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Abstract: CrN and diamond-like carbon (DLC) coatings are deposited on the surface of 431 stainless
steel by the direct current magnetron sputtering technique. The surface morphology, micro-structure,
hardness, friction, and wear properties of CrN, CrN/DLC and multi-layer composite DLC coatings
are investigated by scanning electron microscopy, X-ray diffraction, Raman spectroscopy, X-ray
photoelectron spectroscopy, nanoindentation tester, scratch tester, and friction and wear tester. The
results show that the surface of the single CrN coating is very rough for the columnar crystal structure
with preferred orientation. When it serves as inner transition layers to form the composite DLC
coatings, the surface gets much smoother, with reduced defects. The friction and wear results
indicate that the composite DLC coatings exhibit lower coefficients of friction, and better wear and
corrosion resistance in dry friction, deionized water, and seawater. In the dry wear and friction
process, the single CrN coating is easily worn out, and severe friction oxidation and furrow wear
both appear with a friction coefficient of 0.48. But the friction coefficient of a CrN coating in seawater
is reduced to 0.16, and friction oxidation and wear loss are further reduced with water lubrication.
The CrN/DLC coating has excellent tribological performance in three test concoctions and has the
lowest friction coefficient of 0.08 in seawater, which is related to the higher sp3 bond content, density
(1.907 g/ cm®) and high degree of amorphization, contributing to high hardness and a self-lubrication
effect. However, due to the limited thickness of CrN/DLC (1.14 um), it easily peels off and fails
during friction and wear in different testing conditions. In multi-layer composite DLC coatings, there
are more sp2 bonds with decreased amorphization, high enough thickness (4.02 pm), and increased
bonding strength for the formation of different carbides and nitrides of chromium as transition
layers, which gives rise to the further decreased average friction coefficient and the lowest wear loss.
Therefore, the CrN coating alone has good wear resistance, and, as with the inner transition layer
with a DLC coating, it can effectively improve the overall thickness and the bonding strength of the
multi-layer films by optimizing the chemical compounds of DLC coatings. These results provide
experimental support and reference for the design and selection of surface coatings for 431 stainless
steels in different working conditions.

Keywords: diamond-like carbon; tribological performance; coefficient of friction; amorphization

1. Introduction

431 stainless steel, known for its high hardness, strength, and excellent corrosion resis-
tance, is widely used in manufacturing shafts, pumps, valves, bolts, nuts, and washers [1].
The machinery manufacturing industry progresses towards greater speed and precision
and higher performance to meet demands for applications under extreme conditions and
environments [2]. Marine corrosion is mainly the deterioration or damage caused by the
interaction of materials with the seawater and salt. Surface engineering is the practical
technology of a surface-substrate system to achieve better service performance that cannot
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be achieved in the substrate or surface alone. The physical vapor deposition (PVD) method
is one of the most common and practical approaches to prepare various coatings at low
temperature to achieve the desired properties [3-5].

Metal nitride coatings like TiN and CrN, recognized for their high hardness and
oxidation resistance, can be very useful in improving the corrosion resistance properties of
the substrate due to their performance [6,7]. Additionally, some nitride coatings may form
a passivation film in corrosive media, thereby enhancing the material’s wear and corrosion
resistance and extending the service life of equipment [3,6]. Among them, CrN coatings,
with certain hardness, toughness, and oxidation resistance, are widely used in offshore
equipment, cutting tools, and medical instruments [4,8]. However, CrN coatings have a
hardness of about 1800-2000 HV and grow in columnar crystals, which results in a rough
and porous surface. In corrosive environments, the medium can penetrate through the
boundaries of the columnar crystals to the substrate surface; thus, the corrosion resistance
of CrN coatings is limited [3]. Though single-layer CrN film or multi-layer CrN film may be
prone to form a dense passivation film in the corrosion process, delaying pitting corrosion,
their porous surfaces also lead to a higher friction coefficient [9]; hence, the wear resistance
of CrN coatings needs further improvement.

