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ABSTRACT 

 
Polycabonate (PC) is an engineering plastic widely used in several industrial segments. However, in medical 

applications, this material is required to be sterilized by ionizing radiation in doses of 25kGy. PC, when gamma 
irradiated, undergoes main chain scissions with consequent formation of phenoxy and phenyl radicals. The 

former remains trapped into the polymer matrix causing undesirable yellowness on material at room 

temperature. A strategy to minimize such effect is to incorporate additives into the polymer system enabling 

efficient phenoxy radicals and secondary electrons scavenging. Our results show that, in absorbed dose of 

25kGy, change in yellowness index (∆YI) decreases from 15.6 to 3.9 for PC containing 0.8% of additives. The 

color differences (∆E*) between the non-irradiated sample and that irradiated at 25kGy were 2.4 and 9.8, for PC 

with additive and PC control, respectively. Mechanical properties of gamma-irradiated PC were also evaluated 

and showed no significant change, even without stabilizing additives. Thus, this work establishes a new PC 
formulation stable to gamma irradiation at sterilizing absorbed doses. 

 

 

1. INTRODUCTION 

 

Polycarbonate (PC) is a one of the most popular engineering thermoplastics used in medical 

devices, due to an unusual combination of properties such as strength, rigidity, toughness, and 

glasslike clarity. The latter is a critical characteristic for clinical and diagnostic settings in 

which visibility of tissues, blood, and other fluids is required. In the medical market, the 

ionizing radiation (gamma irradiation and electron-beam) is the standard sterilization method 

employed since the 1960s. Medical supplies are exposed to high-energy radiation at absorbed 

doses of ~25kGy [1]. However, exposure of polymers to high-energy radiation may promote 

different types of reactions. In general, the main radiolytic effects on polymers leading to 

chemical bonding between polymer chains (crosslinking) and/or breaking of bonds on 
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backbone (main chain scissions) which generally leading to polymeric degradation [1, 2]. 

Both effects coexist and one predominates over the other depending on the molecular 

structure and irradiation conditions. Radiolytic stabilization of polymers may be reached by 

modification of molecular structure through chemical reactions with radiation-resistant 

groups forming copolymer and graft polymer structures or by incorporation additives into the 

polymer system. The latter is the most widely used method for enhancing the radiation 

resistance of polymer materials [1]. Additives may promote radiolytic stabilization of 

polymers through two primary mechanisms: a) scavenging of excited-state energy 

(quenching), and b) scavenging of paramagnetic species (free radicals, secondary electrons). 

Also, the incorporation of additives, plasticizing type, that act as „mobilizers‟ on polymer 

chains have been studied on Polypropylene (PP) radio-stabilization with success [3]. 

Mobilizers increase the mobility of macroradicals promoting faster decay, hence oxidation 

reactions are reduced. 

 

In this work we investigated the radiolytic effects on Brazilian PC exposed to gamma 

irradiation. This polymer undergoes predominantly main chain scissions under gamma-

irradiation, leading to formation of stable phenoxy and phenyl radicals at room temperature 

[4, 5]. PC is very resistant to gamma radiation, due to the presence of aromatic groups on its 

backbone. However, phenoxy radicals may remain trapped into polymer matrix for long time, 

causing undesirable yellowness on the material [2]. Here, we show some results of radiolytic 

stabilization on optical properties of PC containing a commercial additive originally designed 

as a plasticizer for applications on polymer processing. This additive exhibited a good 

protection against gamma radiation damages on PC. Mechanical properties of irradiated PC 

were also investigated. No significant changes occurred in tensile, elongation and izod impact 

strength in all dose range, even for PC without the stabilizer investigated. We believed that 

get develop a new radiation-grade polycarbonate stable to ionizing radiation at sterilizing 

doses. 

