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Abstract: Chromium and silicon are often introduced to increase the performance of TiAlN hard coat-
ings in dry tribological contacts. The addition of Cr and Si during a high-power impulse magnetron
sputtering (HiPIMS) deposition process leads to high-quality TiAlCrSiN films. In this paper, the
analysis of friction and wear of these films is conducted by oscillation tribometry under dry conditions
with a subsequent mapping of the surface topography. Both abrasion- and adhesion-dominated
conditions are realized using different steel counter bodies. Oscillation-frequency-dependent experi-
ments show a significant impact of the compositional variation on friction and wear. It is shown that
the TiAlCrSiN coating investigated has a higher coefficient of friction and a lower wear resistance
compared to counterparts made of 100Cr6. The friction coefficient could be reduced by using a
V2A counterpart. The results can be understood in terms of a reduced adhesion of both oxidic and
metallic wear debris at the TiAlCrSiN surface. The study provides valuable progress towards the
development of advanced cutting tools, e.g., for stainless steel.

Keywords: friction; wear; nitride films; abrasion; adhesion

1. Introduction

The outstanding properties of hard-coated surfaces have led to numerous novel
developments in the field of wear protection in recent years. Wear-resistive surfaces
made from transition-metal carbides, nitrides and oxides exhibit promising characteristics
to substantially increase the lifetime of surfaces under mechanical loads [1]. For many
years, TiAlN has played a prominent role as a coating material because of its outstanding
hardness and wear resistance. Such coatings are usually deposited by vacuum-based
processes. Among the numerous deposition techniques, the most frequently used ones are
direct current (DC) and radio frequency (RF) sputtering [2,3]. More recently, high-power
impulse magnetron sputtering (HiPIMS) has been established as well [3–6]. Here, high
ionization degrees lead to an optimized film quality. In addition, arc deposition [6–8] or
chemical vapor deposition (CVD) [9,10] can be used to end up with high-quality coatings
as well. A recent alternative to vacuum deposition that might become important in some
cases in the near future is a production route via additive manufacturing. In these cases,
e.g., carbide surfaces with extremely large lifetimes can be prepared [11].

The outstanding properties of TiAlN coatings on various materials for the production
of surfaces with extreme wear resistance have been studied in detail [12], in particular with
respect to the used deposition method [13,14] or in view of potential applications [15,16].
Most frequently, the lifetime enhancing performance of hard coatings is tested in tribolog-
ical tests using dry contacts, i.e., in absence of a lubricant, where maximum mechanical
wear is created, and the performance of the coating can easily be extracted [16–19]. The
characteristics of the tribological contact are in that case mostly given by the choice of the
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counter-body material: Aluminum oxide creates severe damage due to its large hardness
(two-body abrasion), 100Cr6 steel counter bodies supply in many cases hard iron oxide
abrasion particles leading to a significant increase in wear rates (three-body abrasion) and,
finally, the material of stainless steel counter bodies is transferred to the surface creating an
adhesive wear scenario. The two latter cases are intensively considered in this work.

A valuable way to realize wear-resistant surfaces can be the reduction in friction in
the contact. In that case, the mechanical work in the testing routine that is responsible
for the damage is reduced. Carbon-rich MoC, MoCN and multilayer MoC/MoCN coat-
ings exhibit self-lubricating properties during tribological loading. By adding carbon to
molybdenum-containing coatings, the coefficient of friction (COF) and the wear rate can
be significantly reduced. In the case of MoC/MoCN multilayers, the COF as well as the
wear rate are significantly reduced compared to an uncoated surface [20]. Additional
silver in MoN coatings can serve as a source for the formation of a lubricant phase during
the tribological load [21,22]. Finally, so-called “Chameleon” coatings can be produced by
adding various additives. Such coatings are characterized by their ability to adapt to the
respective environment and provide the best possible performance. Multilayer systems
such as WC/WS2/DLC and ZrO2-Y2O3/Au/DLC/MoS2 combine ceramic, metals, carbon
and dichalcogenide materials in an individual nanocomposite coating [23].

In addition to self-lubricating coatings, friction and wear-resistant properties can
be improved by surface microstructures. Here, laser surface texturing (LST) [24–26] or
mechanical microimprinting [27–29] can be used for the realization. Microstructuring can
be performed both before and after the deposition of the hard coating. In many cases the
introduction of surface structures on a microscale leads to significantly reduced friction and
wear. A remaining question is whether the compositional or topographical modification is
the method of choice to reduce friction and wear in particular contacts or if both concepts
might be combined [30].

