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Abstract Carbon nanostructures have been effectively used to reinforce polymers
due to their excellent mechanical properties. This paper investigates the thermal and
mechanical properties of ultra-high-molecular weight polyethylene UHMWPE
nanocomposites reinforced with acid-modified multi-walled carbon nanotubes
(MWCNT) and graphite. The UHMWPE nanocomposites were prepared by melt
mixing at 200 °C. The test specimens were compression moulded at 215 °C and
7.36 MPa and mechanical and thermal properties were studied with respect to
nanofiller content. Evaluation of mechanical and thermal properties of the
nanocomposites showed that the addition of up to 1% MWCNT to the UHMWPE
significantly improved the tensile and flexural properties by 30%. In the case of
graphite, tensile properties decreased while flexural property increased. While the
thermal properties such as specific enthalpy and percentage of crystallinity
increased with nanofiller content. These observed results are attributed to the
nanofiller content as well as the dispersion of the nanofiller in the polymer, which
was substantiated by morphological analysis using transmission electron micro-
scopy. However, at higher concentration of carbon nanofillers, both mechanical and
thermal properties showed a slight decline due to the formation of agglomerates.
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Nomenclature

U Unfilled UHMWPE

UG-0.5 UHMWEPE with 0.5 wt% of graphite

UG-1 UHMWPE with 1 wt% of graphite

UG-1.5 UHMWEPE with 1.5 wt% of graphite

UC-0.5 UHMWPE with 0.5 wt% of carbon nanotube
UC-1 UHMWPE with 1 wt% of carbon nanotube
UC-1.5 UHMWPE with 1.5 wt% of carbon nanotube

1 Introduction

Polymer nanocomposites have a wide range of applications and advantages over
conventional polymers and composites [1]. The properties of polymer nanocom-
posites can be tailored by altering the ratio of the polymer matrix and reinforcing
elements as well as size, shape and type of nanoreinforcements [2, 3].
Ultra-high-molecular weight polyethylene (UHMWPE) is a semi-crystalline poly-
mer having unique properties like very low coefficient of friction, low wear, high
toughness, high impact resistance, low dielectric constant and high thermal con-
ductivity that makes it suitable for a variety of applications like bearings, gears,
liners, wear strips, fixtures, armour and radar domes, joint prosthesis, etc. [4, 5].
These applications require mechanical strength in addition to specific properties.
The mechanical properties can be improved by either altering the polymer structure
like crystallinity and cross-linking or by reinforcing the polymer with fillers [6].
Nanosized fillers are attractive options for reinforcement as they provide the large
specific surface area necessary for polymer—filler interactions that tremendously
improve polymer properties at filler contents much lower than conventional micro
fillers. Carbon-based nanofillers like carbon nanotubes and graphite have unique
properties. Carbon nanotubes (CNTs) have exceptional properties like very high
tensile strength, stiffness, electrical conductivity, flexibility, elasticity and thermal
conductivity, large aspect ratio and low thermal expansion coefficient making them
a promising reinforcement for composites [7]. In modern engineering, both
single-walled (SWCNT) and multi-walled (MWCNT) are used reinforcement in
polymer composites [8, 9]. Most of the research is available UHMWPE-CNT
nanocomposites focus on the tribological properties prepared by ball milling
technique [10]. Graphite is a crystalline allotrope of carbon having layered
arrangement of thick sheets of carbon. Its layered structure providing high surface
area, aspect ratio and specific strength make graphite nanoparticles a potential
reinforcement for high-strength composites [11]. Generally, carbon nanomaterials



Performance Enhancement of UHMWPE with Surface Functionalized ... 233

have a tendency to agglomerate in a polymer matrix and the properties of
nanocomposites depends on how well the nanotubes are dispersed in the polymer
[12].

