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Abstract 

Polymethyl methacrylate (PMMA) is a transparent thermoplastic with excellent optical properties, 

transparent surface, low moisture absorption, tensile and electrical resistance. In this study, the alloy 

prepared through PMMA and cycloolefin copolymer (COC) due to some similar properties. The 

mechanical test showed that properties such as impact resistance, elongation, tensile, and flexural 

strength decreased by adding COC up to 20% due to less incompatibility and miscibility, but 

mentioned properties improved by adding COC 40% due to sub-phase generation. The DSC and 

DMTA tests showed improvement in the thermal properties of alloy by adding 40% COC. SEM 

micrographs exhibited a softer surface and more phase elongation of the alloy. Finally, the sample 

selected as the optimal sample in terms of mechanical properties irradiated by electron beam, and 

amplification results showed that a dose of 50 KGY increased the mechanical and thermal properties 

relatively.  
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1. Introduction 

Polymethyl methacrylate is one of the most well-known polymers that are widely used in the glass 

industry [1]. This material is one of the hardest and most important polymers with glass transparency, 

glossy, polished, and weather-resistant surface. PMMA sheets have significant resistance to 

atmospheric agents and sunlight [2-4]. The high price of PMMA has led to the use of cheap polymers 

or various copolymers to make alloys. Copolymers are created by the polymerization of two or more 

suitable monomers, which lead to distinct structures. In this regard, it can refer to COC which has also 

glass-like transparency [5], low density [6], temperature deviation [7], electrical properties [8], high 

tensile modulus [9], and suitable hardness [10]. This copolymer showed a low moisture absorption 

capacity, resistant to acids, and acts as an organic pole of chemicals. In polyolefin mixtures, COC 

results in a higher modulus and heat resistance and is often used as a component to enhance the 

modulus and reduce the film thickness. 

Mixing of some polymers leads to a miscible alloy. The mechanical properties of miscible alloys 

follow the reaction of the blends or show a positive deviation [11, 12]. Due to the small entropy and 
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positive enthalpy of blending, most alloys are immiscible and therefore show a multiphase 

morphology. The mechanical properties are strongly influenced by the morphology of the phases and 

the properties of the interface [13]. Also; morphology is influenced by thermodynamic parameters, 

rheology, and process conditions. Rheological parameters such as component viscosity have a 

significant effect on the phase structure of the blend. On the other hand, the rheological behavior of 

the alloy depends on the type of morphology and the interface between the phases. Information which 

obtained from morphological studies can be useful in predicting and mechanical properties of alloys. 

Over the past few decades, research has focused on modifying existing polymers to create new 

materials with desirable properties [14-16]. 

High-energy radiation can be applied to network polymers [17, 18] and the cobalt radiation is 

appropriate from electronic generators. The radiation from these systems consists of alpha, beta, and 

gamma rays with different frequencies. Irradiation of ionizing rays on polymeric materials leads to the 

reactions, ion formation, free radicals, and consequently, changes in the chemical structure of 

polymers. Even a small chemical change in the molecular chain leads to an impact on the polymer 

behavior. This effect can be observed in the final physical-mechanical and even biological properties. 

Polymer alloy irradiation is the new field of polymer irradiation, which is used to stabilize the 

morphology of alloy or compatibility between the two components and has a high potential to play a 

commercial role. Lee et al. investigated the failure and crosslinking mechanism of PMMA, which 

exposed to different radiation sources. The results show that both failures and crosslinking occur 

during irradiation. LET (linear energy transfer) electronic and nuclear energy cause networking and 

chain failure, respectively [19]. According to Ravindrachary et al.'s report, the microstructural study 

on electron irradiated PMMA, it was concluded that the presence of carbon clusters as a result of 

chain failure in PMMA was due to radiation [20]. Few studies have been performed on the PMMA 

and COC alloys, under irradiation conditions.  

Since PMMA and COC are polar and non-polar copolymers, respectively, it is expected that the two 

materials will not be compatible with each other, but crosslinking may occur by irradiation, and some 

properties of the alloy maybe improved. Many aspects make cross-linked PMMA superior such as the 

exceptional mechanical properties, great chemical and abrasion resistance [21, 22]. Therefore, due to 

the non-polarity of COC, this study aimed to determine the compatibility, relationship between 

different percentages of copolymer and the mechanical properties, and to optimize the price of the 

alloy. 

