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Establishing a pre-passivation method to
improve the corrosion resistance of B30
alloy in deep-sea environment
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The response surface methodology (RSM) was used to investigate the influence of benzotriazole (BTA),
sulfosalicylic acid (SSA), H-.O,, and temperature on the corrosion resistance of pre-passivation film formed
on copper. The optimal pre-passivation process was predicted: BTA of 14-16 g/L, SSA of 2-2.3 g/L, H,0»
of 10-11 ml/L, sodium dodecylsulfate of 0.5 g/L and temperature of 45-50 °C. Animproved pre-passivation
treatment suitable for B30 alloy, using HsPO, instead of SSA, showed good corrosion resistance; the
polarization resistance increased nearly 100 times in its ‘infancy’. In the 30 days of corrosion test, the
localized corrosion was significantly inhibited, thus prolonging the service life of the heat-transfer tube.

Nowadays, human society is facing the challenges of continuous population
expansion, increasing shortage of natural resources and rapid deterioration of
ecological environment. The global attention is focused on the ocean, and
efforts are made to promote the development and comprehensive utilization
of marine resources. The deep-sea environment is extremely harsh, with alow
temperature, low oxygen, high pressure, and high salinity'. This aggressive
environment poses a great threat to the safe use of metal materials’.

As the core component of the power system, heat exchanger directly
affects the stable operation of marine equipment’. 70/30 copper-nickel alloy
(B30) has excellent thermal conductivity, corrosion resistance, and anti-
fouling performance, and is the ideal material for heat-transfer tubes*. When
B30 alloy is immersed in seawater for more than a critical time, the corrosion
resistance of the alloy significantly improves. The stage before this critical time
is called ‘infancy’. The excellent corrosion resistance of B30 alloy is attributed
to the formation of protective multilayers on its surface during its ‘infancy™”.
The inner layer is composed of dense Cu,O. The doping of Ni and Fe into
Cu,O reduces the defect density of the passivation film, which plays a key role
in its excellent corrosion resistance™. The outer layer is composed of
amorphous y-FeOOH and loose Cu”* products™ to protect the thermo-
dynamic stability of the inner layer. However, a large number of cases of
power system failures caused by heat-transfer tube leakage have been
reported, which can be attributed to the loose and unprotected corrosion
product film formed in the ‘infancy’ in the aggressive environment' ™.
Therefore, it is very important to explore an efficient pretreatment method to
ensure the effective survival of B30 alloy in its ‘infancy’ stage and form a more
protective film for prolonging the service life of a power system'".

So far, scientists have done a lot of research on the pretreatment
methods of copper alloys. Plasma electrolytic oxidation (PEO) is a common
pretreatment method for Cu alloys”. PEO combined with other post-
treatment processes, such as high-temperature oxidation, silane coupling
agent mixed with benzotriazole (BTA), showed better corrosion resistance

and adhesion strength'®. Due to its unique film-forming mechanism, PEO
coatings often have pores and microcracks, which are not suitable for
workpieces with complex shapes. Scientists also found that a thick FeFOOH/
Fe,0; layer was formed in FeSO, solution, which changed the main carrier
type of semiconductor film as well as the cathodic electrode process”, thus
inhibiting the corrosion of copper alloy in NaCl solution'® and polluted
seawater'”. Although this method has alow cost and a good treatment effect,
its application is limited due to poor environmental protection and poor
stability of the treatment solution. The corrosion resistance of copper alloy
has also been improved by immersing in inorganic metal salts, such as
chromate™ and phosphate® and depositing a dense protective film on the
substrate through chemical reaction. Although inorganic passivation is
simple and convenient, it is prohibited for use in some countries because of
its high toxicity and environmental protection. In addition, scientists also
tried to form in-situ corrosion film on the surface of copper alloy by pre-
immersing treatment in Cl~ containing medium”. The existing research
results believe that it is beneficial to form the film with excellent corrosion
resistance in the environment of high temperature', aeration, and
dynamic flow". Unfortunately, the efficiency of this method is relatively low,
and the protective film can be formed after at least 20 days of pre-immersion
treatment. In view of the shortcomings of the existing copper alloy pre-
treatment methods, there is a lack of fast, simple, highly protective and
environmentally friendly pretreatment methods.

Recently, organic passivation treatment (corrosion inhibitor) has
developed rapidly, with the advantages of low toxicity, low pollution, good
corrosion resistance and good self-healing™. Heterocyclic organic com-
pounds containing nitrogen’’, oxygen™®, sulfur’~** and/or aromatic rings
are considered to be the most promising inhibitors. A large number of
studies have shown that the sulfur and nitrogen parts of the corrosion
inhibitor compounds provide lone pair electrons and form coordination
bonds with Cu, Cu*, or Cu** species, thus forming a protective complex on
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the metal surface, which plays a key role in protecting the alloy from cor-
rosion damage™**. Among all corrosion inhibitors, BTA and its derivatives
have been developed for more than 70 years™. It is considered to be an
effective corrosion inhibitor for copper and its alloys, such as relieving stress
corrosion cracking and flow accelerated corrosion of brass*”, and atmo-
spheric corrosion of pure copper™’. Kosec et al.” found that the polarization
resistance (R,) increased with the increase of BT'A concentration, exhibiting
better corrosion resistance. They proposed that the structure of the pro-
tective layer can be stabilized either as Cu20 and Cu(I)BTA as the lower
layer and the upper layer, or the composition of Cu20 and Cu(I)BTA is in
the protective layer. Tromans" believed that the thermodynamic stability of
Cu(I)BTA complex is better than that of Cu,0O, so Cu(I)BTA complex is
beneficial to maintain the stability of Cu,O. A large number of studies have
found that the corrosion inhibition effect of the compound BTA passivation
system is better than that of a single BTA passivation system*"". Villamil
et al.”* found that BTA and sodium dodecylsulfate (SDS) can synergisti-
cally inhibit copper corrosion in sulfuric acid media. SDS can not only
reduce the surface tension of BTA molecules on the metal surface, but also
adsorb on the copper surface to form dodecylsulfate ions. Yang et al.* found
that Cu and its alloy had a faster film-formation rate in BTA-H,O, solution,
exhibiting excellent corrosion resistance. Liao et al.** found that when BTA
and CeCl; are added together, CeO,, Ce(OH)s, or the complex formed by Ce
and BT A were deposited on the surface of copper alloy. This passivation film
is compact, which enhances the bonding strength between the film and the
substrate and improves the corrosion inhibition performance. In addition,
BTA and sulfosalicylic acid (SSA) also have a synergistic effect in improving
the corrosion inhibition effect*. The corrosion resistance of the passivation
film prepared by the composite passivant containing BTA and SSA is better
than that of the single BTA passivant. After a systematic review of the above
studies, three key issues remain unclear. First of all, BT'A is usually used in a
closed environment as a corrosion inhibitor for copper and its alloys. When
the passivation film is locally damaged, it can be repaired quickly. B30 heat-
transfer tube is an open environment, so it is not suitable to use a corrosion
inhibitor. Therefore, the pre-passivation treatment must be carried out
before the heat-transfer tube is put into service. This kind of pre-passivation
film cannot repair itself in the long-term service as in the closed environ-
ment containing corrosion inhibitor. Therefore, whether the film can help
the alloy through its ‘infancy’ and form a compact regenerated film is the key
to the success of pre-passivation treatment. At present, there is still a lack of
relevant research. Second, B30 alloy mainly contains two components (Cu
and Ni), and the composite pre-passivation system involves at least 3-5
variables. It is difficult to propose an efficient pre-passivation treatment
process when considering alloy elements and multiple component pre-
passivation system”. Third, most of the existing studies focus on the cor-
rosion inhibition effect of BTA in mild environments (static, normal tem-
perature, atmospheric pressure), and the lack of research on aggressive
deep-sea environments may lead to the deviation of research conclusions.

