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Abstract: This work shows that a soft, thin film comprising randomly aligned carbon nanotubes (CNTs) can
reduce surface wear more effectively than a homogeneous thin film because of enhanced elastic recoverability
and contact stress relief originating from its mesh structure. To investigate the wear characteristics of the mesh
structure compared to those of the homogeneous thin film, multi-walled CNTs (MWCNTs) and diamond-like
carbon (DLC) thin films were prepared to conduct nanoscale tribological experiments using the atomic force
microscopy (AFM). The MWCNT thin film showed unmeasurably low wear compared with the DLC thin film
under a certain range of normal load. To demonstrate the wear reduction mechanism of the MWCNT thin film,
its indentation and frictional behaviors were assessed. The indentation behavior of the MWCNT thin film
revealed repetitive elastic deformation with a wide strain range and a significantly lower elastic modulus
than that of the DLC thin film. The permanent deformation of the MWCNT thin film was observed through
frictional experiments under relatively high normal load conditions. These results are expected to provide
insights into the design of highly wear-resistant surfaces using nanostructures.
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1 Introduction owing to their hard asperities and the wear debris

generated from the coating [15-17]. Several studies
Numerous studies have been conducted over several = have reported that coatings with higher hardness show

decades to reduce the wear of mechanical systems  more wear than those with lower hardness [18, 19].

[1-5]. Methods to reduce wear are generally divided
into the following categories: applying lubrication,
coating with high-hardness materials, and surface
texturing [6-8]. Among wear reduction techniques,
coating surfaces with high-hardness materials, such
as diamond-like carbon (DLC), BN, WC, TiN, and AL, Os,
are the most exploited approaches [9-11]. Thus,
many researchers [12-14] have developed ultra-high
hardness materials and examined their tribological
characteristics. However, hard coatings eventually
undergo wear despite their high hardness and
potentially induce severe wear on the counter surface

From these reports, it is apparent that wear does not
depend solely on the hardness of the surface. Hence,
there is a strong motivation for utilizing additional
strategies for designing wear-resistive surfaces rather
than only enhancing the hardness of the coating.
Fabricating a coating with a multilayer structure
is a viable wear-reduction strategy that can be readily
adopted owing to recent advances in deposition
technology. Amorphous carbon (a-C) has been
extensively used as a material for wear-resistive
multilayer coatings owing to its remarkably low
friction and anti-wear characteristics [20-22]. Many
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studies [9, 21-23] reported that bonding structure
including sp® hybridization of carbon atoms attributes
chemical inertness, thermal stability, and excellent
mechanical properties. In particular, DLC coatings at
the micro and nanoscale have been reported to have
superb tribological characteristics. Smallwood et al. [24]
reported that DLC-coated microelectromechanical
systems (MEMS) showed significantly improved
tribological characteristics compared to the bare surface
both in air and vacuum conditions. Gou et al. [25]
investigated anti-wear and low adhesive characteristics
of the DLC-coated atomic force microscopy (AFM)
probes, reporting that the coated AFM probes showed
less distorted images for a significantly longer number
of measurements. Recently, there have been reported
numerous studies regarding the substitution of carbon
atoms with silicon, nitrogen, and transition metals to
further reduce wear under various working conditions
[26-29]. However, it has been observed that the
ultrahigh hardness of the a-C film does not achieve
superior wear resistance unless the residual stress
inside the film and the elastic modulus are controlled
properly [2, 20]. Many studies on a-C-based multilayer
coatings have reported that the hardness to elastic
modulus ratio (H/E or H*/E?) is one of the most critical
factors for designing highly wear-resistant coatings.
A high hardness to elastic modulus ratio can be
achieved by inserting soft a-C layers between the hard
a-C layers, which relieves the residual stress of the
entire coating [30-32]. Therefore, the elasticity of the
coating is critical for reducing coating wear.

To provide enhanced elasticity or damping effects,
a few studies have employed nanomaterials such as
carbon nanotubes (CNTs) and fullerenes. Kim et al. [33]
reported a dual-layer composite coating composed
of non-aligned CNTs and an Ag layer on top. The
microscale tribotest results showed that the dual-layer
coating had a wear rate that was over ten times lower
than that of a bare silicon surface or a single Ag
coating. The authors attributed the excellent wear and
friction characteristics of the coating to the anchoring
effect of CNTs with Ag coating, protecting the Ag
layer from wear, thereby achieving low friction and
the distribution of contact stress for extended sliding
cycles. Yang et al. [34] demonstrated a significant
reduction in wear by utilizing the Cq clusters

