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Die Zerspanung von Stählen mit hohen Schnittgeschwindigkeiten ist eine Herausforderung für 
das Zusammenspiel aus Hartmetallbeschaffenheit, Schneidengeometrie und Oberflächen- bzw. 
Schneidenbeschichtung. Bereits seit einigen Jahren sind keramische Beschichtungen aus 
chemischen Gasphasenabscheideverfahren (CVD) Standard für Zerspanungswerkzeuge. 
Vorteil solcher Schichtsysteme ist die hohe chemische und Wärmebeständigkeit, die bei 
hohen Schnittgeschwindigkeiten die Standzeit eines Werkzeugs vorteilhaft beeinflußt. Der 
große Nachteil im Vergleich zu alternativen Beschichtungen sind hier jedoch die notwendigen 
hohen Schichtdicken und die bei Raumtemperatur aufgrund der stark unterschiedlichen 
Wärmedehnungen unter Zugspannung stehenden Schichten, die eine Abscheidung auf 
schleifscharfen Schneiden sehr erschweren. 

Eine Abscheidung von Keramiken mittels konventioneller physikalischer Gasphasenabscheide-
verfahren (PVD) gestaltet sich schwierig, da in den wirtschaftlich interessanten Technologien 
(Lichtbogen- und Magnetron-Sputterverfahren) sowohl die Materialquelle als auch das 
beschichtete Substrat elektrisch leitfähig bleiben müssen. Durch Abscheiden eines elektrisch 
nicht leitfähigen Stoffs „verschwindet“ die Anode und der Prozess wird instabil bzw. bricht 
ab. Auch neue Verfahren wie das Hochleistungsimpuls-Magnetronsputtern (HiPIMS) haben 
vor diesem Hintergrund ihre Grenzen. Andere Verfahren wie das Dual-Magnetronsputtering 
ermöglichen zwar die Abscheidung oxidkeramischer Schichten, allerdings nur bis zu einer 
bestimmten vglw. geringen Schichtdicke und bei niedrigen Schichtabscheideraten. Elektrisch 
leitfähige hochwarmfeste und chemisch beständige Keramiken zur Bearbeitung mittels 
funkenerosiver Verfahren stehen nun seit einigen Jahren zur Verfügung.

In der vorliegenden Arbeit wurden solche elektrisch leitfähigen Keramiken als Targetwerkstoff 
für den Einsatz als hitzebeständiger Verschleißschutz in der Zerspanung erforscht. Dabei ist 
es gelungen, mittels HiPIMPS-Verfahren elektrisch leitfähige Keramiken als Targetwerkstoff 
mittels Titannitrid-Dotierung von Zirkonoxid-verstärkten Aluminiumoxiden (ZTA) herzustellen 
und als Schichtwerkstoff gezielt abzuscheiden. Die Voraussetzungen für die Herstellung dieser 
keramischen Targets über die gesamte Fertigungsprozeßkette konnten ermittelt werden, 
um eine erfolgreiche technische und wirtschaftliche Umsetzung zu ermöglichen. Ferner 
wird aufgezeigt, welche Prozessparameter im HiPIMS-Prozess entscheidend für eine hohe 
Schichtgüte auf dem Schneidwerkzeug sind. 

Die dotierten ZTA-Schichtwerkstoffe besitzen nicht nur bemerkenswerte mechanische 
Eigenschaften, sondern zeigen auch im Schichtverbund in der Zerspanung mit hohen 
Schnittgeschwindigkeiten eine signifikante Steigerung der Lebensdauer und Standzeit der 
Zerspanungswerkzeuge. Die vorteilhaften Ergebnisse der Zerspanungsversuche mit derart 
beschichteten Werkzeugen konnten an randzonengehärteten Arbeitsstählen und mit hohen 
Schnittgeschwindigkeiten validiert werden.
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Abkürzungen und Formelzeichen

