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Abstract: A new method was exploited using solution treatment and aging process as a pretreatment in preparing semi-solid slurry 
with fine microstructure before isothermal treatment of wrought aluminum alloy 7A09. Parameters of pretreatment were optimized 
by orthogonal experiment design and proper precursor was prepared. The evolution of microstructure of semi-solid slurry during 
isothermal treatment was analyzed and the mechanism of microstructure refining was discussed. The result of orthogonal experiment 
design shows that the optimum parameters are 462  for solution temperature, 40℃  min for solution time, 132  for aging ℃

temperature and 14 h for aging time. Microstructure of isothermal treatment is fine, homogenous, with globular solid grains and a 
solid fraction between 50% and 70%, which is qualified for later semi-solid forming process. Mechanism of microstructure evolution 
includes the agglomeration of α-phase and Ostwald ripening. Precipitations prepared by solution and aging treatment prevent the 
grains from coarsening and promote the grain ripening to globular shape. 
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1 Introduction 
 

Semi-solid metal processing (SSM) has been 
developed to a new technique in forming near-net-shape 
components since 1970s[1−2]. In such a process, 
semi-solid slurry, with non-dendrite microstructure 
prepared by stirring, is reheated or isothermal treated to 
semi-solid state and then formed through extrusion or die 
casting process. Compared with traditional forming 
process, semi-solid forming technology has a series of 
extraordinary advantages, such as lower forming 
temperature, better mechanical properties of the products, 
and other comprehensive advantages over metal forging 
of solid or die casting of liquid[3−4]. 

Semi-solid slurry with fine and homogeneous 
microstructure and proper solid fraction is the key of 
properties excellent forming, which also qualifies the 
products with good mechanical properties[5]. Much 
effort has been devoted to obtain slurry with fine and 
homogeneous microstructure, such as mechanical 
stirring[6−7], electromagnetic stirring[8−9], strain 
inducing[10], liquids casting[11−12] though it is regretful 

that most of these methods require complicated 
processing or special devices. Recently, applications of 
SSM with wrought alloys increase rapidly. Wrought 
alloys are commercial products widely used in a variety 
of fields. Generally, they are used directly without 
melting. Moreover, there are also some circumstances in 
which melting or any composition variation are 
prohibited, which requires that new methods should be 
developed to obtain slurry with proper microstructure for 
semi-solid processing. Cyclic heating treatment process 
before reheating has been reported to obtain semi-solid 
slurry with fine solid grains[13]. 

In this paper, a new method, solution treatment and 
aging process was exploited as a pretreatment before 
isothermal treatment of wrought aluminum alloy 7A09. 
Parameters of pretreatment were optimized by 
orthogonal experiment design and proper precursor was 
prepared. The evolution of microstructure of semi-solid 
slurry during isothermal treatment was analyzed. The 
effects of solution treatment and aging process on 
microstructure refining of semi-solid slurry were 
discussed. 
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2 Experimental 
 

Rods of commercial wrought aluminum alloy 7A09 
were used in the experiment. The composition (mass 
fraction) of 7A09 is: 1.2%−2% Cu, 2%−3% Mg, 5.1%− 
6.1% Zn, 0.5% Si, 0.5% Fe, 0.15% Mn, 0.16%−0.3% Cr, 
0.1% Ti and balanced Al. As-extruded rods were cut into 
pieces of 10 mm×10 mm×20 mm. To obtain proper 
precursors with fine microstructure, solution treatment 
and aging process were operated. In order to reduce the 
amount of process experiment, orthogonal experiment 
design was exploited to optimize the parameters in 
solution treatment and aging process. In the design, four 
key parameters in solution treatment and aging process, 
i.e. time and temperature for solution treatment as well as 
for aging process, were taken as four factors and there 
were also three levels set for each factor. The design is 
shown in Table 1. For the difficulty of showing grain size 
of the matrix in the microstructure after aging process, it 
was hardness that was taken as an indicator to evaluate 
the result of experiment. 
 
Table 1 Orthogonal design for solution treatment and ageing 
process 

A B C D 

Levels Temperature 
of solution 

treatment/℃ 

Time of 
 solution 

treatment/min 

Aging 
temperature 

/℃ 

Aging 
time/h

1 462 40 132 12 

2 468 50 135 14 

3 474 60 138 16 

 
Using the optimum parameters according to the 

orthogonal experiment, precursors treated with solution 
treatment and aging process were prepared and 
isothermal treatment (partial remelting) was then 
performed at 615 ℃. The samples were kept at this 
temperature for 15, 20, 25 and 30 min, and semi-solid 
slurry was thus prepared. After that, the samples were 
quenched into water to examine the microstructure of 
semi-solid slurry. 

