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Quaternary cubic (TixCr1−xAl~0.60)1 N1 coatings with 0 b x b 0.33 have been grown using reactive cathodic
arc evaporation. When adding Ti the hardness was retained after annealing up to 1100 °C which is a dramatic
improvement compared to CrAlN coatings. The coatings showed an age hardening process caused by spinodal
decomposition into coherent TiCr- and Al-rich cubic TiCrAlN domains and the formation of hexagonal AlN
precipitates and cubic TiCrN domains in the vicinity of the grain boundaries. The improved hardness was
attributed to the stabilization of the cubic structure suppressing the formation and growth of hexagonal
AlN. Furthermore, the presence of Ti atoms generated incoherent nanometer-sized crystallites within the
hexagonal AlN precipitates disrupting the hexagonal lattice during the coarsening process.
The addition of Ti promoted the formation of a TiO2 layer over Al2O3 resulting in a lower oxidation resistance.
However, by tuning the composition it is possible to design coatings to have both good oxidation resistance
and good high temperature mechanical stability.

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

In metal forming and plastic molding operations CrN coatings are
widely used to protect the working tools from corrosion and oxida-
tion [1]. However, the abrasive wear resistance and the hardness of
CrN coatings are low in comparison to other transition metal nitrides
and therefore not suited for protection of tools used for metal machin-
ing. One way to improve themechanical properties is to add Al forming
a ternary system [2]. It is possible to deposit metastable cubic (c)-CrAlN
coatings with up to 60–70 at. % of Al-content [3,4]. If the amount of Al is
higher hexagonal (h)-AlNwill form during deposition and the hardness
decreases [4]. Since h-AlN is a more stable phase there is always a driv-
ing force for transformation of the cubic phase into the hexagonal
phase. Thus, at elevated temperatures where there is sufficient energy
for diffusion the mechanical properties will deteriorate fast. The cubic
phase and a high hardness can be retained up to 2 hours of annealing
at 900 °C [4]. Results from Cr0.32Al0.68 N coatings [5] show a weak age
hardening process [6,7] due to h-AlN precipitation at ~700 °C but at
higher temperatures the mechanical properties deteriorate.

The performance of coatings for cutting tools depends highly on
the hardness and the oxidation resistance at elevated temperatures.
Because of temperatures reaching above 1000 °C at the edge of a cut-
ting tool during metal machining [8], CrAlN coatings are usually inad-
equate for high-temperature and high-abrasive applications. On the
contrary, TiAlN coatings are widely used for metal machining because
of its superior mechanical properties at elevated temperatures.
rights reserved.
However, in terms of corrosion and oxidation resistance CrAlN coat-
ings are superior [9]. In short, there is an opening for functional coat-
ings having both high hardness and good oxidation resistance at
elevated temperatures. It has been pointed out, that improving ther-
mal stability and oxidation resistance by fine-tuning the composition
is a necessity for further advances in hard coating development [10].
Here we aim to do so through a multicomponent alloying concept. In
this paper the influence of Ti additions to c-Cr0.4Al0.6 N is investigated
and coupled to the phase and microstructure evolution, the high tem-
perature mechanical properties and the oxidation resistance. The
results are obtained with scanning transmission electron microscopy
(STEM and TEM), nanoindentation, x-ray diffraction (XRD), differen-
tial scanning calorimetry (DSC) and thermogravimetric analysis.
2. Experimental details

The coatings were deposited by an industrial Sulzer/Metaplas
MZR-323 reactive cathodic arc evaporation system using a combina-
tion of different compound cathodes in a 4.5 Pa N2 atmosphere onto
polished WC–Co substrates and Fe foils at ~500 °C with a substrate
bias of −40 V. The WC–Co substrates and the Fe foils were mounted
on a rotating sample fixture inside the deposition system. The aim was
to have an Al content close to 60 at. % therefore cathodes containing
Ti29Cr5Al66, Cr33Al67, Ti33Cr33Al34 and Ti33Al67 were mounted at differ-
ent heights inside the chamber, yielding different compositions
depending on where the substrate is placed in front of the cathodes.
After evacuating the chamber to a base pressure of 1 mPa the substrates
were sputter cleaned through Ar bombardment. Deposition for about
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2 hours yielded coatings with a thickness of ~3 μm. See Ref. [11] for
more details.

To establish the composition of the coatings a combination of
elastic recoil detection analysis (ERDA) and energy-dispersive X-ray
spectroscopy EDX was used. ERDA measurements utilized an 127I9+

ion beam with incidence angle of 22.5º and accelerated to 40 MeV.
A time-of-flight and energy detector (TOF-E ERDA) was used for
detection of the ejected species. The concentration ratios between nitro-
gen, aluminum and the sum of titanium and chromium, N:Al:Ti + Cr,
was obtained with ERDA. To establish the Ti:Cr ratio EDX was used
instead of ERDA due to the similar mass of titanium and chromium.

