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HIGHLIGHTS

o A general linear model between corrosion rates of Zn-Cu alloy and BSA concentrations of Hanks’ solution was established.
e The corrosion properties of the Zn-Cu alloy under simulated flowing conditions were investigated.

o The addition of BSA promoted the uniformity of corrosion.

e BSA inhibited corrosion rates of Zn-Cu alloy but the inhibition effectiveness reduced as the BSA content increased.
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ABSTRACT

In vitro experimental evaluation of biodegradable materials must consider the dynamic effects of body fluids and
blood in the physiological environment, as biomedical implants are frequently in contact with body fluids and
protein adsorption impacts the degradation process. However, little research has been done on the effects of
proteins on the corrosion properties of zinc-based alloys under non-static conditions. Herein, the corrosion
behavior of the Zn—Cu alloy in Hanks’ solution under flowing conditions is examined in relation to the impacts of
different bovine serum albumin (BSA) concentrations. Although BSA retards corrosion, the effects of smaller
protein concentrations are more significant during the early stage of metal degradation. The corrosion rate of the
Zn—Cu alloy decreases with BSA concentrations during immersion before stabilizing. Based on this, a numerical
model for the corrosion process of Zn-Cu alloy under dynamic flowing conditions is established. Between the
corrosion rates (CR) of Zn—-Cu alloy and BSA concentrations (CB) of Hanks’ solution matched a linear connection
of the formula CR = a ¢ CB + f. The results of this research have important significance for the development and
application of biodegradable zinc-based biomedical implants.

1. Introduction

reactions of degraded tissue [3,4]. In comparison, biodegradable metals
have better mechanical properties and good biocompatibility [5-8].

Demand for medical implants is increasing with the world’s aging
population and medical technology advances [1]. Biodegradable poly-
mer implants have broad application prospects by taking the advantage
of degradability, safety, and non-toxicity, such as medical sutures, bone
nails, and drug release [2]. However, there are some problems with
polymer implants, including mechanical stiffness and strength limita-
tions, adverse tissue reactions, foreign body reactions, and delayed

In recent years, zinc (Zn) and zinc-based alloys have become a
research hotspot [9-11]. The standard electrode potential of Zn
(—0.763 V) is between those of Mg (—2.372 V) and Fe (—0.447 V) and
the degradation rate which is predicted to be appropriate theoretically
has been confirmed by in vivo and in vitro experiments [12-14].
Furthermore, Zn is an essential element involved in almost all metabolic
activities in the human body including cell proliferation as well as the
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immune and nervous systems. The corrosion products (ZnO, Zn(OH),,
etc.) of Zn are also safe, non-toxic, and with high biocompatibility.
Bowen et al. [15] have demonstrated that zinc may exhibit an
anti-proliferative effect and protect against restenosis after stent im-
plantation. Henning et al. [16] have found that Zn has good
anti-atherosclerosis functions and the corrosion product of ZnO helps
the formation of new blood vessels in tissue healing [17]. In addition to
easier heat treatment and processing [18], Zn has a lower melting point
(400 °C) and smaller reactivity than Mg. Moreover, zinc alloys are more
radiopaque than magnesium alloys, making in situ monitoring during
surgery easier [19].

However, the mechanical properties of pure zinc are poor and cannot
meet the requirements of the human body and alloying is one of the
effective methods to improve the properties. Common alloying elements
include Mg, Al, Li, Ca, Sr, Ge, Ag, Mn, and Cu [20-25]. Copper (Cu) is
another essential trace element for connective tissue development,
nerve coverage, and bone growth [26]. Cu also promotes the prolifera-
tion of vascular endothelial cells to accelerate vascular reconstruction
[27]. In fact, Cu deficiency can cause normal cell anemia, neuroticism,
as well as abnormal metabolism of sugar and cholesterol. Furthermore,
Cu has certain antibacterial properties that are helpful in mitigating
infection after surgery [28,29]. Another practical way for preventing
corrosion and enhancing performance is the use of different composite
electrochemical coatings [30]. Tseluikin et al. [31]found that composite
electrochemical coatings improved the corrosion stability of zinc-nickel
alloy in 0.5 M H2SO4 solution. Shourgeshty et al. [32] have improved the
wear resistance of low-carbon steel through electroplated functionally
graded Zn-Ni-AlyO3 coatings by continuously changing the duty
cycle/frequency.

