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Chromiumnitride coatings are synthesized on the stainless steels by plasma immersion ion implantation and de-
position. Themicrostructure and tribocorrosion behaviors of the as-deposited coatings are characterized byX-ray
diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy, transmission electron microscopy,
reciprocating-sliding tribometer and electrochemical testing. The results show that the CrN coatings have a typ-
ical columnar growth structure consisting of face-centered cubic crystals. The CrN coatings greatly enhance the
corrosion resistance and wear resistance of the stainless steel. However, frictional forces induce numerous
micro-cracks which act as the diffusion channels for NaCl solution. Multi-scale Cl ion corrosion occurs simulta-
neously during the tribocorrosion and a force-corrosion synergy interaction induces the multi-degradation
(e.g., intersecting cracks and layer delamination) of the CrN coating. The synergistic damage mechanisms of
wear and corrosion are systematically discussed.
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1. Introduction

Stainless steels are themost popularmaterials used inmarine equip-
ment (e.g., gears, shafts and propellers) because of their superior me-
chanical properties and excellent corrosion resistance [1–3]. However,
the severe pitting corrosion and tribocorrosion damage of stainless
steels greatly degrade their reliability and service life inmarine environ-
ments [4–8]. It is necessary to fabricate a protective coating with excel-
lent resistance against wear and corrosion.

The physical vapor deposited (PVD) nitrides and carbides have wide
industrial applications as protective coatings in abrasive and corrosive
environments because of their outstanding anti-wear and anti-corro-
sion properties [9–19]. For instance, the AISIH13 steels with a CrN coat-
ing presented an improved abrasive wear resistance in air atmosphere
[10]. The CrN coatings greatly improved both erosion-corrosion perfor-
mance in slurries [12] and the corrosion resistance of AISI304 steel in
NaCl solution [13]. Moreover, TiCrN, TiBxCy/a-C, and CrCN coatings
also exhibited qualities conducive to potential application in marine
equipments because of their good corrosion resistance and wear resis-
tance in seawater [14–18]. Tribocorrosion is the degradation of mate-
rials due to the simultaneous effects of mechanical wear and
electrochemical corrosion in sliding contacts [20–24]. This synergistic
Hi-Tech Zone, Anshan, Liaoning,
effect is often more intense than wear and/or anodic dissolution alone
[25]. Recently, Li [26] reported that a Ti–Si–N coating exhibited a higher
wear rate in seawater than in air atmosphere. Wang [27] found that the
wear loss of TiN and TiCN coatings in seawater was larger than that in
air and distilled water. These results confirm that the wear-corrosion
synergy interaction accelerates the failure of the PVD hard coatings.
However, the synergistic damage mechanisms of wear and corrosion
are still obscure. In this study, the tribocorrosion failure behaviors of
hard CrN coatings in NaCl solution are investigated in detail. The effects
of the wear-corrosion interaction on the tribological performances of
the coatings are also discussed.

