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Abstract—New superhard coatings based on Ti—Hf—Si—N with good physical and mechanical properties
have been fabricated. A comparative analysis of the physical, mechanical, and tribomechanical characteris-
tics of the coatings has been performed. The values of hardness, modulus of elasticity, elastic recovery, adhe-
sive strength, friction coefficient, and wear rate of the coatings have been determined and calculated. The spe-
cific features of deformation and fracture of the coatings deposited on a steel substrate during the adhesion
tests have been described. It has been shown that the parameters measured during scratching make it possible
to distinguish the threshold values of the critical load, which lead to different (cohesive and adhesive) types
of failure of the coatings during tribological tests. The stoichiometry for different series of samples with Ti—
Hf—-Si—N coatings has been determined using Rutherford backscattering, secondary ion mass spectrometry,

and energy dispersive microanalysis.

1. INTRODUCTION

An important problem of modern materials science
is the development of new properties of coatings and
multicomponent solid nanostructures (nanocompos-
ite coatings), for example, based on the Zr—Ti—Si—N,
Zr—Ti—N, and Mo—Si—N solid solutions with a high
hardness (more than 40 GPa) and a high thermal sta-
bility (above 1200°C) [1—4]. Multicomponent nano-
structured coatings are of great interest owing to the
unique properties inherent in nanoscale materials.
Multifunctional thin-film materials on the surface of
mechanical engineering products that operate under
load should possess high adhesive and fatigue
strengths, low friction coefficient, high durability, and
high corrosion resistance. At the same time, the prob-
lem of development of new coatings is put forward tak-
ing into account the fact that the temperature of dep-
osition of coatings (films) should reach 550—600°C.
The compliance with this requirement makes it possi-
ble to complete the process of spinodal segregation at
the grain boundaries. It is also known that the actual
hardness of these coatings can be as high as 80 GPa

and above when nanograins consisting of nc-TiN or
nc-(Zr, Ti)N are covered with one or several layers of
amorphous or quasi-amorphous a-Si;N,, BN, and
others. An analysis of the available experimental
results has demonstrated that an important role in
solid materials is played not only by the grain size but
also by the structural state of interfaces (grain bound-
aries). Since the amount of atoms located at grain
boundaries in nanocrystals reaches 30—50%, the
properties of the material substantially depend on the
state of grain boundaries, or, more precisely, on the
width ofthe near-boundary region in which, for exam-
ple, the lattice parameter deviates from the standard
value, as well as on the misorientation of grains and
boundaries, the degree of imperfection of boundaries,
and the free volume. Nanocrystalline materials,
which, in addition to nanoscale crystallites, contain
extended interfaces with a partially disordered struc-
ture, exhibit new properties as compared to coarse-
grained materials of the same composition. Therefore,
the development of new coatings with high hardness
(superhardness of higher than 40 GPa), high modulus



Parameters of the Ti—Hf—Si—N films and the conditions of their deposition for different series of samples

Sample Lattice Average Hf content in Hardness Nitrogen pressure | Potential at
series Mode parameter, | crystallite | the (Hf,Ti) solid GP > | inthe chamber, | the substrate,
; F sk a
no. nm size, nm | solution®™** at % Pa Y
23 Separated 0.4294* 6.7%* 19 42.7 0.7 —100
28 Straight-flow 0.4430 4.0 65 37.4 0.6-0.7 —200
35 The same 0.4437 4.3 69 38.3 0.6—-0.7 —100
37 Separated 0.4337 5.0 33 48.6 0.6 —200
31 The same 0.4370 3.9 45 39.7 0.3 —200

* In textured crystallites of the samples of series no. 23 with the (220) texture axis, the lattice parameter is larger than 0.43602 nm,
which can be associated with the higher Hf content (approximately 40 at %) in the samples.

** In the direction of the texture axis of the crystallites, the average crystallite size is larger and equal to 10.6 nm.

*** The calculation was performed according to the Vegard’s rule using the lattice parameter of the solid solution (the influence of mac-

rostresses on the shift of the diffraction lines was disregarded).

of elasticity, and high thermal stability (at tempera-
tures above 1200°C), as well as with the properties that
remain unchanged during the service life, is an impor-
tant problem. The purpose of this work is to design and
fabricate a new type of Ti— Hf—Si—N-based superhard
nanostructured coatings and to investigate their prop-
erties and structure with variations in the preparation
conditions.

