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Abstract: Fe-based coatings reinforced by spherical tungsten carbide were deposited on 304 stainless 
steel using plasma transferred arc (PTA) technology. The composition and phase microstructure of the coatings 
were evaluated using scanning electron microscopy (SEM), energy dispersive spectrometer (EDS) and X-ray 
diffraction (XRD). The corrosion behaviors of the coatings in 0.5 mol/L HCl solution were studied using 
polarization curve and electrochemical impedance spectroscopy (EIS) measurements. The experimental results 
shows that the tungsten carbide improves the corrosion resistance of the Fe-based alloy coating, but increase in 
the mass fraction of tungsten carbide leads to increasing amount of defects of holes and cracks, which results 
in an adverse effect on the corrosion resistance. The defects are mainly present on the tungsten carbide but also 
extend to the Fe-based matrix. The tungsten carbide, acting as a cathode, and binding material of Fe-based alloy, 
acting as an anode, create a galvanic corrosion cell. The binding material is preferentially corroded and causes 
the degradation of the coating.
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1	 Introduction

It is well known that 304 stainless steel (304SS) 
has good mechanical properties and chemical corrosion 
resistance. However, its low hardness and poor wear re-
sistance restricts its application as a key moving part in 
an equipment due to friction[1-3]. In order to enhance the 
wear resistance of the 304 stainless steel, the Fe-based 
alloy coating reinforced by spherical tungsten carbide 
has been employed using plasma transferred arc (PTA) 
technology[4]. The coating showed relatively high hard-
ness and excellent wear resistance in a series of hard-
ness, friction and wear tests. However, in the practical 
circumstances, it is inevitable that the coating would be 
in direct contact with a variety of highly corrosive me-

dia which may potentially degrade its performance due 
to corrosion. 

Previous research[5] has shown that cemented 
carbide coatings are generally multi-phase materials, 
and the Co bonding material and WC hard phase could 
form a galvanic corrosion cell. As a result, their corro-
sion is basically electrochemical in nature. In general, 
the standard reduction potential of a tungsten carbide 
hard phase is higher than that of the bonding phase 
which tends to act as an anode and corrode, while the 
hard phase, acting as a cathode, is less affected. Hoch-
strasser et al[6] studied the corrosion behavior of a WC-
Co cemented carbide coating in corrosive solutions at 
various pH values and demonstrated that the corrosion 
of coating in acidic or neutral corrosive media was 
dominated by the 

corrosive dissolution of the Co bonding phase 
with a small amount of dissolution of the WC phase. 
However, in alkaline solution, the Co bonding phase 
was passivated, whilst the solubility of WC phase was 
significantly increased. The galvanic corrosion between 
Co and WC due to potential differences accelerated the 
corrosion rate of the Co bonding material and reduced 
the dissolution of the WC hard phase. Furthermore, the 
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galvanic corrosion occurred in the corrosive medium of 
all pH values. The studies carried out by Bozzini et al[7] 
have revealed that the hard alloy coatings have good 
corrosion resistance in neutral corrosion solutions at 
room temperature, but were severely corroded in strong 
acidic solutions. Therefore, the improvement of the 
corrosion resistance of the alloy coatings reinforced by 
tungsten carbide is of great scientific value and practi-
cal significance.

In this work, the Fe-based coatings reinforced by 
spherical tungsten carbide were deposited on the sur-
face of 304 stainless steel using PTA technology. Their 
corrosion behavior was investigated in 0.5 mol/L HCl 
solution. 

2	 Experimental

2.1	 Materials 
The 304 stainless steel (304SS) was used as the 

matrix material. The Fe-based powder and tungsten car-
bide powder used for PTA is manufactured by Hoganas 
Co. Ltd (Netherlands). The powders are spherical with 
particle size ranging from 45 to 150 μm. Their chemi-
cal composition, apparent density, and other parameters 
are provided by the manufacturer, as presented in Table 
1. The powder without tungsten carbide is labeled as 
Fe, and the powders mixed with 30% and 60% mass 
of tungsten carbide are designated as Fe+30%WC and 
Fe+60%WC, respectively.
2.2	 Fabrication of the coating

