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Abstract

The present communication proposes a new model for the computation of the composite hardness of coated systems as a
function of the relative indentation depth, the hardness of both coating and substrate and two material constants that characterize
the performance of the film during the indentation test. The model is developed from several important considerations which can
be summarized as follow$1) The substrate starts to contribute to the composite hardness at penetration depths of the order of
0.07-0.2 times the coating thickness, as suggested in the literé2rdbove such a boundary the composite hardness depends
mainly on the intrinsic hardness of the coating, whereas below it such a hardness is determined essentially by the hardness of the
mixture that encompasses the remaining part of the film and the plastically deformed substrate rt@\drie. hardness of such
a mixture is assumed to be constant, except for the possible indentation size effect that could be displayed by the(ddbstrate.
The composite hardness is given by a linear law of mixtures in terms of the hardness of the coating and such a mixture, and the
volume fraction of both materials under the indenter, at any given depth of the latter. It is shown that the model proposed
describes very well the hardness data obtained in different systems including: Ti and TiC formed on a chromium steel of a high
carbon content; TiN; TiCN and CrN deposited on M2 steel; and, TiN  ,oBN 9N, g, Zdy  and gk deposited
on 316L stainless steel substrate. The results are also compared with those derived from the models earlier advanced by Jonssol
and Hogmark, Burnett and Rickerby, Chicot and Lesage and Tuck et al., without taking into consideration the indentation size
effect of the film. It is shown that the modified version of the earlier model put forward by Korsunsky et al., published recently
by Tuck et al., constitutes a particular form of the model here proposed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction macro indentation tests play a fundamental role since
they could be very efficient in the evaluation of the

The optimization of deposition processes employed mechanical response of a film—substrate system to

in the synthesis of thin hard coatings used in many contact stresses, which makes them a very useful and
industrial applications has led to development of differ- cost-effective tool in the process of selection and optim-
ent experimental techniques for the characterization of jzation of coatings for particular applications. However,
such complex systems. Particular attention has been paidhe interpretation of the indentation data obtained from

to the evaluation of the way in which such systems ,ated systems could be very complex due to different

(rjesr:onq[[ to tcoﬂt"’.‘Ct Ioat(ﬁl]s,t by Irgegns Otf .S|mple£_ NON- reasons. Firstly, the fact that the response of the system
estructive techniques that cou € put in practice in depends significantly on the scale of contact, being
standard industrial laboratories. Among these, micro and ; ! )
dominated by the film hardness at small scales in

*Tel.: +58-212-6628927; fax:-58-212-7539017. comparison with the coating thickness and by the sub-
E-mail address: epuchi@reacciun.véE.S. Puchi-Cabreja strate hardness at large scales. Secondly, the observation
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Fig. 1. Schematic drawing of the cross-section and top view of the indentation process of a coated material.

that both the film and substrate hardness themselves?. Details of the model proposed

could also dependent on the scale of contact, giving rise

to an indentation size effediSE) in both materials. Fig. 1 illustrates schematically a cross-section and a
Thus, in order to determine the hardness of both mono-top view of the indentation of a coated substrate employ-
and multilayer thin films from standard indentation tests ing a Vickers indenter. In this figure] represents the

a number of models have been developed in the pastindent diagonal and the indent depth. For the Vickers
few years[1-17. More recently, an investigation has indenter the angle between opposite edges is°,146
been carried ouf18] in order to modify some of the \whereas that between opposite faces is°’138e model
classical models available, in particular those advancedproposed here considers as a first approximation that,
by Jonsson and Hogmark2], Burnett and Rickerby  according to Fig. 1, the contribution of the substrate to
[5,6], Chicot and Lesaggl0] and Korsunsky et al13], the composite hardness takes place as soon as the
by incorporating the ISE of both the substrate and film indenter crosses the boundary defined’ gdetermined
through the power relationship proposed by Meyer, for by some fraction,f, of the film thickness and not the
the description of the change in hardness with the coating thickness itself.. Hence, as it is shown in the
indentation diagonal. In this latter study, a numerical above Figuref . =fi..