Al2O3 - Aluminiumoxid
ATZ - (engl. aluminium oxide toughened zirconia) Aluminiumoxid-verstärktes Zirkonoxid
Aα - Hauptfreifläche
Aα’ - Nebenfreifläche
Aγ - Spanfläche
CH4 - Methan
C2H2 - Ethin
CrxCy - Chromcarbid. Mögliche Phasen sind Cr3C2, Cr7C3 oder Cr23C6

CVD - (engl. chemical vapour deposition) chemische Gasphasenabscheidung
dc [%] - (engl. duty cycle) - Einschaltdauerverhältnis
dhkl - Gitterebenenabstand
DMS - (engl. dual magnetron sputtering) Doppelmagnetronsputtern
e - Eulersche Zahl
E - Energie
E - Elastizitätsmodul (E-Modul)
Eg [eV] - Benötigte Energie, die zur Bewegung von Elektronen notwendig ist
EIT [GPa] - Indentations-E-Modul
Epot [eV] - Energieeintrag
EDM - (engl. electrical discharge machining) Funkenerodieren
f [Hz] - (HiPIMS-)Frequenz
F - Kraft
FEM - Finite Elemente Methode
H - Härte
H2O - Wasser
HCl - Chlorwasserstoff
HiPIMS - (engl. high power impulse magnetron sputtering) Hochleistungsimpulsmagne-
tronsputtern
HIT [GPa] - Indentationshärte
hkl - Gitterebenen
HV10 - Vickershärte mit einer Messkraft von 10 Kilopond
I [A] - Strom
k - Boltzmann-Konstante
KIC [MPa·√m] - Spannungsintensitätsfaktor
MF - (engl. medium frequency) Mittelwelle
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ni - Ionendichte
nn - Neutralgasdichte
P - Prüfkraft
p - Druck
pD - Sättigungsdampfdruck
PSZ - (engl. partially stabilized zirconia) teilstabilisiertes Zirkonoxid
PVD - (engl. physical vapour deposition) physikalische Gasphasenabscheidung
QD - Verdampfungswärme
R [Ω] - Widerstand
S - Hauptschneide
S’ - Nebenschneide
sccm - Standardkubikzentimeter pro Minute
T [K] - Temperatur
TiB2 - Titandiborid
TiC - Titancarbid
TiCl4 - Titantetrachlorid
Ti(C,N) - Titancarbonitride
(Ti, Al)N - Aluminiumtitannitride
TH [K] - Homologe Temperatur
Tm [K] - Schmelztemperatur
TiN - Titannitrid
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tp,on [μs] - Kathoden-On-Time
Tpot - potentielle Temperaturveränderung
ts,p,off [μs] - Bias-Off-Time
ts,p,offset [μs] - Bias-Offset
ts,p,on [μs] - Bias-On-Time
TZP - (engl. tetragonal zirconia polycristals) tetragonales polykristallines Zirkonoxid
vc - Schnittgeschwindigkeit
vf - Vorschubgeschwindigkeit
Vfl - Molvolumen eines verdampfenden oder sublimierenden Ausgangsmaterials
Vg - Molvolumen eines Dampfes
WC - Wolframcarbid
ZrO2 - Zirkonoxid
ZTA - (engl. zirconia toughened aluminium oxide) Zirkonoxidverstärktes Aluminiumoxid
α - Freiwinkel
α - Ionisierungswahrscheinlichkeit eines Atoms
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Extended Abstract

Introduction

Egyptian stonemasons and artists coated thin gold with chemic-mechanic processes on walls
and reliefs over 5000 years ago. These first anorganic coatings were the start of the modern
science of surface finishing [60]. Engineering design and material selection lead to reveal their
inherent limitations when confronted with the rising challenges of modern applications. These
limitations are adressed with composites materials, for example a combination of a resilient
substrate with a hard coating. Steel cutting with high cutting speed requires an ensemble of
substrate, cutting edge geometry and coating. Figure 0.1 shows a cutting edge worn out by
thermal load.

Figure 0.1: Coated cutting tool with worn out cutting edge.

