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Abstract: PEMFC are considered to be the most promising for automotive energy because of their good
working effect, low temperature, high efficiency, and zero pollution. Stainless steel as a PEMFC bipolar
plate has unparalleled advantages in strength, cost, and processability, but it is easy to corrode in a
PEMFC working environment. In order to improve the corrosion resistance, the surface modification
of 316L stainless steel is a feasible solution for PEMFC bipolar plates. In the present study, the
plasma-nitrided coating and CrNx coating were prepared by the plasma-enhanced balanced magnetron
sputtering technology on the 316L stainless steel surface. The microstructures, phase compositions,
and corrosion resistance behavior of the coatings were investigated. The corrosion behavior of
the prepared plasma-nitrided coating and CrNx coating was investigated by potentiodynamic
polarization, potentiostatic polarization, and electrochemical impedance spectroscopy (EIS) in both
cathodic and anodic environments. The experimental results show that corrosion resistance of the
CrNx coating was better than the plasma-nitrided coating. It was indicated that the technology
process of nitriding first and then depositing Cr was better than nitriding only.

Keywords: bipolar plate; magnetron sputtering; plasma-nitrided coating; CrNx coating;
corrosion resistance

1. Introduction

Fuel cells are electrochemical devices that convert the chemical energy of a reaction directly into
electrical energy [1]. PEMFC is one of the most promising candidates for vehicular power sources and
for domestic combined heat and power (CHP) systems. The PEMFC operates at a low temperature
(60–80 ◦C) and has a high specific power and compactness. It consisted of membrane electrode
assembly and bipolar plates. Bipolar plates are one of the core components of PEMFC and provide
electrical connections from one battery to another. They also evenly distribute reaction gases through
the flow field, conduct current from each cell, and promote residual water discharge from the cell
outlet for thermal management [2–5]. It is proved that bipolar plates account for 80%–85% of the total
weight and 30% of the total cost of PEMFC stacks [6,7]. Therefore, it is important to simultaneously
reduce the weight and the cost of bipolar plate materials. Bipolar plates possess the characteristics
of high chemical stability, high corrosion resistance, high conductivity, low contact resistance, good
mechanical strength, and low permeability. However, very few materials can satisfy all these properties
of bipolar plates [8–10]. Stainless steel is the most commonly used bipolar plate material, but it easily
forms a passive film in the bipolar plate working environment, which caused an increase in the contact
resistance and a reduction in the corrosion resistance of bipolar plates. Therefore, a coating with strong
adhesion, compact structure, good corrosion resistance, and strong conductivity is usually prepared
on the stainless steel surface [11–15].
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Different surface modification techniques, such as physical vapor deposition (PVD) [16–21],
chemical vapor deposition (CVD), plasma coating [22], and surface plasma nitridation [23–26], have
been employed to deposit coatings on the stainless steel surface. Plasma-nitrided PVD coatings can
increase the corrosion resistance and also significantly reduce the contact resistance of bipolar plates.
Oladijo et al. [27] employed the plasma spraying technology to deposit a zinc-based alloy coating on
the low-carbon steel matrix and found that zinc-based alloy coated low-carbon steel yielded improved
corrosion resistance and microhardness in comparison to uncoated low-carbon steel. Metal plasma
nitrides (CrN, TiN, and Cr/TiN) with good corrosion resistance, excellent interface conductivity, and low
cost [28–30] are known as potential materials for surface modification. Zhang et al. [31] reported that
when the contact resistance of the hard CrN coating reached the minimum value, the nitrogen content
in the coating was about 35% [32–37].

In this study, the plasma-nitrided coating and CrNx coating are deposited on 316L stainless steel by
plasma-enhanced balanced magnetron sputtering technology. The microstructure and phase structure
patterns of coatings are investigated by scanning electron microscope (SEM) and X-ray diffraction.
The corrosion behavior of the plasma-nitrided and CrNx are coated on the 316L stainless steel and is
investigated by the electrochemical method. The ICR is also evaluated before and after potentiostatic
polarization at anodic/cathodic operation potential for PEMFC. The performance of corrosion resistance
and surface morphologies of the plasma-nitrided coating and CrNx coating were compared.

