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Zinc (Zn) alloys, though beneficial for biodegradable applications due to their controlled degradation,
biocompatibility, and potential to aid in bone healing, often suffer from inadequate mechanical
properties. To enhance their performance, this study investigates the incorporation of magnesium (Mg)
and neodymium (Nd) as alloying elements and applies hot extrusion to produce Zn-based alloys with
superior mechanical and biological characteristics suitable for moderate load-bearing orthopedic uses.
The resulting Zn-0.1Mg-1Nd alloy exhibits a fine-grained structure with an average grain size of 1.36 um,
which enhances its tensile strength from 71 MPa for pure Zn to 381 MPa for the alloy, alongside
a notable increase in elongation from 10.7% to 17.7%. These improvements fulfill the mechanical
requirements for biodegradable bone-fixation devices. Corrosion tests, including electrochemical and
immersion assessments in simulated body fluid (SBF), demonstrate the alloy's enhanced degradation
resistance, with the lowest corrosion rate recorded at 0.094 mm year'. Additionally, the Zn-Mg-Nd
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Accepted 7th November 2025 alloys show good biocompatibility, as evidenced by their favorable interactions with human bone
marrow-derived mesenchymal stem cells (nBMSCs) and murine macrophages (RAW 264.7), and further

DOI: 10.1035/d5ra07819a promote osteogenic differentiation in hBMSCs. Overall, the Zn-Mg-Nd alloy system emerges as
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1 Introduction

With the increasing aging population, the demand for advanced
biomedical materials tailored to elderly patients has become
increasingly urgent. Zinc (Zn), an essential trace element
distributed in human tissues and organs, has garnered signif-
icant interest in this context."”” The recommended daily intake
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a promising candidate for biodegradable orthopedic applications.

of Zn ranges from 8-11 mg for adults and approximately 2-3 mg
for infants.®* Importantly, the human body exhibits a high
tolerance to excess Zn intake, ranging from 100 to150 mg
day . It means that Zn can effectively return to physiological
homeostasis following cessation of exposure. Owing to its
favorable biocompatibility and suitable in vivo degradation rate,
Zn is regarded as a strong candidate for next-generation
biodegradable orthopedic implants.>®

Nevertheless, pure Zn is inherently limited by poor
mechanical performance, primarily attributed to the insuffi-
cient strengthening modes.”” These characteristics compro-
mise its ability to sustain load-bearing functions in clinical
scenarios. Recent advancements have demonstrated that the
mechanical properties of Zn can be significantly enhanced
through strategic alloying with elements such as germanium
(Ge),™ magnesium (Mg),**** calcium (Ca),**** strontium (Sr),*
lithium (Li),*™® silver (Ag),"*** copper (Cu),*** manganese
(Mn),*?* iron (Fe),>*** titanium (Ti),*”*® and zirconium (Zr).>**
The effectiveness of these alloying strategies is further amplified
by thermomechanical processing techniques, including roll-
ing,** extrusion,* drawing,** equal channel angular pressing
(ECAP),* and high-pressure torsion (HPT)*® which refine the
microstructure and enhance mechanical strength and ductility.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Among these alloying elements, Mg is particularly promising
due to its excellent biosafety profile (375-500 mg day ').* Mg
alloys have made a great progress in the orthopedic fields and
been approved in clinic trial.*”*® Prior studies support the effi-
cacy of Mg alloying. For example, Jin et al. reported that minor
addition of Mg (<0.1 wt%) into Zn-Mg alloys improves
mechanical properties.** However, the tensile strength is still
below 300 MPa that is unable to meet the mechanical require-
ments of biodegradable metals.*”*' Increasing Mg content can
improve mechanical strength of Zn-Mg alloys at the expense of
ductility (<5%) due to the formation of brittle eutectic struc-
ture.”»** The lamellar eutectic structure promotes the stress
concentration during cold deformation, which can be alleviated
by refining into particles. Severe plastic deformations, like HPT
and hydrostatic extrusion, are effective methods for complete
refinement.*>** However, these processing methods are expan-
sive and hard to produce bulk samples at large scale. Conse-
quently, Zn-Mg alloys should avoid high fractions of eutectic
structure to achieve high ductility through conventional extru-
sion. We finally select Zn-0.1(wt%) Mg alloys as a base and
improve the mechanical properties by alloying with other
elements.

