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ABSTRACT 

Bulk-modified ultra-high molecular weight polyethylene (UHMWPE) is a biomaterial currently 

used for joint replacements. As an alternative, we assess the frictional behavior of coatings based 

on graphene/UHMWPE composites and sprayed graphene, which maintain the high performance 

of the UHMWPE matrix. Composite coatings were prepared with 0-4.6 wt.% of graphene 

nanoplatelets (GNP) and 1-2 layered graphene (2LG). Mechanical properties of the coatings were 

measured by nanoidentation and friction coefficients were determined with a ball-on-disk 

tribometer. The results indicate that GNP present better tribological behavior than 2LG. Spray-

coated GNP shows the lowest friction, 40% less than UHMWPE, although with low adhesion. An 

increase of 10% in elastic modulus and 30% in hardness was measured for composite coatings 

with 2-5 wt.% graphene. 
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INTRODUCTION 

Ultra-high molecular weight polyethylene (UHMWPE) has been one of the most relevant 

materials for total hip and knee replacements during the last 50 years [1]. Current research 

is focused on improving its wear resistance, chemical stability and mechanical properties. 

The first is necessary to reduce the UHMWPE debris generated in the bearing contact, 

which ultimately lead to osteolysis and the subsequent prosthesis revision. Chemical 

stability is essential to reduce the ¨in vivo¨ degradation process caused by the eventual 

appearance of free radicals on the material. Lastly, an improvement in mechanical 

properties would allow the redesign of total hip replacements with larger femoral heads, 

decreasing the risk of dislocation and fracture. First and second generations of highly 

cross-linked polyethylenes (HXLPEs) are bulk-modified materials, which try to address 

this former paradigm, even though losing some of the intrinsic properties of virgin 

UHMWPE. 

The addition of functional fillers to polymers is a common strategy to improve their 

performance in terms of mechanical, electrical, biocompatibility and tribological 

properties. The filler composition, size, concentration, orientation and shape are specific 

for each involved property and polymeric matrix. In 1970, UHMWPE was reinforced with 

carbon fiber (Poly II®). After that, many attempts have been made with other 

reinforcement materials, including the new nanostructured carbons such as carbon 

nanotubes and more recently graphene related materials [2].  

The use of graphene as a filler in UHMWPE is related to its intrinsic stiffness and 

mechanical resistance, given by a high elastic modulus of 1 TPa and an ultimate tensile 

stress of 130 GPa. On the other hand, the great surface area of graphene should provide 

extended interfacial interactions with the matrix, increasing the load transfer and strength 

of the composites. Concerning the chemical stability, the presence of a network of 



4 

 

conjugated double bonds provides a large electron donor–acceptor capacity with the 

ability to easily react with free radicals [3]. Finally, the two-dimensional character of 

graphene points out its potential as a high-performance solid lubricant and additive in 

liquid lubricants [4]. 

As a consequence of those outstanding properties, several works in the literature have 

assessed the influence of graphene fillers on the tribological and mechanical properties of 

different polymers including polyacrylonitrile [5], polyether ether ketone (PEEK) [6, 7], 

polyvinyl chloride [8], polyimide (PI) [9], and polytetrafluoroehylene (PTFE) [10].  

The goal of this work is evaluating the frictional behavior of UHMWPE coated with either 

a graphene/UHMWPE composite or a sprayed graphene layer. The UHMWPE composite 

layer provides a better adhesion to the polymer matrix than other previously proposed 

coatings made of different materials. Moreover, the surface modification of UHMWPE 

keeps the mechanical performance of the polymer matrix, while currently used crosslinked 

polyethylenes, prepared under electron beam or gamma irradiation, suffer a negative 

variation in certain mechanical properties, most specifically in toughness. On the other 

hand, this kind of UHMWPE coatings incorporates the outstanding lubrication capability 

of graphene, which could reduce the friction and increase the surface hardness. The 

second effect can positively contribute to reduce the wear rate and consequently the 

particle debris. In this preliminary work, we evaluate the influence of graphene 

percentages, the graphene type and the deposition method on the friction coefficient and 

mechanical properties of the coatings. 

