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Abstract: In this study, we analyze the extent to which thin hard coatings can serve as tribolog-
ical protective layers for the selected plastic substrate materials PA12 (polyamide 12) und PEEK
(polyetheretherketone), with and without fiber reinforcement. The approximately 1 µm thick coating
variants ta-C, ta-C:N, and ta-C:B, which were applied using the laser arc process, are investigated.
In oscillating sliding wear tests against a steel ball in an air atmosphere without lubricant, the wear
of the coating and counter body is compared to analogous coating variants applied in parallel to
AISI 52100 steel. The ta-C-based coatings show good adhesion strength and basic suitability as wear
protection layers on the plastic substrates in the tribological tests. However, there are variations
depending on the coating type and substrate material. The use of a Cr interlayer and its thickness
also plays an important role. It is demonstrated that by coating under conditions where the uncoated
plastic substrate would normally fail, a similarly good performance as with analogously coated steel
substrates can be achieved by ta-C:N.

Keywords: ta-C; coating; plastic; wear; PA12; PEEK; friction; sliding; tribotest; doped ta-C

1. Introduction

Thin hard coatings, primarily composed of nitride hard materials (e.g., TiN and CrN)
or diamond-like carbon (DLC, e.g., a-C:H and ta-C), have been proven to be effective for
decades as tribological protective layers on sliding components made of steel. Due to their
high hardness, they enhance the surfaces’ resistance to micro-abrasive wear and, in some
cases, significantly reduce friction. Such coatings are indispensable today, particularly
for applications in internal combustion engines on piston-group (piston ring, piston pin),
fuel-injection, and valve-train components (bucket tappets, finger follower) [1].

With the development of increasingly durable plastics, these materials are increasingly
considered as alternatives for lightly to moderately loaded tribological components made
of steel. Due to their unbeatable advantages such as their low cost, good machinability,
flexibility in shaping, and low density, plastics are now increasingly considered for tribo-
logically loaded components in bearings, gears, guide rails, etc. However, the abrasive
wear of plastic surfaces under real operating conditions in the presence of dust, soot, and
other wear particles emerges as a limiting factor more so than with steel.

Among the polymer types that are suitable for the mentioned applications, the PA12
(polyamide 12) und PEEK (polyetheretherketone) variants are of particular interest. Both of
them possess the characteristics of high strength, good chemical resistance, high abrasion
resistance, and low friction. PEEK is superior to PA12 in all respects, but is significantly
more expensive to manufacture. PA12 is therefore considered a low-cost alternative to
PEEK. In order to improve the mechanical properties of polymers, i.e., strength and rigidity,
they are reinforced with fibers (usually glass fibers or carbon fibers). The type of fiber
reinforcement depends on the specific requirements of the application, the costs, and
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the desired material properties. Even if the fiber reinforcement is advantageous for the
mechanical behavior in many respects, the fiber content can have a detrimental effect in the
tribological respect. When in tribological contact with soft mating bodies, fibers might be
more abrasive than unreinforced polymers.

The use of thin, hard, wear-protective coatings on plastic substrates analogous to steel
has hardly been considered to date in industrial applications. The difference in mechanical
properties between the substrate and the coating is too large and it was assumed that the
coating would fail quickly due to the so-called eggshell effect. There are a few tribological
studies of DLC-coated polymers in the literature, e.g., on PEEK substrates under dry
conditions [2–4] or under lubricated conditions [5]. Most research has been carried out
on coated polymers in the context of medical technology applications, particularly for
implants [6–9]. To the best of our knowledge, there is no published work in the literature
on ta-C coatings on plastic substrates apart from our own work [10].

