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The Effect of Bilayer Periods and Their Thickness
in Magnetron Sputtering Protective Multilayer Coatings

for Tribological Applications
Khalil Aouadi, Corinne Nouveau, Aurélien Besnard, Brahim Tlili, Alex Montagne, and Moez Chafra

CrN/CrAlN thin films were deposited by DC reactive magnetron sputtering. The influence of CrN/CrAlN
bilayer thickness on the microstructure, mechanical, and tribological properties was studied. Crystallinity
of the layers was characterized by x-ray diffraction. The microstructure of all coatings was observed by
scanning electron microscopy. Results exhibit that bilayer thickness was a dominant factor. The analyses
showed a columnar microstructure for the CrN/CrAlN coatings. Owing to their denser structure and
interfacial strengthening, CrN/CrAlN multilayer coatings exhibited higher mechanical properties than that
of monolayers. Indeed, CrN/CrAlN multilayer coating with four bilayers and thickness gradient reaches a
maximum of hardness around 43 GPa. Also, its resistance to spallation reaches 97 N which is a very
excellent value. After ball-on-disk wear tests, it is found that all multilayer films exhibited a good wear
resistance, especially the one with four bilayers and different CrN and CrAlN monolayers thickness. The
lowest coefficient of friction is obtained for the coatings with 4 bilayers.

Keywords bilayer period, CrN/CrAlN, mechanical properties,
microstructure, wear

1. Introduction

The physical vapor deposition (PVD) technique is well
established as a method to elaborate a variety of coatings. In the
last decades, a diversity of binary, ternary, and quaternary
coatings were developed (Ref 1-3). CrN coatings exhibit
interesting properties such as a good chemical stability, or wear
and corrosion resistance (Ref 4, 5).

The incorporation of aluminum into the CrN system has a
main influence on the films properties. Chim et al. (Ref 6)
studied the oxidation resistance of CrN and CrAlN coatings
synthesized by lateral rotating cathode arc. They found that the
CrAlN coating had a better oxidation resistance than the CrN
one. Moreover, the CrAlN hardness was higher (35 GPa) than
the CrN (20 GPa) one. These results are also found by Barshilia
et al. (Ref 7) using reactive direct current (DC) magnetron
sputtering. They observed a hardness of about 33 GPa and
18 GPa for CrAlN and CrN, respectively, and a higher
corrosion resistance for the CrAlN coating. Spain et al. (Ref

8) developed CrN, TiN, TiAlN, and CrAlN coatings by twin
electron beam plasma assisted physical vapor deposition
(EBPAPVD). Among all these coatings, CrAlN presents the
best wear resistance.

Since 1980s, multilayer coatings have been intensively
investigated due to their high wear resistance compared to the
single layer coatings (Ref 9-12). This is due to the presence of
interfaces between the different layers (Ref 13), which prevent
the cracks propagation (Ref 14). It also prevents the disloca-
tions slip which lead to an increase of the film hardness (Ref
15). A variety of hard multilayers coatings have been studied
such as TiN/CrN (Ref 16), TiAlN/MoN (Ref 15), CrVN/TiN
(Ref 17), etc.

