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Abstract

In the past decade, particle reinforced foams have been intensively studied and applied
in diverse fields owing to their low weight-to-strength ratio, low cost, and tailorable
physical properties using various matrix materials and additives. In particular, the thin-
walled microstructures in foams and certain particles provide excellent energy
absorption capacity compared with the solid materials. A considerable number of
research findings on particle reinforced foams have been reported from various aspects,
including fabrication techniques, matrices and reinforcement types, mechanical
responses as well as other physical properties. Up to date, several review articles have
been published to partially cover the stated aspects on hollow particles reinforced foams
(i.e., syntactic foams). However, discussion on different types of nano/micro-scale solid
particles and millimeter-scale porous particles reinforced foams remains insufficient.
Therefore, this article aims to provide a comprehensive review on particle (e.g.,
solid/porous/hollow particles) reinforced foams (made up of metal/polymer/ceramic
matrices) covering fabrication techniques, mechanical responses and their
multifunctionalities. Particularly, different reinforcing mechanisms and modifications
to physical functions of foams with different matrices using various types of particle
additives are reviewed. The opportunities for future explorations of particle reinforced

foams in the aspects of manufacturing, modeling and applications are discussed lastly.
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1. Introduction

Foam materials have advanced rapidly in recent decades due to their broad applications,
including packaging, construction, infrastructure, automobiles, aviation, personal
protective equipment, and submarines. Neat foam materials are usually constituted by
solid thin-walled matrix and hollow cells, where the constitutive materials of thin-
walled structures mainly include polymer, metal, and ceramic [1-10]. Metal and
ceramic matrices possess high strength/stiffness and temperature resistance; however,
their production is rather costly compared to the polymer matrix. Neat foams,
manufactured using solid-state method (i.e., the approach applied for open-cell foams,
also namely powder metallurgy) or liquid-/gas-state techniques (i.e., the fabrication
methods mainly used for closed-cell foams) [10-14], exhibit several advantages such as
low density and high energy absorption capacity, while suffered from their low stiffness
and strength in real-world applications [2, 15-17]. Therefore, reinforcements such as
particles, fibers, carbon nanotubes, and metallic pins have been added to strengthen the
foam matrix [18-20]. Particle reinforcements have been studied intensively because of
the suitability for large scale production [21, 22]. The dimensions of the reinforcing
particles vary from nano to millimeter scale. Solid particles, porous particles, and
hollow particles are three common types of particle reinforcements. The hollow
spherical particles with thin shells attract more attentions due to their low density-to-
strength ratio [23-25]. Foams strengthened using hollow particles (i.e., syntactic foams)
exhibit tailorable physical properties and could stabilize the solid matrix structures
under various loading conditions. The recent development of particle reinforced foams
benefits from the advances of manufacturing techniques, such as highly controllable
vacuum-assisted manufacturing systems and additive manufacturing, which allow for
rational design to obtain desired physical properties [26-30]. In addition to serving as
reinforcements, the particle additions can also modify the thermal, acoustic, and
electrical properties of matrix materials, and endow the foams with new property, such
as the self-healing [31-38]. Given the above advances, the particle reinforced foams are

drawing growing attentions from both academic and industrial communities [39, 40].
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In this review, we summarized the recent progress in particle reinforced foams, focusing
on the production techniques, mechanical properties, and functionalities. Various
morphologies of particle additives and matrix materials are also included. The
production techniques and mechanical properties of metal foams, polymer foams, and
ceramic foams are presented in Section 2, Section 3, and Section 4, respectively. Section
5 discusses the thermal, acoustic, electrical, and self-healing properties of foams with
particle additions. Finally, we provide some perspectives on the challenges and

opportunities of particle reinforced foams.

2. Particle reinforced metal foams

Metal foams are a class of porous foam materials fabricated from solid metals
(aluminum, aluminum alloy, tantalum, titanium etc.) [41, 42]. At the expense of strength
and elastic modulus, neat metal foams are well known for their light weight, high energy
absorptions, excellent acoustic insulations etc. [43] compared to the base materials.
Such weak strength and low elastic modulus could affect the stability of metal foams
during services. To remedy these weaknesses, particle reinforcements have been added

to form particle reinforced metal foams.

Fabrication of particle reinforced metal foams

The fabrication methods for neat metal foams include powder metallurgy, stir casting,
gas injection, infiltration etc., [44-47]. The fabrication techniques for the particle
reinforced metal foams are basically similar to those for neat metal foam. According to
the dimensions and morphologies, the particle reinforcements used in metal foams can
be divided into two groups, i.e., micrometer-scale solid particles and hollow particles,
as shown in Fig. 1a and 1b, respectively [45, 46]. The solid particles are usually located
at the solid structs, while the hollow particles are trapped within the cells. The
manufacturing strategies are different depending on the morphologies of particle

reinforcements.



For instance, the open-cell foams reinforced by micro-scale solid particles are usually
manufactured by a solid-state technique [47-49]. Uzun (2019) used the powder
metallurgy approach for fabrication of Silicon carbide (SiC) particle reinforced
aluminum foams [47]. The manufacturing setup is shown in Fig. 1c. In this research,
the solid alloy aluminum powder (AlISi12) and SiC particle reinforcements are mixed
with blowing agents and compacted within a stainless-steel container. The compacted
material is referred to as the precursor which is placed in a mold. The width of
compacted material is the same with the internal width of the mold ensure vertical
expansion in the foaming process. Then, the mold is placed in a pre-heated furnace.
When the heating temperature is above the melting point of the solid metal, the foaming
process starts. Although the foams produced via powder metallurgy provide relatively
homogenous microstructures, the production process is not widely used due to the high
cost and low production. On the other hand, the closed-cell metal foams reinforced by
micro-scale particles are usually fabricated using the liquid-state direct foaming
technique [50]. For fabrication of aluminum nitride (AIN) particle reinforced aluminum
foam, the aluminum powder and AIN particle reinforcements were compacted with
melted aluminum alloy under nitrogen environment. The schematic illustration of
apparatus used for foaming is shown in Fig. 1d. Once the compacted metal composite
is heated to reach its melting point, the blowing agent (titanium hydride (TiH»)) is added
into the graphite crucible with constant stir. Gas is generated during the foaming process.
Then, the melt is cooled at the room temperature. Besides, to improve the quality of
foams produced from the instantaneously foaming strategies of Alcan process (foaming
by injecting gas into liquid metals) and Alporas process (foaming by gas-releasing
blowing agents), which were developed in 1980s and 1960s, respectively [6, 41, 42],
the particles in micro-scale could also be added during the stated processes. In detail,
to increase the viscosity and stability of melted metal, the Alcan Hydro process was
developed by adding 10%~15% volume fraction of SiC particle reinforcement, as
schematically shown in Fig. 1e. The internal microstructure was more homogenous
after adding particle additives. Besides, the Alporas process is another technique to

fabricate aluminum foams. An addition of 1.5% volume fraction calcium was used in
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melt for the adjustment of viscosity. Compared to the powder metallurgy, the Alcan
and Alporas techniques are more suitable for mass production with requiring simpler

tools for manufacturing.
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Figure 1 Fabrication techniques of particle reinforced metal foams. (a) SEM image of
the cell structure of solid micro-particle reinforced metal foam [45]. (b) SEM image of
a cross-section of syntactic metal foam [46]. (¢) The precursor material and foaming
equipment used in powder metallurgy technique [47]. (d) Schematic illustration of melt
foaming process [50]. (e¢) Schematic illustration of gas injection for the production of
particle reinforced metal foams [51]. (f) Schematic drawing of conventional stir casting
technique for producing syntactic metal foams [52]. (g) Schematic illustration of
vacuum-assisted stir casting technique [52]. (h) Schematic illustration of infiltration
technique for manufacturing syntactic metal foams [56].

