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For over five decades, ultra-high molecular weight polyethylene (UHMWPE) has been the standard material for total knee replacements
(TKR). Zero wear of the UHMWPE would be ideal; however, due to the natural knee movements, wear damage to the UHMWPE articulating
surface is inevitable. The generated wear debris results in joint mechanical instability, reduced joint mobility, increased pain, and implant
loosening. Because of these issues, the research on the materials in TKRs has increased their survival rate for up to 20 years; however, in
younger patients, the durability of the UHMWPE component decreases due to increased physical activity. Hence there is a constant need
for highly wear-resistant tribological pairs for TKRs. Carbon-based materials have an excellent balance between lubricating and mechanical
properties and have shown great promise in tribological applications. This study used self-lubricating cubic titanium carbide (c-TiC) and
multiwalled carbon nanotubes (MWCNTs) to improve the UHMWPE wear resistance further. The combination of carbon-based materials
decreased the material loss by about 41.7 % compared to the UHMWPE vs. bare steel ball tribological pair. The improvement, attributed
to the c-TiC self-lubricating coating surface, is close to 5 %. Cold flow and burnishing were the predominant wear mechanisms observed in
all the systems; more subtle wear processes were detected for the sliding couple with c-TiC self-lubricating coating. Meanwhile, polymer
delamination and micrometer-sized debris formation were the main wear mechanisms in the UHMWPE-MWCNT vs. bare steel ball system.
The adhesion work obtained from the electronic structure calculations shows a more significant interfacial interaction of the CNTs on the
c-TiC surface. This interaction can be associated with the layer formation that protects the surface from wear and friction.
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1. Introduction

According to the World Health Organization, more than 23
million people have rheumatoid arthritis (RA), and experts
predict that the number of patients with RA will double by
2030 [1]. Arthritis is the leading condition requiring total
joint replacement, the knee being the most affected joint. To-
tal knee replacements (TKRs) restore the joint affected by
degenerative diseases. The knee implant consists of a modu-
lar design of a femoral component made of a CoCrMo alloy, a
tibial plate made of a titanium alloy (Ti6V4Al), and an ultra-
high molecular weight polyethylene (UHMWPE) spacer that
functions as the articulating surface between the tibial and the
femoral components. UHMWPE has also been proposed as
a coating tribomaterial for biomedical applications [18]. Due
to its mechanical properties and wear resistance, UHMWPE
remains the gold standard for articulating surfaces. However,
aseptic loosening due to UHMWPE wear debris-related oste-
olysis is the primary cause of failure in modern TKRs [3–7],
limiting the longevity of the implant to15 - 20 years [8]. In
some cases the aseptic loosening may lead to TKR revisions

within 13 to 21 months [9]. As increasingly younger patients
need TKRs, rates of osteolysis-induced aseptic loosening are
also increasing, along with revision surgeries; this is closely
related to the wear resistance of the UHMWPE material.

Ideally, there should be zero wear of UHMWPE in the
knee join; however, the production of wear debris can lead
to mechanical instability, reduced patient mobility, increased
pain due to the body’s biological response to the debris, loos-
ening of the component, and ultimately, failure [10, 11]. In
extreme cases where the UHMWPE has completely worn
out, the femoral component begins to wear away the tibial
baseplate, leading to metallosis (or tibial plate break) [11].
The increasing demand for longer-lasting TKRs, particularly
for younger and more active patients, has further motivated
scientists and engineers to improve the wear performance of
UHMWPE [8].

Different types of nanoparticles have been used to
improve the wear resistance and oxidation stability of
UHMWPE, these include hydroxyapatite [12], talc particles
[13], graphene nanoplates [14], and carbon nanotubes (CNT)
[15–18]. There are two types of CNTs: multiwalled (MWC-
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NTs) and single-walled carbon nanotubes (SWCNTs). The
former consists of two or more concentric cylindrical shells
of graphene sheets arranged coaxially around a central hol-
low core; as in graphite, they exhibit an interlayer separa-
tion. In contrast, a single graphene cylinder forms SWCNTs.
SWCNTs and MWCNTs have high aspect ratios with diame-
ters close to molecular dimensions and outstanding mechan-
ical properties.

UHMWPE has been blended with small additions of both
CNTs to improve the mechanical properties of the polyethy-
lene, such as Young modulus, tensile and yield strength,
hardness, toughness, and wear and oxidation resistance [17].
However, SWCNTs concentrations are usually lower, rang-
ing from 0.01 to 0.2 wt. % than those used for MWC-
NTs (0.1 − 7.5 wt.%). Furthermore, while pristine MWC-
NTs can significantly improve the mechanical properties of
UHMWPE, SWCNTs are usually functionalized. For in-
stance, M. Abdul Samad and S.K. Sinha used air plasma-
treated SWCNTs at0.05, 0.1, and0.2 wt. % to reinforce
UHMWPE coating [18]; as a result, the hardness and elas-
tic modulus increased by66 % and58 %, respectively with
0.2 wt. % of SWCNTs. In addition, with increasing SWC-
NTs concentrations, an increase in scratch and penetration
resistance of the polymer was observed. Furthermore, J.M.
Diabb Zabalaet al. [19] studied the effect of0.01 and0.1
wt.% functionalized SWCNTs on UHMWPE. The functional
group attached to the SWCNTs is not mentioned,however,
their results showed an increase of at least12 % in Young
modulus and65 % in ultimate tensile strength. Moreover, the
composite promoted higher osteogenic differentiation than
pure UHMWPE.

On the other hand, reinforcement of the UHMWPE with
MWCNTs has also been explored as a viable alternative to
further improve the polymer performance due to increased
mechanical properties [16, 18] and MWCNTs free radical
scavenging activity [20, 21]. For instance, A. Fonsecaet
al. [16] used1 wt. % of pristine MWCNTs by ball milling
and obtained a38 % increase in toughness and an80 % in-
crease in Young modulus, while Ruanet al. [22] enhanced
mechanical properties of UHMWPE films by the addition of
1 wt.% MWCNTs, resulting in a∼ 150 % increase in strain
energy density,∼ 140 % increase in ductility, and up to25
% in strength. Following these modifications, significant im-
provements in wear resistance have also been obtained; how-
ever, investigations have been limited to relatively short test-
ing cycles and high (pin-on-disk) normal loads. For instance,
Zoo et al. tested the UHMWPE-CNT for2 h at5 N against
a 6.3-mm silicon nitride ball [23], Kanagarajet al. tested
UHMWPE-CNT for16 at12 N against alumina balls [24].

