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Abstract: Titanium-based nitride physical vapour deposition (PVD) coatings, such as titanium nitride
(TiN), are state-of-the-art solutions for surface modifications of CoCrMo-based implants for patients
who are hypersensitive to metallic ions such as cobalt, chromium and nickel. Variations of the
process parameters during the cathodic arc evaporation are known to exhibit an impact on the surface
properties of coatings. The aim of this study was to characterise the effect of the substrate bias and
the nitrogen pressure on the surface properties of TiNbN coatings deposited on CoCrMo alloys in a
limited parameter set. Eighteen parameter sets were coated with TiNbN. The substrate bias (−100 to
−200 V) and the nitrogen pressure (0.3–3.0 Pa) were selected following a randomised, multifactorial
response surface test design. The coating thickness, roughness, hardness and scratch resistance were
measured following standardised procedures. The structure of the coating was analysed by SEM and
XRD. The substrate bias and the pressure exhibited a significant impact on the coating thickness and
the surface roughness. The grain growth was predominantly impacted by the bias. The parameter
variation did not show any significant impact on the XRD, hardness or scratch test results.

Keywords: titanium niobium nitride (TiNbN); physical vapour deposition (PVD); cathodic arc
evaporation; substrate bias; nitrogen pressure; coating thickness; roughness; response surface model

1. Introduction

Titanium nitride (TiN) coatings are an established surface treatment for metallic
implants [1]. TiN is applied to CoCrMo alloys to reduce the allergic potential of metallic
ions to the surrounding tissue [2] and to minimise the abrasive wear of metallic hip [3]
and knee components [4]. Due to a more ductile substrate material, physical vapour
deposition (PVD)-coated implant components show a reduced risk of breakage compared
to ceramic implants [5]. Furthermore, PVD-coated implant surfaces exhibit ceramic surface
characteristics, such as a high wettability [3], an improved surface hardness [6,7] and an
enhanced tribological performance in vitro [4,6] and ex vivo [3,8]. Consequently, PVD-
coated metal implants exhibit superior clinical data [1,9].

TiN coatings have been state of the art for the surface treatment of orthopaedic and
dental implants for many decades. However, comparatively new hard PVD coatings, such
as TiAlN, ZrN and TiNbN, are advancing in the medical industry [9–12]. The application
of TiNbN coatings instead of TiN coatings is described in the literature, and for the same
reasons: the reduction in metallic ion diffusion and abrasive wear of articulating implant
surfaces [9,10,13]. Therefore, TiNbN is commonly applied by cathodic arc PVD processes.

The process parameters are known to have a significant impact on the properties of
hard PVD coatings, particularly the reactive gas atmospheres’ influence on the evaporation
in arc processes by forming compound layers on PVD target surfaces [14]. The change in
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arc spot behaviour in relation to the gaseous atmosphere was analysed by Oh et al. [15,16],
indicating a more enhanced spot movement at higher gas pressures.

The impact of the coating parameters (such as nitrogen pressure and substrate tem-
perature) on the structure of sputtered films are adequately described by the structure
zone models (SZM) of Thornton [17–19]. Messier et al. [20] introduced the surface mobil-
ity of adatoms as a factor that impacts the surface structure. Furthermore, variations in
the coating process show a significant impact on the coating morphology [21,22] and the
mechanical characteristics, such as hardness and scratch resistance [23,24]. Anders [25]
proposed a revised SZM, taking the generalised temperature into account for the potential
and normalised energy of the kinetic energy of particles arriving at the substrate surface.
This revised SZM also qualitatively describes the impact of the potential and kinetic energy
of the particles on the film thickness.

However, despite some clinical data on the outcome of TiNbN-coated implants of
Herbster et al. [8] and Bergschmidt et al. [13], and the biocompatibility [26,27] and wear
performance of TiNbN in vitro [10,12] and ex vivo [4,8], there are no published studies on
the basic mechanical properties and structure of TiNbN coated by cathodic arc processes.

Cicek et al. [28] performed a comparative study of reactively sputtered films, including
TiNbN on steel substrates. However, these findings did not describe significant results
for clinical applications because the coatings studied were thin (<0.5 µm) in comparison
to coatings with clinical relevance as described by Fabry et al. [3,4] and Herbster et al. [8].
Additionally, there is no reactively magnetron-sputtered TiNbN coating in common clinical
use in orthopaedic implants.

