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Summary 

The dependence of thermally stimulated depolarization 
current /TSC/ on morphological structure of polypropy- 
lene /PP/ films has been determined. Different morpho- 
logies in the investigated samples were arrised due to 
appropriate cooling conditions. The TSC maxima were co- 
rrelated with the size of spherulites and attributed 
to the release of carriers traped at the crystalline 
and amorphous phase borders. 

Introduction 

Measurement of thermally stimulated electret depolari- 
zation current has found widespread application in stu- 
dying the relaxation effects in amorphous polymers. Re- 
latively little attention has been paid to the possibi- 
lity of using this technique in studies on crystalline 
polymers, especially polypropylene /PP/. Publications 
on thermally stimulated currents in PP discuss the way 
of calculating the parameters of the discharge current 
curves obtained /activation energy, total electret 
charge, maximum temperature/ and the different ways of 
polymer charging: by corona charging (CRESWELL and 
PERLMAN 1971, PERLMAN 1972) and in electric field at 
elevated temperatures (MATSUI and MURASAKI 1973, WEBER 
1979). Furthermore, comparing the results of TSC measu- 
rements for PP with those of internal friction changes 
in function of temperature Matsui and ~rasaki have 
found that the maximum TSC at 80~ is related to char- 
ge release from traps situated on crystal surfaces. 
Explanation of the relation between the elements of PP 
crystal structure and the TSC would require polymer 
samples where only one element characterizing their 
structure would be different. 
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It has been shown (REINSHAGEN and DUNLAP 1975) that an 
increase in the temperature of molten PP leads, on sam- 
ple cooling, to an increase in mean spherulite size, 
the other elements of the crystal structure remaining 
unchanged, possibly due to decreased number of crysta- 
llization seeds. The existance of a number of spheruli- 
tes of different kinds which differ in the growth rates 
and melting temperatures was established (KEITH and PAD- 
DEN 1959, TURNER et al. 1964). In PP there are spheruli- 
tes of four kinds: spherulites growing at temperatures 
below 134~ and above 138~ which melt when the tempe- 
rature is raised and form again when cooled. Crystalli- 
tes in these spherulites are monoclinic. Spherulites 
arising at 128~ and 128-132~ are metastable and are 
made up of hexagonal crystallites. With the temperature 
raise the spherulites transform into a form made up of 
monoclinic crystallites. In addition, it has been de- 
monstrated (TURNER et al. 1964) that an increase of the 
temperature of molten PP may result in a decrease of the 
number of metastable spherulites during the sample coo- 
ling. The aim of this study was to establish the effect 
of spherulite size on TSC curves and to demonstrate the 
applicability of this method to show the effect of crys- 
talline polymer morphology on its electrical properties. 
The samples used differed only in mean spherulite size, 
the other elements of their structure characterized by 
melting temperature T t and density ~ of the samples 
being constant. X-ray large-angle scattering measure- 
ments showed no metastable spherulites. Consequently, 
by changing the temperature of the molten polypropylene 
a change of mean spherulite size was obtained. 

Experimental 

Molecular weight. Isotactic polypropylene J-400 /Poland/ 
was used, whose viscometric mass Mv=300 000 was calcula- 
ted on the basis of the value [~] in decalin according 
to the following formula (CHIANG 1958) 

~]= k M a where k=l.0 10 -2 , a=0.8 

Measurement of structural parameters. The melting tempe- 
rature T t of crystallites was determined using a Perkin 
Elmer differential microcalorimeter DSC-IB. The density 
was determined at 24 ~ C in a gradient column /alcohol/ 
water/ and on this basis the degree of sample crystalli- 
nity was calculated according to formula 

X = ~c(~ - 9a)/3 (9 c - ~a ) where ~c=0.936 g/cm 3, 

9 = 0.850 g/cm are the density of the crystalline 
and amorphous phases respectively (MARK et al. 1966). 
The mean spherulite diameter R was defined as the inver- 
se number of spherulite boundaries intersecting a unit 
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segment on optical micrographs in reflected light. 

