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A. Introduction

Recent studies have highlighted the growing demand for
biodegradable implants in tissue engineering applications.'™
Among various biodegradable materials such as magnesium
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This study investigates the microstructural, mechanical, corrosion, and biological behaviors of spark
plasma sintered (SPS) zinc (Zn) samples for biomedical applications. The findings reveal that SPS signifi-
cantly refines the grain structure of pure Zn compared to the conventional casting method. The SPS
process, conducted at a lower sintering temperature of 300 °C and a high uniaxial pressure of 50 MPa,
produces fine and uniform equiaxed grains with an average size of 19 pm. The resulting Zn samples
exhibit a calculated density of 7.1 g cc™! due to complete densification. The sintering process disrupts
the initial texture strength, and the uniform grain orientation achieved during SPS contributes to an
isotropic microstructure, enhancing the mechanical properties. The compressive yield strength and
ultimate strength of the SPS samples are 115 + 4 MPa and 191 + 6 MPa, respectively. The long-term
biodegradation behavior of SPS Zn in simulated body fluid indicates controlled and gradual corrosion,
supporting its potential for biodegradable implant applications, while potentiodynamic polarization
analysis further confirms similar corrosion rates compared to cast Zn due to the formation of a stable
corrosion product film. In vitro studies with MC3T3-E1 preosteoblast cells show healthy proliferation in
culture media containing the degradation products of SPS Zn. Due to its unique microstructural,
mechanical, and corrosion properties, along with its biocompatibility, SPS-processed Zn is a promising
candidate for tissue engineering applications.

(Mg), zinc (Zn), and iron (Fe), Zn and their alloys stand out due
to their promising features like biodegradability, biocompat-
ibility, lower energy consumption during sintering, and favor-
able mechanical properties.”” However, as-cast Zn often
exhibits a coarse microstructure, resulting in low mechanical
strength and pronounced anisotropy.® Clinical challenges like
stress shielding and the need for secondary surgery make
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biodegradable materials a viable alternative to permanent
materials such as titanium (Ti), stainless steel (SS), and cobalt—
chromium (CoCr) alloys in tissue engineering applications.’™*
Biodegradable or bioresorbable metals are a special class of
materials that gradually degrade or resorb, allowing new cells to
form functional tissues when placed at a diseased site." These
materials provide initial mechanical support to diseased organs or
tissues and are gradually resorbed by biological fluids, facilitating
bone tissue regeneration at critical-sized bone defect sites.’® This
approach mitigates issues like long-term damage or the need for
secondary surgery associated with permanent metallic implants.
Mg, Zn, and Fe are commonly used degradable metals."”™®
Among these, Mg has a Young’s modulus like natural bone but

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degrades rapidly in physiological environments, increasing
local alkalinity and forming hydrogen pockets affecting the
healing process.'*>* Fe, on the other hand, degrades too slowly
and remains in the body for extended periods.*® Zn’s corrosion
potential (—0.8 V) lies between that of Mg (~—2.4 V) and Fe
(—0.4 V), resulting in a degradation rate that aligns well with
tissue generation.>®*”

As an essential metallic element, Zn plays a crucial role in
bone metabolism, to stimulate the formation of osteoblasts
and inhibit osteoclast differentiation, thus enhancing bone
strength.?®?° Consequently, biodegradable Zn alloys offer signi-
ficant advantages over biodegradable materials (polymers, Mg,
and Fe-based alloys) in orthopedic applications.***" For
instance, Bowen et al.***? investigated the in vivo biodegrada-
tion behavior by inserting pure Zn wire into the arteries of rats,
which degraded at an optimal rate (20 um per year) for
biodegradable stents during the initial three months. Despite
Zn’s numerous suitable properties for biomedical applications,
its use is limited due to the coarse microstructure of as-cast
pure Zn offering poor mechanical strength and strong
anisotropy.>**® Researchers have attempted to enhance Zn’s
properties through mechanical alloying or other similar proces-
sing techniques to reduce grain size and improve strength and
ductility. Forming techniques such as rolling, forging, equal
channel angular pressing (ECAP), high-pressure torsion (HPT),
and additive manufacturing (AM) have been employed to refine
Zn’s microstructure.*®=° For example, Wen et al.'® optimized
the selective laser melting (SLM) processing parameters to
produce high-density pure Zn with enhanced mechanical prop-
erties (hardness of 46 + 2 HV, Young’s modulus of 20 + 6 GPa,
yield strength of 122 £+ 3 MPa, ultimate strength of 138 =+
3 MPa, and elongation of 8 + 1%). Similarly, Salehi et al.*® used
a two-step 3D printing technique to create Mg-5.9Zn-0.13Zr
components, achieving functional parts with increased relative
density (69 + 0.5%) and compressive yield strength (31 +
3 MPa) through liquid phase sintering. Lu and Li et al*"*?
employed a high-pressure phase transition method to enhance
the mechanical and corrosion behavior of Zn-1.5Mn and Zn-Li
alloys through solid solution strengthening. Lin et al.** fabri-
cated Mg,Zn,/Zn composites via accumulative roll bonding
(ARB), achieving enhanced mechanical properties, along with
an enhanced elongation of 12%, and improved corrosion
resistance after 15 cycles. Demirtas et al.** demonstrated that
multiple equal channel extrusions reduced the grain size
(2.0 mm) of Zn-0.3 wt% Al and the presence of Al-enriched
precipitates, ranging from 50 to 200 nm, significantly enhan-
cing the alloy’s superplasticity at room temperature. Yang
et al®' developed binary zinc-based materials with elements
like Ca, Mg, Li, Sr, Fe, Mn, Ag, and Fe improving cytocompat-
ibility, osteogenesis, and osseointegration. However, the selec-
tion and proportion of alloying elements must be carefully
considered to achieve good biocompatibility.

Given the challenges of developing defect-free, fine micro-
structured pure Zn for tissue engineering applications, this
research employs the spark plasma sintering (SPS) technique to
produce dense and fine micro-structured Zn without alloying or
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mechanical processing. SPS is an advanced sintering metho-
dology that applies uniaxial pressure and pulsed current to heat
the powder, facilitating rapid densification at lower sinter-
ing temperatures.*>™*° The relatively fast cooling rate of SPS
(compared to conventional cast) results in a refined, non-
textured microstructure.>® Capek et al.>" developed porous Zn
for implantation into trabecular bone using SPS, achieving a
compressive yield strength (~31 MPa) like that of trabecular
bone (1-12 MPa). Based on earlier investigations, various
studies have improved the mechanical and biological proper-
ties of Zn and its alloys using SPS.>>>* However, a comprehensive
study that examines the microstructural, textural, mechanical,
corrosion, and biological behavior of SPS-processed Zn has yet to
be reported. To address this research gap, the present investiga-
tion aims to thoroughly understand these properties in SPS-
processed pure Zn and compare them systematically with cast
Zn samples. This comparison will help assess the effectiveness
of the SPS process for the fabrication of Zn for biomedical
applications.

