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Abstract

Corrosion behavior of an advanced special magnesium alloy MRI 230D
(Magnesium Research Institute, Beer-Sheva) as compared to the commercially available
zinc-, manganese- and rare earth- containing alloys was studied. The representatives of
the appropriate groups were AZ91D, AM50, and AE42 alloys, respectively.

The applicability of Plasma Electrolytic Oxidation treatment for the corrosion
protection of all four of magnesium alloys in 3.0 wt% NaCl aqueous solution saturated
with Mg(OH),, and corrosion behavior of these alloys was studied in this work by several
electrochemical and non-electrochemical techniques. The corrosion process of all the
alloys before and after PEO treatment was evaluated by open circuit potential (OCP)
measurements, electrochemical impedance spectroscopy (EIS), linear polarization tests,
linear sweep voltammetry (Tafel extrapolation) and chemical methods, namely mass loss
and hydrogen evolution. Corrosion rates for each method were calculated and compared,
and the morphology of corroded surface studied.

According to the tests results, the protection by the PEO lowers the rate of
corrosion and shifts the corrosion potential to a more noble value for all four alloys. An
attempt to explain the influence of the PEO process on the corrosion behavior of the
alloys was made. However, the localized character of corrosion causes some deviations in
the results obtained even by the same method.

Introduction

Magnesium and its alloys are low-density, durable, weldable and recyclable,
which makes them very popular in different industries. Withal, their defenselessness
against corrosion and poor wear resistance, [1] require the production of surface
protective layers. Some of the technologies that protect magnesium alloys, such as
chromate conversion coating, are failing to meet the current environmental protection
requirements [2]. Therefore lately, the interest in Plasma Electrolytic Oxidation (PEO), is
an environmentally friendly technology, is continually growing in both industry and
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science [3]. PEO is related to the conventional anodizing process. However, anodizing
normally can produce only relatively thin oxides, while PEO is capable of providing
much denser and harder surface structure [4]. During anodizing process, the growing
oxide layer creates considerable resistance to the electric current until the process stops.
Compared to that, in the Plasma Electrolytic Oxidation process, much higher voltages are
used, which creates micro-plasma discharges that can break the oxide layer and the layer
thickness continues to grow until a much thicker oxide layer forms.

The most acceptable mechanism of the PEO process was proposed in 1999 by A.
L. Yerokhin et al. [5]. According to this mechanism, PEO process can be divided into
two well-distinguished stages. At the beginning of the PEO process, a massive gas
evolution from the sample’s surface occurs, causing the formation of a vapor plasma
envelope wreathing the specimen. This stage is characterized by the fast growth of the
oxide layer and therefore rapid growth of the anodic voltage. After the oxide layer
reaches critical thickness, the second stage of the oxidation begins. The anodic voltage is
high enough to initiate ionization processes in the vapor envelope and to cause electrical
breakdowns on the sample surface [5]. The overall oxide layer formation process can be
described by the following three stages: (1) “traditional” metal anodizing, (2) formation
of a dielectric barrier layer preventing the further anodizing, and (3) dielectric breakdown
caused by the plasma discharges, when the temperature in the oxide layer increases to
>1000°C [6] and fresh portions of the electrolyte are injected through the breakdown
channels to the metal surface.

Over past two decades, a large number of studies were conducted with the
purpose of understanding how different experimental setups and substrate compositions
affect the characteristics of the obtained oxide layers [7-11]. When magnesium alloys are
oxidized, various oxide phases containing primarily MgO and different oxides of an alloy
itself are generated around the plasma discharge channels. The mechanical properties of
the oxidized layer, such as hardness, porosity, and others, depend mainly on the ratio of
these phases. For example, according to E. Cakmak et al. [12], magnesium alloys
containing zinc (AZ series) demonstrate better electrochemical and mechanical properties
of PEO produced oxide layers than alloys containing manganese (AM series). Therefore,
for some manganese containing magnesium alloys, for example, MRI series, other
alloying elements (such as calcium, tin, and strontium) were added.

The MRI series of magnesium alloys are new and belong to the advanced
materials, developed to address the need for elevated creep resistance for sand mold
casting and pressure die casting. Alloy MRI 230D was designed for applications in the
automotive industry, such as cylinder blocks, operating at temperatures up to 190°C, and
for other high-pressure die casting applications. This alloy presents excellent creep
resistance combined with good castability and high strength [13].

