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Abstract

Reduced graphene oxide (RGOC) filler that was green synthesized by vitamin
C had been included in the ultrahigh molecular weight polyethylene
(UHMWPE) matrix to produce biocomposite possessing improved properties
especially against wear. The biocomposites filled with different loading (0.1,
0.3, 1.0, and 2.0 wt%) of RGOC was produced by a method of liquid phase
ultrasonic mixing and then hot press molding. The structural analysis results
of biocomposites showed that RGOC well-dispersed in polymer matrix and
confirmed that there was interaction between the RGOC-UHMWPE. The bio-
composite containing 2.0 wt% RGOC (UHMWPE/RGOC-2) gave the maximum
microhardness and the value increased by 22. 5% compared with unfilled poly-
mer. At the same RGOC content, the biocomposite had the highest thermal
stability with residue content at 2.42%. The wear and friction behavior of bio-
composites were carried out in a reciprocating friction testing machine under
distilled water lubricating conditions. The UHMWPE/RGOC-2 biocomposite
had the lowest friction coefficient value (0.034) and the wear rate of the
biocomposite decreased by 44%, compared with that of unfilled UHMWPE.
Furthermore, fatigue wear tracks were significantly reduced. This study
suggests the use of this composite that had excellent tribological behavior as
biomaterial instead of UHMWPE.
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Therefore, the most preferred method for improving the
wear resistance and reducing the plastic deformation of

Polymeric biomaterials are more advantageous than metal
and ceramic biomaterials due to their easy shaping, afford-
able cost, and the ability to provide the desired physical
and chemical properties. Ultrahigh molecular weight poly-
ethylene (UHMWPE) is known an acetabular component,
which is self-lubricating, high-impact strength, low-friction
coefficient, and chemical inertness."> However, wear prob-
lems of UHMWPE components are known to be a great
disadvantage limiting the service life of implants."”

UHMWPE is to increase the crosslink density within the
amorphous phase of the polymer by gamma irradiation®*
but, this method is associated with an increased risk of oxi-
dation and therefore the mechanical properties of the
materials were negatively affected.* There has been the
addition of vitamin E (« -tocopherol) in the UHMWPE
matrix to prevent oxidation and to improve the mechanical
properties of UHMWPE material. Vitamin E provides
oxidation resistance by reacting with free radicals in
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UHMWPE. However, vitamin E had a limited effect on the
mechanical and thermal properties of UHMWPE.?
Another common strategy to improve the mechanical, tri-
bological, and biocompatibility properties is the addition of
fillers.> For this purpose, inorganic fillers were used such
as kaolin,® zirconium,” nano zinc oxide.® Various carbon
materials such as carbon fiber, carbon black and carbon
nanotubes have been used as fillers in UHMWPE matrix.
However, due to the high cost and unsatisfactory perfor-
mance of inorganic and organics filled UHMWPE compos-
ites, its use as implant material has been limited. These
conditions significantly lead the production of low-cost
and high-performance UHMWPE composites as implants.*
Since graphene's successful isolation from graphite in
2004, too much effort has been made to obtain large quan-
tities of this special material.”'° The remarkable perfor-
mance of graphene and its derivatives are being studied in
a wide spectrum of applications.” Along with its deriva-
tives, particularly graphene oxide (GO) and reduced
graphene oxide (RGO), GO is the product of oxidation
reaction of graphite. Thus GO has rich oxygen containing
functional groups such as hydroxyl, epoxide, carboxylic,
ketone, and aldehyde groups on its basal and layer edge.
The oxidation reaction affects properties of GO such as the
electronic, optical and adsorption properties because it
causes some defects, impurities, structural disorder, wrin-
kle, crack, fragmentation and other structural attributes.
Thus, GO is converted through chemical or physical reduc-
tion reactions to other graphene derivative and it is named
as RGO.”' The properties of RGO are very same to the
pristine graphene compare with GO because oxygenous
functional groups of GO are eliminated through reduction
process.'' Even though a large amount of literature about
the effect of GO"'*'* and graphene nanoplates (GNP),”**
on the mechanical and tribological performances of
UHMWPE composites have been published, a very limited
investigation has been carried out on the effect of RGO on
UHMWPE. Bhattacharyya et al."> reported that UHMWPE
nanocomposite films was produced with RGO but it was
synthesized using phenyl hydrazine as reduction agent.
But in this study, RGO was synthesized by green synthesis
with vitamin C and coded as RGOC. Hydrazine derivatives
are strong and most commonly used reducing agents but
highly toxic and instability. These limit its large-scale
application. Therefore, greener materials (amino acid,
plant extracts, microorganisms, proteins, hormones etc.)
were used to substitute toxic hydrazine used in GO reduc-
tion and their yields, performances were compared with
hydrazine."! In this study, we think that green synthesis
is more suitable for biomaterial applications. In the
current study, the structural, thermal, mechanical, and tri-
bological properties of UHMWPE/RGOC biocomposites
with different RGOC contents were investigated.
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2 | MATERIAL AND METHODS

