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1. Introduction

Lightening a structure through the use of holes is a rather
ancient concept that naturally led to the development of the
new porous structures we are seeing today. A pore within
a solid, or cell, can be defined as a spatial confinement of
air. The shape and size of the cell have significant influence
on the response of the material to external stimuli. The
ability to describe the behavior of these materials has enabled
engineers to tailor themacromechanical properties of porous
materials to specific requirements.This has considerably pro-
moted the applicability of such structures, which are playing
an increasingly important role in several high impact sectors
(aerospace, automotive, medical devices, etc.). This can be
attributed to their unique combination of properties such
as high specific mechanical properties, permeability, specific
surface area, and biomimetic properties. Recent advances in
material synthesis have helped in adapting the properties
of porous structures to specific applications. The technical
challenge to comprehend and predict the response of these
materials when subjected to load has attracted the interest of
engineers andmaterials scientists. However, porousmaterials
exhibit other characteristics of enormous practical impor-
tance and thus the capacity to systematically and effectively

describe their performance in a specific environment, is of
great importance to multiple scientific fields.

The macromechanical response of a noncontinuous
medium under load is nonetheless a multidisciplinary phe-
nomenon of simultaneously occurring mechanical and phys-
ical processes.The continuousmodifications of the structures
during deformation add further complexity to predicting
their elastic and plastic behavior.

Finite element techniques have helped to ease this
and related modeling techniques are now considered as
ubiquitous in describing the behavior of porous materials.
Advanced mesh generating techniques combined with a
recent increase in computational efficiency of processing soft-
ware have facilitated the adaptation of suchmethodologies to
stochastic geometries as ceramic and metallic foams [1].

2. Current Trends

Recent developments in the field of porous materials have
helped the commercialization of new porous materials. Cost
efficient production processes enabled their acceptance in
several industrial sectors.

Open and closed cell structures with a stochastic macro-
porosity are currently produced with space holder based
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techniques, gas expansion methods (through the addition of
a decomposing foaming agent) or even chemical reaction
techniques [2, 3]. These approaches do, however, allow the
control of pore size and distribution, to an adequate extent.

Additive manufacturing techniques permit the integra-
tion of oriented patterns of pores in a controlled manner.
Layer based fabrication techniques have gained tremendous
importance in the production of a variety of materials with
designed porosity (i.e., metallic, polymer, and composites). A
significant limitation ofmost commercially available printing
devices is, however, associated with high material and main-
tenance costs. Open source rapid prototyping has recently
emerged as a cost efficient alternative andmay help spreading
the use of these technologies, even for composite materials
[4].

Several techniques have also been introduced for the
production of micro- and mesoporous media, such as car-
bonization methods, imprinting of nanopores in spin-on
dielectric thin films, and hard template methods.

3. Emerging Applications

The continuing efforts to explore the interdisciplinary phe-
nomena governing porous materials are dictated by a rapid
growth of technology driven sectors such as medicine, phar-
maceuticals, and energy, as recent breakthroughs in meso-
and macroporous structures have fostered unprecedented
opportunities for new applications [5, 6]. Materials with
mesoporosities ranging of 2–50 nm have been used in drug
delivery systems whereas macroporous bioactive ceramics
loaded with stem cells and molecules are presently investi-
gated to increase tissue regeneration in large osseous defects
[5, 7]. Metallic-organic frameworks, employed as catalysts or
energy conversion and storage devices, molecular sieves and
markers, optics and photonics, inverse opals, and so forth,
are also among the numerous novel applications of porous
materials being developed.

4. Epilogue

Our sincere hope and wish is that the recent development
presented in this issue will contribute to the development
of this multidisciplinary discipline and provide tools to
better understand the properties and characteristics of these
materials.

Nikolaos Michailidis
Alexander Tsouknidas
Louis-Philippe Lefebvre

Thomas Hipke
Naoyuki Kanetake
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Y zeolites dealuminated by steaming were introduced as fluid-cracking catalysts in the year 1970. Extensive research has been done
to develop suitable dealumination techniques, to investigate crystal structure, and to characterize catalytic behaviour. However, the
origin of the secondary pore system formed in the zeolite structure during dealumination process remained completely obscure
over a period of four decades. Open questions concerned also the existence of extraframework siliceous admixture in addition
to extraframework aluminium species which can dramatically change the catalytic properties of these zeolites. This paper gives a
review on the synthesis of DAY materials and provides some answers to several open questions.

1. Introduction

Commercial synthesis of Y zeolite was claimed by Breck in
1964 [1] after the first industrial manufacturing of A and X
types by Milton [2, 3]. Zeolite NaY appears to be topologi-
cally analogous with the type X aluminosilicate framework.
The cubic unit cell of all these alumosilicates contains 192
(Si,Al)O

4
tetrahedrons. Breck suggested that the change of X

to Y modification occurs at a silicon to aluminium ratio of
1.5 [4]. Zeolites with Si/Al values lower and higher than this
critical point characterize X and Y composition, respectively.
Because of the instability of Al-rich samples in acids or water
at elevated temperatures [5], Rüscher et al. [6] proposed a
new definition based on a typical chemical behaviour of the
samples—the dealumination by steam treatment [7]. Above
Si/Al ratio of 2.2, Y samples may be dealuminated in steam
without collapse of its framework. The reason for that arises
from long silicate chains with 132 remaining silicate units
while 60 aluminate units can be removed.

The new X/Y definition explains the reason why only
high-silicamodifications of zeolite Y have been used as crack-
ing catalysts [8, 9]. Since zeolite Y can be directly synthesized
with maximal Si/Al values of about 3 [10], all catalytically
relevantmaterialsmust be prepared by postsynthetic removal
of framework aluminium. Zhdanov et al. [11] provided an

overview about different techniques of zeolite dealumination
such as acid extraction [12], isomorphous Al/Si substitution
[13], and thermochemical treatment of NH

4
Y [7]. Heating of

NH
4
Y in dry or wet air brings different dealumination effects

and structural features to dealuminated Y samples (DAY)
[14]. In each case, framework aluminiumwill be transformed
thereby into extraframework aluminous species (EFAl) [15].

Ambs and Flank [16] explained the thermal stability of
DAY over 1273K as a result of the removal of sodium ions
which destabilize the framework due to their mineralizing
effect. Peri [17] gave preference to the formation of novel Si–
O–Si bonds as a result of dehydroxylation of intermediately
formed hydroxyl nests. Kerr et al. [18] explained rising
stability of DAY by effect of healing of the Al defects with
migrating H

4
SiO
4
molecules.

Increasing thermal stability of DAY was one of the
reasons why the thermochemical process has been com-
mercially established in a high extent. After discovery of
structural fundamentals of steamed zeolites, researchers put
more attention on their catalytic behaviors. Thereby, the
formation of a secondary pore system inDAYhas been found.
According to [19], this process was assumed to enhance the
molecular transport of starting materials and final products
during catalytic conversion. But, in spite of the framework
repairing, a significant decrease of the sorption capacity
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was observed [7]. The nature of this phenomenon is still
unclear and problems of mesopores formation and types of
mesopores, as well as partial amorphization of the zeolite
framework remain open.

Since a direct relationship between the structure of
NaY and the specific dealumination behavior of NH

4
Y

undoubtedly exists, revisiting the problems of synthesis, ion-
exchange, and dealumination behaviors of zeolite Y seems to
be advisable.

2. Results and Discussion

2.1. Synthesis of Zeolite NaY. Fundamentals of the synthesis
of aluminum-rich zeolites of A, X, and Y types were reported
by Kerr [20, 21], Breck and Flanigan [22], Zhdanov [23],
and McNicol [24]. These and several other authors discussed
mainly the crystallization process of zeolites from their
primary aluminosilicate gels. Using Molybdate method [25],
Fahlke and colleagues [26, 27] investigated in details the
mechanism of gel formation and following rearrangement.
This method determines the length of silicate chains between
aluminate units in dependence on gel maturation. Indeed,
prolonged silicate units define the process of gel aging.
For measurement, the ≡Al–O–SiO

(𝑛)
–Al≡ with 𝑛 = 1–∞

zeolite framework is hydrolyzed in mineral acid and added
to molybdic acid. The degradation rate (the measure of the
length of silicate chains) is optically followed by formation
of the yellowish silica Molybdate complex. This technique
characterizes perfectly the Al-rich A and X zeolites, but it
fails in the case of Y crystals because the infinite long silicate
chains of latters are practically insoluble in acid.

Properties of DAY samples—crystallinity, silicon to alu-
minium ratio, secondary pore volume, and extraframework
species—depend directly on the state of the parent NaY
crystals and even on the starting gel. Typical composition of
synthesis batches of aluminosilicate zeolites are

2.0 SiO
2
: 1Al

2
O
3
: 3.4Na

2
O : 170H

2
O NaA

4.5 SiO
2
: 1Al

2
O
3
: 6.3Na

2
O : 280H

2
O NaX

9.0 SiO
2
: 1Al

2
O
3
: 3.0Na

2
O : 120H

2
O NaY

(1)

with final Si/Al ratios of 1, 1–1.2, and 2.2–3.0, respectively [22].
Basic materials are aqueous solutions of sodium aluminate
and sodium silicate for NaA and NaX, silica gel or silica
sol for NaY, and, as expected, sodium hydroxide and water.
The reaction composition diagram according to Breck [4] or
Kostinko [28] shown in Figure 1 demonstrates that the fields
of gel compositions from those A, X, or Y zeolites are formed.

As can be seen from Figure 1, the variation of gel compo-
sition of X and Y zeolites is significantly smaller than that of
zeolite A.

By mixing of raw materials, aluminosilicate gels occur
in all zeolite synthesis batches. For example, when pure
solutions of aluminate and silicate are mixed, spontaneously
silicon-rich hydrogels precipitate. Some of the monomeric
aluminate ions are linked to the oligomeric silica molecules.
The residual aluminate ions remain at first in the solution. But
the gel reorganizes its structure by dissolution and renewed

Na2O Al2O3

SiO2

10

50

50

90

90

50

10

10

90

A

A

X

X

Y

Y

Figure 1: Reaction composition diagram of aluminosilicate zeolites
A, X, and Y (fields-possible gel composition; points-final zeolite
composition) [4].

precipitation up to the equilibrium state. Over an aging
period of ten to twenty hours, the gel consumes more and
more aluminate in such a way that finally the solids contain
silicon and aluminium in equivalent amounts in zeolites
A and X batches. The three-dimensional gel structure is
stable at ambient temperature in its mother liquid because
all alkaline soluble ≡Si–O–Si≡ bonds were changed already
into chemically stable ≡Si–O–(Al(−))≡ bonds. The negative
charges of the fourfold coordinated Al atoms protect the
gel against further attacks of the likewise negatively charged
hydroxyl ions. On the other hand, the negative charges
promote the attack of protons for spontaneous degradation
of the framework as in the case of Molybdate measurements.

Wieker and Fahlke [27] detected 10% of monomeric
≡(Al(−))–O–Si–O–(Al(−))≡ silicate building units, in addition
to polymeric silicate, in NaY synthesis batches. The NaY gel
composition differs thus from that of A and X. Due to these
monomeric species, the crystallization of NaY starts with
fragments of NaX composition (Si/Al ratio of about 1) at 363–
373K. The crystallization is favored if the batch is seeded
by NaX nanocrystals, exactly by the way exploited in indus-
trial zeolite manufacturing. Actually so-called seed-solutions
which contains silicate ions in the form of oligomeric chains
(length of 10–30 silicon atoms) terminated by aluminate
units are used in order to prevent, as much as possible, the
formation of Al-rich areas inside the NaY crystals.

With the increasing of time, the crystallization turns
gradually into the actual NaY zeolite composition with a
Si/Al ratio over 2.2. Then, due to the overproportional
consumption of aluminate at the beginning of the process,
the crystallization drops off owing to the total consume of
aluminate ions being primary building units in the faujasite
structure. This is the reason why the crystal surface becomes
finally rich in silicon and no secondary crystal growth above
3 𝜇m is observed [29, 30]. Frequently, the NaY zeolites are
crystallized in polycrystalline particles with smaller actual
size [31].
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(a) (b)

Figure 2: Zeolite A (a) and faujasite-type zeolites X and Y (b) formed by sodalite cages.

The synthesis of large faujasite type crystals with diam-
eters >100𝜇m was reported by Ferchiche et al. [32, 33] and
Berger et al. [29] only for samples with Si/Al ratios below 1.8.
It seems very likely that such samples consist of the mixture
of both X and Y types [6].

The Si to Al gradients in NaY starting from 1 inside the
nuclei and increasing to∞ at the surface of the zeolite crys-
tals are responsible for several further specific phenomena
observed in steamed DAY zeolites. The NaY crystals with
Si/Al ratios over 2.2 are unfortunately too small for a char-
acterization of their gradient by physicochemical methods
such as ESCA or EDX. Additionally, they tend to collapse
during measurements.Therefore, a complex characterization
ofDAY samples including tests of hydrothermal stability, state
of crystallinity, characterization of extraframework species,
and pore structure is necessary to describe the actual state of
NaY and consecutive products.

2.2. Sodium/Ammonium Ion Exchange of Zeolite NaY. The
unit cell of zeolite NaA contains 24 atoms and that of the
faujasite-type zeolites NaX and NaY contains 192 SiO

4
and

AlO
4
tetrahedrons [34]. They form sodalite cages which are

linked to oxygen double 4 rings and 6 rings in NaA, NaX,
andNaY, respectively, as seen from Figure 2. In NaA and low-
silica NaX frameworks with Si/Al = 1, the SiO

4
and AlO

4

tetrahedrons are arranged in rigorous alternation according
to the Loevenstein rule [35].

Cavities with pore diameters of 1.14 nm inNaA and 1.3 nm
in NaX, NaY arise. The diameters of pore entrance are equal
to 0.42 nm and 0.74 nm, respectively [4].

Due to the negatively charged AlO
4

(−) tetrahedrons,
zeolites contain Na(+) ions in different amounts in their
synthesis form −12 in NaA, 96–88 in NaX, 56–53 in NaY
(values of X and Y based on the definition of Rüscher et
al. in [6]). Different cations may be exchanged for sodium
ions, totally or to a high degree, to adjust the entrance pore
diameter and specific sorption behaviour of zeolites. Barrer
and colleagues published fundamental aspects about this
method of zeolite modification, for example, in [36, 37].

