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A B S T R A C T   

This study evaluated the cavitation erosion behaviour of a commonly used material in the marine environment, 
nickel aluminium bronze (NAB), after exposure to the adhesion of Bacillus sp. biofilm in artificial seawater. 
Results showed that the biofilm could inhibit the corrosion progress, keeping κ phases intact and subsequently 
allowing the NAB to retain its cavitation erosion resistance. Detailed discussion about the effect of the biofilm on 
cavitation erosion behaviour of NAB was presented. Furthermore, the importance of the κ phases for resisting 
cavitation erosion was evidenced by in-situ SEM, and a correlation of the decrease in hardness and the increase in 
mass loss during cavitation erosion was built.   

1. Introduction 

For a vessel travelling from the river to the shore, its propeller and 
rudder are exposed to cavitation erosion and subsequently cavitation 
erosion-corrosion, as the schematic illustration shown in Fig. 1. Cavi-
tation erosion frequently occurs to ship propellers causing severe wear 
[1,2]. When a propeller is operated at high speed, the pressure fluctu-
ation of the surrounding water results in the formation of cavitation 
bubbles. Microjets are generated when cavitation bubbles collapse, of 
which the velocity can reach up to 4000 m/s [3]. The impact load of the 
microjet on the propellers usually ranges from 0.2 to 2 GPa, while some 
can even reach 10 GPa [4], resulting in severe wear on the surface of a 
propeller and a significant reduction of its service time. In addition, as 
operated in seawater, corrosion is also a critical issue, and the syner-
gistic effect of cavitation erosion-corrosion can further accelerate the 
material wear [2,5]. 

When the vessel further travels in the ocean, biofouling is another 
typical damage to the propeller. In the marine environment, biofouling 
caused by bacterial adhesion significantly affects the corrosion of ma-
terials. There are two types of influence of bacterial adhesion on the 
corrosion of materials, namely microbiologically influenced corrosion 

(MIC) and microbiologically influenced corrosion inhibition (MICI) [6]. 
Sheng et al. [7] explored the effect of the attachment of sulfate-reducing 
bacteria Desulfovibrio desulfuricans on the corrosion resistance of 316 
stainless steel. The results showed that with the sulfate as the electron 
acceptor and reduced to sulfide (Such as H2S & FeS), biofilm accelerated 
the corrosion rate of 316 stainless steel. Xu et al. [8] studied the effect of 
the attachment of nitrate-reducing bacteria Bacillus licheniformis on 
C1018 carbon steel. The study found the formation of iron nitride (such 
as FeN, Fe3N, and Fe4N) on the surface, indicating the attachment of 
biofilm promoted the electron transfer of iron (Fe0) to nitrogen (N2), 
which may lead to severe corrosion. Similar MIC results have also been 
discovered in previous studies [9–13]. However, bacterial attachment 
may also inhibit the corrosion rate of materials (MICI effect). Li et al. 
[14] investigated the effect of Bacillus cereus attachment on the corro-
sion behaviour of 316 stainless steel and found that the biofilm of Ba-
cillus cereus enhanced the corrosion resistance via blocking the electron 
transfer between the steel and the cathodic depolarizer. Other studies 
indicated that the bioadhesion of some particular microorganisms on 
certain materials may significantly reduce the corrosion current, which 
could be attributed to the microorganisms-induced changes of the type 
and concentration of ions, oxygen level, and pH on the surface of the 
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coating [15–19]. 
Nickel aluminium bronze (NAB), as one of the most common pro-

peller materials, has been extensively studied on its cavitation erosion 
and corrosion behaviours for several decades. Meanwhile, the cavitation 
erosion-corrosion synergy in related to the microstructure of NAB also 
has been widely investigated recently [20–23]. Some literature used 
in-situ electrochemical corrosion test to further reveal the synergism 
effect of cavitation erosion and corrosion [24,25]. Despite the extensive 
studies on the synergies of the bioadhesion-corrosion and the cavitation 
erosion-corrosion, the effect of bioadhesion on cavitation 
erosion-corrosion has not been reported yet (Fig. 1). Since bioadhesion 
may have different effects on corrosion and corrosion usually accelerates 
material wear when the material is exposed to cavitation erosion, it is 
worthwhile to investigate the effects of bioadhesion on cavitation per-
formance of materials. Therefore, this study aims to investigate the ef-
fect of Bacillus sp. adhesion on cavitation erosion of NAB in artificial 
seawater (ASW), intending to gain insight into the connection of 
biofouling and cavitation erosion-corrosion. 