Homogeneous distribution of the CNTs in the UHMWPE
matrix is crucial to ensure adequate stress transfer between
CNTs and the UHMWPE matrix. Single carbon nanotubes
coated with polyethylene should produce uniform stress dis-
tribution and minimize the stress concentration zones [24].
Recently, it has been demonstrated that1.25 wt. % MWCNT
in the UHMWPE resulted in a decrease in volumetric wear

of 86.9 % after 2 million cycles vs. locally manufactured
CoCrMo femoral component under dry conditions [25], sug-
gesting an improvement of the mechanical properties and
self-lubricating nature of the composite over the long-term.
Other alternatives consider the use of functional coating on
UHMWPE [26] and hard solid lubricants such as carbides or
carbon-containing such as DLC (diamond-like carbon) on the
metallic mechanical counterpart.

The first approaches to developing self-lubricating sys-
tems for biomedical applications were suggested long ago.
For instance, Teohet al. [27] published evidence that carbon-
based systems and surfaces produce friction conditions close
to the lubricating graphite vs. graphite surfaces. They de-
veloped a composite of titanium and hard titanium carbide
(TiC) with varying graphite contents and specific porosity.
The concept effectively reduced the coefficient of friction
(CoF) (up to60 %) and the wear on both articulating sur-
faces. Most of the observed benefits were attributed to the
transfer graphite layer and the porosity of the coating. Re-
cently, TiC formed by titanium carburization decreased the
CoF and the wear rate UHMWPE in pin-on-plate tribology
test [28]. In both cases, the open porosity acted as a system
for debris storage. Regarding the application, the TiC coat-
ing improved the wear resistance of the femoral head and
reduced the wear rate of the UHMWPE cup after1 million
cycles [29]. However, the individual contribution of the TiC
coating and the micro-porosity to the wear rate reduction of
UHMWPE remains unexplained.

Furthermore, carbon-based and nitride coatings deposited
by arc-PVD or magnetron sputtering techniques continue to
capture attention as protective coatings to reduce implant
friction and wear [30]. However, published results show
that the self-lubricating surface was mainly applied to the
femoral component or the UHMWPE polymer spacer, and
more research needs to be done on using self-lubricating
solid materials on both bearing surfaces. For instance, in
2019, S. Deenoi et al. reported the tribological performance
of a DLC-coated Ti64 alloy surface versus UHMWPE rein-
forced with 2 wt. % CNTs; they found a higher CoF and
significant wear compared to TiN-coated or uncoated Ti64
alloy pins. The behavior was solely attributed to the adhe-
sion of the DLC and the CNTs [31], but no further explana-
tion was given for the wear behavior. Based on the avail-
able tribological information of graphite vs. graphite sys-
tems, an improvement of the wear resistance based on the
carbon vs. carbon self-lubricated interactions could be ex-
pected. Therefore, the relationship between self-lubricating
carbon-containing UHMWPE composites and hard C-based
coated surfaces must be investigated.

The role of Vickers hardness on the wear behavior of
UHMWPE for implant applications has been previously re-
ported; this is a crucial aspect affecting the wear rate of
the UHMWPE. It has been demonstrated that the wear rate
decreases linearly as the surface hardness of CoCrMo bulk
and CoCrMo coating materials increases [32]. This de-
crease in the wear rate is attributed to the resistance of
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CoCrMo to being scratched. Therefore, fewer scratches
on CoCrMo surfaces could cause fewer scratches and less
wear on UHMWPE. Furthermore, the high scratch resistance
of alloy systems coated with TiN has also been correlated
with lower adhesion to the polyethylene and lower wear of
UHMWPE [33] and references therein.

In this work, we investigated the potential of carbon-
based self-lubricating materials, such as c-TiC coated on the
metal surface and MWCNTs integrated into the UHMWPE
to decrease its wear rate further. For this purpose, the
wear of UHMWPE-MWCNT nanocomposite against the
solid lubricating c-TiC coated counter body was investi-
gated. The research’s principal focus was discussing how
the c-TiC properties (i.e., average roughness, hardness, thick-
ness, Ti-content, and microstructure) correlate to the wear of
UHMWPE-MWCNT. The wear of the UHMWPE compos-
ite was analyzed under dry conditions on a reciprocating tri-
bometer of up to 400,000 cycles. Additionally, a first princi-
ples computational study was carried out using Density Func-
tional Theory (DFT) to unveil critical aspects of the mecha-
nism of molecular aggregation of the complex system c-TiC,
UHMWPE, and carbon nanotubes that can occur during the
adhesion process and contribute to the wear of the material.

2. Materials and methods

2.1. The synthesis of UHMWPE-MWCNT

Multiwall carbon nanotubes (MWCNTs) are commercial
products purchased from Skyspring Nanomaterials, USA.
The MWCNTs, manufactured by catalytic chemical vapor
deposition, displayed an outside diameter ranging from20
to 30 nm, an inside diameter ranging from5-10 nm, a length
ranging from10−30 µm, and a purity> 95 %. The polyethy-
lene is a medical-grade UHMWPE GURR©1020 donated
by Ticona Engineering Polymers, Inc. (Bishop, TX, USA).
GUR R©1020 displayed a density =0.930 g/cc3, a mean par-
ticle size of137 µm, and an average molecular weight =3.5
million g/mol, according to the manufacturer’ specifications.

The preparation of the UHMWPE+MWCNT powder ma-
terial is described elsewhere [25]. The UHMWPE powder
and MWCNTs were mixed by solution blending, allowing
MWCNTs agglomerations to disband and form a 3D network
inside the matrix. The MWCNTs were then suspended in
ethanol and ultra-sonicated for15 min to break down mate-
rial clusters. After adding the UHMWPE powder, the mixture
was kept in an ultrasonic bath for45 min. Next, the mixture
was mechanically stirred for another60 min to achieve an
even distribution of the MWCNTs. Finally, the mixture was
placed in a vacuum oven at50◦C for 24 h to evaporate the
alcohol. The distribution of the MWCNTs in the UHMWPE-
CNT nanocomposite was observed by scanning electron mi-
croscopy (SEM) at1.5 kV Fig. 1a).