The hardness after solution and aging was tested 
with a Brinell-Rockwell-Vickers hardness tester. 
Microstructures of solution treatment, aging, and 
isothermal treatment were examined by optical 
microscope. The solid fraction in the semi-solid slurry 
was estimated by DT-2000 system.  

 
3 Results and discussion 
 
3.1 Microstructure of solution treated and aged 

wrought 7A09 
Fig.1 shows the microstructure of as-extruded 7A09 

alloy. Coarse particles of secondary phase, generated 
from solidification at high temperature, disperse among 
α(Al) matrix and precipitations, which may initiate the 
crack easily during forming process. 
 

 
Fig.1 Microstructure of as-extruded wrought aluminum alloy 
7A09 ((b) is magnification of (a)) 
 

The aim of solution treatment and aging process is 
to modify the microstructure of coarse secondary phase. 
Key parameters in solution treatment and aging process 
include time and temperature in solution treatment as 
well as in aging process. For 7A09 alloy, temperature for 
solution treatment is in the range of 460−475  and that ℃

for aging process is (135±5) . Parameters are adjusted ℃

carefully within above range. Though there is evidence 
through trial experiments that time for solution treatment 
is never longer than 60 min, the maximum time for 
solution treatment is fixed on 60 min in our orthogonal 
experiment. The microstructure after solution and aging 
treatment is shown in Fig.2. By means of solution 
treatment, coarse particles of secondary phase resolute 
into matrix of solution and then re-precipitate from 
supersaturated solid solution during aging process. The 
microstructure is fine and the secondary phases are 
homogenously dispersed in the matrix. 
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Fig.2 Microstructure of wrought aluminum alloy 7A09 after 
solution treatment and aging process: (a) After solution 
treatment (468 ℃, 50 min); (b) After solution treatment and 
aging process (468 ℃, 50 min and 135 ℃, 14 h) 
 
3.2 Orthogonal experiment design 

9 groups of tests were carried out according to the 
orthogonal table L9(34)[14] with 4 factors and 3 levels 
shown in Table 2. Hardness (HRB) tests were operated 
with every microstructure of the 9 combination of 
solution treatment and aging process. The value of range 
(R) and mean square deviation ( 2S ) are also listed in 
Table 2. 

From the value of R and 2S , it is evident that 
among four factors, the time of aging process (D) affects 
hardness the most and then the temperature of aging 
process. The intuitive analysis diagram is shown in Fig.3. 
Based on the hardness for each factor/level combination, 
the best levels for four factors are A1B1C1D2. The 
optimum parameters are 462  for solution temperature, ℃

40 min for solution time, 132  for aging temperature ℃

and 14 h for aging time. Precursor qualified for 
isothermal treatment is then prepared with these 
optimum parameters. Fig.4 shows microstructure of the 
precursor. Plenty of fine particles of precipitation 
distribute homogeneously in the matrix of α(Al), which 
contributes high hardness value of the samples. When 
reheated, these fine particles can help to prevent the 
migration of grain boundary and preserve fine and 
homogeneous solid grains. 

Table 2 Orthogonal experiment table and results of solution 
treatment and aging process 

Item A B C D 
Hardness
(HRB) 

1 1 1 1 1 79.5 

2 1 2 2 2 81.1 

3 1 3 3 3 81.5 

4 2 1 2 3 78.7 

5 2 2 3 1 75.7 

6 2 3 1 2 82.2 

7 3 1 3 2 82.9 

8 3 2 1 3 78.2 

9 3 3 2 1 70.5 

Ⅰ 242.1 241.1 239.9 225.7  

Ⅱ 236.6 235.0 230.3 246.2  

Ⅲ 231.6 234.2 240.1 238.4  

Ⅰ/3 80.7 80.4 80.1 75.2  

Ⅱ/3 78.9 78.3 76.8 82.1  

Ⅲ/3 77.2 78.1 80.0 79.5  

R 3.5 2.3 4.3 6.9  
2S 2.16 1.63 2.46 8.10  

 

 
Fig.3 Intuitive analysis diagram of solution treatment and 
ageing process 
 
3.3 Microstructure of semi-solid slurry of isothermal 

treatment  
Using precursor with microstructure shown in Fig.4, 

isothermal treatment (partial remelting) was operated. 
The morphologies of semi-solid slurry are shown in 
Fig.5. 

