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WC-Co-Cr coatings were thermally sprayed onto a Ni-Al bronze (NAB) alloy using the high velocity
oxy-fuel (HVOF) process in order to increase the corrosion resistance of the NAB alloy, which is
widely used for ship propellers operating in seawater. The superior corrosion resistance of the WC-Co-
Cr coated NAB alloy, relative to the uncoated NAB alloy, was demonstrated by plotting their
potentiodynamic polarization curves and conducting 80-day duration immersion tests in a 3.5% NaCl
solution. The anti-corrosive properties of the WC-Co-Cr coated NAB alloy were improved by
shortening spray distances and increasing hydrogen flow rates in the HVOF process.
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1. INTRODUCTION

A screw propeller is, with the body and engine, one of three main components of a ship. Screw
propellers of ships significantly influence the headway, vibration, noise, and fuel consumption of ships
in operation. When a ship operates in a marine environment, the fatigue phenomenon induced by high-
speed cyclic movement of the propeller and the highly corrosive seawater environment decrease the
lifetime of the propeller considerably. In addition, cavitation, which occurs around the blades of
propellers, can cause a serious decline in propulsion efficiency and result in mechanical damage to the
propeller [1]. In consideration of the harsh environments in which propellers operate, nickel-aluminum
bronze (NAB) alloy, which is highly resistive to cavitation and corrosion, has been used for ship
propellers, especially those operating in seawater [2,3].

NAB alloy has some disadvantages for use in ship propellers. Fabrication costs for complicated
shapes are very high; moreover, fatigue cracking can occur during operation, and excess noise may
also be produced due to the low acoustic damping performance of the alloy. Nevertheless, NAB alloy
propellers have replaced manganese-bronze alloy propellers because of their relatively high tensile
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strength and excellent durability. In addition, NAB alloy propellers have shown superior anti-fouling,
anti-corrosion, and stiffness properties under operation at high torque in seawater [4,5].

We concern on the further enhancement of NAB alloy in seawater by applying an anti-
corrosion coating to the surface of the alloy. Anti-corrosion coatings applied to the surface of a ship
propeller serve to retard the corrosion reaction, and, to some extent, to protect the propeller from
mechanical damage during operation [6]. Furthermore, corrosion damage of NAB alloy propellers with
anti-corrosion coating can be easily and inexpensively repaired by coating damaged surface locally. In
this study, a thermal spray coating technology was employed to coat the NAB alloy with tungsten
carbide-cobalt-chromium (WC-Co-Cr), in order to further increase the corrosion resistance of the NAB
alloy. WC-Co-Cr powders with high hardness and toughness are thermally sprayed to form an anti-
abrasive or anti-corrosive coating in some applications [7,8]. The thermal spray coating process is an
eco-friendly surface treatment technology widely used in order to extend the lifetime of plants and
parts in various industries [9]. Conventional thermal spray technology can produce a coating of
uniform thickness using a variety of coating materials. However, the technology can produce
compositionally inhomogeneous coatings and may result in poor adhesion between the base metal and
the coating. In particular, the conventional thermal spray of WC-Co-Cr can result in the
decarbonization of WC [10]. In an effort to overcome the limitations of the conventional thermal spray
coating process, the high velocity oxy-fuel (HVOF) thermal spray coating process was employed in
this study. The HVOF process can produce a highly dense WC-Co-Cr coating structure with good
adhesion strength, low porosity, and high deposition efficiency by uniformly spraying molten WC-Co-
Cr at extremely high velocity.

In this study, the corrosion characteristics of NAB alloy coated with WC-Co-Cr by the HVOF
process are investigated in a 3.5% NaCl solution, simulating the environment of ship propellers
operating in seawater. The comparative corrosion study is performed by changing the spray distance
and the flow rate of hydrogen, which is required to melt WC-Co-Cr powders.

2. EXPERIMENTAL

2.1. Preparation of NAB alloy blocks

The NAB alloy was produced by smelting pure Cu, Ni, Fe, Al, and Mn ingots of 99.9% purity
in a SiC crucible. Cu, Ni, and Fe were first charged into the crucible, which was heated to 1350 °C; Al
and Mn were then added to the molten alloy. The alloying elements were mixed by stirring
continuously with a graphite bar. The molten NAB alloy was poured into a graphite mold for cooling
after being maintained at 1100 °C for 5 min. Solidified NAB alloy blocks underwent a multi-stage
rolling process consisting of a 50% hot rolling, a 30% cold rolling, an intermediate annealing for 1 hr,
and a 30% cold rolling. NAB alloy blocks with an elemental composition of 5% Ni-2% Mn-9% Al-4%
Fe-Cu were fabricated finally. The NAB alloy blocks were cut into specimens with dimensions of 2 x 2
x 0.5 cm.