FIGURE 1. a) FE-SEM image of UHMWPE +1.25 wt. % MWC-
NTs after solution blending. Top-view of the composite UHMWPE
+1.25 wt. % MWCNTs fixed in 1 steel coin, inset in and b) FE-
SEM image of the initial state of the UHMWPE-MWCNTs surface

2.2. Nanocomposite sample preparation

Based on previous results [25, 34], UHMWPE-MWCNT
samples were produced with 1.25 wt.% MWCNTs through
press molding in a PR-22 Leco mounting press. The powder
was pre-compacted at room temperature at a pressure of 24.1
MPa for 20 min in a 38.1 mm diameter mold. The pressure
was kept constant throughout the experiment. The press was
then heated to 200◦C and maintained at that temperature for
15 min. Finally, the press was cooled down to room temper-
ature by air, and the samples were removed from the press
and cleaned with ethanol in an ultrasonic bath for 15 min to
remove any dust and mold-release lubricant from the surface.

2.3. Deposition of the c-TiC coatings

The c-TiC coatings were deposited on mirror polished AISI
M2 flat steel samples of1 inch × 5 mm high and6 mm
100 Cr steel precision balls, using an Oerlikon PVD semi-
industrial coater, model Domino Mini, and a99.5 % Ti target
(10 × 450 mm) from Plansee. The substrates were ultrason-
ically cleaned, dried, and mounted on a three-fold rotation
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system for proper coating deposition. Once the samples were
introduced into the coating chamber, the process started with
a 2-h heating-assisted vacuum step to reach≈ 450 oC and
10−5 mbar. Then, the sample surfaces were activated with
Ar+ ions at 10−2 mbar, applying−50 V DC bias,20 kHz
for 40 min. The substrates were subsequently coated with a
≈ 0.5 µm thick Ti layer, hereafter called Ti-interlayer. This
coating was magnetron sputtered, applying7 kW of power
with a constant (110 sccm) flow of high purity Ar and150
V DC bias. Next, a≈ 0.2 µm thin TiN bonding coating was
deposited to improve the c-TiC adhesion by applying7 kW
of power with200 sccm constant flow of high purity nitrogen
at 100 V DC bias. Finally, the top layer of≈ 0.5 µm thick
c-TiC was deposited by reactive magnetron sputtering of the
Ti-target with a mixture of pure acetylene and high purity Ar
(80 : 60 sccm). At the same time continuous heating was ap-
plied to maintain the chamber temperature at≈ 450◦C using
a9 KW heating system. The substrate temperature was mea-
sured using thermocouples located near the planetary. The
final step in the coating process was cooling the chamber for
1 h and ventilating it with pure nitrogen.

2.4. Coating microstructural analysis

The c-TiC coating was evaluated using a SmartLab XRD
diffractometer from Rigaku in PB/PSA mode Parallel
Beam/Parallel Slit Analyzer with grazing incidence angle (ω
= 2.5◦) 2θ geometry using Cu Kα radiation (40 KV, 44 Amp)
at a step size of0.02o. The diffraction patterns were in-
dexed using the X-ray powder diffraction Software PDXL
from Rigaku. The microstructure was evaluated in a Field
Emission Electron Microscope (FE-SEM) model JSM7200F
from JEOL. Chemical mapping and line scan of the c-TiC
coating were acquired in an SEM from HITACHI SU8230.

2.5. Surface evaluation and wear analysis of the tribo-
logical pair

2.5.1. Surface preparation and evaluation

The UHMWPE-MWCNT samples were cut into10×10 mm
specimens and polished using SiC abrasive paper to decrease
the surface roughness produced by the precision cutter and
begin the wear tests at similar surface characteristics. The
roughness of the UHMWPE-MWCNT samples was mea-
sured in a DektakXT Surface Profiler from BRUKER. For
this purpose, a stylus type with a12.5 µm radius,3 mg
force,1.5 mm distance, and0.2 µm/pt resolution was applied.
These measurements were repeated ten times to report the
average values of the polished surfaces. The average rough-
nesses (Ra) of a commercially available UHMWPE articulat-
ing component manufactured by conventional machining and
a mirror-polished CoCr alloy are compared. For profilometer
mapping of the c-TiC coating deposited on the precision steel
ball, a100× 100 µm area was selected (this was the approx-
imate initial contact area between the6 mm steel ball and the
flat polymer surface) with a 2µm spacing between profiles

at 30 sec each with a resolution = 0.022µm/pt. Fifty traces
completed the map applying the hills and valleys strategy in
the 6.5µm range. The same profilometer mapping strategy
was applied to the bare steel ball.

The hardness Vickers of the steel ball was measured us-
ing the Revetest indenter model RST from Anton Paar. For
this purpose, the steel ball was fixed inside a bakelite and
then analyzed with the indenter. Then,2 N and3 N normal
loads were applied to guarantee the information. The hard-
ness Vickers calculated by using3 N was reported here.

2.5.2. Raman spectra of the tribological pair

The Raman spectra of the UHMWPE, UHMWPE-MWCNT,
and the c-TiC coating were taken at room temperature
in a Raman spectrometer from HORIBA Scientific model
LabRAM Evolution, using a633 nm laser and power of10
mW. The Raman spectra were recorded after averaging the
data within30 sec acquisition time over the500 to3500 cm−1

spectral range. The peak fitting and Raman position calcu-
lations were performed by applying the Pseudo-Voigt peak
function.

2.5.3. Nanoindentation tests and topography analysis by
scanning force microscopy

The c-TiC coating sample was analyzed by scanning force
microscopy to reveal the microstructure at sub-micron and
nanometer scales. The coating’s hardness and reduced elas-
tic modulus were evaluated in the same area using the nanoin-
dentation method. These measurements were performed on
a Hysitron Bruker Triboscope Ti-950 instrument using a1-
micrometer diameter spheroconical diamond tip. The test
was carried out using a trapezoidal loading cycle in an open
loop mode with a maximum load varying from400 µN to
10 mN, maintaining the maximum load for30 s to evidence
stress relaxation phenomena in the coating.

2.5.4. Wear tests of UHMWPE-MWCNT

All specimens were weighed before wear testing. The tri-
bological analysis was performed based on the recommenda-
tions of the ASTM F732-17 Standard Test Method for Wear
Testing of Polymeric Materials Used in Total Joint Replace-
ments [35]. First, the polished10 × 10 mm UHMWPE-
MWCNT samples were attached to a flat1-in ø steel coin.
The wear testing of the so-fixed samples was carried out in
a pin-on-disk THT tribometer from Anton Paar. The previ-
ously100Cr Steel precision balls coated with the c-TiC-TiN-
Ti multilayer system were used as a counter surface against
the flat UHMWPE-MWCNT nanocomposites. The combi-
nations of the tribological pairs involving the UHMWPE-
MWCNT composite vs. bare steel surface, or the bare steel
ball vs. pure UHMWPE were also tested for comparison.
The parameters of the rotary reciprocating wear tests are dis-
played in Table I. In these sets of experiments, only wear
under dry-sliding conditions was considered.
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FIGURE 2. a) Structures of the polyethylene chain, b) a single carbon nanotube and c) the cubic FCC structure of the TiC.

