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ABSTRACT
Anodic vacuum arc evaporation was applied to deposit ta-C layers with thicknesses of 1.3–2.2 μm at high deposition rates of up to 18 nm/s. 
Building on prior work that was limited to a thickness of 0.8 μm due to high heat flux and adhesion issues, substrates with a high heat 
capacity and adhesion-promoting interlayers were used. Nanoindentation tests revealed hardness values ranging from 71 to 84 GPa and 
Young’s moduli ranging from 717 to 862 GPa for these layers. Raman spectrometry revealed an sp3 content of 68% to 75%. The layers are 
free of arc-typical droplets and have a very smooth surface. These results demonstrate that anodic vacuum arc evaporation, when combined 
with targeted thermal management and interlayer design, provides a scalable method of producing ta-C coatings for challenging mechanical 
or chemical engineering applications.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial- 
NoDerivatives 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/).  
https://doi.org/10.1116/6.0005354

I. INTRODUCTION
Tetrahedral amorphous carbon (ta-C) is an excellent coating 

material for mechanical engineering components due to its low 
friction coefficient and high wear and corrosion resistance.1,2

Tetrahedrally coordinated amorphous carbon without hydrogen 
content exhibits several unique properties, including extremely 
high hardness ranging from 40 to 80 GPa, high thermal stability in 
an oxygen atmosphere up to 550 °C, high thermal conductivity, 
inert chemical properties, and low friction coefficients3,4 ranging 
from 0.1 to 0.15. The atomic bonding in ta-C layers is primarily 
based on sp3 hybridization, resulting in a three-dimensional, tetra
hedral arrangement of carbon atoms and diamond-like bonding. 
In softer a-C films and hydrogen-containing a-C:H films, a higher 
proportion of sp2 hybridization is present, which is typical of gra
phitic bonds. The ratio of sp3 to sp2 bonding is used to character
ize different types of diamond-like carbon (DLC) layers. Electron 
energy loss spectroscopy (EELS) and Raman spectrometry can 
evaluate the sp3:sp2 ratio in DLC layers.5,6 ta-C coatings typically 
have high internal mechanical stress, leading to poor adhesion 

between the coating and substrate.7–9 Since these stresses increase 
with coating thickness, only thin coatings (less than 1 μm) are 
often possible. However, for industrial applications involving wear 
and corrosion protection, ta-C coating thicknesses greater than 
1 μm are required. Numerous studies have investigated various 
techniques, such as using adhesion promotion layers, multilayer 
coatings, doping, gradient coatings, postdeposition annealing, and 
other methods, to obtain relatively thick, wear-resistant 
coatings.7–11

Anodic vacuum arc evaporation can be used to deposit ta-C 
layers at high deposition rates. An initial study12 presented a 
method for evaporating a graphite anode that is heated by elec
trons from a vacuum arc discharge. The initial results of the 
method were described, involving the properties of the carbon 
coatings that were deposited directly onto hardened and mechani
cally polished 100Cr6 ball bearing steel substrate samples labelled 
A, B, and C. A notable finding was that the layer structure was free 
of arc-typical droplets. However, due to the high heat flux density 
during coating and adhesion problems of the layers, only layers 
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with a maximum thickness of 0.8 μm could be achieved. This 
follow-up study aimed to achieve ta-C layer thicknesses over 1 μm 
with good adhesion using the same coating method. To accom
plish this, substrates with high heat capacity were used and coated 
with an adhesion layer.

II. EXPERIMENT
A. Layer deposition

The anodic arc evaporator holds the evaporation material, 
which is a 10 mm diameter, round graphite rod. An electric motor 
gear unit feeds the graphite rod at an adjustable, constant speed 
ranging from 10 to 1000 mm/h, which compensates for the contin
uous loss of graphite through evaporation. The design is shown 
schematically in Fig. 1. The isostatically pressed graphite rod (1) 
(manufactured by SGL Carbon; ash content <200 ppm) is centered 
in an anode tube (2) and held in place by tubular graphite felt 
pressed against it. The felt insulates the hot graphite rod thermally 