GO was prepared from natural graphite (powder ~45 pm,
Aldrich) by the modified Hummers method'®'” and GO
reduced with vitamin C to RGOC according to literature.'®
The detailed information about the production process of
UHMWPE/RGOC biocomposites were described in previ-
ous literature.'® A series of the biocomposites were prepared
with the mass ratios (RGOC:UHMWPE) of 0.1, 0.3, 1.0, and
2.0 weight % (wt%). The codes of unfilled UHMWPE
and these four biocomposites were UHMWPE, UHMWPE/
RGOC-0.1, UHMWPE/RGOC-0.3, UHMWPE/RGOC-1,
and UHMWPE/RGOC-2. Before characterization, the
surfaces of the unfilled polymer and their biocomposites
were ground using 400, 600, 800, 1000, and 1200 grit SiC
paper and mechanically polished with a fine grade Al,O;
paste to achieve a certain surface uniformity. Finally, the
surfaces were thoroughly degreased with distilled water
and alcohol cleaned. The images of the prepared samples
for characterization was given in Figure 1.

3 | CHARACTERIZATION

X-ray diffraction (XRD) data were collected at room tem-
perature using a diffractometer (PAN analytical, Empy-
rean) between 5 and 35°of 20°. The scanning rate of the
instrument was 2°/min. The crystallite size of the bio-
composites was calculated by the following Scherrer
Equation (1)*° and the lattice strain, e, was calculated
based by the following Equation (2)*:

L= k.A ’
f.cosd

1)

UHMWPE/RGOC
Biocomposite

FIGURE 1 The images of unfilled UHMWPE and UHMWPE/
RGOC biocomposite. RGOC, reduced graphene oxide; UHMWPE,
ultrahigh molecular weight polyethylene [Color figure can be
viewed at wileyonlinelibrary.com]
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where L is the crystallite size, K is a constant related to
crystallite shape, f is the full width at half maximum
(FWHM), 4 is the wave length and @ is the peak position.

Fourier transform infrared spectroscopy (FTIR) spectra
were recorded on a FTIR spectrophotometer (Spectrum
100, Perkin Elmer) in the wave number range of 4000-
400 cm™'. Field emission scanning electron microscopy
(FE-SEM) was performed using a Supra 40VP, Zeiss scan-
ning electron microscope with together energy-dispersive
X-ray spectrometry (EDS) were used. The investigation of
distribution of RGOC into UHMWPE matrix was done by
high-resolution transmission electron microscopy (HR-
TEM, JEOL 2100). Shimadzu microhardness tester was
used to measure the hardness of the biocomposites pre-
pared. Microhardness measurements of the studied bio-
composites were measured using Vickers method with a
load of 25 g where the reported values were in the average
of 10 measurements. A reciprocating tribometer was used
for all friction and wear tests. The wear tests on all bio-
composites were performed under a constant load of 5 N
at a sliding velocity of 1.7 cm s™*, while sliding distance
was 50 m. The counter body was an Al,0; ball with
10 mm diameter. The wear rate was calculated by analyz-
ing width and depth of wear scars with the help of a con-
tact stylus profilometer (SJ400). The Al,O; counterface
surfaces and the surfaces of biocomposites that treated by
acid etching were examined under an optical microscope
(OM). At least three successive wear tests were performed
for each biocomposite and the reported values (wear rates
and friction coefficient values) were in the average of three
measurements. In order to examine the thermal stability
of the biocomposites, Thermogravimetric (TG) analysis
(TGA, STA 409, Netzsch) was conducted at a heating rate
of 20°C/min from ambient temperature to 600°C under a
nitrogen atmosphere. Differential scanning calorimetry
(DSC, STA 409, Netzsch) analysis was performed by
heating the samples from 20 C to 600 C in nitrogen atmo-
sphere at a heating rate of 20 C/min. The crystallinity (X.)
of UHMWPE and biocomposites obtained by DSC
was calculated according to the following equations
Equation (3)**"* and Equation (4),> respectively:

