JMEPEG

https://doi.org/10.1007/s11665-020-04952-1

©ASM International
1059-9495/$19.00

®

Check for
updates

In Vitro Corrosion Behavior and Cytotoxicity

of Polycaprolactone-Akermanite-Coated Friction-Welded
Commercially Pure Ti/AZ31 for Orthopedic Applications
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This study deals with the corrosion and bioactivity behavior of biodegradable friction-welded CP-Ti/AZ31
joints. The investigations were carried out on the bare, PCL-coated and PCL-akermanite (AKT)-coated
joints immersed in simulated body fluid. The samples were subjected to polarization and impedance
corrosion tests, weight loss and pH monitoring and cytotoxicity investigations as well as cell adhesion test.
The results of corrosion tests and weight loss measurements indicated that whereas the bare alloy shows the
highest corrosion rate through 7 days (15.945 mm/y), the PCL-AKT-coated sample presented significantly
improved results, even when the soaking period was prolonged to 30 days. The PCL-AKT-coated sample
also showed the best biocompatibility, as the cell viability was measured to be 97.52%. The Ca/P ratio was
also measured to be about 1.64 for PCL-AKT-coated sample, indicating favorable osteogenic behavior. The
results of alizarin red cell staining and absorption spectrum as well as alkaline phosphatase activity
confirmed superior osteogenic behavior of the PCL-AKT-coated sample. It was found that the CP-Ti/AZ31
samples coated with PCL-AKT obtained suitable corrosion resistance and cellular response, thus pre-
senting a good potential to be used in orthopedic applications.
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1. Introduction

Magnesium-based alloys seem to be promising candidates
for orthopedic implant applications, due to their low Young’s
modulus (< 37.5-65 GPa) and mechanical properties compat-
ible with the natural bone tissue, which can lead to decreased
stress shielding effect as well as osteolysis (Ref 1-4).
Biodegradability is the most appealing feature of the Mg-based
implants, which makes them suitable candidates for bone
implants, particularly as no second (implant withdrawal)
surgery would be needed (Ref 5-7). Commercially pure Ti
(CP-Ti) and Ti-6Al-4V alloys were employed for orthopedic
and dentistry applications owing to their great biocompatibility
and mechanical stability (Ref 8). Due to these great properties
of pure Ti and Ti-6Al-4V alloys, the dissimilar welding of Ti
alloy to other metallic medical materials received great
attention. Friction welding (Ref 9), brazing (Ref 10-15) and
diffusion bonding (Ref 16-18) are used in the dissimilar joints
of titanium to other materials.
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Besides their potential applications as biomaterials, dissim-
ilar weld joints of Ti and Mg alloys are an interesting subject
for automotive applications (Ref 19). However, significant
differences between the physical characteristics of the men-
tioned metals (Ti and Mg) including heat conductivity (Ti:
29Wm 'k, Mg: 156 Wm ' k"), melting point (Ti:
1668 °C, Mg: 650 °C), low mutual solubility and consequent
poor reaction layers as well as unavailability of proper metal
fillers challenge the Ti/Mg joining via the common fusion
welding method (Ref 19, 20). To address this issue, friction
welding is a solid-state welding approach that creates heat and
plasticity through compressing the rotating (or relatively
rotating) workpieces to each other and, consequently, promotes
the workpieces to join (Ref 21-26). In spite of their advantages,
the main issue of Mg alloys is concerned with their high
degradation rate in wet environments (Ref 27-29). To solve this
issue, surface treatments and coatings have been considered as
the key solutions, which can provide barriers between the
implant and the corrosive body fluid and retard the bio-
degeneration of the material (Ref 30-34). In this context,
compared to metallic and/or ceramic coatings, biodegradable
polymer coatings present advantages such as simple synthesis
routes and biocompatibility (adjustment with the host tissue)
(Ref 35-38). The harmful by-products of biodegradable poly-
mers are also removed via citric acid cycle in the human body
(Ref 32). Polycaprolactone (PCL), a semicrystalline polyester
which is obtained through ring-opening polymerization (ROP)
of monomers, offers a unique combination of properties (Ref
39-41). The material was also approved by FDA due to its
stability in the human body, which provides it with the
possibility of drug release in a period of 1 year (Ref 42),
whereas polymer has also presented proper mechanical and
bioactivity properties when applied on the Mg alloy surface
(Ref 43, 44). Therefore, it is currently considered as a
promising candidate for repairing the unloaded human bones.
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Akermanite (AKT, Ca,MgSi,0) is a triple-oxide ceramic (Ca,
Mg, Si), which seems to be a potentially favorable material for
repairing the bone tissue, as it shows proper mechanical
properties and controllable biodegradability (Ref 45). Besides
its biocompatibility, AKT presents optimal chemical and
mechanical stability. It has been found to enhance osteoblast
cell adhesion and viability, since it releases the Si and Ca ions
that promote the synthesis of hydroxyapatite and bone miner-
alization (Ref 46). Moreover, AKT promotes osteogenic
differentiation of osteoblasts, bone marrow stroma cells
(BMSCs) and adipose-derived stem cells (ASCs) (Ref 47).
However, there is no comprehensive study regarding assess-
ment of different coating strategies on corrosion and cellular
response of CP-Ti/AZ31-friction-welded joints.