 

MATERIALS AND METHODS 

Materials 
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Medical grade UHMWPE powder, reference GUR1050
®
, was supplied by Celanese. Two 

different graphene materials were used as fillers, both supplied by Avanzare, Spain. One 

of them was a multilayer nanoplatelet graphene (GNP), reference avanPLAT-40
®
, which 

is obtained by mechanical exfoliation of graphite. It has a lateral platelet size of 40 m and 

an average thickness around 10 nm, and each particle consists of ≤ 30 layers. The other 

graphene material, reference avanGRAPHENE
®
, is a 1-2 layered graphene (2LG) with a 

lateral platelet size of 20 m x 20 m, which is obtained by a modified Hummers method.  

Composite consolidation 

The graphene powders were mixed with UHMWPE particles in a ball mill for 8 hours at 

400 rpm to obtain a homogeneous dispersion of the fillers in the polymer matrix. Different 

mixtures with GNP concentrations of 0, 0.47, 1.42, 2.34 and 4.58 wt.% in the coating were 

prepared and the samples are accordingly denoted as G%/PE (Table 1). The powder 

mixtures were incorporated onto the surface of a pre-formed UHMWPE disk, previously 

compressed under 15 MPa at room temperature. In this way, graphene content was of 0, 

0.1, 0.3, 0.5 and 1 wt.% in the total final disk (d = 90 mm, t = 4 mm). The composite layer 

and the substrate were thermo-compressed together for 30 minutes in a hot platen press 

(Specac, Slough, UK) at 155 ºC and 15 MPa. In order to study the influence of 

compression temperature on the tribological properties, a composite coating with 4.58 

wt.% GNP was pressed at 240 ºC (G/PE-HT). On the other hand, to assess the influence of 

the graphene type, another composite coating was consolidated with 4.58 wt.% of the 1-2 

layered graphene (2LG/PE). 

 

Spray-painting coating 

One sample (G-SP) was performed by air-spraying a suspension of 50 mg of GNP in 50 

mg of absolute ethanol onto the surface of a pre-formed UHMWPE disk. The suspension 

was prepared through mixing in an ultrasound bath for 5 min. The solid remained in 
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suspension for long enough to perform the spray-coating process, as the settling time was 

of 30-60 min. The spray-coating process was followed by thermo-compression at 155 ºC 

and 15 MPa. All the samples studied in the present work are listed in Table 1. 

 

Physicochemical characterization 

Scanning electron microscopy (SEM) images were taken from sample interior surfaces 

after cryogenic fracture. Fourier-transform infrared (IR) spectroscopy was performed in a 

Bruker Vertex 70 spectrometer. Consolidated surfaces were measured in an attenuated 

total reflectance (ATR) configuration, while powder graphene materials were mixed with 

spectroscopic KBr, pressed to form pellets, and measured in a transmission configuration. 

Raman spectra were obtained by means of a HORIBA Jobin Yvon Raman spectrometer 

HR 800UV, using a 532 nm laser. Optical microscopy images 110x140 μm
2
 were taken 

using a 50x objective under a halogen lamp illumination. Electrical resistance on the 

surface of insulating specimens was measured between two tungsten needles separated by 

a distance of 2 mm, using a Keithley 4200-SCS system. An in-line 4 point probe 

configuration with equidistant probe separations of 2.24 mm was utilized for the 

measurement of surface resistivity and electrical conductivity. Electrical conductivity of 

pure graphene materials was measured on pellets prepared by compression at 10 MPa.  

 

Coefficient of friction 

A commercial ball-on-disk tribometer (CSM instruments; Peseux, Switzerland) allowed 

the continuous monitoring of the friction coefficient. Samples were cut into disks with a 

diameter of 20 mm and a thickness of 3 mm to be inserted in the tribometer rotating 

vessel. The average roughness of the specimen surface was of Ra = 1.05 ± 0.05 m. The 

counterpart was an alumina ball, with a diameter of 6 mm and Ra = 0.050 ± 0.002 m. In 

order to reproduce physiological and biomechanical conditions the environment 
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temperature was set to 37 ºC and the applied load was 5 N, resulting in an initial contact 

pressure of 37 MPa, which is in the range of peak contact stress found for contemporary 

polyethylene (PE) tibia inserts. Two different radiuses for the circular track were used 

with each material: 4 mm with a sliding speed of 0.05 m/s for 2 hours, and 1.5 mm at 0.02 

m/s for 5.2 hours. Deionized water was used as lubricant. 