TSC measurements and electric conductivity 

Silver vacuum-@eposited electrodes were used; surface 
area - 15.9 cm . TSC curv~ for PP samples were deter- 

mined using an Ekco vibrating-reed electrometer N 616 
B with a Riken-Denshi X-Y recorder in the function of 
linearly risin~ temperature. The rate of temperature 
increase was 1 C/min. The parameters of electret for- 
mation were so selected as to prevent any changes in 
the sample structure at elevated temperature. For this 
reason the formation time t o was 2 min, temperature 
T_ = I05~ and electric field strength ED= 8 KV/cm. 
E~ectric conductivity ~ was determined a~cording to 
the formula: ~= Ii/US where U-voltage, I-current in- 
tensity, S-surface area of the electrodes, 1-sample 
theickness. The samples used were 0.5 mm thick ~lates 
obtained by pressing for 30 min under 200 kg/cm ~ at 
different temperatures /190 ~ , 200 ~ , 220~ and cooling 
in the press down to 60~ To obtain samples of dif- 
ferent degree of crystallinity some of them were pres- 
sed at 260oc for 5 min, others were heat-treated at 
150~ for 90 min. The measurements performed on the 
samples obtained in this way included the melting tem- 
perature Tt, density ~ , and spherulite diameter R. 
The results of these studies for samples obtained from 
melts of different temperatures showed that the incre- 
ase of melt temperature gives rise to mean spherulite 
diameter only /Table i/. 

TABLE i. 
Melting temperature Tt, den- 
sity ~ , spherulite diameter 
R for samples of PP pressed 
at different temperatures T. 

190 6.94 434.3 0.9044 

200 7.40 434.5 0.9044 

220 8.00 434.6 0.9045 

TABLE 2. 
Degree of crystallinity X of 
samples ob~ined under dif- 
ferent conditions. 

formation 
o~ditio~ x [ ~ ] 

pressed at 260~ 

annealed 

annealed in 
electric field 

pressed at 200~ 

0.591 

0.647 

0.680 

0. 703 

A similar result was obtained in the case of isothermal 
crystallization of PP at constant supercooling tempera- 
ture AT [see REINSHAGEN and DUNLAP 1975~.The samples 
under study were non-isothermally crystallized in the 
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press. It can thus be assumed that under such condi- 
tions the crystallization occured at a temperature si- 
milar to the highest crystallization rate temperature 
which, for PP, is equal to ca. 120~ ~FRANK 1968). It 
follows from Keith and Padden studies 6KEITH and PAD- 
DEN 1959) that at such high supercooling temperatures 
the changes in the crystal structure of polypropylene 
with changes in ~T are small. For this reason the 
small changes in ~T related to non-isothermal crysta- 
llization employed in our study did not affect the 
crystal structure of PP. The degrees of crystallinity 
of samples pressed at 200~ and 260~ and annealed at 
150~ under different conditions are collected in Tab- 
le 2. 

Results and discussion 

Fig. l shows the temperature dependence of TSC for samp- 
les obtained from the melt at 220~ and 190~ which, 
on cooling, developed spherulites of mean size of 8.0 
and 6.9 ~. The discharge current after electret for- 
mation ~t I05~ shows two characteristic maxima at 90 
and 120 C. 

24 
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130~ 

,\ 
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Fig.l TSC plots for PP-samp- 
les differing in the tempera- 
ture of pressing and in sphe- 
rulite sizes /T =i05~ 

Changes in TSC value in the region of both maxima are 
related to the differences in the mean spherulite size 
in the sample show that structural parameter does af~ 
fect the discharge current value to an appreciable man- 
ner. The increase of mean spherulite size in the samp- 
le leads to increased value of the current in the re- 
gion of the 90~ maximum, and to its decrease in the 
region of the other maximum. This shows that spheruli- 
te size has a different effect on TSC in this two re- 
gions~ The TSC curves for samples of the same mean 
spherulite size, i.e. 8.0 and 6.9 ~ obtained after po- 
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-larization at 125~ are shown in Fig~ 
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Fig. 2 TSC plots for PP samp- 
les differing in the tempera- 
ture of pressing /T~=125~ 

