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Ti1 − x − yAlxSiyNz (0.02 ≤ x ≤ 0.46, 0.02 ≤ y ≤ 0.28, and 1.08 ≤ z ≤ 1.29) thin films were grown on cemented
carbide substrates in an industrial scale cathodic arc evaporation systemusing Ti\Al, Ti\Si, and Ti\Al\Si cathodes
in a N2 atmosphere. The microstructure of the as-deposited films changes from nanocrystalline to amorphous by
addition of Al and Si to TiN. Upon incorporation of 12 at.% Si and 18 at.% Al, the films assume an X-ray amorphous
state. Post-deposition anneals show that thefilms are thermally stable up to 900 °C. Thefilms exhibit age hardening
up to 1100 °Cwith an increase in hardness from19.4 GPa for as-deposited films to 27.1 GPa at 1100 °C. At 1100 °C
out-diffusion of Co and W from the substrate occur, and the films crystallize into c-TiN and h-AlN.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Transition metal nitride materials such as polycrystalline Ti\Al\N
and nano-crystalline TiN/Si3N4 composites are attractive for many
applications, e.g., as protective coatings on cutting tools and as decora-
tive thin films, due to properties such as high hardness [1], mechanical
wear resistance [2], high thermal stability [3,4], and good oxidation
resistance [5–8]. In contrast, very little is known for the corresponding
amorphous nitrides. Amorphous nitrides, e.g., of the TiN\AlN\Si3N4

system,would not be impaired by the relativeweakness of grain bound-
aries. Grain boundaries also act as diffusion paths between substrate and
work material or atmosphere. Thus, dense amorphous nitride films
could lead to improved performance compared to crystalline ones.

In general, the formation of amorphous phases is promoted in alloy
systemswhere (1) the heat of mixing is strongly negative, hence in sys-
temswith strong tendency for compound formation, (2) there is a large
difference (N10%) in atomic size, and (3) deep eutectic points exist
[9,10]. Also, N and metalloids as Si and B, are known to stabilize amor-
phous compounds [11,12].

With basis in the useful chemical and thermal properties of the re-
spective parent compounds, we propose the Ti\Al\Si\N system for
a study on possible amorphous structures in thin films.

In previous studies on transition metal nitride based systems where
Si has been added to promote formation of amorphous structure, Sun et
al. [13] showed that amorphous Ti\Si\N is thermally stable up to
rights reserved.
850 °C, which was confirmed by Blanquet et al. [14]. For the Zr\Si\N
system, ZrNx (x N 1) is known to be ultra-fine grained or even amor-
phous [15], and Daniel et al. showed that X-ray amorphous Zr\Si\N
thin films, with Si content≥25 at.% are thermally stable against crystal-
lization during 30 min vacuum anneals at temperatures up to 800 °C
[16]. The films were thermally stable to even higher temperatures,
1450 °C, if removed from their Si(001) substrates.

Also for Zr\Si\N films, Musil et al. reported on high hardness
(~30 GPa) and good oxidation resistance in flowing air up to 1300 °C
for films containing 25–43 at.% Si [11]. The high thermal stability, in com-
bination with high hardness, low compressive stresses (≈−1 GPa), and
good oxidation resistance make the x-ray amorphous Zr\Si\N films
suitable for wear-protective coatings, and for use in high-temperature
applications such as high-speed cutting and thermal protection of
surfaces.

Flink et al. [17] reported on arc evaporated (Ti0.33Al0.67)1 − xSixN(0 ≤
x ≤ 0.29) thin films, where films with Si concentration x ≥ 0.17
exhibited an x-ray amorphous structure. Increase of Al concentra-
tions above 60–70 at.% in arc evaporated films favors a phasemixture
of cubic TiN and hexagonal AlN. Addition of Si above 10 at.% to
Ti\Si\N induces the formation of amorphous Si3N4 [18,19], because
of tetrahedral bonding coordination that severly distorts the cubic
TiN lattice.

