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Abstract

Microstructure and corrosion behaviour of a Mg-9Al alloy with minor alloying
additions (Mn, Y, Nd, Ca and Sn) are evaluated. All of the additions form Al-rich
intermetallics with varying amounts of Fe, while Ca and Sn are also incorporated
into the eutectic β-phase (β-Mg17Al12). Special attention is given to the surface
potential values of the microconstituents, which are related to the formation of
microgalvanic couples. Scanning Kelvin Probe Force Microscopy (SKPFM) mea-
surements revealed that all the alloying elements, except Sn, reduced the potential
difference between the secondary phases and the matrix, which is the main rea-
son for the improvement of the corrosion resistance of Mn-, Y- and Nd-modified
alloys. The beneficial effect of Ca is additionally related to the microstructure
refinement and an increased area fraction of the β-phase.



Table 1: Fe/Mn tolerance limit for different Mg alloys.
Alloy Fe/Mn tolerance

limit
Reference

AM50 0.0072-0.0101 [21]
AM60 0.007-0.232 [21]
Mg (gravity cast) 0.036 [22]
Mg (gravity cast) 0.020 [23]
AZ91 (gravity cast) 0.032 [24]
AZ91 (die-cast) 0.032 [24,25]
AM60 (die-cast) 0.021 [26]
AE42 (die-cast) 0.020 [27]
AS41 (die-cast) 0.010 [28]

1 Introduction
The interest to Mg-based materials is mainly associated with their high specific
strength, good castability and damping capacity [1]. However, the outstanding
potential of Mg alloys for weight-sensitive applications, such as in automotive
components [2,3], can only be realised under mild service conditions due to poor
creep resistance of the alloys at high temperatures (> 120 ◦C) and poor corrosion
behaviour [4,5].

Al is the most common alloying element in cast Mg alloys. In commercial
alloys, it usually does not exceed 10 wt%, since higher amounts negatively affect
the alloy ductility [6]. In solid solution, Al incorporates into the MgO/Mg(OH)2
surface film, increasing the film’s stability and ennobling the Mg matrix by ∼ 100
mV [7]. Commercial cast Mg-Al alloys usually show Al segregation within the
α-Mg matrix, i.e. the Al content can vary from 1.5 wt% in the centre of the α-
Mg phase to 12 wt% in the matrix surrounding the eutectic β-phase (βMg17Al12)
[8]. This may result in two phenomena: preferential corrosion at locations with
low Al content [9] and less intense galvanic couples between the β-phase and
the surrounding Al-rich matrix [10]. The influence of the β-phase on the overall
corrosion behaviour of MgAl alloys mainly depends on its relative proportion and
morphology [10]. Recently it has been shown that the surface potential of the β
phase (and therefore its electrochemical activity) varies from ∼ 10 mV [11] to ∼
240 mV [10] depending on its Al content and the composition of the surrounding
matrix. Despite being a cathode, the β-phase may be able to act as a physical
barrier, thereby decreasing the corrosion rate [12].

Most commercial Mg-Al alloys belong to the AM (Mg-Al-Mn) or AZ (Mg-
Al-Zn) series. Their corrosion behaviour is drastically affected by the presence
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of impurities (Fe, Ni, Cu and Co) which lead to severe microgalvanic corrosion
phenomena [13]. The tolerance limits of impurities vary with the manufacturing
method [14] and alloy composition. For instance, it has been reported that the
tolerance limit of Ni increases with the solidification rate [7]. Special attention
is always given to Fe, since Mg alloys are usually processed in steel crucibles
[15]. Fe tolerance limit is greatly influenced by the Al content, which reduces the
solubility of Fe in Mg [16] from ∼ 170 ppm in pure Mg to 5 ppm in alloys with >
7 wt% Al [7]. Fe not only influences the corrosion resistance of Mg-Al alloys, but
also obstructs the grain refinement, diminishes the mechanical properties such as
tensile strength, and hampers the formability [5]. In contrast to Al, Mn increases
the Fe tolerance limit in Mg alloys, greatly reducing its detrimental effect [16]. Mn
is usually added to the melt in the form of MnCl2, which rapidly reacts forming
Al5(Mn,Fe)2 and Al8(Mn,Fe)5 compounds at the bottom of the melt which are
then removed [17,18]. The Fe remaining in the solution is also entrapped by Mn
by the so-called scavenger effect, reducing considerably the potential difference
between the Fe-rich particles and the α-Mg matrix [19]. However, this beneficial
effect becomes noticeable only if a critical Fe/Mn ratio is achieved. This ratio
usually lies at ∼ 0.032 [20], but is not easily controllable, since it greatly depends
on the alloy composition [5] (Table 1).

Apart from Mn, there are other elements capable of retaining Fe impurities.
Prasad [15] demonstrated that Zr was able to reduce the Fe content in cast binary
Mg-X alloys (X: Y, Si, Sn, Ca, Sr, Ce, Gd, Nd, Li, La, Mn, and Zn) by forming Fe-
Zr compounds which were then deposited at the bottom of the crucible. Wu [29]
found that B2O3 and TiO2 additions to cast AZ91 alloy also reduced the amount of
Fe impurities; the efficiency of the purification was greater in case of B2O3. BFe
compounds were identified in the sludge, while FeTi intermetallics were expected
but could not be detected.

