ISSN 1068-3755, Surface Engineering and Applied Electrochemistry, 2019, Vol. 55, No. 5, pp. 595—601. © Allerton Press, Inc., 2019.

Corrosion of Magnesium Alloy AZ31 Coated by Plasma
Electrolytic Oxidation

0. O. Kalinichenko“, V. O. Holovenko?, K. V. Roienko“, D. O. Misnyankin4,
O. B. Girin*, and L. O. Snizhko* *
4Ukrainian State University of Chemical Technology, Dnipro, 49005 Ukraine
*e-mail: Isnizhko @gmail.com
Received January 12, 2019; revised February 19, 2019; accepted February 19, 2019

Abstract—In this work, plasma electrolytic oxidation was performed on AZ31 magnesium alloy. The electro-
Iytes contained mixtures of sodium silicate, sodium hexamethaphosphate, potassium hydroxide, and potas-
sium fluoride. Scanning electron microscopy, X-ray diffraction, porosity measurements, atomic analysis,
and exposition in 3% NaCl were carried out to investigate the microstructure, elemental/phase composition,
and corrosion resistance of the coatings. The results showed that the coating formed in both silicate- and
phosphate-containing electrolyte were mainly composed of MgO, Mg(OH),, Mg,SiO,, and Mg;(PO,),
showing the most dense structure and the best corrosion resistance.
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INTRODUCTION

Magnesium and its alloys have a number of unique
properties—high specific strength, the ability to
absorb impact and vibration, good machinability, and
low density. Magnesium is widely distributed in nature
and is non-toxic, which makes it a valuable structural
material in various applications. The proven biocom-
patibility of magnesium alloys [1] reveals the prospects
for their use as implants in orthopaedics and trauma-
tology. Mg alloys have a modulus of elasticity (40—
45 GPa)—the closest to the bone (10—40 GPa), which
makes them more desirable material than stainless
steel and titanium. Another advantage of magnesium
alloys is their tendency to biodegradation (gradual dis-
solution and absorption by a living organism), which
contributes to the physiological fusion and tissue
reconstruction with a minimal risk of inflammation
[2]. This property of magnesium eliminates the need
for a second surgical operation to remove implants
after tissue repair. Magnesium alloys also exhibit
osteoconductive and osteoinductive properties, pro-
viding a temporary support during tissue repair. In this
sense, they are superior to permanent implants, which
can eventually cause physical irritation and chronic
inflammatory reactions. It is expected that orthopae-
dic implants made of magnesium should maintain
mechanical integrity for 12—18 weeks (bone healing
time) [3]. Meanwhile, pure magnesium quickly dis-
solves in saline (3% NaCl, pH 7.4-7.6), losing
mechanical integrity before the tissue has healed
enough. In addition, the dissolution of magnesium is
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accompanied by the release of hydrogen, the bubbles
of which can also cause complications.

Thus, a promising future of magnesium and its
alloys depends on the ability to control the rate of cor-
rosion in body fluids.

Several publications [3—5] have indicated that the
poor corrosion resistance of Mg alloys results from a
high intrinsic dissolution tendency of magnesium,
which is only weakly inhibited by corrosion product
films, and the presence of second phases acting as
local cathodes and thus causing local micro-galvanic
acceleration of corrosion. At the same time, corrosion
is a positive attribute for Mg alloys to be used as biode-
gradable implants [6].

Surface modification is one of the most effective
ways not only to reduce and control the degradation
behaviour but also to improve the surface biocompat-
ibility of Mg-based alloys [7]. Anodic spark deposition
(ASD) or plasma electrolytic oxidation (PEO) is a sur-
face treatment process employed to produce relatively
thick, ceramic-like coatings on magnesium, alumin-
ium, titanium, and other valve metals, with incorpora-
tion of species originating from the substrate and the
electrolyte [8]. Coatings are formed at high voltages in
sparking mode on the metal surface.

The local high temperature in the discharges facil-
itates the formation of high-melted phases. The for-
mation of coatings involves chemical, thermal, and
anodic oxidation processes. ASD processing exhibits
advantages of high throwing power, simple non-toxic
electrolytes, minimum requirements for pre-treat-
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Table 1. Composition of the alloy AZ31
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Elements Al Zn Mn Si Fe Cu Ni Ca Others Mg
Min % 2.50 0.60 0.20 Balance
Max % 3.50 1.40 1.00 0.10 0.005 0.05 0.005 0.04 0.3
Table 2. Composition of electrolytes

