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Abstract
Diamond-like carbon (DLC) is a class of amorphous carbon materials used as wear-resistant coatings in tribo-components. 
The chemical inertness of DLC surfaces, while important in many applications, makes them incompatible with additives 
in commercial lubricants. Specifically, DLC surfaces do not permit strong adsorption of friction modifier molecules. This 
study aims at improving the adsorption of these friction modifier molecules on DLC surfaces through an acid treatment. 
Water contact angle measurements show that such a treatment results in improved hydrophilicity of the DLC. XPS analysis 
demonstrates 50% increase in the uptake of ArmeenT, an organic friction modifier, on DLC after the acid treatment. This 
increased ArmeenT adsorption is accompanied by marked decrease in friction in micro-scale friction experiments.
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1  Introduction

DLC coatings find applications in many fields such as auto-
motive components [1], biomedical implants [2], magnetic 
disk drives [3], and micro-electro-mechanical systems 
(MEMS) [4]. Structurally, DLC is a class of amorphous 
carbon materials composed of a network of sp2- and sp3-
hybridized carbon atoms. The relative proportion of these 
two hybridized carbon types and DLC growth conditions 
influence chemical, mechanical, and physical properties. 

DLC coatings are broadly classified as hydrogenated amor-
phous carbon (a-C:H) having certain fractional content of 
hydrogen in them and tetrahedral amorphous carbon (ta-C) 
with no hydrogen content. The sp3 fraction varies between 
20 and 65% in a-C:H [5], while that in ta-C ranges from 5 
to 90%. DLC coatings can be doped with other elements 
to modify their properties. Doping elements can either be 
metals such as tungsten [6], or non-metals such as nitrogen 
and sulfur [7, 8].

DLC coatings exhibit a wide range of tribological proper-
ties as a function of their chemical composition and hybridiza-
tion state of carbon. For example, DLC coatings can achieve 
hardness ranging from 20 to 90 GPa and are used as wear-
protective coatings [9–12]. Their friction behavior depends on 
internal and external factors [13]. Internal factors include the 
relative amounts of sp2- and sp3-hybridized carbon, the content 
of hydrogen, and other doping elements, whereas external fac-
tors include the relative humidity of the testing environment, 
sliding speed, and contact stress [14, 15]. As a result, the fric-
tion coefficient of DLC coatings under dry sliding conditions 
exhibits a wide range, from 0.001 to 0.7 [5]. For tribological 
components made of steels, one can achieve more predictable 
friction performance when lubricated with commercial lubri-
cants. For the same tribological components coated with DLC, 
the situation becomes more complicated as lubricant additives 
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such as friction modifiers in these lubricants were originally 
designed for iron-based surfaces.

During lubrication with a formulated lubricant, friction 
modifier molecules are expected to adsorb onto the surface and 
form a low-shear-strength layer, resulting in friction reduction 
in the boundary and mixed lubrication regimes. The adsorp-
tion is facilitated by dipole interactions between the polar 
end of these friction modifier molecules and oxide/surface 
hydroxyl groups covering a typical metal surface such as 
steel. Because of the chemical inertness and non-polar nature 
of DLC coatings, these friction modifier molecules show poor 
adsorption on DLC surfaces [16]. Kano et al. [17] observed 
that no tribochemical film was formed on a DLC surface when 
tested in a fully formulated SAE 5W-30 lubricant containing 
an organic friction modifier. They attributed this observation 
to the inactive chemical nature of DLC coatings. De Barros 
Bouchet et al. [18] found that hydrogenated DLC coatings 
showed better friction performance in the presence of lubri-
cant additives as compared to non-hydrogenated ones. Kano 
et al. [19] examined the friction performance of various DLC/
DLC and DLC/steel contact pairs in the presence of glycerol 
mono-oleate, an organic friction modifier. They found that the 
ta-C/ta-C pair gave substantially lower friction coefficient than 
those of a-C:H/a-C:H and ta-C/steel. The reason was ascribed 
to the formation of a tribofilm consisting of OH-terminated 
species resulting from the thermal degradation of the glycerol 
mono-oleate followed by reaction with carbon dangling bonds 
of the ta-C surface. In that study, tribofilm formation occurred 
after a short run-in phase, which was hypothesized to expose 
the carbon dangling bonds of a ta-C surface. These studies 
demonstrate that the adsorption of friction modifier molecules 
on DLC is highly variable.

