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Comparison of Alcohol and Fatty Acid Adsorption
on Hydrogenated DLC Coatings Studied by AFM
and Tribological Tests

Rok Simi¢ — Mitjan Kalin*
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Adsorption on hydrogenated diamond-like carbon (DLC) coatings with respect to boundary lubrication has been studied only very rarely, even
though such adsorption has proved to be one of the main boundary-lubricating mechanisms for metal contacts. For this reason, we used
atomic force microscopy (AFM) and tribotests to study the ability of hexadecanol and hexadecanoic acid to adsorb onto DLC and affect the
tribological properties of DLC coatings, where steel was used as a reference. We have shown that alcohols and fatty acids can adsorb onto
the DLC under static conditions. However, under dynamic tribocontact conditions, although alcohol and fatty acid molecules help to decrease
the wear of the coatings, they are inefficient in reducing the friction. In all the experiments the fatty acid proved to have superior adsorption
abilities compared to the corresponding alcohol. Based on our results and the existing literature, tentative adsorption mechanisms that

include an environmental species effect, a temperature effect and a tribochemical effect are discussed for DLC surfaces.
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0 INTRODUCTION

Low-friction, low-wear and anti-adhesion properties
are characteristics of diamond-like carbon (DLC)
coatings, making them very useful for the protection of
the contact surfaces of mechanical systems, see [1] to
[3]. Since the contact surfaces of various mechanical
systems are usually lubricated, an investigation of the
effects of lubricants and additives on DLC coatings
is crucial for the improvement and adaptation of the
lubrication for DLC coatings. It is known that DLC
coatings are, in general, chemically very stable and
inert towards external species under static conditions
[4]. On the other hand, under dynamic tribocontact
conditions DLC surfaces can interact with opposing
surfaces and with the gaseous molecules present in
their surroundings [4]. Hydrogen, either atmospheric
or originating from the coating itself, can passivate
the surface’s dangling bonds and cause H-termination,
which results in very low friction [5] to [7]. It was
shown that in the case of water lubrication DLC can
also tribochemically react with water molecules,
where besides hydrogen passivation, OH groups
are also formed on the DLC surface, causing OH-
termination [8]. Although H-termination seems to be
preferable to OH-termination due to the absence of
van der Waals forces between the opposing surfaces,
the OH-termination is assumed to play a significant
role in reducing the friction and wear of the DLC
contacts by preventing the strong adhesive bonds
between the non-passivated surfaces in the contact [4].

The formation of an OH-terminated carbon
surface was also reported by other authors [9], who

used GMO as an additive on the ta-C surfaces.
Hydroxyl groups from the GMO were assumed to
tribochemically react with the friction-activated ta-C
surfaces causing ultra-low friction. The hydroxylation
of the surfaces was also suggested in another study
where glycerol was used as an additive [10]. Here,
the authors proposed that hydroxylated surfaces
also enhance the intercalation and adsorption of the
surrounding alcohol molecules via hydrogen bonding.

The tribochemical reactions of DLC surfaces were
also confirmed with relatively complex boundary-
lubricating additives, like ZDDP and MoDTC [11] to
[13]. It was suggested that additive species interact
with the dangling bonds of the friction-activated
carbon surfaces, forming low-shear MoS, sheets on
the surface.

Nevertheless, the base oils also affect the
performance of the DLC coatings [14] to [17].
Increasing the oil’s viscosity was found to decrease
the wear of the DLC contacts in boundary-lubricating
conditions, although the friction increased [15] and
[16]. An improved wear performance due to the polar-
based adsorption was also reported as the degree of
unsaturation and the polarity of the base oil was
increased [17].

Although the understanding of the lubrication
of DLC coatings has improved drastically in the past
decade, a systematic investigation of the adsorption of
some polar groups like hydroxyl and carboxyl is still
necessary. Since the chemisorption of polar molecules
proved to be one of the efficient boundary-lubrication
mechanisms for steel surfaces, it is very relevant to
study the effect of such molecules on DLC coatings.
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In this work we have focused on the adsorption
ability of alcohols and fatty acids on DLC because
these molecules have proved to be efficient in
improving the tribological properties of steel contacts.
To examine the adsorption ability on the nanoscale
and in the absence of any mechanical and tribological
effects the experiments were performed under
controlled, static conditions using an atomic force
microscope (AFM). The DLC and steel surfaces were
exposed to various concentrations of hexadecanol and
hexadecanoic acid in hexadecane, and the surface
coverage of the adsorbed polar molecules was
measured using the AFM. Tribological tests using
boundary-lubricated conditions were also performed
to correlate the wear and friction behaviors with the
AFM results.

