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Abstract: To improve the tribological performance of 316L in seawater, the CrN and CrSiN coatings were deposited by multi-arc ion
plating. The coatings were systematically characterized. Corrosion properties were evaluated by immersion test and anodic
polarization measurement. The friction and wear properties of the CrN and CrSiN coatings were investigated by ball-on-disk
tribometer in artificial seawater. The results show that the CrN coating has strong (111) and (200) preferred orientations and the
intensity of the peaks decreases for the CrSiN coating. The hardness of the CrSiN coating is higher than that of the CrN coating. The
CrSiN coating presents better corrosion resistance in seawater. The friction coefficient and wear rate of the CrSiN coating are lower
than those of the CrN coating, indicating positive effect of Si addition on tribological performance in seawater. The coatings could
significantly improve the wear resistance of the 316L in seawater.
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1 Introduction

As the exhaustion of land resources, sea resources
are going to play important roles in dealing with resource
crisis and guaranteeing sustainable development of
human society. The sea resource exploitation needs
advanced marine equipment. However, the key friction
components of marine equipment, such as pumps, open
hydraulic drive system, valve, gear, shaft and propeller,
have to be operated in seawater during running of the
machine [1]. In this case, liquid Iubricants do not provide
full lubricating effect due to the leakage of oil and the
low viscosity of seawater. These components are
required to have great wear and corrosion resistance in
seawater in order to extend service life and reduce the
cost of maintenance of parts. Thus, it is imperative to
improve the tribological performance as well as
corrosion resistance of marine frictional components.
One of the most effective approaches is to take
advantage of advanced coatings with good lubrication
and protection effects in seawater [2].

PVD (physical vapor deposition) CrN coatings have
wide industrial applications as protective material due to
the high hardness, good wear resistance and anti-
corrosive properties in recent years [3—8]. For instance,
the CrN coating can improve erosion-corrosion
resistance in slurries [9] and anti-corrosion properties of
AISI 304 in 3.5% NaCl (mass fraction) electrolytic
solution [10]. Moreover, the CrN coatings have been
deposited on 2024 Al alloy to enhance the tribological
performance in water [11]. The Si addition to CrN with
proper content can enhance hardness and density of the
coating, and therefore improve the wear resistance both
in air and water [12—14]. As suggested by KIM et al [15],
the CrSiN coating deposited on the AISI 4340 cylinder
barrel improves friction behavior under tap water up to
1600 r/min without delamination or surface cracking of
the coating. The CrSiN coating can decrease corrosion
current density and porosity, indicating the contribution
of the added Si to the improvement of the corrosion
resistance of CrN/stainless steel system in 3.5% NaCl
solution [16].

However, the systematical investigations of the
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corrosion and wear behaviors for the PVD coating were
still limited. The aim of this work is to improve corrosion
and wear resistance by the CrN and CrSiN coatings in
seawater. Comparative experiments of the corrosion and
wear behaviors were carried out in artificial seawater for
PVD CrN and CrSiN coatings. The effects of Si addition
on corrosion and wear behavior were discussed.

2 Experimental

2.1 Coating deposition

As the substrates, the 316L stainless steel samples
(30 mm x 20 mm X 2 mm) were polished to a surface
roughness (R,) below 50 nm and ultrasonically cleaned
in acetone and ethanol, respectively. The samples were
mounted on a sample holder at 10 cm in front of the
targets. The deposition was carried out on a multi-arc ion
plating system (Hauzer Flexicoat 850). Prior to
deposition, the chamber was pumped down to a base
pressure below 4x107° Pa, then temperature was
increased to 400 °C. Thereafter, the substrates were
etched by argon bombardments for 2 min with substrate
bias voltages of =900, —1100 and —1200 V, respectively,
to remove thin oxide layer and other adherent impurities
on the substrates. During deposition, the coatings were
deposited in N, (99.95%) atmosphere with a substrate
table rotation speed of 3 r/min. The nitrogen pressure
was fixed at 4 Pa during the deposition. The Cr and CrSi
targets with purity of 99.5% were applied for the
deposition of the CrN and CrSiN coatings, respectively.
The Si/(Cr+Si) mole ratio of CrSi targets was 2.5%. The
depositions were conducted at a bias voltage of —40 V
and a target current of 80 A for 4 h for all coatings.

