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Materials and Coatings
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Abstract The recent search for new super- and ultrahard materials is briefly
summarized. It is shown that many materials with high elastic moduli cannot be
superhard because, upon finite shear, electronic instabilities and transformations to
softer phases occur, particularly in materials which contain metals with d-electrons
or non-binding electron pairs. Hardness enhancement can be achieved in nano-
structured materials, but it is limited by grain-boundary shear when the crystallite
size decreases to 10—15 nm called the “strongest size.” When however, low-energy
grain boundaries, such as stacking faults and twins, or one-monolayer thin sharp
grain boundaries of silicon nitride strengthened by valence charge transfer are
introduced, the grain-boundary shear can be reduced and the “strongest size”
shifted to a few nanometers. This results in a significantly increased hardness
enhancement. In such a way, extrinsically ultrahard materials, such as nanotwinned
nt-c-BN and nt-diamond, and nanocomposites consisting of 3—4 nm small transition
metal nitride with about one monolayer silicon nitride interfacial layer with hard-
ness exceeding 100 GPa have been prepared. We discuss the conditions which have
to be met for such nanocomposites to be super- and ultrahard and show that not all
such systems can be superhard. Impurities, mainly oxygen content of more than a
few hundred ppm, are critical limitation for achieving the high hardness. The super-
hard nanocomposites, such as nc-(Ti;_,Al,)N/Si3N, and nc-(Cr;_,Al,)N/SizNy,
find important applications as wear-protection coatings on tools for machining,
stamping, injection molding, and the like.
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1 Introduction

Many efforts have been conducted recently to design new superhard (hardness
H > 40 GPa, c-BN ~ 48 GPa) and ultrahard (H > 80 GPa) comparable to diamond
(80—100 GPa) materials. The majority of the papers focused on materials with large
elastic moduli (“ultra-incompressibility””) which are believed to be “intrinsically”
superhard. However, large elastic moduli do not guarantee high hardness, because
the moduli describe only the resistance of a material against elastic (reversible)
infinitesimal distortion near the equilibrium positions, whereas plastic deformation
occurs by shear at large strain at the atomic level. The apparent correlation of the
hardness of some material with the shear modulus, G, which however displays large
scatter [see Fig. 1 in (Teter 1998)], is due to the fact that the plastic flow, which
occurs mainly by multiplication and movement of dislocations, is impeded by a
variety of mechanisms (grain boundaries, precipitates, dispersed particles, and the
like) that are dependent on G.

One has to keep in mind that the indentation hardness is the average pressure
beneath the indenter under conditions of fully developed plasticity, where no single
crystal exists anymore, and thus the material is full of flaws (Argon 2008). There-
fore the recent theories of “hardness of an ideal crystal” (e.g., Gao et al. 2003;
Simunek and Vackar 2006; Simunek 2009) calculate by first principles only the
elastic stiffness of the crystals but not their plastic hardness under the condition of
fully developed plasticity.

Sufficiently high elastic moduli are of course needed but not sufficient for
achieving high hardness, because upon finite shear that occurs at atomic level
upon plastic deformation, many materials undergo electronics instabilities and
structural transformations into softer phases. For example, C;Ny4, which has elastic
moduli, calculated by first principles, higher than c-BN and close to those of
diamond (Cohen 1994; Liu and Cohen 1989; Zhang Y et al. 2006), has hardness
less than 30 GPa (Veprek et al. 1995) because upon a shear of 0.24 in the (111)
(Argon 2008) slip system, the non-binding electron pairs on nitrogen interact with
atomic orbitals of carbon forming double bonds, and the system transforms into a
softer, graphite-like phase (Zhang Y et al. 2006).

Rhenium diboride, ReB,, like other diborides of 5d metals, has also large elastic
moduli but hardness less than 30 GPa (see Chap. 4) because upon shear within the
(0001) (Christiansen et al. 1998) slip system, it undergoes a number of electronic
instabilities and transformation to instable and metastable phases with lower shear
resistance [see Fig. 1 in (Zhang et al. 2010a)]. The formation of a variety of softer
phases beneath the indenter is probably also the reason for the slow approach of the
measured hardness to the load-invariant value which requires large load of more
than 6 newtons (N) [see Fig. 2a in (Chung et al. 2007)]. The valence orbitals of
osmium and iridium atoms differ only by one electron in the 5d shell (Os, 4f'*5d%s?;
Ir, 4f'*5d76s%), yet their diborides OsB, and IrB, display very different plastic
deformation paths and hardness (OsB,, 30 GPa; IrB,, 18 GPa) because of different
crystal field splitting instabilities (Zhang et al. 2014). Diamond transforms to graphite
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upon shear of > 0.3 in the (111) (Argon 2008) slip system as shown by first-principle
calculations (e.g., Veprek et al. 2010) and as experimentally observed by Raman
scattering of the indented area (Gogotsi et al. 1999). However, because of the
relatively simple electronic structure of carbon, this transformation requires a very
high shear stress. Therefore, diamond is intrinsically ultrahard. The electronic insta-
bilities of the 5d orbitals due to the crystal field splitting and instabilities due to
non-binding electron pairs upon finite shear are probably general phenomena limiting
the hardness of many materials with high elastic moduli.

Boron suboxide, B¢O, has high hardness of 40-45 GPa in spite of its lower
elastic moduli as compared with OsB, and ReB, because it has an electronically
stable three-dimensional network of covalent bonds (Zhang et al. 2011). These few
examples should be sufficient to illustrate that the search for new intrinsically
superhard materials should not focus only on materials with high elastic moduli.
Instead, much deeper insight into the electronic structure and its stabilities upon
finite shear and into the deformation paths are needed (Veprek 2013).

Interesting is the case of heavily boron-doped diamond BCs for which load-
invariant Vickers hardness of 71 GPa, higher than that of c-BN, has been reported
(Solozhenko et al. 2009), although the ideal shear strength of BCs, calculated by
means of density functional theory, DFT, was significantly lower than that of c-BN
(Zhang et al. 2009). The answer to this puzzle was identified in the small crystallite
size of the material of 10—15 nm (Solozhenko et al. 2009) that is in the range of the
so-called strongest size (Argon and Yip 2006). Also the high Vickers hardness of
¢c-BC,)N of about 76 GPa (Solozhenko et al. 2001) has been explained by the small
size of the nanocrystals (Zhang Y et al. 2004).

With decreasing crystallite size, the strength and hardness of a material increase
because the grain boundaries impede the plastic deformation, by the well-known
Hall-Petch mechanism for dislocations and by twinning, slip, and other mecha-
nisms of plasticity (Argon 2008). The thickness of the large-angle grain boundaries
extends usually over a distance of about 3—4 interatomic bonds. Therefore, below a
crystallite size, d, of 10-15 nm, the fraction of the atoms in the grain boundaries
strongly increases as 1/d. The grain boundaries are weaker than the crystals because
of density deficit and disorder therein. Therefore, with crystallite size decreasing
below about 10 nm, the strengthening is replaced by the grain-boundary shear (also
called “sliding” of “inverse Hall-Petch”) below the “strongest size,” and the
material softens (Fig. 6.1). This transition from strengthening to softening has
been found in many nanosized materials, such as metals (e.g., Argon and Yip
2006; Schigtz et al. 1998; Schigtz and Jacobsen 2003; Siegel and Fougere 1995)
and ceramics (Skrovanek and Bradt 1979). The crystallite size where the strength-
ening changes to softening has been called by Yip “the strongest size” (Yip 1998).
This strengthening with crystallite size decreasing to about 10—15 nm is found in
almost any system when, for example, some elements or impurities are added
leading to decomposition of a solid solution into two or more phases and concom-
itant grain refinement. However, the amount of such strengthening is limited by the
grain-boundary shear as shown in Fig. 6.1. The “strongest size” can be slightly
shifted to a smaller crystallite size, and the strength and hardness increased when
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Fig. 6.1 Increase of the strength and hardness due to grain-boundary strengthening with decreas-
ing crystallite size and its weakening due to grain-boundary shear below about 10-20 nm (From
Veprek and Veprek-Heijman (2012) with permission)

the grain boundaries are made dense by thermal treatment. However there is a
principal limitation to such treatment because the majority of nanosized materials
coarsen upon annealing.

The question arises as if this “strongest size” could be shifted to a lower
crystallite size by the formation of “strengthened” interfaces so that the “grain-
boundary strengthening” would work even at a lower grain size of few nm. This has
been the basic idea in the “concept for the design of novel superhard coatings”
(Veprek and Reiprich 1995): to choose a quasi-binary or ternary system that will
strongly segregate into two or more phases of which the one should form
nanocrystals smaller than 10 nm, whereas the other one should form a very thin
and sharp interfacial layer. We shall show that this is indeed possible in systems,
such as Ti-Si-N, where the solid solution decompose spinodally with large
de-mixing energy (Veprek and Veprek-Heijman 2012; Zhang and Veprek 2006).
In recent years, this idea has been extended to low-energy interfaces, such as
stacking faults (Jian et al. 2013) and twins (Huang et al. 2014; Tian et al. 2013;
Xu and Tian 2015). The twins are of a particular interest because there is some
evidence that in nanocrystals the dislocation activity upon plastic deformation is
replaced by twinning (Zhu et al. 2009).

Of course one will ask what is the smallest crystallite size that can be prepared,
and what maximum strength and hardness can be achieved. There is probably no
universal answer to it, but some indications can be found in our earlier work on
nanocrystalline silicon (nc-Si). It has been shown that there is a lower limit to the
crystallite size of about 3 nm, because the tensile strain energy, originating from the
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grain boundaries, thermodynamically destabilizes the nc-Si. Therefore amorphous
silicon (a-Si) is preferred below that crystallite size because there are no grain
boundaries in a-Si (Veprek et al. 1982). Because a similar strain was found in the
superhard nc-TiN/SizN4 nanocomposites, a similar effect may explain why the
strongest nanocomposites have the size of TiN nanocrystals about 3 nm. We shall
discuss this point in Sect. 2.5.

