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Hertzian analysis of the nonlinear elastic response upon unloading provides analytical solutions that
were used to verify if the hardness values measured on the super- and ultrahard coatings are
self-consistent. The analytical solutions were also used to estimate the tensile strength of the
coatings. The highest tensile stress occurs at the periphery of the contact between the coating and
the indenter and, in the case of ultrahard coatings, it can reach values in the range of tens of Gpa,
thus giving an estimate of their tensile strength. The results show that the tensile strength of the
superhard nanocomposites reaches an appreciable fraction of the ideal cohesive strength that is
predicted on the basis of the universal binding energy relation. The data are compared with finite
element computer modeling in order to obtain a deeper insight into the complex problems. Reliable
values of the hardness can be obtained if coatings of a thickness greater than 8mm are used and the
load-independent values are measured at sufficiently large indentation depths of greater
than 0.3mm. © 2003 American Vacuum Society.@DOI: 10.1116/1.1558586#
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I. INTRODUCTION

Diamond with indentation Vickers hardnessHV of 70–
100 GPa and cubic boron nitride (c-BN, HV'48 GPa) are
the only intrinsic superhard (HV>40 GPa) materials. A va
riety of superhard coatings was prepared during the las
years~for a review, see, e.g., Ref. 1!. Superhardness can b
achieved in thin coatings consisting of hard materials in t
ways:

~1! Either by energetic ion bombardment during their dep
sition, which causes densification of the grain boun
aries, decrease of the crystallite size, strengthening
to defects formation, and a high biaxial compress
stress,

~2! or by the formation of an appropriate nanostructu
which hinders the growth, multiplication and propag
tion of flows, such as microcracks and dislocations.2

The enhancement of the hardness due to energetic
bombardment at a relatively low deposition temperature
few hundred degrees centigrades can be achieved relat
easily as demonstrated by a number of researchers.3,4 How-
ever, upon annealing at a temperature>400 °C, when the
induced defects are annealed and the compressive stre
laxes, the hardness decreases to the ordinary values~see
Refs. 1, 2, 4, and 5, and references therein!. This also applies
for the so-called ‘‘nanocomposites’’6 consisting of a hard,
stable nitride, such as TiN, ZrN, Cr2N, etc., and a ductile
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metal which does not form a thermodynamically stable
tride ~Cu, Ni, etc.!. The enhancement of hardness in su
coatings is lost upon annealing at about>450 °C due to the
relaxation of the induced defects and the compressive str
The crystallite size remains unchanged upon the annea
thus showing the absence of a recrystallization, i.e., that
hardness enhancement is not due to any nanostruc
effect.2,5

The superhardness in nanostructured coatings, suc
heterostructures7–9 and nanocomposites prepared accord
to the generic design principle,1,10 is thermally much more
stable provided they consist of immiscible phases. The
perhard nanocomposites consisting of a hard, thermodyna
cally stable transition metal nitride@TiN, (Ti12xAl x)N,
W2N, VN, etc.# and a stable nonmetallic nitride (Si3N4 , BN,
AlN, etc.!, which during the deposition undergo a thermod
namically driven spinodal decomposition, remain stable
terms of their nanostructure and superhardness up to
peratures as high as>1100 °C.1,11,12 Because of their ex-
traordinary mechanical properties, which can be underst
within the framework of conventional fracture physics,13–15

these nanocomposites will be discussed here.
The measurements of hardness in the range of 40–

GPa by means of the automated load-depth sensing inde
tion technique may be subject to many artifacts. When
measurements are done on few micrometer thin coatings
with a low applied load of,30 mN, where the correspond
ing indentation depth is less than about 0.2mm, the effect of
finite radius of the indenter tip becomes significant and m
result in too high values of the apparent hardness~‘‘blunt
tip’’ 16,17!. For these reasons our measurement procedure
carefully verified in order to exclude such artifacts. Also, t
possibility of a time-delayed anelastic response18,19 or

il:

ay,
5323Õ21„3…Õ532Õ13Õ$19.00 ©2003 American Vacuum Society



in
fu
ar
e
l

n
t

d
er
ni
a

at
ic
o
pr

ia
th
e

co
d
ys
b
fi

e
n

siz
th
hic
oh
in

d
-
fo

pr

s

o
o

iz

ea
te

tio
i

h
s

cu

he
be-
n to

nta-
nd

ve

ials
able
ers
R-
ens-

li-
w a

nd
-

ca-
er at
s
ess

ob-
ose
ho-
in-
eter

re-

tion
lest

n
.
all

the
the
ing
the

533 Veprek et al. : Super- and Ultrahard nanocomposite coating 533
Bauschinger effect20,21 of the substrate, which can result
very high values of the measured hardness, was care
considered and excluded in our reported values of the h
ness data. We refer to our previous papers for details of th
studies1,22,23emphasizing here the most important points: A
measurements were done on 4–20-mm-thick coatings, typi-
cally, within the load range of 30–150 mN where the inde
tation depth was>0.3 mm, and only the load-independen
values are reported here. Moreover, the values obtaine
the indentation technique were compared with the Vick
hardness calculated from the projected area of the remai
plastic indentation which was measured by means of a c
brated scanning electron microscopy~SEM!.23–25 In this ar-
ticle we shall briefly discuss the effect of the softer substr
and the elastic deformation of the diamond indenter wh
may result in an error of the measured hardness of the c
ings in order to underline the correctness of the results
sented here.

