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In a plot to improve the performance of steel mechanical parts subject to aggressive friction solicitations, three
batches of deposits of TiN and CrN layers on steel substrates with two different roughnesses have been obtained
using reactive DC magnetron sputtering. The present study was conducted to determine the effect of varying
TiN/CrN multilayer coatings thickness (varying modulated period A and interlayer thickness), on their me-
chanical and tribological properties. The morphological and the structural properties were analyzed using
scanning electron microscopy (SEM) and X-ray diffraction (XRD). The nanoindentation measurements displayed

improvement in hardness (> 40 GPa) and Young’s modulus (> 600 GPa) for the coating with A = 12 nm (TiN
A/2 =2 7.5 nm + CrN A/2 = 4.5 nm) thickness and the higher number (300) of interfaces, deposited on the
rougher substrate. Its low coating damage under the scratch test, associated with its estimated adhesion work
(Waq), indicated a good cohesive/adhesive strength and improved structural and mechanical properties.

1. Introduction

In order to improve the wear resistance performance of mechanical
parts subjected to aggressive friction stresses, investigations have been
carried out for many years in the field of hard coatings since the
improvement of tribological properties cannot be achieved without
increasing its hardness, strain tolerance and toughness. Several authors
have associated the wear resistance to crack formation events which
were found to have a strong influence on mechanical properties [1-5].
Moreover, Bull [6] suggested scratch testing which provides a closer
approximation in abrasive wear behavior. Increasing coating hardness
and adhesion are considered as the key factors controlling wear resis-
tance of the surface. The most universal characteristic of the mechanical
properties of the coatings is their hardness, which largely determines
their resistance to abrasive wear. Indeed, Koehler [7] was the first to
propose stratified structure that hinders crack propagation at interfaces.
Multilayer thin films generally exhibit better mechanical properties and
thermal stability compared to their monolayer counterparts [8-10]. A
TiN/ZrN system with hardness above 44 GPa were obtained for a bilayer
period of A ~ 10 nm with a layer thickness ratio of 1.5/1. Moreover
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coatings with asymmetric layer thicknesses provided a better hardness
behavior compared to those with equal layer thicknesses [11]. The
TiN/CrN multilayer coating, in particular, is a technologically important
system. Investigations into these multilayer coatings continue to be
carried out to highlight their mechanical and tribological behavior
[12-16]. Indeed, the performances of TiN/CrN multilayer coatings were
found to be associated with the modulated period (A), crystallographic
orientation, grain size, residual stresses and the coating surface rough-
ness. Nevertheless, the varying TiN/CrN thickness effect, associated
with substrate roughness has rarely been reported.

The aim of our study is to present the structure, and mechanical
properties of TiN/CrN multilayered coatings deposited on XC48 steel
substrates. The substrate surface roughness and the modulation wave-
length variation effect on the mechanical properties, namely the hard-
ness and the resistance to plastic deformation H3/E*?, were examined.
Additionally the damage mechanisms during scratch tests and an esti-
mation of the adhesion work W,q of multilayered coatings were also
considered. The TiN/CrN multilayer coatings were deposited using
reactive DC magnetron sputtering process, a widely used technique for
multilayer deposition. It is a flexible and effective technique that offers
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many advantages such as nanolayered thickness controlling and struc-

ture tailoring.

