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Abstract. In this paper, the preparation methods of aluminum-magnesium alloys are reviewed. The
three methods of preparation of aluminum-magnesium alloys are introduced: the mixing method,
mechanical alloying method, electrodeposition method. And the advantages and disadvantages and
characteristics of three methods are expounded. Nowdays, the mixing method and mechanical
alloying method are relatively mature. But heat consumption is great. Compared with mechanical
alloying method, the electrodeposition method requires simple equipment and it’s easy to operate.
More uniform grain can be obtained. It has attracted general concern to prepare Al-Mg alloys by the
electrodeposition method. In this paper aluminum-magnesium alloys are prepared by direct current
electrodeposition and pulse electrodeposition in AICI;-LiAlHs-benzene-tetrahydrofuran (THF)
system. The deposit morphology and chemical compositions of coatings by direct current and pulse
electrodeposition are compared. The effects of the pulse duration ratio on coatings are studied. The
coatings obtained by pulse electrodeposition are greater than the coatings obtained by direct current
electrodeposition under the same electroplating conditions. The grain sizes of the coatings obtained
by pulse electrodeposition are smaller, and the magnesium contents of the coatings are higher.

Introduction

Aluminum-magnesium alloys have low mass, non-toxic, strong corrosion resistance and good
machinability, etc. It is widely used in aviation, automobile, architecture and daily life[1-2]. Many
researchers continually seek for the methods of preparation of magnesium-aluminum coating
because of its decorative, strong oxidation resistance and excellent mechanical properties. The
theoretical amount of magnesium hydrogen storage can reach to 1000mAh / g. And the resource of
magnesium alloys is rich and the cost of magnesium alloys is low [3]. Aluminum-magnesium alloys
are regarded as one of the most potential hydrogen storage material, which received extensive
attention of worldwide specialists.

Nowdays, there are many ways to preparation of aluminum-magnesium alloys, such as, electrical
deposition method, mechanical alloying method, the mixing method, molten salt electrolysis
method, melting method, powder sintering, electron beam evaporation, magnetron sputtering,
hydriding combustion synthesis method, diffusion method, etc[4-5]. Aluminum-magnesium alloys
prepared by mechanical alloying have uniform and weenie structure. But long milling time is
required. And it is easy to cause oxidation and to be influenced by impurity elements. And the cost
is high in the preparation. The mixing method will make magnesium lost because of secondary
remelting. The craft process is complicated and needs longer time. Furthermore, the cost is also
high. The process engineering is simplified by molten salt electrolysis method. This method is
continuity in production, easy to control and without secondary burning of metal, low cost[6].
Compared with these methods, electrodeposition method is simple in operation. The quality of
coating is high and deposition temperature is low. The dense magnesium-aluminum coating whose
thickness is several hundreds of micrometers even natometre level can be prepared by adjusting the
deposition parameters and can be used in shape complex parts [7].
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The Mixing Method

The mixing method is the major ways of preparation of Al-Mg alloys. The quantity of magnesium
added needs to be calculated in this method. Aluminum ingot is melted, then joins preheated
magnesium ingot in the preparation. Al-Mg alloys can be produced after subsequent processing.
Other magnesium alloys are also prepared by the mixing method. For examples, Xu Songbing
prepared Mg-Sr alloys by the mixed method. The degree of Sr loss is very serious in the preparation
process. Even intense combustion will occur if no protection measures is adpotted[8]. The mixing
method is also used in the preparation of certain aluminum alloys. For example, Song Dongming
successfully prepare Al-10% RE master alloys using the mixed method[9]. The biggest advantage
of this method is simple to principle and simple to operation. And the devices are easy to configure.
The process flow is short. The composition can be controlled precisely. It won’t produce any
harmful "three wastes" during the production. But faults are just as patent. The secondary remelting
heat consumption not only increases by using this method, but also increases oxidation loss of metal.
The recovery rate is low. The oxidation loss of magnesium will be greater because of the living
chemical nature of magnesium. These defects will lead to high production cost of Al-Mg alloys,
reduce commercial and industrial value. And the protective gas in the manufacturing process does
great harm to the human body [10].

