Limits to the strength of super- and ultrahard nanocomposite coatings

S. Veprek,® S. Mukherjee,” P. Karvankova, H.-D. Mannling, J. L. He, K. Moto,

and J. Prochazka
Institute for Chemistry of Inorganic Materials, Technical University Munich, Lichtenbergstrasse 4,
D-85747 Garching, Germany

A. S. Argon
Department of Mechanical Engineering, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139

(Received 11 July 2002; accepted 13 January 2003; published 18 March 2003

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 greaterithaarg used and the
load-independent values are measured at sufficiently large indentation depths of greater
than 0.3um. © 2003 American Vacuum SocietyDOI: 10.1116/1.1558586

[. INTRODUCTION metal which does not form a thermodynamically stable ni-
_ o _ tride (Cu, Ni, etc). The enhancement of hardness in such
Diamond with indentation Vickers hardnebk, of 70—  coatings is lost upon annealing at abet450 °C due to the

100 GPa and cubic boron nitride-BN, H,~48 GPa) are relaxation of the induced defects and the compressive stress.
the only intrinsic superhardH, =40 GPa) materials. A va- The crystallite size remains unchanged upon the annealing
riety of superhard coatings was prepared during the last 1fhus showing the absence of a recrystallization, i.e., that the
years(for a review, see, e.g., Ref).1Superhardness can be hardness enhancement is not due to any nanostructure
achieved in thin coatings consisting of hard materials in twoeffect?®
ways: The superhargdness in nanostructured coatings, such as
(1) Either by energetic ion bombardment during their depo_heterostructgrés qnd na}no'comop.o&tes prepared according
to the generic design principle?® is thermally much more

sition, which causes densification of the grain bound'stable provided they consist of immiscible phases. The su-

aries, decrease of the crystallite size, strengthening due . . .
. ) o .~ “perhard nanocomposites consisting of a hard, thermodynami-
to defects formation, and a high biaxial compressive

cally stable transition metal nitrid¢TiN, (Ti;_,Al)N,
stress, . . W,N, VN, etc.] and a stable nonmetallic nitride ¢8i,, BN,
(@) or _by the formation of an ap_pr(_)prl_ate nanostructureAlN’ etc.), which during the deposition undergo a thermody-
V_Vh'Ch hinders the grow.th, multlpl|cat|0n.and propaga- namically driven spinodal decomposition, remain stable in
tion of flows, such as microcracks and dislocatiéns. terms of their nanostructure and superhardness up to tem-

: or~1,11,12 i -
The enhancement of the hardness due to energetic io%eratures as high as1100°C. Because of their ex

. " raordinary mechanical properties, which can be understood
bombardment at a relatively low deposition temperature of . . . 15
. . _ “within the framework of conventional fracture phystcs!
few hundred degrees centigrades can be achieved relative

easily as demonstrated by a number of researcriow- tMese nanocomposites will be dlscus_sed here.
. R The measurements of hardness in the range of 40-100
ever, upon annealing at a temperat#d00 °C, when the

. . GPa by means of the automated load-depth sensing indenta-
induced defects are annealed and the compressive stress fe technique may be subject to many artifacts. When the
laxes, the hardness decreases to the orglmary Vdm measurements are done on few micrometer thin coatings and
Refs. 1, 2, 4, and 5, and references therelhis also applies with a low applied load 0f<30 mN, where the correspond-
for the so-called “nanocomposite§”consisting of a hard, '

ble nitrid h TIN. ZIN 4 a duct ing indentation depth is less than about Qu#, the effect of
stable nitride, such as TiN, ZrN, ¢, etc., and a ductile i radius of the indenter tip becomes significant and may
result in too high values of the apparent hardngg$unt
dauthor to whom correspondence should be addressed; electronic maiﬁp” 16,17) For these reasons our measurement procedure was
veprek@ch.tum.de L .

b)pe?manem address: Bhabha Atomic Research Center, Trombafarefully verified in order to exclude such artifacts. Also, the

