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In the present article, the effect of Rare Earth elements on the microstructural development of as cast and
semisolid Mg-4Al alloy produced by SIMA process is studied. Investigation conducted by metallographic
observation, scanning electron microscope and quantitative metallographic methods. Results showed
that alloy’s dendrites turn into larger fully dendritic shape with sharp and narrow arms from equiaxed
rosette type as the amount of RE elements increased from 0 through 4%. The effect of RE elements on the
microstructure of the treated-alloys was detectable through elimination of vast number of intragranular
liquid droplets as well as by decreasing kinetic of microstructural changes. It was shown that the trend
of grain coarsening decreased drastically by addition of RE elements to the Mg-4Al alloy during partial
remelting at 610 °C. Moreover, the effect of REs on the other parameters such as fraction of liquid, shape
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factor and particle size was studied.
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1. Introduction

Magnesium alloys as the lightest structural metals are attractive
for many applications such as automobile, aerospace and railway
industries. During recent years, semisolid processes have become
popular for industrial and commercial production because of their
excellent advantages such as low temperature, low forming force,
good quality of parts and so forth, over conventional casting pro-
cesses [1-3]. Preparation of semisolid slurry is so important since
the globular structure has an essential role on the final properties
of the product [4]. Strain induced melt activated (SIMA) technique
introduces significant commercial advantages of simplicity and low
cost. Generally, SIMA process consists of 3 discrete steps [5]: casting
of the alloy to achieve a typical dendritic structure, a mechanical
work to store an internal energy due to the distortion and partial
remelting of the alloy at semisolid temperatures [6]. This process is
based on the scientific understanding that high angle grain bound-
aries induced by plastic deformation and recrystallization will be
wetted by liquid metal at the semisolid temperature, resulting in
a fine and globular structure [7]. The purpose of the first stage is
to obtain billets with suitable shape for further deformation, so
the casting temperature is not strictly controlled and there may be
many casting defects in the billets. But after the isothermal treat-
ment these defects will decrease and the suitable slurry with a fine
and globular structure will be acquired [8].

* Corresponding author. Tel.: +98 9123216264; fax: +98 2144869784.
E-mail address: m_javad21@yahoo.com (M.J. Nayyeri).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.10.147

During recent years, some studies investigated the effect of
different process parameters like compression ratio, semisolid
temperature and initial cast structure on the final structure and
mechanical properties of variety of alloys [1,4,6,9,10]. Also some
works has been conducted on the effect of rare earth metals on the
microstructure of magnesium alloys [11-14]. However, because of
limited semisolid range of the Mg-4Al alloy, a few studies were
carried out on the structure of this alloy during semisolid treatment.

The aim of this paper is to investigate the effect of RE elements
on the microstructural evolution of as cast and semisolid treated
Mg-4Al alloy. In addition, the coarsening kinetics of deformed
Mg-4Al and Mg-4AI-2RE alloys in the semisolid state was also
studied.

2. Experimental procedures

Commercial-purity magnesium (+99.95%) and aluminum (99.99%) ingots were
melted in a mild steel teapot at 720 °C in an electric resistance furnace (3 kW) under
protection of a flux (50% MgCl,, 20% KCl, 15% MgO and 15% CaF,). Different weights
of Rare earth metals (0, 2 and 4 wt%) were added to molten metal as mischmetal
at 720°C. The melt was held at 720°C for 20 min in a furnace to ensure that the
rare earth metals were completely dissolved. The composition of mischmetal as
presented by the Table 1 contains 88% rare earth, 11.5% zinc and 0.5% other elements.

The alloy was poured into a 250°C preheated cylindrical permanent mold with
internal diameter of 30 mm and height of 250 mm. As cast specimens were machined
and cut into samples with the dimensions of 20 mm height and 20 mm diameter.
Samples (Mg-4Al and Mg-4AIl-2RE) were pressed by a hydraulic press at 250 °C fol-
lowed by quenching in a water tank. The compression ratio was defined by relative
reduction of sample’s height ((Ho — H)/Ho) and the induced strain was 0.3. Contact
surfaces were lubricated by graphite powder to minimize friction and dead zone. The
deformed specimens were held at 610°C for various times (10, 20, 30 and 40 min)
in a salt bath (63.5% KCl and 36.5% MgCl,) where the temperature was controlled
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Table 1
The composition of mischmetal (wt%).