For the metal foams reinforced by the hollow/porous spherical particles, the producing



techniques of stir casting, powder metallurgy, and low-pressure infiltration can be
employed [49, 52-57]. Stir casting is a simple and inexpensive liquid-state technique,
where the metal material is heated above the melting point before the stirrer rotates. To
fabricate MSFs, the pre-heated hollow particle reinforcements are gradually added into
the melted metal matrix. After intense mixing, the composite melt is poured into a pre-
prepared mold. The main drawbacks of stir casting technique include the limited
volume fraction (VF) of additives and inhomogeneous distribution of particles [52-54].
To increase the VF of fillers, low compressive force could be added onto the top of
melted slurries before the solidification, as shown in Fig. 1f. The partial buoyancy
effect was offset by the external force, which allowed more content of additives. For
instance, this modification increased the VF of hollow particles from 30% to 50%
within metal foam matrix [52]. To hinder the buoyancy of the fillers, creating a
controlled pressure chamber during the solidification (Fig. 1g) has been implemented.
Compared to the conventional stir casting, the hollow particles can disperse more
uniformly by exerting controlled pressure. To produce the MSFs with the desired size
of hollow cells and porosity, the low-pressure infiltration technique is used [55, 56], as
schematically shown in Fig. 1h. The foaming process of low-pressure infiltration
technique is relatively complex compared with other methods. The experimental setup
of the infiltration process mainly contains a device of gas inlet, a heating furnace, and
a chamber for space holder particles. A thick Al2O3 quilt layer and a fastened steel net
are placed at the mid and bottom of the device to prevent the movement of hollow
particles. The device allows for adjustment of the internal gas pressure to ensure the
control of infiltration speed. The infiltration device can be used to produce the hollow
particle reinforced metal foams with the evenly and homogenously distributed particles
of various sized particles. The porosity of reinforced foams can be greater than 65%
[55]. The key information of main fabrication techniques for particle reinforced metal

foams is listed in Table 1.


https://www.sciencedirect.com/topics/materials-science/austenitic-stainless-steel

Table 1. The key information of fabrication technique of particle reinforced metal

foams

Technique Main advantages

Main handicaps

Stir casting 1. Simplicity

2. Low cost

1. Requiring additional
conditions for produce foam

with good quality

Gas injection 1. Simple and
straightforward

2. Mass production

1. Hard to control foaming
process

2. Nonuniform cell sizes

Powder metallurgy 1. Homogenous

microstructure

1. Improper for mass production
2. The equipment is relatively

expensive

Infiltration 1. Homogenous foam

microstructure and

1. Relatively complicated and

expensive

distribution of particle
2. Suitable for various
particle sizes and volume

fraction of particles

Mechanical properties of particle reinforced metal foams

The morphologies of particles used as the reinforcements in metal foam matrix includes
the solid micro-sized particles, porous particles, and hollow particles. The solid micro-
sized particles are conducive to increasing the viscosity and stability of metal foams
during the manufacturing process, and the mechanical properties of foam can also be
enhanced. Up to date, a variety of solid micro-sized particles (e.g., Al2O3, SiC, Y03,
TiB; etc.) have been used as the stabilizer and reinforcements within the metal foam
matrix. However, the reinforcing effects can vary significantly. Li et al. (2007) added
various ceramic particles, e.g., B4C, (cubic boron nitride) CBN, and SiC, into aluminum

foams [58]. The peak stress and elastic modulus of neat foams and particle reinforced



foams under quasi-static and dynamic compressions were measured. The experimental
results indicated that adding ceramic particles can increase peak stress and elastic
modulus, resulting in higher energy absorption capability. Besides, the particle
additions led to strain rate sensitivity under dynamic compression. Wichianrat et al.
(2012) added varying mass fractions of SiC particles into open-cell aluminum alloy
(type AC3A alloy) foams [59]. The SiC particles are embedded in the solid cell walls.
The experimental measurements indicate a higher mass fraction of particles resulting
in higher energy absorption capability and compressive strength, as shown in Fig. 2a.
Kulshreshtha et al. (2021) studied the mechanical properties of closed-cell aluminum
foams and alloy aluminum foams reinforced by the micro-SiC particles [60]. The quasi-
static compressive results indicated that higher plateau stress could be obtained with
the increased mass fraction of particles, as shown in Fig. 2b. Besides, the alloy
aluminum foam presented higher plateau stress and energy absorption capability than
neat aluminum foam. From the above findings, the mechanism of improving
mechanical properties relates to strengthening cell walls by solid micro-particles. Liu
et al. (2009) reported the plateau stress of SiC particle reinforced foams decreased
gradually during quasi-static compressions (Fig. 2¢), which could be induced by the
local brittle behavior of the interface between particles and foam matrix [61]. The
gradually decreasing trend of plateau stress results in the negative effect of the energy
absorption efficiency of particulate foams. From the researches of solid particles
reinforced metal foams, the reinforcing behaviors are decided by the micromechanics
of interactions between particles and cells.

For the hollow particles, including metal particles, glass particles etc., provide strong
support to the surrounding metal foam matrix against loading [56, 62-66]. Szlancsik et
al. (2015) studied the aluminum alloy syntactic foams reinforced by hollow iron spheres
under compressive loading experimentally and numerically [56]. The experimental
observations and finite element calculations captured the collapse mechanism of iron
hollow spheres reinforced syntactic foams. During the compression, the hollow spheres
were crushed firstly after the yielding, and the matrix followed the deformation of

spheres. The left and right sides images in Fig. 2d show the internal microstructure of
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syntactic metal foams before and after compression, respectively. Broxterman et al.
(2020) compared the mechanical properties of glass-aluminum syntactic foams
manufactured from stir casting and infiltration casting [62]. The results indicated the
foams produced by the stir casting show higher yield strength and plateau stress, due to
the close-cell microstructure. In contrast, the foams produced by the infiltration casting
exhibited open-cell morphology and the resulting foams had a decreased strength and
density. Kannan et al. (2020) compared the compressive responses of neat aluminum
alloy foams and thin-walled hollow ceramic particles reinforced aluminum alloy foams
[63]. The compressive responses of neat and reinforced foams indicate the evidently
higher yield strength with the presence of ceramic hollow cells. The main contributions
of particle additives to the mechanical properties of metal foams are listed in Table 2.

The porous particles, including expanded perlite, activated carbon particles, expanded
glass particles and lightweight expanded clay aggregate particle, show the combined
advantages of mechanical enhancement, light weight, and relatively low cost [67,68].
Kemeny et al. (2020) conducted the fatigue tests on zinc aluminum foam embedded
with expanded perlite [69]. The results indicated the composite foams provided ideal
performances on cyclic compression at various loading conditions. Movahedi et al.
(2019) studied the quasi-static compressive responses of activated carbon particle
reinforced magnesium foam with low density (1.12-1.18 g/cm—3), where higher
density contributed to higher compressive stress-strain curves [70]. Aside from the
uniform metal foam matrix, the mechanical properties of graded metal composite foams
reinforced by porous particles have also attracted research interests in recent years
owing to the advantages of tunable properties. For instance, Movahedi et al. (2019)
developed a novel functionally graded metal foam reinforced by porous activated
carbon particles and porous expanded perlite with two separated layers. The quasi-static
compressive test results indicated that better energy capacity could be achieved
compared to the particle reinforced foams with single layer [71]. Su et al. (2019)
developed the hybrid particles reinforced metal foams containing porous expanded
glass particles and alumina hollow spheres [72]. It is shown that the stress-strain curve

of hybrid reinforced syntactic foams was higher than that of expanded glass particles
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reinforced foams, but lower than that of hollow particle reinforced foams.
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Figure 2 Mechanical responses of particle reinforced metal foams. (a) Quasi-static
compressive responses of open-cell aluminum alloy (type AC3A alloy) foam and SiC
particle reinforced type AC3A aluminum alloy foams [59]. (b) The plateau stress
obtained from particle reinforced aluminum foams with various particle contents as a
function of relative density of foams [60], where AF represents aluminum foams and
CF represents SiC particles reinforced composite foams (c¢) Compressive responses
SiCp, particle reinforced Zn-22Al aluminum alloy foams with various relative densities
[61]. (d) The optical images of cross-section of glass/aluminum syntactic foam before
loading (left images) and after compression (right image) [62].

With the presence of particle additives, the reinforced metal foams still yield the
triphasic phases of compressive behaviors (i.e., elastic phase, plateau phase, and
densification phase). Besides, the reinforcing mechanisms of particles in micro and
millimeter scales are different. The solid particles in microscale increase the density of
solid cell structs, while the hollow and porous particles in millimeter scale stabilize the

cells during deformation.
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Table 2. The reinforcing behaviors and mechanisms of solid particles and hollow

particles to the metal foam matrix.

