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Recent search for new superhard materials: Go nano!
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High elastic moduli do not guarantee high hardness because upon finite shear electronic

instabilities often occur that result in transformation to softer phases. Therefore, the author

concentrates on the extrinsically superhard nanostructured materials, which are the most promising.

Decreasing crystallite size results in strengthening and hardening because the grain boundaries

impede the plasticity (e.g., Hall–Petch strengthening in case of dislocation activity). However, this

hardening is limited to a crystallite size down to 10–15 nm below which softening due to grain

boundary shear dominates. This softening can be reduced by forming low energy grain boundaries

or a strong interfacial layer. In such a way, much higher hardness enhancement can be achieved.

The emphasis will be on the understanding of the mechanisms of the hardness enhancement. A

special section deals with examples of the present industrial applications of such coatings on tools

for machining in order to illustrate that these materials are already in large-scale use. In the last

section, the author summarizes the open questions and limitations for the preparation of the super-

and ultrahard nanocomposite coatings and possible ways on how to overcome them. VC 2013
American Vacuum Society. [http://dx.doi.org/10.1116/1.4818590]

I. INTRODUCTION

Hardness is a resistance of a body to the deformation

upon an applied load.1 Thus, the nature of the load (scratch,

indentation, and impact) and of the kind of the deformation

(elastic/plastic) distinguishes between the scratch hardness

described by the Mohs scale, indentation, and dynamic

impact hardness. Scratch hardness is suitable for mineralo-

gists, but it is less suitable for material scientist and engi-

neers because it is strongly nonlinear (e.g., Ref. 2, p. 450).

The dynamic impact hardness1,3,4 is important, e.g., in inter-

rupted cutting, such as milling, for the lacquer on the front

part of a vehicle exposed to impact of particles and the like.

The exact definition of the impact hardness can be found in

Ref. 1 and more recent method of its testing in Refs. 2 and 3.

The plastic indentation hardness is an average pressure under

the indenter upon fully developed plastic deformation, i.e.,

the applied load divided by the area of contact between the

indenter and the tested material after unloading should be

load-invariant.1 For more information about the definition

and measurement of hardness, see Appendix A.

Because the spatial distribution of the stress under the in-

denter and concomitant plastic deformation are very com-

plex, it is of fundamental interest to find the relationship

between the hardness H and tensile yield strength Y,

H¼C�Y, where C is the constraint factor. The tensile yield

strength Y is defined as the stress under which, after unload-

ing, the remnant plastic strain amounts to 0.2%.2,5,6 We dis-

cuss the constraint factor of different materials briefly in

Appendix B.

Intrinsically super- [H� 40 GPa; cubic boron nitride

(c-BN) 46–48 GPa] and ultrahard (H� 70 GPa; diamond

70–100 GPa) materials attain high hardness through their

large intrinsic strength, which is achieved by strong covalent

bonds and a high coordination number in all three dimen-

sions, whereas extrinsically super- and ultrahard materials

reach such hardness as a consequence of their nanostructure

which impedes plastic deformation. One notices that under

the conditions of fully developed plasticity, there are many

defects, such as dislocations, slips, twinning, stacking faults,

and the like. Therefore, the practically achievable strength is

orders of magnitude lower than the theoretical (ideal)

strength of a perfect crystal. Consequently, the plastic hard-

ness describes the behavior of a heavily defect material.

Although the plastic indentation hardness will be the

focus of the present paper, one has to keep in mind that for

many applications also other properties, such as high fracture

toughness, low coefficient of friction, high oxidization and

corrosion resistance, chemical inertness to the material being

machined, and others are equally or even more important.

Diamond is the intrinsically hardest material because of

its strong nonpolar covalent C-C bonds and the high coordi-

nation number of 4. It is a metastable polymorph to graphite

(the enthalpy of the transformation DH�þ1.9 kJ/mol), but

the graphite-to-diamond as well as the reverse transforma-

tion requires a very high activation energy of about �700 kJ/

mol, comparable with the evaporation enthalpy of graphite,

to promote the carbon atoms from the sp2 state of electronic

structure to the sp3 hybridization (and vice versa).7,8

Diamond also has very high elastic moduli, in particular, the

shear modulus G� 553–576 GPa (Refs. 5, 7, and 9), which

is relevant for plastic deformation.2,5 The frequently quoteda)Electronic mail: stan.veprek@lrz.tum.de
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experimental correlation of shear modulus with hardness,

which however shows large scatter,10 reflects the fact that

the stress needed for the multiplication and propagation of

dislocations (“crystal plasticity”11) is proportional to G, and

similar dependence on G is expected also for other mecha-

nisms of plastic deformation, such as slip, twinning, and the

like.

Large values of elastic moduli, however, do not guarantee

high hardness because upon plastic flow, when the shear

strain reaches high values on the atomic level, electronic

instabilities, and transformation to softer phases may occur

and limit the achievable strength and hardness, as we shall

discuss in the following section. Diamond also transforms

into graphite upon shear within the ð111Þ½11�2� slip system12

(see also Fig. 2 in Ref. 13), but because of its simple elec-

tronic structure and strong nonpolar covalent bonds, this

transformation requires a very high shear stress of about

80–90 GPa (Refs. 9 and 12–14), as observed also experimen-

tally upon indentation.15 The intrinsic hardness of natural di-

amond at room temperature is between about 70 and

100 GPa (Ref. 7), but it can be enhanced above 100 GPa due

to solid solution hardening when, e.g., several hundred parts

per million (ppm) of the carbon atoms are substituted by

nitrogen to impede dislocation motion, as frequently found

in industrial diamonds.

Although diamond will most probably remain the intrinsi-

cally hardest material, many attempts have been done

recently to synthesize or theoretically predict new superhard

materials, which could approach the hardness of diamond.

These attempts will be briefly illustrated in the next section

to show that electronic instabilities upon finite shear limit

many materials with high values of elastic moduli to be

superhard. This will lead us to the conclusion that the most

promising way toward the preparation of new super- and

ultrahard materials is the design of nanostructured ones.

Li et al. were the first researchers who reported about the

large hardness enhancement up to 70 GPa when silicon has

been added to TiN, as shown in Fig. 1.16 The films have

been deposited on steel by means of plasma chemical vapor

deposition (PCVD) from a mixture of TiCl4, SiCl4 with

excess of hydrogen and nitrogen (gas flow H2:N2:(TiCl4
þ SiCl4)¼ 2:1:0.4) at a temperature of 560 �C. The hardness

has been measured on films of thickness “larger than 5 lm”

by the conventional two steps Vickers method at a relatively

large load of 50 gf (about 490 mN). Therefore, the high val-

ues of the hardness of 60–70 GPa reported by Li et al. are

reliable, and they in fact underestimate the actual hardness

due to the effect of the much softer steel substrate and high

load used, as explained below.

The decrease of the hardness of the coatings, found by Li

et al. several months after their preparation, characterization,

and publication of the paper,16 has been believed at first to

be caused by the relatively high content of chlorine impur-

ities of 2–3 at. %. We shall see later that it is an intrinsic

problem of the quasiternary nc-TiN/a-Si3N4/TiSi2 nanocom-

posites (which in fact these researchers had) related to the

long-term instability of metastable phases of TiSi2 deposited

at relatively low temperature. (Notice that “nc-” stands for

“nanocrystalline,” “a-” for x-ray amorphous, and the stoichi-

ometry Si3N4 symbolizes that silicon is fourfold coordinated

to nitrogen, thus showing the same binding energy in x-ray

photoelectron spectroscopy (XPS) as in stoichiometric

Si3N4.) Li et al. reported also a second, minor Si-containing

component which they attributed to elemental Si. Later on it

has been identified as TiSi2,17 i.e., Li et al. had in fact the

quasiternary nc-TiN/a-Si3N4/TiSi2 nanocomposites, whose

hardness is, however, also not stable on the time scale of 6–8

months even if the Cl impurity content is below about

0.6 at. % (Ref. 18). (Veprek et al. originally suggested that

about 1–2 monolayers thick Si3N4-like interfacial layer is

amorphous,19,20 but later on they changed it to “x-ray

amorphous.”18 Because there must be some pseuodomorphic

correlation between TiN and Si3N4-like interfacial layer, we

shall in the following drop the “a” as it is confusing the

readers.)

Li et al. originally attributed the hardness enhancement to

precipitation hardening of Si3N4 (identified by means of

XPS) within the TiN crystals. However, when we have later

on, in collaboration with Li, evaluated the x-ray diffraction

(XRD) patterns of their and our coatings, we realized that

the size of the TiN nanocrystals significantly decreased upon

the addition of Si, down to 3–4 nm at Si content of about

7–10 at. %, where the maximum hardness has been

achieved.19,20 Because precipitation of Si3N4 within such

small TiN nanocrystals cannot occur, another explanation of

the large hardness enhancement had to be found.

The resistance of well consolidated polycrystalline mate-

rials to plastic deformation increases with decreasing crystal-

lite size down to about 10–15 nm, because the grain

boundaries are impeding the plastic flow.2,5,11 Therefore,

one finds a strength and hardness enhancement upon refine-

ment of the crystallite size or formation of nanosized hetero-

structures. In such a way, the pioneering work of Li et al.
has initiated the research on the development of the stoichio-

metric, quasibinary superhard nc-TiN/Si3N4 and related nc-

TmN/Si3N4 (Tm—transition metal forming hard and stable

nitrides) nanocomposites, which are stable over many

years,18 and which will be the focus of this review with

respect to fundamental science as well as to industrial appli-

cations. We also include short sections about the Ti-B-N sys-

tem and about the possibility of the design of oxide-based

FIG. 1. Microhardness of the Ti-Si-N films deposited by Li Shizhi et al.
(Ref. 16) (see text). Reprinted with Permission from Li et al., Plasma Chem.

Plasma Process. 12, 287 (1992). Copyright 1992, Springer.
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nanocomposites because these systems are of great impor-

tance for both fundamental research and applications.

Another important class of superhard nanostructured

materials represents the heterostructures prepared by deposi-

tion of a repeated sequence of few nanometers thin layers of

two different materials with large difference in shear moduli.

The idea of this mechanism of strenghtening has been elabo-

rated by Koehler:21 When the thickness of the layers is so

small that no dislocation multiplication source can operate, a

dislocation, which was present in the layer with a smaller

shear modulus G(1) will, upon applied strain, move toward

the interface with the stronger layer with G(2)>G(1), but

the elastic image back-force induced in that layer by the

strain of the dislocation core will impede the dislocation to

cross that interface. This mechanism of strengthening has

been verified on a number of heterostructures formed of im-

miscible metals for strengthening in tensile tests.22,23 When

the heterostructures have been made of hard transition metal

nitrides, superhardness of � 40 GPa has been achieved at a

period of several nanometers by several research groups24–30

(see reviews Refs. 31–33 for further papers). However, when

the lattice period decreases below about 4–5 nm, the hard-

ness decreases because of the roughness of the interfaces.34

This softening may appear to be a limitation for the appli-

cation of the heterostructures as protective coatings on tools

because it is impossible to deposit heterostructures with

sharp interface in an industrial coating system with at least

two targets consisting of different materials and using a

rotating turntable on which the tools are mounted.

Nevertheless there are reports that show that nanolayered

coatings improve the performance of the tools for machining

(e.g., Ref. 35).

Interesting are the heterostructures with only one to two

monolayers (1–2 ML) thin SiNx (Refs. 36–38) or oxide39,40

interfacial layer between several nanometers thick transition

metal nitrides slabs. It is not clear if the reported hardness

enhancement is due to Koehler’s mechanism or to strength-

ening of the 1–2 ML thin SiNx or oxide interfacial layers as

it will be shown in Sec. III C dealing with the nc-TmN/Si3N4

nanocomposites.

In the majority of reports, it is not quite clear which

mechanism is responsible for the improvement of hardness

of the nanolayered coatings or of the cutting performance of

coated tools, because it may be due to the Koehler’s mecha-

nism, or to the strengthening of the thin interfacial SiNx (or

oxide?) layer, or to the improvement of fracture toughness.

Matthews et al. have shown that a modulation of elastic

moduli in multilayers hinders the propagation of cracks, thus

increasing the toughness of the multilayers as compared with

a monoblock single layer.41 High toughness is important in

machining, particularly in interrupted cutting, such as mill-

ing. Therefore, we shall briefly discuss the possibilities of

toughening of the nanocomposites in a special short section

in order to emphasize that hardness is only one of many

properties of materials important for applications.

Because the focus of this review is the understanding of the

mechanism of hardness enhancement in the nanocomposites,

we cannot discuss all the recent papers on heterostructures

(“nanomultilayers” and “nanolaminates”) and, therefore, we

refer only to a few of them (for further details see, e.g.,

Refs. 29–39 and 42–52). Moreover, as we shall see, the het-

erostructures can serve as a model for first-principles theo-

retical study of the mechanism of hardening in the nc-

TmN/Si3N4 nanocomposites.

Many researchers have reported a significant hardness

enhancement when the hard coatings have been deposited by

plasma assisted techniques under energetic ion bombardment

at relatively low temperatures. Valvoda et al. reported a

hardness increase of TiN up to 60 GPa (Ref. 53) [intrinsic

hardness is about 21 GPa (Ref. 54)], but upon annealing, the

hardness enhancement decreased.55,56 Figure 2 shows other

examples reported by Herr and Broszeit for HfB2,57 and for

ZrN/Cu and ZrN/Ni nanocomposites,58 which have been de-

posited by reactive magnetron sputtering by Musil et al. [see

review (Ref. 59)].

The possible applications of coatings “hardened” by ion

bombardment are very limited because of the thermal insta-

bility and the very high biaxial compressive stress, which of-

ten causes their delamination. However, as we shall see in

the section about industrial applications, nc-TmN/Me nano-

composites consisting of a hard transition metal nitride TmN

and a ductile metal Me that does not form stable nitrides

(e.g., Ni, Cu) can significantly improve the toughness of the

coatings (see, e.g., Refs. 60–62), and the performance of

tools for forming, stamping, and the like, when deposited at

low ion bombardment and sufficiently high temperature in

order to avoid the hardness enhancement due to energetic

ion bombardment and concomitant high biaxial compressive

stress. These coatings are also being considered as wear-

protection, load adaptable coatings with high hardness-to-

Young’s modulus ratio, H/E, for machine parts.63 The idea

behind such applications is that when the H/E ratio is high,

the coatings on the machine parts will, under localized high

load, deform and adapt elastically to the asperities of the

sliding surfaces before undergoing plastic deformation and

wear.

In the present paper, we shall not discuss multicomponent

hard coatings, such as TiAlN, AlCrN, and others, because it

is beyond its scope and because there are many excellent

FIG. 2. Decrease of hardness upon annealing of coatings, which have been

“hardened” by energetic ion bombardment during the deposition at relatively

low temperatures (see text).
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papers and reviews available (e.g., Refs. 64–69), particularly

the recent ones from Mayrhofer, Schneider, and their co-

workers. We shall only briefly touch the multicomponent

“high entropy alloys” coatings in order to address an open

question. Also, we cannot discuss the very important func-

tional nanocomposite coatings with low coefficient of friction

adaptable to changing environment,70–74 and nanocomposites

based on diamond-like carbon (e.g., Refs. 75–77) that find

increasing applications as low friction coatings in machine

parts.

Because the field of superhard nc-TmN/Si3N4 and related

nanocomposites has been growing very fast during the last

15 years, we cannot cover all published papers, but we have

to make a selection in order to emphasize what do we under-

stand (or believe to understand) today, what we hypothesize

(or believe), and what are the open questions to be answered

and problems to be solved in the future.

In the next section, we shall briefly discuss the recent

attempts to design new intrinsically superhard materials.

This will lead us to the conclusion that the most promising

way is to “go nano,” i.e., to design nanostructured materials

with a strong and highly stable nanostructure, and low-

energy interfaces or an interfacial layer strengthened by va-

lence charge transfer.

One notices that nanostructured materials are not thermo-

dynamically stable with respect to their coarse-grained poly-

or single-crystal counterparts, and therefore, they have to be

stabilized against coarsening. For this reason, we also

include a short section on their stabilization.

II. RECENT ATTEMPTS TO DESIGN NEW
INTRINSICALLY SUPERHARD MATERIALS

More than 27 years ago, when the theoretical first-

principles calculations were in early stage of the develop-

ment and the computing power of the available computers

was still limited, Cohen conducted pioneering calculations

of bulk moduli of a number of materials and obtained a good

agreement with the experimental data.78 This motivated him

and his coworkers to extend the calculations to new materi-

als, such as C3N4, a carbon analogous of silicon nitride,79–81

which had not been synthesized at that time. Because the cal-

culated bulk modulus of C3N4 was larger than that of c-BN

and close to that of diamond, Cohen et al. suggested that the

“carbon nitride” should have hardness larger than c-BN and

close to that of diamond. However, the experimentally found

hardness of amorphous stoichiometric C3N4 thin films was

below 30 GPa,82 i.e., less than that of c-BN. (Notice that the

strength and hardness of glasses is usually higher than that

of their poly- and single crystalline conterparts because the

mechanisms of plastic deformation by multiplication and

movement of dislocation cannot operate in an amorphous

network.) Recently, Zhang et al. provided the explanation:14

using an advanced version of the ab initio density functional

theory (DFT) code, they confirmed the high values of elastic

moduli reported by Cohen et al. Moreover, they have shown

that upon shear strain of 0.24 within the weakest ð111Þ
h11�2i slip system, the nonbinding electron pairs on nitrogen

in cubic C3N4 interact with the atomic orbitals of carbon

which results in an electronic instability and transformation

to a thermodynamically more stable graphitic-like structure

which contains double bonds83 that are typical of carbon in

its sp2 state, such as graphite. This is shown in Fig. 3 as an

abrupt decrease of the shear stress of C3N4 at a strain of 0.24

and the change of the difference of the total energy with

respect to the initial state to a negative value, which indi-

cates the transformation to another, more stable structure.

