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Abstract 
The present study investigated the effects of the casting processes and aging times on the micro-

structure and hardness of commercial AlSi12Cu alloys. The primary goal was to assess how various 
aging times affect the maximum hardness of the alloy and to evaluate the influence of cooling rates 
on hardness values obtained from sand casting (SC) and High-pressure die casting (HPDC). For both 
casting alloys, the solution heat treatment was performed at 540℃, followed by quenching. The alloys 
were then aged at 180℃ for various durations, ranging from 10 min to 50 h. The results reveal significant 
microstructural changes in the size and morphology of the eutectic silicon and intermetallic phases 
between the SC and HPDC. The α-Fe intermetallics predominantly exhibit a Chinese-script morphology 
in SC, whereas in HPDC, they are primarily present as polyhedral particles. The maximum hardness 
peak was observed at 8 h of aging in SC; in HPDC, it was achieved at only 4 h of aging. The results of 
the hardness and X-ray diffraction (XRD) analyses exhibit consistent trends, strong alignment, and 
good agreement with each other. The HPDC process, combined with heat treatment, significantly 
enhances the mechanical properties of cast aluminum alloys. 

1. Introduction 
 
Cast aluminum‒silicon alloys are widely used in the automotive 

industry because of their good casting characteristics and mechanical 
properties. In addition to their high strength-to-weight ratio, they 
exhibit excellent resistance to abrasion and corrosion, a low coefficient 
of thermal expansion, and good weldability [1-3]. However, the 
microstructural constituents of their structure influence the mechanical 
properties of these alloys after casting through the size of the α-Al 
dendrites, morphology and quantity of intermetallic phases. In sand 
casting (SC), Al-Si alloys readily exhibit eutectic silicon in acicular 
or lamellar forms, resulting in a concentration of stress, and therefore 
tend to exhibit low strength and ductility [3,4]. To produce components 
exposed to harsh service conditions, HPDC is used to create high-
strength parts with excellent surface finish characteristics. 

The high pressures and rapid solidification rates of this process 
produce a refined microstructure, which includes silicon eutectics and 
intermetallics [5]. Several studies have demonstrated that increased 
cooling rates significantly modify the eutectic structure, resulting in 
a more refined microstructure. In HPDC, this refinement is primarily 
attributed to higher cooling rates, shorter solidification times, and 
applied pressure. The use of metal molds with high thermal conductivity 
facilitates rapid heat extraction, thereby limiting grain growth and 
phase coarsening. Conversely, the slower cooling and lack of pressure 
in SC lead to larger, coarser grains. This refined microstructure enhances 
the alloy’s mechanical properties [6-8]. 

The mechanical properties of aluminum‒silicon alloys are influenced 
not only by the morphology of the α‒Al dendrites, silicon particle size, 
and intermetallic phases but also by the chemical composition of 
these alloys. The introduction of alloying elements such as copper (Cu) 
and/or magnesium (Mg) induces the formation of hardening phases, 
which strengthen the alloy during the heat treatment process [9,10]. 

Iron is a significant impurity in commercial Al-Si alloys, adversely 
affecting their mechanical properties. However, adding 0.7 wt% iron 
to cast aluminum alloys is common to prevent soldering and sticking 
to the die [11]. In Al-Si alloys, iron typically forms β-Al5FeSi (β-Fe) 
platelets. When combined with manganese and chromium, it forms 
α-Al15(FeMnCr)3Si2 (α-Fe) sculptures that resemble Chinese-script. 
However, if the combined manganese and iron content exceeds 0.8 wt%, 
α-Fe crystals become primary, appearing as polyhedral particles 
known as sludge [12]. In industrial Al-Si-Cu-Mg alloys with added 
Fe, Mn, and Cr, the abovementioned phases can coexist in various 
forms depending on the solidification rate [3,13]. 