Neodymium (Nd), a representative rare earth (RE) element,
has also emerged as a beneficial additive in biodegradable Mg
alloy systems.*>*® Clinically, Nd-containing biodegradable alloys
such as Mg-3Nd-0.2Zn-0.4Zr (JDBM) have demonstrated cortical
bone-matching mechanical properties, excellent biocompati-
bility, and uniform degradation.®® Beyond their structural
benefits, Nd-containing compounds possess notable anti-
inflammatory, antimicrobial, and anticancer properties, with
Nd*" ions shown to exert membrane-protective effects on
healthy cells, further enhancing their biomedical utility.*”

While the effects of rare earth elements such as neodymium
(Nd) have been widely investigated in Mg alloy systems, their
roles in Zn based alloys remain largely unexplored. To bridge
this knowledge gap, we developed a series of Zn-Mg-Nd alloys
using a casting process followed by hot extrusion. These alloys
were systematically characterized in terms of microstructures,
mechanical performance, corrosion behaviors, cytocompati-
bility, and osteogenesis. The objective was to comprehensively
evaluate their suitability as biodegradable implants for ortho-
pedic applications.

2 Experiments
2.1 Preparation and characterization of Zn alloys

Zn based alloys were synthesized using high-purity Zn
(99.99 wt%), Mg (99.99 wt%), and Nd (99.95 wt%) metals. The
elements were melted in a low-carbon steel crucible under
a protective atmosphere composed of CO, and SF, at a volume
ratio of 99 : 1 to minimize oxidation. The resulting molten alloy
was subsequently poured into a cylindrical copper mold with
dimensions of 200 mm in length and 100 mm in diameter.
Actual elemental compositions of the cast alloys were deter-
mined via inductively coupled plasma-mass spectrometry (ICP-
MS), and the results are listed in Table 1. Cylindrical billets
measuring 60 mm in diameter and 50 mm in length were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Actual compositions of cast Zn alloys

Chemical compositions (wt%)

Alloys Mg Nd Zn

Zn-0.1Mg 0.09 — Basal
Zn-0.1Mg-0.5Nd 0.10 0.51 Basal
Zn-0.1Mg-1Nd 0.09 1.02 Basal

machined from the cast ingots and used for extrusion. The hot
extrusion process was carried out at 250 °C with a ram speed of
1 mm s " and an extrusion ratio of 36.

Scanning electron microscope (SEM) was utilized to charac-
terize the microstructures of pure Zn and Zn alloys. Elemental
mapping was conducted using an energy-dispersive spectros-
copy (EDS) system (GENESIS 60S) integrated with the SEM. Prior
to observation, all samples were subjected to standard metal-
lographic preparation, including mechanical grinding, polish-
ing, and chemical etching. The etchant comprised 4 wt% nitric
acid dissolved in ethanol. To further investigate microstructural
evolution before and after tensile deformation, electron back-
scatter diffraction (EBSD) and transmission electron micro-
scope (TEM) analyses were performed. EBSD specimens were
first mechanically ground and then electrochemically polished
using a 10 vol% perchloric acid solution, with processing
conditions maintained at —30 °C and 15 V. For TEM analysis,
thin foils were prepared via twin-jet electropolishing in an
electrolyte composed of 4 wt% perchloric acid in ethanol.

2.2 Tensile tests

Standard dog-bone-shaped tensile specimens were machined
along the extrusion direction using electrical discharge
machining (EDM). Prior to mechanical testing, all samples were
ground to ensure uniform surface finish. Tensile experiments
were conducted using a universal testing machine (Zwick/Roell
7100, Germany) at a constant strain rate of 1 x 107> s~'. The
gauge length for each specimen was set to 20 mm.

2.3 Electrochemical and immersion tests

Electrochemical measurements were performed using
a CHI660C workstation configured with a conventional three-
electrode system with an electrochemical cell.*® Prior to testing,
all specimens were ground with silicon carbide papers and pol-
ished using a diamond suspension to achieve a mirror-like finish.
The exposed surface area of each sample in simulated body fluid
(SBF) was 10 x 10 mm, and experiments were conducted at 37 °C.
Potentiodynamic polarization (PDP) curves were recorded by
sweeping the potential from —1.6 V to —0.5 V versus a saturated
calomel electrode (SCE) at a scanning rate of 0.1 mV s~ . The
corrosion potential (E.,,) and corrosion current density (icor)
were extracted from the PDP curves. Electrochemical impedance
spectroscopy (EIS) was conducted at open-circuit potential (OCP)
across a frequency range of 10° to 10~ Hz with a 5 mV sinusoidal
perturbation. For immersion testing, mechanically polished
specimens were placed in centrifuge tubes filled with SBF,
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maintaining a solution-to-exposed-area ratio of 20 mL cm 2.
After a 30 day immersion period, the samples were removed,
rinsed with deionized water, and treated with a 200 g L™ chromic
acid solution to remove corrosion products. The corrosion rate
(C, um year ') was determined using the equation: C = Am/(pAt),
where Am is the mass loss (mg), p is the density (g cm ™), A is the
exposed area (cm?), and ¢ is the immersion time (years). Scanning
Kelvin probe force microscopy (SKPFM) was employed to evaluate
the surface potential differences between the Zn matrix and
secondary phases. Measurements were carried out using
a Dimension FastScan atomic force microscope (Bruker, USA)
equipped with a scanning Kelvin probe. A Pt-Ir-coated silicon tip
was calibrated against highly oriented pyrolytic graphite prior to
analysis. Topographical images were captured in tapping mode,
followed by an interleave scan performed 100 nm above the
surface under alternating voltages to map the relative potential
distribution across different microstructural regions.