2. Materials and Methods 

In this research, PMMA (grade CM-205) with melt flow index of min 1.8 g/10 min from CHI MEI 

Taiwan, and COC were purchased from TOPAS Germany (grade 6015). 

2.1. Samples Preparation 
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In the first step, PMMA and COC were mixed manually and alloy samples were prepared by 

combining the percentages presented in Table (1). Thus, PMMA and COC were dried in a thermal 

oven for 6 hours at 80 ° C and alloying was performed using an extruder with two identical round 

screws. The process temperature and speed was 230-260 ° C and 200 rpm. A vacuum pump was also 

placed in the extruder to remove residual air during alloying. The extruded specimens were granulated 

and the dumbbell specimens prepared for tensile, bending, and impact tests according to ASTM 

standard with KRAUSSMAFFEI KM injection molding machine. For all samples, mold temperature 

and injection pressure were 70 ° C, and 30 MPa. Finally, the samples were dried in a vacuum oven for 

2 hours, and stored in a dry place at an ambient temperature of about 27±2 ° C. 

2.2. Tensile Test 

The dimensions of the sample were first accurately measured with a caliper. The stress by dividing the 

force to the surface, and the strain by dividing the displacement to the initial length was obtained and 

the stress-strain curve was drawn. The material behavior was determined through the stress-strain 

curve. 

2.3. Three-Point Bending Test 

One of the most common bending module tests is the three-point bending test. The samples were 

placed on two supports, and force was applied from the above and middle of the two supports. In this 

case, the lower surface of the sample was stretched, and the upper surface was pressed so that if the 

compressive and tensile modulus of the specimens were equal, the stress in the middle axis of the 

specimen would be zero. 

2.4. Impact Test 

Impact test was performed by GOTECH impact machine model TCS2000 (Taiwan) according to 

standard (ASTM D256). The amount of energy consumed by breaking a standard-sized specimen was 

obtained by hitting a standard hammer. The impact resistance was calculated by dividing the energy 

to the cross-sectional area or the sample thickness. 

2.5. Differential Scanning Calorimetry (DSC) 

In this study, the Shimadzu 50 -DSC device was used for DSC determination. According to the 

International Confederation of Scanning Thermal Analysis, two samples that were subjected to the 

same heating or cooling rate were used to show the temperature difference between the reference 

sample and the sample, which is a function of temperature or time. The calibration was performed 

based on the heat dissipation reaction of a suitable standard material. 

2.6. Gelling Test 
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Toluene solvent was used to measure the gel content of the samples by extraction method. The 

samples were placed in the desired solvent for 24 hours and then dried in an oven at a temperature of 

50 ° C to reach a constant weight. 

2.7. Investigation of Dynamic Mechanical-Thermal Behavior 

The PL-DMTA MKII DMTA device was used to determine the transfer temperatures, especially the 

glass transfer temperature. Dynamic mechanical thermal analysis (DMTA) was applied to study the 

Tg transfer temperatures as well as the storage modulus, the loss modulus in polymers, and to study 

dynamic mechanical properties over a wide temperature range. 

2.8. Scanning Electron Microscope (SEM) 

SEM was relatively faster and had a higher resolution than other methods. In SEM, an image was 

formed on a television screen by traversing an electron beam focused on the surface of a sample under 

a vacuum. 

2.9. Electron Beam Test 

In this project, the samples were irradiated using a TT200 Rhodotron electron accelerator. It was a 

Rhodotron accelerator with four vertical and horizontal outputs and energies of 5 and 10 million 

electron volts, and the final power of this device was 100 kW, which could be increased by double. 