The effects of the copper and magnesium contents on microstructure 
and hardness have been widely studied, demonstrating that appropriate 
levels of these elements enhance the mechanical properties of alloys. 
For example, Kori et al. [14] reported that minor additions of 0.5 wt% 
copper and 0.7 wt% magnesium significantly enhanced the mechanical 
properties of A356 alloys. Shabestari et al. [9] studied Al-Si-Mg alloys 
with varying copper contents (0.2 wt% to 2.5 wt%) and reported that 
alloys cast in graphite molds with approximately 1.5 wt% copper 
exhibited the best mechanical properties. Alfonso et al. [15] reported  
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that for magnesium contents of up to 6.78 wt% in aluminum alloys, 
the hardness increased with increasing magnesium concentration. 
This effect is attributed to the strengthening influence of magnesium, 
which enhances precipitation hardening and contributes to the 
development of a more refined and robust microstructure. Taylor et al. 
[16] investigated the effect of the addition of Mg to aluminum alloys 
and reported that Mg concentrations between 0.3 wt% and 0.7 wt% 
facilitated the formation of Mg2Si. They reported that the yield strength 
increased significantly at approximately 0.4 wt% Mg. However, when 
the Mg concentration exceeded 0.5 wt%, the yield strength began 
to decrease. However, Samuel et al. [10] reported that magnesium 
content has no significant effect on hardness when it exceeds 0.3 wt%. 

The solution process is carried out to produce a supersaturated 
solid solution that dissolves phases such as β-Mg2Si, θ-Al2Cu, 
Q-Al5Cu2Mg8Si, and π-Al8FeMg3Si in the alloy structure. However, 
the solution temperature is limited by the melting temperature of 
the eutectic phase. Mondolfo [12] reported that low melting point 
eutectics control solution temperatures, which are generally below 
830 K (557℃) for copper-free alloys and below 810 K (537℃) for 
copper-rich alloys. Shivkumar et al. [17] reported that the solution 
temperature during alloy processing is influenced by the composition 
of the alloy, particularly the copper and iron contents. They reported 
that increasing the solution temperature reduces the solution time 
and improves the strength properties of Al-Si-Mg alloys up to 550℃. 
However, above 560℃, the formation of the first liquid phase begins 
at the grain boundaries. Samushina et al. [18] reported that, in an 
AlSi12Cu2MgNi alloy with 1.7 wt% Cu heat-treated at 540℃, there 
were clear signs of overburning, whereas this phenomenon was not 
detected in the 1 wt% Cu alloy structure. 

The final step in determining the properties of heat-treated 
aluminum alloys is the aging time (T6). After the supersaturated solid 
solution is maintained at a relatively high temperature, followed by 
rapid water quenching, the return to equilibrium can be accelerated 
by aging precipitation. Although precipitation reactions in ternary 
Al-Si-Cu and Al-Si-Mg alloys have been widely studied, the precipitation 
sequence in quaternary Al-Si-Cu-Mg alloys is not fully understood, 
as noted by Sjölander et al. [19]. According to Ouellet et al. [20], 
the hardening process during aging in Al-Si-Cu-Mg alloys takes 
place through the cooperative precipitation of θ-Al2Cu and β-Mg2Si 
hardening particles. Li et al. [21] reported that a double aging peak 
was present in the age hardening curve for the Al-Si-Cu-Mg alloy, 
whereas in the curves for the Al-Si-Mg and Al-Si-Cu alloys, a single 
aging peak was observed. A recent study by Dong et al. [22] on 
Al9Si0.5MgxCu alloys solution-treated at 540℃ for 8 h with aging at 
190℃ revealed that the hardness and yield strength reached maximum 
values when the copper composition was between 0.4% and 0.85% 
by weight. Further increases in copper content beyond this range 
were not beneficial for industrial applications, as they only led to 
a reduction in ductility. 

The alloy investigated in this study is a cast AlSi12Cu alloy, 
which is classified as 413.0 by the Aluminum Association and EN  

AC 47000 in the European standard [1,23]. These alloys have a  
“eutectic” composition and are characterized by high fluidity. They 
are used in applications requiring increased corrosion resistance and 
high-definition surfaces. 

This study investigated the microstructure and hardness evolution 
of a commercial AlSi12Cu alloy obtained through both sand casting 
and high-pressure die-casting followed by T6 aging treatment. All 
heat-treated samples underwent hardness testing and XRD analyses. 
The morphologies of the intermetallic phases in the alloy were 
observed using optical and Scanning electron microscopy (SEM) 
both in the as-cast state and after heat treatment. The alloy phases 
were further analyzed and identified through energy-dispersive X-ray 
spectroscopy (EDS). The results are compared and discussed below. 
 