The thermal response from the coatings was measured using a
Netzsch STA 410 differential scanning calorimeter (DSC). DSC sam-
ples were prepared by removal of coated Fe foils through mechanical
grinding and subsequent dissolution in concentrated HCl (37%). The
remaining coating was filtered cleaned with acetone and crushed to a
fine powder and approximately 50 mg powder was put in an Al2O3

crucible used for the measurement. The measurement was conducted
by heating the powder up to 1400 °C at a rate of 20 °C/min under a
He flow of 50 ml/min. At 1400 °C the sample was cooled down to
room temperature and the heating was repeated. The second heating
cycle was used for a base line correction of the thermal response in
the first cycle.

The oxidation tests were conducted by heating the powder up to
1100 °C at a rate of 5 °C/min and 20 °C/min in air at atmospheric
pressure while measuring the sample mass.

Post deposition anneals were performed of the coated WC–Co
substrates at Tmax = 700, 800, 900, 950, 1000, 1050 and 1100 °C in
an argon atmosphere at atmospheric pressure using a Sintervac fur-
nace from GCA Vacuum Industries. The samples were annealed with
a heating rate of 7 °C/min up to 40 °C below the final annealing
temperature, Tmax, and then decreased to a rate of 5 °C/min. Tmax

was kept constant for 2 hours and thereafter the samples were cooled
down to 500 °C during 1.5 hours and to 100 °C in 4 hours. This
annealing procedure is the basis of the hardness measurements in
Fig. 1. The WC–Co substrates did not withstand annealing tempera-
tures above 1100 °C without reacting with the coating. Additionally,
there are many overlaps in the XRD reflections from substrate and
coating making interpretation more difficult. Therefore powder sam-
ples obtained from coated foils were heated in vacuum (~10−2 Pa) at
steps up to Tmax = 700, 800, 900, 950, 1000, 1050 and 1100, 1200,
1300, 1350 and 1400 °C with a rate of 20 °C/min. In this annealing
series the same powder sample was repeatedly heated, cooled to
Fig. 1. Hardness results versus annealing temperature obtainedwith nanoindentation from
Ti0.01Cr0.39Al0.60 N, Ti0.02Cr0.38Al0.60 N, Ti0.11Cr0.28Al0.61 N, Ti0.31Cr0.07Al0.62 N, Ti0.33Al0.67 N
and Cr0.32Al0.68 N.
room temperature, measured with XRD and then heated again to
the next higher temperature (Fig. 3).

X-Ray θ-2θ diffractograms with a 2θ range from 20º to 80º were
obtained with a Panalytical X’Pert PRO MRD X-ray diffractometer
using Cu Kα radiation.

Scanning transmission electron microscopy, transmission electron
microscopy, and X-ray energy dispersive spectroscopy were per-
formed with a FEI Tecnai G2 TF 20 UT microscope operating at
200 kV. For the STEM analysis a high angular annular dark field detec-
tor using a camera length of 170 mm was used. Cross sectional
TEM samples were prepared by mechanical grinding and polishing
followed by Ar-ion beam milling.

The hardness of the coatings was obtained using an UMIS
nanoindenter equipped with a Berkovich diamond tip. Fused silica
was used as a reference material to determine the tip shape. Indenta-
tion was performed on mechanically polished tapered cross sections
of the coatings. The average hardness ± 1 standard deviation was
calculated [12] from approximately 25 indents on each sample
using a maximum load of 45 mNwith an indentation depth of around
200 nm.

3. Results

The results presented here originates from (TixCryAlz)1 N1 coat-
ings covering a metal composition range of 1 b x b 33 at. % and
z = ~60 at. % where all samples contain 50 ± 1 at. % nitrogen in
their as-deposited state. Different compositions are presented in
order to present the influence of Ti alloying of CrAlN coatings.

3.1. Mechanical properties

Fig. 1 shows the hardness versus annealing temperature obtained
with nanoindentation. For Ti0.01Cr0.39Al0.60 N coating the hardness
decreases with increasing annealing temperature. Ti0.02Cr0.38Al0.60 N
has a constant hardness up to 800 °C and at 900 °C the hardness
decreases by ~1 GPa. The hardness is retained at 1000 °C and decreases
significantly at 1100 °C. For Ti0.11Cr0.28Al0.61 N the hardness in the
as-deposited state is lower compared to the two compositionsmentioned
above and stays roughly constant up to 900 °C of annealing. In the
1000 °C annealed state the hardness increases ~10 % (~3 GPa) compared
to the as-deposited state. At 1100 °C the hardness decreases to the same
level as its as-deposited state, i.e. this composition retains its hardness
to considerably higher temperatures compared to the 1 and 2 at. %
Ti-containing coatings. Our previous studies show that with 31 at. %
Ti-content the age hardening initiates at a lower temperature of 850 °C
and is retained over a wider temperature range up to 1000 °C [11,13].
Surprisingly, both the 31 and 11 at. % Ti-containing coatings show similar
high hardness at 1100 °C.

As references the hardness values of Ti0.33Al0.67 N [14] and
Cr0.32Al0.68 N [5] coatings grown under similar conditions are also
shown in Fig. 1. The age hardening is more pronounced for Ti0.33Al0.67 N
compared to the other coatings, but the hardness between 1000
and 1100 °C is significantly lower compared to the 31 and 11 at. %
Ti-containing coatings.

