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CrCN coatings with various carbon contents were deposited on 316 L stainless steel disks by unbalanced
magnetron sputtering via adjusting carbon target current, and their relevant microstructure was characterized
by Raman spectrum and X-ray photoelectron spectroscopy, respectively. The influence of carbon content on
the electrochemical properties of CrCN coatings in simulated bodyfluid (SBF)was investigated using open circuit
potential (OCP), electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization tests. It turned
out that the CrCN-coated 316 L disks performed better electrochemical properties than uncoated 316 L disk. All
CrCN coatings contained a-CNx, but the bonding structure converted from N–C bonds to N_C bonds as carbon
content increased. As a result, the CrCN coatings (52.6–75.0 at.% C) with N_C bonds were prone to be easily
degraded by breakage of π bond. In contrast, the CrCN coatings (15.4 at.% C) with N–C bond alone exhibited
relatively higher charge transfer resistance (Rct), and was able to prolong the longevity of prosthesis.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

On account of cheap price, free of magnetism and excellent ductility,
prosthesis made of 316 L stainless steel has accounted for a major por-
tion in surgical prosthesis market [1,2]. Nevertheless, 316 L stainless
steel still confronted unsatisfactory service life resulting from local cor-
rosion, fretting fatigue and formation of fibrous tissue in physiological
environment [3–7], which led to about 10% of hip arthroplasties being
substituted after 10–15 years [8–10]. In order to prolong the longevity
of femoral head prosthesis made of 316 L stainless steel, some advanced
compound coatings such as metal or non-metal incorporated a-C
and TiCN coatings [11–16] have been applied to modify its surface
characteristics. Recently, CrCN coatings have been paid more attention
due to lower internal stress, higher hardness and superior tribological
property [17,18]. Meanwhile, their electrochemical behavior has been
investigated in different environments. Yi et al. [19] pointed out that
CrCN coatings exhibited better protection effect than CrN coatings
when immersed in 0.5 M H2SO4 and 5 ppm HF solution. Similarly,
Merl et al. [20] manifested that carbon incorporation could enhance
the inhibition ability of CrCN coatings on SS304 in 0.5 M NaCl solution,
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whereas the opposite result on K340 in 0.5% NaCl solutionwas reported
by Kaciulis et al. [21]. It is worth noting that the carbon concentration of
CrCN coatings in Ref. [20] has not been reported, while that of CrCN
coatings in Ref. [21] varied in the range of 55.4 at.% to 65 at.%. Thus,
the totally contradictory results in Refs. [20,21] might be caused
by the different carbon concentrations. In other words, the electro-
chemical properties of CrCN coatings were strongly dependent on
carbon concentration. However, the influence of carbon concentration
on the electrochemical properties of CrCN coatings in SBF has not yet
been investigated systematically.

In here, the CrCN coatings with varied carbon concentrations
(15.4–75.0 at.%) were deposited on 316 L steel disks using unbalanced
magnetron sputtering via adjusting the carbon target current. The elec-
trochemical characteristics of CrCN coatings in SBF were investigated
using open circuit potential (OCP), electrochemical impedance spec-
troscopy (EIS) and potentiodynamic polarization tests, and then the in-
fluence of carbon concentration on the electrochemical characteristics
of CrCN coatings in SBF was outlined.

2. Experiment details

2.1. Fabrication of CrCN coatings

316 L disks with composition in Table 1 were selected as substrates
(Ø30 × 4 mm), and polished to a roughness (Ra) of 30 nm by a
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Table 1
Specific chemical composition of 316 L stainless steel.

Composition C Si Mn P S Ni Cr Mo Fe

Mass fraction (wt.%) 0.02 0.65 1.70 0.03 0.01 12.0 17.5 2.5 Balanced

Table 2
Deposition parameters of CrN and CrCN coatings.

Parameter Figure Thickness

Chamber pressure 0.23 Pa –

Temperature Room temperature –

Bias voltage −60 V –

Rotating speed of holder 10 rpm –

Current of chromium target 8 A –

Current of graphite target 0 A CrN 1.00 μm
1 A CrCN(1) 1.04 μm
2 A CrCN(2) 1.74 μm
3 A CrCN(3) 2.19 μm

Table 4
Element concentrations detected by XPS and electrical resistivitiesmeasured by four point
probe technique for different samples.

