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Introduction

Potential of biodegradable Zn alloys with fine
grains for orthopedic and
antibacterial applications

Haifeng Liang,+° Haoran Wu,1° Delong Yin,+® Hui Yu,” Zhuoxuan He,?
Wengian Zhang,? Zerong Wang,” Tuquan Zheng,? Xiaochuan Li,** Yu Cai*? and
Guiyong Jiang () *9

Zinc (Zn) alloys with high elongation have attracted significant attention in biomedical applications.
These alloys possess fine-grained microstructures that greatly influence their corrosion behavior and
biocompatibility. In this study, a minor addition of Cu decreased the average grain size from 17.36 pm in
pure Zn to 2.15 um in the Zn-0.4Cu alloy after equal channel angular pressing (ECAP). Results
demonstrated that grain refinement enhanced elongation to 200% by altering the deformation
mechanism. The deformation mode of pure Zn was dominated by twin-induced dynamic
recrystallization (T-DRX), while that of the Zn-0.4Cu alloy was characterized by dislocation slip and grain
boundary sliding. Furthermore, grain refinement led to a decrease in corrosion rate from 270.72 +
9.76 um per year to 186.34 + 8.63 um per year, which was attributed to a shift in corrosion mode from
pitting corrosion to grain boundary corrosion. The occurrence of grain boundary corrosion was due to
Cu enrichment near the grain boundaries, which accelerated corrosion via galvanic effects. Both pure
Zn and Zn-Cu alloys demonstrated excellent biocompatibility with endothelial cells and bone marrow
stem cells. The reduced concentration of Zn?* ions promoted the osteogenic properties of Zn-0.4Cu
alloys via grain refinement. Moreover, the release of Cu?* jons improved the antibacterial properties.
These findings offer valuable insights into the impact of grain refinement on the mechanical properties
and corrosion behavior of biodegradable Zn alloys.

for grain refinement by mitigating the growth of DRX grains. It
has been reported that some Zn alloys can be plastically deformed

Zinc (Zn) has emerged as a new class of biodegradable metal,
following magnesium (Mg) and iron (Fe), due to its suitable
in vivo degradation rate and excellent biocompatibility.
Additionally, Zn has a low melting point and a dynamic recrys-
tallization (DRX) temperature close to room temperature,
enabling some Zn alloys to undergo plastic processing under
ambient conditions.** Room-temperature processing is beneficial
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at room temperature.”® The grain sizes of these Zn alloys are
often refined to the micrometer or even sub-micrometer scale
after plastic deformation at room temperature.’® This refinement
significantly enhances the mechanical properties of Zn alloys,
particularly their elongation. Zn-Cu alloys are particularly notable
for their exceptional elongation. For instance, as-rolled Zn-1Cu
alloys with an average grain size of 1.3 um can achieve elongations
exceeding 450% at a strain rate of 10™* s *.° In the biomedical
field, some complex devices, such as stents, require high elonga-
tion, which is an advantage of Zn-Cu alloys.""'> Moreover, Zn-Cu
alloys can be rolled into thin plates, which are beneficial for
preparing guided bone regeneration (GBR) membranes.™*™’
These studies demonstrate that Zn-Cu alloys with high elongation
have great potential for the development of complex biomedical
devices.

Apart from mechanical properties, corrosion rates are also
important for biodegradable Zn alloys. Biodegradable metals
should degrade at a corrosion rate of <0.2 mm per year to
maintain mechanical integrity."®'® The corrosion rates of Zn
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alloys are affected by the formation of second phases and grain
size. Excess alloying elements beyond their solid solubility
inevitably form second phases, which promote galvanic corro-
sion due to the potential difference between them and the Zn
matrix. However, second phases are absent from microstruc-
tures when the alloying elements are completely dissolved in
the Zn matrix or segregated at the grain boundary. Studies on
the corrosion behavior of Zn-Cu alloys have shown that
increasing the Cu content accelerates corrosion, which is
attributed to the formation of CuZn; phases.*® Such accelerated
corrosion promotes the release of Cu ions, resulting in an
increase in the Cu ion concentration.”® The recommended
daily intake of Cu for adults is 0.6 mg, which is far lower than
the 15 mg of Zn.?? It is therefore important to decrease the Cu
content in Zn-Cu alloys to avoid excess Cu toxicity. However,
traditional processes, such as extrusion and rolling, have
limited effects on the grain refinement of Zn-Cu with a low Cu
concentration.® Therefore, selecting an appropriate process is
necessary for refining the grains of Zn-Cu alloys to ensure the
absence of CuZns phases.

Equal channel angular pressing (ECAP) is a common
method to fabricate fine-grained and ultrafine-grained
metals.”® Previous studies have demonstrated that Zn-0.5Cu
alloys have an average grain size of 1.02 um after ECAP.®> With
increasing the Cu content, the average grain size of Zn-1Cu and
Zn-2Cu alloys were found to be 5.4 and 1.27 pm, respectively.”**>
Thus, a minor addition of Cu is able to significantly refine the
grains of Zn alloys via ECAP. However, while it was found that the
CuZn; phases were absent from the microstructures of Zn-0.5Cu
alloys at the microscale level, nanosized precipitates (<100 nm)
were founds to be present in the grains.>® Reducing the Cu
concentration to below 0.5 wt% could help to continuously
decrease the fraction of these nanosized precipitates. In previous
studies, Zn-0.5Cu alloys after ECAP have exhibited room-
temperature superplasticity due to their refined grains. However,
the role of grain refinement in the corrosion behavior and
biocompatibility of Zn-Cu alloys with a low Cu content remains
underexplored.

