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Abstract: CrN and Cr-Al-N coatings were deposited by reactive magnetron sputtering on the glass substrate, and their corrosion
behavior was studied. The electrochemical tests using both DC (polarization curves) and AC techniques (EIS) were carried out on
Potentiostat/Galvanstat (EG&G) in 3.5% (mass fraction) NaCl solution. After immersed into NaCl solution for 1 h, the mass of the
CrN coating keeps constant with the time continuing. This can be explained by the passivation of the coating. The comparison
between the corrosion potential (@) of the Cr-Al-N coatings with different aluminum contents reveals that the corrosion potentials
of the aluminum contain coatings are nobler than that of the CrN coatings. This means that the addition of aluminum shifts the
corrosion potential to more positive potential value. Among these coatings, CrN in NaCl solution exhibits the worst corrosion
resistance, while the corrosion resistance of Cryg3Alg 37N in NaCl solution is the best. The polarization data and EIS data suggest that
addition of aluminum can improve the corrosion resistance of CrN coating.
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1 Introduction

Thin ceramic coatings are of interest in a number of
technological fields because of their physical and
mechanical properties. Among these materials, transition
metal nitride coatings fabricated by physical vapor
deposition (PVD) method are widely used because of
their superior bonding to the substrate and excellent
resistance to wear, erosion and corrosion. Generally,
ternary nitride coatings show Dbetter mechanical
properties and better chemical stability compared with
binary nitride coatings. The modification of the
properties was due to the solid solution of the third
element into the binary nitride coatings. The most
extensively studied ternary nitride coating is Ti-Al-N
system[1—2]. It has been reported that due to the addition
of aluminum, the hardness, wear resistance, corrosion
resistance and oxidation resistance of the TiN increase

obviously. And the degree of the improvement depends
on the content of aluminum added. Other ternary nitride
system coatings such as Ti-Hf-N[3], Ti-Cr-N[4],
Zr-Hf=N[5], Cr-Nb-N[6], Cr-V-N[7] and Cr-Al-N[8—11],
have been reported as well. Compared with Ti-Al-N
system, Cr-Al-N system Cr-Al-N coatings have attracted
more and more interests in recent years.

According to MAKINO and NOGI[9], CrN shows
the highest solubility for AIN among the transition
nitrides with B1 structure, and the critical composition
for the B1/B4 phase transition in the Cr-Al-N system was
calculated as containing 77% (mole fraction) AIN.
Selected properties of Cr-Al-N coatings have been
reported by several researchers[10—11], with the addition
of aluminum, hardness, wear resistance and oxidation
resistance of CrN coating have been improved markedly.

The corrosion behavior of CrN coating has been
widely studied[12—13]. A very thin CrN coating would
provide excellent protection to the substrate. However,
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the major problem in using CrN coating in aggressive
environment, is the possible presence of open porosity
and pinholes in the coating forming during the deposition
process. Nitride coatings were usually considered to be
chemical insert coatings in the corrosive environment by
researchers. The practice on improving the corrosion
resistance of the nitride coatings was focused on
modificating the microstructure of these coatings. In
most of the previous works, nitride coatings were
deposited on the tools. The corrosion behavior consists
the decomposition of the coating and the corrosion of the
substrate through the pinholes of the coatings. Up to now,
the corrosion behavior of the bulk nitride has seldom
been studied. As mentioned above, addition of aluminum
can improve the mechanical properties of CrN. The
influence of aluminum on the corrosion behavior of CrN
is not clear yet. In the present work, CrN and Cr-Al-N
coatings were deposited on glass substrate and the
corrosion behaviors of them were studied.

2 Experimental

Glass was chosen as the substrates in the present
study. They were cut into dimensions of 15 mmx
10 mmx2 mm, and then the samples were degreased
ultrasonically in acetone, cleaned by ethanol and dried in
air.

