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Zusammenfassung 

Steigende Anforderungen an höhere Produktivität in der Fertigung führen zu komplexen 

Beanspruchungen von Werkzeugen wie Hartmetallen in der Zerspanung oder Warmarbeits-

stählen für Ur- und Umformwerkzeuge. Dabei überlagern sich mechanische, chemische und 

thermische Belastungen. Hartstoffschichten wie Al₂O₃ verlängern durch ihre hohe Warmhärte, 

Oxidations- und Verschleißbeständigkeit die Standzeit von Werkzeugen und sind in der Zer-

spanung etabliert. Industriell erfolgt deren Abscheidung auf Zerspanwerkzeuge fast aus-

schließlich durch chemische Gasphasenabscheidung (CVD) bei Substrattemperaturen von 

Ts > 800 °C. Dies schränkt jedoch die Anwendung auf Warmarbeitsstählen ein. Die 

physikalische Gasphasenabscheidung (PVD) könnte eine Alternative bieten, scheitert jedoch 

bislang an der industriellen Umsetzung kristalliner Al₂O₃-Schichten. Gründe hierfür sind die 

prozessbedingte Targetvergiftung in sauerstoffhaltigen Prozessen sowie die Bildung über-

wiegend amorpher Phasen bei Ts < 700 °C. 

 

Diese Arbeit untersucht kristalline AlCrN/(Al,Cr)₂O₃-Hartstoffschichten mit hohem 

Aluminiumanteil xAl > 70 At.-% als potenzielle Lösung für Warmarbeitsstähle. Die Synthese 

erfolgt mittels High-Speed-PVD (HS-PVD), das sich durch reduzierte Empfindlichkeit 

gegenüber Targetvergiftung und stabile reaktive Prozesse sogar bei Ts > 800 °C auszeichnet, 

und sich somit als Alternative zu CVD-Al₂O₃ auf Hartmetallwerkzeugen anbietet. Das 

Leistungspotenzial wird anhand von AlCrN/(Al,Cr)₂O₃-beschichtetem X40CrMoV5-1-Stahl in 

Kontakt mit 100Cr6-Schmelze zur Bewertung der Diffusions- und Stahlanhaftung für 

Formwerkzeuge untersucht. Zudem wird beim Drehbearbeitung von C45+N mit Al₂O₃-

beschichteten WC-Co-Werkzeugen das Verschleißverhalten erforscht. Die Al₂O₃-

beschichteten Hartmetalle zeigen eine hohe Phasenstabilität bis T = 1.200 °C und deutliche 

Standzeiterhöhung, insbesondere beim Einsatz geeigneter nitridischer Haftvermittler wie 

TiAlN. Trotz thermisch induzierter Zugspannungen infolge hoher Substrattemperatur von 

Ts ≈ 850 °C können durch Prozessanpassungen Druckeigenspannungen in Al₂O₃-Beschich-

tungen erzielt werden, was gegenüber den typischen Zugeigenspannungen in CVD-Al₂O₃ für 

die Zerspanung vorteilhaft ist. Die Ergebnisse belegen das Potenzial von HS-PVD zur 

Herstellung oxidischer Hartstoffschichten für Hochtemperaturanwendungen wie das Ur- und 

Umformen von Stahl sowie zur Leistungssteigerung von Hartmetallen in der Zerspanung.
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Abstract 

Increasing demand for higher productivity in manufacturing processes results in complex stress 

collectives on tools, such as cemented carbides used in cutting applications and hot work steels 

employed in primary shaping and forming operations. These tools experience a combination 

of mechanical, chemical, and thermal stresses. Hard coatings like Al₂O₃ are well-established in 

cutting applications due to their excellent hot hardness, oxidation, and wear resistance, which 

significantly extend tool life. Industrially, these coatings are almost exclusively deposited via 

chemical vapor deposition (CVD) at substrate temperatures above Ts > 800 °C, limiting their 

applicability on hot work steels due to thermal sensitivity. Moreover, industrial breakthroughs 

of Al₂O₃ coatings through Physical Vapor Deposition (PVD) techniques remain unresolved. 

Key challenges include target poisoning in oxygen-containing reactive processes and the 

predominance of amorphous phases in coatings synthesized at low substrate temperatures 

Ts < 700 °C. 

 

This work investigates crystalline AlCrN/(Al,Cr)₂O₃ hard coatings as a potential solution for 

hot work steels. The higher aluminum content xAl > 70 at.-% than previously analyzed in the 

state of the research, promotes higher thermal stability. The coatings are synthesized using High 

Speed PVD (HS-PVD), a technology characterized by reduced sensitivity to target poisoning 

and stable reactive processing even at Ts > 800 °C. Thus, it offers a promising alternative to CVD 

in cutting applications. The performance potential is evaluated through immersion tests of 

AlCrN/(Al,Cr)₂O₃ coated X40CrMoV5-1 steel in molten 100Cr6 steel, assessing diffusion and 

adhesion behavior relevant to forming tool applications. Furthermore, cutting performance of 

Al₂O₃ coated WC-Co tools at Ts ≈ 850 °C in turning operation of C45+N is studied. Using 

process parameter optimization Al₂O₃ coatings with compressive residual stresses are deposited 

by HS-PVD even at Ts ≈ 850 °C. These compressive stresses increase cutting performance over 

the tensile stresses usually found in CVD Al₂O₃. Al₂O₃ coated cemented carbides in this study 

reveal phase stability up to T = 1,200 °C, and significant increase in service life particularly when 

combined with nitride-based interlayers such as TiAlN in turning operations. The results 

demonstrate the potential of these oxide-based coatings synthesized by HS-PVD under high 

temperature conditions for manufacturing processes, including the hot forming of steels and as 

a possible alternative to CVD Al2O3 in enhancing the performance of cemented carbides in 

machining operations. 
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1 Introduction 

Manufacturing processes are increasingly focused on achieving high productivity. This rise in 

productivity often results in complex stress collectives on tool materials. The mechanical, 

chemical, and thermal loads usually overlap under such conditions. Consequently, tools reach 

the end of their service life more quickly. One approach to extending tool life is the application 

of thin protective coatings. Tools used in primary shaping, forming, and cutting are the main 

application areas for oxide coatings. Due to its excellent wear resistance, hot hardness, and 

chemical inertness, Al2O3 is a promising coating material for further increasing the service life 

of production tools under such complex stress collectives.  

 

Although nitride and diamond-like carbon (DLC) coatings have become industrially 

established in many processes, Al2O3 coatings synthesized by physical vapor deposition (PVD) 

have yet to achieve industrial breakthroughs despite their potential advantages. The possibility 

of lower substrate temperatures Ts < 600 °C in PVD processes enables coating of temperature 

sensitive tool materials such as hot work tool steel, which is used in primary shaping and 

forming tools. However, the lower crystallinity of binary Al2O3 coatings deposited by PVD at 

these low temperatures reduces their thermal stability. Modifying binary Al2O3 coatings with 

Cr facilitates the synthesis of crystalline (Al,Cr)2O3 solid solutions at lower substrate 

temperatures Ts < 600 °C through PVD. However, challenges such as phase transformation and 

thermal instability, addressed in [KLJ+12], persist particularly in coatings with high chromium 

content xCr ≥ 30 at.-% in the metal portion. Coatings with high aluminum content xAl > 70 at.-% 

remain largely unexplored despite their potential advantages in enhancing thermal stability. 

Furthermore, a thermally stable interlayer system is required not only for the adhesion strength 

enhancement of (Al,Cr)2O3 on the hot work steel, but also to prevent issues such as thermal 

instability and porosity, observed in [BBK+19] for the selected metallic AlCr interlayer. 

 

Crystalline Al₂O₃ coatings synthesized by chemical vapor deposition (CVD) are established as 

a benchmark for cutting operations. Cemented carbide tools with CVD-Al2O3 are still among 

the best-selling products for turning operations. The drawbacks of CVD processes for cutting 

tools include thermal cracks, tensile stress formation, and tool embrittlement. Moreover, the 

high process temperature required to deposit CVD coatings limits the choice of suitable 

substrate materials. Besides the problems mentioned in cemented carbide cutting tools, there 

are even more problems for forming tools, where we most likely deal with steel dies that require 
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an additional heat treatment after the CVD process. These drawbacks of CVD processes have 

increased interest in synthesizing crystalline Al₂O₃ at high temperatures T > 700 °C by PVD. 

However, existing research in this context is limited and has primarily focused on fundamental 

investigations such as phase formation. The high-temperature properties, residual stress states, 

and machining performance of Al2O3 coatings deposited by PVD at T > 700 °C leave significant 

knowledge gaps. Challenges such as process instability due to target poisoning, deposition of 

reproducible coatings with the desired stoichiometry, and a narrow process window addressed 

in literature can be a reason for these limited studies. 

 

The studies of alumina coatings synthesized by PVD emphasize the necessity of a deposition 

technique to overcome the existing limitations of conventional PVD processes. High speed 

PVD (HS-PVD) used in this dissertation is a special process variant of PVD technology. It 

works based on the principle of hollow cathode gas flow sputtering (GFS). Two characteristic 

properties can describe GFS. A hollow cathode glow discharge prevents the migration of gas 

ions from the electric field in front of the cathodes, enhancing the plasma ionization. HS-PVD 

can be a potential solution to enhance the deposition rate while maintaining process stability in 

a reactive process. The reason is the separation of the reactive gas inlet from the target surface 

as well as convective particle transport, reducing the target poisoning.  

 

This work addresses the research gaps in synthesizing (Al,Cr)2O3 coatings with high aluminum 

content xAl > 70 at.-% in the metal portion. The investigations focus on finding a suitable high-

temperature stable interlayer and analyzing the effect of reduced Cr content on performance at 

high temperatures. The hot work tool steel X40CrMoV5-1 coated with HS-PVD will be 

examined under harsh conditions in contact with molten steel 100Cr6 in immersion tests for 

the first time. The basic aspects regarding the adhesion of molten steel to (Al,Cr)2O3 coatings 

and the chemical and structural stability of the coatings will be investigated. In addition, this 

work aims to contribute to the limited research into the high-temperature T > 700 °C synthesis 

of Al2O3 coatings using PVD for cemented carbide tools in cutting applications. The specific 

characteristics of HS-PVD, which reduce the target poisoning, have an advantage in enabling 

stable reactive oxide processes at such high deposition temperatures. Moreover, it will be 

investigated whether the compressive residual stresses in HS-PVD coatings can be achieved 

despite thermally induced tensile residual stresses. The cemented carbide tools coated with 

Al2O3 by HS-PVD will be examined in turning tests that focus on cutting applications.  
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2 State of the art 

This chapter begins by introducing the fundamentals of PVD technology. The High Speed PVD 

process, used for coating development and application in this dissertation, is presented along 

with its advantages over conventional PVD technologies. The underlying principles of this 

technology are explained, focusing on hollow cathode discharge and gas flow sputtering. 

Furthermore, this dissertation reviews the properties, application areas, and synthesis 

technologies of aluminum-based oxide coatings that are used for wear protection. The focus is 

on tools used in manufacturing technology, particularly primary forming and cutting tools. The 

challenges associated with synthesizing alumina coatings at lower substrate temperatures 

Ts < 700 °C and high temperatures Ts ≥ 700 °C by PVD are discussed. 

 

2.1 Fundamental of physical vapor deposition  

Physical vapor deposition (PVD) techniques rank among the commonly utilized coating 

deposition technologies. In accordance with DIN 8580, they are classified under the fifth main 

group of manufacturing processes, “coating”, within its eighth subgroup 5.8, “coating from the 

gaseous or vaporous state (vacuum coating)”. The following fundamentals of PVD technology 

are gathered mainly from [Bob13], in addition to the literature cited. 

 

PVD is vacuum-based coating technology in which the coating material is deposited onto a 

substrate via thermal or kinetic energy through the gas phase. The coating process occurs in a 

fine or high vacuum with pressures of 10-4 Pa ≤ p ≤ 10 Pa. PVD methods allow for the synthesis 

of coatings with thicknesses s varying from a few nanometers to several micrometers, typically 

less than s = 10 µm. Depending on the energy supply, PVD processes are classified as sputtering 

or thermal evaporation. The PVD process is divided into three phases. The first phase involves 

using high energy to change the solid coating material, known as the “target,” into the gas phase. 

The coating particles are transported via the gas phase to the coating substrate in the second 

phase. These particles then condense on the substrate’s surface, enabling coating formation and 

growth in the third phase. 

 

The film growth in the third phase is determined by both the incoming particles’ characteristics 

and the substrate surface’s nature. When atoms reach a solid surface, they may either bounce 

off immediately or transfer enough energy to become temporarily attached as adatoms. Over 

time, more atoms adhere to these adatoms, leading to the formation of small clusters. Once 
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these clusters exceed a critical size, they continue to grow into crystallites through 

heterogeneous nucleation on the substrate. Subsequently, thin films can be formed by crystallite 

merge and expansion.  

 

A negative bias voltage is usually applied to the substrates in PVD processes. This negative 

voltage accelerates the positively charged particles towards the substrate, enhancing adatom 

mobility and increasing particle bombardment of the substrate. Consequentley, the bias voltage 

can influence the kinetic energy of film-forming particles, thereby impacting coating properties 

such as morphology and residual stress. Moreover, the kinetic energy of the arriving particles 

impacts how strongly they bond to the substrate. The mass, chemical composition, impact rate, 

and angle of the incoming particles are the other factors influencing the coating properties. The 

substrate also plays a crucial role by influencing film formation through its surface roughness, 

chemical composition, and temperature. The substrate temperature in PVD processes is usually 

in the range of 100 °C ≤ Ts ≤ 600 °C. This allows the coating of temperature sensitive substrate 

materials, such as hardened steel, at temperatures below their annealing temperatures. As a 

result, the coating process does not result in an undesirable drop in the substrate’s hardness. In 

addition, lower process temperatures reduce the risk of thermal distortion or dimensional 

change of complex tools, which is critical in precision applications such as die casting [Nog11]. 

 

The morphology of PVD coatings is influenced by several factors, including the specific PVD 

technique employed, process parameters, chemical composition, and coating architecture. In a 

monolayer coating architecture, where the chemical composition remains uniform across the 

coating thickness, a columnar morphology is typically observed. As the diameter of the columns 

increases with increasing layer thickness, the compressive residual stress generally rises. This 

limits the maximum coating thickness for monolayers having dense morphology. Furthermore, 

this aspect challenges conventional PVD processes such as magnetron sputtering and arc PVD 

for deposition of monolayer coatings with a thickness of s ≥ 10 µm. The process of re-nucleation 

during coating growth results in a dense, fine-crystalline morphology. However, this change 

reduces compressive residual stress, enabling the thickness of the coating to be increased, 

particularly in multilayer coating architecture. 

 

Nitride, oxide, oxynitride, and carbide coating systems can be synthesized using reactive gases 

such as N2, O2 and C2H2 in a reactive PVD process. One of the cost-effective power supplies with 
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simple process control used in PVD technology is the direct current (dc) source. This is mostly 

used in magnetron sputtering (MS), which is known as direct current magnetron sputtering 

(dcMS). In a conventional dcMS discharge, the cathode is kept at a constant negative voltage. 

A phenomenon that may occur in a reactive PVD process is the formation of non-conductive 

layers on targets, known as "target poisoning". Target poisoning leads to consequent arcing, 

process instability, reduction of deposition rate, and in worst case, the complete process 

breakdown. The reduction of target poisoning is particularly relevant to synthesizing the oxide 

coating systems addressed in this dissertation. 

 

The insulating layer on the target’s surface acts as a capacitor, where the target serves as one 

conductor and the plasma as the other conductor. Since direct current cannot pass through a 

capacitor, this leads to two major issues, described in the following [Sel98]: 

 

1. Since ion current is essential for sputtering, areas covered by the insulating film receive no 

ion bombardment. This prevents further material removal, resulting in additional growth 

of the insulating layer on the target. 

2. If the parasitic capacitor cannot fully charge to the applied voltage, dielectric breakdown 

may occur, causing a sudden release of charge carriers. This increases local current density, 

potentially leading to arcing, which introduces unwanted particulate contamination. 

 

Preventing target poisoning is one of the critical factors for the success of reactive PVD 

processes and one of the challenges, especially in the deposition of oxide coating systems from 

metallic targets. One approach that has been used to reduce target poisoning is the use of pulsed 

dc power supplies, developed during the late 1980s [Smi95]. Over time, these evolved into 

medium frequency (mf) and high power pulsed magnetron sputtering (HPPMS) technologies. 

The effectiveness of pulsed power supplies in eliminating target poisoning is based on 

fundamental physical principles. By employing pulsed power supplies, the applied voltage is 

periodically reversed or switched off at intervals. This allows charge buildup to dissipate as 

electrons in the plasma neutralize the insulating areas during the negative pulse phase. A further 

development of mfMS is HPPMS technology. Hereby, pulses with on time of 40 µs ≤ ton ≤ 200 µs 

and frequencies in the range of 500 Hz ≤ f ≤ 4,000 Hz are used [CTS+04]. HPPMS enhances the 

ionization of the target material due to its high power density, enabling the efficient removal of 

even difficult-to-sputter materials. 
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Although pulsed technologies offer significant advantages in reactive sputtering processes, 

certain challenges persist. Pulsed power supplies require more complex control mechanisms 

and are often associated with higher costs. Additionally, efficiency losses in power transmission 

can occur, especially if the pulses are too short or excessively intense. Another major drawback 

of pulsed power supplies is their generally lower deposition rate compared to dc power supplies. 

This not only limits their suitability for applications requiring thick coatings s > 15 µm but also 

affects overall production efficiency in batch processes, where achieving high productivity is 

essential for industrial competitiveness. Studies in [SCC+04] have shown that for HPPMS, the 

deposition rate for reactive sputtering of alumina is approximately three times lower than for 

conventional dc sputtering. 

 

Further challenges arise when depositing highly insulating materials, such as oxide coatings, 

using this technique. These include: 

1. Extensive process optimization: Achieving a stable process requires significant effort in 

optimizing deposition parameters before a coating with the desired stoichiometry can be 

reproducibly synthesized. 

2. Continuous monitoring and adjustments: To obtain stoichiometric coatings while 

maintaining a high deposition rate, constant monitoring and fine-tuning of process 

parameters are essential. 

3. Limited process window: To create a reactive sputtering process that is stable in the long-

term, has less arcing, and does not significantly affect the deposition rate, a narrow 

process window is often utilized. 

 

2.2 High Speed physical vapor deposition 

HS-PVD is a special variant of the PVD process and belongs to the sputtering techniques family. 

This coating technology is based on a combination of hollow cathode discharge (HCD) and gas 

flow sputtering (GFS). This chapter provides a detailed discussion of this process, presenting 

the specific characteristics of HCD and GFS. 

 

2.2.1 Hollow cathode discharge 

In this subchapter, the fundamentals are gathered from the works of [LL05], [MP15] and the 

literature cited. The development of hollow cathode technology has evolved significantly over 

time, driven by advancements in vacuum discharge research and thin film deposition 
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techniques. The term “hollow cathode discharge” typically refers to plasma within a cathode 

that has a cavity-like geometry. A glow discharge with a planar cathode, which is typical in 

conventional PVD processes, is shown schematically in Figure 2.1.  

 

 

Figure 2.1: Schematic of glow discharge with a planar cathode after [MP15] 

 

Hereby, the potential applied between the cathode and the anode produces a non-uniform 

electric field between the parallel electrodes. The difference in electron and ion mobility is 

responsible for this strong electric field at the cathode and less close to the anode. The cathode 

sheath, which is the region connecting the cathode to the bulk plasma or negative glow region, 

contains three different regions, as described in the following:   

 

1. Aston dark space: This area is characterized by minimal visible light emission in front of 

the cathode, with an electric field that decreases linearly from the cathode to the negative 

glow region.  Electrons in this area do not have enough energy for gas ionization. 

2. Cathode glow: The electrons emitted from cathodes possess sufficient energy to excite the 

neutral gas and atoms sputtered off the cathode surface. 

3. Cathode dark space: This region accounts for most of the drop in voltage between the 

cathode and negative glow region, which is also referred to cathode fall. This voltage drop 

results from gas ionization. The emitted electrons from the cathode are accelerated away 

from the cathode through the cathode fall.  

 

The negative glow region is the brightest part of the discharge, with a sharp boundary at the 

cathode dark space but a more diffuse transition into the Faraday dark space.  This area consists 

of a high density of electrons with high energy, extending up to several tens of electron volts. 
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Gas ionization takes place in the negative glow region through collisions between the 

accelerated electrons and gas atoms or molecules. The gas ions are accelerated toward the 

cathode in the cathode fall region. When they collide with the cathode surface, they release 

secondary electrons, which then contribute to the ionization process. The discharge is 

maintained by secondary electron emission from the cathode. The energetic secondary 

electrons provide the ionization required to maintain the discharge. 

 

At the end of the negative glow, the electrons have lost most of their energy. This leads to a 

reduced chance of excitation and ionization, marking the beginning of the Faraday dark region. 

The Faraday dark space is typically short and exhibits a slight increase in the electric field before 

transitioning into the positive column, where the field remains low and uniform. The electrons, 

which are responsible for most of the current in the positive column, are prevented from 

reaching the cathode. 

 

The fundamental characteristics of planar glow discharge, as previously explained, are crucial 

for analyzing the modifications introduced by hollow cathode geometries. By the 1970s, the 

vacuum coating industry began exploring hollow cathode discharges for coating deposition. 

The hollow cathode can have either a circular or linear geometry. Hereby, the focus is on the 

linear source that is used in the HS-PVD coating unit for this dissertation.  

 

The hollow cathode with a linear geometry consists of two plates positioned at a specific 

distance from each other. The zones of the glow discharge on both sides overlap due to the 

position of the two cathodes standing opposite each other. As a result, the negative glow light 

of the hollow cathode discharge is largely enclosed by the cathode surface. This arrangement 

reduces gas ions from escaping the electric field in front of the cathodes.  Due to this, the loss 

of ions, caused by recombination, can be reduced in a hollow cathode. Therefore, no magnetic 

field is required to trap electrons in front of the targets, as in MS. As A. Günter-Schulze already 

described in 1923, one of the positive characteristics of hollow cathode discharge is known as 

the “pendulum effect” [Gün23]. Due to the parallel arrangement of the cathodes, the electrons 

that enter the negative glow region are slowed down by the other cathode side because of similar 

charges and are accelerated to the opposite side. These electrons are trapped inside a hollow 

cathode and have a pendulum movement, which increases the total distance each electron 

travels. As a result, electrons have many more chances to collide with gas atoms which leads to 
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a greater probability of ionization. The hollow cathode effect typically depends on specific 

discharge conditions, including the parameters of the external circuit, gas pressure, and the 

geometric dimensions of the hollow cathode [FVC+17].  

 

2.2.2 Gas flow sputtering 

The principle of GFS in this subchapter is discussed based on the publications of Ishii. The GFS 

has been addressed since 1988 in studies of Ishii et. al., in which they examined GFS for 

sputtering of Cu [IHT88]. The sputtering source in GFS is a hollow cathode, which can be either 

a cylindrical target or two planar target plates. The principle of the GFS or HS-PVD process, as 

applied in this dissertation, is schematically illustrated in Figure 2.2.  

 

 

Figure 2.2: Illustration of HS-PVD principle 

 

The process gas flows through the hollow cathode, which consists of two target plates positioned 

at a specific distance of dtarget ≈ 2 cm from each other. Noble gases, such as argon in the case of 

HS-PVD, are usually used as process gases. A sufficiently high negative voltage is applied to the 

hollow cathode, igniting a glow discharge between the two parallel cathode plates and initiating 

plasma formation. The electrons emitted from the target ionize the process gas and generate 

positive ions. The positive gas ions accelerate toward the negatively charged targets. This 

bombardment causes sputtering of the material from the target surfaces. Unlike the MS process, 
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no magnetic field is required to trap electrons in front of the targets. The target arrangement in 

HS-PVD reduces the escape of gas ions and electrons from the electric field near the cathodes 

and acts effectively as a trap.  

 

Another characteristic of this process compared to arc PVD and MS is the convective transport 

of the sputtered particles to the substrate. This is achieved by a directed inert gas flow through 

the hollow cathode. Moreover, the process gas flow can be up to 15 times higher than in 

conventional PVD processes [JW93], leading to a process pressure in the fine vacuum range, 

1 Pa ≤ p ≤ 100 Pa, rather than the high vacuum range of conventional PVD, 10-4 Pa ≤ p ≤ 10 Pa 

[Bob13]. A negative bias voltage is applied to the substrate, which is positioned in front of the 

hollow cathode. The positively charged particles are accelerated towards the substrate with 

enhanced kinetic energy, resulting in a denser coating morphology. Moreover, reactive gases 

are supplied outside of the hollow cathode. This eliminates target poisoning compared to 

conventional PVD processes, where the entire target surface is directly exposed to reactive 

gases. All the characteristics mentioned in the HS-PVD process can influence the residual stress 

in the growing coating. However, the specific effects of these characteristics remain to be 

thoroughly investigated. 

 

2.3 Al2O3 coatings in manufacturing processes 

According to DIN 8580, manufacturing processes are categorized into six main groups. Tools 

used in the first three groups, such as primary shaping (GER. Urformen), forming (GER. 

Umformen), and cutting (GER. Trennen), are the main application areas for oxide coatings. 

Primary shaping involves creating solid bodies from formless materials and cutting produces 

components by the local separation of material.  

 

Primary shaping and forming 

The high pressure die casting (HPDC) is regarded as highly sustainable due to the significant 

amount of material processed in the final product. HPDC is particularly resource-efficient for 

high production volumes and automation, and it is well-established in the industry for low-

melting alloys like aluminum and magnesium. The tools used in HPDC are made from alloyed 

hot work tool steels, with the most common types being Cr- and Mo-containing steels such as 

X38CrMoV5-1 and X40CrMoV5-1 [MC25]. Die casting of high-melting alloys places 

enormous demands on the tool material. The high melting temperatures of steel alloys expose 
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the tools to severe thermal fatigue, oxidation, and adhesion of molten metals, causing 

conventional hot work tool steels to reach their performance limits. In comparison to hot work 

steel tools, ceramic dies are expensive, particularly when the mold geometry is complex. 