2. Experimental

2.1. Materials and Specimen Preparation

316L austenitic stainless steel was selected as the matrix, and its chemical composition is presented
in Table 1. The 316L austenitic stainless steel matrix was first cut into Φ30 mm × 3 mm cylinders by
wire cutting. The samples were then put into a mixed solution of ethanol and acetone for ultrasonic
cleaning. After that, the samples were polished on the polishing machine at a constant speed for
3–4 min at one third of the center of the circle, and then water polishing for 2 min until there is no
obvious scratch on the surface. Subsequently, the samples were cleaned in acetone with ultrasonic
vibration for 10 min.

Table 1. Chemical composition of 316L stainless steel.

Component C Si Mn P Cr Ni Mo Fe

Content (%) ≤0.08 ≤1 2–3 ≤0.035 16–18.5 10–14 2–3 balance

2.2. Deposition of the Coating

Plasma-nitrided coating and CrNx coating were deposited on 316L stainless steel by magnetron
sputtering technology. The plasma-nitrided coating was deposited under an N2 gas nitrogen flow of
200 sscm at 380 ◦C, a filament current 6 A, and deposition time of 2 h. The CrNx coating is prepared on
the basis of the plasma-nitrided coating. After the plasma-nitrided coating was prepared, the CrNx

coating was deposited under an Ar gas flow of 100 sscm and the deposition time of 10 min. The
plasma-nitrided coating was formed on the stainless steel first, and the Cr layer was formed on the
nitriding layer. All specimens were cooled to room temperature in vacuum conditions.

2.3. Electrochemical and Contact Resistance Tests

In the simulated PEMFC environment, an AutoLab electrochemical workstation (CHI600E, Japan
Shimadzu Co., Ltd., Tokyo, Japan) was used to test the corrosion resistance of the matrix and the coatings
through potentiodynamic polarization, potentiostatic polarization, and impedance spectroscopy (EIS).
In the present experiment, a three-electrode system was used. The sample acted as the working
electrode (WE), the platinum electrode served as the counter electrode (CE), and the saturated calomel
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electrode acted as the reference electrode (RE). The solution (0.5 mol/L H2SO4 + 5 ppm HF) was used to
simulate the corrosive environment of PEMFC during the experiment. The method for measurement
of the ICR between stainless steel and gas diffusion layer (carbon paper) described by Feng et al. [38]
was used in this study. When an electrical current (100 mA) was passed through the two copper plates,
the voltage between the two copper plates was recorded. The ICR was calculated by the Ohm’s law.

2.4. Surface Morphology Analysis

The microstructure and chemical composition of the samples were investigated by a scanning
electron microscope (SEM, JSM-6390A, Joint-stock Company, Beijing, China) and an energy dispersive
spectrometer (EDS, JSM-6390A, Joint-stock Company, Beijing, China). Chemical structures of coatings
were investigated by X-ray diffraction (XRD, LabX XRD-6000, Japan Shimadzu Co., Ltd., Tokyo, Japan)
under a scanning angle of 30◦–110◦.

3. Results and Discussion

3.1. Phase Constitution of the Coating

Figure 1 showed XRD patterns of the 316L plasma-nitrided samples under different bias voltages.
The XRD patterns of 316L stainless steel had the diffraction peaks of γ(111), γ(200), γ(220), γ(311),
and γ(222). The diffraction peaks of γN(311) and γN(222) became wide after plasma nitriding,
whereas the diffraction peak intensities of γN(111) and γN(200) increased. The diffraction peaks of
all plasma-nitrided samples moved to the left and became asymmetric. The preferred orientations
of the samples after plasma nitriding were still γN(111) and γN(200). Both the γN and γ phases in
316L stainless steel after plasma nitriding possessed a face-centered cubic structure. Interstitial N
atoms entered the lattice interior and formed a supersaturated solid solution in austenite in 316L
stainless steel [39]. The broadening of the diffraction peaks of γN(111) and γN(200) and the shift of all
diffraction peaks to the left can be attributed to the occurrence of surface slips and the generation of
the high stacking fault density in the crystal after plasma nitriding. With the increasing bias voltage,
the bombardment energy increased, and the diffraction peaks of γN(111) and γN(200) tended to shift to
a small angle. With the increasing energy, the surface of 316L stainless steel was activated, the matrix
etching was increased, and the 316L passivation film was removed, thus increasing the diffusion of
nitrogen atoms in austenite and causing the shift in the diffraction peaks. The diffraction peaks of CrN
and Cr2N were not found in the XRD patterns, which indicated that no martensite and plasma-nitride
precipitation appeared during low-temperature plasma nitriding. Therefore, the corrosion resistance
of the plasma-nitrided coating became better.
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Figure 1. X-ray diffraction (XRD) patterns of the plasma-nitrided coating under different bias 
voltages. 

