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Abstract: Diamond-like carbon (DLC) coatings are known to provide beneficial mechanical and tribological 
properties in harsh environments. Their combination of high wear resistance and low friction has led to their 
extensive use in any number of industries. The tribological performance of a DLC coating is varied however, and 
the frictional response is known to be strongly dependent on the surrounding environment, as well as the 
material composition and bonding structure of the DLC coating. This paper presents an up-to-date review on  
the friction of DLC coatings in a water environment, with a special focus on transfer layer formation and 
tribochemistry. 
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1  Introduction 

Diamond-like carbon (DLC) coatings are of interest in 
a variety of applications to provide low wear and low 
friction. The main industry drivers for the development 
of DLC coatings relate to the potential for longer 
component lifetime, leading to cheaper components. 
Additionally, coated components are more energy 
efficient due to a reduction in frictional losses. 
Fundamentally, DLC coatings are comprised of carbon 
atoms bonded in an amorphous configuration; the 
proportion of sp3 and sp2 hybridisations of carbon in a 
DLC coating, the orientation and clustering of the sp2 
phase, and the atomic structure of the carbon matrix, 
control the mechanical and tribological properties 
[1, 2]. In addition, hydrogen is often present in the 
coating, either chemically bonded to the carbon 
matrix or trapped within interstitials. As a result of 

this DLC coatings are termed hydrogenated or non- 
hydrogenated coatings. 

The mechanical properties of a DLC coating    
are governed by a number of important factors. 
Fundamentally, the deposition method is a crucial 
factor in defining the mechanical response of a coating. 
An excellent review paper by Robertson [3] outlines 
the deposition methods, atomic structure, bulk pro-
perties, and mechanics of DLC coatings. A ternary 
phase diagram is often used to outline the various 
categorisations of DLC coatings. It was first presented 
by Jacob and Moller [4] for hydrogenated amorphous 
carbon (a-C:H) coatings and hydrogenated tetrahedral 
amorphous carbon (ta-C:H) coatings, and later was 
updated by Robertson [3] to include sputtered amor-
phous carbon (a-C) coatings, tetrahedral amorphous 
carbon (ta-C) coatings, and graphitic carbon coatings. 
The ternary phase diagram of Robertson [3] is shown in 
Fig. 1. The mechanical properties of each categorisation 
of DLC coating are given in Table 1 in terms of the  
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Fig. 1 The ternary phase diagram of DLC coatings [3, 10]. 

percentage of sp3 bonded carbon, the hydrogen content, 
approximate density, and typical hardness and Young’s 
modulus.  

The deposition of a DLC coating leads to intrinsic 
stresses in the carbon matrix. These stresses are known 
to vary as a function of the bias voltage [5, 6], power 
density [7, 8], and gas precursor [5]. Modern techniques 
allow for the deposition of multi-layer or gradient 
coatings, as well as doping or alloying of a DLC coating, 
and these are used to reduce internal stresses or to 
achieve some extra functionality. In this manner, DLC 
coatings can be tailored to application [9, 10]. 

A number of excellent review papers are available 
regarding the tribology of DLC coatings [12−17]. In 
particular, a book by Donnet and Erdemir [14] examines 
the tribology of DLC coatings in various environments. 
However, a review of the effects of a water environ-
ment on different types of DLC coatings under different 
test conditions is missing in the literature, and it is 
the aim of this paper to draw together an up-to-date 
representation of this. In addition, some recent work 

on the effects of the transfer layer on the tribology of 
DLC coatings in a water environment is included [18]. 