In recent years, diamond-like carbon (DLC) films have been found to exhibit excellent
properties such as low friction coefficient, high hardness (1900~2200 HV), low thermal
expansion coefficient, and good corrosion resistance [10,11]. DLC coatings consist of a
three-dimensional amorphous carbon network made up of sp? and sp> hybridized carbon
atoms. However, due to the large internal stress, DLC coatings have low film—substrate
bonding strength, and the large internal stress also limits the overall thickness of the DLC
coatings [12,13]. It is known that the structure of the material determines its performance,
and the mechanical and tribological properties of DLC coatings also depend on the mi-
crostructure, i.e., the ratio of sp? to sp3 bonded carbon atoms [14-16]. Studies have shown
that the design of inner transition layers is an effective way to improve their bonding
strength and enhance the performance of DLC coatings [17,18]. DLC composited coat-
ings with CrN film as a transition layer exhibit excellent comprehensive performance [19].
It has been found that the microhardness of CrN and DLC composited films can reach
2200~2600 HV. The composited structure can not only increase the thickness of the coating
but also enhances its hardness [11,20]. When CrN is used as a transition layer, Cr is often
used as the base layer. Since Cr and CrN have the same crystal structure, the interface
mismatch is significantly reduced [21,22]. Moreover, a coherent twin boundary forms
easily between Cr and CrN interfaces, which will further reduce interfacial stress [4,21],
enhance interfacial bonding strength, and improve the performance of composite coatings.
Recent studies have found that designing nitride gradient structures or doping the nitride
layer with elements like Al and Si can effectively prevent the coarsening of CrN columnar
crystals and deduce a denser microstructure, thereby improving the surface quality and
corrosion resistance of the DLC coatings [1,23]. The latest interface structure analysis has
shown that an amorphous transition layer interface may form between the outer DLC layer
and the inner CrN interface. Thus, the combination of CrN and DLC coatings can create a
transition interface with a certain element diffusion, which can improve the deformation
process and friction wear performance of the composite coatings [17,19].

Based on the above, this paper employs DC magnetron sputtering technology to de-
posit single-layer CrN, duplex CrN/DLC, and multi-layer composite CrN/CrNC/CrC/DLC
coatings on a 431 stainless steel substrate. The friction and wear performance of these coat-
ings in dry atmosphere, deionized water, and seawater environments is studied, and the
erosive wear failure mechanisms are analyzed to provide a theoretical basis and technical
guidance for a coating design of 431 stainless steels in different conditions.
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2. Experiment Details
2.1. Preparation of Coatings

CrN, CrN/DLC and CrN/CrNC/CrC/DLC coatings are prepared on the substrate of
431 stainless steel by the DC magnetron sputtering process (Liaoning Beiyu Vauum Tech-
nology CO., Ltd., DG-4-BY, Shenyang, China). Before the coating deposition, 431 stainless
steel is polished with different sandpapers, then cleaned and blown dry with anhydrous
ethanol. Then the substrate is cleaned in the deionized water and anhydrous ethanol for
20 min and dried with nitrogen. Graphite and Cr with a purity of 99.99 wt. % are used as
solid targets, and argon and nitrogen gas with a purity of 99.99 wt. % are used as protecting
and working gas. During the deposition process, the ionization vacuum is maintained at
approximately 0.5 Pa and the temperature is kept at 100 °C. Before deposition, the vacuum
is drawn to 3 x 1072 Pa, and a 15-min glow of pure argon gas as cleaning process is carried
out at a bias voltage of —200 V.

The detailed process of coating preparation is listed in Table 1. The first layer of all
the coatings is a metal Cr layer, which is in direct contact with the substrate, and the target
current of Cr is 3 A. During the preparation of CrN coatings, the current of the target
Cris 4 A, and Nj is injected at the same time, and the flow rate is 15 sccm. After CrN
preparation, the graphite target with the current of 4 A is used to prepare the outer layer
DLC to form the duplex CrN/DLC coatings. In the preparation of a multi-layer composited
CrN/CrNC/CrC/DLC coating, after the deposition of CrN layer, N, injection continues,
and the graphite target is opened at the same time, and the deposition time is held for
25 min to form the CrNC layer. Subsequently, N, injection is turned off but metal Cr and
graphite targets continue to be on for 25 min to form the CrC layer. Finally, the metal Cr
target is turned off and the deposition continues for 2 h to form the outermost layer of the
DLC coating. The temperature during deposition is held at 100 °C and the bias voltage is
kept at —200 V with continuous high purity argon input (50 sccm). All coatings are cooled
to room temperature in the vacuum chamber before carrying out deposition.