In Fig.5, globular, non-dendrite grains are found in 
the morphology of semi-solid slurry after isothermal 
treatment at 615 . The grain is fine, globular shaped ℃

and distributed homogeneously. When hold for longer 
time, grain size increases gradually. After hold at 615 ℃ 
for 30 min or more, samples are almost melted to be out 
of shape and no further forming process could be operated. 
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Fig.4 Microstructure of precursor prepared with optimum 
parameters of solution and aging process (Solution treatment: 
462 ,℃  40 min; Aging process: 132 ,℃  14 h) 
 
Solid fraction is estimated to be 65.5%, 59.7% and 
51.5% in Fig.5(a), (b) and (c) respectively, and the 
microstructure is qualified for later semi-solid forming 
process[5]. However, in Fig.5(d), the solid fraction is as 
high as 89.8%. 

 Compared the morphology in Figs.5(a), (b) and (c) 
with Fig.5(d), except for the difference in solid fraction, 
the grain diameter and the radius of curvature of solid 
grain boundary in the latter are both bigger than that in 
the former. Also, the degree of spheroidizing of solid 
grains in Fig.5(d) is not as good as that of in the former.  

It’s interesting to show that the previous solution 
treatment and aging process can help to restrict solid 

grain size in semi-solid slurry. It seems that fine 
precipitations prepared through solution treatment and 
aging process restrict the growing space of solid grains 
and prohibit grain coarsening by preventing the 
migration of grain boundary during isothermal treatment, 
which will improve the processing properties of 7A09 
alloy in later semi-solid forming process. In Liu’s 
research about liquidus casting of Al alloy 7075[12], 
in-situ synthesized TiC particulate also plays the same 
role. 
 
3.4 Effects of solution treatment and aging process on 

microstructure refining of semi-solid slurry 
The effects of solution treatment and aging process 

on microstructure refining of semi-solid slurry are 
closely related to the evolving progress of the 
microstructure of isothermal treatment. When reheated at 
isothermal temperature, the microstructure evolution of 
semi-solid slurry can be analyzed as the following 
two-stage progress. 

At the beginning of reheating, when the operating 
temperature is lower than melting temperature or the 
holding time is not long enough, the microstructure of 
alloy contains mainly α-phase of matrix and 
precipitations retained at this moment. Though there is 
little liquid, grains of α-phase contact each other closely. 
Because of the orientation difference among neighbor 
grains, there exists surface tension in grain boundaries. 
As a result of surface tension, grains will agglomerate to  

 

 
Fig.5 Morphologies of semi-solid slurry after isothermal treatment at 615 ℃ using precursor for different times: (a) 15 min; (b) 20 
min; (c) 25 min; (d) 25 min (using as-extruded rod) 
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reduce the surface energy. This progress develops mainly 
through a way of bigger grains consuming smaller ones 
or a way of grains agglomeration between neighbor 
grains with similar orientation. Such growth is a 
spontaneous progress of system energy reduction. 

In this beginning stage, fine precipitations play very 
important parts in refining the microstructure of 
semi-solid slurry. Considering the beginning of reheating, 
when the operating temperature is lower than melting 
temperature or the holding time is not long enough, there 
are many secondary phases reserved without melting. On 
one hand, grain boundary migrates driven by surface 
energy reducing. On the other hand, the retained 
secondary phases tow the grain boundaries and hamper 
their migration. When these two forces are balanced, the 
stable size of grains can be determined as: 

4
3

rD
f

=                                     (1) 

where D stands for mean stable grain diameter of 
α-phase; r is for the size of secondary phase and f for its 
volume fraction. Solution and aging treatment, resulting 
in the refining of secondary phases, contribute to the 
microstructure refining of semi-solid slurry during the 
beginning period of reheating. 

