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Abstract

We report the enhanced mechanical properties of AZ31 magnesium alloys by plasma electrolytic
oxidation (PEO) coating in NaOH, Na,SiO3, KF and NaH,PO4-2H,0 containing electrolytes.
Mechanical properties including wear resistance, surface hardness and elastic modulus were
increased for PEO-coated AZ31 Mg alloys (PEO-AZ31). DC polarization in Hank’s solution
indicating that the corrosion resistance significantly increased for PEO-coating in KF-contained
electrolyte. Based on these results, the PEO coating method shows promising potential for use in
biodegradable implant applications where tunable corrosion and mechanical properties are needed.
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1. Introduction

Biodegradable materials including magnesium, iron, and zinc-based alloys have been
studied for use in orthopedic and cardiovascular devices [1,2]. In particular, because of their
non-toxicity [3], mechanical properties (close to bone) [4], and degradability [5],
magnesium-based alloys are being explored by the research communities [6-9]. However,
one of the potential problems is fast corrosion at the initial stage of implantation, leading to
large hydrogen gas evolution and mechanical failure at bone/device interface [6,10,11].
Plasma electrolytic oxidation (PEO), as one of the surface modification methods, can
increase initial corrosion resistance and mechanical strength in the body since this barrier
layer protects the substrate from the surrounding human body-fluid environment [12]. PEO
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can control porosity during an electrolytic passivation process (sparking phenomenon). The
porous surface at the micro-/nano-scale level can promote cell adhesion/proliferation,
leading to fast-healing of local tissue [13-18]. PEO-coated layer has relatively low toxicity
[19]. This process is applicable for medical devices with complex geometries such as ACL
screws, plates, and pins [19-22].

In this work, we report enhanced mechanical properties and increased corrosion resistance
of the biodegradable magnesium alloy which is coated by plasma electrolytic oxidation
(PEO). We carefully investigate the effect of the electrolyte composition, electrical
parameters and substrates (AZ31) on the surface morphology, mechanical properties and
corrosion resistance. Nanoindentation and wear tests were conducted to evaluate surface
mechanical properties of PEO coating.

2. Materials and methods

2.1. Preparation of the initial substrate

As-drawn AZ31 Mg alloy (mass fraction, %) of 3.0 Al, 1.0 Zn and the balance Mg was
purchased from Goodfellow. AZ31 rod of 1.27 cm diameter was polished to remove the
oxide layer sequentially with 600, 800, 1000, and 1200 grit silicon carbide paper before
cutting into samples of 3 mm thickness. All samples were connected with copper wire on
one side using a conductive epoxy (Eccobond 56C/Cat 9 kit, Ablestik) and mounted in
epoxy resin (Epokwick™, BUEHLER) with the other surface exposed. In order to ensure the
same surface roughness for all test samples, the surfaces were carefully polished using 400,
600, 800, 1000, and 1200 grit silicon carbide paper, using ethanol as a lubricant, and drying
with nitrogen stream.

2.2. Plasma electrolyte oxidation (PEO) coating

The PEO process was carried out using a pulsed AC power source with a gradient pulse of
bn:losf = 0.2 ms:0.2 ms (2.5 kHz). This gradient pulse was repeated with a frequency of 225
Hz (Fig. 1). This wave was applied to magnesium alloy for 2 min at room temperature. We
used a high voltage power supply, ET Systems® electronic GmbH. The exposed surface area
was 1.27 cm? and maximum current density applied was 118 mA/cm2. We recorded voltage
and current waveform using an oscilloscope (Tektronix TDS 1012B). AZ31 alloy specimens
and stainless steel rod were used as the anode and cathode, respectively.

