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ABSTRACT

To control the corrosion rate, the Magnesium (Mg) was coated with poly (l-lactic acid) (PLLA) using electrospinning
technique. The effectiveness of the PLLA coating on the high purity Magnesium (HP Mg) and alloy AZ91 were tested in
Hank’s solution immersion test. The corrosion behaviour of Mg coated PLLA was studied through hydrogen evolution,
weight loss and scanning electron microscope (SEM) before, during and after samples were immersed. The solution
was maintained at pH 7 by bubbling CO, gas. The results showed that surface treatment on Mg by coating with PLLA
had reduced the rate of corrosion during the immersion test. The PLLA coating was also characterized and the coating
adhesion was evaluated.
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ABSTRAK

Bagi mengawal kadar kakisan Magnesium; Mg disalut dengan asid (I-laktik) poli; PLLA menggunakan teknik putaran
elektron. Keberkesanan PLLA yang membaluti HP Mg dan aloi AZ91 diuji dengan merendam di dalam cecair Hanks.
Ciri-ciri kakisan oleh Mg bersalut PLLA dikenal pasti melalui pelepasan hidrogen, penurunan berat dan pengimbas
mikroskop elektron (SEM) sebelum, semasa dan selepas sampel direndamkan. Cecair tersebut sentiasa berada pada pH
7 dengan aliran gas CO, Keputusan menunjukkan bahawa kaedah rawatan kepada permukaan magnesium dengan
disaluti PLLA telah menurunkan kadar kakisan semasa ujian rendaman. Salutan PLLA juga dikenal pasti dan kelekatan

balutan juga diuji.

Kata kunci: Magnesium,; penurunan berat; SEM dan salutan PLLA

INTRODUCTION

Medical implants are made from many types of alloys, such
as 316 L stainless steel, titanium alloys and cobalt based
alloys. These are permanent implants need to be removed
after bones are healed. Implant removal is important after
bone healing because long term implantation can cause
risks such as local inflammation as metal implant is a
foreign material to the human body. The removal surgery
increase the patient morbidity and the cost of health care
due to longer hospitalization (Chu et al. 2002; Song
2007; Wen et al. 2009; Wong et al. 2010). To solve this
problem, magnesium (Mg) has gain lot of interest to be
used for biodegradable implants. Mg has density of 1.74
g/cm?® which is less than steel and aluminium. The elastic
modulus and compressive yield strength of Mg are closer
to natural bone compared with other metal (Abdalla et al.
2014; Caoetal. 2013; Chiu et al. 2007; Staiger et al. 2006).
Furthermore, Mg is degradable, environmentally friendly,
essential to human metabolism and inexpensive. Moreover,
there is growing evidence that slow release of Mg ions to
human body is harmless. Unfortunately, Mg alloys have
disadvantage that limit their use particularly in biomedical
application. A major concern is its low corrosion resistance

which may cause total corrosion of the Mg implant before
the wound is healed. The environment, surface properties,
alloy chemistry and metal impurities are factors that affect
the corrosion behaviour of Mg. Therefore, biodegradable
polymer coatings might be applied to increase the corrosion
resistance, antimicrobial action, dielectric strength and
wear properties (Abdalla et al. 2014, 2012; Iafisco et al.
2011; Ravichandran 2009). Electrospun fibre meshes
have received significant attention as growth substrates
for cells and tissues, mainly due to their morphology and
the dimension of the nanofibres that mimicks natural cells
(Chen et al. 2012; Doshi & Reneker 1995; Duan et al.
2007; Frenot & Chronakis 2003; Shah et al. 2009). This
work studied the influence of electrospun PLLA nanofiber
coating on the corrosion of high-purity Mg (HP Mg) and
alloy Az91. Az91 contains 9% Al and 1% Zn.

MATERIALS AND METHODS

PREPARATION OF MAGNESIUM SPECIMENS

Specimens with dimensions of length x width x thickness
(10 mm x 10 mm x 5 mm) were cut from HP Mg and
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AZ91 ingots, respectively. All specimen surfaces were
mechanically polished with 600-1200 grit silicon carbide
(SiC) papers and cleaned with ethanol and distilled water.
Six samples of HP Mg and Az91 were prepared and a
hole with diameter of 1.0 mm was drilled through each
sample. Another six samples of HP Mg and Az91 were
prepared without hole. These samples were then divided
to: a) non-coated HP Mg and AZ91 and b) coated PLLA-HP
Mg and PLLA-AZ91. Samples with hole were designated
as 1,2 and 3 while samples without hole were designated
as 4, 5 and 6. Samples with introduced hole can be used
in further implantation into animal which it is preventing
mobilization in tissue study.

