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Abstract
Application of Mg alloy is limited because of its poor
corrosion resistance. Due to low standard electrode
potential of Mg, severe galvanic corrosion can happen
if other alloyed elements form high electrode potential
precipitate in Mg alloy. Moreover, natively formed oxide
film on the surface of pure Mg is not compact and cannot
hinder further oxidation of inner substrate. In this work,
alloy design strategies are proposed to improve the native
anti-corrosion property of Mg alloys. The first is to purify
the Mg-melt by forming high-density precipitates in the
settling process to increase the efficiency of the settling
process. The second is to enclose extra impurities in
harmless compounds to avoid the severe galvanic corro-
sion. The third is to control the composites of oxides
formed on the surface by alloying defined elements to
obtain passivate, close packing oxides film.
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Introduction

Magnesium is the lightest metal material among common
structural metals and consider being energy-efficient.
Therefore, magnesium alloys have attracted extensive
attentions in transportation field [1–4]. However, abroad

applications of Mg alloys are limited due to their low duc-
tility and native poor anti-corrosion property [5].

The poor anti-corrosion property of Mg is attributed to
two major reasons [6, 7]. One reason is the naturally formed
magnesium oxide film on its surface is not protective for
further oxidation of inner substrate. The Pilling-Bedworth
ratio (P-B ratio) of pure magnesium is 0.81. The natively
formed oxide film on Mg alloy is not compact and is not able
to hinder further oxidation [7]. Another reason is Mg has the
lowest hydrogen evolution potential among common metals
and severe galvanic corrosion often happens with magne-
sium alloy when other elements were alloyed in the alloy.
Meanwhile, solubility of many metals (e.g., Fe, Ni, Cr, Cu
[8–13]) in magnesium is very low (in the order of magnitude
of ppm of weight fraction). Therefore, the impurities in Mg
alloy are easy to precipitate and result in galvanic corrosion
as formed galvanic couples with Mg substrate phases.

In the current work, three alloy design strategies of
magnesium alloy are suggested to enhance the native cor-
rosion resistance of Mg alloy.

Alloy Design Strategies

Purification of Mg-melt by Controlling
Precipitates in Settling Process

Fe, Ni, Cu, and Cr have small solubility in the primary
a(Mg) phase thus can precipitate as Mg–X compounds
during its solidification process and cause severe galvanic
corrosion. Many publications and patents were devoted to
decrease the content of these impurities [13–25]. Among
these impurities, Fe has attracted more attentions [18, 23, 26]
as it is easy to be picked up during the synthesis process.

Among many purification methods, one approach is to let
the precipitates settle down to the bottom. As illustrated in
our previous work [27], the required fully settling time of
precipitates is much longer than the usually applied settling
process as half an hour by industry. Clearly, efficiency and
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effectiveness of the settling process is actually the deter-
mining factor of the final purity of the alloy.

According to Stokes Eq. (1), terminal velocity of different
precipitates during settling process were calculated.

m ¼ 2gr(DqÞ
9g

ð1Þ

where Dq denotes the difference of the densities of the
particles and of the fluid, η denotes the viscosity of the fluid,
g is the gravitational acceleration (9.8 m/s2), and r is the
radius of the spherical participation particles, which,
according to our experimental measured results, is around
2 µm.

Viscosity with temperature dependence of AZ91D mag-
nesium alloy reported by Abaturov [28] is employed as a
general data for Mg-melt in this calculation.

As shown in Table 1 and Fig. 1, the addition of Mn does
not change much on the solubility of Fe in the Mg-melt, but
the precipitations on the defined temperature were changed.
The terminal settling velocity relates to the density of the
precipitate. With different precipitates, the terminal settling
velocity can be quite different. Accordingly, the effective-
ness of the settling process can be quite different in the
limited settling period.

As shown in Table 1, with 0.1 wt% Mn addition, the Bcc
(Fe)withAl solution can be stabilized up to 730 °C.At 730 °C,
the terminal settling velocity of Bcc(Fe, Al) is 3.4e−5 m/s, 1.6
times of that of Al2Fe. However, with more Mn addition, like
0.3 wt%Mn addition, the precipitation at 700 °C is changed to
Al8Mn5 with Fe dissolved in Mn sublattice, which have low
settling velocity again. It is consistentwith the observation that
too much Mn addition will deteriorate the anti-corrosion
property of Magnesium alloy [29]. Calculated isopleth of
AZ91 at 700 °C based on PanMg database is shown in Fig. 1.

According to Fig. 1, the suggested Mn addition is between
0.14 wt% and 0.27 wt% for AZ91 alloy. According to our
calculation, terminal settling velocity of Fe2Zr is even bigger if
Zr is added in Mg melt. However, Zr will react Al and form
Al3Zr instead of Fe2Zr with Al presence. Hence, the Zr addi-
tive is not recommended for the purification of Mg–Al–X
series alloy.

Hence, by adding defined elements to control the type of
the precipitates is an effective way to improve the efficiency
of the settling process and, accordingly, improve the final
purity level of the Mg alloy.

Table 1 The terminal settling velocity of precipitates in Mg-melt

Alloy T (°
C)

Sol. of Fe in L (ppm in
w.f.)