In general, the impact of the process parameters during the PVD process on the
mechanical properties and the structure of TiNbN is not characterised in the literature. In
this work, we present a parameter study of TiNbN applied via a cathodic arc process. The
objective of this study was to characterise the impact of the negative substrate bias and
the nitrogen pressure on the structural and the mechanical properties of TiNbN coatings
in a limited parameter set. The surface properties were described by a mathematical
model based on the response surface method, which is commonly used in the design
of experimental approaches [29]. The aim of this study was to generate a fundamental
understanding of the dominant process factors of medical cathodic arc TiNbN coatings.

2. Materials and Methods
2.1. Sample Preparation and Layer Deposition

All of the samples in this study (coupons of 25 mm diameter and 8 mm height) were
manufactured from medical grade CoCrMo alloy, in accordance with DIN ISO 5832-12 [30].
The chemical composition of the alloy used in this study is listed in Table 1. The surfaces of
the samples were ground and mirror polished to Ra < 0.01 µm and cleaned in an alkaline
ultrasound bath prior to coating.

Table 1. Chemical composition of the CoCrMo alloy.

Element wt %

Cobalt (Co) Balance
Chromium (Cr) 27.50
Molybdenum 5.50

Iron (Fe) 0.31
Manganese (Mn) 0.81

Nickel (Ni) 0.11
Silicon (Si) 0.62
Carbon (C) 0.04

Coatings were applied in the production process of the DOT GmbH (Rostock, Ger-
many) using a Vacotec Alpha 400 coating chamber. The surface of the samples was condi-
tioned using sputter cleaning processes. Before establishing the nitrogen atmosphere for
the TiNbN coating, a TiNb layer with a coating thickness <0.1 µm was deposited as part
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of the surface preparation, in constant conditions for all samples (Bias −100 V, Pressure
0.3 Pa, Ar atmosphere). Subsequently, the coating was applied. During the coating process,
the processing time (40 min), substrate temperature (400 ◦C), arc current (65 A) and the
target configuration (5 equal targets) were kept constant. All sample batches were coated
using arc targets with a composition 70 wt % Ti and 30 wt % Nb. The TiNbN coating was
formed under a reactive nitrogen atmosphere.

The bias and the nitrogen pressure of the coating process were varied, following a
multifactorial equidistant study design with six levels of bias (−100 V, −120 V, −140 V,
−160 V, −180 V, and −200 V) and three levels of nitrogen pressure (0.3 Pa, 1.7 Pa, and
3.0 Pa), resulting in 18 parameter sets. The parameter sets were designed to generate a
sample plan within the field of common technical applications of arc-processed TiNbN
surfaces. The bias was varied within small boundaries to show a good resolution of the
effect on the coating properties in the results. The sampling plan and the running order of
the parameter sets were randomised to minimise inherent process effects.

Prior to the testing, the samples were cleaned in an alkaline solution, rinsed with
de-ionised water and dried under vacuum conditions (this surface configuration is referred
to as ‘as coated’ in this study).

Finally, the samples were post-processed to remove residues of the arc process. There-
fore, the samples were manually lapped with an abrasive fleece. The cleaning process was
repeated after the lapping process (this surface configuration is referred to as ‘finished’ in
this study).

2.2. Coating Thickness, Structure and Morphology Analysis

The coating thickness was determined in accordance with DIN EN ISO 26,423 [31]
for flat surfaces. An abrasion testing device (kaloMax NT II—BAQ GmbH, Braunschweig,
Germany), a 20 mm hardened steel ball (100Cr6) and a diamond suspension (Calotest-
hq, Eifeler Suedcoating GmbH, Ettlingen, Germany) were used to prepare the samples.
Subsequently, each grinding was analysed by calculating the coating thickness with the
inner diameter and the outer diameter of the visible coating on the crater grinding. The
results were obtained with an accuracy of 0.1 µm. At least three measurements were
performed per parameter set.

Roughness measurements of coated samples were performed for one dimensional
line roughness parameters and for two dimensional surface roughness parameters. All
of the tests were conducted using a confocal laser scanning microscope (LEXT OLS 4000,
Olympus, Tokyo, Japan).

The arithmetic mean height (Ra), the maximum height of the profile (Rz), the mean
peak height (Rp) and the mean valley depth (Rv) were measured to characterise the line
roughness of the coated samples. The line roughness was determined in accordance with
ISO standards [32,33] using a cut off length of λc = 0.25 mm and a total measurement length
of 1.25 mm. A 20x objective with a working distance of 1.0 mm and a numeric aperture of
0.6 was applied for all line roughness measurements.

