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Abstract

Reinforced metal matrix syntactic foams (rMMSFs) were produced by liquid-state, low-pressure vacuum infiltration. Technical purity
Al99.5 aluminum alloy was used as the matrix material, and ceramic hollow spheres (CHSs) with @2.24+0.13 mm diameter were applied
as a filler material. The matrix was reinforced by 0.6 nominal size SiC with seven different volume fractions of the reinforcing material
relative to the matrix material's volume: 0 vol%, 5 vol%, 10 vol%, 15 vol%, 20 vol%, 25 vol%, and 30 vol%, respectively. The samples were
investigated structurally and mechanically. Based on the microscopic investigation, the liquid-state, low-pressure vacuum infiltration
was found to be a good production method of the rMMSFs; no traces of reactions between the components had been found. Based
on the results of the standardized compressive test, the specific compressive strength and specific structural stiffness of rMMSFs were
significantly increased for each reinforcement volume fraction, and even a 63.2+8.1% improvement can be achieved in the specific
compressive strength compared to the unreinforced (UR) samples. The specific plateau strength and the specific energy absorption
were improved with a 15 vol% or above reinforcement volume fraction compared to the UR foams. The decrement was caused by
the stress-concentrating particles, and this effect could only be equalized by higher reinforcement content. The failure modes of the
MMSFs were dependent on the dual composite properties of rMMSFs. The failure of the reinforced samples was indicated by plastic
collapse followed by the appearance of a cleavage band and its widening.
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1 Introduction

The first artificial foams were produced from polymers
and were later followed by the development of conven-
tional metal foams to achieve improved mechanical proper-
ties. Metal foams are commonly categorized into three main
groups: (1) open cell metal foams, (ii) closed cell metal foams,
and (iii) closed cell metal foams in which the porosity is gen-
erated by the incorporation of a secondary phase. The latter
are referred to as metal matrix syntactic foams (MMSFs).

In MMSFs, low-density metals with excellent specific
properties are used as the matrix material. Aluminum [1-5]
is most frequently employed due to its low density, good
castability, and excellent mechanical properties, which can
be further improved in certain alloys by heat treatment.
Magnesium [6—11] can also be used because of its low den-
sity and low melting temperature; however, its high chemical

reactivity and relatively high cost can limit its widespread
application. In addition, steel [12—18] (high strength, cheap
but high density), titanium [19-21] (acceptable density, good
specific properties, expensive), and zinc [22-25] (high den-
sity) matrices have also been reported in the literature.

The porosity and superb specific mechanical properties
of MMSFs can be granted by hollow spheres and porous
particles. The hollow particles are engineered ceramic [1]
or metallic hollow spheres made of AL,O, [26-31], glass [7,
31-34] or steel [14, 17, 35-37], whereas porous particles
can be expanded perlite [38-43], expanded glass [44—47] or
expanded clay aggregates [48—52].

A variety of manufacturing routes have been developed
for syntactic metal foams. The most common include stir
casting [53-55], pressure infiltration (with or without
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vacuum assistance) [8, 56], powder metallurgy [57, 58],
and gravity casting [15, 59].

MMSFs are characterized by a high specific energy
absorption capacity and excellent specific mechanical
properties, which make them attractive for automotive
[60—63] and defense applications [64—66], such as collision
energy dissipation, mass reduction leading to lower fuel
consumption, and ballistic or blast protection. Due to their
favorable thermal [22, 67—69] and acoustic insulation capa-
bilities, they are also applied in the construction industry.

Although MMSFs offer numerous advantages over con-
ventional metal foams and bulk metals, a significant lim-
itation is the cost of certain filler materials, particularly
engineered ones (e.g., CHS). The porous particles are less
expensive than their engineered counterparts but exhibit
inferior mechanical performance, which is reflected in the
produced MMSFs.

