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ABSTRACT

Zn-alloys are considered to be promising biodegradable materials due to suitable degradation rates. In
this paper, novel Zn-Cu-Li alloys with layered CuZn, structure were achieved. The corrosion properties
of newly developed biodegradable Zn-Cu-Li alloys in simulated body fluid was studied. Results indicated
that the cold-rolled alloys presented a relatively uniform corrosion mode, although early corrosion
occurred preferentially at phase boundaries. Galvanic corrosion and corrosion product films jointly deter-
mined the later corrosion process. Cu improved the corrosion potential and film properties in its solid
solution state, induced galvanic corrosion, and provided a physical barrier to corrosion by forming
CuZny phase. Rolling accelerated the initial corrosion rate by enhancing the matrix electrochemical activ-
ity, while it contributed to uniform corrosion by improving the CuZn, phase shape. Finally, cold-rolled
Zn-4Cu-0.02Li possessed the best corrosion resistance and mechanical properties combination among
the prepared alloys, with a yield strength of 256 MPa, an ultimate strength of 342 MPa, a fracture elon-

gation of 39.8 %, and a corrosion rate of nearly 55 pum/year.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Zinc (Zn) as a biodegradable metal material has gradually
attracted the attention of the medical industry and research institu-
tions due to its exceptional biocompatibility and physiological
degradation [1-3]. Insufficient mechanical properties of pure Zn,
however, lead to an urgent need for the development and
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application of new Zn based alloys [4]. Among them, Zn-Cu alloys,
with high plasticity, outstanding antibacterial properties, and rea-
sonable degradation rates have become one of the research hot-
spots in the field of degradable metals in recent years [5-7].
Furthermore, trace addition of a third element (such as 0.02 wt%
Li) can enhance the strength and reduce the loss of plasticity of
the Zn-Cu alloy, which can improve its mechanical properties [8].
Nevertheless, corrosion is an inevitable problem during application.
It is worth noting that many scholars use “corrosion” to describe the
in vitro degradation behavior of biomedical metals when the corro-
sion test methods of industrial metals are used to evaluate the
degradation performance [9-10]. Surface modification has been
considered as a good method to control the corrosion and biocom-
patibility of biomedical metals [11-13]. However, understanding
corrosion mechanisms and key influencing factors of the Zn-Cu
alloys is beneficial in the optimization of their corrosion resistance.
The effects of Cu on the corrosion rate or mode of the alloy are
controversial. It has been reported that the addition of Cu has little
effect on the corrosion rate [14], but a previous study has con-
firmed that the presence of Cu can cause galvanic corrosion and
accelerate corrosion [15]. Lin et al. [16-17] summarized the dual
roles of the CuZns second phase: one is to cause galvanic corrosion,
and the other is to exert a barrier effect against corrosion through
network distribution. In addition, uniform and localized corrosion
behavior of Zn-Cu alloys were also described. Zn-Cu alloys, with
refined grains and a uniformly distributed second phase, trended
to homogeneous corrosion [18]. In contrast, Chen et al. [19] pro-
posed that the corrosion process occurred preferentially in the sec-
ond phase precipitation area. Zhou et al. [20] also reported
localized degradation of a Zn-0.8Cu stent implantation in pig coro-
nary artery after 9 months. In view of the debate, the corrosion
behavior of Zn-Cu alloys in the physiological environment needs
to be fully understood for the safety and versatility of implants.
Deformation processes are usually necessary in the preparation
of Zn-Cu alloys, but their influence on corrosion of the alloy is dif-
ficult to predict. Different studies have deemed that extrusion and
hot rolling process can increase [21-22] or decrease [23-24] the
corrosion rate of Zn. In addition, rolling has been supposed to be
responsible for the improvement of localized corrosion [18]. In
general, processing history affects the corrosion behavior of Zn
alloys mainly by changing the microstructure. The corrosion rate
of a deformed alloy with fine grains is lower than that of a
coarse-grained alloy [23,25]. The impacts of deformation on the
corrosion behavior of Zn-Cu alloys have rarely been discussed in
detail. However, implants are inevitably subjected to varying
degrees of deformation in the process of production, implantation,
and service. Thus, understanding the effect of deformation pro-
cesses on corrosion behavior of Zn-Cu alloy is of great importance.
In this study, the effects of alloy composition and deformation
processes on the microstructure, mechanical properties, and corro-
sion behavior of Zn-Cu-Li alloys were examined. The microstruc-
ture of the alloys was studied in detail by a scanning electron
microscope (SEM), an energy disperse spectroscope (EDS), X-ray
diffraction (XRD) apparatus, and a transmission electron micro-
scope (TEM). The corrosion resistance was evaluated systematically
by electrochemistry, scanning Kelvin probe force microscope
(SKPFM), and immersion tests. Corrosion products were analyzed
by SEM, EDS, XRD, and X-ray photoelectron spectroscope (XPS).

2. Materials and methods

2.1. Material preparation

Zn-2 wt.%Cu-0.02 wt.%Li and Zn-4 wt.%Cu-0.02 wt.%Li alloys,
abbreviated as 2Cu and 4Cu respectively, were prepared with high
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purity Zn (99.95 wt%), Cu (99.95 wt%), and Li (99.95 wt%) metals.
The alloy preparation process is briefly shown in Fig. 1. The raw
materials were melted in a ZG-0.01 vacuum induction furnace
under the protection of argon. The melt was kept at 650 °C for
40 min, poured into a graphite mold, and cooled in air to obtain
a cylinder ingot. All ingots were homogenized at 320 °C for 24 h
and then cooled in air. Then the homogenized alloys were hot
rolled at 320 °C from 20 mm down to 4 mm thickness by 7 passes
with intermediate annealing, achieving an 80% reduction. Finally,
the hot-rolled plates were cold rolled into 2-mm thick sheets using
one pass, to achieve a total reduction of 90%. The actual composi-
tion of the alloys listed in Table 1 was determined by inductively
coupled plasma atomic emission spectrometry. It should be noted
that Fe with a content of less than 0.1 wt% is considered as an
impurity element, as in an agreement with other reports [17,26].

