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Abstract: Mg/HA composite was fabricated using the stir-casting and extrusion processes and coated by electrospun
PCL/HA fibers (2.5 and 5 wt.% HA) to enhance the corrosion resistance. The mechanical tests demonstrated an
increment of 107% for the compressive yield strength of the composite (151 vs 73 MPa for pure magnesium). SEM,
EDS, and XRD analysis illustrated that HA particles distribute in porous coatings. According to the polarization tests,
all coated specimens show higher corrosion resistance compared to the uncoated ones. PCL coating reduces the
corrosion current density of the sample by two orders of magnitude. The effectiveness of incorporating HA in the
coatings was proved by polarization and in vitro corrosion tests. Employment of coatings and subsequent Ca—P layer
formation prevents the penetration of simulated body fluid (SBF) and contact with the substrate, thus protecting the
surface. PCL/2.5%HA coated sample has the lowest corrosion rate with an average value of 0.98 mm/a by a reduction
of 81% compared to the uncoated composite in 14 d. Cell viability enhancement from 43% to 121% was achieved using
PCL/2.5%HA coating according to 3 d 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) results. In
conclusion, Mg/HA composites coated with PCL/2.5%HA fibers appear promising for bioabsorbable implant applications.
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fibers

permanent discomfort, and dysfunction. Also, the

1 Introduction

Orthopedic implants are used to keep the
fracture points fixed and help the joints move.
These implants must have acceptable mechanical
properties and biocompatibility. Cobalt—chromium-
based alloys, stainless steel, and titanium are used
as conventional implants. Besides their high
mechanical strength and biocompatibility, they have
good corrosion resistance. In other words, their
structural strength remains stable in the body for
a long time. However, these implants have the
disadvantage of being permanent, necessitating
subsequent surgery to remove them. Long-term use
of these implants may lead to clinical complications,

mismatch between the elastic modulus of these
metals and that of the bone causes stress shielding
effect [1,2]. In recent years, biomedical research has
mostly considered biodegradable implants with a
degradation rate commensurate with bone healing.
A Dbiodegradable implant must be mechanically
strong, non-biotoxic, and maintain its mechanical
integrity to be suitable for load-bearing applications.
Due to its superb biocompatibility, biodegradability,
and near-bone elastic modulus, magnesium has
become a preferred metal for temporary orthopedic
implants. Magnesium-based materials also exhibit
osteoconductive  properties, reducing
healing time [3,4].

Medical applications of magnesium and its

implant
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alloys are restricted by the relatively rapid corrosion
of the materials in the physiological environment.
The mechanical integrity of magnesium implants is
lost before tissue regeneration, and hydrogen gas is
generated, which poses risks to the patient and
slows bone healing. Alkaline poisoning can also
result from the rapid destruction of implants [5,6].
There are wvarious proposed methods, such as
alloying [7-9], mechanical work [10,11], and
surface modification [12,13], to minimize the
corrosion rate of magnesium implants. Research has
revealed that HA in the metal matrix, due to proper
bioactivity and bone-like structure, as well as
reducing degradation, causes bone growth [14,15].
Mg/HA composites possess enhanced mechanical
strength and biological activity [16—18].

Additionally, surface modification is one
of the most effective methods for controlling
corrosion and improving implant biocompatibility.
Developing surface engineering techniques led to a
wide range of surface coating methods [19—22]. As
well as being used in various applications, such
as drug delivery, polymers can be used as anti-
corrosion coatings [23]. Also, HA and other
bioceramics or hybrid coatings have widely shown
a beneficial role in controlling magnesium
corrosion [24—26]. The HA coatings combine
corrosion resistance and antibacterial properties
with other helpful materials such as silver [27]. An
electrospun coating contains fibers with high
porosity, surface-to-volume ratio, and similarity
to the extracellular matrix [28—30]. Silver nano-
particles and drugs can be incorporated into
electrospun fibers to improve biocompatibility
and antibacterial properties as well as control
degradation [31,32]. The porous coating can also
pass gas bubbles caused by unavoidable corrosion,
making it more stable [33]. The polymeric materials
used to coat magnesium implants must be bio-
degradable and biocompatible. Natural polymers
have elevated bioactivity, but synthetic polymers
exhibit more excellent corrosion resistance.
Polycaprolactone (PCL) is a biodegradable
synthetic polymer with good physical, chemical,
and biocompatibility properties [34—37].