Table 1 presents the detailed deposition parameters, and Figure 1 shows the structural
sketches of these three different coatings.

Table 1. Process parameters of coating preparation.

Parameter Targets Current and Gas Flow Depositing
Coatings Cr/A C/A Ny/scem Time/min
Cr 3 off off 10
CrN CIN 4 off 15 90
Cr 3 off off 25
CrN/DLC CrN 4 off 15 25
DLC off 4 off 90
Cr 3 off off 25
. CrN 4 off 15 25
Multi-layer CrNC 3 4 15 25
DLC CrC 3 4 off 25
DLC off 4 off 120
Multi-layer DLC
N DLC film (120 min)
CrC film (25 min) CrN/DLC
CrN film (90 min) CINC film (25 min) DLC film (90 min)
CrN film (25 min) CrN film (25 min)
Cr film (10 min) Cr film (25 min) Cr film (25 min)

Figure 1. Deposition time and composition of different coatings.
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2.2. Characterization and Analysis Methods

The structure of different coatings is characterized using a high-resolution dispersive
Raman spectrometer (Thermo Fischer DXR, Waltham, MA, USA) operating at a wave-
length of 532 nm, with a spectral measurement range spanning from 800 to 1800 cm .
The surface morphology, microstructure, and cross-section of the coatings are examined
using field emission scanning electron microscopy, SEM (MERLIN Compact, Hamburg,
Germany), with an energy-dispersive spectrometer, EDS (UltraDry, Hilden, Germany), at
an operating voltage of 15 keV. The phase composition of CrN, CrN/DLC and multi-layer
DLC coatings are analyzed by X-ray diffraction, XRD (D8 Advance, Ettlingen, Germany).
Samples of single CrN, duplex CrN/DLC, and multi-layer DLC coatings are cut into
10 mm x 10 mm x 3 mm before XRD analysis. The Cu Ka source with a wavelength of
0.154 nm and the continuous surface scanning mode are used, with a scanning speed of
5°/min and scanning range of 20°~90°. In the XRD test, the voltage is 40 kV and the current
is 40 mA. XRD data are analyzed by jade6 software and compared with a PDF standard
card to distinguish phases. The bonding state and chemical composition of DLC coatings
are analyzed by X-ray photoelectron spectroscopy, XPS (Thermo Fischer, ESCALAB 250,
Waltham, MA, USA). The hardness and elastic modulus of different coatings are measured
using a nanoindenter instrument (Bruker Hysitron TI980, Ettlingen, Germany). five points
are randomly pressed on the surface of the multi-layer DLC coatings. The penetration
depth of the test indenter is set to approximately 300 nm, which is not to exceed 1/10
of the total coating thickness to avoid the influence of substrate. The average value of
these five points is taken to investigate the experimental value of nanohardness and elastic
modulus. In the scratch test (UNHT, Geneva, Switzerland), a continuous load with the
speed of 5 N/min is carried out. The tribological properties of coatings are evaluated at
room temperature using a reciprocating friction and wear tester (Bruker UMT-3, Billerica,
MA, USA). The counter-grinding balls are made of GCr15 steel with a diameter of 9 mm.
During the testing, a stable load of 5N is applied at a stable frequency of 2 Hz for 30 min.
The wear track of coatings is analyzed by SEM (MERLIN Compact, Hamburg, Germany)
and the elements analysis is carried out by EDS (UltraDry, Hilden, Germany).

