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1 Introduction
Lightweight design has emerged as a global trend in 
automotive development, driven by energy-saving and 
environmental-protection imperatives[1]. Automakers 
achieve the challenging goals of reducing fuel 
consumption and carbon emissions by manufacturing 
lightweight vehicle bodies[2]. In recent years, aluminum 
alloy has gained prominence in automotive body 
applications. It features high specific strength and 
cost-effectiveness, making it one of the top choices 
for automotive lightweight[3, 4]. Aluminum alloy parts 
are commonly used in vehicle body include chassis, 
anti-collision beam, engine block, heat exchanger, 
and shock tower, among others[1, 4, 5]. As lightweight 
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design becomes increasingly important in vehicle 
body development, the application of aluminum alloys 
continues to grow annually, establishing their significant 
role in the automotive industry[6]. Common aluminum 
alloy series include Al-Si[7], Al-Mg[8], Al-Cu[9], and Al-Zn 
systems[10]. Due to the addition of Si, Al-Si system alloys 
exhibit excellent casting properties and strong bearing 
capacity, especially for near-eutectic Al-Si casting 
alloys[11]. For example, Silafont-36 (AlSi10MnMg 
alloy) exhibits a high cost-performance ratio and is 
widely used in its heat-treated condition[12]. However, 
the heat treatment process is associated with high 
energy consumption, which contradicts the principles of 
efficient energy utilization and environmental protection. 
Achieving high toughness in the heat treatment-free state 
is of great significance for the development of new Al-Si
alloys. This advancement undoubtedly imposes higher 
demands on the design and optimization of Al-Si alloy 
materials.

Heat-treatment free Al-Si alloys usually exhibit a lower 
strength and poor plasticity. Many methods have been tried 
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to improve their strength and plasticity in recent years. Fine grain 
strengthening can achieve synergistic improvement of strength and 
plasticity. Basavakumar et al.[13] found finer Al dendrites obtained 
by adding 1% Al-1Ti-3B promoted the strength from 163 MPa 
to 184 MPa and elongation from 6.5% to 10%. The effective 
modification of eutectic Si particles is also an important way 
to improve the properties. Tempel et al.[14] found adding Sr 
would induce twinning and promote the formation of fibrous Si 
particles. In addition, Zamani et al.[15] found the minor addition of 
Zr, Ni, Ti, V, Cr, La, Y, and Nb elements significantly increased 
the dispersed second phases, thus improving the service life of 
the alloy. Trace multi-component alloying becomes a potential 
for improving the properties of heat-treatment free Al-Si 
alloys.

High pressure die casting (HPDC) is one of the most 
effective casting processes for producing parts with high 
dimensional accuracy, small surface roughness, and complex 
shapes[16]. It has good forming capability, high production 
efficiency, and good economic index. Three key stages in 
HPDC include low-speed injection stage, high-speed filling 
stage, and intensification pressure stage. During low-speed 
injection, the melt moves slowly in the shot sleeve, causing 
externally solidified crystals (ESCs) to precipitate on the sleeve 
wall and grow into large dendrites. In the high-speed filling 
stage, the fast-moving liquid carries ESCs into the die cavity, 
where they are broken and remelted due to the strong impact 
of the filling flow. After finishing the cavity filling, a high 
intensification pressure is applied by plunger for obtaining 
the high density die castings. Affected by the above process 
features, large-scale porosity and coarse primary phases are 
easily to form in die-casting parts, accelerating casting failure 
during service. Zhang et al.[17] found pores originated from 
air entrainment were inevitable and it significantly reduced 
casting mechanical properties. Zheng et al.[18] found the 

initiation and propagation of cracks were all related to coarse 
primary ESCs. In addition, the actual mold structure of large 
vehicle die-casting parts is complex, and the microstructure 
and mechanical properties of large-sized castings vary at 
different sampling positions, which requires a profound study.