The surface roughness was measured using a 50x objective with a working distance of
0.35 mm and a numeric aperture of 0.95. All measurements of the surface roughness were
performed on image sizes of 0.25 mm × 0.25 mm, with a cut off length of λc = 0.25 mm.
Surface roughness measurements were performed for the most significant roughness param-
eters for tribological applications, i.e., the arithmetic mean roughness (Sa), the maximum
height (Sz), the reduced peak height (Spk) and the reduced valley depth (Svk) [34].

Finally, the roughness measurements were repeated after a post-processing step, to
compare surfaces as coated and finished for applications on endoprostheses. Roughness
measurements were performed on three different samples per parameter set, with five
repetitions per sample, resulting in 15 single measurements per parameter set.

The structure of the TiNbN coating in different parameter sets was described via SEM
analysis. For this purpose, the coatings were applied to foils of austenitic stainless steel
(X5CrNi18-10) in the same PVD batch as the CoCrMo samples. The PVD coating structure is



Coatings 2022, 12, 935 4 of 18

assumed to be similar on CoCrMo substrates. Subsequently, the samples were prepared by
breaking the foils manually. The fractured surfaces were analysed under the SEM. The SEM
images were used to qualitatively specify the structure of the TiNbN samples in accordance
with existing structure models.

X-ray diffraction diagrams of TiNbN coatings were recorded on a Bruker D8 Discover
diffractometer with Cu-Kα radiation (wave length 0.1541 nm). The 2θ diffraction angles
from 20◦ to 120◦ were analysed by a VANTEC-1 line-detector. Sample tilt angle was
set to ψ = 0◦. Diffraction peaks were compared to reference data for cubic TiN with a
lattice spacing of 0.4241 nm from the Crystallography Open Database [35], using MATCH!
software [36].

2.3. Mechanical Properties Testing

The hardness of the TiNbN samples was determined using the instrumented indenta-
tion tests, in accordance with DIN EN ISO 14577-4 [37]. All tests were performed using a
Fischerscope HM2000 (Helmut Fischer, Sindelfingen, Germany) with a Vickers Diamond.
The maximum load was limited to 80 mN to ensure a maximum indentation depth of 10%
of the coating thickness for all samples. Hardness measurements were performed on three
different samples per parameter set, with ten repetitions per sample, resulting in 30 single
measurements per parameter set.

All parameter sets underwent scratch tests, in accordance with DIN EN ISO 20502 [38].
The maximum load was limited to 100 N. The load was continuously increased at a rate of
198 N/min over a test distance of 5 mm, using a Rockwell C diamond with a tip radius
of 200 µm. The critical loads for the formation of cracks (Lc1), delamination (Lc2) and
exhaustion (Lc3) were determined on five samples per parameter set.

2.4. Numerical Analysis and Statistical Methods

All test result plots were illustrated as mean ± standard deviation. The coating char-
acteristics (coating thickness, roughness, hardness, and scratch resistance) were presented
as a function of the bias and the pressure.

Furthermore, the impact of both process parameters on the coating properties was
evaluated using the response surface method (RSM) to generate a mathematical meta-
model of the coating process. Therefore, a process was evaluated at multiple points and the
meta-model was approximated by a least square fit regression [29].

The response surface was obtained by taking all single measurements of the coating
characteristics (coating thickness, roughness, hardness, and scratch resistance) inside the
parameter set (bias −100 to −200 V, pressure 0.3–3.0 Pa) into account. The model of the
response surface was limited to a polynomial regression of the second order. All calculations
were performed with the RSM package of the R-language [29,39].

The mathematical centre point of the response surface was set at a bias of −150 V and
a pressure of 1.65 Pa. The increment of the RSM was adjusted to 20 V and 1.35 Pa for the
bias and the pressure, respectively. All variables (bias and pressure) were normalised in
accordance with the RSM package [39]. The mathematical regression model resulted in a
quadratic equation (Equation (1)) which is described by six coefficients, where x1 equals
the bias and x2 equals the nitrogen pressure.

y = c1 + c2x1 + c3x2 + c4x1x2 + c5x2
1 + c6x2

2 (1)

The coefficients of the quadratic equation were calculated using the functionality of
the RSM package. Furthermore, a t-test was performed on the impact of the linear factors,
the quadratic proportion of the factors and the interaction of bias and pressure on the
characteristics of the coating. A probability value p < 0.05 was considered significant within
this study.

