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i-6A1-4V alloy, also called TC4, substrates are sputter-deposited by Cu:
T amorphous-C: N (Cu:a-C:N) thin coatings using planar magnetron

sputtering physical vapor deposition device. Mixtures of argon and
nitrogen at different ratios are selected as the sputtering atmosphere, and no
hydrocarbon gas is used. Correlation of microstructure, morphology, surface
properties, antibacterial characteristics, and mechanical performance of the
coatings to the NyAr ratio are discussed. The outcomes from Raman
spectroscopy confirm the construction of the DLC (Diamond Like Carbon) phase
in the microstructure of the coatings. The thin coatings synthesized at higher
No/Ar ratios show more increased amount of sp° hybridization, improved
wettability, higher internal stress, and enhanced mechanical properties, i.e.,
higher hardness. However, these are accompanied by lower antibacterial
performance. Plastic hardness (H) value of the thin coatings increased from
about 2 GPa to 13 GPa by increasing Ny/Ar ratio. However, bacterial reduction
percent of the thin coatings decreased from 100 to 65 % as Ny/Ar ratio
increased. The resultant outcomes reveal the critical role of the N,/Ar ratio on
tailoring the antibacterial properties of Cu: a-C: N thin coatings as well as
mechanical ones. Prog. Color Colorants Coat. 14 (2021), 281-2910© Institute for
Color Science and Technology.

1. Introduction

operational approach to increasing wear resistance and

The lifetime of an orthopedic part is highly dependent
on the mechanical properties and tribological
characteristics of its surface. For instance, even very
fine scrapes created due to the wear of surface in the
hip joint will lead to implant failure. Accordingly, it
seems crucial to control surface wear to advance the
tribological characteristics of the orthopedic parts.
Surface coating of medical implants by protective
coatings which are wear-resistant seems to be an

improving the mechanical properties [1-3]. Amorphous
carbon coatings have attracted attention in biomedical
applications thanks to desired characteristics, i.e. high
hardness, excellent wear resistance, chemically
inactiveness, and small coefficient of friction, which
makes them a suitable candidate for industrial and
biological applications [4-9]. There are some studies on
the use of amorphous carbon (a-C) thin coatings in
orthopedic joints, heart valves, coronary stents, and

guide wires [10, 11].
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It is commonly accepted that the gas composition
of the plasma is a crucial parameter influencing the
microstructure of the final DLC coating. It is reported
that DLC coatings deposited on PET (Polyethylene
Terefthalate) under CH, plasma environment contain a
collaborating deposit of high-density C—H bonds.
However, when C,H, is used as the carbon source,
amorphous carbon is generated in the coating
composition [12]. Erdemir et al. [13] showed that when
the H/C ratio of the source gas increases, DLC coatings
show improved friction and wear resistance. It is also
well accepted that nitrogen impregnation into the DLC
forming plasma atmosphere is a very efficient
technique to regulate the sp® and sp” hybridization
content of the DLC coatings [14, 15]. It has been
shown that Nitrogen impregnation into a-C thin
coatings has an enhancing impact on mechanical
properties. These coatings demonstrate higher hardness
and better elasticity compared to the pristine ones [16-
18]. Moreover, nitrogen-impregnated amorphous-
carbon, in short form a-CNj, thin coatings show a
lower friction coefficient and wear rate in wet
conditions than the a-carbon thin coatings [10, 11].
However, nitrogen addition increases the residual stress
and affects the coating's adhesion limiting its practical
applications [19, 20]. One route proposed to overcome
this problem in a-C thin coatings is to incorporate
metal species into the coating [21-24]. Impregnating
metal elements inside the matrix alters the coating’s
properties and a variety of applications becomes
considerable [19, 20]. Metal incorporation greatly
enhances the carbon graphitization in the coating
structure and reduces surface tension [21-23]. These
incorporated metals are usually divided into two
categories: (i) metals that chemically react with carbon
resulting in carbide clusters formation and (ii) metals
without any possibilities for chemical reactions that
lead to the establishment of nano-clusters of metal
entrenched in the amorphous carbon matrix [25-27].
However, there exist a few studies in which the effect
of metal incorporation on the mechanical
characteristics of a-CNy (nitrogen entered amorphous
carbon) thin coatings has been investigated [8]. From
the existing literature, it seems pretty probable that
incorporated metals in some cases have been able to
reduce internal stresses of the coatings and
simultaneously improve other characteristics like
biological response and electrical properties. As an
example, it is well accepted that Cu ions are incredibly
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toxic to bacteria at ppb magnitudes; hence Cu is
considered an  antibacterial  substance.  This
characteristic originates from the ability to release
minor quantities of Cu ions to the tissues. These ions
act as antiseptics/antibiotics [28, 29]. This ability
mainly comes from the fact that Cu and carbon are
nearly immiscible due to the relatively weak Cu-C
bond energy [10, 30]. Our previous reports on Cu
impregnation into a-C thin coatings revealed that
internal stress decreases while plastic hardness and
H’/E* ratio increase [21-23]. Moreover, Cu-
impregnated a-C thin coatings showed super anti-
corrosion performance [22]. Yu et al. showed there is a
precise span of Cu concentrations across which
mechanical properties and blood congeniality of the
sputtered Cu/DLC coatings on magnesium substrate
enhance [31]. In addition, as discussed above Nitrogen
added a-C thin coatings demonstrate higher hardness,
better elasticity, and lower friction coefficient and wear
rate in wet conditions compared to the pristine ones.
Moreover, there are some reports showing effective
application of Nitrogen added a-C thin coatings in
biomedical applications [1, 8].

