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Abstract

The application of polymers in power-transmitting machine elements, e.g., gears, is limited by moderate thermo-mechanical
properties and the detrimental accumulation of contact heat, even with external lubrication. Hence, polymer rolling—slid-
ing elements are often prone to thermo-mechanical overload or abrasive wear. Diamond-like carbon (DLC) coatings are
well known from steel applications for enhancing wear resistance and reducing friction. Since preliminary results indicate
promising results for such coatings for polymers as well, their influence on the behavior of lubricated polymer contacts is
investigated by numerical simulation. For polymer—steel contacts, the mechanical and thermophysical properties of coat-
ing and polymer are varied. The contact geometry is dominated by a local conformity, in which most of the deformation
is related to the polymer. The DLC coatings affect film thickness and hydrodynamic pressure only little even for untypical
high coating thicknesses. In contrast, the contact temperature decreases already for very thin coatings due to enhanced heat
removal. Hence, DLC coatings can act as a thermal barrier protecting the polymer from detrimental heat and protecting the
polymer from abrasive wear.
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Abbreviations Vs Sum velocity in m/s
< Specific heat capacity in J/(kg K) x Film thickness length direction in m
e Thermal effusivity in J/(K \/5 mz) z Film thickness height direction in m
E Young’s modulus in Pa w Line load in N/m
E' Reduced elastic modulus in Pa
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Fy  Normal force in N . . — -1
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. .. il Coefficient of friction
Vg Sliding velocity in m/s . , .
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p Density in kg/m?
T Shear stress in Pa
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1 Introduction

Moderate thermo-mechanical properties and detrimen-
tal accumulation of contact heat inhibit the application
of polymers to power-transmitting machine elements,
e.g., gears. Lubrication can increase the load-carrying
capacity and improve heat management. Nevertheless,
polymer rolling—sliding elements are often prone to
thermo-mechanical overload or abrasive wear. Diamond-
like carbon (DLC) coatings are well known from steel
applications for enhancing wear resistance and reducing
friction. Recent progress in coating technology enables
the application of such coatings to polymers [1] and has
the potential to improve the performance of polymer roll-
ing—sliding elements.

Thermo-elastohydrodynamically lubricated (TEHL)
contacts can be categorized according to the ratio of elas-
tic deformation and viscosity behavior [2]. Typical lubri-
cated steel contacts are hard TEHL contacts because the
rolling elements are deformed, and the lubricant acts in a
piezoviscous manner at high hydrodynamic pressure. Soft
TEHL contacts, on the other hand, behave in an almost
incompressible and isoviscous manner because of low
hydrodynamic pressure [3]. They exhibit large deforma-
tions which can be greater than the film thickness [4]. The
lubricant behavior is reported to be Newtonian [5, 6] or
slightly non-Newtonian [7]. Soft TEHL contacts occur,
e.g., in synovial joints and seals [3, 4]. Based on the classi-
fication according to Johnson [8], lubricated polymer con-
tacts such as polymer rolling bearings and polymer gears
operate in a transition regime between the elastic-isovis-
cous soft TEHL and the elastic-piezoviscous hard TEHL
regime [9]. Polymer materials can exhibit viscoelastic
behavior and hysteresis friction, possibly causing incom-
plete recovery from previous deformation and eventually
overheating and damage [10, 11]. In addition to frictional
heat in the TEHL contact [12], this limits the application
of polymers in power-transmitting machine elements. In
mixed lubrication, the low surface hardness of polymers
can result in abrasive wear when paired with steel [13—15].

DLC coatings on rolling elements are well known in
hard TEHL contacts. They can improve wear resistance
and reduce solid and fluid friction [16-21]. The mechani-
cal properties of coatings can influence the hydrodynamic
pressure and deformation, whereas the thermophysical
properties influence the contact temperature, thus affecting
the effective viscosity in the TEHL contact and influencing
fluid friction. In contrast, the lubricant film thickness is
barely affected since the conditions in the contact inlet are
hardly influenced [22, 23]. For low coating thickness, the
effect of coatings mechanical properties is typically neg-
ligible [20]. Bobzin et al. [1] demonstrate the application
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of adherent and flexible DLC coatings on a thermoplastic
polymer by means of physical vapor deposition (PVD). In
the coating process, temperature sensitivity, deformation
capability, and chemical reactivity with solvents during
cleaning process were thoroughly considered [1, 24]. The
resulting coating’s mechanical properties and thickness are
lower compared to DLC coatings on steel [1]. Results on a
pin-on-disk test rig show 40% lower wear volume for the
DLC-coated contact [1]. Detailed investigations pursuing
on the potential of DLC coatings on polymers in TEHL
contacts have not been found in the literature.

