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Abstract—The recrystallization of the structure of an X-ray amorphous AlN–TiB2–TiSi2 coating containing
short-range order regions with characteristic sizes of 0.8–1.0 nm has been performed using a negative gold
ion (Au–) beam and high-temperature annealing. Direct measurements using methods of high-resolution
transmission electron microscopy (HRTEM) and energy-dispersive X-ray spectral (EDXS) microanalysis
have demonstrated that thermal annealing at a temperature of 1300°C in air results in the formation of
nanoscale (10–15 nm) phases AlN, AlB2, Al3O3, and TiO2, whereas the ion implantation of negative ions Au–

leads to a fragmentation (decrease in the size) of nanograins to 2–5 nm with the formation of spheroidal gold
nanocrystallites a few nanometers in size, as well as to the formation of an amorphous oxide film in the depth
(near-surface layer) of the coating due to ballistic ion mixing and collision cascades.

DOI: 10.1134/S1063783416070283

1. INTRODUCTION

Nanocomposites represent a new generation of
materials both due to small grain sizes (≤10 nm) and
due to a significant role of boundary regions surround-
ing individual grains [1–3]. Nanocomposite coatings
exhibit improved properties and behave in a com-
pletely different manner with respect to conventional
materials with greater grain sizes (≥100 nm) [3–7].

A desired combination of the high rate of coating
deposition and the high accuracy of reproducible
composition can be achieved using the magnetron
sputtering method. The ion implantation of intense
beams of negative ions with appropriate types of accel-
erators makes it possible to purposefully change prop-
erties of materials in a local region [8], for example, by
doping of dielectrics (SiO2) with the purpose of gener-
ating radiation in the ultraviolet range (using lumines-
cence), where emission centers are nanoparticles

formed from negative gold ions and copper ions due to
the implantation [9].

An obvious advantage of negative ions is that a
dielectric material implanted with these ions does not
acquire a charge. Moreover, nanocomposites (or
nanomaterials), along with a high hardness (and,
simultaneously, with a high plasticity), should exhibit
a high resistance to thermal oxidation. The formation
of an amorphous-like structure in multicomponent
(gradient) coatings is also an important factor that is
responsible for their high functional properties and
determines a high diffusion resistance to external
influences due to the absence of easy diffusion paths in
an amorphous matrix. Naturally, in this case, amor-
phous-like structures are thermodynamically meta-
stable, and, therefore, another important factor for
their transformation is high-temperature annealing.
At the same time, implantation of heavy ions with high
doses of up to 1017 ions/cm–2 into an amorphous–
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nanocrystalline structure of coatings has not been
investigated in sufficient detail.

Therefore, the purpose of this work was to investi-
gate the processes occurring in the microstructure of
amorphous-like and nanocomposite coatings based
on the AlN–TiB2–TiSi2 composition due to high-
temperature annealing up to 1300°C, as well as to ana-
lyze the inf luence of the microstructure on the
mechanical properties of these coatings and the pos-
sibility of the formation of spheroidal gold nanoclus-
ters as a result of the implantation of negative gold
ions (Au–).

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE

The coatings were deposited onto polished samples
of molybdenum and silicon by pulsed magnetron sput-
tering of a target with the complex composition AlN–
TiB2–TiSi2 (where the content of the AlN phase was
30 vol %), owing to which high-quality nanocompos-
ites have been fabricated in recent years [5–9]. The
thickness of the coatings and the state of the boundar-
ies between the substrate and the coating were deter-
mined from the fractographs of the fractures measured
using scanning electron microscopy on a Quanta 600
FEG scanning ion-electron microscope. The surface
morphology of the samples was also examined using
scanning electron microscopy with the energy-disper-
sive X-ray spectral (EDXS) microanalysis on a JEOL-

7000F scanning electron microscope. The structure
and substructure of the samples with coatings were
investigated using the small-angle X-ray scattering
method in CrKα radiation on a Rigaku RINT-2500V
diffractometer. The X-ray diffraction spectra were
measured at angles of 2°, 3°, 10°, and 30°. In addition,
the substructure was investigated using high-resolu-
tion transmission electron microscopy (HRTEM) on
a JEOL JEM-2100F field-emission transmission elec-
tron microscope in the bright and dark fields (the elec-
tron energy was 200 keV).

