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(CrNbTiAIVMo)xN; _x coatings were deposited on 316 L steel by sputtering method. The structure, mechanical
and tribo-corrosion performances of the coating were studied. The results show that all coatings exhibit single
FCC structure. With the increase of Mo content, the surface particle size increases, and the orientation changes
from (111) to (200). The maximum hardness reaches 44.3 GPa and the corresponding elastic modulus is 405

GPa. Tribo-corrosion test show that the coatings exhibit better resistance to tribo-corrosion than 316 L steel. The
coating with 8 at% Mo content has the lowest static current density (7.49 x10~° A/cm?) and dynamic current
density (9.33 %1078 A/em?), while the coating with 32 at% Mo content shows the smallest wear volume. The
related synergistic mechanism of tribo-corrosion was discussed.

1. Introduction

With the development of the marine industry, many engineering
components (such as valves, pumps, lifting systems, etc.) suffer from the
adverse effects of corrosion, which is manifested as a large number of
component failures and huge economic losses [1]. 316 L stainless steel
has been widely used because of its excellent corrosion resistance in
various environments [2-7]. Higher Cr content in 316 L is beneficial to
promote the formation of surface passivation film, which further im-
proves its corrosion resistance. However, the combination of the
removal of the film and the corrosive environment leads to accelerated
corrosion [8]. Therefore, there are many problems to be solved for 316 L
stainless steel used in tribo-corrosion environment.

In recent years, high-entropy alloys (HEAs) have been widely studied
as a material with good corrosion resistance and wear resistance [9-15].
Compared with conventional materials, HEAs have better fracture
resistance [16], hardness [17,18], oxidation resistance [19] and corro-
sion resistance, which is attributed to four core effects, including
high-entropy effect, slow diffusion effect, lattice distortion effect and
cocktail effect [19-21] However, the processing cost limits the wide

application of HEAs. Recently, the concept of high-entropy alloy coat-
ings (HEACs) have been proposed. Benefiting from the lower dimension
of the coating material, the HEACs not only have similar properties to
the high-entropy alloy bulk, but also exhibit superior strength and
toughness. In general, HEACs exhibit mostly simple single or amorphous
structure. At the same time, the elemental composition of HEACs is more
complex, which can easily regulate the corrosion resistance [22,23]. For
instance, Dou et al. [24] found that FeAlCoCuNiY HEAC had a single
FCC structure without component segregation. And the coating had
better corrosion resistance than 201 stainless steel. It was found that Fe,
Co, and Ni increase the passivation area and corrosion resistance of
AlCoFeNiTiZr HEAC [25]. At the same time, the grain refinement also
makes the HEAC have better corrosion resistance. Bachni et al. [26]
researched the effect of Al content on corrosion performance of
VNbMoTaWAL. They found that the corrosion resistance of coating was
the best when Al content in the coating was 2.37 at%.

Recently, nitrogen is introduced into HEACs to form high-entropy
ceramics or high-entropy nitride coatings (HENCs). The addition of N
element plays a role in solid solution strengthening, which exhibits
better mechanical properties. So far, many studies on HENCs have been
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reported [27-33]. Most of them focus on the structure, mechanical
properties, friction properties and corrosion. Zhang et al.[34] reported
that the microstructure become dense and the friction changes signifi-
cantly of (TiVCrNbSiTaBY)N HENCs with the increase of bias voltage.
(AICrMoSiTi)Ny coating was reported that the crystal structure gradu-
ally changed to FCC structure with the increase of nitrogen content [35].
And when the nitrogen content was 49 at%, high hardness (41.6 GPA)
coating showed excellent mechanical. Lo et al. demonstrated that the
(AICrNbSiTiMo)N coating deposited at — 100 V had lowest wear rate of
1.2 x 107% mm®/Nm at 700 °C. [36]. Si et al. [37] discovered that the
corrosion resistance of TiVCrZrWNy coatings increased with the incre-
ment of N content. But few papers focus on synergistic effect of wear and
corrosion on coatings.

