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Abstract: Two kinds of CoCrNi composite coatings, CoCrNiMo and CoCrNiMoBC, 
were prepared by laser cladding on the base metal of 304 stainless steel. The 
wear and corrosion properties of the coatings were studied by wear tests and 
electrochemical tests. Results show that the addition of B4C promotes the generation 
of the ceramic phase, and therefore improving the microhardness of the coating 
and enhancing its wear resistance, while simutaneously keeps its excellent 
corrosion resistance. Energy dispersive X-ray spectrometry analysis shows that the 
chromium distribution in the two coatings is relatively uniform, which is beneficial 
for corrosion resistance. Scanning Kelvin probe microscopy results reveal that 
the potential difference between dendrites and interdendrites is only 20 mV,
which leads to a relatively low driving force for galvanic corrosion. Observation through 
the atomic-scale high-resolution transmission electron microscopy shows that the 
fundamental reason for the high wear and corrosion resistance of the coating is the 
excellent coherent interface between the two phases, which reduces the interface 
energy and potential difference and thus improving its corrosion resistance. 
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1 Introduction
Wear, corrosion, and their interaction are inevitable failure modes of equipment used in 
marine environments [1]. Turbine blades, offshore drilling platforms, as well as various 
valves and drill pipes of desalination systems have always been corroded by seawater. 
Their surfaces gradually deteriorate under the action of stress and corrosion, which 
greatly shortens the service life and reduces the safety of the equipment [2]. Therefore, it 
is of great economic and social significance to develop materials with both high wear and 
high corrosion resistance [3]. 

Wear and corrosion resistance are opposing qualities and are difficult to obtain at the same 
time. Traditional marine steels, such as super duplex stainless steel 2205, 2207 [4, 5], super 
austenitic stainless steel 254SMO [6], and titanium alloys [7], are widely used in various 
marine equipment with excellent corrosion resistance, providing a reliable guarantee for 
safe operation. However, the hardness of these alloys is relatively low, and the surface 
is prone to serious wear from erosion and high stress, which leads to the damage of the 
passivation film. A great number of corrosive ions in seawater, such as from chloride ions 
and the local acidic environment, further intensify the corrosion, causing huge risks to 
the service safety of the equipment [8].

Ceramic strengthening is an important method for improving wear resistance [9]. The 
improved hardness can effectively resist external loads, avoiding plastic deformation, but 
at the same time, galvanic corrosion can be induced at the interface of different phases, 
resulting in reduced corrosion resistance [10]. Designing a suitable strengthening phase 
that can not only improve wear resistance but also maintain good corrosion resistance is 
a topic of focus.
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In recent years, high-entropy alloys (HEAs) with equal 
atomic or nearly equal atomic ratios have become popular in 
the field of materials science [11]. Studies show that such alloys 
have excellent wear and corrosion resistance, good strength and 
toughness, and high temperature stability [12-15]. For example, 
the eutectic high-entropy alloy FeCrNiCoNb0.5 with nanometer 
scale was prepared [16]. The results revealed that the nanometer 
scale eutectic structure is why the alloy has better corrosion 
resistance than 304SS. TiNbZr alloys with different amounts of 
Ag addition were prepared by arc melting, and an amorphous-
nanocrystalline layer can be formed during wear tests, thus, 
protecting the alloy from further wear loss [17]. Moravcik et al. [18]

studied the effects of N on the corrosion behavior of CoCrNi 
alloy in sulfuric acid solution, and pointed out that N element 
can effectively improve the pitting resistance of the alloy. 
Wang et al. [19] found Mo can also improve the corrosion 
resistance of CoCrFeNi alloy due to that with the addition 
of Mo, Cl- can diffuse between Cr2O3 and MoO3 in a more 
easier way, thus, minimize the attack on the metal surface. 
Among these HEAs, CoCrNi-based systems have been 
widely investigated because of their excellent comprehensive 
properties [21-25]. 

However, the size limit of arc melting, as well as the high cost, 
restricts the application of HEAs. A viable solution is to prepare 
protective HEA coatings on the surface of components. Laser 
cladding is a surface coating technique currently used in many 
industries [26-28]. This method can achieve good metallurgical 
bonding with the base metal to provide a high bonding strength 
that is suitable for various bearing and friction conditions. The 
high energy density and fast cooling speed of laser cladding can 
effectively reduce the grain size, improve the solid solubility of 
the system, while can also reduce the dilution rate and the heat-
affected zone of the matrix to prevent deformation.