Types of particle Main contributions to Mechanisms
additives mechanical responses
Solid micro-sized 1. Stabilize the foam 1. Increase the viscosity
particles microstructure during foaming process
2. Increase the mechanical 2. Cell walls are
properties and energy strengthened by particles
absorption capability

3. Decrease of plateau stress 3. Local damage between

due to particle cracks particles and foam matrix
Hollow particles 1. Increase the mechanical 1. Stabilize the cell and

properties and energy provide support to the

absorption capability surrounding metal foam

matrix against loading

3. Particle reinforced polymer foams

Polymer foams, comprised of polymer matrix and hollow cells, have been applied for
numerous industrial and household applications. The polymer foams can be classified
into thermoset and thermoplastic foams [73,74]. The thermoset polymer cannot be
melted, and the solidification process is irreversible. In contrast, the thermoplastic
polymer can be melted and reformed. When comparing with solid polymers, except for
the advantage of lightweight, the polymer foams also show good thermal/electric
insulation benefiting from the porous nature. However, their high porosity leads to the
loss of mechanical properties. Therefore, to further enhance the mechanical properties
of neat polymer foams, either porous or hollow particles have been added to the foam

matrix.

Fabrication of particle reinforced polymer foams
A commonly used technique for producing particle reinforced thermoset foams is stir

casting [75-78]. For the thermoset epoxy foam foaming in room temperature, the
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particles are dispersed in the liquid epoxy resin directly [75], as shown in Fig. 3a. Then,
the hardener is added to trigger the foaming process. After curing, the hollow glass
microspheres (HGMs) are trapped within the foam matrix. During the mixing, the
problems of pre-curing and the damage of particles may occur. Besides, due to the
differences in density between liquid and particles, the distribution of particles could
be inhomogeneous [79,80]. To solve the inhomogeneous distribution problem, external
pressure should be exerted. Wu et al. (2016) and Jiang et al. (2020) used the vacuum-
assisted stir casting. For instance, the mixed solutions and particles are heated in a
vacuum drying oven to decrease the buoyancy effect, as shown in Fig. 3b. After curing,
the particle reinforcements were reasonably distributed within the polymeric foam
matrix. Moreover, Yu et al. (2018) developed a vacuum-assisted resin transfer mold
(VARTM) strategy to avoid the buoyancy effect more effectively [81], as shown in Fig.
3c¢. The expanded polystyrene beads/hollow glass microspheres reinforced epoxy foams
were produced from the experimental setup. In the first step, an impeller mixed the
hollow glass particles with resin and hardener, while the expanded polystyrene beads
were filled into a mold. Then, the mixed resin composite was poured into a container
upon a vibrator to ensure the glass particles dispersed evenly. After well mixed, the
vacuum pump was turned on to start the injection process. The compressed air
generated by the vacuum pump pulled the resin composite flowing into the mold, which
contained expanded polystyrene beads. whereafter the fabrication process, both solid
polystyrene beads and hollow glass beads were distributed homogeneously within foam
matrix. For the production of thermoplastic foams, the heating process is essential. The
injection molding technique is often used to produce thermoplastic particle reinforced
foams [40,76,82-87]. Qi et al. (2020) fabricated the particle reinforced thermoplastic
foams [76]. In the first step, the hollow glass particles with 50% volume content were
thoroughly mixed with the resin system. Then, the mixture was poured into a hooper,
which was placed on an extruder, as shown in Fig. 3d. Then, the heating process was
activated, and the extrudate was granulated to an injection molding machine. The gas
was delivered into the mold to trigger the foam process. Apart from mold injection, the

particle reinforced thermoplastic foams can also be produced by mold casting technique
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[88,89], as schematically shown in Fig. 3e. In this method, the chemical blowing agent
should be mixed with the polymer and reinforcements. Then, the mixed composites are
transferred to the mold. The chemical blowing agent is decomposed to gas, such as N,
COy, during heating to trigger the foaming process. Besides, the technique of
compression mold has also been adopted, allowing the production of large-scale
thermoplastic particle reinforced foams [90-92]. For instance, Jayavardhan et al. (2017)
developed glass microballons reinforced thermoplastic foams by compression mold.
The molding process was optimized in screw rotation speed avoiding the particles
fracture. The flexural modulus of hollow particle reinforced foams increased while the
strength decreases with increasing filler content, and the tensile strength of those
decreased with rising filler content [90]. In recent years, the additive manufacturing
technique has been employed to fabricate particle reinforced polymer foams [26,94-97].
Nawatfleh et al. (2020) developed a vibration-assisted direct-write 3D printing setup to
produce particle reinforced thermoset foams [96]. The 3D printer is schematically
shown in Fig. 3f. Briefly, the well-mixed epoxy resin and particles were poured into a
barrel container. Then, a motor-driven piston was used to inject the mixed resin into an
extruder. The extruder pushed the mixed resin flowing to the printing nozzle when the
printing process started. The internal structure of printed particle reinforced foam is
shown in Fig. 3g. The 3D printing method provides the potential for the in-situ
manufacturing of particle reinforced foams with desired geometry and mechanical
properties, although the polymer library is till limited up to date. The key information

of main fabrication techniques for particle reinforced metal foams is listed in Table 3.
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Figure 3 Fabrication techniques of particle reinforced polymer foams. (a) Schematic
illustration of direct stir method for fabricating glass microbeads (GMBs) reinforced
polymer foams [75]. (b) Schematic illustration of the producing process of HGMs and
epoxy hollow spheres (EHs) reinforced epoxy foams via exerting pressure [79]. (c)
Schematic illustration of fabricating process of epoxy syntactic foam via the VARTM
technique [81]. (d) Fabrication process of polypropylene (PP) syntactic foams via
injection method [76]. (e) Schematic illustration of a mold used for producing particle
reinforced foams [88]. (f) Experimental setup of a 3D printing system for producing
particle reinforced polymer foams [96]. (g) Cross-section a syntactic polymer foam
fabricated via 3D printing [96].

Table 3. The key information of fabrication technique of particle reinforced

polymer foams
Technique Main advantages Main handicaps

Casting 1. Simplicity 1. The distribution of particles

2. Low cost could be inhomogeneous

3. Mass production 2. Premature solidifications
3. Cracks of fillers during
mixing

Vacuum assisted 1. Homogenous 1. Relatively high requirement
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injection casting foam structure for tools
2. Suitable for high volume 2. Long instrument set-up time
fraction of particles

3. Suitable for multi-scale of

particles
Additive 1. Homogenous 1. Small-scale production
manufacturing foam structure 2. Limitations of material
2. Tailorable mechanical library
properties

3. Complex geometries

4. In-situ production

Mechanical properties of particle reinforced polymer foams

Polymer foams have been widely used as the structural components of sandwich panels
in the applications of packages, buildings, infrastructures, ships etc. A variety types of
particles (solid particles, porous particles, and hollow particles) and sizes of particles
(from micrometer to millimeter) have been employed as reinforcements for the
improvement of strength, stiffness, and energy absorption purposes.

The constitutive materials used for solid particle reinforcements include metal [98,99],
rubber [100,101], [102-104], etc. Sorrentino et al. (2010) studied the compressive
behaviors of iron particle (lower than 44 um diameter) reinforced polyurethane foams.
With the intervention of magnetic field, the iron particles showed the anisotropic
behaviors. When the magnetic field was horizontal to the compressive direction, the
reinforcing effect is more pronounced than in the vertical direction. The magnetic force
exerted upon the iron particles show the strong support to resist the compressive
deformation [98]. Huang et al. (2020) studied the quasi-static and dynamic compressive
responses of ceramic particle (0.5mm diameter) reinforced polyurethane foams [102].
The results indicated that the strength and plateau stress of foams are enhanced by the
ceramic particles. The strain sensitivity analysis showed that the compressive responses
were influenced by the particle cluster effect and stress wave dissipation.

