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Abstract: A356 alloy was processed by semi-solid squeeze casting followed by solution treatment at 540 ºC. With increasing the 

solution time, Mg and Si elements dissolved into the matrix and led to solid solution strengthening. Results show that the tensile 

strength, elongation and hardness peak at 6 h and then decrease during solution treatment. Aging treatment at 180 ºC for different 

time was carried out after solution treatment. With increasing the aging time, the fine spherical Mg

2

Si phases are precipitated in 

the A356 alloy matrix, which are ~2 µm in size. The optimum heat treatment process is solid solution at 540 ºC for 6 h followed 

by aging at 180 ºC for 4 h. After solution and aging treatment, the tensile strength and elongation reach 336 MPa and 6.9%, 

respectively. Hardness reaches 1240 MPa after heat treatment, which is 106.7% higher than that of the cast alloy. 
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Al-Si-Mg alloy can be easily heat-treated to gain adjust-

able mechanical properties. Due to its low density, favor-

able mechanical properties and good castability, Al-Si-Mg 

alloys are widely used in aviation, aerospace, automobile, 

machinery and many other industries

[1-4]

. As a typical Al-Si 

alloy, A356 alloy consists of 7.00wt% Si, 0.43wt% Mg, 

0.19wt% Fe, and balanced Al, which can be strengthened 

by heat treatment. Many researchers have studied the effect 

of alloy’s composition, casting method and heat treatment 

method on microstructure of A356 alloy

[5-7]

.  

The effects of solidification cooling rate on solid solution 

heat treatment of A356 alloy was studied by Yang

[8]

 et al. 

The results show that the high cooling rate of the solidifica-

tion process can reduce the solid solution heat treatment 

time and improve the alloy tensile properties. Pramod

[9]

 et 

al

 

found that after addition of Sc element and T6 heat 

treatment, the synthetic properties of the alloys can be im-

proved significantly. Wu

[10]

 et al performed solution treat-

ment on A356 alloy with Al-5Sr-8Ce as a modifier, and 

successfully refined the microstructure and improved the 

tensile properties of the alloy. Elahi

[11]

 et al studied the ef-

fect of various cast and heat treatment conditions on impact 

ductility of A356 aluminum alloy, and proposed that the 

eutectic Si morphology is the main parameter to decide the 

mechanical behaviors of the alloy. Grain refinement and 

modification of Si morphology provide higher impact duc-

tility after T6 heat treatment in regardless of the cast condi-

tions. Wisutmethangoon

[12]

 et al studied the aged hardening 

effect of gas induced semi-solid process on A356 alloy, and 

proposed that the eutectic Si morphology is the main pa-

rameter to decide the mechanical behaviors of the alloy. 

The experimental results exhibit that the effects of aging 

time on tensile strength, yield intensity and elongation are 

significant, and these properties increase first and then de-

crease with increasing the aging time. Akhil

[13]

 et al dem-

onstrated mechanical properties including impact strength, 
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ultimate tensile strength, and hardness after heat treatment 

can be improved according to section size. This is due to 

the further grain refinement effects in heat treatment. The 

effect of pre/post-T6-heat-treatment on the mechanical 

properties of laser welded semi-solid metal of cast A356 

aluminium alloy was analyzed by Akhter

[14]

 et al. It is found 

that the fine dendrite structure of the weld metal contributes 

to the mechanical properties of the joint. The mechanical 

properties of the post-heat-treatment samples are higher 

than those of the pre-heat-treatment samples and as-cast 

materials. Zhu

[15]

 et al revealed that the values of mean di-

ameter, roundness, and ratio of eutectic silicon particles 

decrease, while the tensile properties increase after T6 heat 

treatment. These effects are attributed to the decrease of 

secondary dendrite arm spacing, spheroidization of fine 

eutectic Si and precipitation hardening. Most of previous 

researches on the heat treatment of A356 alloy were based 

on the traditional casting processes. Tie

[16]

 studied the mi-

crostructure and mechanical properties of A356 alloy fab-

ricated by semi-solid squeeze casting with vibrating tilt 

system. Based on that study, the heat treatment effect on 

microstructure and mechanical properties of A356 alloy 

manufactured by semi-solid squeeze castings was studied. 

The heat treatment process was optimized and the 

strengthening mechanism of heat treatment was revealed. 