PREPARATION OF PLLA COATED Mg SPECIMENS
BY ELECTROSPINNING

The electrospinning apparatus consisted of three
components: spinneret, collector and voltage power.
PLLA (Mw = 1.63 x 10° g.mol") solution was prepared
by dissolving 8 wt. % PLLA (Mitsui Chem. Co. Ltd.) in
chloroform at room temperature. The solution was fed into
a 10 mL syringe with thin needle (27 G; inner diameter (ID)
0.21 mm and outer diameter (OD) 0.42 mm) and installed
on a syringe pump. PLLA dope was extruded from the
syringe at a constant rate of 1.00 ml/h, 10 kV of applied
voltage and a tip-to-collector distance of 15 cm (Amalina
et al. 2009). The coating of each surface was done for 1 h
to obtain well covered surface. The coated samples then
kept in the desiccator before immersion test.

COATING CHARACTERIZATION

The PLLA coating layer on the Mg surfaces were
characterised using X-ray diffractometer (XRD PANalytical
X’Pert High Score) with copper Ka radiation at a
glancing angle of 1° at 45 kV and 40 mA. The purity of
PLLA coating was determined using Fourier transform
infrared spectroscopy (FTIR Perkin Elmer). Spectra were
obtained over the frequency range of 4000-400 cm™. The
surface morphology was observed using scanning electron
microscopy (SEM) equipped with energy dispersive

Micro Materials) was conducted to measure the thickness
and the strength of the coating on the surface.

IMMERSION TEST

All tests were done by hanging the samples with fishing
line as shown in Figure 1.

Each sample was immersed for 14 days at 37 +2 °C
in 0.5 L Hanks’ solution. Hanks’ solution was made by
mixing Hanks’ balanced salt (without sodium bicarbonate
and phenol red, Sigma Aldrich), sodium bicarbonate
(reagent grade) and distilled water (Abidin et al. 2013;
Qiao et al. 2012). The solution was maintained at pH7
constantly by bubbling CO, at a partial pressure of 0.009
atm throughout the immersion test (Zainal Abidin et al.
2011). The corrosion rate was evaluated by: the hydrogen
evolution volume and the weight loss over the whole
duration of immersion. The overall Mg corrosion reaction
is given by:

Mg +2H,0 — Mg? + 20H" + H, (1)

Equation (1) indicates that each atom of corroded Mg
causes the evolution of one molecule of hydrogen. The
weight of Mg was taken in three steps: before immersion
test, after immersion test before removal of corrosion
product and after removal of corrosion product. The
samples were dried in a desiccator for 1-2 days before
weighing. Hydrogen evolved was collected directly by a
filter funnel into burette above corroding specimen. After
each immersion test, the specimen was removed from the
solution and dried in the desiccators for 1-2 days.

CORROSION EVALUATION

Hydrogen evolution is a common method by which to
evaluate Mg corrosion (Atrens et al. 2011; Virtanen 2011).
The measured volume of evolved hydrogen was converted
to the equivalent volume at the standard temperature (0°C)
and pressure (1 atm) using the ideal gas law. The corrosion
rate P, (mm y') was evaluated using:

spectroscopy. The microscratch test (CORE Nano-scratch, P,,=2279V, 2)
0.9% CO2 A .
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FIGURE 1. Schematic showing an immersion test of specimen hung with fishing line



where V, (mL cm™d™) is the volume of evolved hydrogen TABLE 1. Chemical composition of (HP Mg) and AZ91

per unit area per day.

