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Abstract: In the present study, the tribological properties of diverse crystalline diamond coating
with micro (MCD) and nanometer (NCD) sizes, fabricated by the microwave plasma chemical vapor
deposition (MPCVD) method, are systematically investigated in dry and seawater environments,
respectively. Owing to the SiO2 lubricating film with extraordinary hydrophilicity performance by a
tribochemical reaction, the average friction coefficient (COF) and wear rate of NCD coating under
seawater decreased by 37.8% and 26.5%, respectively, comparing with in dry conditions. Furthermore,
graphite would be generated with the increment of surface roughness. Graphite transformed from the
diamond under high contact pressure. Thus, with the synergism between SiO2 lubricating film with
extraordinary hydrophilicity performance and graphite, the corresponding COF and wear rate of
MCD would be further decreased by up to 64.1% and 39.5%. Meanwhile, various characterizations on
morphology, spectra, and tribological performance of the deposited diamond coating were conducted
to explore the in-depth mechanism of the enhanced tribological performance of our NCD and MCD
coatings in the extreme under seawater working conditions. We envision this work would provide
significant insights into the wear behavior of diamond coatings in seawater and broaden their
applications in protective coatings for marine science.

Keywords: diamond coating; tribological performance; seawater environment; lubricating film

1. Introduction

Chemical vapor deposition (CVD) polycrystalline diamond coatings have excellent
mechanical properties, high thermal conductivity, and superior chemical inertness [1–3],
which are widely applied in various fields [4–8]. Specially, polycrystalline diamond coat-
ings as surface protection coatings possess a low coefficient of friction (COF), outstanding
wear resistance, and high chemical stability, which shows great promise for applications in
multifactor complex environment [9–11]. Moreover, polycrystalline diamond coatings with
different morphologies and structures can be prepared by choosing the different deposition
conditions of the CVD process such as the ratio of the reactive gas, the temperature, and
the pressure of the substrate [12–15]. For example, the MCD coating deposited by CVD has
excellent wear resistance and can be used in many fields, but its high surface roughness
may lead to a high friction coefficient during the process of wear; the NCD coating has
the characteristics of continuous film surface smoothness and other characteristics, which
have good anti-friction performance during the process of wear [16]. Currently, scientists
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have also conducted many in-depth studies on friction and wear properties of MCD and
NCD coatings in some typical environments. Lei et al. [17] found that the friction coeffi-
cient of MCD and NCD after dry sliding was stable in the range of 0.053–0.062, whereas
COF decreased to the range of 0.023–0.025 under water lubrication; De Barros Bouchet
M I et al. [18] found that the ultra-low friction of NCD in the presence of water vapor was
associated with OH and H passivation of the sliding surface, hydrogen-passivated surfaces
were generated by dissociative adsorption of hydrogen molecules and were more effective
than OH-terminated surfaces in further reducing friction. Cui et al. [19] investigated the
tribological properties of fabricated polished MCD (MCD-p) films using a ball-plate recip-
rocating friction test with Si3N4 ceramic balls as counterparts under water lubrication, the
grown MCD films, NCD films, and Si3N4 plates were used as comparison samples. MCD,
NCD, and MCD-p films showed similar stable COF states after running in, which were
0.036, 0.032, and 0.035, respectively, and the wear rate of Si3N4 on MCD-p specimens was
2–3 orders of magnitude lower than the wear rate of sliding on grown MCD or NCD speci-
mens. Feng et al. [20] studied that the friction coefficient of a diamond sliding in an ultra-
high vacuum (UHV) (−4 × 10−9 Torr) was between 0.6 and 1.0, which was about ten times
that was measured in air. However, in molecular gases at low pressure (−1 × 10−5 Torr),
only oxygen leads to a significant reduction in the friction coefficient. Perle M et al. [6]
deposited MCD coatings by a hot filament chemical vapor deposition process (HFCVD)
and studied the friction properties under various atmospheres (oxygen, argon, nitrogen,
ambient air); the displayed value of the coefficient of friction was in the range of 0.1 to
0.4. Lin et al. [21] investigated the frictional behavior of MCD and ultrananocrystalline
diamond (UNCD) films at high temperatures, the results demonstrated that the wear of
diamond film at 25–500 ◦C was mainly caused by the strong adhesion between diamond
and substrate, and the wear resistance of UNCD film was significantly reduced by oxygen
corrosion above 600 ◦C, whereas the MCD film still maintained a certain wear resistance at
700 ◦C. Furthermore, we have conducted a summary of current research into the friction
and corrosion of several surface protective coatings in seawater. Wang et al. [22–24] have
investigated the friction and corrosion mechanisms of Cr/GLC multilayered coating, 316 L
stainless steel, and Al/Ti co-doped diamond-like carbon films in seawater. Ou et al. [25]
have reported the superhard yet tough Ti-C-N coatings that showed excellent seawater-
lubricating performance with an extremely low friction coefficient of 0.03 and a mild wear
track in 3.5 wt% NaCl aqueous solution. Nonetheless, the current research on the friction
and wear of diamond as a protective coating mainly focuses on the friction and wear
behavior and related friction mechanism in a dry friction environment, water environment,
even high-temperature environment, vacuum, low-pressure environment, and various
atmospheric environment, and the friction and corrosion of diamond coatings have not
studied in seawater. In fact, diamond has great application advantages as an anti-corrosion
and wear-resistant material due to its high chemical stability. With the rapid development
of marine equipment and marine technology, there is a high demand for surface protection
materials of parts with high bearing capacity and sea-related friction, which requires that
the protective material not only has good load-bearing capacity, but also maintains good
lubricating properties under the boundary and fluid lubrication in the presence of seawa-
ter in order to ensure a satisfactory service life under severe working conditions [24–27].
However, the research on the tribological behavior of a diamond coating in a seawater
environment has not been involved, and there is no research on the wear mechanism of
common MCD and NCD coatings in a seawater environment. Considering the practical
service condition will face a complex friction situation, in this study, both the tribological
performance and corresponding friction mechanism of a typical diamond film in dry and
seawater conditions have been studied exhaustively.

