The origin of the positive charge may be attributed to the 
increase in charge injection and charge mobility as a result of 
increase in temperature, causing more positive charge to be 
injected, transported and eventually trapped at the cathode. 

 

 
Figure 18. (a) Fast charge profiles and (b) charge integrals of sample F. 
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    Only positive fast charge can be seen in sample F as shown 
in Figure 18.  No fast charge was present at 0 hour or 
immediately after the step voltage test.  This was followed by 
an increase in positive fast charge in the vicinity of the 
cathode during the first 8 hours before it reduces slightly.  
    Boudou et al reported that an enhancement of positive 
charge de-trapping and negative charge injection occurs at 
about 45 oC in virgin LDPE [2]. Although the material used in 
this present study is XLPE, both are still polyethylene-based 
materials; the only difference being one was crosslinked.  
However, the electrical properties of polymer were reported to 
remain relatively unaltered by the crosslinking process [40].  
Indeed, studies [41,42] have shown that strongly degassed 
XLPE exhibits similar space charge characteristics as LDPE. 
    Taking all these into consideration and that the polarity of 
the applied voltage was opposite plus there have been reports 
which showed that polarity reversal resulted in mirror image 
space charge distributions [4, 17,43], therefore, it can be said 
that there is agreement between the results reported by 
Boudou et al and those in the present study. 
 

 
Figure 19. (a) Volt-off charge profiles and (b) charge integrals of sample G. 

 
    The volt-off space charge profiles of sample G, shown in 
Figure 19 indicates homocharges accumulation near both 
electrodes at 0 hour.  This confirmed the results obtained from 
the step voltage test, which suggested accumulation of positive 
charge at the anode when the applied voltage exceeds 20 kV.  
This is probably due to the enhanced injection from the 
electrode as a result of increase in temperature.  These 
homocharges continued to increase after 1 hour of ageing.   
 
    The space charge dynamics of the trapped charge in sample 
G seemed to follow the trend of sample F, the only difference 
being the effect was pronounced.  This is probably because all 
the possible causes used to explain space charge formation in 
sample F can be accelerated and enhanced with higher 
temperature. 
 
    With reference to Figure 20, which shows the volt-off space 
charge profiles and charge integrals of sample H, although 
there appeared to be a slight amount of charge in the sample at 

0 hour, it was of the same magnitude as the noise.  This 
relatively poor signal-to-noise ratio is probably due to the 
change in acoustic properties of the XLPE sample. Due to this, 
the observed signal may not be the actual charge but an 
artefact of the LIPP system. 
    Similar to samples E to G, homocharges were seen trapped 
near the electrodes of the sample H after 1 hour of ageing.  
However, at the 4th h, relatively large amount of positive 
charge were seen trapped in the vicinity of the cathode and 
remained reasonably stable during the 24 h of ageing. 

 

 
Figure 20. (a) Volt-off space charge profiles and (b) charge integrals of 
sample H. 
 

    At the anode side, however, the trapped charge accumulated 
during the 1st hour of ageing disappeared after 4 h.  This effect 
was not seen in samples E to G, in which positive charge 
trapped adjacent to the anode remained relatively constant 
after 4 hours of ageing. 

 

 
Figure 21. (a) Fast charge profiles and (b) charge integrals of sample H. 

    As mentioned earlier, there is no trapped charge in the 
sample at 0 hour. Hence, the drop in the interfacial stress seen 
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in the step voltage test must be due to fast charge.  A quick 
look at Figure 21, which shows the fast charge profiles and 
integrals, confirms the presence of positive fast charge 
adjacent to both electrodes.  This is probably because of the 
higher energy and mobility of the charge due to the higher 
testing temperatures, making it difficult for charge to be 
trapped and remain trapped after the removal of the voltage. 
    The amount of positive fast charge in the sample rose 
sharply during the first 4 hours.  A slight decrease in the 
positive charge adjacent to the cathode can be observed after 8 
hours of ageing.  On the other hand, the positive charge close 
to the anode has almost completely disappeared by that time.  
Since the reduction at the cathode side is small as compared to 
that at the anode side and considering the increase in charge 
mobility due to high temperature, it is believed that the 
reduction of positive fast charge is due to negative charge 
injected from the cathode and transported across the sample 
since the reduction at the cathode end is small as compared to 
that at the anode. 
    It is worth noting that the fast charge profiles of all the 
degassed samples tested followed similar trend, in that there is 
an initial increase in the amount of charge followed by a 
gradual decrease as ageing progressed.  This effect was also 
seen in all the as-received samples tested.  As mentioned 
before, this is believed to be caused by electrical ageing of the 
XLPE material which resulted in formation of deep traps 
being accompanied by reduction of shallow ones as a result of 
dc ageing 
    A few general remarks can be made when comparing the 
space charge results of as-received and degassed samples.  
Firstly, in the case of as-received samples, the amount of 
trapped charge reduces with time but not in the case of 
degassed samples.  In fact, in the case of degassed sample, the 
general shape of the space charge distribution changed 
significantly with testing temperature. 
    Secondly, space charge distributions of both as-received 
and degassed samples of at high temperature (70 oC and 
above) took the same general form, although the concentration 
is smaller in the latter.  
    Lastly, it can be seen from the results of the above study 
that positive charge propagation enhances as testing 
temperature increases for both as-received and degassed 
samples.  This should be taken seriously by researchers and 
cable manufacturers as many studies have shown a direct 
relationship between positive charge propagation and the 
intrinsic breakdown of the insulating materials [5,44]. 
 

4 CONCLUSIONS 
    In this study, the space charge dynamics in XLPE plaques at 
different temperatures during 24 h of dc electric ageing have 
been reported.   
    The dc threshold stresses of the as-received and degassed 
samples are greatly affected by testing temperatures.  The 
testing temperature has numerous effects on space charge 
dynamics such as reduces the threshold stress at which space 
charge initiates, enhances ionic dissociation of polar 
crosslinked by-products, enhances charge injection from the 

electrodes and increase energy of charge which in turn 
enhances charge mobility and conductivity. 
    The amount of trapped charge in the samples decreases 
while the fast charge increases with testing temperature.  This 
is believed to be due to the increase in energy of the charge, 
enabling it to be more easily de-trapped. 
    At temperatures of 70 oC and above, the space charge 
distribution takes the same form, albeit lesser in quantity in 
degassed sample, regardless of whether the sample is degassed 
or not.  
    Positive charge propagation enhances as testing temperature 
increases for both as-received and degassed samples. This can 
be a major cause of concern as such behavior is usually related 
to insulation breakdown. 
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