For the porous particle additives in millimeter scale, the mechanical enhancement is
16



captured by the cell’s stabilization and the increase of energy absorption is conducive
to the gradual collapse of porous particles during deformation. Cao et al. (2019) studied
the quasi-static compressive responses of porous ceramic particle reinforced linear low-
density polyethylene foams [2]. The experimental measurements revealed that the
reinforcing effects enhanced the elastic modulus, yield strength, plateau stress. Besides,
the analyses of energy absorption indicated that the presence of porous ceramic particles
provides higher energy absorption capacity per unit volume at a given maximum
permitted stress, which can be used in package application, as shown in Fig. 4a. Then,
Cao et al. (2021) developed a finite element (FE) modelling strategy to study the
deformation and reinforcing mechanisms of porous glass beads reinforced polymer
foams under quasi-static compressions [2]. The cells and particles were both modelled
explicitly in the FE simulations, as schematically shown in Fig. 4b. The reinforcing
mechanism was explained by the reinforcing effects of glass particles in the
undeformed region. Fig. 4c presents the stress analysis of particles. The damage is
initiated at 25% strain, and at the onset of densification (50% strain), some particles are
completed crushed. Brown et al. (2011) investigated the dynamic compressive
responses of porous glass beads reinforced polymer foams [105]. The internal
microstructure of reinforced foam is shown in Fig. 4d. A split Hopkinson pressure bar
was used to exert the compressions with various strain rates. The experimental and
numerical results indicate that with the increase of the content of glass particles, the
yield stress and plastic flow stress are increased, as shown in the left plot in Fig. 4d.
Meanwhile, the shock wave velocity decreases with the increase of volume fraction of
particles. The abbreviation LP shown in the plot represents the volume fraction of glass
particles. Cao et al. (2022) employed the Kolsky bar system to study the dynamic
compressive responses of porous glass particles reinforced foams with various volume
fractions of particles [ 106]. The Kolsky bar system is schematically shown in Fig. 4e,
where the cylindrical projectile was accelerated by a gas gun and the stress history in
foams was calculated based on the strain gauge signal amplified by an amplifier system.
The experimental and numerical measurements of compressive responses under

different loading rates are plotted in Fig. 4f. It is reported that higher strain rates
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contribute to enhancements of elastic properties and plastic stress of GBs reinforced
foams with lower and higher particle volume fractions, respectively. It can be concluded
from these studies; the porous particles efficiently increased the energy absorption
capability and dissipate the kinetic energy. The kinetic energy is dissipated and turned
into the internal energy with the gradual collapse of porous particles during deformation.
The hollow particle reinforced foam is also referred to as syntactic polymer foams
[95,107-109]. Kumar et al. (2016) investigated the quasi-static and high strain-rate
compressive response of glass hollow particle reinforced high-density polyethylene
(HDPE) foams [107]. The internal structure of particle reinforced foams is shown as
the left SEM image in Fig. 4g. The experimental measurements reveal that the yield
strength increases with the rise of strain rate. The addition of hollow particles increased
the yield strength of foams at a low strain rate. However, the reinforcing effect is not
pronounced in the scenario of high rates, as shown in the right plot in Fig. 4g. The
number shown in the plot represents the volume fraction of added hollow particles.
Except for the compressive behaviors, the tensile responses of hollow particle
reinforced foams were also investigated. Yousaf et al. (2022) studied the tensile
responses of hollow particles reinforced polymer foams [ 108]. The results reveal that a
higher volume fraction of particles increases the stiffness of the polymer matrix.
However, embedded particles exhibit lower breaking strains than the neat polymer foam
due to the debonding of the interface between foam matrix and particles, as shown in
Fig. 4f. From the above reviews, the particle additions mainly contribute to the
enhancement of yield strength and Young’s modulus in elastic region, although the
stress-strain cures could present the local fluctuation due to the damage of particles.
The main contributions of particle additives to the mechanical properties of polymer

foams are listed in Table 4.
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Figure 4 Mechanical responses of particle reinforced polymer foams. (a) Compressive
stress-strain responses of neat and porous particle reinforced polymer foams in the left
plots, and energy absorption capability per unit volume, as a function of the normalized
yield strength of porous particle reinforced polymer foam shown in right. The alphabets
F and frepresent the volume fraction of solid polymer and volume fraction of ceramic
particles, respectively [2]. (b) Mesh strategy of 3D FE model of particle reinforced
foams [2]. (c) Stress contour of particles under quasi-static compressions obtained by
FE simulations [2]. (d) Optical image of internal microstructure of porous glass particle
reinforced thermoplastic foam (left image) and compressive responses of particle
reinforced foams with various particle contents (right plot) [105]. (e) Schematic
illustration of Kolsky system for measuring dynamic compressions of porous glass
particles reinforced foams [106]. (f) Numerical and experimental compressive
responses of porous glass particles reinforced foams with various volume fraction of
polymer (F), particles (f), and loading rates [106]. (g) SEM image of the cross-section
of HDPE syntactic foam (left) and yield strength of particle reinforced foams with
various particle contents under several loading rates [107]. (h) Cyclic tensile responses
of syntactic thermoplastic foam with various particle contents (left plots) and
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monotonic tensile responses of neat and syntactic foams [108].

Table 4. The reinforcing behaviors and mechanisms of solid particles, porous

particles, and hollow particles to the polymer foam matrix.

Types of particle Main contributions to Mechanisms
additives mechanical responses
Solid particles 1. Increase the mechanical 1. Particle cluster effect and

properties and energy absorption

stress wave dissipation

capability 2. The presence of
2. Tailorable mechanical additional physical field
properties
Porous particles 1. Increase the mechanical 1. Reinforcing effects in the

properties and energy absorption

undeformed region

capability 2. Kinetic energy is
dissipated with the gradual
collapse of porous particles
Hollow particles 1. Increase the mechanical 1. The debonding of the

properties and energy absorption
capability

2. More brittle in tension

interface between foam

matrix and particles

4. Particle reinforced ceramic foams

The development of ceramic foams could retrospect to the 1970s when aluminum oxide

and clay were reported [110]. After several decades, ceramic foams have been applied

for many high-performance applications, e.g., aerospace, electronic field, medical

materials etc., owing to their low density, high strength, uniform cell size, and great

stability. Many types of ceramics such as clay, silicon carbide, zirconia, and carbon

have been used as ceramic foam matrix materials [111-114], and the usage of particle

additives includes the component of cell structs and reinforcements.
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Fabrication of particle reinforced ceramic foams

Various techniques have been used to produce particle reinforced ceramic foams,
including direct foaming, gel casting, stir casting, sacrificial template technique,
reinfiltration, and replica method etc. [114-124]. For the component of cell wall structs,
Sarkar et al. (2015) used surface-modified Al,Os particles and carbon fiber to fabricate
particle reinforced ceramic foams using direct foaming strategy, as shown in Fig. Sa
[115]. The first step is the mixing of surface-modified Al,O3 suspensions and fibers.
After thoroughly mixing, air bubbles were trapped by the mixture of a liquid agent,
ceramic particles, and fibers. Then, the wet composite was sintered and dried in a
furnace to form the particle-fiber reinforced ceramic foam. The reinforced ceramic
foams always present high porosity produced by direct foaming strategy. The
microstructure of foams is shown in Fig. Sb. Yu et al. (2011) also employed direct
foaming technique to fabricate the Al,03/Y203 particle reinforced Si3N4 ceramic foams
[118], as shown in Fig. S¢. where the SizNy particles form the cell structs. Zhang et al.
(2019) used complex sacrificial template method to produce the alumina particles
reinforced ceramic foams [119], as shown in Fig. 5¢. Firstly, the alumina slurries were
degassed and thoroughly mixed with the solvent of catalyst, initiator etc. Then, the
mixed agent was poured into the mold, which was fully packed with polystyrene
spheres. After the polymer had cross-linked and the slurry had solidified under ambient
conditions, the samples were carefully removed from the mold and then dried. Finally,
the dried samples were degassed and sintered in a furnace. The particles form the cell
walls shown in Fig. 5d. The geometry of microstructure of foam is customizable based
on the template. For the purpose of reinforcements, hollow particles have been applied.
Ozcivici and Singh (2005) proposed a technique combining repeated infiltration and
pyrolysis to manufacture ceramic foams reinforced by hollow particles [120], as
schematically drawn in Fig. Se. In the first step, the hollow particles were mixed and
compacted with the polymer precursor in a liquid state before being placed in a coated
mold by the release agent. Then, the pyrolysis process was carried out in a furnace with
a continuous nitrogen flow to avoid material oxidation. During the pyrolysis, the

porosity of foam would be affected due to the loss of hydrogen from polymer molecules.
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Then, the reinfiltration process was implemented to control the porosity of composite
foam several times. The cross-sections of particle reinforced ceramic foams are shown
in Fig. 5f. The hollow particles are located more uniformly with the increase of
reinfiltration times. For the replica technique, synthetic or natural template are used as
the impregnation of a cellular structure. Then, the template is coated with a ceramic
slurry. When the slurry is dried, the template is burned out, and the ceramic particle
reinforced foam remains. The microstructure of foams can be controlled by replica
technique, but, the mechanical properties are weak due to the intrinsic defects during
fabrication [123,124]. The key information of main fabrication techniques for particle

reinforced ceramic foams is listed in Table 5.
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Figure 5 Fabrication techniques of particle reinforced ceramic foams. (a) Fabricating
process of direct foaming technique [115]. (b) Manufacturing process of the
combination of repeated infiltration and pyrolysis for producing particle reinforced
ceramic foams [115]. (¢) SEM images of cross-sections of alumina particles reinforced
ceramic foams at a variety level of reinfiltration [119]. (d) The SEM image of internal
microstructure of particle reinforced Si3N4 ceramic foams (right image) and the detailed
distribution of particles (left image) [119]. (e Fabrication process of ceramic particulate
foams with the combination of gel casting and sacrificial templates [ 120]. (f SEM image
of particles locating at cell walls [120].
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Table 5. The key information of fabrication technique of particle reinforced metal

foams
Technique Main advantages Main handicaps
Direct foaming 1. High porosity 1. Premature solidifications
2. Simplicity 2. Damage of fillers during mixing
Reinfiltration 1. Controllable of 1. Long time fabrication
microstructure 2. High production cost

