Ym

Journal of
MATERIALS RESEARCH

DOI:10.1557/543578-024-01340-6

®

Check for
updates

The influence of cold rolling and hydroxyapatite
coating on the mechanostructure, corrosion resistance,
cell viability, and antibacterial activity of ZnCu

biodegradable implants

! Department of Aircraft Fuselage Engine, School of Civil Aviation, Firat University, Elazig, Turkey

2 Graduate School of Science and Engineering, Yildiz Technical University, Istanbul, Turkey

3 Department of Metallurgical and Materials Engineering, Munzur University, Tunceli, Turkey

* Rare Earth Elements Application and Research Center, Munzur University, Tunceli, Turkey

*100/2000 YOK (Council of Higher Education) Doctoral Grant Recipient, Institute of Post Graduate Education, Munzur University, Tunceli, Turkey
6 Department of Molecular Biology and Genetics, Sabahattin Zaim University, Istanbul, Turkey

7 Department of Mechanical Engineering, Atatiirk University, Erzurum, Turkey

# Address all correspondence to this author. e-mail: baksakal@firat.edu.tr

Received: 11 December 2023; accepted: 1 April 2024; published online: 26 April 2024

Zinc (Zn) and its alloys exhibit great potential for utilization in biodegradable bone implants. Zn-1Cu
biodegradable alloy was produced and were cold rolled at two different deformation rates of 47 and
61%. The samples have been bioceramic coated with the sol-gel method and microstructure-mechanical
property changes, corrosion behavior and biocompatibility of the samples were investigated. They were
characterized by Optical, SEM, XRD and wettability analysis. The rolled samples showed a significant
increase in hardness when compared to the non-rolled samples. The unrolled and 47% rolled samples
showed better corrosion resistance compared to 61% rolled samples. Antibacterial effects of the base
and sol-gel-coated groups showed higher cell viability ratios than the uncoated groups. Cell viability
increased significantly in 47% of the rolled samples after 24, 48, and 72 h, however decreased by up to

70% in 61% of the rolled samples.

Biomedical materials are implanted in the body to treat, replace,
or regenerate non-functional tissues. Such materials must be
extremely load-resistant, non-toxic, and capable of perform-
ing the same functions as the limb or tissue being replaced [1,
2]. These materials’ internal structure, mechanical properties,
and surface features make them more appealing alternatives
for implant and stent materials than their polymeric counter-
parts [3]. Zinc-based metallic alloys have received a great deal
attention in recent years as a biodegradable material [4, 5]. The
research of "bioabsorbable” functioning stents to prevent long-
term negative effects while making stents more biocompatible
and corrosion resistant is still ongoing [6]. In some biomedi-
cal applications, the substance is predicted to be biodegradable
and deteriorate slowly, extending the tissue’s life and eliminating

the need for reoperation. However, they have some drawbacks,
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including inadequate biocompatibility and bioactivity, as well as
corrosion and abrasion-prone behavior [7, 8].

The efficacy of biodegradable materials as temporary filling
materials for tissue connection, strengthening, and support has
been reported. These materials offer a potential solution to the
drawbacks associated with insoluble materials, including persis-
tent irritation, mechanical incompatibilities, limited adaptability
to growth in young patients, and long-term chronic inflamma-
tion. [9]. They offer numerous benefits compared to conven-
tional biomaterials. Such as the elimination of the necessity for
a subsequent surgical procedure, which can have adverse effects
on the patient’s comfort and psychological well-being, as well
as potentially causing tissue damage. Consequently, the risk of
infection is diminished. Additionally, there are no issues such
as tissue release or deformation. These materials are utilized for

several purposes, including stent placement, management of
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coronary artery or circulatory system obstructions, correction
of bone deformities, and treatment of limbs such as the arms
and legs [10].

Zing, being the primary constituent of biodegradable mate-
rials, plays a crucial role as a nutritional factor in the growth and
development of both humans and animals. Zinc deficiency has
been linked to impaired bone development, while it has been
documented to possess a restorative impact on bone loss in
diverse pathophysiological circumstances, such as deficiencies
in calcium and vitamin D, estrogen, diabetes, and fracture heal-
ing [11]. Zinc-based materials have promising characteristics as
prospective candidates for biodegradable metallic stents due to
their possession of the necessary mechanical and biodegradation
qualities essential for achieving optimal stent performance [11].

Nevertheless, in recent years, there has been a rise in the
development of innovative methods to enhance Zn-based bio-
materials in stents and other applications. This is mostly due
to their low corrosion rate and mechanical capabilities, which
can be enhanced by using various alloys without generating
harmful byproducts after corrosion [12, 13]. The wear resist-
ance of Zn-Al-Cu alloys was assessed in a study, whereby dif-
ferent quantities of copper were incorporated [14]. Alternatively,
researchers have investigated the possibility of Zn-Mg alloys
with a maximum Mg content of 3 wt% as biodegradable mate-
rials for medical applications [15]. Another study investigated
the use of Zn alloys for vascular stent applications and found
that Fe significantly influenced the microstructure, mechanical
characteristics, and corrosion resistance of the alloy [16, 17]. The
study found that subjecting Cu-based biodegradable materials
to cold treatments led to the formation of evenly distributed
CuZn4 precipitates within the structure [18].

