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Abstract: Diamond-Like Carbon (DLC) coatings can reduce fluid friction in TEHL contacts
(thermo-elastohydrodynamic lubrication) of meshing gears. This study investigates the influence of
different base oils i.e., mineral, polyalphaolefin and polyglycol oil on the friction of DLC coated spur
gears. Thereby, a transient TEHL simulation model based on the finite element based full-system
approach coupled iteratively with the thermal equations is applied, considering mechanical and
thermal properties of the DLC coatings. Results show a clear reduction of fluid friction in DLC coated
gears for all considered lubricants. This can be traced back to higher TEHL temperatures for DLC
coated gears, which is due to its low thermal inertia resulting in a thermal insulation effect.
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1. Introduction

The increasing performance and efficiency requirements of drive systems are stimulating the
further development of geared transmissions. Their power losses can be divided into no-load and
load-dependent power losses. Whereas the no-load power loss is mainly caused by the circulation
of lubricant [1], the load-dependent power loss of gears is determined by sliding velocity, normal
force and the coefficient of friction along the path of contact [2,3]. Recent experimental and theoretical
investigations have shown that Diamond-Like Carbon (DLC) coatings can quite significantly reduce
friction in TEHL contacts (thermo-elastohydrodynamic lubrication). DLC coatings can be classified in
hydrogenated amorphous carbon (a-C:H) and tetrahedral amorphous carbon (ta-C) coatings, which can
be doped by metals or non-metallic elements [4]. Commonly proposed explanation of the friction
reduction by DLC coatings in fluid lubrication regime are wall slip related to the wetting behavior and
thermal insulation effects related to the coatings’ thermal properties.

Evans et al. [5] investigated the influence of different DLC coatings using a ball-on-disk tribometer.
Amorphous hydrocarbon (WC/a-C:H) and silicon doped DLC (Si-DLC) coated specimens showed
lower friction by up to 20% compared to chromium nitride (CrxN) coated and uncoated specimens.
A decrease in friction with increasing hydrocarbon content of the WC/a-C:H and Si-DLC coatings was
observed at high specific film thickness. The authors address wall slip between dispersive lubricants
and the highly dispersive coated surface as causal factor for the friction reduction. Wall slip was
further investigated by Kalin et al. [6–8] by focusing on the poor wetting behavior of lubricants with
DLC coatings compared to steel surfaces. A maximum friction reduction of about 20% was found in a
ball-on-flat reciprocating test rig [8]. The spreading parameter, which correlates well with the surface
energy, is proposed to describe the wetting behavior of surfaces [6,7]. Björling et al. [9] investigated the
effect of both wall slip and thermal insulation on the friction reduction with a-C:H coated specimens
in a ball-on-disk tribometer. The results showed decreasing friction with increasing coating thickness.
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Measured contact angles and surface energies as well as spreading parameters could not be holistically
correlated to the observed friction reductions by up to 41%. The authors conclude that mainly thermal
effects are responsible for the friction reduction of the considered DLC coatings.

