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Abstract: The principal goal of this research is to produce a CrN/Cu multilayer coating and a CrN single-layer
coating and also compare their electrochemical and antibacterial behavior. In this investigation, the coatings were
applied to the stainless steel substrate by cathodic arc evaporation a sub-division of physical vapor deposition
(CAE-PVD). The present phases were characterized and the thickness of the coatings was measured using X-ray
diffraction (XRD) and field emission scanning electron microscopy (FE-SEM), respectively. Rockwell-C tester was
used to evaluate the adhesion quality. Also, to evaluate the mechanical properties of the coatings such as modulus
of elasticity and hardness, a nanoindentation test was used and the indentation effect and coating topography were
evaluated using atomic force microscopy (AFM). Studying the electrochemical behavior of the coatings was done
using electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) tests in Ringer's
solution. The results of EIS tests showed that the CrN coating had higher polarization resistance in comparison to
the CrN/Cu coating and an increasing trend of polarization resistance related to both coatings was identified by
rising the time of immersion. Also, using the PDP curves, the CrN and CrN/Cu coating current densities were
estimated at 1.835x10°% and 2.088 <10, respectively. The antibacterial activity of CrN and CrN/Cu coatings was
evaluated by the spot-inoculation method. The results of the antibacterial test indicated that compared to CrN
coating, CrN/Cu coating had a better impact on the control of the bacteria growth.

Keywords: multilayer nanostructured coating, CrN/Cu, CAE-PVD, electrochemical impedance spectroscopy (EIS),

antibacterial behavior.

1. INTRODUCTION

Stainless steel is one of the most common
materials in the manufacture of medical tools [1].
These materials have remarkable properties such
as biocompatibility, high strength, and
mechanical stability [2, 3]. However, the main
problem with these materials is their unpleased
tribological properties and corrosion resistance
that are significant for medical applications and
due to this, a lot of research has been carried out
to remove these unpleasant properties [4]. Cavity
corrosion can occur in stainless steel and the
resistance to local corrosion of steel depends on
the concentration of chloride in the environment
[5]. The surface of a metal is the first site to come
into contact with the environment. Thus, it
specifies biological efficiency and performance
[6]. Modification of the mechanical properties in
the surface using transition metal nitrides is a
famous method [7]. The surface properties of the
material are of specific importance because the
surface protects the main material and plays a
major role in the lifetime of the part [8]. On the

other hand, surface coatings on metals and alloys
affect their corrosion behavior [9].

To achieve higher corrosion resistance, coatings
with bilayer or multilayer architectures are
currently utilized and perform better than single-
layer coatings [10]. At present, different methods
such as the sol-gel, hydrothermal procedure,
pulsed laser deposition (PLD), chemical vapor
deposition (CVD), physical vapor deposition
(PVD), and magnetron sputtering are used to
deposit the coatings on various surfaces. The most
common technique to obtain thin hard coatings is
the PVD method. PVD processes (commonly
referred to as thin film procedures) are atomic
deposition processes in which materials evaporate
from a solid or liquid source in the form of an
atom or molecule and are moved to the substrate.
Generally, PVD procedures are used to deposit
coatings in the range of a few nanometers to
thousands of nanometers [11, 12].

Multilayer coatings based on transition metals,
including titanium and chromium, improve
surface properties. One of the most significant
advantages of multilayer coatings is that each
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layer performs a particular function on the surface
of the material [13]. The multilayer structure of
the coating is considered an effective method to
improve the hardness. Using this structure, the
interfaces of the layers can divert cracks and
provide barriers to dislocation [14]. Multilayer
coatings, particularly those composed of
transition metal nitrides have been considered by
researchers because of their properties, usefulness,
and special scientific importance [15, 16].