In the present study, the TEHL contact of uncoated and
coated lubricated polymer—steel pairings is analyzed in order
to understand its behavior and to evaluate the influence of
DLC coatings. Numerical simulations were performed under
representative polymer gear operating conditions. After a
parametric study on principal relations in uncoated poly-
mer—steel contacts, the influence of DLC coatings is pre-
sented. Thereby, the thickness of the coating as well as the
mechanical and thermophysical properties of the coating and
the polymer is investigated.

2 Study Setup and Parameters

To investigate the polymer—steel contact and the effects of
coatings, the object of investigation and operating condi-
tions were chosen in accordance with investigations by
Maier et al. [25]. Accordingly, Fig. 1 shows a schematic
representation of the considered contact between polymer

Steel
(Ez vy)

Polymer
(Ey, vy)

Fig. 1 Schematic representation of the main study setup
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and steel in the configuration of a twin-disk test rig. A line
contact with a reduced radius of curvature of R, =20 mm
was considered. The reference operating condition relates
to a line load of w=Fy/l.4=100 N/mm, a sum velocity of
vy =8 m/s, a sliding velocity of v,=3.43 m/s (slide-to-roll
ratio of SRR =86%) and a bulk temperature of §,,=40 °C.
The typical gear steel 16MnCr5 in a case-carburized state
was considered. The polymer material properties consid-
ered were leaned on polymethyl methacrylate (PMMA). The
polymer was considered in an uncoated and a DLC-coated
configuration.

Table 1 shows the mechanical and thermophysical
properties of the reference materials considered. Material
properties of case hardened 16MnCr5 steel were adopted
from [26]. Note that, recent publications [27-29] discuss
the effect of thermal conductivity of steel in annealed and
hardened state on EHL friction and temperature. It is pointed
out that erroneously presumed values in EHL have led to an
underestimation of temperature and overestimation of fric-
tion in high sliding conditions. The properties of the polymer
were adopted from Marx et al. [3]. The a-C:H DLC coating
considered was recently developed for polymers by Bobzin
et al. [1]. Its thickness ¢, and mechanical properties E and v
were measured in [1]. The coating’s thermophysical proper-
ties A, ¢, and p were adopted from Becker et al. [30]. The
thermal effusivity e=+/ pcpﬂ, also known as thermal inertia
in former studies [19, 21], is supplemented, representing the
ability to transport heat by conduction and convection [20].

Tri-(2-ethylhexyl)-trimellitate (TOTM) was used as refer-
ence lubricant, as specified by Bair [31]. At 40 °C, it exhibits
a dynamic viscosity of n=285.7 mPa s, a pressure viscosity
coefficient of o, =19 GPa~! and a density of p,=988 kg/m?.
A thermal conductivity of A;=0.14 W/(m K) and specific
heat capacity of ¢, =2000 J/(kg K) were estimated. The
Murnaghan equation of state [32] and the Doolittle equation
of viscosity [33] were used to model density p(7,p) and low
shear viscosity n(7,p) depending on hydrodynamic pressure
p and temperature 7. The non-Newtonian lubricant behavior
n(T.p.y,,) was modeled according to a modified Carreau-
Yasuda equation [34, 35].

Table 1 Mechanical and thermophysical properties of the refer-
enced materials considered

Steel Polymer DLC
E in GPa 210 29 34
v 0.30 0.36 0.25
A in W/(m K) 44 0.19 1.4
¢, in J/(kg K) 431 1490 970
p in kg/m? 7760 1180 2000
e in J/(K /s m?) 12,130 578 1648
t,in pm - - 1.0

To study the behavior in uncoated polymer—steel TEHL
contacts, a comparison to polymer—polymer and steel-steel
contacts was initially conducted. Thereafter, by a variation
of polymer’s Young’s moduli E;={0.8; 2.9; 7.0} GPa, the
effect of contact stiffness and by a variation of the thermal
effusivity e; = {435; 578; 2569} J/(K \/g m?), the effect of
thermophysical properties on the TEHL contact was inves-
tigated. A wide range of operating conditions were con-
sidered with sum velocities of vy ={4; 8; 12} m/s and line
loads of w={50; 100; 150} N/mm. The effect of coated
polymers was studied by a variation of coating thickness ¢,
from 1 um to a hypothetical 500 um for different coating’s
Young’s moduli E,={34; 110; 220; 420} GPa and thermal
effusivities e,={578; 1156; 2312} J/(K \/E m2). Hence, a
wide range of mechanical and thermophysical properties of
substrate and coating materials were considered in order to
address typical polymers and coatings.