This study aims to investigate the effect of Plasma Electrolytic Oxidation on the
corrosion resistance of different magnesium alloys. Another purpose of this research is to
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obtain a sustainable magnesium corrosion mechanism.
Experimental

High-pressure die-cast MRI 230D, AZ91D, AM50, and AE42 magnesium alloys,
whose chemical composition can be found in Table 1, were cut into rectangular flat
plates, polished with #300, #600, #1000 grit diamond abrasive paper, degreased
ultrasonically in MRC D80H bath in tap water with soap for 10 min and dried with
acetone.

Table 1.
Chemical composition of MRI 230D, AZ91D, AM50, AE42 magnesium alloys in wt%.
Element Al Zn Mn other Mg
Sn Sr Ca
MRI230D | 6.3-7.2 | 0.08 max | 0.15-0.4 Bal.
0.3-1.2 0.05-04 1.8-2.6
Cu Si
AZ91D 8.5-9.5 | 0.35-1.0 | 0.15-0.5 Bal.
0.03 max 0.1
Cu Si
AM50 4.4-54 0.22 0.26-0.6 Bal.
0.01 max 0.1
La Ce Th Nd
AE42 4.0 - 0.1 max Bal.
0.6 1.2 0.6 0.4

The electrolyte for the PEO contained 0.05 mol/L Na,SiO3; (pentahydrate,
Spectrum, practical grade, silicate index n = 1), 0.05mol/L KOH (Finkelman Chemicals,
technical grade) and 0.05 mol/L KF (Merck, 99%) in tap water. All the procedures were
performed at room temperature with only passive cooling by a 50 L water tank, in which
the 3L PEO cell was set. The maximal heating in the course of the oxidation was 2-3°C,
and no influence of these temperature changes was observed. The oxidation was
performed in AC mode by 50 Hz sew edged voltage at the average current density of
approximately 10.0 + 2.0 A/ dm? on a home-made 40 kVA PEO station, for 30 minutes.

Conductivities and pH of the electrolytes were measured by a YK-2005WA
pH/CD meter before, and after oxidation, the thickness of oxide layers was first roughly
measured by MiniTest 730 with SIDSP Thickness gauge and then more precisely by
SEM. The surface morphology structure and composition, as well as samples cross-
sections, were inspected on scanning electron microscope (SEM, JEOL JSM-6510LV)
and electron dispersive spectroscopy (EDS, Thermo scientific NS7).

The electrochemical behavior of all the samples was studied on Ivium Potentiostat
in the three-electrode cell arrangement, during the exposure to 3% NaCl solution
saturated with Mg(OH),. The non-oxidized rectangular plates of the alloys were polished,
and all the samples (oxidized and pristine) were degreased with acetone, dried by air and
packed into a parafilm so that only 1.84 cm? area was exposed to the corrosion medium.
Thus prepared specimens were left in a standard three-electrode cell (Ag|AgCl in sat. KCI
solution was used as the reference electrode, and a Pt wire served as the counter
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electrode) until a steady state corrosion potential was achieved. After the achievement of
a stable corrosion potential, electrochemical measurements such as Electrochemical
Impedance Spectroscopy (EIS), Linear Polarization Resistance (LP) and Tafel
extrapolation were performed.

Gravimetric measurements were performed using rectangular oxidized and
pristine MRI 230D, AM50, AE42, and AZ91D samples, immersed in 3% NaCl solution
saturated with Mg(OH),. The working area and the initial weight of the specimens were
measured prior the tests. Once the test was finished, the samples were extracted, rinsed
with acetone, etched in CrOs; + AgNOg solution to remove the corrosion products, dried
in hot air, and then weighed again to calculate the mass loss per unit surface area. In
order to obtain further information, during the gravimetric test, evolved hydrogen was
collected using turned up-side-down funnel and biretta.

Results and Discussion

The oxidized and pristine samples of all of the alloys (MRl 230D, AZ91D,
AM50, AE42) were immerse in 3% NaCl saturated with Mg(OH), solution to achieve
steady corrosion potentials (OCP). As is seen from Fig. 1 both pristine and oxidized
samples have some potential drops over time that are consistent with the formation of a
new corrosion pits. Oxidized samples have more potential drops than pristine ones and it
takes longer to achieve steady potential values. In addition, equilibrium potential of the
oxidized samples is usually lower than initial potential, while for the pristine samples, the
opposite observation can be made. The explanation for these phenomena is very simple:
for oxidized samples, equilibrium potential is achieved after corrosion pits are form.
Corrosion potential of the untacked surface layer will always be higher than for the
damaged one. However, it isn’t the case for the pristine samples. Pristine samples are
polished before being immerse into electrolyte solution. Mechanical polishing of the
samples can damage the sample surface and therefore lead to lower initial potential
values [14]. After immersion into electrolyte, damage surface reacts, and potentials
values rise again with formation of partially passive oxide layer.

