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Abstract

The microstructure and corrosion behaviour of as-cast and heat-treated Mg-1.44Nd
and Mg-1.43Ce (wt.%) alloys in 0.9% NaCl (wt.%) solution were investigated using
electrochemical tests, X-ray diffraction (XRD) and scanning electron microscopy,
combined with energy-dispersive X-ray spectroscopy (SEM-EDS). The as-cast
microstructure of both alloys revealed the presence of second phases. Heat treatment
at 535°C for 6 h led to a more uniform distribution of the second phases in Mg-1.44Nd
alloy and their dissolution along the grains boundaries in the Mg-1.43Ce alloy. As a
result, the corrosion resistance was improved in the heat-treated alloys. Accordingly,
the corrosion resistance values for the heat-treated alloys were much higher than those
of the as-cast alloys, indicating that the heat-treated alloys were less susceptible to the
corrosion. Also, the heat-treated Mg-1.43Ce alloy seems to have very good corrosion
resistance (26890 Q cm?) compared to the Mg-1.44Nd alloy (6156 Q-cm?) by
preventing pitting corrosion along the grains boundaries. The corrosion product was
made up mainly of magnesium hydroxide Mg(OH), and magnesium oxide MgO and

1. Introduction

The low density (p ~ 1.74 g-cm) and high specific
strength (123-144 MPa-g-cm™) of magnesium-based
alloys make them excellent candidates for lightweight
structural applications such as the automotive and
aerospace industries [1,2]. Moreover, Mg-based alloys
are receiving increasing attention as potential
biodegradable implant materials in biomedical
applications, thanks to their biodegradability [3].
However, these alloys generally suffer from poor
corrosion resistance in aqueous environments, and their
degradation occurs faster than expected in different
environments which limited their use in a variety of
applications [4-6]. The presence of impurities and the
inhomogeneous distribution of second phases are the
main causes of galvanic corrosion and thereby of poor
corrosion resistance [3]. Therefore, challenging analyses
must be conducted to optimise the distribution of
second phases to obtain uniform corrosion in Mg-
based alloys. Thermo-mechanical processing and/or
alloying elements have proven their effectiveness in
modifying the microstructure by decreasing grain size
as well as changing the distribution of second phases
[7-15]. For example, high-pressure torsion (HPT)

more uniform corrosion morphology were found in the heat-treated alloys.

processing leads to uniform corrosion compared to
localised corrosion, as occurs in as-cast pure Mg [9].
However, some contradictory findings have been
reported for pure Mg and AZ91 alloys after grain
refinement by severe plastic deformation (SPD),
where the as-cast samples exhibits a higher corrosion
resistance than the deformed ones in 3.5 wt% NaCl
solution [16,17]. Theoretically, decreasing the grain
size involves increasing the number of grain
boundaries and it is known that grain boundaries are
more corrosion active than the bulk, which could
explain the lower corrosion resistance in the deformed
samples. Recently, it has been suggested that the
crystallographic orientation of grains may be
responsible for the changes in corrosion behaviour in
deformed Mg-based alloys [18-20].

It has been reported that rare earth (RE) elements
have a beneficial effect on the corrosion resistance of
Mg-based alloys, mainly owing to the formation of
intermetallic compounds with impurities during the
melting process [21] or the passivation cathode effect
of the second phases [22]. Moreover, the presence of
the RE element in the corrosion product film
considerably improves the corrosion resistance of the
Mg-based alloys [23].
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The corrosion resistance of forged Mg-6.7Zn-
1.3Y-0.6Zr alloy (wt%) was improved by the solution
treatment at 300°C for 1 h and 400°C for 2 h, mainly
owing to the dissolution of MgZn, precipitates
[24].Contradictory reports indicate that the presence
of the second phase considerably increases the
corrosion rate of Mg-based alloys [25,26]. The
temperature and the duration of annealing treatment
conditions lead to different microstructural changes,
such as to the composition, size, shape, distribution
and volume fraction of the second phases, thereby
having a larger influence on the corrosion behaviour
of Mg-based alloys [25-28].