The aim of this work is to propose a rapid, efficient and envir-
onmentally friendly pre-passivation treatment process for B30 alloy to
prolong the service life of heat-transfer tubes used in the aggressive deep-sea
environment. In addition, this work also provides a new perspective for
understanding how the pre-passivation treatment can help B30 alloy safely
survive its ‘infancy’ in the aggressive deep-sea environment.

Results and discussion

Design of pre-passivation system for B30 alloy

Nowadays, scientists have carried out a large number of research on BTA
organic passivation of pure copper’*** A bragg®® 9 and
bronze”**~*, but less research on BTA organic passivation of copper-nickel
alloy. The content of Ni in B30 alloy is as high as 30%, so the role of Ni in the
formation of the pre-passivation film should also be considered in the design
of the B30 pre-passivation system. Considering the alloy factors (Cu, Ni)
and the composite pre-passivation system, this work will become very
complex. It is difficult to explain the influence mechanism of various factors
and their interactions. Therefore, we first investigated the effects of various

Table 1 | The isoelectric point of metal oxide and hydroxide
particles

Ni(OH),
pH 2.87

Cu(OH),
7.44

NiO
9.48

CuO
5.67

Cu20
10.54

single factors and their interactions on the corrosion resistance of the pre-
passivation film formed on pure copper based on RSM. According to the
RSM analysis results, the optimal pre-passivation treatment process of pure
copper was predicted. On this basis, an improved pre-passivation treatment
process suitable for B30 alloy was proposed.

Figure 1 shows the design of the pure copper and B30 alloy pre-
passivation system. For the pre-passivation system of pure copper, BTA was
selected as the main passivation agent. A large number of studies have found
that H,O, can improve the passivation effect of BT'A and form films with
better corrosion resistance’***”". H,O, shows strong oxidation, which can
accelerate the dissolution rate of pure copper matrix, thus forming more
metal ions*”". The higher the concentration of metal ions in the electrolyte,
the greater the driving force for the deposition of the complex formed by
metal and BTA, leading to the formation of a denser and thicker passivation
film**”. Kondoh et al.*’ found that the uncovered part of Cu-BTA was
oxidized in the presence of H,O,, improving the integrity of the passivation
film. Therefore, H,O, was selected as the oxidant in this pre-passivation
system. In addition, in the acidic environment containing H,O,, pure
copper has a greater negative corrosion potential, resulting in an increase in
the dissolution rate. In the chemical mechanical polishing process, scientists
often combine acidifiers and H,O, to accelerate the removal rate of copper
and its alloys”*""*. Wang et al.* studied the corrosion resistance of the
organic passivation film formed in the composite pre-passivation system
containing SSA. The research results indicate that SSA was involved in the
formation of passivation film and exhibited a synergistic effect with BTA.
Wang et al.” found that in the process of DNA electrochemical cutting, Cu
forms [Cu(ssal),**] complex by complexing with SSA. Considering that SSA
cannot only provide an acidic environment, but also complex with Cu, it was
applied to the pre-passivation system of pure copper. Temperature is a key
factor in the process of organic passivation, which not only affects passi-
vation kinetics but also affects the stability of H,O,. Therefore, temperature
is selected as one of the variables in the pre-passivation process. In addition,
SDS was selected as the surfactant of the pre-passivation system. A large
number of studies have found that SDS and BT A showed a synergistic effect
in inhibiting Cu corrosion*****>*, and with the increase of SDS con-
centration, the wettability of copper and solution increases”, thus
improving the compactness and uniformity of the assivation film. Cui et al.*®
proposed a new inhibition mechanism to explain the effect of inhibitors on
the nucleation of corrosion products. They believe that the corrosion
inhibitor with opposite charge can neutralize the charge on the surface of the
corrosion product embryo, so as to improve the nucleation rate. Conse-
quently, much denser corrosion product film and excellent corrosion
inhibition efficiency were obtained. Table 1 shows the isoelectric point
measurement of metal oxide and hydroxide particles. In the acidic pre-
passivation system, Cu,O, CuO, NiO, Cu(OH), particles are positively
charged, while SDS with a negative charge can neutralize the positive charge
on the surface of the above particles, thus promoting the formation of a
dense oxide film. Because excessive addition of SDS will lead to serious
foaming of the pre-passivation solution, even if a small amount of SDS is
added, the surface tension will be significantly reduced”, so the SDS in the
pre-passivation system is 0.5 g/L.

For the pre-passivation system of B30 alloy, based on the following
considerations, we use phosphoric acid instead of SSA as an acidifier:
first, the copper alloy has better passivation performance in the med-
ium containing phosphate ions, showing a higher pitting potential®,
thus reducing the pitting sensitivity”. Secondly, phosphoric acid’”’ and
phosphate” can promote the passivation of Ni and Fe, and Ni3(PO,),
and FePO, can act as heterogeneous nucleation sites to promote the
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Fig. 1 | Design of the pre-passivation system of pure copper and B30 alloy.

Table 2 | Variance analysis of the regression model for E;

Source Sum of df Mean F value P value
squares square
Model 0.3528 14 0.0252 32.6 < 0.0001
A-BTA 0.1426 1 0.1426 184.51 < 0.0001
B-Sulfosalicylic acid  0.032 1 0.032 41.44 < 0.0001
C-Ho0, 0.0399 1 0.0399 51.56 < 0.0001
D-Temperature 0.0005 1 0.0005 0.6981 0.4086
AB 0.0202 1 0.0202 26.12 < 0.0001
AC 0.0031 1 0.0031 4.05 0.0514
AD 0.0034 1 0.0034 4.43 0.0419
BC 0.0001 1 0.0001 0.1697 0.6827
BD 0.0001 1 0.0001 0.1889 0.6663
CD 0.0002 1 0.0002 0.2359 0.6300
A2 0.0774 1 0.0774 100.14 < 0.0001
B2 0.0107 1 0.0107 13.84 0.0006
C? 0.0008 1 0.0008 0.9836 0.3276
D2 0.0048 1 0.0048 6.15 0.0177
Residual 0.0294 38 0.0008
Lack of Fit 0.0131 12 0.0011 1.74 0.1148
Pure Error 0.0163 26  0.0006
Cor Total 0.3822 52

R?=0.9231, Adjusted R = 0.8948, Predicted R? = 0.8469

formation of the passivation film. Thirdly, phosphoric acid can effec-
tively improve the stability of H,O, and prevent the decomposition of
H,O0, at higher temperatures”. In addition, other components in the
B30 alloy pre-passivation system are the same as those in the pure
copper pre-passivation system.