For the few studies reporting on amorphous transitionmetal nitrides
mentioned above, the structure was assessed mainly by X-ray diffrac-
tion. That technique, however, is insensitive to crystallites smaller than
a few nm and to rule out the presence of grains other techniques such
as electron diffraction are required. Here, we produce Ti\Al\Si\N
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Table 1
Elemental composition of the as-deposited films on WC-Co substrates as measured by
EDX. The values have been normalized to 100 at.%.

Cathode Ti (at%) Al (at%) Si (at%) N (at%) Composition

Ti0.75Si0.25 33.0 0.9 9.8 56.3 Ti0.76Al0.02Si0.22N1.29

28.1 6.0 11.3 54.7 Ti0.62Al0.13Si0.25N1.21

13.9 18.7 12.4 55.0 Ti0.31Al0.41Si0.28N1.22

Ti0.23Al0.47Si0.30 12.0 21.5 12.7 53.8 Ti0.26Al0.46Si0.28N1.17

15.2 17.9 12.2 54.6 Ti0.34Al0.39Si0.27N1.20

27.2 16.2 3.3 53.2 Ti0.58Al0.35Si0.07N1.14

Ti0.75Al0.25 32.0 15.1 1.1 51.9 Ti0.67Al0.31Si0.02N1.08
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films by arc-evaporation. The films are both x-ray amorphous and
essentially electron-diffraction amorphous, limiting the possible crystal-
lite size to ~1 nm. The amorphous structure is explained by the differ-
ence in atomic radii (rN = 0.065 nm, rSi = 0.110 nm, rAl = 0.125 nm,
and rTi = 0.140 nm [20]) and that the equilibrium parent compounds
have different bondcoordination and preferred crystal structure. This,
in combination with low-temperature kinetically-limited growth and
high deposition rates, which do not allow adatoms sufficient time to
find minimum energy sites, is expected to hinder crystallization.

The films were annealed up to 1100 °C, and proven to be thermally
stable up to 900 °C where a small number of nanocrystals form. The
films exhibit age hardening up to 1100 °C. At 1100 °C, Co and W from
the substrate diffuse into the film and c-TiN and h-AlN crystallizes.

2. Experimental procedures

Ti1 − x − yAlxSiyNz, 0.02 ≤ x ≤ 0.46, 0.02 ≤ y ≤ 0.28, and 1.08 ≤ z
≤ 1.29 thin films were grown in an industrial scale arc evaporation sys-
tem (Sulzer Metaplas MZR323). Three 63 mm diameter cathodes were
aligned vertically, with compositions (top to bottom): Ti0.75Si0.25,
Ti0.23Al0.47Si0.30, and Ti0.75Al0.25. This arrangement enabled variations
in film compositions depending on the position of the substrates in re-
lation to the cathodes. The cathodes were operated with an arc current
of 75 A DC. Polished cemented carbide (WC-Co) 12 × 12 × 4 mm3

were used as substrates.
Prior to deposition, all substrates were ultrasonically cleaned in a

degreasing agent. The substrates were placed on a rotating cylinder in
the center of the deposition chamber. A negative bias potential of
−30 V was applied. After initial degassing of the chamber at ~400 °C,
and plasma etching of the substrates, the depositions were carried out
at approximately 300 °C. Nitrogen (99.995% purity) was introduced as
the reactive gas at a total pressure of 4 Pa. The base pressure was
~10−3 Pa and the film thickness was in the range 0.8–3.1 μm.

Post-deposition anneals of sampleswere performed in a tube furnace
in an Ar atmosphere at temperatures between 500 °C and 1100 °C. The
furnacewas heatedwith a rate of 10 °C/min to the selected temperature,
and held constant for 2 h. After annealing the samples were allowed to
cool to room temperature in the Ar atmosphere.

For phase analysis and structural analysis, a Bruker AXS D8 Ad-
vance X-ray diffractometer with a line focus Cu Kα x-ray source was
used. θ − 2θ scans were conducted in the 2θ range from 20° to 90°.