Elsharkawy et al. [10] performed simulations on the influence of surface coatings on the TEHL
contact. Thereby, the mechanical properties of the coatings and their thickness showed a considerable
influence on pressure and film thickness distribution. The results showed wider contact areas and
lower maximum pressure for coatings with low elastic modulus, due to higher surface deformation,
and reduced transient pressure distribution for rough surfaces. The influence of the mechanical
properties of the surface coatings is reduced with decreasing coating thickness. Björling et al. [11,12]
used a combined experimental and simulation approach to investigate the friction reduction by DLC
coatings. Experimental investigations were performed on a ball-on-disk tribometer using a mineral oil
and different a-C:Cr and hydrogenated amorphous carbon ((Cr+)a-C:H) coated and uncoated disks
and balls. A clear friction reduction by up to 16% was found when a coating is applied to the disk
or the ball. The largest friction reduction by up to 25% was observed for coated disk and coated ball.
The simulation results showed the largest TEHL temperatures when both surfaces were coated and the
lowest when both surfaces were uncoated. Thereby, significant changes in temperature and velocity
profiles in the TEHL contact were shown for coated contacts. The authors proposed thermal effects
due to thermal insulation of the considered DLC coatings to be responsible for the friction reduction.
Habchi [13] used a finite element based TEHL simulation model to investigate the influence of the
mechanical and thermal properties of coatings on the TEHL contact. The results on the influence of
the mechanical properties and the coatings’ thickness are generally in accordance with the results
of Elsharkawy et al. [10]. The results on coatings with low thermal inertia showed a pronounced
decrease in friction by up to 50%, which is attributed to the significant increase in TEHL temperature
due to thermal insulation. A high coating thickness and high sliding enhanced these effects. Results
on coatings with a high thermal inertia showed temperatures and coefficients of friction comparable to
uncoated specimens. Based on TEHL simulations Habchi and Bair [14] showed a friction reduction
for mechanically soft coatings with low thermal inertia compared to uncoated surfaces in the linear
friction and the thermoviscous friction regime. This can be traced back to piezoviscous behavior of
the lubricant in the linear friction regime and to both piezoviscous and thermoviscous behavior in the
thermoviscous friction regime. The authors note that friction in EHL contacts is complex and involves
so many different physics and mechanisms that general conclusions are difficult. Bobach et al. [15]
showed the friction reduction of DLC coated surfaces by means of experiments at a FZG twin-disk
test rig and TEHL simulations. The DLC coating includes a-C:H layer at the surface and a WC
and Cr layer as undercoating. Experimental and simulation results showed friction reductions by
up to 40% and higher TEHL contact temperatures for coated disks. Also, a lower stationary bulk
temperature was measured due to thermal insulation of the TEHL contact. The low heat conductivity
of the considered DLC coating is identified as the cause for the increase of TEHL temperatures and
hence for the friction reduction. Bobzin et al. [16] investigated the influence of metal (Cr and Zr)
and hydrogen containing carbon based coatings on the frictional behavior of disks and spur gears
using a FZG twin-disk and a FZG gear efficiency test rig. The DLC coated specimens showed lower
friction by up to 35% for the considered mineral oil in the mixed and fluid lubrication regime than the
uncoated specimens, especially for operating conditions with high sliding. The friction reduction is
referred to the low thermal inertia of DLC coatings and the consequential thermal insulation effect
leading to lower lubricant viscosity in the TEHL contact. Lohner et al. [17] compared TEHL contact
temperature measurements by thin film sensors in a FZG twin-disk test rig with TEHL simulation
results and showed higher contact temperatures for SiO2 and Al2O3 coated compared to uncoated
surfaces. Beilicke et al. [18] performed TEHL simulations on the transient TEHL contact of a DLC
coated helical gear pair considering mixed lubrication. The considered DLC coating was adopted
from Bobach et al. [15]. The results show higher TEHL temperatures, lower coefficients of friction and
minimum film thickness values along the path of contact when both, pinion and wheel, are coated
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compared to when just one gear or no gear is coated. For the single-sided coated gear pair, the lubricant
temperature in the TEHL contact was shifted towards the coated surface due to the poor thermal
conductivity of the DLC coating. Beilicke et al. [18] conclude that the friction reduction by up to 27% is
caused by thermal insulation of the considered DLC coatings leading to lower effective viscosity in the
TEHL contact.

The literature shows that many studies attribute the friction reduction of DLC coatings to their low
thermal inertia and the consequential thermal insulation effect on the TEHL contact. This is also the
main focus of this study. Other suggested effects as wall slip [6,7] are not discussed. As the influence
of lubricants with different rheological properties on the friction reduction of DLC coatings has hardly
been considered so far, this study investigates the influence of different base oils on the friction of DLC
coated spur gears using a TEHL simulation model based on Lohner et al. [19] and continues the work
of Ziegltrum et al. [20]. The results of this study were partly presented at a technical session at the 6th
World Tribology Congress in Beijing in 2017 [21].

2. TEHL Simulation

The transient TEHL contact of DLC coated spur gears is analyzed using the TEHL simulation
model described by Lohner et al. [19] and Ziegltrum et al. [20]. Only the main physical and numerical
characteristics are described below. The employed explanations and formulations are based on [19,20].

2.1. Generalized Reynolds Equation

The generalized Reynolds equation for non-Newtonian fluid behavior, varying density ρ f and
viscosity η according to Yang and Wen [22] describes the hydrodynamics in the TEHL contact:
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As boundary condition, zero pressure before the inlet and after the outlet zone of the TEHL
contact is prescribed. The cavitation model by Wu [23] fulfils the Reynolds cavitation boundary
conditions [24].

2.2. Contact Mechanics

The elastic deformation of the considered equivalent body in gap height direction δ is calculated
by the finite element method, neglecting any dynamic response of the solids (Raisin et al. [25]):

∇·σ = 0 with σ = C·ε(U)δ(x, t) = |Uv(x, t)| with the displacement vector U =

(
Uu

Uv

)
(2)

Zero displacement at the bottom of the equivalent body and zero normal and tangential stress on
the sides of the equivalent body are used as boundary conditions. The coatings are considered by an
additional computational domain in the upper part of the equivalent body as suggested by Habchi [13].
Thereby, the equivalent Poisson’s ratio νeq and the Young’s modulus Eeq as the mechanical properties of
the equivalent body are defined separately for the substrate and the coating in two subdomains [13,26].

