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The properties of irradiated and non-irradiated recycled polypropylene 
(RPP)/peanut shell powder (PSP) composites were investigated relative 
to the effects of 6 months exposure to natural weathering. RPP/PSP 
composites were prepared by melt-mixing and compression molding with 
0 to 40 wt.% PSP loading. The fabricated composites were then irradiated 
using a 2.0 MeV electron beam accelerator at a fixed dose of 20 kGy. The 
properties of non-irradiated and irradiated composites after exposure to 
natural weathering were compared and characterized by tensile 
properties, scanning electron microscopy (SEM), carbonyl indices (CI), 
differential scanning calorimetry (DSC), and weight loss analysis. The 
results in tensile strength and tensile modulus of irradiated RPP/PSP 
composites increased, while elongation at break decreased. The thermal 
stability of irradiated composites was also improved compared with non-
irradiated composites. Pores and fungus penetration were observed from 
the SEM morphology, while an increase in carbonyl index and weight loss 
of both composites were evidenced that degradation occurred. The overall 
results indicated that the irradiated RPP/PSP composites were more 
resistant to natural weathering degradation than the non-irradiated 
RPP/PSP composites. 

 

Keywords: Electron beam irradiation; Recycled polypropylene; Peanut shell powder 

  
Contact information: School of Materials and Mineral Resources Engineering, USM Engineering Campus, 

Nibong Tebal, Penang, Malaysia; *Corresponding author: ihanafi@usm.my 

 

 
INTRODUCTION 
 

Radiation technology is an alternative procedure of chemical modification in the 

development of new thermoplastic/natural filler composites. It is a process that can alter 

the chemical composition, structure, mechanical properties, and thermal properties of the 

polymeric materials (Albano et al. 2001). Crosslinking and degradation are the main effects 

induced in polymers by the ionizing radiation (Czvikovszky 1996; Khan et al. 1999; Alessi 

et al. 2007; Choi et al. 2008). Once the crosslinking becomes predominant, three-

dimensional networks are formed. The process takes place by the recombination of radicals 

generated by irradiation of the polymer. In the course of crosslinking, the polymeric chains 

attach themselves via covalent joining generated by radiation. Thus, there can be a rise in 

the mechanical resistance, molecular weight, three-dimensional networks, and viscosity of 

the polymer while a reduction on the solubility as well as changes in the glass transition 

temperature in amorphous phase of the polymer. The end properties of the materials are 

strongly dependent on the degree of crosslinking. The crosslinked structure decreases the 

interfacial tension and improves the material properties (Zhai et al. 2003). However, the 
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irradiation dosage must be optimized to avoid unnecessary crosslinking, which can make 

the material brittle ( Ismail et al. 2010; Bee et al. 2012; Nordin and Ismail 2013). According 

to Ishak Ahmad et al. (2012), the effective radiation dosage is in the range 20 to 30 kGy. 

Within this range, the EB irradiated composites show enhancement in the tensile strength 

and impact strength, indicating a higher interfacial bond strength and adhesion between the 

filler and the matrix. Besides, this mechanism also depends on the process conditions such 

as the presence of oxygen, type of radiation, additives, solvents, and degree of crystallinity.  

In addition, there are few types of radiation sources such as x-ray, gamma (Cobalt-

60 and caesium-137), and electron beam radiation. Since the 1970s, x-ray and gamma ray 

radiation have been investigated as one of the chemical modification methods for the 

development of polymer composites’ properties. It has been evidenced to be a potential 

manufacturing process, particularly for thick polymer composites (up to 300 mm) due to 

the extra-high electromagnetic energy (Berejka et al. 2005; Dispenza et al. 2008). 

Nevertheless, the radiation time of x-rays and gamma is longer compared to electron beams 

due to the lower dose rates. Above all, x-ray and gamma radiation procedures comprise a 

critical potential hazard by employing high levels of radioactivity and producing 

hazardous, hardly disposable matter, such that it is not convenient to apply such methods 

in the composites industries (Youssef et al. 2009). Presently, the electron beam (EB) 

radiation technology is being substituted over other radiation sources due to their 

superficial advantages such as an effective large-scale processing, less time consumption, 

low cost, consistent sterilization, ease of operation, rapid improvement of properties, ability 

to irradiate of a variety of physical shapes, and there being no serious environmental threats 

(Sam et al. 2012a; Mizera et al. 2012; Aji et al. 2013). Indeed, EB radiation is able to 

modify the properties of the polymers comparable to x-ray and gamma radiations (Balaji 

et al. 2017).  

