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Abstract
Titanium–aluminium based nitride (Ti,Al)N and carbonitride (Ti,Al)(C,N) hard coating systems possess excellent tribological
behaviour in metal cutting and polymer forming contacts. In the present work (Ti,Al)N and (Ti,Al)(C,N) coatings were deposited
by employing the pulsed laser deposition (PLD) technique. A pulsed Nd:YAG laser with 1064 nm wavelength was used for the
vaporization of TiAl targets in low-pressure N2 or N2 yC2 H2 , atmospheres at room temperature. The highly ionized metal vapour
was deposited onto polished substrates (molybdenum, AISI D2). The coatings were characterized by light-microscopy, scanning
electron microscopy, X-ray diffraction and hardness tests. The variation of the deposition parameters causes a change of the
chemical composition, the texture and crystallinity of the coatings and, consequently, the mechanical properties and tribological
behaviour. The latter was characterized in pin-on-disc tests at room temperature by using coated discs and uncoated AISI 52100
(DIN 100Cr6) steel and alumina pins as counterparts. The results demonstrate the excellent industrial applicability of these
coatings for cold-forming operations: very low-wear rates were found for the (Ti,Al)N coatings. In contrast, the (Ti,Al)(C,N)
coatings possess low-friction coefficients of approximately 0.2. As an outstanding advantage of these coatings, which were
deposited at the room temperature by the PLD process, their excellent adhesion to the substrate can be pointed out, reaching the
highest level (HF 1) in the Rockwell indentation test.
䊚 2003 Elsevier B.V. All rights reserved.
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1. Introduction
Hard material coatings are of continuously increasing
interest for wear reduction of cold, hot and polymer
forming tools as well as cutting tools. Titanium nitride
(TiN), titanium carbide (TiC) and diamond-like carbon
films are the most widely used coatings for these
purposes w1x, especially TiN is known because of its
excellent tribological properties and the golden colour
w1,2x. However, there are still several drawbacks such
as hardness, adhesion, friction and oxidation resistance
properties that limit the practical application of these
coatings. In order to improve their properties, ternary
coatings such as (Ti,Al)N and Ti(C,N) and quarternary
coatings with additions of chromium, silicon, boron, etc.
have been investigated in the last years. Among these,
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the addition of aluminium to TiN in order to form a
(Ti,Al)N ternary solid solution is attractive due to the
significant enhancement of the oxidation resistance and
the mechanical properties in comparison with TiN w2x.
In addition, some authors w3–5x show an enhancement
of the tribological properties by the addition of carbon
to these ternary coatings.
The industrial manufacturing of hard coatings like
(Ti,Al)N by physical vapour deposition (PVD), e.g.
magnetron sputtering, ion plating and arc discharge
deposition, or chemical vapour deposition (CVD) is
well established nowadays w1x. But these techniques still
have some disadvantages: (1) the limitation due to the
thermal sensitivity of many substrates, e.g. TiN coatings
are deposited by CVD at ;1000 8C and by PVD at
)450 8C; and (2) space-charge problems for semiconductors and non-metallic substrates, e.g. polymers and
other organic materials of high electrical resistance
cannot be coated by most of the PVDyCVD methods.
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Table 1
Deposition parameters, film thicknesses, chemical compositions and hardnesses of the PLD (Ti,Al)(C,N) coatings T1–T5
Sample
(coating)

T1
T2
T3
T4
T5

Gas flow (deposition)
(sccm)

Film thickness
(mm)

