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1. Introduction

Metal foams constitute a class of materials with unique proper-
ties, combining characteristics like low weight, high specific
stiffness, and excellent energy absorption capability under defor-
mation. They are categorized into three main groups: (I) open-cell

foams, (II) closed-cell foams, and (III)
foams produced with a secondary, hollow,
or porous phase. The conventional metallic
foams in groups (I) and (II) are comprised
of a metal framework (the continuous
metallic structure), stabilizing particles
(fine particles that provide structural integ-
rity and prevent premature collapse during
production), and gas-phase bubbles in
closed-cell foams or interconnected voids
in open-cell foams. These materials are
widely used in many applications, such
as light-weight components and energy
absorbers in automotive, aerospace,
marine, and railway industries. However,
issues persist during the foam production
process, such as the collapse of gas bubbles
due to insufficient melt viscosity or prema-
ture solidification, leading to irregular pore
structures and weakened mechanical integ-
rity.[1] There are also other challenges, for
example, connected to maintaining struc-
tural stability, controlling cell size and dis-

tribution, and managing precise temperature control during the
production process.[2] Because syntactic foams (group (III))
largely avoid these shortcomings, they have grown in impor-
tance, thanks to more effective production methods and good
mechanical characteristics compared to other types of metal
foams.
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The aim of this study is to explore the internal damage mechanisms of AlSi12
metal matrix syntactic foam (MMSF) with embedded ceramic hollow spheres
(CHSs) to understand the damage behavior during compressive loading. To
achieve this goal, in situ synchrotron X-ray tomography is used. A qualitative
and quantitative assessment of the initiation and gradual collapse of matrix,
filler material, and pores is presented. The imaging-based investigation pro-
vided detailed visualization and tracking of failure mechanisms of the MMSF,
with emphasis on the collapse of hollow spheres at the microstructural level.
The structural parameters describing performance limits are experimentally
determined and correlated with internal mechanisms. It is concluded that a
homogeneous distribution of the second-phase filler material results in a
sequential collapse in a localized region; this leads to controlled and predictable
energy absorption. The CHSs rupture is found to be location dependent within
the localized shear band region, with spheres of all diameters failing to a similar
extent. The results from this work can be used to train or validate predictive
models of MMSFs deformed under compressive loading conditions by cor-
relating the 3D damage progression with the overall mechanical response.
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Metal matrix syntactic foams (MMSFs) constitute a distinct
class of metallic foams. They are unique composite materials
consisting of a metallic matrix material, usually a lightweight
alloy like aluminum[3,4] or magnesium,[5,6] and a second-phase
filler. This filler can take the form of hollow elements, such
as ceramic hollow spheres (CHSs) or microballoons, or porous
materials like expanded perlite, clay, or glass.[7] MMSFs have
gained attention due to their high energy absorption capability
and attractive density-specific mechanical properties, finding
application in fields like automotive collision damping and
bullet- or blast-proof hulls, and they are contributing significantly
to weight reduction in the transportation sector.[8–10] They can
also operate at both elevated and cryogenic temperatures.[11,12]

However, despite their widespread use, gaining a deeper under-
standing of the mechanical behavior of MMSFs remains an
active area of research. An improved understanding of the inter-
nal damage mechanisms and quantification of structural param-
eters like compressive strength, fracture strain, structural
stiffness, elastic energy absorption, and critical resolved shear
stress are important for assessing a material’s capability to with-
stand compressive loads.[13,14] From an engineering perspective,
the onset of plastic deformation in MMSFs is also of the utmost
importance, but it has yet to be studied in detail.

In recent years, reports in the literature have suggested that
the intrinsic material structure of the filler, such as the volume
fraction of hollow spheres and their composition, influences the
mechanical properties of foams. For example, Kiser et al.[15]