from the water-cooled anode tube while ensuring sufficient electri
cal conductivity to enable electrical contact with the graphite rod 
and carry currents of up to 200 A. The water-cooled magnet 
system (3) consists of a magnetic coil and a ring-shaped set of per
manent magnets. At the surface of the graphite rod, the resulting 
magnetic field has a field strength of approximately 35 kA/m and 
diverges axially. This focuses the electrons onto the tip of the 
graphite rod and constricts the arc discharge to the hot, evaporat
ing areas of the graphite electrode. The alignment of the magnetic 
field lines in the gap between the anode tube and the magnet 
system creates a magnetic shielding for the electrons traveling to 
the anodic potential regions. The evaporator is enclosed by an 
electrically insulated housing (4) to shield the parts and electrical 
connections inside the evaporator that are at anode potential from 
the external plasma, and the arc discharge does not burn to these 
parts.

A hollow cathode arc source (5) was used as the electron 
source for anodic arc evaporation. It was equipped with a tantalum 

FIG. 1. Schematic representation of the experimental setup, graphite rod (1), anode tube (2), magnet system (3), housing (4), hollow cathode arc source (5), annular 
anode (6), solenoid (7), shielding (8), quartz crystal microbalance (9), magnetron sputter source (10), transport carriage (11), and load lock chamber (12).
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hollow cathode (4 mm inner diameter) and a tungsten heating coil 
for ignition.13 This source also has an annular, water-cooled anode 
(6) and an axially symmetrical solenoid (7). Argon flows through 
the hollow cathode at a flow rate of 100 SCCM, resulting in a pres
sure of 0.05 Pa in the vacuum chamber. The residual gas pressure 
in the vacuum chamber was 2 × 10−4 Pa, and the arc discharge 
could be ignited and operated between the hollow cathode and the 
annular anode in its vicinity without the need for an external 
anode or the anodic arc evaporator. For this purpose, a current- 
controlled power supply (0–350 A) is used. A second current- 
controlled power supply (0–200 A) ignites and operates the anodic 
arc evaporator. It is connected to the graphite rod with the positive 
pole and to the annular anode with the negative pole. The anodic 
arc evaporator was operated at currents between 100 and 200 A. 
The current supplied by the hollow cathode was set at least 10 A 
higher than the current supplied to the evaporator. This ensured 
that a smaller residual electron current would flow to the annular 
anode. A shield (8) largely protects the hollow cathode arc source 
from carbon vapor. However, the shielding is incomplete, which 
only slightly impedes the flow of electrons from the hollow 
cathode to the evaporator. The coating rate is measured using a 
quartz crystal microbalance (9).

As previously described,12 no adhesion layers were deposited 
on samples A, B, and C. In the actual study, a magnetron sputter 
source (10) with a chrome target (300 mm long) was installed to 
deposit adhesion layers onto the steel samples labelled E, F, G, and 
H. At an electrical power of 4 kW and an argon pressure of 0.3 Pa, 
a thin chrome layer with a thickness of ∼100 nm was deposited on 
the samples without vacuum interruption and immediately before 
coating. Steel disks made of hardened 100Cr6 steel with a hardness 
of 63 HRC, diameter of 35 mm, and thicknesses of 4 mm (samples 
A–C) and 4–10 mm (samples E–H) were used as substrates for the 
coating. The surface to be coated was polished. A NiCr/Ni ther
mocouple weld spot was attached to the back of the sample to 
record the temperature profile throughout the vacuum and coating 
cycle. The samples E, F, G, and H were screwed into a steel sample 
holder with good thermal contact so that a high effective heat 
capacity could be achieved through the contribution of the sample 
holder. The sample holder is fixed in a transport carrier (11) that 
can be moved linearly to various programmable positions: above 
the hollow cathode source for plasma pretreatment, above the 
magnetron for the adhesion layer, or above the arc evaporator for 
carbon coating. The transport carrier is loaded into a load lock 
chamber (12). To pretreat the samples with plasma, a negative bias 
voltage of 250 V was applied to the electrically insulated sample 
holder.