Metal nitride coatings of transition metals have
been widely used in the industry owing to their
exceptional physical and chemical properties
such as high hardness, good wear resistance, and
high-temperature stability in addition to oxidation
and corrosion resistance [17, 18, 27, 19-26].
These materials are often used as an inhibitory
protective coating on metal substrates to reduce
corrosion. The purpose of inhibitory protective
coating is to prevent the reaction of corrosive
species with the metal surface in the corrosion
environment [28]. In comparison to the TiN
coating which appears to be the most popular
intermetallic metal nitride, CrN coatings have
better wear properties, higher thermal stability,
and better corrosion resistance [7, 29-34].
Reported research on CrN coatings has focused
mostly on oxidation and corrosion resistance [35].
In general, CrN coating as a hard coating has great
properties that are widely used in the industry to
protect the base material (substrate) against
abrasive wear, fatigue wear, corrosion, and other
surface damage. Ceramic coatings are hard and
wear-resistant, however, they are considered
brittle coatings. So, the hardness of these coatings
can be improved by using metal layers between
hard ceramic films [7]. In addition, elements such
as silver or copper nanoparticles can give
antibacterial properties to coatings [36, 37].
Stainless steel is one of the most common
materials used in hygienic environments and
many health-related devices, and having
antibacterial capabilities increases its
applications. In recent years, some researchers
have suggested the use of Cu or Cu alloys as
touching surfaces in hospitals to significantly
reduce surface-related health problems [38].
Copper is used for clinical applications due to its
low toxicity and high compatibility with the
human body [39]. The properties of multilayer
coatings that include antibacterial elements and
transition metal nitrides are an interesting rubric

that has not attracted much attention so far.
Among PVD procedures, a cathodic arc is a
common method to apply coating due to its
excellent coating properties. High hardness, good
adhesion to the substrate, high density, and
homogeneity are the characteristics of coatings
applied using this method and show better
properties compared with coatings created by the
magnetron sputtering method [27, 40—47]. Using
the PVD method, a variety of coatings can be
created, including pure metals, metal carbides,
and metal nitrides [48]. The purpose of this study
is to apply CrN/Cu multilayer coating using the
PVD method from using cathodic arc and to
investigate and compare its electrochemical and
antibacterial behavior with CrN single-layer
coating. Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) were selected
as pathogens to evaluate antibacterial activity [49].

2. EXPERIMENTAL PROCEDURES

2.1. Coating deposition process

The coating was deposited on AISI 304 stainless
steel substrates with dimensions of 2x40x40 mm.
Before applying the coating, the substrates were
cleaned in acetone and alcohol for 20 minutes
using an ultrasonic bath. CrN/Cu multilayer and
CrN single-layer coatings were applied using
CAE-PVD (CA&MS601, Yar-Nikan Saleh, Iran).
Deposition conditions are presented in Table 1.

2.2. Microstructural Analysis

The XRD (Philips pwl1730) was used to
characterize the phases associated with the
coating using a Cu K, beam with a wavelength of
1.54 angstroms. XRD patterns were recorded
under a voltage of 40 kV in the diffraction angle
range of 20 to 80 degrees with a step size of 0.05
and a step time of 1 second. XRD test peaks were
identified using X’pert HighScore software. A
JSM-84 SEM was used to observe the
microstructure and surface morphology. Also, the
cross-section of the coatings and the number of
layers were observed using the FE-SEM device
model MIRA3 TESCAN.

2.3. Evaluation of Mechanical Properties

To investigate the mechanical properties such as
modulus of elasticity and hardness, a force of
5000 uN, and a 5 s load and 5 s unload (from five
different points), a TriboScope nanoindentation
device with a 2D converter and a Berkovich
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diamond indenter with an angle of 142.3 degrees
was used.

To avoid the effects of substrate hardness on the
mechanical properties of the coatings, the depth
of the applied indentation was less than 10% of
the thickness of the coating. The AFM
NanoScope III digital device was used to observe
the indentation effect and topography of the
coating. According to the standard of VDI 3198
[50-53], the adhesion test was performed by a
Rockwell-C macro-hardness device with a force
of 1473 N and a time of 20 seconds, the effect of
which was tested using an optical microscope.

2.4. Electrochemical Tests

Electrochemical tests, including EIS and PDP
tests, were carried out by a
potentiostat/galvanostat (uAutolab Type
HI/FRA2). Samples were cleaned with distilled
water before the corrosion test. Before
performing the PDP test, the samples were
immersed in the solution for 168 hours under
open-circuit potential (OCP) conditions. Then,
the potential scan was performed from -250 mV
relative to the OCP up to a potential of 1.2 V at a
rate of 1 mV/s. It should be noted that all tests
using the standard three-electrode tube, including
the platinum electrode as a helping electrode, the
silver/silver chloride electrode (Ag/AgCl) as the
reference electrode, and the test specimen as the
working electrode were performed in a Ringer
environment. Also, EIS tests were performed in
the frequency range of 100 kHz to 10 mHz and
the sinusoidal excitation potential of 5 mV after
2, 24, 72, and 168 hours of immersion in OCP
conditions on both coatings.