2. Experimental 

2.1. Materials 

Commercially available cast NAB (Suzhou Zhongmai Copper Ltd., 
China) was used. The dimension of the cylindrical NAB samples was 
Φ20 × 10 mm, and the composition was tabulated in Table 1. Before 
testing, the top surface of the NAB samples was ground with 800-mesh 
sandpaper and then polished with a diamond (1 μm) suspension (Wuyi 
Hengyu Instrument Ltd., China). Regents (all the reagents were supplied 
by Sinopharm Chemical Reagent Ltd., China in this work, unless speci-
fied) were used to prepare an etching solution and ASW. The etching 
solution for NAB was composed of FeCl3 (solid, 5 g) and HCl (37 wt% in 
aqueous solution, 2 ml) in 95 mL of ethanol, and the etching time was 3 s 
for the characterisation of the polished NAB samples [26]. The prepa-
ration of the ASW was as per ASTM D1141-98 (2003) [27]. In addition, 
bacteria contained ASW (BASW) was also prepared. The culture medium 
was composed of peptone (3 g/L) in ASW and autoclaved at 121 ◦C for 
20 min before the inoculation of Bacillus sp. (MCCC1A00791, Marine 
Culture Collection of China, China). 

2.2. Corrosion in ASW 

The NAB samples were sealed with epoxy resin except for the pol-
ished surface. Then, the partially sealed samples were immersed into a 
beaker containing 2 L of ASW for 7, 15, 30, and 60 days, respectively. 
The ASW in the beaker was refreshed every 7 days and kept at a constant 

temperature of 28 ± 2 ◦C. Next, the samples were cleaned with deion-
ised water for 5 min and subsequently with nitric acid (17 wt% in 
aqueous solution) for 2 min in an ultrasonic bath to remove the corro-
sion products [28] for scanning electron microscopy (SEM, Regulus 
8230, Hitachi High-Tech Ltd., Japan) and cavitation erosion. The 
corrosion products from the sample immersed in ASW for 30 days were 
collected, cleaned, and dried for X-ray diffraction (XRD, D8 Advance, 
Bruker Instruments Ltd., USA) using a copper anode at 40 kV and 40 mA. 

2.3. Bioadhesion of Bacillus sp. and corrosion in BASW 

The partially sealed NAB samples were immersed in BASW (106 

bacteria/ml on day 0) at 28 ± 2 ◦C. Every 2 days, 67% of the BASW was 
replaced by an autoclaved culture medium to maintain the normal 
growth of bacteria. The samples were taken out on the 7th, 15th, 30th, 
and 60th days to observe the surface morphologies after bacterial 
attachment. Some bacteria adhered NAB samples were immersed in 
2.5% glutaraldehyde at 4 ◦C for 2 h and then consecutively dehydrated 
in 25, 50, 75, 90, and 100 vol% (twice in 100 vol%) ethanol solutions for 
the SEM observation of the biofilm on the samples. In addition, the 
composition of the biofilm on the samples immersed in BASW for 30 
days was investigated by Fourier transform infrared spectroscopy (FT- 
IR, Nicolet 6700, Thermo Fisher Scientific Ltd., USA). The others were 
immersed in an ultrasonic bath with deionised water for 5 min and 
subsequently with nitric acid (17 wt% in aqueous solution) for 2 min to 
remove the biofilm and corrosion products [28] for SEM characterisa-
tion and cavitation erosion. 

2.4. Electrochemical measurements 

Electrochemical tests (CHI660E electrochemical workstation, 
Shanghai Chenhua Instrument Ltd., China) were carried out to acquire 
the Nyquist plots and Tafel curves of the samples after 30 days of im-
mersion in the ASW/BASW solutions. A typical three-electrode system 
was adopted, where a saturated calomel electrode and a platinum foil 
were used as the reference and the counter electrodes, respectively. The 
Nyquist plots were measured by a sinusoidal potential disturbance with 
the amplitude of 5 mV in the frequency range of 105 to 10− 2 Hz. 
Meanwhile, the Tafel curves were conducted at the rate of 5 × 10− 4 V/s 
from − 1.0 to 0 V. The Nyquist plots and the Tafel curves were conducted 
in the ASW medium at 25 ± 1 ◦C and repeated 3 times to ensure 
reproducibility. 

