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Abstract 

Axisymmetric (near cylindrical) AlSi9Cu3(Fe) aluminum matrix syntacƟc foam (AMSF) uniaxial 
compression test samples were cold-chamber die cast in a two-cavity mold with a minimum wall draŌ 
(2°) suitable for ejecƟon from a die cavity, where the C795 Al2O3 hollow sphere Įllers were pre-Įxed. 
To produce AMSFs by high-pressure die casƟng without complex, large-scale tools, it is essenƟal to 
bond the Įller materials into a predeĮned geometry that can be placed into the die tool. The cold 
chamber die cast AMSFs were characterized for density, invesƟgated (micro)structurally via computed 
tomography, opƟcal- and scanning electron microscopy (extended by energy-dispersive X-ray 
spectrometry). The mechanical properƟes of the cast AMSFs were invesƟgated using uniaxial 
compression tests and evaluated in accordance with ISO 13314. During the uniaxial compression test, 
the Al2O3 hollow spheres eīecƟvely collaborated with the AlSi9Cu3(Fe) matrix. The space between the 
hollow spheres was completely Įlled with the matrix, and the hollow spheres did not begin to Įll or 
collapse during casƟng. As characterisƟc mechanical properƟes, the compressive strength, the plateau 
strength, the energy absorpƟon and the speciĮc energy absorpƟon at 0.5 deformaƟon were measured 
to be σc = 151.1 ± 10.4 MPa, σpl = 99.1 ± 12.8 MPa, W0.5 = 51.1 ± 5.0 Jcm-3 and SEA = 25.7 ± 2.0 Jg-1, 
respecƟvely, at an average bulk density of 2.05 ± 0.12 gcm-3. These Įndings demonstrate that die 
casƟng provides a technically feasible route for the industrial-scale producƟon of aluminum matrix 
syntacƟc foams while preserving excellent Įller integrity and compeƟƟve mechanical performance. 
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1. IntroducƟon 

The ongoing development of metal matrix syntacƟc foams (MMSFs) aims to produce lightweight 
structures suitable for the compeƟƟve industry. They either reduce material costs by using low-cost 
Įller parƟcles, such as expanded glass [1–3], lightweight expanded clay aggregate parƟcles [4–7], 
pumice [8] or other ceramic parƟcles with porous inner structures [9–12], which usually results in lower 
strength and energy absorpƟon. The lower strength of the Įllers can be equalized by the proper choice 
of matrix materials, such as precipitaƟon hardening aluminum alloys [13–15], magnesium alloys [16–
18], zinc alloys [19,20], or steel [21–24]. Another approach to reducing costs is to streamline and 
simplify the manufacturing process. So far, this has been achieved primarily by melƟng the matrix 
material and producing MMSFs via sƟr casƟng [1,25,26] and manual inĮltraƟon techniques [1,22,27–
29]. AddiƟonal simpliĮcaƟon lies in the development of in-situ foam-Įlled tubes [30–34], which 
reduces the number of producƟon steps. However, no progress has been made yet toward automaƟon 
or large-scale manufacturing, leaving a signiĮcant research gap between laboratory-scale experiments 
and mass producƟon. 

In recent years, the Įeld of mechanical engineering has witnessed signiĮcant advancements in the 
development and applicaƟon of innovaƟve materials and manufacturing technologies. Among the 
laƩer, high-pressure die casƟng (HPDC) has emerged as a highly eĸcient method for the mass 
producƟon of complex metal components, playing a pivotal role, parƟcularly in the automoƟve, 
aerospace, and electronics industries [35–37]. HPDC enables the producƟon of parts with complex 
geometries, reliable dimensional accuracy, and good surface quality, all of which are essenƟal 
requirements in modern engineering applicaƟons [38–40]. 

Aluminum alloys are among the most widely used materials in pressure die casƟng [41]. Its unique 
combinaƟon of lightweight characterisƟcs, high strength-to-weight raƟo, and outstanding corrosion 
resistance makes it an ideal candidate for a broad range of applicaƟons [42]. Parallel to advances in die 
casƟng techniques, metal foams represent another remarkable innovaƟon in materials engineering. 
MMSFs, parƟcularly those based on aluminum, possess a unique cellular structure characterized by a 
high pore volume fracƟon, leading to relaƟve densiƟes of ~0.4 − 0.6 [43,44]. The essence of the 
problem of selecƟng the opƟmal matrix alloy is that when choosing the matrix material, several - oŌen 
conŇicƟng - aspects (strength, corrosion resistance, cost, castability, reinforcement compaƟbility, etc.) 
must be considered simultaneously. A natural and highly ranked choice is the cast aluminum alloys [45]. 
During their selecƟon, the goal was not only to meet the material requirements but also to ensure cost-
eīecƟve manufacturability [46–48]. High-performance, lightweight materials in aerospace, 
automoƟve, and structural applicaƟons have generated signiĮcant interest in aluminum-based metal 
matrix composites. However, one can assume that the process of adding a reinforcement to the matrix 
alloy for HPDC needs some improvement. The aim is to overcome the agglomeraƟon and the non-
homogeneous distribuƟon [49]. Another invesƟgaƟon also states that aluminum matrix syntacƟc foams 
(AMSFs) can be manufactured in an industrial environment using cold chamber low-pressure die 
casƟng (LPDC). The process choice aims to avoid undesirable chemical reacƟons at the aluminum 
(matrix) – silica (Įller) interface due to relaƟvely rapid cooling [14]. The process results in excellent 
inĮltraƟon even in narrow gaps between the individual Įllers. The main results are that (i) the Įller 
parƟcle size plays a key role in the mechanical behavior, and (ii) bimodality reduces Įller collapse and 
leads to more uniform density [10]. 

