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Effects of dissolved oxygen concentrations in Hanks’ solution on
corrosion behavior of pure zinc and zinc—copper alloys
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Abstract: To investigate the influence of oxygen content in a physiological liquid environment on the corrosion
behavior of biomedical zinc-based alloys, a simulated bodily fluid environment with varying dissolved oxygen was
established in vitro using external oxygen supply equipment. The influence of dissolved oxygen concentration on the
corrosion behavior of pure Zn and Zn—Cu alloys was studied with scanning electron microscopy, energy dispersive
spectroscopy, Fourier transform infrared spectrometry, and electrochemical analysis. Due to oxygen absorption
corrosion, the increase in dissolved oxygen concentration increases the pH value of the solution and promotes the
accumulation of corrosion product layer. Compared with the environment without additional oxygen supply, the
corrosion rate of the sample under the continuous oxygen supply condition is increased by one order of magnitude.
Because the Zn—Cu alloy has micro-galvanic corrosion, its corrosion rate is about 1.5 times that of pure zinc under
different dissolved oxygen conditions.
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widespread interest [6,7].

However, due to the poor tensile strength of
pure zinc stents, they cannot meet the mechanical
requirements of the human body [8]. Alloying

1 Introduction

Biodegradable metal is a revolutionary

biomedical material that spontaneously degrades
after entering the body without the need for
subsequent removal surgery. This not only
reduces patient trauma, but also reduces the risks
and medical costs associated with additional
surgeries [1,2]. Such materials have been used in
orthopedics, cardiovascular, gastrointestinal, and
other systems in the past twenty years [3—5]. In
particular, owing to the suitable biocompatibility
and degradation rates, zinc alloys have attracted

can improve the strength and toughness of zinc
alloys [9-11]. For example, copper (Cu) is an
important trace element and has good bio-
compatibility [12]. In addition, Cu can promote the
proliferation of vascular endothelial cells to
facilitate vascular reconstruction [13,14], and the
intrinsic antibacterial properties of copper can help
reduce postoperative infections [15—17].

Body fluids in the human body contain a large
concentration of oxygen, which can impact the
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corrosion characteristics of metals [18]. WANG
et al [19] conducted a thorough study of the
changes in local pH value and dissolved oxygen
concentration at the interface of three iron-based
alloys in Hanks’ balanced salt solutions, and
discovered that the concentration of dissolved
oxygen at the interface of all three alloys dropped.
A low-oxygen atmosphere would have an impact on
the physiological environment of the implant site,
potentially leading to hypoxemia. ZENG et al [20]
have investigated the effects of oxygen on the
electrochemical corrosion properties of stainless
steel and found that oxygen enhances the cathodic
reaction, promotes the formation of the passivation
film, and inhibits corrosion. Therefore, it is
necessary to explore the effect of dissolved oxygen
on the corrosion behavior of medical implant metal
material.

Recent research activities on the corrosion
resistance of zinc alloys in vitro have been mostly
focused on different proteins [21,22] and simulated
body fluids [23,24] while neglecting the effects
of dissolved oxygen on the corrosion properties.
Especially for degradable zinc alloys, the
mechanism is mainly oxygen absorption corrosion
[25], and the concentration of oxygen in simulated
body fluids affects the corrosion characteristics
of zinc alloys [26]. Herein, an oxygen delivery
platform in vitro was built independently to provide
a simulated bodily fluid environment with various
dissolved oxygen concentrations. The mechanism
of the influence of dissolved oxygen concentration
on the corrosion behavior of pure zinc and
zinc—copper alloys in a liquid environment was
deeply investigated. This work provides insights
and guidance for the development and clinical
adoption of biodegradable zinc alloys.

2 Experimental

2.1 Materials preparation and microstructural

observation

The Zn—Cu alloy selected for this study had a
Cu concentration of (0.10+0.01) wt.% and a Zn
concentration of (99.90+0.01) wt.%. The purity of
pure Zn was 99.999%. The samples were cut into
pieces with dimensions of 60 mm x 15 mm x 2 mm,
ground with #400, #600, #800, #1200, and #2000
silicon carbide (SiC) papers successively, and
cleaned with ethanol and distilled water. An area of

lcmx1lcm was exposed, and the rest of the
surface was covered by insulating tape and silicone
rubber to avoid unintentional galvanic corrosion.