In this study, to prepare coatings with both high wear 
and high corrosion resistance, two different CoCrNi-based 
high-entropy alloy composite coatings, CoCrNiMo and 
CoCrNiMoBC, were prepared by laser cladding on 304 
stainless steel (304SS), and their wear and corrosion resistance 
were studied. The correlations between the elemental 
distribution, microstructure and the wear and corrosion 
resistance of the coatings were analyzed.

2 Experimental procedures
2.1 Sample preparation
The nominal powder compositions of the two coatings are 
listed in Table 1. The size of the pure metal powder used was 
50 μm in diameter (99.5wt.%), and B and C were added in 
B4C particles (99.9wt.% purity) with an average diameter of 
10 μm. The mixed powder was milled in a planetary muller for 
5 h in alcohol under Ar protection and then dried in a vacuum 
at 50 °C. The laser power used for cladding was 1.4 kW, 
with a speed of 300 mm∙min-1 under Ar protection to prevent 
oxidation. The base metal used was 304SS, and the thickness 
of the precoated powder was 2 mm.

2.2 Metallographic and microstructural analysis
The phase constitutions of the coatings were analyzed from 
30° to 100° at a scanning rate of 4°∙min-1 by X-ray diffraction 
(XRD, D/Max 2500 PC Rigaku, Japan) with Cu Kα radiation 
(λ=0.15405 nm). The microstructures of the coatings were 
examined using scanning electron microscopy (SEM). The 
chemical composition was analyzed with energy dispersive X-ray 
spectroscopy (EDS), and transmission electron microscopy (TEM) 
observations were conducted using a Thermol Fisher Scientific 
Talos F200X G2 TEM microscope operated at 200 kV. The TEM 
sample was prepared using the focused ion beam (FIB) technique 
(FEI Scios DualBeam). 

2.3 Hardness, wear, and corrosion testing
The microhardness of the coatings from the top surface to the 
substrate was measured by using of a Vickers hardness tester 
(HV, ShiDai, HVS-1000) with a load of 2 N (200 g) and a 
duration time of 15 s. 

Dry sliding tests were conducted on a reciprocating ball-
on-plate tribometer (Rect MFT-5000, USA) with a normal 
load of 10 N for 30 min at a repeating frequency of 1 Hz. The 
counterpart was an Al2O3 ball with a diameter of 9.8 mm. The 
coefficient of friction (COF) was recorded simultaneously 
using the tester system, and the wear volume and morphology 
of the tracks were measured by 3D morphometry (BRUKER 
Contour GT-K1, Germany). The morphology of the worn 
surfaces was also evaluated by SEM.

The corrosion properties were evaluated using the three-
electrode cells with a saturated calomel electrode (SCE) as 
the reference electrode, a platinum electrode as the auxiliary 
electrode, and a coating specimen as the working electrode. 
All electrochemical measurements were performed at room 
temperature (23±2 °C) and repeated at least three times to 
maintain reproducibility. The electrolyte solution was 3.5wt.% 
NaCl solution.

The potentiodynamic polarization of each sample was measured 
at a scanning rate of 0.5 mV∙s-1 with a potential range from 
-0.2 VSCE to a potential higher than the breakdown potential. 
Potentiostatic passivation was also tested for CoCrNiMo and 
CoCrNiMoBC at 0.2 VSCE for 1 h to study the properties of the 
passive films. Then, electrochemical impedance spectroscopy 
(EIS) was conducted in the frequency range of 100 kHz-10 MHz.
The experimental data were analyzed using the commercial 
software Gamry. Capacitance measurements were performed 
by sweeping the potential from an anodic value to a cathodic 
value, with a 10 mV AC signal and a step rate of 25 mV∙s-1 at 
a frequency of 1,000 Hz. The sweeping rate employed was 
sufficiently fast to satisfy the assumption of a "frozen-in" defect 
structure for the Mott-Schottky theory [5]. Thus, the capacitance 

Table 1: Nominal compositions of two coatings (at.%)

