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Oxidation Behavior of Vanadium in Annealed AICrVY(O)N
Thin Films Characterized by X-ray Absorption Spectroscopy

Eric Schneider,* Finn Ontrup, Gordon Scholz, Jaqueline Savelkouls, Nelson Filipe Lopes
Dias, Christian Sternemann, Dirk Liitzenkirchen-Hecht, Wolfgang Tillmann,

and Michael Paulus

Great efforts are being made to optimize tool coatings for use at elevated process
temperatures. The reason for this is to enable machining with minimized
lubrication quantities. During operation, temperatures between 300 and 1000 °C
can occur depending on the material and tool design. Thus to enable the
machining of high-strength materials, the tool coatings must be optimized with
regard to their temperature resistance, which is also significantly affected by their
oxidation properties. AICrVY(O)N thin films are potential candidates for such
coating applications as the addition of V to AICrN favors the formation of so-
called Magnéli phases at high temperatures, that is, V oxides with varying
stoichiometry, to reduce friction. X-ray absorption spectroscopy is applied to
characterize the oxidation behavior of V in the thin films prepared in a combined
dcMS/HiPIMS process for as-deposited AICrVY(O)N thin films and after thermal
treatment in the ambient atmosphere. The V average oxidation state is deter-
mined by analyzing the pre-edge feature at the V K-edge. Systematic changes in
preoxidation, a high oxidation resistance below 800 °C, and promoted V oxidation

1. Introduction

AICrN thin films are well known for their
high wear and oxidation resistance as well
as high hardness.”! This is achieved by
integrating Al into the face-centered cubic
(fcc) crystal lattice of CrN. The hardness of
the metastable fcc-AICrN phase increases
up to an Al content of 67 to 80% of the total
amount of metal atoms in the structure.l”!
Exceeding this threshold, a metastable
hexagonal close-packed (hcp) phasel™! is
formed which is undesirable as it results
in a loss of hardness and wear resistance,
leading to reduced tribological properties.®
Supplementing the solid solution of Al and
Cr with a Y content of about 3.4 at.% can
further enhance the hardness and thermal

for higher preoxidized coatings above 800 °C are found.
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stability up to 1000 °C.[°® Doping of CrAIN
thin films with Y leads to decelerated diffu-
sion processes due to the segregation of Y
at the grain boundaries, which significantly
changes their oxidation behavior in a way that diffusion of ele-
ments from the layer to the surface and the diffusion of oxygen
into the layer is hindered.”! In order to reduce the friction on the
surface of the thin film at high temperatures, V can be added to
the solid solution which may form Magnéli phases of the type
Me,Oz,1 and Me,03,,.1.1%"Y The shear planes of these phases
decrease the friction.">"¥ Tillmann et al. demonstrated that
the optimal V content in AICrVN solid solutions is 7.1at.% in
order to preserve the exceptional mechanical properties of the
thin films.'"" Similar Cr-based coatings form AICrON solid sol-
utions due to small amounts of O. With higher O contents, addi-
tional solid solutions and amorphous phases are formed.!**>¢!
In addition, up to an O/(N + O) ratio of 0.69, the hardness and
stability increase compared to AICrN thin films.!'”! For example,
Gao et al."®¥ have shown that the addition of oxygen into AICrON
coatings optimizes its adhesion strength with an impact on the
service life of corresponding cutting tools. However, the general
oxidation behavior of these complex materials is not yet fully
understood.

In this study, the deposition of thin films is conducted using a
hybrid physical vapor deposition (PVD) process that combines
direct current magnetron sputtering (dcMS) with high-power
impulse magnetron sputtering (HiPIMS). dcMS is known to pro-
duce thin films with low density and hardness, whereas HiPIMS
results in the formation of denser and harder AICrN thin films in
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comparison.*’ However, the deposition rates with the HiPIMS
process are significantly lower than with dcMS. Depending on
the peak current density, HiPIMS achieves only 25-30% of
the deposition rate of dcMS.?>*!! Thus, the combination of both
deposition techniques in a hybrid process is favorable to opti-
mize the film properties. For example, one cathode can be oper-
ated with dcMS, while another is operated with HiPIM §19:20-22]
which has been demonstrated to be an effective method for
depositing thin films with relatively high deposition rates as well
as improved mechanical and tribological properties.**~**!

In this study, the formation of V oxides during the
combined dcMS/HiPIMS thin films process is triggered by
injecting O, into the reactive sputtering process alongside N..
The O, gas flow rate supplement during deposition was varied
between 0 and 20 sccm to obtain different O contents within the
AICrVOYN thin films. The more or less preoxidized thin films
were then gradually annealed up to a maximum temperature of
1000°C in ambient atmosphere in order to characterize the
oxidation behavior after the thermal exposure. For the analysis
of the oxidation properties, X-ray near-edge absorption spectros-
copy (XANES) at the V K-edge is applied which provides
information on the average oxidation state of V both for
only small amounts of V in the coating and also when noncrys-
talline V phases are present that cannot be detected by X-ray
diffraction.