2.2. Microstructure characterization

For characterization, 10 x 10 x 2 mm specimens of the as-cast
(AC) and cold-rolled (CR) Zn-Cu-Li were cut and mechanically
ground to 5000 grits, then polished to obtain a mirror-like surface
with 0.5 pm diamond paste. The polished samples were finally
electropolished in an acidic solution (1 g oxalic acid, 1 mL acetic
acid, 1 mL nitric acid, and 150 mL deionized water) at a constant
current of 0.5 A for 2-10 s. The microstructure of the ground and
polished alloys was characterized by metallurgical microscope
(Olympus, BX60M) and Zeiss Merlin FE-SEM coupled with an EDS
analyzer. The phase identification of the alloys was analyzed by
XRD with Jade 5.0 software. XRD analysis was carried out on an
TZY-Xrd (D/MAX-TTRIII) with Cu Ko radiation (0.1542 nm), in step
scanning mode (10°/min) from 10° to 90°.

TEM technique was used to further characterize the second
phase of the alloys. Plates with a thickness of 0.5 mm were cut
and ground up to 2000 grits until the thickness was reduced to
50 pm. Disks of 3 mm in diameter were punched from thin foils
of 50 um and thinned by ion beam. TEM observations were con-
ducted on a FEI Tecnai G2 F20 microscope operated at 200 kV,
and the acquired selected area electron diffraction (SAED) patterns
were analyzed using a Digital Micrograph.

2.3. Mechanical test and fracture analysis

Samples for tensile tests were prepared according to ISO 6892-
1: 2009. The specimens were machined along the casting or rolling
direction with a gauge size of 10 mm (length) x 3 mm
(width) x 2 mm (thickness). Prior to each test, specimens were
ground with SiC papers up to 5000 grits and ultrasonically cleaned
in acetone and ethanol. Then, the tensile tests were performed on
an CMT 6000 machine at constant strain rate of 1 x 10> s~!. The
tensile yield strength (YS) was the stress at 0.2% plastic deforma-
tion, the ultimate tensile strength (UTS) and the elongation at frac-
ture (E) were obtained from the stress-strain curves. In addition,
the fracture surfaces were observed by Zeiss Merlin FE-SEM cou-
pled with an EDS analyzer. The center region with higher stress,
the edge region with lower stress, and the characteristic fracture
region of the second phase were accordingly determined.

2.4. Electrochemical measurement

Electrochemical measurements were conducted on an electro-
chemical analyzer (ModuLab XM). Tests were performed in the
SBF (142.0 mmol/L Na*, 5.0 mmol/L K', 2.5 mmol/L Ca%*,
1.5 mmol/L Mg?*, 147.8 mmol/L CI", 4.2 mmol/L HCO3, 1.0 mmol/
L HPO%, and 0.5 mmol/L SO%) with a Tris-HCl buffer system at
37 °C. The pH value of the SBF was adjusted to 7.4 with the addi-
tion of 1 M NaOH or HCL. A three-electrode cell containing
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Fig. 1. Schematic diagram of the alloy preparation route.

Table 1

The nominal and measured chemical compositions of alloys.
Alloys Cu (wt.%) Li (wt.%) Fe (wt.%) Ni (wt.%) Zn (Wt.%)
Zn-2Cu-0.02Li (2Cu) 1.94 0.026 0.041 <0.005 97.90
Zn-4Cu-0.02Li (4Cu) 3.90 0.017 0.079 0.0079 95.99

250 mL of electrolyte, using the alloy samples as the working elec-
trode, Pt plate as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode was employed. The
working electrode with the dimension of ¢10 x 2 mm was electri-
cally connected with copper wire and then sealed with epoxy resin
to expose the research surface area (ca. 3.14 cm?). All the samples
were mechanically ground to 5000 grits, polished to obtain a
mirror-like surface by using 0.5 pm diamond paste, rinsed in etha-
nol and ultrapure water to remove the surface contaminants, and
dried.

In all tests, the working electrode was equilibrated at open cir-
cuit potential (OCP) for 20 min. Electrochemical impedance spec-
troscopy (EIS) spectra were measured at the OCP of + 10 mV
sinusoidal amplitude in the frequency range of 100 kHz to
100 mHz. The EIS data were analyzed using ZsimDemo software.
Potentiodynamic polarization (PDP) tests were conducted in a
potential range of —0.2 V s ocp to —0.8 V . scg at a constant scan
rate of 1 mV/s. Each test was repeated for three times to ensure
accuracy. The corrosion current density i.,, was determined by
the Tafel method through linear extrapolation, which could be fur-
ther converted to the corrosion rate (CRg , mm/year) as below:

315.36 X Gicorr

CRe = nFD (1)

where a (g/mol) is the atomic weight, n is number of equivalent
exchange, F (C/mol) is the Faraday’s constant, D (g/cm?) is the den-
sity of the material. The densities of the alloys were determined by
the Archimedes drainage method.

2.5. SKPFM measurement

The relationship between microstructure heterogeneity (such
as second phase and triple junctions) and corrosion resistance
was revealed by SKPFM. In general, higher electron work function
reflected by higher Volta potential obtained by SKPFM refers to
higher corrosion resistance [27-28]. Block samples with a dimen-
sion of 10 x 10 x 2 mm were cut from the raw materials, ground,

mechanically polished, and electropolished. The surface Volta
potential was obtained using SKPFM with a Dimension Nanoscope
V from Veeco Instruments Inc., using lift mode to record a sec-
ondary channel and a scan rate of 0.5 Hz. All measurements were
conducted in air at room temperature with a humidity close to
20% RH.