The subsequent sections will be devoted to the Hertz
analysis of the indentation data in order to show that
measured unloading indentation curves used are ind
dominated by the elastic response of the superhard nano
posites. Therefore, this analysis can be further extende
estimate the tensile stress of these materials. All the anal
to be presented in this article are complemented
computer-assisted modeling within the framework of the
nite element method~FEM!. In the final section, we compar
the high tensile strength of 10–40 GPa found for these na
composites with other strong materials in order to empha
that their extraordinary strength and hardness are well wi
the range of the strength expected for strong materials w
are free of flaws and, therefore, approach the ideal dec
sion strength calculated on the basis of the universal bind
energy relation~UBER!.26,27 Finally, the possible limits to
the strength of the superhard nanocomposites when use
functional materials~e.g., thin tribological protective coat
ings! or, possibly in the future, as structural materials
machine parts will be briefly discussed.

II. EXPERIMENT

Superhard coatings used in the present study were
pared according to the generic design principle1,10 based on a
strong, spinodal segregation,28 which yields nanocomposite
with hardness between 40 and 100 GPa,1,10,24,25 and high
thermal stability.11,12These properties are the consequence
the self-organization of the nanostructure which is free
any critical flaws. The sample preparation and character
tion were described in our earlier articles.1,10,11,24,25

The hardness measurements were done by m
of an automated load-depth sensing indentome
FISCHERSCOPE 100~Refs. 29 and 30! in a load range be-
tween 5 and 1000 mN. For the comparison of the indenta
measurements with Hertzian theory, a spherical indenter w
a small radius of<20 mm should be used in order to reac
the flow stress in the coating under the indenter at load
100–200 mN, which is compatible with severalmm thick
coatings on a softer substrate. However, because of diffi
JVST A - Vacuum, Surfaces, and Films
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ties of fabrication of such small spherical indenters with t
desirable precision we used a Vickers indenter which,
cause of its geometry, assures a fairly good approximatio
a spherical Brinell one~see Ref. 31, p. 98!.

The hardness was determined from the measured inde
tion curve ~assuming a perfect geometry of the diamo
Vickers indenter! by extrapolating the unloading curve from
the maximum applied loadLmax to load zero~see, e.g., Fig. 4
in Ref. 29 and Fig. 2 in Ref. 32!. Doerner and Nix used a
linear extrapolation of the 70%–100% ofLmax,

32 the
FISCHERSCOPE uses 80%–100% ofLmax and Oliver and
Pharr33 developed a power-law fitting of the unloading cur
to determine the ‘‘corrected indentation depth’’hcor. These
researchers have carefully proved that for ordinary mater
all these procedures yield hardness values in reason
agreement with values obtained from the classical Vick
hardness,HV , measurement. In the case of the FISCHE
SCOPE 100, the hardness obtained from the load-depth s
ing technique is about 15% higher thanHV within the inves-
tigated range ofHV<12 GPa @see Fig. 7~a! in Ref. 29#.
However, it is not certain if these procedures can yield re
able hardness values for superhard coatings, which sho
large elastic recovery of 80%~Ref. 34! to 94% ~Refs. 1, 24
and 25! and when the elastic deformation of the diamo
indenter is no longer negligible.35 Therefore, we shall ana
lyze also this question.

III. RESULTS

In order to emphasize the necessity of a careful verifi
tion of the hardness values measured by the indentomet
small load we show in Fig. 1~a! a comparison of the result
from indentation measurements with the Vickers hardn
calculated form the projected areaAP of the permanent in-
dentation at a loadL according to the formula given by
Tabor:31

HV50.927L/AP . ~1!

The projected area was calculated from micrographs
tained by means of scanning electron microscope wh
magnification was calibrated by means of a lithographic p
tomask with exact spacing of metallic lines. Prior to the
dentation measurements the correction of the indentom
for the finite tip radius was carefully done29,30,32,36and we
have verified that the hardness of sapphire and silicon
mained constant down to a load of 5 mN@see Fig. 1~b!#.
During the measurements on the coatings, the indenta
depth was 1.7% and 10% of their thickness for the smal
~5 mN! and largest~100 mN! load, respectively.

Figure 1~a! shows a typical example which we found o
both nc-TiN/a-Si3N4 and nc-TiN/a-BN superhard coatings
It is clear that the load-depth sensing technique at sm
loads of,30 mN strongly overestimates the hardness of
coatings whereas at loads 50–100 mN the values from
indentometer and from the projected area of the remain
indentation determined by a calibrated SEM agree within
usual accuracy of610% of such measurements.
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The indentation size effect~ISE! of the load-depth sensin
technique at small loads~nanoindentation! can have a variety
of origins.16,17,37,38Here, the possibility of tip blunting17,38 is
unlikely to be the major source of the errors here because
tip correction was carefully done prior to these measu
ments@see Fig. 1~b!#. Instead, the severe elastic deformati
of the diamond indenter~see below! must be considered
This deformation results in an increase of the ‘‘effective
radius,’’ which leads to an underestimate of the area of
indentation when the standard conversion of the meas
indentation depth into the contact area of the indenter
cording to Eq.~2!:

AC526.43h2, ~2!

is used.29,32,33 Equation ~2! assumes an ideal shape of t
Vickers indenter. This effect is more pronounced at lo
loads.