1 EXPERIMENTAL
1.1 Materials

Steel (AISI 52100/DIN 100Cr6) discs of 24-mm
diameter were used in this study. The hardness of the
discs was 850 HV, as measured with a microhardness
tester (Leitz Miniload, Wild Leitz GmbH, Germany).
The discs were polished to an average surface
roughness of R, =3 to 4 nm for the AFM analyses and
R, =30 to 40 nm for the tribological tests, as measured
using a CP-II AFM (Veeco, USA). A very low surface
roughness in the case of the AFM analyses was
necessary in order to observe the adsorbed species on
the surface. Standard 100Cr6 steel bearing balls with
a surface roughness R, of 10 to 15 nm were used as a
counter body in the ball-on-disc tribological tests.

Half of the steel discs and balls were coated
with 1.5 pm of hydrogenated amorphous diamond-
like carbon (a-C:H, 30% H). Two interlayers — a Ti
interlayer and a hydrogenated amorphous diamond-
like carbon layer containing Si and O (a-C:H:Si:O)
— were deposited between the coating and the steel
substrate for better adhesion of the coating. All the
layers were deposited using a hybrid PVD/PACVD
process (Sulzer Sorevi SAS, Limoges, France). The
DLC sample composition is presented in Fig. 1. The
coating deposition only had a minor effect on the
surface roughness. The surface roughness R, of the
steel and the DLC-coated samples is presented in
Table 1.

The polar molecules selected for the adsorption
analyses in this work were straight-chain hydrocarbons
with 16 carbon atoms and a hydroxyl (OH) or
carboxyl (COOH) end-group, i.e., hexadecanol
and hexadecanoic acid (Merck KGaA, Darmstadt,

Germany). For the AFM analyses the hexadecanol and
hexadecanoic acid molecules were introduced into the
hexadecane (Merck KGaA, Darmstadt, Germany) in
various concentrations from 2 to 20 mmol/l.

For the tribological tests the polar molecules were
mixed into a polyalphaolephin PAO6 base oil (Neste
Oil, Espoo, Finland) with a kinematic viscosity of
30 mm?/s at 40°C, again with concentrations from
2 to 20 mmol/l. It was assumed that the adsorption
from the PAO and hexadecane is relatively similar,
despite the solvents having different structures [18].
Tribotests with pure PAO6 oil were also made to serve
as a reference.

a-C:H
(30 % H)

Fig. 1. Schematic cross-section of the DLC-coated 100Cr6 steel
samples

Table 1. Surface roughness R, of the steel and DLC-coated
samples; only the discs were used for the AFM adsorption
analysis

Steel disc DLC disc Steel ball DLC ball

AFM
Analysis
Tribotests 30 =5nm 40=5nm 10+ 0.2nm 15+ 0.3nm

3+x04nm 4=0.2nm / /

Fig. 2. Schematic representation of a) the AFM; and b) an image
of the surface, where the adsorbed molecules appear in the shape
of small bright spots; the A denotes the whole scanned area, while

A; is the projected surface area of a single spot

1.2 AFM Analysis

Prior to the tests, the samples were cleaned by
sonication in ethanol for 1 min and then left to dry in
air. The analysis of the samples prior to their exposure
to the solutions revealed no polishing or cleaning
residues on the surfaces. Moreover, analyses of the
DLC were performed after the coating deposition,
where no polishing residues could be present due to
industrially defined cleaning and subsequent coating
deposition. Moreover, after exposing the samples
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to pure hexadecane (without alcohol or fatty acid
molecules) and subsequent cleaning the AFM data
revealed no surface debris or aggregates.

For the final analysis equally sized drops of
mixtures were spread over the surfaces. Then, one set
of samples was left at 25 °C for 10 minutes and the
other at 80 °C for 20 minutes to allow the adsorption
of the hexadecanoic acid molecules onto the surfaces.
Afterwards, the samples were cleaned by sonication
in ethanol for one minute to remove the unbound
molecules, and then left to dry in air. Samples were
then analyzed using the AFM in contact mode at a
constant load, which proved to be a suitable technique
for the imaging of adsorbed layers in our previous
research. About 10 to 20 scans of 50 um x 50 um were
collected from various locations on a single sample to
ensure statistically representative results. The analyses
were made using the ProScan 1.8 Data Acquisition
image-analyzing software associated with the AFM.
The topographic images were used to determine the
average surface coverage with the remaining adsorbed
molecules, which appeared in groups in the shape of
small islands that were scattered across the surface,
Fig. 2. The surface coverage (SC) was calculated as
follows:

sc 24 (1)
===
where N is the number of adsorption spots, 4 is the

whole scanned area, and 4, is the projected surface
area of one adsorption spot, Fig. 2.

