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ABSTRACT: We evaluated the interfacial properties of vertically and transversely
aligned multiwalled carbon nanotubes (CNTs) carpets using atomic force microscopy
(AFM) under ambient (26%—52% relative humidity (RH)), mild (10% RH), and dry
conditions (<3.3% RH). The frictional forces on a transversely aligned CNT
(TAMWCNT) surface are lower than those on a vertically aligned CNT
(VAMWCNT) surface, and they decrease as the relative humidity decreases for
both TAMWCNT and VAMWCNT surfaces. Similar trends are found for adhesion
forces on both surfaces. Contact mechanics theories are applied and compared in an
attempt to better understand these results. The tribological behavior of CNT carpets
unveiled in this paper is expected to inspire tunable friction surface engineering

strategies.
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1. INTRODUCTION

As a ubiquitous phenomenon, friction occurs in virtually every
aspect of life on a daily basis. The study of friction has
consequently been carried out for more than five centuries.
Carbon-based materials have been known to be excellent solid
lubricants for many decades. Since their discovery by Iijima,
multiwalled carbon nanotubes (MWCNTs)' and single-walled
carbon nanotubes (SWCNTSs)>® continue to draw attention
from the scientific community. Carbon nanotubes (CNTs)
possess many unique properties, such as high tensile and
flexural strength, high elastic modulus, and high aspect ratio;*
these features, combined with the excellent tribological
properties of carbon-based materials, have made CNTs
attractive for use in applications at nanoscale levels, where
friction is important, such as nanoelectromechanical systems
(NEMS)5 and nanocomposites.6

However, limited theoretical and experimental studies on
CNTs friction properties have been reported, despite their
exciting prospects in nanotribological applications. Ni et al.”
simulated the friction between SWCNTSs bundles and hydro-
gen-terminated diamond surfaces, and they concluded that the
responses to the applied shear forces depend on the
orientation. Specifically, bundles that were oriented vertically
to the sliding surfaces had higher friction coefficients than
transversally aligned bundles. Recently, the adhesion and
friction behaviors of hierarchical vertically aligned CNT arrays
were evaluated at multiple length scales using finite-element
analysis (FEA) and molecular dynamics (MD) simulations.® It
was unveiled that the adhesion force of laterally distributed
CNT segments on top of vertically aligned CNT arrays could
be enhanced by a factor of 5 and 10 at the macroscale and
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nanoscale levels, respectively. The tribological properties of
CNT arrays were also examined in experiments. Kionshita et
al.” showed extremely high friction coefficients of 1.0—2.2 for
vertically aligned CNT forests 6 gm in length against gold tips
of different radii. In addition, Dickrell et al.'"®"' found a very
high friction coefficient (4 = 0.795) for vertically aligned CNT
films grown on rigid substrates and a very low friction
coefficient (4 = 0.090) for CNTs dispersed transversely on the
same substrate. Moreover, they demonstrated the strong effects
of surface chemistry and temperature on friction behaviors of
both vertically and transversely oriented CNTs films. However,
they reported that the frictional anisotropy was insensitive to
humidity, which was a finding that needs to be further
investigated, given the typical ambient environment for the
intended application of such materials. The friction force in our
system was found to be critically influenced by the relative
humidity; with decreasing relative humidity, the friction force
drops. One of the drawbacks for lateral force microscopy
(LFM) is the small tip—sample contact area by using traditional
atomic force microscopy (AFM) tips. Therefore, Lou and
Kim'? employed bare and aluminum-coated colloidal probes to
quantify effects of interfaces on friction behavior of vertically
aligned CNT arrays and found much higher friction forces for
aluminum-coated colloidal probes, compared to bare borosili-
cate colloidal probes. Besides CNT arrays, the tribological
properties of the individual nanotube were also examined using
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Figure 1. Schematic diagrams and scanning electron microscopy (SEM) images of vertically aligned carbon nanotubes (VAMWCNTs, top) and
transversely aligned carbon nanotubes (TAMWCNTS, bottom): (a) schematic diagram showing a side view of the CNT carpet; (b) schematic
diagram showing the TAMWCNTs (growth substrate removed for the sake of clarity); (c) SEM image showing a tilted (43°) view of the
VAMWCNTS; and (d) SEM image showing a top view of TAMWCNTs.