Human blood and body fluids contain a myriad of proteins, organic
acids, and inorganic electrolytes and the protein composition is quite
complex. Albumin is one of the common proteins in the human body
[33]. Proteins adsorption occurs and affects corrosion and degradation
process of the materials when metallic implants contact body fluids
[34]. Liu et al. [35] showed that pure Zn immersed in organic media for
168 h slowed degradation and rapid protein adsorption enhances the
polarization resistance and amplifies local corrosion to alter degrada-
tion. Liu et al. [36] investigated that the effects of albumin on pure Zn in
artificial plasma and the corrosion products consist of albumin and zinc
oxide/zinc hydroxide. Despite recent developments, it is still unclear
how protein adsorption affects the progression of corrosion in Zn alloys.

The majority of previous studies have focused on static immersion
tests, whereas body fluids are constantly replenished and in motion in
the body. Especially for degradable metals, the dynamic conditions may
produce results different from those obtained observed from static im-
mersion in vitro [37]. Hence, in this study, the effects of the bovine
serum albumin (BSA) concentration on the corrosion properties of the
Zn—Cu alloy under simulated fluid flow are investigated and the rela-
tionship between the corrosion rate and time is established. The findings
are important for clinical adoption of biodegradable metals.

2. Materials and methods
2.1. Materials preparation

The Zn-Cu alloy selected for this study had a Cu concentration 0.10
+ 0.01 wt% and a Zn concentration 99.90 + 0.01 wt%, which deter-
mined by the AXXLMF15 direct reading spectrometer. The alloy was cut
into samples with dimensions of 60 mm x 15 mm x 2 mm, ground with
#400, #600, #800, #1200, and #2000 silicon carbide (SiC) papers, and
cleaned in ethanol and distilled water. An area of 1 x 1 cm? was exposed
and the rest of the surface was covered by insulating tape and silicone
rubber to avoid galvanic corrosion.
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2.2. Immersion tests

The dynamic measurement platform is illustrated in Fig. 1. 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 liquid medium in the tank had a
volume of 2 L. A peristaltic pump (WT600CA high precision, 100-3000
ml min1) provided the liquid circulation by extracting the medium
from the storage tank, injecting it into a catheter. The electrochemical
impedance was monitored in situ in real time at different time. The flow
quantity of immersion fluid was set as 200 ml min ! corresponding to its
average flow rate of 0.3 cm s~ .

The Hanks’ balanced salt solution was chosen as the immersion fluid
and the composition is presented in Table 1. The concentration of BSA
was set tobe 1.7 g L7}, 3.4 g L™}, or 5.1 g L ! and the solution pH was
7.40 £+ 0.05 at 37 £ 0.5 °C. The fluid volume was 2000 ml and it was
replenished at 24 h after the pH was recorded.

2.3. Materials and surface characterization

The surface morphology and microstructure of the Zn-Cu alloy
samples after immersion were examined by field-emission scanning
electron microscopy (FE-SEM, FEL, Sirion 200, USA) at 20 kV. The
corrosion products produced on the surface were analyzed by X-ray
diffraction (XRD, Bruker, D8-discover) employing Cu K, (A = 1.54056 [o\)
radiation in the 20 range of 10-90° at a glancing angle of 0.02° and
scanning rate of 0.15 s-step .. Fourier transform infrared spectrometry
(FTIR, Nicolet iS10, USA, 400-4000 cm ™) was employed the chemical
structure and energy-dispersive X-ray spectroscopy (EDS, Oxford, UK)
was utilized to determine the surface elemental composition. 50 pl of
FITC (fluorescein isothiocyanate) was put on the sample and refriger-
ated at 4 °C for 12 h prior to laser confocal microscopy (CLSM, Nikon,
A1RHD25, JPN) to monitor protein adsorption.

