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Abstract 

 A unique strategy to scavenge free radicals in situ on exposure to gamma 

irradiation in polyethylene (PE) nanocomposites is presented. Blends of ultra high 

molecular weight PE and linear low density PE (PEB) and their nanocomposites with 

graphene (GPEB) were prepared by melt mixing to develop materials for biomedical 

implants. The effect of gamma irradiation on the microstructure and mechanical 

properties was systematically investigated. The neat blend and the nanocomposite were 

subjected to gamma ray irradiation in order to improve the interfacial adhesion between 

PE and graphene sheets. Structural and thermal characterization revealed that irradiation 

induced crosslinking and increased the crystallinity in the polymer blend. The presence of 

graphene further enhanced the crystallinity through crosslinks between the polymer 

matrix and the filler on irradiation. Graphene was found to scavenge the free radicals as 

confirmed by electron paramagnetic resonance spectroscopy. Irradiation of the graphene 

containing polymer composites resulted in the largest increases in the modulus and 

hardness compared to either irradiation or addition of graphene alone to PEB. This work 

provides new insight into the role of graphene in polymer matrices during irradiation and 

suggests that irradiated graphene polymer composites could emerge as promising 

materials for use as articulating surfaces in biomedical implants. 

 

Keywords: Ultra-high molecular weight polyethylene; Polyethylene blend; Graphene 

composite; Gamma ray irradiation; Free radicals 
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 3

1. Introduction 

 Gamma rays find applications in a wide range of applications such as sterilization 

of biomedical implants, medical instruments, human blood and food; and in diagnostic 

imaging and treatment of cancer.[1], [2] In the field of polymer engineering, different kinds 

of irradiation are frequently used to enhance various properties that are of technological 

interest such as physico-chemical, structural, electrical and thermal properties, etc.[3], [4] 

Whereas there are ample literature on the improvement of mechanical properties in 

polymeric systems, the effect of gamma irradiation on the mechanical properties of 

nanoparticle filled polymer composites is less understood. Blends of ultra-high molecular 

weight polyethylene (UHMWPE) and linear low density polyethylene (LLDPE) were 

chosen as the polymer system in this work to study the effect of graphene and gamma ray 

irradiation on the mechanical properties of the polymer. 

UHMWPE is widely used for preparing acetabular cups and tibial inserts in the 

human body by virtue of its biocompatibility, low friction coefficient, modulus, 

toughness and fatigue resistance.[5] However, its low wear resistance limits its 

applications as a desirable implant material owing to accumulation of wear debris and 

associated complications such as inflammation, osteolysis, etc.[6] Therefore, polymers 

with superior mechanical properties are in great demand to develop the next generation 

prosthetic implants promising longer lifetime especially for more active younger 

patients.[7]  However, it is particularly difficult to process UHMWPE because of its high 

molecular weight, high melt viscosity and low solubility in solvents. Blending of 

UHMWPE with a low viscous polymer can offer ease of processing by an industrially 

viable technique like melt mixing.   
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 4

LLDPE is a linear semicrystalline polyethylene.[8]  Incorporation of LLDPE with 

other PEs like low density PE (LDPE), high density PE (HDPE) and UHMWPE are 

envisaged to improve the mechanical properties of the blend.[9]  Kyu et al[10] reported that 

UHMWPE seems to be miscible with LLDPE, HDPE and LDPE in the melt state. Vadhar 

et al[11] studied the effect of mixing, rheology and mechanical properties of 

UHMWPE/LLDPE blends. LLDPE is also envisioned to facilitate homogeneous 

polymerization of UHMWPE and the formation of polymer brush on the folded surfaces 

of the newly developed polyethylene.[12]  

Of late, nanoparticles have been frequently investigated for their role in 

improving mechanical properties and wear resistance of UHMWPE/LLDPE blend. Park 

et al[13] reported that UHMWPE/LLDPE-BaTiO3 nanocomposites showed a significant 

change in mechanical properties. Silicon nitride and alumina nanoparticles in 

UHMWPE/LLDPE were also reported to improve thermal, dielectric and mechanical 

properties.[14] In recent years, carbonaceous nanoparticles like carbon nanotubes 

(CNTs)[15] and graphene oxide (GO),[16] etc. are being explored as reinforcing agents 

owing to their exceptional mechanical properties and larger surface area. The latter 

particularly make these materials effective for load bearing orthopedic 

applications.[17],[18],[19] It has been reported that incorporation of carbonaceous 

nanoparticles in UHMWPE led to significant strengthening of the composites.[20],[21],[22] 

The hardness of the GO/UHMWPE composites scaled with increasing GO content in the 

composites.[23] In our previous work, we have studied the effect of rolling on the 

evolution of crystallographic texture and mechanical properties of UHMWPE/graphene 
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 5

and UHMWPE/CNT composites.[24] Graphene was more effective than CNT in 

improving the modulus prior to rolling.     

