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This article presents an attempt to explain in a simple way, understandable to a broad spectrum of
readers, the unusual combination of the mechanical properties of the recently developed new class
of superhard nanocomposites, such as high hardness which significantly exceeds that of the rule of
mixtures, enhancement of the elastic modulus as measured by the indentation technique, very high
elastic recovery which is observed upon the indentation and the absence of crack formation even
under elastic deformation corresponding to a strain of more than 10%. Future experimental work is

suggested which should bring further progress towards the understanding of these materials.
© 2002 American Vacuum SocietyDOI: 10.1116/1.1459722

[. INTRODUCTION A variety of superhard nanocomposites made of nitrides,
borides, and carbides was prepared by plasma induced tech-
Super- and ultrahard materials are defined as those withiques, such as plasma chemical vapor depositvD)
Vickers hardnessl, of 40-60 and=70 GPa, respectively. vacuum arc evaporation and reactive sputtefjigsical va-
The only super- and ultrahard materials which are availablgor deposition, PVIR® In the appropriately synthesized bi-
as single crystals are cubic boron nitride-BN, Hy  nary systems the hardness of the nanocomposite exceeds sig-
~48 GPa and diamond ,~70-90 GPa) due to the high nificantly that given by the rule of mixtures in bulk. For
strength of their covalent interatomic bond, small bond dis-example, the hardness of nc-M,N/a-SizN,
tance, and high coordination numBeBecause the presence (M=Ti,W,V,...) nanocomposites with the optimum content
of inherent flaws, such as dislocations with some mobilityof SisN, close to the percolation threshold reaches 50
and microcracks, limits the practically achievable strengtiGPai?~*° although that of the individual nitrides does not
and hardness of materials by orders of magnitude as congxceed 21 GPa in bul{-?°Another example of such super-
pared to the ideal behavidt® it is possible to achieve super- hard nanocomposites is the-B—N system(for the original
hardness in a Variety Of Synthetic made materia's by an ap’irticles see Ref)GIn Contrast, a binary solid Solution, such
propriate design of their nanostructure which will hinder the@S TiNi—,C, shows a monotonous increase of the hardness
movement and multiplication of dislocations and crackWith x increasing lferom aHy~22 GPa for TiN to 1 (Hy
growth and in such a way enhance the practically achievablg 40 GPa for TiG,™ thus following the rule of mixtures.
strength of that material by a factor of 3—4, still far below More recently, Musiet al. have demonstrated that super-

the ideal one. There are two classes of nanostructured Supé}grdness can be achu_ayed al§o in coatings consisting of a
hard materialé: hard transition metal nitride with a few at. % of soft metal

which does not form thermodynamically stable nitrides, such
(1) epitaxial and polycrystalline heterostructures and asnc-M,N/M’ (M=Ti, Cr, Zr, M’ =Cu, Ni).2X~>However,
(2) nanocomposites. coatings, such as ZrN/Ni and CrN/Ni, prepared by these re-
searchers have shown a low thermal stability because the
The strengthening of materials in heterostructures of &yperhardness results from the high compressive stress
few nanometer thickness, consisting of multilayers made ofyhich decreases upon annealing at temperatures4®0 °C
alternating materials with different elastic moduli, was sug-and the hardness decreases to that of the bulk maté&tists.
gested by Koehlérand, later on, experimentally confirmed contribution to the enhanced hardness of the as deposited
by a number of workergfor recent reviews see Refs. 6, 8, films due to the nanostructure could be found in the
and 9. If such heterostructures are made of hard transitiomc-M,N/M’ coatings so far.
metal nitrides, their hardness can exceed 40 GPa. The origi- The enhancement of the apparent hardness and elastic
nally suggestedmechanism of strengthening in the hetero-modulus in thin fims due to a high biaxial compressive
structures was confirm&d and extendel§*! by several re- stress is commonly observed in PVD films deposited at a low

searchers. pressure where the compressive stress can achieve values of
6—8 GPa or mordsee, e.g., Refs. 6, 27, and 28 and refer-
3Electronic mail: veprek@ch.tum.de ences therein For example, Herr and BrosZ€ireported a
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hardness of 72 GPa for HfRcoatings sputter deposited at a given by the balance between the decrease of the free energy
low pressure of % 10~ 2 mbar which introduced a high com- of the mixture upon the phase separation and the strain en-
pressive biaxial residual stress of about 7 GPa. Upon anneady of the interfacé?*'As a result, a stable nanocomposite
ing at 650 °C the stress and the hardness decreased to 2 d@dms.
17 GPa, respectively. Musit al® reported hardness of 100 ~ Such a nanostructure remains stable against coarsening
GPa for(TiAIV )N films deposited by sputtering at low pres- (Ostwald ripening as long as conditior{l) holds because
sure and having also a high biaxial compressive stress. Urny local fluctuation of the composition towards mixing in-
fortunately, the authors did not do any annealing experimentgreases the free energy of the system. Therefore, any system
in order to verify what the real, “intrinsic” hardness of their which meets this condition at high temperatures will not un-
films was. Nevertheless, the hardness of TiN coatings oflergo Ostwald ripeningcoarseningthus retaining its nano-
about 80 GPa reported in the same article and of 70 GPstructure as well as the mechanical properties which are de-
reported by the same author in a later publicattariearly ~ rived from that nanostructure.
shows that these measured values were falsified by the high
compressive stre%yvhich, in the plasma PVD films, is in- 1. MECHANICAL PROPERTIES OF SUPERHARD
duced by energetic ion bombardment as already shqwn ManyANOCOMPOSITES
years ago by Hoffman and Gaertri@More recently, it has
been shown that the apparent enhancement of the hardness of e most important and to some extent surprising proper-
an aluminum alloy measured by the load-depth sensing ini€s of these materials are the strong enhancement of the
dentation technique is an artifact since no change of Vicker§lastic modulus up to the values of diamond, high hardness,
hardness and elastic modulus was found when the size of trf1d elastic recovery combined with a high resistance against
projected area of the remaining plastic deformation was megrack formation. Because these materials were so far pre-
sured opticall’ This effect was explained in terms of Pared as thin coatings by gas phase deposition processes, the
pileup?® Because of such possibilities of incorrect hardnesdnechanical properties were measured by indentation tech-
measurement and the low thermal stability of theniques. In the majority of published articles the load-depth
nc-M,N/M’ coatings we shall concentrate in this article onSensing technique using modern automated instruments was
those systems, where such enhancement of the apparé#ied. Besides the abovementioned apparent enhancement of
hardness due to compressive stress can be excluded and the hardness due to compressive stress, this technique may
superhardness is unambiguously related to the nanostructufe subject to a number of errors unless the necessary care is
The abovementioned plasma CVD deposited superhartftken to prevent ther(see Refs. 6, 27, 28, 42—-46 and refer-
nanocomposite films have a small compressive stress &nces therein In the case of the superhard nanocomposite
<1 GPa® A high compressive stress of 3-5 GPa can alsgcoatings to be discussed here the reported values of the hard-

