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Abstract Freestanding castor oil-based polyurethane

(PU) film was obtained using spin-coating method. The

effect of polyol content was analysed by means of thermally

stimulated depolarisation current and AC dielectric mea-

surements techniques. Two relaxation peaks were observed

in the temperature range of -40 to 60 �C for PU with dif-

ferent polyol contents. The presence of polyol excess

provides a shift to lower temperature of the a relaxation and

the decrease in the activation energy of the transition in this

region might be attributed to the plasticising effect of

the polyol. The peak at higher temperature is due to the

Maxwell–Wagner–Sillars relaxation, which also shifts in the

low temperature direction as the polyol content is increased.

Introduction

Polyurethane (PU) is a well-known and widely used

polymer due to its great versatility [1–3]. PU has a large

range of applications, which can be attributed to the fact

that it can be obtained as linear and flexible polymer or as

rigid and highly cross-linked PU [4, 5]. Also, the versatile

physical properties of the PU are attributed to their micro

phase-separated structure arising from the thermodynami-

cal incompatibility between the hard and soft segments [6].

Most of the PU foams are based on 4,40-diphenylmethane

diisocyanate (MDI) and petrochemical-based polyols.

Although this type of PU is inexpensive material, the oxi-

dative stability is still under consideration [7]. Nowadays

many researchers try to replace oil-based polyols with

vegetable oil-based polyols [8–11] seeing that it has provide

comparable mechanical and insulating properties and can

be obtained from renewable source. Furthermore, the pro-

duction of vegetable-based PU brings forth fewer problems

to the environment hence considered ecologically correct.

One such example, studied in our laboratory, is the castor

oil-based PU [12, 13]. It was used as matrix of piezo and

pyroelectric composites [14, 15] and conducting composite

[16]. Also, it was used to make polymer blend with con-

ducting polymer [13].

In the previous work [12], a stoichiometric vegetable-

based PU was prepared and characterised in the frequency

range of 10-5 to 105 Hz. The glass transition temperature

of 39 �C and activation energy equal to 1.58 eV were

obtained for this natural polymer using thermally stimulated

discharge current (TSDC) technique. The activation energy

was determined by the initial raise method from the

a-relaxation peak. The low dielectric loss of the PU indi-

cates its insulating property. Furthermore, the formability

and the facility to obtain this material from a renewable

source is an attractive to continue the study on this polymer.

The aim of the present work is the study of the change of

glass transition and the dielectric permittivity of the PU due

to the change of polyol contents. By changing the dielectric

constant, the electrical conductivity is also modified. The

effect of polyol excess is analysed using TSDC and AC

dielectric spectroscopy. Two different sample composi-

tions (different polyol contents) were studied. For both

samples two relaxations were observed in the temperature

range of -40 to 60 �C.
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Experimental

Sample preparation

Castor oil-based PU was prepared using the pre-polymer

F-329, which is based on the 4,40-diphenylmethano-

diisocyanate (MDI) and vegetable-based polyol (21 L),

which is a polyhidroxilated active component of PU, sup-

plied by Poliquil Araraquara Polı́meros Quı́mica Ltda. Film

of *200 lm thickness was obtained by the spin-coating

method. Two different polyol proportions were used, des-

ignated 10/11 and 10/12. In the sample 10/11, there are 1

part of pre-polymer and 1.1 part of polyol and the other one

has 1:1.2. Aluminium electrodes (1 9 10-2 m in diameter)

were evaporated onto both faces of the film for electrical

contact. Stoichiometric PU is 10/10, i.e. one part of pre-

polymer and one part of polyol, according to PU supplier.

TSDC measurements

The TSDC method consists of recording the thermally

activated current. The sample is placed between the plates

of a capacitor and poled by an applied electric field (EP) at

a fixed temperature (TP) for a time (tP) large compared with

the relaxation time of the process to be studied. With

the electric field applied, the sample is cooled down to a

temperature low enough to prevent depolarisation by

thermal agitation. Further, the sample is short-circuited and

reheated at a constant rate.

