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Abstract 

Thermogravimetric analysis (TGA) of electron-beam irradiated ultrahigh 

molecular weight polyethylene (UHMWPE) has been studied. The 

modification in thermal properties of UHMWPE is investigated by measuring 

the onset temperature of thermal decomposition, the temperature 

corresponding to maximum mass loss and activation energy using TGA 

thermogram. The activation energy of thermal degradation of polymer 

samples was evaluated by different kinetics of thermal degradation viz., 

Anderson-Freeman, Sharp-Wentworth, Horowitz-Metzger and Friedman 

method. The onset temperature of thermal decomposition, the temperature 

corresponding to maximum mass loss and activation energy of thermal 

degradation of UHMWPE, is found to increases with the increase in the dose 

of electron radiation. The result thus indicates that the thermal stability of 

irradiated UHMWPE is more than that of unirradiated UHMWPE. Further, 

the FTIR spectral investigation reveals that the new functional group such as 

the conjugate C = C bond and carbonyl (C=O) group are formed in the 

irradiated UHMWPE polymers. 
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INTRODUCTION 

Thermoplastic polymers are not only 

extensively used in domestic applications 

but also in scientific, engineering and 

biomedical applications. The increase in 

the use of thermoplastic polymers is due to 

their easy processability, low price, low 

viscosity, better UV, abrasion and high 

chemical resistance. Ultrahigh molecular 

weight polyethylene (UHMWPE) is one 

such well-known important high- 

performance thermoplastic plastic that is 

used in biomedical applications and as an 

insulating material for electronics, wire 

and cable. However, UHMWPE polymer, 

which is an organic substance, is thermally 

sensitive due to the limited strength of 

covalent bonds that make up their 

structure. Therefore the structure of 

UHMWPE has to be modified to improve 

its physical properties to benefit a 

particular application with long-term 

thermal stability. Ionizing radiation is one 

of the methods used to modify the 

structure of polymers with specific 

physical properties [1-6]. The irradiation 

leads to the formation of reactive species 

known as free radicals in the polymers, 

which in the large scale of lattice defects 

in the polymer structure. The free radicals 

permanently modify the chemical structure 

of polymers by several possible reactions 

such as macromolecular chain destruction, 

crosslinking, carbonization and oxidation. 

These radiations induced chemical 

reaction in turn influence the thermal, 

mechanical, electrical and optical 

properties of polymers that open the way 

to design a variety of devices with required 

parameters [7-9]. 

 

Thermogravimetric analysis (TGA) is one 

of the most useful and commonly used 

techniques which help in understanding 

the degradation mechanism and also to 

know the influence of the polymer 

structure on thermal stability. TGA is also 

is used to predict the lifetime of polymers 

under actual service conditions. TGA 

requires only a small quantity of sample, 

and it offers precise control overheating 

conditions such as accurate heating rate 

and variable temperature range. Further, 

using TGA, one can measure the 

decomposition of polymers at various 

temperatures and also evaluate the kinetic 

parameter of thermal degradation viz., the 

activation energy of decomposition, order 

of reaction and pre-exponential factor [10- 

11]. The activation energy is the minimum 

energy needed to activate the molecules to 

undergo a phase transition. The activation 

energy is thus viewed as an energetic 

threshold for fruitful reaction, and hence it 

must be measured for better understanding 

of the thermal stability of polymers. 
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Several researchers studied the effects of 

ionizing radiation viz., ions, electron-beam 

and gamma radiation effects on the 

structural, optical, mechanical and 

electrical properties of UHMWPE 

polymers [12-15]. However, to the best of 

our knowledge, no detailed studies have 

been done to investigate the modifications 

of thermal properties of electron-beam 

irradiated UHMWPE. The in the present 

study, we irradiated UHMWPE by 

electron-beam radiation of energy 1.2 

MeV over a dose range of 0 – 1000 kGy. 

The modifications in thermal properties of 

pristine and irradiated UHMWPE 

polymers are investigated by a 

Thermogravimetric analyzer. In order to 

understand the modifications in thermal 

stability of UHMWPE polymers irradiated 

at various doses, we evaluated the 

activation energy of thermal 

decomposition by different methods, viz., 

Anderson-Freeman [16], Sharp-Wentworth 

[17], Horowitz-Metzger [18] and Friedman 

methods [19]. 