2. Experimental 
 

The AlSi12Cu alloy used in this research was supplied as a 
commercial ingot. The chemical composition of the ingot was 
determined and is shown in Table 1. The alloy was heated to 800℃ 
and subsequently maintained at 720℃. The melt was poured manually 
(i) by conventional gravity into a sand mold SC and (ii) into a die-
casting machine HPDC. The molten metal in the HPDC was poured 
into a cold chamber, and the piston rod was hydraulically pushed 
forward to fill the die cavity. All the test samples used in this study 
were taken from castings of the same cross-section (approximately 
1 cm × 2.5 cm). According to the ASM Handbook committee [1], the 
average cooling rate in SCs typically falls within the range of 0.1°C∙s‒1 
to 0.5°C∙s‒1. However, in the case of HPDC, the cooling rates are even 
higher, ranging from 50°C∙s‒1 to 500°C∙s‒1. 

Castings obtained by the two molding processes, SC and HPDC, 
were subjected to T6 heat treatment. The solution must undergo 
sufficient heat treatment for an extended period to ensure effective 
diffusion. All the samples were subjected to solution heat treatment 
(SHT) at 540℃ for 8 h. This choice was based on the results of previous 
research [18-20,23]. After undergoing the solution treatment, all the 
samples were quenched in water at 25℃, followed by aging at 180℃ 
for various durations (10 min, 20 min, 40 min, 1 h, 2 h, 4 h, 8 h, 12 h, 
20 h, 30 h, and 50 h). 

The samples for metallurgical examination were cut from the 
as-cast alloy pieces that were prepared using both the SC and HPDC 
processes. All samples, both as-cast and heat-treated, were mounted 
and polished using an OP-U suspension and abrasive colloidal silica 
(0.4 µm). After polishing, the metallographic samples were etched 
with a H2SO4 (sulfuric acid) solution for 15 s. The etched samples 
were subsequently photographed using a Carl Zeiss optical microscope. 

The intermetallic phases in the alloy were identified using a SEM 
(model ZEISS-Merlin) operating at 30 kV and 300 nA with a 1 mm radius 
electron beam. Chemical composition microanalysis was performed 
using an Oxford INCA EDS detector. Phase transformations during 
heat treatment were determined using XRD analyses conducted with 
a Bruker D8 Advance diffractometer, LynxEye detector, and Cu Ka 

Table 1. Chemical composition of the commercial AlSi12Cu alloy (wt%). 
 
Al Si Cu Fe Mg Mn Cr Zn Ti Pb Sn 
Balance 10.65 0.80 0.75 0.23 0.16 0.01 0.08 0.04 0.02 0.004 
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radiation (40 kV/40 mA) in the 2θ range from 20° to 120°. Some 
samples were deeply etched using a reagent composed of 66% HCl, 
33% HNO3, and 1% HF to reveal the three-dimensional morphologies 
of the intermetallic phases. The residual deposits from the etching 
process were removed by rinsing with alcohol. 

Vickers hardness measurements were conducted using a DuraScan 
70 Durometer. All the as-cast samples subjected to both solution 
heat treatment and aging for both casting processes underwent an 
HV5 test with an applied load of 49.2 N, which was maintained for 
nearly 10 s. The average hardness values from the fifteen readings, 
along with their respective error bars, were evaluated. 
 
3.  Results and discussion 
 
3.1  As-cast microstructures 
 

In all commercial processes, solidification takes place through 
the formation of dendrites in the liquid solution. During solidification, 
inclusions and eutectic silicon can segregate into the spaces between 
the arms of the dendrites. Figure 1 shows the microstructures of the 
AlSi12Cu alloy obtained from the SC and HPDC processes. Both 
microstructures consisted of primary aluminum (α-Al) dendrites 
surrounded by eutectic silicon (Si) and various intermetallic phases. 
In SC, as shown in Figure 1(a), a prolonged solidification time 
resulted in a coarser microstructure with a large secondary dendrite 
arm spacing (SDAS) and coarse Si eutectic platelets. The average 
SDAS of the microstructures was approximately 30 μm, as determined 
through more than 10 measurements. Figure 1(b) shows the refinement 
of the Si eutectic phase during HPDC, along with the irregular 
morphology of the α-Al dendrites. This morphology is attributed to 
the formation of externally solidified crystals (ESCs) within the shot 
sleeve. Solidification initiates as the metal flows through the shot 
sleeve and contacts the cold chamber wall. ESCs containing liquid 
are injected into the die cavity at a high cooling rate under the high 
pressure exerted by the machine’s clamping force. Consequently, 
the alloy undergoes multiple stages of deformation, where flow and 
solidification behaviors are coupled [24]. The precise measurement of 
the temperatures during the SDAS in the HPDC process is challenging 
because of the nonuniform distribution of primary α-Al dendrites and 
thus cannot be calculated. 

