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Abstract: In this work, tribological characteristics of thin films composed of entangled carbon nanotubes (CNTs)
were investigated. The surface roughness of CNT thin films fabricated via a dip-coating process was controlled
by squeezing during the process with an applied normal force ranging from 0 to 5 kgf. Raman spectra and
scanning electron microscopy (SEM) images of the thin films were obtained to estimate the influence of the
squeezing process on the crystallinity of the CNTs. The analysis revealed that squeezing could reduce surface
roughness, while preserving the crystallinity of the CNTs. Moreover, the surface energy of the cover glass used
to press the CNT thin film was found to be the critical factor controlling surface roughness. A micro-tribometer
and macro-tribometer were used to assess the tribological characteristics of the CNT thin film. The results of
the tribotest exhibited a correlation between the friction coefficient and surface roughness. Dramatic changes
in friction coefficient could be observed in the micro-tribotest, while changes in friction coefficient in the
macro-tribotest were not significant.
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1 Introduction

Carbon nanotubes (CNTs) have attracted significant
interest for decades because of their superb mechanical,
electrical, and chemical characteristics, such as high
tensile strength and elastic modulus along the
longitudinal direction, and good elastic and thermal
conductivity properties [1-4]. Based on these unique
properties, various CNT applications have been
suggested, such as probe tips for atomic force micro-
scopy (AFM) and scanning tunneling microscopy (STM)
[5, 6], rotational actuators [7], field emission devices
[8-10], electric motor brushes [11, 12], and chemical
sensors [13, 14]. Owing to their small dimensions, CNTs
are regarded as suitable materials for exploitation in
several precision industries such as semi-conductors,
batteries, and display devices [15, 16]. Some researchers
have also focused on the ability of the outstanding
mechanical properties of CNTS to improve durability

and tribological characteristics. There have been several
attempts to exploit CNTs in reinforcing polymers
[17, 18] or metal composites [19-21]. The utilization
of CNTs as additives in lubricants has also been
considered by several researchers [22, 23].

Since CNTs exhibit lubricious characteristics and
outstanding wear resistance, numerous studies have
investigated the fundamental behavior of CNTs for
tribological applications. Falvo et al. [24] conducted
an experiment to manipulate a single CNT on a mica
surface. In the study, they discovered stick-slip motion
of the CNT and investigated shear stress at the inter-
face between the CNT and the mica surface. Following
the study, Falvo et al. [25] also revealed that sliding and
rolling of a CNT are attributed to commensurability
of nano-scale contact, suggesting the importance of
CNT alignment on tribological characteristics. Kim
and Kim [26] studied the frictional behavior of CNTs
through molecular dynamics simulation, discovering
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that the frictional force of CNTs depends on the
interaction between adjacent nanotubes, CNT orienta-
tion, and elastic deformation.

There have been several attempts to exploit CNTs as
a surface coating to improve tribological characteristics.
Kim et al. [27] revealed the potential of CNTs to
minimize surface wear when CNTs were combined
with a noble metal that exhibited low shear strength.
In the study, CNTs and Ag were coated on a Si surface
to form a composite with different thicknesses. The
friction coefficient and wear rate of the composite were
examined using a pin-on-reciprocating tribometer
under 20 mN of normal force. They emphasized that
“anchoring” between Ag and CNTs ensured that the
composite rarely wore out, even though the individual
mechanical properties of the CNTs and Ag were
insufficient. Kinoshita et al. [28] reported that a vertically
aligned CNT film exhibits high friction coefficients of
up to 2.0. Although they investigated vertically aligned
CNT films, which show almost zero adhesion force,
an extraordinarily high frictional force was reported.
They deduced that bent nanotubes corresponding to
relative motion of the counter surface demonstrate
high repulsive force for elastic recovery and are the
cause of the high frictional force.

