J Porous Mater (2017) 24:29-37
DOI 10.1007/s10934-016-0233-9

=
@ CrossMark

Mass-scale processing of open-cell metallic foams by pressurized

casting method

B. Soni' - S. Biswas!

Published online: 1 July 2016
© Springer Science+Business Media New York 2016

Abstract Here, we report a simple and cost-effective
technique for mass-scale processing of open-cell foams of
metals and alloys with precise control over foam parame-
ters (pore size, pore distribution, and strut thickness). The
process involves pressurized infiltration of molten metals/
alloys into salt preforms under 1.5—4 bar inert gas pressure.
The preforms were fabricated from spherical particles of
different salts, selected on the basis of the melting tem-
perature of the metals/alloys. The porous metallic struc-
tures were recovered by leaching out the salt patterns. The
working temperature and the applied pressure play the
most vital role in determining the foam structure. The
developed foams were studied with optical microscope,
scanning electron microscope (SEM), and X-ray computed
tomography (CT). Mechanical properties of the developed
foams evaluated under quasi-static compressive loading are
also reported.

Keywords Foam - Infiltration - Casting - Tomography -
SEM - Porosity - Strength

1 Introduction

Metallic foams (MFs) have emerged as a new class of
engineering materials having number of unique properties
such as high gas permeability combined with high thermal
conductivity, high compressive strength combined with
low density and ultra light weight, striking mechanical
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energy absorption characteristics, and higher strength to
weight ratios as compared to their bulk counterparts [1-7].
MFs are classified into two types: open-cell and closed-cell
foams based on their structure [1, 5]. In closed-cell foams,
each cell is completely secluded by a thin wall or crust of
the non-permeable metal, whilst in open-cell foams the
individual cells are interconnected. Closed-cell foams are
generally sought for lightweight structure while open-cell
foams are particularly required where surface exchange
phenomena are involved or where permeability or pore
connectivity is required. In MFs, the ratio of strength per
unit mass gets higher with increasing porosity while the
quantity of material used decreases. These foams are
potentially attractive to be used as high strength and ultra
light weight materials in aircrafts, vibration and acoustic
energy dampening materials, fluid storage materials,
building materials, heat exchangers in power devices,
structural materials in space industry, catalyst supports in
chemical reactions, porous electrodes, and specifically in
high pressure storage systems [1, 8, 9].

Several methods have been explored in manufacturing
MFs. The manufacturing processes of MFs can be classi-
fied according to the state of matter in which the metals/
alloys are processed viz, (i) Liquid state processing, (ii)
Solid state processing, (iii) Electro-deposition, and (iv)
Vapor phase deposition. Detail reviews of manufacturing
methods and characterization of porous metals are avail-
able in Refs. [1, 10]. MFs from liquid state can be pro-
cessed by direct foaming methods, indirect methods via
polymer foams, or by casting liquid metal with solid filler
materials. Direct foaming of melts by injecting gas for the
creation of fine bubbles in the molten metal matrix were
carried out in various attempts as described in Refs.
[11-13]. The melt was solidified in a controlled manner to
trap the gas bubbles during solidification to form the MFs.
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An alternate way of foaming melts is to add blowing
agents to the melt instead of blowing gas into it. The
reported literature in Refs. [14—18] describes the foaming
process of metals using hydrides such as TiH, or ZrH, as
gas forming agents in the molten metal matrix. On heating,
the hydrides release hydrogen gas and forms gas bubbles
which are trapped inside the molten liquid and form the
porous foam structure after solidification. The complete
steps involved in processing MFs using hydrides of Ti, Zr,
and Hf along with viscosity enhancing agents such as Ca
and Mg are described in Refs. [19-21].

Another alternative approach for producing MFs
through liquid route is solid—gas eutectic solidification
process where a material is melted in a gas atmosphere to
saturate it with hydrogen followed by directional solidifi-
cation at a predetermined pressure causing gas pores to
precipitate and getting trapped in the metal [22, 23].

