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Abstract
Zinc (Zn)-based biodegradable alloys have been at the forefront of absorbable biomaterial research in recent years due to 
their high biocompatibility and corrosion rates. The arc melting process was used to produce the Zn–1Cu–1Ag biodegrad-
able alloy. The influence of different plastic deformation rates on the microstructure of the material was examined after the 
cold rolling at deformation rates of 47% and 61%. The undeformed and deformed alloys have been hydroxyapatite-coated 
using the electrophoretic deposition process to improve its surface, corrosion, and bioactivity properties. Optical, XRD, 
SEM, and EDS examinations were used to analyze the samples’ uncoated, coated, and rolled-unrolled forms. The nucleation 
of the (Ag, Cu)Zn4 secondary phase was formed during the rolling process. Hardness and compression tests were used to 
determine the mechanical properties of cast and rolled alloys, and in vitro corrosion tests were carried out in simulated body 
fluid. Antimicrobial and cell viability tests are executed to demonstrate the biocompatibility of the deformed and HA-coated 
Zn–1Cu–1Ag alloy. The mechanical properties were improved after the rolling process, with the highest results found in 
47% of the rolled samples exhibiting a compressive strength of 412.65 ± 0.5 MPa and 61% of the rolled samples exhibit-
ing a hardness value of 88.1 ± 0.5 HV. The samples that were rolled (61%) and coated with hydroxyapatite (HA) exhibited 
the highest level of corrosion resistance. The antimicrobial tests revealed that the rolled and HA coated Zn1Cu1Ag groups 
exhibited greater inhibition rates (47 and 61%) compared to the other groups when tested against E. coli. The HA-coated 
groups exhibited good cell viability ratios, with the maximum viability seen in the rolled and HA-coated group at 47%.
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1  Introduction

Natural or synthetic biodegradable materials used to fulfill 
or sustain the functions of live tissues in the human body, 
which are necessary when tissues or organs in the human 
body lose function for a number of causes [1]. The term 
"biodegradable metals" refers to materials that completely 
degrade in the body due to the physiological environment 
in which they are retained while also promoting tissue heal-
ing as they do so [2]. Such metals, after they have served 
their purpose, totally breakdown within the body, leaving no 
harmful residues behind or having an unfavorable effect on 
the immune system. This eliminates the requirement for fur-
ther surgery to remove the toxic effect it has on the body [3].

Permanent implants are normally removed when the heal-
ing process is completed to avoid any side effects necessitate 
a second surgery [4]. The new biodegradable biomaterials 
help the healing process and ultimately dissolve as a result 
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of the physiological environment inside the body, eliminat-
ing long-term negative effects without the need for surgi-
cal removal [5]. Biodegradable metals are classified into 
three major categories: iron (Fe), magnesium (Mg), and 
zinc (Zn); however, despite extensive research into Fe and 
Mg, Zn research has just recently begun [6]. Zn serves as 
a necessary basic element for the body and is involved in 
several biological processes, including DNA synthesis and 
nucleic acid metabolism [7]. In a study by Bowen et al. [8] 
on pure Zn wire in rat abdominal aorta, it was discovered 
that Zn had excellent biocompatibility and better corrosion 
behavior. Although it is regarded as one of the best candi-
dates among biodegradable metals, investigations to improve 
the mechanical and biocompatibility of Zn-based products 
have been the main emphasis in recent years [6]. According 
to a prior study, zinc's mechanical and corrosion properties 
were greatly improved by elemental supplements such as 
calcium, magnesium, strontium, aluminum, lithium, cop-
per, and silver [9]. I was reported that Cu supplementation 
enhances the mechanical properties of Zn, such as the opera-
tions such as rolling and extrusion. However, the effect of 
Zn on corrosion behavior is unknown [10–14], because Cu 
is also a trace element that is essential for human health and 
serves as a cofactor for various enzymes. In this context, 
Zinc alloy solutions for use in load-bearing applications have 
been developed by Yang et al. [9]. The investigation involved 
alloying and extruding Zn with the comparatively high sol-
ubility elements Ca, Fe, Sr, Mg, Li, Mn, and Cu, as well 
as Ag. Zn–xCu (x = 1,2,3,4%, respectively) alloys' micro-
structure and mechanical characteristics were investigated 
by Tang et al. [12]. They concluded that the microstructures 
are Zn matrix and CuZn5, except for Zn–1Cu, based on their 
optical microscope and XRD analyses.

When similar studies were evaluated, it was seen that Cu 
supplementation did not influence the corrosion rate [10]. 
Furthermore, due to its antibacterial qualities, silver has 
been used for many years in biomedical applications such 
as burn and wound treatments [15]. Previous studies have 
indicated that alloying Zn with Ag enhances the mechani-
cal properties and corrosion rate [16]. However, the number 
of studies involving Cu and Ag alloying is fairly limited, 
and the effect on microstructure, mechanical, and corrosion 
properties remains an important research topic. Jasinska 
et al. [15] produced Zn–xCu (x = 2.5%, 5%, 7.5%) alloy and 
it was found that the corrosion rate increased with Ag con-
centration in the immersion tests performed following the 
extraction process. Because biocompatibility is crucial for 
life body, biomaterials should be unaffected by physiological 
fluids, undistorted, and non-corrosive. Such features must 
be sufficient and similar to those of bone, have appropriate 
weight and density values, do not generate reactions other 
than those that occur naturally in the body, and are accept-
able to the host tissue [17].