However, there exist a few studies in which the
effect of metal incorporation on the mechanical
characteristics and biocompatibility of a-CN, thin
coatings has been investigated. According to the
author’s knowledge, no study is reported on the effects
of nitrogen and Cu impregnation on microstructure,
mechanical, and bactericide characteristics of a-C
coatings. Therefore, the current study reports
microstructure, surface, mechanical and antibacterial
characteristics of Cu: a-C: N thin coatings applied on
TC4 alloy (Ti-6Al-4V alloy) substrates.

2. Experimental
2.1. Sputtering

A Yarenikane Saleh-DRS320 branded DC magnetron
sputtering machine was employed for the application of
the coatings. Ti-6Al1-4V alloy, i.e. TC4, rectangles of
20 mm’ surface area, and glass slides of 20 mm’
surface area were used as substrates. The substrates
were retained at floating potential throughout the
process. Sputtering chamber pressure was 3 x 107 Torr
before the initiation of the deposition process, and the
length from the target to the substrates was adjusted at
110 mm. The working pressure was 1.5 x 107> Torr. A
50.8 mm diameter copper disk with 99.999% purity
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was selected as the Copper target, and mixed
atmospheres of Ar and N, at various ratios, i.e. No/Ar:
0, 0.4, 1, and 2.3, were the process environment. Five
graphite tablets (d = 5.08 mm and thickness = 2 mm)
were homogeneously positioned on the erosion trail of
the target. They act as the carbon source for the
coatings. A schematic illustration of the sputtering gun
and position of Cu target and graphite tablets is shown
in Figure 1. The temperature of the substrate increases
to about 200 °C throughout the process because of the
substrate’s bombardment by particles. The current and
voltage of the sputtering were fixed at 0.18 A and 450
V, correspondingly, and the deposition period was set
at 180 min. The variation of N,/Ar ratio and coatings
thickness are summarized in Table 1.

2.2. Characterizations

The films structure was assessed through Raman
spectroscopy by a Horiba Jobin-Yvon, LabRam
HR EVOLUTION Raman spectrometer device. The
Raman excitation wavelength was 532 nm. Coatings
composition was chemically investigated by EPMA
(electron probe micro-analyzer) apparatus (JEOL, JXA-
8530F). The films thickness and surface properties were
characterized by the FE-SEM technique using a FE-

Table 1: Deposition conditions and coatings thickness.

Thickness
Sample code
(nm)
C-1 0 1500100
C-2 0.4 1500+80
C-3 1 1500£50
C-4 2.3 1500450

Erosion track of target

Graphite tablets
Cu target

Sputtering gun -

Figure 1: Schematic of sputtering gun and position of
graphite tablets.

SEM-model Tescan device. Surface properties were
investigated through water droplet contact angle
measurement utilizing an OCA 15 plus (contact angle
measuring device).