Peanut shells are abundant agro-industrial waste products that are intractable to 

degradation under natural conditions (Zheng et al. 2013). The increasing growth of peanut 

production has led to the accretion of huge amounts of these shells all over the world. 

Peanut shells are renewable resources that could be targeted for purposeful use in the food, 

feed, bioenergy, and paper industries (Wilson et al. 2006). Much like other agricultural 

lignocellulosic biomass, peanut shells are composed mainly of cellulose (35.7%), 

hemicelluloses (18.7%), lignin (30.2%), protein (8.2%), carbohydrate (2.5%), and ash 

content (4.7%) (Raju et al. 2012). Lignin, a complex polymer, is the most recalcitrant 

component of plant biomass (Cesarino et al. 2012); it binds tightly to, and provides a 

physical seal around, cellulose and hemicellulose. The high lignin content of peanut shells 

is largely responsible for the resistance to biodegradation under normal environmental 

conditions (Fang et al. 2014). Hence, the use of peanut shells as natural fillers in 

thermoplastic/natural filler composites presents a new application path in the 

transformation of agro wastes to beneficial resources in plastic industries (Obasi, 2015). 

In this study, recycled polypropylene (RPP) was used as a raw material for the 

continuous life cycle of a new product and sustainable manufacturing. Polypropylene (PP) 

is widely used as a polymer matrix material due to the fact that it has several outstanding 

properties for composite production. PP is very suitable for blending, reinforcing, and 

filling. PP with natural fibrous polymers is a natural-synthetic polymer composite (Shubhra 

et al. 2011; Chattopadhyay et al. 2010). Due to the recycling of PP, the lifetime of this 

plastic is prolonged, leading to the reduction of waste and use of non-renewable resources 

(Corbiere-Nicollier et al. 2001; Santiagoo et al. 2016).  

To date, there has been no attempt to study the effect of EB irradiation on the 
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physical, thermal, mechanical, and morphological properties of recycled polypropylene 

(RPP)/peanut shell powder (PSP) composites after 6 months exposure to natural 

weathering. In this study, PSP was compounded with recycled polypropylene (RPP), and 

electron beam irradiation was used to enhance the interfacial adhesion between natural 

fillers and polymer matrix. The non-irradiated and irradiated RPP/PSP composites were 

exposed to natural weathering in Penang, Malaysia for 6 months. The degradation of both 

composites was compared by analyses of tensile properties, morphology, carbonyl indices, 

differential scanning calorimetry (DSC), and weight loss. It was expected that EB 

irradiation formed a crosslinking network that would enhance the properties of the 

irradiated RPP/PSP composites.  

 
 
EXPERIMENTAL 
 

Materials 
 Recycled polypropylene (RPP), with a melt flow index of 3 g/min, and peanut shell 

powder (PSP) were obtained from Zarm Scientific (M) Sdn. Bhd., Penang, Malaysia. The 

peanut shells were ground to particles in the size range of 70 to 250 μm. The PSP was dried 

for 3 h at 70 °C in a vacuum oven before the subsequent composite fabrication. 

 

Composite Preparation and Processing 
The PSP was compounded with RPP using an internal mixer (Haake Rheomix 

Mixer, Model R600/610, Karlsruhe, Germany) at 180 °C and 50 rpm to obtain a 

homogeneous sample. The RPP was charged into the mixer and melted for 4 min before 

the PSP was added. The compound was mixed for another 6 min to obtain the stabilization 

torque. The total mixing time was 10 min for all samples. The processed samples were 

compression-molded into a 1 mm-thick sheet in a heated hydraulic press (Kao Tieh Go 

Tech Compression Machine, Taichung, Taiwan) at 180 °C. Table 1 shows the formulation 

of the RPP/PSP composites. 
 