Mumbai 400 085, India. possibility of a time-delayed anelastic respdfigé or
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Bauschinger effeé?"?! of the substrate, which can result in ties of fabrication of such small spherical indenters with the
very high values of the measured hardness, was carefullgesirable precision we used a Vickers indenter which, be-
considered and excluded in our reported values of the hardzause of its geometry, assures a fairly good approximation to
ness data. We refer to our previous papers for details of these spherical Brinell onésee Ref. 31, p. 98
studie$?>?2emphasizing here the most important points: Al The hardness was determined from the measured indenta-
measurements were done on 4—20-thick coatings, typi- tion curve (assuming a perfect geometry of the diamond
cally, within the load range of 30—150 mN where the inden-Vickers indenter by extrapolating the unloading curve from
tation depth was=0.3 um, and only the load-independent the maximum applied load,,,, to load zerdsee, e.g., Fig. 4
values are reported here. Moreover, the values obtained by Ref. 29 and Fig. 2 in Ref. 32Doerner and Nix used a
the indentation technique were compared with the Vickerdinear extrapolation of the 70%-100% df .52 the
hardness calculated from the projected area of the remaininglSCHERSCOPE uses 80%-100% lgf,, and Oliver and
plastic indentation which was measured by means of a caliPharf® developed a power-law fitting of the unloading curve
brated scanning electron microscof8EM).22~?°In this ar-  to determine the “corrected indentation depth?,. These
ticle we shall briefly discuss the effect of the softer substrateesearchers have carefully proved that for ordinary materials
and the elastic deformation of the diamond indenter whichall these procedures yield hardness values in reasonable
may result in an error of the measured hardness of the coatgreement with values obtained from the classical Vickers
ings in order to underline the correctness of the results prehardnessH,,, measurement. In the case of the FISCHER-
sented here. SCOPE 100, the hardness obtained from the load-depth sens-
The subsequent sections will be devoted to the Hertziaimg technique is about 15% higher thely within the inves-
analysis of the indentation data in order to show that thdigated range ofH,<12 GPa[see Fig. 7a) in Ref. 29.
measured unloading indentation curves used are indeadowever, it is not certain if these procedures can vyield reli-
dominated by the elastic response of the superhard nanocorable hardness values for superhard coatings, which show a
posites. Therefore, this analysis can be further extended tiarge elastic recovery of 80%Ref. 34 to 94% (Refs. 1, 24
estimate the tensile stress of these materials. All the analysesid 25 and when the elastic deformation of the diamond
to be presented in this article are complemented byndenter is no longer negligibf. Therefore, we shall ana-
computer-assisted modeling within the framework of the fi-lyze also this question.
nite element methoG~EM). In the final section, we compare
the high tensile strength of 10—40 GPa found for these nano-
composites with other strong materials in order to emphasiZﬁI_ RESULTS
that their extraordinary strength and hardness are well within
the range of the strength expected for strong materials which In order to emphasize the necessity of a careful verifica-
are free of flaws and, therefore, approach the ideal decohdion of the hardness values measured by the indentometer at
sion strength calculated on the basis of the universal bindingmall load we show in Fig.(&) a comparison of the results
energy relation(UBER).2%?’ Finally, the possible limits to from indentation measurements with the Vickers hardness
the strength of the superhard nanocomposites when used aalculated form the projected arég of the permanent in-
functional materialge.qg., thin tribological protective coat- dentation at a load. according to the formula given by
ings) or, possibly in the future, as structural materials for Tabor3?
machine parts will be briefly discussed. Hy=0.927/Ap. 1)

The projected area was calculated from micrographs ob-
Il. EXPERIMENT tained by means of scanning electron microscope whose
Superhard coatings used in the present study were prenagnification was calibrated by means of a lithographic pho-
pared according to the generic design principfdased ona tomask with exact spacing of metallic lines. Prior to the in-
strong, spinodal segregatiéhwhich yields nanocomposites dentation measurements the correction of the indentometer
with hardness between 40 and 100 GP%?*?°and high  for the finite tip radius was carefully dofie®3>¢and we
thermal stability"*>These properties are the consequence ohave verified that the hardness of sapphire and silicon re-
the self-organization of the nanostructure which is free ofmained constant down to a load of 5 njsee Fig. 1b)].
any critical flaws. The sample preparation and characterizeDuring the measurements on the coatings, the indentation
tion were described in our earlier articfe¥:11:24.25 depth was 1.7% and 10% of their thickness for the smallest
The hardness measurements were done by meartS mN) and largest100 mN load, respectively.
of an automated load-depth sensing indentometer Figure Xa) shows a typical example which we found on
FISCHERSCOPE 10(Refs. 29 and 30in a load range be- both nc-TiN/a-Si;N, and nc-TiNA-BN superhard coatings.
tween 5 and 1000 mN. For the comparison of the indentatioiit is clear that the load-depth sensing technique at small
measurements with Hertzian theory, a spherical indenter wittbads of<<30 mN strongly overestimates the hardness of the
a small radius 020 um should be used in order to reach coatings whereas at loads 50—100 mN the values from the
the flow stress in the coating under the indenter at loads ahdentometer and from the projected area of the remaining
100—200 mN, which is compatible with severain thick  indentation determined by a calibrated SEM agree within the
coatings on a softer substrate. However, because of difficuldsual accuracy of-10% of such measurements.
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E Fic. 2. Comparison of the plastic hardness measured by the load-depth
= sensing indentometer technique within the load range=80—1000 mN
% with that calculated from the projected area of the remaining indentation
= which was measured by a calibrated SEM.
=
] gy 3 @
E 15 e e 2 It is interesting and important to note that the ISE is not
B -— 2 r10.2 observed for the hardness data evaluated from the size of the
z 10 ;_8"":;:2'»9“"“? """""""""""""""""""""""" ¢ -® < projected area of the indentations determined by means of
5_' Sd ras o the calibrated SEMsee the open symbols in Fig). This is
£ an evidence that the pressure under the indenter indeed
O—————T—T T 1T T~ T—+00 reaches the yield stress of that material. Therefore, the ma-
0 S0 100 150 200 250 300 ID 400 450 500 1000 terial being tested has undergone plastic deformation even if
(b} Load [mN]

it displays a very large elastic recovery upon unloading

Fic. 1. (a) Example of the indentation size effetSE) on 6um-thick  rubber-like” behavion.