Chen et al. (Ref 18) developed multilayer coatings of
CrAlN/TiN and CrAlN/ZrN with a commercial cathodic arc
evaporation system. In comparison to CrAlN/ZrN, CrAlN/TiN
system shows a coherent interface and higher thermal and
mechanical properties. Nose et al. (Ref 19) developed CrAlN/
BN multilayer coatings by direct current (DC) and radio-
frequency (RF) reactive magnetron sputtering. They showed
that multilayer coatings exhibited higher oxidation resistance
after an annealing for 1 hour in air at 800 �C compared to the
CrAlN monolayer coatings: CrAlN/BN hardness remained
stable, while the hardness of CrAlN decreased. The use of
multilayer system also improved the tribological properties.
Wang et al. (Ref 20) developed a multilayer coatings of CrAlN/
VN by RF magnetron sputtering and showed that the multilayer
coating tested against an Al2O3 ball at 700 �C using a ball-on-
disk tribometer has the lowest coefficient of friction and wear
rate compared to CrAlN and VN monolayers. The use of the
multilayer system improves the hardness of the coatings. For
example, the hardness of CrAlN coatings (27.1 GPa) slightly
increased to 31.6 GPa with a multilayer coating of CrAlN/SiN
(Ref 21). Maksakova et al. (Ref 22) developed a special coating
architecture deposited by arc-PVD. They used multilayer
nanostructured in each modulation period composed of 40
nitride bilayers CrN/ZrN and seven metallic bilayer Cr/Zr. They
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note that multilayer showed a significantly higher hardness than
that of monolayers CrN and ZrN. Also, CrN/ZrN films
presented a reduced elastic modulus, and a higher value of
resistance to plastic deformation and elastic strain to failure.
Postolnyi et al. (Ref 23) have been studied CrN/MoN
multilayer coatings fabricated by Arc-PVD. They studied the
effect of bilayer thickness on the properties of CrN/MoN films.
They showed that the structure changed with the decrease of the
bilayer thickness because the grain size decrease and this leads
to the Hall–Petch strengthening of films and to the blocking of
cracks and dislocation propagation which enhance mechanical
properties. Pogrebnjak et al. (Ref 24) developed of CrN/MoN
fabricated by vacuum-arc evaporation. They studied the effect
of periodically changing architecture of monolayers and
varying the substrate bias voltage and nitrogen pressure. They
noted that the decrease of nitrogen pressure causes a decrease
of the tribological properties. Also, the decrease of the layers
thickness leads to decrease of crystallite sizes. Multilayer
hardness reaches 42 GPa with the decrease of individual layer
thickness, and this is explained by the Hall–Petch strengthening
mechanism.

The aim of the present work is to study CrN/CrAlN
multilayer coatings using an industrial DC reactive magnetron
sputtering system with different bilayers periods. The effect of
the increase of the number of interfaces on the microstructure,
surface morphology, mechanical, and tribological properties of
CrN/CrAlN multilayer films is studied.

2. Experimental

2.1 Coatings Deposition

The CrN/CrAlN multilayer coatings with various bilayer
thickness were synthesized by DC reactive magnetron sputter-
ing (KENOSISTEC-KS40V). The diameter of the chamber is
about 730 mm, its height is about 790 mm and its volume is
about 340 L. The substrates are X50CrMoV8-1 steel samples
(20 9 20 9 5 mm3) and mirror polished silicon (100) (10 9 10
mm2) 380 lm thick. The mass percent composition of
X50CrMoV8-1 steel was examined using spark spectrometry
and it described in Table 1.

Two targets of chromium and aluminum with purity of
99.95% and dimensions of 406.4 9 127 mm2 with a thickness
of 7.5 mm were used. Before deposition, all substrates were
ultrasonically cleaned in acetone and alcohol for 5 min,
respectively, and then dried under compressed air. Prior to the
deposition, the chamber has been pumped down to a residual
pressure of around 2.10�5 Pa at a temperature of 300 �C for 7
h. The input power on Cr and Al targets has been fixed at 1500
W and 1000 W, respectively. During deposition, the working
pressure was fixed at 0.5 Pa. The flow rates of Ar and N2 were
68.8 and 33.3 sccm, respectively. The thickness of CrN and
CrAlN underlayers was controlled by the deposition time. A

substrate bias voltage of � 500 V was employed for all
depositions. This value was optimized for CrN coating in a
previous study (Ref 5). The substrate holder rotation was fixed
at 1.5 rpm. Before deposition, all substrates were in situ etched
under argon plasma at � 700 V for 10 min to remove
contaminants and to ensure a better adhesion of the coatings.

The total thickness of multilayer coatings was around 2 lm.
We chose to study the effect of interfaces on the CrN/CrAlN
films properties. We chose a bilayer number of 1, 2, 3, and 4.
That�s why we chosed the following values of 1000, 500, 350,
250, and 200 nm. The top layer for each multilayer coating is
always CrAlN and a chromium underlayer of about 120 nm
was systematically realized. Figure 1 presents the different
types of multilayer coatings studied. Five multilayer coatings
are realized (C1, C2, C3, C4, C5) with different number of
interfaces (1, 2, 3 and 4). For C5, we choose to developed a
multilayer coating with a thickness gradient choosing the same
layer thicknesses used in the other coatings (1000, 500, 250)
and keeping the total thickness (� 2000 nm).