3.2. Phase evolution and thermal stability

Fig. 2 shows the in-situ DSC measurements of the thermal response
of Ti0.11Cr0.28Al0.61 N, Ti0.02Cr0.38Al0.60 N and Ti0.01Cr0.39Al0.60 N during
heating up to 1400 °C with a heating rate of 20 °C/min. The right axis
shows the relative mass change of the coatings during the heating pro-
cess. Observed peaks in the thermal response have been numbered and
marked on the temperature axis corresponding to the maximum slope
of the thermal response. The exothermic peak located at T1 = ~600 °C
is observed for Ti0.01Cr0.39Al0.60 N and Ti0.02Cr0.38Al0.60 N. A peak at
T2 = ~800 °C is only observed for Ti0.01Cr0.39Al0.60 N. There is an



Fig. 2. In-situ DSC measurements of the thermal response of Ti0.11Cr0.28Al0.61 N,
Ti0.02Cr0.38Al0.60 N and Ti0.01Cr0.39Al0.60 N during heating up to 1400 °C with a heating
rate of 20 °C/min. On the right axis the relative mass change during the heating process
is given. The dashed vertical lines indicate where the derivative of the DSC signal is max-
imal for each respective peak.
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exothermic peak at T3 = ~1000 °C present in Ti0.02Cr0.38Al0.60 N. The
exothermic peak at T4 = ~1150 °C is observed for all three composi-
tions but is located at ~50 °C higher temperature for Ti0.11Cr0.28Al0.61 N.
All three compositions exhibit an exothermic peak at T5 = ~1275 °C
Fig. 3. The x-ray diffractograms of Ti0.01Cr0.39Al0.60 N (a) and Ti0.11Cr0.28Al0.61 N (b) in the 2
schematic summary of the phase evolution.
and an endothermic peak at T6 = ~1325 °C which is located at ~25 °C
higher temperature for Ti0.11Cr0.28Al0.61 N. Close to T7 = ~1375 °C
all three compositions exhibit an exothermic reaction.

At T3 = ~1000 °C the mass starts to decrease for all three compo-
sitions. The rate of the mass loss is lower for Ti0.11Cr0.28Al0.61 N but
increases at T5 = ~1275 °C. At 1400 °C the total mass loss is ~8 % for
Ti0.11Cr0.28Al0.61 N, ~7 % for Ti0.01Cr0.39Al0.60 N and Ti0.02Cr0.38Al0.60 N.

Fig. 3 shows x-ray diffractograms of Ti0.01Cr0.39Al0.60 N (a) and
Ti0.11Cr0.28Al0.61 N (b) in the 2θ range from 32º to 45º and from 66º
to 78º at different temperatures.

The retention of solid solution c-TiCrAlN is most clearly seen at
2θ = ~76º. For both samples there is initially a shift to higher angles
upon heating to 700 °C indicative of stress relaxation. Thereafter
there is a reduction of the full width maximum when the samples
are heated up to 1000 °C consistent with crystal recovery and
grain growth. Above 1000 °C the intensity begins to decrease. The
decrease is more pronounced for Ti0.01Cr0.39Al0.60 N and at 1200 °C
the peak is barely detectable whereas for Ti0.11Cr0.28Al0.61 N it is
still clearly seen.

h-AlN can be detected at 2θ = 33.2º and at 2θ = 36º in both sam-
ples but the reflections are more pronounced in Ti0.01Cr0.39Al0.60 N.
For Ti0.01Cr0.39Al0.60 N the presence of h-AlN can be seen at 900 °C
and for Ti0.11Cr0.28Al0.61 N it is detected at 950 °C. Between 900 °C
and 1400 °C the intensity of these reflections increases and the
full width maximum is reduced as larger h-AlN domains form. The
reduction of the full width half maximum is more pronounced
in Ti0.01Cr0.39Al0.60 N between 950 °C and 1200 °C, i.e. the h-AlN
domains grow faster, and at 1400 °C the full width maximum in
Ti0.01Cr0.39Al0.60 N is still smaller.
θ range of 32º to 45º and from 66º to 78º at different temperatures. Fig. 3(c) contains a

image of Fig.�2
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Hexagonal β-Cr2N can be seen at 2θ = 43.4º between 950 °C and
1100 °C in Ti0.01Cr0.39Al0.60 N. In Ti0.11Cr0.28Al0.61 N it shows up as a
weak peak between 1100 °C 1200 °C.

c-TiN is detected in Ti0.11Cr0.28Al0.61 N at for example 2θ = 42.6º
between 1300 °C and 1400 °C with a decreasing full width half
maximum. This reflection is also weakly detected in Ti0.01Cr0.39Al0.60 N
at 1400 °C.

bcc-Cr can be detected in both samples between 1300 °C and
1400 °C seen from the increasing peak intensities close to 2θ = 44.4º.

At 1350 °C and 1400 °C weak peaks belonging to α-Al2O3 are
detected in both samples.

Fig. 3(c) contains a schematic summary of the phase evolution for
Ti0.01Cr0.39Al0.60 N and Ti0.11Cr0.28Al0.61 N.

