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Abstract

In this work, we have studied the influence of the coating design and composition on the oxidation behavior of Al,Cr;_ N (x=0.70) coatings.
In particular, we have studied the effect brought about by the deposition of an additional subsurface titanium nitride barrier layer as well as by the
doping of the AICrN-based coatings by tungsten, boron and silicon. The coatings studied have been deposited using the cathodic arc vacuum
(CAV) technique. The multilayered AICrN/TiN coatings with TiN sublayer were oxidized in air at 900 °C over 3 h and then analyzed by Glow
Discharge Optical Emission Spectroscopy (GDOES) and X-ray photoelectron spectroscopy (XPS). Oxidation tests were performed in air at 900
and 1100 °C for the AICrN and AICrWN, AICrSiN, and AICrBN coatings. In each case weight gain was measured and the surface morphology of
the oxidized samples were studied using Secondary Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). The results obtained
showed that the oxidation behavior of the aluminum rich AICrN-based coatings could be improved in two ways: (1) by controlling the chromium
outward diffusion rate in multi-layered coatings and (2) by alloying the AICrN-based coatings with Si. Both improvements are related to the
enhancement of the protective oxide film formation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction (Al7Crgq)
(Al7oCrasMs)

(AlzgCrag)
(AlzgCrasMs)

Chromium nitride coatings oxidize due to the outward
diffusion of chromium and the formation of chromium oxide
surface layers [1]. Oxidation studies have shown the superior
oxidation resistance of the ternary Al.Cr;_ N as compared to
AL Ti;_ N [1-4]. This makes wear resistant AL,Cr;_,N coatings
better candidates for many specific applications [1]. Recently, a
number of studies have been performed on the impact of
aluminum content on the hardness and oxidation resistance of
Al-Cr—N coatings [2—4]. It has been reported that the hardness, . ) (Al7oCrosMs)
oxidation resistance and the tribological properties improve ¥4 -
with increasing Al-content up to 70—75% in the AICrN coatings
as long as the fcc-structure is predominant. For higher

* Corresponding author. Tel.: +1 905 5259140x23127; fax: +1 905 521 2773.
E-mail address: gfox@mcmaster.ca (G.S. Fox-Rabinovich). Fig. 1. Schematic illustration of the deposition chamber used for film deposition.
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Table 1
Summary of deposition parameters

Targets composition
Targets power
Nitrogen deposition
pressure
Substrate materials

Ti, Al7oCrz0, Al7oCrasWs, AlyoCrasBs, Al;oCrasSis
Al;0CrysMs(3.5 kW)-Ti(2.4 kW)
3.5Pa

WC-6%Co inserts, Cold work tool steel disks,
TiAl squares

-100 V

450 °C

Substrate bias voltage
Substrate temperature

aluminum content hcp-structure starts to form and the oxidation
resistance deteriorates. In the hcp case the oxidation rate is
almost tripled compared to the fcc-AICTN.

The Al content in the AICtN coatings is limited due to the
undesirable phase transformation from B1 (cubic) to B4
(hexagonal) in the coatings with higher Al content. In general,
the Cr and Al oxide films that are forming on the surface at high
temperatures are expected to be the thermal barrier as well as the
lubricating layers [5]. High aluminum content AICrN coatings
exhibit high short-term oxidation resistance up to 1100 °C due to
the formation of alumina surface layers. However, after a longer
exposure in air the surface layers become partially depleted of
aluminum because intensive diffusion of Cr to the surface takes
place which results in the formation of Cr,O3. In some cases
complex (Al, Cr),05 oxide films are formed due to the solubility
of Cr,0O3 in alumina [6]. Since oxidation is interrelated with the
inward diffusion of oxygen into the surface of the AICrN coating
and the outward diffusion of Cr to the surface, it is believed that
the oxidation behavior of the aluminum-rich AICrN coatings can
be tuned by the design and composition of the coating. In the
present study, we investigate the influence of buried TiN
diffusion barrier layers as well as the addition of W, B, and Si on
the oxidation resistance of Alj 70Crg30N-based coatings.

2. Experimental

In the present study, a front-loading Balzers’ rapid coating
system (RCS) machine was used for the deposition of the
coatings. This system is shown schematically in Fig. 1. The
machine is equipped with 6 cathodic arc sources. Two of the six
sources were used to deposit a thin, 0.3 pum thick titanium nitride
sub-layer to improve adhesion of all the coatings. The remaining
four sources were employed to deposit the main layer of the
coatings, which was obtained using customized sintered targets.