nc-TiN/a-BN coatings when determining the hardness from the indentom-  Figure 2 shows a comparison between the hardness mea-
eter at low loads and its absence when the hardness is evaluated from tag red by the automated load-depth sensing indentation tech-
projected area of the remaining indentation by means of a calibrated SEM. . ithin the load-ind dent d the Vick

(b) ISE is absent for the measurement on Si wafer and only very small of'ique within the foad-indepen e_n range an e vic _e_rs
sapphire, even for indentation depth smaller than/m8 This shows that hardness calculated from the projected area of the remaining
the tip correction was done exactly. plastic indentation, measured by means of the calibrated
SEM. A large series of different coatings and different loads
=30 mN was used for this comparisgsee Fig. 2, inset

The agreement of the data is good, within an error of about
+10%—-15% for the whole range. For the purpose of further
discussion we include also measurements at very high loads

. ) of 500 and 1000 mN where the indentation depth reaches
unlikely to be the major source of the errors here because t . .
. . : 0%-30% of the coating thicknegsee Hy(0.05) and
tip correction was carefully done prior to these measures

ments[see Fig. 1b)]. Instead, the severe elastic deformationHV(O'l)]' Clearly, this "composite hardness” of the super-

of the diamond indentefsee below must be considered. hard coatings on a soft s_,te_el su_bstrateR(Z_GP_a) also
. . . . “ .~ .. _agrees reasonably well. This is an important finding because
This deformation results in an increase of the “effective tip

S ) the measurements of the superhardness of 40-100 GPa at

radius,” which leads to an underestimate of the area of th(? : . S

: , : ads where the indentation depth approaches the usual limit

indentation when the standard conversion of the measure0 10% of the film thickness are already influenced by the

indentation depth into the contact area of the indenter ac- 0 . . y y
. i onset of plastic deformation of the substrédéee below.

cording to Eq.(2): : i ) .

In conclusion, the results presented in this subsection
show that reliable measurements of the hardness by the load-
depth sensing technique can be done only within the load-
is used?®323% Equation (2) assumes an ideal shape of the independent regime when the indentation depth exceeds 0.3
Vickers indenter. This effect is more pronounced at lowum, in agreement with the results of Bdft!’ The indenta-

loads. tion size effect observed at lower load is an artifact of that

The indentation size effe¢tSE) of the load-depth sensing
technique at small loadsianoindentationcan have a variety
of origins1®17:37:38ere, the possibility of tip blunting~tis

Ac=26.4%2, 2
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057 E7500P8 03 g =A0GPa tion framework?®?’ Also, the values of “universal hardness”
—— diamond tip - i i i

0 s surface at full load P Hy (hardness under' the maximum applied Ipadtimated

a3]~ = coating's surface after unloading .~ from the calculated indentation curve are somewhat larger

— -—undeformed diamond tip

- than those found in measuremerigbout 13—14 GPa for
Hpasie40—45 GPa and about 19-20 GPa fotp
~90-100 GPa). The latter difference is probably due to the
fact that the present FEM calculations assume a semi-
infinitive material (i.e., very thick coatings whereas the
measurements were typically done on 68-thick coat-
ings where the deformation of the substrate results in an
increase of the measured indentation depth and, conse-
. . : . . . . quently, a decrease of the measured valuélgf Unfortu-
a0 05 0 s 20 nately, the present version of the software cannot account for
Radial Distance [} .

the pressure dependence of the elastic modulus of the coat-
Fic. 3. Example of FEM modeling of the indentation into an ultrahard ings. As we discussed recently, the experimental data
coating showing the significant elastic deformation of the diamond indenterstrong|y suggest that the very high values of elastic modulus

of 500—-700 GPa obtained from the unloading curve of the

indentation are enhanced due to the high pressure under the
technique caused probably by the elastic deformation of thindenter which approximately corresponds to the measured
diamond indenter. It does not appear when the hardness fgrdness of the coating¥:*®
evaluated from the projected area of the remaining plastic Observing the significant elastic deformation of the dia-
indentation. However, even the agreement of the hardnegpond shown in Fig. 3 it becomes clear that the load-depth
values obtained by these two different evaluati¢gee Fig. sensing indentation technique will yield higher values of
2) does not guarantee that the resultant values are corredtardness, particularly at small loads where the deformation
When only 4—6xm-thick superhard coatings are producedof the tip makes a larger contribution. This is due to the fact
and measured the obtained values represent the compositet in the load-depth sensing technique the contact area of
hardness of the coating and softer substrate, i.e., they mafe indenter and the coatings is calculated from the indenta-
underestimate the actual hardness of the coatings. This willon depth assuming the ideal shape of undeformed diamond
be discussed in Sec. Il1 B below. is maintained[H=1/26.4%? (Ref. 29]. Disregarding the
elastic deformation of the diamond indenter as shown in Fig.
3 clearly yields an underestimate of the corrected indentation