3.3. Structure evolution

Results of the coatings in their as deposited states revealed a dense
columnar growth with high concentrations of defects (not shown).
Fig. 4(a) and (b) show overview STEM Z-contrast micrographs of
Ti0.11Cr0.28Al0.61 N and Ti0.01Cr0.39Al0.60 N annealed at 900 °C for
2 hours. For Ti0.01Cr0.39Al0.60 N (a) it is clear that annealing at 900 °C
has resulted in a pronounced elemental segregation in the grain bound-
aries extending from the substrate up to the surface of the coating. For
Ti0.11Cr0.28Al0.61 N the segregation is less pronounced with smaller
domain sizes and not extending all the way from the surface down to
the substrate. From EDX analysis it is revealed that the grain boundaries
are AlN-enriched, see Fig. 7.

Fig. 5(a) shows a Z-contrast micrograph obtained from a grain
interior for Ti0.11Cr0.28Al0.61 N annealed at 900 °C. It can be seen that
at 900 °C the elemental distribution within the grains is not homoge-
neous. The Z-contrast in the image depicts elemental segregation into
Fig. 4. Overview STEMZ-contrastmicrographsof Ti0.01Cr0.39Al0.60 N and Ti0.11Cr0.28Al0.61 N
annealed at 900 °C for 2 hours.

Fig. 5. (a) Z-contrast micrograph obtained from a grain interior for Ti0.11Cr0.28Al0.61 N
annealed at 900 °C. (b) High resolution micrograph with a higher magnification from
the same region.
1–3 nm sized domains containing Al-rich c-TiCrAlN with lower mass
(dark regions) and TiCr-rich c-TiCrAlN with higher mass (bright
regions). No reliable quantification of these fluctuations could be
obtained with the available instrument since the domain size is too
small. Fig. 5(b) depicts a high resolution micrograph with higher
magnification from the same region. It can be seen that the lattice is
coherent across the domains. The average lattice spacing within
each domain, i.e. Al- and TiCr-rich c-TiCrAlN, showed a variation of
~2 %.

Fig. 6(a) and (b) show overviewmicrographs of Ti0.11Cr0.28Al0.61 N
annealed at 1000 °C. Fig. 6(a) depicts a diffraction contrast micro-
graph and Fig. 6(b) depicts a Z-contrast micrograph obtained from
the same region. A ~1.3 μm long grain along the growth direction
seen in the diffraction contrast micrograph is surrounded by lighter
elements (Al) as depicted from the Z-contrast micrograph (indicated
by arrows). Thus at 1000 °C, the h-AlN segregation is more pro-
nounced compared to 900 °C (Fig. 4) and completely encapsulates
the grains in the coating extending from the surface to the substrate.

Fig. 7(a) shows a high resolution TEM micrograph obtained close
to a grain boundary of Ti0.11Cr0.28Al0.61 N annealed at 1000 °C. The
lower insets show maps from the same area depicting the character-
istic x-ray signals from Al, Ti and Cr respectively. Fig. 7(b) depicts
results from an EDX line scan across a grain boundary as indicated
by the red line across the dark region in the Z-contrast micrograph.

image of Fig.�4
image of Fig.�5
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From the scans it is clear that the elements are not homogeneously
distributed in the coating after the annealing. The results show that
in the grain boundaries there are 15–30 nm sized Al-rich and
Cr-depleted TiCrAlN domains containing traces of Ti. Additionally,
there are ~5 nm sized regions of almost Al-depleted TiCr-rich TiCrAlN,
see areas marked with circles in Fig. 7(a) and (b). These domains
which are located in the grain boundaries are surrounded by grains
containing compositional fluctuations corresponding to coherent
1–4 nm sized TiCr- and Al-rich TiCrAlN domains, see Figs. 5 and 8.

Fig. 8 shows a high resolution micrograph obtained at a grain
boundary in Ti0.11Cr0.28Al0.61 N annealed at 1000 °C. The upper part
in the figure depicts a grain interior separated from the grain bound-
ary by the solid white line. The grain interior exhibits 1–4 nm sized
TiCr- and Al-rich c-TiCrAlN domains, i.e. not significantly larger than
the size observed at 900 °C (Fig. 5). In the inset to the upper right
the Fourier transform generated from the upper domain is depicted.
It reveals one single coherent cubic phase [111] similar to 900 °C.
The lower part in the figure separated by the white solid line depicts
a grain boundary containing h-(Ti)AlN. This domain is Cr-depleted
but contains some traces of Ti (see Fig. 7). The lattice in the h-(Ti)
AlN phase is disrupted by several 5–10 nm sized crystallites with
different orientations. These crystallites are indicated by the dashed
white lines. Along the domain boundaries (the solid white line) the
lattice is incoherent.