The Fe-based powder used for PTA was mixed 
with the tungsten carbide powder in accordance with 
the proportions of 30% and 60%. Then the combined 
powders were further mixed in the QM-3SP4 planetary 
ball mill for 2 h and baked in an oven for 1 h to in-
crease the fluidity and prevent them from blocking the 
powder feeding tube. The Fe-based coating reinforced 
by spherical tungsten carbide was deposited using PTA-
PHE equipment (Saint-Gobain, France). The deposition 
parameters are shown in Table 2.
2.3	 Microstructural characterization

The samples with dimension of 10 mm×10 mm ×

8 mm were machined by use of wiring cutting, and 
characterized using metallographic, X-ray diffraction 
(XRD) and electrochemical testing. And the coated 
samples with the size of 5 mm× 5 mm× 2 mm were 
used for immersion test.

The surface and cross-section of the metallo-
graphic observation specimens were successively 
ground to 2 000 grit size by SiC paper and polished to 
a mirror surface with 1.5 μm Al2O3, etched with aqua 
regia (HNO3:HCl=1:3). JSM 7500F SEM was used 
to observe the combination of substrate and coating 
as well as the structure of coating. The X-ray energy 
spectrum analysis (EDS) was used to help judge the 
element composition of the microstructure.

The surface of coated specimens for XRD test-
ing was ground to 400 grit size by SiC paper. Coating 
phase analysis was conducted on PANalytical X' Pert 
PRO XRD with Cu Kα rays, the working voltage and 
current were 40 kV and 10 mA, respectively, and in a 
scanning range of 2θ from 20° to 80°.
2.4	 Electrochemical corrosion test

As the reference material, corrosion tests were 
also carried out on the 304 stainless steel substrate. 
Prior to electrochemical corrosion test, the specimens 
were sealed with expoxy resin with a working electrode 
area of 1 cm2 was left. Thereafter, electrode surface was 
ground with successive grades of SiC water-proof abra-
sive paper up to 2000 grit, polished and ultrasonically 
cleaned with ethanol, and dried. The electrochemical 
corrosion tests were performed at room temperature, 
in 0.5 mol/L solution using the Autolab PGSTAT 302N 
type electrochemical working station. A three electrode 
system was used. A standard saturated calomel elec-
trode (SCE) was served as the reference electrode and 
the auxiliary was platinum wire.

After immersion in open circuit potential for 60 
min to make its corrosion potential basically stable, 
then the polarization curve was conducted. The scan-
ning rate was 2 mV/s and the scanning range was -1.0-
1.5 V, measured by polarization curve. The frequency 
range tested by EIS test was 10-2-105 Hz, and the 
loading voltage was sinusoidal ac voltage with the volt-

Table 1  Chemical composition, apparent density and hardness of the Fe-based powder and spherical tungsten carbide

Material Chemical composition /wt% Apparent density/(g/cm3)

Fe-based powder 1.76 C; 4.5 Mo; 16.5 Ni; 27.5 Cr; 1.39 Si; 0.73 Mn; Fe bal. 4.4
Spherical tungsten carbide 3.9-4.1 C; W bal.  9.5

Table 2  PTA deposition parameters

Current /A Voltage /V Feed rate/(g/min) Speed/(mm/min) Vibration extent /mm
130 30 10 50 20



301Journal of  Wuhan University of  Technology-Mater. Sci. Ed.  www.jwutms.net  Apr. 2020

age amplitude of 10 mV. Collecting the EIS data with 
computer and using Zsimpwin software to analyze the 
impedance.
2.5	 Immersion test

The Fe, Fe+30%WC, and Fe+60%WC samples 
were immersed in 0.5 mol/L HCl for 3 d and then 
cleaned with deionized water before being air-dried. 
The surface corrosion morphology of the above dried 
samples was observed with JSM 7500F SEM. XPS test 
was performed on ESCALAB 250Xi surface analyzer 
(Thermo Fisher Scientific Company) with monochrome 
Al target (1486.6 eV) as the X-ray source.

3	 Results and discussion

3.1	 Microstructure and phase analysis
Fig.1 shows the XRD spectra of the three tested 

Fe-based PTA coatings. The diffraction calibration 
peaks indicate that the Fe coating is mainly composed 
of γ-Fe, FeNi, and Cr7C3, while the phase of the Fe-
based coating reinforced by spherical tungsten carbide 
is more complex and has additional phases such as WC, 
W2C, Fe6W6C, and Mo2C.

