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In the present work efforts have been made to investigate the influence of ac aging on space-charge
dynamics in low-density polyethyleri@DPE). LDPE films with 200um were aged under various
electric stress levels at 50 Hz for various times at ambient temperature. Space-charge dynamics in
the samples after aging were monitored using the pulsed electroacoustic technique. It has been
revealed that the space charge under ac aging conditions is related to the level of the applied field,
duration of the voltage application, as well as the electrode materials. By comparing with the results
of unaged sample the results from aged sample provide a direct evidence of changing trapping
characteristics after ac aging. Negative space charge is present in the bulk of the material and the
total amount of charge increases with the aging time. The amount of charge increases with the
applied field. Charge decay test indicates that the charges are captured in deep traps. These deep
traps are believed to form during the aging and related to change caused by injected charge. By
using different electrode materials such as gold, brass alloy, and polyethylene loaded with carbon
black, it was found that the electrode has an important role in the formation of charge, hence
subsequent changes caused by charge. The charge dynamics of the aged samples under dc bias differ
from the sample without ac aging, indicating changes brought in by ac aging. Chemical analysis by
Fourier transform infrared spectroscope and Raman microscope reveals no detectable chemical
changes taken place in the bulk of the material after ac aging. Finally, the consequence of the
accumulation of space charge under ac conditions on the lifetime of the material has been discussed.
The presence of deeply trapped space charge leads to an electric stress enhancement which may
shorten the lifetime of the insulation system. @005 American Institute of Physics
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I. INTRODUCTION In the past two decades, due to development in mapping
the space charge in solid insulation materials, numerous
Solid extruded polymeric materials such as crosslinkedstudies have been carried out to pursue a better understand-
polyethylene(XLPE) and uncrosslinked polyolefins are useding of the buildup of trapped space charge within solid di-
widely for underground high-voltage power transmissionelectric materiald®?* Consequently, our knowledge of
cables. The advantages of such materials are their excellegpace-charge dynamics and the factors that can affect charge
electrical properties combined with good physical propertiesformation has enabled us to improve the electrical perfor-
While the topic of ultimate failure in polymeric insulation mance of materials via material selection and processing.
has attracted many intere<t many aspects of events prior However, majority of the work has been carried out under dc
to the onset of microscopic damage have received less attegenditions; little attention has been given to the effect of ac
tion. Under certain high-voltage operating conditions,aging on space-charge formation in the bulk insulation. Work
trapped or low mobility electrically charged species within on the dynamics and the role of space charge on electrical
the bulk can give rise to space charge, resulting in localizethreakdown under 50-Hz ac conditions has only received lim-
electric stress enhancement. It has been recognized that thied attentiorf>=° As the majority of XLPE high-voltage
accumulation of space charge in insulating material carfHV) cables will be operating under ac conditions in the
cause the deterioration of electrical performatfceyay be ~ immediate future, it is appropriate to investigate charge trap-
one of the causes for unexpected breakddhamd the ini-  ping and mobility under such conditions. Earlier results us-
tiation of electrical tree&” ing the pulsed electroacoustic techniﬁﬁjeevealed that al-
though there was charge accumulation at very low
dauthor to whom correspondence should be addressed:; FAX:frequ":mCi(:"S’(<0'01 H2 the charge formation at high fre-
+44(0)2380593709; electronic mail: gc@ecs.soton.ac.uk qguency was negligible especially at power frequency. Al-
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though the measurements were carried out under specific
conditions(low-field stress and short period of tilmehese Brass cleciiods

- > Samples
results gave the impression that space-charge effect under ac \
conditions is not an issue to be concerned with despite new Epoxyresin \
evidences emerging slowly indicate the effect of space LDPEsampIe\\ A

HEN

every half cycle limits the time charge can accumulate when .
ac frequency is greater than 0.01 Hz. However, if the applied  Semiconducting
field is high enough and the duration of the voltage applica- clectrode Aluminum electrode
tion is long enough a small fraction of injected charge can be FIG. 1. Schematic diagram of the sample and ac aging test.
trapped. Indeed, work using other measurement

: —24,27,28
technique¥ demonstrated the presence of Spac&q patch. In the case of gold electrodes, Au electrodes with a

charge in polymeric cable insulation materials under ac congiameter of 10 mm were coated on both sides of the sample
ditions. Due to the recombination of majority of electrons using the Edwards sputter coating unit.