The effect of heat treatments on the corrosion
resistance of Mg-based alloys is still not fully
understood. Accordingly, the aim of the present study
is to investigate the effect of heat treatment at 535 °C
for 6 h on the microstructure and corrosion behaviour
of two as-cast binary Mg-1.44Nd and Mg-1.43Ce
(Wt%) alloys in a 0.9% NaCl (wt%) solution, using
electrochemical tests, XRD, SEM and EDS.

2. Experimental Procedure

The as-cast Mg-1.44Nd (wt%) and Mg-1.43Ce
(wt%) alloys were kindly supplied by colleagues from
the Institut fiir Metallkunde und Metallphysik (IMM),
Aachen, Germany. The alloys were prepared by
induction melting and casting in a protective
atmosphere of Ar/CO, gas, followed by heat treatment
for 20 h at 420°C. After that, both alloys underwent a
partial solution annealing in a controlled atmosphere
at 535°C for 6 h. The selected temperature (535°C)
and duration (6 h) were chosen in order to avoid
excessive sublimation of the Mg and to insure a correct
Nd and Ce solute diffusion in Mg matrix.

Scanning electron microscopy (SEM, FEG-SEM
ZEISS Gemini) was used to visualise the microstructures
in as-cast and heat-treated alloys and after the immersion
test. Energy-dispersive spectrometry (EDS) system in
backscattering (BSE) mode operated at 15 kV was
performed to determine the composition of the second
particles and the corrosion product.

X-ray diffraction (XRD) patterns were recorded
using an X’PERT PRO MPD diffractometer operating
at 40 kV and 40 mA, using Cu-Ka radiation. The data
were collected over a range of 20 = 20-90° with a step
size 0f 0.026° and a scan speed of 0.18°/sec.

The electrochemical tests were carried out using
AUTOLAB PGSTAT302N, with a three-electrode
system, platinum plate as a counter electrode, a
calomel electrode (SCE) (0.24 vs. SHE) as the
reference electrode and the sample as a working
electrode. The samples were embedded in an epoxy
resin to isolate a 0.5 cm2 area and then immersed at
room temperature in a 0.9% NaCl (wt%) solution. The
open-circuit potential (OCP) was measured for at least
2 h for all samples. The polarisation curves were
measured in the range of -2.6 to 0 V vs. SCE with a
scan rate of 2 mV-sL,
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Impedance measurements were performed after a
steady state of 2 h using a sinusoidal potential signal
with an amplitude of 10mV, in the frequency range
from 10°Hz to 102Hz. The curves were fitted using
Zview software.

3. Results and discussion

Figure 1 shows the microstructures of as-cast and
heat-treated Mg-1.44Nd and Mg-1.43Ce alloys,
respectively. It was reported earlier that both alloys
exhibit an elongated granular microstructure with a
large grain size of approximately 400 pm [29]. As can
be seen from Figure 1, the microstructures of as-cast
and heat-treated for both alloys show the presence of
different second phases. Table 1 summarises the EDS
analysis (in wt%) at several positions (points 1-8) in
the microstructures of thealloys. The volume fractions
of the second phase are also shown in Figure 1. The
solubility of Ce (0.27% at 590°C) and Nd (3.6% at
552°C) in the Mg matrix is relatively low [30].
Therefore, the formation of these particles is
unavoidable during the melting and cooling of these
alloys.

The heat treatment at 535°C for 6 h failed to
dissolve the second phases and obtain a homogeneous
microstructure. However, some differences could be
noticed between the as-cast and heat-treated
conditions for both alloys. The microstructure of as-
cast Mg-1.44Ndalloy presents three different second
phases: MgaiNds (point 1), MgixNd (point 2) and
particles (point 3), with a small amount of Nd element
~17.6%. The apparent diameter of these particles is in
the range of 3-8 um.

:

Figure 1. SEM micrographs showing the microstructure
of (a) as-cast Mg-1.44Nd, (b) heat-treated Mg-1.44Nd,
(c) as-cast Mg-1.43Ce, and (d) heat-treated Mg-1.43Ce
alloy.

These second phases are still present even after the
heat treatment, as shown in Figure 1(b) and Table 1
(points 5-7), but are very small in size (in the range of
2-4 um).
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Table 1. EDS analysis in weight percentage at several positions in the microstructures (shown in Figure 1) of the
as-cast and the heat-treated Mg-1.44Nd and Mg-1.43Ce alloys, respectively.

