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Abstract. The CrN/CrAlN/Cr2O3 multilayer coatings were deposited by reac-
tive magnetron sputtering DC on 90CrMoV8 stainless steel under various
oxygen flow rates. The structure and crystalline phases are characterized by the
x-ray diffractometer. Through SEM, a dense and coherent is revealed in
CrN/CrAlN/Cr2O3 multilayer coatings. The friction and wear behaviors
obtained with the ball-on-disc test show that all multilayer films exhibit a good
wear resistance, especially the one with an oxygen flow rate of 10 sccm.
Nevertheless, in sea water the film without a top layer of Cr2O3 have the lowest
coefficient of friction. This behavior is attributed to the interfacial strengthening
and the existence of the upper passivation layer Cr2O3. Adding to that, the film
obtained under an oxygen flow rate of 10 sccm show the lowest grain size and
the maximum hardness and elastic modulus could respectively, 45 and 417 GPa.
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1 Introduction

Oxide thin films coatings are widely used in different applications. They are known by
their good oxidation resistance, good corrosion resistance, good wear resistance and
good thermal properties [1, 6, 13]. However, when applied as individual coatings,
oxides films haven’t good properties.

To enhance the hardness of by developing super-lattice [8], some researchers
studied an oxide/oxide structure. Nevertheless, in some cases, hardness has not been
improved specially for Al2O3/ZrO2 super-lattice [23]. This is explained either by the
fact that the shear modulus of the two oxides is similar, or by the formation of an
amorphous phase. In fact, Chang et al. [6] deposited an electrolytic ZrO2/Al2O3 double
layer coating by varying temperature. They note that the maximum hardness is about
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7.2 GP under a temperature of 300 °C. Likewise, they observed that ZrO2/Al2O3

multilayer coating has a very good corrosion behavior with a corrosion resistance
which is 10 times higher than that of uncoated steel. Recently nitride/oxide super-lattice
with high hardness has been successfully developed. Studies have shown that these thin
films have a good hardness which can reach 45 GPa. However, these super-lattices
have relatively low deposition times. Many researchers have been made to increase the
deposition time of these super-lattices using reactive magnetron sputtering technique.
Yue et al. [25] developed VN/SiO2 multilayers with SiO2 thicknesses ranging from
0.45 to 1.70 nm. They showed that when the thickness of SiO2 is less than 1 nm,
multilayer films crystallized according to the VN matrix and the two layers exhibit
epitaxial growth. The hardness of this coating increases to 34 GPa. Li et al. [15]
developed TiAlN/SiO2 films by reactive magnetron sputtering. They found that
hardness reaches his maximum (37 GPa) when the thickness of SiO2 is about 0.6 nm.
However, the variation of the thickness of the VN layer has no effect on the mechanical
and structural properties.

Chromium oxide, Cr2O3, is an oxide which has been used as a protective coating of
cutting tools due to its outstanding wear and corrosion resistance. It’s known by its
high hardness and melting temperature, good resistance to wear and high oxidation
temperature [5]. In order to improve the properties of chromium oxides, several
researchers have studied the effect of increasing the oxygen content. Luo et al. [19]
developed chromium oxides by RF magnetron sputtering by varying oxygen flow.
They showed that as oxygen flow increases from 2.3 to 3.22 sccm, the hardness
increases rapidly from 8 to 30 GPa. Hones et al. [10] deposited Cr2O3 films by RF
magnetron sputtering. They showed that the grain size of chromium oxides increases
linearly with the deposition temperature. However, with the increase of the oxygen
level, the grain size increases initially and then remains constant for a percentage of
20% at. Similarly, they showed that the hardness significantly depends on the O2

content since it reaches a maximum value of 31 GPa for an oxygen content between 15
and 25 at.%. Nevertheless, for an O2 content of 30% at. The hardness is very low (2.5
GPa). Liu et al. [17] developed Cr2O3 films by plasma glow discharge with different
oxygen flow rates (5, 10, 15 and 20 sccm) over a chromium nitride film as a top layer.
They studied the corrosion resistance in an aqueous 3.5% NaCl solution. They
observed that the application of a thin layer of Cr2O3 on the stainless steel greatly
improves its corrosion resistance. Ho et al. [9] deposited Cr2O3 films on a CrN layer as
a top layer. The adhesion test shows the appearance of cracks which is probably due to
the improved hardness of Cr2O3. The addition of a top layer of Cr2O3 also lowered the
coefficient of friction.

In this work we present results multilayers films CrN/CrAlN/Cr2O3 were synthe-
sized through using DC magnetron sputtering technique. The effect of oxygen rate on
the properties of the top layer Cr2O3 is studied. In this study, the chemical composition,
microstructure, mechanical, and tribological properties of the multilayer coatings
CrN/CrAlN/Cr2O3 coatings were investigated.



2 Experimental Procedures

The CrN/CrAlN/Cr2O3 multilayer coatings were deposited by DC reactive magnetron
sputtering (KENOSISTEC-KS40V).

