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ABSTRACT

Poly-lactic acid (PLA) coatings are deposited on the biomedical WE43 Mg alloy and the degradation behavior and
mechanism are investigated during 504 h immersion in Hanks' solution. The protection mechanism is investi-
gated by studying the ion permeation phenomenon and a custom in situ apparatus is constructed to evaluate the
performance and elucidate the underlying principle. Na™ and Cl~ penetrate the PLA membrane gradually and the
different permeation effects stem from the different hydrated radii. Ion permeation can be separated into three
stages. Penetration of CI~ is dominant in the first stage and Na™ dominates in the third stage. Penetration of Ca*",
PO3~ along with other ions also take part in the third stage leading to the formation of Ca—P on the WE43
substrate. Based on the experimental results, models are established to describe the ion permeation behavior
through the PLA membrane and predict the protection efficiency of the PLA coating. The results enrich our
understanding of ion permeation in polymeric coatings and provide insights into the development of Mg-based

biomedical implants.

1. Introduction

Biodegradable implants are becoming more important in the treat-
ment of bone fractures and vascular injuries since they degrade spon-
taneously during tissue healing consequently obviating the need for a
second surgery and mitigating the trauma and economic burdens of
patients. Magnesium (Mg) and its alloys are attractive biodegradable
biometals boasting excellent biocompatibility, mechanical properties,
and natural biodegradation [1-6]. For example, the WE43 Mg alloy has
been used in bone fracture implants due to the proper mechanical and
degradation properties [7-9]. In order to overcome the main drawbacks
caused by fast and nonuniform corrosion, protective polymeric coatings
have been deposited on the Mg alloy to improve the properties [10-13].
For instance, Poly-lactic acid (PLA) coatings have received extensive
attentions for their unique biodegradability, semi-crystallinity and
excellent processability as compared to other polymeric coatings [14].
In general, PLA coatings can retard the corrosion of Mg alloys [15-17],
control the alkaline microenvironment at the interface [18-20], and
deliver therapeutic drugs [21,22]. However, there are still many

questions concerning the protection efficiency and mechanism of PLA
coatings.

It has been reported that PLA coatings improve the initial corrosion
resistance [15,23-26] and the effectiveness increases with coating
thickness [27]. However, in the physiological environment, the corro-
sion protection rendered by PLA coatings deteriorates with time [18,27]
and coating delamination has been observed in some cases. In general,
ion permeation plays an important role in the corrosion mechanism of
coated metals. Coatings (usually nondegradable) act as the barrier to
retard penetration of aggressive ions from the external medium to
mitigate corrosion of the substrate. Slower permeation of cations also
minimizes debonding of coatings. However, different from permanent
(nondegradable) coatings, the micropores in PLA coatings are conve-
nient channels for ion permeation. In addition, the degradation of PLA
and Mg influence ion penetration dynamically and different ions in the
external environment complicate the phenomenon. Another issue is how
the protection efficiency changes with time. Previous studies have
mainly focused on weight losses or electrochemical tests. However,
changes in the local microenvironment at the interface are also crucial to
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attaining a better understanding of the overall mechanism [20,28-30].
Recently, some studies have addressed the interface microenvironment
by theoretical means [23,31,32], but in-situ quantitative investigations
are expected to provide more accurate information about the changes in
the protection efficacy with time.

Another important issue is the effectiveness of coatings as drug
carriers and delivery agents. Since protection depends on ion perme-
ation, it is time dependent and the durability and stability of coatings are
critical, especially when drugs are stored for controlled and timely
release. It is known that different ions cause different effects. For
example, the permeation of chloride ions (Cl7) can be mitigated by
carboxyl and acidic sulfonic acid functional groups which have selective
permeability to cations in the early stage [33,34]. Dong et al. [35] have
studied the properties of epoxy resin coatings in the KCl solution and
noticed that Cl™ is preferentially transported in the coatings compared to
potassium ions (K"). Therefore, it is important to perform a compre-
hensive study and compare the permeation behavior of anions and
cations.

In this work, an in-situ custom apparatus is constructed to investigate
the protection mechanism of PLA coatings on the WE43 Mg alloy.
Penetration of the main cation and anion (Na' and Cl7) is studied by
immersion tests in Hanks' solution. Based on the experimental results,
the ion permeation behavior through the PLA membrane is discussed
and its influence on the degradation of the WE43 alloy is investigated.
Models are established to describe and predict the ion permeation
behavior through the PLA coating.

