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Abstract: Optimized coating adhesion and strength are the advantages of high-power impulse
magnetron sputtering (HiPIMS) as an innovative physical vapor deposition (PVD) process. When
depositing electrically non-conductive oxide ceramics as coatings with HiPIMS without dual mag-
netron sputtering (DMS) or mid-frequency (MF) sputtering, the growing coating leads to increasing
electrical insulation of the anode. As a consequence, short circuits occur, and the process breaks
down. This phenomenon is also known as the disappearing anode effect. In this study, a new
approach involving adding electrically conductive carbide ceramics was tried to prevent the electrical
insulation of the anode and thereby guarantee process stability. Yttria-stabilized zirconia (3YSZ)
with 30 vol.% titanium carbide (TiC) targets are used in a non-reactive HiPIMS process. The main
focus of this study is a parameter inquisition. Different HiPIMS parameters and their impact on
the measured current at the substrate table are analyzed. This study shows the successful use of
electrically conductive carbide ceramics in a non-conductive oxide as the target material. In addition,
we discuss the observed high table currents with a low inert gas mix, where the process was not
expected to be stable.

Keywords: coating characterization; disappearing anode effect; electrically conductive additives;
HiPIMS parameters; yttria-stabilized zirconia

1. Introduction

Stabilized tetragonal zirconia, as investigated in this study, shows exceptional me-
chanical properties. Like alumina, it is interesting as part of a wear protection coating of
cutting tools in machine material with high cutting speeds. With a high cutting speed, a lot
of heat is generated and transferred from the machined material into the tool, decreasing
tool life. To minimize this heat transfer, wear protection coatings with oxide ceramics can
be used because of their low heat conductivity. Unfortunately, oxides cannot be deposited
with standard physical vapor deposition (PVD) processes such as direct current magnetron
sputtering or arc evaporation. Most PVD technologies are based on a setting with a material
spending cathode (often called a target) and an anode, which is often also the substrate. If
the substrate (anode) is coated with a non-conductive material, it vanishes (i.e., the current
flow collapses and the electrical discharge disappears). This is also called the disappear-
ing anode effect (DAE). Previous studies by Sellers and Belkind showed possibilities for
changed settings to avoid the effect [1,2]. These settings, however, are quite expensive
and laborious for application in industry. Instead of changing hardware, this study shows
an approach to solving the DAE problem originating from studies of electrical discharge
machinable (EDM) ceramics. By alloying oxide ceramics with a percolating electrically
conductive dispersion (such as a transition metal carbides), it is possible to obtain an
overall electrically conductive ceramic compound [3-7]. In this study, we tried to use this
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knowledge in a magnetron sputter process: high-power impulse magnetron sputtering
(HiPIMS). HiPIMS, also known as high-power pulsed magnetron sputtering (HPPMS),
is the latest iteration of PVD technology, based on direct current magnetron sputtering
(DCMS). Like DCMS, an HiPIMS apparatus consists of a sputtering target mounted on a
cathode combined with permanent magnets. By ion bombardment, surface atoms from
the target material are expelled and accelerated to the anode and the substrate [8]. On the
substrate surface, these atoms condense, and a coating is formed. The main difference
between DCMS and HiPIMS is the high-frequency pulsing of the cathode, observed by
Kouznetsov [9]. By pulsing the cathode with really short pulses (usually 10-100 ps), high
ion ratios of 90% or more can be reached in HiPIMS. A higher rate of ionized atoms enables
different morphologies and therefore better mechanical properties in the coatings [10,11].

The pulse parameters in HiPIMS deposition have a huge impact on the process stability
and coating properties. The current at the substrate table, which is a measure for the metal
ions that reach the substrate table and build up the coating [8], is measurable with an
oscilloscope. However, the current at the substrate table is not only influenced by the pulse
parameters of the table, but also by the pulse parameters of the cathode. Depending on the
target material and the gas used for the process, different cathode pulse, bias (table) pulse
and bias offset values are necessary [12,13].