Because zeolite NaY is used preferentially in dealu-
minated state for catalytic processes, the introduction of
ammonium ions into this framework is of specific interest.
Ammonium ions are decomposed by heating in H+ and
outgoing NH

3
gases thus forming HY modification which is

active in the framework dealumination by steaming.
At the laboratory scale, the ammonium ions can be

exchanged for sodium ions in 0.1M solution of ammonium
nitrate or sulphate at liquid/solid ratio higher than 10. For
an effective and careful exchange, the procedure should be
repeated. In this way, 80% of sodium ions are removed
from the framework of zeolite Y. Thus, one-fifth of the
framework remains inactive in dealumination, for example,
by steaming as it will be seen below. The use of a higher
concentrated salt solution or/and treatment of the zeolite
at 353K was not successful [38]. But there is a possibility
to increase the active framework part if a stepwise way
is used: firstly the partially ammonium exchanged sample
is heated at 523–543K then the ion exchange procedure
is repeated once more. Intermediately produced protons
displace the residual sodium ions from their position inside
the sodalite cages and double-six rings which are removed
in the second ammonium exchange from the large cavities.
Partial dealumination of the framework already takes place
at each treatment step.

2.3. Dealumination. Dealumination is a method of chemical
and structuralmodification of zeolites. But not each synthetic
zeolite framework preserves structural arrangement and
stability after removing some Al atoms. Thus, NaA and NaX
zeolites are completely collapsed after any dealumination
procedure. NaY zeolite with Si/Al < 2.2 also loses, at least
partially, its crystallinity [39]. But only with this treatment, Y
alumosilicates with definite Si to Al ratios that guarantee their
specific properties such as thermal stability, hydrophobicity,
or catalytic activity can be directly prepared.

The simplest dealumination method consists of the treat-
ment of samples in inorganic or organic acid [12] where deca-
tionation takes place. Under action of the introduced pro-
tons, ≡Si–O–(Al(−))≡ bonds became hydrolyzed and changed
firstly intomore stable≡Si–O–Hunits plusH–O–Al≡ splitted
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structure. At the second step, all the other bindings with Al
ions are broken off. Utilizing the natural clinoptilolite, firstly,
Barrer andMakki [40] were successful in the treatment of the
zeolite with 1M hydrochloric acid at 373K. The aluminium
content decreased down to 40% without a significant loss of
crystallinity of samples. Aluminium atoms removed from the
framework were found as EFAl species in the solution. The
disadvantage of this method for zeolite NaY lies in remaining
structural defects involving formation of hydroxyl groups
inside the silicon framework [41].

A more sensitive extraction process includes a treatment
of the zeolite with complex agent of ethylene-diamine-tetra-
acetic acid (EDTA). By use of this method Kerr [12] removed
the half of the framework aluminium atoms in NaY zeolite
without a greater amorphization of the crystals but with a
high density of structural defects. One can get more intact
structures if zeolite NaY is treated in a vapor of silicon-
tetra-chloride as it was shown by Beyer and coworkers [13,
42, 43]. In the resulting structure, Al atoms are replaced by
silicon atoms at elevated temperature. But rigid control over
this exothermic process and technological demand on the
resistance against the aggressive medium appears to be too
complex so that industrial production was restricted only
to the semi-industrial scale. Therefore, the calcination of
NH
4
Y zeolites in steam [7] has been established worldwide

as technical dealumination process.

2.3.1. Thermochemical Treatment of NH
4
NaY in Steam.

Generally, dealumination of NH
4
NaY in steam has not

been changed since the introduction of this procedure by
McDaniel and Maher in 1971 [15]. Samples are treated in an
open furnace or rotary kiln through which steam of 1 bar
water pressure is going. Steam is generated by evaporation
of liquid water with one bar of water pressure or saturation
of gas with water vapor of lower partial pressure. The actual
concentration of water molecules inside the oven reaction
zone depends on heating and is reduced with increasing tem-
perature of sample treatment. The extent of dealumination is
limited by the degree of ammonium exchange of the starting
material and depends on the temperature and partial pressure
of steam [44, 45].

Salman and colleagues [46] have investigated the dealu-
mination of zeolite (NH

4
)
39

(Na)
10
[(AlO

2
)
49
(SiO
2
)
143

] with
a Si/Al ratio of 2.9 over a wide field of variable parameters.
Figure 3 shows increasing removal of framework Al with
rising the temperature and period of treatment.

Small and slightly higher dealuminationwith Si/Al values
of 3.2 and 3.5 was found at 573K and 673K, respectively.
The evolution of Si/Al at 773K and 873K indicates a typical
saturation behaviour towards values of 4.4 and 5.4. Satura-
tion effects have also been reported earlier by Wang et al.
[39], Engelhardt et al. [44], and Lohse et al. [47]. Due to
a limitation of sodium/ammonium exchange in the used
one-step strategy, 20% of the Na+/AlO

4

− charge complexes
remained stable under steam. The equilibrium Si/Al ratios
obtained in [46] correspond to 36% (773K), 49% (873K),
and 64% (973K) of the total content of Al atoms removed
from the framework. Further removal could be increased by a
renewed ammoniumexchange followed by a second steaming
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Figure 3: Si/Al ratio of DAY zeolites in dependence on steaming
temperature and time [46].
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Figure 4: Selected XRD patterns of DAY zeolites steamed 3 hours
in dependence on temperature [46].

process. Following this two-step strategy, the Si/Al ratio of
DAY steamed at 873K for 5 hours changed from 5.4 to 10.3,
with a twofold increase of the dealumination effect without
significant sample amorphization [38].

Significantly higher values of Si/Al ratio (up to 11) have
been obtained directly for steaming at 973K. However, this
result was accompanied by a partial or strong amorphization
of the final product. The sample became completely amor-
phous at 1073K because of a thermal collapse at the beginning
of steaming. At the lowest temperature investigated (473K),
drastic framework damage has occurred, too. In this case,
a sour hydrolysis of the framework owing to the high
concentration of water molecules in the reaction zone took
place.

X-ray diffraction (XRD) patterns in Figure 4 indicate a
moderate decrease in signal intensity for NH

4
NaY and DAY
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Figure 5: IR spectra of parent NaY zeolite and DAY samples
steamed for 3 hours in dependence of temperature.

samples.This observation will be discussed below, along with
the results on the formation of extraframework species.

Removal of Al atoms results in the shrinking of the total
zeolite framework because of the different –Al–O– and –
Si–O– bond lengths of 191 pm and 169 pm [48], respectively.
The lattice constant 𝑎

0
decreases from 2.463 nm in NaY

to 2.438 nm in DAY treated at 973K for 1 h. This sample
shows the highest dealumination state, without a significant
structural amorphization.

IR spectra of DAY samples obtained by Salman et al. [46]
are given in Figure 5 and support the data of XRD measure-
ments. The framework sensitive double-ring vibration band
𝑤DR [49] shifts from 574 cm−1 to 610 cm−1 with increasing
steaming temperature up to 973K. The signal completely
disappeared in the sample dealuminated at 1073K.

Apart from 𝑤DR signal, systematic changes in the shape
of spectra, particularly bending, symmetrical and asym-
metrical stretching vibration of the TO

4
building units

at 450–550 cm−1, 700–900 cm−1, and 900–1200 cm−1, have
been additionally observed. Optimal conditions of steaming
appear to be at 873K as evident from the shape and intensities
of characteristic peaks in the dealuminated framework seen
in Figure 5. The framework became more regular in respect
to the former Si/Al gradient resulting from NaY synthesis.

At lower temperature, the shape of peaks becomes
broader indicating a higher nonuniform distribution of the
Si/Al ratio in the framework and a relative stronger contribu-
tion of the extraframework species formed. But, as we will
see below, lower steaming temperatures lead to a reduced
mesopore formation.

One can suggest that all spectra in Figure 5 are super-
imposed by extraframework species of aluminosilicate and
silica gel [50] formed by some corrosion of the framework.
The aluminosilicate may be extracted together with the
extraframework aluminium by acid treatment [51]. It is

known that highly dealuminated and acid leached DAY,
frequently called US-EX (ultrastable extracted zeolite Y),
shows very sharp vibration bands because of homogenisation
of the pure SiO

2
framework [52].

In samples treated at 473K,𝑤DR signal does not shift from
its characteristic place. In this case, due to the low thermal
activation no dealumination occurs inside the framework but
the dissolution of the zeolite takes place.

2.3.2. Determination of the Si/Al Ratio of DAY Samples. The
tuning of framework properties of DAY zeolites requires an
exact determination of the Si/Al ratio. Dealumination effect
can be proved by chemical analysis of the acid solution
and washing water in the samples prepared through acid
leaching [12] and Al/Si substitution [13], respectively. How-
ever, such approach requires certainty that all extraframe-
work aluminium is completely washed out in the samples.
Therefore, investigation of the solid state by physicochemical
methods like XRD, IR, and NMR seems to be the better way.
These methods are even indispensable for characterization of
steamed DAY samples because these zeolites still contain the
whole amount of EFAl and chemical analysis data appear as
contradictory.

Breck [4] has presented the relationship between the
unit cell constant, 𝑎

0
, and Al atom density per unit cell for

hydrated NaX and NaY zeolites on basis of 37 synthesized
samples. Rüscher and colleagues [53] extended this mode
upon series of DAY samples prepared by steaming as well
as Al/Si substitution. They additionally proposed a thorough
study of evolution of the IR double-ring vibration 𝑤DR for
determination of Si/Al ratios inside the zeolite framework
and compared these calculation methods [50] with empirical
equations of Fichtner-Schmittler et al. [52] using the infrared
asymmetrical TOT valence vibration (T = Si,Al) and 29Si
MAS NMR data obtained by Engelhardt and Michel [54].

XRDR ̈uscher

𝑥 = 5.348 𝑎
0
− 12.898 (2)

(with Si/Al = (1 − 𝑥)/𝑥 and 𝑥 = Al molar fraction by use of
the cell parameter 𝑎

0
).

IRR ̈uscher

𝑥 = 3.857 − 0.00619𝑤DR (cm
−1
) (3)

(with Si/Al = (1 − 𝑥)/𝑥 and 𝑥 = Al molar fraction by use of
𝑤DR).

IRFichtner

𝑥 = 4.766 − 0.00439𝑤TOT (cm
−1
) (4)

(with Si/Al = (1 − 𝑥)/𝑥 and 𝑥 = Al molar fraction by use of
𝑤TOT).

NMREngelhardt

Si
Al
=

∑
𝑛
𝐼
𝑛

(𝐼
4
+ 0.75 𝐼

3
+ 0.5 𝐼

2
+ 0.25 𝐼

1
)

(5)

(𝐼
𝑛
= intensity of Q4/nAl signals in 29Si MAS NMR spectra,
𝑛 = 0–4, without consideration of the signals of the nonze-
olitic admixtures).
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Table 1: Si/Al values of zeolites NaY, HY, and DAY dealuminated for 5 h in steam.

Sample Temperature K Si/Al ratio
𝑎
0
(2) 𝑤DR (3) 𝑤TOT (4) NMR (5)

NaY — 2.8 2.8 2.8 2.9
HY 543 2.8 2.9 2.8 2.8
DAY 773 3.8 4.0 7.9 8.2
DAY 873 4.4 5.0 8.9 8.7
DAY 973 5.2 6.7 10.8 11.8

In analogy to the results of Breck [4], Fichtner and
coworker [52] have shown the correlation between unit cell
parameters, skeletal stretching vibrations, and molar fraction
of aluminium (𝑥 = (1 + Si/Al)−1) for a series of X and Y
zeolites and found an ideal solid solution behaviour for these
materials.The lattice constant 𝑎

0
as well as the infraredmodes

𝑤TOT and 𝑤DR vary linearly on molar aluminium fraction
which provides a rather easy method for calculating the
Si/Al ratio of DAY samples independently on their synthetic
type. However, differences in the level of Si/Al values have
been reported in dependence on applied relations of (2) to
(5). Significantly higher Si/Al values seen in Table 1 were
calculated according to 𝑤TOT and the NMR [50, 55].

The Si/Al ratios obtained with XRD data should charac-
terize the actual state of the framework. These values were
assumed to be not affected by extraframework species in
the samples. Within each series of steaming temperature,
the infrared mode 𝑤DR closely coincides with the 𝑎

0
value

because the double-ring vibration that characterizes only the
pure faujasite framework [52]. In contrast, higher values have
been calculated using NMR as well as 𝑤TOT data. Results
from bothmethods seemed to be influenced by admixtures of
DAY samples. To clarify this phenomenon, a detailed phase
analysis of framework and extraframework products in DAY
specimens should be performed.

2.3.3. Extraframework Species in Steamed Y Zeolites. First
observation of extraframework aluminiumwas published for
natural zeolites after their acid treatment [40, 56]. Dealumi-
nated samples obtained thereby [12] or by Al/Si substitution
in SiCl

4
vapor [13] are usually free of EFAl if samples have

been intensively washed out. Residues may be analyzed by
27Al MAS NMR measurements [54] since the signal of Al
atoms tetrahedrally coordinated in the zeolite framework and
the signal characteristics of Al(3+) cations andAlCl

3
salt differ

from each other by their spectral positions.The chemical shift
of the former is situated at 60 ppm, whereas that of the latter
lies at about 0 ppm. Extraframework silicon (EFSi) which can
be detected by 29Si MAS NMR measurements appears only
in the case of partial amorphization of samples after their
chemical treatment.

More complicated situation appears during calcination
and steaming of NH

4
NaY zeolites since all EFAl remains

in the solid state [57, 58]. Baran et al. [59] considered
that tetrahedrally coordinated Al is not transformed into
exchangeable Al(3+) cations. Breck and Skeels [60, 61] sug-
gested the formation of precipitated Al(OH)

3
which can be

extracted by leaching with solutions of sodium chloride or
potassium fluoride. The remaining defects (hydroxyl nests)
of the zeolite framework can be identified bymeasurement of
the infrared stretching vibration of isolated≡Si–OHhydroxyl
groups at 3745 cm−1 [11].

Different studies on EFAl have reported their possible
location on the surface of crystal and/or mesopores [62, 63],
revealed their role in the catalytic behavior [64] and, in
particular, analyzed their nature bymeans of 27AlMASNMR
spectroscopic measurements [65]. EFAl has been character-
ized as closely related to aluminium-oxo-hydroxo cations of
polymeric arrangement described first by Bertram et al. [51]
with the help of Ferronmethod [66].Their chemical behavior
in organic and mineral acids was intensively investigated by
Scherzer [67]. An increase of the catalytic selectivity of DAY
after extraction of the extraframework aluminium has been
reported by Rhodes and Rudham [68]. Disadvantages after
treatment in acid consist in the risk of further dealumination
of the zeolite with remaining Al(3+) cations which could act
as Lewis active sites in catalysis [69].

In some papers, EFAl has been described as not isolated
but incorporated with EFSi and called therefore as silica-
alumina species [70–72]. Strong interaction between both
types of extraframework species was quantitatively analyzed
with X-ray photoelectron spectroscopy [73]. Using specific
Molybdate measurements [74], the silica-alumina was later
characterized in samples of low-temperature steaming as
Al aluminosilicate [75]. Therefore, Siantar et al. [76] and
Lutz et al. [77] have performed detailed analysis of EFSi
species. The dealumination behavior of NH

4
NaY samples in

the steamwas demonstrated using two commercial and three
laboratoryNaY zeolite samples. Figures 6 and 7 show 27Al and
29Si MAS NMR spectra of initial and dealuminated zeolites.