Mg-1.44Nd Element (wt%) 1 2 3 4 5 6 7 8

Mg 59.36  39.11 82.38 9895 5134 93 78.54  96.82
Nd 40.64 60.89 17.62 1.05 48.66 7 21.46  3.18
Mg-1.43Ce Element (Wt%) 1 2 3 4 5 6 7 8

Mg 70.63  84.599 99.54 85.62 70.68 8134 70.86 99.61
Ce 29.37 1541 046 1438 2932 18.66 29.14 0.39

The heat treatment of Mg-1.44Nd alloy seemed to
cause the formation of new second phases, with white
spots distributed almost uniformly in the microstructure.
In fact, the volume fraction of second phases increases
from 3 to 12% after heat treatment. Unfortunately, the
identification of their chemical composition was not
possible by EDS analysis because of their very small
size. The concentration of Nd element in the matrix
(point 4, 1.05%) increases after the heat treatment
(point 8, 3.18%), which could be attributed to the
development of these tiny particles.

The heat treatment at 535°C for 6 h affects the
microstructures of as-cast Mg-1.43Ce alloy differently.
Besides the presence of several circular particles
identified as Mg;2Ce (point 1) and particles with 15%
of Ce (point 2), in sizes ranging from 5 to 10 um, and
very small particles distributed within the grains, the
second phases are also found in the grains boundaries,
as shown by the arrow in Figure 1(c). It is interesting
to note that the heat treatment of as-cast Mg-1.43Ce
causes an apparent dissolution of the second phase
along the grains boundaries. Nevertheless, the
particles present within the grains seem to be stable
and not affected by the heat treatment, as indicated by
their slight decrease from 7 to 5%. On the other hand,
the second Mg41Nds phase was not identified by XRD
patterns, perhaps because of their small amount in the
microstructure. The presence of stable particles in the
Mg-1.43Ce alloy is attributed to the low solubility of
Ce in the Mg matrix (0.27%) [30]. In contrast, the Nd
element seems to be more distributed into the Mg
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matrix since its solubility in the Mg matrix (3.6%) is
much higher than that of Ce [30].

The XRD patterns of as-cast and heat-treated Mg-
1.44Nd and Mg-1.43Ce alloys are shown in Figure 2.
All peaks in as-cast and heat-treatedMg-1.44Nd alloy
belong to the Mg matrix, except the one located at 2 0
= 45°, identified as Mg;,Nd second phase. The XRD
patterns of as-cast and heat-treated Mg-1.43Ce alloy
revealed the presence of Mgi>2Ce and Mg;7Ce;phases.
It should be noted that the second Mgi7Ce, phase
particles were not identified by EDS analysis may be
due to their small size and/or volume fraction.

The XRD patterns show clearly that heat treatment
has a great influence on the crystallographic
orientation of the grains in both alloys. For example,
the intensity of (112) peak at 20 = 68.87° decreases
drastically after heat treatment of the Mg-1.44Nd alloy
and the (002) peak at 20 = 34.32° is the highest,
indicating the formation of basal texture after heating.
Similar observations can be made for peaks (110) at
20 =32.28°and (101) at 20 = 34.45° in the case of the
Mg-1.43Ce alloy (Figure 2(b)).

Figures 3(a) and 3(b) present the potentiodynamic
polarisation curves of as-cast and heat-treated Mg-
1.44Nd and Mg-1.43Ce alloys in a 0.9% NaCl
solution, respectively. The fitted corrosion potential
Ecorr, the corrosion current density /cor, f. anodic, .
cathodic Tafel slopes and the polarisation resistance
R, listed in Table 2 were determined by extrapolating
the linear Tafel segments of the anodic and cathodic
branches.
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Figure 2. XRD patterns of as-cast and heat-treated: (a) Mg-1.44Nd and (b) Mg-1.43Ce alloys.
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Figure 3. (a) and (b) Potentiodynamic polarization curves, (c) and (d) Nyquist plots and e) equivalent circuit of
the as-cast and the heat-treated Mg-1.44Nd and Mg-1.43Ce alloys in a 0.9% NacCl solution.

