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ABSTRACT

Effect of plasma electrolytic fluorination and sacrificial
anode design on durability enhancement of

biodegradable magnesium alloy

HengBo Jiang

Department of Dentistry

The Graduate School, Yonsei University

(Directed by Professor Kwang-Mahn Kim, D.D.S., Ph.D.)

Magnesium (Mg) and its alloys have attracted fundamental
research in the fields of orthopedics, cardiovascular, and dentistry as
biodegradable metallic materials. However, Mg exhibits poor
corrosion resistance, especially in a physiological environment,

which limits its applicability in medical applications.

This study uses a type of Mg alloy called AZ31. The corrosion
resistance of AZ31 was improved using plasma electrolytic

vii



fluorination (PEF) as a surface treatment. Then, the surface
morphology, coating thickness, and composition were observed, and
the corrosion behaviors of PEF-coated AZ31 were evaluated via
electrochemical and weight loss tests. The tensile strength of PEF-
coated AZ31 after immersion in simulated body fluid (SBF) was
investigated after 4, 8, and 12 weeks and compared with Bare AZ31
which underwent the same treatment. Pitting corrosion caused a
rapid decline in the mechanical strength of AZ31. We verified pitting
corrosion using the hardness tester to indent the surface of the
samples and performed pitting corrosion analysis. In addition, we
prevented the rapid corrosion of AZ31 by designing a “corrosion
guide design (CGD)” for the unprecedented Mg implant according

to the potential difference between Bare and PEF.

The result of coating with PEF showed that a porosity structure of
pore size 600-900 nm and thickness 1-14 um was generated on the
AZ31 substrate. MgF, was covered on the coated surface. In
electrochemical corrosion and immersion corrosion tests, the PEF-
coated AZ31 exhibited efficiently improved corrosion resistance
compared to Bare AZ31 in SBF. In the results of tensile strength
through corrosion, the growth trend of weight loss percentage for
PEF-coated AZ31 was less than that of Bare AZ31. However, the
tensile strength of the PEF-coated AZ31 after immersion was lower
than that of Bare AZ31. We verified that the pitting corrosion was
the main reason why the strength of PEF-coated AZ31 was lost
rapidly. As seen in the results, the CGD can fully protect the strength
of the AZ31, but only for a period time.

viii



Although the PEF coating has a structure that favors biological
growth and it can increase the corrosion resistance of AZ31, there is
a limitation in its clinical use because of its generation of pitting
corrosion. The result in the PEF-coated AZ31 could lead to
mechanical fracture through biodegradation. However, after surface-
treatment, Mg could have increased corrosion resistance but the
pitting corrosion might rapidly reduce the mechanical strength of an
Mg implant, resulting in serious consequences for patients. Perhaps
the CGD would remedy the disadvantages of surface coating

technology on applying biomedical Mg implants.

Key words; Magnesium implant, Plasma electrolytic fluorination, Tensile test,
Corrosion resistance, Biodegradable materials, Pitting corrosion,

Corrosion guide design
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I. INTRODUCTION

1. Magnesium biomaterials

In recent years, Mg and its alloys have often been studied as

biodegradable materials for medical applications (Wang et al., 2012).

Common implant materials such as stainless steel, cobalt chrome and
titanium alloys have densities in the range 3.1-9.2 g/cm®, whereas the
density of natural bone is 1.8-2.1 g/cm®. Mg alloys are more comparable at
a density of 1.74-2.0 g/cm® (Staiger et al., 2006; Witte et al., 2008), and

Mg alloys are also much more comparable to natural bone than other



materials with regard to fracture toughness, elastic modulus, and

compressive yield strength (Song and Song, 2007), which are shown in

Table 1.

Table 1. A summary of the physical and mechanical properties of various

implant materials compared to natural bone (Staiger et al., 2006)

. Natural . Co-Cr Stainless Synthetic
Properties bone Mgalloy  Tialloy alloy steel HA
Density 41851 17420 4445 8392 7981 3.1
(o/cm®)

Elastic
modulus 3-20 41-45 110-117 230 189-205 73-117
(GPa)
Compressive
yield 130-180 65-100  758-1117 4501000  170-310 600
strength
(MPa)
Fracture
toughness 3-6 1540 55-115 N/A 50-200 0.7
(Mpaml/Z)

Mg is nontoxic and the fourth most essential element in the human body;

redundant Mg cations can be harmlessly excreted in urine (Staiger et al.,

2006). In addition, Mg implants can biodegrade through corrosion, which

eliminates the need for a second surgery to remove them (Shi et al., 2009).

However, from a practical perspective, pure Mg is incapable of providing

the mechanical properties that are required in many implant applications
(Vojtéch et al., 2006; Ganeshan et al., 2009). The modern portfolio of
commercial Mg alloys has evolved to include compositions that contain
aluminum (Al) (Kannan et al., 2008), zinc (Zn) (Zhang et al., 2010),
calcium (Ca) (Kirkland et al., 2010), lithium (Li) (Li et al., 2006),



manganese (Mn) (Xu et al., 2007), and rare earth elements (RE) (Hort et
al., 2010). Such alloys have been developed on the basis of their physical
properties such as strength and ductility. Thus, the vast majority of studies
to date have been performed on commercial alloys. The most common Mg
alloys in the field of biodegradable research are AZ series Mg alloys such
as AZ31 (Willbold et al., 2011; Iglesias et al., 2015) and AZ91 (Wang et
al., 2009; Razavi et al., 2015).