TABLE I. Parameter of the wear testing of UHMWPE-MWCNTs
vs c-TiC.

Parameter Value

Radius 1.98 mm

Max linear speed 1.954 cm/s

Frequency 2 Hz

Angle (α) 90

Load 1 N

Cycles 100, 000, 200, 000 and400, 000

2.6. Theoretical and computational methodology

The electronic structures of c-TiC, polyethylene, and
SWCNT were studied within the Density Functional The-
ory (DFT) framework. A Generalized Gradient Approxima-
tion (GGA) with Perdew-Burke-Ernzerhof (PBE) [36] was
used within the Cambridge sequential total energy package
(CASTEP) code [37]. Electron and core interaction are in-
cluded using the ultrasoft pseudopotential; atomic positions
were optimized until the residual forces achieved a threshold
value of0.01 eV/A. The integration in the Brillouin zone was
performed on special k points (8 × 8 × 1 Mokchorst-Pack
grid) determined according to the Mokchorst-Pack scheme
with a cutoff energy of350 eV. The model is relaxed by us-
ing the BFGS algorithm to optimize the structure. The en-
ergy change in the structural optimization process converges
to 2.0 × 10−5 eV/atom, and the maximum stress converges
to 0.1 eV/A.

2.6.1. Model construction

The c-TiC (111) surface was simulated using the repeated
slab geometry with (2 × 1) surface unit cell separated by a
vacuum region of20 A to prevent interactions between pe-
riodic images. The model for the cubic phase was obtained
from the database in the published literature. These calcu-
lated models are shown in Fig. 2. Figure 2a) shows the model
corresponding to the polyethylene chain, and Fig. 2b) shows a
simplified model of a single-wall carbon nanotube SWCNT.
These two elements model the UHMWPE composite. Fig-
ure 2c) shows the FCC crystal lattice of the c-TiC that corre-
sponds to the main crystalline structure of the coating. The
surface energy (δ) is given by:

δ =
(Esurf − nEbulk)

A
, (1)

whereEsurf is the cell’s energy where the surface is con-
tained.Ebulk is the energy of an equivalent number of stoi-
chiometric units of bulk, and A is the surface area. A small
positive value of surface energy indicates a stable surface.

The interaction energy (Eint) for pair of moleculesi and
j was evaluated according to:

Eint = ∆Eint = Eij − (Ei + Ej), (2)

whereEint is the total energy of the interacting systemsi
andj, which can also be seen as the adsorption energy.Ei

is the total energy of the free molecules (corresponding to ei-
ther the c-TiC surface or polyethylene or SWCNT). Negative
Eint values indicate that there exists an effective attraction
between them.

2.6.2. Adhesive Strength

The adhesion energy (Wadh) represents the bonding strength
of the interface structure and is equivalent to the reversible
work required to separate the interface into two free sur-
faces [38]. The bonding force between the interface atoms
increases as the ideal adhesion energy increases. TheWadh

is calculated according to the following equation:

Wadh = −∆Eint

A
, (3)

where∆Eint is the adsorption energy, and A is the surface
area. Similarly, adhesion work is of interest in the area of
materials because it can also help predict mechanical prop-
erties. For this reason, this computational study intends to
determine the adhesion work of the filler components on the
c-TiC surface to analyze its effects on the physical properties
and wear of the composite.

3. Results and discussion

3.1. Initial surface quality of the tribological pair

The initial average surface roughnesses (Ra) of the mirror-
polished UHMWPE (∼ 300 nm) and UHMWPE-MWCNT
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FIGURE 3. Average roughnessesRa of UHMWPE, UHMWPE-
MWCNTs and c-TiC magnetron coated on flat M2 steel and 6 mm
100Cr steel sphere. These data are compared with commercial
and machined UHMWPE joint component and a mirror polished
Femoral CoCr alloy.

nanocomposite (∼ 150 nm) are shown in Fig. 3. The pres-
ence of MWCNTs improved the surface roughness after pol-
ishing under the same conditions as UHMWPE. As a refer-
ence, theRa = 900 nm indicated the level of roughness of
a UHMWPE component from a recognized knee prosthesis
manufacturer produced by conventional machining. As pre-
viously mentioned, the TiC was coated on a flat specimen
(used for XRD evaluation) and on a100Cr steel precision
ball, used as the counter body for wear analysis. Figure 3 in-
cludes the roughnesses of both samples. TheRa of the TiC
deposited on the previously mirror-polished M2 steel was≈
129 nm. The initially measuredRa for the steel ball was

258 nm. The improvement inRa indicates that the coating
compensated for the imperfections and defects of the com-
mercial precision ball. Figures 4a) and 4a1) show the sur-
face quality of the precision steel ball. The TiC achieved a
smooth surface, validated by the high-resolution SEM evalu-
ation. However, Ti-rich splats-like particles were observed on
the as-coated surface of the TiC, Fig. 4b). The roughness was
measured with force scanning microscopy in the areas where
the coating is observed to be homogeneous, revealing val-
ues on the order of∼ 22.4 nm, Fig. 4b1). Figure 4b) shows
a slightly coarse microstructure of the c-TiC coating on the
precision steel balls; these observations correlated well with
theRa measurements, which were higher for the TiC-coated
steel balls than flat steel samples. Further improvements in
surface quality can be achieved by optimizing the coating de-
position process.

3.2. Microstructure and crystalline phases of the c-TiC
coating

The tribological response of the UHMWPE-MWCNT is af-
fected by the surface properties of the polymer and the c-
TiC-coated counter body. For this reason, the correlation
of roughness, the surface microstructure, chemical compo-
sition, and the crystallinity of the c-TiC coating is crucial
to explain the wear of the UHMWPE-MWCNT composite.
Figure 5 shows the most relevant results of the distribution of
the chemical elements of the coating. For instance, Fig. 5a)
presents the cross-section and thicknesses of the top coating
deposited on the Si-wafer. Figure 5b) displays the general
distribution of the chemical elements of the coating and the
Ti, and C-line scan Fig. 5c) correlates well to the expected

FIGURE 4. a) Surface characteristics of bare precision steel ball and microstructure of the inicial c-TiC coating deposited on 6 mm0 precision
steel ball b) and corresponding profilometer or AFM map (righ images).