HANAS et al [38] indicated that PCL
nanofiber coating effectively controls degradation
and improves the biocompatibility and biological
activity of AZ31. KIM et al [39] proved that
PCL/ZnO nanofiber coating lowers the corrosion

rate and augments the biocompatibility of AZ31.
HANAS et al [40] prepared the PCL/HA coated
AZ31/HA metal matrix composite using the FSP
method and electrospinning. The experiments
demonstrated that the coating, together with
controlling the degradation rate, helped create a
thicker CaP layer and promoted adhesion and cell
proliferation. REZK et al [41] concluded that
coated AZ31 alloy with PCL/nHA-simvastatin
nanofibers exhibits good corrosion resistance and
bone tissue regeneration. BAKHSHESHI-RAD
et al [42] presented that coating of Ta,Os layer and
PCL/MgO—Ag nanofibers by magnetron sputtering
and electrospinning on Mg—Ca—Zn improves the
corrosion resistance and the apatite formation.
PANAHI et al [43] examined the effect of BG-
containing PCL fiber coating of AZ91 alloy, and
resulted in the degradation rate reduced from
3.15mm/a (for bare metal) to 2.98 mm/a.
NANDHINI et al [44] used PCL and curcumin-
loaded PCL nanofibers coating for AZ91 alloy. A
polarization test showed that 8 wt.% PCL nano-
fibers coated sample has the highest corrosion
resistance. KARTHEGA et al [45] achieved
satisfactory =~ corrosion  resistance and cell
proliferation results using PCL/TiO, fibers on
AMS50 alloy.

In this study, PCL and PCL/HA fibers were
coated on stir-cast Mg/HA composite by the
electrospinning method. Firstly, the mechanical
properties of the prepared composite were
evaluated. Then, the bio-corrosion behavior of
coated composite samples (PCL, PCL/2.5%HA,
and PCL/5%HA) was investigated in the SBF.
Polarization and in vitro corrosion test results for
the coated samples were extracted and compared to
uncoated pure magnesium, magnesium composite,
and acid-treated composite samples. Also, cell
studies were performed on the coated sample with
the lowest corrosion rate and bare composite.

2 Experimental

2.1 Materials

Commercially pure magnesium (99.9 wt.% Mg,
<0.002 wt.% Ag, 0.02 wt.% Mn, >0.002 wt.% Ca,
0.028 wt.% Al, 0.011 wt.% Fe, <0.015 wt.% Zn,
>0.003 wt.% Cu, 0.002 wt.% Cd, and 0.021 wt.% Si)
was used as matrix. HA particles synthesized from
bovine bone with an average size of about 412 nm
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were utilized as composite reinforcements. In this
study, PCL pellets (80 kDa) were purchased from
Sigma Aldrich, UK. Acetic acid, formic acid, and
other chemical solutions were prepared with pure
laboratory grade.

2.2 Fabrication of Mg/HA composite

The magnesium-based composite  was
fabricated by stir casting. In this process, pure
magnesium (99.9 wt.%) and HA (2.5 wt.%) powder
were used as the matrix and reinforcing phase,
respectively. It was decided to use this content of
reinforcement based on previous research [46] due
to better performance in fatigue testing. Prior to
casting, the surface of magnesium was cleaned with
ethanol to degrease and remove impurities. The
molten magnesium and hydroxyapatite particles
were mixed mechanically using an impeller. They
were then blended by a magnetic method while
cooling to the solidification point. Argon gas was
used to protect the magnesium composite from
oxidation during the casting process. Cast samples
were subjected to two steps of hot extrusion (5:1
and 4:1) at 350°C to improve the mechanical
properties and lower defects. Finally, circular
specimens with a diameter of 10mm and a
thickness of 2 mm were prepared using the cutting
and turning processes. SEM and EDS were used to
investigate the distribution of HA reinforcing
particles in the magnesium matrix.

2.3 Tensile and compressive tests

After fabricating composite and performing
two extrusion steps, the tension and compression
test specimens were machined according to ASTM
E8 and E9 standards, respectively. Three samples
for each test were employed and tested under quasi-
static conditions using Santam—STMS50 at room
temperature. Then, the yield and ultimate strength,
and failure strain results were reported as average.

2.4 Pre-treatment of Mg/HA composite surface
Samples were polished using SiC emery paper
to 2000 grade and cleaned via acetone and ethanol
to remove impurities. Next, the samples were
immersed in 1 mol/L nitric acid for 40s. The
samples were then washed in distilled water and
ethanol and dried at room temperature for 24 h.
Then, the surface was studied through SEM and
EDS. Further, the grain size distribution on the
acid-etched surface was investigated by Image J

software. Contact angle measurements were also
performed at five locations with distilled water as
the contact fluid.