2. Materials and methods
2.1. Materials preparation

The composition of the commercial WE43 Mg alloy determined by
inductively-coupled plasma atomic emission spectroscopy (ICP-AES) is
listed in Table 1. An electrical discharge machine was used to prepare
the disks with dimensions of @ 50 x 2 mm. The WE43 alloy samples
were ground progressively with silicon carbide sandpaper up to 2000#
grit, ultrasonically cleaned in ethanol for 10 min, and dried by warm air.
The PLA granules (4032D, Nature Works LLC, USA) were dried in an
oven and then 0.5 g of PLA was dissolved in 5 mL of dichloromethane
(CHyCly). After magnetic stirring for 24 h at room temperature, the so-
lution was poured into a glass petri dish and dried naturally in air. The
thickness of PLA membrane was measured by the screw micrometer
caliper at ten different locations to ensure reliability. Herein, the PLA
membrane had a diameter of 60 mm and the thickness of 0.10 + 0.02
mm.

2.2. In vitro degradation

In vitro degradation was monitored at 37.5 + 0.5 °C using the in-situ
custom experimental setup consisting of the chamber and multi-channel
ionometer based on the STM32 microcontroller, as shown in Fig. 1. The
PLA membrane and WE43 alloy specimen were placed in the middle and
side of the chamber. The medium (Hanks' solution, Table 2) and
deionized water (DI water) were placed on both sides of the PLA
membrane as illustrated in Fig. 1(b). In Hanks' solution, Na™ and Cl~ are
the main cation and anion. The Na™ and Cl~ concentrations and pH were
monitored everyday by the multi-channel ionometer. After 24 h, the Na™
and Cl™ concentrations and pH hardly changed regardless of the position
of the ion electrode and therefore, three ion electrodes were used as
shown in Fig. 1(b).
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2.3. Electrochemical evaluation

Electrochemical impedance spectroscopy (EIS) was conducted on an
electrochemical workstation (Ametek PARSTAT 3000A-DX) based on
the standard three electrode configuration. Two platinum flakes with an
exposed area of 1 cm? were the working electrode (Pty) and counter
electrode (Pt;), respectively, and the saturated calomel electrode (SCE;)
was the reference electrode, as marked by WE1, CE1 and RE1 respec-
tively in Fig. 1(b). EIS was performed on the PLA membrane from 10 kHz
to 100 mHz with a sinusoidal perturbation of 10 mV. The electro-
chemical tests of the WE43 alloy were carried out using the three-
electrode setup with the WE43 disk with an exposed surface of & 30
mm being the working electrode, saturated calomel electrode (SCEy) as
the reference electrode, and platinum flake (Pty) as the counter elec-
trode, which were labeled as WE2, RE2 and CE2. EIS was conducted in
the frequency ranging from 100 kHz to 100 mHz with a perturbing
signal of 10 mV. The EIS data were analyzed with the aid of suitable
equivalent circuit models by the ZSimpWin 3.60 software.

2.4. Characterization

After degradation, the PLA membrane was rinsed with DI water and
dried in an oven. The corroded WE43 alloy was cleaned in a boiling CrO3
(200 g/L) solution to remove the corrosion products. The surface
morphology of the degraded PLA membrane and WE43 alloy was
observed by scanning electron microscopy (SEM, FEI Sirion 200) and
elemental composition was determined by energy-dispersive X-ray
spectroscopy (EDS, Oxford Aztec X-Max 80). Fourier transform infrared
spectroscopy (FTIR) was performed on the pristine and degraded PLA
membranes (Thermo Scientific, Nicolet iS10) using the attenuated total
reflection (ATR) mode from 4000 cm ™' to 500 cm ™! by averaging 16
scans with a resolution of 4 cm ™. Tetrahydrofuran (THF) (4 mL:20 mg
ratio) was used to dissolve the PLA membrane fragments. The number-
average molecular weight (M) and weight-average of molecular weight
(M,,) of the polymer were determined by gel permeation chromatog-
raphy (GPC, Agilent PL-GPC 220) using polystyrene as the reference and
THF as the eluent.

The thermal properties of the PLA membrane before and after
degradation were determined by differential scanning calorimetry (DSC,
PerkinElmer DSC8000) in nitrogen at a heating rate of 5 °C/min from
ambient temperature to 200 °C. The melting temperature (T;,), and
melting enthalpy (AHp) were derived from the DSC curves and the
crystallinity (y.) was calculated by the following equation:

AH,,

Xe = NG x 100%. (@D)]

where y. is the crystallinity degree, AH,, is the experimental melting
enthalpy obtained from the DSC data, and AHS, is the melting enthalpy
of 100% PLA (93.6 J/g) [36].

