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Thermally stimulated discharge (TSD) currents were measured in corona-charged aramid paper 
to study the mechanisms of charge storage and its subsequent release from the bulk of the 
material. Studies were carried out on paper thicknesses of 76 and 127 i.tm using a point-plane gap 
in air at atmospheric pressure. TSD currents were measured over a temperature range of 0-200 ~ 
and the influence of various parameters, such as the poling voltage, rate of heating and effect of 
electrode materials, were investigated. Corona-charged aramid paper with positive polarity 
voltage showed that the TSD current is of either polarity depending upon the temperature range. 
Three distinct peaks were observed, one in the low-temperature range, 20-25 ~ and the other 
two peaks at higher temperatures. The low-temperature peak was considered to be due to an 
abnormal TSD current, whereas the currents at higher temperatures were normal TSD currents. 
Activation energies were determined using the low-temperature tail of the TSD curves and were 
found to be dependent on extrinsic parameters such as the thickness of the sample. The activation 
energy for aluminium electrodes was observed to be in the range of 0.5-2.0 eV. The TSD currents 
for the low-temperature peak was considered to be electronic. It is postulated that the charge 
carriers are generated within the material by the intense electric field due to corona. 

1. I n t r o d u c t i o n  
Measurement of thermally stimulated discharge 
(TSD) currents is a powerful technique that has been 
used to gain insight into the molecular mechanisms of 
charging of polymer dielectrics [1]. It also provides 
considerable information with regard to the relaxation 
processes that occur in polymers such as disorienta- 
tion of dipoles and release of charges from trapping 
sites and impurity locations. 

Several techniques are available for poling a di- 
electric material such as thermal, electron beam and 
corona poling. The latter consists o f  exposing the 
surface of the material to a corona discharge between 
point-plane electrodes with the point electrode being 
maintained at a high voltage. During measurement of 
the TSD currents, the polymer is heated linearly at 
a constant rate and a thermogram, which is a plot of 
current as a function of temperature, is obtained. The 
current shows a number of peaks to reveal processes 
which are related to molecular relaxation and de- 
localization of charges injected into the polymer bulk 
during poling [2-4]. 

In this paper the results of investigation into TSD 
currents o f  aramid paper (grade 410) using corona 
discharges are reported for the first time. Aramid 
paper, Which is a high-temperature insulating mater- 
ial, has important industrial applications. 

2. Theoretical background 
We consider a polymer which is subjected to corona 
poling. Assuming a uniform charge density of free and 

trapped charge carriers, the charge in an element of 
thickness dx at a depth x and unit area is 

dQ = p dx (1) 

in which p is the surface charge density. The contribu- 
tion to the current in the external circuit due to release 
of this element of charge is [3] 

dJ  = WdQ 
s 

a (x) dx (2) 

s 

where s is the thickness of the material, j the contribu- 
tion to the externally measured current of the element 
of charge, W the velocity with which the charge layer 
moves, and J(x) the local current due to the motion of 
the charge carriers. 

According to Ohm's law, the current density is 

a(x) = o u E ( x )  (3) 

where g is the mobility and E(x) the electric field at 
a depth x. The electric field is not uniform due to the 
presence of space charges within the material and it 
can be calculated by solving Poisson's equation 

dE Pt 
- ( 4 )  

d x  808 r 

where 9t is the total charge density (free plus trapped) 
and ~r is the dielectric constant of the material. If we 
denote the number of free and trapped charges by nf 
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and nt, respectively, the current density is 

}te2~ 2 
J = - - n f ( n r  + nt) (5) 

2grS 

in which 6 is the depth of the charge penetration, 
6 ~ x and e the electronic charge. 