2. Materials and methods

CrN coatings were synthesized using a plasma immersion ion im-
plantation and deposition facility [28–30]. AISI304 stainless steel was
used for the substrate. All samples were mechanically polished by a di-
amond paste and ultrasonically washed with pure ethanol. Pure Cr
metal was used as the target, with aworking atmosphere of high-purity
N2. During the experiment, the vacuum chamber was evacuated to a
base pressure of 0.005 Pa. Prior to the coating deposition, the polished
samples were cleaned by Ar + sputtering at a bias voltage of 6 kV for
30 min to remove any residual pollutants, after which the CrN layer
was deposited in a nitrogen atmosphere. The experimental parameters
were displayed as follows: pressure, 0.3 Pa; bias voltage, 20 kV; frequen-
cy, 75 Hz; bias voltage duration, 60 μs; and deposition time, 3 h.
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The phase composition of the coatings was examined by X-ray dif-
fraction (XRD, X'pert Powder, PANalytical, Holland) using a Cu-Kα radi-
ation source. The diffraction angle measurement ranged from 20 to 90°
at a scanning rate of 0.1°/s. The testwas conducted at an incidence angle
of 0.8°, a voltage of 40 kV, and a current of 40 mA, using a step size of
0.05° and an integration time of 0.5 s/step. The chemical bonding states
of the coatingwere detected by X-ray photoelectron spectroscopy (XPS,
K-Alpha, Thermo Fisher Scientific, Inc., USA) using Al-Kα radiation as
the excitation source. Argon ion etching was performed to remove con-
taminants at an accelerating voltage of 1000 eV. Field-emission scan-
ning electron microscopy (FESEM, JSM-6701F, JEOL, Japan) was
employed to observe the cross-sectional morphologies of the coating.
The cross-section microstructure of the coating was observed by trans-
mission electron microscopy (TEM, FEI-Tecnai-30, USA) with an accel-
eration voltage of 300 kV. The mechanical properties of the coating
and substrate were evaluated by using a nano-indentation system
(Nano Indenter G200, Keysight, USA). The indentation test was carried
out in the continuous loading mode. The maximum displacement
depth was 2000 nm and twenty indentations were conducted in each
sample. To minimize the negative effect of a surface modification layer
originating from mechanical polishing, the actual mechanical property
of the substrate was also evaluated by using Brinell testing (HB-3000,
Laizhou Laihua Testing Instrument Factory, China). The indenter was a
quenched steel ball (Φ = 10 mm), with a load and holding time of
3000 kg and 30 s, respectively. The corrosion behaviors of the coating
were investigated by electrochemical testing (PGSTAT302N, Switzer-
land). High-purity platinum was used for the counter electrode, while
the sample was the working electrode (1 cm2 exposed area) with a sat-
urated calomel electrode (SCE) as the reference electrode. The test was
carried out in a 3.5-wt% NaCl solution. The electrochemical tests were
conducted under the potentiostaticmode. The potential range and scan-
ning rate were ±250 mV and 1 mV/s, respectively. The tests were per-
formed three times to ascertain reproducibility. A reciprocating-sliding
tribometer and a three electrode cell configuration (MFT-R4000, Lan-
zhou Institute of Chemical Physics, Chinese Academy of Sciences,
China) were employed to evaluate the tribocorrosion behaviors of the
coating in a 3.5-wt% NaCl solution. As shown in Fig. 1, high-purity
graphite was used as the counter electrode, with the sample and a SCE
used as the working and reference electrodes, respectively. For
tribocorrosion under open-circuit potential (OCP) conditions, the OCP
was recorded for 5 min before a 15-min sliding test was performed. A
Fig. 1. The scheme of the tri
5 N load was applied on the sample through an Al2O3 ball (Φ =
6 mm). The amplitude and frequency were 5 mm and 0.1 Hz, respec-
tively. The OCP recording continued for 5 min until the sliding was
ended. Each test was repeated three times under the same conditions
in order to check the reproducibility. The corrosion andwear trackmor-
phologies with corresponding compositional analyses were examined
by SEM.

3. Results and discussion

Fig. 2 shows the XRD pattern of the substrate and CrN coating. Ac-
cording to the Joint Committee on Powder Diffraction Standards
(JCPDS)-330397, the reflection angles of the substrate centered at
43.65°, 50.76°, and 74.58° are associated with the (111), (200), and
(220) planes of γ-Fe in the austenitic phase. The Bragg refection angles
of the CrN coating located at 37.61°, 43.69°, 63.51°, and 76.22°, referring
to the JCPDS-762494, are assigned to face-centered cubic CrN (111),
(200), (220), and (311) planes, respectively.

Fig. 3 presents the chemical binding states of Cr and N in the CrN
coating. As shown in Fig. 3a, the Cr 2p3/2 peak centered at the binding
energy of 575.2 eV can be attributed to the presence of CrN [31–33].
The binding energy of the N1 s peak located at 396.9 eV (see Fig. 3b),
which can also be associated with CrN [31–33].

Fig. 4a shows the cross-sectional SEM image of the CrN coating. This
coating exhibits a typical columnar growth structure (marked by ar-
rows), without cracks or coating delamination, indicating good coating
quality and high adhesion strength. The thickness of the coating was
~1.39 μm. The atomic force microscopy (AFM) surface image shown in
Fig. 4b reveals that the CrN coating exhibited a smooth and uniform
morphology with a roughness (Ra) of 5.3 nm. Visible grain boundaries
were observed in the AFM image, which agrees well with the columnar
growth of this coating (Fig. 4a).