In this work, the question is addressed of whether the addition of Cr and Si to TiAlN
coatings can improve friction and wear in dry tribological contacts, in particular, when
considering the case of abrasion-dominated and adhesion-dominated contacts, respectively.

2. Materials and Methods

Two types of wear-resistive nitride films were deposited on cobalt-bound tungsten
carbide (WC/Co) substrates containing 8 wt% Co.

As hard material, two compositions were chosen: first, a Ti0.4Al0.6N (TiAlN) single
layer and, second, a Ti0.4Al0.35Cr0.1Si0.15N (TiAlCrSiN) layer with a Ti0.4Al0.6N interlayer
underneath. The application as carried out on an S3p-capable system from Oerlikon Balzers,
Germany, using HiPIMS.

Before coating, the substrates underwent ultrasonic cleaning in an ethanol bath for
several minutes and were also plasma-etched for a few minutes upon being introduced into
the process chamber. The Ti0.4Al0.6N layer was directly deposited onto the substrate without
an interlayer. The process gas used was argon with a pressure of pAr = 4.2 × 10−3 mbar,
and the total pressure during deposition was p = 6.0 × 10−3 mbar. A bias voltage of −40 V
was applied to the substrate whilst coating the films at a temperature of 450 ◦C. The films
had a thickness of 3 ± 0.25 µm.

In the case of the second coating, a Ti0.4Al0.6N interlayer with a thickness of approx-
imately 1 µm was first deposited. The same parameters as described earlier were used
for this step. Subsequently, a TiAlCrSiN layer was deposited on top. The argon pressure
used was pAr = 4.2 × 10−3 mbar, with a total pressure of p = 6.2 × 10−3 mbar. The applied
bias voltage was −40 V for the initial ten minutes, then it was increased to −50 V for the
remaining duration of the deposition. The parameters used for the film deposition are
summarized in Table 1. A detailed description of the film deposition can be found in [31].
The thickness of the TiAlCrSiN layer was also 3 ± 0.25 µm.
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Table 1. Deposition parameters.

Ti0.4Al0.6N Layer Ti0.4Al0.6Cr0.1Si0.15N Layer Unit

Process gas Ar/N2 Ar/N2 -

Process pressure 6 × 10−3 6.2 × 10−3 mbar

Bias −40 −50 V

Pulse duration 7.56 2 ms

Mean power 9.06 4.8 kW

Target Ti40Al60 Ti40Al35Cr10Si15 -

Temperature 450 450 ◦C

The coating’s hardness was analyzed via nanoindentation using a Picodentor HM500
from Helmut Fischer GmbH in Sindelfingen, Germany. HIT (0.015/20/10/20) = 18.7 ± 1 GPa
defined the penetration hardness of the TiAlN layers, whereas HIT (0.015/20/10/20) = 16.4
± 1 GPa was used for the TiAlCrSiN layer.

The next stage involved researching friction and wear in normal TiAlN and ad-
vanced TiAlCrSiN hard coatings. Dry contacts with spherical counter bodies under
heavy load were employed. The experiments were conducted through the utilization of
oscillation tribometry.

Two tribological scenarios were considered, namely, contacts dominated by abrasion
and adhesion, respectively. This was achieved by utilizing two distinct steel balls as counter
bodies for tribological testing. The “abrasive contact” employed 100Cr6 steel (DIN 1.3205),
which is known to generate a substantial number of third particles during dry oscillation
tribometry [28]. Due to the substantial energy input into the interface between the film and
counter body, oxidation occurs [28], resulting in a cluster of tough particles that greatly
enhance the film’s abrasion. The second tribocontact examined exchanged the 100Cr6 steel
ball with a V2A stainless-steel ball (DIN 1.4301) as a counter body. Here, the primary wear
mechanism differed. The alloy’s high concentration of transition metal atoms resulted
in a significant increase in the adhesion forces between the counter body and nitride
film, leading to the observed agglomeration of “V2A-material” on the nitride surface.
This transfer of material from the counter body to the film surface was identified as the
wear mechanism that determined the lifetime; thus, it is referred to as “adhesive contact”.
Figure 1 provides a simplified illustration of the tribocontacts studied in this research.
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Figure 1. Sketch of the dry tribological contact experiments set up in this work. An abrasive contact
was realized using a spherical 100Cr6 counter body, and an adhesive contact was realized using V2A
stainless steel.