FIG. 1. ~a! Example of the indentation size effect~ISE! on 6-mm-thick
nc-TiN/a-BN coatings when determining the hardness from the indent
eter at low loads and its absence when the hardness is evaluated fro
projected area of the remaining indentation by means of a calibrated S
~b! ISE is absent for the measurement on Si wafer and only very sma
sapphire, even for indentation depth smaller than 0.3mm. This shows that
the tip correction was done exactly.
J. Vac. Sci. Technol. A, Vol. 21, No. 3, May ÕJun 2003
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It is interesting and important to note that the ISE is n
observed for the hardness data evaluated from the size o
projected area of the indentations determined by mean
the calibrated SEM~see the open symbols in Fig. 1!. This is
an evidence that the pressure under the indenter ind
reaches the yield stress of that material. Therefore, the
terial being tested has undergone plastic deformation eve
it displays a very large elastic recovery upon unloading~no
‘‘rubber-like’’ behavior!.

Figure 2 shows a comparison between the hardness m
sured by the automated load-depth sensing indentation t
nique within the load-independent range and the Vick
hardness calculated from the projected area of the remai
plastic indentation, measured by means of the calibra
SEM. A large series of different coatings and different loa
>30 mN was used for this comparison~see Fig. 2, inset!.
The agreement of the data is good, within an error of ab
610%–15% for the whole range. For the purpose of furth
discussion we include also measurements at very high lo
of 500 and 1000 mN where the indentation depth reac
20%–30% of the coating thickness@see HV(0.05) and
HV(0.1)]. Clearly, this ‘‘composite hardness’’ of the supe
hard coatings on a soft steel substrate (H'2 GPa) also
agrees reasonably well. This is an important finding beca
the measurements of the superhardness of 40–100 GP
loads where the indentation depth approaches the usual
of 10% of the film thickness are already influenced by t
onset of plastic deformation of the substrate~see below!.

In conclusion, the results presented in this subsec
show that reliable measurements of the hardness by the l
depth sensing technique can be done only within the lo
independent regime when the indentation depth exceeds
mm, in agreement with the results of Bull.16,17 The indenta-
tion size effect observed at lower load is an artifact of th

-
the
M.
n

FIG. 2. Comparison of the plastic hardness measured by the load-d
sensing indentometer technique within the load range of>30–1000 mN
with that calculated from the projected area of the remaining indenta
which was measured by a calibrated SEM.
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technique caused probably by the elastic deformation of
diamond indenter. It does not appear when the hardnes
evaluated from the projected area of the remaining pla
indentation. However, even the agreement of the hardn
values obtained by these two different evaluations~see Fig.
2! does not guarantee that the resultant values are cor
When only 4–6-mm-thick superhard coatings are produc
and measured the obtained values represent the comp
hardness of the coating and softer substrate, i.e., they
underestimate the actual hardness of the coatings. This
be discussed in Sec. III B below.

A. Deformation of the diamond indenter

If not accounted for, the elastic deformation of the d
mond indenter can cause various problems as it is illustra
by the results of finite element method calculations fo
semi-infinitive ~i.e., very thick! coating with an assume
yield stress of 30 GPa in Fig. 3. The FEM analysis was d
using the ANSYS software39 with a grid of 8680 elements. In
order to account for the gradient of strain and stress from
area of contact between the diamond indenter and the c
ing, a dense grid of smaller elements was chosen near
contact point and was coarsened going outward. The e
size depended on the maximum applied load. The input
rameters for each modeling study were the Young’s modu
E, Poisson’s ration, and yield stresssY , which are indicated
in Fig. 3. They were chosen in agreement with the ma
measured experimental data reported in our earlier pap
More details on the present FEM study can be found in R
35.

From Fig. 3 it can be seen that the hardnessHPlast calcu-
lated from the size of the remaining indentation after
unloading agrees reasonably well with Tabor’s criterion

HPlast'~3 – 3.3!•sY , ~3!

that is strictly valid for softer materials which, upon the i
dentation, respond in a classical rigid–plastic manner.31 This
proportionality factor is somewhat smaller than that of 4
timated on the basis of the analysis of the measured ind
tation curves13 in terms of the universal binding energy rel

FIG. 3. Example of FEM modeling of the indentation into an ultraha
coating showing the significant elastic deformation of the diamond inden
JVST A - Vacuum, Surfaces, and Films
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tion framework.26,27Also, the values of ‘‘universal hardness
HU ~hardness under the maximum applied load! estimated
from the calculated indentation curve are somewhat lar
than those found in measurements~about 13–14 GPa for
HPlast'40– 45 GPa and about 19–20 GPa forHPlast

'90– 100 GPa). The latter difference is probably due to
fact that the present FEM calculations assume a se
infinitive material ~i.e., very thick coatings!, whereas the
measurements were typically done on 6–8-mm-thick coat-
ings where the deformation of the substrate results in
increase of the measured indentation depth and, co
quently, a decrease of the measured value ofHU . Unfortu-
nately, the present version of the software cannot accoun
the pressure dependence of the elastic modulus of the c
ings. As we discussed recently, the experimental d
strongly suggest that the very high values of elastic modu
of 500–700 GPa obtained from the unloading curve of
indentation are enhanced due to the high pressure unde
indenter which approximately corresponds to the measu
hardness of the coatings.13–15

Observing the significant elastic deformation of the d
mond shown in Fig. 3 it becomes clear that the load-de
sensing indentation technique will yield higher values
hardness, particularly at small loads where the deforma
of the tip makes a larger contribution. This is due to the f
that in the load-depth sensing technique the contact are
the indenter and the coatings is calculated from the inde
tion depth assuming the ideal shape of undeformed diam
is maintained@H5L/26.43h2 ~Ref. 29!#. Disregarding the
elastic deformation of the diamond indenter as shown in F
3 clearly yields an underestimate of the corrected indenta
depthhc .