A PANalytical Empyrean x-ray diffractometer with a point focus Cu Kα

X-ray source was used for residual stress measurements. The residual
stress was calculated using the sin2ψ method based on the Ti1 − x − yAlx
SiyNz 002 peak for as-deposited films with 1 − x − y N 0.34. For all
calculations, a Poisson's ratio (ν) of 0.22 and Young's modulus (E) of
450 GPa were used, as were determined for TiN [21].

The chemical composition of the films was determined by energy
dispersive X-ray spectroscopy (EDX) in a LEO1550 field emission gun
scanning electron microscope (SEM) equipped with AZtec X-max
EDS, operated at 20 kV. For the quantitative analysis, industrial stan-
dards were used, and ZAF correction was applied.

A FEI Tecnai G2 TF 20 UT microscope equipped with an EDX spec-
trometer operated at 200 kV was used for transmission electron mi-
croscopy (TEM), scanning TEM (STEM), and energy dispersive x-ray
spectroscopy (EDX) elemental mapping investigations. Cross section-
al TEM samples were prepared by mechanical polishing and ion mill-
ing. For the STEM analysis, a high angle annular dark field detector
(HAADF) was used, at a camera length of 190 nm. We used discern-
ible features at the edge of the sample during the tilting experiments
to ensure that the same area was imaged for all tilt angles.

Hardness measurements were performed on polished tapered
cross sections using a Hysitron TI-950 Tribo-Indenter equipped
with a Berkovich 142.3° diamond probe, calibrated using a fused silica
standard. For each sample, a minimum of 25 indents were made at an
indentation depth of ~70 nm, corresponding to a maximum applied
load of 11 mN. The indentation procedure consisted of three steps: 1)
loading to Pmax during 5 s, 2) hold for 2 s, and 3) unloading during
5 s. The average hardness and its standard deviation were determined
using the method described by Oliver and Pharr [22] by fitting 80% of
the unloading curve. Elastic modulus values were calculated from the
reduced modulus (Er) using ν = 0.22, νi = 0.07, and Ei = 1140 GPa.
The indents were analyzed in AFM and it was found that the deforma-
tion mechanism was similar between the samples.

3. Results and discussion

The chemical composition of the as-deposited films determined by
EDX is presented in Table 1 and schematically illustrated in Fig. 1. For
Si-rich films, the nominal film compositions correspond well to the
cathode composition. Some Al can be detected in these films due to
plasma overlap with the Ti0.23Al0.47Si0.30 cathode. For films poor in Si,
i.e. films facing the Ti0.75Al0.25 cathode, there is a few at% elevated
amount of Al compared to the nominal cathode composition due to
the plasma overlap with the Ti0.23Al0.47Si0.30 cathode. All films are
slightly overstochiometric in N (1.08 ≤ z ≤ 1.29) with respect to TiN.
The trend is higher N concentration with higher Si concentration, as
expected from the preferred 3:4 stoichiometry of tetrahedrally coordi-
nated Si3N4.

EDX is considered to be inaccurate for detection of lighter element,
in our case nitrogen, carbon and oxygen. However, for magnetron
sputtered Ti\Al\Si\N film we used a combination of elastic recoil
detection analysis (ERDA) and EDX and found thatEDX orderly overes-
timates C. For N the difference in detected amount ranged from 0 to 2
at.%, and for O 0–1 at.%. We also used ERDA for detection of impurities
in arc evaporated Ti\Al\Si\N grown under similar conditions as in
this study,which showed that the impurity levels (C and O) was lower
than 1 at.%. The oxygen level increased from ~0.1 at.% to ~0.4 at.%
with increasing Si content.

Fig. 2 shows the XRD patterns from the as-deposited Ti1 − x − yAlx
SiyNz films. For a Ti content 1 − x − y ≤ 0.34, the films are clearly
X-ray amorphous. These films have 12–13 at.% Si and a Al:Tifraction
in the range of 0.54–0.65.

It is well known that it is possible to maintain a cubic Ti1 − xAlxN
solid solution with x up to ~0.6–0.7 [23] for films grown with cathod-
ic arc evaporation. For higher Al concentrations the structure may de-
compose into c-TiN and h-AlN during thin film deposition.