investigated the mechanical response of a set of MMSFs and dis-
covered that the energy absorption capacity was extraordinarily
high when compared to conventional metal foams. The
enhanced absorption capacity was attributed to the controlled col-
lapse of the hollow spheres. Building on this, Daoud[16] showed
that syntactic foams containing a high volume fraction
(≥50 vol.%) of hollow spheres had a longer and flatter stress pla-
teau than in specimens with a lower volume fraction of hollow
spheres, because the structure provides more opportunity for
hollow sphere walls to deform and collapse. The onset of failure
phenomena in MMSFs was studied previously by conventional
macroscale compressive tests equipped with (i) tactile extensom-
eters,[7] (ii) acoustic emission devices,[17] and (iii) ex situ vibration
analysis.[18] However, none of these works were able to deter-
mine the initial collapse and describe its subsequent evolution.
Work has also been done on the modeling of MMSFs. Sanders
and Gibson[19] developed models of the mechanical behavior of
metal foams, suggesting that closed-cell foams have superior
elastic modulus and strength compared to open-cell foams, par-
ticularly at high porosity. The elastic modulus and initial yield
strength of MMSFs were also studied, revealing that the theoret-
ical values of elastic modulus and strength are midway between
those of open-cell and closed-cell foams. A similar model was
developed by Marur[20,21] to determine the effective elastic mod-
ulus of a syntactic foam. This model considered imperfect inter-
faces between hollow spheres and the matrix. The results
obtained using this model agree well with the measured elastic
modulus reported in the literature.[22,23]

X-ray tomography is an effective tool to detect internal damage
features in materials and structures.[24,25] It has been thoroughly
investigated and utilized for various cases such as crack initiation
and growth, fatigue and cyclic-load failure, and time-resolved

defect evolution.[26–30] This technique has been further empow-
ered by adding a fourth dimension to study the time-resolved
material response under load, referred to as in situ testing. In
situ experimental techniques using X-ray imaging provide infor-
mation on the internal evolution of the material microstruc-
ture.[28,31,32] A detailed review of in situ experiments using
X-ray tomography can be found in reference.[33] Since X-ray
tomography can probe both the bulk and the surfaces of samples,
their different mechanical response to applied strain can be stud-
ied. This has been utilized to study decohesion and crack propa-
gation in the bulk and at the surface of SiC-reinforced metal
matrix composites,[34] or void coalescence in aluminum alloys.[35]

In both cases it was found that investigating only the surface led
to large underestimation of the amount of damage in the sam-
ples. X-ray tomography of post-compression MMSFs also
revealed that the interior (bulk) deformation behavior is different
from that observed at the surface.[36] Hence, characterization
methods with high spatial resolution probing the interior of sam-
ples are needed to study damage mechanisms in many types of
materials, not least MMSFs. In,[37] a type of MMSF was studied
with X-ray tomography ex situ after compression testing to clas-
sify structural features. Most other related studies focus on more
easily accessible polymer-based syntactic foams.[38–40] Localized
deformation features, often described in the literature as crash
bands, kink bands, or deformation bands, have also been studied
in other types of cellular materials and foams.[41–43] The use of
3D X-ray tomography to monitor microstructure evolution dur-
ing in situ experiments was explored and combined with 3D
modeling in,[44] though not specifically applied to MMSFs.

The aim of this article is to investigate and elucidate the inter-
nal damage mechanism during compression of an AlSi12-based
MMSF with embedded CHSs. The specimen is characterized
using in situ X-ray tomography. The study focuses on qualitative
visualization and quantitative characterization of the evolution
and behavior of microstructural damage in the MMSF specimen.
This includes analyzing the initiation and gradual collapse of the
matrix, filler material and pores and their relation to macroscopic
foam deformation. Concurrently, mechanical parameters such as
the compressive strength, fracture strain, structural stiffness,
critical resolved shear stress, and elastic energy stored during
deformation are determined, and the reduction in porosity is
evaluated throughout the deformation process. The purpose of
this study is to extend our knowledge concerning the compres-
sive behavior of MMSFs by leveraging advanced characterization
techniques. The 3D images obtained from the latter contribute
primarily to investigations of the physical mechanisms occurring
in the interior of the foam matrix (e.g., microcrack interaction
with CHSs) and provide new information on the chronology
of the collapse phenomena of CHSs during increasing loading.
The prime novelty of this manuscript is the application of in situ
synchrotron X-ray tomography to explain the internal damage
mechanisms of MMSFs, the qualitative and quantitative assess-
ment of the initiation and gradual progress of failure, and the
detailed visualization and tracking of failure mechanisms. By
correlating 3D damage progression with the overall mechanical
response, this work lays the foundation for validating predictive
models of syntactic foam deformation under compressive load-
ing conditions. In particular, the combination of global force-
displacement data with time-resolved 3D tomography of shear
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band formation, CHS rupture and densification provides both
macroscopic benchmarks and microstructure descriptors that
can be directly used to calibrate and validate micromechanical
and finite element models of MMSF deformation.