E. coli, representative of gram-negative bacteria,
was selected as the test microorganism. The specimens
were first sterilized under UV irradiation. They were
nursed in a BEP while mixing was applied for 10 h at
37 °C. Subsequently, the bacterial concentration was
tuned at 1.0x10° CFU/mL and poured on each sample
surface. Then, the test samples were nursed at 37 °C
for 18 h. The viable count technique was exploited to
compute the final concentration of the reference and
test samples. Briefly, having accomplished the growth
time, the number of colonies for each diluted sample
was reckoned, and bacterial growth rate change was
evaluated by equation 1.

R%=2=4,100 (1)
B

Where A (CFU/mL) is the remaining bacteria in the
flask of the test sample, and B is the one for the
reference sample.

The internal stress was calculated conferring to
Stoney's equation by the aid of a profilometer. First, the
curvature of metal strips of 5x100 mm’ size was
measured. Consequently, strips were positioned to a
sample holder, and the sputtering process was
conducted. Coated samples’ curvature was once more
measured, and changes due to the deposited layer were
calculated. Stress, o, was then evaluated through the
following equation, i.e. Stoney’s equation (Eq. 2):

ET?
il Frewriven U )

E: Young’s modulus, v: Poisson’s ratio, T: substrate
thickness and L: substrate length; T: thickness of the
film (t<<T); &: central substrate deformation after
sputtering

Mechanical characteristics, i.e. hardness and
Young’s modulus, were obtained by a Hysitron Inc.
TriboScopes Nanomechanical Test Instrument equipped
by a Berkovich diamond indenter. The measurements
were all done at ambient temperature. The load was
limited to an amount with which the depth of impression
did not exceed 10% of the coating thickness. The latter
was to eliminate the effect of the substrate.
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3. Results and Discussion

Change of Cu and C contents and N/C ratio of the
coatings as a function of Ny/Ar ratio is plotted in Figure
2. It can be realized that Cu content decreases by
increasing No/Ar ratio. On the contrary, C and N
contents continuously increase as Ny/Ar ratio increases.
To explain this behavior, it must be noted that as the
Ny/Ar ratio increases, the surface of the Cu target and
graphite coupons can be covered by nitride
compounds, which will lead to target poisoning [32].
The target poisoning decreases sputtering yield of the
Cu target and graphite coupons; hence lowers Cu and C
contents in the structure of the coatings. However, the
N/C ratio of the coatings decreases by increasing the
Ny/Ar ratio, reaching its lowest value at N,/Ar ratio of
1 and increases for the higher N,/Ar ratio. Since the
N/C ratio is lower than 1, Cu: a-C: N coatings with
high carbon content are formed in the coatings.

90
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Figure 2: Development of the (a) chemical composition
and (b) C/N ratio of Cu: a-C: N thin coatings correlated
to No/Ar ratio.
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To achieve a better apprehension of the
microstructure, Raman analysis was taken into
consideration. The resulted spectra for the coatings are
presented in Figure 3.

Two prominent peaks in the Raman spectrum,
known as D and G bands that respectively emerge
across 1364 to 1387 cm™ and 1591 to 1595 cm’, are
typical features for carbon-based coatings. The defects
in the structure and distortion of the lattice and the
effects of dimension restriction, are correlated to D
band emergence while G band (is attributed to the
graphite lamellae. In other words, sp’ hybridized
carbon is responsible for the D band, and sp’
hybridized carbon is in charge of the G band. The
characteristics of these bands, i.e. shape, intensity ratio,
and peak location, and displacement, are useful means
to determine the microstructure of these coatings. To
facilitate comparing, quantitative data have been
extracted from Raman spectra and given in Table 2.