underneath a DLC layer to provide nano-damping
and elastic deformation when external pressure is
applied. The authors stated that Cy, clusters deformed
elastically after the first few sliding cycles of the
settling of Cy4 molecules. Moreover, the ductility of the
overall coating was improved by utilizing its unique
nanostructure. As a result, the coating exhibited a
decreasing trend in the friction coefficient and reduced
wear rate by two orders of magnitude. Mustafa
et al. [35] investigated the tribological properties of
tetrahedral a-C (ta-C) with an sp*rich mesh structure
on top of the coating. The authors reported that the
specific wear rate of mesh-structured ta-C decreased
by 93% compared with that of the as-deposited ta-C
because the coating was found to be more crack-
resistant than the original ta-C coating. They claimed
that the crack resistivity was enhanced owing to the
reduced hardness of the coating, resulting in fewer
brittle cracks and decreased wear debris with high
hardness. Furthermore, Kim and Kim [36] proved
that a nanostructured surface with optimized stiffness
could minimize friction and wear by distributing
contact stress through the elastic deformation of the
structure. They conducted a comparative study of
various corrugated nanostructures with different
dimensions by using molecular dynamics simulations.
The stiffness of a system can be controlled by
designing a nanostructured surface. In the case of a
properly designed nanostructured surface, the wear
was noticeably reduced owing to elastic deformation
and recovery of the nanostructure. This indicates that
several mechanical characteristics should be controlled
simultaneously to minimize surface wear depending
on the contact sliding condition.

According to the aforementioned literature survey,
wear-resistant coatings should have excellent elasticity
and capability to distribute contact stress to provide
further wear resistance. Specifically, wear-resistant
coatings must have a high elastic strain to accommodate
the deformation caused by the stress applied on
the contacting asperities. However, homogeneous
engineering metals or ceramics exhibit relatively low
strain at the failure point. To enhance the elastic
limit of a material, few studies have reported unique
structures that contain porosity. By adopting the
structural characteristics of a truss, three-dimensional
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hollow nanostructures have been fabricated to
maximize the limit of elastic strain [37-40]. In this
regard, CNTs were utilized as nanomaterials to form
a thin film with a mesh structure, which has the
required elastic behavior to promote wear resistance
[41, 42]. Owing to its anisotropic characteristics and
exceptional tensile strength, it is extremely difficult to
damage the nanotube in the axial direction, whereas
it bends readily [43]. Therefore, nanostructured thin
films composed of randomly aligned CNTs are expected
to have low mechanical stiffness due to abundant voids
between the nanotubes and resistance to permanent
deformation owing to the superior mechanical strength
of CNTs. However, there are still lacking studies on
the structured film comprising CNTs with sufficient
vacant space. Kim et al. [33] synthesized Ag-CNT
composite coatings and reported that wear resistance
was improved because of the anchoring effect of
CNTs with Ag. Many studies regarding composite
coatings with CNT reinforcement reported tribological
improvements because the interaction between fillers
and reinforcements enhanced the mechanical properties
of the entire coating [44-47]. Thus, the strategy of this
work is the opposite of the aforementioned literature
because a nanostructure composed of CNTs only
was considered to supply voids inside, decreasing the
hardness and elastic modulus.

Because CNT was used in this study to fabricate
the nanostructured thin film under the expectation of
enhanced capability of contact stress distribution and
elastic recoverability, a non-structured, homogeneous
DLC thin film comprising the same element was
prepared to compare tribological performance with
CNT thin film. To demonstrate the wear reduction
mechanism of the CNT thin film, the AFM was used
to conduct nanoscale tribotests and precisely measure
the wear volume.

2 Experimental setup
2.1 Specimen preparation

Si wafers were prepared as the substrates and cleaned
using a piranha solution containing sulfuric acid (70%)
and hydrogen peroxide (30%) [48]. A multi-walled
CNT (MWCNT) suspension (JEIO, Republic of Korea)

v
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in isopropyl alcohol was used to fabricate MWCNT
thin films on Si wafers via spin coating. MWCNTs
were specified to have diameters of 15-25 nm and
more than eight walls. Most of them were found to
have lengths of 1-2 pm, and their aspect ratios were
calculated to be 40-150. The 5 mL MWCNT suspension
was dropped on the silicon wafer, and the wafer was
rotated at a speed of 3,000 r/min.

A DLC thin film was deposited on the cleaned Si
wafers by using a direct-current (DC) magnetron
sputtering system (Customized model, Infovion,
Republic of Korea). A graphite target was used, and
the base pressure was 6.0x10° Torr. A DC of 250 mA
was applied for 7,000 s under an Ar working pressure
of 1.2x107° Torr.

