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Abstract：Space charge issues have raised many attentions in recent years, especially in high voltage direct current 
(HVDC) application. Space charge accumulation in insulation system will give rise to acceleration of ageing and even 
cause premature failure of the material. However, from another angle, space charge might be also considered as a diag-
nostic tool of ageing for insulation materials. In this paper, a trapping-detrapping model has been developed to estimate 
trapping parameters of cross-linked polyethylene (XLPE) cable sections, which were taken from different HVAC opera-
tion conditions of 12 years and 8 years. The results reveal that, for both cable sections, samples from the inner location 
have the greatest trap density and the deepest trap depth. Additionally, breakdown strength tests and FTIR (Fouri-
er-transform infrared) measurements on those samples have been carried out. From FTIR measurement results, the degree 
of oxidation among three layers could be found by the carbonyl index values. The oxidation degree of aged cable at the 
outer layer is higher than that at the other two layers probably because of the most sufficient contact with oxygen. Also, it 
has been noticed that the results from these measurements show some correlations with the estimated trapping parameters, 
especially for breakdown strength. 
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0  Introduction 

Space charge accumulation in insulation mate-
rials received significant attention in recent two 
decades as the presence of space charge led to local 
electric field distortion and may shorten insulation 
lifetime by accelerating degradation and ageing in 
materials. From the models established in reference 
[1-3], it has been pointed out that space charges are 
both cause and effect of ageing and these models 
showed how space charges quantitatively influence on 
insulation lifetime. 

Due to the wide band gap of insulation materials, 
electrons might reside within the band gap without 
jumping to conduction band directly. And those loca-
lized states, or namely ‘traps’, with density N, offer 
charge carriers an intermediate state at certain energy 
level, which is defined as the ‘trap depth’, Et. Also, the 
ability of these traps to capture charge carriers relates 
to the trapping cross-section area S. Here, under the 
assumption of Coulombic attractive trap[4], and one 
trap could only accommodate one charge carrier, we 

take the cross-section area as S=πr2, where r is dis-
tance between the trap and its charge carrier. 

Above all, trap density N, trap depth Et, and trap-
ping cross-section area S are generally called trapping 
parameters. They depict the attributes of traps. Many 
investigators have put efforts on estimation of the 
trapping parameter of insulation materials in the recent 
decade. In reference [5], Chen proposed a trap-
ping-detrapping model based on two energy levels and, 
thereafter in references [6] and [7], by applying the 
model in reference [5], trapping parameters of 
low-density polyethylene (LDPE) and gam-
ma-irradiated LDPE were estimated through the 
pulsed electro-acoustic depolarization (PEA) method. 
The comparison between results of these two materials 
indicated that the physical and chemical changes 
brought by the irradiation process alter the trapping 
parameters, especially for trap density and deep trap 
depth. Moreover, Dissado et al. have proposed another 
trapping-detrapping model to evaluate trapping para-
meters of different time-aged XLPE cable peelings[8-9]. 
The basic ideas of these two approaches are quite sim-
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ilar: 1. Both numerical models are applied to condition 
of charge relaxation after the removal of an external 
voltage; 2. The trapping parameters are obtained by 
fitting curves of specific model parameters with expe-
rimental data from depolarization tests; 3. Observed 
charge dynamics during volts-off condition was con-
sidered as the decay of trapped charges, i.e. mobile 
charges generated the detrapping process were as-
sumed escaping from the sample instantly, and only 
detrapping process was taken into consideration. Here, 
in the present paper, a new model is proposed, based 
on first two ideas of previous models but improving 
on those models by considering charge re-trapping 
processes. This refers to possibility that detrapped 
charges might get captured by vacant traps before they 
outflow from the local charge region. Moreover, an 
innovative feature inspired from the model in refer-
ence [5] is to treat traps with a range of energy levels 
as traps at two equivalent levels: shallow traps and 
deep traps. These two types of traps probably relate to 
physical (shallow) and chemical defects (deep) respec-
tively[10]. Therefore, in the present paper, the idea was 
adopted during modeling. 
    Samples used in this work are XLPE films peeled 
from cable sections operated for 12 years and 8 years. 
Films were grouped as outer, middle and inner layers, 
in accordance with their radial locations on cable sec-
tions to investigate differences in trapping parameters 
for samples from different depths. 