The following process steps were carried out sequentially in 
this order: sputter etching of the steel substrate surface, deposition 
of the adhesion layer, commissioning of the evaporator, brief 
sputter etching of the adhesion layer surface, and deposition of the 
carbon layer. Based on previous experimental results, an etching 
removal of approximately 50 nm is estimated for etching the steel 
surface. The bias voltage remained on during transfer from the 
hollow cathode plasma source position to the evaporation zone 
and was switched off only after reaching the coating position, 
which is vertically above the evaporator. The former study has 
shown that applying a bias voltage throughout the entire carbon 

coating process does not improve layer properties but significantly 
increases the heat flow to the substrate. Therefore, it was omitted 
in the current study, and only the self-bias potential of the electri
cally insulated sample was effective. It was not possible to deposit 
carbon layers with a thickness greater than 1 μm directly onto the 
steel surface. Such layers delaminated due to layer stresses within a 
short time. In order to deposit well-adhering carbon layers with a 
thickness of >1 μm at substrate temperatures <200 °C, both the 
adhesion-promoting Cr layer and the higher heat capacity proved 
to be necessary. Table I summarizes the data on coating parame
ters. The preparation of samples A to C has been previously 
described,12 while samples E to H are new additions.

The plasma processes involved in coating and plasma pre
treatment generate considerable heat, causing a rapid rise in tem
perature of the samples. Coating was stopped each time the 
sample temperature reached about 200 °C by quickly removing the 
sample from the coating zone. To enable relatively thick carbon 
layers, we used the relatively high substrate thicknesses and the 
associated high heat capacities mentioned above. Plasma pretreat
ment by sputter etching with argon ions was carried out at tem
peratures ranging from room temperature to approximately 50 °C. 
Coating with the adhesion-promoting layer resulted in an addi
tional temperature increase of about 4 K, leaving a temperature 
rise window of about 150 K for the carbon coating. The higher 
heat capacity meant that the coating time for samples E to H was 
approximately two to four times longer than for samples A to 
C. Samples A, B, and C exceeded the target value of 200 °C by 
3–10 K, samples F, G and H remained below the target value by 
1–4 K. Sample E did not fully utilize the temperature rise window, 
reaching a maximum temperature of 169 °C.

B. Characterization of the carbon coatings
Indentation hardness and Young’s modulus were determined 

using nanoindentation technology (Nano Indenter XP, MTS). The 
nanoindentation experiments were performed using a Berkovich 
indenter (three-sided diamond pyramid) and a constant strain rate 
of 0.05 s−1. By applying continuous stiffness measurement, hard
ness and Young’s modulus can be calculated as a function of 
indentation depth using the Oliver-Pharr method14 for evaluation. 

TABLE I. Data on the coating parameters for the discussed samples (I: arc 
current; UA: voltage between the anode of the hollow cathode source and the 
evaporator anode; t: coating time; Tmin and Tmax: minimum and maximum tempera
tures of the sample during carbon coating; d: carbon layer thickness), prior data 
(Ref. 12) for samples A–C.

Sample
I UA t Tmin Tmax d

(A) (V) (s) (°C) (°C) (μm)

A 110 44 131 48 203 0.52
B 150 53 80 47 206 0.66
C 200 44 45 46 210 0.79
E 120 40 295 51 169 1.3
F 120 40 282 45 196 1.1
G 150 48 201 55 197 1.4
H 190 48 167 52 199 2.2
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Average values for the Young’s modulus were determined for pen
etration depths between 20 and 40 nm, and average hardness 
values were determined for indentation depths between 60 and 
100 nm. Realistic values for the mechanical properties of the ta-C 
layers were determined based on the low penetration depths, and 
the influence of the steel substrate on the measured mechanical 
properties of the ta-C layers was minimized. The layer thickness 
was calculated from the interference spectrum using an optical 
reflection spectrometer, assuming a refractive index of 2.60. This 
refractive index had already been determined in the earlier study 
using ellipsometry.12 Raman spectroscopy was performed with a 
Raman microscope (Renishaw inVia) at excitation with an Ar+ 