 

 

EXPERIMENTAL DETAILS 

The UHMWPE powder was procured from 

DSM engineering plastics, UK. The 

UHMWPE films are prepared by 

compression molding techniques, and 

details of which are already reported 

elsewhere  [15].  In  the  present  study, 

UHMWPE films of thickness 120 µm are 

used for irradiation. The electron-beam 

irradiation of prepared UHMWPE polymer 

films was carried out using an ILU-6 

electron accelerator at the BRIT, BARC, 

Mumbai, India. The electron-beam of the 

energy of 1.2 MeV, at a beam current of 

1.0 mA and at a dose rate 10 kGy per pass, 

is employed to obtain the required dose 

during the irradiation. The polymer films 

were irradiated to different doses viz., 200, 

400, 600, 800 and 1000 kGy. 

 

The FTIR spectra of both the pristine as 

well as the irradiated UHMWPE films 

were recorded in the transmission mode 

using FTIR spectrometer (perkin-Elmer, 

Lamda-35) having a spectral resolution of 

0.5 cm-1. The FTIR spectra of all the 

polymer films were recorded over the 

wavenumber range 4000-400 cm-1 keeping 

the air as reference. TGA thermograms 

were recorded, for pristine as well as 

irradiated UHMWPE samples, as a 

function of temperature using a 

thermogravimetric analyzer (Mettler TA). 

The polymers weighing about 10-11 mg 

were cut into very small pieces, crimped in 

small aluminum pans and weighed in a 

microbalance with a precision of up to 10 

ppm. The polymers were scanned over a 

temperature range of 50-6000C under a 

nitrogen atmosphere with a heating rate of 
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100C/min. The resulting weight loss was 

recorded as a function of temperature in 

terms of TGA thermograms. From the 

thermogram, the activation energy of 

thermal decomposition was determined by 

Anderson-Freeman, Sharp-Wentworth, 

Horowitz-Metzger and Friedman methods. 

 

RESULT AND DISCUSSION 

FTIR Spectroscopic Analysis 

The FTIR transmission spectra of the 

pristine, as well as the UHMWPE 

irradiated at different doses of electron 

radiation, are given in Figure 1. The 

transmission bands observed in the FTIR 

spectra of the pristine UHMWPE are 

identified as follows. 

 

The bands over the wavenumber range 

2830-2950 cm-1 correspond to the C–H 

stretching vibration of –CH2 group and 

that over the wavenumber range 1050-550 

cm-1, to the bending vibrations of the C-H 

bonds; at 1463 cm-1, to the bending of – 

CH2 group; at 1375 cm-1, to the 

symmetrical bending of –CH3 group; and 

the bands at 720 and 730 cm-1 correspond 

to the bending and rocking vibration of the 

methylene group. However new bands are 

found to appear around, 1720 cm-1, 969 

cm-1, 1620 cm-1and 984 cm-1 which 

correspond respectively to the formation of 

carbonyl (C=O), trans-vinylene 

unsaturation (-CH=CH-) and trans-trans 

conjugated dienes (-CH = CH - CH = 

CH-) groups in the irradiated UHMWPE 

(Ravinder et al., 2008; Dole, 1958; Patel, 

1975). The formation of the C=O 

functional group in the irradiated 

UHMWPE samples was attributed to the 

reaction of atmospheric oxygen with the 

polymer during the irradiation. 

 

Figure 1: FTIR spectra of UHMWPE polymer films irradiated at different doses of electron 

radiation. (a) 0 kGy (b) 400 kGy (c) 600 kGy (d) 800 kGy (e) 1000 kGy. 
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Thermo Gravimetric Analysis 

The thermogravimetric (TG) and 

derivative thermogravimetric (DTG) 

curves of the pristine, as well as the 

irradiated  UHMWPE  polymer,  are 

respectively given in Figures 2 and 3. The 

TG and DTG curve shows that both 

pristine and irradiated UHMWPE 

undergoes single-stage decomposition due 

to heating. 