be induced in plasma CVD films if the substrate bias during?€SS measured by means of the indentation technique were
the deposition amounts te 300 to —500 V.2>3¢ Moreover, confirmed by comparison with Vickers hardness obtained
these nanocomposites possess a high thermal stability b&om the evaluation of the size of the remaining plastic de-
cause the hardness did not change after annealing up to tHgrmation by means of scanning electron microscope
recrystallization temperature of the nanocomposites of SEM).%***"~*Because the compressive stress in these coat-
900—1100 ° 343738 ings is also low and the applied load used for the measure-
The generic concept for the design of novel, superhardnents sufficiently high, the values of the plastic hardness
nanocomposites that are stable up to high temperatures &¢Ported in these articles are correct.
1000 °C, which is very important for their industrial appli- AS the next step we shall check if the very high elastic
cations, is based on thermodynamically driven segregation iffcovery of the coatings measured upon the indentation
binary (and ternarysystems which display immiscibility and meets the criteria of the Hertzian analysis of a reversible
undergo  spinodal decomposition even  at suctelastic deformation of an ideally elastic sphere in contact
temperature&13-1637-39 The condition for spinodal with a flat semi-infinitive elastic bod? Figure 1 shows as
decompositiof?**in a binary systend\;_,B, to occur is a example typical indentation curves for a single phase nano-
negative second derivative of the free energy of formation oftystalline diamontt and ultraharchc-TiN/a- SigN, /a- and
the mixed phas@, _,B, with an infinitesimal change of the Nc-TiSi; nanocomposite coatingé.*® The loading curve

COMPOSitionA; . 5B, s, EQ. (1): (lower curve starts at zero and with increasing load the in-
. dentation depth increases up to the maximum, followed by

#?AG°(A;_,B,) the unloading curve(upper curvé which for L—0 ap-
EN <0. 1) proaches a finite value of the remaining indentation depth.

The plastic hardness is calculated from the so-called “cor-
This means that any small, local fluctuation of the composirected indentation depth,h.,,, Which is obtained by the
tion of the mixed phase decreases the free energy of thextrapolation of the linear part of the unloading curvelto
system thus leading to a spontaneous segregation without0. This is justified only in the case if, during the linear part
any need for nucleation of either phase. The secondary phasé the unloading curve, the contact area between the indenter
forms a continuous network with a characteristic spatialand the material under study remains constaete Refs. 6,
separation(“crystallite size”) of which the dimension is 42-45 and references therginThe “effective” elastic

JVST B - Microelectronics and  Nanometer Structures



652 S. Veprek and A. S. Argon: Understanding of mechanical properties of nanocomposites 652

A 1 N L A ] " [] 2 L 5 1
nc-diamond coating 4
0.3 4 H,=101.6 GPa L
E =454.1GPa ]
4 HU =1636 kg/mm? - E |
r,=92.44% 5
T 0.2 1 - T
E p=
= L - g._ nc-diamond
01 - | a nc-TiN/a-Si.N,/a & nc-TiSi,
' S
- S 3‘: 14
CI:.)
0.0 —Tr—r T 2
0 10 20 30 40 50
L [mN] —— T
5 50
a 10 LoadL (mN)
0-4 A 1 'l | 4 ] A 1 'y 1 A L '] 1 « . " . . .
nc-TiN/a-Si,N, Fic. 2. “Hertzian” plot of the indentation depth(L) vs applied load..
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—_ {r=9424% gmm L “universal hardness” HU(the hardness under load, see in-
£ serts in Figs. (@) and Xb) underlines the high strength of the
3 0.2 - - Lo . -
=z material, it is important to check if the nature of the inden-
. - tation meets the criterion of elastic indentation response ac-
0.1 L cording to classical Hertzian indentation solution. In first ap-
proximation this can be assessed by means of the Hertzian
[ elastic response under spherical indenter of radtuand
0.0 T T T T T T T contact circle radius (for details see Ref. 50For simplic-
0 10 20 30 40 50 60 70 ity we assume the same elastic moduli of the indenter and the
L [mN] b coating because of the close agreement of these values as

found in Fig. 1 and many other measurements on such coat-
Fic. 1. Examples of indentation curves for single phase nanocrystalindngs. The analysis of the Hertzian indentation of elastic
diamond (see Ref. 51 and 3.5 um thin ultrahard nanocomposites - gpherical indenter of radiuR into an elastic, semi-infinitive

nc-TiN/a-SizN, /a- andnc-TiSi, (see Ref. 38 The insets means the Vick- - . . .
ers hardneshl , elastic(“indentation”) modulusE, universal hardness HU material gives a dependence of the indentation dda;()th)

(“hardness under load” and elastic recovery, . on the applied load. :

E2.R
modulus is calculated from the slope of this part of the un- 1.86
loading curvedL/dh and corrected for the elastic deforma- Digitizing the h(L) vs L behavior in the nanostructured dia-

tion of the indenter to obtain the elastic modulus of the 5+ E=454GPa) and the nanostructured TiNGj/
;1 [42—45

material. , o TiSi, (E=607 GPa) coatingéFig. 1) gives the dependence

For the purpose of further discussion it is important togp, o0 in Fig. 2. It shows a very good log—log straight line
note that the elastic modulus is evaluated from the elaStiBehavior with slopes 0.585 and 0.6 for the nanostructured
response of the indented materigl under a high load .close ®iamond and TIN/SN, /TiSi,, respectively. The relatively
L max- Th_e area between the Io_admg curve and the axis of the )| gitterence from the true Hertzian slope for ideally elas-
indentation deptithere the vertical ones the total energy of 4. naterials of 2/3-0.667 can be attributed to the fact that
the deformation, the area between the unloading curve angle ihgentations are not purely elastic and that the indenter

Lhat axis 'Shth? elzjgrgy Of(;he (Ialazt_m deforma_tlonhang_ thg areaeometry of the Vickers diamond is not exactly spherical as
etween the loading and unloading curve is the dissipatefo oq the significant distortion of the indenter.

energy of the plastic deformation which is a measure of the Moreover, taking the plot of Fig. 2 and the elastic moduli

hardness. The smaller the ratio of the dissipated energy ft 1o materials of the coatings, the radius of the tip of the
plastic deformation to that of the total energy of deformation,, yantor can be calculated from EQ):°

the higher the plastic hardne¥s>* The higher the ratio of

the energy of elastic to plastic deformation, the higher is the L2\

elastic recovery. =4 %ﬁ)
Although the shape of the loading and unloading curves

in Fig. 1 clearly supports the view of predominantly elasticThe resultant values ofR=0.448 and 0.38xm for

nature of the deformation, and also the high value of thenc-diamond and TiN/SN,/TiSi, coatings are in a reason-

+2IL 2
§n. ()

