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Corrosion and cavitation erosion behaviors of the cast and friction stir processed (FSP) Ni-Al bronze
(NAB) in sulfide-containing (polluted) 3.5% NaCl solution were investigated in the present study. The
electrochemical impedance spectroscopy (EIS) results demonstrated that the corrosion product film
formed in the polluted solution was of poor protectiveness, and the gravimetric measurements results
indicated that the sulfide ions increased the corrosion rate by a factor of 1.13 for the cast and 2.12 for
the FSP NAB, compared with the results in clean 3.5% NaCl solution. The sulfide ions promoted the
formation of a thick and porous corrosion product film, which consisted of sulfides and oxides. Deep
pits were found propagated along the eutectoid microstructure for the cast and the B’ phases for the
FSP NAB. The cavitation erosion mass loss with the addition of sulfide was 0.92 times and 2.52 times
more than that in the clean solution for the cast and FSP, respectively. The increased corrosion damage
induced by the sulfide ions deteriorated the mechanical properties and consequently accelerated the
cavitation erosion degradation. The corrosion-cavitation erosion synergy/total mass loss (i.e. S/T)
value in the polluted solution reached 73.48% for the cast and 76.94% for the FSP. It can be seen that
the FSP NAB exhibited no obvious superiority in the corrosion and cavitation erosion resistance,
compared with the cast one in the sulfide-containing chloride solution.
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1. INTRODUCTION

Cavitation erosion is a degradation mode which typically occurs on propellers, impellers,
hydroturbines and pumps, etc [1]. In hydraulic environments, the pressure fluctuation in liquids results
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in generation and burst of bubbles. The liquid adjacent to the bursting bubbles attacked on the
components at a high speed and causes material degradation. Propellers are the key propulsion plant
for ships in marine environment. Because of the long-term immersion and high-speed rotation in
seawater, ship propellers experience both corrosion and cavitation erosion.

Ni-Al bronze (NAB), of nominal composition 9-12% Al, 6% Fe, 6% Ni and 2% Mn, is one of
the main materials for making ship propellers because of the combination of high mechanical
properties and excellent corrosion resistance [2]. Large-size NAB ship propellers, which are generally
castings, contain inhomogeneous and coarse microstructure and casting porosities. These casting
defects reduce the mechanical properties, corrosion and cavitation erosion resistance, and consequently
shorten the lifetime of ship propellers. Friction stir processing (FSP) is an innovative surface technique
which is derived from friction stir welding (FSW) [3], and it has been revealed to improve both the
strength and ductility of the cast NAB by means of refining the cast microstructure and eliminating the
casting porosities [4-7]. Recently, the corrosion, wear and cavitation erosion behaviors of the FSP
NAB have also received consideration [8-11]. The results reveal that FSP is a promising surface
method to enhance the above properties of the cast NAB in chloride solutions.

However, the discharged industrial wastes and metabolic process of marine creatures introduce
various pollutants into seawater. The metabolism of marine organisms and microorganisms and the
reduction of sulfide reducing bacteria (SRB) give rise to sulfide pollution of seawater. It has been
revealed that the sulfide ions remarkably increase the corrosion rate of copper and its alloys [12-15]. In
sulfide-containing seawater, copper sulfide was formed in the corrosion product film. It significantly
accelerated the charge transfer kinetic of the oxygen reduction for the cast NAB and the corrosion rate
depended sensitively on the high flow velocities [16]. Recently, the damage mechanism of a NAB
canned motor pump impeller working in highly polluted seawater was analyzed, and it was found that
the sulfide pollution in seawater resulted in severe selective phase corrosion of NAB and led to surface
perforation through pitting mechanism. Cu-S-O corrosion products formed at the corroded areas
because of the reaction between the sulfur and oxides [17]. For ship propellers, increased corrosion
damage caused by the aggressive sulfide ions might also facilitate cavitation erosion degradation. To
our knowledge, the influence of sulfide ions on the corrosion and cavitation erosion behaviors in
chloride solution has been lack of research for the cast and FSP NAB.