Mechanical Alloying Method

Mechanical alloying method is implemented under solid state, no gaseous phase and liquid phase,
and it’s not constrained by material melting point, vapor pressure and other physical factors. It was
difficult to achieve alloying stances in the past and some new substances keeping away from
nonequilibrium state of thermodynamic equilibrium, quasi-steady-state. The mechanical alloying
method makes it possible. Zaluski prepared Mg-Ni alloys whose grain size is 25nm using
mechanical alloying method [11]. Ivanov prepared Ni-Al system alloys by the method of
mechanical alloying [12].

A large amount of research results have shown that the aluminum-magnesium alloys produced by
mechanical alloying method has high-activity and large capacity. This method become attractive
preparation method of Al-Mg alloys hydrogen storage material. Hydrogen storage properties of
alloys are greatly increased [13]. Al-Mg alloys prepared by mechanical alloying method have many
advantages, for example: Firstly, the operations are relatively simple, and the cost is low. Secondly,
operational program is continuous and adjustable and grain size is small. Thirdly, the microstructure
and composition of synthetic material can be controlled; people can prepare the nano-alloys in this
way [14]. There are also some shortcomings of this method, for example, it requires long time to
obtain nano-alloys, it is difficult to achieve large scale production, and the grain size is not uniform.
The impurities introduced in the process of alloying make the materials properties be affected. At
the some time, there are some shortcomings of aluminum -magnesium alloys prepared by
mechanical alloying. For examples: first of all, various metal elements must be obtained from their
respective metallurgical process before the production of alloys. The problems and shortcomings in
metallurgical process of various alloys are included. Taking magnesium for instance, Pidgeon
process mainly was adopts to smelt magnesium in our country. The Pidgeon process has got great
development because of its small furnace, small investment, no electricity, low technical difficulty
and low limitation from the environment and resources. But there are still many problems of
Chinese Pidgeon technology, such as: high production cost, long process, high energy-consuming,
serious environmental pollution, and so on. Beside, the corrosion resistance of magnesium is low. A
dense oxidized film cannot be formed to isolate the reaction with oxygen at high temperatures.
Therefore, good protection measures must be taken in the melting process. The SF6 in the shielding
gas is released. It will cause serious threat to the environment [15].

Therefore, it needs complex equipment and difficult to operate, scale production is difficult.
Simultaneously, production cycle is long, the grain size of the alloys obtained is uniform, and
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impurities are easy to be introduced in the preparation process and could affect its performance. If
hydrogen storage capacity of alloys surpasses 3.0%, the preparation temperature must be 300
addition, melting protection gas will also bring a series of environmental problems. There is no a
satisfactory theoretical model to describe the process, and most technologies and reaction system of
this method at the stage of test and developing [16].

Electrodeposition Method

Electrodeposition technology is a common preparation technology of alloys in recent years. Grain
size can be controlled by adjusting technological conditions. People have successfully prepared a
variety of nano-alloys using this technology. Fereshteh Ebrahimi professor from Florida University
pointed out: Al - Mg nanocrystalline powers can be prepared by electrodeposition method.
Mg(AIH4), metal hydrides are compound directly by the reaction of this powers and hydrogen.
These theories opened up new ideas for direct preparation Mg(AlH;), metal hydride ligand and
illustrated that the component of aluminum-magnesium nano-phase alloys have a greater impact on
the mechanism of absorption and desorption of hydrogen!17].

According to the difference of current types, the electrodeposition method is divided into direct
current deposition method and pulse electrodeposition method. DC deposition method is traditional
electrodeposition method of aluminium. With the improvement of life quality, pulse
electrodeposition technology emerges [18].

In the early study of electrodeposition, direct deposition method was widely adopted. The
advantages are: the equipments are simple; this method is easy to operate. Disadvantages are:
concentration polarization and hydrogen evolution reaction are easy to produc and affect the quality
of the plating layer. If the current is too large, it may also cause "scorch™ phenomenon in plating.
Under the same conditions, the average current density of pulse electrodeposition is lower than the
limitation of DC deposition, amounting to 70% ~ 100% of DC deposition. Aluminum coating
prepared by pulse electrodeposition has smaller grain size, the surface morphology is more uniform
and dense, physical and chemical properties is more superior[19-20]. Zhang and others studied that
the abrasive resistance of coating are affected through pulse parameters. They pointed that coating
obtained by the pulse electrodeposition method has low porosity and good wear resistance by
measuring the porosity of the pulse plating, current efficiency and polarization curves [21].