Diamond and c-BN sustain much larger shear strain before

the elastic shear stress relaxes to zero due to plastic lattice

slip which releases the elastic strain energy, and the total

energy returns to its original value.

This is an example par excellence which shows that the

electronic stability at large shear strain at atomic level is

more important than a high value of elastic moduli, because

the latter describe only the reversible resistance of the mate-

rial against small strain close to equilibrium called “elastic

stiffness.”

Unfortunately, the early pioneering work of Cohen et al.,
the recent explanation by Zhang et al., and the fact that the

experimentally found hardness of stoichiometric C3N4 is

below 30 GPa have not been sufficiently appreciated by the

scientific community, and the search for new superhard

materials based on high values of elastic moduli (or “low

compressibility,” i.e., high bulk modulus) continues, mostly

by first-principles calculations either in calculating the elas-

tic moduli of “new” and even exotic materials, or by calcu-

lating the “hardness.”84–87 Such calculations are relatively

easy nowadays as many well developed and tested first-

principles codes are available either at a modest price or

even as open source free of charge for the academia, and

they are much easier to conduct than the time consuming ex-

perimental work in the laboratory, which also requires more

expensive equipment.

The theoretical calculation of hardness, as found in the

Refs. 84–87, is essentially equivalent to the approach of

Cohen et al. based on elastic moduli because the authors of

these papers calculate the valence charge density of the ma-

terial in equilibrium (i.e., at zero strain), which determines

FIG. 3. Calculated stress–strain relationship (top) and changes of total energy

(bottom) as function of shear strain in the ð111Þh11�2i slip system for cubic

C3N4 (see text). Reprinted with permission from Zhang et al., Phys. Rev. B

73, 144115 (2006). Copyright 2006, the American Physical Society.
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the bulk modulus.78–80 By fitting of the proportionality con-

stants, the researchers correlate these values with the hard-

ness of several known materials (diamond, c-BN, Si, etc.).

Thus, this “hardness” describes only the resistance of the

ideal crystal free of defects in equilibrium to reversible,

small deformations, i.e., the elastic stiffness, but not the

“plastic” hardness. We shall illustrate this problem by two

examples.

Osmium has probably the highest bulk modulus B0 of

395–462 GPa among transition metals,88 which is in the

range of diamond [B0� 443 GPa (Ref. 7)], but low hardness

of about 4 GPa (Ref. 89) because of nondirectional metallic

Os-Os bonds. Also, other 5d transition metals, such as Re,

W…, have very high bulk moduli but low hardness.90,91

Therefore, it has been suggested to synthesize borides of 5d

transition metals where the presumably strong covalent

bonds of boron with the metal should allow reaching super-

hardness. However, the hardness of OsB2 is only �20 GPa

(Ref. 92) because it displays soft behavior within the

(001)[010] slip system due to metallic-like shear of the (001)

Os-Os layers. The ideal shear strength within this slip system

of 9.1 GPa is only slightly higher than that of pure iron of

7.2 GPa.93

Rhenium diboride, which consists of boron layers interca-

lated between hexagonal densely packed layers of Re atoms,

has also a very high shear modulus G of 257 GPa, but the

correctly measured load-invariant hardness of less than

30 GPa,94 although a value of 48 GPa, which has been meas-

ured at the lowest load of 0.49 N,95 is being frequently incor-

rectly quoted as the hardness of ReB2.92 The reason are

complex electronic instabilities upon shear due to crystal

field splitting of the 5d orbitals and their interaction with the

surrounding boron network, which results in a much lower

plastic shear resistance (the slope of the stress–strain de-

pendence at the given strain) as compared to the equilibrium

structure (slope of the stress–strain curve close to e! 0), as

shown in Fig. 4.94 The relatively weak Re-B bonds break at

strain larger than 0.29 and recover again at strain 0.5 (see

Fig. 2 in Ref. 94). M1 and M2 are metastable phases because

the stress passes through zero and the total energy goes

through a local minimum, being however larger than that in

equilibrium at zero strain. The boron layers’ network interca-

lated between the Re atomic layers holds the system together

up to a strain of 1.6. At strain of about 1.7, where the original

structure should recover because it corresponds to a slip by

one structural unit (see Fig. 6 in Ref. 94), the system

becomes inherently unstable as seen from the decrease of the

shear stress with increasing strain in Fig. 4, and the whole

system disintegrates because the B-B bonds break (see Fig. 7

in Ref. 94).

These complex electronic and structural transformations

upon shear, which develop beneath the indenter during the

hardness measurement, are most probably responsible for

the sluggish approach of the enhanced measured hardness to

the correct load-invariant one at large load of >6 N (see Fig.

2A in Ref. 95). As we shall see later, materials which do not

undergo electronic instabilities and have well-defined car-

riers of the plastic flow, such as the grain boundaries in the

nanocomposites discussed below, reach load-invariant hard-

ness already at a small load of 30–50 mN.

Similar instabilities upon shear have been reported also

for some other materials, but systematic studies are rare

because, as mentioned, the search for new intrinsically

superhard materials focuses mainly on those with high elas-

tic moduli because of still prevailing believe that high values

of elastic moduli guarantee high plastic hardness. (Another

reason might be that the first-principles calculations of the

plastic deformation upon shear are much more complex than

the calculations of equilibrium properties.) Moreover, there

are materials, such as boron suboxide B6O, which, although

having smaller moduli than 5d Tm diborides, have higher

hardness of 45 GPa because of their strong three-

dimensional boron bond network [see review (Ref. 90) and

references therein].

Of interest is c-BC5 because of its high load-invariant

hardness of 71 GPa (Refs. 96 and 97) in spite of much lower

ideal shear strength than that of c-BN whose hardness is

about 46–48 GPa.98 The properties of this “heavily boron-

doped diamond” material have been reported by Jiang et al.
who found that there is a relatively weak ordering tendency

and small differences in the mechanical properties of ordered

and disordered structures both being strong.99 Therefore, it is

unlikely that c-BC5 is intrinsically harder than c-BN. The ex-

planation for its high hardness is the crystallite size of

10–15 nm of the material prepared by high-temperature and

high-pressure synthesis reported in Ref. 97. This is in the

range of the so called “strongest size,” where the Hall-Petch

strengthening due to decreasing crystallite size is balanced

by grain boundary shear (also called “sliding”), which

becomes dominant upon a further decrease of the grain

size,11,100,101 as it will be discussed in the next section. Let

us emphasize that a similar explanation has been proposed

also for c-BC2N,103 which also has hardness higher than c-

BN102 although its ideal shear strength, calculated by first-

principles method, is also lower than that of c-BN.103

FIG. 4. Dependence of the stress and total energy on the shear strain within the

(0001) plane in the ½10�10� direction. The strain point O corresponds to the

equilibrium stable hcp-derived structure, and the points M1 and M2 corre-

spond to two metastable trigonal structures formed during the shear-induced

phase transformation. Reprinted with permission from Zhang et al., Phys. Rev.

Lett. 108, 255502 (2012). Copyright 2012, the American Physical Society.
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These results suggest that the most promising way toward

the design of new superhard materials is to synthesize nano-

sized and nanostructured materials as we shall discuss in the

next section, which will begin with the discussion of the sta-

bility of nanosized materials against coarsening.

III. EXTRINSICALLY SUPERHARD
NANOSTRUCTURED MATERIALS AND
NANOCOMPOSITES

A. Thermal stability of nanostructured materials

Fine-grain polycrystalline materials are thermodynami-

cally unstable with respect to their coarse-grained poly- or

single-crystal counterparts and, therefore, they undergo

coarsening (“Ostwald ripening”) when annealed to about

�40% of the melting point Tm(K), where diffusion becomes

sufficiently fast.6 In order to be of any practical use in appli-

cations where the systems reach a higher temperature,

nanosized materials have to be “protected” against this

coarsening. Therefore, the question arises as how to avoid

coarsening in nanosized and nanostructured materials.

The Gibbs free energy DG0
f ðrÞ of a nanocrystal of radius r

per unit volume is given by Eq. (1), where DG0
f is the stand-

ard Gibbs free energy of coarse grained bulk material and

cSurf is the surface energy. If the material under considera-

tion is stable in bulk, the standard Gibbs free energy is nega-

tive, DG0
f (1)< 0 (or zero for elements in their standard

state), but the surface energy (“surface tension”) is always

positive cSurf > 0 because of missing chemical bonds at the

surface, i.e., it is destabilizing the nanocrystal. This is

reflected in many phenomena, such as decrease of melting

point, hysteresis of the transition pressure of structural phase

transition, localization of electronic states, plasmons, and

phonons, increasing catalytic activity etc., with decreasing

crystallite size104–106

DG0
f ðrÞ ffi DG0

f þ
3 � cSurf

r
: (1)

In the case of nanostructured materials where the nano-

crystals are connected via grain boundaries, a similar rela-

tionship as Eq. (1) applies, but the surface energy is replaced

by the energy of grain boundaries cG:B: > 0, which repre-

sents the thermodynamic driving force for coarsening (“grain

growth”107 and “recrystalization”6). Thus, if one wants to

utilize, at elevated temperature, the unique properties of

nanostructured materials derived from the small crystallite

size, the coarsening due to recrystallization has to be

avoided. This can be achieved either by controlling the

kinetics or the thermodynamics of the system as discussed,

e.g., in Chapter 3 of Ref. 107 and in the recent review.108

The kinetic approach aims to reduce the recrystallization by

hindering the grain boundary diffusion whereas the thermo-

dynamic approach is based on a decrease of the energy of

grain boundaries cG:B:, which decreases the thermodynamic

driving force for coarsening. Because we focus here on hard

and superhard nanostructured materials, which should be

applied as wear protection coatings under harsh environmen-

tal conditions and at high temperatures, we focus on the

thermodynamic approach. However, it should be kept in

mind that there is probably neither a pure thermodynamic

nor kinetic stabilization in the superhard nc-TmN/Si3N4

nanocomposites because the thermodynymic stabilization of

the Si3N4 interfacial layer and the very high immiscibility of

the stoichiometric and pure TiN and Si3N4, which will be

described later, simultaneously hinder the diffusion of Ti-

atoms through the Si3N4 interfacial layer thus kinetically

impeding the coarsening of the TiN nanocrystals.

The lowering of the grain-boundary energy is achieved in

a multicomponent system by the segregation of one compo-

nent (solute atoms) into the grain-boundary of the nanostruc-

tured solvent.107–114 A typical example is the segregation of

impurities, such as oxygen64,115–118 or carbon64,119 into the

grain boundaries, which refines the nanostructure and stabil-

izes the grains against growth. However, in many cases,

such grain boundary segregation of impurities will result in

an embrittlement of such a nanocomposite, as it is the case

with bismuth in copper, oxygen in Al-films, and in the Ti-Si-

N nanocomposites to be discussed later. A special case of

thermodynamic stabilization of nanocomposites is the for-

mation of a nanostructure in a spinodally decomposed quasi-

binary system, such as TiN-Si3N4, which stabilizes the nc-

Tm/Si3N4 nanocomposites against coarsening up to tempera-

tures of 1100 to 1200 �C for nc-TiN/Si3N4 (Ref. 18) and nc-

(Ti1	xAlx)N/Si3N4,120 respectively. Such a high stabilization

is remarkable because the coarsening temperature corre-

sponds to 64–68% of homologous temperature, which is the

ratio of the absolute temperature (in Kelvin) of the system to

the decomposition temperature of Si3N4 of 2151 K at 1 atm.

of N2,121 and it is significantly higher than the thermal stabil-

ity of the metastable solid solution (Ti1	xAlx)N, which

decomposes above 800–900 �C by spinodal mechanism.56

However, one should not generalize this stabilization by

Si3N4 interfacial layer because it depends on the given Tm-

Si-N system. The results available so far seem to suggest

that the high thermal stability and oxidation resistance will

be found only in systems that decompose by spinodal mech-

anism forming coherent or semicoherent grain boundaries.

Therefore, large attention should be paid to this problem in

the future studies. Another interesting mechanism of the sta-

bilization of nanosized materials is their formation by twin-

ning because the energy of the coherent twin boundaries is

order of magnitude lower than that of grain boundaries in

polycrystalline materials.122,123

B. Hardness enhancement by crystal size refinement
toward “the strongest size”

The strength and hardness of materials increases with

decreasing crystallite size d according to the Hall-Petch

mechanism proportionally to d	0.5 due to decreasing disloca-

tion activity (“crystal plasticity”11) because the grain boun-

daries are impeding the multiplication and propagation of

dislocations.2,11,124,125 A similar dependence is also found

for other shear mechanisms of plasticity such as twinning,

slip, and others126–128 when the boundaries impede the de-

formation carriers through developing elastic back-stresses

050822-6 Stan Veprek: Recent search for new superhard materials: Go nano! 050822-6

J. Vac. Sci. Technol. A, Vol. 31, No. 5, Sep/Oct 2013

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jva.aip.org/jva/copyright.jsp



that appear when such transformations are arrested at grain

boundaries. There are many examples for such increase of

the strength including metals, which are however relatively

soft.107,129,133 The hardness of c-BN increased from about

42 GPa for coarse-grain samples with average crystallite size

of 2000 nm to a maximum of about 60 GPa when the crystal-

lite size decreased to 40 nm, and in the case of ultrahard

nanocomposites consisting of c-BN and wurtzite BN (w-

BN), the maximum load-invariant hardness reached 85 GPa

at crystallite size of 14 nm.130 Solozhenko et al. reported

hardness increase of single-phase c-BN to load-invariant

value of 85 GPa when the crystallite size decreased to about

20 nm.131 (A crystallite size below 20 nm has not been

experimentally accessible in that work.132) However, when

the crystallite size decreases below about 10–15 nm, the

hardness decreases due to increasing grain-boundary shear

as shown for many metals,107,129,133 as well as for c-BN and

c- and w-BN in Ref. 130. Therefore, Yip and Argon called

this regime “the strongest size.”11,100,101

Notice that “the strongest size” of about 10–15 nm

applies only for well-consolidated materials with low poros-

ity, such as thin films deposited by CVD or PVD. For nano-

crystalline materials prepared by gas phase condensation

followed by consolidation,107 the maximum hardness may

appear at a higher crystallite size.107,129 This is also seen

when comparing the results of Dubrovinskaia et al. for the

c-BN and c- and w-BN nanocomposites130 with those of

Solozhenko et al. who prepared single-phase c-BN.131 In

order to avoid the formation of w-BN, Solozhenko et al.
have used, for their high-pressure and high-temperature

synthesis, pure turbostratic hexagonal BN prepared by

CVD. Obviously, such nanocrystalline c-BN has been better

consolidated and did not show any grain boundary shear

down to grain size of 20 nm, which is lower than the 40 nm

where the maximum hardness has been found for c-BN

in Ref. 130, but still above the “strongest size” of

10–15 nm.11,100,101 Unfortunately, more detailed studies are

not available because the high-temperature and high-

pressure synthesis used for the preparation of these materi-

als is difficult and time consuming.

Argon and Yip provided an analytical model, which

describes the transition between hardening and softening

upon decreasing crystallite size for copper11,101 whereas

Carsley et al.134 presented a phenomenological model,

which allows one to fit the experimental data according to

Eq. (2)

HðdÞ ¼ fC � ðH0 þ b � d	0:5Þ þ ð1	 fCÞ � HG:B: (2)

Here, fC and (1	 fC) is the volume fraction of the crystalline

material and of the grain boundaries, respectively, H0 is the

intrinsic hardness of coarse grained material and HG.B. is the

“hardness” of the grain boundaries.

Figure 5 shows schematically the fraction of the atoms

within the grain boundaries [Fig. 5(a)] and the dependence

of the hardness on crystallite size [Fig. 5(b)]. Although the

exact dependence of the fraction of atoms within the grain

boundaries depends on the thickness of the grain boundaries

and on the shape of the nanocrystals, the strong increase,

which is seen below about 10 nm, is general.104–106 This

explains in a natural manner why the “strongest size” in well-

consolidated nanostructured materials is around 10–15 nm.

The mechanism of hardening by decreasing the crystallite

size down to 10–15 nm is of general nature, and it is

expected to operate in any well-consolidated material

regardless how the crystallite size has been controled, pro-

vided of course the grain-boundaries will not embrittle due

to segregated solute material. In the case of thin films depos-

ited by plasma-assisted techniques, the crystallite size can be

decreased, e.g., by energetic ion bombardment, as illustrated

in Fig. 6 for nanocrystalline silicon deposited by chemical

transport in hydrogen plasma.135 As mentioned above, in the

case of hard transition metal nitrides, borides, and carbides

coatings deposited at low temperature, this kind of refine-

ment combined with the formation of point defects, intersti-

tials, biaxial compressive stress, and other effects of the ion

bombardment, whose the synergistic effects are not fully

understood, may result in a large hardness enhancement to

�40 GPa, which is, however, not stable upon annealing, as

mentioned above and shown in Fig. 2. If such coatings are

deposited at sufficiently high temperature where the ion

bombardment damage anneals out, the refinement of the

FIG. 5. (a) Dependence of the fraction of the softer materials within the

grain boundaries (notice that the actual volume fraction will depend on

the thickness of the grain boundaries); (b) schematic dependence of the

hardness on crystallite size. Reprinted with permission from Veprek and

Veprek-Heijman, Thin Solid Films 522, 274 (2012). Copyright 2012,

Elsevier B.V.
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nanostructure can still be achieved when coarsening is

absent.