Two main strategies have been reported to enhance the
specific properties of MMSFs: (i) the use of higher strength
fillers material, but it would further increase the produc-
tion costs of the metal foams; and (ii) the application of
stronger matrix materials, such as heat treated aluminum,
steel (despite its high density), or titanium (despite its high
cost), or composite matrices reinforced with ceramic par-
ticles (e.g., AL,O, or SiC). Conventional closed cell metal
foams with ceramic particle reinforced matrices have
been described in the literature; however, to the best of the
authors' knowledge, MMSFs reinforced by ceramic parti-
cles in their matrix have been reported only in the prelimi-
nary publication of the present authors [70] while the filler
was a set of ceramic hollow spheres (CHSs. Compared
with previous publications, a much wider investigation
was presented on the effect of the amount of reinforcement
on the specific mechanical properties.

2 Materials and methods
2.1 Materials
Technical purity Al99.5 purity aluminum alloy was used
as the matrix material. Its nominal chemical composition
18 <0.25 wt.% Si, <0.4 wt.% Fe, <0.05 wt.% Cu, <0.05 wt.%
Mn, <0.05 wt.% Mg, <0.07 wt.% Zn, >99.5 wt.% Al and its
density is 2.7 gcm. Aluminum and its alloys are excellent
choices as matrix materials because they have low density,
good casting and good specific mechanical properties.
Ceramic hollow spheres (CHS) were used as filler mate-
rial. The CHSs' diameter was &2.24+0.13 mm, based on
scanning electron microscopic measurements (on 500
randomly selected CHS), and their bulk density was

0.87+0.08 gem?. Their material was high-purity grade
Al O,. The filler material is shown in Fig. 1.

The primary function of the filler phase is to effectively
lower the foam's density, thereby imparting foam-like
properties to the material. Specific properties improve as
the density decreases (assuming constant strength), so the
filler volume fraction was set relatively high at 64 vol%,
guaranteed by a random, closely packed structure.

Technical grade SiC particles were used as reinforcing
materials with a 0.597+0.11 mm size range (0.6 mm nom-
inal size), shown in Fig. 2 The role of reinforcement is to
further improve the specific mechanical properties and
energy absorption of the reinforced metal matrix syntac-
tic foams (rMMSFs). The reinforcement was chosen based
on availability and its proven feasibility in producing metal

matrix composites. The reinforcements were supplied by
Granit Abrasive Ltd.

Fig. 1 Macroscopic image of the applied filler material

Fig. 2 Macroscopic image of the applied reinforcement particles: 0.6

mm nominal size of SiC



The main factor that was altered in our investigations as a
research parameter was the volume fraction of the reinforc-
ing material relative to the matrix material's volume (rela-
tive to the whole volume): seven different volume fractions
were investigated: 0 vol%, 5 vol% (1.46 vol%), 10 vol%
(2.92 vol%), 15 vol% (4.38 vol%), 20 vol% (5.84 vol%),
25 vol% (7.3 vol%) and 30 vol% (8.76 vol%), respectively.

The main goals of our investigation were (i) to judge the
feasibility of the production with a high amount of reinforc-
ing particles and (ii) to report the first results on the strength
and energy absorption increment caused by various volume
fractions of SiC particles. A summary of the used filler and
reinforcing material, the applied volume fractions of the rein-
forcing particles, and the samples' relative densities (sample
densities divided by the matrix material's density) are listed
in Table 1. In the designations, the first part describes the rein-
forcing particle nominal size, and the second part describes
the volume fraction of the reinforcing material relative to the
matrix material's volume (For example, 0.6—15 designates an
rMMSF reinforced by 0.6 nominal size SiC particles with
15 % volume fraction).

2.2 Production

The specimens were produced by liquid-state, low-pres-
sure vacuum infiltration. The filler and reinforcement parti-
cles were mechanically stirred directly in a steel mold until
a homogenous distribution was achieved. The production
was considered successful if the specimens' densities dif-
fered from each other by no more than 10%. To facilitate
the easy removal of the samples, the inner walls of the mold
were treated with graphite (N-77 graphite spray, DUECI
ELECTRONIC s.n.c.). A stainless-steel mesh and an alu-
mina (ALO,) quilt were positioned on top of the mixture
to inhibit the displacement of the filler and reinforcement
phases, which could otherwise compromise the uniformity of
the final product. Following this preparation, the solid matrix
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material block was loaded into the mold. The entire setup was
placed in an infiltration furnace, where it was initially heated
to 600 °C for 1.5 h till the vacuum was built up to 10 Pa.
Subsequently, the temperature was elevated to 750 °C and
held constant for 1 h, while the matrix block melted. Inert
argon gas at a pressure of 500 kPa was then applied for 5 s
to drive the molten matrix into the interstitial spaces among
the filler and reinforcing components. To prevent unwanted
chemical interactions among the constituents, the assembly
was rapidly cooled by room-temperature water.

