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Abstract—The present study deals with the characterization of
CrSiN coatings obtained by PVD magnetron sputtering systems.
CrSiN films were deposited with different Si contents, in order to
check the effect of at.% variation on the different properties of the
Cr-N system. Coatings were characterized by scanning electron
microscopy (SEM) for thickness measurements, X-ray diffraction.
Surface morphology and the roughness characteristics were explored
using AFM, Mechanicals properties, elastic and plastic deformation
resistance of thin films were investigated using nanoindentation test.

We observed that the Si addition improved the hardness and the
Young’s modulus of the Cr—N system. Indeed, the hardness value is
18,56 GPa for CrSiN coatings. Besides, the Young’s modulus value
is 224,22 GPa for CrSiN coatings for Si content of 1.2 at.%.
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1. INTRODUCTION

ECHNIQUES used to produce thin films are developed

leading to an improvement of the performance and
durability of precision components. Physical vapor deposition
(PVD) is one of the most developed technologies through its
contribution to the improvement of mechanical properties of
thin films. It allowed the fabrication of a multitude of metal
nitride, carbide, and oxide coatings. Chromium nitride (CrN)
coatings is a well-known thin film that have been proposed to
be a promising hard coating material owing to its high
hardness, wear, corrosion and high temperature oxidation
resistance [1]-[3].

In the recent years, various efforts have been made to
improve their mechanical, tribological and oxidation
resistance for the industrial applications, such as machining,
forming, casting and other mechanical applications by the
incorporation of other elements, such as Al, Mo, C, V and W
(4], [5]-

It has been reported that the addition of Al in CrN and TiN
films have modified their structural, mechanical and
tribological properties [6]. The addition of silicon (Si) into the
CrN has been founded as a solution to improve the mechanical
and tribological properties [7]-[10]. The hardness (H) and
modulus (E) of the sputtered CrSiN coatings, with 2.3 at.%
silicon content, measured, by using depth sensing indentation
were found to be 24 GPa and 240 GPa, respectively [11].

Lee and Chang [12] have reported that the surface
roughness, grain size, hardness, and friction coefficient of
pulsed DC-reactive magnetron sputtered CrSiN coatings
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decreases with increasing Si contents from 0.7 to 12.9 at.%.
They have reported high hardness (24.6 GPa), low friction
coefficient, and high wear resistance, for the CrSiN coatings
containing 10.0 at.% Si. Furthermore, some authors discussed
the influence of reactive gas and temperature on structural
properties of magnetron sputtered CrSiN coatings [13]. But a
very few works focused on the effect of this incorporation of
silicon (Si) on the adhesion quality, whereas a thin film that
does not adhered to its substrate is of any importance. The
present work have been focused to study the microstructural
characteristics and the adhesion of CrSiN coatings deposited
on XC100 steel, under different bias voltages of the silicon
target and compared to the CrAIN.

II. EXPERIMENTAL PROCEDURE

A. Films Deposition

CrAIN and CrSiN films were deposited on XC 100 steel
substrates by medium frequency magnetron sputtering. The
separately applied targets are Cr (99.99%) and Si (99.99%).
The films were deposited in Ar and N2 mixture introduced
into the deposition chamber. Before the deposition, the
substrates are ultrasonic-cleaned using acetone and ethanol.
The experiments are done with different Si content. The CrN
films are also deposited as the reference. The Si contents in
the films are controlled by the input direct current (DC) from
0.4A to 2.4A. The base pressure in the deposition chamber is 2
x 10-3 Pa, while the total pressure of N2 and Ar during the
CrSiN deposition is adjusted to 1.0 Pa. The ratio of Ar/ N2
mixture is 1:3 during the deposition. A layer of pure Cr (for 10
min in Ar atmosphere) is deposited as the transition layer on
the substrates to improve the adhesion. Then CrSiN is
deposited on the substrates for four hours.

B. Films Characterization

The coating surface structure was examined using scanning
electron microscopy (SEM). Crystal structure of the coatings
is investigated by Panalytical X’pert PRO X-ray diffraction
(XDR, Philips, Netherlands) using Cu Ko radiation as X-ray
source. Surface morphology and the roughness characteristics
are explored using AFM in contact mode, high resonance
frequency SiN cantilevers, with a pyramidal tip of 50 nm
radius and a force constant of 0.032 N/m. Mechanicals
properties, elastic and plastic deformation resistance of thin
films were investigated using nanoindentation test, which
were performed in a nanoindenter developed by CSM
instruments Switzerland, using a diamond Berkovich tip under
a maximum load of 50mN. At this load, the indentation depth
is much less than 1/10th of the film thickness, thus minimizing
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the effect of substrate on the hardness measurements [14].
Results are averaged over more than 10 measurements.

