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Abstract: A novel approach of a gas pressure infiltration technique is presented for the synthesis
of Co-Continuous Ceramic Composite (C4). SiC foams of varying pore sizes were infiltrated with
aluminium AA5083. Optical examination revealed that the SiC foams contained open cells with a
network of triangular voids. The number of pores-per-inch (PPI) in the foams was found to depend on
the strut thickness and pore diameter. The compressive strengths of two foam configurations, 10 and
20 PPI, were estimated to lie between 1–2 MPa. After infiltration, the compressive yield strength of the
resulting C4 was observed to increase to 126 MPa and 120 MPa, respectively, for the 10 and 20 PPI C4.
Additionally, the infiltration of ceramic foam with the AA5083 alloy resulted in an increase in strength
of 58–100 times when compared with plain ceramic foam. The failure modes of the composites in
compression were analyzed by crack propagation and determining the type of failure. The study
revealed that shear failure and vertical splitting were the predominant mechanisms of compression
failure, and that the fabricated C4 is advantageous in mechanical properties compared to the plain
ceramic foam. This study, therefore, suggests the use of C4 composites in armour applications.

Keywords: co-continuous ceramic composites; C4; ceramic foam; gas infiltration; compressive
strength; structural characterization

1. Introduction

Ballistic protection systems such as armour generally consist of several layers of
materials. Each layer performs a specific role in attenuating the energy of projectiles [1,2].
Typically, a hard material such as ceramic is positioned on the front striking face and a
matrix composite or high strength steel is placed as the backing face. The front face plate
retards the striking force of the projectile by actions such as tumble, erosion, and fracture,
whereas the backing material absorbs the residual kinetic energy of the projectile to bring
the fragments to rest [3,4]. Ballistic protection plates composed of ceramic sticking face
with polymer matrix composite (PMC) back plates have been extensively explored and
proven for typical ballistic impact conditions. The abrasion resistance and hardness of the
ceramic front face enables it to blunt the approaching projectile and absorb its energy to
reduce the impact hazard. However, poor ductility limits its potential to take multiple hits.
In addition, the processing complexities, cost, and weight of these systems restrict their
wide use. Energy absorption studies in both quasi-static and dynamic conditions have
revealed that steel–steel composite metal foams are suitable for armour. However, strict
desiderata of lightweight materials for the strategic movement of defence personnel and
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vehicles restrain the use of such materials [5,6]. Hence, a review of prior studies indicates
that weight reduction of ballistic protection plates is paramount in the research of alternative
materials for armour.