Table 1. Formulation Characteristics of RPP/PSP Composites 
 

Composite RPP (wt.%) PSP (wt.%) 

RPP 100 - 

RPP/10% PSP 90 10 

RPP/20% PSP 80 20 

RPP/30% PSP 70 30 

RPP/40% PSP 60 40 

 
Electron Beam Irradiation 

The compression-molded samples were irradiated with an electron beam. The 

electron beam (EB) irradiation was conducted in Malaysia Nuclear Agency with an 

electron beam accelerator (model NHV EPS 3000, Nissin High Voltage, Kyoto, Japan). 

The thin sheet of the RPP/PSP composites was irradiated at ambient temperature using the 

following parameters: accelerating voltage, 1.5 MeV; beam current, 10 mA; dose per pass, 

10 kGy; and absorbed dose, 20 kGy. Figure 1 shows the schematic diagram of electron 

beam accelerators irradiating composite samples. 
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Fig. 1. Schematic diagram of electron beam accelerators irradiating composite samples 

 

Outdoor Weathering Test 
Outdoor weathering tests were operated for a duration of 6 months, from June to 

December 2016 at Universiti Sains Malaysia (latitude 5° 8’ N, longitude 100° 29’ E). The 

tests were conducted by subjecting the dumbbell-shaped samples of irradiated and non-

irradiated composites to sunlight. The cumulative rainfall, average temperature, and 

relative humidity were taken from the closest meteorological station in Butterworth, 

Penang, Malaysia (latitude 5° 28’ N, longitude 100° 23’ E). The average of the data taken 

for each month is shown in Figs. 2 and 3. The tests were performed according to ISO 877.2 

(2009). An exposure rack has been used to place the dumbbell-shaped samples of the 

composites by facing to the south and at an inclination angle of 45°. The samples were 

subjected to analytical and mechanical tests after 6 months of exposure. The samples were 

washed with distilled water and oven-dried at 70 °C to a constant weight. 

 
 
Fig. 2. Average temperature during outdoor natural weathering test from June to December 2016 
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Fig. 3. Average per day of rainfall during outdoor natural weathering test from June to December 
2016 
 

Gel Content Analysis 
The gel content of EB irradiated samples was determined using the solvent 

extraction method. The samples were positioned in folded 120-mesh stainless steel cloth 

cages. The samples and cages were weighed before and after extraction. The samples were 

refluxed with hot xylene for 24 h using a Soxhlet apparatus. The remaining insoluble 

sample was dried in a vacuum oven to a constant weight. Gel content was calculated as 

shown in Eq. 1. 
 

               Gel content (%)  =  
Wg

Wo
  X   100                                                         (1)                              

 

where Wo is weight before the extraction and Wg is weight after the extraction. 

 
Tensile Properties 

Tensile strength, elongation at break, and tensile modulus of degraded samples 

were obtained from the tensile tests using a universal testing machine (model 3366, Instron, 

Canton, MA, USA) according to ASTM D638 (2014). Equation 2 shows the calculation of 

retention of these properties.  
 

Retention (%)  =
Value after degradation

Value before degradation
    x    100%                (2) 

 

Surface Morphology 
 The surface changes of degraded samples were evaluated by scanning electron 

microscopy (SEM; model VPSEM SUPRA 35VP, Carl Zeiss Microscopy, Oberkochen, 

Germany). Before scanning the fractured surface, samples were sputter-coated with gold 

to avoid electrostatic charging. For degraded samples, 10 kV voltage was used to achieve 

deeper electron penetration. 
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Carbonyl Indices 
Carbonyl index (CI) was used to estimate the degree of degradation of RPP/PSP 

composites. It was calculated from FTIR spectra, according to the baseline method, i.e., 

the ratio of absorption bands at 1720 and 2910 cm-1.  

 

Differential Scanning Calorimetry  
Differential scanning calorimetry  measurements were performed in a Perkin Elmer 

DSC (DSC 6, Waltham, MA, USA). Approximately 4 mg of the composite sample was 

heated from room temperature to 200 °C at 10 °C/min and held for 5 min to eliminate the 

thermal history. The sample was cooled to room temperature and then reheated to 200 °C 

at 10 °C/min to trace the heating behavior. Each run was performed under a nitrogen 

atmosphere. From the maximum peak of DSC results, the melting temperature (Tm) and 

crystallization temperature (Tc) were obtained, while the area under the peak showed the 

heat of fusion (ΔHf) of the RPP/PSP composites. Equation 3 shows the calculation of 

crystallinity of the RPP phase, 
 

𝑋𝑐 (%) =  
Δ𝐻f

(1−ww) X Δ𝐻100%
  ×  100 %                                                    (3) 

 

where ΔHf is the heat of fusion of the sample analyzed, ww is the filler fraction, and 

ΔH100%  is the heat of fusion for 100% crystalline PP (207 Jg-1) (Gupta et al. 2009). 
 

