
Supplementary Material: 

2. Theoretical background 
Dynamic mechanical analysis as well as creep belong among the 

most used methods for description of viscoelastic behavior. These 
analyses focus on deep comprehension between structure and 
mechanical properties.  
DMA – frequency sweep: the material response to increasing frequency 

(rate of deformation) is monitored at a constant amplitude and 
temperature. 

G value: The G value represents the chemical yield of radiation, defined 
as the number of molecules reacting per 100 eV of absorbed energy. 
The unit eV is an old one, mol/J is used these days when SI units are 
preferred, the conversion ratio is this: 1/100 eV is approximately 
equal to 1.04 × 10⁻⁷ mol/J. 

G (S) chain scission: This parameter quantifies the number of chain 
scissions occurring per 100 eV of absorbed energy. 

G (X) cross-linking. This parameter quantifies the number of cross-links 
formed per 100 eV of absorbed energy. 
 
 
Effects of electron beam ionizing method of radiolysis of polymers 
There are two primary effects of radiation in polymers: cross-linking 

and chain scission. Different responses to radiation are observed among 
various polymers, particularly in terms of their tendencies toward either 
cross-linking or chain scission [1, 2]. Increasing radiation dosage leads to 
a higher cross-linking density, which can be observed through changes 
in the polymer's swelling behavior in a compatible solvent. Dominant 
cross-linking results in decreased swelling due to the increased network 
formation. Conversely, if chain scission is the predominant effect, 
increased swelling will be observed [3]. 

Polymers in which ionizing radiation causes cross-linking often have 
better mechanical properties [4]. Electron beam irradiation from 
accelerators is a common method for inducing cross-linking in polymer 
matrices [5]. However, the response of polymers to radiation varies; some 
undergo cross-linking, while others degrade. Polyethylene (PE), with its 
abundance of hydrogen atoms on side groups, exemplifies a polymer 
prone to radiation-induced cross-linking. Conversely, polymers 
containing methyl groups (e.g., polypropylene, PP), substitutions (e.g., 
polymethyl methacrylate, PMMA), or per-halogen substitutions (e.g., 
polytetrafluoroethylene, PTFE) are more likely to experience 
degradation. Aromatic polymers, such as polystyrene (PS) and 
polycarbonate (PC), exhibit greater radiation resistance due to the 
presence of benzene rings [6]. 

 
For polyolefins, the presence of secondary, tertiary, and quaternary 

carbons in the main-chain corresponds to an escalating likelihood of 
chain scission [7]. 

 
Typically, when any material is exposed to irradiation, both cross-

linking and scission processes can occur concurrently. Nonetheless, it is 
common to notice a predominant occurrence of one process over the 



other. Consequently, polymers can be classified into two groups: those 
that primarily undergo cross-linking and those that suffer from 
degradation. The application of high-energy radiation initiates a series of 
chemical reactions, resulting in either an increase or decrease in the 
molecular weight of the polymer [7]. 

 
Charlesby and Pinner [8] were the first to describe the relationship 

between the molecular weight of a polymer and the radiation-induced 
chain cross-linking.  

Changes in polymer physical properties after irradiation are a 
consequence of the balance between cross-linking and chain scission. 
Radiation chemical yield is expressed using G values, specifically 𝐺(𝑋)for 
cross-linking and 𝐺(𝑆) for chain scission. These values are often 
determined through sol-gel analysis using the Charlesby-Pinner 
equation. 

Several forms of the Charlesby-Pinner equation exist. One common 
expression is 

𝑠 + √𝑠 = 𝑝଴𝑞଴ + 1𝑞଴𝑢ଵ𝑟         (S1) 

 
where 𝑠 represents the soluble polymer fraction, 𝑟 is the radiation 

dose in kGy, 𝑞଴ is the cross-linked unit density per unit dose, 𝑝଴ is the 
ratio of main chain breaks to chain units, and 𝑢ଵis the weight-average 
initial degree of polymerization. 

The same equation is frequently expressed as [2]: 

𝑠 + √𝑠 = 𝑝଴𝑞଴ + 1𝑞଴𝑃௡𝐷         (S2) 

where 𝐷 is the absorbed radiation dose in kGy and 𝑃௡ is the initial 
number-averaged degree of polymerization. 