3. Results
3.1. Changes of Na™ and Cl~ concentrations

Figs. 2(a) and (b) show the changes of the Na™ and Cl~ concentra-
tions in DI water versus immersion time. The Na™ concentration is stable
in the first 348 h before increasing from 0.61 mmol/L to 12.02 mmol/L
thereafter. In comparison, the Cl~ concentration changes slightly in the
first 108 h and then also increases abruptly. When immersion exceeds

Table 1
Elemental composition (wt%) of the WE43 alloy determined by ICP-AES.
Mg Y Nd Gd Zn Zr Ni Fe Cu
WE43 Bal. 4.50 2.09 1.17 0.21 0.39 0.001 0.001 0.013




J. Dai et al.

Progress in Organic Coatings 177 (2023) 107427

Fig. 1. (a) Custom apparatus for assessing ion permeation and (b) Schematic diagram of the experimental setup.

Table 2

Ion concentrations in Hanks' solution.
Tons Na® cl K* Mg** Ca%* HCO3 HPO3~ S0%~
Concentration (mmol/L) 141.8 145.0 5.8 0.8 1.3 4.1 0.3 0.8

Fig. 2. Changes of (a) Na* and (b) Cl~ concentrations and (c) Total concen-
tration of Na* and Cl~ versus immersion time.

324 h, the CI” concentration decreases remarkably and then stabilized
as shown in Fig. 2. The relationship between the total concentration of
Na' and Cl™~ and immersion time is presented in Fig. 2(c), which reveals
that the total concentration increases gradually with degradation time.
Cl~ appears to play a dominant role in the first 348 h, but the role of Na™*

becomes more obvious during prolonged immersion. According to the
experimental results acquired after 108 h and 348 h, the degradation
process can be divided into three stages. As shown in Fig. 3, the pH of DI
water increases initially from 8.84 to 9.94 and then decreases gradually
after 396 h. This corresponds to when the Cl™ concentration decreases.

3.2. Electrochemical properties of the PLA membrane

The EIS results are presented in Fig. 4. After immersion for 324 h
immersion, the EIS spectra of the PLA membrane appear corresponding
to stage 3 in the ion concentration curve, when the total concentration of
Na' and Cl~ increases dramatically. As shown in Fig. 4(a), the Nyquist
plots almost overlap and can be approximated as straight lines. The
frequency-phase Bode plots show that the phase angles in the low fre-
quency region are larger. The equivalent circuit model is displayed in
Fig. 4(b) in which Rj is the solution resistance, CPEp;4 and Rpy4 are the
constant phase element and resistance related to the PLA membrane,
respectively. The curves after immersion for 324 h, 456 h, 480 h, and
504 h can be fitted by the same equivalent circuit R(CPEpiaRprA),
whereas the rest of the results are fitted by R;CPEp;4. CPE has been re-
ported to be linear in the limited frequency range [37,38] and the fitting

Fig. 3. pH versus immersion time during degradation.
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Fig. 4. EIS results of the PLA membrane: (a) Nyquist plots, (b) Equivalent circuit model, (c) Frequency-|Z| Bode plots, and (d) Frequency-phase Bode plots.

parameters are listed in Table 3. As immersion proceeds, Y decreases
slightly and the fitted Rpr4 increases gradually.

3.3. Electrochemical properties of the WE43 Mg alloy

The EIS results of the WE43 alloy without the PLA membrane are
shown in Fig. 5. The Nyquist plots show a semi-circular arc, indicating
that an electric double layer is formed at the interface between the Mg
alloy and DI water. The frequency-phase Bode plots in Fig. 5(d) show
only one peak suggesting one time constant in the corrosion process. The
equivalent circuit Ry pj(CPEgR,,) is used to fit the EIS results as shown in
Fig. 5(b), in which R py is the resistance of DI water and R.; and CPEy
represent the charge transfer resistance and electric double-layer ca-
pacity, respectively. The effective capacitance (C.f; 4) represented by
CPEq is evaluated by Brug's formula [39] as shown in Eq. (2):

n—1

1 1 I\ "™
Cor, a1 = Yy x (IT + *) . 2
S ct

Table 3
Fitted parameters obtained from the EIS measurement of the PLA membrane in
Fig. 4.