Hydroxyapatite (HA) is being used with various coating 
methods to improve the biodegradation time of traditional 
bioinert metals with its osteoconductivity properties and to 
prevent implant wear by providing bond formation between 
the host tissue and the implant due to its excellent bioactiv-
ity, high biocompatibility, and excellent osteoconductivity 
[18, 19]. Many coating processes have been utilized to pre-
pare HA coatings, including plasma spraying [20], sol–gel 
[21–23], hydrothermal [24, 25], and electrophoretic deposi-
tion [18, 26, 27]. The interest in the electrophoretic depo-
sition method (EPD) to produce HA coatings is based on 
factors such as good stoichiometry control, easy and quick 
deposition at room temperature, high purity of the mate-
rial to be coated on the substrate surface that is difficult to 
obtain using other techniques, and the ability to deposition 
on complex-shaped substrates [28, 29]. Although Zn cor-
rodes at a slower rate than the other biodegradable metals 
like magnesium and iron, its corrosion behavior may need 
to be modified to create a balance between bone growth and 
metal breakdown. The reinforcement and mechanical treat-
ments affect the corrosion behavior of such alloys while also 
increasing its mechanical qualities [30].

While the majority of research on Zn-based biodegrad-
able materials has concentrated on the alloying impact, no 
investigations on the deformation effect or bioactive proper-
ties using Zn–Cu–Ag triple alloy coating have been under-
taken concurrently in the literature. In this study, the bio-
degradable Zn–1Cu–1Ag alloy was created, deformed with 
different rolling ratios, and coated utilizing the EPD tech-
nique. Mechanical properties, as well as corrosion resistance 
and biocompatibility, were evaluated using morphological 
alterations.

2 � Materials and Method

2.1 � Material Production

In this work, 99.9% pure zinc (Zn), copper (Cu), and sil-
ver (Zinc shot, 10 mm dia x 2 mm thick, 99.99% (Alfa 
Easer, 10,440.36), Silver nitrate, RPE-ACS, (Carlo Erba, 
CE.423954), Copper shot, 1–10 mm, 99.9% (Alfa Easer, 
10159.36) particles were used as the individual biodegrad-
able components. Cu and Ag grains range in size, but Zn 
grains are the same size, therefore particular care was taken 
to ensure that they were small and homogeneous. This 
facilitated consistent distribution and lowered the possibil-
ity of grain melting during casting. Before casting, 5 × 200 g 
Zn–1Cu–1Ag packs (98 wt% Zn, 1 wt% Cu, 1 wt% Ag) were 
made available. The scaling was taken using a precision bal-
ance (Thermo Scientific-Orion A111) and then packaged 
separately.
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To avoid temperature variations, the graphite crucible 
to be cast was placed in a vacuum furnace (Thermonevo, 
Turkey) during heating. To ensure a uniform distribution, 
50% of the Zn was manually poured into the crucible, 
followed by the remaining 50% of zinc, as well as any 
available copper and silver. The filled crucible was trans-
ferred into the furnace with tongs, and the time of putting 
the crucible into the furnace was recorded after vacuum-
ing. Three stirs with a graphite rod were performed every 
half hour to ensure a homogenous casting. Following the 
final stirring, the crucible was returned to the furnace for 
another 15 min, and the alloy melt was poured into the 
11.2 × 11.2 × 110 mm steel mold before being returned to 
the furnace. After the mold had cooled for about 10 min, 
two 100-g samples were obtained, totaling ten samples. 
The crucible was removed from the furnace following the 
initial casting procedure, and two samples were placed 
inside. The stages of the second casting process were 
identical to those of the first. The main distinction is that 
the casting mold is heated to around 250 °C to ensure 
homogeneity and more controlled cooling. After cast-
ing, the mold was unplugged from the power source and 
allowed to cool at ambient temperature. Due to the mold's 
elevated temperature, the samples were extracted while 
wearing protective gloves and subsequently transferred to 
a homogenization furnace. Homogenization was employed 
to ensure that Zn, Cu, and Ag were distributed uniformly 
throughout the structure. The process was carried out in 
the homogenization furnace (Vulcan 3–550) for 16 h at 
350 °C. After the process, the samples were removed from 
the furnace and quenched to cool. Before the rolling pro-
cess, the quenched samples were cleaned with ethanol. The 
structural inconsistencies that arose during the solidifica-
tion process were resolved, leading to a uniform dispersion 
of Zn, Cu, and Ag.

2.2 � Rolling Process

A dual rolling system was employed, utilizing rolls with a 
diameter of 200 mm and the rotation rate of 50 rpm. The 
deformation ratios have been kept constant, and the sam-
ples undergone deformation at deformation ratios of 47% 
and 61% in order to assess the potential shape alteration 
that may occur in each sample throughout the rolling pro-
cess. Because surface porosities could interfere with the 
cutting process, the rolled samples were surface polished 
with sandpaper before being cut. A wire erosion machine 
(Charmilles Technologies ARVEN Makine-Robofil 510) 
was used to cut rolled plates. Samples were obtained on a 
counter using the wire erosion process, where an electric 
current was applied to a wire that was stretched vertically.

2.3 � Metallography

The procedure of abrasive sandpapering was carried out 
using a manual abrasive sandpapering machine operating 
at a speed of 200 rpm. The sandpapers utilized had mesh 
sizes ranging from 120 to 2500 silicon carbide sandpapers. 
After the sandpapering process, the samples were subjected 
to cleaning using 96% pure ethyl alcohol. The three sam-
ples, which were unrolled, 47% rolled, and 61% rolled, were 
subjected to electrolytic polishing at a rate of 0.1 V/2 s. The 
polishing procedure was conducted utilizing a power source, 
employing a 50 ml solution of 99.9% pure ethyl alcohol and 
an equal volume of phosphoric acid solution. The samples 
underwent a cleaning process using alcohol and were sub-
sequently dried at ambient temperature. Following this, they 
were immersed in the same solution for a duration of 3 s, 
after which they were etched and washed with tap water.

