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Abstract Nano-multilayer PVD thin films were deposit-
ed on 100C6 (AISI 52100) steel substrate by a PVD
magnetron sputtering system. The morphological and
microstructural properties were evaluated by using atom-
ic force microscopy and scanning electron microscopy.
Residual stresses in all coatings were determined by XRD
using the sin2yy method. Microindentation and scratch
tests were performed, respectively, with a Vickers hard-
ness testing machine and scratch test. These tests were
carried out on several coatings with various structures,
and compositions TiN single layer, TIAIN multilayer, and
TiN/TiAIN nano-multilayer. Hardness measurements
were performed by using Vickers imprint using the
Jonsson and Hogmark model. Critical loads were mea-
sured by scratch test. The results show that the coatings
topography was dominated by domes and craters which
were uniformly distributed over the surface, and all
coatings showed a columnar structure. Damage mechan-
isms under microindentation and scratch depended on
coatings structure and composition. Mechanical and
structural properties control the damage behavior and
the adhesion quality of coatings. The multilayer structure
provides an increase in residual stress, hardness, and
failure resistance and a decrease in cracks propagation
and adhesion resistance.
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Introduction

Physical vapor deposited (PVD) coating with a thin
film of micron or submicron thickness presented an
adequate solution for improving materials’ perfor-
mance in order to satisfy industrial requirements.'
Several materials have been presented as candidates to
produce a thin film by the PVD process. Among this
multitude of materials, the titanium nitrides based
coatings can be seen as reference coatings because of
their high mechanical properties,” high temperature
resistance, and good tribological behavior.” Many
situations can be envisioned in industrial applications
as we have seen in our previous work.! In this latter
work, we studied three types of coating such as TiN
single layer, TiAIN multilayer. and TiN/TiAIN nano-
multilayer that belong to this family of titanium based
coating. The objective for studying three types of
coatings that belong to the same type of family of
titanium coating is to identify the contribution of this
new generation of nano-multilayer thin film, and also
to prove the improvement of mechanical properties
when moving from a TiN single layer to a TiAIN
multilayer until reaching a TiN/TiAIN nano-multilayer
coatings.

The addition of Al in a binary CrN coating is not
always beneficial because it has a negative effect on
scratch resistance.* Contrary to CrN coating, the addi-
tion of Al in another binary TiN showed an improve-
ment in the mechanical capacity of coatings. However,
the mechanical performance obtained is directly related
to the deposition conditions, coating compositions, and
also coating structures. In reality, the link between the
deposition conditions, microstructure, and mechanical
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properties of thm films is currently an area of intense
research activity.” However, it is not at all clear whether
the superposition of several layers in a nanoscale thin-
film control to produce super-hard coatings will neces-
sarily lead to improved mechanical behavior and adhe-
sion performance under highly loaded contact. The aim
of this work is to study the influence of the coating
composition and structure on coating behavior under
the two types of loading, which are the most frequently
found in practice: monotone loading: the microindenta-
tion test and dynamic loading: scratch test. Therefore,
damage mechanisms and different failure modes that
occurred as a result of microindentation and scratch
tests were discussed. These two types of tests were
chosen because microindentation tests are enough to
determine, at the same time, hardness® and adhesion
coatlng Then scratching is the well-known adhesion
test.’