2.3 Testing methods
Microstructural analyses of the fabricated IMMSF specimens
were carried out using an Olympus PMG3 optical micro-
scope, an Olympus SZX16 stereomicroscope, and a Zeiss
EVO MA10 SEM. Sample preparation followed a standard-
ized three-step procedure: (i) initial grinding was performed
using SiC abrasive papers with P120, P320, P600, P1200,
P2400 and P4000 grade (90 s, 20 N load, 220 rpm, count-
er-clockwise rotation); (ii) this was followed by polishing
with 6 um and 3 pm diamond suspensions, each for 10 min
under a 25 N load at 150 rpm, also counter-clockwise; (iii) a
final polishing step employed a 0.05 pm SiO, suspension for
S min under a 25 N load at 125 rpm, with clockwise rotation.
The compressive properties were measured by an
MTS810 universal hydraulic testing machine between two
flat steel plates. The machine was equipped with a 250 kN
load cell, and the testing was conducted at a constant cross-
head speed of 3 mm/min, with samples compressed to a
minimum of 50% engineering strain for comparability, fol-
lowing the ISO 13314:2011 standard [71]. Kolofol Teflon
foil was placed between the sample surfaces and the plates
to reduce friction during testing. The specimens were cubic
with 25 mm edge lengths. Three samples were tested for
each material configuration.

Table 1 Summary of the used filler and reinforcing material, the applied volume fraction of the reinforcement, and the samples' relative density

CHS filler Reinforcement
Designation Di si Relative density
iameter ize . o rel (1)
D (mm) d (mm) Material Vol% P
UR Unreinforced - 0 0.622+0.009
0.6-5 5 0.644+0.007
0.6-10 10 0.666+0.016
0.6-15 2.24+0.13 0.597+0.11 15 0.670+0.014
(0.6 nominal size) SiC
0.6-20 20 0.714+0.032
0.6-25 25 0.704+0.036
0.6-30 30 0.706+0.033
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From the force-displacement data, the engineering
stress—engineering strain curves were calculated, from
which the following key mechanical properties were
extracted: compressive strength (o, - defined as the stress
at the first peak following the elastic region), plateau stress
(0,.; — the average stress between 20% and 40% strain),
energy absorption (W, — the area under the stress—strain
curve up to 50% strain), and structural stiffness (S, the
slope of the initial linear portion of the curve). In this
study, these mechanical properties were evaluated in their
specific form, normalized by the rMMSFs' density (p).

3 Results and discussion

3.1 Microstructural features of the rMMSFs

First, the production technique's effectiveness and the
specimens' microstructure were investigated. Based on
the microstructural images (Fig. 3), the infiltration process
yielded excellent results. The matrix material uniformly

Fig. 3 Microstructure of produced rMMSFs (a) unreinforced sample,
(b) IMMSEF reinforced by 15 vol% of 0.6 mm nominal size SiC
(M — matrix, R —reinforcing particles, CHS — ceramic hollow spheres —

please note that not all the particles have been labeled)

filled the spaces between the filler and the SiC reinforce-
ment particles, with no signs of matrix penetration into
the filler, nor any agglomeration of either the filler or the
reinforcing phase. These observations confirm that lig-
uid-state low-pressure vacuum infiltration is a highly effi-
cient method for fabricating reinforced MMSFs.

The microstructure of rMMSFs was also investigated
by SEM and EDS. The SEM images and EDS maps are
shown in Fig. 4 and Fig. 5, respectively. These investiga-
tions confirm liquid state low-pressure infiltration as an
adequate production method, with no unwanted voids
being seen at the interface between the fillers and the

matrix or between the reinforcement and the matrix.