The corrosion products were removed by immersion Element (HP Mg, wt. %) (AZ1, wt. %)
of each specimen in chromic acid cleaning solution at Mg Balance Balance
room temperature for 10 min. This chromic acid cleaning Al 0.0088 8.15
solution contained 200 g L' CrO, and 10 g L' AgNO,. Zn 0.02 0.64

After cleaning, each of the specimens was washed Mn 0.02 0.15
with distilled water and dried in a desiccator for 1-2 days. Cu 0.002 0.001
The weight loss rate, W, ( mg cm™ day™') was calculated Fe 0.007 0.0046
using: Ni 0.0001 0.0031

Ca <0.005 <0.01

W,=(W,- W)/ At A3) Be <0.0001 <0.0001

Ce <0.01 <0.01
where W,_(mg) was the weight of Mg before the immersion Gd <0.01 <0.01
test, W_(mg) was the weight after the immersion test and La <0.01 <0.01
after removal of corrosion product, A is the specimen Nd <0.01 <0.01
surface area (cm?) and ¢ is the immersion duration in Pr <0.01 <0.01
days (d). The weight loss was converted to the (average) Y <0.01 <0.01
corrosion rate, P, (mm y"') using (Shi & Atrens 2011;
Zhao et al. 2009, 2008):

P,=2.14W “)

The surface of the Mg samples was characterized PLLA HP Mg
by scanning electron microscopy (SEM) coupled with an = /\LL
energy dispersive X-ray spectroscopy before and after g S .
corrosion product removal. E

U
RESULTS AND DISCUSSION

CHEMICAL COMPOSITION OF MAGNESIUM SPECIMENS PLLA
The chemical compositions of HP Mg and Az91 are listed in
10 20 30

Table 1.HP Mg is a standard that has been used to compare h T o n o
the AZ91. AZ91 is the mostly used casting alloy and it is 2 Thetha degree

usually consisting of 9% Al and 1% Zn.
FIGURE 2. XRD spectra of PLLA-HP

Mg and HP Mg
COATING CHARACTERIZATION

In order to confirm the formation of electrospun PLLA layer

on the HP Mg and Az91, XRD analysis was used and shown
in Figure 2 and 3.
The XRD results demonstrate that Mg peaks can be
clearly identified from both Figure 2 and Figure 3 at ~ PLLA AZ 91
32°,35°,37°,50° 57°,63°,69° 70° and 78° at 2O angles. 5
The XRD diffraction peaks at 2° angle of 16° attributed to

amorphous PLLA. This observation is due to the thickness
of PLLA layer coated on Mg and Az91 (Abdalla et al. 2014;

with previous research where the diffractions of PLLA were

Intensity (a.u)

Niu et al. 2013; Razavi et al. 2014). This finding is similar

not sharp and the peak usually at 20 angle of 16° (Amalina

et al. 2009; Krikorian & Pochan 2003). To verify the PLLA

existence of chemical structure changes of the polymeric

matrix on Mg sample, FTIR spectra were obtained. In Figure e e
4, broad transmittance bands were observed at 3250 cm™ 2 Thetha degree

to 3500 cm'. Transmittance bands were also detected at

2256-2500 cm™, 1750 cm™ and 945 cm™. Figure 5 presents FIGURE 3. XRD spectra of PLLA-AZ91

the schematic illustration of determination of the PLLA and uncoated AZ91
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layer thickness and adhesion strength of layer on the Mg
surface from the microscratch test.

The thickness was based on the penetration depth
of the indenter tip until it reached the Mg surface. The
adhesion strength was based on load applied in which
first failure occurred. The thickness of PLLA layer on Mg
surface was found to be 17.83 um and the adhesion strength
obtained was 415.47 mN.

Figure 6 presents the surface morphologies of coated
PLLA samples. Both PLLA-HP Mg and only one PLLA-AZ91
samples have an irregular, numerous junctions, undulating
morphology with large variations in diameter along a single
fibre. The fibres mats were smooth and beadles showing the
bonding of intersecting fibres had created a strong cohesive
and well adherence with metal substrate (Agrawal & Ray
2001; Deitzel et al. 2001).

The diameters of fibres were ranging from 369 nm
to 1.29 um. Even though the substrate used for PLLA-
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AZ91 2 was similar with PLLA-AZ91 5, beadings were
formed on surface. There are other parameters affecting
electrospinning process such as solution properties, set up
variables and ambient condition. Due to chemical stability
of polymer can degraded over time, the chemical properties
of polymer solution also changed. Polymer degradation
will lead to impurities of solution that jet from the needle to
collector and formed fiber with bead. (Abdalla et al. 2013;
Frenot & Chronakis 2003; Liang et al. 2007; Shenoy et
al. 2005). From observation of SEM images, non-uniform
fibres were more easily to form with high molecular weight
PLLA (Azad et al. 2008; Iafisco et al. 2011). The EDX results
show that all samples before immersion test were mainly
composed of C, O and Mg.