2. Materials and Methods

2.1 Materials and the Welding Process

In this study, CP-Ti (99.9%) and AZ31 Mg alloy rods with a
nominal composition of Mg-3 wt.% Al-1 wt.% Zn, 20 mm
diameter and 80 mm length (Timet Co.) were used as the raw
materials. The cross sections of the rods were mechanically
polished by using the 800 grit and washed using acetone in the
pre-treatment steps. The friction welding process was then
carried out using a continuous welding machine at a 1300 rpm
rotating speed. The process parameters including the friction
pressure of 50 MPa, forging pressure of 40 MPa, friction time
of 4 s and forging time of 8 s were applied. The workpieces
assembly and the weld joint are presented in Fig. 1(a) and (b).
The samples (1 x 1 cm) were then cut from the joint and
prepared for further examinations (Fig. lc).

2.2 Goating Process

PCL precursor (Sigma-Aldrich, average Mn of 80000) was
initially solved in dichloromethane via a magnetic stirrer for 4 h
to achieve a 6% (w/v) solution; 10 vol.% AKT was then added
to the PCL solution, and the weld samples
(10 x 10 x 10 mm) were coated through the immersion
method. To this aim, the samples were mechanically polished
(up to 1200 grit), degreased, washed with distilled water and
dried in hot airflow. The coating process was then carried out
on the samples for 10 s, through soaking in the prepared PCL
solution. So as to ensure the stability of the composition and
viscosity of the solution, the PCL solution was kept in a sealed
glassware and hold at a constant temperature of 30 °C using a
hot plate and a magnetic stirrer. The samples were withdrawn
from the solution with a controlled rate of 3 mm/s and then
dried in cool air for 5 min. The final coating was obtained by
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repeating the mentioned cycle for five times. The samples were
labeled as M1, M2 and M3 for the joint without coating, coated
using PCL and coated using PCL + 10 wt.% akermanite (PCL-
10AKT), respectively.

2.3 Corrosion Tests

Tafel polarization corrosion and electrochemical impedance
tests were performed on the welded and coated samples
according to the ASTM G59-2017 standard (Ref 48). The test
was carried out at 37 °C in a glass vessel containing 250 mL of
the SBF solution at pH 7.4 with SBF by the following solutions
in 1 L of distilled water: 7.996 g NaCI, 0.350 g NaHCos,
0.224 g KCI, 0.228 g K,HPO4-3H,0, 0.305 g MgCl,-6H,0,
0.278 g CaCl,, 0.071 g Na,SOy, 6.057 g NH,C(CH,OH);3 and
40 cm® HCI (Ref 49) by using Potentiostat/Galvanostat Bio-
Logic SP300. The saturated calomel reference electrode (SCE)
and platinum counter electrode and welded specimens were
used as the working electrode with a constant scanning rate of
2 mV/s and an initial value of — 250 mV below the open-
circuit potential for 20 min and the size of the exposed surface
of 1.7 cm®.

2.4 Immersion Test

The immersion tests were performed on the untreated, PCL-
coated and PCI-AKT-coated samples, according to the ASTM
G31-72 standard (Ref 50) using the SBF solution. The samples
were prepared with a 1 cm? surface area and immersed in
10 mL of SBF which was maintained in a cylindrical container
based on the Kokubu instructions:

Vi =5,/10

where V5 is the volume of SBF (mL) and S, is the exposed
surface of the sample (mm?). The time periods for the
immersion test were selected to be 72, 168, 336, 504 and
672 h (3 days, and 1, 2, 3 and 4 weeks, respectively). The
containers were then put into a water bath of 37 °C temper-
ature. After soaking in SBF for certain periods, the samples
were taken out from the SBF and washed with distilled water
and finally dried in air. The specimens’ weight was measured
(the accuracy of 0.001 g), and the results were recorded as the
increased weight. The morphology of the samples after soaking
for 1 month was investigated via scanning electron microscopy
(SEM) equipped with an EDS analyzer. The x-ray diffraction
(XRD) test was used for phase analysis via a PHILIPS PW3040
XRD spectrometer (Cu lam, 4 = 0.154186 nm). The range of
diffraction angle (20) was considered as 10°-90°, and the step
size and time were determined as 0.02° and 1 s, respectively.
Furthermore, the pH variations of the SBF solution through the
immersion test period were monitored using a Satrious pH
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Fig. 1 (a) Workpieces, (b) the coated Ti/AZ31 weld joint and (c) the Ti/AZ31 weld joint prepared samples
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meter. It is worth noting that the pH meter was calibrated via
standard solutions (pH of 4, 7 and 10) for each test.

2.5 Cellular Tests

Biocompatibility of each sample was investigated through
cell morphology test using osteosarcoma cells (MG-63) after 3
and 7 days. In order to determine the cytotoxicity of the
samples and its effect on the growth and proliferation of cells,
the extracts were prepared based on ISO 10993-5 standard (Ref
51). The cell culture conditions were adjusted by the natural
condition of human body (temperature of 37 °C and neutral
pH).