Table 2
Characterization data for coatings with intermediate titanium nitride layers

Coating # Total thickness (um)  Buried depth of TiN (um)
1 — TiN at the surface 32 0.5
3.2 0.7
3 3.1 1.1
4 33 1.4
5 33 1.7
6 33 2
7 32 2.3
8 — TiN at the substrate 3.0 2.8

Table 3
Chemical characterization data for AICrMN coatings (EDX and Electron Probe
Microanalysis data)

Coating Cr/Al M/Al
AICIN 0.55 -
AICrWN 0.49 0.08
AICrBN? 0.51 0.04
AICrSiN 0.48 0.08

? Content measured by electron probe microanalysis.

The compositions of the targets used are shown in Table 1. During
the deposition, the chamber was back filled with pure reactive
nitrogen to a pressure of 3.5 Pa and the temperature of the
substrates was held at approximately 450 °C. Also, a bias voltage
of —100 V was applied to the substrates. A set of eight samples
with AICrN multi-layered coatings containing intermediate TiN
layers was prepared using titanium (Ti) and Al;(Crs, targets.
Table 2 shows the total coating thickness and the depth of the
titanium nitride (TiN) buried layer for all the samples. The
samples were annealed in air for 3 h at 900 °C. In addition to the
AICrN/TiN multi-layered coatings, the quaternary nitride
AICrWN, AICrBN and AICrSiN coatings were prepared by
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Fig. 2. Glow Discharge Optical Emission Spectroscopy depth-profiles of sample
#1 (TiN layer near the surface) oxidized at 900 °C for 3 h: (a) general scan,
(b) oxidized layer.
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cathodic arc evaporation from Al;,Cr,sWs, Al;oCrysBs, and
Al;Cr,5Sis targets to study the impact of tungsten, boron, and
silicon addition on the oxidation behavior of high-aluminum
content AICrN-based coatings [7—10]. It was shown earlier that
AICrN-based coatings can also have cubic B1 crystal structure
[10]. The chemical composition of the binary and ternary coatings
is presented in Table 3 (EDS and Electron Probe Microanalysis
data). All the AICtN coatings were deposited on all the sides of
square 13 x 13 mm mirror polished cemented carbide (WC—6%
Co) substrates; 20 %20 mm square y-TiAl samples, and 20 mm-
diameter cold work tool steel samples.

Glow Discharge Optical Emission Spectroscopy (GDOES)
[11,12] depth profile analysis of the coatings on the steel substrate
was completed using a Jobin Yvon RF GD Profiler equipped with a
4 mm diameter anode and operating at a typical radio frequency
discharge pressure of 650 Pa and power of 40 W. Quantified
profiles were obtained automatically using the standard Jobin Yvon
QUANTUM Intelligent Quantification software. The setup was
calibrated using standard materials of known composition. In the
quantification of nitrogen, we used a series of chromium nitride
coatings with atomic content of nitrogen up to 40%. The compo-
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Fig. 3. Glow Discharge Optical Emission Spectroscopy depth-profiles of sample
#8 (no intermediate TiN layer) oxidized at 900 °C for 3 h: (a) general scan,
(b) oxidized layer.
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Fig. 4. Average Ti, Al, and Cr content in the oxidized layer for samples #1-#8
according to GDOES depth profile.

sition of these homemade standards was measured by means of
Rutherford Backscattering Spectroscopy.

X-Ray photoelectron spectroscopy (XPS) data of an as-
deposited AICIN coating and of high temperature treated
samples containing a TiN barrier layer were recorded with a
triple channeltron CLAM?2 analyzer using Al Ka radiation and a

Cr2p

As-deposited AICrN

Sample 8

Intensity (a.u.)

Sample 1

590 585 580 575

Binding Energy (eV)

