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A B S T R A C T

Sliding friction and adhesion properties of vertically aligned multi-walled carbon nanotube

(VAMWCNT) arrays and fluoro-nanodiamond (F-ND) films on glass substrate have been

quantitatively investigated in current study using atomic force microscopy. It was found

that VAMWCNT arrays result in lower friction compared to F-ND films. Friction forces were

also found to be consistently higher in nitrogen environment than in ambient environment

for both samples and a surface chemistry based hypothesis was proposed. However, no

apparent dependence of relative humidity was found on adhesion forces for both F-ND

and VAMWCNT samples, indicating lack of correlation between nanoscale adhesion and

friction. The implications from current study for designing movable components in micro-

and nanoelectromechanical system devices were also discussed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon based materials are known as excellent solid lubri-

cants for many decades. In recent years, carbon nanotubes

(CNTs) that possess many unique properties, such as high

tensile and flexural strength, high elastic modulus and high

aspect ratio, have been explored as promising alternatives

for many tribological applications due to the predicted weak

intermolecular bonding of CNTs with counter surfaces [1,2].

Additionally, diamond surfaces like diamond-like-carbon

(DLC) and nanodiamond (ND) coatings [3,4] also attracted a

lot of attentions due to their unrivalled stiffness and hard-

ness, highly adjustable and stable surface chemistry, and

excellent macroscale tribological performance. Those carbon

based material systems have potential for many advanced

technological applications such as sliding interfaces between

moving components in micro- and nano-electro-mechanical

systems (MEMS/NEMS).
er Ltd. All rights reserved

.

Despite their exciting prospects in nanotribological appli-

cations, there have been only a few theoretical and experi-

mental studies on CNT friction properties. Ni and Sinnott [5]

used many-body empirical potential for hydrocarbons cou-

pled to Lennard-Jones potentials in their molecular dynamic

simulations to study friction between SWCNT bundles and

hydrogen terminated diamond surfaces. They showed that

the friction force is not linear to the applied normal load, un-

like the prediction by Amontons–Coulomb friction law at the

macro-scale, and the friction coefficient is not well defined at

the nanometer scale. Hirata and Yoshioka [6] studied sliding

friction properties of microwave-plasma-enhanced chemical

vapor deposition (MPCVD) deposited CNTs on different sub-

strates by means of steel ball-on-disk type of testing. Based

on friction coefficient measurements, they found that friction

force was reduced when CNTs had less defects and higher

crystallinity, and also when tests were conducted in vacuum.

Tu et al. [7] used both atomic force microscope (AFM) and a
.
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ball-on-disk tribometer for friction study of carbon nanotubes

embedded in anodic aluminum oxide template. Contrary to

earlier theoretical study [5], they found a linear relationship

between friction force and normal load in their nanoscale

AFM based tests, and a decrease of friction coefficient (0.12–

0.08) with increasing sliding velocity from 0.04 m/s to

0.16 m/s in their ball-on-disk based tests [7]. Kinoshita et al.

[8] showed very high friction coefficients of 1.0–2.2 for verti-

cally aligned carbon nanotube forests with 6 lm length

against gold tips of different radii. Dickrell et al. [9,10] studied

multi-walled CNT films oriented in two orthogonal directions

using a micro-tribometer and found extremely high friction

coefficient for vertically aligned CNT films and very low fric-

tion coefficient for CNT dispersed transversely on the same

substrates. They also demonstrated the strong effects of sur-

face chemistry and temperature on friction behaviors of both

vertically and transversely oriented CNT films. Lou and Kim

[11] employed AFM using both bare and aluminum coated col-

loidal probes (with 15 lm diameter borosilicate sphere at-

tached to the end of regular AFM cantilever) to study effects

of interfaces on friction behavior of vertically aligned carbon

nanotube arrays, and found much higher friction forces for

aluminum coated colloidal probes compared to bare borosili-

cate colloidal probes.

Similarly for diamond surfaces, there are not many sys-

tematical studies undertaken on their tribological properties

especially at the nanometer scale. Carpick et al. [3] studied

the effects of relative humidity on nanoscale adhesion and

friction behavior of DLC films on Si substrates deposited by

ion deposition process. They found that friction force consis-

tently rose with the increasing relative humidity providing

an excellent fit of their experimental data with the Derja-

guin–Müller–Toporov (DMT) model. Sumant et al. [4] investi-

gated the nanotribological properties of the underside of

ultrananocrystalline diamond (UNCD) film grown on Si sub-

strate by MPCVD. AFM based friction measurements revealed

that both friction and adhesion of UNCD film reduced after

hydrogen termination treatment.

