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Abstract

The degradation profile of Mg alloys in biomedical environments can be controlled by applying
various types of surface coatings. Phosphate chemical conversion coatings (CaP) and polylactic
acid (PLA) biopolymer coatings are biocompatible and promising for the corrosion protection of
Mg alloys. The aim of this work was to investigate the physicochemical properties and corrosion
performance of inorganic, organic, and mixed inorganic-organic coatings. Three types of surface
modification, CaP, PLA, and a combined CaP-PLA coating were obtained on the surface of the
magnesium alloy WE43. Scanning electron microscopy, X-ray diffraction, X-ray photoelectron
spectroscopy, and infrared spectroscopy were employed to characterize the surface and interfacial
morphology, along with the composition of the coatings before and after corrosion experiments.
The protective performance of obtained coatings was examined by electrochemical impedance
spectroscopy and immersion testing in Hank’s solution. The results allowed to propose the
mechanism of the coatings growth and their further corrosion degradation. A two-component CaP-

PLA coating provided reliable corrosion resistance in Hank’s solution for 14 days.

Keywords: Magnesium alloy; Polylactic Acid; Calcium Hydrogen Phosphate; Corrosion

Mechanism, Hank’s Solution
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1. Introduction

The development of reliable metallic implant materials designed to replace bone tissue and
fix bone fractures gained immense scientific and practical interest. Such materials should combine
biological compatibility with human organisms and mechanical properties similar to those of
native bone tissue [1]. Modern metallic implants include commercially pure titanium, Ti-6Al-4V
alloy, 316L stainless steel, and cobalt-chromium alloys [2,3]. Due to the discrepancy between the
mechanical properties of a natural bone (Young's modulus 10-30 GPa) and implant materials
(Young's modulus 100-200 GPa) [4,5], the latter has a serious drawback called stress shielding
[6]. Insufficient load on healthy bone tissue leads to its resorption and loosening of the implant,
reducing its life. In addition, after bone healing, metal implants usually need to be removed within
two years of the first surgery [7,8], with medical, social, and economic consequences and costs
[9].

Another concept of biomedical materials includes biodegradable metallic implants. The
development and implementation of biodegradable implants is a promising way to eliminate the
problem of repeated surgical interventions [10-12]. In particular, magnesium is one of the best
materials for the manufacture of biodegradable implants. Biodegradation of Mg proceeds with
hydrogen depolarization and can lead to a violation of the mechanical integrity of the implant
before the bone heals. The main approaches to reduce the rate of biodegradation of Mg are alloying
and surface functionalization. Alloying with Zn, Ca, and Y significantly improves the mechanical
properties of Mg [13-16]. These elements also improve the corrosion resistance of magnesium
and, accordingly, reduce the rate of hydrogen evolution [17,18]. The Mg alloy WE43 is a high-
strength Mg alloy with Y and Nd as the main alloying elements. It has high creep resistance and
biocompatibility, suitable mechanical properties, and density close to those of native bone [19-
22]. Importantly, its corrosion products are nontoxic, and it does not contain Al, which is

considered to be neurotoxic and can cause dementia and Alzheimer’s disease [23,24].
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The main drawback of Mg-based materials is their rapid corrosion in biological media
[21,25,26]. Surface modification of Mg and its alloys is widely used to form functional coatings
for various purposes [21,25,27]. Conversion treatment is the most accessible and simple method
of the surface modification of metals [21,25,28]. In terms of biomedical applications, the most
common conversion coatings include phosphates, rare earth, Al-Mg layered double hydroxides,
and some organic polymers [27].

Phosphate chemical conversion treatment is a process in which a protective film is obtained
by the reaction of the Mg substrate with phosphating agents in the bath. To tune the coating
properties according to the target applications, the deposition bath is usually modified by adding
different cations [27,29]. In this manner it is possible to obtain coatings based on calcium
phosphates (CaP), which have high chemical resistance in biological media and excellent
biocompatibility and are osteoconductive and bioresorbable [27,30,31]. It is known [32,33], that
CaP conversion layers can reduce the corrosion rate of magnesium alloys by almost 10 times.
However, CaP layers formed on the surface of magnesium alloys often have inhomogeneous
morphology with many cracks and pores [34]. These pores originate from the release of hydrogen
bubbles from the magnesium substrate with the formation of a CaP layer around them.

Organic coatings provide more flexibility in terms of chemical functionalization of the
metal surface to mimic the multi-functional performance of the natural bone [35]. As organic
coatings on magnesium alloys, various biopolymers are used [35-39], whose mechanical
properties are comparable to those of soft biological tissues. In addition, polymer coatings can be
modified by multifunctional inhibitors or drug carriers [35,40],

Recently, biocompatible and bioresorbable polymers, such as polylactic acid (PLA) has
been extensively examined as a promising tool to modify biodegradable Mg-based materials [35].
It has been shown [38,41] that PLA coatings reduce the corrosion rate of magnesium and its alloys
in biological media. The deposition of a multilayer PLA coating on the AZ31 magnesium alloy

led to an increase in the polarization resistance Rp by almost 3.5 times. It has also been reported
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[42], that the use of PLA to modify the magnesium surface significantly improves
cytocompatibility and reduces the release of Mg?* ions during cell culture tests, which indicates
an increase in the corrosion resistance of the magnesium substrate.

Compared to single polymer layers, multilayer coatings consisting of inorganic and organic
layers showed higher anticorrosion efficiency [35,40,43-45]. Biopolymer supports cell growth,
biocompatibility, and controlled biodegradation, while the inorganic layer improves the
mechanical properties of the material (Young's modulus, compressive strength), bioactivity, and
osseointegration [46,47]. The combination of organic and inorganic layers makes it possible to
create new multifunctional materials for bioengineering.