Finally, the contour plots of the response surface of the coating characteristics (such as
coating thickness and roughness) were plotted as a function of the bias and the nitrogen
pressure using the RSM package.
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3. Results
3.1. Coating Thickness

As shown in Figure 1, the coating thickness increases with increased nitrogen pressure,
from about 4.5 µm at 0.3 Pa, to 7.5 µm at 3.0 Pa. Furthermore, the increase in the negative
bias results in a slight decrease in the resulting coating thickness. The results of the statistical
analysis show a significant impact of the pressure (p < 0.001) and bias (p = 0.002) on the
coating thickness. The pressure also exhibits a significant quadratic proportion (p < 0.001).

Coatings 2022, 12, x FOR PEER REVIEW 5 of 20 
 

 

sulted in a quadratic equation (Equation (1)) which is described by six coefficients, 
where x1 equals the bias and x2 equals the nitrogen pressure. 𝑦 = 𝑐ଵ + 𝑐ଶ𝑥ଵ + 𝑐ଷ𝑥ଶ + 𝑐ସ𝑥ଵ𝑥ଶ  + 𝑐ହ𝑥ଵଶ + 𝑐଺𝑥ଶଶ (1) 

The coefficients of the quadratic equation were calculated using the functionality of 
the RSM package. Furthermore, a t-test was performed on the impact of the linear fac-
tors, the quadratic proportion of the factors and the interaction of bias and pressure on 
the characteristics of the coating. A probability value p < 0.05 was considered significant 
within this study. 

Finally, the contour plots of the response surface of the coating characteristics (such 
as coating thickness and roughness) were plotted as a function of the bias and the nitro-
gen pressure using the RSM package. 

3. Results 
3.1. Coating Thickness 

As shown in Figure 1, the coating thickness increases with increased nitrogen pres-
sure, from about 4.5 µm at 0.3 Pa, to 7.5 µm at 3.0 Pa. Furthermore, the increase in the 
negative bias results in a slight decrease in the resulting coating thickness. The results of 
the statistical analysis show a significant impact of the pressure (p < 0.001) and bias (p = 
0.002) on the coating thickness. The pressure also exhibits a significant quadratic propor-
tion (p < 0.001). 

 
Figure 1. Scatter plot and response surface of the coating thickness. 

3.2. Roughness 
The line roughness (Ra and Rz) exhibits a maximum at the lowest pressure (0.3 Pa) 

and decreases with an increase in the PVD processing pressure (Figures 2 and 3). This ef-
fect is significant for the line roughness parameters. The tables of Figures 2 and 3 display 

Figure 1. Scatter plot and response surface of the coating thickness.

3.2. Roughness

The line roughness (Ra and Rz) exhibits a maximum at the lowest pressure (0.3 Pa)
and decreases with an increase in the PVD processing pressure (Figures 2 and 3). This effect
is significant for the line roughness parameters. The tables of Figures 2 and 3 display a p
value of 0.001 for as coated samples. Finished samples exhibit an even more significant
impact of the processing pressure.
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Furthermore, an increase in the negative bias shows a significant reduction in the line
roughness. Consequently, Ra and Rz exhibit a local minimum at 3.0 Pa chamber pressure,
and a bias of −180 V for unfinished samples and −160 V for samples after finishing,
respectively. The finishing process after the PVD coating resulted in a reduction in all
roughness parameters.

The effect of the finishing process is significant, with respect to the peak height of
the roughness profile (Rp). The maximum Rp of unfinished samples is 0.8 µm (Figure 4)
while the maximum Rp of finished samples is below 0.25 µm. The maximum valley
depth is also significantly reduced. All samples show Rv below 0.5 µm after the finishing
process (Figure 5).
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Furthermore, the process pressure shows a significant impact (p = 0.006) on Rp, result-
ing in a reduction in the peak height when increasing the nitrogen pressure. The process
pressure exhibits the same effect on the maximum valley depth (Rv) with p < 0.001 for as
coated and finished samples, respectively.