Independent of the origin of zeolite samples, extraframe-
work species appeared to be of the same type.The aluminium
spectra in Figure 6 show a signal for tetrahedrally coordi-
nated framework Al at 60 ppm [50] (NaY). After dealumi-
nation, additional two broader signals for extraframework
species near 0 ppm and 30 ppm have been ascribed to octa-
hedrally and pentahedrally coordinated Al, respectively. The
signal at 0 ppm characterizes the polymeric oxo-hydroxo-
aluminium cations [51] whereas the broad shoulder centered
at 30 ppm is assigned to the distorted extraframework octahe-
dra and/or aluminium tetrahedra of the framework [78, 79].

After deconvolution (II), the 29Si MAS NMR spectra of
NaY samples (I) in Figure 7 show the five signals typical for
the faujasite framework with Si(nAl) building units (𝑛 = 0–4)
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Figure 6: 27Al MAS NMR spectra of commercially and laboratory synthesized zeolites before (NaY) and after dealumination for 7 hours at
873K (DAY) (recipes of laboratory synthesized samples according to Fahlke et al. [26], Ginter et al. [80], and Ferchiche et al. [33]) [50].

at chemical shifts between −84 ppm and −108 ppm [77].
Simulation of the 29Si MAS NMR spectra was performed
by the use of a set of single lines with Gaussian line shape.
This calculation reveals the lack of siliceous extraframework
species (III) in the spectra of parent zeolites. But steaming
results in a drastic change in shape and intensity of the
NMR signals (I). All peak positions are shifted to higher
ppm values. The decrease of the Si(4-2Al) and increase
of the Si(1-0Al) structure units confirm the removal of
framework aluminium. The significant shoulders between
−80 and −90 as well as 112 ppm indicate an internal change
of the framework structure and the presence of siliceous
extraframework species (III). Contributions of aluminosil-
icate and silica gel are marked with the symbols 𝑎 and 𝑠.
In earlier investigations, these additional signals have been
attributed to in-homogeneously dealuminated high-alumina
and high-silica regions inside a disturbed zeolite framework
[81, 82].

Content of extraframework species in steamed DAY
samples [77] amounted to 0.6–4.9% for the aluminosilicate
(𝑎) and 4.3–14,7% for silica gel (𝑠). It has been shown [83, 84]
that the intensity of the peaks assigned to 𝑎 and 𝑠 at low-
temperature steaming could be reduced by successive chemi-
cal dissolution in hydrochloric acid and solution of potassium
hydroxide. Acid treatment caused the decomposition of the
Al aluminosilicate with formation of silica gel. Alkaline
treatment revealed a light loss of the silica gel admixture.
In high-temperature samples, for example, at 873K, the Al
aluminosilicate decomposes into silica gel and clay. In such a
case not the aluminosilicate 𝑎 but the silica gel 𝑠 is determined
in a higher portion.

The occurrence of extraframework silica-gel 𝑠 is the
reason why Si/Al ratios calculated in DAY samples with𝑤TOT

mode (4) and NMR data (5) (see italics in Table 1) appear to
be principally too high. Both IR andNMR signals are strongly
superimposed by contributions of those characteristic of
Si(0Al) and Si(1Al) species [85–87].

The strong deviation of Si/Al ratios determined with
asymmetrical TOT infrared vibration band results from the
great difference between the wave numbers of the zeolite and
the silica gel. Wave numbers between 1080 and 1120 cm−1
have been observed for silica gels in dependence on their
framework state [88]. The higher the portion of Q4 building
Si(OSi)

4
units, the higher the energy for the activation of

their framework. For “pure” DAY samples, 𝑤TOT values from
1024 to 1040 cm−1 should be measured. But, owing to the
superposition of the nonresolved signals of both zeolite and
silica gel, the actually measured values of DAY vary between
1047 and 1061 cm−1 [87].

The Si/Al ratios calculated with 29Si MAS NMR are
too high since the Q3(Si(OSi)

3
OH) and Q2(Si(OSi)

2
(OH)
2
)

signals of the extraframework silica gel superimpose with
those assigned to Si(0Al) and Si(1Al) in the zeolite [85, 87]. In
order to get real values, deconvolution of the spectra becomes
the essential step of the zeolite analysis with NMR technique
[77].Therefore, more realistic Si/Al ratios should be obtained
using the XRD lattice constant 𝑎

0
or the infrared 𝑤DR mode

according to (2) and (3), respectively.

2.3.4. Origin of Siliceous Extraframework Species. Zeolite
NaY is stable in dry or wet air up to 923K. After this
temperature, the crystalline framework transforms into the
amorphous state. Clay (Al

2
O
3
) and silica (SiO

2
) are formed.

Then, with the rising temperature, carnegiiete and nepheline
occur above 1123 K [4, 10]. In water or steam of autogenous



8 Advances in Materials Science and Engineering

(I)

(II)

(III)

(IV)

(I)

(II)

(III)

(IV)

−80 −100 −120 −80 −100 −120 −80 −100 −120 −80 −100 −120 −80 −100 −120

−80 −100 −120 −80 −100 −120 −80 −100 −120 −80 −100 −120 −80 −100 −120

s s s s s
a a a a

(ppm)(ppm)(ppm) (ppm) (ppm)

(ppm)(ppm)(ppm) (ppm) (ppm)

CKBZeosorb Fahlke Ginter Ferchiche

CKBZeosorb Fahlke Ginter Ferchiche

DAY

NaY

Figure 7: 29Si MAS NMR spectra of commercially and laboratory synthesized zeolites before (NaY) and after dealumination for 7 hours at
873K (DAY) [50].

pressure, NaY is stable up to 513 K [83]. It will be decomposed
into an amorphous phase followed by transformation into
hydroxysodalite or zeolite P [89, 90]. The containing sodium
ions act as mineralizer. Buhl et al. [91] demonstrated their
influence on the hydrothermal stability of faujasite type
zeolites 13X (Si/Al = 1.2) and LSX (Si/Al = 1.0).

The proton modification of zeolite Y is of interest
concerning the application of faujasites as DAY catalyst.
According to Rüscher et al. [6] zeolite HY (Si/Al > 2.2)
becomes dealuminated above 573K under the formation of
extraframework species. Infinite ≡Si–O–Si≡ chains inside the
framework prevent the zeolite decomposition and only a
small part of the structure is transformed into aluminium
hydroxide/-oxide, aluminium aluminosilicate, and silica gel.
But in the case of lower Si/Al ratios and finite ≡Si–O–Si≡

chains, the structure is hydrolyzed partially or completely. In
this sequence, zeolite HX with Si/Al = 1.0−1.2 is particularly
instable. In contrary, silicon rich faujasites with Si/Al over
100 manufactured by Al/Si substitution [13] or steaming
and acid leaching [92] are instable during steam treatment
[93, 94].

Two chemical processes run simultaneously in the same
crystal of Y zeolite since the Al–Si gradients between
aluminium-rich nuclei and silicon-rich surface of the zeolite
appear in this material [89, 95], independent of the origin of
NaY or steaming conditions. Consequently, the center of the
crystal is transformed into X-ray amorphous aluminosilicate
and then, with rising temperature, to clay and silica while the
pure silica gel tends to form on the surface.
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Figure 8: Stepwise decomposition of a low-silica zeolite framework by water [96].

Water molecules attack the zeolite framework according
to the chemical reactions

H(+) +OH(−) +Na(+) ≡ Al(−)–O–Si ≡

←→ OH(−) +Na(+)+ ≡ Al +HO–Si ≡
(6)

H(+) +OH(−)+ ≡ Si–O–Si ≡←→≡ Si–OH +HO–Si ≡
(7)

with the rising temperatures. Thereby, the protons of the
water molecules attack the ≡Si–O–(Al(−))≡ bonds over the
whole framework whereas the hydroxide ions attack espe-
cially the terminal ≡Si–OH groups of the surface. Figures
8 and 9 give a schematic impression of both processes [96]
where water acts like a catalyst [74].

In addition to the steaming procedure, a treatment in
liquidwater is helpful for the understanding of the hydrother-
mal chemistry of faujasite type zeolites. Dimitrijevic et al.
[97] investigated the behavior of NaY and HY with Si/Al
2.7 in water of autogenous pressure between 403K and
473K. Figure 10 shows the sorption capacity of both samples
after the hydrothermal process. The uptake of water in NaY
remains unchanged, but that of HY decreases significantly
above 423K. The proton form is drastically damaged under
treatment. The reason for this different behavior consists in
the alkaline reaction of NaY in aqueous medium suppressing
thus the attack of protons formed by water dissociation.

In addition to extraframework silica and alumina, traces
of kaolinite occurred. The formation of a new crystalline
phase below 473K was detected for the first time. It is due
to the incomplete sodium/ammonium ion exchange of the
progenitor of the HNaY modification which was obtained by
careful heating at 523K.

Surprisingly, the silicon-rich DAY samples obtained by
Al/Si substitution are found to be stronger attacked by liquid
water as compared with the low-silica samples generated
by steaming. Figure 11 shows the corresponding behavior of
hydrothermally treated DAY in dependence on the module
(SiO
2
/Al
2
O
3
ratio).

At one hand, appearance of EFAl brings a stabilizing effect
to the zeolite framework [98] and a more regular structure
in the steamed DAY samples. Some observations indicated
that the structure of these zeolites heals during dealumination
[99, 100]. Orthosilicic acid (H

4
SiO
4
) migrates from the

crystal surface into free framework vacancies generated due
to removal of aluminium atoms. Migration of H

4
SiO
4
takes

place too, if silica gel obtained by precipitation is hydrother-
mally treated in analogy to the preparation procedure of
DAY zeolites [88]. All defects—sorption centers for gases or
liquids—are repaired by reorganization of the framework.
Because the framework becomes more regular with rising of
time and temperature the silica gel loses its sorption behavior.
The asymmetrical TOT (T = Si) valence vibration in infrared
spectra shifts into the region of wave numbers characteristic
of pyrogenic silica at 1100–1120 cm−1.

An important observation gives another explanation for
the different behavior of low-silica and high-silica DAY sam-
ples.The degradation of silicon-rich surfaces according to (7)
proceeds fast. But if the surface of such a sample is aluminated
again [75], stabilization of the structure takes place [101]. The
stabilizing effect of the surface layer consisting of sodium
aluminosilicate may be associated with the elimination of the
terminal silanol≡Si–OHgroups and a blocking of the energy-
rich ≡Si–O–Si≡ bonds near the crystal surface, where water
molecules attack the framework. Contrary to the polymeric
silica in the dealuminated framework, this aluminium-rich
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layer contains only monomeric and dimeric silicate units
which are detected by Molybdate measurement. Using such
an approach, high-silica zeolites may be stabilized against a
hydrothermal or alkaline attack [93]. Lutz et al. [102] reported
in detail on the external introduction of extraframework
sodium aluminosilicate species through an alkaline and com-
bined acid/alkaline pathways using sodium aluminate as well
as aluminium-oxo-hydroxo cations [103] or (Al, SiO

𝑥
) species

into faujasite type zeolite [104]. Alumination in solutions of
sodium or potassium aluminate was reported also for other
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Figure 11: Residue of DAY zeolites after hydrothermal treatment in
liquid water in dependence on module and temperature [96].

high-silica zeolites such as silicalite [105], MCM-41 [106], and
zeolite Beta [107].

The sodium aluminosilicate surface layer can be func-
tionalized as wafer for catalytically active ingredient. The
obtained adsorber/catalyst composites were successfully
tested in the conversion of several organics and applied for
waste water purification.

2.3.5. Adsorber/Catalyst Composites. Active ingredients in
adsorber/catalyst composites on the basis of high-silica DAY
zeolites are exclusively localized on the crystal surface while
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the bulk remains free for adsorption. Thus, high conversion
of acetone on an H-DAY composite with Si/Al = 150 or such
one of 𝑛-butane on a Ni-DAY or Pt-DAY analogues has been
found [108]. But the specific application of the composites
remains in the purification of waste waters. Pollutants such
as halogenated hydrocarbons must be removed up to a
few nanogram. At the first step of cleaning, the pollution
will be separated from liquid phase by adsorption and at
the second step it is decomposed by chemical reaction, for
example, by oxidation with hydrogen peroxide. Because of
the degradation of the toxic agent any regeneration of the
composite is not provided.

The decomposition of p-chloro-phenol in water on Pt-
DAYwas tested comparing to Fenton’s reagent (FeSO

4
) [109].

The zeolite was loaded by 5mg, 12mg, 23mg, and 47mg of
Pt per g composite. The best effect was obtained with 5mg/g
because of an optimized activation of the admixed hydrogen
peroxide. Figure 12 shows the significant advantage of the
new composite compared with the classical FeSO

4
using a

one-step strategy. In a semitechnical plant, pureness degree
lower than 1 ppm has been achieved. Details of preparation
and application of adsorber/catalyst composites are discussed
in a series of patents [110–114].

2.3.6. Reinsertion of Extraframework Aluminium into Frame-
work Positions. Thecatalytic activity of zeolites is determined
mainly by their framework aluminium. The aluminium con-
tent may be varied directly in the synthetic process (zeolite
ZSM-5) or, as has been reported here, by subsequent frame-
work dealumination (zeolite Y). The subsequent insertion
of external aluminium into zeolites frameworks has been
highly discussed from the beginning of eighties. In this case,
aluminium chloride [105], clay [115], and alkali aluminate
[116] have been suggested as aluminium sources.

For steamed DAY samples, Breck and Skeels [117] have
proposed a reinsertion of the extraframework aluminium
back into the faujasite framework by treatment of samples

in alkaline solution. Liu and colleagues [118] confirmed this
approach by interpretation of 29Si MAS NMR spectra and
termed this process as “fine tuning of performance of zeolitic
catalysts.” Hamdan et al. [119] saw in the “secondary synthe-
sis,” a method of achieving an optimal number of Brønsted
acid sites responsible for the crack activity for hydrocarbons
within the zeolite framework. But reexamination of the
process by Engelhardt and Lohse [120] did not confirm this
hypothesis. Their doubts concerned especially the interpre-
tation of measured 29Si MAS NMR spectra. Nevertheless, a
series of NMR studies supported the reinsertion concept of
Klinowski et al. [121–128]. The signals of Si(nAl) building
units shift to a higher values by framework dealumination.
While the peaks of the Si(4Al) and Si(3Al) units in Figure 13
decrease in intensity, and the signals assigned to Si(1Al) and
Si(0Al) increase.