3. Results and Discussion
3.1. Morphology and Structural Analysis of Different Coatings

Initially, the surface morphology of the single CrN and DLC coatings is observed,
as shown in Figure 2. The CrN coating exhibits a rough surface with the presence of
micrometer-scale particle aggregation, hillocks, and pits, which are typical characteristics
of CrN coatings prepared by PVD method [24]. The Cr droplets sputter from the target due
to the local overheating of the target, and deposit on the deposited Cr bottoming film and
then form hillocks on the surface of CrN coatings. Some of these hillocks drop from the
film under the ion bombardment, leaving the pits on the surface. There are more particles
and smaller clusters but fewer pits on the surface of duplex CrN/DLC coatings. The SEM
morphology clearly shows that the surface of multi-layered DLC coatings is much smoother
and denser without obvious pit-like defects and large particles or droplets.

The cross-section of these coatings is examined shown in Figure 2. The coatings all
showed epitaxial columnar structures along the growth direction of the coating. Generally
speaking, the coatings prepared by the PVD method often have a columnar structure. The
thickness of the CrN coating is 1.33 pm, characterized by typical columnar crystal growth
with small gaps between the columnar structures. In the duplex CrN/DLC coating, the
CrN layer is approximately 540 nm and grown in a columnar crystal manner. The surface
of the DLC layer is dense, with a thickness of about 600 nm. Small carbon atoms fill in the
surface of the columnar CrN and the voids to form a denser duplex composite coating,
which consequently reduces the surface defects. The interface between the CrN and DLC
layers is unclear, suggesting possible element diffusion between layers. The total thickness
of the multi-layered DLC coating reaches 4.02 um, with the outer DLC layer being 1.59 pm
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thick. The interfaces between the multiple layers are not distinct, indicating the element
diffusion and good interface bonding.

400 nm

3 pm

Figure 2. Surface and cross-sectional morphology of different coatings: (a) CrN; (b) CrN/DLC;
(c) Multi-layer DLC.

Figure 3 shows the XRD diffraction patterns of these three coatings. The strong
diffraction peak at 44.4° mainly corresponds to the (200) plane of CrN, and the peak
at 81.7° corresponds to Cr (211), indicating that CrN coatings grow with (200) as the
preferred orientation and the underlying Cr layer grows preferentially in the (211) plane.
The preferred orientation of Cr and CrN and the directional release of latent heat of
crystallization lead to the growth pattern of columnar crystals as observed in Figure 2.
Additionally, diffraction peaks for CrzNy are observed at 40.9° and 64.5°. Diffraction
peaks at 63.5° and 76.2°, corresponding to the (110) and (311) crystal planes of CrN,
respectively, indicate that the CrN coating grows preferentially in the (200) plane and has
a polycrystalline structure with a small amount of nanocrystalline CrsNy. From these
XRD spectra, it can be found that CrN coatings have preferential growth orientations of
(200), (311) and (110). Crystallographic theoretical analysis shows that the (200) orientation
has one option of top termination where both chromium and nitrogen occupy the same
plane, which will make a very dense structure [25]. Consequently, no obvious interface is
observed between Cr and nitrides.

Generally, the energy driving force in the coating deposition process determines the
grain growth orientation, which includes surface energy and residual stress [26]. There
are metal Cr and different forms of its nitrides in the coating, which could improve the
diffusion of Cr and the formation of transition interfaces. Otherwise, Cr and CrN have the
same lattice type and can form a solid solution, which reduces the interface mismatch to a
certain extent and improves the bonding strength and hardness of the coating [6,9]. As a
result, there are no obvious interfaces in the middle layers of the multi-layer composited
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DLC coatings. As observed in Figure 2, there is an interface between DLC and the inner
transition layers, but there is no obvious interface between nitrides and carbides of Cr.

& (200)

¥ Cr:N, CrN
¢ Cr
& CIN ¢ 211
¥ (321)
(111) 22 311
L] Y, $(220), &(311) h
-~ 200
3 e CIN/DLC
=
=
Z ® 21
7} . JE
E "'“i’JL .;(.z%L +(311)h
& (200) CrN/CrN/CrNC/CrC/DLC
J w2 ¢ (211)
&(111) L 4|--0)L & (311 }L
20 30 40 50 60 70 80 90

26/(°)
Figure 3. X-ray diffraction pattern of coatings.

