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Abstract—One of the issues of using cross-linked 

Polyethylene (XLPE) in DC insulation systems is the 

propensity of crosslinking byproducts to promote charge 

buildup inside the insulation, leading potentially to insulation 

failure. Field-induced ionization of the molecules, like in 

insulating liquids, is thought to be one of the processes of 

charge generation. In this paper, space charge measurement is 

realized to probe the effect of cumyl alcohol as one of the 

crosslinking byproducts. Low Density Polyethylene (LDPE) is 

used as polymer matrix, and soaked in cumyl alcohol. We show 

that polyethylene naphthalate (PEN) layers constitute efficient 

barriers to the evaporation of cumyl alcohol from LDPE films. 

The space charge behavior of soaked LDPE is compared to 

that of reference LDPE with PEN. Significant charge build-up 

occurs at the LDPE/PEN interfaces due to the conductivity 

gradient. PEN appears not suited for such analysis as the field 

is concentrated in the layer and is weak in the bulk LDPE.  

Keywords—space charge; crosslinking byproducts; cumyl 

alcohol; low density polyethylene. 

I. INTRODUCTION  

Crosslinked Polyethylene (XLPE) is used for long as 
insulation in High Voltage AC systems, particularly cables. 
XLPE has better thermomechanical stability, lasts longer, 
and shows less moisture sensitivity compared to LDPE [1]. 
Despite those advantages, there is some weakness in XLPE 
due to the effect of crosslinking byproducts and these effects 
are detrimental to the use of XLPE for HVDC systems.  

During the cross-linking process, peroxides decompose 
to create free radicals that can initiate chemical bonding 
between polymeric chains. This process forms byproducts 
such as dimethyl benzyl alcohol (cumyl alcohol), 
acetophenone, and α-methylstyrene. These byproducts 
remain in the insulation and migrate out slowly during the 
time and affect the electrical properties of the material. 
Conductivity is generally increased in presence of 
byproducts, but the underlying mechanisms are not agreed 
upon. Three processes can be envisaged, being injection-
assisted process for electronic carriers [2], transport-assisted 
process for these charges [3], and promotion of ionic 
transport either by direct ionization under field or indirectly 
through ion solvation effects [4].  

Byproducts can also cause deep chemical traps in XLPE, 
i.e. centers that stabilize electrical charges as it is probed 
with photoluminescence techniques [5]. Hirai et al. show that 
byproducts increase the conductivity, but only cumyl alcohol 
creates carrier traps [6].  

Our purpose in this work is to investigate possible 
ionization effects associated with crosslinking byproducts. 
Though the matrix is a solid, this has relation to dielectric 
liquids, as ionization processes appear to be much better 
understood in liquids than in solids, with as common driving 
parameter the ionization potential of molecules [7] to explain 
streamer propagations in liquids [8] and resistance to treeing 
processes in solids [9, 10] for example. The other link to 
dielectric liquids is the need to maintain the liquid additive 
into the matrix and control the product uptake.  

In this work, cumyl alcohol is chosen as investigated 
byproduct. It is incorporated into Low Density Polyethylene 
(LDPE) as a base material of XLPE. The tests consist of 
space charge measurement using Pulse Electro-Acoustic 
(PEA) method and conduction current measurements. To 
keep the cumyl alcohol amount as much controlled as 
possible inside the specimen for several hours during the 
electrical characterization, films of Polyethylene 
Naphthalate (PEN) are intercalated at both faces of LDPE 
samples. PEN was chosen since available in relatively thin 
form and for its good barrier properties. This constitutes an 
originality of the work carried out. Though the purpose of 
the measurement is not to investigate in particular PEN 
properties, its impact on the results must be considered. 

II. SAMPLES PREPARATION 

A. Materials 

The LDPE samples used in these measurements have an 
average thickness of 340 μm and diameter of 8 cm. They 
were obtained by press-molding technique at 150°C from 
LDPE pellets. Polyimide layers were used to ease the sample 
removal after the molding process is completed. Polyimide 
layer is chosen because it does not affect the LDPE sample 
with decomposition products when it is processed at high 
temperature. To approach the desired thickness, an epoxy 
spacer with 350 μm thickness is selected.  

PEN films, 12 or 25µm thick, were cut into circular 
shape following the shape of LDPE sample. Gold 
metallization is done on one face of each PEN layer. The 
purpose of the metallization is to have same electrode 
conditions on each side of the sample. Gold electrodes were 
deposited by cold sputtering with diameter of 2 cm and a 
thickness of 50 nm. Thus, the PEN film will be placed in 
upper and bottom side of the LDPE sample. This structure is 
used in each measurement as multi-layered dielectric. The 
illustration of the sample can be seen in Fig. 1. 
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Fig. 2. Cumyl alcohol absorption rate (a) and evaporation rate (b) vs. 

time. The evaporation rate was measured after dipping for 5h.  
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Fig. 3. Space charge measurement protocol 

 

Fig. 1. Illustration of multilayered dielectric for the measurement 

B. Cumyl Alcohol uptake 

The first measurement is to observe the PEN barrier 
effect by comparing samples soaked with and without PEN 
for up to 5 hours at 70°C. The absorption rate is taken every 
30 minutes, and before the sample is put in balance to 
weight, it is rinsed with acetone, ethanol, and deionised 
water to remove cumyl alcohol from the surface of the 
sample. Fig. 2a shows that after 5 hours both samples have a 
same cumyl alcohol percentage (5.34% and 5.35%).  