In order to compare the microstructure of pure
Zn and Zn—Cu alloys, the sample was polished
to a mirror finish, etched with 200 g/L chromic
acid to show the metallographic microstructure,
rinsed with ethanol and water, and then blown
dry. The metallographic structure was observed
by field-emission scanning electron microscopy
(FE-SEM, Nova Nano SEMA450, USA), and the
element distribution was observed by surface
scanning of the selected area with energy dispersive
spectroscopy (EDS, Oxford, UK).

2.2 Immersion tests

To investigate the effects of dissolved oxygen
on the corrosion behavior of zinc and its alloys,
the experimental platform shown in Fig.1 was
established. The sample was put on the bottom of
the chamber, and the liquid storage tank was placed
in a constant temperature water bath (HH—1 digital
constant temperature water bath) at 37 °C. The
electrochemical impedance was monitored in situ in
real time at different time points. The oxygenator
provided oxygen to the solution, and the oxygen
concentration was measured in real-time. In this
study, we adopted three protocols: (1) providing
extra oxygen to the solution, (2) providing oxygen
intermittently with a pause of 12 h after each 12 h
of oxygen supply, and (3) injecting oxygen into the
solution continuously. The samples were named
“No extra oxygen”, “Intermittent oxygen”, and
“Continuous oxygen”, respectively. The Hanks’
balanced salt solution was chosen as the solution,

Fig. 1 Schematic diagram of experimental platform
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and the composition is presented in Table 1. The pH
of the solution was (7.40+0.05) at (37+0.5) °C.
The solution volume was 1000 mL, and it was
replenished every 24 h. The immersion test lasts for
120 h.

Table 1 Chemical composition of Hanks’ solution (g/L)

NaCl KCI MgSO4:7H,0  KH2PO4
6.85 0.27 0.04 0.02
NaHCOs; Na;HPO4-H,0 CaCl, Glucose
0.35 0.04 0.65 0.28

2.3 Characterization

The surface morphology and microstructure of
the samples after immersion were examined by
field-emission  scanning electron  microscopy
(FE-SEM, FEI Sirion 200, USA) at 20 kV. Fourier
transform infrared spectrometry (FTIR, Nicolet
iS10, USA, 400-4000cm™) was employed to
analyze the chemical structure, and energy
dispersive spectroscopy (EDS, Oxford, UK) was
utilized to determine the surface elemental
composition.

2.4 Electrochemical evaluation

The electrochemical measurements were
carried out in Hanks’ solution with an
electrochemical workstation (Ametek PARSTAT
3000A-DX), as illustrated in Fig.1. During the
in situ electrochemical tests, the oxygenator
temporarily stopped the oxygen supply to achieve
steady-state conditions.  Electrochemical tests
were conducted with a three-electrode setup. The
saturated calomel electrode (SCE), the Pt electrode,
and the sample served as reference, counter, and
working electrodes, respectively. Open circuit
potential (OCP) test was performed on the samples
prior to the start of the electrochemical test to
ensure that the test environment reached a stable
state. Electrochemical impedance spectroscopy
(EIS) investigations were performed at frequencies
ranging from 100 kHz to 0.1 Hz, with an amplitude
of 10 mV. The data were recorded at the first 12 h
and tested every 24 h. Potentiodynamic polarization
(PDP) tests were performed between —0.25V Vs
OC and 0.25 V vs OC, with a constant scan rate of
1 mV/s. All electrochemical results were examined
with appropriate equivalent circuit models using the
ZView software.

2.5 Statistical analysis

The data were analyzed and plotted using
the Origin 8.5 software (Originlab Corporation,
Wellesley Hills, USA). The data represented the
average of three experiments and were fitted to
estimate the correlation.

3 Results
3.1 Morphology and microstructure after
immersion

Figure 2 shows the morphologies of the
corrosion products on the pure Zn and Zn—Cu
samples immersed in Hanks’ solution under
different oxygen supply conditions. Without an
additional supply of oxygen, the corrosion products
spread on the samples to form a clear matrix.
When oxygen is injected continuously into the
medium, the corrosion products increase and their
distribution becomes more uniform. Figures 2(a1, a,)
reveal a significant difference in the morphology of
the corrosion products between pure Zn and Zn—Cu
alloys. The corrosion products on pure Zn are loose
flakes, whereas those on the Zn—Cu alloys are
uniform-size granular precipitates.

