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The wear resistance and corrosion resistance of Ni-based niobium carbide (NbC) coatings were investigated via 
scanning electron microscopy (SEM), energy dispersive spectrometry (EDS), X-ray diffraction (XRD), electrochemical 
polarization, electrochemical impedance spectroscopy (EIS), digital microhardness testing, and wear testing. The results 
revealed that the substrate was mainly composed of a γ-Cr (Fe) solid solution, and the composite coating was composed 
of FeNi, NbC, and Ni. Electrochemical test results suggest that the Ni-based coating with a NbC content of 20% has 
high passivation resistance, low corrosion current, and positive corrosion potential, providing a better protective barrier 
layer to the AISI 4145H steel against corrosion. In addition, the hardness of the coating increased gradually with 
increasing NbC content. When the NbC content is 20%, the coefficient of friction (COF) and wear rate of the coating are 
the lowest, indicating that the coating is more wear resistance than other coatings. 
Keywords: Ni-based coating, niobium carbide (NbC), plasma transferred arc welding (PTAW), corrosion resistance, 
wear resistance. 

 
1. INTRODUCTION ∗ 

In recent years, to effectively extract offshore oil, 
drilling equipment has been continuously improved and 
advanced equipment has been designed [1 – 3]. However, 
the drilling environment is often accompanied by corrosion 
activities of the corrosive Cl- media. In addition, the drill 
will undergo severe wear, owing to prolonged contact with 
the rock. Plasma transfer arc welding (PTAW) is a surface 
engineering technology that uses a high energy density 
plasma arc as a heat source for achieving surface 
strengthening of the substrate. PTAW is widely used in 
offshore oil drilling fields, owing to its fast welding speed, 
controlled melt depth, low substrate dilution rate, low 
deformation, and high bonding strength between the solder 
layer and the substrate [4 – 6]. 

The working principle of a PTAW Metal Matrix 
Composite (MMC) coating is that the workpiece and the 
tungsten electrode are used as a current positive electrode 
and a current negative electrode, respectively. During the 
process, the MMC is heated and melted, and the surface of 
the substrate is heated and slightly melted. The MMC is 
fused with the substrate to form a metallurgical composite 
coating. From current studies, nickel (Ni)-based, iron (Fe)-
based, and cobalt (Co)-based MMCs are reinforced by 
high-melting point and high-hardness ceramics are 
commonly used [7 – 10]. The strengthening behavior, 
microstructural evolution, and mechanical properties of 
composite coatings have been extensively studied in recent 
years. Researchers have found that MMCs reinforced with 
ceramic carbide coatings are effective in protecting the 
corresponding substrates from wear and corrosion. Zhang 
                                                 
∗ Corresponding author. Tel.: +86-21-38284810; fax: +86-21-38284818.  
E-mail address: hychen@shmtu.edu.cn (H. Chen) 

studied the friction and wear behavior of WC/Ni cemented 
carbide tool material irradiated by a high-intensity pulsed 
electron beam [11]. Fan et al. investigated the wear 
properties of plasma transferred arc Fe-based coatings 
reinforced with spherical tungsten carbide (WC) particles 
[12]. Zhang et al. determined the influence of a laser 
substrate pretreatment on the anti-adhesive wear properties 
of WC/Co-based TiAlN coatings on AISI 316 stainless 
steel [13]. The aforementioned studies have demonstrated 
that MMCs can improve the mechanical properties of a 
substrate. Compared with expensive Co-based and poorly 
performing Fe-based MMCs, Ni-based MMCs are the most 
cost-effective MMCs. Ni-based coatings reinforced with 
WC particles are quite popular. However, the density of 
WC (15.63 g/cm³(25 °C)) differs significantly from that of 
Ni-based alloys (8.4 g/cm ³ (25 °C)). This leads to 
segregation of the two corresponding powders during 
mixing and, in turn, to a cracked coating. The density of 
NbC (7.6 g/cm³ (25 °C)) is similar to that of Ni-based 
alloys (8.4 g/cm³(25 °C)) and, hence, studies focused on 
Ni-based coatings reinforced with NbC particles are 
meaningful. Many ceramic particle-reinforced MMCs have 
been widely studied, but the wear resistance and corrosion 
resistance of Ni-based NbC coatings have rarely been 
investigated. 