For all alloys the OCP values of oxidized samples were nobler than of pristine
ones (Table 2). However, while pristine MRI 230D, AM50 and AE42 show almost
identical potential values, pristine AZ91D corrosion potential is less negative, which
means that AZ91D alloy is more corrosion resistant than other examined alloys. AE42
alloy shows the greatest effect of oxidation process on corrosion potential — although the
OCP value of pristine sample is almost identical to MRI 230D and AM50 values, the
OCP value of oxidized sample is approaching AZ91D corrosion potential value.

2-23



Table 2.
Open circuit potentials (vs. KCI saturated Ag|AgCl) of MRI 230D, AZ91D, AM50 and
AE42 magnesium alloys in 3% NaCl solution saturated with Mg(OH)s,.

Alloy OCP of oxidized sample OCP of pristine sample
MRI 230D -1.474V -1.490 V
AZ91D -1.453 V -1.468 V
AM50 -1.467V -1.493V
AE42 -1.454 'V -1.491V
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Fig. 1. Stabilization of the corrosion potential (vs. Ag|AgCl) of (a) MRI 230D, (b)
AZ91D, (c) AM50 and (d) AE42 alloys in 3% NaCl saturated with Mg(OH),.
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Fig. 2 shows the Nyquist impedance plots of untreated and oxidized alloys after
the achievement of steady state potentials. All untreated alloys demonstrated a single
capacitive arc at high and intermediate frequencies, which can be attributed to the charge
transfer reaction of the magnesium corrosion process, and an inductive loop at low
frequencies, which can be explained as sorption of some ions on the metal surface. For
the oxidized alloys, the behavior is more complex, because in addition to the inductive
loop, the capacitive loop is divided into two.

Two capacitive loops imply that the electrochemical processes occur both at
metal-oxide inter phase and inside the oxide layer. However, while those two loops are
very distinguished for MRI 230D and AM50 alloys, they are negligible for AZ91D and

AEA42 alloys.
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Fig. 2. Typical EIS Nyquist plots for (a) MRI 230D, (b) AZ91D, (c)
AMBS0 and (d) AE42 alloys in 3% NaCl saturated with Mg(OH),.

The diameter of the capacitive arc is closely related to the corrosion rate and
therefore it is clear that PEO process improve corrosion performance of studied alloys.

We assume the following model for the observed phenomena (Fig. 3): one charge
transfer process occurs at the surface of the alloy and is can be modeled in the regular
manner as RCq, where R is the charge transfer resistance and Cy is the double layer
capacitance. On the surface of the pristine alloys loose oxide layers formed by the
corrosion product present an additional resistance Ry in series with an inductance L due
to sorption of ions from the electrolyte. The circuit CPE-Rox describes the second time-
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constant process. Hypothetically, we might assume this second process to the further
oxidation of the intermediate univalent Mg®, whose participation in the corrosion of
magnesium is postulated by many authors. [15] Oxidized alloys are coated with much
thicker and denser porous oxide layer, therefore the contribution of the processes in it
must be more significant. The proposed equivalent circuit R(QR(LR))(CR) is similar to
R(CR)(QR(LR)) proposed by others for the corrosion of magnesium alloy [16], but is
better based on the structure of real systems. The corresponding fit parameters are given
in Table 3.

Fig. 3. An equivalent circuit best fit to the measured EIS spectra.

Table 3.
Fit parameters of the measured EIS to the equivalent scheme shown in Fig. 3

alloy Rs, Q@ Ry, Q CoL, F Rox, £ L, H R, Q Cepe, F Ncpe

-5
MRl oistine 9.09 1107  7.63-10 4748 2054 001 1.26-10* 0.840

230D " iidized 1407 7502 1.24-10° 2141 2681 3471 1.97-10° 0.774

AZ91D pristine 211 227  7.1810° 1768 927.6 2948 9.70-10° 0.908

oxidized 9.46 1922 1.81-10” 4925 8146 7158 1.9510" 0.556

AM50  pristine  10.8 565.1 5.44-10° 2746 1113 1123 2.23-10" 0.808

oxidized 231 289.4 6.01-10° 9724 2440 1845 3.52:10" 0.441

AE42  pristine 31.6 919 932:10° 1428 6263 1974 8.88-10° 0.939

oxidized 12.1 1767 1.05-10® 1699 431.3 8885 2.83-10° 0.674

As is seen from Table 3, there are some noticeable differences between the pristine and
oxidized alloys: for all four alloys, Rox values are significantly higher for the oxidized
samples than for pristine ones, which may hint that the charge transfer occurring inside
the oxide layer is slower. However, the calculated R values supposed to indicate alloy
immunity to corrosion process, which is clearly not the case. This means that such an
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over-simplified mechanism is not relevant for our system and other processes in the oxide
layers have to be considered.