Cao and co-workers [30] carried out an extensive study about the influence of
alloying elements (Mn, Sn, Ca, Zn, Al, Zr, Si and Sr) on corrosion behaviour of
high purity magnesium. All the studied alloys had an Fe content below the tol-
erance limit to minimize its detrimental effect. It was found that all the alloying
elements had a negative influence on the corrosion resistance due to the formation
of secondary phases that promoted the formation of galvanic couples and acceler-
ated the corrosion rates.

However, in commercial alloys (which are usually based on the MgAl sys-
tem), where the impurity levels are higher and alloying is required to improve
the mechanical properties, the incorporation of minor quantities of specific ele-
ments may improve the overall performance of the alloy [31–33]. For instance, a
previous work by the authors [34], shows that additions of Nd (up to 1 wt%) to
gravity cast AZ91 alloy reduces the corrosion rate by ∼ 95%, due to the reduction
of the intensity of galvanic coupling between the microconstituents. The addi-
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tion of Nd results in the formation of Al-Mn-Nd (Al8Mn4Nd) compounds which
are electrochemically less active compared with Al8Mn5 intermetallics (present
in the unmodified alloy) and the coupling phenomenon is, therefore, less severe.
A similar behaviour is observed in extruded AZ91 and AM50 alloys with the in-
corporation of Gd (up to 1 wt%) [9]. Minor additions of Y (0.9 wt%) [35], Ce
(0.92 wt%) and La (0.66 wt%) [36] to AZ91 alloy also produce a positive effect.
In these cases, the beneficial influence is attributed to the incorporation of Y, Ce
and La to the layer of corrosion products.

Alkaline elements Ca and Sr are both used in commercial alloys (AJ62 and
MRI230D) to improve creep resistance at high temperature [37,38]. Regarding the
corrosion behaviour, it was noted that Ca-rich intermetallics, such as Al2Ca, have
a greater tendency to support the anodic reaction compared with Mg; therefore,
they act as sacrificial anodes, protecting the α-Mg matrix [39,40]. The addition
of Sr leads to the formation of Al-Sr and Mg-Sr (Al4Sr, Mg17Sr2 and Mg2Sr) [20]
intermetallics which homogenize the distribution of the β-phase. Sr also improves
the corrosion resistance of Mg-Al alloys, ennobling their corrosion potential and
decreasing the corrosion current density [20,41]. Combined with Al, Sr enhances
the ductility and decreases the crack formation during processing [42]. In regards
to the addition of Sn, precipitates of Mg2Sn are formed along the grain boundaries
and increases the mechanical properties at ambient temperature through solid so-
lution strengthening mechanisms [43].

The addition of low amounts of alloying elements allows the improvement of
specific properties without increasing substantially the total price of the material,
which is a key factor from the commercialization point of view. Most commercial
Mg alloys, even high purity alloys [44], usually contain small amounts of Mn as
an alloying element (as in the AM and AZ series) or as an impurity. Given the
high dependency of the Fe/Mn critical ratio on the alloy composition, it seems
necessary to study further the influence of alloying elements in those alloys where
the critical Fe/Mn ratio which determines the corrosion tolerance limit of the alloy,
is not reached (Table 2). In such cases the influence of the alloying elements can
be elucidated without Mn masking their effect. In the present work, the influence
of minor alloying additions (Nd, Y, Ca and Sn) on microstructure and corrosion
behaviour of cast Mg-9Al alloy is studied, using a Mn-containing Mg-9Al alloy as
a reference. Secondary phases are characterized by EPMA (Electron Probe Micro-
Analysis) and quantified by image analysis. Special interest is given to the study
of galvanic coupling phenomenon between microconstituents by measuring their
surface potential difference using a localized electrochemical technique (Scanning
Kelvin Probe Force Microscopy). The electrochemical behaviour of the phases is
correlated to the overall corrosion resistance of the alloy calculated from hydrogen
collection measurements and potentiodynamic polarization tests.
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2 Experimental Part

2.1 Test Materials
Gravity cast Mg-Al alloys were provided by the Magnesium Innovation Cen-
tre (Helmholtz Zentrum Geesthacht, Germany). The Mg alloys were permanent
mould gravity cast using a finger mould of 18 mm diameter. Mg was molten un-
der protective atmosphere of Ar with 0.2 vol% SF6 and held at 680 ◦C, where the
alloy additions were added as elemental additions, except for Y which was added
in the form of Mg-15Y master alloy. The molten alloy was mixed during 5 min to
ensure homogeneity and then poured into the mould. The chemical composition
(Table 2) was analysed using spark optical emission spectroscopy (Spectrolab,
Spectro, Kleve) for Al, Y, Fe, Cu, N and Xray fluorescence analysis (Bruker S5
X-ray fluorescence spectrometer) for Ca and Sn. 4 mm-thick specimens were cut
from 15 mm-diameter cylindrical ingots.