and holes alternatively injected each half cycle at 50°Hz,
little quantitative charge distributions were presented. TheB
study of space charge at 50 Hz at high temperatures using’
thermal step methd revealed that after 14 days aging at ac electrical aging was carried out at ambient tempera-
40-kV/mm rms a significant amount of charge has been acture for various times at different applied electric stresses
cumulated in the samples. The amount of charge depends avhile a majority of the samples were stressed at 50-kV/mm
both materials and temperature. Based on ourms. The values for ac electric stress in this paper are root-
investigatior?il’32under dc stressing conditions, the electrodemean-squardrms) values unless other stated. In order to
materials play an important role in the formation of spaceprevent from flashover the top brass electrode was cast in
charge in polymeric insulation; different electrode configura-epoxy resin. The brass electrode was manufactured from al-
tions could be another factor contributing to the inconsisdoy rod (Cu58/Zn39/PbBpurchased from GoodFellow. The
tency in literatures for ac space charge. bottom electrode was semicon, made of polyethylene loaded
This paper reports on space-charge measurements avith carbon black(approximately 40% by weightto in-
200um-thick low-density polyethylendLDPE) using the crease its conductivitfapproximately 0.5 S/m at room tem-
pulsed electroacoustiCPEA) system. Samples were sub- peraturg. This type of semicon material is commonly used in
jected to 50-Hz ac electric stresses up to 50-kV/mm rms ahigh-voltage polymeric power cable to eliminate electric
room temperature for a period of more than 50 h on sometress enhancement and void formation between insulation
occasions. The accumulation of space charge at various tim@sd metallic electrode. A typical sample and ac aging testing
after ac aging was monitored. In addition, the effect of elec<ircuit are shown in Fig. 1.
trode materials under ac condition has also been studied.
Aged samples were analyzed using Raman microscopic tecle. pPEA technique
nique which revealed little chemical change taken place in )
the material. The charge behavior after ac aging was further _ 1N€ Space-charge measurements were taken using the
studied by applying a dc field. The results clearly demon.PEA system, which has a pulse width of 5 ns. The sensor
strate that the charge dynamics change remarkably after afS€d was a @m-thick LINbO;. A constant pressure was
ing. Finally, the possible influence of the accumulated chargfh@intained during the measurements. The principle of the

on the long-term performance of the material has been dis> EA téchnique for plague and cable geometry is well docu-
mented in literaturé®>° To summarize, acoustic waves are

charge on electrical deterioration of the insulating polymers. ‘
It is believed that under ac conditions the changes in polarity

ac electrical aging

cussed. :
produced at charge layers at both electrodes and internal
charge when an electrical pulse is applied to a sample. The
acoustic signals are then detected by a piezoelectric sensor.
Through a deconvolution technique and calibration, a quan-

Il. EXPERIMENTAL DETAILS titative description of charge across the sample can be ob-

A. Sample details tained. The spatial resolution of the system is determined by

o ) ) the pulse width and sensor thickness. A signal processing
LDPE was chosen initially because of its relatively algorithm has been employed to recover the sié?mh. our

simple chemical structure and its wide applications in cablgsg system for plaque geometry the resolution is less than

insulation. Space-charge formation in a material is greatly, o um which is considered adequate in the present study.
affected by the presence of impurities and additives as they

can act either as ionizable centers under a high electric stref)s
or as trapping sites. In order to reduce the influence of the”
impurities, additive-free LDPE was selected for the present It is well known that long-term aging can cause chemical
study. The thickness of the sample was typicall00 um  changes which subsequently deteriorate the electrical perfor-
thick. The diameter of the sample is 50 mm. Sufficientmance of the material. High electric stress can accelerate the
samples were prepared to eliminate the variation from batcprocesses of deterioration. Infrar@iR) and Raman spectra

Chemical analysis
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FIG. 2. Charge distribution in ac aged samples vs aging time. sample aged for 15 h at 50 kV/mm. It can be seen that there
is no significant change in the distribution profile although
are very sensitive to the chemical changes. They have bedhe amount of charge is slightly less after 24 h. This is to say
used extensively to examine chemical changes caused fat the charge decay rate is very slow, suggesting deeply
electrical aging. In the present study, these techniques ha&apped charges in the bulk.
been used to monitor any chemical changes taken place in In order to study the influence of the applied electric
the aged sample. stress, samples were aged at different stress levels ranging
from 5 to 60 kV/mm while the aging time was fixed at 45 h.
The charge distribution immediately after the removal from
1. EXPERIMENTAL RESULTS aging was measured in the same way, as described earlier,
A. Charge formation during ac aging and the total charge remained in the sample was calculated