2.4. Electrochemical evaluation

Electrochemical impedance spectroscopy (EIS) was conducted on an
electrochemical workstation (VersaSTAT 3 F) every 24 h. During the in

Fig. 1. Schematic of the dynamic test under flowing conditions.



X. Zhang et al.

Materials Chemistry and Physics 304 (2023) 127838

Table 1

Chemical composition of Hanks’ solution (g-L’l).
Reagents NaCl KCl MgS04-7H,0 KH,PO4 NaHCO3 Na,HPO4-H,0 CaCl, Glucose
Composition (g-Lfl) 6.85 0.27 0.04 0.02 0.35 0.04 0.65 0.28

situ electrochemical tests, the dynamic flowing conditions were tempo-
rarily suspended and the open circuit test (OCT) was carried out to
achieve steady state conditions. The reference, counter and working
electrodes were the saturated calomel electrode (SCE), Pt electrode and
sample, respectively. The frequencies were scanned from 100 kHz to 0.1
Hz and the potential amplitude was 0.01 V. Three parallel experiments
were conducted and the impedance spectras were analyzed and fitted by
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 from three experiments and fitting was performed to estimate
the correlation.

3. Results

3.1. Morphology and microstructure of the Zn—Cu samples after
immersion

Fig. 2 shows the morphologies and elemental information of the
corrosion products on the Zn-Cu samples which were immersed in
Hanks’ solution with different BSA concentrations for 120 h under the
dynamic conditions. As shown in Fig. 2 (a), the samples gradually
formed irregular granular corrosion products with nonuniform thickness

which was immersed in the BSA-free Hanks’ solution. According to the
EDS maps, the primary substances on the surface are carbide, oxide, and
hydroxide. C and O are irregularly distributed. The correlation between
the Ca and P distributions suggests that the Ca-P phase has formed.
Apart from a tiny number of granular corrosion products dispersed
randomly on the surface, the corrosion products are short rods that
equally cover the surface after the addition of 1.7 g L~} BSA. Combined
with EDS maps analysis, the oxide, hydroxide, and Ca-P phases and
protein chelates are uniformly distributed on the surface of the samples,
whereas the randomly distributed granular products are mainly carbide
(Fig. 2 (b)). As the concentration of BSA goes up, the proportion of the
short rod-shape corrosion product increases and the distribution be-
comes more uniform (Fig. 2 (¢) and (d)). The results indicate that BSA
leads to a more uniform corrosion of the alloy.

BSA adsorption on the surface of the samples was examined by laser
confocal microscopy after immersion in Hanks’ solution with BSA con-
centrations of 1.7 g L1, 3.4 g ™1, and 5.1 g L™1. The green fluorescence
originates from the FITC-labeled BSA. When the concentration is 1.7 g
L}, a small amount of BSA adsorbs locally onto the surface, and when
the concentration is increased to 3.4 g L™, the fluorescence becomes
more intense, indicating that BSA is present on the majority of the sur-
face. BSA covers the surface and forms a thicker film when the con-
centration is raised to 5.1 g L7!,. The results indicate that the
concentration of BSA affects adsorption, the fluorescence intensity in-
creases gradually with the increase of BSA concentration in the solution,
and the adsorption of protein also rises up accordingly.

Fig. 2. Morphologies and EDS maps of the corrosion products on the Zn-Cu alloys immersed in Hanks’ solutions with different BSA concentrations: (a) No BSA, (b)

1.7 g L71 BSA, (c) 3.4 g L"! BSA, and (d) 5.1 g L™! BSA.
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Fig. 3. Confocal fluorescence images showing adsorption of BSA on the Zn-Cu alloy in contact with different concentrations of BSA: (a) 1.7 g L' BSA, (b) 3.4 g L™*

BSA, and (c) 5.1 g L™ BSA.