A study by Chang et al. [6] reported the development of lighter bullet proof material
composed of ceramic faced metal–ceramic interpenetrating composites (IPCs). These IPCs
exhibited better impact resistance and were less susceptible to abrupt demolition due
to the development of stress wave at the interface. The primary reason was attributed
to acoustic impedance mismatch between the metal and ceramic. The interlocking type
microstructure of the IPCs, also termed as co-continuous ceramic composites (C4), imparts
improved fracture toughness, wear resistance, stiffness, and reduced distortions [7,8]. This
distinctive combination of enhanced properties of C4 makes it suitable for applications
which require high specific modulus, high strength, higher corrosion resistance, and im-
proved abrasion properties, such as brake discs and armour [9,10]. Additionally, these
features of C4 can originate new pathways in the design and fabrication of monocoque
armour plates exhibiting appreciably less weight with better ballistic protection that may
not be attained through a conventional approach. Placing emphasis on weight reduction,
which is a requisite for the selection of high specific strength materials in aerospace and
armour applications, previous studies have focused on the fabrication of aluminium-based
composites by strengthening them with high-strength and rigid particulate ceramics such
as B4C, SiC, Si3N4, TiB2 and TiC [10,11]. In C4 composites, the proportion of the ceramic
phase can be higher than that of particle-reinforced composites due to their interpene-
trated structure. Among the available set of ceramics, SiC is the preferred choice due its
mechanical properties, ease of availability, and economic factors. Porous SiC preforms
which are interconnected in three dimensions and impregnated with Al alloys, therefore,
have the potential for applications in transportation and armour [12,13]. Nong et al. [14]
reported the fabrication of 3D SiC/Al co-continuous composite to produce a ventilated
shaft disc brake. The wear and friction behaviour of the prepared C4 in this study was
comparable to that of cast iron and steel. In addition, better thermal conductivity and
better wear resistance were obtained at half the density [15]. Bahrami et al. [16] fabricated
bilayer Al/B4C/rice husk ash composites by the pressureless infiltration method. The study
revealed that the two factors namely, initial preform porosity and chemical composition of
infiltrated alloys, exerted a substantial influence on the electrical resistivity and coefficient
of thermal expansion, respectively. Pressureless infiltration was also utilized to fabricate
Al/Si3N4 silica composites by Soltani et al. [17]. The results depicted that the processing
temperature significantly influenced the modulus of elasticity of the composite. Recent
studies by Prasanth et al. [18,19] report that gravity infiltration of SiC co-continuous foam
with AA7075 and Al 6063 alloy is effective in enhancing the wear and toughness of the
prepared C4 when compared to a monolithic infiltrant material. The compressive strength
of such IPCs, produced by squeeze casting, was reported to be 660 MPa. This is higher
than that of traditional composites reinforced with SiC particles [20]. Similarly, in another
study, infiltration of Ni3Al alloy into porous aluminium oxide by gas pressure infiltration
was investigated. Composites with a low volume of Ni3Al showed a fracture strength of
400 MPa. The highest volume fraction of Ni3Al (30 vol.%) displayed a higher fracture
strength of 675 MPa [21]. Among the diverse Al alloys, AA5083 is a potential alloy for the
regime of C4 composites. Nevertheless, a systematic assessment of AA5083 as an infiltrant
material to produce C4 is essential. Though the pressureless infiltration method [22,23]
is economical and has the benefits of easy industrialization, pressure infiltration [24,25]
is preferred for the manufacture of C4 due to its lower infiltration time, performance, and
efficiency. A recent study by Zhang et al. [26] reported that mechanical-pressure infiltration
method was effective for producing Al2O3/Al based materials for scaffoldings. The study
also reported that the pressure infiltration technique enhanced the interfacial bonding be-
tween Al2O3 layers and the infiltrant Al alloy. Though C4 composites have been extensively
analyzed for wear applications, studies with an emphasis on their compressive behavior
for armour applications are scarce, to the best of the authors’ knowledge.
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Therefore, the focus of this investigation is on the synthesis, microstructural character-
ization, and a detailed analysis of the compressive behavior of AA5083/SiC C4 composites
manufactured through the gas pressure infiltration technique. The properties of the con-
stituent ceramic foam were also analyzed and discussed in comparison with the C4.

2. Materials and Methods

The materials utilized to manufacture the C4 composites are delineated in Sections 2.1 and 2.2
hereunder. The method of infiltration employed to manufacture the C4 is detailed in
Section 2.3. Sections 2.4 and 2.5 describe the analyses of microstructural and mechanical
properties respectively, conducted on the SiC foams and the C4 composites.

2.1. Ceramic Foam

In this study, SiC ceramic foams consisting of two different pore sizes, namely 10 and
20 pores per linear inches (ppi), were employed as the reinforcement network. The foams
were manufactured by the replica method and commercially sourced from M/s Eltech
Ceramics, Tamilnadu, India. Prior to fabrication of the C4, the chemical composition
and purity of the SiC foams were characterized by X-ray diffraction (Empyrean Malvern
Panalytical, Malvern, UK). Copper K-α X-rays of 1.5406 Å were utilized and the diffractions
were collected at a scanning rate of 2◦/min. The collected diffractogram was indexed and
the peak intensity was used to determine the chemical composition of the SiC foams.

2.2. Infiltrant Alloy

The present study utilizes a commercially sourced AA5083 alloy from Disha Steels,
Maharashtra, India in order to infiltrate the pores of the SiC foam to create the C4.
The chemical composition of the as-received alloy, shown in Table 1, was analyzed using
Optical emission spectroscopy (AMETEK-SPECTROMAXx, Kleve, Germany).

Table 1. Chemical composition of AA5083.

Elements
Sample Mg Mn Fe Si Cr Cu Zn Ti Al

Actual values 4.43 0.55 0.24 0.13 0.094 0.02 0.02 0.058 Balance
Nominal values 4–4.9 0.4–1 0.4 0.4 0.05–0.25 0.1 0.25 max 0.15 max Balance

