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1 Theoretical aspects

1.1 Coating synthesis

1.1.1 Magnetron sputter deposition

Sputter deposition is a method of physical vapor deposition (PVD) and it is characterized by

a momentum transfer process between ions from a heavy gas (typically Ar) and the surface

of the target resulting in the release of material in atomic form as schematically shown in

Fig. 1.1. The sputtering of the target is enabled by igniting a glow discharge between the

cathode (target) and the anode which is typically the chamber wall. In order to achieve

sufficiently high plasma densities in front of the target and, hence, high erosion rates, magnets

are placed on the back of the target trapping the electrons in the vicinity of the target and

increasing the ionization rate in this region [1]. The target of the so-called magnetron is biased

to negative voltages typically between 300 to 700 V in order to provide sufficient energy to

the impinging ions to sputter material from the target. The sputtered particles typically have

energies ranging from 5 to 40 eV.

The substrates, on which the film will be grown, are placed in the plasma stream and

sputtered atoms from the target will condense on them. To allow a gentle ion bombardment

of the growing film, which is beneficial for growing dense films, an unbalanced magnetron

configuration, where some of the magnetic field lines are extended to the substrate and,

therefore, guiding some ions to the film growth zone, can be used. In addition, the substrates

can be negatively biased with typical voltages between 20 and 100 V to enhance the ion

bombardment. In order to grow nitride or oxide films, reactive gases like N2 or O2 can be

added to the discharge. In this case, N and O atoms will react with the sputtered metal

atoms on the substrate surface forming a nitride or an oxide there [1]. The industrial-scale

deposition system used within this work is a magnetron sputtering device from CemeCon and

is shown in Fig. 1.2.

1.1.2 Coating systems: CrAlN and CrAlSiN

Hard coatings are nowadays widely used as protective layers in industrial cutting applications

to preserve the base material of the tool against oxidation and wear. They are characterized

by higher hardness, higher wear resistance, better thermal stability and increased oxidation

resistance in comparison to the base materials like high-speed steel or cemented carbide. The

first hard coatings designed were binary nitrides and carbides such as TiC [3–6], CrN [7]

and TiN [8]. The following generation were ternary nitride coatings like TiAlN and CrAlN

coatings, which were developed in the 1990s to satisfy the increasing demand in higher cutting
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A further improvement of the properties of CrAlN coatings could be achieved due to

the addition of Si and the formation of a nanocomposite microstructure. The concept

of nanocomposite hard coatings was first successfully demonstrated for TiSiN coatings as

schematically shown in Fig. 1.4. The zone model illustrates the morphology scheme of the

grain size and shape as a function of the Si concentration. At very low Si contents the

structure displays large elongated grains. A successive loss of preferred orientation in zone A

is observed with higher Si content, which leads to the full interpenetration of both phases

in zone B and isolated TiN nanocrystals in zone C [28]. In the case of CrAlSiN coatings

with Si contents ranging from 10 to 20 at.%, a nanocomposite microstructure consisting of

fcc-CrAl(Si)N grains, that are embedded in an amorphous SiNx phase, is formed [28, 29]. The

formation of amorphous SiNx at the grain boundaries hinders the dislocation movement and

enhances the mechanical and tribological properties of these MeN films as a result of grain

size refinement according to the Hall-Petch relationship [30, 31]. With such a microstructure,

values for hardness and Young’s modulus of 30-40 GPa and 410-440 GPa, respectively, could

be achieved [11, 12, 19, 24, 26, 32, 33].

In terms of oxidation resistance, a beneficial effect due to the formation of a SiOx phase on

the surface of the CrAlSiN coatings hindering further oxidation was noticed [23]. In this way,

the onset temperature for oxidation was increased to 950 ❽ [27, 34]. With the mentioned

improvements due to the addition of Si, the service life of CrAlSiN coated tools could be

increased up to 40% compared to the ones coated with CrAlN [35].

1.2 Tribology

Tribology describes the interaction between surfaces in relative motion. It covers the scientific

topics of friction, lubrication and wear which is also a characteristic field of material science.

Overall, a tribological system can be seen as an energy transformation in a sliding contact.

Figure 1.3: Structure evolution of CrAlN coatings deposited by PVD methods as a function of
the Al content, modified after [19–21]. The transition zone from the fcc-CrAlN to hcp-CrAlN
crystal structure is marked by the gray area defined by values obtained from experiments.
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Figure 1.4: Morphological zone model for nanocystalline-TiN/amorphous-Si3N4 as a function
of the Si content. The lighter zones represent the amorphous phase and the dark areas the
nanocrystals [28].