As shown in Table 1, the three electrolytes were prepared separately. Millipore Milli-Q
deionized water was used as a solvent. Chemicals, sodium silicate (Na,SiO3, anhydrous,
Alfa Aesar), sodium hydroxide (NaOH, =97.0%, Fisher Scientific), potassium fluoride (KF,
99%, ACROS), and sodium dihydrogen phosphate (NaH,PO4-2H,0, 99.9%, Fisher
Scientific) were used as the resources for three different electrolytes. The electrolyte was
continuously stirred by a magnetic stirrer during coating at room temperature. Stainless steel
rod was used as a cathode. Finally, coated samples were rinsed with deionized water and
dried in warm air.
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2.3. Coating characterization

The surface morphologies of the uncoated/PEO-AZ31 alloys were characterized by field-
emission scanning electron microscopy (FE-SEM, Hitachi 8000, 10 kV). Surface roughness
and wear profiles were analyzed using white light interferometry based WYKO RST Plus
non-contact optical profiler.

For cross-sectional analysis of the PEO-AZ31 alloys, the alloys were mechanically cut in
half using a rotating saw (Allied® TechCut 5). Cross-sections were prepared by hand
polishing with 600-1200 grit SiC paper, successively. Sections were coated with a thin
coating of gold/palladium using a sputter coater (Bio-Rad® E5400) to improve conductivity
and imaging using SEM. Elemental mapping was performed using EDX (Bruker AXS5350,
Germany).

The XRD measurements were performed using a commercial X-ray diffractometer (Bruker
D8 Tools, A = 1.5406 A, 40 mA, 40 kV). The scanning range of diffraction angle (26) was
set between 20° and 80° with steps of 0.02° and time step of 1 s.

2.4. Electrochemical studies

The electrochemical measurements were collected in a three-electrode setup: uncoated and
PEO-AZ31 alloys as the working electrode and a platinum wire electrode and an Ag/AgCl
electrode (saturated KCI) as counter and reference electrodes, respectively. The DC
polarization test was performed using Reference 600 potentiostat (Gamry Instrument, USA)
in the simulated body fluid (SBF) solution (8 g/L NaCl, 0.4 g/L KClI, 0.14 g/L CaCl,, 0.35
g/L NaHCOg3, 1 g/L glucose, 0.2 g/L MgSQO4-7H»0, 0.09 g/L KH,PO4 and 0.06 g/L
NaH,PO4-7H,0) at room temperature. DC polarization tests for samples were conducted in
the —0.1 V to +0.5 V range with a scan rate of 5 mV/s after immersion in SBF for 10 min to
reach a steady open circuit potential [23].

2.5. Mechanical properties

Nanoindentation (MTS Nanoindenter XP) tests using a Berkovich indenter were performed
to measure hardness (H) and elastic modulus (E) of uncoated and PEO-AZ31 samples.
Measurements were conducted in continuous stiffness measurement (CSM) mode. The
Berkovich indenter has a tip angle of 65.3°. Though rule of thumb suggests that the
indentation depths should not exceed one tenth of the film thickness, due to high surface
roughness and porosity of the coatings, nanoindentation data at low depths would not
represent true values of the coating. For this reason, the indentation depth was set at 1000
nm, within the coating thickness, with a surface approach velocity of 10 nm/s and a
frequency of 45 Hz. A minimum of 25 indents were made for each test at various locations
on the sample as the coating surface was porous and heterogeneous. The analysis of
hardness and elastic modulus was done from the experimentally obtained load versus depth
of penetration plots using the Oliver and Pharr method [24]. Experimental hardness and
elastic modulus values were calculated over a depth range within 500 nm in TestWorks®
software to stick to one tenth of film thickness. This nullifies the effect of the substrate on
hardness and elastic modulus values. Further, Weibull analysis is performed on hardness and
elastic modulus data due to huge scatter in the data. Wear tests were conducted on a Ball-on-
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disc tribometer (Bruker Corporation). A tungsten carbide ball with a diameter of 3.96875
mm was used as the static friction partner against the PEO coatings and uncoated AZ31
alloy. The wear tests were carried out under a normal load of 3 N. A load of 3 N was
selected in order to remain within the coating during the wear test. Samples reciprocated
against the ball with the frequency of 0.5 Hz, stroke length of 3 mm and 150 cycles (150
passes). Wear of tungsten carbide ball was negligible. Volumetric wear loss was calculated
by multiplying wear cross sectional area with stroke length. Specific wear rate, an indicator
of material removal rate, was calculated as the wear volume per unit load and unit sliding
distance. All wear tests were conducted under dry sliding conditions at room temperature.
Specimen surfaces were thoroughly degreased with acetone and allowed to dry before start
of each test. The worn surfaces were examined under optical microscope and mechanical
stylus profilometer for wear track measurements.