1
In h(L):§

()
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Fic. 3. Examples of the appearance of the remaining indentation (@té. 1-um-thick ultrahard coatingH, ooz~ 100 GPa) after applied load of 1000 mN;
(b) 10.7-um-thick superhard coatindH o;~40 GPa) with a load of 1000 mNg¢) 3.5-um-thick ultrahard coating from Fig.(&t) after applied load of 100 mN
(from Refs. 6 and 47

ably good agreement with each other and with the radius ofls are indeed very strong, and that the observed extraordi-

the Vickers diamond indenter ¢£0.5 um.** nary high “plastic hardness” is not due to any “rubber-like”
This analysis shows clearly that the major portion oftthe elastic responséSeeNote Added in Procand Refs. 134 and

vs L response as measured by the indentation into the supet35)

and ultrahard nanocomposite coatings is a simple Hertzian o )

elastic indentation. This conclusion is also supported by Figt- ©rigin of apparent enhancement of elastic

3 which shows typical examples of the SEM micrographs oImOdUIUs

the remaining plastic deformation. The absence of cracks The well known, approximate linear dependence of the

even after the indentation into the Guin thin coatings with  hardness of crystals on the value of shear mod@uss

1 N load[Fig. 3@], where the soft steel substrate is severelyexplained by crystal plasticitgmultiplication and movement

plastically deformeddepth of the plastic indentation in the of dislocation$>*®because the dislocation energy is propor-

steel of about 2um), lends an additional, strong support to tional to G.2~° In the original publications, Vepregt al. re-

this conclusion. Furthermore, the high values of the elastiported a proportionality between the values of plastic hard-

moduli and of the universal hardne@isardness under the ness and elastic modulus measured by the indentation

maximum applied loadunderline the fact that these materi- technique for several superhard nanocomposite sy$tetfis
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and similar proportionality was found also for other systems 3 1

by other workers. The proportionality between the measured 2= 1 \ bond distance
values of Young's modulus and the hardness was reported w® 1 R
also for a number of metallic glass&s’>°amorphous hydro- - X

genated carbonatC:H), and silicon &-Si:H)® with the 2 ° a
proportionality factor varying between about 15 and 17 for &

the metallic glasses and 9 and 11 C:H anda-Si:H, T

respectively. For the values of hardness extrapolated to zero 2

the values of Young’s modulus approached zero as well. The
explanation of this relationship was based on the relation -
between yield stress and Vickers hardness

- xm
Ovielg™~Hv/3 (4) b
which was found by Tabor for metafswith little strain hard- E ]
ening and theoretically justified by Hill in terms of slip line x
field analysi€' Substituting the Hooke’s law into that rela- B, .
tionship, one obtains for the critical yield Straéieq: ‘_g A o bond distance
Hy ;

€vield™ 3 Ey 5)

Therefore it has been SqueSted that the propor'uonallty bel’fle. 4. Young’'s modulus corresponds to the curvature of the interatomic
tween the measured Young's modulus and hardness meanstential curve at the equilibrium positioy (upper curvé Upon compres-
for a given type of material, a constant yield strain within thesion, this “equilibrium” position decreases and the curvat(ire., Young's
whole range of measured values and that the different valuggodulus increases. The first derivative of binding energy with bond dis-

. . . .. _tance is the restoring force when the interatomic bond length is changed due
of the proportionality factor for different classes of materials,, applied stress.

reflect the differences in the values of the critical yield strain

59,60
€vield -

However, the correlatiomry,qq~H\/3 is not universally
valid for all materials, such as brittle ceramics, glasses, anfligh pressure under the indenter. Let us first briefly summa-
others which display a high ratio of the yield stress tofize which properties of the material determine the elastic
Young’s modulusovieq/Ey . The original derivation of rela- moduli. The Young's elastic moduluy is given by the
tion (4) by Tabor was based on the assumption of the indensecond derivative of the bond ener@y, with interatomic
tation of a hard, undeformable flat punch into an ideally plasdistancex, i.e., to the curvature of the interatomic potential
tic metal under a negligible frictiofsee Ref. 54 p. 34 ff.  curve at the equilibrium interatomic distancg, Eq.(6) and
This assumption is also included in the theoretical developFig. 4@ :*™*

ment of Hill®* The experimental verification was done on 42E
highly worked(in order to avoid any further work hardening EY=(—zb -x%. (6)
upon the indentation experimgmhetals, such as tellurium— dx Xo

lead alloy, aluminum, copper, and mild steel.

Later on Marsh has, however, shown that the Tabor’s a|
proximation (4) applies only for materials with a relatively
low value of the ratiooy;eiq/Ev, Whereas for those with a
high one the ratid,/ov;eq iS lower and shows a complex

dependence owmrvi.q/Ey and Poisson’s ratio. This analysis . .
P vield” =y y The bulk modulusB is equal to the reciprocal of the com-

was supported by experimental data for a variety of different . o L
materials, such as hard carbon and chromium steels, coppeP—ress'b'“ty' It is given by the second derivative of the crystal

beryllium, polymethylmethacrylate polystyrene, epoxy- energyU with dilatation, Eq(7):%*%

and polyacetal resin and variety of glas&® Based on d(V/IVg)| 5 5%Uc

these results it is obvious that the explanation of the correla- B=— Tap | T Vmoe g5y2 (7)

tion between the elastic modulus and hardness based on Egs.

(4) and (5) cannot be considered as a universal one and ah other terms, the bulk modulus is a measure of the increase
alternative possibility should be considered, especially foof the crystal energy with a change of the volume imposed
the superhard nanocomposites. by an external hydrostatic pressure, E8):

The larger the binding enerdy, and shorter the bond dis-
tancexy, the larger the Young's modulussig. 4@)]. If a

solid is subjected to compression, the bond distance de-
creases and the curvature of the potential curve, i.e., the elas-
tic modulus, increases.

In this section we shall show that the apparent, very high SU 1/ 82U
values of the elastic modulusr more exactly the stiffnegs U (V)=Uc(Vy)+ 77c) _<_2C COV24e
as measured by the indentation technique on the super- and sV A 2\ oV Vo
ultrahard nanocomposite coatings are due most probably to a (8
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TasLE |. Examples of experimental values of the first derivative of bulk responds to the anharmonicity of the crydtad. (9)]. This

modulus with pressure. expression yields theoretical values in a fairly good agree-
Material dB/dP Reference ment with the experimental ones for a large number of solids