Another way to reduce the crystallite size is the deposi-

tion of multicomponent, metastable solid solutions which

undergo decomposition that may result in hardness enhance-

ment by a factor of about 1.5–2, as found for c-BN, c- and

w-BN nanocomposites mentioned above as well as for many

other materials.107,129 Unfortunately, in the majority of the

papers dealing with the nanocomposite thin films, this effect

has not been studied in sufficient detail, but the present

author believes to have recognized in several papers, where

a maximum of the hardness enhancement has been reported

in a multicomponent system, that it apparently correlated

with a refinement of the crystallite size to 10–15 nm (see,

e.g., the AlN/Si3N4 nanocomposites reported by Patscheider

et al.136–139).

Another interesting example are the so called “high

entropy alloys” coatings, which have been pioneered by

Yeh et al. who deposited multicomponent nitride coatings

consisting of many elements, such as (AlCoCrCuFeN)N,

(AlCrNiSiTi)N,140 (TiAlCrSiV)N,141 (AlCrMoSiTi),142

(AlCrNbSiTiV)N,143,144 (AlBCrSiTi)N,145 and many others,

as well as oxides (AlCrTaTiZr)Ox.146 This field became very

popular as demonstrated by many papers of other groups

(TiAlCrSiY)N,147 (AlCrTaTiZr)N,148 (AlCrTaTiZr)NCy,149

(TiVCrHf)N,150 and others, where the high mixing entropy

is supposed to stabilize the solid solution and the maximum

hardness of 30–36 GPa is achieved with crystallite size

around 10–15 nm. However, in the majority of these papers,

the oxygen impurities are not reported and if they are, they

are quite high up to 3–4 at. % (Refs. 151 and 152) or even 6

at. %.153 As shown by Barna et al., oxygen and other impur-

ities can lead to the refinement of the crystallite size and

morphology64,117 of the growing films, but such impurities

are also likely to cause grain boundary embrittlement.

Therefore, it is difficult to decide in each particular case

what is the exact mechanism of hardness enhancement: solu-

tion hardening, nanostructure refinement, and formation of

nanocomposites?

The open question regarding the “high entropy alloys” is

the value of the mixing enthalpy, which has not been reported

but, which, according to the opinion of present author, may

be quite high and destabilize the solid solution resulting in

decomposition by nucleation and growth and concomitant

refinement of the crystallite size. The decomposition is partic-

ularly likely to occur in systems which contain silicon and

boron because the stoichiometric transition metals nitrides

and Si3N4 as well as BN are strongly immiscible.154

For a simple binary (or quasibinary when A and B are

compounds) A1	xBx system, the Gibbs free energy of the

solid solution is given by Eq. (3).155 The first and second

terms are the contributions of pure terminal phases A and B,

the third term is the mixing entropy, and the last term is the

mixing enthalpy with LAB being the interaction parameter.

Because 1	 x< 1 and x< 1, the mixing entropy is negative,

i.e., it is stabilizing the solid solution, and this stabilization

increases with increasing temperature

DGA1	xBx
¼ ð1	 xÞDGA þ xDGB

þ RT½ð1	 xÞlnð1	 xÞ þ x ln x�
þ að1	 xÞxLAB: (3)

The idea behind the “high entropy alloys” coatings is the ex-

pectation that the more components in the solution the more

negative the mixing entropy, and the more stable will be the

solid solution.

However, when the interaction parameter LAB> 0, the

mixing enthalpy term may destabilize the solution, particu-

larly at a relatively low temperature of several hundred

degrees centigrade, at which the coatings are usually depos-

ited and used. (Notice that the interaction parameter is tem-

perature dependent. If LAB> 0 at low temperature, it will

decrease with increasing temperature, i.e., the stabilizing

mixing entropy term will become dominant, and all phases

will be miscible in the melt.) The destabilization will occur

when the binding energy A-B is lower than the average value

of binding energies A-A and B-B. When the positive mixing

enthalpy will be sufficiently large, the solid solution will be

unstable and, depending on the particular system, the desta-

bilizing contribution of the mixing enthalpy may—with

increasing number of components—increase faster than the

stabilizing effect of the mixing entropy, particularly at rela-

tively low deposition temperature.

This question has not been discussed in the literature on

“high entropy alloys,” and it will be difficult to answer it

because the values of interaction parameters would have to

be obtained by first-principles calculations, which are almost

impossible to conduct for a random multicomponent systems

containing five to six metal atoms, like those quoted above.

FIG. 6. Dependence of crystallite size and biaxial compressive stress of

nanocrystalline silicon on substrate bias, and the crystalline-to-amorphous

transition induced by radiation damage. Reprinted with permission from

Veprek et al., Phys. Rev. 36, 3344 (1987). Copyright 1987, the American

Physical Society.
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The advantage of the method of hardness enhancement

due to refinement of the nanostructure toward the “strongest

size” is its almost general validity, but its disadvantage is

that the hardness enhancement is limited due to the grain

boundary shear to about a factor of 1.5–2. Thus, the question

arises if one could overcome this problem by forming a

“strong interface.”

One interesting possibility is to refine the crystallite size

by the formation of twin boundaries at nanoscale, as found

in face-centered cubic structure for the (111) mirror planes

at which the normal stacking sequence of the (111) planes is

reversed. We recall that the energy of twin boundaries is

order of magnitude smaller than that of conventional large

angle ones.122 In the case of nanotwinned c-BN, a large

enhancement of the Vickers hardness up to 108 GPa has

been reported at applied load of �2 N and average twin

thickness of about 3.8 nm, i.e., significantly below the

“strongest size” of 10–15 nm.123 Simultaneously, also the

fracture toughness increased to 12.7 MPa�m1/2, which is

about four-times larger than that of c-BN single crystal, and

the onset of oxidation temperature increased to about

1294 �C as compared with 1100 �C for single crystal c-BN.

The authors of Ref. 123 attributed the large increase of the

hardness to a combined effect of the smaller crystallite size

and quantum confinement.

Also, stacking faults formed during severe plastic defor-

mation upon repeated rolling resulted in a significant

increase of the strength of Mg-alloy. The tensile yield

strength and ultimate strength increased linearly with the

reciproce value of the average distance between the stacking

faults up to 575 and 600 MPa, respectively, for average dis-

tance of about 15 nm. This is a record value for this mate-

rial.156 In the case of nanotwinned Cu, the maximum

strength has been found at twin thickness of about 15 nm fol-

lowed by its decrease with a further decrease of the twin

thickness.122 Thus, the mechanism of strengthening with

low-energy interfaces, such as twins and stacking faults,

although of fundamental interest, is not sufficiently universal

for a broader range of applications. Therefore, in the next

section, we shall discuss a more general mechanism of

strengthening, which occurs in nc-TmN/Si3N4 nanocompo-

sites by the formation of an Si3N4-like interfacial layer that

is strengthened by valence charge transfer from the transition

metal nitride.

C. Hardness enhancement in nc-TiN/Si3N4 and related
nanocomposites by self-organization upon spinodal
decomposition and strengthening of the interfacial
Si3N4

1. Formation of the nanostructure

During the deposition of the multicomponent coatings,

such as Ti-Si-N or Ti-Al-Si-N, by plasma CVD, reactive

sputtering, or vacuum arc evaporation from an alloyed target

or from two LARCVR cylindrical cathodes placed close to

each other (see Sec. IV), the fluxes of different atoms toward

the surface of growing film are random, i.e., a solid solution

is formed in the initial stage. If the demixing driving force is

sufficiently high and the diffusion fast [i.e., the deposition

temperature is sufficiently high of about 550 �C (Refs. 20,

157, and 158)], the solid solution will decompose, and the

formation of strong nanocomposite nanostructure will be

completed during the growth of the film. For high deposition

rates of �1 nm/s achieved in plasma CVD and high-rate

magnetron sputtering of Tm-Si-N system, the decomposition

is kinetically controlled by bulk diffusion because, in a typi-

cal Tm-SiN- system, the deposition of the mixed phase is

faster than the Si-diffusion.157,158

There are two possible mechanism of the decomposition

of such thermodynamically unstable (DGA1	xBx
> 0) solution:

(1) by the nucleation and growth when the second derivative

of the Gibbs free energy with composition is positive,

d2DGA1	xBx
=dx2 > 0, and (2) by the spinodal mechanism

when d2DGA1	xBx
=dx2 < 0.155,159,160 (For the meaning of the

term “spinodal” see, Refs. 161 and 162.) (Note that the nega-

tive second derivative is the criterion only for chemical spi-

nodal, because for coherently spinodal to occur one has to

account also for the elastic strain energy between the decom-

posed phases.159,160 We do not elaborate this problem here

in more detail because for the model Ti-Si-N system the

demixing energy is very high, orders of magnitude higher

than the elastic strain energy of the interfaces.157 But the

problem of elastic strain energy may be crucial for systems,

such as AlTiN, AlCrN, and others, which show order of

magnitude smaller demixing energy.) In a system with very

high demixing energy and d2DGA1	xBx
=dx2 < 0 within the

whole range of composition 0< x< 1, such as the Ti-Si-N,

the spinodal decomposition results in a fairly regular nano-

structure with sharp grain boundaries and fairly uniform

crystallite size (see, e.g., Fig. 12-12 in Ref. 160 and Fig.

6.14b in Ref. 163), whereas a nanostructure formed upon the

nucleation and growth consists of nanocrystals with rela-

tively broad size distribution and not necessarily sharp grain-

boundaries (see, e.g., Fig. 6.14a in Ref. 163). Therefore, sys-

tems which are spinodal with a large demixing energy are

probably more promising for the design of new, superhard

nanocomposites than those decomposing by nucleation and

growth. In order to prove this hypothesis, experiments with

clean systems, i.e., low impurities in the range of few 100

ppm or less, are highly needed. Unfortunately, the majority

of the published coatings contains up to several at. % of oxy-

gen, carbon and other impurities.189

Because the Ti-Si-N system has been mostly studied as a

“prototype” one, we shall discuss briefly the formation of its

nanostructure. Figure 7 shows the Gibbs free energy of the

formation of Ti-Si-N solid solution at a typical deposition

temperature of 837 K for different pressures of nitrogen with

TiN and Si3N4 chosen as reference states, which means that

the first and second term in Eq. (3) vanish.157 One can see

that even at the relatively low nitrogen pressure used during

the deposition by reactive magnetron sputtering (e.g., Refs.

164–167 and many other papers), the Gibbs free energy is

positive and its second derivative is negative, i.e., the system

is chemically spinodal. At the composition of about 20% of

Si3N4 corresponding to that of the nc-TiN/Si3N4 nanocom-

posites with the maximum hardness, the demixing energy is
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about 300 kJ/mole even at the lowest nitrogen pressure used

during reactive sputtering, which is about two orders of mag-

nitude higher than the elastic energy of an incoherent inter-

face.157 Therefore, there is hardly any doubt that the

decomposition is spinodal in this system provided the impu-

rity content is small of only few 100 ppm (0.01 at. %) as it

has been in our early work (see below). In Ref. 157, the

interaction parameter LAB has been estimated from the ex-

perimental data reported for Ti5Si3N4. Later on, these results

have been confirmed by combined first-principles DFT cal-

culations of the interaction parameter combined with ther-

modynamic modeling in Ref. 168.

Figure 8 shows a medium resolution transmission elec-

tron micrograph (TEM) of (a) the nc-TiN/a-Si3N4 nanocom-

posite deposited by plasma CVD (Refs. 19, 20, and 169) and

(b) of the nc-(Al1	xTix)N/a-Si3N4 nanocomposite coating

deposited by vacuum arc evaporation in an industrial coating

unit of company SHM.170 The nanostructure of nc-TiN/

Si3N4 is indeed typical of a spinodally decomposed system

and fully isotropic with no difference seen between cross-

sectional and plain images in the nanocomposites deposited

by plasma CVD and having low oxygen impurity content of

only a few 100 ppm.169 The high resolution (HR TEM)

images showed that the TiN nanocrystals are of regular,

equiaxial shape, approximately of uniform size, and ran-

domly oriented as it has been also found by XRD (see Fig. 3

in Ref. 169). Also the size of the TiN nanocrystal of 3–4 nm

determined by XRD and by HR TEM agreed very well (see

Ref. 169 for further details). It is important to emphasize that

nc-TiN/Si3N4 nanocomposites deposited by reactive magne-

tron sputtering164 have still some columnar, albeit dense

morphology because of a higher content of oxygen impurity

of about 2000 ppm (0.2 at. %).171 Therefore, as we shall dis-

cuss below, they are not as fully isotropic as the nanocompo-

sites deposited by plasma CVD. This difference should be

kept in mind.

In both XRD and electron diffraction (ED), one can see

only the Bragg reflections of the fcc-TiN. The maximum

hardness is achieved when the thickness of the Si3N4-like

interfacial layer is about one monolayer (1 ML) (Refs. 18

and 172) (see below). Such a layer of course does not show

any Bragg reflections in XRD or ED, but its Si3N4-like com-

position is identified by the binding energy of the Si 2p sig-

nal in XPS. Tang et al. used atom probe tomography to

analyze the TiSiN coatings173,174 but could not find this layer

because of too high oxygen impurity of 1.2–1.4 at. % in their

samples as explained in Ref. 175.

More recently, Barna et al.171 studied the nc-TiN/a-Si3N4

nanocomposites deposited by reactive magnetron sputter-

ing164 with a much lower oxygen impurity content of about

0.2 at. % as compared with that in samples of Tang et al.,
and could identify the Si3N4-like interfacial layer by means

of TEM combined with electron energy loss spectroscopy

(EELS). For the convenience of the reader, we reproduce

their results in Fig. 9, where Fig. 9(a) is the zero loss EELS

image with two TiN nanocrystals denoted A and B, and

Figs. 9(b) and 9(c) are the EELS images in Ti- and Si-loss,

FIG. 7. Gibbs free energy of the formation of mixed TiNþSi3N4 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 experi-

mental work with stoichiometric TiN and Si3N4 chosen as reference states.

Reprinted with permission from Zhang and Veprek, Mater. Sci. Eng. A 424,

128 (2006). Copyright 2006, Elsevier B.V.

FIG. 8. TEM image of the (a) nc-TiN/a-Si3N4 nanocomposite coating depos-

ited by plasma CVD (Ref. 169) and (b) nc-(Al1	xTix)N/a-Si3N4 nanocompo-

site coating deposited by vacuum arc evaporation (Ref. 170).
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respectively. The Si3N4 interfacial layers are clearly visible.

Their apparent higher thickness of about 1 nm is due to two

factors: (1) already Prochazka et al. noted that this layer was

thicker in these coatings than in those deposited by plasma

CVD, most probably due to the higher oxygen impurity con-

tent in the coatings deposited by magnetron sputtering that

requires a much higher temperature to complete the forma-

tion of the strong nanostructure as shown in Fig. 10, and (2)

the sample studied in Fig. 9 was about 40–60 nm thick, i.e.,

one sees several TiN nanocrystals on top of each other,

which makes the determination of the exact thickness of the

Si3N4 difficult. Thus, there seems to be some indications that

the interfacial SiNx layer at the maximum hardness is some-

what thicker in the nanocomposites (as well as in the TiN-

SiNx heterostructures) when the oxygen impurities content is

more than a few 100 ppm as found in nanocomposites depos-

ited by plasma CVD.

Many researchers reported TEM studies of the Tm-Si-N

coatings which have been deposited by plasma PVD and had

much larger oxygen content than those studied by Barna

et al. In the majority of such studies, one has found TmN

nanocrystals of much larger crystallite size than those in

nanocomposites deposited by plasma CVD when observed

in plain view, and columnar morphology with longer col-

umns in cross-sectional view. We refer to two recent papers

as examples.176,177 Obviously, the dense columnar morphol-

ogy is typical of nanocomposites with high oxygen content

but not for nanocomposites with low impurity content of

only few 100 ppm, like those prepared by our group using

plasma CVD. This important question needs more detailed

investigation in the future, but such studies can be done only

with pure nanocomposites having impurity content of only

few 100 ppm or less. Studies on impure systems are confus-

ing and of little use.

Nanocomposites of nc-(Ti1	xAlx)N/Si3N4 and nc-

(Cr1	xAlx)N/Si3N4 are used in the industry as wear protec-

tion coatings on tools for machining (see Sec. IV), and the

question arises how they form during the decomposition of

the Ti-Al-Si-N and Cr-Al-Si-N solid solution, which is

formed during the deposition from the gas phase (see above).