If not accounted for, the elastic deformation of the dia-depthh,.
mond indenter can cause various problems as it is illustrated Such a significant elastic deformation of the diamond in-
by the results of finite element method calculations for adenter raises the question of its possible damage during such
semi-infinitive (i.e., very thick coating with an assumed measurements which could falsify subsequent hardness data
yield stress of 30 GPa in Fig. 3. The FEM analysis was doneneasured on super- and ultrahard coatings. For this reason
using the ANSYS softwaré with a grid of 8680 elements. I we have periodically checked the tip of the indenter by
order to account for the gradient of strain and stress from theneans of SEM. These checks have clearly shown the ab-
area of contact between the diamond indenter and the coatence of any serious wear or damage to the indenter tip after
ing, a dense grid of smaller elements was chosen near thewas used for many daily measurements over a period of
contact point and was coarsened going outward. The exachore than one year. This is well understandable in view of
size depended on the maximum applied load. The input pahe anisotropy of the elastic constants of diam&hdhose
rameters for each modeling study were the Young’s modulustrength under pressure is 8—10 times higher than under
E, Poisson’s ratio, and yield stress-,, which are indicated shear! Therefore, the diamond indenter which is loaded pre-
in Fig. 3. They were chosen in agreement with the manydominantly in compression sustains much larger loads with-
measured experimental data reported in our earlier papersut plastic deformation or cleavage than the coating which is
More details on the present FEM study can be found in Refloaded in a more complex manner in shear and terfSion.

35.

From Fig. 3 it can be seen that the hardnésg,; calcu-
lated from the size of the remaining indentation after the
unloading agrees reasonably well with Tabor’s criterion According to the generally accepted “rule-of-thumb” cri-

Hppme (3-3.3 3) terion for ordinary hard coatings the'maxi'mum indentgtion

Plast™ 9 9Y, depth should not exceed 10% of the film thickness. At higher
that is strictly valid for softer materials which, upon the in- loads and indentation depths, the effect of the substrate be-
dentation, respond in a classical rigid—plastic mafth@his  comes important and results in “composite” values of hard-
proportionality factor is somewhat smaller than that of 4 esess and elastic modulus of the coating/substrate pair. This is
timated on the basis of the analysis of the measured indenllustrated by Fig. 4, which shows the composite hardness of
tation curve$® in terms of the universal binding energy rela- a 6-um-thick nc-TiN/a-SizN,/a-TiSi, coating on 50Qum-

)
»

- -)
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> ¢

Indentation Depth [um]
K=
-

&
s

&
s

£

A. Deformation of the diamond indenter

B. Deformation of the substrate
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Fic. 5. (a) Example of development of plastic strain in au-thick coating
(E=550 GPagy=20 GPa) and the underlying steel substrate substrate
0 . . . . . T . T . ' (H=~1.5 GPagy~0.28 GPa) upon indentatioth) Equivalent plastic strain
0 200 400 800 800 1000 in the steel substrate as a function of the coating thickness, for yield stress of
the coatings indicated in the figure. The indentation depth ofudmBwas
(b) Load [mN] kept constant in these calculations.

Fic. 4. (a) Example of a typical indentation curve at a maximum load of 70
mN. (b) Measured composite Vickers hardness of uré-thick
nc-TiN/a-Si;N, /a-TiSi, coating on a 50Qsm-thick soft H,~1.8 GPa)  modulus of 205 GPa, a Poisson’s ratio 0.3, yield strength 280

steel substrate vs applied load. MPa, ultimate strength 600 MPa, work hardening exponent
of 0.2, and hardness of about 1.8 GPa. The results shown in
Fig. 5 are instructive. The insets in Fig(b® indicate the
thick soft steel substrateH(,~ 1.8 GPa) versus applied load assumed yield stress of the coating. For each FEM calcula-
up to 1000 mN where the indentation depth reaches 30% dfon the maximum applied load was chosen so as to obtain
film thickness leaving a severe plastic indentation of almostlways the same, constant indentation depth ofyO8 One
2 um depth in the substrate. However, it is remarkable tonotices, that already for coatings with a yield stress of 10
note that even at such a high load of 1000 mN and totaGPa(i.e., hardness of about 30—33 GRathickness of &um
strain of almost 30% the composite hardness measured by needed in order to avoid noticeable plastic deformation of
the indentometer is about 45 GRhe calibrated SEM yields the substrate. This thickness increases with increasing hard-

a somewhat smaller value of the hardness, see hel®iwi-  ness. For ultrahard coatings a thickness=df2 um is re-
lar behavior was found on several other coatings for manyjuired in order to avoid plastic deformation of the substrate.
indentations. Thus, our earlier measurements on super- and ultrahard coat-

For both correct measurement of the hardness of the coaings with thicknesses in the range of 3.5u6 may have
ings as well as for the following Hertzian analysis it is im- somewhat underestimated the real hardness of the
portant to know the maximum allowable rafig, of the in-  coatings:?>*?°> One notices that although the indentation
dentation depthh,, to coating thicknesst;gaings hn depth is only 0.3um, plastic deformation of the coating
= Nmax/teoaingWhere no significant plastic deformation of the extends to a depth of about Am while underneath, the
substrate occurs. The FEM study allows this determinationcoating is deformed only elastically. However, the concomi-
Thus, consider the specific example of the plastic deformatant elastic strain at the coating/substrate interface is suffi-
tion (“plastic strain”) in a soft steel substrate with a Young’s cient to cause plastic deformation of the lafter.
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Based on these results, which represent the basis for cor- 0,40
rect indentations measurements on superhard nanocomposite .
coatings, we shall verify under which conditions the unload- 0,35 1 '
ing curve can be used to evaluate the true elastic response of l st
the coatings. This will be done by means of the Hertzian _, 0,30 1 23
theory in section 4.1. In Sec. IV B, we shall use this theory to g 0.25 ]
estimate the lower limit of the tensile strength of the coat- ¢ ™ |
ings. §- 0,20 4
5 1 H = 113.20 GPa
§ 015 o HU= 22.20 GPa
IV. HERTZIAN ANALYSIS OF THE $ 17 E= 698.34 GPa
SELF-CONSISTENCY OF THE MEASURED E 0097 # Wee 751 10 (83.16 %)
MECHANICAL PROPERTIES 0,057 Wr=1.48nJ (16.84 %)
A. Verification of true elastic unloading upon corrected depth 0.153 um
indentation and effect of cracking 0,00 4+ —~+~—F——F——7FT—+—7TF—"—F"—""T"——
) 5 | g 0 10 20 30 40 50 60 70 80
Quite recently we have sho or several super- an @ Load [mN]