In this study, hard and superhard ta-C-based coatings, analogous to those used as
tribological protective layers on steel, were deposited on various plastics and analyzed
tribologically. For this purpose, the plastics PEEK (high-quality, relatively hard plastic),
PA12 (relatively inexpensive, softer plastic), and both variants with carbon-fiber reinforce-
ment were selected as substrate materials. A standard ta-C coating and two doped variants
thereof (ta-C:N and ta-C:B) served as the coating. An important issue with coatings is the
use of an inter- or adhesion layer. On the one hand, the interlayer is intended to achieve
a better chemical bond or mediation between the metal and the coating material, and on
the other hand, it is sometimes intended to accommodate strong differences between the
mechanical properties or achieve a load-supporting effect. Cr or Ti is generally used as
an interlayer for metallic substrates. In this study, the Cr interlayer was also used for the
plastic substrates. In a further series, ta-C:B coatings were deposited without and with two
different thicknesses of the Cr interlayer for comparison.

An initial setting of tribotest parameters is used to screen three different coating
variants. In a second step, the most promising coating–substrate combination with modified
test conditions is then selected. Finally, a comparative tribotest is carried out with the
selected variant in comparison to uncoated plastic and a coated steel reference. Even
though the potential use of the coated plastics will generally take place under lubricated
conditions, this first study will test the wear behavior under extreme conditions, i.e., under
sliding conditions without lubrication.

2. Materials and Methods

For the coating and subsequent investigations, five different substrates were used (see
Table 1). Four of these were different plastics from Evonik (Evonik Operations GmbH,
Kirschenallee, Darmstadt, Germany), which were compared with the steel substrate AISI
52100 as a reference. The polymers included two variants each of polyamide 12 (PA12)
and polyetheretherketone (PEEK). In addition to the base version, glass-fiber-reinforced
PA12 and carbon-fiber-reinforced PEEK substrates were used (PA12-GF30 and PEEK-
CF30, respectively). The material content of glass and carbon fibers was 30 percent. The
dimensions of the sample plates were 18 mm × 13.5 mm × 3 mm. The steel surface
was polished, and the surfaces of the plastics were not mechanically post-processed after
injection molding.

Table 1. Substrate materials used for coating and their mechanical properties.

Material AISI 52100 PA12 PA12-GF30 PEEK PEEK-CF30

Young’s Modulus [GPa] 210 * 1.4 ** 6.8 ** 3.5 ** 24 **
Yield Strength [MPa] >835 * 43 ** 120 ** 95 ** 251 **

* WIXSTEEL Industrial [11]. ** Evonik Industries AG product information [12].

The coatings were deposited in a commercial physical vapor deposition (PVD) cham-
ber (VTD Vakuumtechnik Dresden GmbH, Dresden, Germany) with an attached LaserArc™
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carbon evaporation source (Fraunhofer IWS, Dresden, Germany). An 8-axis planetary sys-
tem was used as a sample holder and set in twofold rotation. Standard graphite targets
from Plansee Composite Materials GmbH, Germany, were used as the cathode material
for the generation of the ta-C and the nitrogen-gas-doped ta-C:N coatings. In the case of
B-doped carbon, powder-pressed and sintered composite graphite targets with a nominal
content of 5 at% of boron from the same company were used. Approximately the same
content of 5 at% boron was found in the ta-C:B coating. The coating process was as follows:
In the beginning, the deposition chamber was evacuated to a high vacuum at a pressure
of about 10−4 Pa and an argon ion etching process was carried out prior to the coating
deposition. Subsequently, in some cases, a chromium adhesion interlayer was deposited
by magnetron sputtering, followed by deposition of the carbon coatings by pulsed arc
discharge that generates the carbon plasma. The arc discharges were ignited using laser
pulses from a Q-switched Nd-YAG laser. Detailed information on the LaserArc process has
been published elsewhere [13,14]. In the case of the ta-C:N coatings, during the evapora-
tion of carbon by LaserArc, nitrogen gas with a 40 sccm flow rate was introduced in the
deposition chamber, resulting in a content of approximately 5 at% N in the ta-C:N coating.
In all process steps (ion etching, interlayer, and carbon coating) no bias voltage was used
due to the use of non-conductive polymer substrates.