2.4 Cell viability tests

Human bone marrow-derived mesenchymal stromal cells
(hBMSCs, Cell Bank, Chinese Academy of Sciences) and mouse
macrophage cell line RAW264.7 (Cell Bank, Chinese Academy of
Sciences) were cultured in Dulbecco's Modified Eagle Medium
(DMEM, Gibco), supplemented with 10% fetal bovine serum
(FBS), at 37 °C in a humidified atmosphere containing 5% CO,.
Before culturing, the disc samples used for preparing extracts
underwent mechanical grinding by using 8004, 1200#, and 2000#
papers, respectively. According to ISO 10993-12:2012 guidelines,
extracts were prepared by immersing samples (2.2 cm? exposed
surface area) in DMEM for 72 hours at a surface-area-to-volume
ratio of 1.25 ecm® mL ', The resulting extracts were diluted to
50% for subsequent biological testing. Cell viability was evaluated
using the Cell Counting Kit-8 (CCK-8) through an indirect contact
assay. The cell viability is calculated from the equations:
OD, — ODy,
OD. — ODy
mental group, OD., is the absorbance of control group, ODy, is the
absorbance of blank group. Moreover, the ionic concentrations in
the extracts were quantified using inductively coupled plasma
mass spectrometry (ICP-MS, Thermo Fisher Scientific, USA). Cells
were seeded into 96-well plates at a density of 2000 cells per well.
After a 24 hour incubation to allow cell adhesion, the culture
medium was replaced with the prepared diluted extracts. Cells
were then incubated for an additional 72 hours, followed by the
addition of 10 uL CCK-8 reagent per well. After 2 hours of incu-
bation, absorbance was measured at 450 nm using a microplate
reader (iMARK, Bio-Rad, USA). The concentrations of Zn and
alloying element ions in the extracts were further confirmed using
ICP-MS (Agilent 7700, USA).

To complement the viability assay, a live/dead staining assay
was conducted to assess cytotoxic effects. hBMSCs and
RAW264.7 cells were independently seeded in 96-well plates and
co-cultured with extracts from pure Zn, Zn alloys, or PBS
(control) for 24 hours. After incubation, wells were washed with
PBS to remove residual extract. Cells were then stained with
Calcein AM (1 uM) and propidium iodide (PI, 2 pg mL ™)

CV = x 100%. Where OD, is absorbance of experi-
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(Thermo Fisher Scientific, USA) for 15 minutes at room
temperature. Following staining, live and death cells were
observed using a fluorescence microscope (Olympus, Tokyo,

Japan).

2.5 Osteogenesis-induction tests

Human bone marrow-derived mesenchymal stromal cells
(hBMSCs) were seeded into 6-well plates at a density of 6 x 10*
cells per well. Once the cells reached approximately 80%
confluence, the culture medium was replaced with osteogenic
induction medium containing 50% alloy extract. The medium
was refreshed every 48 hours. Alkaline phosphatase (ALP)
staining and alizarin red S (ARS) staining were performed on
days 7 and 14, respectively, to assess early and late osteogenic
differentiation. Staining outcomes were visualized and docu-
mented using a light microscope (Olympus Co., Ltd, Tokyo,
Japan).

For immunofluorescence analysis, hBMSCs were cultured on
coverslips placed in 24-well plates at a seeding density of 5000
cells per well. Upon reaching 80% confluence, the culture
medium was similarly replaced with osteogenic medium con-
taining 50% extract. After 7 days of induction, cells were rinsed
with PBS, fixed in 4% paraformaldehyde for 15 minutes, per-
meabilized with 0.1% Triton X-100 for 10 minutes, and blocked
with 10% bovine serum albumin (BSA) for 1 hour. Cells were
then incubated overnight at 4 °C with a primary antibody
against Runx2 (1:200 dilution, ab192256, Abcam, USA). The
following day, cells were washed three times with PBS and
incubated with a fluorescently labeled secondary antibody (1 :
500 dilution, Abcam, USA) for 1 hour at room temperature.