2.4 � Electrophoretic Deposition (EPD) Process

Following metallographic preparation and rolling of the 
Zn–1Cu–1Ag alloys at 47% and 61% ratios, a HA coat-
ing process was applied to improve surface properties. The 
assembly for performing EPD was equipped with a DC 
power supply. A stainless-steel plate was used to place the 
samples in the anode and countering cathode respectively. 
The EPD method was optimized using process parameters 
of 60, 90, and 120 V and deposition periods of 5, 10, or 
20 s, with a fixed electrode distance of 10 mm. After opti-
mization, the EPD coating technique [18] for all samples 
was performed at 5 s and 60 V using a DC power source 
to distribute HA in distilled water (DW) containing iodine. 
The coated samples were dried for 24 h at room temperature 
before being dried for another 2 h in an oven at a tempera-
ture of 130 °C. Finally, the coated samples were sinteried 
at 350 °C for 2 h in a vacuum with Ar flow. After sintering, 
all samples were placed in a desiccator to be characterized, 
analyzed, and tested.

2.5 � Structural Characterization

Following the standard metallographic procedures, 
the microstructures generated in the as-cast and rolled 
Zn–1Cu–1Ag were examined at various magnifications with 
a Nikon Inverted Optical Microscope (Eclipse MA 100) to 
determine the effect of the rolling process on microstruc-
tures. The current phases of the as-cast, 47%, and 61% rolled 
samples were examined using XRD analysis. This analysis-
was carried out using a Rigaku Miniflex-600 at a wavelength 
of 1.5406 (k) with a step rate of 0.002° between 30° and 
80°. For the SEM and EDS investigations, a Hitachi/SU3500 
scanning electron microscope and an Oxford INCA X-ray 
spectrometer were used.
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2.6 � Mechanical Tests

The hardness test is often used to determine mechanical 
properties due to its simplicity, speed and low cost. A 
Vickers Hardness Tester (Mitutoyo HM-112, Japan) was 
used to determine hardness values at 0.2kgf (1.96 N) load. 
The standard deviation was calculated by collecting meas-
urements at four separate spots on the sample and esti-
mating the mean. Compression tests (Shimadzu-100 kN, 
Japan) are performed to demonstrate the strength of Zn-
based alloys.

2.7 � Wettability Tests

The wettability of the material surfaces is critical in 
determining the coating's adherence quality to the mate-
rial surface. Wettability analysis was performed on Biolin 
Scientific brand Attension Theta Flex model Complete 
Range of Optical Tensiometers to analyze the hydrophilic 
and hydrophobic qualities of the material's surface. The 
tests were performed at a maximum measurement speed 
of 3009 fps, with a measurement precision of 0.1o and a 
surface tension measurement sensitivity of 0.001 mN/m. 
5 µl of water were dropped on the sample surface, and 14 
photos were taken every 10 s.

2.8 � In Vitro Corrosion Tests

The in vitro corrosion behaviors of the uncoated and HA-
coated Zn–1Cu–1Ag alloys were examined using a poten-
tiostat/galvanostat (Gamry, 1010E) device. Electrochemical 
measurements in simulated body fluid (SBF) at 36.5 °C were 
carried out by the potentiodynamic scan (PDS). Ag/AgCl 
and 25 cm2 Pt were used as reference and counter electrodes, 
and produced alloys served as working electrodes. SBF was 
prepared by commonly applied procedures in the literature 
[31], using the reactives stated in Table 1. The scanning 
window was decided as 350 mV due to emerging noise 
for the wider potential window applications. In the exper-
imental procedure, the 0.2 mV s−1 scan rate was applied 
from − 150 mV of open circuit potential (OCP) to 100 mV of 
OCP. The scan rate was kept low for the reasonable applica-
tion of the Tafel technique. From the obtained anodic and 
cathodic curves, corrosion current and corrosion rate values 
were calculated via the Tafel extrapolation method.

2.9 � Antibacterial Analysis

The disc diffusion test was used to evaluate the antibacterial 
activity of the alloys [32]. E. coli (ATCC 25922) suspensions 
were adjusted to 0.5 McFarland standard density from 18-h 
nutritional broth cultures to achieve a suitable bacterial density 
(1.5 × 108 CFU mL−1). Mueller–Hinton agar plates were inoc-
ulated with 0.1 ml of the bacterial suspensions. After being 
rinsed in an ultrasonic bath with water and ethyl alcohol for 
3 min, the samples were sterilized for 30 min under UV radia-
tion with a wavelength of 254 nm. The test samples were pre-
pared and then put on Petri dishes with bacterium plates. After 
24 h of incubation at 37 °C, the inhibition zone surrounding 
the discs was measured using a digital micrometer [33]. To 
choose the best samples several groups have been formed, and 
tests were carried out three times.

2.9.1 � Cell Viability Analysis

The cytotoxicity experiment was performed using the L929 
mouse fibroblast cell line according to the UNI EN ISO 10993 
regulation [34]. The cell lines were maintained in DMEM/
F12 media supplemented with 10% fetal bovine serum and 1% 
penicillin/streptomycin at 37 °C and 5% CO2. Trypsinization 
was carried out to remove confluent cells from the surface, and 
a hemocytometer was used to count the number of cells in the 
pellet after centrifuging the cells. The cells were then subse-
quently subjected to cytotoxicity tests. The L929 cells were 
cultured on 96-well plates, with each well containing 103 cells 
and the produced samples were then placed in the cell culture 
medium for cytotoxicity assays and image analysis. The plates 
were subsequently incubated at 37 °C for durations of 24, 48, 
and 72 h. The cytotoxic effect was determined using the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) technique [35] The cell culture medium was replaced 
with 100 μl fresh medium and 15 μl of MTT solutions and 
incubated for 2 h in the dark. After incubation, the absorbance 
values of the wells were calculated using a micro-plate reader 
and a reading at 570 nm. Each assay was repeated five times. A 
sample is defined as cytotoxic if the percentage vitality value is 
70% or below, and noncytotoxic if the percentage vitality value 
is greater than 70%(5). After 24 h of incubation, the materials 
applicated L929 fibroblast cell images were observed in an 
inverted microscope (Leica DMI6000).