2.2 Specimen characterization

The thickness and surface roughness of the MWCNT
and DLC thin films were measured using the AFM
(SPA-400, Seiko, Japan). The morphology of the
MWCNT thin film was observed by the scanning
electron microscopy (SEM; JSM-6610, JEOL, Japan).
Nanoindentation (UNHT, Anton Paar, Austria) was
performed on both MWCNT and DLC thin films
using a Berkovich indenter to estimate the nano
hardness and elastic modulus of each specimen. The
DLC thin film was characterized using the Raman
spectrometer (DXR2, Thermo Fisher Scientific, USA)
to estimate the bonding composition between carbon
atoms. The force-displacement (F-D) curves were
measured on the MWCNT thin film using the AFM
to verify the mechanical behavior when indented
by the zirconia microspheres that were used for
wear and friction experiments. The adhesion forces
between the thin films and zirconia microspheres were
measured by observing the pull-off force of the F-D
curve with the AFM. The adhesion force was measured
using a colloidal AFM probe to aid the analysis of the
tribological characteristics of the thin film. The pull-off
forces for the DLC specimens were obtained at 35
different locations with displacements of 50-200 nm.
Diamond-coated AFM probes (DT-NCHR, NanoWorld,
Switzerland) were used for scanning, while non-coated
silicon AFM probes with relatively high and low
spring constants (NCHR and CONTR, NanoWorld,
Switzerland) were used for the tribological experiments
and specimen characterizations.
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2.3 Experimental procedure

Prior to the wear and friction experiments, the normal
spring constants of the AFM probe cantilevers were
calibrated using the Sader method [49]. The AFM
probe cantilevers with relatively low spring constants
(~0.2 N/m) were used to apply low normal loads of
less than 500 nN, whereas cantilevers with relatively
high spring constants (~40 N/m) were used to apply
higher normal loads of over 500 nN. Yttria-stabilized
zirconia microspheres (diameter of ~31 pm) were
employed instead of the bare AFM tips as the counter
surfaces to prevent severe wear of the tip because the
nano hardness of yttria-stabilized zirconia crystals
was reported to be approximately 20 GPa [50]. Since
zirconia is also reported to be chemically inert, it
was expected that the chemical reaction with the thin
films would be negligible during the tribological
experiments [51]. The microspheres were attached
to the end of the AFM probe cantilevers using an
ultraviolet (UV) epoxy adhesive, as shown in Fig. 1.
The microsphere-attached AFM probes (colloidal
probes) were cured under UV light for 24 h.

Wear experiments were conducted in the following
three steps: (1) measurement of the surface topography
of the pristine specimens, (2) wear test under a
constant normal load, and (3) measurement of the
surface topography of the wear track. For the surface
measurements (steps (1) and (3)), a noncontact
(tapping) mode was used to prevent surface damage.
Through a series of pretests, the suitable normal load,
stroke, reciprocating cycles, and linear sliding speed
for the wear test were determined to be 700-28,000 nNN,
10-20 pm, 1,000-30,000 cycles, and 12 pm/s, respectively.
Because the maximum depth of the wear tracks on
the surfaces was a few tens of nanometers, it was
necessary to consider the surface roughness to accurately
calculate the wear volume. Thus, the surface image of

UV light

Side view

UV epoxy Zirconia microsphere

Fig. 1
of 31 um) AFM cantilever and (b) schematic of the method for
attaching the microsphere to the end of the AFM cantilever.

(a) SEM images of zirconia microsphere-attached (diameter

the MWCNT specimens with the wear track was
processed by subtracting the image measured before
the test to obtain the accurate geometry of the wear
track. To quantitatively analyze the wear characteristics
under different test conditions, the wear rate was
obtained by dividing the wear volume (mm?®) by the
normal load (N) and total sliding distance (mm) [20].
After conducting all the experiments, the wear rates
were calculated using the wear volume measurements
for each experiment.

Friction experiments were conducted with normal
loads of 50-8,000 nN, stroke of 20 um, and linear
speed of 20 um/s for the initial 30 cycles to compare
the frictional behaviors of the MWCNT and DLC thin
films under each normal load condition. The number
of sliding cycles was determined to obtain initial
frictional characteristics with minimal surface wear.
The ratio of the friction signals of the MWCNT and
DLC thin films under identical normal loads was
calculated. Additional experiments with normal loads
of 5,000 and 20,000 nN for 500 cycles were performed
to investigate the relationship between the wear of the
MWCNT thin film and the frictional signal.