For gene expression analysis, hBMSCs were seeded in 6-well
plates at the same density (6 x 10" cells/well) and cultured in
osteogenic medium containing 50% extract for 10 days. Total
RNA was isolated using the RNeasy Mini Kit (Qiagen, Germany),
and its concentration and purity were assessed spectrophoto-
metrically. From each group, 1 pg of RNA was reverse-
transcribed into cDNA using the SuperScript™ III Reverse
Transcriptase Kit (Thermo Fisher Scientific, USA). The reverse
transcription protocol consisted of annealing at 65 °C for 5
minutes, cooling at 4 °C for 1 min, reverse transcription at 50 °C
for 60 minutes, and enzyme inactivation at 70 °C for 15
minutes. Quantitative real-time PCR (qPCR) was performed
using SYBR Premix Ex Taq II (2X) (Takara, Japan). Cycling
conditions were as follows: initial denaturation at 95 °C for 30
seconds, followed by 40 cycles of denaturation at 95 °C for 5
seconds, and annealing/extension at 60 °C for 30 seconds. The
expression levels of osteogenic markers Runx2, osteopontin
(OPN), and collagen type I (COL1) were quantified using GAPDH
as the housekeeping gene. Relative gene expression was
analyzed using the AACt method with a real-time PCR system.

2.6 Statistical analysis

Data were presented as the mean =+ standard deviation from at
least four independent sample. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA) in Prism
software.

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

3.1 Microstructures of Zn alloys

The microstructural features of as-deformed pure Zn and its
alloys are presented in Fig. 1. In unalloyed Zn, numerous grains
are delineated by distinct boundaries, with most grain sizes
exceeding 50 um. As shown in Fig. 1(b), the introduction of
a small amount of Mg effectively refined the grain structure.
Based on the Zn-Mg phase diagram,* the maximum solubility
of Mg in Zn is approximately 0.1 wt%, which accounts for the
absence of secondary phases in the as-deformed Zn-0.1Mg alloy.
Incorporating Nd into the Zn-0.1Mg alloy facilitated the
formation of secondary phase particles in Zn-0.1Mg-0.5Nd and
Zn-0.1Mg-1Nd alloys. Notably, in the Zn-0.1Mg-1Nd sample
(Fig. 1(d)), these precipitates exhibited irregular morphologies
and relatively large dimensions.

Elemental contents for representative areas of the as-
deformed samples are displayed in Table 2. Point analysis by
EDS revealed that Mg contents in regions 2, 3, and 5 were 0.11,
0.08, and 0.10 wt%, respectively, suggesting that Mg was
predominantly dissolved within the Zn matrix. In contrast,
region 6 showed an Nd content of 12.36 wt%. The atomic Zn-to-
Nd ratio in the secondary phase of the Zn-0.1Mg-1Nd alloy was
close to 11, consistent with the presence of NdZn,; compounds
as predicted by the Zn-Nd binary phase diagram.* The NdZn,,
particles in Zn-0.1Mg-0.5Nd measured approximately 5 pm,
whereas those in Zn-0.1Mg-1Nd exceeded 15 pm in size.

Fig. 2 presents the inverse pole figure (IPF) and kernel average
misorientation (KAM) maps of as-deformed pure Zn and its
alloyed counterparts. In the IPF images (Fig. 2(a)), crystallo-
graphic orientations are visualized using color coding: basal
planes appear in red, prismatic orientations in green, and

(a)

Pure Zn
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Table 2 Chemical compositions of selected areas in Fig. 1

Chemical compositions (wt%)

Areas Mg Nd Zn

1 0 0 100

2 0.11 0 99.89
3 0.08 0 99.92
4 0.02 12.36 87.62
5 0.10 0 99.90
6 0.01 17.87 82.12

pyramidal directions in blue. The texture evolution across
samples is captured by the multiple of uniform distribution
(MUD), which decreased progressively from 3.70 in pure Zn to
1.59 in Zn-0.1Mg-1Nd, indicating a shift toward a more
randomized grain orientation. Grain size analysis revealed that
unalloyed Zn exhibited an average size of 56.90 um, as shown in
Fig. 2(b). Upon alloying, this size was significantly refined to
14.66 um in Zn-0.1Mg alloy, further reduced to 5.13 um in Zn-
0.1Mg-0.5Nd alloy, and reached 1.36 um in Zn-0.1Mg-1Nd alloy.
These observations confirm the grain refinement effect induced
by Mg and Nd additions. The KAM mappings (Fig. 2(c)),
commonly employed to estimate dislocation density (p), was
applied using the relation p = 26/ub, where 0 represents the KAM
angle and u and b are material constants. The measured KAM
values for pure Zn, Zn-0.1Mg, Zn-0.1Mg-0.5Nd, and Zn-0.1Mg-
1Nd were 0.46°, 0.20°, 0.23°, and 0.17°, respectively. Corre-
sponding dislocation densities were calculated as 2.64 x 10"
m~2, 0.99 x 10 m™2, 1.12 x 10" m™2, and 0.84 x 10" m™2
These results demonstrate that alloying Zn with minor Mg and
Nd effectively reduces both grain size and dislocation density,
thereby altering the deformation behavior of the material.

(b)

Zn-0.1Mg

(c)

Zn-0.1Mg-1Nd

(d)

Fig. 1 Microstructures of as-deformed Zn-Li-Nd alloys. (a) Pure Zn; (b) Zn-0.1Mg alloy; (c) Zn-0.1Mg-0.5Nd alloy; (d) Zn-0.1Mg-1Nd alloy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 EBSD analysis of as-deformed Zn-Mg-Nd alloys. (a) IPF mappings; (b) grain size distributions; (c) KAM mappings and dislocation densities.

