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Abstract: In this paper, four kinds of coatings Ni + 30%
WC, Ni + 15% WC, Ni, and Co are prepared on EH40 steel
by laser cladding technology. Electrochemical experiment
tests at a simulating low-temperature (-40°C) environ-
ment in 0.5 mol-L™" hydrochloric acid (HCl) solution and
3.5 wt% NaCl solution were conducted, and the polariza-
tion curve and electrochemical impedance spectroscopy
(EIS) impedance spectrum were obtained. The results
show that the Ni + 15% WC coating has the smallest corro-
sion current and 0.5 mol-L ™ HCl solution and 3.5 wt% NaCl
solution have the maximum polarization resistance and
impedance arc. Coatings will be treated in a 0.5mol.L™
HCI solution and 3.5 wt% NaCl solution at —40°C immer-
sion for 30 days; finally, X-ray photoelectron spectroscopy
(XPS) and scanning electron microscope (SEM) were used
for test passivation films of Ni + 15% WC samples and
sample surface morphology after corrosion. XPS results
show that Fe, Mo, and Ni elements can form metal oxides
in the 0.5mol-L™! HCl solution, and Cr, Fe, Mo, Ni, and W
elements can form metal oxides in the 3.5 wt% NaCl solu-
tion. SEM results display that relatively severe corrosion
appeared on the substrate near tungsten carbide in a
0.5mol-L™! HCl solution, and coating will be corroded
form inside of the coating owing to the corrosive solution
will penetrate the substrate. In 3.5wt% NaCl solution,
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severe corrosion of the substrate has not been observed;
however, the binding part has been obviously corroded.

Keywords: laser cladding coating, electrochemistry, pas-
sivation film, corrosion resistance, low temperature

1 Introduction

Under the background of global warming and the gradual
melting of Arctic glaciers, the Arctic has an important
strategic value in resources, shipping, and military affairs.
At the same time, due to the rich oil, natural gas, and other
mineral resources, more and more countries pay attention
to the development and governance of the polar regions.
However, less attention has been paid to research studies
on materials suitable for the polar environment. EH40
steel is a structural material for icebreaker, because of
its good mechanical properties and electrochemical corro-
sion resistance, especially the yield strength and tensile
strength are high, and impact energy is low in the low tem-
perature (—20 and —40°C) [1]. However, when used for ice-
breaker hull at low temperature, its low-temperature wear
resistance and corrosion resistance are relatively poor.

In recent years, ceramics and metal matrix composite
were deposited on the base steel surface to form the pro-
tective layer by laser cladding technology, which has
been extensively used by researchers [2,3]. At present,
ceramics reinforcing particles include titanium carbide
(TiC) [4,5], tungsten carbide (WC) [6,7], niobium carbide
(NbC) [8,9], and boride [10,11], and metal matrix compos-
ite contains iron-based alloy [12,13], cobalt-based alloy
[14,15], and nickel-based alloy [16,17]. According to the
previous research, due to the corrosion resistance of WC
ceramic particles, the addition of WC reinforcing particles
will improve the corrosion resistance of nickel-based
coating [18,19]; the paper shows that the polarization
resistance will increase from 3,435 to 11,902 Q-cm? with
the increase of WC content in the 0.05 mol-L™* NaCl solu-
tion, which means that the appropriate WC content is
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Table 1: Chemical composition of EH40 steel (wt%)
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Elements P S C Cr Si

Mn Mo Vv Ni Cu Fe

Content 0.010 0.0015 0.16 0.20 0.15

0.90 0.08 0.10 0.40 0.35 Bal.

beneficial to corrosion resistance. At present, the effect of
WC shape and particle and diameter on nickel-based coating
performance was studied; Hochstrasser et al. [20] researches
that the corrosion behavior of cobalt-based WC coating in the
various pH value, and the study reveals that the cobalt-based
binder phase will be corroded when pH is less than 7, adversely
WC will be corroded when pH is greater than 7. Otherwise,
some researchers are concerned about the corrosion behavior
of alloy coatings in different acidic environments. Kim et al. [21]
reveals that Co will react with other elements and form a
uniform and continuous rust layer such as Fe, O, and S in
a 10 wt% sulfuric acid solution at room temperature.