To investigate the biocompatibility (cell viability), the
indirect extracting test strategy was applied. The first step is
to prepare the extract of each sample. Thus, I mL of the culture
medium for each 5 mg of the sample was added and the
specimens were incubated under 95% moisture and 5% CO,
gas. Then, the medium was taken out in 3- and 7-day periods
and loaded by additional cells. A certain content of the culture
medium was also considered as the control sample. Again, the
cell culture medium conditions were determined similar to
those of the normal human body. The cytotoxicity assessment
was carried out through the following steps:

(a) At the first step, 1 x 10* cells were seeded in a 96-well
plate and incubated for 24 h at 37 °C, which can lead to the
attachment of the cells to the bottom of the plate. (b) Each
extract was added to the culture well, and the cells were
exposed to the mentioned extracts for another 24 h. (c¢) The
culture medium was detached, and 100 pL of colorless RPIM
plus 10 pL. of MTT solution (molarity of 0.012) was added to
each well. (d) After 4 h, the solution was replaced by DMSO to
dissolve the violet crystals. (e) The concentration of the
dissolved material in RPMI was determined at 545 nm
wavelength. Since the optical density (OD) is related to the
amount of survived cells, the viability can be determined
according to the control sample as follows:

ODyg

V(%) = =2

Eq 1
OD¢ (Eq 1)

where ODg and OD¢ show the mean optical densities of the test
samples and the control sample, respectively (Ref 52).

The cells were placed onto the samples in the culture
medium for 3 days to evaluate the cells’ morphology and
adhesion. The culture medium was completely removed after
3 days. Then, using the PBS solution, the specimens were
cleaned. Finally, the cultured cells on the samples were
stabilized by a 4% formaldehyde solution for 30 min. Then,
the stabilizing solution was completely removed and DAPI
fluorescent color was added to change the color of the cells’
core into blue. Next, the cultured cells were investigated and
due images were captured via a fluorescent microscope (Ref
53-55).

Alizarin red staining test was used to measure the amount
of precipitated calcium by bone cells in 7 days. The solution
was removed after 7 days of culture, the cells were stabilized
by 4% formaldehyde solution and then the 1% alizarin red
solution (prepared in a Tris buffer with the approximate pH of
8 for 15 min) was added. Finally, the cell-containing well was
repeatedly washed with PBS (Ref 56). The morphology of the
specimens was then evaluated via an invert optical micro-
scope.
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To investigate the alkaline phosphatase (ALP) activity in
days 3 and 7 of cell culture on the samples, RIPA solution was
initially used to extract the whole protein. The process includes
the complete separation of the cell extracts, pouring 20 pL of
RIPA solution on them and further pipetage of the samples for
10 min. The RIPA solution was centrifuged for 10 min at the
rate of 14,000 rpm and held at 4 °C. Then, for each 20 pL of
RIPA solution, 1 mM of reagent No. 1 of commercial ALP kit
was added to the samples and incubated for 1 min in an
incubator at 37 °C. Next, 250 pL of the solution No. 2 was
added and incubated for 1 min in the incubator. After 1, 2 and
3 min, the light absorption was read at a 405 nm wavelength.
Then, the difference of light absorption from the previous
minute was determined. Finally, these three differences were
summed and averaged and the final number was multiplied by
factor 3433 (Ref 57).

3. Results and Discussion

3.1 Microstructure

Figure 2(a)—(c) depicts the uncoated CP-Ti/AZ31 sample
microstructure. No distinct region can be distinguished on the
Ti side, and there is no effect of deformation. However, several
regions can be detected in the Mg side including near the weld
zone (dynamic recrystallization (DRX)), the base metal and
TMAZ or thermomechanically affected zone. The XRD
analysis of the weld zone is presented in Fig. 2(d), which
indicates that neither the Ti-Mg solid solution nor the
intermetallic compounds were formed. However, a reaction
can take place between Ti and the aluminum that exists in the
magnesium alloy, and as a consequence, different intermetallic
compounds such as TiAl, Ti;Al, and TiAL; will be generated
(Ref 19). As a result of severe deformation and higher
temperature in the course of friction welding process, Al can
diffuse toward the Ti interface. Since Al-Ti solubility is higher
compared with Mg-Al, TizAl can be formed which can be
detected in the XRD results. The PCL-coated Ti/AZ31 weld
joint surface without AKT has a smooth layer with several
pores (Fig. 3a). The formation of pores was principally due to
phase separation: the solvent evaporates in the PCL medium
and serves as a driving force. Throughout solvent evaporation,
the PCL medium is thermodynamically unstable. Consequently,
a polymer-rich or a polymer-poor phase will be formed (Ref 8).
The latter phase will result in the generation of pores, while the
former one might be solidified (Ref 23). This kind of
distribution offers adhesion between the polymer layer and
magnesium substrate. After incorporating AKT, the PCL film
pore structure is reduced and the surface becomes relatively
rough with the existence of AKT particles in the composite film
(Fig. 3b).