Metallographic characterization of the materials was carried out in polished
specimens (0.1 µm diamond paste). Acetic-picral reagent (5 g picric acid, 7 mL
acetic acid, 10 mL distilled water and 140 mL ethanol) was used to reveal the
grains and nital reagent (5 mL nitric acid and 95 mL ethanol) was used to reveal
the microconstituents. Specimens were examined by optical microscopy (OM)
using a Leica DMI 5000 instrument and scanning electron microscopy (SEM)
using a JEOL JSM6400 microscope equipped with Oxford Link energy dispersive
X-ray (EDS) microanalysis spectrometer. Grain size was analysed following the
ASTM E112-12 standard using the linear intercepts method: randomly distributed
straight lines were drawn on a micrograph and the number of grains intercepted by
the lines was counted. The lines were long enough to yield at least 50 intercepts.

X-ray diffraction (XRD) was used for phase identification using a Philips
X’Pert diffractometer (CuKα = 0.154056 nm). The XRD patterns were regis-
tered for 2Θ values between 10◦ and 90◦ (step size 0.04 and time per step 5 s) and
evaluated using PANalytical’s X’PertHighScore software (ICDD PDF4 +). Phase
composition and distribution were also examined by electron microprobe analy-
sis (EPMA) using a JEOL JXA-8900 M WD/ ED microscope. Quantification of
secondary phases was performed by image analysis using five SEM micrographs
taken at × 300 magnification which were analysed with the ImageJ software.

The hardness was measured on ground specimens with an AVK-A? Vickers
hardness tester using a load of 5 kg for 20 s. The average of fifteen measure-
ments was calculated for each specimen. Surface potential (also known as Volta
potential) maps were acquired on polished specimens using a NanoscopeIIIaMul-
tiMode scanning Kelvin probe force microscope (SKPFM, Veeco-Digital Instru-
ments) with a Pt-coated (20 nm) Si tip working in tapping mode and keeping the
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Table 3: Vickers hardness and grain size of the alloys investigated.
Alloy HV5 Grain size
Mg-9Al 108±3 66±7
Mg-9Al-0.5Mn 87±5 115±19
Mg-9Al-0.25Nd 87±2 102±11
Mg-9Al0.5Ca 80±6 57±2
Mg-9Al-0.5Y 74±7 220±20
Mg-9Al-0.5Sn 79±6 53±4

tip-to-sample distance constant at 100 nm [10]. Temperature (22 ◦C) and relative
humidity (40–65%) were maintained constant during the measurements.

3 Results

3.1 Characterization
The optical micrographs of the investigated alloys reveal the dendritic grain mi-
crostructure (Fig. 1). There is little influence of the alloying elements on the
hardness, while their influence on the grain size is more pronounced (Table 3).

Ca- and Sn- modified alloys present a smaller grain size compared to the rest
of the studied alloys. This result was expected since Ca and Sn have already
been used as grain refiners in Mg based alloys [47]. These elements promote
compositional segregation [48] that results in the formation of Ca and Sn-rich
intermetallics at the grain boundary which are responsible for the grain refinement
[49].

The unmodified Mg-9Al alloy shows a dendritic α-Mg matrix and a partially
divorced eutectic α-Mgeut/β-Mg17Al12 formed at the interdendritic regions as a
result of non-equilibrium solidification during casting. High cooling rates dur-
ing the solidification of the alloy promote Al segregation within the remaining
liquid phase, which eventually achieves the eutectic composition and results in
the formation of the eutectic β-phase. Al-Fe(Mn) intermetallic particles are also
observed in the interdendritic regions (Fig. 2a). SEM/EDS/XRD/EPMA studies
reveal that the addition of Mn, Nd and Y does not affect neither the composition
and morphology of the α-Mg matrix nor the β-phase, but they do modify the inter-
metallic particles forming Al-Mn-Fe, Al-Fe-Nd (Mn), Al-Nd, Al-Y-Fe(Mn) and
Al2Y(Fig. 2). Al2Y intermetallic was the only one detected by XRD analysis (Fig.
3), the others were identified through compositional analysis using EDS. Mn, Nd
and Y tend to be incorporated into Al-rich secondary phases with both high and
small amounts of Fe (Fig. 2).
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Figure 1: Optical micrographs of (a) Mg-9Al, (b) Mg-9Al-0.5Mn, (c) Mg-9Al-
0.25Nd, (d) Mg-9Al-0.5Ca, (e) Mg-9Al-0.5Y and (f) Mg-9Al-0.5Sn alloys.

Table 4: Quantitative image analysis (area fraction) of the main micro-
constituents.

Alloy β phase (%) Al-rich
intermetallics

(%)
Mg-9Al 19.8±1.3 0.10±0.03
Mg-9Al-0.5Mn 5.5±0.8 0.44±0.03
Mg-9Al-0.25Nd 3.8±0.5 0.13±0.04
Mg-9Al0.5Ca 9.1±1.6 0.021±0.001
Mg-9Al-0.5Y 6.2±1.4 0.33±0.03
Mg-9Al-0.5Sn 7.8±0.7 0.054±0.016
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Figure 2: SEM micrographs of (a) Mg-9Al, (b) Mg-9Al-0.5Mn, (c) Mg-9Al-
0.25Nd, (d) Mg-9Al-0.5Ca, (e) Mg-9Al-0.5Y and (f) Mg-9Al-0.5Sn alloys.

