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INTRODUCTION

Nanostructural materials offer high physicome�
chanical properties owing to a large number of inter�
faces, small grain size, and the influence of the size of
an intergranular layer (consisting of an amorphous or
quasi�amorphous phase) [1–4]. However, some
known nanostructural coatings (or films) do not satisfy
such requirements as superhardness (an ultimate
strength of ≥40 GPa), high thermal stability
(≥1300°C), and oxidation resistance at temperatures
of ≥1000°C [2]. It is therefore necessary to devise
nanocomposite coatings that may satisfy the above
requirements [3, 4].

This work was aimed at obtaining new nanostruc�
tural (Ti–Hf–Si)N coatings that offer a hardness of
higher than 40 GPa, good thermal stability (≥1000°C),
low friction coefficient, and good adhesion to a steel
substrate.

EXPERIMENTAL SETUP AND TECHNIQUES 
FOR COATED SAMPLE INVESTIGATION

Ti–Hf–Si–N films were deposited on Steel 3 sub�
strates with a diameter of 20 mm using a vacuum
source of an HF discharge. The discharge was initiated

in a vacuum chamber with a sintered Ti–Hf–Si cath�
ode. Nitrides were obtained by supplying atomic
nitrogen to the chamber at different pressures and sub�
strate biases. The deposition parameters are listed in
the table. A Bulat�3T vacuum arc source with an HF
generator was used [3]. A bias was applied to the sub�
strate from the HF pulse generator of damped oscilla�
tions at a frequency of ≤1 MHz with a pulse width of
60 μs and a pulse repetition rate of about 10 kHz. The
negative self�bias of the substrate, which is due to the
HF diode effect, was equal to 2–3 kV [5–7].

The elemental composition of the coatings from
the first series was studied by secondary�ion mass
spectrometry (SIMS) using an SAJW�0.5 SIMS mass
spectrometer with a QMA�410 Balzers quadrupole
mass analyzer and an SAJW�01 GP�MS glow�dis�
charge mass spectrometer with an SRS�300 quadru�
pole mass analyzer (Poland, Warsaw). To gain com�
plete information on the elemental composition, we
used the Rutherford backscattering (RBS) technique
with 1.3�MeV He+ ions (the scattering angle is Q =
170°, the energy resolution of the detector is 16 keV at
normal incidence of probing ions). The helium ion
dose was 5 μC. The RBS spectra were processed with
the standard international program package for depth
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profiling (the second series of the coatings). The ele�
mental composition of the third series of the coatings
was studied using another accelerator (RBS) with
1.7�MeV He+ ions and the spectra were processed with
the SIMNRA program package (Dresden, Germany)
[8]. A JEOL�7000F scanning electron microscope with
an energy�dispersive spectroscopy (EDS) microanalyzer
(Japan) was also applied. Vacancies in the coatings
were detected by means of a microbeam of slow
positrons (Halle, Germany). The S�parameter was
measured as a function of the incident positron energy,
that is, on the depth of analysis [4, 9–12].

The mechanical characteristics of the layers were
studied by nanoindentation on a Nanoindenter G200
instrument (MES Systems, United States) using a
Berkovich trihedral diamond pyramid with a tip blunt�
ing radius of about 20 nm. The depth of indentation
was measured accurate to ±0.04 nm. To eliminate the
influence of the substrate on the measured hardness
values, the nanohardness of the coated samples was
measured within a depth of 200 nm. Indentations were
15 μm distant from each other. No less than five mea�
surements were taken of each sample using a continu�
ous stiffness measurement (CSM) device. The inden�
tation depth was much less than one�tenth of the coat�
ing thickness [3]. Loading curves were analyzed
following the Oliver–Pharr method. The X�ray dif�
fraction (XRD) analysis of the nanostructural coatings
was carried out with a DRON�4 diffractometer
(St. Petersburg, Russia) and an X’Pert PANalitical dif�
fractometer (The Netherlands) (an angular step of
0.05°, U = 40 kV, I = 40 mA, copper cathode). The
morphology, structure, and elemental composition of
the substrate–coating system were studied on its cross
section prepared by an ion beam.

