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Abstract High hardness, high elastic modulus, low fric-
tion characteristics, high wear and corrosion resistance,

chemical inertness and thermal stability are factors that

make diamond like carbon (DLC) coatings the subject

of many studies. For the same reasons they also seem

suitable for use in, amongst others, machine compo-
nents and cutting tools. While most studies in literature

focus on the influence of coatings on wear and friction

in boundary lubrication and pure sliding contacts, few

studies can be found concerning rolling and sliding EHL
friction, especially in the mixed and full film regime. In

the present paper tests are carried out in a Wedeven

Associates Machine (WAM) tribotester where an un-

coated ball and disc pair is compared to the case of

coated ball against uncoated disc, coated disc against
uncoated ball, and coated disc against coated ball. The

tests are conducted at two different temperatures and

over a broad range of slide to roll ratios and entrain-

ment speeds. The results are presented as friction maps
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as introduced in previous work [3]. Furthermore a nu-
merical simulation model is developed to investigate if

there is a possibility that the hard, thin DLC coating is

affecting the friction coefficient in an EHL contact due

to thermal effects caused by the different thermal prop-

erties of the coating compared to the substrate. The
experimental results show a reduction in friction coeffi-

cient in the full film regime when DLC coated surfaces

are used. The biggest reduction is found when both sur-

faces are coated, followed by the case when either ball
or disc is coated. The thermal simulation model shows

a substantial increase of the lubricant film temperature

compared to uncoated surfaces when both surfaces are

coated with DLC. The reduction in friction coefficient

when coating either only the ball or the disc are almost
the same, lower than when coating both surfaces but

still higher than the uncoated case. The findings above

indicate that it is reasonable to conclude that thermal

effects are a likely cause for the decrease in coefficient
of friction when operating under full film conditions,

and in the mixed lubrication regime when DLC coated

surfaces are used.

Keywords diamond like carbon (DLC) · EHL ·

friction · coating · thermal effects · ball on disc

Nomenclature

δts Time scaling coefficient
ǫ Thermal expansion coefficient [◦C−1]

κ Thermal conductivity [W/(mK)]

µ Coefficient of friction

ρ Density [kg/m3]
B Hertzian contact width [m]

cp Heat capacity at constant pressure [J/(kgK)]

hcen Hamrock and Dowson central film thickness [m]
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Ph Hertzian pressure [Pa]

Q Heat source [W/m3]

q Invard heat flux [W/m2]

S Slide to roll ratio

Sa Arithmetic average of absolute roughness [m]
Sq Root mean square roughness [m]

Sqc Root mean square combined roughness [m]

T Temperature [◦C]

t Time [s]
T0 Initial temperature [◦C]

tc Contact time [s]

Ub Surface velocity of ball [m/s]

Ud Surface velocity of disc [m/s]

Ue Entrainment speed [m/s]
x Cross film position [m]

1 Introduction

The elasto hydrodynamic lubrication (EHL) performance
of machine components is governed by many factors

such as lubricant properties, load conditions, operat-

ing temperature, speed, slide to roll ratio and surface

roughness. Increasing demands on improved efficiency,
sustainability and longer service life have led to im-

provements in lubrication technology and surface finish-

ing techniques as well as geometrical changes to compo-

nents to improve the performance. In recent years tribo-

logical coatings have been more frequently used to im-
prove the performance of machine components. The use

of tribological coatings have been shown to have sev-

eral benefits, such as improved running in performance,

higher wear resistance and reduced friction. Some ma-
chine components like journal bearings are mainly op-

erating in the full film regime, while other components

like rolling contact bearings, gears and cam followers

are operating in a range from boundary or mixed to

full film EHL. It is therefore of interest to understand
the influence of coatings in all regimes. The focus in

this study is on thin, hard coatings usually deposited

using physical vapor deposition (PVD) or plasma en-

hanced chemical vapour deposition (PECVD) such as
different varieties of diamond like carbon (DLC). The

following section contains a short review of the effect

of DLC coatings on wear and above all friction in EHL

contacts.