In summary, upon annealing, the elements in the Ti0.11Cr0.28Al0.61 N
coating have segregated forming a complex structure containing h-(Ti)
AlN and c-TiCrN domains located in the grain boundaries and the grains
are decomposed into coherent TiCr and Al-rich c-TiCrAlN domains.
With increasing annealing temperature the size and volume fraction
of the Al-enriched domains in the grain boundaries increases. At
1100 °C, they are contributing to approximately 50 % of the total
volume with a size of 50–75 nm (value determined from TEM observa-
tions). The size of the Al-depleted TiCr-rich domains located in the grain
boundaries is also increasing at higher annealing temperatures to
around 15–20 nmat 1100 °C. The size of the compositionalfluctuations
present in the grain interiors, i.e. the TiCr- and Al-rich c-TiCrAlN do-
mains, does not show any significant increase from 1–3 nm at 900 °C
Fig. 6. Overview TEM and STEMmicrographs of Ti0.11Cr0.28Al0.61 N annealed at 1000 °C
for 2 hours. The arrows point at Al precipitation in the grain boundary.

Fig. 7. (a) High resolution TEM micrograph of Ti0.11Cr0.28Al0.61 N annealed at 1000 °C
for 2 hours. The lower insets show maps from the same area of the characteristic
x-ray signals from Al, Ti and Cr respectively. (b) Results from an EDX line scan across
a grain boundary indicated by the dark region of the Z contrast micrograph obtained
with STEM. The red line in the micrograph indicates where the line scan was obtained.
compared to 2–5 nm at 1100 °C. Fig. 9 shows a summary of the struc-
ture evolution up to 1100 °C.

3.4. Oxidation resistance

Fig. 10 shows in-situ measurements of the mass change of
Ti0.33Al0.67 N, Ti0.31Cr0.07Al0.62 N, Ti0.11Cr0.28Al0.61 N, Ti0.02Cr0.38Al0.60 N
andTi0.01Cr0.39Al0.60 N duringheating in air up to 1100 °Cwith a heating
rate of 5 °C/min. The mass of the samples is approximately constant up
to ~800 °C for all compositions. At higher temperatures the mass starts
to increase more significantly, indicative of oxidation. The onset for
oxidation seems to occur at ~900 °C for Ti0.31Cr0.07Al0.62 N, ~950 °C for
Ti0.33Al0.67 N and at ~1000 °C for Ti0.11Cr0.28Al0.61 N. Ti0.02Cr0.38Al0.60 N
and Ti0.01Cr0.39Al0.60 N do not show any significant mass increase. The
mass gains starts to accelerate for Ti0.31Cr0.07Al0.62 N close to 975 °C.

At 1100 °C the mass appears to stabilize at ~124 % for Ti0.33Al0.67 N,
at ~123 % for Ti0.31Cr0.07Al0.62 N and at ~116 % for Ti0.11Cr0.28Al0.61 N.
The mass increase of Ti0.01Cr0.39Al0.60 N and Ti0.02Cr0.38Al0.60 N at
1100 °C is ~4 %.

The inset in Fig. 10 shows the relative mass change for
Ti0.01Cr0.39Al0.60 N and Ti0.11Cr0.28Al0.61 N using a heating rate of
20 °C/min. Both Ti0.11Cr0.28Al0.61 N and Ti0.01Cr0.39Al0.60 N show sim-
ilar amount of mass increase up to 1000 °C. At 1000 °C the mass

image of Fig.�6
image of Fig.�7


Fig. 9. Model of the decompositions taking place in Ti0.11Cr0.28Al0.61 N upon annealing
at temperatures of 900, 1000 and 1100 °C. The dark grey region depicts a grain boundary
which is Al-enrichedwith traces of Ti. The Al-enriched grain boundary contains randomly
oriented crystallites indicated by the dashed lines. The grain boundary also contains
Al-depleted c-TiCrN domains indicated by the dashed light grey areas. Within the two
grains on each side of the grain boundary there are 2–5 nm sized compositional fluctua-
tions corresponding to TiCr- and Al-rich c-TiCrAlN.

Fig. 8. High resolution micrograph of Ti0.11Cr0.28Al0.61 N annealed at 1000 °C for
2 hours. The white solid line indicates the domain boundary between c-TiCrAlN and
h-(Ti)AlN. The dashed lines indicate the boundaries between different crystallites
within the h-AlN-enriched domain.
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increase of Ti0.11Cr0.28Al0.61 N begins to accelerate, due to the onset
of oxidation. For this heating rate at 1100 °C the mass has increased
~4 % for Ti0.11Cr0.28Al0.61 N and ~3 % for Ti0.01Cr0.39Al0.60 N.

Fig. 11 shows x-ray diffractograms obtained from Ti0.33Al0.67 N,
Ti0.11Cr0.28Al0.61 N, Ti0.31Cr0.07Al0.62 N, Ti0.02Cr0.38Al0.60 N and
Ti0.01Cr0.39Al0.60 N in the 2θ range from 25º to 60º obtained after
heating in air up to 1100 °C with a heating rate of 5 °C/min. Among
these compositions there is a clear trend in the oxidation behavior
with increasing Ti content.

For Ti0.01Cr0.39Al0.60 N no phases apart from h-AlN and c-TiCrAlN
are detectable.

For Ti0.02Cr0.38Al0.60 N faint peaks originating from α-(CrAl)2O3

are seen for example at 2θ = 25.6º indicative of a thin oxide layer.
Strong peaks belonging to h-AlN and c-TiCrAlN are also detected.