Before deposition, substrates were in situ etched under argon plasma at −700 V for
10 min to ensure a better adhesion of the coatings. The base pressure prior to sputtering
was lower than 2.10−5 Pa and heated at 300 °C. During deposition, the working
pressure was 0.5 Pa.

For the deposition process, chromium and aluminum target with purity of 99.95%
was used. To deposited CrN and CrAlN monolayers The Cr and Al target power was
set respectively at 1500 W and 1000 W and flow rates of Ar and N2 were 68.8 and 33.3
sccm, respectively. For the Cr2O3 thin films, the Cr target power was set at 1500 W.
The flow rate of O was determined with the hysteresis experimental. After this
experimental process, the flow rate of oxygen chosen is 0, 10 and 20 sccm. A substrate
bias voltage of −500 V is applied to all coatings during deposition. Before deposited
CrN/CrAlN/Cr2O3 multilayer film, a thin layer about 120 nm Of Cr is deposited to
ensure the adhesion of the coating.

The microstructure and surface morphology of the multilayer coatings were
observed by SEM field emission (JEOL JSM 7610F). The friction coefficient is
determined by rotative ball-on-disk tests. The applied fixed load was 5 N and the
sliding speed was 3 cm/s. The counterpart used is an alumina ball (Al2O3) 6 mm of
diameter. The distance slide by the ball is about 200 m. The wear volume of different
coatings was calculated from 3D optical profilometer (VEECO, Wyko NT-1100)
profiles. The wear volume was calculated from profilometer profiles. To be more
precise, eight sections of depth in the wear track are chosen. The film surfaces
topography was analyzed by atomic force microscope (AFM) (type XE Park 70) using
the tapping mode. An area of 25 µm2 (5 � 5) was scanned. Additional analyses with
the Gwyddion software were performed to determine the RMS roughness of the
multilayer coatings. The coating hardness was determined by nanoindentation tests
using a MTS XP Nano indenter equipped with a Vickers indenter and using the
Rahmoun’s model [22]. The adhesion tests were carried out by means of a micro-
scratch tester (Scratch Tester Millennium 200) equipped with Rockwell spherical
diamond indenter. To calculate an average adhesion value, each test is repeated three
times. Figure 1 illustrates a descriptive scheme of multilayer film.
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Fig. 1 Scheme of the multilayer systems



3 Results and Discussion

3.1 Microstructure and Morphology

The observation of the SEM images of the cross-section and surface morphology of the
multilayer coatings CrN/CrAlN/Cr2O3 was carried out using a high-resolution
FEG SEM. Figure 2 shows the cross-section of the multilayer films without and
with a top layer of Cr2O3.

All coatings represent a columnar and dense structure. The observations of the
images of the surface morphology of the different multilayer coatings (Fig. 1a’–c’)
show that the application of a top layer of oxide leads to a variation of the shape of the
columns. The film without a top layer of oxide present pyramid-like surface features.
The presence of nano-pores between the columns is very visible. According to the
Mahieu’s model structure zones [20], this structure corresponds to the Ic zone. By
adding an oxide layer with a small amount of O2 (10 sccm), a rounded and assembled
columnar tops appear and form a cauliflower-like structure. Always, according to the
Mahieu’s model, this structure corresponds to the zone II. This area is denser and more
homogeneous than Ic area. We notice that the number of nano-pores decreases com-
pared to the multilayer coating without top layer. By increasing the oxygen flow rate to
20 sccm, the surface is always smooth with very small columns which seem less
granular than those obtained with an oxygen flow rate of 10 sccm.

The atomic force microscopy (AFM) images surface of multilayer films are pre-
sented in Fig. 2.
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Fig. 2 Cross-sectional SEM image and surface morphology of multilayer films with a top layer
of Cr2O3 at oxygen rate: (a, a’) 0 sccm (b, b’) 10 sccm (c, c’) 20 sccm



AFM images show that all multilayer films are homogeneous, dense and weakly
porous. The morphology of these coatings appears to be a set of continuous mounds.

The roughness of coatings is also shown in Fig. 3. The films with a top layer of
Cr2O3 obtained with an oxygen flow rate of 20 sccm, has the lowest roughness
(23.6 nm). Generally, the growth of Cr2O3 films is determined by the diffusion current
of Cr3+ ions and the oxygen rate adsorption. Also, with the increase in oxygen flow
rate, the O2 adsorption rate can moderate the Cr diffusion current and leads to the
formation of a denser Cr2O3 layer and more smooth [17].

3.2 Mechanical Properties

The hardness and Young modulus of the multilayers films as a function of the oxygen
flow rate are shown in Fig. 4.