Apart from the estimation on trapping parameters, 
in the present research, an attempt has been made to 
reflect changes in trapping parameters with one of the 
important dielectric properties, i.e. DC breakdown 
strength of materials. Firstly, DC breakdown mea-
surements have been tested on the same type of 
samples as those used for the PEA measurements.  It 
has been found that the breakdown strength can be 
related to the estimated trap density and depth of 
XLPE material. In addition, FTIR measurements were 
made on those XLPE specimens from the same areas 
to understand thermal oxidation hence carbonyl index 
was calculated. The results cannot demonstrate a clear 
relationship between the oxidation degree and trapping 

parameters but it was found that carbonyl index of 
XLPE peelings depends on the radial locations in the 
cable insulation. 

1  Model of Charge Dynamics 

Poole-Frenkel effect occurs in the material with 
wide band-gap (e.g. insulating material or insulator) 
where electrons/holes can reside. Theeffect demon-
strated in the Pool-Frenkel mechanism that the 
potential barrier height of Coulombic attractive traps is 
deducted by Coulombic force between these charge 
trapping centres and charge carriers. By considering 
the effect of poling electric field in Equation (1), the 
trap depth Et could be reduced in the field direction by 
value ΔVF, i.e. 

 t t F ( )E E V E′ = − Δ  (1) 

where the maximum reduced height ΔVF(E) of the bar-
rier in the field direction is 
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and E is the applied field; q is unit charge amount; ε0 
is vacuum permittivity; and εr is the relative permittiv-
ity of the target material. This maximum reduced 
height happens when the Coulombic force between 
electrons/holes and ionised donors/acceptors (i.e. traps) 
are equal to the electrostatic force under the applied 
field (further details in reference [11]). Thus, the rate 
of thermal excitation of trapped electrons/holes from 
localized states to the conduction/valence band could 
be given by 

 t
esc t 0 exp( )

E
R n v

kT
′

= −  (3) 

where nt is the trapped charge density; T is tem-
perature (300 K used in the present paper); k is the 
Boltzmann constant(about 1.38×10−23 kg·m2·s−2·K−1; 
and v0 is the attempt to escape frequency (about 
2×1013 Hz at room temperature[7]). It is worth men-
tioning here that the model is applied under the 
condition when the applied electric field is removed.  

Moreover, the rate of capture by trap sites Rcap 
should be proportional to the number density of free 
charges which have been released into the conduc-
tion/valence band nf and the number of unoccupied 
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trap site density(N−nt), given N is total trap density 
 cap f th( )R n N n v S= −  (4) 

where vth is the thermal velocity (=3.7×105 m/s for 
holes in polyethylene material[7]) of electrons or holes 
and S is capture cross section area of trap sites for 
charge carriers. 

In references [6-9], these models consider ob-
served chargesas trapped charges. The free charge 
carriers, or said mobile charges will flow away from 
local space charge region via extraction from adjacent 
electrode or flowing into the other side of electrode 
dependent upon the direction of Coulombic force they 
experienced. However, in the models applied in refer-
ences [6-9], those mobile charges were thought to be 
flowing instantaneously from their original locations. 
Here in the present model, we take consideration of 
transit time Δt or detrapped charges’ out flowing from 
the local charge region without retrapping is taken into 
consideration. And we made an important assumption 
that during Δt, the charges might be re-captured by 
unoccupied traps and the free charge carrier density 
generated by excited charges could be expressed as:  

f escd
t t

t
n R t

+Δ
= ∫ . For the estimation of Δt, we use: 

d

Dt
v

Δ =  Here, D is the averaged distance from origin- 

nal location to the boundary of space charge region. 
Typically, in our measurements, the positive charge 
peak is dominant. Since the width of positive space 
charge region is around 80 μm (see typical PEA results 
in Section 4). Since holes move boundaries of charge 
region inboth directions dependent on the force, D is 
approximated as half of the half positive peak width, 
i.e. 20 μm. And under electric field of the order 106 
V/m, which is the approximated electric field after the 
removal of the external voltage in the volts-off meas-
urements, the drift velocity is at an order of 105 m/s[12]. 
As a result, the transit time Δt could be approximated 

as 10

d

2 10Dt
v

−Δ = = ×  s. As this time is too short for 

charge escaping rate to be substantially changed, the 
free charge carrier density could be estimated as 
nf=RescΔt. And changing rate of trapped charge density 

nt is 
t t

cap esc t 0 t th
d

( ( ) 1)exp( )
d
n E

R R n v t N n v S
t kT

′
= − = Δ − − −  (5) 