Moreover, ceramic casting tools have a strong tendency to fail especially when thermal cycling 

is combined with mechanical forces. Currently, no industrially viable solutions exist for HPDC 

of high-melting alloys like steel materials. Consequently, several studies have suggested that 

using metallic dies with a coating capable of withstanding harsh conditions during the primary 

shaping and forming of steel alloys may be viable [LHK+01]. Semi-solid metal (SSM) processing 

is driven by significant technological potential. This process involves forming in the semi-solid 

state between the solidus and the liquidus. Consequently, SSM forming is conducted at lower 

temperatures than HPDC. This significantly reduces thermal loads on tools, while a relatively 

low viscosity of the semi-solid material is obtained. Another advantage is reduced shrinkage 

due to the high solid fraction, xsolid = 40 % [HK09]. Flemings and his group first discovered this 

process in the early 1970s [FBB+78]. Thereby, tools made from X40CrMoV5-1 were used for 

SMM die casting of 34CrNiMo6 steel. The lock-up time after injection of SMM metal to the die 

could be adjusted in range of 0 s < t < 30 s. After injection tools were cooled for tInjec. ≈ 5 s. The 

maximum production rate of 40 components per hour could be reached. However, the semi-

solid forming of high-melting steel alloys has not yet achieved industrial applicability. This is 

due to technological challenges, primarily due to the higher processing temperatures required 

compared to the SSM forming of low-melting alloys. The temperature range for steel alloys 

depends on the selected material and varies in the range of 1,250 °C < T < 1,500 °C [HK09].  

 

Among steel alloys, X210CrW12 and 100Cr6 have emerged as particularly suitable for semi-

solid processing. Their broad semi-solid regimes make them ideal candidates for detailed 

investigations into phase formation during processing, leading to extensive studies. The 

investigations in [LHK+01] compared uncoated and coated high-melting molybdenum-alloy 

dies in the semi-solid forming of steel. Different oxide-based coatings such as Al2O3, ZrO2, and 

MgAl2O4 were tested. The coated dies, regardless of the coating system, showed higher 

oxidation resistance than the uncoated ones after producing 10 steel components. The uncoated 

tool was not feasible since it strongly sublimates in the SSM forming of 100Cr6. Moreover, it 

was found that these short-term investigations were insufficient to distinguish the effect of 

coating systems. The authors assumed that the coating system might influence the dies’ 
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performance after long-term testing. Overall, the study demonstrated the potential of oxide-

based coating systems for application in semi-solid steel forming.  

 

Among various coating systems, crystalline Al2O3 coatings offer excellent thermal stability, 

oxidation resistance, and anti-adhesive properties, making them particularly promising for die 

casting and forming applications. Studies in [KSA+04] investigated Al2O3 coatings regarding 

their performance in the semi-solid forging of 100Cr6 steel with tool materials made from 

X38CrMoV5-1 hot work steel. The tool exhibited significant mechanical and corrosive damage 

after eight test cycles. Furthermore, Al2O3 coatings synthesized by PVD were examined on 

X38CrMoV5-1 dies in semi-solid forging tests of X210CrW12 steel [BBI08]. An investigation 

of the Al2O3 coated tool, after 33 forming cycles, revealed that the coating remained intact and 

stable. In [BLM06b], steel upsetting model tests were conducted on Al2O3 coated molybdenum-

based plates. After 50 tests, the coated plates showed only minimal marks of iron adhesion, and 

no coating delamination was observed. 

 

Cutting 

Turning is a machining process classified under the “cutting” category and is further 

categorized under machining with geometrically defined cutting edges in DIN 8580. Coated 

carbide tools are established for machining with a geometrically defined cutting edge. 

Approximately 85 % of all cemented carbide tools used in turning operations are coated with 

wear-resistant hard coatings [NN14]. Depending on process conditions and material 

combinations, the tools are subjected to crater wear, flank wear, and notch wear, which result 

from abrasion, adhesion, diffusion, or oxidation. Additionally, chipping can occur due to 

cohesive substrate failure. One of the main focuses of coating used in cutting applications is 

wear protection against abrasion and adhesion. The temperature at the cutting edge determines 

the wear mechanisms affecting the tool during machining [Klo18]. While abrasion and 

adhesion dominate at lower cutting temperatures, tool wear at higher temperatures is primarily 

caused by diffusion and oxidation in addition to abrasion. As cutting temperatures rise, research 

priorities shift toward high-temperature properties of coated tools, especially oxidation 

resistance and diffusion barrier functionality. Effective abrasion protection at high 

temperatures can be achieved when the coatings possess sufficient high-temperature strength. 

Due to these properties, cemented carbides with CVD-Al2O3 are still one of the best-selling 

products for turning operations [Bob17]. However, due to its predominantly ionic bonding, 
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Al₂O₃ has a low tendency to adhere to metals. This characteristic presents a disadvantage when 

Al₂O₃ coatings are deposited directly on metallic substrates. This material incompatibility leads 

to reduced adhesion, which makes the deposition of a suitable interlayer necessary. Therefore, 

the next subchapter 2.4 deals with the interlayer systems studied in this context so far. 

Subsequently, subchapter 2.5 provides a more detailed explanation of the properties and 

synthesis methods of Al₂O₃ coatings. 

 

2.4 TiAlN and AlCrN systems as an interlayer for Al2O3 

The first PVD coating used in the industry was TiN [Mat85]. Compared to the TiN coating used 

on cutting tools, the TiAlN system has higher hardness. The addition of Al to the cubic crystal 

structure of TiN leads to solid solution strengthening. Moreover, passive layers of Al2O3 form 

on top of the TiAlN coating which makes TiAlN considerably more oxidation resistant than 

TiN coatings. Therefore, TiAlN was considered in several studies as interlayer for the alumina 

coatings deposited by PVD. Within the DFG project BO 1979/3 “Nanocrystalline γ-Al2O3 

coatings: Fundamental investigations on synthesis, structure and machining properties” studies 

were conducted on synthesizing γ-Al2O3 coatings using MS at IOT in Aachen, Germany. 

Hereby, to improve adhesion of γ-Al2O3 on the cemented carbide substrate, the (Ti37Al63)N 

interlayer was employed [BBR+10]. To provide high hardness and oxidation resistance, the high 

Al content in (Ti37Al63)N was considered. The transition from (Ti37Al63)N to γ-Al2O3 was 

conducted in different ways: a direct and sharp transition from (Ti37Al63)N to γ-Al2O3 or with a 

graded transition zone. During coating process within the transition zone, a continuous 

reduction in the (Ti37Al63)N and a uniform increase in the amount of γ-Al2O3 were conducted. 

After annealing for t = 1 h at T = 1,200 °C in vacuum, the (Ti37Al63)N, containing cubic c-TiN 

and c-AlN, transforms into c-TiN and hexagonal h-AlN in both variations. It can be concluded 

that the c-AlN is not phase stable at T = 1,200 °C. Moreover, the thickness of the (Ti37Al63)N 

interlayer increases, explained by formation of h-AlN with a higher average volume than c-AlN.  

 

After annealing tests in the atmosphere, the formation of α-Al2O3 begins at T = 900 °C and is 

influenced by the choice of transition zone between the (Ti37Al63)N interlayer and γ-Al2O3. After 

annealing in the atmosphere at T = 1,000 °C, a higher content of α-Al2O3 is observed for 

coatings with graded transition zone compared to coatings with a direct transition. The non-

graded TiAlN/γ-Al2O3 coating still possess much γ-phase [BBR+10]. Furthermore, the 

compound adhesion strength analysis using scratch test exhibits  higher critical loads for graded 

https://www.sciencedirect.com/topics/engineering/physical-vapor-deposition
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(Ti37Al63)N/γ-Al2O3 compared to coatings with direct transition from (Ti37Al63)N to γ-Al2O3 

before and after annealing tests at T = 900 °C in ambient air [Ewe12]. 

 

Due to their outstanding wear, adhesion, and oxidation resistance at high temperatures, AlCrN 

hard coatings also have established wear protection as coatings for tools. Compared to the 

binary c-CrN coating, the ternary AlCrN coating with a cubic structure exhibits increased 

hardness while having a lower indentation modulus [Hol84]. The influence of two different 

interlayer systems, (Ti37Al63)N and (Al40Cr60)N, on the thermal stability of γ-Al2O3 was the focus 

of further investigations within the DFG project BO 1979/3 at IOT, Aachen [BBM+11]. The 

graded (Ti37Al63)N/γ-Al2O3 and (Al40Cr60)N/γ-Al2O3 coated cemented carbide substrates were 

investigated after annealing tests for t = 1 h in atmosphere at T = 900 °C and T = 1,000 °C. 

(Ti37Al63)N/γ-Al2O3 developed α-Al2O3 and TiO2 after annealing at T = 1,000 °C, while 

(Al40Cr60)N/γ-Al2O3 stayed stable and no α-Al2O3 or Cr2O3 was formed.  

 

It was shown that the oxidation resistance of the γ-Al2O3 can be increased by choosing the more 

stable (Al40Cr60)N interlayer. However, the oxidation resistance was limited to T = 1,000 °C, as 

the (Al40Cr60)N/γ-Al2O3 coating was destroyed at higher temperatures and no further analysis 

was possible. Despite higher oxidation resistance, scratch tests after annealing tests showed a 

lower critical force for (Al40Cr60)N/γ-Al2O3 coated samples compared to (Ti37Al63)N/γ-Al2O3. 

When depositing γ-Al2O3 on (Al40Cr60)N  interlayer, the problem of the oxidized CrN in form 

of Cr2O3 arises. The thermally grown oxide (TGO) in form of Cr2O3 was observed in the 

transition zone between (Al40Cr60)N and γ-Al2O3. The lower adhesion strength after the 

annealing tests of (Al40Cr60)N/γ-Al2O3 can be attributed to the TGO layer. Moreover, the cutting 

performance of (Ti37Al63)N/γ-Al2O3 and (Al40Cr60)N/γ-Al2O3 coated cemented carbide tools in 

milling operations of X6CrNiMoTi17-12-2 was investigated in [Ewe12]. Despite higher 

oxidation resistance of (Al40Cr60)N/γ-Al2O3, (Ti37Al63)N/γ-Al2O3 coated tools exhibit higher 

wear resistance than (Al40Cr60)N/γ-Al2O3 coated tools, affecting both the flank face and crater 

wear [Ewe12]. Overall, the results suggest that TiAlN is a more suitable interlayer for γ-Al₂O₃ 

in cutting applications, particularly where the operating temperature typically does not exceed 

T = 800 °C. In contrast, for primary forming and shaping processes of steel alloys, the operating 

temperatures typically can vary in range of 1,250 °C < T < 1,500 °C, the AlCrN interlayer with 

cubic structure shows limitations due to its restricted oxidation resistance up to T = 1,000 °C.  
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At an Al content of xAl > 60 at.-% exclusively considering metallic elements, AlCrN reveals a 

crystal structure change from a pure cubic to a mixed-phase structure of cubic and hexagonal 

(h). The phase transformation into a hexagonal crystal structure, however, leads to a reduction 

in hardness. Research works in [KKS02] showed that the hardness of AlCrN coatings with a 

cubic structure, deposited by arc ion plating (AIP), is enhanced by increasing aluminum 

content. However, in AlCrN coatings with a hexagonal structure, hardness reduces with 

increasing aluminum content, as shown in Figure 2.3. 

 

 

Figure 2.3: Hardness of AlCrN coatings against Al content and structure based on [KKS02]  

 

The critical value of the transition to the mixed phase h-AlN and c-AlN also depends slightly 

on the deposition technique and parameters. Studies in [BBT13] investigated the effect of 

deposition technology on the phase formation of AlCrN coatings. Hereby, AlCrN coatings with 

5 at.-% ≤ xAl ≤ 77 at.-% in metallic portion were deposited using three different technologies of 

dcMS, mfMS and HPPMS. Formation of h-AlN was found in (Al50Cr50)N coatings deposited by 

HPPMS. However, in (Al58Cr42)N and (Al59Cr41)N coatings, deposited by dcMS and mfMS 

respectively, just c-AlN was detected. The (Al60Cr40)N coatings were also deposited by HPPMS 

using other process parameters in studies of [BKM+25]. Compared to studies in [BBT13], the 

(Al60Cr40)N coatings were deposited in a cubic structure, despite having higher Al content. 

These results show that not only the Al content in coatings but also the deposition technology 

and the process parameters affect the phase structure of AlN.  

 

The h-AlN phase is thermally more stable than the cubic phase. As a result, the phase transition 

from c-AlN to h-AlN happens at high temperatures. In [RDH+05], the phase stability of AlCrN 

coatings with different cubic and hexagonal structures was investigated by annealing tests in an 
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argon atmosphere at temperatures between 600 °C < T < 1,300 °C. No phase transformation 

occurred in coatings with the h-AlN, as they were already in their thermodynamically stable 

state. Therefore, c-AlCrN would not be a suitable interlayer for semi solid shaping and forming 

of steel alloys, as failure could occur because of spinodal phase separation at the high 

temperatures involved in such applications.  

 

2.5 Properties and synthesis of Al2O3 coatings  

Al2O3 is among the most widely used coating materials in applications requiring high wear 

resistance and hardness at elevated temperatures T ≥ 800 °C. Al2O3 is also known for its 

chemical stability, owing to its predominantly ionic atomic bonding. However, the hot hardness 

and thermal stability of Al2O3 coating depend on the phase structure [ÅSF+04].  

 

Al2O3 is a polymorph material found in numerous metastable forms besides the thermo-

dynamically stable α-Al2O3, also known as corundum [LB98]. The transition phases η, γ, χ, δ, 

κ, and θ are categorized into two main groups based on their crystal structures: cubic close-

packed (ccp) and hexagonal close-packed (hcp). The oxygen anions reside in the lattice spaces, 

and the aluminum cations are distributed in the interstitial spaces, depending on the specific 

phase [LB98]. Alumina polymorphs have different properties and applications in many fields 

of engineering. They can be synthesized with many techniques, and more than one polymorph 

can coexist at the same temperature. The α, γ, κ, and θ phases of Al2O3 are the most relevant 

phases for technical applications, with the rhombohedral α-phase being the most thermo-

dynamically stable form. The phase transformation often proceeds via several intermediate 

stages, typically in the order γ → δ → θ → α. The phase transformation usually begins at 

temperatures about T ≈ 900 °C, whereby complete formation of the α-phase is only observed in 

the range of 1,100 °C ≤ T ≤ 1,140 °C. The stable α-phase possesses a hcp structure, a high 

modulus of elasticity of E ≈ 440 GPa, and a hardness of around H ≈ 22 GPa [ZHF+96].  

 

CVD is established to synthesize pure crystalline Al2O3 coatings at high substrate temperatures 

of Ts ˃ 1000 °C. However, the choice of materials is severely limited at such high substrate 

temperatures. In contrast, substrate temperatures in the range of 400 °C < Ts < 700 °C using 

PVD processes enable coating temperature sensitive materials, such as hot work tool steel. 

However, these lower temperatures result in lower crystallinity of the Al2O3 coatings deposited 

by PVD. Differences arise depending on the initial structure, the coating deposition technology, 
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and the annealing conditions. For example, studies in [ESS+09] showed that from amorphous 

magnetron-sputtered Al2O3 coatings, γ-phase is formed at a temperature of T ≈ 1,000 °C. Both 

α- and δ-phases were found beside the γ-phase from a temperature of T ≈ 1,025 °C. In contrast, 

Al2O3 coatings with predominantly crystalline γ-phases in as-deposited state showed no 

intermediate phase transformations, indicating a direct γ- to α-phase transformation at 

T ≈ 1,080 °C. The Al2O3 coatings were synthesized using radio frequency reactive magnetron 

sputtering (rfMS) from Al2O3 targets, as shown in studies of [CN91]. Coatings consisted of 

crystalline γ-phase in an amorphous matrix. The transformation from γ- to α-phase was 

observed in the coatings annealed at T ≈ 1,200 °C for two hours. 

 

When reviewing the approaches for synthesizing crystalline Al2O3 coatings using PVD, two 

primary routes become apparent as the focus of most researchers. These routes primarily differ 

in substrate temperature during coating and can be categorized into low temperature 

approaches, 400 °C < Ts < 700 °C, and synthesis at high temperatures 700 °C ≤ Ts < 850 °C. 

These two approaches are closely linked to the substrate materials used in application fields in 

which Al2O3 coatings are utilized. In the following chapters, a detailed examination of both 

approaches will be presented, along with a review of the existing literature.  

 

2.6 Approaches to synthesize crystalline Al2O3 coatings by PVD at Ts < 700 °C 

As discussed in subchapter 2.3, tool materials made from hardened hot work steel play a crucial 

role in manufacturing processes such as HPDC and SSM forming of low-melting alloys. 

However, the manufacturing process of high-melting steel alloys is not industrially established. 

Although numerous research efforts, detailed in subchapter 2.3, focused on extending the 

lifespan of hot work steel dies using Al2O3 coatings applied via PVD, no substantial industrial 

advancements have been realized. Although nitride tool coatings are well-established in 

machining applications, only a few manufacturers offer tools with PVD alumina coatings. The 

first Al2O3 coated tool by PVD was patented by Sandvik in 2004 [SKF+98]. In 2005, Walter AG 

presented tiger Tec Silver Al2O3 tool coating deposited by PVD for turning operations in 

Exposition Mondiale de la Machine Outil (EMO) in Hanover1. Moreover, Walter still offers 

 
1 WALTER präsentiert Weltneuheit zur EMO, (2005) Zerspanungstechnik.de, 

https://www.zerspanungstechnik.de/blog/2005/08/03/walter-praesentiert-weltneuheit-zur-emo/ 
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PVD alumina coating for turning with indexable inserts2 and thread milling with indexable 

inserts3. One possible explanation for the restricted industrial adoption could be that the Al2O3 

coatings explored so far in these applications have not demonstrated sufficient stability in such 

harsh operating conditions. One reason for the thermal instability of these coatings could be 

the low substrate temperatures Ts < 700 °C, which leads to synthesizing Al2O3 coatings with 

predominantly amorphous phases. These amorphous structures are generally less resistant to 

mechanical and thermal stresses than their crystalline ones, thus limiting the life span of the 

coated tools. 

 

Pulsed Plasma 

The use of pulsed plasma is one of the most widely studied and discussed approaches in the 

literature for synthesizing and stabilizing pure crystalline Al2O3 at moderate temperatures. This 

approach focuses on the use of highly ionized PVD processes, such as Arc PVD, mf bipolar 

pulsed MS, and HPPMS. The underlying principle is the characteristic high degree of ionization 

in these techniques, along with the associated high energy of plasma species, which facilitates 

increased ion energy. Arc PVD has primarily been investigated combined with the effect of 

substrate bias voltage for the deposition of crystalline Al2O3 at moderate temperatures. While 

the formation of the crystalline phases was observed at Ts = 600 °C and a bias voltage of 

UB = -200 V in [BKM+03], TEM analyses also revealed the presence of a high content of 

amorphous phases. In contrast, a lower bias voltage promoted the synthesis of the α-phase, as 

observed in studies of [ZH97]. Consequently, this relationship remains unresolved and not fully 

understood.  

 

A key motivation for investigating pulsed plasma processes in mfMS and HPPMS was their 

potential to enable the deposition of nanocrystalline stable γ-Al₂O₃ coatings at lower substrate 

temperatures Ts < 700 °C. This approach was also investigated in the completed German 

Research Foundation project BO1979/3-2 on “Nanocrystalline γ-Al₂O₃ Coatings” at Surface 

Engineering Institute (IOT) of RWTH Aachen University. The studies hereby focused on the 

 
2 Produktionskatalog (2021),             

https://elibrary.walter-tools.com/frontend/getcatalog.do?catalogId=682901&lang=de-

de&searchquery=Al2O3#page_1 
3 Alles, was das Gewindefräsen braucht (2024),  

https://elibrary.walter-tools.com/frontend/getcatalog.do?catalogId=921263&lang=de-

de&searchquery=Al2O3#page_120 

https://elibrary.walter-tools.com/frontend/getcatalog.do?catalogId=921263&lang=de-de&searchquery=Al2O3#page_120
https://elibrary.walter-tools.com/frontend/getcatalog.do?catalogId=921263&lang=de-de&searchquery=Al2O3#page_120
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deposition of crystalline γ-Al₂O₃ coatings using mfMS. Within this project, the high 

temperature properties of γ-Al2O3 coatings deposited by mfMS were studied [BBR+10]. The 

TiAlN interlayer was employed to improve adhesion of γ-Al2O3 on the cemented carbide 

substrate. XRD results confirmed that the γ-phase remains stable after annealing in vacuum at 

T = 1,200 °C, while annealing in ambient air led to α-phase transformation. A significant 

morphological change occurred also at T = 1,000 °C in ambient air. Moreover, the indentation 

hardness reduced from HIT ≈ 17 GPa to HIT ≈ 11 GPa, while the indentation modulus increased 

from EIT ≈ 260 GPa to EIT ≈ 310 GPa. Furthermore, cutting performance of such coated tools 

using mfMS was the focus of research in [FSK+10]. Hereby, turning tests of X5CrNi18-10 steel 

workpiece were performed with coated cemented carbide tools. The performance of TiAlN 

coated tools was compared to TiAlN/γ-Al₂O₃. Both coatings had a similar thickness. The 

γ-Al₂O₃ coatings with a thickness of s = 2 µm were deposited on a TiAlN interlayer with 

s = 4 µm. After a cutting time of tc = 13 min, coated tools reached a maximal flank wear land 

width of VBmax = 300 µm, while TiAlN after tc = 8 min. In [EMW+10], Al2O3 coatings with 

amorphous and γ-phases were deposited at Ts ≈ 640 °C using mfMS on Si substrates. After 

annealing tests, phase transformation sequences were found, ending in the formation of the 

thermodynamically stable α-Al2O3. Thereby, SEM analysis of the coating morphology showed 

the formation of thermal cracks after annealing tests. In [BBK+18b], a significantly higher 

oxidation resistance of HPPMS coated cemented carbide inserts compared to the mfMS 

(Ti,Al)N/γ-Al2O3 was reported. After an annealing test at T = 900 °C in atmosphere, the 

HPPMS coated variant exhibited slightly higher indentation hardness compared to the mfMS 

variant.  

 

Modification of binary Al2O3 using Si and Cr 

In the 21st century, research interest has grown in modifying the binary Al2O3 coatings 

deposited by PVD with stabilizing elements such as Si and Cr. The aim was to enhance the 

thermal stability of Al2O3 coatings, deposited at Ts < 700 °C. The influence of Si on the thermal 

stability of Al2O3 coatings deposited in a bipolar pulsed mode by MS was analyzed in [BBM+13]. 

The Al2O3 coatings with and without Si modification were deposited on a TiAlN interlayer as 

an adhesion layer. Differential scanning calorimetry (DSC) measurements showed that 

modification of Al2O3 coatings with Si increased the stability of γ-phase, as the transformation 

of γ- to α-phase is retarded to temperatures above T = 1,200 °C. In contrast, the α-phase was 

formed in Al2O3 coatings without Si at lower temperatures of T = 1,100 °C. However, X-ray 
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Diffraction (XRD) measurements indicated that adding Si-content of xSi = 4 at.-%, led to a high 

amount of amorphous phase in the as-deposited Al2O3 coating. This resulted in a decrease in 

indentation hardness of as-deposited coatings from HIT = 18 GPa to HIT = 10 GPa. Moreover, 

after annealing in air at T = 1,250 °C for one hour, both α-phase and θ-phase were detected. 

After annealing at T = 1,300 °C, α-phase was only observed in modified coatings.  

 

2.6.1 (Al,Cr)2O3 solid solution coatings 

In the 21st century, research interest has grown in modifying the PVD binary Al-O coatings 

with Cr. The motivation was to find an alternative to α-Al2O3 synthesized by CVD and 

widespread substrate materials that can be coated to steel substrates. This subchapter outlines 

the fundamental physical principles that motivate the development of (Al,Cr)₂O₃ solid solution 

coatings using PVD techniques. Particular focus is placed on the role of Cr in stabilizing the 

corundum structure at lower deposition temperatures. Furthermore, based on the current state 

of research, the extent to which this concept has been successfully realized will be critically 

discussed. 

 

Fundamental backgrounds 

The phase diagram of the binary Al2O3-Cr2O3 system under the thermodynamic equilibrium 

state is shown in Figure 2.4. Based on this phase diagram, a small region of (Al,Cr)2O3 of solid 

solution with a corundum structure, α-(Al,Cr)2O3, is formed under the thermodynamic 

equilibrium state. This solid solution between Al2O3 and Cr2O3 exists above a critical 

temperature of T ≈ 1,300 °C for all compositions [BKS05]. As already shown in [ALH+99], 

α-Cr2O3 with corundum structure crystallizes at lower deposition temperatures, 

300 °C ≤ T ≤ 500 °C, than α-Al2O3. This can be explained by the lower standard formation 

enthalpy of Cr2O3 , ΔH°Cr2O3 = 1,164 kJ/mol, than that of α-Al2O3 with ΔH°Cr2O3 = 1,690 kJ/mol 

[Bar95]. Furthermore, it exhibits comparable lattice parameters to α-Al₂O₃. PVD technology 

enables deposition beyond thermodynamic equilibrium, allowing for the synthesis of 

metastable phases at lower temperatures than those required under thermodynamic 

equilibrium conditions. Studies in [Saa64] demonstrated that the co-deposition of two oxide 

materials can result in the formation of solid-solution hard coatings.  
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Figure 2.4: Phase diagram of the binary Al2O3-Cr2O3 system [BKS05]  

 

Adding Cr to Al₂O₃ results in lattice distortions, while Cr3+ ions substitute for Al3+, having 

differences in ionic radii. Chromium has a larger ionic radius rCr3+  = 0.63 Å compared to 

aluminum with rAl3+  = 0.51 Å [Ahr52]. Thereby, classical solid solution strengthening can 

enhance hardness. With all these physical backgrounds, researchers aimed to modify alumina 

with Cr to synthesize (Al,Cr)2O3 with a corundum structure at temperatures lower than 

T ≈ 1,300 °C using PVD. The distortion of the (Al,Cr)2O3 solid solution is attributed not only 

to the difference in the ionic radii of Al³⁺ and Cr³⁺ but also to the variation in their bonding 

characteristics. The classical “Holleck triangle” is shown in Figure 2.5. Holleck classifies hard 

coating materials based on their chemical bonding character, dividing them into metallic, 

covalent, or ionic groups [Hol90]. Coatings with metallic bonding are characterized by high 

adhesion strength on the metallic substrate materials and high toughness. Ionic groups are 

chemically more stable and therefore have a low tendency to react. They are more brittle and 

possess high oxidation resistance.  Covalent bonding, on the other hand, primarily enhances 

hardness. The difference in electronegativity between the two elements determines whether a 

bond is more ionic or covalent. The larger the difference, the more ionic the bond tends to be. 

