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The irreversible expansion of silica-gel beads upon heating makes the silica-gel bead infiltration method a novel
method for manufacturing Cu-based shape-memory foams with adjustable pore structures. The mechanism of
silica-gel bead expansion, however, is not clear, making control and prediction of the pore structure difficult.
This paper investigated the expansionmechanism of silica-gel beads bymeasuring expansion ratios and observ-
ing microstructural changes during heating. The irreversible and non-uniform expansion was caused by high-
pressure steam generated from water confined in the nano-pores of the silica-gel beads. A geometrical model
was developed to calculate the pore structures and the influences of expansion ratio and bead indentation on
pore structure were discussed. The calculated values for pore size, porosity and specific surface area agreed
well with the experimental results with small relative errors of 0.1% ~ 5.2%. The model will help to control the
pore structure manufactured by the silica-gel bead infiltration method more precisely.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Cu-based shapememory foams (SMFs) have attracted interests both
in academic studies and industrial applications for their high damping
property and high super-elasticity derived from the shape memory
alloy (SMA) matrix [1–4]. Coupled with the intrinsic properties of
metal foams [5], such as lightweight, high damping, energy absorbing
capacity and high specific strength, Cu-based SMFs are promisingmate-
rials for applications in sectors such as civil engineering and automobile
industry.

The performance of Cu-based SMFs is affected by pore structure and
pore morphology. Non-uniform foam morphology and irregular pore
shape can cause high stress concentration and undesirable effect on
the mechanical and functional properties of SMFs [6,7]. Many foaming
methods, such as sintering-dissolution [8], sintering-evaporation [7]
and melt infiltration [9], use salt space holders such as NaCl and
NaAlO2, which could not guarantee a uniform and regular spherical
pore structure. Spherical silica-gel beads were first used as space
holders by Castrodeza et al [10] to manufacture Cu-based foams and
nearly spherical pore morphology was obtained.
neering, South China University
Silica-gel beads infiltration method is a novel method developed by
Li et al [3,11] tomanufacture Cu-based SMFswith a uniform and adjust-
able pore structure (porosity from 66% ~ 82%) with spherical pore mor-
phology. It has several advantages: a) guaranteed spherical pores due to
the spherical shape of the silica-gel beads; b) uniform pore morphology
due to a well-bonded silica-gel beads preform created during the
heating process; c) adjustable porosity from 66% to 82% by taking ad-
vantage of the expansion feature of the silica-gel beads [11]. The as-
manufactured Cu-based SMFs exhibit highly improved mechanical
and functional properties such as high damping and super-elastic recov-
ery [3], because the spherical pore morphology and uniform distribu-
tion help to avoid local stress concentration. Adjustable pore
structures enable adjustable functional properties of the Cu-based
SMFs, because pore structure also has a significant influence on the
shape memory behavior of the SMA matrix, especially for SMA foams
with an oligocrystalline microstructure [2,3].

In silica-gel beads infiltration method, the silica-gel beads expand
upon heating, forcing the beads to squeeze against each other. Under
the constraint of the mother alloy placed above, the point contacts
among the beads are deformed to create face contacts, bonding the
beads together. The expansion and indentation of the beads in this pro-
cess lead to a change in the volume of the silica-gel beads and thus the
porosity of the foam. It was found that the higher the bead density, the
more bead deformation and the higher the porosity of the resultant
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foam [3], which can be used as an effective mechanism to adjust the
porosity.

The adjustment of pore structure produced the silica-gel beads infil-
tration method, however, is largely achieved by trial and error up to
date. Although the empirical approach is acceptable in most cases,
more accurate control of targeted pore structure and foam properties
requires quantification of the expansion of the silica-gel beads. The
mechanism of the irreversible expansion of silica-gel beads, which is
important for predicting and controlling the pore structure, is however
not understood yet. A quantitative understanding of the relationship be-
tween the pore structure of the foam and the expansion behavior of the
silica-gel beads is essential.