Recent studies have explored alternate biodegradable mate-
rials, such as Zn-based compounds, in addition to Fe and Mg
alloying, and these materials have shown potential for orthope-
dic implants [19, 20]. Nevertheless, despite the advantages of
these materials, such as their moderate corrosion rate, moderate
biocompatibility, lack of toxic corrosion byproducts, ease of pro-
cessing, low melting point, and reduced reactivity in the molten
state, they also possess limitations, including low mechanical
strength and age hardening. Consequently, extensive research
has been conducted to enhance and safeguard these materials
[21]. Metallic implants have been coated with hydroxyapatite
and bioceramic-based materials utilizing a variety of ways to
improve their bioactive performance and protect them [3, 21].
There is no comprehensive investigation of Zn-based biode-
gradable materials, and most studies focus on manufacturing,
mechanical characteristics, or corrosion resistance [21-23].The
present study focused on the synthesis of Zn-1Cu biodegradable
alloys by the utilization of the arc melting and casting technique.
The samples were subjected to cold rolling and a sol-gel coating

of HA-based bioceramic in order to improve their performance
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as a biodegradable material for implants. The impact of various
treatments on the morphological, mechanical, corrosion, anti-

bacterial, and cell viability properties of Zn-1Cu was evaluated.

In this section, microstructure, mechanical tests, coating pro-
cesses, corrosion tests, antimicrobial and cell viability results
of treated biodegradable Zn1Cu samples are presented. For
Zn-1Cu alloy; 3 different groups were studied as unrolled, 47%
rolled and 61% rolled and the morphological, mechanical, cor-
rosive and biocompatibility effects of rolling process and bioce-

ramic coating on Zn alloy were shown.

Micro-structure characterizations

Before optical analysis, the rolled and unrolled samples were
subjected to annealing at 200 °C for 1 h and the changes in opti-
cal views were shown in Fig. 1(a-e). Figure 1(a, b) shows the
microstructure images of Zn-1Cu samples with and without
rolling before and after heat treatment. In the images obtained,
grain boundaries and single phase were observed and no sec-
ondary phase was observed. The grain structure consisted of
relatively large and inhomogeneous grain structures, and voids
and crack defects from casting were observed in the structure.

Rolling and annealing caused the same flaws to be larger
and orientated in 47% of the rolled specimens [Fig. 1(c, d)].
While some grain boundaries are obvious, others are oriented
along the rolling direction, and grain sizes become thinner and
longer as the rolling progresses. The SEM images also show the
formation of Cu-containing precipitates at the grain bounda-
ries [Fig. 1(c, e)]. In the 61% rolled sample, these flaws and ori-
entations became much more evident, and a secondary phase
structure developed. It was found that the grains and grain
boundaries, which were extended and twisted after rolling due to
recrystallization in the rolled samples, were more effective and
uniformly dispersed after annealing. The 61% rolled sample had
much higher small grain visibility, and the porosity structure
and fissures induced by casting and rolling were significantly
decreased. The CuZn5 phase formed as a secondary phase after
rolling, and when the optical images in Fig. 1(e-f) were exam-
ined, it was observed that Zn-Cu phase structures spread over
the sample surface after rolling, and Zn grains became thinner
by clustering around the created CuZn5 phase. [24, 25].

SEM images of rolled-uncoated and sol-gel HA based coat-
ings are given in Fig. 2(a—c). In the pre-coating images, the main
matrix Zn and Cu grains were observed and Cu-rich precipi-
tates were formed at the grain boundaries [26]. In the unrolled
and uncoated SEM image, surface deformations are more pro-
nounced and microcracks and hollow porous structures are

located on the surface. The unrolled sample has a relatively more
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Figure 1: Optical images of (a) unannealed and (b) 1 h annealed at 200 °C after casting, (c) 47% post-rolling-no annealing (d) 47% post-rolling 1 h
annealed at 200 °C, (e) 61% post-rolling-no annealing, (f) 61% post-rolling-1 h annealed at 200 °C.

homogeneous structure than the rolled samples, while the grain
orientations are observed to be random rather than in a single
direction [Fig. 2(a)]. The pre-coating EDS spectra, as well as
the Ca and P peaks of the samples prior to and following HA
coating, are clearly apparent. The presence of Si in this spectrum
can be attributed to the abrasive employed to prepare the sample
surfaces.