(see Table lll in Ref. 80 In a more recent article these

B.C 4.26 4 authors extended their consideration also to interfices
SrSh 4.8 75
EuSj 4.3 75 JB 23r
CaSj 4.2 75 <_) — 14 D WSE 9
BaSi, 3.9 75 P/, 3 |
Si 4.20-4.25 76, 77 . . ,
Ge 4.81 77 Thus, the pressure dependence of elastic moduli can be fairly
Au 5.94 77 well approximated by a proportionalitf10) with A being
Ta 6.86 78 between about 3 and 8:
Fe 5.85 78
NaCl 5.88 77 B(P)=B(0)+A-P. (10
KClI 4.67 77 ) ) )
MgO 4.8 79 The Young’s moduli and shear moduli also show an in-

crease with pressure. Manghnani, Wang, and Zfnieported
the values of the first derivative of 3.85 and 1.1 for Young’s
modulus and shear modulus of,®, respectively. The ap-
HereV, is the molar volume at zero pressure ang(V,) is ~ Proximate dependence of the elastic shear mod@uen
the crystal energy at equilibrium, i.e..80c/8V)y,=0. pressure in ionic SO|Id§(P)EG(O)-|TO.5P, was elaborated.
Thus, the increase of the crystal energy upon hydrostatify Kelly, Thyson, and Cottréif and discussed in some detail

83
pressure is given by the increase of the curvature of the pc¥2y

Argon.
tential surface in three dimensions in a way similar as in the 1he €effective modulus measured by the load-depth sens-
simple, illustrative case of Young’s modulffs:%® Therefore,

ing indentation technique is calculated from the linear part of
elastic moduli are inherently associated with the crystaF

he unloading curve and corrected for the possible elastic
structure and nature of the chemical bonds of a given mateQeformation of the diamond indenter according to the origi-
rial.

nal Sneddon analysi. More recent work has, however,
The fairly linear increase of bulk modulus with presstfte shown that the original formula used for the evaluation of the
dB/dP, is due to the increase of the crystal energy wit

helastic modulus is too simplified in real indentation
decreasing distances between the atoms, i.e., due to the {fjl¥aSuremen

§:86 Moreover, the assumption of a “rigid
creasing curvature of the interatomic potential sufdgea PUnch” used in Sneddon’s calculatidsee third line in Ref.
similar way as for the Young's modulus. That increase de_84) is violated for super- and ultrahard nanocomposites.
pends on the nature of chemical bonds and on the cryst:;ﬁhus' the effective elastic modulus measured by the indenta-
lattice, but the values of the first derivative Bf with P,  tON iS @ complex function of the compression, shear, and
5B/ 5P, are within a relatively small range of about 3—8 for tensile components of the elastic tensor and the correspond-

the majority of materials, as summarized below.

ing moduli.
Grover, Getting, and Kennefiyhave shown that under Let us consider the possible effect of the pressure induced
compression, the logarithm of the isothermal bulk modulusp

y the indenter during the measurement on superhard coat-
of many metals increases almost linearly with the decrease ¢f9S: AS already pointed out by Tabdrindentation Vickers

the specific volume- AV/V,, up to volume changes of 40%. hardness-l_v is a direct measure of the average presfre
The slope of these dependencies varied for different metaldnder the indenter

within the range of about 3 and 8. Rose calculated the higher H, (GP3a~0.927(GPa, (11)

order elastic constants for fcc metals, such as Cu, Ag, Al, and .
Ni and their pressure dependenae; /dP=A+2C-P.">" where the constant 0.927 accounts for the difference between

The values of the constartsandC were between 5.00 and the projected area of the indentation and the exact area of the

5.45 and 0.005 and 0.11 (GP4, respectively, forc;; and cp_ntact bet_we.en the in'denter and. the maté?i&]nder con-
between 4.27 and 4.6 and 0.004 and 0.009 (GParespec- ditions of yleldlng(plastl.c deformatlohqf the matgnal being
tively for ¢;,. The corresponding constamsandC of bulk mearsure?f3 when the yield pressure is essentially constant
modulusB = (c,,+ 2¢4,)/3 varied from 4.53 to 4.9 and 0.004 gnd independent of the applied loadthe pressure under the
t0 0.010 (GPal), respectively. This is in agreement with the indenter
experimental values within the accuracy of measurements as Hy L
well as with the data for other materialsee Table 179 P~5077 A’
. _81 .
and recent theoretical work:
Roseet al® derived a universal zero-temperature equawhereA is the projected area of the remaining indentafton.
tion of state which allowed them to calculate the first deriva-The higher the hardness the smaller the @eand the higher
tive of bulk modulus as a universal function of the ratio of the average pressure under the indenter. Of course, the dis-
the Wigner—Seitz atomic radius at equilibriungysg, to the  tribution of the pressure under the indenter is complex and
width of the interatomic binding energy curbewhich cor-  was calculated only for several simple cast¥:2°Never-

(12
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theless, it is clear that the higher the hardness the higher th: T T 1 LA A
. . N —, 800 poly-diamond 2 - -
pressure under the indenter under the maximum applied loa(g ]
where the elastic modulus is evaluated from the unloading®, 700+ .
[72] 4

curve. =2 500 - poly-diamond 1

A direct experimental evidence of high pressure under the8 ] HF neTiN/a-SIN, ne-TiN/a-Si,N fa- & ne-Tis}
indenter is the presence of structural phase transitions in £ 500 " HF::.‘W Nasin o EmOy .
duced by the high hydrostatic pressure during the indenta-’% 4004 sapphire_ CVD-SIC P nc—T;l/a-SiaN4la-TiSi2 ]
tion. An examplepar excellenceis the semiconductor-to- g " #DC-TNBSIN, :
metal transition in silicon which commences at about 11.3 § 300+ oHF TIN ]
and is completed at 12.5 GPThis transition is observed & 5] aDC-TiN i

upon indentation with a Vickers indenter at an applied load &  {si (1117'HF~W2N

of about 30-40 mN and it is best seen on the unloading %7

curve It is accompanied by a strong decrease of electric 0 —_————

resistivity of silicon within the indentation ardaee Ref. 91 0 20 40 60 80 100 120

and references therginGridneva, Milan, and Trefilov re- "plastic” hardness [GPa]

portgd th.e semiconductor-to-metal transition upon 'ndemal':le. 5. Correlation between the elastic modulus measured by the load-depth

tion in Si, Ge, InSh, and GaAs and have shown that th&ensing technique and the corresponding plastic hardness for various mate-

pressure under the indenter at which this transition occursgals and coatingsadapted from Ref. 48Notice the good agreement of the

determines the measured hardness of the given maleérial. data for sapphired-Al,03) with those reported by Oliver and Phasee
Considering two materials of a similar chemical compo- €

sition but different hardnesd ;<H, which, upon the same

load show indentation aread,>A;, the corresponding omposites which were prepared under similar conditions
pressures under the indenter within the linear part of the, 4 \which differ only by the fraction of the i, and TiSj
unloading curve will be the main phase being Tif(=4%%%4_et us emphasize that the
Pi(xL/A;cH ) <Py(xL/A,xH,). (13 total silicon content in these super- and ultrahard nanocom-
posites varied only between 0 and about 20 at. %. The main

. quli 4 for th ials by the ind . influence on the hardness is due to the coverage of the
tic moduli measure_ or these materials by the In ent_at'onnanocrystals with §N4.39’47'49As is apparent, the measured
at the same load will correspond to a larger pressure in th