2.5. Vickers hardness test 

Vickers hardness test (Wilson VH3300, Buehler Ltd, Germany) was 

Fig. 1. The effect of biofouling on the cavitation erosion-corrosion was unrevealed.  
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performed on the NAB samples immersed in ASW and BASW for 0, 7, 15, 
30, and 60 days. Before testing, the corrosion products and biofilm were 
removed. For each sample, five random locations in the surface were 
indented under a load of 10 kgf with a dwell time of 10 s, and the 
average value and the standard deviation of the Vickers hardness were 
calculated. 

2.6. Cavitation erosion-corrosion 

The cavitation erosion test was performed in ASW using ultrasonic 
vibration apparatus (GBS-SCL 15K, Hangzhou Guobiao Ultrasonic 
Equipment Co., Ltd., Zhejiang, China) as per a modified version of ASTM 
G32-16 [29] on the polished, the ASW-immersed, and the 
BASW-immersed NAB samples (the corrosion products and the biofilms 
were removed before the test). A schematic diagram of the apparatus for 
the test is shown in Fig. 2 [30]. The apparatus was operated at a fre-
quency of 20 kHz with a peak-to-peak amplitude of 50 μm. The horn was 
immersed at a depth of 23 ± 2 mm in the test medium, which was kept at 
25 ± 2 ◦C by a cooling system. The sample was fixed coaxially with the 
horn at 1 mm to the horn tip. 

For the ASW/BASW-immersed NAB samples exposed to cavitation 
erosion in ASW, both types of the samples entered the steady-state 
period after 6 h, at which the mass loss rate was stable. Therefore, the 
cumulative mass loss of the samples exposed to 6 h of cavitation erosion 
was used to evaluate the cavitation erosion performance of the samples. 
Before and after 6-h cavitation erosion, the samples were rinsed, dried, 
and weighed to calculate mass loss (accurate to 0.1 mg). The cavitation 
erosion test was repeated three times for each group of the sample to get 
the average value and the standard deviation. Furthermore, in-situ SEM 
observation was undertaken to study the cavitation erosion-corrosion 
failure mechanism of the NAB. Specifically, the surface morphology at 
the same position of the polished NAB sample was observed by SEM 
before (0 min) and after cavitation erosion-corrosion at the 40th, 100th, 
and 160th mins. 

3. Results and discussion 

3.1. Microstructure and cavitation erosion behaviour of original NAB 

The etched NAB shows its microstructure consists of α phase (fcc 
copper-rich) and the β′ phase (or retained β phase) (Fig. 3a), which were 
surrounded by a variety of intermetallic κ-phases (κI, κII, κIII, and κIV) 
(Fig. 3b) [31–33]. The κI phase has a rosette-like morphology and its 
main composition was Fe3Al, which could be observed within the α 
phase matrix [31]. The κII phase also presented a rosette-like 
morphology and was smaller than the κI phase [33]. The nickel-rich 
(based on NiAl) κIII phase can be found at the boundary of the large κI 
phase or at the α-β’ boundaries [34]. The κIV phase is an iron-rich pre-
cipitate that appeared within the α phase, of which the size is very small 
[35]. 