The evaporation rate is an important characteristic as it 
controls the amount of chemical during electrical 
measurements. For the evaporation rate, the weighing 
process is repeated in intervals of 20 min for the first 4 
hours after the dipping process, and the data is continually 
recorded until 18 hours after the dipping process. Both 
samples are weighed at room temperature. Sample 1 is 
weighed without PEN layers, while sample 2 is weighed 
with 12 µm thick PEN layers on the entire surface. 

To make sure that the cumyl alcohol is not absorbed by 

PEN layers, the later were weighed before and after the 
measurement process and no weight variation was detected. 
Based on Fig. 2.b, which shows that after 18 hours, the 
percentage of cumyl alcohol in sample 2 is substantially 
higher than in sample 1, quantitatively it can be stated that 
the effect of PEN layers as a barrier to cumyl alcohol 
evaporation is effective. Thus, this weight measurement will 
be done after each space charge and conduction current 
measurement.  

III. ELECTRICAL MEASUREMENTS 

A. Protocol 

Space charge measurements have been performed in 
different configurations of sample such as: 

 Untreated LDPE only 

 Untreated LDPE with 12µm PEN layers 

 Untreated LDPE with 25µm PEN layers 

 LDPE soaked in cumyl alcohol for 4h with 12µm 
PEN layers 

The same protocol, depicted in Fig. 3, was applied for 
every sample configuration with 30 min polarization and 30 
min depolarization. The applied field is from 5 to 50 kV/mm 
for positive polarity and then -5 to -50 kV/mm for negative 
polarity. Considering the presence of cumyl alcohol, all the 
space charge measurements were taken at 25°C to prevent 
any evaporation. The temperature is controlled 
automatically in the oven chamber. Charge profiles were 
recorded all along the protocol in 30 min intervals.  

B. Space charge measurement results 

Fig. 4 shows space charge results obtained for the 
different materials. Data for 25 µm thick PEN layers are not 
shown for sake of space saving.  

a) Untreated LDPE: The space charge pattern 
obtained in LDPE alone is plotted in Fig. 4a. It constitutes 
the reference for the results. LDPE was not provided with 
gold electrodes. From the cartography, positive charge 
dominates in the insulation, consistently with previous 
results obtained on the same material. The charge density 
inside the bulk increases with the increase of applied voltage 
on the sample. After polarity reversal a significant amount 
of negative charges is detected. Presumably, the positive 
charge stored in the first run increases the field at the 
electrodes and triggers negative charge injection. 



 

(a) untreated LDPE sample without PEN layer 

 

(b) untreated LDPE sample with 12 μm PEN layers 

 

(c) LDPE sample soaked in cumyl alcohol with 12 μm PEN layer 

Fig. 4. Space charge distributions obtained in the different samples.  

The color bar represents charge density scale in C/m³.  

b) Untreated LDPE with PEN layers. Fig. 4b shows 
the charge pattern when 12 µm thick gold-metallized PEN 
layers are interposed at both sides of the LDPE. LDPE is not 
soaked with cumyl alcohol in this case, to see the effect of 
PEN layers on space charge behavior. At time 4-5 h a 
positive heterocharge builds up from 30 kV/mm near the 
ground electrode (bottom) and stays there until the applied 
field is -30 kV/mm. The charge distribution inside the bulk 
is having a periodic repetition of plans of charges with 
alternated polarity. The (positive) charge build up occurs at 
the region 0-25μm which corresponds to the region of PEN 
layers in the sample. It can be assumed that the charges 
build up is due to the existence of PEN layers on the sample. 
In positive polarity especially at low field, there is no 
heterocharges detected. To distinguish the effect of the PEN 
layer, space charge measurements were achieved with 
25 µm thick layers. The pattern (not shown) is qualitatively 
similar to that of Fig. 4b but the charge amount is 
substantially less. The positive heterocharges build up 
appear at an applied field of 30 kV/mm. The charge inside 
the bulk which comes periodically with different orientation 
polarization is still present but this time in the region 0-
50 μm. The period of oscillations is also multiplied by 2.  