3 TEHL Simulation Model

The study on uncoated and coated polymer—steel TEHL con-
tacts was conducted using a TEHL simulation model called
TriboMesh. Its basics and structure are described in detail
in [19, 25, 36-38]. Therefore, only the main physical and
numerical characteristics are repeated below. The explana-
tions and formulations employed are mainly based on [19,
36].

The TEHL simulation incorporated hydrodynamics, con-
tact mechanics and energy conservation. The generalized
Reynolds’ equation according to Yang and Wen [39] was
coupled with the linear elasticity equations, following the
full-system approach based on a finite element formulation
[40]. This system of equation is solved strongly coupled with
the energy equations [41]. Thereby, a dimensionless formu-
lation of equations and representation of calculation domains
is applied. A free triangular mesh for the solid domains with
a refinement at the lubricant—solid interface is used. The
lubricant domain is represented by rectangular mesh with
about 10 elements in gap height direction. The contact con-
figuration in Fig. 1 is represented by a finite line contact
simulation. The total deformation is calculated separately
on two bodies with corresponding Young’s modulus and
Poisson’s ratio. Coatings were considered in linear elasticity
equations and energy equations by additional dimension-
less computational domains [20]. Polymer is assumed to be
linear elastic due to small strain (cf. Sect. 4.1.2). The effect
of local contact temperature on polymer’s Young’s modulus
was assumed to be negligible on TEHL contact stiffness due
to the very low temperature penetration depth. Viscoelastic-
ity was not considered [25, 42]. Stationary bulk temperatures
are assumed.
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Shear stress 7., accumulates of sliding friction from Cou-
ette flow and compression-induced friction from Poiseuille
flow. In polymer—steel contacts, both can have same magni-
tude [6, 25]. Hence, shear stress reads based on the general-
ized Reynolds’ equation according to Yang and Wen [39]:

h
idz
op o/" ¢

T =0T py) e = wl?

V) — V)

3 " ()
.O/;’dZ _({;dz

According to Eq. (1), the evaluation of the coefficient of
friction p in the middle of the lubricant film z=h/2 neglects
the shear stress induced by Poiseuille flow. Therefore, u was
evaluated on the polymer surface (z=0).

f szx z=0dx
p=2 2

w

4 Results and Discussion

In this section, TEHL simulation results of uncoated and
DLC-coated polymer-steel contacts are presented followed
by a discussion of the main findings.

4.1 Uncoated Polymer-Steel Contact

Principle relations in uncoated polymer—steel contacts are
described by a classification of polymer—steel contacts and
variation of polymer’s Young’s modulus, thermal effusivity
and operating conditions.

4.1.1 Reference Operating Condition and Material
Properties

To classify polymer—steel TEHL contacts, the hydrodynamic
pressure p and the film thickness h are compared in Fig. 2 for
a polymer—steel, polymer—polymer and steel—steel material
paring at the same line load. The reference material proper-
ties of Table 1 were considered.

Hydrodynamic pressure p and film thickness h of the
material pairings considered show well-known distributions
with almost no second pressure maximum and a constric-
tion with a minimum film thickness. The comparable small
hydrodynamic pressure p in the TEHL contacts is responsi-
ble for the absence of a second pressure maximum typically
known from hard TEHL contacts. In correlation with stiff-
ness of contact pairing, the deformations and contact areas
are largest for the polymer—polymer and smallest for the
steel—steel contact and, therefore, hydrodynamic pressure is
highest for the steel-steel and lowest for polymer—polymer
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Fig.2 Hydrodynamic pressure p and film thickness 4 of a polymer—
steel, polymer—polymer and steel-steel TEHL contact for the same
line load

contact. As a consequence of the deformation, the film thick-
ness for the polymer—polymer contact is higher than for the
steel—steel contact. The characteristics of pressure and film
thickness for the polymer—steel contact lay in between.

To analyze the division of deformation amongst the mate-
rial pairing, Fig. 3 shows the undeformed and deformed
geometry of the rolling elements in the polymer—steel (left),
polymer—polymer (middle), and steel—steel contact (right).
Note that individual deformations are considered separately
in the numerical model. For the illustration, the approach
towards the rolling elements according to the load balance
is equally applied on the rolling elements.

The polymer—steel contact shows a local surface conform-
ity: the polymer accounts for 98% of total deformation, and
steel is nearly undeformed. The central contact zone shows
a well-known parallel gap, but it is curved along the steel
surface. In contrast, the polymer—polymer and steel-steel
contacts show an equal division of deformation of the roll-
ing elements.

In addition, Fig. 4 shows the temperature 9 for the poly-
mer—steel, polymer—polymer and steel—steel contacts. Note,
henceforth the results are referenced in the equivalent sys-
tem and on the lower surface. Note that, the figure’s axes
of steel—steel contact are adjusted for illustration purposes.