MD simulation,®> AFM,'**> and transmission electron
microscopy (TEM) with a manipulator.'®

In this study, we quantitatively evaluated the frictional
properties of CNT carpets with two different tube orientations.
The effects of relative humidity on friction and adhesion were
thoroughly quantified in a chamber with a well-controlled
environment for both vertically aligned and transversely aligned
surfaces.

2. MATERIALS AND METHODS

Preparation of Carbon Nanotube Carpets. Multiwalled
carbon nanotube (MWCNT) carpets with two different
orientations were prepared using a xylene—ferrocene chemical
vapor deposition (CVD) method. Typically, a xylene solution
with a ferrocene concentration of 0.01 g/mL was used as
carbon and catalyst precursors. During the CVD process, an
Ar/H, gas mixture (15 vol% H,) was flowed through the
reactor tube at a rate of 300 sccm. The xylene solution was fed
to a preheating zone of 180 °C by a flux pump continuously at
a feeding rate of 0.11 mL/min; that solution then became a
vapor and was carried by Ar/H, gas (100 sccm) into the 770
°C growth zone. CNT blocks several millimeters thick could be
prepared easily within a few hours (1—4 h). Because of the
nature of this growth process, the bottom side of the MWCNT
carpets has a much better vertical alignment, compared to the
top side, where MWCNTs tend to align more in the transverse
direction, which is parallel to the growth substrate, given the
two MWCNT orientations studied here. After sample transfer,
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the transversely aligned side was flipped downward. In order to
illustrate the relative orientation and surface morphology of
CNTs carpet, schematic diagrams of the CNT carpet and the
corresponding aligned CNT surface are shown in Figure 1. The
morphology and individual diameter of CNTs arrays were
characterized by scanning electron microscopy (SEM) and
TEM. Raman spectra were recorded using a Raman microscopy
system that was equipped with a 514.5-nm excitation source, to
confirm that the carbon nanotubes in the transversely aligned
surface retained their character after regrowth. Static contact
angles were measured by placing droplets of deionized (DI)
water on the surface of CNTs layers.

Colloidal Probe Preparation. A stable AFM signal could
not be obtained using a sharp AFM tip, because the supersharp
tip penetrated deeply into the soft CNT arrays. Thus, a
colloidal probe with a tip radius of 10 ym was employed to
quantify the friction behavior of this CNT carpet. Borosilicate
glass microspheres (10.0 + 1.0 ym in diameter; Duke Scientific
Corporation) were attached, with the aid of a micromanipulator
(Model No. 6200), to regular AFM cantilevers, using Devcon
S-minute Epoxy adhesive.

Experimental Procedures. Lateral force microscopy
(LFM) (Pico plus, Agilent) evaluations were executed on
both the VAMWCNT side and the TAMWCNT side. LFM
scans were performed by progressively decreasing the normal
load approximately every 16 scans or so, to measure the
frictional force as a function of the applied normal load. Both
the VAMWCNT and TAMWCNT sides were scanned at three

dx.doi.org/10.1021/am402221u | ACS Appl. Mater. Interfaces 2013, 5, 9501-9507
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different locations to ensure the proper representation of the
sample surfaces. Scans were also repeated over the exact same
location to check the reproducibility of the experiment. The
test was run with a scan size of 10 ym at a scan speed of 12
um/s.

To quantify the adhesion forces between the nanotube
surfaces and the AFM probe, force versus distance spectroscopy
was run on both sides and the amount of adhesion was
calculated. The adhesion forces were repeated three times at
each location and at three different locations on each side.
Humidity of the testing environment was controlled using an
environmental isolation chamber. A controlled flow of nitrogen
gas was used to create a dry environment with relative humidity
(RH) values of <5% (dry conditions) and ~10% (mild
conditions). Both relative humidity and temperature were
monitored using a digital hygrometer/thermometer before,
during, and after the actual testing. The testing conditions are
summarized in Table SI in the Supporting Information.