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210769 3

2.2. HVOF thermal spray of WC-Co-Cr coating

In order to simulate the surface polishing treatment of ship propeller blades in industry, the
surfaces of the NAB alloy specimens were polished using 0.05-um alumina slurry in a grinder. A
HVOF thermal spray device was used to apply the WC-Co-Cr coating to the surface of the NAB alloy
specimen. The spray distance was defined as a horizontal distance between a spray nozzle tip and a
specimen surface. Separate WC (Praxair), Co (Praxair), and Cr (Sigma-Aldrich) powders with 3-um
diameter were mechanically blended within a zirconia jar (ZMP-05, Sungho), which was mounted on
two roller bars of a ball mill (BML-6, Daihan) without charging grinding balls. Chemical composition
of the mixed powder was 86 wt% WC, 10 wt% Co, and 4 wt% Cr. The spray velocity of the HVOF
device was 800 m s™!, and the target thickness of the WC-Co-Cr coating was 200 um. Table 1 shows
the process parameters of the HVOF thermal spray used in this study. The spray distance and the flow
rate of hydrogen were the parameters permitted to vary, based on the expectation that they may affect
the corrosion properties of the WC-10% Co-4% Cr (WC-10Co-4Cr) coated NAB alloy.

Table 1. Process parameters of HVOF thermal spray.

Specimen Coating Oxygen  Ha flow Air Amount of Spray
material (I min) rate (Imin?)  coated powder  distance

(I min) (2) (mm)
H1 WC-10Co-4Cr 32 62 44 38 200
H2 WC-10Co-4Cr 32 62 44 38 230
H3 WC-10Co-4Cr 32 62 44 38 260
T1 WC-10Co-4Cr 32 55 44 38 230
T2 WC-10Co-4Cr 32 62 44 38 230
T3 WC-10Co0-4Cr 32 70 44 38 230

2.3. Metallographic preparation and analysis of WC-Co-Cr coating

Surface microstructure of as-deposited WC-Co-Cr coatings was observed in order to figure out
the change of their surface morphologies according to the HVOF process parameters using a field
emission scanning electron microscope (FESEM; Quanta 200, FEI). SEM images of polished coating
surface were also taken to view the arrangement and dispersion of WC particles and Co/Cr binder. In
addition, the cross-sectional microstructure of WC-Co-Cr coated NAB alloy was imaged with the
FESEM for the verification of interfacial delamination between coating and NAB alloy after adhesion
strength test using a pull-off tester (Romulus, Quad Group). Interfacial adhesion strength of individual
coating was measured five times, then was averaged. Porosity of the as-deposited coating was also the
average of five measurements using a surface area porosity analyzer (Gemini VII 2390,
Micromeritics).
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2.4. Electrochemical corrosion test

Potentiodynamic polarization curves of the uncoated NAB and WC-10Co-4Cr coated NAB
alloys in a 3.5% NaCl solution of pH 7.7 were obtained using a potentiostat (IviumStat, Ivium
Technology, Inc.). A platinum mesh was used as a counter electrode, and a saturated calomel electrode
(SCE) as a reference electrode. Responsive current density for NAB alloy specimens with as-deposited
coatings and uncoated NAB alloy specimen was recorded while potential was scanned at a rate of 1
mV s in the range from -1.3 to 3.0 V vs SCE. Three polarization tests were conducted to assure the
repeatability of corrosion characteristic for each coating condition. In addition, the immersion tests in
the 3.5% NaCl solution were conducted for 80 days to facilitate optical observation of specimen
corrosion. Only one side of the NAB alloy specimens was immersed in the NaCl solution; the
specimens were mounted on 1-cm diameter rubber rings with circular cross-sections. We expect that
crevice corrosion condition is formed near the rubber rings due to their cross-sectional morphology,
such that a more corrosive environment is created locally on the surface of the NAB alloy specimen in
contact with the rubber ring.