In the recent past, several strategies have been employed to improve the 

mechanical properties in polymers and polymer based composites. Irradiation is one such 

strategy. It is believed to induce scission of the polymer chains and generate free radicals 

that can lead to the formation of unsaturated cross-links between the adjacent 

macromolecules.[25] In addition, it has been well established that the mechanical 

properties of UHMWPE varies with the dosage of gamma ray radiation.[26], [27] Buchanan 

et al[28] studied the effect of dosage of irradiation on the density and crystallinity of PE. 

Similar results were also reported in UHMWPE/CNT composites irradiated with gamma 

rays[21]. However, the mechanical properties of GO/UHMWPE composites irradiated at 

90 kGy was shown to be insensitive to the irradiation.[29] Thus, it is now well understood 

that irradiation can improve the structural properties of UHMWPE.[26] However, the 

effect of irradiation on graphene/PE based composites have not been studied. Hence, we 

systematically investigated the effects of gamma rays on the mechanical properties of 

UHMWPE/LLDPE/graphene composites. 

 In the present work, UHMWPE/LLDPE blends and with graphene were prepared 

by melt mixing. The structural, thermal, and mechanical properties of un-irradiated and 

irradiated samples were characterized using X-ray diffraction (XRD), differential 

scanning calorimetry (DSC), dynamic thermal analysis (DMA) and micro-hardness 

tester. In addition, the effect of gamma ray irradiation on the blends and the composites 

was studied. The free radical formation in the irradiated blends and the composites were 

studied by electron paramagnetic resonance (EPR) to elucidate the role of graphene in 
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 6

scavenging the free radicals and synergistically augmenting the mechanical properties of 

the composites.    

 

2. Experimental 

2.1. Materials 

LLDPE of melt flow index (MFI) of 50 g/10 min and density of 0.926 g/cc was 

obtained from Reliance Industries (Reclair M26500). The UHMWPE (Mw = 3×106 to 

6×106) was procured from Sigma Aldrich. GO used was prepared by modified Hummer's 

method using graphite flakes (Superior Company), and reduced graphene oxide (G) via 

thermal reduction of GO, as previously reported.[30] 

2.2. Processing of polymer nanocomposites 

The neat (70/30 by wt) UHMWPE/LLDPE blend and 1 wt % G were prepared 

using a conical twin screw mini extruder (Haake Mini lab II) at 220 ºC with a rotating 

speed of 60 rpm for 20 min under nitrogen environment. Rectangular strips of 25 mm 

length× 6.5 mm width× 1 mm thickness were produced by hot-pressing using a 

laboratory scale compression molding machine at 220 ºC for 30 min.  

2.3. Gamma ray irradiation on polymer samples 

The gamma ray irradiation was performed on the neat blend and graphene based 

composites at room temperature at 1 Pa using a Co60 source. The samples were irradiated 

with two different doses, i.e., 25 and 50 kGy with an average dose rate of 5.5 kGy/h. Fig. 

1 represents schematically the preparation of the composite and subsequent irradiation.  

The neat UHMWPE/LLDPE blend (PEB), the graphene based composites (GPEB), and 
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 7

the samples with irradiation dosages of 25 and 50 kGy will be hereafter referred to as 

PEB, GPEB, PEB25, GPEB25, PEB50, and GPEB50.       

2.4. Characterization  

2.4.1 Chemical and morphological analysis 

 The XRD patterns of un-irradiated and irradiated samples were recorded using a 

Rigaku Smartlab X-ray diffractometer equipped with a copper source of CuKα, A 

scanning speed of 1 º/min, and a step size of 0.02 º were used to obtain the pattern. 