 

Roughness and nanoindentation studies 

Average surface roughness was measured with a confocal microscope Sensofar PLm 

230D (Sensofar, Barcelona, Spain). Nanoindentation assays were applied for hardness 

assessment and to evaluate changes in the mechanical properties compared to the pristine 

resin. In-depth hardness profiles were obtained from each material using a G200 

nanoindenter (Agilent Tecnologies, Englewood, Colorado, USA) in the Continuous 

Stiffness Measurement (CSM) mode. The maximum depth programmed in the tests was 

1500 nm and the indentation rate was close to 5 nm/s. Student’s t-tests served to detect 

significant differences between the nanoidentation results of the different materials. A 

level of p < 0.05 was selected as indicative of significance. 

 

RESULTS AND DISCUSSION 

Surface morphology and physicochemical characterization 

Figure 1 shows SEM images of cryogenic fracture surfaces in two representative samples: 

G4.6/PE and G-SP. The images correspond to a fast crack propagation that starts from a 

notch on the specimen side opposite to the coating according to the bending mode used to 

fracture the material. Figure 1.a encompasses the whole fracture surface for the specimen 

G4.6/PE at low magnification. Two clearly different zones are observed corresponding to 

the GNP/PE composite layer and the UHMWPE substrate. The pure PE area displays a 
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smooth lumpy appearance similar to other previous PE fracture images captured by an 

instrumented double notch Izod test [11]. The GNP/PE composite region is of around 700 

m, and the presence of the graphene platelets embedded into PE can be observed at high 

magnification (Figure 1.b). A certain level of agglomeration, in terms of graphene sheet 

stacking, can be deduced from the image, and could influence the composite mechanical 

properties [12]. The fracture surface of the G-SP sample at low magnification (Figure 1.c) 

presents a lumpy morphology like in the composite-coated PE. The spray-painted layer, 

with a thickness around 2-4 m, can be only observed in micrographs at higher 

magnifications (Figure 1.d).  

In order to understand IR and Raman spectra of the coatings, the powder fillers and the 

bare matrix were measured. Figures 2.a-c show the results for GNP and 2LG graphene 

materials and the thermally compressed bare UHMWPE, respectively. The main IR 

features for GNP are the C=C aromatic ring stretching at 1576 cm
-1

 [13] and the O-H 

modes of adsorbed water at 1632 and 3443 cm
-1

. In addition, the 2LG powder shows a 

phenol C-O stretching vibration at 1217 cm
-1

 [13], indicating that 2LG contains a much 

larger number of oxygen chemical groups than GNP. The oxygen difference between both 

graphene materials arises from their different preparation methods. The IR spectrum for 

UHMWPE clearly shows the methylene C-H asymmetric/symmetric stretching at 

2918/2849 cm
-1

, methylene C-H bending at 1464 cm
-1

, and methylene -(CH2)n- rocking at 

721 cm
-1

 [13]. The ATR-IR spectra of all the composite coatings, including the G-SP 

sample, are reminiscent of bare PE with the only insertion of weak graphene modes in the 

range of 1500-1650 cm
-1

. As an example, Figure 2 includes the spectrum for the G4.61/PE 

sample, which shows a weak feature at 1648 cm
-1

 with a shoulder at around 1576 cm
-1

 due 

to the graphene C=C aromatic stretching. 

Raman spectra of GNP and 2LG powder materials show the typical disorder-induced D 

band at around 1350 cm
-1

, and the tangential mode G band at around 1580 cm
-1

. 
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Differences in the peak maximum positions and band widths can be assigned to the 

increased lattice stress and oxidation level of 2LG. Moreover, a clear difference appears in 

the G/D intensity ratio of both materials, with a value of 15.3 ± 6.7 in GNP and 1.0 ± 0.4 

in 2LG. The second order 2D band appears at around 2700 cm
-1

, and G/2D intensity ratios 

for GNP and 2LG are respectively 2.7 ± 0.1 and 5.6 ± 1.6. The Raman spectrum of GNP is 

typical of mechanically exfoliated graphene, while the spectrum of 2LG well corresponds 

to a material prepared by liquid phase oxidation [14]. The decrease in the G/D and G/2D 

intensity ratios for 2LG, compared to GNP, is associated to the introduction of lattice 

defects during the adapted Hummers method used for the exfoliation of graphite to obtain 