2  Concepts for the Design of New Nanostructured
Superhard Materials

2.1 Heterostructures and Nanolaminates

Koehler was the first scientist who suggested to design new strong materials on the
basis of nanolayered heterostructures (Koehler 1970). The idea was to form alter-
nating layers of different materials with sufficiently different shear moduli but
similar lattice constant to form coherent interfaces. The thickness of the individual
layers should be small to make sure that the dislocation multiplication source
cannot operate. Under stress, a dislocation present in the softer layer with a small
shear modulus G; would move toward the interface with the stronger material
where the elastic mirror force would be hindering it to pass. In such a way, the
dislocation activity should be impeded by the coherent or semi-coherent interfaces.
In a note added in proof, Koehler stated “The ideas described in this note are also
valid if one of the materials is amorphous.” Indeed, it has been found later on that
the Koehler mechanism of strengthening operates also in polycrystalline
nanolaminates and when one of the materials forms amorphous layers (e.g., Hilz
and Holleck 1996; Holleck and Schier 1995; Sproul 1994, 1996; Yashar et al. 1999;
Yashar and Sproul 1999).

Lehoczky was the first researcher who verified the idea of Koehler experimen-
tally by depositing heterostructures of soft metals (e.g., Al-Cu) and conducting
tensile tests. He has shown that, when the thickness of the layers decreased to a few
10 nm, the tensile yield strength of the laminates strongly increased. Although these
metallic nanolaminates were not superhard, it is worth mentioning this pioneering
work, because this was the first and to the best of our knowledge the only
experimental proof of the concept of Koehler in tensile test (Lehoczky 1978a, b).
In all following work, only the hardness has been measured.

Superhard heterostructures with hardness exceeding 40 GPa have been prepared
when the concept of Koehler has been applied to hard transition metal nitrides. We
cannot review here all the papers which have been published on the heterostructures
and nanolaminates. Therefore we quote only the first papers from the University of
Linkoping (Sweden) and Northwestern University (USA) whose scientists
pioneered this field (e.g., Helmersson et al. 1987; Mirkarimi et al. 1990, 1994;
Hubbard et al. 1992; Shin et al. 1992) and refer to several review articles (Barnett
1993; Yashar and Sproul 1999; Barnett and Madan 1998) for further details.



172 S. Veprek and M.G.J. Veprek-Heijman

60 - TiN/VN -
507 \TlN/NbN iy
€ 40
g w0 i
= ]
3 30 — % .
2 o |N / V, Nb, ;N
° . o ° ]
I

201 o V,,Nb,,N/NbN

® °
0PO-¥:g-0——0—¢
NbN / VN
no difference in shear modulus

10

0 — T T 1 T ‘T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45

Multilayer period (nm)

Fig. 6.2 Examples of hardness enhancement in heterostructures with different shear moduli of the
pairs (TiN/VN, TiN/NbN, TiN/Vy¢Nby4N) and with no significant difference in the moduli
(NbN/VN, V( ¢Nbj 4N)

In Fig. 6.2, we summarize several examples collected from these papers.
Heterostructures with pairs of nitrides having different elastic moduli but similar
lattice constant (single-crystalline TiN/VN and TiN/V,¢Nbg 4N, polycrystalline
TiN/NbN) show pronounced hardness enhancement, whereas heterostructures
which have only small difference in elastic moduli (NbN/VN, V ¢Nbg 4N) show
no observable hardness enhancement. The decrease of the hardness at smaller
multilayer period is due to roughness of the interface (Chu and Barnett 1995).
Here we see the importance of sharp interface; we shall come to this point later in
Sects. 2.4 and 2.5.

These heterostructures have been deposited by magnetron sputtering from two
targets, and the composition has been changed by opening and closing shutters
between the targets and the substrate (Barnett 1993). This provided fairly sudden
changes from one composition to the other with interfaces whose sharpness has
been limited only by ion-impact or thermally induced mixing.

The requirement for a sharp interface might appear a problem when the
heterostructures and nanolaminate coatings should be used as wear protection on
tools for machining. This is due to the fact that in the industrial coating system, the
deposition of the individual layers from different targets occurs continuously, while
the tools being coated are fixed on a rotating turntable. Nevertheless, Miinz
et al. were able to demonstrate that tools such as drills, mills, forming tools, and
knives coated with nanolaminates deposited in an industrial coating equipment with
large planar targets showed significantly improved cutting performance (Miinz
et al. 2001).
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Fig. 6.3 (a) Hardness of the nc-(Ti;_,Al,)N/Si;N4 nanolayered nanocomposite coatings as the
function of the period of the compositional modulation, (b) transmission electron micrograph
showing the compositional modulation (From Veprek and Veprek-Heijman (2008) with
permission)

Since this early development, the hard and superhard heterostructure and
nanolaminate coatings are finding many applications, as illustrated, for example,
in Fig. 6.3. The nc-(Ti;_,Al,)N/Si3N4 nanocomposite coatings (see Sect. 2.5) are
deposited from two cylindrical vacuum arc cathodes consisting of titanium and
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Al-Si alloy, which are placed in the center of the industrial coating chamber (for
more detail, see www.shm-cz.cz). When the tools being coated are rotating around
these cathodes, their composition is modulated being more Ti-rich on the side close
to the Ti cathode and more Al + Si-rich on the opposite side. Although in this case
no “heterostructures” but only coatings with modulated compositions were depos-
ited, the effect of the hardness enhancement is clearly seen. Moreover, because the
modulation of the composition results also in modulation of the elastic moduli, it
results in enhancement of the fraction toughness. Coatings with modulated elastic
moduli are much more resistant to crack propagation than bulk materials (Matthews
et al. 2001).

2.2 Hardness Enhancement Due to Refinement
of the Grain Size

As discussed in Sect. 1, the enhancement of strength and hardness due to the
refinement of the grain size occurs in almost any system, but the hardness enhance-
ment is limited to that corresponding to the “strongest size” of about 10—15 nm.
This refinement can be obtained by a variety of means. For example, Barna
et al. reported strong refinement of Al films when the aluminum has been deposited
by evaporation in poor vacuum so that the films were contaminated by oxygen
(Barna and Adamik 1998; Petrov et al. 2003). Depending on the Al:O flux ratio
during the deposition, thin or thick Al,O3 layer is formed around the Al grains
whose size decreased with increasing amount of oxygen down to a few tens of
nanometers. Of course this is not a method for the preparation of superhard
nanocomposites. This example should only illustrate that grain size refinement
occurs in many cases when two immiscible materials form during the deposition.

Many papers have been published during the last 20 years about the preparation
of nc-TmN/SiN, (Tm=Ti, W, V, and many other transition metals) and other
nanocomposites where a hardness enhancement has been found. Although, in many
cases, these papers provide broad characterization, a systematic study of the
hardness enhancement as function of the grain size is missing. However, the present
authors found that, whenever enough data is available to extract the information
from the papers, the maximum hardness enhancement correlates with the grain size
of about 10-15 nm, i.e., with the “strongest size.” For example, in the AIN/SiN,
nanocomposites, the maximum hardness of about 30 GPa [see Fig. 5 in Pélisson
et al. (2007)] is achieved at Si content of about 7—13 at.% that corresponds to “AIN”
grain size between of about 20 and 5 nm [see Fig. 3 in Pélisson et al. (2007)]. Such
nanocomposites are not superhard as those with one monolayer SisNy interfacial
layer which is strengthened by valence charge transfer, to be discussed in Sect. 2.5.
Unfortunately, this important difference is neglected in many papers.

Also in the “high-entropy alloys” (Tsai and Yeh 2014), hardness enhancement is
often found which might be related to the grain refinement (e.g., Hsieh et al. 2013;
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Huang and Yeh 2009). As pointed out recently, high configuration (“mixing”)
entropy provides a way to rationalize why a homogeneous solid solution forms
(if it forms) in these systems, but it is not a useful a priori predictor if the so-called
high-entropy alloy will form thermodynamically stable single-phase solid solutions
(Otto et al. 2013). In many cases, positive (destabilizing) mixing enthalpy domi-
nates over the mixing entropy, and the system segregates forming a nanosized
composite material. Therefore, much more detailed studies are needed to make sure
which effects dominate in a given system.

As mentioned, hardness enhancement by refinement of the grain size is limited
to about 30-35 GPa in all the cases where the necessary information is available.
Therefore, superhard materials can be formed by the simple grain refinement only
when the terminal phases are already very hard, as in the case of nanocrystalline
c-BN and c- and wurtzite w-BN nanocomposites reported by Dubrovinskaia
et al. (Dubrovinskaia et al. 2007). These researchers prepared the c- and w-BN
nanocomposites by high-temperature, high-pressure (HTHP) synthesis and reported
high hardness of about 85 GPa, close to the hardness of diamond as shown in
Fig. 6.4. One notices that the large increase of the load-invariant hardness of the
nanocomposite occurs at crystallite site 13—15 nm, the “strongest size.” Single-
phase c-BN shows also an enhancement of hardness at a crystallite size of about
40 nm. Using monomodal pyrolytic graphite with an ideal turbostratic structure,
Solozhenko et al. (2012) succeeded to suppress the formation of w-BN and prepare
single-phase nanocrystalline ¢c-BN with load-invariant hardness of 85 GPa at
crystallite size of 20 nm [see Fig. 3b in (Solozhenko et al. 2012)]. These materials
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Fig. 6.4 Dependence of the load-invariant hardness on crystallite size in a single-phase c-BN and
in nanocomposites consisting of cubic and wurtzite BN (From Dubrovinskaia et al. (2007) with
permission)
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have been prepared by means of HTHP synthesis that is suitable for the preparation
of single crystals and polycrystals, but not coatings on, e.g., tools for machining,
which is one of the important areas of applications of superhard materials.