2  Contributions to friction 

The friction of a DLC coating is dependent on a number 
of factors, relating to the composition of the DLC 
coating itself, and the interactions between the DLC 
coating and its surroundings. The deposition method, 
chemical composition, and roughness all strongly 
affect the coefficient of friction of a DLC coating. 
Additionally, the coefficient of friction is sensitive to 
the environment that the DLC coating slides in the 
counterface and the interfacial chemistry. Fontaine  
et al. [19] considers friction of DLC coatings to be    
a summation of adhesive, abrasive, and shear 
mechanisms. The magnitude of adhesive friction in a 
DLC coating is related to the coating microstructure, 
the environmental conditions, and the counterface. 
The strongest adhesive interactions in the context of 
DLC coatings are resultant from covalent bonds which 
form between the contacting surfaces, from the sigma 
orbitals of carbon atoms on the DLC surface. The 
presence of sigma orbitals may lead to high friction, 
but they may be passivated through reaction with 
environmental species or hydrogen present within 
the coating microstructure. An abrasive contribution 
to the friction of DLC coatings is due to mechanical 
interlocking of asperities, and is closely related to 
surface roughness of the coating. Thus abrasive 
interactions can be limited through deposition of a 
DLC coating onto a smooth substrate, since DLC 
coatings typically grow conformal to the substrate 
surface. Finally, DLC coatings are known to form a low 
shear strength layer of wear debris called a transfer 

Table 1  An approximate categorisation of DLC coatings, and their mechanical properties [1, 3, 11]. 

 sp3 (%) Hydrogen (%) Density (g/cm3) Hardness (GPa) Young’s modulus (GPa)

Graphite 0 0 2.267 0.2–2 10 

Diamond 100 0 3.515 100 1000 

a-C 0–5 < 1% 1.9–2.2 10–20 100–200 

a-C:H soft 60 40–60 1.2–1.6 < 10 100–300 

a-C:H hard 40 20–40 1.6–2.2 10–20 100–300 

ta-C 80–88 0 3.1–3.3 50–80 300–500 

ta-C:H 70 30 2.4 50 300 
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layer [20−23]. The shearing component of friction 
accumulates from the energy required to cause plastic 
deformation to the transfer layer. The shear strength of 
this transfer layer has been shown to govern friction 
[24], and will vary with adsorption of environmental 
species such as water vapour.  

2.1  The effects of hydrogen 

The sensitivity of the coefficient of friction to the 
environment and the chemical composition of the 
DLC coating can be illustrated by considering the 
effects of hydrogen on the tribology of DLC coatings 
in dry and humid air. For non-hydrogenated coatings, 
the coefficient of friction in vacuum is often very large 
 ( 0.5)  as a result of the strong adhesive forces 

between surfaces [25]. For hydrogenated coatings, the 
coefficient of friction in a vacuum is typically much 
less, with   0.001  observed for highly hydrogenated 
a-C:H coatings deposited from methane at high ion 
energy [26]. Hydrogenated coatings have extremely 
low coefficients of friction in dry air, and in inert gases 
such as nitrogen [27]. The reason for this differing 
behaviour is related to the passivation of the surface 
of a DLC coating with hydrogen [25, 26]. When a DLC 
coating contains hydrogen, or a DLC coating slides in 
a hydrogenated environment, hydrogen atoms bond 
to carbon atoms within the DLC coating, which limits 
the number of sites where covalent bonds can form 
between contacting surfaces, thus lowering adhesion. 
For non-hydrogenated coatings, this mechanism cannot 
occur since no hydrogen is present within the DLC 
coating microstructure, and therefore in a vacuum 
(or any inert environment) high adhesion is typically 
observed as a result of the reactivity of the DLC 
coating surface.  

Erdemir [25] revealed a trend between the friction 
of DLC coatings and the source gas used during 

deposition. Coatings which were deposited with a 
higher ratio of hydrogen atoms to carbon atoms 
showed a lower coefficient of friction. This is due to  
a higher proportion of hydrogen terminated sigma 
bonds, minimising the number of adhesive interactions 
between surfaces. 