Fourier transform infrared (FTIR) spectra were recorded in the range of 550 cm-1 to 4000 

cm-1 with a Bruker Alpha FTIR system using KBr pellets. Raman analysis was carried 

out on the graphene sheets using a HORIBA, LabRAM HR spectrometer with a 514 nm 

laser. The morphology of the graphene sheets was also analyzed using FE-SEM (Carl 

Zeiss Ultra 55) employing a secondary electron mode detector. The samples for scanning 

electron microscopy were prepared by dispersing them in deionized water using a probe 

sonicator, and subsequently drop casting them on a silicon wafer. The surface of un-

irradiated and irradiated samples and the cryo-fractured surface of extruded strands of 

PEB and GPEB was characterized using SEM at a low accelerating energy of 5 kV. The 

solid state carbon 13 nuclear magnetic resonance (13C NMR) spectra of the irradiated 

composites were recorded at 400 MHz in a Bruker NMR spectrometer operating under a 

static magnetic field of 9.4 T. 

2.4.2 Electron paramagnetic resonance  

EPR spectra on un-irradiated and irradiated samples were measured using a 

Bruker EMX X-Band spectrometer at room temperature with a ER 041X microwave 

bridge. The microwave frequency, power and modulation frequency were 9.43 GHz, 2.11 
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 8

mW and 100 kHz, respectively. Rectangular strips (2 × 2 × 6 mm3) weighing 20 mg were 

used for these measurements. The nature of interactions between the polymer matrix and 

the graphene sheets in the un-irradiated and irradiated polyethylene blend and graphene 

based composite was further assessed by refluxing 1.0 g of each sample in boiling xylene 

(140 ºC) for 10 days using a Soxhlet apparatus. 

2.4.3 Differential scanning calorimetry 

The melting and crystallization behavior of un-irradiated and irradiated samples 

were analyzed by DSC (Q2000 from TA Instruments). The samples were heated from -50 

ºC to 200 ºC at 10 ºC/min. The melting temperature (Tm) was measured as the maximum 

temperature of the endotherm peak. The percentage crystallinity (Xc) was calculated from 

the first heating endotherms using the equation below,  

                                     
0

100m
C

m

H
X

H

∆
= ×
∆

 

where, ∆Hº
m is the enthalpy of fusion for  100 % crystalline UHMWPE (∆Hº

m =293 J/g), 

∆Hm is the enthalpy of fusion calculated from the area of endothermic melting peaks.  

2.4.4 Mechanical properties 

 The dynamic mechanical behavior of the un-irradiated and irradiated samples was 

investigated by DMA (Q 800, TA Instruments) under tension mode. The rectangular 

specimens (25×6.5×1 mm3) were used for measurements. For each sample, the 

measurement was performed by sweeping the frequency from 0.1 Hz to 100 Hz at room 

temperature with a preload of 0.01 N and amplitude of 15 µm. Storage modulus and loss 

modulus were obtained from the DMA data.  

The microindentation experiments were performed using a CSM microhardness 

tester equipped with a Vickers diamond tip. The maximum load used was 100 mN. The 
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 9

loading and unloading were done at 200 mN/min. The dwell time at maximum load was 5 

s. The load-displacement data were acquired in real time by a computer and saved for 

further analysis. At least six independent indentations were performed for analysis. The 

hardness (H) was evaluated according to the following equation. [31] 

                                                       max

max

P
H

A
=                         (1) 

where, Pmax is the maximum applied load (in Newton) and Amax is the contact area of the 

indentation at the maximum load (m2). The contact stiffness (S) was determined using the 

following equation 2 [32] 

1/2
max

1/2

2
r

E A
S

π
=                   (2) 

Where, Amax is the surface contact area at the maximum displacement. The reduced 

elastic (Er) modulus is given by the following equation 3[32]   

max

.
2r

S
E

A

π
β=           (3) 

Where, β is the correction factor (1.0124 for Vickers indenter) [32]. The elastic modulus 

(Es) was obtained from the reduced modulus and indenter modulus using equation 4.[31]   

2 2(1 ) (1 )1 s i

r s iE E E

ν ν− −
= +          (4) 

Where, Ei, ES refer to the elastic moduli of the Vicker’s indenter (1141 GPa), and the 

samples respectively, υi, υs the Poisson ratios of the Vicker’s indenter (0.07), and the 

samples (0.46) respectively. [33]   
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 10

 The plasticity index (Ψ) is used to define the relative elastic-plastic behavior of a 

material which is subjected to external stresses and strains. The plasticity index (Ψ) was 

calculated using the equation 5.[34]   

P e

p

A A

A

−
Ψ =                (5) 

where, AP is the difference between the areas under the loading and unloading curves, and 

Ae
  the area under the unloading curve. 