Raman analysis indicates two characteristic peaks between 800 and 1800 cm !, shown
in Figure 4. Gaussian function decomposition identifies peaks near 1362 cm~! (D peak)
and 1380 cm ™! (G peak), which is typical of DLC characteristics [14]. The Raman data
reveal that the Ip/I; peak intensity ratio for the CrN/DLC coating is 1.01, with a half G
peak full width (Grwawm) of 150 cm ™!, while the multi-layer DLC coating has an Ip/Ig
of 1.35 and a Gpwpy of 123 ecm ™!, which means a higher sp3 bond content and higher
disorder of the microstructure in the CrN/DLC coatings [14]. The multi-layer DLC coatings
have a higher-order degree of structure that is a lower amorphization degree, suggesting
a reduction in sp® content. Additionally, it is calculated that the density of the CrN/DLC
coating is 1.907 g/cm?, while the multi-layer DLC coating has a density of 1.61 g/cm?,
indicating a denser structure with a higher content of sp> carbon bonds. This indicates
that a higher thickness or more transition layers of nitrides and carbides decreases the
amorphization degree and sp® bond content of DLC coatings.

() (b)

Raw value

D band
D band

G band

Fitting result

Intensity(a.u.)
Intensity(a.u.)

Fitting result

800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
Wave Number (cm™) Wave Number (cm™)

Figure 4. Raman spectrum of coatings: (a) CrN/DLC; (b) Multi-layer DLC.

To further analyze the chemical bonds in DLC coating, XPS analysis is performed on
the multi-layer DLC coating, as shown in Figure 5. The Cl1s peak spectrum of multi-layer
DLC coating is exhibited in Figure 5b, which could be decomposed into a C-O bond peak
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at 286.49 eV, a C-C sp® bond peak at 285.01 eV, and a C-C sp? bond peak at 284.49 eV by
Gaussian fitting [27]. The sp® bond content is 25.6%, obtained by calculating the area ratio
of C-C sp®. Figure 5b shows the peak fitting of the Cr 2p peak in the multi-layer DLC
coating, with the main peak at 574.5 eV corresponding to Cr-C bonds. Peaks at 576 eV,
581 eV, and 587 eV correspond to different valence states of Cr-O, and 584 eV corresponds
to the binding energy of Cr-N. The formation of Cr-O and C-O bonds may be related
to the residual oxygen in the chamber. Furthermore, the Cr 2p peak indicates that Cr
primarily exists in the coating as CrC (41.6%) and CrN (20.2%), with fewer chromium
oxides. And it has been proven that the formation of Cr carbides in the coating helps reduce
interface stress between the outer DLC layer and the intermediate CrC layer, enhancing
the film-substrate bonding strength [28]. From Figure 5d, the co-presence of CrN and
CryN are observed, at 396.7 eV and 397.4 eV, respectively, along with the presence of N-C
bonds at 399.1 eV. These results on the bonding of N elements indicates that N primarily
exists as different kinds of nitrides of Cr. Notably, the small amount of N-C bonds (11.6%)
would be not conducive to the formation of carbon bonds in large networks, contributing
to amorphization. Transition metal nitrides are typical interstitial compounds. The phase
of CryN with a small amount can dissolve into CrN at room temperature to form a solid
solution, which not only improves the hardness of the coating, but also improves the
density of the coating [29].

(a) Cls (b)

s Ols =)
«<

£ ™ z
8 Cr2p IN1s 5
= \ =

™ \'

C=0
" A1 1 " 1 1 " 1 i . . L '
1200 1000 800 600 400 200 0 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

(c) (d)
—_ CrC ,
g 3 CrN
= <
2 : Cn
'z : CrOs @
= CrO =

N-C
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~\ . \
592 590 585 580 575 570 405 4(')0 355 390
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Figure 5. XPS diagram of multi-layer coating:

(d) N 1s.