In this study, the main goal was to examine the impact of five different HiPIMS
parameters on the measured current at the substrate table, which is a measure for the metal
ions that reach the substrate table and build up the coating.

2. Materials and Methods

The parameter study consisted of two parts. First, preliminary tests with the yttria-
stabilized zirconia (3YSZ)-titanium carbide (TiC) target on the impact of the working gas
flow of argon and krypton on the maximum substrate table current were conducted. In
the preliminary tests, the gas flow of argon with respect to krypton varied between 0 and
650 scem in intervals of 50, which added up to 14 x 14 = 196 individual tests. The frequency
was 800 Hz, the on-time of the cathode and the bias was 40 us, and the offset of the bias
was 20 us.

Secondly, the main experiments with the 3YSZ-TiC target on the influence of the
working gas flow, pulse frequency, cathode on-time, bias on-time and bias offset on the
maximum table current were conducted, as shown in Table 1.

Table 1. Overview of the high-power impulse magnetron sputtering (HiPIMS) parameters examined
in this study. * Marked parameters were not measured with a gas mix of 150 sccm Ar/0 scem Kr.

Parameter Unit Values
Frequency Hz 400, 500, 800, 1000 *, 2000 *
On-time cathode us 20, 30, 40, 50, 60
On-time bias us 20, 30, 40, 50, 60
Offset bias us 0, 10, 20, 30, 40, 50, 60, 70, 80

Combined with the four gas mixes picked out for our preliminary tests (150 sccm
Ar/0 scecm Kr, 100 scem Ar/50 scem Kr, 50 scem Ar/200 scem Kr and 0 scem Ar /550 scem
Kr), we did 4050 tests for our main experiments. The target power was kept constant for
the preliminary and main experiments at 4 kW, and the bias voltage was also kept constant
at70 V.

The maximum substrate table current was measured with a Picoscope 4824 oscillo-
scope produced by Pico Technology Ltd., Saint Neots, United Kingdom, connected to a
standard CC800 HiPIMS coating unit produced by CemeCon AG, Wiirselen, Germany.
In order to prevent the DAE and stabilize the coating process, an electrically conductive
carbide ceramic (TiC) was added to the 3YSZ target material. The 3YSZ-TiC target con-
tained 30 vol.-% TiC. The 3YSZ-TiC target was hot-pressed and indium bonded by Avaluxe
International GmbH, Fiirth, Germany.
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By measuring the maximum substrate table current, we expected to see which gas flow
mix and HiPIMS parameters produced the highest ionization rate of the 3YSZ-TiC target
atoms. High ionization is known to lead to better mechanical properties in coatings [14].

To conclude, we prepared coated tungsten carbide specimens with 9 wt-% Co with
fixed parameters based on our preliminary experiment, as shown in Table 2.

Table 2. Overview of parameters used for the coating of tungsten carbide with cobalt (WC-Co) specimens.

Parameter Unit Values
Frequency Hz 800
On-time cathode us 40
On-time bias us 40
Offset bias us 20
Cathode power W 4000
Bias voltage Vv 70
Gas mix Scem 150 Ar/0 Kr
Coating time s 18,000

Because of non-uniform batch load in production applications (e.g., coating of cutting
tools), the average power was kept constant. Peak power and other modes of operation
led to deviations in the behavior of the cathode. Big deviations could lead to a security
stoppage by the machine system. To measure the maximum table current at a constant
set-up, we stopped the table rotation. The batch load was uniform for our measurements.

The coatings were analyzed to measure the coating thickness, hardness, Young’s
modulus and elemental composition. Elemental composition was also measured on the
target material of 3YSZ-TiC.

The thickness measurement (Calo test) was prepared with a Kalottchen/L produced
by CemeCon AG, Wiirselen, Germany and measured with an Olympus BX3M-LEDR light
microscope and Olympus Stream software produced by Olympus Europe, Hamburg, Germany.