Pre-passivation treatment of pure copper and corrosion tests
Firstly, the pre-passivation treatment was conducted on pure copper
under the process conditions listed in the RSM table (Table S1). Sec-
ondly, the potentiodynamic polarization curve of the sample after pre-
passivation treatment was measured, and the results are shown in Fig.
S1. Thirdly, pitting potential (E,;) and passive current density (i)
obtained by anodic polarization curves were filled in the RSM table, as
shown in Table S1. The quadratic model with the highest power of the
quadratic term showed the best fit, so this model was selected for
analysis. The variance analysis of the response surface quadratic model,
shown in Table 2 and Table S2 is used to analyze the influence degree of
each factor. R?is close to 1, and the difference between the adjusted R?
and predicted R* is <0.2 for different response values, indicating the
high accuracy of the regression equation”. F value and p value are
usually used to analyze the significance of various factors™. p < 0.05
indicates that a factor has a significant impact on the response value,
and p < 0.01 indicates that a factor has an extremely significant impact
on the response value. However, p > 0.1 indicates that a certain factor
has no significant effect on the response value. For pitting potential
(Epiv), the significant influence factors were: BTA (A/A?), SSA (B/B?),
H,0, (C), Temperature (D*), BTA x SSA (AB), BTA x H,0, (AC), and
BTA x Temperature (AD). All interactions were related to BT A, which
indicates that BTA was the most important influencing factor. The
degree of influence decreased in the following order: BTA
(A/A%) >BTA x SSA (AB) > H,0, (C) > SSA (B/B?) > Temperature
(D*) > BTA x Temperature (AD) >BTA x H,O, (AC). A simplified
model considering only significant items is as follows:

Ey = 0.225 4 0.077A — 0.037B — 0.041C + 0.051AB + 0.020AC
—0.021AD — 0.084A% — 0.032B% + 0.021D?
1

The factors that significantly affect the passive current density (i,) are: BTA
(A/A?), SSA (B?), H,O, (C), BTA x SSA (AB) and BTA x H,0, (AC). The
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Fig. 2 | The impact curves of various single factors on the pitting potential (E,;) and passive current density (ip). a BTA, b SSA, ¢ H,0,, d temperature.

degree of influence decreased in the following order: BTA (A/A?) > SSA (B/
B* >H,0, (C*)>BTAxSSA (AB)>BTAxH,0, (AC). A simplified
model considering only significant items was obtained as follows:

i, =5.187 — 38.848A — 6.408B — 12.44AB — 12.036AC

()
+43.128A% + 12.265B* — 11.177C?

Figure 2 shows the impact curves of various single factors on the
corrosion resistance of the passivation film. Higher BTA concentration
(14-17 g/L) is conducive to improving the corrosion resistance of passiva-
tion film, as shown in Fig. 2a. The optimal concentration range of SSA (B/ B
is different for pitting potential (E;) and passive current density (i,), as
shown in Fig. 2b. Pitting potential can better reflect the stability of passi-
vation film than passive current’, and the optimal concentration range of
SSA is 1.3-2.3 g/L. The optimal concentration range of H,0, (C/C?) was also
different for E,;; and i, as shown in Fig. 2c. Considering E,;;;, the optimal
concentration range of H,O, was 10-11ml/L. E; increases with the
increase of passivation temperature, so the optimal temperature range is
45-50 °C, as shown in Fig. 2d

Figure 3 show the 3D response surface and contour plots of the effect of
the significant interaction term on Ey;;. According to 3D response surface
and contour plots between Ey;;and BTA x SSA as shown in Fig. 3a, relatively
high BTA and moderate SSA concentration promote the formation of
protective film. The optimal ranges for these two factors were 10-16 g/L and
1-4 g/L. Acidic passivation solution accelerates the dissolution of pure
copper and forms more metal ions™*. When the metal ions are sufficient, the
increase of BTA concentration promotes the formation kinetics of passi-
vation film*, thus providing better corrosion resistance. According to 3D
response surface and contour plots between Ey,;; and BTA x H,O, as shown
in Fig. 3b, relatively high BTA and low H,O, concentration promote the
formation of protective film. H,O, can accelerate the dissolution rate of
copper and its alloys in an acidic environment. However, oxides are formed
at higher H,O, concentration, resulting in lower matrix dissolution rate and

organic passivation film formation rate”’. Therefore, the optimal con-
centration ranges of BTA and H,O, are 12-18g/L and 10-15ml/L,
respectively. Moreover, the dissolution of pure copper and the formation of
passivation film conform to Arrhenius equation, so the above two processes
are accelerated with the increase of pre-passivation temperature’*”.
Because H,O, decomposes easily at higher temperature, reducing the pre-
passivation temperature is conducive to improving the stability of the pre-
passivation solution. According to 3D response surface and contour plots
between E,; and BTA x Temperature shown in Fig. 3¢, relatively high and
low temperature are conducive to improving the corrosion resistance of the
passivation film at high BT A concentration. The optimal ranges of these two
factors were 12-20 g/L and 25-30/45-50 °C, respectively. Figure 4 shows the
3D response surface and contour plots of the impact of significant inter-
action items on i, Similar to Fig. 3a, in a wide range of SSA concentration,
higher BTA concentration is conducive to improving the corrosion resis-
tance of passivation film, and obtaining the minimum ip»as shown in Fig. 4a.
The optimal ranges of these two factors were 12-20 g/L and 2-5g/L,
respectively. There is a slight interaction between i, and BTA x H,0,, as
shown in Fig. 4b. The optimal ranges for these two factors are 12-18 g/L and
10-30 ml/L, respectively.

Considering the single factor and their interactions comprehensively,
the optimal pre-passivation process for pure copper was determined by
taking E;; as the optimal response value: BTA concentration of 14-16 g/L,
SSA concentration of 2-2.3 g/L, H,O, concentration of 10-11 ml/L, SDS
concentration of 0.5 g/L and temperature of 45-50 °C.