2.2 Characterizations of the Coatings

The surface morphology and the microstructure of the
coatings were observed by HR-SEM (JEOL JSM 7610F). The
chemical composition of coatings and of wear tracks after ball-
on-disk tests were determined by energy-dispersive x-ray
spectroscopy (EDS) and wavelength dispersive spectroscopy
(WDS) analysis (JEOL JSM 6400F). The crystallinity of the
films was characterized by x-ray diffraction (XRD) (INEL
diffractometer type curve CPS 120 detector, Ka Co radiation
source of 0.178897 nm) with a voltage of 25 kV and a current
of 25 mA at low angle configuration (5�). The coherent domain
sizes were calculated by Scherrer�s equation (Eq 1):

d ¼ K � k
b � cos h ; ðEq 1Þ

where K is the Scherrer�s constant (0.9 in our case), k is the
x-ray wavelength, b is the broadening of the full width at the
half maximum (FWHM) and h is the Bragg�s angle. The
coherent domain sizes are calculate from the main peak.

The friction coefficient was measured by rotative ball-on-
disk tests in ambient air under a fixed load of 5 N, a sliding
speed of 3 cm/s and for a sliding time of 65 min, using an
alumina ball (6 mm of diameter) as counterpart. After the ball-
on-disk tests, the wear volumes were evaluated from optical
profilometer (VEECO, Wyko-NT 1100) profiles at eight
different positions in the wear track (each 45�). Surface
morphology was analyzed by Atomic Force Microscopy
(AFM, type XE sPark 70) using tapping mode with a scanning
area of 5 9 5 lm2. Gwyddion software was used to calculate
the coating roughness. The hardness and Young�s modulus
were determined by nano- indentation tests using a MTS XP
Nano-indenter equipped with a Berkovich indenter. The tip
radius of the indenter is about 200 lm, and it face angle is
about 136�. The maximum load is about 750 mN. To calculate
the hardness, Rahmoun�s model (Ref 25) was used. Scratch
tests were performed on Scratch Tester Millennium 200
equipped with a Rockwell spherical diamond indenter (with
tip radius of 200 lm and a conical angle of 120�) with a
continuous increase of the normal load from 0 to 200 N and
equipped with acoustic emission detector. The scratch length is
about 8 mm. For each coating, three tests are realized and an
average adhesion value of Lc2 is calculated. The residual stress

Table 1. Chemical composition of X50CrMoV8-1 steel
using spark spectrometry

% C % Cr % Mn % Si % V % Mo % Fe

0.5 8 0.5 1 0.5 1.5 88



in all thin films was evaluated using the modified Stoney
formula (Eq 2) (Ref 5):

r ¼ ES

6 1� vSð Þ
e2S
ef

1

R

� �
� 1

R0

� �
; ðEq 2Þ

where ES: Young’s modulus of the substrate, mersus:
Poisson�s ratio of the substrate,es: substrate thickness, ef: film
thickness, R: radius of curvature after deposition and R0: radius
of curvature before deposition. The radiuses of curvature (R0
and R) are determined by 3D optical profilometer (VECCO,
Wyko-NT 1100).

3. Results and Discussion

3.1 Physico-Chemical Properties

In Fig. 2, the column size is shown and it determined by
(Scanning Electron Microscopy) SEM.

The quantitative chemical composition of CrN and CrAlN
monolayers obtained by EDS analysis are listed in Table 2. One
can note that CrN and CrAlN coatings exhibit a low oxygen
concentration. The existence of this amount of oxygen may be
ascribed to the residual oxygen into the chamber. It can be
shown that the as-deposited CrN coating presents the stoichio-
metric concentration ratio with a N/Cr ratio of 0.96. 7% of Al
were inserted to produce CrAlN films with an optimized Al/
(Al+Cr) ratio of 0.14.

Figure 3 depicts the XRD patterns of each CrN and CrAlN
monolayers and CrN/CrAlN multilayer coatings deposited with
various bilayer periods.