Such a significant elastic deformation of the diamond
denter raises the question of its possible damage during
measurements which could falsify subsequent hardness
measured on super- and ultrahard coatings. For this rea
we have periodically checked the tip of the indenter
means of SEM. These checks have clearly shown the
sence of any serious wear or damage to the indenter tip a
it was used for many daily measurements over a period
more than one year. This is well understandable in view
the anisotropy of the elastic constants of diamond,40 whose
strength under pressure is 8–10 times higher than un
shear.21 Therefore, the diamond indenter which is loaded p
dominantly in compression sustains much larger loads w
out plastic deformation or cleavage than the coating whic
loaded in a more complex manner in shear and tension.21

B. Deformation of the substrate

According to the generally accepted ‘‘rule-of-thumb’’ cr
terion for ordinary hard coatings the maximum indentati
depth should not exceed 10% of the film thickness. At hig
loads and indentation depths, the effect of the substrate
comes important and results in ‘‘composite’’ values of ha
ness and elastic modulus of the coating/substrate pair. Th
illustrated by Fig. 4, which shows the composite hardness
a 6-mm-thick nc-TiN/a-Si3N4 /a-TiSi2 coating on 500-mm-

r.
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536 Veprek et al. : Super- and Ultrahard nanocomposite coating 536
thick soft steel substrate (HV'1.8 GPa) versus applied loa
up to 1000 mN where the indentation depth reaches 30%
film thickness leaving a severe plastic indentation of alm
2 mm depth in the substrate. However, it is remarkable
note that even at such a high load of 1000 mN and to
strain of almost 30% the composite hardness measure
the indentometer is about 45 GPa~the calibrated SEM yields
a somewhat smaller value of the hardness, see below!. Simi-
lar behavior was found on several other coatings for m
indentations.

For both correct measurement of the hardness of the c
ings as well as for the following Hertzian analysis it is im
portant to know the maximum allowable ratiohn of the in-
dentation depthhmax to coating thicknesstcoating, hn

5hmax/tcoatingwhere no significant plastic deformation of th
substrate occurs. The FEM study allows this determinat
Thus, consider the specific example of the plastic deform
tion ~‘‘plastic strain’’! in a soft steel substrate with a Young

FIG. 4. ~a! Example of a typical indentation curve at a maximum load of
mN. ~b! Measured composite Vickers hardness of 6-mm-thick
nc-TiN/a-Si3N4 /a-TiSi2 coating on a 500-mm-thick soft (HV'1.8 GPa)
steel substrate vs applied load.
J. Vac. Sci. Technol. A, Vol. 21, No. 3, May ÕJun 2003
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modulus of 205 GPa, a Poisson’s ratio 0.3, yield strength
MPa, ultimate strength 600 MPa, work hardening expon
of 0.2, and hardness of about 1.8 GPa. The results show
Fig. 5 are instructive. The insets in Fig. 5~b! indicate the
assumed yield stress of the coating. For each FEM calc
tion the maximum applied load was chosen so as to ob
always the same, constant indentation depth of 0.3mm. One
notices, that already for coatings with a yield stress of
GPa~i.e., hardness of about 30–33 GPa! a thickness of 8mm
is needed in order to avoid noticeable plastic deformation
the substrate. This thickness increases with increasing h
ness. For ultrahard coatings a thickness of>12 mm is re-
quired in order to avoid plastic deformation of the substra
Thus, our earlier measurements on super- and ultrahard c
ings with thicknesses in the range of 3.5–6mm may have
somewhat underestimated the real hardness of
coatings.1,24,25 One notices that although the indentatio
depth is only 0.3mm, plastic deformation of the coatin
extends to a depth of about 1mm while underneath, the
coating is deformed only elastically. However, the concom
tant elastic strain at the coating/substrate interface is s
cient to cause plastic deformation of the latter.41

FIG. 5. ~a! Example of development of plastic strain in a 4-mm-thick coating
(E5550 GPa,sY520 GPa) and the underlying steel substrate subst
(H'1.5 GPa,sY'0.28 GPa) upon indentation.~b! Equivalent plastic strain
in the steel substrate as a function of the coating thickness, for yield stre
the coatings indicated in the figure. The indentation depth of 0.3mm was
kept constant in these calculations.
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Based on these results, which represent the basis for
rect indentations measurements on superhard nanocomp
coatings, we shall verify under which conditions the unloa
ing curve can be used to evaluate the true elastic respon
the coatings. This will be done by means of the Hertz
theory in section 4.1. In Sec. IV B, we shall use this theory
estimate the lower limit of the tensile strength of the co
ings.