This paper investigates themechanism of the irreversible expansion
of silica-gel beads by studying the microstructural changes and
expanding patterns of the beads during heating. A geometrical model
is developed to calculate the pore size, porosity and specific surface
area of the foam as a function of expansion ratio of the silica-gel
beads. The model predictions are compared with experimental results
to validate the model.
2. Experimental procedure

The silica-gel beads used in this study were a commercial desiccant
made of pure amorphous SiO2. The raw silica-gel beadswere first sieved
into a series of size ranges. Two bead radius ranges, 0.25–0.36 mm and
0.36–0.50 mm, were selected for the study. The two groups of silica-gel
beads were subjected to a preheating treatment as shown in Fig. 1, first
at 200 °C for 1 h and then at 975 °C, 980 °C or 990 °C for 2 h. The silica-gel
beads after preheating were sieved again into bead radius ranges of
0.25–0.36 mm, 0.36–0.50 mm, 0.50–0.63 mm and 1.0–1.25 mm. Five
types of silica-gel beads with different combinations of raw bead size
and preheating treatment, #1 - #5 as shown in Table 1, were then sub-
jected to a final heating process to simulate the thermal procedure in
the melt infiltration process used in manufacturing Cu-Al-Mn foams
[3], except that the silica-gel beads were allowed to expand freely with-
out any constraint here. Specifically, they were heated at a heating rate
of 5–10 °C/min to 1100 °C and, after holding for 20min, cooled down in
furnace to room temperature, as shown in Fig. 1.

The bead radius distributions of the five types of silica-gel beads
were measured using the Image Pro 6.0 software. Macroscopic images
of the silica-gel beads were taken by a digital camera together with a
Fig. 1. Preheating treatment and final he
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scale and 500–1000 beads for each type from the images were
measured.

The beaddensity, ρ, and packing density,Ksp, of each of the five types
of silica-gel beads were measured by weighing a specific amount of
beads and measuring the bulk and net volumes of the beads. The
beads were poured into and loosely filled up a cylinder, which was
then filled with water until the beads were fully submerged. The vol-
ume of the cylinder, Vc, and the volume of the water used to fill up the
beads-containing cylinder, Vw, were measured. The bulk volume of the
beads, or the combined volume of the beads and thewater, was the vol-
ume of the cylinder, Vc. The net volume of the beads was the difference
between the bulk volume and the volume of water, (Vc− Vw). The bead
density was obtained by ρ = M/(Vc − Vw), where M is the mass of the
beads and the packing density was obtained by Ksp = 1 − Vw/Vc.

The coordination number of the loosely packed silica-gel beads, i.e.
the average number of beads in contact with any particular bead, was
measured by taking advantages of the expansion feature of the silica-
gel beads. In order to observe the bead contact deformation more
clearly, larger silica-gel beads with a radius range of 1.0–1.25 mm and
a density of 0.78 g/cm3, which would expand and deform much more
than #1 ~ #5, were used. The beads were poured into a crucible, a per-
forated ceramic plate was placed on top of the beads, and a block of
metal was placed above the ceramic plate to simulate the pressure ex-
perienced by the silica-gel beads before the melt infiltration during
the manufacturing process for the Cu-Al-Mn foams [3]. The crucible
was then placed in a furnace and underwent the final heating process
shown in Fig. 1. During the heating process, the beads underwent
constrained expansion and the contact points between the neighboring
beads were indented. After cooling down, the deformed faces of all the
silica-gel beads (Fig. 2) were counted. The average number of deformed
faces per bead was therefore the coordination number.

The average expansion ratios of thefive types of silica-gel beads dur-
ing the preheating treatment and final heating procedure were esti-
mated from the measured bead densities of the silica-gel beads before
and after the heating procedures by:

Δr
r
≈

1
3

ρ0

ρ1
−1

� �
ð1Þ

whereΔr/r is the average preheating or final expansion ratio, and ρ0 and
ρ1 are the average densities of the silica-gel beads before and after the
heating procedure, respectively. The silica-gel beads before the
preheating treatment contain large amount of confined water, which
ating procedure for silica-gel beads.



Table 1
Mean bead sizes and expansion ratios after preheating and final heating processes for the five types of silica-gel beads.