Figs. 4 and 5 depict the cross-sectional morphologies and corrosion
product thickness after 120 h of immersion. The sample soaked in
Hanks’ solution has the thickest product layer with an average thickness
of 5.19 + 0.88 pm, but the thickness decreases when BSA was added.
The average thickness of the corrosion product layer increases from 1.84
+ 0.48 pm to 3.26 + 0.21 pm and the layer becomes more uniform with
increasing BSA concentrations.

The line scans of the cross-section of the corrosion products after
immersion in Hanks’ solution with 1.7 g L™ BSA are depicted in Fig. 6.
The concentration of Ca, P and N increased slightly at the beginning and
then decreased, whereas the concentration of C and O increased with the
decrease of Zn concentration. It can be explained that the Ca-P phase
and protein are preferentially deposited on the surface to form the inner
layer of the corrosion products, while carbide, oxide, and hydroxide are
deposited on the outer layer subsequently.

After immersion in Hanks’ solution with different BSA concentra-
tions for 120 h, the surface was analyzed by XRD and the results are
shown in Fig. 7 (a). There is no significant difference among the different
samples and the surface is mainly composed of ZnO and Zn.

As shown in Fig. 7 (b), the FTIR spectra in reveal amide I (double
bond CO) of BSA at 1640 cm ! and the peak shift indicates that Zn*
binds with the BSA carbonyl group. The peak at 1540 cm ™! is attributed
to amide II (NH bending and C-N stretching) of CONH and the absence
of the BSA amide II peak at 1540 cm ! suggests that Zn?* binds with the

Fig. 5. Thickness of the corrosion products on the Zn-Cu alloy soaked in
Hanks’ solution containing different concentrations of BSA.

Fig. 4. Cross-sectional morphology of the corrosion products on the Zn—Cu alloy in contact with different concentrations of BSA: (a) No BSA, (b) 1.7 g L™* BSA, (c)

3.4 g L71 BSA, and (d) 5.1 g L™! BSA.
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Fig. 6. Line scans of cross sections of corrosion products on the Zn—-Cu alloy immersed in Hanks’ solution containing 1.7 g L' BSA.

Fig. 7. (a) XRD spectra and (b) FTIR spectra of the Zn—Cu alloy immersed in Hanks’ solution containing different concentrations of BSA for 120 h.

C-N group as well. The peaks at 2920 cm™' and 3280 cm™! corre-
sponding to stretching of C-H in BSA. The intensity of the amide II peak
and C-N is higher for larger BSA concentration due to accumulation of
BSA on the surface. The peak at 553 cm™! is related to ZnO, and the
PO3~ peak appears at 1060 em™L. The wide band around 802 cm™?
arises from CO% . The results suggest that the degradation products
comprise primarily zinc oxide, zinc phosphate, zinc carbonate, and BSA
chelates.

To better analyze the chemical composition of corrosion products,
XPS was carried out on the Zn—Cu alloy after immersion for 120 h. As
shown in Fig. 8(a), elements Zn, O, C, Ca and P appeared in the survey
spectra of all samples. Element N appeared when Hanks’ solution added
BSA, and the N 1 s peak was detected at 400.0 eV in the spectrum. As

