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TiAlxNyOz coatings were prepared by DC reactive sputtering on AISI D2 tool steel substrates, using a target
of Ti-Al-O fabricated from a mixture of powders of Ti (22.60 wt.%), Al (24.77 wt.%), and O (52.63 wt.%).
The coatings were deposited on substrates at room temperature in a reactive atmosphere of nitrogen and
argon under a pressure of 8.53 1023 mbar. X-ray diffraction, electron dispersive spectroscopy, Raman
scattering, and nanoindentation techniques were employed to investigate the coatings. The results show that
the increment in the nitrogen flow affects the structure and the mechanical properties of the coatings. The
sample with the lowest nitrogen flow presented the highest hardness (10.5 GPa) and the Young�s modulus
(179.5 GPa). The hardness of the coatings TiAlxNyOz as a function of crystalline grain size shows a behavior
consistent with the Hall–Petch relation.
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1. Introduction

TiAlxNyOz coatings systems have good mechanical proper-
ties, low densities, and good oxidation resistance. These
exceptional properties make TiAlxNyOz coatings very important
technological materials for high-temperature applications
(Ref 1) as well as candidates for diffusion barriers for
metallization (Ref 2-5). TiAlxNyOz coatings are most com-
monly deposited by reactive magnetron sputtering, often using
a TiAl target and varying the oxygen content (Ref 2-5). In these
works, the reported values of hardness were around 35 GPa.
Although the mechanical properties of TiAlxNyOz coatings are
documented satisfactorily, relatively few investigations have
been carried out to study the correlation among crystalline grain
size distribution, intrinsic stress, and hardness.

In the present work, the influences of nitrogen flux on
microstructures and mechanical properties of TiAlxNyOz coat-
ings are studied. The hardness of the coatings is analyzed in
correlation with the grain size for each sample.

2. Experimental

TiAlxNyOz coatings were deposited on AISI D2 tool steel
substrates by DC reactive sputtering technique (Intercovamex—
sputtering device V3) using a target of Ti-Al-O fabricated from
a mixture of powders of Ti (22.60 wt.%), Al (24.77 wt.%), and
O (52.63 wt.%). The residual vacuum in the chamber was
1910-6 mbar, with a maximum vacuum of 8.59 10-3 mbar
and with a power of 200 W for 2 h. The flow rate of argon was
maintained constant at 25 sccm for all the coatings. Sets of
coatings were identified as M1_2.5, M2_5.0, M3_10.0, and
M4_15.0, for nitrogen flow rates 2.5, 5.0, 10.0, and 15.0 sccm,
respectively.

The structure of the TiAlxNyOz coatings was analyzed by
XRD in a RIGAKU diffractometer, model DMAX/1200,
working with CuKa radiation (1.5406 Å). Vibrational modes
of the coatings were studied by Raman scattering spectroscopy
(RSS), where the coatings were excited with a helio-neon laser
of 632.8 nm with a power of 20 mW, using a time of
integration of 25 s over an area of 2 lm in diameter. Chemical
composition of these coatings was determined by energy
dispersive X-ray spectroscopy (EDS) using an environmental
scanning electron microscopy (PHILIPS XL30 ESEM). All
nanoindentation tests (Hysitron Ubi1) were performed in load
control mode with a Berkovich tip. For each sample several
series of ten indents were made and the results were averaged.
For each indent 9.0 mN maximum load was used with the
increasing steps of 1.0 mN.

