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Abstract Diamond-Like Carbon (DLC) coatings are well

known for offering excellent tribological properties. They

have been shown to offer low friction and outstanding wear

performance in both dry and lubricated conditions. Appli-

cation of these coatings for automotive components is con-

sidered as a promising strategy to cope with the emerging

requirements regarding fuel economy and durability. Com-

mercially available oils are generally optimised to work on

conventional ferrous surfaces and are not necessarily effec-

tive in lubricating non-ferrous surfaces. Recently, the

adverse effect of the Molybdenum DialkyldithioCarbamate

(MoDTC) friction modifier additive on the wear perfor-

mance of the hydrogenated DLC has been reported. How-

ever, the mechanisms by which MoDTC imposes this high

wear to DLC are not yet well understood. A better under-

standing of DLC wear may potentially lead to better com-

patibility between DLC surfaces and current additive

technology being achieved. In this work, the wear properties

of DLC coatings in the DLC/cast iron (CI) system under

boundary lubrication conditions have been investigated to

try to understand what appears to be a tribocorrosion-type

process. A pin-on-plate tribotester was used to run the

experiments using High Speed Steel (HSS) plates coated

with 15 at.% hydrogenated DLC (a-C:15H) sliding against

CI pins or ceramic balls. The lubricants used in this study are

typical examples of the same fully formulated oil with and

without ZDDP. The friction and wear responses of the fully

formulated oils are discussed in detail. Furthermore, Optical

Microscopy (OM) and Scanning Electron Microscopy

(SEM), Energy-Dispersive X-ray spectroscopy (EDX),

Focused Ion Beam (FIB) and Transmission Electron

Microscopy (TEM) were used to observe the wear scar and

propose wear mechanisms. The X-ray Photoelectron Spec-

troscopy (XPS) analysis was performed on the tribofilms to

understand the tribochemical interactions between oil addi-

tives and the DLC coating. Nano-indentation analysis was

conducted to assess potential structural modifications of the

DLC coating. Coating hardness data could provide a better

insight into the wear mode and failure mechanism of such

hard coatings. Given the obtained results, thewear behaviour

of the hydrogenated DLC coating was found to depend not

only on the presence of ZDDP in the oil formulation but also

on the counterpart type. This study revealed that the steel

counterpart is a critical component of the tribocouple leading

to MoDTC-induced wear of the hydrogenated DLC.

Keywords Diamond-Like Carbon (DLC) coatings �Wear �
MoDTC � Fully formulated oils � ZDDP � Wear

mechanisms � Friction

1 Introduction

It has been recognized that coating the surface of auto-

motive components with Diamond-Like Carbon (DLC) is a

promising strategy to deal with the emerging challenges

faced by automotive industries. DLC coatings provide

exceptional properties not only by offering low friction but

also by exhibiting excellent wear resistance. Low friction

can improve fuel economy, and low wear will increase the

durability of engine components. Current additive tech-

nology is generally optimised to work on ferrous surfaces,

& Shahriar Kosarieh

S.kosarieh@leeds.ac.uk

1 Institute of Functional Surfaces (iFS), School of Mechanical

Engineering, University of Leeds, Leeds LS2 9JT, UK

2 Infineum UK Ltd., Milton Hill, Steventon,

Oxfordshire OX13 6BB, UK

123

Tribol Lett (2016) 64:4

DOI 10.1007/s11249-016-0737-0

http://orcid.org/0000-0002-0210-7165
http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-016-0737-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11249-016-0737-0&amp;domain=pdf


and in the current and near future market, it is unlikely that

an optimised oil for DLC only will be brought to the

market. However, a better understanding of the mechanism

by which a non-ferrous materials interact with a variety of

lubricant additives may potentially lead to lubricant addi-

tive solutions being tailored for DLC surfaces in the future.

Molybdenum Dithiocarbamate (MoDTC) is a well-

known friction modifier, used for ferrous surfaces. Having

low shear strength, MoS2 low-friction platelets, derived

from MoDTC decomposition, provide low friction at the

tribological contacts in boundary lubrication conditions

[1–3]. Commonly used lubricant additives are designed to

form tribofilms on ferrous-based surfaces. It is, therefore,

essential to optimize coating and lubricant compatibility to

enable additive solutions to be tailored to DLC surfaces.

Recently, the effect of MoDTC in increasing wear of the

DLC coating in a DLC/steel contact has been reported by

the current authors and others [4–13]. Different mecha-

nisms by which lubrication by MoDTC leads to high wear

to tribological systems including DLC have been proposed.

Reaction of MoDTC-derived MoO3 with the DLC coating

[5], graphitization of the DLC followed by the formation of

hard Mo compounds on the DLC/CI interface [6] and the

role of the counterpart in a ‘‘pro-wear process’’ [11] are

some of the potential mechanisms for the occurrence of this

phenomenon. Based on the published literature [4–13], it

appears that MoDTC-derived products are key to this

detrimental effect and that the type of counterpart may also

play a part in high wear of DLC imposed by MoDTC.

However, the origin of MoDTC-induced wear of DLC and

the mechanisms by which the type of counterpart could

affect this wear are not fully understood.

In our recentwork [14], it was seen that fully formulated oils

blended with a low concentration of Mo-FM (40 ppm of the

molybdenum-based frictionmodifier) did not offer any friction

reduction. However, the wear performance was observed to be

excellent using these oils. Increasing theMo-FM level in the oil

resulted in lower friction but higher wear of the DLC coating.

Also, the positive effect of ZDDP additive on controlling this

wear was evident [9]. However, it was not clear whether

(a) friction reduction was due to high wear of the DLC coating

or (b) MoDTC forms a low-friction tribofilm followed by

interaction between MoDTC-derived products and the DLC

surface, and thus induces high wear of the coating.

Engine components in a real engine should operate for

hundreds of thousands of cycles before being replaced.

This demand implies that coating the parts with DLC

requires careful optimisation of DLC/lubricant to avoid

early failure of the coated parts in use. The aim of this work

was to characterize and understand the interactions

between DLC and MoDTC under simplified boundary

lubricated conditions. A parametric study was conducted to

quantify the evolution of tribochemical reactions. The

influence of test duration and counter-body material was

investigated to understand the tribological performance of

the DLC/MoDTC contacts.