Figures 1(c-d) present Secondary electron scanning (SE) 
observations for SC and HPDC. In both microstructures, iron 
crystallizes as β-Fe platelets and as an α-Fe phase. The α-Fe phase 
appears in the SC as large Chinese-script structures, approximately 
100 μm in size. In contrast, in HPDC, it manifests as primary polyhedral 
α-Fe particles (sludge), averaging 10 μm, which coexist with secondary 
proeutectic polyhedral α-Fe particles measuring less than 5 μm. This 
morphological difference is attributed to the higher cooling rate in 
HPDC, which prevents the polyhedral particles from transforming 
into Chinese-script structures due to the limited time available for 
such transformation [25]. β-Fe platelets can be categorized as primary 
(predendritic ~100 μm), preeutectic, coeutectic, or posteutectic (a few 
μm) depending on their size and growth duration from nucleation to 
final solidification in the alloy [26]. The curved β‒Fe platelets, 
indicated by the green arrow in Figure 1(d), are found only in HPDC. 
This morphology is a result of the pressure applied by the clamping 
force during the final stages of solidification. 

  

  

Figure 1. Micrographs of the AlSi12Cu alloys obtained from (a), (c) sand casting 
(SC) and (b), (d)  high-pressure die casting (HPDC),  (a-b) optical microscopy 
and (c-d) secondary electron (SE) images. 

 

 

  

Figure 2. Micrographs of the AlSi12Cu alloy showing the main intermetallics 
observed: (a) and (c) in SC, (b) and (d) in HPDC; (a-b) optical microscopy 
and (c-d) backscattered electron images (BSE). 

 
3.1.1  Micrographs of intermetallic phases  
 

The SC alloy in Figure 2(a) has eutectic Si flakes and large 
intermetallic phases. In contrast, in Figure 2(b), the HPDC alloy shows 
a complete transformation of the eutectic Si morphology into a fine 
fibrous structure with smaller intermetallic phases. In the optical 
micrographs in Figure 2(a-b), the θ-Al2Cu phase appears pink‒brown, 
whereas the Q-Al5Cu2Mg8Si6 phase generally appears gray next to it. 
The eutectic Si displays a blue‒gray color. Additionally, β-Fe platelets, 
α-Fe Chinese-script and α-Fe polyhedral particles generally appear 
light gray. The eutectic silicon particles measure up to approximately 
200 μm in size due to the longer solidification time in SC, whereas 
in HPDC, they measure less than 10 μm. The conditions that influence 
the formation of α-Fe Chinese-script particles rather than α-Fe polyhedral 
particles are the cooling rate and the growth time required for the 
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formation of these particles. In this alloy, the coexistence of all these 
particles has been observed in both casting processes, but with different 
quantities and sizes. The α-Fe Chinese-script structure is the most 
dominant structure in sand casting, as shown in Figure 1(c) and 
Figure 2(c), whereas polyhedral α-Fe particles are the predominant 
feature in the HPDC process, as shown in Figure 1(d) and Figure 2(d). 
 
3.1.2  Phase identification with EDS analysis 
 

The θ-Al₂Cu phases, shown in Figure 3(a), are approximately 
30 μm in length, with this large size likely resulting from the slow 
cooling during SC. Copper can exist in two distinct forms: compact 
blocks or eutectic structures. However, the copper phases observed 
in the HPDC alloy in Figure 3(b) are very fine eutectic copper, with 
sizes no larger than 5 μm. These phases are typically observed growing 
on β-Fe platelets, which are considered favorable sites for their 
nucleation. 

The Q-Al5Cu2Mg8Si6 phase, shown in Figure 2(a) and Figure 3(c), 
is commonly observed to grow simultaneously with the θ-Al2Cu phase 
[27]. Owing to the low magnesium content (0.22 wt%), the presence 
of π-Al8Mg3FeSi6 was rarely observed in this alloy. Once all the 
magnesium is consumed in the formation of the Q and π phases, the 
β-Mg2Si phase becomes harder to detect. Seifeddine et al. [28] reported 
the rarity of Mg2Si phases in an Al-Si-Cu-Mg alloy with a magnesium 
content of 0.4 wt%. The β-Mg2Si phase in our alloy was identified 
as a dark black phase hollowed into the surface of the sample, as 
shown in Figure 3(c). Excess water during prolonged polishing and 
chemical etching reduces its surface to a level below that of the 
sample surface. In the HPDC alloy, the (Mg+Cu)-rich phases shown in 
Figure 2(b) are difficult to identify by SEM because of their small size 
of approximately 1 µm. 