In the present study, electrochemical and gravimetric measurements were performed to
investigate the corrosion behavior of the cast and FSP NAB in sulfide-containing 3.5 % NaCl solution.
Ultrasonically vibrating cavitation erosion tests were conducted to evaluate the cavitation erosion
behavior. The corrosion product film has been characterized, and the synergism between corrosion and
cavitation erosion have been analyzed.

2. EXPERIMENTAL

2.1. Materials

The investigated cast NAB with UNS designation C95800 contained 9.18% Al, 4.49% Ni,
4.06% Fe and 1.03% Mn. FSP was performed on cast NAB plates with a dimension of 300 mmx 70
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mmx8 mm. The stirring tool was made of a nickel-based alloy. The concave shoulder of the tool was
24 mm in diameter, and the threaded conical pin was 8 mm in root diameter and 7 mm in length. The
rotating rate, traverse speed and tilt angle of the tool were 1,200 rpm, 50 mm/min and 3°, respectively.
During FSP, blowing air was used to cool the tool and NAB plates.

2.2. Electrochemical measurements

Electrochemical measurements were conducted in a typical three-electrode system using a
Gamry 1000E potentiostat. The working electrode was the cast or FSP NAB, the counter electrode was
a platinum plate and the reference electrode was a saturated calomel electrode (SCE). The test media
were 3.5 % NaCl solution and 3.5 % NaCl + 20 ppm Na,S solution which were noted as the clean and
polluted solution hereinafter. Analytical grade sodium chloride, sodium sulfide nonahydrate and
distilled water were used for solution preparation. The reference electrode was connected with the test
medium using a salt bridge. The sample was first immersed in the test medium for at least 30 min in
order to obtain a stable potential. The electrochemical impedance spectroscopy (EIS) measurements
were conducted at open circuit potential over a frequency domain from 100 kHz to 10 mHz, the AC
amplitude perturbation voltage was 5 mV. The dynamic polarization tests were performed at a scan
rate of 0.5 mV/s over a potential range from -0.5 V to 1.2 V versus open circuit potential. All the
electrochemical measurements were conducted at least three times for each sample and in each
solution to ensure the reproducibility.

2.3. Gravimetric measurements

The cast or FSP NAB with a dimension of 14 mmx10 mmx2 mm were prepared for the
gravimetric measurements. Each sample was immersed in the clean or polluted solutions at room
temperature (approximately 25°C). The polluted solution was refreshed daily because the sulfide
concentration decreased with the exposing time to the air. After 15 days’ immersion, the sample was
transferred to a pickling solution for 2 minutes to wipe off the corrosion product film which formed in
the test medium. The volume fractions of hydrochloric acid and distilled water in the pickling solution
were both 50%. Negligible mass loss was caused during the pickling process for both the cast and FSP
NAB substrates. The sample weights were recorded as mq for the initial weight before immersion, m;
for the weight with film after immersion and m, for the weight with film removed. Thus, the mass loss
of the sample and the weight of the corrosion product film equaled to mg-m, and m;-m,, respectively.
For each material, at least three samples were prepared in each solution to ensure the accuracy of the
gravimetric measurements.

2.4. Cavitation erosion tests

Cavitation erosion tests were conducted in polluted solution using an ultrasonically vibrating
device. The sample was held at a depth of 15 mm in the test medium and the vibrating horn was 0.5
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mm right above the sample. The horn was vibrating at a frequency of 20 kHz and amplitude of 60 pum.
Cycling cooling water was used to maintain the medium temperature at about 20°C. The mass loss was
recorded after different periods. In order to analyze the synergism between corrosion and cavitation
erosion in the polluted solution, the cavitation erosion mass loss results in distilled water and clean 3.5
% NacCl solution, which had already been studied in our previous study, were cited in the present study
to make comparison [9]. All tests were done in accordance with ASTM G32 standard [18].

The surface and cross-section morphologies of the corroded and eroded cast and FSP NAB
were observed by stereoscopy and scanning electron microscopy (SEM, JSM6510A). The composition
of the corrosion product films were characterized by energy dispersive spectroscopy (EDS, JED 2300).