Figure 3(c) shows the cross section of the PCL/AKT-coated
Ti/AZ31 weld joint specimens. Deposition of thick and
compact layers (54-56 pm) which are uniformly formed on
the Mg surface can be observed in this figure. This thick film in
the polymer-coated samples works as an obstacle to the
dissolution of Mg and is definitely capable of decreasing the
corrosion rate (Ref 7). These results also indicate that the
thickness of the film is minimally affected by the AKT
existence in PLC. However, the film containing AKT showed
the presence of Si, Mg and Ca, in addition to C and O (Fig. 3d).
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Fig. 2 Optical microscopy image of sample MI1: (a) the Mg alloy side, (b) Ti/AZ31 alloy weld zone, (c) the Ti side, (d) XRD results of the
weld zone
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Fig. 3 SEM micrographs of (a) PCL-coated, and (b) PCL-AKT-coated Ti/AZ31 weld joint and (c) cross-sectional SEM micrograph of PCL—
AKT-coated Ti/AZ31 weld joint, (d) EDS analysis of Area A

3.2 Immersion Studies Fig. 4(b) and (c). Figure 4(b) demonstrates the mass percentage
changes of the samples by reference to time. As can be seen,
with an increase in the solution pH after 7 days, the mass of
sample M1 (without coating) decreases rapidly (Fig. 4b, c).
After 14 days of soaking, the pH value of the solutions with the
uncoated and PCL- and PCK-AKT-coated Ti/AZ31 weld joint

Figure 4(a) shows a schematic of the samples prior to
immersion. The findings of the immersion experiments of the
untreated and coated Ti/AZ31 weld joint specimens with PCL
and PCL with AKT in SBF over a 1-month period are shown in
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samples varied between 12.8 and 8.7, respectively. During the
incubation period, this clearly indicates that the pH increase of
the uncoated sample is much greater than the coated sample.
Owing to the deposition of the PCL and PCK-AKT layer, the
corrosion rate of Ti/AZ31 weld joint reduced.

The pH of the untreated coated Ti/AZ31 weld joint sample
is in the range of 7.4 to 12, while the pH of the coated Ti/AZ31
weld joint sample is 8. The flawlessness of the coating is
indicated by this constant pH value. Nevertheless, the occur-
rence of corrosion in the interface is confirmed as some
corrosion products can be found in the layer. During the first
3 days of immersion, it can be seen that the uncoated sample’s
pH value increases to a greater degree compared with that of
the coated specimen. The results of mass loss test and pH are in
good agreement. This is due to the fact that the highest pH
increase is connected to the higher rates of corrosion of the
uncoated sample, while the lowest amount of increase was
related to the coated samples with less corrosion (Ref 54).
Although in the early phases of corrosion the Mg™ and OH ™
ions formation cannot be totally prevented by the PCL and
PCL-AKT coatings, the amount of Mg>" and OH™ ions
released in the uncoated samples was higher compared to the
PCL and PCL-AKT coatings. This significantly increased the
pH of the uncoated sample in comparison with the PCL- and
PCL-AKT-coated Ti/AZ31 weld joint over time (Ref 58).

Basically, two factors affect the low corrosion resistance of
the M1 sample (without coating), the primary galvanic
corrosion resulting from the second phase or impurities and
the hydroxide layer that is formed on its surface. Magnesium
corrosion is based on these general reactions (Ref 34):

Anodic reaction: Mg — Mg?" + 2¢~
Cathodic reaction: 2H,O + 2¢~ — H, + 20H™
Final reaction: Mg + 2H,O0 — Mg(OH), + H,

In the final reaction, the production of hydrogen raises concern
about the creation of gas bubbles during the implantation of
magnesium implants into the living tissue. The corrosion
products will be deposited on the surface of the sample due to
the local increase in the pH value (which is related to rapid Mg

M1

degradation). On the basis of mass reduction, the average
corrosion rate was determined for the uncoated sample as
15.945 mm/year. Similar calculations were not made for the
corrosion rate in the coated piece as the removal of corrosion
products without taking the PLC layer off is difficult. Thus, the
highest pH increase was in sample M1 (uncoated sample) and
the lowest increase in pH was in the coated samples, i.e., M2
(PCL-coated) and M3 (PCL-10AKT-coated).