In this study, a newly developed heat-treatment free die-casting
AlSiFeMnVTiSrZr alloy was proposed and its application on 
shock tower was investigated. Furthermore, the microstructure 
and mechanical properties of near-gate and far-gate plates at 
complex locations of the shock tower were compared.

2 Experimental procedures
2.1 Materials and process parameters
A newly developed heat-treatment free hypoeutectic Al-Si 
alloy, AlSiFeMnVTiSrZr, was utilized in this experiment and its 
chemical compositions are listed in Table 1. Figure 1(a) shows 
the three-dimensional structure of the shock tower, in which 
the thickness of the biscuit was 30 mm and the diameter was 
120 mm. Six sampling positions were selected for mechanical 
property test, of which Positions 1 and 6 are far away from the 
gate, while Positions 3, 4, and 5 are near the gate, as shown in 
Figs. 1(b) and (c). The thicknesses of the plates sampled at 
Positions 1 to 6 are 3.00 mm, 2.99 mm, 2.11 mm, 2.63 mm, 
3.04 mm, and 2.53 mm, respectively. The HPDC experiment 
was carried out on a 2800 t Frech high vacuum die-casting 
machine. The key process parameters, including slow-shot
speed, fast-shot speed, vacuum condition, and pouring 
temperature, adopted in the experiment are shown in Table 2.
During the die-casting process, the punch underwent a 
uniformly accelerated motion. It transitioned from slow-shot 
speed stage 1 to slow-shot speed stage 2 and then to slow-shot 
speed stage 3, generating multi-stage slow-shot speeds within 

Table 1: Chemical composition of AlSiFeMnVTiSrZr alloy (wt.%)

Elements Si Fe Mn V Ti Sr Zr Al

Nominal 8.5-9.5 < 0.15 0.4-0.6 0.15-0.25 0.05-0.15 0.02-0.04 0.15-0.25 Bal.

Actual 8.95 0.12 0.48 0.15 0.08 0.02 0.15 Bal.

Table 2: Key processing parameters in HPDC
               experiments

Pouring 
temperature

 (°C)

Slow-shot 
speed 
(m·s-1)

Fast-shot 
speed 
(m·s-1)

Vacuum 
condition

710 0, 0.2, 0.44 5.5 On

the shot sleeve. At the same time, the pouring temperature for 
shock tower experiment was increased to 710 °C for preventing 
the melt from early solidification in the process of filling the 
thin wall of complex structure. For observing the microstructure 
and defects in HPDC alloys, optical microscopy (OM),
scanning electron microscopy (SEM), and synchrotron 
radiation imaging technology were used. 

Fig. 1: Configuration of HPDC shock tower casting (a) and 
plates extraction locations for tensile test (b)-(c)
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Table 3: Mechanical properties of as-cast AlSiFeMnVTiSrZr

Position YS
 (MPa)

UTS
 (MPa)

EL
 (%)

1 119.0±8.7 260.7±7.8 13.0±1.0

2 126.7±2.1 270.7±6.7 11.2±0.8

3 120.0±10.6 261.3±10.1 11.0±2.3

4 128.7±3.5 273.7±4.2 11.7±0.8

5 115.7±6.7 264.3±5.0 12.7±1.3

6 126.0±4.0 274.0±4.0 7.8±1.5

2.2 Microstructure observation and tensile test
For metallography observation of the cross section, water 
sandpapers of #200-#2000 were used in order. Following 
mechanical mounting, polishing, and ultrasonic cleaning, 
the plates surface was etched using Murakami reagent (10 g 
NaOH, 5 g K3[Fe(CN)6] and 60 mL H2O) for 30 s. For the 
fractured plates, synchrotron radiation imaging was employed 
to examine both the fracture morphology and the subsurface 
porosity. 