Fig. 1.5 illustrates the tribological contact and quantification of the external input param-

eters converting into output parameters like friction and wear, which is also referred to as

tribosystem.

Despite its importance and many centuries of research, a proper explanation for friction

and wear has yet to be found. The reason for this difficulty is that the phenomenon is not a

material property but a system property [36].

1.2.1 Friction

Friction is defined as the resistance to motion which a body exposes when another body in

contact is moved tangentially over it. Therefore it is a system responding in the form of a

reaction force which can be described with the coefficient of friction (COF). The COF is

defined as the tangential frictional force F divided by the normal load w :

µ =
F

w
(1)

The frictional force F is composed of two components, namely the adhesion force between

the two surfaces Fa, and the deformation force of the surfaces Fd

F = Fa + Fd (2)
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Figure 1.5: The transition of many input parameters caused by external loads in friction and
wear between two bodies in relative motion [36].

Furthermore, Fd is distinguished between a ”plowing friction” and an ”asperity deforma-

tion”, where the first term describes the macro- and the latter term the microscale [36].

Suh and Sin proposed a new concept of friction, called genesis of friction. They pointed

out, that during the sliding process without a significant temperature rise, the mechanical

properties show a greater impact on the friction behavior than the chemical properties. Three

basic mechanisms are responsible for the effect of friction, namely asperity deformation,

adhesion and plowing as shown in Fig. 1.6. The mechanism of adhesion, however, plays a

minor role in many practical cases [37].

In a more explicit investigation of the microscopic mechanism of friction, Kim and Suh

claimed that the most common mechanism in most sliding situations is the plowing component.

This shows that the friction between two surfaces is caused by mechanical interactions at the

sliding interface and by lowering the mechanical interaction, the frictional force will also be

reduced. However, the microscopic models of friction are based on the view that the frictional

process is a result of bond breaking of individual atoms. It is caused by strong adhesion,

microasperity interlocking or slip along the weak crystal planes in the presence of crystal

defects. Hence, the critical stress depends on the defects of the microscopic structure [38].

1.2.2 Types of wear

One approach to describe the wear is to classify the process by which the material is removed

from the contact surface. This depends on the specific kind of movement, the geometry and

the environment of the tribosystem. Examples for wear modes are rolling wear, sliding wear,
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exposed to a cyclic loading and unloading, which may result in the formation of subsurface or

surface cracks. The first cracks may occur in the dislocated pile-ups or material voids. Once

induced, these cracks may grow rapidly, unite with other cracks, break up the surface into

multiple large fragments and pits and finally release surface material.

Chemical wear A wear process dominated by chemical reactions in the contact zone is

called chemical wear. The most common example is the oxidational wear process. A thin

layer of oxide will be formed on the freshly exposed surface when, e.g., a metal is in contact

with a counter body in a humid environment. It has been found that an environment with

high humidity increases the formation of the oxidation layer [42].

Kraghelsky introduced the molecular-mechanical theory of friction [43]. This theory

describes the two natures of friction namely the friction of the adhesion component which

includes a so-called piezo coefficient describing the increase of shear strength with compressive

force. The second form of friction is the friction to overcome the material deformation

component [43].

Other works have been focused more on the influence of plastic deformation of asperities.

They mentioned that the resistance to motion origins from the dissipated energy for the

plastic deformation of the asperities during the sliding process [44–46].

1.2.3 Tribological mechanisms in coated surfaces

A thin hard coating layer on a softer substrate has been proven to be tribologically beneficial

against scratching from debris or hard particles. Therefore hard coatings act as a protective

layer on the base material to improve surface properties, e.g., reduced diffusion, abrasive

wear, friction and higher wear resistance. Nevertheless, the tribology of surfaces in contact

and relative motion can be viewed as a process with certain input and output parameters.

The origin to analyze a tribological contact lies in the input data as shown in Fig. 1.8.

Characteristic input data are the geometry of the contact, the mechanical and chemical

properties of the material or the environmental parameters, the relative motion, the normal

load and the temperature.