2.5 Electrospinning

PCL (12 wt.%) was dissolved in acetic and
formic acids (3:1, volume ratio). Also, the HA
particles (2.5 and 5 wt.%) required for PCL/HA
composite fibers were dispersed in the solution
using an ultrasonic shaker. For the purposes of
assessing the effect of the HA content on corrosion
resistance, two different contents were used, 2.5%
and 5%. Due to agglomeration and inappropriate
electrospinning, amounts exceeding 5% were not
employed. The solution was then stirred via a
magnetic stirrer for 6 h to dissolve the PCL and
form a stable suspension. The optimal parameters to
form uniform fibers were found by altering process
parameters. The voltage, feed rate, and tip to the
collector plate distance were preferred to be 10 kV,
0.01 mL/min, and 10 c¢cm, respectively. In this study,
a G23 gauge needle was employed, and the process
was performed with a laboratory electrospinning
setup. An adhesion test was performed according to
ASTM D3359 on electrospun samples for different
process durations, and 1 h-coating with 4B grade
was selected as a suitable coating. The fabrication
and coating steps of the samples are shown
schematically in Fig. 1.

2.6 Electrochemical corrosion test

The polarization corrosion experiments were
performed by PAR—VersaSTAT wusing a cell
containing SBF (prepared according to KOKUBO
and TAKADAMA [47]) with a pH of 7.4 at
(37£1)°C. The cell consisted of a working
electrode (coated and bare samples), Hg/HgCl
reference electrode, and a platinum counter
electrode. To plot the Tafel curves, the voltage
scanned from —2.5 to O V at a scan rate of 1 mV/s.
The samples were pre-immersed in the SBF for
0.5 h before the test to stabilize the open-circuit
voltage. For each test, 250 mL of the SBF was
consumed. The corrosion potential, current density,
and anodic and cathodic slopes were calculated for
samples. Furthermore, the polarization resistance
(Rp) for each sample was calculated according to
Eq. (1) [48]:
Rp _ ﬁa 'IBC

2.303(8, +8

)J

)



M. SHAMS], et al/Trans. Nonferrous Met. Soc. China 34(2024) 1470—1486 1473

El/ectromotor

;

Argon inlet Vacuum outlet

Electromagnetic\ Impeller
coils

\ Crucible
Stir casting
ez

Heating
elements

Extrusion  Extrusion High voltage
Pass 1 Pass 2 power supply

Two extrusion passes

/ - PCL/ PCL/ \
[ PCL 25%HA SHHA  gpecimen

. Collector

L §
R | 50

Syringe pump

\
\ Electrospinning /

Fig. 1 Schematic picture of fabrication and coating steps of samples

where f, and f. are the slopes of the anodic and
cathodic branches, respectively, in V/dec, and Jeorr is
the corrosion current density in pA/cm?.

2.7 In-vitro degradation

The initial mass of the samples was recorded
before the immersion. Next, the samples were
immersed in SBF solution at (37+1) °C for 6, 12, 24,
72, 168, and 336 h. The pH values of media for
each sample were assessed during immersion time.
Moreover, an inverted graduated cylinder was
placed on top of the samples (according to GAUR
et al [49]) to measure the amount of hydrogen
released during the degradation process. After
immersion, the samples were air-dried, and their
surface was analyzed by SEM and EDS. Then, they
were washed with chromic acid and silver nitrate
solution (200 g/L CrOs + 10 g/L AgNQO:3) to remove
corrosion products and other residuums. Finally, the
samples were weighed, and the corrosion rate was
calculated according to the mass difference [50]:

KW

=D (2)

where R. is the corrosion rate in mm/a, K is the time
conversion coefficient (8.76x10%), W is the mass
loss in g, 4 is the initial area of the sample in cm?, ¢
is the immersion time in h, and D is the density of
magnesium (1.74 g/cm?).

2.8 Cytotoxicity and cell culture study

An 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay was used to test
the viability of MC3T3-E1 cells (Pasteur Institute
of Iran) on the PCL/2.5%HA coated and bare

composites for 1 and 3 d. Several studies have
employed these cells in the MTT assay [51—-53].
The cells were cultured in a DMEM medium (Bio
Idea, Iran) with 10% FBS (GIBCO, USA) and
incubated in a medium with 95% humidity and 5%
CO.. Three of each sample were first sterilized with
ethanol for 10 min, followed by UV for 40 min, and
placed on a 24-well plate. Then, cells with a density
of 5x10* per well were implanted, and the samples
were incubated in 5% CO; at 37 °C for 1 and 3 d.
200 uL MTT solution was added at concentration of
0.5 mg/mL after the specified time intervals, and
the cells were incubated for 4 h. By adding DMSO
(Bio Idea, Iran) after removing MTT, the formed
formazan crystals were solved, and the color
intensity was measured by an ELISA reader
(BioTek, USA) at 570 nm. Cell viability was
calculated according to the optical density ratio of
the test wells to the control.