In comparison with the standard reference sample listed in
(ICCD96-431-1895 and 96-153-5441) PDF database, the CrN
monolayer coating presents characteristic diffraction peaks at
43�, and 75.17� corresponding to (111) and (202) planes of fcc
cubic structure, respectively. CrN shows a (111) preferential

orientation. CrAlN monolayer also has the fcc structure with
similar peaks to that of CrN coating with a weak (111) peak. In
addition, peak at 51.09� corresponding to CrN (200) plan
appears.

Fig. 1 Scheme of the multilayer systems

Fig. 2 SEM cross-sectional image of CrN/CrAlN (C1)

Table 2. Chemical composition of CrN and CrAlN
monolayer coatings obtained by EDS and WDS analysis

Composition, at.%

N O Cr Al

CrN 46.8 4.8 48.4 –
CrAlN 46.4 4.6 41.9 7.1



The decrease of the (111) diffraction peak is ascribed to the
incorporation of Al. This is due to the lattice distortion caused
by the addition of Al atoms. On the other hand, varying the
number of bilayer periods has no obvious influence on the XRD
patterns. The detected peaks of all multilayer coatings coincide
well with the CrAlN single layer. No AlN phases are detected
in all coatings. This result can be explained by the fact that Al
atoms exist as amorphous nitride phase or incorporate in the fcc
lattice or both. Besides, this can be due to the high ratio of Cr/
Al (Ref 26). As the number of bilayer increases, the intensity of
CrN (111) and CrN (200) peaks decreases, indicating that the
coherent domain size gradually reduces (Ref 27, 28). This is
consistent with results presented in Table 3. Also, this decrease
of the intensity of CrN (111) and CrN (200) peaks can be
ascribed to the decrease of bilayer thickness (Ref 29).

CrN (200) diffraction peaks of the multilayers are shifted to
higher angles compared to the same planes in the CrAlN
monolayer. Kim et al. (Ref 30) attributed this result to higher
residual stresses in multilayer coatings. Bouaouina et al. (Ref
31) who deposited multilayers coatings of Mo2N/CrN by RF
magnetron sputtering explain this phenomenon by the decrease
of residual stress caused by interfaces between Mo2N and CrN.
According to the Bragg�s equation (2.d.sin (h) = n.k, where n
and k are two constants), the diffraction peaks will be shifted if
there are compressive or tensile stresses (Ref 15). On the other
hand, we observe that the peak intensity of CrN (111) decreases
with the increase of bilayers. This can be explained by the
decrease of coherent domain size as shown in Table 3.

Figure 4 illustrates the SEM fracture cross section of CrN/
CrAlN multilayer coatings with different bilayer thickness on
Si substrates. All multilayer coatings CrN/CrAlN present a
columnar structure. The Cr underlayer is clearly observed in
contact with the substrates. It is deposited to improve the
adhesion strength and reduce the internal stress between
substrate and CrN/CrAlN multilayer coating. From this metallic
fine grain underlayer, the columns tend to become larger and
then remain constant in size along the film thickness. The
thickness values of all multilayer films are around 2 lm.
Multilayer coating with only one bilayer (C1) has the widest
columns while films C4 and C5 have the thinnest columns. This
is confirmed by the column size in Table 3.

AFM surface morphologies images of CrN/CrAlN multi-
layer coatings deposited with different bilayer thickness are
presented in Fig. 5.

To exhibit the AFM images, a 5 9 5 lm2 area were used to
determine the RMS roughness and column size (Table 3). RMS
roughness values as a function of bilayer number are listed in
Table 3. By varying the number of bilayers from 1 to 4,
roughness of the surface decreases from 34.9 to 22.5 nm.
Similar results have been obtained by other researchers (Ref 15,
31). This indicates that multilayer coating with one bilayer
grow more disordered than multilayer with 4 bilayers. This
reduction of the roughness as the number of bilayers increases
may be due to the decrease of coherent domain size (Table 3).
Indeed, the coherent domain size value of multilayer coatings
reduces with the increase of the bilayer period and reaches 8.2
nm for C5 multilayer coating which implies that the variation of
bilayer period greatly affects the coherent domain size. This is
attributed to the decreasing of the individual thickness for each
interlayer when the bilayer period is increased. Thus, this leads
to a decrease of the total surface roughness (Ref 32).