Table 1   Simulated body fluid (SBF) solution

NaCl (g × L−1) NaHCO3 KCl K2HPO4∙3H2O MgCl2∙6H2O c(HCl) CaCl2 Na2SO4 TRIS c(HCI)

8.035 0.355 0.225 0.231 0.311 39 ml 0.292 0.072 6.118 0–5 ml
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2.9.2 � Statistical Analysis

The samples were analyzed with a one-way ANOVA test 
and independent-sample t-tests were used to describe sig-
nificant differences between samples. Results were presented 
as mean ± standard deviation. The level of significance was 
selected as p < 0.05.

3 � Results and Discussıon

3.1 � Microstructure and XRD Analyzes of Uncoated 
Samples

Secondary phases are formed as a result of peritectic trans-
formation in both alloy systems, specifically the Zn–Cu and 
Zn–Ag binary alloys. These phases are known as (Cu, Zn)4 
and (Ag, Zn)3, respectively, in the hexagonal closed-packed 
(HCP) structure, which is extremely comparable to the lat-
tice structure of the zinc matrix [36]. Considering the alloys 
created, it is anticipated that the peritectic transformation 
will lead to the development of the HCP-structured (Ag, 
Cu)Zn4 phase in accordance with the Zn–Cu–Ag ternary 
phase diagram [37]. As-cast, 47%, and 61% rolled samples 
underwent XRD and SEM–EDS studies to determine the 
overall microstructure and the presence of phases.

No secondary phase peaks were detected in the as-cast 
sample of the Zn–1Cu–1Ag alloy, according to the XRD 
spectra shown in Fig. 1, although minor secondary phase 
peaks appeared when the rolling ratio increased. Such 
phenomenon has also been observed in previous studies, 
wherein it has been determined that the influence of plas-
tic deformation leads to the emergence of secondary phase 

peaks, even when the alloying element level is modest [38]. 
This can be explained by the low recrystallization tem-
perature of zinc, which allows secondary phase particles to 
develop by dynamic recrystallization of the samples even at 
room temperature [39]. According to the spectra, second-
ary phase formations of (Ag, Cu)Zn4 are seen in 47% and 
61% of rolled samples, but no intermetallic phase formation 
is seen in the cast sample. The formation of the (Ag, Cu)
Zn4 intermetallic phase was also observed when utilizing 
the ternary alloy system [38]. Although intermetallic phase 
formation is observed in 47% of rolled samples, less than 
61% of rolled samples exhibit it. Because such peaks are 
relatively small, it may be concluded that intermetallic phase 
formation increases as rolling rate increases. When the graph 
is analysed, it is seen that phase peaks appear, as does the 
difference between the as-cast sample and the sample with 
an intermetallic phase.

Figure 2a shows the optical microscope images of the 
casting Zn1Cu1Ag samples. Upon analysis of these pho-
tographs, it becomes evident that a structure with a single 
phase and coarse grains is formed. The microstructure image 
encircles the resultant faults in order to accentuate their 
presence. Based on previous academic studies, it has been 
noticed when plastic deformation is applied to the alloy, it 
is anticipated that the grains will exhibit gravitational forces 
in the same direction [40, 41].

Figure 2a illustrates that the grains experienced defor-
mation and elongation, resulting in a rolling effect of 47%. 
The observed phenomenon of grain thinning and increased 
orientation in the rolling direction suggests the potential 
occurrence of secondary phase formation, as indicated by 
the X-ray diffraction (XRD) peaks. Upon inspection of the 
optical microscope image, it becomes evident that the grains 
encompassing the white grains, as shown by the arrow, 
exhibit a lower size compared to the surrounding structures. 
Another observation made in a previous study [41] was that 
the size of the grains decreased in regions where there was a 
significant precipitation of secondary phase particles. Based 
on the available evidence, it can be inferred that the forma-
tion of these white deposits can be attributed to the precipi-
tation of the secondary phase (Ag, Cu)Zn4.

In certain regions of the 61% rolled samples (Fig. 2d, 
e), the grains exhibit elongation, while in other regions, the 
presence of micro equiaxed grains is observed. Deformation 
leads the grains to become smaller and fracture, causing 
them to move in the direction of rolling. Moreover, it was 
shown that the (Ag, Cu)Zn4 phase is present at submicron 
sizes [41]. Consequently, distinct white precipitates were 
formed in various regions of the optical microscope images, 
despite the absence of secondary phases exhibiting dendritic 
patterns. Upon considering these precipitates, it becomes 
evident that the grains in close range to the white precipita-
tions have a lower size compared to the other grains.

Fig. 1   XRD plots of as-cast, 47%, and 61% rolled Zn1Cu1Ag sam-
ples
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It is noteworthy that very small and equiaxed structures 
are formed as shown in Fig. 2b and Fig. 2d. The formation 
of such a structure can be attributed to Zn's low recrystal-
lization temperature and dynamic recrystallization at high 
deformation rates. When these two structures are compared, 
it can be concluded that the secondary phase particles pre-
cipitated increase with increasing deformation, as supported 
by the XRD graphs.

Twinning formations in the microstructure occurred as 
a result of plastic deformation in 47% and 61% of rolled 

samples, respectively. When Fig. 2c is examined, it is clear 
that the grains are stretched along the rolling direction, 
as shown in the preceding photos, and distortions arise 
due to the deformation effect. Twinning is represented by 
the red structures, while the blue-ringed areas are polish-
ing deposits. As shown in Fig. 2e, samples exposed to 
61% rolling processing produced the same shaped micro-
structures. SEM images and EDS-mapping analysis of 
uncoated cast, 47% and 61% rolled Zn1Cu1Ag samples 
are shown in Fig. 3. When comparing the samples depicted 

Fig. 2   The optical images of the 
as-cast a, 47% rolled samples b, 
c and 61% rolled samples d, e 
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in Fig. 2b–e, which underwent rolling at 47% and 61% 
respectively, to the as-cast sample, it becomes evident that 
the grains exhibit a significant increase in fineness, torsion, 
and alignment in the rolling direction.