Binding Energy (eV)

(a) Total spectrum of elements; (b) C 1s; (c) Cr 2p;
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3.2. Mechanical Properties of Coatings

The scratch morphology of the multi-layer DLC composite coatings is shown in
Figure 6. During the continuous application of the load, cracks begin to form; when the
first fine cracking of the coating appears, the critical load is named as Lcl. As the load
continues to increase, micro-cracks begin to expand laterally and locally peel off, and the
critical load is labeled as Lc2. The coating starts to peel extensively from the substrate at
Lc3, and large bright white areas can be observed on both sides of the scratch, as shown
in Figure 6. The value of Lcl is difficult to determine, while the value of Lc2 is easy to
confirm by local amplification of the scratch appearance. Lc2 is 13 N and Lc3 is 24.3 N
here. As indicated by previous XRD and XPS analysis, the formation of different carbides
and nitrides of metal Cr within the composite coating suggests that an elemental diffusion
transition layer is potentially generated to form a gradient structure between coating layers,
which effectively enhances the bonding strength of the coating [28]. Furthermore, the inner
CrN layer grows in a columnar crystal structure, allowing outer carbon particles to embed
into the micro-voids between the columns, making the coating denser and thus enhancing
the overall adhesive strength.

Figure 6. Scratches and bonding force of multi-layer DLC coating.

The load—displacement curves of the multi-layer DLC composite coatings are mea-
sured using nanoindentation, as shown in Figure 7. The maximum penetration depth in
the multi-layer DLC coatings is 298 nm, with a residual depth of 185 nm, and an elastic
recovery rate We of 62%, indicating a good elastic deformation capacity. The hardness is
10.99 GPa and the elastic modulus is 285.06 GPa, proving a significant increase in hard-
ness after the deposition of the DLC coatings. This is also related to the sp® bonds and
amorphization degree, as mentioned in Raman analysis. Using the parameter H>/E?, it is
possible to estimate the plastic deformation of this coating. The H/E and H®/E? ratios of
the composite DLC coatings are 0.038 and 0.016, respectively, demonstrating the coating’s
excellent ability to resist crack formation. The existence of Cr and CrN inter-layers with
body-centered cubic structure contributes to the resistance to plastic deformation of the
composited DLC coatings. It is known that the effective role of increasing the number of
interfaces in amulti-layer coating can be explained as a factor prohibiting the spread of
dislocations, cracks, and joints of pin-holes [9,28]. The transition layers and solid solution
that may form between interfaces may also be another reason for increasing hardness and
elasticity, as mentioned in XPS analysis.
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Figure 7. Indentation depth-load curve of multi-layer DLC coating.

The friction and wear performance of different coatings are analyzed, and Figure 8a
shows the coefficient of friction (COF) curves for single CrN coating, duplex CrN/DLC
coating, and multi-layer DLC composite coating under dry friction testing conditions. The
COF for the substrate, single CrN, duplex CrN/DLC, and multi-layer DLC coatings are
0.56, 0.48, 0.15, and 0.13, indicating that depositing of CrN and composited DLC coatings
significantly reduces the COF, and the multi-layer composite DLC coating shows the
lowest COF. It is known that graphite is an excellent solid lubricating material, and the
self-lubricating role of the sp?>-C bond in DLC coatings is important for decreasing the COF.
Figure 8b,c show the COF curves of the coating and substrate in the deionized water and
seawater testing conditions, respectively. Compared to the dry wear process, the COF of
the substrate, CrN coating, and DLC coatings in the deionized water are 0.46, 0.24, 0.11, and
0.10, which are much smaller and stable as observed in Figure 8b. Furthermore, the COF for
the substrate, CrN coating, and DLC coatings in the seawater are 0.35, 0.16, 0.08, and 0.09,
indicating that the COFs are further decreased in the seawater. Additionally, no significant
fluctuations in the COF of DLC coatings are observed across these three friction-testing
conditions, proving that the duplex DLC and the multi-layer DLC coatings can decrease
and maintain a stable COF.