Cr-Al-N coatings were fabricated on a JGP560C14
magnetron  sputtering system (SKY Technology
Development Co Ltd, CAS, China) by
magnetron co-sputtering from a chromium (purity of
99.2%) target simultaneously with an aluminum target
(purity of 99%) in a mixed Ar/N, atmosphere at 300 C.
Both the chromium and aluminum target were operated
in DC mode. The applied power to the aluminum target
was kept constantly at 120 W and the four power values
were chosen as 30, 60, 90 and 120 W, respectively, to
apply on the chromium target to adjust the content of
aluminum. Before deposition the system was evacuated
to a base pressure of 2x10~* Pa and the depositions were
performed at a total pressure of 0.6 Pa. The flow rate of
the reactive gas (N, 99.999%) and the insert gas (Ar,
99.999%) was both 10 mL/min, controlled by electronic
mass flow meters. Pure CrN coating was also deposited
from a single chromium target under the same
conditions.

XRD analysis was used to identify the crystal
structure of the coatings. The XRD data were collected
by a step-scanning diffractometer with Cu K, radiation
(Rigaku D/max-2400, Japan). The lattice parameters for
the coatings with different aluminum contents were
calculated using the data from the XRD analysis by
Rietveld method[14]. The compositions of the Cr-Al-N
coatings were determined by XPS analysis

reactive

(ESCALABMK I, UK) using Mg K, X-ray as the
source of excitation. The survey spectra were obtained
over a kinetic energy range of 200—1 300 eV in steps of
1.0 eV for a pass energy (CAE) mode. Detailed data
were obtained for selected ranges of photoelectron and
X-ray induced Auger electron energies in steps of 0.05
eV.

The electrochemical tests using both DC
(polarization curves) and AC techniques (EIS) were
carried out on Potentiostat/Galvanstat (EG&G) in 3.5%
NaCl solution. For all experiments a three- electrode cell
was used, with an Ag/AgCl electrode used as reference
electrode and a platinum counter electrode (20 mmx20
mm). The polarization curves were obtained by PAR 273
potentiostat, with a potential scanning rate of 1mV/s. The
impedance measurement was carried out using a
frequency response coupled with the
potentiostat. A perturbation of SmV over a bandwidth
from 10° to 1072 Hz was applied. All the experiments
were controlled by a personal computer, which was also
used for the acquisition, storage and plotting of data.
After electrochemical tests, the surface morphologies
were observed by scanning electron microscopy (SEM,
Philip XL30). The mass variation of the CrN coating in
3.5% NaCl solution was in situ measured by Quartz
Crystal Microbalance (QCA992, EG&G) with a
sensitivity better than 10® g.em ™. CrN coating was
deposited on one side of the AT-cut quartz crystal disk
with area of 0.2 cm” and thickness of around 3 um. The
coated quartz crystal disk was fitted in a holder with the
coated side contacting with the solution. The holder was
immersed in the solution for 2 h and the change in
resonant frequency (Af ) of the oscillating crystal was
acquired by a soft controlled PC. The relationship
between mass change per unit area (Am/A) and the
change in resonant frequency of the oscillating crystal

analyzer

. can be expressed as

Am/A =—5.45Af (1)

3 Results and discussion

The nitrogen to metal ratio was analyzed by XPS
and it maintained a constant value of 0.98—1.00. This
allows us to describe the chemical composition by a
simple Cr;_,ALLN formula. The values of x obtained from
the XPS analysis are listed in Table 1. Cr;_,Al\N coatings
deposited at different Cr/Al power ratios (120 W/120 W,
90 W/120 W, 60 W/120 W, 30 W/120 W) are
characterized as Crjg,Aly1sN, Cro74Alg26N, Crge3Alp 37N
and Crgs3Alg47N, respectively. Fig.1 shows the XRD
patterns of the Cr-Al-N coatings with different aluminum
contents. All of the coatings crystallized into the (B1),
rocksalt structure with the (111) preferred orientation.
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Such a preferred orientation is often observed in CrN
thin films deposited at relatively low substrate
temperatures. The peak positions of the CrN (111) shift
to larger angle with increasing x, indicating the decrease
of the lattice parameter. The phase transition from Bl
structural CrN to B4 structural AIN would occur when
77% (mole fraction) Al is added into the lattice of
CrN[9].