The electronegativity difference is slightly larger for Al–O than for Cr–O. Therefore, the Al–O 
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bond is generally more ionic than the Cr–O bond. The mixed ionic and covalent bonds in 

(Al,Cr)2O3 solid solutions provide a promising balance between thermal stability, chemical 

resistance, and hardness, according to the “Holleck triangle”. These properties make them 

particularly attractive as protective coatings used in high-temperature applications, where wear 

resistance, thermal stability, and oxidation protection are critical.  

 

 

Figure 2.5: Classification of hard materials in the bonding triangle based on [HS95] 

 

Impact of Cr content on properties of (Al,Cr)2O3 

For the low-temperature deposition of (Al,Cr)2O3 solid solutions, conventional PVD processes, 

predominantly arc PVD and MS have been addressed in the literature so far. The effect of the 

Cr content on the coating properties of (Al,Cr)2O3, especially the phase formation, was the focus 

of several studies. These studies aimed to synthesize (Al,Cr)2O3 with a corundum structure. In 

[DRK+17], the (Al,Cr)2O3 coatings with different Cr contents xCr in the metallic portion, 

40 at.-% ≤ xCr ≤ 80 at.-%, were deposited by arc PVD. The low-Cr containing (Al,Cr)2O3 

coatings with xCr ≈ 40 at.-% were synthesized in metastable cubic (Al,Cr)2O3 phases at 
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T = 450 °C. The high-Cr containing (Al,Cr)2O3 coatings with xCr ≈ 80 at.-% directly crystallized 

with corundum (Al,Cr)2O3. 

 

The same results were already observed for arc PVD deposited (Cr,Al)₂O₃ coatings consisting 

of minimum xCr ≈ 36 at.-% in [KSG+12]. The XRD analysis revealed that the formation of cubic 

(Cr,Al)₂O₃ and corundum (Cr,Al)₂O₃ depends on the Al and Cr content and the O₂ reactive gas 

flow. Increasing O₂ gas flow in the process promotes the growth of the α-phase, especially with 

increasing Cr content. In contrast, increasing the Al content and reducing O₂ gas flows tend to 

form the cubic phase. The wear behavior of coated cemented carbide inserts in the turning test 

showed that the coated tools with the cubic phase had a similar wear behavior to the corundum 

ones. Moreover, lower flank wear was observed for inserts with increasing Al content in the 

coating.  

 

In [DSL+10], (Al,Cr)2O3 coatings with 29 at.-% ≤ xCr ≤ 75 at.-% in metallic portion, deposited 

via reactive MS, were analyzed regarding their microstructure. The transmission electron 

microscopy (TEM) analysis showed that the Al-rich (Al64Cr36)2O3 coating exhibits a smaller 

grain size, dgrain ≈ 27 nm, compared to the (Al33Cr67)2O3 coating with larger grain sizes of 

dgrain ≈ 44 nm. A shift to larger diffraction angles and lower peak intensities were also observed 

in XRD results as the chromium content decreased in the coatings. The lattice constant 

decreased with increasing aluminum content due to the smaller ionic radius of Al³⁺ compared 

to Cr³⁺. Additionally, the (012) peak disappeared at higher aluminum contents. The authors 

suggest that this may be attributed to a reduction in grain size or the possible formation of an 

amorphous phase in the coatings. 

 

Witthaut et al. investigated the (Al,Cr)2O3 coating with 57 at.-% < xCr < 74 at.-% in metallic 

portion, deposited using reactive MS at a substrate temperature of Ts = 500 °C [WCR+00]. The 

investigations focused on analyzing the chemical bonding states by X-ray photoelectron 

spectroscopy (XPS) and X-ray induced Auger electron spectroscopy (XAES). The results 

showed that the bonding character of oxygen in (Al,Cr)2O3 solid solutions was strongly 

influenced by variations in the Cr:Al ratio. The results showed that increasing the Al content in 

the coatings changes the bonding state characteristic of oxygen towards reduced conductivity. 

This reduced electrical conductivity indicates a shift toward a more ionic character. According 

to the “Holleck triangle”, a higher degree of ionic bonding correlates with greater chemical 
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stability. Therefore, it can be assumed that increasing the Al content in (Al,Cr)₂O₃ coatings 

enhances their oxidation resistance, as the bonding character becomes more ionic. 

 

The phase stability behavior of the (Al,Cr)2O3 solid solution coatings was also the focus of 

several studies.  In [KLJ+12], the (Al32Cr68)2O3  coatings deposited by reactive MS remained in 

a face-centered cubic structure after annealing at temperatures up to T = 700 °C for t = 8 h. 

However, a phase transformation to the corundum structure was observed at T ≥ 900 °C with 

annealing for t = 2 h in ambient air.  

 

The deposition of (Cr,Al)₂O₃ coatings using arc PVD presents additional challenges, 

particularly concerning droplet formation, which affects thermal stability. Droplet formation is 

a known issue in the arc PVD process and is normally undesired in the coatings. In [EPL+13] 

(Al50Cr50)2O3 coatings synthesized via arc PVD exhibited a multiphase composition, 

predominantly consisting of a corundum structure alongside a cubic solid solution. Moreover, 

the existence of an amorphous phase was confirmed by selected area electron diffraction 

(SAED). After an annealing test conducted for t = 2 h at T = 1,050 °C, XRD results showed the 

formation of α-Al₂O₃. DSC analysis confirmed that the α-phase crystallized from initially 

amorphous, Al-rich droplets. These microstructural changes were analyzed by TEM, which 

indicated the presence of thermal cracks and voids. These were likely caused by volume changes 

associated with phase transformations.   

 

Over the past decade, HS-PVD technology has been employed beyond conventional PVD 

processes such as MS and arc PVD to synthesize (Cr,Al)₂O₃ coatings. The technological 

characteristics of HS-PVD discussed in chapter 2.2 enable the synthesis of oxide coatings such 

as (Cr,Al)₂O₃ with high thicknesses s ≥ 10 μm while ensuring stability in reactive oxide 

processes. Within the German Research Foundation (GER. Deutsche Forschungsgemeinschaft, 

DFG) project BO 1979/42-1 “Investigation of high speed PVD technology concerning the 

deposition of α-Al-O+X and Al-Ti-O+X coatings for die casting of high melting steel alloys” 

research works were conducted on synthesizing (Cr,Al)2O3 coatings using HS-PVD at Surface 

Engineering Institute (IOT) in Aachen, Germany. In [BBK+18a], (Cr87Al13)₂O₃ coatings with a 

metallic AlCr interlayer were deposited on cemented carbide substrates using HS-PVD at 

substrate temperatures of 500 °C ≤ TS ≤ 850 °C and an oxygen gas flow of QO2 = 300 sccm. A 

maximum deposition rate of ds/dt ≈ 38.8 μm/h was achieved under a static substrate mode. The 
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substrate temperatures TS ≤ 547 °C led to the deposition of amorphous coatings, whereas 

crystalline coatings were deposited at TS ≥ 597 °C. However, morphology analysis showed that 

high substrate temperatures TS ≥ 728 °C led to porosity inside the metallic AlCr interlayer. It 

was assumed that the porosity resulted in brittle failure and lower coating adhesion strength to 

the cemented carbide substrate. Deposition of the crystalline (Cr87Al13)2O3 coatings at 

TS ≤ 547 °C was not possible, which could be due to the high oxygen gas flow QO2 = 300 sccm 

chosen in this study. As the authors mentioned, process instability with a gas flow 

QO2 = 300 sccm resulted from target poisoning. Even the coating time had to be significantly 

reduced for processes with higher temperatures, as the process was unstable. This effect led not 

only to a reduced deposition rate but also to a drop in the crystallinity of deposited oxide 

coatings in [BBK+18a].  

 

In another study at IOT, the Cr content was increased to xCr ≈ 29 at.-%, and oxygen gas flow 

was reduced to QO2 = 80 sccm compared to their previous studies. Thereby, the crystalline 

(Al71Cr29)2O3 coatings were deposited on X40CrMoV5-1 substrates at Ts ≈ 570 °C using 

HS-PVD [BBK+19]. The high-temperature behavior of crystalline (Al71Cr29)2O3 coated 

X40CrMoV5-1 substrates was the focus in this case. For this purpose, the coated samples were 

annealed in vacuum at T = 600 °C, T = 800 °C, T = 1,000 °C, and T = 1,300 °C for one hour. 

However, due to the interlayer's thermally induced dissolution after annealing tests, it was 

shown that the pure metallic AlCr interlayer is unsuitable for high-temperature applications. 

Moreover, oxygen was detected in the interlayer after the annealing test at T = 600 °C, due to 

the formation of oxide bonds inside the interlayer. Furthermore, the formation of an Al-rich 

zone at the top of the (Al,Cr)2O3 coating was observed. This inhomogeneity in morphology and 

chemical composition led to a significant reduction in the indentation hardness HIT of the 

coatings after annealing at high temperatures. The chromium content xCr = 29 at.-% of the 

coatings in [BBK+19] seems to be still too high, which led to the mentioned issues under the 

high temperature range analyzed in this study. Moreover, the evaluation of the previous 

findings also shows that a suitable interlayer is necessary not only to enhance the adhesion 

strength of (Al,Cr)2O3 coating on metallic substrate but also to enhance the oxidation resistance 

for high temperature applications.  

 



Chapter 2: State of the art 

Page 26 of 120 

2.6.2 Intermediate conclusion of modification of Al2O3 with Cr  

One of the promising approaches to enhance the durability of hot work steel tools is the 

application of Al2O3-based coatings synthesized by PVD. Research has demonstrated that the 

co-deposition of Al and Cr oxides leads to solid solution strengthening, influencing the 

microstructure, phase formation, and mechanical properties of the (Al,Cr)2O3 coatings. The 

ability to deposit crystalline (Al,Cr)2O3 coatings at lower substrate temperatures of Ts < 600 °C 

avoids an undesired drop in the hardness of the annealed and hardened hot work steel substrate 

materials.  

Based on the current state of the art, it is evident that while significant progress has been made 

in the synthesis of crystalline (Al,Cr)₂O₃ coatings at lower substrate temperatures Ts ≤ 600 °C 

using PVD, these coatings does not achieve the industrial breakthrough as known for CVD 

Al2O3. These have so far failed due to their lower high temperature properties. From a 

fundamental standpoint, the modification of Cr into Al₂O₃ aims primarily to facilitate the 

formation of the corundum structure at lower deposition temperatures due to Cr₂O₃’s lower 

standard formation enthalpy and structural similarity to α-Al₂O₃. Therefore, most existing 

studies focused on Cr-rich (Al,Cr)₂O₃, typically exceeding xCr ≈ 29 at.-% in the metallic fraction 

to achieve corundum structure. However, this approach was not fully successful because of their 

low thermal stability.  

 

Such high Cr content, xCr ≥ 29 at.-%, may lead to notable lattice distortions due to the larger 

ionic radius of Cr³⁺ compared to Al³⁺. This can result in increased internal stress, grain 

coarsening, or the formation of metastable or even amorphous phases, particularly under PVD 

conditions far from thermodynamic equilibrium, which were partially addressed in the 

previous studies. Moreover, as seen in the “Holleck triangle”, increasing Cr content can shift 

the bonding character toward more covalent behavior, potentially reducing the ionic 

contribution associated with reduced chemical stability and oxidation resistance.  

 

Limited research has explored the synthesis and high-temperature properties of (Al,Cr)2O3 

coatings with lower Cr content xCr < 29 at.-%. However, a lower Cr content may also enhance 

the ionic character of the bonding, reduce structural inhomogeneities, and ultimately improve 

oxidation resistance. This background motivates the present work to investigating Al-rich 

(Al,Cr)2O3 coatings, despite most prior studies focusing on Cr-rich compositions.  
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Moreover, an additional focus in this work is placed on enhancing the adhesion strength 

properties of (Al,Cr)2O3 coatings on hot work steel substrates by introducing an AlCrN 

interlayer system, which is more oxidation resistant than metallic AlCr. The deposition of a 

multilayer system by a HS-PVD coating unit with just one hollow cathode is only possible with 

same compositions of the individual layers in relation to the metallic components. Therefore, 

Al-rich (Al,Cr)2O3 with an Al-rich AlCrN interlayer can be deposited by HS-PVD in a batch 

process. With the backgrounds discussed in subchapter 2.4, AlCrN has higher oxidation 

resistance than TiAlN. Moreover, the results in literature emphasize promising oxidation 

resistance of AlCrN coatings, based on the phase composition. Considering the high application 

temperatures T > 1,200 °C in HPDC, Al-rich AlCrN with hexagonal structure has potential as 

an interlayer system for (Al,Cr)2O3, compared to c-AlCrN.  

 

2.7 High temperature Ts ≥ 700 °C synthesis of Al2O3 coatings 

As outlined in [Bob17], Al₂O₃ coatings deposited by CVD have been utilized for cutting tools 

since 1979. The first patented Al2O3 coatings primarily focused on direct deposition onto 

cemented carbide substrates without an interlayer [Hal73]. To enhance the compound adhesion 

strength, interlayers such as TiCN and TiC were later introduced to enhance the performance 

of Al₂O₃ coated cemented carbide tools by CVD. In 1990, Walter introduced TiCN/Al2O3 

multilayer coatings deposited by moderate temperature CVD (MTCVD) [Küb91]. Another 

approach to enhance coating performance involved reducing roughness by refining the 

microstructure through substrate temperatures of Ts < 900 °C by MTCVD. This approach is 

particularly advantageous for finishing machining processes, where a higher surface quality of 

the machined workpiece is required. Lower coating roughness contributes to improved 

finishing quality. Recent trends focus on controlled texture [MAA+17] and fine-crystalline 

coatings [WWŠ+24] to enhance the wear performance of CVD Al2O3 coated tools. However, 

thermal cracks usually form in CVD coatings due to the development of tensile stresses during 

cooling to room temperature [GST+19]. Compared to CVD coatings, PVD coatings are usually 

characterized by compressive residual stress, which results in increased fatigue resistance as also 

observed in [BLT05] Milling tests in [SQG96] showed that the compressive residual stress in 

PVD coatings led to delayed initiation of crack formation and propagation compared to CVD 

coated tools. This led to an increase in the performance of cutting tools. Moreover, when the 

compressive residual stress in coatings was eliminated through heat treatment at T = 850 °C, 

the tendency for edge chipping increased significantly. Compared to CVD, PVD coatings have 
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no chlorine impurities caused by AlCl3 precursors, and edge blunting can be avoided, allowing 

tools to maintain sharp cutting edges [BLM+06a]. In [BBM+21], it was demonstrated that 

compressive residual stresses in PVD coatings can be adjusted and controlled using process 

parameters such as substrate bias voltage. A compressive residual stress state in a range 

of -3 GPa ≤ σ ≤ -2 GPa led to the highest resistance against crack formation, resulting in the 

best cutting performance. However, compressive residual stresses out of this range resulted in 

increased abrasive wear. This residual stress adjustment can enhance the performance of cutting 

tools and represents a significant advantage of PVD technology.  

 

In contrast to the numerous studies, addressed in subchapter 2.5, on the synthesis of PVD Al2O3 

at temperatures Ts < 700 °C, only a few studies address the synthesis of Al2O3 by means of 

high-temperature PVD processes at Ts ≥ 700 °C. In the 1990s, researchers had already 

attempted to synthesize Al2O3 at such high temperatures. The motivation was to achieve 

coatings consisting of lower undesired amorphous phases as well as to synthesize the α-phase. 

The PVD processes that have so far been used to synthesize Al2O3 at Ts ≥ 700 °C include MS 

and arc PVD. Zywitzki et al. synthesized multiphase coatings consisting of γ- and α-Al2O3 using 

dual-cathode MS at substrate temperatures between 680 °C ≤ Ts ≤ 770 °C [ZHF+96]. In 

[BKR+99], Al2O3 coatings were deposited by a reactive arc process at 200 °C ≤ Ts ≤ 800 °C. The 

effect of substrate temperature on coating properties and high-temperature properties was 

studied. Al2O3 coatings deposited at 600 °C ≤ Ts ≤ 800 °C were thermally stable under vacuum 

annealing at T = 1,000 °C, whereas crack formation was observed in coatings deposited at lower 

substrate temperatures of 200 °C ≤ Ts ≤ 500 °C. The synthesis of pure crystalline Al2O3 using an 

arc PVD process was detected without bias voltage at Ts ≈ 800 °C [BKM+03]. The Al2O3 coating, 

with a thickness of s ≈ 900 nm, was deposited using a laboratory-scale arc PVD machine, 

achieving a deposition rate of ds/dt ≈ 720 nm/h. Since industrial PVD coating units are neither 

designed nor capable of operating at such high substrate temperatures, studies on the synthesis 

of Al₂O₃ using HT-PVD processes are until now absent. 

 

Intermediate conclusion of the synthesis of pure Al2O3  

The deposition of Al2O3 coatings at higher process temperatures of 700 °C ≤ Ts ≤ 900 °C using 

PVD technology offers great potential for achieving pure crystalline coatings. However, 

industrial PVD systems are generally not engineered for substrate temperatures above 

Ts ≥ 700 °C, as such conditions are typically achievable only in specialized laboratory reactors 



Chapter 2: State of the art 

Page 29 of 120 

findable in literature. However, laboratory-scale setups cannot provide the coating uniformity, 

throughput, and process stability required for reliable tool coating. Moreover, the coating 

thickness of only a few hundred nanometers reported in [BKM+03] indicates severe target 

poisoning. Even if industrial PVD systems could operate at such elevated temperatures, target 

poisoning would still significantly impact process stability and coating quality. Higher process 

temperatures lead to a faster reaction of the reactive gases with the metallic target. The higher 

the process temperature, the greater the process instability and target poisoning, whereby a 

stable process would be possible within a narrow process parameter range. Due to this, the 

adjustment of the coating properties is only possible in a narrow process window, which makes 

it difficult to further develop coatings and adapt them to the fields of application. Low coating 

thicknesses of only a few hundred nanometers, reduced process stability, and reproducibility 

are also other issues of HT-PVD processes. To overcome these limitations, alternative PVD 

technologies beyond arc and magnetron sputtering should be considered. HS-PVD based on 

hollow cathode gas flow sputtering, is a promising approach, as it effectively eliminates target 

poisoning and allows stable high-temperature coating deposition. Furthermore, HS-PVD 

technology provides a unique advantage by enabling processing at elevated substrate 

temperatures of Ts > 700 °C, which are otherwise inaccessible with industrial PVD equipment.  

 

Moreover, the studies to date mainly focus on phase formation analysis. In the case of 

HT-synthesized Al2O3 coatings by PVD, the investigation of the high temperature coating 

properties, the residual stress state, and cutting performance in machining applications are not 

considered. In addition, a lack of knowledge about the HT-PVD process and a narrow process 

window makes it difficult to assess the influence of process parameter variations on coating 

properties and the interactions between them.  

 

2.8 Conclusions derived from the state of the art 

Reviewing state-of-the-art research and technologies in PVD processes for oxide coatings 

highlights key challenges and developments. Despite the synthesis of γ-Al2O3 in the mentioned 

literature at Ts < 700 °C, the Al2O3 coatings synthesized by PVD have not achieved the same 

industrial establishment as nitride coatings. As shown in [Ewe12], target poisoning can reduce 

process stability, reproducibility, and deposition rate. The consequences are uneconomical 

process control in the synthesis of Al2O3 coatings and lower coating thickness, which argue 

against their use as protection coatings. Only a few tool manufacturers currently offer PVD 
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Al₂O₃ coatings for machining applications, whereas nitride-based coatings are far more 

widespread in the industry. The slower industrial adoption of PVD Al2O3 coatings has also been 

influenced by patent strategies, which have historically restricted broader commercialization 

and widespread implementation.  

 

Modifying the binary Al2O3 coatings with Cr in (Al,Cr)2O3 coatings can synthesize crystalline 

structures at lower substrate temperatures Ts ≤ 600 °C. The formation of (Al,Cr)2O3 solid 

solutions enhances thermal stability without reducing the indentation hardness, as observed in 

Si-modified Al2O3 coatings. These properties make (Al,Cr)2O3 coatings more promising than 

Si-modified Al2O3 coatings. However, their coating properties are influenced by variations in 

Cr:Al ratios. So far, issues such as phase transformation, interlayer instability, and porosity 

formation remain critical challenges that are addressed for (Al,Cr)2O3 coatings with high 

chromium content xCr ≥ 25 at.-%. These issues negatively affect the coating adhesion and 

performance at elevated temperatures. Future research is needed regarding interlayer design 

and analysis of the high temperature properties of (Al,Cr)2O3 containing lower Cr content 

xCr < 25 at.-% to enhance coating durability and industrial applicability.  

 

In contrast, the synthesis of crystalline pure Al₂O₃ coatings requires high substrate temperatures 

Ts ≥ 800 °C, conventionally achieved via CVD for cutting applications. The drawbacks of CVD, 

such as thermal cracks, tensile stress formation, and tool embrittlement, have led to increased 

interest in PVD alternatives. PVD coatings offer advantages such as compressive residual stress, 

absence of chlorine impurities, and better edge sharpness, making them attractive for cutting 

tool applications. The deposition of Al₂O₃ at Ts ≥ 800 °C on cemented carbide tools using PVD 

offers potential advantages for achieving fine and pure crystalline coatings in cutting 

applications. Existing research in this field is very limited and has primarily focused on phase 

formation rather than high temperature properties, residual stress states, or practical machining 

performance, leaving significant knowledge gaps. Moreover, target poisoning negatively affects 

deposition rates and process stability in conventional PVD processes such as MS and arc PVD. 

This challenge necessitates precise process optimization and monitoring to ensure reproducible 

coatings with the desired stoichiometry. Although pulsed sputtering techniques like mfMS and 

HPPMS have been applied to improve the deposition of oxide coatings in reactive PVD 

processes, issues such as process instability, a narrow process window, and reduced deposition 

rates continue to limit their industrial adoption and scalability. Overall, the studies of Al₂O₃ 
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and (Al,Cr)2O3 coatings using conventional PVD processes emphasize the necessity of a 

deposition technique to overcome existing process limitations. Characteristics of HS-PVD 

indicate the potential to maintain process stability at elevated temperatures without the cost of 

reduced deposition rate. However, further research is needed to fully understand the influence 

of HS-PVD on residual stress states and high temperature coating properties.  
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3 Research approaches and solutions 

This work is based on two research hypotheses. These focus on synthesizing crystalline hard 

Al₂O₃ coatings using HS-PVD on two different tool materials, such as temperature sensitive 

hot-work steel X40CrMoV5-1 and cemented carbide WC-Co, used in manufacturing processes.  

 

Hypothesis 1: Cr-modified Al₂O₃ coatings with a Cr content lower than xCr ≈ 29 at.-% produced 

by HS-PVD at low substrate temperature Ts ≈ 550 °C are qualified for protecting hot work steel 

X40CrMoV5-1, considering the primary shaping and forming application of high-temperature 

melting alloys. Four research questions are formulated, to verify this hypothesis. The research 

findings of this dissertation, presented in chapters 5 and 6 answer the following four questions.  

 

1. Can crystalline (Al,Cr)2O3 coatings with chromium content of xCr = 8 at.-%, xCr = 12 at.-% 

and xCr = 22 at.-% be synthesized at Ts ≈ 550 °C? 

 

The (Al,Cr)2O3 coatings with different chromium contents are deposited on X40CrMoV5-1 by 

HS-PVD. Their phase composition, morphology, indentation hardness, and modulus are 

analyzed and compared in subchapter 5.1. 

 

2. Can h-AlCrN interlayer, already in its thermodynamically stable state, enhance the 

adhesion strength of (Al,Cr)2O3 coatings on X40CrMoV5-1, depending on its thickness 

and architecture? 

 

In subchapter 5.2, adhesion properties of different AlCrN interlayers are investigated by scratch 

tests and Rockwell indentation tests. Hereby, the influence of interlayer thickness si, 

architecture, and substrate bias voltage UB was investigated. To analyze the adhesion strength 

between substrate and interlayer, deposition of the functional (Al,Cr)2O3 coating is initially 

omitted. Furthermore, AlCrN/(Al,Cr)2O3 coatings are produced in subchapter 5.3. Hereby, the 

thickness of the functional (Al,Cr)2O3 layer sf varied to enhance the adhesion strength 

properties. In this dissertation, for the first time, the residual stresses in HS-PVD coatings are 

studied and presented in chapter 5.4, to understand further the correlation between HS-PVD 

coating and adhesion strength properties. 
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3. Can the reduction of Cr content from xCr = 28 at.-% to xCr = 15 at.-% and the deposition of 

an h-AlCrN interlayer enhance the high temperature properties of AlCrN/(Al,Cr)2O3 

coated hot work steel up to T = 1,200 °C? 

 

In subchapter 5.5 annealing tests in vacuum and in the atmosphere at T = 800 °C, T = 900 °C 

T = 1,000 °C and Tvac. = 1,200 °C are performed on AlCrN/(Al,Cr)2O3 coated samples. 

Post-annealing analyses are conducted on diffusion behavior, morphology changes, 

indentation hardness, and indentation modulus. 

 

4. Does diffusion and adhesion occur at the interface between AlCrN/(Al,Cr)2O3 coating and 

molten 100Cr6 steel?  

 

Chapter 6 evaluates the interaction of these coatings with molten 100Cr6 steel, focusing on 

diffusion, oxidation, and adhesion behavior through immersion tests. Coated and uncoated 

X40CrMoV5-1 samples are analyzed regarding metal-physical corrosion and the tendency to 

adhere to steel in the liquid and semisolid state under different immersion times. 

 

Hypothesis 2: Compressive residual stress containing crystalline Al₂O₃ coatings synthesized via 

HS-PVD at Ts ≈ 850 °C possess the required mechanical and thermal stability for application 

on cemented carbide tools in turning operations. This hypothesis is validated in chapter 7 and 

chapter 8, addressing the following research questions: 

 

1. How do elevated temperatures T > 700 °C affect the Al₂O₃ coating properties deposited 

with different oxygen gas flows at Ts ≈ 780 °C? 

 

In subchapter 7.1, the effect of oxygen gas flow on the properties of Al₂O₃ coatings in both 

as-deposited and high temperature conditions are explored. The high temperature XRD 

(HT-XRD) is conducted to analyze the phase transformations up to T = 1,200 °C in vacuum 

and atmosphere. Moreover, high temperature nanoindentation (HT-NI) tests at THT-NI = 650 °C 

and THT-NI = 750 °C are applied to analyze the indentation hardness and modulus directly at 

these elevated temperatures.  
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2. Can adjusting bias voltage and gas pressure still synthesize crystalline Al₂O₃ coatings with 

compressive residual stress even at higher substrate temperature Ts ≈ 850 °C by HS-PVD? 