In this study, an electrochemical workstation, a digital 
microhardness tester, and a friction and wear tester were 
used to determine the wear and corrosion properties of Ni-
based NbC coatings. The effect of the NbC content on the 
wear resistance and corrosion resistance of the coatings 
were investigated. The results of this work will help to 
improve materials used for protecting offshore oil drilling 
tools. 
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2. EXPERIMENTAL 

2.1. Materials 
The substrate was composed of an AISI 4145H steel 

(100 mm × 100 mm × 10 mm), which is commonly used in 
oil drilling. The surface was polished and cleaned prior to 
plasma transfer arc welding (PTAW). Ni1559 alloy 
powder (Högans., Shanghai, China) and NbC powder 
(Luoyang Golden Egret Special Alloy Corp., Luoyang, 
China)  were  used  in  the  PTAW  process,  which yielded  
2 – 3 mm thick coatings. The chemical composition of the 
AISI 4145H steel and Ni1559 alloy powder are shown in 
Table 1. In addition, the particle size of NbC powder and 
Ni1559 alloy powder are shown in Fig. 1. The particle size 
of the NbC powder and the Ni1559 alloy powder mainly 
distributed in 55.1 – 159 µm, 78.0 – 148 µm, respectively. 
The scanning electron microscope (SEM) image of 
morphology of the NbC powder and the Ni1559 alloy 
powder are shown in Fig. 2. The NbC powder consisted of 
irregular-shaped, whereas the Ni-based alloy powder 
consisted of spherical particles. Prior to PTAW, different 
weight ratios of NbC powder and Ni-based alloy powder 
were homogeneously blended at 100 r/h for 1 h in a ball 
mill [14]. Table 2 shows the weight ratios employed for 
several groups of powder blends. 
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Fig. 1. Particle size distribution of the NbC powder and the 

Ni1559 alloy powder 

 
Fig. 2. SEM image of: a – morphology of the NbC powder;  

b – morphology of Ni1559 alloy powder 

After PTAW, the samples were cut into 
10 mm × 10 mm × 5 mm pieces via wire cutting, and the 
thickness of the coating at this time was 0.8 – 1 mm. The 

obtained samples were then immersed, sanded with various 
grades (up to 1500#) of water-resistant sandpaper, washed 
in deionized water, degreased with alcohol, and dried with 
cold air. Subsequently, the samples were placed in a drying 
dish for further use. In preparation for electrochemical 
experiments, the samples were first sanded with 400# 
water-resistant sandpaper. One of the 10 mm × 10 mm 
faces of each sample was then selected as the work surface, 
and the corresponding back surface was welded with a 
copper wire. In addition, the other five faces of the 
removal face were encapsulated in epoxy in a Teflon tube. 
The working surface of the packaged sample was then 
dried, ground with sandpapers of up to 1000#, and washed 
with deionized water. Afterward, the surface was washed 
in anhydrous ethanol for 10 min using an ultrasonic cleaner, 
and then dried and removed from the cleaner [15]. 

The cross-section of each the polished sample was 
etched with aqua regia (HCl:HNO3 = 3:1). Furthermore, 
the microstructure of each coating was evaluated via 
scanning electron microscopy (SEM; JEOL JSM7500F) 
and energy dispersive spectrometry (EDS; JEOL 
JSM7500F). The phase constituents of the coatings were 
identified via X-ray diffraction (XRD; PANalytical X, Pert 
Pro X) measurements performed at 40 mA and 40 kV over 
2θ ranging from 10° to 90°, using a Cu-Kα radiation 
source. 

Table 2. Weight ratio of powder mixing 

Coating 
number 

Composition, wt.% Ball mill 
parameter NbC Ni1559 

1# 0 100 

100 r/min, 1h 
2# 10 90 
3# 20 80 
4# 30 70 
5# 40 60 

2.2. Electrochemical corrosion testing 
The potentiodynamic-polarization curves and Nyquist 

plots were measured using a CHI660D electrochemical 
workstation (Shanghai Chenhua Instrument Co., Ltd., 
Shanghai, China). The three-electrode principle was 
employed in this work, where the working electrodes, 
reference electrode, and counter electrode were five types 
of coating samples, a saturated calomel electrode, and a 
10 mm × 10 mm platinum electrode, respectively. A 3.5 % 
NaCl solution was used as the electrolyte. The 
electrochemical corrosion testing was performed at room 
temperature (25 °C). 