2.3. Manufacturing of C4

In this study, two configurations of C4 were manufactured by low pressure infiltration
of AA5083 into the pores of the 10 and 20 ppi SiC foams respectively. A custom-designed
Ar gas based set-up, as depicted in Figure 1, was utilized to perform the low pressure
infiltration. The set-up comprises a pressure chamber of dimensions Ø100 mm × 450 mm
capable of heating to a maximum temperature of 1200 ◦C and withstanding a maximum
pressure of 6 bar. The pressure chamber was designed such that it served as a crucible for the
dual purpose of melting and infiltration. The crucible containing SiC foam was preheated to
750 ◦C and a measured quantity of aluminum AA5083 ingot slices were added for melting.
This specific sequence aided in reducing thermal shock exerted on the ceramic foam due to
the difference between room temperature and the furnace atmosphere. It further prevented
sudden clogging of molten Al during the infiltration process. Subsequently, the melt
was superheated to 795 ◦C to accelerate the kinetics of infiltration. To facilitate pressure
infiltration, the atmospheric air present in the chamber was evacuated by a rotary vacuum
pump to a level of 10−2 bar. Subsequently, Ar inert gas was purged into the sealed chamber
to raise the pressure to 4 bar. The composite melt was maintained in this environment for
one hour to ensure complete infiltration. Thereafter, the infiltrated composite was allowed
to solidify and cool to 400 ◦C in the furnace and eventually, by air cooling. The fabricated
C4 was then machined out by a series of facing, turning and grinding operations.
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Figure 1. Gas pressure infiltration setup.

2.4. Analyses of Microstructural Properties

Subsequent to manufacturing the C4, the quality of infiltration in both configurations
of SiC foam and C4 samples was determined by measuring the porosity levels using
Archimedes’ principle. The average porosity of three foam samples for each of the two
configurations was determined using Equations (1)–(3).

Porous Density, PD =
Mass of porous foam

Volume of porous foam
g/cc (1)

Bulk Density, BD =
Aggregrate mass of SiC particles in the foam

Volume of porous foam
g/cc (2)

Percentage Porosity, PP =

(
1 − PD

BD

)
× 100 (3)

The porous density (PD) of the foam in Equation (1) represents the density encompass-
ing the pores in the foam structure. The bulk density (BD) in Equation (2) was estimated
using the actual quantity of SiC particles that constitute the foam. The percentage porosity
(PP) in Equation (3) is a measure of the air pores available to be completely filled by AA5083
during the infiltration process. The volume fractions of the ceramic and Al phases in the
C4 were estimated by Archimedes’ principle using Equations (4) and (5).

Volume fraction of Al in C4 =
Volume of Al in C4

Volume of C4
(4)

Volume fraction of SiC in C4 =
Volume of SiC in C4

Volume of C4
(5)

Next, microstructural studies were performed on the two SiC foam configurations
and the C4 composites thus manufactured. All metallographic samples analyzed in this
study, were prepared by standard metallographic sample preparation procedures using a
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Struers Tegramin-25 grinding and polishing machine. The optical micrographs of un-etched
samples were captured using a ZEISS Axio Imager M2m optical microscope (OM).

2.5. Analyses of Mechanical Properties

The mechanical properties of SiC foams and the C4 were assessed through compression
tests. A set of three samples each from SiC foams and C4 of dimensions Ø70 mm × 22 mm
and Ø13 mm × 25 mm, respectively, were utilized as compression specimens. The com-
pression tests were performed in accordance with ASTM E9 standard using a universal
testing machine (Tinius Olsen, Norway) of capacity 50 kN with a cross head velocity of
0.5 mm/min. Subsequently, fractography analysis was performed in order to substantiate
the observations from compression tests. The fractured face and the lateral sides of the
specimen were examined using an optical microscope (Dino-lite capture) for indications of
crack lines, shear failure, and vertical splitting failure of composite.

3. Results and Discussion
3.1. Metallographic Analysis of SiC Foams

The X-Ray diffraction pattern was extracted for the two configurations considered in
this study, namely the 10 ppi (F10) and 20 ppi (F20) SiC foams. The identified constituents
of the F10 and F20 foams and crystallographic structures along with their Joint Committee
on Powder Diffraction Standards (JCPDS) reference patterns are listed in Table 2.

Table 2. SiC foam compounds identified by X-ray diffraction.