In this study, we selected a Zn-0.4Cu alloy that contained
less nanosized precipitates as the research object. After ECAP,
the Zn-0.4Cu alloys achieved fine grains (2.15 pum) and high
room-temperature elongation (>200%). Electrochemical and
immersion experiments were conducted to compare the corro-
sion modes of the Zn-Cu alloys and pure Zn, also for revealing
the mechanisms behind the improved corrosion resistance of
the Zn-Cu alloys. Finally, we evaluated the biological functions
of Zn-Cu alloys to establish their biocompatibility, which could
reinforce their potential in the field of biodegradable metals.

Experimental section
Preparation and characterization of pure Zn and Zn-Cu alloys

Zn-0.4Cu wt% alloy, with an actual composition of Zn-0.39Cu
wt%, was fabricated from high-purity Zn (99.99 wt%) and Cu
(99.95 wt%) metals. Following melting in a low-carbon steel
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crucible under a mixed gas environment of CO, and SF¢ (99:1
ratio), the molten alloy was cast into a copper mold with
dimensions of 200 mm x 50 mm x 50 mm. Samples with a
cubic shape, measuring 45 x 20 x 20 mm, were extracted from
the ingot for ECAP. ECAP was executed at ambient temperature,
with a pass setting of 12.

Scanning electron microscopy (SEM) was employed to ana-
lyze the microstructures of the pure Zn and Zn-Cu alloys. An
energy-dispersive X-ray spectroscopy (EDS) system, specifically
the GENESIS 60S model, equipped with SEM, was utilized to
assess the elemental distributions of the pure Zn and Zn alloys.
Prior to microstructure examination, the alloy surfaces under-
went mechanical grinding, polishing, and etching. The etching
solution consisted of 4 wt% nitric acid in alcohol. To delve
deeper into the microstructural changes occurring before and
after the tensile testing, electron backscatter diffraction (EBSD)
and transmission electron microscopy (TEM) were performed.
The EBSD samples were prepared through mechanical grinding
followed by electrochemical polishing using a 10 vol% HCIlO,
solution, with the polishing parameters set at —30 °C and 15 V.
For TEM, the samples were prepared using twin-jet electron
polishing in a solution of 4 wt% perchloric acid in alcohol.

Tensile tests

Standard tensile dog-bone specimens were sectioned along the
ECAP direction via electrical discharge machining (EDM). Prior
to testing, all the specimens underwent mechanical grinding.
Tensile testing was executed on a universal material testing
machine (Zwick/Roell Z100, Germany). The gauge length was
set at 10 mm, and a strain rate of 1 x 10~° s~* was chosen for
the tests. Furthermore, to explore the microstructural evolu-
tions, fractured specimens were prepared for EBSD analysis.

Electrochemical and immersion tests

The electrochemical tests were carried out on a CHI660C
electrochemical workstation, which was equipped with a tradi-
tional three-electrode setup within an electrochemical cell.””"*®
Initially, the electrochemical specimens were ground using SiC
papers with grits ranging from 400 to 2000, and then polished
with a diamond suspension. The exposed surface area of the
samples in simulated body fluid (SBF) was 10 x 10 mm, and
testing was conducted at a temperature of 37 °C. After placing
the working electrode in the SBF solution, potentiodynamic
polarization (PDP) curves were obtained by sweeping the
potential from —1.6 V (vs. SCE) to —0.5 V (vs. SCE) at a scan
speed of 0.1 mV s~ . The self-corrosion potential and corrosion
current density (icorr) Were derived from the PDP curves. Prior to
the immersion tests, all the specimens were subjected to
mechanical grinding and polishing. The processed samples
were then placed into centrifuge tubes filled with SBF solution.
The ratio of the exposed metal area to the solution volume was
maintained at 20 mL cm 2. After a 30-day immersion, the
specimens were removed from the SBF solution and rinsed
with deionized water. The corrosion products on the sample
surfaces were eliminated using 200 g L~ chromic acid
solution. The corrosion rate (C, pm per year) was calculated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using the equation: C = Am/pAt, where Am is the weight loss
(mg), p is the density (g cm™?), A is the exposed area (cm?), and ¢
is the time (years).

Cell viability tests

Endothelial cells (ECs, Cell Bank, Chinese Academy of Sciences,
catalog no. CP-H082) and bone mesenchymal stem cells (BMSCs,
Cell Bank, Chinese Academy of Sciences, catalog no. CP-H166)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco) containing 10% fetal bovine serum (FBS) at 37 °C and 5%
CO,. Cell viability was assessed using the Cell Counting Kit-8
(CCK-8) through an indirect contact method. The disc samples
for the cytotoxicity analysis were prepared in the same way as
those used in the immersion tests. In line with ISO 10993-
12:2012, extracts from the pure Zn and the Zn-0.4Cu alloy were
created by immersing the disc samples with an exposed area of
2.2 cm” in DMEM for 72 h. The surface area to medium volume
ratio was set to 1.25 cm® mL ™. The extracts were diluted to 50%
concentration for subsequent testing. The ion concentrations
within the extracts were measured using inductively coupled
plasma-mass spectrometry (ICP-MS, Thermo Fisher, USA). The
test cells were plated in to 96-well plates at 2000 cells per well.
Following 24-h incubation to promote cell attachment, the
medium was replaced with diluted sample extracts. The cells
were then incubated for 3 days, after which 10 pL of CCK-8
solution was added to each well. The absorbance was measured
after a 2-h incubation, using a microplate reader (iIMARK, Bio-
Rad, USA) at 450 nm wavelength. The concentrations of the pure
Zn and Zn-0.4Cu alloy extracts were measured by inductively
coupled plasma-mass spectrometry (ICP-MS, Agilent 7700, USA).
Live/dead staining was applied to further test the cytotoxicity
of the alloy extracts. ECs and BMSCs were seeded in to 96-well
plates, respectively, and then the pure Zn or Zn-Cu alloy extract
and PBS buffer were added for co-culturing for 24 h. After this
incubation, the cells were washed with PBS to remove any
unbound extracts. Calcein AM (1 pM, Thermo Fisher, USA)
and PI (2 ug mL™", Thermo Fisher, USA) dyes in the corres-
ponding proportions were then added and the cells were
incubated again for 15 min at room temperature. After staining
was completed, cell viability and death were observed using a
fluorescence microscope (Olympus Co., Ltd, Tokyo, Japan).