High hardness, high elastic modulus, low friction
characteristics, high wear and corrosion resistance, chem-

ical inertness and thermal stability are factors that make

DLC coatings the subject of many studies, and seem

suitable for use in, amongst others, machine compo-
nents and cutting tools. DLC coatings show low dry

friction (friction coefficients are typically in the range

of 0.1-0.2) and wear rates compared to steel on steel

in dry conditions, an effect mainly attributed to the

formation of easily sheared graphitic layers on one or

both of the mating surfaces [23,28]. It is reported that

in some cases the friction coefficient of a steel-DLC dry

interface is lower than a lubricated steel-steel interface
[23]. However, most machine components are operating

under lubricated conditions, and several studies have

been conducted on the topic of DLC performance un-

der lubricated conditions.

In general the friction in boundary lubrication is

lower for a steel-DLC system compared to a steel-steel

system and especially during the running in processes

a system containing at least one DLC coated surface

shows much lower initial friction coefficients, and a faster
and more efficient running in [23,20]. A system where

both surfaces are DLC coated also shows a lower ini-

tial friction value but a longer running in period as

expected since both surfaces have high hardness and
therefore need a longer time to smoothen down. An-

other issue that arises when both surfaces are coated are

the surface additive interactions. Most of todays lubri-

cants with extreme pressure (EP) and anti wear (AW)

additives are formulated with steel contacts in mind,
and when there is no steel surface available, the ad-

ditives may not work as intended. Several studies indi-

cate that EP and AW additives developed for steel-steel

contacts still give beneficial effects in systems where
two, or preferably one surface is coated with DLC [20,

21]. ZDDP has been widely used since 1960 and is

proven to work well together with iron surfaces where

a polyphosphate film is formed that gives good wear

resistance. Podgornik et al. has found that a WS2 tri-
bofilm is formed when sulfur is present in the lubricant

in a sliding WC DLC coating [19]. The same reaction

was observed by Mistry et al. in tests run with WC

DLC together with a lubricant containing ZDDP and
MoDTC where MoS2 and WS2 tribofilms were formed

resulting in promising friction and wear performance

[16]. Several other authors have also studied the inter-

action between DLC coatings and the combination of

ZDDP and MoDTC [2,1,17,10,12]. However depending
on lubricant composition, additive package and type of

DLC coating both friction and wear performance varies

greatly so it is hard to draw any general conclusions [24,

27,22,13].

While most studies in literature focus on the influ-
ence of coatings on wear and friction in boundary lu-

brication and pure sliding contacts, few studies can be

found concerning rolling and sliding EHL friction, espe-

cially in the mixed and full film regime. Renodeau et al.

used a rolling sliding mini traction machine (MTM) to

test discs coated with four different commercial DLC

coatings against a steel ball with four different lubri-
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cants [22]. The entrainment speed in the test device

was chosen to simulate mixed lubrication. Friction and

wear of the different configurations were measured and

showed dissimilar results, some material/lubricant com-

binations showed lower friction and wear compared to
the steel-steel system whereas some combinations showed

higher friction and wear. Topolovec-Miklozic et al. also

performed tests in a MTM where two types of commer-

cial DLC coatings were studied, one hydrogenated di-
amond like and the other Cr-doped, non hydrogenated

and graphitic. The study focused on the effect of bound-

ary friction with several types of additives [24]. Bobzin

et al. performed tests in a twin disc tribometer with two

different PVD coatings, WC/C and CrAIN, compared
to uncoated discs [4]. Both of the latter studies report

lower friction coefficients for the coated specimens in

both boundary and mixed lubrication. It is however not

clear if the friction reduction achieved in the mixed lu-
brication regime is solely attributed to lower friction in

the asperity interactions or if there is also a beneficial

effect in the hydrodynamic part of the mixed lubrica-

tion regime.