The microstructure of the Zn-0.1Mg-1Nd alloy was further
examined using TEM, as illustrated in Fig. 3. As shown in
Fig. 3(a), submicron to micrometer-sized grains were observed,
indicative of dynamic recrystallization (DRX) during thermo-
mechanical processing. Fig. 3(b) and (c) reveal the morphology
of precipitated secondary phases, which were identified as
NdZn,,; through selected area electron diffraction (SAED)
patterns. Additionally, elemental mapping via EDS confirmed
a significant accumulation of Nd within these NdZn,, particles,
as displayed in Fig. 3(d).

45442 | RSC Adv, 2025, 15, 45438-45452

3.2 Mechanical behaviors of pure Zn and Zn alloys

Fig. 4 summarizes the mechanical performance of pure Zn and Zn
alloys, highlighting notable improvements in strength and
ductility upon alloying. Pure Zn exhibited a tensile strength of
71 MPa and an elongation of 10.7%. With the addition of a small
amount of Mg, the tensile strength markedly increased to
247 MPa, albeit with a reduced elongation of 7.1%. Further
alloying with Nd resulted in tensile strengths of 315 MPa for Zn-
0.1Mg-0.5Nd and 381 MPa for Zn-0.1Mg-1Nd, while elongations
improved significantly to 9.5% and 17.7%, respectively. These

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

Z.A. = [001]

Secondary phase

Fig.3 TEM analysis of as-deformed Zn-Mg-Nd alloys. (a) DRX grains; (b) morphologies of secondary phases; (c) SAED image of NdZny; phase; (d)

EDS mappings of NdZny; phase.

results confirm that the incorporation of Nd into Zn-Mg alloys
effectively enhances both strength and plasticity. Fractographic
examination (Fig. 4(c)) revealed ductile fracture features across all
samples, with a growing density of dimples observed on the frac-
ture surfaces as alloying increased. This microstructural evolution
correlates well with the measured improvements in ductility.

3.3 Degradation behaviors of Zn alloys

Electrochemical corrosion behaviors of pure Zn and its alloys
are illustrated in Fig. 5. E¢orr and i.o; Were extracted from the
potentiodynamic polarization (PDP) curves via linear extrapo-
lation of the cathodic branches, reflecting thermodynamic and
kinetic aspects of corrosion, respectively. The E.,, value shifted
from —1.14 V (vs. SCE) for pure Zn to —1.06 V for Zn-0.1Mg-1Nd,
while 7 o decreased from 20.01 uA cm™ 2 (pure Zn) to 12.66 pA
em 2 (Zn-0.1Mg), and further declined to 12.34 pA cm™ > and
9.97 pA cm ™ in Zn-0.1Mg-0.5Nd and Zn-0.1Mg-1Nd, respec-
tively. These findings indicate that alloying with Mg and Nd
enhances corrosion resistance relative to pure Zn.

Fig. 5(b) presents the Nyquist plots for the investigated
samples within the medium-to-low frequency range. Fitting the
data with an equivalent electrical circuit (inset in Fig. 5(b))
revealed two distinct capacitive loops, corresponding to charge
transport through the metal/oxide interface. Compared to pure
Zn, Zn alloy samples displayed larger loop diameters, suggest-
ing improved resistance to corrosion. This enhancement is
attributed to the formation of a denser surface oxide layer,
which inhibits charge transfer between the metal and simulated

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

body fluid (SBF). The loop in the medium-frequency region
reflects charge transport within the solid phase, while the low-
frequency loop is associated with ion diffusion across the
oxide film. Charge transfer resistance (R.) values, summarized
in Table 3, were 1295 Q cm? for pure Zn, and increased to 1896
Q cm” and 1935 Q cm? for Zn-0.1Mg-0.5Nd and Zn-0.1Mg-1Nd,
respectively. Bode plots and phase angle distributions are
shown in Fig. 5(c), further validating the enhanced corrosion
resistance of the Zn alloys. The absolute impedance (|Z]) in the
medium and low-frequency domains was higher for the alloys
than for pure Zn, suggesting more effective barrier properties.
The peak phase angle reached 60° for Zn-0.1Mg-1Nd, compared
to 53° for pure Zn, indicating the presence of a more compact
and protective corrosion layer on the alloy surface.*

Corrosion rates derived from mass loss measurements after
30 days of immersion are presented in Fig. 5(d). Pure Zn
exhibited a corrosion rate of 0.186 mm year™ . The incorporation
of Mg reduced this rate to 0.155 mm year ' in the Zn-0.1Mg alloy.
Further alloying with Nd resulted in a continued decline in
corrosion rates, reaching 0.123 mm year ' for Zn-0.1Mg-0.5Nd
and 0.094 mm year ' for Zn-0.1Mg-1Nd. These findings under-
score the corrosion-mitigating effect of Mg and Nd additions.