2. High porosity

Sacrificial 1. Customization 1. Complex fabricating process
template 2. Highly porous with
uniform pore size
Replica 1. Graded or layered 1. The presence of residual cracks
microstructure

Mechanical properties of particle reinforced ceramic foams

Except for acting as the constitutive materials of solid cell structure within foam matrix,
the micro-scale ceramic particles have also been used as the reinforcements [117, 125-
127]. Zhang (2004) added Al,O3/Y203 particles into silicon carbide (Si3N4) ceramic
foam matrix [125]. The microstructures of cell walls with and without particles are
shown as the left and right SEM images in Fig. 6a, respectively. With the interventions
of Al,03/Y20; particle reinforcements, the cell walls are stabilized, and the fracture
strength increases apparently, as shown in Fig. 6b. Pokhrel et al. (2011) and Pokhrel et
al. (2013) investigated the reinforcing effect of colloidal amphiphilic particles
reinforced ceramic foams [117,126]. The presence of amphiphilic particles increased
the density of sintered ceramic foams with less air content due to the in-situ
hydrophobization. The microstructure of colloidal amphiphilic particles reinforced
ceramic foams are shown in Fig. 6¢ (optical image at left and SEM image at right).
With the increased content of amphiphilic particles, the reinforced ceramic foams
present higher compressive strength, as shown in Fig. 6d. Huo et al. (2019) studied

compressive responses of the zirconia/alumina particulate ceramic foams fabricated by
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various methods [128]. The SEM image shown in Fig. 6e illustrates the reasonable
distribution of zirconia (the white grains) and alumina (the dark grains) particles at a
cell wall. The experimental measurements indicated that the composite ceramic foams
possessed high porosity (above 96%) and excellent specific strength due to the
synergistic stabilization of zirconia and alumina particles. The plot presented in Fig. 6f
summarizes the compressive strength of ceramic foams produced by various methods.
The zirconia/alumina particulate ceramic foams presented a relatively high
compressive strength compared to others at a low-density range. Then, Liu et al. (2020)
developed the Al,Os-Si-boehmite particulate ceramic foams [127]. The compressive
responses of neat AlO3; ceramic foam, Si particle reinforced AlbO3 foam, and Si-
boehmite particle reinforced Al,O3 foam were measured. From the experimental
measurements, the Si additions increased the compressive strength compared to the neat
foams. Furthermore, with the intervention of boehmite sol, the foam matrix became
more stable due to the enhancement of chemical bonds between Al,O3 and Si particles
within cell walls. The comparison of composite ceramic foams with various mass ratio
of compositions are shown in Fig. 6g. The detail compositions of each ceramic foam
are listed in Table 6. From the above review, the additional nano/micro particles could
stabilize the ceramic cell structs, resulting the enhancement of macro-mechanical

responses of ceramic foams.
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Figure 6 Mechanical responses of particle reinforced ceramic foams. (a) SEM images
of neat ceramic foam (right) and Al,O3/Y20s particle reinforced ceramic foams [125].
(b) The relations between fracture strength and nitridation temperature of neat and
particle reinforced ceramic foams [125]. (¢) Internal microstructure of ceramic particle
reinforced foams observed from optical image (left) and SEM image (right) [126]. (d)
Relationships between compressive strength and particle concentration [128]. (¢) SEM
image of a cell wall of particle reinforced ceramic foam and the relationships between
strength and relative density of particulate ceramic foams produced by various
techniques [128]. (f) The comparisons of strength among composite ceramic foams and
particle reinforced alumina foams developed in [128]. (g) Comparison of composite
ceramic foams with various mass ratio of compositions, where ASO, AS1, AS2, AS5
represent the alumina foam with silicon content of 0, 1, 2 and 5 wt%, respectively, and
AS5B1, AS5B2, AS5BS5 represent the additional wt% of boehmite powder [127].
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Table 6. The compositions of each ceramic foams prepared by Liu et al. (2020).

Particles Compositions (wt%)
ASO AS1 AS2 ASS AS5B1  AS5B2  ASS5SBS
ALO; 100 99 98 95 94 93 90
Si 0 1 2 5 5 5 5
Boehmite 0 0 0 0 1 3 5

5. Multifunctionalities and applications of particle reinforced foams

The previous sections provide an overview of fabrication progress and mechanical
properties of particle reinforced foams. The advantages of lightweight, ease of
fabrication, good energy absorption etc. have made particle reinforced foams promising
materials for numerous industrial fields. Figs. 7a to d show the actual applications of
syntactic polymeric foams used in infrastructures (yellow pipelines), syntactic metal
foams used in aircrafts (red components), in front bumper of vehicles, and in
submarines, respectively. In addition to mechanical properties enhancement, adding
various particles could either improve the existing functionalities or generate new
features into the foams. In this section, the diverse functionalities of particle reinforced
foams are highlighted, particularly focusing on thermal, electrical, acoustics, and self-
healing properties. The applications correspond to the desired functionalities are also

mentioned.
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Figure 7 Particle reinforced foams used in real applications such as in (a) pipelines, (b)
structural components in aircraft, (c) the front bumper of vehicle, and (d) submarine.

Thermal insulation and conductivity of particle reinforced foams

The requirements of thermal properties of particle reinforced foams are different
depending on the specific applications. Excellent thermal insulation is essential for the
foams used as the structural components in construction, aerospace, and marine fields
[129-133]. Geng et al. (2016) investigated the heat insulation performances of polymer
foams by adding hollow glass particles and B4C microparticles [129]. An experimental
setup is developed to test the heat-resistant performance, as shown in Fig. 8a. The
results indicated the composite foams could withstand the flame temperature of 700 °C
for over 300s without decreasing compressive strength. The heat-resistant mechanism
was the transformation of B4C to the glassy state B>O3, which promoted the bonding of
hollow glass particles. Liu et al. (2018) added red mud microparticles into phenolic
foams to improve mechanical properties and thermal insulation [ 130]. The experimental
measurements indicated the thermal conductivity is decreased with the presence of
particles, as shown as the plot in Fig. 8b. However, the thermal conductivity is

increased dramatically when the particle contents are more than 15 wt%. The
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modification of thermal property is induced by the chemical adhesion between particles
and foam matrix. Then, Huang et al. (2018) embedded hollow glass particles into
phenolic foams [131]. From the thermogravimetric analysis (TGA) results, the thermal
conductivity was reduced after adding glass particles. With the increased content of
glass particles, the flexural strength improved after various temperature treatments.
Recently, Qiu et al. (2021) studied the thermal property of bamboo-based fiber particles
reinforced polyurethane foams [132]. The experimental results revealed that the
compressive strength, stiffness, and thermal stabilities were increased after adding fiber
particles, which indicated the bamboo-based fiber particle reinforced polymer foams

