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Abstract: The effects of vacuum assistance on the microstructure and mechanical properties of high pressure die cast A390 alloy at 

different slow shot speeds were evaluated. Plate-shaped specimens of hypereutectic A390 aluminum alloy were produced on a TOYO 

BD−350V5 cold chamber die casting machine incorporated with a self-improved TOYO vacuum system. According to the results, 

the vacuum pressure inside the die cavity increased linearly with the increasing slow shot speed at the beginning of mold filling. 

Meanwhile, tensile properties of vacuum die castings were deteriorated by the porosity content. In addition, the average primary 

silicon size decreased from 23 to 14 µm when the slow shot speed increased from 0.05 to 0.2 m/s, which has a binary functional 

relationship with the slow shot speed. After heat treatment, microstructural morphologies revealed that needle-shaped and thin-flaked 

eutectic silicon particles became rounded while Al2Cu dissolved into α(Al) matrix. Furthermore, the fractography revealed that the 

fracture mechanism has evolved from brittle transgranular fracture to a fracture mode with many dimples after heat treatment. 

Key words: A390 aluminum; shot speed; vacuum assisted high pressure die casting (VHPDC); Si distribution; tensile strength; heat 

treatment 

                                                                                                             

 

 

1 Introduction 
 

Due to high wear resistance, low coefficient of 

thermal expansion and lightweight hypereutectic 

aluminum−silicon alloys have been regarded as the 

preferred material for engine components [1−4]. After an 

appropriate machining and a honing procedure, surfaces 

with dispersed primary Si could directly provide the 

required tribological characteristics for a proper 

operation of the engine without the need of iron liners [5]. 

For example, hypereutectic A390 aluminum−silicon 

alloy (∼17% Si) has been used in Chevrolet Vega engine 

block castings produced using low pressure die casting in 

the 1970s [6]. 

Considerable work has been carried out on the 

relationship between the microstructure and the 

tribological property of hypereutectic aluminum−silicon 

alloys. These investigations suggested that higher wear 

resistance could be obtained through uniformly fining 

and dispersing silicon particles [5−9]. Hence, different 

methods have been adopted for the size reduction of 

primary silicon particles. Thereby, chemical modification 

using rare-earth metals has been widely used [10−12]. 

Alternatively, physical methods such as semisolid 

rheo-casting [13], squeeze-casting [14], intensive melt 

shearing [15] and rapid solidification [16] have also been 

used. Compared to these methods, high pressure die 

casting (HPDC) belongs to the most cost effective 

near-net-shape manufacturing process. Indeed, during 

HPDC, the fast solidification rate in die cavity could 

reduce the externally solidified crystals (ESCs, as 

primary silicon) size [17,18]. YAMAGATA et al [17] 

also reported primary silicon particles which have 

nucleated when the melt was poured into the shot sleeve 

prior to the injection process while aluminum dendrites 

and eutectic silicon particles nucleated in the die   

cavity. Furthermore, it has been proved that the 

formation of ESCs in the shot sleeve strongly depends  

on the slow shot speed as it can affect the flow  

behavior and solidification condition of the molten metal 

in the shot sleeve before the high speed injection takes  
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place [19−21]. From this point of view, it should be 

possible to control the quantity and size of primary 

silicon particles by modifying the slow shot speed of 

plunger in the shot sleeve. 

The morphology of the eutectic silicon particles is 

generally needle-like or plate-like, which produces stress 

concentrations detrimental to the mechanical properties. 

Therefore, it is often necessary to modify their 

morphologies through heat treatment. Recently, it has 

been observed that lowering atmospheric pressure in the 

shot sleeve and die cavity in HPDC could minimize the 

porosity of the castings for the subsequent heat  

treatment processing [22,23]. It was revealed that the 

subsequent application of treatment could increase the 

casting strength without the blistering risk [24]. 