The effective solubility limit of Si in TiN is still unknown. While the
phase diagram [24] states essentially zero solubility, a limit of 5–10 at.%
has been reported for films grown under diffusion limited condi-
tions [19,25,26]. Li et al. [19] suggested that addition of more than
10 at.% Si to TiN will lead to a supersaturation of the structure, forcing
it to collapse into an amorphous state. However, Flink et al. showed
that for arc evaporated films it was possible to add up to 5 at.% Si keeping
the solid solution intact, whereafter further addition caused Si to segre-
gate to the grain boundaries during deposition, rendering a feather-like
structure of the film [26]. Other studies [27,28,3] also show that adding
7–10 at.% Si to the TiN system by arc evaporation yield a nanocrystalline
structure. However, the authors in [3] and [27], reported a reduced grain
size with increasing Si content, which was indicated by broadening of
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Fig. 1. (Color online) Compositional diagram for Ti1 − x − yAlxSiyNz, 0.0 ≤ x ≤ 0.46,
0.02 ≤ y ≤ 0.28, and 1.08 ≤ z ≤ 1.29 thin films. Green triangles indicate amorphous
film compositions.
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XRD peaks. Also, Veprek et al. [29] report on reduced grain size with in-
creasing Si concentration for Ti–Si–N thin films grown by plasma CVD.
They report on addition of up to 14 at.% Si without obtaining an amor-
phous structure.

For Ti–Si–N(O) (O/N = 0.2–0.5) thin films grown by cathodic arc
evaporation Shalaeva et al. reported that films with 10 at.% Si had a
nearly single-phase crystalline structure with minimum grains size
of 1.5–2 nm. When the Si concentration in the films was higher
than 10–15 at.% with the constraint that the Ti concentration was
no less than 45 at.%, a transition from ultra-dispersed TiSiN(O) solid
solution to an amorphous alloy take place [30].

The apparent amorphous state in films with 1 − x − y b 0.34 is
explained by the difference in size (rN = 0.065 nm, rSi = 0.110 nm,
rAl = 0.125 nm, and rTi = 0.140 nm [20]) between the constituent
elements, in combination with the different bond coordination, and
preferred crystallographic structure of the parent compounds. Bond-
ing in NaCl-structure transition metal nitrides such as TiN involves a
Fig. 2. XRD patterns from as-deposited Ti1 − x − yAlxSiyNz films with increasing Ti con-
tent, 0.26 ≤ 1 − x − y ≤ 0.76. Substrate peak are indicated by S, and TiN with dashed
lines.
combination of metallic, covalent, and ionic contributions [31],
where the atoms are octahedrally coordinated and have a preferred
1:1 stoichiometry. AlN and SiN are both tetrahedrally coordinated;
Si3N4 with hexagonal, trigonal or amorphous structure, and AlN
with hexagonal structure. Both consist of a mixture of covalent and
ionic bonding [32]. We conclude that the amorphous state of the
films in our case is due to a synergistic effect of adding both Si and
Al to TiN which hinder crystalline growth.

XRD shows no evidence of cubic or hexagonal AlN phases in any of
the as-deposited films. Films with Ti content 1 − x − y N 0.34 exhib-
it a fine-grained cubic structure. From the 002-peak broadening the
average grain size is calculated to 7–15 nm, using the Scherrer equa-
tion and the peak width as full width at half maximum (FWHM) [33].

The lattice parameter, a0, was found to increase with increasing Ti
content corresponding to a shift to smaller diffraction angles, in
accordance with previous reports, see e.g. [34–36], and references
therein. This effect is seen for all films, 0.34 b 1 − x − y ≤ 0.76,
where the fcc 002 peak position lies in the range ~42.8–43.2 ∘2θ,
corresponding to a lattice parameter of 4.19–4.22 Å as compared
with 4.24 Å for TiN [37] and 4.12 Å for c-AlN [38].