In general, it is reasonable to assume that nf < nt 
and Equation 5 may be approximated to 

~ e 2 ~  2 

J = - -  nfn t (6) 
2grs 

The released charge carriers may be retrapped again and 
for the case of slow retrapping Creswell and Perlman 
[3, 4] have shown that 

I.te2~2 nt2o c exp  I ( E a 2 )  
J - 2goerS Co kT ~o 

x exp -- d (7) 
d TQ 

where nto is the initial density of charges in traps, c the 
lifetime in traps, 1/% = v the attempt to escape fre- 
quency, 13 the heating rate, E.  the trap depth below the 
conduction band, T, To the final and initial tem- 
peratures respectively, of the TSD run (K), k is the 
Boltzmann constant, and 

z = toexp (8) 

Equation 7 may be written in the form 

J = Aexp  - p + 13 e x p ( - p ) p - 2 d p  
o 

where 
(9) 

(i.teZ6EnZto ~ c 
A = \ ~ / -Lo (lO) 

2Ea 
B - (11) 

kl3co 

p = E a / k T  (12) 

Differentiating Equation 9 and equating it to zero 
yields 

B = p2maxeXp(Pmax) (13) 

in which Pm~x is related to Tm,x according to Equation 12. 
From the measured TSD currents, the activation 

energy may be calculated using the method suggested 
by Cowell and Woods I-5] which is basically a curve- 
fitting method. All the measured values of current at 
various temperatures are used to obtain E, to a better 
accuracy. An alternative method is to use the pro- 
cedure suggested by Garlick and Gibson 1-6] in which 
ln j  is plotted as a function of lIT and the slope is 
evaluated by a least square error method. 

The curves of current and  temperature can also be 
used to evaluate the relaxation time of the material. 
The charge remaining in the sample at temperature, T, 
is given by 

ftfr) Jar Q = (14) 

and the relaxation time at T is given by 

J dt 
~(T) = ~ - Q (15) J(r) J(T) 

From Equation 8 the relaxation time is related to T 
according to 

Ea 
lnz(T) = lnz0 + - -  (16) kT 

A plot of In c(T) versus 1/T yields Ea. It is useful to 
note that the current due to depolarization of perman- 
ent dipoles in the material results in an equation 
similar to Equation 7 except for the pre-exponential 
factor [7-9].  

3. Experimental procedure 
Aramid paper samples having a radius of 44 mm with 
thicknesses of 76 and 127 gin, were employed in this 
study. Prior to the experiments they were heated for 
5 h at 260 ~ to remove absorbed moisture. One side 
of the sample was coated with aluminium or silver 
electrode, 20 nm thick, by vapour deposition at a pres- 
sure of 10 -6  tort. Following the coating, the sample 
was placed between a needle-shaped high-voltage elec- 
trode and a planar backing electrode. The gap length 
was 4.5cm. For corona charging a potential of 
16.83 kV or 33 kV was applied to the high-voltage 
electrode in air at atmospheric pressure for a period of 
10 or 20 min. Fig. 1 shows a schematic illustration of 
the corona charging equipment. After charging a sec- 
ond aluminium electrode of the same thickness was 
vapour deposited on the other side. The sample was 
then placed between the measuring electrodes and 
kept short circuited for 1 h to remove any stray 
charges before it was cooled to 0 ~ 

The TSD currents were measured by heating the 
sample at a constant rate of 2 K min-  1. An environ- 
mental chamber which was provided with a micro- 
processor was used to control the heating rate and the 
temperature range. The currents were recorded using 

~ ) 
I ! 

I(3) 
(2) 

I I 

~ 1(6) 1(4) 1(5) :~~(1) 

Figure 1 Schematic illustration of the corona-charging equipment. 
1, Variable d.c. power supply; 2, current-limiting resistor; 3, point 
electrode; 4, sample; 5, current-measuring electrode; 6, electrometer; 
7, gap distance (4,5 cm). 
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a Keithley electrometer and a strip chart recorder of 
4 gV mm- t sensitivity. 