N2

C2H2

Ar

15
30
45
25
15

–
–
–
5
15

15
–
–
–
–

1.5"0.1
1.4"0.1
1.5"0.1
1.7"0.1
2.0"0.1

Hence, there is a high demand for developing lowtemperature deposition processes such as the pulsed
laser deposition (PLD) for the growth of hard coatings
on a broad variety of substrate materials w6–8x.
In the PLD technique a pulsed laser beam is focussed
onto a target in order to evaporate its surface layers
under vacuum or low-pressure process gas atmospheres
w9x. The vaporized material consisting of atoms, ions
and atomic clusters is then deposited onto the substrate.
The outstanding advantage of this technique is the
possibility to deposit thin films of very high chemical
purity and excellent adhesion on various substrate materials at room temperature. Furthermore, high rate film
growth on surface areas placed perpendicular to the
irradiated target surface is also possible by using a lowpressure gas. The application of reactive process gases
gives the opportunity of varying the chemical composition of the films in a wide range.
The aim of the present paper was to study the
applicability of the PLD process for the deposition of
(Ti,Al)(C,N) films for tribological applications.
Although some authors w10,11x have investigated the
PLD of (Ti,Al)N coatings, no information is available
about the tribological behaviour of such coatings as well
as for (Ti,Al)(C,N) films.
2. Experimental
2.1. Film deposition
High purity Ti–Al targets (50 at.% Ti, 50 at.% Al)
were taken for the ablation experiments using a pulsed
Nd:YAG laser with 1064 nm wavelength, 0.8 J pulse
energy and 10 ns pulse duration at a repetition rate of
10 Hz w12x. The targets were rotated during the laser
irradiation in order to avoid the formation of deep
craters. The emitted species were deposited at room
temperature in argon and C2H2 containing nitrogen
atmospheres onto quenched and tempered cold working
steel substrates (AISI D2) and molybdenum sheets with
mirror-polished surfaces. The different atmospheres were
chosen in order to produce (Ti,Al)N and (Ti,Al)(C,N)
coatings with varying nitrogen and carbon contents
(Table 1). Prior to the film deposition the substrates

Chemical composition
Atomic ratio TiyAl

N (at.%)

C (at.%)

1.63"0.05
1.38"0.04
1.22"0.06
1.05"0.05
1.06"0.04

31.1"2.0
42.9"1.9
47.5"1.9
24.7"1.4
14.1"2.2

–
–
–
24.7"1.5
36.5"1.8

Hardness
(GPa)