2.6. Immersion test

Immersion tests were carried out in SBF according to ASTM
G31-72 using a ratio of solution volume to sample area of
20 mL/cm? The 10 x 10 x 2 mm specimens were placed in
100 mL centrifuge tubes and soaked in 70 mL SBF at 37 °C. The
SBF solution was replaced every two days to constrain ion con-
sumption and rapid pH change. Testing was performed at 2, 4, 8,
14 and 21 days. Four plates were removed from the centrifuge
tubes at each point: three were used to calculate the corrosion rate
and one was used to analyze corrosion products and surface
profile.

The corroded samples were cleaned in 100 g/L NH,4CI for 2-
5 min at 70 °C according to ISO 8407: 2009, washed with ethyl
alcohol, and dried to acquire the final weight. According to
ASTM-G31-12a, the corrosion rate (CRy, mm/year) was calculated
by the weight loss method using the following formula [29],

87.6 x (W — W,)

CRy =12 L0 =), @

where W, (mg) and W, (mg) are the initial weight before immersion
and the final weight after immersion respectively, D (g/cm?) is the
density of the alloys, A (cm?) is the total sample surface area, and
t (h) is the immersion time.

Surface and cross-section morphologies of the samples were
examined by Zeiss Merlin FE-SEM coupled with an EDS analyzer.
The phase of the corrosion products was identified by XRD and
XPS, using the same XRD measurement process described above.
XPS tests were conducted on a Thermo Scientific Escalab 250Xi.
All peaks were corrected with the standard C 1s binding energy
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(284.8 eV), and the XPS data were analyzed by XPS PEAK 4.1 soft-
ware. Finally, corrosion morphologies were observed by SEM after
the removal of corrosion product film (CPF).

2.7. Fluorescence staining and cell morphology

Human umbilical vein endothelial cells (HUVECs) were adopted
to preliminarily evaluate the cytocompatibility of CR 2Cu and 4Cu
alloys. HUVECs were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) containing 10% fetal bovine serum (FBS) and 1% peni-
cillin-streptomycin (PS) in humidified atmosphere of 5% CO, at 37
C for 48 h. Materials extracts were collected by immersing the
samples in DMEM cell culture medium with a surface area to med-
ium ratio of 1.25 cm?/mL under standard cell culture condition for
48 h. Afterward, the collected extract solutions were diluted into
50% and 10% extract with cell culture media.

To investigate the cell morphology, 1 mL cell suspension was
seeded in 24-well plates at a density of 5 x 10* cell/mL and cul-
tured for 24 h to allow attachment. Then the medium in each well
was replaced with 1 mL 100%, 50% and 10% sample extracts and
cells were incubated for another 5 days. Culture media without
extract media was used as the control. Subsequently, the medium
was removed and cells were washed 2 times with PBS. Cell mem-
branes were stained with 3,3’-dioctadecyloxacarbocyanine per-
chlorate (DIO, Beyotime, Shanghai, China) for 10 min at 37°C and
washed with PBS. Then the cells were fixed with 4% paraformalde-
hyde (Beyotime, Shanghai, China) at room temperature for 15 min
and washed with PBS. Nucleus was counterstained with 10 pg/mL
4’ 6-diamidino-2-phenylindole (DAPI, Beyotime, Shanghai, China)
for 10 min in the dark. After rinsing with PBS, the samples were
observed under confocal microscopy.

3. Results
3.1. Microstructure analysis

Fig. 2al and 2b1 show the microstructures of the AC 2Cu and
4Cu alloys, respectively. The matrix was Zn-Cu solid solution, in
which the atomic percentage of Cu was about 4 at.%. Dendritic par-
ticles (butterfly and oval shapes) can be seen within grains or grain
boundaries. The EDS results prove that the Cu-enriched (14.37 at.
%) particles are CuZng, whose Zn/Cu atomic ratio ranges from 4
to 7 [30]. The results also show that the volume fraction of CuZn,
increased with an increase of Cu content. According to the Zn-Cu
binary phase diagram [31], primary Zn is formed first, and then
CuZn, is formed after precipitation transformation in 2Cu alloy.
However, the primary Zn phase of 4Cu alloy is formed by peritectic
reaction between liquid phase and CuZn,4 phase.

In addition, the needle-like precipitates marked with blue
arrows in Fig. 2al and 2b1 are considered to be LiZn,. Although
Li as a light element is unable to be detected by EDS, the Zn-Li
phase diagram [32] shows the existence of B LiZng phase in Zn-X
wt.%Cu-0.02 wt.%Li alloys (X = 2 or 4). When Li content is
0.02 wt%, there is no eutectic reaction during equilibrium solidifi-
cation process. The LiZn, precipitates are distributed around the
primary Zn phase due to exsolution effect. XRD patterns in
Fig. 2c show that all of the Zn-Cu-Li alloys were composed of Zn,
CuZny, and LiZn,4 phases. Notably, the diffraction peaks of the LiZn,
phase are weak due to its low content.

As for the microstructure of CR 2Cu and 4Cu (Fig. 2a2 and 2b2),
the CuZny particles were stretched along the rolling direction, part
of which was broken. LiZn,4, however, was difficult to be observed
after cold deformation. The shape of the second phases was chan-
ged significantly after wrought processing. Uniquely, the cross sec-
tion of the CR alloys (Fig. 2a3 and 2b3) presents a laminated
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structure, separated by an elongated CuZn, second phase. This lay-
ered structure is expected to have a profound impact on the corro-
sion behavior. TEM investigation was carried out to further explore
the microstructure of the second phase. Sizes of butterfly shaped
and oval shaped cross sections of CuZng particles varied over a
wide range, as shown in Fig. 2d1 and 2d2, with corresponding
SAED shown in the figures.