A dissertation written by Hai Xu at Ohio State uni-
versity caught the authors interest [26]. Here tests were

performed in a Wedeven Associates Machine (WAM)

ball on disc test device with both uncoated and DLC

coated steel balls and discs. The tested combinations

were with either both ball and disc uncoated, or un-
coated disc against a coated ball or both ball and disc

coated. Results from the tests showed significantly re-

duced friction coefficients even in full film lubrication

with coated surfaces, especially the case with both sur-
faces coated. Other than a comment that coatings should

be considered in any efficiency improvement efforts there

is no further discussions regarding how a coating can re-

duce friction in the full film regime. Evans et al. also

performed tests in a WAM tribotester where discs with
three different coatings were compared to an uncoated

disc [6]. All discs were run against an uncoated steel

ball. The tested coatings were chromium nitride (CrxN),

tungsten carbide-reinforced amorphous hydrocarbon
(WC/a-C:H) and silicon incorporated diamond like car-

bon (Si-DLC). At lower entrainment speeds where the

asperity interaction between the mating surfaces are

large the CrxN coating had the highest friction whereas

the WC/a-C:H and especially Si-DLC showed lower
friction than the uncoated surface. At higher entrain-

ment speeds where full film lubrication was assumed

the Si-DLC and WC/a-C:H showed lower friction coef-

ficients than the uncoated surface. The reason for this
is hypothesized to be due to boundary slip between

smooth, non wetting surfaces as addressed by Choo

et al. [5]. An interfacial slip would lead to lower shear

stresses and thus lower friction in the EHL contact. In

the work presented by Evans et al. low surface energy

is correlated with low friction as the Si-DLC coating

that has lower surface energy compared to WC/a-C:H

showed even lower friction in the full film regime.

The authors have not found any studies in the liter-

ature focusing on the effect of DLC coatings on the fric-

tion coefficient in the full film EHL regime, especially

addressing the effect of coating both surfaces or the
combination of coating either ball or disc. Is it reason-

able that boundary slip is the reason for the reduction

in friction coefficient, or is there possibly other reasons

as well?

In the present paper tests are carried out in a WAM
tribotester where an uncoated ball and disc pair is com-

pared to the case of coated ball against uncoated disc,

coated disc against uncoated ball, and coated disc against

coated ball. The tests are conducted at two different

temperatures and over a broad range of slide to roll ra-
tios and entrainment speeds. The results are presented

as friction maps as introduced in previous work [3]. Fur-

thermore a numerical simulation model is developed to

investigate if there is a possibility that the hard thin
DLC coating is affecting the friction coefficient in an

EHL contact due to thermal effects caused by the dif-

ferent thermal properties of the coating compared to

the substrate.

2 Method

The following sections cover a description of the ball on
disc test rig, the test specimens and lubricant, and an

overview of the test procedure. Furthermore the numer-

ical simulation model is described together with bound-

ary conditions and assumptions.

2.1 Ball on disc tribotester

The experiments were performed in a WAM 11 ball on
disc test device as shown in Figure 1. The lubricant is

supplied at the centre of the disc in an oil dispenser that

distributes the lubricant across the disc surface. Lubri-

cant is circulated in a closed loop from the oil bath,

through a hose pump to the oil dispenser at the centre
of the disc. The hose pump is delivering approximately

140 ml/min. Three thermocouples are used in the test

setup, one located in the oil bath, one in the outlet

of the oil supply and one trailing in the oil film close
to the inlet region of the ball on disc contact. A more

thorough description of the test rig and its features is

presented in previous work [3].
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Fig. 1 WAM ball on disc test device

Table 1 Test lubricant properties

Additives None
Kin. Visc @ 40◦C 109.3 cSt
Dyn. Visc @ 40◦C 94.9 mPas
Kin. Visc @ 100◦C 11.98 cSt
Dyn. Visc @ 100◦C 9.97 mPas
Density @ 15◦C 885 kg/m3