The coating thickness was determined using the ball crater grinding method that is
standardized in EN ISO 26423:2016 [15]. Three individual craters were ground on each
specimen using the calotte grinding unit “KSG 117′′ (Inovap GmbH, Radeberg, Germany).
Instrumented indentation was carried out with a Berkovich diamond indenter on the
“ZHN-1” from Zwick/Roell GmbH, Germany, to determine hardness H and the Young’s
modulus E of the coatings according to EN ISO 14577-4 [16]. For this purpose, the QCSM
technique and the sigmoid fitting method were used for data acquisition and evaluation [17].
The maximum normal loads were 40 mN. A Poisson’s ratio of 0.19 was assumed for
all coatings.

For tribological characterization, an SRV4 from Optimol Instruments with the standard
oscillation setup was used, which corresponds to the translatory tester according to DIN
51834-1:2010-11 [18]. The coated flat substrates were fixed as lower samples against an
uncoated, polished AISI 52100 steel ball with ∅10 mm as the upper sample loaded with a
normal load and oscillating movement. The counter-body wear was determined under the
presumption of plain ball wear and was calculated via the diameter of the ball wear. The
test specimen and holder were cleaned ultrasonically in high-purity benzine before the test.
The tests were performed at room temperature (20 ± 5 ◦C) with no lubricant, in air with a
controlled humidity of 50 ± 5%.

In this study, three different parameter sets were used (see Table 2). Thereby, set I,
with relatively harsh loading conditions but a short test duration, was used to obtain a
quick general overview of the wear behavior on the different substrates. Set II used to
simulate a load case that is closer to the application. The normal force is reduced to a
tenth of the previous load and the test duration is extended by a factor of 10. Set III was
only applied to selected substrates and is intended to show the limits in terms of load and
load-bearing capacity.

Table 2. Parameter sets used for tribological characterization.

Parameter Set I Set II Set III

Normal load [N] 10 1 10
Oscillation frequency [Hz] 10 10 10

Stroke [mm] 1 1 1
Testing time [min] 10 100 60

The white-light interferometry method was used to determine the surface roughness
Sa using the Leica DCM 3D microscope according to EN ISO 25178 [19].
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Particles and defects visible on the surface, i.e., carbon macroparticles incorporated
in the coating, were quantified by the “surface defect fraction (SDF)” parameter that was
determined using three individual light microscopy images from different positions at the
surface at 500× magnification. More information about the method to determine the SDF
parameter can be found elsewhere [20].

3. Results

First, a coating series of ta-C, ta-C:N, and ta-C:B with nominal 1 µm thicknesses were
deposited on all substrates, using a Cr interlayer with about a 0.1 µm thickness. The
compilation in Figure 1 shows the surface topography of the different substrates in the
initial state and with a 1 µm ta-C coating. The PA12 and PEEK substrates are initially very
smooth. The coating creates a crack pattern on the soft PA12. This has no negative effect on
adhesion. With PEEK, on the other hand, the surface remains smooth. However, existing
scratches are intensified by the coating, which can be seen in the interference contrast. The
fiber-reinforced substrates are initially rougher, whereby the glass fibers in the soft PA12
matrix are not clearly visible. However, the fibers are significantly more pronounced due
to the coating and the deformation of the surface. In the case of fiber-reinforced PEEK,
the fibers are clearly visible on the surface. After coating the fibers are covered and their
visibility is reduced.
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to compare the effect of the coating on both parameters. 

As for the roughness parameter Sa, the steel surface showed very little change due to 
the coatings (Figure 2 (top)). PA12, on the other hand, was initially rather smooth, but 
showed a strong increase in Sa due to the coatings. The same applies to PA12-GF30, even 
if its initial roughness was significantly greater than that of PA12. In contrast, the two 
PEEK variants—similar to steel—did not show such strong changes in roughness as the 
PA12 variants. Here, the low roughness with the coating was retained, which was also the 
case for the fiber-reinforced PEEK.  

Figure 1. Microscopic images of the PA12, PA12-GF30, PEEK, and PEEK-CF30 uncoated (left), and
1 µm ta-C-coated (right) substrates in bright field (top) and with differential interference contrast
(DIC) filter (bottom).

