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Abstract: Problem statement: Polyetherimide (PEI) has several uses such as electrical insulation. It 
can undergo different constraints like heat or high voltage which influence its performances as 
insulator. In this study, the effects of heating on structural and electrical properties of polyetherimide 
(Ultem 1000) are studied. Approach: PEI samples were heated at different temperatures below the 
glass transition temperature (175, 190 and 205°C). Different complementary techniques were used to 
investigate structural alterations and dielectric relaxations. These are infrared (IR) spectroscopy, 
Differential Scanning Calorimetry (DSC), Thermally Stimulated Depolarisation Current (TSDC) 
technique and Dielectric Spectroscopy (DS). Results: Physical ageing was revealed in heated samples 
by DSC analysis. DS and TSDC results have shown that dipolar relaxations are affected by heating. 
The amount of relaxing dipoles decreases when the material is heated at 190°C. 
Conclusion/Recommendations: The heating of polyetherimide at 190°C leads to a stabilisation of 
charges in deeper energetic levels which influences the insulating character of the material. 
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INTRODUCTION 

 
 Polyetherimide (PEI) is suitable for industrial 
applications, including electrical insulation[1-3]. Its 
properties are influenced by environmental parameters 
such as radiations, pressure, temperature. Studies on the 
effects of these parameters could give information on 
material reliability. Numerous investigations on PEI 
properties have been made by researchers[1-9]. The 
relaxational behaviour of this material is one of the 
researched topics. Belana et al.[5] have shown different 
relaxations in PEI related to dipole motions, which are 
identified as �, β and α relaxations. The influence of 
gamma irradiation on charge relaxations in PEI has 
been presented in a previous research[7]. A relationship 
was found between structural changes and dipolar 
relaxations.  
 The present research deals with a post-heating 
study on polyetherimide (Ultem 1000). This study 
focuses on the evolution of structure and dielectric 
relaxations in PEI heated at different temperatures 
below Tg.  
 Infrared spectroscopy and differential scanning 
calorimetry are used to examine structural alterations. 
Measurements are performed by means of TSDC 

technique and dielectric spectroscopy to investigate 
charge relaxations. Results obtained by different 
techniques are discussed, emphasizing the heating 
effect. 
 

MATERIALS AND METHODS 
 
 The polyetherimide (Ultem 1000) is an amorphous 
thermoplastic resin with a high glass transition 
temperature Tg of around 220°C. Its chemical structure 
is represented schematically on Fig. 1.  
 Samples used in this research are films of 125 �m 
thickness, supplied by General Electric Corporation. 
Heating was carried out using an ‘ULE 500 Memmert’ 
oven, at different temperatures below Tg (175, 190 and 
205°C) during 24 h. 
 
Differential scanning calorimetry: Differential 
Scanning Calorimetry (DSC) is used to investigate the 
thermal transitions in the polymer, for instance, it 
allows to determine the glass transition temperature. 
Moreover, the enthalpy relaxation due to physical 
ageing can be determined from DSC measurements[8].  
 Differential scanning calorimetry measurements 
were carried out on PEI samples using a DSC 131 
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SETARAM instrument, at 10°C min−1 heating rate. 
Samples have a weight of about 11.7 mg. 
 
Infrared spectroscopy: Infrared spectroscopy analysis 
is a well known means for characterizing chemical 
structure. FTIR-ATR measurements on PEI samples 
were recorded using EXUINOX 55 spectrometer, in the 
4000-550 cm−1 spectral region. The spectrometer was 
operated at a resolution of 4 cm−1. 
 
Thermally stimulated depolarisation current 
technique: The Thermally Stimulated Depolarisation 
Current (TSDC) technique is based on measuring a 
current due to the depolarization of the sample by 
thermal activation. The charged sample is placed in an 
‘Eurotherm’ oven which is programmed to rise linearly 
in temperature. It is short-circuited through an 
electrometer (Keithley 486). TSDC measurements 
provide information on relaxation processes occurring 
in the material. TSDC spectra present several peaks or 
bands indicating that several processes are operative. 
Two of these processes are the reorientation of 
permanent dipoles and the release of charges from traps.  
 In the present research, TSDC measurements were 
performed on PEI samples of (4.4×4.4) cm2 dimensions. 
Aluminium electrodes of 1.6 cm in diameter were 
deposited  under  vacuum  on  both  sides of each sample. 
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Fig. 1: Schematic representation of the chemical 

structure of polyetherimide (Ultem 1000)[2] 
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Fig. 2: Process of electrical conditioning of samples 

Before measurements, samples were submitted to an 
electrical  field  Ec = 20  kV  mm−1 at  a   temperature 
Tc = 100°C during �tc = 5 h, then cooled under field 
and short-circuited during 1 h. The process of electrical 
conditioning is shown on Fig. 2. TSDC spectra were 
recorded at a heating rate of 2°C min−1. 
 
Dielectric spectroscopy: Dielectric measurements 
were performed using a Hewlett Packard 4192A 
impedance analyser, in the frequency range from 5 Hz 
to 12.5 MHz, at room temperature. PEI samples are 
squares around (1×1) cm2. The applied voltage 
amplitude was 50 mV. Before measurements gold 
electrodes of 3 mm in diameter were deposited under 
vacuum on both sides of each sample. 
 