Figure 4 presents analyses of the EDS spectra for the θ-Al2Cu, 
Q-Al5Cu2Mg8Si6, β-Mg2Si and π-Al8Mg3FeSi6, β-Al5FeSi and α-Al15 

(FeMnCr)3Si2 phases observed during sand casting. The stoichiometry 
of the compact copper is very close to that of θ-Al2Cu. The corresponding 
EDS spectrum, shown in Figure 4(a), indicates the presence of small 
amounts of Si and Fe. These minor concentrations of Si and Fe are 
attributed to the β-Fe platelets and Si eutectic surrounding this phase, 
potentially influencing analyses conducted using electron beam 
interactions. The spectra of the Q-Al5Cu2Mg8Si6, β-Mg2Si, and 
π-Al8Mg3FeSi6 phases reveal notably higher concentrations of Mg, 
which is consistent with their stoichiometric compositions, as shown in 
Figure 4(b) to Figure 4(d). The β-Fe platelets appear in both types of 
casting, but they can be up to 6 μm thick in SC, whereas they are only 
2 μm thick in HPDC. This difference is attributed to the rapid and 
nonequilibrium cooling in HPDC. Figure 4(e) shows the EDS analysis 
of β-Fe platelets, revealing a stoichiometry that closely matches the 
typical β-Al5FeSi phase. Cao et al. [26] reported that Fe-rich phases 
nucleate on the wet faces of double oxide films, while the space 
between the dry faces of the oxide films constitutes the cracks commonly 
observed in β-Fe platelets. This phenomenon was observed in both 
casting processes in this study. Figure 3(d) shows an example of β-Fe 
splitting in the HPDC. The α-Fe phase can exhibit various morphologies 
depending on factors such as the chemical composition, cooling rate, 
and solidification stage; it may appear as a star compound, a Chinese-

script, or a polyhedral particle. The stoichiometry of this phase closely 
matches the primary Al15(FeMnCr)3Si2 phase observed by Mondolfo 
[12], wherein iron, manganese, chromium, vanadium, and copper 
are all transition elements. 

Figure 4(f) shows the α-Fe Chinese-script spectra in the SC, 
which are similar to those of the polyhedral α-Fe particles in the HPDC. 
Additionally, the EDS analysis spectra of small secondary proeutectic 
α-Fe particles in Figure 3(d) are identical to those of both Chinese-script 
and polyhedral particles. 
 

 

  
Figure 3. BSE micrographs of the AlSi12Cu alloy showing the main intermetallic 
phases in the SC (a), (c) and HPDC (b), (d). 

 

  

  

  
Figure 4. EDS spectra of phases in the as-cast AlSi12Cu alloy corresponding 
to (a) θ-Al2Cu; (b) Q-Al5Cu2Mg8Si6; (c) π-Al8FeMg3Si6; (d) β-Mg2Si; (e) 
β-Al5FeSi; and (f) α-Al15(FeMnCr)3Si2. 
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3.1.3  Mapping analysis 
 
The phases in HPDC are too fine to distinguish, so a single map 

is presented for SC. Figure 5 shows a BSE image surrounded by EDS 
maps of the elements Al, Si, Cu, Mg, Fe, Mn, and Cr. This figure shows 
the Chinese-script phases, a primary polyhedral α-Fe particle, β-Fe 
platelets, and the Q and θ phases. Chinese-script α-Fe phases are the 
predominant intermetallics in SC, whereas polyhedral α-Fe particles 
are rarely observed. As this figure shows, the polyhedral extends the 
arms and attempts to evolve into a Chinese-script morphology. This 
primary polyhedral α-Fe (approximately 25 μm) is likely formed at 
high temperatures during the predendritic stage of solidification [28]. 

The EDS maps reveal the presence of Mn in the polyhedral α-Fe 
particles and in the Chinese-script but not in the β-Fe platelets. The 
growth of this primary polyhedral α-Fe at elevated temperatures 
leads to the incorporation of some of the Cr present in the alloy, while 
simultaneously, the Chinese-script phase releases all the Cr into the 
matrix owing to the time required for its formation. 

The EDS analysis of Fe, Cu, and Mg indicates that the Q-Al5Cu2Mg8Si6 
phase is significantly enriched in Cu and Mg. In contrast, the π-Al8Mg3FeSi6 
phase is enriched primarily in Fe and Mg. These intermetallic phases 
form during the posteutectic reaction, occurring in the final stages of 
solidification. 