3. Results and discussion

SEM images of the surface morphologies of AZ31 substrate and the three different PEO-
AZ31 based samples are shown in Fig. 2. PEO coated (Fig. 2b—d) samples show the
presence of pores due to the PEO process [25,26]. The pores are considered to be
“footprints” of the plasma discharge channels and reach the coating/electrolyte interface
during the plasma-generated melting.

AZ31-1 and AZ31-3 (Fig. 2b and d) show less pores and smooth surfaces due to the fluoride
in the electrolyte compared to AZ31-2 without fluoride. However, the large cracks and non-
uniform surface were observed in AZ31-2 (Fig. 2c). An increased number of pores will
provide more areas for corrosive media to attack and reduce corrosion resistance.

Fig. 3 shows the representative cross-section images of uncoated/PEO-coated samples. In all
three cases, the substrate-coating interface shows the presence of intermetallic phases, a
result of dissolution of AZ31 substrate in the early stages of processing [27]. The
thicknesses of coatings AZ31-1 and AZ31-3 are similar, these are formed in the electrolyte
with KF. It can be originated from the conductivity of fluoride, as reported the rate of film
formation increased when anions with higher conductivity were introduced to the coating
solution [28,29]. Thickness of coating in AZ31-2 is thinner, 6.26 + 0.27 than thickness of
coating in AZ31-1 and ZA31-3 (see Table 2).

Fig. 4 shows the cross-section elemental mapping EDX image of PEO-coated AZ31-1,
representatively. It can be seen that the fluoride layer does form closer to the substrate/
coating interface of the AZ31 substrate. Fluoride plays an important role in the initial film
formation as the presence of fluoride in the oxide film is a result of the reaction between the
fluoride anion in the solution and the Mg cation in the film [30]. It is well known that
fluoride is very electronegative, meaning that it has a strong tendency to acquire a negative
charge and form fluoride ions in solution. Yerokhin et al. [31] showed that adding
compounds that contain the F~ ion into an electrolyte solution helped to increase the
electrolyte conductivity. The Mg alloy is quickly passivated in the presence of the F~ ion and
undissolved MgF is generated on the surface [32]. This gives the reason why a fluoride-
enriched zone is found at the alloy/solution interface and MgF, is able to form as a barrier
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layer so quickly [33]. This thin layer of fluoride ions will protect the substrate from
oxidation. The cross-section profiles also reveal the other elements as part of the layer
involves a heavy amount of phosphorus, oxygen, and magnesium. These elements appear to
be uniformly distributed in the coatings [34].

XRD patterns for AZ31 substrate alloy and PEO coatings are shown in Fig. 5. It can be seen
that the AZ31 alloy is mainly composed of a hexagonal close packed (hcp) magnesium-rich
phase. For the PEO-coated samples, the XRD results show the dominating magnesium-rich
phase as well as periclase MgO in the coatings. No peaks associated with fluoride,
phosphorus, or potassium appears for the PEO coatings indicating that any magnesium
compounds that may have resulted are amorphous. These elements exist in small amounts
due to the short coating time of only 2 min.

Table 2 shows the summary of surface morphology of PEO coated AZ31 samples. Pore size,
number of pore, and thickness were estimated from SEM images (Figs. 2 and 3). Average
surface roughness, R, of the AZ31 substrate and the PEO-AZ31-1, 2, and 3 coatings were
measured using non-contact optical pro-filer (in Fig. S1). Fig. S1 results show that AZ31-1
and AZ31-3 coatings have lower surface roughness compared to AZ31-2. The addition of F
ion into a solution is known to increase the electrolyte conductivity. This allows a decrease
in the work voltage and final voltage during the PEO coating process [31,35]. This decrease
in voltage promotes the conversion of larger spark discharges to fine spark discharges while
increasing the number of sparks. The associated large sparks that result from the PEO
coating process are known to influence the surface roughness in a detrimental way and finer
sparks help in reducing surface roughness [36]. The smaller sparks that are generated allow
for smaller pore size with a higher pore number, providing a more uniform coating. The
effect of phosphate on the surface roughness is virtually insignificant, as there is no
significant difference in coating roughness between coatings AZ31-1 and AZ31-3.