Foams have been manufactured from liquid metal by
casting method such as investment casting using poly-
mer foams as starting material and also by direct cast-
ing with space holder materials [24-27]. Open-cell
polymer foam structure was obtained by reticulation
treatment to polyurethane foam followed by filling of
heat resistant materials like phenol resin and calcium
carbonate or simple plaster [24]. The polymer was
removed by heating and then the molten metal was cast
into the resulting voids. Removal of the heat resistant
material finally created the porous metallic structure.
Porous metals were also produced by casting liquid
metal around inorganic and organic granules such as
soluble salts [28], vermiculite [29], and sand pellets
[30] forming syntactic foams which on leaching formed
the open-cell structures.

Composite or syntactic MFs were synthesized using
pressure infiltration technique [31-36]. High pressure
infiltration processes were followed to develop MFs of Al
or its alloys [37-43].

Powder compact melting technique was also employed
for developing MFs. In this technique, metals or alloys or
their blends in powder form is mixed with gas forming/
blowing agents which is compacted using hot uniaxial or
isostatic compression or by powder rolling followed by
heat treatment near the melting point of the metal matrix
leading to decomposition of the blowing agent and
expansion of the material [44-46]. Some techniques also
use a combination of solid and liquid state processing to
produce MFs [47]. Modified processes [48-51] have been
developed to form MFs by hot compacting the powder
mixtures of metal and foaming agent at a temperature
where joining of the metal particles takes place primarily
by diffusion. Powder metallurgy techniques based on
leachable space holder materials were also used for the
processing of MFs [52, 53].
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Techniques involving deposition of powders on polymer
medium were also explored to form MFs. Porous structures
of copper and copper alloys were developed by depositing
the metals on porous skeletons of resin body by means of
an adhesive followed by removing the resin skeleton by
heat treatment [54-56]. Electrodeposition process was
explored as a convenient technique to fabricate MFs
[57-62]. Vapor deposition technique was used to produce
MFs of nickel, commercially known as Incofoam [63-65].

Despite of the intense efforts, only few of the currently
available MF production methods allow an accurate control
over pore geometry and arrangement. While an active
research area, there have been very few products that
employ MFs. These materials have several perceptible
advantages, but the cost of manufacturing good quality
foams of both open and closed-cell types has, for the most
part, prevented their widespread applications. The present
work focuses on the development of a low cost technique
for mass-scale production of open-cell MFs with precise
control over foam density, shape and size of the pores and
their distribution.

2 Experimental

A series of MFs of pure metals and alloys having open-cell
structure of controlled pore size and distribution were
developed by a relatively simple and cost effective method
involving pressurized (1.5—4 bar pressure of Ar) salt infil-
tration casting process [66]. The present technique is a
modified, more facile and more versatile version of the salt
replication method proposed by Brothers et al. [67].

The process allows the fabrication of a series of MFs
using different preforms of salts. The preform structures
were designed as per the requirement of the final mor-
phology in the MFs. The experimental facilities required in
manufacturing the porous metals are high temperature-high
pressure tube furnace, crucibles (graphite, alumina, zirco-
nia, clay, etc.) of required shape and size, and salts to form
the preform structures. Figure 1 presents the primary steps
involved in the fabrication of the MFs. The processing
details are described below,

Step 1: Easily leachable salt patterns/preforms of dif-
ferent types (as per requirement), from sintered structures
to loose particles, and of different materials (NaCl, sugar,
sand clay, mixture of NaCl and sand clay, BaF,, StF,, etc.)
were used in this work. The selection of the preform
material was based on the melting temperature and
chemical reactivity of the metals/alloys. Few typical
examples are given below,

Preform I: Easily leachable sugar balls coated with sand
clay were used as preforms for low melting temperature
metals/alloys. The size and number of the spherical balls
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Formation of salt
preforms

Melting of metals/alloys on
the preforms in inert
atmosphere

Pressurized infiltration
and casting of the
molten metals/alloys
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Final products of MFs

Fig. 1 Flow chart showing the primary steps involved in developing
the MFs by pressurized salt infiltration casting process

were selected on the basis of the required pore size and
porosity in the final products.