At present, researchers pay little attention to the cor-
rosion performance of Ni-based tungsten carbide compos-
ite coating at low temperatures. This paper focuses on
the corrosion behavior of nickel-based spherical tungsten
carbide coatings in low temperatures and different corro-
sive environments. Polarization curve and EIS tests were
carried out in simulated low temperature (—40°C) in both
0.5mol-L™! hydrochloric acid (HCl) and 3.5wt% NaCl
solutions. The characteristics of passive film formed on
the as-received composite coatings were emphasized and
characterized by X-ray photoelectron spectroscopy (XPS)
measurement. This study can provide experimental data
for further application of such developed Ni-based tung-
sten carbide composite coatings in the polar regions.

2 Experimental materials and
methods

2.1 Experimental materials

EH40 marine steel was used as the substrate steel of the
experiment, its size is 300 mm x 300 mm x 40 mm, and
its chemical composition is given in Table 1. Nickel-based
powder and cast spherical tungsten carbide powder were
used as laser cladding powder. The chemical composition

Table 2: Chemical composition of nickel-based powder (wt%)

C P Mo W Fe Mn C Si O v Ni

0.12 0.016 159 45 29 13 156 0.6 0.03 0.6 Bal

of nickel-based powder is shown in Table 2, and cobalt-
based powder is presented in Table 3.

First, nickel-based alloy powder and WC powder
were mixed according to the experimental ratio, and
the added mass ratio of reinforced WC particles in the
Ni/WC composite powders are 0, 15, 30 wt%, and the
pure cobalt-based coating. Then, four mixed powders
were coated on the surface of EH40 high-strength steel
to form four coatings. Compositions of the studied coating
are shown in Table 4.

The four as-received coatings were cut into 10 mm x
10 mm x 5mm by wire cutting and then polished with
sandpaper to conduct an electrochemistry experiment.
The solution for the immersion experiment is 0.5 mol.L™
HCl solution and 3.5 wt% sodium chloride (NaCl) solution
at —40°C. The immersion time is 30 days. After reaching
the predetermined time, the samples were taken out and
used for EIS and polarization curve tests. Some samples
were cut into 5mm x 5mm x 2mm with wire cutting for
the XPS test. Then, the surface morphology after corrosion
was observed by a scanning electron microscope (SEM).

2.2 Electrochemical performance test

The size of the electrochemical test sample is 10 mm X
10 mm x 5mm. It is polished with sandpaper, and the
opposite side of the test surface is connected with copper
wire and then sealed with epoxy resin. The packaged

Table 3: Chemical composition of cobalt-based powder (wt%)

Mo w Ni Fe Cr Si C Co
6 2.5 10 3.5 28 1 0.1 Bal.
Table 4: Compositions of the studied coatings
Specimen Compositions (wt%)

Co Ni wc
Ni + 30% WC 0 70 30
Ni + 15% WC 0 85 15
Ni 0 100 0
Co 100 0 0
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samples were immersed in 0.5 mol-L™* HCl and 3.5 wt%
NaCl solution, respectively, and placed in a low-tempera-
ture environment of —20°C for 120 h. When the predeter-
mined time is reached, the sample is taken out and put in
room temperature HCI and NaCl solution for the polariza-
tion curve and EIS test. The polarization curve and EIS
test use a three-electrode electrochemical workstation
(CHI 660): a saturated calomel electrode and a platinum
plate are used as the reference electrode and an auxiliary
electrode, respectively. Polarization resistance, corrosion
potential, and corrosion current are obtained by the
polarization curve test.

2.3 Characterization of the passive films

The size of the XPS sample is 5mm x 5mm x 2 mm. It is
immersed in HCl and NaCl solution for 240 and 360 h,
respectively. Then, the passive film was tested by XPS,
and the relationship between the electrochemical test
results and the surface morphology of the coating was
revealed. The XPS test instrument ESCALAB 250Xi is man-
ufactured by Thermo Fisher Scientific), the X-ray source is
a monochromatic Al target (1486.6 eV), the scanning mode
of the energy analyzer is CAE, the Cls external standard
method is used to correct the energy spectrum, and the
XPSPEAK software is used to fit the results.