Although numerous tribological studies have been
conducted over decades, there is still a lack of under-
standing with regard to the complicated behavior
of CNTs under various environmental conditions. In
addition, the majority of studies on the tribological
characteristics of CNTs have been concerned with
composites and lubricant additives. Since a CNT film
usually consists of numerous fibers, which are entangled
together and have various dimensions, tribological
characteristics may vary significantly with environ-
mental conditions. Therefore, intensive study on the
tribological behavior of CNT thin films is required
to enhance fundamental understanding. In this work,
the influence of the surface morphology of CNTs
on the frictional behavior of CNT thin films was
experimentally investigated at the micro-scale.

2 Experimental setup
2.1 Preparation of CNT thin films

A soda-lime glass slide (Marienfeld, Germany) was

chosen as the CNT thin film substrate as it provides
a relatively smooth and uniform surface. The glass
slide was carefully rinsed with acetone, ethanol,
and deionized (DI) water using an ultrasonicator for
10 min each to remove any surface contamination.
The surface energy of the cleaned glass slide was
increased by exposing it to UV light for an hour to
strengthen the interface bonding between the CNTs
and the glass slide. The water contact angle was
measured to confirm the change in surface energy on
UV irradiation, as shown in Fig. 1. When the glass
slide is irradiated with UV light, the water contact
angle is about 9°, while that of the glass slide without
UV treatment is 27°. The CNT thin film was coated on
the glass slide by a dip-coating method, as shown
in Fig. 2. The glass slide was immersed in a CNT
suspension (JEIO Co. Ltd., Republic of Korea), which
consisted of 95 wt% of isopropyl alcohol (IPA), 3 wt%
of multi-walled CNTs, and 2 wt% of surfactants, for
a few tens of seconds and withdrawn from the CNT
suspension with a velocity of 0.375 mm/s. Coating
parameters such as withdrawal speed may influence
the resulting mechanical characteristics of the thin
film. It has been well documented that the withdrawal
speed affects film thickness [29]. Therefore, the
dip-coating conditions were carefully optimized. The

immersion time was optimized to stabilize the

Fig. 1 Water contact angle of (a) untreated and (b) UV-irradiated
glass plates.

(@) (b (©)
Dipping

Dead weight

CNTs suspension

Fig. 2 Schematic of CNT thin film fabrication process: (a) rinsing
the borosilicate glass slide, (b) dipping the glass slide into the
CNT solution, and (c) squeezing the CNT thin film with a dead
weight.
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suspension state. The withdrawal speed was optimized
for the target CNT thin film thickness. We measured
the thickness of the CNT thin film prepared under
the optimized withdrawal rate of 0.375 mm/s to be
approximately 3 pm. After the dipping process, both
sides of the CNT-coated glass slide were held in dry
air to evaporate the IPA. The tribological characteristics
of the front face thin film of the CNT-coated glass
slide were assessed. The CNT coating on the back face
of the glass slide was not removed; rather, the back
face was covered with cellophane tape to minimize
any uncertainty arising from the CNT thin film on the
back face.

Since the CNT thin film consists of an entangled
form of numerous nanotubes, occasional surface
nanotube protrusions are inevitable, increasing the
surface roughness compared to that of the bare glass
slide. As the surface roughness of the CNT thin film
might influence the tribological characteristics, a
squeezing method (shown in Fig. 2(c)) to control
surface roughness was suggested in this work. In this
process, a glass plate with identical dimensions to
the glass substrate was placed over the CNT thin
film and a dead weight ranging from 0.5 to 5 kgf
was placed on the assembly for 30 min to apply
relatively uniform pressure and maintain stable surface
conditions. In addition, UV treatment was applied
to the cover-glass plate to investigate the influence of
surface energy on the roughness and tribological
characteristics of the CNT thin film. It was anticipated
that UV-treated cover glass would have a higher surface
energy than the glass plate without UV treatment.
Therefore, using both untreated and UV-treated
cover-glass plates for the squeezing process, the
influence of cover-glass surface energy on the CNT thin
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film could be examined. The effect of the squeezing
process on the surface roughness was measured
using a laser scanning confocal microscope (VK-X200,
Keyence, Japan). Figures 3(a) and 3(b) present 3D
images of the surface topography of CNT thin films
pressed with respective normal forces of 1 and 5 kgf,
resulting in high and low surface roughness, respec-
tively. In both cases, the substrate consisted of a glass
plate treated with UV light. The exact morphology of
the entangled CNTs is not evident in Fig. 3 since the
scanned image area is approximately 280 um x 200 um.
Considering that the diameter of the CNTs used in
this work is about 100 nm, the image area is too large
to describe the fine features of a single nanotube.
However, the officially reported microscope resolution
(0.5 nm in the vertical direction) is regarded as sufficient
to measure the surface roughness of the CNT thin film.
The images in Fig. 3 confirm that the squeezing process
can modify surface roughness effectively.