3. RESULTS AND DISCUSSION

3.1 Microstructure

Fig. 1 shows the optical microstructures of the cast and FSP NAB. As indicated in Fig. 1(a), the
cast substrate consisted of lightly-etched Widmanstitten a phase and darkly-etched B’ and x phases.
The microstructure of the FSP NAB had been previously characterized and analyzed in our studies [4,
9]. In the stirred zone, the microstructure varied along the plate thickness because different positions
experienced different thermal and deformation histories. The equiaxed microstructure possessed most
of the stirred zone in FSP NAB. Equiaxed o and B’, along with a small portion of Widmanstitten o
phases were distributed evenly, as presented in Fig. 1(b).

Figure 1. Optical microstructures of (a) cast and (b) FSP NAB
3.2 Corrosion behavior

3.2.1 Electrochemical measurement results

Fig. 2 shows the EIS results in the clean and polluted solutions of the cast and FSP NAB. The
capacitance arc radius of the cast and FSP NAB were close in both solutions, indicating that the two
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materials possessed similar corrosion resistance. The impedance data was fitted using Zsimpwin
software.
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Figure 2. (a) Nyquist and (b) Bode plots of cast and FSP NAB in clean and polluted solutions

Fig. 3 presents the equivalent circuits used for fitting the EIS results. A constant phase element
(CPE) is generally used instead of an ideal capacitance element in consideration of the surface
heterogeneity of the electrode. The impedance of CPE equals to [C(jw)"] ™}, where C is the capacitance,
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J is the imaginary number, o is the angular frequency and n is an adjusting factor which describes a
frequency dispersion of time constants because of surface heterogeneities. The equivalent circuit (a)
was used to fit the EIS result in the clean solution, and Warburg impedance, W was introduced to
represent the diffusion process upon immersion in the newly-prepared 3.5% NaCl solution. C; was the
capacitance of the double electric layer at the metal/solution interface. R was the charge transfer
resistance. It was noted that upon immersion in the polluted solution, both the cast and FSP NAB
surfaces turned black soon, and the capacitance arc radius was also larger than that in the clean
solution because of the formation of copper sulfides. In consideration of the defective and porous
structure of the film, equivalent circuit (b) was used for EIS results in the polluted solution [13]. C,and
Rt represented the capacitance and resistance characters of the film. The electrochemical parameters
were listed in Table 1. The fitting quality was evaluated by the Chi-square (%) value. In the polluted
solution, the Ry value was 3.066 kQ-cm?for the cast and 4.57 kQ-cm?for the FSP, which was higher
than that in the clean solution (1.018 kQ-cm? for the cast and 1.126 kQ-cm? for the FSP), indicating
that the quick film formation in presence of sulfide increased the charge transfer resistance. The film
resistance, Ry, reached 1.571 kQ-cm?for the cast and 1.514 kQ-cm?for the FSP.

Fig. 4 shows the polarization curves. It can be seen that the cast and FSP experienced similar
cathodic and anodic processes in both solutions. In the polluted solution, the cathodic process was
slower for both the two materials, compared with the result in the clean solution. The cathodic process
was suppressed and the corrosion current density decreased as a result of the film formation. As seen
in the magnification part of Fig. 4, there existed a current density peak at about -0.275 V in the
polarization curve which corresponded to the formation of cuprous oxide [19]. Therefore, the corrosion
rate was kept at a low value and the two materials exhibited a passive behavior. However, such a
current density peak disappeared in the polluted solution. With the addition of sulfide ions, the
corrosion product films formed on the two materials contained sulfides, in addition to the oxides [13].
The mixture of sulfides and oxides was less compact and protective than that of the oxides [20],
therefore with increasing the applied potential, the current density progressively increased, and no
obvious passivation was found.