In this paper, six strong nitrogen compound elements (Cr, Nb, Ti, Al,
V, Mo) were selected to deposit coatings. According to previous studies,
the selected Cr, Ti, Al and Mo elements are proved to easily form a
passivation film in 3.5 wt% NaCl solution and enhance the corrosion
resistance of the coatings [38-40]. The oxides formed by selected Mo, V
and Nb elements during the friction process are beneficial to reducing
friction [41,42]. Many studies have found that Mo doping has a signif-
icant effect on the hardness, friction coefficient and corrosion resistance
of the coating [43,44]. However, to the best of our knowledge, most of
the articles study the friction or corrosion behavior independently, and
there are fewer studies focus on the synergistic mechanism of wear and
corrosion. Therefore, a series of (CrNbTiAlVMo)N;_yx coatings with
different Mo content were prepared in this paper. The mechanical
properties, microstructure and tribo-corrosion mechanism of
as-deposited coatings were systematically investigated in relation to the
Mo content.

2. Experimental details
2.1. Deposition of (CrNbTiAlIVMo),N1_x coatings

(CrNbTiAIVMo)«N;_x coatings with different Mo contents were
deposited on Si wafers and 316 L substrates using an unbalanced
magnetron sputtering system as shown in Fig. 1. The Si wafer was used
to observe the cross-sectional morphology of the as-deposited coatings.
The 316 L substrate was used to characterize the mechanical properties
and to perform tribological tests of the coatings. Before the coating
deposition, the bulks were ultrasonically cleaned four times with pe-
troleum ether and alcohol in turn. They were fixed on the stand and
rotated at a constant speed of 5 rpm. When the chamber pressure was

Fig. 1. Unbalanced magnetron sputtering system.
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lower than 3 x 10~° Torr, the surface of the substrate was first cleaned
by sputtering with Ar" bombardment for 30 min to remove contami-
nants. The deposition process of the (CrNbTiAIVMo),N;_x coating was
divided into two steps. In the first step, the Cr interlayer was deposited
using a pure Cr target (99.9 at%) as a sputtering resource. The sputtering
current and time were 4 A and 8 min, respectively. Second, the current
of the Mo target and Cr-Nb-Ti-Al-V splicing target gradually increased to
4.5 A in 6 min. The nitrogen was used as the reactive gas and adjusted to
38 scem during coating deposition. The detailed process parameters are
listed in Table 1. To facilitate the following discussion, the
(CrNbTiAlIVMo)«N; _x coatings with different Mo target currents are
named S1, S2 and S3, respectively.

2.2. Characterization of (CrNbTiAIVMo).N;_x coating

Using field emission scanning electron microscopy (FESEM, JSM,
7610 F) to observe coating thickness, surface and cross-sectional
morphology. X-ray diffraction (XRD, Bruker D 8 Advance) was used
for examine the crystal structure of coatings. The details of the XRD test
were scanned over a range of 35°— 50° at a speed of 0.02 (°)/min. X-ray
photoelectron spectroscopy (XPS, Thermo K-Alpha™) with Al Ka X-ray
source at a power of 150 W was used to characterize the chemical
composition of the coatings. Nano Indenter (Agilent XP) measured the
hardness and Young’s modulus of the coatings in load-unload mode. The
indentation depth was set to 100 nm for data accuracy. The indentation
depth was set to 100 nm for data accuracy. Each sample was measured 5
times at different area to reduce the error.

2.3. Electrochemical and tribo-corrosion test of (CrNbTiAIVMo)xN1_x
coating

As shown in Fig. 2, the electrochemical and tribo-corrosion perfor-
mances of the coatings in 3.5 wt% NaCl solution at room temperature
were both tested by using a liner reciprocating tribo-corrosion device
(MFT 4000, Lanzhou Huahui) with a three electrode system. Carbon
worked as counter electrode (CE), Ag/AgCl worked as reference elec-
trode (RE) and the prepared samples worked as working electrode (WE).
The exposed area of WE and was 2.25 cm?. In static corrosion test, the
scanning potential range varied from — 0.6-0.6 V with the speed at
0.333 mV/s, and the scan time was guaranteed to be 1 h. Before the test,
soaked the samples for at least 1 h to ensure the samples reached a stable
electricity state. In the tribo-corrosion test, Al,O3 balls (® 6 mm) were
used as the friction pair. The load applied in the tribo-corrosion test is
5N, the sliding frequency was 0.1 Hz, and striking stroke was 5 mm.
The tribo-corrosion test performed under the open circuit potential
(OCP) condition included three sections, soaking for 10 min, sliding for
60 min, and removed the load then soaking for 10 min. For the tribo-
corrosion test performed under potentiodynamic polarization (PDP)
conditions, sweeping the potential range from — 0.6-0.6 V at a speed of
0.333 mV/s. Wear for one hour at a potential of — 0.6 V in a 3.5 wt%
NaCl solution is considered a pure wear test. After the test, the 3D profile
of the wear track was measured by 3D profiler (MicroXAM 800,
America).