ultrahard nc-TiNA-SizN,/a- and nc-TiSj coating H
>100 GPa) with high elastic recovery that the unloading
curve meets very well the Hertzian relationsfip

| EZR
~" 186

between the indentation depki{L) and the load.. In this
article, we shall extend this analysis to a series of super- and
ultrahard coatings with a high elastic recovery of 80%—94%
in order to assess to what extent their behavior upon unload-
ing can be considered as true elastic response. Furthermore,

2|L 4
+§ﬂ, (4)

1
Inh(L)=3

=)

=
11
A

Indentation Depth [um]

—— Experimental plot

we shall show that crack formation in a number of discrete - - - Hertzian fit

steps in the coating under very high loads corresponding to a ——e —

strain of 5%—-20% can be observed on the loading curve and 10 100
as a deviation of the unloading curve from the ideal Hertzian, (o) Load [N

loQ(h)_|09(L)’ behavior as Q'Ve” by, Eq4). Fic. 6. (8 Indentation depth vs load curve into aboutufit-thick
Figure &a) shows the indentation curve for a ternary nc.tinja-SiN, /a-TiSi, coating with a total Si content of 6 at. % for a
nc-TiN/a-SisN,/a-TiSi, nanocomposite with an average maximum applied load of 70 mNb) Corresponding Hertzian plot.
hardness of about 100 GPa and Fi¢h)&he corresponding
Hertzian plof Eq. (4)] for the unloading curve. Figures 7 and
8 show the same behavior but for much larger loads of 500 A large number of measured and evaluated curves for
and 1000 mN, respectively, where the coating/substrate pathese superhard nanocomposites also display perfect Hert-
is already operating within the regime of the plastic defor-zian respons@Eqg. (4)] as long as no cracks are formed. If
mation of the substrate as discussed in the foregoing sectionne or two cracks appears at the periphery of the contact
For all the loads used, the unloading curves give a fairlyupon a larger load and indentation depth, it can be detected
good, logh)—log(L), dependence according to Ed). as a discrete step on the loading curve and the unloading
These are few examples of many similar indentations obeurve shows a deviation from the Idgtlog(L) behavior of
tained on a series of coatings. This is underlined pictoriallyEq. (4). This is illustrated by Fig. 16? If more cracks are
by Fig. 9, which shows SEM micrographs of the remainingformed, they can be seen as a series of discrete steps on the
indentations for a series of four systematically increasing inioading curve and the unloading curve shows a strong devia-
dentation loads. Although the 64dm-thick coating was tion from the Hertzian plot.
pressed almost Zm into the soft steel substrate, the com-  The results presented in this section show that the unload-
posite hardness of the coating/substrate system is about 4g curves of sufficiently thick and strong coatings which do
GPa from the load-depth sensing measurenise¢ Fig. 4  not show any sign of crack formation display a very good
and about 35—40 GPa from the SEM micrographs. No crackblertzian logf)—log(L) linear dependence according to Eg.
formation can be observed neither on the indentation curve®l), particularly within the range of load between 30 and 150
(see Figs. 6, 7, and)&or on the SEM micrograptsee Fig. mN, where usually the load-independent hardness and a
9(a)], even for the indentations that are aligned diagonallylarge elastic recovery of 80%—94% is found. Based on these
next to each othefFig. Ab)], i.e., in the direction of the findings our analysis can be extended further to try to esti-
largest stress. mate the tensile strength of these coatings.

JVST A - Vacuum, Surfaces, and Films



538 Veprek et al.;: Super- and Ultrahard nhanocomposite coating 538

14
| 2,0
1,2 e .
1 ) E
= 1,0 R = 151
£ . . c
3 . B
a
£ 0,8 . .
§ . . 5 1,0
o ] g |7 H=4454GPa
§064 7 7 H=5035GPa k5 ‘ H=1053GPa
8 ) HU=12.82 GPa o5 E=Z0BGPa
$ 04 E-modul= 312.61 GPa VMri)=72818
" Wi= 222.64 nJ Vr)=51228 70384
15 We= 159.55 nJ (71.66 %) 0l \MOr2RE Dew
0,2 4 :‘. Wr= 63.09nlJ (2834 %) 0 200 400 600 800 41000
corrected depth 0.613 pym Load [N
0,0 -—_—
0 100 200 300 400 500
(@) Load [mN]
T
=
£
_— 2 -
E - 2 e
- =] -~
= = o«
£ / E o, o
= - g e
g - = -
E 0.1 ./.,-"" ,/
Z el -7
- /// AL AL | T N M AL
o 10 100 1000
B Load [N
AR | v ML | v AL LI |
0 100 1000 Fic. 8. Same coating as for Fig. 6 but when the indentation was done at a
{b) Load [miNl maximum applied load of 1000 mN, where the indentation depth now