To ensure the confirmation of the results, each
electrochemical test was repeated 5 times. In
addition, Kramers-Kronig diagrams were used to
confirm the experimental EIS measurements.
Nova software was used to simulate EIS

experimental data.

2.5. Antibacterial Test

The antibacterial behavior of CrN and CrN/Cu
coatings was evaluated on S. aureus (gram-
positive pathogenic bacteria) (ATCC 6538) and E.
coli (gram-negative pathogenic bacteria) (ATCC
25922) by the spot-inoculation method. The
adjusted bacterial suspensions (about 5 x 10°
CFU/mL) by spectrophotometry (Pharmacia
LKB-Nova Spacell, Cambridge, UK) were
inoculated on the surface of sterilized coatings
and then incubated for 3 hours at 35°C. Finally,
the surviving bacterial cells were counted by
culturing the samples on Miiller-Hinton agar to
measure the antibacterial effect of the coatings.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis

Fig. 1 shows the morphology of the CrN and
CrN/Cu coatings on the substrate of AISI 304
stainless steel. As can be seen, both images have
macro-particles and pinholes. These macro-
particles are droplets from molten cathodes in the
PVD coating with the cathodic arc. It should be
noted that the presence of macro-particles and
pinholes is an inherent feature of coatings created
by the PVD with the cathodic arc evaporation
method that has been reported in other published
scientific papers [47, 52].

The mentioned defects can be the passage of
corrosive solution from the coating into the
substrate that can block the path of the solution to
the substrate and increase the corrosion resistance
of the coating by creating multilayer coatings and
closing the mentioned defects during the
formation of the coating [47, 54]. It can be said
that the created interfaces during the deposition of
multilayer coatings have a dual role in corrosion
resistance.

Table 1. Deposition parameters of the coatings

Coating parameters Cu CrN
Target 99.96% Cu 99.96% Cr
Inlet gas N, and Ar N, and Ar
Working pressure (torr) x 107 5x 107
distance between target-substrate (cm) 15 15
Time deposition (min) 105 105
Rotation speed of parts (RPM) 5 5
Bias voltage (V) -100 -100
Target evaporation current (A) 120 120
Deposition temperature (°C) 200 200
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Although the interfaces can block the penetration
of the corrosive solution into the substrate, the
active presence of interfaces may raise the
corrosion rate due to the possibility of galvanic
corrosion between interfaces [48, 54].

Fig. 2 shows the FE-SEM images of the cross-
section of the coatings. Fig. 2(a) shows a CrN
coating with a thickness of 1.8 um and Fig. 2(b
and C) shows a CrN/Cu multilayer coating with
two different magnifications which are 6 CrN-Cu
pairs of layers and the last layer is a combination
of CrN and Cu (CrCuN coating). Due to the
difference in atomic numbers and its effect on the
brightness of the images, the light layers are
related to Cu and the dark layers are related to
CrN. The thickness of the CrN layer is 0.5 pum and
the Cu layer is 43 nm with an overall thickness of
3.6 um. In addition, a pure Cr layer is observed
between the coating and the substrate that is
applied for better adhesion of the coating and the
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substrate [55].

Fig. 3 shows the XRD pattern for CrN/Cu
multilayer and CrN single-layer coatings on AISI
304 stainless steel substrates. According to this
figure, the CrN peaks of both coatings are
approximately at the same diffraction angle. The
crystal structure of both is the same as each other
and has a NaCl structure (type B1).

In the XRD pattern of the CrN coating, due to the
approximate thickness of 2 microns of the coating
(shown in Fig. 2), peaks of the interlayer of Cr and
vre (substrate) are also observed. In CrN/Cu
coating, Cu (111) peak overlaps with the CrN
(002) peak.