) 'Galues of the elastic moduli of these coatings vary fairly
compressed zone under the indenter for the harder matenEf
8

which yields the proportionalitPH. Therefore the “elas-

S oportionally with the hardness, the proportionality factor
than for the softer one. Considering the pressure dependen ing approximately 3.8, i.e., within the range of the values

of elastic moduli mentioned above the measured complexy fio+ derivative of bulk modulus with pressure for a major-
indentation elastic modulug;,yq will increase with the hard-

ness of the material

Bina™~B(0) + Cing- Hprastic: (14) B,, =[223 (+/-14)+ [3.75 (+- 027)H,
whereB(0) is the extrapolated elastic modulus at zero pres- o ?C_T'N/_a_s"*N‘/a_f neTSy
sure andC;,q is close to the value of the first derivative of the 800 Jacharge = 1 MAVC -
elastic modulus with pressure. The exact value of the con- 1
stantCj,q depends on the exact mode of the plastic deforma- & 700+
tion which determines the relevant elastic moduli. Materials % 600_'
which deform plastically by multiplication and movement of 2 ]
dislocations are expected to show a dependence of the mea- g 500
sured Bj,g 0N Hagic corresponding to that of the shear = ;
modulus on pressuré;>® whereas ceramics and superhard £ 400+
nanocomposites are likely to show a dependence more re- g l
sembling that of the bulk modulus. This has visual confirma- ¢ 3004
tion in the former by the plowed-up material around the in- % 200_' .
dentation and an absence of it in the latter. E ]
Figure 5 shows experimental data obtained for a range of 2 190
materials including various diamond coatings and super- and ™~ ]
ultrahard nanocomposité®.The relatively large scatter of 0 S B o e e Y L m
the data is due probably to different modes of the plastic 0 20 40 60 80 100 120
deformation and different pressure dependence of the elastic Plastic Hardness (GPa)

moduli.
: . . __Fic. 6. Dependence of the elastic modulls/(1-v?) measured by the
In order to obtain the dependence of the II’]dema‘tlOnload-depth indentation technique for a seriesnaf TiN/a-Si;N,/a- and

elastic mpdm_us“ for ?imilar_ ceramics-like mat_erials, WE€ nc-Tisi, films containing a variable fraction of the phases with total Si
compare in Fig. éhc-TiN/a-SisN,/a- andnc-TiSi, nano-  content< 20 at. %.
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ity of solids. A similar relationship was reported for other within the region of elastic deformation and undergo brittle
superhard nanocomposite coatifgs:® This lends a strong fracture when this limit is exceedéd® Only specially tough-
support to the suggested enhancement of the indentatined modern ceramics show a somewhat higher elastic
elastic moduli of the super- and ultrahard nanocomposites byecovery'0%103
the high pressure induced under the indenter during the mea- In contrast, the superhard nanocompositesM,N/a-
surement. SisN, (M=Ti, W, V) with hardness of about 50 GPa have
In their original work Doerner and Nf and Oliver and  elastic recovery in the range of 88%which increases to
PharP® compared the values of elastic moduli measured bynore than 90% for the ultrahard nanocomposites of
the indentation method with those reported in the literaturerc-TiN/a-Si;N,/a- and nc-TiSi, [see Fig. 1b) and Refs.
(data obtained from the isostatic compressibility and/or ultra47-49. In the case of the sample shown in Figa)he 6.1
sonic wave propagation measuremerfis Al, quartz, soda-  ;m coating was, at the highest applied load, pressed about 2
lime glass, sapphire, fused silica, and tungsten and concludegh into the soft steel substrate without showing any crack-
that there is a good agreement. However, for the harde$|t,g or delamination observable on the surface by SEbY-
material, sapphire, measured by these authors the value gfinly causing a broader level of plastic deformation in the
the indentation elastic modulus is about 10% larger than thadtee| substrate but also a tensile strain in the coating at the
from the literature. Indeed, for relatively soft material with jnterface probably exceeding 25%, depending on the level of
hardness below about 10 GPa and elastic modulus of 2ood]-spersa| of the plastic flow in the substratd@he under-
400 GPa one would expect the enhancement of the indentaanding of this unusual behavior is an important challenge

tion elastic modulus due to the pressure under the indenter g pe giscussed in this section. The second, related question
be within the scatter of the literature data because, as alreagyf more fundamental importance concerns the nature of the
mentl_oned,_the first derivative of the bulk modulus with pres'plastic deformation in the nanocomposites with crystallite
sure is typically between 3 and 7. The pressure enhanced,q of 3_g nm in which crystal plasticitidue to disloca-
elevation of elastic constants becomes significant only W'”lions) cannot develop. The third question to be discussed is
hardness increasing significantly above 20 GPa as in the Cahfe origin of the high hardness. All these questions are inte-

of th_e superhard nanqcompos!tgs. Therefore, valqes of appadfally related to the scale of the nanocomposites and their
ent indentation elastic moduli in the range of diamond or,

even higher for materials which, based on the fundamentépeér;]:;jibltlgg' most complete information reaarding the
considerations stated above must have much lower Value&mposition and nanostrFl)Jcture is availablg forg the
are artifactially elevated due to the high pressure. It is UN C TiN/a-SisN, and nc-TiN/a-Si-N, /a- and nc-TiSi
necessary as well as improper to evoke other possible e.Xpl%'anocompogités we shall now cor?c;ntrate on these s;stems.
P;lo?nséoshugrzr?setr:r;?srﬁgrsgeﬂ%gggmOdUIUS due to the Inteé'imilar conclusions will also apply for other superhard nano-

i ' : : composites which display a well developed, strong segrega-
In order to obtain exact values of the elastic moduli, ap-,[ion and spinodal decomposition, suchresW,N/a-SisN
propriate techniques should be used, such as isostatic COMe N/ A SiN, 1516 e TiN/BN. 104 nc-TizN/AIN 3 [?),r
pression combined witin situ x-ray diffraction (XRD) for (Ti, Al )N?AI4’ TigNL (Ti AI JN/a-SigN, 1% nc-
bulk modulus, cantilever technique for the tensile measure: Il\l_/x CX'N (Ml—_i'i 62r ')106_111‘0X n<)j( ther s
ments, and surface acoustic waves on specially preparé\{l”I a-t i -~ ,bl',mt' 'tah obe s h that th
specimens for Young’s modulus. It would also be interesting N our earlier publications 1t has been shown that the
to determine, by means of an appropriate specimen preparHlaX'mum hardness is achieved when the crystallite size

tion and measurements, the shear modulus because it shoﬂﬁf‘Ches 3—4 nm and the concentration ofNgiof about

show the best correlation with the plastic hardness provided®—20 Vol. % which corresponds to the percolation threshold

there is a similarity in the mechanism of plastic de-n @ three-dimensional netwofk*°As an explanation of

