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Abstract. A brief review of recent research and development activities on light weight Mg alloys at the Center
for Advanced Aerospace Materials (CAAM) is reported. Current research projects include various fields such
as: (i) development of high strength/ductility Mg alloys; (ii) improvement in corrosion resistant of Mg alloys;
(iif) semisolid state processing of Mg alloys and (iv) development of ultralight Mg alloys. For commercial utiliza-
tion of Mg alloy parts, several problems, such as melting/casting, corrosion and recycling, have to be tackled. Thi:
review also contains a brief summary of the development project of Mg alloy parts for commercial application,
mainly for automobile parts.
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1. Introduction

Lightweight alloys have had varying degree of importance in transportation systems. In
aircraft and space industries, for example, the advances made in lightweight alloys hav
always provided the key to performance improvements. Moreover, recent strong demand fc
weight reduction of the vehicle has generated a considerable interest from the automotiv
industries as well. From these points of view, Mg alloys, the lightest commercial alloy
developed so far, have great potential for high performance aerospace and automoti
applications. However, there have been some major problems to be solved, for exampls
melting and casting under inert atmosphere, proper combination of strength, toughness ai
corrosion resistance, etc.

The Center for Advanced Aerospace Materials (CAAM) has been founded in 1990, anc
now is becoming one of the largest materials research institutes for aerospace and automob
industries in Korea. Development of lightweight alloys including Mg alloys is one of the
most important research projects being performed at CAAM since its foundation. The
research projects on Mg alloys at CAAM can be classified into two main areas: (i) proces:
development and (i) alloy design. Various processing techniques which include squeez
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casting, semisolid processing and rapid solidification processing as well as conventione
ingot casting are being investigated at CAAM. Development of corrosion resistant Mg
alloys with high strength and toughness is one of the main areas concerned with the allo
design problems. Followings are examples of main projects on Mg alloys being performec
at CAAM:

Development of high strength/ductility Mg-Al-Si base alloys
Improvement of corrosion resistance of Mg alloys
Semisolid processing of Mg-Al-Zn alloys

Fabrication of Mg alloy parts for automotive application
Development of ultralight Mg-Li alloys

Rapid solidification processing of Mg alloys

Fabrication of Mg based composites by infiltration method

In the present paper, some of the above projects on Mg alloys are presented.

2. High strength/ductility Mg alloys [1, 2]

Toimprove the overall performance of Mg alloys, itisimportant to optimize the combination
of various properties such as strength, ductility, corrosion resistance, etc. Recent studie
indicate that addition of alloying elements such as Si and rare earth elements to Mg-Al-Zr
alloys can produce substantial improvements in strength, toughness and corrosion resi
tance. Rare earth elements are very expensive and difficult to be alloyed homogeneousl|
On the other hand, M&i formed by the addition of Si is the very useful intermetallic
compound that exhibits a high melting point, low density and a high elastic modulus. One
of the main project on alloy development of Mg alloys at CAAM is concerned with the
microstructural modification of AZ series of alloys by Si addition.

Figure 1 shows the representative microstructures of Si added Mg-Al-Zn alloys. It can
be seen that Mgpi particles are mainly in the form of a faceted polygonal shape in the

(a) (b)

Figure L  Optical micrographs of Mg-9AI-1Zn-0.7Si alloy: (a) ingot cast and (b) squeeze cast.
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(a) (b)

Figure 2 Optical micrographs of Mg-5Al-1Zn-0.7Si-X alloys: (a) Ca added and (b) P added.

conventional ingot cast alloy (figure 1(a)). With the application of the pressure, however,
Mg,Si particles become to have two types of morphology, i.e., chinese script type anc
faceted polygonal type (figure 1(b)). It has been shown that the amount of chinese scrip
type M@ Si particles decreases with an increase in Al content. In other words, increasing the
Al content in Mg-Al-Zn-Si alloys has the effect of retarding the formation of chinese script
type eutectic MgSi particles, thereby increasing the amount of primary polygonal type
Mg, Si particles. Since the chinese script typeJ®@pparticles are detrimental to ductility
and toughness, Al content in the Mg-Al-Zn-Si alloys should be controlled at a proper level.
However, increasing the Al content is not the proper approach to improve the combination o
strength, toughness and corrosion resistance. It has been attempted to obtain advantage
distribution of M@Si particles by Ca or P addition.

As shown in figures 2(a) and (b), both Ca and P additions refine the distribution,&iMg
particles in squeeze cast Mg-Al-Zn-Si alloys. pgparticles presentin Caand P containing
alloys consist of several subgrains, which nucleate from the primary phases containing C
and P. These results indicate the beneficial effect of Ca and P on modifying the morpholog;
of Mg,Si particles. Tensile test of Mg-Al-Zn-Si-X alloys shows that the modification of
microstructure improves the tensile properties, in particular, ductility. Another beneficial
effect of P and Ca additions on the microstructure of Mg-Al-Zn-Si alloys is that the fine
microstructure of squeeze cast alloys is retained after solution treatment.