Beads Raw bead radius
[mm]

Preheating
process

Preheated bead density
[g/cm3]

Preheated bead radius
[mm]

r
[mm]

rs
[mm]

Standard difference of radius
[mm]

Expansion ratio, Δr/r

Preheating Final
heating

#1 0.25–0.36 990 °C + 2 h 1.15 0.25–0.36 0.336 0.338 0.038 0.05 0.022
#2 0.25–0.36 990 °C + 2 h 0.74 0.36–0.50 0.444 0.446 0.040 0.26 0.024
#3 0.36–0.50 975 °C + 2 h 0.70 0.50–0.63 0.546 0.547 0.039 0.30 0.026
#4 0.25–0.36 975 °C + 2 h 0.82 0.36–0.50 0.426 0.427 0.039 0.20 0.057
#5 0.36–0.50 980 °C + 2 h 0.93 0.36–0.50 0.466 0.468 0.046 0.14 0.122

Fig. 2. Macrograph of silica-gel beads with constrained expansion after the final heating
treatment.
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can distort the actual density and the expansion ratio calculations. The
density of the silica-gel beads before the preheating treatment
(1.32 g/cm3) was therefore estimated from the density of dense silica-
gel (2.2 g/cm3) and the porosity of the raw silica-gel beads (40%).

The cross-sectional microstructure of the silica-gel beads was ob-
served using a Supra 40 scanning electron microscope (SEM). The
silica-gel beads were inlayed in bakelite and mechanically ground and
polished for cross-section observation. The samples were cleaned,
dried and then gold-sprayed before observation.
3. Expansion of silica-gel beads

3.1. Mean bead radius, packing density and coordination number

The values of the volumemean radius, or average radius, r, of thefive
types of silica-gel beads are shown in Table 1. The silica-gel beads used
in this study are not uniform-sized and have a size range. The beads
after expansion, either after the preheating treatment or after the final
heating process, also have a size distribution. The average radius of
each of the five types of silica-gel beads was determined by measuring
the net volume of a powder sample and counting the number of the
beads in the sample. While average radius is good for representing vol-
ume based parameters, e.g. porosity, it is normally not suitable for esti-
mating surface related parameters such as specific surface area. Fig. 3
shows the bead radius distributions of the five types of silica-gel beads
(#1 - #5). They all follow a similar log-normal distribution with a stan-
dard difference between 0.038–0.046. The surface mean radius, rs, de-
termined using Eq. (2) [12], and the standard difference of each of the
five types of beads are listed in Table 2.
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Fig. 3 shows that the bead size ranges of the silica-gel beads are
wider than the nominal size ranges obtained by sieves, and the average
sizes also deviate from themidpoints of the nominal size ranges. This in-
dicates that it is necessary to use experimentally measured mean bead
sizes, especially for the estimations of parameters that are extremely
sensitive to bead size. The surface mean radius of the silica-gel beads
is only slightly larger than the average radius, so average radius can be
used for estimating all pore parameters in this case with negligible
difference.

The measured packing density values of the five types of silica-gel
beads are very similar, with a value of 0.61. The packing density of
spherical particles depends mainly on the packing mode and the size
distribution of the particles [13]. The packing density of mono-sized
spheres falls between 0.636 for random close packing [14] and 0.55
for random loose packing [13]. Although the five types of beads have
different size ranges, they have very similar size distributions, as
shown in Fig. 3, and almost identical loose packing conditions.

The coordination number (Nc) of the silica-gel beads is the average
number of contact points each bead has with its nearest neighbors.
The contact points for each bead were identified by counting the num-
ber of the deformed faces or dents for all the expanded and squeezed
silica-gel beads subjected to the constrained heating. Fig. 4 shows the
frequencies of silica-gel beads with different numbers of contact points.
It is seen that most silica-gel beads have 5–9 deformed faces, giving an
average number, i.e., coordination number, of 6.0. This measured coor-
dination number is close to the reported range of 5.8–6.0 for randomly
packed homogenous spheres [15,16]. The coordination number de-
pends mainly on the packing mode and largely independent of particle
size distribution [17], especially if the small-to-large size ratio is greater
than 0.154 in the mixture of particles [13]. The silica-gel beads used in
this paper falls within this situation.