least square non-linear regression algorithm was also Therefore, above this boundary the composite hard-
outlined in order to compute the constants involved in ness,H, depends mainly on the hardness of the coating
any of the modified models. Thus, the present investi- whereas below iff would be determined by the hardness
gation has been conducted in order to develop on aof the mixture that encompasses the remaining part of
rational basis and from simple geometrical considera- the coating and the plastically deformed substrate under-
tions, a different model capable of capturing the essentialneath the film. In the forthcoming, this mixture will be
features of the complexity of the indentation process of described as the ‘substrate’ and it is further assumed
a coated systems and also of describing accurately thathat its intrinsic hardness is approximately constant,
change in the composite hardness of a coating—substratexcept for the indentation size effect that could be
system as a function of the indentation size, the latter displayed by the actual substrate material. The justifi-
employed as a measured of the scale of indentationcation behind such assumptions will be discussed in
during the test. detail in Section 4.
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Also, due to symmetric considerations it is possible [**dXs [** dXs _, z
to concentrate only on the right-hand side of the draw- X~ 1— X<
. . 0 C 0 S
ing. Thus, the total area of the system under the indenter, ) .
A, can be represented by the triangle OAB, whose arealnat is to say:

7"tz (8

0

is given by: 27" 2
1 2tan73 —In(1-Xg=—=k'z7" wherek'=-
an n n
Area of OAB=_-OB-AB = D . . o .
2 2 from which the following equation is obtained:
Similarly, the area entirely under the coatimy, is Y
represented by the area of the triangl&B: Xs=1—exp—k'z") =1 —exp[—k’t’g[t—] ] 9
12 ©
Area of OA’B=10’B’-A'B'=t7° 2 which can also be expressed in terms of the relative
2 2 tan 17 indentation depthZz=z/t.=d/7t. as:
Thus, the area of the ‘substrate’ material under the x__1_exp —kz7) where k=k'r". (10)

indenter,Ag, is simply given by the difference: i ) o
Assuming that the composite hardnedsjs given by

a simple law of mixtures in terms of the volume fractions
of coating and ‘substrate’ and their hardne&s, and

o . Hg, respectively, as suggested by Buckig:
Considering the equivalence between the volume and

A —}[ stan73— — ¢ 3)
sT ot tan 17

area fractions, the volume fraction of the ‘substrate’ #=HsXstH X c (1
material under the indentexs, is given by: expression which combined with the previous equation
2 yields a formulation for the computation of the compos-
? - e ite hardness according to the present model:
Ag ' tan 17 tan 73 9 P '
XS:A_T = 2 H=Hgs+ (Hc— H Jexp —kZ"y (12)
? —a 1'2 where the constants andn represent material parame-
= andae = ——————— 4)

72 tan 17 tan 73 ters that characterize the change in hardness as the
] ) indenter passes from the coating to the substrate and
Also, the volume fraction of the coating under the therefore constitute an important feature of the film-

indenter,Xc, is given by: substrate system.
Xc= & = 5 (5) 3. Experimental ed
©” 2 tan 17 tan 73 72 . Experimental procedure

Thus, the rate of change of the ‘substrate’ fraction as The new model here advanced was tested employing

the indenter penetrates the system is simply given by: different data sets. Firstly, the data published earlier by
X ) 1 Chicot et al.[14] for Ti and TiC films formed on a steel
S (04 (04

oS 2 e Dz oox gt (6) substrate of the following compositidwt.%): 1.2 C, 1
dz 3 7?2 z Cr. According to these authors, the pure Ti film, of 4
wm in thickness, was deposited by magnetron sputtering
under an argon atmosphere and a pressurexoi@ 3
mbar. Subsequently, the transformation of the Ti film
dXs o , into TiC occurred during the annealing of the samples
dz =2Xcz" with —3<n'<-—1 (7a) in the temperature range of 700—-11¢0 for 1 h. On
) ] the basis of X-ray diffraction analysis conducted with
However, for convenience, the above expression couldine treated samples, it was reported, that the complete