. . . . reached almost 30% of the coating thickness.
Fic. 7. Same coating as for Fig. 6 but when the indentation was done at a

maximum applied load of 500 mN, where the indentation depth reached
almost 20% of the coating thickness.

within a very small range of strair<0.01. For a larger
) ] strain ofe <eg,, the elastic response is still reversible but it is
B. Estimate of the tensile strength of the super- and nonlinear, i.e., it cannot be described by Hooke’s law with a
ultrahard nanocomposites constant elastic modulus. In real materials which are subject
The maximum possible, “ideal” strength of materials canto deformation at macroscopic scale the presence of flaws,
be appropriately discussed in terms of the universal decohesuch as dislocations and microcracks results, in an onset of
sion curve shown in Fig. 11 for a material responding purelyplastic deformation already at a relatively small yield strain
elastically without any accompanying plastic flow. The uni-ey of the order of 102 for ductile metals which undergo
versal decohesion curve is related to the first derivative of therystal plasticity by dislocation activity and ef 102 for
interatomic bond energi, with bond distance, i.e., the  brittle materials due to the presence of microcracks. The cor-
restoring force which is acting at the elastically deformedresponding yield strength of the materialods=Eyey. The
bond at a distanca#a, (a9 is the equilibrium distange ideal decohesive strength, of a material corresponds to the
The dilated bond distance,,~1.2a, corresponds to the stress ate, (see Fig. 1L Obviously, o> 0oy . Typically,
maximum strain of an interatomic bond before fracttfre. o, ~(0.1-0.3) of Young's moduldé*°ande,,<0.2, i.e., an
For dilatationa<a,, the dilatation is reversible. Thus, in a interatomic bond can sustain a large strain of up to 26%.
flaw free glass the maximum strain that can be recovered The universal binding energy relatfrt’ (see, also, Ref.
reversibly approaches 20% and the decohesion streng#f) provides an in-depth theoretical treatment of this prob-
20%-30% of Young’s modulus. lem and vyields for the ideal decohesi@ensile strength of
The slope of the tangent to the decohesion curve at theaterials which do not undergo crystal plasticity or other
equilibrium (i.e., zero straipis Young’s modulus€y, which  modes of shear flowi.e., in which dislocation mechanisms
describes the linear elastic behavior of the material. Frondo not work, such as for the superhard nanocomposites being
Fig. 11 one sees that the material responds linearly onlgiscussed het&!d Eq. (5):
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Fic. 9. (a) Scanning electron micrographs of a series of indentations into a
6-um-thick nc-TiN/a-SizN, /a-TiSi, nanocomposite with hardness around -
100 GPa: four arrays of three indentations starting from the bottom, were
done at applied loads of 1000, 500, 200, and 150 rfii\.Detail of two

indentations at 1000 mN next to each other showing absence of any crack g
formation. —
=
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B
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—+— Experimental plot
---- Hertzian fit

Using values of Young’s modulug of about 400 GPa, sur- Q014

face energyys of about 2.5 J/rhand equilibrium interatomic T e T T T 000
distancea, of 0.125 nm, which are typical for materials such ~ © Loedd {(mH)

as nitride ceramics, yields a value of the .'deal cohesiveys 19, about 4.7um-thick nc-TiN/BN superhard nanocomposite coating
strengthoc of about 46 GPa. In the following, we shall on steel substrate deposited by plasma C{ERf. 43, which has been

show that the tensile strength of the superhard coatings ajidented at a relatively large load and indentation depth reaching about 17%
proaches this value. of film thickness. The two cracks formed upon indentation can be seen on

. . . . .both the SEM micrograph(a) and the indentation curveb). The
Upon 'ndent?'t'on- the maX|m_um te_nS'Ie stress deVEIOp_S ”ibg(h)—log(L) plot (c) shows a small but clearly observable deviation from
the surface region of the material being tested at the periphhe linear Hertzian relationship E¢4).

ery of the contact between the indenter and the material un-

der test. Within the framework of the Hertzian theory for a

spherical indenter this “radial stressir is given by Eq. Herewvis Poisson’s ratiol. the load, andR the radius of the
(6):4? spherical indenter. As mentioned above, the geometry of the
Vickers indenter with the angle of 136° was chosen in order
to match closely the Brinell spherical offeHowever, for
microindentation at indentation depthof 0.3—2um used in