The synchrotron radiation imaging was performed at an 
operating voltage of 100 kV and a current of 110 μA. Given 
the dimensions of the fractured plates, a voxel size of 3 μm 
was selected, and 1,100 projections were acquired over a 
360° rotational scan. The projections were then processed 
using Vgstudio Max software for phase retrieval, contrast 
enhancement, and noise reduction, yielding 2,400 16-bit 
tomographic slices. These slices were subsequently imported 
into Avizo® for three-dimensional visualization and analysis. 
In addition, Avizo® software and manual screening of 
metallographic images were used to accurately identify 
ESCs (their size was setting over 10 μm). Tensile tests were 
conducted on a WDW 3020 electronic universal testing 
machine with a 25 mm extensometer. The tensile rate was set 
at 1 mm·min-1. To ensure accuracy, tensile plates were taken 
from three shock towers fabricated with identical process 
parameters.

3 Results and discussion
3.1 Mechanical properties of HPDC 

AlSiFeMnVTiSrZr alloy
Figure 2 and Table 3 show the mechanical properties of 
as-cast AlSiFeMnVTiSrZr extracted from shock tower. Our 
targets for heat-treatment-free alloy development are: yield 
strength exceeds 120 MPa, ultimate tensile strength higher 
than 260 MPa, and elongation higher than 10%. For the as-cast 
AlSiFeMnVTiSrZr alloy, the strength and elongation meet the 
target values, except for the yield strength at Positions 1 and 5,
and the elongation at Position 6. Comparatively, the yield 

Fig. 2: Mechanical properties of as-cast AlSiFeMnVTiSrZr 
extracted from shock tower

strength at Position 1 is 119 MPa, nearly hitting the 120 MPa
target. The yield strength at Position 5 misses the mark by 
4.3 MPa. At Position 6, the elongation is 7.8%, 2.2% lower 
than the set value, indicating a relatively low result. For 
explaining the reasons for above results, the microstructures at 
Positions 5 and 6 were extracted and analyzed.

3.2 Microstructure difference in typical sampling 
positions of shock tower

Figures 3(a) and (b) show the optical micrographs of Positions 5
and 6 in shock tower, respectively. Position 5 near the gate 
exhibits a skin layer of approximately 130 μm thick, and a 
high area fraction of fine Al grains is distributed in this area 
[Fig. 3(c)]. After calculation, as shown in Figs. 3(g-i), the 
average diameter and area fraction of Al grains in the skin layer 
is 5 μm and 43.8%, respectively. Near the skin layer, the obvious 
microstructure difference is observed and the size and spacing 
of Al grains rapidly increase. The microstructure in Position 6
exhibits nearly no ESCs [Fig. 3(b)] and from surface to center, 
fine Al grains maintain a high area fraction, as shown in 
Figs. 3(d) and (f), but the Al grains in surface exhibit a 
wider spacing resulted by the high-speed liquid impact. In 
addition, obvious micropores can be identified in Fig. 3(b). 
In comparison, in Fig. 3(e), the coarse irregular ESCs densely 
distribute in the central area. They connect with each other, 
forming a large ESC network [Fig. 3(a)]. In die casting process, 
the relatively lower cooling rate in the shot sleeve promotes 
the dendrite growth of ESCs. When the fast shot speed is 
triggered, high-speed liquid rapidly fills the die cavity carrying 
ESCs, which are broken, remelt and finally preserved in die 
castings. Near the die cavity surface, the ESCs experience 
intense liquid flow impact and fragment into globular shapes. 
In contrast, in the central zone where the solid fraction is lower 
during solidification, the ESCs are surrounded by a relatively 
quiescent melt, allowing their original morphology to be 
largely preserved.

Figures 4(a) and (b) show the scanning electron micrograph 
of surface microstructure in Positions 6 and 5, respectively. In 
Fig. 4(a), fine Al grains, eutectic Si particles, and precipitates 
are present and a pore close to 20 μm is marked and enlarged 
as shown in Fig. 4(e). In Fig. 4(b), an obvious interface is 
observed between the chilling skin layer and normal solidified 
zone. The difference between the two zones is the grain size. 
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Larger-sized primary α-Al and higher segregation appear in 
the normal solidified zone. 