shown in Fig. 9(b-d), the curve fits of Zn 2p, C 1s 2p and P 2p are dis-
played after deconvolution. In high-resolution XPS spectra of Zn 2p,
there were two single peaks, Zn 2p 1/2 and Zn 2p 3/2, respectively.
Referring to the database of binding energy, the peak at 1022.5eV was
attributed to ZnCOs. The peaks located at 1021.2-1022.5eV suggested
the existence of ZnO and Zn(OH),. The C 1s spectrum was displayed in
Fig. 3(c), the samples with no BSA showed the peaks of C-O (ca. 286.4
eV) and C-C/C-H (ca. 284.8 eV). When Hanks’ solution added 1.7 g Lt
BSA, the peaks of C 1s had one more sub-peak of C=0 (ca. 287.7 eV).
The P 2p spectra consisting of one single peak was located at
133.4-133.9 eV, which belongs to PO%’, indicating that corrosion
products included phosphate compounds. Therefore, after 120 h of im-
mersion in Hanks’ solution, the corrosion products were ZnO, Zn(OH),,
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Fig. 8. XPS analysis of the Zn-Cu alloy immersed in Hanks’ after 120 h. (a) XPS wide-scan spectra, High-resolution XPS spectra of (b) Zn 2p, (c) C1 s, and (d) P 2p for

different samples.

Fig. 9. Surface morphology of the Zn-Cu alloy in Hanks’ solution containing different concentrations of BSA: (a) No BSA, (b) 1.7 g L' BSA, (c) 3.4 g L' BSA, and (d)

5.1 g L7! BSA.

ZnCO3 and phosphate compounds.

Fig. 9 shows the surface morphology after removing the corrosion
products. The surface of the sample without BSA exhibits pitting
corrosion and the corrosion pits are fairly obvious. After adding BSA, the
pit diameter decreases and corrosion tends to proceed uniformly. When
the BSA concentration is 5.1 g L1, there were no obvious large corrosion
pits and corrosion is relatively uniform as well.

3.2. Electrochemical assessment

Fig. 10 shows the time-dependent EIS data of the Zn-Cu samples in

Hanks’ solution containing different concentrations of BSA under dy-
namic flowing conditions. The diameter of the capacitive arc of the
sample without BSA decreases with immersion time and tends to be
saturated. The corrosion products begin to form on the surface and the
deposition and decomposition process is relatively stable. In the early
stage of corrosion (0-48 h), with increasing BSA concentrations, the
diameter of the capacitive loop decreases rapidly because adsorption
retards the corrosion rate. In the later stage, owing to formation of the
product layer and enrichment of corrosive ions in a stable state, the
diameter of the capacitive loop tends to be consistent.

The polarization resistance (R,), which depicts the kinetics of the
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Fig. 10. EIS results of the Zn—Cu alloys at different time: (a—c) No BSA, (d-f) 1.7 g L! BSA, (g-h) 3.4 g L! BSA, and (j-k) 5.1 g L' BSA.

process, is derived from the EIS data by fitting it using the ZSimpwin
software in accordance with the equivalent circuit depicted in Fig. 11. R,
shows a general decreasing trend during the immersion process,
demonstrating that the protective effects of the corrosion product layer
exceed the damaging effects of the corrosive ions. The polarization
resistance increases with the addition of BSA in comparison to the case
without BSA, demonstrating that BSA reduces the corrosion rate of the
alloy. For different BSA concentrations, the polarization resistance is
similar, with R, increasing with higher BSA concentration during the
first 48 h of immersion due to BSA adsorption. As the immersion time is
extended (72-120 h), a protective film is formed on the surface of the
material, the corrosion reaction tends to be stable dynamically.

4. Discussion
4.1. Corrosion rates of the Zn—-Cu alloy

According to Tafel extrapolation, the corrosion potential (Ecor),
corrosion current density (icor), anode Tafel constants (b,) and cathode
Tafel constants (b.) are derived and presented in Table 2. In the absence
of BSA, E..r is the smallest indicative of highest corrosion. With
increasing BSA concentration, i, increases, indicating that proteins
inhibit corrosion of the Zn-Cu alloy and the inhibition effect decreases
with increasing BSA consistent with the aforementioned corrosion
morphology and characterization of the corrosion products. The linear
polarization relationship between R;, and the corrosion current density
icorr (determined by Rp) can be expressed by the Stern formula [38]:

Fig. 11. Fitted results of Zn—Cu alloys during immersion for 120 h: (a) Change of the polarization resistance with time and (b) Equivalent electrical circuit.
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Table 2
Electrochemical parameters of the Zn-Cu alloy after immersing.
Concentration of Ecorr (V) icorr b, (mV) b, (mV) CR
BSA (gL (pA-cm™?) (mmy ")
None —-1.03 31.00 + 167.35 263.55 0.46 +
+0.01 0.93 + 22.15 +19.11 0.01
1.7 -1.15 2717 = 101.62 258.64 0.41 +
+ 0.04 1.32 + 45.03 + 40.31 0.02
3.4 -1.13 18.61 + 101.22 179.62 0.29 +
+0.02 1.15 + 37.41 + 26.56 0.02
5.1 —-1.12 13.05 + 68.93 + 223.13 0.20 +
+ 0.02 1.09 39.58 + 28.01 0.02
b,b.
Rp ac (1)

T 2.303(ba + boicor

Because the corrosion rate (CR, mm~y’1) is proportional to icop,
ASTM G59-97 can be used to determine the CR [39,40]:

Leorr@
CR=8.76 x 10*=22—, 2
X NFp (2)

where i is the corrosion current density (A-cm™?), a is the molar mass
of the metal (65.324 g mol’l), 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-cm™>).

The change of corrosion rates of Zn—Cu alloy with immersion time is
shown in Fig. 12. In the Hanks’ solution without BSA, the corrosion rate
increased significantly with the extension of time at first, and then
leveled off, because of the formation of the surface film. The corrosion
rate is significantly reduced in Hanks’ solution after BSA was added,
indicating that the protein inhibits corrosion. Due to the reaction be-
tween the corrosion ions in the solution and the Zn ions, the corrosion
rate increased when 1.7 g L™' BSA was added. The corrosion rate
decreased as immersion time was increased because the BSA adsorbs on
the sample’s surface and prevents corrosion. At the later stage of
corrosion, the corrosion product layer is unstable with the erosion of the
flow field, and the release of Zn ions increased with the increase of
immersion time, which enhanced the chelation effect and accelerated
the corrosion rate. When the BSA content increased to 5.1 g L™}, the
corrosion rate becomes larger at the later stage of immersion because
higher BSA concentration leads to the formation of more chelates.

According to the experimental results, there is an approximately
linear relationship between CR of the alloy and CB (concentration of
BSA) as shown in the following:

CR=aeCB+p 3

Fig. 12. CR variation calculated by EIS during immersion for 120 h.
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The values of @ and f vary with protein concentrations under flowing
conditions and the fitted values for different BSA concentrations are
listed in Table 3.

Fig. 13 shows the experimental results of CR and the fitted values in
solutions with different CB in the early and later stages. There is a good
agreement between the experimental and fitted results. CR decreases
rapidly in the initial stage and then slows down with time extended due
to dominant BSA adsorption in the beginning (0-48 h). As the BSA
concentration rises up, adsorption increases and corrosion rates
decrease. After 72 h, CR begins to increase slowly, indicating that the
binding mechanism between BSA and the surface is no longer dominated
by adsorption and protein chelation promotes further corrosion. All in
all, the corrosion rates tend to be stable after formation of the surface
film.

According to Fig. 13 and Table 3, the corrosion properties of the
Zn—Cu alloy are determined. In the first 48 h, CR decreases rapidly
indicating commencement of corrosion on the surface but BSA adsorp-
tion hinders corrosion at the same time. As time elapses, a large number
of metallic ions are released to react with BSA to form chelates to pro-
mote CR. In the later stage, CR is stable dynamically indicative of dy-
namic equilibrium between corrosion and deposition of corrosion
products.

For different concentrations of BSA.