Figure 3: X-ray diffraction patterns of the studied magnesium alloys.
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Figure 4: EMPA maps of (a) Mg-9Al-0.5Ca and (b) Mg-9Al-0.5Sn alloys.
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As for the Mg-9Al-0.5Ca alloy, although Al-rich intermetallic particles con-
taining some Fe (Al-Fe-Ca(Mn)) were disclosed, the most interesting fact was the
incorporation of Ca into the β-phase (∼ 1.7 at.% Ca, Fig. 4a) [50,51] and greater
area fraction of this phase compared to the rest of the studied alloys (Table 4). It
is worth mentioning that no Al2Ca particles were detected despite being common
in Ca-modified Mg-Al alloys [49]. Their formation mainly depends on the Ca/Al
ratio [52] and the thermal history of the alloy. For instance, Suzuki [52] reported
that after annealing of the Mg-Al-Ca alloy, the (Mg,Al)2Ca phase transformed to
Al2Ca by a shear-assisted mechanism.

Regarding Sn addition, some authors [47] have observed that Sn tends to be as-
sociated with the β-phase in the form of Mg2Sn particles that act as heterogeneous
nucleation cores responsible for the microstructure refinement. The reduced free
energy barrier on Mg2Sn surface promotes the nucleation of the β-phase at the
locations of the particles. This leads to a higher number of nucleation cores that
results in the formation of a refined and dispersed β-phase that hampers the grain
growth. In the present study, ∼ 0.2 at.% of Sn was identified within the β-phase
of Mg-9Al-0.5Sn alloy, presumably in the form of Mg2Sn (Fig. 4b) which re-
mains to be confirmed by TEM in further studies. Low amounts of Al-Mn-Fe-Sn
inclusions were also observed at the interdendritic regions.

Image analysis of the studied alloys was carried out with quantitative purposes
and the area fractions of the different microconstituents were calculated (Table 4).
It was observed that the β-phase area fraction is considerably greater in Mg-9Al
compared with the rest of the alloys, which is attributable to its higher Al con-
tent. Mg-9Al-0.5Ca and Mg-9Al-0.5Sn alloys exhibit a greater area fraction of
β-phase than Mg-9Al-0.5Mn, Mg-9Al-0.5Y and Mg-9Al-0.25Nd. This is due to
the slightly greater Al content in Ca- and Sn-containing alloys and the enhanced
compositional segregation caused by these elements. The area fraction of Al-rich
inclusions (not including the β-phase) varies depending on Fe impurity levels and
concentration of the added alloying elements. For instance, Mg-9Al-0.5Mn and
Mg-9Al-0.5Y show the greatest area fraction of these intermetallics, which is a
result of the slightly greater amount of Mn and Y (0.42 and 0.45 wt%, respec-
tively) compared to the rest of the alloys (0.25 Nd, 0.31 Ca and 0.38 Sn, wt%).
Mg-9Al-0.5Ca alloy, on the other hand, has the smallest area fraction of Al-rich
intermetallics, which can be explained by lower amount of Fe in the alloy compo-
sition.

3.2 Corrosion tests
Hydrogen measurements were carried out during 3 days of immersion at 22 ◦C
in naturally-aerated 0.5 wt% NaCl solution, using ground specimens (∼ 1 cm2).
Although corrosion tests are usually carried out in 3.5 wt% NaCl, which simulate
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Figure 5: (a) Surface potential map of Mg-9Al alloy; (b) comparison of β-phase
surface profile in the investigated alloys.

the salt concentration of sea water, this environment is too aggressive for magne-
sium alloys; corrosion progresses so fast that there is no possibility to study its
evolution with time. For this reason, a lower concentration of NaCl was chosen
to carry out the investigation. The corrosion rates were calculated using Eq. (1)
[45]:

P = 1.085 ∗ VH2

A ∗ t
(1)

where P (mg cm−2 d−1) represents the corrosion rate, VH2 (mL) is the mea-
sured hydrogen volume evolved in the cathodic reaction, A (cm2)is the exposed
area and t (days) represents the exposure time. The experimental setup used for
measuring the H2 is described in [46].

Potentiodynamic polarization measurements were performed after 1 h of im-
mersion in naturally-aerated 0.5 wt% NaCl solution using a three-electrode cell
connected to computer-controlled potentiostat (GillAC, ACM Instruments). The
test material (∼ 1 cm2) served as working electrode and graphite and silver/silver
chloride (Ag/AgCl-3M KCl) electrodes were used as the counter and reference
electrodes, respectively. The cathodic and anodic branches of the polarization
curves were obtained separately using a scanning rate of 0.3 mV/s. The cathodic
branch was measured starting from -150 mV vs. the open circuit potential (OCP)
and the anodic branch from the OCP until a maximum current of 5 mA/cm2. Mea-
surements were performed by triplicate. The current densities were calculated by
Tafel extrapolation of the cathodic branch.

3.3 Surface potential measurements
Surface potential maps of the microconstituents in the alloys were obtained using
SKPFM (Figs. 5 and 6). The β-phase shows different potential values depend-

11



Ta
bl

e
5:

Ph
as

e
co

m
po

si
tio

n
an

d
su

rf
ac

e
po

te
nt

ia
ld

iff
er

en
ce

of
m

ic
ro

-
co

ns
tit

ue
nt

s
w

ith
re

sp
ec

tt
o

th
e
α

-M
g

m
at

ri
x.