3. RESULTS AND DISCUSSION

SEM images of the transversely and vertically aligned CNTs
arrays are shown in Figure 1. The TAMWCNT side comprises
a distributed ensemble of entangled nanotubes oriented
randomly in the horizontal plane. The vertically aligned side
has the last few micrometers of the top surface entangled and
intertwined. The diameter of the individual nanotube is ~10
nm, as shown in Figure S1 in the Supporting Information.
Because of the high anisotropy of the sample geometry, along
with anisotropy in mechanical, electrical, and thermal properties
of individual CNTs,"" 7' it is expected that the frictional
behavior of nanotubes is highly orientation-dependent. The
Raman spectra of both surfaces are displayed in Figure 2, the
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Figure 2. Raman spectra of both surfaces; the shifts in CNT
characteristic Raman peaks that are attributable to the compression
strain do not affect the tribological behavior of CNT arrays.

spectra of which have pronounced features at 1355 cm™ (D-
mode), ~1580 cm™' (G-mode), and ~2683 cm™ (2D-mode)
for VAMWCNTS, and at 1354 cm™' (D-mode), ~1586 cm™!
(G-mode), and ~2706 cm™' (2D-mode) for TAMWCNTs.
The intensity ratio of the D-band to the G-band is 0.89 for both
spectra. The shift in the disorder-induced second-order Raman
peak is due to the residue compression strain,”>*> which does
not influence the tribological properties of MWCNTs.

The variation of frictional force with applied normal load for
the TAMWCNT array in the ambient environment (47.2%—
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51.3% RH) and for the VAMWCNT array under ambient
conditions (26.1%—41.3% RH) are displayed in Figure 3a. Data
from multiple tests overlap closer on the transversely aligned
surface, compared to the vertically aligned surface. This data
overlap on the transversal surface reflects the more-homoge-
neous local surface characteristics. Clearly, the frictional force is
higher on a vertically aligned CNT surface than on a
horizontally aligned CNT surface, as predicted by MD
simulations.” The frictional coefficient values of each test are
calculated and shown in Figure 3b. In air, the frictional
coeflicient values are obviously larger for VAMWCNTSs than
those of TAMWCNTSs. The average value is 4 = 0.545 with a
standard deviation of & = 0.057 for the vertically oriented side,
and the average value is 4 = 0.167 with a standard deviation of
o = 0.01S for the transversely aligned side.

To investigate the possible relationship between humidity
and frictional properties, scans were also done at the other two
different humidity levels, as described earlier. Frictional forces
of VAMWCNTSs and TAMWCNTS plotted against normal load
under both conditions are shown in Figures 4a and Sa. The
variation of humidity is found to have a strong effect on
frictional force. Figure 4a shows that, under dry conditions,
friction is again higher on the VAMWCNT side than on the
TAMWCNT side. Similarly, Figure Sa shows that, when the
relative humidity is ~10%, the frictional force on the
VAMWCNT surface dominates over that observed on the
TAMWCNT surface. Although some researchers have
demonstrated that humidity had an insignificant effect on the
vertically aligned CNTs, because of their highly hydrophobic
characteristics,”* ™2 our observations were different: The
friction forces are apparently dependent upon the RH levels,
according to results shown in Figures 3-S5, regardless of the
orientation of the sample. Figures 4b and S5b show the
coefficient of friction values of each orientation under both dry
and mild conditions. Under dry conditions, ¢ = 0.184 with ¢ =
0.013 for the vertically aligned side and y = 0.091 with ¢ =
0.018 for the transversely aligned side. Similarly, under mild
conditions, 4 = 0.342 with ¢ = 0.029 for the vertically aligned
surface and p = 0.173 with 6 = 0.025 for the transversely
aligned surface.

To better demonstrate the effects of relative humidity on the
resultant frictional forces on both surfaces, the average frictional
forces calculated from Figures 3—5 are plotted against the
applied normal load at all three humidity levels in Figure 6, for
the sake of clarity. In all cases, the humidity dependence on the
frictional forces is present, but with characteristic differences
depending on the CNTs orientations. For vertically aligned
CNTs, the average frictional forces increase significantly as the
relative humidity increases; for transversely aligned CNTs, the
difference in average frictional forces is not evident when the
relative humidity is increased to the mild level (~10% RH).
The slight difference on transversal surface may be ascribed to
the surface geometry of the TAMWCNTS, which attains water
molecule saturation more easily.

