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Abstract: Transition-metal nitride coating used to protect the electronic connector devices in marine
environment is required to have high electrical conductivity and good corrosion resistance. This
study synthesized a novel CrN–Pt coating with a dense growth texture. Pt addition induced a
pronounced increase in electrical conductivity and corrosion resistance. The resistivity decreased
from 0.0149 Ohm·cm in the CrN coating to 0.000472 Ohm·cm in the CrN–Pt coating, while the
corrosion current density decreased from 24 nA/cm2 in the CrN coating to 6.3 nA/cm2 in the
CrN–Pt coating. The results of the above studies confirm that Pt doping has significant advantages
in improving the electrical conductivity and corrosion resistance of nitride coatings for potential
applications in the marine environment.

Keywords: CrN coating; Pt doping; resistivity; corrosion resistance; microstructure

1. Introduction

Electrical connector metals suffer from severe passivation reaction or galvanic cor-
rosion when exposed to the marine environment. The passivation films or corrosion
products formed on their surface greatly degrade the efficiency of signal transmission, and
consequently result in a pronounced decrease in reliability of electronic equipment [1–3].
Fabrication of advanced functional coatings is a feasible strategy to prolong the service life
of electrical connectors in marine environments; however, such coatings must have low
resistivity and excellent corrosion resistance.

Transition-metal nitride coatings have high hardness, good chemical inertness and
high resistance to wear and corrosion. These characteristics make them promising can-
didates for resisting severe tribocorrosion in marine environments [4–18]. The binary
chromium nitride (CrN) coatings were developed in order to enhance resistance to wear
and corrosion in high speed rotating parts; however, these coatings showed unsatisfactory
service life in industrial applications [13]. In some harsh working environments, such as
seawater, the corrosion resistance of CrN coatings does not meet requirements for long ser-
vice life. Ternary CrXN coatings, where X = W, Mo, Al, Ti, Si, C, etc. [6,7,9–12,16–20], have
proven to have better mechanical, tribological and anti-corrosion properties. In contrast,
the Pt element has high chemical inertness and good corrosion resistance, and Pt doping is
expected to effectively enhance the corrosion resistance of CrN coatings. However, thus far
there have been no reports on the Pt doping in CrN coatings. Moreover, relatively little
work about the electrical conductivity of these coatings has been carried out. Here, a novel
CrN–Pt coating was prepared by plasma enhanced magnetron sputtering (PEMS). The
potential effects of Pt doping on the growth structure, electrical conductivity and corrosion
property of the CrN coating were studied by the detailed characterizations.
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2. Experimental Details

The CrN and CrN–Pt coatings were synthesized using the PEMS technique [21]. High
pure chromium (99.6%) and platinum (99.9%) were used as the targets. For the substrate,
316 L austenitic steel and silicon wafer were selected. These specimens were polished
with metallographic sandpaper, then washed ultrasonically in pure alcohol for 15 min.
All specimens were fastened to a rotating substrate holder. Prior to preparing the coating,
specimens were thoroughly etched with Ar+ ions having a −120 V bias voltage, 100 sccm
argon flow and 60 min sputtering time. A Cr metal layer was first deposited on the
substrate in argon gas atmosphere. The bias voltage, argon flow, power and sputtering
time were −100 V, 100 sccm, 5000 W and 5 min, respectively. The top CrN and CrN–Pt
coatings were prepared in a gaseous mixtures consisting of high purity Ar (99.99%) and
N2 (99.99%). During coating deposition, additional tungsten filaments acted as electron
emission sources in order to trigger ionization of the gas and metal atoms. These ionized N
ions subsequently reacted with metal ions to form the nitride coating. The as-deposited
coatings were prepared with the following parameters: −100 V bias voltage, 100 sccm
argon gas flow, 100 sccm nitrogen gas flow, 5000 W power and 100 min coating time. The
compositions of the as-deposited coatings were determined using an energy dispersive
X-ray spectroscopy (EDS, Bruker, Karlsruhe, Germany) instrument equipped with scanning
electron microscopy (SEM, Zeiss ∑IGMA HD, Carl Zeiss, Jena, Germany). X-ray diffraction
(XRD, X’ Pert Powder, PANalytical B.V., Almelo, the Netherlands) was carried out in order
to study the crystal structures of all coatings within the 2θ scanned range from 20◦ to 90◦.
The growth textures of all coatings were observed by scanning electron microscopy (SEM,
Zeiss ∑IGMA HD). Atomic force microscopy (AFM, Oxford MFP-3DInfinity, Abingdon,
UK) was employed in order to evaluate the surface roughness (Ra) of the coatings. The
resistivity of the coatings was obtained using a Hall effect measurement system (Hall
8800, Precision Systems Industrial Limited, Taiwan, China) at a room temperature of 25 ◦C.
The corrosion tests were executed using an electrochemical station (CHI760e, Chenhua
Instrument Corp, Shanghai, China). The corrosive medium was NaCl solution with
a concentration of 3.5 wt.%. The reference electrode (RE), counter electrode (CE) and
working electrode (WE) were a saturated calomel electrode (SCE), Pt plate, and coating
specimen, respectively. The exposed area of the coating sample was 1 cm2. The length,
width, and height of the Pt plate were 10, 10, and 0.5 mm, respectively. All electrodes were
placed in a standard cell. The scan was in a range of −0.3~1 V. The scan rate was 1 mV/s.
The statistical potential (Ecorr) and current density (icorr) were employed to evaluate the
corrosion resistance. According to Equation (1), the protective efficacy of the coating can be
calculated as