Intensive cooling is another key beneĮt of HPDC. For instance, the eīect of cooling rate on the 
microstructure and mechanical properƟes of the AlSi9Cu3(Fe) alloy was invesƟgated [50]. Increasing 
the cooling rate signiĮcantly reĮnes the microstructure: the secondary dendrite arm spacing (SDAS) 
decreases, the spaƟal and size distribuƟons of eutecƟc silicon become homogeneous, and the 
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distribuƟon of intermetallic phases becomes more uniform. The faster cooling is key to reducing the 
size of the briƩle, needle-like iron-containing intermetallics and their harmful eīects. Through their 
eīecƟve control, the mechanical properƟes improved signiĮcantly. In summary, the mechanical 
performance of the AlSi9Cu3(Fe) alloy is determined by its microstructure, which is heavily inŇuenced 
by the cooling rate. Therefore, it is essenƟal to control cooling condiƟons to ensure casƟng quality and 
opƟmize properƟes. The eīect of cooling rate has been invesƟgated from several aspects. The 
AlSi9Cu3(Fe) alloy modiĮed with stronƟum and magnesium addiƟons clearly formed several 
intermetallic phases (parƟcularly coarse, hard Al5FeSi needles), which caused embriƩlement [51] in the 
case of gas pressure inĮltraƟon (GPI) technique. On the other hand, GPI includes a slow cooling process, 
resulƟng in a coarser microstructure, while in the case of HPDC, up to 60-125 K/s cooling rate is 
possible, which is extremely intensive and helps to tackle the problem. 

Ceramic hollow spheres (CHSs) as space-Įlling materials provide a geometrically and funcƟonally 
tuned material structure. From a foundry perspecƟve, this means that mechanical performance is 
determined not only by alloy selecƟon but also by control of local relaƟve density. Non-opƟmized 
distribuƟon deteriorates penetraƟon resistance and mechanical properƟes [52]. It is vital that space-
Įllers are placed in a structured shape. Studies have invesƟgated how alumina Įllers aīect the 
mechanical properƟes of aluminum foams for lightweight applicaƟons. They signiĮcantly increased 
compressive strength, plateau stress, and energy absorpƟon. The sƟī ceramic parƟcles strengthen the 
cell walls, delaying local collapse. Energy absorpƟon increases, but the fracture mode becomes more 
briƩle, especially at higher alumina Įller contents. Compression tests conĮrm that the eīect of the 
Įllers is primarily to mechanically reinforce the cell walls, with alumina Įllers acƟng as a funcƟonal 
reinforcing consƟtuent [53]. However, they also cause more briƩle behavior at higher concentraƟons. 
In conclusion, the mechanical properƟes are determined not only by the amount of the Įller, but also 
by its distribuƟon and by the control of the manufacturing technology. The key to opƟmal results is 
strict control of the technological parameters [54]. 

The intersecƟon of HPDC and metal foam technology opens new opportuniƟes for engineers to 
design and fabricate advanced components that meet increasingly demanding performance 
speciĮcaƟons. The synergy between these two areas not only enables the large-scale producƟon of 
lightweight and complex parts but also introduces novel funcƟonaliƟes that have the potenƟal to 
redeĮne the boundaries of convenƟonal material design. Accordingly, ongoing research conƟnues to 
focus on opƟmizing process parameters, improving the mechanical properƟes of foamed structures, 
and exploring the full potenƟal of metal foams in the die casƟng process [10]. 

This arƟcle aims to provide in-depth insight into recent developments and future perspecƟves in 
pressure die casƟng, with parƟcular emphasis on aluminum and the unique advantages of metal foams. 
CollaboraƟve eīorts between academia and industry will accelerate these innovaƟons, enabling 
pracƟcal implementaƟon and eīecƟvely addressing real-world engineering needs. Embracing these 
advancements will not only opƟmize mechanical design but also contribute to environmental 
sustainability and economic viability in future engineering projects. However, it is not unique for 
researchers to bridge the gap between laboratory research and industrial use [14]. Our primary 
objecƟve is straighƞorward: to ensure that AMSF is suitable for real industrial applicaƟons and that its 
technical content (mechanical properƟes) can be reproduced under large-scale industrial condiƟons. 
For example, it is vital to consider the repeatability criterion of the automoƟve industry, as well as 
economic and short producƟon cycles. Large-scale industrial implementaƟon is currently limited by size 
constraints, the complexity of manufacturing geometries, and post-processing diĸculƟes. The research 
is now ready to move from the laboratory to real industrial applicaƟons. 
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In this study, an axisymmetric (near cylindrical) uniaxial compression test specimen was cast in a two-
cavity mold with a minimal wall draŌ (2°) suitable for ejecƟon from a die cavity, where the CHS Įllers 
were pre-Įxed. The present work was to establish an industrially applicable manufacturing route for 
AMSF via convenƟonal cold-chamber high-pressure die casƟng to produce AMSFs by HPDC without the 
complexity of large-scale tools. The mechanical properƟes of the cast AMSFs were evaluated by uniaxial 
compression tesƟng; their physical properƟes by weighing; their macrostructure by computer 
tomography (CT); and the relaƟonship between the matrix and the Įller material on cross-secƟon by 
light opƟcal microscopy (LOM) and scanning electron microscopy (SEM). ParƟcular emphasis was 
placed on developing a pre-bonded CHS preform suitable for automated die-casƟng producƟon and on 
evaluaƟng the eīect of the third-phase pressure on inĮltraƟon behavior, structural integrity, and 
compressive performance. 

 

2. Materials and Methods 

The die-cast specimens were cast in a two-cavity casƟng tool (Fig. 1). The casƟng die was speciĮcally 
designed for uniaxial compression test specimens. The cast material was a widely used Al-Si-Cu 
secondary aluminum alloy, namely AlSi9Cu3(Fe) (EN AC 46000). The MMSF specimen set was cast from 
a single melt dose. The chemical composiƟon of the cast was analyzed by using X-ray Ňuorescence (XRF) 
tabulated in Table 1. C795 grade, pure Al2O3 CHSs, produced by Hollomet GmbH (under the tradename 
globocer®) with an average diameter of Ø6.78 ± 0.17 mm and wall thickness of 0.344 ± 0.033 mm, 
were used as Įller. 

Table 1. Chemical composiƟon of the AlSi9Cu3(Fe) matrix alloy (in wt%). 
Si Fe Cu Mn Mg Zn Ti Al 

9.85 
± 0.1 

0.75 
± 0.2 

2.55 
± 0.2 

0.31 
± 0.3 

0.30 
± 0.2 

0.70 
± 0.2 

0.10± 
0.04 balance 

 

 

Figure 1. The casƟng die with inserted alumina sets (a), Įxed side (b), and moving side (c), with empty 
caviƟes, and the moving side with a casƟng bunch (d). 