TSDC is a powerful technique to study electrical prop-

erties of polymers when previously aligned dipoles trend to

orientate at random as the increasing temperature enhances

the mobility of the system [17]. This technique provides

high resolution and is very sensitive, hence allowing

detecting a relaxation and solves neighbouring process, i.e.

due to the low heating rate possible superposed process can

be observed and its deep analysis might be realised using

thermal windowing technique [18]. In this work, the

polarisation was conducted using a high voltage supply

Keithley model 247, the thermal current was detected

through a Keithley model 610C electrometer, and the

sample temperature was controlled with a Toyo Seiki

KP-1000 thermo controller unit. The heating rate was 2 �C/min.

The polarisation conditions were: EP from 0.5 to 2.0 MV/m;

TP = 90 �C; tP = 15 min.

AC dielectric measurements

The dielectric loss (e00) was measured as a function of fre-

quency (103–106 Hz) in the temperature range of 0–90 �C.

The measurements were carried out using an HP 4129A

impedance analyser. A two-terminal parallel-plate capacitor

dielectric cell with gold-plated electrodes temperature-

controlled (Toyo Seiki) was used in association with the

analyser.

Results and discussion

The depolarisation currents were monitored from -40 to

80 �C for samples pre-poled with four different electric

fields (0.5, 1.0, 1.5 and 2.0 MV/m). Figure 1 shows the

TSDC thermograms measured on PU 10/11 and 10/12

poled with 2.0 MV/m. Two peaks can be seen in the

temperature range used here. For the sample 10/11 (1.1

parts of polyol), the first peak is located at around 13 �C,

while the second one is located at 43 �C. For the 10/12

samples (1.2 parts of polyol), the peaks were shifted

towards the low temperature direction yielding 10 and

32 �C for the first and second peaks, respectively.

A close analysis of the first peak at lower temperature is

shown in Fig. 2. The maximum of the depolarisation cur-

rent was plotted as a function of applied electric field. For

both samples, the linearity between current and electric

field can be observed in the first peak. As stated by Van

Turnhout [19], the linear behaviour of the maximum

depolarisation current with the poling electric field is an

indicative of the fact that the relaxation is dipolar and is

related with the glass transition of the sample. Hence, the

glass transition temperature, Tg, of 10/11 samples is 13 �C

and for sample with 10/12 composition is 10 �C, indicating

a shifting to the lower temperature direction as the polyol

contents is increased. The value of Tg for PU with 10/10

compositions was found equal to 39 �C using the same

method as reported in previous work [12]. The difference

with the values obtained in the present work might be

attributed to the plasticising effect of the polyol. Similar

Fig. 1 TSDC thermograms for PU with different polyol content

(j, 10/11; r, 10/12). Samples poled at 90 �C during 15 min with

2.0 MV/m
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thermograms were obtained for all electric field used to

pole the samples.

The relation between the maximum current and the

electric field for the second peak (higher temperature) is

shown in Fig. 3. The non-linear behaviour was observed

for both samples. In segmented PU films, the existence of

micro domains resulting from the separation of hard and

soft segments of PU chains can accumulate charges at its

interfaces during polarisation. Such charge accumulation

can be attributed to the different conductivities between

soft and hard micro domains [20]. The non-linear behav-

iour observed in Fig. 3 is an indicative that this relaxation

is not only due to induced dipole, but there also is a con-

tribution of the charge migration blocked at the interfaces

between the two media (Maxwell–Wagner–Sillars charac-

teristic). The second peak is related to the relaxation due to

interfacial MWS polarisation at the interface between

soft and hard micro domains of the sample. The charge

migration causing interfacial polarisation occurs mainly

through the soft phase and the MWS-relaxation TSDC peak

can be considered as a measuring of the interfacial polar-

isation. Several authors studying PU systems reported

similar results [21, 22]. The polyol excess makes easy the

reduction of the interfacial polarisation due to more uni-

form distribution of the hard micro domains into the

continuous soft phase [20]. This effect is similar to the

effect of the isocyanate excess observed by Spathis et al.

[23]. The reduction in the amplitude of the measured cur-

rent as the polyol content increases is in agreement with the

fact that the polyol excess provides an insulation charac-

teristic to the sample.

