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Abstract: In the past few years a considerable research activity has been directed
towards understanding the structure forming phenomena of nanostructured materials. A
wide range of composition and structure of multiphase material systems have been
investigated in order to allow a fine tuning of their functional properties. We have
studied one of the most promising material systems composed of Al, Ti, Si, N, where a
significant reduction in grain growth was achieved through control of phase separation
process. Nanostructured (Al, Ti, Si)N thin film coatings were synthesized on Si(100)
and high speed steel substrates by DC reactive magnetron sputtering of a planar
rectangular Al:Ti:Si=50:25:25 alloyed target, performed in Ar/N, gas mixture. For all
the samples we have started with deposition of a nitrogen-free TiAISi seed layer. Cross-
sectional transmission electron microscopy investigation (XTEM) of as-deposited films
revealed distinct microstructure evolution for different samples. The metallic AITiSi
film exhibited strong columnar growth with a textured crystalline structure. Addition of
a small amount of nitrogen to the Ar process gas caused grain refinement. Further
increase of nitrogen concentration resulted in fine lamellar growth morphology
consisting of very fine grains in close crystallographic orientation showing up clusters
of the chain-like pearls in a dendrite form evolution. Even higher N concentration
produced homogeneous compact coating, with an isotropic structure in which we can
observe nanocrystals with average size of ~3nm. The Kkinetics of structural
transformations is explained in the paper by considering the basic mechanism of
spinodal decomposition process.

Keywords. Nanostructured (Ti,Al,Si)N thin films, cross-sectional transmission
electron microscopy (XTEM) investigation, grain refinement, lamellar growth
morphology, spinodal decomposition.
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1. Introduction

In the last decade intense research activity was devoted to investigate
nanocomposite coating materials, consisting of a nanocrystalline transition
metal nitride and an amorphous tissue phase. These coating materials are
characterized by high hardness [1], enhanced elasticity [2] and high thermal
stability [3], which define their unusual mechanical and tribological properties.
Various studies revealed that in multiphase nanocomposite materials the
microstructure and the ratio between hardness and elastic modulus H/E are
important in the coating performance [4]. Recently the most studied material is
the quaternary (Ti, Al, Si)N nitride system revealing the most promising results.

As it has been suggested by Veprek [5], in nanocomposite materials the
structure and size of the nanocrystalline grains embedded in the amorphous
tissue phase together with the high cohesive strength of their interface, are the
main parameters which control the mechanical behavior of the coatings. The
reported results revealed that adatom mobility may control the microstructure
evolution in multi-elemental coating systems, where the substrate temperature
and the low energy ion/atom arrival ratio have significant effect on the growth
of nanocrystalline grains.

The microstructure and growth mechanism of arc plasma deposited TiAISIN
(35 at.% Ti, 42 at.% Al, 6.5at.% Si) thin films were investigated by Parlinska et
al. [6, 7]. It was shown that compositionally graded TiAISiN thin films with Ti-
rich zone close to the substrate exhibited crystalline structure with pronounced
columnar growth. Addition of Al+Si leads to a grain refinement of the coatings,
and a further increase of the AI+Si concentration results in the formation of
nanocomposites, consisting of equiaxial, crystalline nanograins surrounded by a
disordered, amorphous SiNy phase.

In our study (Al, Ti, Si)N single layer thin film coatings were deposited on
Si(100) and high-speed steel substrates by DC reactive magnetron sputtering.
We investigated the micro structural modification of (Ti..ALSiy)N thin film
coatings as a function of nitrogen concentration by conventional transmission
electron microscopy.

2. Experimental details and characterization technique

Deposition experiments of (Al, Ti, Si)N quaternary nitride coatings were
carried out in a laboratory scale equipment by DC driven magnetron sputtering,
whose details are reported elsewhere [8]. The three independently operated
sputter sources were closely arranged side by side on the neighboring vertical
walls of a 75 | octagonal all-metal high vacuum chamber. The closely disposed
UM magnetrons arranged on an arc segment were highly interacting by their
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magnetic fields, leading to a far extended active plasma volume. In the
presented deposition experiments only the central magnetron source was active,
while the adjacent two magnetron sources contributed only in the closed
magnetic field. A high purity planar rectangular target material of alloyed
AITiSi was used. Elemental composition of the PLANSEE GmbH. alloyed
target was 50 at.% Al, 25 at.% Ti, and 25 at.% Si, with 165x85x12 mm? in size,
which was partially covered on the erosion zone with a high purity 99.98% Ti
sheet. Prior to deposition in the vacuum chamber a base pressure of 20 ™ Pa
was established by operating a 540 I/s turbo molecular pump.