The lubricant film thickness is described by the film thickness equation:

h(x, t) = h0 +
x2

2Rx
+ δ−< (3)

The constant parameter h0 results from the load balance equation, x2/2Rx is the undeformed
geometry and δ the elastic deformation in gap height direction. In this study, deviation from the
smooth profile < is zero.
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The load balance equation is written as balance of the integrated hydrodynamic pressure and the
applied load: ∫

ΩP

p(x, t)dΩP = w (4)

2.3. Energy Conservation

The temperature distribution in the lubricant is described by its transient energy equation
including sources due to shearing and compression of the lubricant:
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(5)

The transition between substrates, coatings and lubricant is realized by temperature and
conductive heat flux continuity conditions. The transient energy equation for the substrate (s) and
coating (c) for the solid bodies (1,2) can be written as:

ρi,jcp,i,j·
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−
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))
= 0 with i = 1, 2 j = s, c (6)

As boundary conditions, substrate, coating and lubricant entering the calculation domain are
set to bulk temperature ϑM. For the substrate, coating and lubricant leaving the calculation domain,
zero conductive heat flux is assumed. The height of the calculation domain is chosen to be sufficiently
large so that the conductive heat flux into the substrates becomes zero [13]. Hence, the bulk temperature
is set at the upper and lower boundaries of the substrates.

2.4. Lubricant Properties

The temperature and pressure dependency of the viscosity is defined as suggested by
Hepermann et al. [27]. The temperature dependency at ambient pressure η(T) is described according
to Vogel [28], Fulcher [29] and Tammann and Hesse [30]:

η(T) = Aη · exp
(

Bη

Cη + (T − 273.15K)

)
(7)

The pressure dependency of the viscosity at a given temperature η(T, p) is modelled according to
Roelands equation [31]:

η(T, p) = η(T)·exp

{
(ln(η(T)) + 9.67)·

[
−1 +

(
1 +

p
pη0

)zη (T)
]}

(8)

with a temperature-dependent pressure exponent zη (T) given by

zη(T) =
αp(T)·pη0

ln(η(T) ) + 9.67
. (9)

and a temperature-dependent pressure viscosity coefficient αp (T) given by

αp(T) = Eαp1·exp
(

Eαp2·T
)

. (10)

The non-Newtonian fluid behavior is described by the simplified Bair/Winer model (Wolff and
Kubo [32]), neglecting visco-elastic effects:
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The limiting shear stress τlim is derived from measured friction curves at the twin-disk test rig
and adjusted for usage in TEHL simulations [33]. This limiting shear stress depends on the local TEHL
pressure and temperature, the entrainment velocity and the type of lubricant. Its minimal value is set
to τlim,m = 5 N/mm2.

The temperature and pressure dependency of the lubricant density ρ f (T, p) is modelled with the
Bode model [34]:

ρ f (T, p) =
(ρs·(1− αs·T))

1− Dρ0·ln
(

Dρ1+Dρ2·T+Dρ3·T2+p
Dρ1+Dρ2·T+Dρ3·T2

) . (12)

The temperature and pressure dependency of the lubricant thermal conductivity λ f (p) and

the specific heat capacity per volume
(

cp, f ·ρ f

)
(p, T) are based on the models of Larsson and

Andersson [35]. In these models, different parameters are available for different lubricant types.

2.5. Numerical Procedure

The numerical procedure of the TEHL simulation model is based on a complete FE formulation
that follows the full-system approach, which is coupled iteratively with thermal equations
(Habchi et al. [26]). Its application to the transient TEHL contact of spur gears was shown by
Ziegltrum et al. [20] and implemented in the commercial software COMSOL Multiphysics [36].
The coatings are considered by additional computational domains for the deformation and temperature
calculation as suggested by Habchi [13]. For pressure and film thickness calculation in the FEM-model
(P, H), a free triangular mesh with a refinement at the substrate-coating interface by a distribution
with about 1000 elements is used. The coating domain on top of the substrate domain features an
equidistant mesh with about 20 elements in gap height direction. For the temperature calculation in the
FEM-model

(
T
)
, the lubricant and the coating domains feature an equidistant mesh with 1000 elements

in gap length direction and about 20 elements for the lubricant and each coating domain in gap height
direction. The solid calculation domains in the FEM-model

(
T
)

are meshed with a refinement on
the substrate-coating boundaries. For more details, the reader is referred to Ziegltrum et al. [20] and
Lohner et al. [19].

3. Results and Discussion

In this section, the results of the TEHL simulations on the influence of the lubricant type on the
frictional losses and the related quantities along the path of contact of DLC coated gears are presented.

The object of investigation is the FZG gear efficiency test rig with FZG type Cmod gears [37].
As the focus of this study is the fluid film lubrication regime, smooth surfaces are assumed. Table 1
shows the most important gear parameters of the cylindrical spur gear FZG type Cmod.

Table 1. Gear parameters of FZG type Cmod gear (1 = pinion, 2 = wheel).