Worth mentioning is the ultra-nanocrystalline diamond deposited by plasma-
induced chemical vapor deposition (P-CVD) from hydrocarbons strongly diluted by
hydrogen (Erdemir et al. 2005; Gruen 1999). This material consists of 3—4 nm size
diamond nanocrystals connected by C=C double bonds. Because the deposited
films were only few pm thick, reliable data about their load-invariant hardness are
not available. Nevertheless the hardness of 1 pm thick coatings has been 100 GPa
(see Fig. 4 in Veprek 1999). Besides high hardness, this material has also high
corrosion resistance in acidic and basic environment and is biocompatible. There-
fore it finds many applications not only as hard coatings on tools from machining of
nonferrous materials but also in medicine as protection coatings on implants and the
like (Auciello 2010; Auciello and Shi 2010).

2.3 Hardness Enhancement by Ion Bombardment During
Thin-Film Deposition

When thin films of ceramic materials are deposited under energetic ion bombard-
ment during the deposition at relatively low homologous temperature of less than
about 30% of the melting point, many defects due to displacement damage,
formation of vacancies, implantation of interstitial, increase of biaxial compressive
stress, and the like are formed. These complex synergistic effects result in an
increase of the hardness. For example, Musil et al. (1988) reported hardness of
TiN deposited by magnetron sputtering at relatively low temperature of more than
70 GPa (hardness of bulk TiN is about 21 GPa) and that of (TiAlIV)N of more than
90 GPa. In another paper, hardness of 47 GPa has been reported for (Ti;_,Al,)N
coatings deposited with the same techniques (Musil and Hruby 2000). These
researchers reported also a number of superhard nanocomposites consisting of
hard transition nitride and soft, ductile metal that does not form stable nitrides
[for a summary, see (Musil 2000)].

There are also papers of other groups reporting enhanced hardness in ceramic
coatings deposited under energetic ion bombardment at relatively low homologous
temperature which we shall not discuss here because such coatings suffer from two
problems: (a) the high biaxial compressive stress that develops as a result of the ion
bombardment causing delamination of the coatings from the substrate and (b) the
fact that the hardness enhancement is lost when such coatings are annealed to
450-550 °C as illustrated in Fig. 6.5. In that figure, ZrN/Cu, ZrN/Ni, and Cr,N/Ni
are the nanocomposites deposited in the laboratory of Musil and annealed in pure
nitrogen in the institute of S.V. (Karvankova et al. 2001). As one can see, upon
annealing, the hardness decreases to the usual values of the hardness of the nitrides.
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Fig. 6.5 Dependence of the hardness of HfB, (Herr and Broszeit 1997), Cr,N/Ni, and ZrN/Ni
(Karvankova et al. 2001) coatings hardened by energetic ion bombardment and stable superhard
nc-TiN/a-SizN, nanocomposites on the temperature of isochronal annealing in pure nitrogen. The
hardness was measured at room temperature after each annealing step. The crosses show the
dependence of the hardness of the ZrN/Cu coatings on their deposition temperature (Zeman
et al. 2000) (From Veprek et al. (2005a) with permission)

Also the HfB, coatings deposited by Herr and Broszeit (Herr and Broszeit 1997)
lose the hardness enhancement upon annealing.

In contrast, the hardness of the nc-TiN/SizN4; and nc-(Ti;_,Al,)N/SizNy
nanocomposites formed by spinodal decomposition and deposited without ener-
getic ion bombardment remains stable up to 1100-1200 °C, i.e., of about 65-70 %
of the decomposition temperature of SizN4. [For the thermal stability of
nc-(Ti;_,AlL)N/SisN, nanocomposites up to 1200 °C, see Fig. 2 in Veprek
et al. 2004b.] In conventional nanosized or nanostructured materials, the recrystal-
lization and coarsening (Ostwald ripening) occur upon annealing to a homologous
temperature of about T, = T/Tpecomp. ~ 0.4. In contrast, the nanocomposites formed
by spinodal decomposition with strengthened interfacial SiyN, layer, to be
discussed in Sect. 2.5, coarsen only above 1100-1200 °C, and then the hardness,
measured after the annealing at room temperature, decreases. This result illustrates
the remarkable stabilization of nanostructured material against coarsening. We
shall discuss the latter nanocomposites in Sect. 2.5.

These examples show that hardness enhancement by energetic ion bombardment
during deposition at relatively low temperature can be achieved in many (probably
all) hard ceramic materials. However, the large compressive stress in the coatings
and loss of the hardness enhancement upon annealing to relatively modest temper-
atures are severe obstacles for their application.
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Fig. 6.6 Example of a twin and twinning boundary in an fcc lattice (Reproduced from Gottstein
(2004) with permission)

2.4 Hardness Enhancement by Low-Energy Interfaces

Stacking faults and twins are low-energy, coherent grain boundaries (Gottstein
2004), whose “destabilizing” energy is less than about 10 % of the energy of
common large-angle grain boundaries. Because the low-energy grain boundaries
are only one monolayer thin (see Fig. 6.6), whereas the large-angle grain bound-
aries are 3—4 crystal planes thick, the fraction of the atoms within the low-energy
grain boundaries is—for a given grain size—much smaller. Thus, one expects that
the “strongest size” should be shifted to smaller crystallite size as compared to the
case of common large-angle grain boundaries. With reference to Fig. 6.1, one
logically expects that the strengthening due to smaller crystallite size should
continue to increase following the “Hall-Petch” curve with crystallite size decreas-
ing down to a few nm small nanocrystals, because the weakening due to grain-
boundary shear will be much less (Huang et al. 2014; Tian et al. 2013; Xu and Tian
2015). Therefore, one expects large strengthening and hardening in nanosized
materials with low-energy grain boundaries. Indeed, Mg alloys with a large density
of stacking faults achieved the highest strength ever reported in these materials
(Jian et al. 2013). The high density of the stacking faults has been achieved by
severe plastic deformation of Mg alloy sheets upon a repeated rolling. Although
these strong Mg alloys are not superhard, we mention them here to underline the
general nature of this strengthening mechanism.

The recently synthesized nanotwinned c-BN (Tian et al. 2013) and diamond
(Huang et al. 2014; Xu and Tian 2015) provide an important support to this
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Fig. 6.7 Vickers hardness of nanotwinned c-BN vs. applied load and SE micrograph of an indent
at a large load of 19.6 N. The inset on the right shows the hardness of bulk c-BN vs. applied load
(From Tian et al. (2013) with permission)

hypothesis. In the nt-c-BN, the average distance between the twins was about
3.8 nm, and the hardness reached load-invariant value of 108 GPa at a load
of> 1.5 N. The material has been prepared by HTHP treatment of a special
turbostratic onion-like BN nanoparticle precursor material. The usual HTHP syn-
thesis of c-BN from the hexagonal “graphite-like” boron nitride yields nanocrys-
talline material with grain size> 10 nm (Sumiya et al. 2000; Dub and Petrusha
2006; Dubrovinskaia et al. 2007; Solozhenko et al. 2012). These nanograins c-BN
and c- and w-BN nanocomposites reach hardness of “only” < 85 GPa because they
have large-angle grain boundaries.

Figure 6.7 shows the Vickers hardness of nt-c-BN vs. the applied load and a
scanning electron micrograph (SEM) image of an indent at a large load of 19.6 N.
Obviously, the load-invariant hardness is reached already at a relatively low load of
1-1.5 N, whereas for bulk c-BN, the hardness continues to decrease even at a load
of 5 N (see inset on the upper right-hand side of Fig. 6.7). The nanotwinned c-BN
has also high toughness of > 12 MPa - m®> which is much higher than that of bulk
¢-BN of about 2.8 MPa - m”> and higher oxidation resistance than c-BN. We refer
to the paper of Tian et al. for further details.

The ultrahard nanotwinned diamond has been prepared from onion-like carbon
by HTHP synthesis in a similar way as the nt-c-BN (Huang et al. 2014). Figure 6.8a
shows the distribution of the twin thickness measured by high-resolution transmis-
sion electron microscopy (HRTEM), and Fig. 6.8b shows the hardness vs. the
applied load. The average thickness of the twins of 5 nm is close to that of nt-c-
BN, but the load-invariant hardness of about 200 GPa is much higher than that of nt-
c-BN and of natural diamond.
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Fig. 6.8 (a) Distribution of the thickness of the nanotwins measured by HRTEM yielding an
average value of about 5 nm, (b) Vickers hardness of nt-diamond (red), (110) (blue), and (111)
face of natural diamond vs. applied load (From Huang et al. (2014) with permission)

A critical reader will ask how it is possible to measure such a high hardness using
diamond indenter with a lower hardness of 70-100 GPa. This is indeed possible
because the indenter is loaded mainly in compression, whereas the material being
indented is loaded in shear, as shown by the slip-line field theory (Hill 1950) and
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illustrated in Fig. 13.8 in McClintock and Argon (1966) to which we refer for
further details. Figure 29 in Veprek (2013) shows that the materials flow in the
diamond indenter under the load and within the contact with the material being
indented occurs directed into the indenter, as expected under a pressure loading.
Diamond, like other materials with cubic structure, sustains up to eight times larger
load in compression than in shear (Eremets et al. 2005; Field 1992). We emphasize
this point here, because the work of Tian and Huang has been criticized in a harsh
manner using incompetent arguments that “one cannot measure hardness higher
than diamond using diamond indenter” (Saxonian 2015).

We believe that these three examples strongly support the concept for the design
of extrinsically superhard, nanostructured material with low-energy grain bound-
aries. As shown by the example of the Mg alloy, this concept is not limited to
superhard materials only, but it applies generally for the design of strong and tough
materials. The disadvantage of the HTHP synthesis is so far the small size of the
samples which can be prepared. The Mg alloys with the nanosized stacking faults
have been prepared by severe plastic deformation using repeated rolling, which is a
technique applied on industrial scale to produce large metal sheets. Nevertheless,
there is some hope that the HTHP techniques for the synthesis of nt-c-BN and
nt-diamond can be further developed and scaled for industrial production.