Fig. 4 illustrates optical microscope images of the
indentation effect of Rockwell-C. According to
VDI 3198 standard, the observed image is in
accordance with the HF1 class that shows the
appropriate quality in adhesion of the coating to
the substrate [51].
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Fig. 1. Images of SEM for surface morphology: (a) CrN coating and (b) CrN/Cu coating.
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Fig. 2. FE-SEM images of the cross-section of the coatings (a) CrN single-layer coating (b) CrN/Cu multilayer

coating, (c) CrN/Cu multilayer coating with higher magnification.
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Fig. 3. XRD pattern for CrN and CrN/Cu coatings.

Fig. 4. Optic microscope images of the indentation
effect of Rockwell-C for the adhesion evaluation: (a)
CrN, and (b) CrN/Cu.

3.2. Studying the Mechanical Properties

As shown in Fig. 5, the amount of displacement
in the CrN coating is less than that of the CrN/Cu
coating by the same force which indicates that the
CrN coating is more resistant against deformation
in comparison to the CrN/Cu coating. Table 2
indicates the average H values for the coatings.
The existence of copper metal in the multilayer
coating and its softness causes a reduction in the
hardness value [56-58].

Table 2 indicates the values of H/E* and the
H3/E*? values. The value of H/E* is the indicator
of the elastic behavior of the surface in contact
with external forces. The value of H¥/E*? is also
an indicator of the evaluation of plastic
deformation resistance [59—61]. In addition to the
chemical composition and microstructure of the
coating, the properties of the deposited coating
are also affected by the morphology of the coating
surface [7].

Fig. 6 shows AFM images before and after the
nanoindentation test of both coatings. As shown
in Fig. 6, the depth of the indenter in the CrN
coating is less than that of the CrN/Cu coating due
to its higher hardness. According to the reported
roughness values in Table 3, it is clear that the

roughness of the CrN/Cu coating is lower in
comparison to the CrN coating.
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Fig. 5. Force-displacement carves of the CrN and
CrN/Cu coatings.
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Table 2. The mechanical evaluation values of the
CrN and CrN/Cu coatings obtained from
nanoindentation response

Sample | H(GPa) | Er(GPa) | HYE*?* | H/E*
CrN 19.5£2.1 | 2485+ 18 | 0.119 | 0.078
CrN/Cu |16.1% 0.84| 28673 0.050 | 0.056

() (d)

Fig. 6. AFM images: (a) before nanoindentation in
CrN coating, (b) after nanoindentation in CrN
coating, (c) before nanoindentation in CrN/Cu coating
and (d) after nanoindentation in CrN/Cu coating.
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Table 3. Values of roughness for CrN and CrN/Cu

coatings
Sample Ra(nm) | R;(nm) | RMS (nm)
CrN 13.8 135.9 17.2
CrN/Cu 6.3 50.3 7.9

3.3. Studying the Electrochemical Behavior

Fig. 7 shows the changes in OCP in terms of
immersion time in the Ringer medium for both
CrN and CrN/Cu coatings. As illustrated in this
figure, the CrN coating curve shows more noble
potential values in comparison to the CrN/Cu
coating curve. This behavior indicates that the
thermodynamic tendency is less to start the
corrosion process related to the CrN coating.
According to Fig. 7, passing time, the immersion
potential values of both open circuits for both
coatings first decrease and then increase. Also,
after an approximate time of 1800 seconds, the
OCP changes related to both coatings are little and
both coatings have reached proper stability [7].
The change of OCP to negative or more active
values can be owing to the adsorption of chloride
anions, the change in the concentration of metal
ions, the change in surface activity or penetration
of the electrolyte into the coating or dissolution of
metal oxides in the surface of the sample. On the
other hand, the rise in OCP over time can be due
to the formation of a surface oxide film [62].

0.2

studying the effect of immersion time on the
electrochemical behavior of CrN coating has
indicated that the corrosion current density
decreases by rising immersion time in the
medium of 3.5% of sodium chloride [63].
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Fig. 8. PDP curves for CrN and CrN/Cu coatings
applied on stainless steel substrates.

The values of corrosion potential and current
density (using the Tafel method) for both
specimens are summarized in Table 4. The
corrosion current density (icorr) was obtained
from PDP plots using the method of Tafel linear
extrapolation [63].