Table 1 Values of x in Cr;_,Al,N obtained from XPS and EDS

analysis
x
P./W Pa/W
XPS EDS
30 120 0.47 0.40
60 120 0.38 0.37
90 120 0.26 0.22
120 120 0.18 0.12
CrN (111)

Cry 53Al 47N

Cry3Al 37N

Cry75Aly 25N

Cry gAly 1N

CrN

1 1 1 1

30 34 38 42 46 50
26/(°)
Fig.1 XRD patterns of Cr-Al-N coatings with different
aluminum contents

The polarization curves of the Cr-Al-N coatings
with different aluminum contents in a 3.5% NaCl
solution are shown in Fig.2. The corrosion potential
(@corr), corrosion current density (J.,r) and polarization
resistance (R,) obtained from the polarization data are
listed in Table 2. The comparison between @ for the
Cr-Al-N coatings with different aluminum contents
reveals that the corrosion potentials of the aluminum

contain coatings are nobler than that of CrN coatings.
This means that the addition of aluminum shifts ¢, to
more positive potential values. Cryg;Alg37N exhibits the
highest R, (12.11 kQ-cm ) and the lowest Jyo (1.792
pA-cm?) while CrN exhibits the lowest R, (0.143
kQcm?) and the highest Jo. (22.39 pA-cm ).
Therefore, among these coatings, CrN in NaCl solution
exhibits the worst corrosion resistance, while the
corrosion resistance of Cry43Alp37N in NaCl solution is
the best.

22+F
2 # — CrygAly N
= 1.8r ® — Cry75Aly 25
) ¢ — Cryg3Alg 37N
< 14 4+ —CIN
oh
<
2 1.0
£ 06
=)
2
£ 02
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Ig[J/(A+cm™)]

107

Fig.2 Polarization curves of Cr-Al-N coatings with different
aluminum contents in 3.5% NaCl solution

The EIS provided useful information to describe the
electrochemical behavior of complex corrosion system.
Electrode impedance is a complex number and the
spectra of it can normally be displayed in a Nyquist plot,
where the opposite of imaginary part is plotted against
real part, or in Bode plot in which the modulus and phase
angle of the impedance are plotted as a function of the
frequency. In the present work, the Bode mode is chosen,
which is depicted in Fig.3. It can be seen that the
absolute value of the impedance of CrN coating
decreases obviously with increasing frequency while
only slightly decline appears for the other aluminum
contain coatings. The absolute value of the impedance
increases with the aluminum content in the coatings,
more noticeable in the high frequency limit of the spectra.
This means that the addition of aluminum can improve
the corrosion resistance of the CrN coating, and the

Table 2 Values of ¢corr, Joorr, R, and C of CrN and CrAIN coatings in 3.5% NaCl solution

Coating Jeon” /(HA-cm?) Do) /MV R,V [(kQ-em™) R, [(kQ-em™) C?/(107° F-em ™)
CIN 22.39 84.72 0.143 0.137 26.560
Cro5Aly 15N 5.32 239.4 0.694 0.609 117.620
Cr75Alg 25N 422 141.8 2.835 2758 213.500
Cro3Al 37N 1.792 107.1 12.11 12.613 60.682

1) Obtained from polarization data; 2) Obtained from EIS data.
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degree of the improvement increases with increasing
aluminum content. These results agree well with the
polarization curves. The equivalent circuit presented in
Fig.4 is applied to simulate the EIS data for the coating
system. The equivalent circuit consists of the following
elements: a solution resistance R of the test electrolyte
between the working electrode and the reference
electrode; a capacitance C and a charge transfer
resistance R, The values for R, and C are listed in Table
2. The values obtained from the EIS are consistent with
that obtained from the polarization data well.