3.2 Mechanical Properties

In Table 4 are presented the hardness, Young�s modulus, H/
E and H3/E*2 of the different films studied. H/E ratio represents
the elastic strain failure. When this ratio is large, the
propagation of the force takes more time which delay the
failure of films (Ref 33). From Table 4, it can be seen that
elastic strain failure values of CrN and CrAlN monolayer films
were the lowest. This indicates that the multilayer structure
enhances the elastic strain failure. Moreover, with the increas-
ing of the number of bilayers, H/E ratio increases from 0.096
for C1 to 0.106 for C5 coating. This is with a good correlation
with results obtained by Postiolnyi et al. (Ref 23) whose
confirm that elastic strain failure increase when the bilayer
thickness decrease.

The H3/E*2 ratio (E*=E/(1� m2)) which represents the
plastic deformation resistance of materials is also shown inFig. 3 XRD patterns of CrN/CrAlN multilayer coatings

Table 3. Coherent domain size, thickness and column size of CrN/CrAlN multilayer coatings

Specimen Coherent domain size, nm Column size, nm RMS roughness, nm

C1 18.6 ± 0.4 61 34.9
C2 16.8 ± 0.3 56.4 32.3
C3 14.4 ± 0.4 50 30.8
C4 12.1 ± 0.5 38 22.5
C5 8.2 ± 0.6 31.6 27.5



Fig. 4 SEM cross-sectional images of CrN/CrAlN multilayer coatings

Fig. 5 AFM images of CrN/CrAlN coatings

Table 4. Mechanical properties of the studied coatings

Hardness, GPa Young�s Modulus, GPa H/E H3/E*2 Residual stress, MPa

CrN 22 ± 0.9 244 ± 6.0 0.090 0.164 86.4
CrAlN 27 ± 1.0 305 ± 5.0 0.088 0.194 296
C1 35 ± 0.8 361 ± 5.0 0.096 0.303 261
C2 37 ± 1.0 372 ± 6.0 0.099 0.337 236
C3 40 ± 0.7 392 ± 4.5 0.102 0.383 220
C4 39 ± 1.1 380 ± 6.0 0.102 0.378 193
C5 43 ± 0.7 402 ± 5.5 0.106 0.453 171



Table 4. The CrN/CrAlN multilayer coatings exhibit higher H3/
E*2 ratio than CrN and CrAlN monolayer films. It is also
obvious that the plastic deformation of the multilayer coatings
increases with the number of bilayers and C5 film presents the
highest plastic deformation resistance. This is due to the higher
number of interfaces between bilayers, thus the crack propa-
gation is delaying and the toughness of coatings enhanced (Ref
26).

The hardness and Young�s modulus of the CrN, CrAlN
coatings and the CrN/CrAlN multilayer coatings as a function
of bilayers periods are illustrated in Fig. 6.

The results show that hardness and Young�s modulus of
CrN/CrAlN films are influenced by the bilayers period. Indeed,
the hardness and Young�s modulus of CrN/CrAlN multilayer
increase with the increase of the number of bilayers from 35 to
43 GPa for the hardness and from 361 to 402 GPa for the
Young�s modulus. Multilayer coating with four bilayers and
different thickness (C5) presents the highest coating hardness
(43 GPa) which is a worthy value. The coatings hardness
increases with the decrease of the bilayer period thickness. This
is confirmed by the literature where it has be proved that there
is a correlation between the period thickness and the multilay-
ers hardness (Ref 23, 34, 35). The hardness of the CrN and
CrAlN monolayers are, respectively, 22 and 27 GPa which are
lower than that of multilayers coatings. These results are in a
good correlation with other studies (Ref 15, 36-38). The
increase of hardness and Young�s modulus of the multilayers
can be explained by the decrease of each monolayer thickness
and the use of multilayer coatings with thicknesses of few
decade or hundred nanometers. Indeed, microstructure depends
on the bilayers size of period which generates the improvement
of mechanical properties (Ref 32). The increase of the
modulation period of multilayer leads to the decrease of the
coherent domain size, as observed from Table 3, causes an
increase of the film density (Ref 39). The high density of
multilayer coatings inhibits dislocation motion across inter-
faces. In other words, this enhancement of hardness can be due
to the refinement of films grain size (Table 3). Indeed, the
decrease of the grain size has a main effect on the improvement
of coatings hardness according to the Hall–Petch�s relation (Ref
40) where each interface acts as a grain boundary (Ref 41). The
decrease of grain size can encourage the pile-up of dislocation
and blocks the dislocation motion. In fact, smaller grain sizes
lead to smaller void at interfaces which prevents dislocation

