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Details of the phase decomposition in NaCl-structure Ti0.33Al0.67N thin films deposited by cathodic arc evap-
oration are studied by atom probe tomography. We demonstrate that as-deposited films are in the earliest
stage of decomposition for which electron microscopy and x-ray diffraction indicate a single-phase solid so-
lution. Annealing at 900 °C further activates spinodal decomposition of the films, although pockets of unde-
composed material remain after 2 h. N preferentially segregates to the AlN and TiN domains, causing the
TiAlN matrix to be understoichiometric, by the energetics of N vacancies in TiAlN. The corresponding modu-
lation in stoichiometry implies a Kirkendall effect, caused by different Al and Ti diffusivities.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

TiAlN thin films are used extensively as cutting tool coatings. They
exhibit age hardening as described by Hörling et al. [1,2], who also
showed that the effect is caused by the decomposition of metastable
cubic B1-TiAlN upon heating, such as during cutting operations. The
decomposition proceeds in two steps. Firstly, Ti and Al segregates to
form c-TiN and metastable c-AlN coherently strained domains,
where c-AlN is stabilized by coherency forces in the first step of sep-
aration. Secondly, the c-AlN transforms, upon further annealing, into
h-AlN, which is the thermodynamically stable phase of AlN at ambi-
ent pressure [3]. The apparent segregation of Ti and Al on the cubic
lattice is due to the existence of a miscibility gap in the pseudo-
binary TiN-AlN system [2,4]. This, and a number of observations
[2,5–9], point to a spinodal decomposition mechanism.

The difficulty of proving the hypothesis of the operation of spino-
dal decomposition in the TiAlN thin film material system stems from
the fact that it proceeds at very small size scales and high tempera-
tures, for which traditional thin film microstructural characterization
techniques are insufficient and results inconclusive. This situation is
changing with technological progress in instrumentation. Of particu-
lar interest for this kind of problem is atom probe tomography (APT),
which has the power to resolve the composition of a sample with
high accuracy at high resolution [10]. Recent advances [11,12], such
as the laser assisted field evaporation, local counterelectrodes and fo-
cussed ion beam (FIB) specimen preparation techniques, allow the
analysis of thin films of nonconductive materials. Rachbauer et al.

[8,13] studied the separation of magnetron sputtered Ti0.5Al0.5N
films by APT adding to the evidence for spinodal decomposition in
the system. A more detailed description of the evolving compositional
variations during the spinodal process is lacking, and furthermore,
very little is known about the behavior of N during the decomposition
and its influence on the same.

Here, we use APT to investigate the decomposition of Ti0.33Al0.67N
thin films deposited by reactive cathodic arc evaporation. The choice
of this high Al content is motivated by the facts that such a composi-
tion is typical for industrial coatings and that the system is close to
the center of the miscibility gap [4,14]. We discuss the separation of
Ti and Al as well as the coupled changes in N stoichiometry.

2. Experimental details

The films were deposited by reactive cathodic arc evaporation in a
Metaplas MXR323 system with samples fixtured to a rotating drum.
The substrates were polished cemented carbide (WC-Co, Seco Tools
“HX”) flat inserts of dimensions 13×13×4 mm. Prior to deposition
the substrates were sputter cleaned with Ar ions. During the deposi-
tion the atmosphere was pure (99.995%) N2, the substrate tempera-
ture was ~400 °C and a bias of −55 V was applied. The resulting
films were of a B1 NaCl structure with a lattice parameter of 4.15 Å
as determined by X-ray diffraction (XRD), with a total thickness of
~3 μm. Rutherford backscattering spectroscopy (RBS) gave the mean
composition of the films as (Ti0.33Al0.67)N0.92, with O contamination
on the level of 0.5–1 at.%. The microstructure was found to be of a
dense columnar type [5].

Isothermal annealing of a sample was performed for 120 min at
900 °C in an inert argon atmosphere with a Sintervac furnace (GCA
Vacuum Industries). The heat treatment parameters were chosen

Thin Solid Films 520 (2012) 4362–4368

⁎ Corresponding author. Tel.: +46 13 282907.
E-mail address: larsj@ifm.liu.se (L.J.S. Johnson).

0040-6090/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.tsf.2012.02.085

Contents lists available at SciVerse ScienceDirect

Thin Solid Films

j ourna l homepage: www.e lsev ie r .com/ locate / ts f

http://dx.doi.org/10.1016/j.tsf.2012.02.085
mailto:larsj@ifm.liu.se
http://dx.doi.org/10.1016/j.tsf.2012.02.085
http://www.sciencedirect.com/science/journal/00406090


according to the results of Hörling et al. [5] to produce as much c-AlN
as possible before transformation to the stable h-AlN occurs.

Samples for APT were prepared using the FIB lift-out technique
[15] where wedges roughly 3 μm high and 1–2 μm wide are attached
to posts fabricated out of a silicon wafer. The wedges were sharpened
by annular milling at 30 keV and – for the last stage – 5 keV Ga+ ions.