Samples Cr (at.%) C (at.%) N (at.%) Electrical resistivity
(Ω·mm2/m)

316 L – – – 0.71
CrN 60.1 0.00 39.9 0.66
CrCN(1) 64.2 15.4 20.4 0.75
CrCN(2) 23.1 52.6 24.3 0.94
CrCN(3) 9.5 75.0 15.5 0.82
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Fig. 1. Raman spectra of CrCN coatings deposited at different graphite target currents.
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metallographic polishing machine (UNIPOL-820). After being ultrason-
ically cleaned in ethanol and deionized water, they were fixed on the
holder inside a chamber. Before deposition, Ar+ plasma at a bias voltage
of−450 V was applied to intensively clean and activate 316 L disks for
30 min. Under an atmosphere of Ar and N2 gases, CrCN coatings were
fabricated by sputtering chromium and graphite targets simultaneously
(UDP-650, Teer Coatings Limited, UK). In this case, a pure Cr adhesive
layer (about 0.2 μm) was deposited beforehand to enhance adhesive
strength, and the detailed deposition parameters are listed in Table 2.
In next section, the CrCN coatings deposited at the graphite target cur-
rents of 1A, 2A and 3A would be denoted as CrCN(1), CrCN(2) and
CrCN(3) coatings, while pure CrN coating was also deposited for
comparison.

2.2. Microstructure characterization of CrCN coatings

The morphology and thickness of CrCN coatings were observed
and measured using a field emission scanning electron microscope
(FE-SEM) (Philips FEG-XL30), while bonding structure and composition
were characterized via Raman spectroscopy (InVia 2000, Renishaw)
and X-ray photoelectron spectroscopy (XPS, VG ESCALAB 220-iXL Al
Kα), respectively. The excitation wavelength of Raman spectroscopy
was 514 nmwith exposure time of 10 s, and the power of the excitation
was 2.60 mWwith a spot diameter of 1 μm. As regards XPS, the spectra
were deconvoluted with XPS PEAK 4.1 software with the reference en-
ergy of 284.8 eV for C1s peak. Then, the corresponding N1s spectrumwas
fitted under a Shirley background type, and the ratio of Lorentzian to
Gaussian was 20%. Besides, the electrical resistivities of CrCN-coated
and uncoated 316 L disks were measured by a four point probe tech-
nique (KDY-1, KunDe Technology Co., Ltd.).

2.3. Electrochemical tests of CrCN coatings

A standard three-electrode electrochemical cell was used, which
consisted of a saturated calomel reference electrode (SCE), a platinum
wire counter electrode and working electrodes of specimens. At first,
open circuit potential (OCP) was recorded immediately since the im-
mersion of specimen in SBF. When OCP measurement had been done
for 1 h, electrochemical impedance spectroscopy (EIS) was conducted
at OCP with an AC excitation of 10 mV from 1 mHz to 100 kHz. The
Table 3
Formula of simulated body fluid.

Compound NaCl NaHCO3 KCl K2HPO4·3H

Concentration (g/L) 7.996 0.35 0.22 0.228
duration of each EIS measurement lasted for about 2.5 h, and the EIS
measurement was repeated for three times by using a new sample in
fresh solution to ensure the reliability of the data.

C ¼ − i
ωZ″

¼ − i
2π f Z″

: ð1Þ

Then, interfacial capacitance Cwas obtained using Eq. (1), where Z″
is the imaginary part of impedance, and f is the AC frequency in Hertz
[22]. Subsequently, potentiodynamic polarization test was carried out
by polarizing specimens in anodic direction from −0.8 V to 0.8 V with
a sweep rate at 20 mV/min, and each polarization test lasted for about
1.4 h. All the above-mentioned measurements were carried out at
room temperature in simulated body fluid (SBF) with pH 7.4, of which
the detailed formula is listed in Table 3 [23]. After measurement, EIS
data were fitted according to equivalent circuit via ZsimpWin software.
Besides, corrosion potential (Ecorr) and corrosion current density ( jcorr)
were deduced from the Tafel plot via extrapolation method.