Further complexity is observed when DLC coatings 
slide in reactive environments, for example in nitrogen 
with high humidity. In this environment, the sigma 
bonds on the surface of a non-hydrogenated DLC 
coating react readily with oxidative species, leading 
to fewer sites where adhesive interactions may occur 
and resulting in a reduction in the coefficient of friction. 
For hydrogenated DLC coatings in this environment, 
the polarity of oxygenated species present at the 
interface (adsorbed either physically or chemically) 
results in a higher coefficient of friction than that seen 
in an inert environment. For this reason the ultra-low 
coefficient of friction of   0.01  observed in an inert 
environment is lost. Table 2 outlines the approximate 
range for the coefficient of friction in varying relative 
humidity (RH) and in water for a-C, a-C:H, and ta-C 
coatings.  

The tribochemical interactions that control the 
friction of hydrogenated coatings against a steel 
counterface were examined by Fontaine et al. [19, 32] 
by varying the partial pressure of hydrogen in a 
vacuum. The coefficient of friction was shown to be 
initially low (in the range 0.001–0.005) independent 
of the hydrogen partial pressure, but it increased 
suddenly to a coefficient of friction of 0.3 after some 
time. In tests with a higher hydrogen partial pressure, 
this increase in the coefficient of friction was further 
delayed. At 1,000 Pa partial pressure of hydrogen, 
this phenomenon was no longer observed. The initially 
low friction was linked to the internal store of hydro-
gen within the DLC coating. When this ran out, the 

Table 2 An approximate range for the coefficient of friction in low relative humidity, high relative humidity, and in water, for a-C, 
a-C:H, and ta-C coatings. 

Coefficient of Friction  

 < 5 % RH 5–100 % RH Water 

a-C 0.3–0.8 [25, 28] 0.1–0.2 [29] 0.07–0.1 [28] 

a-C:H 0.003–0.3 [25, 29, 30] 0.02–0.5 [28, 29, 31] 0.01–0.7 [28] 

ta-C 0.4–0.8 [27, 29] 0.08–0.12 [21, 28] 0.07 [27] 
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low friction could only be maintained from sliding- 
induced reaction of the DLC surface and the hydrogen  
within the environment. The sudden increase in 
friction was linked to the failure to replenish the 
surface of the DLC coating with hydrogen, resulting 
in adhesive interactions between surfaces.  

The sliding velocity has been shown to affect the 
dynamic friction of a hydrogenated DLC coating 
sliding against itself [33]. As the velocity increased, 
the coefficient of friction was observed to decrease 
non-linearly (see Fig. 2). This can be explained in terms 
of adhesive interactions on a molecular level where a 
small sliding velocity provides time for many adhesive 
bonds to form due to an asperity contact, causing a 
large frictional resistance, whereas an large sliding 
speed will limit the number of bonds that have time 
to form between surfaces, causing a reduction in the 
coefficient of friction. 

On a similar note, the dependence of the coefficient 
of friction on the dwell time in humid air was inves-
tigated by Heimberg et al. [33], showing that the longer 
that the DLC coating is left in humid air, the greater 
the increase in the coefficient of friction (when sliding 
against itself). This can be attributed to the adsorption 
of oxygen and other reactive species onto the surface 
of the DLC coating, displacing the hydrogen from the 
surface and increasing the polarity of the surface. This 
time dependent behaviour led to higher adhesive 
friction for longer dwell time. 

 

Fig. 2 The effect of sliding speed on the coefficient of friction 
of hydrogenated DLC coatings, reproduced from [33]. 

2.2  The effects of doping and alloying 

The inclusion of metal or non-metal dopants or 
interlayers within a DLC coating microstructure will 
affect the frictional response [9, 13]. The tribology of 
Si doped a-C:H coatings against steel in ambient air 
was investigated first by Oguri et al. [34] in sliding wear 
tests of 10–50 N load and 0.2–3 m/s velocity. A low 
coefficient of friction of 0.04 was observed, contrary 
to a coefficient of friction of 0.12 for undoped coatings. 
Gilmore et al. [35] examined a range of commercial 
and in-house DLC coatings with varying Si content, 
and found a reduction in the coefficient of friction of 
Si doped coatings in high humidity against both steel 
and DLC counterfaces. Rubio-Roy et al. [36] showed 
a decrease in the coefficient of friction of F doped 
DLC coatings against tungsten carbide balls as relative 
humidity increased from 20% to 60%. It is evident 
that the correct addition of a dopant can improve the 
properties of a DLC coating without sacrificing the 
wear resistance associated with these coatings.  