19.9"0.4
32.2"0.9
35.3"1.3
38.5"1.5
17.2"0.4

were cleaned ultrasonically in pure acetone and subsequently in ethanol. To increase the adhesion to the
substrate, TiAl adhesive interface layers have been
deposited prior to the growth of the hard coating
materials as recommended by Lii et al. w13x.
2.2. Film characterization
The surface quality, the growth structures and the
wear scars of the coatings were inspected with a light
and a scanning electron microscope (Cambridge Instruments Stereoscan 360). The latter is equipped with an
energy and a wavelength dispersive analyser (EDS and
WDS) for chemical analysis. The phases of the
(Ti,Al)(C,N) coatings were analyzed using an X-ray
diffractometer (Siemens D500) and Cu Ka radiation by
Qy2Q scans in BraggyBrentano arrangement (normal
to the surface). Pole figure measurements were performed on a four cycle goniometer equipment (Seifert
PTS 3000) with a step size of 2.58 for the polar and
azimuthal angle.
The hardnesses and elastic moduli of the coatings
were determined by nanoindentation with a Vickers
indenter using a Fischerscope H100. The applied maximum load was approximately 10 mN, the loading rate
was approximately 1 mN sy1 for all measurements. The
indentation depth (;200 nm) was kept constant to
prevent influences from the substrate and indentation
size effects in testing the 1.4–2.0 mm thick coatings.
The dry sliding friction behaviour of the coatings at
room temperature (25 8C) and a relative humidity of
60% was evaluated using a CSEM Instruments hightemperature pin-on-disc tribometer with 6 mm AISI
52100 (DIN 100Cr6) bearing steel and Al2O3 balls as
counterparts. All experiments were carried out at a
sliding speed of 0.1 m sy1 on the as-deposited ultrasonically cleaned coating surfaces. The applied loads were
2 and 10 N for Al2O3 and 100Cr6 counterparts, respectively. Optical profilometry (Veeco NT-1000) was used
to inspect the wear tracks for analysing the wear
mechanisms and the wear coefficients.
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3. Results and discussion
3.1. Film structure and chemical composition
Light and scanning electron microscopy (SEM)
inspections of the as-deposited (Ti,Al)(C,N) coatings
showed excellent film quality with only a small amount
(;15 000 mmy2) of defects (droplets) of sub-micron
size, originating from the ablation process of the target
surface. SEM investigations on fracture sections were
applied for determining the fracture morphology of the
films and for measuring the film thicknesses after a
deposition time of 60 min (Table 1). The deposition
rates are similar to other PVD or CVD processes. The
addition of C2H2 to the process gas results in higher
deposition rates (sample T4 and T5) due to more
intensive scattering of the ablated species with C2H2
molecules. The SEM investigations of the fracture sections revealed a micro-columnar film structure for the
coatings T1–T4, which is comparable with Zone T
structures of Thornton’s structure zone model w14x. In
contrast, a dense but amorphous-like structure was found
for the coating T5. The possibility to get very dense
microstructures of the hard coatings, even at low deposition temperatures, is one of the main advantages of
the PLD process w6,8x.
The chemical compositions of the coatings are shown
in Table 1. The atomic TiyAl ratio was found for all
(Ti,Al)N coatings (T1–T3) much higher than that for
the target (TiyAls1). This is likely due to differences
in the re-sputtering rates of deposited Al and Ti atoms
from the growing film surfaces. The nitrogen content
increases with increasing N2 flow during deposition, but
does not exceed 50 at.%, leading to excess (Ti,Al)
contents. In contrast, the (Ti,Al)(C,N) coatings (T4,
T5) have balanced, target-like TiyAl atom ratios of
approximately 1. The carbon content was found to be
increased at the higher C2H2 flow (coating T5) combined with a decrease of the (Ti,Al) content due to the
easier ionization of the C2H2 molecules and, thus, their
higher reactivity during scattering with the evaporated
species in the plasma.
The X-ray diffraction (XRD) investigations (Fig. 1)
reveal for all samples with the exception of coating T5,
a distinct crystallographic structure. Samples T1–T3
indicate the B1 NaCl structure of TiN, typical for the
metastable (Ti1yxAlx)N phase w15,16x. Coating T1
shows in contrast to T2 and T3 a strongly preferred
orientation with the (2 0 0) planes parallel to the film
surface, which is confirmed by the texture analysis of
this coating (Fig. 2a). In the case of coatings T2 and
T3 the (2 2 0) planes are strongly preferred, leading to
the (2 2 0) fiber texture (Fig. 2b). This difference can
be attributed to the addition of argon to the process gas
during deposition of coating T1. It is well known that
an intensive bombardment of argon ions leads to the

Fig. 1. XRD spectra of (Ti,Al)(C,N) coatings T1–T5 deposited onto
Mo substrates. The standard positions of the main reflexions of
molybdenum (Mo), titanium nitride (TiN), aluminium nitride (AlN)
and titanium carbide (TiC) are indicated by different symbols.