The specimen was produced using an OMS 450 cold-chamber die-casƟng machine. The molten metal 
was degassed by gas-bubbling ĮltraƟon (GBF) at 18 Lmin-1 (nitrogen for 5 min). The molten metal was 
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dozed automaƟcally at 695°C melt temperature. The tool was preheated to 80°C. The temperature was 
maintained by water circulated at 90°C through a Tool-Temp TT-390/2 machine. The casƟng parameters 
were calculated using Ňow analysis, and the gaƟng system was designed to achieve proper die Įlling 
while minimizing entrapped gas inclusions (Figs. 1b and 1c). The plunger speed was set to 0.20 ms-1 in 
the Įrst phase and to 3.50 ms-1 in the second phase, respecƟvely. The pressure of the third phase was 
used as the experimental parameter, ranging from 0 to 28 MPa (0 to 280 bar) with varying pressure 
steps. The plunger Ɵp diameter was 70 mm, and the total air volume in the die tool chamber was 
374 cm3, from which the total air volume in the die was 322 cm3. Although the die caviƟes were 
individually 161 cm3, the inserted CHS occupied some of this volume, which was accounted for in the 
Įlling simulaƟons. The specimen dimensions are deĮned in Fig. 2. All specimens were tested in as-cast 
(‘F’) condiƟon. 

 

Figure 2. The design of the near-cylindrical uniaxial compression test specimen and its dimensions. 

The shot chamber was 397 mm long, the switching point of the second phase was at 311 mm, and 
the same parameters were used in the simulaƟon (Fig. 3.). The third phase switching point in the acƟve 
shot chamber length was approximately 30 mm. When the cavity is completely Įlled with aluminum 
without CHS Įllers (2×161 cm³), the casƟng bunch weighed 1305 g, which is 37 % of the chamber Įlling 
degree. Considering the CHS (~80 cm3 per cavity), the bunch weighed 920 g, corresponding to a 
chamber Įlling of 26%. Therefore, the amount of dosed metal was diīerent during casƟng with CHS 
compared to the empty cavity. 

The eīect of the third phase pressure is minor in the simulaƟon, but it must be set to a speciĮc value, 
which was chosen as 24 MPa (240 bar). In the third phase, the volumetric shrinkage that occurs during 
the solidiĮcaƟon of the metal is compensated for by the pressure, transferred to the metal through the 
piston. The metal pressure acƟng in the die cavity comes from the hydraulic pressure set in the shot 
cylinder and builds up in proporƟon to the plunger Ɵp diameter and the hydraulic hammer diameter. 

 

Figure 3. Images depicƟng the die-Įlling simulaƟon. 
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Prior to casƟng, it is essenƟal to bond the Įller materials into a predeĮned geometry that can be 
placed in the die cavity. The bonding agent used during sample preparaƟon was a 36 wt% aqueous 
sodium silicate soluƟon (‘waterglass’, CAS 1344-09-8) produced by KEMIKÁL Ltd. (Budapest, Hungary), 
meaning that 100 g of soluƟon contains 36 g sodium silicate and 64 g water. 

To achieve the predeĮned geometry, a sample epoxy resin part was 3D-printed. The geometry of the 
printed part matched the die cavity, while its diameter and height were reduced by 2 mm and 4 mm, 
respecƟvely. This reducƟon in volume was necessary to prevent the die caviƟes from being damaged 
during casƟng. The nominal diameter and height of the 3D printed part were both 56 mm. 
Measurements were taken at three posiƟons using a caliper, yielding an average height of 
57.22 ± 0.04 mm and an average diameter of 56.52 ± 0.16 mm. 

The next step, namely the preparaƟon of the bonded Įller material (BFM), is illustrated in Fig. 4. The 
3D-printed sample was covered with aluminum foil to obtain the determined die shape, which is 
further referred to as the holder (Figs. 4a and 4b). Subsequently, approximately 10 ml of waterglass 
was poured onto the required amount of Įller material, which was then added to the holder to Įll it, 
and the mixture was thoroughly sƟrred to ensure complete surface coaƟng (Fig. 4c). In this way, the 
CHSs are spaƟally distributed in a random, closely packed system (~64 vol% Įller volume fracƟon). 

 

Figure 4. Bonded Įller material preparaƟon: (a) covering the 3D-printed sample with aluminum foil, 
(b) the prepared holder (the 3D-printed sample has already been removed), (c) waterglass-coated 

CHSs in the holder, and (d) bonded Įller material (BFM, holder removed). 

The most adequate heat treatment to harden the waterglass joints between the BFMs was 
determined based on the joint bridge diameter between the individual CHSs and the fracture force 
required to break the sets. According to these results, the prepared Įller materials were heat-treated 
at 150°C for 5 h. One of the heat-treated BFMs is shown in Fig. 4d. The aim of the preliminary trials to 
Įnd the best parameters above was to reduce the bond diameter to the minimum necessary (to keep 
the structural integrity of the set) while increasing the empty space the metal matrix can Įll, thereby 
improving the expected mechanical properƟes of the produced MMSFs. During the producƟon of the 
BFMs, special aƩenƟon was given to maintaining the geometry and the dimensions of the sets. In the 
case of a BFM fracture, a broken piece may prevent the tool from closing properly or even damage the 
die, leading to manufacturing problems. In addiƟon to the standard samples with random, closely 
packed CHS sets (as described above), BFMs were prepared with a higher Įller volume fracƟon to 
invesƟgate the eīect of the maximum Įller volume, referred to as maximum Įller (MF) specimens. In 
this case, the almost idenƟcal diameter CHSs were situated manually, one-by-one, into the holder in a 
close-packed system (~74 vol% Įller volume fracƟon). The produced sample casƟngs and their tests are 
summarized in Table 2. The table contains the pressure values for the third phase and the number of 
pieces for each test, including mass measurement, uniaxial compression test, CT test, and microscopic 
examinaƟon of the cut. 
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Table 2. Design of Experiment (DoE) 

Sample 
Mark 

Remark 
Pressure InvesƟgaƟon (pcs.) 