Center distance a in mm 91.5
Number of teeth z1 : z2 16 : 24

Normal module mn in mm 4.5
Pressure angle α in ◦ 20
Face width b in mm 14

Addendum modification x1, x2 0.182, 0.172
Tip relief Ca1, Ca2 in µm 35

Figure 1 shows a geometry plot of the considered FZG type Cmod gear. The plot is derived from
the FVA program STplus (Fromberger et al. [38]).
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Figure 1. Geometry plot of the considered FZG type Cmod gear.

Table 2 shows the properties of the considered steel substrate material (16MnCr5E) and
DLC coatings. The properties of the DLC(I↓) coating were measured by Bobzin et al. [39].
This hydrogenated amorphous carbon-based coating is doped with Zirconium. The thermal properties
of the hydrogenated amorphous carbon DLC(I↓↓) coating are adopted from the measurements of
Becker et al. [40]. Note that the considered thermal properties measured in the as-manufactured state
are assumed to be representative of the conditions under tribological load. As for the DLC(I↓↓) coating,
the mechanical properties are unknown, the properties of the substrate are assumed. Due to the very
small thickness of the coatings, this assumption is very reasonable [13].

Table 2. Properties of substrate material and DLC coatings.

Material 16MnCr5E DLC(I↓) DLC(I↓↓)

E in N/mm2 206,000 110,000 n.a.
ν 0.3 0.25 n.a.

ρ in kg/m3 7760 4655 2000
λ in W/(m·K) 44 1.1 1.4
cp in J/(kg·K) 431 8263 970

I =
√

λρcp in kg/
(
K·s2.5) 12,131 6505 1648

Coating’s thickness in µm 4.5

Note that the DLC(I↓) coating features a thermal inertia I that is two times lower than the substrate
material 16MnCr5E and the DLC(I↓↓) coating a thermal inertia I that is eight times lower. The thermal
inertia is defined as I =

√
k·ρ·cp and represents the ability to transport heat by conduction and

advection, respectively [13]. The thermal inertia I of the coatings describes the ability to transport
heat from the TEHL contact into the substrate material. Hence, the considered DLC coatings act as a
thermal insulator. A coating thickness of 4.5 µm is considered for both pinion and wheel. No further
undercoatings are considered, as they are already included in the properties from [39,40].

The choice of the considered lubricants is based on experimental results from the FZG gear
efficiency test rig of Hinterstoißer [37], who observed very different mean gear coefficients of friction
when comparing mineral, polyalphaolefin and polyglycol oils. Table 3 shows the main properties
and model parameters of the considered mineral oil (MIN100), polyalphaolefin oil (PAO100) and
polyglycol oil (PG100). The parameters of Equations (7)–(10) and (12) are obtained by regression
analysis. The underlying measurements (ITR Clausthal [41]) of the lubricant viscosity and density
correspond to four temperatures and pressures of up to 1000 N/mm2. A complete list of the lubricant
parameters can be found in Ziegltrum et al. [20].
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Table 3. Lubricant properties.

Lubricant MIN100 PAO100 PG100

υ(40 ◦C) in mm2/s 95.0 104.6 99.4
υ(100 ◦C) in mm2/s 10.0 15.5 18.0

ISO VI 81 157 201
Aη in mPa·s 0.047 0.15 0.35

Bη in ◦C 1006 860 768
Cη in ◦C 95
pη0 in Pa 1.96× 108

Eαp1 in m2/N 0.181 0.064 0.157
Eαp2 in 1/K −0.0059 −0.0036 −0.0059

ρ f (15 ◦C) in kg/m3 885 852 1050
ρs in kg/m3 1042 1008 1259

αs in 1/K 0.00053 0.00054 0.00058
Dρ0 0.0786 0.0778 0.0812

Dρ1 in N/mm2 315.8 303.9 333.5
Dρ2 in N/mm/K −0.723
Dρ3 in N/mm/K2 0.00035 0.00033 0.00032

η(1 bar, 90 ◦C) in mPa·s 11.0 15.5 21.6
αp(90 ◦C) in mm2/N 0.021 0.017 0.014

Table 4 shows the considered operating condition. For comparison and interpretation, the bulk
temperature is kept constant at ϑM in this study. Note that in practical systems, different lubricants
and coatings result in different bulk temperatures of the gears for a constant operating condition.

Table 4. Considered operating condition.

Pinion torque T1 in Nm 183.4
Oil temperature ϑOil in ◦C 90

Pitch line velocity vt in m/s 8.3
Bulk temperature ϑM in ◦C 90

For the operating condition in Table 4, Figure 2 shows the derived line load w, Hertzian pressure
pH , radius of curvature Rx, sum velocity vΣ, sliding velocity vg, slip ratio s and slide-to-roll ratio SRR
along the path of contact for the FZG-type Cmod gear. The data is derived from the FVA program
RIKOR (Stiller et al. [42]), which includes the elastic deflection of shafts, bearings and gear teeth.
The load distribution is averaged along the face width. The sum velocity vΣ and the sliding velocity vg

are defined by the velocity of the pinion v1 and the velocity of the wheel v2:

vg = v1 − v2

vΣ = v1 + v2
(13)