Experimental details
Substrate material and coatings deposition

The substrate used in this study was 100C6 steel (AISI
52100) (1.35% Cr, 095% C, 0.15% Si, 0.25% Mn,
0.03% P, 0.025% S, 0.1% Mo, and Fe balance) with 22-
mm diameter and 5-mm thickness. The samples were
polished with 1-uym-diamond powder corresponding to a
surface roughness (Ra) of approximately 0.1 um and
were ultrasonically cleaned with acetone and ethanol in
an ultrasonic bath for 10 min before being dried and
placed into the PVD deposition chamber. All coatings
were deposited in a commercial PVD magnetron
sputter-unit from Balzers (France). The targets were
either pure titanium or aluminum from which titanium
and aluminum plasmas were generated, respectively.
The deposition was conducted in an Ar and N,
atmosphere. During the deposition, Ar pressure was
initially set and N, as the reactive gas was subsequently
added to obtain the desired gas composition by main-
taining a total working pressure constant of
1.33 x 10~* Pa. The distance between the cathode and
the substrate was kept constant at 10 cm and with a
substrate temperature of 400°C. Under these conditions,
TiN/TiAIN coatings were deposited at rotation speeds
of the substrate turntable of 2.5 revolutions min ' using
a two Al and Ti stoichiometric targets with purity of
99.9%, and with an r.f. source (13 MHz). TiN/TiAIN
nano-multilayer coating had a multilayered nanostruc-
ture with alternating TiN and TiAIN layers. Each
individual layer had an even, uniform thickness; how-
ever, different layers had different thicknesses. The TiN
and TiAIN layer thicknesses did not vary from layer to
layer. The individual layer thickness (TiN or TiAIN)
was controlled by the switch time of alternate shutters
which were modulated by a programmable logic
control. The bilayer number (n) was about 50, which
gave a bilayer period (1) of about 84 nm. The total
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thickness of the coating was maintained at about
4.2 pm. In addition, a titanium (Ti) interlayer between
the 100C6 steel substrate and the top layers was
deposited to improve the coating adhesion.

The schematic illustration of TiN/TiAIN nano-mul-
tilayer is shown in Fig. 1.

The structure, the thickness of each layer, the
number of layer of each coating, and the total thickness
of the coatings are summarized in Table 1.

Characterization tests

The morphological and microstructural characteriza-
tions were evaluated by using atomic force mi-
croscopy (AFM) and scanning electron microscopy
(SEM). Coating residual stresses were determined by
XRD using the sin2yy method, and the experiments
were carried out with the portative diffractometer
DRP-3, based on the sin2yy method. During stress
measurements, the specimen was irradiated with high-
energy X-rays penetrating the surface and diffracting
according to Bragg’s law: 2dsin 0 = n/, where n is the
order of interference, 1 is the wavelength of the
X-ray, d is interplanar spacing, and 0 is the angle of
incidence of the X-ray beam. Vickers microindenta-
tion tests were performed with a Shimadzu HMV-
2000 hardness testing machine that yielded hardness
measurements with loads of 1-5 N during a holding
time of 15 s. After the discharge, the imprint that was
left on the surface was analyzed by SEM. This
method provided an assessment of the mechanisms
of cracking created during the indentation. Scratch
test was performed with a scratch-tester (CSM
Instruments, Switzerland) which was equipped with
Rockwell HRC penetrator with the tip of 120° cone
angle and 100-pm radius. The loading speed was
50 N/min, and the track length was 3 mm. The normal
force of the indenter onto the coatings surface
increased continuously from 3 to 30 N.
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Fig. 1: Schematic illustration of TiN/TiAIN nano-multilayer
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Table 1: Coating structures and thicknesses

Coatings Number of layer Structure Thickness (nm)  Total thickness (nm)
TiN single layer 2 Ti/TIN Ti 100 1000
TiN 900
TiAIN multilayer 3 Ti/TiN/TIAIN Ti 100 3000
TiN 400
TiAIN 2500
TiN/TiAIN nano-multilayer 100 Ti/[TIN/TIAINln n=50  Ti 100 4200
TiN 48
TiAIN 36

TiN/TiAIN

5 pm
3
3 x 1.000 pm/div g
4 z 150.000 nm/div X x 1.000 pm/div
4 x 1.000 pm/div 1 2 150.000 nm/div
5 pm Spm 2150.000 nm/div

Fig. 2: Three-dimensional AFM images of TiN single layer, TiAIN multilayer, and TiN/TiAIN nanolayer

Results and discussion
Morphological and structural properties

Results obtained by AFM observation are illustrated in
Fig. 2.