The SEM micrograph of the Fe surface layer in 
Fig.2(a) shows that the PTA coating is composed of 
massive austenite dendrites (Region A), and lamellar 
eutectic structures (Region B). According to the EDS 
results in Fig.2(b), Region A is rich in Fe and Ni, while 
Region B in Fig.2(c) is rich in Cr, C, and Mo. Com-
bined with XRD phase analysis, it can be seen that the 
large area contains γ-Fe with a face-centered cubic 
(fcc) structure and a solid solution of FeNi with a large 
amount of Ni. The eutectic structure is composed of an 
intermetallic compound M7C3 (M = Cr or Mo) and γ-Fe. 
The hard phase M7C3 is mainly composed of Cr and 
Mo and is distributed in the eutectic structure formed 
by austenite rich in Cr. There is also a small amount 
of Cr and Mo in the austenite dendrites, which can be 
attributed to the fact that Cr and Mo elements are com-

pletely soluble in Fe atoms during cooling and solidifi-
cation, which forms a solid solution rich in Cr and Mo.

Fig.3 shows the SEM images of the Fe-based PTA 
coatings reinforced with spherical tungsten carbide. 
Compared to the pure Fe-based coating, new com-
ponents appear in the Fe+30%WC and Fe+60%WC 
coatings, such as coarse herringbone carbides, block 
precipitation, and spherical reinforced tungsten carbide 
particles embedded in the Fe-based matrix. Combined 
with the previous XRD results[8,9], it can be shown that 
coarse herringbone carbides are Fe6W6C, and the block 
precipitation is Mo2C.

Fig.4 shows the cross-sectional SEM images of 
PTA Fe-based coating reinforced by spherical tungsten 

Fig.1  XRD patterns of PTA coatings

Fig.2	 Microstructure of Fe PTA coating (a); (b) EDS spectrum of 
Region A marked in (a); and (c) EDS spectrum of Region B 
marked in (a)
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carbide. The coating thickness is about 500-600 μm, 
and a metallurgical combination formed between the 
coating and the substrate [10].

Fig.5 shows the surface and cross-sectional SEM 
images in BSE mode of Fe-based coatings reinforced 
by spherical tungsten carbide. There are some cracks, 
holes, and other defects on the surface and cross-sec-
tions of the Fe-based coating reinforced with spherical 
tungsten carbide. The cracks are mainly concentrated 
on tungsten carbide and tend to expand into the Fe-
based matrix. Compared to the Fe+30%WC coating, 
the Fe+60%WC coating has both larger and more 
cracks.

As the content of tungsten carbide increases, 
small holes and other defects in the coating tend to in-
crease. The main reasons are that the melting point of 
the tungsten carbide is as high as 2 870 ℃, and only a 

small percentage of tungsten carbide particles are melt-
ed at high temperatures, and the vast majority of them 
remain spherically-shaped during the PTA process. 
Since the content of tungsten carbide is low, the liquid 
Fe-based alloy can be completely coated on the surface 
of tungsten carbide to form a compact composite coat-
ing. However, as the tungsten carbide content increas-
es, the liquid Fe-based alloy cannot quickly wet the 
entire surface of tungsten carbide and fill all its pores. 
Therefore, as the content of tungsten carbide increases, 
the number of small holes and other defects in the coat-
ing increases[11].

Previous literature reports on PTA matrix-based 
coatings reinforced by spherical tungsten have attribut-
ed the causes of tungsten carbide cracks to the fact that 
the thermal expansion coefficient of tungsten carbide is 
lower than the binder phase matrix material[12]. There-

Fig.3	 Low (a, c) and high (b, d) magnified SEM images of Fe/WC composite coatings: (a, b) Fe + 30%WC coating and (c, d) Fe + 60% WC 
coating

Fig.4  Cross-sectional SEM images of Fe/WC coatings: (a) Fe+30%WC and (b) Fe+60%WC
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fore, when thermal stresses produced during the PTA 
process exceed the yield strength of tungsten carbide, 
micro-cracks initiate in weaker portions of tungsten 
carbide particles and ultimately extend through the 
tungsten carbide particles. The thermal stress of a PTA 
coating can be calculated according to Eq. (1):

/(1 )th E T v= ×∆ ×∆ −                   （1）

where, E is the Young’s modulus of the coating, υ is the 
Poisson’s ratio of the coating, Δα is the difference be-
tween the thermal expansion coefficient of the coating 
and matrix, and ΔT is the difference between the coat-
ing temperature and room temperature.