Upon analysis of the images, it became evident that 
the grain boundaries, surface imperfections, casting voids, 
and cracks were readily apparent. White components can 
be seen in regions that are thought to be casting voids 
when the EDS analysis images are examined. The colored 
elemental distribution maps and EDS spectra that were 
acquired after EDS analysis. These maps allowed for the 
detection of Si and Oxygen-O as well as the expected ele-
ments of Zn, Cu, and Ag. It is likely that variations in wt% 
results were driven by factors such as Zn evaporation dur-
ing casting and secondary phase development happening 
more frequently in particular places despite homogeneous 
conditions. Furthermore, O was detected as a result of the 
casting voids, and Silisium (Si), which had accumulated 
on the surface during the polishing step, was observed in 
the integrated white areas seen in the EDS spectrum.

3.2 � Morpho‑Structural Analysis of HA Coated 
Samples

The sample coating thicknesses were measured using SEM 
to ascertain the average coating thickness and coating 
thopography. The results of the examinations indicated that 
the mean thickness of the coating was 42.5 µm. Further-
more, it was observed that achieving uniform coating cover-
age throughout the entire surface posed challenges. Figure 4 
depicts an image illustrating the thickness of a coating.

In Fig. 5, SEM images and EDS spectra obtained after 
HA-coating of as-cast, 47% rolled and 61% rolled samples 
are given. The analysis of SEM pictures and EDS elemental 
mapping revealed the absence of a homogeneous coating and 
the presence of localized fissures. The purple portions of the 
photos correspond to structures with a Zn weight. The pres-
ence of Ag, Cu, and Si was also detected in locations abun-
dant in zinc. The remaining components of the HA structure 
exhibit the presence of calcium (Ca), phosphorus (P), and 
oxygen (O). Upon examination of these photos, it becomes 

Fig. 3   SEM images and EDS-mapping analysis of a uncoated as-cast, b 47%, and c 61% rolled samples
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evident that a uniform coating is not achieved, as it has a 
coarse structure and lacks strong adhesion to the surface.

Figure 6 shows the diffraction patterns of HA-coated cast, 
47% and 61% rolled Zn1Cu1Ag samples. Upon examination 
of the X-ray diffraction (XRD) graphs, it becomes evident 
that the alloy system exhibits peaks corresponding to the 
Zn, Ag, and Cu elements, in addition to the peaks associated 
with the hydroxyapatite (HA) structure on the surface.

3.3 � Mechanical Tests

The graph in Fig. 7 illustrates the values obtained from the 
microhardness and compression tests. The average hardness 
was determined by performing repeated tests on four sepa-
rate measurements for each sample. The hardness values of 
the as-cast, 47%, and 61% rolled samples are 88.1 ± 3.02, 
73.7 ± 1.8, and 88.1 ± 0.5 HV, respectively. The hardness 
values indicate the impact of grain refinement on the sam-
ples following the rolling process. Based on the findings, the 
highest recorded hardness value was observed in a specimen 

Fig. 4   HA-Coating film thickness on Zn1Cu1Ag alloy

Fig. 5   SEM images and EDS-mapping analysis of a HA coated as-cast, b 47%, and c 61% rolled samples
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that experienced 61% rolling, resulting in a hardness value 
of 88.2 HV. The hardness value of the 47% rolled sample 
(73.7 HV) is higher than that of the as-cast sample, however 
the increase is smaller compared to the 61% rolled sample.

According to the compression test findings on the as-cast 
and rolled samples, the maximum compression strength 
(412.6 MPa) was found for the 47% rolled samples. The 61% 
rolled samples are expected to have better strength, yet the 
results for these samples are the lowest. This is because high 
deformation rates cause distortions in Zn and the CuZn5 
solid solution phases [42] distributes more along grain 
boundaries with considerable cold deformation thus decreas-
ing the mechanical properties. Upon examining the optical 

and scanning electron microscopy (SEM) images of the cold 
rolled biodegradable Zn1Cu1Ag alloy at various rates, it was 
observed that specific micron-sized constituents were dis-
tributed along the grain boundaries of the precipitate, while 
others were disseminated within the grains (Figs. 2 and 3). 
The alloy structure displayed fractures, crushing, and grain 
elongation along the rolling direction due to substantial plas-
tic deformation of the CuZn5 particles.

3.4 � Wettability Analyzes

The wettability analysis findings are presented in Fig. 8. The 
as-cast, 47% rolled, and 61% rolled samples exhibit wettabil-
ity values of 102.3°, 110.6°, and 104.08°, respectively. The 
magnitude of the contact angle between the liquid and the 
solid surface depends on the distribution of the liquid on 
the solid surface. The more undispersed the liquid remains, 
the larger the angle will be. If the angle is less than 90°, it 
is decided that it wets the solid surface; if it is larger than 
90°, partial wetting occurs; and if it is greater than 140°, it 
demonstrates strong non-wetting capabilities [43]. Examin-
ing the data revealed that the cohesion strength was greater 
than the adhesion strength and had a slightly hydrophilic 
property, implying that a flawless, completely smooth coat-
ing cannot be emerged.

