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Investigation to find a suitable coating material for a rudder application has been carried out in this
study. Ten different coatings were prepared by arc spraying with Al-, Zn-, Cu-, and Fe-based wire
feedstock. Both the cavitation erosion and marine corrosion behavior of the arc-sprayed coatings were
evaluated, and compared with the conventional anti-corrosion paint. In terms of marine corrosion
resistance, aluminum coating was the best among the tested coating systems while stainless steel coating
showed the highest resistance against cavitation erosion. In addition, the effects of both the Si compo-
sition in Al-based coatings and the Ni composition in Cu- and Fe- based coatings were discussed in this
study.
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1. Introduction

A rudder is counted as one of the essential ship com-
ponents for navigation and safety, and services in the
complex conditions of cavitation erosion and marine cor-
rosion. Since recent improvement in shipbuilding engi-
neering increases the cruising speed, the cavitation erosion
of rudders becomes much aggravated as to shorten the
service life of the rudder to <1 year, as shown in Fig. 1.

Cavitation is defined as the repeated nucleation, growth
and violent collapse of cavities, or bubbles in a liquid.
Cavitation erosion is the mechanical degradation of
materials caused by cavitation in liquids. Two mechanisms
have been proposed to explain the damage occurrence to
solid surfaces due to the cavitation erosion. The first is
based on the generation of shock waves by the implosion
of the bubbles, whose pressure has been estimated to be
around 7 9 109 Pa. The other considers the generation of
microjets when the bubble collapses in an asymmetric field
of pressures. In both cases, the mechanical loads are much

localized and can be extremely severe, resulting in
deformation of the surface. The repeated loading even-
tually leads to removal of materials from the surface, that
is, erosion (Ref 1, 2).

As the cavitation erosion is more closely related to
surface properties, various surface engineering techniques
have been studied to enhance the cavitation erosion
resistance of hydraulic machinery. Thermal spraying has
been recognized as the most effective and practical solu-
tion because of its variety of coating material choice
without any limits in the shape and size of parts to be
applied. Tungsten carbide-based coatings prepared by
high-velocity oxy-fuel (HVOF) spraying have been suc-
cessfully applied to several parts of hydraulic systems such
blades of hydraulic turbines (Ref 1-6).

In case of the ship rudder, however, there remain sev-
eral issues to be solved for thermal spraying to be applied
practically. One of the issues is the complexity of the
service conditions. In the rudder case, marine corrosion
and fouling can seriously affect the performance of pro-
tective coatings. Cost should also be considered since the
sizes of the rudders are much larger than the general parts
of hydraulic machinery. The rudder sizes of high-speed
carriers and tankers are usually about 6-9 m in width and
10-15 m in height. Among the various thermal spray
techniques, so-called high performance techniques such as
HVOF and plasma spraying may not be practically
applicable to the rudder application due to their shortage
of cost-effectiveness and in-field productivity.

In this study, therefore, only arc spraying is chosen for
coating deposition while the previous studies have been
mainly utilized HVOF and/or plasma spraying. Arc
spraying, which uses metallic wire as the feedstock, is
generally accepted as the most cheap process in thermal
spraying, and has proved its high productivity in various
large-sized applications such as infra and off-shore struc-
tures (Ref 7, 8).
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As an initial step for developing an optimum thermal
spray technique for the rudder application, investigations
to find a suitable coating material has been carried out in
this study. Ten different coatings were prepared by arc
spraying with Al-, Zn-, Cu-, and Fe-based wire feedstock.
Both the cavitation erosion and marine corrosion behavior
of the arc-sprayed coatings were evaluated, and compared
with the conventional anti-corrosion paint.

2. Experimental Procedure

2.1 Coating Materials and Process

Commercialized metallic wires were used as feedstock
for arc spraying in this study. Their compositions are listed
in Table 1. Coating samples were prepared by using a
commercial arc spray system (Sulzer Metco SmartArc�).
Coatings were deposited onto the plate-type carbon
steel substrates with the thickness of 200-300 lm. Samples
coated with conventional anti-corrosion paint, which
is applied to the ship rudders, were also prepared by
a shipbuilding company in Korea for the property
comparison.

2.2 Evaluation

Cavitation erosion tests were performed with vibratory
(ultrasonic) cavitation equipment according to ASTM
G32 standard. Bolt-type substrates were coated by either
arc spraying or painting, and then were mounted on the
horn tip. During a cyclic exposure of cavitation erosion,
the weight loss of the samples was measured at the end of
each cycle. The consequent profile of the weight loss
versus test time for each sample was then converted to
that of the mean thickness loss in order to compare the
cavitation corrosion resistance of the coatings with various
density values.

For evaluating corrosion properties in the marine
atmosphere, cyclic corrosion tests (CCTs) were conducted
according to ISO 14993; Corrosion of metals and
alloys—accelerated testing involving cyclic exposure to
salt mist, dry, and wet conditions. Each cycle consists of

wet (2 h), dry (4 h), and salt spray (2 h) stages. Although a
full immersion test in sea water is more appropriate for
evaluating marine corrosion behavior, the accelerated
testing method was utilized in this study in order to
expedite the screening process for the suitable coating
materials among the ten different ones. Corrosion
behavior of the coating samples were investigated by using
scanning electron microscope (SEM) and x-ray diffraction
(XRD) analyses.