Polycrystalline high-speed steel (HSS) substrates were used for tribological
measurements, and native SiO, covered mono-crystalline <100> Si wafers were
also used as substrates for XTEM microstructure investigation of the as-
deposited (Al, Ti, Si)N single layer thin film coatings. The target-to-substrate
distance was kept constant at 110 mm in all runs. The substrates were
positioned in static mode on a molybdenum sheet substrate holder, which
allowed application of Us= —75 V bias voltage. The Mo sheet was externally
heated to a controllable substrate temperature of Ts= 400 °C.

Prior to the starting of the deposition process, the surface of the substrates
was plasma-etched by a DC glow discharge in argon for 10 min at 0.8 Pa, while
the bias voltage was limited up to 350 V. During the ion etching of substrates,
the target surfaces were also sputter cleaned by operating the magnetron unit at
limited discharge power (pre-sputtering power of 150 W). The substrate
surfaces were shielded during the pre-sputtering. The reactive sputtering process
was performed in a mixture of Ar and N, atmosphere at 0.28 Pa pressure.
During the reactive sputtering process the nitrogen mass flow rate was
controlled with an Aalborg DFC 26 flow controller, which contains a solenoid
valve. The argon gas throughput (ga = 6.0 sccm, measured by GFM 17 Aalborg
mass flow meter) was adjusted by a servo motor driven mass flow rate
controller (MFC-Granville Phillips S 216).

A constant sputtering power with a current density of 10 mA.cm? was
selected for about 10 min sputter cleaning of the targets. During deposition the
discharge power at the target surface was raised to 500 W, and the development
of coating started with the deposition of a 50 nm thick AITiSi metallic seed-
layer performed in pure Ar atmosphere. In the next step of deposition an (Al, Ti,
Si)(N) interlayer with gradient composition was reactively grown, while PC
controlled N2 flow rate was increased slowly up to the pre-selected value. The
argon gas flow was kept constant at 6.0 sccm. The typical thickness of the
coatings was approximately 2 pm.

The experimental conditions for preparation of (Al, Ti, Si)N coatings are
listed in Table 1. The microstructure and growth morphology of the as-
deposited coatings was examined by use of a 100 kV operated JEOL 100U
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transmission electron microscope. In order to prepare cross-sectional XTEM
samples for transverse observations, the samples were subjected to ion-milling
in view of thinning up to electron beam transparency. Thin specimens for
XTEM investigations were prepared in a Technoorg-Linda Ltd. model 41V/H/L
ion beam thinning unit. High energy ion beam thinning was completed with a
low angle and low energy (200 eV) ion beam process in order to eliminate the
amorphous by-products and etching defects induced by the high energy ions.

Table 1: Summary of deposition parameters used for preparation of (Al, Ti, Si)N
coatings: Pg- DC magnetron discharge power, gy,- nitrogen mass flow rate, Ts- substrate
temperature, Us- substrate bias voltage.

Samples Py [W] Oz [scem] Ts[°C] Us[V]
TiS_01 500 - 400 -75
TiS_07 500 1.0 400 -75
TiS_08 500 1.0 400 -75
TiS_04 500 2.0 400 -75
TiS_09 500 2.0 400 -75
TiS_10 500 2.0 100 -75
TiS-06 500 3.0 400 -75
TiS-03 500 4.0 400 -75
TiS-05 500 5.0 400 -75
TiS-02 500 6.0 400 -75

Bright-field (BF) and dark-field (DF) transmission imaging techniques were
used for microstructure investigation of the as-prepared samples. The
identification of the crystallographic phases and the crystal orientation were also
performed by evaluation of selected area electron diffraction (SAED) patterns.
The SAED patterns were processed with the "Process-Diffraction” software tool
developed by Labar [9].

3. Resaults and discussion

In this XTEM study of our prepared (Al, Ti, Si)N coatings, we combined
direct imaging and selected area electron diffraction modes (SAED), which
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facilitate obtaining information on the microstructure morphology, grain size
and crystallographic preferred orientation.