Since the coated samples’ pH values slowly increase in the
first 3 days, it can be inferred that chemical dissolution and also
improvement in the corrosion resistance of these samples occur
at a low speed. During 336 to 720 h of soaking, the pH of the
uncoated and coated Ti/AZ31 weld joint samples decreased,
which could be due to the deposition of the degradation
substances because they consume the hydroxyl groups (OH™)
present in the SBF (Ref 59). The main purpose of modifying
the levels of magnesium-based biomaterials is to reduce their
decomposition or corrosion rates. According to Fig. 4(c), after
coating, the corrosion rate has been reduced to about 90%.
However, the corrosion of the coated magnesium alloys side
decreases but does not stop. During the corrosion process, the
existence of defects and cracks can locally increase the
substrate corrosion. So, the coating integrity and durability
are essential for the Mg-based medical equipment lifetime. This
may be associated with the adhesion strength and topography
of the coating to the substrate (Ref 39). Figure 5 shows a
schematic of how the coating is destroyed during prolonged
exposure to the simulated body fluid (SBF). Upon the exposure
of the PCL- and PCL-AKT-coated Ti/AZ31 weld joint to the
SBF solution, at the beginning of the immersion process, the
porous layer of the PLC-based coatings is penetrated by the
SBF ions. This results in reduced electrochemical corrosion
resistance and formation of a number of cavities. Simultane-
ously, due to hydrolysis of their ester bonds and acid formation
in the surrounding environment, PCL decomposition of acry-
lamide fibers leads to the Ca>* and Mg”* formation. As a result
of increased concentration of Ca*" due to the decomposition of
AKT in the surrounding environment, especially in the
interface between the solution and the coating layer, the PCL-
based coating surface completely takes a negative charge. The
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Fig. 4 (a) Schematic of the samples before immersion, (b) weight change, (c) pH change of uncoated Ti/AZ31 weld joint (M1), PCL-coated

(M2) and PCL-AKT-coated (M3) Ti/AZ31 weld joint in SBF after 30 days
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Fig. 5 Schematic illustration of the corrosion mechanism of the PCL-AKT-coated Ti/AZ31 weld joint after immersion in the SBF solution

Ca®" and Mg®" ions are absorbed in this environment. As a
result, the whole surface takes a positive charge since the
positively charged ions are deposited. Subsequently, the ions
with negative charge, i.e., OH, PO43 ~ and CO327, are
deposited on the surface. Due to the existence of OH™ and
the gathering of PO,*~ and Ca®" ions calcium phosphate
(apatite) will be formed on the coating layer surface (Ref 58).

The polymer-coated Ti/AZ31 weld joint specimen corrosion
consists of an intricate blend of one or more procedures:
Polymers such as PCL experience a combination of surface and
volumetric degradation in SBF. If the surface bonds’ hydrolysis
failure rate is quicker than liquid diffusion into the polymer
volume, erosion or degradation will occur, leading to a thinner
coating. In volumetric degradation, on the contrary, as water
rapidly penetrates into the whole polymer volume, the ester
bonds in the volume will accidentally break. An escalation in

the amount of carboxyl groups (COOH-) formed as a result of
ester bond breakage raises its acid content. Penetration of the
COOH- groups into the solution around it leads to the
degradation of material from inside. Making a distinction
between the degradation types within the PCL layer on the
magnesium sample is difficult. Due to the polymer layer
degradation, the simulator solution penetrates into the metal
surface and subsequently corrosion occurs (Ref 39). The acidic
pH that is a resultant of degradation can influence the substrate
corrosion rate. The solution pH change results from the
polymer degradation. Differentiating these factors in the coated
sample is difficult.

Figure 6(a) shows the comparison of the XRD pattern of the
samples. The amount of secondary phases in the samples is
below the XRD detection limit. Mg(OH), peaks were detected
in all samples. After immersion in the simulator solution,
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samples M2 and M3 (coated samples) show Mg(OH),,
Mg;Caz(POy4)4 and Cay(P40,,)-4H,0 peaks for 30 days, indi-
cating that they are formed as corrosion substances (Ref 60).
The formation of aforesaid peaks indicates that the material is
bioactive. These products are easily traceable in the polymer
layer and in the PCL-AKT and PCL-coated samples.

Figure 6(b) shows the FTIR spectra of samples Ml
(uncoated), M2 (PCL-coated) and M3 (PCL-10AKT-coated).
In sample M1, the OH characteristic peaks are detected at 3697
and 1643 cm™', CO;>~ peaks at 1643 and 1502 cm™' and
PO~ peaks at 1277, 1094, 557 and 458 cm ™!, respectively. In
sample M2, PCL has the commonest typical peaks of C=0O
stretching vibration at 1719 cm ™', ~CH, asymmetric stretching
vibration at 2932 cm™ ', ~CH, symmetric stretching vibration at
2860 cm ™' and C-O stretching vibration at 1159 cm™'. —CH,
bending vibration is identified at 1466 cm ™' (asymmetric) and
1234 cm ™! (symmetric). After AKT addition into the PCL
(sample M3), a peak appears at 475 cm ™' corresponding to the
Mg-O bond. The peaks at 928 and 886 cm™" are related to the
Si-O stretching vibration (Ref 48). In addition, the peak
stretching vibrations were C=0 at 1719 cm™', asymmetric
stretching vibration —CH, at 2922 cm™ !, -CH, symmetric
tensile vibration at 2857 cm™ " and C-O tensile vibration at
1159 cm™ "