2.5 Superhard Nanocomposites with Strengthened
Interfacial Layer

In this section, we shall discuss the superhard nanocomposites consisting of
nanocrystals of certain transition metal nitrides embedded in a thin interfacial
layer of silicon nitride. These materials can reach a very high hardness of more
than 100 GPa when correctly prepared and sufficiently free of impurities, mainly
oxygen. They are produced by plasma chemical or physical vapor deposition
(P-CVD or PVD) as thin films and can be applied as wear-protection coatings on
tools for machining, forming, stamping, injection molding, and the like. The Czech
company SHM has pioneered the industrialization of these coatings since 1996
when tools for machining coated with the nc-(Ti;_,Al,)N/Si3N4 nanocomposites
were offered on the market for the first time. We shall discuss the generic concept
for their design, the properties of the nanocomposites, and their limitations as
regards the choice of the system and purity. It will be shown that not all systems
meet the conditions needed to reach superhardness, and those which do meet them
can reach high hardness only when carefully prepared and free of impurities. We
shall start with the nc-TiN/Si;N4 nanocomposites because majority of the informa-
tion is available for this system. Afterward, we shall discuss which of the other
TmN/Si3N, and TmN/XY systems (Tm, transition metal; XY another covalent
compound instead of SizN,) can meet the requirements to be superhard, and we
shall finish with a brief summary of the industrial application.
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A short remark: Attempts to prepare the nc-TiN/SizN, nanocomposites as bulk
ceramics by means of high-temperature high-pressure sintering have brought only
limited yet important improvement in the hardness and fracture toughness to
25 GPa and 6 MPa-m”~, respectively. In this case, the grain size varied between
33 and 340 nm (Bl48 et al. 2015).

2.5.1 Superhard nc-TiN/Si;N, Nanocomposites as a Model System
The Role of the Interfaces

Figure 6.9a shows the hardness enhancement of nc-TiN/SizNy, nc-W,N/Si3Ny, and
nc-VN/Si3N, superhard nanocomposites as function of the Si content (Veprek and
Veprek-Heijman 2007), and Fig. 6.9b shows the dependence of the lattice dilatation
of nanocrystalline silicon (nc-Si) and of the TiN nanocrystals in nc-TiN/SizNy
superhard nanocomposites as function of the crystallite size. In Fig. 6.9b, the values
for nc-Si have been extracted from Veprek et al. (1982), whereas those for the
nc-TiN/Si3N4 nanocomposites were taken from Veprek and Reiprich (1995). The
crystallite size of nc-Si has been controlled by the deposition temperature between
about 80 °C and 300 °C. In the case of the nanocomposites, the deposition
temperature has been kept constant at 550 °C, and the size of the TiN nanocrystals
was dependent on the content of Si;N, as seen in Fig. 6.9a.

The hardness enhancement by a factor of up to 3.6 is achieved when the
thickness of the Si;N, interfacial layer is about one monolayer (1 ML) at Si content
of about 7 % in all three nanocomposites, but this enhancement is lost when the
thickness reaches 2 ML, i.e., Si content of about 14 % (Fig. 6.9a). At the maximum
hardness, the crystalline size decreases to about 3 nm, and upon further increase of
the SizN4 layer thickness, the crystallite size increases again. This increase has been
found only when the nanocomposites were deposited by P-CVD in high-frequency
glow discharge where the bombardment of the growing film by energetic ions was
negligible (Veprek and Reiprich 1995). When the deposition has been done under
condition of energetic ion bombardment, the crystallite size decreased with increas-
ing SizN, content in a similar manner to about 3 nm but remained constant upon a
further increase of SisNy because of the effect of ion bombardment. The strain seen
in Fig. 6.9b increases with increasing SizN, content up to the maximum hardness
and minimum crystallite size and decreases again upon a further increase of the
SizNy content [see Fig. 3 in Veprek et al. (2000)].

In order to understand this behavior, we have to briefly discuss the nc-Si first
(Veprek et al. 1982). There is a density deficit within the grain boundaries of
polycrystalline materials which imposes a tensile strain on the Si nanocrystals.
For a crystallite size of < 10 nm, this appears as dilatation of the lattice parameter of
the Si nanocrystals that has been measured by X-ray diffraction (XRD). This
dilatation increases with decreasing crystallite size because there are less Si
atoms balancing the stress from the grain boundaries by elastic elongation of the
Si-Si bonds. Therefore, also the elastic strain energy increases. When, at the
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Fig. 6.9 (a) Hardness and crystallite size as function of silicon content for three nc-TmN/Siz;N,4
nanocomposites. Notice that all silicon was present as SizNy, not dissolved in TiN (from Veprek
and Veprek-Heijman (2007) with permission) and (b) lattice dilatation due to the tensile strain
within the grain boundaries for nanocrystalline silicon nc-Si and superhard nc-TiN/SizNy
nanocomposites



184 S. Veprek and M.G.J. Veprek-Heijman

crystallite size of about 3.5 nm, the strain reaches >1% (corresponding to a
“negative pressure” of about 10 GPa), the elastic strain energy is equal to the
excess energy of amorphous silicon (a-Si), i.e., nc-Si is unstable with respect to
a-Si for a smaller crystallite size (for further details, see Veprek et al. 1982).

The situation is more complex in the nanocomposites because of several reasons:
The lattice misfit between TiN and Si;N, contributes to the measured lattice
dilatation which reaches 1.2 % for the smallest crystallite size of about 3 nm.
However, with a further increase of the silicon nitride content, the lattice dilatation
of the TiN nanocrystals decreases because the thicker SizN, interfacial layer, which
is weaker than the TiN, compensates the strain [see Fig. 5 in Veprek and Reiprich
(1995)]. This explains why there is a minimum crystallite size of about 3 nm in the
nanocomposites and why the TiN remains crystalline. It should be mentioned that
due to the measured strain, there is a large random stress in the nanocomposites
reaching a value of about 7-10 GPa for the smallest crystallite size [see Fig. 5 in
Niederhofer et al. (1999)].

Strengthening of the Interfacial Si;N4 Layer. The question arises as to why the
system chooses minimum crystallite size when the hardness reaches a maximum?
The grain boundaries have excess energy and, therefore, destabilize any polycrys-
talline system. This is the general reason for recrystallization and coarsening of
small-grain polycrystals upon annealing (“Ostwald ripening”). The only logical
explanation of the behavior observed in the three nc-TmN/SizN, systems (Fig. 6.9a)
was that the nc-TmN/1 ML-Si3N4/nc-TmN interface is somewhat stabilized as
compared to conventional large-angle grain boundaries in polycrystalline TmN.
This suggestion caused for many years controversial discussions with the special-
ists, until first-principle density functional theory (DFT) calculations confirmed
it. We shall briefly summarize the understanding of the nc-TiN/SizNy
nanocomposites that has been achieved so far.

Hao et al. conducted the first DFT investigations into the nc-TiN/SizNy
nanocomposites (Hao et al. 2006a, b). These researchers have shown that the tensile
strength of the 1 ML SizN 4+like! interfacial layer is larger than that of an ideal SizNy4
single crystal. More detailed DFT studies of this system by Zhang et al. have shown
that the SiN, interfacial layer is strengthened by valence charge transfer from the
TiN nanocrystals (Zhang et al. 2009a, b). The valence charge transfer is a conse-
quence of the fact that the electronegativity of Si (1.8) is larger than that of Ti (1.5).
To illustrate this strengthening, we reproduce in Fig. 6.10 the valence charge
density difference (VCDD) of the TiN(111)/1 ML-SiN/TiN(111) interface.

! The stoichiometry of 1 ML thick interfacial layer between TiN slabs deviates from that of the
SizNy depending on the (hkl) nature of the interface. We write SizNy-like because the X-ray
photoelectron spectroscopic (XPS) studies have shown that silicon is fourfold coordinated to
nitrogen like in Si;Ny, crystal.
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0.035

-0.055

Fig. 6.10 (Color online) (a) Valence charge density difference of the TiN(111)/1 ML-SiN/TiN
(111) interface and the corresponding bird’s eye view profile seen from different directions marked
by arrows: (b) left view and (c) top view and (d) side view. The color scale runs from —0.055 at
bottom blue to 0.035 electrons/Bohr3 at fop red. The small (black) italic numbers indicate the
values of the valence charge density difference (From Zhang et al. (2009b) with permission)
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Because the VCDD on nitrogen within the SiN layer is higher than that on nitrogen
in the TiN and also the VCDD on Si is higher than the VCDD on Ti, it is clear that
the 1 ML SiN interfacial layer is strengthened in agreement with the calculations of
Hao et al. However, this does not mean that the whole TiN/1 ML-SiN/TiN interface
is stronger than the ideal TiN single crystal. As a consequence of the valence charge
transfer, the Ti-N bonds in the TiN nanocrystals close to the SizN, interface are
weakened and thus represent the weak links in the system where, upon a tensile or
shear load, the decohesion or shear occurs. For further details, we refer to the
quoted papers (Zhang et al. 2009a, b).

Here we shall only explain the experimental observation seen in Fig. 6.9a that
the hardness enhancement is lost when the SizNy-like interfacial layer is 2 ML
thick. In the case of 2 ML thick interfacial Siz;N,4 layer, the weakening of the Ti-N
bonds due to the valence charge transfer to the 2 ML interfacial layer is too large
and the whole system loses its strength enhancement. Upon a tensile load, the
decohesion occurs at the interface between the SiN (or SisNy) and TiN [for further
details, see Zhang et al. (2010b); Ivashchenko et al. (2015)]. To summarize,
because TiN is much stronger than SizN,, the nanocomposites gain hardness
when the interfacial SisNy-like layer is one monolayer thin, but this enhancement
is lost when the thickness is two monolayers or more, because too much valence
charge density is transferred from TiN to the >2 ML SiN,.