3.5 � In vitro Corrosion Tests

The corrosion behavior of coated and uncoated samples has 
been examined in simulated bodily fluid (SBF). Tafel curves 
were obtained following the potentiodynamic measurements, 
shown in Fig. 9, and corrosion parameters (Icorr, Ecorr, a, 

Fig. 6   XRD patterns of HA-coated cast, 47% and 61% rolled Zn1C-
u1Ag samples

Fig. 7   Microhardness a and compression b values obtained for as cast, and rolled Zn1Cu1Ag samples
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c, Jcorr) computed from the Tafel extrapolation method are 
shown in Table 2.

SBF is one of the multi-complex ion containing solu-
tions used in corrosion analysis of possible biomedi-
cal implants, and the order of the ion complexity in 
the mediums is reported as NaCl < Phosphate-buffered 
saline (PBS) < Ringer's solution < Simulated body fluid 

(SBF) < Minimum essential medium (MEM) < Fetal 
bovine serum (FBS) or bovine serum albumin (BSA) [44]. 
When specimens were immersed into the solution, disso-
lution of alloying metals started to be expected according 
to Eqs. 1,2 and 3, because the corrosion rendering media 
consists serious amount of ions including some aggressive 
ones, such as chloride ions.

Fig. 8   Wettability analyzes a as-cast, b 47% rolled, c 61% rolled samles

Fig. 9   PDS curves of a as-cast, 47% and 61% rolled, b HA coated as-cast, 47% and 61% rolled
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PDS results can be divided into several regions. From the 
PDS curves of uncoated samples, given in Fig. 9a, it can be 
seen that As-cast and 47% rolled samples revealed parallel 
cathodic curves to the potential axis from − 1.2 to − 1.05 V, 
and − 1.1 to − 0.95 V, respectively. Parallel progress of the 
curve to the potential axis in the cathodic region means the 
current density is limited by the oxygen consumption reac-
tion, given in Eq. 4(b), leading by the dissolved oxygen in 
the aqueous NaCl solution. Then, hydrogen generation reac-
tion, given in Eq. 5, is started to dominate for both as-cast 
and 47% rolled samples from − 1.05 to –0.97 V and − 0.95 
to − 0.92 V, respectively. The reason behind this claim is 
emerging from both their standard reduction potentials [45] 
and the kinetic investigation via hydrodynamic electro-
analytical techniques [46, 47]. When the table of standard 
reduction potentials is investigated, it can be seen that the 
oxygen consumption reaction requires less electromotor 
force than the hydrogen reduction (0 V for 2H+  + 2e− to 
H2(g), and 0.4 V for O2 + 2H2O to 4OH−, at 25 °C in water), 
and therefore electronegative surface more aggressively 
attracts the dissolved oxygen in aerated NaCl solution 
[48, 49]. Detailed investigations for electrode kinetics and 
mechanisms by creating a well-defined laminar flow profile 
throughout the surface via rotating disc electrode reveal that 
the main reduction reaction is driven in case of the existence 
of dissolved oxygen [47]. In other words, at higher over-
potentials, the diffusion of oxygen to the electroactive area 
limits the current density, resulting in the current–potential 
curve proceeding parallel to the potential axis. Then, the par-
allel current–potential curve eventually evolves into a slope 
dominating the hydrogen generation, given in reaction 5 
[50]. However, the parallel current–potential curve can also 
initiate a slope without revealing the limiting current den-
sity of dissolved oxygen diffusion as seen in the %61 rolled 
sample due to various factors, such as variation of dissolved 
oxygen level, and surface properties.

(1)Zn → Zn2+ + 2e−

(2)Cu → Cu2+ + 2e−

(3)Ag → Ag+ + e−
Analyzing the cathodic portions of PDS curves for sam-

ples coated with HA, limiting the current density of dis-
solved oxygen is not come insight, both hydrogen genera-
tion and oxygen consumption are expected to be present 
(Fig. 9b). The anodic part of uncoated samples slightly dif-
fers from each other with expected anodic dissolution reac-
tions. All three uncoated samples portray acceleration in cor-
rosion at around − 0.9 V, but until this potential, the speed 
of the corrosion rate (slope of the curves vs current axis) for 
the samples can be written as 61% rolled < as-cast < 47% 
rolled. When the anodic region of HA-coated samples was 
investigated, the rate of corrosion was found slower for all 
three when compared to the uncoated samples because the 
slope of the anodic curves increased by revealing decreasing 
rate of current increase.

While the various ions are exist in the SBF solution, the 
main medium is water-based, and therefore; the corrosion 
zones/products of the tested samples will be formed metal 
oxides or hydroxides according to the given reactions in 
Eqs. 6 and 7 [51].

Evaluating the potentiodynamic scanning data shown in 
Fig. 9, it is evident that the as-cast sample's curve has a clear 
change in the cathodic direction. The reason for the forma-
tion of the curve in this way can be explained by the rapid 
formation non-uniform zones by oxidation products which 
is expected in multi-ion containing solutions as discussed 
before. In Fig. 9a, the cathodic curve of the as-cast sample 
and %47 rolled sample ends up with higher Ecorr values than 
the %61 rolled sample, but the rapid climb of the potential 
curve of the as-cast sample in the anodic direction reveals 
a higher slope resulting in relatively higher Jcorr value than 
the %47 rolled sample. While the %47 rolled sample is also 
expected to reveal higher Jcorr with higher Icorr at first view 
from its emerged higher Ecorr value, the slow increase of 

(4)O
2
+ 2H

2
O + 4e− → 4OH−

(5)2H
2
O + 2e− → 2OH− + H

2

(6)Mn+ + nOH−
→ M(OH)n

(7)M(OH)n → MO + H
2
O

Table 2   Calculated corrosion 
parameters of uncoated and 
coated ZnCu1Ag samples

ID Ecorr (mV) Icorr (µA) βa (V dec.−1) βc (V dec.−1) Jcorr (µA cm−2)

Uncoated As-cast  − 961 10.5 0.0857 0.1744 214.3
47% rolled  − 927 1.4 0.0236 0.052 35
61% rolled  − 980 3.28 0.0684 0.5416 93.7

HA coated As-cast-HA  − 969 2.35 0.036 0.1786 61.8
47% rolled-HA  − 971 2.66 0.0338 0.2197 56.6
61% rolled-HA  − 977 1.35 0.0421 0.1867 26.5
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potential curve with lower slope led it to have resulted in 
relatively lower Icorr and Jcorr values. For the HA-coated sam-
ples, given in Fig. 9b, emerging slopes are not several times 
higher than each other, as in uncoated samples. However, a 
relatively lower cathodic slope and Ecorr of %61 rolled sam-
ple resulted in lower Icorr and Jcorr values when compared to 
the as-cast and %47 rolled sample.