At present, Al-Mg alloys prepared by pulse electrodeposition method have been paid more
attention. But it’s still in its infancy. There is few research results about this method [22]. P.Fellner
and others researche pulse current in AlCl3-NaCI-KCI molten salt system and found that the pulse
current density was higher than DC current density. The current density is from 15 A/dm? to18
A/dm?. Li Bing, et al, succeeded in preparing aluminum at AICI;-EMIC ionic liquids by using the
electrodeposition method and studied its properties. Experiment showed that the surface of
aluminum coating which prepared by using the pulse electrodeposition method is smooth, dense and
uniform than DC deposition method. Pulse temperature and current frequency have a great
influence on the morphology of the coating. When the scope of the temperature is from 20°C to
90 °@nd the current density is in the range from 5 to 20mA / cm? concentration gradient of
reactant decreases, and ion diffusion rate reduces, the coating thickness increases with the
increasing of current density. When the temperature is at 60°C, the morphology is the best, porosity
is the lowest and density is the highest. When the temperature is at 25°C, to, = 80 ms, toir = 20 ms,
current density is at 8 mA/cm?, the grain size obtained is the smallest [23]. If aluminium alloys are
prepared by pulse electrodeposition, the coating surface morphology, grain size and thickness could
be contrlled by pulse parameters, such as current density and over-voltage. Grain size would be
reduced by improving current density and increasing over-voltage to obtain the nano-scale
aluminum alloys coating [24].

AICI;-LiAIH, system was one of the commonly used organic solvent systems.
Aluminum-magnesium alloy coatings were prepared by direct current electrodeposition and pulse
electrodeposition in AICIs-LiAlH,-benzene-tetrahydrofuran (THF) system in this paper. The Mg?*
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ions were introduced into electrolyte by using two methods in the meantime. One way is to
preliminary electroplating the magnesium rod which was used as the anode, and the other way is
adding MgCl; into electrolyte. The whole experiments were conducted under a nitrogen atmosphere
because aluminum and magnesium are active metals. The metals and oxygen or water from air can
react to form oxide. The reacts can be effectively avoided in the inert gas. The
aluminum-magnesium alloy coatings were tested by scanning electron microscope (S4800), and the
chemical compositions were monitored using energy dispersive spectroscopy (EDS).

After preliminary electroplating, the pulse electrodeposition experiments were conducted under
room temperature. The current density of pulse electrodeposition is 8 mA/cm?, the duration ratio
(ton:torr) is 0.08s:0.02s, frequency is 1000HZ for one hour. The SEM and EDS pictures of the
coatings are shown in Fig.1a. The magnesium content of aluminum-magnesium alloys is 4.16%.
The direct current electrodeposition experiments are carried under the same preliminary
electroplating conditions. The current density of direct current electrodeposition is 8mA/cm?® The
SEM and EDS pictures of the coatings are shown in Fig.1b. The magnesium content of coating is
1.44%. It can be seen from SEM pictures, the grain sizes of the coatings obtained by the direct
current electrodeposition are huge, and grain sizes of the coatings obtained by pulse
electrodeposition are relatively small.
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Fig.1 The SEM and EDS pictures of aluminum-magnesium alloy coatings ( ton:to=0.08s:0.025)
(a)pulse electrodeposition  (b)direct current electrodeposition

The effects of the pulse duration ratio on the deposit morphology and chemical compositions of
coatings are studied under different preliminary electroplating conditions. Fig.2a showed the
SEM and EDS pictures of the coatings obtained by pulse electrodeposition at room temperature.
The pulse experimental conditions are controlled to i=8mA/cm?, ton:to=0.025:0.08s, f=1000HZ
for one hour. The results showed that the magnesium content of aluminum-magnesium alloy is
6.14%. Fig.2b showed the SEM and EDS pictures of coatings by direct current electrodeposition
under same preliminary electroplating conditions. The current density of direct current
electrodeposition is 8 mA/cm?®. The magnesium content of obtained coating is 2.92%. And the
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grain sizes by direct current electrodeposition are greater than that of the coatings by pulse
electrodeposition.