Rev. Mex. Fis.70021002
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FIGURE 5. a) Cross-section of the c-TiC magnetron sputtered coating on Si-wafer, b) c-TiC on steel ball and c) line-scan.

gradient concentrations Fig. 5d), thus revealing the deposi-
tion strategy of the Ti-TiN-TiC system. The Ti-map gradi-
ent intensity highlights the C-content in the TiC top layer.
This observation agrees with the grazing incidence XRD data
shown in Fig. 6. The XRD-graph displays the effect of the
incident ω angle on the diffraction peaks of the M2 steel-
Ti-TiN-TiC substrate-coating system. At highω angles (0.5 -
2.5◦), all M2 steel-Ti-TiN-TiC substrate-coating system com-
ponents contribute to the XRD pattern and are undoubtedly
identified. The diffraction patterns present peaks at2θ= 36.1,
41.88, and 70.32 that correspond to the (111), (220), and
(311) planes of the cubic c-TiC in the coating, indicating that
this carbide forms due to the reaction between the high Ti-
content and the C-species. The XRD measurement also al-
lowed measuring the cubic structure of the TiN interlayer of
∼ 200 nm, which is still detected atω angles between1 and
2.5◦. Belowω= 1◦, the TiN was not identified, probably due
to the low intensity of the diffraction signal. The diffraction
patterns in Fig. 6 also indicate the presence of the metallic Ti-
crystallineα hexagonal phase (2θ= 35.02, 38.18, 40, 52.64,
62.68, and75.86). This metallic Ti is mainly related to the Ti-
bottom layer. However, metallic Ti microdroplets observed at
the outermost TiC layer might also contribute to the diffrac-
tion patterns. Theω angle was further decreased from0.5
to 0.1◦ to extract information only from the c-TiC top coat;

however, this was impossible. The data shows that the XRD
beam travels through the coating system and still hits the steel
substrate (see diffraction peak M at2θ= 44.62◦). At such low
ω angles, the presence of cubic TiC, the TiN, the metallic

FIGURE 6. The effect of the angleω on the grazing incidence XRD
pattern of the TiC top coat/TiN interlayer/Ti bonding coating sys-
tem.
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FIGURE 7. Raman spectra of the UHMWPE-MWCNTs.

FIGURE 8. a) Raman spectra of graphite, b) compared to mag-
netron sputtered c-TiC coating.

hexagonal Ti, and the peaks of the steel substrate are still ev-
ident. Thus, the diffraction information comes from the bot-
tom Ti-layer (∼ 480 nm)and the TiC top coating (∼ 500 nm).
This condition hinders such thin layer’s proper selective mea-
surement and phase quantification. Thicker coating are nec-

essary for selective XRD measurement of the outermost top
coating.

In carbon-containing coatings, the thickness plays an im-
portant role in polymer wear [39]. For example, a4.7 µm
thick carbon-based DLC coating prevented the heat release
and increased the UHMWPE wear by∼ 60 %, while a rel-
atively thin DLC (0.8µm) decreased the wear by∼ 41.7
%. In addition, the authors reported that the heat produced
during friction rapidly dissipates when applying thin coat-
ings. A prosthesis simulator produced these results for a
DLC-coated femoral Co28Cr6Mo component after5 mil-
lion cycles. On the contrary, in a knee simulator, Oñate
et al. [40] demonstrated that relatively thick DLCs (3 − 4
µm) improve UHMWPE wear; however, they did not men-
tion any heat transfer issues associated with the coating thick-
ness. In the present work, the c-TiC thickness was∼ 0.5 µm,
and no adverse effects on the dry-wear of the UHMWPE or
UHMWPE-MWCNT were identified. Using liquid lubricants
may also contribute to dissipating the heat caused by friction
in the system. However, the optimal coating thickness must
be determined after balancing the heat release produced dur-
ing wear testing and the compressive stresses caused by the
film when the coating thickness increases. The increased C-
content in the c-TiC layer might also help improve the system
lubricity, reducing the probability of any local heating effects.

Published results indicate that the formation of TiC was
associated with a substantial transformation of sp3 into sp2
groups (carbon presence) and high Ti-concentrations (10 to
24.5 at. %) [41]. J. Cui et al. [42] investigated Ti + carbon
coatings and demonstrated that Ti atoms are present in the
metallic form rather than TiC for concentrations of∼ 0.41
at. % Ti. Meanwhile, for concentrations of Ti∼ 6.7 at. %,
the formation of TiC is favored, thus producing a composite
layer with TiC embedded in the DLC matrix. According to
the Ti vs. C phase diagram, the metallic Ti species can only
form at high Ti-contents (close to100 %), and any C-excess
will react with Ti to produce the FCC crystalline TiC. For this
reason, the carbon source and the chamber designs are addi-
tional technical aspects to be considered. For instance, the
coatings developed by Cui [42] and ours were deposited by
magnetron sputtering in coating chambers close to 1 m3 vol-
ume, and the significant difference between these processes
was the C-source. Moreover, in our process, the analyzed
samples were coated while rotating in a 2-axis planetary sys-
tem, and pure carbide c-TiC andα-Ti-droplets were identi-
fied as the main microstructural features. Q. Wanget al. [43]
were able to identify the presence of TiC based on charac-
teristic binding energies (BEs) of this compound at relatively
low Ti-content< 1 at. %; these low contents are associ-
ated with low Ti-target currents during deposition. This coat-
ing also displayed the best nano-hardness. In our work, the
average point EDX evaluation of the top layer in the c-TiC
coating indicated that Ti was∼ 5.1 at. % in the top layer.
The calculated Ti-C system phase diagram, using the Ther-
mocalc methodology, undoubtedly shows that mainly cubic
TiC forms in the broad compositional range, for carbon con-
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tent < 40 at. %, the stable phase is cubic TiC. The phase
diagram also indicates that only hcp-Ti (orα-Ti) traces are
present at temperatures< 500 ◦C and C-content< 2 mol.
%. At the same temperature range and carbon contents> 40
at. %, the single cubic TiC is the thermodynamically stable
phase [44]. These observations indicate that cubic titanium
carbide forms independently of the C-content and is present
in any reactive mixture of Ti+C at processing temperatures
below 500◦C.