B. Materials and methods

Commercially pure gas atomized Zn powder with a particle size
ranging between 10 um and 25 pm was used in the present
study. A commercially pure Zn block (>99.9%) from Vedanta
Ltd. (Mumbai, India) was used in the present study as the cast
sample. To achieve microstructural homogenization, cast Zn
material was recrystallized at 300 °C for 4 h under ambient
conditions. Zn powders were compacted in the form of cylin-
ders of ~6-7 mm by SPS (HP D10 FCT system, GmbH,
Germany) using a graphite die of 20 mm inner diameter.
To prevent Zn from sticking with the die and to maintain
electrical conductivity during sintering, 0.5 mm thick graphite
paper was placed between the graphite punches and the Zn
powder. The sintering was performed in a vacuum at 300 °C
(temperature) under a uniaxial pressure of 50 MPa. The sinter-
ing process involves three distinct stages: initial pressing from
5 MPa to 50 MPa, followed by increasing the temperature from
50 °C to 300 °C at a rate of 50 °C min~ " with a dwell time of
10 min; and finally, the cooling stage, where the temperature
decreases from 300 °C to 50 °C at the same rate of 50 °C min~".
The structural characterization of the powder and the bulk
samples was carried out using a Rigaku Smart Lab X-Ray
diffractometer (fitted with Cu-Ko radiation (1 = 1.5406 A))
between the 26 range of 30° and 80° with a scan rate and step
size of 3° min~' and 0.01°, respectively in Bragg-Brentano
mode. The bulk texture of the processed samples was analyzed
by using an X-ray goniometer with Schulz reflection geometry
(Rigaku Smartlab XRD) and a Cu-Ka source operated at 45 kV
and 30 mA on the XY surface.

The microstructural characterization of the samples includ-
ing optical microscopy (OM) and scanning electron microscopy
(SEM) fitted with electron backscattered diffraction (EBSD)
was carried out after the samples were subjected to standard
metallographic procedures. After mounting the sample, they
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are subjected to grinding (sequentially varied up to 4000 pm
grit paper) followed by electropolishing and etching. The
electropolishing of the samples was performed to obtain a
mirror-like surface finish operating under 20 V for 35 s in
an electrolyte consisting of orthophosphoric acid and ethanol
(3:5 ratio). The polished surface was etched for 10 s in 10%
nital to characterize the grain morphology using an OM (Leica
Microsystem) and SEM (Zeiss Gemini SEM 450) equipped with
an EDAX EBSD detector. The room temperature compressive
strength of the samples was tested by using an Instron 5567
screw-driven universal testing machine at a strain rate of
107 s~ ' The in vitro biodegradation behavior of the samples
was assessed by immersing them in simulated body fluid (SBF)
for 7, 14, and 21 days, respectively. The SBF solution was
prepared according to the method outlined elsewhere but
in.>* Before immersion, all samples were polished using the
previously described procedure and subsequently ultrasoni-
cated for 30 min to eliminate any surface contaminants. The
samples were then incubated at 37 °C with a 5% CO, supply for
the specified durations. The mass change was recorded to
determine the degradation rate. The electrochemical corrosion
behavior of the as-cast and SPS Zn samples was studied using a
standard 3-electrode cell setup using a potentiostat (C.H.
Instruments, CHI604E, Texas, USA) with standard calomel
and platinum (Pt) as the reference and counter electrodes,
respectively. Zn samples with an exposure area of 1 cm”® were
used as the working electrode, and simulated body fluid (SBF)
was employed as the electrolyte.”>*® All the samples were
mechanically ground up to #4000 grit followed by cloth polish-
ing to obtain scratch-free surfaces of an average roughness of
0.08 pm. The open circuit potential (OCP) for the Zn samples
was continuously monitored for 1 h. To understand the corro-
sion behavior, the samples were covered by the SBF solution for
1 h and 24 h, respectively. After 1 h and 24 h, the electro-
chemical impedance spectroscopy (EIS) information was
recorded. The EIS measurement was performed in the fre-
quency range of 10 kHz to 0.01 Hz by applying 10 mV perturba-
tion to OCP values. Similarly, the potentiodynamic polarization
(PDP) tests were carried out for 1 h under the potential range of
—0.3 Vvs. SCE to 0.3 Vvs. SCE offset to the rest potential with a
scan rate of 1 mV s . All these studies were repeated three
times to ensure repeatability. After PDP and EIS, all the samples
were cleaned according to ISO 8407:2009,** and the surface
morphology of the corroded surface was observed via SEM
(Model - Zeiss Gemini SEM 450). The corrosion rate (CR) was
calculated according to eqn (1).
CR = Leorr - 1000 1)
n-F-A

where I, represents the current density, n denotes the number
of electrons (2 in the present case), F signifies the Faraday’s
constant (96500 C mol '), and 4 stands for the atomic weight
of the metal (65.38 g mol %)

The in vitro cytocompatibility of the SPS Zn samples was stu-
died by indirect method by using MC3T3-E1 cells (the MC3T3-E1
preosteoblast cells were obtained from an established commercial
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supplier, meeting all necessary regulatory and quality standards),
and the results were compared with the as-cast Zn samples.
Initially disc shaped Zn samples (20 mm diameter and 2 mm
thickness) were polished uniformly followed by sterilizing in
ethanol and exposed to UV for 1 h. To remove residual ethanol,
the samples were further washed thrice using a mixture of
phosphate buffer saline solution and 1% antibiotic. Since Zn
degrades in the solution media, the effect of leaching out from the
material on the cellular response was observed by using condi-
tioned media. Conditioned media was prepared by incubating the
sterilized samples in a complete culture medium, i.e., the mixture
of &-MEM (minimum essential medium), 10% fetal bovine serum
(FBS, Gibco, Life technologies) and 1% antibiotic (Sigma Aldrich)
for 24 h and 72 h at 37 °C in the presence of 5% CO,. A constant
amount of 15 uL mm > of complete media was used to prepare
the conditioned media. After the mentioned incubation period,
the samples were removed. The conditioned medium was
centrifuged (5000 rpm for 20 min) to remove the presence of
any debris.

MC3T3-E1 cells were cultured in complete media using a
48-well plate with 3 x 10° cells per well and allowed to attach
for 24 h at 37 °C with 5% CO,. After 24 h of incubation, the
media was replaced with a conditioned medium and further
incubated for 24 h and 72 h separately. The condition media of
the as-cast and SPS Zn were used at two different dilutions:
1x (ie., 100% conditioned medium) and 8x (ie, 12.5%
concentration of the condition medium and the remaining
complete medium). For the positive control, cells were cultured
in fresh media and incubated for the same period as that for
the conditioned media sample. After the incubation period
(1 day and 3 days), the conditioned medium was aspirated,
and the cells were rinsed with PBS. Subsequently they were
incubated in complete media containing WST-1 (Invitrogen)
solution with 1:10 dilution for 3 h to measure the cell viability.
The optical density of the resultant medium was analyzed using
a plate reader (Biotek Gen 5, Santa Clara, CA, USA) at 440 nm.
The cell viability was reported in the form of relative growth
rate (RGR), which can be calculated using eqn (2)

ODsample)
GR = ———] x 100 2
(ODcomro] ( )

where ODgymple and ODconrol are the optical density of the
sample, and the control determined with a plate reader. The
obtained data from the WST (water-soluble Tetrazolium) assay
were subjected to statistical analyses (using standard analytical
technique of variance (ANOVA) with Tukey’s test). The differ-
ences were considered significant at p < 0.05. All the data
presented are from the results of at least four samples.