Electrolytes, g L™!
Components
1 2 3
Sodium trisilicate (Na,O - 3Si0,, density 1.49 g cm™3) 10 10 -
Potassium hydroxide (KOH) 4 4 4
Sodium hexametaphosphate (NaPO;)¢ 2 5
Sodium fluoride (NaF) — 4

ment, and formation of coatings with a relatively hard
surface, corrosion and wear resistant. ASD of magne-
sium alloys is normally performed in alkaline electro-
lytes with inorganic polymers. As usual, coating con-
tains amorphous and/or crystalline phases such as
MgO, Mg,SiO,, Mg;(PO,), [8]. The respective litera-
ture also contains information on the suitability of
sodium aluminate solutions for the formation on mag-
nesium MgAl,O, type spinel with a melting point of
2135°C [9]. Silicate- [10] and and phosphate- [11]
containing electrolytes are widely used [12], allowing
to obtain the smoothest and most uniform coatings.
The type of anions affects the rate of their migration in
the electrolyte, as well as the diameter and depth of the
pores formed. Alkalis (KOH or NaOH) are used to
increase the conductivity and to regulate the pH of
solutions. The thickness of the coatings, as usual, is in
a range of 50—100 um, with an average growth rate of
1—5 um min~.

The structure of the coatings is determined by five
main factors: chemical compositions of the electrolyte
and of the alloy, current density, electrical processing
regime, and duration of the process. As a rule, the sur-
face of PEO coatings has a fairly coarse porous struc-
ture and needs subsequent removal of the top layer, or
to be sealed. It was considered [12] that spherical pores
of PEO coatings surrounded by a halo of fused mate-
rial are formed by outgoing gases. So, any measures
limiting gas generation at the electrode and contribut-
ing to a decrease in temperature on the surface of the
coating will positively affect the morphology of the
surface.

It was found elsewhere that the coatings obtained
from alkaline silicate (10 g L~! Na,SiO; + 1 g L' KOH)
and phosphate (10g L' Na;PO, + 1g L~ KOH) elec-
trolytes by the pulses with equal anodic and cathodic
current densities 600 A m~2 were different [13]. A
“phosphate” coating had a more compact and contin-
uous structure than the “silicate” one. The influence
of the solution composition, current density, and time
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during the PEO process on the coating morphology
and thickness were discussed in [14]. The coatings
obtained in electrolytes, consisting of Na,SiO,,
Na,P,0; - 10H,0, KOH, and KF were investigated.
An X-ray diffraction (XRD) analysis revealed the
presence of amorphous and crystalline phases includ-
ing MgO, Mg,(PO,),, and MgSiO, for treatment in
the solution without KF, and MgO and MgSiO, for the
coatings obtained in the electrolyte with the addition of
KF. It was found that the coatings have protective prop-
erties and reduce the corrosion current density by two
orders of magnitude. Besides, the KF containing elec-
trolyte led to formation of thicker coatings [15].

In the present work, a comparative study of the
microstructure, phase constituent, corrosion resis-
tance of coatings formed by PEO in silicate-, alumi-
nate-, and phosphate-containing electrolytes was
undertaken.

EXPERIMENTAL
Materials

The composition of AZ31 alloy used in this study is
presented in the Table 1.

The samples were machined to the dimensions
24 x 24 X 1 mm. Preliminary preparation included
degreasing in a warm (40—60°C) solution consisting of
40 g L' Na;PO, and 40 g L~! Na,COj;. Then the sam-
ples were washed with cold running water.

This study employed three types of the electrolytes
presented in Table 2.

The temperature of the electrolyte was maintained
in a range of 17—20°C by agitation with a compressed
air and circulation of ice water in the water jacket
around the bath. Plasma anodizing was performed
using a bipolar adjustable pulsed current power supply
operated in the galvanostatic mode. The process
parameters were fixed as follows: the negative-to-positive
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D

0.631 um?, 76.6% (b)

0.464 um?, 66.7%

0.116 um?,50.5% (c)

Fig. 1. Morphology (I) and porosity (I1) of PEO coatings obtained on AZ31 in electrolytes 1 (a), 2 (b), and 3 (c). The average size
of the pores (umz) and total porosity (%) are placed on the images.

current ratio (R = 1,/1,)) was set at 50%, the time of elec-
trolysis was 10 min and the frequency was 100 Hz.

Coating Analysis

Elemental (Mg, Si, P) composition of the coated
layer was determined by X-ray fluorescence (XRF)
analysis using EXPERT-4L W184U according to the
standards DIN EN ISO 3497, and ASTM B 568. The
oxygen content was not detected with XRF.

The phase analysis was performed by XRD using a
DRON-3 diffractometer (CukK, radiation). The mea-
surements were done using Bragg—Brentano theta-
2theta geometry. The diffraction patterns were
recorded within a range from 5° to 100° in 2theta.

The obtained XRD patterns were compared with
the JCPDS standards to identify the phase composi-
tion. The surface porosity size and porosity distribu-
tion were calculated from numerical image analysis
using an ImagelJ/Fiji 1.46 program.