The AFM examination revealed the presence of
domes and craters which were uniformly distributed
over the surface. However, we noticed a difference in
the size of the domes and craters that characterized the
morphology, as is shown in Fig. 3.

The value of the average surface roughness was
calculated as the deviations in height from the profile
mean value. Results are illustrated in Table 2. TiN/
TiAIN nano-multilayer structured film has a less rough
surface. This was explained by the small grain size
because the phase distribution is nanoscale in this
coating. Indeed, AFM results of TiAIN film indicated
that the increase in the number of layers in order to
have a nano-multilayer structure resulted in a decrease
in both the grain size and surface roughness due to
nucleation matters.

SEM cross section of all coatings showed a columnar
structure as shown in Fig. 4 that is similar to that
proposed by Thornton® in his model of thin-film
growth.

Residual stresses

The results of residual stress measurements are illus-
trated in Table 2. This indicates that the values of

residual stresses vary from one coating to another.
However, all coatings were characterized by compres-
sive stress type.

The multilayer structure offered the highest residual
stresses. This phenomenon is related to the coating
thickness and the distribution of layers. Indeed, for the
same thickness, the compressive residual stress was
increased when the coating consisted of several layers.
In addition, the difference between the modulus of
elasticity 320 GPa for TiN and 360 GPa for TiAIN
(results obtained by nanoindentation test) of layers and
the others, added to interfacial interactions, and ac-
centuated the intensity of residual stresses. In a
multilayer system, the hardness enhancement mechan-
ism is usually explained by the difference in the elastic
modulus or existence of coherent interface. The former
is related to Koehler theory,” which attributed the
hardness anomalies to the modulus difference. The
latter, however, deduced the Gahn’s coherent strain
model,'” which suggested that it exists a coherent
stress—strain field in the multilayer’s films. In the
present study, there is little difference in elastic
modulus between the constituent materials of TiN
and TiAIN. However, the presence of stress in the in-
terface is possible.

Microhardness measurements
Vickers pyramid indentations were made with a testing

machine that allows the hardness measurements at
loads in the range of 1-5 N. This unit was equipped
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Fig. 3: Roughness profiles and 2D AFM images of (a) TiN single layer, (b) TiAIN multilayer, and (c) TiN/TiAIN nano-

multilayer

Table 2: Residual stress and hardness of coatings

Coatings Residual Hardness Roughness
stresses (GPa) (GPa) (nm)
TiN single layer -2.5 18 27
TiAIN multilayer -35 26 20
TiN/TiAIN nano-multilayer —4 35 11
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with an optical system facilitating the measurements of
the indentation diagonal.

Nevertheless, hardness measurements on materials
with thin surface layers are influenced by the me-
chanical properties of both the substrate material and
the coating. There exist three regions of hardness,
namely, film only hardness H; composite hardness
response of both film and substrate H., and finally
substrate only hardness H.'' The composite hardness
H_. was calculated from the experimentally measured
indentation diagonal according to the conventional
Vickers method. Results of hardness measurements of
the substrate coating system of the three coatings are
given in Fig. 5.

After plotting the results on a graph, a linear
regression showing hardness decreases as a function
of applied load because of a substrate influence. The
general principles of microhardness measurements
must, in the case of thin layers, additionally take 1nto
account the effect of the substrate. In 1965, Buckle'?
proposed that the hardness of a material w1th a coating
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Fig. 4: Cross section SEM micrographs of TiAIN coatings
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Fig. 5: Regression of hardness measurements of the
composite (substrate + coating) system

H_ could be expressed as the sum of the weighted
hardnesses of the coating Hy and the substrate Hj

H. = aH; + bHs, (1)

where a and b are coefficients-influence, respectively,
of film and substrate and a + b = 1.