Quantitative measurements and interpretation of
the properties of nanostructured coatings require the
use of new certified methods for analyzing surface lay-
ers at the submicrometer and nanometer levels. Inves-
tigation of the deformation characteristics in the pro-
cess of continuous pressing of an indenter has been
widely developed in recent years owing to the use of
the nanoindentation method (for the coatings
ISO/CD 14577-4 [5]) under small loads, which has
made it possible to determine the hardness, the mod-
ulus of elasticity, and the elastic recovery of coatings
[6, 7]. Therefore, in this study, particular attention has
been focused on the determination of the adhesive
strength and measurements of the deformation char-
acteristics of coatings in the Ti—Hf—Si—N/substrate
system during the standard adhesion (standard
ISO/DIS 20502) and tribological (ISO 20808) tests.

2. EXPERIMENTAL SETUP
AND MEASUREMENT TECHNIQUE

Films of the Ti—Hf-Si—N composition were
deposited on steel 3 substrates (20 mm in diameter and
3 mm in thickness) in a vacuum chamber with the use
of a vacuum source in the high-frequency (HF) dis-
charge of the sintered Ti—Hf—Si cathode. In order to
synthesize nitrides, the accelerator chamber was filled
with atomic nitrogen at different pressures and poten-
tials applied to the substrate. The deposition parame-
ters are presented in the table. The deposition of the
films was carried out using a “Bulat-3T” vacuum-arc
source with an HF generator [8, 9]. The bias potential

was applied to the substrate from the HF generator in
the form of pulses of damped oscillations with a fre-
quency /< 1 MHz. The duration of each pulse was
60 us, and the pulse repetition rate was ~10 kHz. The
magnitude of the negative self-bias potential at the
substrate due to the HF diode effect varied in the range
2—3kV.

The prepared (deposited) coatings differed from
each other primarily by the ratios of the atomic con-
centrations Ti/Hf. In the first series of samples, this
ratio corresponded to Tis,Hf,,, whereas the difference
between the atomic concentrations in the second
series of samples was larger and corresponded to
Tig,Hf;¢. In this case, the silicon concentration varied
insignificantly (in the range from 7.5 to 9.5 at %), as
well as the nitrogen concentration, which varied in the
range from 40 to 47 at %. All the other series of sam-
ples differed in concentration (composition) only
slightly, but the phase composition (the ratio of the
phases), the texture, and the substitution of Hf ions
(atoms) in the Ti sites differed significantly. For exam-
ple, the concentration of Hf atoms in the (Hf Ti)N
solid solution varied from 18 to 34 at %. It can be
argued that these changes were associated with an
increase in the absolute value of the bias potential
applied to the substrate (from 0 to —200 V) and with a
variation in the pressure in the accelerator chamber
(from O to 0.7 Pa).

The elemental composition was investigated using
secondary ion mass spectrometry (SIMS) on SAJW-
0.5 mass spectrometers with quadrupole mass analyz-
ers QMA-410 Balzers and SAWJ-01 GP-MS with
glow discharge and a quadruple mass analyzer SRS-
300 (Warsaw, Poland). A more complete information
on the elemental composition of the coatings was
obtained using the scheme of Rutherford backscatter-
ing (RBS) by He* ions with an energy of 1.3 MeV (the
scattering angle was 170°; at normal incidence of the
probing ions on the samples, the energy resolution of






high probability of the formation of these systems at all
stages of transfer of the material from the target to the
substrate. Furthermore, the closeness of the values for
the heats of formation of TiN and HfN creates condi-
tions for the formation of a sufficiently homogeneous
(Ti,Hf)N solid solution.

The X-ray diffraction investigations actually
revealed the formation of just this system (since the
diffraction peaks of the aforementioned phase are
located between the peaks of the mononitrides TiN
(JCPDS 38-1420) and HfN (JCPDS 33-0592), this
phase has been identified by us as the substitutional
solid solution (Ti,Hf)N), and the diffuse low-intensity
peaks, which are observed in the X-ray diffraction pat-
tern in the range of angles 26 = 40°—60°, most likely,
are attributed to the second phase o-Si;N, phase
(Fig. 2).

The analysis of the data obtained from the X-ray
diffraction investigations has demonstrated that the
coatings formed from the target of the same composi-
tion can have very different characteristic structural
features depending on whether the beam is separated
or non-separated. The results of this analysis are pre-
sented in the table.