As it will be discussed in Section 4, this result could
be generalized by considering that:

be modified further by assuming that: transformation of the Ti deposit took place at 110K

n =n—1 with —2<n<0 (7b) giving rise to an homogeneous TiC film of the same
) . ) thickness as the initial Ti coating. The hardness data

leading to the following expression: was determined employing a Vickers indenter and loads

dXs . in the range of 0.1-10 N. The values reported, corre-

& =2XcZ" (70) sponded to a mean of five indentation for each load.

The second set of data involved a number of standard
The integration of the above expression yields a coated samples produced by filtered cathodic arc at UES

general equation for the change in the substrate fractionArcomat, Inc. In this case, polished discs of 19 mm in

with the indenter stroke: diameter and 5 mm thick of a M2 tool steel were
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Fig. 4. Change in hardness with indentation diagonal for a CrN film

Fig. 2. Change in hardness with indentation diagonal for a Ti film of of 1.12 um in thickness, deposited on a M-2 steel substrate.

4 wm in thickness, deposited on a Cr steel substrate.

cleaned ultrasonically in acetone and isopropyl alcohol ~ On the other hand, in the present work, a number of
and subsequently coated in the LAFADsystem at  Samples of 316L stainless steel with a cylindrical shape,
UES Inc, Dayton, OH, USA with CrN, TiN and TiCN  Were polished mechanically to a specular finish and
films, whose thickness varied between approximately 1 coated industrially by unbalanced magnetron sputtering
and 4 um. Prior to the introduction of gases such as at Teer Coatings, Hartlebury, UK, with TiN and ZrN
argon, nitrogen and methane, the deposition chamberdeposits of three different stoichiometries: Jiy
was evacuated at a pressure ok 70 * Pa. TiN and  TiNoes TiN 075 ZIN 050 ZIN o 60and ZIN o 7All these
CrN were deposited employing Ti and Zr cathodes, coatings had a mean thickness of approximatejyn3.
respectively, in filtered arc mode in nitrogen atmosphere. Vickers hardness tests were conducted on such samples,
The TiCN film was deposited employing Ti cathodes in €mploying loads of 0.049, 0.098, 0.245, 0.49, 0.98, 1.96
a mixed atmosphere of nitrogen and methane. Thea@nd 3.92 N. At least 12 measurements were conducted
hardness data for the CrN and TiCN coatings were for each load applied. SEM techniques after proper
obtained employing loads in the range of approximately calibration, were also employed in order to evaluate the
0.15-9.8 N, whereas those for the TiN film were indentation size produced at the lowest loads used and

obtained with loads in the range of approximately 0.25— the possible occurrence of fracture in the coating under

9.8 N. these testing conditions.
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Fig. 3. Change in hardness with indentation diagonal for a TiC film Fig. 5. Change in hardness with indentation diagonal for a TiN film
of 4 wm in thickness, deposited on a Cr steel substrate. of 3.25um in thickness, deposited on a M-2 steel substrate.
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Fig. 6. Change in hardness with indentation diagonal for a TiCN film Fig. 8. Change in hardness with indentation diagonal for a,ZiN
of 3.25um in thickness, deposited on a M-2 steel substrate. film of 3 wm in thickness, deposited on a 316L stainless steel
substrate.