Effectiveness of the corrosion protection of Mg alloys highly depends on their
microstructure and alloying elements [27,48-50]. In the case of conversion coatings, the
composition of the used substrate also plays an important role in the process of the coating
formation and its further corrosion performance [27,51]. To date, most studies on the development
of conversion coatings have been devoted to the AZ-series (Mg-Al-Zn) alloys [27,52], while the
information on the protection of the Mg-rare earth alloys, like WE43, is very limited. In most
cases, corrosion properties of the formed layers are evaluated in NaCl solutions and, less often, in
SBF solution [27,52]. However, the WE43 alloy is a promising candidate for biomedical
applications and examination of its corrosion in different biologically relevant media is of great
importance [53,54]. In our recent study [26] we have shown a significant difference in corrosion
mechanisms between the AZ31 and WE43 alloys in Hank’s solution, with a more complex
mechanism involved in corrosion of the WE43 alloy. Based on this, the formation of the protective
coatings on the surface of the WE43 alloy and their corrosion resistance should also be examined.
The aim of this work was to investigate the physicochemical properties and corrosion performance
of inorganic, organic, and mixed inorganic-organic coatings on the surface of the WE43 alloy in
Hank’s solution and evaluate their corrosion mechanisms. Three types of coatings, a conventional

phosphate conversion coating (CaP), an organic PLA coating, and a combined CaP-PLA coating
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were obtained on the surface of the magnesium alloy WE43. The properties of as-treated samples
were comparatively investigated in Hank’s solution through immersion and electrochemical
impedance spectroscopy (EIS) tests. Special attention has been paid to the spectroscopic
examination of the coatings after long-term exposure to Hank’s solution, which is rarely reported

in the literature but is important in the understanding of their degradation profile.

2. Experimental

2.1. Materials and sample preparation

The magnesium alloy WE43 containing rare-earth elements was used in this study. The
alloy was obtained according to the procedure reported elsewhere [50]. The chemical composition
of the as-obtained alloy was examined by an Axios PANalytical wavelength dispersive X-Ray
fluorescence spectrometer and is given in Table 1. The obtained plate material was cut into
specimens with sizes of about 20 mm x 20 mm x 5 mm. Before experiments, the samples were
mechanically ground with P800-P2000 grit emery paper in 96% ethanol. After every step, the
surface was ultrasonically cleaned for 5 min.

Table 1. Chemical composition of the used WE43 alloy based on X-Ray fluorescence analysis

Elemental composition [wt%]

Al

Si

Y

Zr

Nd

Gd

Dy

Yb

Mg

0.01

0.09

4.8

0.7

2.9

0.4

0.3

0.08

Balance

As a source of PLA, Ingeo Biopolymer 3D850 from NatureWorks was used. All other
chemicals used in this study were obtained from Lablnvest (Belarus) or PolAura (Poland) and
were of analytical reagent grade. All used solutions were prepared with deionized water with 18.2—

20.0 MQ resistivity.
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2.2. Formation of coatings

The formation of CaP coatings on the surface of the WE43 alloy was performed in the
solutions containing, mol/L: H3PO4 — 0.2; Ca(NOs3)2 — 0.2; NaOH to pH 3. The temperature of the
solution was kept at 70 +2°C. The deposition time was 60 min, after that the samples were
removed from the deposition bath, rinsed under a flow of deionized water, and air-dried. In the
text of this contribution, these samples are further referred to as CaP.

The PLA coatings were deposited on the surface of as-ground WE43 alloy (samples
referred to as PLA) and the surface after the phosphate CaP coating was formed (samples referred
to as CaP-PLA). The deposition was performed by the vertical immersion method in the solution
containing 5% PLA dissolved in trichloromethane. The ejection speed was 60 mm/min. As-

obtained samples were dried for 48 h at ambient temperature.

2.3. Surface analysis

The surface morphology and elemental composition of the WE43 samples before and after
corrosion experiments were investigated using a JSM-5610 LV scanning electron microscope
(SEM) equipped with a JED-2201energy-dispersive X-ray spectroscopy (EDX) system.

The phase analysis of the samples was performed using a D8 Advance Bruker AXS X-ray
diffractometer. The obtained diffraction patterns were processed using the Match! Software and
PDF-4 2022 reference base. The crystallinity index of the CaP coating was calculated based on the
ratio of the total area of crystalline reflexes to the total area of all reflexes. The lattice parameters
were calculated based on the Scherrer equation.

The Fourier-transform infrared spectroscopy (FTIR) spectra were acquired using a
ThermoFisher Scientific Nicolet iN 10 microscope.

The X-ray photoelectron spectroscopy (XPS) measurements were performed before and
after corrosion experiments using a Gammadata Scienta hemispherical analyzer SES R4000. The

non-monochromatic AlKa radiation (1486.6 eV) used to excite the photoelectrons was generated
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by the anode operating at 12 kV and 15 mA. The spectra analysis was performed by CasaXPS
2.3.23 software after subtraction of the Shirley-type background and fitting the experimental curve
with a combination of Gaussian and Lorentzian lines of variable proportions (70:30). All obtained

spectra were charge-corrected to the carbon C 1s excitation (285.0 eV).

2.4. Corrosion measurements

Corrosion experiments were performed in Hank’s solution (pH 7.4) of the following
composition, g/L: NaCl — 8.0; KCI — 0.2; CaClz — 0.14; MgSO4-7H20 — 0.1; MgCl,:6H20 — 0.1;
Na:HPO4-2H>0 — 0.06; KH2PO4— 0.06; NaHCO3 — 0.35; and D-glucose — 1.0 g.

Electrochemical corrosion experiments were carried out on an Autolab PGSTAT302N
potentiostat/galvanostat. A traditional three-electrode setup was used. The working electrode was
mounted at the bottom of the cell to avoid the accumulation of hydrogen gas, which hinders the
measurement conditions. Potential values were recorded relative to a saturated Ag/AgCl reference
electrode, and a Pt-mesh served as a counter electrode. The surface area of all samples was 1 cm?. EIS
measurements were carried out at the OCP over the frequency range from 10° to 102 Hz using a
sinusoidal perturbation amplitude of 10 mV. Prior to EIS experiments, the OCP was stabilized for 30
min.

The amount of the evolved hydrogen gas was measured as described elsewhere [55].
Briefly, the non-working surface of the sample was mounted in a cold setting epoxy and then was
exposed to Hank’s solution in a test tube connected to one of communicating burettes. The amount
of hydrogen was measured by a change in the solution volume in two communicating burettes.
The monitoring of the solution pH during corrosion experiments was performed using a TitroLine
easy titration system.