Lutz et al. reexamined the concept proposed by Liu et al.
[118] using steamed DAY samples with varying Si/Al ratio
[129], different conditions of alkaline leaching [130], and
acid leached samples before the alkaline treatment in KOH
solution [84]. The authors reported the drastic decrease
of the Si(0Al) and the increase of the Si(1Al–4Al) peaks
which indicates actually an Al enrichment inside the zeolites
framework. However, this phenomenon was also observed
when the extraframework aluminium was eliminated by acid
extraction [84, 131] (see Figure 13). Since in alkaline treated
DAY samples, the newly formed alkali aluminosilicates con-
tribute especially to the Si(3Al) and Si(4Al) signals; the
decrease of the Si(0Al) signal should be ascribed to a yet
unknown phenomenon.

Bezmann [132], using the Liu approach, studied the mass
balance after KOH treated Y samples and found 5% of
the silicon and 2% of the aluminium in the filtrate of the
batch. Furthermore, the crystallinity of sample decreased to
80%. Lutz et al. [133] provided a detailed mass balance with
a similar tendency. The treatment of aluminosilicates and,
particularly, metastable zeolites in alkaline solution gives rise
to the change in their crystal structure [10]. The effect of
increasing solubility of zeolites framework with increasing
Si/Al ratio and the formation of Al-rich gels during alkaline
treatment of zeolites have already been reported by Zhdanov
and Egorova [134] and Stach et al. [135].

Aouali et al. [136] observed desilication and partial
decomposition of highly dealuminated zeolite Y framework
resulting in Al enrichment. This is the reason why the amor-
phization of DAY samples increases by treatment in alkaline
solution with the rising of Si/Al ratio seen in badly resolved
29Si MAS NMR spectra [129]. Thereby, 39% silicon of the
framework with Si/Al = 23 was migrated into newly formed
extraframework aluminosilicate or into alkaline solution.

Dessau et al. [137] observed a strong corrosion of the
large crystals of silicalite by a treatment in alkaline solution.
Groen et al. [138] and Verbroekend and Pérez-Ramirez [139]
generated thus controlled mesoporosity in zeolites. Lutz et al.
[140] have treated this zeolite on a frit, separating the formed
aluminosilicate in the filtrate. Mirodatos and Barthemeuf
[141] assumed the participation of extraframework silicon in
the formation of the aluminosilicate.
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Figure 13: 29SiMASNMR spectra of zeolites NaY (a), steamedDAY
(b), acid leached DAY (c), alkaline leached DAY (d), and alkaline
leachedDAY after acid extraction of the extraframework aluminium
with moderate (e) and intensive stirring (f) [130].

In a detailed study on the alkaline reactivity of extra-
framework species Lutz et al. [87] have shown that EFSi—
silica gel at the crystal surface and, in dependence on the
steaming conditions, aluminosilicate or clay and silica in
the nuclei—contributes to the sample transformation only
at a low extent. The aluminosilicate admixture is protected
against the attack of sodium or potassium hydroxide by
its negative charge and silica gel formed at steaming tem-
perature of 773K or more is lowly soluble. The observed
newly formed sodium or potassium aluminosilicate is gen-
erated exclusively from Al(3+) cations and silicon removed
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Figure 14: Nitrogen isotherms measured at 77K on DAY steamed
at 973K and 1 bar water pressure in dependence on time [148].

from the dealuminated framework. This means that the “re-
insertion” of extraframework aluminium consists in a desili-
cation of the zeolites framework and a formation of additional
X-ray amorphous alkali aluminosilicate.

Because of the exchange of protons against alkali metal
cations, the Brønsted activity, for example, in conversion
of 𝑛-pentane [142], breaks totally down by use of DAY
samples prepared according to “re-insertion” concept given
by Liu et al. [118].

2.3.7. Secondary Pore Volume in Steamed Y Zeolites. Much
work has been done to characterize the transition of bulk
micropores of DAY zeolites into a secondary pore volume
[143–147]. Formed mesopores were attributed to reorganiza-
tion of the framework after removal of aluminium followed
by generation of structural defects. The healing of the frame-
work by migrating of orthosilicic acid (H

4
SiO
4
) into defect

positions was discussed too [99, 100, 148]. Formation and
healing can be followed by infrared analysis of the formed
internal hydroxyl groups [149].

First investigations of the interaction of DAY samples
with gases and vapors related to their catalytic behaviors have
been performed [150–152] and followed later by systematic
studies of their sorption capacity [143]. After the characteri-
zation of sorption centers by hydrocarbons, the investigation
of the pore structure using nitrogen at 77K came into the
focus of interest. A typical sign of the mesopores in DAY
is the hysteresis between the adsorption and desorption
loop of the nitrogen isotherm above a relative pressure
at 𝑝/𝑝

𝑠
over 0.5. Nitrogen liquefies in the secondary pore

volume and needs, therefore, more energy for evaporation
than adsorbed nitrogen molecules. Figure 14 shows typical
nitrogen isotherms with such a hysteresis loop.

Using nitrogen uptake techniques, Lutz and colleagues
[148] detected a formation of various bulk mesopores in
dependence on the conditions of steaming. Framework
defects tend to be occupied by migrating H

4
SiO
4
, especially

at temperatures of 573K and 673K. Corresponding diffusion
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of orthosilicic acid was described in detail by Iler [74, 153].
Insertion goes down at temperatures above 873K since the
dehydroxylation of the hydroxyl nests accompanied by a rear-
rangement of the framework and the reduced concentration
of offered water takes place.

Mesopores were unquestionably assumed to be the result
of pure dealumination of themicroporous bulk.Using texture
analysis and 3D-TEM measurements, Jansen et al. [154]
visualized large mesopores of 0.2–0.4 nm not only within the
nuclei but also near to the surface of theDAY crystals. Similar
morphology was observed also by Lynch et al., who reported
on a secondary pore system without direct connection to the
exterior of the crystals [155].

The origin of the closed nuclei and open surface
mesopores must be attributed to the inhomogeneous sili-
con/aluminium contribution over the Y zeolite crystallites
[31, 156, 157]. The semiempirical approaches, which describe
the Si/Al ratio of faujasite-type zeolites by use of 29Si MAS
NMR [158] or X-ray data [159], did not take into account
possible effect of such Si/Al gradients [81, 160]. Due to the
fine size of the crystallites, a direct proof of the gradient
presence is difficult, for example, using EDX analysis. But
a hydrothermal instability of the aluminum-rich nuclei and
the silicon-rich surface of DAY crystals can be deduced
from investigation of faujasite–type zeolites with analogous
composition [6].

Kortunov et al. [161] reported on molecular transport
in DAY samples. The diffusion measurements have been
performed by use of PFG NMR technique with 1,3,5-
triisopropylbenzene and n-octane as probe molecules. The
critical diameters are, respectively, larger and smaller than
the inlet of the zeolite micropores. It was found that 𝑛-
octane molecules entered the whole crystal whereas 1,3,5-
triisopropylbenzene could not enter the microporous bulk
and thus the nuclei mesopores. The idea that the secondary
pore system improves the molecular transport of starting
materials and products in catalytic conversion processes [19,
55] must be corrected.

One should furthermore assume that DAY samples used
by Kortunov contained no or only small amounts of bulk
mesopores because of healing of the microporous bulk
at 773K. It seems likely that stronger dealuminated DAY
samples steamed, for example, at 973K, contain such amount
of bulk mesopores that traffic of large molecules through the
mesoporous network becomes possible [162–164].

Based on current results, one can propose, complemen-
tary to the review on mesoporosity in [165, 166], a model
containing three types of mesopores with closed mesopores
in the crystal nuclei, open mesopores at the crystal surface,
and bulk mesopores within microporous bulk. This model is
shown schematically in Figure 15.

Generally speaking, even a fourth type of mesopores
may occur in the steamed zeolite as a result of nonuniform
packing of crystallites with different size in the polycrystalline
DAY material. The variation in average crystallite size has
been found for a series after dealumination at 773K, 873K,
and 973K [55]. It was shown here and in [41] that the
average diameter determined by XRD measurements using
the Scherrer equation does not vary significantly at 773K

Nuclei mesopore

Crystallite

Macropore

Surface mesopore

Bulk mesopores

Figure 15: Types of mesopores in steamed DAY crystals [31].
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Figure 16: Relative mesopore volume (Vmeso/Vtotal) of DAY samples
in dependence on temperature and steaming time [148].

and 873K but decreases from 100 nm to 85 nm after 5 hours
of steaming at 973K in sample with zeolite particles of
1000 nm in size. If crystallites become smaller in this way,
their package density increases. Therefore, macropores of
the intracrystalline space may shrink into larger mesopores
which can be detectable by nitrogen measurements at 77 K.
However, this assumption cannot be proved actually.

Formation of the secondary pore system leads to a pro-
nounced loss of crystallinity, sorption capacity, and catalytic
activity of the zeolite materials. It would be helpful to reduce
the mesoporous volume. The first possibility lies in the
moderate steaming of samples to guarantee the healing of the
framework defects in the microporous bulk (hydroxyl nests)
[148]. Performing a gentle and homogeneous dealumination
with KY zeolite of higher framework cell which possesses
rather equilibrium distribution of ammonium ions inside the
structure could provide another solution of this problem.
And a third way is associated with minimizing the Si/Al
gradient by seeding of NaY synthesis batches with seed
solution [156, 167] instead of an insertion of nanoseeds of X
zeolite [26].

For an investigation of moderate steaming, commercial
NaY zeolite with a Si/Al ratio of 2.7 was exchanged with
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Figure 17: Nitrogen isotherms of the initial NaYseed−solution (a) and NaYX−seeds (b) zeolites and the corresponding DAY samples steamed for 7
hours at 723K and 873K, respectively [169].

ammonium ions up to 81%.The formation and healing of the
bulkmesopores in dependence on temperature were detected
by the presentation of the relative change of the pore volume
Vmeso/Vtotal during the steaming time [148]. Figure 16 shows
that the contribution of mesopores to the total volume is
constant at 573K and 673K. Only the mesopore surface S

𝑎

changes slightly with the time. It seems likely that Vmeso is
dominated by the volume of the closed nuclei mesopores
while the mesopore surface Smeso characterizes mainly the
open surface mesopores.

As we know, a silicon-rich surface acts as source of
orthosilicic acid [74, 153] in silica gel as well as in the steamed
DAY samples. Incorporation ofH

4
SiO
4
into the defects inside

bulk framework runs better at low temperature of 573K–
673K because water is available under these conditions in
a sufficient amount for healing procedure. With temper-
ature rise, the portion of bulk mesopores grows slightly
at 873K and significantly at 973K. At these temperatures
nonhealed bulk mesopores contribute mainly to the total
mesopore/macropore volume. But healing cannot compen-
sate the framework collapse because of the strong thermal
activation of the framework and the drastically reduced
concentration of water in the reaction zone.

Synthesis of the ammonium form of zeolite Y from a
KY modification followed the idea to get a homogeneous
dealumination with a reduced mesopore formation. Owing
to a bigger size of potassium ions, the framework of Y zeolite
is expanded from 2.468 nm (NaY) to 2.473 nm (KY) and the
exchange process should run easier. However, exchange of
ammonium for potassium ions succeeded surprisingly only
to 80%, similar to NaY zeolite. But steaming of KY zeolite at
873K where a certain healing of bulk mesopores still takes

place demonstrated an unexpected result [168]. The microp-
ore volume of K-DAY was reduced stronger than that of Na-
DAY. It appears that residual Na(+) ions, localized mainly in
the aluminum-rich center of crystals, stabilize the sensitive
≡Si–O–(Al(−))≡ bonds stronger than K(+) ions.The latter was
more homogeneously distributed over the framework while
protons resulting from ammonium complex show a tendency
to occupy positions within the nuclei. Due to a repeated ion
exchange and steaming procedure, the mesopore volume did
not change significantly for both samples but the Si/Al ratio
increased gradually from2.4 (parentNaY andKY) to 4.7 (first
steaming) and to 8.4 for both (second steaming).

Modification of the seeding procedure in NaY synthesis
looks more attractive in order to decrease the amount
mesopores inside the zeolite nuclei [169]. NaYseed−solution
and NaYX−seeds samples of same chemical composition were
dealuminated in their ammonium form at 723K and 873K.
Dealumination changed the framework ratios to 3.3 and 4.2,
respectively.

The mesoporous area Ameso of both series determined
by nitrogen adsorption at 77K differs significantly. Values of
DAYseed−solution were smaller than those of DAYX−seeds. This
observation gives the hint to the absence of nuclei mesopores
in DAYseed−solution. The corresponding nitrogen isotherms in
Figure 17 show no hysteresis loop at both temperatures inves-
tigated. The weak hysteresis for DAYseed−solution prepared at
873K is only responsible for emptying the surface mesopores
which inevitably appear during steaming.

The occurrence of nuclei mesopores can be reduced by
starting the crystallization of NaY with oligomeric alumi-
nosilicate that hinders the appearance of a strong Si/Al gra-
dient typical of seeding procedures with NaX nanocrystals.
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3. Conclusion

The fine-tuning of the Si/Al ratio in zeolite Y framework is
achieved by a subsequent steam treatment of NH

4
NaY sam-

ples at temperatures between 573K and 973K in dependence
on time. At lower and higher temperatures, decomposition
occurs due to acid hydrolysis in steam or the thermal
collapse of the framework, respectively. But a certain degree
of the decomposition is observed in all other steamed DAY
products too. This effect results from a corrosion of the
Al-rich nuclei and the Si-rich surface of crystallites which
are both hydrothermally instable. The Si/Al gradient inside
the framework resulting from the specific synthesis of the
parent NaY zeolite can be diminished if the synthesis batch
is seeded by a so-called seed solution rather than with NaX
nanocrystals.

Due to the framework corrosion, inner and outer meso-
pores occur in addition to bulk mesopores which appear
after removal of framework aluminium. Concentration of
inner and outer mesopores can only be reduced decreasing
the Si/Al framework gradient. In contrast, bulk mesopores
are healed by the migration of orthosilicic acid (H

4
SiO
4
)

into vacancies of the framework at steaming temperatures of
573K and 673K, especially. All observed nuclei mesopores
are closed therefore they cannot contribute to the transport
of greater molecules.

In addition to extraframework aluminium, extraframe-
work siliceous species occur as Al aluminosilicate and sil-
ica gel. With increasing steaming temperature, the alumi-
nosilicate is decomposed into clay and silica gel. With the
rising temperature, all extraframework components become
inactive in alkaline treatment. Therefore, the process of Al
enrichment of the zeolite framework during alkaline leaching
is associated actually not with migrating of extra framework
Al species back into the lattice but it results from the fact that
the DAY framework becomes desilicated after such alkaline
treatment.
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[53] C. H. Rüscher, J.-C. Buhl, and W. Lutz, “13-P-15-determination
of the Si/Al ratio of faujasite-type zeolites,” in Zeolites andMeso-
porous Materials at the Dawn of the 21st Century: Proceedings
of the 13th International Zeolite Conference, A. Galarneau, F.
di Renzo, F. Fajula, and J. Vedrine, Eds., vol. 135 of Studies in
Surface Science and Catalysis, p. 343, Elsevier, Amsterdam, The
Netherlands, 2001.