 

Three Al₂O₃ coatings are deposited on cemented carbide substrates under varying bias voltages 

and oxygen gas flow conditions at Ts ≈ 850 °C. Residual stress in these coatings is analyzed, and 

its impact on coating properties is discussed in subchapter 7.2.  

  

3. What cutting time can cemented carbide tools coated with Al₂O₃ at Ts ≈ 850 °C using 

HS-PVD achieve in dry turning operation of C45+N steel under industrial cutting 

parameters before reaching a defined failure criterion? 

 

In chapter 8, cemented carbide coated tools undergo turning tests on C45+N workpieces to 

evaluate Al₂O₃ operating behavior and achievable cutting time tc before reaching a maximum 

flank wear width of VBmax ≈ 100 µm.  Cutting experiments are carried out at the Institute of 

Production Engineering and Machine Tools (IFW) of Leibniz University Hannover in 

Germany. The cutting tests are conducted using parameters in the lower range of industrial 

applications to verify the performance of HS-PVD coatings. TiAlN coated tools using a mfMS 

industrial coating at IOT is considered as a reference. As discussed in subchapter 2.4, previous 

studies at IOT show that the deposition of the TiAlN interlayer enhances the adhesion of Al2O3 

coating on cemented carbide. AlCrN is not considered, due to the high substrate temperatures 

up to Ts ≈ 850 °C, promoting the formation of Cr2O3 and negatively reduce the adhesion 

strength of Al₂O₃. Therefore, additional tools are coated with TiAlN/Al₂O₃ and subjected to 

machining tests. The cutting edges of the tested tools are then analyzed in terms of their 

machining behavior and compared with those of the Al₂O₃ and TiAlN coated tools. 
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4 Coating deposition and fundamental analysis methods 

In the following, the HS-PVD coating unit used and its modifications carried out in the scope 

of this dissertation are explained. Furthermore, fundamental characterization methods of 

coating properties are presented. Since these investigations were carried out consistently for 

each coating variant in this thesis, they are presented here. The further development-relevant 

characterization methods are introduced accordingly directly before their results.  

 

4.1 HS-PVD prototype machine  

The coatings in this work were deposited using the HS-PVD machine at IOT. The HS-PVD 

coating unit is schematically illustrated in Figure 4.1 a).  

 

 

Figure 4.1: a) Schematic representation of HS-PVD in the top view, b) substrate table, and c) 

a target plate with 30 target segments 

 

The two target plates that form the hollow cathode are positioned at a fixed distance of 

dtarget = 20 mm, without any variability. When the power supply is activated, the ionization of 

the argon process gas, introduced between the two target plates, generates a glow discharge and 

produces plasma that facilitates the sputtering of the metallic target materials. Reactive gases 

such as oxygen and nitrogen are injected through gas nozzles in front of the hollow cathode. 

Recently, a power supply MP2-100, MAGPULS GmbH, Sinzheim, Germany, was installed and 

integrated with the HS-PVD device. In addition to pulsed modes, the new power supply enabled 

a) b)

c)

2
5

0
 m

m
140 mm

Reactive gas
nozzle

Target 
material

Argon gas
nozzle

Heating



Chapter 4: Coating deposition and fundamental analysis methods 

Page 36 of 120 

a more stable reactive process in direct current (DC) mode. A gas control system can adjust the 

reactive and process gas flows. The cooling of the chamber, the cathodes, and the power supplies 

is ensured by several water-cooling circuits. Two heaters are in the coating chamber at the right 

and left sides of the substrate table. The temperature of these heaters can be regulated by the 

heater power and measured using thermocouples. The substrate temperature in the working 

chamber can be read out using a thermocouple positioned beside the substrate table at a 

distance of dThermo. ≈ 8 mm from the substrate. The tools and flat samples are fixed to substrate 

holders on the substrate table during the coating process, as depicted in Figure 4.1 b). The 

sputter target plate at each side with a length of l = 250 mm and width of w = 140 mm is 

comprised of 30 individual target segments, as shown in Figure 4.1 c). The hollow cathode setup 

in HS-PVD imposes a limitation when attempting to deposit multilayer coatings composed of 

different metallic elements. For instance, deposition of bilayer coating with a top layer of 

specific element combination and an interlayer with other elements is not feasible within the 

same process batch. This limits the flexibility in material selection for multilayer architectures. 

 

The HS-PVD coating unit is a prototype machine. Therefore, it is continuously developed and 

optimized at IOT through several projects to meet the evolving process requirements. In 

previous research projects at the IOT, numerous adjustments have already been implemented 

to advance the machine. These developments can be summarized as follows:  

 

▪ Reduction of vacuum pump wear through the installation of a water-cooled baffle grid 

before the vacuum pump intake to reduce particle load. 

▪ Optimization of the vacuum system by a high-throughput vacuum fore pump to restore 

original evacuation time and pressure conditions. 

▪ Stabilization of bias voltage by redesigning bias contacts with electrically insulated, 

temperature-resistant spring contacts to ensure consistent plasma. 

▪ Minimizing carbon contamination with encapsulating heating elements and insulation 

components with temperature-resistant metal sheets. 

 

The insulation components and heaters in the coatings chamber were made of graphite, as 

shown in Figure 4.2 a). Despite the shielding of the heaters with metal plates, the carbon 

contamination caused by the graphite insulation components was not significantly reduced. 

The deposition of Al₂O₃ coatings via HS-PVD at Ts > 700 °C was one of the approaches in this 
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study. Such high substrate temperatures up to Ts ≈ 850 °C and the oxygen-containing reactive 

process further intensified the reaction of the graphite insulation with plasma species during 

the coating process. Another solution in this work involves replacing insulation components. 

A ceramic material from SCHUPP Industriekeramik GmbH, Aachen, Germany, was integrated 

into the HS-PVD coating unit. As insulation constituted a significant portion of the 

components in the coating chamber, as shown in Figure 4.2 b), and the hollow cathode housing, 

Figure 4.2 c), its replacement successfully eliminated carbon contamination in the coating. 

 

 

Figure 4.2: Integration of ceramic insulation materials in HS-PVD coating unit a) initial 

state, b-c) after integration 

 

Another measure was developing an automatic substrate rotation device. Previously, substrate 

rotation was manual, causing inhomogeneous coating deposition and a time-consuming 

process. The system now integrates an adjustable substrate table rotation using a motor and 

gearbox, enabling single-fold rotation, as shown in Figure 4.3.  
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Figure 4.3: Implementation of substrate desk rotation system in HS-PVD  

4.2 Analysis methods of fundamental coating properties 

Coating morphology and thickness were determined using scanning electron microscopy 

(SEM) analyses on fracture cross-sections of coated substrates. The investigations were 

performed using SEM DSM982 Gemini, Carl Zeiss GmbH, Jena, Germany. Furthermore, the 

Cr:Al ratio of the coatings was measured at GFE by energy dispersive X-ray spectroscopy 

(EDX). Coatings were further analyzed by electron probe microanalysis (EPMA) with a JEOL 

JXA-8530F microprobe equipped with a Schottky field emission cathode. These three analyses 

were conducted at the Central Facility for Electron Microscopy (GFE) at RWTH Aachen 

University. Line roughness measurements were conducted using confocal laser scanning 

microscopy (CLSM). The average line roughness Ra of the coatings was obtained under DIN 

EN ISO 4287 utilizing a VK-X210 microscope manufactured by Keyence Corporation in Osaka, 

Japan. The coatings were investigated in terms of phase composition and crystal orientation 

using grazing incidence (GI) XRD 3003, GE Energy Germany GmbH, Ratingen, Germany. The 

XRD measurements were carried out using Cu–Kα radiation, wavelength λ = 0.1540598 nm, 

U = 40 kV, I = 40 mA, diffraction angle 20° ≤ 2θ ≤ 80°, and incoming angle ω = 3°.  

 

To investigate the indentation hardness, HIT and indentation modulus EIT, nanoindentation 

measurements were carried out according to DIN EN ISO 14577 with a TriboIndenter TI 950, 
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Bruker Corporation, Billerica, Massachusetts, USA. An indentation force of Fmax = 10 mN was 

applied, and the indentation depth was kept below 10 % of the coating thickness. Thereby, the 

indentation force was linearly increased and decreased over the timespan of tNI = 5 s and for a 

holding time of thold = 3 s. Subsequently, the results were evaluated according to Oliver and 

Pharr [PO92]. For this purpose, constant Poisson's ratios of ν = 0.23 and ν = 0.25 were assumed 

for the oxide and nitride coatings, respectively. By averaging the results of a minimum of 20 

indents on each coating, the values of the indentation hardness HIT and indentation modulus 

EIT were determined. To avoid the impact of coating roughness on the results, the coatings were 

polished to an average line roughness Ra ≈ 0.02 µm before nanoindentation measurements. 

Furthermore, the elastic work Wel and plastic work Wpl were obtained by integrating the force–

displacement curves, and the elastic work percentage ηel was determined, Figure 4.4. The area 

under the unloading section of the force–displacement curve represents the elastic work Wel, 

while Wpl corresponds to the area under the loading section minus Wel.  

 

 

Figure 4.4: Indentation values considered in this work and schematic illustration of force 

displacement curve according to DIN EN ISO 14577  
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5 Synthesis of (Al,Cr)2O3 coatings at Ts ≈ 550 °C 

In previous work at IOT, a (Al71Cr29)2O3 coating system with a crystalline structure has been 

successfully deposited at Ts ≈ 570 °C. The process window for the synthesis of this coating 

system, established in [BBK+19], was the basis of coating development in this dissertation. 

However, in the investigations presented here, the bias voltage was increased from UB = -75 V 

to UB = -175 V to reduce surface roughness by refining morphology. An approach to enhance 

the high temperature properties of the coatings in this dissertation is to reduce the chromium 

content to xCr < 29 at.-%. Moreover, an AlCrN interlayer was developed to enhance the 

adhesion strength of the coatings on the X40CrMoV5-1 substrate and to increase the high 

temperature stability.  

 

To investigate the influence of Cr content on phase formation, three (Al,Cr)₂O₃ coatings with 

xCr < 29 at.-% were synthesized. The hardened and annealed hot work tool steel X40CrMoV5-1, 

with a hardness of H = (54 ± 2) HRC was used as substrate material. The coatings were 

deposited at a substrate temperature of Ts ≈ 550 °C, enabling the coating of substrate materials 

such as hot working steel X40CrMoV5-1 without exceeding the annealing temperature of 

Tanneal. ≈ 560 °C. The cylindrical samples with a diameter of Ø = 25 mm and a width of h = 8 mm 

were prepared using grinding, lapping, and polishing processes. The substrate surface was 

polished with a 3 μm water-based diamond suspension, revealing an average line roughness of 

Ra ≈ 0.01 μm after polishing. Three target configurations (TC) were employed, as presented in 

Figure 5.1. The coating systems with a low, medium and high content of Cr named as, 

(AlCrL)2O3, (AlCrM)2O3 and (AlCrH)2O3 were deposited using TCL, TCM, and TCH, respectively. 

TCL exhibited the lowest number of Cr segments, whereby TCH with 10 segments had the 

highest number. Hereby, Al targets with a purity of 99.5 % and Cr targets with a purity of 

99.95 % were used. 

 

 

Figure 5.1: Target configurations for the (Al,Cr)2O3 coatings  

 

TCH

Cr Al

TCL TCM
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The coating process was carried out in a direct current mode and without any rotation of the 

substrates. Prior to argon plasma etching, the substrates were heated up to a substrate 

temperature of Ts ≈ 550 °C. The substrate temperature was measured using a thermocouple, as 

described in subchapter 4.1. The etching process was carried out with a bias voltage of 

UB = -450 V and an argon gas flow of QAr = 9,000 sccm for a duration of tetch. = 25 min. The 

process window determined in the previous works at IOT in [BBK+19] forms the basis for the 

development of the process window of (Al,Cr)₂O₃ coatings in this work. The process 

parameters were kept constant for the three coating systems and are summarized in Table 5.1.  

 

Table 5.1: Coating process parameters of the ternary (Al,Cr)₂O₃ system 

Process ID 4475 4521 4524 

Coating (AlCrL)2O3 (AlCrM)2O3   (AlCrH)2O3 

Target configuration TCL TCM TCH 

Cathode power PC in kW 6 6 6 

Cathode current IC in A 15 15 15 

Bias voltage UB in V -175 -175 -175 

Bias current IB in A 3 3 3 

Ar gas flow QAr in sccm 8,000 8,000 8,000 

O2 gas flow QO2 in sccm 80 80 80 

Pressure p in Pa 33.4 33.4 33.4 

Heater temperature TH in °C 640 ± 10 640 ± 10 640 ± 10 

Substrate temperature Ts in °C 550 ± 15 550 ± 15 550 ± 15 

Rotation speed ωTable in rpm - - - 

Coating time tcoat. in min 60 60 60 

 

5.1 Influence of chromium content on the coating properties of (Al,Cr)2O3 

EDX analysis was used to determine the variation of the chemical composition in the (Al,Cr)2O3 

system. The ratio of aluminum and chromium was calculated. The results of the EDX analysis 

are shown in Table 5.2. The results show a clear correlation between the number of chromium 

targets and the chromium content of the coating. This changes from xCr = 8.4 at. % for TCL to 

xCr = 21.7 at. % for TCH. Since the aim is to produce coatings with a chromium content of 

xCr < 29 at.-%, all three target configurations fulfill this requirement and will be investigated 

further. 
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Table 5.2: Chemical composition of the (Al,Cr)2O3 coatings 

Target configuration Coating system Al in at. % Cr in at. %  Al:Cr in - 

TCL (Al,CrL)2O3  91.6 ± 0.4 8.4 ± 0.4 10.9 

TCM (Al,CrM)2O3  88.4 ± 0.2 11.6 ± 0.2 7.6 

TCH (Al,CrH)2O3 78.3 ± 0.1 21.7 ± 0.1 3.6 

 

The influence of the chromium content on the coating morphology and topography is 

illustrated in Figure 5.2 The coating thickness increases with increasing chromium content. 

This is attributed to the higher sputtering rate of Cr compared to Al. Furthermore, all coatings 

exhibit a dense columnar morphology that differs in detail. The (Al,CrL)2O3 coating shows less 

columnar morphology than (Al,CrH)2O3 in SEM cross-section images. However, the columns 

of (Al,CrH)2O3 are thinner, as detectable in topography images. Moreover, increasing the bias 

voltage successfully led to a reduction of coating roughness compared to previous coatings, 

where the mean roughness Ra was measured in the range of 0.3 μm ≤ Ra ≤ 1.5 μm [BBK+18a]. 

 

 

Figure 5.2: Effect of Cr content on morphology and topography of (Al,Cr)2O3 coatings 

[BKM+24c] 

 

The phase composition of the (Al,Cr)2O3 coatings with varying chromium content was 

determined using XRD. The diffractograms are compared in Figure 5.3. The phase composition 

is independent of the analyzed chromium content in the coating. The peaks can be assigned to 

(Al,CrM)2O3 (Al,CrH)2O3

20 µm

(Al,CrL)2O3

s = 16.5 µm s = 19.3 µms = 17.2 µm

5 µm

d) f)e)

a) c)b)

Ra = 0.07 µm Ra = 0.07 µm Ra = 0.05 µm
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γ-Al2O3, whereby the orientation (400) is preferably formed. It can be observed that the peak 

intensity at (400) decreases with an increase in the Cr content. This could be explained by 

microstructure refinement. Considering the refinement of the coating morphology in 

Figure 5.2, it is assumed that the reduction in grain size with increasing Cr content is the reason 

for the different peaks. However, deeper microstructure analysis such as TEM is required to 

verify this assumption. 

 

 

Figure 5.3: Analysis of phase composition depending on Cr content in (Al,Cr)2O3 coatings 

[BKM+24c] 

 

Figure 5.4 shows the indentation hardness HIT and indentation modulus EIT determined by 

nanoindentation for the (Al,Cr)2O3 coatings. The indentation hardnesses and indentation 

moduli are comparable for the (AlCrL)2O3 and (Al,CrM)2O3 coating systems. In contrast, these 

properties are significantly increased for the (Al,CrH)2O3 coating system. Despite sharing the 

same crystalline phase, this behavior is likely influenced by several factors, including solid 

solution hardening, lattice distortions, and a finer microstructure. Chromium has a larger ionic 

radius compared to aluminum. 

20 30 40 50 60 70 80

In
te

n
si

ty
in

 a
.u

.  

2θ in °

(Al,CrL)2O3

(Al,CrM)2O3

(Al,CrH)2O3

(311)

γ-Al2O3 (01-077-0396)        

(400) (440)



Chapter 5: Synthesis of (Al,Cr)2O3 coatings at Ts ≈ 550 °C 

Page 44 of 120 

 

Figure 5.4: Indentation hardness HIT and indentation modulus EIT of the (Al,Cr)2O3 coatings 

[BKM+24c] 

 

This could lead to lattice distortions. These lattice distortions cause solid solution hardening, as 

the alumina lattice becomes stiffer and more resistant to deformation due to the high chromium 

content. Moreover, the nanoindentation results correlate with the observations from the 

coating morphology, whereby a morphology refinement is detected for (Al,CrH)2O3. The fine 

and dense (Al,CrH)2O3 coating morphology could result in a significantly higher indentation 

hardness HIT and a higher indentation modulus EIT. 

 

Adhesion strength properties of (Al,Cr)2O3 coatings on hot work steel 

Rockwell indentation tests were conducted to determine the adhesion strength to the steel 

substrate. The Rockwell indentation tests in this dissertation were all carried out in accordance 

with DIN 4856. Thereby, a Rockwell tip was indented perpendicular to the surface with a 

normal force of F = 588.4 N using a Rockwell tester HP100, KNUTH Machine Tools GmbH, 

Wasbek, Germany. The crack formations and spalling at the edge of the Rockwell imprint were 

investigated by confocal laser scanning microscopy (CLSM). The Rockwell imprint images 

taken with CLSM were normally compared with the characteristic defects of the individual 

adhesion classes (HF) described in DIN 4856. A classification of the appropriate adhesive 

strength groups from HF 1 to HF 6 is not valid since the thickness of (Al,Cr)2O3 coatings exceeds 

the thickness limitation of s = 10 µm as defined in DIN 4856. Therefore, the adhesion strength 

of (Al,Cr)2O3 coatings on X40CrMoV5-1 substrate was qualitatively investigated using the 

Rockwell indentation test, as presented in Figure 5.5. All coatings show a poor adhesion 
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strength on the substrate, as significant delamination is visible around the imprints. This 

indicates the necessity of a suitable interlayer to increase the adhesion strength of these 

compounds. The Rockwell imprint images taken with CLSM were compared with the 

characteristic defects of the individual adhesion classes (HF) described in DIN 4856 

 

 

Figure 5.5: Rockwell imprints of the (Al,Cr)2O3 coatings  

 

5.2 Selection of a suitable interlayer from the AlCrN system 

As explained in subchapter 4.1, the HS-PVD used in this study contains one hollow cathode, 

resulting in a limitation to deposit bilayer coating with a top layer of specific element 

combination and an interlayer with other elements within the same process batch. Therefore, 

the Al:Cr ratio of each layer cannot be chosen freely, as the change in target configuration within 

a batch is not possible. The effect of the AlCrN interlayer system on compound adhesion 

between the hot work steel X40CrMoV5-1 substrate and (Al,Cr)2O3 coating was investigated. 

Thereby, the developments were first carried out for (Al,CrL)2O3, which has the lowest Cr 

content and deposited with target configuration TCL. Various (Al,CrL)N interlayer systems 

were considered. Hereby, the influence of interlayers with different thicknesses si, architectures 

as well as bias voltages UB were investigated. To analyze the adhesion strength between substrate 

and interlayer, deposition of the functional (Al,CrL)2O3 layer is initially omitted.  

 

5.2.1 Process parameters for deposition of (Al,CrL)N interlayer 

Interlayers with varying thicknesses si, architectures, and bias voltages were deposited in a dc 

mode using target configuration TCL. The effect of the thickness of AlCrN interlayer on 

adhesion strength was obtained by varying the coating time ti. A minimum coating time of 

ti = 20 min was selected to obtain a thickness similar to that of the metallic AlCr interlayer used 

in previous studies [BBK+19]. An interval of ∆ti = 10 min was chosen to increase the coating 

thickness. All three AlCrN interlayers were deposited using a monolayer architecture. 

(Al,CrL)2O3 (Al,CrM)2O3 (Al,CrH)2O3

100 µm



Chapter 5: Synthesis of (Al,Cr)2O3 coatings at Ts ≈ 550 °C 

Page 46 of 120 

Moreover, two graded AlCrN interlayers were deposited at different bias voltages. The graded 

coating architecture was formed using a gradient increase of the nitrogen gas flow QN2. This 

results in a uniform transition of properties from the metallic substrate to the ceramic 

interlayer. Furthermore, it may assist in controlling residual stress within the coating. The 

process parameters for the five AlCrN coatings are listed in Table 5.3. Before the coating 

deposition, the substrates were prepared and subjected to an argon plasma etching as described 

in chapter 5.  

 

Table 5.3: Coating process parameters of (Al,CrL)N interlayer 

 Monolayer architecture Graded architecture 

Process ID 4488 4489 4490 4491 4492 

Target configuration TCL TCL TCL TCL TCL 

Cathode power PC in kW 6 6 6 6 6 

Cathode current IC in A 15 15 15 15 15 

Bias voltage UB in V -125 -125 -125 -125 -150 

Bias current IB in A 3 3 3 3 3 

Ar gas flow QAr in sccm 8,000 8,000 8,000 8,000 8,000 

N2 gas flow QN2 in sccm 800 800 800 0-800 0-800 

Pressure p in Pa 33.9 33.9 33.9 33.7-33.9 33.7-33.9 

Heater temperature TH in °C 640 ± 10 640 ± 10 640 ± 10 640 ± 10 640 ± 10 

Substrate temperature Ts in °C 550 ± 15 550 ± 15 550 ± 15 550 ± 15 550 ± 15 

Rotation speed ωTable in rpm - - - - - 

Interlayer coating time ti in min 20 30 40 20 20 

 

5.2.2 Coating properties of (Al,CrL)N interlayer  

The (Al,CrL)N interlayers were analyzed by EDX to determine the chemical composition. The 

coatings consist of xAl = (95 ± 1) at.-% and xCr = (5 ± 1) at.-%. SEM cross-sectional micrographs 

of the coatings are illustrated in Figure 5.6. The fine columnar morphology remains constant 

and demonstrates no changes regarding the coating time. The interlayers with nitrogen 

gradation in the process also showed a thickness comparable to monolayer coatings. A dense, 

fine columnar morphology can be observed, whereby no significant influence of the substrate 

bias voltage UB on the morphology is visible.  
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Figure 5.6: Fracture cross-sectional SEM micrographs of (Al,CrL)N coated X40CrMoV5-1 

[BKM+23]  

 

XRD diffractograms of (Al,CrL)N interlayers are shown in Figure 5.7. The results exhibit 

coatings consisting of the same phase composition of h-AlN and c-CrN. The AlN phase in a 

hexagonal structure is detected, attributed to the high Al content xAl ≈ 95 at.-% in the coatings, 

as discussed in subchapter 2.4.  
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Figure 5.7: Phase analysis of (Al,CrL)N interlayers deposited with different parameters 

[BKM+23] 

 

The indentation hardness, indentation modulus, and elastic work percentage ηel of (Al,CrL)N 

are listed in Table 5.4. The indentation hardness and indentation modulus are also presented in 

box plots in Figure 5.8 for better comparability. 

 

Table 5.4: Nanoindentation values of (Al,CrL)N interlayers 

Architecture Monolayer Gradation 

Parameters ti = 20 min ti = 30 min ti = 40 min  UB = -125 V UB = -175 V 

HIT in GPa 8.3 ± 0.4 8.7 ± 0.4 8.5 ± 0.5 10.2 ± 0.5 10.5 ± 0.4 

EIT in GPa 154.0 ± 5.3 148.2 ± 4.9 144.6 ± 4.7 207.0 ± 11.9 170.4 ± 30.1 

ηel in % 40 42 42 45 45 

 

The coating thickness does not significantly affect the indentation values of monolayer 

(Al,CrL)N. However, these interlayers indicate a lower elastic work percentage than those with 

graded architecture. Moreover, increased substrate bias voltage influences neither the 

indentation values nor the elastic work percentage of interlayers with graded architecture. 

Furthermore, coatings with a graded architecture have a slightly higher indentation hardness 

and modulus than the monolayer coatings, as shown in Figure 5.8.  
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Figure 5.8: Box plots of indentation hardness HIT and indentation modulus EIT of (Al,CrL)N 

interlayers [BKM+23] 

 

5.2.3 Analysis of (Al,CrL)N/X40CrMoV5-1 compound adhesion strength 

Rockwell indentation and scratch tests were conducted to determine the interlayer with the 

highest adhesion strength to the steel substrate. The Rockwell indentation tests were carried out 

in accordance with DIN 4856, as described in subchapter 5.1. Furthermore, a scratch tester HPG 

200/2, Gesellschaft für Fertigungstechnik und Entwicklung Schmalkalden e.V., Schmalkalden, 

Germany, was used to analyze the adhesion strength of the coating/substrate compound under 

sliding load. A conical diamond with Rockwell C geometry was scratched over the coating 

surface at a constant normal force, at a sliding velocity vs = 10 mm/min, and over a distance of 

xScratch = 4 mm. The normal force FN was increased in increments of ΔFN = 5 N. The scratch 

tracks were evaluated using CLSM. The critical normal loads Lc1-Lc3 were determined according 

to DIN EN ISO 20502. 

 

Figure 5.9 reveals the CLSM images of the Rockwell imprints of interlayers on X40CrMoV5-1 

steel substrate. The coated samples with a monolayer architecture and different thicknesses 

show similar adhesive failures with diverse spalling at the imprint edge and are classified as 

HF 5. This illustrates that the change in coating thickness has no significant effect on the 

adhesion strength of monolayer (Al,CrL)N coatings to the substrate. The graded (Al,CrL)N 

coated sample with UB = -125 V exhibits the highest adhesion strength HF 1 since no obvious 
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spalling or cracks have been observed. However, by increasing the substrate bias voltage to 

UB = -150 V the compound adhesion strength was reduced to HF 3. An increase in substrate 

bias raises the kinetic energy of the ions, potentially causing lattice defects and the implantation 

of process gases, as described in [Dav93]. Consequently, this may elevate compressive residual 

stress, reducing compound adhesion. 