Osteogenesis-induction tests

BMSCs were seeded in to 6-well plates at a density of 6 x 10 per
well. When the cell fusion reached 80%, the medium was
replaced with osteogenic induction medium containing 50%
extract, and was replaced every 48 h. The BMSCs were stained
with alkaline phosphatase (ALP) and alizarin red S (ARS) on day
7 and day 14 during culture. After staining was completed, the
staining results were observed and recorded using a optical
microscope (Olympus Co., Ltd, Tokyo, Japan).

Also, BMSCs were seeded on the coverslips of a 24-well plate
at a density of 5000 per well. When the cell fusion reached 80%,
the medium was replaced with osteogenic induction medium
containing 50% extract. After 7 days, the BMSCs were washed
with PBS buffer, then fixed with 4% paraformaldehyde for
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15 min, then permeabilized with 0.1% Triton X-100 for
10 min, then blocked with 10% BSA for 1 h, and finally a
specific primary antibody to Runx2 (1:200 dilution, ab192256,
abcam, USA) was added and the cells were incubated at 4 °C
overnight. The next day, after washing the cells with PBS three
times, fluorescently labeled secondary antibodies (diluted
1:500, abcam, USA) were added followed by incubation for
1 h at room temperature. Finally, the cytoskeletons and nuclei
were stained with FITC-phalloidin and DAPI (Sigma-Aldrich,
USA), and the expression of Runx2 was observed and recorded
under a confocal microscope (ZEISS, Germany).

Further, the BMSCs were seeded in to 6-well plates at a
density of 6 x 10* per well. When the cell fusion reached 80%,
the medium was replaced with osteogenic induction medium
containing 50% extract and the culture was continued for
10 days. After the culture, the total RNA was extracted using
the RNeasy Mini Kit (Qiagen), and the RNA concentration and
purity were determined. Here, 1 pg of RNA was extracted from
each group and cDNA was synthesized using the Super Script™
III Reverse Transcription Kit (Thermo Fisher, USA). The reverse
transcription reaction conditions were: annealing at 65 °C for
5 min, 4 °C for 1 min, reverse transcription at 50 °C for 60 min,
and then the reaction was terminated at 70 °C for 15 min. Real-
time PCR was used using the SYBR Premix Ex TaqII (2X) system
(Takara, Japan). The PCR reaction conditions were: pre-
denaturation at 95 °C for 30 s; followed by 40 cycles, each cycle
was denatured at 95 °C for 5 s, followed by annealing and
extension at 60 °C for 30 s. The expressions of the osteogenesis-
related genes Runx2, OPN, and COL1 were detected by qPCR,
with GAPDH as the internal reference gene. Gene expression
analysis was performed using a real-time fluorescence quanti-
tative PCR instrument (Thermo Fisher, USA), and relative
expression was calculated by the AACt method.

Antibacterial tests

The antibacterial activity of the pure Zn and Zn-Cu alloys
against Staphylococcus aureus (S. aureus, ATCC 6538) and
Escherichia coli (E. coli, ATCC 25922) was evaluated using the
spread plate and crystal violet assay methods. Pure Ti was used
as the control group. S. aureus and E. coli were cultured in
tryptone soy broth (TSB) medium for 24 h at 37 °C, with shaking
at 150 rpm in Luria-Bertani (LB) broth. The cultures were
subsequently grown for 3 to 5 generations on LB agar plates at
37 °C in an incubator. Bacterial suspensions (5 x 10’ CFU mL ™)
were diluted to 1 mL and added to each well. A 100-fold dilution
of the PBS solution was spread on the LB agar plates, followed by
incubation at 37 °C for 24 h. The antibacterial rate (AR) was
calculated using the equation: AR = [(N. — N;)/N.] X 100%, where
N. represents the average colony count on pure Ti, and Nj
represents that on the pure Zn and Zn-Cu alloy plates.

To assess the ability of the pure Zn and Zn-Cu alloys to
inhibit biofilm formation on plastic instruments, samples were
first placed at the bottom of well plates. Bacteria (S. aureus or
E. coli) were inoculated in a 24-well plate at a density of 5 x
10" CFU mL™ ", with equal amounts of pure Zn, Zn-Cu alloy
extract and PBS buffer per well. After 24 h of incubation, each
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well was washed with PBS to remove free bacteria. Subsequently,
crystal violet solution (0.25%) was added to stain the cells, which
were incubated at room temperature for 15 min. After dyeing was
complete, the cells were washed with PBS to remove any
unbound dye, and then ethanol was added to dissolve the crystal
violet. Absorbance was then measured using a microplate reader
(iMARK, Bio-Rad, USA) at a wavelength of 600 nm.