Figure 5 shows the potentiodynamic polarization curves of the bare
sample and pre-passivation samples under the optimal process. Obvious
passivation zone was observed in the anodic polarization curve after pre-
passivation treatment, and the E,; extended to 0.3 V (vs SCE), which was
more positive than the E,;; value listed in Table S1. In contrast, no passivation
phenomenon occurred in the bare sample, and the reduction of local current
density in the anodic polarization curve was due to the formation of
unprotected corrosion products on the substrate surface. Other scientists
believed that this region corresponds to the formation of blue-green cupric
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Fig. 3 | 3D response surface plots and contour plots for the impact of interactions on the pitting potential (Ey;,). a BTA x sulfosalicylic acid, b BTA x H,0,,
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oxychloride®. Its coverage of the electrode surface temporarily delays the
current density increase, which then continues further as the electrode
potential becomes more positive. It can be seen that the passivation film
formed under the optimal process exhibits the best corrosion resistance, and
inhibits the corrosion of the substrate™. Figure 6 shows the electrochemical
impedance spectrum of bare samples and pre-passivation samples immersed
in artificial seawater at 25°C for 90 days. The equivalent circuits shown in Fig.
7 is used to fit the EIS data of bare copper samples and pre-passivation
samples, where R; is the solution resistance, Qyis the constant phase element
of the passivation film, R¢ s the passivation film resistance, and Qg and R
are the constant phase elements of the electrical double layer and charge-
transfer resistance, respectively. The fitted electrochemical parameters are

listed in Table S3. In the Nyquist plots of the bare sample, the radius of the
capacitance arc increases continuously within 20 days of immersion. Sub-
sequently, with the extension of immersion time, the arc radius of the
capacitance fluctuated continuously, indicating that the corrosion products
were in a dynamic equilibrium of formation-dissolution-reformation. As
can be seen from the Bode plot shown in Fig. 6(a2), the low-frequency |Z|
values and maximum phase angles of the bare samples gradually increase
with the extension of corrosion time, which indicates an increase in the
corrosion resistance. Although the capacitance arc radius of pre-passivation
samples also fluctuates continuously with the immersion time, considering
the coordinate axis range, its radius is much larger than that of the bare
sample, as shown in Fig. 6(b1). Similar to the capacitance arc radius, within
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the low-frequency range, the |Z| values fluctuate continuously with the
immersion time. After 90 days of corrosion, the low-frequency |Z| value of
the pre-passivation samples reaches its maximum value, which is one order
of magnitude larger than that of the bare sample. According to the fitted
electrochemical parameters shown in Table S3, the 71 11, and Revalues of the
pre-passivation film are higher than those of bare samples, which indicates
that the pre-passivation film is more compact than the corrosion product

film on the bare samples and provides excellent protection. Figure 6¢ shows
that the R, of bare sample generally increases with the extension of
immersion time, indicating the formation of corrosion products. In contrast,
the R, of pre-passivation samples decreased within 50 days of corrosion
immersion. With the repair of passivation film, R;, increased continuously in
the subsequent corrosion process, and reached the maximum after 90 days of
corrosion. It is worth noting that the R, of the pre-passivation samples is
greater than that of the bare sample at each stage, and the R, increased by
about 3 orders of magnitude after 90 days of corrosion. The electrochemical
test results indicate that passivation film formed under the optimal process
conditions has excellent corrosion resistance.

Figure 8 shows the surface morphology before and after pre-
passivation treatment under the optimal process. Before pre-passivation
treatment, there are obvious wear marks on the surface of the pure copper
substrate, as shown in Fig. 8a. The surface of copper substrate is covered with
passivation film, and no wear trace is found after pre-passivation treatment,
as shown in Fig. 8b.

Figure 9 shows the X-ray photoelectron spectroscopy (XPS) spectrum
of the surface of the passivation film formed under the optimal process. The
main components of the organic passivation film are Cu, O, C,N, and S. In
the Cu 2p spectrum shown in Fig. 9b, Cu,O, CuO, Cu(I)-BTA were detected
in the passivation film. Cu(I)-BTA is the product of BTA complexation with
Cu" in Cu,O. Ling et al.” proposed that BTA was initially adsorbed on the
positively charged Cu,O surface through electrostatic interaction, and then
formed a Cu(I)-BTA complex. The O 1 s spectrum also proves the existence
of CuO and Cu,0 in the passivation film, as shown in Fig. 9c. In the S 2p
spectrum shown in Fig. 9d, -SOsH™ from SSA was detected in the passi-
vation film, indicating that SSA was also involved in the formation of pas-
sivation film. BTA and Cu(I)-BTA were detected in the N 1s spectrum
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Fig. 7 | Equivalent electrical circuits used for fit-
ting EIS spectra. a Bare samples; b pre-passivation
samples.
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shown in Fig. 9e, indicating that BTA has two states in the passivation film.
A large number of studies have confirmed that Cu alloys can not only form
complex Cu(I)-BTA in solutions containing BTA, but also BTA molecules
can be directly adsorbed on the Cu surface™. In the C 1 s spectrum shown in
Fig. 9f, C-O/C-N from BTA and C=0/O-C = O from SSA were detected,
which verified again that the above two substances were involved in the
formation of passivation film.

To further analyze composition distribution, time-of-flight secondary
ion mass spectrometry (TOF-SIMS) depth profiling was performed on the
passivation film formed under the optimal process, as shown in Fig. 10.
Obvious delamination of passivation film components is observed; the outer
layer is rich in BTA molecules, while the inner layer is dominated by Cu
oxides and Cu(I)-BTA complexes. Yang et al.** also found that Cu has a
similar structure in solution containing BTA and H,O,, which is attributed
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Fig. 8 | SEM surface morphology. a Bare copper
sample; b pre-passivation sample.
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Fig. 9 | XPS analysis of organic passivation film formed under the optimal process. a XPS survey spectra; b Cu2p; cO 1s;d S2p;e N 1s;fC1s.

to the following process: dissolution and oxidation of the matrix, adsorption

Outer layer I:nner layer of BT, self-stabilization of the adsorbed film, and filling of the passivation

1 film with oxide particles. There is no obvious interface between Cu oxide

: and Cu(I)-BTA complex. Chadwick and Hashemi® showed that the Cu(I)-

! BTA complex is unstable in corrosive environments, whether it is adsorbed

on the Cu surface or synthesized as a crystal. Therefore, the outer BT A layer
is beneficial to improve the stability of the inner Cu(I)-BTA complex.

) Figure 11 shows the cross-sectional TEM images, correspondin
Cu(I)-BTA it W energy-gudispersive X-ray spectrometry (EDS) analysif and elecfed are§
| W}' electron diffraction (SAED) patterns of the passivation film formed under
mm the optimal process. Due to the high energy in the process of ion thinning,
W], ‘ the passivation film and substrate are seriously damaged, and a large
number of holes appear, as shown in Fig. 11a. The thickness of the passi-
vation film is ~6 um, SAED results of different regions show that the pas-
sivation film has amorphous structure™*, as shown in Fig. 11b, c. Due to the
absence of crystal defects such as grain boundary, the amorphous structure

[y

<
w
T

[y
(=]
—

Intensity (cps)
=

0
10 ! ! of the passivation film has better corrosion resistance'’. The passivation film
0 1000 2000 3000 is tightly bonded with the substrate, and no microcracks were observed at
Sputtel‘ing time (S) the interface. EDS analysis results show that the content of C in the passi-

vation film gradually increased from inside to outside, while the content of
Fig. 10 | TOF-SIMS ion depth profiles for the organic passivation film formed under  y showed the opposite trend, as shown in Fig. 11d. The changes of C and
the optimal process. Cu contents indicates that the contents of BTA and Cu containing products
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Fig. 11 | TEM characterization of the organic passivation film formed under the optimal process. a The cross-sectional image; b, ¢ the corresponding selected area

diffraction patterns; d the corresponding EDS analysis.

decreased and increased from outside to inside, respectively, which is
consistent with the composition analysis of the passivation film in Fig. 10.
Combined with the electrochemical measurements and characterization
results, it was found that the thick amorphous passivation film formed
under the optimal process had excellent corrosion resistance, which pro-
vided guidance for the further exploration of an effective B30 rapid pre-
passivation treatment.