Cross-sectional image of the metallic polycrystalline AITiSi coating’s
columnar structured morphology is given in Fig. 1. The micrograph shows that
the crystallite in a conical shape evolution starts close to the substrate and grows
in a competitive mode. The columns with crystalline grains grow through the
entire film thickness up to the top surface of the coating. The columnar grains
are normally oriented to the substrate’s surface. The large AITi(Si) crystallites
of approximately 80 nm in width are separated by the more electron-transparent
TiSi, phase segregated to the grain boundaries. The SAED patterns taken from
the bulk region of the film exhibit well-defined spotted diffraction rings (not to
be seen here). The SAED pattern taken from the near substrate region of the
coating proved crystalline character of the Si doped TiAl film (inset of Fig. 1.).
The phases that can be derived from the diffraction pattern are mainly fcc-B1
NaCl-type of TiAlSi solid solution crystallites. The simulation of the diffraction
rings was performed taking into account an fcc-type structure. It can be clearly
seen the <200> preferential growth direction, indicated by significant brightness
increase due to reflections from (200) crystallite planes that are oriented in
parallel to the growing surface.

The chemical composition of the as deposited TiAlSi thin film was evaluated
from EDS spectra analysis, and found to be of 34 at.% Ti, 46 at.% Al and 20
at.% Si.

Figure 1: XTEM micrograph showing a cross-sectional view of the columnar structured
polycrystalline TiAlSi thin film coating (TiS_01 sample). The inset of SAED electron
diffraction pattern indicates an fcc-structured TiAlSi solid solution phase showing (200)
texture evolution in the growing direction.
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By adding a small amount of nitrogen as reactive gas in the argon process
gas, the growth morphology of the film dramatically changed (Fig. 2).

50 nm

Figure 2: XTEM micrograph and SAED electron diffraction pattern of the (AITiSi)N
coating grown by nitrogen flow rate of gy,=2 sccm (sample TiS_09): a). Bright field
(BF) image indicates a weakly columnar structure evolution in close vicinity of
transition zone from the ternary TiAlSi sub-layer to the quaternary (AITiSi)N
overgrown layer, b). On the enlarged micrograph slightly curved fine lamellar growth
morphology could be identified inside the individual columns.

For a nitrogen flow rate of gy, = 2 sccm the microstructure indicates a weak
columnar evolution (Fig. 2a). Slightly curved fine lamellar growth morphology
could be identified inside of the individual columns (see on the enlarged
micrograph, Fig. 2b).

Selected area electron diffraction pattern (SAED) performed in close vicinity
of transition zone —including also the Si(100) bulk—, claims for a two-phase
mixture of fcc-TiAIN nanocrystals embedded in an amorphous tissue phase
(inset of Fig. 2b). Furthermore, (200) preferential growth in close vicinity of
transition zone from the ternary TiAISi sub-layer to the quaternary (AITiSi)N
overgrown layer was slightly maintained. The presence of continuous reflection
rings suggests a grain refinement of the coating with a strong tendency for
evolution from the textured polycrystalline phase to a mixture of nanocrystalline
AITi(Si)N phase and possible formation of silicon nitride amorphous tissue
phase.

Chemical composition of the as deposited (Ti, Al, Si)N thin films was
evaluated from EDS spectra, and found to be 23 at.% Ti, 46 at.% Al, 26 at.%.
Si, and about 5 at.% N.
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With further increase of nitrogen amount in the coating deposition process
(TiS_05 sample performed by gy, =5 sccm nitrogen flow rate, which determined
in our reactive magnetron sputtering process a py= 0.0016 mbar nitrogen partial
pressure) the crystalline character of the coating disappeared and formed an
isotropic nanocomposite structure, possibly consisting of nanocrystalline
TizAIN/TiSi; grains of 2...3 nm in size surrounded by SiyN, and/or AIN
amorphous matrix phase (Fig. 3a). The SAED diffraction pattern revealed that
an increased nitrogen amount leads to a nanocomposite structure, consisting of
equiaxially distributed TisAIN/TiSi, nanocrystalline grains surrounded by a
very thin amorphous SisN4 phase.