3 Results and discussion

3.1 Specimen characteristics

The thicknesses of the MWCNT and DLC thin films
were approximately 800 and 440 nm, respectively.
The MWCNT thin film was determined to be
sufficiently thick to avoid the substrate effect when
deformed, considering its low elastic modulus. The
thickness of the DLC thin film was determined to
avoid delamination owing to the internal stress that
developed during the deposition process. It was
postulated that the difference in thickness between the
films would not affect their tribological characteristics,
because both thin films were sufficiently thick to avoid
the substrate effect. The average surface roughnesses
(R,) of each thin film were ~100 nm (MWCNT) and
1.0 nm (DLC), as shown in Figs. 2(a) and 2(b),
respectively. The relatively high roughness of the
MWCNT thin film was attributed to several protruding
nanotubes on the surface with low bending stiffness;
therefore, they were not considered to be hard asperities
[41, 43]. The morphology of the MWCNT thin film
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5 (um)

Fig. 2 AFM images for the measurement of average surface roughness of (a) MWCNT (~100 nm) and (b) DLC (1.0 nm) thin films.

(c) SEM image of MWCNT thin film surface.

was a mesh structure consisting of randomly entangled
MWCNTs with voids. The mesh structure of the
MWCNT thin film was revealed by using the SEM
(Fig. 2(c)). Owing to the high aspect ratio of CNTs,
the porous mesh structure was expected to exhibit low
stiffness, although a single nanotube itself has excellent
strength and elasticity in the axial direction [52].

The nanoindentation results with the Berkovich
indenter are shown in Figs. 3(a) and 3(b). The F-D
curves were measured at over eight different locations
for each thin film and then averaged. The F-D curves
were obtained at a loading/unloading rate of 50 pN/min,
maximum load of 100 puN, and pause time of 600 s
for the MWCNT thin film; loading/unloading rate
of 200 uN/min and maximum load of 400 uN for
the DLC thin film. The nanoindentation conditions
were determined by considering the stability and
repeatability of the data with the minimum substrate
effect. The nano hardness of MWCNT and DLC
thin films were calculated to be 95.2+23.3 MPa and
13.7£1.5 GPa with the maximum indentation depths
of 208+16 and 37+1 nm, respectively. The elastic
moduli of the MWCNT and DLC thin films were
4.3+0.8 and 172.3+ 18.0 GPa, respectively. The nano
hardness and elastic modulus of MWCNT were found
to be 144-fold and 40-fold lower than those of DLC,
respectively. The nanoindentation result of DLC thin
film is in the accordance with the results reported
by Vetter [22] and Valencia et al. [53]. In the case of
MWCNT thin film, Koumoulos and Charitidis [54]

measured the mechanical behavior of vertically
aligned MWCNT using nanoindentation and reported
the nano hardness and elastic modulus of in-between
area MWCNT as ~10 MPa and ~10 GPa, respectively.
Though the structure of MWCNT is significantly
different from that of MWCNT in this work, the orders
of magnitude of hardness and modulus are similar to
those in this work.

The Raman peak shift result of MWCNT thin film
is shown in Fig. 3(c). The result is commensurate
with that reported previously for the MWCNT [55].
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Fig.3 Nanoindentation measurement results of (a) MWCNT
and (b) DLC thin films and their average nano hardness (H;r) and
elastic modulus (£;r). Raman spectrum measurement results of
(¢) MWCNT and (d) DLC thin films.
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The Raman peak shift analysis for DLC thin film is
shown in Fig. 3(d). The I peak originates from either
sp® bonding of transpolyacetylene segments at the
boundaries or the stretching of CH or sp® bonding
in the a-C structure [56]. The I, D, and G peaks were
observed at 1,119, 1,384, and 1,558 cm™, respectively,
with a full width at half maximum of 240, 316, and
168 cm™, respectively [57, 58]. The intensity ratio
of the D to G peaks (I(D)/I(G)) was calculated as 1.57,
which indicated an sp’ content estimation of
approximately 30% [59].

