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Figure 15: Change of free radical concentration of UHMWPE over 18 years 
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Figure 16: Relative free radical concentration of GUR 4150 and Hylamer after 18 years of aging 

 

The decrease in free radicals of Hylamer (stored in open air at 23°C) compared to GUR 

4150 might be influenced by the difference in molecular weight, surface morphology or the 

polymerization process in between these two samples. The oxidation process leads to convert the 

primary free radicals to the longer-lived non-free radical species (oxygen centered polyenyl). So, 

the less number of free radicals in Hylamer compared to GUR 4150 might be an effect of free 

radical conversion to the non-radical species. In inert storage at 37°C, Hylamer might have less 
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recombination of free radicals which causes slightly more radical concentration compared to 

GUR 4150 under the same condition. 

4.2.3 Simulation of ESR spectra 

The inert storage UHMWPE resin samples of all temperature showed the primary radical 

structure in ESR spectra, which can be clearly observed in Figure 13 and 14.  So, the analysis 

was aimed to extract the percent composition of radical types observed in GUR 4150 and 

Hylamer sealed in inert condition at room temperature, body temperature and elevated 

temperature for 18 years. Figure 17 shows an example of combination of radical types within the 

GUR 4150 samples sealed in inert condition at room temperature. The bottom two graphs are 

simulated and experimental ESR spectra.  

 

Figure 17: An example of combination of radical types in UHMWPE 
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      Table 4 shows comparative percent (%) composition of different type radicals within GUR 

4150 and Hylamer stored in inert environment at different temperature. This analysis was 

performed using ‗simulation tool‘ in excel software. 

Table 4: Radical types detected via ESR in this study 

Percent (%) composition of radical types observed in GUR 4150 and Hylamer UHMWPE stored 

in inert at room temperature, body temperature and elevated temperature  

Types of 

radical 

23
o
C 37

o
C 75

o
C 

GUR 4150 Hylamer GUR 4150 Hylamer GUR 4150 Hylamer 

Alkyl 10 16 13 20 15 6 

Allyl 40 42 40 51 10 24 

Polyenyle 50 42 46 28 0 0 

Dienyle 0 0 0 0 74 68 

Trienyle  0 0 0 0 0 0 
 

 

     In terms of radical type (alkyl, allyl, polyenyle, dienyle and trienyle), no significant difference 

was found between GUR 4150 and Hylamer at 23°C (inert), but at 37°C (inert) Hylamer showed 

the presence of more alkyl (20/13), allyl (51/40) and less polyenyle (28/46). No dienyle or 

trienyle was observed at 23°C (inert) or 37°C (inert). At 75°C (inert), Hylamer (compared to 

GUR 4150) showed the presence of lower concentration of alkyl (6/15), higher concentration of 

allyl (24/10), no polyenyle (0/0), approximately equal number of dienyle (68/74) and no trienyle 

(0/0). At high temperature, conversion of the primary radicals to the Dienyle (oxygen centerd 

polyenyle) components might occur due to the thermal motion of the polyethylene molecules. 
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4.2.4 R1 and R2 type radicals in GUR 4150 and Hylamer 

     The existence of radical R1 (carbon centered polyenyle) and R2 (Oxygen centered 

polyenyle) in UHMWPE was already reported in previous work of biomaterials research 

laboratory, Department of Physics, The University of Memphis. The present study was aimed for 

further detection of radical R1 and R2 in irradiated UHMWPE after 18 years. The comparative 

quantification of R1 and R2 was also performed between GUR 4150 and Hylamer followed by 

18 years of aging. Figure 18 (a) and 18 (b) show the existence of R1 and R2 radical in GUR 

4150 and Hylamer stored in air at room temperature for 18 years. 

 

Figure 18 (a): The existence of radical R1 and R2 in GUR 4150 

after 18 years of aging  
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Figure 18 (b): The existence of radical R1 and R2 in Hylamer 

after 18 years of aging  

  

      The bar graph in Figure 19 represents the relative free radical concentration of type R1 and 

R2 between open air GUR 4150 and Hylamer resin stored at room temperature. Analyses of the 

ESR data revealed that Hylamer contained lower concentration, 0.6x and 0.5x, of R1 and , R2 

respectively, compared to GUR 4150. This results indicate a possible increased oxidation 

protection in these samples, as fewer oxygen induced radicals were generated.  
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Figure 19: Relative R1 and R2 radical concentration in between GUR 4150 and Hylamer 

after18 years 
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4.3 Results for Group B 

In this part of results, the long-term effect of vitamin E (α-Tocopherol) in quenching the free 

radicals of UHMWPE, was investigated.  

4.3.1 ESR spectra of UHMWPE without and with vitamin E 

 

 

Figure 20: ESR spectra of 10 years aged UHMWPE 

 

 

The ESR spectra of shelf storage 10 years aged non-vitamin E and 0.5% vitamin E doped 

GUR 1020 resin sample were shown in Figure 20.  Although vitamin E radicals were present in 

the ESR spectra of immediate post gamma-irradiated vitamin E mixed polyethylene sample 

(tested at 2006), no vitamin E resonance line was observed in the present ESR spectra. This 

result suggests that, vitamin E radicals might be stable for short period, but not for the long 
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period, it gets stabilized either recombining with vitamin E radical itself or any polyethylene 

radicals.  

4.3.2 Free radical concentrations over 10 years 

The bar graph shown in Figure 21 presents the free radical concentration (FRC) (spins 

per gram) of UHMWPE samples mixed with various percentage of vitamin E (α-Tocopherol). 