200 pm EHT=20.00 kV
1Probe= 707 pA

Detector= SE1 Mag= 150 X WD = 11.5 mm

Fig. 4 SEM image of the produced rMMSF in the case of IMMSF
reinforced by 15 vol% of 0.6 mm nominal size SiC (M — matrix,
R —reinforcing particles, CHS — ceramic hollow spheres — please note
that not all the particles have been labeled)

Fig. 5 EDS map of the investigated rMMSF reinforced by 15 vol%
of 0.6 mm nominal size SiC (M — matrix, R — reinforcing particles,

CHS - ceramic hollow spheres — please note that not all the particles
have been labeled)



Reactions between SiC, Al O,, and Al99.5 mostly occur
at elevated temperatures. SiC can react with molten alumi-
num above 900°C, forming aluminum carbide (Al,C,) and
free silicon (Eq. (1)), which is undesirable due to Al,C.'s
hygroscopic nature.

SiC+4Al - Al,C, +Si 1)

ALQO, is highly stable and does not react chemically
with aluminum under typical processing conditions, though
interfacial diffusion or wetting may occur. There is no sig-
nificant reaction between SiC and AL O, below 1600°C.
At very high temperatures, however, minor interactions or
complex phase formations might take place. Based on the
production methods and the EDS measurements, no traces
of reactions are expected nor have been found.

Please note that only the most representative images
of the samples were inserted; however, all samples were
examined, and their images and EDS maps of microstruc-
ture can be found in Appendix A and B.

3.2 Mechanical properties of rMMSFs
After the microstructural analysis, compressive tests were
performed on the specimens. The evaluation focused on two
main aspects: (i) the effect of reinforcement volume fraction,
and (i) the deviation from the unreinforced reference sample.
The resulting engineering stress—strain diagram and the cor-
responding energy absorption values are presented in Fig. 6.
All plots follow the same layout: the average curves of
the three compressive measurements for each composition
are plotted by bold lines, while the corresponding stan-
dard deviations are shown by the shaded areas. The engi-
neering stress-strain diagrams follow the classic behavior
of CHS-filled MMSFs. The first peaks in the stress-strain

100 T T T T 50

Engineering stress (MPa)
Energy absorption (Jom™)

Engineering strain (%)

Fig. 6 Engineering stress-engineering strain and energy absorption-

engineering strain diagrams of the samples
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diagrams were followed by sudden and significant drops
of 6.3+1.3 MPa for the unreinforced cases and, on average
22.8+5.6 MPa for the reinforced cases.

The reason behind this is the initialization of the first com-
pressive shear band in the samples. Investigating the dia-
grams further, it is clear that the plateau region of the curves
increased continuously, since, except for the shear band sec-
tion, it had retained its integrity and was capable of absorbing
further energy. The corresponding energy absorption curves
were almost straight, and no knee points were observed.

According to the ISO 13314:2011 standard [71] for
the compressive testing of metallic foams, several char-
acteristic properties can be derived from the diagrams to
describe the samples' mechanical load-bearing and energy
absorption capacity. The specific values (i.e., the property
divided by the foam's density) of rMMSFs are the most
significant. The numerical values are also presented in
Appendices C and D.

3.2.1 Compressive strength

First, the compressive strength — representing the
load-bearing capacity of the IMMSFs — was examined in
the case of A199.5 matrix, CHS filler, and SiC reinforce-
ment with a nominal particle size of 0.6 mm, when the
reinforcement volume fraction is varied at 0 vol%, 5 vol%,
10 vol%, 15 vol%, 20 vol%, 25 vol%, and 30 vol%, respec-
tively. The specific compressive strength values as a func-
tion of reinforcement volume fraction and the deviation
from the reference (unreinforced MMSF) are shown
in Fig. 7. The representation of the specific mechanical

%)

60

T
R?=0.855

R? =0.809 %

T T
o/p =36.3+ 0.8V

50 Aoglp) =7.4+0.3V

Val | Diff | Val | Diff | Val | Diff
UR 0.6-5 | 0.6-10 | 0.6-15

0.6-20 | 0.6-25 | 0.6-30

Specific compressive strength, ./p (MPa/(gcm”

Specimens

Fig. 7 Specific compressive strength and its deviation from the
unreinforced (UR) sample as a function of reinforcement particles'
volume fraction



382 Maroéti and Orbulov
Period. Polytech. Mech. Eng., 69(4), pp. 377-391, 2025

properties follows the same structure; the red bars represent
the specific mechanical values as a function of reinforce-
ment particles' volume fraction. The blue bars show the dif-
ference between the unreinforced and reinforced samples as
a function of volume fraction of reinforcement.