When the Ti content is increased to 11 at. %, Ti0.11Cr0.28Al0.61 N,
strong peaks from TiO2 and α-(CrAl)2O3 are detected. The peaks
belonging to α-(CrAl)2O3 are asymmetric which is clearly seen for ex-
ample at 2θ = 52.5º. This suggests convoluted peaks originating from
α-Al2O3, α-Cr2O3 and α-(CrAl)2O3. Weak peaks belonging to h-AlN
and c-TiCrAlN are also detected. In Ti0.31Cr0.07Al0.62 N the peaks orig-
inating from α-(CrAl)2O3 are weaker and symmetric indicative of a
thin α-(CrAl)2O3 layer with low Cr content. The peaks belonging to
TiO2 are stronger with a reduced half width maximum suggesting
larger oxide-grains compared to TiO2 in Ti0.11Cr0.28Al0.61 N. No peaks
belonging to any nitrides (c-TiCrAlN nor h-AlN) are detected
suggesting a complete oxidation of the powder.

For Ti0.33Al0.67 N the trend continues and the dominating peaks
belong to TiO2 with an even further reduced half width maximum.
Weak peaks belonging α-Al2O3 are also detected while no nitride
phases are detected.

4. Discussion

4.1. Phase stability and hardness

The coatings contain a defect-rich structure in the as-deposited
state generating high stresses and a high hardness. Upon annealing
at 700 °C, the coatings exhibit compressive stress relaxation and
recovery processes. These processes normally lead to a hardness
decrease frequently observed in arc evaporated coatings [14,15]. This
can also be related to the thermal response exhibiting an exothermic

image of Fig.�9
image of Fig.�8


Fig. 10. In-situmeasurements of themass changeof powder Ti0.33Al0.67 N, Ti0.31Cr0.07Al0.62 N,
Ti0.11Cr0.28Al0.61 N, Ti0.02Cr0.38Al0.60 N and Ti0.01Cr0.39Al0.60 N during heating in air
up to 1100 °C with a heating rate of 5 °C/min. The insets show the mass change of
Ti0.11Cr0.28Al0.61 N and Ti0.01Cr0.39Al0.60 N using a heating rate of 20 °C/min.

400 R. Forsén et al. / Thin Solid Films 534 (2013) 394–402
peak at T1 ≈ 600 °C which is around 100 °C above the deposition tem-
perature. For Ti0.11Cr0.28Al0.61 N the stress relaxation is less pronounced,
the corresponding exothermic peak at T1 ≈ 600 °C is suppressed and
the hardness is more or less constant up to 700 °C. This indicates that
Fig. 11. The x-ray diffractograms of Ti0.33Al0.67 N, Ti0.11Cr0.28Al0.61 N, Ti0.31Cr0.07Al0.62 N,
Ti0.02Cr0.38Al0.60 N and Ti0.01Cr0.39Al0.60 N in the 2θ range from 25º to 60º obtained after
heating in air up to 1100 °C with a heating rate of 5 °C/min.
the stress in the as deposited state is lower for this composition
explaining the lower hardness compared to the coatings with 1 and
2 at. % Ti. But even though the hardness in the as-deposited state is
lower for Ti0.11Cr0.28Al0.61 N the hardness at temperatures between
1000 and 1100 °C is significantly higher.

Age hardening has previously been reported and attributed to
the formation of h-AlN precipitates at the grain boundaries in
Cr0.32Al0.68 N [5]. The hardness increase in that case occurred at
~700 °C and was within one standard deviation of the measurement.
At 900 °C the size and volume fraction of the h-AlN precipitates
increased which resulted in a hardness decrease. As shown in this
work, the age hardening effect can be improved through Ti addition
in terms of a greater magnitude and a wider temperature range. The
effects of Ti addition on the phase evolution can be directly coupled
to the in-situ measurements of the thermal response of the coatings.
The thermal response contains the sum of all exothermic and endo-
thermic reactions occurring in the sample where the true location
and magnitude of individual contributions related to a certain reac-
tion can be difficult to separate or can be completely cancelled out
due to co-occurring reactions. But by using the combined information
from XRD results and previously published measurements of the
thermal response of pure CrAlN [16] it is possible to identify the
peaks.

With 1 at. % Ti addition, Ti0.01Cr0.39Al0.60 N, the sample shows sim-
ilarly to pure Cr0.32Al0.68 N a 300 °C wide strong exothermic reaction
peaking at T2 ≈ 800 °C corresponding to the formation and growth of
h-AlN [16].With 2 and 11 at. % Ti no exothermic peak can be seen at the
same temperature. This is in agreement with a reduced h-AlN growth
rate as seen from the XRD and STEM results. With 2 at. % Ti there is an
exothermic peak at a temperature of T3 ≈ 1000 °C probably due to an
accelerated h-AlN growth.

An endothermic reaction related to the release of chromium-
bonded nitrogen is seen as strong peaks close to T6 ≈ 1300 °C. But
the nitrogen release and consequently also an endothermic con-
tribution is initiated already at T3 ≈ 1000 °C, seen from the negative
mass change. This is the reason behind the negative trends in the
thermal response seen above T3 ≈ 1000 °C for the samples with 1
and 2 at. % Ti.