Protective efficacy (Pi) = (1 − icorr

i0corr

)× 100% (1)

where icorr and i0corr represent the corrosion current density of the coating with and without
Pt doping, respectively.

In addition, electrochemical impedance spectroscopy (EIS) tests were executed and
collected in the frequency range of 100 kHz to 0.01 Hz. Each test was repeated three times
under the same conditions in order to check the reproducibility. The surface topographies
of all coatings following the corrosion tests were observed by SEM.

3. Results and Discussions

Table 1 summarizes the compositions of the CrN and CrN–Pt coatings. The composi-
tion of the CrN coating is 53.48 at.% chromium, 45.16 at.% nitrogen and 1.36 at.% oxygen.
By contrast, the composition of the CrN–Pt coating is 45.97 at.% chromium, 39.26 at.%
nitrogen, 13.33 at.% platinum and 1.44 at.% oxygen. The trace amount of oxygen can likely
be attributed to adsorption during air exposure.
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Table 1. Compositions of the CrN and CrN–Pt coatings.

Coating Cr at.% N at.% Pt at.% O at.%

CrN 53.48 45.16 - 1.36
CrN–Pt 45.97 39.26 13.33 1.44

Figure 1 shows the SEM surface image and element mapping of the CrN–Pt coating.
It can be seen that the as-deposited CrN–Pt coating exhibits smooth surface feature. The
corresponding element mapping reveals that these component elements (e.g., Pt and Cr)
shows relatively uniform distribution in the as-deposited coating. It has been reported
that nitride/Ag composite film has a two-phase structure consisting of metallic Ag and
a nitride matrix. The Ag may be dissolved in the ceramic matrix or exist as an isolated
phase [22,23]. According to these above results, these Pt atoms are likely solute within the
CrN matrix or independently distributed at grain boundaries.
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Figure 1. SEM image with corresponding element mapping of the CrN–Pt coating.

Figure 2 illustrates the XRD results of the CrN and CrN–Pt coatings. The diffraction
peaks of the CrN coating are mainly centered at 36.82◦, 43.24◦, 62.75◦ and 75.36◦, assigned
to the (111), (200), (220) and (311) crystal planes of the CrN phases (JCPDS 11-0065). These
CrN phases are also detected in the CrN–Pt coating, while three clearly characteristic peaks
at 39.88◦, 46.07◦ and 68.24◦ are simultaneously detected in this coating, attributed to the
(111), (200) and (220) planes of metallic-state Pt (JCPDS 87-0640). The partial enlarged
drawing inserted in Figure 2 reveals that the strong (200) diffraction peak in the CrN–Pt
coating shows a slight leftward shift compared to the CrN coating. According to EDS
characterization, these Pt atoms are mainly distributed at the grain boundaries; however, a
small amount of Pt atoms are also dissolved in the CrN matrix. In both cases local internal
stress and lattice distortion are induced, eventually resulting in a significant shift of the
diffraction peak [24–27].

Figure 3 shows the AFM surface images of the as-deposited CrN and CrN–Pt coatings.
It can be seen that Pt doping induces a significant surface modification effect. As shown
in Figure 3a, the CrN coating exhibits a relatively coarse surface, with a high Ra value of
3.05 nm. Numerous large grains can be identified in the local enlarged AFM image of the
CrN coating. By contrast, the CrN–Pt coating shows improved surface quality, reflected
by a smoother surface and a lower Ra value of 0.932 nm. The local enlarged AFM image
reveals that more and smaller grains are closely packed to form a dense texture in the
CrN–Pt coating.
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Figure 3. AFM surface images of the as-deposited coatings: (a) CrN, (b) CrN–Pt.