2. Experimental Section

2.1. Materials, Sample Production and Initial Characterization

A commercial AlSi12 alloy was used as matrix material; its chemi-
cal composition is shown in Table 1. CHSs provided by Sphere
Services Inc., made of mixed oxides consisting mainly of Al2O3

and SiO2, were used as the porosity-establishing filler phase.
The stiffness of the matrix material, corresponding to its elastic
modulus, is 69 GPa. The CHSs are made from silica (≈70%, with
elastic modulus of 73 GPa) and alumina (≈30%, 200 GPa), result-
ing in a stiffness of ≈110 GPa. The effective density of CHSs
(including the empty space in the sphere interior) is 0.36 g cm�3,
their compressive strength under hydrostatic loading is 30 �
4MPa, and their melting point is 1050 °C, as provided by the man-
ufacturer. The role of the filler phase is to effectively reduce the
density of the component and determine the geometry of the pores
to endow the material with the excellent specific properties typical
of MMSFs. The density of the AlSi12 alloy is 2.65 g cm�3. To
achieve a lower bulk density of MMSFs, the volume fraction of
the filler was set to the relatively high value of 64 vol.%. The initial
surface morphology and chemical composition of the CHSs prior
to the foam production process were studied using scanning elec-
tron microscopy (SEM) and energy-dispersive spectroscopy (EDS)
in a Philips XL-30 SEMwith an EDAXGenesis X-ray EDS detector.

The samples were produced by low-pressure liquid-state infil-
tration. First, the hollow spheres were preprocessed to sort out
broken spheres. The hollow spheres were poured into ethanol, so
that only the intact ones floated to the surface of the alcohol. The
intact and dried hollow spheres were then poured into a steel
mold with internal dimensions of 36� 55� 360mm3. On top
of the hollow spheres, an Al2O3 insulating mat was placed, which
served to separate the molten matrix material from the CHSs
until the moment of pressurized infiltration. On top of this, a
machined block of AlSi12 was placed, which was later melted
to become the matrix material in the MMSF. The prepared mold
was placed in a furnace. A schematic drawing of the mold posi-
tioned inside the furnace is shown in Figure 1.

After being sealed, the furnace was evacuated to a pressure of
less than 1mbar using a Leybold Trivac D8B type vacuum pump.
During the subsequent heating step, a uniform temperature was
maintained by three heating zones, and the temperatures of the
matrix block and the CHSs were continuously monitored using
two thermocouples. The melting temperature of the AlSi12 alloy
is 575 °C and infiltration was performed at 625 °C (50 °C above
the melting point), which is sufficient for the infiltration of the
CHSs.[45] Once the melting of the matrix material was

completed, it formed a liquid plug in the mold, which was sepa-
rated from the CHSs by the insulating mat, maintaining the vac-
uum around the CHSs. Then, evacuation was stopped, and Ar
gas at a pressure of 500 kPa was let into the system. The resulting
pressure difference between the Ar pressure in the furnace and
vacuum under the molten matrix plug in the mold forced the
melt through the insulating mat and infiltrated the set of hollow
spheres. The pressure difference was maintained for 30 s.
However, infiltration cannot be completely perfect due to the
high surface tension of the matrix and the very small capillaries
between the touching CHSs. Therefore, small infiltration-related
voids can occur. The mold was thereafter cooled in air, and then
the cast block of MMSF was removed from the mold for further
machining. Cylindrical specimens with a diameter of 1.5 mm
and height of 2.7 mm were machined from the MMSF block
for axial in situ compression tests.

SEM images of the CHS filler material are shown in Figure 2.
The CHSs in Figure 2a show a smooth and intact surface mor-
phology, while in Figure 2b an intentionally broken CHS shows a
dense and porosity-free wall. The outer diameter of the CHSs
was measured to be 74� 12 μm, and their wall thickness was
3� 0.5 μm.

The porosity fraction, pi, for an individual CHS with outer
diameter do and wall thickness tw can be calculated as

pi ¼ 1� 2tw
do

� �
3

(1)

Hence, for an individual CHS, 77.6� 4.8% is empty space, and
the remaining 22.4% constitutes ceramic wall. The volume frac-
tion of the inner void contributes to porosity. Now, when we con-
sider all CHSs in theMMSF sample, the volume fraction occupied
by all CHSs is vf = 64%. So, the overall porosity due to CHS voids
in the MMSF sample can be computed from P ¼ pi ⋅ vf . Using
this relation, the overall theoretical porosity in the MMSF sample
caused by CHSs is calculated to be 49.7� 3.1%.