IV. HERTZIAN ANALYSIS OF THE
SELF-CONSISTENCY OF THE MEASURED
MECHANICAL PROPERTIES

A. Verification of true elastic unloading upon
indentation and effect of cracking

Quite recently we have shown13,15 for several super- and
ultrahard nc-TiN/a-Si3N4 /a- and nc-TiSi2 coating (H
.100 GPa) with high elastic recovery that the unload
curve meets very well the Hertzian relationship42

ln h~L !5
1

3 F2 lnS E2R

1.861D G1
2

3
ln L, ~4!

between the indentation depthh(L) and the loadL. In this
article, we shall extend this analysis to a series of super-
ultrahard coatings with a high elastic recovery of 80%–9
in order to assess to what extent their behavior upon unlo
ing can be considered as true elastic response. Furtherm
we shall show that crack formation in a number of discr
steps in the coating under very high loads corresponding
strain of 5%–20% can be observed on the loading curve
as a deviation of the unloading curve from the ideal Hertzi
log(h)–log(L), behavior as given by Eq.~4!.

Figure 6~a! shows the indentation curve for a terna
nc-TiN/a-Si3N4 /a-TiSi2 nanocomposite with an averag
hardness of about 100 GPa and Fig. 6~b! the corresponding
Hertzian plot@Eq. ~4!# for the unloading curve. Figures 7 an
8 show the same behavior but for much larger loads of
and 1000 mN, respectively, where the coating/substrate
is already operating within the regime of the plastic def
mation of the substrate as discussed in the foregoing sec
For all the loads used, the unloading curves give a fa
good, log(h)–log(L), dependence according to Eq.~4!.

These are few examples of many similar indentations
tained on a series of coatings. This is underlined pictoria
by Fig. 9, which shows SEM micrographs of the remaini
indentations for a series of four systematically increasing
dentation loads. Although the 6.1-mm-thick coating was
pressed almost 2mm into the soft steel substrate, the com
posite hardness of the coating/substrate system is abou
GPa from the load-depth sensing measurement~see Fig. 4!
and about 35–40 GPa from the SEM micrographs. No cra
formation can be observed neither on the indentation cu
~see Figs. 6, 7, and 8! nor on the SEM micrographs@see Fig.
9~a!#, even for the indentations that are aligned diagona
next to each other@Fig. 9~b!#, i.e., in the direction of the
largest stress.
JVST A - Vacuum, Surfaces, and Films
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A large number of measured and evaluated curves
these superhard nanocomposites also display perfect H
zian response@Eq. ~4!# as long as no cracks are formed.
one or two cracks appears at the periphery of the con
upon a larger load and indentation depth, it can be dete
as a discrete step on the loading curve and the unloa
curve shows a deviation from the log(h)–log(L) behavior of
Eq. ~4!. This is illustrated by Fig. 10.43 If more cracks are
formed, they can be seen as a series of discrete steps o
loading curve and the unloading curve shows a strong de
tion from the Hertzian plot.

The results presented in this section show that the unlo
ing curves of sufficiently thick and strong coatings which
not show any sign of crack formation display a very go
Hertzian log(h)–log(L) linear dependence according to E
~4!, particularly within the range of load between 30 and 1
mN, where usually the load-independent hardness an
large elastic recovery of 80%–94% is found. Based on th
findings our analysis can be extended further to try to e
mate the tensile strength of these coatings.

FIG. 6. ~a! Indentation depth vs load curve into about 6-mm-thick
nc-TiN/a-Si3N4 /a-TiSi2 coating with a total Si content of 6 at. % for
maximum applied load of 70 mN.~b! Corresponding Hertzian plot.
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B. Estimate of the tensile strength of the super- and
ultrahard nanocomposites

The maximum possible, ‘‘ideal’’ strength of materials ca
be appropriately discussed in terms of the universal deco
sion curve shown in Fig. 11 for a material responding pur
elastically without any accompanying plastic flow. The u
versal decohesion curve is related to the first derivative of
interatomic bond energyEb with bond distancea, i.e., the
restoring force which is acting at the elastically deform
bond at a distanceaÞa0 (a0 is the equilibrium distance!.
The dilated bond distanceam'1.2a0 corresponds to the
maximum strain of an interatomic bond before fracture21

For dilatationa,am the dilatation is reversible. Thus, in
flaw free glass the maximum strain that can be recove
reversibly approaches 20% and the decohesion stre
20%–30% of Young’s modulus.

The slope of the tangent to the decohesion curve at
equilibrium ~i.e., zero strain! is Young’s modulusEY , which
describes the linear elastic behavior of the material. Fr
Fig. 11 one sees that the material responds linearly o

FIG. 7. Same coating as for Fig. 6 but when the indentation was done
maximum applied load of 500 mN, where the indentation depth reac
almost 20% of the coating thickness.
J. Vac. Sci. Technol. A, Vol. 21, No. 3, May ÕJun 2003
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within a very small range of strain«<0.01. For a larger
strain of«,«m the elastic response is still reversible but it
nonlinear, i.e., it cannot be described by Hooke’s law with
constant elastic modulus. In real materials which are sub
to deformation at macroscopic scale the presence of fla
such as dislocations and microcracks results, in an onse
plastic deformation already at a relatively small yield stra
«Y of the order of 1023 for ductile metals which undergo
crystal plasticity by dislocation activity and of,1023 for
brittle materials due to the presence of microcracks. The
responding yield strength of the material issY5EY«Y . The
ideal decohesive strengthsm of a material corresponds to th
stress at«m ~see Fig. 11!. Obviously, sm@sY . Typically,
sm'(0.1– 0.3) of Young’s modulus44,45and«m<0.2, i.e., an
interatomic bond can sustain a large strain of up to 20%21

