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Abstract Annealing and radiation effects on the microstructures of isotactic polypropylenes, 
homopolymer and ethylene (<2.3 wt%) incorporated random copolymers, in the solid state 
were studied to get mechanistic insight into the modification and degradation of mechanical 
properties. The growth of helical conformation of isotactic chains in the crystal-amorphous 
interface was induced to greater extent by y-irradiation, while the transition from smectic to 
monoclinic modifications in the crystal phase occurred simultaneously by annealing. The yield 
stress of the polypropylene films increased with the increased content of helical conformation as 
the result of annealing and/or Y-irradiation. 

INTRODUCTION 

Isotactic polypropylene is a typical stereoregular polyolefin and shows polymorphism due 
to crystallization into a variety of modifications of different orders (Natta, 1960). A family of 
homo- and co-polymers of propylene in the solid state undergoes oxidation to produce several 
oxygen-containing products in the amorphous phase upon irradiation in air. Tie chains have 
been believed to be a critical target for oxidative degradation of polypropylene and other 
polymeric materials. It is likely that the oxidative tie-chain scission may stimulate structural 
changes in the crystal phase and the crystal-amorphous interfacial domain. Such microscopic 
structural changes give rise to either improvement or degradation of various macroscopic 
physical properties to considerable extent. Recently, we have demonstrated that the stability of 
polypropylene materials toward radiation damage shows a significant relationship with the 
primary morphology (Nishimoto et al., 1991,1992a). 

In the present study, an annealing treatment of isotactic polypropylene (homopolymer and 
random copolymers with up to 2.3 wt% ethylene content) films has been performed to modify 
their primary morphologies that were obtained by conventional polymer processing. The main 
objective of this study is to get insight into (1) the correlation of radiation sensitivity of 
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polypropylene solid with varying secondary morphologies produced by the annealing 

treatment, and (2) the characteristics of radiation- and annealing-induced structural changes. 

EXPERIMENTAL 

The sample films (0.2 mm in thickness) were separately wrapped up with aluminum foils 

and then were annealed at several fixed temperatures (<150°C) in an air oven for various 

periods until reaching the respective maximum amount of a monoclinic crystalline modification. 

The annealed films were Y-irradiated in air over the dose range up to 15 Mrad at a dose rate of 

0.1 Mrad/h, using a 60Co 7-ray source. The FT-i.r. spectrometry, the X-ray diffraction (XRD) 

analysis, and the differential scanning calorimetry (DSC) were carried out as reported 

previously (Nishimoto et al, 1992b). 

RESULT AND DISCUSSION 

Negligible amount of thermal oxidation occurred during annealing of sample films in the 

temperature range of 50 to 150°C for up to 8 h. The melting temperature (Tm) of homopolymer 

films (165.4-165.7°C) without and with an additive (1.0-3.0wt% monoalkyldiphenyl ether) 

was invariant upon annealing, while that of copolymer films without and with an antioxidant 

(0.1wt% bis(2,2,6,6-tetramethyl-4-piperidinyl)sebacate) increased at annealing temperatures 

above 130°C. 

I.r. absorption characteristic of helical conformation and isotactic regularity of a 

polypropylene chain appear at 998 and 973 cm"1, respectively (Koening, 1980). The ratio of 

absorbances at both bands (/4998//1973), which may be a spectroscopic measure of the amount 

of helical conformations forming in the sample films, increased with a rise in annealing 

temperature, while there was no change at room temperature. In the case of homopolymer 

films, apparent activation energy of the helical growth showed a big change at annealing 

temperature of near 80°C, becoming larger in the range of above 80°C compared with lower 

annealing temperatures. Such a pronounced secondary phase transition could not be observed 

for the copolymer films. Both additives showed negligible influence on the thermal growth of 

helical conformations. It is likely that isotactic polypropylene chains located at crystal-

amorphous interfacial region can form the secondary helical conformations as a result of 

stimulated thermal motion of polypropylene segments by the annealing. In this association, the 

length of cooperatively mobile segments would increase with annealing temperature rise, so that 

the helical growth becoms easier to produce lamellar crystals with greater thickness. 