In the second stage, with more heat energy input, 
secondary phases of low melting point begin to melt into 
liquids which distribute mainly at grain boundaries. 
Grains of α-phase, originally closely contacting with 
each other, are now segregated by liquid and no longer 
contact directly (see Fig.5). Surface tensions are now 
developed at interfaces among liquid and solid particles. 
During this period, microstructure will also coarsen but 
in a different way. The mechanism of grain coarsening 
switches from the progress of grains agglomeration to 
the progress of interface diffusion controlled by the 
solubility difference of interface with different curvature. 
Gibbs-Thomson Law is often used to describe this effect: 
 

( ) 2ln
( )

C r V
C kTr

σ⎡ ⎤
=⎢ ⎥∞⎣ ⎦

                            (2) 

 
where r is the size of α-phase particle; C(r) and C(∞) are 
the solubility of solute atom in liquid for particles of 
α-phase with size r and ∞; σ is the specific interface 
energy; V is the mole volume of α phase, T is 
thermodynamic temperature and k is Boltzmann constant. 
From Eq.(2), the smaller the α-phase particle is, the 
larger the solubility of solute atoms in liquid. Solubility 
gradient of solute atoms in liquid is thus developed. By 
this gradient, solute atoms diffuse in liquid from the 
interface of small α-phase particles to that of big ones. 
Thus, big α-phase particles consume small ones and 
become bigger. Through this Ostwald ripening progress, 
the curvature of different interface eventually goes 

uniform, and the solid grains become globular. This 
conclusion of two-stage microstructure evolution is 
supported by LU et al with the study of Al-4Cu-Mg 
alloy[15]. According to LU’s experiments, in the 
progress of heating, there are two different effects of 
holding time on grain diameter. Grains grow fast at the 
beginning of holding whereas in the second Ostwald 
ripening stage, grains keep on growing but with a 
lowered-down coarsening speed. 

In this paper, fine precipitations prepared through 
solution treatment and aging process play very important 
parts in this two-stage microstructure evolution of 
isothermal treatment. After the pretreatment of solution 
treatment and aging, there’s a large amount of 
precipitations in the microstructure of the precursor, as 
shown in Fig.4. At the beginning stage of heating, these 
secondary phases evidently hamper the migration of 
grain boundaries in solid matrix α-phase from rapid 
agglomeration. According to Eq.(1), the smaller the 
precipitations are, the smaller the solid grains are. The 
coarsening of microstructure is hence very limited. 
During further heating, the retained precipitations with 
low melting point, melt into liquid and agglomerate at 
boundaries of solid particles. The liquid segregates solid 
particles from each other. The coarsening mechanism of 
matrix α-phase grains switches to an Ostwald ripening 
way. The coarsening speed of microstructure thus 
reduces. From these analyses, the precipitations not only 
prevent the rapid coarsening of grains in the first stage of 
few liquid fraction in the microstructure, because of their 
low melting point, but also improve the evolution of 
liquid and promote the growth of matrix particles to a 
ripening stage and hence fasten the evolution of globular 
grains. Moreover, after pretreatment of solution and 
aging, when isothermal treated, semi-solid slurry with 
the microstructure of fine solid grains and proper liquid 
fraction can be obtained in shorter holding time. In 
Figs.5(a), (b) and (c), proper liquid fraction makes grains 
ripening and globular shaped rapidly, the coarsening is 
limited. However, in Fig.5(d), because of the lack of 
plenty of fine precipitations in the as-extruded 
microstructure, liquid fraction is too low to segregate the 
solid grains properly. The grains have already coarsened 
in the beginning fast-coarsening stage. And, even after 
holding for 25 min, the spheroidizing of solid grains is 
still not acceptable. 
 
4 Conclusions 
 

1) Among four key parameters in the process of 
solution treatment and aging process, the time of aging 
process has the most effect on hardness and followed by 
the temperature of aging process, and the time of 
solution treatment has the least effect. 
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2) The optimum parameters determined through 
orthogonal experiment for pre-solution treatment and 
aging process before isothermal treatment are 462  for ℃

solution temperature, 40 min for solution time, 132  ℃
for aging temperature and 14 h for aging time. 

3) Pre-treatment of solution and aging process 
before isothermal treatment change the primitive 
microstructure of as-extruded rods from coarse 
secondary phase to one with plenty of fine precipitations 
dispersed in the matrix. With such a fine precursor, 
microstructure of isothermal treatment is fine, 
homogenous, with globular solid grains and a solid 
fraction between 50% and 70%, which is qualified to 
later semi-solid forming process. 

4) Microstructure evolution of semi-solid slurry of 
7A09 includes two stages: the agglomeration of α-phase 
and Ostwald ripening of solid grains. Precipitations 
prepared by solution and aging treatment prevent the 
grains from rapid coarsening in the agglomeration stage 
and promote the solid grains ripening in a slower 
Ostwald way to globular shape.  
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