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The irradiation effect of 7-rays on polypropylene (PP) has been studied through relaxational behaviour, 
using the positron annihilation lifetime (PAL) method. At low temperature, the intensity of a long-lived 
component of positronium, I3, for unirradiated PP samples increased due to a termination of the local 
thermal motion of polymer structures. At 100K, the increase in I3 of 1 MGy'7-ray irradiated samples 
became very small. However, the increase was observed again in the PP samples after 48 h of irradiation by 
positrons during the PAL experiment. This suggests a restructuring of the short polymer chains cut by 7-ray 
irradiation may occur. Copyright © 1996 Elsevier Science Ltd. 
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Introduction 

Positron annihilation (PA) in polymers has been 
extensively studied during the last decade, and the 
positron annihilation lifetime (PAL) technique has 
become recognized as a useful method for studying the 
characteristics of  polymers 1-7, in which 22Na positron 
sources are commonly employed. However, positrons 
emitted from the source have sufficient energy (average 
energy ~200 keV) to induce radiation effects on poly- 
mers, and the positron probe can thus affect the object 
being investigated during PAL measurements.  It has 
been pointed out that the positron irradiation effect is 
quite significant when polyethylenes (PEs) and poly- 
propylenes (PPs) s-l° are used as samples. 

It has been reported for PE that at low temperature I3, 
a long-lived positronium (Ps) component ,  increases 
along with decreasing temperature, and that/3-relaxation 
at 246 K and -y-relaxation at 200 K can be observed 11-13. 
These relaxations are considered as follows: the former 
was associated based on micro-Brownian motion, and 
the latter based on a local thermal motion of polymer 
structures and short branches. When samples were 
quickly cooled from room temperature to 100K, the 
increase in 13 took a few days to reach a maximum, at 
which point the polymer structures were considered to 
obtain thermal equilibrium 5. The time required to reach 
equilibrium is considered to be equivalent to the 
relaxation time of  the polymer structures at low 
temperature. The time-dependent volume change 
(volume relaxation) for PE 14 has shown relaxation 

* To w h o m  cor respondence  should  be addressed  

times longer than 100h to reach an equilibrium, when 
the sample was quenched from room temperature to 
240K. These experimental results suggested that the 
internal polymer structures may take a very long time to 
attain thermal equilibrium. 

In this report, the radiation effects on PPs due to both 
positrons and 'y-rays were investigated by the PAL 
method. Positrons emitted from positron sources play 
a role as probes for studying polymer structures and, at 
the same time, serve as radiation to induce radiation 
effects in samples. 

Experimental 

The PA experiments were conducted using a 
conventional fast-fast coincidence system having a time 
resolution of 270ps full width at half maximum 
(FWHM).  The details have been presented elsewhere l°. 

Isotactic PP slabs (2 m m  thick) were cut into pieces to 
an area of  10 x 20mm2: it has a crystallinity of  55%, 
which was determined by X-ray measurements, density 
0.91 g cm -3, a glass transition temperature (Tg) around 
273K, and melting point (Tm) around 433K. The 
samples were kindly supplied by Mitsui Petrochemical 
Industries Ltd. 

Positron sources were prepared by depositing ca 
1MBq on a 10 x 10ram 2 area. After drying, the foil 
was covered with the same size of  foil; the edge was then 
glued with epoxy resin. For  PA experiments, the positron 
source was sandwiched between two pieces of  PP sample. 
Each PA spectrum was automatically saved every hour, 
resulting in 2 million events being collected in each 
spectrum. 
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Figure I N o r m a l i z e d  i n t e n s i t y  o f  13 v s  t i m e  f o r  p o l y p r o p y l e n e .  T h e  

data were normalized to the first 1-h data, which were taken at 300 K. 
The samples were kept for 48 h at 190 260 K and 93 h at 100 K. Since it 
took 40rain for samples to be cooled to 100K, the second data set 
includes the temperature transient effect from 300K to the target 
temperature 

The PA spectra were analysed using Positronfit 
Extended ~5. In polymers, three lifetime components are 
commonly observed. For  PP and PE, four components 
can be deduced with good statisticsll: two long-lived 
components  (lifetime T; 1 3 ns) originate from ortho-Ps, 
the shortest one (7-; 0.1-0.2ns) from para-Ps and the 
intermediate one (7-; ~0.4 ns) from the free positrons, In 
this experiment, each spectrum had two million events 
and the statistics were not good enough to deduce the 
four components reliably. Especially at low temperature, 
the difference between lifetimes of the two long-lived 
components  was so small that the four component  
analysis became difficult. Hence all spectra were analysed 
with three components: only the longest lifetime 
component  (I3) was related to ortho-Ps. 