3 Results and discussion

3.1 Microstructure and phase composition of
the coating

Figure 1 shows the X-ray powder diffraction patterns of
the three coatings. During the laser melting process, the
surface of the substrate steel and the nickel-based alloy
powder is melted at high temperature, forming a molten
pool in a tiny area. The vibration amplitude becomes
larger, so that some atoms escape from the original
lattice, enter the holes or lattice gaps of other material
lattices, and form a y-Ni solid solution. At the same time,
in the high-temperature environment, some metal sub-
stances will react with free carbon to form new com-
pounds, and the newly formed carbides will also enter
the lattice of nickel. The XRD analysis of the Ni coating
shows that the nickel-based alloy coating has two
solid solution phases, y-Fe and y-Ni. The reason for the
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Figure 1: XRD spectra of pure Ni coating and Ni-based coatings with
WC added.

formation of these two solid solutions is that the high
temperature during the laser cladding process melts the
nickel-based alloy powder. The powder melted at high tem-
perature will be rapidly cooled and recrystallized in the
molten pool, and some Mo and W atoms will remain in
the Ni lattice and Fe lattice. The formation of y-Fe and
y-Ni solid solutions with some Mo and W atoms will greatly
improve the strength and hardness of the coatings. In addi-
tion to the composition of y-Ni itself, the phase of Ni + 15%
WC coating also forms Ni,W and Cr,Ni; compounds with W,
Cr, and Ni. In addition, under the action of high tempera-
ture, carbon atoms will also react with Fe, Ni, and Cr to form
carbides (MCg). The analysis of Ni + 30% WC coating by
XRD shows that atoms such as Cr, Mo, and W will enter into
the nickel lattice, and the solid solutions in the coating
mainly include y-Ni, Ni4W, Cr,Nis;, and other solid solu-
tions. At the same time, metal atoms M will react with
carbon atoms to produce carbides (M3C¢). Because the dif-
fraction peaks of WC and W,C were not found in the XRD
diffraction pattern, the diffraction peaks of carbide (M3Cq)
and Ni, W solid solution increased with the increase of the
content of tungsten carbide. Carbide (M,3C¢) and Ni,W
compounds are hard phases, and their hardness is greater
than that of the coating matrix, so it is beneficial to
improve the corrosion resistance of the coating.

Figure 2 shows the SEM image of the three coating
samples. It can be seen from Figure 2 that the microstruc-
ture of the Ni coating is relatively uniform, and there are
no obvious coating defects. However, there are some
pores and holes on Ni + 30% WC coating and Ni + 15%
WC coating. The main reason for the formation of holes
and cracks is that during the solidification of the molten
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Figure 2: Surface SEM of composite coatings: (a) Ni + 30% WC; (b) Ni + 15% WC; (c) Ni.

pool, the flow of the molten pool is inhibited by the tung-
sten carbide, resulting in the gas trapped in the molten
pool; the third is due to the thermal expansion coefficient
of the tungsten carbide and the binder phase material is
different [22-24]. The corresponding energy dispersive
spectroscopy (EDS) analyses are shown in Figure 3. The
Ni + 30% WC coating also contains a large number of
complex precipitation phases. The structure of this region
is a relatively fine dendritic structure, and the growth
direction is relative to the tungsten carbide particles.
The main reason for the formation of dendrites is the
formation of carbides by atoms such as carbon, molyh-
denum, and tungsten. The microstructure of the Ni + 15%
WC coating sample is relatively coarse, with both coarse
dendritic structure and flaky structure, and holes of dif-
ferent sizes are also distributed on the surface of the
structure. There are a lot of carbon, chromium, nickel,
and other elements; the precipitation products in this
area are M,3Cq, NiW,, and Cr,Ni;. The microstructure of
the Ni-based coating is finer and uniform, without obvious
coating defects, and the hard phase is mainly composed of
dendrites and interdendritic structures. It is mainly com-
posed of y-Ni solid solution and Cr,Nis.

3.2 Potentiodynamic polarization behavior

Figure 4a shows the polarization curves of different coat-
ings in HCI solution, and Figure 4b shows the polarization
curves of different coatings in NaCl solution. Figure 4a

shows that the four coatings have obvious passivation
phenomena. According to the polarization curve, it can
be seen that the passivation range is between —0.2 and
0 V. With the increase of WC content, the passivation phe-
nomenon will become obvious, and then the passivation
phenomenon will be slow down, that is, the passivation
phenomenon of Ni + 15% WC coating is the most obvious.
Figure 4b shows that the Co coating has no obvious passi-
vation, and the other three coatings have passivation in
NaCl solution, which is similar to corrosion in HCl solu-
tion. The passivation film is in the range of -0.2 to 0V,
with the increase of WC, the passivation phenomenon
becomes obvious and then slows down. According to
recent studies [25,26], when metal alloy corrosion occurs
in a solution, the metal loses electrons and forms metal
ions. Considering the oxygen dissolved in the solution, it
will form dense metal oxides in the solution and adsorb on
the metal surface, such as Cr,03;, MoO,, WOs, NiO, etc. The
formation of dense metal oxides can effectively slow down
corrosion [27].