Degradation Ry CPEp; 4 Rpra
time (h) Q@emd T (x10* (x107%)
Y n 2
(uQt.cm%") Q-em?)
324 1258.0 48.3 0.920 7.5 5.2
336 848.5 45.4 0.924 - 2.9
360 995.2 45.5 0.923 - 3.3
384 1019.0 46.5 0.923 - 6.1
408 1032.0 44.7 0.927 - 4.5
432 979.1 43.8 0.929 - 5.9
456 879.3 42.9 0.940 9.2 5.7
480 888.7 42.0 0.955 12.6 5.3
504 889.2 39.8 0.952 114.2 5.9

The fitted parameters are listed in Table 4. The DI water resistance
Rs.py decreases gradually and R increases as corrosion proceeds. The
relationship between the R, and immersion time is displayed in Fig. 6.
According to the stages presented in Fig. 2, the variation of R, can also
be divided into three stages. In the early stage of degradation (0—120 h),
R goes up significantly. As corrosion proceeds (120-216 h), R de-
creases indicative of decreased corrosion resistance of the WE43 alloy.
In the third stage (216-348 h), R, increases. It can be inferred that a
dense corrosion product layer is formed on the WE43 alloy in Stage 2 to
retard corrosion resistance. In the last stage (348-504 h), R increases
slightly.

3.4. Structure and surface morphology of the PLA membrane

FTIR spectra are acquired from the PLA membrane before and after
degradation as shown in Figs. 7(a) and 7(b). The peaks at 2997 and
2946 cm ™! are the stretching mode of -CH; band and that at 1453 cm ™
represents asymmetric bending of -CHs. The peaks at 1180 and 1079
cm ! are associated with stretching of -CO and that at 1360 cm ™" rep-
resents the vibration of -CH. The PLA membrane after degradation
shows a wide band between 3050 and 3700 cm ™! which can be assigned
to -OH stretching. A larger absorption band is observed at 1644 cm ™
derived from -OH bending. The chemical structure changes as a result of
the hydrolysis of the PLA membrane. Additionally, the intensity of the
peak for stretching of C=0 at 1747 cm™! changes slightly compared to
the pristine PLA membrane because water breaks the ester bond. The
peak at 2922 cm ™! represents symmetric stretching of -CH, and that at
2849 cm ™! corresponds to stretching of -CH and both become weaker
after immersion for 504 h. The peak at 824 cm ™! represents CO3~ from
corrosion products on the PLA membrane.

The DSC curves of the PLA membrane before and after degradation
are displayed in Fig. 7(c). The melting temperature (T;;) decreases
slightly from 169.6 + 1.5 °C to 168.6 + 1.3 °C, indicating degradation of
the PLA membrane. The melting enthalpy (AH;,) before degradation is
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Fig. 5. EIS results of the WE43 alloy in DI water with ions that permeated through the PLA membrane: (a) Nyquist plots, (b) Equivalent circuit model, (c) Frequency-|

Z| Bode plots, and (d) Frequency-phase Bode plots.

Table 4
Fitted parameters based on EIS measurement of the WE43 alloy in Fig. 5.
Degradation time (h) Rypr (Q-cm?) CPEg R (Q-cm?) Coff, a1 P
Ya (pﬂ’l-cm’zs“) n (><10’5 F-cm’z) (><10’4)

48 446.3 222.0 0.743 785.5 8.6 4.8
96 292.1 191.4 0.820 1426.0 9.7 8.4
144 200.5 210.1 0.835 1299.0 10.9 2.1
192 159.7 245.3 0.826 1069.0 12.1 2.0
240 149.1 221.6 0.827 1490.0 10.7 3.1
288 138.1 222.8 0.819 1527.0 10.1 3.6
336 127.6 228.2 0.811 1751.0 9.8 4.1
384 124.9 225.7 0.792 1768.0 8.7 4.0
432 120.8 224.5 0.784 1819.0 8.2 4.1
480 116.7 216.7 0.776 1848.0 7.4 4.0

30.0 + 0.4 J/g and increases to 32.3 + 0.7 J/g after degradation. The
GPC curves of the PLA membrane before and after degradation are
presented in Fig. 7(d). The differential distribution curve shifts gradually
to the left after degradation indicating the breakage of ester bonds and
macromolecular chains in the PLA membrane. According to Eq. (1), y.is
32.1 £+ 0.4% and 34.4 £+ 0.8% for the PLA membrane before and after
degradation, respectively. As shown in Table 5, M, and M,, decrease and
the polydispersity index (PDI) increases from 1.91 to 2.11 after degra-
dation indicative of more pronounced scission in the PLA membrane.
The SEM images of the PLA membrane before and after degradation
are depicted in Fig. 8. The PLA membrane is prepared by solvent
evaporation and hence, both the porous and dense surfaces are
observed. The porous surface is smooth with some interconnected mi-
cropores as shown in Fig. 8(a). On the other hand, the dense surface
shows small protrusions but no obvious micropores are detected. During
immersion, the porous surface and dense surface are in contact with
Hanks' solution and DI water, respectively, as shown in Fig. 1. The PLA
membrane swells and the porous surface becomes smoother. Mean-
while, small particles are dispersed on the porous surface of the PLA

membrane and deposits are formed in the vicinity of the pores as
revealed by Fig. 8(c). The dense surface in contact with DI water also
undergoes hydrolysis to produce small holes. In addition, localized
cavities are detected and the porosity and fragment exfoliation increase,
consequently decreasing the permeation resistance against water mol-
ecules and hydrated ions.