Weight Loss 
The weight loss of degraded samples was calculated according to Eq. 4, 

 

Weight loss (%) =
(𝑊𝑖−𝑊𝑓)

𝑊𝑖
× 100%      (4) 

 

where Wi is weight before degradation and Wf is weight after degradation. 

 

 
RESULTS AND DISCUSSION 
 
Gel Content Analysis 

Figure 4 depicts the percentage of gel content of irradiated composites at different 

PSP loading after exposure to 6 months natural weathering. Generally, the formation of 

crosslinking in the composites system could be induced by the electron beam irradiation 

process. The percentage of extracted gel indicates the crosslink density of polymers (Ali et 

al. 2008; Murray et al. 2013). The irradiated RPP/PSP composites demonstrated a decrease 

in percentage of gel content following the addition of PSP loading (Fig. 4). It was found 

that, as PSP loading increased, the RPP loading was decreased. Thus, the formation of 

structural networks especially in RPP component became less prominent during the 

irradiation process. At lower PSP loading, the higher percentage of gel content indicated 

that more crosslinking reaction took place in the RPP component. The molecular structure 

of linear PP can be significantly modified by electron beam irradiation. Thus, the main 

reactions such as chain scission, chain branching, and crosslinking occurred during the 

irradiation process. Typically, all these reactions can happen simultaneously. For PSP, the 

mixture consisted of cellulose (35.7%), hemicelluloses (18.7%), lignin (30.2%), protein 

(8.2%), carbohydrate (2.5%), and ash content (4.7%). Chemically, irradiation causes 

cellulose depolymerization. However, it is difficult to selectively oxidize the cellulose 
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backbone (Henniges et al. 2013). Therefore, a radical reaction occurred with a higher 

amount of radicals in the polymer matrix and slightly in the natural fillers.  
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Fig. 4. Gel content of irradiated RPP/PSP composites at different PSP loading after 6 months 
natural weathering 

 

Tensile Properties 
Figure 5 shows the tensile strength of non-irradiated and irradiated RPP/PSP 

composites after 6 months exposure to natural weathering. As expected, the tensile strength 

for both composites decreased as PSP loading increased.  
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Fig. 5. Comparison of tensile strength after 6 months natural weathering 
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Similar results are shown in Table 2. Based on the retention values, the addition of 

PSP increased the degradability of the composites. This effect was due to the hydrophilic 

nature of PSP, which allows it to easily leach out upon exposure. The leaching effect 

generated crazes and pores on composite surfaces; subsequently, the RPP matrix was easily 

attacked by microorganisms, heat, and UV. The retention of tensile properties of irradiated 

composites was higher than non-irradiated composites, reflecting the difficulty in breaking 

the crosslinked structure (Fig. 8) of irradiated composites by degradation factors such as 

UV and heat. Ishak Ahmad et al. (2012) reported similar results in their study on the effect 

of EB irradiation on rice husk/natural rubber/high density polyethylene (RH/NR/HDPE) 

composites, whereas the radiation could have induced the crosslinking and chain scission 

in plastic phases as well as at the interface. This reduced the filler-matrix surface tension 

and improve the adhesion of the filler particles to the matrix. Evidence of the PSP filler 

embedded in RPP matrix can be observed in Fig. 10(a). Notably, irradiated composites can 

have greater antibacterial properties than non-irradiated composites (Zhai et al. 2003). In 

sum, the degradability of irradiated composites was lower than non-irradiated composites. 
 