In comparison to the as-cast sample, lower Icorr values 
(1.4 and 3.28 µA cm−2, respectively) and Jcorr values (35 
and 93.7 µA cm−2, respectively) were found when 47% and 
61% of the rolled samples were investigated.. The 47% and 
61% rolled samples showed worse corrosion resistance and 
a rise in Icorr value from 1.4 to 3.28 µA cm−2 upon independ-
ent analysis. While the secondary phases act as the anode 
in alloying with metals with lower electrode potential than 
Zn, the secondary phases act as a cathode in alloying with 
metals with higher electrode potential than Zn, and there-
fore the corrosion rate increases [52–54]. In some cases, the 
secondary phases formed can be broken by the effect of plas-
tic deformation and form a granular structure via dynamic 

recrystallization resulting in a decrease passive film density 
(see Icorr in Table 2 and Figs. 2 and 10) [55]. This could 
potentially be an additional factor contributing to the rise in 
corrosion rate as the rolling rate increases [56].

Upon analyzing the HA-coated samples using the EPD 
method, the as-cast sample's Icorr value decreased from 10.5 
to 2.35 µA cm−2, and the Jcorr value decreased from 214.3 to 
61.8 µA cm−2. In the 61% sample, the Icorr value decreased 
from 3.28 to 1.35 µA, while the Jcorr value decreased from 
93.7 to 26.5 µA cm−2. This situation concluded that HA 
coating on these samples had a positive effect on corrosion 
resistance. The presence of a porous form of HA deposi-
tion, as shown in Fig. 11, can lead to this consequence. It 
is anticipated that the porous structure reduces the number 
of corrosion sites on the surface by potentially creating a 
Cassie-Baxter state [57]. The cassie-Baxter state claims that 
low surface tension liquids, such as hexane (0.013 mN m−1), 
can reach the nanoholes in a porous structure, but in the case 
of relatively higher surface tension liquids, such as water 
(73 mN m−1) or SBF (≈ 64 mN m−1), possible air-filled dry 

Fig. 10   SEM images and EDS-mapping analysis of a uncoated as-cast, b 47%, and c 61% rolled Zn1Cu1Ag samples, after corrosion
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surfaces in the porosity can be either inaccessible or become 
slowly accessible [50]. Hence, it may be inferred that the 
presence of porosity on the surface of liquids with increased 
surface tension may lead to a decreased progression of gal-
vanic cells at corrosion sites.

In the 47% rolled sample, the Icorr value after coating 
increased from 1.4 µA to 2.66 µA cm−2 and also the Jcorr 
value increased from 35 to 56.6 µA cm−2. In addition, post-
coating corrosion resistance increased, however the expected 
improvement was not observed. This may be due to a lower 
coating adhesion and wettability of the 47% rolled samples.

3.6 � SEM–EDS Analyzes of Corroded Surfaces

SEM–EDS examinations of uncoated-cast, but 47% and 61% 
rolled Zn1Cu1Ag samples were performed to assess surface 
properties following corrosion tests (Fig. 10). Analysis of 
Fig. 10 suggests that corrosion is prevalent in specific loca-
tions and that its impact causes abrasions on the material's 
surface. The shift in the cathodic direction in the Tafel curve 
of the as-cast sample can be explained as the reduction of 

corrosion resistance with the formation of these large pits 
with corrosion products in the image. An examination of the 
colored elemental distribution map shows that Zn, Cu, and 
Ag elements are plentiful in locations where pit formation 
occurs. At the same time, while the corrosion products were 
not evenly dispersed, they were spread across the corrosion 
pits.

The rolled samples' surfaces exhibit a distinct corrosion 
behavior in contrast to the cast sample. Corrosion in the 
casting sample is localized in specific locations, however 
in the rolling samples, it is more evenly distributed across 
the surface and exhibits lower intensity than anticipated. It 
can be concluded that the corrosion resistance of the as-cast 
sample is significantly lower than that of the rolled samples 
by examining the post-corrosion SEM pictures of as-cast, 
47%, and 61% rolled samples.

SEM–EDS evaluations of HA coated as-cast, 47%, and 
61% rolled Zn1Cu1Ag samples were done to analyze the 
surface features after the corrosion test and identify the 
corrosion products created, as shown in Fig. 11. The rolled 
samples, unlike the as-cast sample, exhibit no evidence of 

Fig. 11   SEM images and EDS-mapping analysis of a HA coated as-cast, b 47%, and c 61% rolled samples after corrosion
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pitting corrosion, and the corrosion products appear to be 
very tiny and distributed throughout the surface. The pres-
ence of yellow-weighted images was detected when the EDS 
images were examined. Although these photographs were 
initially thought to depict corrosion pits, the color mapping 
method revealed that they were rich in Si and O, indicating 
casting holes. It has been demonstrated that the resulting 
products are consistent with previous studies [58, 59]. Fur-
thermore, because the corrosion products formed generally 
contain O, it is possible to interpret the corrosion rate with 
the amount of O found in the EDS analysis after corrosion. 
The PDS curves indicated that the fastest corroding sample 
was the as-cast one.