2LG.The Raman spectrum of UHMWPE exhibits characteristic features that have been 

previously assigned [15]: a band associated with the C–C stretching vibrational mode at 

1131 cm
-1

, another band at 1295 cm
-1

 due to the -CH2- twisting vibration, the -CH2- 

bending at 1441 cm
-1

, and two prominent stretching vibrations of the -CH2- methylene 

group at 2849 and 2884 cm
-1

. Raman spectra of the composite coatings are an uneven 

superposition of both graphene and PE component features. Opposite to IR analysis, 

strongly resonant graphene bands often hide PE when micro-Raman point measurements 

are performed. As an example, a spectrum measured on the G4.6/PE coating is shown in 

Figure 2.  

Graphene distribution on the composite surface was characterized by optical microscopy, 

since IR and Raman spectroscopies detect the presence of graphene, but are not capable of 

obtaining a quantitative estimate. Figure 3 shows three representative pictures for each 

sample coating. Under a yellow halogen lamp, graphene-enriched regions are observed in 

a yellowish light colour, while PE is dark brown. In the G%/PE series, the area of light 

regions increases with the GNP percentage. According to the literature, graphene 

nanofillers are typically added to PE at concentrations in the range of 1 wt% [11]. In the 

present work, the graphene percentage is increased up to a 4.8 wt%, which allows a nearly 
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complete coverage of the PE exposed surface with the utilized mixing protocol. The 

images for the G4.6/PE and G/PE-HT materials, which were prepared with an identical 

nominal amount of GNP, are similar. The G-SP coating logically shows the lightest 

appearance, as all the graphene was painted on the PE surface instead of being mixed with 

PE powders. However, the 2LG/PE sample, in spite of having an identical amount of 

graphene than G4.6/PE, shows a darker colour, what could be related to different 

reflectance properties of 2LG compared to GNP. 

Table 2 includes DC electrical characteristics for the coating specimens and their 

components. The surface resistance of G%/PE series and 2LG/PE coatings was relatively 

close to that of PE, around 10
14

 Ω, while it underwent a strong decreased down to 6.6·10
3
 

Ω for the G/PE-HT coatingThis behaviour could be related to a better graphene 

dispersion during the consolidation process at high temperature, due to the increase of the 

self-diffusion of molecular chains across the UHMWPE particle boundaries [16]. 

Electrical conductivity of the G-SP layer was high, although somewhat lower than that of 

pressed GNP powders. 

 

Coefficient of friction 

The experimental data of coefficient of friction (COF) versus the sliding distance are here 

discussed considering 4 separate variables: the graphene concentration in the 

GNP/UHMWPE composite coating, the graphene filler type, the consolidation 

temperature, and finally the graphene deposition method (powder mixing or spray-

painting). 

Figure 4 includes the COF vs distance curves for all the tested specimens at r = 4 mm 

(Figures 4a, 4b and 4c) and r = 1.5 mm (Figures 4c, 4d and 4e). The G%/PE composites 

show a short running period followed by a nearly stationary value, both at r = 4 mm 

(Figures 4a) and r = 1.5 mm (Figure 4d). Measurements for r = 1.5 mm present a 
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somewhat higher data dispersion, indicating that the surface local heterogeneity might be 

more apparent than for r = 4 mm. In the present work, the steady COF of UHMWPE was 

found to be around 0.05-0.06 (Figure 4.a and 4d), which is lower than the value of 0.08, at 

4000 m of sliding distance, previously reported by Puertolas et al. [17]. However, in that 

previous test, the lubricant was bovine serum, while in the present work the disk was 

immersed in deionized water, being identical the other experimental parameters. Table 3 

indicates the average COFs in the whole testing time. As a general trend, the frictional 

outcomes indicate that the addition of graphene usually increases the coefficient of 

friction. However, at the highest graphene loadings (G2.3/PE and G4.6/PE specimens) and 

r = 4 mm, the average COF values are below the raw UHMWPE without significant 

statistical differences. The last trend was more clearly observed by Lahiri et al. [18] in a 

nano-scratch test, in which the progressive incorporation of GNP in PE up to 1 wt.% 

caused a decrease in COF during scratching. However, such a trend has not been observed 

for other graphene-based fillers in UHMWPE; in fact, the presence of graphene oxide 

(GO) nanosheets caused an increase in the initial frictional coefficient instead of reducing 

it [19].  