The viability of the cells was studied with live/dead assay by
staining with Calcein AM (Thermo Fischer Scientific, India) and
Ethidium Homodimer dye (Thermo Fischer Scientific, India).
This is followed by imaging of the samples using an inverted
epi-fluorescence microscope (Olympus IX-53, Tokyo, Japan).
The cell morphology was visualized by fixing the cells with
3.7% formaldehyde in PBS solution at room temperature for
30 min, followed by PBS washing. The cell membrane was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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permineralized by incubating in a 0.2% Triton X-100 solution
(Sigma, Germany) for 8 min at room temperature, followed by
PBS washing. The washed cells were incubated with 25 pg mL ™"
Alexa Fluor 488 (Invitrogen) for 30 min at room temperature for
actin staining. The cell nuclei were stained by incubating in
0.2 pg mL ™" DAPI (Invitrogen) for 3 min at room temperature.
The stained cells were examined using an inverted epi-
fluorescence microscope.

C. Results and discussion

C.1 Powder characterization

Fig. 1(a) and (b) depict the SEM images of the Zn powder at
different magnifications, showcasing the nearly spherically
shaped powder particles with faceted surfaces surrounded by
numerous satellites (small particles surrounding the larger
ones). The formation of satellites is attributed to the collision
between solidifying droplets caused by turbulent flow inside
the atomization chamber.”””® The particle size distribution
plot (shown in Fig. 1(c)) reveals an average powder particle size
in the range of 11 + 6 pm. The X-ray diffraction (XRD) pattern
of Zn powder shows the presence of peaks corresponding to the
hep (hexagonally closed-packed structure) phase (Fig. 1(d)).

C.2 Sintering and densification

The density of the SPS Zn sample was calculated to be ~7.1 g cc ™",

with a relative density of ~99.4%. This indicates that the Zn
powder was almost fully densified during the sintering process.
According to Abedi et al,* in metallic samples, a homogeneous
temperature distribution is achieved in all directions, resulting in
higher consolidation rates compared to ceramic samples.®* ™ Fig. 2
shows the sintering cycle plot (in terms of piston displacement vs.
time and temperature vs. time). Sintering takes place in distinct
stages until final densification of the powders and the sintering
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Fig. 1 Scanning electron microscopy images showing the morphology of
the Zn powder at (a) lower and (b) higher magnifications. (c) Particle size
distribution plot showing the average density of the Zn powders, and
(d) X-ray diffraction pattern of the Zn powder showing the presence of the
hexagonally closed packed structure.
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Fig. 2 Plot showing the spark plasma sintering cycles observed due to
piston displacement and temperature as a function of time for the Zn
samples.

stages are briefly outlined as follows: during stage I, a gradual
pressure of 50 MPa was applied to the powder without any
increment in temperature. The application of pressure allows
the powder particles to rearrange and move closer to each
other, leading to a reduction in pore size.

Considerable piston displacement with an average rate of
0.35 mm min~ " was observed. In the next stage II, the tem-
perature increased quickly, resulting in the generation of
plasma between the powder particles. The particle surface
was cleaned, and thermally activated densification takes
place.®® A piston displacement of 0.1 mm min~" was observed
during this stage. The temperature changes from 50 °C to
300 °C at the rate of 50 °C min~* with a dwell time of 10 min,
which leads to grain boundary diffusion, necking, and pore
closure. In the last stage III, the cooling stage, the temperature
decreases from 300 °C to 50 °C at a rate of 50 °C min~". The
piston displacement reduces to 0.01 mm min ", and this piston
motion is attributed to the thermal shrinkage of the sample
and this shrinkage doesn’t play any role in densification.®

C.3 Structural characterization

Fig. 3 illustrates the XRD pattern of pure Zn powder and bulk
samples. The XRD patterns show the presence of a single-
phased microstructure with the peaks corresponding to the
hcp phase. No additional peaks corresponding to other phases
are observed within the deductible limits suggesting that no
oxides are formed during sintering. The peak intensity for the
powder is observed at (1011). On the other hand, the peak
intensity is observed at (0002) for the bulk samples. The change
in the peak’s intensity can be attributed to the preferred
orientation, where the crystallites (in a polycrystalline material)
align in a specific crystallographic plane during the fabrication
process, such as casting, sintering, etc.®>®® During SPS, Zn
powder is subjected to high temperature and pressure, and the
individual particles start bonding and densifying. During this
process, the crystallites may reorient themselves in a specific
fashion. Several factors including sintering conditions, particle

Mater. Adv., 2025, 6, 3546-3560 | 3549
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Fig. 3 The X-ray diffraction patterns for the as-received zinc powder and
the bulk Zn samples fabricated by both casting and SPS processes.

morphology, mechanical deformation, cooling rate, etc., can
affect the preferred orientation during processing. Similarly,
during casting, when molten material solidifies into a poly-
crystalline structure, the cooling rate and solidification condi-
tions can influence the alignment of crystallographic planes
within the newly formed grains. In materials with a hcp
structure, the grains preferred orientation is based on their
c/a ratio, and Zn has a c/a ratio greater than 1.633. Therefore,
the basal plane [0002] is parallel to the surface.®

C.4 Bulk texture studies

The X-ray texture goniometer was utilized to measure the bulk
texture of both the as-cast and SPS samples. The Schulz reflec-
tion method was used to measure the total six pole figures. The
basal (0002), prismatic (1010), and (1120) pole figures are
shown in Fig. 4. The (0002) pole figure shows the highest
misorientation random distribution (MRD) value of ~17 for
the cast sample, but it reduces to ~3 for the SPS Zn sample.
In the as-cast condition, the (0002) pole figure shows slightly
off-basal orientation with other texture components, whereas in
the SPS sample, cantered basal orientation with lower intensity
is observed. During SPS, the rapid heating and cooling cycle,
along with the application of pressure, leads to recrystalliza-
tion, grain growth, and plastic deformation. These processes
tend to disrupt any initial texture present in the starting
powder. The uniform orientation achieved during SPS can
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Fig. 4 Pole figures measured by X-ray texture goniometer for the as-cast

and spark plasma sintered Zn samples along the following planes: planes
(0002), (1010), and (1120).
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contribute to a more isotropic microstructure and mechanical
properties. The interdependence theory suggests that fine and
equiaxed grains obtained due to grain refinement during
sintering show a weak texture.*>”°

