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Abstract

Nanocomposite CrAlSiN compounds prepared by the cathodic arc evaporation technique were subjected to structural and mechan-
ical characterization tests. X-ray diffraction, X-ray absorption spectroscopy (XAS) and transmission electron microscopy (TEM) were
employed to investigate the effects of Si addition on the structure and phase development of the metastable NaCl structure of high alu-
minum CrAlN films. TEM studies revealed that partial substitution of the metal component by Si in CrAlN results in the nucleation of a
wurtzite h-AlN phase even for amounts of silicon as low as �2–3 at.%. XAS measurements at the Cr and Si K-edges indicated that the
local environment of Cr atoms is strongly affected by the Si addition, and that silicon may also be part of the crystalline phase. These
results indicate the formation of complex Cr–Si–X compounds, where X can be N, Al or both, and the formation of composite nano-
crystalline CrAlSiN films.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Changes in the structure and chemistry of Si-containing
coatings as compared with those without Si can influence
phase formation, grain size and mechanical properties of
hard nitride films [1–3]. Adding silicon to transition metal
nitrides (MeN) has been reported to significantly improve
several mechanical properties, including hardness, tough-
ness and oxidation resistance, which are desirable qualities
in most wear-resistant coatings [4,5]. Most microstructural
studies of Si-containing nitrides report the formation of
two-phase nanocomposite systems composed of nanocrys-
talline MeN grains embedded in an amorphous silicon
nitride (a-Si:N) matrix [1,4–6]. The low solubility of silicon
in the lattice of B1-structured nitrides has been explained
by the higher mixing enthalpy of complex ternary nitride
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compounds when compared with the lower free energy of
MeN and a-Si3N4 phases [4]. Recent structural studies of
TiSiN films have pointed out the possibility of large
amounts of Si dissolution into TiN grains when the films
are grown by physical vapor deposition at relatively low
deposition temperatures [7,8]. However, the authors of
these studies could not provide proof of the formation of
a TiSiN solid solution phase based only in X-ray diffraction
(XRD) and transmission electron microscopy (TEM)
experiments. Recently, Meng et al. [2,9] performed detailed
examinations of the microstructure of Ti–Si–N films by
combining both TEM and X-ray absorption spectroscopy
(XAS) techniques. In this case, the gradual changes
observed in the Si K-edge spectra as a function of the Si
content along with TEM observations of columnar nano-
meter-scale B1-TiN domains provided evidence of dissolu-
tion of Si within the TiN phase.

However, the most commonly employed element to
alloy MeN films for mechanical applications is aluminum.
rights reserved.
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Many studies have shown that Al-containing nitride coat-
ings, such as TiAlN and most recently CrAlN, provide
excellent wear protection at high service temperature [10–
12]. The high thermal stability, excellent hot hardness
and good oxidation resistance of NaCl-structure metal alu-
minum nitride (MeAlN) is due to the nucleation of a meta-
stable c-AlN at high temperatures and the resultant
formation of alumina-like films at high temperatures in
the presence of oxygen [13]. The solubility of aluminum
in NaCl-structured MeAlN is limited. In Ti1�xAlxN and
Cr1�xAlxN systems, studies have shown that the maximum
solubility of aluminum before the formation of the hexag-
onal wurtzite-type AlN is for x between 0.6 and 0.7 [14,15].
Supersaturated metastable MeAlN films have recently
drawn a lot of attention due to the high hardness of the
B1-structure and maximum aluminum content. Similarly,
it is known that quaternary Ti–Al–Si–N compounds can
provide further improvement in the mechanical properties
of MeN [16–21]. However, there is a lack of detailed studies
about the local chemical environment of silicon and the
nanostructures formed in the deposition of complex qua-
ternary nitrides.

In this present work, the structural effects of Si substitu-
tion of chromium in supersaturated metastable CrAlN
coatings were analyzed by XRD, TEM and XAS. The last
proved to be a very appropriate tool for this kind of study
because of its high sensitivity to the atom local environ-
ment, which allowed the determination of the degree of dis-
solution of Si atoms in CrAlN grains.