3. Improvement in corrosion resistance of Mg alloys [3, 4]

Although Mg alloys have the lowest density among commercially available structural alloys
along with excellent castability, workability and damping capacity, the poor corrosion resis-
tance has limited wide-spread applications of Mg alloys. It is well known that the presence
of impurities, e.g., Fe, Niand Cu, decreases the corrosion resistance of Mg alloys. The hig
purity alloys such as the recently developed AZ91D show remarkably improved corrosion
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resistance by minimization of impurity effects. However, in solutions containing -,
SO;2 and CIQ, ions, Mg alloys still show poor corrosion resistance. Therefore, there have
been many attempts to improve the corrosion resistance of Mg alloys by appropriate surfac
treatment, heat treatment, alloying with rare-earth elements or refining microstructure witt
rapid solidification process.

The research programs at CAAM on improving the corrosion resistance of Mg alloys
focus on the above mentioned areas. The main projects CAAM are concerned with include

e Effect of Mg;7Al 1, on the corrosion behavior of AZ91
e Effect of rare earth element addition on the corrosion behavior of AZ91
e Corrosion behavior of rapidly solidified Mg alloys

As shown in figure 3, the corrosion potential of AZ91 is found to increase linearly as the
volume fraction of Mg-Al 1, increases from 0% to 10%. It is well known that the pitting

is a dominant process at the initial stage of corrosion in Mg alloys. The corrosion rate
determined from the salt spray test is shown in figure 4. The corrosion rate decrease
linearly from 68 to 12 mpy as the volume fraction of M§l, increases from 0% to 10%.
This is a remarkable improvement in corrosion resistance compared with the behavior o
permanent mold cast AZ91 alloy with similar grain size. As the aging time increases, the
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Figure 3 Change in corrosion potential as a function of the volume fraction of/iig, particles.
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Figure 4 Corrosion rate as a function of the volume fraction ofil¥AJ 12 particles after salt spray tests.

corroded surfaces of specimens become more uniform and show lower degree of corrosio
This observation implies that the network structure ofMd,, phase serves as an effective
barrier against corrosion. In other words, the increase in the volume fraction gAMg
phase improves the corrosion resistance of AZ91 alloy.

4. Semisolid state processing of Mg alloys [5-9]

Semisolid state processing can produce sound and reliable castings and reduce micro- a
macro-segregation. Because of low processing temperature and forming load, die and sh
chamber life can also be extended. Furthermore, it can produce near net-shape casting a
reduce post-cast treatments. Realization of such advantages of semisolid state process
has led to initiation of several projects on Mg alloy development. CAAM’s main effort is
currently on the fundamental understanding of microstructural evolution during semisolid
state processing. The microstructural changes in the stir-cast alloys obtained with a stirrin
rate (/s) of 200 rpm are shown in figure 5 as a function of isothermal stirring temperature.
As the isothermal stirring temperature decreases, the solid volume fratjon¢reases

and so does the collision among the primary solid particles. Therefore, the primary particle
size increases with decreasing isothermal stirring temperature due to the coalescence of t
primary solid particles by sintering and Ostwald ripening. The spherocity of the primary
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Figure 5 Effect of stirring temperature on the microstructure of stir-cast alloysabf 200 rpm: (a) 590C
(fs = 0.30), (b) 585C(fs = 0.38), (c) 580C (fs = 0.45), and (d) 575C (fs = 0.50).

particles increases by the more effective abrasion. Figures 6(a) and (b) show the changeintl
tensile properties of the stir-cast alloys as a function of solid volume fractd=a200 rpm

and of stirring rate withfs = 0.45, respectively. With decreasing solid volume fraction or
increasing stirring rate, the tensile strength of the stir-cast alloys increases as a result «
decreased primary particle size. Also, the tensile elongation of the stir-cast alloys decreast
with increasing solid volume fraction and stirring rate due to the increase in porosity level
in the alloys. Since the variation of solid volume fraction is related with that of primary
particle size, the modified rule of mixture has been applied in order to express the tensil
strength of the stir-cast alloys in terms of the microstructural parameters such as the soli
volume fraction and primary patrticle size as follows:

outs (MPa) = 1241 — fq) + [72+ 547d — %(Mm - 1/2)] fs (1)

where f is the solid volume fraction and is the primary particle size. Figure 7 shows
the interrelationship between the empirical and experimental tensile strengths. The resu
shows that the above empirical equation can predict the tensile strength of the stir-cast alloy
quite well.
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Figure 6 Effect of processing variables on the tensile properties of stir-cast alloy: (a) effect of solid volume
fraction (Vs =200 rpm) and (b) effect of stirring ratdd=0.45).
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Figure 7. Interrelationship between the empirical and experimental tensile strength of stir-cast alloy.