2.3. Microhardness and wear tests 
The microhardness values from the substrate steel to 

the coating of the five samples were determined using a 
HXD-2000TMSJC/LCD digital microhardness tester 
(Shanghai Taimin Optical Instrument Co., Ltd, Shanghai, 
China). 

Table 1. Chemical composition of AISI 4145H steel and the Ni1559 alloy powder, wt.% 

Material C Si Mn P S Cr Ni Mo Cu Fe B 
AISI 4145H 0.45 0.25 0.90 0.01 0.01 1.00  –  0.30 0.25 Bal.  –  

Ni1559 0.60 3.00  –   –   –   –  Bal.  –   –  0.20 2.90 
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An experimental load and loading time of 200 g and 

15 s, respectively, were employed. To ensure the accuracy 
of the hardness value, three measurements were performed 
on each test area and the average of the measured values 
was taken. 

The coefficient of friction (COF) was determined 
using a friction and wear tester (German BRUKER UMT 
TriboLab, Germany). Testing was performed under the 
following conditions: test load: 50 N, frequency: 2 Hz, 
amplitude: 5 mm, sliding speed: 20 mm/s, test time: 
60 min, and total wear stroke: 144 mm. The grinding ball 
was used at room temperature (25 °C) and standard 
atmospheric pressure. In addition, the tribological 
properties of the coatings were determined using a WC ball 
(diameter: 8 mm) to perform a reciprocating dry sliding 
frictional wear test on five samples. To ensure that the 
COF value is valid, three measurements were taken on five 
samples, and the most stable set of the three COF data sets 
was used for the analytical studies. 

3. RESULTS AND DISCUSSION 

3.1. Microstructure and phase composition 
The XRD patterns obtained for Ni1559 alloy powder, 

NbC powder as well as coatings 1#, 2#, 3#, 4#, and 5# are 
shown in Fig. 3. Specifically, XRD patterns obtained for 
Ni1559 alloy powder, NbC powder, coatings 1#, 2#, 3#, 4#, 
and 5# are shown in Fig. 3 a, and XRD patterns obtained 
for coatings 1#, 2#, 3#, 4#, and 5# are shown in Fig. 3 b, 
and XRD patterns obtained for coatings 5# are shown in 
Fig. 3 c. As shown in the figure, the substrate steel was 
mainly composed of ϒ-Cr (Fe) solid solution, and the 
composite coating was composed of FeNi, NbC and Ni. 
With the addition of NbC, the NbC characteristic peak has 
not been greatly enhanced from the Fig. 3 c. 

The microstructures of each coating are shown in 
Fig. 4. Fig. 4 a and b show the cross-sectional positions 
and coating microstructure, respectively, of coating 1#. 
Etching of this pure Ni-based coating revealed a dendritic 
structure. In plasma transfer arc welding, the Ni-based 
alloy and the substrate solidify rapidly when the plasma 
beam moves away from the molten pool, which causes the 
formation of dendrites [16]. Fig. 4 c and d show the cross-
sectional positions and coating microstructure, respectively, 
of coating 2#. The figure reveals that this coating (i.e., 
coating 2#) consisted of many white particles (i.e., NbC 
powder [17]) and is composed of a dendritic structure. And, 
Fig. 4 e and f show the cross-sectional positions and 
coating microstructure, respectively, of coating 3#. Fig. 4 g 
and h show the coating microstructure of coatings 4# and 
5#, respectively. As the NbC content increases, the white 
small particles were observed to become large particles, 
and the amount also increases. The EDS spectra of points 
A (a) and B (b) of coating 1#, points C (c) and D (d) of 
coating 2#, and points E (e) and F (f) of coating 3# are 
shown in Fig. 5. Points A, C, E lie in the heat affected zone 
of coatings 1#, 2#, and 3#, respectively. Points B, D, F lie 
in the cladding area of coatings 1#, 2#, and 3#, respectively. 
The heat affected zone of coating 1# consisted of C, Si, Cr, 
Fe, and Ni, and the cladding area of coating 1# consisted of 