Figure 2(b and c) show comparative SEM pictures and
EDS analysis results before and after coating for 47 and 61%
cold rolled Zn1Cu samples. The grain orientations after roll-
ing exhibit a complicated structure towards the rolling direc-
tion. As the cold rolling pass rate rose from 47% [Fig. 2(b)] to

61% [Fig. 2(c)], more flaws were identified, and the microcracks

© The Author(s), under exclusive licence to The Materials Research Society 2024

in the non-rolled samples became more visible with rolling.
Because of the high deformation, significant voids and irregu-
lar structures formed in the structure of the 61% rolled sam-
ple [Fig. 2(c)], and cracks induced by casting defects expanded
in the direction of deformation, making it difficult to identify
grain boundaries at both rolling rates. The primary difference
in surface morphology after coating is that the dominant Zn
image of the Zn-1Cu substrate structure in the uncoated sample
has transformed into a layer created by the presence of several
elements (Ca, P, O, Cl). Although the porous nature of the cast-
ing was partially filled after coating, holes, pits, and porosities
were still visible in some areas. The coated surface had oval-
shaped and small HA-based grains, and it was less abraded and
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Figure2: SEM-EDS analysis of Zn1Cu alloy, (a) uncoated and HA-coated, (b) uncoated, 47% cold rolled and HA-coated, (c) uncoated, 61% cold rolled
and HA-coated.
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smoother than the uncoated sample. The surface morphology
of the unrolled and rolled specimens after coating showed great
similarities. In the rolled specimens, grain boundaries and ori-
entations disappeared, pits and voids formed after rolling were
reduced, microcracks on the surface were filled by the coating
and became invisible. It was observed that the coating covered
the sample surface and consisted of HA structures from the coat-
ing; according to EDS analysis, these new structures (Ca, P, O)
were determined to be the main components of HA.

XRD spectra of uncoated and HA coated cast, 47% and
61% Zn1Cu alloys are shown in Fig. 3(a and b), respectively.
It shows that the unrolled sample before coating consists of Zn
only, while the rolled (47% and 61%) Zn-1Cu structures con-
sist of Zn and CuZn5 phase. All samples showed Zn peaks at
20=36.52, 38.76, 43.16, 54.42, 70.40, 77.82, 82.10 and 86.34, and
high Zn peak intensities were observed in the unrolled sample at
20=36.52 and 77.82. Among the rolled samples, CuZn5 phase is
observed at low intensities and peaks at 260=37.42, 41.94, 57.50,
67.62 and 83.54. In the unrolled Zn-1Cu spectrum, no peak
belonging to the CuZn5 phase was observed, while the CuZn5
phase seen with rolling is thought to be the main reason for the
increase in hardness.

Zn was detected in the XRD study after coating, as well as at
areas where Zn peaked before to coating. In uncoated samples,
no peak was found before 20 =35. However, HA structures were
observed at 20=25.66°, 28.70°, 31.68°, 32.74°, 33.90°, 46.78°,
and 49.46° following HA coating. No significant differences
were found between the unrolled and rolled samples, and it is
worth noting that the visibility of the rolling effect decreased in
the XRD examination after coating. All samples had Zn peaks
at 20=36.38°, 38.64°, 42.98°, 57.30°, 70.28°, 81.96°, 83.48° and

86.22° points. Rolled samples had higher peak intensity at
20=42.98°, 81.96° and 83.48° points.

Mechanical tests: hardness and compression

Hardness and compression tests were carried out for uncoated-
unrolled and rolled (47% and 61%) specimens [Fig. 4(b)]. Four
measurements were taken for the microhardness values of the
samples for unrolled, 47% rolled, and 61% rolled and the average
of these values was then used to determine the hardness values
for each sample [Fig. 4(a)].

The average hardness values obtained were 57.9 HV for
unrolled specimens, 74.9 HV for 47% rolled specimens and
72.3 HV for 61% rolled specimens. The hardness value of 57.9
HYV for the cast specimen (unrolled) was close to the 63 +2 HV
hardness value as reported in the literature [27]. As anticipated,
the hardness values of the Zn alloy improved significantly when
subjected to rolling, with a 29.36% rise observed for 47% rolling
and a 24.87% increase for 61% rolling. This result may be related
to the breakage of the CuZn5 phase and its dispersion along the
grain orientation and grain refinement [28]. The sample with a
roll percentage of 47% exhibited the highest hardness, but the
sample with a roll percentage of 61% displayed a lesser hard-
ness, albeit with a similar value. This can be interpreted that the
CuZnb5 solid precipitate in the rolled alloy of the highly rolled
alloy may have been broken and reduced the hardness [29]. Fur-
thermore, it can be stated that the empty spaces created during
the casting process merge together as the rolling process intensi-
fies, resulting in the development of small cracks, the formation
of recrystallized grains, and a reduction in Cu orientation and
hardness in the 61% rolled sample [30].
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Figure 3: XRD spectra of uncoated (a) and HA-coated (b) unrolled, 47% rolled and 61% rolled Zn1Cu samples.
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Figure 4: Mechanical test results (a) Microhardness values of cast, 47%
and 61% rolled and (b) Compression Strength of cast, 47% and 61%
rolled Zn1Cu alloy.