However, the degradation rate of bare Mg alloy in human body fluids is
rather high, and when using Mg alloy as an implant it cannot maintain
sufficient mechanical integrity during the tissue union period (Zeng et al.,
2006). In addition, the Mg alloy in the body has a rapid corrosion reaction
that produces a large amount of gas bubbles. Thus, bone tissue healing
could be disturbed by the gaseous reaction (Witte, 2015).



2. Surface modification

Mg implants have limited use in clinical applications because Mg in the
body undergoes rapid corrosion. Thus, the key issue in the development of
degradable Mg implants is reducing the corrosion rate. Currently, several
methods of surface modification of Mg have been studied such as
anodization (Jiang et al., 2014; Mousa et al., 2016; Zhang et al., 2016b),
polymer coatings (Ostrowski et al., 2013; Wan et al., 2014; Xu and
Yamamoto, 2012), ceramic coatings (Lin et al., 2016; Zhang et al., 2016a),
and fluoride conversion coating (Chiu et al., 2007; Sun et al., 2016;

Thomann et al., 2010) for improving the corrosion resistance.

2.1. Fluoride conversion coating

One method of fluoride conversion coating is of particular interest for
Mg implants, because it can create a fluoride coating that is effective at
improving corrosion resistance, and uses a very simple process (Chiu et al.,
2007). However, this method requires a processing time of at least 24
hours, and controlling the specified coating thickness is difficult (Chiu et
al., 2007; Sun et al., 2016). The schematic diagram of fluoride conversion

coating on Mg is as shown in Figure 1.

Soaking in HF acid

' 24~ hours

Figure 1. Schematic diagram of fluoride conversion coating on Mg.



2.2. Anodization

Anodization is one of the most commonly used surface treatment
technologies that can efficiently control the coating structure and thickness
by changing the voltage and current over a short processing time (Jiang et
al., 2014; Peixoto Barbosa and Kndrnschild, 2009; Song and Shi, 2014). In
anodization, a layer of oxides is formed via electrolysis on the surface of
the metal that enhances the metal’s corrosion resistance (Cai et al., 2011).
Figure 2 shows a schematic diagram of a common setup for the
anodization of Mg. Most anodized Mg is generated as an oxide (MgO)
layer. Although MgO is useful for improving the corrosion resistance (Han
et al., 2013), this form of anodized Mg is still incapable of creating the
desired effect because of the appearance of cracks (Ezhilselvi et al., 2016;
Némcova et al., 2013; Wilke et al., 2016).

Mg + 0> — MgO

C —l
3~ min

electrolyte

Figure 2. Schematic diagram of Mg anodization.



2.3. Micro-arc fluorination (MAF)

MAF technology was introduced in 2014 (Jiang et al., 2014). This can be
combined with the advantages of fluoride coating and anodization on Mg
to increase the corrosion resistance. The MAF coating was fabricated in a
saturated NH4HF, solution at 120-200 V through a DC power supply
(Figure 3); the coating has a porous structure and was mainly composed of
MgF,. MAF-coated Mg has high corrosion resistance and good
biocompatibility. Furthermore, compared to a smooth surface, a rough
surface allows cells to stick more easily and start growing (Kunzler et al.,
2007).

In addition, compared to the processing time for soaking Mg in HF
solution (Chiu et al., 2007; Witte et al., 2010; Yan et al., 2010), MAF
treatment greatly reduces the processing time, which is highly convenient

for research and development.

Micro-arc fluoride (MAF) treatment
120 ~ 200 V

3 min

Graphite rod

e

Figure 3. Schematic diagram of MAF coating on Mg.



3. Corrosion evaluation of Mg

There are several commonly used tests, from simple immersion or weight
loss (mass loss) experiments to electrochemical investigations that provide

mechanistic information about how material degrades.

3.1. Weight loss test

Weight loss measurement is perhaps the simplest in vitro method
available for investigating Mg corrosion (MVojtech et al., 2006; Wang and
Shi, 2011). Setup may vary depending on the experimental variables such
as the choice of buffering system, but the same design is typically
employed that requires only a sample, solution, and an accurate

microbalance.

During the test, the sample is placed in a selected solution for a set period
of time, after which it is removed and its weight loss is measured.
Normally, a mixture such as dilute chromic acid is used to remove any

corrosion products on the surface (Chiu et al., 2007; Hort et al., 2010).

3.2. Hydrogen release test
The corrosion reaction for Mg in electrolyte environment is:
Mg(s) + 2H,0(aq) — Mg(OH)(s)+ Hz(9)

This indicates that one atom of Mg will generate one H, gas molecule; in
other words, the evolution of one mol of H, gas directly corresponds to the
dissolution of one mol of Mg. Consequently, measuring the volume of H,

gas produced is theoretically equivalent to measuring the Mg weight loss.



The basic set-up of a H, evolution experiment is similar to that of a
standard weight loss experiment. Typically, a sample is immersed in an
SBF. For most setups, this involves the use of an inverted funnel and
burette or graduated tube (Eliezer and Witte, 2010; Liu et al., 2010; Muller
et al., 2007; Takadama et al., 2004). Prior to the investigation, the burette
is filled with a test solution, and the H, gas will rise and replace the
solution in the burette as it evolves. The schematic diagram of hydrogen

release test for Mg is as shown in Figure 4.

gas pocket

_________ gas bubble

Figure 4. Schematic diagram of hydrogen release test on Mg.