Foam Type JCPDS Compound Crystallographic
Structure

Distance between
Atomic Planes (d)

Bragg Angle
(2θ)

Miller Indices
(hkl)

10 ppi (F10) and
20 ppi (F20)

00-029-1128 SiC Hexagonal

2.62 34.08 101
2.50 35.65 102
2.35 38.15 103
2.17 41.40 104
1.54 59.99 110
1.40 65.70 109
1.30 71.70 202

01-076-7775 Al2O3 Rhombohedral

3.40 25.51 012
2.55 35.06 104
2.38 37.68 110
2.09 43.24 113
1.60 57.35 116
1.40 66.34 214
1.37 68.03 300

01-089-1304
CaCO3 +

Mg Rhombohedral
3.02 29.50 104
1.90 47.70 018
1.86 48.66 116

01-076-0940 SiO2 Tetragonal 4.07 21.81 101

Next, during quantitative phase analysis, a refinement was performed with the High
Score Plus 4.8. The results of the quantitative analysis of phase weight fractions and the
percentage of each constituent for F10 is shown in Figure 2.

Figure 3 presents the indexed diffraction pattern for F20 along with the identified phases.
All major peaks were assigned to the dominant phases, namely SiC and Al2O3. In addition,
small peaks corresponding to CaCO3 and SiO2 were also identified. The compositional details
of each compound are listed in Figure 3.



J. Compos. Sci. 2022, 6, 36 6 of 14J. Compos. Sci. 2022, 6, x FOR PEER REVIEW  6 of 14 
 

 

 

Figure 2. XRD pattern of F10. 

 

Figure 3. XRD pattern of F20. 

Table 3. Weight fraction of phases. 

Foam Configuration 
SiC 

(%) 

Al2O3 

(%) 

CaCO3 + Mg 

(%) 

CaCO3 

(%) 

SiO2 

(%) 

10 ppi  58  17  14  ‐  11 

20 ppi  62  19  ‐  9  10 

It can be inferred from Table 3 that the SiC content of F20 is higher than that of F10. 

It is well known that the ceramic phase, namely SiC, is brittle in nature. This can poten‐

tially lead to crack initiation and brittle fracture in the ceramic phase when subjected to 

compression [27]. 

3.2. Porosity and Structural Analysis of SiC Foams 

The porosity of the foams was estimated using Equations (1)–(3) and is tabulated in 

Table 4. It can be inferred from Table 4 that the BD and PP of F20 is less than that of F10. 

This suggests a variation in the morphology of SiC struts between the two foam configu‐

rations. Therefore, a detailed study of  the morphology of  the  two  foam structures was 

conducted. 

   

Figure 2. XRD pattern of F10.

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW  6 of 14 
 

 

 

Figure 2. XRD pattern of F10. 

 

Figure 3. XRD pattern of F20. 

Table 3. Weight fraction of phases. 

Foam Configuration 
SiC 

(%) 

Al2O3 

(%) 

CaCO3 + Mg 

(%) 

CaCO3 

(%) 

SiO2 

(%) 

10 ppi  58  17  14  ‐  11 

20 ppi  62  19  ‐  9  10 

It can be inferred from Table 3 that the SiC content of F20 is higher than that of F10. 

It is well known that the ceramic phase, namely SiC, is brittle in nature. This can poten‐

tially lead to crack initiation and brittle fracture in the ceramic phase when subjected to 

compression [27]. 

3.2. Porosity and Structural Analysis of SiC Foams 

The porosity of the foams was estimated using Equations (1)–(3) and is tabulated in 

Table 4. It can be inferred from Table 4 that the BD and PP of F20 is less than that of F10. 

This suggests a variation in the morphology of SiC struts between the two foam configu‐

rations. Therefore, a detailed study of  the morphology of  the  two  foam structures was 

conducted. 

   

Figure 3. XRD pattern of F20.

The peak intensities of F10 and F20 as depicted in Figures 2 and 3 were used to
calculate the weight fraction of each phase in a mixture and are tabulated in Table 3.
The X-ray diffractograms confirmed that SiC was the major constituent of both the foams.
In addition, compounds such as Al2O3, CaCO3, Mg and SiO2 were also observed.

Table 3. Weight fraction of phases.

Foam Configuration SiC
(%)

Al2O3
(%)

CaCO3 + Mg
(%)

CaCO3
(%)

SiO2
(%)

10 ppi 58 17 14 - 11
20 ppi 62 19 - 9 10

It can be inferred from Table 3 that the SiC content of F20 is higher than that of
F10. It is well known that the ceramic phase, namely SiC, is brittle in nature. This can
potentially lead to crack initiation and brittle fracture in the ceramic phase when subjected
to compression [27].