The universal binding energy relation26,27 ~see, also, Ref.
46! provides an in-depth theoretical treatment of this pro
lem and yields for the ideal decohesion~tensile! strength of
materials which do not undergo crystal plasticity or oth
modes of shear flow~i.e., in which dislocation mechanism
do not work, such as for the superhard nanocomposites b
discussed here14,15! Eq. ~5!:

a
d

FIG. 8. Same coating as for Fig. 6 but when the indentation was done
maximum applied load of 1000 mN, where the indentation depth n
reached almost 30% of the coating thickness.
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s IC5
1

2.72
A2EgS

a0
. ~5!

Using values of Young’s modulusE of about 400 GPa, sur
face energygS of about 2.5 J/m2 and equilibrium interatomic
distancea0 of 0.125 nm, which are typical for materials suc
as nitride ceramics, yields a value of the ideal cohes
strengths IC of about 46 GPa. In the following, we sha
show that the tensile strength of the superhard coatings
proaches this value.

Upon indentation, the maximum tensile stress develop
the surface region of the material being tested at the per
ery of the contact between the indenter and the material
der test. Within the framework of the Hertzian theory for
spherical indenter this ‘‘radial stress’’sR is given by Eq.
~6!:42

sR5
~122n!

2.46p S LE2

R2 D 1/3

. ~6!

FIG. 9. ~a! Scanning electron micrographs of a series of indentations in
6-mm-thick nc-TiN/a-Si3N4 /a-TiSi2 nanocomposite with hardness aroun
100 GPa: four arrays of three indentations starting from the bottom, w
done at applied loads of 1000, 500, 200, and 150 mN.~b! Detail of two
indentations at 1000 mN next to each other showing absence of any c
formation.
JVST A - Vacuum, Surfaces, and Films
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Heren is Poisson’s ratio,L the load, andR the radius of the
spherical indenter. As mentioned above, the geometry of
Vickers indenter with the angle of 136° was chosen in or
to match closely the Brinell spherical one.31 However, for
microindentation at indentation depthh of 0.3–2mm used in

a

re

ck

FIG. 10. About 4.7-mm-thick nc-TiN/BN superhard nanocomposite coatin
on steel substrate deposited by plasma CVD~Ref. 43!, which has been
indented at a relatively large load and indentation depth reaching about
of film thickness. The two cracks formed upon indentation can be seen
both the SEM micrograph~a! and the indentation curve~b!. The
log(h)–log(L) plot ~c! shows a small but clearly observable deviation fro
the linear Hertzian relationship Eq.~4!.
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our measurements the effective tip radius changes withh. At
small loads and indentation depths it approaches the ra
of the tip of about 0.5mm,13,15and increases with increasin
h. Therefore, we can use the experimental data to estim
the radial stress at the maximum load upon indentation o
at small loads where the value of the radius calculated fr
the Hertzian analysis is close to 0.5mm. The radius of the
indenter is estimated from Eq.~7! for the indentation depthh
relative to the initial plane of the indented material:42

h51.23S L2

E2RD 1/3

. ~7!

For the quaternary ultrahard nc-TiN/a-Si3N4 /a- and
nc-TiSi2 coatings, which had very high hardnesses of.100
GPa and elastic recovery of 94%, the estimated tensile ra
stress~6! was about 33 GPa closely approaching the id
cohesive strength of 46 GPa estimated above.13 Here, we
extend the analysis to the ternary nc-TiN/a-Si3N4 /a-TiSi2
nanocomposite with a total Si content of less than 10%
to the new, binary nc-TiN/a-BN ones.43 The hardness o
these coatings ranged between about 40 and 100 GPa.

Figure 12 shows several examples of nanocomposite c
ings with different values of hardness which were used
the present analysis. All these coatings show a fairly w
defined range of load-independent hardness and even a
composite hardness of the coating/substrate system at
high loads of 0.5–1 N. The very high average value of s
eral measurements of the hardness of about 180~630! GPa
at a load of 30 mN for one of the coatings is shown here
emphasize that such extremely high values were often fo
on our coatings at a load of,50 mN but were disregarde
by us because it was impossible to verify the values from
indentometer by SEM micrographs and, in such a way

FIG. 11. Universal decohesion curve~not to scale; see the text!.
J. Vac. Sci. Technol. A, Vol. 21, No. 3, May ÕJun 2003
us

te
ly
m

ial
l

d

at-
r
l-
igh
ry
-

o
d

e
o

exclude the above-mentioned indentation size effect, wh
may falsify the hardness data obtained from the load-de
sensing technique alone.

All the loading indentation curves were free of any sign
cracking and the unloading curves showed very good lin
log(h)–log(L) behavior in agreement with the Hertzia
theory. Because the effective radius of the tip calculated
cording to Eq.~7! increases with increasing load for the o
vious reasons mentioned above, we calculated the radial
sile stress according Eq.~6! only for indentation curves at the
smaller loads of 50–100 mN where both the log(h)–log(L)
plot was linear and the calculated tip radius close to 0.5mm.
The results are shown in Fig. 13. Of course, these results
only rough estimates because the load-depth response i

FIG. 12. Examples of nanocomposite coatings with different values of ha
ness, which were used for the present analysis. Each point corresponds
average of five measurements with an average error of about615%. For
two coatings also the composite hardness of the system coating/soft
substrate at very high loads is given. The inset shows the composition
the thickness of each coating.

