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Abstract: It is necessary to strictly control the iron (Fe) impurity in Mg-Al alloys to guarantee good
corrosion resistance and mechanical properties. In this work, the effects of alloying elements and
temperatures on the solubilities of Fe in the Mg-Al-based alloy melts (Mg-rich liquid phases) at
963-1033 K were studied by combining the in situ sampling method for the high precision solution
values and the multiple regression numerical analysis method for the feature analysis. The solubilities
of Fe in Mg-xAl (x = 1 and 3 wt.%) alloy melts could be significantly reduced by adding the yttrium
(Y) or manganese (Mn) elements. However, the solubilities of Fe in Mg alloy melts were not in a
monotonous relationship with the contents of the alloying elements in the Mg alloys. For the addition
of Mn or Y, the lowest solubilities of Fe presented in the Mg-rich liquid phases were for the Mg-xAl
alloys with the addition of 2 wt.% Mn or 1 wt.% Y, respectively. Additionally, the Fe-containing
precipitations in the related systems were analysed and the Fe was mainly combined with Mn or
Y and precipitated, which contributed to the removal of Fe from the Mg melt. The present study
provides fundamental thermodynamic information regarding Mg-Al-Fe based systems and the design
principle for the removal of Fe in Mg alloys.

Keywords: Mg alloys; thermodynamics; liquid phase; purification

1. Introduction

As one of the lightest structural metal materials, magnesium (Mg) alloys show promise
in applications in the field of aeronautics and astronautics, transport, electronic 3C, biomed-
ical, and energy storage [1-12]. However, the corrosion properties of Mg alloys are poor
due to the high chemical activity of Mg and the loose magnesium oxide film that is formed
on the surface [13-36]. Different from stainless steel, the naturally formed surface oxide
layers on Mg alloys are loose and porous, which cannot protect the alloy matrix from
further corrosion or oxidation. Additionally, the magnesium matrix with a low standard
electrode potential is prone to galvanic corrosion when combined with the presence of high
electrode potential second phases [21-24]. Extensive studies have shown that impurity
elements can significantly deteriorate the performance of magnesium alloys, including the
corrosion-resistance performance, mechanical properties, and other required properties.
It has been reported that a series of noble elements, such as iron (Fe), nickel (Ni), silicon
(5i), and copper (Cu), can significantly reduce the corrosion resistance of Mg alloys [19],
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where Fe impurity is the most important factor [21-24]. Additionally, the presence of the
Fe element can also deteriorate the mechanical properties of Mg alloys [28].

Because of the high activity of Mg, the normal oxide crucibles are not proper for
the Mg alloy synthesis. According to the phase diagram of Mg-Fe, where Fe has quite a
small solubility in Mg liquid phase (around hundred ppm), as well as the low-cost and
easy manufacture of Fe crucibles, Fe crucibles are broadly employed for commercial mass
production of Mg alloys. As Fe crucibles have been used for dozens of years for the Mg
alloy synthesizing process, a high cost will be required for replacement of the current
producing systems for the commercial process. However, with the increased requirements
regarding the quality of raw materials, the effects of impurities in the alloys have attracted
increasing attention. As shown in our previous study, elements Fe, Ni, and Cr can all be
dissolved in Mg melts and then remain in the alloys [32]. Our previous study successfully
resulted in the Ni in the Mg material being below 5 ppm using a directional solidification
purification method [25]. As Fe impurities are inevitably incorporated into the Mg alloys
during the commercial melting and casting process, the Fe solution in the Mg alloys and
the effects from Fe on the properties of Mg alloys have been studied for a long time [18-22].
Based on the current available synthesizing process, many micro-alloying methods have
been proposed and have been proven to be successful strategies for Fe removal in Mg
alloys [29-33].

