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Abstract: To improve the corrosion and mechanical prop-
erties of the AM50 magnesium alloy, different amounts
of the rare earth element gadolinium were used. The mi-
crostructure, corrosion and mechanical properties were
evaluated by X-ray diffraction, scanning electron mi-
croscopy, energy dispersive spectroscopy, and electro-
chemical and mechanical stretch methods. The results in-
dicate that, with Gd addition, the amount of the Al2Gd3
phase increased while the β-Mg17Al12 phase amount de-
creased. Due to the Gd addition, the grain of the AM50
magnesium alloy was significantly refined, which im-
proved its tensile strength. Further, the decrease in the
amount of the β phase improved the corrosion resistance
of the alloy. The fracture mechanism of the Gd-modified
AM50 magnesium alloy was a quasi-cleavage fracture.
Finally, the optimum corrosion residual strength of the
AM50magnesium alloy occurredwith 1 wt.% of added Gd.

Keywords:magnesium alloy; rare earth; corrosion; corro-
sion residual strength

PACS: 81.40Np

1 Introduction
Magnesium alloys are the lightest structure metal, and
have therefore been called “the 21st Century Green Struc-
ture Metal” [1]. Magnesium alloys are promising candi-
dates to replace steel and aluminum alloys in many struc-
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tural andmechanical applications owing to their attractive
properties of excellent castability, good machinability, su-
perior damping capacity, outstanding stiffness-to-weight
ratio, and ease of recyclability [2–4]. TheAM50 alloy is one
of the most successfully-used magnesium alloys in the au-
tomotive industry; however, its application is still limited
by its strength andmost especially its poor corrosion resis-
tance [5, 6].

Typically, corrosion is inevitable with usage, and the
loss of the mechanical properties that accompanies the
corrosion process is thus also inevitable. Here, the tensile
strength of the materials tested after a corrosion test was
defined as the corrosion residual strength (CRS), and the
study of the CRS ofmaterials is of great significance to pre-
dict their service life [7]. Therefore, building an evaluation
system for CRSwill promote the application ofmagnesium
alloys.

Rare earth elements, sometimes called “metal vita-
mins” because of their unique attribute of improving the
performance of metals, have been used to modify magne-
sium alloys for several years. For instance, Wang [8], Li [9]
and Song [10] have studied the effects of the rare earth ele-
ments Y, Ce and Nd upon the corrosion resistance of mag-
nesium alloys. Gadolinium is a prime candidate as a mod-
ifying rare earth element for magnesium alloy. The extra-
nuclear electron arrangement of Gd is 4f75d16s2, where
the 4f electron orbit is a half-filled state that creates a sta-
ble electron structure. The atomic radius of Gd is large,
and the two outer-layer s electrons and the single second-
outer-layer 5d electron are easy to lose. Further, Gd can
become a positive trivalent ion with high chemical activ-
ity,which produces a strong binding forcewith atoms such
as O and S. To date, the corrosion and mechanical proper-
ties of Gd-modified AM50magnesium alloys have been in-
vestigated infrequently. This paper, therefore, investigates
modifying the corrosion and mechanical properties of a
cast AM50 magnesium alloy by adding the rare earth el-
ement Gd.
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2 Experimental

2.1 Preparation of sample

The experimental alloys used in this studywere a commer-
cial AM50 Mg alloy, a Mg-Gd master alloy (Gd = 20 wt.%)
and industry-pure Al. The casting equipment were a well-
type electric resistance furnace and a graphite crucible.
First, the AM50 Mg alloy was re-melted in a highly-pure
argon environment. When the temperature of the furnace
was ~720∘C, the Mg-Gd master alloy and pure Al were
placed into the melting AM50Mg alloy liquid. Themelting
alloy was stirred and standed for 20 min.Then the melting
alloy was cast into the mold at the temperature of 710∘C .
where the size of the cast ingot was 200×130×12 mm3. The
samples were denoted as AM50GdX (where X represents
the content of Gd), and their compositions are listed in Ta-
ble 1.