The unit cell dimension, and hence the position of the diffraction
peaks, are also affected by stresses in the film. Here, fcc 002 phases
in films 1 − x − y N 0.34 are under compressive stress, which ranges
from σ = −2.8 ± 0.2 GPa for the film with Ti content 1 − x − y =
0.58, σ = −3.8 ± 0.7 GPa with 1 − x − y = 0.62, σ = −2.9 ±
0.1 GPa with 1 − x − y = 0.67, and σ = −5.1 ± 0.7 GPa with
1 − x − y = 0.76.

The films containing larger amount of Al (x = 0.31 and x = 0.35
films) in combination with high Ti content (1 − x − y N 0.34) also
show reflections of the fcc 111 peak. Increasing amounts of Al has
previously been reported to change the preferred orientation from
002 to 111 in Ti1 − xAlxN films [23]. For (1 − x − y N 0.34) Si-rich
films (y = 0.22 and y = 0.25), the 002 reflection is significantly
broader than for the films with y = 0.02 and y = 0.07, indicating a
finer grain structure of the Si-rich films.

Fig. 3a) shows a cross-sectional TEM micrograph of the as-
deposited Ti0.26Al0.46Si0.28N1.17 film with corresponding selected
area diffraction (SAED) pattern as inset. The film is homogeneous
innanostructure apart from droplets from the arc evaporation pro-
cess. The film is mainly amorphous, but contains nanocrystallites
smaller than could be detected in XRD, i.e. X-ray amorphous. The
HRTEM image in Fig. 3b) shows that the film initially grows epitaxial
to the substrate over some 2–3 nm thickness, before amorphization.
Fig. 3c), taken from an area ~1 μm up in the film where steady-state
growth applies, reveal ~2 nm crystallites of a cubic TiN-like phase.
The crystallites are embedded in an amorphous matrix.

Fig. 4 shows the bright field images of the as-deposited
Ti0.26Al0.46Si0.28N1.17 film and corresponding inverse Fourier transform
images at three different tilt angles, α = 0∘ (a and b), α = 10∘ (c and d),
and α = 20∘ (e and f), respectively. The tilt series was made in order to
exclude that the amorphous matrix consists of nanocrystalline grains of
different orientation. In some areas that initially appear amorphous,
grains of size 3–4 nm display when tilting the sample (area A), while
others disappear (area B), showing that the sample is partly nanocrystal-
linewith randomly oriented grains. However, themajor part of the amor-
phousmatrix staysthe same, and does not change regardless of tilt angle.
This shows that the mainly amorphous films are essentially electron-
diffraction amorphous, as the level of ordering in the amorphous matrix
reaches the detection limit in TEM.

Results for nanoindentation and elastic modulus for as-deposited
films are found in Fig. 5. The predominantly amorphousfilms, Ti content
1 − x − y ≤ 0.34, have a hardness 19.4 ± 0.5 GPa. For the crystalline
films, there is an increase in hardness with increasing Si content up to
y = 0.22. This Si-related hardening effect has been reported in related
ternary systems like Ti\Si\N [3], Zr\Si\N [39], and Cr\Si\N [40]
already at low concentrations (≤10 at.%), where it is likely the result



Fig. 3. a) Cross-sectional TEM overview micrograph with selected area diffraction
(SAED) pattern inset, b) HRTEM image from an area close to the substrate, and
c) HRTEM image from an area ~1 μm up in an as-deposited Ti0.26Al0.46Si0.28N1.17 film.

Fig. 4. Bright field images of an as-deposited Ti0.26Al0.46Si0.28N1.17 film and correspond-
ing inverse Fourier transform images at three different tilt angles, α = 0 (a) and (b),
α = 10 (c) and (d), and α = 20 (e) and (f), respectively.

Fig. 5. (Color online) Nanoindentation hardness (black circles) and elastic moduli
(green triangles) of as-deposited Ti1 − x − yAlxSiyNz films as a function of Ti content,
0.26 ≤ 1 − x − y ≤ 0.76.
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of solid-solution hardening in the crystalline films. The highest hard-
ness, 34.7 ± 1.0 GPa, is found for our film with 1 − x − y = 0.76.

