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Abstract: The a-C:H (amorphous carbon-hydrogen) films belong to the family of DLC (diamond-like
carbon) coatings. The a-C:H coating was deposited on medical grade CoCrMo substrates by
plasma-assisted chemical vapor deposition (PA-CVD) using benzene as gaseous precursor. Benzene
offers an aromatic structure, which affects the a-C:H properties after plasma decomposition. A zirconia
ball was sliding at two different frequencies, 50 Hz or 1Hz, against the uncoated and a-C:H coated
CoCrMo. The frequency of 1 Hz is typical for human movement during fast walking. The harsh
sliding conditions with a normal load of 100 N and 50 Hz frequency simulate extreme overloading of
the biomedical sliding partners. It gives insight into the failure mechanisms. The wear tests were
carried out in laboratory air (dry, RH: 15.6%) or using hyaluronic gel as lubricant. The hyaluronic
gel acts as an effective intermediate medium. It adheres very well to both, a-C:H coating and
zirconia. No wear was evident on the ZrO2 ball at 1 Hz and 100 N. Minor wear traces were observed
on the a-C:H coating only. A wear coefficient of 0.16 × 10−6 mm3/N·m were calculated for a-C:H
coated CoCrMo after ZrO2 ball sliding with 1 Hz and 100 N in hyaluronic gel. This is two orders of
magnitude lower in comparison to dry sliding of ZrO2 ball against DLC coated CoCrMo with 1 Hz.
The coefficient of friction (COF) remained below 0.09 until the hyaluronic gel starts to lose viscosity.
This finding pronounces the importance of a proper homogeneous lubrication during operation of the
biomedical joints. For extreme harsh tribological loading like sudden jumps of a patient with artificial
joints, the application of an intermediate layer before a-C:H coating needs further evaluation.

Keywords: diamond-like carbon (DLC); amorphous carbon hydrogen (a-C:H); hyaluronic gel;
sliding wear; Raman spectroscopy

1. Introduction

Hyaluronic acid is the main component of synovial liquid, the lubricating substance between
articulating partners in natural joints. It provides ultra-low friction. Synovia is a viscous body fluid
with clear appearance. It is produced by the membrana synovialis, which covers the articular capsule
inside. During loading and movement of the femur, synovial liquid is squeezed out into the natural
joints. Kung et al. [1] describe the importance of preserving the integrity of joint including the synovial
lining and natural lubricating fluid properties for future successful implant survivorship.

Artificial joints contain CoCrMo alloys often, because of their wear resistance. The metallic
CoCrMo is either just a part of the articulating joint, like the ball in a hip joint or the femur in a knee
joint, or both articulating partners are made of metallic CoCrMo. Although artificial joint implants
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are produced on a high quality level already, some problems can arise from metallic ions or wear
particles [2]. Blood cobalt and chromium levels of greater than 7 ppb (7 µg/L), point to potential for
undesired soft tissue reaction [2]. Even if, the articulating part in the artificial joint is a softer polymer,
like UHMWPE (ultra-high molecular weight polyethylene), the metallic counterpart suffers from wear.
Alternatively, special designed surface modifications—i.e., inorganic carbon allotropes—can be applied
to reduce ion and wear particle release. Care must be taken in order to ensure proper adherence and
durability of surface modifications.

The motivation of the present study is exploring the suitability and limits of a potential surface
modification by diamond-like carbon coatings on CoCrMo metallic alloy. As mentioned before, medical
grade CoCrMo implants over excellent wear resistance under proper conditions, but as a partner in
the articulating couple, they slowly are abraded to a certain extent. A DLC coating should reduce
their abrasive wear. Furthermore, DLC as a carbon surface modification could provide sufficient
hosting for synovia in artificial joints. Inorganic carbon modifications are known to provide proper
hosting conditions for body liquids and tissues with a broad range of properties [3–7]. Fuhrer et al. [3]
produce 3D glassy carbon scaffolds by pyrolysis for culturing neural stem cells (NSCs). The successful
cultivation of NSCs were proven by magnetic resonance imaging. Glassy carbon acted as an electrode
material, which is able to provide electrical stimulus to the cells. Patel et al. [4] describe, that carbon
nanotube carpets facilitating myoblast, which are precursors for later muscle cell differentiation,
adhesion. As reported by Eivazzadeh-Keihan et al. [5], graphene and graphene oxide (GO) attract the
attention of medical experts in bone regeneration and other fields of tissue engineering, because GO in
polymer matrix provides a positive stimulus on the bone mineralization process. Diamond is known as
a biointert material. Stankova et al. [6] were reinforcing polymeric scaffolds with diamond nanoparticles.
They point out the cell behavior on diamond nanoparticle loaded scaffolds is markedly influences
by the origin and the properties of the diamond nanoparticles. Another application for carbon are
nanodots, which could provide guidance for other molecules. In this context, Ngu-Schwemlein et al. [7]
suggest carbon nanodot scaffolds for facilitating the rational design of antimicrobial materials for
reducing the antibiotic resistance. Diamond-like coatings and carbon-based films provide low friction
in artificial joints, if the microstructure and adherence are properly adjusted [8–10]. In addition, there
are indications, that hydrogenated diamond-like carbon coatings favor protein adherence [11].