AH,

X (%) = AHf*lOO. (3)
AH,

AH. is the heat fusion of the UHMWPE and biocomposites
obtained from DSC analysis, AH is the fusion enthalpy of

100% crystalline UHMWPE (AH; = 289 J/g f)>* and Wy is
the mass fraction.

4 | RESULTS AND DISCUSSION

41 | XRD and DSC analysis

The crystalline structures of unfilled UHMWPE together
with their biocomposites were investigated by the XRD
and DSC analysis. Figure 2 showed XRD patterns of
unfilled UHMWPE and all biocomposites. The XRD pat-
tern of unfilled UHMWPE exhibited the sharp character-
istic peaks in two theta regions at 26° = 21.5° (110) and
20° = 23.8° (200), which corresponds to the orthorhom-
bic phase of semi crystalline UHMWPE matrix.>> The
biocomposites prepared by a filling of RGOC into
UHMWPE exhibited two peaks of similar diffraction
peaks to that of the matrix, and the intensity of diffrac-
tion peaks presented a decreasing at all filler contents.
And also, no graphene diffraction peak was observed for
all biocomposites due to uniform dispersion in the poly-
mer matrix, except the crystalline diffraction peaks of the
UHMWPE matrix.>* Ahmet et al.?® prepared ultrahigh-
molecular-weight polyethylene/high-density polyethyl-
ene (UHMWPE/HDPE) blends using hydroxyapatite
(HA) as the reinforcing filler. The intensity of both XRD
diffraction peaks of PE and composites reduced which
was attributed to modification of the mechanical and
thermal properties of the prepared samples. It was found
that, any diffraction peaks were not observed except crys-
talline peaks of the UHMWPE, GO layers were homoge-
neously dispersed into the UHMWPE matrix. Also, Pang
with co-workers®® experimentally examined the effects of

—— UHMWPE/RGOC-2

—— UHMWPE/RGOC-1

£
@ | ——UHMWPERGOC-0.3
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26°=21.5° (110) i 26°=23.8
----- UHMWPE RN
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FIGURE 2 XRD patterns of unfilled UHMWPE and

UHMWPE/RGOC biocomposites. RGOC, reduced graphene oxide;
UHMWPE, ultrahigh molecular weight polyethylene; XRD, X-ray
diffraction [Color figure can be viewed at wileyonlinelibrary.com]|
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GO content on mechanical and thermal properties of
GO/UHMWPE composites. The characteristic peaks of
GO were not appeared at XRD analysis results and the
result demonstrated that GO was fully exfoliated within
composites. As a result, in this study, the addition of
RGOC filler changed the crystal structure of the polymer
and the absence of an additional peak in the XRD
diffractogram indicated that the filler was homogeneously
distributed in the matrix.

The values of 26°, d-spacing, crystalline size, and
micro strain of biocomposites with different content of
RGOC were shown in Table 1. 26° and d-spacing values
of all biocomposites had the same results with each other.
In 0.1 and 0.3 wt% RGOC, the crystalline size of (110)
plane decreased; when the loading content was 1.0 wt%
RGOC, the increase in the crystallite size achieving 12%,
for comparison with unfilled UHMWPE. And also, the
UHMWPE/RGOC-2 biocomposite reached to the crystal-
line size value of the unfilled polymer. The crystalline
size value of (200) plane decreased in all biocomposites
compared with the unfilled polymer. Uflyand et al.*’
reported that the influence of fillers on the crystallization
process of polymer materials were depend on some fac-
tors, for example, the size of the filler particles, their
potent surface, the crystalline size of the unfilled polymer
and the degree of interaction between the unfilled poly-
mer and the fillers. Fillers can reduce crystallinity due to
bind polymer chains or increase crystalline size as nucle-
ation centers in the polymer matrix. UHMWPE/RGOC-1
biocomposite acted as nucleating agents which help
increasing crystalline size of UHMWPE in (110) plane,
but in low amount of filler, RGOC caused to bind poly-
mer chains and reduced crystalline size. In the addition
of 2.0 wt% RGOC, the same crystalline size appeared with
the unfilled polymer and the addition of 1.0 wt% RGOC
was the maximum addition amount that increased the