 

 

Figure 5.9: Rockwell imprints of (Al,CrL)N coatings on X40CrMoV5-1 steel [BKM+23] 

 

Figure 5.10 exemplarily displays the scratch test results of monolayer (Al,CrL)N/X40CrMoV5-

1 compound with ti = 30 min and the graded (Al,CrL)N/X40CrMoV5-1 compound with 

UB = -125 V. Critical normal loads Lc1- Lc3 of all (Al,CrL)N coated samples are listed in Table 5.5. 
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Figure 5.10: Scratch tracks of monolayer (Al,CrL)N coating with ti = 30 min and graded 

(Al,CrL)N coating with UB = -125 V [BKM+23] 

 

The results reveal the same critical normal loads Lc1 = 20 N, Lc2 = 40 N, and Lc3 = 50 N for 

monolayer (Al,CrL)N coatings. Using graded architecture, the critical normal loads are 

enhanced. In contrast, increasing the bias voltage to UB = -150 V reduces the compound 

adhesion strength, as observed in the Rockwell tests shown in Figure 5.9. The graded (Al,CrL)N 

coating deposited by UB = -125 V exhibits the highest adhesion strength on the substrate. Due 

to its promising adhesion behavior, this interlayer is chosen to be deposited in the 

(Al,CrL)N/(Al,CrL)2O3 system for further investigation. 

 

Table 5.5: Critical normal loads Lc1 - Lc3 of (Al,CrL)N interlayers on X40CrMov5-1 steel 

Coating Monolayer architecture Graded architecture 

  ti = 20 min  ti
 = 30 min  ti = 40 min  UB = -125 V UB = -150 V 

Lc1 in N 20 20 20 30 30 
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5.3 (Al,Cr)2O3 thickness adjustment to enhance adhesion strength 

In the next step, (Al,CrL)N/(Al,CrL)2O3 coatings were deposited on X40CrMoV5-1 substrate 

using TCL. The aim was to reach an adhesion strength in the Rockwell indentation test, showing 

no coating delamination at the Rockwell imprint edge. For this purpose, the production and 

results of two AlCrN/(Al,Cr)2O3 variants with different oxide functional layer thicknesses sf are 

presented in this subchapter.  

 

5.3.1 Deposition parameters of (Al,CrL)N/(Al,CrL)2O3 system on hot work steel 

The two (Al,CrL)N/(Al,CrL)2O3 coating variants were deposited in dc mode and without 

substrate rotation by HS-PVD using the target configuration TC2. Therefore, in the following 

these coatigs were named as (Al,CrL)N/(Al,CrL)2O3 The coating time of functional layer tf was 

varied in two coating processes to analyze the effect of functional layer thickness sf on the 

adhesion strength, Table 5.6. The graded (Al,CrL)N interlayer with the highest adhesion 

strength in subchapter 5.2.3 was chosen.  

 

Table 5.6: Process parameters of (Al,CrL)N/(Al,CrL)2O3 system  

Coating step Interlayer Functional layer 

Process parameters  (Al,CrL)N (Al,CrL)2O3  

Process ID  4534 4535 

Target configuration TCL TCL TCL 

Cathode power PC in kW 6 6 6 

Cathode current IC in V 15 15 15 

Bias voltage UB in V -125 -175 -175 

Bias current IB in A 3 3 3 

Ar gas flow QAr in sccm 8,000 8,000 8,000 

O2 gas flow QO2 in sccm - 80 80 

N2 gas flow QN2 in sccm 0-800 - - 

Pressure p in Pa 33.7-33.9 33.4 33.4 

Heater temperature TH in °C 640 ± 10 640 ± 10 640 ± 10 

Substrate temperature Ts in °C 550 ± 15 550 ± 15 550 ± 15 

Rotation speed ωTable in rpm - - - 

Interlayer/functional layer tf/ti coating time in min 20 60 90 
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The scratch and Rockwell indentation tests were performed as described in subchapter 5.2.3. 

The aim was to choose the (Al,CrL)N/(Al,CrL)2O3 variation with the highest adhesion strength 

on X40CrMoV5-1 substrate for further analysis at high temperatures. Since the total coating 

thickness st exceeds the allowed range in used DIN norms of the Rockwell and scratch tests, the 

imprints were qualified and not quantified to HF1-5 and LC1-LC3, respectively.  

 

5.3.2 Influence of oxide functional layer thickness on the coating and compound 

adhesion properties of (Al,CrL)N/(Al,CrL)2O3 

Figure 5.11 shows the SEM images of the (Al,CrL)N/(Al,CrL)2O3 coatings in an as-deposited 

state. The interlayer thickness si and the thickness of functional oxide layer sf are also added in 

Figure 5.11. The coatings demonstrate dense and columnar morphologies. The oxide functional 

layer shows a promising bonding to the graded interlayer. Moreover, (Al,CrL)N/(Al,CrL)2O3 

coatings also exhibit strong bonding at the interface to the substrate regardless of the total 

coating thickness. 

 

 

Figure 5.11: SEM cross-section images of (Al,CrL)N/(Al,CrL)2O3 coatings deposited by             

a) tf = 60 min and b) tf = 90 min [BKM+23] 

 

The coating indentation hardness, indentation modulus, elastic work percentage, and average 

line roughness Ra of both coating variants are listed in Table 5.7 .The metallic element contents, 

analyzed by EDX, are also given in Table 5.7. The coatings demonstrate comparable properties 

regarding chemical composition and indentation values. However, a slight increase in 

roughness is visible with increasing thickness. Compared to (Al,CrL)2O3 coatings without 

interlayer in Table 5.2, (Al,CrL)N/(Al,CrL)2O3 coatings show a slight increase in Cr content. This 

can be attributed to the additional interlayer deposition step. During this step, Al exhibits a 

X40CrMoV5-1

(Al,CrL)2O3

(Al,CrL)N

tf = 60 min tf = 90 min

20 µm

a) b)

sf = 16.5 µm sf = 24.3 µm
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higher tendency to react with the reactive gas than Cr, leading to more pronounced target 

poisoning of the Al target. As a result, the (Al,CrL)N/(Al,CrL)₂O₃ coatings contain a higher Cr 

content than the single layer (Al,CrL)₂O₃ coatings. This hypothesis is discussed by EDX line 

scans, shown in subchapter 5.5.1. 

 

Table 5.7: Coating properties of (Al,CrL)N/(Al,CrL)2O3 system in as-deposited state 

Coating  tf = 60 min tf = 90 min 

HIT in GPa 15.2 ± 0.7 14.1 ± 0.6 

EIT in GPa 218.9 ± 6.3 209.1 ± 5.4 

ηel in % 49 48 

xAl in at.-% 88 ± 0 86 ± 1 

xCr in at.-% 12 ± 0 14 ± 1 

Ra in µm 0.05 0.07 

 

The adhesion strength between the (Al,CrL)N/(Al,CrL)2O3 coatings and X40CrMoV5-1 was 

qualitatively investigated using the Rockwell indentation test, as presented in Figure 5.12. A 

adhesion classification in groups of HF 1 to HF 6 is again not valid since the thickness of 

coatings exceeds the thickness limitation of s = 10 µm as defined in DIN 4856. However, 

comparing the kind and severity of the observed failures allowed for a qualitative evaluation of 

the compound adhesion.  

 

 

Figure 5.12: CLSM images of Rockwell imprints of samples coated by a) tf = 60 min and b) 

tf = 90 min [BKM+23]   
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Coated samples with a thinner functional layer show several delamination at the edge of the 

Rockwell imprint. In contrast, with increasing thickness of the functional layer higher adhesion 

strength is visible, since no obvious spalling has been observed.  

 

Moreover, scratch tests following DIN EN ISO 20502 were carried out to evaluate the coating 

adhesion on steel X40CrMoV5-1. However, a classification to LC1-C3 is not carried out, since the 

coating thickness is st > 20 µm. Instead, the applied normal forces are given to compare the 

adhesion strength behavior of the coated samples in Figure 5.13.  

 

 

Figure 5.13: CLSM images of scratch tracks with a) tf = 60 min and b) tf = 90 min [BKM+23]  

 

Under a normal force of FN = 55 N, the scratch track reveals spallation at the edge of the scratch 

track for tf = 60 min, as can be seen in Figure 5.13 a). In contrast, the scratch track of tf = 90 min 

demonstrates just cracks and no spallation is visible under the same condition, as shown in 

Figure 5.13 b). The results show that the functional layer thickness also affects the compound 

adhesion of AlCrN/(Al,Cr)2O3 coatings on the substrate under dynamic loading. Analogous to 

Rockwell indentation tests, coated samples with higher thickness also demonstrate higher 
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compound adhesion in scratch tests. It can be assumed that the increase of sf positively 

influences the compound adhesion. As other coating properties of both samples are almost 

comparable, this observation may be the result of the varied residual stress state in the coatings 

due to the thickness differences. This aspect will be discussed in chapter 5.4. Despite a high 

coating thickness of up to st ≈ 30 µm, the coatings show a high adhesion strength to the 

X40CrMoV5-1 hot work steel. 

 

5.4 Residual stresses in HS-PVD coatings  

In the following chapter, the residual stress state in (Al,CrL)N/(Al,CrL)2O3 coatings deposited 

using HS-PVD is investigated. The analysis of compound adhesion strength in subchapter 5.3 

shows enhanced adhesion strength with increasing coating thickness on the X40CrMoV5-1 

substrate. The coating properties, such as chemical composition, morphology, and indentation 

hardness, are comparable and independent of coating thickness, as presented in subchapter 5.3. 

It is assumed that the process-specific properties of HS-PVD described in subchapter 2.2 could 

affect residual stress. In this context, the residual stress in coatings with different thicknesses 

was examined. Additionally, different substrates were used to determine whether this effect 

could be observed independently of substrate material. The (Al,CrL)N/(Al,CrL)2O3 coated 

X40CrMoV5-1 and WC-Co were analyzed. Coatings were deposited in the same process batch 

with the identical coating parameters from Table 5.6. The following investigations focused on 

the correlations of coating properties, adhesion strength, and residual stress.  

 

5.4.1 Analysis of residual stress by XRD using sin2ψ method  

Residual stress measurements of the coatings were performed by application of the sin2ψ-

method on a General Electric diffractometer type Seifert XRD 3003 ETA, equipped with Co-Kα 

radiation. These measurements were conducted at the Institute of Production Engineering and 

Machine Tools (IFW), Leibniz Universität Hannover, Germany. A peak of (440) for oxide 

coatings deposited on steel substrates and a peak of (400) for oxide coatings deposited on 

WC-Co substrates were measured. These peaks selected for residual stress measurements are 

chosen to avoid overlapping with those of the X40CrMoV5-1 and WC-Co substrate. A total of 

15 scans were measured per azimuth direction Φ = 0° and Φ = 90°. The residual stress was 

analyzed using the software “RAYFLEX Analyze” by Seifert. The residual stress was determined 

in the X-ray analysis based on the lattice strain. Based on Hooke's law [Ryc84], these lattice 

strains ε are proportional to the existing residual stresses σ. The proportionality constant here 



Chapter 5: Synthesis of (Al,Cr)2O3 coatings at Ts ≈ 550 °C 

Page 57 of 120 

is the modulus of elasticity E. The quantities in the equation of Hooke's law are tensors. 

Assuming that the coating is an elastically isotropic material, the elastic behavior can be 

simplified by S1 and 
1
2

S2. The values S1 and 
1
2

S2 are then calculated respectively by Equation 5.1 

and Equation 5.2, from the indentation moduli analyzed using the nanoindentation and 

Poisson's ratio. 

 

1
2

S2 = 
(1+ν)

E
                                                                                                                              Equation 5.1  

S1 = -(
ν
E

)                                                                                                                                   Equation 5.2  

 

S1, S2: First and second X-ray elastic constant 

E: Modulus of elasticity 

ν: Poisson's ratio 

 

The indentation modulus EIT were measured using nanoindentation as described in chapter 4.2. 

Subsequently, the residual stresses were calculated using the relationship between the elastic 

behavior and the lattice strain. The calculated maximum penetration depth τmax, based on the 

X-ray Mass Attenuation coefficient µ of the used Co-Ka radiation, was determined using 

Equation 5.3 [STS+09]:  

 

τmax = 
1

2µ
 ∙ sinθ                                                                                                                        Equation 5.3  

 

Maximum penetration depth of τmax,440 = 17.0 µm and τmax,400 = 12.9 µm were determined. The 

density of the coating ρ = 3.65 g/cm³ was calculated. The density is usually determined 

experimentally, but there is also the possibility of estimating the density based on 

crystallographic data, as discussed in [Sim13]. 

 

5.4.2 Correlation of residual stress with coating and adhesion properties 

The morphology of the coatings is illustrated in Figure 5.14. SEM cross-sectional images 

illustrate a fine columnar morphology of coatings deposited on both substrate materials. A gap 

in coating/WC-Co interface is visible, indicating a poor bonding of (Al,CrL)N interlayer to the 

WC-Co substrate. This was to be expected, as the focus of adhesion enhancement in 
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subchapter 5.2 was on the steel X40CrMoV5-1 substrate and not on the WC-Co. The coatings 

deposited on the WC-Co substrates are thinner than those deposited on the steel substrate. 

Since the deposition time was the same and substrates were coated in the same coating batch, 

the observed differences in coating thickness suggest that substrate material may influence the 

coating growth rate. In this case, the coating growth rate is higher for coatings deposited on 

X40CrMoV5-1 substrate.  

 

 

Figure 5.14: Morphology of coatings on WC-Co and X40CrMoV5-1 substrates [BKM+24b] 

 

No significant change in indentation hardness HIT is determined by increasing the coating 

thickness on both substrate materials, Table 5.8. However, a higher percentage of elastic work 

as well as a higher indentation hardness and modulus is measured on the WC-Co substrate 

compared to the steel substrate. Coatings deposited on WC-Co show a slight increase of the 

indentation modulus EIT and elastic work percentage ηIT as the coating thickness increases. 

However, these values stay comparable for coatings deposited on the steel substrate when the 

thickness is increased. 
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Table 5.8: Nanoindentation values of oxide coatings on different substrates 

Substrate material WC-Co X40CrMoV5-1 

Functional coating time tf 60 min  90 min  60 min  90 min  

HIT in GPa 21 ± 1 22 ± 1 15.2 ± 0.7 14.1 ± 0.6 

EIT in GPa 247 ± 9 261 ± 7 218.9 ± 6.3 209.1 ± 5.4 

ηel in % 57 63 49 48 

 

The compound adhesion strength of the oxide coatings with different thicknesses on the 

WC-Co substrate was analyzed using Rockwell indentation and scratch tests. The CLSM 

micrographs are illustrated in Figure 5.15. The adhesion strength classifications HF 1 – HF 6 

are not valid, since coating thicknesses of s > 10 µm are not included in DIN 4856. A qualitative 

evaluation of the Rockwell imprints was performed in this case. For the sample with a lower 

coating thickness, a complete delamination of the coating from the substrate can be observed 

around the Rockwell imprint. In comparison, the sample with a higher coating thickness shows 

cohesive failure at the edge of the Rockwell imprint. A complete delamination of the coating 

from the substrate was not found in this case. 
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Figure 5.15: CLSM micrographs of a) Rockwell indentation imprints and b) scratch tracks on 

oxide/WC-Co compounds [BKM+24b] 

 

For the scratch test results, the classification LC1-C3 is not valid because of the high thickness 

s > 20 µm of the investigated coatings. At a normal scratch force of FN = 10 N, cracks are found 

at the edge of the scratch track for the sample with a lower coating thickness. In contrast, only 

plastic deformation is observed for the samples with a higher thickness. Under a normal scratch 

force of FN = 20 N, a wider area with coating delamination is found for the samples with a lower 

thickness compared to a higher thickness. Under a higher normal force of FN = 50 N, a large 

area of exposed substrate due to coating delamination is not observed for samples with higher 

thickness. Overall, the results of the compound analysis show a low adhesion strength of the 

oxide coating on the WC-Co substrate. However, coatings with higher thickness exhibit less 

severe failure compared to thinner coatings. The same behavior was also observed for these 

coatings deposited on the steel substrate as discussed before in subchapter 5.3. 
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The residual stress analysis of (Al,CrL)N/(Al,CrL)2O3 coatings on both substrate materials was 

performed using XRD. The XRD patterns are shown in Figure 5.16. The coating peaks refer to 

γ-Al2O3 and are marked as dashed lines. The WC-Co and X40CrMoV5-1 substrate peaks are 

labeled as “s” in the diagram. The peak (440) is considered for the analysis of residual stresses 

of oxide coatings on the steel substrate. As evident from the XRD patterns, this peak is at the 

same position as the WC-Co substrate peak. Therefore, the peak (400) is considered for the 

analysis of residual stresses of coatings deposited on the WC-Co substrate. 

 

 

Figure 5.16: XRD patterns of coatings on both substrate materials [BKM+24b] 

 

The coatings depict compressive residual stress, as shown in Figure 5.17. With higher coating 

thickness a reduction in the compressive residual stress is visible, irrespective of the substrate 

material. Moreover, significantly higher compressive residual stress is measured for the coatings 

deposited on WC-Co. The significant reduction in compressive stress observed for thicker 

coatings on WC-Co compared to steel can be attributed to differences in plastic deformation 

behavior, substrate stiffness, and stress distribution mechanisms, as also discussed in [SBK+18]. 

The WC-Co substrate's higher yield strength and stiffness limit plastic deformation, leading to 

a higher initial stress buildup in coatings. Thicker coatings on hot work steel experience stress 

relaxation due to plastic deformation in the substrate interface, which could lead to a minimal 

change in residual stress between thin and thick coatings. In contrast, WC-Co’s higher yield 

strength limits plastic deformation, resulting in more pronounced differences. 
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Figure 5.17: Residual stress state on different substrates via XRD [BKM+24b] 

 

5.4.3 Intermediate conclusion of residual stress in HS-PVD coatings 

Residual stress measurements via XRD confirm the presence of compressive residual stress in 

the thick HS-PVD coatings with total thickness up to st ≈ 29 µm. An increase in coating 

thickness leads to a reduction in compressive residual stress irrespective of substrate material. 

Moreover, coatings show different adhesion strength to substrate depending on the substrate 

material. Since the coating morphology, chemical composition and indentation values are 

almost comparable, this observation indicates the dominant effect of residual states on 

compound adhesion properties. Moreover, significantly higher compressive residual stress is 

observed in coatings on WC-Co compared to X40CrMoV5-1. As the morphology and chemical 

composition of the coatings deposited on both substrates are comparable, the higher 

indentation hardness and modulus on WC-Co can be attributed to the higher compressive 

residual stress. The reduced adhesion strength of the coatings on WC-Co can be explained by 

the higher indentation hardness and modulus results from the higher compressive residual 

stress on WC-Co compared to X40CrMoV5-1. 
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target. The (Al,CrL)N/(Al,CrL)2O3 coating with thicker functional layer was selected for further 

investigations by annealing tests due to its higher compound adhesion strength on steel 

substrate, as shown in subchapter 5.3. Since the (Al,CrH)2O3 system exhibits the highest 

indentation hardness, which could be beneficial for wear resistance, its high temperature 

properties are also important to investigate. A nitride (Al,CrH)N interlayer was also deposited 

as an adhesion layer for the functional oxide coating. The coating parameters were comparable 

to the (Al,CrL)N/(Al,CrL)2O3 system and listed in Table 5.9. 

 

Table 5.9: Coating parameters of (Al,CrH)N/(Al,CrH)2O3 system deposited in dc mode 

Process ID 4692 

Coating step Interlayer Functional layer 

Process parameters  (Al,CrH)N (Al,CrH)2O3  

Target configuration TCH TCH 

Cathode power PC in kW 6 6 

Cathode current IC in V 15 15 

Bias voltage UB in V -125 -175 

Bias current IB in A 3 3 

Ar gas flow QAr in sccm 8,000 8,000 

O2 gas flow QO2 in sccm - 80 

N2 gas flow QN2 in sccm 0-800 - 

Pressure p in Pa 33.7-33.9 33.4 

Heater temperature TH in °C 640 ± 10 640 ± 10 

Substrate temperature Ts in °C 550 ± 15 550 ± 15 

Rotation speed ωTable in rpm - - 

Interlayer/functional layer tf/ti coating time in min 20 90 

 

High temperature behavior was investigated by annealing tests in vacuum at Tvac. = 1,000 °C and 

Tvac. = 1,200 °C for tvac. = 1 h in a high vacuum furnace, PVA TePla AG, Wettenberg, Germany. 

Considering the addressed application of coatings in this study, during primary shaping 

processes such as HPDC, the mold is actively cooled, however the coating surface is in direct 

contact with the molten steel. Due to the high temperatures in addressed application, these such 

high temperatures were considered to analyze the behaviors of coatings. After loading the 

vacuum furnace with coated samples, the chamber was evacuated until a base pressure of 

p = 5∙10-6 mbar was reached. Subsequently, the samples were heated up to the desired 
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temperature with a heating rate of dT/dt ≈ 7 °C/min. Once the desired annealing temperature 

was attained, the temperature was kept constant for tvac. = 1 h. During the annealing period the 

pressure inside the furnace was kept lower than p ≤ 5∙10-5 mbar. Finally, the annealed sample 

was cooled down in vacuum slowly, with a cooling rate of dT/dt ≈ 4 °C/min. After annealing 

tests, the coated samples were embedded in epoxy resin, so that cross-sections of the annealed 

samples could be investigated by SEM. Moreover, elemental mappings with EDX were carried 

out to examine the diffusion behavior. For this purpose, a Phenom XL SEM, Thermo Fisher 

Scientific, Waltham, USA, with an EDX detector was utilized. Thereby, the diffusion behavior 

of Al, Cr, N, and O was the focus of EDX mappings after the annealing tests. Moreover, 

annealing tests in atmosphere were conducted at Tatm. = 800 °C and Tvac. = 900 °C and 

Tatm. = 1,000 °C for tvac. = 1 h. The annealing tests in atmosphere were carried out by RTH 52 

16S, Nabertherm GmbH, Germany. The results of the annealing tests are discussed separately 

for AlCrN/(Al,Cr)2O3 coatings named as Al/rich (Al,CrL)N/(Al,CrL)2O3 and 

(Al,CrH)N/(Al,CrH)2O3 coating considered as Cr-rich in the following two subchapters.  

 

5.5.1 Al-rich (Al,CrL)N/(Al,CrL)2O3 coating 

The chemical composition of the functional layer analyzed. The elemental content of 

xAl ≈ 33 at.-%, xCr ≈ 6 at.-%, and xO ≈ 61 at.-% is determined by EPMA in the as-deposited state. 

Considering the metallic elements, the coatings show xAl ≈ 85 at.-% and xCr ≈ 15 at.-%, 

representing the EDX analysis in Table 5.7. The SEM micrographs of polished and embedded 

samples in an as-deposited state and after annealing tests in vacuum are shown in Figure 5.18. 
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Figure 5.18: SEM micrographs of a) as-deposited state and annealed samples for tvac. = 1 h at 

b) Tvac. = 1,000 °C and c) Tvac. = 1,200 °C [BKM+23] 

 

In Figure 5.18 a), the dense columnar structure in the as-deposited state is not as clearly visible 

as in the fractural cross-section images in Figure 5.18 b) due to the polished cross-sections 

prepared after embedding. However, the initial columnar structure is visible for both samples 

after annealing tests in vacuum for tvac. = 1 h at Tvac. = 1,000 °C and Tvac. = 1,200 °C in 

Figure 5.18 b-c). In addition, smooth areas can also be detected in the coating zone, which again 

results from sample polishing preparation before SEM analyses. In the outer region of the 

functional layer, widening and separation of columns are visible after annealing at 

Tvac. = 1,000 °C, Figure 5.18 b). This is attributed to the phase transformations during annealing. 

In atmosphere, the widening and separation of columns are a free path for oxygen diffusion at 

high temperatures. The oxidation protection of the substrate can be limited by this morphology 

change. However, neither within the (Al,Cr)2O3 functional layer nor within the AlCrN 

interlayer, defects such as pores and crack formations can be observed. The functional layer also 

shows a promising bonding to the interlayer after annealing tests up to Tvac. = 1,200 °C. The 

thickness change and separation of the interlayer into different zones after annealing under the 

same conditions cannot be determined, unlike the metallic AlCr interlayer in prior studies 

[BBK+19]. Figure 5.19 shows the phase composition of the coating before and after annealing 

in vacuum for tvac. = 1 h.  
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Figure 5.19: Effect of annealing in vacuum on the phase composition of (Al,CrL)N/(Al,CrL)2O3 

coatings [BKM+23] 

 

In the as-deposited state, peaks are assigned to γ-Al2O3. After annealing at Tvac. = 1,000 °C, the 

characteristic peaks of α-Al2O3 and θ-Al2O3 are visible, whereas no γ-phase can be detected. This 

indicates a complete phase transformation of γ-Al2O3 during annealing at Tvac. = 1,000 °C. The 

absence of a crystalline CrxOy phase in the as-deposited state suggests that Cr is bonded in an 

amorphous phase. In contrast, additional peaks are detected after annealing, which are assigned 

to crystalline α-Cr2O3. The formation of α- and θ-Al₂O₃ is associated with densification and 

volume shrinkage due to their higher crystallographic density compared to the γ-phase. This is 

consistent with the observed columnar widening and separation in the outer regions of the 

functional layer, as shown in Figure 5.18 b). By increasing the annealing temperature to 

Tvac. = 1,200 °C, additional peaks are not observed. This indicates the stability of the preformed 

crystalline Cr2O3 and Al2O3 phases. However, the intensity of the peaks slightly increases after 

annealing at Tvac. = 1,200 °C. The SEM cross-sections of the annealed samples in Figure 5.18 

show that despite the phase transformation, no visible defects such as cracks or delamination 

owing to thermally induced stress can be determined. 
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The nanoindentation values after annealing tests in vacuum are presented as box plots in 

Figure 5.20 a-b). After annealing at Tvac. = 1,000 °C in vacuum an indentation hardness of 

HIT = (18.7 ± 1.3) GPa and an indentation modulus of EIT = (220.9 ± 11.5) GPa were measured. 

Thereby, a significant increase compared to the as-deposited state, with HIT = (14.1 ± 0.6) GPa 

and EIT = (209.1 ± 5.4) GPa, is noticeable. This enhancement is likely due to the formation of 

additional crystalline phases in the coating after annealing, as confirmed by the phase analysis, 

shown in Figure 5.19. In addition, thermally induced sintering and volume shrinkage associated 

with phase transformations may also contribute to the enhanced indentation values. In contrast, 

annealing at higher temperature of Tvac. = 1,200 °C resulted in comparable values to the 

as-deposited state, as depicted in Figure 5.20 a-b). A possible explanation for this could be grain 

growth in the coating after annealing, as also observed in [YSS19]. Grain growth may exert a 

dominant influence, reducing hardness values despite the presence of more crystalline phases. 