3.2. Expansion ratio

The average densities and the average expanding ratios of the five
types of silica-gel beads after the preheating treatment and the final
heating process are listed in Table 1. Several observations can be made
from the data. Firstly, the silica-gel beads experienced a large expansion
during the preheating treatment. The expansion of the silica-gel beads
during the final heating procedure is also significant. These expansions
are irreversible, which is different from the thermal expansion of solid
amorphous SiO2, which is normally reversible and has amuch lower lin-
ear expansion value. Secondly, the expansion ratio increases with
preheating temperature. Comparing samples #2 and #4 shows that in-
creasing the preheating temperature from 975 °C to 990 °C resulted in
an increase in the expanding ratio from 0.20 to 0.26. Thirdly, smaller
beads have a lower expansion ratio than larger beads. For example, at
the same preheating temperature of 975 °C, increasing the raw bead ra-
dius from 0.25–0.36 mm (#4) to 0.36–0.50 mm (#3) increased the



Fig. 3. Bead radius distributions of the five types of silica-gel beads.
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expanding ratio from 0.20 to 0.30. Finally, the expansion ratio seems to
increasewith thedensity of the silica-gel beads. Sample #2has the same
bead size as sample #4 but a lower density (0.74 vs 0.82 g/cm3) after
preheating treatment. The final expansion ratio of #2 (0.024) is consid-
erably lower than that of #4 (0.057).
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3.3. Microstructure

Fig. 5 shows the cross-sections of silica-gel beadswith a radius range
of 1.0–1.25 mm before and after the preheating treatment. The raw
silica-gel beads before preheating (Fig. 5a) has a nano-porous



Table 2
Comparison between experimental and calculated results of the pore structure
parameters.

Silica-gel
beads

Experimental results Calculated results Relative
difference

P R
[mm]

Sv
[cm−1]

P R
[mm]

SV
[cm−1]

δP
(%)

δR
(%)

δSv
(%)

#1 66.0% 0.362 53.5 65.0% 0.343 52.9 1.5 5.2 1.1
#2 66.0% 0.471 41.0 65.4% 0.455 40.0 0.9 3.4 2.4
#3 66.0% 0.580 32.5 65.9% 0.560 32.6 0.2 3.4 0.3
#4 71.0% 0.461 40.0 71.4% 0.450 40.1 0.6 2.4 0.3
#5 81.0% 0.532 33.6 83.0% 0.522 33.2 2.5 1.9 0.1

Fig. 4. Frequency of silica-gel beads with different numbers of contact points to their
nearest neighbors.
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microstructure (invisible at the low magnification, which was chosen
for comparison purposes). Most of the silica-gel beads after expansion
exhibit a double-layer microstructure with a nano-porous shell and a
micro-porous core, as shown in Fig. 5b. The expansion of the silica-gel
beads during preheating is apparently non-uniform, with the inner
core expanding more than the shell. The inner core is composed of
nearly spherical pores with overlapping pore walls.

Some of the silica-gel beads show a three-layer microstructure, as
shown in Fig. 5c. It has a dense shell, a low-porosity core with small
micro-pores, and a middle layer with large pores. This structure indi-
cates that the expansion of the silica-gel beads starts from the middle
layer and develops inwards. A double-layer structure is formed when
the expansion propagates to the whole core region.

Occasionally, silica-gel beads with directional and damaged pores
were observed (Fig. 5d). These directional and stream-lined pores
span from the core center to the surface of the bead, accompanied by
damaged shell (marked by arrows). This microstructure indicates that
the high-pressure gas generated in the expansion of the silica-gel
beads can break the pore walls, move towards the bead surface and
break the shell before being released. The directional release of pressure
leads to streamlined trails of elongated pores developing from the core
to the damaged parts of the shell.

Fig. 6 shows themicrostructural change of the silica-gel beadswith a
radius range of 0.36–0.50 mm during the final expansion stage when
heated at 1100 °C for 20 min without constraint. It shows that the ex-
pansion process is a continuous development from the preheated struc-
ture, where the pores in the inner core become larger and the shell
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becomes thinner. The micro-pores in the core and the nano-pores in
the shell both contribute to the final expansion.

3.4. Expansion mechanism

The irreversible deformation of the silica-gel beads and the spherical
pores formed upon heating indicate that the driving force for the expan-
sion is a gas coming from the silica-gel beads. Since the silica-gel beads
consist of pure amorphous SiO2 with a nano-porous structure, which
can easily absorb water [18], it is reasonable to infer that the steam
formed from the water confined in the silica-gel beads leads to the
expansion.