Solving Equation (5), we could have a solution in 
the form of 
 t coth( )n a bt c a= + −  (6) 
where a and b are: 

 t th
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Parameter c will be decided at the initial condi-
tion, where trapped charge density n0 at t=0, we have 
 0 t (0) coth( )n n a c a= = −  (9) 

When we extend the model described by Equa-
tion (5) to two equivalent level traps, i.e. shallow and 
deep traps 
 t coth( ) coth( )n a bt c a d et f d= + − + + −  (10) 
where a, b and c are parameters for shallow traps, and 
d, e and f are for deep traps, comparable to a, b and c 
respectively. 

Furthermore, there is evidence that deeper traps 
in dielectrics should have a smaller cross-section 
area[13]. Physically, it can be explained that smaller 
capture radius will give rise to a greater Coulombic 
attractive force upon on charge carrier, hence forming 
a deeper trap from which it is harder for charge carrier 
to escape. Especially in reference [14], it was pro-
posed that he binding energy W of a Coulombic trap to 
charge carrier is inversely proportional to radius of the 
trap r. The binding energy W directly determines the 
trap depth Et. The larger W becomes, the tighter the 
charge carrier is bound to the trap, i.e. trap depth 
should be deeper. Here, it is assumed that Et is propor-
tional to W and, since trapping cross-sectional area  
S=πr2, S is inversely proportional to 2

tE . 
According to previous works [6], [7] and [15], 

the estimated value for cross section area ranges from 
10−16 to 10−18 m−2.  

In reference [16], it was proposed that cross sec-
tion area should be field-dependent: experimental data 
in reference [16] (see Fig.1) shows that the trapping 
cross section area for Coulombic attractive traps is 
proportional to E−15 below the threshold field Eth and 
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proportional to E−3 above Eth. 
Anaveraged field of Ea across the positive charge 

region could be approximated by using the mean 
trapped charge density in the region, nt. Hence, from 
the Gauss’s law, we have[17] 

 t
a

0 r2
n ql

E
ε ε

=  (11) 

where l is the width of the positive charge layer, ε0 is 
vacuum permittivity, and εr is the relative permittivity 
of polyethylene. Since the trapped charge density nt is 
a function of time, Ea should be dependent on both 
time and cross section area S. However, for the sake of 
simplicity, nt for each type of samples is approximated 
as a mean value tn  by averaging values of nt follow-
ing mean value theorem of integral over time-span of 
the depolarization measurement, i.e. 

e e
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where t0=0 s and te=1 800 s, and te is the end time of 
all depolarization tests. Applying Equation (12) to 
measurement data from depolarization test of two ca-
ble peelings from three different layers (see details in 
next section), the averaged trapped charge density tn  
for each sample can be obtained. Based on positive 
charge layer thickness l is 80 μs, and εr=2.3 for poly-
ethylene, aroughly approximated value for Ea could be 
obtained as in Table 1. 

From references [6-7], when Et1=1 eV, the trap-
ping cross-section area is around 6.60×10−17 m−2 and 
the trapped charge density in depolarization measure-
ment is around 1.00×10−8 C. By using the charge layer 
thickness and electrode area in references [6-7], nu-
merical charge density was calculated as 1.97×1019 
m−3. Therefore, the electric field after the removal of 
the applied voltage in references [6-7] is estimated as 
3.87 MV/m. In light of the E-S relationship in Fig.1, 
the trapping cross-section area at depth Et1=1 eV for 
each type of XLPE peelings could be estimated as in 
Table 1. 

Hence, for any trap at depth Et, the capture 
cross-section can be expressed as 

 2t1
1

t

( )ES S
E

=  (13) 

Also for the calculation of Poole-Frenkel energy 
lowering in Equation (2), for the sake of simplicity, the 
varying electric field in depolarization test is taken as 
an averaged equivalent value Ea. Therefore, ΔVF for 
each sample type of is found in Table 2. 

Combining Equations (1), (2), (7), (8), (9) and 
(13), it is possible to obtain values of trapping para-
meters Et, N, S and intial trapped charge n0 by 
knowing values of fitted parameters a, b and c and d, e 
and f. 