Samples Co Cr Ni Mo B C

CoCrNiMo 28.67 28.67 28.66 14 0 0

CoCrNiMoBC 27.00 27.00 27.00 14 4 1
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Fig. 1: X-ray diffraction patterns of two coatings

3.2 Microstructural characterizations
Figure 2 presents the typical microstructures of the CoCrNiMo 
and CoCrNiMoBC coatings and the corresponding EDS 
results. As shown in Figs. 2(a, b), two structures can be seen: 
equiaxial grain and interdendritic structures. From the inset 
table in Fig. 2(b), it is clear that the equiaxial grain is rich 
in Co, Cr, and Ni, while the Mo content in the interdendritic 
area is much higher than the equiaxial grain. The elemental 
distributions are more noticeable in the EDS mapping, as 
shown in Fig. 2(c). Combining these findings with the XRD 
results, the interdendritic area can be determined to be σ, while 
the equiaxial grain is the FCC solid solution. The dendrite area 
is about 86%. 

Figures 2(d, e) reveal the microstructure of the CoCrNiMoBC 
coating: typical dendritic and interdendritic structures. The 
dendrite structure is FCC rich in Co, Cr, and Ni, while the 
interdendritic region has more Cr, Mo, B, and C, which is 
determined to be M23(C,B)6. EDS mapping analysis in Fig. 2(f) 
also supports these findings. The dendrite area is about 62%.

The dendrite keeps the FCC structure upon adding 1at.% of 
B4C, but with a much smaller size, whereas the interdendritic 
phase changes from σ to M23(C,B)6.

reflected is the property of the electronic part of the space charge 
other than the ionic component in the film [29]. 

2.4 Scanning Kelvin probe force microscopy 
(SKPFM) measurements

The scanning Kelvin probe force microscopy (SKPFM) 
measurements of the polished samples were collected without 
etching. The probe used was a non-magnetized Cr/Pt conductive 
coating tip, and the resonance frequency of 60-90 kHz was 
used to map the volta potential variation between the phases. 
A dual-scan mode was used to record interactions in the 
electrostatic force in addition to the surface topography. 

The topographies of the coating surfaces were obtained during 
the first scan. Then, the cantilever was lifted up by 100 nm
to avoid the effects of topographic features on the potential 
mapping. An AC voltage was applied to the tip to oscillate the 
cantilever if an electric field between the tip and the sample 
surface was present. The oscillation of the cantilever was then 
nullified by applying a DC voltage to the tip. At this step, 
the potential of the tip and the sample surface were equal. 
The potential mapping of the sample surface can be acquired 
by this nullifying technique. The principle and details of the 
SKPFM measurements have been explained elsewhere [30].

3 Results and discussion
3.1 Phase analysis 
The phase constitutions of the two coatings were identified by 
XRD, and the patterns are listed in Fig. 1. It can be seen the 
FCC solid solution is the main phase for both coatings, while 
M23(C,B)6 only exists in CoCrNiMoBC. In addition, σ formed 
in CoCrNiMo, which is consistant with the research results by 
Qin et al [31]. Notably, the preferential orientation is shown in 
the (200) of CoCrNiMoBC, while the (111) plane is preferred 
in CoCrNiMo. With the addition of B4C, the intermetallic 
compound σ changes to form carbon boride because of the 
lower mixing enthalpy between metal atoms and boron/carbon.

Fig. 2: SEM and TEM morphologies and EDS analysis of CoCrNiMo (a, b, c) and CoCrNiMoBC (d, e, f) coatings

(a) (b) (c)

(d) (e) (f)
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(c) (d)

3.3 Wear performance and analysis
Figure 3(a) shows the microhardness distribution along the depth 
of the coatings. The microhardness of the coatings is improved 
significantly upon adding 1at.% of B4C in CoCrNiMo, reaching 
a maximum of 552 HV0.2, almost three times that of the 304SS 
substrate. The hardness of CoCrNiMo is about 340 HV0.2. The 
improvement in hardness comes from (1) the formation of the 
ceramic phase and (2) solid solution strengthening. From the 
COF curves, shown in Fig. 3(b), two different wear mechanisms 
can be inferred. The COF curve of CoCrNiMo is much more 
stable than that of CoCrNiMoBC even though their COFs are 
similar. Due to the relatively low hardness of CoCrNiMo, the 
friction pair easily intrudes into the coating, and no hard phases 
can provide enough resistance against plastic ploughing. So, 
during the reciprocating process, the resistance is much stable, 
leading to a stable COF curve. However, a great amount of 
ceramics form in CoCrNiMoBC coating, which can provide a 
great resistance to the movement of the friction pair, and cause 
the COF to gradually increase. However, these ceramics can 
be peeled off after applying friction several times, leading to 
the transient decrease in the COF before a subsequent cycle. 
Thus, a higher fluctuation is observed in Fig. 3(b). Figure 3(c) 
reveals the sectional profiles of the wear tracks. These sectional 
areas are greatly reduced due to the great improvement in the 
microhardness of CoCrNiMoBC. The wear volume in Fig. 3(d) 
also supports this conclusion.