Effective pre-passivation treatment of B30 alloy and

corrosion tests

Compared with pure copper, B30 alloy contains about 30% Ni and 0.7% Fe,
so promoting the co-deposition of Ni and Fe products to form passivation
film is the key to the transformation from pure copper to B30 alloy pre-
passivation treatment process. Figure 12a shows the potentiodynamic
polarization curve measurements of B30 alloy pre-passivation solution with
different composition in 30°C, and the fitted electrochemical parameters are
listed in Table 3. Basic solution (BS) is a solution for removing SSA based on
the optimal pure copper pre-passivation solution. Its composition is as
follows: BTA concentration of 14-16 g/L, H,O, concentration of 10-11 ml/
L, SDS concentration of 0.5 g/L. The results show that the pre-passivation
B30 alloy exhibits the same anodic characteristics as the bare sample in base
solution, indicating that no effective passivation film is formed on the
substrate surface. After adding 2 g/L SSA to the base solution, the anodic
polarization curve of the pre-passivation B30 alloy moves in the direction of
the decrease of current density, and an obvious passivation zone appeares,
which is attributed to the acid environment accelerating the dissolution of

the matrix and promoting the formation of the passivation film***. In
contrast, after adding 3 g/L H;PO, to the basic solution, the corrosion
resistance of pre-passivation B30 alloy was significantly improved, showing
better passivation performance. Ey; increased to 0.39 V (vs SCE) and i,
decreased by 15 times, as shown in Table 3. Therefore, it is feasible to use
H;PO, instead of SSA in the passivation solution to improve the corrosion
resistance of passivation film. Figure 12b shows the potentiodynamic
polarization curves of B30 alloy in passivation solutions with different
H;PO, concentration, and the fitted electrochemical parameters are listed in
Table 3. E,,;, first increased and then decreased with the increase of H;PO,
concentration, reaching the maximum at 3 g/L. i, first decreased and then
increased with the increase of H;PO, concentration, reaching the minimum
at 3 g/L, as shown in Table 3, indicating that 3 g/L H;PO, is the best choice.
Furthermore, Fig. 12c shows the effect of temperature on the corrosion
resistance of passivation film. After pre-passivation treatment at 30°C, B30
alloy shows good passivation performance and high E,.;, as shown in Table
3. According to the ‘Dissolution-Ionization-Diffusion-Deposition’ model®,
B30 alloy dissolves faster than pure copper and produces more metal ions.
Reducing the pre-passivation temperature slightly is beneficial to improve
the stability of H,O,, and its effect is more significant than reducing matrix
dissolution rate. Based on the above analysis, the pre-passivation process
suitable for B30 alloy is obtained: BTA concentration of 14-16 g/L, H;PO,
concentration of 3 g/L, H,O, concentration of 10-11 ml/L, SDS con-
centration of 0.5 g/L and temperature of 30 °C.

Figure 13 presents the EIS spectra of B30 bare samples and pre-
passivation samples during 30 days of static immersion. With the extension
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of corrosion time, the radius of the capacitance arc of the B30 bare sample
increases, indicating that a protective film is gradually formed on the bare
sample, as shown in Fig. 13(al). In the Bode plot shown in Fig. 13(a2), the
low-frequency |Z| values and maximum phase angles increase with the
extension of corrosion time, which indicates that the corrosion product film
is gradually compact and corrosion resistant. In contrast, the radius of the
capacitance arc of pre-passivation samples suddenly increased after 10 days
of corrosion, and then remained stable, as shown in Fig. 13(b1). In the Bode
plot shown in Fig. 13(b2), the low-frequency |Z| values and maximum phase
angles do not change significantly with the extension of corrosion time,
indicating that the passivation film has good stability. The equivalent circuit
shown in Fig. 7 is used to fit the EIS parameters of the B30 bare samples and
pre-passivation samples, and the fitted electrochemical parameters are listed
in Table S4. According to the fitted electrochemical parameters, n, Rrand R
values of the pre-passivation samples are much greater than those of the bare
samples, indicating a more compact structure of the pre-passivation film
and greater resistance to further corrosion of the alloy. The change of R,
value of bare sample and pre-passivation sample with corrosion time is
displayed in Fig. 13c. The R,, value of bare samples increased rapidly within
20 days of corrosion, and then increased slowly, indicating that the pro-
tective corrosion film was gradually formed, and the ‘infancy’ was 20 days. In
contrast, the R, value of the pre-passivation sample is relatively stable during
the whole immersion period. Compared with the bare sample, the pre-
passivation samples showed a higher R, value, especially in the ‘infancy’,
which increased by 1.5-2 orders of magnitude.

Figure 14 shows the EIS spectra of B30 bare samples and pre-
passivation samples during 30 days flow-accelerated corrosion. For B30 bare
sample, the radius of the capacitance arc increases with corrosion time, as
shown in Fig. 14(al). Compared with bare sample under static immersion

(Fig. 13(al)), the fluid accelerated the formation of protective corrosion
film", and showed a larger radius of the capacitance arc after 10 days of
corrosion. In the Bode plots (Fig. 14(a2)), the low-frequency |Z| values and
maximum phase angles increase with the extension of corrosion time,
especially within 10 days, which indicates that a protective film is gradually
formed on the B30 alloy bare samples after its ‘infancy’ (10 days). For pre-
passivation samples shown in Fig. 14(b1), the radius of the capacitance arc
decreases with the corrosion time, indicating that the passivation film is
damaged during the 30 days flow accelerated corrosion. In the Bode plot
shown in Fig. 14(b2), the low-frequency impedance value decreases and
maximum phase angles continuously fluctuating with corrosion time.
According to the fitted electrochemical parameters shown in Table $4, n¢
values of the pre-passivation film under flow accelerated corrosion is lower
than those under static immersion, indicating a severe damage for the pre-
passivation film in the fluid environment. However, ng R, and R, values of
the pre-passivation film are higher than those of bare samples. Figure 14c
shows the evolution of R;, values for bare sample and pre-passivation sample
during 30 days flow-accelerated corrosion. Within 20 days of corrosion, the
R, value of bare sample increased rapidly, indicating that the ‘infancy’ was
20 days. Although the R, value of the pre-passivation sample decreased
continuously during the whole immersion period, it was still higher than
that of the bare samples. Especially in ‘infancy’, the R, value of pre-
passivation samples increased by 0.5-2 orders of magnitude. The above EIS
analysis results show that the pre-passivation treatment can effectively help
B30 alloy survive its ‘infancy’ during shutdown and operation in an
aggressive deep-sea environment.