The change in CNT thin film thickness after pressing
with a normal force of 5kgf was also examined
to verify the effect of the squeezing process. Three
specimens were tested and the measurement was
conducted 3-5 times for each specimen to provide
reliable analysis. As a result, it was concluded that
there was no significant change in CNT thin film
thickness after the squeezing process.

2.2 Friction test setup and conditions

In this study, two different tribometers were exploited
to measure the frictional force of the CNT thin film.
One tribometer was designed to examine the frictional
characteristics at the micro-Newton scale, by deflection
of thin cantilevers. The other was used to measure
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Fig. 3 Surface profiles obtained using a laser scanning confocal microscope of specimens with (a) relatively high surface roughness and

(b) low surface roughness.
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frictional force at the milli-Newton scale. For con-
venience, the former tribometer is referred to as a
“micro-tribometer” and the latter is referred to as a
“macro-tribometer”. The configuration of both tribo-
meters is presented in Fig. 4. The micro-tribometer is
a pin-on-disc type apparatus, which was set up with
a step motor to precisely control the rotation speed,
as shown in Fig. 4(a). To apply an extremely small
normal force of about a micro-Newton to the CNTs,
a tiny and thin counter specimen consisting of a
3x3 mm square diced piece of silicon with a thickness
of 0.67 mm and three zirconia spheres with a diameter
of 1 mm was utilized. The spheres, which were in
contact with the CNT thin film during the friction
test, were bonded to the silicon piece at discrete
locations to maintain stable contact conditions. The
counter specimen weighed 196 uN (20 mg). The
CNT thin film-coated glass slide was placed on the
circular-plate assembly with step motor and the
counter specimen was placed on the CNT thin film.
During operation, the glass plate rotated with an
angular velocity of 6 rpm and the counter specimen
pushed the long cantilever due to frictional force at
the interface between its zirconia spheres and the
CNT thin film. Two strain gauges were attached to
the two flat faces at the end of the cantilever to detect
cantilever deflection, and a half-bridge circuit was
constructed to quantitatively measure the amount of
deflection in voltage. Using a data acquisition system
(NI9237, National Instruments, USA), the voltage signal
was recorded and converted into a frictional force in
Newton units through calibration of the tribometer.
Each experiment was performed for 10 min and, for
reliable results, the friction test for each specimen was

performed 3 to 5 times.
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Fig. 4 Construction of tribometer experimental setup: (a) “micro-
tribometer”, designed to measure at the micro-Newton scale;
(b) “macro-tribometer”, designed to measure at the milli-Newton
scale.

The macro-tribometer operated as a pin-on-
reciprocating type of tribotester (Fig. 4(b)). Using the
tribometer, the frictional force of CNT thin films
under a normal force of 4.9 mN (0.5 g) was measured.
Zirconia spheres with a diameter of 1 mm were also
exploited as the counter surface. These were bonded
to the end of the triangular cantilever and the cantilever
was assembled with a precision load cell (GSO-30,
Transducer Techniques, USA), which was used to
measure frictional force at the milli-Newton scale.
A linear actuator transported the specimen back and
forth, with stroke length, cycle number, and linear
velocity of 2 mm, 200 cycles, and 4 mm/s, respectively.
Similarly to the micro-tribotest experiments, the macro-
tribotest experiments were also conducted 3 to 5 times
per specimen for reliability.