 

3.  Results and Discussion 

3.1 Characterization of the nanoparticles 

Results from XRD, FTIR, and Raman characterization of GO and G are shown in 

Figs. 2(a-d). Fig. 2a shows the characteristic diffraction peak for GO at 10.8º (d=8.2 Å) 

and the diffraction peaks at 25.8º (d=3.45Å) confirming the incomplete exfoliation of the 

reduced GO.[30] In FTIR spectra, the presence of hydroxyl stretching (3440 cm-1), 

carbonyl stretching (1732 cm-1), sp2-hybridized C=C (1627cm-1), C-O-C asymmetric 

stretching (1200-1320 cm-1), C-O stretching of phenol or alcohol or ether (1150-1050 cm-

1) and epoxy C-O-C bending motion (850 cm-1) are well evident for GO (Fig. 2b). The 

carbonyl group along with the phenol or alcohol or ether groups almost disappeared in 

the spectra upon reduction to G. For the latter, the intensity of hydroxyl stretching peak 

decreased whereas the peak at 1577 cm-1 increased indicating the partial restoration of sp2 

bonds. The broad peak at 1132 cm-1 was observed due to the C=O vibration, which 

indicates the reduction of the carboxyl and hydroxyl groups in GO.[35], [36] The G and D 

bands were obtained at 1601 cm-1 and 1359 cm-1 for GO in the Raman spectra. The peaks 
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slightly shifted to lower (G-1589 cm-1, D-349 cm-1) wave number upon reduction and is 

consistent with literature (Fig. 2c). SEM image of G showed a typical layered structure 

(Fig. 2d).  

3.2 Structural characterization of the nanocomposites 

Fig. 3a shows the solid state 13C NMR spectra of PEB, PEB50 and GPEB50. In 

PEB spectrum, a resonance peak at 35.3 ppm and a shoulder at 33.8 ppm corresponds to 

trans-trans methylene and amorphous phase in the polyethylene blend, respectively[37],[38]. 

PEB50 and GPEB50 spectra also showed weak resonance peaks. PEB50 showed a small 

shoulder at 36.8 ppm , which plausibly is due to additional crystallization in polyethylene 

upon irradiation. In the case of GPEB50, the peak at 35.3 ppm broadened due to increase 

in the number of carbon atoms by incorporation of graphene in polymer matrix causing 

the peak to overlap with the shoulder peak. The new resonance peak (indicated by an 

arrow at 41.2 ppm in Fig. 3b) was related to the carbon-carbon cross-linking in 

polyethylene by irradiation. In addition, there were two more resonance peaks at 15.4 

ppm and 27.5 ppm (indicated by an arrow) due to methyl end groups and radiation 

induced branching in polymer matrix.[38] 

Fig. 4a presents the normalized IR spectra of un-irradiated and irradiated samples. 

The IR spectra of PEB illustrates four signature bands, namely, the strong CH stretching 

modes at 2911 cm−1 and 2844 cm−1, the polyethylene-methylene (CH2) bending mode at 

1461 cm−1, and the CH2 rocking mode at 719 cm−1, which are identical with the 

characteristic features for PE[39], [40]. In the case of irradiated PEB samples, the additional 

peak at 965 cm-1 is due to trans-vinylene group which indicates the cross-linking between 

the polymer chains induced by the irradiation [38]
 ’

[41] ’
[42] (Fig. 3b).  
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Additional peaks at 1717 cm-1, 1570 cm-1 and 1170 cm-1 were observed in the IR 

spectra of GPEB, which indicate the presence of G in the blends. The broad peak 

between centered around 1170 cm-1 indicates the C-O stretching and –C-O-C vibrations 

of graphene. A small new trans-vinylene peak was observed at 965 cm-1 for the irradiated 

composites (GPEB25 and GPEB50) indicating the cross-linking of the polymer chains.  