Surface morphologies following immersion for 30 days are
shown in Fig. 6(a). Both pure Zn and the alloy samples were
covered by thick, particle-like corrosion products. Numerous
cracks were visible across the surface layers, implying compro-
mised barrier effectiveness. EDS elemental mapping and point
analysis revealed a pronounced presence of carbon (C) in the

RSC Adv, 2025, 15, 45438-45452 | 45443
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Fig. 4 Tensile behaviors of as-deformed Zn-Mg-Nd alloys.
morphologies.

corrosion layers. In contrast, adjacent areas showed consider-
ably lower carbon content, often beneath that of oxygen (O). The
elevated carbon levels are attributed to the precipitation of
insoluble carbonate compounds formed by the interaction
between carbonate ions in solution and metal cations on the
surface.

Fig. 6(d) displays the substrate morphologies after the
removal of surface corrosion products. Pure Zn exhibited signs
of localized corrosion, while small pits (on the micrometer
scale) were present on Zn-0.1Mg and Zn-0.1Mg-0.5Nd surfaces.
In the Zn-0.1Mg-1Nd alloy, more complex degradation features
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emerged, including grain boundary attack and galvanic corro-
sion. These corrosive sites were predominantly located near
NdZn,, particles. The pronounced galvanic activity is linked to
the electrochemical potential difference between the Zn matrix
and NdZn,, phases, as evidenced by scanning Kelvin probe
force microscopy (SKPFM). Fig. 6(c) reveals the surface potential
distribution and topography of Zn-0.1Mg-1Nd. The NdZni,
regions exhibited a potential approximately 68.7 mV lower than
the surrounding Zn matrix. This potential disparity facilitates
micro-galvanic coupling in simulated body fluid (SBF), thereby
accelerating localized corrosion at phase boundaries.
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Fig. 5 Degradation behaviors of as-deformed Zn-Mg-Nd alloys. (a) PDP curves; (b) Nyquist plots and fitting curves; (c) Bode plots and phase

angles; (d) corrosion rate measured by weight loss.
3.4 Biocompatibility of Zn alloys
Ionic concentrations in the alloy extracts were quantified and

are depicted in Fig. 7(a). The extract from pure Zn showed the

Table 3 Fitting parameters of the Nyquist plots

highest Zn ion content at 13.39 mg L™, while lower concen-
trations were recorded for Zn-0.1Mg (10.37 mg L"), Zn-0.1Mg-
0.5Nd (9.95 mg L"), and Zn-0.1Mg-1Nd (9.78 mg L™ '). The

Circuit elements Zn Zn-0.1Mg Zn-0.1Mg-0.5Nd Zn-0.1Mg-1Nd
R, (Q cm?) 63.49 54.09 62.36 76.85
R; (Q cm?) 894 1274 855 866
Ret (Q cm?) 1295 1065 1896 1935
CPE; T(10°Q "em ?5s") 2.01 1.37 1.02 4.47
n1 0.83 0.89 0.88 0.82
CPEq T(107°Q ' em™25") 30.98 6.33 17.04 34.67
n2 0.38 0.68 0.52 0.59

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Corrosion morphologies of as-deformed Zn-Mg-Nd alloys. (a) Morphologies of corrosion products on the surface of samples; (b) EDS
mapping of corrosion products; (c) potential difference mapping; (d) surface morphologies of samples after removing corrosion products.

presence of Nd also significantly suppressed Mg ion release,
which decreased from 4.58 mg L™ in Zn-0.1Mg to 2.58 mg L™"
and 2.22 mg L' in Zn-0.1Mg-0.5Nd and Zn-0.1Mg-1Nd,
respectively. A modest increase in Nd ion release was noted,
rising from 0.07 mg L ™" in Zn-0.1Mg-0.5Nd to 0.1 mg L ™" in Zn-
0.1Mg-1Nd.

Cell viability assessments of hBMSCs and RAW 264.7
macrophages cultured in the extracts are shown in Fig. 7(b).
Undiluted extracts (100%) from the pure Zn group exhibited
pronounced cytotoxicity. Upon one-fold dilution, the biocom-
patibility of all samples improved substantially. Notably, the Zn-
Mg-Nd alloys supported cell viability levels exceeding 80%,
suggesting a non-toxic response at this concentration. These
values were comparable to the control group, indicating that the
cells gradually adapted to the ionic environment. Among the
two cell types, hBMSCs demonstrated greater tolerance to the

45446 | RSC Adv, 2025, 15, 45438-45452

extracts. After dilution, all alloy groups exhibited good cyto-
compatibility toward mesenchymal stem cells.