3. RESULTS AND DISCUSSION

3.1. Microstructures of WC-Co-Cr coatings

Figure 1. SEM images of microstructures of as-deposited (left) and polished (right) WC-10Co-4Cr
coatings under varying HVOF spray distances [(a) 200 mm, (b) 230 mm, and (c) 260 mm)].
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Fig. 1 shows the microstructure of the WC-Co-Cr coating applied with a spray distance of 200,
230, and 260 mm, respectively. As the spray distance in the HVOF process increases, the WC particles
become slightly smaller, because the particles experience more scattering events on the surface of the
NAB alloy. Table 2 shows the chemical compositions of the WC-Co-Cr coatings as a function of the
HVOF coating conditions. At longer spray distances, as Table 2 indicates an increase in Co and Cr
content, spaces between WC particles are filled with more molten Co and Cr binder. Co and Cr are
least corrosive in water by forming an oxide layer. Thus, the corrosion of WC-Co-Cr coatings could be
governed by the extent of oxidation of WC particles [12,13]. However, for the WC-Co-Cr coating
sprayed at longer distances, the oxide layer does not cover the coating surface continuously due to the
existence of larger interfacial area between WC particles and binder. Takeda et al. reported previously
that an incomplete coverage of a passive oxide layer on the surface of a thermally sprayed WC coating
had a limited influence on corrosion characteristic [14-16].

Table 2. Chemical compositions of WC-Co-Cr coatings.

Specimen C (Wt%) 0 (Wt%) W (Wt%) Cr(wt%)  Co (Wt%)
HI 2.57 3.08 67.93 7.05 19.37
H2 2.43 4.04 64.25 8.52 20.76
H3 3.02 3.27 57.21 11.52 24.98
T1 2.78 3.35 61.20 11.76 20.91
T2 2.43 4.04 64.25 8.52 20.76
T3 1.61 4.20 60.88 10.07 23.24

Corrosion can occur considerably through the interfaces between WC particles and binder in a
highly corrosive NaCl solution due to concentrated chlorine ions within the interfaces. At shorter spray
distances, molten Co and Cr form a continuous oxide layer with covering the end surface of the
coating entirely, as seen in as-deposited coating surfaces of Fig. 1. The adhesion strength of the WC-
Co-Cr coating to NAB alloy is improved by spraying WC-Co-Cr powder at shorter distances because
higher particle velocity could increase the surface temperature of NAB alloy. Therefore, it is expected
that the NAB alloy coated with WC-Co-Cr at a shorter spray distance may tend to corrode less in the
NaCl solution. On the other hand, as the hydrogen flow rate in the HVOF process increases, the
enthalpy of heating WC, Co, and Cr powders increases. Thus, as shown in Fig. 2, higher hydrogen
flow rates result in increased packing density of WC-Co-Cr structures, as well as increased strength of
WC-Co-Cr adhesion to the NAB alloy. A previous study reported similarly that a higher hydrogen
pressure could reduce the grain size of thermally sprayed WC-Co coatings, resulting in a denser
microstructure [17,18].

3.2. Interfacial adhesion strength and porosity

We performed pull-off tests of WC-Co-Cr coated NAB alloys to measure interfacial adhesion
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strength according to the spray distance and the hydrogen flow rate, as shown in Fig. 3. Lower porosity
and better adhesion of the WC-Co-Cr coating would lead to improved corrosion resistance in the NaCl
solution. Less porosity of thermally sprayed WC-Co-Cr coatings along with decreasing the spray
distance or increasing the hydrogen flow rate was also reported previously [9,11]. Table 2 does not
indicate a significant difference in chemical composition between specimens when changing hydrogen
flow rate. A strong relationship between a porosity of thermally sprayed WC-Co coatings and a
corrosion rate of diverse metal substrates can be supported by related previous reports, where metals
HVOF-coated with WC-Co layers of lower porosity possess much improved resistance against various
forms of corrosion in NaCl solutions [19-21].

In addition, it was previously suggested that the adhesion strength of HVOF-sprayed WC-Co-
Cr coatings should be above 89 MPa in order to avoid an interfacial failure and corrosion damage
under corrosive NaCl environment [22]. In Fig. 3 showing pull-off test results, H3 specimen with a
spray distance of 260 mm and T1 specimen with a hydrogen flow rate of 55 I min-1 did not reach the
suggested criterion of adhesion strength. This relatively poor adhesion strength of H3 and T1
specimens resulted in more serious corrosion damage in comparison with other specimens, of which
adhesion strength was over 100 MPa, as shown in Fig. 5.