(a)

CPE1

Figure 3. Equivalent circuits used for fitting the EIS results: (a) for cast NAB after initial immersion in
the clean solution; (b) for FSP NAB after initial and long-term immersion in the polluted
solution; (c) for cast and FSP NAB after long-term immersion in the clean solution.
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Table 1. Electrochemical parameters of cast and FSP NAB upon immersion in clean and polluted

solutions
Material/solution Cast/clean FSP/clean  Cast/polluted FSP/polluted
Ry(Q-cm?) 8.021 7.686 7.259 7.622
Ret(kQ-cm®) 1.018 1.126 3.066 4570
Cy(uF-cm?) 466.4 251.2 2,588 7,686
Parame Ny 0.7032 0.782 0.716 0.8103
ters W , 0.002703 0.002763 - -
Ri(kQ-cm?) - - 1.571 1.514
Co(uF-cm™) - - 413.6 410.9
ny - - 0.8271 0.8328
>y 6.49x10™ 5.771x10"  2.56x10™ 8.71x10™
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Figure 4. Polarization curves of cast and FSP NAB in clean and polluted solutions

EIS measurements were also performed on the cast and FSP NAB which were immersed in the
clean and polluted solutions for a long period in order to evaluate the protectiveness of the corrosion
product films. Fig. 5 shows the EIS results. Equivalent circuit (c) in Fig. 3 was used to fit the EIS
result in the clean solution, where a duplex oxide film was formed. The film consisted of a defective
and porous outer layer and a compact inner layer [13]. Cu/Rfout and Cs/Rsin represented the
capacitance/resistance of the outer and inner layers of the film, respectively. The electrochemical
parameters results are listed in Table 2. After long-term immersion in the clean solution, a protective
film formed on both the cast and FSP NAB and acted as a barrier against the corrosive chloride ions.
The R value reached 11.2 and 52.24 kQ-cm? for the cast and FSP NAB, respectively. The Ry value
was very low, while the Rsi, value was 7.2 kQ-cm? for the cast and 19.45 kQ-cm? for the FSP. In
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addition, the capacitance of the inner layer, C3, was much lower than that of the outer layer, indicating
that the inner layer was more compact and protective than the outer layer. It can be seen that the film
on FSP NAB was much more protective, and this was discussed in detail in our previous study [9].
Because of the porous structure of the film in the polluted solution, equivalent circuit (b) in Fig. 3 was
also used to fit the EIS result after long-term immersion [13]. The R value was 2.043 and 1.559
kQ-cm? for the cast and FSP NAB, respectively. The Ry value was only 0.12 kQ-cm? for the cast and
0.102 kQ-cm? for the FSP. It can be seen that both Ry and Ry decreased after long-term immersion,
compared with the results at the initial immersion stage shown in Table 1. This result demonstrated
that the film formed in the polluted solution was nearly non-protective. The sulfide ions acted as a
catalyst to facilitate both the anodic and cathodic reactions for copper and its alloys [13], therefore the
Rct value was very low.
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Figure 5. EIS results of cast and FSP NAB after immersion for 15 days in clean and polluted solutions
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Table 2. Electrochemical parameters results of cast and FSP NAB after immersion in clean and
\polluted solutions for 15 days

Material/solution Cast/clean FSP/clean  Cast/polluted FSP/polluted
Rs(Q-cm?) 7.255 8.84 6.65 7.573
Ret(kQ-cm®) 11.2 52.24 2.043 1.559
Cy(uF-cm?) 1,500 192.1 443 124
Ny 0.76 0.895 0.91 0.91
Ry - - 0.120 0.102
Parame  Ryou(kKQ-cm?) 0.422 0.245 - -
-ters  Cp(uF-em™) 291.6 1,950 3,748 5,695
Ny 0.88 0.57 0.73 0.76
Rein(kQ-cm?) 7.2 19.45 - -
Ca(uF-cm™) 5.526 127.1 - -
N 0.87 0.87 - -
Ve 1.368x10° 4.268x107° 1.78x107° 6.978x10™