During the tribological process, both physical and chemical changes to the input data occur

according to the physical and chemical laws. These changes are also referred to as output

parameters as illustrated in Fig. 1.8. Energy-related output effects are for example: friction,

wear, temperature or changes in mechanical and surface properties. For a better understanding

of the complete tribological process it is suggested to separate the changes into four different

tribological effects and analyze them separately, namely macro- and microscale mechanical
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Figure 1.9: The tribological contact mechanisms are (a) macromechanical, (b) material
transfer (c) micromechanical, (d) tribochemical and (e) nanophysical contact mechanisms
[36].

of 100 ❽. Two sets of tests were performed, one set under ambient air atmosphere and the

other set in inert atmosphere. For the testing condition in inert atmosphere the equipment

was modified. To reduce the oxygen level it was necessary to isolate the sample from ambient

air. For this reason a steel box with a borosilicate glass inspection panel was placed on top of

the tribometer and sealed with aluminium tape for each testing set (Fig. 1.10(a)). An oxygen

detector was placed inside the chamber to record the oxygen level as shown in Fig. 1.10(b). In

order to establish an inert atmosphere, Ar gas from an external container was purged directly

into the tribological contact zone (see schematic in Fig. 1.11) via a tube located at the bottom

of the tribometer. The remaining of the sealed box was filled with N2 introduced via a gas

hose connected to the box (located at left-hand side of metal box in Fig. 1.10(a)). Prior to

the test, the chamber was purged with both gases for one hour and a constant gas flow was

maintained during the course of the experiment. In this way, a maximum O2 level below 1.5 %

inside the chamber could be achieved for all tests. After the test the inert gas atmosphere

was maintained in order to avoid post-oxidation and to speed up the cooling process. Once

the sample temperature reached a value below 70 ❽, the metal box was removed and the

sample taken out for further investigations.
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Rayleigh scattering and fluorescence, the Raman scattering intensities are several orders of

magnitudes lower [50, 51]. The observed weaker peaks are shifted, compared to the wavelength

of the light source due to the interaction of the incident light with phonons in the analyzed

material. The bands shifted to higher wave numbers (typically given in cm-1) are called Anti-

Stokes Raman bands and bands shifted to lower wave numbers are called Stokes Raman bands.

Usually the intensities of the Stokes shifted Raman bands are more intense and are therefore

used for qualitative and/or quantitative analysis. Within this work, Raman spectroscopy was

used to investigate the oxidation products which were formed in the tribological contact zone

when testing the CrAlN and CrAlSiN coatings.
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2 Manuscript

2.1 Introduction

CrAlN-based hard coatings have been established as protective layers in industrial cutting

applications to preserve the base material of the tool against oxidation and wear. By alloying

the binary CrN with Al, enhanced mechanical properties can be achieved as a result of solid

solution hardening, as long as the face-centered cubic (fcc) structure of CrN is maintained

[1, 2]. The solubility of AlN in fcc-CrN is typically restricted to 70-77 at.%, while at higher

AlN contents, the hexagonal wurtzite type structure of AlN appears [3, 4].

CrAlN is more oxidation resistant than CrN due to a dense, protective oxide layer that

forms on the coating surface during annealing in oxygen containing atmosphere [2, 5]. With

the addition of Si, a nanocomposite of crystalline CrAl(Si)N grains and an amorphous SiNx

grain boundary phase can be formed resulting in further improvement of the mechanical

properties [6]. The formation of a SiOx phase during oxidation further enhances the protective

effects of the thin oxide layer on the surface of the coating [7]. Because of these outstanding

properties, CrAlN and CrAlSiN coatings are designated for the use in industrial cutting

applications [2, 8, 9].

The tribological properties of these coatings at high temperature have already been studied

to some extent in previous works. Polcar et al. investigated the tribological behavior of

CrAlN and CrAlSiN coatings from room temperature (RT) up to 500 ❽ using Al2O3 balls as

counterparts [10, 11]. The average friction for the CrAlN coating was higher in the temperature

range between 100 and 400 ❽, but decreased at higher temperatures. On the other hand,

the wear rate of the coating moderately increased with increasing temperature. Compared to

CrAlN, the coefficent of friction (COF) for CrAlSiN coatings were higher above 300❽, but the

friction curves were smoother. The obtained wear rates of the coatings were generally lower,

but the film was worn through at lower temperatures due to adhesive film failure. However,

the above mentioned experiments were all performed in ambient air atmosphere. Although

CrAlN and CrAlSiN coatings are oxidation resistant at elevated temperature, surface oxidation

for both CrAlN and CrAlSiN coatings might already occur in the tribological contact zone

due to significantly higher flash temperatures if the protective oxide layer on the surface is

worn off and the fresh coating material is exposed [12].