Several other propositions were later developed
(ref) in modeling hardness measurements of the coated
systems. In thls Work, we used the Jonsson and
Hogmark model."® Jonsson and Hogmark (J-H) pro-
posed a model based on the area law of mixtures. By
using simple geometrical considerations, they have
separated the substrate and the film contributions.

H, = <‘:‘4f> H; + (‘Z >H (2)

where A is the area on which the mean pressure H;
acts, Ay is the area on which the mean pressure H; acts,
and A is the total projected area deformed. The area
ratios are given by

G)-c-cam(3)-1-(%) ©

where ¢ is the thickness of the film, / is the indentation
depth, and C is the sin2¢ = 0.136 for soft films and
C =2 sin2(¢/2) = 0.07 for hard and brittle films;
¢ = 21.6° for Berkovich indenter'*; and H, = 9 GPa.

Microhardnesses of the TiN single layer, TiAIN
multilayer, and TiN/TiAIN nanolayer coatings as a
function of applied load are shown in Fig. 6.

It can be observed that microhardness evolutions
are the same for all compositions. The films hardnesses
of TiN single layer, TiAIN multilayer, and TiN/TiAIN
nano-multilayer, respectively, are obtained using this
model and are illustrated in Table 2. The improvement
of microhardness when we pass from TiN to TiAIN is
linked to two sources. The addition of Al in a binary
TiN coating improves the coatings hardness. First,
because of its intrinsic properties, Al has a smaller
grain size compared to Ti; therefore, the inter-atomic

35 ¢ TiN TiAIN TiN/TiAIN
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Fig. 6: Variation of H; as a function of applied load for TiN,
TiAIN, and TiN/TiAIN coatings
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distance decreases, which enhances the covalent ener-
gy giving a more compact film. Second, by the addition
of Al, we obtained a multilayer structure (Table 1).
This is further proven with the results of the hardness
of the nano-multilayer. It is for this reason that the
highest microhardness value was found in the nano-
multilayer structure. To sum up, the evaluated micro-
hardness of the TiN/TiAIN nano-multilayer coating
(35 GPa) was found to be considerably higher than the
TiAIN multilayer coating (26 GPa) and single-layer
coating (18 GPa). The hardening of this nano-multi-
layer structure was attributed to the following: On one
hand, hardenmg can be explalned by the Hall-Petch
effect'® because of the grain size refinement discussed
in the previous paragraph (Figs. 2 and 3). On the other
hand, the presence of the nanolayered structure of
TiN/TiAIN coating can increase the hardness based on
the widely accepted concept of blocking of dislocation
motion at the layer interfaces. This is due to differ-
ences in the shear modules of the individual layer
materials, and by coherency strain causing periodical
strain-stress fields in the case of lattice-mismatched
multilayer films.'®

Micromechanisms of coating damage

Vickers indentation can produce various responses in
coatings. These are connected, inter alia, with the
elastic and plastic behavior of the substrate and coating
(without cracking), cracking of the layer directly
beneath the indenter, or cracking and penetration of
the indenter into the substrate, combined with elastic
deflection of the coating.'” Indentations in the steel
specimens with different variants of coatings were
examined with an SEM. Representative images are
presented in Figs. 7 and 8 which illustrate character-
istic types of damage.

The increase of the applied load caused an increase
in the imprint size and cracking mechanisms for all
coatings However, what was noted was the difference
in damage mode occurring in each coating (Fig. 8).

According to Richter et al.,'” cracking mechanisms
can be divided into four categories: Radial cracks along
extensions of the indentation diagonals (type I), outer
circumferential cracks together with cracking along the
indentation edge (type II), inner circumferential cracks
(type I1T), and radial cracks which are not extensions of
the indentation diagonal [so called ““claws”-(type IV)].

To facilitate the analysis of a large number of results
(three coatings, three types of structures, four types of
cracks, and variable load), we recorded in Table 3 the
cracking mechanism, after an indentation test with
variable load for each coating. We marked the pres-
ence of each type of crack by a plus sign (+) and its
absence by a minus sign (—).