 

 

2. EXPERIMENTAL 

 

2.1. Samples 

 

Bisphenol-A polycarbonate polymer used in this study was Durolon IR 2200 (392 10I) 

manufactured by Unigel Group – MD & TS, Camaçari/BA (Brazil). Test specimens were 

prepared with an average thickness of 3.2mm and density 1.2 g/cm
3
. Here, we used a 

commercial additive, so-called test additive, in order to determine its action on 

radioprotection of PC. This additive was originally designed as a plasticizer for applications 

on several polymer systems. Specimens were prepared in three formulations: PC-control 

(standard formulation containing processing additives only), PC-T1 (standard formulation 

plus 0.5wt% of test additive), and PC-T2 (standard formulation plus 0.8wt% of test additive). 

 

2.2. Irradiation facilities 

 

The irradiation process was performed in air, at room temperature (~27ºC), using a 
60

Co 

source (Gammacell 220 Excel MDS Nordion) with rate dose of 8.61 kGy/h. The samples 

were gamma irradiated on absorbed doses of 25, 35, 50 and 100kGy. 
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2.3. Color measurements 

 

The color and yellowness index measurements were carried out using a Datacolor 

Spectraflash SF600. The CIE (Commission International De E‟Claire units x, y, and z) 

approach was used in this work for the description of colored samples. The L
*
, a

*
, b

*
 

intercepts used in this system are based on the CIE color triangle. In this system, the L
* 

value 

specifies the dark-white axis, a
*
 the green-red axis, and b

*
 the blue-yellow axis. The L

*
, a

*
, b

*
 

intercepts of non-irradiated PC specimens were measured and taken as a reference, using 

standard reflection illuminant D65. The color difference (∆E
*
) between the non-irradiated 

sample and those irradiated with different doses of radiation gamma was calculated according 

to the CIE-LAB color difference equation [6]: 

 
* * 2 * 2 * 2 1/2[( ) ( ) ( ) ]E L a b .                                              (1) 

 
On the other hand, yellowness index (YI) is the magnitude of yellowness relative to 

magnesium oxide for CIE Source D65. YI is given by equation [7]: 

 

[100(1.28 1.06 )] /CIE CIE CIEYI x z y  ,                                        (2) 

 

where xCIE, yCIE, and zCIE are tristimulus values (CIE Source D65). 

 

2.4. Mechanical properties 

 

The tensile properties were carried out using a Kratos K 2000 MP (2000 kgf; serial number 

6116) on speed of testing at 20 mm/min, and room temperature of ~23 °C. In this experiment 

were used test specimens type I [8] with average thickness of 3.2mm. The Izod impact 

measurements were carried out using a Tinius Olsen 92T, according to ASTM D 256 [9].  

 

 

3. RESULTS AND DISCUSSION 

 

Polycarbonate is stable to gamma radiation at doses up to approximately 100kGy, exhibiting 

resistance to embrittlement or other undesirable alterations of its physical properties. 

However, PC undergoes considerable yellowing after irradiation due to the formation of color 

species in polymer matrix. In this section, we show some results reached in toward to 

radiation-grade national polycarbonate which present stability on optical properties. 

 

3.1. Optical properties 

 

Indeed, the major problem on exposure of PC to gamma irradiation is the radiation-induced 

discoloration. Thus, we investigated the incorporation of several additives in order to prevent 

this radiolytic effect into polymer matrix. Only one additive (plasticizer type), here called 

„test additive‟, showed excellent protection against gamma irradiation.  

 

3.1.1 Yellowness index (YI) 

 

Fig. 1 shows Yellowness Index (YI) as a function of gamma irradiation dose on PC in 

formulations: PC Control (only processing additives), PC T1 (processing additives + test 

additive, at 0.5wt%), and PC T2 (processing additives + test additive, at 0.8wt%). Sharply we 
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observe a strong correlation between YI and absorbed dose for PC Control. High-energy 

radiation absorption by polymer molecules takes place randomly. In particular, carbonyl 

groups absorb part of the energy that migrate through PC backbone. Hence, main chain 

scissions occur with formation of phenoxy and phenyl radicals, according to the mechanism 

below [4, 5]: 

 