570

Fig. 5. Cr 2p spectra recorded from the as-deposited AICtN coating, sample
8 and sample 1.
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Table 4
Binding energies of the different species
Sample Peak Eg (eV) Assignment Reference
As-deposited Cr 2p;3, 575.2 Cr—N bonds in AICIN  [13]
AICIN
Cr 2p3p 576.3 Cr,03 [15]
N Is 396.2 Metal-N bonds [15]
N 1s 398.0 Oxynitrides [15]
Al 2p 72.6 Al-N bonds [13], this work
Al2p/Cr3s 73.6 eV Al-O bonds and/or [16], this work
Cr—N bonds
Cr 3s 77.3 eV Cr—N bonds in AICtN  This work
#1 Cr 2p3)» 576.3 Cr,05 [15]
N 1s 397.8 oxynitrides [15]
N Is 399.9 oxynitrides [15]
Al 2p 73.1 N-AI-O bonds This work
Al 2p 743 ALO; [16]
#8 Cr 2p3» 575.3 Cr—N bonds in AICIN  [13]
Cr 2ps32 576.3 Cr,04 [15]
N 1s 398.0 oxynitrides [15]
N Is 399.8 oxynitrides [15]
Al 2p 72.6 Al-N bonds [13], this work
Al2p/Cr3s 73.8 Al-O bonds and/or [16], this work

other chromium species

constant analyzer transmission energy of 20 eV. All the spectra
were recorded at take-off angles of 90°. Base pressure in the
analysis chamber was typically around 6-10” ° mbar. All binding
energies (BE) were referred to the C 1s signal of the adventitious
contamination carbon layer that was set at 284.6 eV. The BE’s
are accurate to 0.2 eV.

Isothermal oxidation tests were performed in air, at 900 and
1100 °C during 1 and 3 h. Each specimen was placed in an
alumina crucible. A lid was placed on the crucible immediately to
recover spalled scales. The weight gain of the coated TiAl samples
was measured. LEO 1530 scanning electron microscope (SEM)
was used to study morphology of the oxidized specimens. EDS
spectra have been obtained to measure chemical composition of
the coating before and after oxidation. The Boron content in
AICrBN was determined using a CAMECA SX50 electron
microprobe instrument.

3. Results

3.1. AICrN multi-layered coatings with the subsurface TiN
barrier layers

3.1.1. Glow discharge optical emission spectroscopy

The depth profile for the oxidized sample #1 (TiN buried
depth: 0.5 pm) is shown in Fig. 2a. The profile indicates in this
case that the outward diffusion of Cr to the outer surface starts
below TiN layer. This demonstrates effectiveness of TiN as a
diffusion barrier diffusion barrier for Cr within the AICIN
coating. The detailed GDOES profile from the oxidized surface
of sample #1 (TiN near the surface) is shown in Fig. 2b. In this
case, the depth profile shows the formation of a 50 nm Al-rich
oxide film on the most outer surface. Titanium also was a part of
the oxidized layer and reached a maximum concentration around
~ 8 at.% at the outer layer. The outward diffusion of the titanium

seems to be a result of the close proximity of the TiN barrier
layer, which is located only 0.5 pm deep from the outer surface
of the coating. The AlO, layer is followed by a 100 nm complex
AICrO, film, the average content of oxygen in the oxidized layer
is around ~ 25 at.%. Fig. 3a, shows the GDOES depth profile for
sample #8 (TiN near the substrate) after oxidation in air. The
2.5 pm thick AlyCrg 3N coating contains a complex 150 nm
thick oxynitride layer at the surface. The detailed GDOES
profiles from the surface (Fig. 3b) shows the formation of a film
containing Al, O and N on the outer surface with the thickness
around 50 nm. Intensive Cr and O pileups indicate the onset
formation of a thick Cr-rich oxide layer below the AlI-O—N outer
film. A relatively low amount of oxygen (~ 15 at.%) detected in
this layer can be related either to the presence of nitrogen, which
inter-diffuses with oxygen or to a partial oxidation of the Cr
diffusing from the coating. The relative content of Ti, Al and Cr
(at.%) in the oxidized layer for all the eight deposited AICTN/TiN
multi-layered coatings are summarized in Fig. 4. The data
presented shows that the oxidation behavior is mainly related to
the buried depth of the TiN diffusion barrier layer. Indeed,
samples #1—#4 (that contain a TiN layer near the surface) have
substantially higher oxidation resistance than samples #5—#8,
which had a TiN layer closer to the substrate. Also, the presence
of the TiN layer near the outer surface most probably promotes
the formation of Al-rich oxides and oxynitrides due to the
limited supply of Cr atoms to the surface.

Al 2p
Cr3s

As-deposited AICrN

Intensity (a.u.)