Rp ¼ βaβc

2:303 jcorr βa þ βcð Þ ð2Þ

Then polarization resistance (Rp) was obtained using Stern–Geary
Eq. (2) [24,25], where the βa and βc are the Tafel anodic and cathodic
slopes.
2O MgCl2·6H2O CaCl2 Na2SO4 (CH2OH)3CNH2

0.305 0.278 0.071 6.057
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Fig. 2.N1s coreXPS spectra of CrCN coatings deposited at different graphite target currents.

Table 5
Volume fractions of different bonds from N1s XPS results of CrCN coatings.

Coatings N–Cr (%) (CrN) N–C (%) (a-CNx) N_C (%) (a-CNx)

CrCN(1) 48.7 51.3 0.00
CrCN(2) 75.7 20.9 3.40
CrCN(3) 49.2 40.2 10.6
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Fig. 4. OCPs of the coated and uncoated 316 L disks.
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3. Results and discussion

3.1. Microstructure characterization of CrCN coatings

The element concentration of CrCN coatings is listed in Table 4 ac-
cording to XPS analyses. It is clear that the concentration of C atom
Fig. 3. Topographies of (a) CrN, (b) CrCN(1)
raised drastically from 15.4 at.% to 75.0 at.%, while those of Cr and N
atoms decreased from 64.2 at.% to 9.5 at.% and from 20.4 at.% to
15.5 at.% when the graphite target current increased from 1 A to 3 A.
Taking the thickness of CrCN coatings into account (Table 2), it is
implied that when the current of graphite target exceeded 1 A, the de-
position rate of carbon increased sharply. Thus, the concentration of C
atom drastically rose to 52.6 at.% and 75.0 at.% while the thicknesses
of CrCN(2) and CrCN(3) coatings enhanced to 1.74 μm and 2.19 μm.

As seen in Fig. 1, only the Raman spectra of CrCN(2) and
CrCN(3) coatings exhibited the obvious signs of D (disordered carbon)
and G (graphitic carbon) peaks which were centered around 1350 and
1580 cm−1. In addition, seven peaks at 305, 346, 547, 610, 684, 820
and 1009 cm−1 originated from various chromium oxides [26–30],
and one peak at 727 cm−1 stemmed from Cr–N–O simultaneously
, (c) CrCN(2), and (d) CrCN(3) coatings.



Table 6
Characteristics of the equivalent circuits derived from the EIS spectra in SBF.

Samples Rs (Ω cm2) (CPE-Yo)po (Fcm−2) (CPE-n)po Rpo (Ω cm2) (CPE-Yo)dl (Fcm−2) (CPE-n)dl Rct (Ω cm2)

316 L 11.1 – – – 2.36 × 10−5 0.920 6.69 × 105

CrN 16.23 1.47 × 10−5 0.975 1.85 × 102 4.35 × 10−5 0.701 3.22 × 106

CrCN(1) 3.40 8.39 × 10−6 0.711 9.51 × 101 1.38 × 10−6 0.996 5.33 × 107

CrCN(2) 1.20 8.56 × 10−8 0.995 3.25 × 101 8.60 × 10−6 0.925 3.35 × 107

CrCN(3) 7.90 2.68 × 10−7 0.992 1.26 × 101 2.36 × 10−5 0.995 8.06 × 106
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[31]. It is indicated that the carbon concentrations in CrCN(2) and
CrCN(3) coatings were rich enough to form amorphous carbon, but
the chromium oxides might be resulted from residual oxygen in the
chamber or oxygen contamination in air. In order to further understand
the bonding structure of CrCN coatings, the N1s XPS spectra of CrCN
coatings are illustrated in Fig. 2. It is worth noting that, after incorporat-
ing C element into CrN coating, N atom not only bonded with Cr atom
but also bonded with C atom to form N–C bonds at 398.4 eV and
399.3 eV and N_C bond at 400.4 eV [32]. According to individual
area, the volume fraction of each bond was calculated and is listed
in Table 5. It is conspicuous that CrCN(1) coating only exhibited N–
C bond with the volume fraction of 51.3%. However, the volume frac-
tions of N–C and N_C bonds in the CrCN(2) coating were 20.9% and
3.4%, while those in the CrCN(3) coatings increased to 40.2% and
10.6%. It is indicated that when the carbon concentration was
15.4 at.%, CrCN(1) coating mainly composed of CrN and a-CNx with N–
C bond alone. But as carbon concentrations increased to 52.6 at.% and
75.0 at.%, the CrCN(2) and CrCN(3) coatings consisted of CrN, a-C and
a-CNx with N–C and N_C bonds, especially, CrCN(3) coating contained
more N_C bonds [18].