Because of thermal load and the stickiness of molten parts of the steel, cutting edges need a
heat resistant protection. This protection could be provided by an oxide ceramic coating, which
shall be reviewed in this work.
Ceramic is the first manmade material. Furnaces, in which different soils wer burned, can
be dated back as far as 30,000 years. Pottery and ceramic always were an important part of
human progress. Oxide ceramic coatings for cutting tools made with chemical vapour deposition
(CVD) have been a standard process since several decades. Required coating thickness of more
than 10 μm and tensile stress are disadvantages of this technology. PVD-based technologies for
the deposition of oxide ceramic coatings often need enormous effort and expensive hardware,
resulting in substandard mechanical properties and low deposition rates.

ix



0 Extended Abstract

Objective of the work

The objective of this work is the examination of the use of electrically conductive ceramics
as target material in a HiPIMS process. Coatings deposited with that target material should
increase the cutting tool life time in turning of hardened steel with high cutting speeds.

Materials and Methods

Target form and definitions are shown in Figure 0.2.

Figure 0.2: Target with ceramic tiles. Scheme (left) and picture of a mounted target in a coating
unit (right).

In the first part of the work, several target materials with mostly zirconia based ceramics
combined with carbides were produced by manufacturers and tested in the HIPIMS process.
Micrographs of the target material structures are examined. A parameter study with a 3YSZ-
TiC target will show the influence of gas mixtures and HiPIMS process parameters referenced to
the maximum table current, which is a measured variable for the quality (mechanical properties)
of a coating.
In the second part of the work different multi-phase ceramic materials are processed. TZP-WC
and ZTA-TiC ceramic tiles (3 mixtures per system) are mounted on the same target and tested.
10ZTA-TiN is completely analysed in three compositions of TiN and prepared for a target with
28 vol.% TiN. A endurance testing of the 10ZTA-28TiN target shows the stability of the target
setting with 0.1 and 0.2 mm solder thickness.
The final part of the work comprises further HiPIMS parameter studies with 10ZTA-28TiN
targets and the design of 8 different single and multilayer coating systems:

• Coating system 1: ZTA-TiN

x



• Coating system 2: AlTiN - ZTA-TiN

• Coating system 3: AlTiN - 5x(AlTiN/ZTA-TiN)

• Coating system 4: AlTiN - 10x(AlTiN/ZTA-TiN)

• Coating system 5: AlTiN - 5x(ZTA-TiN/AlTiN)

• Coating system 6: AlTiN - 2x(ZTA-TiN/AlTiN)

• Coating system 7: AlTiN - 5x(ZTA-TiN/AlTiSiN) - TiSiN

• AlTiN

These systems are deposited on tungsten carbide specimens and cutting tools for turning op-
erations. Mechanical properties, EDX and XRD analytics are conducted. A service life study
of all coating systems compared to standard systems (TiN and AlTiSiN) is performed.

Results and Discussion

Figure 0.3 shows a SEM micrograph of one of the target compositions used in the first part of
the study.

Figure 0.3: Micrograph (left) and mounted target (right) of target composition 3YSZ-30Cr7C3

In the micrograph, an inhomogenous grain size distribution and pores are visible. Other materi-
als ordered from manufacturers show similar or worse microstructures. Some target composition
could not be used in the HiPIMS process for long due to cracks and adhesion failures of ceramic
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0 Extended Abstract

tiles. All these irregularities are based on a insufficient powder post-processing.
Measurements of maximum table currents were excecuted with different gas mixes and HiPIMS
parameters. Figure 0.4 shows the obedience to different gas mixes.

Figure 0.4: Results of the gas flow experiments with 3YSZ-TiC [43, 51]

