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Abstract
Recent advances in cellular porous materials for improved performance in their areas of application require the integral 
design of their porous structure. In this work, open-cell porous aluminium with pores of spherical geometry and intercon-
necting windows were fabricated using the replication casting method by infiltrating porous preform formed by packing 
sodium chloride spheres of two different size ranges (1.4–2.0 mm and 2.0–2.5 mm diameters) with molten aluminium under 
externally applied differential pressure of between 0.01 and 0.1 MPa. The preform was removed by water dissolution which 
resulted in the formation of porous materials. The influence of infiltration pressure on the window size and relative density 
of open-cell porous aluminium manufactured was investigated. The resulting open-cell porous aluminium structures were 
characterized by using the micro-computed tomography and optical and scanning electron microscopes. The results show 
that within the range of applied pressure, the relative density of the open-cell porous aluminium structures increases as the 
infiltration pressure is increased, while the window diameter of the porous samples decreases as the applied pressure is 
increased. A geometric model based on interaction between poorly wetted sodium chloride particles and molten metal which 
leads to the formation of windows is proposed for the estimation of window radius of porous metals fabricated by replica-
tion casting. The estimated window size based on the geometric model is in good agreement with the measured window 
diameter of the experimental samples.
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1 Introduction

Porous metals are a new class of materials with unique prop-
erties which are derived from their porous cellular structures 
and metallic behaviours and offer an interesting combination 
of structural and functional properties such as low density, 

high specific surface area, high energy-absorption capacity, 
good damping properties, good fluid permeability and tortu-
osity, and controllable thermal and electrical conductivities 
[1–4]. The porous metals (particularly those made of alu-
minium) are finding an increasing range of applications: as 
structural components in automotive industries (light weight 
construction, crash energy absorption, noise control), in 
aerospace, ship, railway, biomedical, and building industry, 
and in functional applications for filters, heat exchangers, 
silencers, flame arresters, and for water purification [2, 5].

There exists a wide range of methods for the production 
of porous metals [1, 2]. Amongst these, the replication 
casting process offers a simple and versatile technique for 
low-cost fabrication of structurally uniform, open-celled 
porous structures for low melting point metals such as 
aluminium [6]. Replication casting consists of the following 
processes. A porous bed of preheated sodium chloride 
particles is prepared in a metallic die. The porous bed is 
infiltrated with molten metal under pressure. The resulting 
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composite is allowed to solidify and, thereafter, shaped 
into the desired shape, and finally, the salt particles are 
dissolved in water. Sodium chloride (NaCl) is often used 
as the preform/space holder material for the replication 
casting of porous aluminium structures [7–9]. This is due to 
its low cost, chemical inertness in contact with aluminium, 
its relatively high melting point, and ease of dissolution in 
water [8]. A critical factor in replication casting is the poor 
wetting of the salt particles by the metal; hence, molten 
aluminium does not spontaneously penetrate the open pores 
in the bed of NaCl particles. Therefore, external pressure 
is applied via suction or highly pressurized gas (argon) in 
order to overcome the capillary forces due to the non-wetting 
condition between aluminium and sodium chloride particles 
and to drive the liquid metal into the pore spaces within the 
salt bed [9, 10].

The use of replication casting to produce porous aluminium 
alloy was first proposed by Polonsky et al. [11] in 1961. 
They fabricated open-cell aluminium by infiltrating molten 
metal through porous preform made from granular particles. 
Fabrizio et  al. [12] used hydraulic cylinder to provide 
pressure and produced porous aluminium by replication of 
NaCl perform. Rodriguez [13] developed replication casting 
technique that utilized pressurized argon gas to infiltrate 
magnesium alloy through a leachable preform. A detailed 
review of the manufacturing of porous aluminium structures 
using the infiltration casting method is reported in [14]. 
Matej Vesenjak et al. [15] manufactured porous aluminium 
by infiltration liquid  Al7Si0.6  Mg through NaCl prefom 
using low-pressure die casting process and determined the 
dynamic compression behaviour of the aluminium alloy. 
They reported that mechanical properties increase with the 
porous materials’ density. The work did not consider the 
effect of processing variables on the structure of fabricated 
porous aluminium materials. Despois et al. [16] produced 
replicated porous aluminium by infiltrating 400 µm NaCl 
particles packed to 75% relative density with pure aluminium 
at varying infiltration pressure to vary the relative density 
of the porous aluminium. The authors reported that as the 
pressure is increased, the relative density of the porous 
material increases and that at relatively high infiltration 
pressure, small finger-like protrusions appear on the strut 
of the porous structure which lowers the permeability of the 
porous material. The researchers used relatively small NaCl 
particle sizes. There is need to extend investigation to lager 
sodium chloride sizes. Goodall et al. [17] varied the porous 
aluminium material’s density by densifying the NaCl preform 
by means of sintering and cold pressing, prior to infiltration. 
The result showed that preform sintering resulted in limited 
increase in preform density, while cold pressing gave rise to 
significant preform densification but resulted in the cracking 
of NaCl particles which they observed to be replicated in 
the final structure of the porous material. Furman et al. [18] 