[54] G. Engelhardt and D. Michel, High Resolution Solid State NMR
of Silicates and Zeolites, JohnWiley& Sons, NewYork, NY,USA,
1987.
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The replication casting process gives the open-cell aluminum foams that can be used in many industrial applications as well as
in filtering technology. The essential requirement for filters is the uniformity of filtering degree which is defined by the minimal
pore size. However the structure of replication castings is often inhomogeneous and the minimal pore radius is decreasing in the
direction ofmelt infiltration.The objective of this investigation is to study the dynamics ofmelt impregnation of the porousmedium
by vacuum suction to identify the possibility of reducing the anisotropy. Theoretical data illustrate the processes at the boundary
between melt and gas medium. The experiments were carried out using the replication aluminum samples produced according
to commercial technology. It was found that the permeability coefficient varies throughout the height of castings. A method for
estimation of pressure on the line of melt movement was proposed. The resistance of NaCl layer and circular vents of the mold
causes the inhomogeneity of castings. Finally the ways of minimizing the anisotropy were offered.

1. Introduction

Aluminum open-cell foams can be applied in a wide range of
possible applications [1]. However their main field of appli-
cation is filtration nowadays. The technology of replication
casting creates the porous structure that differs radically from
the pores obtained by powder metallurgy without using the
space-holder material (Figure 1). The replicated aluminum
foam obtained with vacuum suction has a porosity in the
range of 50–65% which is higher than that for sintered
porous structures (around 30–35%) and lower than that
for replication casting under high pressure (up to 90%) [2,
3]. Relatively high volumetric porosity enables the gravity
sedimentation of solid particles. These factors lead to a long-
term operation of filter without a significant permeability
loss.

The essential requirement for filters is the uniformity of
filtering degree which is defined by the minimal pore size
(2𝑟min). This task can be solved with technology [3], when
prebaked sodium chloride (NaCl) layer is infiltrated with
aluminummelt under high pressure. In this case theminimal
pore size is determined by the time of NaCl baking. However
the technology is rarely used commercially due to its high

production cost. The technology with loose NaCl layer is
applied by Composite Materials Ltd. (Ekaterinburg, Russia)
[4] for production replicated aluminum foams in commercial
scale. Here the granular sodium chloride is preheated in a
furnace and is then filled into the mold and infiltrated with
molten aluminum using vacuum suction. The technology
is cost saving and allows producing a wide range of filters
mainly for compressed air and gases. However the minimal
pore radius (Figure 1) is often inhomogeneous and is decreas-
ing in the direction ofmelt infiltration.The anisotropic part of
the casting does not match the requirements of the customer
and should be removed during machining. Therefore the
objective of this investigation is to study the dynamics of melt
impregnation of the porous medium by vacuum suction to
identify the possibility of reducing the anisotropy.

2. Theory

The minimum pore radius of replicated aluminum foam is
derived by the following equation [4]:

𝑟min =

−3𝜎 + √9𝜎
2
− 8𝜎𝑅𝑃 cos 𝜃

2𝑃

,
(1)
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Figure 1: The shape of pores obtained by (a) metal sintering and (b) replication casting hatching area depicts metal.

where 𝜎 is the surface tension of molten metal, 2𝑅 is the
average size of NaCl particles, 𝜃 is wetting angle, and 𝑃 =

𝑃at − 𝑃ac + 𝜌𝑔ℎ, where 𝑃at is the atmospheric pressure, 𝑃ac is
the pressure of the air entrapped during melt filtration in the
air collar, 𝜌 is the melt density, and ℎ is the height of liquid
column.

Hydrostatic pressure will always cause the anisotropy
of porous structure. Decreasing the cast height is not an
acceptable solution since it will increase the production
costs. The influence of hydrostatic pressure can be reduced
by increasing the pressure drop during the aluminum melt
infiltration.

For example, when the pressure drop equals 60 000 Pa
(0,6 atm), sodium chloride fraction is 0,32–0,63mm and
when the cast height equals 200mm towards filtration,
the estimated anisotropy of minimal pore radii caused by
hydrostatic pressure (1) along the cast height will be 2.8%, and
that is technologically acceptable.

The air is entrapped bymelt at the front ofmeltmovement
and as a result the air collar is forming. Subsequently the
pressure at the air collar is equal to the pressure at the front
of melt movement.

The main factor in anisotropy of porous structure is an
alternating pressure at the front line of impregnation.

The technology includes vacuum suction of the mold
filled with salt granules after melt loading on the surface of
NaCl bed. Impregnation does not start at the moment of
connection of the mold to a vacuum line. Since the salt gran-
ules are not wetted by melt, the spontaneous impregnation
does not occur. So there is a certain time gap between melt
loading to the surface of NaCl bed and start of impregnation,
and this time gap is enough to form the oxide film at the

border of melt and salt. The oxide film at the surface of
melted aluminum has sufficiently high mechanical features;
its burst pressure depends on the alloy content and for pure
aluminum it is 18,000 Pa [5]. Therefore, the initial condition
for impregnation is to provide the burst pressure of the oxide
film at the border of melt and salt as follows:

𝑃 (𝑥 = 𝑙) = 18000Pa. (2)

To determine the initial conditions in gaseous phase
during the impregnation, it is necessary to solve the task
of nonsteady air filtration in the porous medium. During
gas filtration the influence of gravity and inertia can be
neglected because of the low density of gases. The process
of nonstationary gas flow in porous medium is described by
Leibenson equation as follows:

𝜕𝑃

𝜕𝜏

=

𝐾

2Δ𝜇

∇
2
𝑃
2
. (3)

Equation (3) is a parabolic-type nonlinear equation. In
case of unidirectional air filtration, (3) can be presented as

𝜕𝑃

𝜕𝜏

=

𝐾

2Δ𝜇

𝜕
2
𝑃
2

𝜕𝑥
2
. (4)

Let us evaluate the mold with porous material of uniform
cross section and finite length (Figure 2). Initial conditions
are provided by pressure 𝑃

0
in the volume of salt granules at

the initial moment (𝜏 = 0):

𝑃 (𝑥, 𝜏 = 0) = 101250Pa. (5)
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The constant pressure equal to the pressure in receiver is
established for the boundary between vacuum receiver and
porous bed as follows:

𝑃 (𝑥 = 0, 𝜏) = 𝑃rec. (6)

The velocity of gas filtration is equal to zero for boundary
between melt and porous bed; thus,

𝑑𝑃

𝑑𝑥

(𝑥 = 𝑙, 𝜏) = 0. (7)

The terminal condition of the task is (2).
Therefore, estimation of nonstationary gas filtration is

equivalent to mathematical task of integration of homoge-
nous Fourier equation (4) with the mentioned-above initial
and terminal conditions (5)–(7). The task is to determine
flow capacity at the direction parallel to mold’s walls at any
moment. The dynamic viscosity of gas is accepted to be
constant (𝜇 = const).

Equation (4) is nonlinear and cannot be solved analyti-
cally. Here, it is taken as a basis, the solution [6] representing
an explicit schedule of the method of finite differences.
Monodimensional field of pressures is an initial condition of
the task of NaCl bed wetting out by melt.

In the process of wetting out, it comes further.
The subsequent air evacuation from NaCl bed to vacuum

receiver is observed during the impregnation, as well as air
displacement from porous medium being filled with melt.
Consequently, a new source component which describes the
air displacement arises in Leibenson equation for a boundary
between a melt and air layer. The boundary layer of gas with
volume 𝑉,

𝑉 = 𝑆 ⋅ 𝐻 ⋅ Δ, (8)

with height 𝐻 and surface 𝑆 (where Δ is porosity) is taken
conditionally as alternating 𝐻 for estimation of melt line
motion as

𝑑 (𝐻)

𝑑𝜏

= −

𝑑𝑙

𝑑𝜏

. (9)

However, the layer’s height 𝐻 is taken as constant (𝐻-
coordinate increment in porous bed) for estimation of
gas filtration into outside environment. Taking account of
decrease of amount of filling with coming melt is performed
by annulation of boundary layer after its total fulfillment.The
estimation schedule is presented (Figure 2).

Pressure in this layer is accepted to be equal through all
its volume. For this layer, theMendeleev-Clapeyron equation
differentiated with respect to time can be presented as

𝑑

𝑑𝜏

(𝑃𝑉) =

𝑑

𝑑𝜏

(

𝑚

𝑀

𝑅𝑇) . (10)

The process is supposed to go under isothermal condi-
tions. Getting (10) together with (8), (9) can be transformed
into the following:

(

𝑑𝑃

𝑑𝜏

)

𝑙

=

𝑅𝑇

𝐻Δ𝑆𝑀

𝑑𝑚

𝑑𝜏

+

𝑃𝑑𝑙

𝐻𝑑𝜏

. (11)
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Figure 2: Principal scheme of NaCl porous bed impregnation.

If the boundary “melt-gas medium” was immovable
(𝑑𝑙/𝑑𝑡 = 0), (11) could be written in the form (4), but since
there is a gas displacement from porous medium being filled
by melt, (4) for boundary air layer on the line of melt motion
is added by the source component from (11):

(

𝑑𝑃

𝑑𝜏

)

𝑙

=

𝐾

2Δ𝜇

𝑑
2
𝑃
2

𝑑𝑥
2

+

𝑃𝑑𝑙

𝐻𝑑𝜏

. (12)

Equation (12) physically means that pressure in the
boundary layer increases because of air displacement by melt
and this pressure increases proportionally to themeltmotion.

Estimation of pressure change on the line of impregnation
is performed by a system of Leibenson equations (4) for gas
flow with boundary conditions (6) and (12), as well as by
Darcy’s equation for fluid flow:

𝑑𝑙

𝑑𝜏

=

𝐾 ⋅ (𝑃ex − 𝑃
𝑙
)

𝜇
𝑙
⋅ 𝑙

, (13)

where 𝑑𝑙/𝑑𝜏 is the average linear flow rate through porous
medium, 𝑃ex − 𝑃

𝑙
is the change of fluid pressure through

porousmedium,𝜇
𝑙
is the dynamic viscosity of the fluid, 𝑙 is the

thickness of infiltrated porous medium along the direction of
fluid flow, and 𝐾 is permeability of porous medium.

The boundary conditions for fluid are as follows: 𝑃
𝑙
is

determined by (12) and 𝑃ex = 101250Pa.The common initial
condition for fluid and gas is 𝑙 = 0.

This solution includes reduction of grid points, whilemelt
is filling the salt layer. Because of approximation errors, it
makes no sense to keep the amount of grid points steady, that
is, to perform recalculation of pressures over the coordinate,
coordinate increment, and time increment. The program is
written in Delphi with Borland environment.
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3. Experimental

In the process of impregnation, the air is entrapped by
melt into the air collars. Their size is a function of residual
air pressure [4]. Thus, there is a possibility to study the
pressure experimentally on the line of impregnation using
the dimensions of these air collars. To eliminate the influence
of random collar selection, it is reasonable to use such
an integrated characteristic property of porous metal as
permeability coefficient. The method of the permeability
coefficient evaluation is published [4].

Commercial metal mold with cylindrical cross section
(Figure 3) was used for experimental samples production.
The mould is placed on a vacuum receiver and is connected
with it through gas valve. In commercial mold the bottom is
covered by a plug, and vacuum suction is performed by air
filtration through a circular vent between the mold and the
plug. The gap creates sufficient hydraulic resistance. So the
framed net was used instead of the full-metal plug during the
experiments. The layer of cold salt was placed over the net
to eliminate the filtration of melt into the vacuum receiver.
Aluminum (Al) 99.95 (A95 grade in Russia) was used as
melt in all experiments for proper control of physical and
chemical characteristics of the process. The NaCl used in
experiments was a commercial evaporated sodium chloride
of such producers as Tyret salt mine OJSC, Uralkali. The
sodium chloride was previously dried and sieved to obtain
the desired granules fraction.

Inner diameter of working space of the mould is 30mm
and length is 140mm including the metal head on the top
−40mm and cold salt layer on the bottom −20mm. The
obtained composite cast with 80mm length was cut into 8
samples with 7mm thickness. The granules of NaCl were
removed from samples by dissolving in water. Porosity of the
samples was estimated by weighting, supposing that all pores
in the samples are open and interconnected.

The impregnation was carried out under isothermal
conditions in order to prevent changes in the physical
characteristics of themelt andNaCl during the impregnation.
The temperature of aluminummelt, NaCl granules, andmold
was equal to 700∘C; the level of vacuum is indicated in Figures
4 and 5.

The results of permeability coefficient’s calculation com-
pared with experimental data are presented in Figures 4 and
5.

4. Discussion

The experimental results show that the permeability coef-
ficient varies throughout the height of castings. A good
repeatability of calculated and experimental results was
observed with use of salt granules with fraction of 0.315–
0.63mm (Figure 4). Slightly higher variations between esti-
mated and experimental data are observed for NaCl fraction
of 1.5–2.5mm (Figure 5). But the shape of curves and depth
of inhomogeneous area (about 20% of the cast length) are
identical both in theory and in practice. That proves the
efficiency of proposed method for estimation of pressure on
the line of melt movement.

Figure 3: Commercial metal mould.
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Figure 4: Variation of the permeability coefficient throughout the
height of a cast with NaCl fraction of 0.315–0.63mm.
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height of a cast with NaCl fraction of 1.5–2.5mm.
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The impregnation can be divided into two stages. The
first stage is when the air pressure on the line of melt
movement varies from oxide film burst pressure to pressure
in receiver. The second stage is when the pressure on the
line of melt movement is stable at the level of receiver
pressure. The estimation of the size of anisotropic area under
different conditionswas performed to assess the capability for
anisotropy control.

These estimations showed that a relative length of
anisotropic area depends only on physical and chemical
characteristics of gas and liquid phases (Figure 6).

The calculationwasmade for aluminum and zincmelts to
demonstrate the effect ofmelt viscosity on the size of inhomo-
geneous area. Since zinc melt’s viscosity is significantly lower
than that for aluminummelt, the size of inhomogeneous area
increases.

The size of inhomogeneous area does not depend on the
permeability coefficient 𝐾. This may be explained by direct
dependence on the filtration velocity from 𝐾 for both liquid
and gas phases.