The polarization curve test can be used to fit para-
meters such as corrosion potential E.,,, corrosion current
icorrs €tc. Table 5 shows the polarization curve fitting
results of 0.5mol-L™" HCl solution. It can be seen from
Table 5 that as the WC content increases, the corrosion
potential of the sample gradually moves positively. The
reason for this phenomenon is that WC is ceramic parti-
cles, which have strong corrosion resistance, but there is
galvanic corrosion between WC and the metal bonding
phase. Excessive tungsten carbide content will aggravate
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Figure 3: EDS results of different regions in Figure 2: (al) and (a2) Ni + 30% WC; (b1) and (b2) Ni + 15% WC; (c1) and (c2) Ni coating.

galvanic corrosion. Usually, the potential is more posi-
tive, the tendency of corrosion is smaller. The corrosion
potentials of Ni + 30% WC and Ni + 15% WC samples are

—-308 and -315mV, respectively, which are significantly
higher than Ni (-347 mV). The corrosion potential of the
Co sample is —342 mV; owing to its natural chemical, the
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Figure 4: Potential polarization curve of different coatings in the
0.5 mol-L™* HCl solution (a) and 3.5 wt% NaCl solution (b) for 120 h.

corrosion potential is more negative than Ni. In Table 5,
Ba, Bc, and R,, are anode slope, cathode slope, and polar-
ization resistance, respectively. The anode slopes of the
four coatings are significantly larger than the cathode
slope, indicating that the anode process resistance is
greater than the cathode process resistance, and the cor-
rosion process is mainly controlled by the anode process.
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From a dynamic point of view, the larger the polarization
resistance R, and the smaller the corrosion current i.oy
indicates that the corrosion resistance of the sample is
better. The order of the polarization resistance is Ni + 15%
WC (1357.6 Q) > Ni + 30% WC (908.7 Q) > Ni (875.3 Q) > Co
(853.5Q), the order of corrosion current is Ni + 15% WC
(20.65pA-cm™®) < Ni (33.47pA-cm™®) < Ni + 30% WC
(36.37 pA-cm™?) < Co (38.44 pA-cm ™).

Table 6 shows the polarization curve fitting results of
3.5 wt% NaCl solution. It can be seen from Table 6 that
the slope of the anode is much larger than the slope of
the cathode, which is the same as the corrosion in the
HCI solution, and the surface corrosion process is con-
trolled by the anode process. With the increase of WC
content, the corrosion current density of the sample
will first decrease and then increase, and the trend of
polarization resistance is the same as current density.
Relevant studies have shown that the coating process
will cause cracks, holes, and other defects because of
the different thermal expansion coefficients of WC parti-
cles and nickel-based alloys. The corrosion current of
the Ni + 30% WC sample increases rapidly, and the polar-
ization resistance is reduced, which may be related to
the surface defects of the specimen [28-30]. This is
why Ni + 15% WC has the smallest corrosion current in
NaCl solution (25.14 pA-cm*Z) and the maximum polariza-
tion resistance (1303.5 Q). In NaCl solution, the order of
corrosion current density is Ni + 15% WC (25.14 pA-cm™?)
< Ni (28.39 pA-cm™?) < Ni + 30% WC (112 pA-cm?) < Co
(114.7 pA-cm ).

The above research [28-30] shows that the samples
with 10-30% mass fraction of WC have fewer defects, and
when the mass fraction of WC exceeds 30%, defects
increase. In an acidic environment, there is galvanic cor-
rosion between WC and the binder phase, which is the
main cause of corrosion and dissolution of the binder
phase. The increase of defects will aggravate galvanic
corrosion. As the WC content increases, the corrosion
performance will decrease. In a NaCl solution with a
mass fraction of 3.5%, the corrosion performance will
also decrease as the WC content increases.