fabricated porous aluminium structures by pouring 99.95% 
liquid aluminium over pure sodium chloride preform whose 
sizes ranged between 0.35 and 1.5 mm and utilizing vacuum 
suction to achieve infiltration aluminium through beds of 
sodium chloride particles. They reported that aperture radius 
(window size) increases with the sodium chloride particle 
sizes. The authors developed a model for window diameter 
of porous metal fabricated by replication casting. There is 
need to apply this model to other replicated porous structures. 
The relative density of a porous metal is related to nearly 
all the important properties of the porous material by way 
of simple scaling relationship and is generally a far better 
predictor of these properties than any other parameter [1]. 
Similarly, the fluid dynamic properties of replicated structures 
such as permeability and pressure drop are determined by the 
size of pore connecting windows rather than the pore size 
[2]. It is, therefore, crucial to specify the average size of pore 
connecting windows and relative density in order to establish 
the necessary relationship between micro-structural features 
and macroscopic properties.

A few researchers have till date developed models for 
estimating the size of windows formed in porous metals 
manufactured by replication casting. Furman et  al. [18] 
developed a foam structure model which is based on the 
interaction between molten aluminium and poorly wetted 
sodium chloride particles which leads to the formation of air 
pockets or air collars for the estimation of the size of windows 
formed during replication casting process. They described the 
shape of formed air collar by Laplace’s equation and thereafter 
derived a formula for the estimation of window size from the 
Laplace’s equation. The aim of this study is to investigate the 
influence of a processing parameter (infiltration pressure) on 
the key structural parameters (relative density and window 
diameter) of replicated porous metal and to develop a simple 
model for the estimation of the window size of porous metal 
manufactured via the replication casting technique. It is 
hoped that the findings of this work will contribute to the 
development of methodologies for the optimization of the 
structural parameters of these materials.

1.1  Theory

A window is formed at the contact between two sodium 
chloride beads or space holder’s particles which cannot be 
penetrated by molten metal due to its high surface tension. 
The physical model shown in Fig. 1 illustrates the condition 
at the contact between two sodium chloride beads once a 
molten alloy has been poured. The figure shows two sodium 
chloride beads of equal radius (Rp) in contact with each other. 
Rw represents the radius of window formed in the porous 
metal after replication casting, while Rc represents capillary 
radius due to an infiltrating liquid metal. The curvature of the 
capillary radius is assumed to be circular for simplification. 
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The model also assumed that the only resistance encountered 
by the infiltrating liquid metal is the one due to capillary action 
and that the NaCl particles are spherical in shape. A geometric 
model based on the interaction between poorly wetting liquid 
metal and contacting sodium chloride beads is proposed for the 
estimation of the window radius of porous structures produced 
by replication casting method.

Rc is defined by Young-Laplace equation as follows [19]:

where P is the applied pressure, σLV is the liquid-vapour sur-
face tension, and θ is the angle of contact between the liquid 
and solid. [σLV = 0.87 N/m [20], θ = 139° [20].