) for each sample. Figure 5 shows the total amount of charge
Once the samples were removed from the ac aging g}, he sample versus the applied ac aging electric stress. As

various aging times, the samples were transferred to the PE@Xpected the amount of charge stored in the sample in-
system and the space chage formed during the aging Wa$eases with the applied stress. The increase rate accelerates
examined without the applied field unless otherwise statedyi, the applied stress. The result from the sample aged at 60

The transfer time was typically less than 5 min. The chargg\//mm was not obtained because all the samples failed prior
distributions in the samples aged at 50 kV/mm for various, reaching 45 h.

aging times are shown in Fig. 2. Although charge was mea-
sured in the sample aged as long as 56 h, only selecteéj - de off
charge distribution profiles were illustrated for clarity. - Electrode effect

It is noticed that negative charge was formed in all the It has been demonstratédhat the electrode and poly-
samples aged. Although the negative charge tends to spreatkric interface play an important role in the formation of
across the sample, more charge can be found in the regi®pace charge. More importantly, by comparing the effect of
adjacent to the electrodes. the different electrode interfaces on charge distribution and

The total absolute amount of charge accumulated in théne amount of charge in the material it is possible to identify

samples can be calculated based on the charge-density distifre source of charge. Samples with gold electrodes on both
bution given in Fig. 2.

d
Q(t) = f lp(x,1)|Sdx (1) 5
0

{ —=— immediately after ageing

44 o :
wherep(x,t) is the charge densit§the electrode area, anid ] 24 hrs after ageing

the thickness of the sample.

The relationship between the total amount of charge
accumulated and the aging time at 50 kV/mm is shown in
Fig. 3.

From this figure it is clear that the total amount of charge
in the sample shows an initial rapid increase and then reaches
to saturation at a longer aging time. The long-term influence 2]
of charge presence on the electrical performance of the ma-
terial is often related to how deep the charges are trapped. £ T 1

. . . . 0.0 0.1 0.2 0.3 04 0.5
This can be estimated by measuring the change in charge thickness (mm)
profile after a period of time. Figure 4 shows the charge
distributions immediately after aging and 24 h later in the FIG. 4. Evolution of charge distribution after ac aging.

charge density (C/m®)

Downloaded 13 Apr 2005 to 152.78.191.227. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



083713-4 Chen et al. J. Appl. Phys. 97, 083713 (2005)

101 6
5
8 . = fresh sample
o &4 0'-_-- e ac aged for 40 hrs
qo 6 “b [] .
% My
5 8’ .
@ 4- ] =
'8 '§ 2 [ ]
5 8
Lo 2] o 1 . R . u ~
L] o
L]
..
o4 g - T ] 0% T T T T T T T 1
(i} 10 20 30 40 50 60 0 2000 4000 6000 8000 10000 12000 14000 16000
applied electric stress (kV/mm) time (s)
FIG. 5. Total charge in ac aged sample vs the applied ac stress. FIG. 7. Charge accumulation under 50-kV/mm dc electric stress.

sides were aged at 50 kV/mm for various times under thef dc voltage. The detailed analysis of the results is in itself
same conditions as those mentioned earlier. Space-chargeseparated issue and will not be presented here. In this paper
distributions after the removal from the aging were measurednly the total absolute amount of charge in the material is
and the results are shown in Fig. 6. Clearly, there was muchonsidered. The characteristics of the amount of charge
less charge accumulated in the bulk of the sample in comformed in the bulk in the aged and unaged samples are very
parison with those aged with brass and semicon electrodedifferent as shown in Figs. 7 and 8 where the total charge
indicating the significant influence of electrode material onaccumulated in the samples under dc voltage is plotted as a
charge formation in the bulk. It is also interesting to noticefunction of dc stressing time for voltage on and decay time

that the polarity of the charge is positive in nature. for voltage off, respectively.
From Fig. 7 it can be seen that the difference in the two
C. Space-charge characteristics under dc voltage samples is obvious during dc stressing period. The amount of

. . . charge in the ac aged sample increases with the duration of

In order to explore the possible effect brought in during 4. \,gitage application and then approaches to saturation. The
the ac aging, space-charge dynamic characteristics under d,, nt of charge in the unaged sample increases rapidly at
stress were also investigated. The sample was aged at e beginning and reaches to its peak-di5 min. After that,
kV/mm with brass and semicon electrodes for 40 h before iEhe amount of charge in the bulk starts to decrease and be-
was removed from ac aging for dc stressing. The same dg,mes stable in about 4 h. Although the amount of charge at
stress level as ac aging stress, i.e., 50 kv/mm was applied ipo o1y stage of dc stressing is significantly higher than the
the aged sample. For comparison reason, charge dynamms&@ed samples, the final amount afteh is comparable with
an unaged sample were also measured. Both charge accumyz aged samples.
lation during stressin_g and charge decay after the removal_ of " The total amount of charge as a function of time after the
dc stress were monitored. The electrode_s used for apply'nﬂamoval of the applied dc stress is shown in Fig. 8. Again
dc were semicon as the anode and aluminum as the cathoqee is 4 distinct difference in charge decay for aged and