The chemical composition of the CHSs was measured by
EDS, and the compositions in wt.% obtained for the different

Figure 1. Schematic representation of the infiltration furnace.[7]

Table 1. Chemical composition of the AlSi12 matrix (in wt.%).[57]

Si Fe Cu Mn Mg Zn Al

AlSi12 12.830 0.130 0.002 0.005 0.010 0.007 balance
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oxide types are listed in Table 2. The major oxide components
were SiO2 and Al2O3, but the material also contains small
amounts of TiO2, Fe2O3 and other oxides.

2.2. Experimental Setup

High-resolution X-ray tomography was used to map the internal
damage occurring in MMSFs during compression tests. In situ
compression experiments were carried out at the Swedish
Materials Science beamline (P21.2) at PETRA III[46] with an inci-
dent X-ray beam of 37.5 keV and a beam size of ≈3.2 mm (hori-
zontal) by 2mm (vertical). Sample loading was carried out using
a Deben CT20kN mechanical load frame. The experimental
setup is shown in Figure 3.

For tomography measurements, a PCO Edge 5.5 camera was
placed at a distance of 4.7 cm from the sample. The sample
was rotated 360° around the fixed rotation axis of the Deben load
frame, and radiographs were acquired in increments of 0.1° (i.e.,
3600 projections per scan). The initial height of the sample
(2.7mm) was larger than the vertical beam size. Hence, two verti-
cally overlapping scans were needed to cover the entire sample.
Prior to loading, the compression platens were moved until they
fully held the specimen, applying a minor seating force (F≈ 5 N).
This was done to eliminate the effect of mechanical clearance in
the displacement data. The first tomography dataset was recorded
in the undeformed state of the sample, whereas subsequent tomo-
graphic characterization was performed after each increment of
50 μm compressive displacement, up to a total axial displacement
of 1.70mm. Each tomography scan took a total of 30min. During
this time, the displacement was held constant. In total, 34 tomo-
graphic volumes were recorded: one undeformed tomogram and
33 sequential tomograms after the incremental displacements.

2.3. Tomography Reconstruction and Segmentation

Prior to reconstruction, phase retrieval was performed using reg-
ularization parameter α= 0.001 to optimize contrast and prevent
artifacts at edges. The tomography data were reconstructed using

the Gridrec reconstruction algorithm[47] in the TomoPy Python
module,[48] resulting in a 3D stack of grayscale images. The voxel
size of the 3D reconstruction was 2.64 μm. The image stacks
from the two vertically displaced layers were registered using
the overlapping regions and merged to create a single image
stack for each displacement step. This was carried out using
the 3D image processing software Avizo (FEI Visualization
Sciences Group).[49]

The matrix material and the internal hollow volume of the
CHSs were segmented from the reconstructed tomography data.
Thresholding was performed based on grayscale values to separate
solid foam regions from porous regions. The hollow spheres that
were open and touching the external boundary of the analyzed vol-
ume were removed. The porous regions were further labeled to
identify the individual hollow spheres using image processing
modules in the Python library SciPy.[50] Additionally, small infil-
tration-related voids that do not meet CHS shape and size criteria
(sphericity< 0.85 and volume< 64 voxels) were excluded from the

Figure 2. SEM images of filler CHSs: a) CHS with a smooth and intact surface and b) intentionally broken CHS, showing a dense and porosity-free wall.

Table 2. Chemical composition of the CHS filler material (in wt.%).

SiO2 Al2O3 TiO2 Fe2O3 other oxides

Composition 58.0 38.5 1.6 0.4 balance

Figure 3. Experimental setup for in situ compression using Deben
CT20kN load frame.
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labeled images using morphological and sphericity filters.[50–52]

Each voxel of a 3D volume was classified either as matrix material,
hollow sphere, or background for each load step. The labeled
images were then used to calculate parameters like the volume
and diameter of individual hollow spheres as well as the total
microsphere volume. Calculation of these parameter values and
generation of 3D visual images were carried out using
Dragonfly software version 2022.2.0.1409 (Comet Technologies
Canada Inc., Montreal, Canada).[53]

2.4. Shear Plane Angle Measurement and Critical Resolved
Shear Stress

Each segmented 3D image was further processed to identify vox-
els inside the localized deformation zone, or shear plane. These
voxels were identified using morphological and sphericity filters
to find crushed CHSs. A plane was fitted to the 3D voxels in the
localized deformation zone to trace the inclination of the identi-
fied deformed regions. This plane was used to determine the
angle ψ between the normal direction of the fitted plane and
the loading direction. A schematic illustration is provided in
Figure 4 to depict the shear plane region, the angle ψ, and
the normal and shear components of the applied compressive

force acting on the shear plane during displacement-controlled
compression.