Negative ions Au– were generated by a special Cs-
assisted plasma-sputter-type ion source (Nissan High
Voltage Co. Ltd). An intense ion beam of negative ions
was formed using two electrodes and accelerated to
60 keV (the Au– ion beam current was 4 mA).

3. RESULTS AND DISCUSSION

The topography and fractograph of the fracture of
the AlN–TiB2–TiSi2 coating with a thickness of
approximately 7 μm are shown in Figs. 1a and 1b,
respectively. The principles of the design of magnetron
sputtering devices make it possible to solve sufficiently
easily the problem of the deposition of uniform coat-
ings containing characteristic droplet inclusions with
sizes of up to 300–600 nm.

The results of the elemental composition of the
AlN–TiB2–TiSi2 coatings in the initial state and in the

Fig. 1. (a) Topography and (b) fractography of the fracture of the AlN–TiB2–TiSi2 coating.

30 μm 5 μm(a) (b)

Elemental composition of the AlN–TiB2–TiSi2 coatings

Composition
Elements involved in the composition of the AlN–TiB2–TiSi2 coatings, at %

B C O N Al Si Ti

Initial 34.49 17.27 11.92 9.26 17.25 2.89 6.92
After annealing at 900◦C 38.07 12.70 13.14 8.32 18.30 2.70 6.72
After annealing at 1300◦C 23.57 30.36 26.84 6.97 11.45 0.32 0.49
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state after annealing at temperatures of 900°C and
1300°C are presented in the table. It can be seen from
this table that an increase in the annealing temperature
leads to a decrease in the concentrations of elements in
the following ranges: from 34 to 23.37 at % for boron,
from 9.26 to 6.97 at % for nitrogen, from 17.25 to
14.45 at % for aluminum, from 2.89 to 0.32 at % for
silicon, and from 6.92 to 0.49 at % for titanium. At the
same time, the concentrations of carbon and oxygen
increase in the ranges from 17.27 to 30.36 at % and
from 11.52 to 26.84 at %, respectively.

The results of the X-ray diffraction analysis (Fig. 2)
demonstrate that the coatings formed during the
deposition have an X-ray amorphous structure, which
is also confirmed by the results of the TEM and
HRTEM measurements. The X-ray diffraction pat-
terns in the angle ranges 2θ ≈ 30°–50° and 65°–75°
exhibit a halo with a maximum (in the absence of clear
diffraction maxima). The size of short-range order

Fig. 2. Fragments of the X-ray diffraction patterns
obtained for the AlN–TiB2–TiSi2 coatings: (1) the initial
state, (2) after thermal annealing at a temperature of 900°C
in air, and (3) after annealing at 1300°C.
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Fig. 3. Cross-sectional elemental distribution maps: (a) B, C, and O; (b) Si, Al, and Ti; and (c) Fe and Au.
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regions in the coatings can be estimated according to
the relationship

(1)
Here, Rm is the correlation radius and Δs is the width
of the first wide-angle “halo-shaped” curve in the
“intensity–scattering vector s” coordinates (where s =
| | = 4πsinθ/λ is the magnitude of the scattering vec-
tor). This estimation shows that the short-range order
regions have the size Rm ~ 10 Å ~ 1 nm.

It should be noted that expression (1) follows from
the fact that the correlation radius (the size of the
short-range order regions) is inversely proportional to
the magnitude of the scattering vector s:

(2)
where z is the index of the maximum. For the first
maximum (z = 1), we have Rm ≈ 10/Δs.

The annealing of the coating at a higher tempera-
ture of 1300°C leads to a fundamental change in the X-
ray diffraction pattern. It can be seen from Fig. 2 that,
in the coating, there occurs the formation of nanoscale
phases, namely, a relatively large amount of aluminum
oxide Al2O3, a significantly smaller amount of AlB2,
and small amounts of TiO2, AlN, and “possibly” SiO2.