All corrosion measurements were performed in a thermostat at 37+0.5 °C and were at least

triplicated.
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3. Results and discussion

3.1. Microstructure characterization of WE43 alloy

Figure 1 shows SEM images of the surface of the as-polished WE43 alloy. The
microstructure of the WE43 alloy consists of the Mg matrix with irregular-shaped intermetallic
particles (IMPs). These secondary phases are either small, single constituents with sizes of ca. 10—
20 um or form agglomerates with sizes of up to 100 pm. Such microstructure is typical for the
WEA43 alloy [56,57]. The results of the EDX analysis showed that the alloy matrix primarily
consists of magnesium with a low percentage of alloying elements (Figure 1a, area 1, Table 2).
The regions around IMPs are enriched in yttrium and neodymium (Figure 1a, region 2). The EDX
analysis of IMPs (Fig. 1, regions 3-10) revealed several types of Mg-rare earth intermetallics of
Mg-Nd, Mg-Zr, Mg-Y, Mg-Nd-Y, Mg-Gd-Nd-Dy, and Mg-Y-Gd-Nd-Dy types with varying
stoichiometry [58-61].

Surface elemental EDX maps showed that the alloy matrix is primarily composed of Mg
(Fig. 2). Alloying additives of Nb, Gd, and Dy are distributed almost uniformly in the formed
IMPs and their fraction is much higher than in the matrix. In the case of Y, the relative distribution

over the surface was more uniform.

Fig. 1. SEM images of as-polished WE43 surface. Labeled regions show spots of EDX analysis

reported in Table 2
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Table 2. EDX analysis of the surface of as-polished WE43 Mg alloy (Analyzed areas are marked

in Fig. 1)
Spot # Elemental composition [wt%]

Mg Y Zr Nd Gd Dy

WEA43 surface 93.7 3.9 0.4 1.6 0.3 0.1
1 99.7 0.2 — 0.1 — —

2 98.7 0.9 — 0.4 — —

3 89.4 3.1 — 3.3 2.2 2.0

4 67.0 16.1 — 9.4 3.4 4.1

5 81.6 — 18.4 — — —

6 78.2 — — 17.0 4.0 0.8

7 81.9 6.6 — 8.0 1.6 1.8

8 78.3 155 — 6.2 — —

9 63.7 22.6 — 6.8 2.6 4.3

10 82.9 — — 17.1 — —

Fig. 2. Surface EDX elemental maps of as-polished WE43 alloy

10
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3.2. Characterization of deposited coatings

3.2.1 Microstructure and morphology

The SEM images of the coated WE43 Mg alloy specimens are shown in Fig. 3.
Modification of the WE43 surface in PLA solution resulted in the formation of a uniform surface
layer without visible cracks or microdefects (Fig. 3a). The deposited CaP layer (Fig. 3b) is
characterized by a dense fine-grained crystalline structure with a mixed morphology. The surface
consists of small crystals together with a few up to ca. 50 um-long scattered coarse crystals. The
whole surface was covered with coating and no visible gaps were detected during the analysis. The
CaP-PLA coating obtained in a two-stage process possessed a double-layered structure with a
bottom CaP layer and a top PLA layer (Fig. 3c). The formed PLA layer fully covered the bottom
CaP layer with only some visible spots where crystals of the CaP layer were protruding the top
polymer coating. The EDX analysis (Table 3) showed that the formed CaP layer consists of
calcium, phosphorus, and oxygen without a detectable signal from the substrate. The PLA and
CaP-PLA coatings contained carbon, oxygen, and chlorine with similar elemental compositions.
This may indicate that a continuous PLA coating was formed over the CaP sublayer (Fig. 3c). The
presence of chlorine in the composition of these coatings is explained by the use of chloroform as

a solvent of PLA.

Fig. 3. SEM images of surface morphology of (a) PLA, (b) CaP, and (c) CaP-PLA coatings

11
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Table 3. EDX analysis of the surface of WE43 Mg alloy with obtained CaP, PLA, and CaP-PLA
coatings (examined area 100 x 100 pm?)

Elemental composition [wt%]
Mg | Zr Y Nd | Gd | Dy | Ca P 0] C Cl
WE43 93.7| 04 | 39 | 16 | 03 | 0.1 - - - - -

Sample

CaP — - 1.7 - - — | 444 | 222 | 31.7 - -
PLA 0.3 - - - - — — — | 415|563 | 2.2
CaP-PLA — — — — — - - — [ 415|559 | 26

Figure 4 shows SEM images and EDX elemental maps of cross-sections of the WE43 alloy
coated with CaP and CaP-PLA coatings. Some defects on the substrate-coating interface can
originate from the samples preparation due to polishing and reaction of the substrate with the
polishing medium (96% ethanol). In the case of the CaP-PLA layers, the presence of two distinct
layers was observed based on the image contrast. In both coatings, the thickness of the formed
CaP layer varied in the range from 10 to 20 um. The elemental composition of the phosphate layer
is uniform throughout the coating thickness and mainly consists of Ca and P. Nevertheless, a small
amount of yttrium detected in the PLA coating during the top-surface EDX analysis (Table 3) may
originate from the partial dissolution of yttrium in the deposition solution and the formation of its
poorly soluble oxide [60]. The thickness of the polymer layer in CaP-PLA coating is about 20 pm.
The top polymer layer has good adhesion to the inner CaP layer without visible structural defects
(air pockets, cracks, delamination). Note, that the thickness of both CaP and PLA coatings may
slightly vary over the surface of the samples due to the heterogeneity of the surface and used

deposition approaches.