3.2. Mechanical properties

The mechanical properties of these alloys are shown in Fig. 3.
Both CR 2Cu and CR 4Cu meet the benchmark mechanical proper-
ties of biodegradable metal materials [33]. In particular, the CR 2Cu
exhibited the best mechanical properties with an extraordinarily
high ductility. Deformation processes remarkably improve the
strength and plasticity. The ultimate tensile strength (UTS) of CR
2Cu is twice that of AC 2Cu. Elongation at fracture (E) of the CR
2Cu reaches 49.1%, exhibiting a same brittle-to-ductile transition
as the Zn-Mn alloys reported by Shi et al [34]. Differences in Cu
content also contributed to the slight dissimilarity of the mechan-
ical properties. The UTS and E of the AC 4Cu increased by 34% and
40%, respectively, as compared to those of the AC 2Cu. After rolling,
distinctions of the mechanical properties between 2Cu and 4Cu
were significantly reduced.

The fracture surfaces of AC and CR specimens are shown in
Fig. 4. Many cleavage planes, steps, tear ridges, river-like patterns
and secondary cracks appear on the surfaces of AC alloys, see
Fig. 4a1, 4a2, 4b1 and 4b2, indicating typical cleavage characteris-
tics. Clearly, the AC alloys present a brittle fracture mode. In
Fig. 4a3 and 4b3, torn CuZny particles and needle-like LiZn, precip-
itates (marked by yellow and blue lines, respectively) are found to
be convex in the plane, with poor bonding with the matrix. The CR
samples show dimples with different sizes and almost no cleavage
facets (Fig. 4c1-c2 and 4d1-d2), illustrating a micro-void accumu-
lation fracture process. In addition, a small amount of CuZn, parti-
cle, with a Cu atomic content of 13.1 and 12.3 at.%, is detected
within the dimples (Fig. 4c3 and 4d3).

3.3. Electrochemical properties

Fig. 5a shows the PDP curves of the Zn-Cu-Li alloys in the SBF,
with the value of the corrosion current density (ic.) listed in the
table. For all bare alloys, the shape of PDP curves is unchanged.
The extra 2 wt% Cu shifts the cathodic polarization curve to the
right, as shown by comparing the curves of AC 2Cu and 4Cu. After
rolling, the corrosion potential of 2Cu rises and the cathodic polar-
ization curve shifts rightward significantly, leading to a remarkable
increase in ico, from 2.30 pA/cm? to 6.01 pA/cm?. Contrary to 2Cu,
a slight right shift occurs in the anodic polarization part of CR 4Cu
compared with AC 4Cu. In general, the CR alloys have a higher i,
which may be related to higher electrochemical activity resulting
from the numerous lattice defects after deformation. Corrosion
rate calculated from i, is present in Fig. 5b. It can be seen that
the electrochemical corrosion rate of AC 4Cu is higher than that
of AC 2Cu, while CR 4Cu has a notable lower corrosion rate than
CR 2Cu.

The EIS results of the tested alloys in SBF are shown in Fig. 5¢
and 5d. From the Bode diagram, the impedance module value of
all Zn-Cu-Li alloys is approximately the same. The phase angle dis-
tribution indicates that there are two peaks for samples; however,
the peak frequency of AC alloys is different from that of CR alloys.
This phenomenon is also reflected by the Nyquist plots shown in
Fig. 5d. The spectra present two relatively regular capacitive reac-
tance arcs with different radii, indicating different corrosion resis-
tances. For AC alloys, two semicircle arcs are located at the high-
frequency zone and mid-frequency zone, which are affected by
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the charge transfer process and the formation of a uniform oxida-
tion film on the surface of the specimen [14,35]. The equivalent cir-
cuit of model 1 in Fig. 5d is used to get a good fit. In this case, the
electrolyte solution penetrates the surface oxide film uniformly. As
for CR alloys, the low-frequency capacitive arc results from an oxi-
dation film with micropores, while the high-frequency arc corre-
sponds to the charge transfer process. Such characteristics can be

fitted by model 2, which is widely used for describing the impe-
dance spectra with two time constants [35-36].

The fitting results are shown in the Table 2, in which the param-
eters are defined as follows: R; is solution resistance; Ry and Ry
denote CPF resistance and charge transfer resistance, respectively;
and CPEy and CPE indicate constant phase element (CPE) for the
nonideal capacitance induced by CPF and by the double electrode
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Fig. 4. SEM fracture micrographs of (a) AC 2Cu, (b) AC4C, (c) CR 2Cu and (d) CR 4Cu. 1 is the central district with larger stress, 2 is the edge district with smaller stress, 3 is the

enlarged photograph of 1.

layer, respectively. The proposed equivalent circuits ensure a satis-
factory fit to the experimental data, as evidenced by the low values
of parameter x? (in the order of 107) and the fitting lines. Resis-
tance values from EIS fitting results represent the barrier against
the migration of ions in association with the corrosion reaction
[37]. For both AC and CR alloys, the value of R, decreases with
the increase of Cu content, indicating the enhancement of electro-
chemical activity. Conversely, the value of Ry of 4Cu alloys exceeds
that of 2Cu alloys. Besides, the CR alloys exhibit lower n, values
than AC alloys, which represents a larger deviation of the CPE from

the ideal capacitive behavior. It can be inferred that the CPF formed
on the CR alloys has a high degree of surface inhomogeneity or
large porosity [38].

3.4. Corrosion rate

The corrosion rate as a function of immersion time is shown in
Fig. 6. As a whole, the corrosion rate reveals a decreasing trend
with prolonged time. During the first three periods, the corrosion
rate decreases rapidly, and then only slightly decreases during
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The insets in Fig. 5d are equivalent circuits for fitting the EIS spectra.