3. Results and Discussion

3.1 Basic Properties of Thermal-sprayed Coatings

Prior to investigate cavitation erosion and marine cor-
rosion behavior of the arc-sprayed coating samples, basic
properties such as porosity, oxide fraction, microhardness,
bond strength, and wear resistance of the coatings were
evaluated.

Both the porosity and the oxide fraction were mea-
sured by using the image analysis method and the results
are summarized in Fig. 2. Zn-based coatings showed the
porosity values of <5% while Al- and Cu-based coatings
have about 10% porosity. Stainless steel coatings also
had dense microstructures with porosity of <5%, but
severe oxidation was found to occur during arc spray
process.

Fig. 1 (a) Cavitation erosion and (b) cavitation damage in the ship rudder

Table 1 Coating materials investigated in this study

Sample Composition

10 Zn
11 Zn-15Al
12 Al
13 Al-5Si
14 Al-12Si
15 Al Bronze (Cu-7Al-0.5Fe)
16 Al Ni Bronze (Cu-9Al-4Ni-4Fe-1.5Mg)
17 Brass (60Cu-40Zn-0.7Sn-0.05Pb)
18 420 STS (Fe-12/14Cr-1Ni-1Mn-0.3C-0.08Si)
19 316 STS (Fe-12Ni-17Cr-2.5Mo-2Mn-1Si-0.08C)
21 Conventional anti-corrosion paint
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Micro-Vickers hardness was measured with a 300 g
load at 10 points on the cross section of each coating
sample, and the results are summarized in Fig. 3. It was
noted that the hardness value of aluminum coating
increased drastically with Si addition so that the hardness
of the Al-12Si coating became more than twice of that of
the Al coating, reaching to similar level of Cu-based
coatings.

Bond strength of the coating samples were measured
by using a pneumatic adhesion tester according to ASTM
C4541, and the results are summarized in Fig. 4. Zn-based
coatings and brass coating had bond strength lower than
the paint sample, while the other coatings showed better
bonding properties. In Fig. 4, bond strength of each sam-
ple was identified as adhesion or cohesion strength by its
failure mode. Although the failure of Al coating samples
occurred within the coatings, Al-5Si and Al-12Si coatings
were separated at the coating-substrate interface with
much higher bonding strength. These results indicate that
the addition of Si improves the coherency of Al coatings
effectively.

Wear resistance properties of the coating samples were
measured by using an abrasive wear test method according
to ASTM C6037. The weight loss of the samples was
measured periodically during the wear cycle, and the
results were converted to the rate of thickness loss by
using coating density, as shown in Fig. 5. Al-based coat-
ings showed the worst performance in wear resistance
among the tested samples, which, however, is still about
two times better than painting.

3.2 Cavitation Erosion Behavior

Cumulative thickness loss profiles along the exposure
time of cavitation erosion tests for all the coating samples
are summarized in Fig. 6. The cavitation erosion resis-
tance of both the conventional anti-corrosion paint and
bulk stainless steel (STS 420) samples were also tested as
references. As shown in these figures, the rate of erosion
(material loss) differs widely with the coating material,
and moreover, is not constant with time but goes through
several stages. While the bulk material starts with an

Fig. 2 Porosity and oxide fraction of the arc-sprayed coatings

Fig. 3 Microhardness of the arc-sprayed coatings and paint
sample

Fig. 4 Bond strength of the arc-sprayed coatings and paint
sample

Fig. 5 Wear-resistant property of the arc-sprayed coatings and
paint sample
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incubation stage followed by acceleration and maximum
rate stages, most arc-sprayed coating samples show max-
imum rates of erosion near the start of the tests. The
surface roughness of the as-sprayed coatings is considered
as the main reason for this cavitation behavior.

For the comparison, T50 and T100 values, defined as the
exposure time to reach the mean thickness loss of 50 and
100 lm separately, were measured, and the results are
summarized in Table 2. On the basis of the T50 and T100

values, the coating samples can be divided into three
groups. In terms of cavitation erosion, arc-sprayed coat-
ings of Al, Zn, Zn-15Al, and Brass show very poor resis-
tance with T100 values of less than 1 h, which are similar to
that of the painting. Al Bronze and Al-5Si and -12Si
coatings belong to the group 2 with T100 values ranging
1-3 h. The group 3 of the stainless steel and Al Ni Bronze
coatings has the highest resistance to cavitation erosion,
but is still an half that of the bulk stainless steel.