12
(@)
= — CrN
10} *— CrogAlg 37N
4 — Aly75Al55sN
8r v — CrogAly 5N
S 6f
N
4F
2 L
0 -
102 107! 10° 10" 102 10° 10* 10°
Frequency/Hz
—-80
(®) =— CrN
*— CrygAlp 37N
-60 4 — Aly75AlgosN
v — CrgAlg 3
2 40t
on
g
3
S 20+
~
O -

102 107" 100 10" 10> 10° 10* 10°
Frequency/Hz
Fig.3 Bode plots of Cr-Al-N coatings with different aluminum
contents in 3.5% NaCl solution: (a) Phots of impedance vs
frequency; (b) Plots of phase angle vs frequency
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Fig. 4 Equivalent circuit for CrAIN coating systems

The polarization data and EIS data suggest that the
addition of aluminum can improve the corrosion
resistance of CrN coating. The influence of additional
elements on the corrosion behavior of the binary nitride

coatings is complicated. Contrary results were reported
for Ti-Al-N system. IBRAHIM et al[15] have reported
the improvement of the corrosion resistance of TiN film
by addition of aluminum. However, the corrosion
resistance of Ti-Al-N film was poor than that of TiN film
by the researches of LI et al[16]. The contrary results can
be attributed to the microstructure sensitivity of the PVD
coatings. Sometimes, the defects of the coatings would
counteract the positive effects of the additional elements.

The mass change of the CrN coating vs time is
depicted in Fig.5. It can be seen that there exists an
obvious decline in the mass during the first 0.5 h then the
mass of the CrN coating nearly keeps constant.

0
£ -4f
Q
30
=
.5 -8t
0
3
2 _12 -
_16 1 1 1
0 0.5 1.0 1.5 2.0
Time/h

Fig.5 Mass change of CrN coating in 3.5% NaCl solution

Since the measured corrosion current is caused both
by corrosion through pinholes of the substrate and by the
decomposition of the coating when the coatings are
coated on the easy corrosion substrates. However, in this
work, the CrN and Cr-Al-N coatings are deposited on an
insert substrate (glass), and the substrate had no
contribution to the current density. Therefore, the
measured corrosion current in the polarization curves
must only result from the decomposition of the CrN
coating.

The possible reaction on the surface of the CrN
coating is as

4CIN+30,+6H,0—4Cr(OH):+2Nx(g) )

IBRAHIM et al[15] have studied the corrosion
behavior of CrN coated SS304 stainless steel. They have
observed the color change of the solution indicating the
decomposition of the coating and the diffusion of the
corrosion products into the solution. The diffusion of the
corrosion products can also explain the mass decline of
CrN coating (see Fig.5). The formation of chromium
hydroxide, which was detected out by XPS on the
surface of the as-deposited CrN coating[15], is typical
for the low temperature oxidation of chromium in a
humid environment.
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Fig.6 Surface morphologies of Cr-Al-N coatings with different aluminum contents after corrosion tests: (a) CrN; (b) Crg¢3Alg37N;

(©)Cro.75Alp25N; (d) Crog2Alg.1sN

After immersed into NaCl solution for 1 h, the mass
of the coating keeps constant with the time continuing.
This can be explained by the passivation of the coating.
Some of the corrosion products would deposit on the
surface of the coating or seal the pinholes of the coating
to keep back the decomposition of the coating. When the
two steps come to balance no mass change appears for
the coating.

The surface morphologies of the Cr-Al-N coatings
with different aluminum contents after corrosion tests are
shown in Fig.6. There are no obvious differentiations of
the morphologies between the pre-corrosion and
after-corrosion except that spallation is observed on the
surface of the CrN coating.

4 Conclusions

1) CrAIN coatings with different Al concentrations
were deposited on glass substrates using a reactive
magnetron sputtering system. The corrosion behaviors of
the CrAIN coatings in a 3.5% NaCl solution were
investigated by potentiodynamic tests, electrochemical
impedance spectroscopy (EIS) and surface analyses.

2) After immersed into NaCl solution for 1 h, the
mass of the CrN coating keeps constant with the time
continuing due to the passivation of the coating.

3) The comparison between ¢, for the Cr-Al-N
coatings with different aluminum contents reveals that
the corrosion potentials of the aluminum contain coatings
are nobler than those for CrN coatings.

4) The addition of aluminum shifts ¢.,, to more
positive potential value. Among these coatings, CrN in
NaCl solution exhibits the worst corrosion resistance,
while the corrosion resistance of Cryg3Aly37N in NaCl
solution is the best. The polarization data and EIS data
suggest that addition of aluminum can improve the
corrosion resistance of the CrN coating.
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