FIG. 13. Radial stress calculated from Eq.~6!, which the superhard coating
sustain without any cracks formation vs hardness. For all the indentation
various coatings used here, both the log(h)–log(L) @Eq. ~5! was linear and
the tip radius estimated from Eq.~7! was close to 0.5mm#. Open symbols
are the results of FEM calculation~see below!.
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purely elastic. Nevertheless, even when assuming a pos
error of the order of the fraction of plastic strain in the to
deformation upon the indentation to be 6%–20%~notice that
the nanocomposite with hardness of 50–100 GPa show e
tic recovery of 80%–93%, respectively1,15,25,34! one can see
that the superhard nanocomposites with the composi
nc-TiN/a-Si3N4 /a- and nc-TiSi2 are indeed very strong ma
terials which sustain tensile stress of several 10 GPa.
new nc-TiN/a-BN superhard nanocomposite performs a
reasonably well but still did not reach the quality of th
former ones.

For the assessment of the mechanical properties of a
terial one has to estimate also their elastic limit. As discus
and explained in our recent articles,13,15 the nanocomposite
show an unusual combination of high hardness and h
elastic recovery. As a first approximation of the elastic lim
we can use the fraction of elastic recovery of about 80
93% ~Refs. 1, 15, 25, and 34! on the total deformation when
the total indentation depth reaches 15%–25% of the coa
thickness. This gives an upper limit of 10%–20% of a str
which can recover reversibly. Under such large local str
the local behavior of the material will be highly nonline
~see the universal decohesion curve in Fig. 11!, but since
much of the elastic indentation response comes from the
tant field, which must still be linear, the Hertzian respon
continues to hold. Notice that the majority of indentati
curves of the superhard coatings indeed show such a
elastic recovery. Moreover, a large part of the deformat
seen, e.g., in Figs. 8 and 9 would recover elastically if
thin coating would not adhere so well to the steel subst
which was under the indentations plastically deformed.

The extraordinary high values of tensile stress obtai
from the Hertzian analysis are supported also by the F
calculations for a conical indenter with an angle of 13
assuming axial symmetry. The results are represented in
dimensional plots with the axes of the indenter correspo
ing to the ordinateY on the left and the radial distance bein
parallel to the abcissaX. Two illustrative examples are
shown in Fig. 14 for a coating with a hardness of about 1
GPa (sY530 GPa). Figure 14~a! shows the distribution of
the stress within the coatings under the indenter at an app
load of 200 mN. One notices the compressive stress~blue!
under the indenter and the tensile stress~red! at the periphery
of the contact. Figure 14~b! shows the radial stress close
the surface of the coating. It is seen that

~1! the maximum tensile stress appears as expected a
periphery of the contact between the indenter and
coating, and

~2! the maximum value of about 22 GPa agrees very w
with the estimates based on the Hertzian theory
shown in Fig. 13 by the open symbols for three coatin
with different yield stress, i.e., different hardness.

C. Comparison with other strong materials

The experimentally found upper limit of the tensi
strength of 100-mm-thick wires of strong steels reaches 4
GPa and the elastic limit of about 0.5%.21 Tungsten wires of
JVST A - Vacuum, Surfaces, and Films
ble
l

s-

n

he

a-
d

h
t
–

g
n
n

is-
e

gh
n
e
te

d

°
o-
-

0

ed

the
e

ll
d
s

a diameter of 0.05–0.26mm reach tensile strength up to 2
GPa and similar strength was obtained for a variety of wh
kers~see Table I in Appendix A in Ref. 21!. A similar tensile
strength was found also for thin glass fibers as reported
Griffith already in 1920.44 For example, tensile strength o
fresh silica fiber can reach 15~Ref. 21! to 24.1~Ref. 46! GPa
when measured under vacuum. However, when expose
air for several hours the strength strongly decreases to 0
0.3 GPa due to a chemical attack of the surface by mois
which results in pitting that serves as nuclei for cra
initiation.21,44,45 The elastic limit is also in the range o
<0.5%. Similar considerations apply to other glasse21

Thus, the nanocomposites compare fairly well with the
materials~see Fig. 15!. Moreover, they show a very larg
reversible~elastic! recovery limit although the material unde
the indenter operates in the nonlinear regime~see the deco-
hesion curve in Fig. 12 and related discussion!.

Like many of the strong glass fibers and whiskers,
superhard nanocomposites consisting of phases with p
bonds~e.g., TiSix , TiBx) are expected to show a decrease
the hardness during a long-term exposure to air. This is
ticularly the case for the ternary and quaternary nanocomp
ites nc-TiN/a-Si3N4 /a- and nc-TiSi2 , which can keep the
original hardness for a period of several months to one y
but show a decrease of the hardness afterwards.47 Degrada-
tion of superhard coatings which lost hardness after a pe
of 1–2 years was reported by Andrievski48 for TiN/ZrN and
TiN/NbN multilayer coatings and by Karvankova for th
ZrN/Ni coatings where the superhardness is due to energ
ion bombardment during their deposition.49 However, the bi-
nary nc-TiN/a-Si3N4 and nc-TiN/a-BN, whose hardness
reached 50 GPa remained stable for the whole period of
servation of about 4 and>1 years, respectively.47,49 It is,
therefore, a challenge to try to prepare ultrahard (Hv 80–100
GPa! nanocomposites consisting of ternary and quatern
systems with nonpolar bonds, which would remain sta
upon exposure to air for a long period of many years.