2  Sample Preparation 

As mentioned, cross-linked polyethylene (XLPE)  

Table 1  Values of tn , Ea and S1 for each type of samples 

Type of sample tn /(1018·m−3) Ea/(MV·m−1) S1/(10−16m2) 

12-year outer 6.69 2.06 1.72 
12-year middle 5.52 1.70 2.29 
12-year inner 9.77 3.01 9.70 
8-year outer 5.56 1.71 2.25 

8-year middle 5.63 1.73 2.21 
8-year inner 6.79 2.09 1.67 

 
Table 2  Values of ΔVF for each type of samples 

Type of sample ΔVF/eV 

12-year outer  0.071 
12-year middle  0.065 
12-year inner  0.087 
8-year outer  0.065 

8-year middle  0.066 
8-year inner  0.072 

 

 

Fig.1  Capture cross-section of Coulombic attractive traps as a 

function of average electric field 
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cable sections were retired from service condition of 
AC 220 kV for 12 years and 8 years. The cable struc-
ture and the size are illustrated in Fig.2. The XLPE of 
cable insulator was sliced to films by a rotary skiver (a 
cutting machine to make film by rotation) from the 
surface of cable insulator. The thickness of obtained 
samples was 100~200 µm with smooth surface. For 
the removal of volatile chemicals in the film, the cut 
films were treated in vacuum oven at 80 ℃ for 48 
hours for degassing[9,18]. 

The film samples for all the experiments were 
classified to several parts according to the distance 
from the surface of cable insulator as seen in Fig.2. In 
this paper, three different positions were selected as 
the outer (0~5 mm from surface), middle (14~18 mm), 
and inner (23~31 mm) layer for 12-year-operated ca-
ble and the outer (0~5 mm from surface), middle 
(10~15 mm), and inner (20~27 mm) layer for 
8-year-operated cable 

3  Experimental 

The pulsed electroacoustic (PEA) technique was 
used for observing dynamics of charge profiles and 
measurements were made for 30 minutes (described as 
te=1 800 seconds above) after the removal of the ap-
plied voltage. For XLPE films with different thickness, 
the applied voltage was adjusted so the applied field 
was fixed at 40 MV/m for all the samples. The time of 
the applied voltage was 6 minutes. 

4  Results of Charge Dynamics 

Typical results of charge decay dynamics of 
XLPE films from 12-year-operated and 8-year-oper- 
ated cables were shown in Figs.3 to 8. Particularly for 
the results in Fig.6, only decay of the injected positive 
charge peak was observed. For Fig.3 and Fig.7, bipo-
lar injected charges were observed but not obvious: 
the injected electrons gradually move to the left side 
and eventually become an image charge peak on the 
cathode. This phenomenon is more common for 
measurements on samples from the outer and middle 
layers. And for Figs.4, 5 and 8, clear bipolar injected 
charges decay could be observed, indicating electron 

 

Fig.2  Cross sections and grouping method on insulation lay-

ers respectively of 12 and 8-year operated cable sections 

 

 

Fig.3  Charge profiles for 160 μm thick 12-year-operated 

XLPE at outer-layer after the removal of 6.4 kV charge 

 

injection could be seen more clearly on inner layers. 
These might be caused by two reasons: 1. The resolu-
tion of the PEA measurement system is not high 
enough, so it was difficult to distinguish the charges of 
positive or negative when they are present close to 
each other. While two peaks of different polarities 
overlap with each other, only dominating charges (net 
charges) will be displayed on the scope 2. When sam-
ples contain more deep traps, it becomes harder for 
trapped electrons to escape. 
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Fig.4  Charge profiles for 180 μm thick 12-year-operated 

XLPE at middle-layer after the removal of 7.2 kV charging 

voltage 

 

 

Fig.5  Charge profiles for 150 μm thick 12-year-operated 

XLPE at inner-layer after the removal of 6 kV charging voltage 

 

5  Estimation of Trapping Parameters 

5.1  Assumptions 

The following assumptions and initial conditions 
were assumed for the calculation of charge trapping 
parameters: 

1) As mentioned in previous sections, only the 
positive charge peak is accounted for in calculation of 
the charge amount. 

2) Traps are uniformly distributed in the samples 
along film thickness. 

3) Although sample slices from the same layer 
may have some slight differences between each other, 
they are assumed to be identical. 

