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ABSTRACT

This article examines the influence of low thermal inertia coatings, such as diamond-like
carbon coatings, on the lubrication of point contacts operating under zero entrainment velocity
conditions. Stationary thermal elasto-hydrodynamic simulations are performed to analyze
modifications to the thermal viscosity wedge mechanism induced by the presence of such coatings.
Three configurations, namely a steel-steel contact, a DLC coated steel-DLC coated steel contact and
a steel-DLC coated steel contact, are investigated. For each configuration, temperature, pressure
and film thickness profiles are presented in order to discuss the tribological performances (film
thickness and traction) of low inertia coatings under these very specific lubrication conditions. In

particular, the detrimental effect of having only one coated surface is highlighted and explained.

1 INTRODUCTION

Since the end of the 20t century and the very important advances in deposition technologies
for thin films, amorphous diamond-like carbon (DLC) coatings have received a lot of attention [1].
DLC films have widespread applications as protective coatings in areas such as optical windows,
magnetic storage disks, car parts and micro-electromechanical devices. Among other distinctive
properties, their ability to mitigate friction and wear, under both dry and lubricated conditions, has
made them very desirable for tribological applications [2]. However, despite numerous studies and
notable empirical evidence [2-8], the origins of the friction reduction achieved with DLC coatings

have remained unclear for years and are still under debate. Different mechanisms have been
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hypothesized in the literature in an attempt to explain the role of DLC coatings in the friction
reduction depending on the lubrication conditions. In the boundary lubrication regime, the friction
reduction has been linked to the graphitization of a layer of the DLC coating under both the effects
of mechanical stresses and temperature [2,8,9]. In the elasto-hydrodynamic lubrication regime, the
friction reduction has been originally attributed to boundary slippage at the liquid/DLC interface
due to lower surface energy of the coatings [5,7]. However, constraints required for the boundary
slippage to occur (surfaces have to be extremely smooth [10,11]), are rarely fulfilled in practical
applications. Recently, Bjorling and his coworkers [6,12,13] proposed another explanation, stating
that micrometer thick DLC coatings, act as a thermally insulating barrier, hindering the evacuation
of the heat generated in the contact through the solids. Using thermal elasto-hydrodynamic (TEHD)
simulations, different authors [14-16] showed that by disrupting the thermal balance, DLC coatings
induce higher temperatures in the pressurized region of the contact than for uncoated
configurations. These higher temperatures in turn lead to a reduction in viscous friction while barely
affecting the film thickness for the range of sliding conditions investigated (up to a slide-to-roll ratio
(SRR), i.e. the ratio of the sliding velocity of the contacting surfaces and their mean velocity, of 0.8

in [14]). In addition, Habchi [14] identified the main parameters governing the thermal barrier effect

as the thermal inertia of the coating material (defined as | = m where p;, k; and c; are the
density, thermal conductivity and specific heat capacity of the material, respectively) and as the
coating thickness, h;.

In a recent article, the authors presented a numerical analysis on the effects governing the
performance of lubricated cam-follower contacts equipping racing car engines [17]. One of the main
conclusions drawn from the TEHD simulations concerned the prominent role played by thermal
effects during entrainment reversals. Results clearly showed that the retention of a lubricating film
able to fully separate the surfaces can be attributed almost solely to the thermal viscosity wedge
mechanism [18,19]. For the sake of clarity, the authors did not however consider surface coatings
at that stage of the analysis, even though it has become a very common technology in cam-follower
systems of automotive engines [20]. The present study therefore aims at investigating the influence
of low thermal inertia coatings (such as DLC coatings) on the tribological performance of lubricated
contacts. In particular, the study focuses on the zero entrainment velocity (ZEV)/infinite sliding
conditions encountered, for instance, in cam-follower systems or cageless ball bearings. In the first
stage, stationary TEHD simulations are used to reproduce the lubrication of a steel-steel point
contact in ZEV conditions. Reference film thickness and temperature profiles are reported to

illustrate the formation of a dimple under the action of the thermal viscosity wedge mechanism.
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Then, additional simulations are performed on a DLC coated steel-DLC coated steel point contact to
analyze and discuss the influence of the coatings on both film thickness and friction. Finally, the
most common configuration in which only one of the contacting surfaces is coated with DLC is

considered.

2 MODEL
2.1 Geometry and governing equations

Because this article focuses on understanding the mechanisms behind the lubrication of
contacts coated with low thermal inertia materials operating under ZEV conditions rather than on a
specific application, a stationary point contact configuration was preferred in this study. In fact, the
contact under consideration is typical of ball-on-disc tribometers. As schematized on Fig. 1, it can
be reduced to the contact between a (coated) sphere of radius R, and a (coated) plane, separated

by a thin film of lubricant, and subjected to an external load F.

