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Abstract PP sheets and films were irradiated with y-ray and with high energy electron beam. The 
mechanical degradation, decay of peroxy radical and the variation of molecular weight with storage time 
were measured. The variation of molecular weight corresponded to mechanical degradation. The 
molecular weight of sheet sample at which elongation falls to zero was much higher than that of film sample. 
The relation between mechanical degradation and sample thickness was discussed. 

INTRODUCTION 
Polypropylene (PP) is extensively used in disposable medical equipment, but is severely degraded by 

the sterilization dose ( normally 25 kGy). Degradation occurs not only during irradiation but also during 
the subsequent storage of irradiated articles. The post-irradiation degradation depends on the shape of 
polypropylene, a kind of additive, irradiation condition and radiation source. 

Dunn T. S. ( 1979 ) reported that the variation of radical concentration corresponded to mechanical 
degradation after irradiation of PP. In the previous paper, it has reported that the mechanical degradation 
of PP film during storage after irradiation corresponds to the increase of carbonyl group (M.imai et al. 1989 
). Tabei M. (1984 ) reported that PP surgical suture irradiated with y-ray degraded during and after 
irradiation more than that irradiated with electron beam. Yoshii F. ( 1986 ) measured the depth of 
oxidation layer of irradiated PP sheets and reported that the oxidation occurs near the surface area. Babic 
D. (1983) reported that molecular weight of irradiated PP decreased with dose and storage time but he did 
not measure the mechanical degradation. 

To elucidate the mechanism of degradation of polypropylene after irradiation, the investigation about the 
relations among mechanical degradation, peroxy radical decay and variation of molecular weight performed 
using PP sheet and film. 

EXPERIMENTAL 
PP pellets with and without additives ( PPa),( PPO), oriented PP film ( OPP) and casted one ( CPP ) 

were used. CPP included 0.3 % ethylene component. PPa include 0.05 w% of Irgafos 168, 0.05 w% 
of Sumilizer GA-80, 0.20 w% of DMTP, 0.20 w% of calcium stearate and 0.1 w% of Chimassorb 944 LD ( 
HALS). Both OPP and CPP included only 0.1 % butyl hydroxy toluene (BHT) and had a thickness of 
25 (xm. These materials were supplied from TOKUYMA Corporation. The pellets are moulded to the 
sheet by mixing extruder ( CSI-Max Extruder Model CS-194 ). Then the sheets were pressed to even 
thickness of 0.5 mm at 180 °C. The sheets were immediately cooled in ice water. The crystallinities 
of PPO, PPa, OPP and CPP were 56, 56, 61 and 28 respectively. 

These four samples were irradiated in air with 60Co y-ray with a dose rate of 10.7 kGy/h to a dose of 25 
kGy and were also irradiated in air with high energy electron beam (HEEB ) with accelerating voltage of 5 
MV and beam current of 10 mA to a dose of 25 kGy. The samples for ESR measurement were stored 
at -78 °C till the first measuring time. OPP and CPP were also irradiated with low energy electron beam ( 
LEEB ) with acceralation voltage of 200 kV and beam current of 5.0 mA to a dose of 25 kGy. After 
irradiations, samples were stored at 25 °C in air in a dark box. 

The samples were cut out to Dumb bell shaped pieces with the size of 40 cm ( elongation direction ) and 
5 mm (width). Tensile strength and elongation of the cut samples were measured 1 day after irradiation, 
and 1 week, 1, 3 and 6 months after irradiation by using Shimadzu Autograph AG-100 with elongation speed 
of 100 mm/min. 

The variation of radical concentration was also measured by electron spin resonance ( ESR ) 
spectrometer ( JEOL RE-2X was used ). As relative radical concentration, the peak height of the 
spectrum of peroxy radical to that of Mn2+ was used. 
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The molecular weight and molecular weight distribution were measured by Gel Permeation 
Chromatography ( Waters 150C was used ) at 135 °C. The flow rate of solvent ODCB was 1.0 ml/min 
and the amount of injected sample was 400 n.ml. As the standard polymer, 6 narrow standard polystyrenes 
were used. 