In this paper, the frictional and adhesion behaviors of two

carbon based nanostructured surfaces were quantitatively

investigated using AFM for direct comparison. Effects of rela-

tive humidity on friction and adhesion were thoroughly

investigated in a chamber with well-controlled environment

for both VAMWCNT arrays and F-ND films on glass substrate.
2. Materials and experimental procedures

2.1. Sample preparation

2.1.1. Vertically aligned multi-walled carbon nanotube
(VAMWCNT) arrays
Highly ordered arrays of VAMWCNT embedded in a hexagonal

close-packed alumina template were grown by chemical va-

por deposition (CVD) technique [12]. The as-grown vertically

aligned multi-walled carbon nanotubes (VAMWCNT) arrays

fully embedded in the nanoporous alumina template were

then partially exposed by etching the alumina matrix to de-

sired depth. For samples used in the current study, MWCNT

arrays with 30 nm protruded length were prepared. The
diameter of these MWCNTs is about 25–40 nm with �50 nm

inter-channel distance. A topological AFM scan of the sample

surface before the experiments is shown in Fig. 1a.

2.1.2. Fluoro-nanodiamond (F-ND) films
A method for direct fluorination of nanodiamond (ND) pow-

der to produce fluoro-ND has been developed at Rice Univer-

sity [13]. Commercially available nanoscale diamond powder

(Nanostructured and Amorphous Materials, Inc.; >97% purity)

of about 4 nm average particle size prepared by detonated

explosion synthesis was used in the present study. After fluo-

rination of ND powder at 310 �C, the obtained F-ND nanopar-

ticles have been covalently bonded to an oxidized and

subsequently 3-aminopropyl(triethoxy) silane-modified glass

substrate through wet chemistry reaction. By using this inno-

vative and simple approach, a 10–40 nm thick and transpar-

ent nanodiamond films on glass have been fabricated [14].

The covalent bonding of ND to glass substrate has been veri-

fied by ultrasonication in ethanol, causing no debonding of F-

ND from the substrate, and by XPS surface analysis. The sur-

face morphology of the F-ND film was characterized by AFM

under contact mode (Fig. 1b).

2.2. Experimental procedures

AFM and Lateral Force Microscopy (LFM) studies were per-

formed on both VAMWCNT array and F-ND film samples.

A Pico-plus AFM (Agilent AFMs, Tempe, Arizona) with a sil-

icon AFM probe was used in this study. The AFM/LFM scans

were performed with progressively decreasing normal load

for every 20 scans or so, this was done to measure the

encountered friction force as a function of the applied nor-

mal load. Both VAMWCNT and F-ND samples were scanned

at several different locations to ensure the proper represen-

tation of the sample surface. Scans were also repeated over

the exact same location to check the reproducibility of the

experiment. Pre and after scans were performed to ensure

no damage to sample surfaces occurred during our experi-

ments. The test was run with a scan size of 1 lm using

the small scanner (maximum scan size 9 lm) at scan speed

of 2000 nm/s.

In order to quantify the adhesion forces between sample

surfaces and the AFM probe, force vs. distance spectroscopy

was run on both samples and the amount of adhesion was

measured. A robust procedure has also been developed in this

study to construct an adhesion force map consisting of 1024

force-distance spectroscopy curves in each scan to characterize

adhesion characteristics of the samples with proper statistical

treatments.

Humidity of the testing environment was controlled using

a plastic environmental isolation chamber which separates

the AFM from the ambient conditions (relative humidity lar-

ger than 60%). Controlled flow of nitrogen gas was used to cre-

ate dry environment with relative humidity less than 5%.

Both relative humidity and temperature were monitored

using a digital hygrometer/thermometer before, during and

after the actual testing. Temperature was found to vary negli-

gibly during all of our experiments. Table 1 shows typical test-

ing conditions for our adhesion and friction experiments

under both dry and ambient environments.



Fig. 1 – (a) AFM scan of the VAMWCNT arrays with 30 nm protruded length and (b) AFM scan of the F-ND films on glass

substrates.