The wear characteristics of the nitride surfaces were analyzed using the “SRV 3”
series tribometer from Optimol Instruments Prüftechnik GmbH, Munich, Germany. The
experiments were conducted at a constant temperature of 50 ◦C using unlubricated ball-
on-plane oscillatory tribology, with steel balls of diameter d = 10 mm as counter bodies.
Since a severe wear scenario was required, an unusually heavy normal load of FN = 50 N
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was applied, and an oscillatory motion with a stroke of 1 mm parallel to the surface was
utilized. Relative velocity measurements were taken at different oscillation frequencies of
f = 2, 4, 10 and 20 Hz (corresponding to maximum velocities of 6.3 mm/s to 63 mm/s) to
explore their role. The total number of cycles was kept constant at n = 3600 in all cases. This
led to test durations of t = 1800 s, 900 s, 360 s and 180 s, respectively.

Each combination of two different counter bodies (100Cr6 steel and V2A stainless
steel) and two different types of coatings (TiAlN and TiAlCrSiN) underwent experiments.
Subsequently, white-light interferometry (WLI) was used to examine the damaged surfaces,
which provided the topography of the resulting wear scars. Electron-dispersive X-ray
spectroscopy (EDX) was employed to analyze the distribution of elements inside the wear
track. Technical abbreviations are explained upon first use. Bias and subjective evaluations
were excluded.

3. Results
3.1. Abrasive Contacts

The first part was dedicated to “abrasive contacts”, tribological contacts under high
load exhibiting a wear process dominated by three-body abrasion. In an according oscil-
lation experiment under dry conditions, hard iron oxide particles were formed that were
significantly responsible for the occurring wear. We performed systematic experiments
determining the COF between f = 2 Hz and f = 20 Hz at a constant load of FN = 50 N.
This corresponded to Hertzian pressures of about pH = 2520 MPa for TiAlN/100Cr6 and
pH = 2370 MPa for TiAlCrSiN/100Cr6. In all cases, 3600 measurement cycles were com-
pleted during testing.

Figure 2 shows the obtained values of the COF in a dry contact vs. a 100Cr6 ball with
a diameter of d = 10 mm. The blue curves in the top panel depict the COF for the reference
surface, a Ti0.4Al0.6N coating.

The measurements at the TiAlN surface provided similar data curves for all used
oscillation frequencies from f = 2 Hz to f = 20 Hz. All curves show a prominent running-in
period that extends over the first about 500 to 800 cycles. Here, a rather high and strongly
varying COF of µ≈ 0.7 to 1.0 is found. After that initial period, a drop of µ towards a lower,
basically constant COF of µ = 0.6 to 0.7 is found in all measured curves from 4 Hz to 20 Hz.
Only the light-blue curve obtained at f = 2 Hz shows slightly larger values combined with
a more pronounced variation of µ. A slight increase in µ is found for all curves with an
increasing measurement time.

The equivalent experiment was performed on the surface coated with the TiAlCrSiN
film. The results are depicted in the bottom panel of Figure 2. The corresponding curves are
displayed in yellow. In that case, the results for the compositionally modified TiAlCrSiN
film draw a different picture. There are significant changes of the obtained friction curves
when varying the oscillation frequency from f = 2 Hz to f = 20 Hz. For f = 2 Hz the COF
curve shows an extended running-in period up to about 1300 cycles. Subsequently, a high
and basically constant COF of about µ = 1.0 is found. In addition, the curve exhibits a shape
that is much “noisier” compared to the TiAlN film case. Increasing the frequency leads to
three effects: First, the duration of the running-in period decreases, second the “noisiness”
is reduced and, finally, the COF decreases as well. At f = 10 Hz and f = 20 Hz we find a COF
from 0.6 to 0.65 which is in the same range as the COFs found for the standard TiAlN film.

For a more systematic point of view, all the acquired friction curves were averaged
after the individual running-in period ended. The obtained average values of this so called
“steady-state region” are summarized in Figure 3.