Figure 4 shows the morphology of worn surface after 
wear tests. Two distinct characteristics can be observed. 
The CoCrNiMo coating with the lower hardness underwent 

severe plastic deformation under the force of the friction pair. 
The coating surface is ploughed and extruded leading to the 
formation of the patches and delamination. However, only fine 
furrows are seen on the worn surface of CoCrNiMoBC due to 
the improved hardness after the formation of the ceramic phase. 
As can also be seen from the 3D morphology, the depth of the 
worn track of CoCrNiMo is about 20 μm, which is two times 
that of CoCrNiMoBC, reflecting the significantly improved 
wear resistance of CoCrNiMoBC.

3.4 Electrochemical properties and passive 
film analysis

To evaluate the corrosion properties of the coatings, potential 
dynamic, potentiostatic polarization, and electrochemical impedance 
spectroscopy tests were performed in a 3.5wt.% NaCl solution. 
Figure 5(a) presents the potentiodynamic polarization results. 
The polarization kinetic parameters calculated from the curves 
are listed in the inset tables. These two coatings have almost 
the same Ecorr, while the Icorr of CoCrNiMoBC being lower 
than that of CoCrNiMo. This indicates that CoCrNiMoBC has a 
lower corrosion rate than CoCrNiMo under open circuit potential 
conditions. Both coatings have a wide passive range of 0.9 V.

The point defect model (PDM) theory developed by 
Macdonald provides a satisfactory qualitative explanation 
for the growth and breakdown of the passivation films from 
a microscopic perspective [32-34]. The film can be treated as a 
bilayer with a highly disordered "barrier" layer adjacent to the 
metal, containing mostly metallic oxide and with an outer film 
comprised of a metallic hydroxide precipitated phase that may 

Fig. 3: Microhardness along depth of coatings (a), COF (b), wear sectional profiles (c), and wear volume loss (d)

(a) (b)
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Fig. 5: Representative potentiodynamic polarization curves (a) and corresponding Nyquist plots (b); bode 
plots of passive films (c); equivalent circuits (d)

Fig. 4: SEM images (a, b) and 3D morphologies (c, d) of worn surfaces of CoCrNiMo (a, c) and 
CoCrNiMoBC (b, d)

(a) (b)

(c) (d)

incorporate anions and/or cations from the solution. Therefore, 
a two-time constants model was used to reflect the inner and 
outer layers of the passivation films.

Figures 5(b, c) show the EIS results of the passive films 
under open circuit potential conditions based on the equivalent 

circuit indicated in Fig. 5(d). From the parameters shown 
in Fig. 5(b), CoCrNiMoBC has a greater charge transfer 
resistance, and therefore has better corrosion resistance. These 
findings imply that CoCrNiMoBC possesses better corrosion 
resistance than CoCrNiMo in NaCl solution.

Samples
Ecorr (mV)
vs SCE

Icorr

(nA/cm2)
Eb (mV)
vs SCE

CoCrNiMo -253.6 482 648

CoCrNiMoBC -255 324 651

Groups
param.