3. Results and Discussion

The X-ray diffraction patterns for all coatings fabricated with
nitrogen flux varied between 2.5 and 15 sccm are shown in
Fig. 1. The patterns show a mixture of three crystalline phases,
fcc-Ti3AlN (JADE-PDF—card # 37-1140), hex-Ti3Al2N2

(JADE-PDF—card # 37-1141) y ortho-Ti2.46Al0.54N0.28O4.58
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(JADE-PDF—card # 37-42-1279). In this figure it is observed
that the relationship of the diffraction peak intensities does not
follow the powder intensities relation. These results are in
accord with the report by Kim and Alford (Ref 2), who found
that the TiAlxNyOz system is a phase mixture of Ti-Al-N and
Ti-Al-N-O. Alternate changes in the preferred orientations are
observed as the nitrogen flux increases, until the sample
M4_15.0 is reached, which presents peaks with low intensity.
The pattern of all samples in Fig. 1 was analyzed using the
Warren–Averbach method (Ref 6), obtaining a crystallite size in
the range of 6.1-10.8 nm, which is presented in Fig. 2. With this
method, the X-ray diffraction pattern peaks are corrected for the
broadening of the diffraction lines, Lorentz dispersion, and
diffraction due to the Cu-Ka2 line and then submitted to Fourier
analysis. The Warren–Averbach method assumes that peak
widening is due to the size distribution of the crystalline grains
and to deformations due to internal stress in the lattice. The
Pearson VII function was used for the line adjustments in the

X-ray diffraction peaks. The advantage of using the Warren–
Averbach analysis to obtain average grain size is that it proves
more consistent grain size values, even for samples with XRD
patterns with superimposed peaks.

Figure 2 shows the hardness and Young�s modulus data for
all samples. As can be observed there is a similar behavior in
hardness and Young�s modulus with the increase in the nitrogen
flux for all the samples. A maximum in indentation hardness
and Young�s modulus, with 10.5 and 179.5 GPa, respectively,
is observed for the coating deposited at a nitrogen flux of
2.5 sccm. The main cause for this hardness increase is the
lattice distortion, and consequent reduction in dislocations
motion, which occurs in order to accommodate the nitrogen
atoms in the titanium lattice (Ref 7). In the same way, this can
be understood in light of its smaller crystalline grain size. On
the other hand, the coating fabricated at a nitrogen flux of
15 sccm exhibits a lower hardness and Young�s modulus of 3.6
and 152.2 GPa, respectively. The nitrogen flow is a parameter
that significantly can affect the discharge conditions in the
sputerring process and therefore, the overall chemical compo-
sition of the coatings, this is, their stoichiometric composition.
The inset in Fig. 2 shows the plot of intrinsic stress and
crystalline grain size as a function of the nitrogen flux. The
intrinsic stress was obtained using the Stoney formula (Ref 8):

rs ¼ �
E

l
d � d0
d0

ðEq 1Þ

This considers the difference in the 2h position of the diffrac-
tion peaks of the sample under investigation, with respect to
those of the non-stressed reference. In the Stoney formula, E
is the Young�s modulus, l the Poisson�s ratio, d0 the strain-
free reference lattice spacing, and d is the lattice spacing
obtained from the diffraction pattern of the sample under
investigation. The values obtained correspond to compressive
stress and are in the range from approximately 1.75 to
6.86 GPa. A maximum compressive stress (about -6.86 GPa)
for the coating of highest hardness is obtained.

According to these results, harder TiAlxNyOz coatings have
smaller crystalline grain size and larger intrinsic stresses. In
most materials, including metals and brittle ceramics, hardness
increases with decreasing grain size. This behavior is described
by the Hall–Petch relationship (Ref 9, 10). However, it has been
reported that this relation does not work properly for some
materials (Ref 11), where a softening (‘‘inverse Hall–Petch
effect’’) with decreasing grain size is observed. Nevertheless, in
our case it was found that the hardness of the TiAlxNyOz

coatings follows a behavior similar to that predicted by the
Hall–Petch relation. Figure 3 shows the fitting of the experi-
mental data, H, to the Hall–Petch relation (Ref 9, 10)