 

 

Figure 2: TGA thermogram of UHMWPE polymers irradiated at different doses of 

electron radiation 

 

Table 1: The measure values of Onset of thermal decomposition temperature (To) (°C) 

Temperature corresponding to maximum mass loss (Tm) (°C) for UHMWPE polymer 

samples irradiated at different doses of electron radiation 

Radiation dose (kGy) To (°C) Tm (°C) 

0 391 475 

200 392 477 

400 396 478 

600 402 480 

800 408 482 

1000 412 484 
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The temperature corresponding to the starting point of decomposition, i.e., the onset 

temperature of thermal decomposition (T0) for both pristine and irradiated UHMWPE, was 

obtained DTG curve. Further, the temperature corresponds to maximum mass loss (Tm) for 

both pristine and irradiated UHMWPE was measured from a maximum of the DTG curve. 

The measured values of onset temperature of thermal decomposition (T0) and temperature 

correspond to a maximum rate of mass loss (Tm) are given in Table 1. From the table, it can 

be found that both the values of T0 and Tm for irradiated UHMWPE are higher than the 

pristine samples. This indicates that the irradiated UHMWPE is thermally more stable than 

the pristine UHMWPE. 

 

Figure 3: DTG curve of UHMWPE polymers irradiated at different doses of electron 

radiation 

 

Horowitz – Metzger method 

The relation derived by Horowitz – Metzger to determine a kinetic parameter of thermal 

degradation is given as 

  W0 Wf  Ea
ln ln 

 W W 

  

RT 2 (7) 

  f  e 

 

 

Where W0 – initial weight of the sample; Wf – final weight of the sample; W – weight 

remaining at a given temperature, T; Ea – activation energy; θ=T – Te, where T –temperature 



Journal of Research in Physics and Applied Sciences 

Volume 4, Issue 1, January-June 2021 

 

27 Page 21-32 © MANTECH PUBLICATIONS 2021. All Rights Reserved 

 

 

e 

 at time t and T  – DTG peak temperature. The plot of   W0 Wf versus θ gives a 
e ln ln 

 W W  


  f 



straight line whose slope gives the value of 
Ea 

RT 
2 

 

from which Ea can be calculated. 

 

 

Friedman Method 

Friedman provides the following expression for thermal degradation. 

ln 
 d

dt 
 ln z  n ln(1-  )  

Ea 

RT 

 

(8) 

 

Where α = conversion at time t, R = gas constant (8.314 J/mol/K) and T is the absolute 

temperature. The plot of ln (dα/dt) vs. 1/T gives a straight line with the slope equal to Ea/R, 

from which Ea can be obtained. 

 

Figure 4: Anderson- Freeman plots to determine the activation energy of thermal 

degradation of UHMWPE polymers irradiated at different doses of electron radiation 
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Figure 5: Sharp-Wentworth plots to determine the activation energy of thermal 

degradation of HMWPE polymers irradiated at different doses of electron radiation 

 

Figure 6: Horowitz – Metzger plots to determine the activation energy of thermal 

degradation of UHMWPE polymers irradiated at different doses of electron radiation 
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Figure 7: Friedman plots to determine the activation energy of thermal degradation of 

UHMWPE polymers irradiated at different doses of electron radiation 

 

Table 2: The estimated values of activation energy of thermal decomposition (Ea) for 

UHMWPE polymer samples irradiation at different doses of electron radiation 

Radiation 

dose 

(kGy) 

Activation energy of thermal decomposition 

(Ea) (kJ/mol) 

Anderson- 

Freeman 

Method 

Sharp- 

Wentworth 

method 

Horowitz- 

Metzger Method 

Friedman 

method 

0 232.90 224.46 244.83 260.60 

200 238.80 229.71 259.77 306.62 

400 255.52 257.04 274.21 318.26 

600 279.50 282.93 286.09 323.60 

800 302.93 304.59 301.87 328.06 

1000 308.96 318.30 308.50 345.21 

 

The activation energy of thermal 

decomposition for pristine as well as 

electron-beam irradiated UHMWPE films 

are determined by using above mentioned 

methods. The plots of the above mentioned 

methods that are used to evaluate the 
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activation energy of thermal 

decomposition are shown in Figures. 4 – 7. 