3.2.2 Gravimetric measurement results

Fig. 6 shows the gravimetric measurement results in the clean and polluted solutions. After 15
days’ immersion, the corrosion mass loss rates of the cast and FSP NAB were 0.0023 mg-cm™-h™ and
0.0017 mg-cm?-h in the clean solution, respectively. However, the corrosion mass loss rate reached
0.0049 mg-cm™-h* for the cast NAB and 0.0053 mg-cm™-h™* for the FSP one in the polluted solution.
Namely, the addition of sulfide ions raised the corrosion rate by a factor of 1.13 for the cast and 2.12
for the FSP NAB. Fig. 6 also showed that the weight of the corrosion product film was much larger in
the presence of sulfide, indicating the formation of a much thicker film. However, the film possessed
poor protectiveness according to the mass loss result. The gravimetric measurement results were
consistent with the EIS results shown in Fig. 5.
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Figure 6. Gravimetric measurement results of the cast and FSP NAB after 15 days’ immersion in clean
and polluted solutions.
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3.3 Film characterization

Figure 7. Stereoscopic morphologies of cast and FSP NAB after 15 days’ immersion in clean and
polluted solutions: (a) Cast, clean; (b) FSP, clean; (c) Cast, polluted; (d) FSP, polluted.

Figure 8. Surface morphologies of cast and FSP NAB obtained by SEM after 15 days’ immersion in
clean and polluted solutions: (a) Cast, clean; (b) FSP, clean; (c) Cast, polluted; (d) FSP,
polluted.
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Fig. 7 shows the stereoscopic surface morphologies. The corrosion product films formed on the
cast and FSP NAB in the polluted solution were definitely different from those in the clean solution.
Much thicker corrosion products covered the surface in the polluted solution. It can be seen that the
sulfide ions influenced corrosion behavior by changing both the structure and composition of the film.

Fig. 8 shows the surface morphologies obtained by SEM, and Table 3 presents the EDS results
of different corrosion products. In the clean solution, the film was thin and the microstructure of the
cast and FSP substrate was visible, as shown in Figs. 8(a) and 8(b). Porous corrosion products were
found discontinuously distributed on the outer layer of the film. Based on the EDS result and
combining with our previous study, the inner layer mainly consisted of oxides, including Al,O3 and
Fe/Ni incorporated Cu,O. The outer layer contained higher chlorine content, indicating the existence of
chlorides, such as Cu,(OH)sCl and Cu(OH)CI [21]. Since FSP refined and homogenized the cast
microstructure and eliminated the casting porosities, the film formed on the FSP NAB was more
compact and protective than that on the cast one [9, 21]. Therefore, FSP exhibited superior corrosion
resistance, as also proved by the EIS results shown in Fig. 5 and Table 2.

In the polluted solution, the inner layer of the film covered the whole substrate and the outer
layer consisted of larger-size corrosion products which were distributed discontinuously, as shown in
Figs. 8(c) and 8(d). According to the EDS result, sulfur was detected in both the inner and outer layer,
demonstrating the formation of sulfides in addition to the oxides inside the film. It was reported that
the sulfide interfered with the normal formation of an oxide film, and promoted the growth of a film
which consisted of oxides and sulfide compounds, including Cu,O, CuS and Cu,S for copper and its
alloys. The sulfides rendered the film defective, porous and reduced the film protectiveness [12, 13,
20]. Therefore, the corrosion rate of both the as-cast and FSP NAB increased with the addition of
sulfide ions. It was also noteworthy that the Al content was up to 20 % in the outer layer and it was
much higher than that in the substrate (approximately 9 %). The Fe content also reached up to 10% in
the outer layer for the cast NAB, while it was approximately 5 % in the substrate. The Cu content was
rather low in the film.