Statistical analysis

The statistical significance of the differences between groups
was analyzed using one-way analysis of variance (ANOVA)
followed by Turkey post hoc tests. Data were expressed as the
mean + standard deviation (SD). Differences of *p < 0.05,
**p < 0.01, *p < 0.001, and ****p < 0.0001 were considered
statistically significant and statistically highly significant,
respectively.
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Results
Microstructures

Fig. 1 presents the microstructures of the pure Zn and Zn-0.4Cu
alloy. XRD analysis confirmed the single-phased microstruc-
tures in all the samples, attributed to the high solid solubility of
Cu in Zn.*® Upon Cu addition, the intensity of the basal planes
decreased significantly, while that of the prismatic and pyra-
midal planes increased, indicating that Cu plays a key role in
influencing the orientation of Zn grains. SEM images (Fig. 1(b))
further confirmed the single-phased microstructures, showing
only Zn grains of varying sizes. Next, EBSD analysis was used to
study the effect of Cu on the orientations and sizes of the
grains. The inverse pole figures (IPFs) showed that the average
grain size of pure Zn decreased from 17.36 um to 2.15 um after
a minor addition of Cu. Meanwhile, the fraction of Zn grains
with a basal orientation, which is represented by the red color
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Fig. 1 Microstructures of pure Zn and Zn alloy: (a) XRD spectra and relative intensity of the various planes. (b) SEM images. (c) IPF mappings and average

grain sizes. (d) Grain size distributions.
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in the figures, decreased while those of the grains with pris-
matic and pyramidal orientations increased. This result was
consistent with the XRD analysis.

Fig. 2 presents the microstructures analyzed by EBSD. After
plastic deformation, a significant increase in dislocations
within the grains was observed. Next, Kernel average misorien-
tation (KAM) mapping was used to assess the dislocation
density, which leads to a local misorientation. In the KAM
mappings (Fig. 2(a)), the green regions represent areas of high
misorientation. The dislocation density (p) was calculated
M—z, where p, 0, u, and b are the
dislocation density, KAM value, step size, and Burgers vector,
respectively. The average KAM values for the pure Zn and Zn-
0.4Cu alloy were 0.37° and 0.5°, corresponding to dislocation
densities of 0.63 x 10" and 5.12 x 10™ m~?, respectively.

The pole figures indicated that the texture direction in pure Zn
was parallel to the basal plane, while in the Zn-0.4Cu alloy, it was
perpendicular to the basal plane. The Schmid factor (SF), which is
related to the deformation ability, is given by the expression: 7 = ¢-
m, where t is the critical resolved shear stress, ¢ is the principal
stress, and m is the SF value. A high SF value indicates that the
deformation modes are more easily activated. In pure Zn, both the
dislocation slip and twinning deformation had SF values exceed-
ing 0.3, with the basal (a), (¢ + a) dislocation slip, and twinning
deformation being the dominant deformation modes.

TEM was used to further examine the microstructures of the
Zn-Cu alloy, as shown in Fig. 3. Fine grains, ranging from 1 to
3 um in size, were observed in Fig. 3(a). Additionally, a significant
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number of precipitates were detected within certain grains. The
presence of additional diffraction spots in the selected area
electron diffraction (SAED) images indicated that these precipi-
tates were oriented with respect to the Zn matrix. EDS mapping
confirmed that the precipitates were rich in Cu and exhibited a
coherent interface with the Zn matrix (Fig. 3(e)). Besides the
precipitates, Cu was also concentrated at the grain boundaries,
forming a double-layer structure with the Cu-rich regions. The
spacing between these layers was approximately 3 nm. In
summary, TEM analysis revealed that the Cu in the Zn-Cu alloys
was distributed within the grain interiors as a solid solution and
precipitates, and was segregated at the grain boundaries.

Mechanical behaviors

Fig. 4(a) presents the engineering stress-strain curves. The
ultimate tensile strength (UTS) increased from 90 MPa in pure
Zn to 130 MPa in the Zn-0.4Cu alloy. At the same time, the
elongation was improved from 90% in pure Zn to 200% in Zn-
0.4Cu, indicating room-temperature superplasticity. The micro-
structure of the fractured samples was analyzed using EBSD.
The IPF mappings revealed that the average grain size of the
fractured pure Zn decreased significantly, from 17.36 pm to
4.08 um, while the grain size of the fractured Zn-0.4Cu alloy
remained nearly unchanged.

Grain refinement in pure Zn was associated with DRX,
which could be characterized by the grain orientation spread
(GOS) values. The blue regions in the GOS maps correspond to
lower GOS values, indicating the lower local strain in the DRX
grains. Grains with a GOS value below 1° were identified as DRX
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Fig. 2 Microstructural analysis by EBSD: (a) LAM mappings. (b) Distributions of local misorientation. (c) Textures. (d) SF values of different

deformation modes.
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Fig. 3 TEMimages of the Zn-0.4Cu alloy: (a) grain regions. (b) Plate-shaped precipitates. (c) SAED image. (d) Precipitates and the corresponding element
distributions. (e) HR-TEM image of precipitates. (f) Grain boundary and the corresponding element distributions. (g) Atomic fractions of Zn and Cu.

grains, and the proportion of DRX grains in the fractured pure
Zn was 40%, compared to only 10% in the fractured Zn-
0.4Cu alloy.

Fig. 4(c) shows the misorientation distributions. After frac-
ture, the proportion of low-angle grain boundaries decreased,
while the proportion of twin boundaries increased in pure Zn.
In the Zn-0.4Cu alloy, both the low-angle grain boundaries and
twin grain boundaries slightly increased after fracture. The
texture analysis showed that the texture type of the fractured
Zn-0.4Cu alloy was similar to that of pure Zn, though the
texture intensity was slightly higher, which may be attributed
to the increase in the low-angle grain boundaries.