A decisive parameter is the surface defect fraction (SDF), which provides information
on the extent to which the surface is covered with coating defects. These defects are
unavoidable in arc coating processes and result in unfavorable roughness on the surface,
which is associated with high wear in tribological contacts, especially on the counter body.
The SDF parameter is more sensitive for detecting the effects of coating defects on the
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tribological behavior than surface roughness parameters. However, it is very instructive to
compare the effect of the coating on both parameters.

As for the roughness parameter Sa, the steel surface showed very little change due
to the coatings (Figure 2 (top)). PA12, on the other hand, was initially rather smooth, but
showed a strong increase in Sa due to the coatings. The same applies to PA12-GF30, even if
its initial roughness was significantly greater than that of PA12. In contrast, the two PEEK
variants—similar to steel—did not show such strong changes in roughness as the PA12
variants. Here, the low roughness with the coating was retained, which was also the case
for the fiber-reinforced PEEK.
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Figure 2. Arithmetic mean deviation Sa (top) and surface defect fraction (SDF) (bottom) for AISI
52100, PA12, PA12-GF30, PEEK, and PEEK-CF30 uncoated and coated with 1 µm ta-C, 1 µm ta-C:N,
and 1 µm ta-C:B.
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The SDF values (Figure 2 (bottom)) showed strong variations for the different coatings,
but the nature of the changes depending on the coating type was the same for all substrate
variants. This shows that the SDF parameter reacts very sensitively to coating-specific
surface defects, with the ta-C:B film having the lowest SDF in all coated cases. The SDFs of
ta-C and ta-C:N were very similar because the coating plasma is identical except for the N2
gas inlet. In the case of ta-C:B, there were far fewer defects. This is already known from
previous work [11], and therefore, this coating was favored over the other coating types.

The results of the basic characterization of these coatings are summarized in Table 3.
Due to the large difference in properties between the coatings and the plastic substrates,
it was not possible to determine any mechanical properties. Therefore, all values were
determined on the coatings deposited on AISI 52100 steel substrates.

Table 3. Measured coating properties *.

Coating Thickness
[µm]

Hardness
[GPa]

E-Modulus
[GPa]

SDF
[%]

ta-C 1.2 ± 0.1 37.2 ± 0.6 408 ± 12 10.9 ± 0.4
ta-C:N 1.4 ± 0.1 26.8 ± 1.3 303 ± 23 10.7 ± 0.2
ta:C:B 0.9 ± 0.2 48.1 ± 1.7 567 ± 14 2.5 ± 0.2

* Coatings deposited on polished AISI 52100 steel substrates.

It should be noted that the hardness of the ta-C coating was rather moderate compared
to the common literature data for ta-C. This is due to the fact that no bias voltage was
used in the processes to accelerate the ions in the coating plasma, as is typically done. In
our case, the intrinsic kinetic ion energy of the carbon species in the plasma is crucial for
the formation of sp3 bonds, and hence, the hardness of ta-C. Consequently, the hardness
decreases in the case of ta-C:N because the energy of some coating particles was slowed
down by collisions with N2 molecules due to the gas inlet. In the case of ta-C:B, on the
other hand, the hardness increased compared to ta-C. This is presumably due to the fact
that during the evaporation of B-doped graphite in the arc process, higher particle energies
were present than in a pure carbon plasma. This is the subject of current investigations on
plasma particle energy distribution.

3.1. Wear Behavior of Different Coating Types

Using parameter set I in tribotesting (see Table 2), the wear behavior of coatings on
different substrates and the wear of uncoated steel-ball counter bodies were analyzed.
In these tests, the three coating types, ta-C, ta-C:N, and ta-C:B including the 0.1 µm Cr
interlayer (see Table 3), were investigated. The wear images are summarized in Table 4.

A volumetric determination of the wear abrasion from the coatings is not possible
with the plastic samples due to the significant deformation. Therefore, only a qualitative
assessment can be made here. However, it was possible to determine the counter-body
wear on the steel balls and the result is summarized in Figure 3.