The slip ratio s and the slide-to-roll ratio SRR are defined as:

s =

{
v1−v2

v1
f or v1 > v2

v2−v1
v2

f or v2 > v1

SRR = v2−v1
vΣ/2

(14)

In general, the mechanical and thermal properties of the surface coatings influence the deformation
and temperature in the TEHL contact. The mechanical properties of the considered DLC coatings
and their effect on the deformation and TEHL quantities are negligible due to the coatings’ very
small thickness of 4.5 µm (see also Habchi [13]). Hence, the presentation of the results focuses on
the influence of the thermal properties of the DLC coatings. Figure 3 shows the maximum TEHL
temperature ϑmax, the minimum film thickness hm, the fluid coefficient of friction µ f and the local gear



Lubricants 2018, 6, 17 8 of 17

power loss PVZP(y) along the path of contact for uncoated (left) and DLC(I↓) and DLC(I↓↓) coated
gears (right) in comparison with MIN100, PAO100 and PG100.
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3.1. TEHL Temperature along the Path of Contact

The maximum TEHL temperature ϑmax generally shows a similar trend for the considered
lubricants and coatings. After an increase at the beginning of contact (A) as it approaches the beginning
of singular contact (B), ϑmax decreases to almost bulk temperature ϑM as it approaches the pitch point
(C). After C, ϑmax increases again as it approaches the end of singular contact (D) and decreases as it
approaches the end of contact (E). The general trend of ϑmax at A and E is strongly determined by the
line load w as it approaches zero. Around B and D, high values of vg and w result in high ϑmax. At C,
almost no temperature increase is present due to the pure rolling condition (vg = 0 m/s). Comparing
the lubricant types, MIN100 shows a higher ϑmax than PAO100 and itself shows a higher ϑmax than
PG100. The differences between the lubricants for uncoated, DLC(I↓) and DLC(I↓↓) coated gears can
be traced back to the different fluid coefficients of friction µf discussed in Section 3.3.

For each lubricant, the maximum TEHL temperature ϑmax of coated gears is higher than for
uncoated gears due to thermal insulation. The increase of ϑmax is more pronounced for the DLC(I↓↓)
coating than for the DLC(I↓) coating due to the thermal inertia of DLC(I↓↓) that is four times lower than
DLC(I↓). For the DLC(I↓) coating, the maximum relative temperature rise referred to uncoated gears is
52% for MIN100, 60% for PAO100 and 56% for PG100. For the DLC(I↓↓) coating, the strongest relative
temperature rise expressed as

((
∆ϑmax|coated/∆ϑmax|uncoated

)
− 1
)

is observed, with a maximum of
140% for MIN100, 230% for PAO100 and 170% for PG100. Note that the maximum value of ϑmax

of 205 ◦C for the DLC(I↓↓) coating and MIN100 corresponds, expressed on the Celsius scale, to an
approximately 2.3-fold bulk temperature. At C, ϑmax is comparable for uncoated and coated gears due
to the pure rolling condition. The general results on the TEHL temperature in the comparison between
uncoated and coated contacts are in accordance with the results of Beilicke et al. [18] and Habchi [13].
The higher TEHL temperatures can influence the thermal degradation of the lubricants.

Figure 4 exemplarily shows the temperature distribution in the TEHL contact for uncoated
and DLC(I↓↓) coated gears in comparison with MIN100, PAO100 and PG100 for the highest local
gear power loss PVZP(y) along the path of contact (close to B). Note that the illustration implies an
undeformed lower flat body and a deformed upper roller, as considered in the equivalent contact
model. MIN100, PAO100 and PG100 show different levels of the TEHL temperature due to the different
fluid coefficients of friction µ f (cf. Section 3.3). As at the considered point along the path of contact,
the wheel has a higher tangential velocity than the pinion, higher temperatures occur at the pinion
due to inferior heat removal. For the DLC(I↓↓) coated gears, a concentration of the temperature
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in the lubricant film and the coatings and corresponding higher temperatures are observed in the
TEHL contact.Lubricants 2018, 6, x FOR PEER REVIEW  9 of 18 
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Figure 3. Maximum TEHL temperature ϑmax, minimum film thickness hm, fluid coefficient of friction
µ f and local gear power loss PVZP(y) for MIN100, PAO100 and PG100 along the path of contact for
uncoated (left) and coated gears (right).
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3.2. Minimum Film Thickness along the Path of Contact

As for ϑmax, the minimum film thickness hm also generally shows a similar trend for the considered
lubricants and coatings. After a rapid decrease at A, hm increases moderately as it approaches C.
Between C and D, hm tends to decline before it rapidly increases towards E. The general trend of hm

at A and E is strongly determined by the line load w as it approaches zero. In between, Rx, vΣ and
the lubricant temperature ϑ determine the trend of hm. Especially near B and D, the high lubricant
temperature ϑ, due to high sliding velocity, results in local viscosity reductions particularly at the
constriction and, therefore, in a decrease of hm. In comparison with the lubricant types, MIN100
shows lower values of hm than PAO100 and itself shows lower values than PG100. The differences
between the lubricant types have been discussed extensively by Ziegltrum et al. [20] and can be mainly
traced back to different pressure viscosity coefficients and dynamic viscosities at the considered bulk
temperature (cf. Table 3). MIN100 shows the lowest viscosity at bulk temperature, which affects hm

more dominantly than the comparably higher pressure-viscosity coefficient and therefore it exhibits
the lowest minimum film thickness hm.