WC-Co-Cr coating
Cast NAB

Figure 2. SEM images of microstructures of as-deposited (left) and polished (middle) WC-10Co-4Cr
coating surface, and cross-sections (right) of WC-10Co-4Cr coated NAB alloys under varying
hydrogen flow rates [(a) 55 | min™, (b) 62 I min?, and (c) 70 I min].
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Figure 3. (a) schematic diagram of an apparatus for pull-off adhesion test, in which tensile stress was
applied up to 200 MPa, (b) a cross-sectional SEM image showing the interfacial delamination
between WC-10C0-4Cr coating and NAB alloy, and (c¢) the variation of both adhesion strength
and porosity as for the spray distance (200, 230, and 260 mm) and hydrogen flow rate (55, 62,
and 70 1 min™).

3.3. Corrosion characteristics

Fig. 4 shows the potentiodynamic polarization curves of WC-Co-Cr coated NAB alloys in
NaCl solution under variation of conditions of the HVOF process. The curves are plotted along with
that of the uncoated NAB alloy. Fig. 4a shows that the behavior of the polarization curves depends on
the spray distance. The difference in corrosion potential and in corrosion current density between the
WC-Co-Cr coated NAB alloys and the uncoated NAB alloy is insignificant. However, as the applied
potential enters the anodic region, the corrosion rate of the uncoated NAB alloy becomes larger by
over two orders of magnitude than that of the WC-Co-Cr coated NAB alloys. At more highly anodic
potentials, the uncoated NAB alloy is passivated up to 2 V. The WC-Co-Cr coated NAB alloys show a
different behavior of polarization according to the spray distance. The increase in the corrosion rate of
the H1 specimen coated at a shorter distance is less sharp than that of the H2 and H3 specimens,
indicating that the H1 specimen is less corrosive in the anodic region. The spray distance in the HVOF
thermal spray process is known as the most important factor to determine the porosity and corrosion
tendency of WC-Co-Cr coatings [23-25]. A shorter spray distance leads to a denser microstructure of
the coating because the temperature of powder particles can be kept higher during thermal coating
procedure on a substrate. Thus, the lowest porosity of HI specimen, which was HVOF-coated at a
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spray distance of 200 mm, concluded its highest resistance to corrosion in Fig. 4a.
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Figure 4. Potentiodynamic polarization curves of WC-10Co-4Cr coated NAB alloys in comparison
with the uncoated NAB alloy (solid line) in a 3.5% NaCl solution. Potential was scanned at a
rate of 1 mV s in the range from -1.3 to 3.0 V vs SCE. The applied spray distance was 200,
230, and 260 mm, respectively, for H1, H2, and H3 in (a). The hydrogen flow rate was 55, 62,
and 70 | min’t, respectively, for T1, T2, and T3 in (b).

Fig. 4b shows the variation in polarizing behavior of the WC-Co-Cr coated NAB alloys
according to the hydrogen flow rate, in comparison with that of the uncoated NAB alloy. The corrosion
rates of specimens T1 to T3 are much smaller than that of the uncoated NAB alloy at anodic potentials
up to 1V, similar to the cases of the H1 to H3 specimens. However, the T1 specimen coated at a lower
hydrogen flow rate is slightly more corrosive than the T2 and T3 specimens in the anodic region. In
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recent reports, it was proposed that higher hydrogen flow rates in the HVOF thermal spray of carbide-

based coatings could affect positively the hardness and porosity of the coatings [26,27]. The structural

rigidness of the coatings deposited at elevated hydrogen flow rates may describe the less corrosive

behavior of T2 and T3 specimens coated at higher hydrogen flow rates. To summarize our observations

from the polarization curves in Fig. 4, WC-Co-Cr coated NAB alloys are more resistant to corrosion in

the NaCl solution than the uncoated NAB alloy in the region of moderate anodic potentials of interest.

Moreover, the anti-corrosion characteristics of the WC-Co-Cr coated NAB alloys are slightly improved

when the coating process is conducted using a shorter spray distance and a larger flow rate of

hydrogen. Table 3 shows electrochemical corrosion parameters of WC-Co-Cr coated NAB alloys in

comparison to the uncoated NAB alloy, which were acquired from the polarization curves of Fig. 4.

Table 3. Electrochemical corrosion parameters of each specimen in potentiodynamic polarization

curves of Fig. 4.