4.2. Corrosion mechanism

According to the experimental results, corrosion process of the
Zn—Cu alloy can be divided into the following stages. Initially, the Zn—-Cu
alloy dissolves via the following reactions [36,41,42]:

Zn — Zn>t 4 2e” (@)
0, + 2H,0 + 4e~ — 40H™ 5)
Zn>" 4+ 20H" - Zn(OH), 6
Zn>* + 20H™ - ZnO + H,0 )

The stability of Zn(OH), and ZnO is affected by chloride, carbonate
\bicarbonate, and phosphate in the medium and compounds such as
Zn3(POg4), and ZnCO3 are formed [43-45].

The effects of proteins on the alloy surface are quite complex. Protein
adsorption impedes ion migration and reduces CR. However, the iso-
electric point of BSA is lower than that of the Zn and therefore the
protein molecules on the surface are exposed to negatively charged
acidic functional groups, which chemically react with dissolved metallic
ions to form chelates that stimulate corrosion and dissolution of the
materials [33,46-48].

The overall CR of the alloy is smaller after protein addition, indi-
cating that BSA adsorption retards corrosion of the alloy. When CB is
low, CR varies over time showing that adsorption and chelation of BSA
compete with each other. With increasing CB, the fluctuation magnitude
decreases and CR increases, suggesting that protein chelation gradually
becomes dominant in the corrosion mechanism [34,48-51].

Corrosion in Hanks’ solution with different CB can be summarized as
shown in Fig. 14. In the early stage, BSA mainly adsorbs onto the alloy
surface electrostatically. The larger the CB, the higher is proteins

Table 3

Values of @ and f under different conditions.
Corrosion time (h) a B
12 -3.29-103 1.95.1072
24 —2.681073 2.33.1072
48 —-8.85.107° 5.87.1072
72 2.041073 9.70-1073
96 3.95.10°3 1251073
120 2.43.1073 1.21.1072
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Fig. 13. Experimental results and quadratic fits of the CR of Zn—Cu alloy.

Fig. 14. Schematic diagram showing the effects of different concentrations of BSA on corrosion of the Zn-Cu alloy.

adsorption and the smaller is the surface area in contact with the solu-
tion, consequently giving rise to slower CR. The release of zinc ions
during corrosion causes BSA to chelate with the metal cations to create
metallic BSA chelates, which further encourage ion release and quicken
corrosion. BSA shows chelation in the subsequent impregnation step to
reduce the corrosion resistance. After deposition of corrosion products
such as zinc oxide on the surface, by changing the surface state of the
alloy and forming a protective surface film, CR stabilizes.

5. Conclusions

Corrosion behavior of the Zn—Cu alloy in Hanks’ solution containing
different concentrations of BSA is evaluated by analyzing the corrosion
rate and degradation products. The results showed that.

(1) After 120 h of immersion, deep pits were evident on the surface of
the sample, ZnO, Zn(OH),, Zn3 (PO4)2, and ZnCO3 are the main
corrosion products. Addition of BSA promotes the uniformity of
corrosion and the chelation of BSA and metal cations enhances as
the BSA content increases.

(2) Under the dynamic flowing conditions, BSA can prevent corro-
sion of the alloy, but higher concentrations of BSA will reduce the
effectiveness of the prevention. The corrosion process can be
divided into three stages. In the early stage of immersion, the
electrostatic adsorption of BSA is strong, and the higher the
concentration of BSA, the stronger the electrostatic adsorption,

consequently reducing the corrosion rate. As the time of corro-
sion reaction increases, the release of zinc ions increases and BSA
forms chelates with zinc ions. In this stage, a higher BSA con-
centration leads to the formation of more chelates and faster
corrosion. Finally, after the deposition of corrosion products, a
protective layer is formed and corrosion stabilizes.

(3) Via computer numerical simulation, a numerical model for the
corrosion process of Zn-Cu alloy is established. In dynamic
flowing conditions, the corrosion rates (CR) of Zn-Cu alloy and
BSA concentrations (CB) of Hanks® solution matches a linear
relationship of the formula CR = a e CB+ f.
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