For the lowest load 1 N, cracks are initiated at TiN
single layer, while the TiAIN multilayer and TiN/
TiAIN nano-multilayer have only plastic deformation.
Delay of appearance of the cracking phenomenon in
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these two coatings is explained by better adhesion in
multilayer structures. As we explained in our previous
studies of CrN and CrAIN coatings deposited on the
same substrate 100C6 steel,* only type II crack and
type III crack were observed for the TiN single layer
and TiN/TiAIN nanolayer. TiAIN multilayer showed
exception by the presence of a type I crack and type IV
crack. Indentation method, because of its simplicity, is
widely used for both qualitative and quantitative
evaluation of coatings. That is why a quantitative
analysis of cracks provided a thorough exploitation of
the results as shown in Fig. 9.

The increase in the applied load leads to an increase
in the cracking mechanisms and crack length of all
coatings. In our study, film of a single layer or more,
the behavior of composite (film/substrate) does not
show a major difference because we are still in the
coatings with low ductility. Nevertheless, the crack
length is not the same in the whole coatings. It appears
that the failure mode under a Vickers indentation
depended on the coating composition and structure
because these two parameters have a significant effect
on the crack propagation. For all types of existing
cracks, the passage from TiN single layer to TiAIN
multilayer or TiN/TiAIN nanolayer provides a de-
crease in crack length. Type II crack, the type that
exists in whole coatings, decreases from 177 um for
TiN single layer to 67 um for TiAIN and 22 pm for
TiN/TiAIN nanolayer. This decrease has been ex-
plained by the increase of the number of layers.
Thereafter, increasing the number of interfaces that
are barriers limits crack propagation and delays the
film damage.

Cracks in the TiN/TiAIN coating, even if they
exist, can be stopped at each interface and can cause
a delamination of the top layer. This nanolayer
architecture 1mproved coatings adhesion. This agrees
with the literature.'® This result does not hold if we
move from the CrN single layer to CrAIN multilay-

* The appearance of type I and type IV cracks
in the TiAIN multilayer coating is probably related
to several parameters: a high concentration of tensile
stress with the imprint diagonal, an incompatibility
of deformation between the substrate and the TiAIN
coatings, the major difference between the film
hardness and substrate hardness (26 GPa for TiAIN
and 11 GPa for the substrate), and also the differ-
ence 1n coefficient of thermal expansion (7 5 x
107° K™ and for the TiAIN and 11.4 x 10 °K™!
for the 100Cr6). This dlfference is less important in
the case of TiN (9.4 x 107 K™1).

Analysis of damage mechanism by scratch test

Scratch methodology was used to evaluate the relative
adhesive and cohesive failure."” Progression of scratch-
ing is accompanied by successive degradation de-
scribed by cohesive failure signaled by microcracks at
the edge, local chipping of the coating from its
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Fig. 7: Micrographs of microindentation imprints of TiN single layer (a), TIAIN multilayer (b), and TiN/TiAIN nanolayer (c)

under loads of 2 N

Inner circumferential
cracks (type II)

-" Radial cracks (type II
- Z . . a%
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YA

% Outer circumferential |
cracks (type IlI) |

Outer circumferential
cracks
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Fig. 8: Micrographs of microindentation imprint of TiN single layer (a), TiN multilayer (b), and TiN/TiAIN nano-multilayer

coatings (c)

substrate, and finally, a total loss of adhesion between
the two constituents as shown in the TiN single layer
(Fig. 10).

Figures 11, 12, and 13 show the tracks corresponding
to the TiAIN multilayer and TiN/TiAIN nano-multi-
layer coating after the scratch test.

