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This paper addresses the thermal properties of syntactic metal foam made by embedding expanded per-
lite particles in A356 aluminium matrix. Lattice Monte Carlo (LMC) analyses are conducted to determine
the thermal characterisation of the foam. For increased accuracy, the complex geometry of the metallic
foam is captured by micro-computed tomography imaging. Using the resulting detailed geometric mod-

els, the effective thermal conductivity tensor is computed with possible thermal anisotropy taken into
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consideration. The numerical results are verified by comparison with experimental measurements. To
this end, an improved steady-state method is used to correct for thermal contact resistance.
Furthermore, the effective heat capacity, average density and thermal diffusivity of perlite — metal syn-
tactic foam are determined.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Materials with metallic matrix and internal porosity are com-
monly referred to as cellular metals. They are multi-functional and
they typically show high strength to weight ratio [1], damping [2],
and controlled energy absorption [3] combined with versatile ther-
mal properties. Due to the high thermal conductivity of the metallic
phase, cellular metals can be used for conductivity enhancement of
energy storage composites [4,5] and as heat exchangers [6-8].

The present paper addresses the thermal properties of novel
metallic syntactic foam (MSF). This subclass of cellular metals is
created by combining hollow particles with a continuous metallic
matrix [9]. For the material considered the hollow particles are
expanded perlite and the matrix is A356 aluminium alloy.
Syntactic metal foams have been previously fabricated by embed-
ding metallic [10,11] glass [12] or ceramic spheres [13,14] into a
metallic matrix. Due to their closed cell porosity MSFs are not usu-
ally suitable for conductivity enhancement or for use in heat
exchangers. However, the novel expanded perlite MSF overcomes
this limitation. Due to its low strength, the perlite, which is vol-
canic glass, can be readily removed (e.g. using a high pressure
water jet) resulting in a porous aluminium structure with an inter-
connecting pore network. Such a material is referred to as a metal-
lic sponge and is attractive for thermal applications due to its large
accessible surface area and relatively high thermal conductivity.

There has been a strong focus on structural applications of MSFs
but previous work on the thermal properties is surprisingly scarce.
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In [15,16] the effective thermal conductivity of syntactic steel
foams containing hollow spheres was predicted using numerical
analysis. Conductivities were found to decrease from 35 W/m K
to 20 W/m K with increasing filler particle fraction. This work
was extended for advanced pore morphology (APM) filler particles
[17] in an aluminium matrix. Due to the higher intrinsic conductiv-
ity of aluminium, relatively high conductivities of the syntactic
foam, between 32W/mK and 41W/mK, were found.
Furthermore, the thermal expansion coefficient of MSF was studied
for hollow SiC filler particles [ 18] and cenospheres [19]. This some-
what limited literature on thermal properties is dwarfed by
research focusing on the thermal characterisation of metallic
sponges that consider thermal energy transfer by conduction
[20,21], convection [22,23] and radiation [24,25]. A thorough
review thereof is far beyond the scope of this paper. This difference
in research intensity is easily explained by the large field of ther-
mal applications for cellular metals with interconnected porosity.
The present paper addresses for the first time the thermal prop-
erties of MSF containing expanded perlite particles. Analytical and
numerical approaches are combined with experimental measure-
ments to determine the material density, specific heat capacity,
effective thermal conductivity, and effective thermal diffusivity.

2. Methodology
2.1. Sample manufacturing
Perlite aluminium syntactic foams were manufactured using

infiltration casting. The expanded perlite particles (particle density
0.18 g/cm® [26]) were approximately spherical in shape and
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Nomenclature

Symbol Description (Dimension)

Cas3ss specific heat capacity of A356 alloy (J/kg K)

Cuvisk specific heat capacity of MSF (J/kg K)

D* dimensionless diffusivity (-)

Degr effective thermal diffusivity (m?/s)

hs sample height (m)

kasss thermal conductivity of A356 alloy (W/m K)

Kefr effective thermal conductivity (W/m K)

kep thermal conductivity of expanded perlite (W/m K)

kg thermal conductivity of reference body (W/m K)

g distance between temperature measurement locations
(m)