The temperature § is highest for the steel—steel contact
with a maximum contact temperature of 9,,, =90 °C. In
comparison, 9., is 55 °C for the polymer—polymer and only
48 °C for the polymer—steel contact. This can be explained
by the heat sources in the TEHL contact due to shearing and
compression of lubricant and heat removal due to convec-
tion and conduction. Higher hydrodynamic pressure p results
in higher viscosity, higher shear stress and, consequently,
more pronounced heat generation. In contrast, heat removal
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Fig.3 Undeformed and deformed geometry of the rolling elements of a polymer—steel (left), polymer—polymer (middle) and steel-steel (right)
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Fig.4 Temperature 9 of a polymer—steel, polymer—polymer and
steel—steel TEHL contact for the same line load

from the TEHL contact is mainly determined by convection
and conduction of the rolling elements. A lower thermal
effusivity e typically results in higher contact temperatures.
For the steel-steel contact, p and e are highest, resulting
in the most pronounced heat generation and removal. As a
consequence, the temperature 9 is concentrated in the mid-
dle of the lubricant film and the rolling elements are only
sparsely heated. For the polymer—polymer contact, p and e
are lowest, so heat generation and removal are weak. Thus,
the temperature 9 is much lower than the steel-steel contact.
For the polymer—steel contact, p and therefore heat genera-
tion are slightly higher than the polymer—polymer contact.
Since the steel shows a high value and the polymer shows a
low value of e, thermal insulation is present on the polymer

surface. Hence, in spite of the slightly higher heat generation
compared to the polymer—polymer contact, the superior heat
removal by steel results in the lowest contact temperature 3.

The evaluation of the viscosity in the TEHL contacts for
the polymer—polymer and polymer—steel contact follows the
findings of Maier et al. [25] and shows almost no effect of
shear thinning. Hence, the viscosity 1 and therefore shear
stress and coefficient of friction pu depend only on p and 9.
For the steel-steel contact, shear thinning plays a role with
n(T.p.y,) in maximum 25% lower than n(7.p).

4.1.2 Variation of Polymer Mechanical Properties

Polymers available for gear application and their thermoe-
lasticity feature a wide range of Young’s moduli E. Figure 5
compares hydrodynamic pressure p, film thickness 4 and
temperature 9 for a polymer’s Young’s moduli of £, = {0.8;
2.9; 7.0} GPa. E;=2.9 GPa corresponds to the reference
value. A study on the effect of polymer’s Poisson’s ratio
varied from v=0.25 to 0.50 only had a small effect on the
TEHL contact, so it is therefore not explicitly shown here.
In general, the hydrodynamic pressure p increases and
film thickness h and contact width decrease with increas-
ing Young’s modulus of the polymer. For £, =7.0 GPa, the
maximum pressure p increases by 50% and the central film
thickness /, decreases by 20% compared to E; =2.9 GPa.
For E; =0.8 GPa, a reduction of p by 48% and an increase
of h, by 52% is observed. This can be traced back to the
increasing stiffness and decreasing deformation of the poly-
mer with increasing Young’s modulus of the polymer.
With increasing E;, the hydrodynamic pressure p
increases, which results in an increase of shear stress and
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Fig.5 Hydrodynamic pressure p and film thickness /1 (left) and temperature 8 (right) of a polymer—steel contact with different polymer’s

Young’s moduli E;

coefficient of friction u. Hence, the temperature 9 increases
and p decreases. Overall, the increase of shear stress and
u due to increasing pressure is larger than their decrease
due to increasing temperature. For £, =7.0 GPa, p increases
by 17% and 9,,,, by 7%. For E; =0.8 GPa, u decreases by
14% and 8,,,, by 5%. The temperature distribution shows
for E,=0.8 GPa and E|, =2.9 GPa higher values in the con-
tact inlet than in the contact zone. This can be traced back
to same magnitude of lubricant heat sources due to shear-
ing and compression of lubricant. Hence, the temperature
distributions confirm the same magnitude of heat and fric-
tion induced by Couette and Poiseuille flow in the TEHL
contacts. These relations change with increasing E; (cf.
E,=7.0 GPa) such that shear heating becomes dominant as
known from hard TEHL contacts.

The evaluation of the viscosity shows almost no shear-
thinning effect for all considered E,; (cf. Sect. 4.1.1). This
relation is expected to change with further increasing E,.

Figure 6 shows the elastic strain ¢,, on the surface of
the polymer rolling element for various polymer’s Young’s
moduli E;. Note that nearly the entire deformation in the
contact is present in the polymer, whereas the steel is almost
undeformed (cf. Fig. 3).