Tungsten carbide has a low thermal expansion 
coefficient, and as the content of tungsten carbide parti-
cles in Fe/WC composite powder increase, the thermal 
expansion coefficient of the surface layer decreases. In 
addition, the deposition of tungsten carbide particles 
due to the high density during the PTA leads to uneven 
thermal expansion coefficients in different coating ar-
eas[13-15]. The bottom area of the coating has more tung-
sten carbide particle sedimentation, and the Δα value is 
higher because of its low thermal expansion coefficient. 
According to Eq.(1), the thermal stress in this area of 
the coating is the highest, and the tungsten carbide 
particles in this area also have the largest cracking ten-
dency. In contrast, on the coating surface with a lower 

tungsten carbide particle distribution, there are fewer 
cracks and pores because the thermal expansion coef-
ficient of the surface material is relatively high and the 
thermal stress is relatively low.
3.2	 Potentiodynamic polarization results

Fig.6 shows the potentiodynamic polarization 
curves of the Fe-based PTA coating and 304SS in 0.5 
mol/L HCl solution. These polarization curves are 
composed of active solution, activation and passivation 
transformation, stable passivation, and over-passivation 
zones. In HCl solution, the possible electrochemical re-
actions of coating components are shown in Eqs.(2)-(6):

2H++2e-→H2                          (2)

Ni−2e-→Ni2+                         (3)

Fe−3e-→Fe3+                         (4)

Cr−3e-→Cr3+                         (5)

WC+5H2O→WO3+CO2+10H++10e-          (6)

According to the Ref.[16], when active dissolution 
occurs in acidic solutions, the Fe potential in coatings 
was the lowest, as shown in Fig.7, and Fe dissolved 
first. As the degree of dissolution increased, both the 
corrosion potential and the corrosion current density 

Fig.5	 (a, b) Surface and (c, d) cross-sectional SEM images in BSE mode of Fe/WC composite coatings: (a, c) Fe+30%WC coating and (b, d) 
Fe+60%WC coating
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also increased. However, when the reaction was in the 
stable passivation zone, the corrosion current density 
remained stable as the corrosion potential increased. 
This indicated that the passivation that occurred on the 
surface of the material during the polarization process 
prevented further corrosion of the coating. At potentials 
higher than the highest potential in the stable passiv-
ation zone, the current increased once again, the pas-
sivation was damaged, and the corrosion intensified. 
Corrosion products remaining on the interface impeded 
additional diffusion of the corrosion solution into the 
coating, which caused a phenomenon similar to passiv-
ation.

Compared to 304SS and the pure Fe-based PTA 
coatings, there are two passivation zones in the coating 
reinforced by tungsten carbide. After surpassing the 
first passivation zone, the current density continued to 
increase with a positive potential and entered the sec-
ond passivation zone when the potential was scanned 
to 0.4 V. The second passivation zone exists because 
after the Fe-based bonding phase was corroded, 
tungsten carbide particles came into contact with the 
corrosive medium, to form a layer of WO3 oxidation 
product passivation film that was uniformly attached to 
the alloy surface[17], which slowed down the corrosion 
rate. The WO3 passivation film was thin, and once the 
passivation potential surpassed or broke the electrode 
potential, the passivation film was destroyed, and the 
sample surface once again came into contact with the 
corrosion solution. As a result, the current density rose 

sharply, causing decreasing and increasing trends in 
the current density in the potentiodynamic polarization 
curve, namely the second passivation stage, which is 
consistent with the results in the Ref.[18].

The Ref.[19] showed that galvanic corrosion 
can occur in corrosive media at any pH value, which 
means it can easily occur between the adjacent binder 
Fe phase and the hard phase tungsten carbide in an HCl 
solution. In other words, during the corrosion process, 
the anodic polarization dissolution occurs in the Fe-
based binder phase, and the corrosion rate increases. 
The hard phase of tungsten carbide polarizes the cath-
ode, which slows the corrosion rate and protects the 
cathode. In the HCl solution, generated oxides tend to 
react with acids and dissolve in HCl. Compared to W, 
iron oxides are more likely to dissolve in HCl, while 
the undissolved WO3 loosely attaches to the alloy coat-
ing surface, which provides the surface with a relative-
ly low amount of protection from corrosion.