2. Experimental Section

2.1. Synthesis

The AICrVY(O)N thin films have been deposited on rectangular
WC-Co substrates with a size of (14 x 14 x 4) mm?, which were
cleaned with ethanol in an ultrasonic bath for at least 10 min.
The substrate was coated using an industrial magnetron
sputtering system (type CC800/9, CemeCon AG, Germany).
Al52Cr30V16.5Y1.5 targets (Plansee Composite Materials
GmbH, Germany) with the dimensions (500 x 88) mm” were
used for the deposition process. The dcMS/HiPIMS hybrid pro-
cess was applied for deposition, in which two magnetron cath-
odes operate in dcMS mode and two in HiPIMS mode,
respectively. The gas flow rates of O, and N, were measured
and controlled individually before the gases were fed together
into the process chamber. During the deposition of the
AICrVY(O)N thin films, the O, flow rate was varied between
0 and 20sccm in steps of 5sccm. The N, flow rate during
coating was between 130 sccm. Argon was used as an ionization
gas to keep the deposition pressure at 400 mPa during the
deposition.

The average composition of the thin films determined by
wavelength dispersive X-ray spectroscopy was determined to
be 22 at.% Al, 15 at.% Cr, 7 at.% V, and 0.65 at.% Y. Starting with
0 sccm O,, the N content was about 54 at.% while the O content
was 1at.%. With increasing O, flow rate up to 20 sccm, the O
content in the thin film increases to about 21 at.% while the
N content drops to 34 at.%. The layer thickness of the deposited
thin films was between 2.4 and 2.7 pm. An example of the layer
thickness at an O, flow of 10 sccm is shown in Figure 1.
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Figure 1. SEM image of the morphology of exemplarily chosen
AICrVYON thin film deposited from AICrVY targets with a film thickness
of 2.6 um.

2.2. X-ray Absorption Measurements

In order to probe the oxidation behavior of the thin films at
temperatures that appear during machining, the AICrVY(O)N
thin films were heated up to 1000 °C in 100 °C steps between
400 and 800 °C, and in 25 °C steps between 800 and 1000 °C
using an SR 100-750/11 tube furnace (Carbolite Gero GmbH
& Co. KG, Germany). The maximum annealing temperature
was not reached for some thin films that chipped off the sub-
strate. The samples were exposed for an entire heating period
of 10 min and the temperature was controlled by temperature
sensors close to the central part of the tube furnace with a tem-
perature stability of 43 °C.

The as-deposited and annealed thin films were investigated
at the beamline BL10 of the synchrotron light source DELTA
(Dortmund, Germany).”” XANES spectra were measured via
fluorescence detection by scanning the incident X-ray energy
using a Si(111) channel-cut monochromator. The incident
X-ray intensity was monitored by an ionization chamber
filled with a mixture of He and N, (each with ~50%) and a
length of 15cm, resulting in a transmission of about 90% at
the energy of the V K-edge (5465 eV). The fluorescence radiation
emitted from the samples was detected with a large-area
passivated implanted planar silicon detector (Canberra, USA)
having a diameter of 55mm located above the sample.
The incoming X-rays hit the sample at a grazing angle of 2°.
The incident energy was varied in the vicinity of the V K absorp-
tion edge from 5345 to 5685eV using a beam size of
(0.2 x 8.0)mm?* (v x h). Calibration of the energy scale was
achieved by measurements of a V metal foil in transmission
and defining the edge position as the first maximum of the deriv-
ative spectrum at E = 5465 eV.

The XANES measurements were conducted for the non-
heated, as-deposited thin films and directly after each heating
period, when cooled to room temperature in air. XANES spectra
of different V oxide powders with different oxidation states
(purity of 99% and more) served as references. We used powders
of the oxides V,0; (Thermo Fisher Scientific Inc., USA and Alfa
Aesar, USA), V,0, (MaTeck, Germany and Alfa Aesar, USA),
and V,0s (Thermo Fisher Scientific Inc., USA and Alfa Aesar,
USA). The single XANES spectra were analyzed using the
Demeter program package.*”!
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2.3. Data Analysis

The V XANES spectra were extracted from the raw data by cor-
recting for contribution from background and absorption of
other atomic species contained in the sample. This was achieved
using a linear fit between 70 and 20 eV below the edge-onset and
removing the postedge background fitted between 75 and 218 eV
above the edge along with a normalization of the edge jump to 1.
In order to extract the pre-edge feature, an arctan function was
fitted to model the main edge contribution and subtracted
(see Figure 2ii). The extracted pre-edge feature was evaluated
regarding its centroid energy position and its area in order to
characterize the samples oxidation state according to the scheme
discussed in e.g.?'%