4) Since the band gap of the insulator (polyethy-
lene) is wide, it is assumed that there are no thermally 

 

Fig.6  Charge profiles for 110 μm thick 8-year-operated XLPE 

at out-layer after the removal of 4.5 kV charging voltage 

 

 

Fig.7  Charge profiles for 150 μm thick 8-year-operated XLPE 

at inner-layer after the removal of 6 kV charging voltage 

 

 

Fig.8  Charge profiles for 115 μm thick 8-year-operated XLPE 

at inner-layer after the removal of 4.6 kV charging voltage 

 
generated electrons/holesin conduction/valence band. 
5.2  Calculations 

To calculate the total amount of trapped charge Q 
amount inside the bulk, Equation (14) has been used. 



1160 高电压技术 2015, 41(4) 

 

 
0
| ( , ) | d

l
Q x t S xρ= ∫  (14) 

where l is the width of the positive charge layer; S is 
the electrode area; t is the depolarization time; and x is 
the distance through the film. Therefore, the number 
density of the trapped charges nt is 

 t
Qn

lSq
=  (15) 

PEA measurement is rather sensitive to environ-
mental factors such as temperature, moisture, mecha- 
nical stresses and silicone oil applied for acoustic cou-
pling. Therefore, even though the same electric field 
with an identical stressing time is applied, measure-
ment results may differ from each other. To minimize 
the occasional errors caused by those uncontrollable 
factors, measurements for each type of sample are 
used to calculate average number charge density. The 
results, with error bars, are shown in Figs. 9 and 10 for 
12 year and 8 year cable samples respectively. 
5.3  Curve fitting results by using charge dynamic 

equation 

In the present paper, Equation (10), which de-
scribes a charge trapping-detrapping process after the 
removal of external voltage based on two energy le-
vels, has been utilized to fit with averaged decay data, 
Figs.11 and 12 for 12 year and 8 year cable samples 
respectively. The values of fitted parameters a, b, c, d, 
e and f can be found in Table 3. The R-square value of 
each fitting result is listed in Table 4. Here R-square 
indicates the degree of the correlation between the 
experimental values and the predicted response values; 
values closer to 1 indicate that a greater proportion of 
variance is accounted for by the model. 

By knowing these fitting parameters in Table 3 
and also based on the calculated trapping cross section 
area at 1 eV for each type of samples, we could solve 
Equations (7), (8) and (9) and find the values of trap- 
ping parameters Et, S and N respectively for these dif-
ferent samples as shown in Table 5. It should be noted 
that the trap depth Et is original trap depth by adding 
Poole-Frenkel lowering term on the solved value, 
which was calculated according to Equation (2).  

 

Table 3  Values of fitting parameters a, b, c, d, e, f 
Sample type Parameter Outer layer Middle layer Inner layer

12-year cable 
peelings 

a −8.80×1017 −9.10×1017 −1.23×1018

b −5.11×10−3 −6.68×10−3 −5.14×10−3

c −5.00×10−2 −5.00×10−2 −5.00×10−2

d −9.85×1017 −8.00×1017 −8.20×1017

e −2.54×10−4 −3.42×10−4 −9.17×10−5

f −1.06×10−1 −8.67×10−2 −6.46×10−2

8-year cable 
peelings 

a −1.45×1018 −1.23×1018 −1.20×1018

b −2.02×10-2 −8.70×10-3 −4.87×10−3

c −2.84×10−1 −3.04×10−1 −3.87×10−1

d −1.12×1018 −1.33×1018 −1.15×1018

e −8.48×10−4 −5.39×10−4 −1.59×10−4

f −4.31×10−1 −3.99×10−1 −2.59×10−1

 

Table 4  R-square values for each type of sample by applying 

Equation (10) 

Sample type 
 R-square values  

Outer layer Middle layer Inner layer 

12-year cable films 0.996 0.998 0.997 

8-year cable films 0.997 0.996 0.985 

 

 

Fig.9  Averaged result for four measurements on 12-year 

XLPE cable films with standard deviation error bars 

 

Fig.10  Averaged result for four measurements on 8-year 

XLPE cable films with standard deviation error bars 
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6  DC Breakdown Test Results 

From each layer of two same cables, samples 
were microtomed into slices with a thinner thicknesses, 
(100±10) μm, for breakdown test. As was done with 
thicker samples for PEA test, those samples were also 
processed with degassing treatment in vacuum oven at 
80 ℃ for 48 hours. 