Figure 2 shows the XRD patterns of the CrNx coating under different filament currents. With 
the increasing filament current, CrN grew along the CrN(111) and CrN(200) directions. The 
diffraction peaks of Cr2N(111), CrN(200), and Cr(110) appeared when the filament current was 3 A 

Figure 1. X-ray diffraction (XRD) patterns of the plasma-nitrided coating under different bias voltages.

Figure 2 shows the XRD patterns of the CrNx coating under different filament currents. With the
increasing filament current, CrN grew along the CrN(111) and CrN(200) directions. The diffraction
peaks of Cr2N(111), CrN(200), and Cr(110) appeared when the filament current was 3 A and the value
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of 2θ was between 40◦ and 45◦. With the increasing filament current, the intensity of the Cr(110)
diffraction peak decreased, and the Cr2N(111) diffraction peak changed to CrN(200). When the filament
current was 5 A and the value of 2θ was between 60◦ and 65◦, the diffraction peaks of Cr and CrN
appeared. The diffraction peak of Cr2N(211) first increased and was then transformed to the CrN(220)
peak. In comparison to the standard card peak positions, some diffraction peaks deviated slightly from
the Bragg angle, so it proved that the lattice distortion was small, and the grain integrity was high.
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Figure 2. XRD patterns of the CrNx coating under different filament currents. 
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The Rietveld whole pattern fitting was allowed to estimate the lattice parameters and the average
crystallite size of the powders (Table 2) [40]. Rietveld evaluations should be considered only as
estimations, as the fitting results were not completely satisfactory, irrespective of the efforts dedicated
to this specific task. For the plasma-nitrided coating, the quantitative assessments suggested that
the a-lattice parameter and b-lattice parameter (a = 6.9623–6.97597 Å, b = 6.9623–6.97597 Å) and the
average crystallite size remained virtually constant (41.63–41.98 nm), while the c-lattice parameter was
only slightly increased in the case of the voltage of −500 V. For the CrNx coating, when the filament
current was 4 A, the quantitative assessments suggested that the c-lattice parameter (c = 4.56199–4.5841
Å) remained virtually constant, while the a-lattice parameter, b-lattice parameter (a = 4.58119–4.8113 Å,
b = 4.58119–4.8113 Å), and the average crystallite size (8.94–9.61 nm) was slightly increased.

Table 2. Lattice parameters and average crystallite size for the plasma-nitrided coating and CrNx

coating under different condition grains (as extracted by Rietveld whole pattern fitting).

Sample Tape a-Lattice Constant
(Å)

b-Lattice Constant
(Å)

c-Lattice Constant
(Å)

Average Crystallite
Size (Å)

−400 V 6.9623 ± 0.006 6.9623 ± 0.006 9.9381 ± 0.005 417.20
−500 V 6.97597 ± 0.002 6.9759 ± 0.002 9.96191 ± 0.004 419.84
−600 V 6.96761 ± 0.015 6.9676 ± 0.015 9.90159 ± 0.019 416.30

3 A 4.58119 ± 0.001 4.5811 ± 0.001 4.58119 ± 0.001 89.89
4 A 4.8113 ± 0.002 4.8113 ± 0.002 4.5841 ± 0.015 96.15
5 A 4.81079 ± 0.007 4.8107 ± 0.007 4.56199 ± 0.033 89.40

