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Abstract: The stability of each phase in nickel aluminum bronze (NAB), manganese aluminum bronze (MAB) and 
manganese brass (MB) was characterized by scanning Kelvin probe force microscopy (SKPFM). Selective phase 
corrosion (SPC) and cavitation erosion (CE) behaviors of these materials were studied in 3.5% NaCl solution with 
different pH values. The results show that the κ phase with the lowest stability is dissolved in the acidic solution (pH 2) 
for each material. In the neutral solution (pH 6.8), the Al-abundant κ phases in NAB are preserved, whereas the Fe-rich 
κ phases in MAB and MB are dissolved. In the alkaline solution (pH 12), pitting corrosion occurs at the κ phases in 
MAB and MB and at the κII phase in NAB. In each solution, NAB possesses the highest CE resistance, followed by 
MAB and MB. In the acidic solution, SPC remarkably intensifies the CE damage and CE−corrosion synergy contributes 
largely to the CE degradation. In other solutions, slight SPC occurs and each material exhibits a mechanical attack- 
dominated CE mechanism. 
Key words: copper alloys; scanning Kelvin probe force microscopy; selective phase corrosion; cavitation erosion; 
synergy 
                                                                                                             

 
 
1 Introduction 
 

Ship plays an important role in guaranteeing 
security of the coastal defense and strengthening the 
marine trade. Propeller is the crucial propulsion 
device of a ship, and it suffers corrosion as a result 
of long-term immersion in seawater. When ship 
propeller rotates at a high speed, the liquid pressure 
fluctuates and cavitation occurs near the propeller 
blade. This causes the cavitation erosion (CE) 
damage on the propeller surface. Copper alloys, 
with high corrosion resistance and mechanical 
properties, are popularly applied as propeller 
materials [1]. Manganese brass (MB) has good 
workability but low strength, and it is prone to 

dezincification corrosion in seawater [2]. In contrast, 
manganese aluminum bronze (MAB) and nickel 
aluminum bronze (NAB), which are two typical Al 
bronzes with the addition of Ni, Fe and Mn, possess 
superior corrosion resistance, and they are primarily 
used for manufacturing large-sized and high-speed 
ship propellers [3,4]. These copper alloys generally 
have a multi-phase microstructure [4−6], and they 
are subjected to selective phase corrosion (SPC), 
because the difference in chemical composition and 
crystal structure among these phases give rise to 
galvanic corrosion [7−9]. These copper alloys 
exhibit different SPC behavior when the pH value 
or the species and concentration of aggressive ions 
in the corrosive media changes [10−12]. The 
adhesion of shellfish and accumulation of corrosion 

                       
Corresponding author: Qi-ning SONG, Tel: +86-519-85191938, Fax: +86-519-85120010, E-mail: qnsong@hhu.edu.cn 
DOI: 10.1016/S1003-6326(23)66316-2 
1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press  

tel:+86


Qi-ning SONG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 3039−3053 3040 

products on the ship propellers creates the crevice 
environments, where the solution is acidized and 
enriched with aggressive ions. The presence of 
some pollutants alters pH value in seawater [12]. 
Sulfide, which is a common pollutant induced by 
industrial waste discharge, can significantly reduce 
the corrosion resistance of copper alloys [13,14], 
and it makes the surrounding seawater alkaline. 

The SPC behavior of copper alloys has 
attracted the attention of many researchers. It was 
reported that the α phase in the eutectoid micro- 
structure α+κIII of the NAB was preferentially 
corroded and the κII phase was well preserved in the 
neutral chloride solution [7,10,12]. LV et al [15] 
found that after short-period immersion in 3.5% 
NaCl solution, the κII phase in the cast NAB 
exhibited lower conductivity as a result of the rapid 
formation of an Al2O3 film, compared with the α 
matrix. However, the κII phase in the cast NAB was 
preferentially dissolved when the pH value of   
the chloride solution was lower than 4.0 [10]. 
NAKHAIE et al [16] applied scanning Kelvin  
probe force microscope (SKPFM) to evaluate the 
nobilities of different phases in the NAB, and found 
that the κ phase with low nobility was preferentially 
corroded in 0.1 mol/L HCl solution. However, the 
SPC behavior of the NAB in the alkaline solution 
has been lack of investigation. Besides, the MAB  
is also subjected to SPC. It was reported that    
the κ phase with high Fe and Mn contents was 
found to be dissolved preferentially in 3.5% NaCl 
solution [8,17,18]. However, how SPC behavior  
of the cast MAB and MB changes with the pH 
value has been rarely reported. Furthermore, CE 
and corrosion work synergistically on the ship 
propeller [19,20]. The occurrence of SPC is 
expected to aggravate the CE damage of these 
multi-phase copper alloys. It was reported that SPC 
at the eutectoid microstructure α+κⅢ and β′ phases 
of the cast NAB induced a considerable 
CE-corrosion synergy, which contributed to over  
30% of the cumulative CE mass loss in 3.5% NaCl 
solution [13,21]. However, the CE behavior of these 
copper alloys in the chloride solution with different 
pH values has been lack of research, and the effect 
of SPC on the CE behavior is also unclear. 