Indentation tests for displacement were conducted
for the MWCNT thin film by using the AFM colloidal
probes, as shown in Figs. 4(a)-4(d). Because the
nominal displacement indicated in Fig. 4 includes
the deflection of the AFM probe cantilever, the actual
indentation depths on the MWCNT thin film were
less than the nominal values. Though there were
found subtle hysteretic behaviors and experimental
uncertainties in the F-D curve data, the elastic
behaviors could be successfully observed based on
the values indicating contact or detachment. A slight
permanent deformation of the MWCNT thin film was
observed at the first indentation during the repeated
indentation tests, as shown in Fig. 4. Ideally, the
loading and unloading graphs should be identical if
a permanent deformation does not occur. However,
those obtained at the first indentation exhibited
different displacements, at which the normal load
became zero, indicating that the probe was attached
to or detached from the surface at different heights.
As shown in Fig. 4(b), the difference was approximately
10 nm. However, the F-D curves obtained from the
second to fifth tests were approximately identical.
The displacements of the zero normal load of the
data in the loading and unloading processes were not
significantly different; that is, there was no permanent
deformation. The slight difference between them was
regarded as experimental uncertainty and measurement
noise. Hence, permanent deformation of the MWCNT
thin film occurred only at the first indentation, and
elastic deformation was the primary mechanical
behavior for the rest of the indentation tests. Additional
F-D curves were obtained by indenting the thin
film up to a nominal displacement of 750 nm, which
corresponds to the measurement limit of the AFM
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Fig.4 (a) F-D curves with five repeated indentation tests with
a displacement of 200 nm at the same point on the MWCNT thin
film and (b) its magnified graph near the contact points. F-D
curves with displacements of (¢) 500 nm and (d) 750 nm. (e) F-D
curves with various indentation speeds from 20 to 2,000 nm/s
and (f) its magnified graph near the contact points.

probe cantilever. Figures 4(c) and 4(d) show the F-D
curves with the nominal displacements of 500 and
750 nm, respectively. The results indicate that the
MWOCNT thin film exhibited no permanent deformation,
except for a subtle deformation at the first indentation,
up to a nominal displacement of 750 nm. Strain could
be calculated simply by dividing the deformation of
the thin film excluding the deflection of the cantilever
by the total thickness of the film. The strain at this
maximum displacement was calculated to be ~5.5%,
excluding the deflection of the AFM probe cantilever.
It was found that the MWCNT thin film deformed
elastically when indented with a normal load of up
to ~24,000 nN.

It was presumed that the as-fabricated MWCNT
thin film had a loose structure. When external
compressive stress was applied, the alignment of the
nanotubes located at the surface and the subsurface
of the film was altered until the van der Waals force
between the nanotubes and the recovery force against
the bending of the nanotubes became balanced,
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forming a less porous surface. Thus, the thickness of
the MWCNT thin film was slightly reduced from its
original state [41]. In addition, to assess the effect of
the indentation speed, repeated indentation tests were
conducted at various speeds (from 20 to 2,000 nm/s).
As shown in Figs. 4(e) and 4(f), the indentation speed
did not affect the mechanical behavior of the MWCNT
thin films. The results showed that the MWCNT thin
film was not permanently deformed and behaved as
an elastic film when indented at a speed of less than
2,000 nm/s.

The adhesion force between the DLC thin film and
the zirconia microsphere was obtained by measuring
the pull-off force when indenting and unloading the
microsphere on the specimen surface. The average
adhesion force between the DLC and microspheres
was calculated to be 1,186 nN with a standard deviation
of 80 nN. For the MWCNT thin film, the pull-off
force could not be measured, as shown in Fig. 4(b).
The adhesion force between the MWCNT thin film
and the colloidal probe was unmeasurably low because
the spring constant of the probe cantilever was relatively
high; therefore, it was not sufficiently sensitive to
measure the nanoscale pull-off force. In addition, the
adhesion force with the microsphere was presumed
to be higher for the DLC thin film owing to its lower
surface roughness than that of MWCNTs, resulting in
greater contact area.

3.2 Tribological characteristics

Wear tests were conducted on MWCNT and DLC
thin films under various normal loads and sliding
cycles. The wear tests under high normal loads were
conducted with fewer sliding cycles that could induce
evident wear tracks on the specimen surfaces than
those under low normal loads to avoid additional
unnecessary wear by three-body abrasion. Figure 5
shows the wear rate results of each specimen with
respect to the normal load. Both thin films showed an
increasing trend in wear rate with the increasing
normal load. The wear rate results of the DLC thin
film were approximately one order of magnitude
lower than those of the MWCNTs, except for the
results with normal loads of less than 7,000 nN for
the MWCNT thin film. The wear rate in the order
of 10® mm?*/(N-mm) for the DLC thin film seemed

v
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to be in accordance with the previous literature by
Al Mahmud et al. [60] and Chung and Kim [61]
considering the experimental scale. The wear rate
marked as zero for the MWCNT thin film with a
normal load of less than 7,000 nN indicates that it
was not able to detect wear tracks on the surface.