While the samples showed no significant pitting, the EDS 
analysis revealed that the corrosion products were equally 
distributed across the entire surface. Furthermore, white 
structures are visible in some areas of the coated surfaces. 
Ca, P, and O elements, which are frequently seen in the HA 
structure, were detected in the regions corresponding to 
these structures during the EDS investigation (Fig. 11). The 
reason for the formation of such bright regions is interpreted 
as the formation of coatings is more intense and the coat-
ing thickness increases compared to other regions. Further-
more, it is found that novel corrosion products are created 
as a result of the corrosion test performed in SBF, as antici-
pated and mentioned in the corrosion section. The existence 
of a high oxygen-O content in the coated hydroxyapatite 
(HA) structure does not always result in more intense cor-
rosion products, as demonstrated by comparing uncoated 
energy-dispersive spectroscopy (EDS) values obtained after 
corrosion.

3.7 � Antibacterial Analysis

The antibacterial efficiency of a Zn–Cu–Ag alloy was tested 
against E. coli after being manufactured, rolled, and coated 
with hydroxyapatite (HA) on Zn1Cu1Ag samples. The bac-
teria were grown in a medium containing Zn1Cu1Ag alloy. 
On E. coli, the inhibition rates of the ZCA EPD groups were 
higher than those of the ZCA Base groups. In the E.coli 
incubation, the average inhibition rate was 26.5 mm in 
ZCA61% -HA, 25.5 mm in ZCA47% -HA, 22 mm in ZCA0 
-HA, 24.25 mm in ZCA61 Base, 23.75 mm in ZCA47% 
Base, and 21 mm in ZCA0 Base (Fig. 12). Because of their 
high surface area, Ag may physically connect with the cell 
surface of bacteria, allowing for improved interaction. Fur-
thermore, Ag may induce damage to bacterial cell mem-
branes, increasing bacterial membrane permeability, and it 
is most likely to impact the bacterial respiratory chain [60, 
61]. As a result, the combinations of Zn–Cu and Ag sup-
pressed bacteria and shown a high antibacterial activity as 
given in Fig. 12.

3.8 � Cell Viability Analysis

The effect of ZCA alloys on L929 cell viability was evalu-
ated by MTT assay. According to ISO 10993–5:2009, a 
cytotoxic effect emerges when cell viability is decreased 
to 70% in the control group [34]. As cell viability was 
found good in all materials at 24  h, however, they 
decreased below 70% in some samples after 72 h. Despite 
a decrease in viability in all groups at 48 h, the HA coated 
samples did not induce toxicity at 48 h. The cell viability 

Fig. 12   Histogram of inhibi-
tion zone diameters obtained 
after antibiotic susceptibility 
test against E. coli incubation, 
*p < 0.05
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rates were assessed in the ZCA61%/HA group (61% 
deformed and HA coated), the ZCA47%/HA group (47% 
deformed and HA coated), the ZCA0/HA group (unde-
formed-HA coated), the ZCA61% base group (75.39% 
deformed—uncoated), the ZCA47% base group (84.01% 
deformed—uncoated), and the ZCA0 base group (unde-
formed—uncoated) after a 24-h period. Such rates in dif-
ferent groups after 48 h were determined as: 73.13% in 
ZCA61%/HA, 81.01% in ZCA47% -HA, 70.58% in ZCA0 
-HA, 66.64% in ZCA61% base, 74.45% in ZCA47% base, 
and 68.27% in ZCA0 base (Fig. 13a,b). The ZCA47%—
HA alloys demonstrated a significant enhancement in cell 

viability, with an observed increase of around 4%–8% over 
a period of 24 and 48 h(Fig. 14).

4 � Conclusions

The objective of this study was to examine the effects 
of two distinct deformation rates (47% and 61%) on the 
Zn–1Cu–1Ag alloy, which was fabricated by the arc cast-
ing technique. In addition, an analysis was conducted to 
examine the impact of hydroxyapatite coatings on Zn1C-
u1Ag surfaces, with a focus on comparing the corrosion 

Fig. 13   The effects of cell 
viability of a uncoated ZCA0, 
ZCA47%, ZCA61%, b HA-
coated; ZCA0, ZCA47%, 
ZCA61% on L929 for 24, 48 
and 72 h. *p < 0.05
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resistance patterns exhibited by the sample surfaces. 
Microstructure studies revealed that the secondary (Ag, 
Cu)Zn4 phase formed and that its concentration increased 
with increasing rolling rate. The grains elongated along the 
rolling direction, and the secondary phase formed along 
the rolling direction, resulting in a fine-grained structure. 
As the rolling rate increased, the mechanical properties 
of the Zn–1Cu–1Ag alloy improved. The maximum val-
ues obtained were 88.10.5 HV hardness and 412.65 MPa 
compression strength in 61% of the rolled samples. Except 
for the %47 rolled HA coated sample, the corrosion resist-
ance of HA coated Zn1Cu1Ag samples revealed better 
results when compared to uncoated ones. Possible cracks 
on the electroactive corrosion area of 47% rolled sample 
are expected to be the main cause of the decrease in corro-
sion resistance. The corrosion tests revealed that the HA-
coated 61% rolled sample performed the best, with values 
of 1.35 mA Icorr and 26.5 mA cm−2 Jcorr values. In general, 
it can be concluded that the increase in the deformation 
rate resulted in an increment of inhibition zones and the 
abundance of inhibition zones in ZCA61% is expected, and 
thus resulted in better corrosion resistance. Furthermore, 
for the 47% rolling rate, ZCA samples revealed the maxi-
mum cell viability for both coated and uncoated samples. 
Therefore, a 47% rolling rate with HA coating is the most 
feasible sample for sought corrosion resistance and cell 
viability.
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