In the present study, tribological behavior of amorphous carbon-hydrogen coatings on medical
grade CoCrMo-substrates with and without hyaluronic gel as intermediate medium are compared
at different parameters. High normal loads are applied in order to prove the limits and damage
phenomena of such coating. In practical applications, not only high or asymmetrical loading occur
due to tilting, loosening, displacement, and dislocation of implants [12–14], but also during sudden
start–stop situations or jumping of the patient.

2. Materials and Methods

2.1. a-C:H Deposition

In this study, an a-C:H coating with 60% sp3 hybridized C-C bonds and a thickness of 2.5 µm is
applied. The amorphous carbon-hydrogen coating deposition were performed by plasma enhanced
chemical vapor deposition (PE-CVD). Following evacuation of the chamber and krypton inert gas
flushing, gaseous precursor benzene is fed into the plasma chamber. Ionization of the benzene occurred
due to plasma generation by direct current discharge.

The plasma was ignited due to the voltage between hot cathode and anode grit (Figure 1) in the
stage of inert gas flushing with krypton. The Kr gas pressure was 5 × 10−4 Pa. Stepwise, the noble gas
was substituted by the hydrocarbon precursor, while the electrical parameters were adjusted gradually.
The working pressure can be modified between 0.007 Pa and 10−4 Pa. The electric parameters are
summarized in Table 1.
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The carbon, carbon-hydrogen and other electrical charged species are attracted by the negative
biased CoCrMo-substrate. They generate an a-C:H coating with certain fractions of sp3-hybridized
and sp2-hybridized C-C-bonds as well as C-H-bonds and inclusion of atomic hydrogen.

Benzene is an aromatic hydrocarbon with the formula C6H6. As benzene is toxic, special
regulations were fulfilled while handling with this hydrocarbon. The six carbon atoms of benzene
arrange a ring. This ring-like six-fold carbons in benzene molecules already act as a scaffold for
aromatic fractions in the later diamond-like carbon structure. Although the gaseous precursor is
decomposed and ionized in the plasma, the structure of the precursor gas matters and is influencing
the later diamond-like carbon nanostructure [15].

Excellent adherence of the a-C:H coatings is provided by a plasma etching of remaining impurities
and gradual structural a-C:H adaptation due to changes in the deposition parameters and the
composition of the gaseous precursor. The coatings’ adherence meets the requirements of class HF1 of
VDI standard 3198. It needs to be taken into consideration, that the substrate is medical grade CoCrMo
and no hardened steel with minimum 54 HRC.
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Figure 1. Schematic of the set-up for a-C:H deposition by direct current discharge.

Table 1. Processing parameters for diamond-like carbon coatings deposition

Electric Parameters

Hot cathode heating current UH 30–80 A
Discharge current 0.1–1 A

Current through substrate holder 10–400 mA
Voltage between cathode and anode grid 30–300 V

Bias voltage 0–3.5 kV

2.2. Tribological Tests

Tribological tests were carried out with the translatory oscillation apparatus of the company
Optimol GmbH, Munich, Germany. It is designed to testify liquid and consistent lubricants, as well as
solid lubricants and coatings by applying standardized conditions (DIN EN ISO 51834 parts 1, 2, and 3).

During each wear test, a zirconia ball with a diameter of 10 mm was moved across the surface
of the disc sample. The ZrO2 type was yttria stabilized zirconia with 5% Y2O3. As summarized in
Table 2, a normal force Fn of 100 N was applied. In the standardized test apparatus, the zirconia ball is
screwed down in the upper holder (Figure 2). It cannot roll, but slides across the surface of the disc
sample. Before the test, balls and samples were cleaned with ethanol. For the sliding stroke of 1 mm
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two different frequencies, 1 Hz or 50 Hz, were selected. The relative humidity RH stayed between
15.2% and 16.4% in the laboratory during the wear tests.

Table 2. Parameters of the wear tests

Disc Ball Intermediate
Medium

Normal Force
Fn (N)

Frequency
(Hz) Time (s)

CoCrMo ZrO2 dry 100 1 1800
CoCrMo(a-C:H) ZrO2 dry 100 1 1800

CoCrMo ZrO2 hyaluronic gel 100 1 1800
CoCrMo(a-C:H) ZrO2 hyaluronic gel 100 1 1800

CoCrMo ZrO2 dry 100 50 1800
CoCrMo(a-C:H) ZrO2 dry 100 50 1800

CoCrMo ZrO2 hyaluronic gel 100 50 1800
CoCrMo(a-C:H) ZrO2 hyaluronic gel 100 50 1800

dry: without intermediate medium.