Frictional tests in the finger–surface configuration
were performed with a TAU�1M tribometer under dry
conditions. The friction coefficient and wear resis�

tance of the coatings were determined at reciprocating
sliding at room temperature (22 ± 1°C) and a relative
humidity of 80 ± 5%. The velocity of the table with the
sample was 4 mm/s, and the radius of curvature of the
indenter’s tip was 0.5 mm. The indenter was made of
VK8 hard alloy (87.5 HRC), and the test load applied
to it was 1 N.

To determine the adhesion/cohesion strength and
scratch resistance, as well as to study the failure mech�
anism, we used a REVETEST scratch tester (CSM
Instruments) [6]. The surface of the coating was
scratched, under continuously rising load, by a Rock�
well C�type diamond indenter with a tip radius of
200 μm. Simultaneously, the acoustic emission power,
the friction coefficient, the depth of indenter penetra�
tion, and normal load FN were recorded. Three
scratches were applied on each coated sample to
obtain reliable results.

The test conditions were the following: the load on
the indenter grew from 0.9 to 70.0 N, the displacement
rate of the indenter was 1 mm/min, the scratch length
was 10 mm, the load rate was 6.91 N/min, the signal
sampling frequency was 60 Hz, and the acoustic signal
intensity was 9 dB.

During testing, we determined minimal (critical)
load LC1 at which the indenter starts penetrating into
the coating and load LC2 at which the first crack
appears (cracking load). Monitoring of a fairly large
number of physical parameters during tests raises the
reliability of the method and the accuracy of critical
load determination. The coating deformed by the dia�
mond indenter was also examined under a built�in
optical microscope and a Quanta 200 3D scanning
electron microscope equipped with an integrated
Pegasus 2000 system for microanalysis.

Deposition parameters of Ti–Hf–Si–N films: friction coefficient, crystallite size, and hardness for different series of samples

Series 
no. Sample no. Friction

coefficient

Crystallite 
mean size,

nm

Hf content in (HfTi) 
solid solution deter�
mined from the lat�
tice constant, at %

Hardness,
GPa

Nitrogen
pressure in

the chamber
P, Pa

Substrate
bias, V

1

23 (separated) 0.25–0.2 6.7 19 42.7 0.7 –200

37 (separated) 0.3–0.6 5.0 33 48.6 0.6 –100

31 (separated) 0.5–0.45 3.9 45 39.7 0.3 –200

2
10 (separated) 0.18–0.22 6.5 30 48.6 0.5 –180

11 (separated) 0.15–0.26 7 28 45.4 0.7 –150

3
10 (direct) 0.5–0.45 4.0 65 37.4 0.6–0.7 –200

35 (direct) 0.12–0.45 4.3 69 38.3 0.6–0.7 –100
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RESULTS AND DISCUSSION

Figures 1a and 1b show the energy�dispersive spec�
tra taken of the sample with the Ti–Hf–Si–N coating
(series 2). Local analysis demonstrates the uniform
distribution of elements over the thickness of the coat�
ing. This is evidenced by the results obtained with the
other scanning electron microscope (Figs. 2a, 2b).
Figure 2a presents the coating surface image in back�
scattered electrons, as well as N, Si, Ti, Fe (substrate),
and Hf maps, and Fig. 2b shows the EDX spectrum
with element concentrations in atomic percent. It is
seen that the percentages of the elements constituting
the coating are roughly equal to 13.98 (N), 33.72 (Ti),
5.04 (Si), 18.27 (Fe), and 29.00% (Hf) (series 2).