Accordingly, the anodic branches in the
polarisation curve represent the dissolution of Mg
metal, while the cathodic branches represent the
hydrogen evolution reaction and can be expressed by
the following equations [31, 32]:

Anodic reaction:

Mg — Mg? + 2¢ 1)
Cathodic reaction:
H,0 + 2e—20H+ H, ©)

Thus, the corrosion reaction of Mg-based alloys in

aqueous solution leads to the formation of Mg(OH),
accompanied by hydrogen evolution:
The total reaction:

Mg + H,O -Mg(OH)»+ H, (3)

Both Mg-1.44Nd and Mg-1.43Ce alloys show similar
trends. The hydrogen evolution rate (cathodic part of
the polarisation curve) of the heat-treated alloys is
lower than that of the as-cast alloys, indicating that
heat treatment can decrease the hydrogen evolution on
the cathodic process.

Table 2. Fitting parameters of the potentiodynamic polarization curves of the as-cast and the heat-treated Mg-
1.44Nd and Mg-1.43Ce alloys in a 0.9% NaCl solution, respectively.

Mg-1.44Nd Ecorr (VSCE) Icorr (uA.cm?) PBa (VSCE) PBc(VSCE) Rp (Q cm?)
As-cast -1.345 6.78 0.683 -0.112 5790
Heat-treated -1.267 291 0.063 -0.179 6156
Mg-1.43Ce

As-cast -1.398 41.5 0.341 -0.127 970
Heat-treated -1.039 0.86 0.099 -0.117 26890
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Nevertheless, the anodic region varies depending
on the conditions of the alloys.The as-castMg-1.44Nd
and Mg-1.43Cealloys showed a similar passivation
breakdown potential (E£;) at -0.75 Vscg, indicating a
tendency for localised corrosion such as pitting. The
value of Ej for the present Mg-RE alloys is more
positive compared tothe other Mg-based alloys[33],
which means that these alloys are less susceptible to
localised corrosion. Indeed, it was demonstrated that
RE elements such as Dy, Gd, Nd, and Y have a weak
ability for passivation in NaCl solution [34].

Table 2 shows that heat treatment shifts the Eco.
for both alloys towards the noble direction (more
positive) and decreases the I.o--values, indicating an
enhanced corrosion resistance. Interestingly, the
present Mg-RE alloys were found to be nobler
compared with several Mg-based alloys such as pure
Mg [35], AZ31 [8] and Mg-2Zn (wt%) alloy[33] in
0.9% NacCl solution.

The polarisation resistance (R,),which is inversely
proportional to the corrosion rate, can be calculated
using the Stern-Geary equation [36]:

BalBcl
—__ BalBd 4
P 2303(Ba+BcDIcorr @

The R, values for the heat-treated alloys were
much higher than those of the as-cast alloy, indicating
that the heat-treated alloys were less susceptible to
corrosion. The present results indicate that heat
treatment improves the corrosion resistance of both
alloys. Also, the heat-treated Mg-1.43Ce alloy (26890
Q cm?) seems to have very good corrosion resistance
compared to the Mg-1.44Nd alloy (6156 Q cm?).

It has already been reported that binary high-
pressure die-cast Mg-Ce alloy samples exhibited a
lower corrosion rate than binary Mg-Nd and Mg-La
alloys in 0.1 M NaCl (~0.6 wt% NaCl) solution [37].
In fact, the corrosion behaviour of Mg-RE alloys was
found to be strongly affected by the specific RE
element contained in the second phase [37]. Moreover,
the results of the micro-capillary electrochemical cell
method on Mg;;Ce, MgzNd and Mg;La second

phases show, firstly, that these second phases are
significantly more stable than Mg and, secondly, that
the Mgi2Ce phase is the most inert compared to the
other second phases [37].

Figures 3(c) and 3(d) present the Nyquist plots
obtained from electrochemical impedance spectroscopy
(EIS) for as-cast and heat-treated Mg-1.44Nd and Mg-
1.43Ce alloys in a 0.9% NaCl solution, respectively.
All samples show a small capacitive loop in the high-
frequency region (~ 1780 Hz),resulting from the
formation of a double layer and a charge transfer
reaction between the metal interface and the solution
[38]. The second capacitive loop is also shown in the
medium-frequency region (in the range of 32-42 Hz),
which may be attributed to the formation of corrosion
product film and its resistance [38]. Finally, an
inductive loop is formed in the low-frequency region
(~ 0.04 Hz for Mg-1.44Nd and ~ 0.31 Hz for Mg-
1.43Ce alloy), resulting from the occurrence of pitting
corrosion and dissolution of the protective film [38].