Table 4. Values of corrosion current and corrosion
potential from PDP plots

Sample icorr (A.cm™?) Ecorr (V)
T CrN 1.835 x10°® -0.0628
CrN CrN/Cu 2.08 x108 -0.0387

0.1 +

0.0 +

E/ Vagascr

0.2

0 600 1200 1800 2400 3000 3600

Time /s
Fig. 7. OCP plot for CrN and CrN/Cu coatings in
Ringer's solution

The PDP curve of the investigated samples after
3 days of immersion in Ringer's solution is
illustrated in Fig. 8. According to Fig. 8, both
coatings formed in Ringer's solution have shown
passive behavior. PDP curves that are similar to
this study have been reported concerning the
created CrN coating by the PVD using cathodic
arc at 3.5% of sodium chloride [63]. In addition,

Based on the reported data in Table 4, CrN
coating shows higher corrosion potential and
lower current density in comparison to CrN/Cu
coating which indicates higher corrosion
resistance of CrN coating. It is known that the
transition of metal nitrides is neutral against
chemical attacks owing to their relatively high
potential in the electrochemical series table and
s0, shows high thermodynamic resistance against
the commencement of corrosion [7]. Also, CrN
coating can form a surface layer with dense
microstructure [64, 65]. To compare and
investigate the effect of time on the
electrochemical behavior of two coatings, the EIS
test was used as a non-destructive, fast, and
powerful approach [66, 67].

Fig. 9 shows the results of the EIS test for both
CrN and CrN/Cu coatings after different
immersion times in the Ringer solution (under
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OCP conditions) in the form of Nyquist and Bode
curves. Considering that the general shape of EIS
diagrams related to both coatings in both Nyquist
and Bode curves is the same by rising immersion
time, it can be said that the mechanism of the
electrochemical behavior of both coatings has not
changed by rising the immersion time. Nyquist
curves are drawn from real data in terms of
imaginary data. According to the Nyquist curves
shown in Fig. 9, the diameters of the capacitive
rings for both samples show an increasing trend
with increasing immersion time. This behavior
indicates that the anti-corrosion behavior of both
coatings, which is inversely related to the
corrosion rate, improves with increasing time.
Also, based on the Nyquist diagrams presented in
Fig. 9, it can be said that increasing the immersion
time from 2 hours to 168 hours had a significant
effect on the polarization resistance of the CrN/Cu
coating. In Nyquist diagrams, the diameter of
capacitive rings indicates polarization resistance.
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In the Bode curves indicated in Fig. 9(c and d),
the phase changes in terms of frequency (Bode-
phase) and the changes in the total amount of
impedance in terms of frequency (Bode-modulus)
are plotted. In the Bode-phase diagram, the
maximum value of the coating angle for both
coatings is less than 90 degrees which shows a
deviation from the ideal capacitor [68]. Also, the
existence of two-time constants in the Bode
diagrams presented in Fig. 9 is visible for both
coatings. Thus, it is vital to use an equivalent
electrical circuit consisting of two-time constants
to simulate the EIS data. The data of EIS are valid
when they meet the limitations of linear system
theory, such as causality, linearity, and stability
[69]. For this aim, Kramers-Kronig curves are
used to check the validity of experimental data.
Kramers-Kronig transformations are gained by
converting the real axis to an imaginary axis and
vice versa.
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The transform equations of Kramers-Kronig are
expressed by Equations 1 and 2 [70]:

Fig. 11 was used to simulate the experimental EIS
data associated with single-layer and multilayer
coatings. The impedance of the constant phase
element is specified by Equation 3 [62, 72-77]:

Zge(w) = 2. [ <-2mle) g (1)
Zlm(w) = ? fooo u)mZZRe(O) )doo )

In Fig. 10, the diagrams of Kramers-Kronig
together with the EIS experimental data are
reported to both coatings after 7 hours in Ringer's
solution. Appropriate overlap of experimental
data with Kramers-Kronig data shows that the
electrochemical system is stable during the test
and the results are valid [70, 71]. This overlap was

1
Zepe = QGw)n

3)

Where Q is a frequency-independent parameter, j

represents an imaginary unit, ® is an angular

frequency, and n is a frequency-independent
parameter ascribed to the deviation from the
capacity of the ideal capacitor when n= 1, Q is

equivalent to an ideal capacitor.