For the corrosion of Mg alloys, the Fe-containing phases are strong cathodes coupling
with the surrounding Mg matrix anodes, leading to a high micro-galvanic corrosion rate.
It has been reported that Fe impurity can be transferred into some less noble second
phases, such as the AlgMns phase, and then be less active for the galvanic corrosion.
Through this process, galvanic corrosion can be significantly reduced [34,35]. It has been
experimentally observed that there is a tolerance limit for the content of Fe in the Mg
alloys, and the corrosion rate can be rapidly increased if the content of Fe is higher than the
tolerance limit, where it is later found the theoretical description of the tolerance limit is
the thermodynamic equilibrium critical point for the Fe situated in the proper phases [33].
Especially, the detailed tolerance values of impurity Fe in the Mg-Al based alloys are
important for the Al-containing Mg-based system, because the presence of Al will combine
RE or Zr to form compounds and counteract the purification effects of Rare-earth elements
and Zr [18,21].

Hence, this work focusses on the behaviour of the Fe solution in Mg-Al-based alloys.
It has been reported that there is a critical weight ratio of Fe tolerance limit vs. Mn content
that varies between 0.010 and 0.032 depending on the type of Mg alloy, which is cited
widely in the ASTM standard [37-39]. If the ratio of Fe content vs. Mn content is higher
than the critical value, the corrosion rate of the Mg alloy will sharply increase. In addition,
Y is also considered as an effective alloying element for Fe removal [40-44]. Kim et al. [45]
studied the removal of Fe from Mg melt through the reaction between Y and Fe, while the
solution behaviour of Fe was not reported. Our previous work clearly clarified the inherit
thermodynamic theory for this relationship [22,33]. In addition, Fe solubilities in the binary
Mg-based systems were also studied in our group to explore the minimum solution values
of Fe content in the related alloys within the thermodynamic aspect [22].

As mentioned above, the presence of Al will counteract the effects of the alloying
elements in the Al-containing Mg-based system. Hence, it is important to clarify the
solution and precipitation behaviour of Fe in Mg-Al-based alloy systems. The commonly
employed elements, Mn and Y, are considered in this work. The study investigates the
dissolution and precipitation behaviour of Fe in Mg-Al alloy melts with varied contents
of micro-alloying elements and temperatures to provide basic information regarding the
thermodynamics of Fe in Mg-based melts and to derive design principles for high purity
Mg alloys. In our previous work [22], the addition of Al contents of 1, 3, 6, and 9 wt.% were
studied for the Fe solution behaviour in Mg-Al alloys, and the first two compositions were
selected for the consecutive study of the ternary system for this work. As this work aims to
search for a possible microalloying method for the removal of Fe from the Mg-Al-based
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alloys, the addition of small amounts of alloying elements, from 1~3 wt.%, are selected.
To understand the composition-dependent behaviour, three compositions with increment
of 1 wt.%, namely, 1, 2, and 3 wt.%, for each series of alloys are selected. For the studied
systems, the selected compositions of the alloys are located in liquid-rich regions for the
studied temperature according to the currently available thermodynamic information. The
semi in situ sampling method developed by our group is used to determine the content of
Fe in the melts with a high precision in real time, and the multiple regression numerical
analysis method is employed to discover the thermodynamic mechanism and features.

2. Experimental Method
2.1. Materials Preparation

Pure Mg (99.99 wt.%), Pure Al (99.99 wt.%), and intermediate Mg alloys (Mg-30 wt.%
Y alloy and Mg-15 wt.% Mn alloy) were used for the synthesis of alloys. Because of the
high activity of Mg, the melting and isothermal treatment of Mg alloys were performed in a
resistance furnace under a protective atmosphere of 0.5 vol% SFg and 99.5 vol% CO;. Series
alloys with different compositions (Mg-1Al-xMn (x = 0, 0.5, 2, and 3 wt.%), Mg-3Al-xMn
(x=0,0.5, 2, and 3 wt.%), Mg-1Al-xY (x =0, 0.5, 1, 2, and 3 wt.%), and Mg-3Al-xY (x =0,
0.5, 1, 2, and 3 wt.%)) were melted and held in iron crucibles at 963 K, 998 K, and 1033 K.
For the Mg-1Al-xMn alloy, the alloy was named Mg-1Al-1Mn (wt.%) when x = 1 wt%, and
the names of the other alloys were similar. The crucibles had a depth of 250 mm and an
internal diameter of 55 mm, and the thickness of 2 mm ensured a long holding time for
the melt at a high temperature. The composition of the crucible employed is shown in
Table 1. Then, Mg alloy melts with different alloy contents were held at 963 K, 998 K, and
1033 K, respectively, for 12 h (the temperature error is +2 K), and the semi in situ sampling
method was adopted as shown in Figure 1. As shown in our previous work [22], the Fe
solution in the Mg melt approached a stable state after a holding period of 12 h. Hence,
12 h was selected for the holding time in this study. During the holding process, a small
amount of melt (about 3-10 mL) was taken from the middle part of the alloy melt using
an Fe tube (purity 99.9%, with inner diameter 10 mm) and it then quenched in cold water
immediately. After sampling, the Fe crucibles with the remaining Mg alloy melts were
quenched in cold water for further characterization. For better differentiation, the alloy
solidified in the crucible was referred to as the remaining Mg alloy in this work.