these elements as well as S (Fig. 5 a and b). Since the 
composition of the substrate steel (AISI 4145H) contains 
the S element, at the time of Plasma transfer arc welding 
(PTAW), the substrate steel and the alloy powder are 
simultaneously heated and melted, which causes the S 
element to appear not only in the substrate steel but also in 
the heat affected zone and the coating. Similarly, the heat 
affected zone and the cladding area of coating 2# consisted 
of C, Si, S, Cr, Fe, and Ni, as shown in Fig. 5 c and d. The 
heat affected zone of coating 3# consisted of C, Si, S, Cr, 
Fe, and Ni, and the cladding area contained these elements 
as well as O and Nb (Fig. 5 e and f). This indicated that 
NbC was detected in the coating when the NbC content 
was increased to 20 %. 

 
a 

 
b 

 
c 

Fig. 3. XRD patterns obtained for Ni1559 alloy powder: a – NbC 
powder, coatings 1#, 2#, 3#, 4#, and 5#; b – XRD patterns 
obtained for coatings 1#, 2#, 3#, 4#, and 5#; c – XRD 
patterns obtained for coating 5# 
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Fig. 4. SEM images of morphology: a – of as-obtained sample 1# 

at locations of  cross  section;  b – at  locations  of  coating;  
c – sample 2# at locations of cross section; d – at locations 
of  coating;  e – sample  3#  at  locations  of  cross  section;  
f – at locations of coating; g – sample 4# at locations of 
coating; f – and sample 5# at locations of coating 

3.2. Electrochemical measurements 
Fig. 6 shows the potentiodynamic-polarization curves 

obtained for coatings 1#, 2#, 3#, 4#, and 5# in the 3.5 % 
NaCl solution. The self-corrosion potential, self-corrosion 
current density, polarization resistance, anode slope, and 
cathode slope of the coating in the solution are listed in 
Table 3. The polarization curve shown in Fig. 6 reveals 
that coatings 1#, 2#, and 3# underwent negligible 
passivation, and the entire anode section underwent active 
dissolution [18]. For NbC additions of > 20 %, a relatively 
wide passivation zone occurred in the curves of coatings 
4# and 5#, and the self-corrosion current density changed 
only modestly in the passivation interval [19]. The self-
corrosion currents density of coatings 1#, 2#, 3#, 4#, and 
5# were 19.14 µA·cm-2, 16.05 µA·cm-2, 11.83 µA·cm-2, 

27.50 µA·cm-2, and 24.01 µA·cm-2, respectively (Table 3). 
The corrosion susceptibility of the coating increased with 
decreasing self-corrosion current density. At a NbC 
content of 20 %, the self-corrosion current density and the 
corrected self-corrosion potential were smaller than the 
values at other content. Therefore, at a NbC content of 
20 %, the Ni-based NbC coating provided excellent 
protection to the substrate. 

Fig. 7 shows the Nyquist plots and Bode impedance 
plots of coatings 1#, 2#, 3#, 4#, and 5# in the 3.5 % NaCl 
solution. Fig. 8 and Table 4 show the impedance fitting 
circuit diagram and the impedance fitting results, 
respectively. Similar arcs were occurred in the EIS curves  
of each coating. A low-frequency arc resistance, which 
was expressed as a low-frequency capacitive anti-arc or a 
high-frequency capacitive arc, was absent from each curve. 
This indicated that a passivation film formed on the 
electrode surface of each sample [20]. The total impedance 
of each sample increased with increasing radius of the arc 
and the optimal corrosion resistance in the 3.5 % NaCl 
solution was realized for the sample with a NbC content of 
20 %. In the Bode impedance plots, the impedance value 
of the low frequency region represents the impedance of 
the corrosion reaction. For the low-frequency region, the 
impedance value of coating 3# was the highest (Fig. 7). 
This indicated that the ions in the solution passed more 
easily through the passivation film on the surface of the 
other coatings than through the passivation film on the 
surface of coating 3#. That is, the sample with a 20 % NbC 
content exhibited the best corrosion resistance in the 3.5 % 
NaCl solution [21]. 