Corrosion behaviors

Fig. 5 illustrates the electrochemical corrosion behaviors of the
pure Zn and the Zn-0.4Cu alloy. Here, E o, and i.o;y can be used
to assess the corrosion resistance from the thermodynamics
and kinetics, respectively. The two parameters were derived

3500 | Mater. Adv, 2025, 6, 3495-3511

from the PDP curves in Fig. 5(a) by a linear extrapolation
method within the cathodic curves. As shown in Table 1, E.q.¢
increased from —1.22 V vs. SCE for pure Zn to —1.17 V vs. SCE
for the Zn-0.4Cu alloy, while 7., decreased from 10.83 pA cm 2
to 6.78 A cm 2. This indicated that the Zn-0.4Cu alloys had a
better corrosion resistance than the pure Zn. Moreover, immer-
sion experiments were also performed and demonstrated that
the corrosion rates decreased from 270.72 & 9.76 um per year
for pure Zn to 186.34 + 8.63 um per year for the Zn-0.4Cu alloy.
The low corrosion rates indicated that the Zn>* concentration
decreased from 3.13 + 0.58 mg L™ " t0 1.62 + 0.49 mg L™ . A
slight amount of Cu®>" was also detected and its concentration
was 14.31 + 2.97 ug L.

Fig. 5(b) displays the Nyquist plots of the pure Zn and Zn-
0.4Cu alloy in the medium-to-low-frequency range. It was
evidenced that the Nyquist plots were composed of two capa-
citive loops by fitting with an equivalent circuit (see the inset in
Fig. 5(b)). The diameter of the capacitive loops for the Zn-0.4Cu

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanical behaviors of the samples: (a) typical tensile curves. (b) IPF and GOS mappings. (

alloy was larger than that for pure Zn, indicating its better
corrosion resistance. The improved resistance was attributed to
the formation of a surface oxide layer that induced charge-
transfer resistance between the specimen and SBF solution.
The charge-transfer resistance includes mass transport in the
solid phase and ion diffusion through the oxide layer. The
former was reflected by the loop in the medium-frequency
range while the latter was assigned to the loop in the low-
frequency range.’®?' It was demonstrated that the charge-
transfer resistance (R.) of pure Zn was 1.9 kQ cm”, which was
lower than the 3.3 kQ cm” of the Zn-0.4Cu alloy, as shown in
Table 2. Moreover, Bode diagrams were expressed in the form
of absolute impedance (Fig. 5(c)) and phase angle distribution
(Fig. 5(d)). It was found that the absolute impedance (|Z]) of the
Zn-0.4Cu alloy was higher than that of pure Zn in the medium-
and low-frequency ranges, indicating a higher impedance. The
maximum phase angle of the Zn-0.4Cu alloy was 63°, which was
higher than the 53° of pure Zn. The higher phase angle
indicated the existence of a compact corrosion layer.*

Fig. 6 displays the surface morphologies of the pure Zn and
Zn-0.4Cu alloy after immersion for 30 days. Both samples
exhibited a substantial accumulation of corrosion products
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on their surfaces. In pure Zn, these corrosion products
appeared as particles of varying sizes. The EDS mapping
indicated that these particles were rich in oxygen (O) and
phosphorus (P). In contrast, the corrosion products on the
Zn-0.4Cu alloy displayed different morphologies; whereby in
addition to small white particles, deep-contrast regions were
observed. The EDS mapping also revealed a concentration of
carbon (C) in these areas. XRD and XPS analyses were used to
further identify the corrosion products, confirming the
presence of C, O, Ca, P, and Zn. After removing the corrosion
products, the exposed surfaces were analyzed (Fig. 6(d)). A
significant number of corrosion pits were noted on the surface
of pure Zn, with sizes ranging from a few micrometers to
several micrometers. In the Zn-0.4Cu alloy, corrosion cracks
were observed along the grain boundaries. In summary, the
corrosion mode in pure Zn was characterized by pitting corro-
sion, while grain boundary corrosion predominated in the Zn-
0.4Cu alloy.

To further determine the composition of the corrosion
products, Fig. 7 presents the high-resolution spectra of various
elements. The C 1s spectrum exhibited two binding energy
peaks at 284.5 and 286 eV, which corresponded to metallic
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Fig. 5 Electrochemical behavior of the samples: (a) PDP curves. (b) Nyquist plots and fitting curves (inert image shows the fitting circuit). (c) |Z| and (d)

-phase angle vs. frequency.

Table 1 Electrochemical parameters, ionic concentrations, and corrosion rates of pure Zn and Zn-0.4Cu alloy

Samples icorr (WA €m ™) Eeorr (Vvs. SCE)  Zn*' concentration (mg L")  Cu®" concentration (ug L™')  Corrosion rate (um per year)
n 10.83 —-1.22 3.13 £ 0.58 — 270.72 £ 9.76
Zn-0.4Cu 6.78 —-1.17 1.62 £ 0.49 14.31 £+ 2.97 186.34 + 8.63

Table 2 Fitting parameters of the equivalent circuits

Samples R, (Q cm?) R1 (kQ cm?) CPE1 (10°°Q ' em ™2 s™ Ret (kQ cm?) CPE2 (10°° Q' em™2 s™) W (Q " em 25
n 63.5 0.4 2.0 1.9 2.3 1.3
Zn-0.4Cu 59.7 2.3 2.1 3.3 7.9 22.3

carbonates. The O 1s spectrum displayed two binding energy
peaks at 531 and 532 eV, associated with metal carbonates and
metal hydroxides, respectively. Additionally, the fine spectra of
phosphorus (P) and calcium (Ca) confirmed the presence of
calcium phosphate (Caz(PO,),) and calcium carbonate (CaCOj3)
compounds within the corrosion product layer, while the Zn
spectrum indicated the presence of zinc oxide (ZnO). For the
Zn-0.4Cu alloy, the types of compounds present in the corro-
sion products were similar, although their relative concentra-
tions differed. Notably, no peaks were detected in the Cu
spectrum, indicating that no compounds containing copper
were present in the corrosion layer. Table 3 summarizes the

3502 | Mater. Adv, 2025, 6, 3495-3511

contents of the various elements in the corrosion layers of the
pure Zn and Zn-0.4Cu alloys.