4. Results and discussion

taking into consideration the indentation size effect of

Figs. 2—12 illustrate, as solid points, the change in the coating, is given by the following relationships:

the composite hardness as a function of the logarithm
of the indentation diagonal ippm and, as solid lines,
the description of the experimental data by means of
four well known models reported in the literature, and
the new model proposed in the present work. The
numerical results corresponding to the different models
applied, for each of the coatings analyzed, are reportedchHSJr{%

in Tables 1 and 2. The first two models analyzed were
those advanced by Burnett and Rickerlfy,6] and HAY2  (HOY2
X [[EF] +[ES] ]tanwg}(HF—Hs), (14)
F S

H:\Y?t
He=Hs+3H—H g[—J a°tanl/3§ (13

Er

and

Chicot and Lesag¢l10Q] for which the composite hard-
ness as function of the indentation diagonal, without
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Fig. 7. Change in hardness with indentation diagonal for a, ZiN Fig. 9. Change in hardness with indentation diagonal for a,JiN
film of 3 wm in thickness, deposited on a 316L stainless steel film of 3 wm in thickness, deposited on a 316L stainless steel
substrate. substrate.
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Fig. 10. Change in hardness with indentation diagonal for a,ZgN Fig. 12. Change in hardness with indentation diagonal for a,ZgN
film of 3 wm in thickness, deposited on a 316L stainless steel film of 3 wm in thickness, deposited on a 316L stainless steel
substrate. substrate.

advanced by ‘Jonsson and Hogmdg®, according to

respectively. In the above expressiofi%, and Eg rep- which the composite hardness is given by:

resent the Young’s modulus of the film and substrate, 5

respectively, and the indenter semi-angl€73°). As it H.=Ho+ [ZC& _[Cf_c] ](HF—Hs) (15)
is shown in Table 1 the Chicot—Lesage model predicts = ° d d

values for the film hardness somewhat greater than those{/vhere the constanf can take a value between 0.5 and

obtqm.ed from the Burn_ett—Rmkerby model. However, 1, depending on whether the coating tends to fracture
as It Is shov_vn m_the figures mentioned _be_f"fe' both or to deform plastically during the indentation. Figs. 2—
mode!s provide virtually the same descnpnon_of the 45 illustrate clearly that this approach, although gives
experimental data and even in some cases it iS NOljse 1 5 relatively satisfactory description of the exper-
poss_lble to distinguish between the descriptive curves;qantal data, it breaks down at indentation diagonal
predlcted_ by each model. . , values lower than those measured experimentally, obvi-
The third model employed in the analysis was that gy due the polynomial form that is prescribed for the
expression of the coating fraction under the indenter.

70 Table 1
@\(b) (a) Burnett-Rickerby Values of the parameters involved in the models advanced by Burnett
60 - and Rickerby[5,6], Chicot and LesaggL0] and Jonsson and Hogmark
(b) Chicot-Lesage [2], for the different materials analyzed
o 50 (c) Jonsson-Hogmark Material Hardness model
940 L (d) Korsunsky et al. Burnett— Chicot—-Lesage "Jonsson—Hogmark
a Rickerby
w @) (e) New Model
530* He, GPa r2 He, GPa r2 Hsg GPa C 12
£ 20l Ti 5.95 0.996 7.08 0.996 6.56 0.50 0.993
TiC 25.6 0.956 28.0 0.955 19.7 1.00 0.991
CrN 20.4 0.845 23.3 0.845 26.5 0.50 0.848
10~ TiN 29.1 0.949 29.8 0.949 30.2 1.00 0.768
TiCN 36.5 0.947 385 0.947 445 0.80 0.976
09 : TiNoss 15.8 0.977 17.3 0.980 15.5 0.50 0.931

0 TiNoes 185 0972 206 0972 202 050 0.962
- TiNo7s 23.4 0.980 26.9 0.980 32.5 0.50 0.939
ZrNoso  14.4 0.970 15.6 0.970 13.3 0.50 0.966

Fig. 11. Change in hardness with indentation diagonal for a,ZsN ZrNoso 17.8 0.993 19.7 0.994 18.9 0.50 0.961
fiIn; tof t3 pm in thickness, deposited on a 316L stainless steel zN .. 216 0.993 24.6 0.993 27.4 0.50 0.954
substrate.