Table 1 – Typical testing conditions demonstrate well-controlled environments

Samples RH % (Ambient) RH % (Dry) Temperature (F) (Ambient) Temperature (F) (Dry)

Before After Before After Before After Before After

VAMWCNT Arrays 62.6 62.3 0.8 3.8 65.5 65.5 66.4 66.5

F-ND films 63.4 64.6 1.2 2.8 65.6 65.6 66.7 66.7
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It should be noted here, although AFM has been widely

used for studying nano-scale interaction forces ever since its

invention [15–18], one of the biggest challenges of using AFM

for quantitative nanomechanical measurements remains to

be reliable conversion from the position sensitive photodiode

(PSPD) readout (voltage) to actual force exerted or experienced

by the AFM probe during tip-sample interaction. For normal

direction force calibration, it is now becoming standard prac-

tice to use a pre-calibrated cantilever with known stiffness

(e.g. CLFC-NOBO from veecoprobes.com) to calibrate force

constant in situ. For more problematic lateral direction force

calibration, we have adopted a novel friction force calibrator

based on diamagnetic levitation in current study. A diamag-

netically levitated pyrolytic graphite (PG) sheet covered by an

atomically flat mica sheet was used as a ‘‘magnetic’’ spring,

to directly correlate the applied lateral force on the AFM probe

with the output voltage signal generated by PSPD. This in situ

procedure provides a simple and reliable way for AFM based

friction force calibration with high accuracy and effectiveness,

making it possible to quantitatively study the nano-friction

behavior in a reproducible manner. The details of this method

have been discussed elsewhere [19]. Both normal and lateral

force calibrations were carefully performed in situ before each

experiment in order to get quantitative measurements for

adhesion and friction forces.
3. Results

3.1. Friction properties

Fig. 2a shows the variation of lateral force (friction) with ap-

plied normal load for VAMWCNT array sample in an envi-
ronment of ambient conditions (with RH �63% ± 1.5%

throughout the experiments for all cases) and dry condi-

tions (with RH < 5% throughout the experiments for all

cases). As can be seen from Fig. 2a, data from multiple tests

scatter quite significantly at both humidity levels. This re-

flects the heterogeneous nature and relatively high rough-

ness of the VAMWCNT array sample surfaces. Despite the

data scattering, friction is clearly higher in dry nitrogen

condition than in ambient condition. The pull-off force

(force at which the AFM tip pulls out of contact from sam-

ple surface and the later force goes to zero) is quite similar

for both conditions and does not go to negative (adhesive)

side.

Similarly, friction properties of F-ND films on glass sub-

strates plotted against normal load are shown in Fig. 2b for

both ambient and dry conditions. Data from multiple tests

overlap very closely at each relative humidity level as also ob-

served previously for DLC films deposited on Si substrates [3].

This implies relatively smooth surfaces for F-ND samples.

Again, we clearly observed higher friction in dry nitrogen con-

dition than in ambient condition. Unlike VAMWCNT array

samples, adhesive component is apparent for the measured

pull-off forces.

Finally, it is worth noting that VAMWCNT arrays generally

result in lower friction compared to F-ND films at both

humidity levels (Fig. 3). Upon close inspection, the difference

in friction appears to be larger for samples tested in ambient

environment at higher normal load, while it is the opposite

trend for samples tested in dry nitrogen environment as

shown in Fig. 3. In addition, the friction difference for VAM-

WCNT arrays tested at the two humidity levels is greater than

that for F-ND films.
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Fig. 2 – (a) Friction vs. applied normal load at ambient and

dry conditions for VAMWCNTarray samples. Solid lines: JKR

fit (b) Friction vs. applied normal load at ambient and dry

conditions for F-ND films on glass substrate. Solid lines:

DMT fit.
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Fig. 3 – Comparison of friction vs. applied normal load

curves for both VAMWCNT array and F-ND samples at

ambient and dry conditions (trend line was adopted for

VAMWCNT samples tested under dry nitrogen condition

due to poor JKR fit).
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3.2. Adhesion properties

In order to better quantify the adhesive forces between the

AFM probe and samples surfaces, adhesive force mapping

was carried out for both VAMWCNT and F-ND samples in

the same well-controlled environments. Fig. 4a shows a typ-

ical three dimensional adhesive force map for VAMWCNT ar-

ray samples with 1024 force-spectroscopy measurements

performed in ambient conditions, the corresponding histo-

gram for the measured adhesive forces is shown in Fig. 4b.