Table 1. The employed chemical composition of the Fe crucible used in this work (wt.%).

Fe C Si Mn Cr Cu Ni P
Bal. <0.025 <0.0947 <0.24 <0.0204 <0.0317 <0.0091 <0.0118

<— Rubber suction bulb

<4— |ron tube

[ron crucible

Alloy melt

Figure 1. Schematic diagram of the sampling.
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2.2. Characterization Method

Different samples were taken out from the Fe tubes for composition analysis and
corrosion experiments.

All of the alloys for taken out from the Fe tubes using the semi in situ sampling method
with varied studied compositions and temperatures were selected for the composition
analysis. The samples were polished with SiC sandpaper and ultrasonically cleaned in
ethyl alcohol to remove the surface oxides and impurities. Using the inductively coupled
plasma with optical emission spectrometry (ICP-OES, Optima 8000, Agilent Ltd., Santa
Clara, CA, USA), the contents of Fe in the Mg-xAl-X (x = 1 and 3 wt.%, and X =Y and Mn)
melts were measured.

To further study the effects of alloying elements on the corrosion performance of Mg
alloys, corrosion analysis was performed using the immersion method of plug-in specimens
in the 3.5 wt.% NaCl solution saturated with Mg (OH), at room temperature (293 K), where
the hydrogen evolution volume values and weight loss values were measured. For the
weight loss measurement, the corrosion products were moved by ultrasonic oscillation in
the solution of 20% CrO3 + 1% AgNO; for 5 min. For the corrosion performance analysis,
the alloys taken out from the Fe tubes at 963 K were selected. They were cut into cubes of
4 x 4 x 4 mm and polished to obtain a flat surface and then ultrasonically cleaned be-
fore testing.

The hydrogen evolution rate Py (mm-y~!) and the weight loss rate Py (mm-y~!) were
calculated using the immersion time ¢ (day) and the hydrogen evolution Vg (mL cm2)
as follows:

Py =2.088Vy/t 1)

Py = 2.1(W; — W,)/ At )

where A (cm™2) is the surface area. W, (mg) and W, (mg) are the dry weight of the sample
before and after the immersion test, respectively.

To clarify the precipitation behaviour of the alloys during the melting status, metallo-
graphic characterization of the quenching alloys was performed. The samples were taken
from the bottom of the ingots. Their dimensions were 10 x 10 x 5 mm? and the composi-
tions of the second phase and precipitated particles were analysed using a field-emission
scanning electron microscope (JEOL, JSM 7800F, JEOL Ltd., Hachioji, Japan) equipped with
energy-dispersive X-ray spectroscopy (EDS).

3. Results and Discussion
3.1. Comparison of Fe Dissolution Pattern in Mg-xAl-X (X = Mn and Y) Ternary Alloy Melts

The Fe solubilities of Mg-xAl-Mn and Mg-xAl-Y (x = 1 and 3 wt.%) ternary alloys
at different temperatures were obtained and are shown in Figure 2. The green dashed
lines show the Fe solubility in the binary Mg-xAl system. With the addition of the second
alloying elements, Mn and Y, the solubility values of Fe in the related ternary systems
were changed, as shown in Figure 2 with different markers. The yellow dashed boxes in
the figure show the minimum Fe solubility in the Mg-xAl-X ternary alloy at the studied
temperatures. The detailed composition results are shown in Table 2. Here, the Al content
is the nominal composition. As the added Al could be completely dissolved in the Mg alloy
and there would be no great loss of the Al, a detailed analysis of the Al content was not
performed in this work. It should be noted here the dissolved Fe amount in the melt was
mainly related to the temperature and the composition of the whole alloy, not the in situ
content of the alloying element, as there were precipitates that formed and settled. Hence,
the nominal compositions were used for the resulting descriptions.
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Table 2. The composition of the in situ sampled Mg alloys.