The Hagen-Poiseuille equation is applied to liquid and
gas phases contemporarily to solve the task of simultaneous
flow of liquid and gas in cylindrical capillary [7]. The paper
[7] shows that a velocity of liquid at the initial stage depends
on the length of capillary and the viscosity of liquid and gas;
that is, it is determined by formation of “air pillow” on the
line of liquid flow. Presented in this paper, the estimations
and experiments not only prove this hypothesis [7], but also
allow evaluating the absolute amount of gas pressure on the
line ofmeltmovement and taking into account the distinctive
features ofmelt, particularly the presence of solid oxide layers
and specific features of impregnation technology (applying of
vacuum suction or external pressure).

5. Conclusion

The present paper shows that it is impossible to decrease
a relative amount of inhomogeneous area theoretically. In
industrial scale, as it was mentioned above, the bottom of
the mould is covered not by framed net but by a full-
metal plug, and this significantly increases the total resistance
of the system “NaCl layer + circular vent” (circular vent
can be approximated as a part of filling). That is why the
inhomogeneity is observed throughout the cast length at the
direction of melt filtration in industrial.

We have found it reasonable to add a layer of fine
fraction of NaCl granules above a basic filling layer before the
impregnation [8] to stabilize the pressure. The size of NaCl
particles in this additional layer should be as small as possible
to provide higher resistance to the melt flow, but it must not
be less than the capillary gaps in the basic filler to avoid the
washing out bymelt.Melt is casted downon the surface of fine
fraction salt. During the vacuum suction the impregnation
starts when a pressure on the boundary “fine fraction salt-
melt” reaches the value of capillary pressure, that is, when
it exceeds sufficiently a capillary pressure for the basic NaCl
layer (or the pressure of destruction of oxide films). When
the melt flows with higher resistance in fine fraction salt the
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Figure 6: Gas pressure on the line of melt motion.

pressure in the basic salt layer becomes steady at the level of
vacuum receiver pressure.Then the part of casting filled with
fine fraction salt is disposed during machining. A serious
restriction of this method is the impossibility to obtain the
products with combination of porous and solid-metal parts.

The other method can be applied to avoid the cast
inhomogeneity [9]. Here the salt layer is impregnated with
melt at irreducibly small vacuum (0.2 atm). Then the form is
covered by a cap and the compressed air is delivered under the
cap. The obtained gradient of pressure allows adjusting the
radius of air collar, as well as all performance characteristics
of product within a rather wide range. This method allows
producing the items that combined the porous and solid-
metal parts, yet the instrumentation is more complicated in
this case.
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Models for random porous media are considered.The models are isotropic both from the local and the macroscopic point of view;
that is, the pores have spherical shape or their surface shows piecewise spherical curvature, and there is no macroscopic gradient of
any geometrical feature. Both closed-pore and open-pore systems are discussed.ThePoisson grainmodel, themodel of hard spheres
packing, and the penetrable sphere model are used; variable size distribution of the pores is included. A parameter is introduced
which controls the degree of open-porosity. Besides systems built up by a single solid phase, models for porous media with the
internal surface coated by a second phase are treated. Volume fraction, surface area, and correlation functions are given explicitly
where applicable; otherwise numerical methods for determination are described. Effective medium theory is applied to calculate
physical properties for themodels such as isotropic elasticmoduli, thermal and electrical conductivity, and static dielectric constant.
The methods presented are exemplified by applications: small-angle scattering of systems showing fractal-like behavior in limited
ranges of linear dimension, optimization of nanoporous insulating materials, and improvement of properties of open-pore systems
by atomic layer deposition of a second phase on the internal surface.

1. Introduction

Thedevelopment ofmodels for randomporousmedia and the
setting-up of structure-property relationships have benefitted
substantially from the rich body of theoretical work on
disordered matter. Beginning with Ziman’s famous book
on models of disorder [1] treatises like that on the physics
of structurally disordered matter [2], the physics of foam
[3], mechanical properties of heterogeneous materials [4],
effective medium theory for disordered microstructures [5],
structure-property relations of random heterogeneous mate-
rials [6], transport, and flow in porous media [7] followed.
Parallel to this progress in physics, mathematical methods
for the description of random systems have been improved
as documented in textbooks on stochastic geometry and its
applications [8–10]. Activities of bridging ideas developed
in physics and materials science on the one hand and of
methods established by mathematicians on the other hand
can be found, for example, in [10–14].

In this review we consider models for random isotropic
porous media of both closed-pore and open-pore type. The
pore surfaces have, at least piecewise, spherical curvaturewith
arbitrary distribution of radii of curvature (for simplicity,
called pore size distribution below). There is no restriction
regarding the volume fraction of pores. The considered
models are based on rules for arranging spheres in the three-
dimensional space. Three types of rules are used: random
arrangement of noninteracting spheres (Boolean model, this
model is not restricted to spherical shape of pores), dense-
random packing of hard spheres (DRP), and random packing
of partially penetrable spheres each consisting of a hard core
and a soft shell (cherry-pit model).The latter one appears as a
numerical interpolation scheme between the Boolean model
and the DRPmethod. A model for a porous medium is made
by arranging spheres according to one of the above rules and,
thereafter, allotting solid material to the space of the model
which is not covered by any sphere. Such a model can be
refined by coating the pore surfaces with a second solid phase.
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The models are characterized by their basic geometrical
features—volume fraction of pores, 𝑉

𝑉
, specific surface area,

𝑆
𝑉
, pore size distribution, 𝑓(𝑟), and correlation function,

𝐶(𝑟). On one hand, these characteristics are required to
interpret experimental data, for example, small-angle scat-
tering curves. On the other hand, they are important for
understanding and control of the interplay between structure
and physical properties of random porous media.

Physical properties of the models are discussed in terms
of an effective medium approach. Explicit expressions for
macroscopic elastic moduli, thermal and electrical conduc-
tivity, and static dielectric constant are given.

The definitions of the geometrical characteristics are
explained in Section 2, the models are described in Section 3,
physical properties are discussed in Section 4, and applica-
tions to experimental situations are presented in Section 5.

2. Geometrical Characteristics

The pore space is described as a random set 𝐴. We consider
volume fraction 𝑉

𝑉
(𝐴), specific surface area 𝑆

𝑉
(𝐴), pore

size distribution 𝑓(𝑟), and correlation function 𝐶
𝐴
(𝑟) as

geometrical characteristics of 𝐴. It is useful to introduce the
complement of 𝐴 consisting of the part of the space which
does not belong to 𝐴. The complement of 𝐴 is indicated by
𝐴
𝑐. This notation is standard in stochastic geometry [10]. For

example, if 𝐴 denotes the pore space of the porous medium,
𝑐
𝑝
= 𝑉
𝑉
(𝐴) and 𝑐

𝑏
= 𝑉
𝑉
(𝐴
𝑐
) = 1 − 𝑐

𝑝
are the volume fraction

of the pore space and the solid bulk phase, respectively.
𝑆
𝑉
(𝐴) = 𝑆

𝑉
(𝐴
𝑐
) is the same for 𝐴 and 𝐴𝑐.

The pore space 𝐴 is described by the shape function:

𝑠
𝑝
(r) = {

1, r ∈ 𝐴
0, otherwise.

(1)

The volume fraction 𝑐
𝑝
of pores is defined by the probability

of finding a random test point r
1
in 𝐴:

𝑐
𝑝
= 𝑉
𝑉
(𝐴) = 𝑃 (r

1
∈ 𝐴) . (2)

If 𝑠𝑝(r) is known 𝑐
𝑝
can be calculated by

𝑐
𝑝
=

1

𝑉

∫

𝑉

𝑠
𝑝
(r) 𝑑𝑉. (3)

The correlation function

𝐶
𝑝
(r) = 𝑃 (r

1
∈ 𝐴, r

2
∈ 𝐴) , r = r

1
− r
2
, (4)

denotes the probability of finding two random test points
(r
1
, r
2
) inside the pore space. It is calculated from the shape

function by

𝐶
𝑝
(r) = 1

𝑉

∫

𝑉

𝑠
𝑝
(u + r) 𝑠𝑝 (u) 𝑑𝑉u. (5)

Because of isotropy it depends only on the distance 𝑟 = |r
1
−

r
2
| between the test points

𝐶
𝑝
(𝑟) =

1

4𝜋

∫

Ω

𝐶
𝑝
(r) 𝑑Ω, (6)

whereΩ is the solid angle. Replacing index 𝑝 by 𝑏 and setting
𝑠
𝑏
(r) = 1 − 𝑠

𝑝
(r) one obtains from ((1), (5), and (6)) for the

correlation function of the solid phase

𝐶
𝑏
(𝑟) = 1 − 2𝑐

𝑝
+ 𝐶
𝑝
(𝑟) . (7)

The specific surface area of 𝐴 is defined by

𝑠
𝑝
= 𝑆
𝑉
(𝐴) = lim

𝜖→0

𝑃 (r
1
∈ 𝑆
𝜖
)

2𝜖

, (8)

where 𝑃(r
1
∈ 𝑆
𝜖
) is the probability of finding a random test

point r1 in 𝑆
𝜖
and 𝑆

𝜖
is defined by all points of the three-

dimensional space the distance of which from the surface
𝑆(𝐴) is less than 𝜖. If the correlation function of the system
is known, 𝑠

𝑝
is related to 𝐶

𝑝
(𝑟) by [10]

𝑠
𝑝
= −4 lim
𝑟→0

𝑑𝐶
𝑝
(𝑟)

𝑑𝑟

. (9)

For illustration we consider the most simple case of a sin-
gle porewith radius𝑅 in a sample of volume𝑉 as amodel for a
dilute system of equal pores; that is, 𝑐

𝑝
≪ 1. The volume frac-

tion and the specific surface area are given by 𝑐
𝑝
= 4/3𝜋𝑅

3
/𝑉

and 𝑠
𝑝
= 4𝜋𝑅

2
/𝑉, respectively. The integral in formula (5)

is evaluated as the convolution integral of a spherical shape
function [16]. Neglecting terms of the order 𝑐2

𝑝
one obtains

𝐶
𝑝
(𝑟) =

{
{

{
{

{

𝑐
𝑝
(1 −

3𝑟

4𝑅

+

𝑟
3

16𝑅
3
) , 0 ≤ 𝑟 ≤ 2𝑅

0, 𝑟 > 2𝑅.

(10)

Polydisperse systems are additionally characterized by a
size distribution function 𝑓(𝑟) with mean value

𝑚 = ∫𝑥𝑓 (𝑥) 𝑑𝑥 (11)

and variance

𝜎
2
= ∫ (𝑥 − 𝑚)

2
𝑓 (𝑥) 𝑑𝑥. (12)

3. Models

3.1. Poisson Grain Model. The Poisson grain model (also
known as Boolean model, see [10]) is an important and
versatile model for generating random two-phase structures.
It is created in two steps. In the first step a random (Poisson)
point field is generated (here in the three-dimensional space)
with number density ] of points. This point field has the
following property. Considering an arbitrary finite region 𝐵

with volume𝑉(𝐵), the number𝑁(𝐵) of points situatedwithin
𝐵 is a random variable. The probability that 𝑁(𝐵) takes the
value 𝑛 is

𝑃 (𝑁 (𝐵) = 𝑛) =

[]𝑉 (𝐵)]
𝑛

𝑛!

exp (−]𝑉 (𝐵)) , 𝑛 = 0, 1, . . . .

(13)



Advances in Materials Science and Engineering 3

The numbers 𝑁(𝐵
1
),𝑁(𝐵

2
), . . . are independent random

variables if the regions 𝐵
1
, 𝐵
2
, . . . do not overlap. Practically,

the point field, that is, the coordinates of the points, can be
produced using a random number generator for numbers
equally distributed in finite coordinate intervals.

In the second step, respectively, one sphere is placed on
each point of the point field where the size distribution of the
spheres is arbitrary. The set-theoretical union of all spheres
represents a random set 𝐴 with volume fraction

𝑉
𝑉
(𝐴) = 1 − exp (−]𝑉) , (14)

where 𝑉 = (4𝜋/3) ∫

∞

0
𝑥
3
𝑓(𝑥)𝑑𝑥 is the mean volume of the

spheres.
Consider definition (2) of volume fraction for the special

case that𝐴 is generated using equal spheres with radius𝑅 and
choose a sphere of the same radius for 𝐵 in (13). Then the
probability that 𝐵 does not contain any point of the Poisson
point field, that is, 𝑛 = 0 in (13), is equal to the probability
that the center of the sphere 𝐵 has always a distance 𝑟 > 𝑅

to any point of the point field. This is exactly definition (2)
for the volume fraction of 𝐴𝑐, 𝑉

𝑉
(𝐴
𝑐
) = exp(−](4𝜋/3)𝑟3) =

1−𝑉
𝑉
(𝐴)which gives (14) for the considered special case.The

general result (14) is obtained using the same idea.
The specific surface area of the model is

𝑆
𝑉
= ] [1 − 𝑉

𝑉
(𝐴)] 𝑆, (15)

where 𝑆 = 4𝜋∫

∞

0
𝑥
2
𝑓(𝑥)𝑑𝑥 is the mean surface area of the

spheres.
The correlation function as defined in (5) and (6) is

𝐶
𝐴
(𝑟) = 2𝑐

𝐴
− 1 + (1 − 𝑐

𝐴
)

2 exp (]𝛾 (𝑟)) , (16)

where 𝑐
𝐴

= 𝑉
𝑉
(𝐴) and 𝛾(𝑟) is the correlation function

of a single sphere averaged over the size distribution 𝑓(𝑟)

according to

𝛾 (𝑟) =

4𝜋

3

∫

∞

𝑟/2

𝑥
3
(1 −

3𝑟

4𝑥

+

𝑟
3

16𝑥
3
)𝑓 (𝑥) 𝑑𝑥. (17)

Thefirst formulation of themodel was given by Porod [17]
for equal spheres. A fundamental and general description can
be found in [10].

Identifying the space covered by spheres in the Boolean
model with the pore space of a random porous medium, one
obtains

𝑐
𝑝
= 𝑉
𝑉
(𝐴) ,

𝑠
𝑝
= 𝑆
𝑉
.

(18)

Figure 1 shows a cutout of a Boolean model with constant
distribution of radii in the interval from 1 to 2. Note that some
of the small spheres may be not visible because they can be
covered completely by large spheres.

3.2. Random Packing of Hard Spheres. The model of hard
spheres is easily defined by the condition that two particles

Figure 1: Cutout of a Boolean model with sphere radii equally
distributed in the interval (1, 2), box size = 5, and volume fraction
𝑉
𝑉
= 0.81.

cannot overlap. Despite the simplicity of the model it appears
very complex especially if the packing fraction of spheres is
high. For equal spheres, packing fractions of 0.74 (regular
hexagonal and face-centered cubic structure), 0.68 (regular
body-centered cubic), and 0.636 (dense-random packing)
are obtained. While regular packing of spheres has been
known as a model for the arrangement of atoms in simple
crystal structures [18], Bernal [19] proposed the model of
dense-randompacked spheres as an approach to the structure
of simple liquids. Early reviews on construction algorithms
and applications of randomly packed sphere models can
be found in [20–22]. More recently, Löwen [23] reviewed
methods for analyzing hard sphere systems such as the
Percus-Yevick theory, the density-functional approach, and
methods of computer simulations from the physical point of
view. Mathematical theories are described in [10].