2 Experimental Details

2.1 Pin-on-Plate Tests

Tests were conducted using a reciprocating pin-on-plate

tribometer under boundary lubrication conditions. The

samples were cleaned before the start of the test using

acetone. The test temperature was set at 100 �C, and the

contact point of the plate and the counterpart (CI pin/ce-

ramic ball) was lubricated under a static volume of oil

(3 ml). The average linear speed was 20 mm/s (stroke

frequency of 1 Hz). To provide an initial Hertzian contact

pressure of 0.7 GPa, a load of 390 N was used for the

DLC/CI contacts. Towards the end of the study, some tests

were done to assess the role of the counterpart on the DLC

wear and in these tests, 13 N was used for DLC/ceramic

couples. Both resemble a pressure range to a cam/follower

contact in a gasoline engine. The duration of the tests was

6, 12 and 20 h for the DLC/CI and 20 h for the DLC/

ceramic system, and the friction force data were recorded

every minute. For a more precise evaluation of the friction

performance, each type of test was repeated at least three

times, and the results were found to be repeatable.

2.2 Materials

Tests were carried out in the pin-on-plate tribotester using

Cast Iron (CI) pins/ceramic balls and coated High Speed

Steel (HSS) M2 Grade steel plates. The dimensions of the

CI pin were 20 mm in length, the diameter of 6 mm and

the ends of the pins had a 40 mm radius of curvature. The

geometry of the plate was 15 mm 9 6 mm 9 3 mm. The

physical properties of the substrate, coatings and counter-

parts are given in Table 1.

2.3 Lubricants

The two lubricants used in this study are typical examples

of the same fully formulated oil with and without ZDDP.

Both lubricants contained MoDTC-type friction modifier

(Mo-FM). Also, Organic Friction Modifier (OFM), deter-

gent, dispersant and antioxidant were present in all of the

lubricants. The key additive components in each oil are

shown in Table 2.

Considering load, material and lubricant properties, the

film thickness and the lambda ratio were calculated using

equations Eqs. 1 and 2, respectively. hmin, minimum film

thickness, is numerically defined as [15, 16]:
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hmin

R0 ¼ 3:63
Ug0
E0R0

� �0:68

aE0ð Þ0:49 W

E0R02

� ��0:073

1� e�0:68k
� �

ð1Þ

where g0 is the dynamic viscosity at atmospheric pressure

of the lubricant (4.03 9 103 Pa s), a is the viscosity-pres-

sure coefficient (1.1 9 10-8 Pa-1), R0 is the reduced radius
of curvature (20 mm for the CI pin/3 mm for the ceramic

ball), U is the entraining surface velocity (20 mm/s), W is

the normal load (390 N/13 N), and E0 is the reduced

Young’s modulus. The dynamic viscosity and viscosity-

pressure coefficient were measured at 100 �C. The lambda

ratio is:

k ¼ hminffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
q1
þ R2

q2

q ð2Þ

where Rq1 is the roughness of the coated plate and Rq2 is the

roughness of the pin end. The calculation gives the lambda

ratio well under unity (0.002 for the DLC/CI and 0.02 for

the DLC/ceramic) implying that lubrication for both the

DLC/CI and DLC/ceramic systems were in boundary

regime.

2.4 Surface Analysis

In this study, all coating wear analyses (Optical Micro-

scope, SEM/EDX and FIB/TEM) and Nano-indentation

analysis were performed to characterize DLC wear and/or

structural modification/graphitisation of the coating.

Therefore, before these analyses, in order to remove any

physisorbed tribofilm formed on the wear scar, all samples

were cleaned in acetone in an ultrasonic bath for at least

45 min. Removal of the tribofilm was confirmed by the

TEM analysis of the DLC coatings. A different sample

cleaning process was used for tribofilm chemical charac-

terization with XPS. Therefore, prior to the XPS analysis,

any residual oil and/or contaminants were removed only by

soaking the samples in n-heptane for 10 s.

2.4.1 Wear Measurements

Wear of the plates (where measurable) was measured using

a Veeco WYKO White Light Interferometer (NT3300S

model) which had the capability to measure wear scar

depth, cross-sectional area and wear volume. In this study,

the cross-sectional areas of the wear scars were obtained

using Vision64 software in at least in three different

positions across the wear track. The average value of the

cross-sectional area was multiplied by the stroke length

which gave the wear loss volume of the plate. The software

was also able to provide the wear volume directly but

levelling the surface made it difficult to get the correct

wear volume. The specific wear coefficients were calcu-

lated using the Archard wear equation:

Ki ¼
Vi

F � S
ð3Þ

where F is the normal load (N), S the sliding distance (m),

Vi the wear volume (m3), Ki the dimensional wear coeffi-

cient and index i identifies the surface considered.

2.4.2 Coating Wear Analysis

In this study, a Zeiss EVO MA15 Variable Pressure SEM

was used to investigate the mechanism of wear and the

durability of the coatings. It was integrated with an Oxford

Instruments Energy-Dispersive X-ray (EDX) analysis sys-

tem. In this study, the EDX analysis was used to provide

information about the durability of the coating. EDX

Table 1 Physical properties of plates (substrate/coatings) and counterpart materials

Properties of coating and other

related materials

Ferrous material Ceramic ball DLC coating

Specification HSS M2 Grade Cast iron BS1452 Si3N4 a-C:15Ha

Hardness 8.0 GPa 4.0–4.5 GPa 14–17 GPa 17.0 GPa

Reduced Young’s modulus 218 GPa 134 GPa 300–320 Gpa 190 GPa

Roughness, Rq 0.04–0.06 lm 0.07–0.09 lm 0.02–0.0025 lm 0.04–0.06 lm

Composition/Coating thickness C 0.64 %, Si 0.55 %,

Cr 1.57 %, and Mn 0.49 %

C 3.0 %, Si 2.0 %,

Mn 0.4 %, Cr 0.1 %, Cu 0.3 %

90 % Si3N4 2–4 lm coating

a Commercial coatings obtained from Oerlikon Balzers Ltd., UK

Table 2 Lubricant components

Lubricants Annotations ZDDP Mo (ppm) P (ppm)*

Fully formulated oils Oil? ? 600 750

Oil- – 600 –

* All oils contain organic friction modifier (OFM), detergent, dis-

persant, and antioxidant
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mapping obtained within the wear tracks showed the

presence of carbon (C) and chromium (Cr). Chromium

comes from the underlying CrN/CrC intermediate layer of

the DLC coating. This could be used as a qualitative

analysis of the extent of the coating wear. The higher the

chromium intensity in the EDX maps, the greater the

removal of coating thickness due to wear (Fig. 1).