‘channeling’ effect w17x of Ar ions in preferred crystallographic orientations of the growing film and, thus, to
a minimization of the re-sputtering in distinct lattice
planes. As a result, the film growth in this direction—
for the fcc TiN structure it is the (2 0 0) direction—is
preferred, leading to the (2 0 0) fiber texture. In contrast,
the loss of the argon bombardment favours the growth
of (1 1 1) and (2 2 0) planes because of the lower
surface energies of these planes w18x. In addition, the
lattice parameters of the (Ti,Al)N coatings T1–T3 are
slightly smaller than that of the TiN standard. This
phenomenon can be attributed to the replacement of
titanium atoms by aluminium atoms in the fcc
(Ti1yxAlx)N lattice w3x. Compared with the Al content
of the films (Table 1), the observed shift is very small,
which might be caused by the low nitrogen contents
and residual compressive stresses, which affect the
lattice spacings. These stresses are quite high for PLD
hard coatings, which are grown at room temperature
(e.g. ;y8 GPa for PLD TiN w6x), but have not been
measured in the present work.
In contrast, a shift to lower diffraction angles and
consequently larger lattice parameters can be observed
for the (Ti,Al)(C,N) coating T4. The shift is large
compared to the carbon content w19x, which confirms
again the presence of residual compressive stresses in
this coating. The preferred orientation parallel to the
surface of this coating is represented by the (2 2 0)
planes, showing the nearly same fiber texture as coating
T2.
The diffraction patterns of coating T5 reveal that no
crystallographic phases are present except molybdenum
of the substrate. These results are confirmed by the
SEM analysis of the fracture sections. This behaviour is
due to the very high carbon and hydrogen content,
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incorporated in the coatings from the C2H2 process gas
during film growth.
3.2. Mechanical properties
Quantitative information about the adhesion of the
coatings to the steel substrates was achieved by the
Rockwell indentation method w20x. In all cases the
highest adhesion class (HF 1) on a scale between HF 1
and HF 6 was determined, connected to very low
cracking and no break-out areas around the indentation.
The excellent adhesion of hard coatings is a further
outstanding feature of the PLD process applied in this
work caused by tough adhesive interfaces, e.g. shown
in Refs. w6–8x.
A tendency to higher hardness with increasing aluminium and nitrogen content (coating T1–T3) and low
additions of carbon (T4) can be observed due to solid
solution hardening w21,22x (Table 1). In contrast, a high
carbon addition (coating T5) leads to a significant drop
in hardness.
3.3. Tribological behaviour
Fig. 3 shows the coefficients of friction as a function
of the sliding distance for the coatings T3 and T5
against a AISI 52100 (DIN 100Cr6) steel ball at room
temperature and a humidity of approximately 60%. The
shape of the curves was found typical for all sliding
couples tested. During the run-in period (stage I) a
significant increase from the initial friction coefficient
at the first contact (0.2 and 0.4) to a maximum value

Fig. 3. Dependency of the friction coefficient on the sliding distance
in the pin-on-disc test for the contact of AISI 52100 (DIN 100Cr6)
steel pins and the coatings T3 and T5 (friction load: 10 N, sliding
speed: 0.1 m sy1, temperature: 25 8C, relative humidity: 60%).

can be observed, which is followed by a drop to the
steady-state friction coefficient in stage II. The first
stage is characterized by the cracking of a few roughness
tips of both counterfaces and, in the case of the 100Cr6
ball–(Ti,Al)N coating couple (T1–T3), the growth of a
steel transfer layer on the coating’s surface. This transfer
layer is evident in stage II, too, and can be observed in
optical profilometry imaging (Fig. 4a) as well as in
EDS analysis performed in the wear tracks of the
coatings. The EDS analysis reveals the presence of Ti,
Fe, Cr, Al and O species. This confirms that apart from
the material transfer an oxidation of the wear track
during the sliding wear process occurs w23x. The growth
of this transfer layer leads to mainly adhesive wear of
the 100Cr6 counterpart ball and, thus, it is responsible

Fig. 2. Pole figures of the (1 1 1), (2 0 0) and (2 2 0) lattice planes of the (Ti,Al)N coatings (a) T1 and (b) T2 (Cs0–808).
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responsible for the low-friction coefficients of approximately 0.2–0.4 in the steady-state phase (stage II) (Fig.
5).
For the tribological contact of the (Ti,Al)N coatings
(T1–T3) with alumina (Al2O3) balls very high steadystate friction coefficients up to 1.0 were found. This
high friction coefficient results from the lower applied
friction loads (2 N) and the formation of highly abrasive
wear debris leading to high friction forces because of
the occurrence of ploughing wear in the wear track.
Some ploughing wear scars were found in the optical
profilometry investigations, but the general appearance
of the wear tracks on the coating surfaces is very similar
to Fig. 4b, showing only abrasive wear. The chemical
analysis reveals the absence of a transfer layer due to
the missing of titanium atoms on the wear scar of the
alumina ball. The dependency of the wear rates on the
coating hardness was found similar to the 100Cr6–
(Ti,Al)N couple. A higher coating hardness leads to a