For the hardness and Young’s modulus, we did nanoindentation with a Micro-Combi
Tester produced by CSM (now Anton Paar) in Graz, Austria. A total of 24 indentations
were executed with a Berkovich indenter. Every indentation was executed with a linear
load from 0 to 10 mN at a load rate of 20 mN per minute.

The elemental composition was measured with an XFlash Detector 610M energy
dispersive X-ray spectroscope (EDX) produced by Bruker Nano GmbH, Berlin, Germany.
The EDX was mounted on an EVO MY 15 scanning electron microscope (SEM) produced by
Carl Zeiss Industrielle Messtechnik GmbH, Oberkochen, Germany. The EDX measurements
were executed with a 20 kV electron high tension (EHT) and 8.5 cm working distance.

3. Results
3.1. Gas Flow

The maximum table current had two high peaks in the low gas flow mix. One peak
was observed at 150 sccm argon, 0 scem krypton (150Ar0Kr) with a maximum table current
of 49.1 A, and another was observed at 50 sccm argon and 50 scem krypton (50Ar50Kr) with
a maximum table current of 44.8 A. The 150Ar0Kr showed a stable plasma, while 50Ar50Kr
showed arcs on the cathode surface and an unstable (flickering) plasma. It should be noted
that while the process was stable at a low gas mix, it was impossible to ignite plasma by
directly starting with a low gas mix. Plasma ignition was only possible with a higher gas
mix (e.g., 650Ar0Kr). After ignition, the gas mix could be changed to any stable measuring
point shown in Figure 1.
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Figure 1. Results of the gas flow experiments with yttria-stabilized zirconia (3YSZ)-TiC.

In the parameter field displayed by results of the gas mix measurements (Figure 1),
one could not observe any DAE phenomena.

3.2. Results of the Parameter Study

In the preliminary experiments with the 3YSZ-TiC target, the measured maximum
table current varied between 19 and 49 A. An increasing working gas flow led to a de-
creasing table current. Krypton had a bigger impact on the current than argon. With
a very low working gas flow (argon 0/50/100 sccm, krypton 0 sccm and argon 0 sccm,
krypton 50 sccm) the process broke down. Four currents with the respective working gas
compositions were chosen for the main experiments, as shown in Table 3.

Table 3. Working gas compositions chosen for the main experiments.

Gas Mix Max. Table Current [A]
150ArO0Kr 49.1
100Ar50Kr 40.1
50Ar200Kr 30.1
0Ar550Kr 20.2

Firstly, we chose the maximum table current of 49 A (argon 150 sccm, krypton 0 sccm) for
the main experiments. Secondly, we selected a very low table current of 20 A (argon 0 sccm,
krypton 550 sccm). Finally, we picked two currents in the lower and higher mid-table at 30
and 40 A (argon 100 sccm, krypton 50 sccm and argon 50 sccm, krypton 200 sccm).

We could not observe a stable plasma at 400 Hz with any mix of pulse parameters. In
general, we could observe decreasing maximum table currents with increasing gas loads.
With an increasing frequency, we could observe decreasing values of the maximum table
currents, with 500 Hz showing the highest maximum table currents. The highest value
measured was 152 A at 150Ar0Kr, 500 Hz, a 20 us on-time cathode, a 50 pus on-time bias and
a bias offset of 20 us. The minimum measured was 3 A at 0Ar550Kr, 2000 Hz, an on-time
cathode of 60 us, an on-time bias of 30 us and a 0 us offset.

Figure 2 shows all results of the 500 Hz measurements with different on-time cathodes
at 150Ar0Kr. One can see that the maximum table currents increased with the decreasing
on-time values of the cathode.
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Figure 2. Results of all 500 Hz measurements with different pulse on-time values of the cathode
with a 150Ar0Kr gas mix. The red highlighted measurements are the results of the bias offset range
0-80 us with 150Ar0Kr at 500 Hz, a 20 us cathode on-time and a bias on-time of 50 us, which is also

shown in Figure 3.
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Figure 3. Results of bias offset at 150Ar0Kr, 500 Hz, a cathode on-time of 20 us and a bias on-time of

50 ps.