3.3. Raman spectra of the self-lubricating surfaces

The self-lubricating capacity of the tribological pair is un-
doubtedly related to the carbon species contained in the
UHMWPE-MWCNT and the crystalline surface of the c-
TiC coating. These carbon species might change and evolve
upon friction and wear. This section presents and analyzes
the chemical state of the carbon species contained in the tri-
bological pair. Figure 7 displays the Raman spectra of the
initial state of the UHMWPE and the UHMWPE reinforced
with MWCNTs. The intensity loss of the Raman signals is
the main spectral feature observed upon adding MWCNTs
because the nanotubes are causing the radiation adsorption,
decreasing the Raman intensities. However, in both polymer
samples, the same Raman signals appear; the band at1057
and1124 indicate the C-C stretching; the bands located at
1292, 1368, 1414, 1438, and1458 cm−1 are related to crys-
talline τCH2, crystalline + amorphousωCH2 and δCH2,
amorphous transδCH2, and amorphousδCH2 species. The
observed bands perfectly agree with the reported Raman data
of UHMWPE from the literature [45, 46]. The crucial dif-
ference is due to the presence of MWCNTs, which produce
Raman shifts at∼ 1581 cm−1 related to the bond stretching
associated with the G-peak (2g mode) of the sp2 bonds of
carbon rings (aromatic C-species) and chains. The D-peak at
∼ 1328 cm−1 is due to the breathing mode (A1g mode) of the
sp2 bonds of only carbon rings. An additional Raman shift
is observed at 1613 cm−1, which is related to intercalated
graphite compounds and is assigned to in-plane vibrations of
the other parts of graphite domains. This D’ band does not
exist in pure graphite [47]. These Raman bands related to the
G, D, and D’ carbon species of the MWCNTs are not present
in pure UHMWPE. Similarly, the c-TiC coating displays two
well-defined Raman signals. These bands are due to the D-
peak observed at 1321 cm−1 and the G-peak found at 1591
cm−1, Fig. 8. The observed Raman shifts correspond to those
features found in magnetron sputtered a-C [48].

3.4. Mechanical properties of c-TiC coating

Figure 9 shows typical nanoindentation results through a load
versus displacement curve of the coating at maximum pene-
tration depth conditions on the order of 60 nm. The max-
imum hardness and reduced elastic modulus obtained are 7
and 66 GPa, respectively. These values are lower than those
reported in the literature for c-TiC coatings [49,50]. How-

ever, more recently, a decrease in hardness have been re-
ported upon the presence of Ti-contents> 70 at. % [51].
The authors reported 9∼ 10 GPa for TiC containing 90 to
95 at. % Ti. Additional reasons may be the following. The
microstructural characteristics of the c-TiC coating, and ac-
cording to the thickness measurements shown in Fig. 5a) the
c-TiC coating is∼ 400 nm with columnar features and grain

FIGURE 9. Mechanical properties of the c-TiC coating sys-
tems measured by nanoindentation, load-penetration curve with a
Pmax=400 mN. a) A schematic representation of the indenter tip
radius is shown in the inset. b) Relaxation phenomena (reduction
in load as a function of time) and c) SPM micrograph of the surface.
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diameters of∼ 100 nm. Under these microstructural ar-
rangements, the c-TiC coating presents a load relaxation
phenomenon upon nanoindentation. This phenomenon is
schematized in the inset of Fig. 9a) by comparing the di-
mensions of the radius of the indenter and the columnar c-
TiC grains in the coating. Figure 9c) shows a surface micro-
graph obtained by force scanning microscopy of the coating
surface. These micrographs reveal a conformal microstruc-
ture with nanometer grains of an average size of 50 nm with
pores of similar sizes of equiaxial morphology in the plane
but showing columnar features in the depth. The load re-
laxation phenomenon consists of a reduction of the maximal
indentation load as a function of time, Fig. 9b). In the time in-
terval tested, a steady state was not reached at the maximum
force, which is expected not to change as a function of time
for continuous solids. This relaxation phenomenon is associ-
ated with the compliance in the coating plane that occurs un-
der the application of loads, which causes a displacement of
the grains laterally and is a function of the applied force and
the contact time. This phenomenon, apart from causing an
apparent decrease the mechanical properties of the coating,
can diminished the friction coefficient, in this case between
the indenter and the coating, which can be interpreted as a
self-lubrication.

3.5. Wear of the UHMWPE-MWCNT vs. c-TiCs

The present work aims to investigate the UHMWPE-
MWCNT nanocomposite potential as a self-lubricating ma-
terial against c-TiC-coated solid lubricant surfaces. In this
sense, rotary reciprocating tests were initially designed to
provide information about the early stages of UHMWPE
wear. The first target was to reach100, 000 cycles and eval-
uate the corresponding wear modes of UHMWPE vs. c-
TiC coated materials. Fig. 10 displays the CoF obtained un-
der a reciprocating movement during100, 000 cycles of the
UHMWPE polymer against a6 mm bare steel ball and the c-
TiC coated ball. The CoF of the tribological pair, UHMWPE
vs. bare steel ball, starts at about0.05 and then increases
quickly to∼ 0.075, see Fig. 10a). After this point, there is
a steady increase for over50, 000 cycles where the CoF is
maintained close to0.1 in one reciprocating direction (the
blue dotted lines in Fig. 10a) and 10b) represent this point)
and increased slightly above the CoF=0.1 up until 100, 000
cycles. After that, the CoF level reaches∼ 0.125 on the oppo-
site side and only increases smoothly up to100, 000 cycles.
Considering the applied normal load of1 N, these CoF im-
ply tangential forces ranging between0.1 and0.125 N. Fig-
ure 10b) depicts the CoF of UHMWPE vs. c-TiC coated steel
ball. In one reciprocating direction, the CoF was close to
0.1, while in the opposite direction, the CoF was markedly
below0.1. Initially, the CoF decreased continuously within
the∼ 5, 000 cycles, then increased to10, 000 cycles, and
after this wide maximum, the CoF fell again before reach-
ing 30, 000 cycles. After that, the CoF remained steady at∼
0.0725. In this tribological pair, the tangential forces are

FIGURE 10. a) Coefficient of friction during 100,000 cycles of
UHMWPE vs bare steel ball and b) UHMWPE vs c-TiC coated
steel sphere. Reciprocant movement, 90, 2 Hz, and 1 N normal
load.

∼ 0.0725 N. At this point, there is27.5 % less tangential
force when applying the c-TiC coating. Finally, at∼ 50, 000
cycles, a CoF peak, almost at0.1, appeared in one direction
and exceeded the0.1 level in the opposite reciprocating di-
rection. Considering this maximum CoF produced with the
TiC, there is a20 % less tangential force than the tribologi-
cal pair without the self-lubricating coating. The wear-track
evaluation after100, 000 cycles indicated neglectable wear
since no mass loss was registered. Additionally, the contact
profilometry of the wear tracks demonstrated that scratches
were, on average, within the initial surface roughness.