This representation reveals large and systematic differences in the friction properties
of the two wear-resistive films being part of an abrasive tribocontact. The standard TiAlN
film (blue curve) exhibits small and basically frequency-independent COF values from 0.6
to 0.7. µ(f) has a minimum at intermediate frequencies and slightly increases both towards
low and high frequencies. The results found for the TiAlCrSiN film are displayed in yellow
and show a distinctly different behavior. The lowest COF of µ = 0.6 is measured at the
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highest oscillation frequency of f = 20 Hz. With the decreasing testing frequency, a strong
increase up to µ = 0.95 is found.

Coatings 2023, 13, x FOR PEER REVIEW 5 of 17 
 

 

For a more systematic point of view, all the acquired friction curves were averaged 

after the individual running-in period ended. The obtained average values of this so called 

“steady-state region” are summarized in Figure 3.  

 

Figure 2. Coefficient of friction µ for a TiAlN surface vs. a 100Cr6 steel counter body for different 

oscillation frequencies from 2 Hz to 20 Hz under normal load of FN = 50 N and dry conditions (a). 

Corresponding data for a TiAlCrSiN surface (b). 

This representation reveals large and systematic differences in the friction properties 

of the two wear-resistive films being part of an abrasive tribocontact. The standard TiAlN 

film (blue curve) exhibits small and basically frequency-independent COF values from 0.6 

to 0.7. µ(f) has a minimum at intermediate frequencies and slightly increases both towards 

low and high frequencies. The results found for the TiAlCrSiN film are displayed in yel-

low and show a distinctly different behavior. The lowest COF of µ = 0.6 is measured at the 

highest oscillation frequency of f = 20 Hz. With the decreasing testing frequency, a strong 

increase up to µ = 0.95 is found.  

The frequency-dependent behavior of the TiAlSiCrN/100Cr6 tribocontact is com-

pletely different from that found for the TiAlN/100Cr6 case. The COF of TiAlCrSiN at f = 

2 Hz is dramatically larger as µ = 0.7 than in the case of the TiAlN film at f = 2 Hz. However, 

at f = 20 Hz, this changes, and the yellow curve lies slightly below the blue one: we find a 

Figure 2. Coefficient of friction µ for a TiAlN surface vs. a 100Cr6 steel counter body for different
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Corresponding data for a TiAlCrSiN surface (b).

The frequency-dependent behavior of the TiAlSiCrN/100Cr6 tribocontact is com-
pletely different from that found for the TiAlN/100Cr6 case. The COF of TiAlCrSiN at
f = 2 Hz is dramatically larger as µ = 0.7 than in the case of the TiAlN film at f = 2 Hz.
However, at f = 20 Hz, this changes, and the yellow curve lies slightly below the blue one:
we find a reduced friction for the film with a modified composition, although the effect
might be too small to be really significant.

The observed increase in the COF towards small frequencies, i.e., small relative veloci-
ties are often found. Small oscillation frequencies favor events of static friction. Possible
resting times for the static periods increase when reducing the testing frequency. This leads
to an increase in the measured COF values since the static COF is always larger than the
dynamic COF. This model is supported by the increase in noisiness of the low-frequency
curves in Figure 2, where occurring peaks in the COF refer to static events. Additionally,
the composition of the third particle ensemble will change with the increasing frequency.
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An increase in the relative velocity leads to an enhanced energy deposition in the contact
area. This supports tribo-oxidation processes at the surface of abrasion particles. Since the
third particle abrasion is the dominant wear mechanism, this process will undergo changes
with the frequency increase leading to a change in particle composition [32].
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To collect further information on the mechanisms responsible and to correlate the
results of the friction experiments with the occurring wear, a detailed look into the wear
scar was conducted. We used quantitative white-light interferometry to analyze the wear
track with a high spatial resolution. In particular, the shape of the topography profile across
the track was extracted, and the wear volume was derived from these data.

For the representation of the obtained wear profiles in all considered cases shown in
Figure 2, we used identical colors. Figure 4 displays the results for TiAlN. A WLI image
obtained at f = 10 Hz is shown at the top. Profiles that are extracted along the horizontally
oriented line are depicted for different oscillation frequencies at the bottom. All profiles
were averaged in the vertical direction over an interval of 100 µm.