TABLE 1

Sample 20 (°) D-Spacing (A°)

UHMWPE 21.525 4.128
23.870 3.727

UHMWPE/RGOC-0.1 21.531 4.127
23.946 3.216

UHMWPE/RGOC-0.3 21.527 4.127
23.892 3.724

UHMWPE/RGOC-1 21.535 4.126
23.945 3.716

UHMWPE/RGOC-2 21.54 4.125
23.941 3.717

crystalline size of the structure. The reduction of the crys-
talline sizes of (200) plane was associated that all the
added wt% content of RGOC did not act as a nucleation
center in the UHMWPE matrix. We thought that all wt%
contents of RGOC binded polymer chains. As seen in
Table 1, the micro strain values of the (110) plane
increased at the addition of 0.1 and 0.3 wt% RGOC, while
it remained same as the UHMWPE at the addition of
1.0 wt% and 2.0 wt% RGOC. In the (200) plane, the micro
strain values in all biocomposites increased compared to
the unfilled polymer. The addition of low wt% RGOC in
(110) plane increased micro strain values due to chain
binding during the crystallization process. The addition
of low wt% RGOC in (110) plane increased micro strain
values due to chain binding during the crystallization
process. There was no significant change in micro strain
values but crystalline size increased in addition of 1.0 wt
% RGOC compared to the unfilled UHMWPE because
this amount of RGOC did not disturb the chain linearity
and made to stack easier. For the (200) plane, the
decrease in crystalline size of all biocomposites caused an
increase in micro strain values. In addition to XRD analy-
sis, the crystallinity of synthesized biocomposites were
investigated by DSC analysis. Figure 3 showed the DSC
thermograms and the melting temperatures, the degree
of crystallinity and the heat of fusion (AHy) values of
unfilled polymer and biocomposites were summarized in
Table 2. Unfilled UHMWPE and all biocomposites
exhibited crystal peaks with melting points. The melting
temperatures remained constant at RGOC contents of 0.1
and 0.3 wt% but the heat of fusion (AHy) values of these
biocomposites was not calculated by calorimetry. How-
ever, increases in RGOC content caused rises in the melt-
ing temperatures. As shown in Table 2, in comparison to
the unfilled polymer with melting temperatures of
145.54 C, the UHMWPE/RGOC-1 biocomposite showed

D-spacing, crystallite size, and micro-strain of unfilled UHMWPE and UHMWPE/RGOC biocomposites

Crystallite Size (A°) Micro-strain (%)

368.124 0.561
334.017 0.558
332.715 0.620
280.492 0.662
303.651 0.679
304.862 0.610
412.317 0.500
304.891 0.610
368.134 0.560
259.764 0.715

Abbreviations: RGOC, reduced graphene oxide; UHMWPE, ultrahigh molecular weight polyethylene.
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FIGURE 3 DSC thermograms of unfilled UHMWPE and

UHMWPE/RGOC biocomposites. DSC, differential scanning
calorimetry; RGOC, reduced graphene oxide; UHMWPE, ultrahigh
molecular weight polyethylene

TABLE 2 DSC characteristics of unfilled UHMWPE and
UHMWPE/RGOC biocomposites

Tm AH, %
°C) J/g) Crystallinity
UHMWPE 145.54  100.34 34.72

UHMWPE/RGOC-0.1  145.51 = =
UHMWPE/RGOC-0.3  145.74 - -
UHMWPE/RGOC-1 155.51 112.33 39.26
UHMWPE/RGOC-2 147.14 101.87 35.97