Table 4. Optical images of wear tracks on the coatings and counter body (steel ball) on different
coatings after tribotests with set I.

Substrate
Coating

ta-C ta-C:N ta-C:B

AISI 52100
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Table 4. Cont.

Substrate
Coating

ta-C ta-C:N ta-C:B

PA12
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Figure 3. Steel-ball counter-body wear measured after tribotests with set I.
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3.2. Influence of the Cr Interlayer on Wear Behavior

The investigations into the influence of the Cr interlayer were carried out with the
ta-C:B (1 µm) coating variant. A variant without a Cr layer, a variant with 0.1 µm Cr,
and a variant with 0.5 µm Cr were produced and tested in the tribometer. The tribotest
parameters were the same as before (set I) and wear images are summarized in Table 5.

Table 5. Optical images of wear tracks on the coatings and counter body (steel ball) on ta-C:B-coatings
with different interlayers after tribotests with set I.

Substrate
Coating

ta-C:B 0.1 µm Cr + ta-C:B 0.5 µm Cr + ta-C:B

AISI 52100
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wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

PEEK

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

PEEK-CF30

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

Lubricants 2024, 12, 331 10 of 15 
 

 

PA12-GF30 

   

PEEK 

   

PEEK-CF30 

   

3.3. Wear Behavior under Long-Time Testing Conditions 
In this series, using tribotest parameter set II, a reduced normal load but extended 

testing time of 100 min was used (see Table 2). The aim of this series of tests was to make 
a comparison between the coating variants under comparatively mild but application-
related load conditions. Due to the fact that, in previous investigations, the mating body 
wear on the PA12 and PA12-GF30 substrates was rather high, these tests were limited to 
the PEEK and PEEK-CF30 substrates (Table 6). 

  

3.3. Wear Behavior under Long-Time Testing Conditions

In this series, using tribotest parameter set II, a reduced normal load but extended
testing time of 100 min was used (see Table 2). The aim of this series of tests was to make a
comparison between the coating variants under comparatively mild but application-related
load conditions. Due to the fact that, in previous investigations, the mating body wear on
the PA12 and PA12-GF30 substrates was rather high, these tests were limited to the PEEK
and PEEK-CF30 substrates (Table 6).



Lubricants 2024, 12, 331 9 of 13

Table 6. Optical images of wear tracks on coatings and counter body (steel ball) on selected coating–
substrate systems after tribotesting with parameter set II.

Substrate
Coating

0.1 µm Cr + ta-C 0.1 µm Cr + ta-C:N 0.1 µm Cr + ta-C:B 0.5 µm Cr + ta-C:B

AISI 52100
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It can be seen that the ta-C:N-coated substrates were at a much lower friction level 
than the uncoated PEEK. This also shows damage that goes beyond abrasive wear 
removal. The surface appeared heavily deformed in the area of the wear track. Even if the 
coating wear was lowest on the steel substrate, the wear track of the ta-C:N on the PEEK 
substrate appeared basically similar in appearance. The coating generally withstood the 
load, but there were already coating breakthroughs in some areas. On one sample (see 
dashed arrow in Figure 4), the coating penetration also manifested itself in a sudden 
increase in the coefficient of friction. 
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3.4. Comparison of the Load-Bearing Capacity

In this final tribotest, a comparison was made between a selected coated plastic variant
with an analogously coated steel substrate and uncoated plastic. The high standard load
of 10 N was again applied with the new parameter of set III, which, in contrast to set I,
consisted of a test duration of 60 min. In these tests, the characteristics of the friction
coefficients over the test duration were also examined.

The coating variant 0.1 µm Cr + 1 µm ta-C:N was selected as a suitable coating for this
test. Although this did not have the lowest counter-body wear (like ta-C:B), it proved to be
the most robust variant overall in the previous tests. The fact that no grooves or scratches
were observed in the coating of ta-C:N after the wear tests was also considered favorable.