A
llo

y
Ph

as
e

Ph
as

e
co

m
po

si
tio

n
(a

t%
)

∆
V

(m
V

)
M

g-
9A

l
β

-M
g 1

7A
l 1

2
35

-7
0

A
l-

Fe
(M

n)
A

l-
(1

6-
17

)F
e(

0-
5.

5M
n)

25
0-

70
0

M
g-

9A
l-

0.
5M

n
β

-M
g 1

7A
l 1

2
35

-7
0

A
l-

M
n-

Fe
A

l-
(3

8-
39

)M
n(

1.
2-

1.
5)

Fe
12

0-
17

0
A

l-
33

M
n-

5F
e

27
0-

29
0

M
g-

9A
l-

0.
25

N
d

β
-M

g 1
7A

l 1
2

35
-7

0
A

l-
Fe

-N
d(

M
n)

A
l-

(2
-1

0)
Fe

-1
0N

d
18

0-
20

0
A

l-
(1

2-
30

)F
e-

(4
-6

)N
d-

(1
.8

-2
.3

)M
n

A
l-

N
d

A
l-

(6
-1

3)
N

d
90

-1
20

M
g-

9A
l0

.5
C

a
β

-M
g 1

7A
l 1

2
(1

.7
at

%
C

a)
<2

5
A

l-
Fe

-C
a(

M
n)

A
l-

(1
-8

)F
e-

(0
.7

-1
)C

a-
(0

-3
.4

)M
n

<8
0

M
g-

9A
l-

0.
5Y

β
-M

g 1
7A

l 1
2

35
-7

0
A

l-
Y

-F
e(

M
n)

A
l-

(2
1-

30
)Y

-(
0.

4-
8)

Fe
-(

0-
0.

2)
M

n
13

0-
38

0
A

l-
Y

A
l 2

Y
60

-9
0

M
g-

9A
l-

0.
5S

n
β

-M
g 1

7A
l 1

2
(0

.2
at

%
Sn

)
90

-1
00

A
l-

M
n-

Fe
-S

n
A

l-
(1

8-
22

)M
n-

(3
-8

)F
e-

0.
2S

n
18

0-
23

0

12



Figure 6: Surface potential maps and profiles of (a–c) Mg-9Al, (d–f) Mg-9Al-
0.5Mn, (g–i) Mg-9Al-0.5Y, (j–k) Mg-9Al-0.25Nd and (l–m) Mg-9Al-0.5Ca and
(n–o) Mg-9Al-0.5Sn magnesium alloys.
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ing on the alloy. In Mg-9Al, Mg-9Al-0.5Mn, Mg9Al-0.25Nd and Mg-9Al-0.5Y
alloys the β-phase behaves similarly (35–70 mV) with respect the α-Mg matrix.
In Mg-9Al-0.5Ca and Mg9Al-0.5Sn alloys it shows a lower (25 mV) and higher
(90–100 mV) potential difference with the matrix, respectively (Table 5). This
is related to Ca and Sn incorporation into the β-phase: the more active nature of
Ca (compared with Al and Mg) tends to decrease the potential difference, while
nobler Sn tends to increase it. Surface potential maps of Al-rich intermetallics
and their profiles are presented in Fig. 6. All secondary phases are cathodic with
respect to the α-Mg matrix and their surface potential values mainly depend on
the Fe level (Table 5). The highest potentials (250–700 mV) are observed for the
Fe-rich particles in the unmodified alloy Mg-9Al.

When these particles are modified with minor quantities of alloying elements,
the potential difference decreases. In case of Mg-9Al-0.5Mn, values of 120–290
mV are observed depending on the Fe content. In Mg-9Al-0.25Nd three types
of Nd-containing particles are found; their surface potential values (90–220 mV)
increase with the Fe content and decrease with the Nd content. Al-Nd particles
show a relatively low potential difference of ∼ 100 mV compared with Fe-rich
particles. It is worth noting that Al-Fe(Mn) intermetallics similar to the ones
observed in the unmodified alloy were identified in the microstructure; most likely,
the amount of Nd added to the melt was not sufficient to avoid their formation.
The addition of Y leads to similar results since it reduces the potential difference
of Fe-rich intermetallics; the newly formed Al2Y phase also shows a cathodic
behaviour with a potential difference value of 60–90 mV.

Despite the small relative amount of intermetallics formed in Mg9Al-0.5Ca it
was possible to measure their potential with respect to the α-Mg. Al-Fe-Ca(Mn)
intermetallic was the Fe-containing phase with the lowest potential difference (<
80 mV) amongst the investigated alloys. This is attributable to the active nature of
Ca which counterbalances the cathodic behaviour of Fe. In Mg-9Al-Sn it was ex-
pected that Sn would increase the potential difference of the intermetallics, since
it presents a nobler behaviour than Fe; however, that was not the case, probably
due to the low amount of Sn.