Abbreviations: RGOC, reduced graphene oxide; UHMWPE, ultrahigh
molecular weight polyethylene.

the highest melting temperature value (155.51 C). The
melting temperature increased to 147.14 C with the
2.0 wt% RGOC addition, but it was still higher than that
of unfilled UHMWPE. Thus, it was reasonable to attri-
bute the significant improvement of thermal stability for
UHMWPE/RGOC-1 and UHMWPE/RGOC-2 bio-
composites to the good interactions between filler-
polymer interface. Similarly, the degree of crystallinity
increased at same biocomposites and the DSC results
were consistent with the results obtained from XRD stud-
ies. As a result, the addition of 1.0 wt% RGOC was the
maximum addition amount that increased the crystallin-
ity of the structure.

4.2 | FTIR analysis

FTIR spectrum of the unfilled UHMWPE and all bio-
composites over wavenumbers from 4000 to 400 cm™*
were shown in Figure 4 and the band assignments of all
biocomposites were recorded in the transmittance mode
and they were listed in Table 3. The characteristic bands
of unfilled UHMWPE at 2915.92-2848.69 cm ™" could be
assigned to C—H stretching vibrations. The bands at

1463.04 and 1261.25 cm™" were designated to CH, bend-
ing and twisting vibrations, respectively.”*° The band at
718.47 cm™! could be attributed to the CH, rocking vibra-
tion (Table 3); indicating the long molecular chain and
high-degree polymerization of UHMWPE.?® With the dis-
persion of RGOC in UHMWPE/RGOC biocomposites
containing 0.1, 1.0, and 2.0 wt% RGOC, the peaks at
2962.84-2848.69 cm™' (C—H stretching), 1463.04 cm™"
(CH, bending) and 718.47 cm™' (CH, rocking) sharp-
ened, suggesting that RGOC has interacted with the
molecular structure of unfilled UHMWPE.?! As seen
from Figure 4, it was seen that the intensity of all vibra-
tion peaks (C—H stretching, CH, bending and CH,
rocking) of the UHMWPE/RGOC-0.3 biocomposite
decreased compared to both unfilled UHMWPE and
other biocomposites. This observed change might be due
to the occurrence of disruption of existing bonds and the
formation of new bonds, and the mobility of polymer
chains due to interactions between matrix-filler.** Fur-
thermore, the peak of CH, twisting and —(C—0—C)
vibrations at 1261.25 and 1053.24cm™' in unfilled
UHMWPE, respectively, as seen in Figure 4 and Table 3,
they lost completely in the FTIR spectra of UHMWPE/
RGOC-0.1 biocomposite, but the intensity of same peak
decreased at the addition of 0.3, 1.0 and 2.0 wt% RGOC.
This result showed that the addition of RGOC to the
UHMWPE matrix appeared to significantly affect the
twisting vibration of the CH, and —(C—0O—C) carbon
bonds vibration. Also, the interaction of the filler-matrix
was supported by XRD analysis results.

4.3 | FE-SEM, OM, HR-TEM, and EDS
analysis

Figure 5 showed the FE-SEM images of the surfaces of
unfilled UHMWPE and all biocomposites at the same
magnification and EDS elemental maps of carbon and
oxygen. And also, the surfaces of unfilled UHMWPE and
all biocomposites were treated by acid etching (7% potas-
sium permanganate/concentrated sulfuric acid) in order
to expose the crystalline structures and the crystalline
structures were observed by OM at Figure 6. As shown in
Figure 5, the surface of the unfilled UHMWPE was rela-
tively flat, but there were also wrinkled areas. The treated
image of unfilled UHMWPE was observed similarly with
the literature and attributed its low degree of crystallinity
and loose crystal structure (Figure 5)."* This structure
was demonstrated with dark traces in treated surface
image of unfilled UHMWPE at Figure 6. This dark traces
showed crystal regions of structure. Park et al.** reported
similar image for dispersion of the pre-treated filler mate-
rial in the a polymer matrix by using OM. The surface
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TABLE 3
biocomposites
UHMWPE/
Sample UHMWPE RGOC-0.1
Functional group Wavenumber (cm™)
—CH, asymmetric stretching 2915.92 2915.37
vibrations
—CH, symmetric stretching 2848.69 2848.17
vibrations
—CH, bending vibrations 1463.04 1462.79
—CH, twisting vibration 1261.25 -
—(C—0—C) vibration 1053.24 -
—CH, rocking vibration 718.47 718.86