The increase in Tpeffects a change in TSC values for 
both samples; in hhe case of the sample with smaller 
spherulite size TSC was greater than in the case of 
the other sample. The results of TSC measurements for 
PP samples differing in spherulite size /Figs.l and 2/ 
show that two current maxima occur at 90 and 120UC 
which depend on the spherulite size in the sample un- 
der investigation and on the temperature of electret 
formation. The significant rise of discharge current 
for the sample with smaller spherulites /Fig.2/ pola- 
rized at higher temperature /125~ suggests that in 
this region TSC is related to higher electrical conduc- 
tivity of the sample, during electret formation. For 
this reason we performed conductivity measurements for 
PP samples of different degrees of crystallinity /Tab- 
le 2/ at different temperatures /Fig.3/. It can be se- 
en in Figo3 that the conductivity decreases as sample 
crystallinity and increases With temperature, the de- 
pendences being linear to a good approximation; the 
correlation coefficient is no less than 0.95 up to 
I00~ which indicates linearity. At I10~ the coeffi- 
cient has a smaller value /0.69/ which may be due to 
some changes in the crystallinity at that temperature. 
In order to calculate the contribution of the crystal- 
line and amorphous phase to the measured conductivity 
we took advantage of the linear dependence of the lo- 
garithmic mixing rule of Lechteneker (see SAZHIN et 
al. Ii): log ~= /1-X/log ~a + Xlog ~c where ~ , 

a ~c are the conductivities of the amorphous and the crystal- 
line phase respectively. Transformation of the above 
formula yields: log ~ = Log ~a - X/log ~a - logic 
In the coordinate system /log ~ , X/ the aSove formula 
is represented by a straight line. Using the least 
squares method the parameters of that line, i.e./log~a , 
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log ~_/ ~_/ were calculated. On the basis of these pa- 
ramet~rs~{he values of electric conductivity for both 
phases of the polymer were calculated for different 
temperatures. The temperature dependence of these va- 
lues is shown in Fig.4. 
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Fig.3. Electrical conductivi- Fig.4. Temperature dependence of 
ty dependence on de~ of electrical oonductivity of the anor- 
crystallinity X for PP sanp- phous and crystalline phases in PP- 
les/different temperatures/, samples. 

It can be seen that the electrical conductivity of both 
phases of the polymer shows maxima at 85 ~ and 100~ 
for the crystalline and amorphous phases respectively. 
The conductivity values in the crystalline phase of PP 
are smaller than those in the amorphous one. The exi- 
stence of conductivity maxima in the temperature scale 
may be related to the fact that its values were calcu- 
lated on the basis of non-stationary current flowing 
across the sample /its values were measured 5 minutes 
after the application of the voltage/ thus the current 
may be connected with polarization processes occuring 
in the sample ~SAZHIN et al. 1977). Consequently, the 
maxima of electrical conductivity can be related to 
accumulation of electric charge in both phases of the 
polymer, in the crystalline phase the maximum charge 
accumulates at ca. 85~ while in the amorphous phase - 
at ca. 100~ On the other hand, the TSC maxima are 
connected with charge release in the sample. For this 
reason, when comparing the conductivity values in both 
phases of the polymer with the TSC values one can rela- 
te the TSC maximum at 90~ to charge release in the 
crystalline phase, and the 120~ maximum - to charge 
release in the amorphous phase. 
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Conclusions 

The results of TSC measurements and the conductivity 
values obtained in this study for PP samples differing 
in spherulite size show that TSC curve has maxima at 
90 and 120~ which are related to spherulite size in 
the sample. The 90~ maximum is related to charge re- 
lease in the crystalline phase, the 120~ maximum - to 
charge release in the amorphous phase. The dependence 
of the TSC density in the 120~ maximum region on sphe- 
rulite size shows that that maximum is connected with 
the conduction current flowing across the polymer du- 
ring electret formation. Very likely the value of this 
current depends on the crystal structure of the sample. 
The TSC maximum at 90~ may also be correlated with 
the results of mechanical loss studies in PP carried 
out in function of temperature ~MUSS and MACCRUM 1959). 
The determination of PP viscoelastic properties shows 
that the maximum at 90~ is related to the crystalline 
phase. On the other hand there is no maximum in loss 
at the 120~ region, which could be correlated with the 
release of carriers in the sample under study. The ob- 
tained results e.g. conductivity dependence on crystal- 
linity /Fig.3/ and TSC current intensity dependence on 
PP morphology cannot fully explain the nature of char- 
ge carriers. It is connected with the fact that the 
conductivity measurements were carried out after short 
polarization times /5 min/ and for narrow range of 
crystallinity changes. However, it has been shown 
~DASGUPTA et al. 1976~ that electrons are charge car- 
riers in PP and that at temperatures above 0~ elec- 
trons are transported by hopping from one trapping cen- 
ter to another. Assuming this model, it can be conclu- 
ded that TSC measurements show the existence of trap- 
ping centers which are related to the borders between 
the amorphous and crystalline phases i.e. on the bor- 
ders of spherulites and/or crystallites inside of the- 
se morphological structures. 
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