Field Emission Gun Scanning Electron Microscope

(FEGSEM) with precise Focused Ion Beam (FIB) was used

to expose cross sections of the DLC samples. Milling was

performed at 30 kV and beam currents between 5 and

0.1 nA. A final cleaning step was performed at 5 kV and

with a beam current of 29 pA. Cross sections were then

removed in situ using a Kleindiek micromanipulator and

attached to a TEM support grid ready for analysis. Agar

High-Resolution Sputter coater was used to sputter a

platinum coating to the surface before a thicker 1-lm Pt

layer was applied by a gaseous injection system. This was

done to protect the surface from the ion beam. To get a

high-resolution view of the cross-sectional area of the

DLC-coated samples, Transmission Electron Microscopy

(TEM) analyses were performed. TEM characterisation

was carried out using a Philips CM200 FEGTEM operated

at 197 kV and fitted with a Gatan GIF200 imaging filter.

The TEM high-resolution images were taken to charac-

terise the DLC coatings before the tribo-test and to provide

information about the extent of wear post-tribo-tests.

2.4.3 Nano-Indentation Analysis

Mechanical properties of the coatings were obtained by

nano-scale indentation using a Micro Materials Limited

NanoTestTM Platform One device. The indentations were

performed in a controlled environment temperature of

25 �C, using a Berkovich-type indenter. The Berkovich

indenter used in this study had a three-faced pyramid and a

typical tip radius of 100–500 nm. As a result of the mea-

surement, the force–displacement curve was produced. By

analysing the recorded results, mechanical properties such

as hardness and modulus of elasticity were obtained.

A commonly used rule of thumb is to limit the inden-

tation depth to less than 10 % of the thickness of the

coating to eliminate the ‘‘substrate effects’’ [17, 18].

Therefore, in this study, the indentation load was set at

5 mN, resulting in a maximum indentation depth of

80–120 nm in the coating (In this study the thickness of as-

deposited DLC coating was about 2 lm). Loading and

unloading were performed for 30 s with a 5 s hold at peak

load. A thermal drift correction of 60 s at 90 % unloading

was used so that the material could settle within tempera-

ture variations caused by the indentation process. A stan-

dard indentation grid of four rows by three columns (50 lm
spacing) was chosen and was applied to all samples. The

indenter was tested regularly for accuracy using a standard

silicon plate that has known hardness values.

2.4.4 Chemical Analysis of the Tribofilms

XPS analysis measurements were made on the tribofilm

formed on the plate surfaces. This surface sensitive tech-

nique can analyse the very top layer of the surface (5 nm

depth). An area of 500 lm 9 500 lm in the wear scar of

the plates was analysed using a monochromatized Al K[a]
source in the XPS. The spatial mode was chosen to acquire

all the spectra. The curves on the XPS peaks obtained from

long scans were fitted using CasaXPS software [19], and

the quantitative analyses of the peaks were performed

using peak area sensitivity factors. The chemical species

corresponding to each binding energy were found using a

handbook of XPS [20]. The position of the C1s peak

(284.8 eV) was considered as the reference for charge

correction. The peak area ratio, the difference between

binding energies of the doublets, and Full-Width at Half-

Maximum (FWHM) were constrained to provide the most

appropriate chemical meaning. A linear background

approximation was used to process the data in this study.

3 Results

3.1 DLC/CI System

In the first part of the study, experiments were carried out

using CI pins and DLC-coated plates for different test dura-

tion. Tests were conducted for different time intervals to

quantify the evolution of tribochemical reactions occurring in

the DLC/CI contacts lubricated in oils containing MoDTC.

Fig. 1 Schematic diagram showing the cross section of the DLC-

coated plate. The concentration of Cr, detected by EDX, is higher

inside the wear track compared to outside
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3.1.1 Friction Results

A drop in friction was observed (Fig. 2) using both oils, but

the addition of ZDDP to the oil (Oil?) resulted in higher

friction values. Higher friction is consistent with what is

seen in the literature for ZDDP-containing oils on steel

surfaces [21]. Following long (20 h) tests, the friction

response of the oils (see Fig. 2) was seen to vary with time.

The friction coefficients, which initially dropped, started to

rise again in the region of 10–12 h after the start of the

tests. This increase of friction could be due to coating

failure or/and its continuous wear. The changes in the

interface due to wear could lead to the formation/depletion

of the tribofilm on the interface. Thus, 12 h tests were

conducted to provide a better understanding of friction

behaviour and wear mechanisms of the oils on the DLC

coating as a function of time. Also, 6 h tests were also

conducted in the region where friction was still decreasing,

and the coating was not suffering from severe wear which

will be discussed later in this paper.

Figure 3 shows the average coefficient of friction for the

last hour of the tests for different time intervals using both

Oil? and Oil-. Overall, friction values were higher for

Oil? for all the time intervals, as expected [21]. Based on

the friction results, it is evident that friction values were

generally lower for 12 h tests than 20 and 6 h tribo-tests.

3.1.2 Wear Results

Figure 4 shows representative images of wear tracks on the

DLC coating after 6, 12 and 20 h, respectively. Based on

the optical images, the colour of the coatings was brighter

inside the wear tracks than outside. This suggests that the

underlying Cr/CrN layers were exposed due to high wear.

The average depth of the wear track (hd) of the DLC

coating for the highest obtained wear, provided by Oil-,

was approximately 0.15 lm over 6 h test (see Fig. 4) while

it increased to 1.06 lm when the duration of the test was

20 h.

The wear coefficients as a function of the test duration

for the DLC/CI combination using the two oils are given in

Fig. 5. For 6 h tests, the wear values for both oils were

found to be relatively low. By increasing the test duration

to 12 and 20 h, the wear rates given by both oils rose.

However, Oil- promotes a faster wear increase than Oil?.

This could be due to the positive effect of ZDDP in the

Oil? formulation.

To verify the observations from the wear results and the

optical microscope images, EDX was carried out inside the

wear scar. The representative Secondary Electron (SE)

images of a section of the DLC coating wear scar along

with EDX mapping of carbon (C), chromium (Cr) and iron

(Fe) after 6, 12 and 20 h tribo-tests are shown in Fig. 6. In

the case of Oil-, the chromium intensity increased inside

the wear track (Fig. 6a, b), showing higher removal of the

C layer of the coating after 6 h tests. This observation is in

agreement with our obtained wear data and optical

microscope observation where Oil- gave relatively higher

wear to the DLC coating for 6 h tests. Fe was not detected

using any of the oils confirming no delamination of the

DLC coating after 6 h tribo-tests.

By increasing the test duration to 12 h, the intensity of

carbon peak detected with EDX decreased, and chromium

increased inside the wear scar as compared to outside,

indicating wear of the C layer. Chemical element mapping

shown in Fig. 6 confirms the presented wear data in Fig. 4,

in which Oil- gave higher wear to the DLC coating after

12 h tribo-tests. Fe was absent from all regions inside the

wear scar indicating that no delamination of the coatings

or/and iron transfer from the CI pin to the DLC coating has

occurred after 12 h of the tests using both oils.