MPa (bar) Mass Compression CT LOM/SEM 

0 Std. BFM 0 (0) each 3 1 1 

A Std. BFM 14 (140) each 3 1 1 

B Std. BFM 18 (180) each 3 1 1 

C MF BFM 20 (200) each 3 1 1 

D Std. BFM 22 (220) each 3 1 1 

E MF BFM 24 (240) each 3 1 1 

F Std. BFM 26 (260) each 3 1 1 

G Std. BFM 28 (280) each 3 1 1 

 

During the mass weighing, each test specimen was weighed and compared with pieces without CHS, 
from which the MMSF's mass change was calculated as a percentage (Eq. 1). The measured mass 
changes (Δm) in each case (m CHS_mulƟ) refer to the total average mass of the produced pieces (msolid), 
which means 6-8 pieces per pressure level. The weighing scale was an Entris 6202-1S with ±0.01 g 
accuracy produced by Sartorius Lab. Δm (%) =  m̅solid−m̅CHS_multim̅solid  (Eq. 1) 

The CT measurements were performed on a YXLON FF35 µCT at the 3D Lab of the University of 
Miskolc, Hungary. The tube voltage was 145 kV, the tube current was 200 µA, and 1080 projecƟons 
were acquired per measurement. The focus-to-object distance was 300 mm, and the detector-to-
object distance was 1050 mm; therefore, the voxel size was 39.7 µm. Furthermore, a 0.5 mm thick Cu 
sheet was used as a Įlter, and the detector had a 2 Hz frame rate. ReconstrucƟon was performed with 
YXLON ReconstrucƟon Workspace 1.4.4.0, and voxel manipulaƟon and analysis were performed with 
VG Studio Max 3.3. AŌer automaƟc surface determinaƟon, the foam-powder analysis module was used 
to calculate pores within the structure. For the merge threshold, the standard 5% overlap was used 
[55], excluding the border cells. The pores were then divided into volumes: CHS voids and unwanted 
shrinkage or gas pores, which were Įltered based on sphericity and compactness values. The sphericity 
is a dimensionless shape parameter that describes how closely a detected void (e.g. a pore or inclusion) 
resembles a perfect sphere. 

The specimens were inspected with light opƟcal microscopy (LOM) and scanning electron microscopy 
(SEM). The LOM microstructural observaƟons were carried out using an Olympus BX51M microscope. 
The LOM sample preparaƟon included grinding with abrasive SiC papers with mesh sizes 180, 600, 
1200, and Įnally polishing with diamond suspension (3 and 0.2 µm) in 5 steps. Each grinding step took 
6 minutes with 20 N of axial force and 120 min-1 in a clockwise. The specimen was etched using a 
reagent for color metallographic etching. The etchant consisted of 100 mL of disƟlled water, 4 g of 
potassium permanganate (KMnO₄), and 1 g of sodium hydroxide (NaOH). During the etching process, 
a thin precipitate layer forms on the specimen surface. The thickness of this layer depends on the 
chemical properƟes of the individual microstructural consƟtuents. The fracture surfaces of the samples 
and the matrix-Įller contact surface on the polished sample were studied using a Zeiss Evo MA10 SEM 
(Carl Zeiss AG, Oberkochen, Germany) at 20 kV. To evaluate the connecƟon between the matrix 
material and the ceramic spheres, energy-dispersive X-ray spectroscopy (EDS) measurements were 
conducted on an EDAX Z2 module (EDAX Inc., Mahwah, NJ, USA) with 0.2 μm resoluƟon, 700 pA probe 
current, and a 500 nm spot size along a line. 
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The compressive properƟes of the die-cast AMSF samples were characterized in accordance with 
ISO 13314:2011 [56], a standard for cellular and porous metallic structures. For each applied third-
phase pressure, three randomly selected specimens were compressed. The measurements were 
carried out at room temperature, between two Ňat compressive plates (without lubricaƟon) with 
posiƟon control and a cross-head speed of 10 mm·min-1, corresponding to an iniƟal strain rate of 
2.78·10-3 s-1; therefore, quasi-staƟc condiƟons. The specimens were compressed in an Instron 5989 
electromechanical material tesƟng machine equipped with a 600 kN load cell. The deformaƟon was 
monitored during the measurement with Ɵmed captures of a Nikon D700 digital camera. The recorded 
force–displacement data were converted into engineering stress–engineering strain values. The former 
was determined from the measured force values, divided by the original maximum cross-secƟon, while 
the laƩer was calculated as the raƟo of the measured displacement and the original height of the 
specimens. The samples were compared based on their characterisƟc compressive properƟes, such as 
(i) the Įrst compressive stress maximum, referred to as compressive strength (σc, MPa) corresponding 
to the crack iniƟalizaƟon in the specimens; (ii) the plateau stress (σpl, MPa) determined as the average 
of the engineering stress values between 0.2–0.3 engineering strain; (iii) the energy absorpƟon up to 
0.5 engineering strain (W0.5, Jcm-3) calculated as the mathemaƟcal area under the engineering stress–
engineering strain curve; and (iv) the speciĮc energy absorpƟon (SEA, Jg-1), by normalizing the 
calculated energy absorpƟon by the bulk density of the corresponding specimen. 

 

3. Results and Discussion 

3.1. Physical properƟes 

According to the tesƟng of the BFMs with 28 standard and 12 MF specimens, the average weight was 
65.52 ± 6.03 g and 77.14 ± 4.19 g, respecƟvely. Subsequently, the volume of water displaced by the 
BFMs was determined using Archimedes' principle. In the case of the volume measurements, 5 pieces 
of standard and 5 pieces of MF BFMs were tested. The whole volume of the standard and MF BFM of 
the CHS was 64.40 ± 6.54 cm³ and 73.20 ± 4.97 cm³, respecƟvely. The data are tabulated in Table 3. The 
BFMs were not preheated before being inserted into the die tool. 
Table 3. Results of the volume measurements 

 Standard BFMs MF BFMs 

No. of samples 5 5 

Weight (g) 68.72±4.52 78.32±4.23 

Volume of CHSs (cm3) 64.40±6.54 73.20±4.97 

Volume fracƟon of 
CHSs (%) 40.17 ± 4.08 45.66 ± 3.10 

The mass of the casƟngs was measured using a scale, and the average weights of the pieces were 
compared at diīerent pressure levels. The average masses and their standard deviaƟons are listed in 
Table 4., in which the samples manufactured using maximum space Įlling (MF) have been marked. The 
mass changes (compared to the solid reference), the densiƟes, and the relaƟve densiƟes are also shown 
in Table 4. 
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Table 4. Mass weighing results. 