M.J. Nayyeri, F. Khomamizadeh / Journal of Alloys and Compounds 509 (2011) 1567-1572

Rare earth Other elements
La Ce Nd Pr Zn Al Mg Si Fe
55 32 10 3 11.5 0.11 0.16 0.9 0.14

by a K-type thermocouple, placed in the center of the bath near to the specimens.
The specimens then rapidly quenched after being isothermally heated at 610°C.
The microstructures and phase distribution were characterized by Olympus BX51M
optical microscopy and VEGA Il TESCAN scanning electron microscopy (SEM). The
observed samples for metallographic and SEM investigations were ground, polished
and etched by nital 1% solution. Quantitative analysis was carried out by using
Clemex Image Analyzer (version 3.5). 10 representative areas for each sample were
studied for microstructural evolutions. Sphericity, particles size and fraction of liq-
uid were measured. The chemical compositions of phases and RE-rich particles were
determined with an energy dispersive spectrometer (EDS).

3. Results and discussion

SEM and Optical micrographs of the as cast Mg-4Al alloy con-
taining 0, 2 and 4 wt% of RE are represented in Figs. 1 and 2. As it
can be seen in Fig. 1(a), the microstructure of the Mg-4Al alloy con-
sists of a-Mg and 3 (Mg17Al;,) phase. a-Mg dendrites are in form
of equiaxed rosette (Fig. 2(a and c)). By increasing of RE elements,
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Al;1RE3 intermetallic compounds started to form by depletion of 3
phase and the shape of the dendrites converted from rosette to fully
dendritic with narrow and sharp arms. The grain size became larger
(95, 160 and 185 wm for Mg-4Al, Mg-4AI-2RE and Mg-4AIl-4RE
respectively) as the RE elements increased in the alloy.

Although shape and size of dendrites were changed by increas-
ing of the RE elements, inter-dendritic arm spacing is identical
for all alloys (20+1 wm). RE elements show a high tendency to
combine with aluminum rather than magnesium [12,15]. This com-
bination led to a large latent heat [10] which reduces the rate of
temperature decrease during solidification. Therefore a-Mg den-
drites obtain an opportunity to grow into coarse dendritic grains,
followed by decreasing of concentration of aluminum in the melt.
Therefore, when concentration of aluminum in the liquid dimin-
ishes, the difference between the actual and liquidus temperature
increases and constitutional undercooling is achieved. In other
word, solute aluminum, decreases as the amount of RE increases, i.e.
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Fig. 1. SEM micrograph of (a) Mg-4Al, (b) Mg-4Al-2RE and (c) Mg-4AI-4RE alloys.
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Fig. 2. The microstructure of as cast Mg-4Al with different amount of RE as alloying elements: (a) 0%, (b) 2%, (c) 4%. (d), (e) and (f) are enlarged micrograph of (a), (b) and (c)

respectively.

constitutional undercooling increases, and equiaxed morphology of
dendrites is replaced with sharp and narrow dendritic arms.

It was assumed in this study that coarsening was controlled
by diffusion in the liquid. Volume diffusion controlled coarsening,
described by classical LSW equation in Ostwald ripening [16]:

D3 -D2 =Kt (1)

where D and Dy are final and initial particle size respectively, k is
coarsening rate and t is the holding time. Experimental results and
linear regressions are depicted in Fig. 3. It is clear that experimen-
tal values are well fitted to LSW equation, since the R? values are
close to 1 for both alloys. The values of k obtained from the lines
slope whichis 48 um?3/s, 70 um?3/s and 114 pum?3/s for Mg-4AI-4RE,
Mg-4AI-2RE and Mg-4Al alloys respectively. It is seen that k value
for Mg—4AI-4RE is approximately 2.4 times less than what Mg-4Al
is. In other words, rate of coarsening becomes slower by addition
of RE elements. Particle growth depends on diffusion or flow of
solute atoms between particles of different size [17]. Chen et al.
[18] reported that Ce, is enriched at the solid-liquid interface and
hinders the atom diffusion rate. Also rare earths are surface-active
elements and they can decrease the surface energy of the alloy’s
melt [19,20].