laser line (514 nm), a laser power density of about 0.1 mW/μm2 

and 50× magnification. The graphite G-peak was fitted with a 
Breit–Wigner–Fano (BWF) lineshape15,16 and linear background. 
For calculation of sp3 content, we have used published data of 
Prawer et al.16 of coupling parameter Q obtained by Raman mea
surements of BWF fit versus sp3 contents determined by addi
tional EELS measurements. The authors have shown that for sp3 

contents above 50%, the coupling parameter Q of BWF line shape 
is very sensitive on further increase in sp3 content. A cross section 
of the layers was prepared on a selected sample (G) using an ion 
beam polishing technique with a cross section polisher 
(SM-09010, JEOL). Field emission scanning electron microscopy 
(SU8000, Hitachi) was used to examine the surface, fracture, and 
ion-polished cross section of the carbon layers. Surface roughness 
of the mechanically polished uncoated steel substrates, plasma- 
treated uncoated steel substrates, and ta-C coatings on plasma- 
treated steel substrates was investigated by noncontact atomic 
force microscopy (AFM, NX20, Park Systems).

Scratch tests were carried out using a microscratch tester 
(MST4, CSEM) to investigate the adhesion of the ta-C layers on 
the hardened 100Cr6 steel substrates. A Rockwell C diamond with 
200 μm radius was used to create scratches, with a continuous 
increasing normal force from 0 to 30 N, a loading speed of 
30 N/min, and a sample speed of 10 mm/min. The location of the 
critical load for spallation of the ta-C layer was identified by 
optical microscopy.

III. RESULTS AND DISCUSSION
A. Raman spectrometry

Raman spectrometry of samples A–C (without a bias voltage) 
indicated a sp3 content of 70.1%–89.1%.12 The actual Raman 
spectra of the carbon layers from samples E to H are shown in 
Fig. 2. The absence of a disordered D peak in all examined 
samples again indicates a high sp3 content in the DLC layers. The 
sp3 content of the ta-C layers proved to be above 50% for all exam
ined samples, which falls within the reliable range for this 
method’s application. Figure 3 shows the results of these calcula
tions plotted against arc current. Both the earlier results for 
samples A–C and the more recent results for samples E–H are 
included. No general dependence of the sp3 content can be identi
fied. Most values for the sp3 content are between 68% and 75%. 
The highest value, 88.1%, was determined for the sample with the 
highest arc current.

B. Nanoindentation
Figures 4–7 show the results for hardness and Young’s 

modulus obtained using the nanoindentation technique. As the 
indentation depth increases, the hardness values rise, reach a 
maximum, and gradually decrease (Fig. 4). The hardness value 
characterizing the layer was calculated by averaging the values 
within the plateau range of hardness versus indentation depth of 
60–100 nm. For calculating Young’s modulus, the values were 
averaged in the indentation depth range of 20–40 nm to further 
minimize the effect of the substrate on the measured values. 
Sample A with low arc current of 110 A has the lowest hardness 

FIG. 3. sp3 content of samples A–C and E–H as a function of arc current, 
prior data (Ref. 12) for samples A–C.

FIG. 2. Raman spectra of samples E–H. 
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value of 61.5 GPa and the lowest Young’s modulus value of 
588 GPa, while sample H with high arc current of 190 A has the 
highest hardness value of 83.7 GPa and the highest Young’s 
modulus value of 862 GPa. When plotted against arc current, the 
hardness values show an increasing trend with increasing arc 
current (Fig. 5) when series A–C and E–H are considered individ
ually. The same applies to Young’s modulus (Fig. 6). When the 
hardness values are plotted against layer thickness, an increasing 
trend is also seen with increasing thickness, independent of the 
two series (Fig. 7). The data were fitted with a linear regression, 
and the increasing trend can be seen from the dashed line.

C. Field emission scanning electron microscopy
The cross section and surface of the ta-C layers were examined 

using field emission scanning electron microscopy (FE-SEM). 
Images of the samples B and C have already been published else
where.12 Samples G and H, which have the highest layer thicknesses 
(1.4 and 2.2 μm, respectively), were used for Figs. 8 and 9. The 
glassy fracture of the layers reveals their dense microstructure 
without larger defects or droplets, which typically occur in ta-C 
layers deposited by cathodic vacuum arc evaporation. Optical 
microscopy reveals a low areal density of microparticles, which we 

FIG. 4. Plot of hardness values as a function of indentation depth, prior data 
(Ref. 12) for sample A. FIG. 6. Plot of Young’s modulus as a function of arc current [A–C: layer thick

ness (Ref. 12) 0.5–0.8 μm, E–H: layer thickness: 1.1–2.2 μm].