Cytocompatibility

Bone marrow stem cells (BMSCs) and endothelial cells (ECs)
were seeded in prepared extracts and cultured for 3 days. The
cell proliferation was evaluated using a cell proliferation assay
kit (CCK8 method). The results, shown in Fig. 8(a) and (b),
indicated that the activity of BMSCs and ECs cultured with
extracts from the both pure Zn and Zn-0.4Cu alloy exceeded
80%, closely resembling the activity of pure titanium (Ti) in the
control group. Both the pure Zn and Zn-0.4Cu alloy exhibited

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Corrosion behaviors of the samples during immersion: (a) corrosion products and the corresponding elemental distributions. (b) XRD spectra. (c)
XPS survey spectra. (d) Surface morphologies after removing the corrosion products and corrosion modes.

excellent biocompatibility, promoting the proliferation of
BMSCs and ECs. To further analyze the effects of metallic ions
on cell viability, the original extracts were analyzed by ICP-MS.
The Zn*" ion concentrations of the pure Zn extract and Zn-
0.4Cu alloy extract were 133.3 and 93.5 pg L™, respectively.
Moreover, the Cu®>* ion concentration in the Zn-0.4Cu alloy
extract was 0.7 pg L™

Furthermore, a live/dead cell double staining kit was
employed to analyze the viability of the cells cultured in the
extracts. Fig. 8(c) illustrates the live cells stained green and
dead cells stained red. The results demonstrate that there were
almost no dead cells, with the number of viable cells in the pure
Zn and Zn-0.4Cu alloy groups being comparable to that of the
pure Ti group. The live/dead staining results further confirmed
that the extracts from the pure Zn and Zn-0.4Cu alloys were

© 2025 The Author(s). Published by the Royal Society of Chemistry

non-toxic to the proliferation of BMSCs and ECs, indicating
their high safety profile.

Osteogenic properties

ALP staining and alizarin red S calcium nodule staining were
used to characterize the contributing bone properties of the
material, as shown in Fig. 9(a). As can be seen from the figure,
the proportion of blue in the ALP staining image of the Zn-
0.4Cu alloy group was higher, which indicates that the alloy had
a better ability to promote bone growth in the early stage. In the
images stained with alizarin red, the red calcium nodules in the
Zn-0.4Cu alloy group were significantly higher than those in the
pure Zn group and the pure Ti group. The results of osteogenic
induction staining showed that Zn-0.4Cu alloy had better bone-
promoting properties. Fig. 9(b) shows the expressions of four

Mater. Adv., 2025, 6, 3495-3511 | 3503
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osteogenesis-related genes, namely ALP, COL-1, OPN, and Runx-2.
For these four genes, the Zn-0.4Cu alloy group demonstrated higher

Table 3 Atomic concentrations of elements detected by XPS

Atomic concentration (at%)

Samples Cis Ogs Py Cayp Zny, Cuy,
Pure Zn 55.44 27.31 8.87 6.01 2.36 —
7Zn-0.4Cu 45.43 33.08 10.55 5.96 4.74 0.24

3504 | Mater. Adv,, 2025, 6, 3495-3511

expression levels than the pure Zn and pure Ti groups, and the
expression levels of OPN and Runx-2 were especially higher than
those in the other groups. The OPN expression level of the Zn-0.4Cu
alloy group (3.79 £ 0.84) was nearly twice that of the pure Zn group
(1.78 + 0.41) under the culture condition of 50% extract; while the
expression level of Runx-2 in the Zn-0.4Cu alloy group (4.14 + 0.43)
was nearly twice that of the pure Zn group (2.25 £+ 0.32).
Immunofluorescence staining (Fig. 9(c)) revealed that Zn-
0.4Cu promoted higher Runx2 and higher OPN expressions
(red) compared to pure Zn, with more intense fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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signals, indicating increased osteogenic differentiation. DAPI
staining (blue) showed well-distributed nuclei, while FITC
staining (green) highlighted the presence of elongated and
well-spread cytoskeletons in the Zn-0.4Cu-treated cells. These
findings indicate that Zn-0.4Cu is a promising material for
bone-implant applications.

Antibacterial properties

Fig. 10 illustrates the antimicrobial effects of the pure Zn
and Zn-Cu alloys against S. aureus and E. coli. A substantial
number of bacteria were observed evenly distributed in the
inert metal titanium (Ti) group, while the numbers of
bacteria were significantly decreased in the pure Zn and Zn-
0.4Cu alloy groups. Notably, the E. coli count in the Zn-0.4Cu
alloy group was markedly low, indicating that both the pure
Zn and Zn-0.4Cu alloy possessed superior antimicrobial
properties.

Crystal violet staining, a widely used chemical method for
quantitatively assessing bacterial biofilms, stains live and dead
cells as well as components within the biofilm matrix. This
makes it particularly effective for quantifying total biofilm
biomass in various assays. The results from the crystal violet
staining experiments performed herein further corroborated
that the Zn-Cu alloy exhibited enhanced antibacterial effects,
especially against E. coli.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Discussion

Effects of the grain size on the mechanical behaviors

The average grain size of the Zn-0.4Cu alloy (2.15 um) was
significantly smaller than that of pure Zn (17.36 um) after ECAP
processing. According to the Hall-Petch relationship

Aa:kd’%, grain refinement typically leads to an increase
in yield strength.>® However, the yield strength increment
(~58 MPa) in the Zn-0.4Cu alloy was far lower than the
strength contribution from grain boundary strengthening
(~100 MPa). This indicated that grain boundary softening
occurred in the Zn-0.4Cu alloy. In general, grain boundary
hardening occurs at low temperature (T < 0.3Ty,, where T, is
melting temperature), while grain boundary softening occurs at
high temperature (T > 0.5Ty,).>* It can be inferred that the
testing temperature (298 K) was 0.43 T, owing to the low
melting point of Zn (692 K). Thus, the mechanical behaviors
of the Zn-0.4Cu alloy at room temperature should be described
P
by a creep mechanism: ¢ = %?(%) ! (g) ,where D, G, b, T, ¢
and d are the diffusion coefficient, shear modulus, Burgers
vector, temperature, stress and grain size, respectively, and 4, k,
D, and n are constants.>> Among these constants, the p value is
significantly affected by the creep mechanism. For dislocation
viscous slip or climb within Zn grains, the p value is close to