2.2 Characterization

The phase structure of the as-deposited coating was
investigated by X-ray diffraction (Bruker D8 X-ray
facility) using Cu K, radiation (4=0.1541 nm), which
was operated at 40 kV and 40 mA. The scanned 26 angle
ranged from 20° to 90° at a scanning speed of 4 (°)/min
with a step size of 0.02°. The surface morphologies and
cross-sectional images of the coatings were observed by
field emission scanning electron microscope (FE-SEM)
(FEI Quanta FEG 250) equipped with EDS (OXFORD
X-Max). The elemental compositions were determined
according to XPS peak area ratios. XPS spectra were
obtained by an X-ray photoelectron spectroscopy
(AXIS-ULTRA, Kratos) using an Al K, X-ray source;
the source was operated at 12 kV and 10 mA. The survey
spectra were collected from 0 to 1200 eV with pass
energy of 160 eV. High resolution scans for the elements
were performed with pass energy of 20 eV.

The coating adhesion was measured by scratch
tester (CSM Revetest) with a conical diamond tip of

0.2 mm radius and 120° taper angle. The measurements
parameters were as follows: the table speed of 6 mm/min,
loading rate of 118 N/min, loading scale of 0—100 N and
scratch length of 3 mm. The acoustic emission was
detected when the film was broken and the load at the
point of breaking was called the adhesive critical load
(LC). Nanoindentation test was carried out using a MTS
Nano Indenter@G200 system fitted with a Berkovich
indenter using the continuous stiffness measurement
(CSM) mode. The maximum indentation depth was
1500 nm. Ten indentations in each sample configured on
different areas were performed to have reliable statistics.

Corrosion properties of the coatings were evaluated
using two corrosion tests: immersion tests and anodic
polarization measurements. The immersion tests were
conducted in the artificial seawater at (20+5) °C for
720 h. The artificial seawater was prepared according to
Standard ASTM D 1141-98. The chemical composition
of artificial seawater is listed in Table 1. In the
immersion test, the samples were sealed and an area of
1 cm? for coating surface was open to directly contact
with the test solution. This was to insure that the
substrate base metal had no direct contact with the
artificial seawater and to confirm corrosion behavior of
the coatings under such environment. The polarization
measurements were measured by Modulab, Solartron
Analytical in seawater. A standard saturated calomel
electrode (SCE) was used as a reference electrode and
platinum was used as a counter or auxiliary electrode in
the test. The contact area was 1 cm” and the tests were
carried out at ambient temperature of (20£5) °C. The
electrode potential was raised from —0.9 to 0.5 V at a
scanning rate of 2 mV/s.

Table 1 Chemical composition of artificial seawater (g/L)

NaCl Na,SOy4 MgCl, CaCl, SrCl,
24.53 4.09 5.20 1.16 0.025
KCl NaHCO; KBr H;BO; NaF
0.695 0.201 0.101 0.027 0.003

2.3 Tribological test

Wear tests were performed by a reciprocating
ball-on-disk tribometer (UMT-3MT tribometer), in
sliding contact with WC balls at a room temperature of
(20+5) °C. The WC balls were used as the counterparts
with a diameter of 3 mm. The tests were conducted in the
artificial seawater. A stroke frequency of 5 Hz, constant
normal load of 5 N and sliding stroke of 5 mm were used
in the experiments and the friction coefficient was
continuously recorded during testing. Based on the wear
track depth profile detected by Alpha-Step IQ
profilometer, the coating wear losses could be obtained
after the sliding tests. Then according to the classical
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wear equation, the wear rate W could be calculated by
the following equation:

W=VI(SL) (D

where V is the volume of wear loss, S is the sliding
distance and L is the normal load applied.

3 Results and discussion

3.1 Phase and microstructure

Figure 1 shows the surface morphology and
cross-section morphology of the coatings. As seen from
Figs. 1(a) and (b), there are many white particles and
dimples on the surfaces of the CrN and CrSiN coatings.
These small size macroparticles, distributing dispersedly
in the coating, have an irregular shape and protrude out
of the coating surface. The size of macroparticles for the
CrSiN coating is slightly smaller than that for CrN. The
EDS analysis indicates that the CrN coating mainly
contains Cr and N elements, while the CrSiN coating
mainly contains Cr, Si and N elements. As seen from
Fig. 1(c), a distinct columnar structure with particles
throughout the coating in depth direction is observed for
the CrN coating. However, the columnar feature and
grain size are reduced via Si addition (Fig. 1(d)), which
may be attributed to the formation of SiN, layer at the
grain boundaries and the interrupt of the columnar
crystal growth [17,18]. Since cracks may exist at
interfaces of particles or columnar crystals, distinct
columnar structure indicates a loose coating structure,

Element w/% x/%
C 0.04 0.08
37.50 68.97
r__62.47 30.95

while few columnar crystals suggest a dense structure.
Therefore, it can be considered that the CrSiN coating
presents a denser structure than the CrN coating.