The thermal windowing technique was used around both

a and MWS relaxation temperatures. The relation between

the temperatures of current maximum (Tm) of PU 10/11, in

the temperature range of -15 to 45 �C on polarisation

temperature (TP) is shown in Fig. 4. A linear relationship

between Tm and TP can be observed, with slope near to

unity in the temperature region of both relaxation pro-

cesses. According to Kyritsis et al. [24], the linear

relationship suggesting that both peaks are due to bulk

effects and not due to space charge polarisation related to

electrode effects, which depends on polarisation time and

polarisation temperature. Hence, the second relaxation

observed in the TSDC thermogram for both samples is the

a0 relaxation and not the q peak related with the space

charge, which should appear at higher temperature as

suggested in Fig. 1.

Using the initial rise method [19], the activation energy

related to the a-relaxation peak was calculated for both

samples with polyol excess. Figure 5 shows the Arrhenius

Fig. 2 Linear relation between the maximum current and the applied

electric field for the first peak (j, for PU 10/11; r, for PU 10/12)

Fig. 3 Relation between the maximum current and applied electric

field for the second peak (j, for PU 10/11; r, for PU 10/12)

Fig. 4 Peak temperature Tm of the thermal sampling responses near

both relaxations observed in the TSDC thermogram for PU 10/11 vs.

polarisation temperature Tp
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plotting for the thermally stimulated current. The decrease

in activation energy can be seen as the polyol content

increases in the sample. The values of the activation

energy are 0.78 and 0.56 eV for PU 10/11 and PU 10/12,

respectively, indicating that less energy is required to

release frozen-in polarisation as the polyol content is

increased because the presence of polyol excess reduce the

PU molecules interaction.

The dielectric data were taken in the frequency range of

103 to 106 Hz at different fixed temperatures. The behav-

iour of the dielectric loss is shown in Figs. 6 and 7. It can

be seem an evidence of a peak in the frequency range of

kHz, which shifts to higher frequency for increasing tem-

perature indicating a thermally activated process. From

these measurements, the dielectric loss behaviour with

temperatures in both samples was plotted. Figure 8 shows

the imaginary part of the complex permittivity (e00) plots

at 10 kHz in the temperature range of 0–90 �C. From the

figure, it may be observed that there is a broad relaxation

peak in both PU samples. The difference of peak position

seemed to be due to polyol content employed to obtain the

PU film.

The broad relaxation peak observed may be attributed to

the result of the overlapping of the two peaks observed by

TSDC. In order to justify, this assumption is necessary to

consider that a plot of e00 versus frequency should display

both peak (a and MWS relaxation) in the frequency range

of 10-2 Hz, which can be obtained using the relation stated

by Van Turnhout [19] in Eq. 1.

x ¼ A

hkT2
; ð1Þ

Fig. 5 Arrhenius plotting for both samples in the temperature region

of a relaxation (j, for PU 10/11; r, for PU 10/12)

Fig. 6 Dielectric loss e00 versus the frequency for PU 10/11 at several

temperatures indicated on the plot

Fig. 7 Dielectric loss e00 versus the frequency for PU 10/12 at several

temperatures indicated on the plot

Fig. 8 Isochronal plot of dielectric losses against temperature j for

PU 10/11 and r for PU 10/12, at 10 kHz
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where x is the angular frequency, A the activation energy,

h the reciprocal of heating rate, k the Boltzmann constant

and T is the temperature of maximum current in the TSDC.

Due to the low frequency dispersion, the measurement was

carried out in the high frequency range and the peaks were

displayed at higher temperature. The frequency of the

isochronal plot of e00 is 10 kHz for 10/11 and 10/12 samples

compositions and the peak appeared around 50 �C. In this

temperature both relaxations had already occurred and the

observed peak might be considered as a superposition of

both relaxation. The shift of the e00 peak to higher tem-

perature for the 10/11 sample in comparison with the 10/12

seems to be due to the shift of the a relaxation and is in

agreement with the observed TSDC result.

Conclusion

TSDC and AC dielectric spectroscopy were employed to

study castor oil-based PU systems with two different polyol

contents. Two relaxation peaks were observed in the TSDC

thermograms related with the glass transition and the MWS

relaxations. The decreases in the activation energy in the

region of a relaxation can be attributed to effect of the

polyol excess in the PU sample. The polyol excess also

shifts the relaxations process in the low temperature

direction, which might be attributed to the reduction of the

PU molecules interaction. The second peak a0 relaxation is

related to MWS interfacial polarisation due to the existence

of interfaces between soft and hard segments with different

conductivities.
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