The purpose of applying these two tribometers
operating at different scales was to evaluate the
influence of normal force on the frictional behavior
of CNT thin films. Generally, pin-on-disk and pin-on-
reciprocating type tribometers result in slightly different
frictional behavior, owing to discrepancies in their
respective sliding motions. In addition, it is possible
that each type of tribometer will examine different
wear characteristics. However, these tribometers were
exploited not to quantitatively compare the friction
coefficient between the macro and micro-scales, but
to investigate the change in friction coefficient with
respect to surface roughness. Therefore, it is believed
that exploitation of different types of tribometer has
not affected the fundamental analysis.

3 Experimental results

3.1 Surface analysis of CNT thin film with respect
to the squeezing process

Since the dip-coating process is sensitive to various
conditions such as temperature, humidity, withdrawal
speed, and viscosity of the CNTs suspension, a set of
CNT thin film specimens was prepared simultaneously.
The temperature and relative humidity during
the dip-coating process were 20-22°C and 35%—40%,
respectively. Simultaneous coating of a set of CNT
thin film specimens prevented evaporation-induced
viscosity changes in the CNT suspension. The set
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consisted of five specimens squeezed by normal forces
of 0, 0.5, 1, 2, and 5 kgf. A normal force of 0 kgf implies
that this CNT thin film was not squeezed. The
five specimens were also prepared simultaneously to
minimize uncertainties in the surface condition arising
from varying environmental conditions. Assessment
of surface roughness was conducted using a laser
scanning confocal microscope. For each specimen, the
surface roughness of 3 to 5 points was measured and
averaged to obtain reliable results. It was revealed
that the surface roughness varied with applied
squeezing force. When an untreated cover-glass plate
was used for the squeezing process, the surface
roughness decreased as the squeezing force increased.
It was postulated that squeezing the CNT thin film
with a certain weight caused the protruding nanotubes
from the relatively smooth surface to deform; thus, the
coarse surface topography became smoother. However,
when a UV-treated cover-glass plate was used for the
squeezing process, the surface roughness was affected
differently. In this case, it was observed that the surface
roughness of the CNT thin film generally increased
as the squeezing force increased. This result can be
explained in terms of the surface energy of the glass
plate. As shown in Fig. 1, the UV-treated glass plate
exhibits a higher surface energy compared to the
untreated glass plate. Therefore, it can be deduced
that the UV-treated glass plate would exhibit a stronger
adhesion force to the CNTs compared to the untreated
glass plate. When the CNT thin film was pressed using
the untreated glass, each nanotube strand would be
elastically deformed. Nevertheless, because of adhesion
between nanotubes, the surface morphology of the
CNT thin film would not be recovered to its original
form after removal of the cover glass. This is regarded
as the main mechanism for roughness control in the
squeezing process. When the squeezing process was
conducted using UV-treated cover glass, the increased
adhesion force at the glass surface could result in
different CNT thin film behavior. Prior to the release
step, the deformation of the nanotube strands would
be identical with the previous case. It was anticipated
that the difference arises from the release step, in
which the cover glass was removed. Because of
increased adhesion force between the CNTs and the
cover-glass surface, a relatively strong bond between