The goal of the present work was to analyze the tribological behavior of CrAlN and

CrAlSiN coatings in ambient and inert atmosphere at elevated temperatures. The reason for

the two different atmospheres was to study the types of wear mechanisms, i.e. abrasive and

oxidation wear. In ambient atmosphere a combination of abrasive and oxidative wear can be

expected, whereas wear in inert atmosphere is mainly abrasive. Raman analysis of the wear
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scars on the wear and counterparts revealed further information about the wear mechanisms.

2.2 Experimental details

The CrAlN and CrAlSiN coatings were deposited in an industrial-scale deposition plant

CemeCon CC800/9MLT using bipolar pulsed direct current magnetron sputtering. Four

targets with compositions of either Cr0.50Al0.50 or Cr0.45Al0.45Si0.10 were used in each deposition

run with a constant power of 6 kW. The total deposition pressure in the chamber was set

to 0.62 Pa and the gas flow rate was adjusted to 230 sccm for Ar and 146 sccm for N2.

The substrate holder with the high-speed steel (HSS, DIN 1.3343, AISI M2) and Silicon (Si)

substrates was negatively biased with a voltage of 60 V and the substrate temperature was

regulated to 540 ❽. Prior to deposition, the HSS coupons (30 mm Ö 10 mm) were ground

and polished up to 1 ➭m finish and ultrasonically cleaned in an acetone and ethanol bath. In

addition, the substrates were plasma etched in a pure Ar plasma. The deposition time was

set to 110 min for the Cr0.50Al0.50 and 130 min for the Cr0.45Al0.45Si0.10 targets.

The adhesion of the coatings was evaluated via the Rockwell C indents method according

to VDI 3198 [13, 14] using a Mitutoyo DT-10 hardness tester and the thickness of the coating

was measured by the ball crater method. Subsequently, the morphology of the coatings

was assessed in a Zeiss Evo 50 scanning electron microscope (SEM) by recording fracture

cross-section and surface images. The composition of the coatings was determined by energy

dispersive X-ray spectroscopy (EDX) using the Oxford Instruments INCA EDX system

attached to the SEM. The coating structure was characterized via X-ray diffraction (XRD)

using a Bruker D8 Advance diffractometer in parallel beam geometry with a grazing incidence

of 5➦. The device was equipped with a Cu-K ceramic tube (wavelength: 0.154056 nm) and an

energy-dispersive detector (SolX from Bruker AXS).

The mechanical properties of the thin films were evaluated by nanoindentation using

an Ultra Micro Indentation System (UMIS, Fischer-Cripps Laboratories) with a Berkovich

indenter and applying a maximum load of 30 mN. From the recorded load-displacement

curves, hardness and Young’s modulus of the films were calculated according to the Oliver and

Pharr method [15]. The tribological properties of the coatings were investigated in ambient

air atmosphere as well as in Ar + N2 inert atmosphere in a CSM Microtest high-temperature

tribometer at room temperature (RT) and at high temperature (HT) starting from 100 up to

700 ❽ in steps of 100 ❽. Before each test, the relative humidity as recorded with a Testo 608

H1-Hygrometer was in the range from 30 to 40% for the tests in ambient atmosphere. For the

inert atmosphere the relative humidity was reduced to 0% and the O2 level was measured with

a ToxiRAE Pro oxygen detector. The tests performed in a controlled inert atmosphere had

an additional steel box which was sealed with aluminium tape during the experiment. In this
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sealed box, the tribological contact zone was floated with Ar and the rest of the chamber was

purged with N2 for approximately 1 h prior to testing, allowing the O2 level in the chamber

to drop below 1.5% to prevent oxidation of the coating during HT tribological testing. The

mixture of Ar and N2 gas was used to optimize the purging time since N2 supply offered

higher flow rates than the Ar supply. For each sample 3 tests were performed. A reference

test was performed at RT followed by the actual test at the goal temperature and ended with

a comparison test at RT. The number of laps was set to 6000 and a normal load of 5 N was

applied. In order to keep the number of laps and the angular velocity constant, the sliding

distance and the linear velocity were adjusted when the wear track radius was changed as

shown in Table 2.1.