Similar data was also collected for VAMWCNT samples in

dry nitrogen environment (Figs. 4c and d). Note that such

adhesive force mapping was performed at random locations

on sample surfaces to get the general representation of their

surface properties. The average adhesive forces between

VAMWCNT array samples and AFM probe are almost indis-

tinguishable, 23.5 ± 12 nN in ambient environment and

28.1 ± 13 nN in dry nitrogen environment, considering their

statistical variations. This is in sharp contrast with the

strong dependence of friction properties on relative humidity

seen earlier that clearly indicates the lack of correlation be-

tween friction and adhesion properties at the nanoscale.

Similarly, adhesive force mapping procedure was repeated

for F-ND film on glass substrate at both humidity levels. Typ-

ical three dimensional adhesive force maps, obtained in

ambient and nitrogen environments, are shown in Figs. 5a

and c along with corresponding histogram for measured

adhesive forces in Figs. 5b and d. Again, there is little differ-

ence between average adhesive force in ambient (30.2 ± 6 nN)

and dry nitrogen environments (28.3 ± 7 nN). Comparison

with Fig. 3 which shows that friction behavior of the same

samples is clearly dependent on relative humidity level, the

lack of correlation between nanoscale friction and adhesion

is again very evident.
4. Discussions

Generally, the friction force F can be described by a depen-

dence of true contact area A and the interfacial shear strength

s for nanoscale single asperity contacts:

F ¼ s � A ð1Þ

From contact mechanics theory, Hertz obtained the following

relationship relating the contact area A with the normal load

L assuming no attractive forces acting between the two

materials:

A ¼ p
R
K

L

� �2=3

ð2Þ

where R is tip radius and K is the contact modulus, defined as

K ¼ 4
3

1� m2
tip

Etip
þ

1� m2
sample

Esample

 !�1

ð3Þ

Besides Hertz theory of contact, Johnson–Kendall–Roberts

(JKR) theory Eq. (4b) predicts the relationship between contact

area and normal load for relatively compliant materials and

strong adhesive forces whereas Derjaguin–Muller–Toporov

(DMT) theory Eq. (4b) works for relatively stiff materials and

weak adhesive forces:



Fig. 4 – (a) Typical three dimensional adhesive force map of VAMWCNT array sample in ambient environment, (b)

Corresponding histogram for measured adhesive forces at independent locations, (c) Typical three dimensional adhesive

force map of VAMWCNT array sample in nitrogen environment and (d) Corresponding histogram for measured adhesive

forces at independent locations (Scan size: 1 lm).
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A ¼ p
R
K

L� 2Lc þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4LcðLc � LÞ

p� �� �2=3

ð4aÞ

A ¼ p
R
K
ðLþ LcÞ

� �2=3

ð4bÞ

where Lc is the critical load required to pull the tip off from

the sample surface (the adhesive pull-off force). If the interfa-

cial shear strength s is assumed to be constant, then above

solutions for contact area can be directly fitted to the friction

data obtained earlier in Figs. 2 and 3. In our fitting process, we

let the radius of the AFM tip and the contact modulus to be

free parameters. Since adhesive forces are carefully measured

for all of the samples studied, we used both JKR and DMT the-

ory to fit the results obtained for both VAMWCNT array sam-

ple and F-ND film samples. It was found JKR theory generally

works better for VAMWCNT sample and DMT theory also

works better for F-ND film sample as expected. However, as

clearly indicated in Fig. 2, the relationship between the mea-

sured friction force and the contact area for VAMWCNT array

samples in ambient environment is not well predicted by the

JKR theory. This apparent deviation from JKR prediction espe-

cially at low normal load is currently under investigation.

While for samples tested under other conditions (Figs. 2 and

3), JKR and DMT theories seem to work reasonably well.
Finally, it is worth noting that the AFM tip radius used in

our study is �40 nm as determined independently from scan-

ning the tip over an array of sharp tips and if the contact mod-

ulus is known, the interfacial shear strength could be

extracted from the fit for both samples.

In addition, our experiments showed the lack of any

changes in adhesion as function of relative humidity level

while quite significant changes in friction under similar con-

ditions for both samples. This weak dependence of adhesion

on humidity and lack of correlation between adhesion and

friction may not be a singular case at the nanoscale, as it

has been observed before in other systems [3,20–22]. One di-

rect implication of this phenomenon is that the classical

meniscus theory may no longer be applicable since it predicts

substantial variation of adhesion with humidity. The rela-

tively hydrophobic nature of the fluorinated ND film and

VAMWCNT array samples could have prevented the accumu-

lation of water molecules on their surface to reach a mini-

mum thickness needed to form the water meniscus.

