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ABSTRACT 
 
Polycarbonate (PC) is an engineering polymer which presents interesting properties such as toughness, light 
weight and transparency.  This material has been used for several important applications including in the 
medical field.  In this particular application, polycarbonate has been exposed frequently to gamma irradiation 
and to chemical environment that can be able to product significant changes in polymer structure that may lead 
to future catastrophic fail and rupture. Polymer structural damages induced by gamma irradiation or chemical 
attack (environment stress cracking) have been studied by several research groups for many years and for many 
solvent-polymer systems, but few reporters present informations about the simultaneous occurrence of these 
effects.  This present work has the goal to understand the diffusion process of methanol in polycarbonate and to 
determinate the diffusion parameters on polymer system under 100 kGy of gamma irradiation. Swelling 
experiments were performed at the samples of polycarbonate divided in two groups: PC-0 (without dose) and 
PC-100 (with 100 kGy of dose). Diffusion parameters (D) may be measured by slope of the sorption curve for 
polymers with Fickian behavior. A comparison of the D parameters was made for each set of sample. There were 
no significant differences on D values of sample groups observed due to the radiation effects. However, stress-
strain curves obtained show that methanol has great influence on mechanical behavior of PC but the radiation 
dose don’t have significant influence on this mechanical behavior. 
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1. INTRODUCTION 
 
The use of polymeric materials has been growing increasingly due to human needs and 
consumer welfare. Thus, research in the area of plastics has prominent position with regard to 
technological innovation, with the support of the industries that are interested in producing 
materials of high consumption and accessibility to the population. 
 
In particular, polymers used in the medical field, often while in service, are exposed to the 
chemical environment that can produce several changes in their physical and chemical 
properties. These changes may include increasing in material weight (if the polymer absorbs 
the chemical), decreasing of molecular weight (if the plastic is degraded by chemical), 
dissolution (if the chemical is a good solvent), or other changes such as variation in opacity 
or color of the material. In applications where plastics are under stress, they also experience 
the phenomenon of environmental stress cracking (ESC), whose degradation mechanism can 
dramatically reduce the lifetime of the material [1, 2]. This phenomenon is defined as the 
microfibrillation (crazing), starting the engine for subsequent cracking, that can occur by the 
combined action of an stress- either external stress (when the material is in use) or internal 
(residual stress)- with the exposure to chemical environment, see Figure 1. The potential of 
ESC is very relevant to medical plastics used as artifacts and / or components of medical 
supplies, such as taps, syringes and other, whose applications are submitted to aggressive 
chemical exposure (isopropanol, butanol, ethanol, etc…) that can start a process of ESC, 
compromising its mechanical integrity seriously [2]. 
 
Medical plastics are usually sterilized by ionizing radiation, gamma radiation (60Co) and / or 
electron beams with doses of 25kGy [3]. The two main effects of the interaction of high-
energy radiation to the structure of polymeric material are: 1) crosslinking, three dimensional 
molecular networking with consequent increase of the molecular weight, 2) main chain 
scissions, with consequent reduction in molecular weight of the polymer. These effects 
usually occur simultaneously and the predominance of one over the other depends primarily 
on the chemical structure of polymer and the conditions of irradiation. Significant changes 
occur in the physical properties of the polymer, depending on the degree of each effect that 
may compromise the use of the material for medical purposes. 
 
 

 
Figure 1: Fracture surfaces of samples in a 2 mm/min stress-strain tests - a) 0 

kGy of dose with methanol; b) 100 kGy of dose with methanol. 
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Polymer structural damages induced by gamma irradiation or chemical attack (environment 
stress cracking) have been studied by several research groups for many years and for many 
solvent-polymer systems, but few reporters [4] present informations about the simultaneous 
occurrence of these effects. Diffusion process of chemicals plays important role on ESC in 
polymers, thus, this present work has the goal to understand the diffusion process of 
methanol in polycarbonate and to determinate the diffusion parameters on polymer system 
under 100 kGy of gamma irradiation. 
 
 
 

2. EXPERIMENTAL 
 

2.1. Samples 
 
Here, PC Durolon, supplied by Unigel Plásticos S.A, was used in standard formulation 
(another formulation containing radio-stabilizers is on test and will be showed in further 
work) containing only processing additives. The diffusion data were obtained in PC without 
any gamma dose (PC-0) and in PC irradiated with 100 kGy (PC-100) in a Co-60 irradiator. 
 