In the present study, the similarity in Nyquist plots
for all samples demonstrated that both alloys have
similar corrosion mechanisms but with different rates,
as shown by the difference in the diameters of the
capacitive loops. As seen from Figure 3(d), the
diameter of the capacitive loop in the medium-
frequency region in the heat-treated Mg-1.43Ce alloy
is considerably higher compared to the as-cast one,
indicating good corrosion resistance of heat-treated
Mg-1.43Ce alloy. In contrast, the diameters of
capacitive loops and even the inductive loop are very
similar in the case of as-cast and heat-treated Mg-
1.44Nd alloy. Apparently, heating at 535 °C for 6 h
slightly affects the corrosion mechanisms and rate of
the Mg-1.44Nd alloy.

To further elucidate the corrosion mechanism of
the studied alloys, the electrochemical equivalent
circuit model proposed by Shi et al. [38] was adapted
to fit the obtained Nyquist curves as presented in
Figure 3(e); the corresponding fitting data are listed in
Table 3, respectively.

Table 3. Electrochemical parameters obtained from the fits of the experimental EIS data of the as-cast and the
heat-treated Mg-1.44Nd and Mg-1.43Ce alloys in a 0.9% NacCl solution.

Alloys R CPEq (F.cm) Ret CPE: (F.cm™?) Rt L RL R,
(Q.cm?) v . (Q.cm?) Y n Q.cm?) (H.em?) (Qcem?) (Q.cm?)

Mg-1.43Nd

As-cast 38.26 3.8x107 0.76  66.13 2.13x10° 093 36.16 2707 293.2 136.58
Heat-treated 37.23 4.7x1073 0.76  49.31 2.1x10° 0.96 84.14 2651 381 155.46
Mg-1.44Ce

As-cast 33.7 4.1x10° 0.79 613 3.04x10° 097 54.15 98.85 132.8 133.47
Heat-treated 44.14 4.1x10 0.73 167.7 1.58x10° 098 1374 312.6 359.6 311.25
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In this case, R, is the solution resistance, and CPE
and R, are constant phase elements of the electric
double layer and the charge transfer resistance,
respectively. CPE; and Ry, are the constant phase
elements of the corrosion product film and the film
resistance. A constant phase element (CPE) is defined
by Y and n values and is usually used instead of the
capacitance in the case of the non-homogeneity of the
sample surface. L and R; are inductance and inductance
resistance, representing the dissolution of partial
protective film on the surface of the alloy.

As can be seen, the resistance of charge transfers
R of the Mg-1.44Nd alloy decreases from the as-cast
to the heat treatment condition (66.1 vs. 49.3 Q.cm?).
In contrast, it greatly increases in the case of the Mg-
1.43Ce alloy (61.3 vs. 167.7 Q.cm?). It has been
reported that the increase in the R., value indicates a
decrease in the dissolution rate of Mg metal [24].

The Ry of heat-treated Mg-1.44Nd and Mg-1.43Ce
alloys is higher than that of as-cast alloys, showing
that the corrosion product film in the heated condition
has a better ability to protect the Mg metal against
corrosion. The as-heated Mg-1.43Ce alloy shows the
highest value R;=312.6 Q.cm>

The polarisation corrosion R, can be mainly
calculated from the equivalent circuits, as follows
[13]:

RfRy,

Ry = Rs+ R+ L2

®)

Table 3 shows that R, increases with heat treatment
and that Mg-1.43Ce exhibits the highest value
(311.25Q.cm?). These results are in good agreement
with those from potentiodynamic polarisation curves.
The XRD patterns of as-cast and heat-treated Mg-
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1.44Nd and Mg-1.43Ce alloys after immersion in
0.9% NaCl for 2 h are illustrated in Figure 4. XRD
patterns reveal the presence of the MgCl, phase in the
surface of both alloys. The amount of the MgCl, phase
seems to be higher in heat-treated Mg-1.44Nd alloy,
as indicated by the high intensity of the peak at 26 =
29.2°. MgO and Mg(OH), have also been evidenced
as corrosion products in Mg-based alloys immersed in
aqueous solution. In fact, the corrosion product film
on the Mg surface was found to consist of a thin inner
MgO layer covered with Mg(OH),[39].