3.4 Corrosion measurements
Fig. 7 shows the hydrogen evolved from the cathodic reaction as a function of
immersion time and examples of the surface appearance after the test. All studied
alloys present linear kinetics over the entire experimental time and lower corrosion
rates compared with the unmodified alloy Mg-9Al (Table 6). The improvement is
greater in case of Mn, Ca and Y additions.

The SEM analysis of corroded surfaces (not included here) provided infor-
mation on the morphology of corrosion advance. The corrosion morphology of
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Table 6: Corrosion rate calculated from H2 collection measurements
and corrosion potential and cathodic current densities obtained from
polarization curves.

Alloy P
(mg cm2 d−1)

Ecorr

(mVAg/AgCl)
icorr

(A cm−2)
Mg-9Al 27.1±0.7 -1.472 (8.6±0.6) x 10−5

Mg-9Al-0.5Mn 0.4±0.1 -1.535 (5.2±0.7) x 10−5

Mg-9Al-0.25Nd 24.2±0.1 -1.485 (4.34±0.01) x 10−5

Mg-9Al0.5Ca 2.4±0.2 -1.535 (5.5±0.6) x 10−5

Mg-9Al-0.5Y 3.8±0.8 -1.525 (2.4±0.1) x 10−5

Mg-9Al-0.5Sn 19.1±0.5 -1.511 (4.5±0.6) x 10−5

Figure 7: Volume of hydrogen evolved from the cathodic reaction with immersion
time of the studied magnesium alloys and surface appearance of Mg-9Al-0.25Nd
and Mg-9Al0.5Mn alloys after the corrosion test.
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Figure 8: Polarization curves of the investigated alloys after 1 h immersion in
naturallyaerated 0.5 wt% NaCl solution.

Mg-Al is typically localized [10], but, unlike in aluminium, where deep pits are
formed, the corrosion progresses laterally due to the alkalinisation at the tips of the
pits, which prevents deep pit penetration [4]. However, in the present work, little
influence of the alloying elements on the corrosion morphology was observed.

Potentiodynamic polarization curves after 1 h of immersion in 0.5 wt% NaCl
are shown in Fig. 8. The unmodified alloy Mg-9Al presents a corrosion potential
(Ecorr)of -1.47 VAg/AgCl; the proximity of this value to the breakdown potential
results in localized corrosion phenomenon manifested as a rapid increase of the
anodic current density [46]. The incorporation of alloying elements in all cases
results in a slight decrease in the Ecorr; little changes can be observed in the anodic
current density, except in the case of Mn where a slight tendency to passivation
is observed. In contrast, there is a clear positive effect of alloying on cathodic
kinetics: the cathodic branch is shifted to smaller current densities. This indicates
that the corrosion process is cathodically controlled. Corrosion current densities
(icorr) calculated from Tafel extrapolation of the cathodic branch show the same
corrosion ranking of the alloys as the one observed in hydrogen collection mea-
surements.
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4 Discussion
The addition of minor alloying elements to Mg-9Al alloy results in significant
changes in its microstructure and corrosion behaviour. Mn, Nd and Y are incor-
porated into Al-rich inclusions without affecting neither the morphology nor the
composition of the β-phase. These inclusions also contain varying amounts of
Fe, the highest amount found in Nd-modified alloy followed by Y-modified one.
The preferential incorporation of alloying elements into Al- and Fe-rich particles
has previously been observed. In case of Mn, this behaviour is widely known and
has been reported repeatedly [25]. Several rare earths have also shown a similar
behaviour. For instance, Yang [53,54] studied the effect of Ce and Nd additions to
AZ91 alloy and observed the formation of Mg-Al-Mn-Ce-Fe and Mg-Al-Mn-Nd
inclusions, respectively. Braszczy?ska-Malik evaluated the influence of Ce-rich
mish-metal additions to magnesium alloys and also identified the rare earths asso-
ciated with Ferich particles (RE2Fe14Si3).

Ca and Sn are incorporated both into Al- and Fe-rich intermetallics and the
β-phase, yielding a smaller grain size. However, the mechanism of incorporation
into the β-phase seems to be different in each case. Ca is probably incorporated
into the β-phase structure replacing some Al and Mg atoms as it can be deduced
from the slight shifting of the β phase diffraction peaks (Fig. 3 marked with
a red line) towards lower 2Θ values. (Al,Mg)2Ca may also form [55], but was
not detected in the present study. On the contrary, Sn possibly forms Mg2Sn
intermetallics [56] which are located within the β-phase. According to Doernberg
[57], the solubility of Sn in the β-phase is insignificant and the β-phase peaks in
the XRD pattern were not shifted, which also suggests that the ternary solubility
of Sn in the β-phase is reduced. She [58] also identified spherical Mg2Sn particles
with 180–580 nm diameter in an as-extruded Mg–9Al–5Sn–0.3Mn alloy.