Table 2.1: Parameters used in the tribological tests of CrAlN and CrAlSiN in ambient air
and inert atmosphere for the temperature sequence RT-HT-RT.

radius [mm] linear velocity [cm·s−1] sliding distance [m]
RT 3 4.3 113
HT 5 7.14 189
RT 7 10 264

Sintered polycrystalline Al2O3 balls (purity of 99.8% and � 6 mm) were chosen as counter

bodies due to their chemical inertness within the temperature range of interest. During

the tribological testing, the friction force was measured by a linear voltage displacement

transducer and the coefficient of friction (COF) calculated by dividing the friction force by

the normal load.

Afterwards, the wear volume of the coatings was evaluated by an optical 3D white light

profiling system (Wyko NT 1000) and the wear coefficients were calculated as the ratio

between the wear volume and the applied load times the sliding distance [12, 16]. Images of

the coatings’ wear tracks and the wear scars on the counterparts were taken using light optical

microscopy. A HORIBA Jobin Yvon LabRam-HR800 Raman spectrometer equipped with

a frequency-doubled Nd-YAG laser (532.07 nm, 100 mW) was used to identify qualitative

information of materials formed in the contact zone during tribological testing. The reference

peak position were taken from [17–21].
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tracks on the CrAlN coating from RT to 200 ❽ were hardly noticeable. At 300 ❽ a shallow

wear track was present, but at 400 ❽ a wear depth in the range of the coating thickness was

observed. At even higher temperatures, from 500 to 700 ❽, the measured wear tracks became

slightly wider but the wear depth decreased.

When tested in ambient air atmosphere, the CrAlSiN coating exhibited a comparable

behavior as CrAlN (see Fig. 2.5). From RT to 300 ❽ the COF was generally low. However,

at 400 ❽ the COF scattered strongly between 0.8 and 1.2 during the first stage of the

steady-state period and eventually settled at 1.2. From 500 to 600 ❽ the COF remained high

with values between 0.9 and 1, but, similar to CrAlN, it decreased to about 0.5 at 700 ❽.

According to the wear track profiles in Fig. 2.5, hardly any noticeable wear was recorded from

RT to 500 ❽, whereas at 600 and 700 ❽ a great part of the coating was removed during

the test. In the case of the test at 600 ❽, the shape of the wear track and the fact that the

deep groove was non-continuous along the wear track indicate that mainly adhesion problems

caused the observed strong wear. Contrarily, at 700 ❽ the wear was due to common wear

mechanisms like, e.g., abrasion or oxidation.

The recorded COF for the CrAlSiN coating in inert atmosphere showed a comparable

rising COF between RT and 300 ❽ smilar to the tests in ambient air. At 300 ❽ the COF

reached a maximum value of ∼ 0.9 but showed pronounced scattering at two time intervals

during the test. With further increasing the temperature, the scattering of the COF became

even more pronounced, but the values for the COF decreased. In terms of wear, no apparent

wear track could be noticed from RT to 300 ❽ and at 500 ❽ only a very shallow wear track

could be measured. In contrast, deep grooves were present on the CrAlSiN coatings after

testing at 400 and 600 ❽. However, their shape with steep flanks and depths comparable

to the coating thickness also indicate adhesion problems as it was the case for the test in

ambient air atmosphere at 600 ❽. The wear track after testing at 700 ❽ in inert atmosphere

was broad, but with a homogeneous depth along the wear track cross-section.

Since the COF showed partially different trends at elevated temperature, it was of great

interest to figure out, if the coating was affected by the testing at higher temperature.

Therefore, RT tests on each coating were performed prior and after testing at HT as shown in

Figs. 2.6 and 2.7. The variation of the COF values of CrAlN before testing at HT was minimal

in both testing atmospheres. After annealing to HT, the situation remained unchanged in the

case of the tests in inert atmosphere. After testing in ambient air the COFs slighty increased

in general, but mainly the variation of the COF values increased. Apparently, the CrAlN

coating were more affected due to the tests in ambient air than in inert atmosphere, but the

change in friction behavior due to annealing was only slight in all cases.