Ln (d, mm)




E.S. Puchi-Cabrera / Surface and Coatings Technology 160 (2002) 177-186 183

Table 2 proposed by Tuck et al[15]. In the case of the CrN
Values of the parameters involved in the models advanced by Tuck coating the reverse behavior can be seen, a trend that
et al.[15] and the present model - ’

could be due to the particular set of hardness data
Material Hardness model available for this coating which rendered the lowest
determination coefficient of all the materials analyzed.

Tuck et al. Present model Also, in Table 2 it can be observed that the values of
Hs, GPa k n r? HsGPak n r? the constank are lower in the new model in comparison
T 575 508 161 0996 729 224 0.68 0.987 yvith Tuck et al. modeI[1'5] and that the exponent is
Tic 30.9 559 1.04 0.992 44.7 232 0.42 0.983 In the range of approximately 0.4-0.9. In the model
CrN 31.0 7.99 0.73 0.843 33.7 2.30 0.25 0.824 published by Tuck et al[l5] this exponent varies
TiN 23.2 3.85 1.88 0998 293  1.88 0.82 0.996 phetween approximately 1 and 3. The determination

TICN  51.0 18.3 2.15 0.994 68.8 3.57 0.90 0.992
TiNoss 20.0 31.8 1.97 0.999 31.3 455 0.75 0.996
TiNoes 21.7 21.9 2.11 0.999 29.0 3.89 0.91 0.997
TiNo7s 44.8 36.1 1.87 0.999 65.0 4.90 0.78 0.999
ZrNoso 12.3 13.2 2.15 0.996 16.9 3.16 0.86 0.992
ZiNoso 27.0 243 1.66 0.998 37.3 4.04 0.71 0.994
ZiNo70 43.8 28.1 1.57 0.993 52.2 4.38 0.76 0.987

coefficients for both models are very similar, indicating
a satisfactory description of the experimental data.
There are several important aspects that must be
discussed regarding the model proposed. In the first
place, the basic assumption on which it is based in the
sense that the contribution of the substrate to the
composite hardness starts to be effective before the
indenter crosses the film thickness. Such a consideration
Also, it is important to observe that the quality of the s widely supported by the experimental data concerning
fit of the experimental data is not much better for this the change in the composite hardness as a function of
model than for the two previous ones, even though the the indent diagonal. As it has been shown in Figs. 2—
composite hardness does not only depend on the film12, even at penetration depths lower than the coating
hardness but also on the consténthich in the present  thickness the composite hardness decreases significantly
case varied freely between the permissible values con-as the indentation diagonal increases.
sidered for this parameter. If the substrate started contributing to the composite
The fourth model used in the present study was that hardness just as the indenter crossed the coating—
published by Tuck et al[15], which constitutes a substrate interface, in the region whedg7<z. the
refinement of the previous model advanced by Korsun- hardness should be almost constant and equal to the
sky et al.[13]. According to this new version of the absolute hardness of the coating, except for the inden-
model, the composite hardness is given as a function oftation size effect that could be displayed by the film.
the relative indentation deptt¥z=d/7:.) by an expres-  According to Jonsson and Hogmaf®] the fraction of

sion of the form: the film thickness from which the substrate begins to
He—Hg contribute to the composite hardness varies between
H.=Hg+ ToizZx (16) approximately 0.07 and 0.2, where the most unfavorable
R

case is that of a hard coating on a softer substrate. Also,
where bothk and X represent a dimensionless hardness according to the data presented by Korsunsky et al.
transition parameter and a power exponent, respectively,[13], this fraction could be of the order of 0.1 or less.
that depend on the deformation mode and geometry. Of Therefore, what in the present model has been consid-
the four models analyzed so far, this approach providesered to be the ‘substrate’ material under the indenter is
the best description since the composite hardnessindeed a mixture of the remaining part of the coating
depends on three parameters that must be identifiedand plastically deformed substrate located underneath
from the experimental data. Also, it predicts a smooth the film, in which the actual plastically deformed sub-
saturation of the composite hardness at low indentationstrate fraction increases as the indenter stroke advances.
diagonal values, towards the value corresponding to theHowever, Figs. 2—12 also illustrate that this extremely
film hardness. This behavior differs markedly from that complex situation can still be modeled by means of a
predicted by the Burnett—Rickerby and Chicot—Lesage simplified approach that considers the composite hard-
models for which the composite hardness tends toness as the contribution of essentially two different
increase as the indentation diagonal decreases. materials: coating and ‘substrate’.