From the results, the most prominent phenomenon
was that the wear was not measurable on the
MWCNT specimen with the AFM scan under normal
load conditions lower than 7,000 nN and up to
30,000 sliding cycles. Although the AFM image,
where the wear track was expected to be located, was
post-processed by subtracting the original image
before the test, measurable wear did not occur under
these conditions. Figures 6(a)-6(c) show the images
after the wear tests on the MWCNT thin film under
20,000 and 30,000 sliding cycles and normal loads of
2,000, 6,000, and 7,000 nN. Figures 6(g)-6(i) show the
post-processed images obtained by subtracting the
original image before the test from the image after
the test. Although some irregularities remained after
the process owing to the noise and drift during the
scan, there was no evidence of wear in the images
with a normal load of less than 7,000 nN (Figs. 6(g)
and 6(h)). It could be considered that there was no
practical wear, even though the post-process removed
most of the roughness from the surface. The
unmeasurably low wear is attributed to the fact that
the MWCNT thin film was elastically deformed
when indented, as shown in the series of F-D curve
measurements. In this case, it was considered that the
normal load was distributed to more nanotubes
because of the low elastic modulus, and the contact
stress applied to the individual nanotubes was not
excessively high to alter the arrangement of the mesh
structure. Thus, the MWCNT thin film did not wear
out practically under these conditions.
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Fig.5 Wear rates of (a) MWCNT and (b) DLC thin films with
respect to a normal load of up to 28,000 nN.

£ féﬁlﬁl{ﬂi &) Springer | https://mc03.manuscriptcentral.com/friction



Friction 11(7): 1292-1306 (2023)

1299

Before o After Before After

Before After

6,000 nN, 30,000 cycle 7,000 nN, 30,000 cycle 28,000 nN, 30,000 cycle

Subtracted Subtracted Subtracted

Fig. 6 AFM images of wear tracks on the MWCNT thin film
under test conditions of (a) 2,000 nN and 20,000 cycles, (b) 6,000 nN
and 30,000 cycles, (c) 7,000 nN and 30,000 cycles, (d) 9,200 nN and
30,000 cycles, () 13,500 nN and 30,000 cycles, and (f) 28,000 nN
and 30,000 cycles. Post-processed AFM images that subtracted the
original image before each wear test under conditions of (g) 6,000 nN
and 30,000 cycles, (h) 7,000 nN and 30,000 cycles, and (i) 28,000 nN
and 30,000 cycles.

For the wear test results with normal loads of over
7,000 nN, the MWCNT thin film showed evident
wear, as shown in Figs. 6(d)-6(f). The processed image
(Fig. 6(i)) also showed an evident wear track. Because
the MWCNT thin film has an elastic modulus
approximately 40-fold lower than that of DLC, the
nanotubes inside the film experienced higher
deformation when compressed; therefore, the shear
stress induced by the movement of the counter
microsphere influenced more nanotubes in contact.
At this point, the mesh structure of the MWCNT thin
film was presumed to be permanently deformed by
rearranging the structure rather than the destruction
of the nanotubes because the bonding between
MWCNTs comprised weak van der Waals forces and
their intermolecular shear strength was reported to
be significantly lower than the bending or compressive
strength [62-66]. Figure 7 shows the frictional signals

averaged over the initial 30 cycles of each thin film
and their ratios with respect to the normal load.
Under low normal load conditions, the frictional
signals of the MWCNT thin film were significantly
lower than those of DLC (Fig. 7(b)), whereas the
signals considerably increased as the normal load
increased (Fig. 7(f)). In this regard, as the normal
load increased, the excessive shear stress induced by
the increased friction was postulated to result in the
permanent deformation of the MWCNT thin film.
The wear rate of the MWCNT thin films increased
rapidly with the increasing normal load. Because
the elastic modulus of the MWCNT thin film is
considerably lower than that of the DLC film, the
mesh structure deformed easily, and the number of
junctions between the nanotubes that supported the
external normal load possibly increased under high
normal load conditions to support the corresponding
normal load. Thus, the possibility of permanent
deformation increased during sliding. Figure 8 shows
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the evidence of the permanent deformation of the
MWCNT thin film with respect to the sliding cycles
under a high normal load condition (20,000 nN)
compared to the deformation behavior under a low
normal load condition (5,000 nN). In Fig. 8(a), the
frictional signal did not show a significant difference
under a low normal load (5,000 nN) as the number of
cycles increased because the morphology of the thin
film did not change during the test. Thus, it appeared
that the nanotubes were elastically deformed and
immediately restored under this normal load condition,
as illustrated in Fig. 9(a). However, as shown in Fig. 8(b)
(normal load of 20,000 nN), the frictional signal