Figure 3: Bright field XTEM micrograph of (AITiSi)N thin film deposited with an
increased nitrogen flow rate (TiS_05 sample, qy,=5 sccm): a). The coating’s
microstructure indicates the development of a competitive columnar evolution of the
ternary TiAISi sub-layer followed by the growth of the quaternary (AITiSi)N overgrown
layer developed in an isotropic morphology. b). The enlarged micrograph clearly shows
a random distribution of very fine nc-(AlTi,)N grains, having an average size of ~ 3
nm, with disordered grain limiting boundaries.

The chemical composition of the as deposited thin film was evaluated from
EDS spectra analysis, and found to be 12 at.% Ti, 19 at.% Al, 23 at.% Si and 46
at.% N. The oxygen impurity content decreased to about 0.2 % which was
related to a prolonged outgassing process of the vacuum chamber and thermal
degassing of the substrate by heating to 600 °C prior to the deposition process.

Veprek et. al [10, 11] in their recently published review paper emphasized
that ultra-hard nanocomposite nitride phase coatings based on (Ti, Al, Si)N
elemental composition can be managed by well-controlled plasma and
deposition conditions. The development in a periodic structure of the
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nc-(Al,«Tix)N/a-SisN, nanocomposite coatings, composed from the uniformly
distributed (Al,4Ti,)N nanocrystals and amorphous tissue phase of SizN4 with
about one monolayer (ML) thickness, was explained by the spontaneous
separation in spinodal decomposition and self-organization upon phase
segregation process. The strong immiscibility of SisN, phase in crystalline
TiAIN phase, as well the absence of the Ostwald ripening, are appropriate
conditions for the development of nanocomposite coatings.

Fawas and Mitropoulos [12] in their paper (see also the cited paper therein)
compiled the IUPAC definition of spinodal decomposition: “A clustering
reaction in a homogeneous, supersaturated solution (solid or liquid) which is
unstable against infinitesimal fluctuations in density or composition. Therefore,
homogeneous solution separates spontaneously into two phases, starting with
small fluctuation and proceeding with decrease in the Gibbs free energy without
a nucleation barrier. ”

It is known from thermodynamic theory that by fast cooling of a
homogeneous solution the diffusion process occurs with net reduction in Gibbs

free energy of the system. The free energy of mixing, AG™*, defined by the
thermodynamic equation of Gibbs has a general form:

AGmix —AH mix T -ASmiX, (1)

where the enthalpy change AH ™ is associated with the interactions between

the components of the mixture, and the entropy change AS™ is associated
with the random mixing of components.

At high temperature of the system, with partially miscible components A and
B, the components give rise to a continuous solution (in a liquid or solid phase)
due to a complete solubility. At lower temperature the solution becomes
unstable and may exists compositional ranges where the co-existing solid
phases are more stable.

Therefore, during the cooling of liquid, phase separation proceeds in order to
minimize the free energy. If the super-cooling of the homogeneous solution
takes place into the coherent spinodal region, defined by the compositional
interval between points of inflexion on the free energy diagram as a function of
molar composition G= f(X,) , the phase separation process occurs by the

decomposition of the homogeneous solution. Decomposition is favored by
small fluctuations produced in the chemical composition or infinitesimal
perturbations in chemical potential. In accordance with Fick's first law, the
diffusion flux of a component, e.g. ja is proportional to the concentration

gradient of the respective component A, 68C—A ;
X
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9Cp
ox
where Dy stands for diffusion coefficient in the first empirical law of Fick.
The diffusion flux j, can be driven also by the free energy gradient of
component A:

)

Ja=-Da

. oG
ja=—Ca-up-—2, 3)
OX
where g, stand for the mobility constant of component A.

From the above equations the diffusion coefficient D, can be written as a

derivative function of the Gibbs free energy in respect to the concentration:
oG,

DA:CA'NA'E )
A

If the diffusion coefficient is positive,D,> O, i.e. Ca > 0, the chemical

Ca
potential gradient has the same direction as the concentration gradient, therefore
the diffusion flux occurs along the concentration gradient. For diffusion

coefficient D, < 0, i.e. aG—A < 0, the diffusion flux occurs against to the
A
concentration gradient.

By correlating the phase composition diagram (i.e. a diagram of phases,
where the dependence for temperature T versus the molar fractions X, and Xg of
components indicates the composition ranges for equilibrium phases) and the
diagram of the free energy change versus the molar fraction of the mixture, it
can be seen that below the spinodal (where the second derivative of the free

2
energy of mixing versus the molar fraction X, is zero, % = 0) the system is
oX 5
unstable (Fig. 4).