Arash Golchin et al. carried out an investigation of the tribological behaviour of
UHMWPE reinforced with multi-walled carbon nanotube and graphene oxide
(GO) in water-lubricated sliding contacts. It is found that irrespective of the
treatment, GO/MWCNT reinforced composites invariably showed lower friction
and higher wear resistance in comparison to the unfilled UHMWPE. This was
mainly attributed to the lubricating action of the carbonaceous nanofillers in
water-lubricated contacts [13]. Silvia Sufler et al. studied the wear rate, size and
volume distributions, bioactivity and biocompatibility of the wear debris generated
from UHMWPE/Multi-walled carbon nanotube (MWCNT) nanocomposites for
total joint replacement. The studies showed that the addition of MWCNTs led to a
significant reduction in wear rate and wear particles from the UHMWPE/MWCNT
nanocomposite had lower osteolytic potential compared to those produced from the
conventional polyethylene [14]. Investigations on nanotribological behaviour of
UHMWPE with graphene nanoplatelet (GNP) reinforcement showed that as GNP
content increased, the coefficient of friction decreased while wear resistance
decreased by more than four times [15]. A. Bhattacharyya et al. made a detailed
study of the improved tensile strength and creep resistance properties UHMWPE
reinforced with graphene [16].

This paper investigates the morphological, thermal and mechanical properties of
UHMWPE nanocomposites reinforced with acid-modified multi-walled carbon
nanotubes and graphite nanocomposites prepared by melt compounding.

2 Experimental

2.1 Materials and Preparations

The UHMWPE used in the work was in powder form, with a molecular weight of
2—6 million amu [HIDEN, YUHWA Korea Petrochemical Ind. Co. Ltd.]. Carbon
nanotube used as reinforcement was acid (-COOH) modified MWCNT with length
1-10 micron, outer diameter 5—10 nm and surface area 330 mz/g [United Nanotech
Innovations, Bangalore, India]. Graphite (Nano 27) having 99% carbon, surface
area 250 m*/g and lamella thickness index 10—11 was sourced from Asbury car-
bons, Asbury, USA.

UHMWPE-MWCNT/Graphite nanocomposites were prepared by melt mixing
in a two roll mill at 200 °C at 40-50 rpm with varying weight percentages of
MWCNT/Graphite (0, 0.5, 1 and 1.5%). The nanocomposite test specimens were
compression moulded at 215 °C and 7.36 MPa.
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2.2 Characterization

The tensile properties were evaluated as per ASTM D638 on INSTRON
4502Universal Testing Machine (UTM) at a crosshead speed of 1 mm/min. The
flexural strength and modulus were evaluated on a 3 point UTM with a crosshead
speed of 1.25 mm/min as per ASTM D790. The average value obtained for 5
specimens are reported. Differential scanning calorimetry was done on DSC Q20
V24.10 Build 122 in a nitrogen atmosphere at 10 °C/min in the temperature range
—100-200 °C. Transmission electron micrographs of the nanocomposites were
obtained from Jeol/JEM 2100 transmission electron microscope.

3 Results and Discussion

3.1 Morphology

The dispersion of MWCNT and nanographite in UHMWPE was analysed with
transmission electron microscope. From the TEM images in Fig. 1, it was observed
that both MWCNT and graphite were well dispersed/exfoliated in at nanofiller
content of 0.5 and 1 wt%. In nanocomposites containing 1.5 wt% CNT/Graphite,
dispersion as well as agglomeration was observed. One of the reasons for formation
of agglomerates is the van der waals force between the CNT particles. At higher
nanofiller content the interparticle distance is less and the van der waals force is
greater causing agglomeration [17].

3.2 Mechanical Properties

The mechanical properties of UHMWPE nanocomposites are presented in Figs. 2
and 3. In CNT-reinforced UHMWPE, the tensile strength and modulus increased
with increasing CNT content. The mechanical properties of the nanocomposite
depend on dispersion state of the nanofiller in polymer matrix and the interfacial
bonds. As evident from the TEM micrographs in Fig. 1b and d MWCNT was
evenly dispersed in UHMWPE. The uniform dispersion of MWCNT and the
resulting polymer—filler interfaces and interfacial interactions ensure efficient
transfer of mechanical load/stress applied to the MWCNT-UHMWPE interface.
The distribution of MWCNT efficiently hindered the chain movements during
deformation resulting in improved tensile modulus. At 1.5%, as evident from the
TEM images, slight agglomeration caused the interfacial area and interfacial
interactions to decrease. The agglomerates of MWCNT also act as macro-particle
like centres of friction and stress concentration. Hence, at 1.5% MWCNT, there was
slight reduction in mechanical properties.
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Fig. 1 TEM images (100 nm) of a UG-0.5 b UG-1 ¢ UG1.5 d UC-0.5 e UC-1 f UC-1.5
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Fig. 2 Tensile properties of UHMWPE-graphite/MWCNT composites
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Fig. 3 Flexural properties of UHMWPE-graphite/MWCNT composites

The tensile strength of UHMWPE decreased marginally with the addition of
graphite with a 5.7% decline for 1.5% of graphite. In several polymers, reduction in
tensile properties with addition of graphite filler has been attributed to its restrictive
effect and deformation of molecular chains [18].