5. Fabrication of Mg alloy parts for automotive applications [10]

As emphasized earlier, the low density of Mg—approximately two-thirds of aluminium,
one-fourth of zinc, and one-fifth of steel—makes it particularly attractive for applications
in transportation systems where the weight reduction is critical. It has the best strength
to-weight ratio of any commercially available cast metals and alloys. In addition, Mg can
offer many other advantages such as good damping capacity, castability and electromagne
interference shielding properties.

These characteristics provide opportunities for the automotive industries to meet the
current and future demands for fuel-efficient and low emission vehicles. As a result, in-
creasing volumes of Mg alloys are being used in places such as North America, Europ
and Japan. The automotive industries in Korea also have strong interest in the applicatio
of lightweight Mg alloy parts. Based on such large interest in Mg alloy parts, several large
scale R&D projects are being undertaken by the consortium of automotive industries, gov
ernment, research institutes and universities. Representative R&D projects are: (i) meltin
and casting technology; (ii) recycling; (iii) design of part and die; (iv) corrosion resistant
surface treatment, and (v) development of high strength corrosion resistant alloys, all o
which are important for practical application of Mg alloys as automotive parts. Figure 8
shows some typical examples developed as a part of the program.
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Figure 8 Mg alloy automobile parts: (a) as-cast and (b) after coating treatment.
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6. Rapid solidification processing of Mg alloys [11-14]

Rapid solidification processing (RSP) has the potential for substantially improving the
strength, ductility and corrosion resistance of Mg alloys. Thus, many efforts to obtain the
optimum combination of various properties have been made by using RSP and approprial
alloy design. Especially, rapid solidification of Mg alloys containing small amounts of rare-
earth elements such as Nd and Y forms Al-Nd or Al-Y intermetallic compounds with high
themal stability. Researches at CAAM focus on the development of high strength corrosior
resistant rapidly solidified Mg-RE-AI-Zn alloys and ultralight weight Mg-Li base alloys.
The alloys are fabricated by using a melt spinning—(pulverization)—extrusion technique.
Until now, microstructural characterization of the rapidly solidified alloys has been per-
formed extensively. One of the important results is the formation of an AI-RE compound
having a high melting temperature and high resistance to coarsening at high temperatur
An example is shown in figure 9. Figure 9 shows a bright field TEM image of a transverse
section of as-extruded Mg-5AI-5Zn-5Nd alloy. It reveals that the several nm size parti-
cles are present in the Mg matrix. Microdiffraction analysis as well as EDS analysis of
the particle show that its nature is,ANld. The experimental results show that theMd
particles are thermally stable after heat treatment at@30r 24 hours. Due to the fine
dispersion of A}JNd particles only slight deterioration of mechanical property occurs after
heat treatment. The results obtained so far imply that further investigations are neede
to analyze the effects of various phases such as quasicrystal-related,aNdsAklated
phases, and to obtain the optimum alloy design conditions for rapid solidification process
ing of Mg alloys. The current research project on the rapid solidification processing of
Mg alloy at CAAM is to investigate the characteristics of microstructure and mechanical
properties in melt-spun and extruded rapidly solidified alloys with various alloy composi-
tions

Figure 9. Bright field TEM image showing as-extruded microstructure of Mg-Al-Zn-Nd; and (insert) selected
area electron diffraction pattern taken from the 10-15 nm size particles.
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7. Other programs

Besides the above-mentioned research and development programs, there are several ot
programs currently being conducted at CAAM. These include (1) development of ultra-
light Mg-Li alloys, (2) rapid solidification processing of Mg alloys, (3) fabrication of Mg
based composites by infiltration method, (4) modification of microstructure in Mg-Al-Mn
alloys. All of these programs are conducted as collaborative research with national researc
institutes and related industries.

8. Summary

In this paper, a brief review of recent research and development efforts on Mg alloys at the
Center for Advanced Aerospace Materials (CAAM) is reported. As mentioned above, the
current projects at CAAM are concerned with both fundamental and practical issues neede
for the successful utilization of Mg alloys in various applications. The interestin Mg alloys
in Korea has been growing quite rapidly in recent years and it is expected that this will
continue. In fact, Mg alloys are currently being considered for applications in high speed
railway cars besides the current automotive applications and will find various applications
in aerospace systems once the Korean aerospace industries become matured.
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