For the higher Ti-containing (11 at. %) coating it appears as the
nitrogen vacancy formation is less energetically favorable, which
results in the observed lower nitrogen release rate between
T3 ≈ 1000 °C and T5 ≈ 1300 °C. It also shifts the exothermic reaction
originating from the transformation of c-CrN into β-Cr2N at T4 =
~1150 °C [16] to ~50 °C higher temperatures. The lower nitrogen
release for this composition is supported by our previously published
theoretical results predicting a minimum in the free energy of
c-Ti~0.1Cr~0.9 N in comparison to pure c-CrN at elevated tempera-
tures.[13] Furthermore, for CrAlN coatings it has been suggested
that the stoichiometry reaches CrN0.5 before transforming into
β-Cr2N [16]. Thus, the presence of Ti strengthens the nitrogen bonds
and thereby the cubic structure is stabilized which is confirmed by
XRD. This also explains the presence of the cubic nanometer-sized
TiCr-rich c-TiCrAlN domains observed at temperatures between
1000 and 1100 °C.

It has been shown that the size of the h-AlN precipitates in CrAlN
coatings or the size of the compositional fluctuations in TiAlN and
TiCrAlN play an important role in terms of the hardness [5–7,11].
When a critical size of the h-AlN precipitates is reached the hardness
decreases [5,16] or when a critical size of the Al-rich TiAlN or TiCrAlN
(Cr b at. 17 %) domains is reached c-AlN transforms into h-AlN and
the hardness decreases [6,7,11,17]. Thus, the suppressed growth of
the h-AlN phase and the increased stability of the cubic phase for
Ti0.11Cr0.28Al0.61 N explain the less pronounced hardness decrease
for this composition at elevated temperatures. The distorted h-(Ti)
AlN lattice caused by the presence of Ti atoms probably also contrib-
utes to less pronounced detrimental effects associated with the h-AlN

image of Fig.�10
image of Fig.�11
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phase. The hardness increase at 1000 °C can similarly to TiAlN and
TiCrAlN coatings (Cr b at. 17 %) be attributed to the stress generated
by the coherent Ti- or TiCr- and Al- segregation obstructing disloca-
tion movement [6,7,11,17].
4.2. Decomposition mechanisms

There are two co-occurring and competing decomposition mecha-
nisms that are responsible for the higher hardness at elevated tem-
peratures of Ti0.11Cr0.28Al0.61 N compared to the coatings with less
Ti. One mechanism is the precipitation and growth of h-AlN domains
at the grain boundaries, which is the observed decomposition route in
CrAlN coatings [5]. The other mechanism is the spinodal decomposi-
tion of the grain interiors into TiCr- and Al-rich c-TiCrAlN domains
similar to the observed decomposition route in TiAlN coatings
[6,7,17] or in TiCrAlN coatings [11] (up to 17 at. % Cr). Theoretical
results show that there is a higher miscibility gap between TiN and
AlN compared to CrN and AlN [18]. Theoretical results also predict a
lower free energy in c-TixCryAl0.6 N coatings for compositions around
y = 0.4 compared to x = 0.4 [13,18]. However, to evaluate the
stability of these coatings, the second derivative of the free energy
should be investigated, i.e. the driving force for spinodal decom-
position. If the second derivative is negative the decomposition
may occur spontaneously without any requirement of nucleation.
Theoretical and experimental results have recently shown that by
replacing the Ti atoms in c-TiCrAl0.5–0.6 N with up to 17 at. % Cr the
driving force for spinodal decomposition is reduced [11]. It was also
reported that when the Cr-content was increased from 7 to 17 at. %
formation of h-AlN precipitates occurred at the grain boundaries
[11]. However, the h-AlN precipitation was less pronounced and
showed smaller volume fractions at temperatures between 900 °C
and 1100 °C in comparison to Ti0.11Cr0.28Al0.61 N. Thus, when deposit-
ing c-TixCr1-xAl ~ 0.6 N coatings there is a transition of the decom-
position process from nucleation and growth process of h-AlN
precipitates at the grain boundaries for x = 0 to a spinodal decompo-
sition of the grain interiors into Ti(Cr)- and Al-rich c-Ti(Cr)AlN for
x = ~1. For compositions where 0 b x b 1 these two decomposition
mechanisms are co-occurring but one may dominate over the other
depending on x. Furthermore, in agreement with theoretical work
the driving force for spinodal decomposition in c-Cr0.4Al0.6 N is signif-
icantly increased by adding just relatively small amounts of Ti, i.e. the
second derivative decreases significantly [13]. Thus, for x = 0.11,
Ti0.11Cr0.28Al0.61 N, a spinodal decomposition is indeed expected.