Applying Pythagora’s theorem, the window radius, Rw, can 
be derived as follows:

(1)Rc

2�LVcos�

P

(2)
(
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)2

=
(
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)2

− R2

P

(3)Rw =
√

�

�

Rp + Rc

�2

− R2

p

�

− Rc

2  Experimental

2.1  Specimen manufacture

The open-cell porous aluminium materials were fabricated 
by casting liquid 99.5% aluminium over pack of preheated 
sodium chloride beads (perform) in a stainless steel mould 
and then infiltrating the molten aluminium through the pore 
spaces between the salt beds by vacuum suction. Sodium 
chloride (NaCl) beads with the following size ranges 
1.4–2.0 mm and 2.0–2.5 mm were used as preform for the 
production of the open-cell porous aluminium samples. The 
NaCl beads were made using a process described in [21] 
which consists of the disintegration of a paste containing 
pre-gelatinized flour, NaCl, and water in heated vegetable 
oil-followed by the sintering of the formed sodium chloride 
beads. The salt beads were poured into a 35-mm diameter 
flanged stainless steel mould with a porous base, tapped 
a few times to improve packing. The whole arrangement 
was pre-heated to 600  °C in an electric furnace and, 
thereafter, part-inserted into a vacuum chamber. Liquid 
aluminium at 800 °C was poured over the bed of beads, 
and pressure differential of between 0.01 and 0.1 MPa was 
applied in five increments to drive the molten aluminium 
through the pore spaces of the salt beads. Cast samples 
were machined into suitable sizes for further analyses. The 
sodium chloride salt beads were dissolved in a water bath 
maintained at 50 °C for 48 h.

The resulting porous aluminium samples were weighed 
using an electronic balance, and the densities of the porous 
metals were determined from the geometry of the samples 
and their mass. Similarly, the density of loose-filled NaCl 
beads was determined by measuring the volume of a known 
mass of each bead size using a measuring cylinder. The 
stages of the manufacturing process for the porous alumin-
ium samples are shown in Fig. 2.

Fig. 1  Physical model for the determination of window size

Fig. 2  Images of porous aluminium manufactured by replication casting: a photographic, b micro-CT, and c SEM image
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2.2  Specimen characterization

The structure of the porous samples was investigated using 
the micro-computed tomography (Scanco AG, μCT40), 
scanning electron microscope (JEOL 6400), and a Nikon 
optical microscope, and in all cases combined with image 
analysis. 3D images of the aluminium foams were obtained 
using X-ray computed tomography (SCANCO AG µCT 40). 
In this technique, X-rays from a fixed source pass through a 
rotated sample and the signals are attenuated and measured 
by a fixed detector. To conduct the test, samples were placed 
in appropriate specimen holder (36.9 mm in diameter) and 
fitted onto the stage of the micro-CT. The X-ray scanner was 
operated using a medium resolution, 55 kV and 145 µA; 
voltage, and current density, respectively. A threshold value 
of 180 was used for the porous aluminium samples.

SEM characterization was performed using a JEOL 6400 
scanning electron microscope operating in combination 
with the LINK ISIS software system. The microscope was 
operated at an accelerating voltage of 20 kV, a spot size 
of 3 mm, and a working distance of 39 mm in secondary 
electron (SE) imaging mode. Prior to SEM operation, the 
foam samples were sputter coated with platinum in order to 
increase their electrical conductivities and prevent charge 
accumulation due to any residual salt particles in the sam-
ples. During the sputter coating operation, the coating cham-
ber was de-gassed with argon before a vacuum condition 
of 2 ×  10−2 mbar was achieved and coating was done at a 
voltage of 2.2 kV for 90 s.

The porous aluminium samples were examined using a 
Nikon optical microscope which is equipped with a CMEX 
digital camera (KL1500-T) for image capturing. In this 
work, the microscope was used in combination with image 
processing software (Image focus v3.0) to measure the pore 
and window sizes of the porous samples. Thirty images were 

captured from each sample with each image having roughly 
10 to 30 pores. The average pore/window sizes and standard 
deviation were calculated and tabulated.

The window and cell sizes of the open-cell porous alu-
minium samples were measured from 30 images acquired 
randomly from different sections of a porous sample using 
the (image focus v.3) image analysis software incorporated 
in the Nikon optical microscope. The resulting porous alu-
minium is shown in Fig. 2.