Fig. 1 Typical lubricated point contact between a coated ball and a coated disc. Domain (25 and (2,

correspond to the coating of the disc (2,) and ball (12,), respectively. ) is the fluid domain.



Here, the sphere surface and the plane move only along X with respective velocities u,, > 0
and u;, = —U,,, producing an entrainment velocity, u,,, = %(uu + u,, ) equal to zero (hence the
so-called ZEV conditions). Coatings deposited on the disc and the ball have thicknesses h., and h,,
respectively. Finally, surfaces are considered smooth and a fully-flooded lubrication regime is
assumed.

From a mathematical point of view, the behavior of these lubricated contacts is modeled
using the TEHD formalism described by Habchi [21]. Only the fundamentals of this formalism are
recalled hereafter. Readers looking for additional details should refer to the aforementioned
reference and Appendix A. The TEHD coupling is achieved through the resolution of four equations,
here in their steady-state form. The generalized Reynolds equation [22] describes the fluid flow
within the conjunction. The linear elasticity equation computes pressure induced deformations in
the solids. Note that, compared to the work of Habchi, the elastic deflection of the coatings was not
taken into account in the present study. Indeed, Habchi [23] showed that for thin coatings, such as
those considered in this approach, the coatings’ contribution to the overall deflection is negligible.
In addition, energy equations are solved to obtain the temperature field in the contact
(encompassing the fluid, coatings and solids). Finally, the load balance equation completes the

coupling by ensuring that the fluid pressure fully balances the applied load.

2.2 Numerical procedure

The numerical model for the simulation of lubricated coated and uncoated point contacts
was developed based on the finite element-full system approach proposed by Habchi [21,23], with
adaptations by the authors [17,24]. In fact, the present model is a generalization of the line contact
version formerly used in [17]. Therefore, the description of the structure and specifics of the model
given hereafter will primarily focus on the original feature, i.e. the introduction of the coatings and
the subsequent modification in the thermal part of the model.

The TEHL equations, ((A.1) to (A.7) in Appendix A) were first nondimensionalized using the

following quantities:



o ox oy z/h, inthe lubricant
xza'y: E'Z: z/a in the solids )
z/h.; ,i = 3,4 in the coatings
5(E.5) = r(x, y) H(E) = h(x y) i e T(x, y,Z), (1)
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where a and p; are the contact half-width and maximum pressure according to Hertz theory,
respectively. py and 71, correspond to the density and viscosity of the lubricant at the ambient
temperature Ty. It can be noted from the new set of dimensionless variables (eq. 1) that the
implementation of coatings in the TEHD model adds two other characteristic lengths, i.e. the
coatings thicknesses h.3; and h.,. In practice, low thermal inertia coatings are usually a few
micrometers thick. These new characteristic lengths are thus significantly larger than typical TEHD
film thicknesses (ranging from tens to hundreds of nanometers) and yet a few orders of magnitude
smaller than typical Hertzian contact half-widths a. Consequently, neither h nor a are suitable to
nondimensionalize the simulation domains corresponding to the coatings along Z. Instead, each
coating domain is nondimensionalized using its respective thickness. The resulting dimensionless
geometry used for the thermal problem (as well as the one used for the EHD problem) is depicted
on Fig. 2.

The dimensionless forms of equation (A.1) through (A.8) (readers interested in these
dimensionless forms can refer to [19]) are solved using classical TEHL boundary conditions. The 3D
linear elasticity equations are solved on a cube defined for x € [-30,30], y ¢ [-30,30] and
Z € [—60,0]. Null displacements are assumed on the bottom surface while all other surfaces,
outside of the contact area, are left free. On the contact surface (materialized by the square shaped
domain (Q) defined for x € [—4.5,4.5] and y € [—4.5,4.5]), a normal pressure load boundary
condition is used to apply the fluid pressure distribution. The latter is obtained from the resolution
of the generalized Reynolds equation on () with atmospheric pressure as boundary conditions.
Cavitation occurring at the exit of the contact is handled by applying the penalty method as in
[17,21]. For the thermal part, boundary conditions on the outer surfaces are similar to what was
done previously for line contacts [17], i.e. conditional relations are prescribed at the side boundaries
of the solid and lubricant domains such that matter entering the contact does so at ambient
temperature T,. In addition, zero conductive heat fluxes boundary conditions are assumed at the
lower and upper solid boundaries (respectively defined by Z = —4 and Z = 5) since they are placed

far enough not to be affected by the heat generated in the contact. Finally, the continuity of the
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normal heat flux and temperature are imposed at the fluid/coatings interfaces as well as at the

coatings/solids interfaces.

3
9 A
1
Va5 o A
60 Q, ]
Z‘}"X Q
3
Q,+Q, 4 Q,
* = ﬁ
) 60 " ) 9 >

(a) (b)
Fig. 2 Geometries of the dimensionless EHD model (a) and of the dimensionless thermal model

including coatings (b). For additional details, see [21,23].