formation in these nanocomposites and in the ordinanyhis behavior it was suggested that the nonpolaiNgiis
material$®56.190.1015,ch 4 measurement is ideally done bywettmg the polar(high energy surfaces of the transition

means of a torque-twist experiment on coated isotropic cirmetal nitride nanocrystals thus decreasing the energy of the
cular filament such as fused silica. interface, which of course always represents a positive, i.e.,

destabilizing contribution to the total free energy of the sys-
tem. The same was also found for the ternary and quater-
nary ultrahard nanocompositesc-TiN/a-Si;N,/a- and
nc-TiSi,*”*°and evidence is growing which shows that this
1. Nanostructure, stress concentration factor, is generally valid for other superhard nanocompsites which
and hardness show a high thermal stabili§?>*? (See Note Added in
The smaller the dissipated energy of the plastic deformaProof.)
tion (area between the loading and unloading curve in Big. 1 The XRD and high resolution transmission microscopy
and larger that of the elastic oarea between the unloading (HRTEM) studies have shown that in the nanocomposites
curve and axiy) the larger the hardness and elastic recoverywith the highest hardness, the TiN nanocrystals are randomly
of the material. Conventional hard materials witth,  oriented and have fairly regular equiaxed shapeSimilar
~20-30 GPa sustain a relatively small strain ©0.1%  results were recently found also for thmee-(Ti;_,Al,)N/

B. Hardness, elastic recovery and possible
mechanism of plastic deformation
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a b

Fic. 7. (a) Nanostructure of the ultraharc-TiN/a- Si;N, nanocompositegh) nanostructure of ultrahandc-TiN/a-Si;N, /a- andnc-TiSis .

a-SikN, and nc-TiN/a-SisN,/a-TiSi, nanocomposite®  nism of these materials. The actual behavior is likely to be
Summarizing all these data, the nanostructure of the supefiore complex as we describe below.

hard nc-TiN/a-Si;N, nanocomposites is schematically In the first approximation the stability of a material
shown in Fig. Ta) with a nanocrack in the process of form- against catastrophic crack growth is described by the Griffith
ing under an applied tensile stregmnd possibly also in re- thermodynamic criterion

sponse to internal misfit stresses, see also Refs. 15, 16, and
49). The ultrahard nanocomposites-TiN/a-SizsN, /a-TiSi, o.=k- i (15)

(H\,=80 GPa) have a similar nanostructure with the third ¢ a

pha?e?-Tlsc;z 'In ”ﬁl.a 'St'f]N“ interfacial layers ozhthg ?a?o', hereo, is the critical applied stress which causes the cata-
crystals and also fi |1nzg € remaining space in the intertacia trophic crack growthEy is the Young’s modulusy is the
multijunction pointst? Notice, that the maximum hardness Turface free energy of the materiala 2s the size of the

. L . S
in these nanocomposites is obtained when the content Urackt=5 and k is a constant which depends on the crack

_TiSi _ 89.47-49
a_l_T|S|2 amct)un:s to abc:jut 4b5 rtnollo/3. Io}Nhen the to'iaI". shape. Because in the randomly oriented nanocomposites the
sticon content exceeds abou motvo, nanocrystaliN; e of such cracks can only be a fraction of the crystallite
.T'S'2 phase precipitates with a.crystglhte. size of about 3 nmsize, i.e., of 1-2 nm, the stress concentration factor of an
€., smaller than that of thec-TiN which, |n'th|s case, have tomically sharp crack is very low and the critical stress for
sizes of about 7-10 nm for nanocon.]posne's reaching har he crack growth approaches extremely high vafeEhis
ness of=80 GPa. The ultrahardc-TiN/a-SisN,/a- and 5an be more illustratively seen by considering a simple for-

nc-TiSk, nano_c_omposnes whose hardness excefgs 1(_)0 G mMula for the stress concentration factor of a penny shaped
have a total silicon content of about 15—20 at*©%'° Their nanocrack

nanosctructure is schematically shown in Fig)7

As already mentioned, the 3-10 nm size nanocrystals ¢, a

- . p

cannot accommodate any crystal plasticity for obvious rea- =1+2 \ﬁ (16
sons nor any other form of flaw. Therefore, their strength will P
approach the ideal one which is of the order of about 10% ofvhich is the ratio of the stress acting at the tip of the crack
the shear modulus® This means that the existence of trans- (of radiusp and a size of a) to the applied stress The
granular cracks is not likely. Consequently, initiation andlarger the crack and smaller the tip radius the larger the stress
growth of intergranular cracks propagating within the inter-concentration factor. The smallest possible tip radius corre-
facial component, i.e., the grain boundaries of the nanocryssponds to the interatomic distance, i.e., 0.2—0.3 nm. For mi-
tals, “glued” together by a layer of atomic dimensions of crocracks of the size of 100-1000 nm in a conventional ce-
SisN,,**1%39 should be the most probable fracture mecha+amic the stress concentration factor is about 37—140. This

O applied
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means that the applied stress which is about 37-140 timdead of 0.07 N[Fig. 1(b)] to be about four times the area of
smaller than the theoretical one is sufficient to cause catadhe permanent, plastic deformation as obtained from the
strophic crack growth. On the other hand, for a nanocrack ofoad-depth sensing indentation measurements and SEM mi-
the size of 1-2 nm the stress concentration factor decreasesographgsee Fig. 8) and Ref. 47yields the elastic energy

to about 2—4, i.e., the stress needed to propagate the cradensity of about X10® Jm 2,%® and finally the specific
approaches a significant fraction of the ideal strength. Al-elastic energy of about 3 kJ mol& !’

though these considerations are quite simplified, they clearly The elastic energyJ,, of a solid is given by Eq(17)
show that the initiatior(“opening”) of cracks in nanocom- where B is the bulk modulus(of about <500 GPa and
posites with crystallite size of 3—8 nm and having very thin,(AV/V)g is the true elastic dilatation

strongly bonded interfaces requires very high applied stress.

Much of computer simulations with large computers using —v E(A_V
appropriate interaction laws have shown that the Griffith re- ~ ¢ "M 2 | v
lation should be accurate in this nanoscale rafige.