Preform 2: NaCl or clay/sand coated NaCl particles
(nearly spherical in shape) were used for alloys with

melting temperature as high as 700 °C. The particles of
selected size were sieved and packed in graphite crucibles
and heated at 700 °C for 5 h to form the compact preforms.

Preform 3: Preforms of refractory salts were used for
high melting temperature metals/alloys. For example,
porous patterns of BaF, were fabricated from an aqueous
slurry of BaF, powders (5 pum size particles) and sodium
bicarbonate (as foaming agent) in a ratio of 8: 1 (wt%). The
slurry was microwave dried to form the porous patterns
followed by heating at 850 °C for 5 h in inert atmosphere.

The pressurized infiltration process was carried out in a
tube furnace set up as shown in the schematic in Fig. 2. In
this process, the casting was performed without any
requirement of creating vacuum in the chamber. The pre-
forms were packed in the respective crucibles according to
the melting temperature of the metals/alloys. The crucibles
are made of graphite, stainless steel, earthen clay, alumina,
or zirconia, and are coated with boron nitride to create non
sticky surface for the molten metals/alloys. The crucibles
have tiny openings/outlets at their basement for gas outflow
during the pressurized casting. The dimension of the cru-
cibles was selected in a manner to provide a spontaneous
downwards flow of the molten metals/alloys under
pressure.

Step 2: The precursor metals/alloys were kept on the
preform in the crucible and then placed inside the tube
furnace setup having the facility of creating Ar gas pressure
up to 4 bar at high temperatures. The metals/alloys were
melted at a temperature of 50 °C above their liquidus
temperature under continuous flow of inert gas at a pres-
sure of 1.25 bar.

Step 3: The gas pressure was precisely controlled at the
inlet and outlet of the furnace chamber to support proper
infiltration of the molten metals/alloys into the voids pre-
sent in the preform. After the pressurized casting, the
temperature of the furnace was quickly lowered down at
least 50 °C below the solidus temperature of the metals/
alloys and the gas pressure was released.

Step 4: The obtained structures were machined into
uniform shapes using a diamond grinding wheel and a
diamond wafering saw followed by leaching of the salt
patterns in hot water or brine solution agitated either by
magnetic stirring or ultrasonication followed by pressur-
ized water cleaning wherever required.

Pore distribution in the developed foams was studied
with optical microscope, scanning electron microscope
(SEM) and computedtomography (CT)-scanner. Cylindri-
cal specimens having dimensions at least 9-times of the
average pore size were cut from a parental foam block
using electrical discharge machining (EDM) to minimize
cell edge damage. The density of the foams (p*) was cal-
culated by measuring the foam volume and mass. The
porosity (¢) was obtained from the relationship
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Fig. 2 Schematic of the tube Pressure Valve
furnace used for pressurized salt
infiltration casting process

=

Gas Inlet

Ceramic Crucible

¢ =1 — p*/p, where, p, is density of the solid material
from which the foam is made, and the ratio (p*/p,) is termed
as the relative density of the foam (p,.;). Quasi-static com-
pression tests were conducted at room temperature at a strain
rate of 0.002 s~! following the ASTM E9-09 standard. At
least three specimens were tested for each compressive
condition to ensure the reliability of the results.