2. Experimental details
2.1. Film deposition technique

Successive TiN and CrN layers with different modulation periods
were deposited on Silicon (100) samples (10 x 10 x 0.38mm° and 10 x
20 x 0.38mm3) and XC48 steel substrates (10 x 10 x 4mm?® and 25 x 25
x 4mm®). The TiN/CrN multilayer depositions were conducted in an
industrial DC magnetron sputtering system (KENOSISTEC K540V) hav-
ing a semi-cylindrical shape (550 mm diameter, 600 mm height and 370
liters), equipped with four targets. Prior to the coating deposition, the
steel samples were divided in two groups. The two groups of samples
were polished to mirror finish with (120 - 800) and (120 - 1200) grit SiC
paper corresponding to a surface roughness Ra value of approximately
0.09 pm and 0.04 um, respectively measured with an optical profil-
ometer (VEECO-Wyko NT-1100). They were then cleaned ultrasonically
in acetone for 10 minutes, rinsed in alcohol at 95° before being mounted
in the vacuum chamber. The samples were fixed on one of the eight
substrate-holders mounted on the rotating carrousel. The target to
substrate distance was 120 mm. The chamber was pumped down to 2.2
x 10~ 5mbar for the three deposits. The high purity Ti (99.95%) and Cr
(99.99%) targets were pre-sputtered for about 15 minutes while the
substrates were isolated from the plasma by a shutter, to allow their
cleaning with 99.99% purity argon gas flow rate at 50 sccm. To promote
film densification the deposition temperature was 300°C. The samples
were in-situ etched under an argon flux for 15 minutes in order to
remove the residual oxides and promote adhesion, using a negative
substrate bias voltage of - 500 V. Furthermore, to promote coating
adhesion and facilitate the TiN nucleation, the deposition sequence
started, for all coatings, with a very thin metallic Ti interlayer growth up
to ~ 10 nm thickness as a bond layer onto the substrates. A 40 sccm flow
of nitrogen was then introduced into the chamber as a reactive gas and
the total Ar + Ny, gas pressure was maintained at 3.9 x 10 “>mbar. The
individual layer thicknesses in each TiN/CrN multilayer were controlled
by adjusting the (Ti and Cr) target power supplies and by adapting the
carousel rotation speed and scan numbers with a programmable logic
controller (PLC). Preliminary deposition tests with individual TiN and
CrN coatings were performed before Ti/TiN/CrN coating depositions, in
order to estimate the coating growth trend with the target power (target
power and rotary speed of the carrousel). Three architectures of the
coatings were produced: (a) a multilayer with a constant sequence,
approximately 20nm (100 TiN layers of 10nm thickness each and 100
CrN interlayers of 10nmthickness each); (b) a multilayer with varying
sequence ranging from = 40 to 10nm (100 TiN layers: 20 x (20nm +
15nm + 10nm + 7.5nm + 5nm) and 100 CrN interlayers: 20 x (20nm +
15nm + 10nm + 7.5nm + 5nm)); and finally (c) a multilayer with a
constant sequence approximately 12nm (150 TiN layers of ~ 7.5nm

thickness each and 150 CrN interlayers of ~ 4.5nm thickness each).
Details of deposition parameters are summarized in Table 1. In the
following, it has been decided to call the 3 different types of multilayers
on different substrates roughnesses as TiN/CrN-1 (A and B), TiN/CrN-2
(C and D) and TiN/CrN-3 (E and F). The configurations of TiN/CrN
multilayers are shown in Fig. 1.

2.2. Characterizations

The microstructure and mechanical properties of the coatings were
determined using conventional methods. Surface morphology and cross-
sectional SEM observations were examined using scanning electron
microscopy (SEM, Jeol JSM 5900 LV, 15 kV) combined with energy
dispersive spectrometry (EDS) and wavelength dispersive spectrometry
(WDS) (Oxford INCA x- act) in order to determine and quantify the
chemical composition at operating voltages of 15 and 5 kV.

The crystallographic structure and crystallite size of the coatings
were characterized by X-Ray diffraction (XRD) generated by a Phillips
X’pert thin film diffractometer (45 kV and 40 mA) in the Bragg-Brentano
configuration (Cu Ka as the radiation source (A¢y = 0.15406 nm)). The
scanning has been performed at an angle ranging from 20.025 to 99.975
degrees, for which the angle size and the score time at each step were set
to 0.05° and 1 s, respectively. The incidence angle was 5°. The crystallite
size and strain of the thin films was deduced from XRD through the
Williamson-Hall plot method, using the High Score Plus software.

The residual stresses in the coatings were determined using the
Stoney equation [17]. The radii of curvature of the silicon substrate
before and after deposition were measured using an optical profilometer
(VEECO-Wyko NT 1100).The roughnesses of the uncoated and coated
substrate were also measured using an optical profilometer.