Mater. Adv,, 2025, 6, 3495-3511 | 3505
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zero, indicating a weaker grain boundary strengthening.’® the plate-shape precipitated play a positive role in improving
Grain boundary sliding leads to a positive p value, resulting the strength of the Zn-0.4Cu alloy. Compared to the Zn-0.5Cu
in a reduction of stress with decreasing grain size.>” Moreover, alloy with a higher Cu content, the density of precipitates in the

3506 | Mater. Adv., 2025, 6, 3495-3511 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Zn-0.4Cu alloy was lower. This resulted in a UTS of 130 MPa,
which was lower than the 179 MPa of the Zn-0.5Cu alloy.”® That
is, grain refinement increased the grain boundary density, but
the contribution of the grain boundary strengthening to the Zn-
0.4Cu alloy was limited. The plate-shaped precipitates are
obstacles to dislocation motion, thereby leading to the
improvement of strength.

Furthermore, the elongation of the Zn-0.4Cu alloy was
significantly greater than that of the pure Zn, exhibiting super-
plasticity at room temperature. This difference in mechanical
properties could be attributed to a change in the deformation
mode. The effects of the grain sizes on the deformation modes
have been reported in pure Mg, which has a higher elongation
at a fine grain level.*®*?° The deformation of pure Zn with large
grain sizes was dominated by twinning and dislocation slips.
Independent slipping systems are insufficient in hexagonal
close-packed (HCP) crystals, and then twining becomes a vital
deformation mode.*® With increasing strain, the proportion of
deformation twins in coarse grains increased significantly for
pure Zn, resulting in an improvement in the density of twin
grain boundaries (as shown in Fig. 4(e)). On the one hand, the
increase in the fraction of deformation twins reduces the
average free path of the dislocation motion within grains,
which is conducive to improving the strength;*** while on
the other hand, the twins promote grain refinement through a
twinning-induced DRX mechanism, so as to achieve the goal of
improving the strength.>***** The tensile curve indicates that
pure Zn had a prolonged work-hardening stage during plastic
deformation. This work hardening arose from the presence of
deformation twins during tension.

The IPF map of the Zn-0.4Cu alloy clearly revealed a sig-
nificant number of elongated grains, along with a smaller

© 2025 The Author(s). Published by the Royal Society of Chemistry

number of dynamically recrystallized grains characterized by
low GOS values. Grain reference orientation deviation (GROD)
was applied to quantify the misorientation between the position
and the mean orientation of the grains. In pure Zn, most the
grains lacked distinct deflection axes, indicating that their
deformation was primarily due to twin deformation or simulta-
neous multiple dislocation activities. Conversely, the grains in
the Zn-0.4Cu alloy predominantly exhibited deflections along
the (0001) and (11—20) axes, suggesting that basal and cone
dislocation slip governed the tensile deformation, as illustrated
in Fig. 11(a). This dislocation slip further increased the grain’s
length-to-width ratio from 2.1 to 2.7. Additionally, the GROD-
angle reflects the orientation difference between any point
within the grain and the average grain orientation; whereby
higher values indicate greater deformation due to dislocation
slip. The results in Fig. 11(d) show that the GROD-angle value for
the Zn-0.4Cu alloy was significantly higher than that of pure Zn.

In addition to twin deformation and dislocation slip, the
high elongation of the Zn-0.4Cu alloy at room temperature may
also be attributed to grain boundary slip. Recent studies have
demonstrated that the tensile testing of superplastic Zn-Cu
alloys at room temperature across various strain rates (10~*
to 10~° s7') involve grain boundary slip. In summary, while
pure Zn primarily deformed through twin crystals during
tensile testing, the Zn-0.4Cu alloy was chiefly influenced by
dislocation slip and grain boundary slip. This divergence in
deformation mechanisms leads to a substantial difference in
their mechanical properties.

Effects of the grain size on the corrosion behavior

Corrosion significantly impacts the biocompatibility and
long-term clinical viability of medical implants, making the

Mater. Adv., 2025, 6, 3495-3511 | 3507
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evaluation of the corrosion behavior of biodegradable metals
essential for their biomedical applicability. Previous studies have
indicated that, in NaOH solution, reducing the grain size of zinc
to the nanoscale results in a decreased corrosion rate due to the
reduced kinetics of the anodic and cathodic reactions.*> However,
in NaCl solution, grain refinement in Zn-containing alloys leads to
increased corrosion rates because the higher density of grain
boundaries provides more initiation points for corrosion, especially
when impurities segregate at these boundaries.”® The electroche-
mical and immersion experiments herein demonstrated that the
Zn-0.4Cu alloy exhibited superior corrosion resistance compared to
pure Zn. The polarization curve indicated that this reduced corro-
sion rate could be attributed to the passivation process occurring at
the anode of the Zn-0.4Cu alloy, wherein an oxide layer formed on
the metal surface, preventing further corrosion.

The primary microstructural difference between the pure Zn
and the Zn-0.4Cu alloy was the grain size, although a small
number of nanoscale precipitates were present. Analysis of the
corrosion morphology of pure Zn revealed numerous corrosion
pits, indicating that its primary corrosion mode was pitting. In
contrast, the Zn-0.4Cu alloy predominantly experienced grain
boundary corrosion. The EBSD results revealed that the high
angle grain boundary density of pure Zn was 1.0 x 10> m™*,
while that of the Zn-0.4Cu alloy was 9.6 x 10> m~". Generally,
grain boundaries possess a higher energy and increased
chemical reactivity compared to the matrix material, leading
to a higher surface activity due to enhanced electron activity
and diffusion. This results in the rapid formation of a uniform
and dense protective oxide layer.