The topographies of CrCN coatings are shown in Fig. 3, and CrN
coating exhibited rice grain-like morphology with many obvious gaps.
When the current of graphite target increased to 1 A, CrCN(1) coating
presented short line-like and dense topography. Subsequently,
CrCN(2) and CrCN(3) coatings displayedmore compact surface profiles
which resulted from the formation of amorphous carbon. Under the in-
teractive effects of bonding structure and topography, the electrical
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Fig. 5. (a) Nyquist plots, (b, c) Bode plots. (d) repetition and (e) interfacial capa
resistivity in Table 4 increased from 0.66 Ω·mm2/m for CrN coating to
0.94 Ω·mm2/m for CrCN(2) coating due to the formation of a-CNx.
However, the more a-C in CrCN(3) coating made the electrical resistiv-
ity drop to 0.82Ω·mm2/m [18].

3.2. Influence of carbon concentration on the OCP of CrCN coatings

As seen in Fig. 4, the OCP of uncoated 316 L disk exhibited a sharp
drop during the first 200 s, which indicated the occurrence of pitting
corrosion [33], but all CrCN-coated 316 L disks displayed steady OCPs
during whole immersion process, which demonstrated the inhibition
effects of CrCN coatings on pitting.

2CrNþ 3H2O ¼ Cr2O3 þ 2NH3

ΔG298
f ¼ −250 � 10 kJ �mol−1 ð3Þ

In addition, the OCPs of CrCN-coated 316 L disks were all higher than
those of uncoated 316 L disks. This was attributed to the formation of
chromium oxide on coatings as Eq. (3), and then the anodic dissolution
current decreased as indicated by the rise in the OCP [34]. When the car-
bon concentration gradually increased from 15.4 at.% to 75.0 at.%, the cor-
responding chromium concentration declined from 64.2 at.% (CrCN1) to
9.5 at.% (CrCN3). As a result, less chromium oxides could form on the
CrCN coatings to hinder the penetration of electrolyte, which was proved
by the values of Rpo (pore resistance) in Table 6. Thus, the OCPs of CrCN
coatings declined as carbon concentration increased.
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Fig. 6. Equivalent circuits for (a) the coated 316 L disk and (b) the uncoated 316 L disk.
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Fig. 7. Polarization curves of the coated and uncoated 316 L disks.

Table 7
Results of potentiodynamic polarization tests.

Samples E vs SCE (V) jcorr (nA cm−2) βa (V) βc (V) Rp (kΩ cm2)

316 L −0.145 773 0.908 0.108 54.2
CrN −0.197 35.2 0.228 0.143 999.6
CrCN(1) −0.088 1.79 0.286 0.132 22782.6
CrCN(2) −0.037 9.06 0.310 0.119 3999.4
CrCN(3) −0.009 7.38 0.317 0.120 5218.6
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3.3. Influence of carbon concentration on the EIS of CrCN coatings