RESULTS 
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Fig. 1. Variation of tensile strength of PP0 and PPa with 
storage time:(O)PP0 with HEEB;(«)PPa with HEEB; 
(D)PP0 with Y-ray;(B)PPa with v-ray;(A)PP0 unirradiated; 
(A)PPa unirradiated 
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Fig. 3. Variation of tensile strength of OPP and 
CPP with storage time:(0)OPP with HEEB; 
(•)CPP with HEEB;(D)OPP with Y-ray;(B)CPP 
with Y-ray ;(O)0PP with LEEB;(4)CPP with LEEB; 
(A)OPP unirradiated;(A)CPP unirradiated 
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Fig. 2. Variation of elongation at break of PP0 
and PPa with storage time:Symbo!s as Fig.1 
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Fig. 4. Variation of elongation at break of OPP and 
CPP with storage time: Symbols as Fig.3. 

Figures 1 and 2 show the variations of tensile strength and elongation at break of irradiated PP0 and 
PPa with storage time. Figures 3 and 4 show the variation of tensile strength and elongation at break of 
OPP and CPP with storage time. The tensile strength and elongation of PP0 decrease with storage time 
more rapidly than those of PPa. The tensile strength and elongation of PP0 and PPa irradiated with Y-
ray decrease more severely than those with HEEB. The tensile strength and elongation of OPP decrease 
with storage time more rapidly than those of CPP. There are no remarkable difference among Y-ray, 
HEEB and LEEB in the case of OPP and CPP. The tensile strength and-elongation of sheet samples 
decrease more than those of film samples remarkably. 

Figure 5 shows the ESR spectrum of Y-irradiated OPP. The spectra of other samples were almost the 
same. Figure 5 indicates that 1 h after irradiation, there remain alkyl type radical or some other radical, 
but about 1 week after irradiation, only peroxy radical remains and it decays with storage time. 
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Fig. 5. ESR spectra of v-irradiated OPP:(A)1 h after irradiation;(B) 1 day after irradiation;(C) 1 week after 
irradiation;(C) 4 months after irradiation;(Mn) signal of Mn2+ 
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Fig 6 Variation of relative radical concentration Fig. 7. Variation of relative radical concentration in OPP 
in PPO and PPa irradiated with HEEB with and CPP with storage time:(0)OPP with HEEB; (•JCPP 
storage time:(O)PP0;(«)PPa with HEEB;(D)OPP with Y-ray;(B)CPP with Y-ray 

Log M 

Fig. 8. Molecular weight distribution curves of PPO : (A)unirradiated; (B)1 day; (C)1 month; (D)3 months; 
(E)6 months 
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Figures 6 and 7 show the variations of the relative radical concentration in PP sheet and in PP film with 
storage time. The radical decays more rapidly in PPO than in PPa and more in CPP than in OPP. 
Figure 8 show the variations of the molecular weight distributions with storage time of the sample of PPO 
irradiated with HEEB as the representation of 4 samples. 
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Fig. 9. Variation of weight averaged molecular weight Fig.10. Variation of weight averaged molecular weight 
(Mw) of PPO and PPa with storage time : (Mw) of OPP and CPP with storage time: 

(O)PP0 irradiated with HEEB; («)PPa with HEEB; (O)OPP irradiated with HEEB; (•JCPP with HEEB; 
(D)PP0 with Y-ray; (B)PPa with y-ray (D)OPP with y-ray; (B)CPP with y-ray 

Figures 9 and 10 show the variations of the weight averaged molecular weights ( Mw) with storage 
time of the samples of sheets and films respectively including the data irradiated with y-ray. 

The molecular weight of each sample decreases with storage time and the decreasing patterns 
correspond to mechanical degradation as shown in Figures 1 through 4. 

DISCUSSION 
The oxidation reaction during and after irradiation are summarized by some workers ( Kagiya T. et al., 

1985, Becker R. F. et al. 1988 and Falicki S. et al„ 1994) as shown in the following equations. 
RH 
H • + 
R • + 
ROO-
2ROO-
ROOH 
ROOH 

-AAA-* R« + H • 
RH -» R- + H2 

0 2 - * ROO • 
+ RH -> ROOH + R-

- * ROOR + 0 2 or others 
- * RlCHO + R2 • + -OH 
— R1(C=0)R2 + • OH + • H 

(D 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 

In these equations, RH means PP. 
In PPO, peroxy radical decays very rapidly, but in PPa, the radical remains at higher concentration for a 

long time as shown in Figure 6. This phenomena in PPa is thought to be due to one of the additives. 
One of the stabilizers in PPa is thought to react with peroxy radical of PP chain and change to another type 
of peroxy radical which cannot react with PP chain but can be observed by ESR. By this reason, PPa is 
excluded in the discussions below. 