3.2  Effect of solution heat treatment 
 
After undergoing SHT at 540℃ for 8 h, the θ-Al2Cu and β-Mg2Si, 

Q-Al5Cu2Mg8Si6 and π-Al8Mg3FeSi6t phases completely dissolve, 
as shown in Figure 6. The microstructures observed through optical 
microscopy for SC and HPDC, as shown in Figure 6(a-b) respectively, 
illustrate the morphological changes in the silicon particles during 
SHT. The silicon particles became significantly coarser, adopted 
a more spherical shape and displayed increased spacing between them. 
According to our previous study (Beroual et al. [29]), the process 
begins with the fragmentation and spheroidization of eutectic silicon, 
followed by its subsequent coarsening. The β-Fe platelets and α-Fe 
Chinese-script phases also undergo dissolution and fragmentation. 
Tillova et al. [30] reported that during SHT at 505℃, the β-Fe platelets 
and α-Fe Chinese-script tend only toward fragmentation. However, 
with SHT at 525℃, fragmentation, segmentation, and dissolution tend 
to occur. 

Figure 6(c-f) display the BSE images after SHT and aging for 4 h 
(c), 8 h (d), and 30 h (e-f). In these images, the β-Fe platelets, α-Fe 
Chinese-script structures, and polyhedral α-Fe particles appear to 
have dissolved and fragmented into fine particles, each smaller than  
10 μm. 

 
Figure 5. BSE image shows the morphologies of the α-Fe Chinese-script, α-Fe polyhedral, π, Q, and θ phases; and the corresponding EDS maps for the 
elements Al, Si, Cu, Mg, Fe, Mn, and Cr. 
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Figure 6. Micrographs of the AlSi12Cu alloy after solution heat treatment at 
540℃ (a-b), followed by aging at 180℃ for (c) 4 h, (d) 8 h, and (e-f) 30 h. 
Images (a), (c), and (e) correspond to the SC, whereas images (b), (d), and 
(f) correspond to the HPDC. 

 
3.3 Hardness test results 
 
3.3.1 As-cast state 

 
The superior mechanical properties of the HPDC alloy compared 

with those of the SC alloy are generally attributed to differences in the 
morphology and particle size of the eutectic silicon obtained during the 
solidification process. In the as-cast state, the average hardness, which 
is based on 15 measurement points, is 101 HV for the HPDC alloy and 
89 HV for the SC alloy, with an error bar of approximately 3 HV 
in each case. The 13% increase in hardness of the HPDC alloy relative 
to the SC alloy is due to the high cooling rate during solidification, which 
transforms the large acicular silicon particles into a fine fibrous form. 
 
3.3.2 Artificial aging 

 
The addition of elements such as copper and magnesium can 

promote the precipitation of hardening phases, such as Al2Cu and 
Mg2Si, during artificial aging. These precipitates play crucial roles in 
strengthening the alloy by impeding dislocation movement, resulting 
in improvements in strength and hardness [17,21,22]. Figure 7 shows 
the variation in hardness as a function of aging time at 180℃ for 
both the SC and HPDC alloys. Three hardness peaks were observed in 
both age-hardening curves. At the start of aging, the hardness increases 
with increasing aging time, reaching the first peak at approximately 
20 min for HPDC and at 40 min for SC. Following these initial rapid 

peaks, the hardness decreases and then increases again, reaching 
a second peak at 4 h for HPDC and 8 h for SC. The final peaks are 
observed at 30 h for both the HPDC and SC alloys. After this peak, 
the hardness of the alloy decreases rapidly in both cases due to overaging. 

The maximum hardness values occurred at the second peaks, at 
4 h for HPDC and 8 h for SC alloys, with approximate measured 
values of 108 HV and 105 HV, respectively. The accelerated hardness 
peak observed at 4 h for HPDC, compared with 8 h for SC, is attributed 
to the higher pressure applied during solidification and the faster 
cooling rate, which promote the formation of nonequilibrium phases. 
These results are consistent with the work of Abou El-Khair [31], 
who demonstrated that increasing the squeeze pressure (from 70 MPa 
to 160 MPa) accelerates the alloy strength and reduces the time needed 
to reach the peak hardness from 8 h to 4 h. 