RESULTS 
 
DSC results: DSC measurements were carried out on 
the virgin sample and samples heated at different 
temperatures (175, 190 and 205°C). The thermograms 
are given on Fig. 3. The glass transition temperature of 
the virgin sample is approximately 218°C.  
 A remarkable endothermic peak at the glass 
transition is observed on thermograms of heated 
samples. This peak associated with the enthalpy 
relaxation[10] reveals a physical ageing in heated 
samples.  
 Figure 3 shows a variation of the endothermic peak 
area accompanied with a displacement of Tg to high 
temperatures. The endothermic peak area is more 
important at the heating temperature of 190°C. 
Therefore the enthalpy relaxation is more important 
which shows a higher degree of physical ageing. 
 
Infrared results: Infrared spectroscopy measurements 
were performed on the virgin sample and samples 
heated  at different  temperatures (175, 190 and 205°C). 
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Fig. 3: DSC thermograms of PEI samples 
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Fig. 4: Infrared spectrum of  the virgin PEI sample in 

various wavenumber ranges. (a): 3600-2000 cm−1; 
(b): 1800-550 cm−1 

 
Figure 4 shows the FTIR-ATR spectrum of the virgin 
sample. The assignments of the main absorption bands, 
made basing on literature[7,11-14] are shown in Fig. 4.  
 Infrared spectra of the virgin and heated samples 
are given on Fig. 5. The intensities of absorption bands 
are found to be reduced after heating. We notice also a 
disappearance of the absorption band at 2850 cm−1 

assigned to C-H vibration, after heating (Fig. 5a).  
 
TSDC results: We have performed TSDC 
measurements on un-heated sample and samples heated 
at 175 and 190°C, submitted to an electrical 
conditioning (20 kV mm−1, 100°C, 5 h). The spectra are 
shown in Fig. 6.  
 Each spectrum shows two peaks assigned to � 
dipolar relaxations[5,6]. The first one is around 70°C (�2) 
and the second one with a higher intensity appears at 
about 170°C (�1). We notice an important decrease of 
the �1 relaxation peak intensity when PEI is heated at 
190°C.  
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Fig. 5: Infrared spectra of virgin sample and samples 

heated at different temperatures in various 
wavenumber ranges. (a): 4000-2400 cm−1; (b): 
1800-1400 cm−1 
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Fig. 6: TSDC spectra of un-heated sample and samples 

heated at different temperatures 
 
 In order to study separately each relaxation, we 
have separated the relaxation peaks by means of a 
Gaussian fit decomposition of TSDC spectra. The 
Gaussian function is given by the following expression: 
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0A T T
I(T) exp

TT / 2

� �−� �
� �= −� �� �∆∆ π � �� �

 (1) 

 
Where: 
A = The area of current peak 
�T = Its middle-height width and T0 is the peak 

temperature 
 
 Decomposed spectra are represented on Fig. 7. The 
relaxation peak parameters were calculated and shown 
in Table 1. 
 It is clearly observable that peak areas of �1 and �2 
relaxations increase after heating PEI at 175°C. As the 
peak area is proportional to the amount of dipoles 
relaxing by thermal activation, the amount of dipoles 
relaxing during TSDC measurements, is more 
important in sample heated at 175°C. On the other 
hand, the areas of the relaxation peaks decrease when 
PEI is heated at 190°C. 
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Fig. 7: Plots obtained by decomposition of TSDC 

spectra of (a): Un-heated sample and samples 
heated at temperature ((b) 175°C and (c) 
190°C) 

DS results: Dielectric measurements were performed 
on un-heated sample and samples heated at 175 and 
190°C. Figure 8 shows the dielectric permittivity ε' and 
the dielectric loss ε" as a function of frequency for un-
heated sample. 
 The observed decrease in ε' with increasing 
frequency, reflects dielectric relaxation, then dipoles 
are not able to change easily orientation with 
increasing  alteration rates of the applied field.  
 
Table 1: Peak parameters of �1and �2 relaxations of un-heated sample 

and samples heated at 175 and 190°C 
  Peak Peak Middle- 
  temperature area height 
Relaxation Sample (°C) (pA. K) width (°C) 
�1 relaxation Un-heated 175.35 116.61 46.46 
�1 relaxation Heated at 175°C 163.29 157.01 55.92 
�1 relaxation Heated at 190°C 182.09 70.64 92.43 
�2 relaxation Un-heated 79.39 18.22 46.64 
�2 relaxation Heated at 175°C 81.50 20.55 57.78 
�2 relaxation Heated at 190°C 63.00 7.87 30.44 
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Fig. 8: Plots of ε' (a) and ε" (b) versus frequency for 

un-heated sample 
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This dipolar relaxation was also detected on ε"(f) plot 
(Fig. 8b) by a loss peak at around 5 kHz. We notice a 
sharp increase of ε" at low frequencies due to 
conductive process. 
 Conduction obscures an eventual interfacial 
relaxation in permittivity presentation. To overcome 
this difficulty we have used the electric modulus 
formalism. An advantage of using the electric modulus 
to interpret interfacial relaxations, is that variations in 
the large values of permittivity and conductivity at low 
frequencies are minimized[18]. Complex modulus is 
defined by: 
 