The cavitation erosion behaviour of the polished NAB sample was 
revealed by in-situ SEM observation Fig. 4. Before cavitation erosion 
(Fig. 4a), the κII, κIII, and κIV phases (highlighted by the red dotted circle, 
black arrow, and blue arrow, respectively) were tightly bonded to the 
surrounding α phase matrix without any crack. As exposed to cavitation 
erosion for 40 min (Fig. 4b), cracks were observed near the boundaries 
of the κ and α phases. After 100 min of cavitation erosion (Fig. 4c), a 
large cavitation crater was formed due to the detachment of the κII 
phase. Meanwhile, small cavitation craters also appeared as the removal 
of κIII and κIV phases. These cavitation craters got expanded when 
further exposed to cavitation erosion (Fig. 4d), as the exposed α phase 
matrix could be easily peeled off from the NAB without the protection by 
the hard κ phases. The results from the in-situ SEM observation of the 
NAB exposed to cavitation erosion in ASW suggested that the κ phases 
were of great importance for NAB to resist cavitation erosion. Specif-
ically, κ phases exhibited high hardness, and the dispersion of the hard κ 
phases in NAB provided good cavitation erosion resistance. When the κ 
phases were detached, the remained α phase could not resist cavitation 
erosion effectively. Meanwhile, cracks could be introduced during the 
detachment of κ phases, resulting in the accelerated removal of the α 
phase. Furthermore, when NAB was immersed in ASW for a long time or 
used in other complex environments with microorganisms, corrosion 
and bioadhesion can also change the microstructure evolution of the κ 
phases and thus affect the cavitation erosion behaviours of the NAB. 
Therefore, it is worthwhile to investigate the effect of long-term expo-
sure to the ASW and BASW on the microstructure of the NAB, which can 
assist the understanding of the cavitation erosion behaviours in turn. 

3.2. Microstructure, corrosion behaviour, and microhardness of the NAB 
exposed to corrosion and bioadhesion 

The surface morphologies of the NAB samples after immersion in 
BASW is shown in Fig. 5. Only a few bacteria were observed on the 
surface of the sample after immersion for 7 days (Fig. 5a). Then, the 
number of bacteria increased significantly with the prolongation of 
immersion (Fig. 5b and c). Finally, the sample was entirely covered by a 
homogeneous biofilm after 60 days of immersion (Fig. 5d). The sample 
immersed in BASW for 30 days was further characterised by FT-IR 
(Fig. 6). The absorption peak at ~3420 cm− 1 could be attributed to 
the O–H stretching vibration, and the O–H bond was the functional 
group of proteins and polysaccharides [36]. The absorption peak at 
~1020 cm− 1 was caused by CO- stretching in ribose and glycopeptides 
[28]. The absorption peak at ~1660 cm− 1 referred to C–N (Amide I) and 
C––O stretching, and the absorption peak at ~1540 cm− 1 was resulted 
from the NH bending and C–N (Amide II) stretching. The Amide I and 

Table 1 
Composition of cast nickel aluminium bronze alloy.  

Elements Ni Al Fe Mn Si C Cu 

wt.% 4.0–5.0 8.5–10.0 4.0–5.0 0.8–2.5 <0.15 <0.10 bal.  

Fig. 2. Schematic diagram of the cavitation erosion test apparatus.  
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Amide II were the functional groups of proteins [37,38]. Therefore, the 
colonisation of the Bacillus sp. and the formation of the biofilm was 
evidenced by these structural features confirmed by the FT-IR result 
(Fig. 6). 

Biofilm can significantly affect the corrosion rate of the materials, 
which eventually changes the surface morphologies of the samples. The 
comparison for the surface morphologies of the NAB samples exposed to 
corrosion and bioadhesion after cleaning out the corrosion products and 
biofilm is demonstrated in Fig. 7. As shown in Fig. 7a1, some small 
corrosion pits appeared on the surface after 7 days of immersion in ASW. 
The width of the corrosion pit grew larger as the immersion time 
extended (Fig. 7b1-c1). On the 60th day of immersion in ASW (Fig. 7d1), 
the surface was severely damaged, and a considerable amount of α phase 
was dissolved into the ASW [39,40], resulting in the formation of large 
craters. However, for the NAB sample immersed in BASW (Fig. 7a2-d2), 
only some small cracks were observed on the surface after 60 days of 

immersion (Fig. 7d–2), different from the sample immersed in ASW. 
Thus, it is concluded that the biofilm (by Bacillus sp.) can inhibit the 
corrosion of NAB in ASW, possibly via blocking the extracellular elec-
tron transfer and thereby suppressing the process of metal dissolution 
[14]. 