The limitation of the DFT is that it assumes a system with the atoms at rest,
which means that the calculations are limited to 0 K. Therefore, Ivashchenko
et al. conducted comparative studies by means of first-principle quantum molecular
dynamics (QMD) that allows for thermal motions of the atoms (phonons) and
conducts the DFT calculations in small time steps of this motion. Such calculations
are very much computing time-consuming. Nevertheless, the calculations
performed so far confirmed all essential results obtained in the earlier DFT studies
by Zhang et al. which have been done for pseudomorphologically stabilized
fcc-SiN that is unstable as bulk crystal. Ivashchenko et al. included in their
calculations also Si3Ny-like interfacial layers.

Interestingly, these researchers have found that the fcc-(111)-1 ML-SiN inter-
facial layer is stable also at very high temperatures although, according to the
ordinary thermodynamics at macroscale, it should decompose according to the
reaction 4SiN — Si3Ny + Si. This stability at nanoscale is probably due to the
fact that for the decomposition reaction to occur, several atoms have to move
simultaneously, i.e., the reaction requires a minimum volume for the “nucleation,”
which is difficult to occur in 1 ML layer. This example shows that also interfaces,
which are unstable at macroscale, should not be ruled out at nanoscale. We still
know very little about the nature of the interfaces in the nanocomposites. We refer
to the relevant papers of Ivashchenko et al. for further details (Ivashchenko
et al. 2012, 2015).
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The Theoretically Achievable Hardness of the nc-TiN/SizNy
Nanocomposites

The DFT and QMD studies enabled to calculate the shear resistance of the inter-
faces for a variety of (hkl) interfaces. These are of course lower than the ideal shear
strengths of TiN single crystal. However, one has to remember that under the
conditions of fully developed plasticity, where the correct, load-invariant hardness
is measured, there is no ideal crystal but many defects, such as dislocations, grain
boundaries, and in some cases metastable or unstable phases with much lower shear
resistance as discussed above. Therefore, the values of shear resistance of a variety
of (hkl) interfaces between about 11.5 and 22 GPa calculated by DFT (Veprek
et al. 2007) and about 15-32 GPa calculated by QMD (Ivashchenko et al. 2015) can
be used as shear resistances of the interfaces in the nanocomposites where the
plastic flow occurs. We refer to these papers for further detail of the calculations.
Here we only state that these calculations yielded an achievable hardness of the
nanocomposites of 130-170 GPa, significantly above the hardness of natural
diamond.

Therefore the experimental results published earlier by Veprek’s group on the
hardness of the nc-TiN/Si3;N4 nanocomposites up to 70 GPa (see Fig. 6.11) and for
the quasi-ternary nc-TiN/Si3N4/TiSi, nanocomposites above 100 GPa [see Fig. 5Sb
in Veprek and Veprek-Heijman (2012) and Fig. 4.6b in Chap. 4 of this book] can be
understood also from the theoretical point of view: There is no dislocation activity
in 3 nm small nanocrystals whose strengths approach the ideal strength of a perfect
single crystal. The high-pressure XRD studies of Prilliman et al. have shown that
the TiN nanocrystals deform only elastically and the grain boundaries are the
carrier of the plastic flow (Prilliman et al. 2006). Therefore, the plastic resistance
of the grain boundaries determines the strength and hardness of the
nanocomposites. And because the interfaces in the nc-TiN/Si;N, nanocomposites
are strengthened by the valence charge transfer, their plastic flow resistance is
significantly higher than that of ordinary large-angle grain boundaries in highly
deformed polycrystalline TiN.

Of course, there are still many open questions. The DFT and QMD calculations
have been done for selected (hkl) interfaces in the TiN/SiN,/TiN heterostructures,
whereas the nanocomposites consist of an unknown variety of (hkl) interface which
are only 1-2 nm small. Moreover, there are many boundaries between these small
interfaces and also triple junctions whose role is difficult to estimate (see, e.g., Zhao
et al. 2011, 2012). Therefore, it is difficult to know what exactly is happening in
these nanosized grain boundaries upon a load. Nevertheless, the DFT and QMD
calculations provide a solid basis for the understanding of the very high hardness in
the nanocomposites.
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Fig. 6.11 SE micrograph
of an indentation into 8§ pm
thick nc-TiN/a-Si3Ny
nanocomposite coating with
a Vickers diamond indenter
at a load of 110 mN (From
Veprek and Veprek-
Heijman (2012) with
permission)

The Mechanism of the Formation of the Nanocomposites

When the nc-TiN/Si3N,4 (and related) nanocomposites are deposited by PVD or
P-CVD, the individual atoms are arriving at the surface of the growing film
randomly, i.e., a homogeneous solid Ti,-Siy-N, solution is formed with composition
given by the deposition parameters used. This solid solution has to decompose
forming the nc-TiN/Si3N, nanocomposite. In this system, the decomposition occurs
by spinodal mechanism.” Figure 6.12 shows the Gibbs free energy for the Ti,-Siy-
N, system calculated by means of a semiempirical thermodynamics formula based
on the sub-lattice model for different activities of nitrogen (Zhang and Veprek
2006). In later work, a combined DFT calculation and thermodynamical modeling
have been used and very similar results have been obtained (Zhang and Veprek
2008). As one can see in Fig. 6.12, the system is chemically spinodal within the
whole range of the composition even at the lowest nitrogen pressure used during
PVD. At the composition corresponding to the 1 ML of interfacial SizNy4 (i.e., the
maximum hardness), the de-mixing energy is more than 300 kJ/mol, about two
orders of magnitude larger than in typical metallic alloys. This is a very high
de-mixing energy. Therefore, the system is spinodal even if there is a certain lattice

2The term “spinodal” has been introduced by Van der Waals as a footnote in his Ph.D thesis,
without any particular linguistic meaning, to assign the part of his isotherm between the binodal
points where the second derivative is negative. Spinodal decompositions of a solid solution (or,
e.g., copolymers) occur when the second derivative of the Gibbs free energy of that solution is
negative, i.e., the system is inherently thermodynamically unstable [see Zhang and Veprek (2006)
and references therein].
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Fig. 6.12 Gibbs free energy of the formation of mixed TiN+ SizN4 system at temperature of
873 K (corresponding to the upper limit of the deposition temperature used) for five different
pressures of nitrogen used in the experimental work. TiN and SizN, have been taken as the
reference phases (From Zhang and Veprek (2006) with permission)

mismatch between the TiN and Si3Ny-like interfacial layer [for the details of the
calculation, see Zhang and Veprek (2006)]. Because the spinodal decomposition
yields a nanostructure with well-defined periodicity (Schmalzried 1995; Porter and
Easterling 2001), there is a narrow size distribution of the TiN nanocrystals, as
observed experimentally by means of HRTEM (Christiansen et al. 1998).

It should be emphasized that Christiansen et al. studied several nc-TiN/SizN4
samples with different Si;N, content up to 15 at.% of Si where the hardness
enhancement is already lost (c.f. Fig. 6.9a). For each sample, several tens of
HRTEM micrographs have been done and investigated. The nanostructures seen
in the HRTEM micrographs were the same in plain as well as in cross-sectional
view, and there was no indication of any columnar morphology, in contrast to many
later reports of other groups (see later). The TiN nanocrystals were randomly
oriented and of fairly regular shape with a narrow size distribution. (The random
distribution of the TiN nanocrystals has also been confirmed by XRD [see Fig. 3 in
Niederhofer et al. (1999)].) All the several hundred TiN nanocrystals investigated
were without any defects, such as dissolved Si or oxygen. This is in agreement with
the XPS studies mentioned above and with the fact that stoichiometric and pure
transition metal nitrides and Si3N, are immiscible (Rogl and Schuster 1992). As we
shall show later, the “miscibility of Si in TiN” and columnar morphology reported
in some later papers is due to oxygen impurities or other defects.
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Conditions Needed to Assure that the Spinodal Decomposition Will Occur
During the Deposition. The nitrogen activity (partial pressure) during the depo-
sition is the thermodynamic driving force for the decomposition of an unstable Tm-
Si-N solid solution. The rate of the decomposition is kinetically controlled by
diffusion. Therefore, both the nitrogen pressure and the deposition temperature
must be sufficiently high to assure that the spinodal decomposition and formation of
stable nanostructure are completed during the deposition. Moreover, because the
maximum hardness is achieved when the interfacial Siz;N, layer is about 1 ML
thick, the Tm-Si-N system must be spinodal with a high de-mixing energy, because
only in such a case the interfaces can be sharp (Veprek and Reiprich 1995).
Figure 6.12 shows that even at the relatively low nitrogen pressure used in PVD,
the Ti-Si-N system is spinodal. It has been found experimentally (Veprek and
Reiprich 1995), and later on calculated from the known diffusion coefficients
(Veprek et al. 2006), that a deposition temperature of > 550 °C is needed to assure
that the nanostructure will form during the deposition.

When these conditions are met, superhard nc-TiN/Si3;N4 nanocomposites with
hardness of about 70 GPa can be prepared as shown in Fig. 6.11 (Veprek and
Veprek-Heijman 2012). The scanning electron micrograph (SEM) shows an inden-
tation into 8 pum thick nc-TiN/SizN, nanocomposite coating with a Vickers dia-
mond indenter at a load of 110 mN. One notices that a plastically deformed
indentation area of 1 pm? (=10"'? m?) produced under a load of 100 mN corre-
sponds to a Meyer hardness of 0.1 N/10™'? m?=10"" N/m?=100 GPa.? For a
Vickers indenter of an ideal shape, the Meyer and Vickers hardness is related to as
Hvickers = 0.927 Hpjeyers (Tabor 1951). But because the diamond indenter deforms
plastically upon indentation into superhard materials until the tip becomes dull with
a radius of 0.5-0.7 pm (Veprek-Heijman et al. 2009), the Vickers and Meyer
hardness is for a relatively small indentation shown in Fig. 6.11 almost identical.