The TEHD model for coated point contact was implemented into the commercial finite-
element software COMSOL Multiphysics® (COMSOL). The EHD and thermal part (see Fig. 2) were
discretized using a combination of structured and unstructured meshes, specifically refined in the
pressurized region of the fluid domain. The EHD model contains 35494 tetrahedral elements and
12288 triangular elements (9610 out of the 12288 triangular elements are located inside the circular
area delimited by the Hertzian contact half-width, a). The thermal mesh consists of 117613
tetrahedral elements divided as follows: 91909 tetrahedral elements for the fluid film (61889 out of
the 91909 are contained in the cylindrical volume delimited by the Hertzian contact half-width),
23065 tetrahedral elements for the coatings and 2639 for the steel substrates. Once fully defined,
the lubrication problem is solved in two different stages. Indeed, ZEV conditions generate severe
conditions of pressure, shearing and temperature in the contact for which a relevant initial guess
can hardly be found. As a consequence, classical solving processes often encounter convergence
issues while trying to reach ZEV conditions in a straightforward manner. For instance, using an
intermediate isothermal step is not possible as the stationary isothermal ZEV problem has no
solution. In order to deal with this issue, specific techniques are required. For instance, Zhang and

coworkers used time-dependent solvers along with temporal evolution of the surface velocities to
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reach the ZEV conditions in line and point contacts [25,26]. In the present work, a parametric
approach was chosen. The final solution, corresponding to the ZEV conditions was obtained as
follows: first, the solution for a pure sliding contact (u,, > 0 and u;,, = 0) was computed through
the different steps that form the “Initialization stage”. Then, a series of TEHD computations where
performed using decreasing values of u; until reaching u;,, = — u,,. For each value of u,,, the fully
coupled non-linear system is linearized using a Newton-Raphson procedure and solved using a
monolithic approach. Convergence of the solution is considered when the error estimate on each
of the dependent variables drops below the relative tolerance of 0.0005. Finally, note that in all the
simulations performed, the computational domains of the EHD and thermal problems were reduced
by half using the plane of symmetry defined by y = 0. Doing so, the TEHD simulations were limited
to 602992 degrees of freedom and were solved in about a day on a computer equipped with a Dual

Xeon Processor E5-2650 (Intel).

2.3  Materials

Bearing grade steel (100Cr6) was chosen to model the properties of the ball and the disc. As
for the coating material, a hydrogenated amorphous DLC, a:C-H, containing about 27% of hydrogen
was selected (Cavidur from OC Oerlikon). Both the density of the DLC and the coating thickness were
provided by the supplier. In the absence of experimental data, thermal conductivity, k3 , and heat
capacity, c3 4, where estimated using empirical relations in [27] and [28], respectively. All properties

related to the solid substrates and coatings are summarized in Table 1 and 2, respectively:

Table 1: Mechanical and thermophysical properties of the 100CR6 solid substrate

Property Unit Value
P12 [kg.m3] 7850

E1. [Pa] 210 x 10°
V1,2 [-] 0.3

€12 [J.kgt.K1] 470

ki, (W.m1.K1] 46



Table 2: Mechanical and thermophysical properties of the DLC coating

Property Unit Value
P34 [kg.m3] 2000
C34 [J.kgt.K1] 885
k3,a (W.m1.K1] 0.72
hess [m] 2 x 10°

The lubricant chosen for the study is a base oil, from group lll+ (API classification).
Thermophysical properties of the oil were modeled by the authors using extensive characterization
data spanning over extensive ranges of temperature and pressure. For more details on the
characterization and modeling process, the readers are referred to [29,30]. Lubricant density

variations with pressure and temperature are accounted for by the modified Tait equation of state:

0. T) = py 2 x 20 (2)
= — X —
pp’ prVO V
with Vo 1 p
—=1- In[1+—1+K,
v e [ T (o)
V.
—=1+a,(T-T,)
Vo

Ko = Kooexp(—pxT)
which relates the density at given pressure p and temperature T to the density at a reference state,
defined by its temperature T,. and atmospheric pressure p,, through volume variations. Parameters
required to set the model are: K, the pressure rate of change of K|, the isothermal bulk modulus
at po; a,, the thermal expansivity; fkis the temperature coefficient of K, and K is the value of K,
at zero absolute temperature.

As for viscosity, the base oil is assumed to behave as a Newtonian fluid. Only the viscosity
variations with pressure and temperature are modeled using the modified WLF-Yasutomi
correlation [31]. n(p,T) reads:

—C1(T-Ty®))Fn ()
N, T) = 17y % 1062+(T—Tg(p))Fm(p)
with T, (p) = Ty(po) + A1 In(1 + Azp)
En(p) = (1 + B1p)*™

(3)



where 7, is the viscosity at the glass transition temperature T, (po). A1, Az, By, B;, C; and C; are

additional fluid-related parameters.