Live/dead fluorescence staining results from direct contact
assays are presented in Fig. 7(c). The live hBMSCs and
RAW264.7 cells are counted by Image J software, as shown in
Fig. 7(d). In the control group, both cell types exhibited excellent
adherence and spreading. Conversely, pure Zn and alloyed
samples showed reduced attachment of RAW 264.7 cells.
However, Zn-0.1Mg-Nd alloys supported a higher number of live
hBMSCs, highlighting the positive impact of Nd incorporation
on biocompatibility.

3.5 Invitro osteogenesis of Zn alloys

Gene expression analysis of key osteogenic markers (ALP, OPN,
COL-1, and Runx-2) is presented in Fig. 8(a). Compared with
both pure Zn and the untreated control, the Zn alloy groups

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibited significantly elevated expression levels across all (2.41). Similarly, OPN expression increased from 1.89 to 4.31,
markers. Specifically, the ALP gene expression in the Zn-0.1Mg- and Runx-2 rose from 2.26 to 4.85, indicating enhanced osteo-
1Nd group reached 6.75, more than double that of Zn-0.1Mg genic differentiation with Nd addition.
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Osteogenic staining results are shown in Fig. 8§(b), where ALP
and alizarin red S were used to evaluate early and late markers of
bone formation. The ALP-stained images revealed higher blue
staining intensity in Nd-containing alloy groups, suggesting
improved early-stage osteo-inductive potential. In the alizarin
red-stained images, more abundant red calcium nodules were
observed in the Nd-containing Zn alloys compared to both the
pure Zn and control groups. These findings collectively suggest

45448 | RSC Adv, 2025, 15, 45438-45452

that Nd addition significantly enhances the osteogenic capacity
of Zn-Mg alloys.

4 Discussions

Microstructures of Zn alloys demonstrate that the secondary
phase is particle-like NdZn,; phase, which plays a crucial role in
refining grains. According to the previous studies, dynamic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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recrystallization is the dominant mechanism to refine
grains.”*> Moreover, high extrusion temperature promotes the
grain growth by dynamic recovery. The final grain size of as-
deformed Zn alloys is determined by the dynamic recrystalli-
zation and dynamic recovery. The grain size of pure Zn would be
more than 10 pm despite of HPT deformation, which is attrib-
uted to the low homologous temperature.*®* Minor addition of
Mg has a significant effect on reducing the grain size, depend-
ing on the strain and temperature.* In our study, processing at
250 °C substantially promotes the grain growth due to the
absence of secondary phases. After introducing Nd into Zn-
0.1Mg alloy, the precipitated NdZn,; phases are thermally
stable due to its high-melting-point.>® These particles prefer-
entially nucleate at grain boundaries during solidification,
where they suppress dendritic growth and refine the micro-
structure via the particle-stimulated nucleation (PSN) mecha-
nism.*® SEM analysis reveals that both the volume fraction and
size of NdZn,, particles increase with Nd content. Predomi-
nantly located along grain boundaries, these secondary parti-
cles serve to obstruct dislocation motion, thereby contributing
to enhanced mechanical strength through an Orowan-type
strengthening mechanism.”

While hot-extruded Zn-0.1Mg alloys demonstrate higher
strength than pure Zn, their mechanical performance remains
insufficient for load-bearing biomedical applications such as
bone implants. Owing to the absence of secondary phases in
Zn-0.1Mg alloys, the enhanced strength is attributed to the
solid solution strengthening and grain boundary strength-
ening. Strength contributions from solid solution in Zn-0.1Mg
alloys is about 27 MPa according to the previous studies.*®
Moreover, Zn-RE phase diagrams demonstrate that there is no
solubility of Nd, indicating the absence of solid solution
strengthening from Nd.* Upon hot extrusion, Zn-Mg-Nd alloys
undergo recovery, dynamic recrystallization, and grain growth-
a process facilitated by their relatively low recrystallization
temperature. Under constant extrusion parameters, the final
grain size is largely governed by the extent of grain boundary
migration, which is effectively impeded by the presence of
second-phase particles. The Hall-Petch relationship,

oy =09 + kd_%, is used to calculate the strength contributions
from grain refinement.> Where k is Hall-Petch coefficient, d is
the average grain size. In Fig. 2, the average grain sizes of pure
Zn reduce from 56.90 pm to 14.66 pm of Zn-0.1Mg alloy, then
further to 1.36 pm of Zn-0.1Mg-1.0Nd alloy. Thus, strength
contributions from grain refinement are 29 MPa for pure Zn,
80 MPa for Zn-0.1Mg alloy, 120 MPa for Zn-0.1Mg-0.5Nd alloy,
and 211 MPa for Zn-0.1Mg-1.0Nd alloy, respectively. A higher
volume fraction of these particles correlates with a stronger
pinning effect on boundary motion. Post-extrusion micro-
structures show that thermally stable rare-earth-rich phases,
including NdZn,,, become fragmented and aligned along the
extrusion direction, imparting additional dispersion and
second-phase strengthening. Nonetheless, the presence of
NdZn,, effectively mitigated grain coarsening during extru-
sion by suppressing grain boundary mobility. Collectively, the
combined effects of grain refinement and second-phase

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dispersion  substantially improved the mechanical
performance-strength, ductility, and hardness-relative to
unalloyed Zn.