Viscosity Index 99
Type Mineral
Thermal conductivity 0.3 W/mK
Heat capacity 1800 J/kgK
Pressure viscosity coefficient 19 GPa−1

Temperature viscosity coefficient 0.04 K−1

Thermal expansion coefficient 6.5e-4◦C−1 [15]

2.2 Test specimens and lubricants

All tests were performed with the same lubricant, a pure

mineral oil without any additives. An oil without addi-
tives was chosen to minimize the effect of tribochemical

reactions on the friction coefficient. As explained later

the tests are conducted repeatedly until a satisfactory

repeatability is reached, and since this could take a dif-
ferent amount of cycles for different test cases a lubri-

cant containing additives could be in different stages of

tribofilm development. Properties of the test lubricant

are given in Table 1.

All specimens used in the tests, both balls and discs
are made from AISI 52100 bearing steel, where the balls

are taken direct from factory and the discs are processed

the same way as bearing racewaymaterial. The balls are

grade 20 with a 13/16 inch (20.637 mm) outer diameter
and a hardness of about 60 HRC. The discs have a 4

inch (101.6 mm) outer diameter, a circumferential grind

and are through hardened to about 60 HRC.

The commercially available coating Tribobond 44
was used on all coated specimens. Tribobond 44 is an

a-C:Cr coating deposited using reactive PVD processes

with a deposition temperature of 200◦C. The thickness

of the coatings are 2 µm, the hardness 1500 HV0.005

and the friction coefficient against steel in dry sliding

is 0.08. Both balls and discs were measured for surface

roughness data before and after friction testing with a

Wyko NT1100 optical profilometer system from Veeco.
Measurements were performed using 10x magnification

and 1x field of view (FOV). Twenty one measurements

were made per ball, seven on the unworn surface, and

seven in each wear track after testing. The discs were
measured in several positions, and for each radius thir-

teen measurements were made. For each series of mea-

surements mean values and standard deviations are cal-

culated for the root mean square roughness, Sq and the

arithmetic average of absolute roughness, Sa.

2.3 Test procedure

The WAM is used to generate friction data from a rel-

atively broad range of operating conditions where one
test cycle covers entrainment speeds between 0.34 to 9.6

m/s and slide to roll ratios (SRR) from 0.0002 to 0.49.

SRR is defined as the speed difference divided by the

mean entrainment speed. All test are performed with
positive sliding only, which in this case means that the

ball is rotating faster than the disc. Both ball and disc

specimens were cleaned with heptane and ethyl alco-

hol before starting the experiments for each of the test

cases. Before starting the experiments for each test case
the test device is warmed up to the desired operation

temperature during approximately 60 minutes with oil

circulation over both ball and disc to ensure tempera-

ture stability. When thermal stability is reached a 200
N load, equivalent to 1.7 GPa maximum Hertzian pres-

sure is applied and the machine is calibrated for pure

rolling by adjusting spindle angle and positioning of the

ball to ensure a condition of no spinning. These settings

are then held constant for 20 minutes to ensure a mild
run-in. Subsequently the test cycle is started that con-

tains several loops where SRR is held constant for each

loop and the entrainment speed is ramped from 9.6 to

0.34 m/s. In the first loop the SRR is held at 0.0002 and
is continously increased with each loop until it reaches

0.49. The same test cycle is repeated in the same track

for both ball and disc until the absolute friction co-

efficient for each measured combination of entrainment

speed and SRR does not differ more than 0.001 from the
previous test cycle, excluding SRR below 0.0016 where

the accuracy of the machine is slightly lower. When this

occurs, the system is considered run in, and the data

from the final test cycle is used for evaluation. The tem-
perature of the oil bulk and fluid film at the disc surface

is typically deviating less than ± 1.5◦C from the tar-

get temperatures of 40 and 90 ◦C during testing. The
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actual contact temperatures are however higher than

the bulk oil temperature. In the most severe cases with

high entrainment speed, SRR and coefficient of friction

(COF), the contact temperature will increase several

tens of degrees [7].