Therefore, for coatings reinforced by tungsten 
carbide in HCl solution, during the initial stage of the 
anodic polarization curve, the increase in current densi-
ty is due to the dissolution of the binder phase (Fe). At 
higher electrode potentials, the increase in current den-
sity occurs because the hard phase (tungsten carbide) 
dissolves.

Table 3 shows the results of the corrosion param-
eter fitting, including the self-corrosion current density 
icorr, self-corrosion potential Ecorr, polarization resistance 
Rp, and Tafel plot slope βa/βc. From the perspective of 
thermodynamics, the self-corrosion potential Ecorr re-

Fig.6	 Potentiodynamic polarization curves of Fe/ tungsten carbide 
PAT coatings and 304SS

Fig.7	 Comparison of the open circuit potential of the constituents of 
coating materials and substrate in an acidic environment [16]

Table 3  Corrosion parameters fitting results according to the potentiodynamic polarization curves in 0.5 mol/L HCl solution

Material Ecorr/mV icorr/(μA·cm-2) Rp/Ω βa/(mV/dec) βc/(mV/dec)

Fe-based coating -314.06 23.08 888.2 123.34 75.59

Fe+30%WC coating -259.14 8.52 2867.2 142.07 93.17

Fe+60%WC coating -263.04 10.45 1964.5 125.72 76.67

304SS -380.68 112.73 113.16 87.57 44.20
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flects the tendency of the alloy coating to undergo elec-
trochemical corrosion. The larger this value is, the less 
it tends to corrode. The self-corrosion current density 
icorr represents the corrosion rate of the material from 
the perspective of dynamics. Generally, materials that 
have smaller icorr values have better corrosion resistanc-
es. 

As can be seen from Fig.6 and Table 3, the ca-
thodic polarization curves of Fe-based PTA coating 
samples with different tungsten carbide contents have 
similar shapes while the βa slope values of the anode 
Tafel plot show significant differences. The order of the 
change is Fe+30%WC > Fe+60%WC > Fe. In addition, 
the βa slope values of the anode Tafel plot of the three 
groups of PTA samples are all greater than those of the 
cathode Tafel slope. Analysis of the Evans diagram of 
corrosion polarization, the anode process resistance is 
greater than the cathode process, and the corrosion pro-
cess is mainly controlled by the anode process. A large 
amount of Cl- in HCl solution is absorbed on the sur-
face of the alloy coating, which affects the depolariza-
tion of H+ in the cathode and the active dissolution pro-
cess of the alloy anode. Therefore, it can be determined 
that the corrosion rate of the Fe-based PTA coating in 
HCl solution is controlled by the anode, and a larger 
anode area results in a larger Cl- adsorption area. This 
also increases the dissolution rate of the anode.

According to the polarization curve fitting results 
shown in Table 3, a comparison of Ecorr values shows 
that the lowest value of 304SS is -380.68 mV. Com-

pared to this value, the self-corrosion potential of the 
pure Fe-based coating samples and the coating samples 
reinforced by tungsten carbide samples were improved 
by different degrees. The self-corrosion potential of the 
coating samples with 30%WC content were the high-
est at -259.14 mV. However, as the tungsten carbide 
content increases to 60%WC, the Ecorr value slightly 
decreases. The above analysis shows that tungsten car-
bide help improve the corrosion resistance of the Fe-
based alloy coating, but increasing the tungsten carbide 
content also increases the number of holes, cracks, and 
other defects in the sample coating, which reduces its 
corrosion resistance. Therefore, in the tested samples, 
Fe+30%WC coated samples with less tungsten carbide 
had the best corrosion resistance.
3.3	 EIS results

Fig.8 shows the electrochemical impedance spec-
tra (EIS) and equivalent circuits of the Fe-based PTA 
coating and 304 stainless steel in 0.5 mol/L HCl solu-
tion. According to Nyquist plots in Fig.8(a), the imped-
ance spectra of Fe+30%WC and Fe+60%WC coatings 
in 0.5 mol/L HCl solution contained a high-frequency 
capacitive reactance arc and a low-frequency inductive 
reactance arc. The high-frequency capacitive reactance 
arc is closely-related to the electron transfer process on 
the sample surface, while the low-frequency inductive 
reactance arc is mainly caused by the adsorption of cor-
rosion products on the sample surface[20].