Figures 3a and 3b shows the RBS spectra taken of
these coatings (series 2), and Figs. 4a and 4b demon�
strate the depth profiles for series�3 samples. In the
subsurface layer, oxygen is observed to a depth of
15 nm; that is, an oxide film forms, which prevents the
coating from further oxidation. Comparing the SIMS
and RBS element profiles, one can notice some differ�
ence in the element concentrations. While the nitro�
gen concentration is within 40–50 at %, the titanium
concentration differs more considerably. The hafnium
concentration in the coating was determined at a level
of 10 at % according to the RBS data and 12 at %
according to the SIMS data. As to the silicon concen�
tration, both methods give similar results [13–16]. It is
well known that the RBS method is a reference
method in finding heavy element concentrations and
also in determining the coating thickness, since it is
nondestructive. The SIMS method is more sensitive:
its detection limit is as high as 10–6 at % for a number
of elements. Unfortunately, the need for etching
makes it destructive and the coating thickness deter�
mined by this method may somewhat differ from that
found by RBS. Thus, combining the RBS and SIMS
data with the integral information obtained by EDS,
one can build a more complete picture of the depth
distribution of impurities in nanostructural coatings.

It should be noted that a nanostructural material
has a higher binding energy between nanograins and
an intergranular quasi�amorphous layer; therefore, in
these materials the work function of atoms under etch�
ing will naturally be higher than in polycrystals [1, 13].
Hence, the difference between depth profiles and/or
coating thickness values obtained by the RBS and
SIMS methods may vary from several percent to 10%
[14, 15].

Figures 4a and 4b show the RBS profiles of ele�
ments entering into the coating (including uncon�
trolled impurities). These profiles are constructed
without regard to the SIMS data. Comparing the RBS
data (series 3, Fig. 4b) with the EDS and SIMS data,
we determined the composition of the coatings: (Ti24–
Hf14–Si12)N50 (Figs. 5a, 5b) [15, 16].

For series�1 samples 1.000 ± 0.012 μm thick, the
stoichiometric composition of the coating turned out

to be (Ti40–Hf10–Si6)N44. The third series of samples
with Ti–Hf–Si–N coatings was prepared by changing
the bias to –200 V and the chamber pressure to 0.7 Pa
[17, 18].

The stoichiometric composition of the coating
from the second series of samples is shown in Fig. 2b.
It is seen that here the element concentration ratio in
the coating differs significantly from those in series�1
and series�3 samples (Figs. 3a, 3b; Figs. 4a, 4b). While
in series�1 and series�3 coatings, the concentration of
the constituents differs insignificantly (for Hf, the dif�
ference is 10.8 at %; for Si, 6.5 at %; etc.), the concen�
tration of titanium in series�2 samples is lower, that of
hafnium is about 29 at %, and the concentration of
nitrogen is also almost 2.5 times lower.

Figure 6 plots the S�parameter against the energy
of the incident positron microbeam. The depth
vacancy profiles shown in this figure (series�2 and
series�3) differ considerably from each other both in
stoichiometry and in phase composition (Figs. 3a, 3b).
That is, in one case, we have a two�phase system con�
sisting of α�Si3N4 and (Ti, Hf)N, as is distinctly seen
in Fig. 6, where the curves run in a quite different
manner. Exactly the two�phase coating has two peaks
(increase in the S�parameter): first near 10 keV and
then at 20 keV (near the substrate–coating interface).
In the other case, the one�phase system of (Ti, Hf)N
solid solution, the S�parameter is rather high, 0.492,
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Fig. 1. Energy�dispersive spectra of the samples coated by
Ti–Hf–Si–N films: (a) integral information from a 2 × 2�mm
area and (b) local analysis (series 1).
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and goes down to 0.476 near the substrate–coating
interface [9–12].

From the figures corresponding to the application
of the positron beam it follows that when the coating is
two�phase, consisting of (Ti, Hf)N solid solution and
the α�Si3N4 quasi�amorphous phase, positrons anni�
hilate, that is, are trapped by nanopores at the inter�
faces, since the size of nanograins in (Ti, Hf)N varies
from 3.9 to 10.0 nm and those in the quasi�amorphous
phase (consisting of one or two monolayers), from 0.8
to 1.2 nm [4]. Therefore, the volume fraction of inter�
faces will reach 30–50% of the volume fraction of the
entire coating [3].