3.2. Porosity and Structural Analysis of SiC Foams

The porosity of the foams was estimated using Equations (1)–(3) and is tabulated in
Table 4. It can be inferred from Table 4 that the BD and PP of F20 is less than that of F10. This
suggests a variation in the morphology of SiC struts between the two foam configurations.
Therefore, a detailed study of the morphology of the two foam structures was conducted.
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Table 4. Porosity of foams.

Foam Configuration PD, g/cc BD, g/cc PP, %

10 ppi 0.477 2.476 80.73
20 ppi 0.469 2.062 77.25

Figure 4a–d represents the morphologies of the F10 and F20 SiC foams respectively.
The strut thickness and pore diameters of both foams are tabulated in Table 5.
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voids in foam.

Table 5. Comparison of foam morphologies.

Foam Configuration Strut Thickness (mm) Pore Diameter (mm)

10 ppi (F10) 0.83 ± 0.25 2.5 ± 0.45
20 ppi (F20) 0.53 ± 0.14 1.61 ± 0.45

It can be inferred from Table 5 that the strut thickness and pore diameter of F20 is less
than that of F10. Figure 4b reveals that F20 is highly interconnected when compared with
F10. This signifies that a foam with lower strut thickness and pore diameter will possess a
highly interconnected network of SiC. Additionally, it can be deciphered from Table 5 that
the pore diameter decreases with an increase in the ppi of the foam.

In addition to the pore diameter and strut thickness, the strength of struts is a crucial
factor influencing the mechanical strength of the foam. The SiC foams considered in this
study consisted of an open-cell structure with a network of voids. These foams, as shown
in the insets of Figure 4a,b, are termed as reticulated ceramics [28]. The extreme porosity,
interconnected void volume, adjacent pores and their light weight make reticulated SiC
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ceramic foams ideal for the infiltration of molten metal [29]. As evident from Figure 4c,d,
these porous structures possess hollow triangular voids that led to a reduction in their mass.
Investigation of the strut structure of the F10 and F20 foams revealed that the estimated
average side length of the triangular voids was ~466 µm and ~377µm, respectively.

3.3. Microstructural Analysis of C4

The optical micrographs of the as-cast C4 samples comprising the F10 and F20 foams
infiltrated with AA5083 are shown in Figure 5. The ability to bear the compressive load
exerted on the composite substantially depends on the morphology of the foam and
infiltrant Al [20]. It can be observed that both infiltrated composites exhibit a spherical
morphology. In particular, the C4-F10 exhibited a single lobe structure when compared
with C4-F20 which reveals a double lobe structure. This distinction can be attributed to the
small pore size of the F20 as detailed in Section 3.2. During formation of the composite,
the molten Al impregnates and fills the pores of the foam, resulting in the characteristic
lobe structures of the F10 and F20 foams. These distinctive morphologies, namely the lobe
structures, have a salient effect on the compressive load-bearing capacity of the resulting
C4 composite. Figure 5 also depicts through interpenetration of the Al alloy inside the
voids of both SiC foams. The volume fractions estimated using Equations (4) and (5)
are listed in Table 6. The table denotes that both configurations of C4 have approximately
80% by volume of AA5083 infiltrated into the SiC foams.
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Table 6. Volume Fraction of the C4.

Composite
Volume Fraction (%)

AA5083 SiC

10 ppi
80.73 19.27(C4-F10)

20 ppi
77.25 22.75(C4-F20)

3.4. Mechanical Property Analysis

As delineated in Section 2.5, the assessment of mechanical properties was performed
by conducting compression tests on the two foam configurations, namely F10 and F20,
and on the manufactured co-continuous composites, namely C4-F10 and C4-F20. The quasi-
static stress-strain response of the SiC foams and three samples each of the C4 composites
are depicted in Figure 6. The inferences of the salient outcomes from the compression tests
are tabulated in Table 7.
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and its C4.

Table 7. Inferences from Compression Tests.

10 ppi 20 ppi

Foam (F10) C4 (C4-F10) Foam (F20) C4 (C4-F20)

Elastic modulus ~0.96 MPa ~2.67 GPa ~2.3 MPa ~2.69 GPa
Yield strength (MPa) ~1 ~74.3 ~1.3 ~71.6