In other polymer matrices different from PE, different results are also found in the 

literature regarding the effect of graphene on the COF. A 15% reduction was detected in 

PVC with 2 wt.% of multi-layered graphene [8], and a 20% reduction was measured in 

PEEK with 1 wt.% of GO [6]. The positive tribological influence of graphene fillers is in 

accordance with molecular dynamic simulation findings, which predict a strong decrease 

in the COF against the sliding of an iron nanorod [20]. However, an increase in the COF 

was reported upon the addition of 2 wt.% of graphene nanopowder to PEEK [7]. Some 

attempts to reduce COF via an enhancement of the interfacial interaction filler-matrix 

provided different results: chemically-modified reduced graphene oxide (RGO) 
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significantly improved the COF of PAN [5] while fluorinated graphene did not affect it 

[9]. 

The COF for the 2LG/PE specimen reached an average value around 0.08, being much 

higher than the COF for G4.6/PE (Figures 4.b and 4e). This macroscopic result is in line 

with a tribological behaviour recently described at the nanoscale through atomic force 

microscopy [21, 22] and molecular dynamic simulations [23, 24]. Those studies clearly 

pointed to a layer-dependent friction behaviour, so that a reduced number of layers 

provokes a higher friction than a multilayer system. The classical interpretation of this 

effect is based on the interlayer sliding which is higher in multilayer graphene than in few-

layered materials. However, new mechanisms have been recently introduced, as the out-

of-plane elastic deformation generated on the graphene sheets, which is higher in thinner 

sheets. This mechanism provides a high resistance to the indenter movement and 

consequently higher friction. As far as we know, only Bhargava et al. [10] have previously 

studied the influence of the filler platelet thickness on the macroscopic tribological effects. 

In fact, frictional outcomes for PTFE composites indicated that the influence of platelet 

thickness is relevant at graphene contents above 1.1 wt.%, and the COF decreased 

substantially when the filler thickness changed from 1.25 nm to 60 nm. 

The lowest COF was obtained in the G-SP specimen (Figure 4.c). The COF reaches a 

plateau at values close to 0.03 at r = 4mm and 0.05 at r = 1.5 mm. However, this value 

remains constant only in a short term, up to 30 m in the best specimen. From this point the 

friction underwent an abrupt change to values close to 0.12. This behaviour is a 

consequence of the fracture of the thin graphene layer implanted by spray painting, which 

could provoke the appearance of a third body effect and increased the COF up to values 

even higher than for UHMWPE. In another G-SP specimen, the qualitative behaviour is 

similar, although with a shorter distance at the lowest value of 0.05. Regarding the G/PE-

HT material, the high temperature consolidation process does not improve the tribological 
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behaviour of the composites, although affects positively to the electrical behaviour, as we 

have previously mentioned, and to the mechanical properties, as we will discuss later. 

 

Nanoindentation measurements 

All the nano-modulus profiles showed an analogous qualitative behaviour regardless the 

coating type. In Figure 5.a, we show representative results for the raw UHMWPE, 

G4.6/PE and 2LG/PE materials. The profiles present a start-up value followed by a rapid 

decrease until reaching an approximately constant value. The initial and final values for 

UHMWPE were 1.41 GPa and 1.08 GPa respectively. In order to compare the results for 

all the materials, a mean value corresponding to the whole in-depth profile was calculated 

and represented in Figure 5.b. Composite coatings with GNP fillers provide a maximum 

increase in modulus of 10 % for nanofiller weight percentages in the range of 1.4-4.6 

wt.%, while the effect 2LG is negligible. This behaviour is reminiscent of previous 

literature works with other graphene-based composites at similar filler loadings, including 

GO [25], RGO [12] and graphene nanosheet (GNS) composites [26]. In the reports with 

GO and RGO materials the modulus remained nearly constant, while in GNS composites 

the increase was around 12 %, thus similar to that in our GNP composites. Therefore, 

stiffness outcomes are far from those expected taking into account the exceptional 

modulus of graphene and the great surface area of GNP, which should provide an 

increased number of interfaces with the matrix, improving load transfer. The limited 

improvement in the modulus has to be associated with a segregated structure of the filler 

around the UHMWPE powders, generated during the consolidation process by particle 

agglomeration.  