the glass surface and the nanotubes was formed.
During the release step, it was assumed that some
nanotubes would be pulled off the surface of the CNT
thin film due to bonding between the nanotubes and
the glass surface, until the bonding force became
equal to the sum of the elastic deformation force of the
nanotubes and the adhesion force between nanotubes.
As the squeezing force was increased, more nanotubes
would form contact with the cover glass, strengthening
the adhesion force between the glass and the nano-
tubes. Therefore, when a squeezing force of less than
1 kgt was applied, the surface roughness increased.
However, when squeezing forces of 2 and 5 kgf were
applied, it was postulated that the decreased surface
roughness arising from the pressing step dominated
over the increased surface roughness arising from
the release step. Therefore, the surface roughness
decreased under these conditions. In this regard,
the increased surface roughness resulting from the
squeezing process with UV-treated glass plate was
attributed to the stronger adhesion force pulling off
the CNTs attached to the cover-glass surface.
Figure 5 displays a schematic representation of this
speculative process. The resulting change in surface
roughness of the CNT thin film is listed in Table 1.
A difference in the surface roughness of unsqueezed
CNT thin films is also observed between the untreated
and UV-treated glass plates, which exhibit surface
roughness values of 177.7 and 80.1 nm, respectively.
This is attributed to uncertain factors such as irregular
formation of CNT entanglement in the suspension
during the coating process. In fact, the surface condition
of a CNT thin film formed in this process cannot be
similar to any thin film fabricated by a sputtering
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Fig. 5 Schematic of squeezing process reducing surface roughness
with (a) untreated cover glass and (b) UV-treated cover glass.

bl

]
|

'EN%IEI}SSI(?YI;QQ @ Springer | https://mc03.manuscriptcentral.com/friction



Friction 6(4): 432-442 (2018)

437

Table 1 Change in surface roughazness of CNT thin films with
varying squeezing force.

Surface roughness (nm)

Squeezing force

(kgf) With UV Without UV
irradiation irradiation
0 80.1 177.7
0.5 88.8 171.5
1 102.4 136.7
2 89.3 119.3
73.1 109.4

or evaporation method. The CNT thin film formed
in this process is not an outcome of atomic level
deposition, but rather random agglomeration of
nanotube strands. Therefore, regular surface conditions
cannot be readily achieved when the CNT thin film
is formed using a dip-coating method, while the
effect of the squeezing process was clearly confirmed
through repeated experiments.

It was assumed that high pressure during the
squeezing process might distort the crystal structure
of the CNTs. Therefore, the influence of squeezing
process on the crystallinity of the CNTs was also
estimated using Raman spectroscopy (DXR 2, Thermo
Fisher Scientific, USA). For the measurement, a laser
operating at 532 nm, with a power of 3.0 mW and
a spot size of 2.0 um, was focused on the specimen.
Raman spectra at three arbitrary points on each
specimen were collected to qualitatively assess the CNT
crystallinity. Figure 6 displays the Raman spectra for
the CNT thin film squeezed with a normal force of
5kgf and the unsqueezed CNT thin film. Both spectra
show three Raman bands at about 1,350 cm™ (D band),
1,580 cm™ (G band), and 2,700 cm™ (G’ band). For ease
of viewing, the spectrum obtained from the CNT thin
film squeezed with a normal force of 5 kgf is plotted
with a vertical offset. As can be seen in Fig. 6, a
strong D band associated with defect-induced and
dispersive modes is observed. This was attributed to
the fact that the nanotubes used in this work were
multi-walled and defects occur in the tubes due to
unstable crystal structure at the end of the nanotubes
or between nanotube walls [30, 31]. However, regardless
of squeezing process, identical intensities, peak positions,
and peak widths were observed. In other words, the
squeezing process does not influence the crystal

structure of the CNT thin film, but only changes the
surface roughness.

Based on a simple calculation, the apparent pressure
applied to the CNT thin film when pressed by a dead
weight with a normal force of 5 kgf was about 0.1 MPa.
Considering that the CNT fracture strength has been
reported in some studies to be 50-200 GPa, the stress
level during the squeezing process is too small to
destroy the CNT crystallinity [32]. Even if there is an
occasional stress concentration, the stress would be
distributed and minimized through nanotube defor-
mation since the CNT thin film consists of entangled
nanotubes, which can readily deform due to a high
degree of porosity between the nanotubes, thereby
reducing the potential local stress, which could damage
CNT crystallinity.