3.3. Potentiodynamic polarization (PDP) test

Potentiodynamic polarization is currently the most commonly used
electrochemical technique for studying the corrosion of Mg alloys (Birbilis
et al., 2009; Flitt and Schweinsberg, 2005). Typically, tests start with a set
period of time in which the open circuit potential (OCP) is recorded (AST
M Standard G102-89). This allows the material surface to stabilize with

the electrolyte and reach a near-steady potential. Following this, an applied



potential is imposed between the working and counter electrode. The
potential is altered at a controlled rate, and the current required for this
change to occur is recorded. Normally for Mg, the potential is initially set
to be more negative and sweeps up to become more positive than the OCP.
This limits the effect of the increased Mg dissolution that occurs in the

anodic region (Wang, 2006).
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4. Change in mechanical properties through corrosion of Mg

Mechanical performance is the most important consideration for
biodegradable Mg alloys, because fast degradation may induce early
mechanical loss before the tissue has had time to heal (Wang et al., 2011,
Witte, 2015).

There are a few previous reports on the mechanical properties of Mg
alloys through corrosion either in vitro or in vivo. These include a one-
point bending test (Figure 5A) (Tan et al., 2014), a three-point bending test
(Figure 5B) (Yan et al., 2010), and a compressive test (Figure 5C) (Dezfuli
etal., 2017).

However, experiments on the tensile strength of Mg alloys after
corrosion have not yet been conducted. It is generally believed that tensile
tests are most required to reflect the mechanical properties of metallic

material.

A B C

1 point bending 3 point bending compressive

L 5

Figure 5. Schematic diagram of a one-point bending test (A), three-point
bending test (B), and compressive test (C).
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5. Research objective and scope

This study carries out tests on AZ31 Mg alloy. In addition, we have
developed a new fluoride coating technology called “plasma electrolytic
fluorination” (PEF) that creates a fluoride coating on the AZ31 and reduces
the required processing time. Its innovation is in the electrolyte, and its
fluorine concentration is much higher than a traditional hydro fluoride acid
and MAF electrolyte.

Then, the surface microstructure, composition, crystal structure,
corrosion rate, and tensile strength through the corrosion of PEF-coated
AZ31 were measured and evaluated.

The aim of this study is to increase the corrosion resistance of AZ31 with
PEF. Therefore, the hypothesis is that corrosion rate of PEF-coated AZ31
is lower than for Bare AZ31. Hence, the tensile strength of PEF-coated
AZ31 is higher than Bare AZ31 through corrosion.

The possibility of rapid corrosion on PEF-coated AZ31 is prevented by
also preparing a new type of Mg-implant design called the CGD for
increasing the strength durability. The principle of this design is similar to
the “sacrificial anode” or “cathodic protection” that exposes the Mg
substrate at the end of the PEF-coated Mg. Thus, we hold that the strength

of the CGD sample remains unchanged within a certain time range.

11
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Il. MATERIALS AND METHODS

1. Specimens
1.1. AZ31

A commercial AZ31 sheet (Dongguan FeiTai Metal Products Co., Ltd.,
China) was laser-cut into types of disc and tensile test plates; these sizes
were as shown in Figure 6. The ingredients of the alloy are listed in Table
2. All samples were polished progressively with SiC paper from grade
#600 up to grade #2000 in absolute ethyl alcohol. The samples were then
ultrasonically washed in absolute ethyl alcohol for one minute and blow
dried.

B

|15mm| | 20 mm I |15mm|
|

Py —————— - R
mm 4 mm I6mm

' :

Figure 6. Appearance and size of disc type (A) and tensile test plate (B)

samples.

Table 2. Elements and concentrations in AZ31 (wt. %)

Element Al Zn Mn Fe Cu Ni Si Mg

Concentration 2.85 0.75 0.62 0.0029 0.00045 0.00052 0.025 rest

12



1.2. Plasma electrolytic fluorination (PEF) coating

This fluoride treatment process was designated PEF, according to plasma
electrolytic oxidation (PEO) technology. Figure 7 shows a diagram of the
PEF coating process.

The ultra-high concentration of fluorine electrolyte should be prepared
by heating pure NH;HF, (DAEJUNG CHEMICALS & METALS CO.,
LTD, Korea) to its molten state. The heater temperature (150°C) should
then be controlled to maintain the melting status in an electrolytic cell
because the electrolyte was at a high temperature and contains a high
concentration of fluoride. Therefore, the electrolytic cell must be made of
high temperature—resistant plastic.

PEF equipment uses a DC constant voltage power supply. Bare AZ31
was used as the anodic electrode, and a graphite rod was used as the
cathodic electrode. The electrodes were soaked in the fluorine electrolyte,
and treatment voltages of 100-140 V were applied for 30 seconds; the
sample name code with the conditions of surface treatment is provided in
Table 3. During the PEF process, the electrolyte was stirred with a
polytetrafluoroethylene (PTFE)-coated magnetic bar. After treatment, the

samples were rinsed in distilled water and blow-dried.

13
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Cooling reflux pipe — 2 ’
to prevent fluoride leaks -

—rr=
High concentration ®
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to corrode. Reflux is ¢

essential.

High Power &
Constant Voltage

Magnesium or its

Graphite rode alloys

Graphite:
Good, affordable
and not easy to
corrosion of
electrode materials.|

forming fluoride

fluorination.

Figure 7. Diagram of PEF coating on AZ31.

Table 3. Sample codes with PEF treatment conditions

When power is open,
the Mg surface are

ceramic coating layer
by plasma electrolytic

Siggge Operation Electrolyte 5&?}?‘2’% Ttriiggrz:)n t
Bare untreated - - -

PEF 09 Anodized Molten NH,HF, 100 30
PEF4 Anodized Molten NH,HF, 110 30
PEF5 Anodized Molten NH,HF, 120 30
PEF 3 Anodized Molten NH,HF, 130 30
PEF 14 Anodized Molten NH,HF, 140 30

14
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1.3. Indented samples

The samples used were a type of disc and tensile test plate, and four test
groups: Bare, PEF, indented Bare, and indented PEF were observed. The
indentation was pressed to 0.5 mm depth by a Vickers hardness tester

(Matsuzawa DMH-2, Japan), as seen in Figure 8.