Tafel slopes, corrosion potential and corrosion current were determined from the
polarization curves measured in the potential range of £ 0.25V vs. a stable corrosion
potential. Typical examples of Tafel plots are presented in Fig. 4. The comparison shows
that the corrosion potential for oxidized samples is higher than for of the pristine ones,
especially for AZ91D alloy. The change in corrosion potential of the oxidized MRI 230D
and AMS50 alloys is less significant, yet present. Additionally, the corrosion current of the
oxidized samples (for all alloys) is lower than for pristine ones. That means that oxidized
samples are nobler and less affected by the corrosion, and when corrosion starts it
progresses at the slower rate.

The anodic branches of the Tafel plot, for MRI 230D, AZ91D and AE42, are
monotonous and show no passivation phenomena in the above potential range. However,
the anodic branch of pristine AM50 alloy shows passivation and a break is observed for
the cathodic branch of the MRI 230D pristine sample. We assume that this may evidence
another reduction process occurring in the system rather than transport phenomena. The
values of Tafel slopes and the corresponding corrosion currents for all alloys are
presented in Table 4.

Table 4.
Tafel slops parameters of MRI 230D, AZ91D, AM50 and AE42 magnesium alloys in 3%
NaCl solution saturated with Mg(OH)s.

alloy Ecorr, V joors Alcm? Ba, V/dec B, V/dec
MR pristine -1.4098 126610 0.130 0.164
230D oxidized -1.3875 157210 0.230 0.339
nporp . PiStine -1.3654 11 21.10:2 0.096 0.275
oxidized -1.3480 1.082-10 0.121 0.219
- pristine -1.4859 7_322.10:: 0.087 0.177
oxidized -1.4567 711810 0.214 0.238
Al pristine -1.4067 4737 10:; 0.195 0.083
oxidized -1.3632 2.116:10 0.133 0.276
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Fig. 4. Typical Tafel polarization plots for (a) MRI 230D, (b) AZ91D, (c) AM50 and (d)
AE42 alloys in 3% NaCl saturated with Mg(OH)Z.
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The values of Ecor and jeorr (Table 5) were also obtained from linear polarization
curves measured in the potential range of Es £10mV, both before and after PEO. As is
seen from Fig. 5, the deviations of the polarization curve from the linear regression line
are negligible in this range.
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Fig. 5. Typical linear polarization plots for (a) MRI 230D, (b) AZ91D, (c) AM50 and (d)
AE42 alloys in 3% NaCl saturated with Mg(OH),

The values of the cathodic (B¢) and anodic (B,) Tafel slops from Table 4 were
used for the calculation of the Stern-Geary constant B (Eq. 1)

— BeBg
= —4— 1
2.3(Bc+Bg) ( )
And the calculation of polarization resistance R, (Eq. 2).
Rp=— )
p jCOTT

The calculated Stern-Geary constant values (Table 5) are in good agreement with the
literature [17].
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Table 5.
Linear polarization parameters of MRI 230D, AZ91D, AM50 and AE42 magnesium
alloys in 3% NaCl solution saturated with Mg(OH)..

alloy B, mV/dec jeorn Alcm? R,, Q/cm?
5
ristine 31.53 . 819.8
MRI 230D p e 3.846 10_b
oxidized 59.58 2.025-10 29422
5
ristine 30.94 . 2065.4
AZ01D p 1.498 10_6
oxidized 33.89 9.362:10 36188
-5
ristine 33.45 . 913.4
AMS0 p 3.662 10_6
oxidized 48.99 2.456-10 19947
5
ristine 25.31 . 625.4
AEAD p 4.047 10_6
oxidized 39.02 2.001-10 19500

Fig. 6 shows the hydrogen evolution versus time of oxidized and pristine samples
of all four alloys immersed in 3% NaCl saturated with Mg(OH), solution.