 
3.4 X-ray diffraction analyses 

 
XRD is a technique for measuring the arrangement and spacing of 

atoms in alloys. Heating or cooling, combined with pressure, leads to 
slight changes in the interplanar spacing, which generally results in 
slight changes in the angles of the diffraction peaks. In a previous study 
[3], a comparative analysis of the XRD patterns of both the as-cast SC 
and HPDC alloys revealed a slight angular shift of all the diffraction 
peaks. This phenomenon can be attributed to the macrostresses generated 
by the pressure during HPDC. 

In this study, we compared the XRD patterns of SC and HPDC 
alloys after different aging times. Figure 8(a-b) present the XRD 
patterns of the SC and HPDC alloys at various aging durations, which 
are observed within the range of 20° to 120° (2θ). The magnified 
views of the Al (200) and Si (220) peaks in Figure 8(c-d) highlight 
shifts in the positions of the Bragg reflections. Compared with those 
of the other XRD peaks, all the XRD peaks corresponding to the aged 
peaks in the hardness curves (Figure 7) are shifted to the right. These 
peak shifts are observed at 20 min, 4 h, and 30 h in the SC alloy and 
at 40 min, 8 h, and 30 h in the HPDC alloy. The peak shifts in the SC 
alloy were more pronounced and more clearly distinguishable than 
those in the HPDC alloy. This difference is attributed to the slower 
solidification process in SC than in HPDC. 

 

 

Figure 7. Hardness of the AlSi12Cu alloy produced by SC and HPDC after 
different aging times. 
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Figure 8. Superposition of normalized XRD patterns for SC and HPDC alloys 
at different aging times: (a) and (b). Corresponding enlarged views of the Al 
(200) and Si (220) diffraction peaks are shown in (c) and (d), respectively, 
highlighting microscopic elastic deformation. 

 

 

  

Figure 9. BSE micrographs of deep-etched alloys, illustrating their morphology 
before and after SHT: (a) and (c) for SC, and (b) and (d) for HPDC. 

 
The broadening, along with the displacement of the diffraction 

angles of the aged peaks to the right, indicates the precipitation of 
hardening phases within the matrix. These phases introduce dislocations, 
leading to variations in the crystal lattice parameters. The changes in 
the shape of the diffraction peaks can be attributed to various micro-
structural factors, such as crystal disorientation, dislocation density, 
and phase precipitation resulting from heat treatments. As reported by 
Ji [32], the observed shift in the diffraction angle after heat treatment 
closely aligns with the evolution of hardness values. 
 
3.5 Morphology of deep etching phases 

 
In aluminum‒silicon foundry alloys, the morphologies of silicon 

and intermetallic phases can differ significantly depending on the 
solidification conditions. The microstructures may experience notable 
transformations when transitioning from SC to HPDC processes. 

When observed in 3D, primary silicon is generally found in both 
casting processes as regular polyhedral particles or massive plate-
like crystals. Figure 9(a) illustrates the eutectic silicon in the SC, 
which appears as large faceted silicon platelets. This figure shows 
the edges of some primary silicon platelets cut in cross-section and 
aligned parallel to the polishing plane of the sample. In the HPDC 
(Figure 9(b)), silicon appears as small, relatively smooth platelets 
with minimal traces of faceting. This figure also depicts primary 
silicon in the form of massive platelets, which exhibit an almost perfect 
hexagonal shape. Figure 9(a) also displays the α-Fe Chinese-script 
in 3D, showing a unique, interconnected, skeleton-like morphology. 
This phase, which crystallizes on the primary eutectic platelets and 
measures approximately 20 μm, is likely formed during the coeutectic 
or posteutectic stages of solidification. These intermetallics are more 
prevalent in SC and less common in HPDC, where they tend to 
precipitate into other intermetallics, such as α-Fe polyhedral particles. 

After the SHT process, all intermetallic phases are dissolved 
except for the Fe-based intermetallics, as shown in Figure 9(c-d). 
The fragmentation, spheroidization, and dissolution of these phases 
are driven primarily by atomic diffusion movements [33]. A comparison 
of the silicon particles in the SC and HPDC alloys reveals that 
spheroidization and coalescence are less pronounced in the SC alloy 
than in the HPDC alloy (Figure 9(b)); this suggests that the fragmentation, 
coagulation, and spheroidization of eutectic silicon occur more rapidly 
in HPDC alloys than in SC alloys. According to the literature [34], 
a high cooling rate during the solidification process can significantly 
reduce the solution heat treatment time (SHT) by quickly altering 
the morphology of the eutectic silicon. As a result, disintegration, 
spheroidization, and coarsening of eutectic silicon progress faster 
in HPDC alloys than in SC alloys. 