Sample 
Pressure 

(MPa (bar)) 

Mass 

(g) 

Mass change 

(%) 

Density 

(gcm-3) 

Relative density 

(-) 

Solid 24 (240) 416 ± 2.9 0 2.60 ± 0.02 1.00 ± 0.000 

0 0 (0) 331 ± 3.9 20.5 ± 1.2 2.03 ± 0.01 0.78 ± 0.004 

A 14 (140) 341 ± 23.7 18.0 ± 5.7 2.19 ± 0.24 0.84 ± 0.014 

B 18 (180) 334 ± 20.2 19.7 ± 4.9 2.08 ± 0.16 0.80 ± 0 048 

C (MF) 20 (200) 315 ± 12.9 24.3 ± 3.2 1.93 ± 0.03 0.74 ± 0 009 

D 22 (220) 336 ± 15.4 19.3 ± 3.8 2.07 ± 0.11 0.79 ± 0 034 

E (MF) 24 (240) 323 ± 3.5 22.4 ± 1.1 1.99 ± 0.01 0.77 ± 0 002 

F 26 (260) 331 ± 10.1 20.4 ± 2.5 2.07 ± 0.02 0.80 ±0 007 

G 28 (280) 331 ± 9.6 20.6 ± 2.4 2.06 ± 0.03 0.79 ±0 008 

 

For beƩer oversight and understanding, the mass, mass changes, and densiƟes are ploƩed in Fig. 5. 

 

Figure 5. Mass, mass change, density, and relaƟve density values of the invesƟgated AMSFs. 

The average mass of the cast samples ranged between 315 g and 341 g, with a grand average of 
331 ± 3.9 g. The solid samples were measured to be 416 ± 2.9 g, which served as the basis for the mass 
change calculaƟons. The MF-loaded casƟngs (highlighted by a yellow background in Fig. 5.) showed the 
largest mass changes, namely 24.3 ± 3.2% and 22.4 ± 1.1% for the C and E samples, respecƟvely. The 
lowest change was observed in sample A: 18.02 ± 5.70%. The average change was 20.63 ± 1.81% across 

the whole sample set. In the case of the MF samples, the difference can be clearly explained by the 

space fillers being maximized for volume. The density values were calculated by dividing the measured 

mass by the volume of the samples, while the relative densities were derived as the ratio of the 

samples’ density and the density of the matrix alloy (2.76 gcm-3). Basic statistical analysis were 

performed on the measured values, including linear fitting and the calculation of the 95% confidence 

bands as plotted in Fig. 5., the equations are: m = 330.8 − 0.24p (Eq. 2) ∆m = 20.5 + 0.05p (Eq. 3) ρ = 2.03 − 0.007p (Eq. 4) ρrel = 0.79 − 0.002p (Eq. 5) 
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Where m, Δm, ρ, ρrel, and p are the mass, the mass change, the density, the relaƟve density (dependent 
variables), and the third phase pressure (independent variable) (Eq. 2-5), respecƟvely. The equaƟons 
show slight, almost negligible changes in the properƟes with respect to the applied third-phase 
pressure; the only outstanding cases are the aforemenƟoned MF samples. 

 

3.2. CT, macro- and microstructure 

CT measurements were performed to invesƟgate the macrostructure of the samples and to separate 
the gas and shrinkage porosity of the matrix, which are caused by the technological properƟes of HPDC 
and by the hollow Įller. The analysis module separated the voids in the reconstructed CT results based 
on the sphericity. The calculated volumetric change is based on a comparison between the enƟre 
casƟng volume and the extracted volume, and it is listed in Table 5. 

Table 5. Volumetric change based on CT results. 

Sample 
Pressure 

MPa (bar) 

Volumetric 

change by CT (%) 

Solid 24 (240) - 

0 0 (0) 32.7 

A 14 (140) 37.5 

B 18 (180) 32.8 

C (MF) 20 (200) 50.9 

D 22 (220) 24.2 

E (MF) 24 (240) 41.3 

F 26 (260) 43.0 

G 28 (280) 37.7 

 

The average volume gain across the enƟre sample series is 37.5%. For the C and E samples, the 
percentage change in space-Įlling due to the MF arrangement shows outstanding values, 50.9 and 
41.3%, respecƟvely. Although the value of the given sample F is more favorable than that of E, the 
reason for this is the inĮltrated reinforcement parƟcles shown in (Fig. 6f). At the same Ɵme, this 
phenomenon also adversely aīects the strongly below-average volume loss of the sample D (Fig. 6e). 
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Figure 6. The reconstructed CT longitudinal secƟons of the die-cast AMSFs with the third phase 
applied pressures of: (a) 0 MPa (0 bar), (b) 14 MPa (140 bar), (c) 18 MPa (180 bar), (d) 20 MPa 

(200 bar), (e) 22 MPa (220 bar), (f) 24 MPa (240 bar), (g) 26 MPa (260 bar), and (h) 28 MPa (280 bar). 

The microstructural LOM and SEM examinaƟon of the AMFS samples included the Įlling of gaps 
between space Įllers, inspecƟon of the CHS and matrix interfaces, idenƟĮcaƟon of matrix 
inhomogeneiƟes, and detecƟon of broken Įller material. The inhomogeneiƟes exhibited in Figure 7 are 
generally minor gas porosiƟes and minor shrinkage voids, which are a natural consequence of the HPDC 
process. However, given their quanƟty and size, their presence is negligible. The gaps between the 
Įllers are completely Įlled, and the interface shows excellent contact (Fig. 7.). It can also be seen that 
the molten metal perfectly surrounds the CHS due to the pressure in the third phase (Fig. 8.). 

 

Figure 7. LOM images of sample E (240 bar) with typical defects. 



 

12 

 

 

Figure 8. LOM images of the aluminum and CHS contact surfaces at each pressure level. 

 

Figure 9. Color etched image of the interface between the hollow sphere shell and the matrix 
material (sample E (240 bar)). 