In the present study, the nobility of various 
phases in the cast MAB, NAB and MB were 
characterized by SKPFM. Corrosion morphologies 
of different phases were observed to recognize   

the SPC behavior of these copper alloys after 
immersion in 3.5% NaCl solutions with different 
pH values. CE mass loss measurement, surface 
morphologies observation and electrochemical tests 
were performed to characterize the CE behavior. 
The SPC mechanism and its effect on the CE 
behavior of these copper alloys were discussed. 
 
2 Experimental 
 
2.1 Materials and test solutions 

The investigated materials were three cast 
copper alloys, namely MAB, NAB and MB. The 
chemical composition is listed in Table 1. 
Analytical sodium chloride and distilled water were 
used to prepare 3.5% NaCl solution (its pH value is 
nearly 6.8), which was noted as the neutral solution 
hereinafter. Hydrochloric acid or sodium hydroxide 
was added in 3.5% NaCl solution to adjust the pH 
value. 
 
Table 1 Chemical composition of three copper alloys 
(wt.%) 

Alloy Al Ni Fe Mn Cu Zn 

NAB 9.18 4.49 4.06 1.03 Bal. − 

MAB 7.28 2.10 3.62 12.35 Bal. − 

MB 0.86 0.22 0.89 2.17 55.70 Bal. 

 
2.2 SKPFM measurements 

SKPFM measurements were carried out using 
a scanning probe microscope (SPM) system 
(Bruker Corporation, Dimension Icon) at room 
temperature with a relative humidity of (20±5)%. 
The tip was a magnetic etched silicon probe 
(HQ:NSC18/Pt, Brock Company, USA) with a 
length of (220−230) μm, and it worked at a resonant 
frequency of (60−90) kHz. Dual scan mode was 
adopted. The surface topography signal was 
obtained in a tapping mode during the first scan. 
During the second scan, an oscillating alternating 
current (AC) potential was applied to the tip to 
cause a simple resonant swing, and the tip was 
raised 50 nm to obtain the voltammetry potential 
signal. In order to balance the contact potential 
difference (Vcpd) between tip and sample, a direct 
current (DC) bias potential was applied to the tip of 
the probe during scanning. The bias potential was 
obtained from Vcpd=(φtip−φsample)/e, and denoted as 
Volta potential (VP) in this study, where e was the 
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value of charge, and φtip and φsample were the work 
functions of the tip and sample, respectively. In this 
measurement, the value of φtip was constant, and 
φsample represented the minimum energy required for 
electrons to escape from the solid surface. The 
lower work function of the material generally 
corresponded to the higher corrosion tendency [22]. 
In the VP map, the high-potential region had lower 
electrochemical nobility and higher corrosion 
tendency. 

Before the SKPFM measurements, the tested 
sample was mechanically ground with abrasive 
papers up to 5000 grits, then polished to 0.5 μm 
using diamond paste and finally polished to 
0.02 μm using colloidal suspension. At least three 
different regions were selected in order to ensure 
the repeatability. 
 
2.3 Corrosion tests 

Three copper alloys were mechanically 
polished and immersed in different solutions,   
and the surface morphologies were observed by 
scanning electron microscopy (SEM, JEOL 
JSM−6360LA) to figure out the SPC behavior.  
The chemical composition of the corroded   
surface was measured by energy dispersive spectro- 
scopy (EDS, Oxford X-MAX20). The electrochemical 
measurements were performed in different solutions 
with a Gamry Interface 1000E potentiostat using a 
typical three-electrode system. The samples were 
sealed with epoxy resin with an exposed surface of 
10 mm × 10 mm and used as working electrodes. 
The counter and reference electrodes were a 
platinum plate and a saturated calomel electrode 
(SCE), respectively. The sample was firstly 
immersed in the test solution for about 1800 s to 
obtain a stable open circuit potential (OCP), and 
then the polarization curves were recorded at a 
scanning rate of 0.5 mV/s in the potential range 
from −0.5 to 1.3 V versus the OCP. Electrochemical 
impedance spectroscopy (EIS) was performed at the 
OCP in a frequency range from 105 to 10−2 Hz with 
an oscillation voltage amplitude of 5 mV. 
 
2.4 CE tests 

The CE test was carried out using an ultrasonic 
vibration device according to the ASTM G32—
2010 [23]. The sample was weighed using an 
electronic balance with a precision of 0.1 mg, and 

then it was placed 0.5 mm right below the 
ultrasonic probe. The upper surface of the sample 
was 15 mm below the liquid surface. The amplitude 
of the horn was 60 μm and the vibration frequency 
was 20 kHz. The sample was weighed at different 
intervals and the test duration was 5 h. The 
temperature of the test solution was kept at 
18−22 °C by circulating cooling water. The mean 
depth of erosion (MDE, DE) was obtained using 
Eq. (1):  
DE=Δm/(ρ⋅S)                           (1)  
where Δm is the CE mass loss, ρ is the density of 
the copper alloys and S is the working area of 
sample. The electrochemical measurements under 
the CE condition were realized by connecting the 
ultrasonic vibration device with the potentiostat. 
The OCP of the test sample under alternating 
quiescence and CE conditions was recorded, and 
each condition lasted for 1800 s. The potentio- 
dynamic polarization was also performed under CE 
condition and the results were analyzed by CView 
3.2 software. The surface morphologies of the 
eroded samples were observed by SEM. All the 
electrochemical and CE tests were conducted in 
triplicate. The results were reproducible and 
represented the average level. 
 