3.2. Morphology of the Coating

Figure 3 showed the surface morphologies of the plasma-nitrided coating under different bias
voltages and expressed that twin diffraction peaks presented in the plasma-nitrided coating. With the
increasing bias voltage, the amount of surface “cross grains” increased and the grain boundary became
prominent with a small number of twins. The ion energy and the bombardment degree increased
with the increasing bias voltage. The main features of the plasma-nitrided coating surface were its
sharp grain boundary, large area of sliding, and large number of “moving steps.” The sharp grain
boundary might occur due to the selective sputtering of nitrogen during the sputtering process. In
addition, the anisotropy of the material was observed when nitrogen caused an expansion in the
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austenite crystal. The slip occurred due to the surface deformation caused by the anisotropic lattice
expansion in the plasma-nitrided coating. When the bias voltage was −500 V, the surface of the sample
was uniform and had some non-obvious grain boundaries and less striation due to the strong etching
of excessive sputtering. Ion sputtering acts like an invisible knife and can peel off the surface molecules
of a sample. When the plasma-nitriding bias voltage was −500 V, the energy and density of nitrogen
in the cavity increased simultaneously due to ion sputtering. In comparison, when the bias voltage
was −400 V, the mild ion sputtering selectively etched grain boundaries, which caused the samples
rough surfaces. When the bias voltage was −600 V, defects appeared at grain boundaries due to the
significant increase in substance energy. Moreover, a large anisotropic lattice distortion of nitrogen
substances was observed in the plasma-nitrided coating.
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Figure 4 showed surface morphologies of CrNx coating under different filament currents. As
could be seen in Figure 4, the surface of the CrNx coating, produced by magnetron sputtering, was
homogeneous, devoid of variations, being covered evenly with grains, as could be seen in Figure 4.
The grains that cover the surface were arranged regularly without voids, forming a compact film. In
Figure 4, it can clearly be seen that these coating grains were formed of particles with micrometer
dimensions. It was indicated in Figure 4 that grains on the CrNx coating were in the form of long
strips. With the increasing filament current, long grains gradually changed into cellular ones and less
space existed between them. However, when the filament current was 5 A, the gap between grains
again became large, and the amount of strip-shaped grains increased significantly. The increase in
the filament current raised the surface temperature of grains, increased the bombardment energy of
particles, increased the sputtering speed of Cr particles, increased the nucleation rate of Cr particles,
and refined the grains. N particles filled the gap at the grain boundary and prevented F−, SO4

2− and
other ions in the electrolyte from the invading CrNx coating. However, when the current density of
the filament was too high, the bombardment energy to the target increased, so the sputtering speed
was too fast. The deposition of Cr particles was homogeneous, and N particles could not fill grain
boundary pores, so corrosive substances in the electrolyte entered the inner part of the coating through
grain boundary pores and caused a reduction in corrosion resistance.
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Figure 3 showed that there were defects at the grain boundary of the plasma-nitrided coating
and the surface of the plasma-nitrided coating is rough. Compared with the plasma-nitrided coating,
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the CrNx coating was more uniform and tiny. No pits or corrosion deposits are observed in the
CrNx coating.

3.3. Electrochemical Measurements

3.3.1. Electrochemical Measurements of the Plasma-Nitrided Coating

Figure 5 showed potentiodynamic polarization curves of the plasma-nitrided coating in the
working environment of the PEMFC bipolar plate. The plotted curves consisted of an activated solution
region, an activated passivation region, a passivation region, and an over passivation region after the
plasma-nitriding treatment [41]. The range of the activation passivation zone of the sample increased
significantly after plasma nitriding because the cathode potential was lower than the corrosion potential
of the metal when air was purged into the simulated working environment of the PEMFC cathode
and a passivation layer was easily formed on the metal surface. This process mainly occurred in the
activation passivation region, so the curve range of the activation passivation region became larger. At
the same Ecorr, the Icorr of the matrix was the smallest. When the bias voltage was −500 V, the corrosion
current density of the plasma-nitrided coating was the smallest (0.907 µA·cm−2).
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Figure 5. Potentiodynamic polarization curves of the plasma-nitrided coating in the working
environment of the PEMFC bipolar plate ((a) cathodic working environment, (b) anodic working
environment).