can be used as the structural components in thermal insulation in the infrastructure field.
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Figure 8 Thermal properties of particle reinforced foams. (a) Schematic illustration of
an experimental setup for evaluating the heat-resistance performance of foams [129].
(b) Measurements of thermal conductivity of red mud particle reinforced foams [130].
(c) SEM image of a carbon particle added in phenolic foam for the improvement of
thermal conductivity [134]. (d) Measurements of thermal conductivity of neat and
carbon particle reinforced foams with a variety of particle contents [134].
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In contrast to heat insulation, high thermal conductivity is beneficial to heat dissipation,
which is an important physical property in integrated electronics [134-137]. To increase
the thermal conductivity of foam, the thermally conductive particles have been added
into the foam matrix during the high-temperature foaming process. Song et al. (2017)
studied the thermal properties of carbonized phenolic foams reinforced by composite
carbon particles [134]. The composite carbon particles (CP) were manufactured based
on a polyimide varnish and multi-wall carbon nanotubes (MWCNT). The morphology
of composite particles is shown in Fig. 8¢. For the comparison purpose, neat polymer
foam, polymer foams with various mass content of MWCNT, polymer foam with CP,
and polymer foam with PI (polyimide) particles were manufactured. The measured
thermal conductivity is shown in Fig. 8d, where the foams reinforced by 2.0 wt% CP
present the highest thermal conductivity after carbonization. The compositions of
reinforced foams are listed in Table 7. The improvement of thermal conductivity was
induced by the transformation of polyimide into graphitic foam matrix after the
carbonization, which formed a thermally conductive pathway. Then, Wu et al. (2020)
added ALO; particles into the ceramic/polymer foam matrix, which significantly
increased the thermal conductivity and flexural strength [135]. The ceramic particles
under the high-temperature forming process formed strong chemical bonds with each
other, and the phonon scattering at the interface was reduced. Therefore, continuous

channels with good thermal conductivity were developed.

Table 7. Detail composition of particle reinforced foams reported by Song et al.
(2017) [134], where CP, MWCNT, CF, and PI represents composite carbon particles,
multi-wall carbon nanotubes, carbon foams, polyimide respectively.

Reinforced foam Foam matrix Particle content
CF Phenolic foam 0 wt% MWCNT
CF 0.08CNT Phenolic foam 0.08% wt% MWCNT
CF 0.5CNT Phenolic foam 0.5% wt% MWCNT
CF 1.0CNT Phenolic foam 1.0% wt% MWCNT
CF 2.0CNT Phenolic foam 2.0% wt% MWCNT
CF 2.0CP Phenolic foam 2.0% wt% CP
CF _2.0PI Phenolic foam 2.0% wt% PI particle
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Acoustic insulation of particle reinforced foams

Noise is a common hazard imposing psychological and physical effects on humans.
Due to the excellent acoustic performances, foam materials have been used as the core
materials of sandwich structures in constructions. There are two mechanisms
contributing to the sound insulation of foam materials: The porous microstructure can
dissipate sound wave energy through reflection and transformation to thermal energy,
and the porous microstructure can eliminate the sound resonance [138-146]. Recently,
some porous particles have been added into the foam matrix to promote the sound
absorption capability. Meanwhile, mechanical properties have also been promoted.
Chen and Jiang (2018) manufactured bamboo leaves particles reinforced polyurethane
foams through direct stir casting [138]. A frequently-used experimental setup is
employed to evaluate the sound transmission loss, as schematically shown in Fig. 9a.
The measurements of transmission loss are shown in Fig. 9b. The polyurethane foam
embedded with a 6% volume fraction of bamboo chips demonstrated the optimal
transmission loss under the majority frequency range. The mechanism of sound wave
loss was the promotion of sound reflection and resonance with the presence of bamboo
particles within the foam matrix. Tiuc et al. (2019) fabricated a novel composite
material based on the sawdust particles and polyurethane foam matrix [139]. In the
previous researches, both porous materials have been proved to exhibit excellent sound
absorption. The internal structure of a composite foam is shown in Fig. 9¢. The
composite foams with various particle contents were manufactured and tested by an
experimental setup used for sound absorption coefficient measurement. The acoustic
and mechanical experiments revealed that the sawdust particles could improve the
tensile/compressive/bending strength and the sound absorption capability, except the
frequency range of 2 kHz - 4 kHz. The enhancement of sound absorption was induced
by the modifications of microstructure. The sawdust particles increased the airflow
viscosity efficiently within the foam microstructure. Then, Zangiabadi and Hadianfard
(2019) added hollow silica nanospheres into polyurethane foam to improve the sound
absorption capability [140]. The shell of hollow nanospheres and the air trapped within

the hollow particles caused the damping of sound waves. Besides, the sound energy
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was dissipated by the thermal loss due to the friction between air molecules and cell
walls. Muhazeli et al. (2020) fabricated the magnetorheological foams by adding
carbonyl iron particles (CIPs) into a rigid polyurethane foam matrix [141]. The
experimental results indicated that the sound absorption capability was tunable when
the magnetic field was applied. The adjusting mechanism is schematically shown in
Fig. 9d, which shows different channels transmission of sound waves under magnetic
field. Recently, Lin et al. (2022) added hollow ceramic particles into the polyurethane
foams to modify the mechanical properties and capability of sound absorption [143].
The coded name HCMF was the abbreviation of hollow ceramic microparticles
reinforced foam, and the number after the HCMF was the volume fraction of
microparticles. Fig. 9e shows a sharp growth of compressive strength as a function of

the HCMF content after HCMF 15, where the trend is fluctuant before HCMF15.
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Figure 9 Acoustic properties of particle reinforced foams. (a) Schematic illustration of
an experimental setup for evaluating the sound transmission loss of foams [138]. (b)
Measurements of sound transmission loss of bamboo particles reinforced foams with
various particle contents [138]. (c¢) Internal microstructure of sawdust particle
reinforced foams used for sound insulation [139]. (d) Schematic drawing of modifying
sound absorption capability of carbonyl iron particle reinforced polyurethane foam
[141]. (e) Relationships between compressive strength and particle contents [143]. (f)
Sound absorption capability of foams with various particle contents under different
sound frequency (right plot), where HCMF represents the volume fraction of
microparticles, and the numbers followed the abbreviation are the percentage of various
volume fractions [143].
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From Fig. 9e, the compressive strength of HCMF increases with more added
microparticles. Fig. 9f shows the sound absorption coefficients of particle reinforced
foams under various frequencies. From the measurements, the coefficients of different
composite foams presented a steady increase with the rise of frequency, although the
composite foams without and with low contents of particles (HCMF0, HCMFS5, and
HCMF10) showed higher coefficients at frequencies below 1000Hz, while HCMF15
and HCMF20 were more sensitive at higher frequencies. Liu et al. (2022) demonstrated
that the average sound absorptivity of foam embedded with less content of particles was
lower, which is induced by the sporadic distribution of particles within the foam matrix
[145]. The inhomogeneous distribution could lead to a wide range of cell sizes. Aside
from polymeric foams, the particle reinforced open-cell metal foams can also be used
as sound absorbers, while the closed-cell metal foams present poor sound absorption
performance [147]. The presence of particles within open-cell metal foam matrix
enhances sound absorption capacity with additional energy dissipation at matrix-
particles interfaces. For instance, Wu et al. (2003) demonstrated that embedding SiC,
particles in the aluminum foam matrix increased sound absorption properties, as the

interfaces between Al and particles were beneficial to absorb the vibration energy [148].

Electrical properties of particle reinforced foams

In consideration of applications, the requirements of electrical properties of foam
materials are various [35, 149-156]. Low dielectric constant materials play an essential
role in the semiconductor field, decreasing the current leakage, the capacitance effect
among wires, and the fever of integrated electronics. Polymer foams show a low
dielectric constant due to the low polarizability of constituent materials and high
porosity. Adding particles into the foam matrix can increase mechanical properties and
control the dielectric constant. Shummugasamy et al. (2014) studied the electrical
properties of hollow glass particles reinforced epoxy foams [151]. The internal
microstructure of composite epoxy foam is shown in Fig. 10a. An experimental setup

is developed to measure the impedance of foams, as shown in Fig. 10b, where the
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dielectric constant could be calculated from the measured resistance. The results
indicated that the dielectric constant could be tailored by modifying wall thickness and
volume fraction of hollow particles. A theoretically linear expression was proposed to
define the relationship between the dielectric constant and the density of foams. Then,
Poveda and Gupta (2014) employed the Maxwell-Garnett and Jayasundere-Smith
models to predict the dielectric constant of carbon nanofiber/hollow glass particles
reinforced epoxy foams, which provided reasonable accuracy compared with
experiments [152]. The theoretical and experimental results indicated that the
impedance decreased and the dielectric constant increased with more carbon fiber
contents. Besides, the impedance and dielectric constant can be controlled by the
volume fraction and wall thickness of hollow particles. Ge et al. (2018) fabricated the
ceramic/metal particles reinforced graphene foam based on the powder metallurgy
technique for the potential application of porous electrodes [154]. After the
solvothermal process, the 3D graphene network wrapped the particles to form a stable
and homogenous internal structure, as shown in Fig. 10c. The presence of inorganic
particles improved the mechanical properties of neat foams and increased electrical
conductivity. Goodarzi et al. (2020) studied the mechanical and electrical properties of
graphene particles reinforced linear and branched polypropylene foams [35]. Two
different sizes of graphene particles (100 and 7 micrometers) were used as the particle
additions. With the increase of graphene nanoparticles (GnP), the tensile modulus of
foams increased gradually. The measured conductivity of solid graphene/polymer
composites and composite foams is shown in Fig. 10d. The measurements indicated
that the addition of graphene particles increased conductivity of different polymers and
polymer foams apparently, as graphene particles altered the crystalline structure,