Another possible reason for the reduced hardness could be microcracks in the microstructure 

that are not detectable by SEM-images in Figure 5.18 b). 

 

While the elastic work percentage of ηel = 50 % remains constant after the annealing at 

Tvac. = 1,200 °C, it increases slightly to ηel = 54 % at Tvac. = 1,000 °C. Moreover, load-

displacement curves indicate homogeneous development during loading and unloading for 

annealed samples, Figure 5.20 c). Hereby, no visible fluctuating development of the load-

displacement curves can be noticed, unlike the behavior observed in (Al71Cr29)2O3 coatings after 

annealing already at Tvac. = 600 °C in previous works [BBK+19]. SEM cross-sections in 

Figure 5.18 show that the functional layer and interlayer exhibit no inhomogeneities within the 

morphology after annealing at high temperatures up to Tvac. = 1,200 °C.  
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Figure 5.20: Box plot of a) indentation hardness HIT, b) indentation modulus EIT and c) force 

displacement curves of (Al,CrL)N/(Al,CrL)2O3 coating before and after annealing 

[BKM+23] 

 

The element distribution is analyzed by EDX mappings to investigate the elemental diffusion 

behavior, particularly concerning the AlCrN interlayer as well as thermally induced changes of 

the chemical composition after annealing. Figure 5.21 a-b) depicts the corresponding EDX 

mapping results in an as-deposited state and after annealing at Tvac. = 1,000 °C in vacuum. To 

identify the substrate and various coating regions, a cross-sectional SEM image is presented in 

Figure 5.21. Concerning the elementary distribution in as-deposited and after annealing at 

Tvac. = 1,000 °C, no iron diffusion from the steel substrate into the interlayer or functional layer 

is observed after annealing. A homogeneous distribution of Al and Cr is evident within both 

the top layer and the interlayer. Additionally, chromium, as an alloying element, is uniformly 

distributed throughout the steel substrate. Considering the aluminum content, minimal 

diffusion of Al into the substrate is indicated by a red zone in the peripheral area adjacent to the 

interlayer. Despite this, Al remains still homogeneously distributed in the interlayer, with no 

Al-deficient regions observed.  
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Figure 5.21: Elementary diffusion behavior a) before and b) after annealing Tvac. = 1,000 °C in 

vacuum [BKM+23] 

 

Similarly, oxygen is uniformly distributed in the functional layer. However, oxygen is detected 
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in the substrate, which is attributed to diffusion processes. Despite these findings, no chemical 

separation of the interlayer into distinct zones is observed after annealing at Tvac. = 1,000 °C.  

 

Similar investigations were conducted on a coated sample annealed in vacuum at 

Tvac. = 1,200 °C. The corresponding EDX mappings are illustrated in Figure 5.22. As seen in the 

sample annealed at Tvac. = 1,000 °C, a uniform distribution of Al and Cr is also retained in the 

functional layer and interlayer at Tvac. = 1,200 °C. No Al- or Cr-enriched layers, as reported in 

[BBK+19] are observed for the (Al,Cr)2O3 functional layer in this study.  

 

 

Figure 5.22: EDX mappings after annealing Tvac. = 1,200 °C in vacuum [BKM+23] 

 

The Al-rich zone previously detected in the substrate disappears after annealing at 

Tvac. = 1,200 °C. Moreover, the interlayer shows no oxygen. Oxygen is instead evenly distributed 

throughout the functional layer. Similarly, nitrogen shows an almost uniform distribution 

within the interlayer zone. Even under high thermal load, both layers remain well-bonded to 

the substrate. Moreover, small voids in substrate are visible. The reason of void´s formation in 

substrate is not clear. Moreover, EDX line scans are conducted on the same samples before and 

after annealing, as shown in Figure 5.23. 
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Concerning the chemical composition in as-deposited and after annealing tests, no iron 

diffusion from the steel substrate into the interlayer or functional layer is observed. This is 

within good agreement with EDX mappings. Therefore, the voids in substrate cannot be related 

to the iron diffusion towards coating. EDX line scan shows that the Al content reduces slightly 

from interlayer to top layer in as-deposited state. This can confirm the hypothesis, discussed in 

subchapter 5.3.2, regarding the increased Cr content in AlCrN/(Al,Cr)2O3 compared to 

monolayer (Al,Cr)2O3 coatings. In addition, a decrease in the Al content within the interlayer 

can be observed. The Al content homogenizes in the interlayer after the annealing tests. No 

significant interdiffusion of Fe and Al between the coating and substrate can be detected.  

 

 

Figure 5.23: EDX line scans of the coated samples before and after annealing test in vacuum 
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Compound adhesion strength properties 

The adhesion strength between the Al/rich (Al,CrL)N/(Al,CrL)2O3 coating and the 

X40CrMoV5-1 substrate was also investigated after annealing in a vacuum using Rockwell 

indentation and scratch test. The results are shown as an example in Figure 5.24. The substrate 

material tempered to a hardness of H ≈ 53 HRC becomes softer after annealing tests in vacuum, 

H ≈ 43 HRC, comparing the Rockwell indentations before and after annealing, Figure 5.24 a). 

Nevertheless, the results of the Rockwell indentation test after annealing at Tvac. = 1,000 °C in 

vacuum only shows cohesive failure at the edge of the Rockwell imprints, without large-scale 

delamination of the coating from the substrate or adhesive failure. The results of the scratch test 

after annealing at Tvac. = 1,200 °C in vacuum are shown as an example in Figure 5.24 b). These 

also exhibit substrate exposure in the scratch track at normal force of FN = 80 N. compared to 

the as-deposited state with FN = 65 N, Figure 5.13 b). 

 

 

Figure 5.24: Compound adhesion strength after annealing tests a) Rockwell b) scratch tests 

 

After annealing tests for tvac. = 1 h in atmosphere at Tatm. = 1,000 °C, Al-rich coatings are 

delaminated. The samples annealed in atmosphere reveal comparable results as samples in 

as-deposited state, regarding phase composition and indentation values up to Tatm. = 900 °C. 

The SEM cross-sectional images exhibit only small differences, shown in Figure 11.1 in 

Appendix. The XRD results indicate almost identical spectra. The phase composition in 
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Figure 11.2 as well as indentation hardness and modulus, Figure 11.3, show no significant 

change.  

 

5.5.2 Cr-rich (Al,CrH)N/(Al,CrH)2O3 coating 

The chemical composition of the functional layer was analyzed by EPMA. The elemental 

content of xAl ≈ 28 at.-%, xCr ≈ 11 at.-%, and xO ≈ 61 at.-% was determined. Considering the 

metallic elements, the coatings show xAl ≈ 72 at.-% and xCr ≈ 28 at.-%, analyzed by EDX. As 

observed for (Al,CrL)N/(Al,CrL)2O3 coating, a reduction of Al content in (Al,CrH)N/(Al,CrH)2O3 

compared to monolayer (Al,CrH)2O3 coating in subchapter 5.1 is visible. In following the effect 

of high temperature on Cr-rich coatings were presented and discussed.  

 

After the annealing tests for tvac. = 1 h in vacuum at Tvac. = 1,000 °C, Cr-rich coatings are 

delaminated. Therefore, annealing tests are conducted at a lower temperature of Tvac. = 800 °C 

in vacuum and the annealing tests in atmosphere are excluded. The phase transformation in the 

(Al,CrH)N/(Al,CrH)2O3 coating are analyzed by XRD and are shown in Figure 5.25. A 

comparison of the XRD diffractograms for the as-deposited state and the annealed sample in 

vacuum at Tvac. = 800 °C shows no significant differences. The XRD results reveal the presence 

of the γ-Al2O3, with no evidence of crystalline chromium phases. The peak positions remain 

unchanged. However, a slight reduction in peak intensity can be attributed to the different 

samples needed for the annealing tests. 

 

 

Figure 5.25: Effect of annealing for tvac. = 1 h on (Al,CrH)N/(Al,CrH)2O3 [BKM+24c] 
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The indentation hardness HIT and indentation modulus EIT determined by nanoindentation on 

a polished coating surface before and after annealing in vacuum are listed in Table 5.10. The 

slight increase in indentation values after annealing Tvac. = 800 °C for tvac. = 1 h in vacuum can 

be explained by the different samples used for annealing tests.  

 

Table 5.10: Effect of annealing on indentation values of (Al,CrH)Ng/(Al,CrH)2O3 coating  

Sample state   As-deposited Annealed at Tvac. = 800 °C  

HIT in GPa 22.1 ± 1.8 24.8 ± 1.1 

EIT in GPa 272.3 ± 9.9 286.5 ± 10.5 

 

Figure 5.26 a-b) shows cross-sections analyzed using SEM to determine structural changes in 

the coating before and after annealing at Tvac. = 800 °C in vacuum. The dense structure of the 

coating can be seen in the SEM cross-sections. Defects are visible neither within the 

(Al78Cr22)2O3 functional layer nor within the interlayer. Instead, the coating appears very dense, 

with closely aligned columns. The bond between the functional layer and interlayer as well as 

between interlayer and substrate reveals no significant defects.  

 

The EDX mappings of coated sample in an as-deposited state and after annealing for tvac. = 1 h 

and at Tvac. = 800 °C are also illustrated in Figure 5.26 a-b). In the area of the substrate material, 

mainly iron and chromium can be detected, as is expected from the composition of the hot 

work tool steel. In the interface between the functional layer and the substrate there is a zone in 

which only Cr, Al and N can be detected, which is assigned to the interlayer. Furthermore, no 

additional layers with Al or Cr enrichment can be detected as formed in the metallic AlCr 

interlayer after annealing in studies of [BBK+19], which can show the more suitability of the 

ceramic AlCrN interlayer up to Tvac. = 800 °C. In contrast to the metallic AlCr interlayer in 

[BBK+19], no oxygen is detected in the area of the interlayer in Figure 5.26 b), indicating that 

oxygen diffusion into interlayer can be excluded. A homogeneous distribution of the elements 

Cr, Al and O can be observed in the functional layer before and after annealing tests.  
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Figure 5.26: Diffusion behavior of (Al,CrH)N/(Al,CrH)2O3 [BKM+24c] 

 

5.6 Intermediate conclusion of effect of Cr content on high temperature properties  

To investigate the influence of Cr doping on (Al,Cr)2O3 coatings deposited by HS-PVD, three 
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monolayer (Al,Cr)2O3 coating from xCr ≈ 8 at.-% to xCr ≈ 12 at.-% and xCr ≈ 22 at.-% shows no 

effect on the phase composition.  

 

The selected ceramic AlCrN interlayer with h-AlN is more phase stable than c-AlN, and 

therefore a more promising candidate for addressed applications such as HPDC of steel alloys. 

Through comparison with the AlCr interlayer used in a previous study [BBK+19], a thermally 

induced dissolution of the AlCrN interlayer is not observed in this study. Thus, AlCrN reveals 

a better diffusion barrier to prevent interdiffusion compared to AlCr interlayer. Basically, 

AlCrN coatings with a h-AlN phase are unsuitable as tool coatings for wear protection, due to 

its lower indentation hardness and modulus than cubic one. However, they appear to be 

appropriate as interlayers in this case, due to their higher phase stability compared to cubic 

ones.  

 

Furthermore, annealing tests up to Tvac. = 1,200 °C are performed in vacuum for tvac. = 1 h to 

evaluate the interdiffusion behavior in vacuum and phase stability of AlCrN/(Al,Cr)2O3 

coatings with xCr ≈ 15 at.-% and xCr ≈ 28 at.-%. Despite phase transformations, no spallation 

and crack formations are observed for AlCrN/(Al,Cr)2O3 coating system with xCr ≈ 15 at.-% 

after annealing test up to Tvac. = 1,200 °C. Annealing tests in atmosphere confirm the oxidation 

resistance in ambient air of this coating up to Tatm. = 900 °C. While previous studies in [Wel20] 

reported an increase in indentation hardness and modulus after annealing in atmosphere up to 

Tatm. = 800 °C, the results in this study exhibit comparable indentation values after annealing at 

temperatures up to Tatm. = 900 °C. In this context, the high Al content of xAl = 85 at.-% can be 

decisive. Based on these results, the Al-rich (Al,CrL)N/(Al,CrL)2O3 variant deposited by HS-PVD 

has been selected for further investigations under harsher conditions in immersion tests in 

molten steel 100Cr6. 
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6 Behavior of the coated hot work steel in contact with molten 100Cr6 steel 

The interactions between coatings and molten steel have not yet been extensively studied, 

resulting in a significant knowledge gap. Therefore, the fundamental investigation of failure 

mechanisms and adhesion behavior is of central importance. For the first time, immersion tests 

were carried out to evaluate the HS-PVD coated hot work steel substrates in contact with 

molten steel 100Cr6. The aim is to evaluate the behavior of Al-rich (Al,CrL)N/(Al,CrL)2O3 

coatings in contact with molten steel, focusing on their metal-physical corrosion and adhesion 

tendency.  

6.1 Coating and preparation of hot work steel pins for immersion tests  

Immersion tests were carried out with (Al,CrL)N/(Al,CrL)2O3 system with xCr ≈ 15 at.-%, which 

had previously demonstrated promising high temperature performance in annealing tests. The 

substrates for immersion tests were prepared as pins from hardened and annealed hot work tool 

steel X40CrMoV5-1, with a hardness of H = (54 ± 2) HRC. The pins had a diameter of 

dpin = 14 mm and a length of Lpin = 40 mm. The surface of the pins was polished to a roughness 

of Ra ≈ 0.01 μm before the coating process. These pins were coated in the HS-PVD coating 

machine using the process windows defined for the (Al,CrL)N/(Al,CrL)2O3 system with a 

functional layer coating time tf = 90 min, as described in Table 5.6. The pins were coated in 

one-fold rotation with a rotation speed of ωTable = 7 rpm to ensure a homogeneous coating 

thickness distribution.  

 

Figure 6.1 a) shows the schematic representation of the coated and uncoated regions of the 

cylindrical test pins used in the immersion tests. The uncoated region at the base is due to the 

pin holder used during the coating process. Initial coating attempts led to incomplete coverage 

and edge delamination due to rapid cooling immediately after the coating deposition process, 

as shown in Figure 6.1 b). The delaminated areas, highlighted in yellow, are attributed to 

thermal stress, as depicted in Figure 6.1 b). A magnified view in Figure 6.1 d) shows the coating 

delamination at the edge more clearly. This issue was resolved by implementing a controlled 

cooling protocol, whereby the temperature was reduced incrementally by T = 150 °C steps to 

minimize thermal stress. This optimized process resulted in uniform and defect-free coatings 

on the pins, as shown in Figure 6.1 c). The yellow-highlighted region demonstrates complete 

coating coverage, and a magnified view in Figure 6.1 e) shows a uniform and intact coating at 
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the edges. The optimized pins are now suitable for extensive immersion testing to investigate 

their resistance to metallurgical corrosion and adhesion behavior in 100Cr6 steel melt. 

 

 

Figure 6.1: a) Schematic illustration of a coated pin, b) coated pin with delamination, c) 

coated pin without delamination, d) detailed image of coating delamination, and 

e) detailed image of completely coated pin edge 

6.2 Performance comparison between coated and uncoated pins in immersion tests  

The widely used construction of 100Cr6 steel was selected in this work as the melt for the 

immersion tests. This steel has been chosen in several studies for investigations in the primary 

SMM processing, as discussed in subchapter 2.3. A middle-frequency induction heating unit 

from iew Induktive Erwärmungsanlagen GmbH, Gumpoldskirchen, Austria, was utilized for 

the immersion tests. The setup for the immersion tests is shown in Figure 6.2. The 100Cr6 steel 

was inductively heated in a melting crucible until a homogeneous melt was formed. Since the 

pins were not cooled, there was a risk of them being inductively melted. Therefore, the 

induction unit had to be switched off before immersing the pins to prevent the pins from 

melting. The pre-tests demonstrated that the molten metal solidified within approximately 20 

seconds after the induction furnace was turned off. Immediately after the induction unit was 

switched off, the pins were introduced into the melt. Pins were first immersed in the melt for 

timm. = 3 s, where the melt was still liquid, considering the HPDC application. Subsequently, the 

immersion time was increased to timm. = 10 s. The mixture of solid and liquid states, resulting 

from solidification during this period, nears the state of semi-solid metal forming application. 

 

C
o

at
e

d
U

n
co

at
e

d

a) c)b)
13 mm

4
0

 m
m

(Al,CrL)N/(Al,CrL)2O3

d)

Coating delamination

e)

No delamination



Chapter 6: Behavior of the coated hot work steel in contact with molten 100Cr6 steel 

Page 79 of 120 

 

Figure 6.2: Experimental set up of immersion tests 

 

The immersion tests were repeated twice. An uncoated pin was first immersed in molten steel 

to compare it with the coated pin. Strong adhesion of the molten steel to the uncoated pins is 

observed after only timm. = 3 s. In cross-sectional SEM investigations, the boundary between the 

original pin surface and the melt is difficult to identify, as shown in Figure 6.3 a). Moreover, the 

boundary is not as straight and homogeneous as expected, which can be attributed to additional 

metal-physical interactions such as the melting of the X40CrMoV5-1 pin on the surface. On the 

other hand, during the cross-section preparation, the melt separated from the coated pin due 

to the low adhesion tendency. The cross-section of this (Al,CrL)N/(Al,CrL)2O3 coated pin after 

the immersion test in 100Cr6 melt for timm. = 3 s is shown in Figure 6.3 b). A dense coating 

morphology can be seen in the cross-section. No coating defects such as cracks or pores can be 

observed within the coating. The bond between coating and interlayer as well as between 

interlayer and substrate shows no defects. 

 

As mentioned earlier, the pins were coated using a one-fold rotation mode. Even with rotation, 

only a small reduction in the deposition rate is observed, with ds/dt ≈ 27 µm/h for the coated 

pins versus ds/dt ≈ 29 µm/h for coatings applied without rotation, as illustrated in 

Figure 5.11 b).  

(Al,CrL)N/(Al,CrL)2O3 coated pin

Mechanical feed for the samples

Induction coil

Ceramic crucible



Chapter 6: Behavior of the coated hot work steel in contact with molten 100Cr6 steel 

Page 80 of 120 

 

Figure 6.3: SEM cross-sectional images of a) uncoated and b) coated pin after immersion test 

in 100Cr6 melt steel for timm. = 3 s 

 

To further investigate the contact surface of the melt with the coating, an approach was taken 

to embed the coated pin together with the melt as depicted in Figure 6.4 a) and then prepare 

cross-sections. Thereby, the pin was embedded shortly after the immersion test, subsequently 

cut as shown in Figure 6.4 b). The cross-sections were investigated using SEM and marked with 

dashed yellow lines in Figure 6.4 b). The SEM cross-sectional images of the 

(Al,CrL)N/(Al,CrL)2O3 coated pin after the immersion test in 100Cr6 melt for timm. = 10 s are also 

shown in Figure 6.4 d-e). The embedding material has run between the pin and the melt, 

indicating a gap, as illustrated in Figure 6.4 c). This could result from the low adhesion tendency 

of steel melt to the coated pin. A dense coating morphology can be seen in the cross-sectional 

SEM images, whereby partially local defects are detectable at the surface of functional coating. 

No further coating defects such as cracks or pores can be observed within the functional layer 

and interlayer. The bond between the functional layer and interlayer shows no deficiencies. 

However, the cross-section visualizes the formation of small gaps between the interlayer and 

substrate, as shown in Figure 6.4 d).  
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Figure 6.4: a) Coated pin after timm. = 3 s of the immersion, b) after embedding, c) SEM cross-

sectional micrograph, and d) detailed SEM micrograph 

 

Furthermore, EDX mappings were carried out to investigate the interaction between the molten 

steel and the coated pin in more detail. Figure 6.5 a) shows the elemental distribution of the 

coated pins after immersion in molten steel for various durations. After timm. = 3 s, the functional 

oxide layer stays intact and acts as a thick barrier. This layer shows no interaction with the steel 

melt, as demonstrated by the absence of Fe detected in the functional coating. The distribution 

of Al and Cr across the layers is uniform, indicating stable coating morphology during the early 

stages of immersion. Oxygen is mostly concentrated in the top layer, while nitrogen is restricted 

to the interlayer, ensuring the initial bilayer coating's architecture. Moreover, EDX mapping 

does not detect iron near the coating surface. This confirms that there is no adhesion of the 

molten steel to the coating. Significant changes are visible after timm. = 10 s, as evidenced by 

Figure 6.5 b).  
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Figure 6.5: EDX mappings of coated pins after immersion tests in 100Cr6 melt 
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The functional layer exhibits delamination and visible cracks at the coating/melt interface. If 

these coating defects had occurred during the immersion tests, they would have acted as a weak 

point for the diffusion and interaction of the molten steel with the coating. However, the Fe 

mapping shows no Fe in the defects or cracks. Since the diffusion of molten steel into the coating 

cannot be detected by Fe signals in EDX mapping, it can be inferred that these defects occurred 

during the grinding preparations. 

6.3 Intermediate conclusions of immersion tests in 100Cr6 melt 

The developed (Al,CrL)N/(Al,CrL)2O3 coating demonstrates excellent thermal and chemical 

stability under short-term exposure to molten 100Cr6 steel. The coating effectively prevents 

wetting and adhesion of the steel melt, preserving its structural integrity and acting as a barrier 

against melt diffusion to the substrate. These findings provide a crucial step toward enabling 

advanced primary shaping processes of high melting alloys such as HPDC or SSM forming of 

steel that demand materials with extreme resistance to melt-induced degradation. However, 

long-term stability and performance under cyclic thermal and mechanical loading are required 

to validate durability under real processing conditions.  

 

Additionally, utilizing a one-fold rotation mode during coating deposition only marginally 

decreased the deposition rate to ds/dt ≈ 27 µm/h, compared to ds/dt ≈ 29 µm with rotation. This 

indicates that rotational coating deposition can achieve uniform tool coating without notably 

affecting process efficiency in HS-PVD.  
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7 High temperature Ts > 700 °C PVD process of Al2O3 system  

The objective of this part is to verify the second hypothesis and to answer the research questions 

presented in chapter 3. Since the industrial synthesis of crystalline Al2O3 using CVD technology 

is conventionally carried out at T > 800 °C, the potential of HS-PVD was used to deposit 

coatings at such high temperatures. A maximum heater temperature of TH = (940 ± 10) °C can 

be adjusted in HS-PVD coating unit used. The desired heater temperature TH is set and the 

heater control system continuously adjusts the heater power to control the heater temperature. 

It is essential to note that the heater temperature does not correspond to the substrate 

temperature Ts. The substrate temperature is below the heater temperature and is critical for 

phase formation. The substrate temperature is measured with a thermocouple at a distance of 

dThermo. ≈ 8 mm from the substrate. The influence of the HT-PVD processes with a substrate 

temperature of Ts ≈ 780 °C and Ts ≈ 850 °C on the properties of the Al2O3 coatings was 

investigated. Thereby, properties of Al₂O₃ coatings synthesized on WC-Co substrates via 

HS-PVD at Ts ≈ 780 °C under different oxygen gas flows were studied under both as-deposited 

and high temperature conditions. For this purpose, the HT-XRD analysis was conducted in 

vacuum and at atmospheric conditions to analyze the phase stability and oxidation behavior, 

respectively. Moreover, High temperature nanoindentation (HT-NI) was performed to analyze 

the indentation hardness and modulus directly at these elevated temperatures. To analyze 

whether HS-PVD coatings with compressive residual stress can be deposited on WC-Co 

substrates at Ts ≈ 850 °C, three coating variants were deposited under varying bias voltages and 

oxygen gas flows.  

 

7.1 Effect of O2 gas flow on properties of coatings deposited at Ts ≈ 780 °C 

The Al2O3 coatings were deposited in dc mode without rotation on cemented carbide indexable 

inserts SNUN 120412 THM of grade HB10, xCo = 6 wt.-%, Kennametal Widia Produktions 

GmbH & Co. KG, Essen, Germany. Only two coating processes with different oxygen gas flow 

QO2 were carried out to minimize the test matrix, Table 7.1. The effect of a high substrate 

temperature as well as oxygen gas flow on the coating properties was the focus of initial 

investigations. As a reference, a coating process with the same parameters as process ID4450 

was conducted at a lower substate temperature Ts ≈ 550 °C, Table 7.1. The fundamental coating 

properties deposited at Ts ≈ 780 °C and Ts ≈ 550 °C were investigated and discussed. 
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Table 7.1: Process parameters of Al2O3 coatings deposited at Ts ≈ 780 °C in dc mode 

Process ID 4355 4450 4451  

Cathode power PC in kW 6 6 6  

Cathode current IC in V 16 16 16  

Bias voltage UB in V -125 -125 -125  

Bias current IB in A 3 3 3  

Ar gas flow QAr in sccm 8,000 8,000 8,000  

O2 gas flow QO2 in sccm 80 80 120  

Pressure p in Pa 33.4 33.4 33.6  

Heater temperature TH in °C 640 ± 10 830 ± 10 830 ± 10  

Substrate temperature Ts in °C 550 ± 15  780 ± 10 780 ± 10  

Rotation speed ωTable in rpm - - -  

 Coating time tcoat. in min 60 60 60  

 

Coating morphology and thickness 

Al2O3 coatings were deposited at a substrate temperature of Ts ≈ 780 °C with different oxygen 

gas flows of QO2 = 80 sccm and QO2 = 120 sccm. For a better comparison, the Al2O3 coating 

deposited at a lower substrate temperature Ts ≈ 550 °C with QO2 = 80 sccm is also shown in 

Figure 7.1 a). The SEM cross-sectional micrographs of Al2O3 coatings deposited at a higher 

temperature of Ts ≈ 780 °C are illustrated in Figure 7.1 b-c). The comparison of the cross-

sectional micrographs illustrates a decreasing coating thickness with increased process 

temperature. It is assumed that the thickness decreases due to increased crystallinity resulting 

from elevated process temperature. In this case, plasma species such as atoms, ions, and clusters 

would gain higher energy levels. Therefore, it is more probable that a crystalline lattice forms 

during condensation due to ions with higher energy levels. Moreover, the results confirm that 

morphology strongly depends on Ts, indicated by significant differences in the column size. At 

Ts ≈ 550 °C, coating morphology is coarse columnar with larger and discontinuous columns, as 

illustrated in Figure 7.1 a). In contrast, the columnar morphology becomes finer and more 

continuous at higher Ts, as shown in Figure 7.1 b). A dense and homogeneous non-columnar 

morphology is formed with an increased oxygen flow, as described in Figure 7.1 c). An 

amorphous or nanocrystalline microstructure could be the reason for this morphology. To 

verify this, additional investigations such as nanoindentation and XRD were carried out, and 

the results are presented in the following sections. 
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Figure 7.1: Fractured cross-sectional SEM micrographs of Al2O3 coatings deposited at a) 

Ts ≈ 550 °C and at b-c) Ts ≈ 780 °C [BKH22] 

 

Phase composition 

The phase composition of Al2O3 coatings deposited at Ts ≈ 780 °C with different oxygen gas 

flows of QO2 = 80 sccm and QO2 = 120 sccm is analyzed via XRD. Results are shown in Figure 7.2.  