An increasing on-time of the cathode with other parameters kept constant led to a
decrease of the table current. The maximum table current for the 20 us cathode on-time
was approximately twice the maximum table current for the 60 s on-time. The on-time
of the bias had no measurable impact on the maximum current at the substrate table. For
measurements of the bias offset, the results did not show linear behavior. Figure 3 shows
the results of the bias offset with 150Ar0Kr at 500 Hz, a cathode on-time of 20 us and a bias

on-time of 50 ps.
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One can observe an increase of the maximum table current from 130 A to 152 A with
an increase in the bias offset. With a further increase of the bias offset beyond 20 ps, the
maximum table current decreased rapidly.

The offset had a bigger impact on the maximum table current for the lower bias
on-times than for the higher ones. Moreover, the bias on-time had an influence on the ideal
offset, meaning the offset with the highest maximum table current. The ideal offset varied
between 30 and 60 ps, with 30 pus being mostly for a low bias on-time and 60 ps for a high
bias on-time. A low on-time of the bias caused more arcs and less process stability. In
addition, at low offsets between 0 and 30 us, as well as high offsets between 60 and 80 s,
most arcs were detected.

The highest maximum table currents are shown in Table 4.

Table 4. Highest values of the maximum table currents. All measurements were executed with a
500 Hz HiPIMS frequency.

. Max. Table

Gas Mix tp,on (us) ts,on (us) ts, Offset (us) Current (A)
150Ar0Kr 20 50 20 152.1
100Ar50Kr 30 40 30 114.1
50Ar200Kr 30 60 30 79.6
0Ar550Kr 20 40 20 56.7

3.3. Results of the Coating Analyzation

Table 5 shows the mechanical property results of our coating measured with nanoin-
dentation and calo tests.

Table 5. Mechanical properties of a 3YSZ-titanium carbide (TiC) coating on WC-Co specimens.

Property Unit Values

Hardness GPa 245 +25
Young’s modulus GPa 415 + 44

Thickness pm 09 £0.1

The compositions of the target material and coating are compared in Table 6.

Table 6. Atomic composition (as a percentage) of the 3YSZ-TiC target material and coating.

Element Target Coating
Carbon (C) 247 +21 292+ 1.1
Oxygen (O) 47.04+4.1 3454+15

Titanium (Ti) 11.7 £ 0.6 1514+05
Yttrium (Y) 0.7+0.1 1.3+03
Zirconium (Zr) 159+ 2.0 199+15

4. Discussion

A parameter study based on the HiPIMS parameters of the working gas flow, fre-
quency, on-time cathode, on-time bias and offset bias was conducted, and the influence of
the mentioned parameters on the measured current at the substrate table was determined.

As expected, by using the conductive target material, the disappearing anode effects
were not observed during all of our measurements.

The authors did not expect a maximum table current with a low gas load, as shown in
Figure 1. However, one can interpret the low gas load as the formation of a third working
gas, presumably consisting of carbon monoxide, which is produced by the decomposition
of the target itself. With this autogenously formed working gas, the maximum table
currents at an expected unstable gas mix of argon and krypton are possible. Zirconia
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(ZrO,) and titanium carbide (TiC) are known for their reactive behavior with each other in
high-energy environments [15], so it is possible that the oxygen from ZrO, reduces the TiC
and takes part in the sputtering process as a third working gas.