12
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Fig. 4. SEM cross-cut images and EDX elemental maps of CaP (a) and CaP-PLA (b) coatings on

WE43 Mg alloy

3.2.2 Composition and deposition mechanism

To understand the formation mechanism of CaP, PLA, and CaP-PLA coatings on the
surface of the WE43 Mg alloy, their phase composition was examined. The X-ray diffraction
patterns of the as-polished WE43 alloy and coated samples are shown in Fig. 5a. For the as-
polished WEA43 alloy, recorded reflexes correspond well to the alloy matrix (a-Mg, JCPDS card
# 00-035-0821). Two reflexes of small intensity located at 20 of 29.7 and 67.3° were assigned to
Mgs:Nds IMPs (JCPDS card # 00-035-0821). In the case of the PLA sample, the obtained
diffractogram was identical to that of the WE43 alloy. However, a very broad low-intense peak
was observed at 20 10-20° during the analysis of enlarged images (not shown), which might be
attributed to the amorphous PLA layer [62]. After deposition of the CaP coating, additional
reflexes appeared on the XRD patterns of CaP and CaP-PLA samples, which were assigned to
anhydrous (monetite, JCPDS card # 00-003-0398) and dihydrated (brushite, JCPDS card # 00-
011-0293) CaHPO4 phases [63,64]. For the individual CaP layer, calculation of the ratio of the
crystalline part of the coating to its total fraction gave crystallinity degree of 52.6%. indicates that
more than half of the coating mass has an ordered crystalline structure. The obtained value
confirms the structural stability of the coating. Calculated phase parameters for the main monetite

phase are: crystallite size 29.93 nm, dislocation density 0.0013 1/nm?2. A low dislocation density

13
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indicates a high structural stability of the coating, which can contribute to its durability and
resistance to mechanical loads. Based on the change in the angle of the diffraction maximum, the
microstrain parameter of the phosphate coating is 4.41-107. A low microstrain value indicates the
absence of significant internal stresses in the structure of the phosphate coating, which confirms
its structural stability and high quality. An increase in the duration of the coating deposition at 60—
100°C in aqueous solutions results in the transformation of the brushite phase into the monetite
phase. No diffraction peaks corresponding to hydroxyapatite phases were indexed, which is in a
good agreement with other studies [64—66]. It might be explained by the dissolution of the a-Mg

matrix in the deposition bath and inhibition of hydroxyapatite growth by Mg ions [67].

(a) 4 1-0-Mg; 2- MQ141Nd5? 3 - CaHPQ,; 4 - CaHPQ, - 2H,0 (b)

2928
2850
1755
1361
1184
1084

3 33 1
44 74 13 3 1 3t 11

CaP

Intensity / arb. unit
Intensity / arb. units

PLA

1

| 1 1 | L
4000 3500 3000 2500 2000 1500 1000
20/ deg. Wavenumber / cm”™”

Fig. 5. (a) XRD patterns and (b) FTIR spectra of obtained PLA, CaP, and CaP-PLA coatings.

Reference XRD patterns of used JCPDS cards are given in the supplementary information

The FTIR spectra of as-deposited coatings are shown in Fig. 5b. For PLA and CaP-PLA
samples FTIR spectra were almost identical. The band at 752 cm™ was assigned to vibrations of
CH: group. Bands in the range of 868-990 and 1084—-1140 cm™* are characteristic of symmetric
and asymmetric C—O—C vibrations and the band at 1045 cm™ corresponds to stretching vibrations
of C-O—C bonds of aliphatic esters. The band at 868 cm™ indicates the formation of ordered PLA

layers [68]. The band at 1184 cm is associated with the stretching vibration of the C—O bond.
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Bands in the range 1200-1250 cm™ are characteristic of C—-O—C bond vibrations. The band at
1755 cm™ indicates the stretching vibration of the C=0 carbonyl group. The band at 1454 cm™
was assigned to CH3 bending vibration. Bands at 2850 and 2928 cm™ correspond to stretching
vibrations in the CHs group [69].

The FTIR spectrum of the CaP coating exhibited vibrations in the region of 830-1160 cm~
! which are typical for phosphates. A broad band in the range ca. 830-920 cm™ can be assigned

to symmetrical stretching of HPO? .[64,70] The band at 990 cm™ corresponds to PO?3"
antisymmetric stretching, while bands at 1063 and 1127 arise from PO  bending [64,71-73].

To further analyze the chemical states of the surface of all samples, XPS analysis was

performed and its results are summarized in Fig. 6.

(a) . G, ' I e I o {9 I
CaP-PLA 2
/Y\/\ 5 |cap Mg,
1 _ g .
: ' S e
0] : ) o ~ ;
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. |CaP > < | WE43
© E =N 1 1 1 il
;, : _ ; 1308 1306 1304 1302 1300
‘G AN /T E Binding energy / eV
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E[PLA | £ 2 PP
' — 5 ey
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i ©
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Binding energy / eV

Fig. 6. High-resolution XPS spectra of as-polished WE43 alloy and obtained PLA, CaP, and CaP-

PLA coatings in the binding energy range of (a) C 1s, (b) O 1s, (c) Mg 1s, and (d) P 2p

The high-resolution spectra obtained in the C 1s region (Fig. 6a) were deconvoluted into
four components except for the CaP sample, where three components were extracted. The first
component C) located at 285.0 eV, assigned to C—C/C—H bonds in organic compounds and
contaminations [74], was found in all samples . This component is mainly associated with surface

contamination [75]. The second component, C(z), located at 286.7 eV and C»)* at 285.9 eV were
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assigned to C=0 and C-O bonding, respectively. The next components, marked as C) and C3)*
located at 289.0 and 288.2 eV, respectively, were assigned to O—C=0 groups. In the case of the
PLA and CaP-PLA samples, this component corresponds to the PLA layer [76]. For the CaP
sample, it is assigned to -COO-Ca [77] and most probably originated from surface contamination.
The last component, C), located at 290.1 eV, originated from the surface contamination of
carbonates.

The high-resolution O 1s spectra (Fig. 6b) were deconvoluted into several components.
Components Oq), Oc), and O)*, located at 529.4, 530.9, and 531.5 eV, respectively, were
assigned to oxides, mostly MgO (components O¢), and Op)*). The component O) at 532.3 eV
corresponds to OH-groups in Mg(OH)2 [75]. The last component O at 533.5 eV was observed
on the surface of the PLA and CaP-PLA samples and corresponds to the C—O bonds in the PLA
layer [78].