=
N
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3. Results and Discussion

The reference spectra are shown in Figure 2iii and demonstrate
the characteristic changes appearing due to oxidation of V, that
is, particularly the increase in prepeak intensity and shift of
the main-edge onset to higher energies as well as changes in
the postedge shape. Similar changes can be observed in the
as-deposited and annealed AICrVY(O)N thin films as shown
in Figure 3i,ii, respectively. The pre-edge of the as-deposited thin
films is more prominent with increasing O, flow rates applied
during synthesis while the main-edge position shifts to higher
energies suggesting that the AICrVYON thin films are preoxi-
dized for the O, flow rate above 10 sccm with stronger variation
in the local environment of V at 20 sccm as indicated by the
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Figure 2. i) Typical XANES spectrum (normalized and background corrected) of an annealed AICrVYN sample (top, left). ii) Extraction of the pre-edge
feature using an arctan function to model the main-edge contribution (bottom, left). iii) Reference spectra of the different oxides and V metal, latter taken

from.%

0]

=
[N}

g
o

o
o

intensity [arb. u.]
o
(=21

0.4 = 0 sccm Oy
—  5sccm Oy
0.2 —— 10 sccm O3
—— 15 sccm O3
—— 20 sccm O3
0.0 = T T T T T T
5450 5460 5470 5480 5490 5500 5510 5520 5530

energy [eV]

-
[N]

g
=1

Il
-

— 25°C —— 825°C

intensity [arb. u.]
=3
(=}

0.4 — 400 °C —— 850 °C
— 500°C —— 875°C

0.2 — 600 °C —— 900 °C
— 700°C —— 925°C
—— 800°C

0.0 . . . . . . .

5450 5460 5470 5480 5490 5500 5510 5520 5530
energy [eV]

Figure 3. i) XANES spectra of the as-deposited AICrVYON thin films produced at O, flow rates from 0 to 20 sccm (left). i) XANES spectra of AICrVYON
thin film annealed in ambient atmosphere for the sample preoxidized at O, flow of 10 sccm for 10 min and the indicated temperatures (right).
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changes in the postedge region. The typical variation of the V K-
edge with temperature dependency is presented for the
AICrVYON thin film deposited with an O, flow rate of 10 sccm
as an example in Figure 3ii. All other AICrVYON thin films (not
shown here) behave similar. We observe that the pre-edge inten-
sity increases strongly at 700 °C accompanied by a significant
main-edge shift to higher energies and corresponding changes
in the postedge region. These changes are clear signs of the
formation of new V phases with higher degrees of oxidation:
Although the spectra of the oxide references exhibit similar
behavior with increasing oxidation state, the overall shape of
the spectra of the thin films is different due to differences in
the local environment of V within AICrVY(O)N. The vanadium
occupies Cr atom positions in the solid solution having fcc struc-
ture. Thus, the V atoms with oxidation state III are surrounded
by 6 N atoms. The structure of the vanadium K absorption edge
in oxidation state III strongly depends on its local and chemical
environment.®® This leads to a change in the edge shape
and particularly in the pre-edge depending on whether vanadium
is considered being in a nitrogen environment or in an oxygen
environment, for example, V,03, which is less significant with
higher oxidation states. Initially, V is assumed to be in oxidation
state IIIN in a N environment corresponding to the sample pre-
pared at 0 sccm and measured at room temperature. Changes in
the pre-edge and main edge with respect to this reference spec-
trum are attributed to the formation of vanadium oxides (initially
also in oxidation state III). Since the oxidation state of V in the
solid solution and V,0; is V[III], in V,0, is V[VI] while it
changes to V[V] in V,05,** the pre-edge analysis provides a
reasonable estimate on the average oxidation state when N is
exchanged by O.

In order to characterize the average oxidation state of all thin
films, the dependency of the integrated pre-edge feature’s area
and energy position is presented in Figure 4 in comparison to
the results obtained for the reference samples and new analysis
of data published in ref. [14] using the current pre-edge extraction
scheme. The average oxidation states III, IV, and V were defined

3.51 (o} 0 sccm (i l’

o 5 sccm !
—_ 3.01 e 10scem # L Vo o
2 © 15sccm 10 :":5
2 2571 o 20sccm II 0
2 9 V,05 o] 1 E
© 2.01 A V0, .i. '|V0§
5 8 V03 >
81 1.54 @ [10] % g
5 g D
—
o 1.01 g g
o ol 2 ©

0.5 | — iy

0.0 . T . . . .
5465 5466 5467 5468 5469 5470 5471
pre-edge centroid position [eV]

Www.pss-a.com

Table 1. Area and centroid energy position of the prepeak feature
determined for as-deposited and annealed AICrVY(O)N thin films.