Bearing this aspect in mind, in this study, MCD and NCD coatings were prepared by
MPCVD, we compared the friction and wear behavior of MCD and NCD coatings in a dry
friction environment and simulated a seawater environment by carrying the friction test on
a reciprocating ball-disk friction tester. Subsequently, we have systematically analyzed the
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surface morphology, chemical composition changes, and phase evolution caused by sliding
action in the worn areas, and thus revealed the frictional wear mechanism of different
diamond coatings in a seawater environment.

2. Materials and Methods
2.1. Preparation of Diamond Coatings

In this experiment, we employed microwave plasma chemical vapor deposition
(MPCVD, HMPS-2050, Provided by Ningbo Institute of Materials Technology and En-
gineering, Chinese Academy of Sciences, China) to grow the diamond coating. Single-side
polished N (100) Si wafers (Bought from Zhejiang Lijing Silicon Material Co., Ltd., Jiaxing,
China) whose thickness was 2 mm and an area of 2 × 2 cm2 were used as substrates.
Before the deposition process, the substrate was sequentially placed in acetone (Purchased
from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and alcohol (Bought from
TAICANG XINTAI ALCOHOL CO., LTD., Suzhou, China) and sonicated for 5 min each.
Afterward, two-step pretreatment was introduced on the substrates during the deposition
to improve the nucleation density of diamond coatings. Firstly, the substrate specimens
were sanded with sandpaper (2000 grit, Bought from SUISUN CO., LTD., Qingdao, China).
Secondly, as shown in Figure 1a, the substrate specimens were seeded by ultrasonic oscilla-
tion with 200 nm diamond powder (Purchased from Zhongyuan Super Abrasives Co., Ltd.,
Zhengzhou, China) mixed with anhydrous ethanol solution in the ultrasonic device (KQ-
100DE, KUNSHAN ULTRASONIC INSTRUMENT CO., LTD., Kunshan, China) for 10 min.
After the seed crystal was completed, the surface was cleaned again by ultrasonic cleaned
with anhydrous ethanol for 2 min. Thereafter, the treated substrate was dried with nitrogen
gas and set aside in a dry place. Subsequently, as can be seen from Figure 1b, a microwave
plasma chemical vapor deposition (MPCVD) with a rated power of 5 KW apparatus was
applied for the MCD and NCD coatings deposition. The preparation parameters of MCD
and NCD coatings are shown in Table 1. The MCD and NCD coatings were deposited
with a ratio of CH4/H2 = 12/400 and a ratio of CH4/H2 = 20/400, respectively. A high gas
pressure of 12 KPa was used during the MCD coatings deposition, and a low gas pressure
of 9 KPa was used for the NCD coating process. In addition, an infrared thermometer
(CHINO, IR-AH, Chino, Japan) was used to observe the deposition process of microwave
chemical vapor deposition and measure the substrate temperature during the experiment.
The substrate temperature of the MCD coatings was maintained at 900 ± 20 ◦C during the
deposition growth, whereas the substrate temperature of the NCD coatings was kept at
670 ± 20 ◦C. The deposition time of MCD coating was 4 h and the deposition time of NCD
coating was 9 h.
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Table 1. Synthesis parameters of MCD and NCD coatings.