In order to achieve such a high and long-term stable hardness, one must meet the
conditions outlined above and the oxygen impurities must not exceed
100-200 ppm. Hardness in excess of 100 GPa has been obtained in the quasi-
ternary nc-TiN/Si3Ny4/TiSi, nanocomposites [see Fig. 4.6 in Chap. 4 of this book
and also Fig. 5 in Veprek and Veprek-Heijman (2012)] because the TiSi, is
efficiently trapping the minor oxygen impurities. However, these nanocomposites
lose the high hardness after 4-6 months because of degradation of the TiSi, as
shown already in Veprek et al. (2005a) and discussed in some details recently
(Veprek 2013). We refer to these papers for further details.

In conclusion to this section, long-term stable quasi-binary nc-TiN/SizNy
nanocomposites with hardness of about 70 GPa have been prepared when the
oxygen impurities were very low of about 100 ppm. Furthermore, many nc-TmN/

3 Meyer’s and Vickers hardness is the applied load divided by the projected and total contact area
of the indent, respectively.
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SizN,4 coatings with hardness > 50 GPa have been prepared when the oxygen
impurities did not exceed several 100 ppm (Veprek et al. 2000; Veprek and
Veprek-Heijman 2012; Veprek 2013). We refer to these papers for further detail.
On the basis of several papers published by other groups, it has been shown that
when these conditions are not fulfilled, superhard nanocomposites cannot be
obtained (Veprek et al. 2006). This will be the subject of the next session.

Impurities and Inappropriate Deposition Conditions Are Limiting
the Achievable Hardness of the Nanocomposites

The failure of several groups to obtain the high hardness in the nc-TiN/SizNy
nanocomposites has been either due to inappropriate deposition conditions used
(mainly a too low temperature) or oxygen impurities as already discussed several
years ago (Veprek et al. 2006; Veprek and Veprek-Heijman 2012). This is illustrated
in Fig. 6.13 that shows the maximum achievable hardness in the nc-TiN/SizN4
nanocomposite coatings as a function of oxygen impurities (Veprek et al. 2005b).
It should be noted that there are results from five different P-CVD and PVD
apparatuses from three different countries. Since writing that paper more than
10 years ago, many more results could be added in the range of oxygen impurity
of > 0.5 % and hardness below 40 GPa, but we believe that the data in Fig. 6.13 are
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Fig. 6.13 Maximum achievable hardness in the nc-TiN/Si;N4 nanocomposite coatings vs. oxygen
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different countries (From Veprek et al. (2005b) with permission)
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sufficient to show the critical role of oxygen impurities. The high hardness
of >40-50 GPa can be achieved only when the oxygen impurity content is of few
100 ppm. The reason is that the Si-O bond is the strongest one within the whole Ti-
Si-N (and other Tm-Si-N) system. Therefore, oxygen forms = Si-O-Si = clusters
which degrade the interfacial SizNy layer [see Fig. 2 in Veprek et al. (2005b)] and
hinder the diffusion and formation of the nanostructure as we shall discuss now.
Other impurities, such as hydrogen and carbon, also degrade the mechanical prop-
erties of the nanocomposites (Veprek et al. 2004a), but oxygen is the most “danger-
ous” impurity because of its high electronegativity and strong Si-O bond.

The temperature needed for the decomposition of the solid solution and forma-
tion of the stable nanostructure increases with increasing impurity oxygen content,
as shown in Fig. 6.14. The two points denoted “Int. Friction (Plasma CVD)” and
“Int. Friction (Sputtering)” on the left lower part correspond to the formation of
superhard nc-TiN/SizN, nanocomposites by P-CVD and reactive magnetron
sputtering in the institute of S.V., whereas the point denoted “Int. Friction (Vacuum
Arc)” corresponds to nc-(Ti;_Al,)N/Si3N4 nanocomposites deposited by vacuum
arc in an industrial coating system of the SHM company (SHM). The point
“recrystallization (vacuum arc)” corresponds to the “recrystallization” of the Ti-
Si-N solid solution “stable” up to this point as reported by Flink et al. (2009), and
the point “a-TiSiN with high Si” describes the stability limit of Ti-Si-N coatings
with high Si content (Musil et al. 2007).
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Flink et al. reported already in 2005 (Flink et al. 2005) about the high stability of
the Ti-Si-N solid solution, but in that paper, the concentration of oxygen impurities
has not been given. In a later paper, they confirmed the high stability of the solid
solution up to 1000 °C and reported also the oxygen impurity content of about
0.7-0.8 % (7000-8000 ppm) for coatings with Si content of 7-9 % where the
maximum hardness should be found. However, it is not possible to prepare
superhard nanocomposites under such conditions because, as well known from
silicon technology, silicon is lost by evaporation of SiO that is volatile above
900 °C. Indeed, using atom probe tomography, Tang et al. did not find any
SizNy-like interfacial layer in Ti-Si-N coatings with oxygen impurity content of
about 1.2-1.4 at.% (Tang et al. 2010). According to the results shown in Fig. 6.14,
the samples used by these researchers would have to be annealed at a high
temperature of about 1200 °C to reach the “recrystallization.” Flink et al. also
reported very high density of dislocations of about 1-10'* cm™? in their Ti-Si-N
films and stated that this “corresponds to values found for heavily cold work-
hardened material” (Flink et al. 2009). Critical reader will realize that this value
is the order of magnitude too high for cold work-hardened material (Argon 2008),*
but it can be explained by the oxygen impurities: Taking the reported concentration
of about 0.8 at.% and assuming that the thickness of the samples used for the TEM
study was about 20-30 nm yield the areal density of the O-related defects of about
0.6to 1x 10" ecm ™2

When, in a later work, the oxygen impurity has been decreased below the
detection limit of 0.1 % (1000 ppm) of the analytic techniques used by this group,
the homogeneous solid solution could be grown at 550 °C epitaxially on TiN up to a
critical thickness of few tens of nm. The segregation of Si to the grain boundaries
was seen for thicker layers, but it seems to be still incomplete (Eriksson et al. 2014).
It remains an open question if the TiN and Si;N, phases would segregate
completely in these experiments when the oxygen impurity content would be
only few 100 ppm. According to our results and those available in the literature
(Rogl and Schuster 1992), the segregation will be completed if the impurity content
will be sufficiently low.

There is a fundamental question regarding the nanostructure formation in the Ti-
Si-N coatings deposited by PVD because all papers known to us reported columnar
morphology. In our own studies using reactive magnetron sputtering, we have also
observed dense morphology which appeared isotropic in the SEM [see Fig. 14 in
Prochazka et al. (2004)], but columnar, although very dense morphology could be
seen in HRTEM. However, the oxygen impurity of about 1000—1500 ppm was also
much larger in our coatings deposited by reactive sputtering than in the nc-TiN/

* At a dislocation concentration of 10'* cm ™2, the long-range order is lost (Ninomiya 1978) and
amorphization occurs (Nastasi et al. 1996). High dislocation density of 10'* cm™ can be formed
by a powerful 10 ps laser pulse, but the dislocation density quickly decays to 103 cm 2 after only
140 ps (Bringa et al. 2006).
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SizN,4 nanocomposites deposited by P-CVD, which had fully isotropic nature (see
above). Nevertheless, the segregation of the TiN and Si;N4 has been clearly seen
also in our coatings deposited by sputtering [see Fig. 9 in Veprek (2013)]. This
question will remain open until someone succeeds to deposit these coatings by
sputtering with impurity content of 100 ppm or less.

Coatings deposited by PVD should be also fully segregated nc-TiN/SizNy
nanocomposites because the decomposition of the solid solution occurs by diffu-
sion in the bulk of the growing film for the following reasons: Based on the
published values of the diffusion coefficient of Si in TiN, it has been estimated
that about 100 s are needed for Si to diffuse over a distance of about 5 nm, which is
taken as an approximate criterion for the segregation of the phases, whereas several
1000 s are needed at 300 °C (Veprek et al. 2006; Zhang and Veprek 2006). With the
deposition rate of > 1.5 nm/s used in our sputtering system (Prochazka et al. 2004),
a 5 nm thick layer of the solid solution is deposited within about 3 s, whereas the
time needed for Si to diffuse such distance is about 100 s. Therefore, homogeneous
solid solution is formed at the surface of the growing films initially during the
deposition, and the decomposition of the solid solution and phase segregation
occurs by diffusion in the bulk. One often finds a suggestion that the ion bombard-
ment may enhance the diffusion and phase segregation. However, at the high
deposition rates, the decomposition of the solid solution by diffusion occurs in
the bulk where the ion bombardment does not play any role. Moreover, ion
bombardment will enhance mixing.

In the case of the coatings deposited by P-CVD, the deposition rate of
0.5-0.7 nm/s was only slightly lower. Therefore, there seems to be no rational
reason why the mechanism of the decomposition of the solid solution and formation
of the nanostructure should be different in P-CVD and PVD coatings. All the
discrepancies regarding the morphology and achievable hardness appear to be
associated with the impurity content.