Fig. 4. Optical profilometry images of the wear tracks of coating (a)
T3 and (b) T5 after sliding against AISI 52100 (DIN 100Cr6) steel
counterparts (sliding distance: 200 m, friction load: 10 N, sliding
speed: 0.1 m sy1, temperature: 25 8C, relative humidity: 60%).

for the high steady-state friction coefficients of approximately 0.7 (Fig. 5), which are in good accordance to
Ref. w1x. The wear debris consists predominantly of
work hardened and oxidised 100Cr6 material, which is
ejected from the transfer layer during sliding. The disc
wear rates of the (Ti,Al)N–100Cr6 couples are approximately one order of magnitude lower than the wear
rates of PLD TiN–100Cr6 couples from a previous w6x
as well as for sputtered (Ti,Al)N coatings w24x, but in
contrast the pin wear rates are very high. Furthermore,
a significant dependency of the wear rates on the
chemical composition and the hardness of the coatings
can be observed. With increasing hardness of the coatings a lower coating wear rate and a higher counterpart
wear rate were found.
In the case of the (Ti,Al)(C,N) coatings (T4, T5)
sliding against 100Cr6 counterparts only abrasive wear
of the coating was found (Fig. 4b). An EDS analysis of
the counterpart revealed the existence of a transfer layer
consisting of worn coating and ball material. The depths
of the wear tracks on the coating surfaces and, thus, the
wear volumes and wear rates, respectively, are approximately three times higher than that of the (Ti,Al)N
films (Fig. 5) and are increasing with the carbon content.
The wear rate of the sliding 100Cr6 pin is decreased
for more than one order of magnitude due to the transfer
layer formation on the pin. This transfer material is also

Fig. 5. Friction coefficients, pin and disc wear rates for the
(Ti,Al)(C,N) coatings sliding against AISI 52100 (DIN 100Cr6) steel
and Al2O3 pins (sliding distance: 200 m, friction load: AISI 52100:
10 N, Al2O3: 2 N, sliding speed: 0.1 m sy1, temperature: 25 8C, relative humidity: 60%).
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higher wear of the counterpart, but to a lower wear of
the coating.
The influence of the carbon content of the coatings
(coating T4, T5) on the tribological behaviour against
Al2O3 counterparts is also similar to the contact with
100Cr6 balls, described above. Only abrasive coating
wear (mainly ploughing) has been found, the transfer
layer formation is strongly reduced compared to the
100Cr6–(Ti,Al)(C,N) couples. As a result higher disc
wear and lower pin wear in comparison to the Al2O3 –
(Ti,Al)N couples occur.
4. Conclusions
Titanium–aluminum nitride (Ti,Al)N and carbonitride
(Ti,Al)(C,N) coatings were deposited by the PLD technique at room temperature in N2 and C2H2 containing
atmospheres. Due to the outstanding features of the PLD
technique high quality hard coatings with very smooth
surfaces and excellent adhesion to the substrates (AISI
D2 cold working steel) were fabricated. The chemical
analyses revealed the possibility for the growth of
coatings with varying Ti, Al, N and C contents. Except
for the coatings with very high carbon contents all films
were crystalline with a fiber textured microstructure,
comparable to Thornton’s dense and micro-columnar
Zone T structure. The addition of Ar to the process gas
causes a change from (2 2 0) to (2 0 0) textured
coatings.
The tribological characterization, performed in unlubricated pin-on-disc tests at room temperature and a
humidity of approximately 60%, revealed for both counterpart materials (100Cr6 ball bearing steel, Al2O3) the
same tendency: the higher the coating hardness the
lower the coating wear rate and the higher is the
counterpart wear rate. Generally, the wear rates of the
(Ti,Al)N coatings are approximately one order of magnitude lower than that of PLD and PVD titanium nitride
(TiN) coatings. Although the wear rates of the
(Ti,Al)(C,N) are slightly higher, these coatings are of
very high interest due to their low-friction coefficients
(;0.2), which are up to five times lower than that of
the (Ti,Al)N films sliding against 100Cr6 or Al2O3
counterparts.
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