Most water near the surface of the beads evaporates during the first
step of preheating at 200 °C, forming a thin shell largely devoid of mois-
ture. In the interior of the beads, themajority of thewater is retained be-
cause water confined by the nano-sized pores is not easy to escape [18].
The poor thermal conductivity of amorphous SiO2 leads to a relatively
lower temperature in the interior, which may not produce a water
vapor pressure high enough for the vapor to escape. When the beads
are heated to 975–990 °C in the next step of the preheating treatment,
the water remaining in the nano-pores vaporizes and produces a high
pressure due to the hindrance of the solid pore wall. The high-
pressure steam leads to pore wall deformation and expansion of the
whole silica-gel beads. This is possible because even a tiny amount of
water can generate a very high level of steam pressure when the tem-
perature is above 600 °C [19].

The expansion of the silica-gel beads is not uniform. The initiation
and propagation of expansion depend on the distribution of water con-
tent and temperature gradient within the bead. The surface shell of the
bead is deficient in water after the first step of preheating and the new
steam formed during the second step of preheating can escape more
easily to the atmosphere. As a consequence, the shell does not expand
much during the preheating treatment, although it has been heated
up first. The expansion starts from a middle layer below the shell, be-
cause it has a combination of high water content and high temperature.
There is a temperature gradient from the surface to the center of the
bead due to its limited thermal conductivity. The expansion propagates
inwards as temperature of the interior increases gradually during
heating.

Silica-gel beads continue to expand during the final heating process,
albeit to a less extent than during the preheating treatment. After
preheating, a large proportion of the water contained in the beads is re-
leased, especially in the fully expanded regions. However, there is still
water confined in the insufficiently expanded regions, especially the
thin shell and the center region in those beadswith a three-layermicro-
structure. When the beads are heated at a higher temperature, the re-
maining water vaporizes to generate a higher pressure, which
produces an expansion.

The expansion processes during the preheating treatment and the
final heating procedue are shown schematically in Fig. 7 and summa-
rized as follows. The raw silica-gel beads contain numerous nano-
pores which absorb and reserve water. The surface of the beads is
dried during the first step of preheating at 200 °C, forming a shell defi-
cient in moisture. During the preheating treatment at 975–990 °C, the
water confined in the nanopores in the beads vaporizes to form
high-pressure steam, which forces the pores to expand and deform. Ex-
pansion initiates from amiddle layer below the shell and propagates in-
wards until the whole interior core is expanded. When the silica-gel
beads are heated to a higher temperature during the final heating pro-
cess, the residual water reserved in the shell and other non-fully-
expanded regions vaporizes. The newly generated steam forces the
pores to expand, resulting in a thinner shell and a larger corewith larger
pores.

The above mechanism explains well all the phenomena observed
during the expansion process of the silica-gel beads upon heating. The



Fig. 5. Cross-sectional SEM images of silica-gel beads: (a) before preheating treatment; (b-d) after preheating treatment showing typical (b) two-layer, (c) three-layer and (d) directional/
damaged pore structures.
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driving force for the expansion is the vaporization of water confined in
the nanopores in the silica-gel beads. The steam pressure is highly sen-
sitive to temperature, so the expansion ratio is mainly determined by
the heating temperature. Once the pore walls are stretched during ex-
pansion, the pores in the beads do not collapse during the subsequent
cooling down, causing their irreversible deformation. Expansion starts
in themiddle layer and develops towards the bead center due to the ex-
istence of temperature gradient. If the expansion propagation termi-
nates before reaching the center, a three-layer microstructure is
formed.Most beads exhibit a two-layer structure because full expansion
is achieved. Further expansion results in excessive steam pressure,
which causes successive pore wall ruptures propagating radially to-
wards the low pressure surface, especially at damaged parts of the sur-
face. The shortest path of the chain ruptures is from the bead center to
the bead surface, forming directional and streamlined ruptured pores
as shown in Fig. 5d.