The negative substrate bias (p = 0.006) and the quadratic proportion (p = 0.042) of the
bias exhibit a significant impact on the maximum peak height (Rp), resulting in a local
minimum at −160 to −180 V.
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The surface roughness values Sa and Sz exhibit a local minimum at a substrate bias of
−160 V for all pressures (Figure 6). Accordingly, in the table of Figure 6, the RSM analysis
shows a significant impact of the substrate bias or the quadratic proportion of the bias on
all surface roughness parameters, while the pressure does not exhibit a significant impact
on the surface roughness.
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The mean peak height Spk also exhibits a local minimum of 0.009 µm–0.016 µm at
a bias of −160 V for all pressures in this test series (Figure 7). Svk shows a minimum at
−180 V. The quadratic proportion of the substrate bias presents a significant processing
factor for Spk and Svk in the table of Figure 7.

Coatings 2022, 12, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 7. Scatter plot and response surface of surface roughness Spk and Svk (as coated). 

The finishing process leads to a significant reduction in Sa and Sz, exhibiting a max-
imum below 0.015 µm and 0.120 µm, respectively (Figure 8). The finishing process also 
leads to a significant reduction in Spk, with a global maximum of 0.12 µm. Svk is less af-
fected by the finishing process (Figure 8). 

The table of the RSM analysis reveals no significant impact on the process parame-
ters on the surface roughness after the finishing process. 

Figure 7. Cont.



Coatings 2022, 12, 935 10 of 18

Coatings 2022, 12, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 7. Scatter plot and response surface of surface roughness Spk and Svk (as coated). 

The finishing process leads to a significant reduction in Sa and Sz, exhibiting a max-
imum below 0.015 µm and 0.120 µm, respectively (Figure 8). The finishing process also 
leads to a significant reduction in Spk, with a global maximum of 0.12 µm. Svk is less af-
fected by the finishing process (Figure 8). 

The table of the RSM analysis reveals no significant impact on the process parame-
ters on the surface roughness after the finishing process. 

Figure 7. Scatter plot and response surface of surface roughness Spk and Svk (as coated).

The finishing process leads to a significant reduction in Sa and Sz, exhibiting a maxi-
mum below 0.015 µm and 0.120 µm, respectively (Figure 8). The finishing process also leads
to a significant reduction in Spk, with a global maximum of 0.12 µm. Svk is less affected by
the finishing process (Figure 8).
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The table of the RSM analysis reveals no significant impact on the process parameters
on the surface roughness after the finishing process.

3.3. SEM

The SEM analysis shows a qualitative difference in the coatings applied at a bias of
−100 V (Figure 9a at 3.0 Pa and Figure 9c at 0.3 Pa) and −200 V (Figure 9b at 3.0 Pa and
Figure 9d at 0.3 Pa). The TiNbN layers show a more columnar structure at a bias of −200 V,
compared to lower negative bias parameters. The columns at a higher negative bias show a
continuous growth from the substrate interface to the top layer of the coating.
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3.4. XRD Analysis

Figure 10 shows XRD diagrams of five TiNbN variants in the centre and the corners
of the pressure/bias parameter field. All diffraction patterns look very similar and agree
with the cubic TiN crystal structure. The sole appearance of {111} and {222} diffraction
peaks hint at a {111} fibre texture in the coating perpendicular to the substrate surface.
Furthermore, all peak positions are shifted to lower 2θ angles than the reference of TiN.
Besides the influence of the Nb content on the lattice spacing, this shift hints at compressive
residual stresses in the coating.
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Figure 10. XRD Results.

3.5. Hardness

The hardness of the TiNbN coatings is in the range 13 to 15 GPa and tends to slightly
decrease when increasing the negative bias from −100 V to −200 V (see Figure 11). However,
in this study, the bias and the pressure do not exhibit a significant impact on the hardness.
There is no statistically significant impact of the process parameters on the coating hardness.
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3.6. Scratch Resistance

The scratch resistance of the TiNbN coatings is in the range 10 to 15 N (Lc1) and about
20 to 40 N (Lc2). As an exception, TiNbN shows a maximum scratch resistance of 17.5 N for
Lc1 and 58.8 N for Lc2, at 140 V and 3.0 Pa. However, in this study, the bias and nitrogen
pressure do not exhibit a significant impact on the scratch resistance (see Figure 11). The
process parameters show no statistically significant impact on the scratch resistance.

4. Discussion
4.1. Coating Thickness and Roughness

In this study, the coating thickness was significantly affected by the conditions in the
coating process, showing a maximum at high nitrogen pressures and low substrate bias.
Additionally, the quadratic proportion of the pressure exhibits a highly significant impact
on the coating thickness, indicating the existence of a global maximum that is not covered
by the parameter field in this study.