In conclusion, the magnesium contents are enhanced, and the grains are refined when pulse
duration ratio is changed in pulse electrodeposition process. At same preliminary electroplating
conditions, the magnesium content of aluminum-magnesium alloys by pulse electrodeposition are
much greater than direct current electrodeposition. This is due to direct current deposition method
can only change current parameter. Concentration polarization is easy to produce during the
reaction. It is harmful to aluminum magnesium coatings. There are three alterable parameters in
the pulse electrodeposition method. Deposition conditions are wider, the coating is more superior,
the grains sizes are weenie, the magnesium contents are higher.

Mg=6.145;

Mg=2929%

(b)
Fig.2 The SEM and EDS pictures of aluminum-magnesium alloy coatings (ton:tor=0.025:0.08s)
(a)pulse electrodeposition  (b)direct current electrodeposition

Conclusion

Nowdays, there are many ways of preparation of Al-Mg alloys. The mixing method and mechanical
alloying method are relatively mature. But the mixing method not only increases the secondary
remelting heat consumption, but also increases the metal oxidation loss, the recovery rate is low.
The oxidation loss of magnesium will be greater because of the living chemical nature of
magnesium. There are many disadvantages of mechanical alloying method, for example, good
protection measures must be taken during the process of smelting, but the SF6 from shielding gas
will cause great threat to the environment and high energy will be consumed during the
experimental process and so on. Impurities are easy to be introduced by the mixing method and
mechanical alloying method. However, the Al-Mg alloys was prepared by electrodeposition has
high purity and uniform quality. Aluminum-magnesium alloy coatings were prepared by direct
current electrodeposition and pulse electrodeposition in AICI;-LiAlIH4-benzene-tetrahydrofuran
(THF) system in this paper. Under the same electroplating conditions, the more parameters can be
changed in pulse electrodeposition, the coatings are more superior, the grain sizes are weenie, the
magnesium contents in aluminum-magnesium alloy coatings are higher. It would be a new
breakthrough of exploring nanometer alloys if nano-alumium magnesium alloys could be prepared
successfully by the pulse electrodeposition method. Compared with aluminum-magnesium alloys,
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the morphology of nano-aluminum magnesium alloys coating are dense and uniformity, it has
excellent performance, which can be used in the new weapons and space technology field.

Acknowledgements

The authors wound like to thank reviewers for their helpful suggests. The authors wound like to
acknowledge the financial supported by the Program for Liaoning Excellent Talents in University
(LJQ2015074) and National Natural Science Foundation of China (51101104 and 51372156).

References

[1] P. Lequeu, K.P. Smith, and A. Daniélou, Aluminum-copper-lithium alloy 2050 developed for
medium to thick plate, J. Mater. Eng. Perform. 19(2010)841-847.

[2] L.X. Gao, L.N. Wang, T. Qi, et al, Electrodeposition of aluminum from AICIs/EtsNHCI ionic
liquids, Acta Phys. Chem Sin. 24(2008)939-944.

[3] H.D. Peng, Y. Zhao, G.B. Pan, Nanoscale Electrodeposition of Metals and Semiconductors from
lonic Liquids Probed by Scanning Tunneling Microscopy, Handbook of Nanoelectrochemistry.
(2015)715-738.

[4] E. Perre, L. Nyholm, T. Gustafsson, et al, Direct electrodeposition of aluminium nano-rods,
Electrochem. Commun. 10(2008)1467-1470.

[5] JW. Tang, K. Azumi, Optimization of pulsed electrodeposition of aluminum from
AIClI;3-1-ethyl-3-methylimidazolium chloride ionic liquid, Electrochim. Acta. 56(2011)1130-1137.

[6] S. Caporali, A. Fossati, A. Lavacchdi, et al, Aluminium electroplated from ionic liquids as
protective coating against steel corrosion, Corros Sci. 50(2008)534-539.

[7] G. Yue, S. Zhang, Y. Zhu, et al, A promising method for electrodeposition of aluminium on
stainless steel in ionic liquid, Aiche J. 55(2009)783-796.

[8] S.B. Xu, X.D. Peng, W.D. Xie, Research on Preparation of Mg-Sr Master Alloy and Analysis of
the Sr Specific Absorption. Materials Review. 11(2006)150-152.