2.3  Transfer layer formation 

The formation of a low shear strength layer termed a 
transfer layer is well known for DLC coatings. A 
transfer layer is typically composed of disordered 
carbon wear debris from the DLC coating, as well as 
wear debris from the counterface, and any reactive 
environmental species. This third-body governs the 
frictional response by controlling the adhesive 
interactions that can occur between surfaces. The 
adherence of the transfer layer depends on the 
counterface material as well as the test environment. 
Investigations into the tribology of DLC coatings 
show that the formation of a transfer layer is common 
[20, 21, 37−39]. The concept of transfer layer formation 
has been reported since the advent of DLC coatings [40] 
and has been linked to a decrease in the coefficient of 
friction [31]. Transfer layers appear thicker with 
increased sliding velocity and normal load [28], and 
can develop in ambient air as well as in a humid 
atmosphere [27], or in water [41]. 

It has been discussed that the formation of a 
transfer layer is beneficial, but the conditions under 
which a transfer layer will develop are unknown, and 
are sensitive to test parameters. Scharf and Singer 
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[22, 42−44] investigate the mechanisms by which 
transfer layers form for a range of commercial DLC 
coatings using in situ Raman spectroscopy and optical 
microscopy to demonstrate how third-body processes 
govern the frictional behaviour. The dynamics of a 
transfer layer are discussed in two distinct ways, and 
are defined as the velocity accommodation modes 
(VAMs) of the third body. The velocity accommodation 
modes are described below, and depicted in Fig. 3. 
 Shearing and extrusion of debris (see Fig. 3(a)); 

detached wear particles from a DLC coating may 
loosely shear between two surfaces. Many sit in the 
valleys between surfaces causing surface smoothing 
by valley in-fill, or are lost from the contact region 
entirely. This may lead to further contact between 
surfaces increasing two body wear. 

 Interfacial sliding (see Fig. 3(b)); wear particles 
from a DLC coating may adhere to the counterface. 
This static transfer layer prevents two body wear 
between surfaces and acts as a sacrificial layer. 

In any contact, both processes are likely to occur 
simultaneously in local regions. The formation of   
a static transfer layer through interfacial sliding will 
depend on the local contact pressure and temperature 
distribution, as well as third body chemistry. 

In the work of Scharf and Singer [22, 42−44], the 
formation of a transfer layer was examined during 
reciprocating sliding tests of a sapphire ball against 
the DLC coatings in dry (< 5% relative humidity)   

air. An initially high coefficient of friction of 0.25 
dropped rapidly to 0.05 and remained constant for 
the next 300 cycles. The in situ optical images showed 
how a transfer layer developed and remained static 
on the ball surface. The VAM was interfacial sliding 
between surfaces. Raman spectra showed develop-
ment of the D-peak as the test continued, indicating 
graphitic material at the interface, due to graphiti-
sation of the DLC coating. Later in the test, a spike in 
the coefficient of friction occurred before returning 
again to steady-state behaviour. The Raman spectra 
showed a decrease in intensity of the D-peak in the 
cycles previous, suggesting that the transfer layer was 
wearing from the region. Optical microscopy showed 
the loss of some of the transfer layer, which was the 
reason for the observed increase in the coefficient of 
friction. The subsequent return to low friction was due 
to shear and extrusion of debris, which continued until 
the transfer layer had healed (either from reattach-
ment of loose debris or from further wear of the DLC 
coating) and interfacial sliding resumed. 