The SEM images and EDS elemental maps of the porous and dense
surfaces after degradation are depicted in Fig. 9. After 504 h, the porous
surface shows the presence of C, O, Na, Cl, Mg, and K. The small white
particles on the porous surface are mainly magnesium salts and sodium
salts and potassium salts were mainly embedded in the micropores. The
same elements are detected from the dense surface, proving that Na™,
Cl™ and K* penetrate the PLA membrane. Additionally, Mg?* created
from corrosion of the WE43 alloy diffuses and adsorbs to the dense
surface of the PLA membrane as shown in Fig. 9(b6). In general, both Na
and Cl are dispersed in the vicinity of the micropores in the dense surface
after 504 h. The Na, Cl, and K distributions on the dense surface are
slightly different from those on the porous surface, maybe attributable to
the difference in the absorption mechanism in the different
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Fig. 6. R versus immersion time during degradation of the WE43 alloy.

environments.

3.5. Surface morphology of the WE43 alloy

Fig. 10 shows the surface morphology of the WE43 alloy after
degradation. The loose corrosion products are evenly distributed on the
surface as shown in Figs. 10(a) and 10(b). After removing the corrosion
products, corrosion pits are observed. According to the ion concentra-
tions and the EIS spectra, the corrosion pits may be generated in Stage 2.
Since Cl™ plays a dominant role in the ion permeation behavior through
the PLA membrane, it may react with loose and porous Mg(OH), to form
soluble MgCly and then the inner corrosion product layer is then
destroyed during immersion. The chemical compositions of selected
regions determined by EDS are shown in Fig. 10(d). C, O, and Mg are the
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main elements in the corrosion product layer with Mg to O being close to
1: 2 or 1: 3 indicative of Mg(OH)z or MgCOs. It is noted that Cl is also
detected from the corrosion product layer.

The cross-sectional image and EDS maps of the corroded WE43 alloy
are displayed in Fig. 11. It is found that the uniform corrosion mode
predominates for the WE43 specimen. The corrosion product layer with
a thickness of 181.4 & 19.3 pm is observed from the surface of the WE43
alloy. The inner layer is composed of mainly Mg and O and a Ca-
containing layer with a thickness of 28.6 + 0.5 pm is observed from
the outer corrosion product suggesting permeation of Ca2* in the later
stage of degradation.

4. Discussion
4.1. Protection mechanism of the coating

Owing to the degradation of PLA and Mg, the corrosion behavior of
the PLA-coated Mg alloy is complicated [15,18,23-27]. In order to
clarify the mechanism, an in-situ apparatus is designed. The interface
between the PLA coating and WE43 alloy is simulated by placing the
PLA membrane and WE43 alloy in the middle and side of the chamber as
illustrated in Fig. 1. In the simulated environment, the ester groups in
PLA are susceptible to hydrolytic degradation in the presence of water as
shown by the following reaction [4,28]:

Table 5
DSC and GPC parameters of the PLA membrane before and after degradation.
Tm (°C) AHp, e (%) M (g/mol) PDI
J/g) M, M,
Before 169.6 + 30.0 + 32.1 + 85,880 163,628 1.91
degradation 1.5 0.4 0.4
After 168.6 + 323 + 34.4 + 71,531 150,650 2.11
degradation 1.3 0.7 0.8

Fig. 7. (a) FTIR spectra and (b) Enlarged spectra of the selected region; (c) DSC curves; (d) GPC curves of the PLA membrane before and after degradation for 504 h.
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Fig. 8. SEM images of different regions of the PLA membrane before and after 504 h degradation: (a, c) Porous surface, (b, d) Dense surface; (a, b) Before degradation

and (c, d) After degradation.

Fig. 9. Schematic diagrams of (A) Porous surface and (B) Dense surface of the PLA membrane together with SEM images and EDS elemental maps: (a) SEM image and
(al)-(a7) EDS elemental maps of the porous surface; (b) SEM image and (b1)-(b7) EDS elemental maps of the dense surface.