Increasing the test duration to 20 h resulted in a higher

intensity of chromium inside the wear track than outside,

implying wear of the coatings for both oils after 20 h tests.

In contrast to the analysis of 6 and 12 h samples, iron was

detected in the EDX map of the DLC plate after 20 h tribo-

test, when using the Oil- lubricant. This could be either due

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 240 480 720 960 1200

C
oe

ffi
ci

en
t o

f f
ric

tio
n

Time (min)

Oil+ Oil-

Fig. 2 Representative friction traces for Oil? and Oil- oils over

20 h tribo-tests

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1

Oil+ Oil-

C
oe

ffi
ci

en
t o

f F
ric

tio
n

6hr 12 hr 20hr
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function of oils at different time intervals for the DLC/CI system
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to the exposed ferrous substrate (delamination or severe

wear) or due to the decrease in the coating thickness (severe

wear). Iron transfer from the pin to the plate can be excluded

based on our previous work [9] which showed that the wear

of the pin was not responsible for such high DLC wear.

For the DLC/CI contacts after 20 h tribo-tests, cross

sections of a small area inside the DLC wear scar as well as

the as-deposited DLC were exposed by FIB. Cross-sec-

tional TEM images of the as-deposited DLC coating, worn

DLC coating by Oil? and worn DLC coating by Oil- are

shown in Fig. 7.

Based on the TEM high-resolution images, the thickness

of the as-deposited coating, including CrC/CrN interlayer,

was seen to be around 2 lm. It is also evident that using

either Oil? or Oil-, more than half of the top DLC layer

(carbon layer) has been worn out after the 20 h tribological

test (Fig. 7b, c). This is in agreement with the observations

obtained from optical microscope, interferometer and EDX

mapping which showed that the DLC coatings have under-

gone severe wear after 20 h tribo-tests. Apart from sputtered

platinum films on top of the carbon layer (DLC layer), which

was thicker on the DLC sample for Oil-, no sign of any

other film was observed on the DLC coating using either oils

(see Fig. 7), showing that cleaning the samples in an ultra-

sonic bath before the analysis led to the removal of any

potential tribofilm formed on the DLC coating surface.

3.1.3 Chemical Analysis of the Tribofilm

3.1.3.1 Elemental Quantification XPS analysis was con-

ducted to study the formed tribofilm on the DLC plates and

their corresponding counterparts as a function of the test

duration. Prior to the XPS analysis, any residual oil and/or

contaminants were removed only by soaking the samples in

n-heptane for 10 s. The chemical quantification of the tri-

bofilms formed on the DLC/CI tribocouple, for different

test durations, are shown in Table 3. As expected, it is

evident that oil additives were decomposed and formed a

tribofilm on both the DLC and the CI pin counterpart. This

could generally dominate the tribological performance of

the DLC/CI system and durability/wear performance of the

coatings in particular.

For 6 and 12 h tests, using both oils, the absence of a Fe

2p peak in the tribofilm formed on the DLC coating indi-

cates that no delamination of the coating occurred or/and

that no iron coming from the pin wear particles participated

in the tribofilm formation on the DLC surface. For 20 h

tests, however, a Fe 2p peak was detected in the Oil- DLC

wear scar, in agreement with the EDX analysis of the same

sample shown in Fig. 6.

Oil Test Duration (h)

6 12 20

Oil+

Oil-

µ=0.081, Hd=0.07µm µ=0.058, Hd=0.41µm µ=0.065, Hd=0.85µm

µ=0.058, Hd=0.15µm µ=0.049, Hd=0.62µm µ=0.058, Hd=1.06µm

Fig. 4 Optical images of the

wear scars formed on the DLC-

coated plates using Oil? and

Oil-. The arrows on the images

show sliding directions and l
and Hd are the coefficient of

friction and the average depth of

the wear track, respectively
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Fig. 5 Wear coefficient of DLC-coated plates as a function of oils at

different time intervals for the DLC/CI system
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3.1.3.2 Anti-Wear Film Formation Figure 8 shows XPS

spectra of ZDDP-derived species (Zn 2p and P 2p) formed

on the DLC plate (a and b) and the CI pin (c and d) using

Oil? as a function of test duration. It is clear that using

Oil?, irrespective of the duration of the tests, Zn phosphate

and ZnS/ZnO species were formed on both the DLC surface

and CI pins. The only exception was the tribofilm which

was formed on the CI pin after 6 h test using Oil?, which

was mainly Zn–S–O compounds (BE = 1023.15 eV). It is,

therefore, evident that despite the high level of Mo-FM

which was blended in the Oil?, formation of phosphate

films on the surface was not deterred.

Nevertheless, ZDDP in Oil? raised the friction values

compared to Oil- (see Fig. 3). This could be due to the

Sample Electron Image C Cr Fe

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6 SEM image of the DLC coating along with EDX mapping of the C, Cr and Fe atoms for: a Oil? after 6 h, b Oil- after 6 h, c Oil? after

12 h, d Oil- after 12 h, e Oil? after 20 h and f Oil- after 20 h tribo-tests
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(a)

(b) (c)

Fig. 7 TEM image of the: a as-deposited DLC coating, b worn DLC coating by Oil? after 20 h DLC/CI tribo-tests and c worn DLC coating by

Oil- after 20 h DLC/CI tribo-tests

Table 3 XPS quantification of

tribofilms for the DLC/CI

system for: (a) Oil? after 6 h,

(b) Oil- after 6 h, (c) Oil? after

12 h, (d) Oil- after 12 h,

(e) Oil? after 20 h and (f) Oil-

after 20 h tribo-tests

Sample Surface Elemental composition of Tribofilms (at.%)

Fe O P Zn C Ca Mo N S

2p 1s 2p 2p 1s 2p 3d 1s 2p

(a) Pin 0.4 14.0 0.3 0.2 76.7 0.8 4.1 1.6 1.9

Plate 0.0 7.4 0.2 0.1 86.7 0.5 3.2 0.9 0.8

(b) Pin 0.2 13.7 0.0 0.0 69.2 1.6 11.9 2.3 1.2

Plate 0.0 6.3 0.0 0.0 89.5 0.5 2.0 1.0 0.7

(c) Pin 0.4 16.6 0.7 0.3 62.1 0.9 11.4 5.9 1.7

Plate 0.0 2.4 0.2 0.1 93.9 0.0 1.4 1.3 0.7

(d) Pin 0.5 18.2 0.0 0.0 52.9 1.5 17.0 7.9 1.8

Plate 0.0 2.9 0.0 0.0 93.8 0.3 1.4 1.1 0.5

(e) Pin 0.8 34.7 3.2 0.9 48.6 2.7 5.3 2.6 1.1

Plate 0.0 3.0 0.4 0.1 91.4 0.7 2.3 1.3 0.8

(f) Pin 0.9 21.0 0.0 0.0 63.2 2.0 7.8 4.0 1.1

Plate 0.3 9.1 0.0 0.0 76.5 1.6 6.9 4.1 1.4
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formation of pad-like ZDDP tribofilms in Oil? [21]. In

addition, irrespective of the test duration, wear was always

lower in Oil? than in Oil-, as shown in Fig. 5.

