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Abstract—Superhard nanostructured Ti—Hf—Si—N coatings (films) possessing high mechanical properties
were obtained by deposition from high-frequency vacuum—arc discharge. The elemental and phase compo-
sition and morphology of the films were studied by a combination of methods including RBS, SIMS, GDMS,
SEM—-EDXS, XRD and nanoindentation techniques at various pressures and bias voltages applied to the
coated samples. It is established that, as the average grain size in nc-(Ti, Hf)N (nanocrystalline) coatings
decreases from 6.7 to 5 nm and a-Si;N, (amophous or quasi-amorphous phase) interlayers are formed
between the nanograins, the nanohardness of coatings increases from 42.7 to 48.4—1.6 GPa. However, the
further grain refinement of nc-(Ti, Hf)N to 4.0 nm leads to a slight decrease in the nanohardness. The stoichi-
ometry of the coatings changes from (Ti,5—Hf, s—Siy5 5)Nsq to (Tijg—Hf3—Sig)Nys, which is accompanied
by variation of the lattice parameter of (11, H[)N solid solution grains.

An important current task of the modern materials
science is the development of new nanostructured
coatings characterized by high hardness (superhard-
ness, H > 40 GPa), thermal stability (=1200°C), and
long-term durability [1—5]. As is known, nanocrystal-
line materials that are characterized, in addition to
nanodimensional grain sizes, by the presence of rather
extended grain boundaries with partly disordered
structures, can possess properties different from those
of a coarse-grained material with the same elemental
composition. An analysis of the available published
data shows that new stable nanocrystalline materials
will probably be created based on multicomponent
systems characterized by heterogeneous structures,
which consist of almost non-interacting phases with
linear grain sizes of 2—50 nm, exhibit high thermal sta-
bility, and possess properties that remain almost
unchanged during the entire working life [2—6].

There is an urgent demand for new coatings pos-
sessing high hardness (superhardness) and high elas-
ticity. The present work was aimed at the development

of a new type of superhard nanostructured coatings
based on Ti—Hf—Si—N compositions and the investi-
gation of their properties.

The coating experiments were performed on car-
bon steel (St 3 grade) samples in the form of 3-mm-
thick disks with a diameter of 20 mm. The coatings
with Ti—Hf—Si—N compositions were deposited in a
vacuum chamber by the method of high-frequency
(HF) arc discharge using a sintered Ti—Hf—Si cath-
ode. In order to provide for the synthesis of nitrides,
the chamber was filled with atomic nitrogen at various
pressures (p) and the process was carried out at various
bias potentials (U) applied to the substrates. The
parameter of deposition for some series of samples are
listed in the table. The discharge was generated using a
vacuum-arc source of Bulat-3T type equipped with an
HF generator [5]. The bias voltage applied to a sub-
strate from the HF generator had the form of decaying
oscillation pulses with a frequency of <1 MHz, a pulse
duration of 60 s, and a repetition frequency of about









the first series of samples gave a nanohardness of H =
42.7 GPa and an elastic modulus of £= 390+ 17 GPa.
For the second series of samples, these values were
H=48.8+ 0.8 GPaand F =495+ 12 GPa. Points on
the curves of H and F (Fig. 2) indicate the depths at
which these values were determined.

The results of determination of the phase composi-
tion of coatings by the XRD method and calculations
of the lattice parameter showed that the coating repre-
sents a two-phase system, which consists of (Ti, Hf)N
substitutional solid solution and a-Si;N, amorphous
phase. In some series of samples, a predominant ori-
entation of the solid solution was absent. In the sam-
ples with maximum hardness (series 37) the (Ti, HH))N
phase had a predominant orientation of (200). It was
also established that the lattice parameter of the solid
solution increases with the pressure of nitrogen, while
being independent of the bias potential applied to the
substrate. A minimum lattice constant of (Ti,Hf)N
was observed in samples of series 23, which were syn-
thesized at a lowest pressure of nitrogen (see table).

Calculations using the Debye—Scherrer method
showed that the size of (Ti,Hf)N grains in samples of
the second series with the (Ti,q—Hf|;—Si)N,; compo-
sition was about 1.5 times smaller than that in the first
series (i.e., 4 nmagainst 6 nm). The thickness of amor-
phous or quasi-amorphous phase interlayers was also
somewhat smaller in the second series that in the first
one.

Preliminary results of an HRTEM analysis of elec-
tron diffraction on the samples with nanostructured
superhard films showed that, by the order of magni-
tude, the size of nanograins of the nc-(Ti, Hf)N phase
is 2—5 nm, in agreement with the XRD data, while the
thickness of a-Si;N, interlayers surrounding the
(Ti,Hf)N grains is within 1.2—1.7 nm.

The values of nanohardness above 40 GPa are com-
monly accepted to be indicative of a superhardness of
the nanocomposites [1—3], while the values of 80 GPa
above correspond to ultrahardness. The investigation
of Ti—Hf—Si—N coatings obtained in the first series
showed that their properties such as hardness and elas-
tic modulus remain unchanged upon a long-term stor-
age of 6—12 months. Tests for the thermal stability and
resistance to oxidation were outside the scope of this

study. Now it yet difficult to judge whether the process
of spinodal segregation at grain boundaries is com-
peted, since the substrate temperature during deposi-
tion did not exceed 350—400°C, which is significantly
lower than the temperature of complete grain-bound-
ary segregation (550—650°C) [2, 5, &, 9].
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