CH4/sccm H2/sccm N2/sccm Pressure/KPa Power/KW Substrate
Temperature/°C

MCD 12 400 – 12 4.4 900 ± 20
NCD 20 400 20 9 3 670 ± 20

2.2. Friction and Wear Test

The tribological performance of the diamond coatings was carried out on ball-to-disk
friction and wear tester (Rtec, Rtec Instruments, San Jose, CA, USA) configuration in
reciprocating sliding mode. The test condition was at room temperature under a relative
humidity of 50~80%. Then, the tribotests of MCD and NCD coatings were performed in
the simulated sea environment (3.5 wt.% NaCl solution) and dry environment, respectively.
SiC balls (Φ6 mm) were used as friction pairs after ultrasonic cleaned with ethanol and
dried in air. The applied load was fixed at 15 N and the average sliding velocity of
20 mm/s with a stroke length of 4 mm for all tests, the test period was 5 h, and the friction
coefficient of diamond coatings was recorded automatically by the friction tester. In order
to reduce errors, every test was conducted at least three times. The schematic diagram of
the tribological test is shown in Figure 1c

2.3. Characterization of Diamond Coatings

In order to obtain the precise surface morphology and structural information of as-
prepared coatings, a scanning electron microscopy (SEM, Regulus8230, HITAGHI, Tokyo,
Japan) at an accelerated voltage of 10 kV was used as characterization method to analyze the
structural information of diamond coatings. The Raman spectrum of diamond coatings was
measured by Raman spectrum (Raman, LabRAM Odyssey, HORIBA FRANCE SAS, Kyoto,
Japan) with a wavelength of 532 nm. Atomic mechanics microscopy (AFM, Dimension 3100,
Veeco, San Jose, CA, USA) was used to calculate the average roughness of MCD and NCD
coatings. The cross-sectional transmission electron microscopy (TEM) sample was prepared
on worn scars deposited at 960 ◦C using focused ion beam microscopy (FIB, Helios 5 CX,
Thermo Fisher Scientific, Waltham, MA, USA). The TEM sample was cut along the direction
perpendicular to the worn scars sliding. The microstructure of diamond and EDS analysis
of lubricating film of the cross-sections of worn scars after the friction test were obtained by
high-resolution transmission electron microscopy (HRTEM, Talos F200X, Thermo Fisher
Scientific, Waltham, MA, USA) at 200 kV detailly. X-ray diffraction (XRD, D8 Advance,
BRUKER, Madison, WI, USA) with a scanning rate of 8◦/min was employed to determine
the crystal structures of diamond coatings in the 10◦–90◦ range (2θ). The contact angle of a
seawater droplet on the diamond surface was measured by a contact angle measurement
apparatus (DCAT21, Ningbo Jinmao Import and Export Co., Ltd., Ningbo, China) at a
relative humidity of 50~80%. The chemical composition of MCD and NCD coatings before
and after the friction test was determined using X-ray photoelectron spectroscopy (XPS,
AXIS SUPRA, Kratos, Manchester, UK). A Revetest Scratch Test System (CSM Revetest,
Ningbo Jinmao Import & Export Co., Ningbo, China) was conducted to test the adhesion
of diamond coatings. A diamond tip with an applied normal load was increased from 0 N
to 80 N, a scratching speed of 1 mm/min, and a scratching length was 5 mm. In order to
reduce errors, all experiments were repeated at least three times.

3. Results
3.1. Characterization of As-Deposited Diamond Coatings

The surface and cross-sectional morphologies of as-deposited MCD and NCD coatings
are observed by SEM, which are shown in Figure 2. Figure 2a shows the MCD coating
has well-faceted crystallites exhibiting a rough surface, and the crystalline grain size of the
MCD coating is about 10 µm. Unlike MCD coating, Figure 2d shows the NCD coating that
was composed of small diamond particles which exhibited a smoother surface. As shown



Crystals 2022, 12, 1345 5 of 16

in Figure 2e, grains on the NCD coating surface clustered and formed a typical cauliflower
appearance, which could be clearly observed by SEM. Additionally, it can be clearly seen
that continuous diamond coatings were deposited on the substrates, and the thicknesses of
MCD and NCD coatings were 7.78 µm and 7.65 µm, respectively. The similar thicknesses
of diamond coatings can eliminate the influence of the thickness on the properties of
tribological performance. The size of NCD coatings cannot be distinguished individually
from the SEM image due to the small grain size. We further analyzed the XRD pattern of
the diamond coating surface as shown in Figure 2g. The average grain size of NCD can be
determined using the (111) diffraction peak in the XRD pattern [28]. The diamond (111)
peak of the NCD coating in Figure 2g was located at 2θ = 44.68◦, according to Scherrer
formula, and the average grain size of NCD coating was calculated at half of the maximum
value of the diamond (111) peak [29,30]; therefore, the average grain size was calculated to
be 20.8 nm. Figure 2h,i showed the Raman spectra of MCD and NCD coating, respectively.
In the Raman spectrogram of the diamond coating, it can be clearly seen that there was
a distinct peak at 1332 cm−1 all over, which proved the presence of sp3 diamond phase.
Furthermore, in the Raman spectrum of NCD coating, in addition to the characteristic
peak of diamond out of 1332 cm−1, there were also peaks of Raman shift at 1192.23 cm−1,
1469.35 cm−1, and 1556.27 cm−1, respectively. The peaks 1192.23 cm−1 and 1469.35 cm−1