III. RESULTS AND DISCUSSION

A. X-ray Diffraction (XDR)
Results of X-ray diffraction are shown in Fig. 1.

= G5as & =T
& a
= S82R = = o CrN
+ + o+ -
+Cr N

Intensité (u.a)

u_si_so0v
. - . . - - :
A
u_si_ov -

280%)

Fig. 1 X-ray diffraction patterns of CrSiN and CrAlIN thin film

For the CrSiN, when the bias voltage is 0 V, the diffraction
of the cubic phase of CrN is observed with a characteristic
peak of the planes (200) at 51.2° and 74.07° Cr2N phase
according to the plans (211), we have also observed other
diffractions of other plans, Cr2N line with lower intensities
from the CrN phase. These planes (002), (102), (201) and
(112) diffract theoretically to angles 47.64°, 54.6°, 56.55° and
66.19° respectively.

The application of a voltage to the silicon target, followed
by the addition of silicon in the layer of CrN, which result in a
phase transformation observed on diffractogram USi = -300
V. Indeed, we notice that the peak associated with the cubic
CrN phase become broader and less intense. This indicates a
change in the structure level accompanied by more intense
peaks related to Cr2N phase. For a voltage applied, to the
silicon target USi = -400 V, we notice a significant decrease in
intensity of the cubic phase CrN, and the generation of a new
direction in Cr2N phase (101) to 34 °. With USi = - 500 V, it
is observed that the peak on the cubic phase is less intense.
Other peaks correspond to the hexagonal phase Cr2N having
the crystal orientations (201) and (211) as the most intense.
The diffractogram of the CrAIN layer offers major peaks
along the lines (111), (200) and (220) which are identical to
those of the CrN phase. Thus, the structure of the CrAIN layer
can be likened to that of the cubic phase CrN NaCl-type.

B. Scanning Electron Microscopy (SEM)

Fig. 2 shows the SEM micrographs of CrSiN coatings with
variation of the bias voltages of the silicon target.

It is clear that all coatings have a columnar structure and a
surface dominated by micro-pores even nanopores. But we
have noted a difference in the size of this pore. This result has
been confirmed by AFM observation as it’s shown in Fig. 3.

Fig. 2 SEM surface morphology of the films: (a,b) Usi = 0V, (c,d)
Usi =-300V, (e,f) Usi =-400V and (g,h) Usi =-500V
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Fig. 3 Three-dimensional AFM images of CrSiN coatings

The AFM examination revealed the presence of domes and
craters which are uniformly distributed over the surface.
However, we have noticed a difference in the size of the
domes and craters that characterizes the morphology as is
shown in Fig. 3. Grains size is calculated and the results are
illustrated in Table 1.

TABLEI
EFFECT OF POLARIZATION ON S1 PERCENTAGE AND GRAIN SIZE

Polarization = Percentage of Si  Grain size

Coatings

USi (V) (% at) (nm)

CrN 0 0 176
CrSiN -300 12 111
CrSiN - 400 47 109
CrSiN -500 10,6 143

Results of AFM observation show that the morphology, the
roughness and the growth of grains surface was affected by
the addition of silicon.

The increase of negative bias voltage to an increase of
percentage of Si gives a decrease of the grain size values.
Indeed, the film of CrN (0 at.% Si) is constituted of grains
with pyramidal facets whose size is of about 176 nm. The
grains are elongated when silicon is added (1.2 at.%) In the
CrxNy matrix, and thereafter their size decrease to 111 nm.

For higher silicon content, it is observed that the grains are
flattened; it is the effect of the energy of deformation in the
modified structure model. When the target polarization is
about -500 V, a saturation level of silicon to 10.6 at% is
observed implying a structural transformation.

The cross sections show a dense and compact growth state.
This state density increases with the addition of silicon.
Although, the mode of growth is columnar, the state of defects
(pores) is minimal according to the surface images of the
layers. The layers of CrN and those containing 1.2 at.% and
higher of Si have micropores. Yoo et al. [15] have observed a
reduction of the porosity of state according to the silicon
content in the layers, and have attributed this improvement in

the phase transformation from hexagonal Cr2N (111) CrN
(200). The fact that we get the opposite result is therefore
explained by the transition from a cubic phase to a mixture
CrN + Cr2N, by increasing the rate of Si in our layers, thus,
we have only hexagonal Phase at 10.6% at. of Si.

The RMS roughness decreases regularly as a function of
silicon content present in the layer as shown in Fig. 4. We also
observe on the images that the surface of the layer becomes
smoother when the silicon content is higher (10.6 at.%) which
may indicate the presence of an amorphous phase in SiNx.
Shah et al. [16] have attributed the surface morphology to the
segregation of the large fraction of the amorphous phase SiNx
in the grain boundaries during film growth.