The cross-sectional morphologies of the NAB samples after immer-
sion in ASW and BASW also demonstrated the differences in the 
corroded morphologies of the NAB with and without the Bacillus sp. 
biofilm adhesion Fig. 8. Generally, the surface of the NAB samples 
immersed in BASW was less rough than that immersed in ASW. 
Furthermore, the pits in the ASW-immersed samples tended to expand 
on the surface and grow into the surface (Fig. 8a and b), while the pits in 
the BASW-immersed samples only got expended in surface (Fig. 8c and 
d). Such differences in the growth of corrosion pit could be attributed to 
the fact that the biofilm could inhibit the dissolution of elements from 
the surface of the samples immersed in BASW [14]. In addition, for the 

Fig. 3. Microstructure of the original NAB. a, low magnification; b, high magnification.  

Fig. 4. Microstructure evolution of the original NAB exposed to cavitation erosion in ASW. a, as-polished surface; b-d, surface subjected to cavitation erosion in ASW 
for 40, 100, 160 min, respectively; Interested regions: κII phase (red dotted circle), κIII phase (black arrow), and κIV phase (blue arrow). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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NAB immersed in ASW, the formation of the corrosion products film 
could bring negative impact to the corrosion resistance due to its porous 
and loose structure [41–43]. 

The characterisation of the chemical composition of the corrosion 
product assists the investigation of the corrosion process. Therefore, the 
corrosion products of the NAB in ASW was examined by XRD (Fig. 9), 
showing a composition of Cu2(OH)3Cl, Al2O3, and Cu(OH)2. Here, a 
possible route for the formation of the corrosion products was deduced 
according to the XRD result and the literature. The corrosion products 
were formed with the dissolution of Cu and Al from NAB in ASW in the 

following process [40,43–46]: 

Cu+Cl− →CuCl + e− (1)  

CuCl+Cl− →CuCl2
− (2)  

Al+ 4Cl− →AlCl4
− + 3e− (3) 

As the CuCl−2 and AlCl−4 are unstable, Cu2O and Al2O3 were formed 
subsequently through the following reaction [47–49]: 

2CuCl2
− +H2O→Cu2O + 4Cl− + 2H+ (4)  

AlCl4
− + 3H2O → Al(OH)3 + 3H+ + 4Cl− (5)  

2Al(OH)3 → Al2O3 + 3H2O (6) 

With the extended exposure time, the Cu2O could be further oxidized 
to Cu(OH)2 and Cu2(OH)3Cl according to equations (7) and (8) [41,42]: 

Cu2O+ 3H2O → 2Cu(OH)2 + 2H+ + 2e− (7)  

Cu2O+Cl− + 2H2O → Cu2(OH)3Cl+H+ + 2e− (8) 

The Al2O3 can improve the corrosion resistance of NAB, whereas the 
porous of the Cu(OH)2 and the loose structure of the Cu2(OH)3Cl can 
negatively affect the corrosion resistance of NAB [21,41,42]. Generally, 
the potential difference between different phases (α, β′, and κI-Ⅳ) can be 
considered as the driving force for the selective phase corrosion of NAB 
[39]. The Al-rich κ-phases (κI-Ⅳ) present relatively higher nobility due to 
the formation of an Al2O3 protective film in the corrosive solution [50]. 
As a result, the copper-rich α- and β′-phases become anodic to the 
κ-phases and are preferentially corroded in the corrosive medium 
(Fig. 7) [51]. 

Electrochemical analyses were conducted to further reveal the effect 
of the biofilm on corrosion damage. The Tafel curves of the samples after 
30 days of immersion in the ASW/BASW solutions are shown in Fig. 10. 
Meanwhile, the fitting results of the Tafel curves are tabulated in 

Fig. 5. Surface of the NAB samples after the immersion in BASW. a-d, at the 7th, 15th, 30th, and 60th days of immersion, respectively.  

Fig. 6. FT-IR spectrum of the biofilm from the samples immersed in BASW for 
30 days. 
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Table 2, showing the corrosion potential (Ecorr) and the corrosion cur-
rent (Icorr) of the ASW-/BASW-immersed samples. According to Table 2, 
the Ecorr and the Icorr of the BASW-immersed sample are higher and lower 
than the ASW-immersed sample, respectively. For the samples evaluated 
in the same test condition, a high Ecorr and a low Icorr suggest a low 
corrosion rate [52]. Hence, the results from the Tafel curves are in 
agreement with the surface morphologies (Fig. 7). The difference in the 
corrosion resistance of the two samples is possibly due to the different 
barrier properties of the surface films (corrosion product film and bac-
terial biofilm) to the corrosive ions. 