All minimum film thickness values hm of coated gears are smaller than for uncoated gears.
The reduction is most pronounced in regions with high values of vg and w, as observed around B
and D. For the DLC(I↓) coating, the maximum decrease of hm is 10% for MIN100, 5% for PAO100 and
4% for PG100 compared to the uncoated gears. For the DLC(I↓↓) coating with much lower thermal
inertia than the DLC(I↓) coating, a stronger decrease of hm with a maximum of 15% for MIN100, 12%
for PAO100 and 9% for PG 100 is observed. The reduction of the minimum film thickness hm for
DLC coated gears can be traced back to higher local TEHL temperatures, resulting in higher local
viscosity reduction at the constriction. As the thermal inertia of DLC(I↓↓) is four times lower than
of DLC(I↓), the hm values for the DLC(I↓↓) coating are also lower due to higher TEHL temperatures.
MIN100 shows the largest TEHL temperature rise for the DLC(I↓↓) and DLC(I↓) coating and, therefore,
the most pronounced reduction of hm. PAO100 and PG100 show smaller TEHL temperature rises
and, consequently, smaller reductions of hm. The general results on the minimum film thickness are
in accordance with the results of Beilicke et al. [18] and Habchi [13], where DLC coatings with low
thermal inertia also show a slight reduction of hm.

In contrast to hm, the central film thickness is almost unaffected by the considered DLC coatings.
The conditions at the inlet of the TEHL contact mainly determine the lubricant film formation. There,
the lubricant temperatures are very similar when comparing with uncoated and coated gears (Figure 4),
which is due to the constant bulk temperature ϑM considered in this study. At the pitch point, central
film thicknesses of 0.20 µm, 0.21 µm and 0.23 µm are obtained for MIN100, PAO100 and PG100. Note
that in tribological systems, lower losses and thermal insulation effects by DLC coated gears result
in lower bulk temperatures compared to uncoated gears [15,39]. This can result in an increase of the
central film thickness and counteract the predicted lower values of hm.

3.3. Fluid Coefficient of Friction along the Path of Contact

The fluid coefficient of friction µ f along the path of contact is derived by evaluating the lubricant’s
shear stress τf zx in the middle of the lubricant film:

µ f =

∫ xex
xin

τf zx|z= h
2
dx

w
(15)

The general trend of the fluid coefficient of friction µ f is very similar for the considered lubricants
and uncoated gears. At C, µ f is almost zero due to the pure rolling conditions. It strongly increases
around C and shows moderate changes from B to C and C to D. As µ f approaches A and E, it strongly
decreases. The relationships and differences between the lubricants are explained in detail by the
authors in [20]. The increase of µ f besides C is mainly determined by shear thinning and the lubricant’s
pressure-viscosity dependency. As the latter is most pronounced for MIN100, limiting shear stress
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is more directly reached than for PAO100 or PG100. µ f between C and B and C and D is mainly
determined by the sum velocity vΣ, line load w and TEHL temperature ϑ and, therefore, by shear
thinning, limiting shear stress and thermal effects. The drop of the line load w near A and E leads to a
strong reduction of the limiting shear stress τlim, and, hence, µ f . The inhomogeneous trend of µ f near
A and E is due to the reached minimum limiting shear stress of τlim,m = 5 N/mm2. Comparing the
lubricant types, MIN100 shows the highest level of µ f followed by PAO100 and PG100. This is mainly
due to the different shear resistances of the lubricants described by τlim in the TEHL simulation model.

All values of µ f along the path of contact of coated gears are smaller compared to those of
the uncoated gears. The reduction is most pronounced in regions with high TEHL temperatures,
as observed around B and D. For the DLC(I↓) coating, the maximum decrease of µ f is 6% for MIN100,
4% for PAO100 and 8% for PG100 compared to uncoated gears. For the DLC(I↓↓) coating, a much
stronger decrease of the values of µ f corresponding to the clear higher TEHL temperatures is found.
Compared to the uncoated gears, DLC(I↓↓) shows a maximum decrease of µ f of 38% for MIN100, 18%
for PAO100 and 32% for PG100. After reaching τlim near C, µ f of the DLC(I↓↓) coated gears starts
to more strongly decrease towards B and D. As the line load w decreases strongly towards A and
E, the values of µ f of DLC(I↓) and DLC(I↓↓) coated gears approach the values of µ f for uncoated
gears. The results on the fluid coefficient of friction are in general accordance with the results of
Beilicke et al. [18], Habchi [13] and Habchi and Bair [14].