For these experiments, the prepared sample was 
tightly fixed between two sphere electrodes with di-
ameter of 6.5 mm tightly. The external voltage was 
applied as ramping voltage stepping with 100 V/s 
from zero. Moreover, in order to avoid flashover dur-
ing test, the two spherical electrodes with the tested 
sample in between were immersed in insulating oil. 
For each type of sample, 20 measurements were made 
to reduce statistical error. 

To analyze obtained breakdown data, the Weibull 
distribution has been found to be a most appropriate 
approach to describe their stochastic behaviors[19]. 
Figs. 13 and 14 show the Weibull plotting of DC 
breakdown voltage respectively for 12-year and 8-year 
XLPE films respectively. The breakdown strengths for 
all types of sample determined by the Weibull distri-
bution can be found in Table 6. Within 95% confi- 
dence bounds, upper and lower bounds at a characte-
ristic value that breakdown probability equals to 
63.2% (irrespective of shape factor of Weibull distri-
bution) are also listed in Table 6. 

7  Oxidation Products by FTIR Analysis 

The oxidation products produced in XLPE insula-
tor was analyzed by Fourier Transform Infra-Red (FTIR) 
spectroscopy. The spectrum was observed by the IR 
absorption in the range 400~4 000 cm−1 through XLPE 
film using a Shimadzu “IR Prestige-21” spectrometer. 
The spectrum was gathered by 20 scans accumulation, 
and the resolution was 4 cm−1. In this experiment the 
size of samples is 10 mm×5 mm×0.1 mm. Before the 
experiment, samples are cleaned by alcohol and then 
dried. To reduce the impacts on the test results yielded 
by alcohol cleaning, samples must be kept for half an 
hour at room temperature after drying. 

 

Fig.11  Curve fitting results of 12-year XLPE films from three 

layers using equation (10) 

 

Fig.12  Curve fitting results of 8-year XLPE peelings from 

three layers using Equation (10) 

 
Table 5  Trapping parameters of traps with shallow and deep 

energy levels by Equation (10) 
Sample 

type 
Trap type N/m−3 Et/eV S/m2 

Outer 
12-year

Shallow 
traps 

5.50×1019 0.894 2.15×10−16 

Deep traps 6.54×1019 0.970 1.83×10−16 

Middle 
12-year

Shallow 
traps 

4.19×1019 0.889 2.90×10−16 

Deep traps 4.87×1019 0.959 2.49×10−16 

Inner 
12-year

Shallow 
traps 

9.54×1019 0.904 1.19×10−16 

Deep traps 1.15×1020 0.991 9.88×10−17 

Outer 
8-year

Shallow 
traps 

4.21×1019 0.873 2.95×10−16 

Deep traps 4.87×1019 0.944 2.52×10−16 

Middle 
8-year

Shallow 
traps 

4.40×1019 0.890 2.79×10−16 

Deep traps 5.15×1019 0.960 2.40×10−16 

Inner 
8-year

Shallow 
traps 

5.83×1019 0.903 2.05×10−16 

Deep traps 6.98×1019 0.986 1.72×10−16 
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Table 6  Breakdown strength for each layer of samples with 

95% confidence bounds at unreliability of 63.2% 

Types of XLPE 
films 

Lower bound 
(95%)/(MV·m−1) 

Breakdown 
strength/ 

(MV·m−1) 

Upper bound 
(95%)/(MV·m−1)

12-year outer 462.80 476.70 490.63 
12-year middle 472.99 487.11 500.76 
12-year inner 453.07 461.28 469.08 
8-year outer 476.04 493.18 509.93 

8-year middle 467.78 480.32 492.46 
8-year inner 455.47 468.73 481.53 

 
Normally, absorption peaks due to carbonyl 

compounds should be observed between. In this range, 
different functional groups will have specific characte-
ristic absorption frequency bands. Information in 
Table 7 is summarized from references [20-21] and 
values might be ±10 cm−1. 