The microstructure of Mg-4Al, Mg-4AI-2RE and Mg-4AI1-4RE
alloys after being isothermally treated at 610°C are shown in
Figs. 4-6 respectively. Comparing the microstructures of the ref-
erence vs. RE added samples (Figs. 4-6), it is clarified that a vast

number of intragranular liquid droplets exist in the reference sam-
ples and their sizes are increased by further holding at semisolid
temperature. By increasing the holding time, the fine droplets
which are formed due to the segregation in the reference samples
begin to move within the globules and combine together to form
larger droplets in order to decrease their surface energy. As a con-
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Fig. 3. Effect of holding time at semisolid temperature on the particles spherocity
of Mg-4AI1-2RE and Mg-4Al alloys.
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Fig. 4. Microstructure of 30% deformed Mg-4Al alloy after holding at 610°C for (a) 10, (b) 20, (c) 30 and (d) 40 min.

sequence of reduction of the solid-liquid surface energy, it can be
seen in Fig. 4(d).

Addition of RE elements into Mg-4Al alloy led to a drastically
decrease in number and size of liquid droplets within the globules
(Figs. 5 and 6). Two reasons may be suggested for these observa-
tions. The first one might be due to the origin of droplets. Since the
droplets are basically formed because of inhomogenity and chem-
ical segregation [21], RE elements reduce probability of chemical
segregation through combining with aluminum during the solid-
ification process and as a result decrease the number of droplets
remarkably. In addition, this microstructural modification may be
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related to spherodization process. In other word, since RE contain-
ing alloys dendrites have wide variety of curvatures, then ripening
would be the dominant spherodization process. Thus the entrapped
liquids within globules are fewer than Mg-4Al which because of its
rosette-dendrites has less diversity of curvatures which benefits
from coalescence as the main spherodization process.

As it was discussed, addition of RE elements in to the melt,
results in formation of larger as cast grains in Mg-4Al alloy. As cast
grain and isothermally semisolid treated particle size are shown in
Fig. 7. It can be seen that after pressing and isothermally holding
at semisolid temperature, the size of the new-particles decreases

Fig. 5. Microstructure of 30% deformed Mg-4AI-2RE alloy after holding at 610 °C for (a) 10, (b) 20, (c) 30 and (d) 40 min.
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Fig. 6. Microstructure of 30% deformed Mg-4AI-4RE alloy after holding at 610 °C for (a) 10, (b) 20, (¢) 30 and (d) 40 min.

rapidly and then increases gradually by prolonging the holding
time. Since the Ostwald ripening is a diffusional phenomenon, dif-
fused mass is increased which is a consequence of melting and
disappearance of finer particles or detached dendrite’s arms. There-
fore, size of the larger particles gradually increases by absorbing the
dissolved elements. It has to be noticed that isothermally holding
of the samples at semisolid temperature led to formation of smaller
grains in Mg-4AI-2RE alloy, in spite of their larger size in the as cast
condition comparing the Mg-4Al alloy. Formation of finer particles
can be related to the total stored energy in alloys during compres-
sion. Dendritic structure of RE containing alloy was easy to deform
due to its narrow dendrite arm. As a result, more energy is stored
in the alloy. This internal energy provides driving force for recrys-
tallization; so by increasing of stored energy, the finer particles are
formed. In other word, increasing of internal energy, results in large
nucleation and growth rate [10] which cause smaller new-formed
particles.
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Fig. 7. Effect of holding time at semisolid temperature on the particle size of
Mg-4AI1-2RE and Mg-4Al alloy.

Increasing of the stored energy, results in acceleration of diffu-
sional phenomena, by increasing dislocations and vacancies which
act as diffusional channels for alloying elements [9,10]. Concen-
tration of alloying elements boosts along these channels and as
a result melting temperature decreases locally which results in
more liquid formation for the more compressed specimens. For the
same holding time, it is expected that the amount of liquid frac-
tion (include both the liquid inside the globules and in between
the particles) to be higher in the alloy with more stored energy
(Fig. 8).

Shape factor of globules gradually enhance in both alloys during
holding at semisolid range, whereas level of shape factor for RE
containing alloys are always lower than Mg—4Al (Fig. 9). This may
be affected by forming of initial as cast dendrites. In addition, the
initial rosette shape microstructure of the Mg—4Al needs less time
to change to a spheroidal structure comparing the required time to
form dendritic structure [17].
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Fig. 8. Effect of holding time at semisolid temperature on the fraction of liquid for
Mg-4AI-2RE and Mg-4Al alloys.
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Fig. 9. Effect of holding time at semisolid temperature on the particles spherocity
in Mg-4AI-2RE and Mg-4Al alloys.