CORROSION EVALUATION

The corrosion evaluation of immersed samples was
determined by H, gas evolution, weight loss and SEM-EDX.
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FIGURE 4. FT-IR spectra of PLLA-HP Mg
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FIGURE 5. Schematic illustration of determination of the PLLA layer thickness
and adhesion strength on Mg surface
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FIGURE 6. SEM surface morphologies of PLLA-HP Mg 1 (A), PLLA-HP Mg 5
(B), PLLA-AZ91 2 (C) and PLLA-AZ91 5 (D)

show that the hydrogen evolution volume had increased
with the immersion time. The result showed similar trend
with previous study (Atrens et al. 2011). All samples with
hole did not have incubation period except Az91 3 and
PLLA-AZ91 2. The incubation periods for both samples
were up to 125 hr and 100 hr respectively. During the
incubation period, the rate was low and then increased
with increasing immersion time and typically reached
a steady state value. The corrosion rate of Az91 3 had
rapidly increases after incubation period whereas PLLA-
AZ91 2 increased moderately. AzZ91 3 had the highest
total hydrogen evolution volume in comparison with
other uncoated AZ91 samples even though it was initially
incubated. It was observed that for samples with hole, the
hydrogen volume of coated PLLA-HP Mg were slightly

The pH value was monitored throughout the immersion
test. The pH was approximately kept constant within 7.0-
7.8 for all samples by bubbling CO, with partial pressure
of 0.009 atm into Hanks’ solution at 37 + 2 °C. Figure 7
presents the corrosion behaviour of samples with hole
from the hydrogen evolution obtained throughout the
immersion test.

Hydrogen volume evolved for samples without hole
are shown in Figure 8.

The open symbol indicated the hydrogen evolution
volume and full symbols corresponds to the pH of the
solution during immersion test. HP Mg 2 and PLLA-AZ91
1 samples have been omitted due to technical error. Thus,
it was not possible to report hydrogen evolution data and
the corrosion rate, P, , for these specimens. All samples
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FIGURE 7. Hydrogen evolution of HP Mg (A), PLLA-HP Mg (B),AZ91 (C)
and PLLA-AZ91(D), (with hole) in Hank’s solution
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FIGURE 8. Hydrogen evolution of HP Mg (A), PLLA-HP Mg (B), AZ91 (C)
and AZ91 (D), (without hole) in Hank’s solution

higher than uncoated HP Mg. It has been stated by previous
finding that Mg surface is unstable and surface modification
can improve its stability. However, modification used can
be toxic and may not sufficiently improve the degradation
behaviour of Mg. This also may attribute to the polymer on
the surface gradually became more hydrophilic in aqueous
environments (Abdalla et al. 2012; Krikorian & Pochan
2003; Pandey et al. 2008; Zhang & Ma 1998). However,
the hydrogen volumes of non- coated AZ91 with hole were
higher than coated samples AZ91 with hole. All samples
without hole had incubation period except HP Mg 4. The
incubation period was longest for the two samples PLLA-
HP Mg 4 and PLLA-HP Mg 6 up to 200 hr and was shortest
for PLLA-HPMg 5. PLLA-HP Mg 5 fluctuates increased after
incubated up to 25 h. The incubation period of both non-
coated HP Mg was up to 100 hr except for HP Mg 4. HP
Mg 4 had the highest total hydrogen evolution volume in
comparison with two other uncoated HP Mg. All non-coated
Az91 samples without hole were incubated up to 100 h.
AZ91 4 had the higher corrosion rate in comparison with
other uncoated AZ91 even though it had similar incubation
period. The hydrogen evolution volume of PLLA-AZ91 5
and PLLA-AZ91 6 increased slowly throughout 14 days
of immersion test after having incubation period up to
125 h. The hydrogen evolution volume of PLLA-AZ91
4 slightly increased after incubated until 50 h before
increased rapidly. Two out of triplicate samples from each
Mg samples without hole showed similar behaviour. In
general, samples without hole and well coated with PLLA
have lower volume of hydrogen evolution. It proved that
surface modification onto Mg surface with PLLA possibly
reduced the volumes of hydrogen evolved and also reduced
the corrosion rates of Mg. This result is also suggested by
previous studies in which by coating the anodic (metal) can
reduce the corrosion rate (Song 2007). For each specimen