The signal in the binding energy range of Mg 1s was detected only for WE43 and CaP
samples (Fig. 6¢). The main Mgy component at 1304.1 eV for the WE43 sample was assigned to
Mg(OH).. A smaller component Mg (1306.3 eV) was assigned to magnesium carbonate [79].
For the CaP sample, the main component Mg (1304.3 eV) was identified as a signal from
magnesium phosphates/Mg(OH)a.

The P 2p spectrum for the CaP sample was deconvoluted into one doublet with P 2p3/. and
P 2p12 binding energies of 133.2 and 134.1 eV (marked as P and P’, respectively), assigned to
phosphates (Fig. 6d). In the case of the CaP-PLA sample, the surface was fully covered by the
PLA layer and no signal of P was detected.

The results of FTIR and XPS experiments suggest higher amount of CHz groups of PLA
on the surface of CaP-PLA samples (increased intensity of FTIR bands at 2850 and 2928 cm™ in
Fig. 5b) and lower amount of C=0 groups (decreased intensity of FTIR band at 1755 cm™ in Fig.
5b) comparing to a single PLA layer. It is also supported by the XPS spectra of O (Fig. 6b) and C

(Fig. 6¢), where a lower amount of C3 (O—C=0) and O4 (C—O) components were registered for
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CaP-PLA coatings. This suggests different mechanisms of the adhesion of PLA to the blank WE43
substrate and CaP-coated substrate during the deposition process.

The obtained experimental data were supplemented by theoretical calculations. Fig. 7
represents the equilibrium concentration diagram of ionic species and the volume fraction diagram
of phosphate ions in the solution for the deposition of CaP coating. Calculations were performed
without applying external potential, simulating fractions of the components corresponding to the
aqueous conditions. However, it was assumed that Mg?* ions are present in the solution due to the
oxidation of the WE43 alloy. The concentration diagram (Fig. 7a) shows that several types of
calcium and magnesium phosphates can be formed in the solution, while at very low pH aqueous
Ca?* and Mg?* ions predominate. A more detailed fraction diagram for phosphate ions (Fig. 7b)
revealed that soluble monocalcium phosphate CaH2PO4" ions will predominate in the pH range up
to ca. 3.2. From pH ca. 2.9 the fraction of insoluble hydrated calcium phosphate CaHPO4 - 2H20
starts to increase and it is the most expected compound in the range of pH up to ca 6.2. At near-
neutral conditions, mainly Cas(PO4)sOH compound is expected. As Mg?* ions were also
considered in calculations, a minor fraction of MgH2PO4* ions in the pH range up to 6.5 and

MgHPO; - 3H20 starting from pH ca. 5.6 can be expected.

(a) ,H (b) 10 : H4PO. CaHPO, ,H,0(s)

ok CaHPO, ,H,0(s)
: Cas(P0O4)30OH(s) N\

1,POy 08I N\
_FHEO,2 \,
b=, JH,O(s) - \

MgHPO,

: %F’O(

I >§30(
6 o
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A
\
P PO,
\\\ /
B _./" ] o B 7 A\ ’/’
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Fig. 7. (a) Concentration diagram and (b) volume fraction diagram of phosphate ions for
an aqueous solution containing 0.2 M PO4>", 0.2 M Ca?*, and 0.01 M Mg?* ions as a function of
pH. No external potential was applied in calculations. The data were calculated using the Medusa

software [80]
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Based on the experimental results and theoretical calculations, a formation mechanism of
the CaP layer on the surface of the WE43 alloy can be described as follows. Upon immersion of
the WE43 alloy in the deposition bath (pH 3), the surface of the Mg alloy dissolves rapidly
according to the scheme:

Mg — Mg?* + 2e” )
2H* + 2" — Hy 2)

The process generates excessive amounts of gaseous hydrogen. Consumption of H* on
Eq. (2) results in local alkalization of the Mg alloy/electrolyte interface and an increase in pH.
According to the thermodynamic data (Fig. 7), this would trigger the reaction of metal ions with
H2PO4~ and the formation of insoluble CaHPO4 - 2H-0 on the surface:

Ca?" + HoPO4~ + 2H,0 — CaHPOy - 2H,0 + H* 3)

Our experimental data also indicated that anhydrous CaHPO4 can be formed on the surface
according to the equation:

Ca?* + HoPOs~ — CaHPO4 + HY 4)
Taking into account solubility product constants, Ksp, of CaHPO4 (2.7 x 1077), CaHPOj -

2H20 (2.6 x 1077) [81], and MgHPO4 (1.2 x 1073) [65] it is expected that only calcium phosphates
will be included in the formed coating.

The remnant H,PO4~ ions can also react with OH~ to form HPO,?~ and then PO.* ions,
which can form insoluble salts Caz(POa4). and Mgs(POa). [82]:

3Ca?* + 2P0s* — Cas(POu), (5)
3Mg?* + 2P04> — Mgs(PO4)2 (6)

3.3 Corrosion in Hank’s solution

The corrosion properties of the WEA43 alloy with and without surface modification were
evaluated in Hank’s solution.

The results of the EIS measurements in the form of Nyquist plots are shown in Fig. 8. The
impedance response of the bare WE43 alloy in Hank’s solution (Fig. 8a) is typical for this type of

Mg alloys [57]. The Nyquist plot characteristically displayed one small capacitive loop at high
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frequencies, a large depressed capacitive loop at medium to low frequencies, and an inductive tail
at low frequencies. The capacitive response is associated with the charge transfer processes, while
the inductive response is typically associated with relaxation processes of adsorbed charged
corrosion intermediates [83]. In the case of coated samples (Fig. 8b), impedance spectra showed
two capacitive semicircles without inductive region, which indicates better corrosion resistance of
the surface. The best corrosion resistance was provided by CaP-PLA coating. To guantitatively
analyze the EIS data, equivalent circuits shown in Fig. 8c were used. In these circuits, the constant
phase element CPE, with two parameters, the CPE constant Y and the exponent n obtained from
the data fitting, was used. Other circuit’s elements include Rs as the solution resistance, CPE; as
the capacitive response of the surface film (coating or corrosion products), Rz as the surface film
resistance, CPE> as the double-layer capacitive response, and R3 as the charge transfer resistance
[57,83]. Circuit 1 used for the bare WE43 alloy additionally contains L1 and R; elements, which
are the inductance and resistance parameters involving adsorbed intermediates that give rise to the
impedance response at low frequencies. The quantitative assessment of the surface resistance was
performed based on the values of the polarization resistance, Rp, calculated as shown in Fig. 8c.