2.2 Tensile test

The specimens used for tensile testing were cut to
120×12×12 mm3 and lathed into their final shape, with the
dimensions shown in Fig. 1. The samples were first pol-
ished, and then washed and dried. Tensile tests equip-
ment was an AG-10TA materials tensile test machine. The
stretching rate was 1 mm min−1. The lowest strength ob-
tained from three identical samples measured under the
same corrosion time was recorded as the safety corrosion

Table 1: Compositions of the Gd-modified AM50 Mg alloys

Sample named Gd (wt.%) AM50 (wt.%)
AM50Gd1 0.5 Bal.
AM50Gd2 1.0 Bal.
AM50Gd3 1.5 Bal.
AM50Gd4 2.0 Bal.

Figure 1: Diagrammatic sketch of the tensile test sample with its
dimension.

residual strength if the samples were without any pores or
slag.

2.3 Corrosion process

The corrosion immersion tests were carried out in a
3.5wt.%NaCl solutionmadewith analytical reagent chem-
icals and distilled water. Before testing, an Mg(OH)2 pow-
der was placed in the test solution to obtain a saturated
Mg(OH)2 NaCl solution, which could produce a consis-
tent rate of corrosion [7]. The immersion test was per-
formed at 25∘C in a constant-temperature chamber for a
corrosion time of 24, 72, 168, 264, 336 and 432 h, sepa-
rately [7]. At each time point, three tensile test samples
were removed from the corrosion solution and washed
with a chromic-acid silver-nitrate aqueous solution and
with absolute ethyl alcohol, and were subsequently dried
with cold flowing air. Finally, the tensile test samples were
stored in numbered sample bags.

2.4 Metallographic sample process

The samples used for microstructural observation were
corroded using 3.5 wt.% nitric acid ethyl alcohol for 30 s.
The microstructure, the main view and vertical sections
of the corroded samples were recorded and analyzed by a
scanning electronmicroscope (SEM; JSM-5600, JEOL Inc.).
A detailed analysis of the phases present within each sam-
ple was carried out via X-ray diffractometry (XRD; LabX
XRD-6000, Shimadzu).

2.5 Electrochemical polarization test

Electrochemical polarization tests were carried out in
a LK98B11 chemical workstation (Lanlike), with an ex-
posed area of 10×10 mm2 and where the test solu-
tion was a 3.5 wt.% NaCl aqueous solution. A standard
three-electrode configurationwasused,wherein saturated
calomel was used as a reference electrode, platinum as a
standard electrode and the sample as the working elec-
trode. Specimens were immersed in the test solution and a
polarization scan was carried out at a rate of 10 mV s−1.
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Figure 2: X-ray diffraction spectra from the Gd-modified AM50 mag-
nesium alloys. The samples are AM50 Mg alloy modified with Gd in
the amount of 0.5 wt.% (AM50Gd1), 1.0 wt.% (AM50Gd2), 1.5 wt.%
(AM50Gd3) and 2.0 wt.% (AM50Gd4).

3 Results and discussion

3.1 Microstructure

The XRD spectra of the Gd-modified AM50 magnesium al-
loy samples are shown in Fig. 2, where the phases exist-
ing in the alloy include α-Mg, β-Mg17Al12, Al0.4GdMn1.6
and Al2Gd3. From theMg-Al phase diagram, theMg and Al
(4.427 wt.%) in the AM50 magnesium alloy during the so-
lidificationprocess are present in the α-Mgand β-Mg17Al12
phases. After Gd was added, the Al, Gd and Mn form
Al2Gd3 and Al0.4GdMn1.6, where the diffraction peak in-
tensity of the Al2Gd3 and Al0.4GdMn1.6 phases increases
with the addition of Gdwhile that of the β-Mg17Al12 phase
decreases.