Nominal Allo Holdin, Mn or Y Content o
Compositions (w}t’.%) Temperaturge (K) (wt.%) Fe Content (wt.%)

Mg-1A1-0.5Mn 0.3951 0.0052
Mg-1Al-1Mn 963 0.8325 0.0026
Mg-1Al-2Mn 1.8152 0.0023
Mg-1A1-0.5Mn 0.4016 0.0151
Mg-1Al-1Mn 998 0.8613 0.0038
Mg-1Al-2Mn 1.8327 0.0043
Mg-1A1-0.5Mn 0.4108 0.0271
Mg-1Al-1Mn 1033 0.8699 0.0067
Mg-1A1-2Mn 1.8665 0.0061
Mg-3Al1-0.5Mn 0.3907 0.0117
Mg-3Al-1Mn 963 0.8006 0.0054
Mg-3A1-2Mn 1.7005 0.0022
Mg-3Al1-0.5Mn 0.4042 0.0265
Mg-3Al-1Mn 998 0.8102 0.0098
Mg-3A1-2Mn 1.7056 0.0052
Mg-3Al1-0.5Mn 0.4099 0.0266
Mg-3Al-1Mn 1033 0.8257 0.0220
Mg-3A1-2Mn 1.7167 0.0119
Mg-1A1-0.5Y 0.4485 0.0045
Mg-1Al-1Y 963 0.7352 0.0031
Mg-1A1-2Y 1.6692 0.0035
Mg-1A1-0.5Y 0.4499 0.0086
Mg-1Al-1Y 998 0.7931 0.0071
Mg-1A1-2Y 1.6863 0.0103
Mg-1A1-0.5Y 0.4636 0.0137
Mg-1Al-1Y 1033 0.8461 0.0121
Mg-1A1-2Y 1.7041 0.0130
Mg-3A1-0.5Y 0.4011 0.0111
Mg-3Al-1Y 963 0.8779 0.0056
Mg-3A1-2Y 1.8581 0.0067
Mg-3A1-0.5Y 0.4121 0.0122
Mg-3Al-1Y 998 0.8764 0.0112
Mg-3A1-2Y 1.8933 0.0136
Mg-3A1-0.5Y 0.4124 0.0188
Mg-3Al-1Y 1033 0.8898 0.0166
Mg-3A1-2Y 1.9062 0.0173

In the studied binary and ternary alloy melts, the Fe solubilities in alloys with 1 wt.%
Al were overall smaller than those in the alloys with 3 wt.% Al In other words, the
solubility values of Fe in the alloys with smaller Al contents were smaller than those in the
alloys with higher Al contents. At 963 K, in the studied alloys, the smallest values for Fe
solubility were 0.0022 wt.% in the Mg-3Al-2Mn alloy and 0.0023 wt.% in the Mg-1Al-2Mn
alloy, respectively.

Compared with the binary Mg-Al alloy, the addition of Mn and Y could both reduce
the Fe solubility values in the alloys. Among them, the Fe solubility values were generally
smaller for the alloy melts with the addition of Mn elements, which indicates that the Mn
element had a better effect on the removal of Fe from Mg-Al-based alloys than the Y element.

Additionally, the Fe solubility in the binary or ternary alloy melt increased significantly
with the increasing temperature. The minimum solubility values of Fe in the Mg-1Al-2Mn
alloy at 963, 998, and 1033 K were 0.0023, 0.0043, and 0.0061 wt.%, respectively. Hence, the
low temperature casting process could generally receive the higher purity Mg alloy, where
the remaining undissolved Fe was precipitated and settled to the bottom.