Rs

(Ω·cm2)
R1

(Ω·cm2)
R2

(Ω·cm2)
Q1

  n1         Y1 (F·cm2)
Q1

  n2       Y2 (F·cm2)

S-Mo 2.46 2.23e5 1,310 0.86 5.97e-5 0.835 2.62e-4

S-Mo(B4C) 3.47 3.16e5 109 0.834 3.67e-5 0.709 3.52e-4

0.888 mm

0.666

0.444

0.222

0.101
0.203

0.304
0.406 mm

-19.895 m�

4.349 m�

0.101

0.202
0.303

0.404 mm

-10.776 m�

2.068 m� �1.0�1.0
0.654 mm

0.491

0.327

0.164

(a) (b)

(c) (d)
4.349 μm

-19.895 μm

2.068 μm

-10.776 μm
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(c)(a) (b)

Fig. 6: Nyquist (a), Bode (b), and Mott-Schottky (c) plots of passive films obtained at 0.2 VSCE

In the circuit, Rs is the resistance of the solution, while R and 
Q are respectively the resistance and capacitance of the passive 
film (R1 and Q1 refer to the inner layer, and R2 and Q2 refer to 
the outer layer). The constant phase element (CPE) component 
is used to explain the non-ideal capacitance response of the 
film formed on the coatings caused by surface roughness and 
adsorption during EIS. The impedance (ZCPE) of the non-ideal 
capacitance is given by [35]:

(1)

where Y is the proportional factor, ω is the angular frequency,
and n is the CPE exponent associated with surface inhomogeneity 
from 0 to 1. ZCPE represents a resistance with R=Y -1 (n=0), an 
ideal capacitance with C=Y (n=1), the Warburg element (n=0.5), 
or an inductance where L=Y -1 (n=-1), L is the inductance. For 
the intermediate case where 0<n<1, CPE can be correlated 
with the roughness. The general trend is that the lower the 
n, the rougher the corresponding electrode surface [36]. The n 
values of all the specimens are close to 1, indicating that the 
electrochemical behavior of the passive films is compact but 
different from the pure capacitive behavior.

The performance of passivation film is very important for 
the corrosion resistance of the coating. To further evaluate the 
corrosion resistance of both coatings, passivation films were 
prepared by electrostatic potential polarization at a potential 
of 0.2 VSCE. The properties of the passivation films were tested 
with EIS and the Mott-Schottky method.

EIS curves for the passivation films are shown in Figs. 6(a, b). 
The resistance of CoCrNiMo is higher than CoCrNiMoBC, 
while both are much higher than that of the open circuit 
potential [Fig. 5(b)], indicating a better barrier property.

From the parameters listed in Table 2, it can be found that R2 
is relatively small because of the porous structure of the outer 
layer hydroxide. Therefore, only the inner layer film thickness 

was calculated using the following equation [37]:

(2)

(5)

(4)g = 1 + 2.88(1-n)2.375    

Table 2: Values of equivalent circuit elements for EIS data

Alloys Rs
(Ω∙cm2)

R1
(Ω∙cm2)

R2
(Ω∙cm2)

Q1 Q2
Ceff 

(F∙cm−2) d (nm)
n1

Y1
(F∙cm−2) n2

Y2
(F∙cm−2)

CoCrNiMo 1.90 5.91e5 24.57 0.85 5.0e-5 0.62 0.0013 1.84e-6 3.3

CoCrNiMoBC 1.83 2.99e5 46.3 0.86 4.73e-5 0.42 0.0181 1.58e-6 2.9

where A is the surface area of the film; ε is the dielectric 
constant (equals to 15.6 in this case); and ε0 is the vacuum 
permittivity (8.8542×10-14 F∙cm-1). Ceff is the effective 
capacitance of the passive film deduced from the CPE elements 
to interpret the properties of the film and can be expressed as:

In Eq. (3), the parameter ρd is the resistivity and can be 
assigned a value of 500 cm2, while g is a function of n and can 
be expressed by the following equation:

The inner layer film thicknesses for CoCrNiMo and 
CoCrNiMoBC are 3.3 and 2.6 nm, respectively, and have a 
positive relationship with their resistances [38].

The electrical properties of the passive film on the coatings 
are important in understanding its protective characteristics 
against corrosion. According to the Mott-Schottky theory, a 
proven reasonable approach to calculating the donor density [39],
the space charge capacitance (C) for a semiconductor electrode 
under the depletion conditions is given by Eq. (5) [40]:

(3)d

where ND is the donor densities, e is the electron charge 
(1.6×10-19 C), k is the Boltzman constant (1.38×10-23 J∙K-1), 
T is the absolute temperature (K), E is the potential, and EFB 
is the flat-band potential. As a result, the plot of C -2 versus E 
should be a straight line with a slope inversely proportional 
to the doping concentration. Figure 6(c) shows that both 
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the passivation film semiconductors are n-type (the slope is 
positive), meaning that the charge carriers are mainly oxygen 
vacancies or interstitial cations. However, although both the 
curves exhibit similar features, they are not straight because of 
the inhomogeneity of the films. The variation of the slope with 
the applied potential in this region is attributed to modifications 
of the passive film structure and composition. The parts chosen 
for line fitting are presented with green lines. The charge carrier 
densities of CoCrNiMo and CoCrNiMoBC were calculated 
according to Eq. (5) as 3.4×1020 and 4.1×1020 cm-3, respectively.