3  Results and discussion

3.1  Structure of porous aluminium

As shown in Fig. 2, the porous aluminium structure consists of 
cells of near spherical shapes embedded in aluminium matrix, 
inner windows interconnecting the cells, and struts with une-
qual thicknesses which demarcate the cells. Figure 3 shows 
the micro-CT images of bed of NaCl beads (left) and porous 
aluminium structures resulting from the infiltration of liquid 
aluminium through beds of NaCl beads (right). The porous alu-
minium consists of cells which are randomly distributed within 
the aluminium matrix in a manner that is similar to the random 
packing of beads within a “bed of beads.” The cells have sizes 
and shape (near-spherical) which replicate the size and shape of 
the beads from which the porous aluminium samples are manu-
factured. The cells are interconnected by “pore windows” which 
give the porous aluminium samples an open-cellular structure.

3.2  Windows

Table 1 presents the process conditions for the fabrication 
of porous aluminium samples and the variation of window 
diameter/relative density with infiltration pressure, while 

Fig. 3  2D slices of 3D micro-
CT images for loose-filled beads 
(left) and corresponding porous 
Al sample (right): a 2.0–2.5 mm 
sample, b 1.4–2.0 mm sample, 
and c 1.0–1.4 mm sample
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Fig. 4a and b compare the measured (experimental) window 
diameter with predictions from the geometric model (Eq. 3) 
and Furman’s model for porous aluminium fabricated using 
sodium chloride beads with size ranges of 1.4–2.0 mm and 
2.0–2.5 mm, respectively. The Furman’s model is expressed 
in Eq. 4 as follows [18]:

rmin is the window radius, σ is the surface tension of molten 
metal, P is the vector sum of external pressure, R is the radius of 
NaCl bead, and θ is the contact angle between the liquid metal 
and sodium chloride. The estimation of window diameter using 
the geometric model agrees favourably well with the measured 
window diameter and showed an average of 9% deviation from 
the experimental data, while the estimation of window diameter 
with the Furman’s model showed up to 32% deviation from 
the experimental values. The discrepancy between the experi-
mentally measured window diameters and calculated diameters 
using the geometric model could be because the geometric 
model assumed that the penetrating liquid metal has a circular 
capillary radius rather than hyperbolic radius for simplifica-
tion. Moreover, the geometric model also assumed that the only 
resistance encountered by the liquid metal during infiltration is 
the one due to capillary action, whereas in reality, aside from 

(4)rmin =
−3� +

√

9�2 − 8�RP cos�

2P

opposing capillary forces, the infiltrant encounters other resist-
ances such as viscous resistance, air back pressure, frictional 
resistance, and solidification resistance [21] which were not 
considered in the formulation of the model.

As stated earlier, porous metals manufactured by repli-
cation casting have open cells with pores interconnected by 
windows of characteristic size. Windows are formed as a 
result of the poor wetting properties of the Al-NaCl system, 
which at a given pressure leaves small regions around the 
contact points of sodium chloride spheres-unfilled with liq-
uid metal (non-infiltrated zones). These regions are the ori-
gin of the pore-connecting windows. The size of these pore 
connecting windows is a function of the intrinsic properties 
of the liquid metal, the particle/space holder material and 
size. the metal-particle interface, and the pressure used to 
infiltrate the metal into the porous perform [2]. Figure 4 
also shows that the window diameter of porous aluminium 
structures decreases as the infiltration pressure is increased 
for the same bead size range. This is probably because 
increase in pressure results in corresponding increase in the 
infiltration rate of the liquid metal through the capillaries 
of the NaCl space holder. This increases the liquid metal’s 
ability to penetrate the pore spaces between contacting 
beads and leaves smaller gaps (windows) than would be 
possible if infiltration occurred at lower pressure.