The wear profiles show for all frequencies a significant removal of film material since
the dominant wear process in the dry contact against a 100Cr6 steel ball is the abrasion
of the hard coating. A closer look reveals that a complex wear landscape develops that
does not reproduce the spherical shape of the counter body at all. Besides a minimum
at the center of the track, all profiles show additional minima located near the edge of
the wear track. This is a clear attribute of a third-body abrasion caused by hard particles
originated from the ball-shaped counter body [18]. Owing to the nonplanar geometry of the
mechanical contact, a driving force appears that causes a motion of particles towards the
rim of the contact. There, the particles agglomerate and cause severe damage to the TiAlN
surface. In addition, it is noticed that the abrasion volume systematically decreases with
the increasing testing frequency. This can be immediately identified when considering the
width and depth of the profiles in Figure 4, where both properties continuously decrease
with the increasing testing frequency. However, the difference between the occurring wear
in the case of the 10 and 20 Hz measurements is very small.

The presence of abrasion particles in the wear track provided by the 100Cr6 counter
body was revealed by a scanning electron microscopy (SEM) analysis with elemental
mapping by EDX. The results are displayed in Figure 5.
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In the low-magnification SEM image, the horizontally oriented wear track is clearly
seen in the center of the image. The corresponding elemental mappings for iron, aluminum
and oxygen show a high concentration of iron oxide inside the track that forms a layer
parallel to the oscillation direction. This proves that the material of the counter body is oxy-
genized during the wear process, accumulates in the track and forms a discontinuous layer.

When comparing these results with the ones obtained at the TiAlCrSiN surfaces under
equivalent testing, a series of differences are apparent. An interferometry image and
corresponding wear profiles are displayed in Figure 6; the axes are chosen equivalently.
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equivalent to those in Figure 2.

First, we find a significant increase in both width and depth of the individual wear
tracks indicating a strong increase in the abrasion volume. Second, a qualitative change in
the shape of the profiles occurs. In the case of the yellow profiles, there are no prominent
wear scars at the edges of the track as seen for the unmodified surface. However, also
in this case, additional minima occur. Here, these minima are found in the vicinity of
the center of the profile close to but distinctly different from the point of largest Hertzian
pressure. The profiles referring to large frequencies f = 10 Hz and f = 20 Hz hardly show
additional minima.

Further information was again collected by an SEM/EDX analysis of the wear tracks.
The results are depicted in Figure 7.

In contrast to the TiAlN surface presented in Figure 5, the wear track (marked by an
additional dashed line) can hardly be seen in the SEM image, although the wear depth is
much larger. There is no iron oxide layer formed inside the track, the surface inside the track
has the same composition as the film. Additionally, a large number of volatile abrasion
particles can be found in the vicinity of the track. The elemental mapping identified iron
and oxygen; no elements of the film constituents (Al, Ti, Cr, Si) were detected by EDX.
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Figure 7. SEM image of the wear track in TiAlCrSiN for f = 10 Hz (a). Owing to the small contrast,
the shape of the wear track is indicated with dashed lines. The elemental distributions for Fe (b),
Al (c) and O (d) were extracted from EDX data according to Figure 5. In the bottom part, numerous
clustered abrasion particles are seen.

For a better comparison of the wear volumes, Figure 8 provides the cross section of
the wear profiles extracted from Figures 4 and 6. The colors were chosen as above: the blue
curve refers to the TiAlN film, the yellow curve to TiAlSiCrN.

Coatings 2023, 13, x FOR PEER REVIEW 10 of 17 
 

 

 

Figure 8. Comparison of the cross section of individual wear tracks in the case of TiAlN (blue) and 

TiAlCrSiN (dark yellow) for different testing frequencies after 3600 oscillations. 

Thus, the mechanisms are related to two interfaces, first, between the counter body 

and the ensemble of abrasion particles and second, between the ensemble of abrasion par-

ticles and the coated surface.  

The results of Figures 5 and 7 reveal that the composition of the abrasion particles 

does not change when replacing the TiAlN surface by TiAlCrSiN. In all cases, iron oxide 

particles are found provided by the counter body and oxidized during wear testing. Note, 

that this is consistent with results obtained on MoN surfaces [30]. The interfaces between 

the counter body and abrasion particles are identical for the considered surfaces and thus 

cannot be the origin of the change in the tribological properties of the contact. This means 

the nitride surface and its interaction with the abrasion particles has to be considered. 