The mechanism can also explain the effects of bead size and density
on the expansion ratio. Expansion ratio decreases with bead size be-
cause water contained in smaller beads evaporates and escapes more
easily due to their higher specific surface areas and shorter distance of
transport. The lower expansion ratio can be attributed to the lower
water content in smaller beads. Preheated silica-gel beads with a higher
density have more insufficiently expanded regions during the
preheating treatment. These regions can sustainmore expansion during
the final heating process, leading to a higher expansion ratio.
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4. Quantitative analysis of pore structure formed by silica-gel beads

4.1. Pore structure formation

In the silica-gel beads infiltration method, the silica-gel beads are
placed underneath a master alloy before the alloy is melted and the
melt is infiltrated into the interstices of the beads under pressure [3].
The weight of the mother alloy constrains the movement of the silica-
gel beads during the heating process such that awell-bonded and stable
space holder preform is formed. The metal fills the open space in the
preform during melt infiltration and forms an intimate contact with
the silica-gel beads. After solidification, the silica-gel beads are dissolved
completely, resulting in a porousmetal structure. Thefinal porous struc-
ture is almost a replicate of the silica-gel bead preform.

The silica-gel beads undergo expansion during the heating process,
before melt infiltration.While the beads maintain the same relative po-
sitions as the original packing, the beads are deformed and indented at
the contact points due to the constrained expansion. Each touching
point between the neighboring beads turns from a primarily point con-
tact to a face contact. The originally spherical beads become polyhe-
drons as shown in Fig. 2.

The problem to predict the parametrical properties of the pore struc-
ture, therefore, becomes an analysis of the geometrical structure of the
silica-gel beads preform after the final heating process but right before
melt infiltration.



Fig. 6.Microstructure of the silica-gel beads: (a) and (b) after preheating treatment; (c) and (d) after final heating at 1100 °C for 20 min.
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4.2. Pore size

Fig. 8 is a schematic diagram of the geometrical change of two adja-
cent silica-gel beads during the heating process. In practice, the bead
size is not uniform and the expansion ratio of the beads is influenced
by the bead size. However, it is impractical to determine the expansion
ratios of all individual beads by experiment. A mean-field approach is
sufficient to give an accurate representation. Let us assume that the
beads are perfect spheres with an average radius of r and they are in
Fig. 7. Schematic diagram of the expansion process and microstructural chan
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direct contact with their neighbors at points before the heating. During
the heating process, the beads expand to an average radius of R, by an
average change of Δr. The touching points between the beads are de-
formed and/or crushed, and the contact points become circular contact
faces of radius Rc, as shown in Fig. 8.

The pore size of the resultant foam is effectively the size of the silica-
gel beads after expansion. The radius of the pores can therefore be
expressed by:

R ¼ r þ Δr ¼ r 1þ Δr
r

�
) (3).
ge of the silica-gel beads during preheating and final heating processes.



Fig. 8. Schematic diagram of the geometrical change of two adjacent silica-gel beads as
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4.3. Porosity

If the silica-gel beads were assumed not to expand during the final
heating process, then the porosity of the resultant foam would be
equal to the original packing density of the beads:

P0 ¼ Ksp ð4Þ

where P0 is the porosity of the foam when the silica-gel beads do
not expand and maintain their original shapes, and Ksp is the pack-
ing density of the silica-gel beads, which can be measured
experimentally.

In the actual silica-gel bead infiltration method, however, the silica-
gel beads do expand. The volume of the silica-gel beads increases due to
the expansion, which results in an increase in the porosity in the end.
The volume change is equal to the increase in the total volume of the
beads under free expansion with a deduction of the volume loss at the
contacts between the beads, or the total volume of all the spherical
caps or dents, as illustrated in Fig. 8. Let us assume that the indented
spherical caps are independent of one another, which is true when the
expansion ratio is below 0.414 for a coordination number of about 6.
Taking into account of the free expansion and the indented spherical
caps between adjacent beads, the actual porosity of the foam can be cal-
culated by:

P1 ¼ Ksp
VR−NcVsc

Vr
¼ Ksp

4
3π r þ Δrð Þ3−Nc

π
3 3r þ 2Δrð ÞΔr2

4
3 πr3

¼ Ksp 1þ 3
Δr
r
þ 3 1−

Nc

4

� �
Δr
r

� �2

þ 1−
Nc

2

� �
Δr
r

� �3
" #

ð5Þ

where Vr is the volume of the bead before expansion, VR is the volume of
the bead after expansion without indentation, Vsc is the volume of a
spherical cap, Nc is the coordination number (the average number of
contacts a bead has with its direct neighbors, which can be measured
experimentally), r is the average radius of the bead before expansion,
Δr is the average radius change of an expanded bead, andΔr/r is defined
as the average expansion ratio.