The temperature change during hot-pressing does not induce any significant change in the 

composite stiffness. Moreover, the temperature increase provides a modification in the 

electrical network (Table 2) without any appreciable changes in the modulus, in agreement 
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with our previous measurements on RGO/UHMWPE composites [12]. Therefore, the 

increase observed in the modulus compared to the raw UHMWPE would be associated to 

the presence of 4.6 wt.% of GNP rather than to the influence of the consolidation 

temperature. Finally, a strong reduction in the modulus by 30% was measured in the G-SP 

sample due to the low adhesion of the spray-painted pure GNP layer, which has been also 

reflected in the friction coefficient behaviour. 

The low adhesion of the graphene layer can be intuitively associated to the lack of strong 

enough specific interactions between graphene and PE units. It has been demonstrated that 

van der Waals interactions cannot support the strong adhesion of graphene to substrates 

such as amorphous SiO2 [27]. Experimental studies and molecular dynamics simulations 

suggest an improvement in the interfacial interactions between graphene and polyethylene 

for biomedical applications through the chemical functionalization of graphene with 

amines [28-30]. Therefore, chemical functionalization would be a way for improving the 

G-SP sample properties. In addition, modifications in the preparation method would be 

possible, including an optimization of the GNP layer thickness, different strategies for the 

improvement of the GNP ink quality, and a careful study of the processing parameters. 

Concerning hardness, nano-indentation provided an in-depth profile similar to the elastic 

modulus (Figure 6.a). In UHMWPE the value was of 0.05 GPa at depths of indentation 

above 600 nm, according with previously published values [17, 31]. The profiles for the 

composite coatings show similar trends, with higher initial values than PE and achieving a 

nearly identical final value at higher depths, above 150 nm.  

Figure 6.b compares mean hardness values corresponding to the whole in-depth profile for 

all the studied specimens. The present findings point to a positive influence of GNP fillers 

on hardness, since above 1.4 wt.% it significantly (p ≤ 0,0001) increased with respect to 

virgin PE. A maximum increase close to 32 % was reached for 2.3 wt.% GNP, and it is 

kept for the G/PE-HT composite coating, consolidated at 240 ºC instead of 175 ºC. When 
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hardness of G4.6/PE is compared to 2LG/PE in order to assess the influence of graphene 

type, the results indicate that the number of graphene layers is not relevant for hardness. 

Finally, the G-SP coating showed a decrease in hardness, with a significantly lower value 

than PE, confirming the weak adhesion between the GNP material and the substrate. 

It can be stated that graphene nanoparticles with percentages of 2-5 wt.% in PE are able to 

improve hardness from 67 to nearly 90 MPa. A similar maximum value is also reached 

when the composite is consolidated at high temperature (G/PE-HT sample). The effect 

appears to be related to the high surface reflectance (Figure 3) and electrical conductivity 

(Table 2), which could be due to a greater amount of graphene at the surface after 

consolidation a 240 ºC, leading to a positive effect on hardness. The improvement is 

similar to that reached by He ion implantation [31], and one order of magnitude lower than 

the diamond-like-carbon (DLC) coating effect on UHMWPE substrates [17]. However, 

the present method is the most efficient in terms of costs and the time required for the 

surface modification process, and it avoids limitations due to the DLC layer low adhesion. 

The improved hardness of GNP/UHMWPE coatings could be a suitable way to reduce the 

adhesion wear observed in friction tests at short times, since according to Archard 

equation, an increase in the hardness of the softest contacting surfaces would decrease the 

volume of wear debris. The study of the wear behaviour, the optimization of the composite 

layer thickness and the introduction of chemical specific interactions between graphene 

and PE should be considered for future works.  