EDS results are presented in Fig. 3(a). The
corrosion products contain Zn, C, O, P, and Ca,
indicating the existence of carbonate, oxide, and
hydroxide. As the amount of oxygen increases, the
proportion of zinc in the corrosion products on the
surface decreases for both samples, while the
proportion of C increases, indicating that oxygen
promotes carbonate formation, which corresponds
to the increase in corrosion products and decrease
in substrate area shown in Fig. 2. Compared to pure
Zn, the proportion of Ca in the corrosion product of
Zn—Cu alloy decreases, but that of P increases,
indicative of more phosphate formation on the
Zn—Cu alloy.

To analyze the chemical composition of the
corrosion products, FTIR spectra are acquired from
the pure Zn and Zn—Cu alloys after immersion for
120 h. As shown in Fig. 3(b), different samples
exhibit similar peaks. The peak at 541cm™ is
related to ZnO [27] and the PO;™ peak is observed
at 994cm™ [28]. The peak at 1637cm™ is
associated with CO3;~ [29] and the wide band
around 3220 cm™* belongs to O—H [30,31].
Accordingly, the pure Zn and Zn—Cu alloys have
similar corrosion products of zinc oxide, hydroxide,
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Fig. 2 Morphologies of corrosion products on pure Zn and Zn—Cu alloys under different oxygen supply conditions:
(a1, a2) No extra oxygen; (b1, b2) Intermittent oxygen; (c1, c2) Continuous oxygen; (A1, A2) Enlarged images of areas in

(a1, &)

phosphate, and carbonate consistent with EDS.
Figures4 and 5 depict the cross-sectional
morphology and corrosion product thickness of Zn
and Zn—Cu after immersion for 120 h, respectively.
The corrosion product layers on both samples
become more uniform with increasing oxygen
concentration. In the absence of an additional
oxygen supply, the corrosion product layers are the
thinnest. The intermittent oxygen supply has less

effect on the product layer thickness. However, in
the scenario of continuous oxygen supply, the
thickness of the corrosion product layer increases
significantly, and the thickness of the corrosion
product layer on Zn—-Cu is about twice that
compared to the absence of an additional oxygen
supply. Compared with pure Zn, the product layer
on the Zn—Cu sample is thicker, indicating that the
Zn—Cu alloy is more sensitive to oxygen.
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Fig. 3 Elemental composition (a) and FTIR spectra (b) of pure Zn and Zn—Cu alloy under different oxygen supply
conditions

Fig. 4 Cross-sectional morphologies of corrosion products on pure Zn and Zn—Cu alloys under different oxygen
conditions: (a1, a2) No extra oxygen; (b1, b) Intermittent oxygen; (c1, ¢2) Continuous oxygen
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Fig. 5 Thicknesses of corrosion products on pure Zn and
Zn—Cu alloy

Figure 6(a1) displays the pH variations of the
Hanks’ solution during the immersion tests under
different oxygen supply conditions. The pH values
of Hanks’ solution immersed with the samples are
higher than those of the initial Hanks’ solution
(7.40%0.05). This is because the oxygen molecules

receive electrons to generate hydroxyl ions.
However, as the immersion time increases, the
solution pH decreases, suggesting that more
hydroxide ions combine with metal ions to produce
the precipitate. Finally, the pH tends to flatten,
indicating that the generation and precipitation of
hydroxide ions reach a balance.

Figure 6(a2) shows the average pH of Hanks’
solution after immersion for 24 h. By comparing
the average pH values under different oxygen
conditions, it can be observed that the higher the
concentration of dissolved oxygen, the greater
the increase in the pH. Hence, dissolved oxygen
promotes the production of hydroxide ions and
accelerates the corrosion process. Meanwhile, the
average pH value of Hanks’ solution of Zn—Cu
samples is lower than that for the pure Zn samples,
indicating that Zn—Cu consumes more hydroxide
ions from the Hanks’ solution.

Figure 6(b1) displays the amounts of dissolved
oxygen in Hanks’ solution after each immersion for
24 h. As the oxygen supply machine is operated, the

Fig. 6 pH values of Hanks’ solution under different oxygen conditions: (a;) pH change with immersion time;
(a2) Average pH; (b1) Dissolved oxygen concentration change with immersion time; (bz) Average dissolved oxygen

concentration
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oxygen concentration in the solution increases
gradually. After a certain period of oxygen supply,
the amount of oxygen is saturated. When there is no
additional oxygen supply, the oxygen concentration
increases gradually with immersion time. This may
be related to the pH of the solution, as a higher pH
increases the oxygen concentration.