It is known that the COF of the single CrN coatings is related to the surface roughness
and hardness [30]. As previously mentioned, due to the rough surface of the single CrN
coating with the presence of particles, pits and other defects, the COF is relatively higher
with continuous fluctuations. However, the friction and wear properties of DLC are closely
related to hardness, plastic deformation resistance, and residual stress [27]. The COF
of the duplex CrN/DLC coating and multi-layer composited DLC coating are 0.08 and
0.09, respectively. Due to the lubricating effect from sp? carbon bonds and high hardness
from the sp3 carbon bond of CrN/DLC and multi-layer DLC coatings, the COFs are both
reduced. And the rise of frictional temperature may also accelerate the transformation
process from sp> to sp? carbon, which will further maintain the stable lower COF. It is
proven that, in spite of the fact that hardness is regarded as the primary material property
for defining wear resistance, the intrinsic Young modulus of the coatings is also found to
have a combined influence [5]. The composited DLC coatings is observed to have high H/E,
H3/E? indicating high resistance against the onset and spread of cracks and higher nano
hardness for blocking the movement of dislocations and microcracks [31]. Consequently,
the friction resistance and wear resistance to deformation are to be expected in multi-layer
DLC coatings. Moreover, the increase in sp? bond content in the multi-layer composited
DLC would also lead to a decreased friction coefficient and good wear resistance.
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Figure 8. Friction coefficient curves of coatings and substrate under different testing conditions:
(a) Dry friction; (b) Deionized water; (c) Seawater.

The analysis of wear mark morphology indicates that in dry wear testing conditions,
CrN and DLC coatings exhibit different wear mechanisms, shown in Figure 9. The single
CrN coating has a wider and rougher wear track, with a large number of adhesive grains
along the track, indicating adhesive wear occurrences. This may be due to the detaching
of the friction pair of the GCr15 ball with relative lower hardness during relative motion
on the local surface, forming abrasive particles. These adhesive bonds eventually shear
off and take away part of debris during the friction process. As a result, the coating is
severely worn and causes damage to the coating in the form of furrows, as observed in
wear morphology. Consequently, there exist many adhesive bonds on the wear track of the
CrN coating, implying an adhesive wear mechanism during the friction test [32]. Elemental
analysis of the wear marks shows a decrease in Cr and N content and an increase in O and
Fe content, indicating significant wear and the appearance of frictional oxidation.

However, the wear track of the CrN/DLC coating is smoother, and little wear debris is
found alongside the wear track. EDS analysis also shows a decrease in C content at the wear
marks, indicating localized peeling and slight increases in O and Fe content due to frictional
oxidation. As with the previous analysis, the high sp® bond content and amorphization
with limited overall thickness of duplex CrN/DLC coating leads to high hardness with
certain fragility and induces partial wearing during friction, too. The wear marks of the
multi-layer DLC coating are wider, cleaner, and smoother, with no significant changes in
element contents, suggesting that the coating remains stable and intact without peeling
or failure. Even visible debris is hard to see, as is the color change caused by the peeling
of the coating, which indicates the good wear resistance of this composited DLC coating
with a lower COF. This is possibly due to the solid lubrication from the higher sp? bond
content and the much more ordered structure as analyzed in Raman results, making the
coating relatively softer, allowing deeper and wider indentation by the wear ball. And the
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Figure 9. Wear morphology and the corresponding EDS elemental analysis of coatings after dry
friction: (a) CrN; (b) CrN/DLC; (c) Multi-layer DLC.

The above analysis under dry friction conditions shows that the CrN coating undergoes
frictional oxidation, while the CrN/DLC coating, with limited thickness, experiences partial
frictional peel failure, and the multi-layer composite DLC coating exhibits the best wear
resistance, providing long-term effective protection for the substrate.