Data from each test is processed separately, and a

triangle based linear interpolation is used between the

data points measured for specific SRR’s and entrain-
ment speeds. The results are presented as 2D contour

maps.

2.4 Simulation model

To investigate if there is a possibility that a hard thin

DLC coating is affecting the friction coefficient in a

EHL contact due to thermal effects caused by the differ-

ent thermal properties of the coating compared to the
substrate a numerical simulation model is developed.

While bulk DLC can have very high thermal conduc-

tivity it is shown by several authors that thin DLC films

can become insulating due to interfacial effects [14,25].
A one dimensional model is developed that features a

thin oil film between two infinitely wide and flat, full

film lubricated surfaces, with or without coatings sub-

jected to a heat source. The solution is time dependent

where the temperature rise in a line directed in the
cross section of the film thickness passing the centre of

the contact from leading edge to trailing edge is cal-

culated. In that way the temperature distribution in

a plane crossing the centre of the contact is obtained.
The time it takes for the line to move from the leading

edge to the trailing edge is calculated by dividing the

Hertzian contact zone with the surface velocity of the

faster moving surface:

tc = B/Ub (1)

where

tc = Contact time [s]

B = Hertzian contact width [m]

Ub = Surface velocity of ball [m/s]

The dimensions of the contact zone is approximated

by the Hertzian theory using the 52100 steel values for

elastic modulus and Poisson’s ratio. Since the coatings

are thin the substrate is assumed to predominate the
EHL deformation in the contact. Since the authors did

not have the possibility to perform thermal measure-

ments on the DLC coating used in this study the ther-

mal properties are collected from work performed by
other authors [14,25,8,18]. Properties of the DLC coat-

ing and substrate used in the model are given in Table

2, the oil properties in Table 1 and a schematic view

of the model in Figure 2. Numbers 1-6 in Figure 2 cor-

responds to boundary points, and the letters A-E are

computational domains where the heat equation is be-

ing solved. The heat equation solved in the domains

A-E is expressed as:

δtscpρ
∂T

∂t
+∇(−κ∇T ) = Q (2)

where

δts = Time scaling coefficient

ρ = Density [kg/m3]
cp = Heat capacity at constant pressure [J/(kgK)]

κ = Thermal conductivity [W/(mK)]

Q = Heat source [W/m3]

T = Temperature [◦C]
t = Time [s]

The energy input of the heat source that is applied

uniformly throughout the lubricant film is calculated

as:

Q = µPh

SUe

hcen

+ ǫT
∂Ph

∂t
(3)

where

Ph = Hertzian pressure [Pa]

µ = Coefficient of friction

S = Slide to roll ratio

Ue = Entrainment speed [m/s]

hcen = Central film thickness [m]
ǫ = Thermal expansion coefficient [◦C−1]

The surfaces will be in contact with the oil film un-

der different amounts of time, since the surface speed

of the ball and disc are different due to sliding. The
simulation time is governed by the time it takes for the

faster sliding ball to pass the Hertzian contact width of

the ball-on-disc contact, and a time scaling coefficient

is therefore applied on the slower moving surface of the

disc, both in case of coated or uncoated. The time scal-
ing coefficient for the disc is given as:

δts =
Ud

Ub

(4)

where

Ud = surface velocity of disc [m/s]

Ub = surface velocity of ball [m/s]

For the same reason a time scaling coefficient is also

applied on the lubricant film, but instead of being con-
stant it is a function of the position, x across the film:

δts =
Ud

Ub

+
1− Ud

Ub

hcen

x (5)