Before we proceed with the analysis of the XRD
data, we note that it is necessary to compare the heats
of formation of possible nitrides to gain an insight
into processes in the subsurface layer that are atten�
dant on deposition. According to [5], ΔH298(HfN) =
–369.3 kJ/mol, ΔH298(TiN) = –336.6 kJ/mol, and
ΔH298(Si3N4) = –738.1 kJ/mol. That is, the heat of
formation of all the systems is relatively high and neg�
ative, indicating the high probability of forming such
systems at every stage of material transfer from the tar�
get to the substrate. The heats of formation of TiN and

HfN are seen to be close to each other, which favors
the formation of fairly uniform (Ti, Hf)N solid solu�
tion.

XRD analysis actually revealed the formation of
exactly this two�phase system (all diffraction peaks of this
system lie between the peaks of TiN (JCPDS 38�1420)
and HfN (JCPDS 33�0592)). This system was identified
as substitutional solid solution (Ti, Hf)N, and weak dif�
fuse peaks in the angular interval 2θ = 40°–60° seem to be
the peaks of the second phase α�Si3N4 (Fig. 7, curve 3).

The formation conditions of nanocomposite Ti–
Hf–Si–N coatings lead to a considerable distortion of
the grain lattice, and hence, generate compressive
stresses in the coating. Strains in the crystal lattice of
the samples can be determined from diffraction pat�
terns obtained by separating the ion–plasma flux
(Fig. 7; curves 1, 2; series 2). In this case, we superim�
posed lines obtained under oblique illumination
(in taking spectra) and found that mean strain 〈Σ〉 =
–1.9% for sample no. 10 (lattice parameter a =
0.4305 nm, curve 1) and 〈Σ〉 = –1.6% for sample no. 11
(a = 0.4303 nm, curve 2).

From the XRD analysis data it follows that the
structural features of the coatings obtained from the
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same target differ greatly according to whether the
beam was separated or unseparated (direct). The
respective results are given in the table.

Figure 7 shows that when the plasma flow is direct
(unseparated), nontextured polycrystalline coatings
with rather intense peaks are deposited. Intense peaks
indicate that, with the coating thicknesses being com�
parable, the solid solution contains a higher concen�
tration of Hf, which has a higher reflectivity compared
with Ti.

In the case of the separated beam, the deposited
coatings are to a different extent textured. When the
substrate bias is not high (–100 V), we observe a [110]
texture. In this case, the coating consists of textured
and nontextured crystallites. The volume percentage
of textured crystallites is about 40%, and their lattice
parameter is larger than in nontexturted ones. The
most plausible reason for such a difference is the non�
uniform distribution of Hf atoms in the coating,
namely, they seem to occupy mostly lattice sites in tex�
tured crystallites. Texturing increases the crystallite

mean size in the direction of film�forming particle
incidence (in the direction normal to the growth sur�
face). For example, the mean size of nontextured crys�
tallites is 6.7 nm, while in textured ones, it is consider�
ably larger, 10.6 nm. Such coatings offer the highest
nanohardness (see the table).

When the bias voltage is increased to –200 V and
separation is used, the crystallite mean size in the
deposited coatings decreases to 5 nm and the volume
percentage of textured crystallites sharply drops (to
about 20 vol %). In this case, the axis of texture is ori�
ented in the [001] direction. It should also be noted
that when the bias rises from –100 to –200 V (i.e., the
energy of the plasma flow increases), the amount of
textured crystallites grows and a lattice with the same
value of the space charge forms [19, 20].

However, the lattice constant in this case,
0.4337 nm, is larger than that of nontextured crystal�
lites, which arise when a low bias voltage is applied to
the substrate. According to Vegard’s law for solid solu�
tions, this value of the lattice constant corresponds
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to 33 at % Hf in the (Hf, Ti) metallic solid solution of
the nitride phase (in calculations, we used the tabu�
lated values of the lattice constants: 0.424173 nm
for TiN (JCPDS 38�1420) and 0.452534 nm for HfN
(JCPDS 33�0592).