In the simulated working environment of the PEMFC anode, the range of the active solution
area of the potentiodynamic polarization curves was very large and the active–passive area almost
disappeared after plasma nitriding. The reason was most of hydrogen dissolved in the electrolyte of
simulated anodic environment. H+ in the solution reacted with nitrogen in the plasma-nitrided coating
and promoted the adsorption of H2 on the anode and accelerated the corrosion reaction. In addition,
metal elements became ions after being dissolved in the anode and got attached to the catalyst surface
to reduce their activity, so the active dissolution region became longer. In the anodic environment,
with the increasing matrix bias voltage, the corrosion current density of the plasma-nitrided coating
did not change significantly. The corrosion potential had a positive shift that increased first and then
decreased. When the bias voltage was −500 V, the Ecorr of the plasma-nitrided coating attained the
largest value of 0.307 V, and the Icorr value was 5.215 µA·cm−2.

Figure 6 showed the Nyquist curves of 316L stainless steel in the selected bias voltage range. Each
impedance arc was composed of only one capacitive reactance arc in the high-frequency region. As the
diameter of the capacitive arc and the Rt value on the electrode surface are related to metal dissolution,
the corrosion resistance of a material gets improved for a larger capacitive arc. The diameter of the
capacitive arc was the largest when the bias voltage was −500 V, so the corrosion resistance of the
coating was better.
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Figure 7b showed potentiodynamic polarization curves in the anodic working environment. 
The activated solution area of the coated sample increased greatly, and the activated passivation 
area was very short, the corrosion current density was reduced, and the corrosion potential almost 
moved forward. With the increasing filament current, the active dissolving region first increased and 
then decreased gradually. Mobile nitrogen particles reacted with H+ in the electrolyte promoted the 
adsorption of H2 on the anode and accelerated the corrosion reaction. When nitrogen elements in the 
sample were exhausted, the corrosion current density decreased greatly, and the phenomena of 
metal dissolution and oxidation occurred, so the unstable activation passivation region almost 

Figure 6. Electrochemical impedance spectroscopy (EIS) analysis of the plasma-nitrided coating under
different bias voltages.

3.3.2. Electrochemical Measurements of the CrNx Coating

Th effect of manufacturing conditions on the corrosion resistance of 316L was discussed in another
study by authors earlier [42]. Ma et al. studied even few ppm (5–10) of metal ions can poison the
membrane of PEM-type fuel cell [43]. So, the research on the corrosion resistance of the CrNx coating
is very important. Figure 7 showed Potentiodynamic polarization curves of the CrNx coating in the
working environment of the PEMFC bipolar plate. The passivation range of the potentiodynamic
polarization curve of the CrNx coating was similar to that of the matrix, but the corrosion current
density was greatly reduced. Figure 7a showed potentiodynamic polarization curves in the cathodic
working environment. When the filament current values were 3, 4, and 5 A, the active dissolving
area increased and was larger than that of the matrix. However, the CrNx coating entered a stable
passivation area after passing through the extremely narrow activation passivation area and indicated
that the CrNx coating could self-passivate in the solution. The best corrosion resistance of the coating
was obtained when the filament current was 4 A (Ecorr = −0.043 V, Icorr = 0.321 µA·cm−2).
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the PEMFC bipolar plate ((a) cathodic working environment, (b) anodic working environment). 
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area was very short, the corrosion current density was reduced, and the corrosion potential almost 
moved forward. With the increasing filament current, the active dissolving region first increased and 
then decreased gradually. Mobile nitrogen particles reacted with H+ in the electrolyte promoted the 
adsorption of H2 on the anode and accelerated the corrosion reaction. When nitrogen elements in the 
sample were exhausted, the corrosion current density decreased greatly, and the phenomena of 
metal dissolution and oxidation occurred, so the unstable activation passivation region almost 

Figure 7. Potentiodynamic polarization curves of the CrNx coating in the working environment of the
PEMFC bipolar plate ((a) cathodic working environment, (b) anodic working environment).