Compression tests were conducted on both cast (unrolled)
and rolled specimens, with 47% and 61% of the specimens
being subjected to these tests and the test results are presented
in Fig. 4(b). Compression tests were conducted using three
specimens from each group, consisting of three specimens
from the cast group and two specimens from the rolling group.
According to these results; 322 +4.5 MPa for unrolled specimen,
338.8+5 MPa for 47% rolled specimen and 350.7 +4.7 MPa for
61% rolled specimen. It has been shown in various studies that
Zn-Cu alloy provides better mechanical properties than pure Zn
[24, 27]. It was observed that the mechanical properties increased
as expected with the increase in rolling ratio. The observed phe-
nomenon is believed to be attributed to the increased visibility of
the €-CuZnb5 solid precipitate phase during the rolling process,
resulting in a reduction in grain thickness and an elongation of
the grains in the direction of rolling. Upon examination of the

optical and scanning electron microscopy (SEM) images of the

©The Author(s), under exclusive licence to The Materials Research Society 2024

biodegradable Zn-1Cu alloy rolled at various ratios, it was seen
that the precipitate of micron-sized size was dispersed both along
the grain boundaries and within the grain (Figs. 1-2). A large
number of CuZn5 phases with micron and submicron sizes are
formed from supersaturated solid solution during cold rolling
[31]. In addition, although high deformation rates caused distor-
tions in the main matrix Zn phase, the CuZn5 phase was denser
on the surface after rolling. Accordingly, the higher appearance
of CuZn5 phase in the grain after rolling caused an increase in

the compressive strength of the samples.

Wettability analysis

Wettability analysis and contact angle measurement results are of
great importance for coating and cell adhesion performance. The
smaller the contact angle and the higher the surface energy, the
stronger the hydrophilicity of the materials and this provides a
more conductive surface that provides better cell adhesion [32, 33].

Contact angle measurements with uncoated samples gave
98.530, 108.160, and 107.970 angles for the unrolled sample,
47% rolled sample, and 61% rolled sample, respectively, with
no discernible difference between the rolled samples. Another
study reported a contact angle of 62.4°+0.9° for cast Zn-1Cu
[34], while pure Zn as an orthopaedic implant had a contact
angle of 82.8 £2.40 [35]. Figure 5 shows the wettability analysis
findings for both unrolled and rolled specimens. According to
these findings, all specimens exhibited hydrophobic qualities,
with the best specimen being 47% rolled [Fig. 5(b)], followed
by 61% rolled [Fig. 5(c)], and unrolled [Fig. 5(a)].

The poor wettability performance of Zn alloys is due to the
susceptibility of Zn to oxidation and the large surface tensions
resulting from the large amount of Zn elements [36]. Unrolled
Zn showed the lowest hydrophobic properties, while the hydro-
philic properties were better than the rolled samples. The optic
microscopy study (Fig. 1) showed that the voids and cracks in
the unrolled sample do not extend throughout the surface and
have a low density distribution, resulting in enhanced wettability
performance [37]. It has previously been shown that hydrophi-
licity is an important feature for cardiovascular stents because it
promotes cell attachment on the material surface [32].

Specimens with hydrophilic characteristics can help produce
better coatings due to the adhesive force effect (liquid attraction)
of the specimen surface. It is believed that all of the samples are
hydrophobic due to Zn’s low wettability performance and the fact
that rolling spreads the fractures in the sample. For these reasons,
it was concluded that the sample with the closest results to the
intended values was the one that succeeded without rolling. It was
also found that after coating the sample, the coating’s wettability
qualities varied depending on the methods of application [38].
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Figure 5: Wettability analyses of the samples (a) without rolled, (b) with 47% rolled and (c) with 61% rolled.

Corrosion tests

Because of the aggressive ions such as chlorine in the solution
content, medium and low corrosion resistant metals (such as Zn,
Cu, Ni) tend to be oxidized in the OCP stage without passing
through the dynamic potential screening (PDS) stage, as shown
in Reactions 1 and 2.