Figure 6(b,) shows the average concentrations
of dissolved oxygen under different supply
conditions. In fact, the longer the additional oxygen
supply time, the higher the amount of dissolved
oxygen. Compared to pure Zn, the solution soaked
with the Zn—Cu alloy has a smaller oxygen
concentration, indicating that the Zn—Cu alloy
consumes more oxygen and is more prone to
corrosion.

3.2 Electrochemical assessment

Figure 7 shows the time-dependent EIS data
of the pure Zn and Zn—Cu samples in Hanks’
solution under different oxygen supply conditions.
Figures 7(a1—f1), (a-—fs), and (as—fs) depict Nyquist
plots, Bode plots of phase angle vs frequency, and
Bode plots of |Z| vs frequency, respectively. Overall,
the diameter of the capacitive arc decreases with
immersion time and tends to stabilize as the
corrosion products begin to form on the surface,
and the deposition and decomposition processes
are relatively stable. In the early stage of corrosion
response, as the amount of dissolved oxygen
increases, the diameter of the capacitor ring
decreases rapidly due to oxygen absorption
corrosion. In the later stage, owing to the formation
of the product layer and enrichment of corrosive
ions in a stable state, the diameter of the capacitor
ring is consistent.

As seen in Figs. S1(a, b) in Supplementary
Materials (SM), the open circuit voltage of pure Zn
and Zn—Cu alloys increases with the concentration
of dissolved oxygen, which is similar to the
change trend of pH value in Hanks’ solution.
Figures S1(c,d) in SM depict the equivalent
electrical circuit model. Based on spectral shape
and fitting, a single capacitor element and an
equivalent circuit of two capacitor elements are
chosen, and the fitted data are listed in Table S1 in
SM. R is the charge transfer resistance of the
corrosion process, CPEg is the capacitance of the
double electric layer, and R, is the solution

resistance. The resistance and capacitance of
corrosion product layer are denoted by Rs and CPE:.

The polarization resistance (R;) related to the
kinetics of the process is derived from the EIS data
by fitting with the ZView software. The polarization
resistance (Rp) value of the sample for a single
capacitive element equivalent circuit is equal to Ry.
For two capacitive element equivalent circuits,
it is equal to the sum of R and Re. As shown in
Fig. 8, the rapid decrease of R, indicates a significant
increase in the corrosion rates at the early
immersion stage. As immersion proceeds, corrosion
products are gradually deposited to form a
protective film, and the protection by the corrosion
product layer and destruction rendered by corrosion
ions reach a dynamic equilibrium, consequently
reaching dynamically stable stage. The polarization
resistance increases with the addition of oxygen,
indicating that oxygen promotes the corrosion of
zinc alloys. Compared to pure Zn, the polarization
resistance of Zn—Cu alloys is slightly lower,
implying that the addition of Cu promotes the
corrosion of zinc alloys probably related to
micro-galvanic corrosion.

According to Tafel extrapolation, the corrosion
potential (¢cor), corrosion current density (Jeor),
anode Tafel constants (b.) and cathode Tafel
constants (b)) are derived and presented in
Table 2. With increasing oxygen concentrations, Jeorr
increases, indicating that oxygen enhances
corrosion of the zinc alloy in line with the
corrosion morphology and corrosion products
mentioned above. Compared to pure Zn, the Zn—Cu
alloy has a higher Jeor, indicating that it is more
prone to corrosion.

4 Discussion

4.1 Corrosion rates

To investigate the effects of oxygen and the
element Cu on the corrosion resistance of zinc
alloys, the corrosion rates are compared. As shown
in Fig. 9, the polarization resistances (Rp) are fitted
based on the EIS results, and the linear polarization
relationship between R, and Jecorr Can be expressed
by Stern formula [32]:

J = babc
" 2.303(b, +b; )R,

1)
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Fig. 7 Nyquist plots (a;—f1), Bode plots of 9 vs f (a,—f,) and Bode plots of |Z| vs f (as—f3) of pure Zn and Zn—Cu alloys
under different oxygen conditions: (a;—as) Zn, no extra oxygen; (b1—bs) Zn, intermittent oxygen; (ci—Cs) Zn, continuous
oxygen; (di—ds) Zn—Cu, no extra oxygen; (e1—e3) Zn—Cu, intermittent oxygen; (fi—f3) Zn—Cu, continuous oxygen
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Table 2 Electrochemical parameters of pure Zn and Zn—Cu alloy after immersion

Material Condition @cord V Jeorr (LA-CM™?) ba/mV be/mV
No extra oxygen —1.01+0.01 8.61+0.03 151.56+12.21 81.51+19.11
Zn Intermittent oxygen —1.07+0.01 39.23+0.32 308.234+9.03 84.65+10.36
Continuous oxygen —1.11+40.02 87.53+0.35 391.78+17.74 90.41+15.31
No extra oxygen —1.05+0.01 9.554+0.22 298.22+7.17 92.91+12.56
Zn—Cu Intermittent oxygen —1.05+0.01 50.31+0.26 207.23£10.45 111.22+46.23
Continuous oxygen —1.05+0.01 104.43+1.09 322.22+13.91 129.53+15.01

Fig. 8 Fitted polarization resistances of pure Zn and
Zn—Cu alloy with immersion time

Fig. 9 Corrosion rates measured by Tafel and EIS with
various dissolved oxygen concentrations

Because the corrosion rate (Cr, mm/a) is
proportional to Jeorr, ASTM G59—97 can be used to
determine the Cg [33,34]:

C,,=8.76x10" Jeerd @)
NF o

where Jeor is the corrosion current density (A/cm?),

a is the molar mass of the metal (g/mol), N is

the number of electrons exchanged during the

electrochemical reaction, F is Faraday’s constant

(26.8 A-h), and p is the material density (g/cmd).

According to the polarization resistance (Rp)
fitted by EIS, the change in corrosion rates with
immersion time can be determined (Fig. 10). In
Hanks’ solution, owing to the corrosion product
layer on the surface, the corrosion rate increases
significantly with time initially and then stabilizes.
In Hanks’ solution without the additional oxygen
supply, the corrosion rate increases slowly at first
due to the relatively loose corrosion product layer.
After the intermittent oxygen supply, the corrosion
rate increases, indicating that oxygen enhances the
corrosion response. In the later stage of continuous
oxygen supply, the corrosion rate flattens as the
thickness of the corrosion product layer increases to
provide better corrosion protection.

Fig. 10 Corrosion rate variations derived by EIS during
immersion for 120 h

As given in Table 3, the corrosion current
density (Jcorr) derived from the Tafel parameters can
be calculated by Eq. (2) to determine the corrosion
rates of the pure Zn and Zn—Cu alloys under
different oxygen supply conditions. And then, the
mean average is calculated by the corrosion rates
obtained from EIS testing. The specific values of
corrosion rate calculated by EIS and Tafel are
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different, which is related to their testing principles.
The Tafel polarization method is suitable for
corrosion systems with activation control, which
means that the charge transfer step controls the
corrosion process primarily. EIS is affected by
charge transfer resistors and double capacitance
layers, making it better suited for researching
complex corrosion processes involving coatings or
passivated films. With the increase of dissolved
oxygen in the Hanks’ solution, the thickness of
the corrosion product layer on the sample surface
becomes thicker, which has a more obvious
influence on the EIS testing results. Overall, the
corrosion rate of the Zn—Cu alloys is 1.5 times that
of pure Zn.

Table 3 Corrosion rates calculated from EIS and Tafel
parameters (mm/a)
No extra Intermittent Continuous

Material Method

oxygen  oxygen oxygen
EIS 0.10+0.05 2.20+0.79 7.11+1.98
Tafel 0.13+0.01 0.58+0.05 1.31+0.07

EIS 0.15+0.06 3.19+0.97 10.25+2.58
Tafel 0.14+0.02 0.75+0.05 1.56+0.09

Zn—Cu

TONG et al [35] calculated the corrosion rate
of as-cast pure Zn using a potentiodynamic
polarization curve as 0.1567 mm/a. QIN et al [36]
prepared additively manufactured pure Zn with
three scanning speeds and calculated the
corrosion rate to be 0.048—0.128 mm/a by the Tafel
extrapolation method. These findings are similar
to the corrosion rate of pure Zn in our work
without additional oxygen supply. LI et al [37]
systematically evaluated the corrosion behavior of
Zn—xCu (x=1, 2 and 4, wt.%) alloys and pure Zn.
They discovered that when immersed for 5d, the
corrosion rate of Zn—Cu alloys was faster than that
of pure Zn, which was ascribed to galvanic
corrosion. This conclusion is consistent with our
findings. However, it was difficult to compare the
corrosion rates of pure zinc and Zn—Cu alloys when
the immersion duration was increased to 10 and
40 d. This was explained by the fact that the density
of the corrosion product layer in pure zinc is lower
than in Zn—Cu alloys [37]. This phenomenon and
mechanism are worthy of further exploration.