The ESR measurements conducted immediately after gamma irradiation in 2006 showed a 

decrease in free radical concentration by an order of magnitude due to vitamin E [39]. In 10 

years (2016), the radical concentration was reduced by another order of magnitude; i. e. from 

~10
17

 to ~10
15

 radicals per gram in all samples, with or without vitamin E. No measurable 

difference between radical concentrations was found as a function of vitamin E. 
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Figure 21: Change of free radical concentration of vitamin E doped UHMWPE 

over 10 years 

 

4.3.3 R1 and R2 type radicals in absence and presence of vitamin E   

The effect of vitamin E in stabilizing the free radicals of UHMWPE was clearly studied 

by detecting and quantifying the radical R1 (carbon centered polynyle) and R2 (Oxygen centered 

Polynyle) in similar aged non vitamin E and vitamin E doped UHMWPE samples. Figure 22(a) 

and 22(b) indicate the presence of R1 and R2 radicals in non-vitamin E and 0.5% vitamin E 

doped GUR 1020 UHMWPE samples.  
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Figure 22 (a): Detection of radical R1 and R2 in non-vitamin 

UHMWPE after 10 years 
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Figure 22 (b): Detection of radical R1 and R2 in vitamin E doped 

UHMWPE after 10 years 
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Figure 23: Relative R1 and R2 radical concentration of non-vitamin and vitamin E 

doped UHMWPE after 10 years 

 

            The bar graph shown in Figure 23 revealed that, 0.5% vitamin E decreased the carbon 

centered polynyle (R1) as well as oxygen centered polyenyle (R2) radical in UHMWPE over 10 

years. Analyses of ESR data showed that, vitamin E doped GUR 1020 resin contained lower 

concentration, 0.3x and 0.7x of R1 (carbon-centered polyenyle) and R2 (oxygen-centered 

polyenyle), respectively, compared to GUR 4150. This reduction of free radicals confirms about 

the effect of vitamin E in stabilizing the free radicals of polyethylene. This reduction could result 

from the reduced amount of radicals present in the vitamin E containing samples at initial time 

(in 2006). 
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Chapter 5 

Conclusion 

         The current study has outlined the comparative analysis of long lived free radical in 

orthopedic UHMWPE resin in absence and in presence of vitamin E. The experimental findings 

can be discussed separately for two groups of samples. 

5.1 Group A 

In this group, 18 years aged GUR 4150 and Hylamer (Himont 1900) samples in open air and 

in inert condition at 23°C, 37°C and 75°C, were investigated. Although the total concentration of 

radicals in all samples decreased by two orders of magnitude in 18 years, still there is 

quantifiable radical contents remaining in all the samples except those stored in air at 75°C.  

The comparison between GUR 4150 and Hylamer showed some difference in radical 

behavior, which are explained below in different section.  

The radical concentration of Hylamer samples stored in air at room temperature decreased by 

a factor of 2/3 compared to GUR 4150 over 18 years. This reduction of free radicals in Hylamer 

might be due to the more conversion of primary polyethylene radicals to the long-lived non-

radical species compared to GUR 4150. However, the inert storage of both GUR 4150 and 

Hylamer showed similar concentration (slightly higher concentration at 23°C than at 37°C).  

The inert-storage GUR 4150 and Hylamer, were also compared in terms of radical types 

(alkyl, allyl, polyenyle, dienyle and trienyle) present after 18 years. In this analysis, there was no 

significant difference was found between GUR 4150 and Hylamer at 23°C. At 37°C, Hylamer 

showed the presence of more alkyl (20/13), allyl (51/40) and less polyenyle (28/46). No 

conversion to dienyle or trienyle was observed at 23°C or 37°C. At 75°C, Hylamer (compared to 
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GUR 4150) showed the presence of lower concentration of alkyl (6/15), higher concentration of 

allyl (24/10), no polyenyle (0/0), approximately equal number of dienyle (68/74) and no trienyle 

(0/0). The large conversion of primary radicals to the dienyle components at 75°C might be due 

to the thermal motion of poyehtylene molecules at elevated temperature.  

Analyses of the ESR data of the open-air samples further revealed that Hylamer contained 

lower concentration, 0.6x and 0.5x, of carbon-centered polyenyle (R1: — •CH— [CH = CH—

]m— , polyenyl with m > 3) and oxygen-centered-polyenyle (R2: —·OCH— [CH = CH—]m— 

,Oxygen induced radicals (OIR) with m =2 or 3), respectively, compared to GUR 4150. This 

result suggests that, Hylamer might have increased oxidation protection compared to GUR 4150.  

The difference in radical behavior in Hylamer compared to GUR 4150, might be due to 

molecular weight, particle morphology or particle size. As mentioned earlier, the characteristics 

properties of Hylamer resulted from its polymerization process.  

After 18 years, the ESR spectra were analyzed for all samples stored in air and inert 

condition. The structures of ESR spectra were consistent with the storage environment. The 

samples aged at 23°C or 37°C in open air showed the presence of oxygen-induced polyenyle 

radicals indicating the strong oxidation in presence of air. However, the ESR spectra of inert 

storage showed the presence of primary polyethylene radicals indicating the oxidation protection 

environment.  

5.2 Group B 

In this group, 10 years-aged shelf storage GUR 1020 samples doped with percent vitamin E 

(α-Tocopherol) were investigated. The ESR measurements conducted immediately after gamma 

irradiation in 2006 showed a decrease in free radical concentration by an order of magnitude due 

to vitamin E [39].  
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