In the present study, a solid lubricant, the a-C:H coating, and a liquid lubricant—hyaluronic
gel—were investigated separately and in combination. The hyaluronic gel is composed of aqua, sodium
hyaluronate, creatine acetyl, hexapeptide-8, sodium benzoate, and citric acid. As the relative humidity
in the laboratory was relatively low, the tests without hyaluronic gel are named as ‘dry’ (Figure 3a).
After immersion of the ball in viscous hyaluronic gel, it forms a meniscus between the ball and the disc
(Figure 3b).There was an excellent wetting between hyaluronic gel and solids observed the hyaluronic
gel meniscus remained intact for the whole test duration of 30 min.
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The wear volume was calculated according the standard DIN 51834-1. The cross-sectional area in
the middle of the wear trace of the disc Wq,disc (Figure 4) were measured with the digital microscope
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KEYENCE VHX 950F (see Section 2.5). Standard DIN 51834-1 states Equations (1) and (2) for calculating
the volumetric wear of the ball or the volumetric wear of the disc. Both equations were applied for
calculation of the volumetric wear data in present study.

WV,ball =
π ·d2

1 ·d
2
2

64

( 1
R
−

1
r

)
(1)

WV, disc =
π·d2

4·(d3 − s)2

64
·
1
r
+ s·Wq,disc (2)

Wv,ball: volumetric wear of the ball
Wv,disc: volumetric wear of the disc
Wq,disc: cross-sectional area of the wear trace of the disc perpendicular to the sliding direction (measured
in the middle of the wear trace)
s: stroke
d1: diameter of the wear trace in the ball parallel to the sliding direction
d2: diameter of the wear trace in the ball perpendicular to the sliding direction
d3: diameter of the wear trace in the disc parallel to the sliding direction
d4: diameter of the wear trace in the disc perpendicular to the sliding direction
R: radius of the ball in mm
r: average radius of the wear trace of the ball after the test (can be calculated according Equation (3))

r =
d3

2

12 Wq,disc
(3)

Lubricants 2020, 8, 35 5 of 28 

 

The wear volume was calculated according the standard DIN 51834-1. The cross-sectional area 
in the middle of the wear trace of the disc Wq,disc (Figure 4) were measured with the digital microscope 
KEYENCE VHX 950F (see Section 2.5). Standard DIN 51834-1 states Equations (1) and (2) for 
calculating the volumetric wear of the ball or the volumetric wear of the disc. Both equations were 
applied for calculation of the volumetric wear data in present study.  

 
 
     𝑊 , =  ·  ·  −           (1) 
 
 

     𝑊 , = · ·(  ) · + 𝑠 · 𝑊 ,        (2) 

  

  

Wv,ball:  volumetric wear of the ball 
Wv,disc:  volumetric wear of the disc 
Wq,disc: cross-sectional area of the wear trace of the disc perpendicular to the sliding direction 

 (measured in the middle of the wear trace) 
s:  stroke  
d1:  diameter of the wear trace in the ball parallel to the sliding direction 
d2:  diameter of the wear trace in the ball perpendicular to the sliding direction 
d3:  diameter of the wear trace in the disc parallel to the sliding direction 
d4:  diameter of the wear trace in the disc perpendicular to the sliding direction 
R:  radius of the ball in mm r:  average radius of the wear trace of the ball after the test (can be calculated according Equation 

(3)) 
 𝑟 = 𝑑12 𝑊 ,  (1) 

 
Figure 4. Schematic of the wear trace in the disc with (a) the diameters d3 and d4, (b) Wq,disc. 

 

Figure 4. Schematic of the wear trace in the disc with (a) the diameters d3 and d4, (b) Wq,disc.

2.3. Raman Spectroscopy

Raman spectra were acquired with the Renishaw system inVia QTT5394 equipment (Renishaw
GmbH, Deutschland). The excitation volume of the Nd:YAG laser, which operated at a wavelength
of 532 nm and 0.5 mW, is large. It exceeds more than 10–15 nm. Raman shifts were measured over
a wavenumber range from 500 to 3000 cm−1 by applying 20 accumulations for each measurement.
Baseline correction were applied to all spectra to remove small fluorescence/luminescent background.
The C-C vibrations inside selected wear traces and at the edges of them were recorded. Automatic
curve fittings were performed with the Renishaw wire4.2 software.
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2.4. Scanning Electron Microscopy (SEM)

Information about the surface topography and composition was possible due to ZEISS EVO
MA15 Field Emission Scanning Electron Microscopy. The images were recorded using the detection
mode of secondary electrons. Zeiss EVO MA15 SEM safeguards data quality on hydrated and heavily
contaminated samples, by allowing these samples to remain in their native state. Because in some
cases of the present study, hyaluronic gel or wear products remained at the surface after wear test, the
choice of this SEM equipment was appropriate. An acceleration voltage of 15 kV were chosen for the
electrons, and, secondary electron detector was placed at a working distance of 9 mm.

2.5. Digital Microscopy

The design of the digital microscope VHX 950F (KEYENCE GmbH, Deutschland) allows
high-resolution and large depth-of-field imaging. A general advantage of digital microscopy is
the achievement of a fully focused image of topographies and uneven surfaces in a short time.
The z-axis motorized stage allows stitching of single photos, which can be added to form a 3D image of
the object. The minimal displacement in z-direction is 200 nm. With the possible magnification range
of 100 to 1000 times, the KEYENCE VHX 950F enables a wide range of observation from macro-scale
stereoscopic imaging to the detailed analysis of an SEM.