The microstructure morphology of the as-cast AM50
magnesium alloy and the AM50GdX alloys (where X repre-
sents the content of Gd) are illustrated using SEM images
in Fig. 3. The original microstructure of the as-cast AM50
magnesium alloy comprises primarily the α-Mg phase
(medium intensity areas in the SEM image) and the high-
intensity island-shaped β-Mg17Al12 phase (Fig. 3(a)). Af-

ter Gd is added, the brighter-intensity small-grain Al2Gd3
andAl0.4GdMn1.6 exist at the grain boundaries (Figs. 3(b)–
3(e)). With increasing amounts of Gd, the amount of
brighter-intensity small-grain Al2Gd3 and Al0.4GdMn1.6
phases increases, while the amount and volume of the β-
Mg17Al12 phase decreases. From Fig. 3(b) it can be seen
that, when the Gd content is 0.5 wt.%, the amount of β
phase noticeably decreases and the visible Al2Gd3 and
Al0.4GdMn1.6 phases are few. When 1 wt.% Gd is added,
the amount of the phases containing Gd increases and the
amount of the β phase noticeably decreases (Fig. 3(c)).
When 1.5 wt.% Gd is added (Fig. 3(d)), the amount and
volume of high-intensity Al2Gd3 and Al0.4GdMn1.6 phases
increases further. Finally, with 2.0 wt.% of added Gd
(Fig. 3(e)), the β-phase areas become as small as the areas
containing the Al2Gd3 and Al0.4GdMn1.6 phases.

The SEMmorphology of AM50Gd2 and the energy dis-
persive spectroscopy (EDS) results from two points (la-
beled A and B) are shown in Fig. 4c. Under 5000× mag-
nification, many smaller areas of the β phase are ob-
served, and the Al0.4GdMn1.6 and Al2Gd3 phases are seen
to accompany one another. During the solidification pro-
cess, Gd exhibits a preference for combining with Al over
Mg [11]. Owing to its higher melting point than that of the
α-Mg and β-Mg17Al12 phases, the high-strength and ther-
mally stable Al2Gd3 phase separates out first at the front
of the solidification interface. This inhibits the separation
of the β-Mg17Al12 phase and refines the microstructure of
the alloy. The rare earth element Gd, therefore, improves
thenucleation rate and leads to grain refinement andgrain
boundary strengthening of the AM50 magnesium alloy.

3.2 Mechanical character

Figure 5 shows the engineering stress-strain curves of the
AM50GdX magnesium alloys. The tensile strength of the
AM50 magnesium alloy after Gd modification is found to
increase with Gd addition, with the values 210 MPa (Gd =
0.5wt.%), 214MPa (Gd= 1.0wt.%), 215MPa (Gd= 1.5wt.%)
and 220 MPa (Gd = 2.0 wt.%). It can be observed that the
curves from the varying alloys are similar in shape and
consist of the two ranges of linear elastic andplastic zones,
where the plastic zone is markedly longer than the linear
zone. With the increase of Gd content, the slopes of the
curves initially increase and then decrease. The incorpo-
ration of rare earth element Gd causes grain refinement
strengthening and grain boundary strengthening, which
improves the tensile properties of the AM50 magnesium
alloy. However, excessive quantities of Gd lead to a reduc-
tion in the slope of the engineering stress-strain curve,
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Figure 3: Scanning electron microscope images of the morphologies of the magnesium alloys. The sample alloys comprise the (a) as-cast
AM50, (b) AM50Gd1 containing 0.5 wt.% Gd, (c) AM50Gd2 containing 1.0 wt.% Gd, (d) AM50Gd3 containing 1.5 wt.% Gd, and (e) AM50Gd4
containing 2.0 wt.% Gd.

which means that the elongation of the alloy is improved
via the plastic deformation properties and that the tough-
ness is reduced at the same time. Further, the shape of the

stress-strain curves reveals that the fracture mode of the
AM50GdX magnesium alloy is quasi-cleavage fracture.
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Figure 4: Scanning electron microscope images of the morphology
and energy dispersive X-ray spectra of the AM50Gd2 sample con-
taining 1.0 wt.% added Gd. The image (left) shows the points from
where the spectra for point A (upper right) and point B (lower right)
are obtained.