Table 5: Corrosion parameters fitting results according to the potential dynamic polarization curves in 0.5 mol-L™* HCl solution for 120 h

Specimen Ecorr (MV) icorr (MA-cm™2) R, (Q) Ba (V-dec™) Bc (V-dec™)
Ni + 30% WC -308 36.37 908.7 8.907 4.251
Ni + 15% WC -315 20.65 1357.6 9.183 6.324
Ni -347 33.47 875.3 7.281 1573
Co -342 38.44 853.5 8.520 4.732
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Table 6: Corrosion parameters fitting results according to the potential dynamic polarization curves in 3.5 wt% NaCl solution for 120 h

Specimen Ecore (MV) icorr (MA-cm™2) R, (Q) Ba (V-dec™) Bc (V-dec™)
Ni + 30% WC =374 112 366.1 7.829 3.314
Ni + 15% WC -352 25.14 1303.5 8.651 4.614
Ni -313 28.39 1088.4 8.490 5.579
Co -449 114.70 356.1 7.411 3.238

3.3 Impedance spectra

The Nyquist of the four coatings is shown in Figure 5, and
Figure 5a shows the Nyquist diagram of the coating in the
0.5mol-L™! HCl solution, which shows that the impe-
dance spectra of the four coatings present a semicircular
arc shape and only one capacitive reactance arc included,
and the high-frequency capacitive reactance arc is closely
related to the electron transfer process on the sample
surface. The arc radius of the Ni + 15% WC sample is
larger than that of other coating samples, indicating
that Ni + 15% WC has the best impedance performance,
which is consistent with the conclusion obtained from
the polarization curve that the Ni + 15% WC coating has
the best corrosion resistance. It can be observed from
Figure 5a that in the HCI solution, the order of impedance
of different coatings is Ni + 15% WC > Ni + 30% WC > Ni
> Co.

Figure 5b shows the Nyquist diagram of the coating
in the 3.5 wt% NaCl solution and shows that, compared
with that in the HCI solution, the impedance arc radius of
the Ni + 15% WC and Ni is relatively close, but the impe-
dance arc radius of Ni + 30% WC coating in the 3.5 wt%
NaCl solution is significantly reduced, the reason of the
rapid decrease of the impedance arc of the Ni + 30% WC
coating may be the defects in the coating. The defects of
the Ni + 30% WC sample in the NaCl solution is shown in
Figure 6. The impedance arc radius of Co coating is the
smallest because of its lively chemical properties. It can
be seen from Figure 5b that in the NaCl solution, the order
of impedance of different coatings is Ni + 15% WC > Ni >
Ni + 30% WC > Co. The arc radius of the Ni + 30% WC
sample reduces rigidly because of the defects such as
cracks and holes in the coating, which weakens the cor-
rosion resistance of the coating, and the galvanic corro-
sion intensifies with the increase of WC content.

The Bode diagrams of the four coatings in different
solutions are shown in Figure 7. Figure 7a shows the Bode
diagram of different coatings in 0.5 mol-L™* HCI solution.
Figure 7a shows that the impedance of four coatings
in the high-frequency region is about 1Q, and the
phase angle is close to 0°, indicating that the solution

impedance is about 1Q. In the middle-frequency region,
the phase angle reaches the maximum, which is a typical
capacitive reactance characteristic. In the low-frequency
region, the capacitive reactance value is related to the
electric double layer, and a platform appears in the low-
frequency region, indicating that there are two time con-
stants [31].
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Figure 5: Nyquist plots of different coatings in the 0.5 mol.L™* HCI
solution (a) and 3.5 wt% NacCl solution (b) for 120 h.
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Figure 7b shows the Bode diagram of different coat-
ings in 3.5 wt% NaCl solution, and the Bode diagram also
shows the characteristics of capacitive reactance. In the
high-frequency region, the phase angle is close to 0°,
indicating that the impedance is mainly solution resistance,
and the impedance is about 1Q. In the low-frequency
region, the coating impedance can reach 10,000 Q due to
the influence of the passivation film and the electric double
layer. In the middle-frequency region, the phase angle
reaches the maximum, which is a typical capacitive reac-
tance characteristic.

Figure 8a shows the equivalent circuit of four coat-
ings in 0.5 mol-L™! HCl solution, and Figure 8b shows the
equivalent circuit of four coating samples in the 3.5 wt%
NaCl solution, where R, is the solution resistance, Ry
is the resistance of the passivation film, Q is the capaci-
tive reactance of the passivation film, Qq, is the electric
double-layer capacitance, and R is the electrochemical
transfer resistance.