The answer is found in the much smaller demixing energy of

the Ti-Al-N (Refs. 178 and 179) and Cr-Al-N (Ref. 180)

solid solutions as compared with the Ti-Si-N one. Therefore

the driving force for the segregation of Si3N4 to the grain

boundaries is much larger than that for the decomposition of

the Ti-Al-N and Cr-Al-N solid solution and segregation of

AlN into the grain boundaries. As mentioned, the Ti-Al-N

(Ref. 56) and Cr-Al-N (Ref. 181) solid solutions decompose

at a temperature of 800–900 �C, which is much lower than

1200 �C where coarsening and softening of nc-(Ti1	xAlx)N/

Si3N4 nanocomposites occurs due to the diffusion of cobalt

from the substrate.120

Oxygen impurities strongly hinder the formation of the

nanostructure as seen in Fig. 10.175 The temperature needed

for the full segregation of the transition metal nitride and

Si3N4 in nc-TiN/Si3N4 and nc-(Ti1	xAlx)N/Si3N4 nanocom-

posites deposited by plasma CVD, reactive magnetron sput-

tering, and vacuum arc evaporation (lower left corner) has

been determined by means of internal friction measure-

ments,182 which is much more sensitive than measuring of

the hardness and crystallite size after the stepwise annealing.

The increase of that temperature with increasing oxygen im-

purity content extrapolates very well to the temperature of

about 1000 �C, where Flink et al. reported the recrystalization

FIG. 9. Typical example of the plain view zero loss EELS image (a), and

corresponding distribution of Ti (b) and Si (c). For clarity, two TiN nanocys-

tals are marked as “A” and “B.” Reprinted with permission from Barna

et al. (submitted).

FIG. 10. Lower left corner: Dependence of the temperature needed for the

full segregation of TiN and SiNx phases, as determined by the measurement

of internal friction, on oxygen impurity content in nc-TiN/a-Si3N4 coatings

deposited by plasma CVD and reactive magnetron sputtering, and nc-

TiAlN/a-Si3N4 coatings deposited by vacuum arc. Upper right corner:

Recrystallization temperature of TiSiN solid solution reported by Flink

et al. for coatings with Si content of about 9 at. % and oxygen impurities

0.76–0.81 at. % (Ref. 183) and the stability limit due to oxidation of amor-

phous TiSiN coatings with high Si-content reported in Ref. 184. Reprinted

with permission from Veprek and Veprek-Heijman, Thin Solid Films 522,

274 (2012). Copyright 2012, Elsevier B.V.
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of the Ti-Si-N solid solution with 0.7–0.8 at. % of oxygen

impurities,183 and to the temperature of about 1480 �C, where

Musil et al. reported the upper limit of the stability of amor-

phous Ti-Si-N solid solution with high Si-content.184,185 As

already mentioned, stoichiometric and pure TiN and Si3N4

are immiscible,154,186 and therefore, TiN nanocrystals pre-

cipitated also from the Ti-Si-N solution with high Si content

of 23 at. % in coatings, which had only few 100 ppm of oxy-

gen impurities.18,187 Although the impurities have not been

reported in Ref. 184, it has been confirmed that they were in

the range of 2–3 at. % (Ref. 188) in agreement with the

extrapolation of the curve in Fig. 10.

The results of Musil et al. may be of some practical inter-

est because they show that small oxygen impurity concentra-

tion can stabilize Si3N4 deposited by PVD at a relatively low

temperature. Silicon nitride is an important material for final

passivation of electronic devices, as dielectric in floating

gate MOS transistors and other fields. When deposited by

plasma CVD from silane and nitrogen or ammonia at rela-

tively low temperatures compatible with the microelectronic

technology, it always contains a too high concentration of

hydrogen, which degrades its properties. Therefore, it would

be interesting to investigate the electrical properties of Si3N4

deposited by PVD with few at. % of oxygen.

From Fig. 10, it is clear that oxygen impurities of

�0.5–0.8 at. % (5000–8000 ppm) hinder the formation of

superhard nanocomposites with strong nanostructure, because

at a temperature of 1000–1100 �C, silicon is lost due to evap-

oration of SiO, and even the pure nanocomposites with only

few 100 ppm impurities recrystalize and soften above

1100 �C (see Ref. 175 for further details and references).

It is therefore clear that publications reporting on the

preparation and properties of TiN/SiNx (and other nc-TmN/

SiNx) “nanocomposites” with oxygen impurities of 1–2 at. %

or more should be subjected to a critical evaluation.189 Tm-

Si-N coatings with �0.5 at. % of oxygen should not be

quoted “nanocomposites” but, as shown by Flink et al.183

and by the results in Fig. 10, they are Ti-Si-N-Od solid solu-

tions, in which some hardness enhancement can be found

due to the solid solution- and to the nanostructure-refine-

ment-hardening, which is however lost when, upon anneal-

ing, the solid solution recrystalizes and silicon leaves the

system as volatile SiO.183 The fact that Ti-Si-N coatings

with �0.5 at. % of oxygen, deposited at �600 �C (in many

cases even a lower temperature has been used) are not nano-

composites but solid solutions stabilized by the impurities is

further supported by the important results of Tang

et al.173,174 who did not find any Si3N4 interfacial layer (see

above). Flink et al. also mention smaller grain size as one of

the reasons of the hardness increase in their coatings.183

It is further obvious that the “solubility limits of Si in

TmN” reported in many papers189 is due either to oxygen

impurities or to nitrogen substoichiometry, because as men-

tioned, stoichiometric and pure transition metal nitrides and

Si3N4 (as well as BN) are immiscible.154,186 Last but not

least, these result show that the measurements of the scatter-

ing of the electric charge carriers in Tm-Si-N coatings depos-

ited at � 440 �C and having up to 2 at. % of oxygen as well

as carbon impurities190,191 does not reveal the nanostructure

of nc-TmN/SiNx nanocomposites with SiNx interfacial layers

because such layers are absent in these coatings with too high

oxygen impurities, as shown by Tang et al.173,174 Most likely,

the impurities are responsible for the observed charge carrier

scattering. This is another open question that requires careful

critical clarification on pure samples. From the results dis-

cussed so far, it is clear that oxygen impurity content of more

than few 100 ppm, low nitrogen pressure and low tempera-

ture during the deposition are limiting the possibility of prep-

aration of superhard nanocomposites.158,175

Another limit is the mechanism of the decomposition of

the solid solution. As discussed above, all the results which

have been obtained so far strongly suggest that the super-

hardness of >50 GPa can be achieved only in a system,

which forms regular nanostructure with sharp interfaces, and

that the 1 ML interfacial layer should be strengthened by va-

lence charge transfer because when this layer becomes 2 ML

thick the hardness enhancement is lost in pure system (see

Ref. 172 and discussion in Sec. III C 3). Thus, only Tm-Si-N

systems, which decompose by the spinodal mechanism, are

expected to reach high superhardness, whereas those which

decompose by nucleation and growth may probably reach

only the hardness enhancement expected from the “strongest

size.” Zhang and Sheng studied several system using the

combined DFT calculation and thermodynamic modeling,

and obtained the following results:

(1) The Zr-Al-N system should decompose by nucleation

and growth.192 Thus, a formation of a regular strong

nanostructure with sharp and strong AlN interfacial layer

is unlikely.

(2) Similar conclusion also applies to the Zr-Si-N (Ref. 193)

and Al-Si-N (Ref. 194) systems, which should decom-

pose by nucleation and growth.

(3) The Ti1	xBxN system consisting of stoichiometric TiN

and BN should be chemically spinodal, but the frequently

reported nitrogen deficient TiBxN1	x (“TiNþTiB2”) sys-

tem should decompose by nucleation and growth.195

However, the large difference of the sizes of boron and ti-

tanium atoms make a coherent or semicoherent interfacial

BN layer impossible to form (see Fig. 12a in Ref. 196)

and, therefore, there are always some Ti-B bonds in the

interface between stoichiometric TiN and BN interfacial

layer.196 Nevertheless the fact that a maximum hardness

has been found also when the interfacial BN has been

about one monolayer thick (see Fig. 7 in Ref. 196) sug-

gests that the observed maximum hardness enhancement

is due probably to the strongest size with possibly some

contribution by the valence charge transfer to the interfa-

cial BN as in the TiN-SiNx system, because the electrone-

gativity of boron is somewhat larger than that of silicon.83

We shall return to this interesting system in Sec. III D.

(4) Promising is the Zr-Al-O system because it is chemically

spinodal197 and should have an “infinitive oxidation

resistance,” which is very important in many industrial

applications. However, because the hard corundum

a-Al2O3 modification forms only at high temperatures of
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�1000 �C, the mixed a-(Al1	xCrx)2O3–ZrO2 and in par-

ticularly Cr2O3–ZrO2 systems may be more suitable to

form hard and superhard nanocomposites. The latter sys-

tem is also expected to be spinodal, but detailed DFT

and thermodynamic calculations are not available. We

shall discuss the oxide-based nanocomposite systems in

Sec. III E.

Of course further calculations are needed to see if one can

find another system which would also form the superhard

nanocomposites and offer some other advantages as com-

pared with Ti-Si-N, Ti-Al-Si-N, and Cr-Al-Si-N and other

ones studied so far.

Not in all cases a superhardness is needed. For exam-

ple, although—as mentioned—the Al-Si-N system is not spi-

nodal194 and the AlN-Si3N4 nanocomposites reach only a

hardness of about 30 GPa,136 they are of great interest as

hard transparent coatings because in the daily environment

there is almost nothing which could scratch them. These

coatings have been studied in much detail by Patscheider

and coworkers.136–139 Interestingly, the maximum hardness

is achieved when the crystallite size is close to about 10 nm

(c.f. Figs. 3 and 4 in Ref. 136), but because of relatively high

content of oxygen and carbon impurities in these coatings, it

is difficult to speculate about the exact mechanism of the

hardness enhancement. Probably it is due to the “strongest

size.”

These examples illustrate that much further work is

needed on pure coatings with low impurity content in order

to elucidate new systems with enhanced hardness and opti-

mized other properties. The combined DFT calculations and

thermodynamic modeling are cost- and time-efficient as

compared with the experimental trial and error approach.

2. What is the achievable hardness, elastic limit, and
fracture toughness of the nc-TiN/Si3N4 and related
nanocomposites?

The maximum achievable hardness in the nc-TiN/Si3N4

nanocomposites is strongly sensitive to the impurity content

because, as shown in Fig. 11,198 already 0.2 at. % (2000

ppm) of oxygen strongly decrease the achievable hardness,

and at oxygen content of �0.4–0.5 at. %, the load-invariant

plastic hardness is limited to about �35 GPa. At that concen-

tration, there are on average more than 20 oxygen-related

defects per each TiN nanocrystal [Fig. 11(a)], which weaken

the SiNx interface [Fig. 11(b)] as confirmed also by first-

principles DFT calculations of Hao et al.199 Such a high sen-

sitivity to impurities applies probably to all nc-TmN/Si3N4

nanocomposites with strengthened interfacial Si3N4 layer,

which forms semicoherent interface with the TmN, because

the Si-O bond is the strongest one in these systems (see Ref.

175 and references therein). In the case of the nc-TiN/BN

nanocomposites, there is no noticeable degradation of the

hardness with oxygen impurities of up to 1.5 at. %,200 possi-

bly due to the incoherent nature of the TiN/BN interface.196

Because, as mentioned above, in the majority of the

papers of other groups, the impurities are relatively high and

the achievable, correctly measured load-invariant hardness is

below 40 GPa, our high values of hardness of 80 to

�100 GPa reported for quasiternary nc-TiN/Si3N4/TiSi2, and

of 50–70 GPa for long-term stable quasibinary nc-TiN/Si3N4

nanocomposites (see review Ref. 18 and references therein)

have been often criticized, most recently by Fischer-Cripps

et al.201 Because, in the present review, we focus on the

understanding of the superhard nanocomposites, we do not

discuss here the trivial mistake of Fischer-Cripps et al. who

confused two different calibration and evaluation methods.

Instead, we refer to our recent paper175 and the verification

of the high hardness from the size of the remnant plastic in-

dentation measured by means of scanning electron micro-

scope (SEM), which is shown later.

Figure 12 shows one example of the hardness, measured

by an early version of Fischerscope H 100,202,203 of ultrahard

quasiternary nc-TiN/Si3N4/TiSi2 nanocomposite coating as

function of the maximum applied load18,204 in comparison

with the hardness of industrial diamond and a 1 lm thick

ultra-nanocrystalline diamond film deposited in a dense

plasma of a microwave discharge.205 One can see that for

maximum applied load of 30–70 mN the hardness of the

3.5 lm thin nanocomposite coating of about 105 6 15 GPa

compares well with that of the industrial diamond. At a load

of 100 mN, the indentation depth was already 17% of the

FIG. 11. (Color online) (a) Dependence of hardness of nc-TiN/a-Si3N4/TiSi2
and nc-TiN/a-Si3N4 nanocomposites on oxygen impurity content and (b) the

oxygen substituting nitrogen in the SiNx interfacial layer. Reprinted with

permission from Veprek et al., J. Vac. Sci. Technol. B 23, L17 (2005).

Copyright 2005, American Vacuum Society.
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thickness of the coating. Therefore, plastic deformation in the

soft steel substrate (H� 2 GPa) occurred, and the “compound”

hardness of the coating and substrate decreased to about

91 6 15 GPa. (Notice that each experimental point is an aver-

age value of more than 15 indentation measurements.) This

value has been verified by measurement of the size of remnant

indentation obtained from calibrated SEM which yielded

about 89 6 10 GPa in a good agreement with the data from

Fischerscope H 100. One notices that the hardness of the about

1 lm thick ultra-nanocrystalline diamond film205 deposited on

Si-substrate, which is much harder (H� 10.5 GPa) than the

steel substrate used for the nanocomposite coatings (2 GPa),

strongly decreases already at a load of 50 mN due to the plastic

deformation of the Si substrate.

Figure 13 shows the hardness of a 7.3 lm thick quasiter-

nary ultrahard nc-TiN/a-Si3N4/TiSi2 nanocomposite coating

deposited on a Si substrate with a 
3 lm thick underlayer of

TiN (sample # DC120398) evaluated from SEM micro-

graphs (three micrographs at each load) versus maximum

applied load. The indentations have been done with inden-

tometer Fischerscope H 100,202,203 and the applied load has

been carefully calibrated and checked by the manufacturer.

Also the magnification of the SEM has been verified using a

lithographic photomask from semiconductor industry (Ref.

206, p. 61).

Notice that at a load of 100 mN, the plastic deformation

of the substrate already occurs (for comparison see the

decrease of the hardness of the ultra-nanocrystalline dia-

mond in Fig. 12), i.e., one measures a compound hardness of

the coating and of the much softer silicon substrate and of

the underlaying TiN layer. It is clear from Fig. 13 that the

average value of the load-invariant Meyer’s hardness at an

applied load of 50 and 70 mN is above 110 GPa, i.e., the

Vickers hardness is above 100 GPa, particularly when one

accounts for the rounding of the diamond tip to a radius of

0.5–0.7 lm due to plastic deformation as reported in Refs.

207 and 208. (For the meaning of Meyer’s and Vickers hard-

ness, see Refs. 1 and 209 and Appendix A.) At a load of 100

and 150 mN, where the plastic deformation of the substrate

is already significant, the hardness is still about 100 GPa or

only slightly less, respectively. Even at a load of 200 mN,

where a substantial plastic deformation of the substrate

occurs, the compound hardness of the coatings and the sub-

strate is close to 90 GPa.

At this point, it is important to consider the hardness of

�70 GPa reported by Shizhi et al.16 and shown in Fig. 1.

These researchers have measured the Vickers hardness in the

conventional two-steps procedure by indenting the diamond

pyramid into �5 lm thick coatings on steel with a relatively

high load of 50 gf (� 490 mN). In Fig. 13, the compound

hardness of the coatings and softer substrate at a load of 500

mN is about 75 GPa. It is therefore clear that Shizhi et al.
underestimated the hardness of their coatings. Considering

the larger thickness of our coatings and the TiN underlayer,

the present article estimates that the hardness of the “Ti-Si-

N” coatings of Shizhi et al. was surely above 90 GPa.

The compound hardness is a combination of the plastic de-

formation of the soft substrate and plastic plus elastic deforma-

tion of the superhard coatings, which adhere very well to that

substrate. When the coating has been etched by means of ion

milling so that only a narrow strip of the coating was left, the

coating flexed back (see Fig. 4.42 in Ref. 107, p. 194). This

shows that these coatings have a very high elastic limit of more

than 10% (to verify the reproducibility of this high elastic limit,

see also another coating reported in Fig. 9(b) of Ref. 210). For

comparison, the elastic limit of typical ceramics is �0.1%,6

that of polycrystalline metals is about 0.2%, and that of metal-

lic glasses is around 2%.211 Also the metallic glass matrix com-

posites, which have higher fracture toughness and ductility

than metallic glasses, have an elastic limit of about 2%.212 The

high elastic limit of the nanocomposites is due to the high con-

nectivity between the TiN nanocrystals and the Si3N4 interfa-

cial layer, which is strengthened by valence charge transfer as

shown by DFT calculations and discussed below.

FIG. 12. Example of the hardness of 3.5 lm thick ultrahard nc-TiN/Si3N4/

TiSi2 nanocomposite coating vs the maximum applied load in comparison

with industrial bulk diamond and a 1 lm thick ultra-nanocrystalline dia-

mond film. Reprinted with permission from Veprek, J. Vac. Sci. Technol. A

17, 2401 (1999). Copyright 1999, American Vacuum Society.