The enhanced corrosion resistance observed with Nd addi-
tion arises from two primary mechanisms. First, grain refine-
ment plays a pivotal role: smaller grains decrease the
thermodynamic driving force for corrosion, thereby enhancing
the integrity of the passive layer. This leads to corrosion modes
within Zn matrix transfer from pitting corrosion to grain
boundary corrosion, as shown in Fig. 6(d). As a result, the Zn-
0.1Mg-0.5Nd and Zn-0.1Mg-1Nd alloys exhibited lower degra-
dation rates of 0.123 mm year ' and 0.094 mm year ', respec-
tively, compared to 0.186 mm year * for pure Zn and 0.155 mm
year ' for Zn-0.1Mg. Second, electrochemical differences
introduced by Nd further modulate corrosion behavior. The
standard electrode potential of Nd (—2.282 V) is considerably
more negative than that of Zn (—0.762 V), rendering the low
potential of NdZn;, phase (as shown in Fig. 6(c)). This potential
disparity facilitates micro-galvanic coupling between the a-Zn
matrix and NdZn,,; phases, where the latter act as anodic sites.
As Nd content increases, more NdZn,, particles accumulate
along grain boundaries, elevating the density of galvanic pairs.
Despite localized galvanic activity, the overall corrosion resis-
tance improves, primarily due to the synergistic effects of grain
refinement and the formation of a more homogeneous and
protective surface film.*

Ensuring favorable biocompatibility is critical for the clinical
translation of biodegradable bone implants. Cell viabilities of
hBMSCs and RAW264.7 cells are low for undiluted pure Zn
extracts, while high cell viability in Zn alloys extracts, as shown
in Fig. 7(b). This is because the tolerance of Zn ion concentra-
tion to cells is limited Low Zn ion concentration promotes cell
proliferation and differentiation, while high value inhibits cell
growth or even induces apoptosis.®*.The diluted pure Zn and Zn
alloys extracts show negligible cytotoxicity, yielding cytotoxicity
grades of 0 to 1 according to ASTM F895 standard. Although
higher extract concentrations induced stronger cytotoxic
responses for pure Zn extracts, all Zn-Mg-Nd groups promoted
cellular proliferation, with viabilities exceeding 80%, indicating
enhanced compatibility relative to Zn-0.1Mg alone. These
findings suggest that the Nd-containing Zn alloys may be more
suitable for clinical applications. Notably, the observed cyto-
toxic thresholds appear to correlate closely with Zn ion
concentrations. While low levels (<4 uM) are known to support
osteoblast viability, elevated concentrations (>300 uM) can
impair fibroblast survival.®* Thus, the optimized ion release
profile in Zn-Mg-Nd alloys likely underpins their superior
cytocompatibility and supports their promise as advanced
candidates for biodegradable bone implants.

5 Conclusions

This study investigated the effects of Nd addition on the
mechanical performance, corrosion behavior, cytocompati-
bility, and osteogenic potential of Zn-0.1Mg-xNd (x = 0.5,
1 wt%) alloys for biodegradable bone implants. The main
findings are summarized as follows:
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1. The average grain size of pure Zn (56.90 pm) was signifi-
cantly refined to 14.66 pm in Zn-0.1Mg, 5.13 um in Zn-0.1Mg-
0.5Nd, and further to 1.36 pm in Zn-0.1Mg-1Nd alloys. Nd
addition facilitated the formation of particle-shaped NdZn11
phases, which increased in size with higher Nd content.

2. The as-deformed Zn alloys exhibited markedly enhanced
tensile strengths compared to pure Zn, reaching a maximum of
381 MPa. Elongation improved with increasing Nd concentra-
tion, with Zn-0.1Mg-1Nd demonstrating the highest ductility of
17.7% among all tested alloys.

3. Corrosion rates measured by electrochemical and
immersion methods decreased upon Nd incorporation. Zn-
0.1Mg-1Nd showed a notably low corrosion rate of 0.094 mm
year ' after 30 days immersion in SBF. Corrosion behavior
transitioned from localized corrosion in pure Zn to pitting in
Zn-0.1Mg and Zn-0.1Mg-0.5Nd, and further to grain boundary
and galvanic corrosion in Zn-0.1Mg-1Nd.

4. Extracts at 50% concentration from both pure Zn and Zn
alloys exhibited negligible cytotoxicity toward hBMSCs and
RAW 264.7 cells. Among the alloys, Zn-0.1Mg-1Nd showed the
strongest promotion of osteogenic differentiation.
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