3 Results 
 
3.1 SKPFM results 

The microstructure, VP map and line scan 
profile of three copper alloys are shown in Fig. 1. 
The lighter region in the VP map has higher VP and 
correspondingly lower nobility. The VP difference 
among different phases can be obtained from the 
line scan profiles. The MAB consists of the α 
matrix, irregularly shaped β and rosette κ phases 
(Fig. 1(a)). The κ phase has the highest VP, 
followed by β and α. The VP values of κ and β 
phases are approximately 50 and 15 mV higher than 
that of the α phase, respectively (Figs. 1(b, c)). The 
NAB is composed of the α matrix, retained β′ and 
various κ phases, including the fine κIV phase inside 
the α matrix, the κII phase along the α phase 
boundaries and the lamellar κIII phase in the 
eutectoid microstructure (Fig. 1(d)). The VP value 
orders from high to low as κII, κIII, κIV, and α. VP 
difference reaches 80 mV between α matrix and  
κII, and 25 mV between α matrix and κIV. In the  
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Fig. 1 Microstructure (a, d, g), VP maps (b, e, h) and line scan profiles (c, f, i) of MAB (a−c), NAB (d−f) and MB (g−i) 
 
eutectoid microstructure, VP difference between the 
α and κIII is up to 50 mV, as shown in Figs. 1(e, f). 
The MB consists of the β matrix, coarse α and κ 
phases, which are mainly distributed inside the α 
phases and at the α/β phase boundaries (Fig. 1(g)). 
The κ phase has the highest VP, which is 25 mV 
higher than that of β phase, and 35 mV higher than 
that of α phase, as indicated in Figs. 1(h, i). 

The VP of each phase in the material was 
highly related to the work function of the involved 
elements [24−26]. The chemical composition 
results of each phase in the three copper alloys 
obtained by EDS are listed in Table 2. For MAB, 
the κ phase contains a high content of Fe (66%), 
which possesses lower work function than Cu [22]. 
Therefore, the α and β phases, which are Cu-rich 
solid solutions [5], have lower VP values than the κ 
phase. The β phase has higher Al and Mn contents 

but a lower Cu content. Correspondingly, it has a 
higher VP and a lower nobility than the α phase. 
PUNBURI et al [18] also reported that the α phase 
possesses the highest work function, followed by 
the β and κ phases in a Cu−8Mn−8Al alloy. For  
the NAB (Figs. 1(d, e)), the κII phase is a Fe3Al-  
based intermetallic compound [5]. It has the highest 
Fe content and also a high Al content. Therefore,  
it has the highest VP and the lowest nobility. The 
κIV phase has a similar chemical composition and 
crystal structure with κII [5], but it exhibits a lower 
VP, because it is much smaller in size and its VP 
result is influenced by the surrounding α matrix 
with a lower VP [11]. The κIII phase is a NiAl-based 
intermetallic compound with a Ni content 
approaching 30% [5], and Ni has a higher work 
function than Fe [22]. As a result, κIII exhibits a 
lower VP and it is nobler than κII. For the MB 
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(Figs. 1(h, i)), the β phase has a higher VP and a 
lower nobility than the α phase, because it 
possesses higher contents of Al, Mn and Zn with 
low work function [22]. CHEN et al [27] also 
reported a similar SKPFM result that the β phase 
exhibits a lower work function than the α phase in a 
H62 brass. The κ phase has the highest VP and the 
lowest nobility, because it contains the highest Fe 
content (exceeding 80%). 
 
Table 2 Chemical compositions of different phases in 
three copper alloys (wt.%) 

Material Phase Al Ni Fe Mn Cu Zn 

MAB 

α 5.70 3.00 4.20 11.60 75.50 − 

β 9.46 3.22 1.80 14.74 70.78 − 

κ 5.80 1.80 66.00 14.50 11.90 − 

NAB 

α 7.62 3.49 3.40 0.88 84.61 − 

β′ 9.70 5.26 2.20 1.07 81.77 − 

κII 13.07 11.08 60.45 1.74 13.66 − 

κIII [5] 22±4 28±5 22±5 1.6±0.4 26±4 − 

κIV [5] 9±4 6±4 60±8 1.6±0.4 23±6 − 

MB 

α 0.61 0.37 0.22 2.05 62.60 34.15 

β 0.99 0.33 0.18 2.58 56.24 39.68 

κ 4.33 0.25 86.06 4.62 2.86 1.88 
 
3.2 Electrochemical test results and SPC 

morphologies 
Figure 2 shows the polarization curves of the 

three copper alloys in different solutions. Each 
material exhibits the lowest corrosion potential 
(φcorr) and the largest current density (Jcorr) in the 
solution of pH 2, but the highest potential in the 
solution of pH 12. Besides, an obvious passive 
region appears in the anodic branch of the 
polarization curves and all the three copper alloys 
exhibit a passive behavior in the alkaline solution. 
The MAB has the lowest pitting potential, and the 
current density gradually increases with the applied 
potential in the passive region, indicating the 
inferior passive ability. The passive current density 
of the MB is nearly one order of magnitude lower 
than that of the MAB and NAB. Figure 3 shows the 
EIS results of different copper alloys. For both the 
NAB and MB, the impedance in the solution of  
pH 12 is much higher than that in the other two 
solutions. This evidences that the passive films can 
be rapidly built on these two copper alloys and the 

MB has the most protective passive film in the 
solution of pH 12. However, the MAB has a much 
lower impedance than the other two copper alloys. 
This indicates that an intact passive film cannot be 
built after such a short immersion period (about 
1800 s) in the solution of pH 12, or the passive film 
is poorly protective for the MAB. 
 