The EIS of coatings 1#, 2#, 3#, 4#, and 5# were fitted 
using the R(Q(R(QR))) equivalent circuit diagram, where 
Rs and Rf represent the resistance of the solution and the 
resistance of the passivation film, respectively. 
Furthermore, Qf is the capacitive reactance of the 
passivation film, Qdl is the electric double layer 
capacitance generated on the sample surface, and Rct is the  
electrochemical transfer resistance [22]. The 
electrochemical transfer resistance of the samples with 
NbC content greater than 20 % was larger than that of the 
pure Ni-based coating. The electrochemical transfer 
resistances of coatings 1#, 2#, 3#, 4#, and 5# were 
2.582 × 103 Ω·cm2, 3.134 × 103 Ω·cm2, 8.04 × 103 Ω·cm2, 
3.487 × 103 Ω·cm2, and 4.438 × 103 Ω·cm2, respectively.  

 
a b 
 Fig. 5 continues on the next page 
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c d 

 
e f 

Fig. 5. EDS spectra: a – of point A; b – point B; c – point C; d – point D; e – point E; f – point F 

 
The corrosion resistance increased with increasing Rct. 

Therefore, the Ni-based coating with a NbC content of 
20 % exhibits the relatively good corrosion resistance in 
the 3.5 % NaCl solution. 
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Fig. 6. Potentiodynamic-polarization curves of coatings 1#, 2#, 

3#, 4#, and 5# 

Table 3. Corrosion data determined from the potentiodynamic-
polarization curves of coatings 1#, 2#, 3#, 4#, and 5# 

Samples Ecorr, mV icorr, 
μA·cm-2 Rp, Ω βa, 

mV/dec 
βc, 

mV/dec 
1#  – 0.337 19.14 2124.6 6.694 3.996 
2#  – 0.252 16.05 1873.6 11.978 2.481 
3#  – 0.221 11.83 2935.5 10.166 1.628 
4#  – 0.335 27.50 1340.7 8.693 3.831 
5#  – 0.333 24.01 1998.1 6.025 3.037 

3.3. Microhardness and wear tests 
Fig. 9 shows the microhardness  results for the 

distance from coating surface to the substrate of coatings 
1#, 2#, 3#, 4#, and 5#. Each sample is divided into three 
areas: the substrate, the dilution zone, and the welding 
zone. As the figure shows, the hardness of the substrate 
was smallest (243.2 HV0.2) , and the dilution zone was 
asecond, and the welding zone was biggest for each 
samples. The above data can prove that the Ni-based 
coating can increase the hardness of the substrate [23]. It 
was observed from the Fig. 9 that the hardness gradient 
appeared in any zone. This is due to the fact that the 
temperature of the plasma transfer arc surfacing affected 
the hardness of the coating and the substrate [12]. When 
the content of 10 %, 20 %, 30 % of NbC was respectively 
added, the average hardness of these coatings were 
301.0 HV0.2, 365.0 HV0.2, and 408.1 HV0.2, and the 
hardness of the coating was increased, but it was also 
observed that the coating hardness did not obviously 
increase on the basis of the hardness of Ni-based coating. 
This is because the increase in NbC leads to the production 
of pores, the density of the coating is reduced, and the 
hardness is reduced [24]. At the same time, the average 
hardness of the coating 5# (668.9 HV0.2) were 1.7 times of 
the coating 1# (404.8 HV0.2), which indicated that the 
addition of NbC to a certain amount does increase the 
hardness of the coating. Also, the hardness of the coating 
increased as the content of NbC increases, because the 
hardness of the NbC itself is large (greater than 
1000 HV0.2). In other words, the hardness of the coating 2#, 
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3#, 4#, 5# is increased due to the cemented carbide phase, 
such as NbC. FeNi also plays an important role in 
improving the microhardness of composite coatings, and 
similar results have been reported in earlier studies [25]. 

 
a 

 
b 

Fig. 7. Nyquist plots and Bode impedance plots of coatings 1#, 
2#, 3#, 4#, and 5# 