 

 

Figure 7.2: Effect of substrate temperature and oxygen gas flow on phase composition of 

Al2O3 coatings [BKH22] 
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The coatings deposited at higher temperature demonstrate peaks with higher intensity, which 

are different from the coating deposited at Ts ≈ 550 °C. This reveals that the content of 

crystalline oxide phase increases with rising process temperature. Compared to Ts ≈ 550 °C, 

more pronounced oxide peaks in terms of intensity are observable. The peaks can be assigned 

to the γ-phase. Moreover, peak intensity rises when the oxygen flow is increased to 

QO2 = 120 sccm. Considering the finer crystalline morphology of the coating in Figure 7.1 c) 

compared to Figure 7.1 b), higher crystallinity could be responsible for the morphology change. 

These observations make it clear, that the coating deposited at QO2 = 120 sccm is not completely 

amorphous and probably has a fine crystalline microstructure. 

 

Nanoindentation results 

Indentation hardness HIT and indentation modulus EIT of the Al2O3 coatings deposited at these 

two different substrate temperatures are illustrated in the form of box plots in Figure 7.3. A 

significant change in both indentation hardness and indentation modulus is observed with 

increasing substrate temperature.  

 

 

Figure 7.3: HIT and EIT of Al2O3 coatings deposited under different conditions [BKH22] 

 

The indentation hardness increases markedly, reaching HIT = (23.7 ± 1.5) GPa for the Al2O3 

coating deposited with QO2 = 80 sccm. The rise in hardness is attributed to a higher content of 

crystalline oxide phases, which generally exhibit significantly higher hardness compared to 

amorphous alumina coatings. A slight increase in hardness to HIT = (25.7 ± 2.5) GPa is visible 

for the Al2O3 coating deposited with QO2 = 120 sccm. This can be attributed to the change of 

columnar morphology to nanocrystalline-like morphology, as observed in Figure 7.3.  
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7.1.1 Phase stability by in situ HT-XRD in vacuum and atmosphere 

In addition to the coating properties discussed in subchapter 7.1, the thermal stability of Al2O3 

coatings is important concerning the high temperatures generated on tools during the cutting 

process. Thus, the thermal stability of the crystalline Al2O3 coating deposited at Ts ≈ 780 °C was 

investigated. The phase transformations of metastable phases of alumina mainly occur in the 

temperature range of 600 °C < T < 1200 °C, as observed for magnetron-sputtered Al2O3 

coatings in [ESS+09]. HT-XRD measurements were therefore performed between T = 700 °C 

to T = 1,200 °C in vacuum and atmosphere. HT-XRD were carried out in a Buehler 2.4 HDK 

high temperature chamber, Edmund Bühler GmbH, Hechingen, Germany. The inside of the 

high temperature chamber is shown in Figure 7.4.  

 

 

Figure 7.4: Inside of High temperature chamber of XRD equipment 

 

Hereby the HT-XRD measurements were conducted at T = 700 °C, T = 800 °C, T = 900 °C, 

T = 1,050 °C and T = 1,200 °C using a grazing incidence (GI) X-ray diffractometer XRD 3003, 

GE Energy Germany GmbH, Ratingen, Germany. The temperature was measured with a spot-

welded thermocouple on the sample holder inside the sample surrounding heater. The 

measurements were performed using Cu-Kα radiation, wavelength λ = 0.1540598 nm, 

U = 40 kV and I = 40 mA with a diffraction angle in the range of 20° ≤ 2θ ≤ 80° and an 

incoming angle of ω = 3°. Step width and step time were chosen as s = 0.1° and t = 10 s, 

respectively.  
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The measurement time at each temperature was about t = 1.5 h. This means that the coatings 

have been annealed under vacuum and atmosphere at elevated temperatures above T = 700 °C 

for a total time of about t = 7.5 h, as illustrated in Figure 7.5. Furthermore, besides the phase 

stability, the annealing conditions in HT-XRD in an atmosphere gave the first insight into the 

oxidation behavior of coated samples. After the measurements at T = 1,200 °C, the morphology 

of the coatings was investigated in a cross-section using SEM. Moreover, the indentation 

hardness and indentation modulus were analyzed by NI after annealing during the HT-XRD 

tests.  

 

 

Figure 7.5: Temperature-time progressing diagram during HT XRD 

 

In situ HT-XRD in vacuum  

The XRD diffractograms of the Al2O3 coating deposited with QO2 = 80 sccm at Ts ≈ 780 °C in an 

as-deposited state are also demonstrated in Figure 7.6. By increasing the temperature, the 

coating peaks shift slightly to the lower angles. The coefficient of thermal expansion (CTE) of 

the alumina coating, αAl2O3 = (8.1-8.9×10−6) K−1 [WSC62], is higher than WC-Co substrate, 

αWC-Co = (5.7-6.9×10−6) K−1, corresponding to xCo = (6-15) wt.% [SVD+20]. As the temperature 

increases, the coating tends to expand more than the substrate, which induces compressive 

stresses in the coating. This stress change during HT-XRD can lead to peak shifts. The results 

indicate that the coating peaks remain unchanged within the limits of experimental uncertainty, 

and no new peaks are observed as the temperature increases. This suggests that no additional 

phases are formed in the coatings, demonstrating their high phase stability up to T = 1,200 °C. 
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Figure 7.6: HT-XRD results in vacuum for Al2O3 coating deposited at Ts ≈ 780 °C with 

QO2 = 80 sccm [BKM+24a] 

 

The phase stability of the Al2O3 coating deposited at Ts ≈ 780 °C with QO2 = 120 sccm was also 
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the as-deposited state. The HT-XRD measurements do not reveal any additional peaks within 

the experimental uncertainty. It is worth noting that using brighter X-ray sources, such as 

synchrotrons, could potentially yield higher signal-to-noise ratios, allowing for the detection of 

weaker phase fractions. It might not be discernible with conventional lab XRD. Hence, this 

statement is made within the confines of the experimental uncertainty inherent in the 

measurement setup.  
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Figure 7.7: HT-XRD results in vacuum for Al2O3 coating deposited at Ts ≈ 780 °C by 

QO2 = 120 sccm [BKM+24a] 

 

In situ HT-XRD under atmosphere 

Although both Al₂O₃ coatings show similar behavior during HT-XRD analysis in vacuum, only 

the coating deposited with QO2 = 120 sccm, exhibiting a denser, fine-grained like morphology, 

is selected for further investigation. The coating deposited with QO2 = 80 sccm, indicates a 
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oxygen diffusion along column boundaries. Based on this assumption, and to reduce the 

experimental matrix, the columnar coating was excluded from detailed analysis. Instead, focus 

was placed on the denser coating, which is expected to offer improved oxidation protection. 
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atmosphere. Moreover, oxidation of the substrate can be excluded, as no typical cobalt oxides 

are formed and no corresponding peaks are detected in the XRD patterns. However, signs of 

cobalt oxidation are observed in areas that were not coated, likely due to shadowing by the 

sample holder during the coating process, Figure 11.4. To minimize any influence of oxidation 
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of the substrate material, the SEM and nanoindentation analyses were carried out in the center 

of the sample, as far away from the edge of the sample as possible. 

 

 

Figure 7.8: HT-XRD results in atmosphere for Al2O3 coating deposited at Ts ≈ 780 °C by 

QO2 = 120 sccm [BKM+24a] 
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via HS-PVD at Ts ≈ 780 °C consists nearly pure γ-Al₂O₃, delaying the α-phase transformation 
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formed, but its quantity remains below the detection limit of the XRD equipment. 
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temperature was held constant for approximately t = 1.5 h, resulting in a total annealing time 

of roughly t = 7.5 h. The fractured cross-sectional images are shown in Figure 7.9. The 

columnar morphology of Al2O3 coating deposited with QO2 = 80 sccm, as shown in Figure 7.9 a), 

remains stable after HT-XRD in vacuum, as shown in Figure 7.9 b). The Al2O3 coating deposited 

with QO2 = 120 sccm exhibits a dense, fine crystalline structure, as illustrated in Figure 7.9 c), 

even after HT-XRD tests in both vacuum Figure 7.9 d) and in atmosphere Figure 7.9 e). 

Furthermore, strong bond adhesion between the substrate and coating is evident. The coating’s 

cross-sectional images show that there are no obvious cracks in the coating. This can be 

explained by the high phase stability of the coatings up to T = 1,200 °C. In a previous study, 

Al2O3 coatings deposited by MS were investigated regarding oxidation behavior [BBM+13]. The 

γ-Al₂O₃ starts to transform into the α-Al₂O₃ at T = 1,100 °C. Complete transformation to 

α-phase occurs after one hour of annealing at T = 1,150 °C [BBM+13].  

 

 

Figure 7.9: Morphology of the Al2O3 coatings deposited by QO2 = 80 sccm, a) as-deposited, b) 

after HT-XRD in vacuum, and Al2O3 coatings deposited by QO2 = 120 sccm, c) 

as-deposited, d) after HT-XRD in vacuum and e) in atmosphere [BKM+24a] 
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an as-deposited state are also given. Following HT-XRD tests, the indentation hardness HIT 

remained unchanged beyond the standard deviation for both coatings deposited by different 

oxygen gas flows. The indentation modulus EIT of coating deposited with QO2 = 80 sccm rose 

only slightly. 

 

Table 7.2: Effect of annealing during HT-XRD on indentation values  

Coating Coating 80 sccm Coating 120 sccm 

 As-deposited HT-XRD, 

vacuum 

As-deposited HT-XRD, 

vacuum 

HT-XRD, 

atmosphere 

HIT in GPa 23.7 ± 1.5 25.3 ± 1.6 25.7 ± 2.5 27.6 ± 1.2 26.9 ± 1.5 

EIT in GPa 275.1 ± 18.2 297.5 ± 13.2 305.7 ± 11.3 319.8 ± 11.1 312.9 ± 13.0 

ηel in % 60 59 62 62 62 

 

7.1.2 High temperature nanoindentation (HT-NI)  

Temperature-dependent properties such as indentation hardness HIT and indentation modulus 

EIT of PVD coatings are mostly determined using nanoindentation at room temperature after 

annealing. However, this established state-of-the-art method does not correspond directly to 

the in situ nanoindentation properties at high temperature conditions. The coating 

characterization of already annealed samples can only provide insight into the high temperature 

behavior regarding morphology and oxidation stability. For this reason, in situ HT-NI was 

conducted for Al2O3 coatings deposited by HS-PVD in this study. Using a Berkovich indenter, 

measurements were carried out on polished samples with TriboIndenter TI 950, Bruker 

Corporation, Billerica, Massachusetts, USA. An xSol high temperature stage is available for the 

HT-NI tests, as shown in Figure 7.10.  
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Figure 7.10: Illustration of nanoindentation with xSol high temperature stage  

 

The effect of temperature on the coatings is analyzed at temperatures TNI = (20 ± 2) °C, 

THT-NI = (650 ± 2) °C and THT-NI, Max = (750 ± 2) °C using an integrated heating module under a 

protective forming gas atmosphere with a composition of 95% N2 + 5% H2. At least 15 

measurements were performed at each temperature to minimize measurement uncertainty due 

to indenter wear, temperature, vibration, and roughness. An indentation force of FNI = 10 mN 

was applied. The indentation depth was kept below 10 % of the coating’s thickness.  

 

Using nanoindentation measurements after the annealing tests given in Table 7.2, the behavior 

after cooling to room temperature was investigated. However, these properties can be studied 

directly in the heated state using HT-NI. Figure 7.11 depicts the results of HT-NI studies at 

room temperature and elevated temperatures on coatings deposited by different O2 gas flows.  
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Figure 7.11: HT-NI results of Al2O3 coatings deposited at Ts ≈ 780 °C [BKM+24a] 

 

Figure 7.11 indicates that indentation hardness HIT for both coatings drops dramatically 

between TNI = 20 °C and TNI = 650 °C, reaching a minimum of HIT = 16.2 GPa at 

TNI, max = 750 °C. The grain boundary sliding could be the probable reason behind the observed 

phenomenon. The indentation hardness rises after cooling back to TNI = 20 °C, although it does 

not reach the value of as-deposited state. The reduced indentation hardness can be attributed 

to the grain-boundary activated phenomenon when the temperature increases. Coatings 

undergo thermally activated processes, such as grain boundary sliding and diffusion, at elevated 

temperatures. Grain boundary sliding refers to the relative displacement of neighboring crystal 

grains along their boundaries under mechanical or thermal stress. At higher temperatures, the 

grain interface can slide more easily, allowing the indenter to penetrate with less resistance. This 

can also be observed in the decreased elastic work percentage ηel. Moreover, the elastic work 

percentage ηel was reduced from ηel = 55 % to ηel = 39 % by increasing the temperature from 

TNI = 650 °C to TNI = 750 °C, indicating the lower resistance against plastic deformation at 

elevated temperatures. The same behavior was observed for the indentation hardness of AlCrN 

coatings in [FBE+06]. The indentation hardness of AlCrN coating was 25 % lower at 

TNI = 500 °C than at room temperature, whereas when cooled back to room temperature the 

hardness was comparable to before heating.  

 

Considering the results in Figure 7.11, after cooling back to room temperature, hardness 

increases again but does not fully recover to the initial value. Upon cooling, the thermally 

activated movement of grain boundaries stops, which leads to an increase in hardness again. 
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Moreover, as the temperature decreases during in situ HT-NI tests, thermal expansion comes 

into play, as discussed in subchapter 7.1.1. Reducing the temperature induces tensile stress in 

the coating, due to the thermal expansion mismatch between the coating and the substrate. This 

may explain the drop in hardness compared to the as-deposited state. 

 

The indentation modulus EIT of the Al2O3 coatings deposited with QO2 = 80 sccm decreases to 

EIT = 287.5 GPa with increasing temperature up to TNI, max = 750 °C, Figure 7.11. However, the 

EIT stays in the range of the standard deviation for coatings deposited by QO2 = 120 sccm. This 

observation remains unexplained.  

 

Until writing this work, there has been no research conducted on the HT-NI analysis of Al2O3 

coatings deposited by PVD measurements. Therefore, the results of Al2O3 coatings synthesized 

by CVD in [RAH+15] were considered in the discussion. Hereby, HT-NI was conducted on 

Al2O3 coatings at room temperature up to TNI = 600 °C and TNI = 700 °C, respectively. The 

pronounced decrease in the hardness and reduced elastic modulus of these coatings was 

observed.  

 

7.1.3 Intermediate conclusion of high temperature properties of pure Al2O3  

HT-XRD investigations show that the crystalline Al2O3 coatings deposited at Ts ≈ 780 °C, 

regardless of the oxygen gas flow, remain stable up to T = 1200 °C. After annealing during 

HT-XRD tests up to T = 1,200 °C, the coating morphology shows no thermally induced defects 

like cracks or delamination, which can be attributed to the high phase stability of Al2O3 coatings 

deposited by HS-PVD. The reason for such promising thermal stability of these coatings can be 

the high crystallinity results from the high substrate temperature of Ts ≈ 780 °C in combination 

with a high process stability of HS-PVD technology. Reduced target poisoning enables high ion 

energies of coating species, which is advantageous for depositing a high content of crystalline 

stable phases. Moreover, the indentation hardness and modulus after HT-XRD are comparable 

with the as-deposited state. However, HT-NI results show that the indentation hardness 

reduces at elevated temperatures. Overall, the coatings provide promising results in terms of 

high temperature properties. Additionally, results indicate that in situ HT-NI measurements 

are necessary to gain a better insight into the hot hardness of coatings, since HT-NI results show 

deviations compared to nanoindentation tests at room temperature. 
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7.2 Effect of process parameters on properties of coatings deposited at Ts ≈ 850 °C 

In subchapter 7.1, it was shown that a high crystallinity was achieved as the substrate 

temperature rose to Ts ≈ 780 °C. Therefore, the potential of HS-PVD was utilized to synthesize 

the coatings at higher temperatures. With a maximum heater temperature of TH,max = 940 °C, 

the substrate temperature of Ts ≈ 850 °C was achieved. The coating processes were carried out 

in a dc-modus with different bias voltages and oxygen gas flows.  

 

Table 7.3: Parameters of coating process at Ts ≈ 850 °C 

Process ID 5035 5034 5039 

Cathode power PC in kW 6 6 6 

Cathode current IC in A 16 16 16 

Bias voltage UB in V -75 -125 -125 

Bias current IB in A 3 3 3 

Ar gas flow QAr in sccm 8,000 8,000 8,000 

O2 gas flow QO2 in sccm 80 80 120 

Pressure p in Pa 33.4 33.4 33.6 

Heater temperature TH in °C 940 ± 10 940 ± 10 940 ± 10 

Substrate temperature Ts in °C 850 ± 10 850 ± 10 850 ± 10 

Rotation speed ωTable in rpm - - - 

Coating time tcoat. in min 60 60 60 

 

7.2.1 Properties of coatings deposited at Ts ≈ 850 °C 

The SEM images in Figure 7.12 demonstrate that the morphology and topography of Al2O3 

coatings are dependent on the corresponding process parameters such as bias voltage, oxygen 

gas flow rate, and substrate temperature. Coating time tcoat. was comparable for all variations. 

Coating thickness generally decreases with higher oxygen gas flow and lower temperature. 

Under a bias voltage of UB = -125 V, lower substrate temperature promotes coatings with 

densely packed cauliflower-like topography, whereas at Ts ≈ 850 °C columns are smaller but 

with a higher porosity. Deposition rate decreases with increasing temperature. The denser 

coating morphology at Ts ≈ 780 °C than Ts ≈ 850 °C could be due to the lower film growth rate.  
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Figure 7.12: Morphology and topography of Al2O3 coatings deposited under different 

conditions 

 

Under a constant oxygen gas flow of QO2 = 80 sccm and at Ts ≈ 850 °C, the morphology changes 

from a fine columnar microstructure to a dense nanocrystalline-like morphology as the bias 

voltage decreases from UB = -125 V to UB = -75 V. The columnar morphology remained 

unchanged under a UB = -125 V, as the oxygen gas flow increased to QO2 = 120 sccm. However, 

the column size increases slightly during coating growth from the interface to the coating 

surface. This could be explained by an increase of scattering between plasma species, and 

consequent lowering of ion energies and reduced adatom mobility in line with higher 

deposition pressure. Moreover, a slight decrease in coating thickness is visible.  

 

The XRD micrograph of coatings deposited at Ts ≈ 850 °C is illustrated in Figure 7.13 a). All 

three coatings show the same peaks. Thereby, the coating deposited at lower bias voltage 

UB = -75 V indicates peaks with less intensity than the other coatings.  
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Figure 7.13: XRD results of Al₂O₃ coatings deposited at a) Ts ≈ 850 °C, comparison of detailed 

XRD patterns deposited at b) Ts ≈ 850 °C and c) Ts ≈ 780 °C with UB = -125 V and 

QO2 = 120 sccm  

 

High-resolution XRD patterns of Al2O3 coatings deposited at different substrate temperatures 

with UB = -125 V and QO2 = 120 sccm are shown in Figure 7.13 b) and c). These patterns 

highlight a notable difference between the coatings deposited at different substrate 

temperatures. Specifically, in the sample deposited at Ts ≈ 850 °C, the diffraction peak around 

2θ ≈ 37° exhibits a clear splitting, Figure 7.13 b). This feature is not visible in Al2O3 coatings 

deposited at the lower substrate temperature of Ts ≈ 780 °C, Figure 7.13 c). The observed peak 

splitting may indicate the formation of a second phase, potentially the α-Al₂O₃, alongside the 

γ-Al₂O₃. To verify this hypothesis and gain a deeper insight into the microstructure of coatings, 

scanning transmission electron microscopy (STEM) analysis was carried out by a Tecnai G² F20 

S-TWIN of FEI, Hillsboro, USA. STEM was conducted at GFE RWTH Aachen on a thin lamella 
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prepared by focused ion beam (FIB). Figure 7.14 a-c) depicts cross-sectional TEM bright-field 

(BF) micrograph as well as corresponding dark-field (DF) micrographs. The SAED pattern is 

shown in Figure 7.14 d) 

 

 

Figure 7.14: Cross-sectional STEM micrographs in a) BF, b-c) DF, and d) SAED pattern 

 

The simulated ring diagrams, marked in red, are generated using RIng PAttern Simulation 

(RIPAS) program [Wei23]. In agreement with the SEM results in Figure 7.12, STEM 

micrographs reveal very fine columnar growth of the microstructure of coating with column´s 

height up to h ≈ 300 nm, Figure 7.14 a-c). According to the SAED pattern shown in 

Figure 7.14 d), the crystallites are preferentially oriented along (400) and (440) directions that 

agrees with the XRD results. Continuous diffraction rings in SAED pattern are visible rather 

than discrete spots. This type of pattern arises from many small, randomly oriented 

nanocrystals, indicating nanocrystalline coating microstructure. The rings are relatively broad, 
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suggesting that the grain size is likely in the range of a few nanometers to tens of nanometers. 

SAED pattern corresponds likely to pure γ-Al2O3.  

 

There is no significant difference between the indentation values measured for the three 

different coatings deposited at Ts ≈ 850 °C, as observed in Table 7.4. Therefore, the effect of the 

process parameters in the analyzed range on these values is negligible.  

 

Table 7.4: Nanoindentation values of Al2O3 coatings deposited at Ts ≈ 850 °C  

Al2O3 coatings  HIT in GPa EIT in GPa ηel in % 

UB = -125 V  27.1 ± 1.4 297.2 ± 11.4 62  

UB = -75 V 25.5 ± 0.8 287.1 ± 5.9 60  

QO2 = 120 sccm 27.2 ± 0.8 297.5 ± 6.1 62  

 

7.2.2 Residual stress of coatings deposited at Ts ≈ 850 °C 

Thin coatings deposited by PVD typically exhibit intrinsic compressive residual stresses due to 

the energetic bombardment during deposition. However, at elevated deposition temperatures, 

as commonly observed in CVD, thermally induced tensile stresses can develop due to the 

difference in thermal expansion coefficients between the Al₂O₃ coating and the WC-Co 

substrate. In this study, Al₂O₃ coatings were deposited via HS-PVD at a high substrate 

temperature of Ts ≈ 850 °C. Due to this elevated temperature, it is essential to investigate 

whether the characteristic compressive stresses of PVD coatings are still present or whether 

thermal tensile stresses dominate, as is typically the case in CVD coatings. Residual stresses in 

the Al2O3 coating deposited at Ts ≈ 850 °C were determined through a conventional X-ray 

diffractometer using the sin2ψ method, as described in subchapter 5.4.1. The maximum X-ray 

penetration depth was calculated τmax, 400 ≈ 10 μm.  

 

The residual stress of coatings can be found in Table 7.5. The stresses along two perpendicular 

directions, ϕ = 0° and ϕ = 90°, show only slight deviations. The highest compressive stress is 

measured for the coating deposited with UB = -125 V and QO2 = 80 sccm. Reducing the bias 

voltage leads to the development of tensile stress, suggesting the existence of a bias voltage below 

which ion bombardment is no longer sufficient to induce compressive stress. This implies that 

there may be a specific bias level at which the coating could be deposited in a stress-free state. 
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Compressive residual stress decreases as the oxygen gas flow increases to QO2 = 120 sccm. This 

reduction can result from the coarse columnar morphology observed in Figure 7.12. Moreover, 

gaps between the columns are visible in topography image, which may reduce residual stresses. 

 

Table 7.5: Residual stress in Al2O3 coatings deposited at Ts ≈ 850 °C analyzed using XRD 

Al2O3 coatings  UB = -125 V UB = -75 V UB = -125 V 

 QO2 = 80 sccm QO2 = 80 sccm QO2 = 120 sccm 

σ in MPa, Φ = 0° -1341 127 -703 

σ in MPa, Φ = 90° -1349 172 -719 

 

However, the reduction in residual stress due to increased oxygen flow is less significant than 

the reduction caused by decreasing the bias voltage. Energetic plasma particles, bombarding the 

surface of the growing coating, influence the film-formation process and the properties of the 

deposited coating. The impact of bias voltage on energy of plasma particles, bombarding the 

substrate, seems to be more dominant than the gas pressure. 

 

Despite the different compressive residual stress levels observed in these coatings, all three 

coatings exhibit no significant differences in HIT and EIT, as shown in Table 7.4. XRD primarily 

detects type 1 residual stresses, which are measured and averaged over a representative volume 

of the material. In contrast, nanoindentation probes the material at the micro- to nanoscale, 

where type 2 and type 3 residual stresses play a more significant role.  

 

7.2.3 Intermediate conclusion to the coatings deposited at Ts ≈ 850 °C 

In contrast to coatings deposited at Ts ≈ 780 °C, increasing oxygen flow results in coarser 

columnar growth at Ts ≈ 850 °C. The topography of coatings deposited at Ts ≈ 850 °C shows 

porosity, resulting from higher film growth rate compared to ones deposited at Ts ≈ 780 °C. 

However, XRD analysis of Al₂O₃ synthesized at Ts ≈ 850 °C shows distinct α-phase peaks rather 

than ones deposited at Ts ≈ 780 °C. Moreover, TEM analysis indicates nanocrystalline Al₂O₃ 

coating. Based on SAED pattern, the investigated region is likely composed of pure γ-Al₂O₃. 

The discrepancy between TEM and XRD results can be attributed to the vastly different 

sampling volumes of the two techniques. XRD probes a large area and can detect minor, 

localized phase formation, while TEM examines an area of hundreds of nanometers thin slices. 

Thus, it is possible that this specific region does not contain the same phase composition 
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detected in the XRD. If the FIB lamella is prepared from a region where no α-phase exists, it is 

plausible that the TEM would not reveal any indication of a secondary phase. Therefore, to 

confirm SAED results statistically, multiple FIB lamellae would be needed, but this is rarely 

done due to time and cost constraints. The high deposition temperature of Ts ≈ 850 °C 

introduces competing mechanisms: PVD-induced compressive stress versus thermally induced 

tensile stress. Such high temperatures did not fully suppress PVD-type compressive stresses, 

implying that enough ion bombardment retains dominance over thermal expansion effects. 