Metals 2023, 13, 1466

6 of 15

0.028 b0.028
0.026 |- v 1Al-Mn 0.026 | v 1Al-Mn
0.024 | v 3Al-Mn 0.024 L v 3Al-Mn
A o
0.020 - ; 0.020 |- B
—~ 0.018 | —~ 0.018 |
= =S
E- 0.016 | E 0.016 | Ma-3Al
S o014t S0 -———-—----2 e - -
8 0.012 | . c.% 0.012 *
0.010 | 0010F ¥  Mgi1Al LA
0.008 |- Ma-3Al 0.008 | * ps
0.006 R R == 0.006 | vy - .
0004l :_ - M9:1£\| _____ - 0004 | Minimum Fe solubility v
0.002 | Minimum Fe solubility v 0.002
1 1 1 1 1 1 1 1 : 1 1 1 1 1 1 1 I 1
04 06 08 10 12 14 16 18 20 22 04 06 08 10 12 14 16 18 20 22
Content of Mn or Y (wt.%) Content of Mn or Y (wt.%)
0.028
0.026 v 1Al-Mn
0024 L v 3Al-Mn
0022 L *  1Al-Y
*  3Al-Y
0020 | Mg-3Al
§ 0.018 *
— 0016 |-
Mg-1Al
S0014F —x T T wo T T T T T T T oo .
c% 0.012 * v
0.010 - v
0.008 - Minimum Fe solubility
0.006 - v v
0.004
0002 -

06 08 10 12 14 16 18 20 22
Content of Mn or Y (wt.%)

0.4

Figure 2. Solubility of Fe in the Mg-xAl-X melt at (a) 963 K, (b) at 998 K, and (c) at 1033 K.

3.2. Precipitation Behavior of Fe in the Melt of Mg-3Al-X Alloy

Here, this work focuses mainly on the Fe solubility in the liquid phase region to clarify
the experimental thermodynamic equilibrium amount of Fe in Mg alloys. The remaining
undissolved Fe will form compounds with other elements as precipitates and will settle
to the low part of the region due to gravity. To clarify the solution and precipitation
behaviour of Fe, Scanning Electron Microscope characterization including EDS analysis
was performed to study the precipitate compounds in the bottom part of the ingots, where
EDS analysis was used to for combining the elements with Fe in the precipitates. It is noted
that the received precipitates may not be the theoretical equilibrium second phases in the
studied temperature as the gravity effect is quite large for this type of system where the
densities of components are quite different. In addition, the studied alloys are located in
the Mg-rich region, where the amount and sizes of the obtained precipitates are quite small.
Hence, further analysis methods are not performed. To observe the precipitates, alloys with
higher alloying element contents were selected. Therefore, in this work, the precipitations
of the remaining Mg-3 wt.% Al alloys were selected to study the effects of alloying elements
on the precipitation and settling behaviour of Fe in the Mg-Al-based alloys, as shown in
Figures 3 and 4.
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—a-Fe

——AMn,
——AlMn,
- Al,Mn,_T1
——ALMn
——AlMg,

0.0003 4

0.0002

Phase fraction

0.00014

6 750 850 SSDT[K] 1050 1150

Figure 3. SEM images of the three alloys: (a) Mg-3Al-0.5Mn (wt.%) under BSE mode, (b) Mg-3Al-Mn
(wt.%) under SE mode, (c) Mg-3Al-2Mn (wt.%) under SE mode, and (d) the intermediate phase frac-
tions of Mg-3Al-2Mn-0.02Fe alloy by Scheil solidification modelling using the PanMg2023 database
(the P in the image is the marker of CompuTherm LLC.).

—aFe
——RMg, C15
0003 ALFe

——AlFe,
——AlMgY_C14
Al Mg,

0.0024

Phase fraction

0.0014

TIK]

Figure 4. SEM images of the three alloys; (a) Mg-3Al-0.5Y (wt.%) under BSE mode, (b) Mg-3Al-1Y
(wt.%) under SE mode, (c) Mg-3Al-2Y (wt.%) under BSE mode, and (d) the intermediate phase
fractions of Mg-3A1-2Y-0.02Fe alloy by Scheil solidification modelling using the PanMg2023 database.
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3.2.1. Precipitation Behaviour of Fe in the Melt of Mg-3Al-Mn Alloy

Figure 3 shows the SEM images of the bottom part of the remaining Mg-3Al-xMn
(x=0.5,1 and 2 wt.%) alloys, and it is shown there are many compounds precipitated with
different compositions. For clarity, images using different modes are presented.