It can be seen that the ta-C:N-coated substrates were at a much lower friction level
than the uncoated PEEK. This also shows damage that goes beyond abrasive wear removal.
The surface appeared heavily deformed in the area of the wear track. Even if the coating
wear was lowest on the steel substrate, the wear track of the ta-C:N on the PEEK substrate
appeared basically similar in appearance. The coating generally withstood the load, but
there were already coating breakthroughs in some areas. On one sample (see dashed arrow
in Figure 4), the coating penetration also manifested itself in a sudden increase in the
coefficient of friction.
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4. Discussion

In order to interpret the results of the tribological measurements, it is first necessary to
consider the different mechanical contact situations of the various material pairings. The
large differences in the modulus of elasticity between AISI 52100 steel and the plastics
lead to very different Hertzian contact conditions. For example, the plastics have a much
larger contact area, but smaller contact stress at the same load compared to steel. In
order to analyze the stress distribution in terms of Hertz’s contact theory, the stresses
for all materials including a 1 µm thick ta-C topcoat were calculated using FilmDoctor
software (SIO® Saxonian Institute of Surface Mechanics, Ummanz, Germany, https://
siomec.com/software/filmdoctor-studio/, accessed on 12 September 2024) for the two
normal loads of 10 N (parameter sets I and III) and 1 N (set II). The calculations were based
on the assumption of purely elastic behavior of all materials. The parameters used for the
calculations were the characteristic values of the materials from Tables 1 and 3. The results
are shown as examples for steel, PEEK, and PEEK-CF30 in Figure 5.
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As expected, the results show large differences in the contact surfaces, the level of
compressive stress generated in the substrate by the ball indentation, and the different
spatial distributions of the stress in the substrate. In this way, it becomes clear why the track
widths of the coatings on the plastics in the wear tests are always wider than on the coated
AISI 52100 steel (≈500 µm vs. ≈150 µm). It is now also clear why the counter-body wear

https://siomec.com/software/filmdoctor-studio/
https://siomec.com/software/filmdoctor-studio/
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values (ball abrasion) with the same coatings were significantly higher with the plastics
than with steel (see Tables 4 and 5). With the softer substrates, the balls come into contact
with a larger area of the abrasive coating surface. It is important to take a closer look at the
special features of ta-C-based coatings deposited using arc technology: coatings deposited
using a vacuum arc-evaporation process always exhibit unavoidable growth defects due
to droplets or macroparticles, which are incorporated into the coating during deposition
and increasingly cause roughness peaks on the ta-C-based coatings as the coating thickness
increases. The SDF parameter (see Section 3) describes the phenomenon quantitatively. The
higher the SDF value, the more abrasive the coating. Two things need to be mentioned in
this context: (I) Due to the coating defects, the counter-body wear is initially very high.
However, this is primarily a running-in effect. (II) The roughness peaks do not only wear
the counter body. By breaking out some defects, a micro-abrasive material is generated,
and the coating also suffers wear. The ta-C:B coating is distinguished from the other two
coating types by a much lower SDF-value (see Table 3). This phenomenon, described in [14],
makes this coating variant more advantageous compared to the other two variants, ta-C
and ta-C:N, with high SDF values.

When looking at the results from Section 3.1, the comparison of the coating variants in
an initial tribo-screening test, the previously discussed points are particularly important
for the interpretation of the results. The counter-body wear is significantly less pronounced
with ta-C:B than with the other two coatings. This is particularly evident with the steel
variant, but also with PA12. Another noticeable aspect in Figure 4 is that the counter-body
wear is much higher for the plastics and especially for the two PA12 variants than for steel.
This is explained by the differences in the contact areas discussed above: the softer the
substrate, the larger the contact area and the greater the amount of wear particles the steel
ball is exposed to in the friction contact. Additionally, regarding the results in Section 3.1, it
should be noted that despite the comparatively high load, complete coating failure occurred
in only one case (ta-C on PA12). In most other cases of coated plastic substrates, the coatings
exhibited grooves, scratches, and cracks in addition to abrasive wear, but remained largely
intact. The ta-C:N coatings left the best impression, especially on PEEK and PEEK-CF30.
After the tribotest, these coatings were still largely intact and showed a relatively smooth
surface in the wear track. The behavior of the ta-C:N coating on the PEEK substrates was
still worse than on steel, but it came closest to steel in the appearance of the wear behavior.