3 Results and discussion

A series of MFs of pure metals and alloys having open-cell
foam structure of controlled shape and size were developed
following the present synthesis process involving pressur-
ized salt infiltration casting of molten metals/alloys into the
salt preforms placed in ceramic crucibles inside a tube fur-
nace. Figure 3 shows the (a) photographic and (b,c) SEM
images of typical open-cell MFs of ASTM B32 grade Sn60
solder alloy (Sn,Pb, alloy). The pores are almost spherical
in shape with a typical diameter of 2-4 mm. Figure 4a, b
shows the photographic images of Al foams developed by
the present process. The cross sectional view of the Al foam
in Fig. 4c elucidates the interconnected open-cell porous
structure in the foam. Figure 4d shows the NaCl particles
used for forming the preforms. Figure Sa—c shows typical
CT-images of the Al foams showing pore dimensions of
1-3 mm (¢ = 0.50, 0.54 and 0.62, respectively). The CT-
images clearly reveal the homogeneously distributed inter-
connected open-cell structure throughout the foam matrix.
Figures 3, 4 and 5 confirm that the present process is highly
convenient for manufacturing MFs of controlled shape and
size along with the required ¢ and pore distributions. Fig-
ure 6a shows a typical SEM image of the sintered BaF, salt
patterns. The porous refractory salt patterns were fabricated
from an aqueous slurry of BaF, powders (5 pm size parti-
cles) and sodium bicarbonate (used as a foaming agent) in a
ratio of 8:1 (wt%). The slurry was microwave dried in a
controlled manner in a container to form the porous pattern
followed by sintering at 850 °C for 5 h. Figure 6b shows a
typical SEM image of the Al foam structure obtained by
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pressurized infiltration of the molten metal in the BaF, salt
pattern. The salt pattern was leached in a chilled brine
solution under continuous sonication and stirring.

The pressurized infiltration of the molten metals/alloys
in the salt preforms was accomplished by flushing out the
air present in the voids of the preforms placed in the cru-
cible inside the tube furnace. This was achieved by creating
the required pressure gradient between the inlet and the
outlet of the tube furnace. After melting the metals/alloys
under a continuos flow of inert gas, the inlet pressure was
quickly increased (and the outlet valve was properly reg-
ulated), which essentially forced the molten metals/alloys
to infiltrate inside the preform structure. As mentioned
before, there are tiny openings at the bottom of the cru-
cibles. These openings allow the passage of the air/gas
present in the voids of the preforms when pressure is
applied and the voids are subsequently filled with the
molten metals/alloys. The spherical salt particles are the
most appropriate to be used in forming the preforms,
mainly because of two reasons. First, their systematic
arrangement in the preforms make the preform structure
nearly homogeneous, hence uniform density distribution of
the MFs can be achieved. Second, the particles have the
least touching surface area in every directions with their
nearest neighboring salt particles and thereby provide
sufficient void space in the preforms. The spherical shape
of the salt particles makes the liquid metals/alloys to flow
easily near the touching boundaries of the neighboring
particles. When the molten metals/alloys fill the entire void
space between the spherical salt particles, they form a
metallic cage structure with openings/discontinuities at the
positions where the salt particles touch with each other. A
moderate gas pressure ensures complete infiltration of the
molten metals/alloys in the void space. The required
pressure for proper infiltration in the preforms varies with
the salt particle size and density of the molten metals/al-
loys. Higher pressure (~3—4 bar) was required when
smaller salt particles (<750 pm) were used, while much
lower pressure (1.25-2.5 bar) was required when salt par-
ticles of larger size (>1 mm) were used, i.e., higher
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Fig. 3 a Photographic and b, ¢ SEM images of typical MFs of ASTM B32 grade Sn60 solder alloy formed by pressurized salt infiltration casting

method

pressure is required for narrower voids. The openings/dis-
continuities in the metallic cage structure create the inter-
connected path necessary for the extraction of the solvent
during leaching, leaving behind the final structure of the
open-cell MFs. Since the entire process of melting, infil-
tration, and solidification by quenching was performed in
inert atmosphere, this process is very useful for those
metals having fast reactivity with oxygen and quickly
forms oxides on the surface. Several process parameters
including the applied gas pressure, working temperature,
and the preform structure play vital roles in controlling the
foam properties. The molten metals/alloys infiltrated easily
at higher temperatures due to the decrease in melt viscos-
ity. For example, molten Al at 680 °C required a gas
pressure of 2.5 bar for proper infiltration, while the
required pressure decreased to 1.5 bar when the tempera-
ture was increased to 720 °C (in both cases salt particles of
1 mm size were used). The p,.; in both the cases was
maintained ~0.32. In the first case, if the pressure is

maintained at 1.5 bar at 680 °C, the p,., of the final
products decreases to 0.27.