KASPRZAK et al [25] have investigated Al−17%Si− 

4.5%Cu−0.5%Mg based alloy subjected to T1, T5 and 

T6 treatments. According to their results, the application 

of T6 treatment resulted in the highest hardness    

(HRB ~85) regardless of the initial microstructure 

refinement. 

Based on the above research discussion, the present 

investigation focused on the effect of different slow shot 

speeds on porosity and size of primary silicon particles in 

‘‘plate-shape” castings. Furthermore, the influence of the 

heat treatment on the mechanical performance of A390 

specimen was also discussed. 

 

2 Experimental 
 

2.1 Casting details and microstructure observation 

According to the chemical analysis by ICP 

(Inductively Coupled Plasma), the composition of A390 

alloy is listed in Table 1. The die casting experiment was 

conducted on a TOYO350 cold-chamber HPDC machine 

equipped with a self-improved TOYO vacuum system, as 

shown in Fig. 1. 

 

Table 1 Chemical composition of experimental A390 cylinder 

liner alloy (mass fraction, %) 

Si Cu Mg Fe Ti P Al 

17.51 4.12 0.43 0.28 0.06 0.06 Bal. 

 

During the casting experiment, the vacuum system 

was launched when the plunger tip moved to the 110 mm 

position in the shot sleeve. Subsequently, the plunger 

continued to move at different slow shot speeds (0.05, 

0.10, 0.15 and 0.2 m/s) until the 270 mm position was 

reached. More details about this process are presented in 

Table 2. 

The die cast component including three tensile test 

bars (diameter at the center was 6.4 mm) and one plate 

sample (thickness was 2.5 mm) was given in Fig. 2(a). 

During the casting procedure, a vacuum gauge (vacuum  

 

 

Fig. 1 Schematic of vacuum assisted HPDC process and details about shot sleeve (unit: mm) 
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Table 2 Details of HPDC process parameters 

Parameter Value 

Pouring temperature/°C 730 

Mold temperature/°C 120 

Vacuum position/mm 110 

Plunger moving distance/mm 425 

Fast shot position/mm 270 

Fast shot plunger velocity/(m·s−1) 1.50 

Casting pressure/MPa 78 

 

1 in Fig. 2) was inserted in the die. The dispersion of 

primary silicon particles on cross sections of the 

specimen was observed from chilled layer to the center 

of the metallographic (marked as A in Fig. 2(a)). 

Moreover, in order to quantify the volume distribution of 

silicon (primary and eutectic) and Al2Cu from the chilled 

layer to the center, layers of 0.2 mm were gradually 

removed before polishing, followed by SEM 

observations and X-ray diffraction (D8 diffractometer, 

Cu Kα radiation Bruker, Germany). This procedure was 

repeated down to 1.2 mm depth from the top surface.  

XRD data were refined using the Materials Analysis 

Using Diffraction (MAUD) software to extract the 

volume content of different phases [26]. In addition, 

contents of primary silicon particles in different layers 

were quantitatively analyzed from Micro-image Analysis 

& Process image analysis software. At least, three 

micrographs were analyzed for each measurement. 

 

2.2 Heat treatment and mechanical properties 

measurements 

The samples were heat-treated under T6 procedure 

with a solution treatment at 470 °C for 30 min and an 

aging treatment at 168 °C for 24 h. Five specimens for 

each condition were used to measure the tensile 

properties. Tensile tests were carried out by an electronic 

universal testing machine and the loading rate was     

1 mm/min. Elongation was obtained by a knife-edge 

extensometer fixed in the range of gauge length. Four 

tensile specimens (Fig. 2(c)) were tested, and the average 

value of the results was then used to evaluate their 

ultra-tensile strength (UTS) and elongation. The tensile 

test was conducted under ambient temperature (20 °C). 

Finally, the evolution of the microstructure before and 

after the T6 treatment was observed and discussed. 
 