3. Results

3.1. Coefficient of Friction COF

For ZrO2 ball sliding against the medical grade CoCrMo alloy with 1 Hz, the maximum coefficient
of friction is 0.482. After an initial increase, COF curve (Figure 5) remains around a certain level,
but shows fluctuations and an unsteady characteristic. Increasing the velocity of the sliding movement
up to 50 Hz leads to a steady growing COF reaching tremendous COF values higher than 0.7 at the
end of the test.Lubricants 2020, 8, 35 7 of 28 
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For biomaterials, 50 Hz are excessive loading conditions, while 1 Hz is equal to a fast-moving
velocity. The 50 Hz should reflect the overload case of the biomaterial pairing. As seen from Figure 6,
the temperature increase is higher for the high frequency loading.
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An a-C:H coating on the CoCrMo surface effects a minor reduction of the COF in the extreme
overload case of 50 Hz. After 15 min, the COF15 is 0.466 for zirconia sliding against the a-C:H coated
CoCrMo under dry conditions (Table 3). It reaches the level of the low frequency case of sliding with
ZrO2 ball against the uncoated CoCrMo disc approximately. It amounts to 0.552 at the end of the test.
If the hyaluronic gel acts as intermediate lubricant, the COF remains below 0.1 at first (Figure 7, colored
curve), but reaches a COF30 of 0.445 and COFmax of 0.549 (Table 3). Under the impact of 100 N normal
load but slow movement of 1 Hz, the dry sliding of the ZrO2 ball against the DLC coated CoCrMo is
accompanied by an initial tremendous increase of COF up to 0.369.
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Table 3. Coefficients of friction

Disc Ball Intermediate
Medium f (Hz) COFmax COF15 COF30

CoCrMo ZrO2 dry 1 0.482 0.438 0.394
CoCrMo(a-C:H) ZrO2 dry 1 0.369 0.113 0.105

CoCrMo ZrO2 hyaluronic gel 1 0.401 0.308 0.204
CoCrMo(a-C:H) ZrO2 hyaluronic gel 1 0.137 0.096 0.105

CoCrMo ZrO2 dry 50 0.751 0.637 0.724
CoCrMo(a-C:H) ZrO2 dry 50 0.678 0.466 0.552

CoCrMo ZrO2 hyaluronic gel 50 0.733 0.310 0.277
CoCrMo(a-C:H) ZrO2 hyaluronic gel 50 0.549 0.433 0.445

COF15: coefficient of friction after 15 min sliding; COF30: coefficient of friction after 30 min sliding; COFmax:
maximal coefficient of friction.

During the slow movement of 1 Hz frequency (1 step per second), the COF decreases and
reaches a relatively low level of COF15 0.113 and COF30 0.105. The curve progression for zirconia
ball sliding against the a-C:H coated CoCrMo under dry conditions is smooth in comparison to the
zirconia/CoCrMo couple without a-C:H carbon coating. However, there are sections with sharp spikes
in the COF curve (Figure 8), if zirconia ball slides slowly against the a-C:H coated CoCrMo in dry
atmosphere. If hyaluronic gel is applied as an intermediate medium between the CoCrMo(a-C:H) disc
and the ZrO2 ball, the initial COF is lowest in this study. A minimum COF of 0.084 was measured, and,
COF15 amounts to 0.096 (Table 3). However, after 30 min testing time, the COFs without and with
hyaluronic gel lubrication in the sliding contact are similar and slightly above 0.1 at 1 Hz and 100 N
normal load (Figure 9). Observing the macroscopic appearance of the tribological system during the
sliding test, the impression of drying-out of hyaluronic gel lubricant arose. The smooth and elastic
co-movement of the hyaluronic gel droplet, which embedded the wear couple completely before the
test (Figure 10), became less with accumulation of test cycle numbers.

Due to the impact of the hyaluronic gel, the run-in phase of zirconia ball sliding against the a-C:H
coated CoCrMo is not accompanied by tremendous initial increase of the COF. COFmax reaches 0.137.
Following this initial run-in stage, the COF remains below 0.1 with a minimum of 0.081, but increases
steadily up to the level of zirconia sliding against DLC coated CoCrMo without hyaluronic gel, having
exactly the same COF30 of 0.105 at the end of the wear test (Figure 9).Lubricants 2020, 8, 35 9 of 28 
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Figure 10. ZrO2 ball wetted with hyaluronic gel before the wear test of a-C:H coated CoCrMo sample
with 1 Hz.

3.2. Wear Rates

The hyaluronic gel reduces the wear rate of the DLC coated CoCrMo surfaces. If hyaluronic
gel is applied as an intermediate medium, the wear rate of the CoCrMo(a-C:H) disc amounts to
0.16 × 10−6 mm3/N·m (Table 4, Figure 11). By evaluating this wear rate, it is essential to take into
consideration the low frequency of 1 Hz as well as the observed reduction in viscosity during the
sliding of the zirconia ball. For higher frequency of 50 Hz, the same tendencies like for low frequency
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sliding at 1 Hz can be observed for the wear rates of the disc (Table 4, Figure 12). The best results,
which is the lowest wear rate is achieved for the a-C:H coated CoCrMo disc. However, the frequency
influences the intensity of the wear. By applying the higher frequency of 50 Hz, wear rates are increased.
In the case of CoCrMo disc with an a-C:H coating and using hyaluronic gel lubrication, the 50 Hz
sliding affects an approximately 3-fold higher wear in comparison to the 1 Hz sliding of the ZrO2 ball
(Table 4, Figure 13).