2. Experimental details

The CrAlSiN films investigated in this research were
deposited using a Balzers’ rapid coating system (RCS)
deposition machine in a cathodic arc ion-plating mode.
Customized CrAl(30:70), CrAlSi(25:70:5), CrAlSi(20:70:10)
and CrAlSi(15:70:15) targets in a reactive nitrogen atmo-
sphere were used to obtain coatings with a variable Al/Cr
ratio and increasing Si content. Mirror-polished squared
cemented carbide inserts were used as substrates, the tem-
perature of which was held at approximately 500 �C during
deposition. The thickness of all the coating samples was
within 3.5 ± 0.2 lm. A Siemens D500 diffractometer with
a Cu Ka tube and the h/2h mode was used to perform
XRD analysis and identify the phases formed. Chemical
analysis was performed on a field emission scanning elec-
tron microscope (LEO 1550 FEG) equipped with INCA
energy dispersive spectroscopy (EDS). The results are
shown in Table 1. Discs (3 mm diameter) of the coating/
Table 1
Composition analyzed by EDS-SEM in situ

Sample Target nominal composition Cr (at.%) Al (at.%) Si (at.%)

1 Cr/Al (30:70) 32.5 67.5 –
2 Cr/Al/Si (25:70:5) 27.6 67.8 4.6
3 Cr/Al/Si (20:70:10) 23.1 67.6 9.3
4 Cr/Al/Si (15:15:70) 17.5 68.1 14.4
substrate, in planar view geometry, were cut by spark ero-
sion machine and mechanically polished from the substrate
up to 100 lm thickness. The Ar+ ion milling equipment
(Precision Ion Polishing System-GATAN 691) was used
to thin the discs down to electron transparency.

Diffraction patterns and low- and high-resolution
images were obtained using a Tecnai F30 electron micro-
scope working at 300 kV.

XAS measurements of the Cr and Si K-edges were car-
ried out at the KMC-1 beamline of the BESSY synchrotron
facility, with double crystal monochromator, using a stan-
dard chamber equipped with a high-resolution solid-state
fluorescence detector.

3. Results and discussion

3.1. X-ray diffraction

XRD patterns of all the deposited samples are shown in
Fig. 1. Sample 1 (0 rel. at.% Si) shows a well-defined poly-
crystalline B1 (NaCl-type) microstructure with a strong
(11 1) preferred orientation. The peaks fall between those
for B1 aluminum nitride Joint Committee Powder Diffrac-
tion Standard (JCPDS) Card No. 24-1495 and B1 chro-
mium nitride (JCPDS Card No. 11-0065), which implies
complete solubility of chromium, aluminum and nitrogen
in the rock-salt-type lattice even when the measured rela-
tive aluminum content was near 68 at.% (Table 1), in
Fig. 1. XRD patterns for CrAl(Si)N thin films compared with CrAlN.



Table 2
Theoretical and experimental values for dhkl of CrAlN

Ring No. hkl Theoretical dh k l (Å) Experimental dh k l (±0.05) Å

1 111 2.41 2.41
2 200 2.09 2.06
3 220 1.47 1.46
4 311 1.26 1.45
5 222 1.20 1.18
6 400 1.04 1.03
7 420 0.94 0.92
8 422 0.85 0.84
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accordance with numerous studies which show that higher
aluminum contents in Cr1�xAlxN result in the nucleation
of the wurtzite hexagonal close-packed (hcp)-AlN [14,22].
Sample 2 (5 rel. at.% Si) appeared to maintain the same
B1 structure as sample 1 (0 rel. at.% Si). In comparison
with sample 1, the diffraction pattern indicated that the sil-
icon-containing sample is less textured (the diffraction ratio
(200)/(1 11) was about 0.9) and has a lower degree of crys-
tallinity. Samples 3 and 4 (which contained larger amounts
of silicon) showed only amorphous peaks in (111) and
(200) planes marked for the cubic c-CrAlN of sample 1.
The diffraction pattern for sample 4 (14 rel. at.% Si) also
showed a peak at 2h � 32.3�, which is consistent with the
(001)hex plane for wurtzite hcp-AlN (JCDPS Card No.
08-0262).

3.2. Transmission electron microscopy

TEM images and electron diffraction patterns in plane-
view geometry are shown in Fig. 2a and b for: (Cr0.3Al0.7)N
and (c) and (d) (Cr0.25Al0.7Si0.05)N, sample 1 and sample 2,
respectively, described in Table 1. Tables 2 and 3 describe
Fig. 2. Electron diffraction patterns and TEM images in plane-view geometr
ring diffraction patterns of both samples, respectively.
There exist markedly differences between ring diffraction
patterns of both samples comparing Fig. 2a and c. This dif-
ference can be seen only in electron diffraction due to the
local character of the analysis in TEM method compared
with the XRD. Sample 1 (0 rel. at.% Si) shows sharp dif-
fraction spots arranged in a circle, as usual for polycrystal-
line materials, while sample 2 (5 rel. at.% Si) shows a larger
number of diffraction rings than sample 1 and diffuse scat-
tering, producing a continuous ring pattern. The presence
y for: (a), (b) (Cr0.3Al0.7)N and (c), (d) (Cr0.25Al0.7Si0.05)N, respectively.



Table 3
Interplanar distances for CrAlSiN (cubic structure) and AlN (hexagonal
structure)

Ring
No.