The compositional modification of secondary phases affects their surface po-
tential difference with respect the α-Mg matrix, which is directly related to mi-
crogalvanic corrosion. The addition of Mn, Nd and Y diminishes the potential
differences of Al- and Fe-rich intermetallics (Table 5) and improves the corrosion
behaviour. The surface potential values of Al-Mn-Fe found in Mg-9Al-0.5Mn are
similar to the ones obtained by Andreatta [59] in extruded AZ80 alloy, by Jönsson
[60] in as cast AZ91D alloy and Ben-Hamu [61] in welded AZ31 alloy. The lat-
ter observed certain deviations in the surface potential difference values and also
ascribed them to changes in the Mn and Fe content within the particles. In a pre-
vious work by the authors, a comparable decrease in the surface potential value
was observed for Al-Mn-Nd(Fe) intermetallics in as cast AZ91 alloy with 0.3–1.5
wt% Nd [34]. Jia [35] reported an increase in the potential difference between
Al-Mn-Y inclusion and the α-Mg matrix in as cast AZ91 alloy with 0.9 wt
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In the present work, the opposite behaviour was observed. Y is a very active
rare earth with a standard reduction potential of -2.38 V, which is lower than that
of Al (-1.677 V), Mn (-1.182 V) and Fe (-0.44 V). This means that the increase in
the surface potential value cannot be related to the presence of Y; it is more likely
to be associated with a higher amount of Fe impurities. Corrosion studies show
a positive response following the addition of Mn and Y, however the Nd effect is
less impressive due to its lower content compared with other additions. The posi-
tive influence of Mn and Y can be observed in the lower corrosion rates calculated
from hydrogen collection tests and lower cathodic kinetics in the potentiodynamic
measurements. The slightly higher corrosion rate of Mg-9Al0.5Y compared with
Mg-9Al-0.5Mn is attributed to the higher relative amount of Fe in Al-rich inter-
metallics of the former (Table 5). The scarce influence of Nd on the corrosion rate
is associated with the low amount of Nd present in the alloy; as a result, the Fe-
rich particles are Nd-free and extremely harmful from a corrosion point of view.
Following our previous studies, it is reasonable to expect that higher additions of
Nd, sufficient to ensure its incorporation to all Fe-rich intermetallics, would result
in a considerable improvement of the corrosion resistance [34].

The improvement in the corrosion resistance in case of Mn, Y and Nd addi-
tions is mainly associated with the reduction of the intensity of galvanic couples
formed between Fe-rich intermetallics and the α-Mg matrix, which can be clearly
observed in the lower kinetics of the cathodic branch of the polarization curves.
The Mn capacity to retain Fe impurities is widely known; the findings of this
work indicate that Y and Nd are also able to decrease the detrimental effect of
Fe. Some authors believe that the positive influence of rare earth additions is
mainly related to their incorporation into the semi-protective corrosion products
layer [35,36,62]. However, our previous XPS study revealed no evidence of Nd
oxides in the composition of the passive layer on Ndmodified AZ91 magnesium
alloy [34]. Likewise, the anodic branches of the polarization curves show little
influence of the minor additions on the passivity of the alloys (Fig. 8).

Ca and Sn additions to Mg-9Al alloy result in completely different microstruc-
tural modifications compared with Mn, Y and Nd. Both Ca and Sn are mainly
associated with the β-phase and modify the electrochemical activity of the latter.
The incorporation of Ca decreases the potential difference of the β-phase with
the matrix, which results in less intense galvanic coupling. Additionally, Ca also
reduces the potential difference of α-Mg with Fe-rich intermetallics. As a result,
a significant decrease of the corrosion rate is observed compared to the unmodi-
fied alloy (Fig. 7). This improvement is also associated with the microstructure
refinement caused by Ca and with the higher area fraction of the β-phase. It has
been reported repeatedly [10] that the barrier capacity of the β-phase against cor-
rosion is intimately related to its morphology, distribution and relative amount
and is strengthened in refined interconnected microstructures. The positive effect
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of Ca has been observed previously [40,63], however its influence on the corro-
sion resistance depends greatly on the alloy composition and, therefore, on its
microstructure. There are some published works where a negative effect of Ca
on the corrosion resistance of Mg alloys was found, and it was associated with
the formation of highly reactive Mg2Ca particles which can be responsible for
galvanic coupling [64].

The corrosion rates of Mg-9Al magnesium alloy modified with Sn slightly
decreases (Figs. 7 and 8). Sn tends to increase the potential difference of the
β-phase due to its nobler nature compared with Mg and Al. It also tends to in-
crease the β-phase area fraction, which, unlike Ca, does not improve the corrosion
resistance considerably. Usually, higher area fractions of β-phase result in better
corrosion protection since the barrier effect prevails over the formation of galvanic
couples between the β-phase and the matrix (those are usually not very intense)
[11]. However, since Sn increases the potential difference between those micro-
constituents, the negative influence of the coupling overcomes the barrier effect of
the β-phase, which explains the insignificant improvement in the corrosion resis-
tance of Mg-9Al-0.5Sn compared with Mg-9Al. On the other hand, the addition
of Sn did not increase the potential value of intermetallics, probably due to the
low Sn/Fe ratio in those compounds.

Nam [65] analysed the influence of Sn concertation (1–4 wt%) on the corro-
sion behaviour of an extruded Mg-5Al alloy and observed a clear positive influ-
ence of Sn. However, there were significant microstructural differences compared
with the alloys studied in the present work: (i) Sn was identified both in α-solid
solution and in the form of Mg2Sn and (ii) the amount of β-phase was very low.
The authors attributed the improvement in the corrosion resistance to the incorpo-
ration of Sn into the corrosion products layer which provided extra protection to
the alloy. Comparison with the literature suggests that Sn probably exhibits a com-
petitive behaviour: it promotes galvanic coupling if incorporated into the β-phase
in the form of Sn2Mg, and is beneficial if exists in a solid solution. The slightly
better corrosion resistance of Sn-modified alloy can also be related to the lower
area fraction of Fe-rich intermetallics as determined by image analysis (Table 4).