No mass-loss and wear volumes were recorded on
the polyethylene without reinforcement UHMWPE and the
UHMWPE-MWCNT nanocomposite after200, 000 cycles.
This condition changed after400, 000 wear cycles. Figure 11
shows the wear tracks produced on the UHMWPE-MWCNT
nanocomposite against the c-TiC-coated steel ball counter
body vs. the bare steel ball. These images display a smooth
wear track by a c-TiC-coated steel ball [Fig. 11a)] vs the
deeper scratches on the wear tracks caused by uncoated steel
[Fig. 11b)], agreeing with the mass loss registered in Table II.
There was a wear resistance improvement with MWCNTs re-
inforcement, reflected by the mass loss decrease of∼ 36.8 %.
A ∼ 41.7 % mass loss decrease was recorded for UHMWPE-
MWCNT nanocomposite against the self- lubricating c-TiC
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FIGURE 11. a) Profilometry and FE-SEM images of the wear-track of b) the UHMWPE-MWCNTs vs c-TiC coated precision steel ball
compared with reference system UHMWPE-MWCNTs vs bare steel ball

coating as the counterface. These results correlate well with
the CoF of the analyzed systems. The lowest CoF (∼ 0.2)
was measured when applying MWCNTs and c-TiC as self-
lubricating materials, resulting in the lowest material loss of
the UHMWPE-MWCNT composite.

In contrast, the UHMWPE-MWCNT nanocomposite
against bare steel produced a CoF∼ 0.24. The improvement
in wear resistance is also evident in the wear-track evaluation
made by contact profilometry shown in Figs. 11a) and 11b),
showing less wear damage in the UHMWPE-MWCNT vs. c-

TiC system than in the UHMWPE-MWCNT vs. steel pair;
this is attributed to the self-lubrication capacity of the MWC-
NTs and which has been reported as an effective lubricant
additive [49]. As mentioned earlier, the use of TiC has been
reported to decrease UHMWPE wear damage [50]. The pres-
ence of c-TiC, produced after carburization of the Ti femoral
head, decreased UHMWPE wear of a joint cup. The debris
produced in the UHMWPE-MWCNT and c-TiC nanocom-
posites and their carbon species must be further investigated.
Furthermore, the tribological and chemical effects of liquid
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TABLE II. Weight loss aand volume loss after wear testing of UHMWPE-MWCNTs vs c-TiC system after 400,000 cycles. Reciprocant
movement at 90 and 1 N normal load under dry conditions.

Tribological pair Mechanical properties Weight-loss (mg) Wear improments based on wight-loss

UHMWPE vs bare steel ball UHMWPE 64.6± 0.71 in 1.9 System without self-lubricating

shore D scale components

Steel ball 998.5HV0.3

UHMWPE vs bare steel ball UHMWPE 63.9± 0.33 in 1.2 36.8 %-compared to

shore D scale UHMWPE vs bare steel ball

UHMWPE-MWCNTs UHMWPE-MWCNTs, 0.7 41.7%-compared to

vs c.TiC coated steel 63.9± 0.33 in UHMWPE-MWCNT

shore D scale vs bare steel ball

c-TiC/TiN/Ti 65.16%-compared to

coating system UHMWPE vd bare steel

hardness = 7 GPa andε = 66 GPa ball

TABLE III. TiC based coatings for wear reduction of UHMWPE. Coatings characteristics and tribological testing conditions for orthopedic
implant applications (hip and knee prosthesis).

Tribological System Tribolical conditions Improvements

c-TiC/titanium alloy Pin on Plate, 4 mm pin diameter, 9.8 N CoF: 0.07-0.085e

normal load, 14.4 m Lubricant 25%Bovine serum and dry Dry: 44.5%wear decreas

Bovine serum:66.8%

c-TiC/Ti6Al4V Artificial joint hip simulator,peak Decrease the wear UHMWPE

784 N, 1 Hz joint cup, TiC could efectively

Lubricant 25% Bovine Serum control the UHMWPEn

+ 0.1% sodium azide debris distributio

c-TiC/TiN/Ti on Pin on Disk, reciprocating CoF∼ 0.1∼ 0.125

6 nm Cr-stell movement, 2 Hz No mass and volume

ball vs UHMWPE 90,1 N, 100,000 loss registered

and 200,000 cycles in boch cases

c-TiC/TiN/Ti on Pin on Disk, reciprocating CoF∼ 0.2

6 nm Cr-stell ball movement 2 Hz UHMWPE vs stell

vvs 90, 1 N,400,000 6.0561× 107

MWCNTs-UHMWPE cycles 1584 m nm3/Nm

MWCNT-UHMWPE

vs stell

3.9348× 107 nm3/N

MWCNT-UHMWPE vs c-TiC

3.41128× 107 nm3/N

lubricants simulating articulating joints’ wear conditions
should also be addressed.

The details of the wear tracks produced after400, 000 cy-
cles on the UHMWPE nanocomposite are in the FE-SEM mi-
crographs, Figs. 11a) and 11b). In the UHMWPE-MWCNT
vs. c-TiC tribological pair, there is burnishing of the sur-
face and local plastic deformation (Fig. 11a1)) in the cen-
ter and along the edges of the wear track. In this system,

only nanometer-sized debris was observed Figs. 11a2) and
11a3). The plastic deformation of the UHMWPE-MWCNT
is observed at the end of the wear track of the UHMWPE-
MWCNT vs. c-TiC, Fig. 11a4). Less debris and no particle
detachment after400, 000 cycles indicate the improvement
of UHMWPE wear resistance. In contrast, the UHMWPE-
MWCNT displays significant wear surface damage caused
by the bare steel, Fig. 11b). There were no apparent signs of
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plastic deformation in this tribological system; however, ma-
jor scratches and higher amounts of micrometer-sized debris
due to the progressed surface delamination were observed,
Figs. 11b1) to 11b3). High doses of UHMWPE debris in
a size range between0.3 and2 micrometers, have been re-
ported as critical for biological response (bone resorbing),
[8, 52]. The surface delamination initiation was markedly
found at the center and the lower edge of the wear track pro-
duced on the UHMWPE-MWCNT, Figs. 11b2) and 11b3).
The evaluation of the end of the wear track also indicated
that no plastic deformation instead of took place, Fig. 11b4).