The radical decays more rapidly in CPP than in OPP as shown in Figure 7. The difference is thought 
to be due to the difference of the crystallinity shown in the Table. In the amorphous region, polymer 
chains are thought to be able to move rapidly and radicals on the chains can meet frequently and be 
terminated by recombination reaction as shown in the equation (5). Therefore, the radical decays more 
rapidly in CPP ( low crystallinity ) than in OPP ( high crystallinity ). It is also conceivable that the 
difference is due to the difference of crystal size or crystal structure. But, there are no data about the 
crystal size or the crystal structure of the samples to be argued. The radical decays more rapidly in 
PPO than in PP films ( OPP and CPP ) as shown in Figures 6 and 7. But it is difficult to discuss the 
difference because not only method of moulding but also the thickness of the sample is different. 

In the above equations, the value of the concentration of peroxy radical means the ability to induce 
degradation reaction at measured time in the sample by producing ROOH as expressed by equation (4) and 
induce chain scission as expressed by equation (6). The fact that the peroxy radical in OPP remains at 
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higher concentration than in CPP as shown in Figure 7, corresponds to the fact that the decreses of tensile 
strength and elongation of OPP is more rapid than those of CPP as shown in Figures 3 and 4. The 
patterns of radical decay in OPP and CPP also correspond to the decreasing patterns of weight averaged 
molecular weights as shown in Figure 10. The difference between OPP and CPP may be explained by 
the difference of morphology (Nishimoto et al., 1991 ),but there are no data about the morphology of these 
samples. In PPO, the concentration of peroxy radical becomes lower and leveled off at 2 months after 
irradiation as shown in Figure 6, the decrease of molecular weight of PPO continues at that time as shown in 
Figures 8 and 9. This indicates that even small amount of peroxy radical is effective for chain scission 
or that the reactions expressed by equations (6) and (7) are remarkably slow. 

The decreasing patterns of weight averaged molecular weights as shown in Figures 9 and 10 
correspond to mechanical degradations shown in Figures 1 through 4. But the value of Mw at which the 
elongation falls to almost zero of the sheet samples is higher (about 90,000) than that (less than 30,000) 
of film samples. These differences between PP sheet and PP film are thought to depend on the 
difference of the thickness. In the films with a thickness of 25 \im, oxygen molecules can be supplied 
sufficiently to the inner part of the film even in the case of HEEB irradiation with high dose rate and there 
are no severe differences in oxidation degradation between surface area and inner part. Therefore, there 
is no strain in the film samples. On the other hand, in the sheet samples with a thickness of 500 jim, most 
of the oxygen molecules entered into the sample are consumed in the region near the surface and cannot 
enter into the inner part of the sheet and make oxidation layer even after irradiation as reported by Yoshii 
(1985). The oxidation layer is thought to make strain in the sheet, by which the sheet becomes easily 
breakable when tensile test is performed. As the result, the mechanical degradation of sheet samples are 
remarkably severe as shown in Figures 1 and 2. When irradiated with y-ray, the dose rate is low and 
irradiation time is long, then oxygen molecule is supplied more sufficiently during irradiation time than in the 
case of irradiated with HEEB. Then the oxidation layer grow up more in the case of y-ray than HEEB. 
Therefore, Tensile strength and elongation of the sheet samples decrease more rapidly than those of film 
samples and decrease more rapidly when irradiated with y-ray than with HEEB as shown in Figures 1 and 2. 

CONCLUSIONS 
1. The mechanical degradations of sheet samples were more remarkable than those of film samples. 
2. Radical decays in film samples corresponded to mechanical degradations and the decreases of 
molecular weight. 
3. The variation of molecular weight corresponds to the mechanical degradation in all samples. 
4. The value of the weight averaged molecular weight (Mw) at which elongation falls to zero was higher in 
the case of sheet samples than film samples. 
5. The mechanical degradation depends not only on the decrease of molecular weight but severely on the 
sample thickness. 
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