The data clearly show that higher strengths were achieved
in every case compared to the reference sample. A clear posi-
tive correlation was observed between the reinforcement vol-
ume fraction and the specific compressive strength. The val-
ues increase from 30.2+2.9 MPa-cm’/g (UR samples) to
49.3+4.0 MPa-cm?/g at 30% reinforcement content.

The only difference between the specimens was the
amount of reinforcing material; therefore, the results indi-
cate a strong relationship between reinforcement volume
and mechanical performance. A linear relationship was fit-
ted to the data. The goodness of the fitted curves (Eq. (2)
and Eq. (3)) was found to be R? = 0.855 for the specific val-
ues and R? = 0.809 for the deviations.

oo/ p=363+0.8V @)
Ao./p)=74+03V 3)

It can be observed that the compressive strength increased
in every examined case. This behavior is attributed to the
double-composite nature of the investigated reinforced syn-
tactic metal matrix foams. The role of the matrix material in
metal foams is to absorb and transfer the load to the much
stronger filler material. Selecting a matrix material with low
density and excellent specific properties is advantageous.
However, in this study, the matrix itself was already a com-
posite structure, reinforced with SiC particles.

As aresult, the difference in strength between the matrix
and the filler materials was smaller. Consequently, the
matrix material was capable of bearing significantly higher
stresses, leading to a reduced load on the filler during load-
ing. Thus, failure of the CHSs occurred at much higher
stress levels compared to non-reinforced matrices, which is
why there is a bigger strength drop after the first peak in the
engineering stress-engineering strain diagrams.

3.2.2 Plateau strength
The next important mechanical property is the specific
plateau strength. The plateau strength was defined as the
average stress within the 20%—-40% deformation range.
The plateau strength is strongly connected to the energy
absorption of metal foams and is responsible for it during
irreversible deformation and failure. The plateau region
should be high, flat, and slightly increasing for high energy

absorption. The specific plateau strength values and the
deviation from the reference value are plotted in Fig. 8.

The UR — unreinforced — samples performed well. As can
be seen in the engineering stress-engineering strain diagram
(Fig. 6), the UR sample's plateau region was continuous, no
break point was observed, and the sample showed a signifi-
cant increase in the engineering stress in the high deforma-
tion range. Reinforced samples showed similar behaviour to
the unreinforced sample, but the increment after the stress
drop was not as high as in the case of the UR sample.

This phenomenon can again be attributed to the
dual-composite nature of the specimens. As observed in
the engineering stress—engineering strain curves, follow-
ing the peak stress - which corresponds to the failure of
the ceramic hollow spheres - a significantly greater stress
drop occurs in the reinforced specimens compared to the
unreinforced ones. Additionally, it was observed that the
stress drop proceeds more gradually, and the slope of the
plateau region is lower in the reinforced specimens.

The previously observed trend is again clearly visible,
namely, that increasing the reinforcement volume fraction
results in higher plateau strength. However, improvements
were not observed in every case compared to the refer-
ence sample. In the case of 5 vol% and 10 vol%, there was
a decrease (—4.1+0.5 MPa-cm’/g and —4.4+0.6 MPa-cm?/g,
respectively), while the 15 vol%, 20 vol%, and 30 vol%
samples show slight improvements (+2.1+£0.1 MPa-cm’/g,
+1.6+0.07 MPa-cm?/g, and +2.1+£0.1 MPa-cm?/g).