Using the maximal force to initiate a crack, Fp, and the initial
cross-sectional area of the sample, A0, the critical resolved shear
stress, τCRSS, acting on the shear plane was calculated as shown
in Equation (2)

τCRSS ¼ F0p
As

¼ Fp ⋅ sinðψÞ ⋅ cosðψÞ
A0

(2)

3. Results and Discussion

3.1. Microstructure of Foams

The microstructure of the MMSF specimen was studied by using
X-ray tomography to extract information about the distribution of
the inner voids of the CHSs. The full 3D tomographic recon-
struction of the as-prepared MMSF sample with labeled CHSs
is shown in Figure 5a. 2D cross sections through the center
of the sample are shown in Figure 5b,c. The color scale in
Figure 5c represents the diameter of the pores: large pores
are red and small pores are blue. The pore size distribution in
the sample, before compression, is shown in Figure 5d. The
mean diameter of the pores, corresponding to the inner void
diameter of the CHSs, is 68 μm with a standard deviation of
24 μm. This corresponds to an outer diameter of 74 μm (assum-
ing a 3micron wall thickness), which agrees with the SEM esti-
mate. The measured overall porosity due to CHSs was found to
be 48.5%, which lies in close agreement with the previous esti-
mate of 49.7%.

It is important to obtain a homogeneous distribution of the
CHSs to ensure isotropic and constant materials properties of
the MMSF. A 2D cross section through the center of the sample
is shown in Figure 5e. The color map legend in Figure 5e rep-
resents the nearest-neighbor distance (NND) of the filler
CHSs—i.e., the distance between the centroids of closest
neighbor to its centroid. The NND distribution in the sample,
before compression, is shown in Figure 5f. Visual inspection of
Figure 5e, indicates a homogeneous distribution of CHSs, as
the NNDs are spatially uniform in the sample. The distance
distribution in Figure 5f shows one prominent hump rather
than multiple peaks. Also, there is no visible clustering of
CHSs in Figure 5b,c,e. Hence these results collectively confirm
a homogeneous distribution of porosity due to CHSs in the
sample.

3.2. Mechanical Behavior, Structural and Internal Response

The force-versus-displacement data gathered during the in situ
compression experiment are shown in Figure 6a. The precise
points at which loading was halted and tomography scanning
occurred for each compressive displacement (δ) step are indi-
cated by markers. The force initially increases linearly with
applied compressive displacement until the matrix material
yields and undergoes localized deformation. The corresponding
porosity and energy density are shown as a function of displace-
ment in Figure 6b. The energy density in the sample equals the

Figure 4. Schematic illustration of a cylindrical sample constrained by a
fixed bottom and a displacement-driven top. Localized deformation occurs
along the shear plane (shaded red region), where crushed pores coalesce
into a crack. The angle ψ is between the shear plane’s normal (blue arrow)
and the loading axis. Fp is the maximal axial compressive force to initiate a
crack.
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area under the recorded force-displacement curve normalized by
the initial volume and can be integrated numerically.

The plots of force, porosity (caused by the intact spheres), and
energy density versus displacement in Figure 6a,b are divided
into five main regions. The 3D reconstructions of the investi-
gated sample at selected displacement steps (one step for each
of the five deformation stages) are shown in Figure 6c, illustrat-
ing the deformation of the surface during compression in each of
the five stages. Cross-sectional tomography images of the sample
at various stages of compression are presented in Figure 7, and
the evolution of the localized deformation zone or the shear band
region where CHSs are crushed during loading is shown.

In the first region (displacement 0mm to 0.1mm), the sample
deformed elastically, and there was no crack or shear band forma-
tion. The overall deformation in this stage is related to the elastic
deformation of the composite, with the slope representing the
structural stiffness.[54] This quantity is one of the characteristic
properties of MMSFs. In this loading region, the CHSs remained
unharmed, so the overall porosity remains conserved, as observed
in Figure 6b and 7a. This stage refers to the elastic regime.