The study presented in this paper is motivated by the need 
to generate DLC surfaces with enhanced adsorption of fric-
tion modifiers to achieve improved boundary friction perfor-
mance. Our approach was inspired by the early work on the 
synthesis of graphite oxide. Graphite has been traditionally 
oxidized by an acid treatment using the Hummers method 
[20], while other oxidizing agents were used to oxidize car-
bon nanotubes and carbon nanofibers [21]. In our work, we 
explore how the acid treatment affects the polar nature and 
surface roughness of these DLC surfaces. These results will 
then be compared with the adsorption uptake of a typical 
friction modifier and friction performance before and after 
the treatment.

2 � Materials and Methods

DLC coatings (a-C:H) were deposited on silicon substrates 
using plasma-enhanced chemical vapor deposition with 
methane as the precursor. Deposition details can be found 
in [22]. The thickness of the DLC coating was about one µm.

We used the “improved method” as presented in [23] 
to perform acid treatment of DLC surfaces. First, a 9:1 
(162:18 mL) mixture of concentrated sulfuric acid (H2SO4) 
and concentrated phosphoric acid (H3PO4) was added to 
8.1 g of potassium permanganate (KMnO4). DLC samples 
measuring about 5 × 5 mm2 were then immersed into this 
solution. This treatment was carried out as a function of tem-
perature (25 °C, 50 °C, 70 °C, and 90 °C) and time (5 min, 
15 min, 60 min, and 240 min) with continuous stirring. After 
removal from the solution, each sample was rinsed thor-
oughly with deionized water.

Water contact angles of DLC surfaces were measured 
immediately after the treatment on an ORBIT DSA25 
Contact Angle Meter using 1 µL deionized water drops. A 
white light interferometer (ZYGO NewView™ 7300) was 
used to collect quantitative surface topography information 
of the DLC surfaces. Chemical states of DLC surfaces as 
well as the quantification of friction modifier adsorption 
were obtained with a Thermo Scientific ESCALAB 250Xi 
X-ray photoelectron spectrometer, using the Al Kα line at 
1486.6 eV, with photoelectrons being collected at an emis-
sion angle normal to the sample surface.

We used a commercially available alkyl-amine-based 
friction modifier, ArmeenT (from AkzoNobel), to evaluate 
the effectiveness of surface acid treatment by micro-scale 
friction tests. ArmeenT was dip-coated onto the DLC surface 
by immersing DLC-coated substrates in ArmeenT (liquid) at 
120 °C for 5–60 min. Kimberly-Clark Kimtech delicate-task 
wipers were used to remove excess liquid from the surface 
right after the dip-coating process. Subsequent micro-scale 
friction tests were performed at room temperature using a 
Micro Materials NanoTest system under different loads (10 
mN, 20 mN, 40 mN, and 60 mN). Friction tests were con-
ducted with a spherical steel tip (2 mm diameter) sliding on 
the DLC surface at 1 µm/s for 300 µm, with simultaneous 
recording of the normal and lateral forces. The averaged 
friction coefficients were extracted from the friction-time 
curves.

3 � Results and Discussion

3.1 � Water Contact Angles and Surface Topography

Figure 1a, b shows how the water contact angle of DLC 
surface is affected by the acid treatment as a function of 
temperature and time, respectively. Figure 1c provides visual 
evidence for the marked increase in hydrophilicity due to the 
treatment at 90 °C for 240 min. These results indicate that 
treatment at modest temperatures (50–90 °C) for short times 
(5–15 min) are sufficient to produce strongly hydrophilic 
DLC surfaces.
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Figure 2 shows results of surface roughness meas-
urements before and after the treatment. The measure-
ments were conducted on four samples for all the cases 
shown, with sampling area of 702 µm × 520 µm. The sur-
face roughness is statistically the same before and after 
the acid treatment, confirming that the marked change 
in hydrophilicity is due to surface chemical rather than 
topographical changes.