3.1.3.3 Low-Friction Film Formation Tribofilm chemi-

cal element quantification shown in Table 3 confirms that a

Mo-containing film is formed on both the DLC and the CI

samples. However, the intensity of the Mo 3d XPS peak

detected on DLC samples was significantly lower than on

CI pin, making its deconvolution difficult. In any case,

comparing the Mo 3d peaks obtained from the CI coun-

terparts is a good approach towards understanding the tri-

bochemistry of the DLC/CI system. In general, more Mo

was detected on the CI pins for 12 h tests than 6 h tests.

This could justify the lower friction values obtained at

12 h. The fitted Mo 3d peaks obtained from both oils

formed on the pins after 6, 12 and 20 h are shown in Fig. 9.

Considering the binding energies of the S 2p (as Fig. 9

indicates), irrespective of the test duration, abrasive Mo-

oxide species (e.g. MoOx) as well as the low shear strength

MoS2 were identified in the tribofilms formed on the CI

pins. However, in general, MoS2 made a more significant

contribution to the overall film formation. Mo-Oxide

Species could be related to formation of Iron molybdates

species. It has been previously shown that ferrous surfaces

participate in the decomposition of MoDTC by reacting

with the decomposition products to form FeMoO4 [22].

Higher intensity of the Mo detected is an indication of a

more MoDTC-derived tribofilm on the wear scar. There-

fore, it appears that the tribofilm formed from these oils

were richer in Mo (mainly consisting of MoS2) after 12 h,

but that MoDTC-derived species were depleted in the tri-

bofilm after 20 h test. Qualitative and quantitative features

of the Mo XPS peaks seem to correlate with the friction

results (see Fig. 3), where lower friction values corre-

sponded to large MoS2 peak on the wear scar.

The fitted carbon peaks for the higher wearing oil (Oil-)

in the tribofilm formed on both the CI pin and the DLC

plate after 12-h test are shown in Fig. 10. It can be seen that

only a minor portion of carbon on the DLC coating was oil-

derived oxygen-containing hydrocarbon species while a

major part was detected to be pure carbon (graphitic) [20].

This could be due to the modification/graphitization of the

DLC coating. High wear provided by the high Mo-FM

concentration fully formulated oil resulted in transferring

the DLC wear debris to the pin counterface. This is con-

firmed by the presence of graphitic carbon in the tribofilms

formed on the CI pin. Furthermore, the higher detected oil-

derived hydrocarbon species on the CI pin could be due to

the higher reactivity of the ferrous counterbody with the

(a) (b)

(c) (d)

6 h

12 h

20 h 20 h

12 h

6 h

20 h

12 h

6 h

20 h

12 h

6 h

Fig. 8 XPS spectra of ZDDP-

derived species a Zn 2p, b P 2p

formed on the DLC-coated plate

and c Zn 2p and d P 2p formed

on the CI pin using Oil? as a

function of test duration
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lubricant components as compared to the DLC coating.

Therefore, it appears that DLC wear debris could also

contribute to the friction reduction along with the additive-

derived low-friction MoS2 sheets [10].

3.2 DLC/Ceramic System

As mentioned earlier, various authors have suggested dif-

ferent mechanisms by which MoDTC induces high wear to

DLC coatings. It was suggested that the formation of hard

Mo compounds on the steel counterpart accelerates the

wear of the DLC plate when lubricated in oils containing

MoDTC [6] and that MoDTC-induced wear was not seen in

the DLC/DLC contacts [11]. For this part of the experi-

ments, the lubricant which gave higher wear (Oil-) to the

DLC/CI combination was used. Tribo-tests were conducted

for 20 h using silicon nitride balls which are known to be

inert. This could potentially hinder the formation of hard

Mo compounds on the counterpart surface. The hardness of

the ceramic balls was in the range of 14–17 GPa as

opposed to 4–4.5 GPa for the CI pins (see Table 2 for the

full description of the materials used). The high hardness of

the ceramic ball could mitigate the formation of ‘‘micro-

size’’ particles coming from the counterbody. Iron-derived

debris may promote graphitisation, and thus high wear of

the DLC surfaces by increasing the local pressure on the

DLC surface [8, 14].

3.2.1 Friction Results

Figure 11 displays the friction traces produced by the

lower friction/higher wearing oil (i.e. Oil-) using two

different counterparts when rubbed against the DLC coat-

ing. The friction trace for the DLC/CI system using Oil- is

redrawn here for comparison purposes. Interestingly, using

the same test parameters, no drop in friction was observed

when the counterpart was ceramic while a significant

friction reduction was evident using the CI pin.

The average friction coefficients for the last hour of the

tests for the two different counterparts using Oil- are

shown in Fig. 12. It is clear that the friction coefficient for

the CI pin was almost 1.5 times lower than the ceramic

ball.

3.2.2 Wear Results

Figure 13 shows a representative optical microscopic 3D

image of the wear scar on the DLC coating when rubbed

against ceramic when tested with Oil-. It is clear that

using the ceramic counterpart, there was barely any mea-

surable wear on the plate while high wear was seen using

the same oil with CI pins (see Fig. 4).

EDX mapping of the DLC coating when rubbed against

the ceramic counterpart is shown in Fig. 14. Based on the

EDX mapping results, it is clear that using the ceramic ball,

no difference in carbon or chromium intensity are seen

comparing inside and outside the wear scar, confirming the

(a) (b)MoS2

35.8%
MoO3

58.8%

S 2 S

20 h

12 h

6 h 33.1% 61.1%

30.2% 65.3%

MoO3

41.7%

MoS2

47.6% S 2 S

20 h

12 h

6 h

19.6% 72.2%

18.6% 56.3%

µ=0.065

µ=0.057

µ=0.081

µ=0.058

µ=0.049

µ=0.058

Fig. 9 Fitted Mo 3d peaks

formed on the CI pins from

a Oil- and b Oil? as a function

of test duration. The

corresponding average steady

state friction for each oil for all

time intervals is also shown

CI Pin

Plate

Pure Carbon=67.9 % 
(284.4 eV)

Pure Carbon=87.2 % 
(284.8eV)

Hydrocarbon with C-O 
bonds=8.0 % (286.5 eV)

Carbonate=4.8 % (289.4 eV)

C with N 
compounds=23.1 % 
(285.3 eV)

Carbonate=5.0 % (289.5 eV)

Hydrocarbon with C=O and/or C-O-O-C
bonds=4.8 % (287.9 eV)

Fig. 10 Carbon species on the wear scar of the DLC coating and CI

pins for the highest wear giving lubricants (Oil-)
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lack of noticeable wear on the coated plates when rubbed

against ceramic balls.