The new model advanced in the present communica- Secondly, a close examination of E(L2) indicates
tion is also observed to saturate at low values of the that for small values of the terizg, it reduces to Eq.
indentation diagonal, where the composite hardness(16), that is to say to the expression of the model
tends to achieve the predicted value of the film hardness.proposed by Tuck et al15]. However, the more general
However, it is also observed that, for most cases ana-Eq. (12) has been developed on the basis of a simple
lyzed, the predicted value for the film hardness is geometrical model rather than on the basis of the work
somewhat higher than that predicted by the model of indentation, from which Eq(16) was first developed
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4 5 6 7 displacement of the composite hardness of the TiCN curve. Both the
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Fig. 13. Theoretical descriptiotsolid curve of the variation in the able values for the parametgy, the rate of change of

rate of Change of the substrate fraction with indentation deamg/,dz, the ‘Substrate’ fract|0n W|th the |ndenter Stroke can be
with indentation depthz. The points have been computed assuming . . .
that the ‘substrate’ area under the indenter is given by(E§). described with a different dependence on

> —3.14
by Korsunsky et al[13]. It is important to point out 4, ¢ (19

that, in spite of the close relationship between EiR)

and Eq.(16), the simultaneous determination of the  Thus, depending on the consideration of the area of

parametersHe, k and n in both models from the both coating and ‘substrate’ under the indenter that

experimental data by means of non-linear regressioncontribute to the composite hardness thdependence

analysis, leads to different results. of dXs/dz can vary approximately between3 and —
Thirdly, the development of Eq.12) stems from the 1, which justifies the assumption made regarding the

critical supposition that Eq(6) can be generalized by development of equation 7c.

assuming that:

dd—}isazn_l with n<0 17 [ E— :=:::::-~~_ @ n =075
0l (b) n = 0.82

which in our opinion is justified given the ill definition 0%

of the exact area(volume) under the indenter that < 50 (e) n = 1.80

contributes to the composite hardness. &).has been o)

developed assuming that the total area of material under ;40

the indenter(coating and ‘substratgthat contributes to g

such a hardness is that of the triangle OAB, which 330

represents one of the limiting conditions. However, if it <

is assumed that the area of the ‘substrate’ material under ~ 2°[

the indenter that contributes to the composite hardness |

is that defined by the triangle OO, that is to say, only TION

the area of the substrate that is in contact with the 0 Coo ey

indenter, then: 9 8 7 6 S5 4 3 -2 1 0 1

Ln (d, mm) .
_1 2 t,C ’
As= Z[Z tan 73— tan 17](Z_t J (18) Fig. 15. Effect of the change in the parametein Eg. (12), on the

) ] ] ) ) displacement of the composite hardness of the TiCN curve. Both the
Fig. 13 illustrates that, in this case, assuming reason-film hardness and the paramefehave been kept constant.
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increases. Since the substrate material was the same for
the three coatings, it is observed that as the load applied
increases the composite hardness tends to achieve the
same final hardness. However, the rate of decrease
appears to be higher for the TjBs coating than for the
other two films. Regarding the stoichiometric coating,
TiN, deposited on a tool steel, whose hardness is
comparable to that of the TiNs film, it can be observed
that the composite hardness curve is displaced towards
the right of the TiNgs coating. Thus, the hardness of
the former is maintained to higher indentation loads,
which indicates a coating of better properties as predict-
ed from the value of the parametereported in Table

2. In relation to Fig. 17 relative to the ZrN coatings, it
can also be observed that as the nitrogen content
increases the film hardness also increases and that the
rate of decrease in the composite hardness is more
marked for the Zriy,, film.