Zn — Zn*t +2¢7, (1)
Cu — Cu?t 4 2¢7, )
085]™2Zn1Cu (As Cast) a)
' e Zn1Cu (47% Rolled)
== 2Zn1Cu (61% Rolled)
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E (V vs. Ag/AgCl)

In this study, PDS curves obtained before and after
sol-gel bioceramic coating are given in Fig. 6(a, b) and corro-
sion parameters calculated from PDS curves are given in Table 1.
When the PDS curves for each sample are analyzed, Zn1Cu/HA
and Zn1Cu samples are analyzed at — 1.02 and — 1 V potential
values, Zn1Cu (47%) and Zn1Cu (61%) samples are analyzed
at — 1.02 and - 0.96 V potential values, ZnCu/HA (47%rd) and
ZnCu/HA (61%rd) samples are analyzed at — 1. 02 and - 0.93 V

potential values, respectively, relatively parallel to the potential
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Figure 6: Potentiodynamic scanning (PDS) curves of uncoated (a), hydroxyapatite (HA)-coated (b) cast, 47% and 61% cold rolled Zn-1Cu alloy.
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axis, and this behavior is generally directly related to the hydro-
gen gas production in Reaction 3 [39].

2H,O0 4+ 2¢e~ — 20H™ + H,. (3)
Then, in the cathodic region, which oscillates with a slope
to the corrosion potential as observed in the PDS curves of all

samples, oxygen consumption reactions continue with Reactions
4and 5.

0, + H,0 +2¢~ — HO, +OH", (4)

O, + H;O 4+ 2¢7 — HOZ_ + OH™. (5)

It was observed that the uncoated samples shifted towards
higher E
it was observed that it shifted towards lower E

o Value as the rolling ratio increased and after coating,

oy Value as the
rolling ratio increased.

When conducting a quantitative analysis of the values
reported in Table 1, it was noticed that there was a negligible
increase (5% and 10%) in the thermodynamic data, Ecorr values
of the HA coated samples. Additionally, the kinetic data

evaluated to compare corrosion [40]. It was observed that the

corr was
Jeorr Value of the HA coated Zn-1Cu precursor was about 40%
higher than the uncoated sample, and the coated and uncoated

61% rolled Zn-1Cu samples gave similar ] values. Neverthe-

orr
less, it was revealed that the sole specimen exhibiting enhanced
resistance to corrosion was the HA-coated 47% rolled Zn-1Cu
sample, which demonstrated a reduction of around 44% in the
Jeorr Value. Upon comparing the fc values, it becomes evident
that the observed increase in corrosion resistance can be attrib-
uted to the deceleration of cathodic processes. It is highly prob-
able that the lack of the expected increase in corrosion resist-
ance with coating is due to the porous coating that does not
uniformly cover the entire surface [Fig. 1(d and f)] [41] and the
porous HA coating may have caused an increase in the local-
ized corrosion rate because the current is concentrated in the
uncoated but conductive regions between the relatively non-
conductive HA coated surface [41]. A similar interpretation can
be made between unrolled and rolled specimens. The higher
E

compared to the rolled specimens may be due to the increased

and lower |

orr SUsceptibility of the unrolled specimens

corr
visibility of post-rolling pores and porosities on the specimen
surface of the rolled specimens [Fig. 1(c and e)].

SEM images of uncoated and coated specimens after cor-
rosion tests are given in Fig. 7. It is noteworthy that the surface
nonhomogeneities of the pre-coating specimens deepened and
widened after corrosion. The unrolled specimens show large
and deep cracks, while the rolled specimens show deep voids
as well as cracks [Fig. 7(a)]. After rolling, the distinct orienta-
tions are reduced and the corrosive deformation of the surface
becomes prominent. The SEM image of the 47% rolled speci-
men [Fig. 79(b)] shows deep pitted structures in line with the
highest J_

orr Values in the corrosion test, supporting the poor

©The Author(s), under exclusive licence to The Materials Research Society 2024

corrosion resistance. Despite the cracks in the unrolled speci-
men [Fig. 7(a)], the low number of hollow structures on the
and ]

orr Values.

specimen surface is consistent with the low E_

The coating structure of the post-coated specimens is in the
foreground as it was before corrosion and it is more flat than the
uncoated specimens. White particles on the specimen surfaces
appeared in large numbers on the coated specimens and these
white spots were thought to be corrosion products deposited
on the surface during the degradation process [Fig. 7(c)] [42].
No distinctive change was observed in the unrolled and rolled
specimens and the coating structure remained more rigid than
the specimens with uncoated surface. Despite the decrease in
the E_,,,

value decreased by 42.94% compared to the pre-coating

value of the 47% rolled specimen after coating, the
Jeorr
state and a smoother surface was obtained in the post-coated
specimens and SEM images supported this decrease. The rolled
specimen, which exhibited a greater degree of deformation com-
pared to the other coated specimens and confirmed by scanning
electron microscopy (SEM) images, had the most susceptibil-
orr and high J
Considering that rolling has no effect on EDS, only the EDS of

ity to corrosion, as seen by its low E values.

orr
uncoated and bioceramic-coated samples were compared. The
corrosion test findings prior to coating revealed the presence
of biodegradation products, namely Mg, P, Ca, K, and Cl, in all
samples. The post-coating spectra revealed the presence of K,
Mg, and Na structures, in addition to the elements present in the
coating structure. These elements were identified as biodegrada-
tion products, and the corrosion products seen were consistent

with those observed in the uncoated samples.