The Nyquist plots of all specimens are illustrated in Fig. 5a, which
presented similarly incomplete capacitive reactance arcs. As seen the
inset in Fig. 5a, it is conspicuous that the uncoated 316 L disk exhibited
the smallest capacitive reactance arc followed by CrN-coated 316 L disk.
As the carbon concentrationswere 15.4 at.% and 52.6 at.%, the diameters
of capacitive reactance arcs for CrCN(1) and CrCN(2) coatings became
large and seemed to be identical. But an obviously smaller diameter of
capacitive reactance arc for the CrCN(3) coating was observed when
the carbon concentration rose to 75.0 at.%. On the other hand, as seen
in Fig. 5b, the uncoated 316 L disk displayed the lowest modulus of im-
pedance (|Z|), while the CrN-coated 316 L disk in corresponding Bode
plot showed a little higher |Z|. Although it was hard to distinguish the
order of |Z| among CrCN coatings during low frequency region, the
larger capacitive reactance arcs in Fig. 5a and the higher |Z| in Fig. 5b
demonstrated that CrCN coatings could provide enhancing barrier
effects as compared with uncoated and CrN-coated 316 L disks in SBF.

As seen in Fig. 5c, the experimental andfitting spectrawere illustrated
simultaneously, and the repetition of Bode plot in Fig. 5d was of little dif-
ference. Thus, the Bode plot in Fig. 5cwould be described here.When CrN
coating was deposited on 316 L disk, the phase between 10−1–102 Hz
declined by about 10° as compared with that of uncoated 316 L, but the
phase between 10−3–10−1 Hz rose by a maximum of 35°. When the
carbon content was 15.4 at.% in the CrCN coatings, there was a novel
phase increment between 101–103 Hz accompanying with slight phase
drop between 10−3–101 Hz. Subsequently, when carbon concentration
increased to 52.6 at.% and 75.0 at.%, the phases of CrCN(2) and
CrCN(3) coatings between102–103Hzwent downevenbelow that of un-
coated 316 L, but the phases between 10−3–102Hz becamemuch higher.
Generally, the enhancement of phase between 10−3–10−1 Hz implied
that the CrCN coatings were prone to performing as capacitances to pre-
vent electrolyte from attacking over more broad frequency range. Fig. 5e
shows the dependence of interfacial capacitance (C) as a function of fre-
quency for all samples in SBF. It is obvious that the interfacial capacitance
of CrCN coatings was proportional to carbon concentration. Especially,
the lowest interfacial capacitance of CrCN(1) coating implied the lowest
potential difference, which made the transports of point defects within
passive layers harder and slower as compared with the rest of the
samples [35].

By combining Bode plots with chi-square values (χ2) from
ZsimpWin software testings [36,37], a frequently equivalent circuit
with two time constants in Fig. 6a was introduced to depict the electro-
chemical processes of CrCN-coated 316 L disks [38]. On the contrary, an
equivalent circuit with only one time constant in Fig. 6b was chosen to
fit the electrochemical process of uncoated 316 L disk. In here, as a
substitute of non-ideal capacitor, constant phase element (CPE) was
used to describe the deviation from actual capacitive behavior [39]. Its
impedance is expressed as:

ZQ ¼ 1= Yo jωð Þn� � ð4Þ

where Yo is the capacitance (Fs n−1 m−2), ω is the angular frequency
(rd/s), and n is the CPE power that represents the degree of deviation
from a pure capacitor. For n = 1, Q is an ideal capacitor, while for
n b 1, Q is non-ideal. In the equivalent circuit (EC), Rs, Rpo and Rct

stood for electrolyte resistance, coating pore resistance and charge
transfer resistance, respectively. Meanwhile, the corresponding coating
capacitance and double-layer capacitance were symbolized as CPEpo
and CPEdl.

After EIS data were fitted with ZsimpWin software, the respective
values of each component are listed in Table 6. The unusual Rs of
316 L disks coated with CrN and CrCN(2) coatings was ascribed to sys-
temic error at high frequency while the rest of the Rs varied in the
range of 3–11 Ω cm2 [40]. Although the CrN-coated 316 L disk showed
lower electrical resistivity and looser topography than 316 L disk, the
formation of chromium oxide during electrochemical process triggered
the highest Rpo (1.85 × 102 Ω cm2) which directly contributed to corre-
sponding higher Rct. Subsequently, owing to the formation of a-CNx