In order to study the effect of  7-ray irradiation, the 
samples were sealed in glass tubes under vacuum and 
irradiated at room temperature at the 6°Co2,-ray 
irradiation facility, Japan Atomic Energy Research 
Institute (JAERI).  

Results and discussion 
Tempgrature dependence on positronium Jorma- 

tion. Figure 1 shows I3 for seven different tempera- 
tures: for 100 K, the sample temperatures were restored 
to 300 K after 93 h; for the other low-temperature cases, 
it was after 48 h. The results indicate the following: (1) 
the lower the sample was cooled, the more I3 increased; 
(2) as soon as the temperature was restored to 300 K, 13 
reached the same value as that of  samples irradiated at 
300 K; (3) as shown before by Walender and Maurer  8, I3 
decreased with the irradiation time at around room 
temperature. 

The increase in 13 at low temperature has been 
demonstrated in polyethylenes 5'6 and in paraffins 16, 
which is explained in the references as follows: (1) the 
local hindered rotational motions of  side and end groups 
are frozen; (2) under the frozen structure, both electron 
mobility and electron density distribution increase in the 
lattice and decrease in the holes, resulting in the increase 
in I3; (3) in polyethylene, because of the different thermal 
expansion coefficient in the amorphous  and crystalline 
region, stress is induced, resulting in additional inter- 
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F i g u r e  2 R a d i a t i o n  e f f e c t s  o n  t h e  i n c r e a s e  i n  13 a t  1 0 0  K .  T h e  s a m p l e s  

were irradiated by 6°Co y-rays 

molecular-space holes; (4) the preexisting holes blocked 
by local molecular motions are accessible due to the loss 
of  screening effect under the freezing of the local thermal 
motions of  polymer structures and short branches. 

In polymers like PE and PP, Ps formation is expected 
to increase in proportion to the numbers of  inter- 
molecular space holes in which Ps can be trapped, since 
these sample do not have any chemical groups with 
strong electron affinities in the chemical structures. If  
there are chemical groups in the polymer structures such 
as carbonyls, Ps formation is strongly reduced, especially 
at low temperature. This was demonstrated by the 
thermal oxidation experiment of  PE: carbonyl groups 
were formed in samples to inhibit Ps formation through 
trapping the precursors (e + and/or e - )  of  Ps 13. If  there is 
no effect due to the local thermal motions of  polymer 
structures, I3 should decrease in these samples with 
decreasing temperature, because the intermolecular 
space holes become small and Ps cannot be trapped 
any more in the small holes, i.e. the decrease in the 
number of  holes for Ps. However, many experiments l l-  13 
have shown an increase in I3 at low temperature and 
hence the structure effect caused by decreasing temp- 
erature was considered to be significant. 

In order to investigate what kind of  thermal motion is 
involved, the "7-relaxation temperature at 200 K for PE 
observed by PA is important: it is equivalent to that of 
dielectric relaxation of  local thermal motions of  PE for 
a low frequency around 1 Hz or less 17. I f  dipole moments 
have a motion in polymer structures, Ps formation is 
expected to be reduced, and hence I3 is expected to 
increase following dielectric relaxation. Since no electric 
field was applied from outside during the PA measure- 
ments, the relaxation related to the Ps formation is 
considered to be that of  low frequency. 