 
Fig. 8. Equivalent electrical circuits of Nyquist curves of coatings 

1#, 2#, 3#, 4#, and 5# 
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Fig. 9. Microhardness of coatings 1#, 2#, 3#, 4#, and 5# 

Fig. 10 shows the coefficient of friction values and 2D 
profile across the wear tracks determined for coatings 1#, 
2#, 3#, 4#, and 5#. Table 5 showed the data results for the 
wear tests of coatings 1#, 2#, 3#, 4# and 5#. The main 
factors affecting the wear resistance of materials are: 
hardness, crystal structure, temperature, plasticity and 
toughness, strength, inclusions and other metallurgical 
defects and surface roughness [26]. 
 

Table 4. EIS fitting results of coatings 1#, 2#, 3#, 4#, and 5# in the 3.5 % NaCl solution 

Samples Rs/Ω·cm
2 

Qf Rf, Ω·cm2 Qdl Rct, Ω·cm2 Y0/Ω-·cm-2·sn nf Y0/Ω-1·cm-2·sn ndl 
1# 7.449 2.616×10-4 0.7913 2.008×103 2.003×10-4 0.6828 2.582×103 
2# 6.187 4.787×10-4 0.7523 2.051×103 8.007×10-4 0.5549 3.134×103 
3# 7.034 2.908×10-4 0.7754 3.288×103 7.056×10-4 0.5381 8.042×103 
4# 7.587 4.164×10-4 0.7943 9.244×102 1.350×10-3 0.4813 3.487×103 
5# 7.244 7.244×10-4 0.8000 2.019×102 8.601×10-4 0.8000 4.438×103 

 
a b 

Fig. 10. a – coefficient of friction of coatings 1#, 2#, 3#, 4# and 5#; b – 2D profile across the wear tracks 
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Table 5. Tribological performance of coating 1#, 2#, 3#, 4# and 5# 

Samples Average width of 
wear track, µm  

Average depth of 
wear track, µm  

Wear volume, 
V/mm3 

Wear rate, 
mm3·N-1·m-1 

Steady-state friction 
coefficient, µ  

1# 302.012 18.340 0.028 3.889×10-6 0.641 
2# 313.320 30.614 0.047 6.528×10-6 0.710 
3# 197.452 22.059 0.022 3.056×10-6 0.566 
4# 270.631 30.649 0.041 5.694×10-6 0.622 
5# 207.766 28.374 0.029 4.028×10-6 0.583 

 
It can be seen in conjunction with Fig. 9 and Fig. 10 

that hardness is not a decisive factor in wear resistance. 
Although the hardness of coating 5# was larger than other 
coatings, its coefficient of friction and wear rate were not 
smallest, which indicated that the highest hardness did not 
have the most wear resistant properties. It was observed 
that the coefficient of friction obtained at a NbC content of 
20 % was smaller than the other contents (Fig. 10 a), the 
shallowest wear track (Fig. 10 b), and the lowest wear rate 
(Table 5). The magnitude of the coefficient of friction 
indicates the level of adhesion of the surface of the coating, 
which implies that the adhesion wear resistance of the 
coating 3# is better than others. When the amount of NbC 
added was more than 20 %, NbC aggregates were formed 
with increasing NbC content of the coating, leading to 
pores and cracks between the NbC and the NbC [27]. 
Therefore, it is impossible to add NbC to reduce COF. 

4. CONCLUSIONS 
A NbC particle-reinforced Ni-based composite coating 

was produced via PTAW, and a good metallurgical 
bonding interface between the coating and the AISI 4145H 
substrate was obtained. The microstructure, corrosion 
resistance, hardness, and wear resistance of the coating 
were investigated. The major conclusions of the study are 
summarized as follows: The Ni-based NbC coating 
substrate was composed mainly of γ-Cr (Fe) solid solution, 
and the composite coating was composed of FeNi, NbC, 
and Ni. The optimal corrosion resistance and the wear 
resistance of the Ni-based NbC coating were realized at a 
NbC content of 20 %. In addition, the hardness of the 
coating increased gradually with increasing NbC content. 
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