For negative values of the second derivative of the free energy of mixing
d2AG
OX 52
homogeneous supersaturated solution is unstable and spinodal decomposition
may proceed.

The spinodal decomposition process happens in an unstable region, where
further instability is caused by the small fluctuation occurred in the local
concentration, while the diffusion process takes place from the lower to higher
concentration (i.e. “up-hill” diffusion).

versus the molar fraction X, e.g. of component A, i.e. < 0, the
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Free energy, AG (kJ/mol)

Temperature

/ \

' Two phases stable (miscibility gap) * a

Xy --— Molar fraction —3= Xp

Figure 4: lllustration of the spinodal decomposition on the phase separation mechanism:
a). Equilibrium phase diagram with the phase boundary limits: for a temperature T of
the system points a and c stand for compositional interval of miscibility gap (with two

stable solid phases), the interval between points b and d stand for the spinodal limits; b).

Diagram of the Gibbs free energy changes in the mixing process of two partially
miscible components A and B, boundary line (1) separates a stable region (s) of the
homogeneous liquid phase and the metastable region (m) of the precipitated solid
phases. Line (2) is the limit of spinodal, below of which the thermodynamically
unstable system (u) turns from one phase (liquid) to a mixture of two phases (solid)
system with different elemental composition

Therefore, spinodal decomposition process is a spontaneous reaction, which
is the main route to develop periodic structures with uniform size.
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Our experimental results on fine lamellar growth morphology of (Ti, Al, Si)N
nitride coatings, consisting of chain-like pearls in a dendrite evolution with very
fine grains in close crystallographic orientation, may be explained in accordance
with Veprek’s theory by partial spinodal decomposition and phase segregation
during the film’s growth while percolation threshold composition is attained by
an increased nitrogen activity.

On the other hand, the increase of deposition rate induces a decrease of the
surface mobility related to the decrease of the ion-to-atom arrival rate ratio.
These particular deposition conditions explain the columnar structure of TiAISi
solid solution crystallites, which can be clearly observed in the XTEM image of
TiS_01 sample. Addition of minor amounts of nitrogen leads to an
encapsulation of the growing TiAI(Si)N crystallites by process segregated
amorphous phase.

From the detailed observation of the SAED diffuse diffraction pattern of
sample TiS_05 obtained with an increased nitrogen flow rate, the presence of an
amorphous phase surrounding the TizAIN nanocrystallites can be attributed to
SizN4 matrix phase (inset of Fig. 3a). The formation of amorphous TiSi, and
AIN phase due to the partial segregation of Al and Si atoms should be also
considered due to the effect of enhanced ion bombardment provided by the
focused plasma beam that is characteristic to the present experimental
conditions [8].

When the atomic surface mobility in the growing film is adequate, the
segregated atoms can nucleate and develop the new phases controlled by
deposition temperature and by the energy transfer from an increased incident
ion-to-atom arrival rate ratio [13-15].

Further experiments are in progress to investigate the influence of the
deposition temperature on structure evolution of (TiAISi)N coatings.

4. Conclusions

In the present work it was shown that:

a) Columnar structure of polycrystalline AITiSi thin film coating evolved by
non-reactive DC magnetron sputtering applied to AL:Ti:Si = 50:25:25 alloyed
target (performed in pure Ar atmosphere, where the 500 W discharge power,
Ts = 400 °C substrate temperature and Us= —75 V bias voltage were held
constants).

b) Addition of a small amount of nitrogen to the process gas leads to a grain
refinement of polycrystalline (Ti, Al, Si)N thin films. Increase of N concen-
tration (gn2= 2 sccm flow rate) resulted in fine lamellar growth morphology of
coatings, showing chain-like pearls in a dendrite evolution, consisting of
clusters of very fine grains in close crystallographic orientation.
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¢) Further increase in the nitrogen amount (gn,= 5 sccm) leads to evolution
of a nanocomposite coating consisting of crystalline TizAIN nanograins in 2...3
nm size surrounded by an amorphous SixN, covalent nitride and/or AIN matrix
phase.

d) Kinetics of the structural transformations were explained by considering
the basic mechanism of spinodal decomposition process.
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