The importance of the development of a transfer 
layer on the friction of DLC coatings is clear. The 
velocity accommodation mode is affected by the 
composition of the DLC coating, and is expected to 
vary as a function of test parameters, such as load and 
sliding velocity, and service conditions. Importantly, 
the formation of a transfer layer is dependent on  
the test or service environment, and therefore we 

 
Fig. 3 The velocity accommodation modes of a transfer layer; (a) shear and extrusion of debris, and (b) interfacial sliding, based on 
Refs. [43, 44]. 
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now focus on the friction of DLC coatings in a water 
environment, to examine the potential for the use   
of DLC coatings on components under aqueous 
lubrication. 

3  Friction in a water environment 

The friction of a DLC coating under water lubrication 
will vary as a result of the deposition process, but 
will also vary as a function of test parameters such as 
normal load and sliding velocity. The mechanical 
motions of the third-body will have a strong influence 
on friction, as will the tribochemistry. This section 
attempts to capture the current state of the literature, 
and the various contributions to friction of a DLC 
coating under water lubrication. 

When a hydrogenated DLC coating slides in distilled 
water, the low friction that is present in an inert 
environment is disturbed. The hydrogen passivation 
mechanism of Erdemir [25, 26] is replaced by the 
preferential adsorption of the most polar molecules 
onto the DLC surface [45], and as a consequence   
the friction is controlled by the molecular species at 
the interface as opposed to the hydrogen content of 
the coating. In addition, a non-hydrogenated DLC 
coating that shows a high coefficient of friction in an 
inert environment may provide a similar coefficient 
of friction to that of a hydrogenated coating in water 
[46]. Table 2 outlined the approximate range for the 
coefficient of friction in varying humidity and in water 
for a-C, a-C:H, and ta-C coatings.  

Ronkainen et al. [41] investigated a range of 

hydrogenated and non-hydrogenated DLC coatings in 
reciprocating sliding against alumina balls at a 5 N 
load and 0.004 m/s sliding velocity. Table 3 shows a 
summary of their results for the range of commercially 
deposited DLC coatings. The plasma-enhanced 
chemical vapour deposition (PECVD) coatings failed 
within the first 100 m, whereas non-hydrogenated 
pulsed vacuum arc coatings showed a low coefficient 
of friction (0.04–0.05). The pulsed vacuum arc coatings 
showed a high coefficient of friction initially which 
reduced throughout the tests. No chemical analysis 
was performed but this reduction in friction was 
most likely to the development of a transfer layer. In 
addition, the authors suggest that hydrogenated 
coatings are susceptible to a higher specific wear rate 
in water, but that this can be remedied with the use 
of dopants and/or multilayers. The tribology of pulsed 
laser deposited DLC coatings against steel balls in 
humid air was also examined by Voevodin et al. [31]. 
A decreasing coefficient of friction was observed with 
increased relative humidity, and was lowest for non- 
hydrogenated ta-C coatings  ( 0.07) . 

Ronkainen and Holmberg [28] report the effects of 
load and sliding velocity on the frictional performance 
of ta-C coatings sliding against steel in 50% RH. The 
coefficient of friction varied over the range 0.14–0.19 
as a function of sliding velocity and normal load. The 
highest load (35 N) and highest sliding velocity (2.6 m/s) 
led to the highest coefficient of friction ( 0.23)µ .  

The effects of test parameters were also explored 
by Uchidate et al. [47] who studied the tribology of a 
magnetron sputtered DLC coating versus stainless  

Table 3 The mechanical properties and tribological results of 7 commercially produced DLC coatings in a water environment at 
room temperature [41]. 