 
3.6 The Fe intermetallics in industrial AlSi12Cu 

 
The mechanical properties of AlSi12Cu alloys are strongly influenced 

by the morphology of their intermetallic phases. β-Fe intermetallics 
manifest as needle-like structures in two dimensions (2D) and platelets 
in three dimensions (3D). These phases are known to adversely affect 
mechanical properties due to their brittleness and stress concentration 
effects. These intermetallics also act as barriers to liquid metal flow 
during solidification, leading to the formation of pores in the micro-
structure. Roy et al. [35] reported that β-Fe particles serve as potential 
nucleation sites for porosity, regardless of the alloy composition or 
the size of the β-Fe particles. Figure 10(a) provides a clear example 
of how β-Fe platelets can act as barriers to liquid metal feeding in 
areas prone to shrinkage porosity. The presence of these intermetallics 
near the pores highlights their three-dimensional morphologies and 
lengths. 

In the presence of Mn, Fe primarily crystallizes as the α-Fe 
Chinese-script phase at low to intermediate cooling rates. In ingot 
casting, where the cooling rate is lower than that in sand casting, the 
α-Fe Chinese-script phase becomes the dominant Fe intermetallic 
phase. Figure 10(c) shows that the α-Fe Chinese-script phase nucleates 
above the eutectic Si, confirming that this phase forms at the posteutectic 
stage. The bright spot on the Chinese-script α-Fe corresponds to Pb 
(lead), which appears brighter in the image due to it being a heavy 
element (high atomic number). 
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Figure 10. (a) and (b) Backscattered electron images showing β-Fe platelets 
in SC, with pores nucleating along their elongated sides, and the α-Fe Chinese-
script phase in the ingot. (c) An InlensDuo image showing the transformation 
of primary polyhedral α-Fe into Chinese-script α-Fe, which nucleates on the 
eutectic Si phase. 

 
Figure 10(d) presents an InlensDuo micrograph (BSE coupled 

with SE image), revealing the morphology and distribution of the 
α‒Fe phase in the SC samples. The polyhedral α-Fe shown in this 
figure appears to be the source of growth for the branched arms of the 
α-Fe Chinese-script phase; it was likely formed at high temperatures 
during the predendritic phase of solidification. The growth of these 
branched arms seems to have started after the formation of the Si 
eutectic. It is also clear that the presence of arms of Chinese-script 
nucleated on the Si eutectic particles indicates that the eutectic Si 
particles arrived first and that the arms of the Chinese-script phase 
formed after the eutectic Si particles in the last posteutectic solidification 
stage [26]. 
 
4.  Conclusions 
 

From the effects of the casting process and aging treatment on 
the microstructure and hardness of the AlSi12Cu cast alloys, the 
following conclusions can be drawn: 

1. HPDC results in a more refined microstructure with a non-
uniform distribution of primary α-Al dendrites due to nonequilibrium 
cooling. In contrast, SC leads to a coarser microstructure characterized 
by larger SDAS and coarse Si eutectic platelets owing to longer 
solidification times. The β-Fe platelets exhibit variations in both size 
and distribution, which are influenced mainly by cooling rate differences 
and the specific timing of their nucleation and growth during the 
solidification process. The α-Fe intermetallics formed two distinct 
phases: predominantly with a Chinese-script morphology in SC and 
as polyhedral particles in HPDC. 

2. SHT at 540℃ completely dissolves the θ-Al2Cu, β-Mg2Si, 
Q-Al5Cu2Mg8Si6 and π-Al8Mg3FeSi6 phases, with the exception of 
the Fe-based intermetallics. The initial eutectic Si morphology in as-
cast alloys differs between SC and HPDC, significantly influencing 
Si particle characteristics following heat treatment. Compared with SC 
alloys, HPDC alloys demonstrate higher coarsening rates of eutectic Si. 

3. For both alloys, three hardness peaks were observed at 
40 min, 8 h, and 30 h for the SC alloy, whereas for the HPDC alloy, 
they occurred at 20 min, 4 h, and 30 h. HPDC accelerates the hardness 
peak from 8 h to 4 h. 

4. The shift of the diffraction peaks to the right in the XRD 
patterns of both alloys confirms a change in the lattice parameter of 
the matrix, which is attributed to the precipitation of hardening phases. 
The hardness and XRD results exhibit similar trends and are in good 
agreement, indicating that both analyses are consistent with each other. 
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