The obtained fit parameters and calculated R, values are summarized in Table 4.
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Fig. 8. Nyquist EIS plots in Hank’s solution of WE43 alloy (a) and obtained PLA, CaP, and CaP-
PLA coatings (b). Symbols represent experimental data and lines are results of spectra fitting using
equivalent circuits shown in (c)

From the fitting results (Table 4), the highest value of R, was observed for a two-layer
CaP-PLA coating. The high protective ability of the CaP-PLA coating most probably originates
from two factors: i) different adhesion of the PLA layer to the CaP layer as compared to the
untreated WE43 alloy (Table S1 and Fig. S1 in the Supplementary Information), and ii) filling of
CaP microcracks with the polymer layer, which further prevents direct contact of the corrosive
medium with the magnesium substrate. However, it should be noted that the these values were
extracted from two different circuits so caution should be taken in the direct comparison of the
quantitative data [84]. Moreover, electrochemical methods can overestimate the corrosion
resistance of Mg alloys [55,83,85]. Therefore, hydrogen evolution and pH of Hank’s solution were

monitored for 14 days.

Table 4. Fitting data extracted from EIS data

Sample | L/H | R/ Q| Y1/ N1 Ro/Qem? [ Yo [ Q| np Rs/Qcem? | Ry/Q
cm? cm? Q! cm? Tem=2sn cm?
Sn

WE43 41.9 5344+ | (7.2 +1081+|224. 2 +| (18 +| 080+ | 129+47 164.2

+57 281 2.7)-10°% | 011 34.8 0.3)-10°% |0.15
CaP - - (1.4 + | 070+ | 57934 +| (3.9 +| 082+ | 28944 +| 8687.8
0.3)-10° | 0.09 148.2 1.8)-10* | 0.07 58.1
PLA - - (6.4 + | 0.84+ | 16543.7 £ | (1.4 + | 0.60+ | 52866.0 + | 69409.7
1.6)-10° | 0.12 2534.9 0.6):-10° | 0.05 12573.7
CaP- - - (1.8 + | 0.88+ | 79859.1 + | (6.6 + | 0.67+ | 148510.2 + | 228369.3
PLA 0.4):10° |0.05 5024.0 2.3):10° ]0.18 22455.0

The results of the hydrogen evolution test are shown in Fig. 9. The volume of hydrogen
evolved in Hank’s solution containing bare WE43 alloy gradually increased with time. After 5
days, the hydrogen release rate decreased slightly, which may be a sign of the partial surface
passivation by corrosion products. In the case of treated samples, the volume of the evolved
hydrogen significantly decreased. In the case of CaP and CaP-PLA coatings almost no hydrogen
was evolved during 14 days of the experiment. This indicates the high protective ability of the

formed coatings.
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In near-neutral Hank’s solution (initial pH 7.4 £+ 0.2), corrosion of the WE43 Mg alloy
consists of the anodic dissolution of Mg matrix (Eq. (1)) and the cathodic reaction of hydrogen
evolution (Eqg. (7)):

2H,0 + 2e” — Ha + 20H" ()
with the overall reaction (Eqg. (8))
Mg + 2H,0 + 2 — Mg?* + H, + 20H" (8)

Therefore, the evolution of hydrogen is possible when the substrate is in contact with Hank’s
solution. In the case of a single PLA layer its degradation results in fast contact of the Mg substrate
with the solution. Oppositely, in the case of the CaP-PLA layer, hydrogen evolution will be
initiated only after degradation of both PLA and CaP layers. That is the main reason for the

improved corrosion resistance.
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Fig. 9. Hydrogen evolution as a function of the immersion time of WE43 alloy and obtained PLA,
CaP, and CaP-PLA coatings in Hank’s solution

Figure 10 shows the dependence of the change in the pH of Hank's solution on the exposure
time of the investigated WE43 alloy specimens. The microstructure of the WE43 alloy consists of
the Mg matrix with irregular-shaped IMPs (Figs. 1, 2), and these IMPs are cathodic relative to the
Mg matrix [57]. Owing to a large difference in the VVolta-potentials [57], galvanic corrosion caused
by the second phases usually dominates in the corrosion rate of Mg alloys [86,87]. Magnesium
ions Mg?* formed by Eq. (1) can interact with hydroxide-ions formed by Eq. (7) to produce poorly

soluble magnesium hydroxide Mg(OH).. Therefore, the change in the pH of the corrosive medium
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associated with the occurrence of the cathodic process on Eg. (8) can be used as a measure of the
corrosion rate of magnesium alloys. In the case of the untreated WE43 alloy, the pH of the
electrolyte gradually increased reaching the value of 10.4 after 14 days of exposure. The PLA
sample showed a very similar trend of the change in the pH with time, indicating poor long-term
corrosion resistance of the single PLA layer, despite the rather high protective ability obtained in
the EIS experiments (Fig. 8, Table 4). In turn, the pH of Hank’s solution where CaP and CaP-PLA
coatings were exposed did not increase so prominently. According to the literature [87,88],
phosphate conversion coatings preferentially precipitate on the cathodic sites of the surface,
effectively suppressing the cathodic reaction. The pH of the Hank’s solution increased for the first
three days of the experiment and then almost did not change, reaching the value of 8.7 and 7.9
after 14 days of exposure of the CaP and CaP-PLA samples in Hank’s solution, respectively. This

indicates a high corrosion resistance of CaP and especially combined CaP-PLA coatings.
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Fig. 10. Evolution of pH of Hank’s solution during 14 days of exposure of WE43 Mg alloy with
different surface treatment

3.4 Post-corrosion surface analysis

For a more detailed examination of the protective properties, a post-corrosion analysis of
the surface of the obtained coatings was carried out after 14 days of exposure to Hank's solution.