Table 2. Retention of Tensile Properties for Non-Irradiated and Irradiated 
RPP/PSP Composites after 6 Months Weathering 

Sample 

Retention of Non-irradiated 
Composites (%) 

Retention of Irradiated Composites 
(%) 

Tensile 
strength 

Elongation 
at break 

Tensile 
modulus 

Tensile 
strength 

Elongation 
at break 

Tensile 
modulus 

RPP 53.04 34.32 176.45 - - - 

RPP/10% PSP 48.72 21.39 217.51 62.77 19.08 130.17 

RPP/20% PSP 35.12 12.11 228.72 50.90 10.79 135.62 

RPP/30% PSP 29.08 8.65 244.11 37.97 6.66 140.86 

RPP/40%PSP 10.56 4.33 250.08 29.00 2.76 144.14 

 

Figure 6 demonstrates the elongation at break of non-irradiated and irradiated 

composites after 6 months exposure to natural weathering. The trend of elongation at break 

was similar to that of tensile strength. The property of elongation at break is essential when 

seeking evidence of chain scission of polymer composites throughout degradation. The 

abiotic effects such as temperature, sunlight, wind patterns, and precipitation might cause 

chain scission (Gad 2009; Sabet et al. 2012; Sam et al. 2012b), which decreases the 

elongation at break of the exposed composites. The elongation at break of irradiated 

composites was lower than that of non-irradiated composites, as shown in Table 2. This 

was due to the crosslinked structures that were induced by irradiation, which locked the 

polymer chains and resisted the mobility of the polymer molecules. Hence, the capability 

of stretch deformation was reduced, resulting in lower elongation at break. Likewise, the 

decrement of elongation at break was also caused by the increment of PSP loading and the 

crystallinity of composites. As demonstrated by the DSC results in Table 3, the crystallinity 

of composites increased as PSP loading increased. Crystallinity refers to the degree of 

structural order in a solid or rigid segments. Thus, as crystallinity increases, the elongation 

at break is decreased due to the high rigid PSP segments over the flexible RPP segments. 

Similar findings were also reported by Salmah et al. (2011) for properties of low-density 

polyethylene/palm kernel shell composites. 
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Fig. 6. Comparison of elongation at break after 6 months natural weathering 

 

Figure 7 illustrates the tensile modulus of non-irradiated and irradiated composites 

after 6 months of natural weathering. The embrittlement of the composites is important in 

determining its tensile modulus (Younes et al. 2008).  
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Fig. 7. Comparison of tensile modulus after 6 months natural weathering 
 

The tensile modulus of both composites increased as PSP loading increased. The 

augmentation of tensile modulus was attributable to the creation of radical crosslinking for 

the duration of natural weathering exposure. The tensile modulus of irradiated composites 

was higher than non-irradiated composites. The crosslinked network generated by 

irradiation enhanced the interfacial adhesion between PSP and the RPP matrix. The 

flexibility and stiffness of irradiated composites was improved, leading to enhanced tensile 

modulus.  
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Fig. 8. Proposed crosslinking between propylene chains of RPP 
 

   

   
 

 
 
 

Fig. 9. SEM of non-irradiated RPP/PSP composites with (a) 10 wt.%, (b) 30 wt.%, and (c) 40 
wt.% PSP loading after exposure to natural weathering for 6 months 
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Morphology of Weathered Samples 
Figure 9 shows the surface morphology of the non-irradiated RPP/PSP composites 

after 6 months of natural weathering.  In Figure 9(a), composites reinforced with low PSP 

loading (10 wt.%) exhibited a rough surface with a small amount of degradable substance 

(pores) deposited on the surface. The degradable components (likely PSP) were leached 

out to the surface upon weathering by rain and UV rays in sunlight.  
 

       

 
 

Fig. 10. SEM morphology of irradiated RPP/PSP composites with (a) 10 wt.% (b) 30 wt.% and (c) 
40 wt. % of PSP loading after exposure to natural weathering for 6 months 

 

The pore formation is explained by the occurrence of thermal contraction and 

material loss during natural weathering (Danjaji et al. 2002; Ahmad Thirmizir et al. 2010). 

With higher PSP loading (30 wt.% and 40 wt.%), the degradation of samples on the surface 

gradually penetrated the matrix. This result might be due to the formation of more surface 

cracks, which allow leaching out of the degradable components (PSP) and make the matrix 

more accessible to degradation (as shown in Fig. 9(b) and (c)). Indeed, PSP could undergo 

degradation upon EB irradiation; thus it would be easier to degrade during the weathering 

degradation test. Likewise, this structural damage allowed microorganisms to penetrate 

deeper into the composites and deteriorate the whole system. Consequently, the rate of 

biodegradation increased. This result was confirmed by the measured weight loss to be 

described in a later section. 