A o

Figure 8. Optical images of indented disc type (A) and tensile test plate (B)

samples. Indentation (C) of samples was observed using a microscope.

15
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1.4. Corrosion guide design sample

The corrosion guide was designed according to the different potential in
the matrix and PEF coatings of AZ31. The CGD sample was produced as
shown in Figure 9; the surface of its leakage was for the sake of purposeful

corrosion to protect the specified area of the PEF-coated AZ31.

surface of leakage corvoston area

sealing area sealing area

sacrifice
area

surface of leakage
(Mg substrate)

Figure 9. Planar graph (A) with optical images (B, C) of a CGD sample.

16



2. Simulated body fluid (SBF)

The corrosion measurement experiments used a commercial Hank’s
balanced salt solution (HBSS, WELGENE Inc. Korea) as the SBF for all
corrosion tests. The components and concentration of SBF were as
provided in Table 4.

Table 4. Components with content in SBF (mg/L)

Component CaCl, MgSO, KCI  KH,PO, NaHCO;  NaCl Na,HPO, D-Glucose

Content 140 98 400 60 350 8000 48 1000

17



3. Surface characterization analysis
3.1. FE-SEM and EDS analysis

The surface morphology of the samples was observed via field emission
scanning electron microscopy (FE-SEM, ZEISS Supra 40VP), and the
distribution of elements was determined via energy dispersive

spectrometry (EDS).

3.2. XRD analysis

The surface crystal structure of the samples was determined via X-ray
diffraction (XRD, Rigaku Ultima IV, Japan) with the Cu-K, line at 40 kV
and 30 mA, with 20 in the range 20-80° with a 1°/min scan rate.

18



4. Corrosion test

The disk type samples were used in the corrosion test.

4.1. Potentiodynamic polarization (PDP) test

Electrochemical tests were performed and analyzed with a potentiostat
(MVersaSTAT 3:300) and commercial software (VersaStudio 2.44.4). The
electrochemical cell consisted of a classical three-electrode cell that
included a working electrode to be used as the test sample. Pure graphite
was used as the counter electrode, and Ag/AgCl/Sat-KCI (+197 mV vs. a
standard hydrogen electrode) was the reference electrode. The samples
were positioned in a sealed PTFE clamp with an exposed surface area of
0.9 cm? as the working electrode. SBF (1000 ml) in electrolyte form was
contained in a double-wall beaker, and the temperature of the electrolyte

was maintained at 37°C using a circulating water heater.

In this experiment, the samples were immersed in the SBF for one hour
to execute their open circuit potential (OCP) mode and thus ensure that the
test samples’ potential remained stable. After the OCP, PDP was executed.
The samples were scanned from the cathodic region to the anodic region at
a rate of 5 mV/s. The corrosion potential (E), current density (ico), and

corrosion rate (CR) were measured using software.

19



4.2. Weight loss test

In the weight loss test, the samples were vertically immersed in SBF and
maintained at 37°C for one and four weeks. The ratio of the SBF volume
to the sample area was 20 ml/cm®as per ASTM standard G31-74, and the
SBF was replaced every week. After one and four weeks, samples were
ultrasonically washed in 20% chromium trioxide solution for one minute.
The samples were then rinsed with absolute ethanol and dried; the
percentage of weight loss was calculated as follows:

Wo-w1
Weight loss % = ———— x 100 %
Wo

Where:
W, = the weight of the samples before the test,
w; = the weight of the samples after the test.

Ten samples of each group were tested, and the percentage weight loss

was expressed as the mean + standard deviation (SD).
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5. Tensile test through corrosion

The tensile strength was checked through immersion in SBF; we set the
mark of the “corrosion area” and “sealing area” on the tensile test samples.
We ensured that the grips of the sample did not participate in the
degradation and only allowed the corrosion area to degrade by sealing the
bilateral grips with silicon; the mean length of the corrosion area was 30
mm (Figure 10A, B). Then, the sealed samples were immersed in SBF and
maintained at 37°C for 4, 8, and 12 weeks. The ratio of the SBF volume to
the corrosion area was 20 ml/cm? and the SBF was replaced every week.
After each four-week period, ten samples from the Bare and PEF groups
were removed from the silicon, and tensile testing was performed using an
INSTRON testing machine at a constant cross-head speed of 1 mm/min

(Figure 10C); the tensile curves were recorded.

. . ! .
sealing area corrosion area | sealing area

Figure 10. Silicon-sealed tensile test plate (A), silicon-sealed CGD sample (B),
after immersion in SBF and removal of the silicon, tensile tests were directly

performed using an INSTRON testing machine (C).



6. Pitting corrosion analysis

We verified that the pitting corrosion was the main reason why the
strength of the PEF-coated AZ31 reduced rapidly by considering
indentation on the surface of Bare and PEF-coated samples (See Figure 8).

6.1. Disk type sample analysis

The PDP test and immersion test were conducted using disk type samples.
The PDP test was consistent with the materials and method described in
Section 4.1. In the immersion test, indented Bare and indented PEF-coated
AZ31 were vertically immersed in SBF and maintained at 37°C for one
week. The ratio of the SBF volume to the sample area was 20 ml/cm?.
After one week of immersion, the samples were taken out and blow dried.
The surface of the indented sample was then observed with a microscope.