1.3 Tribological Tests

The tribological tests were performed using a CETR
UMT tribometer (CETR, CA, USA) with a ball-
on-flat reciprocating test geometry. Self-mated
contacts were always used. In this way the chemical
reactions between the DLC and the additives could
be observed, without the interference from the steel
counter body, which affects the reaction products
and befogs the actual reactivity of the DLC. The tests
were performed at 25 °C and at 80 °C. The normal
load was set to 10 N, corresponding to 1 GPa of
maximum initial Hertzian contact pressure. The tests
with a 6.8-mm stroke consisted of 7350 cycles to
reach a total sliding distance of 100 m. The average
relative contact velocity was set to 0.01 m/s, so the
boundary-lubricating conditions were ensured. The
characteristic coefficient of friction (COF) for a
specific test was determined as the average coefficient
of friction over the last 3000 cycles. Each experiment
was repeated several times to ensure statistically

relevant results. An optical microscope equipped
with a CCD camera (DS-fil, Nikon Corp., Tokyo,
Japan) was used to verify that the coating did not wear
through and to measure the diameters of the wear
scars on the balls. The wear volume was subsequently
calculated. The wear volume on the discs, however,
was usually below the limits of the technique used and
was not measured.

2 RESULTS
2.1 AFM

Examples of the topographic images of the surfaces
after their exposure to the solutions of alcohol or fatty
acid in the PAO and cleaning are shown in Fig. 3.
The surfaces were partially covered with islands of
adsorbed molecules of the alcohol or fatty acid that
were retained on the surfaces after the ultrasonic
cleaning. Dispersive intermolecular forces caused
the molecules to merge into groups and appear in
the images as nanoscopic bright spots. The total
areal size of these spots was found to depend on
the concentration, temperature, type of additive
and type of surface. This is discussed in detail later
on. On the other hand, for the height of the spots,
which was typically from 10 to 25 nm, no such
obvious correlations to the parameters studied in this
work were found. Therefore, the height of the spots
was assumed to depend primarily on the cohesive
intermolecular forces between the molecules in the
mixtures rather than on their interactions with the
substrates.

The measured surface coverage with adsorbed
molecules as a function of their concentration at 25
°C is presented in the graph in the Fig. 4a. The surface
coverage was increasing monotonously with the
increasing concentrations for both additives and on
both surfaces. It is clear that the surface coverage of
the steel with alcohol molecules (Steel+OH) was the
lowest across the whole range of tested concentrations.
The measured surface coverage was 0.24% at
2 mmol/l and was increasing monotonously up to
0.64% at 20 mmol/l. Considering the assumed non-
reactivity of the DLC, it was surprising to measure a
higher surface coverage of alcohol molecules on the
DLC surface (DLC+OH) compared to the steel. The
surface coverage on the DLC was 0.47% at 2 mmol/l
and was increasing up to 0.92% at 20 mmol/l for the
alcohol molecules. As expected, due to the higher
polarity of the fatty acid molecule compared to the
corresponding alcohol molecule, we measured a
higher surface coverage when the fatty acid was used
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Fig. 3. AFM topographic images of the DLC and steel surfaces after their exposure to various solutions of alcohol (OH) or fatty acid (COOH)
and cleaning

instead of the alcohol. This was true for the DLC
and for the steel surface. Again, the surface coverage
was increasing monotonously with increasing
concentration for both surfaces. In contrast to the
adsorption of the alcohol, the surface coverage with

fatty acid molecules was mostly higher on the steel
(Steel+COOH) than on the DLC (DLC+COOH). And
although the surface coverage at lower concentrations
of the fatty acid was relatively similar for the steel and
DLC, the surface coverage for the steel was increasing

710 Simic, R. - Kalin, M.



Strojniki vestnik - Journal of Mechanical Engineering 59(2013)12, 707-718

a) 3.0 yr==F=TpLccoon
- - DLC+OH
2.5 4] eeeaee Steel+COOH ,'A
=7 ..«@-- Steel+OH :
X
%2.0
2
Q1.5
o
° A" A
g ol
€ 1.0 e )
3 A& @0
05 ‘-12-!8-»'.'3-”- -----
@
0.0 T T T ' '
0 5 10 15 20 25

Concentration [mmol/l]

b) >0 ——& - DLC+COOH
--@ - DLC+OH
eeedee Steel+COOH
= <o -« Steel+OH
&, Ap,
. .
o S e - .
52.0 A=Al i A\
Q A T .
815 Il’ 6;-;-.‘"'— 4
Q ’
S A 7
/
‘(% 1.0 +—@
Qreveresnnnesees ©eoevonen o
0.5 o o
0.0 , . . . |
0 5 10 15 20 25

Concentration [mmol/l]

Fig. 4. Surface coverage with adsorbed alcohol (OH) or fatty acid (COOH) molecules for DLC and steel surfaces at a) 25 °Cand b) 80 °C as
measured with the AFM

with a significantly higher rate than for the DLC.
At 20 mmol/l the surface coverage with fatty acid
molecules was 1.37% on the DLC and 2.64% on the
steel surface.