3.2.3 Chemical Analysis of the Tribofilm

XPS analysis was also performed on the DLC coating when

rubbed against ceramic balls using the highest wear giving

oil (Oil-). Figure 15 shows the survey scans of the DLC

wear scar when rubbed against CI pins and ceramic balls.

The XPS elemental quantification of the tribofilms formed

on DLC wear scars (Table 4) shows that additive-derived

elements were present in the tribofilm irrespective of the

counterpart type. However, Fe 2p and Cr 2p peaks were

only detected in the DLC tribofilm for the DLC/CI system

suggesting severe wear/delamination of the DLC coating

(20 h test using Oil-) only using cast iron counterpart.

It is clear that tribofilms formed on the coating were rich

in carbon for both the DLC/ceramic and the DLC/CI system

(see Table 3f), whereas a minor portion of the tribofilm is

formed from the additives in the oil. More additive-derived

elements were detected on the DLC in the DLC/CI system

compared to the DLC/ceramic system. For instance,

MoDTC decomposed and took part in the film formation on

the DLC coating using both CI and ceramic ball. However,

Mo 3d peak was more dominant in the tribofilm formed on

the DLC coating when rubbed against CI (see Fig. 15).
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Fig. 11 Friction traces as a

function of time using different

counterpart on the DLC-coated

plate lubricated in Oil-
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Fig. 12 Average coefficient of friction for the last hour of the tests as

a function of Oil- using different counterpart materials on the DLC-

coated plate. Standard deviation is obtained from three repeated tests

Fig. 13 Optical images of the wear scars formed on the DLC-coated

plate when rubbed against the ceramic ball lubricated with Oil-

Sample Electron Image C Cr Fe

DLC rubbed against 
ceramic balls

Fig. 14 SEM image of the DLC coating along with EDX mapping of the C, Cr and Fe atoms lubricated with Oil- using ceramic balls
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Figure 16 shows the deconvoluted Mo 3d peaks

obtained from the tribofilm formed on the DLC surface. It

is evident that, for the DLC/CI, MoDTC-derived MoS2 and

MoO3 formed on the DLC coating. In the case of the DLC/

ceramic system, binding energy of 229.6 eV corresponds to

formation of Mo4? compounds such as MoO2 or MoS2 and

binding energy of 233.2 eV corresponds to Mo6? com-

pounds such as MoO3. Nevertheless, the amount of

molybdenum compounds detected in the tribofilm of the

DLC in the DLC/CI formed from Oil- is higher compared

to the DLC/ceramic system.

3.3 Mechanical Properties of the Coatings

Nano-indentation tests were conducted within the worn

areas of the DLC-coated surfaces as well as outside the

wear scar for each sample. Table 5 summarizes the hard-

ness and reduced elastic modulus (Er) values for the DLC-

coated samples when rubbed against CI pins (6, 12 and

20 h tests) and the ceramic ball (20 h test). The reduced

modulus is calculated by combining the elastic modulus

and Poisson’s ratio of the indenter and the sample being

indented. The coating thickness of the sample with the

highest wear was measured to be around 1 lm, as shown in

Fig. 7. In all cases, the depth of penetration for nano-in-

dentation analysis was chosen to be around the 10 % of the

remaining coating thickness inside the wear scar to rule out

the effect of substrate on the obtained measurements

[17, 18].

For 6 h tests, using both oils, regardless of the extent of

DLC wear and considering the standard deviation, the

hardness and modulus of elasticity values were comparable

with those of the as-deposited coating (H 19 GPa and Er

170 GPa) (see Table 5a, b).

For Oil-, H and Er values decreased for the 12 h tests,

indicating that the lubricant chemistry could have had an

effect on coating mechanical properties and that surface

modification/graphitisation of the DLC coating occurred

after 12 h when lubricated by Oil- (Table 5c, d).

For 20 h tests, using both oils, DLC coatings generally

showed decreased hardness and modulus of elasticity

compared to the original properties (see Table 5e, f). To

minimise the effect of substrate on hardness measurement

for the coating, the indentation depth was kept at around

10 % of the remaining coating thickness (around 100 nm

penetration on a 1-lm-thick coating). Hence, the high

coating wear observed for the 20 h test could be due to the

changes in the mechanical properties of the coating.

In addition, the hardness and reduced elastic modulus

values obtained from outside the wear scar (for all samples)

were found to be very close to that of the as-deposited

coating. This indicates that the wear mechanisms of DLC

coatings requires a shearing/rubbing element (i.e. tribo-

chemical effect) and cannot occur only via chemical

reaction of the oils with the DLC coating.

DLC/CI

DLC/ceramic

Fig. 15 Survey scan obtained from inside the DLC coating wear scar

when rubbed against CI (top) and ceramic (bottom) using Oil-

Table 4 XPS quantification of

tribofilms on the DLC coating

for the DLC/CI and the DLC/

ceramic systems

Sample O 1s % C 1s % Ca 2p % Mo % N 1s % S 2p % Fe 2p %

DLC/CI 9.1 76.5 1.6 6.9 4.1 1.4 0.3

DLC/ceramic 4.9 89.0 0.8 3.1 1.7 0.5 0.0

S 2s  225.8 eV
MoO3= 38.9 % (232.4 eV)

MoS2=50.0% (228.8 eV)

S 2s 226.6 eV

MoO2/MoS2=40.9% (229.6 eV)

MoO3= 40.34% (233.2 eV)

DLC/Ceramic

DLC/CI

Fig. 16 Curve fitting of Mo 3d peaks obtained from tribofilm formed

from Oil- on the DLC coating using CI pin (top) and ceramic ball

(bottom)
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For the 20 h tests, using Oil- (high wear), no evidence

of the DLC surface modification was observed in the DLC/

ceramic system and the mechanical properties (i.e. hard-

ness and Young’s modulus) of the worn area were in the

range of the as-deposited coating (see Table 5).

4 Discussion

4.1 Effect of Lubricant Additives on Tribological

Performance of the DLC Coating

4.1.1 Effect of Counterpart: Low-Friction Film Formation

In the literature, the presence of a ferrous counterface was

thought to play a role in MoDTC-induced wear of the DLC

coating by promoting the formation of MoO3 [11], or

generating iron oxide particles in the DLC/steel interface.