decreased the spherulite size, and enhanced cell density.
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Figure 10 Electrical properties of particle reinforced foams. (a) SEM of cross-section
of glass particle reinforced foams used for decreasing dielectric constant [151]. (b)
Schematic illustration of experimental setup used for measuring the impedance of glass
particle reinforced foams [151]. (c) Schematic drawing of 3D graphene-network
wrapped particulate foam for the enhancement of electrical conductivity [154]. (d)
Experimental measurements of electrical conductivity of solid graphene/polymer
composites and composite foams. LPSG, LPLG, BPSG, and BPLG represent the small
size graphene particles reinforced linear polymer, large size graphene particles
reinforced linear polymer, small size graphene particles reinforced branched polymer,
and large size graphene particles reinforced branched polymer, respectively, where GnP
loading % represents the volume fraction of added graphene nanoparticles [35].

Self-healing of particle reinforced foams

As the foam core sandwich panels used in high-performance applications may be
subject to a wide range of physical events, such as cyclic loadings, bird strikes, lightning
strikes etc., the rapidly in-situ repairing of the damaged region is essential to avoid
further damage to the whole structures [149, 157-163]. To overcome the limitations of
the single-capsules self-healing system, Cao et al. (2019) fabricated bilayered capsules,
incorporating two mutually reactive healing agents within the single capsule [157].
Then, the novel capsules were embedded into the epoxy foam matrix. The healing
strategy is schematically shown in Fig. 11a. With the presence of capsules, the strength
and modulus were both increased. Besides, the quasi-static compressive tests, three-
point bending tests, and soft impact tests demonstrated that the bilayered capsules
system provided multiple healing effects on the epoxy foams and the foam core
sandwich beams [158]. Then, Cao and Liu (2021) proposed a numerical modelling

framework to understand how healing agents flowed through the damaged foams and
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influenced the mechanical responses under cyclic compressive tests [159]. To enable
the simulations, a micromechanical model was developed to link damage to
permeability of the cracked polymer foams as well as the saturation to the capillary
pressure within the damaged polymer foams, as shown in Fig. 11b, where Q(t)
represents the volume occupied by a bulk foam material at the current configuration
with the boundary SC(7) at time ¢ under Cartesian coordinates x1 — x2 — x3; o the
effective stress tensor. The numerical modelling framework with the micromechanical
model successfully captures the main features of the self-healing process, as shown in
Fig. 11¢, where the parameters of damage variable and saturation are used to evaluate
the damage/healing effects and the amount of healing agents released from capsules.
Zhan et al. (2021) manufactured the carbon nanotube wrapped expandable particles and
added the particles into acrylic copolymer foams [162]. When the foam shows cracks,
the inherent long-chain entanglements of carbon nanotube wrapped particles and
acrylic copolymer foams provide the self-healing capability to the composite foam, as
shown in Fig. 11d. Quadrini et al. (2021) investigated the shape memory polyurethane
(PU) foam core sandwich beams with self-healing capabilities, where the
microcapsules were used as the epoxy healing agent carriers [163]. The shape memory
and healing effects are triggered by the heating process after damage, as schematically
shown in Fig. 11e. The abbreviations of SM and SMPC shown in Fig. 11e are shape
memory and shape memory polymer composite, respectively. Compared to the neat
composite panels, the recovered stress/stiffness and shape recovery are more significant

after embedding 0.5 wt% capsules, as shown in Fig. 11f.
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Figure 11 Self-healing of particle reinforced foams. (a) Schematic drawing of self-
healing polymer foam with bilayered capsule system [157]. (b) Deformation
mechanism of a foam embedded with capsules at initial, elastic, and damage
configurations [159]. (¢) FE simulation of self-healing process of bilayered capsules
reinforced foams [159]. (d) Self-healing strategy of carbon nanotube wrapped
expandable particulate acrylic copolymer foams [162]. (e) Self-healing strategy of
shape memory PU foam structure embedded with self-healing capsules under three-
point bending tests [163]. (f) The healing efficiency (left plot) and recovered
fixity/shape (right plot) of neat foams and capsules embedded foam [163].
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Electromagnetic interference shielding

Electromagnetic interference (EMI) shielding is the practice to reduce/block the
electromagnetic field in a space with barriers. In recent years, the porous polymeric
foams gradually replace the conducting metals with the advantages of light weight. To
balance the weight and mechanical properties, the hollow particle reinforced foams are
prepared and used in EMI shielding, where the hollow particles could be coated by
conductive layer, or made by conductive materials [ 164,165]. For instance, Zhang et al.

(2014) developed the hollow carbon particle reinforced epoxy foams, where the hollow
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carbon particles were coated with poly-dopamine by self-polymerization of dopamine.
The poly-dopamine provided the capability to enhance EMI shielding effectiveness of
polymer foam [166]; Panigrahi et al. (2015) fabricated silver (Ag) coated polypyrrole
microballoons. The EMI shielding effectiveness increased with the rise of Ag content.
Such Ag coated hollow microballoons could be used as the filler material in syntactic
foams [167]; Yu and Shen fabricated the Nickel coated cenospheres for the applications
of EMI. The experimental results demonstrated that the coated cenospheres provided
better EMI shielding effectiveness compared to the noncoated particles, indicating the
promising alternative candidates for millimeter wave EMI shielding [168]. Aside from
hollow particles, the nanoparticles have also been added in porous foams for EMI
shielding. Yao et al. (2022) added hybrid nanofillers (i.e., nanoparticles and nanofibers)
in Cu foams [169]. The composite foams can effectively shield the signal between
Bluetooth earphone and smartphone, which posed the capability of EMI shielding in

the fields of anti-monitoring and preventing cheating in exams.

Particle reinforced foam filled thin-walled structures

It 1s well-known that thin-walled structures, i.e., sandwich panels, engineered tubes,
and among others, presents the advantages of light weight, excellent absorption capacity,
and high crashworthiness [170]. Numerous research studies have been conducted on
the performances of thin-walled structures filled with neat foams. The presence of
particle reinforced foam matrix with the improvement of mechanical properties appeals
great interests in engineered thin-walled structures in recent years.

Foam-core sandwich panels, consisting two thin/stiff panels and a thick foam core, are
frequently used in industrial fields owing to the high stiffness-to-weight ratio [171]. In
recent years, particle reinforced foam has been used as the core materials to replace
neat foams, and the mechanical performances of composite sandwich panels have been
investigated under various loading cases. Ahmadi et al. (2020) studied the impact
behavior and failure mechanism of syntactic foam core composite sandwich panel [171],
where the foam matrix was fabricated from a resin-hardener system, and three VF

values of ceramic microballoons were adopted to make different specimens. The
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ballistic impact tests were carried out at different impact velocities. The results
indicated higher VF and smaller size of particles resulted in better ballistic resistance.
Besides, the syntactic foam core provided limited failure area under impact loading
compared to the neat foam core. Huang et al. (2020) studied the quasi-static and
dynamic compressive responses of ceramic particle reinforced foam-filled corrugated
sandwich panels [172]. The results indicated the higher VF of ceramic particles
provided higher energy absorption capacity for sandwich panel under quasi-static
compression. Pareta et al. (2020) investigated the shear modulus of fly ash particle
reinforced polyurethane foams under three-point bending tests [173]. The results
indicated the shear modulus of reinforced sandwich panel was increased up to 39%
compared to the non-reinforced panels. From the outcomes of the above recent
representative research, the addition of particles into foam cores provided better
mechanical properties for sandwich panels.