2.5.2 The Possibility of the Formation of Superhard Nanocomposites
in Other Systems

Based on our present understanding of the mechanism of hardness enhancement in
the nc-TiN/SizN, system, the following conditions are needed to achieve hardness
enhancement by a factor of 3—5 as compared with the terminal phases which, of
course, must be hard: (a) The system must be spinodal with a high de-mixing
energy even if the segregated phases are not coherent, (b) the interfacial layer of the
covalent XY compound must be stable between the surrounding TmN and another
alternate hard material, (c) there must be some mechanism of strengthening of the
interfacial XY layer similar to that in the nc-TiN/Si3N,4 nanocomposites, and (d) the
material must be prepared with a sufficiently high purity.
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Fig. 6.15 Elastic recoil detection analysis (ERDA) of a typical nc-(Ti;_,Al,)N/SizN, coatings
deposited by vacuum arc evaporation in an industrial coating system of the company SHM (SHM)

Thermodynamics

As shown in Fig. 6.9a, the superhard nc-TmN/Si;N, nanocomposites have also
been obtained with W,N and VN. The company SHM is fabricating nc-(Ti; _,Al,)
N/SizN,4 and nc-(Cry_,Al,)N/Si3N, nanocomposite coatings on tools that reach
hardness of about 40 GPa when the oxygen impurity content is < 1000 ppm (see
Fig. 6.15). The lowest impurity content that has been achieved so far in such
coatings deposited in an industrial coating equipment of the SHM company was
about 700 ppm [see Fig. 21 in Veprek (2013)]. Thus, an improvement of the
impurity by a factor of 3—4 is needed to reach the hardness of > 50 GPa in the
industrially produced coatings.

As mentioned, all transition metal nitrides and SizN,4 are immiscible, and they
should probably decompose by spinodal mechanism, provided the lattice parame-
ters of the TmN and SizN,4 do not differ too much. In such case, the only limitation
is the stability of the interracial fcc-SizNy-like layer. When the lattice mismatch
between the transition metal nitride and Si3;Ny is too large, the decomposition will
not be coherently spinodal.
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Using a combined first-principle DFT calculation and thermodynamic modeling,
our group has studied a limited number of possible systems. The results are briefly
summarized here:

— The Zr-Si-N (Sheng et al. 2008) and Al-Si-N (Sheng et al. 2013) systems are not
coherently spinodal and, therefore, should decompose by nucleation and growth
without the formation of a sharp interfacial Si;Ny layer. Therefore, the hardness
enhancement observed in these systems is due to grain refinement only.

— Also the Zr-Al-N system should decompose by nucleation and growth (Sheng
et al. 2008), and as we shall see, the fcc-AIN interfacial layer is unstable
with ZrN.

— The Ti,_,B,N system consisting of stoichiometric TiN and BN is chemically
spinodal, and superhard nc-TiN/1 ML-BN nanocomposites have been prepared
by P-CVD (Karvankova et al. 2006), whereas the frequently reported
nitrogen-deficient TiB,N;_, (“TiN+ TiB,”) system should decompose by
nucleation and growth (Zhang et al. 2008). However, the large difference of
the sizes of boron and titanium atoms makes a coherent or semi-coherent
interfacial BN layer impossible to form [see Fig. 12a in Karvankova
et al. (2006)]. Moreover, the 1 ML of fcc-BN between TiN slabs is unstable
already at 0 K (Ivashchenko and Veprek 2013). Therefore, the hardness
enhancement observed in the nc-TiN/BN nanocomposites is most probably
due to the “strongest size,” as seen in Fig. 6.16. The maximum hardness of
about 50 GPa is achieved in this system when the surface coverage of the TiN
nanocrystals by BN reaches about 1 ML as in the nc-TiN/S3N,4 system. More-
over, the electronegativity of boron (2.0) is slightly larger than that of silicon
(1.8). Therefore, one might believe that the mechanism of the hardness enhance-
ment is similar in both systems. This is however not the case because due to the
large misfit between TiN and BN, there are also some Ti-B bonds even at the
maximum hardness and 1 ML coverage of TiN nanocrystals with BN
(Karvankova et al. 2006). By careful observation (Fig. 6.16), one sees that the
maximal hardness correlates with the size of the TiN nanocrystals around 10 nm,
i.e., with “the strongest size.” Therefore, the hardness enhancement in these
nanocomposites is only due to the refinement of the grain size but not due to a
“strengthened” interfacial layer.

— This example should be a warning that in many other systems, where a hardness
enhancement up to 30-35 GPa has been found upon possible formation of
nanocomposites, it was probably solely due to the grain refinement.

— One of the most promising systems is Zr-Al-O because it is chemically spinodal
(Sheng et al. 2011a, b) and should have an “infinitive oxidation resistance”
which is very important in many industrial applications. However, because the
hard corundum a-Al,O; modification forms only at high temperatures
of > 1000 °C, the mixed a-(Al;_,Cr,),03—ZrO, and in particular Cr,03—ZrO,
systems may be more suitable to form hard and superhard nanocomposites. The
formation of “Cr-Zr-O” coatings with a pronounced hardness enhancement has
been achieved by M. Jilek from the SHM company (Jilek 2012).
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Fig. 6.16 Hardness of nc-TiN/BN nanocomposite coatings vs. surface coverage of the TiN
nanocrystals with BN. The numbers are the corresponding size of the TiN nanocrystals (From
Karvankova et al. (2006) with permission)

These limited examples clearly show that not all the systems can form superhard
nanocomposites with hardness enhancement above 40-50 GPa because the inter-
facial covalent XY layer is not sharp and not strengthened. The most likely
mechanism of the strengthening reported in many papers is due to refinement of
the crystallite size. This is most probably valid also for papers reporting on
nc-TmN/SiN, nanocomposites with oxygen impurities of > 0.3-0.4 %. The com-
bined DFT and thermodynamics studies should be extended to other candidate
systems because they are much faster and cheaper than the experimental trial and
error approach.

Stability of the Interfacial Si;N4 and Alternate XY Layers

There are several ways of how to investigate the stability of the interfacial layer.
The DFT method, which yields result at 0 K, does not guarantee that the structure
obtained by structural relaxation until a minimum of the total energy has been
achieved is really stable. Therefore, one has to study the dynamical phonon stability
or artificially distort that structure and observe whether the total energy increases
(the structure is stable or metastable in such a case) or decreases, in which case the
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structure is unstable. Both approaches have been used to study the stability of the
1 ML-fcc-SiN layers pseudomorphically stabilized between TiN slabs. The artifi-
cial distortion approach has been used by Zhang et al. who showed that the
fcc-(111)- and fee-(110)-TiN interfacial monolayers are stable, but the fcc-(001)-
SiN one is unstable. However, it has been stabilized by distortion of the Si atoms in
(Veprek et al. 2004b) direction by 12 %, where the Si is essentially only fourfold
coordinated (Zhang et al. 2009a, b). Marten et al. (2010) conducted the dynamic
phonon studies of this system and confirmed the results of Zhang et al. More
recently, Ivashchenko et al. used QMD to study this system at high temperatures
and confirmed also these results (Ivashchenko et al. 2012). Interestingly, in the
QMD calculations of Ivashchenko et al., the distortion of the Si atoms within the
1 ML SiN was random and not regular in the (Veprek et al. 2004b) direction as in
the DFT studies of Zhang et al. This is due to the fact that the random distribution
decreases the elastic lattice strain and concomitant elastic energy. This is seen as a
decrease of the total energy after “annealing” the system to high temperature and
“cooling” down to 300 K in a simulated “experiment.”

The probably most efficient method is the phonon study of the soft modes, as
recently done by Ivashchenko et al. [Ivashchenko et al. (2014); Ivashchenko and
Veprek (2013)]. When the structure is stable with respect to a given phonon mode,
its phonon vector is real, i.e., small distortions of the atoms from their equilibrium
positions are damped. When, however, the structure is unstable upon an infinites-
imal deformation corresponding to the given phonon mode that is driving the
structural transformation, that phonon will be amplified which shows imaginary
phonon vector (Dove 1993). Conventionally, this situation is represented by neg-
ative phonon frequencies.

Figure 6.17a shows the frequencies of soft phonon Aj3[2n/a(1/8,1/8,1/8)] and
As[2m/a(1/4,0,0)] modes of the B1-AIN interfacial layer as the function of lattice
parameters of the surrounding transition metal nitride slabs (Ivashchenko
et al. 2014). The frequencies are positive for lattice parameters < 0.44 nm, i.e., an
interfacial AIN layer should be stable between the slabs of corresponding nitrides
such as TiN, VN, NbN, and the like but unstable, e.g., with ZrN whose lattice
parameter is close to 0.47 nm.

However, it remains an open question if one could prepare superhard
nanocomposites with a large hardness enhancement in the systems Ti-Al-N,
V-Al-N, and Nb-Al-N because although some of them are chemically spinodal,
the de-mixing energy is the order of magnitude smaller than that in the Ti-Si-N
system, as shown, e.g., for the Ti-Al-N (Zhang and Veprek 2007a) and Cr-Al-N
(Zhang and Veprek 2007b) systems. Furthermore, the electronegativity of Al (1.5)
is similar or even lower than that of the transition metals mentioned (Ti-1.5, V-1.6,
Nb-1.6). Thus, a strengthening of the fcc-AIN interfacial monolayer by valence
charge transfer is ruled out. Therefore, superhard nc-TiN/AIN and related
nanocomposites with a similar hardness enhancement mechanism as in the
nc-TiN/SizNy system are unlikely to form.

In a similar way, it was shown that fcc-BN interfacial monolayer is unstable for
lattice parameter of the TmN larger than about 0.32 nm [see Fig. 1 in Ivashchenko
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Fig. 6.17 (a) Frequencies of soft phonon Aj[2x/a(1/8,1/8,1/8)] and As[2xn/a(1/4,0,0)] modes of
B1-AlN interfacial layer and (b) for B1-SiC interfacial monolayer as function of lattice parameters
of the surrounding transition metal nitride slabs (From Ivashchenko et al. (2014) and Ivashchenko
and Veprek (2013) with permission)

and Veprek (2013)] which lends a further support to the fact that the hardness
enhancement observed in the nc-TiN/BN nanocomposites is simply due to refine-
ment of the grain sites of the TiN, as discussed above.