The formation of MgO corresponds to the
following equilibrium equation:

2 Mg +0— 2 MgO 6)

In the presence of water, the MgO oxide gradually
transforms to Mg(OH),, as in the following equation
[407:

MgO + H,0 —>Mg(OH), 7

Furthermore, the corrosion products morphologies
with low and high magnifications and the
corresponding EDS results from marked points of as-
cast and heat-treated Mg-1.44Nd and Mg-1.43Ce
alloys after immersion in 0.9% NaCl for 2 h are shown
in Figure 5 and Table 4, respectively. The corrosion
products for all samples are mainly composed of
Mg(OH), and MgO, as demonstrated in Table 4.

It can be clearly seen that as-castMg-1.44Nd
andheat-treatedMg-1.43Ce and Mg-1.44Ndalloys are
covered by a thick and irregular film of corrosion
products. Some cracks can be observed on the surface
of heat-treated Mg-1.44Nd alloy, as shown by the
arrow in Figure Sc.
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Figure 4. XRD patterns of the as-cast and the heat-treated: (a) Mg-1.44Nd and (b) Mg-1.43Ce alloys after

immersion in 0.9% NaCl for 2 h.
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Mg-1.44Nd

Figure 5. SEM micrographs showing corrosion products morphologies of (a) and (b) as-cast Mg-1.44Nd, (c) and
(d) heat-treated Mg-1.44Nd, (e) and (f) as-cast Mg-1.43Ce and (g) and (h) heat-treated Mg-1.43Ce alloy after
immersion in 0.9% NacCl for 2 h.

Table 4. EDS analysis at several positions in the surface (shown in Figure 5) of the as-cast and the heat-treated
Mg-1.44Nd and Mg-1.43Ce alloys after immersion in 0.9% NaCl for 2 h, respectively.

Mg-1.44Nd

Element (wt%) 1 2 3 4 5 6

C 1.14 - - 2.47 - -

0] 2.74 3948 51.38 4579 3825 58.08
Mg 41.87  60.2 48.18 4093 6142 41.88
Cl 6.02 - - 10.53 - -

Nd 0.23 0.32 0.43 0.29 0.33 0.04
Mg-1.43Ce

Element (wt%) 1 2 3 4 5 6

C 0.64 2.99 - - - -

(0] 5236 41.88 4049 1798 38.55 33.02
Mg 42.67 4171 5858 4795 5895 66.33
Cl 4.02 1142 - - -

Ce 0.3 1.99 0.93 34.07 25 0.65

J. Met. Mater. Miner. 30(1). 2020
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A relatively high amount of C1 (10%) is present in
these cracks (point 4). At high magnification, the
surface of corroded Mg-1.44Nd and Mg-1.43Ce alloys
shows needle-shaped aggregates, the length of which
is much less in the Mg-1.43Ce alloy. Moreover, the
EDS analysis of the corrosion products indicates that
the Mg(OH): film may contain some chloride Cl ions.
It is worth noting that the Cl ions were absent in the
corrosion product of heat-treated Mg-1.43Ce alloy.
The presence of Cl ions accelerates the dissolution of
the protective film and causes the corrosion rate to
increase by transforming the Mg(OH), into more
soluble MgCl, [41,42]. In fact, it was demonstrated
that the influence of chloride ion concentration on the
corrosion product was larger in the solution containing
low chloride concentrations [42,43].

The surface of the as-cast Mg-1.43Ce alloy
exhibits totally different morphology (Figure 5(e)).
The surface of the sample suffers from corrosion pits,
and white coloured phase that is observed at the top of
the cracks and which was identified as Mg(OH)2
(point 1). The formation of corrosion pits in the as-cast
Mg-1.43Ce alloy could be attributed to the presence of
second phases along the grains boundaries.