A widely applied equation for analyzing the soluble fraction is [6]: 

𝑠 + √𝑠 = 𝐺(𝑆)2𝐺(𝑋) + 𝑘ଶ𝐺(𝑋)𝑀௡𝐷      (S3) 

where 𝑘ଶ is equal to 4.82 × 106 when 𝐷 is in kGy [7, 9]. 𝑀௡is the 
number-average molecular weight. The choice of application of Equation 
S3 or S4 is influenced by the mechanism of cross-linking [7]. Equation S3 
is applicable under assumptions of a most probable initial molecular 
weight distribution, random scission and cross-linking, and H-linking 
cross-linking. For Y-linking cross-linking, the following equation is used: 

𝑠 + √𝑠 = 2𝐺(𝑆)𝐺(𝑋) + 𝑘ଷ𝐺(𝑋)𝑀௡𝐷      (S4) 

where 𝑘ଷ is equal to 1.93 × 106 when 𝐷 is in kGy [7, 9]. 𝑀௡is the 
number-average molecular weight. 

Materials with a 𝐺(𝑆): 𝐺(𝑋) ratio less than 1 tend to cross-link, while 
those with a ratio greater than 1 tend to degrade. Materials with low 𝐺(𝑋) 
and 𝐺(𝑆) values exhibit higher radiation resistance [6]. 



Turgis et al. [10] proposed a modified equation for AB copolymers: 

𝑠 + √𝑠 = 𝐺(𝑆)2𝐺(𝑋) + 9.65 ∙ 10଺ ∙ 𝑚஺𝐺(𝑋) ∙ 𝐷 ∙ 𝑀௪ ∙ ሾ𝑥஻ ∙ 𝑚஻ + (1 − 𝑥஻) ∙ 𝑚஺ሿ     (S5) 

Where 𝑚஺ and 𝑚஻ are molecular weights of comonomer units A and 
B, respectively. 𝑥஻ is the molar fraction of comonomer B. 

 
Power law theory  
This study investigates the rheological properties of irradiated 

ethylene copolymers using dynamic mechanical test data. The method 
involves subjecting the sample to sinusoidal deformation for several 
cycles in dynamic mode and analyzing the resulting stress response. 

Stress oscillates sinusoidally at the same frequency as the strain 
wave, but with a phase angle shift 𝛿. This can be mathematically 
expressed as shown in Table S1: 

 
Table S1. Dynamic oscillatory quantities from DMA testing 

DMA Parameter Symbol Equation 

Shear strain 𝛾(𝑡) 𝛾(𝑡) = 𝛾଴ ∙ 𝑠𝑖𝑛 𝜔𝑡     𝛾 = 𝛾଴ ∙ 𝑠𝑖𝑛(𝜔𝑡 + 𝛿)   
Shear strain amplitude 𝛾଴ 𝛾଴ = ∆଴ℎ  

Rate of shear strain 𝛾ሶ  𝛾ሶ =  𝑑𝛾𝑑𝑡  

Shear stress 𝜏 𝜏 = 𝜏଴ ∙ 𝑠𝑖𝑛(𝜔𝑡 + 𝛿)        
Complex shear modulus 𝐺∗ 

𝐺∗(𝜔) = 𝜏଴𝛾଴ = 𝐺ᇱ + 𝑖𝐺ᇱᇱ 
Storage shear modulus 𝐺ᇱ(𝜔) 

𝐺ᇱ(𝜔) = 𝜏଴𝛾଴ 𝑐𝑜𝑠 𝛿 

Loss storage modulus 𝐺ᇱᇱ(𝜔) 
𝐺ᇱᇱ(𝜔) = 𝜏଴𝛾଴ 𝑠𝑖𝑛 𝛿 

Complex viscosity 𝜂∗(𝜔) 𝜂∗(𝜔) = 𝜏∗𝛾∗ = 𝜂ᇱ + 𝑖𝜂ᇱᇱ 
Elastic component 𝜂ᇱ(𝜔) 𝜂ᇱ(𝜔) = 𝜏଴𝜔𝛾଴ 𝑠𝑖𝑛 𝛿 = 𝐺ᇱᇱ𝜔  

Viscous component 𝜂ᇱᇱ(𝜔) 𝜂ᇱᇱ(𝜔) = 𝜏଴𝜔𝛾଴ 𝑐𝑜𝑠 𝛿 = 𝐺ᇱ𝜔  

Damping factor 𝑡𝑎𝑛 𝛿 𝑡𝑎𝑛 𝛿 = 𝐺ᇱᇱ(𝜔)𝐺ᇱ(𝜔) = 𝜂ᇱ(𝜔)𝜂ᇱᇱ(𝜔) 

 
 
For the frequency sweep data, the power law expression relates 

complex viscosity to frequency: 



|𝜂∗| = 𝑘𝜔௡                 (S6) 
 
where 𝑘 is a material-specific pre-exponential factor, 𝜔 is the 

frequency, and 𝑛 is the shear thinning exponent [11]. Shear thinning is 
often observed in cross-linked polymers and polymer composites [12]. 
When the index n has a negative value, the effective viscosity decreases 
as the frequency increases. Consequently, this model represents the 
disintegration of fluid structure under shear, commonly known as the 
shear thinning [13].  