Figures 10 and 11 show the wear mark morphology of the coatings after wear in the
deionized water and seawater, respectively. Compared to dry friction, all their COFs are
reduced and the wear marks become narrower, except for the multi-layer DLC coatings. The
lubrication effect of water as a lubricant independent of lubrication state cannot be ignored
when friction and wear are carried out in solution [33]. It has been proven that water plays
an essential role as a lubricant on carbon-based materials [34]. And the outer DLC coating
could effectively provide solid lubrication in a wet environment, and then reduce both
the COF and wear rate [35]. However, after wear in the deionized water, the fluctuating
distribution of Cr and O elements in the wear marks is observed, along with a decrease in N
content and an increase in Fe content, which indicates local worn-out failure of coatings and
occurrence of oxidation in CrN and CrN/DLC coatings. And there is also obvious mutation
of the O element in the wear marks of multi-layer composite DLC coatings, reflecting the
formation of oxides, too. The graphite in the outer DLC coatings may be washed away
by the deionized water during the friction process, which reduces the lubrication effect
and leads to relatively increased surface wear loss. The growth defects such as pits, flakes,
and the columnar porous microstructure of CrN coatings would be filled with solutions,
which is another key factor in decreasing the COF and influencing the wear resistance
in solutions. The existence of tiny gaps caused by the columnar structure of multi-layer
coatings makes it possible for deionized water to penetrate into the inner coating during
the friction process, resulting in frictional oxidation and even partial detachment [8,27].
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Figure 10. Wear morphology and the corresponding EDS elemental analysis of coatings after wear in
deionized water: (a) CrN; (b) CrN/DLC; (c) Multi-layer DLC.
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Figure 11. Wear morphology and the corresponding EDS elemental analysis of coatings after wear in
seawater: (a) CrN; (b) CrN/DLC; (c) Multi-layer DLC.

Notably, the COF of CrN decreases from 0.48 in dry friction conditions to 0.16 in the
seawater, and there is a stable and continuous oxygen distribution on the surface, as shown
in Figure 11. The wear mark analysis after friction in the seawater shows that CrN coating
remains intact after 30 min of friction, and the wear mark gets smoother and narrower,
as gaps in the columnar structure enable seawater infiltration through the coating [25],
which promotes the formation of a uniform passivation film, decreasing the COF to prevent
further corrosion wear occurrence. It has been found that the decline in the COF for
increasingly rough surfaces may be attributed to the decrease in the real contact area by
deformation of a thin subsurface layer in solutions [36]. The existence of multiple ions in
seawater is conducive to the formation of the viscoelastic film, so the COF of these coatings
in the seawater is further reduced. Furthermore, the much better corrosion wear properties
of the composited DLC coatings may be related to the denser microstructure and sp? bonds
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in carbon coatings. And the local oxidation in CrN/DLC and multi-layer composited DLC
coatings are both further decreased due to the existence of coherent interfaces [32], and their
wear marks get much narrower compared to those in the deionized water. Considering
the presence of Cr in these three coatings, as investigated in XRD results, a dense oxide
passivation film may form on the coating surface, induced by the large number of negative
ions in seawater, which would prevent seawater seeping through surface gaps and reduces
the COF and wear loss.

However, the wear mark analysis of the CrN/DLC coating in the deionized water
and seawater environments reveals localized peeling, with a decrease in C content and an
increase in O content, indicating that the outer carbon film serves as an effective barrier
for substrate protection. The elemental distribution at the wear marks of the multi-layer
composited DLC coating shows no significant changes, proving that this kind of multi-layer
DLC coating remains intact in both seawater and deionized water, exhibiting better wear
resistance. This is related to the sufficient thickness of these coatings combined with the
low friction coefficient from DLC film and the corrosion resistance due to the presence
of intermediate CrN gradient layers. This result indicates that Further CrN coating and
coatings including CrN have excellent tribo-corrosion performance in the seawater.

4. Conclusions

CrN grows in a columnar structure and has a relatively rough surface with many
defects. The outer DLC coating makes a smooth surface of composited coatings. Under
dry friction conditions, the single CrN coating has a friction coefficient of 0.48 and suffers
from severe plowing wear, and the coating fails due to friction and peeling. The sp? bond
in Further outer DLC coating has good lubrication, which reduces the friction coefficient of
the CrN/DLC coating to 0.15, but the coating experiences localized wear due to limited
thickness. The multi-layer composited DLC coating achieves the lowest friction coefficient
of 0.13 and remains stable in dry friction. In the deionized water and seawater testing
conditions, the friction coefficients of the DLC and CrN coatings are further reduced. CrN
coatings have good corrosion and friction resistance in seawater, with a decreased friction
coefficient of 0.16. The friction coefficient is further reduced to 0.08 in DLC coatings, which
maintain good tribo-corrosion resistance.
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