The impact of the pressure on the coating thickness of titanium-based nitride coatings
was also examined by Joo et al. [24], who also described a significant increase in coating
thickness as a result of an increased nitrogen pressure during the layer application. Keles
et al. [40] did not find a significant impact of the pressure on the coating rate. However,
this study may not be comparable to the presented data in our study, due to a limited
range of pressures. A decrease in the coating thickness, when increasing the substrate bias,
is consistent with the findings of Joo et al. [24] and Keles et al. [40] for TiAlN and TiN,
respectively.

This effect is also covered by the SZM of Anders [25] and its description of the net
deposition rate as a function of the particle energy. The pressure and the substrate bias
are known to have a significant impact on the kinetic energy of particles arriving at the
substrate surface, by provoking collisions through bombing particles with gas atoms
and, thus, decelerating these particles and providing a continuous acceleration to ionised
particles on the free path length between the target and the substrate material [18,20,25].
Based on the findings of our study, the reduction in re-sputtering processes is observed in
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the multifactorial parameter field, when operating at a relatively high nitrogen pressure
and a low substrate bias.

Measurements of the line and surface roughness show relatively low results for coated
samples. Additionally, the post-processing step had a significant impact on the measure-
ments of Ra, Rz, Rp and Rv. The nitrogen pressure was the most dominant factor in this
study, with respect to line roughness. In addition, the substrate bias was especially signifi-
cant for samples after the finishing process. Consequently, the line roughness of TiNbN was
reduced at high nitrogen pressures and high substrate biases, resulting in a local minimum
in the parameter field.

A local minimum at a higher chamber pressure indicates atmosphere-dependent
effects at the target surface. A nitridation of the target surface (cathode poisoning) is known
to show a significant impact on the spot behaviour of arc sources, affecting the generation
of macro particles on films [14,15].

The surface roughness parameters were on a very small scale, independent from the
post-processing step. In this study, a significant quadratic proportion of the substrate bias
led to a local minimum in the parameter field.

Herbster et al. [8] measured Sa on unloaded TiNbN and TiN surfaces of retrieval
implant components, with an Sa between 0.02 and 0.04 µm. Compared to the present
study, the test results revealed higher surface roughness parameters. Herbster et al. [8]
showed surface roughness values above the samples in this study, prior to the finishing
process (as coated). In this study, all measurements were performed on flat, standardised
surfaces that provided a feasible measurement area of 0.25 × 0.25 mm. This edge length of
the region of interest is more favourable with respect to cut off lengths during roughness
measurements and localised effects. Thus, roughness measurements on flat surfaces tend
to be more replicable.

With respect to the tribological performance of the coated surfaces and the contact
mechanics with polyethylene (PE) counter bodies, Rp and Rv or Spk and Svk tend to be the
functional factors to describe the coating characteristics [41]. In general, the roughness of
PVD-coated surfaces is slightly higher than the roughness of polished substrate surfaces [7].
The roughness is a result of two effects. Rp and Spk peaks result from the formation of
droplets. Pin holes (Rv, Svk) result from droplets released from the surface during the
coating process or finishing processes [21].

Shi et al. [34] described a reduction in a global minimum of wear rates in tribosystems
when increasing the void volumes of hard layers. Additionally, void volumes show a signif-
icant impact on the Stribeck curves of tribosystems, which lead to a shift to hydrodynamic
behaviour under the same load conditions [42,43]. Thus, Rv and Svk are likely to have a
favourable impact on the tribological behaviour of hard PVD coatings.

4.2. Structure

A more columnar structure of TiNbN, at a higher substrate bias, is comparable to zone
2 of the Thornton model [17–19]. At −100 V, the TiNbN layers exhibit a fine structure with
multiple interruptions in the grain growth, which is likely to be in zone T of the Thornton
model [17–19].

Thornton described the structure of PVD layers as a function of the substrate temper-
ature and the pressure in the coating chamber [17]. The temperature is a representation
of the energy put into the sputtering process, while the pressure is a synonym for the
average free path length of emitted ions in the evaporation process. However, instead of
the substrate temperature, the bias was analysed in the present study. The bias is more
appropriate when representing the energy level of the emitted ions and the acceleration
towards the substrate surface during the arc evaporation processes. Thus, substrate bias is
likely to show the same effects for arc evaporation processes as the temperature is showing
for sputter processes. Consequently, a recrystallisation structure is likely to appear when
increasing the substrate bias above −200 V. These findings are in accordance with the SZM
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of Anders [25], illustrating the impact of chamber pressure and accelerating bias on the
kinetic particle energy.