Experimental
dh k l Å ± 0.05Å

CrAlSiNcub

a = 4.18 Å hk l

AlNhex a = 3.11 Å,
c = 4.98 Å hk l

1 2.70 100
2 2.40 111
3 2.05 200
4 1.59 110
5 1.45 220
6 1.34 200
7 1.12 104
8 1.03 400 203
9 0.91 420 211

10 0.84 422
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of more diffraction rings in the diffraction pattern of the
second sample is because there are two structures and/or
phases coexisting, corresponding to CrAl(Si)N (cubic)
and AlN (hexagonal). The continuous ring pattern instead
of sharp spots is a consequence of the fine and small size
grains distribution in sample 2 (5 rel. at.% Si), while the dif-
Fig. 3. (a) HRTEM image and (inset) diffraction pattern of CrAlN (sample 1)
FFT showing the presence of two overlapping structures, hexagonal ([001] zone
with cubic and hexagonal overlapped structures of both compounds.
fuse scattering is due to the presence of an amorphous
region in the sample. In spite of the different magnification
of micrographs in Fig. 2b and d, the morphology of the
CrAlN and CrAl(Si)N polycrystals are quite different, since
CrAlN grains are bigger and more crystalline than the
compound with Si added. The amorphous zone, seen
through the diffuse scattering in Fig. 2d, is due to the pos-
sible formation of SiOx compounds in sample 2 (5 rel. at.%
Si) [18]. Even though there is no evidence for the presence
of a SiNx phase in the experimental diffraction pattern
(showed in Fig. 2c), the careful analysis of Fig. 3c in the
fast Fourier transform (FFT) shows some diffuse traces
(at around 6–7 Å) from a possible SiNx compound at a
very local level, i.e. on the scale of a few nanometers.

The study by high-resolution TEM (HRTEM) of the
sample 1 (CrAlN) compound confirms the cubic (NaCl-
type) structure proposed. Fig. 3a shows small grains near
the exact Bragg condition along the zone axis [11 0], but
the surrounding grains do not meet the Bragg condition
and only the interplanar spacing is resolved. This plane dis-
tance corresponds to d0 0 2 � 2.05 Å.
in [110] oriented grain. (b) HRTEM image of CrAlSi0.05N (sample 2). (c)
axis of AlN) and cubic ([111] zone axis of CrAl(Si)N). (d) Simulated FFT



Fig. 4. X-ray absorption spectra in fluorescence yield mode at the Cr K-
edge for several CrAl(Si)N coatings.
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A HRTEM image of sample 2 (5 rel. at.% Si) (Fig. 3b)
shows the amorphous background between small particles
and the coherence between the (001)hex and (11 1)cub planes.
The lattice parameter of CrAlSiN is a � 4.18 ± 0.05 Å, and
for AlN a � 3.11 Å, c � 4.98 Å. There is no meaningful
change in the lattice parameter with the addition of 5 at.%
of Si, only a small expansion in the cubic cell parameter,
which is hardly detected by TEM. The high-resolution
image represents the projected potential of the structure of
different nanograins in different orientations on an amor-
phous background. The sizes of the grains are between 5
and 10 nm. As we remarked above, the amorphous back-
ground can be attributed to the presence of Si. Silicon
becomes unstable under the thinning process by Ar-ion mill-
ing, and the electron beam in TEM easily converts the region
analyzed into an amorphous zone [23]. The velocity of this
reaction is increased if oxygen and/or nitrogen are present,
as was the case for the samples analyzed; the main reason
for this is the formation of amorphous SiOx and possibly
SiNx.

FFT analysis of the image in Fig. 3c shows the presence
of two diffraction patterns overlapping, one corresponding
to the [111] zone axis of CrAlSiN (cubic structure) and the
second to the [001] zone axis of AlN (hexagonal structure).
This orientation relationship, (001)hex//{111} cub, is very
common between precipitates and matrix with hexagonal
and cubic structures, respectively. The diffraction of each
variant (001)hex//{1 11} cub produces reflections in identi-
cal direction but with different indexing, because of the six-
and threefold symmetry of [00 1]hex and [111]cub poles (see
the simulation in Fig. 3d). The reflections do not overlap
because of different lattice parameters: d0 1�1 � 2.8 Å in
cubic CrAlSiN and d1 0 0 � 2.69 Å in hexagonal AlN. That
is, there are present in sample 2 two different crystalline
phases, AlN and CrAlSiN, but the exact composition is
not possible to determine by EDS in situ due to the short
range order of the fine grains. Another problem is the pres-
ence of an amorphous region in between, i.e. SiOx and
SiNx compounds, which overlaps the nanocrystalline
compounds.