Specimen  H; flow Spray Critical current  Passive current Redox Exchange current
rate (I distance  density, icritica  density, ip (MA  Potential, density, io0  (MA
mint) (mm) (mA cm?) cm?) Eredox (V) cm?)
NAB N/A N/A 26.79 6.18 -0.16 4.9 x 107
H1 62 200 N/A 0.17 -0.67 13x 102
H2 62 230 0.45 0.27 -0.66 992 x 1073
H3 62 260 N/A 0.42 -0.67 12 %1072
T1 55 230 N/A 2.47 -0.64 29 x 1072
T2 62 230 0.45 0.27 -0.66 92 %103
T3 70 230 0.42 0.23 -0.64 f4x10°
3.4. 80-day immersion test in NaCl solution
days 0 I 5 0 3 40 50 60 70 80

NAB

H1

H2

H3

TI

T2

T3

Figure 5. Optical microscope images of the uncoated NAB alloy and the WC-10Co-4Cr coated NAB

alloys during 80-day immersion tests in a 3.5% NaCl solution.
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Fig. 5 shows surface images of immersion tests in the NaCl solution along with the immersion
durations. After an immersion of 10 days, the uncoated NAB alloy exhibited a perceptible change of
color to green, via the formation of a passivation layer, which may be seen outside the rubber ring.
Products of severe corrosion are visible as red areas around the rubber ring, indicating that iron rust
has formed through breakdown of the passivation layer due to the very corrosive environment in the
uncoated NAB alloy surface around the rubber ring. As previously mentioned, a suitable geometry for
crevice corrosion was intentionally created by selecting a rubber ring with circular cross-section. This
geometry was designed to simulate accelerated corrosion at room temperature. It was found that the
uncoated NAB alloy exhibited a thick passivation layer outside the rubber ring, and a considerable
amount of rust around the ring, after 80 days in the NaCl solution. On the other hand, the surfaces of
the WC-Co-Cr coated NAB alloys do not show evidence of serious corrosion even after 80 days in the
NaCl solution, regardless of the coating conditions. Local surfaces in contact with the rubber rings
merely show a certain amount of rust under conditions of crevice corrosion.

It is observed that the degree of corrosion around the rubber ring depends on the HVOF coating
conditions. The H3 specimen, coated at a longer spray distance of 260 mm, produces more corrosion
products than the H1 and H2 specimens, which were processed using shorter spray distances. Variation
in the hydrogen flow rate also produces differences in the degree of corrosion. The T1 specimen,
coated at a hydrogen flow rate of 55 I min"! shows more serious corrosion around the rubber ring. The
results of the 80-day immersion tests are consistent with the conclusions derived from the polarization
curves presented in Fig. 4. First, the WC-Co-Cr coated NAB alloy is superior to the uncoated NAB
alloy in preventing or retarding corrosion in the NaCl solution. Secondly, WC-Co-Cr coatings
processed using shorter spray distances and higher hydrogen flow rates are more effective for resisting
corrosion, even in harshly corrosive environments.

4. CONCLUSIONS

NAB alloy has been widely used as a casting material for screw propellers of ships operating at
high torque in seawater. In order to extend the lifetime of NAB ship propellers in seawater by
enhancing corrosion resistance, WC-Co-Cr coatings were thermally sprayed onto the NAB alloy under
varying spray conditions, such as spray distance and hydrogen flow rate in the HVOF process. The
electrochemical characteristics of the WC-Co-Cr coated NAB alloys and the uncoated NAB alloy were
compared by plotting the potentiodynamic polarization curves for specimens immersed in a 3.5% NacCl
solution. Actual corrosion tests of the specimens were conducted by immersing them in the NaCl
solution for 80 days. Rubber rings with circular cross sections, which were devised to facilitate
measuring the acceleration of corrosion in the NaCl solution, revealed differing degrees of corrosion
dependent on the spray conditions. It was found that the corrosion resistance of the WC-Co-Cr coated
NAB alloy exceeds that of the uncoated NAB alloy in the NaCl solution. The spray distance and
hydrogen flow rate in the HVOF process have considerable influence on the anti-corrosion
characteristics of WC-Co-Cr coated NAB alloys.

As a result, in this article, we introduced anti-corrosive and adherent WC-Co-Cr coatings
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formed on NAB alloys by using HVOF thermal spray process. Main benefit of WC-Co-Cr coated
NAB alloy component is to be repaired easily with relatively very low cost when it is corroded in
seawater. NAB alloys with thermally sprayed WC-Co-Cr coatings by the HVOF process showed much
better corrosion resistance than uncoated NAB alloy in a 3.5% NaCl solution. Fundamental study
regarding the HVOF spray WC-Co-Cr coating as an anti-corrosive layer of NAB alloy in seawater
environment was rarely conducted in the past despite of its benefits.
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