The decisive influence on µ f is determined by the lubricant properties and their dependencies on
pressure, temperature and shear rate. MIN100 shows a stronger pressure-viscosity dependency
than PAO100, which itself has a stronger pressure-viscosity dependency than PG100 (Table 3).
The temperature-viscosity dependency is more pronounced for MIN100 than for PAO100 and PG100.
The limiting shear stress is higher for MIN100 than for PAO100, which itself is higher than for PG100
and decreases with increasing TEHL temperature. As the DLC(I↓) and DLC(I↓↓) coatings strongly
influence the TEHL temperature by thermal insulation, the lubricant shear stress and therefore µ f
is influenced significantly. Figure 5 exemplarily shows the lubricant shear stress τf zx related to the
limiting shear stress τlim for the point with the highest local gear power loss PVZP(y) along the path of
contact (close to B) in a comparison between with uncoated and coated gears and among the MIN100,
PAO100 and PG100 lubricants. For uncoated gears, τlim is reached almost during the whole TEHL
contact for MIN100 and PAO100 and not reached for PG100. For MIN100 and DLC(I↓↓) coated gears,
τf zx is significantly smaller than τlim over a large part of the contact area. This is due to the high TEHL
temperatures, shear thinning and the corresponding reduction of effective viscosity. The trend of
τf zx/τlim corresponds to the TEHL temperature distribution in Figure 4. For PAO100 and DLC(I↓↓)
coated gears, the mechanisms are the same but the reduction of τf zx is less strong mainly due to a
more moderate TEHL temperature rise compared to MIN100. For PG100 and DLC(I↓↓) coated gears,
τlim is, as for uncoated gears, not reached for the whole TEHL contact and τf zx is significantly smaller
than τlim. The DLC(I↓) coating shows the same relationships on a less pronounced level resulting in a
lower decrease of the fluid coefficient of friction µ f compared to the DLC(I↓↓) coating. For MIN100
and DLC(I↓) coated gears, τf zx/τlim is close to uncoated gears, because the TEHL temperature rise
(cf. Section 3.1) and therefore the reduction of the effective viscosity is much less pronounced. A similar
behavior can be observed for PAO100 and PG100.

Note that friction reduction is superposed by the temperature dependency of τlim.
The explanations show the complex relationships and influences of DLC coatings on friction of
TEHL contacts. General conclusions are difficult to reach [14].
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Figure 5. Shear stress τf zx related to the limiting shear stress τlim for MIN100, PAO100 and PG100 and
for uncoated and coated gears for the highest local gear power loss PVZP(y) along the path of contact.

3.4. Local Gear Power Loss along the Path of Contact

The general trend of the local gear power loss PVZP(y) is strongly correlated with the fluid
coefficient of friction µ f , sliding velocity vg and line load w along the path of contact. PVZP(y) can be
written as:

PVZP(y) = FN(y)·µ f (y)·vg(y) (16)

PVZP(y) is characteristic for the power input in the TEHL contact. High values of PVZP(y) result
in high maximum TEHL temperatures ϑmax. As PVZP(y) is almost zero at the pitch point C, almost no
temperature rise is observed. From C to B and C to D, PVZP(y) and ϑmax strongly increase and are
highest close to B. Towards A and E, PVZP(y) and ϑmax decrease strongly due to a decreasing line
load. PVZP(y) of coated gears are smaller and ϑmax for coated gears are larger than for uncoated gears
due to the thermal insulation. Exemplarily, for MIN100, the DLC(I↓↓) coating leads to a maximum
reduction of PVZP(y) of 33% and, at the same time, to a maximum relative temperature rise expressed
as
((

∆ϑmax|coated/∆ϑmax|uncoated

)
− 1
)

of 140%.

3.5. Mean Fluid Coefficient of Friction of Gears

As the distribution of the coefficient of friction along the path of contact is actually not measurable,
a mean fluid coefficient of friction of gears is defined [20]:

µ f ,mz =

∫ E
A FN(y)·µ f (y)·vg(y) dy∫ E

A FN(y)·vg(y) dy
(17)