Typical nanoindentation load—displacement curves for AZ31 and PEO coatings are shown in
Fig. 6. AZ31 and PEO coatings are indented up to 1 pm indentation depth. It can be noticed
that the maximum load required to indent up to 1 um depth for AZ31-3 (~75 mN) is
significantly higher that required for AZ31 substrate (~20 mN). Weibull analysis was
performed on nanoindentation hardness and elastic modulus data for at least 25 indents on
each sample. Table 3 shows the summary of the Weibull analysis data for hardness and
elastic modulus data for AZ31 substrate and PEO-coated samples. Characteristic hardness
(H) and elastic modulus (E) are shown to decrease with the PEO coating. This is expected as
the coatings have a statistical distribution of defects in the form of pores and micro-cracks.
Due to the higher density of defects in the coatings when compared to the substrate AZ31,
more scatter is introduced which leads to a further reduction in modulus. Elastic modulus
has significantly increased when PEO-coatings were applied. Hardness and elastic modulus
of the PEO-coated AZ31 can be improved in accordance with PEO coating process and
electrolytes condition [37-40].

Results indicate that the hardness of PEO coatings is around 3-7 times greater than that of
AZ31 substrate. This increase is attributed to the formation of coated layer. AZ31-1 and
AZ31-3 coatings exhibited highest hardness which can be attributed to the addition of KF,
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leading to a more compact coating structure. The high hardness and elastic modulus values
are related to the microstructure and phase composition of the coatings, which can improve
the wear performance of the AZ31 substrate as well. Coating AZ31-2 (without fluoride)
exhibited very low hardness and elastic modulus values which indicates that there were more
defects in the coating. The reason for such high scatter was that the coating was full of
surface defects such as micro/macro pores, shallow cracks, and defects lying in close
vicinity to the sub-surface region. These flaws would have a statistical size distribution due
to the PEO coating process [37]. Coating AZ31-2 also displayed the lowest characteristic
values for hardness and elastic modulus.

The optical images of the wear tracks of untreated and PEO-AZ31 alloys are shown in Fig.
7. The damage to the uncoated AZ31 is evident in Fig. 7a, where the wear track width is
greater than that of the coated AZ31 alloys. Lim et al. also received similar results [41]. It
could be possible that p particles by Al element in AZ31 could have contributed to the depth
of the wear tracks [36]. The appearance of the wear tracks for the PEO-AZ31 samples was
different from that of the uncoated AZ31 substrate, indicating that the PEO-coated surfaces
have a much higher resistance to abrasive wear. Although the coating thicknesses are similar,
it is clear that the electrolyte solution plays a major role on the wear of the surface. Very
little wear of the coating was observed in case of AZ31-3 coating as reflected by an
incomplete wear track of the coating AZ31-3 in Fig. 7d, indicating that the major part of the
coating was still intact. In the case of coatings AZ31-1 and AZ31-2, the coating was
completely removed. This can be evidenced by the shiny nature of the wear tracks and the
developed score marks in Fig. 7b and c. For coating AZ31-3, there is no appearance of the
shiny metal substrate, indicating higher wear resistance under the same load and cycles. It
can be concluded that the PEO-coated samples do possess improved wear resistance.