3 Results and discussion 
 

3.1 Vacuum effect 

The cross sectional micrographs of specimens cast 

at different slow shot speeds are given in Fig. 3. Like the 

previous report about the vacuum effect on AZ91D  

alloy [27−29], very low content of porosity can be found 

in these produced castings using assisted vacuum. The 

vacuum conduction was applied once the plunger 

reached the 110 mm position, as shown in Fig. 2. Lower 

slow shot speed allowed more time to perform vacuum 

execution. Herein, less porosity could be found in the 

specimen cast with lower slow shot speed [26]. 

Furthermore, the densities of the produced castings were 

measured using the Archimedes principle. The casting 

density decreased from (2.6±0.12) to (2.4±0.21) g/cm
3
 

with increasing slow shot speed from 0.05 to 0.20 m/s. 

This also confirmed that lower slow shot speed allowed 

more time to perform vacuum execution and reduce the 

porosities in castings. 
 

 

Fig. 2 Configuration of specific casting including three tensile test bars with diameter at center of 6.4 mm and one plate sample with 

thickness of 2.5 mm (a), observed surface from chilled layer to center (b) and tensile specimen (c) (unit: mm) 
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Fig. 3 Typical micrographs obtained from middle of section in 2.5 mm specimens produced at slow shot speeds of 0.05 m/s (a),  

0.10 m/s (b), 0.15 m/s (c) and 0.20 m/s (d) 

 

The variations of the measured vacuum pressure 

and cylinder pressure during the vacuum die casting 

processes at slow shot speeds of 0.05 and 0.20 m/s are 

given in Fig. 4(a), where t is the vacuum time in the die 

cavity at the beginning of mold filling. It is clear that an 

increase in the vacuum time resulted in the decrease of 

the vacuum pressure in the die cavity at the beginning of 

mold filling. The vacuum pressures in the die cavity at 

the beginning of mold filling under different slow shot 

speeds are illustrated in Fig. 4(b). High vacuum levels of 

nearly 5 kPa could be achieved in the die cavity at the 

beginning of mold filling under the slow shot speed of 

0.05 m/s. An increase in the slow shot speed leads to a 

linear increase in the vacuum pressure, which is given by 

the well fitted linear curve. 

 

3.2 Distribution of primary and eutectic silicon 

Rietveld refinement of the XRD data using MAUD 

software is given in Fig. 5(a). The well-fitted curves 

indicated that the fitting procedure was well done. The 

variations in volume content of silicon (primary and 

eutectic) and Al2Cu on different planes from the chilled 

layer to the inner side are depicted in Fig. 5(b). Under 

slow shot speeds of 0.05 and 0.2 m/s, both curves almost 

have the same trend. In the chilled layer, the silicon 

content is about 11%. This value is close to the silicon 

content at eutectic point in aluminum−silicon phase 

diagram, which confirms that the silicon presents as 

eutectic component in the surface zone. With increasing 

the depth, the silicon contents increased linearly and 

reached 18% at about 0.85 mm followed with a plateau 

until the specimen center. This should be attributed to the 

increasing primary silicon contents from the surface to 

the center area, which is given in Fig. 5(c). In contrast, 

the Al2Cu contents decreased from the chilled surface to 

the specimen center. When the molten liquid met the 

relative cold die cavity, the fast cooling rate could shift 

the eutectic point. This effect resulted in higher Al2Cu 

content in the chilled layer [30]. Finally, the eutectic 

silicon content can be extracted by subtracting the 

primary silicon content (Fig. 5(c)) from the total silicon 

content obtained from the XRD refinement results   

(Fig. 5(b)), as shown in Fig. 5(d). The difference 

between two curves revealed that more primary silicon 

could precipitate by decreasing the slow shot speed. 