To define the structural orderliness of the coatings,
the relative intensity of D and G bands can be exploited
as a standard. To calculate the Ip/Ig ratio, the diagrams
were first deconvoluted by Lorentzian fitting
estimation, as can be perceived from Figure 3. Then,
the intensity, i.e. the surface area of the peaks, was
obtained by integrating, and the ratios were calculated.
As it is depicted in Table 2, Ip/Ig ratio for the Cu: a-C:
N thin coatings increases as the Ny/Ar ratio rises. This
is an evidence that coatings sputtered at a higher N,/Ar
ratio also have more significant portion of sp® carbon
or bigger graphitic domain size [33, 34]. Besides, it has
been shown that N incorporated amorphous carbon
coatings comprise of sp’-coordinated basal lamellae
that are collapsed due to the integration of the
pentagonal and cross-linked at sp’-hybridized C sites
that lead to the bending of the structural units [35].
This can also lead to an increased D peak intensity as
the N content of the coatings increases. Moreover, the
FWHM of the peaks likewise gives essential
information on the crystallinity of the coatings. The
FWHM values for D and G peaks are shown in Table
2. This parameter increases by increasing N,/Ar ratio.
This indicates that the impregnation of nitrogen into
the structure of the coatings disturbs the long-range
orderliness of the graphitic construction. It is
commonly accepted that nitrogen incorporation
improves the establishment of sp® hybridized carbon in
a-C based coating [36].
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Figure 3: Raman spectra of Cu: a-C: N thin coatings (a-d) C-1 to C-4 thin coatings.

Table 2:Quantitative data from Raman spectra.

Sample code D peak FWHM G peak FWHM
C-1 1.4 75 42

C-2 23
C-3 24
C-4 3.8

To morphologically compare the coatings, the FE-
SEM technique was taken into service. Images taken
from the plane view of the coatings are gathered in
Figure 4, with which morphology alteration upon the
nitrogen flow rate is visible. For C-1 with no nitrogen
in its sputtering process, a co-continuous pebble-like
morphology with distinguished grain boundaries is
observable (Figure 4(a)). In C-2 sputtered at N,/Ar
ratio of 0.4, the pebbles turn into blister-like

111 62
131 99
218 80

inhomogeneities that are greater in size and, of course
less distinguished in grain boundaries (Figure 4(b)).
For C-3 thin coating sputtered at N,/Ar ratio of 1, a
very fine grained morphology is observed that shows
almost no blister-like structure and the boundaries are
nearly indistinguishable (Figure 4(b)). Nonetheless, a
small number of microcracks are detected on the
surface of the coating. And eventually, in the C-4 thin
coating applied at N,/Ar ratio of 2.3, very smooth
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surface morphology is obtained. The grains size and
boundary are undetectable at this resolution of FE-
SEM (Figure 4(c)).

To comprehend the correlation of the surface
morphology and the physical chemistry properties of
the samples, the contact angle, i.e. 6, between a water
droplet and the coatings was measured. 6 can be then
correlated to surface energy. Figure 5 shows the
difference in contact angle (0) for the coatings. As it is
depicted from the diagram, the greater the nitrogen
content of the coating becomes, the lower the contact
angle results. Lower 6 means better wettability by
water and indicates higher surface energy for the
coatings [37, 38]. Such enhanced wettability of the
coating when applying on a joint replacement leads to
holding the synovia on the surface and improves
surface lubricity [1, 31, 39]. Moreover, this can affect
the antibacterial properties of the coatings.

The ability of bacteria growth on the coatings was
evaluated. The reduction in bacteria number on the
various thin coatings is plotted as a function of N,/Ar
and shown in Figure 6 (a). As it can be realized, the
bacteria reduction for C-1 is 100 %, that means this
coating is thoroughly successful in preventing bacterial
growth and suppress the colonies. However,

incorporation of nitrogen into the structure by
increasing N,/Ar ratio deteriorates this ability. The
bacterial reduction of C-2, which has been applied at
N,/Ar ratio of 0.4, is 95 %. This decline is even more
significant for C-3 and C-4. This indicates the bacterial
growth reduction ability of the coatings decreases by
increasing the N,/Ar ratio. Conversely, the colony-
forming units (CFU) increases from an average of
2x10* to 1.5x10° mL as N,/Ar ratio increases (Figure 6
(b)). As was mentioned in Figure 2, the Cu content of
the coatings decreases by increasing N,/Ar ratio. The
coatings containing higher amounts of Cu must
logically show better antibacterial properties.
Bactericide properties of Cu have been proved and
accepted for decades [32]. Cu-ions are particularly
toxic to bacteria at deficient concentrations (ppb scale).
It was previously mentioned that is due to the releasing
of small quantities of Cu-ions into the tissues [33, 34].
Also, it has been shown that a-C coatings with higher
Ip/Ig ratio show better antibacterial activity [10]. As
discussed previously, Cu: a-C: N coatings sputtered at
higher N,/Ar ratio have a higher Ip/Ig ratio. Hence, the
antibacterial properties are seemingly determined by
Cu content, and/or higher Ip/I ratio of the Cu: a-C: N
coatings.