 
Fig. 2 Potentiodynamic polarization curves of MAB (a), 
NAB (b) and MB (c) in 3.5% NaCl solution with 
different pH values 
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Figure 4 shows the surface morphologies of 
the three copper alloys after immersion in different 
solutions for 6 h. For the MAB, severe dissolution 
of the rosette κ phases occurs in the solution of  
pH 2 (Fig. 4(a)). Only some of the κ phases are 
dissolved and the β phases suffer preferential 
corrosion in the neutral solution (Fig. 4(b)). In the 
solution of pH 12, small corrosion pits appear at the 
κ phases and both the α and β phases are covered by 
corrosion products (Fig. 4(c)). In the solution of  
pH 2, Fe, Mn and Al are actively dissolved. The VP 
result also shows that the κ phase exhibits the 
lowest nobility and correspondingly the highest 
corrosion tendency. Therefore, the κ phase is 

dissolved rapidly. As reported previously, 
segregation occurs at the periphery of the large- 
sized rosette κ phases, and this creates galvanic 
corrosion [17]. Preferential corrosion occurs at the 
segregation region and extends into the center of 
the κ phase in the neutral solution. TRETHEWEY 
et al [28] also found that the dissolution of the κ 
phases gives rise to the generation of brown rusts of 
Fe and Mn oxides on the surface in seawater. 
Afterwards, corrosion proceeds in the manner of 
other α+β bronzes, and preferential attack occurs at 
the β phase. It was reported that the presence of a 
low concentration of Mn oxides hampers the 
formation of a compact film on Cu−Al−Mn alloy 

 

 
Fig. 3 Nyquist plots of three copper alloys after 30 min immersion in 3.5% NaCl solution of pH 2 (a), pH 6.8 (b) and 
pH 12 (c) 
 

 
Fig. 4 Surface morphologies of MAB (a−c), NAB (d−f) and MB (g−i) after immersion in 3.5% NaCl solution with 
different pH values: (a, d, g) pH 2; (b, e, h) pH 6.8; (c, f, i) pH 12 
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in 3.5% NaCl solution [29]. Thus, the poorly- 
protective film is also responsible for the 
preferential dissolution of the κ phase in the  
neutral solution. In the solution of pH 12, a passive 
film can be built on the surface, but the film      
is considered poorly protective, as indicated      
in Figs. 2(a) and 3(c). Moreover, the film is 
inhomogeneous, with the α and β phases covered by 
copper oxides and the κ phases covered by poorly 
protective Fe and Mn oxides [30]. Therefore, 
corrosion pits are prone to generate at these κ 
phases. 

For the NAB, the κII and κIV phases are 
completely dissolved, whereas only a fraction of κIII 
are subjected to dissolution in the solution of pH 2 
(Fig. 4(d)). In the neutral solution, severe corrosion 
occurs at the β′ phases, but the κII phase is scarcely 
dissolved. In the eutectoid microstructure, the 
lamellar α phase undergoes preferential corrosion 
and the κIII phase is remained (Fig. 4(e)). In the 
solution of pH 12, corrosion pits appear as a result 
of the dissolution of some κII phases, whereas no 
obvious corrosion is found at the eutectoid 
microstructure (Fig. 4(f)). As generally reported, 
the Al-abundant κ phases act as cathodes in the 
neutral chloride-containing solution, because a 
protective Al2O3 film is built on them [15]. It was 
also reported that the κ phases in the Fe, 
Ni-containing Al bronze are in a passive state    
in 3% NaCl solution [31]. The β′ phase is also 
preferentially corroded, because it exhibits an 
unstable martensite structure with many small 
precipitates inside and this leads to galvanic 
corrosion [7]. However, a stable Al2O3 film can  
not exist in the solution with the pH value lower 
than 4.0, and the κ phases with low nobilities are 
dissolved [10,12], as also reported in our previous 
study [11]. In the alkaline solution with the pH 
value lower than 9.5, the oxidation of Al atoms 
leads to the formation of protective Al2O3 through 
Eq. (2):  
2Al+6OH−→Al2O3·xH2O+(3−x)H2O+6e      (2)  

When the pH value exceeds 10, the Al2O3 
transforms into aluminates (AlO2

−), which is soluble 
in the aqueous solution [32]:  
Al2O3+2OH−→2AlO2

−+H2O                (3)  
However, the Cu atoms are more easily 

oxidized by hydroxide ions to form a more compact 
passive film structure through Eq. (4) [32,33]: 

2Cu+2OH−→Cu2O+H2O+2e                (4)  
Therefore, a passive film, with copper oxides 

as the main component, is expected to be generated 
on the NAB, notwithstanding the absence of the 
Al2O3. Pitting corrosion mainly occurs at the κII 
phases, probably due to the active dissolution of Al 
and the inferior protectiveness of Fe oxides. 