Antimicrobial analysis

The antibacterial activity against E. coli was studied for ZC
(Zn1Cu) alloys coated by the sol-gel method were compared to
uncoated ZC as shown in Fig. 8. In Zn1Cu alloy rolled at 47%
and 61%, an increase in inhibition zones was observed when the
rolling ratio increased. The bacteria were incubated in a growth
medium with the ZC base groups. The average of inhibition rate
was 26.5 mm in ZC61% Sol-Gel, 24.5 mm in ZC47%, 22.4 mm
in ZCO (unrolled), 22 mm in ZC61% Base, 21.75 mm in ZC47%
Base, 21.1 mm in ZCO Base in the E.coli incubation. Looking at
the inhibition rates, the highest value was found in the coated
61% rolled specimen with 26.5 mm. Table 1 (supplementary
file) and SEM images (Fig. 7) obtained as a result of corrosion
tests indicated that the sample with the lowest resistance was the
coated 61% rolled sample and antibacterial tests also supported
this result. The uncoated and unrolled specimen had the lowest
inhibition ratio (21.1 mm), which also supported the corrosion
and SEM results. According to the antibacterial test, inhibi-
tion rates increased with rolling reduction in both coated and

uncoated samples and cell viability decreased. The fact that the
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Figure 7: SEM-EDS mapping images of Zn-1Cu specimens without HA-coated rolled (a), with HA-coated 47% rolled (b), with HA-coated 61% rolled (c),
after corrosion.
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coated specimens had higher inhibition rates than the uncoated
specimens also showed a behavior consistent with the corrosion
and SEM results obtained.

Cell viability analysis

The effect of deformation rate and coating on Zn1Cu(ZC) alloys
was evaluated using 1929 cell viability by MTT assay. Accord-
ing to ISO 10993-5:2009, a cytotoxic effect emerges when cell
viability is decreased to 70% of the control group [43]. Despite
a decrease in cell viability in all groups for 48 h, the samples did
not induce toxicity in 48 h. However, in 72 h, the cell viability
ratio decreased below 70% in some samples. The cell viability
rates were found as 81.98% in ZC61 coated, 90.72% in ZC47
coated, 81.21% in ZCO coated, 80.04% in ZC61 Base, 83% in
747 Base, 114.4% in ZCO0 Base groups in 24 h. The cell viability
rates were detected as 71.75% in ZC61, 82.13% in ZC47, 76.4%
in ZC0, 72.07% in ZC61 Base, 77.82% in ZC47 Base, 104.6%
in ZCO Base groups in 48 h [Fig. 9(a, b]. Furthmore, the cell
viability of 47% rolled and sol-gel coated alloys significantly
increased by around 4-8% in 24 and 48 h. The cell viability was
found good in all materials at 24 h as the images were shown
Fig. 11 (supplementary file).

While-coated specimens showed better cell viability, coated
and uncoated rolled specimens reached the highest cell viability
values in line with their high-corrosion resistance. The absence
of voids and cracked structures on the surface in the optical
images obtained supports this result. In addition, the non-rolled
specimen, which has the lowest wettability angle, supported
the cell viability value with a smoother surface. The 47% rolled
specimen with coating showed more corrosion resistance, which
directly affected the cell-viability tests. It can be seen in Fig. 9(b)
that the rolled (47%) and then coated specimen achieved higher
cell viability than rolled but uncoated specimens [Fig. 9(a)]. In
the SEM images after the corrosion tests, the coated 47% rolled

specimen maintained its integrated structure and had good cell

© The Author(s), under exclusive licence to The Materials Research Society 2024

a) 120

*
100
60 | | |
0

Control

Cell viability (%)

0
3

zCo ZC47% ZC61%

®u24h w48h = 72h

120

=
~

100

0 III III |||

ZCOHA ZC47%/HA ZC61%/HA
®24h m48h w72h

Cell viability (%)

w
S

Control
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viability, reflecting the positive effects of the coating. At the end
of 48 h, the coated 61% rolled specimen showed the lowest value
and after 72 h it was below 70% cell viability. This is due to the
excess of hollow structures in the SEM images of the specimen,
indicating the negative effect of high rolling on cell viability and
corrosion resistance. This is also thought to prevent the coating
from adhering to the sample surface [44].

Conclusions

After being produced by arc casting, Zn-1Cu samples rolled at
47% and 61% ratios were coated with HA-based bioceramics by
sol-gel method. The changes in the mechanical, optical and cor-
rosion properties of the unrolled and rolled samples were inves-
tigated; optical and corrosive behavior of these samples after HA
coating were observed. It was determined that the fine-grained
structure of the rolled specimens compared to unrolled-cast
specimens and the secondary phase structure (CuZn5) seen in
the microstructure as a result of rolling contributed positively to
the mechanical properties. Before coating, SEM and EDS exami-
nations revealed porous structures such as voids, cracks, and
orientations on the surface of the samples, however these voids
were seemed to be filled after coating. The 47% rolled specimen
had the maximum compressive strength and hardness values,
which were higher than the 61% rolled specimen. According to
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the wettability analysis, the uncoated-unrolled and rolled speci-
mens were hydrophobic, with the unrolled specimen being the
least hydrophobic.