In addition to the surface morphology and crystal structure of the
coatings, their mechanical properties were studied. The hardness (H),
and the effective Young’s modulus (E*) were assessed by the nano-
indentation technique. The measurements were performed in a contin-
uous stiffness measurement (CSM) mode. Using a Berkovich indenter,
the applied load on the sample surfaces was increased to a maximum of
10mN, at a preset rate of 20mN/min and then decreased at the same rate
to 0 at 10Hz. The indentation depth was kept below 1/10% of the film
thickness (Buckle’s rule 1959), so that to eliminate the substrate’s effect
[4, 18-20]. The roughness did not have much influence on the nano-
indentation measurement. Indeed, it was less than 5.5% as compared to
the indentation depth on each multilayer. Measurements were repeated
8 times for each sample. The hardness was calculated using the Oliver
and Pharr method [21].

Likewise, to compare adhesion properties of the TiN/CrN multilayer,
the adhesion behavior was investigated using an automatic scratch in-
strument « Scrach Tester Millenium 200 » monitored by acoustic emis-
sion (sensitivity set to 2AE). The coating damages were determined by
load diagrams and confirmed by optical microscopy. The samples were
scratch tested at an initial normal load of 1N, which was gradually

Table 1
Coating periods, thicknesses and roughnesses
Multilayer M Sputtering Target Bias Growth Carousel Period A Period Layer Total Ra (nm) on Residual
=TiN/CrN Power (W) voltage (-V)  rate (nm/ rotation speed  (nm) number thickness A thickness Si (100 x stresses
min) (rpm) (ny) /2 (nm) (£0,05um) 100 pmz) (MPa)
TiN/CrN-1 Ti 2000 388 - 10.3
(Ti[M]n;) TiN 2000 388 5.05 0.5 ~ 20 100 ~ 10 2.03 5.5 + 66.88
CrN750 346 5.10 ~ 10
TiN/CrN-2 Ti 2000 388 - Ranging Ranging ~ 10
(Ti[M]ng) TiN 2000 388 5.05 0.25-0.4- ~ 40-10 100 Ranging 2.30 7 -155.55
CrN 750 346 5.10 0.5-0.8-1 ~ 20-5
TiN/CrN-3 Ti 2500 391 - ~ 10
(Ti[M]n3) TiN 2500 391 7.5 1 ~12 150 ~7.5 1.78 3 -162.78
CrN 700 325 4.5 ~ 4.5
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Fig. 1. Schematic illustrations of coatings, (a) TiN/CrN-1, (b) TiN/CrN-2 and (c) TiN/CrN-3 on silicon substrate; A, B, C, D, E and F on steel substrate.

increased to a final load of 21N at a loading ratio of 10N/mm for a
scratch length of 8mm. All the scratch adhesion testing (repeated 5 times
for each sample) was performed with a Rockwell C diamond tip having a
radius of 200pm and a cone angle of 120°.

3. Results and discussion
3.1. Morphology and structure

The R, values are calculated over a 100 x 100um? surface area using
an optical profilometer (Table 1 and Fig. 2). One can notice a notable
difference in sample roughness after coating with TiN/CrN, for both the
rough and smooth coated substrates.

As shown in SEM cross-sectional images (Fig. 3), it is observed that
the three TiN/CrN multilayers deposited on Si substrate exhibited a
dense columnar structure with a fine grain size and a smooth
morphology. The TiN/CrN-1, however, exhibited a slightly less dense
structure which may be due to variation in layer thickness [22], and
hence, the tensile stresses generated in the coating. It is noted that the
three coatings have no significant difference between their structures.
The interfaces with the substrates are clear, with no particular defect
except for multilayer -3, which presented less adhesion. The coating
thickness was in the range of 1.73 to 2.35um.