FIGURE 4 FTIR spectrum of
unfilled UHMWPE and UHMWPE/
RGOC biocomposites. FTIR, Fourier
transform infrared spectroscopy; RGOC,
reduced graphene oxide; UHMWPE,
ultrahigh molecular weight polyethylene
[Color figure can be viewed at
wileyonlinelibrary.com]

Functional groups and wavenumbers obtained from FTIR spectrum of unfilled UHMWPE and UHMWPE/RGOC

UHMWPE/ UHMWPE/ UHMWPE/
RGOC-0.3 RGOC-1 RGOC-2
2915.94 2914.97 2914.94
2848.55 2848.05 2848.08
1463.03 1463.19 1463.16
1261.68 1261.99 1261.87
1052.87 1053.54 1053.68
718.49 718.34 718.16

Abbreviations: RGOC, reduced graphene oxide; UHMWPE, ultrahigh molecular weight polyethylene.

morphology and treated image of the UHMWPE/
RGOC-1 biocomposite exhibited an irregular structure
with heterogeneous nucleation zones (Figure 5). It was
understood that the crystallinity of the UHMWPE/
RGOC-1 biocomposite increased due to the large surface
area of the graphene and this result was supported by
DSC analysis (Table 2). And also, treated surface image
of UHMWPE/RGOC-1 biocomposite was presented much
more dark traces than other biocomposites at Figure 6.
This image was attributed its dense crystal structure. The
FE-SEM surface images of UHMWPE/RGOC-0.1 and
UHMWPE/RGOC-0.3 biocomposites showed irregular
structure in some areas but they had flatter morphology
generally than the surface image of the UHMWPE/
RGOC-1 biocomposite. OM images of the same bio-
composites in Figure 6 showed rare and little traces. The
FE-SEM surface image of the UHMWPE/RGOC-2

biocomposite was irregular compared to the surface
images of UHMWPE/RGOC-0.1 and UHMWPE/RGOC-
0.3 biocomposites, but UHMWPE/RGOC-2 had more
uniform morphology than the surface of the UHMWPE/
RGOC-1 biocomposite. Treated surface image of
UHMWPE/RGOC-2 biocomposite had few, but much
more broad dark traces than other biocomposites and
unfilled UHMWPE. All FE-SEM and OM images revealed
that the addition of 1.0 wt% RGOC to the polymer matrix
was the maximum filler amount that increased the crys-
tallinity of the structure. The addition of 0.1% and 0.3 wt
% RGOC reduced crystallinity by wrapping polymer
chains but the addition of 1.0 wt% RGOC increased the
crystallinity by nucleation effect and 2.0 wt% content was
no serious effect on crystallinity. This result was
supported by XRD and DSC analysis. According to the
XRD and DSC analysis results (Tables 1 and 2), the
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EDS elemental map

Treated UHMWPE

FIGURE 5 FE-SEM images of unfilled UHMWPE and UHMWPE/RGOC biocomposites (magnification 5 000 kx) and EDS elemental
map of carbon and oxygen. FE-SEM, Field emission scanning electron microscopy; RGOC, reduced graphene oxide; UHMWPE, ultrahigh

molecular weight polyethylene [Color figure can be viewed at wileyonlinelibrary.com]