Figure 9 compares the relationship between
dissolved oxygen and the corrosion rates measured

by Tafel and EIS testing. Under the same oxygen
supply conditions, the corrosion rate of the Zn—Cu
alloy is faster than that of pure Zn. The corrosion
rates measured by EIS and Tafel follow a similar
trend with various dissolved oxygen concentrations.
As the oxygen concentration goes up, the corrosion
rate increases. The corrosion rates of pure Zn and
Zn—Cu alloys are significantly promoted by
dissolved oxygen, and Zn—Cu alloys are more
sensitive to the dissolved oxygen concentrations.
Compared with no additional oxygen supply, the
corrosion rate of the sample with continuous
oxygen supply is increased by an order of
magnitude. This proves that dissolved oxygen
has a significant impact on the corrosion behavior
of zinc alloys.

4.2 Corrosion mechanism

According to the experimental results, the
corrosion process of the pure Zn and Zn—Cu alloys
can be divided into the following stages. Initially,
the alloy dissolves via following reactions [38,39]:

Zn—Zn%*+2e (3)
02+2H,0+4e—40H" (4)
Zn?*+20H —Zn(OH), )
Zn*+20H —ZnO+H,0 (6)

According to Egs. (3) and (4), when pure Zn
and Zn—Cu alloys come into contact with Hanks’
solution, the corrosion reaction produces Zn?* and
releases electrons, while the dissolved oxygen
absorbs electrons to form OH™. As a result, the pH
value of Hanks’ solution rises, as seen in Fig. 6. In
a slightly alkaline environment, Zn?* interacts with
OH™ to form Zn(OH),, which partially dehydrates
to produce ZnO. The stability of Zn(OH), and ZnO
is affected by chloride, carbonate, bicarbonate,
and phosphate ions in the solution, and corrosion
products such as Zns(PO.), and ZnCO; are also
produced on the sample’s surface [40,41]. With
the extension of immersion time, the speed of
ion exchange and charge transfer increases, thus
accelerating the corrosion rate of the sample. After
adding oxygen, the concentration of dissolved
oxygen in the solution rises, and a considerable
amount of OH" is produced, promoting the creation
of corrosion products and the buildup of corrosion
rates. The rate of ion exchange and charge transfer
is slowed down by the accumulation of corrosion
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products, and the production and consumption of
OH~ gradually approach equilibrium. After then,
both the sample’s corrosion rate and the solution’s
pH value tend to stabilize.

Figure S2 in SM shows the microstructure of
experimental pure Zn and Zn—Cu alloys. After the
addition of the element Cu, the crystal size of the
alloy increases, and fine precipitates can be
observed in the Zn—Cu alloy. As illustrated in
Fig. S2(d) in SM, the precipitated second phase is
primarily dispersed along the grain boundaries.
According to the phase diagram, the second phase
should be CuZns [38]. The standard electrode
potentials for elements Cu and Zn are 0.342
and —0.763V, respectively. The second phase
(e-CuZns) in the Zn—Cu alloy has a larger
self-corrosion potential than the matrix (y-Zn
phase), and a potential difference exists on the
alloy’s surface, generating a tiny electric pair [42].
Compared with pure Zn, the corrosion products
of Zn—Cu alloy have a higher density [37], and the
morphology of corrosion products is also affected
by e-CuZns. The corrosion products on pure Zn are
loose flakes, whereas those on the Zn—Cu alloys are
uniform-size granular precipitates (Figs. 2(A1, A2)).
Local electrochemical corrosion occurs in Hanks’
solution, with e-CuZns as the positive phase and
n-Zn as the negative phase, resulting in a higher
corrosion rate of the Zn—Cu alloy than pure Zn.