Figure 10 displays the morphology of irradiated RPP/PSP composites after 

exposure to natural weathering for 6 months. Obviously, as can be seen from Fig. 10(a), 

PSP filler was embedded in RPP matrix, with less pores appearing on the surface. This 

showed that the homogeneity of filler dispersion and the filler-matrix interaction were 

improved due to the chain scission and crosslinking reaction, that were initiated by EB 

irradiation. Besides, after 6 months of exposure, the irradiated composites with 30 wt.% of 
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PSP loading had a rougher surface with different sizes and shapes of pores. This result was 

attributed to the cyclic expansion and contraction on the composites along with photo-

degradation. The physical damage is initiated from the embrittlement of composites upon 

degradation. Thus, a larger surface area was formed for biotic and abiotic degradation. 

Biotic degradation was detected as the colonization of fungus on the sample surface (Fig. 

10(b)). With greater PSP loading (40 wt.%), the degradation of composites at the surface 

penetrated into the matrix, as shown by the presence of fungus in Fig. 10(c). The formation 

of cracks and pores revealed that composites experienced the photo-degradation, thermal 

degradation, hydrolysis and microorganism’s attack. Hence, weakened the filler-matrix 

interfacial adhesion and eventually, deteriorate the properties of the composite. 
 

Carbonyl Indices 
Figure 11 shows the FTIR spectra of irradiated composites before and after 

exposure to natural weathering. The spectra of all composites show similar trends except 

for small variations in the intensity in some absorption peaks and appearance of new peaks 

as a consequence of the weathering process. Upon EB irradiation, the main absorption 

peaks were observed at 3000-3600 cm-1, 2915 cm-1, 2858 cm-1, and 1472 cm-1, representing 

O-H stretching, C-H stretching, -CH3 bending, and –CH2- vibration, respectively. A peak 

at 1600-1800 cm-1 was assigned to stretching of the carbonyl group. After weathering, the 

intensity of OH groups and carbonyl groups increased slightly. These results can be 

explained on the basis of degradation factors, namely photo-oxidation, hydrolytic 

degradation, temperature, moisture or water absorption, and microbial attack. UV radiation 

breaks down the polymer chain and forms groups such as carbonyl and hydroxyl (Awang 

and Ismail 2009). In this case, the intensification of hydroxyl and carbonyl peaks confirmed 

that photo-degradation had occurred, resulting in changes in the chemical structure of the 

polymer (Ting et al. 2012). However, the value of carbonyl index for both non-irradiated 

and irradiated composites was relatively close after 6 months outdoor exposure, as shown 

in Fig. 12. 
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Fig. 11. FTIR spectra of irradiated RPP/PSP composites (a) unweathered with 10 wt.% PSP 
loading, (b) weathered with 10 wt.% PSP loading and (c) weathered with 40 wt.% PSP loading 
after 6 month natural weathering 
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Fig. 12. CI for 10 wt.% PSP loading of non-irradiated and irradiated composites over a period of 
weathering for 6 months 
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Differential Scanning Calorimetry  
Thermal characteristics are the main criteria for many practical applications of 

irradiated composites. Figures 13 and 14 demonstrate the representative melting and 

cooling curves of irradiated RPP/PSP composites before and after 6 months exposure to 

natural weathering. PSP loading of 10 wt.% was chosen to represent the thermal behavior 

of both composites because the heating and cooling trends for all composites were similar.  

 

 
 

Fig. 13. DSC heating thermogram of 10 wt.% PSP loading of irradiated RPP/PSP composites 
after 6 months exposure to natural weathering 
 

 
 