4. Results and discussion 
4.1.  I n f l u e n c e  o f  p o l i n g  t i m e  and  v o l t a g e  
Fig. 2 shows the TSD currents in aramid paper for 
a thickness of 127 gm at a voltage of 16.83 and 33 kV. 
The negative polarity currents are normal TSD cur- 
rents and the positive polarity currents are referred to 
as abnormal currents in this paper. In Fig. 2, the 
abnormal TSD currents flow in the circuit in the 
temperature range 0-40 ~ with a peak centred at 
20-25 ~ Curve 1 which is obtained for a poling 
duration of 10 min at 16.83 kV, shows a peak in the 
normal TSD current at 62 ~ Increasing the poling 
duration to 20 rain at the same voltage results in 
Curve 2 which shows two peaks, one at 72 ~ and the 
other at 112 ~ A similar behaviour is observed for 
a higher voltage of 33 kV as shown by Curves 3 and 4. 
Similar results obtained for 76 pm paper are shown in 
Fig. 3 in which Curves 1 and 2 are for poling durations 
Of 10 and 20 min, respectively. 

Two observations are noted with regard to the 
effect of duration of poling. (i) As the poling duration 
increases, the low-temperature peak around 72~ 
shifts to a higher temperature (Curves 3 and 4 of 
Fig. 2). (ii) The current magnitude at this peak is 
higher than that of the subsequent peak at about 
110~ A similar behaviour is reported by Von- 
Seggern [10] and Sessl'er and West [11] for positive 
corona-charged Teflon and electron-injected FEP, 
respectively. The various peaks are assumed to be due 
to different trapping levels. As the poling time in- 
creases, the charges are trapped, possibly in deeper 
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Figure 2 Thermally stimulated discharge (TSD) currents for 
positively charged 127 gm aromatic polyamide with aluminium 
electrodes. Charging voltage, charging time: (1) 16.83 kV, 10 min; 
(2) 16.83 kV, 20 min; (3) 33 kV, 10 min; (4) 33 kV, 20 min. 
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Figure 3 Thermally stimulated discharge (TSD) currents for 
positively charged 76 gin aromatic polyamide with aluminium 
electrodes. Charging voltage, charging time: (1) 16.83 kV, 10 min; 
(2) 16.83 kV, 20 min. 

traps, and this will cause the peaks to shift to a higher 
temperature during release of charges. 

Fig. 2 also shows the influence of poling voltage on 
the TSD currents. The currents are higher for higher 
poling voltage. Furthermore, with increasing poling 
voltage the low-temperature peak at 72 ~ becomes 
more pronounced (Curves 1 and 3 of Fig. 2) than those 
at higher temperatures. Neagu and Das Gupta [2] 
have observed a similar effect in Tefzel and suggest 
that the shallow trap density is probably greater than 
that for deeper traps. 

The second peak in the normal TSD current occurs 
at 112~ at 16.83 kV and shifts to 144~ when the 
poling is increased to 33 kV. Sessler and West [11] 
have also observed a similar shift with electron- 
injected Teflon-FEP. They attributed the peak shift 
to the time dependence of radiation-induced con- 
ductivity generated during electron injection. The 
observed effect in aramid paper is probably ionicin 
nature, which is consistent with the fact that higher 
energy ions are generated in the discharge and they 
are trapped in deeper traps, as suggested earlier. 

The calculated activation energies ranged from 
0.5-0.98 eV for 76 gm and 0.5-2.0eV for 127 gm 
samples and observed to be dependent on the poling 
voltages and independent of the poling time. Similar 
values of activation energies were reported in corona 
charged Mylar [3]. 

4.2. Influence of heating rate, 
The influence of rate of heating on TSD currents is 
shown in Fig. 4. These results are obtained with 
a thickness of 76 gin, Curves 1 and 2, and 127 gm, 
Curves 3 and 4, with aluminium electrodes for a time 
duration of 10 min and for a poling voltages of 33 and 
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Figure 4 Influence of heating rates for 127 pm film with aluminium 
electrodes charged for 10 rain. Charging voltage, heating rate, [3: 
(1) 16.83 kV, 1; (2) 16.83 kV, 2; (3) 33 kV, 2; (4) 33 kY, 1. 

16.83 kV, respectively. The observed curves indicated 
that the current peak tends to shift to a lower tem- 
perature as 13 decreases. This is in general agreement 
with the theory [1] and the results of Creswell and 
Perlman [3] in corona-charged Mylar film. Fig. 4 also 
shows that a lower heating rate gives lower currents as 
expected. 