C.5 Microstructural characterization

The surface morphology of the as-cast and SPS samples was
characterized through optical and scanning electron micro-
scopy, and the corresponding images are presented in Fig. 5.
A non-uniform microstructure, along with a significant number
of twins (yellow arrows), is observed in the as-cast samples
(Fig. 5(a) and (b)). Furthermore, some fine grains are observed
within the coarse grains (red arrows) in Fig. 5(b), which may be
due to recrystallization. Fig. 5(c) and (d) illustrate the micro-
structure of the SPS Zn samples. The samples were sintered
adequately, as there were no visible sintering defects (like
cracks and pores at the considered magnification), and thus,
the density of the SPS Zn samples should be closer to the
theoretical density (p = 7.1 g cc™'). Enhanced densification
during the SPS process is attributed to the plastic deformation
of powder particles and the application of both temperature
and pressure during the sintering process. According to Chaim
et al.,”" as the applied stress reaches the yield strength, the
densification takes place by plastic deformation. Powder parti-
cle size significantly influences densification, with larger par-
ticles undergoing plastic deformation under external pressure
while smaller particles melt and evaporate locally during the
process.”” The microstructure appears to be a regular arrange-
ment of large grains (circular shape) of uniform size.”> The
larger grain may contain some finer grains along with their
boundaries considered to be sub-grain boundaries.

The detailed sintering mechanism and the effect of the
process parameter on the microstructure can be explained as
follows: the applied heating rate of 50 °C min~' during the
second stage of sintering (from 50 °C to 300 °C) induces a non-
equilibrium condition, promoting the formation of fine recrystal-
lized grains while minimizing the grain growth. Localized Joule

M AN N
( 100 pm
] 2

Fig. 5 (a) and (c) Optical and (b) and (d) scanning electron microscopy
images of the zinc samples fabricated by (a) and (b) casting and (c) and (d)
spark plasma sintering processes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heating at particle contact points enhances densification by
increasing the driving force for diffusion, thereby restricting
excessive grain coarsening.”*””” Moreover, the pulsed DC current
in SPS induces localized heating at grain boundaries promoting
sintering through grain boundary diffusion, while the short pulse
duration effectively limits grain coarsening. This controlled diffu-
sion mechanism leads to the formation of a finer and more
uniform grain structure, further enhancing the material’s
mechanical properties.”® The application of 50 MPa uniaxial
pressure throughout the sintering process facilitates plastic defor-
mation, leading to a significant increase in dislocation density at
grain boundaries. This, in turn, activates dynamic recrystallization
(DRX), where newly nucleated grains replace deformed ones,
resulting in a refined microstructure. Additionally, DRX disrupts
the initial texture, contributing to a more isotropic grain
orientation.”” These mechanisms collectively contribute to the
superior microstructural characteristics of SPS-processed Zn, dis-
tinguishing it from conventionally cast counterparts.

For a better understanding of the crystal orientation and
grain boundary characteristics, electron backscatter diffraction
(EBSD) analysis was carried out on the Zn samples (Fig. 6). The
orientation map developed on the sample surface represents
the crystal direction normal to the surface and is referred to as
the inverse pole figure (IPF). Most of the grains in the SPS
samples are red-colored, suggesting that these grains have their
c-axes positioned close to the specimen’s normal direction,
thus indicating that their basal planes {0001} are nearly parallel
to the surface. Fig. 6(b) and (e) show the grain boundaries
superimposed image quality (IQ) map for the bulk Zn samples.
The blue lines in the IQ maps indicate high-angle grain
boundaries (HAGBs) with angles exceeding 15°, while red and
green lines denote low-angle grain boundaries (LAGBs) char-
acterized by angles below 15°. The as-cast sample displays
around 33% LAGBs, while the SPS sample shows ~ 15% LAGBs.
Notably, in the SPS sample, LAGBs primarily appear in sub-
grains within coarse grains, while fine grains tend to be
relatively free of LAGBs. The SPS samples have smaller grains

200 400 600 800
Grain diameter (um)

T

0

15 45 6 75
Grain diameter (jum)

2110

0001
Fig. 6 Electron backscattered diffraction results showing the inverse pole
figure (IPF) maps, image quality (IQ) maps, and the grain size distribution
plot of the (a)-(c) as-cast and (d)—(f) spark plasma sintered samples,
respectively.
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(~19 um) compared to the as-cast sample (~150 pm) with
more HAGBs. Areas with fine-grain regions show more HAGBs,
possibly due to the strained concentration. The transition from
LAGBs to HAGBs is believed to occur mainly during dynamic
recrystallization, which is triggered by the combination of
applied pressure and temperature observed during the SPS
process. Hence, a bimodal grain structure characterized by
the coexistence of both coarse and fine grains is observed. On
the other hand, the as-cast samples exhibit a predominantly
coarser grain with pronounced twin formation. These differ-
ences in the microstructural characteristics between the as-cast
and SPS samples highlight the distinct variations in the proces-
sing methods and thermal conditions/variations observed dur-
ing the respective manufacturing processes. While the SPS
process facilitates dynamic recrystallization and grain refine-
ment, the as-cast samples retain a coarse grain structure with
evident twin boundaries.

C.6 Mechanical testing

Fig. 7 depicts the compressive stress-strain and strain-hard-
ening plots of the as-cast and SPS samples. The yield strength
(0.2% PS, YS) observed for the SPS sample was significantly
higher (115 + 4 MPa) than that of the cast sample (60 + 16 MPa).
However, the ultimate compressive strength (UCS) observed for
the as-cast sample was found to be in the range of 274 + 37 MPa,
which is higher than that of the SPS samples (191 + 6 MPa). The
increase in the YS of the SPS sample is due to the formation of
micron and sub-micron grain during the SPS process. The
strengthening mechanism during SPS can also be explained with
the help of Hall-Petch equation according to which fine and
uniform grains offer higher strength as compared to coarse-
grained as-cast samples as explained below:

ineld = 0p + kd71/2 (3)
Oyield OC d—"? (4)

where ay;c1q IS the yield strength of the material, g is the lattice
friction stress, k is the Hall-Petch coefficient, and d is the
average grain size of the material. The grain size plays a crucial
role in determining the yield strength of materials. Specifically, a
finer grain size (~19 um) enhances yield strength (~115 MPa),
whereas a coarser grain structure, such as in cast Zn (~150 pm),
results in lower yield strength. This occurs because materials with

(a) ———Zn-As-cast ———Zn-SPS —e—Zn-As-cast —=—Zn-SPS
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5
g 2

e
2
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2
-
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w
8

-300 (b)

0.6 0.0 02 0.4 0.6 0.8
True compressive strain - € (mm/mm)

0.0 .. .
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Fig. 7 (a) True compressive stress and strain and (b) strain hardening rate
vs. strain plots for the bulk Zn samples fabricated by casting and spark
plasma sintering.
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smaller grains have a higher density of grain boundaries, which
impedes dislocation movement and increases the energy required
for dislocations to move into adjacent grains. As a result, the yield
strength of SPS samples is higher than that of the cast samples.
However, the trend is reversed for ultimate compressive strength;
SPS samples exhibit lower strength (~191 MPa), whereas
cast samples demonstrate higher strength (~274 MPa). This is
because grain boundaries, while restricting dislocation motion,
also serve as weak points where cracks initiate, leading to brittle
fracture before significant plastic deformation can occur. In
hexagonal close-packed (HCP) materials, deformation occurs
through a combination of dislocation slip and twinning. In as-
cast Zn samples, the presence of larger grains and strong basal
texture (as discussed in Section 3.4) facilitates twinning as a
dominant deformation mechanism. Twinning allows additional
strain accommodation at higher stress levels, leading to an
increase in ultimate compressive strength (UCS).*° During SPS,
recrystallization restricts the twin formation due to the large
obstructive effect of grain boundary on the twinning shear.®!
As a result, deformation is primarily accommodated by disloca-
tion slip, which enhances yield strength but limits strain-
hardening mechanisms, leading to a lower UCS compared to that
for the cast Zn.