Recently it was demonstrated that the role of
second phases containing RE element on the pitting
corrosion of Mg-RE alloys was completely different
from the role of second phases in non-RE Mg-based
alloys[44-46]. It is well established that the occurrence
of the pitting corrosion is caused by the second phases
acting as micro-cathode in traditional Mg-based alloys
such as AZ91 (Mg-9Al1-1Zn, wt%) alloy [13]. Because
RE elements are more active than Mg, it was
demonstrated that the second phases in Mg-RE based
alloys preferentially dissolved at the initial corrosion
stage by acting as micro-anodes [44-46]. It was found
that the pitting corrosion in Mg-RE alloys involved
three stages. Firstly, the anodic phase dissolved
followed by the corrosion of the Mg matrix and then
the pitting corrosion appeared along with the depth of
the dissolved phases [45].

The high magnification of the square zone shows
an interesting feature (Figure 5(f)), in which the
particles are surrounded by micro-cracks (point 2) and
two distinct morphologies of needle-shaped clusters.
The needle-like aggregates are longer and thinner
(~400 nm) in the vicinity of the Ce particle and their
morphology seems to change with increasing distance
from the Ce particle. Far from the Ce particle (~ 7 pm),
these aggregates decrease in size to ~100 nm and seem
to be denser. The needle-shaped aggregates were
identified as the corrosion product Mg(OH), (point 3
in Figure 5(f) and Table 4). Such corrosion morphology
has been largely reported in Mg-based alloys and it has
been suggested that the film is more protective when
the needles are smaller and denser [47].

Visibly, the corrosion product film contains an RE
element, as shown in Table 4, and the concentration of
the Ce element is relatively higher than the Nd
element, which could explain the good corrosion
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resistance of Mg-1.43Ce alloy compared to Mg-
1.44Nd alloy.

To summarise, based on the evolution of the
microstructures of both alloys after heat treatment
(Figure 1), the relative improvement in corrosion
resistance of the Mg-1.44Nd alloy is attributed to the
increase of the volume fraction of the second phase
and their continuous distribution in the microstructure;
that is, they act as a barrier against corrosion. By
contrast, the great improvement in the corrosion
resistance of the Mg-1.43Ce alloy is mainly due to the
dissolution of the second phase in the vicinity of the
grains boundaries, which prevents galvanic corrosion
from occurring. The XRD results shown in Figure 2
suggest that the orientation of grains may also
contribute to the improvement of the corrosion
resistance of heat-treated alloys. Grains having (001)
basal texture were found more corrosion resistant than
(100) prismatic or other differently oriented ones in
AZ31 alloy and pure Mg immersed in NaCl solution
[18, 19]. The reduction of Mg dissolution in grain with
basal (001) orientation was attributed to the closely
packed crystallographic plane (001) with higher
atomic coordination, tighter atomic bond and lower
surface energy [19].

The present results help to understand more the
relationship between the amount, the distribution of
second phases and the corrosion response and thereby
increasing the performance of Mg-based alloys as
structural materials. An interesting finding was the
fact that the corrosion resistance was found strongly
depending on the specific RE alloying element. In the
future, it will be interesting to focus on the effect of
different RE alloying elements and their optimal
concentrations on the corrosion behaviour of Mg-
based alloys. Such knowledge helps to design new
generation of Mg-based alloy with better controllable
corrosion behaviour.

4. Conclusion

e The effect of heat treatment at 535°C for 6 h on the
microstructure and corrosion behaviour of as-cast
Mg-1.44Nd and Mg-1.43Ce alloys in a 0.9% NaCl
solution was investigated.

e [t was found that heat treatment leads to a more
uniform distribution of the second phases in the
Mg-1.44Nd alloy and their dissolution along the
grains boundaries in the Mg-1.43Ce alloy.

e The uniform distribution of second phases in the
microstructure may improve the corrosion resistance,
as shown in Mg-1.44Nd alloy. Indeed, the
dissolution of the second phases along the grain
boundaries significantly improves the corrosion
resistance, as evidenced in the case of Mg-1.43Ce
alloy.

e For both alloys, the corrosion products comprise
magnesium hydroxide Mg(OH), and magnesium
oxide MgO.
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e Corrosion morphologies depend strongly on the
distribution of the second phase. The as-cast Mg-
1.43Ce alloy suffers from pitting corrosion, owing
to the presence of the second phase in the grain
boundaries. More uniform corrosion was found in
heat-treated alloys, owing to the homogeneous
distribution of the second phases.
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