However, without direct experimental analysis of the interfa-

cial chemistry and structure performed in situ at the nano-

scale, it is too early to rule out the possible important role

played by water molecules.

Finally, it is evident from our experiments that friction is

clearly higher at lower relative humidity level. This is very



Fig. 5 – (a) Typical three dimensional adhesive force map of F-ND film on glass substrate in ambient environment, (b)

Corresponding histogram for measured adhesive forces at independent locations, (c) Typical three dimensional adhesive

force map of F-ND film on glass substrate in ambient environment and (d) Corresponding histogram for measured adhesive

forces at independent locations (Scan size: 1 lm).

C A R B O N 4 6 ( 2 0 0 8 ) 1 2 9 4 – 1 3 0 1 1299
different from earlier nano-scale friction study of DLC films

prepared by ion deposition process where they find friction

increase as relative humidity level goes up [3], and also the

micro-scale friction study of vertically aligned carbon nano-
Fig. 6 – A fully fluorinated diamond surface (a) and a fluorinated

bond shown in red in b). The dangling bond was passivated by a

The F atoms are shown in purple, C atoms are shown in gray a

potential energy profiles are shown in the bottom of each figur
tubes in air and argon environments where they found lower

friction coefficient at lower humidity level [9]. One possible

answer has been offered by friction study between two mica

surfaces or two amorphous carbon films using surface force
diamond surface with an active site (e.g., carbon dangling

hydrogen atom and thus the active site was annihilated (c).

nd red, and the H is shown in green. The corresponding

e.
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apparatus at different humidity level [23]. Formation of a very

thin water film at these interfaces was thought to decrease

the effective contact area and serve as a very good lubricant

to reduce friction. However, the existence of the water film

would naturally cause a strong dependence of adhesion as a

function of humidity level which is not true in current study

as pointed out earlier.

Another plausible explanation could be saturation of the

carbon dangling bonds at active sites on sample surfaces by

chemisorption of water molecules. We believe roughness of

the sample surface and the extent of the adhesion present be-

tween the sample surface and the AFM probe are two impor-

tant factors affecting nano-scale friction behavior studied in

current work. More active sites with dangling bonds (which

normally cause high adhesion between AFM probes and sur-

faces) result in high friction for surfaces with same rough-

ness. Certainly, the only possible difference between friction

measurements made at ambient condition and dry nitrogen

condition for the same sample surface is originated from

the extent of the adhesion existing between the sample sur-

face and the AFM probe interface. In ambient conditions, an

active water molecule can be easily dissociated into H+ and

OH�, and the H+ can be easily attracted to an active site of

the surfaces (e.g., a carbon dangling bond site on F-ND sur-

face as shown in Fig. 6) and passivate it. On the other hand,

in pure nitrogen condition, due to the lack of active water

molecules, the unpassivated sites will increase the friction

force. Based on this postulation, the significant friction differ-

ence of VAMWCNT samples at ambient condition and nitro-

gen condition in contrast to the smaller difference of F-ND

films observed in Fig. 3 can be understood by the concentra-

tion difference of the active sites on VAMWCNT tip and F-

ND surface: since the ND are fluorinated before the measure-

ment, the active site concentration should be significantly

lower than that on the VAMWCNT tip. Whereas normally only

very small fraction of the active sites on both VAMWCNT tip

and F-ND surface are not passivated (although the concentra-

tion difference between them is large), so the adhesion force

measured by point-to-point force spectroscopy mapping does

not change so much at different conditions. While this inter-

pretation is still largely speculative at the moment, detailed

molecular dynamic simulation is underway to shed lights

on understanding of this interesting phenomenon.
5. Summary

In summary, a quantitative study of friction and adhesion

properties was performed on VAMWCNT arrays and F-ND

films on glass substrates in both ambient and dry environ-

ments. Contact mechanics based theories were able to pro-

vide a reasonable fit to nano-friction experimental data in

most cases. VAMWCNT arrays consistently generated lower

friction at both humidity levels compared to F-ND films. Fric-

tion forces were also found to be higher in nitrogen environ-

ment than in air for both samples while no apparent

dependence on relative humidity was found for adhesion

forces, indicating the lack of correlation between nanoscale

adhesion and friction. A surface chemistry based hypothesis

was proposed to explain the experimental observations.
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