Because of the small size of the precipitation particles, the detailed compositions could
not be accurately measured, and so only the detected main components were labelled.
The main precipitates were compounds of Mg-Al-Mn-Fe, Mg-Al, Mg-Mn, and Mg-Al-Mn.
The quaternary compounds containing Mg, Al, Mn, and Fe were found at the bottom of
the Mg-3Al-xMn alloys. Among these quaternary compounds, the detailed compositions
showed some differences according to the EDS analysis. It was observed that the formed
Fe-containing precipitates were generally larger and settled to the bottom of the crucible,
which could reduce Fe solubility in the alloy melt. In addition, there was a large amount
precipitation present in the Mg-Al-Mn alloys containing a higher Mn content, which may
have contributed to the decreased Fe solution in the alloy melt part. As the content of Fe
was below 200 ppm in the studied alloy, the distribution of Fe in the solidified phases could
hardly be characterized. Hence, we used the thermodynamic calculation for the predication.
The possible intermediate phases were predicted using the latest thermodynamic database
of PanMg2023 and an alloy Mg-3Al-2Mn with 200 ppm Fe is taken as an example for
the calculation. The Scheil solidification process (no diffusion in the solid phases) of the
Mg-3A1-2Mn-0.02Fe alloy was calculated and the presented intermediate phases are shown
in Figure 3d (the main phases liquid and x-Mg are not presented in the graph). It should
be noted that as the thermodynamic information of the Mg-Al-Mn-Fe quaternary system
was quite limited, the accuracy and precision of the current calculation using the available
thermodynamic database should also be quite limited and there would also likely be some
unreported intermediate phases. The calculation results show the alloys were mainly
composed of Al-Mn compounds and the amount of pure Fe was quite limited. Additionally,
it was reported there might be some Fe substituted in the Al-Mn phases [33]. Hence,
combining the experimental results and the calculated results, it is proposed that for the
Mg-Al-Mn system, Fe was mainly combined with Mn and precipitated.

According to the obtained solubilities of Fe in Mg-Al-X alloys, it has been shown
that an increase in Al content will increase the solubility of Fe in the Mg-rich liquid phase.
When combining the analysis of the precipitations in the alloys, it is proposed that the Mn
and Al containing precipitations decrease the available amount of Mn so as to combine
with Fe atoms. The non-monotonic relationship between the solubility of Fe and the
content of the alloying element also shows the importance of the current study and the
inherited complex thermodynamic behaviour. However, because of the lack of information
about the compounds and thermodynamics of the quaternary Mg-Al-Mn-Fe system, the
thermodynamic assessment of the whole system was not performed in this work.

3.2.2. Precipitation Behavior of Fe in the Melt of Mg-3Al-Y Alloy

Figure 4 shows the SEM images of the bottom of the remaining Mg-3Al-xY (x = 0.5, 1 and
2 wt.%) alloys. The main precipitates were compounds of Mg-Y-Al-Fe, Mg-Al, Mg-Y,
Mg-Al-Fe, and Mg-Al-Y. Similar to the Mg-Mn-Al alloy, the low Y content in the melt
was due to the settled precipitates containing Fe and Y, which was consistent with the
ICP results. The precipitates in the alloys with higher Y contents showed a bigger size.
The Scheil solidification process of the Mg-3Al1-2Y-0.02Fe alloy was calculated and the
presented intermediate phases are shown in Figure 4d (the main phases of liquid and «-Mg
are not presented in the graph). According to the calculation predication, the amount of
a-Fe was much less than that in the Mg-3A1-2Mn-0.02Fe alloy and there were some Al-Fe
compounds presented. The calculated results show, for the Mg-Al-Y system, the Fe was
mainly combined with Al. According to our previous study [2], the elements with similar
features were more likely to be substituted by each other. Different to the Mg-Al-Mn-Fe
system, Fe was likely not able to substitute Y in the Y-containing intermediate phase as Fe
and Y were quite different atomically. Hence, combining the experimental results and the
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calculation analysis, it is proposed that there are probably some quaternary phases in the
Mg-Al-Y-Fe system and more extensive study on this system is needed; however, this was
out of the scope of this work.