Compressive strength (MPa) ~1.22 ~126 ~2.05 ~120
Improvement in compressive

strength ~100 times ~58 times

Energy absorbed per unit
volume (J/mm3) ~1.07 ~14.17 ~1.68 ~13.39

Improvement in energy
absorption ~13 times ~8 times

In the displacement curves in Figure 6, the strength of the C4 and SiC foam are
marked on the primary and secondary Y axis respectively. From Table 7, the yield strength
of F10 and F20 are observed to be ~1 MPa and ~1.3 MPa, respectively. In comparison,
the displacement curves of the C4 show that the infiltration of AA5083 melt into the
pores of SiC imparts an enhancement in yield strength with values of ~74.3 MPa and
~71.6 MPa for C4-F10 and C4-F20 samples, respectively. As can be deciphered from Table 7,
the compressive strength of the SiC foam for the 10 and 20 PPI configuration was ~1.22 MPa
and ~2.05 MPa. In contrast, the compressive strength of the C4-F10 composites was
~126 MPa and that of the C4-F20 configuration was ~120 MPa. It can be inferred that the
compressive strength of 10 PPI SiC foam was enhanced by about 100 times by infiltrating
with ~81 vol.% of AA5083 alloy. In comparison, the compressive strength of the 20 PPI SiC
foam improved by close to 58 times when infiltrating with ~77 vol.% of AA5083 alloy.

Table 7 also lists the energy absorbed (EA) per unit volume by the foam and the C4
during compression tests. It was observed that the EA of SiC foam was estimated to be
~1.07 J/mm3 and ~1.68 J/mm3 for 10 PPI and 20 PPI foams respectively. The infiltration of
SiC foams with AA5083 enhances the energy absorbed per volume of the C4 samples in
both 10 and 20 PPI configurations to ~14.17 and ~13.39 J/mm3, respectively. In addition
to the strength and EA, the infiltration of AA5083 alloy remarkably enhanced the elastic
modulus from ~0.96 and ~2.3 MPa for the foams to ~2.67 and ~2.69 GPa for the equivalent
C4 composites as observed from Table 7. Therefore, it is evident that the infiltration of
AA5083 into SiC ceramic foam simultaneously enhances the strength, elastic modulus and
toughness, quantified by EA, of the resulting C4.
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A salient inference from Table 6 is that the volume fraction of AA5083 in both 10 and
20 PPI composites are nearly the same. However, the compressive strength and EA of the
composite is higher in case of the C4-F10 when compared with C4-F20, indicating that the
compressive strength depends on the characteristics of the foam. The foam characteristics
include PPI, pore diameter and strut thickness.

3.5. Compressive Behavior of C4

In order to comprehend the behaviour of the C4 when subjected to compression,
a typical stress–strain curve obtained for the C4-F10 is shown in Figure 7. The curve can be
segregated into four regions. The smooth line in region AB represents the elastic zone of
the composite, during which no cracks were observed. Region BC represents the transition
from elastic to failure zone. This was characterized by a minor bend in the curve with
a reduced slope when compared to region AB. No cracks or strut failures occurred in
the region AC. Subsequently, when the C4 traverses the transition region of BC, failure
initiates after point C. It was observed during compression tests that the failure of the
composite initiated within the foam was due to its brittle nature. The saw-tooth pattern
in region CD was therefore attributed to the progressive cracking of the SiC struts. This
was characterized by a cracking noise during testing. In this region CD, the AA5083 in the
composite bears the load until point D. Finally, in region DE, the saw- tooth pattern was
found to occur due to the splitting of the SiC-Al interface of the C4.
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3.6. Fractography Analysis

Analysis of the fractured surfaces, referred to as fractography, is essential to reveal
the genesis and mechanism of failure [30]. Figure 8a shows the macroscopic image of the
specimen of C4 before application of the uniaxial compressive load. It is evident from the
figure that the AA5083 (bright phase) has infiltrated the pores of the SiC foam (dark phase)
to form the C4. During compression tests, it was observed that, cracks first initiate at the
SiC foam and then propagate to the ductile Al phase as evident from Figure 8b. Since both
the C4-F10 and C4-F20 comprise approximately 80% of ductile Al and 20% of brittle SiC
foam in a bulk form, it is expected to follow the ‘shear failure’ mode, characteristic of a
ductile material. However, as evidenced from Figure 8b, the crack lines deviate from the
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theoretical line due to disruptions caused by SiC struts. Minor cracks of low intensity were
observed to be formed and to propagate for short distances within the specimen. Although
the ‘shear failure’ was expected, other types of failure such as ‘Vertical splitting’ were found
to occur. Vertical splitting refers to failure along the direction in which the compressive load
is applied [31]. This resulted in major cracks originating and propagating along the SiC
struts, as deciphered from Figure 8c. The study of the fracture surfaces thus revealed that,
the failure of C4 composites is contingent on the profile and orientation of the SiC struts.
Hence, it can be proposed that, cracks initiate in the region of weak cell-walls of the foam
structure. Subsequently, the cracks propagated to the surrounding cell-walls and plateau
junctions. This correlates well with prior observations reported in literature [32–34].