Both uncoated and coated specimens exhibited comparable
corrosion resistance, with no discernible impact of coatings on
corrosion resistance. The SEM views revealed that the coating
surface exhibited more integrity compared to the untreated
surface following the corrosion test. Through the results, it was
also shown that the uncoated specimens showed better corro-

low I

sion resistance than other specimens with high E corr

corr’
and corrosion rate. The inhibition rates of the ZC groups were
higher than inhibition rates of the ZC Base groups on E. coli.
Cell viability test showed that the HA coated groups produced
higher cell viability ratios than the uncoated ZC Base groups.
The cell viability of 47% rolled and sol gel coated alloys signifi-
cantly increased by 4-8% in 24 and 48 h.

Although the findings indicate the advantages of Zn-based
biodegradable alloys, nevertheless, there are still several chal-
lenges Particularly low mechanical properties and degradation
rate control are the challenges and need to be addressed before
clinical trials of Zn-based materials. Therefore, in future works;
new reinforcing elements and coating techniques may be stud-
ied. Also further research on production method is worthy e.g
additive manufacturing could be beneficiary instead of conven-
tional processes. Furthermore, it would be interesting to pursue
better understanding of the loss of mechanical integrity during
implant degradation and this could be crucial for preventing
implant’s failure during service. It is also worthwile to under-
stand the effect of physiological elements in vitro and in vivo

degradation rates.

Materials

High purity Zinc (Zn-Thermo Scientific 99.99%, 10 x 2 mm,
LOT: P30H058) and copper Copper (Cu-Thermo Scientific
99.99%, LOT: Z24F031, 1-10 mm) granules were used to pro-
duce Zn1Cu alloy. Before casting, Zn and Cu were weighed on
a precision balance and 5 Zn-1Cu packs of 200 g each were
formed and 198 g Zn and 2 g Cu grains in one pack were sepa-
rated by different packs. In the casting process, the whole atmos-
phere was kept for 30 min to reach the same temperature in a
laboratory type oven that can reach up to 850 °C.

For homogeneous mixing of the Zn-Cu alloys, first half of
the Zn grains were added to the crucible, then the rest of Cu
and Zn were added and covered. The crucible was placed in the
furnace and the vacuum was activated. After the Zn-Cu mixture
was introduced into the furnace, melting-mixing processes were
carried out in 3 stages at 30-min intervals to control and to form
a homogeneous structure in the mixing processes. The crucible

was taken out of the furnace, poured into a 11.2x11.2x 107

©The Author(s), under exclusive licence to The Materials Research Society 2024

mm multi-mold at room temperature and removed from the
mold after controlled cooling of the alloy. The produced Zn-1Cu
cast samples were homogenization annealed at 350 °C for 16 s
(Vulcan 3-550) and cooled with water at room temperature. The

samples were cleaned with ethanol and made ready for rolling.

Cold rolling

Zn-1Cu samples with dimensions of 11.2x11.2x11.2 x 107 mm
obtained by casting were rolled in a laboratory type rolling mill
and deformed by reaching 41% in 4 passes and 61% in 7 passes.
The sheets obtained from rolling were precision cut by wire
EDM (Charmilles Technol, Robofil-510, Ikitelli, Istanbul) at a
rate of 10 mm/min and prepared for coating, corrosion tests,
antibacterial and cell viability analysis and other characteriza-

tion analyses.

HA coating

Before coating, the beakers and equipment were cleaned with
alcohol and dried, and the chemicals used in the sol-gel pro-
cess were weighed with a precision balance. HA coatings were
applied to cast and rolled (47% and 61%) Zn1Cu samples by
sol-gel method. The Zn-1Cu biodegradable samples produced
by arc casting method were ultrasonically cleaned with ace-
tone for 30 min, soaked in HNOj solution for 12 s and dried
in an oven at 70 °C for 6 h before sol-gel coating. Initially,
14.36 wt% HA in the beaker was dissolved by adding 15 ml of
distilled water and stirred with a magnetic stirrer for 30 min
until a homogeneous solution was obtained. In another beaker,
5.37 wt% P,0O; was dissolved in 5 ml of water and added to the
solution and stirring continued for 30 min after adding P,O5 to
the solution. Then 0.59 wt% KH,PO, was added to the solution
and 0.69 wt% Na,CO; was added to the solution after magnetic
stirring. After adding Na,COj, the solution was homogenized
in an ultrasonic homogenizer for 2 min. For the coating pro-
cess, the samples were coated by sol gel dipping method with
constant ascending and descending speed (10 mm/min). After
HA coating, the samples were sintered at 350 °C for 1 s and then
dried in an oven at 60 °C for 3 h. The image with an average film
thickness of 23.5 pum is shown in Fig. 10.