Considering the basic property measurement results
(see Fig. 2-5), it can be noted that the hardness and bond
strength are the main factors deciding the cavitation ero-
sion property of arc-sprayed coatings. Statistical regres-
sion analysis revealed that the cavitation corrosion
resistance has strong linear relationship with micro hard-
ness, as shown in Fig. 7. The results on Al-based coating
system clearly indicate that addition of hardening

Fig. 6 Cumulative thickness loss profiles along the cavitation
erosion exposure time of the arc-sprayed coatings, paint, and
stainless steel bulk samples

Table 2 Cavitation erosion properties (T50, T100) of the arc-sprayed coatings

Fig. 7 Statistical regression analysis results showing linear
relationship between the cavitation erosion resistance and hard-
ness of the arc-sprayed coatings
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elements such as Si can drastically increase the cavitation
resistance of the coating.

The internal coherency of the thermal spray coating
also affects the cavitation erosion resistance. Very low
cavitation erosion resistance of the brass coating can be
explained by its poor internal coherency (low cohesion
strength) even though it has hardness similar to Al Bronze
and Al-12Si coatings. In addition, it is expected that cav-
itation erosion property of stainless steel coatings can be
much improved by reducing oxidation during arc spray
process, because oxides degrade the internal coherency of
the coating.

3.3 Marine Corrosion Behavior

The cross-sectional microstructures of the Zn-based
coatings after 100 cycles of CCTs are shown in Fig. 8.
Pitting of the coating surface was observed while oxidation
of carbon steel substrates was effectively prevented due to
the sacrificial anode effect. XRD analysis on the Zn-based
coating system indicated the formation of corrosion
products such as ZnO and Zn5(OH)8Cl2ÆH2O on the
surface.

The cross-sectional microstructures of the Al-based
coatings after 100 cycles of CCTs are shown in Fig. 9. In
case of the Al coating, no microstructural change was
observed even after the long-time exposure in a severe
corrosion atmosphere. The addition of Si, however, was
found to degrade the corrosion resistance of Al coatings,

Fig. 8 The cross-sectional microstructures of (a) Zn and
(b) Zn-15Al coatings after 100 cycles of cyclic corrosion tests

Fig. 9 The cross-sectional microstructures of (a) Al, (b) Al-5Si,
and (c) Al-12Si coatings after 100 cycles of cyclic corrosion tests
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resulting in surface pitting and the formation of corrosion
products such as Na2Al2O4 Æ 6H2O and NaAlCO3(OH)2.
Similar to the Zn-based coatings, no oxidation was
detected in between the coating and the substrate due to
the sacrificial anode effect of the Al coatings.

Microstructural change of Cu-based arc spray coatings
due to the CCTs are shown in Fig. 10. Oxide layers
were observed at the coating/substrate interface of the
Cu-based coatings and EDS analysis revealed that the
oxide layers result from the carbon steel (substrate) oxi-
dation. In case of the brass and Al bronze coatings, severe
substrate oxidation occurred so that the cracks parallel to
the coating/substrate interface were observed only after
30 cycles of the tests. An interfacial oxide layer was also
observed in the Al Ni Bronze coating, but the oxidation
occurred in a less severe manner, resulting in relatively a
thin oxide layer with fewer cracks after 100 cycles.

Observation results of the stainless steel coatings also
revealed the interfacial oxide layer as shown in Fig. 11. In
case of the 420 stainless steel coating, oxidation occurred
not only at the interface, but more within the whole
thickness of the coating even at 30 cycles. In addition, it is
considered that porosity control is very important in
marine corrosion resistance of Fe- and Cu-based coatings
because a contact of marine corrosion atmosphere to the
steel substrate leads interfacial oxidation. On the other
hand, with the aid of the sacrificial anode effect, Al-based
coatings showed better performance in marine corrosion

Fig. 10 The cross-sectional microstructures of (a) Ni bronze,
(b) Al Ni bronze, and (c) brass coatings after cyclic corrosion
tests: (a) and (c) after 30 cycles, (b) after 100 cycles

Fig. 11 The cross-sectional microstructures of (a) 420 STS
and (b) 316 STS coatings after cyclic corrosion tests: (a) after
30 cycles, (b) after 100 cycles
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with no interfacial oxidation in spite of their relatively
high porosity.

4. Conclusions

To find a suitable coating material for a rudder appli-
cation, both the cavitation erosion and marine corrosion
behavior of the ten different arc-sprayed coatings were
investigated and following conclusions can be reached by
this study.

1. Cavitation erosion behavior depends mainly on both
the hardness and internal coherency of the arc-
sprayed coatings. Stainless steel coatings with the
highest hardness showed the best performance against
the cavitation erosion among the tested coatings. In
Al-based coatings, Si addition improved both the
hardness and bond strength, resulting in drastic
increment of cavitation erosion resistance by about
40 times by adding 12% Si.

2. In terms of marine corrosion resistance, aluminum
coating showed the best performance with the aid of
the sacrificial anode effect. In spite of the beneficial
effects to the cavitation erosion resistance, the addi-
tion of Si- to Al-based coatings caused surface pitting
similar to those of Zn-based coatings. In both the
Cu- and Fe-based coatings, interfacial oxidation
occurred in between the coating and steel substrate,
leading interfacial cracks and consequently separation
of the coatings.
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