Precipitated
particles

Comp. of prec.
(at.%)

Density of
pre.

m
(m/s)

References

Mg 660 180 Bcc(Fe) Fe 7.86 4.53e−5 This work

AZ91 without
Mn

760 62 Bcc(Fe, Al) Al50Fe50 5.61 3.6e−5 [27]

730 36 Al2Fe Al67Fe33 4.08 2.1e−5

660 8 Al5Fe2 Al5Fe2 3.96 1.7e−5

AZ91 + 0.1 wt%
Mn

730 35 Bcc(Fe, Al) Al50Fe50 5.61 3.4e−5 [27]

662 9 Al2Fe Al67Fe33 4.08 1.8e−5

AZ91 + 0.3 wt%
Mn

700 15 Al8Mn5 Al54Fe16Mn30 4.00 2.2e−5 This work

660 8 Al8Mn5 Al54Fe16Mn30 2.0e−5

Mg + Zr 700 2 Fe2Zr Fe66Zr34 7.65 4.9e−5 This work

Sol. of Fe in L (ppm in w.f.): Calculated solubility of Fe in Liquid (ppm in weight fraction) (The calculation is based on PanMg database)
Comp. of Prec.: The composition of the precipitates (experimental measured results)
m: The terminal settling velocity of the precipitates calculated using Stokes equation

Fig. 1 Isothermal section of AZ91 with variation of Mn and Fe at 700
°C [27]
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The Increasing of the Tolerance Limit
of the Impurities by Controlling the Formed
Precipitates in the Final Alloy

Another cost-efficient way to decrease the galvanic corrosion
is to increase the tolerance limit of the impurities in Mg alloy.

It is observed the tolerance limit of Fe has a fixed ratio
with the content of Mn in Mg alloy [8–11, 13]. The mech-
anism of Mn addition to increase the tolerance limit of Fe in
Mg–Al–X alloy is illustrated in our previous work [27]. For
Mg–Al–X alloy, addition of Mn can modify the precipitates
in the final alloy and, therefore, change the distribution of Fe
in different phases. When most of the extra Fe atoms are
dissolved in compounds, which have less effect on the gal-
vanic corrosion, no severe galvanic corrosion will happen to
the Mg alloy. As reported in [27], the preferred formed
phases in the alloys were Al–Mn compounds with Fe dis-
solved in the Mn sublattice place. Al–Fe compounds or other
compounds where Fe as a main component should be avoid.

An isothermal section of AM60 with variation of Fe and
Mn at 500 °C, which is just below the solidify temperature,
is shown in Fig. 2. An approximately phase boundary line as
y = 0.022 * (x − 0.0070) is observed in Fig. 2. When Fe
content in final alloy does not exceed the boundary line,
there will be no Al–Fe compound formed. Accordingly, no
severe galvanic corrosion can happen. This value 0.022 is
quite close to the experimental obtained limiting ratio of
Fe/Mn as 0.021 for AM60 alloy [8]. Considering possible
experimental errors for such small value, the agreement
between current calculation and experimental results is
excellent. Therefore, this kind of calculation can guide
search of other additional elements or conditions.

It is suggested, by enclosing Fe or other impurities in
some defined compounds when the impurities are not the
main component, harm effect on the galvanic corrosion
coming from these impurities can be reduced or even avoi-
ded. Hence, by controlling the final formed precipitates with
different elements addition in Mg-alloy can control the gal-
vanic corrosion of Mg-alloy.

Controlling Natively Formed Oxides Film
on Surface of the Alloy

When contacting with air, an oxide film will instantly form
on the surface of Mg alloys. The PBR is 0.81 for Mg, less
than 1. For general studies, it is suggested to add another
element, which have a higher value of PBR, to obtain
compact protective oxides film. In this case, the formed
combination of this oxide and MgO could have a PBR value
above 1. However, in our experimental observation [30],
Mg–Ca alloy shows better anti-oxidation property than that
of Mg–Gd alloy, where the P-B value of Ca is even small
than that of Mg. A structure of difference size closing
packing oxides (DS-CP) film is suggested in our work [30].
As shown in Fig. 3, only with small amount Ca addition (3
wt%) in the alloy, the fraction of finally formed CaO in the
oxide film is up to 80% [30]. In addition, it is shown the
fraction of CaO is increasing when it is closing to the inner
substrate, which means Ca can diffuse fast to the surface and
be oxidized.

According to the formation energy of oxide, both Gd and
Ca are more prone to be oxidized than Mg at high temper-
ature. Hence, the oxidations and enrichments of Gd and Ca
in the surface were observed. With both Ca and Gd added to

Fig. 2 Isothermal section of AM60 with variation of Fe and Mn at
500 °C [27]

Fig. 3 Distribution of oxides in the surface of Mg–3.5Gd–0.5Ca
(wt%) alloy by X-ray photoelectron spectroscopy (XPS) depth profiling
[30]
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Mg alloy, a phenomena of preferential oxidation of Ca and a
competing diffusion kinetics between Ca ang Gd was
observed [30]. With Ca addition to Mg–Gd alloy, Gd2O3 and
enrichment of Gd at the surface were disappeared. Instead,
the formation of CaO and enrichment of Ca at the surface
was observed, as shown in Fig. 3. A mechanism of selective
oxidation resulting in competing diffusion kinetics is sug-
gested in our work.

Based on this selective oxidation and competing diffusion
kinetics mechanism, the anti-corrosion property of current
commercial alloys can be improved by adding small amount
defined diffuse fast elements.

Conclusion

Three alloy design strategies for native anti-corrosion Mg
alloy were proposed:

(1) Purifying of the Mg-melt by forming high-density
precipitates in the settling process;

(2) Enclosing impurities in harmless compounds by con-
trolling the formed precipitates in the final alloy;

(3) Controlling the composites of oxides formed on the
surface by alloying defined elements to obtain passi-
vate, close packing oxides film.

Based on the above three strategies, new designed Mg
alloy with better corrosion resistance property can be
expected. According to our experiments and calculation, it is
observed that Mn has the both purification effect and
enclosing effect for the impurities [27] and Mg–Ca alloy is
passive at the high temperature [30]. According to above
three strategies, a broad selective of anti-corrosion Mg–X
(−Y) alloy and as well, the improvement of the current
commercial alloy by alloying design can be performed.
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