When the temperature was set to 80 °C the
surface coverage increased a great deal at low
concentrations for both additives and on both surfaces,
Fig. 4b, compared to the corresponding coverage at
25 °C, Fig. 4a. At 80 °C, the surface coverage with
alcohol molecules on the steel surface (Steel+OH)
was 0.44% at 2 mmol/l and 0.69% at 20 mmol/l. The
alcohol molecules again adsorbed better on the DLC
than on the steel. The surface coverage with alcohol
molecules on the DLC (DLC+OH) was 0.96% at 2
mmol/l and a surprisingly high 2.28% at 20 mmol.
The fatty acid molecules tended to absorb better on
the DLC (DLC+COOH) than the alcohol molecules,
similar to the situation at 25 °C. At 80 °C the surface
coverage with fatty acid molecules on the DLC was
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1.25% at 2 mmol/l, then it increased a lot to 1.93%
at 5 mmol/l, and above 5 mmol/l it was decreasing
slowly to a value of 1.49% at 20 mmol/l. As for the
steel, the surface coverage with fatty acid at 80 °C was
1.59% at 2 mmol/l, then it increased greatly to 2.35%
at 5 mmol/l, and above 5 mmol/l it was decreasing
gradually to a value of 1.99% at 20 mmol/l. Therefore,
the adsorption of fatty acid on steel (Steel+COOH)
showed similar behavior as on the DLC; however,
higher values of the surface coverage were measured
on the steel than on the DLC. This is a similar relation
to the one that was observed at 25 °C, Fig. 4a.

2.2 Tribotests

The coefficients of friction (COFs) and ball-wear
volumes that were measured for each additive
concentration are presented in Figs. 5 and 6. Fig. 5a
shows the coefficient of friction for a steel contact
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Fig. 5. a) Coefficient of friction (COF) and b) ball wear for the steel contact lubricated by PAO oil with added different concentrations of
hexadecanol (OH) or hexadecanoic acid (COOH)
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Fig. 6. a) Coefficient of friction (COF) and b) ball wear for the DLC contact lubricated by PAO oil with added different concentrations of
hexadecanol (OH) or hexadecanoic acid (COOH)

lubricated with various concentrations of alcohol
or fatty acid in the PAO base oil. The coefficient of
friction with just the base oil being used (Fig. Sa)
was approximately 0.15. When alcohol was added,
the coefficient of friction did not change for additive
concentrations up to 5 mmol/l. At 7 mmol/l the
coefficient of friction decreased to a value of 0.13, and
was gradually decreasing with an increasing alcohol
concentration. At 20 mmol/l the coefficient of friction
reached its lowest value of 0.11, which is about 30%
lower than with the base oil alone. On the other hand,
even the smallest addition of hexadecanoic acid
at a concentration of just 2 mmol/l decreased the
COF by 30%, to a value of about 0.1. Increasing the
concentration from 2 to 20 mmol/l had only a little
effect on the COF; however, a monotonous decrease
of the COF with higher concentrations was observed.
At 20 mmol/l the COF for steel reached its lowest
value of 0.094.

A similar trend as with the coefficient of friction
was observed in the wear behavior for the steel
contact, Fig. 5b. The ball-wear volume for the base oil
alone was 4.6 x 10-4 mm3, Fig. 5b. When the alcohol
was added at 2 mmol/l, the average wear volume did
not decrease; it even increased to 5.1 x 10-4 mm3.
When higher concentrations of alcohol were used,
however, the wear began to decrease, reaching the
lowest value of around 1.0 x 10-4 mm3 at the highest
two concentrations. This is about 80 % lower than with
the base oil alone. The results show that hexadecanol
in higher concentrations decreased the coefficient
of friction and wear (Fig. 5), while it increased the
surface coverage of the steel surfaces (see Fig. 4). On
the other hand, the addition of hexadecanoic acid at
a concentration of just 2 mmol/l decreased the wear
by 93%, to a value of 3.34 X 105 mm3. Increasing the
concentration from 2 to 20 mmol/l had relatively little

effect on the wear; however, a continuous decrease
in the wear for higher fatty acid concentrations was
observed. At 20 mmol/l the wear of the steel ball
was only 1.70 x 10-5> mm3. The results show that the
presence of fatty acid, even in a concentration as low
as 2 mmol/l, can drastically reduce the friction and
wear. The fatty acid also resulted in a lower coefficient
of friction and wear of the steel contacts than with the
alcohol. This result correlates very well with the data
obtained with the AFM (Fig. 4), where the fatty acid
led to much better adsorption properties for the steel
than the alcohol.