The wear of the ZrO2 balls depends on the frequency as well (Table 4, Figures 14–16). For 1 Hz
frequency, there was no wear of the ZrO2 ball observed. However, for 50 Hz frequency, a 3-fold
higher wear of the ceramic ZrO2 ball in comparison to the pairing a-C:H coated disc was measured in
hyaluronic gel (Figures 13 and 14). In general, the wear rates of the ceramic ZrO2 balls are lower in
comparison to the discs. Only, the ZrO2 ball which slid against the CoCrMo(a-C:H) with 50 Hz und
hyaluronic gel lubrication needs to be excluded from this trend.

It is expected that the contact situation affects boundary or mixed lubrication only. The dry sliding
of the zirconia ball against the a-C:H coated CoCrMo disc results in a wear rate of a-C:H coated disc of
21.09 × 10−6 mm3/N·m (Table 4), which is around two orders of magnitude higher in comparison to
usage of hyaluronic gel as intermediate medium.

Table 4. Wear rates according the standard DIN 51834-3

Disc Ball Intermediate
Medium f (Hz) Wq,disc (µm2) Wear Rate Disc

(mm3/Nm)
Wear Rate Ball

(mm3/Nm)

CoCrMo ZrO2 dry 1 9422.93 67.01 × 10−6 39.13 × 10−6

CoCrMo(a-C:H) ZrO2 dry 1 1231.11 21.09 × 10−6 18.37 × 10−6

CoCrMo ZrO2 hyaluronic gel 1 2921.09 26.07 × 10−6 0.893 × 10−6

CoCrMo(a-C:H) ZrO2 hyaluronic gel 1 27.09 0.16 × 10−6 -
CoCrMo ZrO2 dry 50 260,716.36 77.37 × 10−6 13.19 × 10−6

CoCrMo(a-C:H) ZrO2 dry 50 183,843.32 27.23 × 10−6 0.015 × 10−6

CoCrMo ZrO2 hyaluronic gel 50 23,361.03 2.979 × 10−6 0.000762 × 10−6

CoCrMo(a-C:H) ZrO2 hyaluronic gel 50 4313.19 0.57 × 10−6 1.87 × 10−6
Lubricants 2020, 8, 35 11 of 28 
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3.3. Microscopic Observations

Figure 17a presents a digital image of the whole wear trace (Figure 17a) after dry sliding of ZrO2

ball against the DLC coated CoCrMo at 1 Hz. Figure 17b presents just the edge of this wear trace. Both
photos give evidence of broken out segments within the contact zones. The deepness of the holes is
some micrometers (Figure 17b) only, and with this value in the dimension of the DLC coating thickness.

SEM observations (Figure 18) show wrinkled and cracked a-C:H section nearby completely
de-adhered a-C:H regions with exposed CoCrMo substrate surface. The metallic substrate obtains
deep, but small and sharp grooves. They are not caused by the slow sliding movement of the ZrO2
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ball, but seem to be effected by small and sharp segments of broken-out DLC fragments, which
are now missing. The ductile CoCrMo seems to be plastic deformed by formerly pressed in a-C:H
fragments. The a-C:H was not worn through, but cracked and broke out, as observed by SEM and
digital microscopy (Figures 17 and 18). Looking at the remaining a-C:H coating, there is extensive
cohesive failure too with cracking and shell-like breakouts. It strengthens the impression, that during
the high normal load of 100 N, the metallic CoCrMo substrate did not provide a sufficient support
effect, but it was cyclic plastic deformed and forced the stiff inorganic carbon coating with considerably
lower plastic deformability to crack.

The hyaluronic gel seems to buffer the insufficient supporting effect of the substrate. Although,
the same normal force and frequency were applied, the a-C:H coating remains adhering. The wear
trace just shows shearing of the a-C:H coating and minor wear grooves within the a-C:H which is
good visible in the black and white digital image (Figure 19a). The colored digital image points to the
fact, that there is a trace in the a-C:H visible due to the oriented grooves along the sliding direction.
However, the highness level is similar to the roughness of the a-C:H surface. The SEM images show
huge plastic deformed grooves for the CoCrMo substrate (Figure 20) and minor grooves within the
a-C:H (Figure 21) after a sliding of the ZrO2 ball with 1 Hz. It points to the fact, that the present
a-C:H coating can be remodeled and deformed to a certain extent without breaking and cracking.
The extent of damage tolerant behavior of different diamond-like carbon coatings depend on several
nanostructural features, like hydrogen-content and bonding, C-C-arrangement into aromatic rings
or chains, C-C network density, or number and size of spaces in the amorphous carbon network.
Other extraordinary influences are the extent of residual stresses, which depend on the ion energy [11]
during film deposition as well as degree of ionization and other deposition parameters. As known, the
ionization potential of different gaseous precursors for a-C:H generation [15] is different. Benzene has
a low ionization potential of about 9 eV only. In comparison to methane or ethane as precursor gases,
it gives dense films due to a low H content of the precursor molecules, which effect a lower content of
H in the resulting a-C:H films.
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ZrO2 ball against the CoCrMo(a-C:H) disc (Fn: 100 N, f: 1 Hz), SEM.
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The optical evaluation of the wear traces of zirconia balls are necessary for the calculation of the
wear rate. In addition, the microscopic appearance of the circle-like wear traces in the zirconia balls
gives insight into the wear phenomena. On the zirconia ball metallic transfer from the CoCrMo surface
is seen, if sliding without DLC coating (Figures 22 and 23) and/or at high frequency of 50 Hz occurred.
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The a-C:H acts as a solid lubricant, but also is hard and wear resistant. No sign of material transfer
from the disc was detected on the ZrO2 balls (Figures 24 and 25). The zirconia ball was scratched along
the sliding direction. Finally, if there is hyaluronic gel as liquid lubricant between the zirconia ball and
the diamond-like carbon coated CoCrMo, no wear trace was found at the ZrO2 balls surface after 1 Hz
sliding (Figures 26 and 27).
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Figure 27. Wear marks on the surface of ZrO2 ball after sliding against the a-C:H-coated CoCrMo disc,
Fn: 100 N, f: 1 Hz, hyaluronic gel (2D image, digital microscopy).