All the properties of the base oil, including the parameters involved in the density and viscosity

models, are summarized in Table 3.

Table 3: Parameters and properties defining the lubricant.

Property Unit

Tait EOS

pr [kg.m~]
Ko [-]

av (K]

Tr (K]

Koo [Pa]

B (K]

WLF model

C1 [-]

C (K]

A (K]

A; [Pal]

B; [Pal]

B [-]

Ty(po) (K]
1N(Tq(po) [Pa.s]
Thermal properties

k [W.m1.K7]
c [J.kgt.K?]

3 RESULTS AND DISCUSSION

3.1 Steel-steel configuration

Value

825.2

11
8x10*
288
9x10°
6.5x 1073

16.23
22.54
94.23

6.37 x 1010
7.70x 10°
-0.48
177.95
1012

0.16
2400

In order to establish a reference configuration for the analysis of the influence of low thermal

inertia coatings, a first computation was performed for a steel-steel point contact. Velocities of the
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sphere surface and the plane were set tou,, = 2m.s tandu,, = —2m.s™1, respectively. A load
F = 2N was applied on the sphere of radius R, = 0.0127 m, the corresponding maximum Hertzian
pressure is p, = 317 MPa. The chosen load may appear small with regards to acétual conditions in
lubricated applications but, as it will be showed, the intensity of the pressure gn g!\cement due to
the thermal viscosity wedge makes convergence quite hard to achieve for the steel-steel
configuration. Finally, the ambient temperature was set to T, = 30°C which leads to an ambient

viscosity of 1y = 17.62 mPa. s. Results obtained for the steel-steel configuration are presented in

Fig. 3, 4,5 and B.1.

x1077

A 142

140

120

100

Z[ra]

80

¥ 299

-2 -1.5 -1 -0.5 0 0.5 1 1.5 x10™
X [m]

Fig. 3 Temperature (in degrees Celsius) inside the lubricant (2) and inside the lower (£21) and upper

(£2,) solids at the plane of symmetry defined by y = 0 for the steel-steel configuration.
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3.5 T T T T T T T T T T T

—Film thickness [-]
—Pressure [-]

Fig. 4 Dimensionless lubricant pressure and dimensionless film thickness profiles at the plane of
symmetry defined by y = 0 for the steel-steel configuration.

Lubricant Pressure p [Pa]
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Lubricant Film Thickness h [m]

x107’

2.15
2.07

1.92
1.84
1.77
1.69
1.62
1.54
1.46
1.39
1.31
1.23
1.16
1.08
1.01
0.93
0.85
0.78

0.62
0.55
0.47

0.32

(b)
Fig. 5 Lubricant pressure (a) and film thickness (b) maps in the circular area, delimited by the
Hertzian contact half-width, for the steel-steel configuration. Note that on Fig. 5, 7 and 11,

coordinates are expressed in their dimensionless form.

These three Figures show the remarkable influence of the thermal viscosity wedge
mechanism for concentrated steel-steel contacts, even at such a low applied load. In fact, a perfect
illustration of this influence is given on Fig. 3 through the temperature increase in the central region
of the contact (around x=0). Due to the recirculation of a small amount of lubricant trapped in the
contact [32], the temperature increases dramatically up to 142°C at a height of half the film
thickness, while remaining close to 58°C at the surface of the solids. The intense temperature
gradient formed across the film thickness in turn produces strong pressure gradients along the X
and y directions which increase pressure at the center of the contact to about 1.07 GPa (Fig. 5a),
i.e. almost 3.5 times the maximum Hertzian pressure (Fig. 4). As a result, the film thickness takes a
marked elliptic dimple shape (see Fig. 5) with extrema both located along the plane of symmetry
defined by y= 0 (at least within the circular area delimited by the Hertzian contact half-width, a =
5.49 10~* m). The highest film thickness (h = 221 nm) is reached at the dimple center, which in
this case does not exactly correspond to the geometrical contact center (defined by x = y = 0). On
the opposite, the lowest film thicknesses are located at the boundaries of the dimple (the absolute

minimum, h,, = 30 nm, is reached for X > 0 as seen on Fig. 5b). The location of these minimum
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film thicknesses contrasts strongly with those of the common « horse-shoe shaped » film thickness
profile encountered in point contacts operating under low to moderate sliding conditions. In fact,
in the present case, the two local minimum of film thickness on the contact sides (X = +0.2 and
y = £0.9 on Fig. 5) remain about two times higher than the absolute minimum reached on the
plane of symmetry. This is another consequence of the thermal viscosity wedge effect. Because of
the intense pressure gradient reigning between the center of the dimple and the sides, strong
Poiseuille flows form along the y direction (with velocities up to u, = 0.11 m.s™ 1) allowing
significant amounts of lubricant to exit the contact on the sides.