Under the same loading conditions, the coating’s
behavior is different. In the single-layer structure, with

the increase of the scratch load, cracks have been
developed throughout the cross section of the film and
have spread rapidly. In this type of coating, adhesive
failure occurred for low load comparing to the other
coatings and we observed a total chipping of the film
and exposure of substrate at higher load.

In this single-layer structure, the crack was initiated
along the scratch channel at a certain load, and was
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Table 3: Qualitative observation of cracks types under a Vickers indentation

Coatings/load 1 (N 2 (N) 5 (N)
(D] (1 (1 (1) (1 (1 (V)
TiN single layer - + + - - + + - - + + -
TiAIN multilayer - - - - + + - + + + - +
TiN/TiAIN nanolayer - - - - - + - - - + + -
(a) (b) o
40 ATiAIN multilayer Type I crack 200 # TiN single layer Type II crack
_ 2 ATiAIN multilayer z
5_ = 160 - TiN/TiAIN nanolayer
e ) g
— = 120 .
& 9 i 2
e o 80 F _
=] < 4
® 10 I ) 3 i
5} 5 40 -
— — A - 3
0 - . 0 - -
0 2 4 6 0 2 4 6
Load (N) Load (N)
(c) (d)
300 ¢ TiN single layer Type III crack 80 . .
Type IV k
B TiN/TiAIN nanolayer 2 TiAIN multilayer }:Pe crac
=5 > =3 T
M € 2
g 260 -
5 200 s g i
= =
% é 40
S 100 y % -
5 = 20 2
4 g * 5
3 ,.‘ 3
R ~ 0
0 2 4 6 0 2 4 6
Load (N) Load (N)

Fig. 9: Variation in type | (a), type Il (b), type lll (c), and type IV (d) crack length with applied load

followed by a complete delamination leading to the
failure of the coating.

In the TiAIN multilayer structure, however, adhe-
sive failure was observed at the end of the scratch track
for the hlghest loads. Contrary to chromium-based
coatlng, the addition of Al in a binary TiN coating
improves the adhesion and resistance to scratching.
TiN/TiAIN nano-multilayer coating displayed small
cohesive failures at the rim of the crack as shown in
Fig. 13, and even for the highest loads, they showed
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only a small semicircular cracks (Fig. 13). This is
probably due to a brittle behavior because of the high
hardness (35 GPa) of this coating and the high com-
pressive residual stresses (—4 GPa) as illustrated in
Table 2 compared with —2.5 GPa for single-layer
coating. Indeed, the mobility of cracks is mainly
governed by the stress field in the films. Compressive
residual stresses that characterize the multilayer struc-
ture have a very important role in delaying the crack
propagation, and in improving fracture resistance of
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the coating. Similar results were found in the other
work as shown in Fig. 14.%°

Adhesion measurement

As for microindentation tests, qualitative analysis of
scratch tracks was extended to a quantitative analysis
by measuring the critical load values in order to have
an idea about the coatings adhesion.

The critical load is the normal load at the first
coating failure detected. This load was determined by
the combination of observations of scratches by optical
microscopy, measurements of acoustic emission, mea-
surements of normal and tangential loads, and the
measurements of residual depth during scratch testing.

Several authors’ have linked the appearance of the
first crack (cohesive failure) at a first critical load noted
by L., and the upper critical load at which the first

—_— >

. . Total exposure
Scratch direction
of the substrate

b

Fig. 10: SEM micrographs of scratch tracks of TiN single
layer

| LCI1:First cracks occured

(cohesive failure)
. S .

delaminating at the edge of the scratch track occurred
(adhesion failure) by L.,. At a higher applied load at
which the damage of the film exceeds 50% or a total
loss of adhesion between film and substrate that
indicates a full interfacial failure.

Critical loads L, Lo, and Les were investigated.
The multilayer coatings showed only critical loads L
and Lc,, while the TiN single layer showed a total
chipping of the film at a critical force Lc; equal to
12.3 N.

Critical loads Lc; and L, were investigated as a
function of the coating structure (see Fig. 15).