The barrier properties (corrosion product film and bacterial biofilm) 
of the ASW-immersed and the BASW-immersed samples were evaluated 
via electrochemical impedance spectroscopy (EIS) in the ASW solution. 
The Nyquist plot based on the data from the EIS results (fitted by 
Zsimpwin software) is presented in Fig. 11a. The radius of the semicircle 
in the Nyquist plot of the BASW-immersed sample is significantly larger 

than that of the ASW-immersed sample. Generally, a large radius of the 
semicircle in a Nyquist plot indicates strong corrosion resistance [53]. 
To better understand the electrochemical processes during the ASW/-
BASW immersion of the samples, equivalent circuit models (Fig. 11b) 
are built to simulate the EIS results, and the extracted results from the fit 
EIS data were tabulated in Table 3. After 30 days of immersion, the 
ASW-immersed sample matched model R(Q(R(Q(RW)))) well, while the 
BASW-immersed sample matched model R(QR)(QR). As the corrosion 
resistance could be assessed by polarization resistance (Rp, Rp = Rc + Rct) 
[53], the Rp values of the ASW-immersed and the BASW-immersed 
samples were calculated, which were 3474 ± 107 and 23827 ± 930 
Ω cm2, respectively. The significantly higher Rp values of the 
BASW-immersed sample indicates that the Bacillus sp. biofilm can 
effectively inhibit the corrosion of samples, which is in accordance with 
the surface morphologies (Fig. 7) and the Tafel curves (Fig. 10). 

As the prolongation of immersion in ASW and BASW, the continuous 

Fig. 7. Surface of the NAB samples. − 1, after immersion in ASW; -2, after immersion in BASW; a-d, at the 7th, 15th, 30th, and 60th days of immersion, respectively. 
The corrosion products and the biofilm have been removed before observation. 
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dissolution of Cu and Al can cause the exposure and subsequently the 
peel-off of the κ phases, therefore reducing the hardness of the NAB 
(Fig. 12). The Vickers hardness (Hv10) of NAB samples immersed in ASW 
and BASW continually decreased with the immersion time, while the 
decrease of the hardness of the sample immersed in BASW was much 
slower. The difference in the decrease of the hardness may be attributed 
to two explanations. Firstly, the corrosion products film of the NAB 
samples by the immersion in ASW could not prevent further corrosion, 
causing the continuous precipitation of copper at the grain boundary of 
the α phase. As the prolongation of immersion, numerous corrosion pits 
were formed at the grain boundaries of the α phase (Fig. 7b1-d1), which 
could reduce the hardness of the samples. However, protected by the 
biofilm, the grain boundary of the α phase of the samples immersed in 
BASW did not receive severe damage (Fig. 7a2-d2). Thus, the different 
severity of the damage in the α phase resulted in the difference in the 
hardness of the NAB samples immersed in ASW and BASW. Secondly, 
the κ phases performed high hardness with the function of dispersion 
strengthening in the NAB. The effect of phase-selective corrosion can 
cause severe damage in the α phase and then results in the exposure and 
the detachment of the κ phases on the surface of the ASW-immersed 
samples (Fig. 7a1-d1). However, even if the NAB sample was 

immersed in BASW for 60 days (Fig. 7d2), limited κ phases on the sur-
face were detached. As a result, the difference in the amount of the 
remained κ phases also caused different hardness of the NAB samples. 

3.3. Effect of biofilm on cavitation erosion performance of NAB 

Cavitation erosion performance of the ASW/BASW-immersed NAB 
samples was evaluated in ASW, and the cumulative mass loss of the 
samples exposed to 6 h of cavitation erosion was presented in Fig. 13. 
The cumulative mass loss of the samples immersed in ASW for 7 days 
was 9.7 mg, while that of the samples immersed for 60 days was 18.2 
mg, showing an increased mass loss of 87.63%. However, such a large 
increment was not observed in BASW-immersed samples. The cumula-
tive mass loss only increased from 8.2 mg (BASW immersion for 7 days) 
to 9.7 mg (BASW immersion for 60 days), presenting an increase of 
18.29%. The differences (in percentage) in the cumulative mass of the 
ASW- and BASW-immersed samples for the same duration of immersion 
were also shown in Fig. 13. As the increased duration of immersion in 
ASW/BASW, the difference gradually became distinct (7 days: 18.56%, 
15 days: 27.43%, and 30 days: 41.78%). At the 60th day immersion, the 
mass loss after cavitation erosion of the NAB samples immersed in BASW 

Fig. 8. Cross-section of the NAB samples. a-b, after immersion in ASW for 30 and 60 days, respectively; c-d, after immersion in BASW for 30 and 60 days, 
respectively. The corrosion products and the biofilm have been removed before observation. 