The synthetical mechanical properties of A356 alloys fab-

ricated by semi-solid squeeze casting were further im-

proved.  

1  Experiment 

The experimental material was commercial A356 alloy 

whose main chemical composition is 7.00wt% Si, 0.43wt% 

Mg, 0.19wt% Fe, and balanced Al. The A356 alloy samples 

were manufactured by a rheological squeeze casting 

equipment developed by our team

[16]

. The processing pa-

rameters were as follows: the casting temperature was 685 

°C and the casting speed was 0.052 m/s. The casting tem-

perature was within the semi-solid temperature range of 

A356 alloy. When the melt touched the surface of the de-

vice, the melt was subjected to a shearing stress and cooled 

rapidly. Therefore, the heterogeneous nucleation was gen-

erated on the surface of the sloping plate. Under the cou-

pling field of vibration and shear, the nucleus continuously 

fell off from the plate, leading to grain spheroidization and 

grain refinement during the rapid solidification. The alloy 

was solid solution treated and aged in an electric furnace 

(DFHG-0-5 type, DF Tech, China). The samples were 

cooled by water after solid solution, and cooled by air after 

aging. The heat treatment process conditions are shown in 

Table 1. 

After heat treatment, the sample was coarsely ground and 

mechanically polished, and then rinsed with alcohol. The 

0.5vol% HF solution was used to corrode the sample for 50 s.  

Table 1  Heat treatment conditions of the alloy 

Treatment Solid solution Aging 

Temperature/ºC 540±5 180±5 

Time/h 0.5, 2, 4, 6, 8, 12 0.5, 2, 4, 6, 8 

Cooling medium Water Air 

 

The sample was rinsed immediately with clean water and 

then with alcohol again. An OLYMPUS-DSX-500 metal-

lographic microscope was used to observe the microstruc-

ture under different process conditions. The morphologies 

of grain and eutectic silicon of the alloy were observed. The 

roundness and average diameter of the grain were calcu-

lated by Eq.(1) and Eq.(2). 

2

P

F

4 π

L

S

A

=

                                  (1) 

T

L

d

N

=

                                    (2) 

where S

F

 is the grain roundness, L

P

 is perimeter of the grain 

cross section, A is the grain sectional area, d is grain aver-

age diameter, L

T

 is measuring total line length, and N is the 

number of grains passed through the measuring line. 

The precipitates in the alloy were observed by a scanning 

electron microscope (SEM, Japanese electronic 

JSM-7001F), and their chemical composition and distribu-

tion were analyzed by an energy dispersive spectroscopy 

(EDS). An electronic tensile testing machine (CMT5305; 

MST, China) was used to test the mechanical properties of 

the alloy sheets, and the tensile speed was set as 3 mm/min. 

The hardness value of the alloy was measured by a Vickers 

hardness tester (450SVD; Wolpert, USA). The applied load 

was 49 N and the holding time was 15 s. The fracture sur-

face of tensile test samples was also observed by SEM to 

analyze the fracture mechanism. All the tests were carried 

out on five duplicates, and the data were expressed as 

mean±standard deviation (SD).  

2  Results and Discussion 

The microstructure of A356 alloy produced by semi-solid 

squeeze casting under different solution time at 540 ºC is 

shown in Fig.1. The images depict that the Si particles in the 

eutectic phase are mainly of needle shape and the distribution 

is not homogeneous. After 0.5 and 2 h solution treatment, the 

tip of needle-like eutectic Si particles gradually separates 

from each other. At higher temperature, the Si atoms at the 

dendrites disperse and dissolve in matrix. The fusion of the 

eutectic Si is observed with the decrease of dendrites. The 

SEM image of A356 alloy produced by semi-solid squeeze 

casting and solution treatment at 540 ºC for 6 h is shown in 

Fig.2. After 6 h, the eutectic Si further fuses and the 

stripe-like particles disappear. Eutectic Si particles gradually 

transform to the spherical shape, because the distribution of 

eutectic Si becomes more homogeneous. The refinement and 
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spheroidization of eutectic Si can significantly improve the 

alloy’s mechanical properties, especially elongation, because 

the coarse Si particles can accelerate crack propagation rate 

and reduce the elongation of alloy

[17]

. When the solid solu-

tion time is 8 and 12 h, the eutectic Si particles grow up to be 

coarse and inhomogeneous. With increasing the solid solu-

tion time from 0.5 h to 6 h, the average size of the Si parti-

cles in the eutectic phase decreases, and the morphology 

changes from needle-like shape to sphere. When the solid 

solution time is prolonged to more than 6 h, the Si particles 

size become coarse again, which leads to the decrease of 

mechanical properties. During the process of solid solution 

treatment, the morphology of Si particles can be classified as 

three stages: fusion of eutectic Si in needle-like shape, 

granulation of eutectic Si, and the coarsening of eutectic Si. 