TEM analysis further showed a bilayer of copper enrichment
at the grain boundaries of the Zn-0.4Cu alloy. This enrichment

3508 | Mater. Adv, 2025, 6, 3495-3511

can lead to local galvanic corrosion near the grain boundaries
upon contact with corrosive solutions, thereby accelerating
grain boundary corrosion. Systematic studies on the effect of
the grain size on the corrosion rates in various metals have
suggested that when the corrosion current density is below
10 pA cm 2, smaller grain sizes can promote the formation of a
dense oxide film on the metal surface, enhancing corrosion
resistance.”” In this study, the corrosion current density for
pure Zn was 10.83 pA cm™ 2, whereas that for the Zn-0.4Cu alloy
was 6.87 pA cm 2, further supporting the formation of a dense
oxide film during the corrosion process of the Zn-0.4Cu alloy.
In summary, the higher corrosion rate observed in pure Zn
compared to in the Zn-0.4Cu alloy was attributed to a shift in
the corrosion mode from pitting to grain boundary corrosion.
This transition was primarily caused by the copper enrichment
at grain boundaries, leading to the formation of a galvanic
cell structure that accelerates grain boundary corrosion. The
change in corrosion mode promoted the formation of a stable
oxide film on the surface of the Zn-0.4Cu alloy, effectively
inhibiting further corrosion of the alloy.

In vitro biocompatibility and osteogenic properties

The ionic concentration in solution plays a crucial role in
determining the osmotic pressure of cells, leading to their
dose-dependent tolerance to metal ions.*® For example, He
et al. observed a sharp decline in the activity of MC3T3-E1 cells
with Zn ion concentrations exceeding 0.3 mM.*’ Similarly,
Xiong et al. found that BMSCs activity increased with Zn ion
concentrations ranging between 10.92 and 27.15 uM but began
to decrease when the concentration reached 128.58 pM.”° In
our study, the Zn-0.4Cu alloy exhibited a lower corrosion rate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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than pure Zn, resulting in a higher Zn ion concentration in the
pure Zn group compared to the Zn-0.4Cu alloy group. The Zn-
0.4Cu alloy solution also contained a small amount of Cu ions,
but the concentration was much lower than that of Zn ions.
Notably, BMSCs and ECs cultured in one-fold diluted pure Zn
extracts showed higher activity than those in the Zn-0.4Cu alloy
extracts. Then, as the extract concentration was diluted, the
ionic concentration decreased to a level more conducive to cell
growth and proliferation, significantly enhancing cell viability.

The ALP results demonstrated the superior osteogenic prop-
erties of the Zn-0.4Cu alloy for BMSCs. This improvement could
be attributed to the co-release of Zn>" and Cu®" ions. The PCR
results showed that the expressions of osteogenic markers,
such as OCN, COL-I, ALP, and RUNX-2, were promoted, corro-
borating previous studies.”’ The Zn>" ions in the diluted
extracts activated the typical MAPK pathway, leading to the
promotion of BMSCs osteogenic differentiation through
P38MAPK signaling and RUNX/OSX-regulated MAPK signaling
pathways.>> Additionally, Zn has been shown to benefit BMSCs’
osteogenic activity by activating RUNX-2 via the cyclic adeno-
sine monophosphate (cAMP)-protein kinase A (PKA)-cAMP
response binding protein (CREB) signaling pathway.>® Apart
from Zn”", the effects of Cu>* on bone metabolism regulation and
bone regeneration are also significant. Previous studies found
that Cu®" facilitated the osteogenic differentiation of BMSCs by
increasing ALP activity and the levels of OPN and OCN.>* However,
Cu®" can also induce osteoblast injury by suppressing the TGF-1/
Smad3 pathway.”® In summary, the synergistic effect of Zn>" and
Cu®" ions contributed to the enhanced osteogenic properties of the
Zn-0.4Cu alloy.

Conclusions

In this experiment, pure Zn and Zn-0.4Cu alloys were subjected
to ECAP at room temperature, followed by a comprehensive
investigation of their microstructure, mechanical properties,
corrosion behavior, biocompatibility, and antibacterial proper-
ties. After ECAP, the grain size of the Zn-0.4Cu alloy was refined
to approximately 2 pm, significantly smaller than the 17 um of
pure Zn. Additionally, needle-like precipitates were identified
within the Zn-0.4Cu alloy, exhibiting coherent interfaces with
the surrounding matrix. Regarding the mechanical properties,
the Zn-0.4Cu alloy demonstrated a slightly greater strength
than the pure Zn, while its elongation was twice that of pure
Zn. These differences were primarily due to the distinct defor-
mation mechanisms; pure Zn primarily undergoes twinning,
whereas the Zn-0.4Cu alloy predominantly experiences disloca-
tion slip and grain boundary sliding. Corrosion tests revealed
that the Zn-Cu alloy, with its finer grains, exhibited improved
corrosion resistance compared to pure Zn. The corrosion mode
of pure Zn was primarily characterized by pitting, whereas the
Zn—Cu alloy experienced grain boundary corrosion. This grain
boundary corrosion was attributed to the accumulation of
copper near the grain boundaries, which accelerated corrosion
through galvanic effects. Both the pure Zn and Zn-Cu alloys

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibited excellent biocompatibility with endothelial cells (ECs)
and bone marrow stem cells (BMSCs). Notably, the osteogenic and
antibacterial properties of the Zn-Cu alloy surpassed those of
pure Zn, highlighting its potential for biomedical applications.
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