However, in the impedance spectra of the pure Fe-
based coating and 304SS in acidic solution, there is no 

Fig.8	 (a) Nyquist plots; (b) Bode impedance plots of different alloys in 0.5 mol/L HCl solution; (c) equivalent circuit of EIS for pure Fe PAT 
coating and 304SS; and (d) equivalent circuit of EIS for Fe/WC coatings
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low-frequency inductive reactance arc, but rather a dis-
torted arc, which is composed of a low-frequency ca-
pacitive reactance arc and a high-frequency capacitive 
reactance arc. The presence of the capacitive reactance 
arc at low and high frequency capacitive reactance arcs 
suggests that there are passivation films on the surfac-
es of the pure Fe-based coating and 304SS electrodes. 
There are two capacitive impedances during the elec-
trode process: one is the low-frequency capacitive re-
actance of the passive film itself, while the other is the 
high-frequency capacitive reactance that corresponds 
to electrical double-layer capacitors formed on the sur-
face of the passivation film. Therefore, for the Fe-based 
coating, two-phase angular peaks should appear in its 
Bode diagram, and as shown in Fig.8(b), the capaci-
tive reactance arc of Fe+30%WC coating is the largest 
among the four groups of tested samples. The larger 
the arc radius is, the greater the total impedance of the 
sample will be. Therefore, the Fe+30%WC coating has 
a better coating resistance.

In the Bode diagram in Fig.8(b), the impedance 
value |Z| in the low-frequency region (0.01 - 1 Hz) rep-
resents the impedance of the corrosion reaction, and 
the impedance of the Fe-based coating is higher than 
304SS |Z| in the low-frequency region. This suggests 
that it is more difficult for corrosive ions in HCl solu-
tion to affect the substrate through the passive film on 
the surface of the Fe-based coating. The impedance of 
Fe+30%WC |Z| is the highest of the three groups of 
plasma surfacing coatings, indicating that the passiv-
ation film more strongly protected the substrate in 0.5 
mol/L HCl solution.

The R(Q(R(QR)) equivalent circuit in Fig.8(c) 
was used to fit the EIS of the pure Fe-based plasma sur-
face coating and 304SS. The LR(QR)(QR) equivalent 
circuit in Fig.8(d) was used to fit the EIS data of the 
PTA Fe-based coating reinforced by spherical tungsten 
carbide. The fitting results are shown in Table 4 and 
Table 5. Rs represents the resistance of the solution, Rf 

represents the resistance of the passivation film, Qf rep-
resents the capacitive reactance of the passivation film, 
Qdl represents the double-layer capacitance formed 
on the surface of the sample, Rct represents the elec-
trochemical transfer resistance, and L represents the 
inductive reactance. The EIS equivalent circuit diagram 
is closely related to the alloy corrosion process, and the 
complexity of the equivalent circuit can excellently re-
flect the complexity of the alloy corrosion mechanism. 
A comparison of the EIS equivalent circuits, shows 
that the equivalent circuits of the pure Fe-based PTA 
coating and 304 stainless steel are slightly simpler, and 
their corrosion mechanisms in HCl should be basical-
ly the same. The corresponding equivalent circuits of 
Fe+30%WC and Fe+60%WC coatings show the induc-
tive reactance behavior due to the attached corrosion 
products to the surfaces.

According to the data in Table 4 and Table 5, 
the electrochemical transfer resistance Rct of the three 
tested PTA coatings are higher than the the 304 stain-
less steel by about 1.10 times (Fe coating), 1.96 times 
(Fe+60%WC coating), and 2.54 times (Fe+30%WC 
coating). Higher Rct values indicate better corrosion re-
sistance, therefore, compared to 304 stainless steel, the 
Fe-based PTA coating has a lower corrosion rate and 
higher corrosion resistance in HCl solution, which is 
consistent with the polarization curve data. Compared 
to 304 stainless steel, the Rf of the Fe-based PTA coat-
ing increases, indicating that the passivation film dis-
solution rate of the Fe-based PTA coating is less than 
that of 304SS, and the passivation film more strongly 
protects the substrate. Comparing the dispersion coef-
ficient nf in Table 4 and Table 5, show that the nf of the 
Fe-based PTA coating is larger, and the passivation film 
is close to the pure capacitance. This indicates that the 
passivation film is denser and more strongly protects 
the metal under the film[21].
3.4	 Results of immersion corrosion test