The parameters 𝑘 and 𝑛 can be determined from the logarithmic plot 
of complex viscosity versus frequency [11]  

 𝑙𝑜𝑔|𝜂∗| = 𝑙𝑜𝑔 𝑘 + 𝑛 𝑙𝑜𝑔 𝜔       (S7) 

Valles et al. claims that the power law exponent declines with 
increasing radiation dose (and thus increasing cross-linking). This 
observation is supported by independent measurements of gel content 
and molecular weight distribution [14]. 

 
Rheological properties are strongly influenced by molecular weight 

and structural features like branching and cross-linking [15]. 
  



Appendix 
Calculation of Charlesby–Pinner parameters for EVA 206 

6 wt % of vinyl acetate, Mn = 39000 g/mol ethylene = — 𝐶𝐻ଶ— 𝐶𝐻ଶ— , 𝑀ா் = 2 ∙ 𝐶 + 4 ∙ 𝐻 = 2 ∙ 12.011 + 4 ∙ 1.008 = 28.054 𝑔/𝑚𝑜𝑙 vinyl acetate = 𝐶ସ𝐻଺𝑂ଶ, 𝑀௏஺ = 4 ∙ 𝐶 + 6 ∙ 𝐻 + 2 ∙ 𝑂 = 4 ∙ 12.011 + 6 ∙ 1.008 + 2 ∙ 16 = 86.092 𝑔/𝑚𝑜𝑙 wt. fraction of vinyl acetate 𝑤௏஺ = 6100 = 0.06 wt. fraction of ethylene 𝑤ா் = 1 − 𝑤௏஺ = 1 − 0.06 = 0.94 Molar fraction of vinyl acetate =  𝑥௏஺ 

𝑥௏஺ = 𝑤௏஺𝑀௏஺𝑤௏஺𝑀௏஺ + 𝑤ா்𝑀ா் = 0.0686.0920.0686.092 + 0.9428.054 = 0.02038      
Molar fraction of ethylene =  𝑥ா் = 1 − 𝑥௏஺ = 1 − 0,020378 = 0.97962 

Average molecular weight of repeating unit: 𝑀ா்ି௏஺ =  𝑥ா்𝑀ா் + 𝑥௏஺𝑀௏஺ = 0.97962 ∙ 28.054 + 0.02038 ∙ 86.092= 29.2368 𝑔/𝑚𝑜𝑙 Polymerization degree =  𝑃௡ = 𝑀௡௏஺𝑀ா்ି௏஺ = 3900029.2368 = 1334 

Charlesby–Pinner equation: 𝑠 + √𝑠 = 𝑝଴𝑞଴ + 1𝑞଴𝑃௡𝐷 

In plot 𝑠 + √𝑠 𝑣𝑠. 1𝐷 ∶ 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 𝑝଴𝑞଴ , 𝑠𝑙𝑜𝑝𝑒 1𝑞଴𝑃௡   
In case of EVA 206: intercept = 0.3246, slope = 55.072 then 𝑝଴𝑞଴ = 0.3246 and 1𝑞଴𝑃௡ = 55. 072 

𝑞଴ = 1𝑠𝑙𝑜𝑝𝑒 ∙ 𝑃௡ =  155.072 ∙ 1334 = 0.00001361 

then 𝑝଴ = 𝑞଴ ∙ 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  𝑞଴ ∙  𝑝଴𝑞଴ = 0.00001361 ∙ 0.3246 = 0.000004418 

Calculation of G parameters according to Charlesby-Pinner equation (see Table S2): 𝑠 + √𝑠 = 𝐺(𝑆)2𝐺(𝑋) + 4.82 × 10଺𝐺(𝑋)𝑀௡𝐷  

then 𝐺(𝑆)2𝐺(𝑋) =  𝑝଴𝑞଴ 𝐺(𝑋)𝐺(𝑆) = 12 𝑝଴𝑞଴ = 12 ∙ 0.3246 = 1.5404 

slope =  4.82 × 10଺𝐺(𝑋)𝑀௡  

𝐺(𝑋) = 4.82 × 10଺𝑠𝑙𝑜𝑝𝑒 ∙  𝑀௡ = 4.82 × 10଺55.072 ∙ 39000 = 2.2441 



Intercept =  𝐺(𝑆)2𝐺(𝑋) 𝐺(𝑆) =  2 ∙ 𝐺(𝑋) ∙ 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 2 ∙ 2.2441 ∙ 0.3246 = 1.4569 