Fig. 5 shows the cross-sectional TEM images of the CrN coating. Ar-
rows indicate the direction of the coating growth. As seen in Fig. 5a,
the bright-field image of the CrN coating shows typical columnar crys-
tallites perpendicular to the substrate surface. A high-resolution TEM
(HRTEM) lattice image shown in Fig. 5b reveals that the nanoscale crys-
tal grains can be seen and the (200) plane of cubic CrN can be identified
in the coating. According to theXRD, XPS, SEMand TEM results, it can be
concluded that the CrN coatings were successfully fabricated on the
stainless steel.
bocorrosion apparatus.
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Fig. 2. XRD pattern of the substrate and CrN coating.

Fig. 4. Cross-sectional SEM image (a) and surface AFMmorphology (b) of the CrN coating.
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Fig. 6 shows the anode polarization curves of the substrate and CrN
coating. As shown in Fig. 6a, the substrate had a corrosion potential of
−317 ± 43 mV and a corrosion current density of 1.64 ±
0.31 × 10−7 A/cm2. In comparison, the CrN coating exhibited a better
corrosion resistance with a higher corrosion potential of −168 ±
32 mV and a lower corrosion current density of 3.21 ±
0.23 × 10−8 A/cm2 (Fig. 6b). The corrosion morphologies of all samples
are shown in Fig. 7. Numerous pitting corrosion pores can be observed
on the substrate's surface (Fig. 7a). However, the CrN coating exhibited
excellent corrosion resistance with a smooth morphology (Fig. 7b).
Fig. 3. XPS spectrum of the CrN coating: (a) Cr 2p, (b) N 1 s.
Electrochemical testing confirms that the CrN coating provided excel-
lent corrosion protection for the stainless steel substrate.

Fig. 8a shows the typical hardness–displacement curves of the sub-
strate and CrN coating. The untreated substrate exhibited a hardness
of 2.58 ± 0.12 GPa at a displacement depth of 2000 nm. In comparison,
the CrN coating demonstrated a higher hardness of 35.43 ± 5.74 GPa.
Fig. 5. Cross-sectional TEM images of the CrN coating: (a) Bright field, (b) HRTEM lattice
image.



Fig. 6. Polarization curves of all samples: (a) substrate, (b) CrN coating.

Fig. 8. (a) Hardness–displacement curve of the substrate and CrN coating; (b) Brinell
hardness of the substrate.
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The Brinell testing revealed that the actual hardness of the substrate
was 161 ± 8 HBS (Fig. 8b). These hardness characterizations confirm
that the fabrication of the CrN coating on stainless steel greatly im-
proved its surface mechanical properties.

Fig. 9a presents the friction curve of the CrN coating in air atmo-
sphere. It can be seen that the friction coefficient increased gradually
at the initial stage and approached a stable value of 0.53 as the sliding
time exceeded 9 min. In comparison, the CrN coating exhibited an un-
stable friction coefficient during the entire tribocorrosion, as shown in
Fig. 9b, with the friction coefficient increasing rapidly from 0.05 to
0.45 as the sliding time continued for 3 min, reaching its highest value
of 0.61 when the sliding time reached 12 min. The corresponding OCP
curve in Fig. 9b shows that the CrN coating exhibited a relatively stable
OCP value during soaking, but the OCP value decreasedmarkedly during
tribocorrosion and increased gradually during passivation. The evolu-
tion of the OCP value confirms that the force-corrosion synergy interac-
tion occurred during the tribocorrosion test.

Fig. 10 shows the plan-view SEM images with the cross-sectional
profiles of the wear track after the sliding test. As shown in Fig. 10a,
the CrN coating exhibited a very smooth wear track in air atmosphere
with a width of 187 μm and a depth of 521 nm. In comparison, the
CrN coating suffered from severe tribocorrosion damage in NaCl solu-
tion with a wider and deeper wear track profile (249 μm and 978 nm,
respectively); a large amount of coating facture and delamination
were observed on the wear track surface (Fig. 10b).