3.2 � XPS Analysis of Treated and Untreated DLC 
Surfaces

Figure 3a shows the C 1s XPS spectra obtained from the 
DLC surface before and after the acid treatment (90 °C 
for 15 min). There is a small peak shift to larger binding 
energy of 0.5 ± 0.1 eV after the acid treatment. The C 1s 
peak asymmetry suggests the existence of multiple bind-
ing states. Deconvolution of the C 1s peak into three com-
ponents around 284 eV (due to C–C and C=C), 286 eV 
(due to C–O), and 288 eV (due to C=O) gives excellent 

Fig. 1   a Water contact angles of DLC surfaces treated for 240  min 
at different temperatures; b water contact angles of DLC surfaces 
treated at 90  °C for different durations; c comparison of the water 

contact angle before (left) and after (right) the acid treatment per-
formed at 90 °C for 240 min

Fig. 2   Roughness of DLC surfaces treated a for 240 min at different temperatures, b at 90 °C for different durations
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fit to the data. Results of the deconvolution show that 
the fraction of oxidized carbon (C–O and C=O) signal 
increases from about 15% for the untreated surface to 29% 
for the treated surface.

Figure 3b shows the O 1s XPS spectra obtained from 
the DLC surface before and after the acid treatment. 
Oxygen adsorption on a typical DLC surface is common 
[23]. There are three notable O 1s features. First, the peak 
is unusually broad, with full-width at half-maximum of 
3.2–3.4 eV. This shows that there are multiple oxygen 
bonding states, most likely due to a mixture of O–H and 
C–O bonding. Second, the O 1s peak shifts to larger bind-
ing energy by 0.5 ± 0.1 eV due to acid treatment, same 
as the C 1s peak shift. This rigid peak shift suggests a 
decrease in work function induced by the formation of 
surface dipoles. Third, the integrated intensity of the O 
1s peak after the acid treatment is greater than that before 
the treatment. Given that the XPS sampling depth is much 
less than the DLC film thickness and that the acid treat-
ment is not expected to vastly disrupt the carbon film, 
we assume the carbon signal intensity to be constant. By 
scaling the O 1s signal to a constant C 1s integrated inten-
sity, we calculate that the oxygen content increases by 
about 50% due to the acid treatment.

XPS does not provide definitive chemical state infor-
mation about oxygen incorporated onto the DLC surface. 
Regardless, the observed work function decrease suggests 
that surface dipoles have been formed by oxygen incor-
poration. The increased polar nature of the DLC surface 
is consistent with the marked decrease of water contact 
angle after the acid treatment, as shown in Fig. 1c.

3.3 � XPS Analysis of ArmeenT Adsorption

To compare the amount of ArmeenT adsorbed on the DLC 
coating surface before and after acid treatment using the 
same dip-coating procedure, we performed XPS measure-
ments of the N 1s and C 1s core levels from these surfaces 
immediately after the procedure. The acid treatment was 
conducted at 90 °C for 15 min, and the dip-coating time 
was set at 15 min for all samples. Each N 1s spectrum has 
been normalized by the C 1s integrated intensity from the 
corresponding sample to eliminate run-to-run variation in 
XPS intensities. Due to atmospheric adsorption, nitrogen 
was present on the DLC surface even before ArmeenT dip-
coating. This background nitrogen signal was subtracted 
from each N 1s spectrum to facilitate comparison. Based on 
the relative sensitivity factors, one can convert these inte-
grated signal counts into atomic percentages within the XPS 
probing depth. Figure 4a compares the N atomic percent-
ages obtained ArmeenT adsorbed on untreated DLC sample 
(2.7%) and three independently treated DLC samples (aver-
age = 3.9%). The electron kinetic energy corresponding to 
the N 1s peak is about 1100 eV, and the sampling depth at 
this energy is about 2 nm, or 10 atomic layers. Assuming 
that ArmeenT molecules are present on the surface only, 
this means that the surface coverage of ArmeenT after 
acid treatment of DLC is about 39%, compared with 27% 
before acid treatment. Therefore, the ArmeenT uptake by 
DLC increases by almost 50% due to the acid treatment. 
Note the decrease of the N atomic percentage after rinsing 
with toluene, by 20–25% for the three surfaces for which 
we have data, likely due to wash-off of multilayers. The 