In the second region (0.1 mm to 0.2 mm), the load transfer
between the matrix and the CHSs increased to its maximum
value when the force and corresponding stress reached the com-
pressive strength of the sample. The associated displacement, δf,

was used to calculate the fracture strain. The fracture strain, εf, is
computed as δf normalized by the height of the sample. The force
Fp was used to estimate the critical resolved shear stress, see
Equation (2). Fp was followed by a decrease in the overall porosity
caused by the rupture zone of CHSs. Upon reaching the force Fp,
the first crack/shear band appeared in the sample, as shown in
Figure 6c and 7b. The plane of the crack was at an angle
ψ ≈ 47 � 2.7° with respect to the applied load direction. This
agrees well with theoretical predictions for uniaxial loading[36]

and experimental findings from previous studies.[7] This stage
refers to shear band initiation.

In the third deformation stage (0.2 mm to 0.5mm), the shear
band expanded gradually, as shown in Figure 6c, and 7c,d. The
neighboring CHSs broke layer by layer during further compres-
sion. This combined shearing-and-compression phenomenon
dissipated a significant amount of mechanical energy, owing
to the fracture of the CHSs, as shown in Figure 6b. This stage
refers to sequential CHS rupture.

In the fourth region (0.5mm to 1.2 mm), the shear band con-
tinued to expand, as shown in Figure 7e–g. Due to relative sliding
in the shear band zone, as evident in Figure 6c, the force
remained relatively constant. However, the sequential breaking
of CHSs absorbed a large amount of energy. This stage refers to
plateau behavior.

Figure 5. Tomography images of an MMSF: a) 3D representation of CHSs in the investigated sample with labeled CHSs; b) front view of the sample
(middle plane); c) top view of the sample (middle plane); d) size distribution of CHS inner diameters from the initial tomographic scan of the sample in
the undeformed state. The color map in the figure legend in (c) represents the equivalent-sphere inner diameter of the filler CHSs. e) Side view of the
sample (middle plane), with color map describing the CHSs NND. f ) The nearest neighbor-distance distribution of the filler CHSs from the initial
tomographic scan of the sample in the undeformed state.
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In the fifth region (1.2 mm to 1.7 mm), densification of the
sample took place, as shown in Figure 6c and 7h. Toward the
end of this process, the cavities of broken CHSs were filled in
by matrix material. The porosity rapidly decreased in this region,
which can be attributed to a reduction of total void volume
through the crushing of CHSs. This stage refers to densification.

3.3. Breakage Evolution of the CHSs

Figure 8 illustrates how the size distribution of intact CHSs grad-
ually evolves during different stages of compressive deformation.
As the loading increases, the eventual breaking of CHSs leads to

a decrease in the number of intact CHSs. Thus, by studying the
evolution of the shape of the size distribution, mean, and stan-
dard deviation of the CHS inner diameter, any size preference
toward breakage will be revealed.

By close inspection of the size distribution in Figure 8a, it is
found that the shape of the distribution remains nearly
unchanged throughout the test, with the amplitude mostly
changing as the level of compression increases (since the broken
spheres are not included in this analysis). From Figure 8b it can
be noted that the mean diameter and standard deviation of the
size distribution also remain almost constant during the first
four stages of deformation. As the compression progresses to

Figure 6. a) Force-versus-displacement response for the in situ compression experiment. The compressive displacement was held fixed after each
0.05mm step to allow for tomographic scanning of the sample. b) Porosity and energy density plotted versus displacement. The plots are divided into
five main parts showing different mechanical response, represented by the gray dotted lines: (I) 0 mm to 0.1 mm, (II) 0.1 mm to 0.2 mm, (III) 0.2 mm to
0.5mm, (IV) 0.5 mm to 1.2 mm, and (V) 1.2 mm to 1.7 mm. c) The 3D reconstructed MMSF volume, corresponding to a selected displacement step in
each deformation stage.
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Figure 7. Cross sections through tomographic reconstructions of the MMSF at various stages of compression. Front view of the sample (middle plane)
during loading at displacements a) 0.1 mm, b) 0.15 mm, c) 0.20mm, d) 0.25mm, e) 0.55mm, f ) 0.65mm, g) 0.95mm, and h) 1.25mm. The color map
in the figure legend represents the equivalent-sphere inner diameter of intact filler CHSs. Regions highlighted by dashed red lines encompass the shear
band region where CHSs are crushed. The plane of the crack makes an angle of ψ ≈ 47° with the applied load direction.