FIG. 13. Hardness evaluated from many SEM micrographs vs maximum

applied load. Notice that at a load of 100 mN, the plastic deformation of the

substrate already occurs, i.e., one measures a compound hardness of the

coating and much softer substrate (sample # DC120398 on Si-substrate, 7.3

lm thick). Reprinted with permission from Veprek and Veprek-Heijman,

Thin Solid Films 522, 274 (2012). Copyright 2012, Elsevier B.V.
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This high elastic limit contradicts the statements often

found in the literature, that the superhard nc-TmN/Si3N4

nanocomposites are brittle. What makes them brittle is a rel-

atively high concentration of oxygen impurities of 0.5–2

at. %, or more found in the majority of the papers,189 because

there are many oxygen-related defects as illustrated in Fig.

11(b). Nanocomposites with low impurity content of few

100 ppm, which are almost free of nanocracks associated

with oxygen, have a very high threshold for the crack initia-

tion. We shall come to this point later.

The role of TiSi2 in the quasiternary nc-TiN/Si3N4/TiSi2
ultrahard nanocomposites is twofold: (1) a beneficial one

because it getters the minor oxygen impurities of few 100

ppm, thus avoiding them to get incorporated into the SiNx

interfacial layers and weaken them,199 and (2) a detrimental

one because it makes the nanocomposites unstable in long

terms. This instability is related to the fact that TiSi2 depos-

ited below 850 �C forms metastable, low-density phases,

which, under the large stress within the grain-boundaries,

undergo degradation resulting in the loss of the hardness af-

ter 5–8 months.18,175

After having understood this reason of the long-term

instability of the quasiternary nanocomposites,18 we concen-

trated on the quasibinary nc-TiN/Si3N4 and related nc-TmN/

Si3N4 nanocomposites, which are stable over years (reported

up to almost 3 years in Ref. 18, but measured afterward up

to 5 years). These systems are stable because of the absence

of the metastable TiSi2 phases, but because the gettering of

the minor oxygen impurities by TiSi2 is absent, they are

much more sensitive to the impurities. Nevertheless, it has

been possible to prepare nc-TiN/Si3N4 nanocomposites with

hardness of 65–70 GPa as illustrated in Fig. 14 for one of the

nanocomposites with the lowest oxygen content.175

These results strongly support the expectation that it

should be possible to achieve long-term stable hardness of

80–100 GPa and may be even more if the impurities in this

system could be reduced significantly below 100 ppm. Such

coatings would also display a high elastic limit, i.e., they

would not be susceptible to easy brittle fracture in applica-

tions, such as wear protection coatings on tools for machin-

ing. This is surely a challenge for both the academia

interested in basic science and industry interested in applica-

tions. The very high hardness of nanotwinned c-BN reported

recently in Ref. 123 lends further motivation to the attempt

to try to achieve this goal.

3. How to understand such the high hardness
enhancement?

The ideal shear and tensile strength of perfect crystals of

about 10% of shear G and Young’s EY modulus, respec-

tively,2,5 is orders of magnitude larger than the practically

achievable strength of engineering materials because of the

presence of defects in the latter. Defects, such as disloca-

tions, twinning, grain boundaries, microcracks, and others

easily shear and grow upon a stress much smaller than the

ideal strength. Upon plastic deformation, such defects also

develop in an originally perfect single crystal and limit its

real strength and hardness. The strengthening in plastically

deforming real materials occurs by introducing some

obstacles which impede the plastic deformation by whatever

mechanism it occurs, most common being a hindering of dis-

location multiplication and motion in crystal plasticity.11

The large enhancement of the hardness in the nanocom-

posites can be understood in terms of the absence of defects,

such as dislocations, twins, and the like in the 3–4 nm size

nanocrystals and strengthened grain boundaries, as discussed

in Ref. 213. The strengthening of the SiNx interfacial layer is

due to valence charge transfer from TiN nanocrystals to that

layer because of larger electronegativity of Si as compared

with Ti, as it will be shown now.

Hao et al. have conducted extensive computational DFT

studies of the heterostructures consisting of few nanometers

thick TiN slabs with Si3N4-like interfacial layers of different

thickness and crystallographic (hkl) nature and found that

the decohesion strength of the 1 ML of a- and b-Si3N4 layer

is the highest one, significantly larger than that of an ideal

Si3N4 single crystal.214,215 Zhang et al. have shown for a va-

riety of heterostructures with the pseudomorphic SiN-like

interfaces that the strengthening is due to the valence charge

transfer from TiN as illustrated by the valence charge density

differences (VCDDs) in Fig. 15 for the (111) interface.216

FIG. 14. Scanning electron micrograph of an indentation into about 8 lm

thick, long-term stable quasibinary nc-TiN/a-Si3N4 nanocomposite coating

with a Vickers diamond indenter at a load of 110 mN. The magnification of

the scanning electron microscope has been calibrated using a photomask for

optical lithography in semiconductor industry. One notices that the plasti-

cally deformed indentation area of 1 lm2 (¼ 10	12 m2) produced under a

load of 100 mN corresponds to a Meyer’s hardness of 0.1 N/10	12

m2¼ 1011 N/m2¼ 100 GPa. Reprinted with permission from Veprek and

Veprek-Heijman, Thin Solid Films 522, 274 (2012). Copyright 2012,

Elsevier B.V.
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One can see that the valence charge density is higher, i.e.,

the bonds to the neighbors are stronger, on nitrogen in the

SiN layer than on nitrogen in the TiN slab, and it is also

higher on Si than on Ti. Similar strengthening has been

found also for other (hkl) interfaces.216

However, the strengthening of the SiNx interfacial layer

is accompanied by a weakening of the Ti-N bonds near by

the SiNx interface, which are the “weak link” in the system

where, upon an applied shear and tensile stress, the shear

plastic deformation and decohesion occur in agreement with

high-pressure XRD study.217 This is illustrated in Fig. 16 for

decohesion of the (111)-TiN/1 ML SiN/TiN heterostructure.

We refer to the recent papers216,218 for the decohesion and

shear of other interfaces and for further details. These results

confirm that the grain boundary regions are the carrier of the

plastic flow in the nanocomposites, as discussed in Ref. 213,

whereas the TiN nanocrystals deform only elastically, as

observed experimentally.217

Because of the weakening of the Ti-N bonds near the

SiNx interfacial layer, the decohesion and shear strength of

heterostructures consisting of few nanometers thick slabs of

TiN with 1 ML of SiNx interfacial layer is lower than that of

an ideal TiN single crystal.219 Nevertheless, because the TiN

is stronger than Si3N4, and the grain boundaries in the nano-

composites with the strengthened SiNx layer are stronger

than those in polycrystalline TiN alone, the overall effect is

a strengthening and hardness enhancement of the nanocom-

posites.213 Based on these results and on the shear resistance

of the interfaces calculated by ab initio DFT, a simple calcu-

lation has shown that in well prepared and pure nc-TiN/

Si3N4 nanocomposites with randomly oriented TiN nano-

crystals hardness significantly above 100 GPa should be pos-

sible to achieve.213

It has been found experimentally172 that the hardness

enhancement in the nanocomposites is lost when the thick-

ness of the Si3N4 reached about 2 ML, as shown for several

nc-TmN/Si3N4 nanocomposites in Fig. 17. In order to

explain this loss of the hardness enhancement, Zhang et al.
have compared the decohesion and shear strengths of the

FIG. 15. (Color online) (a) VCDD of the TiN(111)/1 ML SiN/TiN(111) het-

erostructure, (b) and (c) the side view as indicated and (d) prospective view.

The color scale runs from 	0.055 (bottom blue) to 0.035 electrons/Bohr3

(top red). The small italic numbers indicate the values of VCDD. Reprinted

with permission from Zhang et al., Phys. Rev. B 79, 245426 (2009).

Copyright 2009, the American Physical Society.

FIG. 16. (Color online) Changes of the valence charge density of the (111)-

TiN/SiN/TiN heterostructure under an applied tensile strain normal to the

(111) interface just before the decohesion instability (a) and just after it (b)

at the strains as indicated. The valence charge density scales range from 0

(dark blue) to 0.54 electrons/Bohr3 (bright red). Reprinted with permission

from Zhang et al., Phys. Rev. Lett. 102, 015503 (2009). Copyright 2009, the

American Physical Society.

FIG. 17. Dependence of hardness and size of the TiN nanocrystals in stoichi-

ometric, quasibinary nc-TmN/a-Si3N4 nanocomposites deposited by PCVD

on silicon content. Reprinted with permission from Veprek and Veprek-

Heijman, Surf. Coat. Technol. 201, 6064 (2007). Copyright 2007, Elsevier

B.V.
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TiN/SiN/TiN heterostructures with 1 and 2 ML interfacial

pseudomorphic SiN and found that the heterostructures with

2 ML are about a factor of 2 weaker than those with 1 ML.

This is due to the much larger weakening of the neighbor Ti-

N bonds as a result of the larger valence charge transfer

from the TiN nanocrystals to the 2 ML SiN interfacial

layer.220 These experimental results and theoretical explana-

tion clearly show that if the maximum hardness is achieved

for 1 ML SiNx interfacial layer, such an interface has to be

sharp.

A critical reader may object that the static DFT calcula-

tions of the fcc-TiN-SiN-TiN heterostructures are not suffi-

ciently reliable because of inherent thermodynamic157,168

and dynamic phonon instability of the bulk fcc-SiN.221,222

Therefore, Ivashchenko et al.223 recently conducted first-

principles quantum molecular dynamics (QMD) studies,

which allow one to perform the calculations at elevated tem-

peratures. Ivashchenko et al. also extended the calculations

to the Si3N4-like interfacial layers. The results of Zhang

et al. have been essentially confirmed,223 the calculated ideal

strength of the heterostructures at 0 K and after annealing at

1400 K and cooling to 300 K being similar.219

A very surprising result was the finding of Ivashchenko

et al.223 that the fcc-(111) TiN/1 ML SiN/TiN heterostruc-

ture remains unchanged after annealing to 1400 K and cool-

ing down to 300 K (see Fig. 18), because according to the

conventional macroscopic thermodynamics it should decom-

pose as 4SiN ! Si3N4þ Si with Gibbs free reaction energy

of 	136 kJ/mole�atom.157,168 Such a high value of negative

Gibbs free energy of the reaction represents a large thermo-

dynamic driving force for the decomposition reaction to

occur. It is not clear yet if, in spite of such a high driving

force at macroscopic scale, the high stability of the 1 ML

(111) interfacial SiN layer is due to different thermodynam-

ics at the nanoscale, or to kinetic reasons. The impeded

kinetics in 1 ML seems to be more likely because structural

transformations require a certain critical activation volume

and simultaneous rearrangement of several atoms to occur.

Therefore, such transformations are impeded in nanosized

materials.224–226 A simultaneous rearrangement and break-

ing of several bonds is obviously needed also for the decom-

position reaction 4SiN! Si3N4þ Si to commence.

The recent dynamic study of the phonon stability of a va-

riety of (001) TiN/1 ML XY/TiN heterostructures227 suggest

that, in agreement with the first-principles quantum molecu-

lar dynamics studies,223 the TiN/1 ML SiN/TiN heterostruc-

ture should display condensed (“soft”) modes, i.e., the 1 ML

SiN interfacial layer should be unstable in its symmetric fcc

configuration. However, this instability results only in a dis-

ordered 1 ML SiN but not in any decomposition and rear-

angement of several atoms, which is needed for the

nucleation of a new phase during the above mentioned

decomposition. Furthermore, it is shown in that paper that a

variety of interfacial materials (XY¼BN, SiC, etc.), which

have been used in the deposition of TiN/XY/TiN hetero-

structures by several groups, are unlikely to form superhard

nanocomposites with very high hardness enhancement by

the same mechanism as found in the TiN/1 ML SiNx/TiN

system, because of their inherent dynamical instability. We

refer to Ref. 227 for further details.

These first-principles calculations provided important

insight into the stability and strength of the heterostructures,

and into the mechanism of their plastic deformation and

decohesion, but one should not overestimate their outcome

because in the nanocomposites with 3–4 nm size nanocrys-

tals, many different (hkl) interfaces have to coexist. The im-

portant conclusion of these calculations is that also

interfaces with SiN layers that are unstable according to the

macroscopic thermodynamics may be stabilized as 1 ML

interfacial layer and therefore should not be ruled out.

Furthermore, one should also consider the effect of the boun-

daries between the 1 and 2 nm2 small interfaces between the

3 and 4 nm size TiN nanocrystals with different (hkl) and of

the triple points, which occur in the nanocomposites but are

absent in the heterostructures. Such calculations are beyond

the capability of the present first-principle codes and com-

puting capacity of modern computers. Therefore, classical,

large ensemble molecular dynamics calculations with exact

interatomic potentials derived from first-principles, which

are being presently developed,228,229 are highly demanding

for the future studies of the formation and properties of the

nanocomposites.

4. Properties of the superhard nc-TmN/Si3N4

nanocomposites: Is there really a need for
toughening them?

Because the basic properties of superhard nanocomposites

with low oxygen impurity content of few 100 ppm, such as

high thermal stability, oxidation resistance, and others, have

been summarized in earlier reviews,18,204 we only briefly

mention them here referring to the reviews and original

papers quoted therein for further details. Let us devote more

FIG. 18. (Color online) Structure of the fcc-(111) TiN-SiN-TiN heterostruc-

ture calculated by first-principles QMD at 300 K and after annealing to 1400

K and cooling down to 300 K. Reprinted with permission from Ivashchenko

et al., Phys. Rev. B 85, 195403 (2012). Copyright 2012, the American

Physical Society.
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attention to the effect of oxygen impurities on the fracture

toughness of the nanocomposites. As mentioned, Fig. 11

shows the dependence of the hardness and size of the Tm

nanocrystals on silicon content in stoichiometric, quasibi-

nary nc-TmN/Si3N4 nanocomposites with three different

transition metal nitrides deposited by plasma CVD and hav-

ing low oxygen impurity content of few 100 ppm.198 These

coatings were deposited in high-frequency glow discharge

plasma, where the ions reaching the surface of the growing

film had low energy.19,20,230,231 If such coatings were depos-

ited at the cathode of direct current glow discharge under

energetic ion bombardment, the crystallite size decreased

with increasing Si content in a similar manner to about 3 nm,

but upon a further increase of Si, it remained nearly constant

(see Fig. 2 in Ref. 232) because the energetic ion bombard-

ment decreases the crystallite size as shown in Fig. 6. This

has to be taken into account when trying to reproduce these

results. As mentioned, the maximum hardness enhancement

by about a factor of 3 corresponds to Si3N4 content with

about 1 ML thick interfacial layer, but the hardness enhance-

ment is lost when the thickness of the interfacial Si3N4 layer

reaches 2 ML. One notices that the crystallite size at the

maximum hardness of only 3 nm is much smaller than the

“strongest size” of 10–15 nm discussed above. This is a con-

sequence of the reduction of the grain boundary shear due to

the strengthening of the interfacial Si3N4-like layer.

However, in the presence of higher oxygen impurity content

of �2000 ppm, the thickness of the Si3N4 layer—at which

the maximum hardness is achieved—is obviously much

larger, as seen in Fig. 9 and often reported in papers of other

groups.189

This also remains an open question, which requires fur-

ther studies, and it can be answered only when nc-TiN/Si3N4

nanocomposites with low oxygen impurities of few 100 ppm

or less will be prepared by other groups. Obviously, a high

hardness of >50 GPa or even 80–100 GPa cannot be

achieved in Ti-Si-N coatings with oxygen impurity of 0.5–2

at. % or more (see Fig. 11) found in the majority of pub-

lished papers.189

In Ref. 233, we have reported that a 6.1 lm thick coating

of the quasiternary nc-TiN/a-Si3N4/TiSi2 nanocomposites

deposited on soft steel can, when indented with 1000 mN

load, sustain a very large elastic deformation of more than

10%. In Fig. 19, we show an example of indentation with

the high load of 1000 mN into a 7.3 lm thick quasiternary

nc-TiN/a-Si3N4/TiSi2 coating deposited on a silicon sub-

strate whose hardness is shown in Fig. 13. Although the

maximum indentation depth was almost 2 lm, no cracks are

seen in the coatings. The size of the remnant indentation

corresponds to the combined hardness of the substrate and

the coatings in which large part of the deformation seen

in the SEM micrographs is elastic because of the high elas-

tic limit and excellent adherence of the coatings to the

substrate.

The high elastic limit of the nanocomposites should not

be confused with high fracture toughness, which is the resist-

ance of a material against the propagation of the pre-existing

(prefabricated) crack and characterized by stress intensity

factor or energy release rate.5,234 The stress intensity factor

KI ¼ rðpaÞ0:5 describes the stress r needed to propagate a

prefabricated crack of size 2a. (A simple criterion which

allows to asses if a material is brittle or ductile is the ratio of

bulk B to shear G modulus. High B/G ratio is associated with

ductility whereas low ratio with brittleness.235) There is no

reason why the fracture toughness of the nanocomposites

should be enhanced, and there are unfortunately no measure-

ments of fracture toughness available on high-quality super-

hard nanocomposites with low oxygen content.