FIG. 5. Plot of hardness as a function of arc current [A–C: layer thickness 
(Ref. 12) 0.5–0.8 μm, E–H: layer thickness: 1.1–2.2 μm].

FIG. 7. Plot of hardness as a function of layer thickness, prior data (Ref. 12) 
for samples A–C.

J. Vac. Sci. Technol. A 44(3) May/Jun 2026; doi: 10.1116/6.0005354                                                                                                                                  44, 033105-5 
© Author(s) 2026 

 
1
5
 
M
a
y
 
2
0
2
6
 
1
1
:
4
0
:
1
8

https://pubs.aip.org/avs/jva


ARTICLE pubs.aip.org/avs/jva

attribute to particle formation during the sublimation of fine- 
grained graphite in the anodic arc evaporation process. The ion- 
polished cross section (Fig. 9) shows the hardened steel substrate, 
the 125 nm thin chromium adhesion layer, and the 1.4 μm thick 
ta-C layer. The ta-C layer is faintly visible in contrast to the 
organic embedding compound. While crystal orientation contrast 
is visible in the steel and Cr layer, the carbon layer appears homo
geneous, amorphous and free of defects.

D. Atomic force microscopy
The AFM results are presented in Table II and Fig. 10. The 

polished hardened steel substrate (100Cr6) has a very smooth 
surface with an arithmetic average roughness value of Ra = 0.8 nm 
[Fig. 10(a)]. The surface roughness of the steel substrates is signifi
cantly increased to Ra = 4.2 nm by argon ion bombardment 
during plasma pretreatment. The martensitic microstructure of the 
hardened steel is clearly visible in the AFM micrograph of the 
uncoated steel substrate after plasma treatment [Fig. 10(b)]. This is 
due to anisotropic etching, which depends on the crystal orienta
tion and the density of lattice defects in the hardened steel. 

The surface roughness did not increase significantly after the dep
osition of ta-C layers with thicknesses of 0.66 μm (Sample B 
without a Cr interlayer) and 1.4 μm (Sample G with a Cr inter
layer). The arithmetic average roughness values of the ta-C layers 
are between 4.0 and 4.5 nm (see Table II), which is consistent with 
the roughness of the uncoated steel substrate after plasma treat
ment. Therefore, the AFM results demonstrate that ta-C layer sur
faces can be extremely smooth. The roughness of the ta-C layer is 
mainly influenced by the roughness of the substrate after plasma 
treatment.

E. Scratch test
The results of the scratch tests show that for samples A, B, 

and C, with lower ta-C film thickness between 0.5 and 0.8 μm and 
without a chromium adhesion layer, a critical load between 9 and 
11 N is required to induce the first occurrence of small ta-C spalla
tion at the edge of the scratches. A typical scratch of sample B is 
shown in Fig. 11(a) with first occurrence of small-layer spallation at 
the edge of the scratch at a normal load of 9 N. At the maximum 
applied normal load of 30 N, a very pronounced spallation was 
detected for this sample [see Fig. 11(b)]. By contrast, the critical load 
for the initial spalling of sample G, which has a film thickness of 
1.4 μm and a 125 nm chromium adhesion layer, is increased to 15 N 
[Fig. 11(c)]. No pronounced spallation was observed for this sample 
at a maximum applied normal force of 30 N [Fig. 11(d)]. This result 
indicates that a plasma pretreatment in combination with the use of 

FIG. 8. Sample G (left) and sample H (right), cross-fracture and surface of ta-C layers. 

FIG. 9. Sample G, ion-polished cross section of a 1.4 μm thick ta-C layer with 
a thin chromium adhesion layer on a hardened 100Cr6 steel substrate.

TABLE II. AFM results (Ra—arithmetic average roughness, RMS—root mean 
square roughness, Rt—total roughness height).