Table 2
The fitted values of the elements used in the equivalent circuits.

. The table inserted in Fig. 5a lists the i, value obtained from PDP curves.

Alloys

R, (Q-cm?)

CPE; x 106 (Q-cm~2.s"")

R (Q-cm?)

CPEg x 107 (Q-cm2.5"2)

Re¢ (Q-cm?)

x> (x107%)

AC 2Cu
AC 4Cu
CR 2Cu
CR 4Cu

159
159
10.2
11.6

6.17
3.05
4.92
8.22

0.83
0.85
0.81
0.80

59.9
107.0
135.8
169.5

4.77
2.85
10.67
15.71

0.48
0.59
0.29
0.30

665.1
578.3
1366.0
1077.0

1.6

1.3
1.0

the last two periods. Likewise, the individual data bars of all Zn-
Cu-Li alloys display marked height differences during the first
three periods (2, 4, and 8 days), and only slight differences during
the last two periods (14 and 21 days). This suggests that the sur-
face nature and oxide film stability may have a great influence
on corrosion. After immersion for two days, the order of corrosion
rate of different alloys is as follows: CR 2Cu > CR 4Cu > AC 4Cu > AC
2Cu, which is consistent with the electrochemical corrosion rate of
the bare samples (Fig. 5b). This phenomenon indicates that the ini-
tial corrosion is dominated by the surface electrochemical activity.
It should be noted that the average corrosion rate of the 4Cu alloys
is less than that of the 2Cu alloys after 4 days. Similarly, the CR
alloys have a lower corrosion rate at the later stage of immersion
(14 days and 21 days) compared with the AC alloys. This suggests
that the CPF property effects the corrosion process at the later
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Corrosion rate of Zn-Cu-Li alloys obtained from the immersion tests.
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stage. Thus, the CPF was analyzed in detail to reveal its role in the
corrosion process and its effect on corrosion mechanism.

3.5. Corrosion product film analysis

3.5.1. Surface morphology

SEM morphologies of the corrosion products formed on Zn-Cu-
Li alloys after immersion in the SBF are shown in Fig. 7. Uneven
corrosion occurs on the samples during the initial period. Corrosion
products are sparsely distributed on the sample surface. According
to the EDS analysis, the globular white cluster in Fig. 7a2 may be
Ca-P phase, which is commonly seen as one of the main corrosion
products. With the extension of time, the Ca-P products accumu-
late locally and gradually cover the surface, as seen across the time
intervals in Fig. 7. In addition, simonkolleite (Zns(OH)sCl,) with CI°
atomic content of 9.77%, comprised of parallel distributed lamina-
like subunits (Fig. 7b3) [39], is also detected during immersion. In
the enlarged views in Fig. 7c3 and 7c5, cracks in the CPF of CR 2Cu
are clearly seen, which is possibly due to inhomogeneous internal
stress or dehydration during drying. Moreover, the rolling process
has little effect on the CPF morphologies.

3.5.2. Phase compositions

XRD is used to analyze the main phase composition of the CPF
after different immersion periods, as shown in Fig. 8. It is worth
mentioning that the peak intensity of the corrosion products is
much lower than that of the Zn and the CuZn, phase, due to the
limited amount of corrosion products. The main phase composition
of all Zn-Cu-Li alloys includes ZnO/Zn(OH),, CaHPO,4, and Zns(-
PO,), after a short immersion period. With increased immersion
time, a variety of signals with low intensity are captured in the
range of 10° to 40°, as shown in the detailed view inserted in the
figure. These diffraction signals correspond to Zns(OH)gCl, and
Zns(CO5)(OH)e. Overall, the variation in CPF phase composition
of the 4Cu alloys (Fig. 8b and 8d) is higher than that of the 2Cu
alloys (Fig. 8a and 8c). While no compounds containing Cu or Li
were detected on the immersed samples, this is likely due to the
5 wt% detection limit of the XRD [37].

To supplement the determination of the phase compositions of
the CPFs, XPS results of CR alloys immersed for 2 days and 21 days
are shown in Fig. 9. The detailed Cu 2p spectra reveals that the Cu-
related phases are hard to find in the CPF after 2 days of immersion,
and they only appear after a long immersion period. As exhibited in
Fig. 9b, the Cu 2p spectra of CR 2Cu is composed of three contribu-
tions with maxima at 932.8, 934.6 and 935.6 eV, which corre-
sponds to CuCl,, CuO and Cu,O, respectively [40-41]. The Cu-
related phases of CR 4Cu, however, are only made up of CuO, as
shown in Fig. 9d. No obvious peaks appear in the binding energy
from 53 eV to 58 eV of the Li 1 s spectra due to the limited amount
of Li-rich products.

3.5.3. Cross-sectional analysis

Fig. 10 displays the cross-sectional morphologies and corre-
sponding elemental maps of CPFs. The EDS maps in Fig. 10a1 reveal
that the Ca and P elements of CPF formed on AC 2Cu surface are
distributed in a hierarchical structure, which is a typical phe-
nomenon of Zn and its alloys tested in physiological environment
[42-44]. This indicates the continuous evolution process of CPFs,
formed by stacking the Ca/P-rich layer and ZnO-rich layer. After
21 days, the delamination of the P element disappears (Fig. 10a2)
due to the formation of more Zn;(PO4), [42]. Meanwhile, 0.6 at.%
Cl" is found at the shallow pit. The Ca distribution of AC 4Cu
immersed for 2 days (Fig. 10b1) is also non-uniform, similar to that
of AC 2Cu. After 21 days of immersion, the corrosion of AC 4Cu
penetrates the substrate beneath the CPF, as shown in Fig. 10b2.
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The matrix with 3.1 at.% Cu content is preferentially corroded,
compared with CuZn, phase with 12.1 at.% Cu.