In this work we use the force-biased algorithm for
the generation of computer models of hard spheres. This
algorithm includes the simulation of systems with arbitrary
size distribution of spheres and works very efficiently [24–
26]. The algorithm starts with a dilute system of randomly
distributed spheres in a parallelepipedal container with peri-
odic boundary conditions applied. Initially, each sphere 𝑖 has
an inner hard core diameter 2𝑟ℎ,0

𝑖
and an outer diameter 2𝑟𝑠,0

𝑖
.

During iteration step 𝑛, distances 𝑟
𝑖𝑗
< 𝑟
ℎ,𝑛

𝑖
+ 𝑟
ℎ,𝑛

𝑗
between

two spheres are not allowed. No interaction occurs for 𝑟
𝑖𝑗
≥

𝑟
𝑠,𝑛

𝑖
+𝑟
𝑠,𝑛

𝑗
. If 𝑟ℎ,𝑛
𝑖
+𝑟
ℎ,𝑛

𝑗
< 𝑟
𝑖𝑗
< 𝑟
𝑠,𝑛

𝑖
+𝑟
𝑠,𝑛

𝑗
, sphere 𝑖 is shifted from

position x𝑛
𝑖
to position x𝑛+1

𝑖
according to

x𝑛+1
𝑖

= x𝑛
𝑖
+

𝑧𝑖

∑

𝑗=1

𝑃
𝑖𝑗

x𝑛
𝑖
− x𝑛
𝑗






x𝑛
𝑖
− x𝑛
𝑗







, (19)

where 𝑃
𝑖𝑗
depends on the diameters of spheres 𝑖 and 𝑗 and on

control parameters and 𝑧
𝑖
is the number spheres which have

overlappedwith sphere 𝑖. Quantity𝑃
𝑖𝑗
is only used to optimize

the convergence of the algorithm. It does not represent any
physical interaction. After each step 𝑛 the packing fraction is
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Figure 2: Volume fraction of systems of dense-random packed
sphereswith bimodal distribution of radii versus size ratio 𝑟small/𝑟large
of spheres and number fraction 𝑓large of large spheres.

enhanced by adjusting the sphere diameters at constant box
size. Denoting the maximum number of iteration steps by
𝑛max, 𝑟

𝑠,𝑛

𝑖
− 𝑟
ℎ,𝑛

𝑖
→ 0 for all 𝑖 if 𝑛 → 𝑛max.

The algorithm is terminated if either the desired packing
fraction is attained, or if no further progress can be achieved,
or if 𝑛 = 𝑛max. For details see [24–27].

The volume fraction of spheres and the specific surface
area of a system of packed hard spheres with number density
] = 𝑁/𝑉 are simply given by

𝑉
𝑉
= ]∫
∞

0

4𝜋

3

𝑟
3
𝑓 (𝑟) 𝑑𝑟, (20)

𝑆
𝑉
= ]∫
∞

0

4𝜋𝑟
3
𝑓 (𝑟) 𝑑𝑟, (21)

respectively.
Figure 2 shows 𝑉

𝑉
of systems of dense-random packed

hard spheres with bimodal size distribution. For a size ratio of
0.45 of small-to-large spheres the volume fraction has a max-
imum of 0.684 at a number fraction of 0.2 of large spheres.
The maximum packing fraction decreases as the size ratio
approaches 1 and takes the value of 0.636 for equal spheres.

There are no exact formulas for the correlation function
of dense hard sphere systems. Current approximations and
discussions of this problem can be found, for example, in
[10, 11, 23]. Monte-Carlo simulations based on the definition
(4) can be used to calculate the correlation function for
numerically simulated hard sphere systems.

3.3. Penetrable Sphere Models. Penetrable sphere models
can be used to describe open-pore structures. Widom and
Rowlinson [28, 29] introduced a penetrable sphere model for
the study of liquid-vapor phase transitions. In this model,
the spheres are allowed to overlap completely. The main
difference to the Boolean model described above consists in
the definition of a potential energy which is related to the
volume occupied by the overlapping spheres. The Widom-
Rowlinson model was first extended and applied to studies
on phase behavior of complex fluids in [30, 31]. Similar
models were described by a number of authors [32–40]. Note
that the force-biased algorithm described in the previous

Figure 3: Construction scheme of the cherry-pit model. Circles
(solid lines) mark the pits, gray regions are the spheres which
partially overlap, and the solid material is black.

section shows features of a penetrable sphere model during
the rearrangement process.

Torquato [41–43] introduced the penetrable concentric-
shell model which is called cherry-pit model for brevity.
In this model, each sphere of radius 𝑅 is composed of an
impenetrable core of radius 𝜆𝑅 (the pit) surrounded by a
perfectly penetrable shell of thickness (1−𝜆)𝑅. For the case of
randomly distributed sphere centers, the limits of 𝜆 = 0 and
𝜆 = 1 correspond to the Booleanmodel and the random hard
sphere one, respectively. Approximate analytical expressions
for volume fraction and specific surface area of this model
were presented in [6, 39, 40, 44]. Results of numerical
simulations with equally sized spheres [45] agreed reasonably
with the predictions for the volume fractions by [39, 40].
Formulas with improved accuracy for volume fraction and
specific surface area of the cherry-pit model with equally
sized spheres have been given in [46, 47]. The cherry-pit
model is a variable model which appears as an interpolation
scheme communicating between the Boolean model and the
hard sphere packing paradigm. Also it allows to vary the
degree of open-porosity by changing the value of 𝜆. While
previous studies of the cherry-pit model concentrated on
using equally sized spheres actual progress has been achieved
by introducing arbitrary size distributions of the spheres [48].

Samples of the cherry-pit model can be generated by
means of the force-biased procedure for packing of hard
spheres. After choosing the number 𝑁 of the spheres, the
desired size distribution, and the intended packing fraction,
the procedure is started. The result consists in the set of
the coordinates (𝑥

𝑖
, 𝑦
𝑖
, 𝑧
𝑖
), 𝑖 = 1, 2, 3, . . . , 𝑁, the radii 𝜆𝑟

𝑖

of the spheres, and the achieved packing fraction 𝜙
ℎ
given

by (20). The corresponding cherry-pit model is obtained
by identifying the spheres of the simulated system with
the pits of the cherry-pit model. The union of all spheres
with radii 𝑟

𝑖
represents the pore space of the model. The

procedure is illustrated in Figure 3. Figure 4 shows cherry-
pit models generated from a system of randomly packed pits
with Gamma distributed radii

𝑓 (𝑟) =

𝑏
𝑝

Γ (𝑝)

𝑟
𝑝−1 exp (−𝑏𝑟) , 𝑟 ≥ 0, (22)

and 𝑟 = 𝑝/𝑏, 𝜎
2
= 𝑝/𝑏

2
, Γ(𝑝) = ∫

∞

0
𝑡
𝑝−1 exp(−𝑡)𝑑𝑡.
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(a) (b)

(c) (d)

Figure 4: Models for porous media generated using the cherry-pit model; Gamma distributed pore size; mean pore size 𝑟 = 1, and variance
𝜎
2
= 0.5; packing fraction of the pit system 𝜙

ℎ
= 0.60; 𝜆 = 0.75, 0.85, 0.95, 1.00 for ((a), (b), (c), and (d)).

The samples shown in Figure 4 differ by the values of 𝜆
chosen for the construction of the cherry-pit models. Clearly,
the degree of open-porosity rises with decreasing 𝜆-values.

The volume fraction of a simulated model is determined
using the point-count method where random test points are
scattered in the simulation box. The number of test points
situated in pores divided by the number of all test points
gives an estimate for the volume fraction of pores.The specific
surface area is calculated in a similar way. Here, the random
test points are distributed on the surfaces of the spheres of
the cherry-pit model. The number of points on the surface of
a sphere not covered by any other sphere contributes to the
surface of the model. The number of contributing points to
the number of all points gives an estimate for the surface area
of the model. Figure 5 illustrates the statistical reliability of
the simulations and its dependence on the size of the model
measured by the number of spheres of the simulated cherry-
pit model. The standard deviation of both 𝑉

𝑉
and 𝑆

𝑉
, each

divided by the mean value of the corresponding quantity,
decreases with increasing box size. The statistical accuracy of
the volume fraction is of the order of 0.25% for𝑁 ≥ 10

4. The

specific surface area is determinedwith an statistical accuracy
of less than 2% for𝑁 = 10

4 and 0.5% for𝑁 = 10
5.

Statistical analysis of large numbers of simulated
monodisperse [47] and polydisperse [48] cherry-pit models
revealed that the volume fraction, 𝑉

𝑉
, of spheres and the

specific surface area, 𝑆
𝑉
, are given by the approximate

formulas:

𝑉
𝑉
= 𝜙
ℎ
+ (1 − 𝜙

ℎ
)Φ(

3√2𝜋

2

(1 − 𝜆) 𝜙
ℎ

𝜆 (1 − 𝜙
ℎ
)

) , (23)

Φ (𝑧) =

2

√𝜋

∫

𝑧

0

exp (−𝑡2) 𝑑𝑡, (24)

𝑆
𝑉
=

3

𝜆𝑟ref
𝜙
ℎ
exp (−9𝜋

4

(1 − 𝜆)
2
𝜙
2

ℎ

𝜆
2
(1 − 𝜙

ℎ
)

2
) . (25)

Again, relations (18) apply if the spheres describe the pore
space of a medium. Expressions (23) and (25) depend on the
quantities 𝜙

ℎ
and 𝜆, which characterize the basic system of

randomly packed hard spheres and the construction scheme
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Figure 5: Normalized standard deviation 𝜎
𝑉

𝑁
/𝑉
𝑉
and 𝜎

𝑆

𝑁
/𝑆
𝑉
of

respectively volume fraction, 𝑉
𝑉
, and specific surface area, 𝑆

𝑉
, of

cherry-pit models with Gamma distributed radii and 𝜎/𝑟 = 0.707

versus number 𝑁 of spheres used for the construction of a model.
The standard deviation is calculated from 10 samples for eachmodel.
𝑆
𝑉
: rhombuses and solid line: 𝜆 = 0.75, triangles and dashed line:

𝜆 = 0.95; 𝑉
𝑉
: circles and dotted line: 𝜆 = 0.75, squares and dashed

line: 𝜆 = 0.95.

of the cherry-pit model, respectively. Parameter 𝑟ref defines
the unit of length of the system. For monodisperse systems
it is equal to the sphere radius. In the polydisperse case the
relation

𝑟ref
𝑟

= 𝑎 + 𝑏(

𝜎

𝑟

)

2

(26)

with 𝑎 = 1.014 ± 0.002, 𝑏 = 0.454 ± 0.006 follows from fitting
(25) to the values of the specific surface areas of simulated
cherry-pit models [48]. Parameters 𝑟 and 𝜎 are the mean
value and the standard deviation of the radii distribution,
respectively, defined by ((11), (12)). The error appearing for
𝜎 → 0 in (26) is below 2%.

Expression (23) does not depend on any parameter
related to the size distribution of spheres. So it appears as
quite a general relation. Detailed analyses in [48] showed that
(23) is most reliable for systems with 0.40 ≤ 𝜙

ℎ
≤ 0.71 ,𝑐

𝑝
≤

0.8 and for size distributions with 𝜎/𝑟 up to about 3.5 (𝑟 is the
mean radius of spheres). Figure 6 compares (23) to simulated
data obtained from systems with 10.000 spheres generated at
periodic boundary conditions where the radii are distributed
according to a Gamma distribution [48].

Formula (25) is accurate in the limits of few percent for
𝜎 ≤ 0.25. The impact of the skewness of the size distributions
on the accuracy of (25) is negligible. Figure 7 illustrates the
validity of (25).

3.4. Interphase Models

3.4.1. Limit of Very Thin Interphase Layer. We start with one
of the models for a porous medium with a single bulk phase.
The pore space is characterized by its volume fraction 𝑉

𝑉

and the specific surface area 𝑆
𝑉
. Then, the internal surface
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Figure 6: Volume fraction of cherry-pit models for Gamma dis-
tributed pore size with 𝜎/𝑟 = 0.25 (rhombs), 0.71 (squares), and 1.00
(circles).
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Figure 7: Specific surface area of cherry-pit models for Gamma
distributed pore size with 𝜎/𝑟 = 0.25 (rhombs), 0.71 (squares), and
1.00 (circles).

of the model is coated by a layer of a second solid phase
of thickness 𝛿𝑡. This layer is called interphase. Denoting the
smallest radius of curvature of a pore of themodel by 𝑟min, for
𝛿𝑡 ≪ 𝑟min, the volume fraction of the layer is approximately

𝑐
𝑖
= 𝛿𝑡𝑆
𝑉
, (27)

the volume fraction of the pores reduces to

𝑐
𝑝
= 𝑉
𝑉
− 𝛿𝑡𝑆
𝑉
, (28)
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Figure 8: Planar intersection of a Boolean interphase model, pores-
light gray, bulk phase-black, and interphase layer-red.

and the volume fraction of the bulk phase remains

𝑐
𝑏
= 1 − 𝑉

𝑉
= 1 − 𝑐

𝑝
− 𝑐
𝑖
. (29)

3.4.2. Boolean Interphase Model. Another way to calculate
the volume fraction of the interphase is to compare two
models differing only by the size of the spheres used for the
construction. Consider a Boolean model 1 generated using
spheres with size distributions 𝑓

1
(𝑟). The space not covered

by any sphere defines the bulk phase 1. Reducing the radius
of each of the spheres of exactly this model by 𝛿𝑡 a second
model 2 is obtained with size distribution 𝑓

2
(𝑟) = 𝑓

1
(𝑟 − 𝛿𝑡),

where 𝑓
1
(𝑟) = 0 for 𝑟 ≤ 𝛿𝑡 is required. This model defines

the pore space. Then, the interphase of thickness 𝛿𝑡 is given
by the space neither belonging to the bulk phase 1 nor to the
pore space and the volume fraction of the interphase follows
as

𝑐
𝑖
= 𝑉
𝑉
(1) − 𝑉

𝑉
(2) . (30)

Figure 8 shows the intersection of a Boolean interphase
model. For the special case of Boolean models with spheres
of equal radius 𝑅 one obtains

𝑐
𝑖
= {1 − exp(−]4𝜋

3

𝑅
3
)} − {1 − exp(−]4𝜋

3

(𝑅 − 𝛿𝑡)

3
)} .