_ The charge dynamics were complex and there was a Sigjnaged samples. For aged sample the amount of charge re-
nificant change in charge distribution during the application

16
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FIG. 8. Charge decay in ac aged and unaged samples after the removal from

FIG. 6. Effect of Au electrode on charge accumulation in ac aged samplegic electric stress.
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FIG. 10. Raman spectra of ac aged and unaged samples.
6 -
e =0 period of stressing time is too short. However, in the Raman
4 —e— t=15 min spectra before and after aging, there is a slight rise in back-
‘e cathode Al =2 hrs ground which is caused by fluorescence. Recent investiga-
Q 2- tion into electrical tree in polyethyleﬁ7e reveals that the
%‘ fluorescence is due to partial degradation of the polymer. It
§ 0+ must be stated that the rise in background is no way near to
8 those observed in a treeing region.
£
) IV. DISCUSSION
4] anode semicon
The mechanisms of charge formation and its influence
T T T g T v 1 . . - .
0.0 0.1 0.2 03 04 05 on the electrical performance of polymeric insulation are of
(o) thickness (mm) technological importance. Despite the increasing body of

evidence of space-charge presence under ac electric field in
polymer insulation, the mechanism of charge generation and
accumulation and its correlation with electrical aging under
. . . . ac stress is still poorly understood. The results in Ref. 26
mains unchanged over a long period of time while for YN evealed that the frequency of the applied voltage plays a key

aged sample there is a significant decrease in the first 15 MPle in the formation of space charge in polymeric insulation,

followed by a slow decay. The final amount of charge afterwhile the study in Ref. 30 indicated that the space charge in

3-h decay indicates much less charge presence in the unagﬁ% bulk of the sample aged under ac conditions at 40-
sam1E):1e. final ch distributi fter th | of d kV/mm rms for 14 days is related to polymeric materials and

€ final charge distributions after the removal of dCy,q gmoynt of charge depends on temperature. The electrodes
stress for unaged and aged samples are illustrated in Fig. sed for study in Ref. 30 were graphites. Our results clearly

In the case O.f ac a_ge_d sample, the charge d'St”_bUt'()n IS MOlgmonstrate that the level of the applied voltage, the duration
symmetric, i.e., similar amount of charge with negative

' ”» of the voltage application, and electrode materials are also
charge adjacent to the cathode and positive charge to t ge app

; portant in determining the charge formation and its dy-
anode. For unaged sample, more negative charge was formﬁ mics. Since additive-free LDPE was used in the present

adjacent to the cathode. It is evident that the charge dismbus'tudy the impurities and their effect on space charge there-
tion in aged sample changes little and this behavior is similaf '

to that ob d straiahtly aft . ithout dc bi ore should not be a major factor in the charge generation.
0 that observed straigntly afier ac aging without any dc IaSSpace charge accumulated in the sample can be directly at-
In contrast, the charge in the unaged sample disappears r

. : Wibuted to the charge injection at the dielectric and electrode
idly after the remaval of the applied voltage. interface. This conclusion has also been proven by the ab-
sence of space charge when the sample was coated on both
sides with gold electrodes. It has been revealed that gold
Under the influence of electric stress, chemical changeslectrode has low charge injection abiﬁltybecause of its
may take place. Both infraredR) and Raman spectra have high work function. When the same level of electric stress is
been used to measure chemical changes in LDPE. There &pplied to the sample, much less charge is observed in the
no significant change in the IR spectra therefore it is notase of gold electrodes, as shown in Fig. 6. It would show
shown here. Figure 10 depicts the Raman spectra of LDPEe similar charge distributions if the impurities were a domi-
prior to and after ac aging tests. nant factor in charge formation. In fact, a small amount of
There are no significant changes that occurred in th@ositive charge was observed. This is consistent with our
sample aged for 45 h. The possible explanation is that thprevious resultd! Different configurations of electrode ma-

FIG. 9. Charge distribution at different times after the removal from 50-
kV/mm dc electric stress for 4 @) unaged sample an) ac aged sample.