The samples were analyzed in a local electrode atom probe (Imago
LEAP 3000X HR) in laser pulsing mode with a pulse rate of 200 kHz, a
pulse energy of 0.35 nJ, and a target evaporation rate of 0.5%
(expressed as detected ions per pulse) at 65 K. The laser energy was
chosen after trials to provide the optimum mass resolution. Four
tips from the as-deposited state and six from the annealed state
were analyzed. For reconstruction, an evaporation field of 40 V/nm,
image compression factor of 1.65 and a field factor of 3.3 were used,
which gave final tip radii close to or in agreement with measurements
by scanning electron microscopy on the tips after evaporation.

3. Data analysis

For the application of APT to the problem of spinodal decomposi-
tion Miller et al. [16–18] is the most recent general treatment.

The main variable of interest for spinodal decomposition is the
mole fraction describing the separation:

x ¼ nAl= nAl þ nTið Þ; ð1Þ

where n is the concentration of a species. For transition metal nitrides
the stoichiometry of N may have a large effect on the properties of the
alloy [19–21]; we take it as:

z ¼ nN= nN þ nAl þ nTið Þ≈ nN ; ð2Þ

effectively giving (Ti1−xAlx)1−zNz. The two variables were computed
on a regular grid of 1 nm3 cubes by first binning all detected ions
using Gaussian delocalization with the IVAS software, and then com-
puting the field variables for each voxel.

The autocorrelation functions of the field variables were comput-
ed to investigate any spatial correlations present in the data. The au-
tocorrelation function, γ(r), for variable x was computed as:

γð r→Þ ¼ 1
σ2

x N−1ð Þ∑
r′
→

xr ′→−�xð Þðxr ′→− r→−�xÞ; ð3Þ

where �x is the mean, σx the standard deviation, N the number of vox-
els, and r→0ranges over all valid voxel indices in the datacube. The func-
tion was then averaged radially by integration using cylindrical
coordinates:

γ r; zð Þ ¼ 1
2π

∫
2π

0

γ r cos ϕð Þ;r sin ϕð Þ;zð Þdϕ: ð4Þ

Radial distribution functions (RDF) are another way to show spa-
tial correlations. In the case that a strong spatial variation in one var-
iable influences the one for which a RDF is sought, the RDF may be
extended by taking the variation of the first variable into account
and binning the RDF: let gia(r) be the RDF of variable a for atom i
and gia its average up to the radius r0:

gia rð Þ ¼ gia rð Þr; r∈ 0; r0½ �: ð5Þ

Then the binned RDF of variable b is:

gb r; að Þ ¼ gib rð Þi; ∀i : gia∈ a−Δa; aþ Δa½ �: ð6Þ

The field variables of interest are sensitive to the sampling nature
of the technique, as the collection efficiency is less than one (0.37 for

the instrument used in this study). Danoix et al. [22] analyzed this sit-
uation in detail for the case of a two-component system. They showed
that the variance of the measured atomic composition, c, of a box is:

σ2
c ¼ p0 1−p0ð Þ 1−ηð Þ=n; ð7Þ

where p0 is the true composition, η is the detection efficiency, and n is
the mean number of ions per box (atomic density per box, m, times
the efficiency), for reasonable detection efficiencies and box sizes
(m≥100).

In order to test the hypothesis that a sample is homogeneous, an
empirical test distribution was created by simulating the model de-
scribed above. A sample was considered to consist of 40 000 sample
cubes (1 nm3 in volume) of a B1 structure of appropriate density,
the variance of the composition variable was calculated for each sam-
ple. Two thousand (2000) simulations were performed, and the dis-
tribution of variances was calculated, giving a p-value resolution of
0.0005. This allowed the testing of the measured variance of the com-
position of samples against the null hypothesis that the observed var-
iance could be explained by the variance inherent in the
measurement, by directly calculating the probability that the ob-
served variance was in accordance with the null hypothesis.

4. Results

4.1. Mass spectra and evaporation behavior

A typical mass spectrum from a Ti0.33Al0.67N film is shown in Fig. 1,
and the corresponding charge state ratios are given in Table 1. Ions of
Ti (doubly and triply charged), Al (singly to triply charged), and N
(singly and doubly charged) are present. Of note is the large amount
of complex ions, where TiN2+ is the dominating complex, but AlN2+

and AlO2+ are present as well. No peaks corresponding to either O or
TiO complexes were observed. Tied to the high number of complexes
were a corresponding amount of multiple evaporation events per
laser pulse. Finally, although the Al2+ and N+ peaks are well separat-
ed, the tail of the Al2+ peak overlaps with the N+ peak to a significant
degree, most probably due to the limited thermal conductance of the
film. This slows down the cooling of the APT tip after heating by each
laser pulse, which increases the time window for evaporation, which
in turn leads to the broadening of the peak tails.

The composition of the samples, obtained by peak decomposi-
tion using natural isotope abundances and statistical averaging, is
shown in Table 2. This method uses the whole spectrum, and as
such it is not applicable to the ranging of ions for the volume recon-
struction, which will be worse at resolving the overlap of the Al2+

and N+ peaks (compare with Fig. 3). The metal pseudobinary ratio,
x, in Ti1− xAlxN, is close to 0.6 for both samples. This is below the
expected 0.67 value as confirmed by RBS measurements. This
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Fig. 1. Laser atom probe mass spectrum from Ti0.33Al0.67N.
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