J. Compos. Sci. 2022, 6, x FOR PEER REVIEW  11 of 14 
 

 

thus revealed that, the failure of C4 composites is contingent on the profile and orientation 

of the SiC struts. Hence, it can be proposed that, cracks initiate in the region of weak cell‐

walls of the foam structure. Subsequently, the cracks propagated to the surrounding cell‐

walls and plateau junctions. This correlates well with prior observations reported in liter‐

ature [32–34]. 

 

Figure 8. Macroscopic fractography of C4 composites: (a) composite without compression; (b) com‐

posite crack  lines showing shear  failure; and  (c) composite crack  lines showing vertical splitting 

failure. 

3.7. Microstructure of Post‐Test C4 Composite 

Figure 9a,b exhibit the optical microstructure of the C4‐F10 and C4‐F20 respectively 

after compression tests. The microstructure reveals multiple cracks of varied sizes on the 

SiC struts in both configurations of the C4. In contrast, limited cracks are observed in the 

AA5083 matrix of C4 composite. This suggests that the quality of interfacial bonding be‐

tween the Al matrix and foam structure is a paramount factor governing the compressive 

behavior of C4 composites. The phenomenon of shear failure and vertical splitting dis‐

cussed in Section 3.6 is also evident from the micrographs. 

 

Figure 9. Optical micrograph of post‐tested C4 composite (a) C4‐F10 (b) C4‐F20. 

4. Conclusions 

Two  configurations  of  C4  composites  composed  of  81%  and  77%  by  volume  of 

AA5083 infiltrated into SiC ceramic foam of 10 and 20 PPI respectively, were synthesized 

using gas pressure infiltration technique. The foams and C4 were subjected to compres‐

sion tests. The following conclusions were drawn from the study. 

Figure 8. Macroscopic fractography of C4 composites: (a) composite without compression;
(b) composite crack lines showing shear failure; and (c) composite crack lines showing vertical
splitting failure.

3.7. Microstructure of Post-Test C4 Composite

Figure 9a,b exhibit the optical microstructure of the C4-F10 and C4-F20 respectively
after compression tests. The microstructure reveals multiple cracks of varied sizes on the
SiC struts in both configurations of the C4. In contrast, limited cracks are observed in
the AA5083 matrix of C4 composite. This suggests that the quality of interfacial bonding
between the Al matrix and foam structure is a paramount factor governing the compres-
sive behavior of C4 composites. The phenomenon of shear failure and vertical splitting
discussed in Section 3.6 is also evident from the micrographs.
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4. Conclusions

Two configurations of C4 composites composed of 81% and 77% by volume of AA5083
infiltrated into SiC ceramic foam of 10 and 20 PPI respectively, were synthesized using
gas pressure infiltration technique. The foams and C4 were subjected to compression tests.
The following conclusions were drawn from the study.

1. The XRD analysis for SiC foams (F10 and F20) revealed the presence of SiC, Al2O3,
CaCO3 and SiO2. Additionally, F20 was found to possess higher amounts of brittle
SiC when compared to F10.

2. The study of porosities indicated that the BD and PP of F20 was lower than that of
F10. Extensive study of the morphology of the two foam structures revealed that the
strut thickness and pore diameter of F20 is lower than that of F10. Additionally, F20
was observed to possess highly interconnected SiC strut structures when compared
to F10.

3. The microstructure of the as-cast composite samples revealed single lobe and double
lobe spherical structures for the C4-F10 and C4-F20, respectively. These characteristic
lobe structures contribute to the compressive load bearing capacity of the composites.

4. The inference from compression tests was that, overall, the C4-F10 exhibited a better
compressive strength of 126 MPa, a significant increase of nearly 100 times, when
compared with the bare foam. This indicates that the characteristics of the chosen
foam such as strut thickness, pore diameter, and the network of triangular voids is a
crucial factor influencing the compressive strength of the C4.

5. The study also revealed that, infiltration of SiC foams with AA5083 enhanced the
energy absorbed, strength and elastic modulus of the C4.

6. Fractography analysis revealed that cracks initiate in the frame of the C4 namely,
the SiC foam structure. The AA5083 matrix delays the propagation of the cracks and
thereby the premature failure of such composites.