Figure 7b showed potentiodynamic polarization curves in the anodic working environment.
The activated solution area of the coated sample increased greatly, and the activated passivation
area was very short, the corrosion current density was reduced, and the corrosion potential almost
moved forward. With the increasing filament current, the active dissolving region first increased and
then decreased gradually. Mobile nitrogen particles reacted with H+ in the electrolyte promoted the
adsorption of H2 on the anode and accelerated the corrosion reaction. When nitrogen elements in the
sample were exhausted, the corrosion current density decreased greatly, and the phenomena of metal
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dissolution and oxidation occurred, so the unstable activation passivation region almost disappeared.
With the increasing filament current, the corrosion current density of the CrNx coating decreased
first and then increased. When the filament current was 4 A, the corrosion current density of the
CrNx coating was the lowest (1.881 µA·cm−2), the corrosion current density was the most positive.
The corrosion current density was the smallest under a filament current density of 5 A because the
lattice distortion increased and the preferred orientation changed greatly with the increasing filament
current. The transition from CrN(200) to CrN(100) resulted in the change in the composition of
the potentiodynamic polarization curve. Nitrogen elements made the metal passivate rapidly, so a
fluctuation between the activation passivation region and the stable passivation region occurred and
the stable passivation region was wider than those of other curves when the filament current was 5 A.

When the temperature is 80 ◦C, 99.999% hydrogen and air were purged into the electrolyte
to simulate the anodic and cathodic environments of the PEMFC bipolar plate. Figure 8a shows
potentiostatic polarization curves in the cathodic working environment. In the first minute, the current
first decreased greatly and then became stable. The current densities of the coated samples were lower
than that of the 316L stainless steel matrix, and the difference of corrosion current was not significant.
When the filament current was 4 A, the corrosion current was smallest (4.136 µA). Figure 8b shows
the potentiostatic polarization curve in the anodic working environment. In the first two minutes,
the current decreased significantly and then tended to be stable. When the current was stable, the
current density of the constant potential polarization curve at the filament current of 4 A was smallest
(−3.534 µA). No obvious changes were observed on sample surfaces before and after the test, and the
deposited CrNx coating had high stability.
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Figure 8. Potentiostatic polarization curves of the CrNx coating in the working environment of the 
PEMFC bipolar plate ((a) cathodic working environment, (b) anodic working environment). 

Figure 9 shows an EIS analysis of CrNx coating under filament currents. Figure 9 illustrates that 
the trend of impedance diagrams of different filament current densities was the same. All curves 
were composed of a semicircle of the high frequency part and a linear function curve of the low 
frequency part. However, the curves of semicircles were not standard semicircles, but slightly 
expanded semicircles. From the linear part, the slopes of these linear functions were all positive 
numbers. When changing the filament current density, the gradient of the linear part in the Nyquist 
curve of the sample was the same, and the angle between the linear part and the horizontal axis in 
the figure was about 60°, which showed that changing the filament current density was not change 
the control steps and mechanism of the electrochemical reflection of the coating. Based on the 
Warburg impedance characteristics and coating performance analysis, it was speculated that the 
electrochemical corrosion of the matrix is relatively severe. In the later stage of corrosion, the surface 
CrNx coating and the bubble area at the CrNx interface had a larger porosity and the Cr layer was 
corroded. Brady et al. [44] showed that the diffusion process of the surface was equivalent to the 
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Figure 8. Potentiostatic polarization curves of the CrNx coating in the working environment of the
PEMFC bipolar plate ((a) cathodic working environment, (b) anodic working environment).