Figure 15 shows the surface morphology of the bare samples and pre-
passivation samples during 30 days of static immersion. Before the corro-
sion test, there were obvious grinding marks on the surface of the B30 bare
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Fig. 13 | Electrochemical impedance spectra during 30 days of static immersion. a B30 bare sample; b pre-passivation samples; c variation curves of polarization resistance
(R,) with corrosion time.

sample. With the extension of corrosion time, the grinding marks gradually ~ Table 3 | Electrochemical parameters obtained by

disappear and the surface becomes more uniform, which may be attributed
to the formation of corrosion film. After pre-passivation treatment, an

potentiodynamic polarization curves in Fig. 12

organic passivation film is formed on the surface of B30 alloy, and there are Temperature Epit (V vs SCE) ip (wA/cm)
some micropores on the surface of passivation film, as shown in Fig. 15e. ~_Bare sample 30°C No passivation

Liao etal.* also found that similar micropores exist when Cu-0.255e-0.25Te ~ Basic solution (BS) No passivation

alloy is immersed in 3.5 wt% NaCl solution containing BTA. With the  Bs 4 1 g/L H,PO, No passivation

extension of corrosion time, obvious cracks appeared on the surface of BS + 2g/L HPO, 0.2120.08 2422079
passivation film, which may be attributed to the combination of micropores.

Figure 16 shows the surface morphology of bare samples and pre- BS + 39/ HPO, 0-89:£0.11 6:82+012
passivation samples during 30 days of flow-accelerated corrosion. For B30 ~_BS +49/L HsPO, 0.24+0.09 12.65+1.38
bare samples, corrosion film gradually formed on the surface of the substrate ~ BS + 2 g/L SSA 0.14+0.03 97.31+8.27
with the extension of corrosion time. Compared with static immersion,  gg_ 3¢/ HyPO, 50°C 0.14 +0.07 3.70 + 0.82
slight grinding marks were observed during flow accelerate corrosion,
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indicating the formation of a thicker corrosion film. For the pre-passivation
samples, cracks also appeared on the surface of the passivation film during
30 days of flow-accelerated corrosion.

Figure 17a presents the cross-sectional morphology of the organic
passivation film before the corrosion test. Some micropores were observed
in the outer layer of the passivation film, which was consistent with the SEM
surface morphology shown in Fig. 15e. However, the inner layer of the
organic passivation film is relatively dense and tightly bonded to the B30
alloy substrate, and no micropores or cracks are observed at the interface.
EDS analysis results show that the passivation film contained a large amount
of C, a small amount of Cu, Ni, O, and N, indicating that Cu and Ni are
involved in the formation of the passivation film. After 30 days of static
immersion, a double-layer structure corrosion film is formed on the surface
of the B30 alloy substrate, as shown in Fig. 17b. The outer layer of the
corrosion film is the original passivation film, which is rich in C. The inner
layer of the corrosion film is a dense regenerated film, which is rich in Cu, Nj,

and O. It can be seen that the organic passivation film is only slightly
damaged during 30 days of static immersion, which ensures that the B30
alloy can safely survive the ‘infancy’ and form a dense regenerative film.
Previous studies have found that dense regenerated film can reduce the
corrosion rate of heat-transfer tubes in the subsequent service process'*. The
formation of regenerated film is consistent with the increase of R, with the
extension of corrosion time, as shown in Fig. 13c. After 30 days of flow-
accelerated corrosion, a similar double-layer structure corrosion film was
also observed in Fig. 17c, with the outer layer being the original organic
passivation film, and the inner layer being the dense regenerated film.
Combined with electrochemical tests, it can be seen that the combination of
organic passivation film and regenerated oxide film plays a key role in
reducing the corrosion rate of B30 alloy.

The microstructure of the passivation film was further analyzed by
TEM before and after corrosion tests. Figure 18 shows the TEM cross-
sectional images, the corresponding EDS analysis, and SAED patterns of the
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Fig. 15 | Surface corrosion morphologies of the B30 bare samples and pre-passivation samples during 30 days of static immersion.
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Fig. 17 | Cross-sectional corrosion morphologies of the pre-passivation samples. a Before corrosion; b after 30 days of static immersion; ¢ after 30 days of flow accelerated
corrosion.

passivation film before the corrosion tests. A 4 um passivation filmis formed  passivation film has an amorphous structure. Finsgar et al. also proved the
on the substrate surface after pre-passivation treatment, and some holes amorphous structure of BTA, Cu(I)-BTA, Ni(I)-BTA”. The line-scan EDS
appear in the outer layer of passivation film, as shown in Fig. 18a. The inner  results in Fig. 18c indicate that C is mainly enriched in the whole film, and
layer of the passivation film is uniform and compact, and tightly bonded ~ Cu, Ni, and Fe participate in the formation of passivation film. Moreover,
with the substrate. The SAED result shown in Fig. 18b indicate that the  due to the addition of low-concentration H;PO,, a small amount of P was
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Fig. 18 | TEM characterization of the organic
passivation film before corrosion tests. a The {
cross-sectional images; b the corresponding selected
area diffraction pattern; c the corresponding EDS
analysis.
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also detected in the passivation film. Figure 19 shows the cross-sectional
TEM images, corresponding EDS analysis, and SAED patterns of the
organic passivation film after 30 days of static immersion. The organic
passivation film has low mechanical strength and is easily damaged in the
process of ion thinning. Figure 19a shows that the organic passivation film
near the regenerated film was seriously damaged during sample prepara-
tion. After 30 days of static immersion, the organic passivation film was
slightly damaged, and the thickness was basically unchanged. SAED analysis
of region A indicates that the organic passivation film has an amorphous
structure, as shown in Fig. 19d. Furthermore, a dense regenerated film was
formed on the substrate surface, as shown in Fig. 19c. SAED analysis of
region B indicates that the regenerated film had amorphous structure and
contained some nanocrystalline Cu,O. The line-scan EDS results in Fig. 19f
indicate that the regenerated film is composed of Cu and Ni oxides. Ma et al.
found that NiO in the corrosion products of Cu-Ni alloy was amorphous
structure®. Our previous research also found that the amorphous NiO based
regenerated film has good corrosion resistance'‘. During sample prepara-
tion, there was still obvious damage between the organic passivation film
and the regenerated film, as shown in Fig. 20a. After 30 days of flow
accelerated corrosion, the thickness of organic passivation film decreased
significantly due to the mechanical effect of the fluid. SAED analysis of
region A indicates that the organic passivation film also has amorphous
structure, as shown in Fig. 20d. Moreover, the regenerated film is formed
beneath the organic passivation film, as shown in Fig. 20c. EDS analysis
results are shown in Fig. 20g, indicating that the regenerated film was
composed of Niand Cu oxides, in which Ni oxide was the main component.
SAED results of regions B and C indicate that the regenerated film has an

amorphous structure and contains some nanocrystalline Cu,O, as shown in
Fig. 20e, f. It can be seen that the substrate protected by an organic passi-
vation film forms an amorphous structure film after ‘infancy’, which is
crucial for prolonging the service life of heat-transfer tubes. A large number
of studies have confirmed that amorphous passivation films and coatings
have excellent corrosion resistance in static and dynamic corrosive
environments'“*"**,