As briefly mentioned above, the temperature, pressure, film thickness and viscosity profiles
presented on Figures 3, 4, 5 and B.1 all exhibit a slight asymmetry with respect to the plane defined
by x = 0. While this observation may appear surprising, readers should bear in mind that the thermal
model is not perfectly symmetric in the z direction since, as displayed on Figure 2, we defined z=0

on the lower surface and not in the center of the fluid film.

3.2 DLC coated steel-DLC coated steel configuration

When both steel surfaces are coated with a low thermal inertia material (as e.g. the DLC
chosen in the present study), the picture is quite different. Because of their very low conductivity
(roughly four times the one of the liquid, but only one sixtieth of the one of the solid substrates),
the coatings limit the ability of the solids to absorb and evacuate heat produced by the viscous
shearing in the lubricant (Fig. 6). Heat therefore remains “trapped” in the contact and significantly

affects a large volume of lubricant and the coatings over their entire depth (h.,, = 2 um). As a

C3,4
consequence, temperatures reached in the lubricant (within the circular area delimited by the
Hertzian contact half-width, a = 5.49 10~* m) are, on average, much higher than in the steel-steel
configuration (90°C and 47°C respectively). The maximum temperature (around T = 108°C) is
however significantly lower in the DLC coated configuration due to the weakening of the thermal
viscosity wedge mechanism. This weakening is directly visible on the lubricant film thickness and
pressure in the contact. As depicted on Figs. 7, 8 and B.2, the lubricant film exhibits a completely

different shape than what was previously observed with the steel- steel configuration (Figs. 3, 4, 5

and B.1).
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Fig. 6 Temperature (in degrees Celsius) inside the lubricant (2) and inside the lower (£23) and upper
(2,) coatings at the plane of symmetry defined by y = 0 for the DLC coated steel-DLC coated steel
configuration. Note that due to the zoom in the z direction, only a small portion of the 2 um thickness

of the coatings is visible here.

Firstly, the marked elliptic dimple shape almost disappears in the presence of DLC coatings,
becoming significantly much more circular (broader and shallower). The range of film thickness
values previously spanning over an order of magnitude is here considerably reduced (down to a
factor of about 2.6, see Fig. 7b). Secondly, with the weakening of the thermal viscosity wedge
mechanism and its lifting effect, the lubricant film experiences a general decrease in thickness (h €
[7.3 —18.8] nm for the DLC coated configuration compared to h € [30 — 221] nm for the
uncoated one). Last but not least, the locations where the clearance is minimal change: they are no
longer positioned along the plane of symmetry defined by y= 0 but rather on the sides of the contact
(x = +£0.2andy = £0.9 on Fig. 7). Accordingly, side flows are negligible (maximum velocities along
the y direction within the circular area delimited by the Hertzian contact half-width do not exceed
u, = 0.01m. s~1, one tenth of those observed in the uncoated configuration). Most of the lubricant
now exits the contact at the boundaries of the dimple (X = +0.85 on Fig. 7) and close to the plane

of symmetry defined by y=0. The influence of DLC coatings on the lubricant pressure is also drastic.
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With the weakening of the thermal viscosity wedge mechanism, the pressure enhancement

vanishes and a pressure profile close to Hertz theory (Fig. 7a and Fig. 8) is recovered.

Lubricant Pressure [Pa]

x10°%

3.28
3.15
3.02
2.89
2.76

%1078
1.84

1.75
1.71
1.66
1.62
1.57
1.52
1.48
1.43
1.39
1.34
1.29
1.25
T2
1.16
1.11
1.06
1.02
0.97
0.93
0.88
0.84
0.79
\ ! . | 0.74
0 0.5 1

(b)

Fig. 7 Lubricant pressure (a) and film thickness (b) maps in the circular area, delimited by the

Hertzian contact half-width, of the DLC coated steel-DLC coated steel configuration.
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——Film thickness [-] {
Pressure [-] i

Fig. 8 Dimensionless lubricant pressure and dimensionless film thickness profiles along the
entrainment direction (at the plane of symmetry defined by y = 0) of the DLC coated steel-DLC coated

steel configuration.