To further confirm the composition and element
chemical state of the CrSiN coatings, the XPS spectra of
Cr 2p3»n, N 1s, O 1Is and Si 2p were investigated, as
shown in Fig. 2. As seen from Fig. 2(a), the
deconvoluted Cr 2ps;, peak is composed of two
chemical states, namely CrN (574.5 eV) [19] and Cr,04
(576.7 V) [20]. This indicates that some Cr are bonded
to oxygen in the surface region, which may be attributed
to the oxygen contamination occurred before the test and
during the deposition. In Fig. 2(b), the N 1s peak at
396.8 eV can be attributed to CrN [21] while the peak
related to 397.9 eV can be identified as Si;N4 bond [22],
which agrees well with the published values [23]. In
Fig. 2(c), the O 1s peak indicates the main component
can exist as Cr,O3 (530.9 eV). As seen from Fig. 2(d),
the Si 2p spectrum shows a component (101.8 eV) which
can be assigned to the Si;N;. However, the relatively
weak peak indicates a low content of Si—N bond.

Figure 3 shows the X-ray diffraction patterns of the
CrN and CrSiN coatings. It is clear that the coatings have
strong (111) and (200) preferred orientations. The peaks
corresponding to the CrN(220) and CrN(311) are also
observed [24,25]. Furthermore, the weakening and
broadening peaks of the (111) and (200) planes are
observed for CrSiN coating, indicating a fine crystalline
structure for the coating. The diffraction peaks for CrSiN
shift to lower angles compared with the CrN coating,

] Element w/% x/%
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Fig. 1 Surface and cross-section morphologies of CrN and CrSiN coatings: (a) Topograph of CrN coating; (b) Topograph of CrSiN
coating; (c) Cross-section image of CrN coating; (d) Cross-section image of CrSiN coating
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Fig. 2 XPS spectra of CrSiN coating: (a) Cr 2p 3,; (b) N 1s; (¢) O 1s; (d) Si 2p
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Fig. 3 XRD patterns of CrN and CrSiN coatings

which may be attributed to the Si atoms dissolved into
CrN lattice. Such behavior is generally observed in the
case when the added element (Si) is soluble in the
polycrystalline network (CtN) to form a solid
solution [26].

3.2 Mechanical properties
Figure 4 shows a typical acoustic emission—load
graph and track morphology of CrN and CrSiN

coatings. The critical load (LC) is determined as load
corresponding to a sudden increase of acoustic emission
signals which represents coating delamination. The LC1
represents crack initial load during scratching. In
Fig. 4(a), the curve of acoustic emission is smooth and
steady when the normal load is less than 20 N. When the
load increases to about 25 N, severe fluctuation of the
acoustic signal occurs, indicating that the intensive crack
and delamination of the coating take place. The LC1 for
the CrN coating is about (25+4) N. However, the
acoustic signal for the CrSiN coating is steady below the
normal load of 37 N. The LC1 for the CrSiN coating is
(3743) N. The adhesion of the coatings is increased by
addition of Si element due to the solid solution
strengthening and the grain refining strengthening. When
the load increases further to 48.5 N, intensive cracks take
place, resulting in broken coating fractions inside track
and some delamination in the scratch track.

Figure 5 shows the hardness of the coatings with a
maximum indentation depth of 1500 nm. Significant
contribution to the hardness from substrate is observed
with the increase of indentation depth. According to the
continuous stiffness measurement (CSM) mode, the
hardness value can be obtained from the platform of the
curve (depth between 200 and 400 nm). The hardness of
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Fig. 4 Indenter track and scratch test results of CrN coating (a) and CrSiN coating (b)
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Fig. 5 Variation of hardness with indentation depth of coatings
and 316L

the CrSiN coating ((2743) GPa) is higher than that of the
CrN coating ((24+2) GPa), which may be attributed to
the solid solution hardening and the refining
strengthening. Compared with the hardness of the
substrate (about 3 GPa), both coatings present much
higher hardness.

3.3 Corrosion properties

Immersion test results of the coatings are shown
in Fig. 6. The surface morphology of the coatings after
immersion test has no penetrated pinholes or pitting
corrosion (Figs. 6(a) and (b)), indicating good corrosion
resistance of the coatings in seawater. It may be due to
removing the macroparticles of the coating surface,
which may fill the cracks and pinholes in the coatings
during the test. This is possible to reduce or block

coating defects propagation, which prevents the local
corrosion at the substrate/coating interface. Compared
with the coatings before the immersion test (Figs. 6(c)
and (d)), there is no large difference between them which
confirms the excellence corrosion resistance of the
coatings.