Figure 21 shows the TOF-SIMS results of bare and pre-passivation B30
alloy samples after 30 days of corrosion test. After 30 days of static
immersion (Fig. 21a), corrosion films mainly composed of NiO, CuO, y-
FeOOH and a small amount of Cu,O were formed on the bare sample of
B30 alloy. After 30 days of flow accelerated corrosion (Fig. 21b), the
thickness of corrosion film on the bare sample of B30 alloy increased sig-
nificantly, which can also be observed from the SEM corrosion morphology
shown in Fig. 16d. The corrosion film has a multi-layer structure, the outer
layer is mainly composed of y-FeOOH, and the inner layer is mainly
composed of Cu and Ni oxides. In addition, loose Cu,(OH);Cl was also
observed in the corrosion film. This kind of multi-layer structure film has
been found in the research of other scientists’. For the pre-passivation
samples (Fig. 21¢), the passivation film is composed of Cu(I)-BTA, Ni(II)-
BTA, NiO, Cu,0, BTA, FePO, and Ni3(PO4),, indicating that both Cu, Ni
and Fe are involved in the formation of the passivation film. Furthermore,
H;PO, also participated in the deposition of the film, forming FePO, and
Ni;(PO4),, which is consistent with TEM analysis shown in Fig. 18c. Guo
etal. have confirmed that FePO, is closely and evenly distributed on the alloy
surface as a barrier layer for the alloy matrix’". It can be seen that FePO, is
conducive to improving the compactness of the pre-passivation film, which
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Fig. 19 | TEM characterization of the corrosion film after 30 days of static immersion. a-c The cross-sectional images; d, e the corresponding selected area diffraction
patterns; f the corresponding EDS analysis.

Fig. 20 | TEM characterization of the corrosion
film after 30 days of flow accelerated corrosion.
a-c The cross-sectional images; d—f the corre-
sponding selected area diffraction patterns; g the
corresponding EDS analysis.
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Fig. 21 | TOF-SIMS ion depth profiles analysis. a B30 bare samples after 30 days of static immersion; b bare samples after 30 days of flow accelerated corrosion; ¢ pre-
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Fig. 22 | 3D corrosion morphology after removal of corrosion products. a Bare samples after static immersion; b bare samples after flow accelerated corrosion; ¢ pre-
passivation samples after static immersion; d pre-passivation samples after flow accelerated corrosion.

is consistent with the electrochemical test results shown in Fig. 12a. After
30 days of static immersion (Fig. 21d), a bilayer structure film was detected.
The outer layer is an organic passivation film, which exhibits a composition
similar to that shown in Fig. 21c. The inner layer is a regenerated film mainly
composed of NiO and Cu,O, which is consistent with the SAED and EDS
analysis shown in Fig. 19, f. After 30 days of flow accelerated corrosion (Fig.
21e), Cu(I)-BTA, Ni(I)-BTA, NiO, Cu,O, BTA were detected in the cor-
rosion film. Different from Fig. 21d, no delamination of corrosion film is
observed. According to the enrichment of NiO and Cu,O in Fig.21e and the
TEM analysis in Fig. 20, it can be judged that a regenerated film was formed
beneath the organic passivation film.

The 3D confocal laser scanning microscopy was used to observe the 3D
corrosion morphology of the substrate after removal of corrosion products.
After 30 days of static immersion, localized corrosion pits appear on the
surface of the B30 bare sample, as shown in Fig. 22a. For the pre-passivation
samples shown in Fig. 22b, small localized corrosion pits were also observed
on the substrate. The cumulative probability of the Pif,,,,, depth (Fig. 23)

shows that the pits formed on the surface of the pre-passivation samples
were shallow. After 30 days of flow accelerated corrosion, some small
localized corrosion pits appeared on the surface of B30 bare sample, as
shown in Fig. 22¢. Compared with the static immersion, the localized cor-
rosion pits formed on the bare samples in fluid environment are shallower,
as shown in Fig. 23. Zhao et al.* found that the geometry of corrosion pits in
fluid environment changed from bullet shaped to shallow disc-shaped. For
the pre-passivation samples shown in Fig. 22d, no localized corrosion pits
were observed, indicating that the B30 alloy substrate beneath the organic
passivation film experienced uniform corrosion in the fluid environment.
The above analysis shows that the organic passivation film can effectively
isolate the corrosive medium from the alloy substrate, thereby inhibiting the
localized corrosion of the alloy substrate and reducing the risk of perforation
in heat-transfer tubes.

According to the above results of the electrochemical test and char-
acterization analysis for pure copper and B30 alloy, the following conclu-
sions can be drawn: Firstly, for pure copper, BTA concentration is the most
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Table 4 | The upper and lower limits of the independent
variables

Independent variable Lower limit Upper limit
BTA (g/L) 4 20
Sulfosalicylic acid (g/L) 1 5

H205 (ml/L) 10 30
Temperature (°C) 25 50

important process parameter, which has interactions with other parameters.
The degree of influence on corrosion resistance of organic passivation film
decreased in the following order: BTA > BTA x SSA > H,0, > SSA >
Temperature > BTA x Temperature > BTA x H,0,. SSA and H,0, both
accelerate the dissolution of pure copper and forms sufficient metal ions, in
this case, the increase of BTA concentration promotes the formation
kinetics of passivation film, thus providing better corrosion resistance.
Although temperature can accelerate the formation rate of pre-passivation
film, it reduces the stability of H,O,. Therefore, there is an optimal range for
the interaction between temperature and BTA. Considering the single fac-
tors and their interactions, the optimal process for rapid pre-passivation of
pure copper was predicted as follows: BTA concentration of 14-16 g/L, SSA
concentration of 2-2.3 g/L, H,0, concentration of 10-11 ml/L, SDS con-
centration of 0.5 g/L and temperature of 45-50°C. Secondly, for B30 alloy,
the organic passivation film showed better corrosion resistance after the SSA
was replaced by H;POy, in the pre-passivation system. The pitting potential
increased by 0.25V, and the passive current density decreased by 15 times.
The excellent passivation performance is attributed to the deposition of
FePO, and Ni;(PO4),, they not only serve as heterogeneous nucleation sites
to accelerate the formation kinetics of pre-passivation films, but also act as
fillers to improve the compactness of passivation films. The results showed
that the BTA concentration of 14-16 g/L, H;PO, concentration of 3 g/L,
H,0, concentration of 10-11 ml/L, SDS concentration of 0.5 g/L and
temperature of 30°C was an improved pre-passivation process suitable for
B30 alloy. Finally, the improved organic passivation film is helpful for B30
alloy to survive its ‘infancy’ safely, and ensure the formation of dense
amorphous oxide film beneath the organic passivation film. There are no
crystal defects, such as grain boundary, in the double-layer amorphous film,
which makes it difficult for CI to diffuse inward to the film/substrate
interface, thus inhibiting the localized corrosion of the alloy substrate and
reducing the risk of heat-transfer tube perforation. This pre-passivation
treatment provides good protection for the subsequent service of the B30
heat-transfer tube and prolongs its service life in an aggressive deep-sea
environment.