Sample
ta-C thickness Ra RMS Rt

(μm) (nm) (nm) (nm)

Substrate (polished) … 0.8 1.1 39
Sputter-etched substrate … 4.2 5.4 76
Sample B (w/o Cr) 0.66 4.0 5.0 39
Sample G (with Cr) 1.4 4.5 5.6 61
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a sputtered chromium adhesion layer has significantly improved the 
adhesion of the ta-C layers. Remarkably, enhanced adhesion was 
detected in sample G, which had a ta-C layer with a significantly 
higher film thickness of 1.4 μm compared to sample B, which had a 
lower film thickness of 0.66 μm.

IV. DISCUSSION
Figures 5 and 6 show the significant impact of layer thickness 

on mechanical properties, illustrated by hardness and Young’s 
modulus plotted against layer thickness. Compared to samples 
A–C, the applicable layer thickness could be significantly increased 

for samples E–H. This was achieved on the one hand by a higher 
effective heat capacity of the samples and the sample holder and 
on the other hand by applying a chrome intermediate layer to 
improve layer adhesion. It was not possible to investigate the 
effects of the coating parameters arc current, coating rate, and sub
strate temperature on the layer properties individually, as these 
parameters cannot be set independently within the experimental 
conditions and are coupled with each other. It is assumed that the 
small differences in the mechanical properties of sample series 
A–C (0.5–0.8 μm) and E–H (1.1–2.2 μm), as shown in Figs. 5
and 6, are due to different thickness ranges. Figure 7 shows an 
increasing trend in hardness with layer thickness. It is 

FIG. 10. Topography of the surface imaged by AFM, (a) polished steel substrate, (b) substrate after sputter etching, (c) sample B (without Cr interlayer), and 
(d) sample G (with Cr interlayer).
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hypothesized that this is due to the substrate effect of the hardened 
steel on the measured hardness values that cannot be completely 
avoided at such low layer thicknesses.

The results of nanoindentation, layer thickness and coating 
rate determination, and Raman spectrometry are summarized in 
Table III. The high layer hardness values (61–84 GPa) and 
Young’s modulus values (588–862 GPa) are generally attributable 
to the layers’ high sp3 content, which was determined to be in the 
range of 68%–88%. Elsewhere,12 the linear relationship between 
hardness or Young’s modulus and sp3 content was highlighted. 
However, such a simple relationship cannot be identified from the 
data in Table II. Instead, it can be assumed that, especially for the 
thin layers of samples A, B, C, and F, the hardened steel substrate 
significantly influences the nanoindentation measurement results, 

FIG. 11. SEM images of scratches on samples B and G, (a) and (c) at the regions of a first occurrence of spalling and (b) and (d) at the regions of the maximum 
normal load of 30 N.

TABLE III. Analysis results of the ta-C layers (H—hardness, E—Young’s modulus, 
d—layer thickness, a—deposition rate, sp3 content from Raman spectrometry), 
prior data (Ref. 12) for samples A–C.

Sample
H E d a sp3 content

(GPa) (GPa) (μm) (nm/s) (%)

A 61.5 588 0.52 4 70.1
B 65.9 567 0.66 8 71.5
C 74.6 685 0.79 18 88.1
E 71.5 717 1.3 4 75.4
F 73.7 718 1.1 4 68.0
G 76.8 746 1.4 7 69.1
H 83.7 862 2.2 13 74.0
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and this effect partially overlaps the relationship between mechani
cal properties and sp3 content. It is assumed that the Cr interme
diate layer has no effect on the structure and properties of the 
carbon layers beyond promoting adhesion.