slip. Then, dislocations are hindered at monolayers under the
effect forces generated from the two monolayers like disloca-
tions pile-up (Ref 42). This is having a positive influence on the
hardness increasing. Pogrebnjak et al. (Ref 24) explain the
increase of multilayer hardness with the decrease of monolayers
thickness by the reduction of grain size because the growth of
grain boundary volume prohibits the dislocation sliding.
Dislocations pile-up at interfaces can strengthen coatings and
then improve coatings hardness. According to Barnett et al.
(Ref 43), the difference in layer elastic modulus is an important
factor in determining the hardness improvement. In addition,
there is a strong relationship between the nature of interface and
the enhancement in hardness (Ref 44, 45). Indeed, smooth and
sharp interface can block the movement of dislocations and
then promotes the enhancement of the hardness.

The increase in the number of bilayers to 4 is accompanied
by a slight decrease of the hardness and Young’s modulus. The
coherent grain size of this multilayer coating (C4) is smaller
than that of the film with three bilayers (Table 3). However, its
hardness is 39 GPa and its Young’s modulus is about 381 GPa.
Indeed, not only the grain size, but also the inter-diffusion and
the state of interface layered must be taken into account to
explain the evolution of hardness, Young’s modulus and their
dependence on the process parameters (Ref 15).

Figure 7 shows the critical loads of the CrN/CrAlN films as
a function of the number of bilayers periods.

Critical load of CrN/CrAlN multilayer coatings were
presented in term of Lc2 which represent the critical load for
the continuous cracking. We observe that critical load values of
multilayer coatings are greater than those of monolayers (CrN
and CrAlN). It can be seen that the bilayer thickness greatly
affects the adhesion strength. Indeed, for a single period,
critical load is about 74 N while a bilayer periods of 4 (C5) has
an Lc2 equal to 97 N, which indicates an excellent adhesion.
This result can be explained by the increase of plasticity (Ref
15). Besides, the enhancement of the adhesion strength
behavior of the multilayer coatings can be attributed to the
micro-cracks developed initially at the top surface. Each
interface can greatly change the direction of the initial crack
during its penetration into the coatings, delaying cracks
propagation. Therefore, multilayer structure permits to improve
mechanical properties thanks to the different interfaces that

Fig. 6 Hardness and Young�s modulus of CrN, CrAlN and CrN/
CrAlN multilayer coatings

Fig. 7 Critical load of CrN, CrAlN and CrN/CrAlN multilayer
coatings as a function of bilayer periods



prevent the dislocations motion. Besides, with the decrease of
the bilayer thickness, the dislocations that exist in layers
constitute a major obstacle to move. Hence, this requires a
higher critical shear stress to propagate and move across the
whole coating and cause the delamination of the multilayer
coating (Ref 46, 47). According to Zhang et al. (Ref 48), this
increase in critical load (Lc2) can be attributed to the increase
of H/E* value which represents the resistance to cracking. This
is in good correlation with results shown in Table 4. The two
films with 4 bilayer periods have the same number of interfaces
but, the coating with periods of different thicknesses (C5) has a
better resistance adhesion. This can be explained by the better
hardness and wear resistance of C5 (Fig. 6).

For the multilayer coatings, it can be seen that when the
tensile stress is low, the adhesion is better (Table 4). In general,
the curvature and deformation of thin films are provoked by
tensile stress. This phenomenon can create a bending moment
at the coating/substrate interface. Meantime, the bending
moment direction is toward the coating and this can easily
induce the debonding of interfaces (Ref 28).

3.3 Tribological Properties

Figure 8 shows the coefficient of friction (COF) of CrN,
CrAlN and CrN/CrAlN multilayer coatings deposited with
different bilayer periods versus the sliding distance.