3.3. Effects of Micro-Alloying on the Corrosion Performance of Mg-Al Alloys

The results of hydrogen evolution on Mg-Al binary alloys, Mg-Al-Mn ternary alloys,
and Mg-Al-Y ternary alloys are shown in Figures 5a, 6a and 7a, respectively. The hy-
drogen evolution and weight loss rates for these binary and ternary alloys are shown in
Figures 5b, 6b and 7b, respectively. For these experiments, two parallel samples were pre-
pared and the general error range of the result was within 10%. The obtained values with
different periods for each alloy followed quite a good parabolic rule, which indicates that the
obtained values were reliable.

—a— Mg-1Al
—s— Mg-3Al

L

[}
T

Hygrogen evolution (mL cm™)
N B~

0 1 1 1 1 1
0 10 20 30 40 50
Time(h)

15

b14 . Py 13.6 414

Pw J13

12 | {12

4 11

1ofF 99 410
g8 12 €
E {7 E
a 6 16 o=

{s

4F 44

13

2 b {2

41

0 8.7 11.9 0

Mg-1Al Mg-3Al
Alloys

Figure 5. (a) Hydrogen evolution and (b) hydrogen evolution and weight loss rate of Mg-1 wt.%
Al and Mg-3 wt.% Al alloys after soaking in 35 (+1) g/L NaCl solution at 293 K (£2) at room
temperature for 48 h.
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(wt.%) alloy after soaking in 35 (1) g/L NaCl solution at 293 K (£2) at room temperature for 48 h.

3.3.1. Effects of Al on the Corrosion Performance of Mg Alloys

The relationships between the hydrogen evolution volume and immersion time of
Mg-1Al and Mg-3Al alloys are shown in Figure 5a. The amount of hydrogen evolution
increased with increasing the immersion time in a linear manner. The corrosion rates did
not change much with the increase in immersion time. Figure 5b shows that the behaviour
of the hydrogen evolution rate Py was the same as that of the weight loss rate Pyy. The
Py and Pyy values of the Mg-1Al alloy, 9.9 and 8.7 mm-y~!, respectively, were less than
those of the Mg-3Al alloy. Kim et al. [45] reported that the corrosion rate of commercially
pure magnesium was 230 mm-y ! using the hydrogen evolution experiment in 3.5% NaCl
solution for 72 h. It can be seen that the hydrogen evolution corrosion rate of Mg could be
significantly reduced by adding a small amount of Al. With the increase in Al content, the
hydrogen evolution and weight loss rates increased, which may be related to the higher Fe
solubility in Mg alloys with higher Al contents.

3.3.2. Effects of Mn on the Corrosion Performance of Mg Alloys

Figure 6a shows the relationship between the hydrogen evolution volume and im-
mersion time of Mg-1Al-xMn and Mg-3Al-xMn alloys in the NaCl solution for 48 h. The
parabolic relationships for the studied Mg-Al-Mn ternary alloys are displayed between the
amount of hydrogen evolution and immersion time, which shows the corrosion property of
these alloys are stable in the studied period. As shown in Figure 6b, the trends of hydrogen
evolution and weight loss rates for all of the studied Mg-Al-Mn ternary alloys were the
same, and the overall hydrogen evolution and weight loss rate of the Mg-1Al-xMn (x = 0.5,
1, and 2 wt.%) alloys were lower than those of the Mg-3Al-xMn (x = 0.5, 1, and 2 wt.%)
alloys. The addition of the Mn element reduced the amount of hydrogen evolution for the
Mg alloys, and the Mg-1Al-1Mn alloy had the lowest hydrogen evolution rate. The further
increase in Mn content would also deteriorate the corrosion performance of the Mg alloys.

The hydrogen evolution and weight loss rate of the Mg-1Al-1Mn alloys were the
smallest, with values of 6.3 and 4.8 mm-y !, respectively. Combining Figures 2a and 6a,
the Fe solubility in Mg-3Al-xMn (x = 0.5, 1 and 2 wt.%) decreased with the increase in Mn
content, and their corrosion rates also decreased gradually.
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3.3.3. Effects of Y on the Corrosion Performance of Mg Alloys

From Figure 7a, it is found that linear relationships for the studied Mg-Al-Y ternary
alloys were displayed between the amount of hydrogen evolution and the immersion
time. It can be seen that their hydrogen evolution volumes increased with the increase in
immersion time. As presented in Figure 7a, as the Y content increased, the corrosion rates
of Mg-Al-Y ternary alloys with certain Al contents did not change in a linear way, where
the values first decreased and then increased with a minimum point of 1 wt.% Y content.
The corrosion rates of all Mg-1Al-xY (x = 0.5, 1 and 2 wt.%) alloys were smaller than those
of the Mg-3Al-xY (x = 0.5, 1 and 2 wt.%) alloys.