It can be seen from Fig. 2 that the use of the direct-
flow mode of plasma flow (without separation) leads
to the formation of non-textured polycrystalline coat-
ings with a sufficiently high relative intensity of the dif-
fraction peaks (for comparable thicknesses of the coat-
ings, the latter circumstance indicates that, in the solid
solution, there is a relatively high concentration of
hafnium with a higher reflectivity as compared to tita-
nium).

In the case of the beam separation, the prepared
(deposited) coatings are textured to different extents.
When the low potential (~100 V) is applied to the sub-
strate, it is the texture with the [110] axis. In this case,
the structure of the coating consists of textured and
non-textured crystallites. The volume content of tex-
tured crystallites accounts for approximately 40% of
the total amount of crystallites in the coating, and the
lattice parameter of the textured crystallites is
increased as compared to that of the non-textured
crystallites. This increase in the lattice parameter of
the textured crystallites, most probably, can be caused
by the inhomogeneous distribution of the hafnium
atoms in the coating (these atoms are predominantly
located in the lattice sites of the textured crystallites).
The formation of the texture in this case leads to an
increase in the average size of the crystallites in the
direction of incidence of film-forming particles (i.c.,
in the direction perpendicular to the plane of the
growing surface). For example, the average crystallite
size in the fraction of non-textured crystallites is equal
to 6.7 nm, whereas the average crystallite size in the
fraction of textured crystallites is significantly larger
and equal to 10.6 nm. This type of coatings is charac-
terized by the highest nanohardness (see table).
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Fig. 2. X-ray diffraction patterns of the coatings deposited
on a steel substrate at different potentials and in different
modes: (/) —100 V, separated mode; (2) —200 V, direct-
flow mode; (3) —100V, direct-flow mode; and (4) —200 V,
separated mode.

An increase in the voltage to —200 V and the use of
the scheme with separation during the deposition lead
to the formation of coatings with a smaller average size
of crystallites (up to 5.0 nm), and the fraction of tex-
tured crystallites decreases significantly (their content
becomes less than 20 vol %); the texture in this case
has the [001] orientation. It should also be noted that
an increase in the accelerating voltage from —100 to
—200 V (i.e., an increase in the energy of the plasma
flow) leads to the texturing of fractions and the forma-
tion of the lattice with the same value of the spatial
period.

However, the lattice parameter in this case exceeds
the lattice parameter of the non-textured fraction
formed under the conditions where the low potential is
applied to the substrate: it is equal to 0.4337 nm.
According to the Vegard’s rule for solid solutions, this
value of the lattice parameter corresponds to the con-
tent of 33 at % Hf'in the metal solid solution (Hf, Ti) of
the nitride phase; in the calculations, we used the fol-
lowing tabulated values of the lattice parameters:
0.424173 nm for TiN (JCPDS 38-1420) and
0.452534 nm for HIN (JCPDS 33-0592).

As is known, compressive stresses generated in the
coating lead to a decrease in the angle corresponding
to the diffraction reflection observed in the X-ray dif-
fraction pattern recorded in the 6—26 scan mode;
hence, the calculation leads to an overestimated value
of the lattice parameter, i.e., to an overestimated value
of the hafnium concentration in the solid solution (the
error can reach 5—10 at %). Therefore, the results of
the calculations performed in this work allowed us to
judge only on the upper limit of the hafnium concen-
tration in the solid solution.









and the modulus of elasticity £ = 520 = 12 GPa for the
second series of samples with the Ti—Hf—Si—N films.
The places where these values were measured are
marked by symbols on the dependences of the nano-
hardness H and the modulus of elasticity £ on the
indentation depth (Figs. 6a, 6b). The phase composi-
tion of the coatings was investigated using the X-ray
powder diffraction analysis and calculations of the lat-
tice parameters. These investigations revealed that a
two-phase system consisting of the substitutional solid
solution (Ti,Hf)N and the a.-Si;N, phase is formed in
the coating. The dependences of the nanoindenter

load on the nanoindentation depth are shown in Fig.
6¢.

It was also found that the lattice parameter of the
solid solution decreases with an increase in the pres-
sure in the working chamber and does not depend on
the potential applied to the substrate (see table). For
samples of series no. 23, we revealed that the (Ti, H )N
solid solution has the smallest value of the lattice
parameter among all those observed in our study.