To test the influence of the adhesion layer on the tribological performance, the ta-C:B
variant was selected due to its lowest coating roughness. The results presented in Section 3.2
show a differentiated picture. Basically, it can be initially said that with all adhesion layer
variants, including without a Cr adhesion layer, there appears to be good adhesion strength
of the coatings with one exception, the 0.5 µm thick Cr layer on the PEEK-CF30 substrate.
In terms of wear behavior, both for the counter body and the coating, the thick adhesion
layer (0.5 µm) shows a tendency to improve the tribological performance of the coated
plastics. This is attributed to an improved load-supporting effect of the now approximately
1.5 µm thick coating system compared to the other coatings (≈1 µm coating thickness).
However, the advantages are not too significant and, as mentioned, in one case, there was
also a failure with the 0.5 µm thick Cr adhesion layer.

The focus of the tribotests in the next step was to subject promising coating–substrate
combinations to significantly longer test durations under more application-oriented condi-
tions (lower load) with parameter set II (see Table 2). The results in Table 6 with the two
PEEK and four coating variants compared to the analogously coated steel show a very good
performance of the coatings. Overall, the wear of the counter body and the wear tracks in
the coatings were now more similar to the coated steel samples than in the previous tests
with the tribo-parameter set I. This is because, in these tests, the running-in process was
obviously completed and a more stable tribological situation had established itself, which
did not depend as much on the roughness and defects of the coating surface.

In the final tribotest, the overall most-promising plastic-coating system was compared
to an uncoated plastic and an analogously coated steel substrate under demanding testing
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conditions. The PEEK substrate selected for this, with a 1 µm thick ta-C coating, showed
similarly low friction values to the coated steel (see Section 3.4). However, it can be seen
that the system has reached the limits of its load capacity after the 60 min test. Initial
coating perforations indicated that the coating was about to fail, as can be seen in Figure 4.
The uncoated PEEK suffered serious damage in the tribotest. Presumably, incipient plastic
deformation coupled with abrasive wear could already be observed here.

Overall, it can be stated that the ta-C:N coating greatly improved the load-bearing
capacity of the PEEK. The tribological behavior of the system is very similar to that of
the ta-C:N-coated steel substrate, even if—as mentioned above—the service life is limited
under these harsh conditions.

5. Conclusions

In this article, it is shown that, contrary to expectations, superhard ta-C-based coatings
can be used as a tribological protective layer on soft-plastic substrates, even under unlu-
bricated conditions. The adhesion of all the coating variants examined on the four plastic
substrates was generally good, with no “eggshell effect” observed.

The ta-C, ta-C:N, and ta-C:B coatings showed similar tribological behavior, caused
by the relatively high coating roughness. In all cases, a pronounced running-in behavior
with high counter-body wear was observed. The ta-C:B coatings, with their naturally lower
defect density, were advantageous in terms of counter-body wear. The studies also revealed
that an adhesion-promoting interlayer of Cr is helpful in some cases (better load-supporting
effect), although the coatings also work on plastic substrates without a Cr adhesion layer.

Overall, the study concludes that the performance of plastic substrates can be signif-
icantly improved by hard or superhard coatings of ta-C, ta-C:N, and ta-C:B, even under
harsh tribological conditions, at least for relatively short testing times. Despite the extreme
hardness difference and the roughness of the coatings, the systems show promising tribo-
logical behaviors in air, coming quite close to that of an analogously coated steel substrate.

In future, there are several possibilities to improve the coating performance due to
reducing the defect density (through plasma filtering) and running-in layer concepts, i.e.,
graded soft top layers that are supposed to mitigate counter-body wear and thus improve
the running-in behavior.
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