The high elastic limit of the superhard nanocomposites is

due to the fact that any pre-existing crack, such as a fault

from insufficient segregation of TiN and Si3N4, scales with

the size of the nanocrystals. According to Griffith, the criti-

cal stress rC needed to propagate a crack of size 2a increases

with decreasing size as rC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EYcS=pa

p
.2,5,234 When the

size of the TiN nanocrystals at the maximum hardness

reaches 3 nm, the size of the different (hkl) interfaces, where

the nanocracks may be present, decreases below 1 nm, i.e., it

is becoming comparable to interatomic bond length a0 and,

consequently, the strength approaches the ideal one given by

rideal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EYkS=pa0

p
.5,234 Thus, the high elastic limit of the

nanocomposites with low oxygen impurity content is due to

a high threshold for initiation of <1 nm small nanocracks.

When the cracks are initiated upon a very high stress, they

may propagate, grow, and percolate as in an ordinary TiN.

However, when other defects, such as those caused by oxy-

gen impurities [Fig. 11(b)], are present in large number, they

will, upon applied stress, easily grow, join each other, and

percolate to large cracks, which will than simply propagate.

This explains why the nanocomposites with oxygen content

of �0.3–0.4 at. % are brittle and need some kind of

toughening.

The common method of increasing the toughness of the

nanocomposites (and other hard coatings) is composition

modulation of the coatings during their deposition from two

cathodes, e.g., by deposition of multilayers. The example

shown in Fig. 20 illustrates such a composition variation of

the nc-(Ti1	xAlx)N/Si3N4 industrial coatings deposited by

vacuum arc evaporation from two cylindrical rotating

FIG. 19. (Color online) An example of indentation into a 7.3 lm thick quasi-

ternary nc-TiN/a-Si3N4/TiSi2 coatings deposited on silicon substrate with a

load of 1000 mN (Vickers indenter, sample DC120398).
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cathodes made of Ti and AlþSi.170,236–238 When the tool

being coated is, during the rotation of the turntable on which

it is mounted, closer to the Ti cathode the layer will be Ti-

rich and when it will be closer to the Alþ Si cathode the

layer will be AlþSi-rich, as seen on the TEM micrograph in

Fig. 20(b) by alternating darker and brighter nanolayers. By

appropriately adjusting the deposition rate and the rotation

speed, one can optimize the period of the compositional

modulation and increase the hardness and toughness as

shown in Fig. 20(a).170,239

There are many papers dealing with multilayers for

toughening of the nanocomposites whose discussion is

beyond the scope of this paper. Worth-mentioning is the

recent work of Wo et al. who prepared TiN/TiSiN multi-

layers consisting of 10 and 50 nm thick TiSiN layers

between thicker TiN.48 These researchers provided in-depth

studies of the mechanism of toughening. Although the hard-

ness of the multilayers was somewhat smaller than that of

monolithic TiSiN, the toughness significantly increased

because of the transition of deformation mechanism from

brittle (transgranular) cracking in monolitic TiSiN (probably

associated with oxygen impurities which are not reported in

that paper) to inelastic shear sliding governed by the micro-

structural characteristics of the coatings. The work of Wo

et al. has been supported by detailed TEM analysis and finite

element modeling (FEM). Of interest is also the recent work

of Wang et al. on the CrAlSiN/CrAlN multilayers where

increase of toughness by a factor of 5 has been combined

with a modest increase of hardness.62

As mentioned in Ref. 48, the work of Wo et al. has been

motivated by the difficulty to prepare coatings with low oxy-

gen impurity content. It would be of great interest to have a

comparison of these results with nanocomposites that have

oxygen impurity content of 100 ppm or less. Would there be

really any advantage of such toughening in pure nanocompo-

site coatings?

Zhang et al. have also shown that the scratch adhesion

strength and higher resistance against crack propagation of

CrAlSiN coatings can be improved by gradient composition

starting from CrAlN and increasing the Si content during the

deposition of the coatings.240 It should be noted that hard

and superhard nanocomposite coatings with composition

gradient are used in industrial applications since several

years (see, e.g., 237 and 238 and references therein). For

example, gradient TiAlCN with diamond-like carbon coat-

ings as solid lubricant are offered by company PLATIT AG

for the milling, tapping, punching, and stamping to avoid

built up edges, for forming applications to optimize release

and for machining of high alloyed materials, such as nickel

alloys, Inconel, superalloys, and the like.236

Another method of toughening of the nanocomposite

coating is the introduction of a ductile metal, which does not

form stable nitrides, such as Ni studied in some detail by

Zhang et al.60,61,241 The toughness of TiSiN and CrAlSiN

coatings with a relatively high oxygen content of 1.2–1.5 at.

% (Ref. 240) could be significantly improved from about

1.15 MPa�m0.5 to 2.60 MPa�m0.5 by the addition of about 40

at. % of Ni while the hardness still remainded at about

14 GPa relatively low.61 In the case of nc-CrAlN/Si3N4

nanocomposites, addition of relatively small amount of Ni

decreased the grain size from 7 to 2 nm at Ni content of

about 4.2 at. % and increased the scratch toughness by 200%

at expense of 18% decrease of the hardness. But upon a fur-

ther increase of Ni content to about 40 at. %, the grain size

increased and hardness and toughness decreased again.242

We are again left with the open question how would such

nanocomposites behave if their impurity content were low,

in the few 100 ppm or even lower range.

Unlike the TmN/Ni coatings reported by Musil et al.,
which have high hardness but also high biaxial compressive

stress due to energetic ion bombardment at relatively low

temperature (see discussion above), the coatings deposited

by Zhang et al. have relative modest hardness but high

toughness and low biaxial compressive stress. However, the

question remains if this toughening would be needed when

the impurity content could be decreased to few 100 ppm or

less. It is possible that the high elastic limit, as demonstrated

for the pure ultrahard nanocomposites above, would make

FIG. 20. (a) Maximizing the hardness of the nc-(Ti1	xAlx)N/a-Si3N4 nanocomposite coatings by optimising the period of the compositional modulation in the

deposition equipment results in (b) nanolayered superhard nanocomposite coatings with a high hardness and high resistance against brittle fracture (Ref. 237).
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such toughening unnecessary. This is another open question

which calls for the preparation of pure nanocomposites with

low oxygen impurity content. We shall show one example of

successful applications of Ti1	xCrxN/Ni nanocomposites for

forming by the company SHM243 in Sec. IV on industrial

applications.

D. TiB21d and Ti-B-N superhard nanocomposites

Titanium diboride, TiB2, has a high intrinsic hardness of

about 30 GPa.54 Therefore, many papers deal with the prepa-

ration and properties of this interesting material. The draw-

back of TiB2 and other borides with respect to applications

in machining is the low melting point of boron oxide of

about 450 �C.121 Therefore, borides do not posses the high

oxidation resistance that is often required.

Of great scientific interest are TiB2/B nanocomposites

which reach hardness up to 60 GPa.244 Several authors

reported very high hardness in “overstoichiometric” TiB2þd

with d� 0.2–0.4.245–248 Neidhardt et al. conducted detailed

studies of the compositional evolution of the Ti-B films de-

posited by sputtering from a compound target.249 The micro-

structure of superhard TiB2.4 nanocomposites prepared by

magnetron sputtering has been studied by Mayrhofer

et al.244 The films had dense columnar morphology consist-

ing of about 20 nm wide columns with 0001 preferential ori-

entation, encapsulated by boron-rich interfacial layers.

These columns were formed of a bundle of about 5 nm diam-

eter TiB2 subcolumns, which have been separated by an

ultrathin B-rich material. This hierarchic nanostructure pro-

vided the nanocomposites with the very high hardness of

60 GPa, which was stable upon annealing in vacuum up to

700 �C. It would be interesting to conduct first-principles

studies of this system in order to see if the boron interfacial

layers are also strengthened like the Si3N4 ones in the nc-

TiN/Si3N4 nanocomposites discussed above.

Numerous studies have been devoted to the Ti-B-N sys-

tem in which coatings with hardness of 35 to 55 GPa have

been reported (see, e.g., Refs. 250–253). When deposited at

a relatively low temperature of 300 �C, the hardness of about

37 GPa increased to 43 GPa upon annealing at 800 �C but

decreased again upon annealing to �900 �C.254 Hammer

et al. deposited Ti-B-N coatings at room temperature with

hardness of about 27–29 GPa. Upon annealing to 800 �C, the

hardness increased to 40 GPa as result of nanocomposite for-

mation and remained constant for 200 min.250

Similar results have been reported also for the Cr-B-N

system. When the deposition has been done at a sufficiently

high pressure of nitrogen, nanocomposites consisting of the

stoichiometric nitrides CrN and BN have been formed with

hardness of 29 GPa.255,256

Of particular interest was the attempt to replace the Si3N4

in the nc-TmN/Si3N4 nanocomposites by an alternate cova-

lent nitride, such as BN and to form stoichiometric nc-TiN/

BN nanocomposites with BN as interfacial 1 ML layer. As

discussed above, one has to distinguish between the nitrogen

deficient TiBxN1	x and nitrogen rich stoichiometric TiN/BN

system, because the former should decompose by nucleation

and growth, whereas the latter is chemically spinodal.195

However, in view of the large difference in the size of Ti

and B atoms, the system is unlikely to be coherently spinodal

because the TiN-BN interface is incoherent, as seen also

from the fact that some Ti-B bonds have always been

detected in the interfacial BN layer.196 Recently,

Ivashchenko et al. have shown that the 1 ML BN in the

(001) TiN/BN/TiN heterostructures is unstable in its sym-

metric fcc-configuration already at 0 K.227 Nevertheless,

hardness of about 50 GPa has been achieved in this system

when the BN interfacial layer was about 1 ML, and the hard-

ness enhancement has been lost when the thickness was 2

ML (see Fig. 7 in Ref. 196). More recent analysis of the

results published in Ref. 196 revealed that the crystallite size

in the nc-TiN/1 ML BN nanocomposites with the maximum

hardness was around the “strongest size” of about 10 nm,

and the crystallite size increased for both thinner and thicker

BN layers. Therefore, the hardness enhancement by about a

factor of 2 is more likely due to the refinement of the mor-

phology toward the “strongest size.” The strengthening of

the interfacial BN layer by valence charge transfer from TiN

in a similar way as in the nc-TiN/Si3N4 nanocomposites may

also contribute to the experimentally found hardness

enhancement, because the electronegativity of boron is

larger than that of Ti and also somewhat larger than that of

Si.83

First-principles study of heterostructures consisting of

TiN slabs with 1 ML BN interfacial layer have shown that

the shear and decohesion occur between the Ti-N bonds

attached to the BN interface257,258 in a similar manner as

found for the TiN/SiN system by Zhang et al.216,218,220

However, this system is unlikely to replace the nc-TiN/Si3N4

because it has lower oxidation resistance comparable with

that of TiN (see Fig. 10 in Ref. 196), and it losses boron

upon annealing.259

E. Oxide-based nanocomposites

Oxide-based hard and superhard nanocomposites would

be of great interest for applications as wear protective coat-

ings on tools for hard and dry machining where high oxida-

tion resistance is important. Although, as already mentioned,

hard (Al1	xCrx)2O3 coatings with corundum structure have

been successfully deposited by PVD in intense plasmas at

temperature �600 �C,260 attempts have been made to prepare

oxide-based nanocomposite in the hope to obtain higher

hardness.

Klostermann et al. reported the deposition of nc-Al2O3/

ZrO2 nanocomposites by reactive cosputtering from Al and

Zr targets at temperature of 500–700 �C.261 The Al2O3 has

been formed in the c-phase, which is somewhat softer than

corundum (21 6 1.5 GPa). A hardness enhancement to about

30 GPa has been found at a Zr concentration of about 8 at.

%. At an alumina content of less than 18 at. %, the coatings

consisted of tetragonal zirconia with hardness of about

17 GPa. However, the hardness of pure c-Al2O3 of about

28 GPa reported in that paper seems to be too high, and the

enhancement upon formation of the nanocomposites is
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therefore relatively small. Therefore, more detail study of

this system are demanding. Zukerman deposited such nano-

composites by means of filtered vacuum arc and obtained

maximum hardness of about 22–26 GPa at deposition tem-

perature of 500 �C.262

Jilek studied the deposition of Cr-Zr-O coatings by vac-

uum arc evaporation at about 500–520 �C. At a Zr content of

about 5.5 at. %, he obtained a pronounced hardness enhance-

ment to 41–42 GPa, whereas at lower and higher Zr content

the hardness decreased to about 20 GPa or less.263

Interesting is also the recent paper on the nc-Al2O3/a-

Al2O3 nanocomposites deposited by pulsed laser depposition

at either room temperature or at 600 �C.264 Coatings depos-

ited at room temperature had relatively low hardness of

10 GPa and moderate stiffness (EY¼ 195 GPa) resulting in

an H/EY ratio of 0.049. When grown at 600 �C, the hardness

of the nanocomposites of 25 GPa increased above that of

Sapphire (21 GPa) and the stiffness increased as well

(EY¼ 277 GPa) resulting in a high H/EY ratio of 0.091,

which suggests an outstanding resistance to wear. The crys-

tallite size of the nc-Al2O3 was about 2–5 nm.

These examples show that there seems to be a possibility

to prepare oxide-based nanocomposites with an enhanced

hardness. It is however not clear which mechanism of hard-

ening is responsible for the observed hardness enhancement.

The strengthening of the interfacial ZrO2 layer by a similar

mechanism as in the nc-TiN/Si3N4 nanocomposites is

unlikely because Zr has a lower electronegativity than Cr

and Al. Nevertheless we speculate that the decomposition of

the CrZrOx solid solution by spinodal mechanism should be

advantageous because it would result in a regular nanostruc-

ture with sharp interface. As mentioned above, the Al-Zr-Ox

system is spinodal.197 The stoichiometric Cr2O3þZrO2 sys-

tem is below about 1800 �C immiscible265 and possibly spi-

nodal. Unfortunately, the data in Ref. 265 are limited to high

temperatures of � 1100 �C. Therefore, the combined DFT

calculations and thermodynamic modeling would be highly

demanding to better understand this system. Nevertheless,

even if the decomposition would occur by nucleation and

growth the concomitant hardness enhancement by a factor of

1.5–2, which may be achieved by an appropriate control of

the grain size of the nanocrystalline phase toward the

“strongest size,” may provide very useful coatings for indus-

trial applications.

IV. INDUSTRIAL APPLICATIONS OF HARD
AND SUPERHARD NANOCOMPOSITES

The applications of hard nitride-, boride-, and carbide-

based coatings have been discussed in many papers and

books (e.g., Refs. 266–269). The breakthrough was the de-

velopment of PVD process for the deposition of TiN at rela-

tively low temperatures compatible with tools made of high

speed steel (HSS) in 1980s, followed by the development of

TiAlN in 1986 and more recently CrAlN. Presently, there

are more than about 70 different types of dedicated hard

coatings applied on tools for a variety of machining, form-

ing, stamping, injection molding, casting, and other

applications. A significant progress has been achieved

recently by the development of PVD techniques that allows

to deposit hard (Cr1	xAlx)2O3 oxides with corundum struc-

ture at 500 �C, which is much lower than temperature of

about 1000 �C needed in thermal CVD.260,270,271

Here we focus on the industrial applications of the hard

and superhard nc-TmN/Si3N4 nanocomposite coatings on

tools for machining (turning, drilling, milling, forming,

stamping, injection molding, and the like) of steels, superal-

loys, and other metals237–239,272–276 of Al alloys in combina-

tion with graphite fibers reinforced carbon composites or

plastics277 and for injection molding.278 Because most of the

information is proprietary, it is difficult to obtain representa-

tive examples from the companies. Therefore, our selection

is a combination of what should be shown, and what we

could obtain and were allowed to present in this review.

As emphasized at the beginning of this paper, high hard-

ness is only one of many important properties, such as high

fracture toughness, high thermal stability and oxidation re-

sistance, low coefficient of friction, compatibility of the

coatings with the material being machined, low thermal con-

ductivity and others which have to be optimized for a given

application. For example, diamond cannot be used for

machining of materials which form carbides, such as ferrous

steels and the like. During continuous turning of steel at high

cutting speed of 200 m/min, the temperature of the flank of

indexable insert reaches almost 900 �C (see Fig. 1 in Ref.

279). Obviously, high thermal stability, oxidation resistance,

and low thermal conductivity, which reduces the heat flow

into the cutting edge, are important in that case. Fortunately,

the nc-TiN/Si3N4 has significantly higher oxidation resist-

ance than TiN (Refs. 19 and 20) and nc-(Ti1	xAlx)N/Si3N4

as well as nc-(Cr1	xAlx)N/Si3N4 nanocomposites with a suf-

ficiently high silicon content of 8–10 at. % begin to oxidize

only above 1000 �C.18,280–284 The low thermal conductivity

of the nanocomposites is due to strong phonon scattering

within the few nanometer size TmN nanocrystals surrounded

by a material (SiNx) with a different phonon spectrum.

Tanaka et al. have originally developed “Ti-Al-Si-N”

solid solution coatings and demonstrated their superior cut-

ting performance as compared with the TiAlN,280,281 but

later on they have shown that the nanocomposites display an

even better cutting performance than the solid solution282

(see also review 237 and references therein).