Figure 8. a) Size distribution of CHSs plotted for various states of compressive loading, with δ denoting the displacement. The plot shows the number of
intact CHS of different diameters during the compression test, with each curve recorded after an increment of 50 μm in compression. b) Mean and
standard deviation of CHS inner diameter distribution, plotted versus displacement δ.
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the densification stage (V), a shift in the mean toward smaller
diameters (65 μm to 58 μm) is observed. In Figure 7 it is seen
that the CHSs are crushed only in the shear band region. The
resulting crack was localized spatially, and it linked several
CHSs. Based on the results, we cannot conclude that there
was preferential size dependent breaking of CHSs. Instead,
the behavior suggests that the subsequent widening of the defor-
mation zone remains primarily governed by the location of the
shear band. This also indicates that when the CHS size distribu-
tion is homogeneous and the deformation is localized within a
narrow shear band, a location-dependent nature of failure is
observed. A similar localized deformation mechanism has been
seen in aluminum syntactic foams during compression[36] and in
a study of epoxy syntactic foams.[38] In Ref. [38] localized fracture
was attributed to the stiffness of the matrix material. A stiffer
matrix was found to limit the redistribution of the applied load;
thus, the matrix could not accommodate the high strains induced
by the rupture of the first sphere. As a result, stress becomes
concentrated at the interfaces between microspheres, leading
to a cascading failure where the rupture of one sphere facilitates
the crack propagation to its neighbors, regardless of their size.
For more compliant matrix materials, the stress distribution
was found to be more uniform, leading to preferential failure
of the larger microspheres.[38]

Figure 6b shows that significant energy is absorbed during
shear fracture propagation. From this, it can be concluded that
the localized damage of CHSs is the primary reason for energy
absorption even after a crack is initiated in the sample. However,
it is also likely that other energy dissipation mechanisms, such as
matrix deformation and friction, contribute to the overall energy
dissipation. The observed deformation sequence (elastic regime,
shear band initiation, sequential CHS rupture, and densification)
is consistent with prior studies carried out on larger MMSF
specimens,[7] suggesting that the fundamental mechanisms
are preserved even for the small sample studied here.

3.4. Mechanical Properties

The mechanical properties of the investigated MMSF, deter-
mined from the experimental data, are summarized in Table 3.

These values quantify the mechanical performance, and they
form the basis for determining potential applications of AlSi12
MMSFs in various structural and engineering contexts. We
emphasize that the compressive strength of MMSFs is much
higher than typical values for aluminum-based open-cell
(1–10MPa) and closed-cell foams (5–30MPa).[55,56] Normally,
the porosity of traditional Al foams may vary from 50 vol.% to
90 vol.%, or even higher. For MMSFs, however, the porosity is
usually between 30 and 65 vol.%. This is mainly a consequence

of using a second-phase filler material (CHSs) in foam produc-
tion. The presence of CHSs gives better control over the geome-
try of the pores, which also contributes to improved strength and
energy absorption. With respect to materials properties, MMSFs
are stronger and stiffer than open-cell foams but are usually less
ductile. MMSFs also exhibit higher strength and greater energy
absorption capability than many closed-cell foams.[55,56]

The results of our study provide several different forms of
direct input to the validation of predictive modeling schemes.
First, the in situ synchrotron tomography measurements enable
tracking of 3D microstructural evolution, such as sequential
collapse of CHSs, shear band formation, and densification at
well-defined load increments. These observations provide a
chronological sequence of damage events that can be directly
compared with predictions from micromechanical or finite ele-
ment-based simulations of MMSFs. Second, the correlation of
these 3D damage mechanisms with macroscopic quantities
(force-displacement response, porosity evolution, and absorbed
energy density) provides a quantitative link between local micro-
structural failure and global materials behavior. This multiscale
correlation offers modelers not only stress–strain benchmarks
but also microstructure descriptors (e.g., crack initiation sites,
shear band inclination, and CHS breakage statistics) that are cru-
cial for calibrating and validating constitutive and damage models.
Finally, the finding that CHS rupture is spatially correlated but
independent of size adds an important constraint for modeling
assumptions regarding load redistribution and crack propagation
in syntactic foams. Predictive schemes that incorporate such
experimentally observed mechanisms can thus be tested against
our dataset to assess their ability to capture both the macroscopic
response and the underlying failure sequence.