UHMWPE/RGOC-1 biocomposite had the highest crys-
tallite size (412.317 A°) and % crystallinity value (38.87).
The UHMWPE/RGOC-0.1 and UHMWPE/RGOC-0.3 bio-
composites had the lowest crystallite sizes (332.715 A° and
303.651 A°, respectively) and also the UHMWPE/RGOC-2
biocomposite had the similar crystallite size (368.134 A°) as
the unfilled UHMWPE (368.124 A°) but % crystallinity
value of the same biocomposite (35.25) was higher than

unfilled polymer (Table 2). Broad dark traces supported
this % crystallinity result at OM image of UHMWPE/
RGOC-2 biocomposite (Figure 6). The EDS elemental map-
ping results of all biocomposites confirmed that oxygen
groups of RGOC were uniformly distributed in the
UHMWPE matrix. Green dots represented the oxygen ele-
ments in the EDS maps. The dispersion of oxygen was very
important because only RGOC had oxygen containing
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FIGURE 5 (Continued)

functional groups in the matrix.'” The results obtained
from the EDS analysis were compatible with XRD results.
The characteristic peak of graphene was not seen at the
XRD diffractogram of all biocomposites (Figure 2) which
proved that the graphene was homogeneously distributed
in the polymer matrix. And also, Figure 7 showed the uni-
form distribution of RGOC in the UHMWPE matrix with
HR-TEM images of the prepared UHMWPE/RGOC-1 and
UHMWPE/RGOC-2 biocomposites. Similar sized HR-TEM
images were reported in the literature to show the homoge-
neous distribution of other graphene derivatives.****

4.4 | Microhardness analysis

Figure 8 showed the microhardness results for unfilled
UHMWPE and all biocomposites. The microhardness
values showed an increase with the increase in RGOC
content. The UHMWPE/RGOC-2 biocomposite gave the
maximum microhardness value (7.17 MPa) which was an
increment of 22.5%, compared with unfilled polymer
(5.86 MPa) as shown in Figure 6. As discussed in the FE-
SEM and HR-TEM analysis section, the hardness, that is,
the resistance to indentation increased because of the
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FIGURE 6 OM images of the surface
crystal structures of unfiled UHMWPE
and biocomposites. UHMWPE, ultrahigh
molecular weight polyethylene [Color
figure can be viewed at
wileyonlinelibrary.com]
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Untreated surface images

Treated surface image
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FIGURE 7 HR-TEM images of the UHMWPE/RGOC-1 and
UHMWPE/RGOC-2 biocomposites. HR-TEM, high-resolution
transmission electron microscopy; RGOC, reduced graphene oxide;
UHMWEE, ultrahigh molecular weight polyethylene
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FIGURE 8 The microhardness results of the unfilled
UHMWPE and UHMWPE/RGOC biocomposites. RGOC, reduced
graphene oxide; UHMWPE, ultrahigh molecular weight
polyethylene

homogeneous distribution of RGOC in the polymer
matrix.! In other words, the two-dimensional structure of
RGOC increased its capacity to carry and transfer loads.
The addition of RGOC to the matrix also changed the
crystallinity of the structure. In UHMWPE, rigidity and
hardness depend on crystallinity. It is widely reported in
the literature that the increase in mechanical properties
are proportional to the increase in crystallinity.'*

4.5 | Wear analysis

The friction coefficients and wear rates of the unfilled
UHMWPE and all biocomposites were shown in Table 4
and Figure 9, respectively. As can be confirmed from
Table 4, the all biocomposites exhibited a continuously
decreasing trend with the increasing of RGOC addition.
The low-friction coefficient of about 0.034 was obtained
for water sliding condition for UHMWPE/RGOC-2

TABLE 4
and UHMWPE/RGOC biocomposites

Applied Polymer Wi gy ==

The friction coefficient values of unfilled UHMWPE
Sample Friction coefficients
UHMWPE
UHMWPE/RGOC-0.1
UHMWPE/RGOC-0.3
UHMWPE/RGOC-1
UHMWPE/RGOC-2

0.089 + 0.0021
0.074 + 0.0045
0.068 + 0.0053
0.054 + 0.0018
0.034 + 0.0011

Abbreviations: RGOC, reduced graphene oxide; UHMWPE, ultrahigh
molecular weight polyethylene.