4. Conclusion

The cast microstructures varied remarkably by addition of rare
earth elements, from equiaxed rosette dendrite to fully dendritic
structure with sharp and narrow arms even though the arm spac-
ing was identical. Also, they cause an augmentation of dendrites.
The elimination of intragranular liquid droplets is a result of REs
addition. It was shown that the coarsening rate of a-Mg grains
decreased drastically by addition of Rare Earth elements to the
Mg-4Al alloys during semisolid holding. In addition, more liquid

formed in the RE containing alloy during partial remelting because
of the effect of RE elements on the solidification behavior of the
alloy. Prolonging of the time has an identical effect on each alloy
and brings about grain coarsening and increasing of shape factor.

References

[1] Q.Q.Zhang, Z.Y. Cao, Y.F. Zhang, G.H. Su, Y.B. Liy, ]. Mater. Process. Technol. 184
(2007) 195-200.

[2] Q.Q. Zhang, Z.Y. Cao, Y.B. Liu, J.H. Wu, Y.F. Zhang, Mater. Sci. Eng. A 478 (2008)
195-200.

[3] H. Wang, CJ. Davidson, D.H. Stjohn, Mater. Mater. Sci. Eng. A368 (2004)
159-167.
[4] Y. Sirong, L. Dongcheng, N. Kim, Mater. Sci. Eng. A 420 (2006) 165-170.
[5] K.P. Young, C.P. Kyonka, J.A. Courtois, US Patent, 4,415,374, 1983.
[6] H.Arami, R. Khalifehzadeh, H. Keyvan, F. Khomamizadeh, J. Alloys Compd. 468
(2009) 130-135.

[7] Z. Fan, Int. Mater. Rev. 47 (2002) 49-85.

[8] L.Zhang, Y.B. Liua, Z.Y. Caoa, Y.F. Zhanga, Q.Q. Zhang, ]. Mater. Process. Technol.
209 (2009) 792-796.

[9] J.G. Wang, H.Q. Lin, Y.Q. Li, Q.C. Jiang, ]. Alloys Compd. 457 (2008) 251-258.
[10] H.Q.Lin,].G. Wang, H.Y. Wang, Q.C. Jiang, ]. Alloys Compd. 431 (2007) 141-147.
[11] Yizhen Lu, Qudong Wang, Xiaoqin Zeng, Wenjiang Ding, Chunquan Zhai, Yan-

ping Zhu, Mater. Sci. Eng. A278 (2000) 66-76.
[12] X.Tian,L.M.Wang,].L. Wang, Y.B. Liu, J. An, Z.Y. Cao, J. Alloys Compd. 456 (2008)
412-416.
[13] T.Rzychon, A. Kielbus, J. Achievements Mater. Manuf. Eng. 17 (2006).
[14] Y.Wang, Q. Wang, C. Ma, W. Ding, Y. Zhu, Mater. Sci. Eng. A342 (2003) 178-182.
[15] Shoujing Luoa, Qiang Chena, Zude Zhaob, Mater. Sci. Eng. A501 (2009) 146-152.
[16] S.Luo, Q. Chen, Z. Zhao, Mater. Sci. Eng. A 506 (2009) 8-15.
[17] J.A. Yurko, R.A. Martinez, M.C. Flemings, 8th Conference on Semisolid Process-
ing, Limassol, Cyprus, September 21-24, 2004.
[18] TJ. Chen, Y. Hao, J. Sun, Y.D. Li, Sci. Technol. Adv. Mater. 4 (2003) 495-502.
[19] Z.Xia, Z. Chen, Y. Shi, N. Mu, N. Sun, J. Electron. Mater. 31 (2002) 564-567.
[20] M. Kobashi, T. Choh, J. Mater. Sci. 28 (1993) 684-690.
[21] S.]Ji, K. Roberts, Z. Fan, Scr. Mater. 55 (2006) 971-974.



	Effect of RE elements on the microstructural evolution of as cast and SIMA processed Mg–4Al alloy
	Introduction
	Experimental procedures
	Results and discussion
	Conclusion
	References