In order to evaluate the adhesion and growth
of MC3T3-E1 cells on the samples, these cells with
a density of 1x10° per well were cultured on the
sterilized samples inside a 12-well plate. After 1 and
3 d of incubation, they were fixed by PBS (GIBCO,
USA) and 5mL of 4vol.% paraformaldehyde
(DRM-CHEM, Iran) and then dehydrated with
alcohol in concentrations of 50%—100%. After
drying, the surface of the samples was gold coated
and examined by an SEM microscope.

3 Results and discussion
3.1 Surface characterization

The proper distribution of hydroxyapatite
particles in the magnesium matrix affects the
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metallurgical, mechanical, and corrosion properties
of the material. The yield and ultimate strength are
affected by excessive local accumulation of powder
and the formation of agglomerates due to defects
and cavities. Also, the compressive failure strain
illustrates significant reduction due to the micro-
voids between the matrix and particles [54,55].
Proper distribution of HA in the matrix causes more
uniform corrosion and weakens the occurrence of
pitting. The cavities around the agglomerated area
intensify biofluid penetration and, consequently, the
corrosion rate [56,57]. Figure 2 presents the SEM
image of the composite surface and the map of the
elements. The white color on the surface indicates
HA particles. A relatively good distribution of
particles can be seen. Although in some areas, the
presence of HA is in the form of webs,
agglomeration in the casting process of metal
composites is inevitable due to the low wettability
of particles with small dimensions and large

specific surface areas. However, this agglomeration
is reduced by performing two extrusion steps on the
parts [58]. The elemental analysis map in the white
area proves the presence of the element Ca and P.
Figure 3 illustrates the SEM image and
EDS result of etched surface of the magnesium
composite and the grain size distribution diagram.
The purpose of acid treatment was to create a
porous Mg(OH), to improve the adhesion of the
coating. However, this layer protects the metal
surface against corrosion [40,43]. The magnesium
composite grains are revealed due to contact with
the acid. Black dots and fibers can be seen, which
are the vacancies of HA caused by HNOs. The EDS
diagram exhibits Ca, and P peaks with less intensity
than the EDS diagram of intact composite (Fig. 2).
The average ratio of Ca to P is about 1.67, which is
close to that of HA. This indicates the presence of
HA in the material structure after acidification. The
grain size distribution of the magnesium composite

Mg

Element  wt% at%
84.23 8552
708 924
598 321
271203

Average grain size: (5.94£2.7) um

4 6 8 10 12 14 16 18
Grain size/pm

Fig. 3 SEM image and EDS result of etched surface of magnesium composite and grain size distribution diagram
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surface is relatively uniform, and the average grain
size is (5.9+2.7) um.

Figure 4 shows the SEM images and EDS
results of the coated surface of magnesium
composite with PCL, PCL/2.5%HA, and PCL/
5%HA, and fiber diameter distribution diagrams.
The fibers are oriented relatively linearly and
randomly and a porous structure is formed. PCL is
widely used as a scaffold in tissue engineering due
to its biodegradability and FDA approval. However,
the formation of HA deposits on the PCL scaffold is
complex due to its nature. Hence, electrospinning of
this material combined with non-organic materials
such as HA can create better bone repair

properties [59,60]. White HA particles inside the
PCL fibers can be seen in Figs. 4(b, c). Silver
coating is used to improve SEM images, as
indicated by the Ag peak in the EDS patterns. The
EDS diagram shows the Ca and P peaks in these
areas. The more delicate fibers create smaller pores
for fluid to infiltrate and thus affect corrosion
results. The average diameter of PCL fibers is
(331494.4) nm, which is diminished to be
(309+£102.77) nm with the addition of 2.5% HA in
the PCL solution. This decrease could be related
to the raised conductivity of the polymer solution
due to HA nparticle inclusion. This increase in
conductivity can boost electrical force, generating

P : N \\
Fig. 4 SEM images, EDS results of coated surface and fiber diameter distribution diagrams of magnesium composite
with PCL (a), PCL/2.5%HA (b), and PCL/5%HA (c)
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thinner fibers [61]. As the mass fraction of HA rises
from 2.5% to 5%, agglomeration of these particles
within the fibers can be seen in several zones. As a
result, and fiber diameter
enlargement can be expected. Therefore, the
average diameter of PCL/5%HA fibers is
augmented to (477+136.26) nm.

The XRD patterns for samples are depicted in
Fig. 5. Magnesium peaks with different intensities
can be seen in all samples. The HA peaks are not
clearly visible in composite and acid-treated
composite due to their lower value. However, a

bead formation

peak at 20 of about 43° is seen in all samples except
the pure magnesium sample. The PCL peaks at 20
equal to 21.3° and 23.6° are seen in all coated
samples (PCL, PCL/2.5%HA, and PCL/5%HA).
HA peaks are more distinctive in samples with the
composite coating (PCL+HA) and especially in the
sample with 5 wt.% of HA.