Wear rate x10-5 (mm3/Nm)
e

0 0.5 1 L5 2
RGOC (wt.%)

FIGURE 9 Wear rate of unfilled UHMWPE and UHMWPE/
RGOC biocomposites. RGOC, reduced graphene oxide; UHMWPE,
ultrahigh molecular weight polyethylene

biocomposite. This biocomposite with the highest content
of RGOC had the lowest friction coefficient value. The
lubricating effect of both distilled water and RGOC
decreased friction coefficient. Graphene is considered to
be an important solid lubricant in improving the tribolog-
ical properties of polymer composites.*® The wear rate of
the UHMWPE/RGOC-2 biocomposite decreased by 44%,
compared with that of unfilled UHMWPE. The improve-
ment in load transfer is attributed to homogeneous dis-
persion of RGOC in the UHMWPE matrix."* Even
though a large amount of literature about the effect of
graphene derivatives on the wear performances of
UHMWPE composites have been published, no investiga-
tion has been carried out on the effect of RGOC that syn-
thesis with vitamin C on UHMWPE. Consequently, the
vitamin C is a good candidate for replacement of harm-
ful/toxic reducing agents in the synthesis of RGO instead
of other graphene derivatives.

The FE-SEM images of wear tracks for the unfilled
UHMWPE and all biocomposites shown in Figure 10. It
could be seen that the worn surface of unfilled
UHMWPE were thin grooves in the low-magnified image
but the cracked surface layer of the polymer showed that
the dominant mechanism was fatigue wear in the high-
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FE-SEM Images

FIGURE 10 Low and high magnification FE-SEM
micrographs of wear tracks generated on the unfilled UHMWPE
and the UHMWPE/RGOC biocomposites. FE-SEM, Field emission
scanning electron microscopy; RGOC, reduced graphene oxide;
UHMWEE, ultrahigh molecular weight polyethylene

Sample OM Images

UHMWPE

UHMWPE/RGOC-0.1

UHMWPE/RGOC-0.3

UHMWPE/RGOC-1

UHMWPE/RGOC-2

FIGURE 11 OM images of the Al,0O5 balls sliding against the
unfilled UHMWPE and the UHMWPE/RGOC biocomposites.
RGOC, reduced graphene oxide; UHMWPE, ultrahigh molecular
weight polyethylene [Color figure can be viewed at
wileyonlinelibrary.com]

magnified image.'” The low-magnified image of
UHMWPE/RGOC-0.1 biocomposite showed relatively
flat surface but fatigue wear tracks were seen in the high-
magnified image. The worn surfaces of other bio-
composites seemed generally straight in low-magnified
images. In addition, from the high-magnified images
shown in Figure 10, it was clear that they had adhesive
wear tracks and significant fatigue tear. As a result, with
increasing of RGOC filler amount, the worn surfaces of
the biocomposites were flattened, and the grooves were
disappeared on the surface of the unfilled polymer.
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Filler-matrix interaction was provided, and the wear
resistance was increased significantly by graphene. OM
analyses of the surface morphologies of Al,O; counterface
were evaluated in Figure 11. Unfilled UHMWPE and all bio-
composites except the UHMWPE/RGOC-1 biocomposite
had a thin and uniform transfer film on the Al,O; ball but a
patchy tribofilm produced from UHMWPE/RGOC-1 bio-
composite was observed (Figure 10). Because this bio-
composite had the highest wear rate than that of other
biocomposites.

5 | CONCLUSIONS

RGOC filler prepared by green reduction with Vitamin C
were added into the UHMWPE matrix, to improve ther-
mal, mechanical, and tribological properties of bio-
composites. Liquid phase ultrasonic mixing and then hot
press molding was used to prepared biocomposites. The
addition of RGOC changed the crystallinity of the
structure. The interaction of the filler-matrix and homo-
geneous distribution of RGOC in polymer matrix was
achieved. The addition of 2.0 wt% RGOC induced the best
thermal stability and microhardness value compared to
unfilled UHMWPE and other biocomposites. With the
RGOC content increases, the frictional coefficient of
the UHMWPE/RGOC biocomposites were decreased.
UHMWPE/RGOC-2 biocomposite had the lowest friction
coefficient value due to lubricating effect of both distilled
water and RGOC. The wear rate of the same bio-
composite decreased by 44%, compared with that of
unfilled UHMWPE. With increasing of RGOC filler
amount fatigue wear tracks on the worn surfaces of the
biocomposites were decreased significantly. We think
based on the green synthesis that RGOC is an excellent
wear-resistant filler for UHMWPE and acetabular prosthesis
components.
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