 
2.2 Diffusion Parameter 
 
Swelling experiments were performed at six samples of polycarbonate divided in two groups, 
PC-0 and PC-100. Each specimen was placed in a beaker with about 20 mL of distilled 
methanol at 21°C approximately. Each sample (Izod) was cut and divided into two parts of 
approximately same sizes (Fig. 2). When taken from beaker, samples were dried with paper 
towels and the weight was rapidly measured using a 0.01 mg accurate balance. Sorption 
graphics of samples can provide the diffusion  parameters of surface-active liquid in the PC 
using equations, such as Fick's 2nd law of the diffusion [4]: 
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where ‘Cd’ is the concentration of the diffusing substance and ‘t’ is the time. A solution to the 
above equation for diffusion in a plane sheet with surfaces maintained at a constant 
concentration is given by Crank [5] as 
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where ‘L’ is the thickness of the sheet, ‘Mt’ and ‘M∞’ are the masses of the penetrant sorbed 
at times ‘t’ and ‘∞’ (time taken at the final stage of sorption equilibrium). The ratio (Mt/M∞) 
in Equation 4 can be expressed as [4] 
 

		� � = 	!" −!�� 	!� −!��⁄⁄                                                (3) 
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where ‘Wd’ is the weight of the dry sample ‘Ws’ is the weight of the sample which has been 
soaked for a time ‘t’ and ‘W∞’ is the weight of the sample in the final stages of sorption. The 
ratio (Mt/M∞) is evaluated according to the above equation with the measured values of Ws, 
Wd and W∞. A widely used approximation is that at short time, the amount of substance 
diffused is proportional to √t which is called as square-root-of-time law [6] or Stefan’s 
approximation [4] which is given as 
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A plot of Mt/M∞ versus square root of sorption time (√t) is generally termed as ‘sorption 
curve’ and D is calculated from the slope of the initial linear portion of this curve [4, 7]. The 
Fickian type of diffusion is characterized by the rate of diffusion to be much less than that of 
the polymer segmental relaxation due to mechanical, structural etc., modes of penetrant-
polymer system interaction [4]. 
 
 
2.3 Tensile Strength 
 
 
Stress-strain curves were obtained at EMIC DL1000 machine, using a crosshead speed of 20 
mm/min in two environments: air and methanol. The application of methanol was made in 
initial moment of the test, wetting the sample continuously with a tissue paper in the neck of 
sample. 

 
 

3. RESULTS AND DISCUSSION  
 
 
Effects of main chain scissions are more predominant in Durolon PC when gamma- irradiated 
[8] and molecular degradation take place with formation of phenyl and phenoxy radicals [8, 
9]. The phenyl radicals decay rapidly in reactions with processing stabilizers present into 
polymer system, whereas the phenoxy radicals decay slowly and are trapped into polymer 
matrix. Trapped phenoxy radicals are long-lived and absorb light in the visible region, 
causing yellowish to polymer material [8]. 
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Figure 2:  Samples (A) immediately after gamma-irradiation and (B) one week after 
gamma irradiation. 

 
 
Using the linear region on the “sorption curve” Fig. 3, and Equation 4 the D values calculated 
to PC-0 and PC-100 were respectively 7,5 x 10-14 m2/s and 7,9 x 10-14 m2/s and it can be 
concluded that there are no significant differences between these diffusion parameters. By 
inspection of Figure 3, may observe that the points, including their deviations, are so much 
closer to each other, indicating that there were no significant differences of Fickian diffusion 
in PC Durolon without and with gamma irradiation. These results differ from those found by 
Ramani at al. [4], which in their work showed that PC Lexan undergoes significant changes in 
sorption of methanol comparing the sample with and without gamma irradiation. This shows 
that polymers with the same chemical structure and irradiated under similar conditions, may 
present different effects when irradiated. It suggests that other features, such as crystallinity, 
additives, processing, etc., can influence the radiation-induced effects [8]. 
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Figure 3:  Methanol sorption curve of PC-0 and PC-100, showing that there are no 
significant changes on diffusion behavior when Durolon PC was gamma-irradiated. 

 
 

 
 

Despite there were no significant differences between the diffusion parameters of methanol in 
PC influenced by the dose. Figure 4 shows tensile curves in PC-0 in air and by the influence 
of methanol. Here, it can be noted that methanol reduces dramatically the elongation of the 
sample from ~72mm to ~20mm became it more brittle on plastic region. This result suggests 
that methanol and stress combined (typical ESC factor) can modify the mechanical behavior 
of the polymer.  
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Figure 4:  Mechanical behavior of PC-0 in air and with influence of methanol. 

 
Figure 5 shows the tensile curves in PC-100 in air and by the influence of methanol. 
Comparing Fig. 4 with Fig. 5, it can be concluded that there were no significant changes in 
mechanical behavior on PC-0 and PC-100 curves. These results are according to Araújo et al. 
[8]. It was observed that only the chemical contributed to changes in mechanical behavior on 
Durolon PC, and the gamma dose didn´t cause significant changes in these properties. These 
results indicate that PC has great resistance to gamma radiation at 100 kGy but has poor 
resistance to methanol as ESC agent. 
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Figure 5:  Mechanical behavior of PC-100 in air and with influence of methanol. 

 
 
 

4. CONCLUSIONS  
 
 
Durolon PC presents Fickian diffusion behavior. Gamma irradiation into Durolon PC has no 
significant influence in the methanol diffusion parameter, as well as on mechanical 
properties. However, the methanol agent showed strong influence on plastic region of PC 
characterized by reduction of elongation. These results show that methanol as ESC agent has 
more influence on mechanical behavior of Durolon PC than gamma irradiation. 
Mechanically, Durolon PC has good resistance to gamma irradiation at 100 kGy dose but 
poor resistance to methanol, indicating that the methanol is a strong ESC agent on Durolon 
PC.  
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