Discussions. The variation of frictional force in different
orientations is probably due to the fact that nanotubes are
flexible in the direction perpendicular to the axis direction and
stiff in the direction parallel to the axis. The vertically aligned
CNTs could buckle or bend in response to compression, and
they could lean in the direction of sliding, which would cause
more energy dissipation and, therefore, higher friction.”
Interestingly, our experiments showed a clear dependence of
friction on the relative humidity. A humidity increase can
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Figure 3. (a) Frictional force versus applied normal load under ambient conditions for TAMWCNTs and VAMWCNTs. Solid lines represent the
Johnson—Kendall-Roberts (JKR) fit. Legends marked with “T” denote TAMWCNT's whereas those marked with “V” denote VAMWCNTs. (b)
Friction coefficients summary. The frictional forces (frictional coefficients) on the vertically aligned CNT surface are much higher than those on the
transversely aligned CNT surface under ambient conditions (26%—52% RH).
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Figure 4. (a) Frictional force versus applied normal load under dry conditions for TAMWCNTs and VAMWCNTSs. Solid lines show the JKR fit. (b)
Friction coefficients summary. The frictional forces (frictional coefficients) on the vertically aligned CNT surface are slightly higher than those on the
transversely aligned CNT surface under dry conditions (<3.3% RH).
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Figure S. (a) Frictional force versus applied normal load under mild conditions for TAMWCNTSs and VAMWCNTs. Solid lines show the JKR fit.
(b) Friction coefficients summary. The frictional forces (frictional coefficients) on the vertically aligned CNT surface are higher than those on the
transversely aligned CNT surface under dry conditions (~10% RH).

provoke the formation of small area water pucks near contact
regions, which could cause capillary interaction with the AFM
tip affecting friction properties.”” Therefore, the presence of

even a very small amount of water molecules could have a

9504

significant effect on friction properties of a seemly hydrophobic
surface. We independently measured and compared the static
contact angles of water droplets on both CNT surfaces. Images

of water droplets sitting on these surfaces are shown in Figure
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Figure 6. Average frictional force versus applied load, as a function of humidity, for (a) VAMWCNTs and (b) TAMWCNTS. The frictional forces on
the vertically aligned surface are more sensitive, with regard to relative humidity, than those on the transversely aligned surface.

S2 in the Supporting Information. The contact angle of water
on VAMWCNTs array was measured to be 131° (see Figure
S2(a) in the Supporting Information), whereas that on the
TAMWCNTSs array was 145° (see Figure S2(b) in the
Supporting Information). This difference in contact angle
indicates the possible differences of water molecule adsorption
capability in the two orientations, by which it could shed some
light onto the observed differences in frictional properties.

Next, we employed contact mechanics theories, which will be
briefly described below for a more quantitative understanding
of our results. The relationship that the “lateral” frictional force
(FL) is proportional to the real contact area (A), and to a mean
lateral force per unit area, via the shear strength (7), was
proposed by Bowden and Tabor in 1950.%®

K =7A (1)
Meanwhile, realizing the importance of interfacial adhesive
forces on friction behaviors, Derjaguin proposed the following
modified version of Amonton’s equation for adhering surfaces:

)

where a constant “internal” load L is added to the external load
L to account for the absolute value of intermolecular adhesive
forces.”® From this relationship, it is reasonable to expect that
the humidity could affect the adhesion forces as it would affect
frictional forces for the similar interface under similar testing
conditions, if neglecting the factors of the surface nanorough-
ness or microroughness, as well as the different deformation
modes. Furthermore, if the elastic deformation caused by
adhesive forces is large compared to their range of action, the
contact area (as well as the critical pull-off forces) can be
expressed in terms of Johnson—Kendall-Roberts (JKR)

F=u(L.+L)=E+uL

theory'> in the following way:
R 2/3
A= —|L—-2L.+ J4L(L.— L
”{ K[ ¢ (ke )]} (32)
with
L.(JKR) = —EJTRCU
¢ 2 (3b)

Here, R is the tip radius, @ is the work of adhesion (interface
energy), and K is the contact modulus, which is defined as
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In contrast, if the elastic deformation is small, compared to
the range of adhesive forces, the contact area and the critical
pull-off forces can employ Derjaguin—Muller—Toporov
(DMT) theorylz’30 to describe

R 2/3
A= ﬂ[—(L + LC)]
K (5a)