3.3 Corrosion character

Figure 6 showsTafel curves ofAM50GdXmagnesiumalloy,
where the corrosion potentials of the AM50Gd1–AM50Gd4
magnesium alloys are −1.65, −1.75, −1.72 and −1.71 V, re-
spectively. In this range, with an increasing amount of
Gd, the corrosion potential initially decreases and then
increases. Simultaneously, the corrosion current density
of the cathodic branch initially decreases and then in-
creases. The turning point for both of these parameters is
1.0 wt.% Gd (AM50Gd2). Owing to the significant differ-
ence between the Gd and Mg atoms, it is difficult to solid-
solute the Gd atom into the AM50 magnesium alloy, but
instead the Gd tends to form rare earth compounds. When
the Gd amount is less than 1.0 wt.%, the effect of Gd addi-
tion is grain refinement, which reduces themicro-galvanic
effect [7, 12]. However, with more Gd the amount and vol-

              

Figure 5: The engineering stress-strain curves of AM50GdX magne-
sium alloys. The samples are AM50 Mg alloy modified with Gd in the
amount of 0.5 wt.% (AM50Gd1), 1.0 wt.%
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ples are AM50 Mg alloy modified with Gd at 0.5 wt.% (AM50Gd1),
1.0 wt.%

ume of the Al2Gd3 phase significantly increases, which
leads to an aggravation of the micro-galvanic effect and a
hydrogen evolution reaction. This explains why corrosion
resistance worsens after adding more than 1 wt.% Gd.

The surface corrosion morphologies of the AM50GdX
samples after a 24 h immersion in the corrosion solution
are shown in Fig. 7. Corrosion pitting appears on all of the
sample surfaces after 24 h immersion in NaCl aqueous so-
lution, but the amount of corrosion pitting still follows the
trend of initially decreasing and then increasing as the Gd
amount increases. Interestingly, the turning point for the
maximum pitting also appears at AM50Gd2 (Gd = 1 wt.%).
During the corrosion process in aqueous solution, the ox-
ide or hydroxide film on the surface of the magnesium al-
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Figure 7: The surface corrosion morphology of the AM50GdX sam-
ples after 24 h immersion in the corrosion solution. The samples
shown are AM50 Mg alloy modified with Gd at 0.5 wt.% (AM50Gd1,
upper left), 1.0 wt.% (AM50Gd2, upper right), 1.5 wt.% (AM50Gd3,
lower left) and 2.0 wt.% (AM50Gd4, lower right).

loy protects the magnesium alloy matrix, and so the qual-
ity of the oxide or hydroxide film determines the corrosion
pitting nucleation rate. The rare earth element Gd con-
tributes to the formation of a high-quality oxide or hydrox-
ide film, but when the Gd addition is over 1.0 wt.% the
quality of the oxide or hydroxide film worsens. The addi-
tion of excessive amounts of Gd leads to an increase of the
Al-Gd phase, which destroys the oxide or hydroxide film,
and the corrosion pitting and corrosion current begins to
increase. Because the atoms of the rare earth element tend
to be attracted to each other [13], they form atomic clusters
that lead to the Al-Gd phase segregation. Figure 7 (bottom
right labeled AM50Gd4) gives evidence of the corrosion
pitting concentrated on a localized region of this sample
containing Gd = 2.0 wt.%.