Table 1
Deposition parameters of (CrNbTiAlVMo),N; _x coating by magnetron sputter-
ing system.

Deposition parameters Values

Splicing target current (A) 4.5
Mo target current (A) 1, 2 and 3 for S1, S2, S3 respectively

Working pressure (Torr) 3.8 x10°°
Bias voltage (V) -96

Ar flow (sccm) 18

N, flow (sccm) 38
Deposition time (min) 150
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Fig. 2. The structure of tribo-corrosion device.

3. Result and discussion

3.1. Microstructure and mechanical characterization of
(CrNbTiAlVMo),N1_x coating

The surface and cross-sectional images of the coatings are shown in
Fig. 3. The particles on the surface of the coatings are dome-shaped, and
the cross-sectional morphologies are classical columnar structure. With
the increase of Mo target current, the thickness of the coating increases
from 800 to 1750 nm, and the corresponding surface particle size also
increases. Generally, an increase in target current results in an increase
in the deposition rate of the coating. The composition of the coating was
determined by XPS, and the results are shown in Table 2. Obviously,
with the increase of molybdenum target current, the molybdenum
content in the coating also increases. The content of other elements
fluctuates within a certain range. The S3 has the highest Mo content at
32%. At the same time, we can calculate the mixing entropy of each
coating according to the following formula:

ASmix = —R Z cilne; (€Y)
pr}

Where ¢; is the atomic ratio of the element and R is the gas constant
(8.314 Jmol~! K™1). The calculated ASnix value of the as-deposited
coating is listed in Table 2. As for the S3 coating, the ASp;y is 13.08
kj/mol (>1.5R), which is consistent with the definition of HEAs

(b2)

500nm

Table 2

Chemical compositions (at%) and AS,ix(kj/mol) of the samples.
Sample Cr \% Ti N Mo Nb Al ASpix
S1 11 3 3 57 8 4 14 11.51
S2 7 2 2 67 13 2 7 9.51
S3 11 3 4 36 32 4 10 13.08

proposed by Yeh et al.[20].

As shown in Fig. 4, there are three strong diffraction peaks at 36.2°,
42.3° and 44.5° appearing on the XRD spectrum of the S1 coating. These
correspond to the (111) and (200) diffraction peaks of the FCC structure
and the diffraction peak of the transition layer Cr (44.9°), respectively
[45,46]. It can be clearly seen that there is no formation of intermetallic
compound. (111) is the optimal densely packed plane with the lowest
strain energy for FCC. This is conducive to the formation of (111)
preferential orientation in competitive growth. The preferred orienta-
tion of (200) is the preferred minimum surface energy. Therefore, all the
coatings show (111) and (200) preferred orientation [47]. With the in-
crease of coating thickness, the FCC structure signal gradually increases,
while the Cr signal gradually decreases. With the power of the Mo target
gradually increases, the preferred orientation of the coating gradually
changed from (111) to (200). This phenomenon can be linked to ther-
modynamic and kinetic aspects. From a thermodynamic point of view,
the coating structure generally tend to have minimal strain and surface

Fig. 3. Surface and cross-sectional SEM images of (CrNbTiAIVMo)xN; 4. (al, a2) S1; (b1, b2) S2; (c1, ¢2) S3.
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Fig. 4. XRD patterns of (CrNbTiAlVMo)yN; _, coating.

energy. The power of the Mo target increases gradually, the energy of
the Mo atoms gradually increases and the mobility of the atoms in-
creases. The atoms are easier to grow in (200) direction with low surface
energy [48]. In terms of kinetic, the (200) direction is more likely to
form channels for high-energy atoms [49]. Therefore, with the increase
of Mo atoms, it gradually tends to grow in the (200) orientation.