—COO + H,0— — OH + —COOH. 3

After degradation, the melting point of the PLA membrane decreases
and the crystallinity increases slightly. GPC indicates that M, of the PLA
membrane changes from 85,880 g/mol to 71,531 g/mol corresponding
to a decrease of 16.7%. In addition, PDI increases gradually from 1.91 to
2.11, indicating enhanced and random fragmentation of the molecular
chains in the PLA membrane. According to DSC and GPC, the semi-

crystalline PLA membrane undergoes hydrolysis and during immer-
sion, degradation of PLA begins simultaneously in both the crystalline
and amorphous regions [40]. The molecular chains in the amorphous
region may degrade faster and so the crystallinity increases after
degradation. The FTIR peaks of -OH and C=O are stronger after
degradation as shown in Fig. 7(a), implying that the amounts of hy-
drophilic terminal -COOH and -OH groups increase. Therefore,
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Fig. 10. SEM images of the WE43 alloy: (a, b) Before and (c) After removing the corrosion products and (d) Chemical compositions of the selected areas in (b).

Fig. 11. (a) Cross-section morphology and (b)-(f) EDS maps of the WE43 alloy
after degradation.

entanglement between molecular chains decreases and the mobility of
the molecular chains in the PLA membrane increases consistent with
GPC. Chain scission may occur during immersion contributing to the
increased crystallinity. These changes are beneficial to the permeation
of water molecules as well as anions and cations in Hanks' solution.

The PLA membrane is prepared by solvent evaporation and so both
porous and dense surfaces are observed, as shown in Fig. 8. As a result of
the hydrolysis of PLA, large and deep micropores as well as swellings are
found from both surfaces. Na, Cl, Mg, and K which are the main
aggressive elements in Hanks' solution are detected from both surfaces,
especially in the vicinity of micropores. This provides evidence that
anions and cations in Hanks' solution and DI water permeate the coating
and micropores created by hydrolysis of PLA provide the ion penetration
channels. The different elemental distributions on the porous and dense
surfaces may be attributed to the different ion permeation behavior of
anions and cations.

In general, the difference in the ion concentrations in Hanks' solution
and DI water is responsible for the hydrostatic pressure, chemical po-
tential, and concentration gradients [33]. Herein, water molecules, an-
ions and cations first enter the PLA membrane and then diffuse into DI
water due to the gradients. However, diffusion through the polymer is a
rate limiting step [33]. As illustrated in Fig. 2, the concentrations of Na™*
and Cl~ are larger than the initial concentrations. Specifically, Na™ in-
creases gradually but Cl™ fluctuates. CI™ plays a dominant role in the
first 348 h but Na* makes a large contribution during further immersion.
The difference can be explained by the different ion radii of Na* and Cl ™.

David et al. [41] have reported that the hydrated ion radius depends on
the charge and size of the ion. Although Na™ (0.117 nm) has a smaller
radius than C1~ (0.164 nm), the ion radius of hydrated Na™ (0.358 nm) is
larger than that of hydrated C1™ (0.332 nm) [33,42,43]. Consequently,
Cl™ penetrates more rapidly than Na* during initial degradation.

Reaction (4) is generally considered to occur because of the reactive
nature of Mg [13,44,45]. In addition, Mg?* may react with -COOH
formed by hydrolysis of PLA as shown in Eq. (5) [4,28]:

Mg + 2H,0—Mg(OH), + 2H,. 4)

Mg*" 42 — COOH—( — COO),Mg + 2H". (5)

Degradation of the PLA membrane and change in ion permeation
impact corrosion of the WE43 alloy. Based on the ion concentration
curves, the degradation process can be divided into three stages since
the ClI~ and Na' exhibit distinct transitions at time points of 120 h and
348 h. The protection mechanism and corrosion behavior illustrated in
Fig. 12 are discussed in the following.

In the first stage (0-120 h), the PLA membrane is a good barrier
preventing Nat and Cl~ from penetration. The hydrated anions and
cations in Hanks' solution may be embedded preferentially in the vi-
cinity of the micropores on the porous surface of PLA. Water molecules
adsorb onto the PLA membrane and on account of the absence of anions
and cations in this stage, Mg mainly reacts with H»0O, as shown in Eq. (4).
Therefore, a double-layer oxide film composed of an inner layer of MgO
and outer layer of Mg(OH); is formed in this stage.