The data presented in this article and their analysis sh
that the very high hardness and tensile strength of the na
composites discussed here are not unexpected for nanos
tured materials formed by self-organization during therm
dynamically driven spinodal decomposition, which results
the absence of critical flaws. This makes these materials
stantially different from the ordinary coatings where the s
perhardness is achieved by energetic ion bombardment
ing their deposition. It is not only the low thermal stability o
the latter, but probably also the fact that the hardness of
so called Me(1)xN/Me(2) ‘‘nanocomposites’’6 strongly de-
creases when the fraction of the ductile metalM (2) phase,
which does not form any stable nitride, increases approa
ing the percolation threshold@e.g., Cu in ZrN/Cu~Ref. 50!#.

One important point has to be emphasized as regards
comparison of the extraordinary high strength of our sup
hard nanocomposites with other strong materials as show
Fig. 15. The strength and elastic limit of the wires, whiske
and fibers with a diameter of 0.05 to about 100mm were
obtained in tensile stress experiments where the mate
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FIG. 14. FEM calculation of the radial stress distribution in the coatings under the indenter at a large load of 200 mN~a! and the radial stress close to surfac
of the coating at a load of 70 mN~b! for a coating withE5750 GPa andsY530 GPa~i.e., hardness of about 100 GPa!.
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were subjected to a uniform strain within the linear regim
up to the onset of yield and fracture. In particular, the fres
drawn silica fibers have an extraordinary high ratio of t
fracture stress to Young’s modulus of 0.21~Ref. 21! to 0.28
~Ref. 46! under these conditions. The indentation techniq
probes the material locally at a microscopic scale of a dia
eter of several microns and a volume of about 10 to>100
mm3, and the strain/stress field is highly nonuniform. Fu
thermore, the regions of the coatings under the indenter
at the periphery of the contact where the highest tensile st
occurs are operating in a highly nonlinear regime~see Fig.
14 and the discussion above!. Thus, the extraordinary high
tensile strength found for the nanocomposites refers, stri
speaking, to a tested area of a diameter of about 3–10mm,
whereas that of the whiskers and silica fibers to a diamete
J. Vac. Sci. Technol. A, Vol. 21, No. 3, May ÕJun 2003
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FIG. 15. Tensile strength and elastic limit of strong materials in compari
with the superhard nanocomposites~see the text!.
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0.05–10mm ~except of the thinner tungsten wires! and uni-
form stress over a larger length.

This is not any limitation to the properties of the nan
composites with respect to their use as tribological protec
coatings for machining operations. However, their extrao
nary properties on the microscopic scale do not necess
imply that they will be performing equally well also at
large scale of homogeneous deformation. To answer
question requires further studies in both their large sc
preparation as well as large scale testing in tensile and b
ing stress experiments which usually involves the introd
tion of a different family of flaws. Nevertheless, the resu
presented here clearly show that self-organization and for
tion of a stable nanostructure—as formulated in our gen
concept—is a very promising way towards the preparation
a new class of superhard materials which are essentially
of critical flaws. The available deposition techniques allo
already now to prepare them as tribological coatings
large-scale industrial production.51,52 The development of
new techniques for large scale fabrication of bulk specim
represents a challenge for their testing at macroscopic s
which may open up the way towards their possible appli
tions as structural materials.

V. CONCLUSIONS

Detailed analysis of various artifacts which may fals
the hardness measurement by means of load-depth se
microindentation technique on several micrometers th
coatings is presented and the rules how to avoid them
outlined. A comparison of the results obtained by this ca
fully verified technique with hardness values calculated fr
the size of the remaining plastic indentation, which was
termined by means of a calibrated scanning electron mi
scope, allowed us to confirm the very high hardness of th
materials. Analysis of the indentation data within the fram
work of the Hertzian theory of elastic deformation allow
us to further verify the self-consistency of the data and e
mate the maximum tensile strength and elastic limit of
superhard nanocomposites. The strength of 10–40 GPa c
pares well with that of the strongest whickers and fibres
ported in the literature. It represent a significant fraction
the ideal cohesive strength of a flaw-free material.

The extraordinary combination of high strength, elas
recovery, and resistance against cracks formation is a sim
consequence of the absence of critical flaws in these ma
als, which in turn is a result of their formation by sel
organization during the thermodynamically driven, spino
decomposition. This provides these coatings also with a v
high thermal stability. The presently available depositi
techniques are suitable for industrial-scale production
such superhard nanocomposite as protective coatings for
chining tools~turning, drilling, milling, extrusion, forming!
and other tribological applications. The generic nature of
design principle will allow the researchers and engineers
develop new superhard nanocomposite coatings with a v
ety of composition and properties tailored to the requi
ments of given applications. The development of new te
JVST A - Vacuum, Surfaces, and Films
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niques for the preparation of bulk samples and their adeq
mechanical testing is needed in order to verify if these pr
erties may also be obtained at macroscopic scale in orde
make these nanocomposite useful also as structural mate
in the future.
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