3.3 Steel-DLC coated steel configuration

The mixed configuration, i.e. where only one of the solids is coated with a low thermal inertia
material, is the most interesting case. Indeed, unlike the two previous configurations, the presence
of the DLC coating on the bottom solid only, produces strongly dissymmetrical lubrication conditions
(Figs. 9-11). This dissymmetry is illustrated on Fig. 9 in the form of the temperature profile inside
the contact along the plane of symmetry defined by y= 0. Because of its higher thermal conductivity,
heat diffuses much faster in the depth of the upper solid (£2,) than in the depth of the lower coating
(©23). Hence, temperature along the Z direction appears constant in {0, while a marked gradient can
clearly be distinguished in {3. In addition, the difference in the thermal properties of the surfaces
significantly affect the temperature of the lubricant in the contact. This is especially clear when
looking at the viscosity profile inside the lubricant film (Fig. 10). As the upper solid surface (Q_2)
remains (about 6°C) colder than the lower coating surface (Q_3), viscosity differences appear across

the lubricant film.
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Fig. 9 Temperature (in degrees Celsius) inside the lubricant (£2) and inside the lower coating ({25)
and upper solid (f),) at the plane of symmetry defined by y = 0 for the steel-DLC coated steel
configuration. Note that due to the zoom in the z direction, only a small portion of the 2 um thickness

of the coating is visible here.

17



-8
A0 1 [Pa.s]
0.1
0.09
0.08

0.07

0.06

z [m]

0.05

0.04

10

— 0.02
U, =—2m.st

Il 1 1 Il 1 1 I} 0.01
-6 -4 -2 0 2 4 x107°
x [m]

Fig. 10 Lubricant viscosity (in Pa.s) inside the contact at the plane of symmetry defined by y = 0 for

the steel-DLC coated steel configuration.

The particularity here is that, contrary to the steel-steel configuration, the resulting viscosity
gradient across the film has no symmetry. Therefore, the lift effect i.e. the pressure enhancement
provided by the thermal viscosity wedge mechanism only appears on a limited portion of the
contact, where x > 0 (as evidenced by the concentration of isobars at the right side of the contact
on Figs 11a). At first, this phenomenon may appear beneficial as it generates film thicknesses larger
than those obtained for the DLC coated steel-DLC coated steel configuration in the region where
the pressure enhancement is located. However, this localized lifting effect also has a counterpart,
i.e. a significant drop of film thickness on the other portions of the contact (Fig.11b). In fact, the

drop is so intense that the mixed configuration (i.e. containing a low thermal inertia coating on
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Lubricant Pressure [Pal

x107®

(b)
Fig. 11 Lubricant pressure (a) and film thickness (b) maps in the circular area, delimited by the

Hertzian contact half-width, of the steel-DLC coated steel configuration.

only one of the solids) produces the smallest film thicknesses making it the least favorable (h,, =

6.55 nm compared with 7.32 nm and 30 nm for the DLC coated steel-DLC coated steel and steel-

19



steel configurations respectively, see Table 4). In order to further analyze the influence of low
thermal inertia coatings, the coefficient of traction (or fluid friction) in the x direction, Cf, was also

computed for the different configurations as the average of the total shear forces on the upper and
lower fluid/solid interfaces divided by the applied force:

Cr = i( ff n(p,T)%dxdy‘ + ff n(p,T)aﬂdxdy> (4)
2F\Masa,-, 0z /-4 0z

where wu, is the fluid velocity along the x direction at any point M(x,y, z) of the fluid film (see

Appendix A).

Once again, the mixed configuration performs worse than the other configurations, by a significant
margin, with a traction coefficient C; = 0.083 (compared to 0.061 and 0.059 for the DLC coated
steel-DLC coated steel and steel-steel configurations respectively). The average film thickness
(computed over the circular area delimited by the Hertzian contact half-width) between the mixed
and DLC coated configuration being almost identical (12.95 nm compared to 13.01 nm), the
difference in terms of traction coefficient is attributed to the lower average temperature in the
pressurized region of the contact (T = 67.8°C for the steel-DLC coated steel configuration

compared to 89.9°C for the DLC coated steel-DLC coated steel configuration).

Table 4: Summary of simulation results for the three different configurations.

Steel-Steel DLC-DLC Steel-DLC
Pmax [GPa] 1.07 0.338 0.304
hc[nm] 221 18.80 10.28
hm [nm] 30 7.32 6.55
o [-] 0.059 0.061 0.083

4 CONCLUSIONS

The lubrication of point contacts operating under zero entrainment velocity (ZEV)/infinite
sliding conditions was studied using TEHD simulations. More precisely, this article aimed at
investigating the influence of low thermal inertia coatings, such as DLC coatings, which are known
to affect the heat balance in contacts, in lubrication conditions controlled by the thermal viscosity
wedge mechanism. As a first step, the influence of this mechanism was quantified for a steel-steel

contact. Thermal elasto-hydrodynamic simulations showed the predominant role played by the
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thermal viscosity wedge mechanism. Even at low applied loads, it can enhance the pressure by a
tremendous amount (a magnification by a factor of 3.5 was obtained in this study) in the central
region of the contact, ultimately resulting in a significant increase of the central and minimum film
thickness and the formation of a dimple.