 

CONCLUSIONS 

The tribological properties of UHMWPE can be improved through coating 

techniques based on graphene materials and graphene/PE composites. A GNP/PE 

composite cover decreases the friction coefficient by a 10%. The tribological properties of 
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graphene/PE composites depend on the graphene type: results with the multi-layered GNP 

material were better than with 2-layer graphene. A spray-painted pure GNP layer 

decreases the friction coefficient by a 40-50%, but the layer adhesion and hardness need to 

be improved. Surface modulus and hardness can be respectively improved by a 10% and a 

+30% through the addition of a 2-5 wt.% GNP. Surface electrical resistivity of 

graphene/PE coatings can be decreased through an increase in the consolidation 

temperature from 175 to 245ºC, without modifying tribological and surface mechanical 

properties. 
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FIGURE 1. Cryogenic fracture SEM micrographs of the G4.6/PE composite at 

magnifications of a) 25x and b) 500x, and the G-SP coating at magnifications of c) 25x 

and d) 1500x.   
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FIGURE 2. Normalized baseline-subtracted IR (left) and Raman (right) spectra of a) 

GNP, b) 2LG, c) UHMWPE, and d) G4.6/PE coating. 
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FIGURE 3. Optical micrographs under a halogen lamp illumination (real size is 140 x 

110 μm) for the different coating surfaces. 
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FIGURE 4.  Plots of the frictional coefficient vs. sliding distance for: a) G%/PE coatings 

at r = 4 mm, b) G4.6/PE, 2LG/PE and G/PE-HT at 4 mm, c) G-SP at r =4 mm and 1.5 mm, 

d) G%/PE coatings at r = 1.5 mm, e) G4.6/PE and 2LG/PE at 1.5 mm. 
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FIGURE 5. a) Modulus in-depth profiles for raw UHMWPE and the composites coatings 

with 4.6 wt.% GNP and 4.6 wt.% 2LG materials; b) Mean values calculated from the 

whole in-depth profile of all the composites coatings. (*) Statistically significant 

differences (p < 0.0001) compared to raw UHMWPE . 

 (a) 

 (b) 
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FIGURE 6. a) Hardness in-depth profiles for raw UHMWPE and the composites coatings 

with 4.6 wt.% GNP and 4.6 wt.% 2LG materials; b) Mean values calculated from the 

whole in-depth profile of all the composites coatings. (*) Statistically significant 

differences (p < 0.0001) compared to raw UHMWPE. 

 (a) 

 

(b) 
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Table 1.  Composition parameters of the coatings on UHMWPE studied in the present 

work. 

Coating Matrix Graphene type 
a 

Loading [wt.%] T [ºC]
 b
 Method 

G%/PE GUR 1050 GNP 0.5, 1.4, 2.3, 4.6 175 Powder mixing 

G/PE-HT GUR1050 GNP   4.6 240 Powder mixing 

2LG/PE GUR 1050 2LG   4.6 175 Powder mixing 

G-SP --- GNP --- 175 Spray-painting 

 

a
GNP: graphene nanoplatelets < 30 layers; 2LG: 1-2 layer graphene 

b
Consolidation temperature 

 

Table 2. Electrical characterization of components and coating specimens. 

Sample R [Ω] 
a 

Rs [Ω/sq.] 
b 

σ [S·cm
-1

] 
c 

UHMWPE 8.83·10
14 

--- --- 

G4.6/PE 2.59·10
14 

--- --- 

2LG/PE 7.69·10
13 

--- --- 

G/PE-HT 6.62·10
3 

1.91·10
3 

1.81·10
-2 

G-SP --- 74.9 45.7 

2LG --- 1.20·10
-1 

66.8 

GNP --- 1.87·10
-2 

9.40·10
2 

 

a
R: 2 point probe surface resistance (probe separation = 2 mm) 

b
Rs: 4 collinear point probe surface resistivity (s = 2.2 mm) 

c
σ: 4 point probe bulk conductivity 
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Table 3. Average of the coefficient of friction obtained with the ball-on-disk tribometer at 

two different circular track radiuses.  

Material r = 4 mm
 

r = 1.5 mm 

PE 0.049 ± 0,005 0.042 ± 0.005  

G0.5/PE 0.052 ± 0.004 0.064 ± 0.008 

G1.4/PE 0.074 ± 0.018 0.054 ± 0.004 

G2.3/PE 0.046 ± 0.005 0.047 ± 0.005 

G4.6/PE 0.047 ± 0.003 0.062 ± 0.008 

G/PE-HT 0.073 ± 0.008 0.121 ± 0.017 

2LG/PE 0.075 ± 0.005 0.084 ± 0.024 
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