Figure 7 shows the compressive stress versus strain
curves under quasi-static loading (strain rate 0.002 s~ ') for
Al foams with three different relative densities
(prer = 0.34, 0.40 and 0.47 with an average cell size of
2 mm). As can be observed, the curves show the universal
compressive characteristics of MFs, i.e., linear elastic
response at the beginning of the deformation, an extended
plateau region indicating the collapse of the cells followed
by final densification stage as the collapsed cells are
compacted together and flow stress increases quickly [68].

In metals, sometimes it is difficult to define a yield point
at the end of the elastic region on the basis of the shape of
stress—strain curve and hence yield point is identified as the
point where the curve clearly showed onset of plastic
deformation. As can be observed, the samples
(prer = 0.34,0.40 and 0.47) show very short elastic region
under compression with low values of yield strength (o)
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Fig. 4 a—c Photographic images of Al foams formed by pressurized salt infiltration casting method, and d the NaCl particles used to form the

preforms

(less than 5 MPa), which followed an increasing trend with
increasing p,.;. No clear starting of the rupturing of the first
cell band can be clearly visible in any of the curves. Similar
behavior of g, was also reported by Xiao-ging et al. [69]
and Michailidis et al. [70]. The Young’s modulus (E) of the
three foam samples, as calculated from the slope of the
elastic region below the yield point are 141, 199, and
271 MPa, respectively (i.e., E increases with increasing
Dre)- With the increase in p,.;, the moment of inertia to
bend/deform the struts both in elastic and plastic region
increases which leads to the enhancement of the com-
pressive properties (g, and E) of the MFs. In all the sam-
ples, the elastic moduli in the plateau region (E,) (starting
point of plastic region till the onset of densification region)
were much smaller than in the elastic region. It confirms
that the foams continuously experience bending of the
struts and eventually started to collapse after exceeding
certain strain level. Such small E, in MFs is favorable for
shock absorption applications.
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The ability to absorb mechanical energy during defor-
mation is an important characteristics of MFs. The
absorption energy per unit volume (W) and energy
absorption efficiency (/) are two important parameters to
understand the energy absorption in foams at a specific
strain (¢) which can be evaluated by integrating the area
under the stress—strain curve and are expressed as [68, 69],

W= 7 o(e)de (1)
0
1 &

I= p—— { o(e)de (2)

where, a(¢) is the compressive stress (function of ¢), ¢, is
the limit of plateau strain up to the onset of densification,
and o, is the corresponding compressive stress. The values
of W calculated using Eq. (1) for the above three Al foam
samples (p,,; =~ 0.34, 0.40 and 0.47) for an ¢, of 0.4 are
2.2136, 4.9579, and 7.0847 MJIm >, respectively. The



J Porous Mater (2017) 24:29-37 35

A B

Fig. 5 a-c X-ray tomography generated images of Al MFs (¢ = 0.50, 0.54 and 0.62, respectively)
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Fig. 6 SEM images of a porous BaF, salt preform formed by microwave drying of the salt slurry mixed with sodium bicarbonate, and b Al MFs
obtained after infiltration into the preform
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Fig. 7 Compressive stress—strain curves of Al foams of different
relative densities (p,.,; = p*/ps; = 0.34, 0.40, and 0.47) under quasi-
static loading (strain rate = 0.002 s™")

corresponding values of [ as calculated using Eq. (2) are
46.30, 50.67, and 51.29 %, respectively.

4 Conclusions

A series of MFs of pure metals and alloys with controlled
pore size, distribution and strut thickness were derived by
pressurized salt infiltration casting process using a high
pressure tube furnace and suitable crucibles. The developed
process provides a facile way to produce foams of a wide
range of metals/alloys for pertinent industrial applications.
The process is highly efficient and cost-effective without
the necessity of creating vacuum for the infiltration of the
molten metals/alloys. Different process parameters affect-
ing the foam morphology were identified and thoroughly
studied. It was found that spherical salt particles supports
proper infiltration of the molten metals/alloys at 1.5—4 bar
pressure. The process can be adopted as an economic and
fast technique for mass-scale industrial production of MFs
with desired geometries.
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