PCL/5%HA coated composite

,,,,,, I GRS ¥ S
PCL/2.5%HA coated composite

A
PCL coated composite

Acid treated composite

| v
) I Cﬁ{nposﬁe
|

T — J Pure magnesium
LA —t :

20 30 40 50 60 70 80
201(°)

Fig. 5 XRD patterns for samples

Hydrophobicity reduces the possibility of
corrosion in samples based on several studies. In
contrast, this hydrophobic surface prevents bone
cell adhesion, growth, and proliferation. PCL fibers
are hydrophobic due to their low wettability. So,
increasing the hydrophilicity of fibers by using HA
particles with a hydrophilic nature leads to improved
cell adhesion and growth [62—64]. Figure 6
illustrates the wettability of samples using distilled
water droplets. Reduction of the contact angle
occurred in the composite compared to the pure
sample. This can be caused by the escalation in
surface energy of the fine-grained composite
surface [65] and the hydrophilic nature of the
HA-reinforcing phase [40]. Further reduction of the

angle in the acid-treated composite is apparent. The
conversion coating forms a porous and hydrophilic
Mg(OH), phase on the surface. The hydrophilicity
of this sample improves the adhesion quality of the
fibers to the metal surface [66]. The PCL fiber-
coated sample establishes the most hydrophobic
surface (117°). A reduction in contact angle is
observed with the addition of 2.5 wt.% HA into the
PCL fibers due to the hydrophilic nature of HA.
The PCL/5%HA coated composite has a smaller
contact angle value.

140

)

—
[\
(e}

100
80

Contact angle/(°
[}
[e]

Fig. 6 Wettability of samples using distilled water
droplets

3.2 Tensile and compressive properties

The addition of the reinforcing particles,
depending on the size and material, enhances the
strength of the sample in comparison to the base
metal. The reinforcing mechanisms include the
creation of high-density dislocation zones around
particles due to differences in the matrix and
reinforcements properties and the entrapment of
dislocations by these particles. Also, the pinning
effect of reinforcing particles during hot extrusion
prevents the growth of nucleated grains. Load
transfer and bearing by particles strengthen the
material, too. The particle distribution should be
homogeneous to improve the properties [65,67].
According to the particle distribution in Fig. 2,
a boost in strength can be expected. However, the
ductility is usually weaker than the pure material
due to the rapid saturation of the hardening in
composites [68,69]. Tensile and compressive
stress—strain curves and mechanical properties for
pure magnesium and 2.5% HA composite samples
are presented in Fig. 7. The compressive yield
strength for the composite is 151 MPa, which is in
the range of compressive yield strength of cortical
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bone (130—180) MPa [1]. It represents a 107%
development over that of pure magnesium. The
tensile yield strength of the composite is 172 MPa,
which has augmented by 37% compared to that of
pure magnesium. The ultimate strength values
under compressive and tensile loads by 14% and
21% improvement over values of pure magnesium
are 348 and 238 MPa, respectively. Likewise, the
compressive and tensile fracture strains are 0.14
and 0.23, by a decrease of 8% and 26% compared
to those of pure magnesium.

3.3 Corrosion behavior
3.3.1 Polarization test

Figure 8 shows the potentiodynamic polarization
diagram for pure magnesium, composite, acid-
treated composite, and samples coated with PCL,

250
200
£
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E). 100
” Pure magnesium
50 - = = 2.5% HA composite
0 5 10 s 20
Strain/%
400 ®)
350 - -
L300 F L7
Sasor 7
2200 - -7
A1s0f -
'
100 |- Pure magnesium
50 | — = = 2.5% HA composite
0 5 10 5 20 25 30
Strain/%
N[ e R
350 j’lfg:;sgltli strain 10.25
g 250 + %\ :qunprglssive \ E
él) 200 (inn_'n%ressive 7 § 10.15 g
%5150‘ é§ -0.10 ”
100 |
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0 N /N |

Pure magnesium  2.5% HA composite

Fig. 7 Tensile (a) and compressive (b) stress—strain
curves and mechanical properties (c) for pure magnesium
and 2.5% HA composite samples
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Fig. 8 Potentiodynamic polarization diagrams for pure
magnesium, composite, acid-treated composite, and
composites coated with PCL, PCL/2.5%HA, and
PCL/5%HA