[9] D.M. Song, Y. Chen, H. Yan, The Processing Choice of Al-10% RE Master Alloy, Special
Casting&Nonferrous Alloys. 4(1998)54-55.

[10] S. Zein El Abedin, P. Giridhar, P. Schwab, et al, Electrodeposition of nanocrystalline
aluminium from a chloroaluminate ionic liquid, Electrochem Commun. 12(2010)1084-1086.

[11] L. Zaluski, A. Zaluska, J.O. Strom-Olsen, Hydrogen absorption in nanocrystalline Mg;Ni
formed by mechanical alloying, Journal of Alloys and Compounds. 217(1995)245-249.

[12] E. Ivanov, T. Grigorieva, G. Golubkova, et al, Synthesis ofnickel aluminid es by mechanical
alloying, Materials Letters. 7(1988)51-54.

[13] X. Ge, C.D. Gu, Y. Lu, et al, A Versatile protocol for the ionothermal synthesis of
nanostructured nickel compounds as energy storage materials from a choline chloride-based ionic
liquid, J. Mater. Chem. A1(2013) 13454-13461.

[14] J.l. Garcia, H. Garcia-Martin, E. Pires, Glycerol based solvents:synthesis, properties and
applications, Green Chem. 16(2014)1007-1033.

[15] X. Ge, C.D. Gu, X.L. Wang, et al, Endowing manganese oxide with fast adsorption ability
through controlling the manganese carbonate precursor assembled in ionic liquid, J. Colloid
Interface Sci. 438(2015)149-158

304


http://link.springer.com/referencework/10.1007/978-3-319-15266-0
https://www.chemweb.com/redirect/13882481/10.1016/j.elecom.2010.05.034
https://www.chemweb.com/redirect/13882481/10.1016/j.elecom.2010.05.034
https://www.chemweb.com/redirect/13882481/10.1016/j.elecom.2010.05.034
http://dx.doi.org/10.1039/c3ta13303f
http://dx.doi.org/10.1039/c3gc41857j
http://dx.doi.org/10.1016/j.jcis.2014.09.029
http://dx.doi.org/10.1016/j.jcis.2014.09.029

[16] Y. Zheng, S.J. Zhang, X.M. LU, Low-temperature Electrodeposition of Aluminium from Lewis
Acidic 1-Allyl-3-methylimidazolium Chloroaluminate lonic Liquids, Chinese Journal of Chemical
Engineering. 20(2012)130-139.

[17] P.D. Maria, Z. Maugeri, lonic liquids in biotransformations:from proof-ofconcept to emerging
deep-eutectic-solvents, Curr. Opin. Chem. Biol. 15(2011)220-225.

[18] GF. Wang, S.S. Jiang, Z. Lu, Preparation and tensile properties of Al,O3/Ni-Co
nanocomposites, Transactions of Nonferrous Metals Society of China. 21(2011)s374-s379.

[19] L.N. Jia, C.H. Liang, N.B. Huang, Formation and Characterization of Hydroxyapatite Coating
Prepared by Pulsed Electrochemical Deposition, Rare Metal Materials and Engineering.
44(2015)0592-0598.

[20] Y. Xue, Q. Wang, Y.D. Yan, Direct Electrochemical Reduction of Sm,03; and Formation of
Al-Sm Alloys in LiCI-KCI-AICI; Melts, Chinese Journal of Inorganic Chemistry.
29(2013)1947-1951.

[21] J.S. Zhang, S.F. Di, Z.M. Tu, A Study of Abrasion Resistance of Gold Coatings with Pulse
Plating, Electroplating & Pollution Contiol. 3(2002)5-7.

[22] M.L. Wang, Z.G. Yang, D.L. Liu, Synthesis and Evaluation of Pulse Current and Direct Current
Electroplating Ni-W Coatings on Steel, Rare Metal Materials and Engineering. 41(2012)707-710.

[23] B. Li, C.H. Fan, Y. Chen, Pulse current electrodeposition of Al from an AICI3-EMIC ionic
liquid, Electrochimica Acta. 56(2011)5478-5482.

[24] A. Mohsen, A. Ahmad Ali, Electrodeposition mechanism of Ni—Al composite coating,
Transactions of Nonferrous Metals Society of China. 24(2014)165-171.

305


http://dx.doi.org/10.1016/j.cbpa.2010.11.008