Figure 6 presents the morphologies of silicon 

particles and α(Al) grains in four samples at the depth of 

0.4 mm from chilled layer. The common points are   

that the primary Si particles are dispersed uniformly   

in the aluminum matrix and the eutectic Si particles are  
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Fig. 4 Measured vacuum pressure and cylinder pressure variations vs plunger moving time at slow shot speeds of 0.05 and      

0.20 m/s (a), and vacuum pressure in die cavity at beginning of mold filling vs slow shot speeds (b) 

 

 

Fig. 5 Rietveld refinements on A390 specimen cast at 0.05 m/s with corresponding microstructural morphology (The eutectic silicon 

and Al2Cu phases are distributed along the α(Al) grain boundaries) (a), silicon (primary and eutectic) and Al2Cu volume fractions on 

different planes from top surface (b), quantity primary silicon on different planes at different slow shot speeds (c), and distribution of 

eutectic silicon (d) 

 

distributed along the α(Al) grain boundaries. The 

difference among these samples lies in the size of 

primary silicon and α(Al), especially for α(Al). This 

should be attributed to the residence time of molten 

metal in shot sleeve. This behavior has also been proved 

in our previous work on AM60B magnesium alloy. 

Lower slow shot speed in shot sleeve favored the growth 

of α-magnesium [31]. 

According to the requirement of the industrial 

practice of engine block manufacturing, a primary Si size 

of approximately 20 μm is regarded as one of the 

acceptance criteria to meet the cylinder bore surface 

wear resistance requirements [17]. Herein, the size 

distribution of primary silicon particles from Fig. 6 was 

determined and given in Fig. 7. Figure 7 revealed that the 

primary silicon size decreased with increasing the slow  
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Fig. 6 Optical micrographs of planes at 0.4 mm depth in specimens produced at slow shot speeds of 0.05 m/s (a), 0.10 m/s (b),   

0.15 m/s (c) and 0.20 m/s (d), showing morphologies of silicon particles and α(Al) grains 

 

 

Fig. 7 Size distribution of primary silicon particles in planes at 0.4 mm depth in specimens produced at slow shot speeds of     

0.05 m/s (a), 0.10 m/s (b), 0.15 m/s (c) and 0.20 m/s (d) 
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shot speed. Furthermore, Fig. 8 shows that the primary 

silicon size has a binary functional relationship with slow 

shot speed. Anyway, the average primary silicon size is 

lower than 25 µm, which suggests these castings could 

meet the cylinder bore surface wear resistance 

requirements. 

 

 

Fig. 8 Primary silicon size vs slow shot speed 

 

3.3 Evolution of tensile strength 

The variations of tensile strength respected with 

different slow shot speeds are presented in Fig. 9(a). Due 

to the porosity resulted from the less evacuated time, as 

shown in Fig. 3, tensile strength decreased with 

increasing the slow shot speed. Heat treatment had a 

little effect on tensile strength since no remarkable 

difference was observed between the untreated and 

treated samples. In contrast, the elongations at the 

fracture were strongly improved from 0.3% to 0.75% 

after the heat treatment, as can be seen from the pieces of 

plates cast at 0.05 m/s in Fig. 9(b). These results are in 

agreement with results of the artificial aging of 

Al−Si−Cu−Mg casting alloys reported by SJÖLANDER 

and SEIFEDDINE [32]. They pointed out that the 

microstructure refinement had a small influence on the 

yield strength as long as the solution treatment 

parameters were adjusted to achieve the complete 

dissolution of intermetallic phases and homogenization. 

However, the elongation at the fracture was strongly 

improved by increasing the microstructure refinement 

level. 