Table 3. Composition results of different corrosion products on the cast and FSP NAB surface shown

in Fig. 8

Element (wt.%) @) Cl S Al Ni Fe Mn Cu
1 1001 023 - 862 706 945 166 5398
> 3396 363 - 1070 964 722 077 3407
3 2025 149 - 1068 926 804 147 4882
_ 4 3346 310 - 1131 643 593 080 38.97
Regions 5 5ga4 125 341 2005 019 1000 020 646
6 1481 124 600 947 880 658 086 5223

7 6391 128 217 2263 065 559 004 357
8 1208 068 578 222 556 657 116 6596

Fig. 9 shows the cross-section morphologies after 15 days’ immersion in the clean and polluted
solutions. In the clean solution, the FSP NAB suffered general corrosion (Fig. 9(b)), while corrosion
pits with a depth of about 4.3 um were found for the cast one (Fig. 9(a)). While in the polluted
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solution, the corrosion pits extended deeply into the substrate for both the cast and FSP NAB. For the
FSP NAB, it was the B’ phase that suffered preferential corrosion damage (Fig. 9(d)), and the corrosion
pits seemed to propagate along the o/f’ phase boundaries with a depth of 21 um. As shown in Fig.
9(c), severe corrosion occurred at the k), and eutectoid microstructure a-+iy; for the cast NAB. The
corrosion pits extended along these microstructures and reached a depth of approximately 55 um. It
was noted that severe selective phase corrosion occurred for both the two materials. For the cast NAB,
the «;; and «y; were intermetallics based on FesAl and NiAl, respectively [22]. For the FSP NAB, many
small-sized phases distributed inside the B’ phases and they were rich in Fe, Ni and Al. Due to the
dissolution of these phases, the corrosion product film contained large contents of these elements, as
also detected by EDS. Namely, the selective phase corrosion at Fe and Al-rich phases resulted in deep
corrosion pits and high corrosion rate in the presence of sulfide.

10 pm 10 pm

10pm § 10 ym

Figure 9. Cross-section morphologies of cast and FSP NAB after 15 days’ immersion in clean and
polluted solutions: (a) Cast, clean; (b) FSP, clean; (c) Cast, polluted; (d) FSP, polluted.

3.4 Cavitation erosion behavior

Fig. 10 shows the cavitation erosion mass loss results in the clean and polluted solutions. After
cavitation erosion for 9 h in the clean solution, the mass loss rates of the cast and FSP NAB were
1.1728 mg-cm-h™* and 0.5309 mg-cm-h™ respectively [9]. In the polluted solution, the mass loss rate
reached up to 2.2531 mg-cm™-h™ for the cast NAB and 1.8704 mg-cm™-h™* for the FSP one. It can be
seen that the addition of sulfide ions raised the mass loss rate by 0.92 times for the cast and 2.52 times
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for the FSP, compared with the results in the clean solution. When cavitation erosion took place in
corrosive media, corrosion damage and the mechanical degradation caused by cavitation erosion would
promote each other. Generally, the total mass loss was larger than the sum of the mass loss caused by
pure cavitation erosion and pure corrosion. The total mass loss rate T, pure cavitation erosion rate E,
pure corrosion rate C and synergy between corrosion and cavitation erosion S followed the equation
as,

T=E+C+S 1)
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Figure 10. Cumulative cavitation erosion mass loss results of cast and FSP NAB in clean and polluted
solutions

Table 4 shows the synergism analysis result. The pure cavitation erosion rate was obtained
from the cavitation erosion test results in distilled water [9], and the pure corrosion rate was obtained
from the gravimetric measurement results. In the clean solution, the S/T value of the cast NAB was
49.28%, and it was higher than that of the FSP one (19.53%). For both the two materials, the
mechanical deterioration factor dominated the cavitation erosion mechanism. However, the cavitation
erosion-corrosion synergy factor dominated the cavitation erosion degradation mechanism in the
polluted solution. The S/T value reached up to 73.48% for the cast and 76.94% for the FSP.

Table 4. Cavitation erosion-corrosion synergism analysis result of the cast and FSP NAB in clean and
polluted solutions

. . Mass loss rate (mg-cm™-h™) Percentages (%)
Material/solution T E C S E/T ST
Cast/Clean 1.1728 0.5926 0.0023 0.5779 50.53 49.28
FSP/Clean 0.5309 0.4259 0.0013 0.1037 80.22 19.53
Cast/Sulfide-polluted 2.2531 0.5926 0.0049 1.6556 26.30 73.48