3.5 Reasons for corrosion resistance 
improvement of CoCrNiMoBC coating

The wear resistance of CoCrNiMoBC was greatly improved 
compared with CoCrNiMo, while keeping a relatively high 
corrosion resistance. To figure out the mechanisms of its high 
corrosion resistance, the volta potential distribution of the 
coating was mapped using the scanning Kelvin probe force 

microscopy (SKPFM, Bruker Multimode 8). Figures 7(a, b) 
indicate the height and volta potential profiles of the same 
positions across different phases, and Fig. 7(c) is the profiles 
along the yellow lines in Figs. 7(a, b). Due to the relatively 
low potential difference between different phases, the contrast 
in Fig. 7(b) is not sufficiently clear. The potential difference 
along the line is in the range of 20 mV, which is quite small 
compared to other results [41-44]. Such a small potential difference 
can effectively reduce the driving force of galvanic corrosion, 
improve uniform corrosion, and enhance the corrosion resistance 
of the material [45].

To understand the reasons for the small potential difference 
between the two phases, TEM analysis was performed to explain 
this phenomenon from an atomic scale. Figures 8(a, b) show 
the SEM images of the FIB sample of CoCrNiMoBC before 
and after ion thinning, from which the grain and interdendritic 
region can be clearly seen. Figure 8(c) is the TEM bright field 
image. The HRTEM results of the interface between the two 

Fig. 7: Microstructure of CoCrNiMoBC (a), SKPFM image (b), and height and volta potential profiles along 
the marked yellow line (c)

Fig. 8: Phase boundaries for CoCrNiMoBC: (a, b) SEM images of TEM samples; (c) bright-field image of TEM; 
	 (d) HRTEM image along [001] zone axis and corresponding FFT and IFFT images; (e) IFFT image of 

interface between the two phases

(a) (b) (c)

(e)(d)

(a) (b) (c)
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phases are shown in Fig. 8(d). Through selected area electron 
diffraction (SAED) of the [001] crystal axis, combined with 
XRD results, it can be seen that both phases have FCC lattice 
structure, with the lattice constant of M23(C,B)6 almost three 
times that of the FCC matrix. Figure 8(e) displays the inverse 
Fourier transform diagram at the interface, revealing that 
the two phases have a completely coherent interface without 
distortion. This completely coherent relation can effectively 
reduce the interfacial energy and internal stress of the system, 
which effectively reduces the potential difference between the 
two phases [46-47]. At the same time, the coherent interface can 
also ensure an excellent bonding force between the two phases, 
prevent interface cracking under the action of an external load, 
and promote the improvement of wear resistance [48].

4 Conclusions
In this study, two kinds of wear and corrosion resistant coatings 
were successfully prepared on the matrix metal of 304 stainless 
steel by laser cladding. With the addition of B4C in CoCrNiMo, 
an optimal balance between wear and corrosion resistance can be 
realized. This strategy can be beneficial in the development of new 
materials serving for a harsh marine environments. Based on the 
analysis above, the major conclusions are obtained as follows:

(1) The CoCrNiMoBC coating has a better wear resistance 
than that of CoCrNiMo.

(2) With the introduction of B4C, the wear resistance of 
the CoCrNiMoBC coating is greatly improved while keeping 
comparable corrosion resistance with CoCrNiMo coating. 

(3) Results by scanning Kelvin probe force microscopy 
reveal that the potential difference between the dendritic and 
interdendritic areas of CoCrNiMoBC is only 20 mV.

(4) The ceramic M23(C,B)6 forms a fully coherent lattice 
with the FCC matrix, which is beneficial for the high wear and 
corrosion resistance of the CoCrNiMoBC coating. 
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