Iron oxide/iron debris may produce high local pressures [8]

on the DLC surface leading to high wear of the coating. In

addition, increased hardness of the ferrous counterpart by

the formation of hard Mo compounds on the steel surface

was suggested to be a possible mechanism for wear accel-

eration of the DLC coating in the presence of MoDTC [6]. It

is evident that the tribofilms formed from both Oil? and

Oil- on the CI pin were generally richer in MoS2 for 12-h

sample than 6- and 20-h test samples, resulting in the lowest

friction coefficient observed. In the DLC/CI system, friction

values initially decreased due to the formation of low-

friction MoS2 tribofilm on the interface followed by mod-

ification/graphitisation of the DLC coating. Further sliding

(20 h tests) showed both friction and wear to increase. The

high wear of the DLC is shown to lead to a new interface

(CrN/CI), and as a result increased friction at longer rubbing

times (Fig. 3). This observation is in agreement with the

friction results obtained by testing another type of DLC

with CrN as an interlayer [23]. It appears that the rubbing

process results in significant intensity change of Mo

detected on the wear scar on both pin and coating (Table 3),

resulting in carbon layer wear and friction increase. In

addition, the formation and depletion of the tribofilm could

be responsible for the changes observed in the friction

response. It appears that reduction in friction in the DLC/CI

system came at the cost of significant wear of the hydro-

genated DLC. Furthermore, high wear of the DLC coating

resulted in the transfer of the DLC’s worn material to the CI

pin. The presence of sp2 carbon bonds in the DLC coating

matrix provides them with inherently low-friction proper-

ties. Therefore, the transfer layer of the DLC coating, as

evidenced by the XPS analysis, may consist of the low shear

strength sp2-dominated graphitic carbon. Therefore, it

appears that a combination of MoDTC-derived MoS2 spe-

cies along with DLC wear debris facilitated friction

reduction for the DLC/CI tribocouple. This is in agreement

with a recent study [24] where a mixture of additive- and

DLC-derived products was found to be responsible for the

tribological behaviour of the DLC/steel system. In Fig. 17,

the mechanism of low-friction film formation on the DLC

coating is schematically compared with that of the uncoated

steel surface. Figure 17, shows that the friction reduction on

the DLC surface is influenced by both the low-friction

MoS2 and the low-friction DLC wear debris whereas on the

steel surfaces, low-friction MoS2 species were the domi-

nating factor for the friction performance [10].

Table 5 Nano-scale mechanical properties of DLC coating rubbed against CI for (a) Oil? after 6 h, (b) Oil- after 6 h, (c) Oil? after 12 h,

(d) Oil- after 12 h, (e) Oil? after 20 h, (f) Oil- after 20 h (g) Oil- after 20 h tribo-tests rubbing against ceramic

Sample Measurement position Maximum

depth (nm)

Standard

deviation (±)

Hardness

(GPa)

Standard

deviation (±)

Reduced elastic

modulus (GPa)

Standard

deviation (±)

(a) Inside wear track 107.0 6.3 16.5 1.9 140.8 8.2

Outside wear track 115.9 12.5 18.4 4.6 167.4 28.9

(b) Inside wear track 96.4 7.0 19.0 2.6 176.0 15.4

Outside wear track 97.8 13.1 19.4 5.4 177.7 39.8

(c) Inside wear track 93.3 6.1 20.7 2.0 180.8 8.8

Outside wear track 94.2 15.8 22.3 8.0 192.1 50.5

(d) Inside wear track 96.7 6.2 12.4 2.7 150.4 9.8

Outside wear track 103.9 13.31 16.4 4.9 165.3 37.9

(e) Inside wear track 80.9 14.4 10.7 2.2 129.6 11.1

Outside wear track 100.6 10.9 23.3 5.2 198.4 33.4

(f) Inside wear track 77.4 16.0 10.9 1.6 140.3 9.3

Outside wear track 105.1 9.4 20.9 4.9 186.4 26.1

(g) Inside wear track 111.5 4.72 18.2 1.7 170.6 11.3

Outside wear track 115.6 11.6 17.2 3.2 165.8 24.5
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In the DLC/ceramic system, the MoDTC friction mod-

ifier in the oil did not reduce the friction as seen with the CI

counterpart, although MoS2 and MoO3 were detected on

the wear scar (Table 4; Fig. 16). Also, no significant wear

was measured on the DLC plate. The presence of the

MoDTC tribofilm on the coating wear scar, while wear was

low, indicates that the high coating wear is accelerated by

the ferrous counterpart, in agreement with literature [11].

4.1.2 Effect of Counterpart: Anti-Wear Film Formation

The positive effect of ZDDP in reducing the MoDTC-in-

duced wear seen in this study is in agreement with previous

work [9]. However, this effect was less pronounced for

long (20 h) tests. Similarly, Haque et al. [4] reported that

the addition of ZDDP to a MoDTC-containing base oil

could suppress the adverse effect of MoDTC in giving high

wear to the DLC coating in the DLC/steel system [4]. In

this study, XPS analysis evidenced the formation of ZDDP-

derived tribofilm on both DLC-coated plates and CI pins

when lubricated in Oil?. ZDDP-derived glassy phosphate

species protect the surface against excessive wear as well

as minimise the formation of iron oxide particles. Iron

oxide particles were reported to promote modification, and

as a result wear, of the DLC coating by exerting higher

local pressures [8]. ZDDP could also act as an oxidation

inhibitor [21, 25, 26] and hinder the formation of MoOx (a

possible cause of DLC brittleness in MoDTC-containing

oils [5]) or promotes the formation of iron sulphide leading

to a reduction of the iron oxide formation. Further study is

required to establish the exact link between Mo-containing

friction modifiers and the wear of DLC and the role of

ZDDP in this mechanism.

4.1.3 Nano-indentation: Effect of Lubricant and Sliding

The nano-indentation study suggested that, using both oils,

the mechanical properties of the DLC coating was modified

when rubbed against CI pins and that the coating became

softer (i.e. inside the wear scar) than the as-received

coating. It should be noted that there is some variability of

the nano-hardness outside the wear scar probably due to the

inherent coating variability and the effects of thermally

derived films. Figure 18 shows the coefficient of wear and

hardness variation with time for the DLC/CI and the DLC/

ceramic combinations when lubricated in Oil-. It is clear

that using CI pins, wear showed an inverse relationship

with hardness of the coating, i.e. the higher the coating

wear, the lower the hardness, and vice versa. In contrast,

for the DLC/ceramic combinations, the hardness of the

DLC coating was in the range of hardness values for the as-

deposited coating after 20 h tests. The obtained results do

not contradict the findings by Sugimoto et al. [6] but sug-

gest that graphitization/surface modification of DLC did

not occur when the counterpart was ceramic. Experiments

with the hard ceramic counterpart in this study rule out the

effect of increase in the hardness of the steel counterpart

(by formation of molybdenum compounds on the steel

Fig. 17 Schematic diagram of

low-friction film present at the

interface in the: a steel/CI [10]

and b DLC/CI systems
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counterpart surface as reported by Sugimoto et al. [6]) to be

solely responsible for MoDTC-induced wear of the DLC

coating.