Fitting results of the circuit are shown in Table 7,
where the capacitive reactance value of the Co sample
is 1.164 x 10~ Q".cm 2s", and the passive film capacitive
reactance of the Ni sample is 6.796 x 107> Q l.cm™2s".
Due to the potential difference between WC and metal
substrate, severe galvanic corrosion will occur at the
binding part. When 15 wt% WC is added, the capacitive
reactance value decreases to 2.208 x 10™*Q 'cm™s
When the mass fraction reaches 30%, the capacitive
reactance value continues to decrease. R is the electro-
chemical transfer resistance, and the electrochemical
transfer resistance of the Ni + 15% WC sample is the
largest. This indicates that the passivation film of the
Ni + 15% WC sample has the best protective effect on
the coating among the four coating samples. The R
value is related to the thickness of the passivation film
and electric double layer. It can be seen from Table 7 that
the transfer resistance of the Ni + 15% WC sample is
the largest, reaching 6,321 Q-cm?, which is 3.1 times the

n

—

cks

\‘.:{\

W\

Low-temperature corrosion behavior of laser cladding metal-based alloy coatings

— 441

(a)
4 100
—a— Ni+30%WC
—o— Ni+15%WC[] 90
—A— Ni
3 - 80
~4170
2
E 2 =60
N o
S 450 $
E — —
o | 40
X
~30
0 ~20
—410
-1 — 0
~2.0-1.51.00.50.00.51.01.52.02.53.03.54.04.55.05.5
1gf/Hz
(b)
4 - 110
—a— Ni+30%WC
—o— Ni+15%WGy 100
—A— Ni
3 490
80
& 70
5 2
: 60 o
< >
p— 50 I
=
oo 40
30
07 20
10
-1 AR |0
~2.0-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
1gf/Hz

Figure 7: Bode impedance plots of different coatings in the
0.5 mol-L™ HCl solution (a) and 3.5 wt% NaCl solution (b) for 120 h.

transfer resistance of the Ni sample (1,994 Q-cm?), 1.3
times the Ni + 30% WC sample (4,633 Q-cm?). The results
fitting the equivalent circuit show that the corrosion per-
formance of Ni + 15% WC is the best, and the order of

/ R
A

:\" o \‘_\_' hiN, Boix
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Figure 6: Surface (a) and cross section (b) defects of Ni + 30% WC sample coating in the 3.5 wt% NaCl solution.
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Figure 8: Equivalent circuit of EIS for coatings (a) in 5 mol-L™ HCl
solution and equivalent circuit of EIS for coatings in 3.5 wt% NaCl
solution for 120 h.

corrosion performance is Ni + 15% WC > Ni + 30% WC >
Ni > Co.

The results in Table 8 are obtained by fitting the cir-
cuit in Figure 8b. From the results in Table 8, the capa-
citive reactance value of the Ni passivation film is the
smallest, which is 9.45 x 10> Q" L.ecm™2s?, and the resis-
tance Ry is 2,106 Q-cm®. As the content of WC increases,
the capacitive reactance value of the passivation film
becomes smaller. Tungsten carbide is the noble particle
that exhibits noble behavior in the corrosive environment
than the nickel field. In the process of electrochemical
corrosion, a microcell will be formed between the ceramic
phase with high potential and the nickel-based alloy

DE GRUYTER

phase with low potential, resulting in galvanic corrosion
during the thermal reaction, which makes the nickel-
based alloy phase around these ceramic phases preferen-
tially corroded in the process of electrochemical corrosion.
This also proves that when the additional amount is 30%
WC, the corrosion potential becomes relatively lower,
and the self-corrosion current density becomes higher
[32,33]. The transfer resistance R.; has an obstructive
effect on the entire charge transfer process. The transfer
resistance of the Ni + 15% WC sample is the largest,
reaching 4,127 Q-cm?, which is 1.1 times the transfer resis-
tance of the Ni sample (3,739 Q-cm?) and 4.1 times that of
the Ni + 30% WC sample (392.5 Q-cm?). Compared with
other coatings, the transfer resistance of the Co sample
in the NaCl solution is the smallest, which is 101.8 Q-cm?.
The basic corrosion process for metallic components in an
aqueous solution consists of the anodic dissolution of
metals and the cathodic reduction of oxidants presented
in the solution. In the branch of anodic polarization
curves, the current densities increased exponentially at
the initial stage. The corrosive mechanisms were an indi-
cation of being charge-transfer controlled. The current
densities originated exclusively from the oxidation of the
binder phase on the surface because of the standard poten-
tial for nickel oxidation (Ey = —491 mV). This increase was
caused by the formation and dissolution of a low valence
oxide film, such as NiO, the step increase in the current
densities could be caused by the oxidation of WC [34].