3. Results and Discussion 

3.1. Tensile Test 

Tensile diagrams of alloys (Figure 1) showed that with increasing COC from 5 to 20%, tensile 

strength and elongation decreased, but these two factors increased using 40%. The reduction of tensile 

strength and elongation parameters can be found in the incompatibility of the two polymers.  The 

tensile strength and elongation of PMMA were higher than COC. In the alloy containing 5% COC, 

PMMA as the dominant phase determined the properties of the alloy. The increase in COC sub-phase, 

the properties of alloys decreased due to structural similarity of polymers. It was observed that in the 

alloy containing 40% COC, the tested properties in turn were increased again. Presumably, the 

presence of ethylene group in the COC structure caused increasing in PMMA flexibility. The sub-

phase, which made up 40% of the alloy, was able to exhibit its properties in the second phase. 

Figure 2 revealed that both failure and crosslinking occurred during electron beam, but the 

crosslinking and failure ratio depended on the polymer structure. The composition and structure of 

PMMA changed significantly in volatile moieties, such as hydrogen, after exposure to high doses. But 

the COC became somewhat networked with increasing radiation dose. At the KGY 25 dose, the 

tensile strength decreased, and the crosslinking did not change, but the tensile strength increased at the 

KGY 50 dose, relatively.   
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3.2. Bending Test 

Figure 3 showed the bending test of PMMA/COC alloy with weight percentages of 5, 10, 20, and 40. 

The bending test confirmed the results of the tensile test. Flexural strength decreased with increasing 

COC to 20%. But the flexural strength increased at the 40% level. The rise of phase COC and the 

increase of the knot caused the flexural strength. Figure 4 showed the results of PMMA/COC40 alloy 

after irradiation at different doses. The results showed that irradiation at a dose of 50 improved the 

flexural strength, and other doses used did not have a significant effect. The use of radiation (dose of 

50) created enough crosslinks. Other doses increased brittle behavior. 

3.3. Impact Test 

In this study, the impact test of non-notch specimens was measured in Izod impact strength test. For 

each alloy, three replications were considered and the average of each alloy was used to plot the graph 

(Figure 5). The impact strength of the alloy decreased with rising COC up to 20%. This decrease was 

due to the incompatibility of two polymers and the lack of proper mixing. Also, the PMMA phase, 

which had a lower impact on strength, determined the alloy properties. But the impact resistance 

increased with the addition in COC level to 40%. This compatibility appeared to be due to the proper 

networking of the COC alongside the PMMA (matrix). Figure 6 showed the impact test results of 

PMMA / COC40 irradiated alloy. The strength of the alloy was improved using a 50-radiation dose. 

Impact strength showed a significant decrease with increasing radiation dose due to occupy of radical 

hydrogens in higher irradiation doses. 

3.4. Differential Scanning Calorimetry Test (DSC) 

The DSC results of the best (PMMA/COC40) and worst (PMMA/COC20) alloy are showed in Figure 

7. The Tg ratio of the PMMA/COC20 and PMMA/COC40 (Figure 7) showed that COC and PMMA 

in the PMMA/COC40 alloy were the same and occurred approximately in the temperature range 115 

and 135 ° C. But in PMMA/COC20 alloy, the phases were slightly separated from each other (PMMA 

at 123 and COC at 143 ° C). The destruction of the three-dimensional COC networks caused closer 

Tg peaks at 50 than 100 doses. As the COCs crosslinked, slight coherence caused the Tg of the 

material to converge. Also, the heating rate of KGY100 irradiated alloy was lower than other alloys. 

3.5. Dynamic Mechanical Thermal Analysis (DMTA) 

The viscoelastic properties in Figure 9 showed that Tg of COC and PMMA overlapped in the 

PMMA/COC40 alloy. However, there was relatively little homogeneity between PMMA and COC in 

the PMMA/COC20. Therefore, two Tg peaks were observed in the viscoelastic curve. 

PMMA/COC40, which confirmed the modulus of dissipation and stress dissipation, was more than 

20%, and an alloy containing 40% COC can eliminate the stress (Figure 9). The Tg in Figures 9 and 

10 exhibited, PMMA and COC increased at a higher rate of 50-dose irradiation due to a three-

dimensional network. However, with increasing the dose from 50 to 100 KGY, due to the destruction 
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of the chains and the reduction of the three-dimensional COC network, the Tgs of both phases 

decreased again to lower values In both 50 and 100 doses, two peaks due to low Crosslink and three-

dimensional lattice were showed to separate the phases. 