Structural characterization

Uncoated cast and 47%, 61% cold rolled Zn1Cu alloys were
sanded with 120-2500 grit sandpaper at 200 rpm. After sanding,
the samples were washed with water, cleaned with alcohol and
dried. In the polishing process, 50% water and 50% H;PO, solu-
tion was used, and electrolytic polishing method was applied
for 2.1 A 30 min for cast samples, 1.75 A 25 min for 47% rolled
samples and 1.85 A 25 min for 61% rolled samples, respectively.
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Figure 10: SEM view of HA coating layer coated on Zn1Cu.

After polishing, a solution containing 10% H;PO, diluted with
ethanol was prepared for etching and the samples were kept in
the solution for 6 s and washed and cleaned. The microstruc-
tures of the cast and 47%, 61% rolled samples were analysed
with an optical microscope (Nikon) and images were taken in
the rolling direction.

Scanning electron microscopy (SEM: Hitachi-SU3500,
Japan), energy dispersive spectroscopy (EDS; Oxford, UK)
were used for morphological and elemental analysis of cast, cold
rolled and HA coated samples of Zn1Cu alloy. Phase structures
of uncoated cast and 47%, 61% cold rolled Zn1Cu alloys were
measured in an X-ray diffractometer (XRD; Rigaku miniflex600,
Japan) with Cu-Ka radiation. XRD patterns were recorded over
a 20 range of 20°-90° with a step size of 0.02° and a scan rate

of 2° min~'.

Mechanical analysis

For Vickers Hardness (EMCO-TEST DuraScan) of cast, 47%
and 61% cold rolled samples of Zn1Cu alloy, 4 hardness values
were taken from the surface of the samples and the hardness
values of the samples were determined by averaging these values
with standard deviations. The compressive strength values of
Zn1Cu alloy were determined with 3 repetitions in Shimadzu-

50kN device at 1 mm/min compression speed.

Corrosion tests

Simulated body fluid (SBF) was used in corrosion tests. The
in vitro corrosion behavior of uncoated and HA-coated Zn-
1Cu alloys was investigated using a Gamry-1010E brand and
model potentiostat. Electrochemical measurements according to
the potentiodynamic scanning (PDS) test procedure were per-
formed in SBF and at body temperature (36.5+0.5 °C). In the
three-electrode setup, Ag/AgCl reference electrode and 25 cm?
Pt counter electrode were used, while the produced alloys served
as working electrodes. In the experimental procedure, PDS scan-

ning was initiated at a scan rate of 0.2 mV s™' from a potential

©The Author(s), under exclusive licence to The Materials Research Society 2024

of -1.15 V against open circuit potentials (OCP) and scans were
continued until the anodic potential of — 0.85 V. Corrosion
potential, corrosion current and corrosion rate values were cal-
culated from TAFEL fits of the obtained PDS curves.

Wettabality tests

Wettability analyses were performed on the Complete Range of
Optical Tensiometers from Biolin Scientific, model Attension
Theta Flex. The measurement accuracy of this device is £0.1°
and the surface tension measurement accuracy is +0.01 mN/m.
A 5 um water drop was placed on the sample surface and the
surface was recorded for 10 s. 14 frames were recorded with a

camera with a maximum measurement speed of 3009 fps.

Antibacterial activity

The disc diffusion test was used to evaluate the antibacterial
activity of the alloys [45]. 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
(1.5x 10% CFU-ml™"). Mueller-Hinton agar plates were inocu-
lated 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 radiation with
a wavelength of 254 nm. The test samples were prepared 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 [46]. To choose the
best samples several groups have been formed, and tests were

carried out three times.

Cell viability analysis
According to the UNI EN ISO 10993 regulation [43], the cyto-

toxicity experiment was performed using the L929 mouse
fibroblast cell line. L929 cell lines were maintained in DMEM/
F12 media supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin at 37 °C and 5% CO,. Trypsinization
was carried out to remove confluent cells from the surface, and a
hemocytometer was used to count the number of cells in the pel-
let after centrifuging the cells. The cells were then subsequently
subjected to cytotoxicity tests.

1929 cells were placed in 96-well plates with 10,000 cells
per well in which the prepared samples were kept in the cell
culture medium. Plates were then incubated at 37 °C for 24,
48 and 72 h. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) technique was used to determine

the cytotoxic [47]. The cell culture medium was replaced with
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100 pl fresh medium and 15 ul of MTT solutions and incu-
bated 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% [48]. After 24 h incubation, the materi-
als applicated L929 fibroblast cell images were observed in
inverted microscope (Leica DMI6000).

Statistical analysis

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