RMS=27.1 nm RMS=28.4 nm RMS=23.6 nm(a) (b) (c)

Fig. 3 Three-dimensional AFM of multilayer films with a top layer of Cr2O3 deposited on
silicon substrate at oxygen rate: a 0 sccm b 10 sccm c 20 sccm
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Fig. 4 Hardness and Young’s modulus of multilayer films CrN/CrAlN/Cr2O3



Figure 4 show that the addition of a top layer of Cr2O3 obtained with 10 sccm of
oxygen flow rate causes an increase in hardness and Young’s modulus and it reaches
values of 45 and 417 GPa. However, for the coatings without top layer the hardness is
about 43 GPa and the Young’s modulus is 402 GPa. This improvement can be
attributed to the increase in the number of interfaces between the film of Cr2O3 and the
CrN/CrAlN coating. Indeed, the interfaces are considered as barriers to dislocation
which prohibit the growth of columnar grains through the layers. Blocking dislocations
due to column-to-column discontinuity contributes to improved hardness [21]. Also,
increasing hardness may be attributed to the existing of hard oxide coating as a barrier
to plastic deformation [2]. Likewise, good hardness of the coatings with top layer is due
to the morphology of these films. In fact, the multilayer coating without top layer
presents pores, however these pores disappear in films with Cr2O3 top layer (Fig. 2)
[7]. Indeed, pores are known by their detrimental effect on hardness. Also, the strain
effect and hall-Petch strengthening can explain the increasing of the hardness [14]. By
increasing the oxygen flow rate to 20 sccm, hardness decrease to 44 GPa. Similar
results have been shown by Barshilia et al. [3]. This decrease can be attributed to the
decrease in hardness of the Cr2O3 layer. In fact, Luo et al. [18] developed Cr2O3 films
by magnetron sputtering. They varied the flow of oxygen from 2 to 2.3 sccm and
showed that the hardness of chromium oxide decreases with this increase of the oxygen
rate from 14 to 7 GPa. Barshilia et al. [4] attribute the decreasing of hardness to the
voids appears during the growing films which influence the mechanical properties.

Figure 5 shows the Lc1 and Lc2 critical loads of the CrN/CrAlN/Cr2O3 multilayers
films as a function of the oxygen flow rate.

0 5 10 15 20
40

90

100

 Lc1

 Lc2

(L
c 1

, L
c 2

) (
N

)

Oxygen rate flow (Sccm)

Fig. 5 Critical load of CrN/CrAlN/Cr2O3 multilayer coatings



From Fig. 5 we have noticed that the addition of a top layer of oxide (Cr2O3) to the
CrN/CrAlN multilayers hasn’t any effect on the force corresponds to the development of
cracks (Lc1). For Lc2, it increases when a layer of Cr2O3 is deposited as a top layer on the
multilayer film and reaches a value of 102 N, which is a more than respectable result for
layers that should be used in mechanical applications. This improvement in adhesion is
attributed to the increase in the number of interfaces [11]. Indeed, the interfaces can
delay the propagation of cracks. In addition, the deposition of a small thickness of a
layer Cr2O3 can form a coherent interface with CrAlN films resulting in a significant
increase of adhesion. This improvement can also be due to the improvement of the
microstructure. Indeed, when comparing Fig. 2a’ with Fig. 2b’, c’, it can be shown that
there exist less pores. For the CrN/CrAlN/Cr2O3 multilayer film obtained with a flow
rate of oxygen of 20 sccm Lc2 slightly decrease. This may be due to the decrease of
hardness (Fig. 4). Indeed, many researchers have reported that the critical load increases
linearly with the hardness of coatings [12, 24] and this confirm our results.

3.3 Coefficient of Friction

Figure 6 shows the coefficient of friction (COF) of the CrN films after sliding against
Al2O3 balls (normal load of 5 N) as a function of oxygen flow rate.

From Fig. 6 we note that the addition of a layer of Cr2O3 hasn’t any influence on
the friction behavior. The coefficient of friction of the various multilayers is about 0.69.
Ho et al. [9] have shown that the deposition of a Cr2O3 layer on a CrN layer has
reduced its coefficient of friction from 0.4 to 0.26. This is not the case for our films.
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Fig. 6 Coefficient of friction of CrN/CrAlN/Cr2O3 multilayer coatings



This may be due to the thinness of our oxide top layer. In addition, the friction of the
ball on the surface of the film can increase the amount of oxide due to the local increase
in temperature. This new oxide can weaken the bond strength between the top layer of
Cr2O3 and the layers below. In fact, if the oxygen atoms (O) are sufficiently incor-
porated in the upper layer, it becomes more fragile and has cracks for a critical quantity
of oxygen [16].

4 Conclusion

The main objective of the present work was to investigate the effect of a top layer of
chromium oxide (Cr2O3) in the properties the multilayer CrN/CrAlN/Cr2O3. All films
were deposited by DC reactive magnetron sputtering and the influence of the oxygen
flow rate was studied. The cross section SEM image shows that all coatings present a
columnar structure. For the surface morphology, multilayer without top layer exhibits
pyramid-like surface features. Whereas, films with a layer of Cr2O3 represent a form of
a cauliflower-like structure. Also, the application of a top layer improves mechanical
properties. In fact, by adding a layer of Cr2O3, the hardness and the adhesion increase.
For tribological properties, we noted that, the application of a top layer hasn’t any
influence. This may be attributed to the small thickness of the layer of Cr2O3.
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