From Fig.15, for 12-year cable peelings, several-
peaks were found in range 1 680~1 755 cm−1 for 
12-year cable peelings and according to Table 7, it 
should contain carbonyl compounds with functional 
groups identified as: aryl ketone (1 680~1 710 cm−1, 
peak at 1 695 cm−1), ketone (1 710~1 725 cm−1, peak 
at 1 718 cm−1), and ester (1 725~1 755 cm−1, peak at 
1 740 cm−1). However, the peak for aryl ketone is 
probably caused by cross-linking byproducts aceto-
phenone[22], hence in calculation of degree of 
oxidation this peak was ignored as it was not a conse-
quence of oxidation during operation. For 8-year cable, 
some weak peaks observed around 1 680~1 710 cm−1 

could be observed and were ignored for the same rea-
son. Apart from that, a strong single carbonyl peak 
(range around 1 710~1 765 cm−1) was found in Fig.15 
for the 8-year cable and the peak value is at 1 740 
cm−1. It indicates that ester groups dominate among all 
carbonyl compounds in such samples. The absorption 
peak at around 2 020 cm−1 was least affected by the 
oxidation and the baseline for measuring the “inva-
riant” peak height ranged was taken as 2 000~2 050 
cm−1 was assumed to be the invariant peak. For the 
outer-layer of 8-year samples, invariant peak range 
become a little distorted and the valid calculation for 
such type of sample should be taken from 1 985~2 035 
cm−1 Net peak height was determined by subtracting 

Table 7  FTIR Absorption frequencies of functional groups 

containing a carbonyl (C=O) 

Functional group
Wave  

number/cm−1 Functional group 
Wave  

number/cm−1 

Amide 1 650~1 700 Aldehyde 1 720~1 740 
Ketone(Aryl) 1 680~1 700 Ester 1 735~1 750 

Ketone(Acyclic) 1 705~1 725 Acid chloride 1 775~1 810 

 

 

Fig.13  Weibull plot of the cumulative probability of break-

down versus breakdown voltages for 12-year operated samples 

 

 

Fig.14  Weibull plot of the cumulative probability of break-

down versus breakdown voltages for 8-year operated samples 

 
the height of the baseline immediately before the peak 
from the total peak height[23]. The area (intensity) of 
carbonyl absorption and of the invariant peak could be 
calculated as the area under the baseline. The carbonyl 
index was calculated by a ratio between oxidation 
peak Aox and the area of invariant peak Ai

[23-25], i.e. 
carbonyl index R is 

 ox

i

AR
A

=  (16) 

For 12-year samples, we have Aox=Aketone+Aester; 
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whereas for 8-year samples, Aox=Aester. Therefore, the 
carbonyl index, that is, the yield of oxidation com-
pounds at the depth from the surface of XLPE 
insulator for the two cables, was calculated based on 
Equation (16). 

Table 8 reveals that, for both 8-year and 12-year 
cable sections, the relative yield of oxidation products 
R from outer to inner layer conforms to: Rout>Rin>Rmin. 
This agrees to the result of 22-year cable from service 
condition in reference [26]. The outer-layer samples 
are remarkably most serious for each cable section. 
This should be a consequence of XLPE at the outer 
region having a better contact with oxygen diffusing 
from the external environment, hence an increase of 
oxidized sites.  

8  Discussion 

8.1  Service conditions from different insulation 

layers  

During operation for extended periods, the sam-
ples from the inner insulation layer should experience 
the highest temperature and electric field [27-28]. The 
dependence on electric field could be found in Equa-
tion (17), which is suitable for cylindrical insulation 
cable of one material at AC condition[27] 

 0

i

( )
ln( )

UE r
Rr
R

=
 (17) 

where U stands for the applied voltage; r is the 
distance to the center of core conductor; R0 is external 
radius of the insulation and Ri is the radius of core 
conductor. 

Therefore, considering the diameters of core 
conductor illustrated in Fig.2, the electric field for 
12-year cable at outer surface (r=R0) equals 
E(R0)=4.29 MV/m and for 8-year cable E(R0)=4.89 
MV/m, therefore we could have electric field ranges-
for each layer of both cable sections in Table 9. Due to 
scaling, the 8-year cable had operated with larger elec-
tric field than that of the 12-year cable. The electric 
field ranges for each layer of both cable sections are 
given in Table 9. 

 

 

Fig.15  FTIR spectrum of 12-year and 8-year operated cable 

peelings from different layers with zoom-in peaks with in  

region 1 670~1 800 cm−1 and 1 980~2 060 cm−1 

 

Table 8  Relative yield of oxidation products of two types of 

XLPE cable peelings at three layers 

Cable type 
 Carbonyl index  

Outer layer Middle layer Inner layer 

12-year cable 4.19 2.54 3.19 

8-year cable 3.71 1.97 2.48 
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Table 9  Relative electric fields of layers of XLPE cable 

peelingsrespectively for two different cable sections 

Cable type 
Electric field/(MV·m−1) 

Outer layer Middle layer Inner layer 

12-year cable 4.29~4.76 5.96~6.74 8.02~10.90 
8-year cable 4.89~5.52 6.45~7.62 9.39~13.89 

 
8.2  Shallow and deep trapping parameters and 

FTIR results 

The model used in the present paper treats all 
traps in the materials as equivalent energy levels: 
shallow and deep traps.  