The EDS-WDS microanalyses revealed the presence of N, Ti and Cr
chemical compounds with small amounts of oxygen (3.1 — 5.8at%). The
identical distribution, in all the coatings, suggested that they were
closely related, bearing in mind that the EDS analysis yields only the
mean chemical composition of the coatings. The calculated N/(Ti+Cr)
ratio (0.64, 0.66 and 0.68) for multilayers -1, -2 and -3, respectively,
revealed that the coatings were sub-stoichiometric. However, Nordin
and Larsson [23] found that it is possible to stabilize the cubic-NaCl
phase of the CrN even at small deviations from the stoichiometric
composition if the lamellae are kept thin. Likewise, it was established
that the stoichiometry of TiNx, with x values comprised between 0.4
and1.2, are thermodynamically stable [24, 25]. Similarly, the residual
stresses also improved from + 66.88, — 155.55t0 — 162.78MPa with the
stoichiometric ratios. The calculated Ti/(Ti+Cr) ratio increased from =
0.51 to 0.58as the Ti target power increased from 2000to2500W, which

is in accordance with work by Nordin and Larsson [23]. These differ-
ences in composition will lead to differences in the mechanical proper-
ties. Given the difficulty in X-ray analysis of accurately separating the
nitrogen K-line from the titanium L-level, the calculations below
(Table 2) are given approximately

3.2. X-Ray diffraction analysis

The crystalline microstructure of TiN/CrN multilayers deposited on
Si (100) and steel substrate, suggested NaCl face centered cubic (fcc)
type structure of titanium and chromium nitride, the results are in
agreement with the JCPDS cards n° 00-38-1420 and n° 00-003-1157
respectively. A predominance of texture of crystallite with the [100]
axis was observed, with variable intensities, in all the samples [23, 26,
27]. Indeed, the TiN as the starting layer of the films, has favored the
phase (200) orientation growth of the films, in accordance with the
literature [9, 23]. Additionally, Nordin and Larsson [23] noted the in-
fluence of thicknesses of the individual layers constituting the multi-
layers, on their texture. For sufficiently fine strata, the texture (200) is
systematically observed. This is also confirmed by Yang et al. [9]. As
suggested by Pelleg et al [29], the preferred orientation of the coatings is
controlled by their competition to minimize the overall energy. Besides,
it should be noted that growth with the [100] axis (a plane in fcc (200)
lattice) occurs at a low bias potential [28]. The TiN/CrN-2 (C and D)
structures with a low period on surface (A =~ 10nm), as well as for
TiN/CrN-3 (E and F) structures (A ~ 12nm), were composed of one
principal reflection centered at approximately 43.078°, 43.171°,
43.037° and 42.91°, respectively, located between the TiN(p) and
CrN(200) theoretical reflection angles (42.8° and 43.8°), and flanked by
first order satellite arrowed in Fig. 4(a) and (b). These peaks are slightly
shifted to a higher diffraction angle side. This can be related to the
development of compressive stresses. The single-phase present, a
face-centered cubic (fcc) structure, and the strong (200) texture sug-
gested a good epitaxial growth of CrN on TiN. This phenomenon was
reported by several authors [9, 15, 18, 30, 31] who suggested the
superlattice phase formation and related this to the decreased modula-
tion period. A less preferred texture growth was otherwise observed for
the TiN/CrN-1 coatings. The cumulative diffraction peaks observed in
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Fig. 2. Three-dimensional surface topography of: TiN/CrN-1, TiN/CrN-2, TiN/CrN-3 on Si substrates and TiN/CrN-A, B, C, D, E and F, on steel substrates.
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Fig. 3. Cross-section SEM images of (a) TiN/CrN-1, (b) TiN/CrN-2 and (c) TiN/CrN-3 multilayers deposited on Si substrates

Table 2
The EDS-WDS microanalyses results of the TiN/CrN Coatings (average values)
Coating TiN/CrN N Ti Cr o N/Me Ti/Me
mass % at % mass % at % mass % at % mass % at %
1 14.7 36.7 40.2 29.5 42 28 2.6 5.8 0.64 0.513
2 15.3 38.33 40.8 29.8 42.3 28.5 1.6 3.4 0.66 0.511
3 15.8 39.1 46.7 33.7 36.1 24.1 1.4 3.1 0.68 0.583