The dendriƟc structure, typical of casƟng, is evident in the matrix morphology on the right side of 
Fig. 9. The etching resulted in diīerent microstructural features appearing in diīerent colors when 
observed under an opƟcal microscope. In the micrograph, the greenish-blue network within the 
aluminum matrix corresponds to the Al–Si eutecƟc, while the lighter regions represent the primary α-
Al phase. The ceramic–metal interface is conƟnuous, and no opƟcally resolvable thick reacƟon layer is 
visible, indicaƟng proper load transfer between the two parts. This may be consistent with good 
inĮltraƟon and a suppressed chemical reacƟon between the consƟtuents [52]. 

However, it is also apparent that the increase in the pressure value of the third phase Ňows into the 
hollow cavity through the cracks of the Įllers and either Įlls them (Fig. 7a, marked with black square) 
or causes the parƟcles to break (Fig. 7a, marked with purple circle) and Įnally fail. Nevertheless, the 
thin-walled CHS usually resisted the pressure of the third phase. In some extraordinary cases of the 
inspected cross-secƟons by LOM, solidiĮed aluminum metal droplets were visible on the inner surface 
of the CHS (Fig. 7a and 7b, marked with red ellipse). With increasing pressure, the droplets increased 
in size or, in some cases, completely Įlled the CHS. Broken CHSs are visible at all pressure levels; their 
number is small (less than 5 % at the cross-secƟons) and typically does not diīer, due to the natural 
surface cracks in the CHS. The distribuƟon of the Įlled or collapsed reinforcements within the samples 
is typically localized to the interior of the piece or near the venƟng side. 
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Figure 10. SEM images of the produced foam samples. 

The interface regions between the CHSs and the matrix have been invesƟgated by SEM. Typical CHS 
and matrix contact interfaces are shown in SEM images (Fig. 10). The interfaces are almost perfect, but 
not completely Ňawless; small shrinkage pores (~5% of the total interface surface) are visible, yet good 
contact with the Įller remains. Fig. 11. represents a line EDS measurement of the interface region 
between the matrix material and a single CHS. The matrix and CHS interface is marked with a dashed 
blue line. The line EDS measurement is indicated by the orange line. 

 

Figure 11. Line EDS measurement result on sample F (26 MPA (260 bar)) 

Both LOM and SEM examinaƟons of the die-cast samples conĮrmed the feasibility of HPDC as the 
manufacturing process. CT and LOM examinaƟons conĮrmed that the CHS bonds were broken by the 
aluminum melt Ňow, and the CHSs were separated from each other; therefore, their locaƟon changed 
randomly during solidiĮcaƟon. Therefore, in the case of MF bonds, since the space Įlling of the spheres 
was high, the reinforcements remained much closer to each other, and their order was preserved. 
Therefore, samples C and E exhibited the lowest W0.5 and SEA values because the aluminum matrix was 
not able to withstand such a large deformaƟon. 
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3.3. CharacterisƟc compressive properƟes 

The AMSF with CHS Įller can be described as an advanced reinforced composite with disƟnct physical 
advantages. The metallic properƟes of the matrix play an important role in the characterisƟc 
mechanical properƟes of AMSFs, while the hollow, closed-surface CHS Įller also plays a key role in the 
load-bearing capacity and deformaƟon process. In this study, uniaxial compression test was used to 
determine the characterisƟc mechanical responses, in accordance with ISO 13314:2011 [46], as a 
standard basis for evaluaƟon. All data in Table 6. are based on the results of 3 cast specimens for each 
parameter set. 
 

Table 6. The characterisƟc mechanical properƟes of the invesƟgated AMSFs. 

Sample 

type 

Pressure 

(MPa) ((bar)) 

σc 

(MPa) 

εc 

(-) 

σpl 

(MPa) 

W0.5 

(Jcm-3) 

SEA 

(Jg-1) 

0 0 (0) 137.2 ± 4.7 0.054 ± 0.003 92.7 ± 19.0 47.0 ± 5.7 23.8 ± 2.7 

A 14 (140) 140.0 ± 10.2 0.061 ± 0.012 87.7 ± 5.8 52.9 ± 3.3 26.4 ± 1.1 

B 18 (180) 148.2 ± 11.6 0.057 ± 0.012 110.7 ± 19.0 55.1 ± 8.2 27.0 ± 2.7 

C (MF) 20 (200) 141.6 ± 4.3 0.049 ± 0.001 96.6 ± 6.6 43.2 ± 3.8 23.0 ± 1.8 

D 22 (220) 155.5 ± 14.4 0.057 ± 0.005 102.7 ± 20.6 53.8 ± 7.6 26.6 ± 2.5 

E (MF) 24 (240) 147.7 ± 1.6 0.051 ± 0.001 94.4 ± 7.2 48.6 ± 1.8 25.0 ± 1.0 

F 26 (260) 161.1 ± 5.4 0.054 ± 0.001 103.2 ± 17.6 52.0 ± 8.3 25.8 ± 4.1 

G 28 (280) 153.4 ± 6.5 0.054 ± 0.002 104.9 ± 6.4 55.9 ± 1.0 27.9 ± 0.4 

Average 151.1 ± 10.4 0.055 ± 0.005 99.1 ± 12.8 51.1 ± 5.0 25.7 ± 2.0 

 

Fig. 12. shows the uniaxial compressive engineering stress-engineering strain curves and the 
absorbed mechanical energy-engineering strain curves, respecƟvely. 

 

Figure 12. The compressive engineering stress-engineering strain (conƟnuous lines with standard 
deviaƟon bands) and energy absorpƟon-engineering strain (dashed lines with standard deviaƟon 

bands) curves of the die-cast AMSFs. 

The curves follow the typical behavior of MMSFs [57,58]. The engineering stress-engineering strain 
diagrams start with a quasi-linear part that corresponds to an almost elasƟc deformaƟon. In reality, the 
plasƟc deformaƟon of the thin matrix walls between the CHSs and the small spaƟal movement of the 
rigid CHSs start earlier in this phase, as it was shown by acousƟc emission and modal analysis 
measurements [59]. The quasi-linear part culminates in a local stress peak, referred to as the 
compressive strength (σc). Compressive strength is one of the most important characterisƟcs of AMSFs, 
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represenƟng their load-bearing capacity. The corresponding engineering strain value is the fracture 
strain (εc) at which the Įrst cleavage plane appears in the samples (see Fig. 14). The introducƟon of the 
cleavage plane results in a deĮnite stress drop (~30-50%) in the diagrams. The last and longest part of 
the curves, connected to the deformaƟon and failure of the samples, typical of MMSFs, is referred to 
as the plateau region. The invesƟgated AMSFs showed increasing plateau regions. The plateau region 
can be characterized by the plateau stress (σpl). Regarding the energy absorpƟon properƟes of MMSFs, 
the absorpƟon can be described in the funcƟon of the engineering strain as ploƩed in Fig. 12. However, 
the most important characterisƟcs are the absorbed energy at a speciĮc (usually 0.5) engineering strain 
(W0.5, measured in Jcm-3) and its speciĮc version, the speciĮc energy absorpƟon (SEA, W0.5 divided by 
the density). 