3.6. Scanning Electron Microscope (SEM) 

The SEM (Figures 11) of PMMA/COC40 was used to study the morphology of the sample. Due to the 

incompatibility of COC in PMMA, COC particles were dispersed as a separate sub-phase within the 

matrix, while the reduction of the surface energy of COC caused a spherical state. The 

PMMA/COC40 had a softer structure than the PMMA/COC20 and clearly showed phase elongation 

and failure tolerance during impact and stress. Increasing the COC sub-phase resulted in more 

solubility of COC in the PMMA matrix, greater homogeneity, and a softer surface and allowed the 

particles to form a continuous sub-lattice within the matrix. PMMA/COC40 in the irradiated and non-

irradiated state concluded that (irradiation and electron beam at 50 KGy), the COC particles were 

somewhat out of spherical shape, which indicated the low crosslink that caused increased strength and 

eventually "energy" failed. The high energy input, the breakage of the polymer chains, and the re-

breaking of the three-dimensional network identified by the white powder particles by increasing the 

radiation dose from 50 to 100 KGy. The results of this study are consistent with Ogilvie et al. [23]. 

3.7. Crosslink Test of PMMA/COC40 

Table 2 and Figure 12 showed that the rising radiation dose increased the cross-links due to the cross-

linking of COC and PMMA. Increasing the radiation dose up to 50 KGy improved the crosslinking 

properties, but the gelling properties decreased significantly, and the PMMA structure became prone 

to degradation. 

4. Conclusion 

This study aimed to prepare a two-component alloy of PMMA and COC. Cyclic olefin copolymer 

was used to improve the properties of PMMA. The results of tensile test showed that at relatively low 

percentages of COC, tensile strength decreased due to incompatibility, but with increasing percentage 

of COC, tensile strength increased due to dominance of this phase. Three-point bending test showed 

that in the sample containing 40% COC, the mechanical properties improved. The dose of KGY 25 

irradiation had little effect on the sample, but with increasing the dose to KGY50 improved the 

mechanical properties. Through DMTA and DSC tests, it was observed that the alloy containing 60% 

PMMA and 40% COC had the best properties.  
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Figure 1 Results tensile test of PMMA/COC alloy with weight percentages of 0, 10, 20 and 40 of COC 

 

 

 
Figure 2 Results tensile test of irradiated PMMA/COC40  
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Figure 3 Results bending test of PMMA/COC alloy with weight percentages of 0, 10, 20 and 40 of COC 

 

 

 
Figure 4 Results bending test of irradiated PMMA/COC40  
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Figure 5 Results impact test of PMMA/COC alloy with weight percentages of 0, 10, 20 and 40 of COC 

 

 
Figure 6 Results impact test of irradiated PMMA/COC40  
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Figure 7 DSC test of PMM /COC20 and PMMA/COC40 samples before irradiation 

 

 
Figure 8 DSC test of PMMA/COC40 sample after irradiation at 50 and 100 doses (KGY) 

 

 
Figure 9 DMTA test of PMMA/COC40 sample after irradiation at 50 doses (KGY) 
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Figure 10 DMTA test of PMMA/COC40 sample after irradiation at 100 doses (KGY) 

 

 
Figure 11 SEM images of PMMA/COC20 and PMMA/COC40 with 1000X magnification (The white spherical particles and 

the matrix were COC and PMMA, respectively) 
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Figure 12 Gel content PMMA/COC40 

 

 

Table 1 Percentage of compounds in alloy samples 

Sample PMMA COC 

PMMA/COC5 95 5 

PMMA/COC10 90 10 

PMMA/COC20 80 20 

PMMA/COC40 60 40 

 

 

Table 2 Gel percentage test results of COC, PMMA and PMMA/COC40 

Electron radiation dose COC PMMA PMMA/COC40 

25irr 0.78 0.50 0.64 

50irr 1.00 0.60 0.80 

100irr 0.70 0.30 0.54 

150irr 0.30 0.20 0.25 
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