SEM HV: 10. - i SEMHV: 150KV WD: 4,96 mm SEM HV: 15.0 kV. WD: 5.31 mm M

: 5. r
SEM MAG: 35.0 kx Det: SE 1pm — . SEM MAG: 35.0 kx Det: InBeam SE  1pm SEMMAG: 350kx  Det: InBeam SE  1pm

View fleld: 5.93 ym _ Date(midy): 1010116 View field: 5.93 ym _ Date(midly): 10/10/16 View field: 5.93 ym _ Date(m/dly): 10/10116

Figure 4: In-plane view FE-SEM micrographs and elemental map of (a-d) C-1 to C-4 thin coatings.
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Figure 5: Contact angle of Cu: a-C: N thin coatings (a), C-1 (b), C-2 (c), C-3 (d) and C-4 (e) in interaction with a water
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Figure 6: Variation of (a) E. coli deactivation percent and (b) sum of CFUs of Cu: a-C: N coated TC4 alloy.

Having assessed structure, morphology and surface
properties of the coatings and antibacterial behavior,
mechanical properties seem to be the last but not the
least investigation of the coatings. Amongst these
properties, coating’s internal stress is a critical
parameter in the field of functional thin films. Because
it can directly affect film adhesion. Very high internal
stress provides adequate energy for initiation and
propagation of microcracks that will probably lead to

detachment of the coatings from the substrate [40-43].

The internal stress values are given in Figure 7. The
stress values are entirely compressive. An apparent
increase can be observed by increasing the N,/Ar ratio.
Thus it can be assumed that coatings adhesion worsens
as the nitrogen content increases.

Coatings’ hardness and Young’s modulus
dependence on the Ny/Ar ratio is displayed in Figure 8
(a, b). The hardness varies across 11 to 24, and
Young’s modulus ranges from 150 to 300 GPa. The

hardness of the coatings increases as N,/Ar ratio rises
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when Young’s modulus increases with increasing
N,/Ar ratio getting to its highest value at N,/Ar ratio of
1 and decreases for higher Ny/Ar ratio. To explain this
behavior, the coatings morphology and internal stress
values of a-C based coatings must be considered. As

shown in Figure 4, coatings prepared under higher
N,/Ar ratios demonstrate smooth and low defective
structures, leading to higher hardness. Besides, higher
internal stress also leads to higher hardness of the
coatings [44-48].

O 61
<) /
2 5-
5]
=
2 4 /
E +
£ 31 e
=
E
s 21
St
1 T T T T T
-0.5 00 05 10 15 20 25
N»/Ar ratio
Figure 7: Variation of internal stress (compressive) value of Cu: a-C: N protective coatings with N2/Ar ratio.
(a) 400
251 + (b)
=151 /+ = 200+ .
10 T T T T T 100 T T T T T
-0.5 00 05 1.0 1.5 20 25 -0.5 00 05 10 15 20 25
N»y/Ar ratio N,/Ar ratio
0.4
()
0.34 n
Nm 0.2
m\
=
0.1 /_
0.0 T T T T T
-0.5 0.0 0.5 1.0 1.5 2.0 2.5
Ny/Ar ratio

Figure 8: (a) Plastic hardness (H), (b) Young’s modulus
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(E), and (c) H¥/E? of Cu: a-C: N protective thin layers with No/Ar
ratio.
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To estimate the tribological characteristics of the
coatings, the H*/E? ratio versus the N,/Ar ratio is
sketched, and shown in Figure 8. The HY/E® ratio
reveals the plastic deformation resistance of a coating
[49, 50]. It can be perceived that the H*/E? ratio of the
coatings demonstrates an ascending trend as a function
of the N,/Ar. High hardness, low Young’s modulus,
and high H’/E’* of the coatings containing higher
nitrogen contents are assumed as typical properties of
nanocomposite coatings [8, 30, 51]. Hence, it can be
concluded that the desired mixture of mechanical
characteristics and tribological properties of the Cu: a-
C: N thin coatings have been obtained.

4. Conclusions

The results demonstrated that the N,/Ar ratio is a

crucial  deposition  parameter that influences
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