Fig. 3   XPS a C 1s and b O 1s core level spectra obtained from the DLC surface before and after acid treatment (90 °C for 15 min)
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enhanced amine adsorption on DLC after acid treatment by 
almost 50% remains valid. Figure 4b shows that the N 1s 
peak occurs at ~ 400 eV for ArmeenT dip-coating on the 
untreated and treated DLC surfaces, the major difference 
between the two being the enhanced intensity for the treated 
case. The N 1s peak position also signifies that the N atom 
of the adsorbed friction modifier molecule is close to neutral 
on the untreated and treated DLC surfaces.

3.4 � Micro‑scale Friction Measurements

To explore how increased ArmeenT adsorption may affect 
friction, we performed micro-scale friction experiments 

on these DLC samples under varying normal loads. Fig-
ure 5a compares the micro-scale coefficient of friction of 
a spherical steel tip sliding on untreated DLC with that on 
DLC after acid treatment (90 °C for 15 min) as a function 
of dip-coating time in ArmeenT at different loads. The 
friction results from untreated DLC without ArmeenT dip-
coating are included as a reference. Results presented in 
Fig. 5a were averaged from the friction-time curves over 
five repeating tests, with values reproducible within ± 5%. 
Figure 5b shows friction-sliding distance curves at 60 mN 
load for untreated and treated DLC after dip-coating in 
ArmeenT for 60 min, along with data for untreated DLC 
for comparison. These results show that treated DLC 

Fig. 4   a Comparison of nitrogen atomic percentage due to ArmeenT 
dip-coating on DLC coatings with and without acid treatment, before 
and after rinsing with toluene. U = DLC sample without acid treat-
ment; T1, T2, T3 = DLC samples with acid treatment (90  °C for 

15 min); UR, TR1, TR2 = corresponding DLC samples after rinsing 
with toluene; b N 1s spectrum after ArmeenT dip-coating on U and 
T2

Fig. 5   Friction coefficient comparison for DLC surfaces a tested at normal loads of 10–60 mN and dip-coating duration of 5–60 min at 120 °C; 
b friction-distance plots at 60 mN normal load (DLC acid treatment at 90 °C for 15 min; ArmeenT dip-coating time = 60 min)



	 Tribology Letters  (2018) 66:128 

1 3

 128   Page 6 of 7

surface after ArmeenT dip-coating gives 50% lower coeffi-
cient of friction compared with the untreated DLC surface 
under the same dip-coating and micro-scale friction meas-
urement conditions. Together with the XPS results, one 
may conclude that this is the result of increased ArmeenT 
adsorption on the treated DLC surface.

4 � Conclusions

A modified acid treatment has been explored to make DLC 
surfaces more compatible with organic friction modifiers. 
The surface modification process was analyzed, and fric-
tion performance was evaluated. Following conclusions 
can be drawn:

1.	 The acid treatment makes the DLC surface more hydro-
philic. Optical microscopy and surface roughness 
measurements demonstrate no significant changes in 
surface topography, thus confirming that the change in 
the hydrophilicity of DLC arises not from topographic 
changes, but from the modification of the chemical 
nature of the surface.

2.	 Comparison of XPS spectra of DLC taken before and 
after acid treatment shows a rigid shift of 0.6 eV for O 
1s and C 1s core levels to larger binding energies due to 
the surface acid treatment of the DLC, suggesting work 
function decrease of the same magnitude. This signi-
fies an increased concentration of surface dipoles, mak-
ing the surface more polar, which is consistent with the 
observed improvement in hydrophilicity. Deconvolution 
of C 1s XPS reveals that the content of oxidized carbon 
(C–O and C=O) is nearly doubled because of the acid 
treatment.

3.	 XPS analysis shows that acid treatment of DLC improves 
its adsorption uptake of ArmeenT, an organic friction 
modifier, by about 50%. This improved uptake is also 
reflected in lower friction coefficient obtained from such 
treated DLC surfaces compared with untreated ones.
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