(a)

Forward

Elastic

________________

e
i
Plastic | =
deformation

consistently decreased as the number of cycles
increased. This is because the morphology of the
MWCNT thin film changed with an increasing number
of sliding cycles. The change in the morphology is
attributed to the decrease in the number of nanotubes
in front of the microsphere owing to the permanent
deformation that occurred in the previous sliding
cycles, as illustrated in Fig. 9(b). Permanent deformation
accumulated over the cycles, resulting in a consistently
decreasing frictional signal (Fig. 8(b)). Considering
that the F-D curve results, as described in Section 3.1,
showed elastic behaviors under the same normal loads
of 5,000 and 20,000 nN, the permanent deformation

Backward

Same force

Backward

Fig. 9 Schematics describing the difference in the frictional behavior of MWCNT thin film under (a) low and (b) high normal load

conditions.
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displayed in Fig. 8(b) was difficult to understand. The
only difference between the F-D curve experiment
and the friction test was the horizontal motion of the
microspheres. Thus, the shear stress exerted on the
thin film induced by the friction force was regarded
as the reason for the permanent deformation of the
MWCNT thin film.

In contrast, the DLC thin film was distinctly worn
out under normal loads of less than 7,000 nN, as shown
in Figs. 10(a) and 10(b). This result is attributed to the
fact that DLC is a homogeneous material with
limited yield strength, and that counter microspheres
have higher hardness [50, 67, 68]. Although the nominal
contact pressure is lower than the yield strength or
hardness of the DLC material, the actual contact
starts from asperities existing on the surface. Thus,
the real contact pressure and shear stress exerted by
the counter microsphere could exceed the material’s
limitation, resulting in plastic deformation and abrasive
wear by plowing [69]. In addition, as described in
Section 3.1, the surface was more susceptible to wear
than the MWCNT surface because the DLC thin film
showed a significant adhesion force with the counter
microsphere. For normal loads higher than 7,000 nN,
a rapid increase in wear rate was observed, as shown

25,000 nN, 5,000 cycles|

10,000 nN. 5,000 cycles
Fig. 10 AFM images of wear track on the DLC thin film after
wear tests under conditions of (a) 2,500 nN and 5,000 cycles,
(b) 5,000 nN and 5,000 cycles, (c) 10,000 nN and 5,000 cycles,
and (d) 28,000 nN and 1,000 cycles.

8,000 nN, 1,000 cycles

in Figs. 10(c) and 10(d). Nevertheless, the wear rates
of DLC thin films with a high normal load of over
7,000 nN were still lower than those of MWCNT thin
films owing to the prominent wear resistance reported
by numerous researchers [9, 21, 70]. In contrast, under
normal loads of less than 7,000 nN, the wear test
results showed that there was unmeasurably low
wear on the MWCNT thin film, although the sliding
cycles were significantly higher than those for the
DLC thin film. It was confirmed that the MWCNT thin
film had feasibility of exceptional wear resistance
compared with DLC under a certain range of normal
load conditions. Frictional experiments were conducted
to investigate the superior wear resistance of the
MWCNT thin film under a certain range of normal
loads.

The frictional signals show a significant difference
between the MWCNT and DLC thin films (Fig. 7).
As shown in Fig. 7(a), the average frictional signals
of the MWCNT thin film were 27.4- and 1.5-fold
lower than those of the DLC thin film under normal
loads of 50 and 8,000 nN, respectively. On the
contrary to the DLC thin film, the frictional
characteristics of the MWCNT thin film seemed to be
highly dependent on the deformation by the normal
load owing to its low elastic modulus and hardness.
Because the mesh structure of the MWCNT thin
film has a significantly discontinuous contact area
originating from abundant empty spaces between
the nanotubes, the real contact area with the counter
surface seemed to be considerably smaller than that
of DLC under the same low normal load conditions.
The measurement results showed that the adhesion
force of the MWCNT thin film was unmeasurably
low (Section 3.1), which could be explained by the
same mechanism. In addition, the force required
to deform the nanotubes in front of the counter
microsphere was lower than that under higher normal
load conditions because the number of nanotubes
deformed by the lower normal load was smaller.
Thus, the frictional signal of MWCNT thin film was
exceptionally lower than that of the DLC thin film
because of the low deformation, real contact area,
and adhesion force at the low normal load of 50 nN.
However, when the normal load was increased to
8,000 nN, the discrepancy in the frictional signal
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between the thin films decreased. The larger number
of nanotubes at the surface of the MWCNT thin film
started to contact the counter microsphere to support
a higher normal load. Thus, the microsphere required
a higher force to deform the nanotubes in front of its
motion. As the frictional signal of the MWCNT thin
film developed significantly, the ratio of frictional
signals of the DLC to the MWCNT thin film decreased
to 1.5-fold from 27.4-fold as the normal load increased
from 50 to 8,000 nN.