For the MB, the κ phases with the lowest 
nobility are completely dissolved and the β phase is 
also severely corroded in the solution of pH 2 
(Fig. 4(g)). The β phase undergoes pretty severe 
dezincification corrosion and its Zn content plunges 
from approximately 40% to 10%, based on the EDS 
result (not presented here). In the neutral solution, a 
large number of κ phases are dissolved and severe 
corrosion also occurs at the β phase (Fig. 4(h)). The 
β phase also suffers dezincification corrosion, and 
its Zn content falls from approximately 40% to 25%. 
It was reported that the redeposition of Cu occurs in 
the dezincification process of brass [26,34], and the 
spongy deposited Cu can act as the cathodes and 
further facilitate the active dissolution of the κ 
phases. In the solution of pH 12, very slight 
corrosion occurs on the MB (Fig. 4(i)). It was 
reported that the Cu−Zn alloys exhibit a passive 
behavior and high corrosion resistance in the 
alkaline solution, owing to the generation of the Cu 
and Zn oxides on the surface [35,36], as also 
indicated in Fig. 2(c). A small quantity of the 
Fe-rich κ phases undergo pitting corrosion, as   
the κII phases of the NAB and the κ phases of    
the MAB behave in the solution of pH 12. 

As indicated above, there hardly exists a 
monotonous relationship between the VP results 
and practical corrosion behavior. In the acidic 
solution, the alloying elements in the three copper 
alloys are actively dissolved as: M→Mn++ne (M 
could be Fe, Al, Zn and Mn), and there is no 
passive film built on the surface. Therefore, 
preferential corrosion is prone to occur at the 
phases with low nobilities and the VP results are 
reliable to evaluate the corrosion tendency of 
different phases. However, the VP result, which   
is merely obtained in air, should be handled 
cautiously if corrosion product films are generated 
on the surface of these copper alloys after 
immersion in the test solutions. In the neutral and 
alkaline solutions, the alloying elements of these 
copper alloys can be passivated through the 
formation of stable oxides or hydroxides, and thus 
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the corrosion process is inhibited. Corrosion 
preferentially occurs at the sites, where the film is 
defective and poorly protective. Other researchers 
also proposed that VP results obtained by SKPFM 
cannot be universally correlated with practical 
corrosion behavior in a certain solution [25,26]. 
 
3.3 MDE results and CE morphologies 

Figure 5 shows the MDE results of the three 
copper alloys after CE for 5 h in different solutions 
(the density is 7.4793, 7.4093 and 8.1610 g/cm3 for 
the NAB, MAB and MB, respectively). It is found 
that the MB has the highest MDE, followed by the 
MAB and NAB in each solution. Each material has 
the highest MDE in the solution of pH 2, and the 
lowest MDE in the solution of pH 12. For the MB, 
the MDE in the acidic solution reaches 6.97 μm, 
which is 1.74 and 1.92 times larger than that in the 
neutral and alkaline solutions, respectively. For the 
MAB, the MDE in the acidic solution is up to 
3.88 μm, which is 1.75 and 2.55 times larger   
than that in the neutral and alkaline solutions, 
respectively. This indicates that both the MB and 
MAB are subjected to much more severe corrosion 
in the acidic corrosion. In contrast, the corrosion 
damage of the NAB increases moderately with  

 

 

Fig. 5 MDE results of three copper alloys after CE for 
5 h in 3.5% NaCl solution with different pH values 
 
decreasing the pH value. The MDE of the NAB in 
the acidic solution is only 1.58 μm, which is 0.66 
times larger than that in the neutral solution and 
1.22 times larger than that in the alkaline solution. 

Figure 6 shows the surface morphologies of 
the three copper alloys after CE in different 
solutions for 1 h. It is obvious that much more 
severe CE damage occurs in the solution of pH 2, 
and the dissolution of these κ phases results in the  

 

 
Fig. 6 Surface morphologies of MAB (a−c), NAB (d−f) and MB (g−i) after CE for 1 h in 3.5% NaCl solution of     
pH 2 (a, d, g), pH 6.8 (b, e, h) and pH 12 (c, f, i) 
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generation of corrosion pits for each copper alloy, 
as shown in Figs. 6(a, d, g). For the MAB, cracks 
appear at the α/β phase boundaries, and obvious 
deformation and voids are found at the α phases in 
each solution. The β phase undergoes preferential 
corrosion in both the acidic and neutral solution 
(Figs. 6(a, b)), but it is hardly corroded in the 
solution of pH 12 (Fig. 6(c)). For the NAB, the 
corrosion pits extend under the cavitation stress, 
leading to the generation of large cavities in the 
solution of pH 2 (Fig. 6(d)). In the neutral solution, 
cracks appear at the α/κII boundaries, and small 
voids distribute at the periphery and interval of the 
α matrix. Besides, cavities are also found at the 
eutectoid microstructure (Fig. 6(e)). In the solution 
of pH 12, the eutectoid microstructure and β′ phases 
are subjected to preferential corrosion. Voids are 
found inside the α matrix and cracks appear at the 
α/κII phase boundaries (Fig. 6(f)). For the MB,   
the α phase is severely attacked, resulting in the 
appearance of many cavities and obvious material 
detachment in each solution. In the solution of   
pH 2, distinct undulation is found at the β phase  
as a result of severe corrosion, and few original 
microstructures are left on the surface (Fig. 6(g)). 
The β phases also suffer relatively slight corrosion 

in the neutral solution (Fig. 6(h)), but they are 
scarcely corroded in the solution of pH 12 
(Fig. 6(i)). 