First, the reduced hardness of the TiAlCrSiN film can be responsible for a reduction in the 

wear resistance and directly explain larger wear volumes. However, an explanation of the 

changing ratio with the frequency of the wear volumes of both surfaces from roughly two 

at 2 Hz to about six at 20 Hz cannot be provided. A significant role is attributed to the 

formation of the iron oxide layer inside the wear track that is apparently found in Figure 

5. This layer of high hardness acts as protective layer that effectively reduces the occurring 

wear and is the origin of the large difference of the wear rates at f = 20 Hz. The less-pro-

nounced effect at lower frequencies is related to the reduced friction power at the interface 

that does not allow the formation of the protective iron oxide layer. The observed increase 

in the COF at high frequencies in the case of the TiAlN layer supports the formation of a 

surface layer with different friction properties. 

The results in Figure 7 show that this protective layer apparently cannot form on the 

TiAlCrSiN surface. The addition of Cr and Si leads to a change in the surface properties 

(assumably the polar part of the surface energy) and thus avoids the deposition of adhe-

sive iron oxides. The absence of the protective layer means an intense particle-induced 

abrasion as observed in the experiment. 

3.2. Adhesive Contacts 

Equivalent investigations were performed for both coatings in a dry contact exhibit-

ing an adhesion-dominated wear process. Here, a V2A stainless-steel counter body was 

used for the oscillation tribometry. This modified the Hertzian pressures to about pH = 

2110 MPa for TiAlN/V2A and pH = 2010 MPa for TiAlCrSiN/V2A. The dominant wear 

Figure 8. Comparison of the cross section of individual wear tracks in the case of TiAlN (blue) and
TiAlCrSiN (dark yellow) for different testing frequencies after 3600 oscillations.

Both curves basically show the same frequency dependence: a monotonous decrease
in the wear volume with the increasing frequency. For the whole considered frequency
range, the wear volume of the TiAlCrSiN surface is significantly larger than of the standard
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TiAlN film. The variation of the film composition leads to a distinct loss of wear resistance
in the case of the considered abrasion-dominated dry contact. Interestingly, the relative
performance of the TiAlCrSiN film is worst at high frequencies. Here, the wear volume
is about a factor of six larger compared to the standard film. At f = 2 Hz and 4 Hz, this
factor is smaller than two. This is particularly noteworthy when comparing this result to
the average friction values displayed in Figure 4: the COF hardly shows any differences
between TiAlN and TiAlCrSiN at high frequencies.

To generally judge the quality of the coated surfaces, the wear rate can be extracted.
In the case of the blue data point at f = 2 Hz, the wear rate was calculated to be about
2.0 × 10−15 m3/Nm. This value is comparable to high-quality wear-resistive coatings
under dry testing [33].

An understanding of the observed friction and wear behavior can be developed when
considering the nature of the tribocontact: there is some particle-mediated abrasion that
basically avoids the direct contact of the tribopartners.

Thus, the mechanisms are related to two interfaces, first, between the counter body
and the ensemble of abrasion particles and second, between the ensemble of abrasion
particles and the coated surface.

The results of Figures 5 and 7 reveal that the composition of the abrasion particles
does not change when replacing the TiAlN surface by TiAlCrSiN. In all cases, iron oxide
particles are found provided by the counter body and oxidized during wear testing. Note,
that this is consistent with results obtained on MoN surfaces [30]. The interfaces between
the counter body and abrasion particles are identical for the considered surfaces and thus
cannot be the origin of the change in the tribological properties of the contact. This means
the nitride surface and its interaction with the abrasion particles has to be considered.
First, the reduced hardness of the TiAlCrSiN film can be responsible for a reduction in
the wear resistance and directly explain larger wear volumes. However, an explanation of
the changing ratio with the frequency of the wear volumes of both surfaces from roughly
two at 2 Hz to about six at 20 Hz cannot be provided. A significant role is attributed
to the formation of the iron oxide layer inside the wear track that is apparently found
in Figure 5. This layer of high hardness acts as protective layer that effectively reduces
the occurring wear and is the origin of the large difference of the wear rates at f = 20 Hz.
The less-pronounced effect at lower frequencies is related to the reduced friction power
at the interface that does not allow the formation of the protective iron oxide layer. The
observed increase in the COF at high frequencies in the case of the TiAlN layer supports
the formation of a surface layer with different friction properties.