Coating Deposition method Hydrogen 
content 

Friction coefficient Wear rate 
(× 10−6 mm3/Nm) 

Transfer layer 

a-C:H PECVD 25–40% 0.05 Coating wore through Yes 

a-C:H/Si PECVD ≈ 30% 0.06 0.2 No 

a-C:H/W Magnetron sputtering ≈ 10% 0.08 0.3 Yes 

a-C/Cr Magnetron sputtering ≈ 0% 0.12 2 Yes 

a-C:H/Si Ion beam ≈ 10% 0.07 0.2 Yes 

ta-C Pulsed vacuum arc 
discharge 

≈ 0% 0.03 Immeasurable No 

a-C Pulsed vacuum arc 
discharge 

≈ 0% 0.04 Immeasurable No 
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steel in distilled water in a ball-on-disc setup, to 
examine the potential for DLC coatings to be used in 
nuclear applications. Using an autoclave they varied 
the dissolved oxygen concentration, pressure, tem-
perature, and load. Figure 4 shows the experimental 
findings extracted using an experimental design 
statistical method. The coefficient of friction was 
higher in quasi-tap water in all tests, and is much 
larger at 80 °C. Analysis of ball wear scars showed 
that a relatively thick (500 nm) transfer layer formed 
at 20 °C, which thinned to a few nm at 80 °C, as 
identified by Auger electron spectroscopy (AES) depth 
profiling. Chemical mapping showed the transfer 

layer consisted of mostly Fe, C, and O. The increased 
friction at high temperature can be linked to the 
degradation of the transfer layer, as can be seen by 
the images in Fig. 5. 

Recently, the consequence of surface texturing on 
the coefficient of friction of a DLC coating was con-
sidered by Ding et al. [48] for magnetron sputtered 
coatings under water lubrication. Grooves of 3–4 µm 
depth and 40 µm width were spaced at various 
distances along the surface, before the steel substrate 
was coated. Grooves lay perpendicular to the sliding 
direction. An optimal distance was found between 
grooves to provide a lower coefficient of friction   

 

Fig. 4 The effects of load, temperature, dissolved oxygen, and water pressure, on the coefficient of friction, in the case of pure deionised
water and quasi-tap water [47]. 

 
Fig. 5 SEM images of transfer layers formed at (a−b) 20 °C, (c) 50 °C, and (d) 80 °C, in quasi-tap water at a 57 N load against stainless 
steel [47]. 
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than the untextured surface. In another study, surface 
polishing of DLC coatings by aero-lapping and 
diamond slurry were compared to as-deposited 
magnetron sputtered coatings [49]. Under water 
lubrication, the aero-lapped DLC coating showed the 
lowest and most stable coefficient of friction but high 
wear comparative to the as-deposited DLC coating. The 
diamond slurry polished coating showed a reduced 
friction value and the lowest wear volume.  

The effect of the third body on the friction of DLC 
coatings under water lubrication was examined recently 
by Sutton et al. [18], who have linked the tribological 
response of a selection of commercial DLC coatings 
with the formation of transfer layers. Optimum 
tribological behaviour was observed when the VAM 
was interfacial sliding, where a low and steady 
coefficient of friction was observed. Alternatively, 
shear and loss of the transfer layer led to a high   
and erratic coefficient of friction. In the case of shear, 
Raman spectra showed loss of the carbonaceous 
transfer layer as wear tests continued—leading to 
third-body abrasive wear involving iron oxide particles. 
The importance of the third-body on the tribology  
of DLC coatings is clear, and the formation of a 
carbonaceous transfer layer is known to lead to a  
low and steady coefficient of friction—however the 
conditions under which a stable transfer layer will 
form are unknown, and further investigations are 
needed to understand the conditions under which a 
stable transfer layer will develop. 

3.1  Tribochemistry of DLC coatings 

In order to understand the mechanisms behind the 
friction of DLC coatings under water lubrication, 
much effort has gone into understanding the changes 
in tribochemistry and their effect on friction. In par-
ticular it should be noted that the counterface plays 
an important role here. Previously, Park et al. [50] 
have focused their efforts on the tribochemistry of 
hydrogenated PECVD coatings sliding against steel 
in humid air. With increasing humidity, the coefficient 
of friction increased in value from 0.025 (at 0% 
humidity) to 0.2 (at 90% humidity). Analysis of the 
worn surfaces showed an increase in the size of Fe 
rich debris with increasing humidity, suggesting that 
the high friction observed is a result of tribochemical 
reactions between the steel ball and the DLC coating, 

and not an inherent tribological property of the DLC 
coatings.  