Foam-core tube is a structural component providing good performance in energy
absorbing under axial loading. While the large height-to-diameter/width ratio may
cause instability, filling particles can effectively increase the bending stiffness of cross
section [174]. Zhang et al. (2020) studied the energy absorption capacity of cenosphere
reinforced foams under lateral quasi-static compression [175]. The particle reinforced
foam-core tubes enhanced the mechanical performances dramatically, while the initial
peak load and energy absorption increased with the decrease of the average particle size.
In comparison, the increase of wall thickness led to the decrease of energy absorption
capacity. Taherishargh et al. (2016) fabricated the steel tubes filled with porous
expanded perlite particles reinforced foams. The energy absorption of tubes was
improved compared to the neat tubes in both compressive and bending loading
conditions [176]. As thin-walled tubes are the ideal choice as bumpers in automotive
industry [177,178], the understanding of dynamic responses is significant before actual
applications. For instance, Taherishargh et al. (2016) investigated the dynamic bending
responses of expanded perlite particle reinforced metal foam filled steel tubes [179].
The foam filling increased the energy absorption capacity of tubes by 3.9 times,

benefiting from the chemical reaction between the tubular shell and intermetallic
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compound.

6. Conclusion, challenges, and future opportunities

This review focuses on the recent advances in particle reinforced foams, covering the
manufacturing methods, mechanical properties, as well as the functionalities of particle
additives and applications. The particle additives can enhance the mechanical properties
and consequently increase the energy absorption capability effectively. In addition,
particle additives can be used as the stabilizer during fabrication process. Compared to
other composite foams, such as the fiber reinforced foams and nanotube reinforced
foams, particle reinforced foams allow the large-scale production. Recent research
progresses have revealed that additional functions, such as thermal/acoustic insulations,
electric insulation/conductivity, and self-healing, could be endowed to the composite
foams with the presence of particles. The advanced fabrication techniques and
numerical modelling strategies have enabled tunable physical properties of particle
reinforced foams by rational structural design. Thanks to their lightweight, good
mechanical properties as well as tunable functionalities, particle reinforced foams have
been intensively used in various civil and high-performance applications, ranging from
constructions, infrastructures to automotive, aircrafts, submarines, and biomedical
devices [2,5,10,180,183]. Despite significant progress summarized above, there still
remains some challenges. The opportunities for future explorations of particle

reinforced foams are elaborated in the below aspects:

1. Fabrication techniques: In the last decade, the syntactic foams have been applied
in many applications benefiting from the gradually mature production technique.
However, some fabricating issues still exist. For instance, the particle additives
could hinder the development of regular and homogenous cellular structure during
the foaming process. Besides, the mechanical properties of particle reinforced
foams produced from conventional forming processes are isotropic, which is

insufficient to fully exploit the reinforcing potential in complex loading conditions.
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In recent years, researches have proposed the employment of a contactless
magnetic field to build reinforcing structures in polymeric foams, which provided
great potential in the acquiring of regular and homogenous cellular structure via
the proper time-profile and intensity of a magnetic field during fabrication. The
reinforcing direction can also be adjusted by modifying the magnetic field [184].
Another challenge is the large-scale fabrication of particle reinforced
multifunctional foams. At present, the multifunctional foams can only be produced
in small-scale in the lab. The major limitations with large-scale production are the
repeatability and high cost for the civil and industrial purposes. To broaden the
scope of applications, the advanced and economical production techniques of
multifunctional foams should be developed in the first place [57,185-190]. The
advanced additive manufacturing technique could be a promising solution for
economic productions. Except for the 3D printing of thermoset foams [96,97],
Bharath et al. (2020), Bharath et al. (2021), and Dileep et al. (2021) printed graded
hollow glass particle reinforced thermoplastic foams via the fused filament
fabrication (FFF) method. Compared to the conventional fabrication techniques,
the FFF method showed the weight-saving potential of hollow glass particles in
foam matrix between 9.27% and 28% [191-193].

Mechanical properties and density: The Ashby plots of the relationships between
mechanical properties and density can be used to guide the selection of advanced
materials in scientific and industrial fields [194-196]. In recent researches, the
Young’s modulus and strength of materials in common use are presented in the
Ashby plots, as shown in Fig. 12a and Fig. 12b, respectively [197,198]. From the
plots, the regions of foam materials are located at the left bottom, which show the
characteristics of lightweight and weak mechanical properties. With the presence
of particle additives, the mechanical properties are increased dramatically, however,
the composite foams become heavier, such as the syntactic foams shown in Ashby
plots in Fig. 12¢ and Fig. 12d [96]. As the weight of materials is the key property

in some high-performance fields, the solid and porous particles become
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unapplicable to achieve low density. In recent years, some novel ceramic and metal
hollow particles with thinner shells have been developed. The advanced hollow
particle reinforced foams achieve excellent ballistic impact and energy absorption
compared to the control groups [171,199]. The future opportunities to achieve the
particle reinforced foams with high mechanical properties and low density (circled
regions shown in in Fig. 12¢ and Fig. 12d) could benefit from the development of

hollow particles with thinner wall and relative higher strength [191,200-202].
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Figure 12 Ashby plots of foam materials. (a) and (b) Ashby plots of Young’s
modulus and strength of materials in common use, respectively [197,198]. (c) and
(d) Ashby plots of mechanical properties of a variety of syntactic foams under
compressions [96].

Modelling strategies: The full-scale FE models, such as 3D Voronoi model, Kevin
model have been widely used to analyze the mechanical performance of foams with
high accuracy [203-205]. In order to reduce computational costs, the representative
volume element (RVE) technique have been applied by existing researches to avoid

full-scale simulations of foams and particle reinforced foams [206-212]. Owing to
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the stochastic nature of internal structure of foams, the cells and particle
reinforcements may not follow the periodic distribution with a unit size. Thus, the
deformation mechanism may not be captured accurately due to the local simulation.
Cao et al. (2021) proposed an approximate strategy to create hollow cells in a
relatively heavier foam matrix to represent the lightweight foam matrix to ensure
the same density [213]. This strategy has been used for the full-scale simulations
of porous particle reinforced foams under quasi-static and dynamic compressions
[106,213]. The deformation and reinforcing mechanisms of particle reinforced
foams have been successfully captured with explicitly modelling of particles and
hollow cells. However, the accuracy of stiffness is least desirable due to the coarse
treatment of the interface between particles and cell structures, where the serious
interfacial debonding occurred at a high strain rate. To deal with this problem,
Carolan et al. (2020) used cohesive element at interfaces between particles and
foam matrix. Both elastic modulus and tensile strength have been reasonable
predicted, while the particles were modelled explicitly [214]. In the theoretical
modelling strategy, Prabhakar et al. (2022) built a 2D micromechanical model to
understand the mechanical properties of syntactic polymer foams [215]. The
theoretical framework with the combination of computational models and multiple
linear regression analysis provided analytical solutions to the mechanical
properties of syntactic foams, which are influenced by the particle volume fraction,
particle wall thickness, bonding between the particle, and the matrix etc. In the
future modelling work of particle reinforced foams, a comprehensive strategy

could be developed considering the recent progress.

. Novel application fields: In conventional applications, foams are often used as the
structural components. Although the foams have endowed additional functions
with the presence of particle additives, such as thermal conductivity, acoustic
insulation etc. [148,170,216-222], the role of foams are still focused in the
structural fields. For instance, Chen et al. (2022) added various volume fractions

of silica aerogel particles into geopolymer foam. The composite foams endowed
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both super thermal insulating and excellent sound absorption, which showed great
potential in building materials for energy saving [223]. In recent years, several
researchers explored novel application fields of particle reinforced foams in
healthcare and electrical fields [224,225]. Lin et al. (2022) developed the dual
functionalisation of polyurethane foams with the presence of metal particles.
Except for the reinforcing function, the metal particles showed the property of
antibacterial and flame retardance [224]. In this case, the metal particle reinforced
foams show the potential in healthcare fields. Besides, Sun et al. (2022) fabricated
the FeOx-based particulate nickel foams [225]. The Fe.O3 and Fe3Os4 anode
materials using the Fe-based metal-organic in the nickel foam matrix exhibited
high energy density, which showed the promising applications in energy storage
devices. In the future opportunities, the explorations of particle reinforced foams
could be carried out in more novel applications. For instance, the porous structure
of foams could be added with some biological cues. The porous microarchitecture
can provide the microenvironment for cells adhesion and transition. The biological

stimulations could enhance the cells differentiation and tissue regeneration.
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