The addition of low thermal inertia coatings on one or both of the steel solids disrupts the
thermal balance and the thermal viscosity wedge mechanism. By homogenizing the temperature
inside the lubricant, the low thermal inertia coatings strongly hinder the role and intensity of the
thermal viscosity wedge mechanism. As a consequence, their presence significantly reduces the
central and minimum film thicknesses. However, from a practical point of view, having only one
coated surface or both is not equivalent. In the former case, the lubrication conditions become
asymmetric following the difference in thermal properties of the surfaces in contact. This mixed
configuration produces the lowest minimum film thickness and the highest fluid friction.

In many applications involving lubricated contacts, low thermal inertia coatings have proven
their ability to reduce friction, even under full film lubrication. Yet, as shown in this article, the
choice to use low thermal inertia coatings (such as DLC coatings) for lubricated contact experiencing
ZEV/infinite sliding conditions should be made cautiously as they can strongly deteriorate the
lubrication conditions, and even cause a transition to mixed/boundary lubrication regimes. For that
matter, quantitative elasto-hydrodynamic simulations of the target application including an
accurate description of the lubricant and the influence of the microgeometry of the surfaces would
provide some important guidance. Finally, if used, low thermal inertia coatings should be applied

on both solids in contact.
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NOMENCLATURE

a

ay

Al/AZ/ Bl/ BZ/ Cl/ CZ

ki

Hertzian contact half-width (m)

Thermal expansivity defined for volume linear with temperature (K2).

Used in the Tait equation of state

Parameters of the WLF model

Specific heat capacity of the lubricant (J.kg*.K 1)
Traction (or fluid friction) coefficient (-)

Specific heat capacity of domain Q; (J.kg.K%)
Young’s modulus (Pa). Only for the solids
External load applied to the contact (N)
Lubricant film thickness (m)

Thickness of the coating corresponding to domain €; (m)
Minimum lubricant film thickness (m)

Spacing between the undeformed solids (m)
Thermal inertia of a material (J.m2.K1.s%/2)
Thermal conductivity of the lubricant (W.m™.K )
Thermal conductivity of domain Q; (W.m™1.K%)

Bulk modulus of the lubricant at atmospheric pressure p, and

temperature T (Pa). Used in the Tait equation of state
Dimensionless pressure rate of change of K, (-). Used in the Tait

equation of state.

Bulk modulus of the lubricant at atmospheric pressure p, and zero

absolute temperature (Pa). Used in the Tait equation of state.
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Pn

Po

SRR

ﬂ<

Pressure (Pa)
Maximum Hertzian pressure (Pa)

Atmospheric pressure (Pa)

2(Uzx—U1x)
UgxtUzyx

Slide-to-Roll Ratio in the x direction (-). SRR =

Equivalent radius of curvature of the solid surfaces along the X
direction (m). R, = (1/R; + 1/R,)™ L.
Equivalent radius of curvature of the solid surfaces along the y
direction (m). R, = (1/R; + 1/R;)™".

Radii of curvature of the plane (m). R; = o
Radii of curvature of the ball (m).
Temperature (K)

Glass transition temperature of the lubricant at atmospheric pressure
(K)

Reference temperature (K)

Inlet/ambient temperature (K)

Velocity of the lubricant along the X direction (m.s)
Velocity of the lubricant along the y direction (m.s)
Linear velocity of domain Q; along the X direction (m.s)
Linear velocity of domain Q; along the y direction (m.s?)
Entrainment velocity along the X direction (m.s™?)

Total volume occupied by the lubricant at pressure p and temperature
T (m3). Used in the Tait equation of state.
Total volume occupied by the lubricant at atmospheric pressure po

and reference temperature T, (m3). Used in the Tait equation of state.
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Bx

Ng

No

pi

pr

Po

Total volume occupied by the lubricant at atmospheric pressure po

and temperature T (m3). Used in the Tait equation of state.

Total elastic deflection of the solids (m)

Coordinate in the entrainment direction (m)

Coordinate in the transverse direction (m)

Coordinate in the vertical direction (m)

Temperature coefficient of K, (K?). Used in the Tait equation of state.
Lubricant viscosity at pressure p and temperature T (Pa.s)

Viscosity of the lubricant at the glass transition temperature T, and

atmospheric pressure po (Pa.s)

Viscosity of the lubricant at atmospheric pressure p, and

inlet/ambient temperature T, (Pa.s)

Poisson’s ratio of domain ;(-). Only for the solids
Fluid/lubricant domain

Solid and coatings domains

Density of the lubricant at pressure p and temperature T (kg.m3)
Density of domain Q; (kg.m3)

Density of the lubricant at atmospheric pressure po and temperature
T (kg.m?)
Density of the lubricant at atmospheric pressure po and inlet/ambient

temperature Tp (kg.m3)
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APPENDIX A: Equations of the TEHD lubricated point contact problem

As mentioned in section 2.1, the thermal elasto-hydrodynamic formalism was used to
simulate the behavior of lubricated point contacts with and without coated surfaces. This formalism
consists in the resolution of four classical equations which are detailed hereafter.