With increasing the Y content in the Mg-Al-Fe alloy, the changes in Fe solubility were
similar to the changes in the corrosion rates, where the Fe solubility decreased first and
then increased, and the lowest Fe solubility was at point of Mn content of 1 wt.%.

Comparing Figures 5-7, it can be found that the corrosion rates decreased through the
addition of Y and the effect was not as strong as that with the addition of Mn, which may
be attributed to the better effect of Mn in reducing Fe solubility in the Mg alloy melt.

3.3.4. The Comparison of the Fe Solution Behaviour in the Mg-Al-Mn System and
Mg-Al-Y System

In this work, the two common alloying elements were studied. Element Mn has long
been reported to be able to effectively remove Fe from magnesium alloys. Our previous
study on thermodynamics has validated the linear relationship between the Mn content and
Fe tolerance limit, where the location phase region of the alloy is the determining factor [33].
In our studied composition region, the solubility of Fe decreased with the addition of Mn
from 0 wt.% to 3 wt.% for both Mg-1Al and Mg-3Al systems. With the addition of too
much Mn, the formation of large Mn-containing precipitates also deteriorated the corrosion-
resistance properties of Mg alloys. As shown in the corrosion test, the Mg-1Al-1Mn alloy
had the best corrosion resistance property among the studied alloys.

Comparing the two studied systems, the solubility of Fe in the Y-containing system
was generally bigger than that of the Mn-containing system, and the corrosion resistance of
the Y-containing alloys was also generally bigger than those of the Mn-containing alloys.
Considering the cost and density of these two alloying elements, Mn is still the best active
and effective element for the Fe purification of Mg alloys. The addition of Mn can reduce
the Fe solution in the liquid phase as well as in the solid phase, and, additionally, Mn
can further enclose the remaining Fe in the intermediate phase to reduce the bad effect
coming from Fe. In our study [46,47], Mn is also the perfect low-cost element for the
grain-refinement of Mg alloys. As the effective strengthening element, Y is also broadly
used in Mg alloys.

It is seen that compared with the binary Mg-Al system, Fe solubility can be reduced to
around 20 ppm for the addition of Mn or Y. It can be expected with a lower temperature that
close to the eutectic temperature, the solubility of Fe in the liquid phase will be much lower.
Hence, this work indicates that the Fe content in the Mg-Al alloys with micro-alloying Mn
or Y can be theoretically be reduced to around 20 ppm, but probably not less, which can
meet the normal purity requirement of Mg-Al-based alloys. If a higher purity is required
for the Al-containing Mg alloys, the other methods may need to be performed.

4. Conclusions

(1) The solubility of Fe in Mg-Al alloy melts can be reduced by micro-alloying Y or Mn.
Additionally, the Fe solubility in the melts is not monotonously dependent on the
content of the alloying element. The lowest point of Fe solubility in the Mg-Al-Y
ternary alloy melt was at 1 wt.% Y with the same Al content.

(2) There were many precipitations containing Mg, Fe, Al, and X (X = Mn or Y) settled at
the bottom of the Mg alloys, which is attributed to the removal of Fe from the melt.

(3) The micro-alloying of Mn and Y of 0.5-2 wt.% can significantly reduce the hydrogen
evolution corrosion rates of Mg-Al alloys as both Mn and Y elements can effectively
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reduce the Fe solubility in Mg-Al alloys and also react with Fe to form less noble
intermediate phases. Among the studied alloys, the Mg-1Al-1Mn alloy with the
lowest Fe content showed the best corrosion resistance.

This work provides fundamental information regarding the thermodynamics of Mg-
based systems and the design principles for the purification method to obtain high purity
and high-performance Mg alloys.
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