Approaching to the center, Al grains still exhibit small size, 
and multiple precipitate including iron-rich phase, and plate 
shape (AlSi)3ZrTi emerges in the boundary of Al grains in 
Fig. 4(c). As shown in Fig. 4(f), multiple (AlSi)3ZrTi precipitates 

with a plate shape are densely distributed and interlocked 
each other, while their size exhibits significant differences. In 
Fig. 4(d), the main phases comprise of large-sized ESCs and 
fiber Si particles. In addition, fewer iron-rich phases and 
(AlSi)3ZrTi are distributed along ESC boundary, but their size is 
larger especially the iron-rich phases, as shown in Fig. 4(g). 

Fig. 3: Optical micrographs of Position 5 (a) and Position 6 (b), their corresponding surface areas (c, d) and central 
areas (e, f), respectively. Enlarged view of the skin layer (g) and its phase extraction (h), and average 
diameter and area fraction of fine Al grains (i)

Fig. 4: Scanning electron micrographs of surface microstructure: (a, e) Position 6; (b) Position 5; central 
microstructure: (c, f) Position 6; (d) Position 5; and (g) (AlSi)3ZrTi and iron-rich phase precipitates
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3.3 Difference of fracture characteristics
Figures 5(a) and (b) show the whole casting fracture 
morphology of Positions 6 and 5, respectively. In Fig. 5(a), 
a flat fracture is present and large-scale irregular shrinkages 
and relatively regular gas pore are distributed in local fracture, 
as shown in Figs. 5(a1) and (a2). No obvious crack source 
can be identified. In Fig. 5(b), a rough fracture morphology 
covers nearly the whole central fracture and this area inside 
the red wireframe contains some shrinkages, as shown in 
Fig. 5(b1). The formation of rough fracture is closely 
associated with the transgranular fracture mode of enriched 
soft ESCs. Further enlarging the fracture, brittle iron-rich phase 
and fine dimple, approximately 1 μm in size, caused by peeling 

off of eutectic Si particles can be identified. Figures 6(a) and (b)
show the whole 3D casting fracture morphology and porosity 
characteristics of Positions 6 and 5, respectively. Compared 
with the crack of Position 5, a fracture with a steeper slope 
and higher porosity exhibits in Position 6, as shown in 
Figs. 6(a1) and (b1). Figure 6(b) shows a relatively rough fracture 
surface with a tearing edge and multiple secondary cracks. From 
Figs. 6(a2) and (b2), it can be found that an instantaneous 
fracture mode exhibits in Position 6, while a crack growth 
zone with a relatively rough fracture surface and a 1 mm
long platform is present in Position 5. The difference in 
fracture morphology causes the different mechanical behaviors. 

Fig. 5: Whole casting fracture morphology of plate at Position 6 (a), Position 5 (b), and corresponding local 
fracture characteristics of Position 6 (a1), (a2) and Position 5 (b1), (b2), respectively

Fig. 6: 3D fracture morphology of Position 6 (a), Position 5 (b) and corresponding 3D side view (a1), (b1), and 
2D side view (a2), (b2), respectively
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Furthermore, the porosity in Positions 5 and 6 was 
investigated. As shown in Fig. 7(a), the pores with a larger 
equivalent diameter always have a lower shape factor and these 
pores are not single gas pores but a complex combination of gas 
pore and shrinkage, named gas-shrinkage pores. According to 
Ref. [19], gas-shrinkage pore is caused by the combined effect 
of air entrainment and feeding failure in ESC inter-dendritic
boundary and it serves as the dominant crack sources promoting 
the crack propagation. In addition, the lager-scale pores with 
a relatively higher shape factor are found in Position 6. The 
presence of higher porosity and larger-sized pores in Position 6
is ascribed to the insufficient filling power. The relatively 
lower shape factor of pores in Position 5 is closely associated 