The elastic strain €,, on the surface of the polymer
resembles the distribution of the hydrodynamic pressure
p. Hence, €,, shows highest absolute values and widths
for the lowest E, and the lowest absolute values and
widths for the highest E,. For E; = 0.8 GPa, the absolute
maximum strain is 95% higher than for £, =2.9 GPa. For
E,=7.0 GPa, ¢,, is 36% lower. For the lowest £, =0.8 GPa,
the maximum absolute elastic strain is €,,=2.9% in a
material depth of z &# — 0.6 by; and is a result of pressure.
In exemplary stress—strain curves of a tensile test of, e.g.,
a PMMA material [43], linear elastic behavior is present
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Fig.6 Elastic strain €,, on the surface of the polymer for different
polymer’s Young’s moduli E,

until €, ~<2%. Yield strain is reached at ¢, ~>4.5% [43].
Note that, whereas in tensile tests, material underlies ten-
sion, in TEHL contact the material underlies compression.
Nonetheless, this indicates a good approximation of linear
elastic material behavior in TEHL contacts.

Contact temperatures (Fig. 5) show small increases
and penetration depths of lower than 10 um, therefore the
Young’s modulus is weakly influenced and only in the sur-
face near area of the polymer. Since the material areas which
underlie strain and stress are much larger than the tempera-
ture penetration depth, no significant effect on pressure and
film thickness is present. But high surface temperatures and
the consequently lower mechanical stiffness can cause ther-
moplastic deformation and melting [25].
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4.1.3 Variation of Polymer Thermophysical Properties

Similar to the Young’s modulus, polymers for gear applica-
tion feature a wide range of densities p, thermal conductivi-
ties A, and specific heat capacities c,,. These properties can
be summarized by the thermal effusivity e describing the
ability of a material to transport heat. To evaluate the effect
of different polymer thermal effusivity e, on the steel-poly-
mer TEHL contact, density p=[1000...1500] kg/m?, ther-
mal conductivity A=[0.19...2] W/(m K) and specific heat
capacity ¢,=[1000...2200] J/(kg K) are varied. This results
in considered thermal effusivities e, = y/pc,4 from 435
to 2569 J/(K \/g m?). The thermal effusivity of e, =578 J/
(K \/5 m?) corresponds to the reference value. The Young’s
modulus and Poisson’s ratio are kept constant as in Table 1.
Figure 7 shows the hydrodynamic pressure p, film thick-
ness h and temperature § for different polymer’s thermal
effusivities e;.

The variation of the thermal effusivity of the polymer
e, has a negligible influence on the hydrodynamic pressure
p. The contact temperature 3 decreases with increasing e;.
A high thermal effusivity e, results in a more pronounced
heat removal. Hence, the temperature increase in the TEHL
contact is smaller. For low e, the rolling element acts ther-
mally insulating, so 9 in the TEHL contact is higher. Addi-
tionally, § is localized towards the polymer surface since
heat accumulates there. As a consequence of higher tem-
peratures in the TEHL contact, the coefficient of friction
slightly decreases. Due to the more pronounced temperature
in the contact inlet, the film thickness h decreases slightly by
up to 0.2 um with decreasing e;.

300 6
w =100 N/mm| |-----e, =435
vy =8m/s —e, =578
~ 250 'SRR=€°36% ----e, = 2569 18 =
S 9y = 40°C inJKysm2)|| 2
£ 200 14 £
Z <
£ @
o 150 13 GC)
o k>
=1 O
% 100 12 £
o S
o =
50 | 1
0 0

15 1 -05 0 05 1 1.5
X in mm

To analyze the influence of polymer’s thermal effusivity
e, on the TEHL temperature in more detail, Fig. 8 shows the
surface temperature 9, of the polymer.

The general trend of the polymer surface temperature
9, shows an increase at the contact inlet to a maximum.
This is due to compressive heat generation in the contact
inlet, which is in the same order as lubricant shearing
(cf. Sect. 4.1.2). After this maximum, the surface tempera-
ture decreases as the gradient of the hydrodynamic pressure
and, therefore, heat generation due to compression of lubri-
cant decreases. In the contact zone, heat generation due to
shearing of the lubricant becomes dominant, resulting in

55 '
w=100N/mm | |-----e, =435
vy =8 m/s —e, =578
SRR =86 % ----e, = 2569
9y =40°C in J/(K+/s m?)

n
o

I
o

Polymer surface temperature 191 in °C

15 1 05 0 05 1 1.5
X in mm

N
o

Fig.8 Polymer surface temperature 9, for different polymer’s thermal
effusivities e;

Temperature § in °C

Polymer (e, = 2569 J/(K /s m2
ymer (e, T toc2| B

15 1 05 0 05 1 15
X in mm

Fig. 7 Hydrodynamic pressure p, film thickness /1 (left) and temperature 9 (right) of a polymer—steel contact with different polymer’s thermal

effusivities e,
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a second maximum of 3. Towards the contact outlet, the
pressure gradient is negative, so lubricant expansion leads
to heat removal. In the contact outlet, the heated polymer
surface slowly transfers part of the heat into the lubricant.
For low e}, a high temperature increase with a pronounced
temperature maximum in the contact inlet is observed, and
vice versa for high e,. The accumulation of heat in the con-
tact inlet and the temperature level in the contact zone is
reduced for high e, since heat removal by the polymer is
more pronounced.