The maximum table current had two high peaks in the low gas flow mix. One peak was ob-
served at 150 sccm argon, 0 sccm krypton (150Ar0Kr) with a maximum table current of 49.1 A,
and another was observed at 50 sccm argon and 50 sccm krypton (50Ar50Kr) with a maximum
table current of 44.8 A. 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). The low gas load can be interpreted as the
formation of a third working gas, presumably consisting of carbon monoxide, which is produced
by the decomposition of the target itself. The two peaks in the gas flow mix measurements are
probably a case of a dominating self-sputtering mechanism, reported elsewhere [5, 6, 7].
HiPIMS parameter studies with different gas mixes showed maximum table currents between
152,1 A and 3,24 A. Low gas mixes, HiPIMS frequencies and short cathode on-times lead to
higher table currents. Bias on-time and offset are strongly dependent on the length of the
cathode on-time. The main experiments of the parameter study support the results of the
preliminary experiments regard the influence of the working gas flow. Furthermore, the ta-
ble 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.
Studies with ceramic tiles produced with accurate processing of the powders show better relia-
bility. Promising mechanical properties with 10ZTA-(24,28,32)TiN ceramics could be observed.
Figure 0.5 shows the long-term study of 10ZTA-28TiN targets with 0.1 mm solder thickness.
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Figure 0.5: Long-term study documentation of 10ZTA-28TiN targets. Displayed numbers are
hours of operation.

With 0.2 mm solder thickness, the process was not stable enough for long-term use. HiPIMS
requires a better cooling of the target due to higher energy at the cathode surface [61]. With
the right post-porcessing of the powder and 0.1 mm solder thickness the target has the relia-
bility to be used in modern HiPIMS coating processes. The 10ZTA-28TiN was further used to
deposit different coating systems as shown in Figure 0.6.

Figure 0.6: Details of calo test pictures of different coating systems.

Coating systems 1 to 6 and AlTiSiN were measured with 3 μm coating thickness. AlTiN and
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TiN had 2 μm and coating system 7 had 4 μm coating thickness. Hardness measurements show
the same hardness for coating systems 1 to 6 (30-33 GPa). AlTiN (36,8 GPa) and coating
system 7 (39,6 GPa) are significantly harder. EDX measurements show a decrease of oxygen by
comparing target material and pure ZTA-TiN coatings. XRD analysis is shown in Figure 0.7.

Figure 0.7: XRD analysis of coating systems 1 to 7 and AlTiN. Only relevant reflexes of ICDD
cards are shown.

Coating system 1 shows a broad reflex between 25◦ and 40◦, which shares not only the reflexes
of cubic TiN and AlN, but also hexagonal AlN. Coating systems 2 to 6 show reflexes suitable
for cubic TiN and AlN. In fact, ZTA-TiN layers in coating systems 2 to 6 are always deposited
on cubic AlTiN layers, therefor it can be reasoned that the ZTA-TiN layer continues the phase
growing by the antecedent layer. Tungsten carbide has a hexagonal phase structure, which
could be a reason for the hexagonal phase of ZTA-TiN in coating system 1.

xiv



Finally, a performance cutting test with coating systems 1 to 7, TiN, AlTiN and AlTiSiN was
conducted as shown in Figure 0.8.

Figure 0.8: Performance test results with cutting tools. Error bars show distance to minimal
and maximum value.

Coating system 1 and TiN have worn out after 13 cut-ins. Coating systems 2 to 6 and AlTiN
are at the same level of wear around 65 to 82 cut-ins. Highest performance results were observed
with coating system 7 (143 cut-ins) and AlTiSiN (117 cut-ins). Figure 0.9 shows wear pictures
of these two variants after 130 cut-ins.

Figure 0.9: Light optical microscope pictures of cutting face (above) and tool flank (bottom)
of cutting tools with AlTiSiN (left) coating system 7 (right) after 130 cut-ins.
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The distinctive staining on the tool flank of the AlTiSiN-coated tool is especially noteworthy.
Also, the width of wear ist significantly higher than on the coating system 7 coated tool.

Summary

In conclusion, the main goals of this work have been accomplished. Multi phase systems with
a high share of oxide have been shown to be useable as target materials in a conventional
sputter apparatus. Correct milling and mixing of ceramic powders for the ceramic tiles and
thin soldering between tiles and copper plate lead to stable processing of these targets. Oxide
ceramic target materials like ZTA-TiN are a great option to delay wear on cutting tools in high
velocity cutting operations.
Of interest for future investigations could be the reducing of doping content in the oxide target
materials. Also, a reactive HiPIMS process with nitrogen or nitrogen oxide could lead to a
ZTA-TiN coating with a cubic phase and without a basic layer.
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