It can be concluded that the tensile strength, elonga-

tion and hardness of the cast alloy increase when the so-

lution time changes from 0 h to 6 h (Fig.3). When the 

solid solution holding time is 6 h, the mechanical prop-

erties reach peak value. The tensile strength reaches 262 

MPa, and the elongation reaches 16.7% with the hardness 

value of 910 MPa. With the further prolongation of solu-

tion time, the tensile strength, elongation and hardness 

all decrease. During solution treatment, Mg and Si ele-

ments dissolve into Al matrix, and the formation of su-

persaturated solid solution leads to solid solution  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Microstructures of the alloy at 540 ºC for different solution 

time: (a) 0 h, (b) 0.5 h, (c) 2 h, (d) 6 h, (e) 8 h, and (f) 12 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  SEM image (a) and EDS result of position A in Fig.2a (b) 

of the alloy after solution treatment at 540 ºC for 6 h 

 

strengthening. The morphology of eutectic Si changes 

from needle-like shape to sphere at the initial stage of 

solution treatment. Spherical Si particles commonly 

avoid the split effects induced by the strip particles, 

therefore, improving the ductility of the alloy

[9]

. The re-

sults show that when the holding time exceeds 6 h, the 

eutectic Si particles grow bigger, which leads to decrease 

of the mechanical properties.  

The SEM fracture graphs of the A356 alloy at 540 ºC 

for different solution time are presented in Fig.4. The 

fracture morphology of the untreated alloy shows a 

curved tearing edge. When the solid solution time is 2 h, 

the number of thick tearing edges on the section reduces 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 Variation of tensile strength, elongation and Vickers hard-

ness at 540 ºC for different solution time 
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while many smaller dimples are generated. When the 

solution time is 6 h, the dimples in the fracture surface 

are larger and deeper, and their distribution becomes in-

homogeneous. Most of the dimples are equiaxed and 

formed by material internal separation. Due to the sliding 

effect, the vacancies gradually grow bigger and connect 

with other vacancies to form the dimple morphology

[7]

. 

The dimple fracture is a typical plastic fracture, which 

indicates that the ductility of the alloy peaks when the 

solution time is 6 h. When the solution time extends to 

12 h, the dimples in the fracture surface become larger 

and shallower, indicating the decrease of alloy ductility. 

With increasing the aging time from 2 h to 6 h, the 

morphology and size of the eutectic Si particles in the 

A356 alloy do not change much (Fig.5). When the aging 

time increases to 8 h, the average size of eutectic Si par-

ticles grows from ~2.0 µm to 2.5 µm. The eutectic Si 

particles are mainly spherical after 4 h aging, and the 

spherical Mg

2

Si precipitation is distributed among the Si 

particles (Fig.6). The supersaturated alloy matrix is in an 

unstable state, and shows a tendency of spontaneous de-

composition

[18]

. In the early stage of artificial aging, high 

supersaturation and vacancy concentration form the GP 

area (Fig.6c~6e). The GP area can provide heterogeneous 

nucleation for the formation of precipitation of 

strengthening phase during the aging process, which 

generates small-sized Mg

2

Si precipitation to strengthen 

the matrix

[9]

. 

During aging treatment, the tensile strength and hard-

ness of the aged alloy first increase and then decrease, 

whilst the elongation decreases all the time (Fig.7). When 

the aging time increases from 0 h to 0.5 h, the tensile 

strength, elongation and hardness of the alloy do not 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  SEM fracture morphologies of solution treated alloys at 

540 ºC for different time: (a) untreated, (b) 2 h, (c) 6 h, 

and (d) 12 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Microstructures of A356 alloy after aging at 180 ºC for 

different time: (a) 2 h, (b) 4 h, (c) 6 h, and (d) 8 h 

 

change significantly because few precipitations are gen-

erated. When the aging time further extends to 4 h, the 

tensile strength, hardness value and elongation reach 336 

MPa, 1240 MPa and 6.9%, respectively. When the aging 

time is 8 h, the mechanical properties of the alloy peak 

and decrease with longer aging time. The supersaturated 

solid solution in the A356 alloy spontaneously decom-

poses at 180 ºC, and the solute atoms are diffused, ac-

celerating to form the short-range ordered solute atomic 

enrichment area or atomic clusters (GP area)

[18]

. 