Figure 4 shows the Anderson-Freeman 

plot, Figure 5 shows the Sharp-Wentworth 

plot, Figure 6 shows the Horowitz- 

Metzger plot and Figure 7 show the 

Friedman plot. 

 

The values of activation energy of thermal 

decomposition as evaluated by the above 

four methods for UHMWPE polymers 

irradiated at different doses of electron 

radiation are given in Table 2. We found 

that the values of activation energy 

evaluated by all four methods viz., 

Anderson-Freeman, Sharp-Wentworth, 

Horowitz-Metzger and Friedman methods 

are comparable. Further, it was found that 

the activation energy of thermal 

decomposition of UHMWPE increases 

with an increase in the dose of electron 

radiation. This indicates that the thermal 

stability of UHMWPE increases upon 

electron irradiation. This may be due to the 

formation of a new functional group such 

as the conjugated double bond (C = C) and 

carbonyl (- C = 0) group in the irradiated 

sample, as confirmed by FTIR spectral 

studies. These bonds require higher 

dissociation energy and hence the thermal 

stability of irradiated UHMWPE is more 

than the pristine UHMWPE. 

CONCLUSION 

Thus the present research work shows that 

the modifications in the structural and 

thermal properties of UHMWPE induced 

by electron-beam radiation. The 

modifications in the thermal stability of 

UHMWPE polymers irradiated at different 

doses of electron radiation are investigated 

using TGA. The values activation energy 

(Ea) of thermal decomposition evaluated 

by four different kinetic methods viz., 

Anderson-Freeman, Sharp-Wentworth, 

Horowitz-Metzger and Friedman method 

are found to be comparable. Further, the 

values of Ea, the onset temperature of 

decomposition (To) and temperature 

corresponding to a maximum rate of mass 

loss (Tm) of UHMWPE are found to 

increase with the increase in the dose of 

electron radiation, which confirms the 

increase in the thermal stability of 

UHMWPE polymer upon electron-beam 

irradiation. This increase in the thermal 

stability of irradiated UHMWPE may be 

attributed to the formation of a new 

functional group in the irradiated samples, 

as confirmed by FTIR spectral analysis. 

 

ACKNOWLEDGEMENTS 

The authors are thankful to the Board of 

Research in Nuclear Sciences (BRNS), 

Department of Atomic Energy, Mumbai, 

India, for providing the financial support 



Journal of Research in Physics and Applied Sciences 

Volume 4, Issue 1, January-June 2021 

 

31 Page 21-32 © MANTECH PUBLICATIONS 2021. All Rights Reserved 

 

 

and our thanks are also due to the 

personnel of BRIT, Mumbai, India, for 

their help during the electron irradiation 

and also for providing the experimental 

facilities. 

 

REFERENCES 

I. C.T. Ratnam, K. Zaman, 

“Modification of PVC/ENR blend 

by electron beam irradiation: effect 

of crosslinking agents,” Nucl. 

Instrum. Methods B, Vol. 152, 

1999, pp. 335-342. 

II. S. Dalai, C. Wenxiu, “a Radiation 

effect on LDPE/EVA blends,” J 

Appl. Polym. Sci.Vol. 86, 2002, 

pp. 1296-1302. 

III. S.A. Nouh, M.H. Abdel-Salam, A. 

Ahmed Morsy, “Electrical, optical 

and structural behaviour of fast 

neutron-irradiation-induced CR-39 

SSNTD,” Radiat. Measur. Vol. 37, 

2003, pp. 25-29. 

IV. A.G. Chmielewski, M. Haji-Saeid, 

S. Ahmed, “Progress in radiation 

processing of polymers,” Nucl. 

Instrum. Methods B, Vol. 236, 

2005, pp. 44-54. 

V. Lakwanth Singh, Kawaljeet singh 

Samra, Ravinder Singh, “Opto- 

chemical response of CR-39 and 

polystyrene to swift heavy ion 

irradiation,”   Nucl.  Instrum. 

Methods B, Vol. 255, 2007, pp. 

350-356. 

VI. H.G. Harish Kumar, R.D. Mathad, 

S. Ganesh, K.S.S. Sarma, C.R. 

Haramaghatti, “Electron-beam- 

induced modifications in high- 

density polyethylene,” Braz. J 

Phys, Vol. 41, 2011, pp. 7–14. 