Methods
Materials
Commercial pure copper (99.90%) and B30 copper-nickel alloy were
used as the experimental materials in this work, whose chemical

composition was analyzed by ICP-OES (Optima 8300, Singapore). The
composition (wt%) of B30 alloy was: Ni, 30.6%; Mn, 0.67%; Fe, 0.69%;
Si, 0.01%; S, 0.006%; C, 0.052%; Cu, balance. Pure copper and B30 alloy
plates were cut into specimens with a size of 10 mm x 10 mm x 3 mm
for characterization and electrochemical testing. Before the test, all
samples were wet ground to 2000 grit, rinsed with ethanol, and dried
with cold air flow.

Design of the RSM

RSM experiment was designed by using Design-Expert 11 software to
explore the optimal pre-passivation treatment process. BTA, SSA,
H,0,, temperature were selected as independent variables, and the
optimal range of each parameter was determined through literature
research, as listed in Table 4. The accuracy of response surface is related
to the number of test groups to some extent. If a small-scale or mini-
mum scale experiment is designed to adapt to the modeling of a large
number of variables, the resulting model usually does not have sufficient
predictive accuracy”. Therefore, 53 groups of RSM experiments were
designed to improve the accuracy of response surface, as shown in Table
S1. Pre-passivation treatments were conducted according to conditions
listed in Table S1. The pitting potential (Ep;) and passive current
density (ip) obtained from potentiodynamic polarization curve were
used as response variables to analyze the corrosion resistance of BTA
passivation film. Considering the influence of single factors and inter-
action, the optimal pre-passivation treatment process was predicted.

Pre-passivation treatment procedure

Before the pre-passivation treatment, the following pretreatment was con-
ducted: Firstly, in order to remove the oil stain formed on the metal surface
due to machining and improve the surface finish of the substrate, the
samples were washed using a specific alkaline solution at 40-50 °C for 4 min.
The concentrations of alkaline washing solution are as follows: Na,CO;
concentration of 50 g/L, NaOH concentration of 5 g/L, and Na;PO, con-
centration of 50 g/L. Secondly, the samples were soaked in H,SO,4 (10%) at
25 °C for 20 min to remove the oxide layer and improve the activity of the
substrate surface, which is beneficial to improve the adhesion between the
passivation film and the substrate. After the sample is rinsed with deionized
water, conduct pre-passivation treatment for 30 min, the composition of
pre-passivation treatment solution is shown in RSM table (Table S1). A
magnetic stirring thermostatic water bath was used to maintain the tem-
perature of the pre-passivation solution and accelerate the passivation
process.

Corrosion tests of the pre-passivation film

The corrosion test of B30 alloy after the pre-passivation treatment was
carried out to evaluate the corrosion resistance of the passivation film. The
total corrosion test time was 30 days. Static immersion (temperature-
pressure-flow rate: 25°C-0.1 MPa-0 m/s) and flow accelerated corrosion
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Table 5 | The composition of the simulated artificial seawater
solution

Compound Concentration (g/L)
NaCl 24.53
MgCl, 5.20
Na,SO4 4.09
CaCl, 1.16
KClI 0.695
NaHCO; 0.201
KBr 0.101
H3BOs 0.027
SrCl, 0.025
NaF 0.03

(25 °C-3 MPa-1 m/s) were used to simulate the shutdown and operation of
the B30 alloy heat-transfer tube in aggressive deep-sea environment. The
static immersion test was conducted in a constant temperature water bath.
The flow accelerated corrosion test was conducted in an autoclave with a
rotating cage, whose details have been depicted in our previous
publication™. The solution used in the corrosion tests was simulated arti-
ficial seawater, which was prepared using analytical-grade reagents and
distilled water. Its composition meets the specifications of ASTM
D1141-98", as shown in Table 5. After 30 days of corrosion test, according
to the provisions of ASTM standard G1-03”, the samples were descaled in a
1000 mL solution prepared by adding 50 g aminosulfonic acid and residual
distilled water at room temperature to remove the corrosion products. The
localized corrosion was observed using an Olympus confocal laser scanning
microscope (CLSM, OLS4100, Japan). Then, the cumulative probability of
localized corrosion pit depth was calculated according to the method in our
previous publication™.

Electrochemical measurements

All electrochemical measurements were conducted on a Princeton Elec-
trochemical Workstation (Ametek, USA) connected to a typical three-
electrode cell. The working electrodes were prepared by first welding copper
leads to the back of the samples, and then sealing them with epoxy resin to
ensure an exposed surface area of 1 cm’. Platinum foil was used as the
counter electrode, and a saturated calomel electrode as the reference elec-
trode. The open-circuit potential (OCP) shall be monitored for 30 min
before all electrochemical measurements to ensure that the system reaches a
steady state. After pre-passivation treatment, the corrosion resistance of the
passivation film was evaluated by potentiodynamic polarization curve. The
scanning range was —0.3 V vs. OCP to +1.6 V vs. Ref. and the scanning rate
of 0.333 mV/s. Electrochemical impedance spectroscopy (EIS) measure-
ments under OCP were measured by applying a sinusoidal potential per-
turbation of 10 mV with a frequency range from 100 mHz to 10 kHz. The
EIS data were fitted using ZSimpWin software. All electrochemical mea-
surements were conducted in simulated artificial seawater at 25°C and
repeated at least three times until the data were reproducible.

Microstructural characterization

The surface and cross-sectional morphologies of samples after pre-
passivation treatment and corrosion tests were characterized using scan-
ning electron microscopy (SEM, FEI Quanta 200 F, USA), and the elemental
compositions were analyzed by EDS. Before characterizing the cross-
sectional morphology, the cross-section of the B30 alloy was ground to 5000
grit, and then argon ion etching was performed to achieve a smooth, stress-
free surface. The microstructure of passivation films was analyzed by
transmission electron microscopy (TEM, FEI Tecnai G20, USA) and SAED.
TEM samples were prepared using a dual-beam focused ion beam at an
accelerating voltage of 30 kV after deposition of a Pt layer to protect the film

surface. XPS was used to analyze the composition of the passivation film.
Peak identification was performed using CasaXPS software using an XPS
database as a reference. The binding energy scale was calibrated tothe C 1's
peak at 284.8 eV. Moreover, TOF-SIMS was used to determine the com-
position distribution of the film.

Data availability

Data will be made available from the corresponding author on request.
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