3.4 Surface analysis of Ni/WC coating after
corrosion

Relevant studies have shown [35,36] that at the initial
stage of corrosion, Cl” is adsorbed on the metal surface
to produce corrosion. The anode metal will dissolve to
form metal cations, which will combine 0?~ and OH™ in
the solution to form a dense passivation film. With the
increase of the adhesion of the passivation film, the

Table 7: Impedance fitting results of coating in 0.5 mol-L™* HCl solution for 120 h

Specimen R, (Q-cm?) Q R; (Q-cm?) Qa R, (Q-cm?)
Yo (@ tcm2s") ng Yo (@ tcm2s") nat

Ni + 30% WC 0.4829 2.65 x 107% 0.8845 573.6 2.149 x 1074 0.8075 4,633

Ni + 15% WC 0.4833 2.208 x 1074 0.9 769.4 1.652 x 107% 0.8 6,321

Ni 0.4293 6.796 x 10> 1 2,106 2.710 x 107% 1 1,994

Co 0.4685 1.164 x 107* 0.9888 1,515 5.658 x 1072 1 1,356
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Specimen R, (Q-cm?) Q: R: (Q-cm?) Qa Rt (Q-cm?)
Yo (Q*cm2s") ne Yo (@ 'cm2.s") nq.
Ni + 30% WC 0.3018 1.597 x 107* 1 172.3 2.583 x 107% 1 392.5
Ni + 15% WC 0.3142 1.45 x 107% 1 3,571 1.453 x 1073 1 4,127
Ni 0.044 9.45 x 107> 0.6 2,648 1.076 x 107* 1 3,739
Co 0.2949 7.745 x 107° 1 115.3 1.731 x 1072 0.4193 101.8
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Figure 9: Fe (a), Mo (b), O (c) and Ni (d) high resolution XPS spectra of passive film of Ni + 15% WC coating exposed to 0.5 mol-L™* HC|

solution for 30 days.

passivation film effectively slows down the corrosion
effect of C1™ and protects the anode metal material, indi-
cating that the corrosion resistance of the sample has

been improved.

Figure 9 reveals that after immersing in a 0.5 mol-L ™!
HCI solution for 30 days, the passivation film on the sur-

face

of the sample is mainly stable in the form of oxides,

hydroxides, and hydrates of different valence states of Fe,
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Ni, O, and Mo elements. The Fe2p spectrum contains the
peak of Fes0, (723.9 eV) and FeO (710.6 eV); the Mo3d
spectrum contains the peak of MoOs (232.5eV); the
Ni2p spectrum contains the peak of Ni,O3; (855.0 eV);
the Ols spectrum is divided into two peaks, namely,
the peak of H,0 (530.6 eV) and the 0%~ peak (531.6 eV).

Figure 10 shows that the low and high magnified sur-
face corrosion SEM images of Ni/WC coating exposed to
0.5mol-L™" HCI solution for 30 days. An obvious corrosion
phenomenon has not been observed in Figure 10a, and
Figure 10al shows a small amount of pit appearing on
the coating surface. But Figure 10a2 displays that rela-
tively severe corrosion occurs on the substrate near tung-
sten carbide, which is owing to the potential difference
between tungsten carbide and the substrate, which will
cause severe galvanic corrosion, and the substrate will be

DE GRUYTER

preferentially corroded due to low potential. Area 3 in
Figure 10a2 is observed by high magnification SEM. Figure
10b and c show that pits and cracks appear after corrosion,
which means that corrosive solution will penetrate the sub-
strate, and the coating will corrode from inside of the
coating. Due to the dissolution of Cr, Ni, and Mo, metal
cation will combine with oxygen anion to form a metal oxide
and adhere to the surface of the substrate, which is bene-
ficial for corrosion resistance.