Fig. 5(a) shows the evolution in hardness and modulus of
(CrNbTiAIVMo)xN;_y coatings. Clearly seen that the hardness and
elastic modulus of the coatings decrease first and then increase with the
increase of Mo content. S1 has the maximum hardness value of 44.3 GPa
and elastic modulus value of 405 GPa. On the on hand, the coating with
(111) preferred orientation exhibits higher hardness. As the Mo content
changes, the preferred orientation of the coatings gradually changed
from (111) to (200). Among them, the preferred orientation of S1 is
(111). On the other hand, the intensity of the XRD peak indicates better
crystalline properties. The (111) signal of S1 is the strongest. So S1 has
the highest hardness. The value of H/E in Fig. 4(b) indicates its fracture
resistance [50], while H3/E2 indicates its plastic deformation resistance
[51]. It can be seen that the H/E and H3/E? of S1 are the highest. The S1
coating has the best mechanical properties.

3.2. Tribo-corrosion performance of (CrNbTiALVMo) ;_x Ny coating in
3.5 wt% NaCl solution

3.2.1. Tribo-corrosion performance under OCP condition

Fig. 6 shows the tribo-corrosion performance of 316Land coatings
under OCP condition. Clearly seen that the OCP value of the as-
deposited coatings are approximately — 0.05 V, which is higher than
that of the substrate. The higher OCP value usually indicates better
corrosion resistance. When the friction pair contacts the sample surface,
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the measured potential changes. The potential of 316 L decrease to
— 0.26 V, while potential of the coating decrease slightly. It can be seen
in the layer that the potential gradually increased during the tribo-
corrosion process from S1 to S3 with the increase of Mo content. S3
has the strongest resistance to potential change, which is related to the
increase of Mo content [52]. This can be explained that the mechanical
action of the friction pair removes the passivation film on the surface
and exposing the fresh surface [53]. With the progress of wear, the
potential gradually stabilizes and the formation and removal speed of
the passivation film reaches a dynamic balance. After removing the load,
the OCP of 316 L and coatings gradually increase as the passivation film
recovered again on the samples [44]. In addition, it is worth noting that
the coefficient of friction between the coating and 316 steel in NaCl
solution is not much different, both around 0.15.

Fig. 7 is SEM images of the wear track after tribo-corrosion test. It can
be found from Fig. 7(a) that the 316 L steel is severely worn, mainly
manifested as abrasion. However, the wear tracks of as-deposited coat-
ings are shallower and smoother than that of 316 L, which is mainly due
to the high hardness of the coating. With the increase of Mo content, the
wear mechanism of the coating gradually changes from abrasion to
oxidation wear. This is mainly due to the good lubrication effect of ox-
ides formed in the process of tribo-corrosion compared with the 316 L
[54].

3.2.2. Tribo-corrosion performance under dynamic polarization condition

Fig. 8 shows the static polarization and PDP results of 316 L and the
prepared coatings. The calculated self-corrosion potential (Eory) and
self-corrosion current density (Icorr) are shown in Table 3. Under the
static polarization test, it can be seen that the S1 coating has the mini-
mum Ieorr (7.04 x10°8A/cm?) and higher Ecorr (—0.15 V). As the Mo
content increases, the I.o; Of the coating increases, and the S3 coating
gets the highest I.o (2.02 %1077 A/cm?). Under the PDP test, the S1
coating still has the minimum I. (9.33 %1078 A/cm?), which is an
order of magnitude lower than other samples. However, with the in-
crease of Mo content, the Eo shows a gradually increasing trend. In
general, the current density indicates the corrosion rate. In this paper,
the dynamic current density is significantly higher than the static cur-
rent density, which indicates that the friction behavior can promote the
corrosion. The calculated wear volume measured by the 3D profilometer
is shown in Fig. 8(c). The pure wear volume is obtained after friction by
applied a cathodic protection potential of — 0.6 V in the 3.5 wt% NaCl
solution. The wear volume of sliding under dynamic corrosion condition
is calculated from Fig. 8(b). Compared to the 316 L steel, the wear
volume of the coated samples under different conditions is much lower,
which indicates the excellent tribo-corrosion performance of the pre-
pared (CrNbTiAlVMo),N; 4 coatings. Among them, the S3 coating owns
the lowest wear volume under both condition.