3.3. X-ray absorption spectroscopy

Fig. 4 shows XAS spectra at the Cr K-edge of CrAlSiN
samples with different Si content. The pre-edge region, at
5960 eV, is associated with transitions from Cr-1s states
to Cr-3d states hybridized with 2p empty states of the
ligand atoms. This hybridization allows 1s3d transitions,
which are otherwise dipole forbidden. The XAS spectrum
of the CrAlN sample (sample 1) shows a tiny pre-edge peak
at this position, very similar to that reported in previous
works for Cr2O3 [24–26], suggesting that Cr in this com-
pound is in the form of Cr3+. The intensity of this peak
slightly increases for sample 2, with a Si content of 5%,
whereas for samples 3 and 4 (9% and 14% Si, respectively)
the increase is significantly larger. The increase of this fea-
ture has been explained in the case of oxide compounds in
terms of a valence increase (from +3 to +4, +5 or +6)
[24,26,27], or in terms of a reduction of crystalline domains
down to the nanoscale [25]. The presence of high valence
Cr would involve a shift to higher energies of the main
absorption edge, which we do not observe in our samples,
so we can exclude the presence of this kind of Cr com-
pounds. The only explanation for the observed intensity
increase in samples 3 and 4 must include a chemical inter-
action between Si and Cr, which would give rise to Cr-3d
Si-2p hybridization. Consequently, the peak at 5960 eV
can be assigned to transitions from Cr-1s states to Cr-3d
states hybridized with Si-2p empty states. In addition to
this pre-edge intensity increase, the addition of Si produces
a smoothening of the overall spectral lineshape, which
points towards an amorphization of the Cr-containing
compounds structure.

Fig. 5 shows XAS spectra at the Si K-edge of CrAlSiN
samples with different Si content, as well as pure Si and
SiO2 single crystals and an amorphous Si3N4 as reference
samples. From a comparison of the CrAlSiN spectra with
that of pure Si, we can exclude that Si incorporates CrAlN
as an atomic solid solution, because the spectra would
resemble that of pure Si. The spectrum for sample 2, with
5% Si (bottom), has a peak at 1847 eV, which is aligned
with feature (c) of the spectrum for the SiO2 single crystal.
This indicates that at low Si content there is some oxygen
contamination in the form of SiO2. Additionally, the edge
positions at 1842 eV, as well as the peak observed at



Fig. 5. X-ray absorption spectra in fluorescence yield mode at the Si K-
edge for several CrAlSiN coatings. Additionally, Si K-edge spectra for Si,
SiO2 and a-Si3N4 are shown for reference.
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1850 eV, are evidence for the presence of Si–N compounds
in this sample. The feature assigned to SiO2 disappears for
samples with higher Si content. The spectra for samples
with 9% and 14% Si are very similar, with a main peak
at 1844 eV. This energy position corresponds to the main
peak observed for Si3N4, suggesting that Si is in the form
of some nitride compound. However, the more complex
spectral lineshape, as compared with that of Si3N4, could
be an evidence of the formation of some ternary Si–N–X
compound. By bringing together both Cr–K and Si–K
XAS spectra, it seems clear that there are two different pic-
tures: samples with the highest Si content (9% and 14%)
show a similar behavior, with the amorphization of the
Cr-based crystal structure, probably as CrAl(Si)N, and
the formation of Si–N–X complex compounds, where X
accounts for Cr, Al or both. On the other hand, the sample
with the lowest Si content (5%) does not show so drastic
changes, being Si incorporated probably as a Si–N solid
solution into the CrAlN structure, and with some SiO2

contamination.

4. Conclusions

In summary, we have combined XRD, TEM and XAS
techniques to perform a detailed examination of the micro-
structure of quaternary CrAl(Si)N films, where Si atoms
strive to replace Cr in a metastable B1-NaCl crystal struc-
ture. XRD results showed that the B1-textured monolithic
structure of CrAlN become less textured with small
amounts of added Si and amorphous with hexagonal
AlN precipitates with high amounts of Si. Both XRD
and TEM showed that Si has a grain refining effect in the
CrAlN films. Localised electron diffraction patterns in
plane-view geometry of the sample with the smallest
amount of Si content (5 at.%) showed the presence of mul-
tiple diffraction rings, indicating the coexistence of two
crystalline phases, possibly corresponding to CrAl(Si)N
(cubic) and AlN (hexagonal). FFT analysis and HRTEM
were used to unequivocally confirm the presence of h-
AlN phase even for the sample with the lowest amounts
of Si. Analysis of the Cr K-edge XAS data showed that
Si produced a smoothening of the spectral lineshape, which
is an indication of amorphization of the Cr-containing
compounds. The similar and complex shape of Si K-edge
spectrum for samples with 9 and 14 rel. at.% of Si suggests
that silicon forms some ternary Si–N–X compound, with X
being Cr or Cr and Al. Both XAS and TEM techniques
detected the presence of an amorphous a-SiO2 phase for
the sample with the lowest amount of Si.
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