Figure 11 shows the XPS spectra of a Ni + 15% WC
sample immersed in 3.5 wt% NaCl solution for 30 days.
The spectrum has been processed with Shirley’s back-
ground, and the main peaks are divided according to
the XPS manual peak. The Cr2p spectrum is mainly com-
posed of the peak of Cr(OH); (586.3 eV), the peak of Cr,03
(575.1eV), and the peak of Cr (577.0eV) (33); the Ols

Figure 10: Low (a) and high (b and c) magnified surface corrosion SEM images of Ni/WC coating exposed to 0.5 mol-L™* HCl solution for

30 days.
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Figure 12: Low (a, b) and high (a1, b2) magnified surface corrosion SEM images of Ni/WC coating exposed to 3.5 wt% NaCl solution for

30 days.

spectrum is divided into three peaks, namely, the peak of
H,0 (530.6 eV), 0> peak (531.6 eV), and OH™ peak (532.5 eV)
(15); the Fe2p spectrum contains the peak of Fe,03
(711.4 eV), FeCr,0, (725.5eV), and Fe (709.5eV); the
Mo3d spectrum contains the peak of Mo (228.1eV) and
MoOs; (232.5eV); the Ni2p spectrum contain the peak of
Ni (853.0 eV) and NiO (855.0 eV); W4f spectrum contain
the peak of W (31.7 eV) and WOs5 (35.3 eV). The electrode
potential of metal moves in the positive direction and
decreases. It may be due to the formation of an oxide
film that hinders the anodic reaction. Through XPS ana-
lysis, Ni,Os;, MoOs, and other oxides and Cr(OH); hydro-
xides on the coating surface. According to the adsorption
theory, oxygen is adsorbed on the surface of the alloy
coating, and part of the oxygen is polarized by the elec-
tron couple in the metal, which reduces the activity of
the anode and hinders the progress of the anode reac-
tion [37].

Figure 12 shows high magnified surface corrosion
SEM images of Ni/WC coating exposed to 3.5 wt% NaCl
solution for 30 days. Figure 12 shows that there are

obvious cracks between tungsten carbide and the sub-
strate, resulting in the penetration of the corrosive solu-
tion into the cracks and severe corrosion. Figure 12al
displays that lots of metal oxide hydroxide adhere to
the surface of the substrate. Under the combined action
of metal oxide and potential difference, the corrosion of
the binding part is so serious that obvious cracks appear.
Figure 12b shows that severe corrosion has not been
observed on the surface of the substrate. Observing area
2 in Figure 12b, as shown in Figure 12b2, abundant metal
oxide hydroxide adhering on the substrate surface, which
can effectively delay corrosion of the substrate surface.

4 Conclusions

(1) According to the polarization curve fitting results, in
the 0.5mol-L™" HCI solution, Ni + 15% WC has the
smallest corrosion current (20.65 pA-cmfz), the max-
imum polarization resistance (1357.6 Q). In 3.5 wt%
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NaCl solution, Ni + 15% WC also has the smallest
corrosion current (25.14 pA-cm’z) and the maximum
polarization resistance (1303.5 Q).

(2) Electrochemical impedance spectroscopy (EIS) shows
that the coating exhibits high-frequency impedance in
both 0.5 mol-L™ HCl solution and 3.5 wt% NaCl solu-
tion. In the two different solutions, the radius of the
Ni + 15% WC impedance arc is the largest. The results
of circuit fitting show that in HCI solution, the electro-
chemical transfer resistance of Ni + 15% WC is the
largest, which is 6,321 Q-cm? in NaCl solution, the
electrochemical transfer resistance of Ni + 15% WC is
the largest, which is 4,127 Q-cm?

(3) XPS results show that Fe, Mo, and Ni elements can
form metal oxides in 0.5 mol-L ™! HCI solution, and Cr,
Fe, Mo, Ni, and W elements can form metal oxides in
3.5wt% NaCl solution. Metal oxide and hydroxide
adhering to the substrate surface can effectively delay
corrosion of the substrate surface.

(4) In 0.5mol-L™" HCI solution, SEM results display that
relatively severe corrosion appears on the substrate
near tungsten carbide, and coating is corroded from
inside of the coating owing to the penetration of the
corrosive solution into the substrate. But in 3.5 wt%
NacCl solution, severe corrosion of the substrate has
not been observed; however, there is obvious corro-
sion in the binding part.
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