Fig.9 shows the SEM micrographs of the corro-

Table 4  EIS fitting results of pure Fe-based PTA coating and 304SS in 0.5 mol/L HCl solution

Samples Rs/(Ω·cm2)
Qf Rf/(Ω·cm2)

Qdl Rct/(Ω·cm2)
Y0/(Ω-1·cm-2·sn) nf Y0/(Ω-1·cm-2·sn) ndl

Fe coating 2.438 4.24×10-5 1 434.2 2.11×10-4 0.9264 519.7
304SS 2.452 2.16×10-4 0.9113 361.2 5.79×10-3 1 473.2

Table5  EIS fitting results of Fe/WC coatings in 0.5 mol/L HCl solution

Samples Rs/(Ω·cm2)
Qf Rf/(Ω·cm2)

Qdl Rct/(Ω·cm2) L/(H·cm-2)
Y0/(Ω-1·cm-2·sn) nf Y0/(Ω-1·cm-2·sn) ndl

Fe+30%WC 1.966 3.94×10-5 0.9859 694.7 1.28×10-4 0.9876 1203.6 252.8
Fe+60%WC 1.452 2.96×10-5 0.9768 506.7 5.79×10-4 0.9925 929.5 134.9
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sion morphology of the Fe-based PTA coating after 
being immersed in 0.5 mol/L HCl solution for 3 days. 
Figs.9 (a, b) show that there are a number of pits on the 
surface of the Fe-based surface coating after corrosion. 
According to the failure mechanism of the passivation 
layer, the pitting appears due to the following reasons: 
in HCl solution, Cl- tends to attach to the surface of 
the passivation film because of its small ionic radius, 
which increases the electric field intensity of the pas-
sivation film, and makes some of the passivation layer 
to ionically conducting. At this point, the passivation 
film shows a high current density and makes Mn+ ac-
tive. When the electric field intensity of the passiva-
tion-solution interface reaches a certain critical value, 
pitting nucleation occurs, and the dissolution in this 
area is accelerated. This causes the metal matrix to be 
deeply eroded downward, forming pits. In corrosion 
holes with certain occlusion, the dissolved concentra-
tion of Mn+ continues to increase, and to balance the 
charge, Cl- keeps entering the pits, leading to Cl- en-
richment, which intensifies the corrosion and expands 

the pitting. In addition, due to the PTA process charac-
teristics, a certain number of small holes and cracks ap-
pear inside the coating, as well as the interface between 
layers. In these areas the “short circuit effect” is prone 
to occur, which will accelerate the corrosion, forming 
larger holes, which provide a channel for the corrosive 
media to penetrate the material, accelerating the coat-
ing corrosion.

Comparing Figs. 9(c, d, e, f), significant corrosion 
pits, cracks, and pores also appeared on the surface of 
the Fe-based coating reinforced by tungsten carbide, 
and the corrosion occurred in the binder phase. In the 
field of view, some Fe-based binder phases around the 
tungsten carbide reinforcing phase were detached due 
to severe corrosion, forming large corrosion holes. 
Many literatures[20,21] have shown that the preferential 
dissolution of the binder phase is the main cause of cor-
rosion and failure of the metal matrix coating (MMC) 
reinforced by tungsten carbide. In HCl solution, the 
coating surface easily adsorbs Cl- and electrochemical 
corrosion occurs, and there is a potential difference 

Fig.9	 Low (a, c, e) and high (b, d, f) magnified surface corrosion micrograph of Fe-based PTA coatings exposed to 0.5 mol/L HCl solution 
for 3 d: (a, b) pure Fe-based coating, (c, d) Fe+30%WC coating, and (e, f) Fe+60%WC coating
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between the Fe binder phase and the tungsten carbide 
hard phase. Electric couple corrosion occurs under the 
applied voltage and current. The low corrosion poten-
tial of Fe leads to the preferential corrosion of the Fe 
binder phase, especially the Fe phase at the interface 
of tungsten carbide particles. The desquamations in 
Figs.9(c, d, e, f) formed when the Fe phase dissolved to 
a certain extent and fell off.