The following linear correlations (Eq. (4) and Eq. (5)) were
determined between the plateau strength (and its deviation

50 T T T T T
{opL7/p = 30.4+02V R?=0555

45 ) -
JopLip) = -49 + 026V R?=0627,

a0 Jygs"” 367 962 352 367 ]
t uts

35‘% 305 302 ot ?L jf ]

Specific plateau strength, o /p (MPa/(gecm™))
N
o

val | Diff| val | Diff| val | Diff| val | Diff] val | Diff] val | Diff| val | Diff
UR | 065 | 0.6-10 | 0.6-15 [ 0.6-20 [ 0.6-25 [ 0.6-30

Specimens

Fig. 8 The specific plateau strength and its deviation from the
unreinforced (UR) sample as a function of reinforcement particles'
volume fraction



from the reference) and the volume fraction of SiC reinforce-
ment with a nominal particle size of 0.6 mm within the exam-
ined range and parameters; the coefficients of determination
were calculated to be R*=0.555 and R?>=0.627, respectively.

O/ p=304+02)V “)
Ao,/ p)=-49+0.26V )

After analyzing the results, it can be concluded that an
increase in plateau strength was achieved using higher rein-
forcement volume fractions. Initial reinforcement addi-
tion (5 vol% — 10 vol%) may disrupt the structural integ-
rity; technically, the reinforcement particles acted as stress
concentrators during the plastic collapse of the samples,
decreasing the plateau strength. Only higher reinforcement
contents (= 15 vol%) begin to behave as reinforcing ele-
ments and increase the plateau strength. Based on this, the
lowest limit of reinforcement volume fraction was 15 vol%.

The overall correlation is weaker (R? = 0.56—0.63), sug-
gesting that plateau strength is less sensitive to the rein-
forcement volume or more influenced by local defects,
deformation mechanisms, or microstructural features.

3.2.3 Energy absorption

Metal foams possess an exceptionally good specific energy
absorption property. In industry, this property is most
widely used (collision damping, bulletproof hulls, detona-
tion-proof walls and ceilings, etc.), so the energy absorp-
tion is one of the most essential properties of metal foams.
The energy absorption, by definition, is closely related to
the shape of the plateau region in the engineering stress—
engineering strain diagrams, because the energy absorption
is the area under the engineering stress-engineering strain
curve up to 50% engineering strain.

The specific energy absorption as a function of SiC vol-
ume fraction, along with the deviation from reference val-
ues, is shown in Fig. 9.

Compared to the reference specimen, reinforcement
volume fraction limit was to 15 vol%, because improve-
ments were achieved in the 15 vol%, 20 vol%, 25 vol%,
and 30 vol% cases; the most significant improvement was
achieved in the 30 vol% case with 127.1 J/g (7.6 %).

It can be observed that the energy absorption increases
proportionally with the amount of reinforcement. Compared
to the reference specimen, improvements were achieved in
the 15 vol%, 20 vol%, 25 vol%, and 30 vol% cases; the
most significant improvement was achieved in the 30 vol%
case with 127.1 J/g (7.6 %).
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Fig. 9 The specific energy absorption and its deviation from the
unreinforced (UR) sample as a function of reinforcement particles'

volume fraction

A linear fit was applied to the specific energy absorption
results and to the difference from the reference, as the only
varying parameter between the specimens was the amount
of SiC reinforcement. The equations of the fitted curves,
in the valid investigated region, are shown in Eq. (6) and
Eq. (7) resulting in R>=0.834 and R?>=0.725, respectively.

W,/ p=142+13.1V ©6)
AWy ! p)=-22+12.TV @)

According to the definition of absorbed energy, as the inte-
gral of the engineering stress—strain curve over a deformation
range of 0% to 50%, the results are significantly influenced
by the compressive strength and plateau strength, and there-
fore by the shape of the deformation curve. Consequently, the
findings of the previous sections also apply here: the matrix
material in the reinforced syntactic foams demonstrates sub-
stantially higher strength than the matrix in unreinforced syn-
tactic foams. As a result, it is capable of withstanding higher
stress and distributes it more evenly and proportionally
across the filler components, so the failure of the filler mate-
rials occurs later. However, in the later stage of deformation,
higher mechanical properties can only be achieved by using a
higher volume fraction of the reinforcing material.

3.2.4 Structural stiffness

The final mechanical property was the structural stiffness,
defined as the slope of the elastic deformation region of the
engineering stress—engineering strain curve.
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The specific structural stiffness values (calculated by
linear fitting on the initial, linear part of the compressive
curves) and the deviation from the reference, unreinforced
samples are shown in Fig. 10.