Positron annihilation in ?-ray irradiated samples. PAL 
measurements of  PP samples irradiated by -),-rays of  6°Co 
were conducted in a vacuum at 100K for 24h; the time 
variation of I3 is shown in Figure 2. The samples were 
cooled from room temperature to 100K within 40rain, 
and, thus, the first hour data show I3 during the 
temperature variation from room temperature to 100K. 
Although a sharp increase in I3 was observed for 
unirradiated samples, the increase became smaller in 
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Figure 3 Positron irradiation effects on polypropylene irradiated by 
6°Co 3-rays. The increase in I3 for the unirradiated samples is shown for 
a comparison with that of the irradiated one for the first temperature 
region. At the second cooling at 100K after 48h, an increase in 13 
appeared, again due to positron irradiation 

those samples irradiated with a larger dose; it was almost 
negligible for 1 MGy irradiated samples. Since the increase 
has been explained in terms of the termination of local 
thermal motions of polymer structures or short branches 
along rigid polymer structures, the negligible increase 
observed at higher irradiation may suggest the loss of  rigid 
polymer structures due to radiation induced scissions. 
Hence, it is considered that, in the 7-irradiated samples, 
short polymer structures can attain equilibrium quickly 
due to the loss of  the stiffness of the polymer structures. 

Restructuring effect on 7-ray irradiated samples. Figure 3 
shows both the position and 'y-ray irradiation effects in 
the following three temperature regions for a 7-ray 
irradiated sample: (1) 0-24  h, 100 K; (2) 25-48 h, 300 K; 
(3) 49 100h, 100K. Although I3 for an unirradiated 
sample increased sharply in the first region, I3 for the 
1 M G y  irradiated sample with -y-rays showed a negligible 
increase, and was almost constant for 24 h. In the second 
region, I3 became smaller than that in the first region and 
the value at 25 h was almost the same as that obtained 
after 25 h of  positron irradiation at room temperature, 
which is consistent with the results of  Figure 1. 

The increase in I3 can be fitted by the equation 
1 - exp( - t / T ) ,  where t is the positron irradiation time 
in hours and T a constant, which may be equivalent to 
the relaxation time related to the thermal motions of  the 
local polymer structures. As soon as samples are cooled 
from 300 to 100 K, polymer structures are considered to 
relocate the three-dimensional configuration in order to 
obtain thermal equilibrium with the relaxation time (T). 
T may indicate the characters of  stiffness for relocation 
of  the main structures and branches, where Ps is trapped. 

For  the unirradiated case, two Ts, T] = 3h (fast 
component)  and T 2 -  20h (slow component) ,  were 
obtained, as expected, from the graph. If  there are 
a sufficient number of  events to fit the PAL spectra with 
four components,  two long-lived components  can be 
found in the case of  PP: one is due to Ps formed in 
the crystalline region; the other is due to that in the 
amorphous  region. In our case total events were 
insufficient to deduce four components  as stated in the 
Experimental section. In the previous study jl, the time 

variation of the longest lifetime component  (Ps in the 
amorphous  region) was obtained with sufficient statis- 
tics, which showed a relaxation time of about  20 h. 
Hence, the T2 shown above for an unirradiated sample is 
considered to be equivalent to the relaxation time in the 
amorphous  region and T 1 in the crystalline region. 

In the third region, a gradual increase in 13 was 
observed for the 1 MGyT- ray  irradiated samples. The 
relaxation time obtained for the increase was determined 
to be 28 h, and no fast relaxation time was obtained. 
Hence, the relaxation time indicates that Ps was formed 
in a structure similar to the amorphous  region, which 
had not been observed at the beginning of the experiment 
for the 'y-ray irradiated samples. This can be explained as 
follows: as soon as the samples were warmed to 300 K in 
the second region, radicals created and frozen at 100 K 
in the first region could move freely, resulting in 
cross-linkings of  broken chains. 

Conclusions 

Positron annihilation has been applied to the relax- 
ational behaviour of  PP at low temperature. Using 
positron sources for positron annihilation experiment, 
positron irradiation effects on q-ray irradiated PP have 
been studied through relaxational behaviour. 

The increase was fitted with two components of  the 
relaxation time; the slow component  was considered to 
be related to the amorphous region. Our results suggest 
that the relaxation time of local polymer structures in the 
crystalline regions is shorter than that in the amorphous 
regions. The local thermal motions can thus obtain 
thermal equilibrium quickly in the crystalline region. 

Although the increase in I3 was not observed for the 
1 M G y  7-ray irradiated samples during the first stage of  
cooling at 100K, the increase appeared during the 
second stage of cooling after heating the samples to 
room temperature. From the relaxation time, the 
structure similar to the amorphous  region was consid- 
ered to be reconstructed, suggesting positron-induced 
cross-linkings of  broken polymer structures caused by 
radiation-induced scissions. 
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