The surface morphologies of the three copper 
alloys after CE for 5 h are presented in Fig. 7. 
Obvious cavities appear on the surface of each 
material, and the original microstructure can be 
hardly distinguished. For the MAB, the β phase is 
lower in height than the surrounding α phase due to 
the preferential corrosion in the solution of pH 2. 
Besides, there are also some holes and pits on the 
surface, probably because of the dissolution of the κ 
phases (Fig. 7(a)). In both the neutral and alkaline 
solutions, the β phase suffers brittle fracture and  
the debris of β phase protrudes on the surface 
(Figs. 7(b, c)). For the NAB, many pits and cavities 
are distributed on the surface in the solution of pH 2 
(Fig. 7(d)). Groove-shaped cavities appear as a 
result of the material detachment in both the neutral 
and alkaline solutions (Figs. 7(e, f)). The debris of 
the eutectoid microstructure is visible on the surface 
in the neutral solution (Fig. 7(e)). For the MB, the β 
phases are subjected to extremely severe corrosion, 
and this makes the surface undulating in the 
solution of pH 2. Moreover, the α phase protrudes 
on the surface as a result of the corrosion of the 

 

 
Fig. 7 Surface morphologies of MAB (a−c), NAB (d−f) and MB (g−i) after CE for 5 h in 3.5% NaCl solution of     
pH 2 (a, d, g), pH 6.8 (b, e, h) and pH 12 (c, f, i) 
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surrounding β matrix (Fig. 7(g)). In the neutral 
solution, preferential corrosion also occurs at the  
β phases, and groove-shaped cavities appear on 
account of the erosion damage at the α phases 
(Fig. 7(h)). In the solution of pH 12, the surface is 
much more mildly attacked. Besides, thick 
corrosion products are locally found on the surface 
(Fig. 7(i)). 
 
3.4 Electrochemical behavior under CE condition 

Figure 8 shows the OCP results of the three 
copper alloys under alternating quiescence and CE 

conditions in different solutions. For the MAB, the 
OCP shifts to a more positive value when CE starts, 
but it decreases once CE is terminated in each 
solution (Fig. 8(a)). For the NAB, CE causes a 
positive OCP shift in the solution of pH 2, but a 
negative OCP shift in other solutions (Fig. 8(b)). 
For the MB, CE shifts the OCP to a more negative 
value in the solution of pH 12, whereas a more 
positive value in other solutions (Fig. 8(c)). 
Figure 9 shows the polarization curves of the three 
copper alloys in different solutions under the    
CE condition, and Table 3 presents the φcorr and Jcorr 

 

 
Fig. 8 OCP results of MAB (a), NAB (b) and MB (c) in 3.5% NaCl solution with different pH values under alternate 
conditions of quiescence and CE 
 

 

Fig. 9 Potentiodynamic polarization curves of MAB (a), NAB (b) and MB (c) under CE condition in 3.5% NaCl 
solution with different pH values 
 
Table 3 Electrochemical parameters obtained from polarization curves for copper alloys in 3.5% NaCl solutions with 
different pH values 

Material Condition 
Jcorr/(A·cm−2)  φcorr(vs SCE)/mV  

pH=2 pH=6.8 pH=12  pH=2 pH=6.8 pH=12  

MAB 
Quiescence 3.320×10−5 7.458×10−6 1.211×10−5  −562 −422 −379  

CE 9.322×10−4 8.513×10−5 8.998×10−5  −174 −372 −325  

NAB 
Quiescence 1.070×10−5 4.396×10−6 8.354×10−6  −338 −276 −207  

CE 6.086×10−4 5.322×10−5 8.012×10−5  −187 −311 −313  

MB 
Quiescence 1.180×10−5 8.096×10−6 4.096×10−7  −463 −416 −216  

CE 8.476×10−4 7.621×10−5 7.000×10−5  −205 −325 −276  
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results obtained from Figs. 2 and 9. It is found that 
in each solution, CE significantly increases the Jcorr 
of each copper alloy, compared with the result 
under the quiescence condition. 

When the material is covered by a protective 
corrosion product film or a passive film under the 
quiescence condition, CE destroys the film and 
consequently causes a negative OCP shift. If the 
material undergoes active dissolution or the film 
protectiveness is poor, CE primarily expedites the 
cathodic process by accelerating the mass transfer 
in solution (mainly the dissolved oxygen), and 
causes a positive OCP shift [37,38]. In the solution 
of pH 2, no films are built on the three copper 
alloys. The cathodic process consists of hydrogen 
evolution and oxygen reduction:  
2H++2e→H2                                            (5)  
O2+4H++4e→2H2O                       (6)  

The OCP of each copper alloy is raised by CE 
as a result of the accelerated oxygen transfer in the 
solution. Due to the dissolution of these κ phases, 
the remaining surface of each copper alloy is 
depleted in Fe, Mn and Al, and the OCP of these 
copper alloys approaches that of the major 
constituent, Cu. Therefore, the OCP stabilizes at a 
much higher value when CE is terminated, 
compared with the result under the primary 
quiescence condition. 