Additionally, Li et al. [51, 52] investigated the 
tribochemistry of hydrogenated DLC coatings tested 
in a 100% RH nitrogen environment against a range 
of counterface materials. Against a steel ball, the 
coefficient of friction increased gradually from 0.05 to 
0.2 over the duration of the test. Comparative friction 
traces for silicon nitride and aluminium oxide balls 
against a DLC coating showed steady behaviour in 
comparison. The reason for this differing behaviour 
was suggested to be due to tribochemical reactions 
between the steel ball and the DLC coating. In further 
work, identical DLC coatings were tested against steel 
balls in a nitrogen environment at different relative 
humidity [51]. The coefficient of friction varied from 
0.05 to 0.20 with increased relative humidity. A compact 
transfer layer was present on the steel counterface at 
low RH, whereas the formation of a carbonaceous 
transfer layer was suppressed at a higher RH. X-ray 
photoelectron spectroscopy (XPS) showed that at a 
higher RH, the increased coefficient of friction was 
due to oxidation of the DLC coating and chemical 
reactions between the DLC coating, steel ball, and 
water and oxygen molecules present. Specifically, at 
< 5% RH, the presence of C–C, C–H, C–O, and C=O 
bonding on the C1s spectrum was detected. As 
humidity increases, the formation of O–C=O bonding 
was observed, as well as a reduction in the pro-
portion of C–C and C–H bonding. At 100% RH, Fe–C 
was observed, suggesting tribochemical reactions 
occurred directly between the DLC coating and steel 
ball. Observation of the O 1s state showed the presence 
of Fe–O bonds, suggesting the formation of Fe2O3, 
Fe3O4, and FeOOH. 

For DLC coatings sliding against steel in humid 
conditions, Li et al. [51, 52] proposed the following 
reaction mechanism (Fig. 6); mechanical cracking   
to the DLC surface occurs during sliding as a result 
of shear forces, breaking C–C and C–H bonds and 
producing macro-radicals which may react with the 
environment. In the presence of water or oxygen mole-
cules, peroxide radicals could result in the formation 
of hydro-peroxide groups on the DLC surface 
(–COOH), as well as C–O and C=O functional groups. 
Against steel, activated Fe atoms could also form 
Fe–C bonds. 
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Fig. 6 A proposed reaction mechanism for the cracking and 
oxidation of DLC coatings in humid environments [51, 52].  

The friction of DLC coatings sliding in a humid 
environment can then be linked to tribochemical 
reactions between surfaces, and oxidation of the DLC 
coating surface. Since the root of adhesion in a DLC 
coating is the formation and breaking of bonds, it has 
been suggested that the increase in the coefficient of 
friction in the presence of humidity is related to an 
increase in the average bond strength from 0.08 eV 
per bond for hydrocarbons, to 0.21 eV per hydrogen 
bond at C–O and C=O sites [28]. Against steel, a high 
and erratic coefficient of friction is observed, and is 
due to the formation and breaking of Fe–C bonds, 
which leads to strong adhesion between the surfaces. 
Liu et al. [53] suggested that the reaction of iron with 
water could occur at 100–300 °C, resulting in the 
following reactions. 

 22Fe 6H O 3 22Fe(OH) 3H  
 2 24Fe 3O 6H O 34Fe(OH)  

Since Fe(OH)3 is easily oxidised, the formation of 
Fe2O3, Fe3O4, and FeOOH could occur. Previously, the 
presence of magnetite (Fe3O4) during the oxidation of 
steels in water has been linked to higher speeds and 
temperatures than hematite (α–Fe2O3) [54]. Also, the 

transition of magnetite to maghemite (γ-Fe2O3) to 
hematite is well established under sufficiently high 
temperature or pressure [55] (see the reaction below). 