Fig. 6 shows the coefficient of friction (COF)
and the ball wear for the DLC/DLC contact at an
environmental temperature of 25 °C. Notice the
different scales of the wear for the DLC (Fig. 6b) and
the steel (Fig. 5b). The coefficient of friction for the
DLC contact (Fig. 6a) using base oil alone was around
0.059, which is approximately 60% lower compared
to the steel (Fig. 5a). The addition of hexadecanol or
hexadecanoic acid did not affect the coefficient of
friction of the DLC significantly. The measured values
of the coefficient of friction varied between 0.056 and
0.060 for all the concentrations; the additive being
either alcohol or fatty acid.

Although there were no significant changes in
the coefficient of friction for the DLC, a decrease in
the wear is clearly visible when either the alcohol
or fatty acid was added to the base oil, Fig. 6. The
ball-wear volume was approximately 1.5 x 10-5 mm3
when only the base oil was used, Fig. 6b. When the
alcohol was added in the smallest concentration of
2 mmol/l the wear did not change much; however,
at 5 mmol/l of alcohol the wear volume decreased
to a value of 1.30 x 105 mm3. A further increase in
the concentrations monotonously decreased the wear
volume to a value of 1.27 x 10-5> mm3 at the highest
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concentration. This is about 15% lower wear than with
the base oil alone. On the other hand, the addition of
hexadecanoic acid at concentrations of 2 mmol/l and
5 mmol/l decreased the wear by 13 to 17 %, to values
of 1.30 x 105 mm3 and 1.23 x 105 mm3, respectively.
Increasing the concentration above 5 mmol/l did not
influence the wear to any great extent, as it remained
relatively constant, ranging from 1.23 x 105 mm3
to 1.28 x 105 mm3. Like with the steel contact, the
fatty acid resulted in lower wear than the alcohol,
especially at the lowest concentrations tested. This
result correlates well with the AFM results (Fig. 4),
where the fatty acid proved to have a better adsorption
ability with respect to the DLC compared to the
alcohol. Although the drop in wear is less obvious for
the DLC than for the steel, it is important to consider
the up to 30-times lower wear in the case of the DLC
(Fig. 6b) compared to the steel (Fig. 5b), which makes
any further reductions in the wear much more evident.

3 DISCUSSION
3.1 AFM

An AFM analysis of the adsorption of hexadecanol
and hexadecanoic acid on the DLC surfaces was
performed, using steel surfaces as a reference. After
the solutions of various concentrations had been left
on the surfaces to react, the samples were cleaned,
which was an important part of the work. Cleaning
with an ethanol sonication tended to remove the
non-bonded and weakly bonded molecules. Only the
strongly bonded molecules remained on the surface,
which is discussed in detail later on. In spite of this
relatively severe cleaning, a clear correlation between
the surface coverage and the molecule concentration
could be observed. The obtained results therefore
imply that the AFM can be used to analyze the
adsorption ability of polar molecules on various
surfaces.

The monotonous increase of the surface
coverage with an increasing concentration of the
polar molecules at room temperature (Fig. 4a) could
be explained by the theory that a larger number of
active molecules present in the carrier fluid means
that more binding sites on the surface can become
occupied, which consequently manifests itself in an
increased surface coverage. However, this holds only
for low concentrations or a large number of available
binding sites. Higher concentrations and/or a limited
availability of free binding sites would result in
the saturation of adsorption. Therefore, the surface
coverage would level off at higher concentrations.

The heterogeneity of the affinity of the adsorption
sites and the low adsorption ability of the molecules
might well be the reason for the leveling off of the
surface-coverage curves. In the case of hexadecanol
and steel (Fig. 4a), the low surface coverage and the
leveling off above the concentration of 15 mmol/l
indicate the weak adsorption ability of the long-chain
alcohol molecules with respect to the steel in static
conditions. However, the same alcohol molecules
seem to have a slightly better adsorption ability when
in combination with the DLC surfaces. Since DLC
coatings are known to be rather nonreactive towards
surrounding species under static conditions [4] this
result was surprising. On the other hand, the fatty
acids resulted in a higher surface coverage of the
steel than the DLC, which proves the well-known
good adsorption ability of the fatty acid with respect
to steel surfaces. Moreover, the fact that the fatty acid
resulted in a higher surface coverage on both surfaces
compared to the alcohol proves the overall, much
better adsorption ability of the fatty acids compared
to the alcohol. This very much agrees with several
complementary studies, see [19] and [20].