Cross-sectional profiles of the wear tracks for wear width, depth, and wear cross-sectional
(c/s) area measurements were obtained using a mechanical stylus profilometer and plotted in
Fig. 8. Table 4 shows the summary of cross-sectional wear profile measurements. Fig. 8
shows the cross-sectional wear profiles for AZ31 substrate as well as coatings AZ31-1,
AZ31-2 and AZ31-3 at a load of 3 N and 150 passes. After 150 passes, the average wear
depths for AZ31 substrate and AZ31-2 were 39.3 um and 29.5 pm, whereas, for coatings
AZ31-1 and AZ31-3, the wear depths were only 11.18 um and 1.42 pym, respectively. Similar
trend is noticed for wear cross-sectional area as well. For AZ31, the wear depth was non-
uniform indicating an abrasive wear caused due to the resulting debris. It is clear that the
lack of fluoride had a tremendous effect on wear behavior of the coating. In case of coating
AZ31-3, the fluoride added may have been able to participate in the reaction easier without
the presence of phosphorus giving way to a denser, more compact and more wear resistant
MgF, layer at the coating/substrate interface (Fig. 4).

Fig. 9a demonstrates the effect of PEO coating on the wear properties of AZ31 alloy.
Uncoated AZ31 substrate exhibited high specific wear rate, whereas AZ31-3 alloy with PEO
coating exhibited minimal wear. Mechanical characterization of AZ31 and PEO-coated
AZ31 alloys has indicated a correlation between hardness and wear rate. In other words,
alloy with minimum hardness, as in the case of uncoated AZ31 alloy, has exhibited poor
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wear resistance. This is evident by the high wear rate. Alloy with maximum hardness (PEO-
coated AZ31-3) has shown high wear resistance, evident from the low wear rate.

The uncoated AZ31 substrate recorded an average (/7= 5) wear rate coefficient of 1.04 x
10711 m3/N m, whereas average specific wear rates observed for coatings AZ31-1, AZ31-2,
and AZ31-3 are 2.32 x 10712 m3/N m, 8.16 x 10712 m3/N m and 4.93 x 10713 m3/N m,
respectively (Table 3). While there is difference of one to two orders of magnitude between
the AZ31 substrate specific wear rate and the PEO-coated sample specific wear rate, there is
no significant difference between the three coatings. This was reported in the literature
through a study by Liang et al. [35]. The average wear volume for the AZ31 substrate was
1.39 x 107 um3. The average wear volumes for coatings AZ31-1, AZ31-2, and AZ31-3 were
3.07 x 10% um3, 1.01 x 107 pm3, and 6.25 x 10° pm3, respectively. A lower wear volume
indicates a better wear resistance and this further proves that the PEO coatings can improve
wear resistance over the uncoated AZ31 substrate. The improvement of wear resistance can
be correlated to the high hardness associated with the MgO phases present (Fig. 5) in all
coatings under dry sliding conditions. The higher wear rates and better wear resistance of the
coatings AZ31-1 and AZ31-3 are attributed to the presence of KF in the electrolyte solution.
The smaller wear rate coefficient and higher wear volume of the coating AZ31-2 are related
to the cracks and weak adhesion of the coating layer to the substrate alloy due to lack of KF.
It is clear that the tribological properties of coatings can be controlled by the electrolyte
solution used.

Fig. 10 shows the results obtained from DC polarization. The corrosion potential (£,,,,) and
corrosion current density (/) were derived directly from the DC polarization curves and
the electrochemical data are presented in Table 5. AZ31 substrate had exhibited a corrosion
current density of 8.06 x 10~ A/cm? with an associated corrosion potential —1.55 V. The
corrosion potentials of the AZ31-1 and AZ31-3 were similar to that of the AZ31 substrate
and the AZ31-2 showed more active corrosion potential. The corrosion current density
values of PEO coated the AZ31-1 and AZ31-3 were better two orders of magnitude than that
for the AZ31 substrate. This indicates that, using fluoride, PEO coating with higher
corrosion resistance can be produced on the magnesium surface. Coatings AZ31-1 and
AZ31-3 have /., values of 3.98 x 1078 and 8.44 x 1078, respectively, which results in
corrosion rates of 9.12 x 10~ MPY and 1.93 x 1078 MPY, respectively. When compared to
the corrosion rates of substrate AZ31 and coating AZ31-2 (1.85 x 1074 and 2.38 x 107>,
respectively), the PEO-coatings including fluoride can increase corrosion resistance.
Moreover, the coating AZ31-2 had registered a lower breakdown potential compared to that
of AZ31 substrate. It can be depicted the localized damage and thin layer. Also, while
reviewing the morphology of coating AZ31-2 as shown in Fig. 2c, uniform coating is not
present. This gives way to localized and accelerated corrosion as the corrosive ions attack at
weaker areas in the coating first. Based on the corrosion potential, corrosion current density,
and polarization resistance, PEO coatings offer improved corrosion protection over the
AZ31 substrate.
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4. Conclusions