Figure 9 shows an EIS analysis of CrNx coating under filament currents. Figure 9 illustrates that
the trend of impedance diagrams of different filament current densities was the same. All curves
were composed of a semicircle of the high frequency part and a linear function curve of the low
frequency part. However, the curves of semicircles were not standard semicircles, but slightly expanded
semicircles. From the linear part, the slopes of these linear functions were all positive numbers. When
changing the filament current density, the gradient of the linear part in the Nyquist curve of the
sample was the same, and the angle between the linear part and the horizontal axis in the figure was
about 60◦, which showed that changing the filament current density was not change the control steps
and mechanism of the electrochemical reflection of the coating. Based on the Warburg impedance
characteristics and coating performance analysis, it was speculated that the electrochemical corrosion
of the matrix is relatively severe. In the later stage of corrosion, the surface CrNx coating and the
bubble area at the CrNx interface had a larger porosity and the Cr layer was corroded. Brady et al. [44]
showed that the diffusion process of the surface was equivalent to the spherical diffusion, resulting in
the gradient value of the linear part greater than 1.
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Figure 10. Bode curves of the CrNx coating under different filament currents ((a) Impedance mode 
value (|Z|) versus frequency (f) curves, (b) Phase angle versus frequency (f) curves). 

Figure 11 showed the equivalent analog circuit diagram of EIS under different filament 
currents. Table 3 showed the EIS equivalent circuit fitting results under different filament currents. 
All the results illustrated that when the filament current was 4 A, the CrNx coating had good 
corrosion resistance. 

Figure 9. EIS analysis of CrNx coating under different filament currents.

It was indicated from Figure 9 that the semicircle diameter on the Nyquist diagram was the largest
when the filament current density was 4 A. When the current density was too small, the bombarding
energy was small, the number of deposited particles was less, and the distribution of CrN on the
coating surface was uniform. However, the final sample first reacted with the CrN coating and then
with the Cr layer. The CrN coating had low density and possessed numerous pores, so corrosive ions
in the electrolyte easily entered the coating to cause intergranular corrosion. Liu et al. [45] showed that
the sputtering speed affected the adhesion of N and Cr particles. However, when the current density
was too high, the target energy was also too high, and the sputtering speed of Cr particles was too fast
and N particles could not fill grain boundary pores, so corrosive substances in the electrolyte entered
the coating through grain boundary pores to cause corrosion.

Figure 10 showed the Bode curves of CrNx coating under different filament currents. All curves
in the impedance frequency diagram (Figure 10a) and the phase-angle frequency diagram (Figure 10b)
had a similar trend. When the filament current density was 4 A, the impedance mode value was the
largest, and the corrosion resistance of the sample was better. In Figure 10b, the phase-angle frequency
curve of the matrix has only one peak, whereas CrNx coating has two peaks (representing two time
constants). When the filament current density was 4 A, the phase angle was the largest, and the
corrosion resistance of the coating (close to 70◦) was better.
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value (|Z|) versus frequency (f) curves, (b) Phase angle versus frequency (f) curves). 

Figure 11 showed the equivalent analog circuit diagram of EIS under different filament 
currents. Table 3 showed the EIS equivalent circuit fitting results under different filament currents. 
All the results illustrated that when the filament current was 4 A, the CrNx coating had good 
corrosion resistance. 

Figure 10. Bode curves of the CrNx coating under different filament currents ((a) Impedance mode
value (|Z|) versus frequency (f) curves, (b) Phase angle versus frequency (f) curves).

Figure 11 showed the equivalent analog circuit diagram of EIS under different filament currents.
Table 3 showed the EIS equivalent circuit fitting results under different filament currents. All the results
illustrated that when the filament current was 4 A, the CrNx coating had good corrosion resistance.
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Figure 12. Contact resistances of the CrNx coating under different filament currents. 

Figure 11. Equivalent analog circuit diagram of EIS under different filament currents (Rs, Corrosion
solution resistance; Rp, Corrosion product resistance of coating; Q1, Corrosion product capacitance of
coating; Rt, Charge transfer resistance; Q2, Double layer capacitance; W, Warburg resistance).

Table 3. EIS equivalent circuit fitting results under different filament currents.