the TiN/CrN-A (Fig. 4(c)) and TiN/CrN-B (Fig. 4(d)) multilayer coatings,
with peak positions at 36.91° and 37.085° respectively, were located
between the TiN(111) and CrN(;11) theoretical angle reflections 36.8° and
37.53° respectively. The (111) peaks become more apparent for coatings
having larger bilayer periods. A decrease in the degree of the texture
[100] is associated with a change in the stress-strain state of nitride
layers. Similar findings have been reported in previous works [12, 22,
27, 31, 32]. As for the TiN/CrN-1 (A and B) structures, the primary
characteristic peak of TiN(290) located at 43.051° and 43.125°, respec-
tively, followed by the secondary characteristic peak of CrN(zo0) located
at 44.634° and 44.73°, respectively, were distinguished on the XRD
patterns. Although they were very close, they were identified thanks to
their large periods (A 20 nm). Indeed, these phenomena revealed the
gradual disappearance of epitaxial growth feature as observed by Harish
et al. [18] and Zeng et al. [31].

The variation in interlayers’ thickness influenced the microstructure
change, since the coatings had a differences in crystallite size, even for
those deposited on both substrates (Ra; and Ray), at similar conditions.
It is reported by Kumar et al. [22] that a slightly smaller grain size is
observed for the film deposited on steel substrate than that deposited on

silicon substrate. Moreover, the strong (200) preferred intensity was
observed for the TiN/CrN-2 and TiN/CrN-3 coatings on rougher surface
substrates corresponding to TiN/CrN-D and TiN/CrN-F (Fig. 4(f)).
However, in the case of the TiN/CrN-1 coatings, the relatively (200)
preferred orientation, was observed for the smoother substrate coated,
corresponding to TiN/CrN-A coating (Fig. 4 (c)). This may be related to
the tensile residual stress dominance in the thicker films (TiN/CrN-1
coatings) with a lower (0.64) stoichiometry ratio and higher (17 - 28
nm) crystallite size, as opposed to the compressive residual stresses
dominance for the thinner films (TiN/CrN-3 coatings) with a higher
(0.68) stoichiometry ratio and smaller (6.9 -11,5 nm) crystallite size.
Indeed, Kumar et al. [22] observed the compressive stress in the TiN
thinner film with the (200) preferred orientation and the smaller crys-
tallite size, whereas, the lattice parameter of the thicker film with the
(111) preferred orientation and the higher crystallite size, was close to
the reported value in JCPDS. Mendibide et al. [32] also found that the
preferential orientation of the layer is related to the intensity of the
residual stresses. Furthermore, some parameters such as stoichiometric
deviation or the lattice defects growth during deposition may also affect
the crystallite size. The crystallite sizes calculated from XRD using
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Williamson-Hall plot mode were higher in the coatings with rougher
surface substrates than smooth substrates. They ranged from 7 to 28nm,
endorsing the layer thickness influence on the crystallinity.