6 M. Björling et al.

Fig. 2 Schematic view of thermal model, not to scale

Table 2 Model properties

DLC AISI 52100

Density [kg/m3] 2500 7810
Thermal conductivity [W/mK] 2 46.6
Heat capacity [J/kgK] 1000 475
Elastic modulus [GPa] 210
Poisson’s ratio 0.3

For all other domains the time scaling coefficient is

set to 1. The steel surfaces that are domains A and E

in Figure 2 are assigned the thickness of the disc and

the diameter of the ball, and the coatings, that are as-
signed domains B and D have a fixed thickness set to

2 µm. The oil film is assigned domain C and the thick-

ness is approximated by the Hamrock-Dowson equation

for central film thickness [9] and a thermal correction
model developed by Hsu and Lee [11] is used to com-

pensate for thermal thinning of the lubricant film. The

outer boundaries of the steel surfaces, points 1 and 6,

are assigned the bulk oil temperature, and the interior

boundaries 2-5 are assigned a continuity condition.
Therefore the boundary conditions can be described

as:

Boundary 1 and 6: T=T0

Internal boundaries i=2-5: ki∇Ti|− = ki∇Ti|+ and

Ti|− = Ti|+

where T0 is the initial temperature. All subdomains

are assigned the bulk oil temperature as an initial value

(T0):

For A-E: T(t0)=T0

All solutions are checked for convergence with re-

spect to both mesh size and time step length.

3 Results and discussion

Eight different combinations were evaluated as presented

in Table 3. Depending on surface roughness, coatings

and operating temperature a different amount of test

cycles were required to meet the criterion of running
in, as listed in Table 3. Table 3 also contains informa-

tion about the root mean square combined roughness,

Sqc of each test combination measured after the test

Table 3 Test combinations

Case Ball Disc Temp Cycles Sqc [nm]
1 Uncoated Uncoated 40 ◦C 4 155
2 Uncoated Uncoated 90 ◦C 11 157
3 Uncoated Coated 40 ◦C 4 355
4 Uncoated Coated 90 ◦C 11 293
5 Coated Uncoated 40 ◦C 4 170
6 Coated Uncoated 90 ◦C 11 162
7 Coated Coated 40 ◦C 4 315
8 Coated Coated 90 ◦C 11 259

Entrainment speed [m/s]

S
R

R

0.0250.030.0350.040.045

0.05

0.055

0.06

0.065

0.07

1 2 3 4 5 6 7 8 9

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Fig. 3 Uncoated disc against uncoated ball at 40◦C

has been completed. Table 4 contains information from
the surface roughness measurements made on the ball

and disc specimens before and after testing. The mea-

surements show that the uncoated balls wear more than

the coated ones regardless of if the counter surface is

coated or not.

Case one and two where an uncoated ball is run

against an uncoated disc at 40 and 90 ◦C are consid-
ered as reference cases, and are shown in Figs. 3 and 4.

The results are presented as 2D friction maps whose ad-

vantages and features are described in detail elsewhere

[3] where the friction coefficient is plotted against SRR

and entrainment speed. Similar 2D maps are obtained
for case 3-8, but are not shown here. Instead the abso-

lute coefficients of friction from case 3, 5 and 7 that are

conducted with a lubricant bulk temperature of 40 ◦C

are subtracted from case 1 and displayed as difference
maps in Figs. 5-7. In these figures a positive number in-

dicates that the presented case had a lower coefficient

of friction (COF) compared to the reference case, and

vice versa for negative numbers. The results from case

4, 6 and 8 that are conducted with a bulk temperature
of 90 ◦C are in the same way subtracted from case 2

and shown in Figs. 8-10.