The results of the XRD analysis of all examined samples after 14 days of exposure to

Hank’s solution are presented in Fig. 11a. The most significant changes were observed for the
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WEA43 and PLA samples. In both cases, new strong reflexes corresponding to Mg(OH). (JCPDS
card # 00-044-1482) were observed on the XRD patterns. Diffractograms of the CaP and CaP-

PLA samples were similar to those shown in Fig. 5a for as-obtained samples.
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Fig. 11. (a) XRD patterns and (b) FTIR spectra of PLA, CaP, and CaP-PLA coatings after 14 days
of exposure to Hank’s solution. Reference XRD patterns of used JCPDS cards are given in the

supplementary information

The FTIR spectra of the coatings after 14 days of corrosion in Hank’s solution are shown
in Fig. 11b. The general appearance of the spectra remained similar for all specimens. For the PLA
and CaP-PLA coatings, an increase in the intensity of the bands at 1278 and 1184 cm* associated
with asymmetric C-O-C stretching vibrations and asymmetric CH3 vibrations is observed. Such
changes can be explained by an increase in the crystallinity of the PLA coating [89,90]. The
appearance of the band at 1550 cm™ corresponds to O, vibrations. In the case of the CaP coating,
an additional wide band at 1620-1600 cm™ is observed, which is due to the presence of OH-
groups of water. Spectra of all samples also show wide bands in the region 3670-3020 cm™, which
correspond to the stretching vibrations of OH- groups of water.

To further evaluate changes in the surface chemistry after long-term corrosion analysis,

XPS spectra were recorded. Due to the high amount of water adsorbed by the PLA sample, it was
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not possible to reach the level of vacuum in the equipment chamber required for the XPS

measurement. Therefore, Fig. 12 shows the results for WE43, CaP, and CaP-PLA samples only.
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Fig. 12. High-resolution XPS spectra in the binding energy range of (a) C 1s, (b) O 1s, (c) Mg 1s,
and (d) P 2p of WE43 alloy, CaP, and CaP-PLA coatings after corrosion experiments in Hank’s

solutions

The general appearance of C 1s spectra (Fig. 12a) and components assignment remained
the same as for the as-obtained samples (Fig. 6a). For the WE43 sample, the relative fraction of
the C) component increased significantly, indicating higher surface amounts of magnesium
carbonate and intensive corrosion of the alloy in Hank’s solution. For CaP and CaP-PLA samples,
the most notable increase in the surface fraction corresponded to the C2)* component, assigned to
C-0 bonding. In the high-resolution O 1s spectra (Fig. 12b), O() became the main component for
WE43 and CaP samples. For the CaP-PLA sample, O and O(2) remained the main components.
The XPS spectra of the WE43 and CaP samples contained additional component O, at 532.6 eV,
which was assigned to OH- groups or absorbed water. The Mg 1s spectrum for the WE43 sample
possessed a new component Mg located at 1304.3 eV and associated with Mg(OH). (Fig. 12c)
[55]. The P 2p spectrum (Fig. 12d) was similar to that before corrosion experiments. Summarizing,

the surface chemistry of the WEA43 alloy changed significantly due to the corrosion attack, while
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the surface of modified samples remained almost the same, indicating their high corrosion
resistance.

The post-corrosion morphologies of the untreated WE43 alloy and coated samples are
shown in Fig. 13. A thick layer of corrosion products was formed on the surface of the WE43
sample (Fig. 13a). This surface layer is non-uniform and contains a network of microcracks, due
to the release of hydrogen and the internal stresses. The layer itself could not provide reliable
corrosion protection of the substrate. The formation of wedge-shaped cracks can be explained by
stress concentration at the top layer of dislocations near the grain boundary of the alloy. The
surface of the CaP sample after 14 days of exposure to the Hank’s solution (Fig. 13b) did not
undergo significant morphological changes. The surface of the samples coated with PLA (Fig.
13c) had two characteristic surface regions. The first one, clearly visible at smaller magnifications
represents the surface regions covered with corrosion products. The second one appears as a
network of micropores, which indicates polymer degradation in Hank’s solution. Such a
morphology supports the results of the pH monitoring (Fig. 10), confirming the low corrosion
resistance of the PLA film. In the case of the CaP-PLA sample (Fig. 13d), the morphology of the
top surface layer was similar to the PLA sample and revealed degradation of the polymer layer.
The formed pores were larger in diameter and the bottom CaP layer was visible in some spots.
However, the surface was clear from corrosion products, since the bottom CaP layer remained
intact.

The point EDX analysis (Table 5) of the selected surface regions (marked in Fig. 13)
showed that the layer of corrosion products formed on the surface of the untreated WE43 Mg alloy
(Table 5, spot 1) is rich in Mg and O, supporting deposition of an oxide-hydroxide layer of
corrosion products on the surface. The presence of P and Ca indicates that this layer also contains
poorly soluble calcium and magnesium phosphates, originating from the composition of the
Hank’s solution. The composition of the CaP surface (Table 5, point 2) practically did not change

during corrosion testing and is comparable to the initial sample (Table 3). The elemental
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composition of PLA and CaP-PLA samples is presented by mostly C and O, with minor amounts
of P and CI. In the case of the PLA sample, spots identified as corrosion products contained high

amounts of Na and Cl, suggesting severe corrosion attack in these regions.