Although the 100Cr6 steel and the a-C:H coating
possess relatively similar total surface energies, the
polar component of the surface energy of the steel is
much larger, i.e., almost double, compared to the polar
component of the a-C:H, which indicates the better
overall adsorption ability of steel with respect to the
polar molecules compared to the hydrogenated DLC
[21]. This agrees well with the results of this study,
where the surface coverage of the steel with fatty acid
molecules was much greater compared to the DLC.
In the case of hexadecanol, however, the differences
in adsorption between the steel and the DLC are not
so obvious, which may be due to the lower polarity
of the alcohol compared to the fatty acid. Namely,
the polarity of the alcohols may be too low to reliably
differentiate the behavior based on the surface-energy
theorem.

At 80 °C the relations between the surface
coverage for both the additives and the surfaces
remained the same, which proves that the above
statements also hold true at elevated temperatures.
However, by elevating the temperature the surface
coverage increased drastically for the lowest
concentrations in all cases, Fig. 4. This could be
due to the better mobility of the molecules at higher
temperatures, and as a result, more molecules hit the
surface and adsorb. The affinity of the binding sites
may change as well. The leveling off in the case of
the hexadecanoic acid, where the surface coverage
reached its highest values, may be caused by a limited
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and relatively small number of available adsorption
sites on the surface. The slowly decreasing trend of
the surface coverage on both surfaces in the case
the hexadecanoic acid, above the concentration of
5 mmol/l, might be a consequence of the micelle
structures that can be formed from polar acid
molecules at higher concentrations.

3.2 Tribotests

Tribological tests were performed to compare the
friction and wear behaviors with the AFM results, and
to investigate the molecules’ ability to retain on the
surface and to act as a potential boundary-lubricating
agent. Although a minimum concentration (2 to 5
mmol/l) of alcohol molecules was necessary to achieve
significant reductions in the friction and wear, their
further decreasing with an increasing concentration is
in agreement with the well-known fact that alcohols
help to decrease the friction and wear of steel contacts
[22] to [24]. Namely, higher concentrations enable
a more complete adsorbed film, which protects the
surface asperities from direct mechanical contact,
passivates the worn and freshly exposed surfaces and
therefore prevents any strong adhesion. Decreasing
the COF and wear with the increasing hexadecanol
concentration, therefore, combines well with the AFM
results, Figs. 4.

In contrast to the hexadecanol, the hexadecanoic
acid in a concentration as low as 2 mmol/l was
sufficient to form an efficient protective film on the
surface. Nevertheless, it was already proven that fatty
acids readily form adsorbed layers and help to improve
the tribological properties of metals, see [18] and [25]
to [27]. However, the dependence of the tribological
performance on the acid (or alcohol) concentration at
25 °C does not directly resemble the surface coverage
measured with the AFM at 25 °C (Fig. 4a). The reason
for this is the increased contact temperature and wear.
The temperature in the tribocontacts may rise well
above the surrounding temperature due to the frictional
heat [28]. The increased contact temperature, if not too
high, usually enhances the adsorption. This is why the
tribological behavior of steel (Fig. 5) correlates much
better with the AFM results obtained at increased
temperature (Fig. 4b) than at room temperature, Fig.
4a. In addition to the frictional heat, the wear causes
the removal of the passivating surface layers, which
creates new dangling bonds on the surface. This is an
important phenomenon, in addition to temperature,
that distinguishes the tribocontact from the static
conditions.

The fact that the coefficient of friction of the
DLC/DLC contact was not affected by the presence
of the hexadecanol or hexadecanoic acid molecules
(Fig. 6a) does not necessarily imply the absence of
adsorption. It has been shown [5] that hydrogenated
DLC surfaces, like in our case, possess inherently low-
friction properties due to the passivation of the surface
dangling bonds by the hydrogen from the coating,
which prevents the formation of strong adhesion
bonds between the opposing surfaces. Passivating
the surfaces with the polar molecules may therefore
have no noticeable influence on the friction behavior
of the coating, since the shear between the adsorbed
hydrocarbon topcoats does not differ from the shear
between the bare hydrogenated DLCs. This seems to
be true at 25 °C as well as at 80 °C.