The results in Figure 7 show that this protective layer apparently cannot form on the
TiAlCrSiN surface. The addition of Cr and Si leads to a change in the surface properties
(assumably the polar part of the surface energy) and thus avoids the deposition of adhesive
iron oxides. The absence of the protective layer means an intense particle-induced abrasion
as observed in the experiment.

3.2. Adhesive Contacts

Equivalent investigations were performed for both coatings in a dry contact exhibiting
an adhesion-dominated wear process. Here, a V2A stainless-steel counter body was used
for the oscillation tribometry. This modified the Hertzian pressures to about pH = 2110 MPa
for TiAlN/V2A and pH = 2010 MPa for TiAlCrSiN/V2A. The dominant wear mechanism
was the deposition of metallic material of the counter body on the nitride surface. Figure 9
shows the measured COF under the same experimental conditions as chosen for the
abrasive contact.

All obtained COF curves against the V2A counter bodies exhibit a pronounced “noisy”
behavior. The experimental values statistically fluctuate with an amplitude of the order of
µ = ±0.1. For a first comparison of the data at different frequencies, averaged curves were
added as solid green/red lines to Figure 9.
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Figure 9. Measured COF for TiAlN vs. V2A stainless steel using different oscillation frequencies
from 2 Hz to 20 Hz (a). The diagram depicts the original and averaged data. Corresponding data for
TiAlCrSiN (b).

Omitting the first 500 to 800 cycles as the running-in period, we find rather constant
average values of the COF from µ = 0.8 to 1.0. This is significantly larger than the values
found for the abrasive contact. In addition, we find a continuous decrease in the COF with
the increasing oscillation frequency f. Replacing TiAlN by TiAlCrSiN under equivalent
experimental conditions leads to similar results that are depicted in the bottom part of
Figure 9. The curves look similar; again, a noisy and fluctuating behavior of the COF is
found. The running-in period of about 500–800 oscillations remains the same, stable COF
values in the steady state of µ = 0.7 to 0.9, a fluctuation amplitude of the order of µ = ±0.1
and a systematic decrease in the COF values towards higher frequencies draw a similar
picture as found in the case of the TiAlN surface.

To evaluate whether the compositional variation leads to systematic changes of the
friction conditions, the average values of all curves extracted after the running-in regime
were plotted as function of frequency and are shown in Figure 10.

The comparison of both curves provides a number of parallels and differences. Both
curves show a monotonous decrease in the COF with the increasing frequency, and for
high frequencies of 10 and 20 Hz, both curves show similar values. A striking difference
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arises at low frequencies where the COF of the TiAlCrSiN surface is significantly smaller.
The COF can be reduced in this frequency range by roughly 0.1.
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Figure 10. COF against V2A averaged after the running-in period of the curves displayed in Figure 9.

4. Discussion

The general increase in the COF in the case of V2A compared to 100Cr6 can be ex-
plained by a significant stick–slip process that occurs in tribocontacts against V2A stainless
steel. There, events of static and dynamic friction alternate [34]. Static or adhesive friction
occurs due to local cold welding of the tribopartners. “Stick” refers to the state these connec-
tions persist in. The prevailing shear stress cracks the cold weld, and sliding occurs. This
is described as “slip”. Consequently, data points are found that describe a static friction
event and data points that refer to a sliding or dynamic friction. The change between
adhesive and sliding friction can be seen from the abrupt jumps in the COF values during
the tribometry measurement that occur in the case of V2A.

Since the adhesive friction coefficient is the larger one, we can identify the occurring
maximums with the adhesive friction case and the minimums with the pure sliding friction.

As an example, a COF measurement of TiAlCrSiN against V2A is shown in Figure 11,
where the running-in period is omitted. The measurement was carried out at a frequency
of f = 2 Hz. At low frequencies, the lifetime of individual static and sliding events is large
enough to extract data points corresponding to an individual friction event. The distance
between the upper and lower limits of the data points represents the extreme cases of
adhesive friction and sliding friction (dashed lines).

The so-determined values of adhesive and sliding friction were averaged for all
measurements with V2A counter bodies and are shown in Figure 12 as a dashed curve for
the adhesive friction and as a solid curve for the sliding friction for all measured frequencies
from f = 2 Hz to 20 Hz.