It was expected that the CNT thin film would suffer
significant distortion if the high contact pressure caused
critical damage. Therefore, the surface morphology with
respect to the squeezing process was also investigated
using scanning electron microscopy (SEM). Figures 7(a)
and 7(b) display the surface condition of the CNT
thin film before and after the squeezing process,
respectively. Both thin films exhibit a dense entangled
structure consisting of nanotubes and no differences
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Fig. 6 Raman spectra of CNT thin film with and without squeezing

process.

Fig. 7 SEM images of the CNT thin film produced (a) without
squeezing process and (b) with a normal force of 5 kgf applied in
the squeezing process.
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are observed. Indeed, the squeezing process does not
damage the nanotube crystal structure.

3.2 Frictional force of CNT thin film with respect
to surface roughness

Figure 8 presents frictional force data during a
10 min micro-tribotest. The figure shows the entire
process of the friction test, beginning from the stationary
state. At the early stage, zero frictional force is recorded
since the step motor is not rotating. Once the step
motor is started, a sudden increase in frictional force
is observed, followed by a smaller change, which is
attributed to run-in behavior during the first appro-
ximately 50-100 s. The frictional force then stabilizes
rapidly and maintains a relatively steady value during
the remainder of the test. Although the frictional force
enters a stable stage after approximately 100-200 s,
slight fluctuation in friction is observed. This is
attributed to both the tribometer construction and
the frictional characteristics of the CNT thin film. The
micro-tribometer was designed to measure frictional
force at the micro-Newton scale. Therefore, the
apparatus consisted of a low stiffness cantilever to
detect weak frictional signals; the cantilever was highly
sensitive to both vibration and change in frictional
force. Considering that the surface morphology of
the CNT thin film was not perfectly smooth, it could
reasonably be estimated that the frictional force at
the surface would not be evenly distributed. Because
of surface irregularity, a change in friction may arise
during measurement and this fluctuation in friction
may cause slight vibration of the tribometer. Hence,
it was speculated that both factors influenced the
measured frictional force signal. However, distinct
differences in the average frictional force of the
CNT thin film with respect to the squeezing process
conditions could be observed, regardless of the
outlined variability. Moreover, it was confirmed that
the average frictional force did not vary significantly
during the test. Therefore, the average of the frictional
force was taken as the representative value.

However, since differences in frictional force related
to surface roughness were revealed, the relationship
between surface roughness and frictional characteristics
was evaluated. Figure 9 presents the friction coefficient
and surface roughness in relation to the normal force

used in the squeezing process with UV-treated glass
pate. In the figure, a strong relationship between
friction coefficient and surface roughness is observed.
As explained in the previous section, an increase of
surface roughness even squeezing process was per-
formed can be attributed to the high adhesion force
of the cover-glass plate. It is revealed that a change in
friction coefficient generally corresponds to a change
in surface roughness. However, the squeezed CNT thin
film with the lowest surface roughness still exhibits
a higher friction coefficient than the unsqueezed
CNT thin film. It was postulated that the squeezing
process might decrease overall surface waviness, but
microscopic protrusion of CNTs was promoted during
detachment of the cover glass. Therefore, it is believed
that the protruding CNTs disturb the relative motion
of the counter surface and thus increase the frictional
force. According to Fig.9, the friction coefficient
increases from 0.23 to 0.51 as the surface roughness
increases.
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0.1 1

Frictional force (uN)

0.0 1

0 260 4CI)0 660

Time (s)
Fig. 8 Frictional behavior of the CNT thin film obtained using
the micro-tribometer.
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Fig. 9 Micro-tribotest result, which indicates the relationship
between surface roughness and the friction coefficient of CNT
thin films squeezed using UV-treated glass plate.
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The frictional characteristics of a set of CNT thin
films prepared using untreated glass plates were also
investigated. In Fig. 10, the relationship between friction
coefficient and surface roughness is displayed. It is
obvious that the surface roughness decreases as the
press weight increases. The trend of change in surface
roughness with respect to the normal force applied
during the squeezing process is quite different
from the previous case for UV-treated glass plates. In
Fig. 10, the CNT thin film specimen is squeezed using
an untreated glass plate. Since the adhesion force
between the glass plate and CNTs is much lower than
that between UV-treated glass and CNTs, it is speculated
that the squeezing process decreases not only the
waviness of the CNT thin film, but also reduces the
microscopic irregularity arising from protruding
nanotubes. Therefore, it has been confirmed that the
friction coefficient continuously decreases from 0.54
to 0.27 as the press weight increases.