_ 2\ 1/3
e ZV)(LE) ©

TR 2467 | RZ
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& Fic. 12. Examples of nanocomposite coatings with different values of hard-
PN ness, which were used for the present analysis. Each point corresponds to an
= average of five measurements with an average error of ab&6®6. For
2 two coatings also the composite hardness of the system coating/soft steel
lu—’ substrate at very high loads is given. The inset shows the composition and

the thickness of each coating.
Fic. 11. Universal decohesion curymot to scale; see the text

exclude the above-mentioned indentation size effect, which
may falsify the hardness data obtained from the load-depth
our measurements the effective tip radius changeshvi&t  sensing technique alone.
small loads and indentation depths it approaches the radius All the loading indentation curves were free of any sign of
of the tip of about 0.5um,***®and increases with increasing cracking and the unloading curves showed very good linear
h. Therefore, we can use the experimental data to estimateg(h)—log(L) behavior in agreement with the Hertzian
the radial stress at the maximum load upon indentation onlyheory. Because the effective radius of the tip calculated ac-
at small loads where the value of the radius calculated frontording to Eq.(7) increases with increasing load for the ob-
the Hertzian analysis is close to OuBn. The radius of the vious reasons mentioned above, we calculated the radial ten-
indenter is estimated from E¢7) for the indentation depth  sile stress according E() only for indentation curves at the
relative to the initial plane of the indented mateffal: smaller loads of 50—100 mN where both the lg{og(L)
plot was linear and the calculated tip radius close toir
The results are shown in Fig. 13. Of course, these results are

2\ 13
h= 1'2% E2R| () only rough estimates because the load-depth response is not

For the quaternary ultrahard nc-Tid/Si;N,/a- and
nc-TiSk, coatings, which had very high hardnesses>df00 * noTNagN/a &noTig,
GPa and elastic recovery of 94%, the estimated tensile radial * noTiNaEN
stress(6) was about 33 GPa closely approaching the ideal a0 ° FEMcdadations 1
cohesive strength of 46 GPa estimated abdvidere, we
extend the analysis to the ternary nc-TaNBisN,/a-TiSi,
nanocomposite with a total Si content of less than 10% and
to the new, binary nc-TiNI-BN ones* The hardness of
these coatings ranged between about 40 and 100 GPa.

Figure 12 shows several examples of nanocomposite coat-
ings with different values of hardness which were used for
the present analysis. All these coatings show a fairly well-
defined range of load-independent hardness and even a high *
composite hardness of the coating/substrate system at very * *
high loads of 0.5-1 N. The very high average value of sev- 0 4 e 8 10 1o o
eral measurements of the hardness of about(3880) GPa Hadhess [GPal
at a load of 30 mN for one of the coatings is shown here to
emphasize that such extreme|y h|gh values were often founaG. 13. Radial stress calculated from E), which the superhard coatings

: : sustain without any cracks formation vs hardness. For all the indentations in
on our coatings at a load 6£50 mN but were disregarded various coatings used here, both the g{og() [Eq. (5) was linear and

_by us because it was imppssible to verify the values from thene tip radius estimated from E7) was close to 0.5um]. Open symbols
indentometer by SEM micrographs and, in such a way, tare the results of FEM calculatidsee below.

g
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purely elastic. Nevertheless, even when assuming a possibéediameter of 0.05-0.2am reach tensile strength up to 20
error of the order of the fraction of plastic strain in the total GPa and similar strength was obtained for a variety of whis-
deformation upon the indentation to be 6%—2Q%tice that kers(see Table | in Appendix A in Ref. 21A similar tensile
the nanocomposite with hardness of 50—-100 GPa show elastrength was found also for thin glass fibers as reported by
tic recovery of 80%—93%, respectivé??>34 one can see Griffith already in 192¢** For example, tensile strength of
that the superhard nanocomposites with the compositiofresh silica fiber can reach 1Ref. 2] to 24.1(Ref. 46 GPa
nc-TiN/a-SisN,/a- and nc-TiSj are indeed very strong ma- when measured under vacuum. However, when exposed to
terials which sustain tensile stress of several 10 GPa. Thair for several hours the strength strongly decreases to 0.1—
new nc-TiNA-BN superhard nanocomposite performs also0.3 GPa due to a chemical attack of the surface by moisture
reasonably well but still did not reach the quality of the which results in pitting that serves as nuclei for crack
former ones. initiation 2444% The elastic limit is also in the range of
For the assessment of the mechanical properties of a ma=0.5%. Similar considerations apply to other glas3es.
terial one has to estimate also their elastic limit. As discusse@hus, the nanocomposites compare fairly well with these
and explained in our recent articlEs:® the nanocomposites materials(see Fig. 15 Moreover, they show a very large
show an unusual combination of high hardness and higheversible(elastig recovery limit although the material under
elastic recovery. As a first approximation of the elastic limitthe indenter operates in the nonlinear regifsee the deco-
we can use the fraction of elastic recovery of about 80%-hesion curve in Fig. 12 and related discusgion
93% (Refs. 1, 15, 25, and 34n the total deformation when  Like many of the strong glass fibers and whiskers, the
the total indentation depth reaches 15%-25% of the coatinguperhard nanocomposites consisting of phases with polar
thickness. This gives an upper limit of 10%-20% of a strainbonds(e.g., TiSj, TiB,) are expected to show a decrease of
which can recover reversibly. Under such large local strainthe hardness during a long-term exposure to air. This is par-
the local behavior of the material will be highly nonlinear ticularly the case for the ternary and quaternary nanocompos-
(see the universal decohesion curve in Fig), Hut since jtes nc-TiNA-Si;N,/a- and nc-TiSj, which can keep the
much of the elastic indentation response comes from the disriginal hardness for a period of several months to one year
tant field, which must still be linear, the Hertzian responseput show a decrease of the hardness afterwHr@egrada-
continues to hold. Notice that the majority of indentationtion of superhard coatings which lost hardness after a period
curves of the superhard coatings indeed show such a highf 1—2 years was reported by Andriev&kior TiN/ZrN and
elastic recovery. Moreover, a large part of the deformationtiN/NbN multilayer coatings and by Karvankova for the
seen, e.g., in Figs. 8 and 9 would recover elastically if thezrN/Ni coatings where the superhardness is due to energetic
thin coating would not adhere so well to the steel substratgon bombardment during their depositiGhHowever, the bi-
which was under the indentations plastically deformed. nary nc-TiN/a-SikN, and nc-TiNA-BN, whose hardness
The extraordinary high values of tensile stress obtainegeached 50 GPa remained stable for the whole period of ob-
from the Hertzian analysis are supported also by the FEMservation of about 4 ane:1 years, respectiveff:*° It is,
calculations for a conical indenter with an angle of 136°therefore, a challenge to try to prepare ultrahatd 80—100
assuming axial symmetry. The results are represented in tW@spy nanocomposites consisting of ternary and quaternary
dimensional plots with the axes of the indenter correspondsystems with nonpolar bonds, which would remain stable
ing to the ordinate¥ on the left and the radial distance being ypon exposure to air for a long period of many years.
parallel to the abcissX. Two illustrative examples areé  The data presented in this article and their analysis show
shown in Fig. 14 for a coating with a hardness of about 10Gat the very high hardness and tensile strength of the nano-
GPa (y=30 GPa). Figure 14) shows the distribution of ¢omposites discussed here are not unexpected for nanostruc-
the stress within the coatings under the indenter at an appliegired materials formed by self-organization during thermo-
load of 200 mN. One notices the compressive sttes)  gynamically driven spinodal decomposition, which results in
under the indenter and the tensile strees) at the periphery  he absence of critical flaws. This makes these materials sub-
of the contact. Figure 18) shows the radial stress close t0 giangially different from the ordinary coatings where the su-
the surface of the coating. It is seen that perhardness is achieved by energetic ion bombardment dur-