Calculation of Charlesby–Pinner parameters for EVA 212 

12 wt % of vinyl acetate, Mn = 34000 g/mol ethylene = — 𝐶𝐻ଶ— 𝐶𝐻ଶ— , 𝑀ா் = 2 ∙ 𝐶 + 4 ∙ 𝐻 = 2 ∙ 12.011 + 4 ∙ 1.008 = 28.054 𝑔/𝑚𝑜𝑙 Vinyl acetate =  𝐶ସ𝐻଺𝑂ଶ, 𝑀௏஺ = 4 ∙ 𝐶 + 6 ∙ 𝐻 + 2 ∙ 𝑂 = 4 ∙ 12.011 + 6 ∙ 1.008 + 2 ∙ 16 = 86.092 𝑔/𝑚𝑜𝑙 wt. fraction of vinyl acetate 𝑤௏஺ = 12100 = 0.12 wt. fraction of ethylene 𝑤ா் = 1 − 𝑤௏஺ = 1 − 0,12 = 0.88 Molar fraction of vinyl acetate =  𝑥௏஺ 

𝑥௏஺ = 𝑤௏஺𝑀௏஺𝑤௏஺𝑀௏஺ + 𝑤ா்𝑀ா் = 0.1286.0920.1286.092 + 0.8828.054 = 0.04255. 
Molar fraction of ethylene =  𝑥ா் = 1 − 𝑥௏஺ = 1 − 0.04255 = 0.95745 

Average molecular weight of repeating unit: 𝑀ா்ି௏஺ =  𝑥ா்𝑀ா் + 𝑥௏஺𝑀௏஺ = 0.95745 ∙ 28.054 + 0.04255 ∙ 86.092 = 30.5235 𝑔/𝑚𝑜𝑙 Polymerization degree =  𝑃௡ = 𝑀௡௏஺𝑀ா்ି௏஺ = 3400030.5235 = 1114 

Charlesby–Pinner equation: 𝑠 + √𝑠 = 𝑝଴𝑞଴ + 1𝑞଴𝑃௡𝐷 

In plot 𝑠 + √𝑠 𝑣𝑠. 1𝐷 : 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  𝑝଴𝑞଴  , 𝑠𝑙𝑜𝑝𝑒 1𝑞଴𝑃௡ 

In case of EVA 212: intercept = 0.2163, slope =58.972 then 𝑝଴𝑞଴ = 0.2163 𝑎𝑛𝑑 1𝑞଴𝑃௡ = 58. 972  
𝑞଴ = 1𝑠𝑙𝑜𝑝𝑒 ∙ 𝑃௡ =  158.972 ∙ 1114 = 0.00001522 

then 𝑝଴ = 𝑞଴ ∙ 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 =  𝑞଴ ∙  𝑝଴𝑞଴ = 0.00001522 ∙ 0.2163 = 0.000003292. 
Calculation of G parameters according to Charlesby-Pinner equation (see Table S2): 𝑠 + √𝑠 = 𝐺(𝑆)2𝐺(𝑋) + 4.82 × 10଺𝐺(𝑋)𝑀௡𝐷  

then 𝐺(𝑆)2𝐺(𝑋) =  𝑝଴𝑞଴ 𝐺(𝑋)𝐺(𝑆) = 12 𝑝଴𝑞଴ = 12 ∙ 0.2163 = 2.3116 

slope =  4.82 × 10଺𝐺(𝑋)𝑀௡  

𝐺(𝑋) =  4.82 × 10଺58.972 ∙ 34000 = 2.4039 



Intercept =  𝐺(𝑆)2𝐺(𝑋) 𝐺(𝑆) =  2 ∙ 𝐺(𝑋) ∙ 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = 2 ∙ 2.4039 ∙ 0.2163 = 1.0399 

 

Table S2. Calculated Charlesby–Pinner parameters. 

Material wt% of VA wt.fraction of VA wt.fraction of ET Molar fraction of VA 

EVA206 6 0.06 0.94 0.0204 

EVA212 12 0.12 0.88 0.0425 

Material Molar fraction of ET MET-VA Mn Pn 

EVA206 0.9796 29.2366 39000 1333.95 

EVA212 0.9575 30.5232 34000 1113.91 

Material Slope p0/q0 q0 p0 

EVA206 55.0716 0.3246 0.00001361 0.000004418 
EVA212 58.9716 0.2163 0.00001522 0.000003293 

Material G(X)/G(S) G(X) G(S)  

EVA206 1.5405 2.2442 1.4568  
EVA212 2.3116 2.404 1.0399  
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