In our study, we also tried to restart the plasma with a low gas load, and it did not
ignite, another indication of the formation of a carbon monoxide gas from the target mate-
rial. The EDX measurements strengthen this theory, because the coating lost a significant
amount of oxygen. The EDX values of carbon are often not that reliable. Another theory
behind the high currents is based on HiPIMS technology. The two peaks in the gas flow
mix measurements are probably a case of a dominating self-sputtering mechanism, based
on the Anders model of self-sputtering shown elsewhere [16]. With a high gas load mix,
the gas sputtering of argon and krypton dominates the process. Due to the low ionization
energy of metals (here zirconium and titanium) compared with argon, the concentration of
the doubly charged metal ions of the sputtered species is expected to be high [17]. High
doubly charged metal ions are necessary for the self-sputtering process. Like Andersson
and Anders, we needed an ignition phase of the plasma [18,19]. In our case, we started our
discharge with a higher gas mix. By reducing our gas mix (e.g., 150 sccm Ar, 0 sccm Kr),
we sponsored the shift from gas sputtering to self-sputtering. The dominating metal ion
species created more and more secondary electrons and led to high discharge currents.
The currents measured at the table were also an indication of the self-sputtering runaway
described by Anders and Gudmundsson [16,17]. The high flux of metal ions increased the
sputtering due to the self-sputtering, and more neutral target atoms can be ionized, which
also can participate in the self-sputtering and contribute to the high current measurements.

The main experiments of the parameter study support the results from the preliminary
experiments with regard to the influence of the working gas flow. Furthermore, the table
current decreased with the increasing frequency because of the decreasing cathode peak
power. Increasing the frequency reduced the off-time of the cathode and the charging time
of the capacitor bank for the next cathode pulse. The lower peak power was also the cause
of the decreasing current with the increasing pulse width. The authors plan to investigate
the speculated formation of a third working gas in a future study to classify the ratio of
self-sputtering and working gas formation of the results.

With a frequency of 400 Hz, the process could not be stabilized. The higher the on-
time of the cathode, the lower the measured maximum table current was. With lower
on-times, more arcs occurred, and the process was less stable. The on-time of the bias had
no significant impact on the table current.

Nevertheless, the ideal offset of the bias pulse depended on the bias on-time. This
offset value lay in the range of 30 and 50 ps, with 30 ps being mostly for a low bias on-time
and 50 ps for a high bias on-time. The low bias on-times decreased the time, and ions
were actively forced to move to the substrate table by the bias pulse. High bias on-times
decreased the maximum table current and increased contamination of the coating with
non-ionized atoms. However, as shown in Table 4, the highest maximum table currents
could be reached with a 40-60 us bias on-time and a 20-30 ps bias offset.

Most arcs, as well as the highest process instability, were found especially for the low
bias on-times between 20 and 30 ps, in addition to the low (0-30 ps) or high (60-80 us)
bias offsets.

Further experiments should show the influence of the maximum table current on the
mechanical properties of the coating, and the assumption of the formation of carbon-oxide
gas out of the target material needs to be confirmed.

The measured mechanical properties of the coating observed were higher than in
other studies. Keshavarz et al. deposited pure yttrium-stabilized zirconia with electron
beam physical vapor deposition (EB-PVD) and found a measured hardness up to almost
22 GPa [20]. Thermal spray coatings of YSZ are often spongy, owing to their use as a thermal
barrier coating, with a low hardness up to 800 HV and a Young’s modulus no greater than
95 GPa [21,22]. Due to the good process capability and promising mechanical properties,
further experiments could reduce the TiC addition in the target material, because the
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electrical conductivity of oxide-based EDM ceramics rises with a volume fraction of 20 TiC
from a few thousand S/m to over 20 kS/m with 28 vol.-% TiC, as reported for ZTA [6].

5. Conclusions

By mixing a non-conductive oxide ceramic like 3YSZ with a conductive ceramic like
TiC as a target material, one can avoid any disappearing anode effects (DAEs) without
changing any other hardware of a coating unit. The lack of the DAE and the successful
deposition of 3YSZ-TiC-based coatings confirm the process capability of our approach.

Our main focus was an HiPIMS parameter study to observe the maximum table
current with different pulse parameters and gas mixes. One could observe the highest
ionized target material reaching the substrate table at low gas mixes, which we led back to
a runaway self-sputtering mechanism. We also propose the production of a third process
gas out of oxygen and carbon, which reacted out of the target material. In our HiPIMS
parameter study, the highest maximum substrate table currents (up to 152 A) were also
observed with the lowest possible gas mix (150 sccm argon, 0 sccm krypton).
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