Fig. 11 shows the plan-viewSEM imagewith energy dispersive spec-
troscopy (EDS) analysis of the wear track after the sliding test in air at-
mosphere. It can be seen that numerous parallel cracks were observed
on the wear track surface. The corresponding EDS analysis reveals that
Fig. 7. Corrosion morphologies of all samples: (a) substrate, (b) CrN coating.
Fig. 9. (a) Friction curve of the CrN coating in air atmosphere; (b) Tribocorrosion curve
with the corresponding OCP of the CrN coating in NaCl solution.



Fig. 10. Plan-view SEM images with the cross-sectional profiles of the wear track after the sliding test: (a) in air atmosphere, (b) in NaCl solution.
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strong Cr element peaks were identified, indicating that this coating
was not worn to failure.

Fig. 12 presents the plan-view SEM image with the EDS analysis of
the wear track after the tribocorrosion test. As shown in Fig. 12a, visible
layered delamination appears on the wear track. A number of
intersecting cracks are distributed at the edges of the failure zone. The
EDS analysis reveals that strong Cr elements were detected in zone A
(Fig. 12b), which is consistent with the results seen in Fig. 11. The EDS
analysis also proves that Fe, Cr, Ni, Si, and Cl elements were detected
in zone B (Fig. 12c), implying that the delamination failure occurred at
the coating/substrate interface. The high-resolution SEM image (the
inset in Fig. 12c) reveals that a visible micropore appeared in the failure
zone, indicating serious pitting corrosion. In addition, the EDS spectrum
shows that Cr and Cl elements were identified in zone C (Fig. 12d). The
high-resolution SEM image in Fig. 11d shows the presence of serious
coating fractures on the wear track. These failure characteristics are ob-
viously different from the wear track morphology seen in Fig. 11.
Fig. 11. Plan-view SEM images with the EDS analysis of th
Apparently, the as-deposited CrN coating exhibited a better wear
performance in the air atmosphere than in the NaCl solution. This tribo-
logical property evolution can be attributed to the force-corrosion syn-
ergy interaction. As shown in Fig. 4, the columnar growth of the CrN
coating benefited the microcrack initiation and propagation along the
columnar boundaries. The frictional force induced many microcracks
during the sliding test (Fig. 11). These cracks acted as a diffusion chan-
nel and accelerated the diffusion of the NaCl solution in the coating.
Many researchers have reported that Cl ions are the key factor to induce
pitting corrosion failure in these materials [4–5]. In this study, visible
pitting corrosion pores and Cl elements were identified in the failure
zone of the wear track (see Fig. 12), indicating that Cl ion corrosion oc-
curred simultaneously during the tribocorrosion.Most importantly, this
multiscale Cl ion corrosion greatly deteriorated the interfacial bonding
strength between the adjacent columnar crystals. Force-corrosion
synergy damage induced the multi-degradation failure of the CrN coat-
ing due to the weakening interfacial strength. As a result, layer
e wear track after the sliding test in air atmosphere.



Fig. 12. (a) Plan-view SEM images of the wear track after the tribocorrosion test, (b) EDS analysis in zone A, (c) EDS analysis in zone B, (d) EDS analysis in zone C.
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delamination and a large number of intersecting cracks were observed
on the wear track surface (Fig. 12a).

4. Conclusions

This study investigated the tribocorrosion failure behaviors of the
CrN coating synthesized by plasma immersion ion implantation and de-
position. The main conclusions are listed as follows:

(1) The as-deposited CrN coating showed a typical columnar growth
structure and crystallized in the face-centered cubic structure.

(2) The as-deposited CrN coating showed superior corrosion resis-
tance in NaCl solution and excellent wear resistance in air atmo-
sphere, but exhibited poor tribocorrosion resistance in NaCl
solution.

(3) The frictional force inducedmanymicrocracks in the CrN coating.
These microcracks acted as the diffusion channels for the NaCl
solution and lead to multiscale Cl ion corrosion.

(4) The force-corrosion synergy interaction induced a multi-degra-
dation failure of the CrN coating during tribocorrosion because
the multiscale Cl ion corrosion weakened the interfacial bonding
strength between the adjacent columnar crystals.
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