The AFM investigations show that the roughness of the sub
strate surface caused by plasma pretreatment is not significantly 
increased by the ta-C layers. Additionally, the layers deposited by 
anodic arc evaporation do not contain the droplets typical of 
cathodic arc evaporation.17 This result is in line with investigations 
of ta-C layers deposited by mass-selected ion beam deposition 
(MSIBD). There, very low roughness values of 0.2 nm were 
reported at ion energies of >50 eV, which is attributed to the effect 
of subplantation during layer growth.18

Scratch tests provide an indication of the adhesion of thin 
carbon layers (less than 1 μm thick) without an adhesion layer and 
of thicker carbon layers (more than 1 μm thick) with an adhesion 
layer. As carbon layer thicknesses of more than 1 μm could not be 
achieved without an adhesive layer, it was not possible to make a 
direct comparison of the effect of the adhesive layer under otherwise 
identical layer conditions. However, since the elastic energy increases 
with layer thickness, it can be deduced that the Cr layer significantly 
contributes to adhesion and that deposition of thicker carbon layers 
was only made possible with the help of an adhesion layer. It is con
ceivable that the improved adhesion of the layers is due to the Cr 
layer directly influencing the growth and structure of the carbon 
layer, resulting in lower layer stresses. However, given that the sp3 

content of the carbon layers deposited with and without a Cr inter
mediate layer is similar, it is more reasonable to assume that the 
elastic energy in the thicker layers is higher than in the thinner 
layers, and that the Cr intermediate layer improves adhesion.

The coating rate in the range of 4–18 nm/s is exceptionally 
high compared to other ta-C coating processes. Such high coating 
rates are a good prerequisite for the economically advantageous 
application of anodic vacuum arc evaporation in an industrial 
coating process. For MSIBD, a deposition rate of approximately 
0.06 nm/s has been estimated.18 Cathodic arc and laser-arc deposi
tion rates of 0.2–3 nm/s have been reported; however, magnetic 
filter methods can drastically reduce this rate.18–20 To deposit 
layers with thicknesses of >1 μm while remaining within the tem
perature window of up to 200 °C, the coatings were applied to sub
strates with high heat capacity. An alternative approach would 
involve sequentially depositing several thin layers with intermedi
ate cooling phases. However, this approach would compromise the 
high coating rate, which is considered an advantage. Another 
alternative is active cooling of the substrates, which is also possible 
in a vacuum depending on the nature of the substrates.21

Thermal evaporation of graphite is a well-known method for 
depositing amorphous carbon layers, but these layers are almost 
exclusively characterized by sp2 bonds. High proportions of sp3 

bonds are usually achieved using ionized vapor and high bias volt
ages (70–300 V), which cause the ionized particles to gain high 
energies and release them as impacts and heat during deposition. 
Schultrich et al.19 have shown that hard ta-C layers can be depos
ited at medium kinetic particle energies of 60 eV using the laser 
arc process without additional bias voltage. To date, no own mea
surements have been carried out on the energy of carbon vapor 
particles during anodic arc evaporation. However, it is evident that 

the vapor is highly ionized, and the energy of the vapor particles 
is sufficient to achieve sp3 content of over 70% without the appli
cation of a bias voltage. An exceptional feature of the presented 
process is that droplet-free ta-C layers with a very smooth surface 
topography can be deposited. The reason for this is the moderate 
power density on the evaporating graphite rod during anodic arc 
evaporation, which is estimated at 1–3 × 106 W cm−2 with current 
intensities of up to 200 A. In contrast, the power density of the 
pulsed lasers or cold cathode arc discharges is several orders of 
magnitude higher.19,22 At such high-power densities, droplets are 
typically emitted and are absorbed into the layer structure. 
Mechanical or magnetic filter methods can reduce the droplet 
density and size drastically but not avoid completely.17

V. SUMMARY AND CONCLUSIONS
ta-C layers with thicknesses of 1.3–2.2 μm were deposited 

using the anodic vacuum arc evaporation method. Substrates with 
high heat capacity and adhesion-promoting layers were success
fully used to overcome the limiting effects of internal layer stress 
and the high heat flux density occurring during layer deposition. 
Nanoindentation tests revealed hardness values ranging from 71 to 
84 GPa and Young’s moduli ranging from 717 to 862 GPa for 
these layers. Raman spectrometry revealed an sp3 content of 68%– 
75%. The layers are free of arc-typical droplets and have a very 
smooth surface. The relatively high deposition rate of up to 
18 nm/s enables a highly productive deposition process. Potential 
applications include wear and corrosion protection as well as 
surface modification with a very low coefficient of friction.
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