VII. M. Mujahid, D.S. Srivastava, S. 

Gupta, D.K. Avasthi, “Estimation 

of optical band gap and carbon 

cluster sizes formed in heavy ion 

irradiated polycarbonate,” Radiat. 

Phys. Chem., Vol.74 2005, pp. 

118-122. 

VIII. J. Davenas, P.H. Thevenard, G. 

Boiteux, M. Fallavier, X.L. Xu, 

“Hydrogenated carbon layers 

produced by ion beam irradiation 

of PMMA and polystyrene films,” 

Nucl. Instrum. Methods B., Vol. 

46, 1990, pp. 317-323. 

IX. A. K. Srivastava, H.S. Virk, “50 

MeV lithium ion beam irradiation 

effects in poly vinylidene fluoride 

(PVDF) polymer,” Bull. Mater. 

Sci. Vol. 23, 2000, pp. 533-538. 

X. R. Mishra, S.P. Tripathy, D. Fink, 

K.K. Dwivedi, “Activation energy 

of thermal decomposition of proton 

irradiated polymers,” Radiat. 

Measur., Vol. 40, 2005, pp. 754 – 

757 



Journal of Research in Physics and Applied Sciences 

Volume 4, Issue 1, January-June 2021 

 

32 Page 21-32 © MANTECH PUBLICATIONS 2021. All Rights Reserved 

 

 

XI. M. N. Radhakrishnan Nair, M. R. 

Gopinathan Nair, 

“Thermogravimetric analysis of 

PVC/NR-b-PU blends, “J Therm. 

Anal. Calorim, 2010, DOI 

10.1007/s10973-010-1113-1. 

XII. Phil Hyun Kang, Young Chang 

Nho, “The effect of g-irradiation 

on ultra-high molecular weight 

polyethylene recrystallized under 

different cooling conditions,” 

Radiat. Phys. Chem., Vol. 60. 

2001, pp. 79–87. 

XIII. Ebru Oral, Orhun K. Muratoglu, 

Nucl. Instrum. Methods B, 

“Radiation cross-linking 

in ultra-high molecular weight 

polyethylene for orthopaedic 

applications,” Vol.    265, 2007, 

pp. 18–22. 

XIV. H. Oonishi, Y. Takayama, E. Tsuji, 

E., “Improvement of polyethylene 

by irradiation in artificial joints,” 

Radiat. Phys. Chem., Vol. 39, 

1992, pp. 495–504. 

XV. R. D. Mathad, H. G. Harish 

Kumar, Basavaraj Sannakki, 

Ganesh Sanjeev, K. S. S. Sarma, 

Sanju Francis, “Electron-beam- 

induced changes in ultra-high- 

molecular weight polyethylene,” 

Radiat. Eff. & Def. in Solids, Vol. 

165(4), 2010, pp. 277–289. 

XVI. D. A. Anderson, E.S. Freeman, 

“The kinetics of the thermal 

degradation of polystyrene and 

polyethylene,” J Polym Sci., Vol. 

54 (159), 1963, pp. 253-260. 

XVII. J. B. Sharp, S. A. Wentworth, 

“Kinetic analysis of 

thermogravimetric data,” Anal 

Chem., Vol. 41, 1960, pp. 2060- 

2062. 

XVIII. H. Horowitz, G. Metzger, “A new 

analysis of thermogravimetric 

traces,” Anal. Chem., Vol. 35, 

1963, pp. 1464–1468. 

XIX. H. L. Friedman, “Kinetics of 

thermal degradation of char- 

forming plastics from 

thermogravimetry,” J Polym. Sci 

C, Vol 6, 1964, pp. 183-195. 

XX. J. Flynn, L. Wall, “A quick, direct 

method for the determination of 

activation energy from 

thermogravimetric data,” J Polym. 

Sci. B, Vol. 4(5), 1966, pp. 323- 

328. 

XXI. H. Kissinger, “Variation of peak 

temperature with heating rate in 

differential thermal analysis,” J 

Res. National Bureau of Standard., 

Vol. 57 (4), 1956, pp. 217-221. 