3.3. Mechanical properties

3.3.1. Nanoindentation

The hardness (H) and the effective Young’s modulus (E*) of the TiN/
CrN thin films were measured using standard nanoindentation, ac-
cording to the Continuous Stiffness Measurement (CSM) technique and
the Oliver & Pharr model [21]. It can be seen from Fig. 5 that the
indentation depths H,obtained for the softer film was 180nmand only
129nm for the hardest film. The hardness values are function of the
penetration depth. The plastic deformation energies Wp = Wtot —We
were defined by the integrated area formed by loading and unloading
curves during indentation measurements, where Wtot is the total work
during loading, We is the reversible (elastic recovery) work and Wp is
the irreversible (plastic deformation) work. Additionally, the H®/E*2
ratios were calculated to characterize resistance to plastic deformation.
Thereby, the H, E*, H3/E*2evolutions with the different multilayer
configurations on both surface roughness substrates are illustrated in
Fig. 6. Enhanced hardness was observed for the rougher (Ray) substrate.
The H and E* average values were found to decrease in the
order(38.9 GPa, 32.7GPa and 26.46GPa) and (592.3 GPa, 407.8GPa and
341.2GPa), for the TiN/CrN-F, TiN/CrN-B and TiN/CrN-D coatings,
respectively. According to the highest H and E* values, the TiN/CrN-F
showed the smallest plastic deformation energy (Wp = 156nJ) with a
high resistance to deformation (H2/E*?> = 0.19GPa). Similarly, the
TiN/CrN-B exhibited the highest resistance to deformation (H3/E*% =
0.21GPa) with a low plastic deformation energy (Wp = 285nJ). Indeed,
Yang et al [9] found that the (200) oriented superlattices exhibited
higher hardness enhancement at A = 10nm than the (111) oriented
superlattices due to their more effective interface-dislocation in-
teractions. Furthermore, it was found that hardness and effective
Young’s modulus increase with tensile residual stress in multilayer films
as demonstrated by Bouaouina et al. [33] for the MoN/CrN films,
deposited using RF magnetron sputtering. Effectively, the resistance to
plastic deformation increase is coupled with the plastic deformation
energy Wpdecreases as the hardness increases [13, 18]. It is well known
that the hardness enhancement of multilayered coatings is due to the
presence of interfaces that prevent deformation. The literature is rich in
explanations of the mechanisms governing the dislocations motion
across the interface of multilayer coatings, such as the Hall-Petch effect
and the Kohler theory. The interfaces (grains or layers) act as barriers to
dislocations propagation. Though Chu and Barnett [34] have suggested
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the difference in shear modulus as an explanation of the hardness
enhancement in superlattices, Mendibide et al. [32] have likewise pro-
posed the strain-stress effects at TiN and CrN interfaces. Changing film
thickness is followed by the variation in dislocation mechanism [22].

The improved mechanical properties of the TiN/CrN-3, especially
TiN/CrN-F, which were deposited on rough substrate, can be attributed
to the low and constant (A = 12nm) thickness associated with the high
(300) number of interfaces and the crystallite size reduction (11.5nm),
generated the high(—163MPa) residual stresses, consequence to the film
densification. It is mentioned by Mayrhofer et al. [35] that hardness can
increase with only minor changes in compressive stresses. Moreover,
Kumar et al. [22] found that the film deposited on steel substrate
exhibited lower lattice parameters, hence higher residual stresses, than
that deposited in similar conditions on the smoother silicon. On the
other hand Falsafein et al. [16] mentioned that the hardness of industrial
coatings varies due to differences in microstructure, texture and stoi-
chiometry. The grain (crystallite) size of the coating has, therefore, a
direct relationship with hardness. The present results are in agreement
with previous studies, where it was observed that enhancement in me-
chanical properties with the change in layer thicknesses, for both
TiN/CrN and CrN/TiN superlattice coatings irrespective of the preferred
orientation, as demonstrated for the (111) textured film [14, 15, 18],
(200) textured film [4, 12, 27] or no preferred orientations [9, 13].

The lowest mechanical results H = 20.5GPa, E* = 279GPa andH>/
E*?> = 0.11GPa, according to the highest Wpvalue (328nJ), were
attributed to TiN/CrN-C. The decreased mechanical properties in TiN/
CrN-2 may be affected by the first thick bilayers’ (A ~ 40nm) growth
(Hall-Petch effect associated to the high crystallite size (18.6nm)), the
lower interface number and the lower residual stresses compared to the
TiN/CrN-3. The change in mechanical properties of the coatings is
directly related to the microstructure, texture, crystallite size, substrate
effect and deformation behavior [22].

3.3.2. Scratch tests

3.3.2.1. Scratch track analysis. The scratch test which is a useful tech-
nique for monitoring coating adhesion was used, to analyze the TiN/CrN
multilayers behavior deposited on two different roughness substrates
with varying inter-layer thicknesses. Under the same testing conditions,
the adhesive failure mode of the coating was essentially identified as
spallations and buckling failure mode. The scratch track morphologies
of the TiN/CrN-B, TiN/CrN-D and TiN/CrN-F with the higher substrate
roughness, exhibited a slight increase in cohesive/adhesive behavior
compared to the other coatings (Fig. 7). This is essentially due to the
surface asperities of the steel substrate acting as mechanically inter-
locking sites at the coating-substrate interfaces [4]. Besides, the
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Fig. 7. Optical images of scratch tracks of the TiN/CrN multilayers (black arrow: average values and red arrow: minimum values) and TiN/CrN-B, C, and F cor-
responding cracking patterns and AE signal recorded during scratch test.