4.1.4 Variation of Operating Condition

Figure 9 shows the hydrodynamic pressure p, film thickness
h (left) and temperature 9 in the middle of the lubricant
film z=~h/2 (right) of the polymer—steel contact for differ-
ent operating conditions by changing the sum velocity to
vy ={4; 12} m/s and the line load to w= {50; 150} N/mm.
vy =8 m/s and w=100 N/mm correspond to the reference
operating condition. The mechanical and thermophysical
properties are kept constant as per Table 1.

The hydrodynamic pressure p and contact width increase
with increasing line load w, whereas the film thickness
decreases. The central film thickness 7, is 8% lower at
w=150 N/mm and 22% higher at w=50 N/mm compared
to w=100 N/mm. This is in accordance with the analytical
formula according to Myers [9]. In contrast to hard TEHL,
the formula according to Dowson and Higginson [44] shows
for the load variation considered a change in h, of —7%
and + 12%, respectively. With increasing sum velocity vy,
p is almost unaffected and h increases. This is well known
from hard TEHL contacts.

300 R —
SRR =86 % w in N/mm
9y = 40°C 0 501100150
250 € 15
N C
£ e --
£ 200} > {4
pd
=
o 150 13
o
=}
$ 100t 12
o
o s ~<
50 | r N 11
/7 /.7 \ \
A \ t
(0 £ . - . - —0
15 1 -05 0 0.5 1 1.5
X in mm

Film thickness h in um

The temperature profiles § in the middle of the lubri-
cant film generally corresponds with the temperature of the
polymer surface in Fig. 8. In contrast, the temperature 9 in
the contact inlet at z=~h/2 shows a higher level and a less
pronounced increase than at the polymer surface. This can
be traced back to lubricant backflow, which transports pre-
heated lubricant from the contact region to the contact inlet.
In the contact outlet, temperature 9 decreases to a similar
temperature 9 as in the contact inlet. This confirms the same
magnitude of heat sources by lubricant’s compression and
shearing.

When varying the operating conditions, a dominant
influence of the sum velocity vy over the line load w on the
temperature 3 is observed. With increasing line load w, the
maximum of & is almost unaffected. However, the trend of
9 shows varying contact widths and temperature gradients.
With increasing vy sliding velocity v, increases with the
same ratio as SRR is constant. This results in an increase
in shear rate, because the increase of & with increasing vy,
is less pronounced. Hence, shear stress (Eq. 1), and shear
heating and therefore temperature 9 rises. In the contact
inlet, high compressive heating contributes to an increase
of 8, which affects the film thickness /. In the contact zone,
9 increases more strongly since shear heating is more pro-
nounced due higher sliding velocity v, with increasing vy.

4.1.5 Interim Summary

Based on the presented results, the main findings on
uncoated polymer—steel TEHL contacts are summarized:

e Polymer—steel pairings result in a local contact conform-
ity with a negligible deformation of steel.

(&)
(&)

SRR =86 %
9, = 40°C

(&)
o

N
(&)

Temperature ¢ at z = h/2 in °C

N
o

05 1 15

15 1 -05 O
X in mm

Fig.9 Hydrodynamic pressure p, film thickness 4 (left) and temperature & at z=/h/2 (right) of polymer—steel contacts for different operating con-

ditions with respect to vy and w
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e Low thermal effusivity of polymers results in an insula-
tion effect and localized temperature rises on the surface.

e Heat sources due to compression and shearing have a
similar magnitude, such that pronounced heat generation
in the contact inlet can be recognized.

e Linear elastic material behavior of polymers is a good
approximation for contact analysis as elastic strains are
small. Moreover, neglected temperature dependence of
polymer’s Young’s modulus is also a good approximation
as contact temperatures and heat penetration depths are
small.

e With increasing Young’s modulus of polymers, the char-
acteristics of hard TEHL contacts emerge more clearly.

4.2 Coated Polymer-Steel Contacts

In this section, the influence of DLC coatings, its coating
thickness and mechanical and thermophysical properties
are investigated based on the reference in Table 1. Material
properties of DLC were varied beyond the technical mean-
ingful limits for polymers to study their sensitivity.