Under the SPS condition, the deformed sample showed
uniform bulging, whereas in the as-cast condition, irregular
deformation is observed (Fig. 7(a) inset). Bulging generally
refers to increased absorption of energy due to uniform defor-
mation of load with less twin activity. Fig. 7(b) shows the strain
hardening rate () vs. true strain behavior under compression.
In the SPS sample, the strain hardening rate decreases rapidly
with increasing strain, whereas in the as-cast condition, it
reaches the plateau. The extended strain hardening behavior
in the as-cast sample might be due to the presence of the
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coarse-grained microstructure and the formation of twins.
Table 1 summarizes the mechanical properties of SPS Zn, along
with a comparison to previously reported studies on pure Zn
and its alloys fabricated using various manufacturing methods.

C.7 Immersion study and electrochemical behavior

C.7.1 Immersion study. The immersion behaviors of the
as-cast and SPS samples were analyzed according to ASTM G31-
72 standards, where polished Zn samples were immersed in
simulated body fluid (SBF) under simulated physiological con-
ditions for 7, 14, and 21 days. During the initial 7 days of
immersion, a thin, uniform whitish layer formed on the SPS Zn
surface. As the immersion time increased, this layer gradually
thickened, and degradation products began to accumulate
unevenly, as shown in Fig. 8. After 7 days, the degradation rate
of the SPS Zn sample was 0.1325 mm per year, which is
consistent with previously reported values.®> At extended
immersion periods of 14 and 21 days, the degradation rates
further decreased to 0.0965 mm per year and 0.075 mm per
year, respectively. This gradual reduction in degradation rate is
attributed to the formation of a thicker protective layer, which
acts as a barrier, limiting ion exchange between the sample
surface and the surrounding medium. However, in the initial
stages, the weaker and unstable oxide layer undergoes contin-
uous breakdown, leading to surface void formation and pro-
gressive degradation.

The degradation mechanism of Zn in SBF can be explained
as: during the initial stages of electrochemical corrosion, upon
exposure to simulated body fluid (SBF), Zn begins to dissolve,
initiating oxygen reduction at the cathode according to the
following anodic and cathodic reactions (5) and (6):

Zn — Zn*" + 2e”

()

Table1l A comparison of the mechanical properties of pure zinc and zinc-based alloys/composites fabricated using different fabrication techniques. MR
represents the manufacturing route employed, GM - grain morphology, p — density, H — hardness, YS — yield strength in compressive mode unless
mentioned as tensile mode, US — ultimate strength in compressive mode unless mentioned as tensile mode, E — elastic modulus (GPa), and Ref. —

reference article

. GM

Material

designation MR Size (um) Shape p/porosity H YS (MPa) US (MPa) E (GPa) Ref.

Pure Zn WAAM 14 +5 Equiaxed — 35+ 2 HVy; — — — 89
Wrought 11+4 — — 41+ 1HV,; — — —

Ti-5Zn Hot Pressing — — — 158 £+ 18 HV 651 £ 3 — 17+2 90

Ti-10Zn — — — — 934 + 32 — 20 £ 2

Ti-20Zn — — — 390 £+ 43 HV 1136 + 10 — 27 £2

Ti-30Zn — — — 270 £+ 35 HV — — 4+1

Zn-16HAp (wt%) SPS — — 18% 24 + 5 HV; 46 + 3 (Tensile) 65 + 4 (Tensile) — 53

CP Zn — — 20 4+ 2% 29 HV, 3 4342 — — 51

FP Zn — — 21 +2% 17 HV,, 31+5 — — 91

Zn — — — 43 + 2 53 £ 17 171 + 13 —

Zn-5Ge Cast — — — 38 + 0.6 HVy; 29 + 3 (Tensile) 34 + 6 (Tensile) — 92
Hot rolled — — — 39 + 1 HV,, 84 +3 153 £ 3 —

Pure Zn Cast 150 Coarse 7gee 't — 60 + 16 274 £ 37 — Present
SPS 19 Fine/equiaxed 7.1gcc' — 115 £ 4 191 + 6 — work

Human cortical — — — 5-10% — 80-120 — 3-30 93

bone

WAAM - wire arc additive manufacturing; Hap - hydroxyapatite; SPS - spark plasma sintering; CP - coarse powder (600-850 pum); FP - fine powder

(40-100 pum).
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7 days of incubation

21 days of incubation

500 pm 250 pm

Fig. 8 Scanning electron microscopy images of the spark plasma sintered
Zn samples after 7 days and 21 days of immersion in simulated body fluid
(SBF). The insets show macroscopic views and high-magnification images.
After 7 days of immersion, a thin corrosion layer forms with localized
deposits, while after 21 days, a thicker, more uniform degradation layer
develops, indicating surface stabilization.

0, + 2H,0 + 4~ — 40H" (6)

The by-product OH™ of the cathodic reaction increases the
pH value, according to the Pourbaix diagram;** as the pH of the
electrolyte increases, zinc ion (Zn") reacts with the hydroxide
(OH7) ion by dehydration reaction to form Zn(OH),, which
further transforms into a thermodynamically stable zinc oxide
(znO) layer according to reaction (7) and (8):

Zn** + 20H™ — Zn(OH), 7)
Zn(OH), — ZnO + H,0 (8)

However, the zinc oxide layer tends to dissolve back into
Zn** due to the leaching action of aggressive Cl— competing
with the surface hydroxyl groups in Zn(OH), according to
reaction (9), resulting in the formation of ZnCl,:

Zn(OH), + 2C1~ — Zn*" + 20H + 2Cl~ 9)

After 24 h of incubation, a thick corrosion product forms on
the sample’s surface. The change in surface morphology prob-
ably influenced both mass transport and the ionic diffusion.
Thus, the corrosion mode varies, and the degradation of pure
Zn accelerates progressively with the co-existence of calcium
(Ca*") and phosphate (PO,*") ions, leading to the formation of
calcium phosphate precipitates according to reactions (10)-
(12).8* A schematic representation of the corrosion mechanism
of pure Zn immersed in a simulated body fluid solution is
shown in Fig. 9.