Fig. 13 represents the compressive strength, the plateau strength (solid markers), and their 
corresponding speciĮc values (hollow markers) as a funcƟon of the third-phase pressure. 

 

Figure 13. The compressive and the plateau strength of the invesƟgated AMSFs and their speciĮc 
values as a funcƟon of the third-phase pressure. 

Sample 0 exhibited the lowest strength values. Both the compressive and plateau strengths increased 
with third-phase pressure. These tendencies can be described by simple linear equaƟons (Eq. 6-7): σc = 135.3 + 0.55p (Eq. 6) σpl = 79.7 + 0.81p (Eq. 7) 

Regarding the speciĮc values, the density-speciĮc compressive strength was almost insensiƟve to the 
third-phase pressure during producƟon, represented by the almost-zero coeĸcient of the pressure in 
Eq. 8. σcs = 73.1 + 0.02p (Eq. 8) 

The speciĮc plateau strength followed the trend of the absolute plateau strength, but with a 
signiĮcantly more moderate slope (Eq. 9). σpls = 37.6 + 0.47p (Eq. 9) 

Along with the ĮƩed line, the 95% conĮdence bands were ploƩed to highlight the uncertainƟes of 
the Įƫngs originaƟng from the relaƟvely high standard deviaƟons of the individual points. On the 
other hand, MMSFs always have higher standard deviaƟons in their compressive strength values (i) due 
to their stochasƟc macrostructure and (ii) especially in the case of rigid matrix materials. The MF 
samples (highlighted in yellow) fell close to the ĮƩed lines, and their standard deviaƟons were small, 
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indicaƟng highly repeatable properƟes; however, they exhibited no outstanding compressive 
properƟes. 

The fracture strain (εc) results are ploƩed in Fig. 14. The fracture strains ranged between 0.048 and 
0.061, and they do not show any reasonable correlaƟon with the third-phase pressure. 

 

Figure 14. The fracture strains of the invesƟgated AMSFs and their speciĮc values as a funcƟon of 
the third-phase pressure. 

Contrarily, the speciĮc values scaƩered around 0.025 cm3g-1 and their trend can be described by a 
linear relaƟonship (Eq. 10). εc = 0.0251 + 0.00002p (Eq. 10) 

The MF samples exhibited lower fracture strains, due to the close-packed arrangement of the rigid 
CHSs. The energy absorpƟon properƟes are ploƩed in Fig. 15. 

 

Figure 15. The energy absorpƟon properƟes of the invesƟgated AMSFs as a funcƟon of the third-
phase pressure. 

The energy absorpƟon is smooth, without any signiĮcant knee-points in the energy absorpƟon-
engineering strain curves (Fig. 12). The average W0.5 value is 51.1 ± 5.0 Jcm-3 compared to the MF 
samples exhibiƟng the lowest results in terms of absorbed energy (43.2 ± 3.8 Jcm-3 (sample C) and 

48.6 ± 1.8 Jcm-3 (sample (E)), corresponding to a decrease of 7.9 Jcm-3 and 2.5 Jcm-3, respecƟvely. The 
main reason for the diīerence is that the higher CHS content results in less matrix Įlling the internal 
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spaces, so the deformable load-bearing cross-secƟon is smaller. The energy absorpƟon can only be 
described by a wide conĮdence band (Eq. 11), as shown in Fig. 15. W50 = 42.8 + 0.42p (Eq. 11) 

Similar trends can be observed for the SEA, but the conĮdence band of the Įt is signiĮcantly narrower, 
indicaƟng higher reliability of the ĮƩed line (Eq. 12). SEA = 23.0 + 0.17p (Eq. 12) 

The third-phase pressure is important from a producƟon standpoint; however, it makes it harder to 
compare the characterisƟc properƟes with the literature data. For porous materials, the relaƟve 
density is a widely accepted base for comparison. Therefore, the characterisƟc properƟes are also 
analyzed with respect to the relaƟve density of the samples, as ploƩed in Fig. 16, for the strength 
values. 

 

Figure 16. The compressive and the plateau strength of the invesƟgated AMSFs and their speciĮc 
values as a funcƟon of the relaƟve density. 

In Fig. 16. slight changes can be observed in the 0.1 wide relaƟve density range (from 0.74 to 0.84). 
The measured compressive strength (Eq. 13) increased with relaƟve density, but the standard 
deviaƟons indicate relaƟvely high uncertainty at the 95% conĮdence level. σc = 125.1 + 29.19ρrel (Eq. 13) 

The plateau strength (Eq. 14) exhibited a similar trend and a similar conĮdence band, but with a 
moderate negaƟve slope. σpl = 117.3 − 23.12ρrel (Eq. 14) 

The ploƩed 95% conĮdence ellipses predict narrower relaƟve density ranges (from ~0.75 to ~0.82) 
for future producƟon, with slightly higher standard deviaƟons (as the ellipses are typically wider in this 
region). 

The speciĮc compressive strength (Eq. 15) and the speciĮc plateau strength (Eq. 16) negaƟve slope 
lines could be ĮƩed. Their slopes are approximately twice those of the absolute measured properƟes, 
and they are negaƟve in both cases. Their conĮdence bands and ellipses are also narrower, 
represenƟng lower uncertainƟes in the speciĮc properƟes. σcs = 114.4 − 51.50ρrel (Eq. 15) σpls = 85.7 − 47.03ρrel (Eq. 16) 
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The lowest relaƟve density values belong to the most packed Įller MF samples (0.74 ± 0.009 for 
sample C (20 MPa (200 bar) and 0.77 ± 0.002 for sample E (24 MPa (240 bar)), respecƟvely). 
Accordingly, these samples provided the highest speciĮc strength values, namely 73.5 ± 1.35 MPa 
(σcs) and 96.6 ± 6.57 MPa (σpls) for sample C (20 MPa (200 bar)), while 74.1 ± 0.83 MPa (σcs) and 
47.4 ± 3.75 MPa (σpls) for sample E (24 MPa (240 bar)). 