 200 C 400 C

3 4 2 3 2 3Fe O γ-Fe O α-Fe O  

In a water environment, Wu et al. [56] studied   
the tribology of a DLC coating sliding against 440C 
steel using a stable isotopic tracer (H2

18O) in order to 
investigate the influence of water in tribochemical 
reactions at the interface. The coefficient of friction 
decreased from a high initial value to a steady state 
around 0.06. Time of flight secondary ion mass 
spectroscopy (TOF-SIMS) was used to analyse the 
surfaces inside the wear track, and on the transfer 
layer. In H2

18O, the spectra showed two peaks at 18.00 
and 19.01 atomic mass unit (amu) which were absent 
in the spectra taken outside the wear track. These 
peaks were assigned to 18O2− and 18OH− respectively, 
suggesting tribochemical reactions occurred directly 
between the DLC wear scar and the water. TOF-SIMS 
analysis of the transfer layer formed on the steel ball 
showed evidence of 18O and 18OH in greater con-
centration than O and OH, suggesting that the initial 
oxide layer on the ball was lost, and that tribochemical 
reactions with water occurred. Wu et al. [56] suggest 
that low friction in water is related to the formation 
of hydrophilic groups on the contact surfaces, such  
as hydroxyl and carboxyl functional groups on the 
DLC coating wear scar, and hydroxyl groups on the 
counterface surface, that they observed in their 
TOF-SIMS analysis. They postulate that the presence 
of hydrophilic groups will lead to a surface layer rich 
in water, preventing adhesion between surfaces. 

It is clear from the above that when a DLC coating 
slides against steel, tribochemical reactions occur 
which control the coefficient of friction. The presence 
of hydrophilic groups plays an important role in the 
low friction in a water environment. The presence  
of Fe–C bonding was shown on the DLC wear track 
[52, 57], as well as Fe–O, C–O, C=O, and O–C=O 
bonding, relating to tribochemical reactions of the 
DLC coating with steel, and with the environment. 
These reactions control the coefficient of friction, and 
not the hydrogen content on the DLC coating. Reaction 
mechanisms for the oxidation of a DLC coating in   
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a humid environment, and the reaction of Fe with   
a DLC coating in a humid environment, have been 
suggested [51, 52]. 

4  Conclusions 

For a DLC coating under water lubrication, the 
adhesive component of friction is controlled by 
tribochemical reactions. The deposition process, test 
environment, test conditions, and counterface will all 
affect the tribochemistry. The literature has shown 
how oxidation of the DLC coating surface occurs in 
water [56]. Against steel, a high and high variance 
coefficient of friction was observed as a result of 
tribochemical reactions between surfaces [51]. Against 
more inert counterface materials such as silicon 
nitride, lower friction was observed. In dry nitrogen, 
friction was observed to increase as a function of 
relative humidity—where higher proportions of C–O, 
C=O, and Fe–O bonding was observed as humidity 
increased. The literature suggests that ta-C coatings 
show the lowest friction under water lubrication— 

resultant of a hydrophilic surface layer providing 
lubricious properties. 

Interfacial sliding of a transfer layer will yield a low 
and steady coefficient of friction, where the frictional 
response is dependent on the adhesive interactions 
between surfaces. When shear of the transfer layer 
occurs, a higher and more varied coefficient of friction 
may be observed and this relates to the accumulated 
energy required to shear the loose debris. The motions 
of the third body then control the frictional response. 
The third-body dynamics are dependent on the test 
parameters (load and sliding velocity), test environ-
ment, temperature, and material pairing, as well as the 
deposition of the DLC coating.  

In order to have confidence in the use of a DLC 
coating in a water-based application, further work  
is required to understand the range of system 
parameters for which a low and stable coefficient of 
friction is observed. The stability of a transfer layer 
on the surface of the counterface is critical to 
maintaining this low friction behaviour. The influence 
of a steel counterface has been discussed, but the 
sensitivity of the friction to the counterface material 
must be reiterated.  
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