Surface coating of AZ31 alloy was successfully achieved by PEO technique with/without
phosphate and fluoride. PEO-AZ31 alloys exhibited improved mechanical properties such as
hardness and elastic modulus compared to the AZ31 substrate. The coating formed in the
electrolyte with fluoride has resulted in a dense, compact coating structure, and low
roughness of coating surface on the AZ31 substrate. Moreover, it has a higher surface
hardness and better wear resistance than that formed in the electrolyte without fluoride.

It was also verified that PEO-coated AZ31 alloys with fluoride have higher corrosion
resistance than AZ31 substrate through DC polarization analysis in body fluid solution.
Although there are many challenges that remain ahead, PEO coatings with desired
mechanical properties and adjustable degradation rate could play a significant role in the
development of coatings for biodegradable metals.
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Fig. 1.
Applied voltage profile for PEO coating on magnesium alloy.
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Fig. 2.
SEM images of surfaces. (a) AZ31 substrate, (b) AZ31-1 (including fluoride and

phosphorus), (c) AZ31-2 (no fluoride), and (d) AZ31-3 (no phosphorus).
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Fig. 3.
Cross-section images. (a) AZ31 substrate, (b) AZ31-1 (including fluoride and phosphorus),

(c) AZ31-2 (no fluoride), and (d) AZ31-3 (no phosphorus).

Mater Sci Eng B Solid State Mater Adv Technol. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al.

Page 13

*
&
—r
—

WMUE-asrg

Fig. 4.
Representative cross-section elemental mapping EDX analysis for PEO-coated AZ31-1

(including fluoride and phosphorus).
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XRD patterns of AZ31 substrate and PEO-coated AZ31 alloys. Mg and MgO are
corresponded with JCPDS No. 89-5003 and JCPDS No. 45-0946.
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Typical nanoindentation load versus displacement curves at 1 um indentation depth for the
AZ31 substrate and PEO coated samples.
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Fig. 7.
Optical images of wear tracks for (a) AZ31 substrate, (b) AZ31-1 (including fluoride and

phosphorus), (c) AZ31-2 (no fluoride), and (d) AZ31-3 (no phosphorus).
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Fig. 8.
Wear track profiles of (a) AZ31 substrate, (b) AZ31-1 (including fluoride and phosphorus),

(c) AZ31-2 (no fluoride), and (d) AZ31-3 (no phosphorus).
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Fig. 9.
(a) Specific wear rate and (b) wear volume for AZ31 substrate, AZ31-1 (including fluoride
and phosphorus), AZ31-2 (no fluoride), and AZ31-3 (no phosphorus).
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Fig. 10.
DC polarization curves for AZ31 substrate, and PEO coated samples (AZ31-1; including

fluoride and phosphorus, AZ31-2; no fluoride, AZ31-3; no phosphorus) in Hank’s solution.
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Table 1

Concentration and components of the three different electrolytes for PEO coating on AZ31 alloy.

Samples  Concentration (M)

Na,SiO; NaOH KF NaH,PO,2H,0

AZ31-1  0.08 0.05 0.1 0.04
AZ31-2  0.08 0.05 - 0.04
AZ31-3  0.08 0.05 01 -
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Summary of surface morphology of the AZ31 substrate and PEO coated samples.

Table 2

Samples  Pore size (Um)  Number of pore (2.5/mm2)  Thickness (um)  Roughness (um)
AZ31 - - - 0.253+0.13
AZ31-1 1.40 £0.75 3H+7 8.54+0.70 0.625 +0.03
AZ3104 063+019  89+3 6.26 +0.27 3.646 + 1.01
AZ31-3 1.43+0.37 46+5 8.70 £ 0.49 0.561 + 0.02

a .
AZ31-2 data were not considered cracks on the surface.
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