1) -PhO-CO-OPh- + γ-rays  →   (-PhO-CO-OPh-)
+
 + e 

2) (-PhO-CO-OPh-)
+
 + e  →  (-PhO-CO-OPh-)

*
 

3) (-PhO-CO-OPh-)
*
  →  PhO· + CO + PhO· 

4) (-PhO-CO-OPh-)
*
  →  PhO· + CO + Ph· 

5) -PhO-CO-OPh- + e  →  (-PhO-CO-OPh-)
-
· 

6) (-PhO-CO-OPh-)
-
·   →  -PhO

-
 + CO2+ Ph· 

7) (-PhO-CO-OPh-)
-
·   →  -PhO

-
 + CO+ PhO· 

 

Here, O-CO-O represents a carbonate group in the polycarbonate repeating unit of -PhO-CO-

OPh- . 

 

Araujo (1991), using Electron Spin Resonance (ESR) and transmittance techniques, showed 

that yellowing observed in gamma-irradiated PC is mainly due to phenoxy radicals. These 

paramagnetic species are stable at room temperature and absorb light on visible spectrum. 

The incorporation of „test additive‟ into polycarbonate standard formulation at 0.5wt% and 

0.8wt% concentration, PC T1 and PC T2, respectively, showed excellent radiolytic protection 

on PC (Fig. 1). This additive acts as scavenger of secondary electron, reducing main chain 

scissions as well as scavenging phenoxy and phenyl radicals.  

 

Changing in yellowness index (∆YI = YIrad – YInon-rad) is another useful optical parameter in 

investigations of ionizing radiation damages on polymer systems. Here, YIrad and YInon-rad 

represent the yellowness index of irradiated and non-irradiated samples, respectively. Fig. 2 

shows change in yellowness index as a function of absorbed dose for PC Control (standard 

formulation) and PC containing „test additive‟ at 0.5wt% (PC T1) and 0.8wt% (PC T2). ∆YI 

decreases from 15.6 to 3.9 when 0.8wt% of test additive is present on PC formulation at 

25kGy sterilizing dose. The protection degree, P(%), that an additive renders on optical 

properties of a polymer system can be express by: 

 

P(%) = (∆YI0 - ∆YIAd)x100/∆YI0                                              (3) 

 

Where ∆YI0 and ∆YIAd are change in yellowness index on irradiated polycarbonate without 

and with radiolytic additive, respectively. Table 1 shows protection degree values for two PC 

formulation containing 0.5wt% and 0.8% of „test additive‟. We observed that the 

incorporation of 0.8wt% of „test additive‟ into polymer matrix promotes a good radiolytic 

stabilization of ~75% at sterilizing dose of 25kGy. This means that only 25% of energy 

transferred to polymer induced yellowing on the material. In addition, note that the test 

additive investigated in this work is very resistance to gamma radiation itself, since that it 

protects PC against irradiation at doses of 50kGy with over 80% of protection at both 

formulations without losing its radio-stabilizing properties. 
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Figure 1. Yellowness Index (YI) versus Absorbed Dose for PC in different formulations. 
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Figure 2. Change in Yellowness Index ∆YI versus Absorbed Dose for PC in different 

formulations. 
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Table 1. Protection degree, P(%), on irradiated PC containing 0.5wt% and 0.8wt% of 

test additive. 

Samples Dose 

(kGy) 

P(%) 

PC T1 

(0.5% Additive) 

25 69.8 

35 69.3 

50 82.9 

PC T2 

(0.8% Additive) 

25 75.1 

35 76.5 

50 81.6 

 

 

 

3.1.2 Color changes 

 

Table 2 shows the color intercepts (L*, a*, and b*) and color intensity ∆E* before and after 

exposure to different doses of gamma irradiation for different PC formulations. The accuracy 

in measuring L* is ± 0.2 and ± 0.1 for a* and b*. Note that in all PC formulations, the 

specimens preserved their whiteness after gamma irradiation in all dose range (25 – 50kGy), 

since L* showed values above 92. However, the color parameter magnitude (a* and b*) were 

changed after gamma irradiation. For PC Control (without test additive) the yellow (+ b*) 

color component changed from 0.74 (non irradiated specimens) to 17.85 (dose = 50kGy). 