The calculated activation energies were also found 
to be independent of the heating rate [3. For instance, 
in Fig. 4, the activation energy obtained for Curves 
1 and 2 at 13=1 and 2Kmin -~ is 0.75eV for 
16.85 kV, while for Curves 3 and 4 at the same values 
of [3 and 33 kV, the activation energy is 0.97 eV. 

4.3. Influence of sample thickness 
Fig. 5 shows the results obtained with two thicknesses 
for a poling duration of 20 min for Curves 2 and 4, and 
10 min for Curves 1 and 3, at a poling voltage of 
16.83 kV. The current magnitude is inversely propor- 
tional to the thickness of ~he film, thicker samples 
yielding lower currents with a higher activation energy 
of 2.0 eV. There is no appreciable dependence of the 
temperature at which the peak occurs on the sample 
thickness. 

100- 

-100- 
-200- ,,~ 
-300-' '~ 

-400-" '~ 

-5oo- 

- 600 - I{ / / / / " - ' \ x  
-700-" / / - 

-8oo- \ , ' - "  /31 / ,,,' 
-900 ~ \ \  f "  

- 1 0 0 0 '  ',. / 

-1100-" "~ t 

-1200- ~, i 
-1300- ', ,..,' (4) .,..., 
~1400 

0 20 40 60 80 100 120 140 160 180 200 
T t ~  

Figure 5 Influence of film thickness with aluminium electrodes 
charged with 16.83 kV, Charging time, paper thickness: (1) 10 min, 
127 gm; (2) 20 min, 127 gm; (3) 10 min, 76 gm; (4) 20 min, 76 gm. 
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Figure 6 Influence of annealing time on TSD currents in aramid 
paper of 127 pm thick with aluminium electrodes charged with 
16.84 kV. Heating time: (1) 1 h; (2) 6 h; (3) 48 h. 

4.4. Influence of annealing time 
The influence of annealing time on TSD currents is 
shown in Fig. 6. These results are obtained for aramid 
paper, with aluminittrn electrodes, having a thickness 
of 127 gm for a charging voltage of 16.83 kV and 
a poling duration of 10 min. The results are shown for 
annealing times of 1, 6 and 48 h. The peaks tends to 
shift to higher temperatures as the annealing time 
increases with decreasing magnitude. Similar results 
were reported by Sessler and West [1!] for Teflon 
FEP charged with an electron beam, and the results 
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were attributed to ohmic compensation of the primary 
electrons by secondary holes and the population shift 
depended on the total number of the holes available. 
The calculated activation energies were observed to be 
inversely dependent on. the annealing time: the longer 
the annealing time, the lower the activation energy 
required to liberate the trapped charges. Curves 1-3 in 
Fig. 6 provide activation energies of 1.77, 0.94 and 
0.56 eV for annealing times of 1, 6 and 48 h, respec- 
tively. 



4.5. Influence of electrode materials 
The influence of electrode materials on the TSD cur- 
rents for a thickness of 76 gm film at a charging 
voltage of 16.83 kV are shown in Fig. 7. Curves 1 and 
3 represent the TSD currents with aluminium elec- 
trodes at a poling time of 10 min while Curves 2 and 
4 represent the TSD currents with silver electrodes. 
The results indicate that the TSD currents obtained 
with aluminium electrodes are much higher than those 
of the silver electrodes and it appears that the lower 
peak in Curves 1 and 3 (aluminium electrodes), disap- 
peared in Curves 2 and 4 (silver electrodes). However, 
the position of the higher temperature peaks, in both 
materials, appears to be around the same temperature 
range of 90-120 ~ No results are available on other 
materials for comparison, because the effect of the 
electrode materials, in the case of corona charging, has 
not been discussed. However, in the case of aramid 
paper, the results indicated a dependency on the elec- 
trode materials, with silver electrodes showing some 
kind of blocking process. 