Contrary to the remaining analyses in this study, the SEM analysis was performed on
TiNbN-coated austenitic steel samples. However, due to the surface conditioning prior to
exposure to the nitrogen atmosphere, the impact of the substrate on the structure of the
TiNbN coatings is subordinate in this analysis. The surface conditioning comprises sputter
cleaning and the application of a TiNb-layer.

4.3. Hardness and Scratch Test

In this study, there was no significant impact of the substrate bias or the nitrogen
pressure on the hardness. Despite the numerical model, the results of the hardness mea-
surements in this study are consistent with the hardness of TiN coatings that were applied
via arc evaporation [40]. However, for TiAlN coatings, a significant impact of bias voltage
on the coating hardness was found. Ahlgren et al. [23] and Joo et al. [24] described a range
of process bias, with proportional relations between bias and hardness. After reaching
the maximum hardness, the proportional section of the function is followed by a plateau
of an inversely proportional impact of the bias on the coating hardness. Most likely, the
comparatively small range of process bias within this study revealed a section of a plateau
when describing the hardness as a function of the process bias.

Eventually, the scratch resistance was not significantly affected by variations of the
substrate bias and the nitrogen pressure. Taking the results of the hardness measurements
and the XRD analysis into account, the similarity of the critical loads in the scratch tests
can be attributed to a comparable microstructure of the TiNbN coatings. Based on the
observations in the XRD graph, there seems to be no significant difference in residual
stresses in the parameter field in this study.

Compared to data in the literature, the TiNbN coating showed high critical loads in
scratch tests [7,8,24]. Herbster et al. [8] performed scratch tests on retrieved total knee
arthroplasty components with TiNbN coatings. The critical load (Lc1) was found to be
within 2.3–5.1 N on CoCrMo substrates. Lepicka et al. [7] conducted scratch test analyses on
polished metal rounds coated with TiN. Lc1 was found to be 2.3 on stainless steel substrates.
However, due to the use of an indenter radius of 100 µm, both studies [7,8] varied from DIN
EN ISO 20,502 [38] and our study, despite testing equal coating systems (equal substrate
and coating thickness). This resulted in a layer failure at lower nominal normal loads,
compared to tests under standardised conditions. However, Herbster et al. [8] and the
present study could not produce coating delamination (Lc3) within the scratch test. Lepicka
et al. [7] induced delamination (Lc3) at 17.1 N.

Joo et al. [24] studied the variation of process parameters on the mechanical properties
of TiAlN PVD coatings. The scratch resistance of the coating on steel substrates was
not affected by a variation of the bias below −400 V and the critical load was increased
significantly at −800 V.

5. Conclusions

Variation of the process parameters of cathodic arc evaporation was used to analyse
the impact of the deposition conditions of TiNbN coatings on CoCrMo substrates. The
substrate bias was varied between −100 and −200 V. The pressure was varied between
0.3 and 3.0 Pa. The results of the coating thickness, surface morphology, coating structure
and mechanical properties can be summarised as follows:

• The nitrogen pressure and the substrate bias of the arc evaporation process show a
significant impact on the coating properties of TiNbN.

• The coating thickness is affected by the bias and the pressure, while the nitrogen
pressure is the predominant factor.

• The line roughness (Ra, Rz, Rp, Rv) and the surface roughness (Sa, Sz, Spk, Svk) are
significantly affected by the bias and the pressure.
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• After finishing, the line roughness and surface roughness are reduced to Ra < 0.05 µm
and Rp < 0.25 µm. There is no statistically significant impact of the bias and pressure
after finishing.

• The structure of the grain growth is affected by the substrate bias, exhibiting a fine
grain growth at −100 V (Zone T according to Thornton) and a consistent columnar
growth at −200 V (Zone 2 according to Thornton).

• All samples show a cubic TiN-like structure with {111} fibre texture in XRD analysis.
• The hardness and scratch resistance did not show a statistically significant impact of

the substrate or pressure within the analysed parameter field.

The findings of the present study help to quantify the effects of a variation of process
parameters during the coating process of TiNbN, particularly in the context of existing
structure zone models. Furthermore, the presented results can be utilized for tailoring
the properties of TiNbN for medical applications with respect to the structure of the grain
growth and the surface roughness.
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