Critical load is very influenced by the coating
structure. It appeared clearly that thin film with the
greater number of layers can contribute to higher
critical load. TiN/TiAIN nano-multilayer thin film has
the highest critical loads which mean that the adhesion
on the substrate is significantly improved in the
multilayer thin film compared to the single-layer thin
films. In multilayer structure coatings, cracks develop
mostly in the vicinity of the upper surface, and the
layers interfaces can change the initial crack orienta-
tion.

We calculated the average friction coefficient after
scratch test of all coatings and the values obtained are
shown in Fig. 16.

Figure 16 shows that the layer which has the lowest
critical load has the lowest coefficient of friction and
the opposite. Therefore, the friction coefficient in-
creases when the critical load increases.

The passage from TiN single layer to TiAIN
multilayer and to TiN/TiAIN nano-multilayer coatings
increases the critical load, this also increases the
friction coefficient during the scratch test. The increase
of friction coefficient with the increase of critical load
is due to the increasing of plastic deformation resis-
tance because of the increase of hardness and residual

stresses.

Fig. 11: Optical micrographs of the scratch track of the TiN single-layer coating
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7

I

First cracks occurred (cohesive failure

Fig. 12: Optical micrographs of the scratch track of the TiAIN multilayer coating

Fig. 13: Optical micrographs of the scratch track of the TiN/TiAIN multilayer coating
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Fig. 16: Friction coefficient of TiN single layer, TiAIN
multilayer, and TiN/TiAIN nanolayer coatings

Then, it is clear that mechanical properties and
multilayer structure control the scratch behavior. Films
with higher hardness and higher residual stresses
(Table 2) show more friction coefficient and more
scratch resistance. Scratch resistance may also be

related to the increase in the coatings thickness and
roughness (Table 2).

Conclusion

In this work, PVD thin films with different structures,
single layer, and multilayer coatings, were deposited on
100C6 (AISI 52100) steel substrate by PVD magnetron
sputtering system. The morphological and microstruc-
tural properties were evaluated by using atomic force
microscopy (AFM) and SEM. Residual stresses were
evaluated by XRD using the sin2yy method. Hardness
as a fundamental mechanical property was evaluated
with microindentation test and Jonsson and Hogmark
model. Adhesion quality was studied with microinden-
tation and scratch tests. Damage’s mechanisms that
had occurred during testing indentation and scratch
testing were further discussed. The major conclusions
are the following:

e The AFM examination revealed the presence of
domes and craters which are uniformly distributed
over the surface. TiN/TiAIN nanostructures have a
less rough surface because of the small grain size
with a nanoscale phase distribution.

e The SEM cross section of all coatings showed a
columnar structure.

e Compression residuals stresses were found in all

coatings with a high value of -4 GPa for TiN/TiAIN
nanolayer coatings.
Application of the Jonsson and Hogmark predic-
tion model was efficient for determining the coat-
ings hardness and it was found film hardness of 18,
26, and 35 GPa of TiN single layer, TiAIN multi-
layer, and TiN/TiAIN nano-multilayer, respective-
ly. The highest microhardness was measured for
the nanolayer coatings.

e Damage mechanisms under microindentation and
scratch depended on coatings structure and com-
position. Only type II cracks and type III cracks
were observed for the TiN single layer and TiN/
TiAIN nanolayer.

e TiAIN multilayer showed exception by the pres-
ence of type I crack and type IV crack. The addition
of Al in a binary TiN coating improves the coating
hardness, the residual stresses, the adhesion quality,
and the resistance to scratching and indentation.

e Nano-multilayer structure provides an increase of
hardness, residual stress, failure resistance, and a
decrease in cracks propagation because of the high
number of interface. In fact, in this type of
structure, the number of interfaces presents barriers
that limit crack propagation and delay the film
damage.

e Mechanical properties and multilayer structure of
the film control the scratch behavior.
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