5 Conclusions

(1) After immersion for 120 h, the pure Zn and
Zn—Cu alloys show similar corrosion products of
Zn0, Zn(OH)z, Zn3(PO4)2, and ZnCO;. Compared
with pure Zn, the corrosion products of Zn—Cu
alloys contain more phosphate and oxide, and the
thickness of the corrosion products is thicker,
especially in the environment of continuous oxygen
supply.

(2) The increase in dissolved oxygen
concentrations raises the pH value of Hanks’
solution, encourages the accumulation of corrosion
product layers, and accelerates the rate of corrosion.
Compared with no additional oxygen supply, the
corrosion rate of the sample with continuous
oxygen supply is increased by an order of
magnitude.

(3) Overall, the corrosion rate of the Zn—Cu
alloys is about 1.5 times that of pure Zn. After

adding the element Cu, the grain size of the alloy
increases and the second phase (e-CuZns)
precipitates along the grain boundary. Galvanic
corrosion occurs in the second phase (e-CuZns) and
n-Zn of the matrix, resulting in a higher corrosion
rate of the Zn—Cu alloy than that of pure Zn.
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Fig. S1 OCP curves (a, b) and corresponding equivalent electrical circuit models (c, d) of pure Zn (a, c) and Zn—Cu
alloys (b, d)
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Fig. S2 SEM images of pure Zn (a), enlarged morphology of pure Zn (b), SEM images of Zn—Cu alloys (c), enlarged
morphology of Zn—Cu alloys (d), and elemental distribution (e, f) of (d)
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Table S1 Fitting results of equivalent circuit component of pure Zn and Zn—Cu alloys under different dissolved oxygen
conditions

Immersion CPEsT/  CPEs-P/ R/ Re/  CPEg-T/ CPEa-P/

Conditi RJ/Q Chi-Sgr Sum-S
ONAEON  ime " (10°SsY) (101Ss) (102Q) (10°Q) (104Ss7) (101ssy o SUmeSdr
12 2218 065 913 220 3301 023 460 153 352
24 2258  0.80 934 227 2261 026 506 186  4.66
Zn. o 48 2148 322 828 324 1872 130 652 685  10.88
extraoxygen 72 3351 231 879 205 981 261 475 290 842
9% 2080  1.89 888 230 819 276 459 193 559
120 3538 148 894 241 503  3.09 455 139 402
12 2020 16840 543 407 3344 106.99
24 2648  10.00 842 016 376 548 475 307 828
oo 48 2014 54040 427 456 2513 80.41
Intermittent
72 2038 40067 460 258 2660  85.12
oxygen
9% 2874 085 929 063 140 196 556 477  9.07
120 2735 038 944 044 150 942 315 074 140
12 1988  70.97 694  3.80 96.01 288.04
24 2200 3851 742 074 080 972 629 251  6.77
Zn, 48 2716 2787 795 064 085 1460 516 062 169
continuous
72 2698 3141 792 078 08l 1889 520 173 467
oxygen
9% 1993 332 783 069 220 2955 301 190 5.3
120 2386 474 793 063 178 2086 378 197 532
12 2423 115 919 343 2379  0.84 347 046  0.78
2 2405 122 919 232 1808  3.04 241 055 114
Z”‘Ct”’ 48 2377 124 919 229 1792 405 294 034 078
Nno extra
72 2453 101 921 201 883 563 299 026 050
oxygen
9% 2396 075 936 184 645 6.9 296 065 124
120 2644  0.77 930 117 576 697 299 088 168
12 2353 1314 814 134 303  7.20 547 147 397
2 2662 439 835 095 245 2122 391 050 135
~Zn-Cuy, 48 2795  3.07 864 061 268 3651 305 028  0.77
Intermittent
72 2879 301 867 044 156 69.04 347 015 041
oxygen
9% 2602  1.00 856 048 120 9479 268 043  1.08
120 2181 223 763 070 138 6923 315 241  6.02
12 2323 19.06 802 120 444 257 687 182 528
24 2349 2289 852 046 171 1023 595 224  6.49
Zn—Cu, 48 2553 2170 811 039 096 1812 521 262 761
continuous
72 2669 1478 886 038 096 7052 424 210 6.8
oxygen
96 2737 13.09 883 029 091 7033 464 156 452

120 27.80 5.91 8.18 0.42 1.58 81.46 3.38 0.75 2.16
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