Mal mass of aluminium (kg)

Mpg mass of perlite (kg)

ms mass of sample (kg)

Nia number of jump attempts per particle (-)

Np number of probing particles (-)

p porosity (i.e. volume fraction of perlite particles) (-)
q heat flux (W)

R particle displacement (voxel)

RcHEe thermal contact resistance (m? K/W)

Rcr thermal contact resistance (m? K/W)

Rs thermal material resistance of the sample (K/W)
Riot total thermal resistance (K/W)

t LMC temp (i.e. total number of jump attempts) (-)
Tie extrapolated temperature (K)

Tue temperature of the heating element (K)

Tr1, Tro temperatures of the reference body (K)

Vai volume of aluminium (m?)

X anisotropy ratio (-)

Dy aluminium volume fraction (-)

0 density of MSF samples (kg/m?)

Oal density of aluminium (kg/m?)

particles with diameters between 2 and 2.8 mm were separated by
sieving. These particles were filled into a mould and the resulting
packed bed was infiltrated with liquid A356 aluminium alloy. A
subsequent thermal T6 treatment enhances the mechanical
properties of the syntactic foam [27]. A detailed description of
the manufacturing procedure can be found in [26]. The resulting
samples were of cylindrical shape as depicted in Fig. 1a. The
three-dimensional reconstruction of micro-computed tomography
(uCT) data shown in Fig. 1b only considers the metallic phase of
the foam material. It can be seen that pores (i.e. the volume occu-
pied by the expanded perlite particles) percolate as neighbouring
particles touch during the infiltration casting.

2.2. Lattice Monte Carlo analysis

Lattice Monte Carlo (LMC) is a finite difference based method
that simulates diffusion in virtual models by random walks of
probing particles [28,29]. The method is frequently used for the
analysis of thermal [29-31] and mass diffusion problems [32,33].
Its major advantage over finite element methods is memory effi-
ciency allowing the computation of a 10° voxel model on a stan-
dard desktop system (8 GB RAM). Further benefits are the simple
model generation from pCT data and its high numerical stability.

In the first step of the LMC analyses, virtual models of the MSF
are created. Due to the complex meso-structure of the foam mate-
rial, geometric models are derived from pCT scans of samples. A
high voxel resolution (voxel side length 35.32 um) ensures an
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accurate geometric representation. In the present study, a total of
six ICT data scans were obtained and their physical properties
are summarised in Table 1. The result of the nCT scans is primitive
cubic voxel data where the greyscale level of each voxel indicates
the average density within its volume. Thus, segmentation allows
the distinction between the high density aluminium and low den-
sity expanded perlite particles or pores. For this segmentation, the
aluminium volume fraction ®,; of the scanned MSF samples is
determined. To this end, the sample is weighed on a precision scale
to measure the sample mass ms (see Table 1). This value is cor-
rected by the perlite mass mpg that had been determined prior to
casting in order to obtain the aluminium mass ma = ms - Mp.
Using the density of A356 aluminium alloy (pa;=2520 kg/m?
[34]) the aluminium volume Vy; is calculated using Va = mai/pa.
The aluminium volume fraction is then determined by the division
of the aluminium volume with the cylindrical sample volume Vs
(see Table 1), i.e. M =Va/Vs. During the segmentation of the
WUCT data the greyscale threshold is iteratively adjusted until the
segmented volume fraction @, in the numerical model coincides
with this calculated value. In the next step, the cylindrical pCT data
is truncated to make the largest possible prism and the geometry is
mirrored relative to three perpendicular surfaces. This step is
required in order to prescribe periodic boundary conditions on
all surfaces of the numerical model. The truncated voxel data is
converted into a primitive cubic lattice model by substituting each
voxel with a lattice node located at its centre. The segmented
material information (i.e. A356 aluminium or expanded perlite)
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Fig. 1. Perlite metal syntactic foam (PMF): (a) cylindrical sample, (b) uCT reconstruction, (c) detailed view of the foam structure.
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