All samples exhibited almost linear kinetics of hydrogen evolution associated
with magnesium dissolution. Untreated MRI 230D sample presented the highest gas
evolution rate during the shortest immersion time. In contrast, for oxidized AE42 samples
no gas evolution at all was observed for several days. The same observation can be also
made for AZ91D alloy. The obtained parameters of the hydrogen evolution and the mass
loss of the oxidized and pristine samples over the immersion time are presented in Table
6.

Table 6.
Hydrogen evolution and mass loss parameters of MRI 230D, AZ91D, AM50 and AE42
magnesium alloys in 3% NaCl solution saturated with Mg(OH):,.

alloy t, days V(H,), mL Am, gr
MRI 230D pristine 12.42 16.8 0.0196
oxidi;ed 62.77 1.2 0.0493

el S—" 172 00763
i S—1 6o 00561
i o1 101 00047
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The weight loss corrosion rate, Py (mm/year), was measured by Eq. 3, according

to the literature [18, 19]:

p. = Wi-W;y
w A-p-time
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where w; and ws (gr) are a sample’s initial and final weight, accordingly, A (cm?) is the
surface area of the sample, p (gr/cm®) is the sample’s density and time is the overall
immersion time (years).
The evolved hydrogen was collected during the mass loss test and the average corrosion
rate, Py (mm/year), was calculated by Eq. 4, using the ideal gas law:
14

Py = (4)

T Atime

where V is the total volume of the evolved hydrogen, A (cm?) is the surface area of the
sample and time is the overall immersion time (years).
The rates of corrosion measured by different methods are summarized in Table 7.

Table 7. Corrosion rates in mm/year for oxidized and pristine MRI 230D and AZ91D
alloys measured by different methods.

al on REIS Tafel RLPR gas mass loss
MRI 230D pri.st?ne 5.40 0.27 0.76 0.27 0.23
oxidized 3.57 0.08 0.08 0.05 0.06
pristine 0.43 0.13 0.29 0.08 0.09
AZ91D oxidized 0.39 0.11 0.18 0.02 0.01
AMS0 pristine 2.05 0.38 0.16 0.27 0.31
oxidized 1.68 0.04 0.02 0.02 0.03
AE42 pristine 0.48 0.25 0.35 0.21 0.21
oxidized 0.37 0.02 0.02 0.01 0.01

As is seen from Table 7, the corrosion of a PEO treated samples is always slower than
that of a pristine specimen, for all tested alloys. As expected, mass loss and hydrogen
evolution corrosion rates are in a good agreement with each other for all the tested
samples. However, in a contrary to the literature, Tafel extrapolation corrosion rates
matching better the gravimetric results than linear polarization technique for all the
alloys, except AM50. In addition, EIS provided results differentiate from all the other
methods. For our specific case, we can assume some explanations to these differences:

1. Both the EIS spectra and the equivalent circuit used here (Figs 2, 3)
demonstrate quite clearly that the corrosion process has a very complex mechanism
including sorption, diffusion and two charge-transfer steps. The calculation of the
corrosion rates is based on the assumption that they are controlled by the charge-transfer
resistance Rc. Obviously, the reality is less simple and a mixed control takes place. In
addition, another plausible explanation can be, that fit of the EIS equivalent circuit (Fig.
3) is lower than expected.

2. The cathodic Tafel slopes hint that the diffusion of the Red species (presumably,
water molecules or OH™-ions) through the film of the corrosion products is retarded and
may contribute to the process control type. Presumably, the corrosion process may have a
mixed control of the Charge Transfer and the Diffusion steps. If this is the case, all the
three electrochemical techniques are more sensible to the rates of the CT process, which
is not (the only) rate determining step.
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3. The corrosion rates measured by the non-electrochemical techniques (gas evolution
and mass loss) are more relevant to the total corrosion process. While these techniques
cannot give us anything concerning the mechanism, they are much more accurate in the
practical sense.

Conclusions

The corrosion of MRI 230D, AZ91D, AM50 and AE42 magnesium alloys was measured
by electrochemical and non-electrochemical techniques. The corrosion rates measured by
different methods show some discrepancies, especially by EIS technique. For some
alloys, the electrochemical techniques provide larger corrosion rates than those measured
by the mass loss and gas evolution.

The electrochemical techniques show that the corrosion process is complex and its rate is
partially limited by the diffusion of the reducer to the metal surface. The higher values of
the corrosion rate calculated from the electrochemical measurements may reflect the
faster charge-transfer step rather than the r.d.s.
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