*
* ' 2 "2 '2 "2

1 1 ' "
M j M' jM"

' j "
ε ε= = = + = +

ε ε − ε ε + ε ε + ε
 (2) 

 
where ε' and ε" are the real and the imaginary parts of 
complex permittivity ε*, M' and M" are the real and the 
imaginary parts of complex modulus M*.  
 M" versus frequency plotted on Fig. 9, exhibits a 
peak at around 82 Hz which indicates a charge 
relaxation at the interfaces.  
 
Heating effect: The ε" versus frequency plots are given 
on Fig. 10 for un-heated and heated samples. We notice 
that the dipolar relaxation frequency decreases from 
5078-4588 Hz for the heating temperature of 190°C.  
 Variations of M" versus M' plots of un-heated and 
heated samples are given on Fig. 11. Figure 11 shows 
two depressed semicircles for each sample. The first 
one corresponds to the interfacial relaxation, while the 
second semicircle is associated with dipolar relaxation. 
These semicircles were fitted to Cole-Cole approach 
according to the Eq. 3 given as follows[18]: 
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where, s
s

1
M =

ε
 and 1

M ∞
∞

=
ε

, εs and ε∞ denote 

respectively the relaxed and un-relaxed dielectric 
permittivities associated with the relaxation process and 
α is a parameter characterizing the relaxation time 
distribution. The most significant changes appear on the 
semicircle associated with dipolar relaxation.  
 The values of α, εs, ε∞ and  the relaxation strength 
(�ε = εs-ε∞), corresponding to dipolar relaxation are 

gathered in Table 2. We notice an increase of �ε after 
heating. 
 

100 101 102 103 104 105 106 107
0.00

0.02

0.04

0.06

0.08

0.10

 M"

Frequency (Hz)Frequency (Hz) 

M
'' 

 
 
Fig. 9: Plot of M" versus frequency for un-heated 

sample 
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Fig. 10: Plots of ε" versus frequency for un-heated and 

heated samples 
 

0.0 0.1 0.2 0.3
0.00

0.05

0.10

0.15

M"

M'

 un-heated
 175°C
 190°C
 theoretical fit

M' 

M
" 

 
 
Fig. 11: Plots of  M" versus M' for un-heated and 

heated samples. Solid line is a cole-cole fit of 
un-heated sample 



Am. J. Engg. & Applied Sci., 2 (1): 120-126, 2009 
 

 125 

Table 2: Parameters of dipolar relaxation for un-heated and heated 
samples 

Sample α εs ε∞  ∆ε 
Un-heated 0.0811 7.9936 3.2733 4.7203 
Heated at 175°C 0.0882 8.0972 3.2744 4.8228 
Heated at 190°C 0.0942 8.4246 3.3434 5.0812 

 
DISCUSSION 

 
 DSC results have shown that physical ageing 
appears in heated samples. Indeed, during heating 
chains being more mobile, rearrange themselves more 
easily into a more closely packed configuration 
reducing free volume. The structure of the heated PEI, 
being more stable, the material absorbs more energy (at 
the glass transition) to achieve the rubber state. A 
higher degree of physical ageing was observed for the 
heating temperature of 190°C.  
 The reduction of free volume due to heating 
decreases the molecular mobility, consequently band 
intensities of the infrared spectra are affected. The 
disappearance of the absorption band at 2850 cm−1 

assigned to C-H vibration can be also explained by the 
reduction of molecular mobility. 
 We have found that the amount of dipoles relaxing 
during TSDC measurements is more important in 
sample heated at 175°C. A possible explanation is the 
creation of dipoles and/or charges by heating as shown 
for other materials[15-17]. A decrease of the relaxation 
peak areas is observed after heating at 190°C. The 
structural unities of molecular chains are more 
entangled due to the decrease of free volume, which 
increases dipolar interactions. Dipoles are in low energy 
levels, as a result, the amount of dipoles relaxing during 
TSDC measurements decreases. 
 The decrease of dipolar relaxation frequency when 
PEI is heated at 190°C, is associated with an increase of 
dipolar interactions, which reduces dipoles mobility. 
This is related to physical ageing phenomenon. On the 
other hand, the increase of relaxation strength upon 
thermal conditioning can be related to an increase of the 
dipoles density because of the volume shrinkage. 
 

CONCLUSION 
 
 Heating effects on both structural and electrical 
properties of polyetherimide have been studied by using 
different complementary techniques. It was found that 
heating favours physical ageing. Three electrical 
mechanisms were revealed in PEI: interfacial 
relaxation, dipolar relaxation and conduction. The 
dipolar relaxation is the most sensitive process to heat 
effect. It was shown that charge interactions increase 
due to physical ageing. Thus, heating leads to a 

decrease of dipoles mobility and stabilizes charges in 
deeper energetic levels.  
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