Filament
Current/A Rs/Ω·cm2 Q1/µF·cm2 n1 Rp/Ω·cm2 Q2/µF·cm2 n2 Rt/Ω·cm-2 W/mΩ·cm2

Matrix 1.858 – – – 304.3 – 504.3 –
3 A 1.000 0.7672 0.9275 2.631 33.74 0.8735 448.5 5.797
4 A 2.671 3.272 0.8912 169.7 39.51 0.9710 114.6 9.831
5 A 1.033 1.058 0.8428 2.082 53.76 0.9665 251.2 4.765

3.3.3. Corrosion Resistance of Coatings

The plasma-nitrided coating and CrNx coating performed good corrosion resistance when the
bias voltage was −500 V and the filament current was 4 A. In the Potentiodynamic polarization
test, the corrosion current densities of the plasma-nitrided coating and CrNx coating were 0.907 and
0.312 µA·cm−2 in the cathodic environment and 5.215 and 1.881 µA·cm−2 in the anodic environment.
So, the plasma-nitrided coating and CrNx coating had better corrosion resistance in the cathode
environment than in the anode environment due to passivation of metals [46]. So, the corrosion
resistance of the CrNx coating was better than the plasma-nitrided coating. It was indicated that the
technology process of nitriding first and then depositing Cr was better than nitriding only.

3.4. Contact Resistance of the CrNx Coating

Figure 12 shows the contact resistances of the CrNx coating under different filament currents. With
the increase of the pressure per unit area, the contact resistance decreased sharply at the beginning and
then changed smoothly and became stable at a pressure above 1.4 MPa. However, when the filament
current was 3 A, the contact resistance was always much higher than those under other conditions.
During the period of gentle change, the smallest contact resistance was obtained when the filament
current was 4 A (7.64 mΩ·cm−2).
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When 316L stainless steel was in the contact with air, thin films of iron oxide and chromium oxide
were formed on its surface. These oxide films could not improve the corrosion resistance of stainless
steel, but they increased the interface contact resistance. Wu et al. [47] showed that the compositions
of these oxide films were greatly improved after plasma nitriding, so the corrosion resistance of the
sample was also improved. When the filament current was 3 A, the coating was composed of CrN and
Cr2N. However, when the filament current values were 4 and 5 A, Cr2N was completely converted into
CrN. It was speculated that the difference in contact resistance at different filament currents occurred
from different plasma-nitrided structures.

4. Conclusions

316L stainless steel surfaces were coated by the plasma-enhanced balanced magnetron sputtering.
The XRD patterns indicated the presence of Cr, CrN, and Cr2N in the CrNx coating. The Rietveld whole
pattern fitting was allowed to estimate the lattice parameters, the results showed that the average
crystallite size of CrNx coating were better. The microstructures indicated that there were defects at
the grain boundary of the plasma-nitrided coating and that the surface of the plasma-nitrided coating
was rough. Compared with the plasma-nitrided coating, the CrNx coating was more uniform and
denser. In the Potentiodynamic polarization test, the corrosion current densities of the plasma-nitrided
coating and the CrNx coating were 0.907 and 0.312 µA·cm−2 in the cathodic environment and 5.215
and 1.881 µA·cm−2 in the anodic environment. A stable corrosion current density was obtained for
coatings in Potentiostatic polarization test during 17 h. According to the corrosion tests results, the
corrosion resistance of CrNx coating was better than the plasma-nitrided coating. It was indicated that
the technology process of nitriding first and then depositing Cr was better than nitriding only. The
CrNx-coated 316L stainless steel under a 4 A filament current possessed a lower ICR value than that of
others in the range of the measured compaction force. Based on the results presented above, the CrNx

coating on the 316L stainless steel can be acted as a promising bipolar plate material for application
in PEMFC.
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Abbreviations

PEMFC Proton exchange membrane fuel cell
EIS Electrochemical impedance spectroscopy
CHP Combined heat and power
PVD Physical vapor deposition
CVD Chemical vapor deposition
SEM Scanning electron microscope
ICR Interfacial contact resistance
WE Working electrode
CE Counter electrode
RE Reference electrode
EDS Energy dispersive spectrometer
γN Austenite phase formed by nitrogen atom penetrating into matrix
γ Austenite phase
θ Incidence angle
Ecorr/µA·cm−2 Corrosion potential
Icorr/µA·cm−2 Current density
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Cr Chromium
CrNx Chromium nitride
H2 Hydrogen gas
O2 Oxygen gas
N2 Nitrogen gas
Ar Argon gas
Rt Charge transfer resistance
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