The same analyses were performed for the energy absorpƟon properƟes, the results are ploƩed in 
Fig. 17. 

 

Figure 17. The energy absorpƟon properƟes of the invesƟgated AMSFs as a funcƟon of the relaƟve 
density. 

The absorbed mechanical energy demonstrates moderate changes across the invesƟgated range of 
relaƟve density (Eq. 17), while the speciĮc energy absorpƟon changed slightly (Eq. 18). Both properƟes 
demonstrate a posiƟve correlaƟon with relaƟve density; increasing relaƟve density resulted in higher 
absorbed energy values. The MF samples were able to accommodate the lowest absorbed energies 
due to their closely packed structure and more hecƟc plateau (Fig. 12.). Increasing third-phase pressure 
produced only a limited increase in strength because the load-bearing mechanism is mainly governed 
by the ceramic hollow spheres rather than by minor densiĮcaƟon of the matrix. W50 = −35.1 + 109.29ρrel (Eq. 17) ܵܣܧ = −4.1 + ௥௘௟ߩ37.84  (Eq. 18) 

AMSFs were originally developed for lightweight structural and energy-absorbing applicaƟons, but 
later their energy-absorpƟon capacity came into focus due to the typically high standard deviaƟon of 
compressive strength (which serves as the design limit load-bearing capacity). Therefore, the SEA 
values are shown separately in Fig. 18, along with those for similar AMSF structures found in the 
literature. The purple triangles illustrate the values obtained in the present study (Fig. 18.). 
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Figure 18. SEA of various CHS-Įlled AMSFs (M: matrix material(s), F: applied Įller material(s)). The 
upper limit strain corresponds to 0.5, unless otherwise stated [43,44,60–73]. 

 

3.4. Failure modes 

The three images in Fig. 19 show the typical progressive compressive failure of a HPDC AMSFs (sample 
D 22 MPa (220 bar)), for the remaining samples see in the SupporƟng materials. The iniƟal stage is 
typically ducƟle yielding, when the load distribuƟon is uniform. There are no visible macrocracks yet, 
and slight barreling of the cylinder can be observed. In the second stage, usually one, dominaƟng crack 
propagates diagonally across the specimen. Under compression, the failure mode was shear, and the 
shear stress plane was ~45°. The crack is relaƟvely sharp and localized, the iniƟaƟon defects (porosity) 
or the lack of material conƟnuity of the cylinder shell in the vicinity of a CHS. In the Įnal stage, when 
structural integrity is completely lost, the material breaks into mulƟple fragments. There is no 
signiĮcant plasƟc deformaƟon throughout the process. The crack propagaƟon is briƩle-dominated Įnal 
failure, and low energy absorpƟon aŌer crack propagaƟon. 

 

Figure 19. The monitored deformaƟon of sample D (22 MPa (220 bar)) during the measurement: (a) 
quasi-elasƟc part ε=0, (b) just aŌer the Įrst crack ε=0.12, (c) when the crack spreads ε=0.24, (d) just 

aŌer σc, cell and matrix collapse ε=0.36, and (d) at 0.5 engineering strain (end of test). 

In summary, the specimen exhibits shear-dominated compressive failure with defect-controlled crack 
iniƟaƟon and briƩle Įnal fragmentaƟon. This crack propagaƟon was typical of all CHS-Įlled HPDC 
AMSFs. 
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4. Conclusions 

In this study, AlSi9Cu(Fe) matrix AMSFs were produced with high CHS Įller volume fracƟon by HPDC. 
From the observaƟons and invesƟgaƟons detailed above, the following conclusions can be drawn. 

• Horizontal high-pressure cold-chamber die-casƟng (HPDC) is a feasible and eĸcient process for 
the large-scale mass producƟon of bonded CHS-Įlled AMSFs. The combinaƟon of waterglass 
coaƟng of CHSs and heat treatment to ensure solidiĮcaƟon is a feasible method for placing and 
situaƟng the Įllers in a Įxed shape into the die as a bonded Įller material (BFM). 

• The HPDC manufacturing process has been demonstrated to provide compressive properƟes 
that exhibit high levels of repeatability (sample C and E), thus indicaƟng its suitability for 
industrial producƟon seƫngs where low property scaƩer (σc of 141.6 ± 4.3 MPa and 
147.7 ± 1.6 MPa, respecƟvely) is an essenƟal criterion. 

• The results of the uniaxial compression tests demonstrate that the failure of the AMSFs occurs 
aŌer a peak value (compressive strength) that is a characterisƟc property and design limit of 
AMSFs. The AMSFs with the highest Įller content have lower speciĮc energy absorpƟon (SEA) 
than under the standard Įlling condiƟon. 

• Maximizing the CHS content does not maximize energy absorpƟon, an opƟmum Įller fracƟon 
exists where weight reducƟon and mechanical performance are balanced. 

• During the process of the uniaxial compression tests, the CHSs collaborated with the metal 
matrix. However, the waterglass bonds that endow the spherical shells with their shape are 
suscepƟble to separaƟon during the Įlling phase, a consequence of the intense metal Ňow. 

• The conƟnuous CHS-matrix interface facilitates eĸcient load transfer (σc = 140−160 MPa), 
ensuring the acƟve parƟcipaƟon of the ceramic shells in load bearing during compression. 

Given the speciĮed geometry, the third-phase of HPDC at 20 MPa (200 bar) for sample C is shown to 
yield the opƟmal space-Įlling result. At this pressure, the gap between the CHSs is completely Įlled 
with matrix metal, while the shells have not yet begun to Įll or collapse from a casƟng perspecƟve. 
Furthermore, the SEA values of samples B (18 MPa (180 bar)) and G (28 MPa (280 bar)) were excellent 
from a mechanical point of view. The casƟng opƟmum (20 MPa (200 bar)) and the mechanical opƟmum 
(26−28 MPa (260−280 bar)) are shown to be non-overlapping, indicaƟng a trade-oī between 
preserving hollow sphere integrity and maximizing load-bearing performance. 
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