This increase in color yellow is attributed to the trapping of free radicals, mainly phenoxy 

radicals, which are formed by radiolysis of the polymer matrix. The incorporation of the „test 

additive‟ into polycarbonate matrix clearly reduces the color intensity (∆E*) of gamma-

irradiated polycarbonate (PC T1 and PC T2). The color difference ∆E* = 9.8 (PC Control) 

decreases to 2.4 (PC T2, at 0.8wt% additive), at sterilizing dose of 25kGy.  

 

 

 

Table 2; The color intercepts (L*, a*, and b*) and color intensity ∆E* of PC Samples as 

a function of gamma-irradiation absorbed dose. 

Samples Dose 

(kGy) 

Color Intercepts 
∆E* 

L* a* b* 

PC Control 

0 94.61 -0.08 0.74 0.00 

25 93.13 -2.51 10.13 9.81 

35 92.67 -0.33 13.40 12.81 

50 91.72 -4.2 17.85 17.83 

PC T1 

(0.5% Additive) 

0 93.68 -0.14 1.99 0.00 

25 93.79 -0.98 5.09 3.21 

35 93.35 -1.01 5.72 3.84 

50 93.20 -0.88 5.22 3.35 

PC T2 

(0.8% Additive) 

0 93.65 -0.16 1.82 0.00 

25 93.88 -0.82 4.14 2.42 

35 93.76 -0.85 4.65 2.91 

50 93.48 -0.84 4.79 3.05 
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3.2. Mechanical properties 

 

Polycarbonate is a thermoplastic very resistant against ionizing radiation, due to the presence 

of aromatic rings in its backbone, which promote protection up to four backbone aliphatic 

carbon. However, PC exposure to high energy radiation provokes main chain scissions with 

consequent yellowness and loss of molar mass [4]. In spite of those effects, radiolysis of PC 

does not change significantly its mechanical properties. Figs. 3, 4, and 5 show tensile, 

elongation and izod impact strength, respectively, as a function of absorbed dose. It can be 

seen that PC Control specimens, that does not contain any radiolytic stabilizer, remained with 

its mechanical properties unchanged after gamma irradiation in the dose range of 0 – 

100kGy. The incorporation of the „test additive‟ into standard PC formulation did not change 

its mechanical features as well. In addition, it is possible to notice a small decrease in the  

average value of the tensile and elongation (at break) strength for PC with 0.5wt% of test 

additive (PC T1) at 100kGy dose (Figs. 3 and 4). 
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Figure 3. Tensile strength at break versus absorbed dose for PC different formulations. 
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Figure 4. Elongation at break versus absorbed dose for PC with different formulations. 
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Figure 5. Izod impact strength at break versus absorbed dose for PC different 

formulations. 

 

 

 

3. CONCLUSIONS  

 

Gamma irradiation of polycarbonate led to main chain scissions followed by yellowness as 

main results. The incorporation of a test additive into polymer system promoted radiolytic 

stabilization of optical properties of PC. Change in Yellowness index, ∆YI, decreased from 

15.6 to 3.9 when 0.8wt% of test additive was present on PC formulation at 25kGy sterilizing 
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dose, which represent a radioprotection of ~75% on these properties. The test additive seems 

to be very resistant to ionizing irradiation, since it protected PC in dose of 50kGy with 

protection degree of ~80%. Color changes were observed in irradiated PC, however, the color 

intensity ∆E* = 9.8 (in PC Control) decreased to 2.4 with the incorporation of 0.8wt% of test 

additive, at sterilizing dose of 25kGy. Mechanical properties of polycarbonate did not change 

after gamma irradiation at dose range of 25 – 100kGy, even in PC samples without any 

radiolytic stabilizer. Thus, our work allowed the development of a new national radiation-

grade polycarbonate. 
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