In the second stage (120-348 h), the PLA membrane is hydrolyzed
gradually and as a result of the hydrostatic pressure, chemical potential,
and concentration gradients, anions and cations permeate from Hanks'
solution to DI water. Compared to Na*, Cl~ with a smaller hydrated
radius and large concentration permeates faster. Mg(OH), formed in
Stage 1 is porous and cannot block aggressive Cl™. The infiltration of CI™
into the Mg(OH), leads to the destabilization of the hydroxylated
interface [46]. Therefore, R, decreases between 120 and 216 h, indi-
cating that the corrosion resistance deteriorates. Small corrosion pits are
observed but insulation by the PLA membrane limits the CI~ concen-
tration (< 2.40 mmol/L), so that R increases gradually between 216 h
and 348 h, implying a thicker Mg(OH), layer and enhanced corrosion
resistance.

In the third stage (348-504 h), the PLA membrane suffers from
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Fig. 12. Schematic illustration of the degradation process.

serious hydrolysis and the pH decreases as shown in Fig. 3. The entan-
gled segments are stretched thereby allowing more water molecules,
anions, and cations to penetrate the PLA membrane. Therefore, the
concentration of Na™ with a larger hydrated radius increases. Mean-
while, hydrated K, Ca%", and Mg2+ with radii of 0.331 nm, 0.412 nm,
and 0.428 nm, respectively [42], also permeate the PLA membrane
consequently inhibiting penetration of Cl™. The hysteretic ions act as a
pH buffer in DI water and this may be another reason why the pH

decreases. Owing to the presence of Ca?" and relevant anions, denser
and more stable Ca—P is deposited on the WE43 alloy to enhance the
corrosion resistance as manifested by a slightly larger R in this stage.

4.2. Protection rendered by the coating

It is necessary to understand the protection mechanism and changes
especially when the biodegradable coating and metallic matrix

Fig. 13. (a) PDP (al) and EIS (a2) of the MAO/PLA coated Mg-1.21Li-1.12Ca-1.0Y alloy [16]; (b) Hydrogen evolution; (c) pH change of AZ31 alloy with and without
the PLA coating [25]; (d) SECM maps of the AZ31 alloy with and without the PPy coating [54]; (e) OM of the corroded morphologies of Mg with the SA@PLA/
SA@PCL coatings [18]; (f) SEM morphology of the corroded MAO/PLA coated Mg-1.21Li-1.12Ca-1.0Y alloy [16]; (g) Local observation of bare Mg-2.0Zn-0.5Gd alloy
by 3D-laser profiling [47]; (h) 3D corroded morphology of the bare ZW25 alloy by CLSM [48]; (i) X-ray micro CT results of the bare MgZnCa plate under the flow-
induced shear stress [49]; (j) XPS spectra of Mg with the SA@PLA/SA@PCL coatings [18]; (k) ICP of the PLLA/MgS04-7H,0 coated Mg [50]; (1) FTIR spectrum of
pure PPy on the bare AZ31 Mg alloy [54]; (m) XRD patterns of the PLA coated AZ31 alloy [51]. Reproduced based on the cited studies.
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complicate the process. It has been reported that the corrosion resistance
of PLA coatings on biodegradable Mg alloys changes with time
[15,18,23-27]. Permeation of the anions and cations through the PLA
coating plays a crucial role in corrosion of the Mg alloy and degradation
of PLA and Mg in turn affects the permeation behavior in turn.

At present, the typical analytical methods to evaluate corrosion
assess the corrosion properties, morphology, and composition
[3,13,16,18,25,47-51] as summarized in Fig. 13. Common methods
including PDP, EIS, hydrogen evolution and pH monitoring are used to
evaluate the overall corrosion resistance of coated Mg alloys. In general,
the morphology and composition of the coating are observed before and
after the corrosion test. Among the various methods, SECM can measure
the local corrosion density [3], but the current density difference may
decrease as the coating becomes thicker. Furthermore, real-time OM
observation is limited by the resolution and small differences in the
protection mechanism may not be unraveled. Based on previous find-
ings, protection can be monitored by EIS, hydrogen evolution, and
corroded surface morphology change, besides studies of the external
solution components or degradation product compositions [22,29,30].
Based on the results presented here, SEM and FTIR can also be utilized to
monitor the changes in the morphology and functional groups before
and after degradation and GPC and DSC are useful in analyzing the
variations in the molecular weight, glass transition, melting point, and
melting enthalpy [52,53].

Owing to existing limitations, accurate simulation of the micro-
environment at the interface between the coating and Mg alloy is
important to bridging the gap between theoretical studies and experi-
ments. As discussed in Section 4.1, the hydrolysis of PLA is influenced by
water molecules and the penetrating anions and cations. The morpho-
logical and structural changes in the PLA membrane reveal the perme-
ation behavior. Owing to the different hydrated ion radii, Na™ and Cl~
have different permeation rates as shown by the ion concentration
curves and EIS. In addition, R, obtained by the electrochemical test is
time dependent as a result of PLA degradation and ion permeation. The
important issues are degradation of the PLA membrane, permeation of
the anions and cations, and corrosion of the WE43 alloy. Since K and Ca
are detected from the degraded PLA and corroded WE43 alloy, the fluid
flow conditions and different corrosive media are important factors
[55,56] and more research is needed in the future for further
clarification.