3.4 Corrosion residual strength(CRS)

Figure 8 shows the corrosion residual strength (CRS)
curves of the AM50GdXmagnesium alloys where it can be
seen that, for a corrosion time greater than 168 h, the CRS
value of the AM50GdX samples decreases linearly. Fur-
ther, at each time point above 168 h the CRS value of the
AM50Gd2 sample is greater than that of the others, signi-
fying that 1 wt.% Gd addition is beneficial for improving
the CRSofAM50magnesium. In the CRS curve of AM50Gd1
(Gd=0.5wt.%), the reduction rate of theCRSvalue showed
that there are two interregional: the beginning of the cor-
rosion process for this sample the corrosion rate is higher,
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for the AM50GdX magnesium alloys. The samples are AM50 Mg
alloy modified with Gd at 0.5 wt.% (AM50Gd1), 1.0 wt.% (AM50Gd2),
1.5 wt.% (AM50Gd3) and 2.0 wt.% (AM50Gd4).

but after about 150 h into the corrosion process the corro-
sion rate reduces. This is because, after 150 h of immersion
in the NaCl aqueous solution, the oxide or hydroxide film
formed on the surface of the AM50Gd1 sample is in a sta-
ble state, and the type of corrosion is therefore a uniform
corrosion [14]. The CRS curves of the AM50Gd2, AM50Gd3
and AM50Gd4 samples exhibit a different trend, however,
wherein the CRS value reduces in a linear fashion through-
out the corrosion process. Therefore, the depth of the cor-
rosion pitting on the AM50Gd2, AM50Gd3 and AM50Gd4
samples increases until the steady stage.

In previous study [7], it is found that the existence
and development of corrosion pits are the direct reason for
the dropping of the tensile strength. First, corrosion pits
present leads to a decrease of the CRS value directly be-
cause of the decrease of the cross-sectional area. Second,
the stress concentration at the large change of curvature
in the corrosion pits and the emergence of micro-cracks
at the bottom of the corrosion pits causes fracture of the
tensile samples. Through statistics and calculations, the
stress concentration is more important than the depth of
the corrosion pits. Therefore, reducing the corrosion pits is
beneficial for improving the CRS of these AM50GdX sam-
ples.

With the tensile test samples immersed in the corro-
sion solution, the external and internal corrosion factors
of the magnesium alloy interact at the surface of the sam-
ples [15], which leads to the nucleation and growth of the
corrosion pitting. The presence of Gd contributes in two
ways to affect the CRS value of the AM50magnesium alloy,
via the strengthening of its tensile properties and the im-
provement of its corrosion resistance. First, the methods
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whereby theAM50magnesiumalloy is strengthenedbyGd
addition are owing to grain refinement, grain boundary
and second-phase strengthening. Second, Gd improves
the corrosion resistance. In the corrosion process, corro-
sion pitting nucleates at the α-Mg phase because the cor-
rosion potential of the β phase and the Al-Gd phase are
higher than that of α-Mg phase [7]. Therefore, after Gd ad-
dition the nucleation of corrosion pitting becomes more
difficult.

4 Conclusions
The corrosion and mechanical performance of a Gd-
modified AM50 magnesium alloy have been studied.
It was found that the phases within the Gd-modified
AM50 magnesium alloy include the α-Mg, β-Mg17Al12,
Al2Gd3 and Al0.4GdMn1.6 phases. The rare earth element
Gd contributes toward grain refinement, grain bound-
ary strengthening and second-phase strengthening to im-
prove the tensile strength of the alloy. Further, Gd also im-
proves the corrosion resistance of the AM50 magnesium
alloy by reducing the β-Mg17Al12 phase. However, with in-
creasing amounts of added Gd, the corrosion resistance of
AM50 initially improves and thenworsens,where the turn-
ing point for this corrosion resistance is at 1.0 wt.% Gd ad-
dition. It is therefore concluded that the corrosion residual
strength of the 1.0 wt.%Gd-modified AM50magnesium al-
loy (AM50Gd2) is higher than that of the other AM50GdX
alloys tested.
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