Fig. 14. DSC cooling thermogram of 10 wt.% PSP loading of irradiated RPP/PSP composites 
after 6 months exposure to natural weathering 
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Table 3 reports the melting temperature (Tm), crystallization temperature (Tc), 

enthalpy of fusion (ΔHf), and degree of crystallinity (Xc). The trend of the heating 

thermogram (Fig. 13) and the melting point (Table 3) were similar. The results confirmed 

that there was no new crystalline phase formed upon degradation. However, the crystalline 

temperature and degree of crystallinity increased after exposure, which was attributed to 

the degradation of the amorphous phase. Khabbaz et al. (1999) reported that the amorphous 

phase in polymer experiences a higher hydrolysis rate, as well as oxidative and thermal 

degradation. Chain scission as a result of degradation also increases chain mobility, which 

accelerates crystallization in the amorphous phase. Consequently, the crystalline in the 

composites increased. Thus, the increased crystallinity of irradiated composites upon 

exposure only depended on the reduction of amorphous phase. PSP content also influenced 

the crystallinity transformation. As shown in Table 3, a higher PSP load resulted in higher 

crystallinity. As mentioned previously, the hydrophilic nature of PSP increases the leaching 

effect during degradation. The leaching effect generated crazes and pores on composite 

surfaces, which created more surface area and exposed the RPP matrix to microorganisms, 

heat, and UV. The UV degradation involves chain scission, which led to increases of the 

polymer chain mobility and crystallization. Thus, UV increased the degree of crystallinity 

while decreased the density of the entanglements in the amorphous phase (Stark and 

Matuana 2004). The crystallinity of irradiated composites was considerably lower than 

non-irradiated composites upon degradation. It was likely difficult for microorganisms to 

penetrate the crosslinked composites throughout exposure. Hence, the decrease of 

amorphous phase for irradiated composites was lower than in non-irradiated composites. 

Subsequently, the crystallinity of the irradiated composites was lower. 
 

Table 3. DSC Data of Irradiated RPP/PSP Composites after 6 Months Exposure 
to Natural Weathering 

Sample Tm (oC) Tc (oC) ∆H𝑓  (J/g) 
Crystallinity 

(%) 

RPP/10% PSP (non-irradiated) 165.84 110.59 83.87 45.02 

RPP/30% PSP (non-irradiated) 163.72 111.21 78.43 54.13 

RPP/40% PSP (non-irradiated) 160.01 111.74 72.45 58.33 

RPP/10% PSP (irradiated) 158.71 108.46 54.25 29.12 

RPP/30% PSP (irradiated) 148.15 109.00 44.34 30.60 

RPP/40% PSP (irradiated) 145.08 111.05 42.03 33.84 

 

Table 4. Weight Loss of Non-Irradiated and Irradiated RPP/PSP Composites 

 

Weight Loss 
The gravimetric analysis of the composites after exposure to natural weathering 

was achieved by measuring the sample weight loss. The weight loss of the degraded 

composites principally quantifies the loss of the hydrophilic materials. Table 4 displays the 

Sample 
Weight Loss (%) 

Non-irradiated Irradiated 

RPP 0.84 0.97 

RPP/10% PSP 1.56 1.18 

RPP/20% PSP 2.96 1.27 

RPP/30% PSP 6.52 3.99 

RPP/40% PSP 9.24 4.93 
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weight loss of non-irradiated and irradiated RPP/PSP composites after 6 months exposure 

to natural weathering. The weight loss increased as PSP loading increased, indicating that 

the hydrophilic content of PSP fillers was leached out by the external force of rain water 

during outdoor exposure. Additionally, the consumption of hydrophilic content by 

microorganisms contributed to the weight loss. The irradiated composites demonstrated 

lower weight loss than the non-irradiated composites. The potential cause was due to the 

creation of crosslinking network upon irradiation, which resisted the leaching out of the 

hydrophilic components from the irradiated composites.   
 

  
CONCLUSIONS 
 

1. The tensile strength and elongation at break of the irradiated RPP/PSP composites was 

higher than those of the non-irradiated RPP/PSP composites over 6 months of natural 

weathering. The retention of tensile strength and elongation at break for both 

composites decreased as the PSP loading increased. 

2. The tensile modulus and retention of tensile modulus for both composites increased 

after the exposure. 

3. The irradiated RPP/PSP composites were more resistant to weathering degradation than 

the non-irradiated RPP/PSP composites. 

4. The carbonyl index for both composites increased after exposure. The non-irradiated 

composites showed a higher carbonyl index than the irradiated composites. The 

irradiated composites had lower crystallinity than non-irradiated composites. 

5. The weight loss of the non-irradiated composites was higher than that of the irradiated 

composites after the degradation period. 

 

6. The mechanical, thermal and retention to degradation properties of irradiated RPP/PSP 

composites were improved in comparison to the non-irradiated RPP/PSP composites. 
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