PCL/2.5%HA, and PCL/5%HA. The curves shifting
to the left in these diagrams indicates a diminished
corrosion current density and thus, improved
corrosion resistance. The parameters extracted
from the PDP diagram are given in Table 1. The
composite sample exhibits a lower current density
than the pure sample (354 pA/cm?), due to fine-
grain and proper distribution of HA, resulting in
more uniform corrosion and accelerated passive
layer formation [70]. A greater amount of HA raises
agglomeration, cavities, and defects. Thus, fluid
penetration and non-uniform corrosion occur [57,71].
Therefore, the enhancement in polarization resistance
of composite approves the appropriate distribution
of reinforcing particles. Acid treatment of the
composite has lessened the current density to
257 uA/em? due to creating a protective layer of
Mg(OH),. It should be noted that the corrosion
potential in composite and acid-coated samples is
higher than that of pure magnesium (—1.51 and
—1.45V compared to —1.61 V). Increasing the
corrosion potential indicates a drop-off in the
tendency of the material to corrosion. These
observations display the performance of the
fabricated composite and the conversion coating
with HNOs. A much more significant decrease in
corrosion current density is observed for the PCL,
PCL/2.5%HA, and PCL/5%HA coated samples
(9, 23, and 25 pA/cm?, respectively). The coatings
prevent rapid penetration and contact with the
substrate for the SBF fluid and protect the surface.
The most considerable current density reduction is
seen in the PCL sample, which discloses a discount
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Table 1 Parameters extracted from PDP diagram
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Sample Pcon/ V Jeor/(LA-cm2) Bo/(mV-dec™))  BJ/(mV-dec™!)  Ry/(kQ-cm?)

Pure magnesium —-1.61 645 114 321 0.57
Composite -1.51 354 92 173 0.74
Acid treated composite —1.45 257 126 120 1.04
PCL coated composite -1.12 9 169 118 33.52
PCL/2.5%HA coated composite -1.34 23 170 207 17.62
PCL/5%HA coated composite -1.36 25 158 203 15.43

of two orders of magnitude compared to the Figure 9(a) illustrates the cumulative H>

uncoated composite.

A potential gain is perspicuous for the sample
with PCL coating. PCL/HA composite coatings
change the pH of the environment by releasing HA
during decomposition. So, they create different
corrosion resistance compared to the sample with
PCL coating by affecting the reaction and corrosion
products. The larger current density in samples with
PCL/HA composite coating can be due to the minor
hydrophobicity of these samples, which causes
more penetration of the body simulator fluid. Also,
the PCL/5%HA sample presents a higher current
density compared to the PCL/2.5%HA sample
(25 pA/cm? vs 23 pA/cm?). This may be caused
by lower water contact angle and larger pores,
according to Figs. 4 and 6. However, immersion
studies are needed to evaluate the performance
of these coatings better. Fiber coating increases
corrosion resistance from less than 1kQ-cm? to
more advanced values, even to 33.52 kQ-cm?.

3.3.2 Hydrogen evolution and pH variation

As magnesium degradation occurs, hydrogen
gas is evolved according to Mg + 2H,O = Mg(OH),
+ H». The corrosion intensity can be estimated by
calculating the exhaust gas. Corrosion of
magnesium in SBF medium leads to other corrosion
products along with MgO and Mg(OH), due to
various ions such as CI, HPOf, HCO;3, and SOf.
The Mg(OH), layer is converted to high soluble
MgCl; in the presence of Cl™ ions. Other mentioned
ions can weaken the attacks of invading ions by
forming deposits such as phosphate and carbonate
layers. However, if the concentration is low, HCO;
will increase the corrosion rate of magnesium by
consuming OH™ [72,73]. With the destruction of the
protective layer, corrosion intensifies, and this
process continues until the corrosion process slows
down with increasing pH and deposition of stable
products.

evolution during the immersion of samples for
336 h (14d) in the SBF medium. An intensive
upsurge in the hydrogen release for uncoated
samples can be seen during the early hours.
Unprotected magnesium exposure allows for a
rapid corrosion reaction, accelerating the release of
hydrogen gas. Among these samples, the composite
performed better than pure magnesium, especially
in the acid-treated state. The final amount
of H, reached 19.78 mL/cm? for the acid-treated
composite, which was reduced by 21% compared to
the pure sample. This is caused by the formation of

30

& @
g
S 25t .
—

=}
£ -
T 20F -
= s
= .’/ ®— Pure magnesium
° 15F #-— Composite
> ;/ Acid treated composite
ol / PCL coated composite
:N '} —%— PCL/2.5%HA coated composite
o 10} Y —+— PCL/5%HA coated composite
2 / .
E /‘- +
= L / 5
E S| A e

*

o ﬁ = >

0 50 100 150 200 250 300 350

Immersion time/h
10.0
b
(b) .
L 4
95 [ & ®
[} - = ——a
9.0 o o
P ®— Pure magnesium
& =) —#— Composite
T 85+ /'/ Acid treated composite
e O e [ PCL coated composite
—x— PCL/2.5%HA coated composite
/ —+— PCL/5%HA coated composite
8.0 M 2
o ¥ — - - x
S
7.5 =
7.0