indicated the presence of the trans-polyacetylene (t-PA) phase, which was characteristic
of nanoscale diamond particles [3,31–33], corresponding to the peak at 1556.27 cm−1 that
was ascribed to graphite. This was attributed to the higher CH4/H2 concentration ratio
and lower reaction gas pressure in the NCD coating deposition, and this raised the level of
sp2 impurities in the membrane [30]. However, in Raman spectroscopy, the sensitivity of
graphite to Raman signals was tens of times higher than that of diamond [17]; therefore, it
can be concluded that the diamond phase dominated in both coatings.
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The AFM topographies of different diamond films were acquired by AFM with a
scanning range of 10 µm× 10 µm. The average roughness (Ra) of the coating was calculated
by the software NanoScope Analysis. As illustrated in Figure 3a, the surface Ra of the
MCD coating with obvious crystal spikes was calculated to be 248 nm. Compared with
the MCD coating, the surface morphology of the NCD coating was relatively smooth, and
the surface Ra of the NCD coating was calculated to be 51.9 nm. Figure 3b shows the
wetting angle of seawater on MCD and NCD coatings. A surface is hydrophobic when its
static wetting angle θ is >90◦ and hydrophilic when θ is <90◦ [34]. The wetting angle of
seawater on NCD coating was 82.26◦, whereas the MCD coating was 94.48◦. Therefore, the
NCD coating exhibited hydrophilic properties and the MCD coating exhibited hydrophobic
properties. Figure 3c showed the scratch morphology of the MCD and NCD coatings as
observed by the scratch test system. The first critical load when the film was peeled from
the substrate can be used to assess the adhesion properties of the film [35]. The location of
the MCD coating and the NCD coating peeled off from the substrate corresponded to loads
of 73.1 N and 47.2 N, respectively. The more detailly Scratch morphologies of diamond
are shown in Figure S1. This indicated that the adhesion of the MCD coating was better
than NCD coating, which was consistent with the other works reported [36]. Furthermore,
compared with other reports [36,37], our prepared MCD and NCD coatings have good
adhesion properties.
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3.2. Tribological Performance of MCD and NCD Coatings

The COF of MCD and NCD coatings under different test conditions are given in
Figure 4a,b, respectively. The results showed that the friction coefficient of diamond
coating in the seawater environment was lower than in the dry friction environment.
In Figure 4a,b, the friction coefficient has occurred obvious changes under the seawater
environment. We compared the change in the average coefficient of friction for the first
ten minutes and the last ten minutes of the wear process. For the MCD coating, in the dry
environment, the coefficient of friction has changed from 0.3303 to 0.1509, and the friction
coefficient of NCD coating has changed from 0.3343 to 0.0875. Furthermore, the coefficient
of friction has changed from 0.1389 to 0.0360, and the friction coefficient of NCD coating
has changed from 0.3304 to 0.0358 in seawater. This was contributed to by the seawater
which can provide a certain thickness of the liquid film for the friction pairs in seawater
lubrication conditions [17]; therefore, the roughness of the diamond coating surface was
greatly reduced during the wear process and the actual contact area of the friction pair
was minimized, thus reducing the coefficient of friction. In addition, the rough structure
of the hydrophobic surface of the MCD coating may have also improved the load-bearing
capacity of the friction pair, and reduced the friction coefficient. During hydrodynamic
lubrication, the hydrodynamic effect was generated to achieve the synergistic effect of
lubrication and anti-wear [38]. As shown in Figure 4a,b, the friction coefficient of MCD and
NCD coatings showed a similar pattern of variation: the coefficient of friction rose rapidly
during the initial period, which was due to the abrasive wear of ceramic balls rubbing on
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the diamond coating and the plowing of microconvex bodies on the surface. Subsequently,
all friction coefficients dropped rapidly to a steady state after a short break-in period [39].
Furthermore, compared with NCD coatings, MCD coatings reached the stabilization phase
of COF in the seawater environment more quickly. In general, the diamond coatings have
a lower COF in a seawater environment than in a dry friction environment, which may
be related to the fluid lubrication effect in the liquid environment. In particular, as shown
in Figure 4c, the average friction coefficient of MCD under dry friction environment was
0.1310, whereas the average friction coefficient of NCD coating was 0.1001. The MCD
coatings have a higher COF in a dry friction environment due to the relatively rougher
surface profile of MCD coatings resulting in a higher coefficient of friction. However, the
friction coefficient in seawater environment showed an overall lower trend, the average
friction coefficients of MCD and NCD coatings under seawater were 0.0402 and 0.0672,
respectively. Compared with dry friction, the average friction coefficients of MCD and
NCD coatings were reduced by 64.1% and 37.8%, respectively, and the wear rate was
decreased by 39.5% and 26.5%, respectively. Figure 4c gives the wear rates of different
diamond coatings under different test conditions. The formula for calculating the wear rate
of a coating is as follows [32]:

W =
V
FL

(1)

Herein, W represents the wear rate and the unit is mm3/Nm, V indicates the wear
volume and the unit is µm3, the unit of normal load (F) is N and the unit of wear scar length
(L) is m. From Figure 4b, it can be seen that the wear rate of MCD coating was higher
than that of NCD coating. Meanwhile, the wear rate of diamond coatings in the seawater
environment was lower than those in the dry friction environment, which showed that the
wear resistance of the diamond coating was better under the seawater environment.
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3.3. Friction and Wear Analysis of Diamond Coatings in Dry Environment

In order to further investigate the corresponding wear mechanism, the worn morphol-
ogy of different types of diamond film in every test condition was given in Figure 5. As
shown in Figure 5a–h, in a dry friction environment, both MCD and NCD have more severe
wear surfaces compared with a seawater environment, and it can be seen that the worn
surface has obvious abrasive grains and scratches, and the rough surface generation and
destruction may be closely related to their main friction mechanism under a dry friction
environment. For MCD coating, obvious wear debris can be observed on the surface of
the worn scars, as the surface of SiC balls was subjected to the sharp part of the diamond
particles of the MCD coating with high shear stress during the process of wear. Moreover,
the diamond particles also shattered during the process of wear, both SiC and diamond
debris adhered to the diamond particles on the coating surface, and the counterpart ball
surface also showed friction marks corresponding to the surface of the abrasion marks. The
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surface was continuously smoothed so that the friction coefficient was relatively smooth
after the running in period. However, most of the wear debris came from SiC balls which
can be observed by EDS; the EDS analysis of the wear debris revealed debris consisting
mainly of Si and O elements, the Si obtained from the SiC balls, and the O elements possibly
associated with oxygen in the air (Figure S2, Supporting Information). The high hardness
of the wear debris makes the surface of the SiC ball scratched and discontinuous, and the
rough surface will fail rapidly due to scraping during repeated friction. For NCD coating,
in Figure 5e,f, the worn scars of NCD coating was cleaner due to its smooth surface, as there
was less wear debris left and the size was smaller. Its excellent dry friction performance
could be contributed to its smoother surface, which should be closely related to the size
of the grain scale. In general, the surface of the worn scars was significantly rougher and
had deeper scratches under dry friction conditions; whereas, in the seawater environment,
the width of the worn scars increased but the surface of the worn scars was smoother with
only a slight scratch.
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Figure 5. (a,b) The typical worn scars of MCD coatings sliding against SiC balls in the dry envi-
ronment; (c,d) The typical worn scars of SiC sliding against MCD coatings in the dry environment;
(e,f) The typical worn scars of NCD coatings sliding against SiC balls in the dry environment;
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Figure 6a,b show the Raman spectrum of diamond coating before and after friction
in dry environment. It can be observed that the diamond peaks in the Raman spectrum
show a right shift after the friction test, which was related to residual stress caused by
the presence of non-diamond components and structural defects, such as rubbing process
dislocations or impurities [17,39]. Moreover, the graphitic phase in the Raman spectrum
after test increased compared with that before rubbing, which indicated that the diamond
to graphite phase in the coating was transformed due to local pressure and shear stress
during the process of wear [40]. Figure 6c–f are the XPS spectra of the worn scar surface
before and after dry friction. It can be seen from the full spectra that the coating surface
contained a higher oxygen concentration before friction, which was caused by the exposure
of the coating to the atmospheric environment. After the dry friction test, the oxygen
concentration on the coating surface increased, and the oxygen concentration of the NCD
coating was higher than the MCD coating. In Figure 6d–f, C 1s spectra shows peaks at a
bonding energy of 283.80 eV, 284.79 eV, and 286.42 eV before and after friction of the NCD
coating, the peak at 283.80 eV corresponded to sp2, and the peak at 284.79 eV represented
sp3. Furthermore, the peak at 286.42 eV represented CH2-O/C=O which maybe originated
from the friction pairs contacted with air during test. In contrast, the C 1s spectrum of the
MCD coating before rubbing showed the two peaks at bonding energy of 284.78 eV and
286.50 eV, the peak at 284.78 eV corresponded to sp3 and the peak at 286.50 eV represented
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CH2-O/C=O. After friction, there was an additional peak of MCD coating at 284.38 eV
referred to sp2 [39,41,42], which was because, during recurrent friction, the process of local
pressure and shear stress and the heat generated by the relative motion may have caused
sp3 to sp2 structural transformation which occurs at the friction contacts [43]. The graphite
phase transition occurred by repeatedly applying compression (before ball contact) and
tension (after ball contact) to the subsurface region of the wear track, and the formation of
sp2 bonds was easier to shear, resulting in a lower coefficient of friction [32,40]. In addition,
it can be seen that the ratio of sp2/sp3 in the MCD and NCD coatings increased compared
with those before friction, which indicated that the graphite phase increased after rubbing.
This was consistent with the Raman spectroscopy results. Meanwhile, the sp2 concentration
of NCD coating was higher than MCD coating, which was known for low friction due to
easy in-plane shearing [44,45]. This may be the reason for the better tribological properties
of NCD under dry friction conditions.
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NCD coating before and afetr test; (c,d) The XPS spectra of the surface of the worn track before test;
(e,f) The XPS spectra of the surface of the worn track after test under dry environment.

