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Abstract: This article deals with the influence of different doses of Beta radiation on nano-

mechanical properties of High-density polyethylene (HDPE). These nano-mechanical properties 

were measured by the Depth Sensing Indentation - DSI method on samples which were non-

irradiated and irradiated by different doses of the β - radiation. The highest values of nano-

mechanical properties were reached at radiation dose of 99 kGy, when the nano-hardness values 

increased by about 23%.  The purpose of the article is to consider to what extent the irradiation 

process influences the resulting nano-mechanical properties measured by the Depth Sensing 

Indentation method. 

Introduction 

A linear polymer, High Density Polyethylene (HDPE) is prepared from ethylene by a catalytic 

process. The absence of branching results in a more closely packed structure with a higher density 

and somewhat higher chemical resistance than LDPE. HDPE is also somewhat harder and more 

opaque and it can withstand rather higher temperatures (120° Celsius for short periods, 110° Celsius 

continuously. [1] 

High density linear polyethylene (HDPE) contains one terminal vinyl group per molecule. At low 

radiation doses, this vinyl group has the effect of increasing the molecular weight of the HDPE by 

the chain formation of Y-links between the vinyl and the secondary alkyl radicals produced by the 

radiation. At ambient temperatures, polyethylene is always in the semicrystalline form. The cross-

linking takes place mainly in the amorphous region and the interface between the two phases. The 

cores of the crystalline regions sustain radiation-induced transvinylene formation in proportion to 

their weight fraction, but they are scarcely involved in gel formation. [1-2] 

The effects of ionizing radiation on polyethylene in all its forms can be summarized as follows: 

[1-2] 

 The evolution of hydrogen. 

 The formation of carbon-carbon cross-links. 

 An increase in unsaturation to an equilibrium level. 

 A reduction in crystallinity. 

 The formation of color bodies in the resin. 

 Surface oxidation during irradiation in air. 

Crosslinking is a process in which polymer chains are associated through chemical bonds. 

Crosslinking is carried out by chemical reactions or radiation and in most cases the process is 

irreversible. Ionizing radiation includes high-energy electrons (electron beam - β-rays) (Fig. 1 a) and 

gamma rays (γ-rays) (Fig. 1 b). These not only are capable of converting monomeric and oligomeric 

liquids into solids, but also can produce major changes in properties of solid polymers. [3] 
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(a)       (b) 

Fig. 1 Design of Electron rays (a) and Design of Gamma rays (b) 

 

The aim of this paper is to study the effect of ionizing radiation with different doses, on nano-

mechanical properties of polyethylene and compare these results with those of non-irradiated 

samples. The study is carried out due to the ever-growing employment of this type of polymer. 

Experimental 

Material and methods 

For this experiment High Density Polyethylene HDPE DOW 25055E, DOW - Chemical 

company, USA, (unfilled, HDPE) was used. The prepared specimens were irradiated with doses of 

0, 33, 66 and 99 kGy at BGS Beta-Gamma Service GmbH & Co. KG, Germany.  

The samples were made using the injection molding technology on the injection molding 

machine Arburg Allrounder 420C. Processing temperature 190–220 °C, mold temperature 45 °C, 

injection pressure 70 MPa, injection rate 50 mm/s. 

Nano-indentation test 

Nano-indentation test were done using a Nano-indentation tester (NHT), CSM Instruments 

(Switzerland) according to the CSN EN ISO 14577. Load and unload speed was 20 N/min.  After a 

holding time of 90 s at maximum load 10 mN the specimens were unloaded. A holding time was 

21600 s at the creep. The specimens were glued on metallic sample holders. Poisson’s ratio () of 

the polymer was 0.3. 

The indentation hardness (HIT) was calculated as maximum load (Fmax) to the projected area of 

the hardness impression (Ap) and the indentation modulus (EIT) is calculated from the Plane Strain 

modulus (E
*
) using an estimated sample Poisson’s ratio () according to: [4] 
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Results and discussion 

The figure 2 shows a very important correlation between the force and the depth of the 

indentation. The correlations provide very valuable information on the behaviour of tested material 

and the modified surface layer.  

The correlation between the force and the depth of the indentation in HDPE also proved very 

interesting. It demonstrated the influence of radiation on the change of mechanical properties in the 

surface layer of specimens. The non-irradiated material showed low hardness as well as increasing 
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impression of the indenter in the surface layer. On the contrary, the irradiated HDPE showed 

considerably smaller depth of the impression of the indenter which can signify greater resistance of 

this layer to wear.   

 

     
 

Fig. 2 Indentation characteristic of irradiated HDPE    

 

The values measured during the nano-hardness test showed that the lowest values of indentation 

hardness and Vickers hardness were found for the non-irradiated HDPE. On the contrary, the 

highest values of indentation hardness and Vickers hardness were obtained for HDPE irradiated by a 

dose of 99 kGy (by 23% higher in comparison with the non-irradiated HDPE), as can be seen at Fig. 

3. 

According to the results of measurements of nano-hardness, it was found that the highest values 

of indentation modulus of elasticity were achieved at the HDPE irradiated with dose of 99 kGy (by 

9% higher than compared with non-irradiated HDPE). On the contrary, the lowest values of the 

indentation modulus of elasticity were found for non-irradiated HDPE, as is seen at Fig. 4. 

 

         
 

Fig. 3 Hardness vs. irradiation doses   Fig. 4 Indentation modulus EIT 

 

Very important values were found for indentation creep. Higher radiation dose influence 

significantly the indentation creep. An indentation creep increase of the surface layer is caused by 

irradiation cross-linking of the tested specimen. The lowest value of indentation creep was 

measured at radiation dose of 99 kGy. The highest indentation creep value measured at non-

irradiated HDPE. Decrease in creep values was 29% for irradiated HDPE compared to the non-

irradiated one as is seen at Fig. 5, 6. 

Higher radiation dose does not influence significantly the nano-hardness value. An indentation 

hardness increase of the surface layer is caused by irradiation cross-linking of the tested specimen. 

A closer look at the nano-hardness results reveals that when the highest radiation doses are used, 

nano-hardness decreases which can be caused by radiation induced degradation of the material. 



 

      

 

Fig. 5 Indentation curve (creep)  Fig. 6 Indentation creep of HDPE vs. irradiation doses  

Conclusion  

The article is the assessment of mechanical properties (nano-hardness) of the surface layer of 

modified HDPE. The surface layer of the polymer material such as HDPE is modified by β – 

radiation with doses of 33, 66 and 99 kGy.   

The properties of surface layer of HDPE modified by beta radiation improved significantly. The 

nano-hardness values increased by about 23%.  Stiffness of surface layer increased significantly by 

10% as a result of radiation. The creep values decreased by 29% on average for irradiated HDPE.  

Also different depths of indentation in the surface layer of tested specimen were significantly 

different. The highest values of nano-mechanical properties were reached at radiation dose of 99 

kGy. It also proved the fact that higher doses of radiation do not have very positive effects on the 

mechanical properties, on the contrary due to degradation processes the properties deteriorate.  

The results of nano-mechanical properties of surface layer of modified HDPE show that it can be 

used in more difficult applications in some industrial fields, in particular where there are high 

requirements for strength, stiffness and hardness of surface layer which appears to be the most 

suitable area of application 
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