Strictly speaking, because these calculations of the free energy are
performed for the case of randomly distributed atoms the predictions
regarding the driving force for spinodal decomposition become inva-
lid as soon the coating begins to decompose and the atoms cluster.
But from the calculations it is clear that c-TiCrN coatings exhibit
close to zero or negative mixing enthalpies at elevated temperatures
[13]. Thus, we propose that, during the spinodal decomposition into
coherent TiCr- and Al-rich TiCrAlN domains in Ti0.11Cr0.28Al0.61 N the
free energy is significantly lowered compared to the as-deposited
state. This reduces the driving force for Al segregation towards the
grain boundaries and consequently h-AlN formation. Furthermore,
with a lowered driving force for spinodal decomposition, after some
initial segregation, it takes longer time for the compositional amplitude
to develop (the elemental enrichment) which delays the coarsening
stage [11]. This explains why the TiCr- and Al-rich c-TiCrAlN fluc-
tuations within the grain interiors grow at a relatively slow rate with
domain sizes of just a few nanometers at 1100 °C. When the h-AlN
precipitates grow it means that there is further Al-enrichment of the
Al-rich c-TiCrAlN domains and further Al-depletion of the TiCr-rich
c-TiCrAlN domains. But the Al-rich c-(TiCr)AlN domains are not stable,
therefore there is a transformation into h-(Ti)AlN (containing traces of
remaining Ti).
4.3. Oxidation behavior

It has previously been shown that the oxidation resistance of
CrN thin films can be improved through incorporation of Al
[9,19–22]. In particular, for magnetron sputtered Cr0.40Al0.60 N [23]
it has been reported that the onset of oxidation occurs at 700 °C
with a mass gain of ~2 % at 1100 °C using a heat rate of 20 °C/min.
As seen in the inset of Fig. 10, using the same heating rate, the mea-
sured mass gain versus temperature is similar to those results for
Ti0.01Cr0.39Al0.60 N. But with a heating rate of 20 °C/min the mass
gain versus temperature for Ti0.11Cr0.28Al0.61 N is almost the equiva-
lent to Ti0.01Cr0.39Al0.60 N indicating that the oxidation resistance is
unaffected by the Ti addition. However with a slower heating rate
providing more time for inwards diffusion of oxygen it becomes
clear that the oxidation resistance is worsened with increasing Ti
content. Here the pretective α-Al2O3 is suppressed and instead TiO2

dominates. Crystalline or amorphous α-(CrAl)2O3 is known to be a
good oxygen diffusion barrier [24] and the promotion of α-Al2O3

in TiAlN has previously been suggested to be the reason for the
improved oxygen resistance with increasing Al content observed in
this system [25–27]. This is in agreement with the results presented
here as the thin α-(CrAl)2O3 protective oxide layer is clearly more
effective compared to TiO2 as seen in the samples with higher Ti
content.

There is also another aspect of the Ti addition related to the forma-
tion of a protective oxide layer. The addition of Ti results in a delayed
and suppressed nitrogen release and consequently also a delayed
formation of β-Cr2N and bcc-Cr. It has been suggested that the im-
proved oxidation resistance seen when adding Al to CrN is related
to an altered bond structure with stronger Al-N bonds, which sup-
press nitrogen release and stabilize the cubic structure [23]. However,
in case of Ti additions to CrAlN the nitrogen release is also delayed
and the cubic structure is also stabilized but at the same time the
oxidation resistance becomes worse. Thus, this explanation can not
be valid for TiCrAlN coatings. It has been shown that TiAlN coatings
can exhibit a co-existence of TiO2 and α-Al2O3 oxide layers where
the structure contains two surface sublayers. α-Al2O3 is located
closest to the surface and TiO2 is formed below [28]. TiO2 formation
is known to be associated with compressive stress generation during
its formation leading to crack formation in the oxide layer [29]
resulting in a degraded protection [27]. Eventually the TiO2 layer
emerges to the surface and the oxidation increases rapidly [28]. This
implies that, the microstructure affects the oxidation resistance
significantly where for example the oxidation resistance varies with
the coating density tuned by the substrate bias [28]. Therefore we
account the decreased oxidation resistance to structural effects simi-
lar to those in TiAlN caused by the formation of TiO2.

Most striking is however, that Ti0.11Cr0.28Al0.61 N outperforms
Ti0.33Al0.67 N both in terms of oxidation resistance and high tempera-
ture hardness since Ti0.33Al0.67 N today is one of the most frequently
used high temperature wear protection coating composition.

5. Conclusions

In this work we have demonstrated a concept of generating CrAlN
coatings with improved mechanical properties through Ti addition.
Low Ti, x b 11 at. %, TixCryAl60N coatings decompose via two different
mechanisms. There are co-occurring processes of nucleation and
growth constituting formation of incoherent h-AlN precipitates in
the grain boundaries and spinodal decomposition of the grain inte-
riors into TiCr- and Al- rich c-TiCrAlN. The spinodal decomposition
of the grain interiors generates a hardness increase at elevated tem-
peratures due to the obstruction of dislocation movements in the
coating. With addition of Ti the formation and growth of h-AlN
is suppressed and the cubic structure is stabilized. Altogether, this
results in improved high temperature mechanical properties. The
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oxidation resistance is negatively affected by the Ti addition due to
the promotion of a TiO2 surface layer over the more protective
Al2O3. However for Ti0.11Cr0.28Al0.61 N both the mechanical properties
and the oxidation resistance are superior compared to the com-
mercially frequently used Ti0.33Al0.67 N.
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