When the aging time is shorter, the precipitates are 

mainly distributed in the GP area. Because the GP area is 

completely coherent with the matrix, its strengthening 

effect is not significant at this stage

[16]

. With increasing 

the aging time, the GP area provides heterogeneous nu-

cleation for the formation of precipitates. Mg

2

Si is dif-

ficult to deform due to its high hardness, therefore, hin-

dering the dislocation slip

[19]

. When the volume fraction 

and size of the precipitates gradually increase, the 

strengthening effect on the alloy is further enhanced. As 

a result, with further increasing the aging time, the pre-

cipitates and the matrix become completely 

non-coherent

[7]

. Then the volume fraction of the precipi-

tation phases no longer increases while their size still 

grows, resulting in the strength declining

[9]

. Considering 

the various factors, the optimum process parameters for 

the optimum mechanical properties are solution at 540 ºC 

for 6 h and aging at 180 ºC for 4 h. The hardness value of 

the aged alloy is 1240 MPa, which increases by 106.7% 

compared with the untreated alloy (Fig.8). The tensile 

strength is 336 MPa and the elongation is 6.9% after ag-

ing, which increases by 65.5% and 23.2%, respectively 

(Fig.8). 
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Fig.6  SEM image (a); EDS result of position B in Fig.6a (b); distributions of element Al (c), Si (d), Mg (e); XRD pattern (f) of the alloy 

aged at 180 ºC for 4 h 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Variation of tensile strength, elongation and Vickers hard-

ness of alloy aging treated at 180 ºC for different time  

 

The SEM fracture morphology of the A356 alloy at 

180 ºC for different aging time are shown in Fig.9. 

Compared with the only-solution-treated alloy (Fig.9a),  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Tensile strength, elongation and hardness of the alloy be-

fore and after heat treatment 

 

the number of dimples in the fracture surface gradually 

reduces and the dimples are shallower after aging treat-

ment. When the aging time is 4 h, the curved tearing 

edges are found on the fracture surface. When aging time  
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Fig.9  SEM fracture morphologies of alloy after different heat treatments: (a) solution for 6 h; (b) solution for 6 h and aging for 2 h;    

(c) solution for 6 h and aging for 4 h; (d) solution for 6 h and aging for 8 h 

 

extends to 8 h, flat dissociation surfaces are observed, 

indicating that the fracture mode is quasi-cleavage crack. 

This is mainly due to the brittle precipitated Mg

2

Si 

phases in the Al matrix after aging treatment

[7]

. The 

strengthening phases and the matrix are completely 

non-coherent, so their deformation behavior is different. 

In the process of stress loading, stress concentration oc-

curs around the precipitates, which leads to tearing

[20]

. 

These fracture morphologies also reflect the mechanical 

property changes of the alloy. 

3 Conclusions 

1) During solution treatment, the eutectic Si particles 

dissolve into Al matrix and the stripe-like Si particles dis-

appear. Eutectic Si particles gradually transform to the 

spherical shape, because the eutectic Si distribution be-

comes homogeneous. The refinement and spheroidization 

of the microstructure significantly improve the alloy’s me-

chanical properties, especially elongation.  

2) During aging treatment, the fine spherical Mg

2

Si 

phases are precipitated in the A356 alloy matrix, which are 

~2 µm in size. With increasing the aging time, the precipi-

tates and the matrix become completely non-coherent, 

leading to more significant strengthening effect.  

3) The optimum heat treatment process is solid solution 

at 540 °C for 6 h followed by aging at 180 °C for 4 h. After 

solution and aging treatment, tensile strength and elonga-

tion reach 336 MPa and 6.9%, respectively. Hardness 

reaches 1240 MPa after heat treatment, which is 106.7% 

higher than that of the cast alloy. 
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