3.4. Raman Spectroscopy

The Raman spectroscopic investigation on different positions on the surface of the diamond-like
carbon coated CoCrMo confirm a stable position of the G-peak around 1542 cm−1. However, very
different position of the D-peaks were obtained (Table 5; Figure 28). There is an upshifted D-peak
position to higher wavenumbers in comparison to typical values for hydrogenated DLC (Figure 28).
In addition, the ID/IG ratios are declining, while the ID/IG ratio decreases from 0.48 to 0.20 for the
measurement with the most significant D-peak upshifting. Table 5 summarizes the measurement
results from Raman spectroscopy on a-C:H coated medical grade CoCrMo before tribological loading.
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Table 5. Results from Raman spectroscopy (λ = 532 nm) of a-C:H coated medical grade CoCrMo

a-C:H, as Deposited D Peak Position/cm−1 G Peak Position/cm−1 ID/IG Ratio

a-C:H, as deposited
position (1) 1362.30 1541.29 0.48

a-C:H, as deposited
position (2) 1384.07 1542.12 0.33

a-C:H, as deposited
position (3) 1396.56 1542.56 0.20
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Raman spectroscopy in the wear trace of a-C:H coated CoCrMo after dry sliding reveal no
significant graphitization. The cracked and coherent failed a-C:H sections have almost the same G peak
and D peak positions as the a-C:H before wear testing (Figure 29, Table 6). A minor shift of the G peak
to higher wavenumbers like 1549.54 cm−1 (groove within the wear trace), 1547.33 cm−1 (crack within
the wear trace), and 1545.22 cm−1 can be seen. The ID/IG ratio is lowest within the a-C:H after coherent
failure (Figures 21 and 30c). In this case, ID/IG ratio is 0.22, but remains in the same range as the values
measured on “as deposited” a-C:H before the wear tests, which scattered a lot (Table 5). For the wear
couple ZrO2 ball and a-C:H coated CoCrMo with hyaluronic gel as a lubricant, no change of the a-C:H
microstructure were detected by Raman spectroscopy in this study also.

Table 6. Results from Raman spectroscopy (λ = 532 nm) of a-C:H coated medical grade CoCrMo after
wear tests (Fn: 100 N; f: 1 Hz; dry)

CoCrMo(a-C:H) after ZrO2
Sliding (100 N; 1 Hz; Dry) D Peak Position/cm−1 G Peak Position/cm−1 ID/IG Ratio

(a) groove within the wear trace in a-C:H 1408.81 1549.54 0.39

(b) crack within the wear trace in a-C:H 1412.01 1547.33 0.39

(c) deepening within the a-C:H wear
trace (coherent failure) 1396.01 1545.22 0.22

(d) deepening within the wear trace
(after coating delamination) - - -
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4. Discussion

The movement of human joints, like hip or knee joints, is performed with moderate frequencies of
about 1 Hz or lower. Furthermore, human joints are resting a lot. Situations with a start–stop algorithm
are often. It is of eminent importance, that a low friction regime is ensured in the early stages of the
relative movements between the two counterparts of the artificial joint. Therefore, a homogenous and
enduring lubrication is essential. In the present study, the 1 Hz movement of the zirconia ball against
the a-C:H coated CoCrMo is possible with a low coefficient of friction. The COF is around 0.1, but the
initial run-in state from zero movement shows a high COF of 0.369 in dry environment. However, the
natural movement habit of a human is characterized by plenty of start–stop cycles with such run-in
situations. One can expect summation of high COF from such the run-in situations, and higher wear
rates. Furthermore, during the sliding of the zirconia ball against the a-C:H coated CoCrMo with 1 Hz
low frequency, there are sudden increases of the COF (Figure 10), which could be caused by switching
between the static and the dynamic COF during the low speed movement on the medical grade surface.
In addition, the tribology of a-C:H coatings is complex. There is the formation of a transfer film, which
thickness and composition depend on different features. It is known that hydrogenated a-C:H develops
its special low friction capacity under sufficient sliding. The later will stimulate the formation of a
transfer film, which consists of carbon and hydrogen from the a-C:H structure. Scharf and Singer [16]
report about the formation of a transfer film on hydrogenated a-C:H coatings at a low sliding speed of
1 mm/s. They measure changes in the transfer films thickness and accompanied fluctuations of COF
from very low values of 0.05 to 0.5 in dry conditions (RH 3–4%). With the evolution of the transfer film,
Scharf and Singer [16] observed an overlapping of the Raman signals from the hosting a-C:H coating
and the transfer film, which resulted in a common G peak and an upshift of it. They declare that the
COF remains in steady state until the transfer film thickness was less than 23–32 nm ± 13 nm. The
change in transfer film thickness is possibly influenced by both, low sliding speed, and low humidity.
Is the sliding minor, transfer film generation is moderate only. On the contrary, too high sliding speed
would stimulate more heat and a certain thinning due to oxidation in air. With the selected 1 Hz and
50 Hz movement, these two extreme conditions are included.