(b)

(c)

Fig. 13. SEM images of surface morphology of (a) untreated WE43, (b) CaP, (c) PLA, and (d)
CaP-PLA coatings after 14 days of exposure to Hank’s solution. Arrows indicate regions of point

EDX analysis listed in Table 5

Table 5. Point EDX analysis of the surface of WE43 Mg alloy without and with obtained CaP,
PLA, and CaP-PLA coatings after 14 days of exposure to Hank’s solution (examined points are
marked in Fig. 13)

Point of Elemental composition [wt%]

analysis | Mg Y Nd | Gd | Dy Ca P O] C Cl Na

1 329 | 13 50 | 14 | 0.9 1.4 12.8 | 38.3 — — —

2 174 | 0.6 0.1 - - 16.7 | 11.9 | 48.2 - - 5.1
3 0.9 — — — - - 0.2 41.8 | 55.6 1.6

4 0.5 - - - - - 0.2 157 | 48.7 | 65 | 284
5 0.3 - - - - 2.1 1.5 429 | 524 | 0.9 -
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Figure 14 shows SEM cross-cut images of the examined samples after 14 days of corrosion
testing in Hank's solution. The layer of corrosion products formed on the surface of the untreated
WE43 Mg alloy (Fig. 14a) has a thickness of about 15 um. The cracks observed in the top-surface
SEM observations (Fig. 13a) reach the metal substrate. Interestingly, the results of the point EDX
analysis confirmed that the layer of corrosion products also contains inclusions reach in Y, Gd,
Dy, and Nd (Fig. 14a, point 1, Table 6), which are alloying elements in the WE43 alloy and form
IMPs in its microstructure. In the case of the CaP coating (Fig. 14b) the layer morphology did not
reveal significant changes. However, cross-cut observations revealed the presence of a local
corrosion attack similar to filiform corrosion. The best results were obtained for the CaP-PLA

sample, which does not undergo visible structural changes after 14 days of corrosion (Fig. 14d).

Fig. 14. SEM cross-cut images of (a) untreated WE43, (b) CaP, (c) PLA, and (d) CaP-PLA
coatings after 14 days of exposure to Hank’s solution

Mechanisms of corrosion degradation of the obtained coatings are schematically illustrated
in Fig. 15. The results of the corrosion experiments confirmed that the most severe corrosion attack

was observed for the untreated WE43 alloy. In this case, the Mg matrix of the alloy is dissolved,
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while the most severe corrosion attack is initiated and proceeds along the Mg matrix/IMPs
interface due to galvanic coupling [57,91]. The mechanism of the destruction of cathodic IMPs
containing rare-earth elements is not so straightforward and the most expected mechanism is the
one similar to the iron re-deposition explained in several previous studies [92-94]. Briefly,
cathodic IMPs are first detached from the metallic substrate by undermining or hydrogen bubbles
due to the process described by Eq. (7). Later on, rare-earth-rich particles are dissolved in the
electrolyte forming soluble compounds, which are then reduced to metallic rare-earth or react with

the solution compounds (for example, phosphates) to form insoluble precipitates.

Table 6. Point EDX analysis of the crosscut areas of WE43 Mg alloy without and with CaP

coatings after 14 days of exposure to Hank’s solution (examined points are marked in Fig. 14)

Point of analysis Elemental composition [wt%]
Mg Y Nd Gd Dy Ca P O
1 77.4 8.7 7.8 2.2 3.9 14 7.9 -
2 76.8 154 3.9 1.5 24 - - -
3 44.2 — — — — 0.3 9.9 —
4 40.0 — — — — 38.2 21.8 —
5 43.3 2.3 1.3 — — 0.2 1.2 51.8

The corrosion mechanism was different in the case when CaP and/or PLA coatings were
deposited on the surface. In these cases, the WE43 alloy surface was protected by the formed
coatings. However, individual coatings possess local corrosion spots. In the case of the CaP layer,
these spots were up to 20 um deep and hidden under the CaP layer. The occurrence of such
corrosion spots can be explained by the presence of microcracks in the CaP structure, where
contact of the metal matrix with the electrolyte is possible.

The low protective ability of the PLA coating can be explained by its high water
permeability. Consequently, during long-term corrosion, a corrosive medium can reach the
metallic substrate, which leads to the initiation of corrosion under the polymer film. At the same

time, the obtained PLA layer retained its integrity, and no delamination was observed.
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Fig. 15. Schematic representation of the formed layers before (to the left) and after (to the right)

exposure to Hank’s solution for 14 days

The best results were observed for the dual CaP-PLA coating. The improvement in the
corrosion resistance is achieved by filling pores and cracks in the CaP layer with the top PLA

coating, which is clearly seen on SEM images before (Fig. 3c) and after (Fig. 13d) corrosion tests.

4. Conclusions

In this work, the effect of surface pretreatment by a calcium phosphate and/or PLA layer
on the corrosion properties of the WE43 magnesium alloy was examined. The high corrosion
protection effectiveness of all coatings was observed and correlated with the surface film structure.

The following conclusions can be drawn:
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1. SEM and EDX analysis revealed that the WE43 alloy has a complex microstructure,
which contains an Mg matrix and Mg-rare earth IMPs (Nd, Gd, Dy, Y, Zr).

2. A dense and fine-grained conversion CaP coating mainly consisting of CaHPO4 - 2H,0
and CaHPO4 with a thickness of 10-20 um was formed on the surface of the WE43 alloy. The
corrosion rate of the as-treated WE43 alloy in Hank's solution decreased by a factor of 10. In the
long-term corrosion experiments, the CaP layer did not undergo significant structural,
morphological, and phase changes. However, due to local coating defects (cracks, pores), several
local corrosion spots were observed, which is in good accordance with an increase in the pH of
Hank's solution by =1.1.

3. Deposition of the PLA layer on the surface of the WE43 alloy results in the formation
of a uniform polymer coating with a thickness of about 20 um. The corrosion rate of the as-treated
WEA43 alloy in Hank's solution decreased by a factor of 100. However, due to high water
permeability and low adhesion to the substrate, PLA coating does not provide reliable corrosion
protection of the WE43 substrate in long-term corrosion experiments.

4. A two-layer CaP-PLA coating provided reliable corrosion protection with corrosion
current density decreasing by a factor of 500 compared to the untreated WE43 alloy, and by a
factor of 53 compared to the CaP sample, which is explained by the filling of the local surface
defects in the bottom phosphate layer by the top polymer layer. After long-term corrosion tests in
Hank's solution, the two-layer coating did not show visible structural changes, and the pH of the
solution practically did not change in time, which indicates the high protective properties of the
CaP-PLA coating.
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