0 50 100 150 200 250 300 350
Immersion time/h
Fig. 9 Cumulative H, evolution (a), and pH variation (b)

during immersion of samples for 336 h (14 d)



M. SHAMSI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1470—1486 1479

a protective layer of Mg(OH), and thus better
performance against the attack of destructive ions
such as CI". In the case of coated specimens, the
rate of H, evolution is much lower than that of
uncoated specimens. Penetration of the fluid is
prevented due to the hydrophobicity of coating.
The amount of hydrogen released for coated
samples is approximately the same for about 24 h.
But over time, it proves the effect of the presence of
HA among the PCL fibers. These particles further
improve corrosion resistance by increasing bio-
mineralization and modifying precipitated products
(deposition of more Ca—P compounds). The PCL/
2.5%HA coated sample has an H; evolution of
5 mL/cm? after 14 d, which is lessened by 48%
compared to the PCL coated sample. In the PCL/
5%HA sample, more fluid penetration causes more
corrosion as a consequence of increased pore
diameter and also less hydrophobicity. The final
amount of evolved H, in this sample is
7.95 mL/cm?, which is 17% less than the sample
with PCL coating.

Figure 9(b) depicts the pH wvariation during
the immersion of the samples. With released
hydrogen, magnesium corrosion causes a rise in pH
by releasing OH  ions. This pH increment was
tremendous for uncoated pure magnesium and two
composite samples. Pure magnesium experienced
severe corrosion from the beginning, resulting in a
sharp rise in pH. After 96 h, the pH value reached
about 9.5 and then augmented to the final value of
9.8. The composite sample resisted much better
against corrosion due to the advantages of HA in its
structure. The acidification of this composite by
creating a protective layer, especially in the early
times, has caused the pH value to reach about 9. It
is less than that of the pure magnesium sample after
120 h, and the pH value remained almost constant
until the 14th day. The pH value raised to about
7.98 after 14 d for the PCL-coated sample. In the
PCL/2.5%HA sample, which performed better, the
pH increment was limited to 7.8 after 14 d. This
indicates that the PCL fiber coating and its
composition are able to protect the metal surface
well against the penetration of SBF. The pH value
in the PCL/5%HA sample also reached 7.92,
slightly higher than that of PCL/2.5%HA coated
sample.

Figure 10 illustrates the SEM image of the
samples after exposure to SBF for 1, 3, 7, and 14 d.

As predicted from the pH and hydrogen release
diagrams, the pure magnesium sample demonstrates
severe corrosion from Day 1. The attack of
destructive ions causes pitting, and with the
penetration of SBF, extensive corrosion causes
surface cracking. In composite and acid-treated
composite, the damage is much more minor until
Day 3, and superficial cracks can be seen on the
surface. More surface degradation occurs due to
the peeling of the upper Mg(OH), converted layer
with increasing exposure time, resulting in fluid
infiltration. SBF penetration happens with a delay
in the acid-treated sample, although SEM images
indicate that uncoated samples exposed to SBF
have a high corrosion rate and need to be coated.
According to Fig. 10, the adhesion of the
coating is maintained in all coated samples until the
14th day. The corrosion products appear on these
coatings after exposure intervals. The main part of
these products can be seen in Day 7 and Day 14,
indicating that the corrosion was not severe until
the third day due to the protection of the Mg(OH).
layer. The amount of the products in the PCL coated
sample is more than that of the other two coatings.
The presence of HA and stimulation of Ca—P
absorption could be the reason. Corrosion products
on samples after the 7th day represent that the
corrosion becomes uniform after this exposure
period. On Day 14, the surface of PCL/2.5%HA
coated sample displays small corrosion products.
This indicates the effectiveness of this type of
coating. Although the PCL/5%HA sample exhibits
less corrosion than the sample with PCL coating,
more and larger corrosion products are seen on its
surface. The schematic illustration of the apatite
formation of PCL/HA nanofiber-coated Mg alloy
after immersion in SBF is presented in Fig. 11.
Figure 12 represents the SEM image of the
samples from a closer view after 14 d of immersion
in the SBF medium, along with the EDS diagram of
products. Pure magnesium sample cannot absorb
Ca—P products and exhibits only a weak peak of Ca.
The Cl peak is clearly seen in this sample, which
indicates the attack of CI™ and the destruction of the
Mg(OH), layer. CI peak is smaller in the composite
sample and almost not seen on the acid-treated
composite sample. The peaks of Ca and P are
observed on composite and acid-treated composite,
which indicates bio-mineralization in these samples.
The adsorption of Ca—P products is also determined
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PCL/2.5%HA PCL coated Acid treated ) )
coated composite composite composite Composite Pure magnesium