6.2. Tensile test samples analysis

This method was consistent with the materials and method described in
Section 5. Four testing groups of Bare, PEF, indented Bare, and indented
PEF samples were vertically immersed in SBF and maintained at 37°C for
two weeks; the ratio of the SBF volume to the sample area was 20 ml/cm?.
After two weeks of corrosion, ten samples from each group were removed
from their silicon and tensile testing was performed with an INSTRON
testing machine at a constant cross-head speed of 1 mm/min (Figure 10C);

the tensile curves were recorded.
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7. Tensile test of CGD sample through corrosion

This method was consistent with the materials and method in Section 5.
The bilateral grips were sealed with silicon to ensure that the grips of the
CGD sample did not participate in the degradation, and only the corrosion
area was allowed to degrade (Figure 10B). Then, the sealed samples were
immersed in SBF and maintained at 37°C for 4, 8, and 12 weeks. The ratio
of the SBF volume to the corrosion area was 20 ml/cm? and the SBF was
replaced every week. After every four-week period, ten samples of Bare,
PEF, and CGD groups had the silicon removed and underwent tensile
testing using an INSTRON testing machine at a constant cross-head speed

of 1 mm/min (Figure 10C), and tensile curves were recorded.
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8. Statistical analysis

Ten samples of each group were tested, and the value of the percentage of
weight loss and tensile strength were expressed as mean * standard
deviation (SD).

Statistical analysis of the results was carried out using one-way analysis
of variance (ANOVA) with post hoc analysis of Tukey’s test. Values for
which p = 0.05 were considered significant.
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I11. RESULTS

1. Surface characterization

The surface morphologies of Bare and PEF-coated AZ31 were as shown
in Figure 11. Several different structural coatings formed on the surfaces of
the PEF-coated AZ31. For the coatings that were formed at less than 120 V
by PEF, the initial analysis of the surfaces disclosed a rough structure with
a nonuniform texture (Figure 11B, C). Once an anodizing voltage above
120 V was applied, the surfaces of the PEF coatings formed a relatively
fine porous and uniform structure. The diameters of the pore size for
PEF,, PEF3, and PEF4 were approximately 600, 700, and 900 nm,
respectively, as shown in Figure 11D-F.
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Figure 11. The surface morphologies of Bare AZ31 (A), PEFp (B), PEF11
(C), PEF15 (D), PEF130 (E), and PEFy4 (F). (The size of the red bar is 10 pm).
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Figure 12 displays the cross-sectional morphology and corresponding
distribution of fluoride and magnesium elements by EDS maps of the PEF-
coated AZ31. The distribution of the elements is indicated by the red
(fluoride) and green (magnesium) color. In accordance with the
distribution of fluoride and magnesium, we could observe that the fluoride
layers were uniformly distributed on the Mg substrates. The thickness of
the fluoride coating layers of PEF4, PEF119, PEF150, PEF130, and PEF4
were 1.3 um, 2.7 um, 5.6 um, 13.6 um, and 13.9 um, respectively.
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fluoride magnesium

Figure 12. Cross-sectional images with corresponding EDS maps of PEF;q
(A), PEF110 (B), PEF120 (C), PEF130 (D), and PEF140 (E) (The size of the red
bar is 10 pm).
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Figure 13 shows normalized XRD curves for Bare and PEF AZ31. The
comparison of the Bare AZ31 with the standard JCPDS card shows that the
PEF coating was mainly composed of tetragonal MgF, (JCPDS No. 41-
1443). The peak height of the MgF, was higher for an increased anodizing

voltage.

O MgF2 (JCPDS 41-1443)
A Mg
A A
+ A
[ | A
" Am A A
- = = . &
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Figure 13. XRD patterns of Bare AZ31 (A), PEFy (B), PEF110 (C), PEF12
(D), PEF13 (E), and PEF4 (F).
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2. Corrosion evaluation

Figure 14 shows the potentiodynamic polarization curves of Bare and
PEF AZ31. According to the result, we can infer that the increase in the
treatment voltages of the anodization accompanies a shift to lower current
density values in the polarization curve of the samples, confirming that the
corrosion resistance of the PEF-coated AZ31 was enhanced. The values for
the corrosion potential (Ecr), current density (icor), and the corrosion rate
(CR) obtained from Figure 14 are listed in Table 5. PEF;3, showed the
minimum value for the current density (8.533 x 107 A/cm?). From the
value of the corrosion rate, we know that the corrosion rate of PEF AZ31
was less than that of Bare AZ31 (0.627 mm/year). The corrosion rate was
calculated by Tafel analysis using the software. The corrosion rate of

PEF5, was extremely slow (0.021 mm/year).
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Figure 14. PDP curves of Bare AZ31 (A), PEFy (B), PEF1 (C), PEF 12 (D),
PEF13 (E), and PEF 14 (F).

Table 5. Results of the potentiodynamic polarization test for Bare and PEF-

coated AZ31. The corrosion potential (E.), current density (icr), and

corrosion rate (CR) were measured using software (VersaStudio 2.44.4)

Code Eeorr (V;1=0)  igor (Alcm?) CR (mm/year)
Bare -1.543 2.470 x 10° 0.627
PEFi00 -1.363 6.811 x 10 0.173
PEF110 -1.403 6.498 x 10 0.165
PEF 120 -1.388 3.975x 10°® 0.101
PEF13 -1.358 8.533 x 10" 0.021
PEF 14 -1.334 4.360 x 10°® 0.111
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Figure 15 shows the weight variation for Bare and PEF AZ31 in SBF for
one and four weeks. The percent of weight loss after one week of
immersion was in the following order: Bare 1.242 %) > PEFq, (0.541 %)
> PEF0 (0.351 %) > PEF4 (0.239%) > PEF;y (0.172 %) > PEF3
(0.072 %), and the percentage weight loss after four weeks of immersion
was in the following order: Bare (5046%) > PEF (2.673 %) > PEF;0
(1.907 %) > PEF15 (1.342 %) > PEF4 (1.233 %) > PEF5 (0.213 %).
Thus, PEF5, displayed the lowest value for weight loss after one and four

weeks of immersion.