In the neutral and alkaline solutions, the 
cathodic process is oxygen reduction:  
O2+2H2O+4e→4OH−                                  (7)  

In the neutral solution, a protective film, which 
is mainly composed of Cu2O and Al2O3, can be 
rapidly generated on the NAB surface [39]. CE 
destructs this film and shifts the OCP of the NAB to 
a more negative value. However, active dissolution 
of the κ phases occurs for both the MAB and MB, 
and MB is subjected to dezincification corrosion. 
CE shifts the OCP of both the MAB and MB 
towards a more positive value as a result of the 
expedited mass transfer of the dissolved oxygen. In 
the solution of pH 12, passive films can be rapidly 
built on the NAB and MB under the quiescence 
condition, as evidenced by Figs. 2 and 3. Thus, CE 
decreases the OCP of these two materials as a result 
of the film destruction. However, CE shifts the 
OCP of the MAB to a more positive value, owing to 
the accelerated cathodic process and the absence of 

a protective passive film. 
CE creates an increase of Jcorr for each copper 

alloy, whether the anodic or cathodic process is 
accelerated. In the neutral and alkaline solutions, 
the three copper alloys possess similar Jcorr under 
the CE condition (Table 3), because the electro- 
chemical process is controlled by oxygen diffusion 
and the Jcorr is decided by the dissolved oxygen 
content in the solution. The Jcorr in the solution of 
pH 2 is much higher than that in other solutions for 
each copper alloy, owing to the active dissolution of 
the κ phases and the coexistence of hydrogen 
evolution and oxygen reduction in the cathodic 
process. 
 
3.5 CE−corrosion synergy 

As generally accepted, a synergistic effect 
exists between corrosion and mechanical attack. 
The CE−corrosion synergy (S) is composed of the 
corrosion-enhanced-CE (ΔE) and CE-enhanced- 
corrosion (ΔC). The following equation is widely 
used to evaluate the CE-corrosion synergy [19]:  
T=E+C+S=E+ΔE+(C+ΔC)                (8)  
where T and E represent the total mass loss rate of 
the materials in the corrosive solution and distilled 
water, respectively. The calculation methods of the 
pure corrosion rate (C) and the corrosion rate under 
the CE condition (C+ΔC) have been stated in our 
previous research [40]. The mass loss rates induced 
by different components and their contribution to 
the cumulative CE mass loss rate are listed in 
Table 4. 

For each copper alloy in each solution, the C/T 
value is very small, indicating that the pure 
corrosion has little effect on the CE damage. In the 
solution of pH 2, the S/T is the largest and even 
exceeds 60% for each material, and the ΔE/T is 
larger than the ΔC/T. Among the three copper 
alloys, the MAB has the lowest E/T (25.38%) and 
the largest S/T (73.63%, ΔE/T=46.97% and 
ΔC/T=26.66%). The MB has the largest ΔE/T 
(53.36%). The ΔE/T and ΔC/T are pretty close   
for the NAB. In other solutions, the E/T is the 
largest for each copper alloy, demonstrating that 
mechanical attack is the dominant factor for the CE 
degradation. In the neutral solution, the MB has the 
largest E/T (88.27%), whereas the NAB has the 
largest S/T (38.97%) among the three materials. The 
ΔE/T is larger than the ΔC/T for each material, and  
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Table 4 Analysis results of CE−corrosion synergy in 3.5% NaCl solution with different pH values for copper alloys 

Material pH 
Mass loss rate/(mg·cm−2·h−1) 

T E 
(E/T) 

C 
(C/T) 

ΔE 
(ΔE/T) 

ΔC 
(ΔC/T) 

S 
(S/T) 

MAB 

2 4.7917 1.2160 
(25.38%) 

0.0472 
(0.99%) 

2.2509 
(46.97%) 

1.2776 
(26.66%) 

3.5285 
(73.63%) 

6.8 1.7417 1.2160 
(69.82%) 

0.0106 
(0.61%) 

0.4047 
(23.24%) 

0.1104 
(6.33%) 

0.5151 
(29.57%) 

12 1.3500 1.2160 
(90.07%) 

0.0172 
(1.27%) 

0.0061 
(0.45%) 

0.1107 
(8.21%) 

0.1168 
(8.66%) 

NAB 

2 1.9667 0.7160 
(36.41%) 

0.0150 
(0.76%) 

0.6507 
(33.09%) 

0.5850 
(29.74%) 

1.2357 
(62.83%) 

6.8 1.1833 0.7160 
(60.51%) 

0.0062 
(0.52%) 

0.3925 
(33.17%) 

0.0687 
(5.80%) 

0.4612 
(38.97%) 

12 0.8833 0.7160 
(81.06%) 

0.0118 
(1.34%) 

0.0546 
(6.18%) 

0.1009 
(11.42%) 

0.1555 
(17.60%) 

MB 

2 9.4833 3.0600 
(32.27%) 

0.0190 
(0.20%) 

5.0606 
(53.36%) 

1.3437 
(14.17%) 

6.4043 
(67.53%) 

6.8 3.4667 3.0600 
(88.27%) 

0.0130 
(0.37%) 

0.2842 
(8.20%) 

0.1095 
(3.16%) 

0.3937 
(11.36%) 

12 3.2500 3.0600 
(94.15%) 

0.0007 
(0.02%) 

0.0774 
(2.38%) 

0.1119 
(3.45%) 

0.1893 
(5.83%) 

 
the MAB and NAB have much larger ΔE/T values 
(23.24% for MAB and 33.17% for NAB) than the 
MB (8.2%). In the alkaline solution, the E/T is 
much higher than that in the neutral solution for 
each material. It reaches 81.06% for the NAB and 
even exceeds 90% for the MAB and MB. The ΔC/T 
is larger than the ΔE/T, and it is about 8.20% for the 
MAB and 11.42% for the NAB. The NAB has the 
largest ΔE/T, which is only 6.18%. 