If the volume loss due to contact-point dents is ignored and only the
free expansion is considered, the above equation can be simplified as:

P2 ¼ Ksp 1þ 3
Δr
r

þ 3
Δr
r

� �2

þ Δr
r

� �3
" #

ð6Þ

Eq. (6) can be further simplified, if higher-order items are ignored,
as:

they expand and deform.
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P3 ¼ Ksp 1þ 3
Δr
r

� �
ð7Þ

4.4. Specific surface area

The volumetric specific surface area, SV, is the ratio of the total sur-
face area of the pores to the volume of the porous metal sample. The
surface area of the pores are equal to the part of the total surface area
of the silica-gel beads that is in direct contact with the metal matrix. If
the silica-gel beads do not expand, the specific surface area can be
expressed by:

SV0 ¼ Ksp
Sr
Vr

¼ 3Ksp

r
¼ 3P0

r
ð8Þ

where SV0 is the specific surface area of the foam when the silica-gel
beads do not expand and maintain their original shapes, and Sr is the
surface area of a bead without expansion. Eq. (8) is in fact the expres-
sion for the volumetric specific surface area of closed-cell foam [20].
Since the beads do not expand, they are in point contacts with each
other, effectively leading to a closed pore structure.

If the beads expand, free expansionwould result in an increase in the
surface area. Constrained expansion, however, leads to indentation be-
tween adjacent beads and thus a reduction of the surface in contact
with the metal matrix, as illustrated in Fig. 8. This reduction is equal to
the area of all the dents or the spherical caps. Taking into account of
the free expansion and the indented spherical caps between adjacent
beads, the specific surface area of the foam can be calculated by:

SV1 ¼ Ksp
SR−NcSsc

Vr
¼ Ksp

4π r þ Δrð Þ2−Nc2π r þ Δrð ÞΔr
4
3πr3

¼ 3Ksp

r
1þ 2−

Nc

2

� �
Δr
r

þ 1−
Nc

2

� �
Δr
r

� �2
" #

ð9Þ

where SR is the surface area of the bead after expansion without inden-
tation, and Ssc is the surface area of a spherical cap.

If the surface loss due to contact-point dents is ignored and only the
free expansion is considered, the above equation can be simplified as:

SV2 ¼ 3Ksp

r
1þ Δr

r

� �2

ð10Þ

4.5. Influence of expansion ratio on porosity and specific surface area

It is obvious that pore size of the foam increases linearlywith expan-
sion ratio of the silica-gel beads, as shown in Eq. (3), since the increment
of pore size is the direct effect of the expansion of the beads.

The influence of expansion ratio on porosity, however, is more com-
plex. The expansion of the silica-gel beads leads to an increment of pore
volume, whereas the indentation between adjacent beads leads to a
decrement of pore volume. The predictions of porosity as a function of
expansion ratio based on Eqs. (5), (6) and (7), assuming a packing den-
sity of beads Ksp=0.61 and a coordination numberNc=6.0, are shown
in Fig. 9a. P1, which is the actual porosity taking into account expansion
and indentation of beads, is shown to increase with the expansion ratio.
An expansion ratio of 0.1 can increase the porosity from 0.6 to 0.75,
which is apparently significant.

Fig. 9a also shows that P2, which is an approximate porosity taking
into account the expansion but ignoring indentation, is very close to
P1 when the expansion ratio is below 0.06 but considerably different
from P1 when the expansion ratio is above 0.08. This means that the



Fig. 9. Relationship of (a) porosity and (b) specific surface area with expansion ratio. P1, P2 and P3 denote porosity predictions based on Eqs. (5)–(7). Sv1 and Sv2 denote specific surface
area predictions based on Eqs. (9) and (10).
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effect of bead indentation can beneglected at low expansion ratios but it
has to be considered at high expansion ratios. P3, which is an approxi-
mate porosity predicted from the much simplified Eq. (7), is always
below P2 and slightly above P1, with the relative difference between
P3 and P1 less than 2% for the expansion ratio in a wide range of
0–0.12. Therefore, Eq. (7) is a good approximation for porosity estima-
tion of the foams manufactured by the silica-gel bead infiltration
method.