In comparison to the AC alloys, the CR alloys show different EDS
results and morphologies, as well as different corrosion mecha-
nisms. High Ca and P concentrations in the CPFs of the CR alloys
only arise on the outermost surface away from the substrate
(Fig. 10c2, 10d1, and 10d2). Besides, the elongated CuZn, layer of
CR alloys (as confirmed by the laminated structure in Fig. 2a3
and 2b3) acts as a corrosion barrier to block the continuous CPF,
eventually leading to the corrosion morphology of “layered lad-
der”. Compared with CR 2Cu, the corrosion of CR 4Cu is more uni-
form, resulting from the more extended and closely arranged
CuZny layers along the rolling direction. This can be roughly veri-
fied by the number of CuZn, layers of the yellow dotted line arrow
in Fig. 2a3 and 2b3. Additionally, Cl is largely enriched in the CPFs
of both CR 2Cu and CR 4Cu alloys. For CR 4Cu, most of the Cl is
found at the bottom of CPF nearest to the substrate, as shown in
Fig. 10d1 and 10d2. For CR 2Cu, however, Cl has occupied almost
the whole CPF, as shown in Fig. 10c2.

3.6. Corrosion morphology

Fig. 11 shows the representative SEM images of Zn-Cu-Li alloys
after CPF removal to reveal the corrosion mode. The AC alloys have
obvious pitting corrosion after 21 days of immersion (marked with
red arrows), while the CR alloys exhibit a relatively uniform corro-
sion behavior without apparent corrosion pits even after a long
period of immersion. In particular, residual CuZng particles with
around 12.2 at.% Cu are found at the bottom, wall, and surface of
the open pits (Fig. 11a5 and 11b5), which is consistent with the
corrosion process shown in Fig. 10b2. Some typical preferential
corrosion characteristics, however, are observed in both the AC
and CR alloys. In Fig. 11a1, the corrosion attack of the phase bound-
ary between CuZn, and the matrix or LiZng is clearly visible,
marked with blue arrows. As immersion time increases, CuZny is
gradually attacked and corroded, as shown in the enlarged image
of Fig. 11a4. In addition, preferential corrosion at a triple junction
site is also observed (Fig. 11b4). Some shallow pores or grooves
appear around or among the CuZng phase (Fig. 11b5, 11c4, 11d3,
and 11d5). When the alloys are immersed up to 21 days, dissolu-
tion of CuZn, phase occurs, as illustrated in Fig. 11c5 and 11d5.
The corrosion mode of CR Zn-Cu-Li alloys in the SBF is relatively
uniform because uniform corrosion takes place in the grain
interior.

3.7. Cell morphology

Fig. 12 depicts the fluorescence staining images of HUVECs with
different concentrations of extract media. Both groups of cells in
the 100% extract present a round shape. However, when the con-
centration of extract is reduced to 50% and 10%,the cells exhibit
an elongated and spindle-like form, which is considered to be a
more healthy cell state than 100% extract group. Particularly, CR
4Cu with higher cell activity significantly enhances cell spreading
when compared to CR 2Cu.

4. Discussion
4.1. Corrosion mechanism of Zn-Cu-Li alloys in SBF

When Zn-Cu-Li alloys are immersed in SBF, a thin oxide film
composed of ZnO or Zn(OH), is formed on the surface, with
anodic, cathodic, and corrosion product formation reactions as
follows:

Zn — Zn** + 2e” (3)
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() CR2Cu

Fig. 7. Surface morphologies of (a) AC 2Cu, (b) AC 4Cu, (c) CR 2Cu, (d) CR 4Cu after immersion in SBF after different days. The insets show local high magnification area.

0, + 2H,0 + 4~ — 40H" (4)
Zn** +20H" — Zn(OH), (5)
Zn(OH), — ZnO + H,0 (6)

Meanwhile, the presence of Ca?* and HPOZ in SBF is beneficial
to the formation of new stable Zn3(PO,4), and Ca/P phases (Eq. (7)),
which are specific corrosion products of Zn and its alloys in phys-
iological environment [45-47].

Zn**orCa®" + HPO™ — Zn3(PO,), or Ca/P (7)

Dissolution of Cu promotes the development of CPF consisting
of CuO or Cu,0, as observed in Fig. 9. In fact, Cu (II) and Cu (I) oxi-
des are typical corrosion products of Cu-contained alloys exposed
to saline environment [29,48-49]. In addition, CI" in SBF, as a reac-
tive species, may produce the formation of some other corrosion
products such as CuCl, [50-51].

Cu + O, + H,0 + e~ — CuOorCu,0 + OH™ (8)

Cu +2C1" — CuCl, + 2e- 9)

According to the literature [32,52], the corrosion products of Li
in SBF are reported to be LiOH and Li,COs, which were not detected
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Fig. 8. XRD patterns of the CPFs formed on the Zn-Cu-Li alloys after immersion in SBF for different immersion periods.

in this study due to trace levels. CI” and SOZ, as aggressive species,
introduce the possibility of more complex corrosion products, such
as Zns(OH)gCl, and ZnSO4. Moreover, breakdown of the CPF facili-
tates the permeation of adsorbed corrosive Cl" into the matrix,
whose aggregation may induce localized acidification and easily
cause local damage, including pits.