From the earliest classical works of Boyer [66] and Hanawalt [13], it has been
known that the corrosion rate of Mg is greatly influenced by the presence of im-
purities. It has also been empirically determined that when Mn is added to Mg-Al
alloys, yielding a Fe/Mn ratio below 0.020–0.032, the detrimental effect of Fe im-
purity is greatly reduced. On the contrary, when the Fe/Mn ratio is above 0.032,
the corrosion rate of Mg-Al alloys rapidly increases, typically in a linear fashion
[13].

Fig. 9 shows the relationship between the Fe/Mn ratio and the corrosion rate
values of studied alloys. Ideally, in order to elucidate the effect of each element, it
would be necessary to compare alloys with the same Fe/Mn ratio. That is not the
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Figure 9: Relationship between (a) corrosion rate calculated from hydrogen evo-
lution tests and Fe/Mn ratio and (b) current density calculated from the cathodic
branch of polarization test and Fe/Mn ratio.

case in the present study. Still, some conclusions can be drawn from these results.
The corrosion rate increases with the Fe/Mn ratio, but not linearly. This evidences
that the alloying elements play a decisive role in the corrosion response (note that
with the exception of the Mn-modified alloy, all the investigated alloys exceed the
Fe/Mn tolerance limit of 0.032).

In case of Mg-9Al-0.5Y and Mg-9Al-0.5Ca, there is no notable increase nei-
ther in the corrosion rate nor in the icorr compared with the Mg-9Al-0.5Mn, prov-
ing the positive effect of these two elements (Ca and Y). Corrosion rates of Y- and
Ca-modified alloys are below 5mg cm−2 d−1 which is usually not observed for
Mg-Al alloys with Fe above its tolerance limit [13].

Both hydrogen collection and electrochemical measurements reveal the poor
corrosion performance of the Sn-modified alloy. The present study suggests that
this behaviour is related to Sn promoting a more active coupling phenomenon
between the β-phase and the α-Mg matrix. However, in order to confirm this, it
would be necessary to determine the corrosion rate of a Sn-free Mg-9Al with a
similar Fe/Mn ratio.

Finally, the Mg-9Al-0.25Nd alloy, despite having the highest Fe/Mn ratio of
all alloys, shows lower corrosion rates than the Mg-9Al alloy used as a reference,
which proves the positive effect of Nd. Future studies with this alloying element
and different Fe/Mn ratios would help to elucidate the true potential of this ele-
ment as Fe scavenger.

These results suggest that Ca, Y and Nd have a great potential for improving
the corrosion performance of commercial Mg-9Al alloys, especially if they are
used in combination for refinement of the microstructure (Ca, Nd), suppression
of microgalvanic corrosion between the β and α phases (Ca) and reduction of the
detrimental effect of Fe impurities (Ca, Y and Nd).
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5 Conclusions
The following conclusions can be drawn from the present study:

• rom a microstructural point of view, all the studied materials present α-Mg
dendrites and a partial divorced eutectic α-Mgeut/βMg17Al12 located at the
interdendritic spaces. The unmodified alloy (Mg-9Al) also presents Fe-rich
intermetallic particles, mainly Al-Fe(Mn).·The addition of minor quantities
of Mn, Nd and Y increases the grain size and does not affect the nature
of the β-phase (composition and area fraction). The additions tend to be
incorporated into Al-rich particles. On the contrary, Ca and Sn act as grain
refiners and tend to be incorporated into the eutectic aggregate, increasing
considerably the area fraction of the latter.

• SKPFM studies of the unmodified alloy revealed a potential difference be-
tween α-Mg and β-phase of 35–70 mV. The addition of Mn, Nd and Y does
not alter this value. On the contrary, the incorporation of Ca decreases it
to values below 25 mV and Sn increases it to 90–100 mV. Regarding the
intermetallic particles, all the studied alloying elements tend to decrease the
potential difference of Al-rich inclusions, reaching minimum values in case
of Mg-9Al-0.5Ca (80 mV).

• Hydrogen collection and potentiodynamic corrosion tests show that the ad-
dition of Mn, Y and Ca reduces the corrosion rate by > 80% compared to
the unmodified alloy. In case of Mn and Y such improvement is attributed
to their incorporation into the Al-rich intermetallics which reduces the in-
tensity of coupling phenomenon. A similar response was expected for Nd-
modified alloy, however, scarce enhancement was observed, probably due
to the low amount of Nd present in the alloy. The positive effect of Ca on
the corrosion resistance is related to the refinement of the microstructure,
to the reduction of the intensity of galvanic couples formed between the
βphase and the α-Mg matrix and to the increase of the β-phase area frac-
tion which improves the barrier effect of the latter. Sn slightly increases the
corrosion resistance which is related to the lower area fraction of Al-rich
intermetallics.
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