The present study was restricted to relatively small specimens
and a single foam composition, which may limit the generality of
absolute property values. Ongoing work is aimed at (i) quantitative
comparison with micromechanical and finite element models, (ii)
testing larger samples and varying CHS volume fractions to fur-
ther assess scale effects and broaden applicability, and (iii) in situ
X-ray tomography combined with digital volume correlation to
map 3D local strain fields and track individual hollow spheres
throughout loading for detailed validation of the internal damage
mechanism. We acknowledge that future studies on larger vol-
umes would be valuable to further confirm the absence of size
effects on quantitative properties.

4. Summary and Conclusions

This study used in situ synchrotron X-ray tomography to inves-
tigate the compressive deformation of AlSi12 MMSFs with
64 vol.% CHSs. The deformation was governed by shear band
formation and sequential rupture of CHSs, which dissipated
energy while maintaining structural integrity during early load-
ing stages. The evolution of porosity correlated closely with the
force-displacement response, allowing the deformation to be
divided into five distinct stages from elastic loading to final den-
sification. CHS rupture was found to be strongly location-
dependent (within the shear band) rather than size-dependent,
with spheres of all diameters failing to a similar extent. These
results provide mechanistic insight into the interplay between

Table 3. Mechanical properties determined from the experiment.

Compressive strength (σc) 86MPa

Fracture strain (εf ) 3.70%

Structural stiffness (Es) 2.32� 0.2 GPa

Absorbed elastic energy (Uel) 149 J m�3

Critical resolved shear stress (τCRSS) 28.0� 0.1 MPa
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microstructural damage and macroscopic response, and they
form a basis for validating predictive modeling approaches.

Acknowledgements
The authors gratefully acknowledge support provided through the Röntgen-
Ångström Cluster program. This research was co-funded by the Swedish
Research Council (Vetenskapsrådet) under grant 2021-05959, the
Crafoord Foundation (project ID 20230630), and the German Federal
Ministry of Education and Research (BMBF) under grant 05K22VUA.
P.A.T. Olsson acknowledges funding from the Swedish Research Council
under grant 2022-04497. H. Hallberg acknowledges funding from the
Swedish e-Science collaboration, under grant eSSENCE@LU 10:1, and from
the strategic innovation program LIGHTer, provided by the Swedish
Innovation Agency. Parts of this work were supported by the Hungarian
Scientific Research Fund under Grant agreement OTKA FK_21 138505.
The authors are grateful to DESY (Hamburg, Germany), a member of
the Helmholtz Association HGF, for the provision of experimental facilities
and beamtime. Parts of this research were carried out at PETRA III P21.2
(The Swedish Materials Science Beamline), with beamtime allocated via
proposal 11018445.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Keywords
damage mechanisms, energy absorption, metal matrix syntactic foams,
X-ray tomography

Received: June 3, 2025
Revised: November 3, 2025

Published online:

[1] N. Babcsán, D. Leitlmeier, J. Banhart, Colloids Surf. A Physicochem.
Eng. Asp. 2005, 261, 123.

[2] N. Babcsán, F. García Moreno, J. Banhart, Colloids Surf. A
Physicochem. Eng. Asp. 2007, 309, 254.

[3] B. Mehta, Y. Zhao, Adv. Eng. Mater. 2024, 26, 2400670.
[4] Z. Huang, C. Hu, L. Shen, Y. Wang, B. Wang, F. Ye, Q. Liu,Mater. Sci.

Eng. A 2023, 872, 144942.
[5] A. Motaharinia, J. W. Drelich, J. Goldman, H. R. Bakhsheshi-Rad,

S. Sharif, A. F. Ismail, M. Razzaghi, J. Mater. Res. Technol. 2024,
30, 8316.

[6] G. Parande, D. J. E. Chow, A. P. Sripathy, V. Manakari, M. Doddamani,
M. Gupta, J. Mater. Eng. Perform. 2024, 33, 12160.

[7] I. N. Orbulov, J. Ginsztler, Compos. A: Appl. Sci. Manuf. 2012, 43, 553.
[8] E. Linul, D. Pietras, T. Sadowski, L. Marşavina, D. K. Rajak, J. Kovacik,
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