Improvement was achieved in every reinforced case.
It can be concluded that the specific structural stiffness
increases with the volume fraction of the reinforcing mate-
rial. The highest difference (2.9 MPa-cm?®g, 34.5 %) was
achieved in the case of 30 vol% reinforcement. This effect
can be described by a linear relationship (Egs. (8), (9)) with
R*=0.714 for the specific values and R*=0.689 for the differ-
ence from the reference value.

S/p=86+0.08V ®)
A(S/p)=0.46+0.06V ©)

These results can be attributed to the fact that the rein-
forced matrix material is capable of withstanding sig-
nificantly higher stresses compared to the unreinforced
matrix, as it can distribute the load between the filler mate-
rials, delaying failure. Consequently, the reinforced speci-
mens exhibit elastic deformation even under greater loads,
in contrast to their unreinforced counterparts.

3.3 Failure modes of rMMSFs

The failure modes of metal matrix syntactic foams under
compressive loading can generally be categorized into two
types: (i) cleavage along shear band(s) and (ii) plastic defor-
mation. Cleavage failure typically involves the formation of
a distinct shear band oriented at approximately 45° to the

15.0 T T T T T T T T T T T T
Slp=8.6 +0.08V R2=0,714 113

A(Slp) = 0.46 + 0.06V R2 =0.689
12.5 —

10.0 - 9.4 %

Specific structural stiffness, S/p (MPa/(gcm))

Val | Diff | Val | Diff | Val | Diff Val | Diff
UR 0.6-5 | 0.6-10 | 0.6-15 | 0.6-20 | 0.6-25 | 0.6-30
Specimens

Fig. 10 The specific structural stiffness and its deviation from the
unreinforced (UR) sample as a function of reinforcement particles'
volume fraction

loading direction, where the maximum shear stress occurs.
This mode is characteristic of MMSFs containing rigid fillers
(such as ceramic hollow spheres), rigid matrix materials, and
specimens with an aspect ratio greater than 1.5. In contrast,
plastic deformation is more prevalent in MMSFs with less-
rigid, lower-strength fillers (for example, light expanded clay
agglomerate particles (LECAPs)), ductile matrices with low
proof strength, and aspect ratios of 1.5 or less.

The typical failure modes of CHS filled, SiC particles
reinforced MMSFs are shown in Fig. 11, for the 0.6-15 sam-
ple, but all examined cases were summarized in Appendix E.

As shown in Fig. 11, the filler materials compressed and
moved together with the matrix material, as indicated by
the presence of ellipsoidal CHSs. The failure of the CHSs
typically initiates at 5—10% engineering strain. At this stage
of deformation, the main cleavage bands (red dashed lines),
which split the samples into two halves, do not usually form
at an exact angle of 45° with respect to the loading direc-
tion. Secondary cleavage bands (yellow dashed lines) also
appeared in all cases.

Due to the increasing deformation rate, the cleavage zone
widens. During the process, more and more CHSs were
destroyed, and friction between the two halves, along with
their large plastic deformation, contributed to the high energy
absorption capacity. This process occurred at relatively high
plateau stress levels, leading to enhanced energy absorption.
As shown in Fig. 11, part of the specimen remained intact,
with unbroken CHSs observed at nearly 50% deformation.
This indicates that sliding occurred between the two halves of
the specimen, meaning that the input mechanical energy was
not fully utilized for material deformation. Consequently, the
energy absorption efficiency was reduced.

4 Conclusions

In summary, Al199.5 matrix rMMSFs were successfully
produced by liquid-state, low-pressure vacuum infiltra-
tion. Ceramic hollow spheres were applied as filler mate-
rial with an @2.2440.13 mm diameter, 0.87+£0.08 gem™
bulk density, and a 64% volume fraction. SiC particles
with 0.597+0.11 mm size range (0.6 mm nominal size)
were used as reinforcement. The main factor that was var-
ied in our research was the volume fraction of the rein-
forcing material relative to the matrix material's vol-
ume: seven different volume fractions were investigated:
0 vol%, 5 vol%, 10 vol%, 15 vol%, 20 vol%, 25 vol%
and 30 vol%, respectively. The samples were investi-
gated structurally (microstructure) and tested mechani-
cally (compressive test according to ISO13314:2011 [3]).
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Fig. 11 The failure modes of CHS filled, SiC particles reinforced MMSFs in the case of 0.6-15 sample

From the investigations carried out, the following conclu-

sions can be drawn.