Sample 8

Sample 1

T T
84 82 80 78 76 74 72 70 68
Binding Energy (eV)

Fig. 6. Al 2p spectra recorded from the as-deposited AICIN coating, sample
8 and sample 1.
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3.1.2. X-ray photoelectron spectroscopy

The oxidation states of the elements within the outer oxidized
layer (3—5 nm) were analyzed by XPS for the as-deposited AICIN
coating before the high temperature treatment as well as for sample
#1 (TiN buried depth: 0.5 pm) and sample #8 (TiN layer near the
substrate). The Cr 2p spectra recorded from these three samples are
depicted in Fig. 5. The Cr 2p spectrum recorded from the as-
deposited AICrN film was best-fitted considering a main Cr 2p spin
orbit doublet characterized by a binding energy of the Cr 2ps» level
of 575.2 eV which we associate with the presence of Cr—N bonds
[13,14] and a minor spin orbit doublet characterized by a binding
energy of the Cr 2p;,, level of 576.3 eV. This latter binding energy
has been usually associated with the presence of Cr,O5 [15]. The Cr
2p spectrum recorded from sample #8 (TiN near the substrate) was
also best-fitted considering two spin orbit doublets but, in this case,
the minor one is characterized by a binding energy of the Cr 2ps,
level of 575.3 eV and must correspond to Cr—N bonds as in the as-
deposited AICrN coating. The major one, characterized by a
binding energy of the Cr 2p5/, level of 576.3 eV, must correspond to
the presence of Cr,O5. The Cr 2p spectrum recorded from sample
#1 (TiN buried depth: 0.5 pum) was best fitted considering only one
spin-orbit doublet characteristic of Cr,O5 [15]. Table 4 collects the
corresponding binding energies for each component. The results
indicate that, at least within the depth, which can be probed by XPS
(ca. 3—5 nm), chromium is oxidized to Cr*" as a consequence of the
oxidation treatment and that the extent of chromium oxidation is
higher in sample #1 than in sample #8.

As deposited AICrN
3
8 [Sample 8
>
=
7]
c
[7]
-
£ MML_«%
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T T T T
1000 800 600 400 200 0

Binding energy (eV)

Fig. 7. Wide scan XPS spectra recorded from the as-deposited AICrN coating,
sample 8 and sample 1.
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Fig. 8. N 1s spectra recorded from the as-deposited AICrN coating, sample 8 and
sample 1.

The Al 2p spectra recorded from the as deposited AICTN
coating and from samples #1 (TiN buried depth: 0.5 pm) and #8
(TiN layer near the substrate) are presented in Fig. 6. The Al 2p
spectrum recorded from the as-deposited coating is dominated by
amain contribution at 72.6 eV (Table 4), which we associate with
the presence of Al-N bonds in the AICrN film [13]. There is a
strong overlap between the Al 2p peaks and the Cr 3s peaks
appearing at 73.6 eV and 77.2 eV (the assignment of the peaks
appearing at these energies as due to the Cr 3s core level was
confirmed by recording the XPS spectrum of a pure CrN film).
This makes difficult to discern if there are any other contributions

0.1
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0.05 +—
0.04 —
0.03 —
0.02 +— —
001+ —

Weight gain, mg/em?

AICrWN AICrSiN AICrBN AICN

Fig. 9. Weight gain for AICtN, AICrWN, AICrBN, and AICrSiN samples after
oxidation in air during 1 h at 900 °C.
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Fig. 10. Weight gain for AICIN, AICrWN, AICrBN, and AICrSiN samples after oxidation in air during 1 h at 1100 °C with SEM images of surface morphology.

corresponding to Al-O or N—Al-O bonds in this sample. A
similar comment can be made concerning the Al 2p spectrum
recorded from sample #8 (TiN near the substrate). However, the
binding energy of the main component in the Al 2p spectrum
recorded from the sample #1(TiN buried depth: 0.5 pm) is
73.1 eV (Table 4) that is, 0.5 eV higher than that found in the
sample #8 and this might be related to the presence of N—Al-O
bonds. We must take into account that, as a consequence of the
oxidation treatment, the area of the Cr 2p peaks relative to that of
the Al 2p peaks has decreased significantly in this sample, (Al/Cr
area ratio=4.17, see Fig. 7) respect to that observed in the as-
deposited AICtN film (Al/Cr area ratio=5.26). Consequently, the
intensity of the Cr 3s peaks has experienced also a large decrease,
such that the above-mentioned overlap is almost insignificant in
this sample (this is mainly evidenced by the absence of the Cr 3s
peak which should appear at 77.3 eV in the corresponding
spectrum, see Fig. 6). Therefore, the minor component appearing
at 74.3 eV, and necessary to obtain a satisfactory fit of the
spectrum, might be associated to the presence of Al,O5 [14,16].
The N 1s spectra recorded from the as deposited AICTN coating
and from samples #1 and #8 were also recorded (Fig. 8). The
spectrum recorded form the as-deposited coating is dominated by a