with the insufficient feeding behavior in ESC inter-dendritic 
boundary and thus the proportion of shrinkage is relatively 
higher. In Figs. 7(b)-(d), the volume fraction, equivalent 
diameter, and number of pores in Position 5 are 0.00561%, 
35.27 μm, and 264, respectively and all the geometric 
parameters are lower than those in Position 6 (0.01691%, 
40.68 μm, and 352). Position 5 exhibits less than one third of 
porosity than Position 6, indicating that the shock tower in the 
near-gate location exhibits a better performance.

To elucidate the disparities in yield strength and elongation, 
strengthening and plasticity mechanisms are presented, and 
the microstructural characteristics at near-gate position 5 and 
far-gate position 6 are listed in Table 4.

3.4 Yield strength analysis 
To verify the validity of the above mentioned analysis 
and quantitatively assess the contributions of different 
reinforcements to the mechanical properties of hypoeutectic 
Al-Si alloys, grain boundary strengthening (σg), precipitation 
strengthening (σp), and solid solution strengthening (σs) 
were evaluated. The overall theoretical strength (σA) can be 
formulated as Eq. (1) :

                                     σA=σg+σp+σs                                    (1)

where σg is calculated by Hall-Petch relation[20]:

                                                                    (2)

where σ0 is friction stress, d is average grain size, and k is 
a constant related to the aluminum (0.12 MPa· )[21]. The 
discrepancy in σg between Position 5 and Position 6 of plates 
can be derived using Eq. (3):

                                                                     
(3)

Based on the grain size in Table 4, the Δσg is evaluated to 

 Fig. 7: Shape factor versus equivalent diameter of Positions 5 and 6 (a) and geometric parameters of 
pores: (b) volume fraction; (c) equivalent diameter; and (d) number

Table 4: Microstructural features at near-gate Position 5 and far-gate Position 6

Sampling 
position

Grain size
 (μm)

Si content
(wt.%)

Si particles area 
fraction

Eutectic area 
fraction

Primary α-Al 
area fraction Porosity

5 ~20 8.85± 0.18 15.2% 37.7% 62.3% 0.00561%

6 ~8 9.80± 0.19 25.3% 40.3% 59.7% 0.01691%
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Table 5: Differences in strength (D-value) of Positions 5 
and 6 in shock tower

Strength Δσg Δσp Δσs ΔσA

D-value (MPa) 15.6 4.8 1.6 22

be 15.6 MPa. The contribution of σp is from the Si particles in 
plastic deformation and it can be expressed by[22, 23]:

 

         
π

               

(4)

where G is shear modulus (27 GPa), b is Burger vector (0.286),  
 is Poisson ratio of Al matrix (0.33), fp and dp are the area 

fraction and diameter (~1 μm) of Si particles, respectively. 
From Figs. 4(f) and (g), the spacing of Si particles is similar 
while the Si particles area fraction in the two different 
positions is different (15.2% in Position 5 and 25.3% in 
Position 6). The strengthening effect from dislocation-particle 
interactions is calculated to be 8.6 MPa in Position 5 and 
13.4 MPa in Position 6, and thus Δσp is calculated to be 4.8 MPa. 
From Ref. [24], yield strength indicates a relatively insensitive 
dependence on the variation of porosity and the contribution of 
Si particles can be expressed as follows:

                      YS=18.52+32.88exp(x/49.31)                       (5)

where x is Al-Si eutectic area fraction and Δσp induced by the 
disparity in Si particles amounts to 3.8 MPa, which aligns 
closely with the previously calculated value of 4.8 MPa. 