Figure 10 shows, by way of example, the hydrodynamic
pressure p, film thickness 4 and temperature 3 of a uncoated
and coated polymer—steel contact for the coating thicknesses
t.=1{1;20; 100} um. Whereas ¢,=1 pm corresponds to the
thickness of the developed DLC coating for polymers in [1],
the assumed thicknesses 7,= {20; 100} pm are chosen for
classification. Note that, only the polymer is DLC coated,
whereas steel remains uncoated. The material properties cor-
respond to the reference values in Table 1.

The coated contacts with 7, ={1; 20} pm show very simi-
lar trends of /2 and p as the uncoated contact. For #,=100 pm,

~_ 120

€ w =100 N/mm

§100'vz=8m/s
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= — o i
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2 40}

? \
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E I/ . . .

[ -1.5 -1 -0.5 0 0.5 1 15

X in mm

p is slightly higher and shows a more pronounced second
pressure maximum. Also the extension of the parallel gap
in x-direction becomes slightly smaller and the constric-
tion is more pronounced. For a hypothetical high value of
t.=400 pum, p would rise to 130 N/mm? and the minimum
film thickness would decrease slightly to 1.9 um. Hence,
the coating contributes only slightly to contact stiffness, but
it results in different stresses in the substrate. Hence, most
stresses occur in the coating and at the interface between
coating and substrate. This is known from coated hard con-
tacts, e.g. [45, 46]. Note that high stress gradients can cause
reduction of adhesion and delamination of the coating.

The temperature § within the coatings and adjoining
lubricant is lower in the coated polymer than in the uncoated
polymer (cf. Fig. 5). This is due to the higher thermal effu-
sivity e of the coating compared to the polymer (cf. Table 1)
resulting in a more pronounced heat removal. Hence, the
lubricant temperature is lower and the coating can act as
a thermal barrier protecting the polymer from detrimental
heat. As a consequence, the effective viscosity and, there-
fore, shear stress, and friction are slightly higher than in the
uncoated polymer-steel contacts.

4.2.1 Variation of Coating Mechanical Properties

Figure 11 (left) shows the hydrodynamic pressure p and the
film thickness h of coated polymer—steel contacts for coat-
ings with Young’s moduli of E_ = {34; 110; 220; 420} GPa
and a constant coating thickness of #,=100 um. Figure 11
(right) illustrates the effect of coating stiffness E,= {34;
110} GPa and coating thickness 7, on the stiffness expressed
by the reduced Young’s modulus E’ of the TEHL contact.
Thereby, the extension of the Hertzian theory presented by

148

146

144

Temperature 9 in °C

Coating (t, = 100 pm)y

15 1 05 0 05 1 15

X in mm

Fig. 10 Hydrodynamic pressure p, film thickness / (left) and temperature 9 (right) of an uncoated and coated polymer—steel contact with differ-

ent coating thicknesses 7,
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Fig. 11 Hydrodynamic pressure p and film thickness / for a constant coating thickness (left) and reduced Young’s modulus E’ for a coated poly-

mer—steel contact with different coating’s Young’s modulus E, (right)

Liu et al. [47] is used. All thermophysical properties are
adopted from Table 1.

The hydrodynamic pressure p shows a pronounced sec-
ond pressure maximum and becomes more pronounced with
increasing Young’s modulus E, of the coating. Additionally,
the contact width slightly decreases and the constriction of
the lubricant film thickness is more pronounced. This can
be traced back to low contact stiffness of polymer—steel
TEHL contacts. In general, the contact stiffness relevant for
TEHL contacts depends on Young’s modulus and Poisson’s
ratio of the regions which underlie strain and stress. In poly-
mer-steel contacts, these regions are much larger. Hence,
the coating’s mechanical properties affect the relevant con-
tact stiffness for polymer—steel contacts only at much higher
coating thickness f, or higher coating stiffness. Hence, the
ratio of deformation between coated polymer and steel is
not significantly affected by the coating and the deformed
geometry of the rolling elements is similar to the uncoated
polymer-steel contact (Fig. 2).

A higher thickness of hard coatings generally contributes
to a higher stiffness of the contact. For hard TEHL con-
tacts, it was shown that the influence of hard coatings on
p is negligible for small coating thickness [18, 20]. With
regard to the polymer—steel contact considered, which show
low contact pressure and high deformation, the contribution
of the coating’s stiffness to the stiffness of the TEHL con-
tact becomes relevant at approximately 7. > 50 pm. This is
retraced by the evaluation of the reduced Young’s modulus
E' in Fig. 11 (right). For an uncoated polymer-steel con-
tact E’ is 6.6 GPa. With increasing coating thickness 7., E'
increases due to higher stiffness of the coating £, compared
to the polymer. At a thickness 7, & 800 um, the coating with

@ Springer

E.=110 GPa reaches E' = 155 GPa, which represents a
contact between pure coating material and steel. Hence, the
influence of the substrate polymer on the contact stiffness
vanishes. The coating with E =34 GPa reaches this point
at t, & 1200 ym with £’ ~ 62 GPa. For a typical coating
thickness of 7, <8 um, no noticeable effect on the stiffness
of polymer—steel contacts is expected.