Overall, the corrosion of the Zn-Cu-Li alloys in the SBF initiates
with preferential corrosion, characterized by some shallow pores
and grooves at the phase boundaries, and then evolves into uniform
corrosion (Figs. 7, 10, and 11). At the early corrosion stage, phase
boundaries (CuZng-matrix) and LiZn, with higher activity are
clearly damaged after removing the CPF. The galvanic corrosion
between the second phase and the matrix with diverse corrosion
tendency is the main reason for the occurrence of preferential corro-
sion sites, which has also been widely reported in other papers [53-
56]. After immersion for a longer time, the preferred corrosion sites
of the AC alloys show obvious pitting due to the autocatalysis effect
(Fig.10a2,10b2,11a5,and 11b5). Subsequently, pits on the AC alloys
develop along the depth direction, bypassing the CuZn, second
phase and seriously corroding the matrix. The small holes or
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grooves, however, do not propagate in the depth direction on the
CR alloys, because the corrosion is isolated by extended and closely
arranged CuZny layers (Fig. 2a3 and 2b3) with good corrosion resis-
tance. Cross-sectional morphologies in Fig. 10 also validate this
claim. An increasing number of holes and grooves generate and
merge with adjacent ones, resulting in a relatively uniform corrosion
mode. Noticeably, preferential corrosion dominates again after coa-
lescence because sites susceptible to corrosion still exist. Neverthe-
less, uniform corrosion is the main corrosion trend of CR Zn-Cu-Li
alloys in SBF, and the impact of preferential corrosion is weak. Fur-
thermore, compared with the pitting corrosion of pure Zn in SBF
[42], the relatively uniform corrosion mode of CR Zn-Cu-Li alloys
in the later stage is greatly affected by Cu. Thus, the roles of alloys
elements on corrosion behavior need to be further analyzed.

4.2. Influence of Cu content on the corrosion behavior of Zn-Cu-Li
alloys

There are two primary forms of Cu atoms in Zn-Cu-Li alloys.
One is in the solid solution state in Zn matrix, and the other is in
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Fig. 9. Cu 2p XPS spectra of CPF for (a-b) CR 2Cu, (c-d) CR 4Cu after immersion in SBF at 2 days and 21 days.

the second phase, CuZn,. To compare corrosion tendencies of dif-
ferent microstructures, the surface Volta potential was measured
by SKPFM. In general, materials with a high work function (i.e. high
Volta potential) show more stable valence electrons, which,
because they are restricted to participation in electrochemical
reactions, enhance resistance to corrosion attack [57-58]. Fig. 13
displays the surface topography maps with corresponding Volta
potential maps of the characteristic structures. In Fig. 13b, Volta
potential mapping of CuZn, shows a non-uniform distribution,
with the bright regions (high Volta potential values) representing
CuZny. The potential difference (AV) between CuZn, and the
matrix is about 40 mV. The cross-sectional zone in Fig. 13d shows
the same Volta potential law as that in Fig. 13b. Notably, Volta
potential value at the phase boundary is remarkably low, thus is
more likely to be activated and act as the preferential site for the
initiation of localized corrosion. To sum up, the order of discrete
Volta potential values is as follows: CuZn, > matrix > phase bound-
ary. These large gradients of AV, in turn, provide the required driv-
ing force for galvanic corrosion.

In the early stages of corrosion, solid solution Cu atoms
(+0.34 V) heighten the intrinsic standard electrode potential of
Zn (- 0.76 V). The same changes caused by alloying elements, like
Mg and Mn, also exist in other Zn-based alloys [24]. The AV gradi-
ent between CuZn, second phase and the matrix (Fig. 13a2), how-
ever, leads to the formation of micro-galvanic coupling, which
promotes the occurrence of preferential dissolution along the
interface of CuZn, and the matrix. The galvanic effect of Cu has
been widely reported [15,19]. Moreover, the galvanic corrosion is
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intensified due to the large amounts of CuZn, phase at a higher
content of Cu. Therefore, the early corrosion rate (within 2 days)
of AC 4Cu is higher than that of AC 2Cu. In the later stages of cor-
rosion, the galvanic corrosion effect is slightly inhibited owning to
the formation of CPF on the surface. Importantly, a higher Cu con-
tent in the alloys results in a higher proportion of Cu oxides in the
CPF, which is confirmed to be CuO and Cu,0 by XPS (Fig. 9b and
9d). This phenomenon has rarely been mentioned in Zn-Cu alloys
studies, but the benefit of CuO and Cu,O to CPF is widely accepted
by other research [29,48-49]. Thus, it is believed that the presence
of CuO and Cu,0 in CPF of 4Cu alloys can better protect the Zn-Cu-
Li matrix from further corrosion. Meanwhile, the extended, consec-
utive, and closely arranged CuZn,4 layers (Fig. 2a3 and 2b3) exert a
prominent corrosion barrier effect due to its high electrochemical
resistance, which transforms the corrosion mode from localized
corrosion to uniform corrosion. With an increase of Cu content,
the interlayer spacing decreases (Fig. 2a3 and 2b3) and the barrier
effect increases. Similar phenomenon has also been reported in the
study of Liu et al., who found the clear inhibition effect of the sec-
ond phase and eutectic phase on corrosion [17].

In conclusion, Cu addition has a dual role on the corrosion process
of the Zn-based alloy. On one hand, Cu addition accelerates the ini-
tial corrosion rate due to the galvanic corrosion between the matrix
and CuZng4 phase. On the other hand, the Cu atoms in the matrix
enhances its electrochemical resistance, the laminated CuZn4 phase
provides a physical barrier to corrosion, and the formation of CuO
and Cu,0 in CPF enhances the protection. The two effects are always
in competition with each other at different stages.
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Fig. 10 (continued)

4.3. Effects of the rolling process on corrosion resistance and
mechanical properties

Two effects of rolling on the corrosion behavior of Zn-Cu-Li
alloys are achieved by changing the microstructure. On the one
hand, the residual stress of rolling leads to more micro-defects in
CR alloys, as reported in the literature [59]. This is responsible
for the higher electrochemical activity [60] and higher corrosion

rate of CR alloys in the early stages (Fig. 5b and 6). On the other
hand, the rolling process elongates and evenly distributes the
large-sized CuZn,, forming a laminated corrosion barrier. Such a
network barrier not only reduces the corrosion rate in the early
stages, but also makes the corrosion more uniform in the later
stages. In particular, the corrosion barrier leads to opposite corro-
sion rate laws of CR and AC alloys in the early stages, that is, CR
4Cu < CR 2Cu while AC 4Cu > AC 2Cu. The same phenomenon
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Fig. 10. Cross-sectional morphologies and corresponding elemental mapping distributions of (a) AC 2Cu, (b) AC 4Cu, (c) CR 2Cu, (d) CR 4Cu.

can be extrapolated to other Zn-based alloys, such as Zn-Mg [61],
whose second phase possesses large size or good corrosion
resistance.