Based on the observations of this study and the pub-

lished literature [4–13], it is reasonable to assume that

MoDTC decomposition products are playing a great role in

giving this high wear to the hydrogenated DLC and that the

presence of a steel counterpart is essential for such high

wear.

4.2 Mechanism of MoDTC-Induced Wear of DLC

Despite several proposed mechanisms [5, 6, 11] for the

DLC high wear in oils containing MoDTC, there have been

no clear explanations for such a phenomenon. The coating

wear is believed to be accelerated by molybdenum-con-

taining compounds since high DLC wear is not observed in

tests with base oil [11]. Furthermore, formation of the

molybdenum-containing compounds, believed to be

responsible for high DLC wear, is promoted by the ferrous

counterpart. This would explain why there was minimal

wear, and no friction reduction, when DLC was tested with

a ceramic counterpart. Generally, one or combination of

the following mechanisms can be expected for the DLC

wear process: (1) MoDTC-derived MoO3 or iron oxide

particles from the ferrous counterpart promote abrasive

wear of the DLC coating, (2) moly-oxides (molybdates)

formed under tribological conditions [22] act as the catalyst

for oxidation of or/and dehydrogenation of the DLC coat-

ing [27].

Taking into account the results from this study and

previous studies in the literature, it is highly unlikely that

all abrasive wear mechanism can be solely responsible for

high wear of the DLC coating in DLC/ferrous contacts. In

the study by Vengudusamy et al. [11], wear was compa-

rable in both the a-C:H/a-C:H and the a-C:H/steel contacts

when tests were conducted in the base oil. It can be argued

that if DLC wear was only due to abrasive wear by iron

oxides from the ferrous counterpart, then DLC wear would

have been higher in the a-C:H/steel contact. However,

comparable wear in the a-C:H/a-C:H and the a-C:H/steel

contacts indicated that iron oxides at the tribocontact did

not accelerate DLC wear. In this study, it was shown that in

tests with lubricants containing MoDTC, although the

amount of MoOx which was formed on the DLC plate was

small for the DLC/ceramic system as compared to the

DLC/CI tribocouple, MoOx species were formed in both

contacts. This is in line with a previous study where MoOx

species were found in tribofilms formed on both the a-C:H/

a-C:H and the a-C:H/steel contacts [11]. If DLC wear was

only due to abrasive wear by MoOx, wear of the DLC

coating would have been comparable in contacts with

ferrous and non-ferrous counterparts. Furthermore, DLC is

a hard coating and not likely to be worn out by abrasive

MoOx species.

On the other hand, it is possible that the iron molybdate

formed from MoDTC decomposition in a ferrous tribo-

logical system accelerates DLC wear by breaking the C–C/

C–H bonds in the coating. Iron molybdates are examples of

molybdenum compounds formed on ferrous substrates that

would otherwise not form on non-ferrous contacts. Iron

molybdates are mostly used as catalysts in oxidation of

hydrocarbons [27]. That could also explain high wear of

the hydrogen-free DLC reported in [11]. There is also a

possibility that the high DLC wear observed in the

DLC/ferrous contacts was due to dehydrogenation of the

DLC. Subsequent removal of the hydrogen in the DLC

matrix could cause the carbon matrix to evolve towards a

more graphitic structure [5]. This is also in line with our

observation in this study where the coating in the wear scar

became softer than the as-received coating with oils con-

taining a high level of MoDTC.

The mechanisms leading to low friction and high wear,

induced by MoDTC in the DLC/CI system, are then pro-

posed (schematically shown in Fig. 19) as follows:

1. Molybdenum-containing species (moly-oxides) formed

under tribological conditions could act as a catalyst for

oxidation or/and dehydrogenation of the DLC coating.

This will eventually lead to high wear of the DLC

coating.

2. Wear debris formed from ferrous counterparts (cast

iron pins) can promote formation of molybdenum-

containing species (i.e. iron molybdates) leading to a

continuous process as described in point 1. The

addition of ZDDP will potentially limit the formation

3.

(1) (2)

The formation of molybdenum-
containing compounds on the 
DLC/CI interface. They could 
act as a catalyst for oxidation 
or/and dehydrogenation of the 
DLC coating.

Ferrous counterpart might 
promote the formation of 
molybdenum-containing 
species leading to breakage 
of C-C/C-H bonds from the 
DLC matrix, and hence a 
high wear.

Fig. 19 Schematic diagram showing the MoDTC-induced wear

mechanisms. (1) and (2) represent the first and the second stage of

the proposed wear mechanisms
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of these wear debris (and a reduced catalytic effect

from the iron surface) or promote the formation of iron

sulphides rather than iron molybdates leading to

reduction of these molybdates and hence reduced

coating wear.

To verify the presence of Fe–Mo compounds at the

contact, a combination of other chemical characterisation

techniques beside XPS is necessary. Raman spectroscopy

is particularly helpful in distinguishing molybdenum

compounds with similar Mo oxidation states which would

otherwise be difficult in XPS analysis. Further studies

should therefore focus on investigating the chemical spe-

cies formed when ferrous counterparts are used against

DLC coatings in tests with MoDTC-containing lubricants.

5 Conclusions

This study provides some insights into hydrogenated DLC

tribological performance in boundary lubrication. In sum-

mary, the key conclusions made from this work are:

• MoDTC concentration in a fully formulated oil will

significantly affect the DLC coating wear when tested

with a ferrous counterface.

• Formation of MoDTC tribofilm was responsible for

both friction reduction and high wear of the DLC

coating.

• The iron interaction with lubricant additives, especially

MoDTC, accelerates the DLC coating wear. The

formation of molybdenum-containing compounds in

the presence of ferrous counterparts could lead to

oxidation and accelerated DLC coating wear.

• ZDDP might hinder the MoDTC potency in giving high

wear to DLC in the DLC/ferrous combinations by:

(a) reducing the number of iron particles which might

act as a catalyst for the oxidation of the MoDTC or/and

(b) blocking the reactive sites on the iron by preferen-

tially forming iron sulphides.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://crea

tivecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.
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