IV. INSTRUMENTED INDENTATION HARDNESS TESTING

Measuring by nanoindentation requires implementing and
monitoring loads as low as a few tens of micro-Newtons,
because this technique is used to evaluate the mechanical
properties of thin films, without substrate influence. The
output from a nanoindentation test is a graph relating the
applied load, and the corresponding indenter displacement
during the loading and unloading phases. The analysis of these
load—displacement graphs with the Oliver and Pharr method
[17] lead to the estimation of the mechanical properties
(Young’s modulus, Hardness of the film). A typical load—
displacement curve of CrSiN is shown in Fig. 5. In thus latter,
during indentation, hr is the final unloading depth which is
obtained when the indenter is completely removed; hmax is
the maximum loading depth, Pmax is the maximum load. The
area covered under A—-B—D—A represents plastic deformation
energy (Wp) while area covered under D-B—C-D represents
elastic recovery energy (We) during indentation process.

P
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Fig. 4 A typical load—displacement curve

During unloading, the penetration depth decreases with the
applied load, and when the indenter is completely removed,
the residual depth hf is obtained. S is the contact stiffness
(dP/dh) at the maximum load.

S =B pEerrAc (1)

where A(hc) stands for the projected contact area of the
indenter tip.
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The Young's modulus of coating E is calculated from
Hertzian equation:

1 1-92 | 1-9i?
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where v; and v are the Poisson's ratios for the indenter and
coating, respectively; Ejgener and E is the Young's modulus for
indenter and coating, respectively. In this study, it is assumed
that v;=0.07 and E;= 1140 GPa for the diamond indenter; and
the poison’s ratio for the coating materials is assumed to be
0.3.

Fig. 5 shows load—displacement curves of CrSiN with a
variation of target polarization.
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Fig. 5 Loading-unloading curve for thin films

For all of the coatings, the loading-unloading curve shows
the first part to be in the increase in the penetration depth as a
function of the load, the plastic deformation will occur when
the maximum load (Pmax), will reach to a maximum
penetration depth (hmax).

From these curves, the corresponding composite Young's
modulus and hardness values is calculated see Table II. This
latter, also gives the corresponding values of the uncoated tool
materials and the TiAIN coating.

TABLE II
MECHANICAL PROPERTIES OF THE LAYERS OF CRSIN AS A FUNCTION SILICON
RATE
POIa(”\f)"‘t‘O“ %. Si (Glf,a) (G];a) HE  H3/E*2(GPa)
0 0 10.21 169.72 0.06 0.03
-250 0,7 17.73 182.5 0.09 0.16
-300 1,2 18.56 224.22 0.08 0.12
-400 4,7 17.94 193.05 0.09 0.15
-500 10,6 18.34 172.06 0.1 0.3

First, we are interested to check the influence of the voltage
applied to the Si target setting that of Cr. It is noted that the
introduction of a slight amount of silicon (0.7 at.%) increases
the mechanical properties of the layer. Indeed, the hardness
and the modulus of elasticity increase from 10.21 and 169.72

GPa for a layer, whose silicon content is equal to 0% (CrN
layer) to 17.73 and 182.5 GPa respectively.

When the silicon content increases, the hardness and the
modulus of elasticity increase to reach a maximum of 18.56
GPa and 224.22 GPa for a bias on the target USi =-300 V and
Ucr =-900 V or a silicon rate 1.2% at. Thus, checks what is
observed in the previous paragraph: the layer containing 1.2
at.% Si is the densest effect and shows no pore, so this is the
hardest, the most stress and more resistant to plastic
deformation. Indeed, we note that for the layer, the rate of Si
equal to 1.2 at.%, A compressive stress state is quite high (-4
GPa) when compared with a layer of CtN (-0, 8 GPa). These
compressive stresses are thereby breaking the movement of
defects in the crystal lattice causing a resistance to plastic
deformation.

The evolution of the ratio H3/E*2 based on the content of
the deposit in layers allows to check the resistance to plastic
deformation of the coatings. A high ratio for a given layer
means that it has a good ability to delay the plastic
deformation, and a good wear resistance.

By examining the results shown in Table II, it is discovered
that this ratio can vary from 0.03 to 0.133 depending on the
silicon content in the layers of CrSiN. It is well verified that
the layer containing 1.2% at. Si has the highest ratio and a
good resistance to plastic deformation.

V.CONCLUSIONS

CrSiN coatings thin films are deposited on XC 100 steel
with Si contents ranging from 0.7 to 10.6 at.%. microstructural
and morphological properties of CrSiN coatings thin films are
discovered using scanning electron microscopy (SEM) for
thickness measurements, X-ray diffraction and atomic force
microscopy AFM, Mechanicals properties, elastic and plastic
deformation resistance of thin films are discovered too using
nanoindentation test. Mechanical proprieties of Cr-N system
depend largely on the quantity of Si. It is found an
improvement of the mechanical behavior with the addition of
Si (0.7at.%). The best proprieties of coatings are obtained for
Si 1.2at.% (Hardness is in the order of 18.56Gpa and Young’s
modulus is about 224.22 Gpa).
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