Coating O, content  Temperature ~ Pre-edge area  Pre-edge centroid
[scem] [°q] position [eV]
AICrVYN 0 25 0.41 £0.05 5468.2+0.1
AICrVYN 0 925 1.63+0.06 5470.5+0.1
AICrVYON 5 25 0.42 4 0.05 5468.4 +0.1
AICrVYON 5 925 1.6+0.2 5470.3 +£0.1
AICrVYON 10 25 0.42 £0.05 5468.4 +0.1
AICrVYON 10 925 20+0.1 5470.1+0.1
AICrVYON 15 25 0.59+0.1 5468.6 +0.1
AICrVYON 15 925 2.29+0.05 5470.0+0.1
AICrVYON 20 25 0.71+0.05 5468.6 +0.1
AICrVYON 20 900 1.83 +0.09 5470.4+£0.1

using the V,03, V,04, and V,0s by the average of present data
and that analyzed taken from ref. [10], both measured in similar
scattering geometry resulting in similar degree of self-absorption
and are comparable to the results of Chaurand et al.*! The gray-
shaded areas indicate the range of uncertainty comparing differ-
ent measurements performed in this work and analyzed data
from ref. [10]. An overview of the corresponding values for
the as-deposited and up to 925 °C annealed thin films can be
found in Table 1. The highest average V oxidation state during
annealing of the thin films is slightly above IV and is achieved by
AICrVYON produced at an O, flow rate of 15 sccm while the thin
film produced at 5 sccm without proxidations reached a value of
just above III. The oxidation behavior is characterized in more
detail by inspecting the temperature dependency of the inte-
grated area of the pre-edge as shown in Figure 4ii. Below
800 °C, we observe no change in peak area with rising tempera-
ture. However, AICrVYON thin films produced with a higher O,
flow rate show a larger area of the prepeak feature which is

3.51 o 0 sccm (if)
@ 5sccm

— 3.01 e 10scem L Vo
> O 15sccm o
S o ©
2251 o 20scem 2
S 5
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Figure 4. i) Average oxidation state of AICrVYON thin films characterized by the area and centroid position of the prepeak feature constrained by the V
oxides (oxidation states Illo, Vo, and Vo), V metal, and AICrVYON 0 sccm reference (oxidation state 11ly) samples (left). Squares indicate analyzed data
taken from ref. [10]. Gray-shaded areas indicate the fields of uncertainty for referencing the oxidation state. Error bars are shown for selected data.
ii) Intensity change of the prepeak feature with temperature (right). Lines are fits of a constant and a linear increase up to 700°C and above
800 °C, respectively, as guide to the eye (right). Error bars are shown for selected data.
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particularly pronounced for the thin films sputtered at an oxygen
flow rate of 10 and 15 sccm, while the thin films produced at 0
and 5 sccm do not differ from each other. This can be related to
different stages of preoxidation during the thin film synthesis
which is maintained in a large temperature range. From around
800 °C, we see an almost linear increase of the intensity with tem-
perature and confirm that the thin films with higher degree of
preoxidation reach a higher average oxidation state at the same
annealing conditions.

All AICrVY(O)N thin films, preoxidized or not, exhibit high
oxidation resistance up to temperatures of 700-800 °C. From
around 800 °C, the V in thin films with higher degree of preox-
idation oxidizes faster and thus reaches higher average oxidation
state at the maximum annealing temperature. This aligns with
the higher degree of O incorporated in the preoxidized thin films
on cost of the nitrogen content. Consequently, we find clear indi-
cation that the appearance of larger amount of O in the
AICrVYON thin film after the dcMS/HiPIMS process promotes
the V oxidation, that is, the formation of Magnéli phases.

4, Conclusion

In this work, we studied the average oxidation state of V in
AICrVY(O)N thin films synthesized with systematically varying
the O, flow rates in the reactive atmosphere using a hybrid
dcMS/HIiPIMS deposition process and probed the oxidation
properties of the as-deposited thin film during annealing up
to 925 °C in ambient atmosphere using XANES. Within the sput-
tering process, the oxygen content in the AICrVYON thin film
can be well tuned. All as-deposited thin films show a high oxida-
tion resistance of V below temperatures of 800 °C. For higher
temperatures, the degree of preoxidation affects the oxidation
characteristics of the thin films, that is, preoxidation promotes
the formation of V oxides with higher valence. This makes
the preoxidation in the dcMS/HiPIMS process a valuable tool
for directed oxidation in order to optimize the tribological prop-
erties and represents a pathway in the production of friction-
reducing thin films based on vanadium oxide.
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