that have incubation period, it showed low hydrogen gas
evolved and typically tending to steady state value. After
incubation period, some samples such as PLLA-HP Mg
5, PLLA-AZ91 4 and AZ91 4 showed rapidly increased in
hydrogen evolution volume. This behaviour consistent
with prior observation of similar corrosion behaviour for
Mg alloys. It is expected that the initiation and propagation
of the heterogeneous corrosion is a stochastic process and
the variability may be because Az91 was die casting and
some rare impurities particles, thus the resultant corrosion
rate is significantly greater than normal specimen. In
general, corrosion rate of Mg alloy tend to be greater than
high purity Mg due to alloying metal (impurities) but
with surface coating, corrosion resistance of alloy can be
improved particularly during initial stages as it successfully
delayed biodegradation of substrate (Rojaee et al. 2013). As
shown in Figures 7 and 8, the pH of uncoated HP Mg and
AZ91 started at around 7.8 and decreased with increased
immersion time while both coated HP Mg and Az91
remained in between 7.0 and 7.88. This means corrosion
reaction for uncoated Mg and alloy tend to be active in the
beginning of immersion time compared to coated specimen
as it is protected by layer of polymer coating. Hence, the
corrosion reaction tends to slow down at the beginning of
immersion time. Certain conditions of the environment
play an important role for the corrosion properties of metals
in surface reaction. Metal corrosion and biological reaction
can influence the pH changes. Surface alkalization due to
Mg dissolution can lead to high alkalinity (Razavi et al.
2014). It means pH will increase upon Mg corrosion in
which hydrogen gas and oxygen gas reduction play role.
Table 2 shows the weight loss data, W, the corresponding
corrosion rate, P, the hydrogen evolution rate, V ,,, and
the corresponding corrosion rate, P, for all specimens in
Hank’s solution for 14 days.
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TABLE 2. Corrosion rate of HP Mg, AZ91, PLLA-HP Mg
and PLLA-AZ91 in Hank’s solution

Material Sample Immersion period PW PA]_l
(hour) (mmy") (mmy")
HP Mg 1 336 0.80 1.49
3 336 0.74 0.60
4 336 1.84 3.76
5 336 0.79 141
6 336 0.78 1.37
PLLA-HP Mg 1 336 1.96 11.36
2 336 1.92 4.82
3 336 1.88 3.89
4 336 0.55 0.06
5 336 0.75 0.85
6 336 0.68 0.10
A791 1 336 1.95 10.14
2 336 1.93 6.2
3 336 203 1536
4 336 1.93 6.94
5 336 1.07 1.60
6 336 1.03 1.57
PLLA-AZ91 2 336 0.74 0.6
3 336 1.89 443
4 336 1.18 2.82
5 336 0.62 0.10
6 336 0.68 0.12

* The corrosion rate P, (mm y™') was evaluated using the volume of evolved hydrogen per unit area per day
* The corrosion rate, P, (mm y') using the weight loss of sample

The average corrosion rates obtained from the
hydrogen evolution volume were higher than the corrosion
rates obtained from the weight loss for all samples. Table
2 indicates that overall corrosion rate of Mg samples with
hole ranked as: HP Mg < PLLA-AZ91 < PLLA-HPMg <AZ91.
The corrosion rate of Mg samples without hole ranked as:
PLLA-HP Mg < PLLA-AZ91 < HP Mg < AZ91. This may be
attributed to the greater impact of PLLA coating layer that
successfully protecting the surface (Zainal Abidin et al.
2011). Figure 9(a) and 9(b) showS the surface appearance
of PLLA-HP Mg 5 and PLLA-AZ91 6 after immersion tests
for 14 days and before corrosion product removal.