5Zn(OH), + 2HCO; ™ + 2H' — Zn;(CO3),(OH)s + 4H,0
(10)

3Ca*" + 2P0,*" — Ca;3(PO,), (11)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Simulated body fluid Simulated body fluid @ Ca(PO,)
3 21 % ¥ horin i)
HZOOZC]' OHan+Cl' OHZ-‘n VPO“Z- OH-CI' Zn**Cl 02%1_ @ Zny(PO),
H,0+ 0, ~OH- (o) Cr @ CaHPO,2H,0

T Zn? O, € ‘zon- = Zn0O/Zn(OH),
Al
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¢ Corrosion product
@ interface

Fig. 9 Schematics illustrating the corrosion mechanism in pure Zn
immersed in simulated body fluid for long term degradation studies.

Cca*" + HPO,'™ + 2H,0 — CaHPO,-2H,0 (12)
C.7.2 Open circuit potential studies. The bulk Zn samples
fabricated by casting and SPS were immersed for 1 h in
simulated body fluid (SBF) to examine the potential variation
in terms of OCP. From Fig. 10, it is evident that there is a
decrease in potential (Eocp) upon initial immersion in the
solution and the potential stabilizes between 1400 to 1800 s
for both the sample conditions. The SPS Zn sample demon-
strated a final OCP value of —1.03 V, which is slightly more
active than the as-cast Zn sample (—1.02 V). The active behavior
of both samples could be attributed to the deposition of
corrosion products in the SBF media and the dissolution of
the corrosion film developed on the sample surface.®> The
variation in the OCP stabilization between the as-cast and
SPS Zn samples is mainly due to the microstructural variations
among the samples as already discussed in Section 3.5. The
refined grain structure of the SPS Zn, with increased grain
boundary area, accelerates the initial surface reactions, leading
to rapid passivation and earlier stabilization of the OCP.***”
Additionally, the disruption of the initial texture, potentially
enhances the uniformity and stability of the passive film.*
This, in turn, promotes a more stable electrochemical
response compared to as-cast Zn. The formation and stability
of surface corrosion products further influence the OCP

-0.98

Zn-As-cast-1 h Zn-SPS-1h

-1.00 4
—
>
~
—
]
= -1.02
=
D
~—
I~

-1.04 1

‘1306 T T T T T

0 600 1200 1800 2400 3000 3600
Time (s)

Fig. 10 Open-circuit potential (OCP) behavior of Zn as-cast and SPS
samples for an exposure period of 1 h in SBF.
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Table 2 Table furnishing the polarization data for the as-cast and SPS zinc samples immersed in simulated body fluid environments

Sample condition  Ecorr (V) ¥5. SCE Lo (MACm™?) I, (MAcm ?)  Ep, (V)vs. SCE  Epp, (V) vs. SCE CR (mm per year) x 10~ *
As-cast —1.21 + 0.02 8.61 + 0.11 62.0 + 3.1 —1.16 + 0.03 —1.06 + 0.17 0.60 + 0.08
SPS —1.20 4+ 0.04 12.16 £ 0.90 52.9 + 1.2 —1.15 4+ 0.03 —1.03 + 0.23 0.88 + 0.05

behavior, as the SPS Zn surface tends to form a more homo-
genous and protective oxide layer at an early stage of immer-
sion (Table 2).

C.7.3 Potentiodynamic polarization studies. Fig. 11 illus-
trates the potentiodynamic polarization (PDP) curves for the Zn
samples (fabricated by casting and SPS). The corrosion para-
meters such as corrosion current (I..,), and corrosion potential
(Ecorr) Were analyzed via the Tafel extrapolation method,’* ¢
and the values are tabulated in Table 2. The E.,,. values of both
the as-cast and SPS Zn samples are similar, but the values
become significantly active when compared to the OCP values
since the Tafel measurements were conducted after the OCP
measurements. During the OCP measurements, no external
current was supplied, and the equilibrium values were
recorded. However, during the Tafel measurements, the sam-
ples were already exposed to the SBF environment. In this
environment, Zn reacted with Cl, leading to degradation and
resulting in a lower potential.

The anodic branch of the Zn samples shows an active-to-
passive transition in SBF. Initially, these samples undergo
typical active anodic dissolution, followed by passivation at
higher potentials. Due to the formation of a passive film, the
current density remains constant during the passive region (as
seen in Fig. 11). However, after breakdown potential (Ep,), the
current increases significantly, indicating transpassive corro-
sion. From the Tafel curve, the corresponding values of I.o,
Ecor, I, (passivation current density), E,, (passivation
potential), Ey, (breakdown potential), and corrosion rate (CR)
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Fig. 11 Potentiodynamic polarization curves obtained after immersion in
simulated body fluid for 1 h.
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are calculated and are tabulated in Table 2. The Tafel extra-
polation data show that both the as-cast and SPS zinc samples
exhibit a similar trend in the cathodic region, with E.o;
observed to be —1.21 and —1.20 V and I, measured at 8.61
and 12.16 pA cm ™2, respectively. Upon increasing the potential,
a stable oxide layer forms, indicating the passive regime. The
passivation potential (E,,) was recorded as —1.16 and —1.15 V
for the as-cast and SPS samples, respectively. The passivation
current density (I,) was recorded as 62.0 and 52.9 pA cm™ > for
as-cast and SPS samples, respectively. The stable passivation
current in this regime suggests the formation of a passivation
layer with a lower I, indicating better corrosion resistance.
Furthermore, the current starts to increase in both samples at
the breakdown of the passive layer. The breakdown potentials
(Epp) for the as-cast and SPS samples are observed to be —1.06
and —1.03 V, respectively.

Such differences in potential likely arise from the grain size
differences (a smaller grain size of 19 pm is observed for the
SPS Zn sample leading to a higher density of grain boundaries
per unit volume, contrasting with the larger grain size of 150
pm observed in the as-cast condition). The grain boundaries,
due to their elevated energy state and altered chemical compo-
sition, are inherently more susceptible to corrosion than the
bulk material. Furthermore, the presence of fine grains facil-
itates higher hydrophilicity,”” increased diffusion, and deeper
penetration into the material, potentially leading to localized
pitting, as evident from SEM micrographs (Fig. 12). Additionally,

1h

Zn-As-cast

24 h

Zn-SPS
1h

24h

250 pm

500 pm 50 pm

Fig. 12 Scanning electron microscopy images showing the microstruc-
ture of the zinc samples after potentiodynamic polarization immersion in
simulated body fluid.
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Table 3 The polarization data for the as-cast and SPS zinc samples immersed in simulated body fluid as a function of time, compared with other
published reports