Based on microstructural investigations, the matrix
material uniformly filled the spaces between the filler
and the SiC reinforcement particles. There were no
signs of chemical interactions, matrix penetration
into the filler, or any agglomeration of the filler or the
reinforcing phase. It can be concluded that the lig-
uid-state, low-pressure vacuum infiltration is a suit-
able production method for IMMSFs.

The engineering stress-strain diagrams follow the
classic behavior of CHS-filled MMSFs. The first
peaks in the stress-strain diagrams were followed by
sudden and significant drops. After this, the plateau
strength region of the curves increased continuously.
The specific compressive strength and the specific
structural stiffness of the rMMSFs significantly
increased in every case. Still, the increase in the spe-
cific plateau strength and the specific energy absorp-
tion of the samples was achieved in a higher rein-
forcement volume fraction.

A linear relationship was found between every spe-
cific mechanical property and the volume fraction of
the reinforcing particles, with R* between 0.55 and 0.9.
The rMMSFs' matrix material was already a compos-
ite material, so the difference in strength between the
matrix and the filler materials was smaller. As a result,
the matrix material was able to withstand substantially
higher stresses, thereby reducing the load transferred
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Appendix A

Fig. A1 Microstructure of produced rMMSFs (a) 0.6-5, (b) 0.6-10, (c) 0.6-15, (d) 0.6-20, (e) 0.6-25, (f) 0.6-30 (M — matrix, R — reinforcing particles,
CHS — ceramic hollow spheres — please note that not all the particles have been labeled)

Appendix B

Fig. B1 EDS map of the investigated rMMSF (a) 0.6-5, (b) 0.6-10, () 0.6-15, (d) 0.6-20, (e) 0.6-25, (f) 0.6-30 (M — matrix, R — reinforcing particles,
CHS — ceramic hollow spheres — please note that not all the particles have been labeled)
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Appendix C
Table C1 Mechanical properties (compressive strength (o), plateau strength (g, ,), energy absorption (¥, )), structural stiffness (S)) of investigated
rMMSFs
Designation o (MPa) Oy (MPa) W, (Jem™) S (MPa)
0-0 50.8 + 6.30 58.2 +6.40 279+2.8 14.1+0.17
0.6-5 68.2+5.60 52.9+3.45 253+34 16.2+0.42
0.6-10 74.1 £5.68 543 +£4.21 274+ 1.8 17.2 +2.44
0.6-15 79.8 £3.55 66.5+4.89 320+ 1.6 17.8 £ 1.95
0.6-20 81.6 £6.10 70.2 +10.39 33.2+£39 18.9+1.89
0.6-25 84.7+9.99 67.5+11.83 329+4.38 19.1 £4.01
0.6-30 94.2 +12.29 70.1 +8.33 342+42 21.7+5.38
Appendix D
Table D1 Specific mechanical properties (compressive strength (c,.), plateau strength (,, ), energy absorption (W), structural stiffness (S)) of
investigated rMMSFs
Designation o./p (MPa/(gem™)) 0,./p (MPa /[(gem ™)) W, Ip (J/g) S/p (MPa/(gem™))
0-0 30.2+2.90 34.6 £3.00 16.6 1.5 8.4+0.10
0.6-5 39.3+2.99 30.5+£1.75 145+19 94 +0.28
0.6-10 41.1+£2.17 30.2 £ 1.67 152+0.7 9.5+ 1.12
0.6-15 441+1.15 36.7+2.32 17.7+£0.7 9.8 +£0.92
0.6-20 42.3+£2.37 36.2+3.67 17.2+1.2 9.8+0.73
0.6-25 44.4+2.94 35.2+447 172+ 1.6 9.9+ 148

0.6-30 49.3 £4.07 36.7 +£2.62 179+ 1.4 11.3+£2.13
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