In both cases(TiN, and ZrN, films), the rate of
decrease of the composite hardness is intimately related
to the film hardness whose determination depends criti-

In relation to the physical meaning of the parameters cally on the experimental values of the composite
k andn present in Eq(12), Figs. 14 and 15 illustrate  hardness. As it has already been shown, the modified
the effect in the change of any of these constants on themodel published by Tuck et al15] is a particular form
description of the experimental data for the particular of the more general model developed in the present
case of the TiCN coating. Fig. 14 shows that /as  communication and it tends to saturate at the predicted
decreases, keeping constant the valueBoandn, the film hardness at low values of the relative indentation
composite hardness curve is displaced towards the rightdepth, earlier than predicted by Hd.2). Thus, a relative
of the plot while the rate of change of the composite disadvantage of both models is that in order to be fully
hardness remains the same, indicating that the coatingested, reliable nano indentation measurements would be
material is able to sustain its hardness to larger inden-required, such that the upper knee of the composite
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Fig. 16. Comparison of the composite hardness vs. In of the inden-
tation diagonal for the three under stoichiometric TiN films and the
TiCN coating.

tation loads.

On the other hand, in order to evaluate the effect of
the parameten and given the functional dependence
betweenk and n indicated in Eq.(10), it would be
better to re-write Eq(12) as:

H= Hs+ (HC_ngXq —k't"eZ"Q

Thus, Fig. 15 illustrates that as the parameter n
increases, keeping constant the valueHgfand k', the
curve is also displaced significantly towards the right of
the plot and the transition in hardness is much more
steep, indicating again that the film is able to sustain its
properties to larger loads. Thus, it can be concluded that
the best coatings, from the present point of view, would
be those characterized by lowand largen values. On
this basis it is possible to compare coatings of a similar
hardness, from the standpoint of their nature, composi-
tion and deposition mode.

For example, Fig. 16 shows a comparison between
the different TiN films analyzed in the present work,
whereas Fig. 17 illustrates a comparison between the
different ZrN coatings also investigated. In Fig. 16 it is
clearly seen that as the nitrogen content of the under
stoichiometric coatings increases the film hardness also

hardness curve could be defined without ambiguity.

A final comment regarding the present model is that,
similarly to the other four models analyzed, an ISE
could be easily included, by assuming that the film
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Fig. 17. Comparison of the composite hardness vs. In of the inden-
tation diagonal for the three under stoichiometric ZrN films.
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hardness can be expressed as a function of the indentamodel published by Tuck et al., the present model
tion diagonal by means of the models proposed eitherprovides two parameters that allow the evaluation of the

by Meyer[19] or Thomas[7]: coating performance in comparison with other coatings.
b As well as the other models analyzed in the present
Hs=Hoql’"2? or H<=H o5+ o (20) study, the model advanced can also be modified in order

to incorporate the ISE of the film material through both

respectively. The above consideration and assuming thethe models proposed by Meyer and Thomas.
validity of Meyer’s law[19], would transform Eq(12),
in an expression of the form: Acknowledgments

H=Hs+(Hocd" *— Hs)eXp —kZg) 21) This investigation has been conducted with the finan-
which would increase to four the number of parameters cial support of the Venezuelan National Fund for Sci-
to be identified from the experimental data. However, entific and Technological Resear@RONACIT) through

these parameters could also be determined precisely byhe projects LAB-97000644 and S1-2000000642, and

defining an objective function of the form: the Scientific and Humanistic Development Council of
N the Universidad Central de Venezuela through the pro-
o= Z{Hi_Hs ject PG-08-17-4595-2000. The author gratefully
=1 acknowledges the collaboration of Dr Deepak Bhat for
L ) d; the provision of the CrN, TiN and TiCN data and to Dr
—(Hood? ™~ HoeXp( —kZ'k)} §ZRi=f (22) Jonathan A. Befrios for the provision of the TiN and
_ _ < ZrN, data.
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