Table III summarizes primary TiC coating characteristics
and the obtained tribological results against UHMWPE in
published literature; this information is compared to our re-
sults. An objective analysis of the reported UHMWPE wear
caused by surfaces made out of TiC is complicated due to the
variety of TiC characteristics (thickness, roughness, chem-
istry) and the selected tribological conditions (the type of
testing, normal pressure, number of cycles, environment) or
intended application (i.e., hip or knee implants). Therefore,
basic linear reciprocating wear motion analysis of CoF and
polymer wear rates of potential materials should be carried
out according to the norm ASTM F732 (Annex A1.1) [35].
Following the guidelines and recommendations within this
standard shall allow proper evaluation and comparisons of
CoFs and polymer wear rates. In addition, further rotary re-
ciprocating tests of the UHMWPE-MWCNT vs. c-TiCs at
higher wear cycles (minimum half a million, 1 million, and 2
million) + lubricant should be performed to evaluate the re-
sponse of the material, particularly the corrosion resistance of
the coating. This study detected no transfer layer or surface
damage on the c-TiC coating.

3.6. The work of adhesion calculations

The physicochemical interaction of atoms and molecules of
the tribological pair defines friction and wear processes at the
nanoscale. For this reason, in the present investigation, the
interaction between the surfaces of single crystalline struc-
tures of the tribological pairs (UHMWPE, CNT, and c-TiC)
is simulated via the first principle of Density Functional The-
ory (DFT) to evaluate their chemical affinity and work of ad-
hesion between the self-lubricating surfaces at the nanoscale.

Energy of TiC(111) slab

The need to study c-TiC is mainly based on the fact that it
has excellent mechanical properties and contains C, which is
a natural solid lubricant. These characteristics of c-TiC will
contribute to the work of adhesion at an atomistic level. They
will provide insight into the wear behavior of the polyethy-
lene with and without carbon nanotubes. The c-TiC (111)
surface was built in our calculations based on Ti terminations
at the system’s border, since these are the most thermody-
namically stable. This crystalline c-TiC (111) planes’ surface
energy was calculated to validate the system with reported

TABLE IV. Work of adhesionWadh (J/m2)of the tribological pairy

Surface Polyethylene SWCNT

Wadh (J/m2) 3.464 5.379

values in the literature. The results show that the surface
energy of the c-TiC (111) plane has a value of2.606 J/m2,
which is within the range of reported values [1.35 − 3.13]
J/m2 for the surface energy of the c-TiC (111) plane with Ti
terminations [53], proving the reliability of our calculations
that validate our computational methodology.

The work of adhesion of the tribological pair

The work of adhesion (Wadh) of the tribological pairs inves-
tigated here is shown in Table IV. TheWadh between the c-
TiC (111) plane and the polyethylene displays a lowerWadh

compared to the work of adhesion between the c-TiC (111)
plane and the simplified carbon nanotube (SWCNT). Fig-
ure 12 shows the schematics of the simplified system consist-
ing of the c-TiC (111) plane vs. the UHMWPE [Fig. 12a)]
or the CNT 12b) applied forWadh calculation, this indicates
a weaker interaction between the c-TiC (111) plane and the
polyethylene, pointing out the lower affinity and less capac-
ity to build a lubricant protective transfer layer. In contrast,
there is a stronger affinity between the c-TiC(111) plane and
the surface of the CNT due to the molecular interaction be-
tween the Ti and C atoms and the forces coming from the
π − π bonds of the carbon nanotube; this also shows a high
electron transfer between the c-TiC (111) and the carbon nan-
otube. The strong electronic affinity and the resulting higher
interfacial energy orWadh might cause a protective transfer
carbon-based layer formation on the c-TiC (111) plane that
induces the self-lubrication effect, contributing to the better
wear-performance of the C-containing surfaces.

4. Conclusions

• The magnetron sputtering reactive semi-industrial pro-
cess was applied to deposit the self-lubricating c-TiC.
This c-TiC coating was deposited at450◦C produced a
reasonably smooth surface (129 nm) that compensated
the roughness (258 nm) of commercial precision steel
balls applied for rotary reciprocating pin-on-disk wear
tests of UHMWPE.

• The outermost surface of the carbon-containing coat-
ing comprises cubic TiC and traces of metallic Ti-
droplets made of the hexagonalα Titanium phase.

• The Raman spectroscopy indicates the presence of
bands due to the G, D, and D’ carbon species of
the MWCNTs contained in the UHMWPE-MWCNT
composite. In contrast typical amorphous carbon a-C
species are obtained in the sputtered coating.
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• The c-TiC coating is based on a conformal-like mi-
crostructure with grains showing columnar features
of ∼ 50 nm with pores of similar sizes of equiaxial
morphology in the plane. This microstructure allows
a load relaxation phenomenon consisting of a reduc-
tion at the maximal indentation loads as a function of
time. This phenomenon is also contributing to self-
lubrication during wear.

• Neglectable effects on the wear track were observed
after100, 000 and200, 000 reciprocating wear cycles.

• As expected, the addition of1.25 wt.% MWCNTs im-
proved the UHMWPE wear resistance by∼ 36.8 % af-
ter 400, 000 cycles of rotary reciprocating sliding un-
der dry conditions and1 N normal pin-on-disk load
against bare stainless steel. The homogeneous distribu-
tion of the MWCNTs creates a 3D network around the
UHMWPE powder; this mechanical bonding between
both materials might be responsible for wear resistance
improvement.

• The UHMWPE-MWCNT mass loss was improved by
∼ 41.7% when applying the lubricating c-TiC coated
steel compared to the reference system (UHMWPE vs.
Steel). This result represent4.9 % less wear than the
system without coating and is mainly attributed to the
lubricating coating surface finish of c-TiC.

• A smooth wear-track and relatively low CoF∼ 0.2
were obtained in the UHMWPE-MWCNT vs. c-TiC
coated ball, deeper scratches and slightly higher CoF
∼ 0.24 in the UHMWPE-MWCNT vs. bare steel ball
were obtained.

• Submicrometer-sized debris and mild plastic deforma-
tion were observed in the UHMWPE-MWCNT vs. c-
TiC coated steel ball. In contrast, submicrometer and
micrometer-sized debris, critical for the biological re-
sponse, and signs of surface delamination in the wear

track produced in the UHMWPE-MWCNT vs. bare
steel ball.

• The theoretical calculations indicated that theWadh

between the (111) plane surface of the c-TiC and the
carbon nanotube is higher than theWadh between the
c-TiC and the polyethylene, thus indicating the forma-
tion of a transfer carbon layer on the (111) plane of
the c-TiC coating that might contribute to a better wear
performance.
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