Pores, cracks, and laminar structures are all im-
portant factors that affect the corrosion resistance of 
the tungsten carbide PTA coating. Coating corrosion 
generally begins at the surface pores, cracks, and other 
defects and grows along the interface between tungsten 
carbide particles or obvious weak areas with laminar 
structures. The presence of micro-cracks provides a 
path for the corrosion solution to penetrate, and Cl- in 
the HCl solution will accumulate in pores and cracks, 
causing local pitting corrosion.

As can be seen from Figs.9(c, d, e, f), a higher 
tungsten carbide content results in more severe corro-
sion because tungsten carbide has good conductivity, 
which can form a galvanic battery with the Fe binder 
phase. The tungsten carbide density is twice as high 
as the Fe powder, so tungsten carbide sinks to the 
bottom during the PTA process. At low tungsten car-
bide content, less tungsten carbide is present on the 
coating surface, so there are only a small number of 
galvanic cells, and there is only slight. As the tungsten 
carbide increases, the tungsten carbide content on the 
surface of 60%WC coating increases, and the number 
of corroded galvanic cells also increases, resulting in 
relatively serious corrosion. Secondly, increasing the 
tungsten carbide coating decreases the surface quality 
because of more holes and cracks which allows cor-
rosive ions to easily enter the internal coating through 
holes, increasing the contact area of the coating and 
corrosion solution. Further increasing corrosive ions 

in the holes speed up the corrosion of the deep areas 
of holes and the entire coating. Thirdly, as the tungsten 
carbide increases, the thermal expansion coefficient of 
the coating decreases, which affects gas removal during 
the heating of surfacing welding, thus resulting in the 
decreasing compactness of the coating. Therefore, in 0.5 
mol/L HCl solution, the corrosion resistance of the sur-
face coating reinforced by tungsten carbide decreases 
as the tungsten carbide content increases.

The polarization curve and EIS results showed 
that the corrosion resistance of Fe-based PTA coating 
samples reinforced by tungsten carbide in HCl solution 
are superior to the pure Fe-based coating. Previous lit-
erature attributed this to the passivation layer, oxidation 
products of WO3, that are present on the surface of the 
alloy coating which slightly slows the corrosion rate. 
To verify the presence of WO3, Fe-based PTA coat-
ings reinforced by tungsten carbide in 0.5 mol/L HCl 
solution for 3 days were tested by X-ray photoelectron 
spectroscopy (XPS), and then the passive film compo-
sition on the surface of the coating was analyzed.

Fig.10 shows detailed XPS spectra of W after the 
sample with Fe-based PTA layer reinforced by tung-
sten carbide was exposed to HCl solution for 3 days. It 
can be seen that the passivation film of WO3 oxidation 
product does exist in the corrosion products of the HCl 
solution.

4	 Conclusions

The pure Fe-based PTA coating is mainly com-
posed of γ-Fe, FeNi, and Cr7C3, while Fe-based coating 
reinforced by spherical tungsten carbide is more com-
plex than the pure Fe-based surfacing layer, with more 
phases such as WC, W2C, Fe6W6C, and Mo2C.

Some defects, such as cracks and holes, appear 
on the surface and cross-sections of Fe-based coatings 

Fig.10	 Detailed XPS spectra of W for spherical tungsten carbide reinforced coatings exposed to 0.5 mol/L HCl solution for 3 days: (a) 
Fe+30%WC coating, and (b) Fe+60%WC coating
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reinforced by tungsten carbide. The cracks are mainly 
concentrated on the tungsten carbide and tend to ex-
pand to the Fe-based matrix. The bottom layer which 
has more deposits of tungsten carbide show a high ten-
dency of cracks.

Tungsten carbide helps improve the corrosion 
resistance of the Fe-based alloy coating, but increasing 
the mass fraction of tungsten carbide leads to more 
holes, cracks, and other defects, which has an ad-
verse effect on the corrosion resistance. Therefore, the 
Fe+30%WC coated sample with lower tungsten carbide 
content showed the best corrosion resistance.

In HCl solution, the corrosion of the coating rein-
forced by tungsten carbide showed preferential selec-
tive corrosion of the Fe binder phase, while the galvan-
ic corrosion between tungsten carbide and the binder 
phase was the main cause of corrosion dissolution of 
the coating.
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