4.6. Activat ion energy 
The activation energy is determined for normal TSD 
current peaks at lower temperatures by using the 
initial rise method of Garlick and Gibson [6]. Typical 
values of  activation energies obtained in this study 
from Fig. 8 are shown in Table I. NO data are avail- 
able for comparison. Sessler and West [12] found an 
activation energy in Teflon FEP in the range of 
0.7-1.0 eV for the positive carrier peaks and 1.8 eV for 
the negative carrier peaks. However, Creswell and 
Perlman I-3] reported several Values of activation en- 
ergies in positively corona charged Mylar of 0.55 and 
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Figure 7 Influence of electrode materials on TSD currents for 
76 gm paper charged with 16.83 kV. Charging time, electrode ma- 
terial: (1) 10 min, A1; (2) 10 min, Ag; (3) 20 rain, A1; (4) 20 min, Ag. 
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Figure 8 Influence of the charging voltage and charging time on the 
activation energy for 127 gm paper with aluminium electrodes. 
Charging voltage, charging time, activation energy: (1) 16.83 kV, 
10 min, 1.77 eV; (2) 16.83 kV, 20 rain, 1.99 eV; (3) 33 kV, 10 min, 
0.98 eV; (4) 33 kV, 20 min, 0.49 eV. 

0.85 eV to be due to electronic traps and 1.4 eV for 
either an electronic trap with a coulomb barrier, or an 
ionic trap. For a higher value of activation energy of 
2.2 eV, the trap is identified to be either ionic, inter- 
facial or involves dissociation of a complex with sub- 
sequent release of an electron to the conduction band. 
They also indicated that the transport during conduc- 
tion is perhaps the only real distinguishing criterion. 
The activation energy obtained in this study for the 
low-temperature peak shows that the carriers are 
probably electronic. They are possibly generated with 
the bulk of the material by the intense radiation pro- 
duced in the corona. They may also be generated by 
the intense electric field within the material during the 
charging process. Neagu and Das-Gupta [2] reported 
that with positive corona charging in air at atmo- 
spheric pressure, hydrated versions of H +, NO + and 
NO~- ions are produced, which could induce polariza- 
tion in the polymer, whereas for negative corona 
charging, CO~ ions are generated, These ions may 
dissociate on the polymer surfaces to produce chem- 
ical changes in the polymer through the formation of 
double bonds and carbonyl groups [13]. 

Table I shows a summary of the results obtained. 
The activation energies presented in Table I were cal- 
culated for the first prominent peak in the normal 
TSD current thermogram. There is also a dependency 
on the poling time (i.e. charging time): in general, the 
longer the poling time the higher is the activation 
energy, as shown in Table I. 

4.7. Relaxation time, 
The relaxation time calculated in aramid paper (Equa- 
tion 15) with thicknesses of 76 and 127 gm are shown 
in Fig. 9 for silver and aluminium electrodes. The 
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T A B L E I Summary of results obtained from corona-charged aromatic polyamide paper 

Charging Charging Thickness Electrode Temperature Q E, 
voltage time (gm) material for maximum (106 C) (eV) 
(kV) (min) current Tm (~ 

Figure Curve 

16.83 10 76 A1 72,113.6 3.469 0.66 7 1 
20 76 A1 80,120 4.340 0.55 7 3 

16.83 I0 76 Ag 113.6 1.263 0.71 7 2 
20 76 Ag 104 0.906 0.82 7 4 

16.83 10 127 A1 62.4 0.977 1.77 2 1 
20 127 A1 72,112 1.529 1.99 2 2 

33 l0 ~27 A1 70,496 2.183 0.98 2 3 
20 ~27 A1 96,144 3.012 0.49 2 4 

TABLE II Typical values of the concentration of the charge carrier and its mobility with monomolecular and bimolecular recombination 
mechanisms from TSD current measurements 

Figure Curve Monomolecular Bimolecular Monomolecular Bimolecular 
nt nt I.t t.t 
(101 s m-  3 ) (1018 m-  3) (cm 2 V" 1 s-  i) (cm 2 V- l s-  ~) 