Moreover, the results confirm the hypothesis that adjusting the ion bombardment through 

changing the bias voltage allows for the manipulation of stresses and can enable coatings with 

compressive stresses in PVD processes. However, thermal effects may play a secondary role. 

Furthermore, no correlation is observed between the residual stress in coatings and indentation 

hardness and modulus. The depth-resolved residual stress measurements in the future studies 

may give more insights to explain this observation. The coatings deposited at Ts ≈ 850 °C could 

have more potential than ones deposited at Ts ≈ 780 °C as wear protection for cutting tools, due 

to pure crystallinity, signs of α-phase existence as well as compressive residual stresses. To 

investigate this hypothesis, the machining performance of these coatings deposited at 

Ts ≈ 850 °C using HS-PVD was examined under turning operations. Between the three variants, 

coating deposited with UB = -125 V and QO2 = 80 sccm possess the highest residual stress state. 

In the following, this variation is therefore selected for cutting tests. The morphology of the 

coating on the surface near the region of this variant is however not dense and shows gaps. This 

is not the case in the areas of coating/substrate interface, Figure 7.15. There, morphology is 

dense and fine-grained like, promotes oxidation resistance. 

 

 

Figure 7.15:  SEM cross-section of Al₂O₃ coating deposited at Ts ≈ 850 °C with UB = -125 V 

and QO2 = 80 sccm in detailed at coating/substrate interface

Ts ≈ 850 °C
UB = -125 V
QO2 = 80 sccm

10 µm

1 µm
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8 Performance in dry turning operation  

This chapter deals with the cutting performance of Al2O3 coatings synthesized by HS-PVD at 

Ts ≈ 850 °C. TiAlN/Al2O3 and Al2O3 coatings are compared to TiAlN coating in dry fine turning 

of C45+N steel. The TiAlN coating, as a widely used PVD tool coating, is a reference. TiAlN 

coatings are produced using an industrial mfMS coating unit.  

8.1 Process parameters and procedure for cutting tests  

The Al₂O₃ coating was deposited using the process parameters in Table 8.1. The coating time 

was adjusted to achieve a coating thickness in the range of 2 µm < s < 3 µm. Additionally, since 

the tools required coating in a rotating mode, the process was conducted in one-fold rotation. 

To investigate coating and compound properties, WC-Co indexable inserts SNUN 120412 

THM12, Kennametal Widia Produktions GmbH & Co. KG, Essen, Germany with xCo = 6 wt. % 

were used. For cutting tests, WC-Co cutting tools CNMA 120404, CTS12D, CERATIZIT, 

Luxemburg, with xCo = 6 wt. % were coated. The TiAlN/Al₂O₃ coating system was produced in 

combination of two coatings units. The HS-PVD process parameters for deposition of Al₂O₃ 

toplayer in TiAlN/Al2O3 are given in Table 8.1 and parameters of TiAlN interlayer deposited by 

mfMS coating unit are listed in Table 8.2.  

 

Table 8.1: Process parameters of Al₂O₃ coatings deposited for cutting tests 

Process ID 5344 5364 

 Plasma  

etching 

Al2O3 Plasma  

etching 

Al2O3 toplayer in 

TiAlN/Al₂O₃  

Cathode power PC in kW - 6 - 6 

Cathode current IC in A - 16 - 16 

Bias voltage UB in V -450 -125 -450 -125 

Bias current IB in A 3 3 3 3 

Ar gas flow QAr in sccm 9,000 8,000 9,000 8,000 

O2 gas flow QO2 in sccm - 80 - 80 

Pressure p in Pa 37.4 33.2 37.4 33.2 

Heater temperature TH in °C 940 ± 10 940 ± 10 940 ± 10 940 ± 10 

Substrate temperature Ts in °C 850 ± 10 850 ± 10 850 ± 10 850 ± 10 

Rotation speed ωTable in rpm 7.5 7.5 7.5 7.5 

Step time ts in min 35 12 5 8 
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The TiAlN coated samples were charged in the HS-PVD coating unit. After heating up to a 

substrate temperature of Ts ≈ 850 °C, argon plasma etching with a bias voltage of UB = 450 V 

and argon flow rate of QAr = 9,000 sccm was conducted for ts = 5 min to activate and remove of 

oxide reactive layer on the surface of the TiAlN coatings. Afterwards, Al2O3 toplayer was 

deposited by HS-PVD with parameters given in Table 8.1. The TiAlN interlayer in TiAlN/Al2O3 

as well as TiAlN reference coatings were deposited using an industrial coating machine of type 

CC800/9 SinOx XL, CemeCon AG, Würselen, Germany, as shown in Figure 8.1 a). The coatings 

were deposited using two cathodes with the same target configuration on cathode 1 and cathode 

3 in a dual bipolar pulsed arrangement with pulse on time of ton = 20 µs and pulse off time of 

toff = 7 µs. Moreover, the coating unit has two radiant heaters with a maximum power of PH = 16 

kW. In order to monitor the substrate temperatures during the coating process, temperature 

measurements were carried out using InsiTemp, which is described in [BBK18c]. Before coating 

deposition, samples were plasma cleaned using a mf -power supply. Additionally, the pre-

ionization of gases via a hollow cathode, known as booster etching, were conducted to enhance 

cleaning efficiency by optimizing the etching process. The plugged TiAl48 targets were installed 

on cathode one and cathode three, as shown in Figure 8.1 a).  

 

 

Figure 8.1: a) Illustration of CC800/9 SinOx, b) TiAl48 plugged target and c) substrates 
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The plugged TiAl48 targets consist of Ti base plate with 48 Al plugs, as illustrated in 

Figure 8.1 b). The target has a total dimension of ATarget = 500 mm × 88 mm. Each plug has a 

diameter of dPlug = 15 mm. The substrate samples were subjected to a three-fold rotation during 

deposition, whereby the substrate table was rotated at a speed of ωTable = 2 rpm. The substrates 

are shown in Figure 8.1 c). The TiAlN reference coating was deposited with process parameters 

in Table 8.2. The Al2O3 and TiAlN/Al2O3 coating variants were first analyzed regarding coating 

properties and compound adhesion strength.  

 

Table 8.2: Process parameters for the deposition of TiAlN by CC800/9 SinOx  

Process ID  5443 5364 

Parameters Plasma etching TiAlN TiAlN interlayer 

in TiAlN/Al2O3 

cathode 1 power PC1 in kW - 5 

cathode 3 power PC3 in kW - 5 

Frequency f in kHz 250 37 

Bias voltage UB in A -650 -90 

Booster voltage UBooster in V - -80 

Ar gas flow QAr in sccm Pressure controlled 120 

Kr gas flow QKr in sccm 50 80 

N2 gas flow QN2 in sccm - Pressure controlled 

Pressure p in Pa 0.2 0.5 

Heater power PH in kW 16 16 

Substrate temperature Ts in °C 530 ± 5 545 ± 5 

Rotation speed ωTable in rpm 2 2 

Step time ts in min 60 245.5 160.2 

 

8.2 Coating and adhesion strength properties  

TiAlN shows a chemical composition of xAl ≈ 57 at.% and xTi ≈ 43 at.% in the metallic portion 

analyzed by EDX. In Figure 8.2 a), the Al2O3 coating exhibits a finer crystalline morphology 

compared to TiAlN coating, Figure 8.2 b). The TiAlN/Al2O3 coating reveals a slight difference 

in morphology, with the Al2O3 toplayer exhibiting a more fine-grained morphology than TiAlN 

interlayer, Figure 8.2 c). This can be attributed to differences in coating growth on the TiAlN 



Chapter 8: Performance in dry turning operation 

Page 108 of 120 

interlayer surface compared to the uncoated WC-Co substrate. Although the individual layers 

were deposited in different coating units, an intact bonding between the two layers can be 

observed. 

 

 

Figure 8.2: Morphology of a) Al2O3 and b) TiAlN and c) TiAlN/Al2O3 coating on WC-Co 

substrate [BMA26] 
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results are shown in Table 8.3. The lower indendation hardness and modulus of TiAlN/Al2O3 

coating than Al2O3 monolayer can be attributed to the denser Al2O3 coating morphology 

observed in Figure 8.2 a). TiAlN coating has the highest elastic work percentage ηel, resulting in 

highest resistance against plastic deformation.  

 

Table 8.3: Indentation values of Al2O3, TiAlN and TiAlN/Al2O3 coatings on WC-Co 

substrate 

Coating Al2O3 TiAlN TiAlN/Al2O3  

Indentation hardness HIT in GPa 29.8 ± 3.2  33.1 ± 2.6 23.8 ± 2.6 

Indentation modulus EIT in GPa 459.0 ± 23.4 381 ± 27 357 ± 28 

Elastic work percentage ηel in % 62  70 62 

 

The adhesion strength of the two coating variants on the cemented carbide CNMA tools was 

analyzed using Rockwell indentation tests, as shown Figure 8.3 a-c). The coating adhesion on 

the substrate is assigned to adhesion class HF 1, which is the best possible adhesion class for 

industrial applications according to DIN 4856. 

 

 

Figure 8.3: CLSM images of Rockwell imprints on a) Al2O3 and b) TiAlN and c) TiAlN/Al2O3 

coated CNMA tools [BMA26] 

 

8.3 Cutting behavior of coated tools in turning of C45+N steel 

The cutting performance of HS-PVD coated tools was investigated during the turning of 

C45+N steel. C45+N steel was chosen as the workpiece due to its industrial relevance, balanced 

mechanical properties, and suitability for benchmarking tool performance. Its widespread use 

in manufacturing ensures that the results are practically applicable, while its machinability 
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allows for controlled and reproducible testing conditions. Additionally, C45+N offers a 

challenging yet manageable cutting environment, making it ideal for evaluating the wear 

behavior of HS-PVD coated tools. Thereby, this selection can give first insights into the 

HS-PVD coatings’ potential for future industrial applications. 

 

Cutting experiments were carried out on a CTX520 Linear lathe from Gildemeister Dreh-

maschinen GmbH, Bielefeld, Germany, at the Institute of Production Engineering and Machine 

Tools (IFW) of Leibniz University Hannover in Germany. The workpiece considered for 

turning tests in this work was cylindrical shafts made from normalized C45+N, Figure 8.4 a). 

The rake angle was set to γ = -6°. The negative rake angle was chosen to increase the wedge 

stability and to avoid early cutting-edge failure. The initial cutting speed was set to a lower value 

of vc = 120 m/min to gain preliminary insights into cutting performance. Subsequently, the 

cutting speed was increased to vc = 200 m/min. Other cutting parameters were also set within 

industrial application ranges, with a feed rate of f = 0.2 mm and the depth of cut ap = 1 mm. To 

investigate the wear development, the tests were conducted in defined cutting intervals of 

tc = 0.16 min, tc = 1 min tc = 2 min, tc = 3 min, tc = 5 min, tc = 6 min, tc = 9 min tc = 10 min, 

tc = 12 min, tc = 15 min, and tc = 18 min. The same cutting edge was tested during cutting time 

of 0 min ≤ tc ≤ 18 min. To validate the results, each test was conducted twice and each time an 

unused cutting edge was tested. The failure criterion was defined as a maximum flank wear land 

width of VBmax = 100 µm. The abortion criterion for the cutting tests was a cutting time of 

tc = 18 min. The wear development of the rake and flank face as well as the flank wear land width 

was analyzed with a Keyence VHX-970 microscope, Keyence Corporation, Osaka, Japan. The 

Keyence VHX analyzer software was used to determine the maximum wear land width. A 

straight line was drawn along the initial cutting edge, and the distance was then measured 

parallel to the cutting edge along the flank face up to the most prominent detectable wear point, 

Figure 8.4 b). 

 

 

Figure 8.4: Schematic illustration of the turning process and b) VBmax on the flank face 
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To evaluate the wear behavior of the three coated tool variants, the maximum flank wear land 

width VBmax was measured. Results are shown in Figure 8.5.  

 

 

Figure 8.5: Maximum flank wear land width of VBmax of coated cutting tools as a function of 

the cutting time tc for vc = 120 m/min [BMA26] 

 

The Al2O3 coated tools exhibit a rapid increase in wear land width with increasing cutting time, 

reaching the failure criteria before a cutting time of tc = 3 min, as shown in Figure 8.5. In 

contrast, TiAlN and TiAlN/Al2O3 coated tools achieve the tool life criterion of tc = 18 min. 

TiAlN/Al2O3 coated tools show lower flank wear land width VBmax compared to TiAlN variants 

until tc = 18 min. For TiAlN/Al2O3 tools, the maximum flank wear land width remains 

approximately by VBmax ≈ 40 µm up to tc = 15 min. However, the flank wear land width of 

VBmax = 50 µm is already exceeded for TiAlN coated tools after tc = 6 min. Figure 8.6 exemplary 

shows light microscopic images at the flank and rake face of the coated tools as the cutting time 

increased under a cutting speed of vc = 120 m/min.  
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Figure 8.6: Light microscopic images of the flank and rake face of the a) Al2O3, b) TiAlN and 

c) TiAlN/Al2O3 coated tools under vc = 120 m/min over the tool service life 

[BMA26] 
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and the absence of an interlayer, Al₂O₃ coating delamination is assumed to occur at the early 

stages of cutting on both the rake and flank faces. Subsequently, severe Fe adhesion on the 

uncoated rake face leads to pronounced crater wear on the Al₂O₃ coated tools. After a cutting 

time of tc = 1 min, initial signs of crater wear become visible on the rake face of TiAlN coated 

tools, appearing as brown, crater-shaped discolorations. At cutting time of tc = 18 min, the 

TiAlN/Al2O3 coated tools show small workpiece material adhesion but no crater wear. The 

cutting tools with TiAlN/Al2O3 indicate higher resistance against crater wear. The TiAlN and 

TiAlN/Al2O3 coated tools showed a longer lifetime compared to the Al2O3 coated tools under 

vc = 120 m/min. Therefore, the TiAlN/Al2O3 and TiAlN coated tools were tested under an 

increased cutting speed of vc = 200 m/min, while maintaining a constant feed rate and depth of 

cut. The tests under vc = 200 m/min were conducted over almost comparable cutting intervals 

as in the previous turning experiments under vc = 120 m/min. Figure 8.7 presents the VBmax 

after each cutting interval.  

 

 

Figure 8.7: Maximum flank wear land width of VBmax of TiAlN/Al2O3 and TiAlN coated tools 

as a function of the cutting time tc for vc = 200 m/min [BMA26] 
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The TiAlN coated tools exhibit a relatively stable and moderate wear progression throughout 

the cutting time. Both tests show a similar trend, with VBmax values increasing gradually from 

approximately VBmax ≈ 50 µm at tc = 3 min to around VBmax ≈ 75 µm at tc = 18 min. However, 

the second test showed a sudden breakage of cutting edge by tc = 15 min, indicating a potential 

case of localized tool failure or coating delamination. However, the beginning of crater wear is 

observed at earlier stages compared to TiAlN/Al2O3 coated tools. The reason is the more 

adhesion tendency of Fe on the rake face of TiAlN coated tools than TiAlN/Al2O3 coated tools 

with Al2O3 toplayer. The TiAlN/Al₂O₃ coated tools demonstrate slightly lower or comparable 

wear levels to TiAlN, particularly within the first tc = 5 min. However, beyond this point, 

differences become pronounced. A breakage of the cutting edge occurred in one test after 

tc = 10 min, indicating rapid tool failure. In the other test, wear progresses more steadily but 

crossed the failure criterion VBmax = 100 µm by tc = 15 min. The results suggest that while 

TiAlN/Al₂O₃ coatings can offer competitive wear resistance in early stages, they may be 

susceptible to sudden degradation mechanisms, such as coating delamination or thermal 

cracking, particularly under extended cutting speed.  

 

Considering the flank and rake face light microscopic images in Figure 8.8, abrasion is the 

dominant driver of the wear on the tool flank face and crater wear on the tool rake face is the 

dominant wear type. Thereby, compared to the TiAlN-coated inserts, the TiAlN/Al₂O₃ variant 

is more prone to flank wear. This can be explained by the lower indentation hardness of 

TiAlN/Al₂O₃ compared TiAlN coatings. Furthermore, the observed increase in flank wear for 

TiAlN/Al₂O₃ tools can be linked to the brittleness of the Al₂O₃ layer, which may be more 

susceptible to micro-chipping or crack propagation under mechanical loading at the flank face.  

Compared to TiAlN/Al2O3 variants, the TiAlN coated tools show earlier crater wear on the rake 

face. With increasing cutting time, the area of crater wear increases, but still does not reach the 

cutting edge of the tool in both variants. The higher resistance to crater wear of TiAlN/Al₂O₃ 

coated tools can be attributed to the distinct thermal and chemical properties of the Al₂O₃ top 

layer. The chemical inertness of Al₂O₃ offers lower adhesion tendency with Fe workpiece 

materials, further preventing material at the rake face. It can be concluded that the TiAlN/Al₂O₃ 

coated tools possess lower resistance against abrasion.  
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Figure 8.8: Wear on flank and rake face of TiAlN and TiAlN/Al2O3 coated tools over tool 

service life under vc = 200 m/min [BMA26] 
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As illustrated in Figure 8.9 a) iron smearing due to adhesion can be observed on the rake face, 

which becomes more pronounced with increasing distance from the cutting edge. However, the 

EDX mappings show almost no signal for element W, indicating that the substrate is not 

exposed, as shown in Figure 8.9 a). It can be assumed that no coating delamination occurred.  

In Figure 8.9 a), the Al signal is still relatively strong, which indicates that the Al₂O₃ toplayer of 

the coating is largely intact. This suggests that abrasion of the coating is still in its early stage. 

As time progresses, abrasive wear leads to exposure of the underlying TiAlN interlayer, which 

is more prone to adhesion with workpiece material. 

 

Moreover, the EDX mapping was conducted in the marked region in Figure 8.9 b). In contrast, 

areas with W signals can be detected on the rake face as the cutting speed increased to 

vc = 200 m/min, Figure 8.9 b).  

 

 

Figure 8.9: SEM images and EDX mappings on rake face of TiAlN/Al2O3 coated tools under 

a cutting speed of vc = 120 m/min a) and b) vc = 200 m/min [BMA26] 
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In these areas, Al and Ti are also detected, however with a reduced signal. It can be assumed 

that the coating is worn but still no delamination occurred. Moreover, the Ti signal is stronger 

than the Al signal, indicating that the Al₂O₃ layer has been removed due to more intense 

abrasion, and the TiAlN layer is now exposed. The strong Fe signal in this region confirms 

significant adhesion of the workpiece material onto the tool surface. This combination of 

advanced abrasion and increased adhesion is typical when the harder TiAlN layer is exposed, 

as it has a higher tendency to bond with iron. 

 

Figure 8.10 displays SEM image and EDS mapping on the flank face of the TiAlN/Al2O3 coated 

tool after the tool service life is reached under a cutting speed of vc = 200 m/min. This cutting 

speed is selected for this analysis because it represents the most severe cutting condition, where 

the coating undergoes accelerated wear and adhesion phenomena become more pronounced. 

The primarily abrasive wear on the flank face discussed from the light microscopic images in 

Figure 8.8 can be confirmed with EDS mappings. Thereby, no coating delamination can be 

detected. W signals are also detected, however with overlap of Al and Ti coating signals. Due to 

this, it can be assumed that the tool damage on flank face started initially with abrasive wear of 

the coating resulting in development of a flank wear land zone. Again, iron adhesion is visible 

and is concentrated at the cutting edge. 

 

 

Figure 8.10: SEM image and EDX mappings on flank face of TiAlN/Al2O3 coated tool under a 

cutting speed of vc = 200 m/min [BMA26] 
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8.4 Intermediate conclusion of performance in turning operation 

The morphology analysis indicates that both TiAlN/Al2O3 and Al2O3 coating variants exhibited 

a fine-grained crystalline morphology of Al2O3. Despite being deposited in separate coating 

units, the layers in TiAlN/Al2O3 coatings maintain an intact bonding. Adhesion tests classify 

coatings as HF 1, meeting industrial application standards. Wear analysis under a cutting speed 

of vc = 120 m/min reveals that Al2O3 coated tools undergo rapid wear progression, failing before 

tc = 3 min. In contrast, the TiAlN/Al2O3 coated tools achieve a significantly longer tool life of 

tc = 18 min. The TiAlN/Al2O3 coating offers higher resistance against crater wear compared to 

TiAlN coating, delaying wear progression under vc = 120 m/min. All tools exhibit accelerated 

wear at an increased cutting speed of vc = 200 m/min. EDX analysis suggests that wear primarily 

originates from abrasion, with no evidence of coating delamination. Crater wear on the rake 

face is more pronounced at higher speeds, but the substrate remains largely protected.  

 

The TiAlN/Al2O3 variant shows a higher tendency to flank wear while showing a higher 

resistance to crater wear compared to TiAlN coated inserts. Flank wear occurs due to abrasion. 

Thus, it can be concluded that the TiAlN/Al2O3 coated tools possess lower resistance against 

abrasion. Thereby, the TiAlN shows higher abrasion resistance. This can be explained by the 

lower indentation hardness of TiAlN/Al2O3 compared to TiAlN coatings. Furthermore, the 

observed increase in flank wear for TiAlN/Al2O3 tools can be linked to the brittleness of the 

Al2O3 layer, which may be more susceptible to micro-chipping or crack propagation under 

mechanical loading at the flank face. The higher resistance to crater wear of TiAlN/Al2O3 coated 

tools can be attributed to the distinct thermal and chemical properties of the Al2O3 top layer. 

The chemical inertness of Al2O3 offers lower adhesion tendency with workpiece material, 

further preventing material transfer and higher adhesion resistance.  
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9 Summary and future perspectives 

This dissertation investigated the synthesis, high temperature stability, and performance of 

Al₂O₃-based coatings produced by HS-PVD for two distinct applications: protection of 

temperature sensitive tool materials such as hot work steel X40CrMoV5-1 and enhancement of 

wear resistance of cemented carbide tools in turning operations. The research focused on 

validation of two hypotheses based on synthesize of alumina-based coatings at low Ts < 700 °C 

and high substrate temperatures Ts > 700 °C. 

 

Validation of Hypothesis 1: 

The XRD results confirme the synthesis of (Al,Cr)2O3 coatings at Ts ≈ 550 °C with varying Cr 

contents which maintained a dense, crystalline structure. Moreover, a h-AlCrN interlayer 

combined with coating thickness and architecture adjustments significantly enhances adhesion 

strength of thick γ-(Al,Cr)2O3 coatings to the X40CrMoV5-1. Reducing the Cr content from 

xCr = 28 at.-% to xCr = 12 at.-% in combination with a h-AlCrN interlayer enhance compound 

adhesion strength under high temperatures in vacuum. While Cr-rich coatings with 

xCr = 28 at.-% are already delaminated at Tvac. = 1,000 °C, Al-rich coated samples, despite 

completely phase transformation, are still intact up to Tvac. = 1,200 °C. Moreover, h-AlCrN 

interlayer is a more promising barrier layer against Fe diffusion from substrate to coating 

compared to metallic AlCr. Furthermore, immersion tests of AlCrN/(Al,Cr)2O3 coated 

X40CrMoV5-1 steel in molten 100Cr6 steel exhibit high resistance against diffusion and 

adhesion of molten steel, supporting its promising suitability insights for primary forming 

applications. 

 

Validation of Hypothesis 2 

Crystalline γ-Al₂O₃ coatings deposited by HS-PVD under a stable process at Ts ≈ 780 °C and 

Ts ≈ 850 °C demonstrated promising results. HT-XRD analysis confirms that coatings remain 

phase-stable up to T = 1,200 °C in both vacuum and atmospheric conditions, exhibiting no 

morphological changes and delamination. Comparable indentation hardness and modulus are 

determined after annealing for more than 7 hours during HT-XRD. Adjusting bias voltage and 

gas pressure successfully introduced compressive stress, even at Ts ≈ 850 °C. Turning tests on 

C45+N steel confirmed Al₂O₃ coated tools could achieve extended tool life, particularly when 

combined with a TiAlN interlayer. Al₂O₃ coated tools exhibited rapid wear, failing within a 

cutting time of tc = 3 min at a cutting speed of vc = 120 m/min. In contrast, TiAlN/Al₂O₃ coated 
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tools demonstrated higher wear resistance, achieving a tool life of tc = 18 min. Even at an 

increased cutting speed of vc = 200 m/min, these tools maintain a gradual wear progression 

without delamination. EDX analysis reveals that wear primarily resulted from abrasive 

mechanisms, while crater wear is more pronounced at higher speeds but does not compromise 

the coating’s adhesion to the substrate. Compared to significant studies dealing with cutting 

performance of PVD coated tools using conventional PVD methods, no studies were available 

in this context at the time of writing for HS-PVD coated tools. This dissertation contributes the 

first knowledge about tools coated by HS-PVD technology and their performance in real cutting 

applications. Thereby, the introduction of optimized interlayers, precise process control, and 

strategic compositional modifications prove essential in enhancing adhesion, wear resistance, 

and high temperature properties. These findings provide a strong foundation for the industrial 

application of HS-PVD alumina coatings in manufacturing applications.   

 

Future perspectives 

Future research work is expected to be investigation regarding the service life under thermally 

induced cyclic load. In initial immersion tests, metallurgical corrosion and adhesive steel 

attachments to the molten steel are successfully eliminated. However, tools undergo thermal 

shock loading considering the primary forming applications such as die casting. Due to this, 

investigations into the service life under cyclic load in contact with molten steel are still lacking 

to assess the potential in depth, considering conditions in real primary forming applications. 

These aspects should be addressed in future studies. 

 

Since the HS-PVD coating unit used in this study is a prototype, it offers significant potential 

for further development. Implementing advanced deposition techniques, such as modifying the 

substrate bias supply with a pulsed bias voltage, which is widely established in conventional 

PVD processes, could further enhance adhesion strength through optimized ion bombardment 

and stress control. Additionally, incorporating two hollow cathodes in the unit can enable 

multilayer coatings with varying elemental compositions. for advanced applications. 

Furthermore, the results demonstrated that coatings with compressive residual stresses can be 

synthesized even at Ts ≈ 850 °C by adjustment of process parameters. Therefore, investigations 

regarding synthesize of Al₂O₃ at higher substrate temperatures Ts > 850 °C combined with 

pulsed plasma can be considered in the next steps. This approach promotes the further synthesis 

of α-alumina coatings, enhancing wear performance under cutting applications.  
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Figure 11.1: SEM-images before and after annealing in in atmosphere for t = 1 h 

 

 

Figure 11.2: XRD results after annealing in atmosphere for t = 1 h 
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Figure 11.3: Indentation values of coatings after annealing in atmosphere for t = 60 min 

 

 

Figure 11.4: Al2O3 coated sample after HT-XRD in atmosphere 
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