H ¼ H0 þ k=
ffiffiffi

L
p

ðEq 2Þ

where H0 (= -16.761 GPa) and k (= 66.24 GPa/nm-1/2) are
the fitting parameters. The increase of hardness with the grain
size decrease is well described by the Hall–Petch relation, and
it is explained by the pile up of dislocations on grain bound-
aries (Ref 12). For TiAlxNyOz crystalline grain size approxi-
mately 6 nm and larger, the dislocations into the crystals are
scarce, so that a limited grain boundary sliding determines the
material deformation and hardness. The behavior of nanocrys-
talline materials, with a grain size of about 10 nm or less, is
determined mainly by processes in boundary regions because
the number of atoms in the grains is comparable to or smaller

Fig. 1 XRD patterns of M1_2.5, M2_5.0, M3_10.0, and M4_15.0
coatings

Fig. 2 Effects of nitrogen flux on structure and mechanicals prop-
erties of M1_2.5, M2_5.0, M3_10.0, and M4_15.0 coatings
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than that in the boundary regions. Under these conditions dis-
locations do not exist (Ref 13), because grain boundaries pre-
vent their formation, and the boundary regions play a decisive
role in the material deformation. A new deformation mecha-
nism, called grain boundary sliding, replaces the dislocation
activity which is the dominant deformation process in conven-
tional materials (Ref 14).

The results obtained by EDS reveal that the reactive
sputtered coatings contain the following atomic compositions:
M1_2.5 (Ti: 1; Al: 0.82; N: 1.10; and O: 1.39), M2_5.0 (Ti: 1;
Al: 0.74; N: 1.29; and O: 1.42), M3_10.0 (Ti: 1; Al: 0.77;
N: 1.48; and O: 1.48) and M4_15.0 (Ti: 1; Al: 0.77; N: 1.57;
and O: 1.25). These results indicate that small variations exist
in Al and O, as the nitrogen flow is increased.

Nanocrystalline Ti-O and Ti-Al-N were detected by RSS in
all coatings even though the detection of Ti-O and Ti-Al-N is
difficult. Figure 4 shows the Raman scattering spectra for all
coatings, with the Ti-O and Ti-Al-N spectral line indicating
positions shown by vertical lines. All the coatings show flat
spectra due to deviations from stoichiometry. The Raman shift
line broadening is observed in the range between 150 and
350 cm-1, being obtained a maximum for all the samples in
250 cm-1, which corresponds to the pick of more intensity
reported in the literature for the TiAlN (Ref 15). In this same
range is observed the pick of 142 cm-1, corresponding to the
pick of more intensity for the anatasa (Ref 16). This behavior is
shown for all the samples, corroborating this way the results
obtained by X-ray diffraction.

4. Conclusion

TiAlxNyOz coatings can be prepared in the gaseous mixture of
Ar and N2 by DC reactive sputtering using a target of Ti-Al-O
fabricated from a mixture of powders of Ti (22.60 wt.%), Al
(24.77 wt.%), and O (52.63 wt.%). The Warren–Averbach
method was used to analyze the experimental X-ray diffraction
lines. It was found that the crystalline grain size as well as
the coatings hardness strongly depends on the nitrogen flow.

An increase in nitrogen flow increases the surface mobility of
the atoms of the coating, obtaining larger crystalline grains and
intrinsic stresses. It is observed that the intrinsic stress and
hardness have a behavior proportional to the inverse of square
root of crystalline grain size, similar to the Hall–Petch relation.
The increase of hardness with a decrease in grain size has been
explained on the basis of pile up of dislocations on the grain
boundaries. Finally, the reactivity in an Ar-N2 environment is
strongly governed by the thermochemical behavior of each
constituent in the respective Ti/Al-N/O system, as the nitrogen
gas tends to react more with Ti than with Al, since the free
energy of formation of TiN is lower than that of AlN, obtaining
this way different crystalline grain size and consequently
different values of hardness.

Acknowledgments

This work was supported by CONACYT under Projects 66812
and 56642. Participation of Marı́a del Carmen Mendoza Ruiz,
Teresa Carrano Guerra, Pedro Garcı́a Jiménez, Martı́n Adelaido
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