TiN/CrN-F multilayer exhibited the lower failure intensity as the test
proceeded. The coating had been smoothed (Fig. 7(a) and (e)) in the first
stage of the test, before ductile tensile cracks confined within the track
appeared (Fig. 8(F)). This eventually leads to the beginning of cohesive
failure of the coating. Thereafter, as the scratch test progressed, the
coating displayed small spallations (Fig. 8(F)) producing the first
delamination within the track in agreement with the small acoustic
emissions generated as shown in Fig. 7(d). Such observation is explained
by Bull et al. [36] who suggested that individual buckles of the coating
are induced by the compressive stress ahead of the indenter combined
with residual stresses still present in the coating. Consequently, the
spalling failure resulted behind the diamond stylus contact when the
trough thickness cracks occurred in response to the tensile stresses
generated. As the test proceeded, extensive growth of the spalling re-
gions was observed leading to exposure of the substrate (Fig. 7(e)).
Regarding the deposit TiN/CrN-1, the TiN/CrN-B multilayer displayed
(Figs. 7(a) and 8(B)) some similarities with the TiN/CrN-F multilayer
coating, despite the few debris (Fig. 7(g)) developed in the first stage of
the test, at lower loads. This may be due to the coating roughness which
increased the coefficient of friction (COF) and hence the shear traction
on the coating [6]. Likewise, the main acoustic emission level also
increased (Fig. 7(b)). However, adhesion failure was observed at high
load in the form of few substrate exposures (Fig. 7(g)). The behavior of
the TiN/CrN-2 multilayer was somewhat different. The TiN/CrN-C
multilayer exhibited the lowest adhesion resistance (Fig. 7(a) and (f)).
A large number of spalls occurred at the start of the test (Fig. 8(C)) and
continued along the track. As the amount of cracks and spalls increased
with the applied load, the acoustic emission also increased (Fig. 7(c)).
Additionally, the TiN/CrN-A and the TiN/CrN-D have displayed
approximately similar cracking patterns as shown in Fig. 8(A) and 8(D),
respectively. High amount of coating remained bonded to the substrate
at the end of the scratch tracks for all samples (Fig. 7). The cracking
behavior of the films was quite similar to that observed in previous work
for the TiN coating deposited by magnetron sputtering [37] and by
cathodic arc evaporation [38].

3.3.2.2. Adhesion measurement. A quantitative analysis by measuring
the critical load values was achieved in order to estimate the coatings
adhesion work Wy4. This was done using the Bull and Rickerby [39]
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key to predicting the mechanical properties of an interface, h the coating
thickness, L, the adhesion/coating fracture critical load (coating sepa-
rates from the substrate at L3), E* the elastic modulus of the coating and
d the scratch width measured at the adhesive critical load (L3).

The critical loads (L¢z, Lcg, Les and Leg) of the multilayer coatings
were characterized respectively by: the semi-circular cracks inside the
scratch track detected by the first L.; (which can characterize the ma-
terial toughness); the first cohesive chipping at the edges evaluated by
L.2; the first delamination within the track was associated with L.3; and
massive delamination detected for L.4. The experimental results are
summarized in Fig. 9. It is noted that the coatings on rougher surface
substrates exhibited higher cohesive/adhesive critical loads. As reported
in Fig. 10 the estimated values of the adhesion work Wad has increased
with the hardness in the TiN/CrN-1, and has decreased as the hardness
increased in the TiN/CrN-2.

equation: Wad = where Wad is the adhesion work which is the
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Fig. 9. Critical loads L, measured for the TiN/CrN multilayers (the TiN/CrN-E
is not included)
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Fig. 8. Optical images of coating failures obtained in the TiN/CrN multilayers scratch tracks
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Fig. 10. Evolution of the adhesion work and hardness of the TiN/CrN
multilayers