For each copper alloy, the dissolution of these 
κ phases creates many corrosion pits and holes on 
the surface in the solution of pH 2 (Figs. 6 and 7). 
This increases the surface roughness and 
remarkably weakens the mechanical properties. 
Therefore, a huge ΔE is induced. Besides, 
dezincification corrosion of the β phase further 
decreases the mechanical properties of the MB, and 
the β phase is severely eroded under the cavitation 
attack. Moreover, CE accelerates the oxygen 
transfer in the solution and results in ΔC for     
all the copper alloys. In the neutral solution, the 
preferential corrosion of the κ phases weakens the 
cohesion of α/κ phase boundary and thereby 
facilitates the detachment of these κ phases for both 
the MAB and MB. The dezincification corrosion of 
the β phase and the low mechanical properties (the 
hardness is about HV 124 for the MB and HV 175 

for the NAB and MAB) give rise to the lowest CE 
resistance of the MB. The brittle fracture of the β 
phase and detachment of the large-sized rosette κ 
phases are responsible for the higher CE rate of the 
MAB, compared with the result of the NAB. The 
SPC of the lamellar α phase can promote the 
collapsing of the eutectoid microstructure in the 
NAB under the cavitation attack, and cavities are 
found at the eutectoid microstructure (Fig. 7(e)), as 
also previously reported [40,41]. In the solution of 
pH 12, each copper alloy undergoes much slighter 
corrosion damage (Figs. 6(c, f, i)), and thus the 
ΔE/T value is smaller. The mechanical attack is 
dominantly responsible for the CE damage. For the 
MB, the disappearance of dezincification corrosion 
also contributes to its high CE resistance in the 
alkaline solution. Moreover, corrosion products are 
found locally on the eroded surface of the MB after 
a CE duration of 5 h (Fig. 7(i)), and the chemical 
composition obtained by EDS is 26.79% O, 6.15% 
Al, 3.11% Mn, 16.71% Fe, 29.15% Cu, 17.53% Zn 
and 0.57% Cl. They can act as barriers to protect 
the substrate from violent mechanical attack. 
 
4 Conclusions 
 

(1) The SKPFM results indicate that the phase 
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nobility of the MAB and MB ranges from high to 
low as κ, β and α. For the NAB, the κII phase has 
the lowest nobility because it contains the largest Al 
and Fe contents. 

(2) Each copper alloy exhibits different SPC 
behaviors when the pH value is changed. In the 
solution of pH 2, no protective films are built and 
the κ phase with low nobility undergoes preferential 
dissolution. In the neutral solution, the κ phases of 
the NAB are preserved because of the formation of 
Al2O3 film, but the κ phases of the MAB and MB 
are preferentially dissolved. Dezincification corrosion 
occurs at the β phase of the MB in both the acidic 
and neutral solutions. In the solution of pH 12, each 
copper alloy exhibits a passive behavior. Pitting 
corrosion mainly occurs at the κ phase of the MAB 
and MB, and the κII phase of the NAB. SKPFM 
results should be treated cautiously when corrosion 
product films are built on the copper alloys. 

(3) The MDE ranges from high to low as MB, 
MAB and NAB in each solution. In the solution of 
pH 2, the MDE is the largest for each copper alloy, 
because the dissolution of the κ phases creates 
many corrosion pits on the surface and remarkably 
accelerates the CE damage. The CE−corrosion 
synergy contributes largely to the CE degradation. 
In other solutions, all the copper alloys exhibit a 
mechanical attack-dominated damage mechanism. 
Much slighter corrosion damage occurs in the 
solution of pH 12, the MDE is the lowest and the 
E/T exceeds 80% for each copper alloy. 

(4) A negative OCP shift is induced by CE for 
the NAB in both the neutral and alkaline solutions 
and the MB in the alkaline solution, as a result of 
the destruction of the protective films, which are 
built under the quiescence condition. CE increases 
the corrosion current density for each material in 
each solution. 
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摘  要：采用扫描开尔文力显微镜(SKPFM)对镍铝青铜(NAB)、高锰铝青铜(MAB)及锰黄铜(MB)中不同相的稳定

性进行表征，并对 3 种铜合金在不同 pH 值 3.5% NaCl 溶液中的选相腐蚀及空蚀行为进行研究。结果显示，在酸

性溶液(pH 2)中，每种材料中稳定性最差的 κ 相均发生溶解。在中性溶液(pH 6.8)中，NAB 中富 Al 的 κ相未发生

腐蚀，而 MAB 和 MB 中富 Fe 的 κ相发生溶解。在碱性溶液(pH 12)中，点蚀发生在 MAB 和 MB 的 κ相以及 NAB

中的 κII 相上。在任一溶液中，耐空蚀性能顺序均为：NAB > MAB > MB。在酸性溶液中，选相腐蚀显著加重空

蚀损伤，且腐蚀−空蚀交互作用是导致空蚀的主导因素；在其他溶液中，选相腐蚀较为轻微，3 种铜合金均表现出

以力学损伤为主导的空蚀损伤机制。 

关键词：铜合金；扫描开尔文力显微镜；选相腐蚀；空蚀；交互作用 
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