Because only the stress component perpendicular to th&ssuming as an upper limit for the elastic dilatation of about
crack plane causes the crack growth, the first nanosizeti% (i.e., much higher than what is typically found for con-
cracks to be considered as operating under an applied loantional hard materialsand Vo~ 10 cn? (10~° m®) the
are those within the interfaces perpendicular to the directiolastic energy density of the order of 0.5 kJ/mole results.
of the applied tensile stress. For simplicity we consider herdhis value is much smaller than the above estimated energy
only uniaxial stress with components pointing up and dowrdensity as measured by the indentation. In the following we
in Fig. 7. After the opening, the nanocrack can grow withindiscuss the possible explanations and suggest further more
that plane only up to the nearest obstacle, such as the neigtletailed future studies which should be done in order to
bor nanocrystal, where it has to undergo deflection anderify them and decide which is the dominant one.
branching. Upon the deflection the component of applied The first possibility may be that the elastic deformation
stress which is perpendicular to the crack plane decreases axtends over a much larger volume than what was assumed
cosa where « is the angle between the applied uniaxial above. This would require that the lateral area of elastic de-
stress and the normal to the plane of the deflected crack dermation should be more than 20 times larger than the mea-
just the angle of the crack deflection. Furthermore, the cracBured area of the remaining plastic deformation and that the
deflection occurs within a three-dimensional network, lead€lastic strain density does not decrease very rapidly with in-
ing to corresponding branching which further increases the€reasing distance from the point of indentation, which is just
total length of the crack and corresponding decrease of théhe opposite as generally found. Consequently, the elastic
stress concentration factor. Last but not least, planar inte@nd plastic deformation of the steel substrate has to be in-
faces such as shown in the schematic structure of Fig. 7 anolved and considered in the analysis. This may be done by
unlikely in the real materials where faceting of the surfacegneans of a sophisticated finite element analysis which is
of the neighbor crystallites are common. Thus, one can easilpeyond the scope of this artict&
see that for a nanocomposite with grain size of a few nano- The other possibility is that the nanostructured superhard
meters and the thickness of the interface pHasg., SiN,)  coatings being discussed here may indeed sustain a high
of about 1 ML the deflected and branched crack will stopstrain approaching 10% without undergoing plastic deforma-
within a small distance of the order of 1 nm unless the aption. This is beyond the well known behavior of conventional
plied stress will be significantly increased which, however,hard materials, but it cannot be completely ruled out for the
would lead to catastrophic fracture. For these reasons, cosuperhard nanocomposites for the following reasons: In the
tained fracture of the nanocomposites due to a formation anganostructured materials with 3-5 nm small, equiaxed
stable growth(percolation of nanocracks is unlikely®and  nanocrystals the dimensions of the initial flaws induced by
other mechanisms of inelastté deformation should be re- the high applied stress are at the scale<df nm(see above
sponsible for the high hardness and elastic recovery found iithis means that the tips of cracks or any other small voids
these materials as discussed in the following sections. formed, e.g., during the visco-elastic flow under the very

high applied stress, remains at the scale comparable with the
] ] ] interatomic bond length. It is well known that the rupture
2. Elastic recovery and reversible stored elastic strain of interatomic bond can reach up to 20%. In order to
energy clarify this question, advanced first principles computer

It is interesting to estimate the energy of elastic deformamodeling of the elastic behavior of such complex nanostruc-
tion actually measured in the indentation experiments. Figuréure are needed.

1(b) shows a typical example of an indentation into A% A third, closely related possibility is a reversible nonlinear
thin ultrahard coating with elastic recovery of about 94%flexing (a “partial opening and closure” of interplanar spac-
which shows energy of elastic deformation of about 1ling) between nanocrystallites. Consider the dependence of
%10~ 8 J.1'5 Similar values can be also estimated from athe interatomic binding energy on interatomic distance as
number of indentations performed in other superhard nancshown in Fig. 4b) for x=x,. The dependence of the first
composite coatingssee, e.g., Fig. 1 in Ref. 49Assuming  derivative of Epjging With X is shown in Fig. 4b) and the

the total area of the deformation under the maximum appliedlexing is schematically illustrated in Fig. 8. The relationship

2

(17)

el
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nature of the films, their high strength, and relatively small
/ﬂ\ thickness, not to mention the possible reversible features of
the response.

Another possibility worth considering to explain the plas-
tic response could be densification transformations due to the
high pressure under the indenter such as that observed in
silicon and other materials mentioned above, in the high
pressure modifications of silica and others. This might be
observable in high resolution transmission electron micros-
copy if the density increase will be similar to that found for
the high pressure phasés.g., 4.4 g/cr for Stishovith as
v compared to 2.6 g/chfor a-quarta.

Yy ) o

Fic. 8. Schematics of reversible flexing where the bond length dilatation carc- Issue of apparent high fracture toughness

exceed 10%—-20% of the equilibrium bond length. . - . .
0 ’ q 9 Fracture toughness is the ability of a material to resist

fracture due to catastrophic crack growth. The presence of a
o ) . . critical crack[see Eq.15)] is a statistical possibility which
in Fig. 4(b) for x>x, is called “fundamental decohesion yonengs among other factors, on the material preparation.

curve.” The first derivative of the binding energy with dis- e fracture toughness is conventionally measured by a criti-
tance,dE,/dx is the “restoring” force acting against the .5 siress intensity factdt,. defined as

applied tensile stress. The elastic energy due to the reversible 1/2
flexing of the bonds across the interface by is given by Kic=o-(m-a)™~ (18
the area under the cundE, /dx betweerxo andAx in Fig.  Thjs critical value is governed by material specific param-
4(b). Whenever the elastic strain energy associated with th@ters, such as surface free energyYoung’s modulusEy,
elastic deformation of the attached nanocrystals is less thaghq poissons ratio K,c=\2Ey- v/(1— 1?) for brittle frac-

the above energy of the flexing of the bonds across the ing,re |t describes the stressneeded to propagate a crack of
terface, the system will be reversitf€ Therefore the energy the size 2. The largerK,c, the larger the fracture tough-
of flexing will be fully recovered upon unloading. In such a ness. The most convenient way of measuring the critical
way the flexing will show as a reversible plasticity, such asgiesg intensity factor in ceramt@8and thin filmg2512%is by
that .asgacill%ted with - martensitic transformations  anqngentation which, when performed in bulk material at suffi-
twinning.>** Considering the fundamental decohesioniently high load, results in the formation of radial cracks
curve, a simple estimate shows that the energy which is resmanating from the indentation site. PHaiias shown that

versi_bly stored i_n the nonlinear flexing can ex_ceed that of/ickers indenter may need a high threshold for the crack
elastic deformation by a large factor, but experimental workinitiation because of its geometry which results in a rela-