The result for the elastic modulus follows the same trend as for the
hardness, where the elastic modulus values are significantly higher for
nanocrystalline films (381–453 ± 9 GPa) than for amorphous ones
(252–263 ± 4 GPa). As the elastic modulus is ameasure of a material's
stiffness it is longer and/or weaker bonds in the amorphous films com-
pared to the nanocrystalline films that are the explanation to the ob-
served results. The bonding length, determined using SAED patterns,
is ~2.93 Å for the as-deposited amorphous Ti0.26Al0.46Si0.28N1.17 film.
For the nanocrystalline films the bonding length was determined
using the position of the 002 XRD peak position, and it was calculated
to be ~2.09–2.11 Å.

In order to investigate the thermal stability of the amorphous films,
annealing experiments were performed on the Ti0.26Al0.46Si0.28N1.17

film. The annealing temperature was between 500 °C and 1100 °C.
Room temperature ex-situ x-ray diffraction of the films was performed
in θ − 2θ ranging from 30 to 70 ∘2θ. The results are presented in
Fig. 6. There is no apparent change in the diffractograms up to 800 °C.
At 900 °C a broad peak is appearing between 39 and 46 ∘2θ, indicating
that nanocrystals have formed in the film. When the temperature is
further increased to 1000 °C the broad peak increases in intensity and
a peak at 40.27 ∘2θ corresponding to W is observed. At 1100 °C the
TiN 111 and TiN 002 peaks are clearly visible, corresponding to crystal-
lization of the film. In between the substrate peak at 36.06 ∘2þeta and
the TiN 111 peak there is a peak showing up, partly covered by the sub-
strate peak, that corresponds to h-AlN (0002). Also h-AlN (1010) is

image of Fig.�3
image of Fig.�4
image of Fig.�5


Fig. 7. a) Cross-sectional TEM overview micrograph of a Ti0.26Al0.46Si0.28N1.17 film
annealed at 900 °C with b) corresponding selected area diffraction (SAED) pattern,
and c) HRTEM detail image with narrow compositionally modulated layers indicated.
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visible at 33.22 ∘2θ. Both are indicated in the figure by solid lines. Peaks
originating from both W and Co are visible at 1100 °C showing that
films annealed at the highest temperatures have been affected by
out-diffusion of Co and W from the substrate, a phenomena that has
been reported earlier for both Ti1 − xAlxN [4,41] and Ti1 − xSixN [3]
films deposited under similar conditions, and is thoroughly described
in Ref. [4].

Fig. 7a) shows a cross-sectional TEM micro-graph of the
Ti0.26Al0.46Si0.28N1.17 film annealed at 900 °C. Compared with the
micrograph of the as-deposited film it is obvious that the homogeneous
nanostructure of the film is intact. Nevertheless, the SAED pattern in
Fig. 7b) indicates the growth of nanocrystals in the film, as could also
be seen by XRD.

HRTEM in Fig. 7c) reveals that the initially 2 nm isolated crystallites
have grown to 3–5 nm in size and are now contacting each other. There
is also a layering in the film. The layering, also found in the as-deposited
films (not shown), is due to compositional modulation resulting from
the substrate rotationwith respect to the fixed arc sources, as described
by Eriksson et al. [42].

STEM/HAADF imaging and EDX elemental mapping of the film
annealed at 900 °C in Fig. 8 show that the ~3 nm nanocrystallite rich
layers, seen in HRTEM in Fig. 7c), are enriched in Ti, see Fig. 8a) and b),
and that Si and Al are uniformly distributed over thicker ~15 nm layers,
see Fig. 8c) and d).