In contrast to the friction, the wear of the DLC
decreased in the presence of the hexadecanol and
hexadecanoic acid molecules (Fig. 6b). Similar
results, where the wear decreased in the presence of
alcohol, i.e., pentanol, were also reported in another
study with steel/DLC contacts [29]. According to the
obtained results, we presume that a film of adsorbed
polar molecules acts as a thin, highly viscous layer,
which prevents direct mechanical contacts between
the surface asperities and thus reduces the wear.

The fact that the acid always resulted in lower
wear of the DLC compared to the alcohol, irrespective
of the concentration used, again proves the superior
adsorption capabilities of the acid compared to the
alcohol. Moreover, trends in the wear reduction on
DLC in the presence of the alcohol and acid seem to
be similar as on the steel. Namely, the acid resulted
in the greatest reduction of wear at the lowest
concentration and caused only slight changes at higher
concentrations. The alcohol, on the other hand, caused
no noticeable changes at 2 mmol/l, but it resulted in
a monotonous decrease in the wear above 2 mmol/l.
These trends appear similar to those of the steel,
despite the overall lower effect that both molecules
had on the DLC compared to the steel. However, a
much lower degree of wear of the DLC compared to
the steel, which makes any further improvements in
the case of the DLC very difficult, has to be considered
here.

Nevertheless, the wear behavior of the DLC in
the presence of the polar molecules also correlates
well with the AFM data. This is especially true for the
surface coverage obtained at 80 °C (Fig. 4b), which is
due to the same reasons described earlier in the text
for the steel. Besides wear, rubbing may also trigger
a tribo-emission, which can occur at the surfaces of
DLC, see [30] and [31]. Tribo-emitted electrons, ions
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and photons can ionize molecules, allowing them
to chemisorb or even decompose, see [32] and [33].
The emission of charged particles, on the other hand,
leaves charged areas on the surface, which then serve
as new bonding sites. The wear and tribo-emission
can thus affect the adsorption of polar molecules and
befog the effect of the environmental temperature
on adsorption. Accordingly, the tribocontact appears
to enhance the chemisorption, which appears to be
a preferable mechanism in the tribological tests. On
the other hand, in the static AFM conditions, where
the formation of dangling bonds is less probable and
limited to higher temperatures, hydrogen bonding
seems to be a more plausible mechanism for the
molecule adsorption.

3.3 On the Adsorption Mechanisms
3.3.1 Static Conditions

Similar to steel, amorphous carbon coatings that are
exposed to ambient air and moisture also possess
a certain amount of oxides and hydroxides on the
surface, see [34] and [35]. The amorphous structure
and oxidation cause these surfaces to be heterogeneous
in the sense that they contain exposed adsorption sites
with a range of affinities for interactions with polar
end-groups [36]. The surfaces of the amorphous
carbon substrates therefore contain sp? and sp3
bonded carbon atoms, whereas the surface bonds are
passivated by hydrogen, oxides and hydroxides. Fig. 7
shows schematic diagrams illustrating several tentative
adsorption mechanisms for alcohols and fatty acids in
different environmental and contact conditions. In the

Alcohol (OH)
adsorption

Hydrogen bonding to the
surface oxides & hydroxides

AFM TRIBOTESTS
static condition dynamic condition
a) c) e)

M

Chemisorption to sp2 structure

H

H

Chemisorption to the surface
carbon atoms

b) d)

Fatty acid (COOH)
adsorption

Hydrogen bonding to the
surface oxides & hydroxides

.

Chemisorption to sp2 structure

f)

=C. O:‘
8 0

Chemisorption to the surface
carbon atoms

Fig. 7. Tentative adsorption mechanisms for alcohol and fatty acid molecules onto DLC; alcohol a) and fatty acid b) molecules physisorb by
the hydrogen bonding to the surface oxides and hydroxides; in the static conditions the alcohol c) and fatty acid d) molecules may chemisorb
to an unsaturated sp2 system; during the dynamic tribocontact conditions chemisorption of the alcohols e) and fatty acids f) to the surface
carbon atoms is greatly enhanced
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static conditions, the alcohol or fatty acid molecules
close to the surface physically adsorb by hydrogen
bonding to surface oxides and hydroxides, Figs. 7a
and 7b. Since the physical bonding is relatively weak
(~20 kJ/mol) it be can easily disrupted by the ambient
thermal energy or removed by solvent rinsing [35]. As
proposed by Kasai [35] and [37], alcohol molecules
can also chemisorb to the carbon surface, where
chemical bonding occurs when the hydrogen atom
from the hydroxyl endgroup migrates to the dangling
bond inside the amorphous carbon structure, while the
remaining alkoxy group interacts with the unsaturated
system at the surface, Figs 7c. We assume that the
fatty acids can chemisorb in a similar way, Fig 7d.