Surface

present in the other examined durations that were
skipped in this part.
The electrical equivalent circuit shown in Fig. 11
was used to simulate the results of EIS. In this
equivalent circuit, Ry is the soluble resistance
between the coating surface and the reference
electrode, R; is the coating resistance, Q; is the
coating constant phase element (CPE), R, is the
charge transfer resistance, and Q. is the time
constant related to the electrical double layer.

In other published scientific sources [7, 24] from
the same equivalent electrical circuit indicated in

conditions and oxide layer performance can affect
the value of n [72, 78, 79]. The emergence of a
CPE behavior could be ascribed to many well-
known factors such as the preferential active sites
(i.e. impurities and grain boundaries), the
existence of pores in the surface oxide films, and
different types of surface heterogeneity on
working electrodes (such as scratches, adsorption
of ions, roughness and the impact of resistive
variations that pertains to the covering passive
films) [72, 78]. The obtained electrical parameters
by the used equivalent electrical circuit are
summarized in Table 5
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Fig. 10. Kramers-Kronig curves of (a) CrN and (b) CrN/Cu coatings.
Table 5. Extracted data from the proposed equivalent circuit
. R Q1 R2 Q: Rp
sample I‘Eﬁffﬁ‘)’" (le;ﬁ) <106 | (x10° | m | (x10° (x10° n | (x109
’ Q.cm?) | S°.Q1.cm?) Q.cm?) | S°.Q1.cm?) Q.cm?)
2 101.53 0.08 42.25 0.84 | 5.86 15.77 0.89 6.70
CiN 24 99.40 0.10 42.11 0.83 8.17 1.99 0.92 8.27
r 72 96.56 0.15 43.85 0.84 | 14.58 11.63 0.91 14.73
168 102.44 0.27 43.80 0.84 | 20.66 5.010 0.93 20.93
2 102.24 0.01 36.44 0.73 | 0.03 56.10 0.61 0.04
N 24 104.37 0.06 29.74 0.72 | 0.22 32.96 0.65 0.28
CrN/Cu 72 105.10 0.04 23.68 0.71 0.33 28.87 0.63 0.37
168 97.90 0.61 21.22 0.73 5.62 13.50 0.63 6.22
)
: 4
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According to the data in Table 5, the polarization
resistance (R,= R; + R») of the CrN coating is
higher than that of the CrN/Cu coating at any
given immersion time. In addition, the data in
Table 5 shows that the polarization resistance of
both coatings increases over time. In addition, the
significant effect of time on the polarization
resistance of the CrN/Cu coating is clear, so after
the immersion time from 2 h to 168 h, the
polarization resistance of the coating has been
changed from 0.0033 (x10° Q.cm?) to 0.0031
(x10° Q.cm?). While for CrN coating, the
polarization resistance increased from 0.0021
(x10° Q.cm?) to 0.0031 (x10° Q.cm?).

CPE,

R>
Fig. 11. Equivalent circuit to simulate EIS
experimental data.

SEM images of the sample's surface after the PDP
test for CrN single-layer and CrN/Cu multilayer
coating are illustrated in Fig. 12. The general
trend of coating/substrate corrosion is related to
the destructive effect of macroparticles and
cavities on PVD coatings [80]. Electrochemical
experiments and surface analysis show that the
main corrosion reactions of coatings are due to
defects (pores, cavities, and cracks), coating
delamination, and the galvanic effect between the

(@)

drop and the coating [7]. Defects in the coating,
such as cavities, form the route between the
corrosive medium and the substrate. As can be
seen in Fig. 12, these cavities cause the coating to
be a cathode and anodize the substrate, and
galvanic  corrosion  occurs.  Also, the
microparticles in the coating can be separated
from the surface and cause pores in the coating.
These pores can provide direct passage of
corrosive solution and create pits. According to
Fig. 12, more corrosion has occurred in the
CrN/Cu coating which is consistent with Ref.
[81]. The reason could be the existence of copper
metal in the last layer.

3.4. Antibacterial Assay

The antibacterial potential of CrN and CrN/Cu
coatings was assessed on E. coli and S. aureus.
These bacteria are the most common pathogens
that cause disease in humans and are used as the
test bacteria in antimicrobial susceptibility assay
[82, 83]. The results showed that E. coli count on
CrN and CrN/Cu coatings was reached from 5.25
and 5.27 log CFU/mL to 4.8 and 4.5 log CFU/mL
after 3 hours incubation, respectively. The control
sample was uncoated and the bacteria behavior
was examined in absence of inhibitory
compounds to compare with the coated samples.
E. coli population in the sample control increased
from 5.24 to 5.64 log CFU/mL after 3 hours of
inoculation (Fig. 13).