4.2.2 Variation of Coating Thermophysical Properties

Figure 12 (left) shows the temperature 9§ in coated poly-
mer—steel contacts for various coatings with thermal effu-
sivities of e.= {578; 1156; 2312} J/(K \/g m?) for a constant
coating thickness of 7,=1 um. The mechanical properties
are adopted from Table 1. e,.=578 J/(K \/g m?) represents a
coating with thermophysical properties similar to the poly-
mer. Figure 12 (right) shows the effect of coating thickness
t. on the maximum temperatures in the lubricant, coating,
polymer, and steel for the coating properties in Table 1.

With increasing thermal effusivity e, the lubricant
temperature 9 decreases, and the coefficient of friction p
slightly increases (Fig. 12, left). This is in accordance with
the results for uncoated contacts in Fig. 7. The coating shows
a decrease in temperature penetration depth with increas-
ing e.. This results in lower maximum temperatures at the
coating—polymer interface. Hence, also very thin coatings
t.=1 um with higher thermal effusivity e, than the polymer
can act as thermal barrier protecting the polymer.

By increasing 7, the maximum temperature in the poly-
mer decreases continuously (Fig. 12, right). For #,=100 pm,
no further temperature increase is observed. In this case,
the heat penetration depth is less than the coating thickness.
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Fig. 12 Temperature 9 in coated polymer—steel contacts with different coating thermal effusivities e, (left) and maximum temperatures in lubri-
cant, coating, polymer, and steel for different coating thicknesses f, (right)

This results in maximum temperatures in the polymer equal
to bulk temperature 9,; In general, the maximum tem-
peratures in the lubricant, coating and steel decrease with
t. up to approximately 7, ~# 30 pm. This decrease is most
pronounced up to ¢, & 8 um. For approximately 7,> 30 pm,
these temperatures increase slightly. In general, the coatings
considered contribute—by their higher thermal effusivity
compared to the polymer—to an improved heat removal
(Fig. 12). In contrast, due to increasing coating thickness ¢,
pressure (Fig. 10) and, therefore, shear stress and frictional
heat increase slightly. Both influences has an inverse effect
on temperature. Whereas the effect of the coating stiffness
on the TEHL contact appears to be significant at approxi-
mately ¢, > 50 um, the influence of the thermophysical prop-
erties of the coatings is already present at very low 7, <8 um.
A transition point is observed at approximately ¢,=30 um.

4.2.3 Interim Summary

Based on the presented results, the main findings on coated
polymer—steel TEHL contacts are summarized:

e The mechanical properties of coatings only has a small
influence on the TEHL contact stiffness and, therefore,
on hydrodynamic pressure and film thickness, even for
very high coating thickness.

e The local contact conformity known from uncoated poly-
mer-steel contacts is also present for coated polymer—
steel contacts.

e The thermophysical properties of coatings have large
influence on the temperature distribution in the TEHL
contact, even at low coating thickness.

e Coated polymers in polymer—steel contacts can act as
thermal barrier, thus protecting the polymer from contact
heat, even at very low coating thickness.

5 Conclusion

In this study, uncoated and coated polymer—steel TEHL con-
tacts were investigated by numerical simulation. The results
show a local contact conformity between polymer and steel,
with the polymer accounting for almost all of the deforma-
tion. The high temperatures are localized at the polymer
surface due to inhibited heat removal. Polymers with higher
Young’s modulus show higher temperatures and hydrody-
namic pressures as well as lower film thickness. Even for
low Young’s modulus and high deformation, elastic strain in
the polymer is very small. For coated polymers, only small
effects on film thickness and hydrodynamic pressure are
observed, even for hypothetically high coating thicknesses.
On the contrary, the contact temperature decreases even with
thin coatings due to their higher thermal effusivity compared
to the polymer. Hence, the coating can act as thermal bar-
rier protecting the polymer from detrimental heat. In mixed
lubrication, coated polymers can show potentials for protect-
ing the polymer from abrasive wear. Beyond the scope of
this study, viscoelasticity can have a significant influence on
contact behavior and temperature of polymer—steel contacts.
This will be focus of future work including experimental
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investigations on friction and temperature of coated poly-
mer—steel contacts.
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