Weight loss %

A B CDE F A B CDE F
1 week 4 week

Figure 15. Percentage of weight loss after immersion in SBF for one and four
weeks for Bare AZ31 (A), PEFy (B), PEF110 (C), PEF15 (D), PEF15 (E) and
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3. Tensile test through corrosion

Figure 16 shows the tensile strength—strain curves with optical images of
Bare and PEF-coated AZ31 for four weeks (Figure 16A), eight weeks
(Figure 16B), and 12 weeks (Figure 16C) of corrosion in SBF. The result
shows that the tensile strength of both groups’ samples decreased as the
duration of immersion in SBF increased. Significantly, the tensile strength
of the PEF groups was lower than for the Bare groups. Such results offer
visual clues. It was obvious that the PEF-coated AZ31 was subject to more
severe localized corrosion than Bare AZ31. We speculate that this localized
corrosion was the main reason why the strength loss of the PEF-coated

group was faster than that of the Bare group.
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Figure 16. Strength—strain curves with optical images of Bare and PEF-coated
AZ31 for: 4 (A), 8 (B), and 12 (C) weeks of corrosion.
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Figure 17 shows the mean maximum tensile strength tendency of the
Bare and PEF-coated AZ31 after 4, 8, and 12 weeks of corrosion. The
tensile strength of both groups decreased as the corrosion time increased;
the value of the tensile strength loss in the PEF-coated group was greater

than that of the Bare group for any period of time.

Maximum strength (MPa)

80 T T T T
0 4 8 12

Immersion time (weeks)

Figure 17. Maximum tensile strength for 4, 8, and 12 weeks of corrosion for
Bare and PEF-coated AZ31. (N = 10) (p = 0.05)
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4. Pitting corrosion analysis

Figure 18 shows the potentiodynamic polarization curves of Bare, PEF-
coated, indented Bare (in-Bare), and indented PEF-coated (in-PEF) AZ31.
The results clearly show that the curve of the indented PEF-coated AZ31
was obviously moved to the right based on the curve of the PEF-coated
AZ31. This means that the current density of the indented PEF-coated
AZ31 was increased and that the corrosion behavior increased gradually.
However, there was no obvious difference between the Bare and indented
Bare AZ31, which means that the indents on the surface of the Bare AZ31

were irrelevant to the corrosion rate.
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Figure 18. Potentiodynamic polarization curves of Bare, PEF-coated, indented
Bare (in-Bare), and indented PEF-coated (in-PEF) AZ31.
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Figure 19 shows the optical surface image of the indented Bare and
indented PEF-coated AZ31 and after one week of corrosion. According to
the images, the corrosion behavior was generated at the indents of indented
PEF-coated AZ31, but other areas saw no corrosion. In contrast, the
surface of the indented Bare AZ31 seemed to have corroded uniformly.
This also means that the indents on the surface of Bare AZ31 were

irrelevant to the corrosion behavior.

Bare

after 1 week of corrosion

=)

PEF

after 1 week of corrosion

=

Figure 19. Optical microscopic images of indented Bare and indented PEF-

coated AZ31 before and after immersion in SBF for one week.
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Figure 20 shows tensile specimens of Bare, PEF-coated, indented Bare
(in-Bare), and indented PEF-coated (in-PEF) AZ31 before and after two
weeks of corrosion. There is obvious corrosion behavior that was only
generated at the indents on the surface of the indented PEF-coated AZ31.
The PEF-coated AZ31 seemed not to have corroded and the indented Bare

AZ31 was not affected by localized corrosion at the point of indentation.

Before the corrosion After 2 weeks of corrosion

Bare TR T ]

Figure 20. Optical images of Bare, PEF-coated, indented Bare (in-Bare), and
indented PEF-coated (in-PEF) AZ31 before and after immersion in SBF for
two weeks.
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Figure 21 shows the strength-strain curves and mean of maximum
strength of the tensile test after two weeks of corrosion for Bare, PEF-
coated, indented Bare (in-Bare), and indented PEF-coated (in-PEF) AZ31.
We determined how the indents (pitting corrosion) affected the mechanical
strength through corrosion by carrying out tensile tests. The result (Figure
21B) showed that there was no difference in the tensile strength between
the Bare AZ31 with or without indents. However, when indents were
generated on the surface of PEF-coated AZ31 and samples were immersed
in SBF for two weeks, the strength was decreased compared to non-
indented PEF-coated AZ31.
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Figure 21. Strength-strain curves (A) and mean maximum strength (B) for
two weeks of corrosion of Bare, PEF-coated, indented Bare (in-Bare), and
indented PEF-coated (in-PEF) AZ31. (N = 10) (p = 0.05)
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5. Tensile test through the corrosion of CGD samples

Figure 22 shows the tensile strength—strain curves with optical images of
Bare and PEF-coated AZ31 and CGD samples for four weeks (Figure 22A),
eight weeks (Figure 22B) and 12 weeks (Figure 22C) of corrosion in SBF.
The result shows that the tensile strength of Bare and PEF-coated AZ31
decreased as the duration of immersion increased in SBF. It was obvious
that the “corrosion area” of Bare and PEF-coated AZ31 were corroded as
shown in the optical images. However, the tensile strength of the CGD
sample seemed unchanged and its “corrosion area” seemed not to have

demerged or corroded.
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Figure 22. Strength-strain curves with its optical images of Bare and PEF-
coated AZ31 and a CGD sample after 4 (A), 8 (B), and 12 (C) weeks of
corrosion. (N = 10) (p = 0.05)
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Figure 23 shows the mean of the maximum tensile strength tendency of
the Bare and PEF-coated AZ31 and CGD samples after 4, 8, and 12 weeks
of corrosion. The tensile strength of the Bare and PEF-coated groups
decreased as the corrosion time increased. In this instance, the value of
tensile strength loss in the PEF-coated group was greater than that of the
Bare group over any period of time, but the tensile strength of the CGD
sample was not decreased over thel2 weeks of corrosion.