The calculation of the sizes of nanograins from the
Debye—Scherrer formula demonstrated that, for the
second series of samples with coatings of the
(TiygHfsSig) N, composition, the grain size is approx-
imately 1.5 times smaller than that for the first series of
samples, namely, it is equal to 4 nm. The size of the
amorphous (or quasi-amorphous) interlayer also
turned out to be smaller than that for the first series of
samples. Another possible explanation for the increase
in the hardness of coatings can be associated with the
decrease in the concentration of hafnium in the solid
solution (Ti,Hf)N, as well as with the change in the
thickness of the amorphous (quasi-amorphous) inter-
layer of the «-Si;N, phase; furthermore, the latter
explanation is preferable.

The analysis of the preliminary results obtained
using high-resolution transmission electron micros-
copy with diffraction by samples with superhard nano-
structured films revealed that the size of nanograined
phases nc-(Ti,Hf) is consistent in the order of magni-
tude with the results of the X-ray diffraction analysis
(2—5 nm) and that the thickness of the o.-Si;N, inter-
layer covering the (Ti,Hf)N nanograins lies in the
range 0.8—1.8 nm.

It is known that nanocomposites with a hardness
higher than 40 GPa are frequently referred to as super-
hard materials [ 1—3], whereas those with a hardness of
80 GPa and higher are referred to as ultrahard materi-
als. In this work, we fabricated coatings with a hard-
ness in the range from 42.7 to 48.4 £ 1.4 GPa; there-
fore, they are superhard.

For the Ti—Hf—Si—N coatings fabricated in the
first series of samples, the hardness and the modulus of
elasticity remained unchanged during the long-term
storage (from 6 to 12 months). We did not analyze
their thermal stability and resistance to oxidation.
However, since the temperature of the substrate during

deposition of the films does not exceed 350—400°C,
which is considerably below the temperature of com-
plete phase segregation at the grain boundaries (550—
620°C) [1, 4, 9], we cannot argue that the process of
spinodal segregation at the nanograin boundaries in
the system under investigation is completely finished.

For the sample of series no. 35, we found that the
coefficient of friction at the initial stage is equal to
0.12, which, most likely, indicates the smallest surface
roughness of this coating as compared to other coat-
ings investigated in this work.

At the next stage, after the wear of a 2.5-m-long
segment, the coating undergoes a fracture (with the
formation of hollows and cracks), i.e., an abrasive
wear. As a result, the friction coefficient increases to
0.45 (which corresponds to the moderate hardness of
the coating H = 38.3 GPa, but, quite possibly, can be
associated with the presence of a quasi-amorphous
binder (Si;N,) and with a lower concentration of
hafnium atoms in the (TiHf)N solid solution).

At the stage of the removal of roughnesses for the
sample of series no. 23, the friction coefficient
increases to 0.25; then, at the stage of the steady-state
wear, it becomes equal to 0.20, which gives grounds to
argue that this coating is the hardest.

A detailed investigation of the parameters such as
the friction coefficient, the acoustic emission, and the
penetration depth of the indenter was carried out for
all samples.

The results of tests on the sample of series no. 23
with the use of the REVETEST scratch tester are pre-
sented in Fig. 7a.

It should be noted that, as the load on the indenter
increases, the dependence of the friction coefficient
on the load becomes oscillatory in character: an
increase in the friction coefficient is accompanied by a
sudden burst of acoustic emission and a retardation of
penetration of the indenter into the material. This
behavior of all the measured parameters indicates that
the hard coating with a thickness of larger than 1 pm
on the surface of a softer material exhibits a significant
resistance to the diamond indenter until it is com-
pletely abraded under large loads [11].

When testing the coating, we can clearly identified
threshold values of the critical load, which lead to dif-
ferent types of fracture. The fracture of the coating
begins with the emergence of individual chevron
cracks at the bottom of the wear groove, which is
responsible for the increase in local stresses and fric-
tion force. This leads to a rapid wear of the coating
(Fig. 7b).

In this work, two main critical loads were deter-
mined from the changes in the curves of the depen-
dences of the friction coefficient and acoustic emis-
sion on the scribing load (Fig. 7a). The first critical
load corresponds to the onset of cohesive failure of the
coating, whereas the second critical load corresponds
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