From the above analysis results, the wear mechanism of typical diamond coatings
in the dry environment was mainly abrasive wear. The COF of the diamond coating was
larger due to the three-body wear of the surface. Due to its rough surface, the MCD coating
generated large wear debris during repeated wear and remained in the wear track, resulting
in a high friction coefficient and serious wear. For NCD coating, the surface was smoother
and produced less wear debris. From the XPS analysis results, the sp2/sp3 of the NCD
coating surface was higher, indicating that the NCD surface produced more graphite, which
reduced the friction coefficient. Therefore, the NCD coating has relatively excellent dry
friction performance, which was consistent with the relevant literature reports [38,39,44,45].

3.4. The Influence of Seawater Environment on Friction Behavior of Diamond Coatings

To further investigate the wear mechanism of diamond coatings in a seawater envi-
ronment, the wear morphology of MCD and NCD in a seawater environment is given in
Figure 7a–h. As shown in Figure 7, the surface of the worn scars changed significantly
compared to the dry friction environment, and the worn surface became smooth with
only slight scratches. A friction-induced lubricating film has been observed on the worn
surface of diamond film, which was distinguished from the morphology of coating in a dry
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environment clearly. This indicated that the friction mechanism in a seawater environment
was significantly different from that in a dry friction environment, and the formation of a
lubricating film on the diamond surface may be related to the frictional chemical reaction in
the seawater environment. As shown in Figure 7i,j, both MCD and NCD coatings produce
a lubricating film on the surface. It can be observed that the thickness of the lubricating
film of NCD can reach about 50 nm, whereas the lubricating film of MCD coating can reach
about 200 nm. The MCD coating produced a thicker film. The EDS further confirm the
composition of the cross-sectional morphologies of lubricating film. The main components
of lubricating film were O and Si elements, where the O element may be adsorbed by atoms
or molecules (e.g., H2O, hydrogen and hydroxyl), the element Si was due to the SiC on the
grinding ball in the friction process to produce grinding chips, a part of these abrasive chips
in the friction will be expelled from the friction interface. The other part will be sandwiched
between the two friction surfaces, and the lubricating film formed may be composed of
SiO2. In fact, under an applied load of 15 N, the degree of wear in these two environments
was not significant for either MCD or NCD coatings, which may be related to the higher
bonding force between the diamond and the substrate. In addition, the Na+ and Cl− in
the seawater environment do not affect the surface of the diamond coating, indicating that
the diamond coating has good anti-wear and anti-corrosion properties. Furthermore, more
details about corrosion resistance were revealed, which were shown in Figure S3, and the
corresponding analyses were exhibited in supporting information.
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Figure 7. (a,b) The worn scars of MCD coatings sliding against SiC balls in the seawater environment;
(c,d) The worn scars of SiC sliding against MCD coatings in the seawater environment; (e,f) The worn
scars of NCD coatings sliding against SiC balls in the seawater environment; (g,h) The worn scars of
SiC sliding against NCD coatings in the seawater environment; (i) The EDS mapping of the transfer
film formed on the frictional zones of MCD diamond coatings; (j) The EDS mapping of the transfer
film formed on the frictional zones of NCD diamond coatings.
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Moreover, the worn scars of SiC balls sliding on NCD coating were all smaller than
those on MCD coating under the same friction conditions, whereas SiC balls sliding on the
MCD coating exhibited larger worn scars. These different worn profiles should be closely
related to the different scales of diamond coating performance. The worn scars of SiC balls
sliding on the MCD coating in the seawater environment were relatively large compared
with the dry friction environment, which showed that the wear resistance of diamond
coating was better under the seawater environment.