For transfer film composition, the hydrogen evolution from the a-C:H needs to be considered.
Hydrogen is set free during proper sliding from the a-C:H. It would be forced to a higher extent,
if the sliding increases. Hydrogen satisfies the carbon bonds and stabilizes the transfer film structure
and thickness.

Moving zirconia ceramic against a-C:H with higher sliding speeds than 1 Hz in dry atmosphere
results in an impressing low COF. Wäsche and Klaffke et al. [17] measured COF of around 0.05 in
dry air, and higher COF but still below 0.1 in normal and moist air. They report that no running
in with a dangerous high initial COF occurred. Hydrogenated DLC is able to release the hydrogen
during proper sliding. Initially, after a-C:H coating deposition, the hydrogen atoms are trapped in
the a-C:H structure due to the plasma decomposition and excitation of the gaseous carbon–hydrogen
precursor. There are atoms, charged ions, electrons, and neutral species and particle clusters in the
Cx-Hy plasma, which were forced with a certain energy to bombard the substrate. Hydrogen atoms
can be included and trapped in holes of the diamond-like carbon network. Also, they can form bonds
to sp2- or sp3-hybridized carbon atoms. At first, during the initial sliding a kind of shearing of the
structure of the loaded top section of a-C:H coating was observed in the present study. During this
process, the atomic hydrogen will be stimulated and released. As mentioned before, it can contribute to
the formation of a transfer layer. The importance of such hydrogen rearrangement in the a-C:H transfer
films during sliding is described in detail by several research groups [18,19]. The tribochemical reaction
of hydrogen with activated carbon, in which activation occurs due to the energy accumulation during
sliding, leads to the formation of polymeric C-H chains in the transfer films. The ongoing sliding
process affects an orientation of the C-H chains parallel to the sliding direction. Easy sliding with low
COF is based on the low bonds between the aligned C-H chains in this transfer film which allow easy
slip off between the C-H chains. By Raman spectroscopy, in the present study no graphitization of
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the a-C:H was detected in the wear traces. Raman spectra of a-C:H after the sliding of the ZrO2 ball
reveal minor changes only, but a small upshift of the G peak to higher wavenumbers. The degree of
graphitization remains apparently low, but the before mentioned shearing were observed by SEM
(Figure 21). Apparently, sliding under the chosen parameters (Fn: 100 N; f: 1 Hz) affects shearing
the a-C:H top surface mainly with no significant change in a-C:H structure as confirmed by Raman
spectroscopy (Figure 29). A schematic visualizes this process (Figure 31).
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Figure 31. Shearing of a-C:H at the coatings surface with rearrangement of hydrogen during sliding is
essential for transfer film formation.

At the edges of the wear trace after dry sliding of ZrO2 ball against a-C:H coating on CoCrMo,
the shearing of the a-C:H is shown by SEM as well (Figure 21). The most striking difference to
the hyaluronic gel lubrication of ZrO2 against the hydrogenated amorphous carbon coating is the
occurrence of a-C:H ablation under dry conditions. Apparently, changed load transfer into the a-C:H
coated CoCrMo disc and temperature rises in the tribo zones effect damage. There is cracking and
coating delamination in the center of the wear trace observable by SEM and digital microscopy
(Figures 17 and 18) and Raman spectroscopy (Figures 29d and 30d, Table 6). Due to the cyclic sliding
and the drastic differences in mechanical properties—such as Young’s modulus, elastic limit and
elongation of metallic CoCrMo, and the inorganic diamond-like carbon coating—the extensive plastic
deformation of the metallic substrate under high normal loads of 100 N start to throw off coating
slices (Figure 32). This may be not occurring during lower normal loads, but in the present study
extreme conditions—such as jumping of the patient with an a-C:H coated implant or maybe a wrong
positioning of the implant—are considered.
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A lubrication with hyaluronic gel results in a smooth and regular COF curve at 1 Hz movement.
The COF is below 0.08 and no run-in stage with an initial very high COF is occurring (Figures 8 and 9).
On the surface of the hydrogenated DLC, material shearing and minor scratching can be observed
(Figure 21). Nevertheless, the wear rate of 0.16 × 10−6 mm3/Nm for the disc a-C:H coated CoCrMo
remains about two orders of magnitude lower in comparison to dry sliding of zirconia against a-C:H
with a wear rate of the disc of 21.09 × 10−6 mm3/Nm. It underlines the fact that lubrication plays an
essential role in durability of diamond-like carbon and the ability to unfold its performance and unique
properties in biomedical joints. It is known to reduce shock, vibration surface fatigue, and changes the
load transfer into the base body of the tribological system. A cooling of the tribological system can be
expected. This is advantageous for a-C:H as well, because diamond-like carbons endure moderate
temperature rise only.