According to Kasai [35] and [37], such an
adsorption process is slow at room temperature, but
it can be accelerated by elevating the temperature.
This agrees well with our results, where the
adsorption of both alcohol and fatty acid molecules,
the alcohol and acid, on DLC was greatly promoted
at all concentrations when the temperature was
increased from 25 to 80 °C. Even though ultrasonic
cleaning may cause the removal of a large fraction
of physisorbed molecules, some of them may still
persist on the surface and contribute to the total
surface coverage. Their exact share of the total surface
coverage, however, cannot be determined from the
technique used in this work.

3.3.2 Dynamic Conditions

The rubbing during a tribological contact of DLC
surfaces causes the removal of the surface oxides,
hydroxides and even carbon atoms, which results in
the wear of the material. The consequential absence
of the surface passivating layers creates new dangling
bonds on the freshly exposed carbon atoms. These
dangling bonds tend to passivate themselves by
reacting immediately with the surrounding species,
like free hydrogen, oxygen and, to some extent, also
polar alcohol or fatty acid molecules. The alcohol
and fatty acid molecules chemisorb to the exposed
dangling bonds by the attachment of the oxygen from
the hydroxyl/carboxyl group onto the exposed surface
carbon atoms. The hydrogen that gets cut off from the
hydroxyl/carboxyl group during the chemisorption can
passivate the remaining dangling bonds on the surface
or gets removed from the contact as a H, molecule.
The alkyl chain of the alcohol therefore attaches
to the surface by creating an ether bond (C-O-C),
while the fatty acid presumably forms ester bonds.
The ions, electrons and photons may be generated in
the tribological contacts of the hydrogenated DLCs

[30] to [32], causing the formation of a triboplasma
and tribocharging. A triboplasma at the DLC surface
can cause tribochemical reactions, similar to those
proposed for steel by Kajdas in the NIRAM approach
[38].

All these phenomena contribute greatly to the
chemisorption of the alcohol and fatty acid molecules
on the DLC surfaces in the contact, Figs. 7e and 7f.
Since the physisorption is easily disrupted due to the
relatively weak van der Waals forces, it can only have a
minor effect on the friction and wear. The physisorbed
molecules are presumably unable to sustain these
boundary-lubrication conditions and such tribological
improvements would not be observed. We therefore
assume that it is the chemisorption that causes the
significant improvements in the triboperformance,
although both physisorption and chemisorption may
be present in the contact.

The adsorption mechanisms for the hydrogenated
DLC are in a way similar to the mechanisms
of adsorption onto steel. However, the bonding
energies between the polar molecules and the steel
(iron-alkoxide/carboxylate bond) are presumably
very different from the energies between the polar
molecules and the DLC (ether/ester-type bond).
Therefore, the ability of the additive molecules to
adsorb on the DLC surface and thus affect the friction
and wear may differ from the ability of the alcohol
molecules adsorbed onto steel.

4 CONCLUSIONS

In this work we showed that AFM can be used
successfully to detect islands of adsorbed molecules
on steel and DLC. We showed that polar molecules
can adsorb on the DLC also under static conditions,
although the DLC is assumed to be rather nonreactive.
The analysis of the surface coverage revealed that
fatty acid possesses an overall superior adsorption
ability compared to the related alcohol molecules.
Comparing the results for the steel and the DLC
revealed that fatty acid adsorbs better on the steel than
on the DLC, while the opposite holds for the alcohol
molecules. The presence of the fatty acid or alcohol
molecules in the lubricant can also reduce the wear
of the DLC coatings, which proves the adsorption
ability of these molecules. The adsorbed alcohol and
fatty acid molecules protected the surface asperities
from direct mechanical contacts and thus helped
to reduce the wear. At low concentrations (2 to 5
mmol/l) fatty acid resulted in lower wear compared
to the alcohol, which proved the better adsorption
ability of the acid. Above 7 mmol/l both molecules
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resulted in similar reductions in the wear, which — in
contrast to the differences in the static AFM tests — is
a consequence of the better film formation due to the
enhanced adsorption on the tribo-activated surfaces.
The fact that the adsorption of molecules had no
significant influence on the coefficient of friction can
be explained by the inherent low-friction properties of
the hydrogenated DLC itself. To sum up, the results of
this work showed that long-chain alcohols and fatty
acids adsorb onto DLC and can therefore serve as
potential green boundary-lubrication agents for DLC.
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