The coefficient of friction behavior for multilayer coatings
presents two distinct steps: first, there is the runin step, where
the COF increases progressively resulting from the rough
surface, contaminants, and the contact stress variation. After-
ward, the COF stabilizes and remains constant until the end of
the test. It can be observed that the friction behavior of CrN
monolayer becomes stable after the shortest distance (� 10 m),
while multilayer coatings take the longest distance (� 30 m)
before their stabilization. The average value of the multilayer
coatings COF is 0.68. The COF for multilayer coatings is lower
than that of CrAlN monolayer which is around 0.8 but higher
than that of CrN which is around 0.51. This is in correlation
with the literature where the COF of multilayer coatings is
between that of monolayers (Ref 17, 49).

The wear volume was calculated after the ball-on-disk tests.
Fig. 9(a) shows the wear volume of the coatings studied.

All CrN/CrAlN multilayer coatings show a wear volume
lower than that of CrN and CrAlN monolayers (Fig. 9). This
result is in correlation with Fig. 6: the hardest the coating is,
lower the wear volume. Indeed, under the same conditions, we
noted that the wear volume of the CrAlN film is 1.22 9 10�5

mm3 and that of the CrN is 1.64 9 10�5 mm3. The wear
volumes of the multilayer coatings varied from 8.5 9 10�6 to
1.03 9 10�5 mm3. This improvement of wear resistance can be
associated to the increase of the material ability to resist to
plastic deformation (H3/E*2) and the elastic strain failure (H/E)
which can play a crucial role in the tribological behavior (Ref
28, 50) (Table 4). As a matter of fact, with a high plastic
deformation resistance (H3/E*2), the external load can be
dissipated over a wider elastic strained area which can enhance
the wear resistance (Ref 48). As a consequence, a high H3/E*2

leads to a reduced wear volume. In addition, the increase in the
number of interfaces improves the tribological behavior of
multilayer coatings (Ref 15). Interfaces interact with disloca-
tions and crack propagation as follows: the greater the number
of interfaces is, the greater the barriers of crack propagation,
resulting in a better wear resistance. According to Zhou et al.
(Ref 51), the wear resistance of TiN/CrN multilayer coatings
decreases with the increase of the period thickness. They

Fig. 8 Friction coefficient of CrN and CrAlN monolayer coatings
and the CrN/CrAlN multilayer with different bilayer periods

Fig. 9 Wear volume (a) and wear track profiles (b) of CrN/CrAlN
multilayer coatings as a function of their number of bilayers



explained this result by the decrease of the anchoring energy
into interfaces which generates delamination of layers, leading
to the formation of debris and to the reduction of the wear
resistance. So, the thicker the bilayer is, the lower the resistance
wear. Likewise, this increase in the wear resistance can be
attributed to the hardness enhancement. Indeed, high hardness
can give rise to an increase load carrying capacity, less contact
area with counterpart (Ref 52). Also, it is well known that
hardness is inversely proportional to the wear rate (Ref 53).

Figure 9(b) exhibits wear track profiles of CrN/CrAlN
multilayer coatings. The depth of wear track of C1 and C2 is
higher than their coating thickness. Indeed, from Fig. 4, the
coating thickness of C1 and C2 is 1.94 and 1.90 lm,
respectively. However, their wear depth is higher than 2 lm.
For C3, C4, and C5 multilayer coatings, the wear track depth is
about 1.5 lm and their coating thickness is about 2.11, 2.05,
and 2.04 lm, respectively, (Fig. 4) implying that these
multilayer coatings are not worn out.

The wear tracks were observed by SEM and analyzed by
EDS. The results are presented in Fig. 10. For all multilayer
coatings, a narrow wear tracks are shown and no cracks are
observed. Furthermore, all images of wear tracks showed a
lamellar delamination of all multilayer coatings. From SEM
images of C1 and C2 (Fig. 10a and b), it is obvious that these
two coatings present a smooth wear track. These images
combined to EDS profiles revealed that these coatings are
totally delaminated and as a result, the substrate exposed. This
is may be due to the low plastic deformation and to the low
toughness of these coatings (Ref 54). Indeed, from Table 4, C1
and C2 present the lowest plastic deformation resistance H3/
E*2. Also, the worn-out hard debris acted as a third-body
abrasion against the alumina ball which leads to the substrate
exposure (Ref 55, 56). This confirms the poor wear resistance
of these two coatings as indicated in Fig. 9. In the case of C1