with N–C bonds alone at 15.4 at.% carbon incorporation and densemor-
phology with higher electrical resistivity, the 316 L disk coated with
CrCN(1) coating exhibited higher Rct (5.33 × 107Ω cm2) than CrN coat-
ed sample. However, for CrCN(2) and CrCN(3) coatings, the higher car-
bon concentration beyond 52.6 at.% made a-CNx component consist of
N–C and N_C bonds simultaneously. Since the stability of N_C bonds
was relatively weaker than that of N–C bonds, i.e., the π bond in N_C
could be broken easily [41]. Thus, during corrosion process, the
CrCN(2) and CrCN(3) coatings with N_C bonds would be inclined to
be degraded more easily, so the samples coated with CrCN(2) and
CrCN(3) exhibited lower Rct (3.35 × 107 Ω cm2 and 8.06 × 106 Ω cm2).

3.4. Evolution of potentiodynamic polarization

As seen in Fig. 7, the order of anode polarization current density was
arranged as: 316 L N CrN N CrCN(2) N CrCN(3) N CrCN(1), which mani-
fested favorable electrochemical properties of CrN and CrCN coatings.
According to Tafel plot extrapolation, the Ecorr, jcorr, βa and βc were ob-
tained as well as Rp by Eq. (2), and these values are listed in Table 7. It
is clear that the 316 L disks coated with CrN or CrCN coatings displayed
lower corrosion current densities (1.79–35.2 nA cm−2) than those
(773 nA cm−2) of uncoated 316 L disk by one or two orders of magni-
tude. This implied that the corrosion rate of CrN or CrCN coatings was
lower than that of 316 L disk during polarization process. For the CrN-
coated 316 L disk, the inhibition effect of chromium oxide contributed
to the corresponding Rp of 999.6 kΩ cm2, while denser topography
and higher electric resistivity made Rp of CrCN(1) coating (15.4 at.%
C) increase to 22782.6 kΩ cm2. And then, the Rp of CrCN(2) and
CrCN(3) coatings decreased to 3999.4 and 5218.6 kΩ cm2 respectively
because of the formation of vulnerable N_C bonds, when the carbon



Fig. 8. Optical images of (a) CrN, (b) CrCN(1), (c) CrCN(2), (d) CrCN(3) and (e) 316 L after polarization tests.
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concentration increased to 52.6 at.% and75.0 at.%. However, all Rp of CrN
or CrCN coated 316 L disks were higher than that (54.2 kΩ cm2) of un-
coated 316 L disk.

The corresponding surface conditions after polarization test are
shown in Fig. 8. It is obvious that the uncoated 316 L confronted serious
etching with big corrosion pores left (Fig. 8e) due to poor inhibition. On
the contrary, all coated samples remained integrity on account of supe-
rior electrochemical properties. Among them, the corrosion extent of
CrN coated sample was severer than the rest accompanying with
some corrosion area, while CrCN(1) coated sample exhibited best sur-
face quality. Regarding CrCN(2) and CrCN(3) coated samples, some
small corrosion pores presented on the surface after polarization test.
Thus, taking the above results into account, all CrN or CrCN coated spec-
imens exhibited better protection effect than those of uncoated 316 L
which was consistent with EIS results. Especially, the CrCN(1) coating
with N–C bonds alone was the best candidate to protect uncoated
316 L disk in this study.

4. Conclusion

The evolution of electrochemical properties of CrCN coatings as a
function of carbon content in simulated body fluid (SBF) was evaluated,
and the most favorable CrCN coating with 15.4 at.% carbon was able to
enhance corrosion resistance of 316 L, whichmight prolong the longev-
ity of femoral head prosthesis. The detailed conclusions are summarized
as:

(1) The CrCN-coated 316 L disks displayed stronger protective
abilities than the CrN-coated or uncoated 316 L disks, and were
able to prolong service life of femoral head prosthesis to a certain
extent.

(2) As the carbon concentration was 15.4 at.%, the CrCN(1)-coated
316 L disk possessed superior protective property in simulated
body fluid owing to more a-CNx content with relatively stable
N–C bond alone.

(3) As the carbon concentration increased to 52.6 at.% and 75.0 at.%,
the protective effects of CrCN(2) and CrCN(3) coatings were
gradually degraded owing to the formation of vulnerable N_C
bond with easy breakage of π bond.
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