A similar friction behavior was observed for the CrAlSiN samples (see Fig. 2.7). In terms
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Figure 2.4: COF vs. number of laps measured on CrAlN coatings from RT to 700 ❽ in
ambient air and inert atmosphere (left column). 3D profiles of the wear tracks on the coating
after testing in ambient air (central column) and inert atmosphere (right column).
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Figure 2.5: COF vs. number of laps measured on CrAlSiN coatings from RT to 700 ❽ in
ambient air and inert atmosphere (left column). 3D profiles of the wear tracks on the coating
after testing in ambient air (central column) and inert atmosphere (right column).
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of wear, no apparent wear track could be noticed from RT to 300 ❽ and at 500 ❽ only a

very shallow wear track could be measured. In contrast, deep grooves were present on the

CrAlSiN coatings after testing at 400 and 600 ❽. However, their shape with steep flanks

and depths comparable to the coating thickness also indicates adhesion problems as it was

the case for the test in ambient air at 600 ❽. The wear track after testing at 700 ❽ in inert

atmosphere was broad, but with a homogeneous depth along the wear track cross-section.

The variation of the COF values prior to annealing was greater than in the case of CrAlN and

after annealing the COFs in ambient air atmosphere were slightly higher, whereas in inert

atmosphere the friction was slightly reduced. However, also the CrAlSiN coatings were more

affected due to annealing in ambient than in inert conditions.

In order to evaluate the wear resistance, the wear coefficients from all coatings wear tracks

and counterparts were calculated. Starting with the CrAlN coating in ambient air atmosphere,

as shown in Fig. 2.8(a), all coating wear coefficients remained below 1·10-17m3
·N-1

·Lap-1 from

RT to 300 ❽. Raising the temperature up to 700 ❽, the wear increased by two orders of

magnitude and, hence, the highest wear was observed at the maximum testing temperature of

700 ❽. The obtained wear coefficients of the Al2O3 counterparts are presented in Fig. 2.8(b),

which were one order of magnitude lower than the corresponding wear coefficients of the

coatings, but also increased in general with increasing temperature. Only at 300 and at

500❽ the ball wear was strongly reduced without apparent correlation to the coating material

or the test conditions.

The wear coefficients of the CrAlN coating in inert atmosphere were also low at the

temperatures ranging from RT to 200 ❽. However, at 300 ❽ the wear increased by one order

of magnitude and continuously increased until it reached a plateau at about 7·10-16m3
·N-1

·Lap-1

between 400 and 600 ❽. At 700 ❽ the coating wear reduced to a value of 1·10-16m3
·N-1

·Lap-1.

The corresponding wear coefficients of the balls slightly rose with increasing temperature but

remained at about 1·10-17m3
·N-1

·Lap-1 up to 700 ❽.

CrAlSiN displayed a very low wear coefficient in ambient air, starting from RT to 500❽ (see

Fig. 2.9(a)). At 600 ❽ the wear coefficient started to increase and reached its maximum of

2·10-15m3
·N-1

·Lap-1 at 700 ❽. It has been noticed that only at 600 ❽ a strong scattering of

the wear coefficient occurred which is due to an uneven material removal along the wear track

caused by the adhesion problems. The wear coefficient of the Al2O3 balls was low up to 300 ❽,

but strongly increased to 5·10-15m3
·N-1

·Lap-1 at 400 ❽ and remained high at temperatures

above.

In inert atmosphere the wear coefficients of the CrAlSiN coatings nearly showed the exact

same trend from RT to 700 ❽ as it was the case in ambient air atmosphere, but the absolute

values were generally lower. The only noticeable exception were at 400 and 600 ❽ where
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Figure 2.6: The evolution of COFs of CrAlN at RT (a) before and (b) after annealing to the
temperature in the HT tribological tests in ambient air and inert atmosphere.

Figure 2.7: The evolution of COFs of CrAlSiN at RT (a) before and (b) after annealing to
the temperature in the HT tribological tests in ambient air and inert atmosphere.
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the value of 1·10-16m3
·N-1

·Lap-1 was only exceeded at 700 ❽ in both atmospheres excluding

the above mentioned adhesion problems. The generally higher wear of the counterparts when

tested against CrAlSiN than against CrAlN can be understood by the higher hardness of the

former coating causing higher wear of the softer counterpart material.