Figure 4 presents the SEM images of all coatings. The CrN coating exhibits a loose
and coarse oatmeal-like surface; as shown in Figure 4a, pinholes and irregular particles
appear on the surface. The cross-sectional image reveals that the CrN coating shows a dis-
continuous columnar crystal growth pattern, resulting in a loose texture (see Figure 4b). By
contrast, the CrN–Pt coating exhibits a dense surface; as shown in Figure 4c, many refined
grains appear on the surface, indicating a prominent grain refinement effect. Meanwhile,
this coating shows a nearly continuous columnar growth pattern, reflected by a dense
and fine columnar texture topography (see Figure 4d). The CrN and CrN–Pt films have
thicknesses of 690 and 703 nm, respectively.
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Figure 5 shows the resistivity variations of the as-deposited CrN and CrN–Pt coatings.
The resistivity value of the CrN coating is about 0.0149 Ohm·cm. By contrast, the CrN–Pt
coating shows a lower resistivity value of 0.000472 Ohm·cm, indicating a significant in-
crease in electrical conductivity with the addition of Pt. Based on the XRD characterization
results, the CrN–Pt coating has a typical composite structure consisting of the CrN and Pt
phases. A small amount of metallic-state Pt forms in the CrN matrix, which can act as a
considerable electrical conductor and consequently results in a pronounced decrease in the
resistivity of the CrN coating.
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Figure 5. Resistivity of the as-deposited CrN and CrN–Pt coatings.

Figure 6a displays the polarization curves and statistical data of the coatings. The
Ecorr and icorr of the CrN coating are −0.137 V and 24 nA/cm2, respectively. By contrast,
the CrN–Pt coating shows improved resistance to corrosion, with a higher Ecorr of 0.136 V
and a lower icorr of 6.3 nA/cm2. In addition, the protective efficacy of the coating (Pi) is
73.75%. The corrosion image reveals that the CrN coating suffered from severe corrosion
degradation during the corrosion test; as shown in Figure 6b, a large number of pitting holes
as well as visible delamination can be observed on the coating’s surface. In comparison,
the CrN–Pt coating retains a dense surface topography, without pitting holes or local
delamination, indicating superior corrosion resistance (Figure 6c).
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coating, (c) corrosion image of the CrN–Pt coating.

Figure 7 shows the EIS results of the CrN and CrN–Pt coatings. It is well known that
the semicircle with a larger diameter corresponds to better corrosion resistance. The CrN–Pt
coating shows a larger semicircle in comparison to that of the CrN coating, indicating im-
proved corrosion resistance. The equivalent circuit inserted in Figure 7 shows that the Rct
corresponds to the charge transfer resistance of the coating. The Rct value of the CrN coat-
ing is 3.28 × 106 Ω·cm2, which is lower than that of the CrN–Pt coating (8.82 × 106 Ω·cm2).
These electrochemical test results clearly indicate that the CrN–Pt coating provides better
corrosion protection for the substrate in comparison to the CrN coating.
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The CrN coating shows unsatisfactory resistance to corrosion, which can be likely
attributed to its loose growth texture; as identified in the SEM results of Figure 4a,b, a
large number of pinholes form at the grain boundary, which can act as the diffusion
channel of corrosion medium and consequently results in the occurrence of local pitting
corrosion [28]. The loose growth textures further accelerate the inner diffusion of corrosive
media, triggering a prominent intergranular corrosion degradation that greatly weakens
the bonding strength of adjacent grains or textures and eventually results in the appearance
of pitting holes or local coating delamination (see Figure 6b). By contrast, the CrN–Pt
coating shows a significant increase in corrosion resistance, which can likely be attributed
to the dense growth texture and high chemical inertness of the doped Pt element. As
shown in Figure 4c,d, Pt addition induces a pronounced structural modification of the
CrN coating, triggering the formation of dense growth texture and refined grain size in
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the CrN–Pt coating. Compared with the CrN coating, the refined growth texture greatly
inhibits the multi-scale diffusion of solution and further prevents the occurrence of local
pitting corrosion, while the refined grain size is generally believed to benefit corrosion
resistance in the CrN–Pt coating. The XRD results of Figure 1 confirm that the CrN–Pt
coating has a typical composite structure of CrN and Pt. These metallic-state Pt atoms
have high chemical inertness and good corrosion resistance, which effectively inhibits
intergranular and grain boundary corrosion. As a result, the synergistic effects of dense
texture, grain refinement and high inertness obtained with Pt doping eventually lead to
the excellent corrosion resistance of the CrN–Pt coating.

4. Conclusions

This work investigated the microstructure, electrical conductivity and corrosion resis-
tance of CrN and CrN–Pt coatings. The CrN coating showed a loose growth texture that
provided multi-scale diffusion channels for corrosive media, which consequently resulted
in severe pitting corrosion and coating delamination. The CrN–Pt coating exhibited a dense
composite structure consisting of CrN and metallic-state Pt. The dense texture greatly de-
pressed local pitting corrosion, while the highly inert Pt effectively inhibited intergranular
and grain boundary corrosion. Meanwhile, the refined grains showed a positive response
in terms of resisting corrosive attack. The strong synergistic effects of dense texture and
grain refinement provided by Pt doping led to the superior corrosion resistance of the
CrN–Pt coating. The metallic-state Pt atoms had good electrical conductivity and induced
a pronounced decrease in the resistivity of the CrN–Pt coating.
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