Table 1  Process conditions for replication casting of porous aluminium samples

Sample Infiltration 
pressure 
(N/m2)

Average NaCl 
particle diameter 
(mm)

NaCl particle 
parking density

Window diameter 
experiment (mm)

Window diameter 
geometric model 
(mm)

Window diameter 
Furman’s model 
(mm)

Density 
porous Al 
(g/cc)

Relative density 
of porous Al

A30 101,591.67 2.25 0.59 0.32 0.28 0.19 1.03 0.38
A16 54,182.24 2.25 0.59 0.34 0.36 0.24 1.02 0.38
A12 40,636.68 2.25 0.59 0.40 0.40 0.27 1.01 0.37
A7 23,704.73 2.25 0.59 0.49 0.52 0.34 0.98 0.36
A5 16,931.95 2.25 0.59 0.52 0.58 0.38 0.96 0.36
A3.5 11,852.36 2.25 0.59 0.68 0.68 0.43 0.95 0.35

Fig. 4  Comparison between 
experimental and modelled 
window diameters for porous 
samples manufactured by infil-
trating liquid aluminium into a 
1.4–2.0 bed of NaCl beads and 
b 2.0–2.5 bed of beads
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3.3  Relative density

Infiltration of molten metal through a non-wetting liquid 
metal/solid particle system as is the case with liquid alumin-
ium/NaCl particle system requires the application of external 
pressure in excess of a minimum value. This threshold pres-
sure P0 (also called capillary pressure) is estimated as with 
Eq. 5 as follows [22 AAInfiltration Gravity Casting IMP]:

where λ denotes the correcting factor for spherical 
deviation and surface conditions of the solid particles, 
γlv is the liquid–vapour surface tension, θ is the contact 
angle between the liquid metal and solid particle, Vp is the 
particulate volume fraction, and D is the mean diameter of 
the particles. For liquid aluminium/NaCl system, γlv = 0.87 
N/m, θ = 139 °C, and Vp = 0.58 and 0.57, respectively, for 
1.7 mm and 2.25 mm average NaCl particle sizes [20], and 
assuming λ = 1, the threshold pressure for infiltration was 
determined to be 0.003 MPa and 0.002 MPa for the 1.7 mm 
and 2.25 mm average particle sizes, respectively. This implies 
that infiltration can proceed under the pressure range for the 
fabrication of the open-cell porous aluminium samples.

The effect of infiltration pressure on the relative density 
of the porous aluminium samples is presented in Table 1. It 
can be seen from Table 1 that for porous aluminium samples 
manufactured from sodium chloride beads of the same bead 
size range and packing density, the relative density of the 
materials increases as the infiltration pressure was increased 
from 0.01 to 0.1 MPa. The samples showed 8.6% increase in 
relative density as the infiltration pressure is increased within 
this pressure range. This is probably because the extent of 
saturation of open pores within the sodium chloride bed 
increases with pressure; hence, high fraction of liquid metal is 
infiltrated into the porosity within the bed of NaCl beads at high 
pressure-resulting in increase in density [16]. This finding is in 
agreement with that of Despois et al. [16] who reported that for 
porous aluminium produced by infiltrating liquid aluminium 
in compacted NaCl preform with 75% packing density, and 
varying pressure from 0.2 to 15.5 MPa, the relative density of 
the resulting porous aluminium structures increased with the 
applied pressure up to the pressure of 12 MPa (corresponding 
to full infiltration of nearly all open porosity in the preform) and 
remains constant with further increase in pressure to 15.5 MPa.

4  Conclusions

Open-cell porous aluminium structures have been manufac-
tured by forcing liquid metal through the pore spaces between 
non-wetting contacting spherical salt beads. Experimental 

(5)Pth = −6��lv cos�
Vp

(

1 − Vp

)

D

approach was utilized to study the influence of infiltration 
pressure on the relative density and window diameter of fab-
ricated porous aluminium structures. A geometric model was 
also formulated for the estimation of the window diameter of 
open cell porous materials manufactured via the replication 
casting technique. The following conclusions can be drawn 
from the results of this study:

(1) A geometric model based on contact between solid 
particles which are poorly wetted by liquid metal and 
resulting in the formation of interconnecting window 
was developed. Prediction of window diameter of open-
cell porous aluminium produced by replication casting 
using the model is in good agreement with measured 
window sizes for open-cell porous aluminium produced 
in this study.

(2) At constant bead size and packing density of NaCl 
beads, the window diameter of porous aluminium struc-
tures manufactured by replication casting increases as 
the pressure of infiltration is reduced.

(3) The relative density of open-cell porous aluminium mate-
rials increases as the applied pressure on the liquid metal 
during infiltration is increased from 0.01 to 0.1 MPa.
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