Corrosion Rate Measurements

Total corrosion tests were performed in a 3% NaCl
solution by the hydrogen evolution measurement that
was considered to be a real-time measurement of cor-
rosion [16, 17]. The tests were performed during 150 h
under the temperature and pressure control. The gas
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volume V' (mL) was reduced to normal conditions by
the formula:

VI (P - P,
V0=—°( ‘*2"), (1)
TR
where 7T and P are temperature and pressure under
experimental conditions, respectively, B is the pres-
sure of the saturated water vapour at temperature 7.

The volumetric corrosion rate Ky?(mL cm=2 h—!)
was calculated from the slope of the dependencies
plotted in the coordinates V,—t.

RESULTS AND DISCUSSION

Microstructural Characterization

The morphology and porosity images of the coat-
ings obtained on AZ31 in electrolytes 1, 2, and 3 are
shown in Fig. 1.

It can be seen that the most continuous, low
porous, and entire coating is formed in electrolyte 2.
The pores observed are the traces left by the sparks and
released gases.

Elemental and Phase Analysis

Elemental composition of the coatings is presented
in Table 3.

No.5 2019
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Table 3. Elemental composition of coatings obtained in electrolytes 1—3

Composition (at %) of the coatings obtained from electrolytes

Elements

1 2 3
Mg 48.18 40.18 44.97
Al 5.34 4.50 5.28
Si 21.20 38.84 0.22
P 21.30 11.49 44.14
K 1.16 2.73 3.59
Ca 0.33 0.28 0.19
Mn 0.52 0.37 0.44
Zn 2.01 1.61 2.16

Table 4. R rate of hydrogen release during exposition of AZ31 with coatings in 3% NaCl

Sample Bare AZ31

Electrolyte 1

Electrolyte 2 Electrolyte 3

0.2497

K+? (mLem™2h™!)

0.0056

0.0053 0.0181

The coatings composition demonstrates competi-
tive adsorption of phosphate and silicate anions (elec-
trolytes 1 and 2). In the absence of silicate anions
(electrolyte 3), the adsorption of phosphates signifi-
cantly increases.

XRD spectra of the coatings obtained from electro-
lytes 1—3 are presented in Fig. 2.

All coatings show the presence of MgO, Mg(OH),
and compounds formed from the underlying metal
and ions derived from the electrolytes, such as Mg,SiOy,,
Mg;(PO,),, and MgF,. This fact suggests a more dense
and continuous structure of the coating obtained, for
example, in electrolyte 2. In principle, the data
obtained here coincide with the results published in
[11] and [18], which showed participation of elements
Si and P in thermochemical reactions with the under-
lying metal. The traces of Al,O; (not shown here) has
been find in all coatings. The presence of aluminium
oxide can be explained by the role of Al as an alloying
element commonly used for modifying the mechani-
cal and corrosion properties of Mg alloys. Addition of
Al (1-5%) leads to the reduction of the grain size, dis-
solving partly in Mg solid solutions. Secondary phase
Mg,,Al,, precipitates along the grain boundaries [20].

During plasma stages of electrolysis, direct injec-
tion of magnesium metal or cations Mg/Mg?" into the
electrolyte can occur through plasma discharge chan-
nels. The ejected particles react with OH™ ions, form-
ing the magnesium hydroxide, which is then partially
transformed into magnesia. Besides, Mg/Mg?* can
directly react with oxygen forming magnesium oxide
[15]. For Mg?* to move through the barrier layer, its
energy needs to be higher than the sum of the free
energy difference between the ion in the metal and in
the oxide film.
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Fluoride anions chemisorb on the metal surface

forming an adsorbed layer MgF, ;. which transforms to
magnesium fluoride MgF,. It was supposed else-
where, that the latter reacts with oxygen by the reac-

tion MgF, + [02—] = MgO + 2F and serves as a cata-
lyst for magnesium oxydation [19].

Formation of Mg,(PO,), can be explained by a
thermochemical reaction between two oxides (P,Os
and MgO) or ejected magnesium and phosphate

anions (Mg?* and POi_). The mechanism of this reac-
tion is not entirely clear, but, in any case, the ratio
Mg/P hasto be 3 : 2.

Corrosion Measurements

The results of a comparative study of the specific
volume of hydrogen evolution in 3% NaCl in due
course are shown in Fig. 3.

The rate of hydrogen evolution on clear magne-
sium and on coated samples is linear in time. Minimal
corrosion (~50 times less than clear AZ31) was
observed on the samples coated in silicate-containing
electrolytes. The rate of hydrogen release is presented
in Table 4.

The data in Table 3 show that the corrosion rate of
coated samples is significantly lower than that of the
uncoated one. Coatings obtained from silicate-con-
taining electrolytes have better protective properties.