Because of the above discussed detrimental effect of oxy-

gen impurities on the segregation of TmN and Si3N4 phases,

which hinders the formation of strong nanostructure and

degrades the mechanical properties, many authors and com-

panies complain about the brittle nature of the nanocompo-

site coatings. However, there are examples of coatings

deposited in industrial coating systems with oxygen impurity

of �1000 ppm (0.1 at. %). Figure 21 shows an example of

the composition and impurity concentration, measured by

means of elastic recoils detection [ERD (Refs. 285 and

286)], of TiN coating deposited in an industrial coating unit

ORM by company SHM (Ref. 243) with impurity content of

about 700 ppm (0.07 at. %). In collaboration with that com-

pany, we have analyzed many nc-(Ti1	xAlx)N/a-Si3N4 and
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other nanocomposite coating and found fairly reproducibly

the impurity to be �1200 ppm. (In the industrial community

one uses for these coatings a simplified term “TiAlSiN.” We

shall use it in the following as well. Accordingly, AlTiN

means (Ti1	xAlx)N coatings with higher content of Al than

Ti, and similar terminology will be used for CrAlN etc.)

Also, the company Balzers achieved a low oxygen impu-

rity content of about 0.16 at. % in the conventional AlCrN

“Alcrona” coatings (the coatings have been analyzed by the

present author using ERD). These coatings are known for

their very good cutting performance, which is probably

related to their high toughness, but there seems to be no sys-

tematic study if this is a result of the relatively low impurity

content. It is also experience of the present author, who ana-

lyzed a number of coatings from other companies, that the

oxygen (and other) impurity content in the coatings is usu-

ally much higher, often in the range of 1–2 at. %.189

Therefore, in view of the results shown in Figs. 10 and 11, it

is clear that the problem of impurities, mainly oxygen, is

much more serious for the nanocomposite coatings deposited

in industrial coating equipments. The best presently avail-

able industrial nanocomposite coatings with oxygen impur-

ities of �0.1 at. % are still not optimum. As we shall see, in

spite of that problem, they show very good cutting perform-

ance in many applications. Nevertheless, a further improve-

ment of the purity is demanding.

With reference to Fig. 10, we see that these coatings need

relatively high deposition or annealing temperature in order

to complete the decomposition of the solid solution and seg-

regation of the TiAlN and Si3N4 with the formation of strong

nanostructure. Indeed it has been reported that the hardness

of as-deposited industrial nanocomposite coatings increases

upon annealing.120 Therefore, these coatings are applied

mostly on tools made of cemented carbides, whereas on tools

made of HSS one still prefers AlTiN/TiAlN or CrAlN/

AlCrN multilayers. The nanomultilayers consisting of �50

about 50–100 nm thick CrAlN layers with varying Cr:Al ra-

tio have been developed and are used under the name

“NanosphereVR ” on hobs made of HSS for the cutting of teeth

in the wheels for gears by company LMT.287,288 Such tools

are very expensive and therefore the prolonged life time and

the posibility to strip the used coatings, regrind, and recoat

the tools are very important.

The advantage of the CrAlN nanolayered multilayers as

compared with TiAlN is the lower thermal conductivity

which reduces the heat flow into the tool made of HSS

because the temperature of the cutting edge should not

exceed 530 �C. The life time of hobs coated with the CrAlN

nanomultilayers (“Nanospheres”) increased by about 40% as

compared with monoblock CrAlN layer.288 Hobs made of

cemented carbides are much more expensive, but because

they survive much higher temperature, the nc-(Cr1	xAlx)N/

Si3N4 nanocomposites have been used and the life time

increased by more than a factor of 5 as compared with stand-

ard coatings (see Fig. 14 in Ref. 237).

The nanocomposites alone may not be always the opti-

mum solution. Therefore, they are often used in combination

with conventional coatings as illustrated in Fig. 22, from

Refs. 237 and 238. The simple AlTiNþTiSiN coatings

(TiSiN¼ nc-TiN/Si3N4 nanocomposites) from company

Mitsubishi are in dry ball nose milling performing signifi-

cantly better (curve 2) than the conventional AlTiN ones

(curve 1). The first generation of the nc-(Ti1	xAlx)N/Si3N4

nanocomposites coatings has been performing much better

than the TiSiN ones until, after about 1200 m machined

length, a sudden unpredictable wear occurred (curve 3). This

is typical failure behavior of a tool or a machine part due to

fatigue. However, the particular failure was not due to the fa-

tigue of the coatings, but to the fatigue of the cemented car-

bide substrate. The solution has been found by inserting a

“buffer layer” between the substrate and the nanocomposite

top layer, and to increase the Si-content in the nanocompo-

site layer, which resulted in a predictable wear and signifi-

cantly increased life time (curve 4). Similar results have

FIG. 21. Example of a TiN coating deposited in industrial coating unit ORM

by SHM s.r.o. with low oxygen impurity content of 700 ppm (Ref. 243).

FIG. 22. (Color online) Hard ball nose milling of 57 HRC hard steel using

end mills made of cemented carbide coated with different coatings, diameter

10 mm with minimum jet lubrication. Curve 1: state-of-the-art (Al1	xTix)N,

2: AlTiNþTiSiN coatings, 3: first generation of nc-(Ti1	xAlx)N/a-Si3N4

nanocomposite coatings, 4: second generation of nanocomposite coatings

with a softer under-layer and gradient top-nanocomposite layer with higher

Si-content. 18 500 rpm, f¼ 0.18 mm, aP¼ 0.25 mm, ae¼ 0.6 mm (From

Ref. 238).
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been reported recently also for the nc-(Cr1	xAlx)N/Si3N4

nanocomposite coatings by Ding et al.284

Meanwhile these “TripleCoatingsVR ” shown in Fig. 23

became a standard in many companies.236,243,289,290 The gra-

dient Ti ! TiN thick adhesion layer about 300 nm provides

a very good adhesion of the TripleCoatings of more than 150

N in the standard scratch test. After the adhesion layer, about

2 lm thick TiAlN interlayer is deposited, which absorbs

localized stresses during machining and distributes them

over larger volume, thus protecting the cemented carbide

substrate. On the top is than deposited the superhard, about

1 lm thick nanocomposite layer. When coatings with

(CrAl)N interlayer and nc-(Cr1	xAlx)N/Si3N4 top layer are

deposited, gradient Cr ! CrN adhesion layer is used. These

coatings are cenveniently deposited by the LARC# technol-

ogy which uses vacuum arc evaporation from rotating cylin-

drical cathodes placed close to each other.236,243,291 By

simply changing the arc current on the different cathodes,

one can control the composition and change it during the

deposition.289,290 When using planar cathodes, one has to

optimize the deposition in another appropriate manner, e.g.,

using many smaller targets made of different materials.

The advantages of the nanocomposite coatings as com-

pared with the conventional ternary ones, such as TiAlN,

CrAlN, and others, is mainly the higher hardness, oxidation

resistance, and low thermal conductivity. For example, the

hardness of the CrAlSiN nanocomposite coatings with me-

dium and high silicon content remains stable or even

increases after 2 h annealing at 1000 �C.283 This can be used

either to increase the life time of an expensive tool or to

increase the machining speed and consequently the produc-

tivity when the tools are not too expensive. An example par

excellence of increasing the life time is shown in Fig. 24.

Because the saw made of cemented carbide is expensive, the

increase of the life time by a factor of 25 is very important.

When the tools are not too expensive, one prefers to

increase the machining speed yet having similar life time,

and in such a way to increase also the productivity, as illus-

trated in Fig. 25. In an identical drilling of cast iron, the

drills coated with the nanocomposites were operated at 50%

higher surface speed and feed rate still having the same or

slightly longer life time. This increase in machining speed

corresponds to a significant increase of the productivity by

56%.

Not always superhardness is needed. For forming of

soft but tough steel high fracture toughness, low internal

stress and excellent adherence of the very thick coating to

the substrate tool is more important. In the given example,

the goal was to form about 15 tons of the standardized rec-

tangular profiles with a prescribed small tolerance, made of

unalloyed steel DIN 1.0028. For the given number of more

than 1000 pieces, about 5–6 conventional forming tools

made of hardened steel were usually needed. Instead, one

old, worn tool has been coated with about 100 lm thick

Ti1	xCrxN/Ni nanocomposites with a modest hardness of

about 17–20 GPa deposited at high rates of �10 lm/h.292

The crystallite size of the nitrides and nickel was about

3–5 nm, and the deposition conditions were optimized as to

reach an almost zero stress and a high adherence of the thick

coatings. It is not possible to report the increase of the life-

time of the coated tool because, after finishing the whole

batch of 15 tons (1065 tubes each 8 m long), no wear of the

coating could be measured. Besides saving the 5–6 conven-

tional uncoated tools, which would have been needed for

this fabrication, the total production time has been reduced

to half because of saving time for the service, for the

exchange of worn tools, and because the coatings allowed to

increase the forming speed from 8.6 to 13.7 m/min. This

resulted in an increase of the productivity by about 100%.

The structure of the TmN/Ni or TmN/Cu nanocomposites

differ significantly from that of the nc-TmN/Si3N4 ones

because the soft and ductile metal is not “wetting” the hard

transition metal nitride, but it forms also nanocrystals as

mentioned for the Ti1	xCrxN/Ni nanocomposites above, and

reported also for the ZrN/Cu (Ref. 293) and nc-CrAlN/

Si3N4/Ni (Ref. 242) nanocomposites.

Molten metals, in particularly aluminum alloys, are very

aggressive media. Therefore, dies for casting and injection

FIG. 23. Example of “TriplecoatingsVR ” (Ref. 236): The gradient Ti ! TiN

about 300 nm thick adhesion layer provides a very good adhesion followed by

about 2 lm thick TiAlN border layer, which absorbs localized stresses during

machining and distributes them over larger volume, thus protecting the sub-

strate. On the top is a superhard thick nanocomposite layer of about 1 lm.

FIG. 24. (Color online) Effect of different coatings on the life time of expen-

sive saw made of cemented carbide (diameter 125 mm, thickness 3.6 mm).

Precision cutting of sintered workpiece material Co1 with tolerance 0.2 mm.

Conditions: n¼ 300 rev./min, vf¼ 800 mm/min, aP¼ 35 mm, coolant: 7%

emulsion. Source: Pr�etat, Selzach, CH. Reprinted with permission from

www.platit.ch Compendium 2012, p. 88. Copyright 2012, BCI Group.
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molding have to be protected by surface layers. In the case

of injection molding of Al alloys, the conventional treatment

of tools made of steel is plasma nitriding which results in a

gradient nitrided layer of several 10 lm thick. Figure 26

shows tools for injection molding of aluminum alloys for

automotive industry after the fabrication of 15 000 parts.

Whereas the conventionally treated tool shows already seri-

ous wear, the one coated with 2–3 lm thick nc-(Cr1	xAlx)N/

Si3N4 nanocomposite coatings displays no visible wear.292

We have mentioned above that, because of oxygen impur-

ities, there are some problems to apply the nanocomposite

coatings on tool made of high speed steel HSS. Yet, there are

examples where these coatings improve the machining

performance of tools made of HSS. Figure 27 shows the de-

pendence of the lifetime of end mills made of HSSCo8 and

coated with different coatings: “nACo” and “nARCo” are nc-

(Al1	xTix)N/Si3N4 and nc-(Cr1	xAlx)N/Si3N4 nanocomposite

coatings, respectively, and AlTiN and TiAlCN are the con-

ventional coatings.236 Whereas the life time of mills coated

with the conventional coatings decreases with increasing cut-

ting speed, it increases for mills coated with the nanocompo-

sites, probably because of the higher hardness and much

lower thermal conductivity of the nanocomposites, as com-

pared with the conventional coatings (see Ref. 236, p. 84, and

Refs. 294 and 295), which reduced the heat flow to the cut-

ting edge. As mentioned, the low thermal conductivity is due

to the intense phonon scattering in the nanostructure where

the few nm small (Al1	xTix)N and (Cr1	xAlx)N nanocrystals

are surrounded by Si3N4-like interfacial layer with a different

phonon spectrum. Of course there is a maximum life time at

a certain cutting speed above which the life time decreases

again, because each tool in a given operation has an optimum

cutting speed where it shows the maximum life time.296

FIG. 25. Comparison of the state-of-the art TiAlN coatings with nc-(Ti1	xAlx)N/a-Si3N4 nanocomposite coatings on drills made of cemented carbide of diame-

ters between 7.1 and 12 mm. Cast iron GGG40, internal cooling 50 bar 5% emulsion. Note that the drills coated with the nanocomposites were operating at

50% higher cutting speed (a) and feed rate (b) still having the same life time (c) resulting in an increase of the productivity by 56%. (Source Sauer Danfoss

Steerings DK).

FIG. 26. (Color online) Tools for injection molding of Al-alloys for automo-

tive industry after the fabrication of 15 000 parts. The length is about 200

mm and diameter 15–25 mm. (a) Conventionally treated by plasma nitrid-

ing, which forms several 10 lm thick layer, (b) coated with 2–3 lm thick

layer of nc-(Cr1	xAlx)N/a-Si3N4 nanocomposite (Ref. 292).

FIG. 27. (Color online) Dependence of the lifetime of mills made of

HSSCo8 and coated with different coatings: “nACo” and “nARCo” are nc-

(Al1	xTix)N/a-Si3N4 and nc-(Cr1	xTix)N/a-Si3N4 nanocomposite coatings.

Material being machined Cmo4 heat treated steel, HB 310, Mill FRAISA 10

mm, z¼ 4, ae¼ 5 mm. ap¼ 5 mm, Fz¼ 0.05 mm, emulsion ARAL 230, 8 l/

min. The criterion of the lifetime if wear VBCmax¼ 0.6 mm. Reprinted with

Permission from www.platit.ch Compendium 2012, p. 82. Copyright 2012,

BCI Group.
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V. CONCLUSIONS AND OUTLOOK

The recent search for new intrinsically superhard materi-

als focused mainly on those with high elastic moduli.

However, because electronic instabilities and concomitant

transformation to phases with lower plastic resistance limit

the possibility to achieve high intrinsical hardness, this

approach brought only limited success. Therefore, this work

is of some interest for basic science but of limited impact for

industrial applications. More promising is the design of

nanostructured materials, such as single- or polycrystalline

heterostructures, nanosized single-phase materials, and

nanocomposites. In general, strength and hardness enhance-

ment can be achieved by decreasing the crystallite size

because of decreasing dislocation activity down to a grain

size of 10–15 nm called “the strongest size.” Upon a further

decrease of the grain size, softening occurs due to increasing

grain boundary shear, which limits the achievable hardness

enhancement typically to a factor of 1.5–2.

This softening can be reduced by forming nc-TmN/Si3N4

nanocomposites with strengthened Si3N4-like interfacial

layer due to valence charge transfer from the TmN to the

Si3N4, as result of a larger electronegativity of Si as com-

pared to the transition metal Tm (Ti, V, (Ti1	xAlx),

(Cr1	xAlx), and others). Such nanocomposites are formed by

self-organization upon spinodal decomposition of the Tm-

Si-N solid solution. So far, no other covalent nitride has

been found to perform better than Si3N4.

Although superhardness of 50 GPa could be achieved in

the nc-TiN/BN nanocomposites, their relatively low oxida-

tion resistance is similar to that of TiN due to the low melt-

ing point of boron oxide of 450 �C. Whereas the

strengthening due to “the strongest size” is fairly general and

operates in many systems, the formation of superhard nc-

TmN/Si3N4 nanocomposites has some limitations, which

have been discussed in this paper and in Ref. 175.

Large progress has been achieved in the understanding of

the nc-TmN/Si3N4 nanocomposites by means of careful

preparation and characterization as well as by theoretical

first-principles calculations and thermodynamic modeling.

Theoretical studies have shown that in a pure nc-TiN/Si3N4

nanocomposite system hardness in excess of 100 GPa can be

achieved. In practice, it is limited by a variety of flaws of

which oxygen impurities are the most “dangerous” ones.

Therefore, the hardness of �100 GPa could be so far

achieved only in the quasiternary nc-TiN/Si3N4/TiSi2 nano-

composites with low oxygen impurity of only few 100 ppm,

because the TiSi2 phase acts as a getter of oxygen thus

removing it from the Si3N4 interfacial layer. However, this

beneficial effect of TiSi2 is contrasted by its long-term me-

chanical instability that results in decrease of the hardness of

the nanocomposite coatings after several months.

The quasibinary nc-TiN/Si3N4, nc-(Ti1	xAlx)N/Si3N4,

and other nc-TmN/Si3N4 nanocomposites are long-term sta-

ble but, because of the absence of the gettering effect of

TiSi2, they are more sensitive to the oxygen impurities.

Nevertheless, hardness of 65–70 GPa has been demonstrated

when the oxygen impurities were in the low 100 ppm regime

(Fig. 14). From the point of view of fundamental research, it

is challenging to decrease the impurities significantly below

100 ppm because the available experimental results and the-

oretical modeling suggest that it should be possible to reach

long-term stable hardness of 100 GPa or more. The relatively

low load-invariant hardness enhancement reported by many

groups for Tm-Si-N coatings is, most probably, due to the

relatively high content of oxygen impurities of 0.5 to several

at. %.189 On the other hand, some reports of very high hard-

ness in the Tm-Si-N systems containing oxygen impurities

should be taken with care because these values have often

been obtained at very low load and, therefore, are not guar-

anteed to be load-invariant.