Interesting is the question if one could use SiC as the interfacial layer because
Kong et al. reported significant hardness enhancement in TiN/SiC heterostructures
deposited by magnetron sputtering at room temperature with TiN slabs of 4.3 nm
and SiC layers of 0.6 nm thickness (Kong et al. 2007). Figure 6.17b shows the
phonon frequencies of 1 ML fcc-SiC layer between TmN slabs of different lattice
parameters. The lattice parameter of TiN of 0.423 nm is just close to the instability
by the soft modes. Therefore, upon heating to 600 K, the fcc-SiC interfacial layer
becomes unstable and converts to a disordered structure with broken bonds [see
Fig. 3 in Ivashchenko and Veprek (2013)]. Moreover, TiN;_,C, forms stable
substitutional solid solution where carbon atoms replace nitrogen. In TiN;_,C,
deposited by P-CVD at temperature of 560 °C, with increasing fraction of carbon,
the hardness increases from that of TiN to that of TiC following the rule of mixtures
[see Fig. 8 in Veprek et al. (1996)]. Therefore, even when the TiN/SiC
heterostructures deposited at room temperature have shown an interesting hardness
enhancement, nc-TiN/SiC nanocomposites cannot be prepared because this system
forms a stable solid solution.
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In summary to this section, the understanding available to us now suggests that
superhard nanocomposites with hardness enhancement by a factor of 3—5 can be
formed only in the Tm-Si-N systems where the lattice parameter of the transition
metal nitride does not differ too much from that of SiN,, because only such systems
are spinodal with large de-mixing energy, and the interfacial 1 ML SiN, with silicon
fourfold bonded to nitrogen is stable and strengthened by valence charge transfer.
In majority of nanocomposites, where some hardness enhancement has been
reported, this was due to a simple refinement of the grain size toward the “strongest
size.”

3 Industrial Applications

As already mentioned, the nc-(Ti;_,Al,)N/Si3zN4 nanocomposites have been
pioneered as wear-protection coatings on tools for machining by Czech company
SHM since 1996, followed soon by many other companies. The advantage of the
nanocomposites is not only the higher hardness which reduces the abrasion wear
but also (an in many cases mainly) their higher oxidation resistance up to above
900 °C, which is about three times better than that of the (Ti; _,Al,)N coatings, and
therefore reduces the chemical wear by oxidation. The nc-(Cr;_,Al,)N/SizNy
nanocomposites show even better oxidation resistance above 1000 °C [see
Fig. 10 in Cselle (2005)]. We refer to our reviews for further details and information
(Veprek and Veprek-Heijman 2008; Veprek 2013). Here we only emphasize
several important points and give some examples of more recent achievements.

The high oxidation resistance is very important because in many machining
operations, such as drilling, the cutting edge is running almost dry even when
coolants are used. Thus, the number of holes being drilled by drills coated with
the nc-(Ti; _,Al,)N/Si3;N4 nanocomposites is more than factor of 3 larger than that
with the conventional (Ti;_,Al, )N coatings. Moreover, if one can reduce the
amount of coolant or even eliminate them in dry machining, one can significantly
reduce the overall costs of the machining by up to 30 %.

Besides the high hardness, the nanocomposites also show a very high elastic
limit of almost 10 %, which means that they sustain large strain without formation
of cracks [see Fig. 9 in Veprek et al. (2003)]. This is particularly important in
interrupted cutting, such as milling. However, the “harder” machining and longer
lifetime of tool coated with these coatings may result in fatigue of the material of
which the tools are made as illustrated by curve 3 in Fig. 6.18. Because the mills
coated with the nanocomposites allowed longer lifetime of the tools, fatigue in the
cemented carbide of which the tool has been made of caused an unpredictable
sudden wear. Such behavior cannot be tolerated because the operator must know
when to change the tool to avoid damage to the part being machined. The solution
was the TripleCoatings® with about 2 pm thick underlayer of (Ti;_,Al,)N and
about 1 pm top layer of the nc-(Ti;_,Al,)N/Si;N4 nanocomposites (Cselle 2008). In
such a way, the wear became predictable and the lifetime of the tool has been
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Fig. 6.18 Milling of 56 HRC hard steel using end mils made of cemented carbide coated with
different coatings: 1, conventional (Ti;_,Al, )N coatings from two different manufacturers;
2, “TiSiN” coatings from a foreign company; 3, nc-(Ti;_,Al,)N/Si3N4 nanocomposite coatings;
and 4, “TripleCoatings®™” consisting of about 2 pum thick (Ti;_,Al)N border layer and 1 um thick
nc-(Ti; _,Al,)N/Si3N4 nanocomposite top layer (From Cselle (2005) with permission)

increased by almost a factor of 5 as compared with the conventional (Ti;_,AlL)N
coatings (curve 4 in Fig. 6.18). One can also see that the nc-(Ti;_,Al,)N/Si3Ny
nanocomposites are significantly better than the nc-TiN/SizN4 ones (curve 2 in
Fig. 6.18), probably because of higher oxidation resistance of the former.

The low thermal conductivity of the nanocomposites reduces the flow of heat
released due to the machining into the cutting edge. The low thermal conductivity is
caused by intense phonon scattering on the grain boundaries of the 3—4 nm small
nanocrystals. In the case of “TiSiN”’ nanocomposite coatings, the thermal conduc-
tivity decreased from about 12 W/m-K for TiN to about 1.7 W/m - K for TiSiN
nanocomposite coatings with high Si content. For the Al-+ Si content where the
hardness of the coatings reached maximum, the thermal conductivity was about
3 W/m-K (Samani et al. 2013). The thermal conductivity increases with increasing
temperature. The lowest thermal conductivity and its lowest increase with temper-
ature have been found for the CrAlSiN nanocomposites (Martan and Benes 2012).
A significant decrease of the thermal conductivity has been reported also for
TiN/TiAIN multilayers (Samani et al. 2015). The low thermal conductivity of the
nanocomposite coatings is of particular interest for tools made of HSS which must
not be heated above 530 °C because above that temperature it softens.
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Fig. 6.19 Calotec in the
coatings of the indexable
inserts used for the milling
of rails for fast trains
showing the depth profile:
substrate (cemented
carbide) in the center and
adhesion TiN layer (the first
red-yellow layer), followed
by a multilayers consisting
of (Ti;_,Al)N (dark) and
TiN (red yellow) with top
layer of the nc-(Ti; _,Al,)N/
SizN4 nanocomposite (From
Pramet SHM (2014) with
permission)

Fast trains, such as Shinkansen in Japan, TGV in France, ICE in Germany, and
others, are running at a speed of more than 300 km/h. In that case, the roughness of
the rails must be less than 0.2 mm to avoid not only uncomfortable tremors and
vibration of the train and noise but also to reduce the wear and possible crack
formation in the rails. Therefore, the rails have to be periodically machined by
milling. The tool has typically a diameter of about 60 cm and 22 teeth with many
indexable inserts fixed there. It operates at 120—150 revolutions per minute with a
surface speed of 220-280 m/min and feed of 700 m/h. The machining can be done
only in the night when the fast trains do not operate. The company SHM in
collaboration with the manufacturer of the indexable inserts Pramet developed
special coatings shown in Fig. 6.19 (Pramet SHM 2014). The calotec ground
section shows the depth profile of the coating: substrate (cemented carbide) in the
center and adhesion TiN layer (the first red-yellow layer), followed by a multilayer
consisting of (Ti;_,Al, )N (dark) and TiN (red yellow) with top layer of the
nc-(Ti;_,AlL)N/SisN4 nanocomposite. This coating enabled to increase the lifetime
of the expensive tool by more than 20 % and in such a way to extend the length of
the rail that can be machined with one tool to more than 2 km.

As last example, we show in Fig. 6.20 tools made of steel for injection molding
of Al alloys in fabrication of parts for automotive industry, after the fabrication of
15,000 parts. The tool treated in a conventional way by nitriding (left) shows a clear
wear and had to be exchanged, whereas the tool coated with 2-3 pum thick
nc-(Cr; _,AL)N/Si3N,4 coating does not show any noticeable wear. Obviously, the
nanocomposites offer a great advantage also in operation where a combined
abrasive and chemical wear occurs.
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Fig. 6.20 Tools for injection molding of Al alloys in fabrication of parts for automotive industry,
both after the fabrication of 15,000 parts. The length and diameter of the tools are about 200 and
20 mm, respectively. Left tool with conventional surface treatment by nitriding, right tool coated
with 2-3 pm thick nc-(Cr;_,Al,)N/Si3Ny coating [From SHM, private communication (2013)]

4 Conclusions

The search for new intrinsically super- and ultrahard materials should not consider
only the high values of elastic moduli, but it has to study in detail the electronic
stability upon large shear and the deformation paths. The presently available results
show that materials which contain d-metals or non-binding electron pairs are likely
to undergo electronic instability and transformation to other phases with low plastic
resistance. Thus, diamond will probably remain the intrinsically hardest material.
More promising are attempts to design extrinsically superhard nanostructured
materials, such as heterostructures, nanosized materials with crystallite size close to
10-15 nm (the “strongest size”) and in particular nanostructured materials with
low-energy grain boundaries. The recently prepared nanotwinned nt-c-BN and
t-diamond reached the load-invariant hardness of 109 and 200 GPa, respectively.
Super- and ultrahard nanocomposites with strengthened interfacial layer,
such as nc-TiN/SisN4 and nc-TiN/SisN4/TiSi,, can reach hardness in excess of
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100 GPa provided they are correctly prepared with low impurity content. The
nc-(Ti; _,Al)N/Si3N4 and nc-(Cr; _,Al,)N/Si3Ny coatings are used as wear-protection
coatings on tools for machining, stamping, forming, injection molding, and the like.
Their advantage is not only the higher hardness but also high oxidation resistance and
resistance against chemical corrosion as compared to their conventional counterparts
(Ti;_AL)N and (Cr_,Al)N.

We have also shown that not all “nanocomposites” reported in many publica-
tions during the last two decades can be superhard. In many cases, the observed,
relatively small increase of the hardness was due to simple refinement of the grain
size. The conditions needed for achieving the high hardness of > 100 GPa in
nanocomposite systems have been discussed in some detail, and some promising
systems have been identified and others ruled out.
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