Degradation parameter

Corrosion rate Immersion I,
Material Manufacturing route  Electrolyte (mm per year) time (days)  (pA cm™?) Ecorr (V) vs. SCE  Ref.
Pure Zn Extrusion SBF 0.048 56 3.241 —1.033 85
SBF + GIn 0.023 4.135 —1.055
SBF + Glucose 0.014 5.675 —1.099
SBF (Tris-HCl) 0.033 4.119 —1.024
SBF (Tris-HCI) + GIln 0.034 2.951 —1.004
SBF (Tris-HCl) + Glucose 0.027 4.815 —0.999
Pure Zn Wrought SBF 0.30 + 0.10 — 6+1 —1.13 + 0.16 98
Pure Zn WAAM 0.45 + 0.20 — 9+1 —1.18 + 0.03
Zn-1Mg Cast — — 1.2 —0.98 99
Zn-1.5Mg — — 8.8 —0.93
Zn-3Mg — — 7.4 —0.93
Mg-0.5Zn Cast SBF — — 131 £ 6 —1.87 £ 0.01 100
Mg-1Zn — — 124 + 10 —1.83 + 0.01
Mg-2Zn — — 115 + 10 —1.81 + 0.02
Mg-3Zn — — 102 + 8 —1.71 + 0.04
Ti-5Zn Hot press sintering SBF — — 0.692 —0.187 101
Ti-10Zn — — 0.975 —0.202
Ti-20Zn — — 0.741 —0.178
Ti-30Zn — — 3.631 —0.245
CP Zn SPS SBF 0.61 £ 0.11 14 — — 102
FP Zn 0.75 + 0.12 — —
Zn16HAp SPS SBF 0.41 14 — — 103
Zn-0HAp SPS Hank solution 0.073 £ 0.042 1.5h 4.90 + 2.810 —0.942 £ 0.07 104
Zn-1HAp 0.327 £ 0.050 21.07 £+ 3.25 —1.281 £ 0.03
Zn-5HAp 0.630 £ 0.011 39.12 £+ 0.66 —1.274 £ 0.01
Zn-10HAp 0.856 £ 0.031 51.04 £+ 1.80 —1.290 £ 0.01
Pure Zn As-cast SBF 0.0179 + 0.002 1h 9.43 £ 0.11 —1.21 Present
0.0017 + 0.002 24 h 8.73 £ 0.42 —1.09 work
SPS 0.0025 +£ 0.001 1h 12.93 £ 0.9 —-1.2
0.0016 + 0.002 24 h 8.43 + 0.27 —-1.07

WAAM - wire arc additive manufacturing; SBF - simulated body fluid; GIn - glutamine.

it is worth noting that the texture of the samples also plays a
significant role in influencing their corrosion behavior.*® As
discussed above, Fig. 11 indicates the stable passivation layer
between —1.15 V to —1.05 V in both the as-cast and SPS Zn
samples; beyond that, both the samples indicate the dissolution
of the passive layer and the inner material is directly exposed to
the corrosive environment increasing the corrosion rate. As
indicated above, with a decrease in grain size, an increase in
corrosion rate was observed for the SPS sample. This disparity
suggests a lower corrosion rate (CR) attributed to the formation of
a stable oxide layer, as depicted in Table 2, and the corrosion
results of the present work with previously reported work are
compared in Table 3.

Fig. 12 shows the SEM images and Fig. 13 shows the EDS
images of the corroded Zn samples after 1 h and 24 h immer-
sion time in SBF. The samples, after 1 h of polarization, show
the localized form of corrosion with different pit sizes. The as-
cast sample shows many pits of the uniform cross-section in a
concentrated region/area; however, in the case of the SPS
sample the corroded region spreads uniformly with the for-
mation of deep grooves inside the pits (see the higher magni-
fication image in Fig. 12) due to the larger density of grain
boundaries. The SEM images reveal that the dissolution is more
pronounced at grain boundaries, likely due to their higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Energy dispersive spectroscopy images showing the microstruc-
ture of the zinc samples after potentiodynamic polarization immersion in
simulated body fluid.

activity at these boundaries. The regions adjacent to grain
boundaries form micro-level galvanic couples, facilitating
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Fig. 14 Plots showing the electrochemical impedance spectroscopy (EIS) result of both the as-cast and SPS zinc samples: Nyquist plots of impedance
spectra obtained after (a) 1 h and (b) 24 h of study in SBFs along with (c) the equivalent electrical circuit used to fit the EIS data using Zsimp software.

increased electron transfer and making them more susceptible
to activation and localized corrosion.

Both the as-cast and SPS samples display similar electroche-
mical corrosion behavior but differ in corrosion morphology,
likely due to the differences in their microstructural feature
(mainly grain morphology), where finer grains are observed in
the SPS samples compared to their as-cast counterparts.

C.7.4 Electrochemical impedance spectroscopy. Fig. 14
shows the electrochemical impedance spectroscopy (EIS)
results of Zn samples immersed in SBF for 1 h and 24 h. From
Fig. 14(a) and (b), all the Nyquist plots exhibited multiple arcs.
Furthermore, the impedance response of the Zn samples after
1 h of immersion (Fig. 14(a)) exhibits a semi-circular loop in the
high-frequency region followed by a circular arc in the low-
frequency region and a straight line with a slope close to 1.
Relatively, the impedance of samples after 24 h of immersion
(Fig. 14(b)) shows a similar pattern with a varied degree of
reaction resistance between the electrolyte and electrode inter-
face. To analyze and fit the electrochemical data, an equivalent
electrical circuit model consisting of [Ry(Q1(R¢(Q:[RccW])))] is
considered (Fig. 14(c)), where R, represents the solution resis-
tance, Ry and Q; denote the resistance due to the formation of
the corrosion product film and the constant phase element for
non-ideal capacitance induced by the corrosion product film
respectively, R, is the resistance charge transfer, W represents
the Warburg impedance, and Q, denotes the constant phase
element for non-ideal capacitance induced by the double
electrode layer. The values of Q and W can be calculated by
using eqn (13) and (14):

Q=Y '(joo) " (13)
W =Y, (jw) (14)

where Y, is a constant with units of Q' §" for Q and Q* s°* for
W, Q is used to obtain a better fit of experimental data, and

based on the value of n (—1, 0, and 1), it can be treated as the
capacitance, resistance, and inductance respectively, o is the
angular frequency, and the j is the imaginary number equal to
J-1

According to Huang et a the corrosion product covering
the sample surface changes the surface condition of the elec-
trode and acts as a time constant. Due to the formation of
corrosion product (film) on the sample surface, resistance is
induced, which effectively impedes the diffusion of ions during
the electrochemical process, leading to the development of
Warburg impedance.'®® A similar circuit was also used by
Huang et al.’® to study the early electrochemical characteris-
tics of pure Zn in SBF. The fitted parameters obtained are
shown in Table 4, where the solution resistance (R;) value of the
electrolyte is observed to be the same for all the samples.
However, the Ry and R values are very high (1008 Q cm” and
790 Q cm?, respectively, for the as-cast samples and 1180 Q cm?
and 889 Q cm? respectively, for the SPS samples) during the
first hour of the experiment, but these values decrease signifi-
cantly after 24 h. Subsequently, the Rs and R, values reach 600
Q cm” and 653 Q cm?, respectively, for the as-cast and 658 Q
cm?® and 257 Q cm?, respectively, for the SPS Zn samples. The
sharp decrease in Ry and R, values indicates a significant
decline in the protective effectiveness of the corrosion product
film and the bare metal surface, respectively.