PCL/5%HA
coated composite

Fig. 10 SEM images of samples after exposure to SBF for

by the peaks of these two elements in coated
samples. The PCL-coated specimen demonstrates
surpassing peaks and Cl percentages compared to
composite-coating specimens. Due to the absence
of HA in the structure of the fibers, it has shown
less bio-mineralization capability. Also, the mass
fraction of Ca and P in surface products of
PCL/5%HA and PCL/2.5%HA samples is higher
than that in the sample with PCL coating. Meanwhile,

1,3,7, and

14d
the molar ratio of Ca/P in the PCL/2.5%HA coated
sample is about 1.67. This suggests that the coating
is reasonable, and its Ca—P products are close to HA
composition.
3.3.3 In vitro decomposition rate

Figure 13 depicts the corrosion rate diagram
for the samples after immersion in the SBF for
intervals of 6, 12, 24, 72, 168, and 336 h. The pure
magnesium sample has the highest corrosion rate.
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Fig. 13 Corrosion rates for samples after immersion in
SBF for intervals of 6, 12, 24, 72, 168, and 336 h

The corrosion rate of this sample is greater than
5 mm/a after 336 h of exposure to the SBF. When
placed in SBF, only a thin layer of Mg(OH); is
formed, which is quickly peeled off. Composite and
acid-treated samples have lower corrosion rates.
The acid-treated composite sample demonstrates
a corrosion rate of 4.77 mm/a after 336 h of
immersion. HA in the structure and surface of
the material and acid treatment of the composite
increases the corrosion resistance by forming a
suitable protective layer. However, the effect of
this layer has diminished over a more extended
period with destruction by invasive ions. PCL and
PCL/HA-coated samples reveal good resistance
from the beginning. Corrosion rates below 5 mm/a
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result from PCL/2.5%HA sample at all intervals.
Support of the protective layer created by the acid,
the capillary action, and the deposition of beneficial
Ca—P compounds on the surface leads to superior
resistance. Composite coatings perform better than
PCL coatings for longer exposure intervals in the
SBF. The function of HA particles among fibers
structure in absorbing Ca—P products and
strengthening the protective layer is evident.
PCL/2.5%HA sample has the lowest corrosion rate
with an average value of 0.98 mm/a after 336 h.
It represents an 81% dwindle compared to the
uncoated composite.

3.4 Cell biocompatibility

The results of the MTT test on MC3T3-El
cells for uncoated and PCL/2.5%HA coated
composites are shown in Fig. 14. The lowest
biocompatibility was determined for the uncoated
composite, which is 53% and 42% in 1 and 3d
periods, respectively. PCL/2.5%HA fiber coating
significantly enhances cell viability in 1 d as well as
3 d periods. In this regard, significant differences
were observed between the viability values of the

Uncoated composite

lsg zza Control = Uncoated composite
140 == PCL/2.5%*I*-IA coated composite, s«

120 § s§

100

80
60
40

Cell viability/%

20
0

Day 1 Day 3

Fig. 14 MTT assay results for uncoated composite and
PCL/2.5%HA coated composite using MC3T3-EI cells
(**p <0.01)

composite and the PCL/2.5%HA coated composite
samples (p<0.01). As can be seen from Fig. 15,
the uncoated composite was not able to create
cell adhesion. However, the PCL/2.5%HA coated
sample presents good adhesion due to its porous
structure, specific surface, and presence of HA.
Other studies have also demonstrated the favorable

Fig. 15 SEM images after cell culture on uncoated composite and PCL/2.5%HA coated composite for 1 and 3 d
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effect of HA on biocompatibility [40,41]. The
spread of cells on the third day is evident on the
surface of the fibers. Composite surface instability,
pH rise, and hydrogen evolution due to corrosion
result in this sample having lower biocompatibility
than the coated sample.

4 Conclusions

(1) Proper distribution of HA in the fabricated
composite escalates the compressive yield strength
of the composite by 107% compared to that of pure
magnesium.

(2) The addition of HA and acid treatment
diminish the corrosion current density by 60%
compared to that of pure magnesium.

(3) All coated specimens show higher
corrosion resistance compared to the uncoated ones.
PCL coating reduces the corrosion current density
of the sample by two orders of magnitude.

(4) The PCL/2.5%HA sample has the lowest
corrosion rate of 0.98 mm/a in 14 d, by a reduction
of 81% compared to the uncoated composite.

(5) The PCL/2.5%HA fiber coating increases
significantly cell viability in 1d as well as 3d
periods. It also exhibits proper adhesion due to its
porous structure, specific surface, and presence of
HA.
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