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The article reports on the enhanced hardness of nanocomposite coatings, their thermal stability, protection
of the substrate against oxidation at temperatures above 1000 °C, X-ray amorphous coatings thermally sta-
ble above 1000 °C and new advanced hard nanocomposite coatings with enhanced toughness which exhib-
it (i) low values of the effective Young's modulus E⁎ satisfying the condition H/E⁎>0.1, (ii) high elastic
recovery We≥60%, (iii) strongly improved tribological properties, and (iv) enhanced resistance to crack-
ing; here E⁎=E(1−ν2), E is the Young's modulus and ν is the Poison's ratio. At the end trends of next de-
velopment of hard nanocomposite coatings are briefly outlined.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanocomposite coatings represent a new generation of materials
[1–37]. They are composed of at least two separated phases with
nanocrystalline (nc-) and/or amorphous (a-) structure or their com-
bination. The nanocomposite materials, due to very small (≤10 nm)
grains and a significant role of boundary regions surrounding individ-
ual grains, exhibit enhanced or even completely new properties, and
behave in a strongly different manner compared to the conventional
materials composed of larger (≥100 nm) grains. These facts are a
main driving force stimulating the development of nanocomposite
coatings. This article reports on hard nanocomposite coatings and
their unique properties.

The main feature of these nanocomposites is an enhanced hard-
ness. The enhanced hardness of the nanocomposite coating Hn can
be more than two times greater than that of its harder component.
Main mechanisms, which are responsible for the hardness enhance-
ment, are: (1) the dislocation-induced plastic deformation, (2) the
nanostructure of materials, and (3) cohesive forces between atoms.
The dislocation-induced plastic deformation dominates in the mate-
rials composed of large grains with size d>10 nm. On the contrary,
the nanostructure is dominant in materials composed of small
grains with size d≤10 nm. It means that the hardness enhancement
of coating strongly depends on the grain size d, see Fig. 1. From this
figure it is seen that there is a critical value of the grain size
dc≈10 nm at which a maximum value of hardness Hmax of the

coating is achieved. The regions of d around Hmax, achieved at
d=dc, corresponds to a continuous transition from the activity of
the intragranular processes at d>dc, dominated by the dislocations
and described by the Hall–Petch law (H~D−1/2) [38,39], to the ac-
tivity of the intergranular processes at dbdc dominated by the inter-
actions between atoms of neighboring grains and/or by the small-
scale sliding in grain boundaries. In materials with the grain size
d≤dc (1) dislocations are not generated (grain size d is smaller
than the length of dislocation) and (2) processes in grain boundary
regions play a dominant role over those inside grains. Therefore, be-
sides chemical and electronic bonding between atoms the nano-
structure of material plays a dominant role when d≤dc. It was
found that there are at least four types of nanostructures that result
in the enhanced hardness of nanocomposite coatings: (1) bilayers
with nanosize periodλ, (2) the columnar nanostructure, (3) nanograins
surrounded by very thin (~1 to 2 ML) tissue phase and (4) the mixture
of nanograins with different crystallographic orientations and/or dif-
ferent phases, see Fig. 2; here λ=h1+h2, h1 and h2 is the thickness
of first and second layer of the bilayer, respectively, and ML denotes
the monolayer.

Individual nanostructures are formed under different conditions
using either a sequential deposition of individual layers in the
nanosize bilayers or in transition regions where the coating struc-
ture changes from crystalline through nanocrystalline to amor-
phous. There are three transition regions: (1) the transition from
the crystalline to the X-ray amorphous material, (2) the transition
between two crystalline phases of different materials and (3) the
transition between two crystallographic orientations of grains of
the same material. These regions are schematically displayed in
Fig. 3. From this figure is seen that to every transition region
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corresponds an optimal elemental composition at which nc-/a- or
nc-/nc- nanocomposite coatings can be formed. The addition of
one or more selected elements into a base material, e.g. the addition
of Silicone Si in the nitride transition metal (TM), is very effective
way to produce hard nanocomposite coatings with enhanced hard-
ness, here TM = Ti, Zr, Hf, V, Nb, Ta, etc. More details are given in
the Refs. [23,27,28].

The energy delivered to the growing film has also a crucial effect
on its structure, elemental and phase composition, and physical
properties [40–43]. The energy can be delivered by (i) substrate
heating Es, (ii) conversion of the kinetic energy of bombarding ions
(Ebi) and fast neutrals (Efn) incident on the surface of growing film,
i.e. by Ep=Ebi+Efn, (iii) the heat evolved during formation of the
compound Ech (energy released in exothermic chemical reactions),
(iv) heating from the sputtered magnetron target Emt which is always
not perfectly cooled, and (v) heat radiation from plasma Erad. The
total energy ET delivered to the growing film can be expressed by
the following formula [43]

ET ¼ Es Ts; tdð Þ þ Ep Us; is; aD; pT ; tdð Þ þ Ech Ts; tdð Þ þ Emt Wd; td; ds−tð Þ
þ Erad tdð Þ ð1Þ

where, Ts is the substrate temperature, td is the time of film deposi-
tion, pT=pAr+pRG is the total pressure of sputtering gas mixture,
pAr and pRG are the partial pressure of argon and reactive gas (RG), re-
spectively, Wd=UdId/S is the magnetron target power density, Id and
Ud are the magnetron current and voltage, respectively, S is the whole
area of magnetron target and ds–t is the substrate-to-target distance.

In the simplest case of a collisionless, fully ionized plasma in
which the component Efn=0 the energy Ep can be expressed in the
following form

Ep J=cm3
h i

¼ Ebi≈ Usisð Þ=aD: ð2Þ

Eq. (2) clearly shows two important facts:

1. The energy Ebi delivered to the growing film by bombarding ions
can be easily calculated from measured deposition parameters
(Us, is) and the film deposition rate aD=h/td calculated from mea-
sured film thickness h and deposition time td.

2. The energy Ebi strongly depends not only on Us and is but also on
aD. This fact is of extraordinary importance, particularly in (i) reac-
tive sputtering of compounds and (ii) high-rate sputtering of films.
The energy Ebi decreases with increasing aD.

In the case of a higher sputtering pressure pT, the energy Ebi is
lower than that defined by Eq. (2) in consequence of collisions be-
tween particles and has to be determined from Eq. (3)

Ebi J=cm3
h i

≈ Usisð Þ exp −L=λið Þ=aD ð3Þ

where L is the thickness of voltage sheath and λi is the ion mean free
path for collisions leading to losses of the ion energy in the sheath.
The ion mean free path can be calculated from the Dalton law as λi

[cm]≈0.4/pT [Pa] [44]. The high-voltage (Us≫Ufl) sheath can be cal-
culated from the Child–Langmuir equation for the dc sheath; here Ufl

Fig. 1. Schematic illustration of coating hardness as a function of the size d of grains.
Adapted after Ref. [27].
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Fig. 2. Schematic illustration of four nanostructures of the nanocomposite coating with enhanced hardness: (a) nanosize bilayers, (b) columnar nanostructure, (c) nanograins
surrounded by a tissue phase and (d) mixture of nanograins with different crystallographic orientation.
Adapted after Ref. [28].
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