Following the ball-on-disk tests, the wear track on the coatings and the wear scars of the

counterparts were analyzed by Raman spectroscopy to identify possible changes of the coating

during the exposure to high temperature and tribological wear contact. Raman spectra were

taken from different positions in the coating wear tracks and counterpart wear scars after

testing in ambient and inert atmosphere at temperatures from 300 to 700 ❽. In the case of

CrAlN, no significant changes were observed from 300 to 500 ❽ in ambient air atmosphere,

since the Raman spectra recorded on the worn surfaces were identical to the spectrum of

the pristine coating. This indicates an undamaged coating after each test cycle and is in

agreement with the measurements regarding the wear track depth (see Fig. 2.4). However, at

600 and 700 ❽ Fe oxides from the substrate, Cr oxide from the coating and Al oxide from

either the counterpart or the coating were detected at different positions of the wear tracks

due to intense wear of the coating during the tribological test.

A similar behavior was encountered in inert atmosphere, i.e. Fe, Al and Cr oxides were

found at 600 and 700 ❽ which indicates that the established inert atmosphere was not

sufficient to prevent oxidation completely or chemical reactions between between the Al2O3

counterpart and the coating occurred in the tribological contact zone. In addition the same

oxides were also noticed at 400 and 500 ❽, which indicates that the coating was worn through

at these temperatures. According to the 3D profiles of the wear tracks in Fig. 2.4, a narrow

but deep segment of the steel substrate was exposed at 400 and 500 ❽, whereas at 600 and

700 ❽ the coating was more evenly worn-off during the test.

The Raman spectra for the CrAlSiN coatings in ambient air atmosphere showed an equal

trend as the CrAlN coating in ambient air, since starting from 300 to 500 ❽ the Raman

spectra at different positions were mainly identical to the pristine coating. Again, Fe, Al and

Cr oxides were detected at 600 and 700 ❽ as a result of the partial removal of the coating

and the exposure of the HSS substrate to the ambient environment. After tribological testing

of CrAlSiN in inert atmosphere, oxides were identified in the wear tracks at 400 and 600 ❽.

The appearance of the oxides at these temperatures is most likely related to the adhesion

problems. At 700 ❽ some indications for the formation of oxides were also noticed, but less

pronounced than in the case of CrAlN in inert atmosphere.
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Figure 2.10: Raman spectra recorded at different positions on the CrAlN coating (left column)
and the Al2O3 counterpart (right column) after tribological testing in ambient air atmosphere
at elevated temperatures. Reference peak positions of Fe2O3, Al2O3, Cr2O3, Fe3O4 and CrO2

are indicated.
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Figure 2.11: Raman spectra recorded at different positions on the CrAlN coating (left column)
and the Al2O3 counterpart (right column) after tribological testing in inert atmosphere
at elevated temperatures. Reference peak positions of Fe2O3, Al2O3, Fe3O4 and CrO2 are
indicated.
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Figure 2.12: Raman spectra recorded at different positions on the CrAlSiN coating (left
column) and the Al2O3 counterpart (right column) after tribological testing in ambient air
atmosphere at elevated temperatures. Reference peak positions of Fe2O3, Al2O3, Cr2O3,
Fe3O4 and CrO2 are indicated.
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Figure 2.13: Raman spectra recorded at different positions on the CrAlSiN coating (left
column) and the Al2O3 counterpart (right column) after tribological testing in inert atmosphere
at elevated temperatures. Reference peak positions of Fe2O3, Al2O3, Fe3O4 and CrO2 are
indicated.
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2.4 Summary and conclusions

CrAlN and CrAlSiN coatings deposited by magnetron sputtering were analyzed as to their

tribological behavior at elevated temperatures. While the friction of both coatings was largely

unaffected by changing the testing temperature and environment, i.e. ambient air and inert

atmosphere, the wear of CrAlN at temperatures ranging from 400 to 600 ❽ was increased

in the absence of oxygen. In the case of CrAlSiN, the wear in inert atmosphere showed the

same increasing trend with rising temperature in both atmospheres, but the wear in inert

atmosphere was generally slightly lower. Exceptions were caused by adhesion problems of

the coating for individual tests. The performed Raman analysis of the wear tracks on the

coatings and wear scars on the Al2O3 counterparts confirmed evolution of the wear of CrAlN

and CrAlSiN with increasing temperature in the different atmospheres. The formation of

the protective oxide layer on CrAlN at elevated temperatures was beneficial in terms of wear

resistance, whereas the wear behavior of CrAlSiN was unaffected. The obtained results show

the importance of studying the influence of the surrounding atmosphere on the wear behavior

at elevated temperatures.
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