4.3. Prediction of the protection efficiency

The protection effectiveness rendered by the coating is related to ion
permeation which is time dependent. Herein, ion permeation is inves-
tigated with the aid of the ion concentration curves and R, p; obtained by
EIS. Fick's second law is utilized to calculate the diffusion coefficients of
Na*t and Cl~ as shown in the following:
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Cs 7Cr

G ©

X
-1 (i)
where Cs is the ion concentration in Hanks' solution, C, is the ion con-
centration at a distance x, Cy is the initial ion concentration in DI water,
x is the distance, D is the diffusion coefficient, t is the degradation time,
and x represents the thickness of the PLA membrane. D¢;- and Dy,+ were
derived and as shown in Fig. 14(a), a small difference is observed from
the diffusion coefficients of Na* and Cl~. The relationship of D¢~ and
Dyg- versus degradation time is represented by the following equations:

D¢ = 8225 x 1072 x 709, @2

Dyer = 8.000 x 107 x 1709, (8)

To better reflect the difference between D¢~ and Dyg+, AD is calcu-
lated by Eq. (9):

AD = D¢~ — Dy, (C))

According to the diffusion coefficient difference of Na* and Cl~, C1~
plays a dominant role in the first 348 h but Na' dominates thereafter
consistent with Fig. 2.

R, py is derived by EIS and Fig. 14(b) presents the relationship be-
tween R;p; and immersion time. Since the conductivity exhibits a
reciprocal relationship with R py, it can be inferred that the conductivity
increases gradually with immersion time. Variation of R py is similar to
that of the diffusion coefficients and the change of R, p; with degradation
time can be expressed as follows:

Ry_pr = 3395.85 x 170%%, 10)

Egs. (7), (8), and (10) can be used to describe the ion permeation
behavior with time and also predict the protection effectiveness of the
PLA coating. Moreover, Eq. (7) and Eq. (8) can be incorporated into Eq.
(6) to derive the ion concentration at a certain time. However, the
failure time calculated by Eq. (10) seems to be shorter than that by Eq.
(7) and Eq. (8). This can be explained by that the R,.p; variation is caused
by all the penetrating ions, but the diffusion coefficients only account for
individual species.

In general, the various permeation behaviors through the PLA
membrane are quantitatively obtained for the typical Na®™ and Cl~ in
Hanks' solution. In addition, the diffusion of Na* and Cl~ can be pre-
dicted according to the numerical models established herein. Combined
with the ion permeation and the PLA degradation, the corrosion pro-
tection mechanism of the PLA coatings has been better clarified in this
work, which may enrich our understanding of the polymeric coated Mg-
based biomedical implants. Specifically, Ca%t, PO}~ along with other
cations and anions take part in the third stage leading to the formation of
Ca—P on the WE43 substrate. Therefore, the deposition of Ca—P could

Fig. 14. (a) Diffusion coefficients of Na™ and Cl~ during the degradation process as well as the relationship of AD versus immersion time and (b) R,.p; versus im-

mersion time.
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be regulated by controlling the selective permeation of the specific ions.
And this may be dependent on the introduction of the environment at
the interface and the design of the polymeric coating itself, including
degradability, crystallinity, chargeability, and self-healing properties.

5. Conclusions

The protection behavior and mechanism of the WE43 Mg alloy
coated with poly-lactic acid are investigated and the following conclu-
sions can be drawn.

(1) Ion permeation can be divided into three stages. Specifically, Cl™
plays a dominant role in the first 348 h during immersion and
Na™ dominates thereafter.

Penetration of Ca®*, PO3~ along with other ions take part in the

third stage leading to the formation of Ca—P on the WE43

substrate.

(3) The corrosion resistance of WE43 alloy improves because the PLA
membrane inhibits ion penetration. The corrosion resistance
changes with time because of the combined effects of PLA
degradation and ion permeation.

(4) According to Fick's second law, a model is proposed to describe
the ion permeation phenomenon. In addition, a numerical model
is formulated based on the fitted EIS data. By using the two
models, the protection effectiveness of the PLA coating can be
analyzed and predicted. They are very helpful in enriching our
understanding of the protection behavior and mechanism of
polymeric coatings on Mg alloys.

(2
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