(Fig. 10a), numerous adherent debris are piled on the edge of
wear track and scratches are shown along the sliding direction.
However, grooves are not detected in the wear track which
implies that the adhesive wear is promoted (Ref 57). In the C2
multilayer, one can note the existence of a white area in the
middle of the wear track. This indicates that this area was
oxidized. During dry sliding, a local high temperature is created
and an oxide is formed after the reaction between the top layer
and the oxygen of the ambient atmosphere. Also, the wear track
of C2 presents a partial delamination on its edge.

For C3 and C4 multilayer coatings the wear track is
constituted by Fe, Cr, and O which means that some traces of
coating still remain in the wear tracks. This indicates that the
intrinsic stress in the coating/substrate contact dominates over
the contact stress existing between the sliding interfaces (Ref
58). Besides, this improvement of the wear resistance may be
attributed to the enhancement of the fracture toughness (Ref
58). From Fig. 10(e), the wear track of the C5 coating is rich in
Cr, Al, and N element, implying that the delamination may be
only in the top layers. Also, it presents a severe spallation at the
edge of the wear track. According to Ou et al. (Ref 16), crack
initiation, delamination and wear debris are occurred due to the
plastic and elastic deformation. The increase of the adhesion
resistance of C3, C4, and C5 multilayer coatings during sliding
tests is ascribed to the improved adhesion strength with the
increase of the bilayer number. Thereby, improved adhesion
strength and toughness with the increase of critical load of CrN/
CrAlN multilayer coatings delay the coating delamination and
wear debris formation. This is in good relationship with Fig. 7
and Table 4.

In the literature (Ref 54, 59, 60), it has been proved that in
multilayer coatings structure various parameters can enhance
toughness and mechanical properties: type of interlayers,
number and thickness of each interlayer, multilayer design,

Fig. 10 SEM images and EDS analysis of wear track of (a) C1, (b) C2, (c) C3, (d) C4 and (e) C5 multilayer coatings



and the thickness ratio of different monolayers. In this study,
the wear mechanism can be created by a ‘‘layer by layer’’
mechanism (Ref 61). The wear mechanism starts by the CrAlN
top layer until the appearance of the fatigue cracks which can
spread and reach CrAlN/CrN interface. Thus, the CrN layer is
exposure to the wear mechanism. After the delamination of the
CrN layer, a new CrAlN layer begins to wear and the process
repeats.

4. Conclusions

In this study, CrN/CrAlN multilayer coatings with various
bilayer thicknesses were obtained by DC magnetron sputtering
on X50CrMoV8-1 stainless steel and (100) silicon substrates.
The main objective of this research was to evaluate the effect of
bilayer thickness on the microstructure, mechanical and
tribological properties of the CrN-based multilayers. Our
conclusions are as follows:

• XRD patterns of CrN/CrAlN multilayer coatings indicated
that varying bilayer thickness has no effect on their struc-
ture or crystallinity. All detected diffraction peaks coincide
with that of CrAlN monolayer. No AlN diffraction peaks
were detected.

• SEM cross-sectional images exhibited that CrN/CrAlN
layers deposited with various bilayer periods have a
columnar structure with a smaller coherent domain size.

• All multilayer coatings exhibited better mechanical proper-
ties than that of monolayers. Especially, CrN/CrAlN film
with four bilayers and different monolayers thickness pos-
sess the highest hardness (43 GPa), elastic modulus
(402 GPa) and an excellent resistance to spallation (Lc2
up to 97 N).

• All multilayer coatings showed good tribological proper-
ties. CrN/CrAlN film with four bilayers and different
monolayers thickness exhibits an optimal wear resistance
which is ascribed to its good hardness and critical load
(Lc2).

Overall results of this work indicate that CrN/CrAlN multilayer
coating obtained with 4 bilayer and different monolayers
thickness (C5) presented the best hardness and Young�s
modulus, the best adhesion, the lowest coherent grain size,
the best plastic deformation resistance and the best wear
resistance.
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