The high hardness reported by Veprek et al. has been

measured correctly. The contradictory claim of Fischer-

Cripps et al.201 is their trivial mistake due to fitting of the

incorrect indentation curves as shown by Veprek et al. al-

ready in 2003 (Ref. 297) and outlined in more detail

recently.175 The hardness evaluated from the size of remnant

plastic deformation obtained from the SEM micrographs

(e.g., Fig. 13) provides reliable values because it is not sub-

jected to any of the errors which may occur during the auto-

matic load-depth indentation measurements.

Tm-Si-N coatings with �0.5 at. % of oxygen should not

be denoted “nanocomposites” but, as shown by Flink et al.,
Tang et al., and by the results in Fig. 10 for the Ti-Si-N sys-

tem, they are likely to be polycrystalline Ti-Si-N-Od (or Tm-

Si-N-Od) solid solutions, sometimes with small crystallite

size in the 10 nm range due to size refinement by the impur-

ities, and with a limited hardness enhancement due to solu-

tion- and reduced-grain-size-hardening. TEM studies of such

systems show often a nanostructure similar to the nanocom-

posites with low oxygen content of a few 100 ppm, particu-

larly when taken in plain view, but careful studies of the

cross-sectional TEM micrographs reveal a columnar mor-

phology with much larger crystallite size than that found in

nanocomposites deposited by plasma CVD that have low im-

purity content of few 100 ppm.

Besides impurities, there are several other limits to the

preparation of the super- and ultrahard nc-TmN/Si3N4

nanocomposites, which were briefly summarized in this

review and discussed in more detail in Ref. 175. Important

is the finding that, although the stoichiometric and pure

transition metal nitrides TmN and Si3N4 are immiscible,154

not all the Tm-Si-Ny systems are spinodal, but many of

them decompose by the mechanism of nucleation and

growth, which does not yield any regular nanocrystals of a

similar size of 3–4 nm with sharp TmN/Si3N4 interfaces.

Hardness enhancement to 30–35 GPa can be achieved in

these systems by optimizing the nanostructure toward “the

strongest size” with grain size of 10–15 nm, but superhard-

ness of >40 GPa can be—as far as we understand these

systems so far—achieved only in Tm-Si-N systems, which

are spinodal and free of impurities. It is demanding to con-

tinue the combined DFT and thermodynamic studies of

Zhang and Sheng to find other suitable systems because

such studies are much faster and less expensive than the

empirical approach.
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The presently available industrial applications of the

nanocomposite coatings on tools are very encouraging, but a

further improvement of the quality of the nanocomposites,

mainly to lower the oxygen content, is demanding. The

results obtained so far suggest that high-quality nanocompo-

site coatings could be deposited also on tools made of HSS,

which should not be heated above 530 �C, if the impurities

would be decreased to few 100 ppm. The presently achieved

lowest impurity content of 700–1000 ppm (0.07–0.1 at. %)

in industrial coatings by the company SHM (Fig. 20) needs

an improvement by a factor of 3–4 to achieve this goal. This

is another big challenge. If this problem could be solved, the

economic impact would be great.

From the scientific point of view, it is highly challenging

to further decrease the oxygen impurities significantly below

100 ppm in order to verify the theoretical prediction13 that

hardness in excess of 100 GPa should be achievable in the

nc-TiN/Si3N4 system. Because hardness of 65–70 GPa has

been demonstrated in these nanocomposites175 when the im-

purity content was about 100 ppm, the lowest achieved so

far, the hardness in excess of 100 GPa predicted theoretically

seems to be possible. This is a great challenge, particularly

for younger researchers.

ACKNOWLEDGMENTS

The author would like to thank all his coworkers and col-

leagues who have participated in the work and in many dis-

cussions during the past years, and in particular Paul

Mayrhofer, Ruifeng Zhang, Dominik Legut, Zhijun Lin, and

Ali S. Argon for critical reading of the manuscript and many

helpful comments. The author also thanks his wife Maritza

Veprek-Heijman for much help with writing this review,

checking the references, and many comments and recom-

mendations to the manuscript.

APPENDIX A: MEANING AND MEASUREMENT OF
HARDNESS

The initial, elastic deformation upon indentation with low

load is described by the well-known Hertz’s equations298,299

until plastic deformation commences in a depth of about half

of the contact radius between the indenter and the material.

At this point of yielding, the average pressure under the in-

denter is about 1.1�Y where Y is the yield strength of the ma-

terial.1,299,300 Hertz originally defined the indentation

hardness as the pressure under the indenter upon onset of

yielding. However, at this stage the amount of plastic defor-

mation is limited to a small region below the surface of the

area of contact, and the overall deformation is dominated by

elastic one. It has been shown by Meyer in 1908 that, with

increasing applied load, the average pressure further

increases and reaches a constant value only at a sufficiently

large load L,209 where the plasticity is fully developed.

During this transition, the maximum of the deviatoric strain

moves toward the surface of the contact as shown by nonlin-

ear finite element modeling (see Fig. 8 in Ref. 301, and a

more recent study by means of advanced FEM by Song and

Komvopoulos323). Under the conditions of fully developed

plasticity, the average pressure under the indenter is con-

stant, i.e., the measured hardness H¼L/AC is independent of

the applied load.

For these reasons, the industrial norms require that the in-

dentation hardness is measured under the conditions of fully

developed plasticity, i.e., a sufficiently large load has to be

applied for a sufficiently long time to allow the plastic defor-

mation to fully develop. Conventionally, the indenter (e.g.,

Vickers which is a four-faced pyramid with angle between

opposite faces of 136�; this angle has been chosen as to

make the Vickers measurements comparable with the Brinell

test; see Ref. 1, p. 98) [here we consider only indentation

hardness measured with self-similar indenters, such as dia-

mond pyramid of Vickers or Berkovich geometry, where the

contact area AC is proportional to the square of the indenta-

tion depth h, AC¼Const.h2 (Ref. 1)] is pressed into the ma-

terial with a load L, the load is kept constant for a given

period of several ten seconds, and after unloading, the size

of the contact area of the remnant plastic deformation, AC, is

measured by a microscope. The Vickers hardness is calcu-

lated from HVickers¼L/AC. [In the engineering measurement

of Vickers hardness one takes the average of the length of

the diagonals of the impression d and calculates the pro-

jected area d2/2, which then yields the Vickers hardness

HV¼ 0.927�L�2/d2 (Ref. 1, p. 98).] Load divided by the pro-

jected area AP of the remnant deformation is called Meyer’s

hardness HMeyer L/AP.209 For an ideally sharp Vickers in-

denter, HV¼ 0.927�HMeyer. The maximum applied load di-

vided by the contact area upon that load contains both the

elastic and plastic deformation, and is called “Martens” (or

“universal”) hardness. It is suitable for the characterization

of materials which in service are exposed to combined elas-

tic and plastic deformation.

As mentioned in Sec. II when discussing ReB2, materials

which undergo complex electronic instabilities upon finite

shear show sluggish approach toward the load-invariant

hardness, which is often reached only at a very large load of

several N.94,95,302 However, materials which are electroni-

cally stable upon finite shear because of well-defined carriers

of the plastic flow, such as the grain boundaries in the nano-

composites,13 reach the regime of load-invariant hardness al-

ready at a relatively small applied load of 30–100 mN, as

seen in Figs. 12 and 28. This has to be kept in mind when

measuring the hardness using the “nanoindentation.”

Nowadays, automatic load-depth-sensing technique is

conveniently used to measure the hardness. The first pub-

lished relatively simple and empirical method of Doerner

and Nix (D. & N.)303 used a linear extrapolation of about

30% of the initial unloading curve, which has been obtained

from the as measured indentation curve by numerical trans-

formation using a polynomial obtained during the calibration

of the instrument,202,203 to determine the “indentation depth”

hR0 from which the Vickers hardness is obtained using the

relationship HUplast¼ Fmax/26.43�(hR0)
2.202,203 This method

has been used for example by the early version of

Fischerscope H 100, which has been on the market shortly

after the paper of D. & N. has been published. As empha-

sized by Behncke, hR0 is not any real indentation depth but
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only a “number for a calculation” (Rechenwert” in

German),203 and the curves transformed by the software of

the Fischerscope H 100 during the calibration are not any

real load-depth dependences, because the “as measured” in-

dentation curves, which are the real load-depth dependences,

are transformed to another ones which yields, by the linear

extrapolation, the value of hR0, which then gives the correct

hardness. (See the Appendix in Ref. 175.)

Six years after the paper of D. & N., Oliver and Pharr

published an improved method for the evaluation of hard-

ness.304 Their method uses a power law to fit the unloading

curve and correction factor e to better estimate the corrected

indentation depth. Therefore, the method of O. & P. is more

flexible than that of D. & N. However, also in this case, great

care has to be excercised when applying the O. & P. method

because as emphasized in later papers (e.g., Refs. 305–307),

numerous corrections are needed when studying a large vari-

ety of materials with different elastic–plastic behavior. For

example, when using the Young’s modulus of fused silica

for the calibration and tip area correction, an incorrect value

of the hardness of Sapphire of 28–32 GPa is obtained (see,

e.g., Ref. 308 and Ref. 309, Appendix 5, p. 239) instead of

the correct value of about 21 GPa reported in many papers,

which has been measured by the conventional two-step

Vickers method (see, e.g., Refs. 54, 310, and 311). When,

however, the instrument Fischerscope has been calibrated

(using the early method of D. & N.) at a constant hardness

using, e.g., silicon, correct hardness of Sapphire of about

21 6 1.5 GPa has been obtained for loads between about 20

and 1000 mN.210 Also, the method of O. & P. will yield cor-

rect hardness of Sapphire when the calibration would be

done for constant hardness instead of modulus. There are

many other sources of possible errors, which may occur dur-

ing the measurement of the hardness using the modern

“nanoindentometers” as discussed in Refs. 305–307, which

we cannot discuss here in detail. We only point out that both

the simple, more empirical method of D. & N. and the more

advanced method of O. & P. can yield correct values of the

hardness when correctly used, but one should always check

the obtained values using the classical two-step method.

Of course, one must not mix-up these techniques as done

recently by Fischer-Cripps et al. who evaluated, using the

method of O. & P., the “transformed” curves, which were

obtained from Fischerscope H 100 that has been calibrated

according to D. & N. method. It is not surprising that

Fischer-Cripps et al. obtained wrong value of hardness of

our nanocomposites, lower by a factor of 2.201 We published

this effect already 10 years ago,297 but in spite of that, these

workers repeat such mix-up of the two methods now. I refer

to our early297 and recent175 papers for further details.

APPENDIX B: CONSTRAINT FACTOR

The constraint factor (this part is based on an unpublished

joint study316), which is the ratio between the plastic hard-

ness H and tensile yield strength Y, H¼C�Y, has been sub-

ject of many investigations. Probably, the first study of this

has been by Prandtl312 who suggested that this problem can

be treated under the assumption that plastic flow occurs

under constant volume, which is a good approximation for

materials, which display a well-defined (not necessary an

ideal as assumed by Prandtl) transition between elastic and

plastic behaviors. His idea has been further extended by

Hencky313 and in much more detail by Ishlinsky314 (because

I could not find the English translation quoted by Tabor in

his book1 on pp. 43 and 66, and also several authors who

quoted it recently could not provide it to us, I obtained the

Russian original and studied it), who, for the conditions of

fully developed plasticity, calculated the slip-line fields and

obtained a value of the constraint factor of 2.84. Later stud-

ies have shown that the materials’ flow depends also on the

shape of the indenter and on the coefficient of friction

between the indenter and material being tested, but it is

between about 2.6 and 3 for the majority of metals and

FIG. 28. (Color online) Hardness and indentation depth vs maximum applied

load for 13.8 lm (a) and 30.6 lm (b) thick superhard nc-TiN/Si3N4 coatings

deposited by plasma CVD (a) and reactive sputtering (b). In (b), we show

the effect of the choice of the hardness of Si used for the calibration: using

the value of 12.6 GPa, as done in many papers, increases significantly the

measured hardness of the nanocomposite coatings as compared with the

case when the hardness of silicon of 10.4 GPa has been used during calibra-

tion of the instrument in our work. (a) Reprinted with permission from

Veprek et al., Surf. Coat. Technol. 200, 3876 (2006). Copyright 2006,

Elsevier B.V. (b) From the work of Prochazka et al. (Ref. 164).
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ceramics (see, e.g., Ref. 2, p. 454 and Ref. 315, p. 260).

However, this applies only under conditions of fully devel-

oped plasticity. As pointed out by Tabor, just at the onset of

plasticity (i.e., in the predominantly elastic regime of defor-

mation) the constraint factor is only about 1.1 (see Ref. 1, p.

46) and it increases to about 3 in the regime of “fully devel-

oped plasticity” (see Fig. 29 in Ref. 1, p. 50). Therefore, in

the elastic–plastic transition regime—where the plastic hard-

ness should never be measured—the constraint factor

increases from about 1 to 3.

The flow of the material upon indentation depends also

on the friction between the indenter and the material being

tested (for a wedge indenter see Fig. 13. in Ref. 2, p. 454).

Because the coefficient of friction of diamond indenter with

metals is about 0.1–0.15 (Ref. 1, p. 42), the hardness meas-

urements on metals, metallic nitrides, carbides, borides, and

the like will operate under conditions of sliding. One notices

that in any case, upon the indentation, there is a flow of the

material out of the surface in regions somewhat remote from

the contact area between the indenter and the material being

studied. The flow of the material out of the surface occurs

also for indentation into very hard materials, such as the

super- and ultrahard nanocomposites, which, upon indenta-

tion, show sink-in instead of pile-up (the latter found, e.g.,

for Al). This is illustrated in Fig. 29.317 The reader should

notice the similarity of the materials flow in the nanocompo-

site and in the diamond indenter.

In order to explain his results of the indentation into sili-

cate glasses, Marsh318 used the expanding cavity model

because as he pointed out, “… highly elastic material is less

rigid and would be more amenable to radial flow” (Ref. 318,

p. 424). With reference to Fig. 5 in Ref. 318, one notices that

the expanding cavity model describes reasonably well the

typical oxide glasses with constraint factor C� 1.5 and sev-

eral polymers with C approaching 1 for polyacetate resin,

but being still about 2.3 for the relatively brittle poly(methyl-

methacrylate) (PMMA). As discussed by Argon, about half

of the apparent plastic deformation upon indentation into ox-

ide glasses is due to compaction, which, however, can be

recovered by high-temperature annealing, whereas about the

other half of the deformation, which is due to plastic shear

flow, remains preserved even after long-term annealing (see,

Ref. 319, p. 97 and references therein). We have studied the

possible changes of the size of the remnant indentations,

measured by SEM, after long-term annealing of the super-

hard nc-TiN/Si3N4 nanocomposites and found only a very

small recovery of few percentage, which we attributed to a

relaxation of elastic strain.320

The expanding cavity model has been originally devel-

oped to describe the deformation of the barrels of guns and

canons upon firing (Ref. 315, p. 97 ff). For the expansion of

a spherical cavity in an infinitive medium, there are only ra-

dial components of material flow. As mentioned by Marsh

and further developed by Johnson,321 the constraint factor

expressed as the ratio of mean pressure to yield strength is a

function of the nondimensional strain shown in Fig. 6.14 in

Ref. 321, p. 176. Therefore, the “elastic–plastic” regime

where the expanding cavity model works well corresponds

to the transition from elastic to fully plastic deformation of

the material under study. However, in the case of the hard-

ness measurement on the super- and ultrahard nanocompo-

sites, the reported hardness was load-invariant (see Fig. 28),

i.e., the materials operated in the regime of fully developed

plasticity, and there was a significant flow of the material

outward (see Fig. 29), which is not the case in the expanding

cavity model with only a radial component of the flow.

In summary, the slip-line field model developed by

Hencky, Ishlinsky, and Hill with a constraint factor 2.6–3

describe well the relationship between the plastic hardness

and yield strength for material with well-defined elastic to

fully plastic regime, whereas the expanding cavity model

applies for materials with a significant or predominant com-

ponent of radial flow, such as oxide glasses, which undergo

compaction, and polymers, which deform by viscoelastic

flow.322 The nonlinear finite element modeling301 allows one

to treat this problem in a general manner as shown for num-

ber of different materials including polymers, metals, and ce-

ramic superhard nanocomposites.208 A more recent study by

means of advanced FEM by Song and Komvopoulos323 pro-

vides a very deep insight into the problem of the develop-

ment of the elastic–plastic zones under the indenter and

FIG. 29. (Color online) Resulting flow of material upon indentation into

ultrahard nanocomposites with yield strength Y� 35 GPa and hardness of

about 100 GPa (lower part) and in the diamond indenter (upper part) after

unloading (Ref. 317). One notices that there is also material flow “out of the

surface” in regions outside the contact area between the indenter and the ma-

terial under study, as expected from the slip-line fields.
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about the constraint factor. We cannot discuss it here in

more detail, but the reader is recommended to study this

paper.

In conclusion to this Appendix, we showed that a deep

understanding of the elastic–plastic properties of the material

in combination with nonlinear FEM is needed to understand

the constraint factor for a given material. A simple fitting of

curves, based on the ratio of hardness and Young’s modu-

lus,201 which have been derived from the expanding cavity

model for infinitive medium of spherical symmetry for a

combined elastic–plastic regime, as applied by Marsh to

glasses and polymers, is inappropriate for the superhard

nanocomposites.
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