The un-irradiated and irradiated PEB samples were dissolved in hot xylene to 

evaluate the effect of irradiation on cross-linking of the polymer chains. The un-irradiated 

PEB dissolved in hot xylene within a day. In the case of irradiated sample (PEB50) some 

insoluble residue remained even after 10 days. This may be attributed to the cross-linking 

between polymer chains upon irradiation (Figs. 4c and 4d). The un-irradiated and 

irradiated samples of graphene-based composites were dissolved in hot xylene to extract 

the graphene particles from the composites (Figs. 4e and 4f). This allowed us to study the 

interactions between the polymer matrix and graphene. Whereas the un-irradiated 

composite was appreciably soluble as indicated by the visibly suspended graphene (Figs. 

4c and 4d), no suspended graphene was seen in the case of the irradiated composites. 

This is presumably due to the increased interfacial cross-linking between the graphene 

and polymer matrix induced by irradiation as depicted schematically in Fig 1. As 

discussed further below, the ability of graphene to scavenge free radicals generated in the 

polymer matrix during irradiation presumably induces crosslinking between the filler and 

the polymer chains for enhanced interfacial interactions.  

Fig. 5 presents the EPR spectra of un-irradiated and 50 kGy irradiated samples of 

PEB and GPEB measured at room temperature four months after irradiation to assess the 

long term presence of free radicals which can dramatically deteriorate the stability and 
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structural properties of the polymer. Both the irradiated samples, showed a broad peak at 

~3400 G. Thus, there was essentially no free radical signal in the two unirradiated 

samples. This singlet resonance line in the EPR spectra of PEB50 and GPEB50 were 

obtained for irradiated polymer only when the residual radicals reacted with ambient 

oxygen. Alternatively, the peroxy radical and an alkoxy radical can react with oxygen to 

produce the oxygen-induced radicals, which may also show a singlet in the spectra. In 

general, gamma ray irradiation of polymer generates free radicals, but in this case the free 

radicals in the polymer might have transformed over time into oxygen centered radicals 

similar to the findings reported by Oral et al.[43] wherein a sharp singlet was observed in 

UHMWPE at longer time (≥ 4 months). Importantly, the intensity and width of the singlet 

peak in the irradiated composite considerably decreased as compared to the irradiated 

neat blend. This demonstrates that graphene attenuated the level of oxidation putatively 

as the particles act as radical scavengers in the polymer matrix. An instructive example is 

the role of MWCNTs in UHMWPE as a radical scavenger thereby reducing the adverse 

effects of irradiation on polymer degradation as reported by Martinez-Morlanes et al [44]. 

In a recent study the radical scavenging activity of graphene derived particles was 

observed.[45] However, the role of graphene as a free radical scavenger in polymer 

matrices is not reported.  

3.3 Microstructural and thermal characterization of the nanocomposites 

Fig. 6a shows the XRD patterns of neat and gamma ray irradiated samples.  The 

XRD patterns show diffraction peaks at 21.5º, 23.9º and 36.2º corresponding to the (110), 

(200) and (020) planes, respectively, which are the characteristic peaks of orthorhombic 

crystal structure of UHMWPE.[46] Besides these peaks, the blend also shows a low 
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intensity broad peak at 19.4º which is ascribed to the amorphous content in UHMWPE. 

For LLDPE, diffraction peaks were obtained at the same 2θ position as an orthorhombic 

phase.[47] Therefore, the peaks appeared broader but phases can be discerned from the 

pattern. Vadhar et al[11] reported that UHMWPE/LLDPE blend prepared by melt mixing 

exhibited the broad diffraction peaks in the XRD pattern. On irradiation, intensity of 

peaks corresponding to (110), (200) and (020) planes increased for PEB with increasing 

radiation dosage. For composites, addition of 1 wt% G in the blend only served to 

increase the intensity of the peaks without changing the crystal structure.  The percentage 

crystallinity of un-irradiated and irradiated samples were calculated from XRD data as 

follows: 

        % Crystallinity = ((Total area of XRD peak-Amorphous peak area)/Total area) x100.  