Figure 7 shows the samples EDS spectra and SEM
microscopy after the uncoated sample immersion in SBF (after
7 days) and PCL- and PCL-AKT-coated samples (after
30 days). Extensive surface cracking accompanied by pitting
corrosion can be observed in the uncoated alloy. However,
compared to uncoated specimen, both the PCL- and PCL-
AKT-coated samples experienced a milder, more uniform
corrosion attack. On the bare and coated samples surfaces, a
large amount of corrosion products with cauliffower morphol-
ogy accumulated, as can be seen in the high-magnification
image. The EDS results (from Mg side) show that the PCL- and
PCL-AKT-coated samples have great quantities of P, Mg, Ca
and O in the corrosion products. One of the essential
components of bone, Ca and P, has been reported to form a
calcium phosphate layer (Ca/P atomic ratio is 1.25-1.64) on the
PCL and PCL-AKT coatings after SBF immersion (Ref 61,
62). The ability of the PCL- and PCL-AKT-coated specimens
to form a hydroxyapatite layer on their surfaces indicates their
high capability for bone formation after soaking in SBF.

3.3 Electrochemical Studies

Figure 8(a) shows the Nyquist plots (Z” in Z”) of the PCL—
AKT- and PCL-coated Ti/AZ31 weld joint specimens. As can
be seen, the frequency escalates counterclockwise, so the points
close to the origin of the coordinates will find the highest
frequency. According to Fig. 8(a), two loops are seen in most
of the curves, one at high frequencies (left) associated with the
coating and the other at low frequencies (right) that transmit the
charge in the metal/electrolyte interface. The increase in the
diameter of these two rings is interpreted to increase the
corrosion resistance of the system (Ref 63). According to the
Nyquist plots shown in Fig. 8(a), it is clear that the curve for
sample M3 (PCL-AKT) and then sample M2 (PCL) has the
highest total resistance. It is worth observing that the semicircle
diameter of the M1 sample is much smaller than that of the M2
and M3 samples. There is an induction for the coated polymer
sample. The diameter of the high- and medium-frequency rings
indicates the surface heterogeneity and the porous layer charge
transfer resistance on the surface. In the case of uncoated alloys,
this applies to surface corrosion products, while for the coated
samples, this is due to the polymer coating (Ref 36).

The PCL-coated sample presented greater charge transfer
resistance, R, compared with the bare sample, indicating a
positive influence of the PCL coating on the corrosion
resistance of the substrate (Ref 58). A simple equation was
used to evaluate the samples as shown in Fig. 8(b). In the
equivalent circuit shown in Fig. 8, Ry is the solution resistance
and R, and Q, are the load transfer resistance of the double
layer and the fixed phase element of the double layer,
respectively. In addition, R; and O, signify the resistor and
the constant phase elements of the coating, respectively. In this
circuit, instead of the ideal capacitor, the constant phase
element is utilized. R for the M1 (uncoated), M2 (PCL), and
M3 (PCL-AKT) samples are 5357 + 43, 7809 4+ 52 and
11,842 + 51 Q cm?, respectively. Because of the existence of a
shielding layer on the surface of the alloy, the uniformity of the
coating layer and the uniform distribution of AKT in the PCL
film resulted in a significant increase in R.. This designates that
the PCL-AKT layer can increase the substrate corrosion
resistance (Ref 58). The presence of AKT in the PCL coating,
even as agglomerated particles, leads to the creation of a steady
protecting coating which escalates the Ti/AZ31 weld joint
corrosion resistance. Therefore, the corrosion resistance of the
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Fig. 6 (a) The x-ray diffraction patterns and (b) FTIR analysis of the uncoated, PCL- and PCL-AKT-coated samples after immersion in the

SBF solution for 30 days
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Fig. 7 SEM micrographs and corresponding EDS analysis of (a) the uncoated; (b) PCL-coated and (c) PCL-AKT-coated specimens after

immersion in the SBF solution for 30 days

Ti/AZ31 weld joint, in particular magnesium alloy side, seems
to be associated with the obstacle influence of ceramic—organic
(PCL-AKT) and the coating/substrate interface-augmented
adhesion strength as a result of chemical bonding that greatly
prevents the soluble penetration into the substrate (Ref 58).
Another representation of the EIS test data that can provide
useful information for system analysis is the Bode plots. On
one side of these plots, the impedance modulus (V(Z? + Z”%)
represented as |Z|) is plotted in terms of frequency logarithms.
On the other side of them, the phase angle symmetry (— Arc
tan (Z”/Z")) is plotted in terms of frequency logarithms. The

advantage of this method over Nyquist plots is that the values
of the frequencies are known from the diagram.

Figure 8(c) shows the Bode plots of the PCL-AKT- and
PCL-coated Ti/AZ31 weld joint specimens. The Bode plots
demonstrate the overall resistance of the system (Ref 64-67).
Thus, according to Fig. 8(c), it is observed that the impedance
at the lowest frequency of the M2 (PCL) and M3 (PCL-AKT)
samples is higher compared with the uncoated Ti/AZ31 weld
joint sample. This confirms previous results concerning that the
coating specimens’ corrosion resistance is greater and the lower
impedance at the lower frequency of sample M1 is also evident,
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Fig. 8 (a) Nyquist plots, (b) equivalent electrical circuit for the uncoated and coated samples, (c) bode magnitude plot and Bode phase plot, (d)
potentiodynamic polarization curves of the uncoated Ti/AZ31 weld joint (M1), PCL (M2)- and PCL-AKT-coated Ti/AZ31 weld joint (M3) in

SBF

representing a significant reduction in the corrosion resistance
of the system in this specimen. Although the impedance at the
lowest frequency is about 5.5 to 6 Q cm? for the M2 and M3
samples, respectively, this value is about 5 Q cm? for sample
M1 (uncoated). In addition, at most frequencies, the phase
angle is about 80° to 90° for the coated samples, while it is
about 0 for the uncoated sample. All of these results show that
the corrosion resistance of the bare system is very low in
comparison with the coated system.