The X-ray photoelectron spectroscopy (XPS) spectra of C 1s, O 1s, and Si 2p on the worn
surface under the sea water environment are given in Figure 8. The overall distribution of
elements was shown in the Figure 8a. The two peaks of 99 eV and 150 eV corresponded to
the Si 2p and Si 2s peaks, respectively. The spectra of C 1s was shown in Figure 8b. After
friction and wear in the seawater environment, the surface of the worn scars of the MCD
coating showed an increase in several components with a bonding energy of 283.89 eV,
285.34 eV, and 287.66 eV, respectively. The peak at 283.89 eV represented to sp2; in addition,
the peak of 285.34 eV represented the group of C-COO/CH3/CH2-O and the peak of
287.66 eV was corresponded to CH2-O group, whereas the peak of sp3 was located at the
bonding energy of 284.78 eV. However, the surface of the worn scars of the NCD coating
showed only three peaks at 283.45 eV, 284.80 eV, and 287.30 eV, respectively. The peak
at 283.45 eV corresponded to sp2, the peak at 284.80 eV represented sp3, and the peak at
287.30 eV represented CH2-O. It showed that there were various oxygen fragments and
OH groups on the surface of the diamond coating after friction, which was due to the
fact that the friction surface of the MCD coating was exposed to seawater in the seawater
environment. Seawater contained a large amount of O and H elements. The spectra of Si
2p is shown in Figure 8c. On the worn scars of MCD and NCD coatings, the Si 2p spectra
showed SiO2 at a bonding energy of 103.36 eV [39,41,42], and the Si 2p spectra showed that
more SiO2 was generated on the surface of the MCD coating, which was consistent with
the EDS results. The generated SiO2 might have reduced the coefficient of friction during
the friction process.
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Figure 8. (a) The overall distribution of elements of the worn track in the seawater environment;
(b) The C 1s spectra of the worn track in the seawater environment; (c) The Si 2p spectra of the worn
track in the seawater environment.

In order to disclose the distinct tribological performance of above-mentioned coating,
the subtle worn morphology was revealed in Figure 9, which shows the obtained TEM
image of the wear scarred surface of the MCD and NCD coating and the corresponding
SAED pattern. The TEM image in Figure 9a demonstrates the lubricating film on the surface
of the MCD coating as well as the graphitization image close to the diamond surface. The
diamond (111) lattice, graphite, and lubricating film were clearly separated by a dashed
boundary marked in the HRTEM (high-resolution transmission electron microscope) image.
The Fourier-transformed (FT) diffractogram image of Figure 9a is shown in the lower left
inset, which indicated that both diamond (several of the diffraction points originated from
diamond particles were marked by Dia) and nano-graphite (diffraction ring of graphite was
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marked by G) were contained in the figure [46]. More details of the graphite and diamond
area were unveiled with the zoom-in HRTEM image in Figures 9b and 9c, respectively.
As presented in Figure 9b, the fringes of the lattice plane of graphite were clear, and it
can be observed that the interplanar spacing of its G (200) orientation is 0.34 nm [47];
the FT diffractogram images of the graphite lattice structure inside the corresponding
areas is exhibited in Figure 9(b1). Figure 9c showed that the fringes of the diamond
lattice plane are clear, and the (111) lattice plane can be observed with a lattice spacing of
0.205 nm [48], which was the same structure as the crystalline diamond. The selected area
electron diffraction image (SAED) of Figure 9c is shown in Figure 9(c1), which can be clearly
observed in the diamond orientation of the (111) and (200) diffraction rings. The SAED of
the diamond region provides a clearer pattern indicating the high quality and crystallinity
of the diamond. The TEM image in Figure 9d shows the lubricating film on the surface of
the NCD coating. As can be seen, compared with the MCD coating, only a lubricating film
was formed on the surface of the NCD coating without the transformation of diamond to
graphite phase. Under HRTEM investigation in Figure 9e, the (111) lattice plane can be
observed with a lattice spacing of 0.206 nm. The FT diffractogram images of the diamond
lattice structure inside the corresponding areas is shown in Figure 9(e1), which also can be
clearly observed in the diamond orientation of the (111) and (200) diffraction rings.
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Figure 9. (a) The TEM image of the wear-scarred surface of the MCD coating; (b) HRTEM image
of the graphite area of (a); (b1) the FT diffractogram images of (b); (c) HRTEM image of the dia-
mond area of (a); (c1) the FT diffractogram images of (c); (d) The TEM image of the wear-scarred
surface of the MCD coating; (e) HRTEM image of the diamond area of (d); (e1) the FT diffractogram
images of (e).