The friction coefficient of the CNT thin film with
respect to squeezing process at the milli-Newton
scale was also evaluated. Since the influence of UV
irradiation was revealed through the micro-tribotest,
the squeezing process was only performed with
untreated cover-glass plate. Similarly to the previous
case, the surface roughness of the CNT thin film
decreases with increasing press weight, except for the
case of 5 kgf, as shown in Fig. 11. In this experiment, it
is also clear that the friction coefficient is proportional
to the surface roughness. The friction coefficient
decreases from 0.48 to 0.36 as the press weight increases.
Therefore, this result indicates that the surface
roughness of the CNT thin film also influences frictional
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Fig. 10 Micro-tribotest result, which indicates the relationship
between surface roughness and the friction coefficient of CNT
thin films squeezed using an untreated glass plate.
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Fig. 11 Macro-tribotest result, which indicates the relationship
between surface roughness and the friction coefficient of CNT
thin films squeezed using an untreated glass plate.

behavior at the milli-Newton scale. Nevertheless, the
change in friction coefficient at the milli-Newton scale
is clearly reduced compared to at the micro-Newton
scale. In other words, the influence of surface
roughness on friction is reduced as the contact pressure
increases.

The exception to this observation, at 5 kgf, is
attributed to complicated factors involved in the surface
roughness measurement. It has been assumed that the
difference in surface roughness between the specimens
pressed by dead weights with normal forces of 2 and
5 kgf is insignificant. However, the examined area in
the surface roughness measurement is only appro-
ximately 280 um x 200 pum. This area inevitably contains
both surface roughness and waviness. Usually, the
influence of waviness must be eliminated to obtain
surface roughness. However, if there is a complicated
wavy structure, the surface waviness would not be
completely eliminated. If the surface roughness of
two specimens differs sufficiently, imperfectly filtered
waviness would not affect the result. In contrast, if
two surfaces have similar surface roughness values,
then the residual waviness would influence the result.
In addition, the roughness data displayed in Fig. 11
are obtained by averaging several measurement points
on several specimens. In this process, one relatively
large value could be included in the measurement.
The exception at 5 kgf is regarded as the outcome of
a combination of these factors.

4 Conclusions

The frictional characteristics of CNT thin films

produced by applying a squeezing method to control
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surface roughness were experimentally investigated.
The following points were inferred from the exper-
imental results.

1. The squeezing process could effectively change
the surface roughness of the CNT thin film when a
cover-glass plate with relatively low surface energy
was used. In contrast, cover glass with high surface
energy caused the surface condition to deteriorate at
a certain press weight. It was speculated that the high
surface energy caused the CNTs to partially protrude;
these protruded CNTs contributed to the increase in
friction.

2. By using Raman spectroscopy and SEM, it was
revealed that the squeezing process influenced the
surface roughness of the CNT thin film, but did not
influence the CNT crystallinity.

3. The friction coefficient of the CNT thin films
was generally related to their surface roughness. In
particular, a drastic change in friction coefficient (from
0.23 to 0.51 and from 0.27 to 0.54 for UV-treated and
untreated cover glass, respectively) with respect to
surface roughness was measured in the micro-tribotest,
while the macro-tribotest results exhibited only a slight
difference in friction coefficient (from 0.36 to 0.48)
with surface roughness.

4. It was concluded that surface roughness strongly
influenced the frictional characteristics at the micro-
Newton scale. Thus, controlling the surface roughness
of CNT thin films must be regarded as the most
important issue prior to their application in precision
systems.
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