D. Chemical analysis
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terials indicated that Au electrode predominately injects
holes. Figure 5 clearly shows that the amount of injected
charge increases with the applied ac aging stress. Assuming 104
Schottky injection is the mechanism for the injection, the
amount of charge injected into the bulk will increase rapidly
with the electric field. The amount of charge accumulated is
related not only to the injection rate but also to the trap
density and its depth distribution. Although both types of
charge can be injected into the bulk, the charge observed in
the present arrangement shows only net total negative 151
charge. This may be related to different mobilities possessed .

electric field (kV/mm)
s & o

by two types of charges. The results in Ref. 31 seem to -204
indicate that electrons have a higher mobility than the posi- 0.00 005 o010 015 020
tive charges which means that the electrons can travel far thickness (mm)

deep into the bulk of the sample during the negative half o _
Cycle. On the other hand, the positive charge can only stag'(;' 11. Electric field produced by space charge accumulated during ac

very close to the injecting electrode due to a slow mobility ging.
during the positive half cycle. Consequently the positive
charges will be easily neutralized in the next negative haltant for detection by technique such as infrared spectro-
cycle. The stable charge distribution after ac aging, as showscope, it may be sufficient to alter the trapping characteristics
in Fig. 4, indicates the presence of deep traps. Once thef the material.
negative charges are trapped in these deep traps it is not easy The above is partially supported by findings published
for them to get detrapped. Therefore, over a period of timéy Mazzantiet al*®*! in which they noticed that space
the net negative charge will be gradually accumulated in theharge in LDPE decreased slower and slower with dc aging
bulk. time. This discovery also suggests that space-charge mea-
The existence of traps in semicrystalline polymeric ma-surement is a very sensitive technique to monitor degrada-
terials is well recognized®*® They mainly locate at the in- tion.
terfaces between crystalline regions and amorphous regions. Once the charge is trapped in the material it will then
Extra traps can be formed by the fold at the surface in theause the distortion of the original field distribution. Charges
long molecular chains. The depth of these traps varies ddormed in the material can be classified into fast and slow
pending on the nature of the traps. It has been reported to lharges depending on their mobility. In most cases it is the
in the range of 0.3—-3 eV. As discussed earlier when the maslow charge(or deep-trapped chargesvhich may cause
terial is subjected to a high voltage, the charge injection magome adverse effect on the performance of the insulation,
take place. The injected charge can be captured on the wapch as lifetime reduction of insulation due to local electric
towards the opposite electrode, so the traps in the materigtress enhancement. The electric stress caused by space
will be gradually filled up. Of course the exact amount of charge can be calculated using
trapped charge in the bulk depends on the duration of the

voltage application and the magnitude of the voltage as well X p(X)
as trap density and its depth distribution. E(x)= | —dx, 0=x=<d. (2
Based on the above description, the results shown in 0 £0%r

Figs. 7 and 8 indicate different trapping characteristics in ac

aged and unaged samples. Due to rapid increase and decredsus is the case for ac aged samples where the charge formed
in the total absolute amount of charge it suggests that shakfter ac aging is extremely stable. Based on the charge dis-
low traps govern the charge dynamics in the unaged samplé&ibution shown in Fig. 2, the electric stress distribution due
This is further supported by rapid decay after the removal ofo charge is illustrated in Fig. 11. The boundary condition
the external dc voltage. On the contrary, the trapping characV=[ 8E(x)dx:0 was imposed as the space-charge measure-
teristics in the ac aged sample are dominated by the deapents were performed under short-circuit condition. The
traps. The stable charge distribution implies that all themaximum stress for the sample aged for 2| h occurs at the
charges are trapped deeply. The evidence presented strongihferfaces. The estimated field 1520 kV/mm, comparable
suggests that the ac aging has changed the trapping charawith the aging stres$50 kV/mm). This has a significant
teristics of the material. One possible scenario is that ac agmplication for insulation systems. Because of charge stabil-
ing converts some of the shallow traps into deep traps. Théy the electric stress at the interface in one of the half cycles
slight change in the Raman spectra indicates partial degradaan be as high as 70 kv/mm. It is known that the high local
tion of the material by ac aging. The detailed mechanisms oélectric stress can lead to partial discharge activity, resulting
how aging causes the degradation are still an ongoing rén degradation of the material and possibly premature failure
search but it is suspected that the injected charges may posf the system.

sess sufficient energy to break the chains of polyethylene, An estimate can be made of the consequence of such
leading to formation of double bonds and other forms ofstress enhancemefdue to the presence of space chame
chemical reactions. Although the change may not be signifithe material’s life using the inverse power law
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