From the above characterization results, the MCD coating and NCD coating have the
effect of storing seawater due to their rough surfaces, so that a layer of water film was
formed between the two worn surfaces, which hindered the direct contact between the two
worn surfaces, resulting in a certain hydrodynamic effect for the low friction coefficient
of the diamond coating in the seawater environment. In addition, the SiC wear debris
generated during the friction process has a tribochemical reaction with water. The reaction
process as follows [49–52]:

Si-C + H2O→Si-OH + C-H, Si-OH + Si-OH→O-Si-O + H2O

Therefore, the SiO2 that was generated by a tribochemical reaction which formed
a lubricating film on the surfaces of both the MCD coating and the NCD coating; SiO2
lubricant films with high hydrophilicity retain water at the sliding interface. Retention
of water at the sliding interface resulted in high load capacity and stable friction [52]. In
addition, as the MCD coating has a rougher surface, a part of its surface area experienced a
rather high local contact pressure, where the silica layer was destroyed by the contact force,
and the asperity to the SiC ball surface and the diamond coating are sheared and destroyed,
leaving the contact surface flat. Frictional heat is concentrated in the contact zone and the
local temperature rises, leading to the transformation of sub-stable sp3 bonds into stable



Crystals 2022, 12, 1345 13 of 16

sp2 bonds and graphitization of the contact area [53]. According to literature reports, in the
case of graphite, its layered structure yields low friction only when the π–π* orbitals were
separated by intercalated donors or acceptors. Water acts as a Lewis base (a weak donor
for the high electron density of the π cloud), reducing the electron-hole attraction between
the basal planes; therefore, the effect of water on graphite is to reduce its friction [17].

Based on the above analysis of the research results, we propose a feasible friction
mechanism as shown in Figure 10. The surface of MCD coating in the dry friction environ-
ment was rough and the size of the generated wear debris was large, which led to severe
abrasive wear during the repeated process of wear. In contrast, the surface of NCD coating
was smoother, and the wear debris was smaller; in addition, more graphite was generated
during the repeated process of wear, which made the NCD coating have better tribological
properties in a dry environment. For the seawater environment, the excellent tribological
properties of diamond coatings were attributed to the SiO2 lubricant film generated by
the tribochemical reaction, as is illustrated in Figure 10. Due to the micro-scale surface
roughness of diamond, it was able to store water and wear debris between its grains, so that
wear debris did not adhere between two wear surfaces and abrasive wear occurred. On the
other hand, the SiO2 generated by the tribochemical reaction also formed a lubricating film
on the diamond surface, which was hydrophilic and therefore retained water at the sliding
interface, both of which resulted in low friction and low wear of the diamond coating in a
seawater environment. Furthermore, the MCD coating has a rougher surface, and the high
local contact pressure allows the SiO2 layer to break down. In these areas, the diamond
phase produced a graphite phase change at high contact pressures and graphite also pro-
duced low frictional effects in water. Thus, for MCD coating in a seawater environment,
the wear mechanism was a mixed lubrication state, with SiO2 particles playing a major role.
Although the graphite phase was formed at the top of the diamond surface asperity, the
SiO2 particles were also always generated at the wear interface and are always supplied to
the lubricated interface, giving it a stable low friction state [54].
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4. Conclusions

In this study, MCD and NCD coatings were deposited by MPCVD, and the friction
and wear behavior of the two coatings on diamond coatings in dry and seawater environ-
ments was investigated. This work provides significant insights into the sea water wear
behavior of diamond coatings and the application of marine protective coatings. The main
conclusions are as follows:
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(1) Continuous and similar thicknesses of MCD and NCD coatings were successfully
deposited by MPCVD under different deposition parameters, which eliminates the
great influence of the thicknesses on the properties of tribological performance. Both
MCD and NCD coatings have good bonding properties.

(2) The main wear mechanism of MCD coating and NCD coating in a dry friction envi-
ronment is abrasive wear. The surface of the wear track of the NCD coating is smooth
and the wear debris generated is small. Additionally, more sp2 and graphite phases
are generated in the wear track due to frictional heat, which makes the NCD coating
have better tribological performance in a dry friction environment.

(3) Compared with the dry friction environment, the average COF of MCD and NCD
coatings in the seawater environment are reduced 64.1% and 37.8%, respectively, and
the wear rate is reduced by 39.5% and 26.5%, respectively. The main wear mechanism
of the diamond coating is the SiO2 lubricating film generated by the tribochemical
reaction. Moreover, the MCD coating is a synergistic lubrication effect consisting of
graphite phase and SiO2 layer, resulting in a low average coefficient of friction and
low wear.

(4) Based on the discussion on the friction mechanism of MCD and NCD coatings on
diamond coatings in a dry environment and seawater environment, the diamond
coating has good tribological properties and corrosion resistance in a seawater envi-
ronment, which provides guidance on protective coatings on the surface of sea-related
friction parts.
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