The PLLA layer was still attached to the samples
surface with white corrosion products seen below the
coating. It can clearly see that corrosion started at
the edge of sample where delamination occurred and
causing the breakdown of coated layer. Figure 10 shows
the surface morphologies of uncoated HP Mg 3, AZ91 2,
PLLA-HP Mg 2 and PLLA-AZ91 2 after immersion tests
were done and before removal of corrosion product
respectively. According to Figure 10, there were white
corrosion products on the surface of each specimen. In
the corrosion product, some cracks appear which is due
to the shrinkage of the corrosion product during drying.
For uncoated samples, the white corrosion product on
the substrate surface is expect hydroxyapatite, heavily

FIGURE 9. Surface appearance of samples PLLA-HP
Mg 5 (A) and PLLA-AZ91 6 (B)

carbonated apatite and slightly carbonated apatite form
and was confirmed through EDX done to the samples as
shown in Figure 12 (Hiromoto 2015).

Figure 11 presents the surface appearance after
corrosion product removal after 14 days of immersion in
Hanks’ solution.
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FIGURE 11. Surface appearance of corroded samples HP Mg 3 (A), AZ91 2 (B), PLLA-HP Mg 2
(C),PLLA-AZ91 2 (D), HP Mg 4 (E), AZ91 5 (F), PLLA-HP Mg 5 (G) and PLLA-AZ91 6 H)

From Figure 11(a), the surface of uncoated samples
HP Mg 3 showed heterogeneous corrosion, severely
corroded areas that were adjacent to the samples edge.
This indicated that substrate suffered shallow localized
corrosion while uncoated Az91 2 from Figure 11(b)
undergone similar amount of somewhat deeper localized
corrosion known as pitting corrosion. The surface
appearance of HP Mg 4 (Figure 11(e)) which had shown
incubation period has superficial corrosion over the
sample surface and deep heterogenous corrosion in a few

places. The surface appearance of Az91 5 (Figure 11(f))
was consistent with heterogenous corrosion having spread
over sample surface. For coated samples with hole PLLA-
HP Mg 2 (Figure 11(c)), fewer flaws and tiny corrosion
pits were observed on the cleaned surface as corrosion
resistant coating should delay initiation of biodegradation.
For sample PLLA-AZ91 2 (Figure 11(d)), there was pitting
beneath the PLLA layer in which it started from hole.
From the figures, it is obvious that the crevice corrosion
started at hole and spread to the other area. Sample coated
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PLLA HP Mg

6 7 8 9

FIGURE 12. EDX analyses of corrosion products on the surface (HP Mg),
AZ91,PLLA-HP Mg 2 (C), PLLA-AZ91

without hole, PLLA-HP Mg 5 (Figure 11(g)) underwent
heterogenous corrosion which deeper pit was seen on
the edge of sample. Its enable coating to inhibit and or
avoid localized corrosion while generating degradation
on the surface of Mg. For PLLA-AZ91 6 (Figure 11(h)),
sample underwent filiform corrosion. After removal of
PLLA layer after 14 days immersion test, it can be seen
that some flakes pattern formed on the sample’s surface.
The appearances of coated and uncoated HP Mg after
corrosion product removal obtained from this research
are similar with previous study (Rojaee et al. 2013; Zainal
Abidin et al. 2015; Zhao et al. 2014). In Hank’s solution,
corrosion occurred due to oxide film breakdown and the
attack onto the weak part of oxide film and reached the
surface of Mg.

Figure 12 shows overall EDX analyses of corrosion
product on the surface after immersion test. The EDX
results show that corrosion product of all samples after
immersion test were mainly composed of Ca, P, O and Mg
except sample of AZ91. There are additional compound
found on corrosion product of AzZ91 such as C,Zn and CI.
The EDX spectra proved that Ca/P might cause formation
of hydroxyapatite and it can be speculated that Mg
hydroxide, amorphous Ca/P and or Mg apatite amorphous
compound deposited on surface where these compound
comes from Hank’s solution.

When polymer coated onto Mg, it would be expected
that, it provides longer incubation period during the
initial stage of immersion (Yamamoto & Hiromoto
2009). From Figure 11, it can be concluded that Mg
samples degradation initiated at areas where the coating
was damaged (Gu et al. 2013). Some samples underwent
filiform corrosion and leaved flakes pattern on the sample
surface due to water slipped in between fibres of PLLA
layer to reach into Mg surface.

CONCLUSION

The CO, bubbled at partial pressure of 0.009 atm
successfully maintained the solution pH throughout the
experiment. Corrosion performance of HP Mg, AZ91,PLLA-
HP Mg and PLLA-AZ91 measured by means of hydrogen
evaluation tests was in agreement with the morphologies
observed at SEM.
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