(1) the maximum tensile stress appears as expected at ﬂl'@g their deposition. Itis not only the low thermal stability of
periphery of the contact between the indenter and théhe latter, but probably also the fact that the hardness of the
coating, and so called Me(1)N/Me(2) “nanocompositesﬁ strongly de-

(2) the maximum value of about 22 GPa agrees very welcreases when the fraction of the ductile mé#s(2) phase,
with the estimates based on the Hertzian theory andvhich does not form any stable nitride, increases approach-
shown in Fig. 13 by the open symbols for three coatingdng the percolation threshofe.g., Cu in ZrN/CuRef. 50].
with different yield stress, i.e., different hardness. One important point has to be emphasized as regards the

comparison of the extraordinary high strength of our super-

hard nanocomposites with other strong materials as shown in
The experimentally found upper limit of the tensile Fig. 15. The strength and elastic limit of the wires, whiskers,
strength of 100xm-thick wires of strong steels reaches 4—5and fibers with a diameter of 0.05 to about 10t were

GPa and the elastic limit of about 0.5%Tungsten wires of obtained in tensile stress experiments where the material

C. Comparison with other strong materials
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Fic. 14. FEM calculation of the radial stress distribution in the coatings under the indenter at a large load of 28Ganththe radial stress close to surface
of the coating at a load of 70 mib) for a coating withE=750 GPa andr,= 30 GPa(i.e., hardness of about 100 GPa

40-

were subjected to a uniform strain within the linear regime
up to the onset of yield and fracture. In particular, the freshly
drawn silica fibers have an extraordinary high ratio of the
fracture stress to Young's modulus of 0.@ef. 21 to 0.28
(Ref. 46 under these conditions. The indentation technique
probes the material locally at a microscopic scale of a diam-
eter of several microns and a volume of about 1G=tb00
um®, and the strain/stress field is highly nonuniform. Fur-
thermore, the regions of the coatings under the indenter and
at the periphery of the contact where the highest tensile stress )
occurs are operating in a highly nonlinear regifsee Fig. oLt
14 and the discussion abgvéhus, the extraordinary high 10
tensile strength found for the nanocomposites refers, strictly Elastic Limit [%]

speaking, to a tested area of a digmete_r of about .‘?ﬁnho Fic. 15. Tensile strength and elastic limit of strong materials in comparison
whereas that of the whiskers and silica fibers to a diameter afith the superhard nanocompositege the tejt
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0.05—-10um (except of the thinner tungsten wijesnd uni-  niques for the preparation of bulk samples and their adequate

form stress over a larger length. mechanical testing is needed in order to verify if these prop-
This is not any limitation to the properties of the nano- erties may also be obtained at macroscopic scale in order to

composites with respect to their use as tribological protectivenake these nanocomposite useful also as structural materials

coatings for machining operations. However, their extraordiin the future.

nary properties on the microscopic scale do not necessarily

imply that they will be performing equally well also at a
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