main component at 396.2 eV (Table 3), which we associate with the
presence of nitride species [13]. The spectrum also shows a minor
component at 398.0 eV, which we associate with the presence of
oxynitrides [15]. The N Is spectra recorded from samples #8
and #1 are quite different since they are dominated by a main
contribution at 399.8 eV, which might correspond to N-Cr—O
or N—AI-O bonds [15] (Table 4). They also contain a minor
component at ca. 398.0 eV. The results indicate that the N species
present in the original sample have suffered a significant oxidation
after treatment at high temperature.

3.2. Ternary nitride AIC¥WN, AICrBN, and AICrSiN coatings

The chemical composition of the deposited alloyed-AlCrN
coatings is presented in Table 3 (EDS and Electron Probe

Table 5
Weight gain data for y-TiAl substrates after oxidation in air at 900 and 1100 °C,
during 1 h

Temperature, °C Weight gain, mg/cm?

900 0.371
1100 9.6

Substrate material

v-TiAl
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Microanalysis data). Figs. 9 and 10 show the weight gain per unit
area (mg/cm”) for AICrN-based quaternary nitride coatings
deposited on y-TiAl substrates after 1 h annealing in air at 900°
and 1100 °C respectively. To present oxidation protection
behavior of the physical (PVD) coatings the weight gain data
for the un-coated y-TiAl substrates is shown in Table 5. As it can
be seen from Table 5 and Figs. 9—10 the deposited coatings
significantly improve the oxidation resistance of the TiAl sub-
strate. At the lower oxidation temperature of 900 °C the AICrTWN
and AICrBN samples show lower oxidation stability than the
AIC1N coating. This is a result of the affinity of W to oxidation
and of the probable formation of a liquid oxide phase during the
oxidation of B-containing coatings [10,17]. The best short-term
oxidation resistance was exhibited by the AICrSiN coating most
probably due to significant grain size refinement [18]. Coating
with a finer grain size has enhanced aluminum and chromium
outward diffusion that leads to protective oxide layers formation
[19-21]. At higher temperatures of oxidation (1100 °C) AICrSiN
coatings show promising oxidation resistance.

Surface morphology investigation of the oxidized samples
with AICrWN, AICrBN coatings by means of SEM indicates the
formation of rutile agglomerates. Fig. 10 shows the distribution of
rutile particles on the surface of the AICTWN, AICrBN sample.
The EDS analysis of the surface oxide films also indicates the
formation of rutile particles on the surface of the coatings. The
rutile particles are formed due to the low protective ability of the
ternary nitride coatings and oxidation of the y-TiAl substrates. In
contrast, the observations of the surface of the AICrSiN coatings
after oxidation (Fig. 10) revealed the formation of a continuous
protective alumina or alumina/chromia oxide layer as discussed in
Section 3.1. This layer efficiently protects the surface and
prevents inward oxygen diffusion that results in the formation of
rutile oxides. This implies that Al, Cr and Si probably work in
synergy in the Al,;oCr;oN-based coating during short-term
oxidation in air. Thus, this coating looks promising for oxidation
protection at elevated temperatures. This result confirms the
oxidation stability of the silicon-containing quaternary nitride
coatings even for low amounts of silicon addition.

4. Conclusions

Chromium based hard coatings such as CrN and Al,Cr;_ N
have been successfully applied as protective layers for stamping
and forging tools due to their capacity to redirect the heat
generating at the tool/workpiece interface. Today, hard alumi-
num chromium nitride coatings are replacing the titanium
nitride-based hard coatings for many machining applications
including milling and drilling operations. This is mainly possible
due to the superior hot hardness and oxidation resistance of the
ALCr_,N coatings as compared to the Al Ti;_,N ones. On the
basis of the oxidation experiments presented in this work,
modified aluminum-rich AICrN-based coatings can change their
oxidation behavior, because the formation of the oxide and

oxynitride surface films is controlled by the outward diffusion of
Crand Al to the surface. Consequently, the oxidation behavior of
the AICrN-based coatings is tunable. In this paper, we have
described two mechanisms in which a protective alumina layer
can be formed: (i) by the presence of diffusion barrier layers near
the surface of the coating. (ii) by means of synergistic alloying of
the AICrN-based coating with small amounts of Silicon.
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