Figure 8(d) shows that the Ti/AZ31 weld joint coated with
PCL had a higher E., (— 1.38 Vscg) and a lower igo (0.0019
pA/cm?) compared with the uncoated Ti/AZ31 weld joint
(Ecorr = — 1.55 Vscp and i = 0.05 pA/cm?). Compared with
the coated samples, the negative corrosion potential is greater
for the uncoated sample due to the creation of a micro-galvanic
cell in the magnesium sample (Ref 64). As can be seen,
compared to the iy, of the M2 (PCL) and M3 (PCL-AKT)
specimens, the i, of sample M1 (uncoated) is significantly
lower, indicating the lower corrosion rate of the two coated
specimens which is because of the barrier effect of PCL-based
film. As such, the AKT-PCL coating layer acts as an anode
barrier, reducing the penetration of SBF into the substrates and
preventing galvanic corrosion. In addition, compared to the
uncoated sample, the barrier layer leads to a more positive
corrosion potential (Ref 58). Due to their fundamental effect on
blocking cavities, the presence of ceramic mineral particles
increases the protection against the corrosion of the PCL
coatings. It should be noted that the uncoated and coated Ti/

Journal of Materials Engineering and Performance

AZ31 weld joint specimens were soaked in SBF (for OCP) for
30 min so that a constant corrosion occurred. Throughout this
period, great amounts of corrosion products were formed on the
coating layer which played the role of a barrier to inhibit the
departure of more ions from the substrate. Simultaneously,
these products decreased the penetration of corrosive materials
into the substrate and protected the substrate (Ref 58). In this
regard, the presence of AKT nanoparticles in the PCL coating
layer might cause fast apatite formation from the SBF solution.
Owing to this deposition, the AKT-PCL layer showed a
constant corrosion (Ref 58). The values of the electrochemical
parameters of each sample are comparable in the analysis table.
The obtained results are demonstrated in Table 1. f, and f.
are the anodic and cathodic slopes, respectively. Eqor (Vscg) 18
the sample corrosion potential of the samples, ico is the
corrosion current density and R, is the polarization resistance.
The specimens polarization resistance is obtained as follows:

B
2.3(B, + Be)icorr

According to the results of polarization diagrams, the
polarization resistance of M2 (PCL-coated) and M3 (PCL-
AKT-coated) specimens is higher than the other ones. The
corrosion potentials of the bare and coated specimens are
reported in Table 1. Thermodynamically, the corrosion poten-
tial is related to the tendency for corrosion. The more negative
the corrosion potential of a system, the greater the thermody-
namic tendency of the system to corrode. In other words, the

Rp (Eq 2)



alloy is more active in the corrosive environment under study.
According to Table 1, the coating samples corrosion potential is
more positive than the uncoated sample, indicating a less
thermodynamic tendency for the sample to corrode.

3.4 Cell Response

Figure 9(a)—(c) shows the fluorescent microscope images of
the cultured cells on the samples for 3 days. As can be
observed, the cell nucleus stained with fluorescent dye DAPI is
seen in blue. According to Fig. 9, the number of cells bound to
the surface of the coated Ti/AZ31 weld joint (M2 and M3)

Table 1 Electrochemical parameters of specimens in SBF
solution attained from the polarization test

pa’ - ﬁc’ Ecorl' SCE, icorl" I’I'A/
Sample v.dec™! v.dec™! A% cm?
Uncoated 0.2 0.21 — 1.56 18.2
(M1)
PCL (M2) 0.37 0.40 — 1.38 0.3
PCL-AKT 0.09 0.10 - 1.16 0.01
(M3)

Cell viability (%)

specimens is greater than the uncoated (M1) specimen. In
addition, the number of cells adhering to PCL-AKT coating
increased significantly. Previous studies have shown that due to
the presence of elements such as calcium, magnesium and
silicon, AKT with the chemical formula Ca,MgSi,O; had
essential role in cell growth and proliferation (Ref 45-47). Due
to the rapid deposition of apatite, the addition of AKT to the
PCL coating layer may create a favorable environment on the
coating surface. The presence of calcium in the AKT
(Ca,MgSi,0,) inside PCL film can promote good cell attach-
ment and subsequently improve bone formation (Ref 58).

