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Statement of Purpose: The benefit of radiation-induced 
crosslinking in UHMWPE implants was re-discovered 
during the research phase of oxidation prevention1.  To 
take advantage of crosslinking for wear improvement and 
avoid long term oxidation, post-radiation annealing or re-
melting methods has been developed to eliminate residual 
free radicals.  Methods for addition of vitamin E into the 
polymer are also developed2. There remains a need for 
advancement in UHMWPE especially at the micro-
structure level.  Annealing does not eliminate free radicals 
entrapped in the crystalline region. Remelting enables free 
radicals to crosslink, but it can also damage mechanical 
properties3.  Vitamin E prevents free radicals from 
reacting with oxygen, but unlike annealing or remelting, it 
does not improve crosslinking density.  All of the three 
methods improve wear at the expenses of material 
strength and toughness.  Because of the line-of-sight 
phenomenon, radiation induced crosslinking density tends 
to be non-uniform at both microscopic and macroscopic 
levels.  In this series of studies4, we have proposed to 
subject irradiated UHMWPE to thermal treatment 
conducted at a temperature far above the melting point for 
potential improvement in microstructure and material 
property.  Methods: Two batches of GUR1020 
UHMWPE rods were subjected to various radiation and 
post-radiation treatments as summarized in Tables 1 and 2.  
The crosslinking treatments included gamma radiation at 
50, 75, and 100 kGy in nitrogen or air.  The post-radiation 
treatments included annealing (at 120°C for 4 hours), 
remelting (at 150°C for 4 hours) and high temperature 
treatment (HTT; at 250°C for 4 hours).    A 6-station pin-
on-flat wear machine was used for wear tests following 
ASTM F732 and F2025. UHMWPE specimens were 
tested against Co-Cr-Mo alloy lubricated with bovine 
serum at 3.45 MPa constant load and 50 mm/s sliding 
speed.  Gel content and swell ratio analyses followed 
ASTM D2765 using hot xylene at 130oC for 4 hours.  
Results: Wear rate data are presented in Table 1. Gel 
content and swell ratio data are shown in Table 2.  Figure 
1 shows the 5-MM cycle wear loss plot.  Discussion and 
Conclusion: From Table 1 and Figure 1, HTT at 250°C 
significantly improved wear.  HTT on 50 kGy irradiated 
materials outperformed annealing or remelting on 100 
kGy irradiated materials.  The wear improvement by HTT 
is correlated with the crosslinking density data where the 
swell ratios in HTT materials were the lowest among all 
irradiated materials at the same doses (Table 2).  In 
contrast, annealing or remelting was not effective in 
raising crosslinking density from as-irradiated (not 
statistically significant), even though they were expected 
to recombine most of or all the remaining free radicals.    
Material scientists are taught not to overheat a polymer 
beyond its melting point to avoid de-polymerization.  
HTT at 250oC (about 110oC above melting) had certainly 

entered such risky territory, with material weight loss and 
formation of black carbon at the skin zone observed. 
UHMWPE consists of C-C and C-H bonds only.  The 
associated bond energies are 80 and 98 kcal respectively. 
At sufficiently high temperatures (such as 250oC used in 
the study), existing C-C crosslinks due to radiation are 
expected to break, re-producing free radicals.  
Concurrently, C-C bonds in the backbone of the polymer 
would also break, creating alkyl free radicals. The 
majority of C-H bonds might remain intact due to much 
higher bond energy.  Upon cooling, free radicals would 
then react with each other to form crosslinks.  There is a 
net gain in crosslinking density due to new free radicals 
induced by thermal force.  Future studies are planned to 
investigate further reaction mechanisms and confirm the 
molecular structure.   
                   Table 1: Preparation methods and wear rates 
Sample (n= 3) / Method Wear rate 

(mg/MM cycle) 
1. Virgin polymer, not irradiated 3.38 + 0.89 
2. Irrad. at 50 kGy in N2; remelted in N2 at 150oC 2.11 + 0.12 
3. Irrad. at 100 kGy in N2; annealed in N2 at 110oC 1.71 + 0.18 
4. Irrad. at 100 kGy in N2; re-melted in N2 at 150oC 1.53  + 0.30 
5. Irrad. at 50 kGy in air; HTT at 250oC 1.29 + 0.05 
6. Irrad. at 75 kGy in air; HTT at 250oC 0.52 + 0.08 

Table 2: Preparation methods and gel content/swell ratio 
Sample (n= 2) / Preparation Method Swell 

ratio 
Gel cont., 
%  

Virgin polymer, not irradiated 10.4 + 0.6 62 + 8 
Irrad. at 50kGy in air 4.4 + 0.1 95 + 1 
Irrad. at 50 kGy in air; anneal. in N2 at 120oC 3.8 + 0.3 97 + 1 
Irrad. at 50 kGy in air; remelt. in N2 at 150oC 4.3 + 0.6 97 + 1 
Irrad. at 50 kGy in air; HTT in N2 at 250oC 3.3 + 0.1 99 + 1 
Irrad. at 75 kGy in air 3.1 + 0.1 95 + 1 
Irrad. at 75 kGy in air; anneal. in N2 at 120oC 3.0 + 0.1 97 + 1 
Irrad. at 75 kGy in air; remelt. in N2 at 150oC 3.5 + 0.4 95 + 3 
Irrad. at 75 kGy in air; HTT in N2 at 250oC 2.8 + 0.1 99 + 1 

Figure 1:  Wear loss plot  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Legend : 1. Virgin polymer; 2. 50kGy / remelted; 3. 100kGY / annealed; 
4. 100kGy / remelted; 5. 50kGy / 250C treated; 6. 75kGy / 250C treated  
Reference: (1) Sun DC, et al., Transactions of 43rd ORS Annual 
Meeting, San Francisco, CA, 1997, P 783 (2) US patent 6,448,315 (3) 
Kurtz, S.M., et al.: Biomaterials (2002) 23:3681 (4) US patent 
applications 11/463,423 and 12/076,969.  Acknowledgement: 
Special thanks are given to Meditech Inc. for providing UHMWPE 
material.    
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