with

L.(DMT) = —27Rwm, (5b)
If the shear strength 7 is assumed to be constant, then the
above solutions for contact area can be directly fitted to the
friction data obtained earlier in Figures 3—5. We let the radius
of the AFM tip and the contact modulus be free parameters.
Both the JKR and DMT theories were used to fit the result
gained from VAMWCNT and TAMWCNT surfaces. Gen-
erally, both the JKR and DMT theories work for transversely
aligned nanotubes under different conditions (DMT fitting
curve not shown). However, neither theory fit particularly well
with the results for VAMWCNTSs at different humidity levels.
Given the critical importance of adhesive forces for nanoscale
friction behaviors,®® adhesion measurements were made for
both surfaces under similar humidity conditions. The adhesive
forces of VAMWCNTs and TAMWCNTs in different
environments are summarized in Table 1. The average adhesive
forces of TAMWCNTSs are apparently lower than those of
VAMWCNTSs. With regard to the adhesion data of
TAMWCNTSs, no significant distinctions were observed,
especially for higher humidity levels, similar to the trend
observed in Figure 6b. Whereas, for VAMWCNTs, the effect of
humidity on adhesion is very clear, with the adhesive forces
decreasing as RH decreases. The observed adhesion difference
is in agreement with the previous assumption that friction
would be greater due to the stronger adhesive force induced by
the surface water layer formed under ambient conditions.
Another interesting phenomenon is that the standard
deviations of the adhesive force on both sides were high,
which might relate to the surface roughness of MWCNTs.

dx.doi.org/10.1021/am402221u | ACS Appl. Mater. Interfaces 2013, 5, 9501-9507
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Table 1. Adhesive Force for VAMWCNTs and TAMWCNTSs
under Different Relative Humidity Levels

sample and testing average adhesion standard deviation

conditions (nN) (nN)
VAMWCNTSs
dry conditions® 61.33 10.51
mild conditions” 79.75 9.56
ambient conditions® 99.32 16.75
TAMWCNTSs
dry conditions” 42.12 7.29
mild conditions® 57.35 8.80
ambient conditions® 57.84 13.59

“Relative humidity of <3%. "Relative humidity of ~10%. “Relative
humidity of 26%—52%.

In order to estimate the critical pull-off (adhesive) forces
from contact mechanics theories, the surface energies for both
VA-MWCNT and TA-MWCNT surfaces must be determined.
Here, we first assume that the total, dispersive, and polar
components of the liquid surface free energy (7, 7§, and #f,
respectively) are known and then measure the corresponding
contact angles of the liquids used, as shown in Table S2 in the
Supporting Information. Two plots according to eq S1, given in
the Supporting Information, using the contact angles of three
testing liquids measured in this study, are shown in Figure S3 in
the Supporting Information. We estimated the polar (yf) and
dispersive (7§) components of the surface free energy of each
carpet surface from the slope and the intercept of the linear fit
in Figure S4 in the Supporting Information. The total surface
free energy, y¥ + 73, for TA-MWCNTs was calculated to be 0.74
mJ/m?, and that for VAMWCNT was determined to be 2.16
mJ/m?”. By applying the surface energy of silicon oxide for glass
(ysi0, ® 115 mJ/m?), the work of adhesion for the glass/
TAMWCNT interface can be estimated by the relation w, =
2(7TA»MWCNTySiOZ)1/ 2 ~ 18.5 mJ/m? whereas the work of
adhesion for the glass/VAMWCNT interface is described by
the relation @, = 2(yyanwoent?sio,)”> & 31.5 mJ/m? Both eq
3b and eq Sb were employed to calculate the critical pulling
forces. One thing that should be mentioned is that the local
contact radius of curvature is smaller than the radius of
curvature of the attached bead (see Figure SS in the Supporting
Information). The representative radius of curvature of 1000
nm is applied here, which gives critical pulling forces of 87 nN
(JKR theory) and 116 nN (DMT theory) for TAMWCNTs,
and 148 nN (JKR theory) and 198 nN (DMT theory) for
VAMWCNTSs. According to those estimations, the JKR theory
estimation seems to be more consistent with the experimental
value (see Table 1), which indicates that the JKR theory might
be a better option for both VAMWCNTSs and TAMWCNTs.

4. CONCLUSIONS

In summary, the friction and adhesion properties of vertically
and transversely aligned carbon nanotube (CNT) carpets were
evaluated under different relative humidity levels. The vertically
aligned multiwalled carbon nanotube (VAMWCNT) surface
consistently generates higher friction at all humidity levels,
compared to the transversely aligned multiwalled carbon
nanotube (TAMWCNT) surface. Frictional forces are found
to be higher in ambient environment than under the dry or
mild humidity conditions for both surfaces, while a similar
dependence on relative humidity and nanotube orientation is
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found for adhesion forces. The variations in friction coefficients
are shown to be also dependent on the nanotube orientation in
carpet as well as the humidity level. This research provides the
possibility to rationally engineer surface domains to be either
low friction or high friction through control of nanotube
orientations, when effects of humidity are carefully taken into
consideration.
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The static contact angle measurement and AFM probe surface
topography. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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