The increase in COF of the hyaluronic gel lubricated zirconia sliding against the a-C:H surface
of the CoCrMo may be attributed to the observed change of viscosity of hyaluronic gel. Its COF30

reaches the level of non-lubricated a-C:H at 1 Hz sliding. It may be attributed to a reduction in the
lubricating effect. The lubrication conditions seem to be in the region of mixed or boundary lubrication
only. Otherwise, no scratching or shearing would occur at the a-C:H surface. In the boundary mode
lubrication of cartilage-cartilage, the relative effectiveness of friction reduction has been shown to
be dependent on the molecular weight of hyaluronic acid with higher molecular weight resulting
in lower friction [20,21]. Bonnevie et al. [22] showed that the lubricating effect of hyaluronic acids
with different viscosities widely varies with no correlation to the frictional behavior. They argue that
for highly viscous polymeric solutions like studied hyaluronic acids wall slip and interfacial effects
need additional consideration and can alter the lubrication drastically. Friction coefficients of the real
biomedical counterparts as measured in this study give a better correlation to the wear behavior.

The solid–solid contact between ceramic ZrO2 ball and metallic CoCrMo alloy without a-C:H
coating and hyaluronic gel lubrication is leading to a tremendous wear rate of both ball and metallic
alloy. Applying 1 Hz for 30 min results in a wear rate of the disc of 67.01 × 10−6 mm3/N·m, while 50 Hz
for results in a wear rate of 77.37 × 10−6 mm3/N·m for the disc. Increasing the frequency worsens
the situation and material loss by strong adhesive and abrasive wear, as expected. Surprisingly,
the wear rate of the ZrO2 ball was lower at higher frequency with a value of 13.19 × 10−6 mm3/N·m in
comparison to the 1 Hz sliding with a 3-fold higher ZrO2 balls wear rate of 39.13 × 10−6 mm3/N·m.
It was observed by microscopic methods in this study, that during 50 Hz sliding, smearing, adhesive
wear of CoCrMo after a coating failure are dominating the wear process, while the ceramic ball remains
less damaged.

If the ZrO2 ball slides against the a-C:H coated medical grade CoCrMo with 1 Hz and 100 N
normal force, the lowest wear rate with 0.16 × 10−6 mm3/N·m were reached with hyaluronic gel
lubrication. Although, an extreme high normal load was applied and unusual low sliding speed of
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1 Hz were chosen, the a-C:H carried the load and was not worn through, nor delaminated. The ZrO2

ball showed no sign of wear at all (Figures 26 and 27), if lubrication with hyaluronic gel was applied.
The hyaluronic gel wetting was excellent. After the tests, it was hard to remove the dried hyaluronic
residuals from the ball and the disc.

The 50 Hz sliding with 100 N normal load is an even more drastic loading of the biomedical
materials. However, also in this extreme situation, the a-C:H coating reduced the wear rate and ensure
a certain time low COF of about 0.1 (Figure 7), if the hyaluronic gel lubrication can be ensured. Due to
the high frequency loading, a temperature increase in the tribological contact zone can contribute to the
failure of a-C:H in this case additionally. Care needs to be taken to design a biomedical implant, which
enables sufficient thermal conductivity for both, the stability of a-C:H coating and the prevention of
quality of the hyaluronic gel as well as enduring lubrication.

5. Conclusions

An a-C:H coating can be useful for preventing metallic ions and particle loosening from CoCrMo
alloys. The undesired migration of metallic ions and particles in the body is associated with tissue
reaction as well as body liquids and protein interactions. A durable coating ensures long-term
protection. As shown in this study, in cases of occasional overloading or ongoing start–stop movements,
the COF can suddenly increase, if no homogenous lubrication is ensured. Hyaluronic gel lubrication
provides an excellent protection against occasional overloading of biomedical materials during extreme
movement or implant de-arrangement. In order to ensure homogeneous lubrication during the life
span of the implant, measures need to be implemented for continuous supply of hyaluronic lubricant.
Such measures can include proper macroscopic design of the implants and/or micropatterning of the
surface. Furthermore, to prevent coating delamination in cases of occasional overloading or ongoing
start–stop movements with initial high COF during the run-in stage, adherence of the coating should
be improved by different measures. There are manifold options to reach improved coating stability in
addition to mere graded a-C:H microstructures. Supporting interlayers—such as TiC, TiAlC, TiAlN,
TiAlC, and SiNx interlayer—are state of the art or state of research [23–26] for several applications. The
long-term effect of any interlayer in biomedical environment and other changes on the tribological
system need to be verified.
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