D NN

S N A

I
] 1 1

180
160
140

o

[\

-
|

Maximum strength (MPa)

100 { —— Bare
| -@—PEF
1 —&— CGD
0 4 8 12
Immersion time (weeks)

o]
<>
1

[=a)
=

Figure 23. The mean maximum tensile strength for each specified period of
corrosion for Bare and PEF-coated AZ31 and the CGD sample. (N = 10) (p =
0.05)
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IV. DISCUSSION

Anodization is a significant surface treatment technique that utilizes the
voltage, current, and frequency (Gu et al., 20123a; Han et al., 2013). Most
anodizing treatments for Mg generate an oxide layer (Han et al., 2013).
Significantly, anodization allows for the adjustment of film thickness,
creates a uniform layer with a porous structure, and involves a short
processing time. However, the oxide layer created by anodization has two
drawbacks: 1) the formed MgO layer is insufficiently dense and has some
cracks (Gu et al., 2012b). 2) It can easily become converted into soluble
MgCl, in body fluid (Gu et al., 2012a). Both cases lead to an Mg substrate
with corrosive damage. Thus, the oxide coating on Mg does not meet the

standards demanded of biodegradable implants.

One conventional method of fluoride treatment is the creation of a
fluoride coating on the surface of Mg. This method both effectively
improves corrosion resistance and has a foolproof processing procedure
(Chiu et al., 2007; Yan et al., 2010). It has been mentioned that a fluoride
coating is more capable of protecting an Mg substrate than an oxide
coating. When Mg samples were immersed in hydrofluoric acid, MgF,
layers could be created on the Mg surface via chemical conversion, where
the dissolution of Mg and the deposition of MgF, should occur in a
dynamic balance. MgF, is insoluble, thus a barrier layer should be
established on the Mg surface. Previous studies have reported that the
fluoride coating had an excellent protective effect on the Mg substrate and
there was no toxicity and biocompatibility in vitro (Song and Atrens, 2003)
and in vivo (Thomann et al., 2010). This means that, to some extent, the
fluoride treatment of Mg implants creates a good potential biodegradable

implant material due to its utilizable stability and biocompatibility in
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medical applications. However, the processing time for conventional
fluoride treatments on Mg should be longer than 24 hours; also, it was
difficult to adjust the coating thickness when using this method (Chiu et al.,
2007; Thomann et al., 2010; Yan et al., 2010).

Therefore, to create a stable MgF, layer on an Mg substrate in an
extremely short time, we chose the method of anodization treatment in a
fluoride electrolyte.

When AZ31 was anodized in molten NH4HF,, many corrosive batteries
could be generated on the surface of the alloy. In the anode region, Mg
could be dissolved as follows:

Mg — Mg®* + 2e°
The reaction in the negative region was as follows:
2H" + 2¢" — H,1
The Mg?* reacted with F as follows:
Mg” + 2F — MgF,|

When the Mg was applied in the electrolyte at a high voltage, the surface
discharged many electric sparks by opening the discharging pores, thus
generating a porous structure (Figure 10). The MgF, generated on the Mg
surface was an insoluble and stable coating and gradually grew until the
coating was sufficiently thick to terminate the reaction. All coating

formation reactions were completed within 30 seconds (Table 4).

The corrosion behaviors of Bare and PEF-coated AZ31 were investigated.
However, the results of polarization with weight loss tests showed a
significant difference in the corrosion behaviors of Bare and PEF-coated
AZ31.
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From these results, the Bare AZ31 exhibited general corrosion behavior
in SBF, but the corrosion was hindered after anodization. The polarization
test was the most commonly used method of corrosion analysis for
detecting metal corrosion potential (E..y) and the corrosion current density
(icorr) in SBF. The i has a close relationship with the corrosion rate, and
its value is inversely proportional to the corrosion resistance (Song and
Atrens, 2003), while the value of E,, is directly proportional to the trend

in the corrosion resistance (Zhang et al., 2005).

From Table 5, the anodized samples show a lower value for i, than the
Bare AZ31, which means that the corrosion resistance is improved by
anodization. From Figure 13, the PEF;3, shows that the value of the current
growth is slow until the breakdown potential of -0.95 V. In addition, we
observe that the value of the current at the potential of -0.95 V is larger
than the value of the current at the potential of -0.95 V for PEF 3, because
breakdown had already been experienced at a lower potential except for
PEF3. The breakdown means that the PEF coating is being destroyed by
electrochemical deterioration. Once the coating breaks down, the current
value is expected to increase (Hornberger et al., 2012), which also means

that the corrosion rate will increase.

