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The effects of the isothermal temperature and holding time on the microstructure and element distribution
have been investigated during partial remelting of the semisolid Al-4Cu-Mg alloy. The experimental results
show that the optimal process parameter should be chosen at isothermal temperature of 540-580 �C with
the holding time of less than 10 min. Coalescence and coarsening of a grains occur at low liquid fraction. At
high liquid fraction, coarsening of a grains and melting of small grains were promoted by an increase of the
isothermal temperature and the holding time. The coalescence of grains and Ostwald ripening are two main
mechanisms of the microstructural evolution during partial remelting. Meanwhile, the higher the iso-
thermal temperature and the longer the holding time, the more segregation of Cu at the grain boundary
would be, which conform to the theory of element distribution affected by heating condition.
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1. Introduction

SSM forming, as one of the near net shape forming
processes, consists of deforming the part at a temperature
between the liquidus and the solidus. SSM forming is
recognized as a technology offering several potential advanta-
ges over casting and forging, such as reduction of macroseg-
regations, reduction of porosity, and low deformation stresses
(Ref 1). The key feature that permits the shaping of alloys in the
semisolid state is the non-dendritic shape of the solid phases
suspended in the liquid phase. Presently, there are several
methods for obtaining non-dendritic microstructure, such as
mechanical stirring (MS); electromagnetic stirring (ES); strain
induced melt activation (SIMA); spray-deposition (SD) and so
on. Compared with other method, the SIMA process is simple,
does not need complicated equipment, and is applicable to both
low- and high-melting alloys (Ref 2-8).

Generally, the semisolid billets with non-dendritic micro-
structure are remelted in the semisolid state prior to forming to
obtain optimal liquid fraction and microstructure, and to meet
subsequent thixoforming requirement. Hence, the partial
remelting is a very important process for SSM forming and
has been paid considerable attention (Ref 9-15). Loue and
Suery (Ref 10) studied the influence of the thermomechanical
history on the formation of globular microstructure in Al-
Si7Mg alloys during partial remelting. Kliauga and Ferrante

(Ref 11) carried out a series of experiments to study the
microstructural evolution during partial remelting of an
extruded A356 aluminum alloy and analyzed a number of
experimental phenomena such as grain growth, low angle grain
boundary formation, and primary phase coarsening. Wang et al.
(Ref 12) investigated the microstructural evolution of the
semisolid A2017 alloy fabricated by shearing/cooling roll
technology during reheating. Chen et al. (Ref 13) investigated
the microstructure of ZA27 alloy and the compositions of some
structures during partial remelting. The results indicate that the
eutectics between primary grains diffused toward the grain
center and the eutectic layers tended to disappear.

In this paper, the microstructural evolution and element
distribution during partial remelting of semisolid Al-4Cu-Mg
alloy fabricated through SIMA have been investigated. The aim
is to optimize process parameter during remelting of Al-4Cu-
Mg alloy.

2. Experimental Procedures

The experimental material is the semisolid Al-4Cu-Mg
alloy, and the chemical composition (wt.%) is Al-4.1Cu-
0.64Mg-0.54Mn-0.37Fe-0.34Si-0.019Ti measured with a
KYKY Finder-1000 energy spectrometer. The semisolid Al-
4Cu-Mg alloy was fabricated by the SIMA (Ref 16, 17). During
the SIMA process, cylindrical samples with 15 mm in diameter
and 25 mm in height were compressed to a height reduction of
20% at room temperature using a WEW-600C material testing
machine manufactured by Jinan Shijin Corporation of China,
and then were heated in a resistance furnace and held 5 min at a
temperature of 600 ± 2 �C. After the isothermal treatment, the
samples were immediately immersed in water at room temper-
ature to retain the microstructure.

The solidus and liquidus of the semisolid Al-4Cu-Mg alloy
are 504.9 and 643.3 �C, respectively, measured through a STA
409 CD differential scanning calorimetry made by NETZSCH
Corporation of Germany. To investigate the effects of process
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parameters on microstructure and element distribution during
partial remelting, the samples were heated at isothermal
temperatures of 520-620 �C and holding times of 3-10 min,
respectively, and then quenched in water at room temperature to
retain the microstructure. Holding time is calculated when the
sample was heated uniformly at the required temperature.
Metallographic samples were sectioned from the remelted
samples, polished and etched in a mixed acid solution of HCl,
HNO3, and HF with the proportion of 20, 30, and 50%
respectively. The microstructure was examined with a Leica
LABOR-LUX12MFS/ST microscope for quantitative metal-
lography linked with a SISC IAS V8.0 analysis software. The
distributions of major alloying elements were measured by a
SEM-360 scanning electron microscope (made by Leica and
Cambridge) and an NSS-300 X-ray energy spectrometer (made
by Thermo Electron Corporation, US).

3. Experimental Results and Discussion

3.1 Microstructure

Optical photomicrographs of the semisolid Al-4Cu-Mg
alloy during partial remelting are shown in Fig. 1. Fig-
ure 1(a)-(e) shows the microstructures of semisolid Al-4Cu-
Mg alloy at the isothermal temperatures of 520, 540, 560, 580,

and 620 �C respectively, with the holding time of 3 min. From
Fig. 1(a), due to lower isothermal temperature, the liquid phase
is so less that it cannot soak into the grain boundaries. So, the
grain boundaries are discontinuous as shown in Fig. 1(a).
When the isothermal temperature is 540 �C, a grains are
separated from each other because of liquid phase soakage
between the grain boundaries as shown in Fig. 1(b). From
Fig. 1(c) and (d), it is noted that when the isothermal
temperatures increase from 560 to 580 �C, coalescence occurs
between the adjoining grains, such as grain A and grain B
shown in Fig. 1(c). The average size of grains increases from
57.5 to 62.2 lm. When the isothermal temperature is 620 �C, a
grains coarsen continuously and become more globular. But,
the coarsening velocity of grains is less than that at lower
isothermal temperature. The low melting point eutectic melts
fully at the grain boundary and distributes homogeneously
between the a grains as shown in Fig. 1(e).