It was demonstrated elsewhere that in electrolytes,
Mg,,Al;, phase, which is presented in Al-containing
Mg alloys, exhibits a passive behaviour, acting as a
cathode with respect to the oi-phase in Mg matrix and
acts as a corrosion barrier surrounding the o-Mg
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Fig. 2. XRF spectra of coatings obtained in electrolytes 1 (a), 2 (b), and 3 (c).

matrix thereby reducing the corrosion rates [18]. In
the corrosive media, the electrochemical dissolution
of Mg produces OH™-ions as a result of hydrogen gas
formation from the cathodic reaction. It is widely
known that corrosion of magnesium in aqueous media
proceeds with hydrogen depolarization, while anodic
and cathodic reactions occur predominantly on the
surface of the metal, partially penetrating into the pro-
tective film:

Mg, = Mg’ +2¢ anodic )
2H2O(aq) +2e = 2OH;q + HZ(g) cathodic (3)
Mg(y,) + 20H(,,) = Mg(OH), total  (4)

The presence of OH™-ions causes an increase of the
local pH at the interface and facilitates the formation
and precipitation of MgO and/or Mg(OH), as corro-
sion products [2]. The evolution of 1 mol of hydrogen

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 55

gas (22.4 L) directly corresponds to the dissolution of
1 mol of Mg (24.31 g). In theory, measuring the vol-
ume of H, gas produced is equivalent to the result
obtained when measuring the mass loss of Mg. It is
also possible to determine the degree of alkalization
based on the volume of hydrogen evolved if it is
assumed that 2 mol of (OH)~ corresponds to 1 mol of
oxidized Mg. According to various estimates men-
tioned elsewhere, this theoretical ratio rather strongly
deviates from the practical one (within the range of
0.6 = 0.08) [16]. In the present study, a comparative
study of the corrosion rate of a pure and coated alloy
AZ31 was made.

It is known [20] that corrosion of Mg alloys in the
3.5% NaCl solution is typically greater than ~3 mm
per year and causes the solution pH to rise to a pH of
10.3 (typically within 2—3 h) because of the precipita-
tion of the sparingly soluble Mg(OH),. Pitting corro-
sion was a typical corrosion mode to the dual phase

No.5 2019
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Fig. 3. Kinetic dependences of hydrogen evolution during
corrosion of AZ31 alloy with PEO coatings in 3% NaCl:
bare alloy (0), alloy with coatings obtained from electro-
lytes 1—3, respectively.
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magnesium alloy because the corrosion potential dif-
ference could accelerate the corrosion rate of the low
corrosion potential phase. Corrosion pits initiated on
the bare a-phase of the samples immersed in NaCl
aqueous solution in the initial corrosion stage.

Figure 4 demonstrates the surface of AZ31 alloy
after a corrosion test.

It can be seen that the coating obtained in electro-
lyte 2 remained the most saved with only few pits on
the surface. Cl -ions are very harmful to magnesium
alloys and accelerate their corrosion. Pitting corrosion
was a typical corrosion mode to the dual-phase mag-
nesium alloy because the corrosion potential differ-
ence could accelerate the corrosion rate of the low cor-
rosion potential phase [20]. In the presence of chloride
ions, poorly soluble magnesium hydroxide is con-
verted to a soluble salt MgCl, as a result of adsorption
displacement of oxygen from the metal surface:

Mg(OH), +2CI” = MgCl, + 20H . )

(d),

Fig. 4. Surface of AZ31 alloy after corrosion test on: (a) bare AZ31; (b) coated in electrolyte 1; (c) coated in electrolyte 2; (d)

coated in electrolyte 3.
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After nucleation, corrosion pits continuously
extend along the alloy surface while they develop in
the direction perpendicular to the alloy surface [21].

It is supposed here that PEO coating prevents the
diffusion of both Cl—-ions to the surface of bare alloy
and back diffusion of H, from the alloy to electrolyte
slowing down reactions (2) and (5).

CONCLUSIONS

Protective coatings were deposited on AZ31 mag-
nesium alloy by the PEO process in electrolytes con-
taining sodium silicate, sodium hexamethaphosphate,
potassium hydroxide, and sodium fluoride. The coat-
ings were mainly composed of magnesium
oxide/hydroxide, Mg,SiO,, Mg;(PO,),, and traces of
MgF,. All films exhibited a good protection effect in
3% NaCl. The films obtained in the electrolyte con-
tained a mixture of silicate-, hexamethaphosphate,
and fluoride anions, exhibiting the best corrosion
resistance (corrosion rate is reduced by 50 times
according to measurements of H, evolution during
150 h of exposition) due to a relatively small porosity,
compact microstructure, and existence of chemical
compounds formed by Mg and species derived from
the electrolyte.
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