In order to evaluate the anodic dissolution of the
coatings, the polarization tests were investigated in
seawater. As shown in Fig. 7, it is clear that the coatings
have lower anodic current densities compared with 316L
substrate. Because it is known that CrN coatings are
chemically inert in CI” solution. Therefore, the coatings
can separate the substrate from the aggressive
environment and therefore protect the substrate if the
coatings were free of defects such as cracks and
pinholes. However, the formation of those defects in
ceramic coatings, in reality, is almost impossible to avoid
totally. Thus, the CrN coating slightly improves the
corrosion resistance of 316L in seawater. It was observed
that the anodic current density value of CrSiN is lower
than that of CrN, which can be attributed to the denser
structure and less cracks and pinholes of the coating.
Since micro-defects may exist at interfaces of particles or
columnar features, coarse particles and distinct columnar
feature indicate a loose coating structure. Thus, it can be
considered that the CrSiN coating with denser structure
presents better corrosion resistance than the CrN coating
in seawater. The passive-like behavior is observed for the
CrSiN coatings. The passive layer mainly contains Cr, N,
Si and O elements and filled the cracks and pinholes
during the tests, and therefore improves the corrosion
response. Moreover, the corrosion potential of the CrSiN
coating is the most noble, about =150 mV (vs SCE).
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Fig. 6 Surface images of CrN and CrSiN coatings: (a) CrN coating after immersion tests; (b) CrSiN coating after immersion tests;
(c) CrN coating before immersion tests; (d) CrSiN coating before immersion tests

0.6
0.4
0.2
0
-0.2
-0.4

¢ (vs SCE)/V

-0.6

-0.8

-1.0 ! !

-8 -7 -6 -5 -4
1g[J/(A-cm™?)]

Fig. 7 Polarization curves of coatings and uncoated 316L

3.4 Friction properties

Figure 8 shows the friction behaviors of the
coatings and uncoated 316L sliding against WC balls in
seawater, illustrating an excellent lubricating effect of the
as-deposited coatings. The friction coefficient of 316L
stainless steel sliding against WC balls fluctuates around
0.3 in seawater, but it can be reduced to around 0.17 by
the coatings. The friction coefficients for the coatings
present relatively high value at first stage (stage I), then
reach the relatively steady-state wear stage (stage II).
The stage I represents run-in period with relatively high
value, which can be attributed to solid—solid contact
between tribo-pairs. The solid—solid contact can be
easily formed if the sliding interface is unsmooth. The

0.40

035} 316L
£ 030}
£
g 0.25
g 0.15 : CrSiN
=} 1
O 0.10 !

005F I i I

0 1 2 3 4 5 6 7

Sliding time/ks
Fig. 8 Friction behavior of CrN coating and substrate sliding
against WC balls in artificial seawater

lower value in stage II arises from rapid wear of ball and
coating, which causes the interface between tribo-pairs to
become smoother and reduce the solid—solid contact
region, and increases hydrodynamic lubrication provided
by the water condensation from the ambient [27].
Moreover, the wear debrises between the tribo-pair may
act as rolling ball to decrease the friction coefficient.
Thus, the friction coefficient decreases in seawater after
the run-in period. However, the friction coefficient of the
CrN coating shows slight ascending trend at stage II. The
friction coefficient for the CrN coating in stage II (about
0.186) is higher than that of CrSiN (about 0.165), which
can be attributed to the tribochemical reaction in
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seawater [28], as follows:
Si3N4+12H,0=3Si(OH),+4NH; (1)
Si0,+2H,0=Si(OH), 2)

The formed amorphous hydrate Si(OH), dissolved
in water, resulting in a thin hydrodynamic lubrication
film between the interface, therefore reducing the friction
coefficient [11].

3.5 Wear properties

Figure 9 shows the cross-sectional profiles of the
wear track on the coatings and 316L in seawater. The
depth of wear track for 316L is much higher than those
for the coatings, which can be attributed to the higher
friction coefficient and lower hardness of 316L. The
maximum wear depth for the CrN coating is about
0.87 pum, which is higher than that of the CrSiN coating
(about 0.45 pum). It may arise from the tribo-corrosion
reaction in seawater. Although the immersions test
results show that both the CrN and CrSiN coatings
present good corrosion resistance in seawater, this is
impossible if sliding occurred on the coatings. The
passivation layer (mainly contain Cr,Os;) is not easily
formed during sliding and the corrosive seawater has a
destructive effect on the passivation layer, which protects
the clean surface from the corrosive medium. The
corrosive medium activates the coating and causes
anodic dissolution during sliding, resulting in increased
wear loss. The increased wear loss induces more cracks
and accelerates the corrosion speed. Finally, synergism
effect between corrosion and wear leads to deeper wear
track depth for the CrN coating in seawater. Since cracks
may exist at interfaces of columnar crystals, distinct
columnar crystal indicates a loose coating structure,
while few columnar crystals suggest a dense coating. As
a result, the seawater penetrates into the cracks of the
CrN coating and the synergism effect of corrosion and
wear causes the cracks to propagate. Therefore,
the relatively dense structure can explain the lower