The influence of expansion ratio on specific surface area, predicted
by Eqs. (9) and (10), assuming a packing density Ksp=0.61 and a coor-
dination number Nc = 6.0 and bead radius r = 0.5 mm, can be seen in
Fig. 9b. The specific surface area, SV1, decreases nearly linearly with ex-
pansion ratio. An expansion ratio of 0.1 can result in a significant de-
crease of specific surface area from 35 cm−1 to 30 cm−1. It indicates
that surface area reduction due to the indentation between adjacent
beads during expansion is a significant factor and cannot be ignored. Ig-
noring the indentation and considering the expansion alone leads to an
increasing specific surface area, SV2, with expansion ratio. This shows a
completely wrong trend. Therefore, the simplified equation, Eq. (10),
should not be used for estimating specific surface area.

The porosity and specific surface area of the foamare proportional to
the packing density of the silica-gel beads, as shown in Eqs. (5) and (9),
respectively. The coordination number also affects porosity and specific
surface area. However, packing denisty and coordination number do not
change much in the silica-gel bead infiltration method. It is reasonable
to take packing density as Ksp = 0.61 and coordination number as
Nc = 6.0 in all estimations.

4.6. Comparison with experimental results

The measured values for pore size (R), porosity (P) and specific sur-
face area (SV) of Cu-Al-Mn foams [3] manufactured by the silica-gel
bead infiltration method using the five types of silica-gel beads
(#1 ~ #5) are listed in Table 2. Their counterpart calculated values ob-
tained by Eqs. (3), (5) and (9), respectively, are also listed in Table 2
for comparison. Themeasured packingdensity (Ksp=0.61) and average
coordination number (Nc = 6.0) values are used in all calculations. The
values of average bead radius (r), surface mean radius (rs) and expan-
sion ratio during final heating(Δr/r) used for the calculations are listed
in Table 1. Average bead radius is used in calculating pore size and po-
rosity and surface mean radius is used in calculating specific
surface area.
436
Table 2 shows that the differences between the calculated and ex-
perimental results for all the pore structural parameters are relatively
small. The calculated porosity values almost coincide with the experi-
mental results, with a small difference of 0.2% ~ 1.5%. The difference be-
tween the calculated and experimental pore size is 1.9% ~ 5.2%, which is
small considering the wide bead size distributions. The difference in
specific surface area is also small, about 0.1% ~ 2.4%. This demonstrates
that the geometrical model developed in this paper is reliable and the
equations used for estimating porosity, pore size and specific surface
area as a function of expansion ratio are reasonably accurate.

5. Conclusions

1) Expansion ratios of silica-gel beads during the preheating and
final heating processes were measured. The irreversible and non-
uniform expansion of silica-gel beads was caused by high-pressure
steam generated from water confined in the nano-pores of the silica-
gel beads. This mechanism can explain well all the phenomena ob-
served during the expansion process.

2) The packing density of the silica-gel beads was measured to be
0.61. During the heating process, the silica-gel beads underwent expan-
sion and, when constrained, the contact points between the adjacent
beads were indented and formed deformed faces. The average number
of dents per bead, or coordination number, was measured to be 6.0.

3) A geometricalmodel was developed to calculate the pore size, po-
rosity and specific surface area of metal foams manufactured from the
silica-gel bead preform, as a function of expansion ratio. The influence
of the indented spherical caps on themodel calculations was discussed.
While the dents can be ignored for calculating the porosity at low ex-
pansion ratios, it has to be taken into account for calculating porosity
at high expansion ratios and for calculating specific surface area.

4) The differences between the calculated and experimental values
for pore size, porosity and specific area are relatively small
(0.1% ~ 5.2%), demonstrating that the geometrical model is reliable
and reasonably accurate.
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