Annealing at 1100 °C radically changes the nanostructure of thefilm.
Fig. 9 shows the cross-sectional overview a), andHRTEM image c), of the
Ti0.26Al0.46Si0.28N1.17 film annealed at1100 °C. Here, the layering is still
present, see STEM/HAADF images in Fig. 10. At this temperature most
of the film has crystallized into c-TiN and h-AlN, as is shown in the
SAED in Fig. 9b). It is also obvious that the metals in the substrate have
diffused into the film, as shown by the cross-sectional overview in
Fig. 9a) and confirmed by the EDX elemental mapping shown in
Fig. 10. The diffusion seems to start with Co-rich clusters that form in
the film, visible as light grey dots in the film in Fig. 9a), and as bright
areas in the STEM/HAADF image in Fig. 10e). After the Co-rich clusters
have formed, W also starts todiffuse into the film, as seen by dark re-
gions in the film in Fig. 9a). The artificial layering is retained in part
even after the crystallization and out-diffusion of the substrate metals.
Fig. 10c) and d) showthat Al and Si remain evenly distributed through-
out the film. An extensive oxide layer has formed on top of the film at
1100 °C as can be seen in Fig. 9a). This layer is ~500 nm thick andmainly
consists of oxides based on Al, Si, and Ti, determined with EDX/TEM. A
Fig. 6. XRD patterns of annealed Ti0.26Al0.46Si0.28N1.17 films, with respect to annealing
temperature 500–1100 °C. Substrate peaks are marked with S, TiN with dashed lines,
and AlN with solid lines.
~100 nm TiO2 layer formed between the unreacted films and main top
oxide layer. W is also present in both oxide layers.

Fig. 11 shows the hardness and elastic moduli measurements
of the annealed Ti0.26Al0.46Sibonding0.28N1.17 film performed by
Fig. 8. Cross-sectional a) STEM/HAADF image, and EDX elemental mapping, b) Ti, c) Al,
d) Si, of a Ti0.26Al0.46Si0.28N1.17 film after annealing at 900 °C.
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Fig. 9. a) Cross-sectional overview of Ti0.26Al0.46Si0.28N1.17 film annealed at 1100 °C,
b) corresponding selected area diffraction (SAED) pattern, and c) HRTEM detail image.

Fig. 10. Cross-sectional a) STEM/HAADF image, and EDX elemental mapping, b) Ti
c) Al, d) Si, and, e) Co, of a Ti0.26Al0.46Si0.28N1.17 film after annealing at 1100 °C.
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nanoindentation. There is an increase in hardness with increasing
annealing temperature up to 1100 °C, showing an apparent age
hardening process. The increase in hardness is as high as 7.6 GPa,
from 19.4 ± 0.5 GPa for the as-deposited film to 27.1 ± 0.8 GPa
for the film annealed at 1100 °C, which is attributed to a change from
predominantly amorphous to nanocrystalline structure. The result for
the elastic modulus follows the same trend as for the hardness, and
show slightly increased values for increasing annealing temperature,
explained by a decreased bonding lenght from ~2.93 Å for the
as-deposited film to ~2.68 Å at 900 °C and ~2.66 Å at 1100 °C. This
process leads to an increase of the elastic modulus of the film, from
252 ± 2 GPa to 305 ± 2 GPa.

4. Conclusions

Hard amorphous Ti\Al\Si\N filmswere grown by arc evaporation.
For a Ti content ≤0.34, the films are predominantly amorphous with
isolated few 2–3 nm crystallites, as determined by x-ray diffraction
and electron diffraction. The films begin to crystallize at 900–1000 °C
by coarsening of nanocrystallites, but with a size limit of 3–5 nm,
preferentially in Ti-rich layers induced by substrate rotation. At
1100 °C ~ 1.5 μm of the film thickness has crystallized with a
growthfront advancing from the substrate into an otherwise homo-
geneous material. The amorphous nitrides are hard in the as-
deposited state and exhibit age hardening by 40% up to 27.1 GPa,
which is accompanied with a change from a mainly amorphous to
a nanocrystalline state.
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Fig. 11. (Color online) Nanoindentation hardness (black circles) and elastic moduli
(green triangles) of annealed Ti0.26Al0.46Si0.28N1.17 films with respect to annealing tem-
perature 500–1100 °C.
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