The calculated values are listed in Fig. 6a. These results indicate that the degree of 

crystallinity of the polymer blend is enhanced by incorporation of nanoparticles and with 

increasing dosage of irradiation. The increase in the crystallinity of irradiated PEB may 

be attributed to the oxidative reaction of radiation-induced radicals. The irradiation of the 

blend was performed at room temperature and at one atmospheric pressure. The 

atmosphere oxygen, which can diffuse into the amorphous phase of the polyethylene 

blend, can react with the alkyl, allyl and polyenyl radicals generating highly reactive and 

short-lived peroxy radicals. These peroxy radicals might trigger chain scission in the 

amorphous regions of PEB inducing the formation of additional crystallites. This allows 

the chains to arrange themselves more easily and pack together resulting in increased 

crystallinity of the irradiated blend as has been proposed earlier.[48]  
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In composites, the crystallinity of the polymer matrix increased with both the 

incorporation of graphene and irradiation. Gamma ray irradiated composites showed 

higher crystallinity as compared to other samples. It has been already established that the 

incorporation of G into polymer blend leads to the formation of perfect crystals. This is to 

merely state that graphene acts as a heterogeneous nucleating site for polymer 

crystallization and enhance the kinetics of crystallization.[49] Also, gamma irradiation 

generally leads to chain scission facilitated by oxidative reaction in the amorphous 

regions. This subsequently leads to the formation of crystallites in the amorphous region 

due to the generation of free radicals. The free radicals have a high tendency to cross-link 

with other polymer chains and also with graphene (Figure 1). The latter scavenges the 

free radicals further resulting in higher crystallinity. A similar mechanism has been 

proposed for MWCNTs in irradiated PE composites wherein increased crosslinking 

between the particles and the polymer matrix was observed.[21], [44] 

 The DSC thermograms of un-irradiated and irradiated samples are shown in Fig. 

6b. PEB exhibited a single endothermic peak indicating the co-crystallization between 

UHMWPE and LLDPE. Similar to the findings by Vadhar et al[11], we conclude that the 

melt mixing of 70 wt % UHMWPE and 30 wt % LLDPE at 220 ºC led to uniform mixing 

in the blend. The melting temperature and % crystallinity of un-irradiated and irradiated 

samples are indicated in Fig 6b. It is obvious from these results that gamma irradiation 

increased the melting temperature of the PEB because of cross-linking between the 

polymers chain. The crystallinity of irradiated PEB was found to be higher than that of 

un-irradiated presumably due to the higher mobility of the new shorter polymer chains 

induced by molecular chain scission during irradiation as discussed above for XRD 
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results. A number of studies have observed that irradiation enhances the melting 

temperature and crystallinity in UHMWPE.[29], [50], [51]  

 Figs. 7(a-d) compile the SEM micrographs of cryo-fractured surfaces of PEB and 

the graphene composites before and after irradiation. Two-phase morphology was 

observed for PEB with LLDPE phase being uniformly dispersed in UHMWPE matrix, 

which shows fibrillar morphology (Fig. 7a). Irradiation of PEB increased the fibrillar 

nature (Fig. 7b). Whereas the fractured surface of neat PEB appears smooth, the 

composite exhibits more pronounced fibrillar morphology (Fig. 7c). Graphene appears 

well dispersed with no discernable aggregates in the polymer matrix (Fig. 7c). Uniform 

distribution of the filler and fibrillar morphology are known to enhance improve the 

mechanical properties. Irradiation did not lead to the loss of fibrillar morphology in the 

composites, which is known to yield stronger materials (Fig. 7d).  

 The surface morphology of un-irradiated and irradiated samples was also 

analyzed (Figs.8a-f). Whereas PEB and GPEB appear smooth with large uneven features 

resulting from compression molding (Figs. 8a and 8b), irradiated induced a porous 

morphology in PEB. The fraction of pores seemed to increased with the radiation dosage 

(Figs. 8c and 8e). The composites, on the other hand, assumed a comparatively smoother 

surface with minimal surface porosity (Figs. 8d and 8f). This reduced porosity in the 

composites can be attributed to the protective effect of graphene to the gamma ray 

radiation. The ability of graphene to scavenge free radicals appears to have minimized 

damage to the surface of the polymer matrix.  

3.4 Mechanical characterization of the nanocomposites 
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Storage modulus measured at 100 Hz from the tensile dynamic mechanical 

properties of the un-irradiated and irradiated samples are compiled in Fig. 9. The storage 

modulus of PEB was 532 MPa and increased to 560 MPa upon 50 kGy exposure 

(PEB50). This increase in the modulus can be traced back to the increased molecular 

cross-linking and higher crystallinity in PEB as a result of irradiation. The modulus of 

PEB25 (563 MPa) was slightly higher than PEB50 likely due to the large number of 

pores which had formed on the surface upon higher irradiation (Fig. 8e). It is generally 

true that less porosity yields better mechanical properties as porosity causes local 

discontinuities in the microstructure.   