Flexural modulus was calculated by the following equation:

3
Flexural modulus = Ls
4wdh
where F = load applied on the middle of the beam

L = distance between the two outer supports

w = width of the beam

d = deflection due to the load
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h = height of the beam

Flexural strength of UHMWPE was found to be 11.54 MPa. Figure 3 shows the
flexural strength of UHMWPE increases with the addition of MWCNT/Graphite.
The content of MWCNTSs (0.5-1.5 wt%) enhances and increase the flexural
strength from (11.54 MPa for the UHMWPE to 16.45 MPa). Addition of 1.5 wt%
of MWCNT leads to increase the flexural strength by 42.54% compared with the
UHMWPE and 20% increase by Graphite. Addition of carbon nanofillers creates
attractive polar forces and van der Waals bonding between polymer chains. Hence it
will increase the constraints between fillet/UHMWPE chains and polymer chains
itself. The nanofillers attributes a restrictive effect over the UHMWPE by defor-
mation of their molecular chains and restricting the motion [19].

3.3 Thermal Properties

DSC gives us the results of melting, crystallization temperatures, specific enthalpies
and degree of crystallinity. These results are tabulated in Table 1:
The percentage of crystallinity was calculated using the following equation:

% crystallinity = ((AHm — AHc)/(AHm °)) % 100 (2)

where AH,, and AH, are the specific enthalpy of melting and re-crystallization.

AH,,° = Reference value represents heat of melting if the polymer was 100%
crystalline.

AH,,,° for UHMWPE was taken as 293.6.

Table 1 shows that there is no change in both melting and crystallization tem-
peratures in all compositions. In polymers, melting point is dependent on the
structure of the polymer, primary and secondary bonding between chains, molec-
ular weight, heat and entropy of fusion, etc., by addition of MWCNT there is no
appreciable change in the above factors and hence, there is no change in melting
point [20]. The specific enthalpies of both melting and recrystallization increased up

Table 1 DSC results

Sample Melting Re-crystallization Specific enthalpy Specific enthalpy of
temperature | temperature of melting AH,, re-crystallization AH,
(O (O () /g

U 135 114 90 80

UG-0.5 135 114 156 139

UG-1 135 112 224 205

UG-1.5 136 114 216 201

UC-0.5 135 118 226 199

UC-1 134 118 381 352

UC-1.5 135 118 235 209
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to 1 wt% of filler content, after which they decreased. The percentage crystallinity
of the composites were calculated and plotted as a function of nanofiller content in
Fig. 4. There was an increment of 212 and 108% in the degree of crystallinity with
1 wt% of MWCNT and graphite. Upon further increasing the composition of CNT/
Graphite degree of crystallinity decreased. It may be concluded that the
well-dispersed MWCNT/Graphite induces nucleation sites for crystallization [21].
The increase in crystallinity at 1 wt% of CNT may also contribute to the increase in
tensile strength as observed in Fig. 2.

4 Conclusions

Nanocomposites of UHMWPE were prepared by melt mixing with MWCNT and
nanoscale graphite as reinforcements. TEM results showed well dispersed
MWCNT/Graphite at lower concentrations and agglomeration at 1.5 wt%. The
tensile strength of UHMWPE is increased by 14% with 1 wt% of CNT which is
attributed to the dispersion of CNT in the matrix as well as increase in percentage
crystallization. Beyond this composition, the tensile strength decreased. Young’s
modulus increased continuously upon increasing the weight percentage of CNT.
Tensile properties of the UHMWPE decreased continuously with the graphite
content. Flexural strength of the nanocomposite improved with the addition of
CNT/Graphite nanofillers. The addition of CNT/Graphite up to 1% to the
UHMWPE significantly improved thermal properties such as specific enthalpy and
percentage of crystallinity while the melting point was unaffected. At higher con-
centration of fillers, both mechanical and thermal properties showed slight decline
due to the formation of agglomerates. The optimum composition for UHMWPE—
MWCNT/Graphite nanocomposites is 1 wt%.
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Fig. 4 Percentage crystallinity of UHMWPE—-graphite/MWCNT composites
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