(HRTEM) and finite element modeling which can accounttive|y small stress at the edges of the pyramid. From the
for the nonlinearity of the flexing is required for more exaCtdependence of the crack length on the applied load, the criti-
calculations. cal stress intensity factd{ c is evaluated. However, in order
to exclude the effect of the substrate in the case of coatings
which may falsify the result$e.g., singularities on the sub-
strate surface may initiate a “subcritical” crack to grptihe
Experimental evidence shows clearly that there is also atength of the cracks should be much less than the thickness
irreversible plastic deformation associated with the indentaef the film?” This condition is difficult to meet even for
tion which must come from localized shear events mostl0—20um-thick coatings.
probably within the intercrystalline “amorphous” compo-  Our attempt to measure the critical stress intensity factor
nent, akin to the local shear transformations in amorphousn the superhardahc-TiN/a-SiyN, and ultrahardnc-TiN/
materials discussed by a number of work@rg., Refs. 120— a-SisN,/a- andnc-TiSi, coatings was so far not successful
122 which, if spatially isolated will result in a “homoge- because radial cracks were not found even at very high loads
neous” deformation. If of a percolative nature, such defor-of 2000 mN applied to 3.%m thin films, where the coatings
mation will produce localization in the form of shear bandswere pressed mm into the soft steel substrateee Fig. 3
as observed in the work of Bull, Page, and Ybffeand and Refs. 6 and 47 Since the compressive stress in these
others'?* Because no such “deformation bands” were ob- coatings of<1 GPa is fairly low, the possibility of falsifica-
served in a large number of SEM micrographs from ourtion of the measurements due to a high compressive residual
nanocompositeg.g., Fig. 3 we conclude that the individual stress can be ruled out.
shear events have remained spatially isolated for reasons dis- On the basis of available data the absence of radial cracks
cussed by Bulatov and Argon in Ref. 125. It will be very after the indentation is due most probably to a high stress
difficult to prove this experimentally by means of high reso-threshold for crack initiation because of the extremely small
lution TEM or other techniques in view of the nanostructuredsize and low concentration of possible flaws in the nanocom-

3. Plastic deformation
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posites which is the result of the “self-organization” of their composites deposited by means of vacuum arc
nanostructure during the deposition, phase segregation amyaporatiof’ 2319 under conditions which do not allow to
spinodal decompositidf as outlined in the Introduction. achieve the development of the optimum nanostructure show
Considering Eq(18) for a micro- (crystallite sized=1000 an increase of the hardness upon annealing due to structural
nm) and nanocrystallined< 10 nm) materials of the same relaxation which is observable by XRB!
composition it is obvious that a more than ten-times larger So far, we have discussed binary systems, such as
applied stress will be needed to propagate cracks in the nana<c-TiN/a-Si;N,. Obviously, the presence of a thife.g.,
composite than in the microcrystalline material even if botha-TiSi,) and fourth fc-TiSi,) phase which introduce ran-
would have the same stress intensity factor. The very higlllom microstrain due to thermal dilatation and incoherency
resistance of the superhard nanocomposites against crakktice mismatch may further increase the strength, hardness,
formation can be understood in a simple and natural wayand possibly toughess of such ternary and quaternary nano-
From the practical point of view, the absence of the cracks isomposites. The ultrahardness ldf,=80 GPa innc-TiN/
encouraging property of the super- and ultrahard nanocona-SizN,/a-TiSi, andH,, =100 GPa innc-TiN/a-Si;N,/a-
posites applied to ductile substrates. andnc-TiSi, is probably associated with these effects. How-
ever, in view of the complexity of these systems and the
Il FURTHER CONSIDERATIONS AND OUTLOOK associ_ated problems. rega‘fding th_e p"ossible“contribut_iorls of
the different potentially “hardening” and “toughening

The ideas outlined in this article provide a simple basismechanismgsee, e.g., Refs. 102, 103, 129, and 130y
for the overall understanding of the unusual combination ofattempt to elaborate these ideas in more detail would be, at
the mechanical properties of the nanocomposites whickhis stage, too speculative. Most probably, various mecha-
should be elaborated in more quantitative models accountingisms of strengthening and possibly also toughening are ac-
also for further effects which we have neglected so fartive simultaneously which results in a multiplication of
Among these, random strain which arises due to mismatch daftrengthening and toughening effetf8 All these observa-
thermal expansion of the different phases as well as to thetions represent a challenge for first principle theoretical stud-
lattice mismatch and random orientation of the nanocrystajes.
should be considered. Such effects are belieﬁv?gd to play an
important role in toughening of cemented carbfdas well
as in modern ceramics, such as SiC reinforcegDAlmatrix IV. CONCLUSIONS
composites where few vol.% of nanocrystalline SiC signifi- It was shown that the unusual combination of the me-
cantly increase the strength and, possibly, alsachanical properties of the superhard and thermally surpris-
toughnesg9212%13%g\wever, in spite of more than ten years ingly stable nanocomposites can be understood in terms of
research, the mechanism of strengthening in the SiC reinconventional fracture physics and mechanics scaled down to
forced ALO5; ceramics is still under debate and by far notthe size of the crystallites of a few nanometers which are
fully understood. Recently, Derby suggested, that the obglued together by a few tenths of nanometer thin amorphous
served improvement of the mechanical properties of this malayer with a high adherence to the surface of the crystallites.
terial may be a simple consequence of a lower density ofn such a nanostructure the dislocation activity is absent and
flaws present in that material after its processitig. the stress concentration factor on the tip of a 1-2 nm small

The latter suggestion is worth considering as a possibl@anocrack is very small. Consequently, the superhardness of
explanation of the high hardness and apparent toughness &f40 GPa which exceeds that of the rule of mixtures results.
our superhard nanocomposites. The experimentally docuFhe high resistance of the nanocomposites against crack for-
mented finding that thac-TiN/a-SizN, nanocomposites do mation upon a very high indentation load and strain exceed-
not show any recrystallization or other kind of structural re-ing 10% is a simple consequence of the small stress concen-
laxation upon annealing to a temperature exceeding half dfation factor and a low concentration of flaws in these self-
the decomposition point of g, and TiN, i.e., much higher organized nanocomposites which are formed due to spinodal
than the deposition temperature of 550°°C®34/4%g-  decomposition. The very high values of elastic modulus
gests that these nanocomposites may be fairly free of flawsneasured by the indentation on such films with hardness
Furthermore, the development of the morphology from theexceeding 50 GPa is most probably due to a very high pres-
columnar for pure transition metal nitridé$iN, W,N) to-  sure within the region under the indenter. Several open prob-
wards a dense, isotropic one of the self-organizedems are addressed and the way towards their solution briefly
nc-M,N/a-SisN, nanocomposites with the optimum discussed.
compositior® also indicates, that there is some chemistry Note Added in ProofRecently we have shown that also
operating in these systems which stabilizes their nanostruder the systemnc-TiN/a-BN the maximum hardness is ob-
ture and makes it fairly free of flaws. A similar self- tained at the percolation threshold when the surface of the
organization was also observed for some other superharfiN nanocrystals is covered by about one monolayer of
nanocomposite$see Ref. 6 and references thejeifihis is  amorphous boron nitride? We could also show that the
further supported by the recent results which show that sucluper- and ultrahard nanocomposite can sustain a large ten-
coatings prepared by combined reactive sputtering andile stress of 10 to 40 GPa, i.e., their tensile strength reaches
plasma CVD as well as thec-(Ti;_,Al,)N/a-SizN, nano-  a significant fraction of the ideal decohesion strergft>°
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Such a high tensile strength was reported only for thin whis-

kers and freshly drawn silica fibérbut our nanocomposites

display a much larger reversiblelastig strain’®
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