As seen in Figs. 5-7 the friction coefficients at higher

entrainment speeds when full film lubrication is assumed

to occur are generally lower when one or both surfaces
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Table 4 Surface roughness measurements for ball and disc
specimens

Ball Counter Temp Sa Sq Std Sa Std Sq

surface [◦C] [nm] [nm] [nm] [nm]
Coated* - - 25 41 3 8
Coated Uncoated 40 33 54 2 6
Coated Uncoated 90 31 54 1 5
Coated* - - 31 53 4 11
Coated Coated 40 41 72 4 9
Coated Coated 90 29 51 2 13
Uncoated* - - 35 53 4 8
Uncoated Uncoated 40 47 78 4 13
Uncoated Uncoated 90 70 124 5 6
Uncoated * - - 32 47 2 6
Uncoated Coated 40 88 133 10 12
Uncoated Coated 90 64 90 8 13

Disc Counter Temp Sa Sq Std Sa Std Sq

surface [◦C] [nm] [nm] [nm] [nm]
Coated* - - 215 270 22 25
Coated Coated 40 244 303 32 39
Coated Coated 90 203 254 31 36
Coated Uncoated 40 267 329 16 18
Coated Uncoated 90 224 279 39 46
Uncoated * - - 110 144 7 9
Uncoated Coated 40 246 309 19 27
Uncoated Coated 90 206 260 17 20
Uncoated Uncoated 40 201 134 4 5
Uncoated Uncoated 90 108 140 5 6

*Unworn surface

Entrainment speed [m/s]

S
R

R

0.06

0.055

0.05

0.045

0.04

0.035

1 2 3 4 5 6 7 8 9

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Fig. 4 Uncoated disc against uncoated ball at 90◦C

are coated with DLC, which is consistent with earlier

findings [26,6]. The biggest decrease in friction coeffi-

cient is achieved when both surfaces are coated, as also

reported elsewhere [26], followed by coating only the
disc, and then the smallest reduction by only coating

the ball. However, at lower speeds where mixed lubri-

cation is assumed to occur the friction coefficients are

higher for all coated cases. The reason for this is prob-

ably due to the rougher surface of the DLC coated disc
that promotes a transition to mixed lubrication from

full film lubrication at higher entrainment speeds.

The same trend can be seen in Figs 8-10 where the

increased oil bulk temperature from 40 to 90◦C leads

to a thinner lubricant film and thus promotes a tran-

sition to mixed lubrication at even higher entrainment

speeds compared to the lower temperature, especially

in the cases when the rougher DLC coated discs are

used. With increasing entrainment speed and especially

SRR the combinations with one or two surfaces coated
with DLC will show COF lower than the reference case.

This is mainly believed to be due to lower hydrody-

namic friction, as seen in the low temperature case, but

possibly also due to a lower COF in the asperity in-
teractions compared to steel against steel. The differ-

ence between figures 8 and 10 is therefore most likely

to be explained by the reduction in hydrodynamic fric-

tion by coating both surfaces rather than one, and also

the slightly lower combined roughness in the DLC-DLC
combination. In Figure 9 where only the ball is DLC

coated there seem to be no substantial differences com-

pared to the reference case, indicating that the friction

coefficient between steel-steel asperities and steel-DLC
asperities in this case is roughly the same.

It is evident that the DLC coating in some way pro-

motes lower friction coefficients compared to the un-

coated references cases, in these tests most noticeably

in the full film regime. Choo et al. [5] have discussed
that smooth surfaces are one of the key factors for the

boundary slip theory. They tested coated surfaces with

RMS roughness of 0.75 and 9.5 nm and found negligi-

ble difference in friction between the rough (9.5 nm)
coated surface and an uncoated surface with rough-

ness of the same magnitude, while the smoother surface

showed a significant reduction in friction compared to

its uncoated counterpart. Considering that the coated

surfaces used in this study are one or two orders of mag-
nitude larger than the rough surfaces used by Choo et

al. it is likely that boundary slip is not the dominant

reason, or possibly not part at all in the decrease in fric-

tion coefficient found with the coated surfaces in this
study.