2 1 3.37 4.99 8.29 3.78 
2 2 3.00 4.44 9.90 4.51 
2 3 10.13 15.01 1.48 0.68 
2 4 25.05 37.11 0.25 0.11 
7 1 29.87 44.25 0.33 0.15 
7 2 19.36 28.68 0.44 020 
7 3 71.09 105.32 0.09 0.04 
7 4 13.78 20.41 0.75 0.34 

relaxation times obtained show a distribution in the 
bulk of the sample. A typicat value of relaxation time 
for silver in the range of 40-192~ is 11 x 105-120 s. 
For aluminium, ~ ranges from 35 x 105-24 s in the 
range 38-86 ~ 
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Figure 9 Plot of In z versus 1/T for samples charged at 16.83 kV 
for 16 min. Sample thickness~ electrode material: (1) 76 tun, Ag; 
(2) 127 gin, A1. 
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4.8. Concen t ra t ion  of charge  carriers, nt 
The total charge Qt' released during the TSD current 
spectrum obtained, using Equation 4 is noted in 
Table I. Qt was observed to increase with increasing 
poling time. 

The concentration of charge carriers, nt, captured 
by traps, for both cases of monomolecular and bi- 
molecular recombination with weak and strong 
retrapping, is given by Bordowskii [14], for re�9 
molecular retrapping 

2.7JmkT 2 
nt - ( 1 7 )  

eL~Ea 

where Jr, is the maximum current density, Tm the 
temperature at which the maximum current occurs, 
and L the depth of the space charge layer. 

In the case of strong bimolecular recombination, 
the above equation differs only by a factor of 1.48 
higher [14]. Table II shows the values of nt obtained in 
both cases. 

The mobiiity of the charge can be calculated using 
Equation 6 and the derived values of nt. The penetra- 
tion depth of the space charge layer is assumed to be at 
mid-point of the sample thickness and rtf/nt is assumed 
as 0.5. The mobility of the charge carriers calculated 
for the conditions listed in Table II are in agreement 
with those given elsewhere [15]. 

Two possible models have been suggested [15] for 
the charge-carrier transport in molecular crystals. The 
first model deals with the conventional band theory 
with mobilities greater than 1 cm 2 V - 1 s - 1 which vary 
as T-n, where n is in the range of 1.5, and the second 



deals with the hopping polaron model mobilities for 
which it is less than 1 cm 2 V-  1 s-  1 and varies accord- 
ing to exp( - Ev/kT). Also, higher mobilities which lie 
between 1 and 100 cmZV -1 s -1 and obey a T-"  tem- 
perature law have been reported in pure molecular 
crystals. Aramid paper is manufactured from aromatic 
polyamide in the form of fibres which are amorphous 
and floes which are crystalline, the finished product 
having a crystallinity of approximately 50% [9]. An 
increasing mobility is thought to indicate an increas- 
ing predominance of the crystalline region in the con- 
ductor process. 

4.9. Dipole  m o m e n t ,  gp 
The electrical dipole moment, PP, is calculated for 
Nomex 410 using the Debye Equation 18 

~ r -  1 Npp 2 
- ( 1 8 )  

sr + 2 9~okT 

where ur = 2.5 is the dielectric constant of the material, 
% the permittivity of free space, and N the number 
of monomers per cubic metre. The molecular weight 
is 242.3 

With No the Avogadro number, D the density 
(kgm-3),  and W the total molecular weight, and 
the density provided by the data sheet as 960 kg m -3, 
the calculated number of monomers per unit 
volume obtained using Equation 19 is found to be 
2.4 x 102~ m -  3 

D 
N = No x -  (19) 

W 

The dipole moment obtained from Equation 18 at 
T = 335.5 K is 8.377 x 10 -30 Cm which is 2.5 Debye. 
To determine the bond to which the observed dipole 
moment may be attributed, values of the bond mo- 

ment must be known, The reported values of the bond 
moment [16] for C-O, C-N, H-N,  and H - C  are 
2.4, 0.4, 1.3 and 0,4 Debye, respectively. From these 
reported values, the C-O bond which has 2.4 Debye 
dipole moment and which is located in the side group, 
is most likely responsible for the obtained value of 
2.5 Debye. 
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