The microstructural evolution of the cast specimen 

before and after heat treatment is revealed in Figs. 10(a) 

and (b). It was clear that most of Al2Cu phase was 

dissolved into α(Al) [33]. At the same time, the long 

interconnected eutectic silicon particles along grain 

boundaries became isolated and more uniformly 

distributed. These changes were also confirmed in   

Figs. 10(c) and (d), wherein the surfaces were etched 

using a solution of 0.5% HF and 99.5% H2O (volume 

fraction) during 30 s. Compared with the long strip-like 

interconnected eutectic silicon along aluminum grain 

boundaries shown in Fig. 10(c), the round eutectic 

silicon particles uniformly dispersed as the matrix in 

shown in Fig. 10(d). According the previous reports, the 

eutectic silicon particles with a needle-shape and 

thin-flake morphology could transform into a round 

morphology after heat treatment. This modification of 

the eutectic silicon particles has a very significant 

enhancement effect on ductility in hypoeutectic    

alloys [25]. Before heat treatment, the brittle 

transgranular fracture in Al matrix and cleavage fracture 

in primary silicon was found, which can be seen in   

Fig. 10(e). In contrast, many dimples were produced on 

the fracture surface after heat treatment (Fig. 10(f)), 

which could optimize the elongation of the cast 

specimens [34].
  

 

 

Fig. 9 Tensile strengths of 2.5 mm piece plates cast at different 

slow speeds before and after T6 treatment (a), and tensile 

strength−elongation curves of 2.5 mm piece plates cast at   

0.05 m/s before and after T6 treatment (b) 

http://www.baidu.com/link?url=te-3mb0gXVPiYgTHCkHTrHOTG0eP7vrCHizOQuGt9x7sxCNtTsxBZzgHQDvYbjZOy0XexklHCOBkB_UToiyIzWyxyY9P9V7aT6EwAl3CFdKMjeOX1vD9b2CwqWo4blVR
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Fig. 10 Microstructures of polished surface of 2.5 mm piece plates cast at 0.05 m/s before and after T6 treatment: (a, b) Un-etched;  

(c, d) Etched; (e, f) Fracture surface 

 

 
4 Conclusions 
 

1) Under different slow shot plunger speeds (0.05, 

0.10, 0.15 and 0.20 m/s) in vacuum assisted high 

pressure die casting (VHPDC) process, 2.5 mm plate 

specimens were produced with hypereutectic A390 

aluminum alloy. 

2) With increasing the slow shot speed, the vacuum 

pressure in the die cavity at the beginning of mold filling 

increased following a linear curve. The porosities in the 

castings appeared with increasing the slow shot speed 

from 0.15 m/s. 

3) The average size of primary silicon decreased 

from 23 to 14 µm with slow shot speeds increased from 

0.05 to 0.20 m/s. The primary silicon volume increased 

linearly and reached 12% at 0.85 mm. After that, the 

content of primary silicon kept steadily down to the 

center area. In addition, the primary silicon size has a 

binary functional relationship with the slow shot speed. 

4) After T6 treatment, microstructural morphologies 

revealed that needle-shaped and thin-flaked eutectic 

silicon became rounded and Al2Cu was dissolved into 

α(Al) matrix. After T6 treatment, this brittle 

transgranular fracture turned into a fracture mode with 

many dimples. 
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不同慢压射速度高真空压铸制备 

A390 铝合金及其性能表征 
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摘  要：对真空辅助不同慢压射速度条件下制备的 A390 高硅铝合金铸件组织及力学性能进行研究。在装备自行

改进 TOYO 真空系统的 TOYO BD−350V5 型冷室压铸机上制备片状 A390 压铸件。结果表明，型腔中的真空度与

初始充模阶段慢压射速度呈线性关系。拉伸试验结果表明, 试样的拉伸强度随试样内部的孔洞含量升高而降低。

另外，当慢压射速度从 0.05 m/s 增大到 0.2 m/s 时, 初晶 Si 尺寸由 23 µm 降低到 14 µm，初晶 Si 的平均尺寸与慢

压射速度存在二元次数关系。 经热处理后，初始铸态 α(Al)边界上的 Al2Cu 因融入 Al 基体中而大幅减少，并且

针状或带状共晶 Si 球化。断裂形貌表明, 断裂形式由热处理前的脆性沿晶断裂转变为热处理后的含有大量韧窝的

韧性穿晶断裂。 
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