10/ .mR s≈ Δ

s

= π Δ2 exp3 exp 2/6.25 ,mR z s

The formation of Al2O3 and AlB2 crystallites, in this
case, is caused by the highest heat of formation, which
is characteristic of these phases. It should be noted
that, both in the case of annealing at 900°C and in the
case of annealing at 1300°C, the surface of the coating
is depleted in the boride phase. Moreover, after the
irradiation with Au– ions (due to the etching–sputter-
ing of the surface and a lower binding energy), the per-
centage of borides is also reduced, as can be seen from
a relative decrease of the heights of the peaks
attributed to aluminum diboride. There is also a
decrease in the roughness of the surface of the coating,
which is manifested in a relatively low spread of the
background of the X-ray diffraction pattern recorded
in the glancing-angle geometry. However, it can also
be seen that a thin amorphous oxide film is formed
near the surface (Figs. 3a, 4b).

The results of the elemental analysis of the compo-
sition in the form of cross-sectional elemental distri-
bution maps of the sample in elemental contrast and in
the bright field are presented in Figs. 3a–3c. It can be
seen from these maps that C, Al, Ti, Si, and B are uni-
formly distributed, except for the surface, and a greater
amount of oxygen is located near the surface (at a
depth of 40–100 nm). There is also a clearly visible
Au– trace, which lies at the depth of the coating with a
concentration of approximately 0.4 at %.

According to the visualizing data of the high-reso-
lution transmission electron microscopy (Figs. 4a,
4b), after the high-temperature annealing and subse-
quent ion implantation, three characteristic zones are
formed in the coating. Near the surface, there is a
40-nm-thick implantation zone with doping by
implanted gold. Owing to the atom-by-atom resolu-
tion in this region with selected area diffraction, we
can observe that, in the surface layer, implanted gold
atoms form clusters with an ordered structure and an
ordered region size of 2–3 nm. The interplanar dis-
tances (0.244 and 0.210 nm) determined from the
selected area diffraction data correspond to slightly
increased interplanar distances in the gold lattice for
the (111) and (200) planes, respectively.

In the second zone with the layer thickness of
approximately 60 nm, according to the results of the
high-resolution transmission electron microscopy,
there is an amorphous-like structural state (Fig. 4b),
which is characteristic of oxides. The amorphization is
also evidenced by the halo shape of the selected area
diffraction pattern.

The third zone is characterized by a crystalline
structure located at a depth of greater than 100 nm. It
can be observed that, in this zone, there are phase
inhomogeneities—at a depth of 130–100 nm, i.e., in
crystalline layers closest to the surface, the composi-
tion of the crystallites is dominated by oxide phases,
namely, TiO2 and α-Al2O3, as well as by the AlN
phase.

Fig. 4. Results of the TEM and HRTEM analyses with an
atom-by-atom resolution of the selected regions with the
selected area diffraction: (a) image of gold clusters near the
surface layer and (b) image of the oxide layer.

(a)

(b)
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Deeper layers located at a depth of more than
130 nm (Fig. 5) retain the crystal structure after the
high-temperature annealing (1300°C) of the sample.

4. CONCLUSIONS
Thus, the use of pulsed magnetron sputtering of a

target with the complex composition AlN–TiB2–TiSi2
leads to the formation of a homogeneous amorphous-
like coating with small droplet inclusions. This pro-
vides a high diffusion resistance to external influences
due to the absence of easy diffusion paths.

The high-temperature annealing results in the for-
mation of nanoscale phases Al2O3, AlB2, AlN, and
TiO2. The implantation of Au– ions with a dose of
1017 ions/cm2 leads to the formation of an oxide
(amorphous) sublayer with a thickness of 60 nm, as
well as to the formation of Au– nanoclusters of spher-
ical shape in the near-surface layer.
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Fig. 5. High-resolution electron microscopy images with the selected area diffraction of the coating at a depth of 130 nm from the
surface.
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