It is known that compressive stresses in the coating
decrease the angle of the diffraction peak in the θ–2θ
configuration and calculation overestimates the lattice
constant, that is, the hafnium concentration in the
solid solution (the error may reach 5–10 at %). There�
fore, from our calculation data, we can only judge the
upper limit of the Hf concentration in the solid solu�

tion. The above calculations were made for samples
obtained when the pressure in the working chamber
during deposition was equal to 0.6–0.7 Pa. With the
pressure reduced to 0.3 Pa (such conditions were realized
in the case of separation at a bias voltage of –200 V; sam�
ple no. 31, series 1), the percentage of heavy Hf atoms
in the coatings grows. In addition, when the pressure
decreases, so does the mean size of crystallites. The
attendant effects can be associated with an increasing
role of the radiation factor with decreasing working
pressure. Indeed, the decrease in the working pressure
is expected to be accompanied by a decrease in the
probability of energy loss by atoms through collisions
in the substrate–target gap. Thus, film�forming
atoms, being rather energetic, favor secondary sput�
tering on the substrate and induce radiation defects.
The former effect raises the relative Hf concentration
in the coating; the latter increases the number of
nuclei and, accordingly, decreases the crystallite mean
size in the coating. In the coatings obtained at a pres�
sure of 0.6–0.7 Pa in the absence of beam separation
(direct�flow conditions), the lattice constant is higher
because of an increased number of Hf atoms in them
(see the table) [7]. It seems that the more vigorous
direct�flow deposition conditions make crystallites
finer because of an increased nucleus formation rate.
In addition, the decrease in the crystallite size
becomes more pronounced when a high bias voltage
(–200 V) is applied. This seems to be natural, since the
enhancement of the radiation factor causes the disper�
sion of the structure [8].

Figure 8 shows test data obtained on the REVETEST
scratch tester for sample no. 23 at minimal (critical)
load LC1 = 2.46 N and cracking load LC2 = 10.25 N.
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It should be noted that as the load grows, the fric�
tion coefficient�versus�load curve starts oscillating:
with an increase in the friction coefficient, the acous�
tic emission intensity exhibits a spike and the indenter
penetrates into the material more slowly. From the
behavior of all the parameters studied, it follows that a
hard coating more than 1 μm thick covering a softer
material furnishes significant resistance to a diamond
indenter up to its complete wear�out under high loads
[19, 21].

When testing coatings, one can readily distinguish
different threshold loads causing different types of
fracture and only minimal (critical) load LC1 and
cracking load LC2 can be related to adhesive damages
of the coatings.

Damage starts with the appearance of chevron
cracks on the bottom of a wear slot, which contributes
to local stresses and friction forces and thereby results
in rapid wear of the coating [22–24].

From the results of adhesion tests, the cohesive
fracture of sample no. 23 starts at minimal (critical)
load LC1 = 2.38 N and adhesive fracture (plastic wear)
starts at LC2 = 9.81 N.

The friction coefficient of sample no. 35 at the
early stage equals 0.12. Then, after 2.5 m of motion,
the friction wear of the coating takes place (cracks and
depressions are observed). The friction coefficient
grows to 0.45, suggesting that the coating is not very
hard. In the case of coated sample no. 23, the friction
coefficient increases to 0.25 because of the very high
roughness of the coating. Then, at the stage of steady
wear, it equals 0.2. The friction coefficient, acoustic
emission intensity, and indenter penetration depth
were studied in detail on all the samples.

CONCLUSIONS

Thus, it was shown that when the bias voltage var�
ies, so does the stoichiometric composition of the
coating and either two phases, namely, (Ti, Hf)N solid
solution and an α�Si3N4 quasi�amorphous phase, or
one phase (solid solution) appear in the condensed
(deposited) coating. Two�phase nanocomposite coat�
ings obtained by cathode vacuum arc deposition offer
a better hardness, high tribological characteristics, and
good adhesion to the substrate. The hardness of one�
phase nanocomposite coatings is somewhat lower,
whereas their thermal stability and oxidation resis�
tance are considerably higher (as follows from prelim�
inary test data). The respective critical temperatures
exceed 1000°C. For comparison: harder two�phase
coatings oxidize intensely at 900°C.
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