6
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Fig. 9 Cross profiles of wear track on coatings and 3161

maximum wear depth for the CrSiN coating. Another
reason is the higher hardness for CrSiN than that of CrN,
because the wear mechanism for the CrSiN coating, as
an inert material, is mainly dominated by mechanical
wear in seawater [29]. The lower friction coefficient also
contributes to the improvement of tribological
performance for the CrSiN coating in seawater. As a
result, the wear depth for the CrSiN coating is
significantly decreased compared with that for the CrN
coating.

The wear rate of the uncoated 316L is about
6.3x10"° mm*/(N-m), which is much higher than those of
the coatings. The wear rate of the CrSiN coating is about
3.4x10"7 mm?*/(N-m), which is lower than that of the CrN
coating (about 4.6x107 mm’/(N-m)). As seen from
Fig. 10(a), there are flake pits in the wear track of the
CrN coating. However, the flake pits can be eliminated
by the addition of Si elements (Fig. 10(b)). The
formation of flake pits can be attributed to the
propagation of micro-cracks. When the coating slides
against WC ball in seawater, the medium can penetrate
into the micro-cracks. The coating elements at the crack
tip are activated and weakened by Cl in seawater during
the sliding. This would promote the propagation of the
crack. On the other hand, the seawater penetrating into

Fig. 10 SEM images of wear track on coating: (a) CrN coating;
(b) CrSiN coating
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the cracks induces a wedging action due to its hydrostatic
pressure. The wedging action, cooperating with the
corrosion effect of the seawater, can cause the subsurface
cracks to further propagate and accelerate the formation
of flake pits. However, the CrSiN coating with denser
structure indicates less crack, which can reduce the
formation of flake pits during sliding. As seen from
Fig. 10(b), there is a passive layer on the wear track,
which may mainly contain Cr,O; and SiO,. These
particles fill the crack during sliding, preventing the
seawater penetrating into the micro-cracks, therefore,
inhibiting the wedging action of seawater. As a result, the
large flake pits are eliminated by the addition of Si
element. The EDS analysis of the wear track for the CrN
coating shows that, not only Cr, O and N, but also Mg
and Ca elements are on the wear track. This indicates
that Mg(OH), and CaCO; might be formed during sliding,
which have a good role of lubrication. The EDS analysis
of the wear track for the CrSiN coating presents similar
results. The Si element is observed, indicating that the
Si(OH); may be formed during sliding, which could
reduce the friction coefficient.

Figure 11 shows the morphologies and the
corresponding EDS analysis of the wear scar on the balls.
When the CrN coating slides against WC ball in seawater,

r.-t'.———'--

there are many shallow scratch grooves on the surface of
the ball (Fig. 11(a)). Many wear debrises are also
observed on the surface of the wear scar. The EDS
analysis shows that W, Co, O and Mg elements are on the
wear scar, indicating that Mg(OH), adheres to the ball
surface and oxidation of WC ball occurs during sliding.
The morphologies of the wear scar for the CrSiN coating
show the similar feature. The wear rates for the balls
against CrN and CrSiN coatings are 1.28x107
mm®/(N'm) and 1.37x10”7 mm*/(N-m), respectively.

4 Conclusions

1) The CrN and CrSiN coatings present good
corrosion resistance in seawater and the CrSiN shows the
lower anodic current density than CrN coating.

2) The friction coefficients of the coatings are lower
than that of 316L in artificial seawater. The friciton
coefficient for CrSiN coating is lower than that of CrN
coating, which can be attributed to lubricating effect of
tribochemical reaction product Si(OH), between the
interfaces.

3) The wear rates of the coatings are much
lower than that of 316L in artificial seawater. The
CrSiN coating presents the lowest value due to the lower

[® |

Fig. 11 SEM images of wear scar on balls and corresponding EDS results: (a, b) Sliding against CrN coating; (c, d) Sliding against

CrSiN coating
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friction coefficient, better corrosion resistance and higher
hardness.

4) The large flake pits exist on the wear track of
CrN coating, indicating that the wear mechanism is
dominated by local delamination and abrasive wear.
However, the flake pits are eliminated by the addition of
Si element, which is due to the finer crystal structure.
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