In all cases, a reduction in the observed COFs is found with the increasing frequency.
In addition, we find again a reduction in friction in the case of the TiAlCrSiN coatings,
particularly at low frequencies. Interestingly, the reduction in friction is apparent in the
adhesive case and even more pronounced in the sliding case. This means that additional
Cr and Si influence both the cold-welding process that leads to the sticking event of the
partners and the sliding event where, because of the adhesive character of the contact,
material is transferred to the TiAlCrSiN surface. Since the adhesion of V2A will be provided
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by a shear process in the counter body, the question arises as to why the TiAlCrSiN coating
shows a lower COF than the TiAlN surface.
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Figure 11. Section of a friction curve of a TiAlCrSiN-coated surface against V2A at a frequency of
2 Hz. Owing to the irregular stick–slip behavior, the curve exhibits a large statistical roughness. The
dashed lines refer to events of adhesive friction and sliding friction, respectively.
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V2A counter bodies as a function of frequency. Dashed lines mark adhesive friction, solid lines
sliding friction.

An answer can be to consider the occurring wear processes. However, an equivalent
analysis of wear volumes as that done in the abrasive contact does not appear meaningful
because most of the material deposited during the adhesion process is V2A on V2A, at
least after the first monolayer. This does not help to extract the role of the composition of
the coating. Instead of that, a closer look into the wear scar was performed by scanning



Coatings 2023, 13, 1603 14 of 16

electron microscopy. An example of a surface where an adhesive wear process has taken
place is shown in Figure 13.
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Figure 13. Scanning electron micrographs of TiAlCrSiN coatings after a tribotest at f = 4 Hz. Bright ar-
eas are adherent counter body residues of metallic V2A steel. Detail of a wear track (a), magnification
of the marked rectangular area (b).

Distinct regions of deposited metallic V2A steel can be identified in the electron
micrograph by energy-dispersive X-ray spectroscopy. Here, the adhesion of V2A steel leads
to agglomerations with a height of several micrometers. At the same time, it is seen that
there is no full coverage of the surface. Only stainless-steel islands are formed, a large
fraction of the surface consists of the uncovered coating material.

This provides an explanation for why the modified surface composition has an impact
of the tribological properties during the whole testing time. As seen in the formation of
an oxidic layer for 100 Cr6 counter bodies, the deposition of additional material is also
modified when comparing TiAlN and TiAlCrSiN. Although when metallic material is
deposited in the wear track, we again find that the addition of Cr and Si leads to a less
sticky surface, and the agglomeration of metallic V2A steel inside the wear track is reduced.
A reduced adhesion also reduces the measured friction because a notable contribution arises
from the deformation of deposited material during the oscillatory test. The corresponding
force scales with the amount of material in the contact area. The reduction in adhesion
leads to a reduction in material that has to be deformed during oscillation tribometry. Thus,
the composition of the coating directly affects the sliding COF, as seen in the analysis in
Figure 12. A closer look at the COF data reveals that the difference between TiAlN and
TiAlCrSiN evolves after the running-in period when enough metallic material sticks to the
nitride surface. A detailed description of this process will be given in future experiments.
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5. Conclusions

Wear-resistive TiAlCrSiN coatings were deposited on WC/Co hard metal substrates.
In oscillation tribology experiments, the performance of these coatings was tested in
dry contacts exhibiting abrasive and adhesive characteristics, respectively. The abrasive
scenario was realized using counter bodies of 100Cr steel. During the abrasion process, hard
oxide particles were generated that led to an increasing loss of material in the coating. It was
found that the investigated TiAlCrSiN coating exhibited a higher friction and lower wear
resistance in that case compared to a TiAlN coating. This was attributed to the formation of
a sticky protection layer in the case of the TiAlN coating that significantly reduced wear.
The formation of this oxidic layer was suppressed in the case of the TiAlCrSiN coating
because the adhesion of oxides was reduced. When considering an adhesive contact that
was realized using a V2A stainless-steel counter body, a different scenario occurred. The
friction could be described by a stick–slip process, which resulted in an irregular behavior
of alternating static and sliding friction events. The TiAlCrSiN coating showed a significant
reduction in COF of approximately 20%, particularly at low test frequencies. The analysis
of the static and sliding friction events showed that the addition of Cr and Si reduced both
the static and sliding friction coefficients at low frequencies by 15 to 20%, depending on the
frequency. The lower friction was also explained by a reduction in adhesion in this case of
metallic materials due to the addition of Cr and Si to the coating. This result might lead to
an increase in the lifetime of TiAlCrSiN-coated tools when machining stainless steel.
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