The space charges found in this configuration is rather 
complex and may have several origins: i) orientation 
polarisation of PEN, which is a polar material [11]; ii) 
charges migrating into LDPE and being blocked at the 
interface with PEN; iii) charges injected in the PEN layer; 
iv) interface charge build-up due to the difference in 
permittivity of the two materials. Finally, because of 
mismatch of acoustic properties of the materials, multiple 
reflection in the PEN layers may produce apparent acoustic 
signal in the bulk. The periodic nature of the charge found in 
the buk is certainly associated with this later process. The 
period of oscillations is about twice for the thicker PEN 
because the waves need more time to be reflected. Charge 
injection from PEN is not obvious since it would provide 
homocharge rather than heterocharge. An interfacial charge 
(Maxwell-Wagner-Sillars effect) [12] is certainly present, 
but it does not explain all the feaures: the charge seems 
clearly stabilized at the LDPE/PEN interface and needs 
strong reversed field to be modified. A similar process 
seems to be at play at the high voltage (top) electrode. 

c) LDPE soaked in cumyl alcohol with PEN layers. 
The space charge pattern for soaked LDPE with 12 µm thick 
PEN layers is shown in Fig. 4.c. The measurement takes 
15 hours time to be completed. The sample was weighed 
before soaked in cumyl alcohol, after soaked and after doing 
space charge measurement. After 15 hours measurement, 
there is still about 3.7% cumyl alcohol inside the sample, vs. 
5.7% initially, which is consistent with Fig. 2b.  

Comparatively to the case of Fig 4.b there is clearly 
much more charges. Already after the first step at 5 kV/mm, 
heterocharges settle near both electrodes. For the highest 
fields applied, there are two prominent peaks at each 
electrodes and it is really difficult to localize the 
dielectric/dielectric interface. In the 3

rd
 to 5

th
 voltage steps, 

there seems to be negative charge injection combined to 
heterocharge build up. The bulk of the insulation shows 
periodic charge patterns, dominated by positive charges in 
the first half of the cycle and by negative charges in the end 
of the second half: charges seem to be a repetition of the 
heterocharge.  

C. Conduction current measurement 

For conduction current measurement, new samples with 
the same thickness (340 μm) and the same diameter are 
used. The sample configuration for conduction current 
measurement is the same as for space charge measurement 
(PEN layers with 2 cm diameter gold electrodes). The 
temperature for this measurement is 25°C with the applied 
electrical field from 5 kV/mm to 40 kV/mm. Each 
measurement took 30 minutes for polarisation and for 
depolarisation at each of the 5 field steps. The current was 
acquired every 2 seconds all over the cycle.  
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(b)Current vs. field at 1000s 

Fig. 5. Current measurements for cumyl alcohol soaked (S) and 

unsoaked (US) LDPE. Both are with 12 µm thick PEN layers.  

The results from current measurements are shown in 
Fig. 5. From Fig. 5a, it is obvious that the sample soaked in 
cumyl alcohol has much more current than the reference 
LDPE. The current difference is almost two decades for 
each applied field. For 40 kV/mm, the current in the sample 
seems to increase along with time in the two cases. This 
phenomenon has already been observed in LDPE and XLPE 
especially when stressing under high field [13].  

Fig. 5.b shows the apparent conductivity vs. electrical 
field in the sample. Apparent means that we do not take into 
account the field distribution in the different layers; the field 
is supposed homogeneous. The difference in apparent 
conductivity between soaked and unsoaked sample is by two 
orders of magnitude. This obviously affects the electrical 
field distribution under DC voltage. From Figure 5.b, gross 
value of the conductivity of LDPE without cumyl alcohol is 
10

-15
 S/m. For the sample with cumyl alcohol it is 10

-13
 S/m 

as obtained for a field of 30 kV/mm. Considering these 
values and value of the conductivity for PEN of 2.6 x 10

-17
 

S/m [11], it can be anticipated that the field is contained 
essentially in the PEN layers, and is very high (300 kV/mm 
or more) even for the unsoaked LDPE. This is consistent 
with the large interface charge found at the PEN/LDPE 
interface. The use of a less resistive layer material than PEN 
is necessary to investigate charging effects in the bulk.  

IV. CONCLUSION 

The PEN layers tend to prevent charge injection in 
LDPE, but produces significant interfacial charges between 
dielectric layers due to differences in conductivity. Periodic 
charge peaks appearing inside the bulk is assumed as 
originating from multiple reflections of acoustic waves in 
the PEN layer due to acoustic impedance mismatch with 
LDPE. PEN is preventing the cumyl alcohol to evaporate 
and permits to make measurements for several hours with 
keeping a reasonable amount of product. Cumyl alcohol has 
an impact in terms of space charge build up. The presence of 
cumyl alcohol in the sample creates a strong heterocharge 
build-up near both electrodes. The LDPE conductivity is 
substantially enhanced when introducing cumyl alcohol, 
which explains the increase of interfacial charge between 
PEN and LDPE. Space charge results show that this charge 
tends to be persistent and high field is necessary to reverse 
it: it means that ions migrate and/or deep traps are present at 
the interface. Ions generated by the cumyl alcohol into the 
sample could produce charge accumulation and make the 
sample more conductive. Because PEN is a high resistivity 
material, the field tends to be concentrated in this layer and 
the configuration is not really suited to investigate field 
induced dissociation in the bulk material.  
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