Part of the explanation may be found from the ther-

mal simulation model. Figure 11 shows a graph of the

maximum value of the mean cross film temperature in-

crease in the lubricant as the computational domain
passes the contact zone. Values are presented for four

different combinations of entrainment speeds and SRR.

The simulation has been run for both the reference case

with uncoated surfaces, but also with the other cases
with one or both surfaces coated. All simulations has

been performed with an initial temperature of 40◦C

since the experiments conducted at 90◦C indicates mixed

lubrication in large parts of the tested operating range.

There is a significant increase in temperature for all
cases where one or both surfaces are coated with DLC.

The highest temperature increase is found for the case

when both surfaces are coated with DLC followed by
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Fig. 5 Difference in friction coefficients between case 1 and
3, uncoated references compared to uncoated ball and DLC
coated disc @ 40◦C
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Fig. 6 Difference in friction coefficients between case 1 and
5, uncoated references compared to DLC coated ball and un-
coated disc @ 40◦C

the case where the ball is coated with DLC and the

disc is uncoated. These findings are in line with the ex-

perimental results that showed the biggest decrease in
COF for the cases where both surfaces were coated with

DLC, and only a negligible difference between coating

the ball, or the disc, but still a substantial difference

compared to having both ball and disc uncoated. An in-

creased temperature in the contact leads to lower shear
resistance and lower limiting shear strength and it is

therefore likely that it will result in lower friction co-

efficients. An increased temperature in the contact will

only have a small effect on film thickness since the lu-
bricant film build-up is mainly governed by the vis-

cosity in the inlet region of the contact, which is not

subjected to the same temperature increase as the lu-
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Fig. 7 Difference in friction coefficients between case 1 and
7, uncoated references compared to DLC coated ball and DLC
coated disc @ 40◦C
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Fig. 8 Difference in friction coefficients between case 2 and
4, uncoated references compared to uncoated ball and DLC
coated disc @ 90◦C

bricant inside the contact. It is reasonable to believe

that thermal effects are most likely to be one of the

reasons for the decrease in coefficient of friction seen

in the experiments. Especially at higher SRR the tem-

perature increase is substantial. However, at lower SRR
the increase in temperature is not as distinct, and even

though the experiments show less decrease in COF at

lower SRR it is possible that there are other effects as

well that are part of the reduction in COF. One possi-
bility is the fact that the thermal model does not take

global effects into account, and there could also be other

factors.
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Fig. 9 Difference in friction coefficients between case 2 and
6, uncoated references compared to DLC coated ball and un-
coated disc @ 90◦C

Entrainment speed [m/s]

S
R

R

0

0.005

−0.005

−0.01
1 2 3 4 5 6 7 8 9

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Fig. 10 Difference in friction coefficients between case 2 and
8, uncoated references compared to DLC coated ball and DLC
coated disc @ 90◦C
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Fig. 11 Simulated temperature increase in lubricant

4 Conclusions

The experiments conducted in the ball on disc appa-

ratus with both coated and uncoated specimens show

that:

– There is a reduction in coefficient of friction in the

full film regime when a DLC coating is applied to

at least one of the surfaces.

– The biggest reduction in coefficient of friction is

found when both ball and disc are coated.
– There is only a very small difference in coefficient

of friction comparing coating only the ball, or only

the disc.

– The decrease in coefficient of friction is generally
increasing with entrainment speed, and especially

SRR.

The thermal simulation model shows that:

– The increase of the lubricant film temperature is

largest compared to uncoated surfaces when both

surfaces are coated with DLC. The reduction in
friction coefficient when coating only the ball, or

only the disc are almost the same, lower than coat-

ing both surfaces but still higher than the uncoated

case.

– The increase of mean lubricant film temperature is
larger for higher entrainment speeds, and above all

for higher SRR.

The findings above indicate that it is reasonable to
conclude that thermal effects are a likely cause for the

decrease in coefficient of friction in the full film, and

mixed lubrication regime when DLC coated surfaces

are used.
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