105
L

C.8 In vitro bioactivity

Biological analysis is one of the important aspects of the Zn-
based biomaterial as it degrades in a biological environment.
In this study the cellular response to Zn was assessed by an
indirect method wherein the response of cells to the leached
degradation products was studied.

C.8.1 Cytocompatibility. The cytocompatibility of the Zn
samples was evaluated by incubating cells in a conditioned

Table 4 Equivalent electrical circuit parameters of the as-cast and SPS zinc samples immersed in the simulated body fluid for 1 h and 24 h, respectively

Sample condition Ry Qcmz Rf Qemz Ret Qemz CPE; (Q) nQ ™' em ™2 8" CPE; (n;) CPE, (Q,) Q' em ™2 S" CPE, (1) W uQ ' ecm ™2 8>° Error (%)

Zn (as-castj1 h  40.39 1008 789.6  2.19 x 10~° 0.8 2.5 x 107° 0.8 0.013 5.8
Zn (SPS)-1 h 41.96 1180 889 7.62 x 10°° 0.76 6.6 x 10°* 0.8 0.005 7.9
Zn (as-cast}24 h  40.68 600 653 7.9 x 107° 0.8 2.4 x 107° 0.6 0.015 2.8
Zn (SPS)-24 h 4213 658 257 1.94 x 107° 0.6 8.02 x 107° 0.72 0.017 7.5
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Fig. 15 Relative growth rate measured by WST assay for MC3T3-E1 cells cultured in 24 h and 72 h conditioned media for (a) 1 day and (b) 3 days. The
significance level is taken as p = 0.05, i.e., p < 0.05(*), p < 0.01 (*), p < 0.001 (*), p < 0.0001 (*) and p > 0.05, non-significant (ns), n = 4.

medium (indirect method). The growth of MC3T3-E1 pre-
osteoblast cells was examined in terms of percentage relative
growth rate after incubation in the conditioned medium for
1 day or 3 days, with fresh medium serving as the control. The
viability of cells cultured in 1x and 8x extracts (100% and
12.5% concentration of conditioned medium) for 1 day and
3 days is depicted in Fig. 15. Fig. 15(a) illustrates the prolifera-
tion rate of cells in 24 h and 72 h conditioned media incubated
for 1 day. Following an 8-fold dilution, no toxicity was detected,
and the growth rates of both samples exhibited comparable
results.'®® However, the response of cells in the 72 h conditioned
media varies, demonstrating lower compatibility in the 100%
extract. Conversely, the response of cells in the 8-fold dilution
was favorable. Fig. 15(b) depicts cell proliferation after 3 days of
incubation. The relative growth rate in 100% extract for both 24 h
and 72 h conditioned media exhibited a significant decrease.

Zn-As-cast Zn-SPS

24 h conditioned
medium

1-Keq

72 h conditioned
medium

24 h conditioned
medium

¢-Keq

72 h conditioned
medium

500 pm

Fig. 16 Representative live/dead stained images of MC3T3-E1 cells trea-
ted with conditioned medium (8x) of the as-cast and SPS samples for day
1 and 3 where the live cells are depicted in green while dead cells are
depicted in red. Cells cultured in fresh complete media act as the control.

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

However, for the 8-fold diluted conditioned media, no toxicity was
observed, and the growth rate was comparable to that of the
control for both 24 h and 72 h conditioned media.

A live-dead assay was performed to further evaluate toxicity
induced by the leachates from samples. Fig. 16 depicts the live-
dead assay result, showing live cells in green color and dead
cells in red color. 8-Fold dilution of both the samples showed
a minimal number of dead cells for both day 1 and day 3
compared to live cells, confirming the cytocompatibility. It also
depicts an increased number of cells on day 3 compared to
day 1 in both samples confirming cell proliferation. In the case
of 100% extract-conditioned media samples, most of the cells were
detached after death, which agrees with the WST assay results.
Cellular morphology was characterized by using fluorescence
microscopy. Micrographs after day 1 and day 3 of incubation in
conditioned media are shown in Fig. 17, where a well-developed
cellular morphology with uniformly distributed active fibers is seen

Zn-SPS

Zn-As-cast

Control

24 h conditioned
medium

1-feq

72 h conditioned
medium

24 h conditioned
medium

¢-Ae(

72 h conditioned
medium

Fig. 17 Representative fluorescent images of MC3T3 cells treated with
condition media at day 1 and 3 showing the actin filaments (green) and
nuclei (blue) (control represents cell treated with fresh media).
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when exposed to 8-fold conditioned media. In both samples, the
cellular morphology exhibits good spreading and appears like that
of the control samples, which further corroborates the nontoxicity
of the 8-fold dilution condition in both samples. In the case of the
100% conditioned samples (both cases), they showed hampered/
stressed morphologies. Based on the above study it can be con-
cluded that both the samples exhibited similar and favorable
cytocompatibility. At 8-fold dilution, no toxicity was observed, with
healthy cell proliferation and morphology comparable to the con-
trol. In contrast, 100% of extract-conditioned media showed
reduced viability and stressed morphology. These findings confirm
that both SPS and as-cast Zn samples exhibit favorable biocompat-
ibility under 8x dilution, making them suitable for potential
biomedical applications.

D. Conclusion

The present study systematically compared the microstructural,
mechanical, corrosion, and biological properties of SPS-
processed Zn with its cast counterpart. Based on this systematic
investigation, the following main conclusions are drawn:

e SPS samples have much lower MRD values than their as-
cast counterparts. The (0002) pole figure MRD drops from ~17
in the as-cast sample to ~ 3 for the SPS condition due to rapid
heating, cooling, and pressure, causing recrystallization and
grain growth.

e EBSD analysis reveals that the SPS samples have an average
grain size of 19 um, much smaller than that of the as-cast samples.

e The compressive yield strength of the SPS Zn samples
notably increased to 115 MPa compared to the as-cast samples.

e Electrochemical analysis and long-term immersion studies
collectively demonstrate that SPS Zn exhibits controlled and
gradual degradation in simulated body fluid, similar to that of
the cast-Zn. In addition, the formation of a stable and protec-
tive corrosion product layer is exhibited, supporting its suit-
ability for biodegradable implant applications.

e The SPS samples exhibit cell viability and proliferation that
are like their as-cast Zn counterparts. When exposed to lea-
chates at a dilute concentration (8x dilution of conditioned
media), the MC3T3 cells exhibited cell viability that was like
that of fresh medium but lower viability for undiluted condit-
ioned media.

e Cytocompatibility studies confirmed that both SPS and
cast Zn support cell viability and proliferation, particularly at
diluted concentrations.

e Given its refined microstructure, enhanced mechanical
performance, and stable degradation behavior, SPS Zn emerges
as a promising candidate for biomedical applications, parti-
cularly in tissue engineering and biodegradable implant
development.
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