Following the method of Zannetti et al. (1969) that was proposed for the characterization 

of the annealing effect, the reciprocal of the half-height broadening of the X-ray diffraction peak 
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Figure 1 Time course of the transition to a monoclinic crystalline modification, 
measured by an XRD measurement, upon annealing at various temperatures. 

at 20 of about 15° (1/^(110)) was used to evaluate the relative degree of crystalline structural 
order: this peak is assigned to refraction from the monoclinic (110) plane. Thus, U4(110) 
value of homopolymer films increased rapidly to attain the maximum value characteristic of a 
given annealing temperature in the range of 70 to 150°C, while it was almost invariant upon 
annealing at below 70°C (Fig. 1). The apparent heat of fusion (Atff), which is a measure of 
crystallinity, of homopolymer and 0.5 wt% ethylene incorporated copolymer films once 
decreased in the range of 70-90°C, then increasing progressively with increasing temperature 
(Fig. 2). These observations suggest that there is a first-order phase transition to cause 
disordering in the polypropylene solid, which can promote the crystal transition into the most 
stable structure of monoclinic modification. In the case of 2.3 wt% ethylene incorporated 
copolymer films, the A//f value was invariant when annealed at below 80°C and increased 
monotonously with the increased annealing temperature in the range of >80°C (Fig. 2). 

The homo- and co-polymer films underwent oxidation to produce hydroperoxide and 
carbonyl groups upon Y -irradiation in air. The rate of oxidation was smaller for the sample film 
annealed at higher temperature, probably due to decreased amount of amorphous and crystal-
amorphous interfacial regions. Furthermore, the rm depression was observed simultaneously 
with the oxidation, indicating the occurrence of main-chain scission (the entropy of fusion (ASf) 
would increase) in both the crystal and amorphous phases. In accord with the behavior of 
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oxidation rate, the extent of 7m depression was smaller for the films annealed at higher 
temperature. It is also observed that both additives can inhibit the radiation-induced oxidation 
and the r m depression. 
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Figure 2 Variation in heat of fusion (Atff), as measured by a DSC analysis, with 
increasing annealing temperature. 

In contrast to the annealing effect, the transition to monoclinic crystalline modification 
was negligible when the filmi; were irradiated up to 15 Mrad at room temperature in air. On the 
other hand, the secondary helical conformation growth, as measured by the /J 998̂ 4 973 value, 
was readily induced upon y-irradiation. The extent of the radiation-induced helical growth 

became smaller as the annealing temperature was raised. The superposition of the helical 
conformation growths due to annealing and y-irradiation led to monotonous increase of the 
A998/A913 value with increase in the reduced dose: the annealing effect was reduced to the dose 
of irradiation at room temperature by superposition of the maximum A 998//1973 value attained at 
a given annealing temperature on the dose response curve of unannealed films (Fig. 3). The 
antioxidant additives were also effective to inhibit the secondary helical conformation growth. 
It is therefore most likely that the interlamellar tie chains and the crystal-amorphous interfacial 
loop chains undergo radiation-oxidative scission to form the secondary helical conformation 
even at room temperature. 

The yield stress of various sample films after annealing and/or y-irradiation increased as 
the corresponding A 998/A 973 value became greater. This result suggests that the increased 
thickness of lamellar crystals due to the secondary growth of helical conformations would result 
in high yield stress in the tensile test of the sample films. 
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Figure 3 Superposed master curves for the secondary helical conformation 
growth, as measured by A 998/A 973 value, upon annealing and Y-irradiation. 

CONCLUSIONS 

The secondary growth of helical conformations of isotactic polypropylene chains in the 
crystal-amorphous interface was induced not only by annealing but also by Y-irradiation, while 
the transition from smectic to monoclinic modifications in the crystal phase occurred to 
significant extent only by the former treatment. The amount of helical conformation was 
correlated to the yield stress of the polypropylene films. 
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