Depending on the surface (Figure 9) and sectional (Figure 10) images,
we can be obviously see that the generated structure pore size and
thickness of the PEF coating increases as the anodizing voltage increases.
In this study, the coatings of PEF3, and PEF4 had the same thickness,
which may mean that the pore size affected their ability to protect the Mg
substrate. When the anodization process was applied at above 130 V, it
may produce excessive discharge on the surface of Mg, leading to the
generated MgF, deposits being damaged by the puncture voltage (Jiang et
al., 2014).
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In a previous study, the Mg surface was reportedly destroyed by applying
a higher voltage than the critical anodization voltage (Jiang et al., 2014).
Relating the coating thickness to the results of the corrosion test allows us
to summarize that the corrosion resistance increases in accordance with the
coating thickness. This phenomenon is in agreement with other literature
on fluoride coating (Yan et al., 2010). We conclude that increasing the

thickness of the fluoride coating improves the corrosion resistance of Mg.

In addition, H, gas release is a problem with Mg implants; however, this
problem is considered in the way that the human body endogenously
produces gas that can slowly be discharged from the body via sweat glands
and body fluids (Kraus et al., 2012). Frischerauer et al. reported that in Mg
implants given to rats by p-CT, the gas released from Mg implants was
slowly dissipated over time in vivo (Fischerauer et al., 2013). Therefore,
improving the corrosion resistance of Mg implants can slow the gas release

rate, so the deleterious influence of the gas can be neglected.

Mg and its alloys are subject to various types of corrosive behavior in
physiological environments, particularly when local corrosion is involved,
which is often the dominant mechanism in the degradation of Mg and Mg
alloys (Witte et al., 2008).

A PEF coating could increase the corrosion resistance of AZ31; it is
usually considered that a surface coating can improve the corrosion
resistance of Mg and maintain its mechanical strength. Unexpectedly,
although a PEF coating increased the corrosion resistance of Mg, there was

a serious lack of maintenance capacity in the mechanical strength.

As we observed in this work, the PEF coating had a micro porous
structure (Figure 10). Perhaps due to the fact that the micro pores caused

the thinnest parts of the coating structure to break down in the SBF, the Mg
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substrate was revealed in this part and began corroding severely. Therefore,
we considered that it might be caused by pitting corrosion on the surface of
the PEF-coated AZ31. Pitting corrosion, which penetrates from the surface
into the substrate, affects the mechanical behavior of Mg to a much greater
extent than uniform corrosion, even for similar degradation rates (Frankel,
1998). One result of pitting corrosion is that it is difficult to maintain the
mechanical integrity of implants over the certain period of time in which it
would be necessary for medical implants to bear a specific amount of load
in a highly corrosive environment. Even if studies of biodegradable Mg are
explored continuously, none has yet reported tensile test after corrosion;
only a few studies have tested the other mechanical properties of Mg
alloys after corrosion (Dezfuli et al., 2017; Krause et al., 2010; Tan et al.,
2014; Wang et al., 2011). Thus, the reasons and mechanisms of the
changes in tensile strength of PEF-coated AZ31 after corrosion must be
discovered and the coating technique should be improved.

The various forms of corrosion that develop with a magnesium implant
in the human body are well known. According to our results (Figure 15),
we can see that the strength of PEF-coated AZ31 was reduced rapidly
compared to Bare AZ31. However, the weight loss percentage of PEF-
coated AZ31 was less than that of Bare AZ31. Therefore, we consider
pitting corrosion a key factor in these phenomena, as verified by the PEF-
coated AZ31 pitting corrosion test.

Although the PEF coating on AZ31 could increase the corrosion
resistance, the loss of mechanical strength was too rapid because pitting
corrosion was generated on the PEF coating surface. Therefore, we could
utilize different surface potentials within Bare and PEF-coated Mg to
design a new concept Mg implant, the principle of which is similar to the

“sacrificial anode” or “cathodic protection” to expose the Mg substrate at
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the end of the PEF-coated Mg. Because the exposed area could easily
corrode, the other areas of PEF-coated Mg were protected (Figure 23).
Thus, it can be clearly seen from the results (Figures 21 and 22) that the
tensile strength of the CGD sample was not decreased during the 12 weeks
of corrosion. Perhaps such a discovery and CGD could supplement the

PEF coating defects, and could be used in all Mg coatings.

49



V. CONCLUSION

In this study, our conclusion regarding the surface treatment of AZ31 by
plasma electrolytic fluorination is as follows.

1. Uniform and porous structural coatings are formed on PEF-coated
AZ31 using applied voltages above 120 V, the diameter of the pore
size ranges 600-900 nm, and the coating thickness ranges 1-14 pm.
The PEF-coating time is within 30 s.

2. EDS mapping detected that fluoride and magnesium were the main
components of the PEF coating.

3. XRD analysis showed that the crystal structure of the PEF coating
was MgF,.

4. The potentiodynamic polarization test showed that the corrosion rate
of the PEF-coated AZ31 was lower than that of the Bare AZ31.
Among them, the PEF 3, showed the lowest corrosion rate.

5. The weight loss test showed that the percentage of weight loss for
PEF-coated AZ31 was obviously lower than the Bare AZ31 for one
and four weeks immersion. Therein, the PEF3, also showed the
lowest value (N = 10) (p = 0.05).

6. The test of tensile strength through corrosion showed that a loss of
strength in PEF-coated AZ31 was observably faster than in the Bare
AZ31 for 4, 8, and 12 weeks of corrosion (N = 10) (p = 0.05).

7. The new design (CGD) of the unprecedented Mg implant, can be
fully protected the strength of the AZ31 for 4, 8, and 12 weeks of
corrosion compared to the Bare and normal PEF coatings (N = 10)
(p = 0.05).
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Although, Mg could have increased corrosion resistance after surface
treatment, pitting corrosion might rapidly reduce the mechanical strength
of the Mg implant, resulting in serious consequences for patients. Perhaps
CGD can remedy the disadvantages of applying surface coating

technology on biomedical Mg implants.
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