FSP/Sulfide-polluted 1.8704 0.4259 0.0054 1.4391 22.77 76.94
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Since FSP improved the strength remarkably and also increased the ductility of the cast NAB
[4], the mass loss of the cast was much lower than that of the FSP in the clean solution, where
mechanical damage factor dominated the cavitation erosion mechanism. However, it was found from
Fig. 9 that corrosion pits propagated deeply into the substrate along the o/p’ phase boundaries for the
FSP and eutectoid microstructure for the cast in the polluted solution. The corrosion pits would reduce
the mechanical properties of the surface and consequently increased the mass loss under cavitation
erosion. Namely, the increased corrosion damage caused by the aggressive sulfide ions further
promoted the cavitation erosion degradation. Therefore, the synergy extremely increased. It was also
reported that the addition of sulfide ions accelerated the corrosion wear damage of copper alloys in
seawater and microfracture dominated the failure of the worn surface [23].

Figure 11. Surface morphologies of cast and FSP NAB after cavitation erosion for 1 h in clean and
polluted solutions: (a) Cast, clean; (b) FSP, clean; (c) Cast, polluted; (d) FSP, polluted.

Figs. 11 and 12 show the surface morphologies after cavitation erosion for different time in the
clean and polluted solutions. After 1 h in the clean solution, as shown in Figs. 11(a) and 11(b), the
eutectoid microstructure o + «y; for the cast NAB and B’ phases for the FSP NAB were preferentially
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corroded. Small and shallow cavities were also found on the surface. Because of the inhomogeneous
microstructure, more galvanic corrosion sites existed on the cast NAB. Thus, more severe corrosion
occurred (Fig. 9(a)) and resulted in higher corrosion-cavitation erosion synergy for the cast NAB.
However, both the two materials suffered much more severe cavitation erosion damage in the polluted
solution. As demonstrated in Figs. 11(c) and 11(d), the eutectoid microstructure of the cast and [’
phases of the FSP NAB severely dissolved, resulting in much larger surface roughness. After
cavitation erosion for 3 h in the clean solution, deep cavities were found on the cast NAB (Fig. 12(a)),
and cavitation erosion attack extended to more areas of the surface for the FSP (Fig. 12(b)). In the
sulfide-polluted solution, much larger and deeper cavities were found for the cast, as seen in Fig. 12(c).
Exfoliation seemed to occur on the surface, leaving wide cavities for the FSP NAB, as seen in Fig.
12(d).

Figure 12. Surface morphologies of the cast and FSP NAB after cavitation erosion for 3 h in clean and
polluted solutions: (a) Cast, clean; (b) FSP, clean; (c) Cast, polluted; (d) FSP, polluted.

From the above results, both the cast and FSP NAB suffered severe selective phase corrosion in
the polluted solution. The remarkable cavitation erosion-corrosion synergy promoted the cavitation
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erosion degradation significantly. It can be seen that the FSP NAB exhibited no obvious superiority in
both the corrosion and cavitation erosion resistance in sulfide-containing chloride solution, compared
with the cast one.

4. CONCLUSIONS

(1) Electrochemical results demonstrated that a much less protective corrosion product film
formed in the polluted solution, compared with that in the clean solution. Gravimetric measurement
results indicated that the presence of sulfide ions raised the corrosion rate by a factor of 1.13 for the
cast and 2.12 for FSP NAB. Corrosion pits propagated deeply into the substrate along the eutectoid
microstructure for the cast and the B’ phases for the FSP NAB.

(2) The sulfide ions promoted the growth of a thicker and more porous film which consisted of
both oxides and sulfides.

(3) The sulfide ions increased the cavitation erosion mass loss rate by 0.92 times for the cast
and 2.52 times for the FSP NAB. The S/T value reached 73.48% for the cast and 76.94% for the FSP
in the polluted solution.

(4) In the sulfide-polluted solution, FSP NAB suffered severe corrosion. The corrosion damage
deteriorated the mechanical properties and consequently increased the cavitation erosion damage
significantly. Therefore, the FSP NAB exhibited no obvious superiority in the corrosion and cavitation
erosion resistance, compared with the cast one.
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