Fig. 9. XRD spectrum of the corrosion products of the NAB after 30 days of immersion in ASW.  
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was 46.70% lower than that of the samples immersed in ASW. At the 
beginning of immersion, the selective phase corrosion preferentially 
occurs in the copper-rich α and β′ phases, resulting in the exposure of the 
κ-phases. After more immersion, the κ-phases were peeled off from the 
surface of the ASW-immersed samples, leading to the formation of 
corrosion pits and cracks (Fig. 7a1-b1) [40]. After a long-time immer-
sion, large corrosion craters are formed due to the continuous dissolu-
tion of the α phases at the edge of the corrosion pits and cracks 
(Fig. 7c1-d1) [54]. Since the corrosion pits, cracks, and craters are the 
starting sites of cavitation erosion [30,55,56], severer cavitation erosion 
can happen if the number of these starting sites increases. For the 
BASW-immersed samples, only some cracks were observed even after 60 
days of immersion (Fig. 7d2), and thus the BASW-immersed samples 
have a lower mass loss than the ASW-immersed samples in the cavitation 

erosion tests. This result suggests that Bacillus sp. attachment can inhibit 
corrosion on the NAB sample surface, resulting in fewer starting sites of 
cavitation erosion and less cavitation mass loss. 

As mechanical properties may be correlated to the cavitation erosion 
resistance, the correlation between the increased mass loss (IM) and the 
decreased hardness (DHv) for the ASW/BASW-immersed NAB samples 
subjected to cavitation erosion for 6 h was investigated (Fig. 14). A 

Fig. 10. Tafel curves of the samples after immersion in ASW/BASW for 
30 days. 

Table 2 
Electrochemical parameters fitted from the Tafel curves.  

Sample Ecorr (V) Icorr (μA⋅cm− 2) 

ASW-immersed (30 days) − 0.66 ± 0.03 8.32 ± 0.15 
BASW-immersed (30 days) − 0.53 ± 0.02 4.19 ± 0.08  

Fig. 11. Nyquist plots (a) and equivalent circuit models (b) for the samples after 30 days of immersion in ASW/BASW. Rs, Rc, Qc, Rct, Qdl, and Zw represent the 
solution resistance, corrosion product film/bacterial biofilm resistance, corrosion product film/bacterial biofilm constant phase, charge transfer resistance, double- 
layer constant phase, and finite-length diffusion of ions, respectively. 

Table 3 
Detailed electrochemical parameters of the samples after 30 days of immersion 
in ASW/BASW.  

Parameters ASW-30days BASW-30days 

Rs (Ω⋅cm2) 6.30 ± 0.06 8.61 ± 0.05 
Qc (10− 5 S⋅secn⋅cm− 2) 31.46 ± 1.92 3.44 ± 0.11 
n1 0.67 ± 0.01 0.60 ± 0.01 
Rc (Ω⋅cm2) 421 ± 7 21850 ± 776 
Qdl (10− 5 S⋅secn⋅cm− 2) 11.28 ± 1.80 30.60 ± 0.80 
n2 0.86 ± 0.04 0.91 ± 0.02 
Rct (Ω⋅cm2) 3053 ± 100 1977 ± 154 
Zw (10− 3 S s1/2 cm− 2) 2.35 ± 0.16 – 
χ2 (10− 4) 7.53 ± 0.19 3.00 ± 0.15  

Fig. 12. Vickers hardness of the NAB samples after immersion in ASW and 
BASW. The durations of immersion were 0, 7, 15, 30, and 60 days. 
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linear relationship between DHv and Im was drawn for the ASW- 
immersed samples (Fig. 14a), while the relationship was quadratic for 
the BASW-immersed samples (Fig. 14b). The functions are presented in 
Fig. 14, of which the coefficient of determination (R2) was 0.998 and 
0.996 for the ASW- and the BASW-immersed samples, respectively, 
evidencing the reliability of the fitting [57]. Other studies have also 
shown a significant correlation between the cavitation resistance and 
hardness of NAB alloys [22,26,58]. Furthermore, the fitting indicated 
that the cavitation erosion resistance of NAB was closely related to the 
hardness, and the hardness could be used to predict the cavitation 
erosion resistance of NAB with different degrees of corrosion. According 
to the results presented in Fig. 14, the cavitation erosion resistance of the 
NAB in ASW could be confidently estimated within 60 days. 