The effects of holding time on microstructure during partial
remelting are shown in Fig. 2. The a grains coarsen and
become more globular with an increase of the holding time. At
the isothermal temperature of 540 �C, the average size of grains
is 54.9, 76, and 80 lm, respectively, at holding times of 3, 10,
and 30 min. From Fig. 2(b), it is observed that coalescence and
coarsening occur between the adjoining grains at the holding
time of 10 min. Meanwhile, it can be seen that the grains
coarsen quickly when holding time is increased from 3 to

Fig. 1 Microstructure of the semisolid Al-4Cu-Mg alloy during remelting at holding time of 3 min (a) 520 �C (b) 540 �C (c) 560 �C (d)
580 �C (e) 620 �C
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10 min. Above the holding time of 10 min, the grain size
increases slowly. Compared with Fig. 2(b) and (c), the quantity
of the small grains apparently decreases.

So, for the Al-4Cu-Mg alloy, the optimal process parameter
during partial remelting should be chosen at isothermal
temperature of 540-580 �C with the holding time of less than
10 min.

The experimental results show that the effects of process
parameters, including isothermal temperature and holding time,
on a grain size and morphology, are evident. The adjoining
grains coalesce and coarsen quickly at the lower isothermal
temperature and shorter holding time. In other words, coales-
cence and coarsening occur in the stage of low liquid fraction.
With an increase of isothermal temperature and holding time,
the large a grains coarsen continuously and the small grains
melt gradually. The coarsening of grains in the stage of higher
liquid fraction is slower than that at lower liquid fraction. The
two main mechanisms of grain coarsening play an important
role during partial remelting (Ref 11, 12). One of the coarsening
mechanisms is the coalescence of grains, which occurs between
adjoining grains at low liquid fraction. Liquid fraction increases
with an increase of the isothermal temperature and holding
time. Because of the liquid phase soakage, it is difficult for the
adjoining grains to coalesce continuously. Under these condi-
tions, Ostwald ripening is the dominating mechanism of grain
coarsening in the stage of high liquid fraction, in which a grains
continuously coarsen and the small grains gradually melt.
According to the LSW theory (Ref 18), the third power of
diameter of a grains is proportional to holding time.

d3 ¼ d3
0 þ kt

where d and d0 are the diameters of a grains at the holding time
of t and 0, respectively.

Figure 3 shows the experimental points and plot for the third
power of diameter of a grains as a function of holding time at
isothermal temperature of 540 �C during partial remelting of

Al-4Cu-Mg alloy. It can be found that both experimental points
and regression lines show good match.

According to the experimental data from the partial
remelting of Al-4Cu-Mg alloy shown in Fig. 3, the LSW
equation is as follows:

d3 ¼ 9257:9þ 213:4t

As a consequence, coalescence of grains and the Ostwald
ripening mechanisms play an important role in the microstruc-
tural evolution during partial remelting.

3.2 Element Distributions

The elements Cu and Mg are major alloying elements in the
Al-4Cu-Mg alloy, and the phases include mainly a-Al and h

Fig. 2 Microstructure of the semisolid Al-4Cu-Mg alloy during remelting at isothermal temperature of 540 �C (a) 3 min (b) 10 min (c) 30 min

Fig. 3 Curves of ðd3 � d30Þ vs. holding time t at the isothermal
temperature of 540 �C
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(CuAl2). Figure 4 shows SEM micrograph and line scan for the
semisolid Al-4Cu-Mg alloy before partial remelting. It can be
seen that the white Cu-rich particles are dispersed homoge-
neously in the matrix.

During partial remelting, the distribution of elements Al, Cu,
and Mg in the matrix and grain boundary is shown in Table 1.
It can be found that distribution of elements Al, Cu, and Mg is
uniform in the matrix. However, contents of the Cu and Mg at
the grain boundary are much higher than those in the matrix.
The diffusion of atoms is closely associated with the isothermal
temperature and the holding time. The contents of Cu and Mg

decrease in the matrix and these elements segregate to the grain
boundaries with an increase of the isothermal temperature and
the holding time. The longer the holding time and the higher
the isothermal temperature, the more segregation of Cu at the
grain boundary would be, which results in a decreasing amount
of Cu-rich phase (h) in the intragranular regions. The reason is
that the different diffusion velocities for Cu, Mg, and Al atoms
in the intragranular and intergranular regions of grains are
enhanced by an increase of the isothermal temperature and the
holding time. Compared with the segregation of Cu, the effect
of the isothermal temperature and holding time on distribution
of Mg is very slight.

4. Conclusion

During partial remelting, the grains size and morphology are
influenced by the isothermal temperature and holding time. For
the Al-4Cu-Mg alloy, the optimal process parameter during
partial remelting should be chosen at isothermal temperature of
540-580 �C with the holding time of less than 10 min.
Coalescence and coarsening of grains at low liquid phase
fraction occur between the adjoining grains. Because of the
liquid phase soakage, the Ostwald ripening appears to be the
main mechanism of grain coarsening during partial remelting of
Al-4Cu-Mg alloy at high liquid phase fraction.

During partial remelting, the diffusion velocities of Al, Cu,
and Mg in the intragranular regions and grains boundary are
expected to increase with an increase of the isothermal
temperature because of the heating condition. The higher the
isothermal temperature and the longer the holding time, the
more segregation of Cu at the grain boundary.
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