Fig. 9 presents the wear track morphology of the coatings after PDP
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Fig. 5. (a) Hardness and elastic modulus and (b) H/E and H3/E2.
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Fig. 7. SEM images of wear tracks for 316 L alloy and (CrNbTiAlVMo)4N;_ coatings under OCP condition. (a) 316 L; (b) S1; (c) S2and(d) S3.

test. The 316 L steel suffers severe pitting corrosion and abrasion, while
no obvious pitting corrosion occurred in the coated samples. The wear
track of S1 shown in Fig. 9(b) is shallow, and a bit corrosion pits appear
on the wear track. The wear type of S1 is adhesive wear. It can be seen
from Fig. 9(c) that there are a large number of particles on the wear track
surface. It is clear that the wear type of S2 is particle wear. The low
hardness causes the wear volume of S2 to be larger than that of S1 and
S3. The wear track of S3 (Fig. 9(d)) is the smoothest, indicating that S3
has a better synergistic effect against wear and corrosion. In addition,
XPS was used to determine the composition of wear tracks and the ob-
tained results are shown in Table 4. The content of oxygen elements of
wear tracks from S1 to S3 were 34.07, 31.87 and 16.89 at%, respec-
tively. The reduced oxygen level in wear track may suggest less wear of
the coating. Among them, the oxygen content of Slcoating is the

highest, which indicates a large number of oxide film generated during
the process of tribo-corrosion. This also explains the best corrosion
resistance of the S1 coating.

3.3. Tribo-corrosion mechanism of (CrNbTiAlIVMo),N1_ coatings

To study the tribo-corrosion mechanism of the coating, we assume
that the volume losses only occurr in the wear track under the process of
tribo-corrosion test. This assumption was also adopted in some previous
study[55,56]. Generally, the volume (T) lost in the process of
tribo-corrosion can be divided into two parts: wear loss volume (A W)
and corrosion loss volume (/\C). The /AW can be divided into two parts:
pure wear loss volume (W) and wear increment volume (W¢): (1) the
volume lost without corrosion is W, which is generally measured under
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pure wear test and tribo-corrosion test under PDP.

Table 3
Dynamic polarization results of (CrNbTiAIVMo)4N; _ coatings in 3.5 wt% NaCl
solution.

Condition Sample Teorr (A/cm?) Ecorr (V)

Static Corrosion 316 L 3.55 x 1078 -0.20V
S1 7.04 x 107 -0.15V
S2 6.29 x 1078 -0.19V
$3 2.02 x 1077 -0.16 V

Sliding Corrosion 316 L 3.07 x 1077 -0.33V
S1 9.33x10°8 -0.24V
S2 2.51 x 1077 -0.01V
$3 2.44 x 1077 0.33V

cathodic protection; (2) In the process of tribo-corrosion test, corrosion
will cause the change of sample surface state, resulting in the change of
wear loss volume. Compared with W the promoting effect of corrosion
on wear is Wc¢. The /AA\C is divided into pure corrosion loss volume (Cp)
and corrosion increment volume (Cy): (1) the loss volume without wear
is Cp. (2) Wear will destroy the passivation film on the sample surface,
resulting in the change of corrosion loss volume. This part of the
changed volume is produced by the promoting effect of wear on corro-
sion, which can be defined as Cy.

The wear loss volume is obtained under the condition of wear and
corrosion. Each wear track is measured three times at different parts and
then converted into the total volume to ensure the accuracy of the data.
The volume of pure corrosion loss in the case of static corrosion and the
total volume of corrosion loss in the process of tribo-corrosion are
calculated by Faraday’s law.

itM
- 2
Co= @

Where, i is the average current (A), the polarization curve obtained from
the corrosion test by Tafel extrapolation, as shown in Table 2, and then
multiplied by the exposed area. And ¢ is the total test time (s), M is the
molar mass of the coating (g / mol), n is the number of electrons
transferred during the tribo-corrosion test, and F is the Faraday constant
(C / mol). And p is the density of the coating (g / cm?). Then the total
volume lost (T) is:

T=W+Cop+ Wc+Cw 3

Fig. 10 shows the proportion of each component in the tribo-
corrosion process of 316 L, S1, S2 and S3. It can be seen that the ma-
terial loss volume of 316 L stainless steel is the largest, which mainly due
to friction increment (W, 72.65%) and corrosion increment (Cy,
23.51%). The result shows that 316 L stainless steel has weak resistance
to tribo-corrosion, especially the increase of corrosion on friction loss
volume. It shows that corrosion damages the surface greatly, resulting in
an increase in surface defects and a large change in the amount of wear.
Among the prepared coatings, the loss volume of S3 is the smallest and
the proportion of each loss is relatively uniform, indicating the high Mo
content the coating has better tribo-corrosion resistance. The wear
volume of S2 is the largest. Since the coating surface is the roughest in
the process of wear and corrosion, the wear amount of S2 accounts for a
large proportion. The total loss volume of S1 is smaller than S2, and the
dominant wear volume can be explained by lower tribo-corrosion syn-
ergistic effect. In all coatings, AW gradually decreased from 87.53% to
56.60%, indicating that the wear resistance of the coating gradually
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Table 4
Chemical composition of wear tracks during the tribo-corrosion test.
coating Chemical composition (at%)
Ti Al Cr Nb \% Mo [0} N
S1 2.28399 8.835 8.53399 2.6912 1.94759 4.63881 34.06516 37.004
S2 1.32644 6.141 6.80462 1.5254 1.12747 9.09935 31.87425 42.101
S3 1.69295 4.196 4.71712 1.5772 1.18651 11.9086 16.88612 57.835
1900.13
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Fig. 10. (a) The proportion and (b)volume of each contribution of tribo-corrosion components for 316 L alloy and (CrNbTiAIVMo),N;  coatings sliding against
Al,03 balls under polarization condition in 3.5 wt% NaCl solution.
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increased with the increase of Mo content. Cry03 and MoO3 produced in
the friction process can improve the friction of the coating.

Stack et al.[57-59] established the synergism mechanism diagram to
explain the synergism in the tribo-corrosion experiment. It can be
explained by Fig. 11. By analyzing wear increment (W) and total wear
volume, the strength of tribo-corrosion synergism between each coating
and substrate can be obviously analyzed. It can be seen from Fig. 11 that
the synergism of all coatings is weaker than 316 L stainless steel, indi-
cating that corrosion has a great impact on friction. The point of S1 is
close to the low synergism region due to its high hardness and Mo make
the coating wear-resistant and form more passive MoOs film. The
hardness of S2 is lower than S1 and the oxide coating of S2 is less than
S1. The synergistic effect of S2 is the strongest under the effect of
hardness and oxide coating. The dynamic current density of S3 changes
little compared to the static current density, the synergy is not obvious,
so it falls in the low synergy region.

4. Conclusions

(CrNbTiAlVMo)«N; _x coating was prepared on 316 L substrate by
unbalanced magnetron sputtering. Its microstructure, mechanical
properties and tribo-corrosion properties were characterized. The tribo-
corrosion synergistic effect of all coatings is stronger than that of 316 L
stainless steel. From the experimental results, it can be summarized as
follows:

(1) With the increase of Mo content, surface particle size of coating
structure is gradually coarse and always maintains a single FCC struc-
ture. Mo replaces Cr to form a solid solution. Mixing of multiple ele-
ments lowers the free energy and favors the formation of simple solid
solutions.

(2) (CrNbTiAlVMo)N; _x coatings show good hardness and elasticity
when Mo content was 8 at%. With the increase of Mo content, the
hardness and elastic modulus of the coating decreased first and then
increased.

(3) The tribo-corrosion test results show that the ability to resist
synergistic effect of wear and corrosion of all coatings is better than that
of 316 L stainless steel in 3.5 wt% NaCl solution. At the 8 at% Mo
content, the coatings has the lowest static current density (7.04 x10~°
A/cm?) and dynamic current density (9.33 x1078 A/cm?) due to the
formation of a large amount of oxide passive film.

(4) The uncoated 316 L steel occurs severe tribo-corrosion in 3.5 wt
% NaCl solution, which is significantly affected by the coupling effect of
corrosion and wear. The (CrNbTiAlVMo)sN;_x coated samples exhibit
excellent tribo-corrosion performance, and the S3 sample is least
affected by the coupling effect of corrosion and wear, which falls in the
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Fig. 11. The degree of synergism with Wc proportion versus W proportion for
tribo-corrosion of 316 L and S1, S2, S3 in 3.5 wt% NacCl solution.
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low synergism region.
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