The antibacterial effect of the coatings on S.
aureus was indicated that the surviving bacteria
number on CrN and CrN/Cu coatings at the
beginning hour inoculation was 5.28 and 5.26 log
CFU/mL that reduced to 4.58 and 3.96 log
CFU/mL after 3 hours inoculation, respectively.

(b)

Fig. 12. Surface images of the coating after PDP measurement: (a) CrN single-layer coating, (b) CrN/Cu
multilayer coating obtained from scanning electron microscopy.
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P

Fig. 13. The plate images of E. coli: the surviving cells from CrN and CrN/Cu coatings at zero hour (a and ¢) and
after 3 hours inoculation (b and d) on Muller Hinton agar, respectively.

However, the S. aureus count in the control
sample not only did not decrease but also
increased, like E. coli (rose from 5.3 to 5.9
CFU/mL) (Fig. 14). According to the obtained
data and performed experiments on E. coli and S.
aureus, it was observed that the CrN/Cu coating
had a greater antibacterial effect in comparison to
the CrN coating owing to the existence of copper
nanoparticles. Copper is a metal that has
antibacterial properties and its existence in the
coating rises the antibacterial effect. The main
mechanism by which copper ions show
antibacterial properties is binding and penetrating
the bacterial cell wall [84].

Cu®' ions can extract electrons from bacteria,
resulting in the production of reactive oxygen

0 G2

"~

species (ROS) on the surface of the coating. In
addition, ROS is converted to hydroxyl (HO)
radicals that act as a deadly agent that hurts the
bacterial cell wall [4]. Based on the results, it was
realized that the rate of loss in S. aureus is higher
than E. coli which can be owing to the bacterial
form. Because S. aureus is clustered and E. coli is
rod-shaped, S. aureus is more susceptible to
degradation through bacterial walls owing to its
higher contact surface with copper. Based on the
results, it was realized that the decline rate of S.
aureus was higher than E.coli on the coatings,
which can be due to the spherical shape and the
wall structural properties of S. aureus such as
gram-positive and more susceptibility of the
bacterial wall.
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Fig. 14. The plate images of S. aureus: the surviving cells from CrN and CrN/Cu coatings at zero hour (a and c)
and after 3 hours inoculation (b and d) on Muller Hinton agar, respectively.

4. CONCLUSIONS

In this research, CrN single-layer coating and
CrN/Cu multilayer nanostructured coating were
successfully applied on the substrate of AISIT 304
stainless steel using by CAE-PVD method. By
studying the mechanical, electrochemical, and
antibacterial behavior of the coatings, the
conclusion can be explained as follows:

1.

SEM images showed that in both CrN and
CrN/Cu coatings there are pinholes and
macro-particles from the melted cathode in the
method of CAE-PVD as inherent defects of
this deposition method. By using FE-SEM
images, the adhesion and the lack of any
lamination effects of the coatings were
specified.

2. The obtained results from the nanoindentation

test showed that the hardness and elastic
modulus of CrN and CrN/Cu coatings were
19.5+2.1,248 + 18, 16.1 £ 0.84, and 287 + 3
GPa. The reason for the low hardness of the
CrN/Cu coating is the presence of soft copper
metal. The obtained average roughness values
were 13.8 nm for CrN coating and 6.3 nm for
CrN/Cu coating. In addition, using the
adhesion test, the adhesion of both coatings
related to the desired substrate was assessed.

. The obtained results from electrochemical

measurements showed that over time, the
polarization resistance of both coatings in the
Ringer solution was improved. The corrosion
current density of the CrN/Cu coating was
more than CrN coating. Also, at any given

o

3

Gk

11
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immersion time, the CrN coating exhibited
greater polarization resistance in comparison
to the CrN/Cu coating.

Studying the antibacterial behavior of CrN and
CrN/Cu coatings for E. coli and S. aureus
showed that both coatings have antibacterial
properties and the CrN/Cu coating compared
to the CrN coating reduces the bacterial
number even more after 3 hours owing to the
presence of copper.
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