7. Analysis of the compressive failure specimens indicated that the composites followed
shear and vertical splitting failure modes. The orientation of the SiC struts was
observed to be crucial in preventing crack propagation.
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28. Steinacher, M.; Žužek, B.; Jenko, D.; Mrvar, P.; Zupanič, F. Manufacturing and properties of a magnesium interpenetrating phase
composite. Stroj. Vestn. J. Mech. Eng. 2016, 62, 79–85. [CrossRef]

29. Islam, M.A.; Kader, M.A.; Hazell, P.J.; Escobedo, J.P.; Brown, A.D.; Saadatfar, M. Effects of impactor shape on the deformation and
energy absorption of closed cell aluminium foams under low velocity impact. Mater. Des. 2020, 191, 108599. [CrossRef]

http://doi.org/10.1007/s10853-011-5461-4
http://doi.org/10.1016/S0921-5093(97)00538-8
http://doi.org/10.1007/s10853-009-3983-9
http://doi.org/10.1016/j.msea.2010.06.047
http://doi.org/10.4236/msa.2012.31005
http://doi.org/10.1007/s12666-017-1216-5
http://doi.org/10.1007/s11837-006-0235-1
http://doi.org/10.1016/S1003-6326(11)61550-1
http://doi.org/10.1016/j.ijheatmasstransfer.2016.11.108
http://doi.org/10.1177/0021998318769993
http://doi.org/10.1016/j.jallcom.2016.12.051
http://doi.org/10.3390/ma11091743
http://www.ncbi.nlm.nih.gov/pubmed/30223617
http://doi.org/10.5755/j01.ms.25.4.21000
http://doi.org/10.1016/S1003-6326(10)60106-9
http://doi.org/10.1111/j.1151-2916.2001.tb00954.x
http://doi.org/10.1016/j.jallcom.2016.09.284
http://doi.org/10.1016/j.jallcom.2015.04.194
http://doi.org/10.1088/1755-1315/714/3/032014
http://doi.org/10.1515/secm-2020-0001
http://doi.org/10.1016/j.actamat.2014.06.045
http://doi.org/10.5545/sv-jme.2015.2840
http://doi.org/10.1016/j.matdes.2020.108599


J. Compos. Sci. 2022, 6, 36 14 of 14

30. Kar, K.K. Composite Materials: Processing, Applications, Characterizations; Springer: Berlin/Heidelberg, Germany, 2017;
ISBN 9783662495148.

31. Huang, R.; Li, P.; Liu, T. X-ray microtomography and finite element modelling of compressive failure mechanism in cenosphere
epoxy syntactic foams. Compos. Struct. 2016, 140, 157–165. [CrossRef]

32. Kader, M.A.; Brown, A.D.; Hazell, P.J.; Robins, V.; Escobedo, J.P.; Saadatfar, M. Geometrical and topological evolution of a
closed-cell aluminium foam subject to drop-weight impact: An X-ray tomography study. Int. J. Impact Eng. 2020, 139, 103510.
[CrossRef]

33. Schukraft, J.; Lohr, C.; Weidenmann, K.A. 2D and 3D in-situ mechanical testing of an interpenetrating metal ceramic composite
consisting of a slurry-based ceramic foam and AlSi10Mg. Compos. Struct. 2021, 263, 113742. [CrossRef]

34. Shi, Y.; Li, S.; Sitnikova, E.; Cepli, D.; Koch, D. Experimental evaluation and theoretical prediction of elastic properties and failure
of C/C-SiC composite. Int. J. Appl. Ceram. Technol. 2022, 19, 7–21. [CrossRef]

http://doi.org/10.1016/j.compstruct.2015.12.040
http://doi.org/10.1016/j.ijimpeng.2020.103510
http://doi.org/10.1016/j.compstruct.2021.113742
http://doi.org/10.1111/ijac.13775

	Introduction 
	Materials and Methods 
	Ceramic Foam 
	Infiltrant Alloy 
	Manufacturing of C4 
	Analyses of Microstructural Properties 
	Analyses of Mechanical Properties 

	Results and Discussion 
	Metallographic Analysis of SiC Foams 
	Porosity and Structural Analysis of SiC Foams 
	Microstructural Analysis of C4 
	Mechanical Property Analysis 
	Compressive Behavior of C4 
	Fractography Analysis 
	Microstructure of Post-Test C4 Composite 

	Conclusions 
	References