For composites, the storage modulus increased from 532 (PEB) to 599 MPa with 

the addition of graphene. The increase in modulus was expected on account of the plate-

like morphology of graphene. Upon incorporation in the polymer matrix, the large 

surface area of graphene phase facilitating stress transfer across the graphene-polymer 

interface. The presence of such interfaces together with inherently high hardness of the 

graphene results in increased modulus. The uniform distribution of graphene in PEB as 

indicated by the cryo-fractured morphology (Fig. 7c) and increased crystallinity of the 

polymer since graphene acts as a heteronucleating site also contribute toward the 

improvement in modulus of the composites. The storage modulus also increased with 

radiation dosage, namely, 616 MPa, and 630 MPa with a dosage of 25 kGy, and 50 kGy, 

respectively. In the case of GPEB the modulus increased monotonically with irradiation 

unlike in PEB likely because irradiation did not yield pores in the composite. The 

presence of graphene which scavenges free radicals prevented damage to the polymer 

matrix minimizing pore formation. 
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Combination of surface hardness and elastic modulus is often taken to be a 

qualitative index of wear resistance. Figs. 10a-b depict the plots of load versus 

displacement for un-irradiated and irradiated blends and composites. The elastic modulus, 

Vicker’s hardness, contact stiffness and plasticity index are summarized in Table 1. The 

modulus and surface hardness values of PEB were 1.07 GPa and 0.079 GPa, respectively. 

The hardness of PEB increased with the radiation dosage, which may be attributed to the 

increased crosslinking. The modulus (1.32 GPa) and hardness (0.137 GPa) of GPEB were 

appreciably higher than that of PEB. The increase in hardness and modulus of the 

composites can possibly be due to the uniform distribution of graphene in polymer matrix 

and the resultant increase in crystallinity, as reported elsewhere[23]. Further, irradiation 

led to marked increase in the hardness of GPEB (Table 1). Uniform distribution of 

graphene, enhanced crystallinity, and irradiation-induced cross-linking are the plausible 

reasons for the enhancement in hardness and modulus.  

The contact stiffness was calculated from the slope of the unloading portion of the 

load-displacement data. The stiffness of polymer increased both due to incorporation of 

graphene and subsequent irradiation (Table 1). The plasticity index is of particular 

interest, and it sheds more light on the mechanical properties of polymer-based materials. 

It is used to characterize the self-healing ability of a material.  As given in the Table 1, 

incorporation of graphene and irradiation caused a significant decrease in plasticity index 

of the materials. According to Archard’s prediction[52], the increased hardness can lower 

the friction between polymer and metals via minimization of plastic contact area. With 

the observed marked increase in hardness in the irradiated GPEB, these composites can 
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be further be explored as candidate materials for use in articulating surfaces for use in 

biomedical implants. 

Carbonaceous particles are believed to exhibit large electron donor-acceptor 

capacity due to the presence of a network of conjugated double bonds.[29] Similar to 

graphite, fullerenes, and CNTs known for their ease with which they react with free 

radicals[53], graphene is also reported to exhibit this characteristic.[45], [54] It was 

previously reported that carbon lattice in the graphene structure was strongly affected by 

gamma ray irradiation with variations in their oxygen levels being negligibly low.[29],[55] 

It was proposed that graphene fillers in their polymeric composites could act as radical 

scavengers and cross-linking generators upon gamma ray irradiation. Goncalves et al[56]  

reported on the role of GO as scavenger of radicals generated during polymerization 

reaction. We hereby propose that the irradiation of the graphene based polyethylene 

composite enhanced the mechanical properties of the polymer matrix as a result of the 

following effects. a) the presence of a well dispersed hard filler with large surface areas 

that facilitates stress transfer; b) the strengthening of the polymer matrix due to the cross-

linking of the chains induced by irradiation; c) increased crystallinity of the polymer 

matrix resulting from the presence of filler which acts as a heteronucleating site and 

irradiation which induces chain scission and thereby local reorganization of the chains; 

and d) the enhanced interfacial interactions between the polymer chains with the filler 

owing to the ability of graphene to scavenge free radicals generated as a result of 

irradiation that will facilitate better stress transfer to the filler. It is also important to note 

an additional benefit that the incorporation of graphene can offset the adverse effects of 

gamma irradiation by minimizing oxidation of the polymer induced by free radicals due 

Page 19 of 35 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 20

to its free radical scavenging mechanism. EPR results are in good agreement with these 

conclusions. Thus, incorporation of graphene in irradiated PEB is observed to lead to 

superior bulk and surface mechanical properties. Hence, the gamma ray irradiated 

graphene composites can evolve as candidate materials with improved wear resistance.  