This work showed that the cavitation erosion performance of the 
ASW- and the BASW-immersed NAB samples were different (Fig. 13), 
and possible failure mechanisms were concluded in a schematic diagram 
(Fig. 15). The increased volume loss due to the extended immersion time 
in ASW/BASW was much lower for the BASW-immersed samples. As the 
only variable was the existence of the biofilm by Bacillus sp. in this work, 
it is sensible to ascribe the phenomenon to the effect of the biofilm. The 
presence of the biofilm delayed the corrosion process of the NAB in ASW 
via inhibiting the dissolution of Cu and Al from the surface of NAB. The 
delayed corrosion process of the BASW-immersed NAB resulted in very 

limited detachment of hard κ phases from the surface (Fig. 7d2, 
Fig. 15bII), while the κ phases in the ASW-immersed NAB were almost 
removed (Fig. 7d1, Fig. 15aII). The direct outcome of the difference in 
the amount of the remaining κ phases was the change of the Vickers 
hardness Fig. 12, which was strongly correlated to the cavitation erosion 
performance (Fig. 14). Meanwhile, according to the in-situ observation 
of the NAB exposed to cavitation erosion (Fig. 4), κ phases play a 
dominant role in resisting cavitation erosion, where the detachment of 
the κ phases leaves the α phase matrix unprotected, subsequently 
causing severe erosion (Fig. 15aIII). To summarise, the existence of the 
biofilm by Bacillus sp. on the NAB kept the κ phases almost intact via 
delaying the corrosion process in ASW immersion, which contributed to 
the less compromised cavitation erosion resistance of the BASW- 
immersed NAB compared to the ASW-immersed NAB (Fig. 15bIII). 

However, the fouling microorganism Bacillus sp. only exhibits a 
significant MICI effect on the adhesion to NAB, while there are other 
microorganisms showing the MIC effect [9–13], which can have a sig-
nificant impact on cavitation erosion-corrosion due to the accelerated 
corrosion rate. Thus, it is worthwhile to investigate how the fouling 
microorganisms with MIC effect influence the cavitation 
erosion-corrosion of materials. Furthermore, the bioadhesion of bacteria 
and small microorganisms is the initial stage of fouling, and large mi-
croorganisms (such as barnacles and bryozoans) will be adhered sub-
sequently [59,60]. From the perspective of the current research and 
application status, it is imperative to develop a material with good 
cavitation resistance and antifouling capabilities. 

4. Conclusions 

This study investigated the influence of the Bacillus sp. adhesion on 
cavitation erosion performance of NAB. The conclusions are summa-
rized as follows:  

(1) The κ phases played a dominant role in resisting cavitation 
erosion. The detachment of κ phases can cause severe material 
loss from the exposed α phase matrix during cavitation erosion. 

(2) Bacillus sp. biofilm could significantly reduce the corrosion pro-
cess of NAB in ASW and keep κ phases almost intact, which was 
crucial to resist cavitation erosion. Without the protection of the 
biofilm, κ phases were almost removed from the NAB in ASW 
immersion, resulting in significantly compromised cavitation 
erosion resistance.  

(3) A confident relationship between increased mass loss and the 
decreased hardness for the ASW/BASW-immersed NAB samples 
subjected to cavitation erosion was raised. 

Fig. 13. The cumulative mass loss of the ASW/BASW-immersed NAB samples 
after 6 h of cavitation erosion in ASW. 

Fig. 14. Plots of increased mass loss (IM) vs. decreased hardness (DHv) for the ASW/BASW-immersed NAB samples subjected to cavitation erosion for 6 h a, im-
mersion in ASW; b, immersion in BASW. 
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