Figure 6 shows the derived relative reduction of the mean fluid coefficient of friction µ f ,mz
comparing the considered coatings and lubricant types. The reference is the uncoated gear with the
lubricant MIN100. For MIN100, a reduction of µ f ,mz of 5% with the DLC(I↓) coating and of 28% with
the DLC(I↓↓) coating is calculated. When using the synthetic oil PAO100 instead of MIN100 for the
uncoated gears, a significant reduction of 48% is found. Applying the coatings DLC(I↓) and DLC(I↓↓)
results in a further reduction by 2% and 7%. The lowest friction is found for the lubricant type
PG100 showing a reduction of 64% for the uncoated gears and 66% and 73% for DLC(I↓) coated and
DLC(I↓↓) coated gears, respectively. These results are generally in good accordance with measurement
results. Experimental investigations of Mayer [43] at the twin-disk test rig under fluid film lubrication
on average showed, for uncoated specimens, a reduction of the coefficient of friction of 40% for
PAO100 and 65% for PG100 compared to MIN100. Experimental studies of Hinterstoißer [37] with
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superfinished FZG type Cmod gears at the FZG efficiency test rig showed reductions of the mean
coefficient of friction of up to about 30% for a-C:H coated gears with MIN100. Depending on the
operating conditions and the finishing of gears, the surface structure and roughness of the gear flanks
can cause asperity contacts. Hence, mixed lubrication needs to be considered for a detailed comparison
of simulated and measured mean coefficients of friction along the path of contact of gears [20].
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Figure 6. Relative reduction of the mean fluid coefficient of friction µ f ,mz along the path of contact of
gears due to the considered coatings and lubricant types.

4. Conclusions

In this study, the influence of a mineral, polyalphaolefin and polyglycol oil on the frictional losses
of DLC coated spur gears was investigated. Thereby, a finite element based TEHL simulation was
applied to the transient TEHL contact of a spur gear, taking the thermal and mechanical properties of
the DLC coatings into consideration. This study focused on the effect of thermal insulation of DLC
coatings on gear contacts.

The presented results show similar general trends for the coefficient of friction, minimum film
thickness, local gear power loss and maximum TEHL temperature along the path of contact for
uncoated gears, irrespective of the considered lubricants. The low thermal inertia of the DLC coatings
results in an increase of the TEHL temperature and, subsequently, in a reduction of the effective
viscosity, shear stress and, hence, fluid friction.

Mineral oil exhibits the highest coefficients of friction, followed by polyalphaolefin with a
reduction of −48% and polyglycol oil with a reduction of −64%. When applying a DLC coating
with a thermal inertia that is two times lower than the substrate material to the gears, the coefficient of
friction is reduced only moderately. When applying a DLC coating with a thermal inertia that is eight
times lower than the substrate material, a significant reduction of the coefficient of friction is observed.
For the mineral oil, the reduction of the mean coefficient of friction along the path of contact is −28%,
for the polyalphaolefin oil −14% and for the polyglycol oil −25%. As the interactions in the TEHL
contact are very complex, general conclusions on fluid friction are difficult. However, this study shows
the potential of both, variation of lubricant type and the application of DLC coatings, for possible
reductions of the frictional losses of gears.
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Nomenclature

A Begin of contact w Line load in N/m
(

w = FN/le f f

)
Aη , Bη , Cη Coefficients of lubricant Vogel temperature model x Film thickness length direction in m

B Begin of singular contact y Coordinate along the path of contact in m
C Pitch point z Film thickness height direction in m
→
C Compliance matrix zη Pressure exponent of Roelands’ equation

cp Specific heat capacity in J/(kg·K) Greek Symbols
D End of singular contact αp Pressure viscosity exponent in 1/Pa

Dρ0, Dρ1, Dρ2, Dρ3 Coefficients of lubricant Bode density model αs Coefficient of lubricant Bode density model in 1/K
E End of contact δ Deformation of the equivalent body in m

Eeq Equivalent Young’s Modulus in Pa
→
ε Strain tensor

Eαp1, Eαp2 Lubricant-specific parameters of αp η Dynamic viscosity in Pa·s
FN Normal force in N ϑM Bulk temperature in ◦C
h Lubricant film thickness in m ϑmax Maximum TEHL temperature in ◦C
h0 Constant parameter of film thickness in m ∆ϑmax Maximum TEHL temperature rise in K
hm Minimum film thickness in m λ Thermal conductivity in W/m/K
le f f Effective contact length in width direction in m νeq Equivalent Poisson’s ratio

p Pressure in Pa ρ Density in kg/m3

pH Hertzian pressure in Pa ρs
Coefficient of the lubricant Bode density model in

kg/m3

PVZP Load-dependent gear power loss in W τf zx Shear stress in Pa
pη0 Coefficient in the Roelands’ equation in Pa τlim Limiting shear stress in Pa
Rx Radius of curvature in m τlim,m Minimum limiting shear stress in Pa
< Deviation from the smooth profile in m µ Coefficient of friction

SRR Slide-to-roll ratio µmz Mean coefficient of friction
s Slip ratio ν Kinematic viscosity in mm2/s
t Time in s Indices
T Temperature in K 1 Pinion
T1 Pinion torque in Nm 2 Wheel
v Velocity in m/s f Fluid
vg Sliding velocity in m/s s Substrate
vt Pitch line velocity in m/s c Coating
vΣ Sum velocity in m/s
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