The mechanical properties of Zn-Cu-Li alloys are markedly
increased (about 2-fold UTS and 80-fold E in Fig. 3) through rolling.
Rolling refines the grain significantly and regulates the distribution
and shape of the second phase. The refined grain size in the ternary
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alloys further improves the strength by grain boundary strength-
ening, as described by the Hall-Petch relationship [54,62]. Also,
the lower E values of AC Zn-Cu-Li alloys are likely due to the exis-
tence of coarse CuZn, phases [24,54], which act as crack nucleation
sites, as shown in Fig. 4a3 and 4b3. The rolling process, however,
ameliorates the shape of CuZn, and the coherent relationship
between CuZn, and the matrix, further contributing to deforma-
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Fig. 11. Surface morphologies of (a) AC 2Cu, (b) AC 4Cu, (¢) CR 2Cu, (d) CR 4Cu immersed in SBF for (1) 2 days, (2) 4 days, (3) 8 days, (4) 14 days, (5) 21 days after removal of

CPF.

tion uniformity and plasticity. The observed tight connection
between CuZng and the matrix in Fig. 4c3 and 4d3 provides clear
evidence for this. Overall, the rolling process significantly improves
the mechanical properties in terms of changing the microstructure.

Table 3 presents the mechanical properties of the tested alloys
in comparison to those of Zn-Cu-X ternary alloys for biological
use. Some alloys possess UTS of 328-482 MPa but E of 0.9-4.8%
[8,63] and the resulting brittleness hinders medical application.
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On the contrary, alloys with UTS of 202-284 MPa and E of 19.6-
75.2% [16,19,26,45,64] provide a relatively good combination of
strength and plasticity. Judging from the mechanical properties,
in this paper, 2Cu and 4Cu alloys with UTS > 300 MPa and
E > 15% exhibit sufficient tensile and deformation capacity. Com-
bined with the degradation behavior discussed above, Zn-2Cu-
0.02Li and Zn-4Cu-0.02Li seems to be good candidates for design-
ing biodegradable implants.
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Fig. 12. LSCM images of HUVECs. The cytoplasm (green) and nucleus (blue) were counterstained. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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15



S. Huang, L. Wang, Y. Zheng et al.

Materials & Design 212 (2021) 110288

Table 3

Mechanical properties of studied alloys and reported Zn-Cu-X alloys.
Alloys States YS (MPa) UTS (MPa) E (%) Article
Zn-2Cu-0.02Li Cold rolling 254 352 491 Our study
Zn-4Cu-0.02Li Cold rolling 256 342 39.8
Zn-2Cu-0.05Ti As cast 259 482 2.5 [63]
Zn-2Cu-0.1Ti 162 328 1.8
Zn-1Cu-0.1Ti Cold rolling 204 250 75.2 [16]
Zn-3Cu-0.2Ti Cold rolling 211 271 72.1 [64]
Zn-1.5Cu-1.5Ag Extrusion 162 220 441 [19]
Zn-3Cu-0.1Mg Extrusion 346 365 4.8 [8]
Zn-3Cu-0.5Mg 403 416 1.9
Zn-3Cu-1Mg 427 441 0.9
Zn-0.5Cu-0.2Fe Extrusion 152 202 41.2 [45]
Zn-0.5Cu-0.4Fe 182 240 20.5
Zn-3Cu-0.5Fe Extrusion 231 284 32.7 [26]
Zn-3Cu-1Fe 221 272 19.6

5. Conclusions Acknowledgement

In the present work, two aspects of the corrosion behavior of
Zn-based alloys in SBF was analyzed, Cu content and rolling pro-
cess. The principal conclusions are as follows:

(1) The cold-rolled Zn-4Cu-0.02Li is a potential biodegradable
implant material from the perspective of corrosion behavior
and mechanical properties. This sample exhibited the high-
est tensile properties, with a yield strength of 256 MPa, an
ultimate strength of 342 MPa, and a fracture elongation of
39.8%. The corrosion rate of Zn-4Cu-0.02Li after immersion
in SBF for 21 days was about 55 pum/year.

(2) The corrosion mechanisms of as-cast and cold-rolled alloys
showed discrepancy. Both alloys were initially corroded at
preferential sites such as phase boundaries and LiZn, second
phase. At the later stages of immersion, the as-cast alloy pre-
sented severe localized corrosion, while the corrosion mode
of cold-rolled alloy was transformed to uniform corrosion.

(3) Cu has a quadruple effect on the corrosion behavior of Zn in
SBF: changing the intrinsic potential, producing galvanic
corrosion, increasing the corrosion resistance of corrosion
products, and acting as a barrier to corrosion. After immer-
sion for a period of time, the protective effect of Cu on cor-
rosion was enhanced with the increasing Cu content.

(4) Rolling was beneficial to the corrosion resistance and
mechanical properties of the Zn alloy. Although micro-
defects were added, rolling improved the shape of CuZny
second phase, resulting in a uniform corrosion mode. More-
over, rolling significantly enhanced the mechanical strength
by improving the deformation incongruity between the
matrix and CuZng.
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