Figure 9(d) shows the cell viability chart of extracts on days
3 and 5. As can be seen, cell viability increased at all the time
points in the sample coated with PCL-AKT (M3). However,
after 7 days, cell viability increased significantly, with the
survival rate for the PCL-AKT (M3) reaching 97.52%. The
results of cell viability are quite consistent with those of cell
adhesion. These findings depicted that the embedding of AKT
to the PCL coating enhances biocompatibility. The production
of some ions, such as Si, Ca and Mg, from the AKT
encapsulated in the PCL coating is able to offer an appropriate
environment regarding living bone cells (Ref 58). As can be
seen, cell viability for the uncoated and coated samples
increases with the time of culture.

3 5
Immersion time (d)

Fig. 9 DAPI staining of MG63 osteoblasts cells on (a) the uncoated, (b) PCL-coated, (¢) PCL-AKT-coated Ti/AZ31 weld joint, (d) cell
viability of MG63 osteoblast cells after incubation in the uncoated and coated Ti/AZ31 weld joint for 3 and 5 days. Note: uncoated (M1), PCL

(M2) and PCL-AKT (M3)
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Figure 10 shows the results of cellular tests including
alizarin red stain (a), alizarin red stain absorption spectrum (b)
and alkaline phosphatase activity (c) of uncoated (M1), PCL
(M2) and PCL-AKT (M3) samples. These findings are likewise
in agreement with the previous outcomes including biocom-
patibility and cell adhesion, with osteogenic activity of the
specimens significantly increasing in the PCL-AKT (M3). This
amount of osteogenesis activity for the uncoated (M1) sample
is drastically reduced. Alizarin red is a commonly employed
dye to exhibit mineralization or the ability of a cell to produce
calcium. Figure 10(a) and (b) shows the staining of alizarin in
the cells. Calcium deposition is detectable as dark red streaks in
light microscope images. In this perspective, Ti/AZ31 weld
joint sample coated with PCL-AKT (M3), the deposition of
calcium was significantly increased, and the light absorption of
the samples was also increased.

Alkaline phosphatase (ALP) is an endocrine enzyme that has
an essential role in accelerating the dephosphorylation process of
proteins and nucleic acids and is found in important body tissues,
especially in the bone. The activity of this enzyme reflects the
function of tissues. Figure 10(c) shows the results of the
evaluation of ALP on 3 and 7 days. According to the images,
the activity of alkaline phosphatase enzyme up to 7 days was
higher for the coated sample in comparison with for untreated
specimens. According to the previous studies (Ref 68-70), the
cell culture process consists of three stages: (1) cell proliferation
and growth associated with an increase in the number of cells,
(2) increasing collagen secretion and reaching the highest level,
(3) decreasing collagen secretion and initiation of calcium
deposition, increasing the mineralization process. According to
the figure, the enzyme activity is higher in the coated samples
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containing AKT, which indicates the effect of this enzyme on the
induction of bone cell activity. The results of ALP test are well
supported by other tests and indicate the role of AKT in the PCL
layer in osteogenesis induction.

Compared to the PCL coatings (M2), PCL coatings encap-
sulating AKT (M3) depicted a considerably greater ALP activity.
In addition, the results show that the ALP activity of the coated
Ti/AZ31 weld joint sample increases with the time of cultivation.
This is owing to the dissolution of the AKT ion products, which
resulted in greater cellular binding and growth (Ref 58).
Furthermore, provision of PCL-based coating on Ti/AZ31 weld
joint surface reduces magnesium ions production from the
substrate by forming a PCL-based protective film. This reduces
the corrosion rate of the magnesium alloy side in Ti/AZ31 weld
joint and subsequently improves its biocompatibility. Therefore,
application of PCL-AKT on the surface of Ti/AZ31 weld joint
seems to escalate ALP activity as the soaking time increases,
which means great bioactivity. Owing to the generation of
soluble ionic products (Ca and Si) from the AKT present in PCL,
the positive role of PCL-AKT film in cell viability and adhesion
is confirmed (Ref 58).

4. Conclusion

(1) The uncoated Ti/AZ31 weld joint microstructure showed
that no titanium region was detectable on the titanium
side and no titanium side shape was observed. On the



@

3)

“)

magnesium side, various regions including near welding
zones, i.e., DRX and TMAZ as well as the base metal
area, are observed. Also, the PCL-AKT coating was
more uniformly applied to the specimens due to the
good distribution of AKT in the coating.

The highest increase in corrosion and pH value for the
uncoated Ti/AZ31 weld joint sample (M1) was because
of magnesium high solubility in aqueous media. During
the first 72 h, a sluggish escalation in the pH value of
the coated Ti/AZ31 weld joint samples indicates a slow
chemical dissolution and improved corrosion resistance.
During 336 to 720 h of immersion, the pH of the coated
samples decreased, which could be because of the
degradation products deposition on the surface.

Due to the presence of AKT in the PCL film with ele-
ments such as calcium, magnesium and silicon, the
PCL-AKT-coated Ti/AZ31 weld joint sample has higher
cell adhesion and cell viability (97.52%).

The alizarin red staining and ALP activity show that in
the Ti/AZ31 weld joint sample coated with PCL-AKT,
the osteogenic activity was significantly increased.
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