The generalized Reynolds equation gives the pressure p(x,y) at any given point inside the

fluid domain ). Applied to point contacts, the equation reads:

d [rp\ dpCe, )] @ [(p\ dp(x, )], 0 . 08, .
_ﬁKﬁ)e ox l_@l(ﬁ)e oy | Tax ) tg,(e) =0 (A1)

Through the use of integral terms, the generalized Reynolds equation takes into account the
influence of cross-film temperature (and possibly shear stress) gradients on the main lubricant

properties, density p(p, T) and viscosity n(p, T). These integral terms are written as:

(B) =T’_ep’_,0”
n/, me ¢ (A.2)

*

Px = péne(uZx - ulx) — Pel1yx

Py = p(’ane(uZy - uly) ~ Pell1y

h(x,y)
Pe = f p(p,T)dz
0

(e 1\,
_fo p(p’T)Oo n(p,T) Z> ‘

h(x,y) z g
pl = f p(p,T) <j dz'> dz
° 0 o N T)

1 h(x,y) 1
— = j dz
0

i)
o ~

Ne n(,T)

1 jh(xﬁy) VA

— = dz
Ne Jo n(p,T)

with h(x, y) the film thickness. It is expressed as:

1
h(x,y) = hy +=

x2 yz
> (— + —> —w(x,y) (A.3)

R, R,
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and results from the superposition of the rigid body displacement hO, the initial undeformed
geometry, represented by the equivalent radii of curvature of the solid surfaces along the X and y
directions, R, and R,, and w(x, ), the combined elastic deflection of both solids. This deflection is
deduced from the calculation of the displacement vector U on an equivalent body (see Fig. 2), the
mechanical properties of which (Young’s modulus and Poisson’s ratio), are a combination of those
of the two solids [21]. The displacement vector directly stems from the solution of the linear

elasticity equation:

—V-0=0 (A.4)
with 0 = C: €5(U) where C is the fourth-order stiffness tensor and €, is the infinitesimal strain
tensor.

The load balance equation completing the EHD coupling reads:

f p(x,y)dxdy = F (A.5)
aQ

with F, the applied external load.

Finally, the energy-balance equations model the heat generation and transfer in the solids,
in the coatings and in the lubricant. Within the solids, heat advection in the Z direction is neglected
following the thin-film assumption (zero velocity in the z direction). Neglecting body forces and heat
radiation, the energy-balance equations for the solids {; and (), and for the coatings {15 and Q,

reduces to:

( aT+ aT) a<kaT> a(kaT> a(kaT)_O
PiCi | Ujx Ox Uiy dy ox U oy dy iay az\ ‘az) (A.6)

i=123,4

where p;, c;and k; are the thermophysical properties (density, heat capacity and thermal
conductivity) of the material corresponding to domain (};, respectively. Within the fluid (1, advection
in both the X and y directions dominates over diffusion along the entrainment direction. This allows

to further simplify the energy-balance equation:

29



(ux(x Yy, Z) + uy, (x,y,2) ) %(k Z_’D

Top(p,T)
_ET< w (x y,z) +uy(x y,2) y) (A7)

ou,(x,y,z) 2 ou,(x,y,2) 2
+77(< 0z > +< 0z > )

where u,(x,y,z) and u,(x,y,z) are the fluid velocity along ¥ and y, respectively. These are

expressed as:

14 , 1
ux(X,y,Z) _6_<,f —dz' —— ndz>+ne(u2x ulx)f —dz’ T Uiy
(A.8)

dp , ‘1
u,(x,y,z) = 6_ —d — 77dz +r)e(u2y uly) dz + uqy,

The first and second right-hand side terms in eq. (A.7) account for the production of heat by

compression and shearing, respectively.
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APPENDIX B: Viscosity profile in the steel-steel and DLC coated steel-DLC coated steel

configurations

In order to better understand the effect and intensity of the thermal viscosity wedge, the
viscosity profiles obtained in the simulations for the steel-steel and DLC coated steel-DLC coated
steel configurations are presented on Figs. B.1 and B.2 respectively. Note that, because the viscosity

values are strongly different from a quantitative point of view, each figure has a specific color scale.
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Fig. B.1Viscosity (in Pa.s) of the lubricant (£2) inside the contact at the plane of symmetry defined by

y = 0 for the steel- steel configuration.
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Fig. B.2Viscosity (in Pa.s) of the lubricant (£2) inside the contact at the plane of symmetry defined by

y =0 for the DLC coated steel-DLC coated steel configuration.
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