As for σs, the solid-solution strengthening effect arises from 
multiple solutes (such as Si, Fe, V, Zr, and Mn), which can be 
formulated as follows[25]:

                                                                    (6)

where ki is the scale coefficient of element i, Ci is the mass 
fraction of element i in Al matrix, and n is total element types. 
The mass fraction of Si atoms in Position 6 is higher than 
that in Position 5 because of solute enrichment in far-gate 
region. But it is a complex factor because the contribution of 
different elements is hard to measured. An indirect method 
was employed by subtracting grain boundary and precipitation 
strengthening contributions from measured yield strength. 
According to Eq. (1), Δσs is calculated as 1.6 MPa, and the 
strength differences (D-value) between Positions 5 and 6 
in the shock tower are listed in Table 5. Grain boundary 
strengthening, which accounts for nearly 71% (Δσg/ΔσA) of the 
strength difference, emerges as the primary contributor to the 
observed strength variations.

3.5 Elongation analysis
Compared with Fig. 6(a2), an additional ~1 mm crack 
propagation platform with a rough serrated shape exhibits in 
Fig. 6(b2) and it proves the plastic fracture mode. For tensile 
elongation, it is closely related to porosity and area fraction 

of Si particles. Lee[26, 27] proposed a total effective void area 
fraction inside a specified material and it includes two parts: 
the area fraction of micro-voids, fmicro-void, and the additional 
discontinuous area fraction formed by fracture damage of Si 
particles, fSi-particles, i.e.: 

                    feffective void area = fmicro-void + fSi-particles                (7)

The tensile elongation can be expressed by the following Eq. (8):

                           ε = ε0[1-feffective void area]
a                          (8)

where ε0 is the maximum value of achievable in defect-free 
conditions. a is the defect susceptibility of tensile elongation 
to microporosity variation. Actually, the the area fraction of 
Si (15.2% in Position 5 and 25.3% in Position 6) has a direct 
bearing on the development of ductile dimples and micropores 
on the fracture surface. According to Ref. [24], the values 
of a at Positions 5 and 6 are estimated to be approximately 
2.7 and 3.0, respectively, and the corresponding ε values are 
calculated as 0.61ε0 and 0.42ε0, resulting in a difference of 
0.19ε0. In addition, from Table 4, larger porosity in Position 6 
plate is detected but no precise result to determine the pores 
on the fracture surface. Actually, the pores near the fracture 
play a decisive effect on the fracture. Large-sized pores lead to 
greater stress concentration and facilitate crack propagation, 
exhibiting a power-law relationship with tensile ductility on 
the fracture surface[28]. As shown in Figs. 6(a1) and (b1), the 
plate at Position 6 has more large pores near the fracture, 
which may be a key factor for its lower elongation. This results 
in an ε-value difference between Positions 5 and 6 exceeding 
0.19. In summary, with over three-fold higher porosity, 66.4% 
greater fSi-particles, and a larger a value than Position 5, the plate 
at Position 6 has a significantly lower tensile elongation.

4 Conclusions
(1) In tensile testing of specimens extracted from different 

locations on the shock tower, the plate from the near-gate 
position (Position 5), characterized by a microstructure with 
coarse equiaxed/columnar (ESC) dendrites and lower porosity, 
exhibits a lower yield strength. In contrast, the plate from the 
far-gate position (Position 6), which features a finer primary 
α-Al grain structure but higher porosity, shows significantly 
reduced elongation, indicating inferior ductility.

(2) Based on the 3D casting fracture morphology and porosity 
characteristics, the fracture section of the plate at Position 6
exhibits a steeper slope, whereas the fracture interface at 
Position 5 features a rough crack propagation platform. This 
contributes to its higher elongation.

(3) The primary strengthening mechanism responsible for 
the yield strength difference between the near-gate (Position 5)
and far-gate (Posi t ion 6) regions is grain boundary 
strengthening, which accounts for approximately 71% of the 
total contribution. In addition, higher Si area fraction and 
porosity severely decreases the elongation in far gate (Position 6)
region.
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