They can be correlated with physical and chemi-
cal defects. The physical defects could be recognized 
as changes of morphological structure, crystallinity 
and molecular weight whereas chemical defects refer 
to the oxidized sites and other new chemical constitu-
ents[10,29]. Trap density and depth are apparently 
greatest at the inner layer for both cables. Moreover 
the trapping parameters appear to be greatest for the 
12-year old cable samples. The significant increase of 
trapping parameters at the inner layer could be attri-
buted to the most severe service condition being 
experienced at this location and, as such, the highest 
amount of physical and chemical defects were pro-
duced in the inner region during the extended periods 
of operation.Comparing middle and outer layer for 
both cables, their trapping parameters are relatively 
near to each other. In more details, for 12-year cable, 
the trapping parameters at outer layer is a little larger 
than that of middle whereas for 8-year cable, both 
trapping parameters at outer layer, especially the trap 
depth, is obviously at lowest-level among all types of 
samples. 

Looking into FTIR results, it could be found that 
at inner layer carbonyl index is larger than that at mid-
dle layer. This might be due to that in inner layer, 
amounts of oxidation products were produced under 
highest field and temperature, reflecting by greatest 
trapping parameters at inner layer for both cable sec-
tions. However, outer layer trapping parameters is 
lower than that at inner layer. It might be explained 
that more factors rather than oxidation products will 
contribute to deep traps, which is considered to be 

related with chemical changes in the materials. 
8.3  Trapping parameters vs. Breakdown strengths 

Plotting trap densities (shallow, deep and their 
sum) against breakdown strengths for each type of 
sample, as shown in Fig.16, it can be seen that when 
trap density increases breakdown strength declines. 
Additionally, in Fig.17, when plotting both shallow 
and deep trap depths versus breakdown voltages, a 
clear relationship between trap depth and breakdown 
strength indicates that when the trap depth increases, 
the breakdown strength decreases. 

Electrical breakdown of dielectric materials is 
defect-related[30]. In the present paper, we quantize the 
defects as trapping parameters estimated from the es-
tablished model. In reference [31], it was found that 
breakdown voltage relates to the crystal structure of 
polymer materials: with an increased ratio of amorph-
ous region, the breakdown strength reduces. As 
mentioned earlier, the change in crystallinity could be 
considered as an introduction of physical defects, and 
therefore increasing the number of shallow traps into 
materials[5-7,10]. This can explain the correlation be-
tween breakdown strength and shallow trap density in 
Fig.16. From another angle, in DC breakdown test, 
greater trap density or trap depth in materials (espe-
cially deep traps) will make it will be harder for 
trapped charges get out of localized states. The distor-
tion of local electric field in the bulk material will 
therefore become more severe and this should lead to 
earlier material failure. Above all, the ageing and de-
gradation in materials might be monitored by change 
in trapping parameters estimated from the present 
model. 

9  Conclusions 

Through the experimental and numerical simula-
tion works in the present paper, several conclusions 
can be drawn as below: 

1) For both different-year aged cables, trap density 
and trap depth of inner layer are generally larger than 
that from the other two layers. This should be caused by 
the severest condition (highest temperature and electric 
field) experienced during operation duration.  
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Fig.16  Plotting of trap density estimated for different samples 

versus breakdown strengths  

 

 

Fig.17  Plotting of trap depths estimated for different samples 

versus breakdown strengths 

 
2) From FTIR measurement results, the degree of 

oxidation among three layers could be found by the 
carbonyl index values. The oxidation degree of aged 
cable at the outer layer is remarkably higher than that 
at the other two layers due to most sufficient contact 
with oxygen diffusing from external environment. The 
inner-layer samples for both cables have higher values 
of carbonyl index than samples from middle layer. 
This could be explained by more oxidation products 
yielded at most severe service condition in the inner 
layer.  

3) The DC breakdown strength shows a decreas-
ing trend with the increasing of trap density and depth. 
This indicates the approach proposed in the present 
paper might be utilized as the tool to monitor degrada-
tion and ageing in materials. 
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