 

4.  Conclusion 

 
UHMWPE/LLDPE blend and with graphene were prepared by melt mixing and 

thermo-compression, and subsequently subjected to 25 and 50 kGy gamma irradiation at 

ambient conditions. Irradiation induced cross-linking in the polymer matrix and enhanced 

the crystallinity in the blend. EPR analysis indicated reduced concentration of radicals 

suggesting graphene acts as a radical scavenger in the irradiated composites, which can 

minimize deterioration of the polymer. This also in turn led to the grafting of polymer 

chains on the filler yielding enhanced interactions at the polymer-graphene interface. The 

incorporation of graphene thus synergistically increased the modulus and hardness of the 

composite subjected to irradiation yielding materials that may be better suited as strong 

and wear resistant materials for use in biomedical implants. These findings should help 

guide in designing new materials for articulating surfaces in biomedical implants. 
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Table 1 Mechanical properties of un-irradiated and irradiated PEB and GPEB 

 

a with respect to un-irradiated PEB samples 

 

 

 

 

 

 

 

 

 

 

Sample 

code 

Vicker’s 

hardness 

(GPa) × 10-1
 

Elastic 

modulus 

(GPa) 

Contact 

stiffness 

(mN/µm) 

Plasticity 

index 

(Ψ) 

% 

change 

in ( Ψ)
a
 

PEB 0.79±0.05 1.07±0.08 51.49±2.35 0.43±0.02 - 

PEB25 0.92±0.06 1.25±0.22 53.43±1.02 0.41±0.17 4.7 

PEB50 1.05±0.06 1.28±0.21 57.67±2.39 0.40±0.12 7.0 

GPEB 1.37±0.12 1.32±0.15 59.73±1.28 0.35±0.05 19.7 

GPEB25 1.40±0.09 1.48±0.07 61.58±2.37 0.31±0.04 28.0 

GPEB50 1.55±0.16 1.58±0.32 65.53±1.25 0.25±0.08 47.9 
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Figure captions 

Fig.1 Schematic representation for preparation of the nanocomposite subjected to 

irradiation yielding a cross-linked composite and enhanced interfacial interactions 

between the polymer chains and the filler in the composite.   

Fig.2 Characterization of GO and G: (a) XRD patterns, (b) FTIR spectra, (c) Raman 

spectra and (d) SEM micrograph of G 

 Fig.3 
13C NMR spectra of of PEB, PEB50 and GPEB50 (a) normalized intensity 

          full spectra and (b) magnified spectra.    

Fig.4 FTIR spectra of (a)  un-irradiated and gamma ray irradiated samples of PEB and 

GPEB and (b) magnified spectra in the 940-990 cm-1 range (c, d, e, f) Photographs 

of vials showing PEB, PEB 50, GPEB and GPEB50 extracted in hot xylene.  

Fig.5 X-band (mass normalized) EPR spectra of un-irradiated and 50 kGy irradiated PEB 

and GPEB 

Fig.6 (a) XRD patterns and (b) DSC thermogram of first heating melting curve of  un-

irradiated and gamma ray irradiated PEB and GPEB. Tm from DSC and % 

crystallinity from DSC and XRD are indicated for each plot. 

Fig.7 SEM micrographs of the cryo-fractured surface of (a) PEB, (b) PEB50, (c) GPEB, 

(d) GPEB50 

Fig.8 SEM micrographs of (a) PEB, (b) GPEB, (c) PEB25,  (d) GPEB25, (e) PEB50 and 

(f) GPEB50 showing surface damage (porosity) from irradiation 

Fig.9 (a) Storage modulus at 100 Hz from DMA measurements of unirradiated and 

irradiated PEB and GPEB 

Fig.10 Representative microindentation load-displacement curves of un-irradiated and 

irradiated (a) PEB and (b) GPEB.  
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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