The MWCNT and DLC thin films exhibited different
wear characteristics. In the case of the MWCNT thin
film, the wear tracks were mostly concave without wear
burrs or particles surrounding them (Figs. 6(d)-6(f)).
Because the mesh structure of the MWCNT thin film
included abundant vacant space, the nanotubes were
presumed to be bent and rearranged to fill the space
rather than protrude outward. This phenomenon is
attributed to the low intermolecular shear strength
due to the weak van der Waals interaction between
the nanotubes [62]. Hwang et al. [41] reported similar
results that the surface roughness of a randomly
aligned CNT thin film was decreased when compressed
with a flat counter surface because of the deformation
of protruded nanotubes on the surface. Thus, the
nanotubes near the surface could be permanently
deformed to densify the mesh structure and reduce
the protrusion on the surface when the compressive
and shear stresses were applied. However, the wear
tracks of the DLC thin film consistently showed burrs
and wear particles at the end or along the tracks
(Fig. 10). Compared to the MWCNTs, the DLC thin
film consists of a homogeneous structure of carbon
atoms; therefore, its wear process produces burrs and
wear particles.

4 Conclusions

The AFM experiments were conducted to demonstrate
the tribological benefits of the MWCNT thin film with
mesh structures, based on its elastic recoverability and
contact stress distribution at the nanoscale, compared
to the homogeneous DLC thin film. To demonstrate
that the MWCNT thin films have superior wear
resistance under certain conditions owing to their
elasticity based on their nanostructure, mechanical

v
ua Univer:

and tribological characteristics were investigated. To
confirm the elasticity, F-D curve measurements were
performed by indenting and unloading the specimens
using a colloidal AFM probe. The nano hardness and
elastic modulus of each thin film were further
characterized by using the nanoindentation technique.
Wear experiments were conducted to quantitatively
evaluate the wear rate of each specimen under various
experimental conditions of sliding cycles and normal
loads. Frictional experiments were conducted to
investigate the wear mechanism of MWCNT thin films
under various normal load conditions. Based on the
results obtained in this work, the following conclusions
were deduced:

1) The nanoindentation results showed that the
nano hardness and elastic modulus of MWCNT thin
film were 95.2 MPa and 4.3 GPa, respectively. These
values were considerably lower than those of DLC
thin film (nano hardness of 13.7 GPa and elastic
modulus of 172.3 GPa). This result was attributed to
the mesh structure of the MWCNT thin film, which
comprised entangled nanotubes with abundant voids.
In addition, the MWCNT thin film showed repetitive
elasticity even when indented with a normal load
of ~24,000 nN at an indentation speed of less than
2,000 nm/s in the F-D curve measurements by using
the AFM.

2) The results of the wear experiments showed that
wear tracks were not measurable for the MWCNT
thin film with a normal load of less than 7,000 nN
and sliding cycles of up to 30,000. The unmeasurably
low wear was attributed to the elastic deformation
and contact stress distribution of the MWCNT thin
film. In contrast, the DLC thin film was readily worn
out, at a much lower normal load of 2,500 nN, within
5,000 sliding cycles.

3) With an increase in the normal load over 7,000 nN,
the wear rate of both thin films showed an increasing
trend. For the MWCNT thin film, the normal and
shear stress induced by the load and sliding motion
of the counter surface were presumed to exceed the
intermolecular shear strength to permanently deform
the mesh structure. For the DLC thin film, the higher
normal load caused stress concentration owing to its
high hardness and elastic modulus, resulting in plastic
deformation and abrasive wear by plowing.
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4) The frictional experiments conducted for the
sliding cycles demonstrated evidence of the elastic
recoverability and permanent deformation of the
MWCNT thin film during the tests. With a low
normal load of 5,000 nN, the frictional signal did not
change significantly as the number of sliding cycles
increased, proving that there was no practical wear.
However, with a high normal load of 20,000 nN, the
frictional signal decreased as the number of sliding
cycles increased because the thin film experienced
accumulative permanent deformation through the
previous cycles; thus, the counter microsphere needed
less force to deform the nanotubes than the previous
cycles.
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