As expected, the TiN/CrN-F coating exhibited the highest L,; ~ 4.3N
and L.y ~ 6.98N values, according to the better mechanical properties,
which led to toughness enhancement. Cracks can be stopped at each
interface (300 interfaces), due to effective interface dislocation in-
teractions in the (200) oriented superlattices [9], and can cause a
delamination of the top layer, which is in agreement with the literature
[7, 15, 31]. Additionally, it is well known that smooth coating surface
contribute to enhance coating adhesion [30, 39]. However, at high
loading, the TiN/CrN-F exhibited lower critical load (L.3 =~ 12N and L4
~ 15.6N). This may be due to the high compressive residual stresses
concentrated at the vicinity of the interface-substrate. Bull [36] found
that critical load for coating detachment is reduced as the residual stress
in the coating increases. Although it improves wear resistance and
hardness of the coating, it has an undesirable effect on adhesion per-
formance [16]. In contrast, the TiN/CrN-B displayed the highest adhe-
sive strength (L.3 ~ 15.1N and L.4 > 20N), related to its better resistance
to plastic deformation (0.21GPa) and appropriate residual stresses (+
66.88MPa). Moreover, Lomello et al. [15] reported that the multilayer
with (200) orientation dominant phase was harder but more brittle than
the (111) phase. This was also confirmed in other works [31, 40]. It may
be also due to the TiN/CrN-3 lower film thickness (1.78 + 0.05pm) as
compared with TiN/CrN-1 and TiN/CrN-2, (2.03 + 0.05pm and 2.3 +
0.05pm, respectively). The coating thickness effect has been widely re-
ported [6, 16, 22, 37].

The TiN/CrN-A, B, C, and D, multilayers exhibited significantly
lower L.y < 3N and Ly < 5.5N, which led to lower cohesive action.
However the adhesive action was somewhat similar to that of the TiN/
CrN-F displayed by L.s3. As for the TiN/CrN-C multilayer, the lowest
cohesive critical loads (L;; =~ 1.73N, Ly ~ 2.87N) were observed. These
lower values can be attributed to the significantly lower resistance to
plastic deformation (0.11) as shown in Fig. 6.

Although Deqiang et al. [41] have demonstrated that the calculated
value of Wad increase almost linearly with the residual stress which
shrinks interfacial Ti-N and Cr-N bonds, and strengthens their electronic
interactions. It is evident that, practical adhesion depends not only on
the stresses in the coating but also, on interfacial number, thickness and
mechanical properties of the coating and substrate.

4. Conclusion and perspectives

Three TiN/CrN multilayers, with varying modulated period (A) and
interlayer thicknesses, were deposited using magnetron sputtering pro-
cess on XC48 steel substrates with two different surface roughnesses.
The aim was to investigate the interaction of the intrinsic characteristics
of the coatings and their effect on the mechanical behavior to improve

their tribological properties.

The chemical analysis revealed the sub-stoichiometric state for all
the coatings. The TiN/CrN multilayers growth was affected by thickness
and substrate roughness variations. A preferred (200) orientation for all
the coatings were observed. The emergence of the (111) plan was
observed for those with higher interlayer thicknesses.

The improvements in hardness (H > 40GPa), Young’s modulus (E* >
600GPa) and resistance to plastic deformation (H3/E*? > 0.20GPa) were
attributed to the coating with the strong (200) preferred orientation, and
lower period (= 12nm) with the 1.7/1thickness ratio. The interface
number increase contributed to toughness and cohesive strengths in-
crease. The coatings on the rougher substrate surface exhibited
enhanced hardness and greater adhesion strength than those deposited
on smoother steel substrates. The adhesive failure mode of the coatings
was essentially identified as spallations and buckling failure modes.

No significant mechanical behavior improvement was observed with
the progressive variation in modulation sequence (40 — 30 — 20 — 15 —
10nm). However, an improvement in their surface hardness (43.3GPa),
was noted at 6% depth of the coating surface.

These results will be correlated with frictional and wear resistance
properties of the TiN/CrN multilayers coatings in a forthcoming study.
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