(31)

For 𝛿𝑡 ≪ 𝑅,

𝑐
𝑖
= exp(−]4𝜋

3

𝑅
3
) 4𝜋]𝑅2𝛿𝑡 = ] (1 − 𝑉

𝑉
(1)) 4𝜋𝑅

2
𝛿𝑡 (32)

follows which corresponds to ((15), (27)).

3.4.3. Hard Sphere Interphase Models. For interphase models
based one hard sphere systems the volume fraction of
the interphase is calculated similarly. Assuming a Gaussian
distribution of radii

𝑓 (𝑟) =

1

√2𝜋𝜎

exp(−(𝑟 − 𝑟)
2

2𝜎
2

) (33)

the volume fraction of the interphase is according to (20):

𝑐
𝑖
=

4𝜋𝜌

3

{𝑟 [𝑟
2
+ 3𝜎
2
] − (𝑟 − 𝛿𝑡) [(𝑟 − 𝛿𝑡)

2
+ 3𝜎
2
]} . (34)

In the limit 𝛿𝑡 ≪ 𝑟 one obtains with ((21), (33)) analogously
to (27)

𝑐
𝑖
= 4𝜋𝜌 (𝑟

2
+ 𝜎
2
) 𝛿𝑡 = 𝑆

𝑉
𝛿𝑡. (35)

3.4.4. Cherry-Pit Interphase Model. The cherry-pit model
with one bulk phase can be transformed to an interphase
model in a similar way as the Boolean model and the hard
spheres one. However, expression (14) for the volume fraction
of pores for the cherry-pit model does not depend explicitly
on the pore size. Remembering that the hard core radius 𝑟

ℎ

and the corresponding pore radius 𝑟
𝑝 are related by

𝑟
ℎ
= 𝜆𝑟
𝑝 (36)

and considering two monodisperse cherry-pit models 1 and
2 characterized by the same values of 𝜙

ℎ
and 𝑟
ℎ
but different

pore size 𝑟
𝑝1
, 𝑟
𝑝2

with 𝑟
𝑝2

= 𝑟
𝑝1
− 𝛿𝑡 and 𝜆

1
= 𝑟
ℎ
/𝑟
𝑝1
, 𝜆
2
=

𝑟
ℎ
/𝑟
𝑝2
, the volume fraction of the interphase of the corre-

sponding cherry-pit interphase models is

𝑐
𝑖
= 𝑉
𝑉
(𝜙
ℎ
, 𝜆
1
) − 𝑉
𝑉
(𝜙
ℎ
, 𝜆
2
) , 𝜆

2
=

𝜆
1

1 − 𝛿𝑡/𝑟
𝑝1

. (37)

Setting 𝜆
1
= 𝜆 ,𝛿𝑡 = 𝑟𝛿𝜆/𝜆, replacing

𝑉
𝑉
(𝜙
ℎ
, 𝜆) − 𝑉

𝑉
(𝜙
ℎ
, 𝜆 + 𝛿𝜆)

𝛿𝜆

(38)

by

𝜕𝑉
𝑉
(𝜙
ℎ
, 𝜆)

𝜕𝜆

(39)

and carrying out 𝛿𝜆 → 0 one obtains from ((23), (25))

𝑐
𝑖
= 𝑟

𝛿𝜆

𝜆

𝑆
𝑉
= 𝛿𝑡𝑆
𝑉

(40)

which corresponds with (27).

3.5. Reconstruction. It is often important to generate models
not from mathematical algorithms or rules but from experi-
mentally obtained structural information. Such information
is basically incomplete for random systems. The generation
of models from experimental data or reconstruction must
therefore focus on reproducing important structure parame-
ters like volume fraction, pore size distribution, or correlation
functions. The problem of reconstruction is related to the
well-known field of stereology (see chapter 10 in [10]). A
typical problem of stereology is, for example, to estimate the
size distribution of particles from the length distribution of
chords inside particles where the chords are determined from
linear sections of the considered sample. Few problems are
exactly solved, for example, the determination of the size
distribution of pores from planar sections of the sample if
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the pores have spherical shape. The size distribution of the
pores determines, however, not yet the spatial distribution of
the spheres. In this case, small-angle scattering data would be
helpful to complete information about spatial correlations of
the 3-dimensional arrangement of the pores.

Procedures for the reproduction of random structures
have been successfully developed in recent years. Roberts
generated 3-dimensional models from 2-dimensional images
[49]. Yeong and Torquato [50, 51] proposed a procedure
applicable to very different types of random media. Hilfer
and Manwart [52] used physical properties like conductivity
and permeability in order to improve reconstruction. Recon-
struction from microtomographic images was carried out by
Øren and Bakke [53]. Ohser and Schladitz [14] presented
general methods of computational image analysis. Methods
for the reconstruction of randommedia of the type described
by the Poisson grain model have been developed by Arns
et al. [54, 55]. Problems occurring with reconstruction on the
nanometer scale have been addressed by Prill et al. [56].

4. Structure-Property Relationships

Properties of random heterogeneous materials including
porous media have been considered in many theoretical
studies. The effective medium theory see, for example, [4, 5],
and its combination with the maximum entropy approach
[57] have been proven as a powerful tool to understand
macroscopic properties, and various structure models have
been considered for the study of structure-property relations
of heterogeneousmaterials [6, 7, 58–60]. Among the different
structure models, the Poisson grain model appears as one
of the most successful approaches for establishing structure-
property relationships of random media [58, 61–66]. Recent
work on the optimization of property combinations of ran-
dom media by means of structure variation can be found in
[67, 68].

We consider the composite sphere assemblagemodel (see,
e.g., [4]) and related effective medium theories (see, e.g., [5])
as most adequate for the models described in the previous
sections. Explicit expressions for dielectric constants, thermal
conductivity, and isotropic elastic moduli of models consist-
ing of amatrix and spherical inclusions have been derived and
discussed in [4, 5, 67–69]. Below, the idea of this approach is
explained for the example of the thermal conductivity of a
porous medium with coated pore surface.

A corresponding composite sphere element (CSE) is
made up by a central sphere with radius 𝑟

𝑝
filled with phase

𝑝, a concentric spherical shell of phase 𝑖with thickness 𝑟
𝑖
−𝑟
𝑝
,

and a second shell of phase 𝑏 with thickness 𝑟
𝑏
− 𝑟
𝑖
(see

Figure 9). In our case, phase 𝑝 represents the pore content
(vacuum, air, or something else), phase 𝑖 is the pore coating
layer, and phase 𝑏 is the bulk material of the porous medium.
The CSE is embedded in the effective medium. The volume
fraction of the pores, the coating, and the bulk material are
denoted by 𝑐

𝑝
, 𝑐
𝑖
, and 𝑐

𝑏
, respectively. Writing

𝑟
𝑝𝑖
= (

𝑟
𝑝

𝑟
𝑖

)

3

, 𝑟
𝑖𝑏
= (

𝑟
𝑖

𝑟
𝑏

)

3

, 𝑟
𝑝𝑏
= (

𝑟
𝑝

𝑟
𝑏

)

3

(41)

Effective porous medium
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Figure 9: Composite sphere element.

the volume fractions of the phases are

𝑐
𝑝
= 𝑟
𝑝𝑏
, 𝑐

𝑖
= 𝑟
𝑖𝑏
− 𝑟
𝑝𝑏
, 𝑐

𝑏
= 1 − 𝑟

𝑖𝑏
. (42)

The temperature distribution in the porous medium follows
the Laplace equation

Δ𝑇 = 0, (43)

And the corresponding intensity field is

f = −∇𝑇. (44)

Heat flux j and thermal conductivity 𝜎 are defined by

j = 𝜎f . (45)

According to [70] the solution of the Laplace (43) for the CSE
unit embedded in the effective medium is

f =

{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{

{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{
{

{

𝐶
𝑝
sinΘu

Θ
− 𝐶
𝑝
cosΘu

𝑟
, 0 ≤ 𝑟 ≤ 𝑟

𝑝
,

(𝐶
𝑖
+

𝐷
𝑖

𝑟
3
) sinΘu

Θ

+( − 𝐶
𝑖
+ 2

𝐷
𝑖

𝑟
3
) cosΘu

𝑟
, 𝑟
𝑝
≤ 𝑟 ≤ 𝑟

𝑖
,

(𝐶
𝑏
+

𝐷
𝑏

𝑟
3
) sinΘu

Θ

+( − 𝐶
𝑏
+2

𝐷
𝑏

𝑟
3
) cosΘu

𝑟
, 𝑟
𝑖
≤ 𝑟 ≤ 𝑟

𝑏
,

−𝑓
0
sinΘu

Θ
+ 𝑓
0
cosΘu

𝑟
, 𝑟

𝑏
≤ 𝑟.

(46)

The boundary conditions of the heat flux through the inter-
faces pore to coating, coating to bulk, and bulk to effective
medium require continuity of the radial component ju

𝑟
of

the heat flux, j, and of the tangential component fu
Θ
of the

temperature gradient, −f . Denoting the values of the thermal
conductivity of the pore phase, the coating interlayer, the bulk
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Table 1: Mathematically equivalent properties (according to [5]).

Problem Potential Field Flux Property
Heat conduction Temperature 𝑇 Temperature gradient −∇𝑇 Heat flux f Heat conductivity 𝜎
Electrical
conductivity Electrical potential Electric field Current density Electrical

conductivity
Diffusion Density Density gradient Current density Diffusion constant
Electrostatics Electric potential Electric field Electric displacement Dielectric constant
Magnetostatics Magnetic potential Magnetic field Magnetic induction Permeability

material, and the effective medium by 𝜎
𝑝
, 𝜎
𝑖
, 𝜎
𝑏
, and 𝜎∗ one

obtains a system of linear equations

(

(

(

(

1 −𝑟
𝑝𝑖

−1 0 0 0

−𝜎
𝑝
𝑟
𝑝𝑖
𝜎
𝑖
−2𝜎
𝑖

0 0 0

0 1 1 −𝑟
𝑖𝑏

−1 0

0 −𝜎
𝑖

2𝜎
𝑖

𝑟
𝑖𝑏
𝜎
𝑏
−2𝜎
𝑏

0

0 0 0 1 1 1

0 0 0 −𝜎
𝑏

2𝜎
𝑏

−𝜎
∗

)

)

)

)

(

(

(

(

(

𝐶
𝑝

𝐶
𝑖

𝐷
𝑖

𝐶
𝑏

𝐷
𝑏

𝑓
0

)

)

)

)

)

= 0.

(47)

This systemhas a solution if the determinant of the coefficient
matrix vanishes. Solving the resulting equation for 𝜎∗ one
obtains for the effective thermal conductivity

𝜎
∗
= 𝜎
𝑏
+

𝑟
𝑖𝑏

(1 − 𝑟
𝑖𝑏
) /3𝜎
𝑏
− 1/ (𝜎

𝑏
− 𝜎

#
)

(48)

with

𝜎
#
= 𝜎
𝑖
+

𝑟
𝑝𝑖

(1 − 𝑟
𝑝𝑖
) /3𝜎
𝑖
− 1/ (𝜎

𝑖
− 𝜎
𝑝
)

. (49)

Quantity 𝜎# can be interpreted as the effective conductivity of
a subsystem consisting of spherical pores with conductivity
𝜎
𝑝
embedded in a matrix with property 𝜎

𝑖
and the corre-

sponding volume fractions.
It is known that a number of physical problems are

mathematically equivalent to the formulation of thermal
conductivity [5].Therefore, (43) to (49) apply also to electrical
conductivity, static dielectric property, magnetostatics, and
diffusion (see Table 1).

The elastic moduli of the considered model can be
calculated using either the CSA model [4] or the extended
replacement method [71]. The results can be expressed in
a similar form as expressions ((48), (49)). Denoting the

effective property of the system by 𝑎∗, one can write [48, 68,
69]:

𝑎
∗

𝑎
𝑏

= 1 +

1 − 𝑐
𝑏

𝛼
𝑎

𝑏
𝑐
𝑏
− 𝑎
𝑏
/ (𝑎
𝑏
− 𝑎

#
)

, (50)

𝑎
#

𝑎
𝑖

= 1 +

1 − 𝑐
#

𝛼
𝑎

𝑖
𝑐
#
− 𝑎
𝑖
/ (𝑎
𝑖
− 𝑎
𝑝
)

, (51)

𝑐
#
=

𝑐
𝑝

𝑐
𝑝
+ 𝑐
𝑖

, (52)

𝛼
𝑎

𝑚
=

{
{
{
{
{
{
{

{
{
{
{
{
{
{

{

1

3

, 𝑎 = 𝜎

3𝐾
𝑚

3𝐾
𝑚
+ 4𝐺
𝑚

, 𝑎 = 𝐾

6 (𝐾
𝑚
+ 2𝐺
𝑚
)

5 (3𝐾
𝑚
+ 4𝐺
𝑚
)

, 𝑎 = 𝐺.

(53)

The symbol 𝜎 stands for dielectric constant, thermal con-
ductivity, and related properties,𝐾,𝐺 denote elastic bulk and
shear modulus for isotropic systems, and index 𝑚 = 𝑝, 𝑖, 𝑏

stands for pore, interphase layer, and bulk phase.
Expressions ((50) to (53)) are rigorous results obtained

for geometrical situations as given in the structure models
described above. The results for the properties are unique
and no uncertainty due to unknown topology of phase
distribution occurs. Nevertheless there are relations to the
Hashin-Sthrikman bounds for properties of heterogeneous
materials [72] which we discuss here for the case of the
dielectric constant𝑘. For simplicity, we use amodel consisting
of a matrix and spherical inclusions. Choosing 𝑐

𝑖
= 0 with

𝑐
𝑝
= 1 − 𝑐

𝑏
, 𝑎 = 𝑘, and 𝛼

𝑘
= 1/3, assuming 𝑘

𝑏
< 𝑘
𝑝
,

and changing the topology of the system by interchanging
properties and volume fractions ofmatrix and inclusions, that
is, 𝑘
𝑏
↔ 𝑘
𝑝
, 𝑐
𝑏
↔ 𝑐
𝑝
, one obtains from ((50), (51)) theHashin-

Sthrikman bounds for the effective dielectric constant, 𝑘∗, of
a two-component composite (see also [5], (2.3))

𝑘
𝑏
+

𝑘
𝑏
𝑐
𝑝

𝑐
𝑝
/3 − 𝑘

𝑝
/ (𝑘
𝑝
− 𝑘
𝑏
)

≤ 𝑘
∗
≤ 𝑘
𝑝

+

𝑘
𝑝
𝑐
𝑏

𝑐
𝑏
/3 − 𝑘

𝑏
/ (𝑘
𝑏
− 𝑘
𝑝
)

.

(54)

The same procedure can be carried out for the Hashin-
Sthrikman bounds for the isotropic elastic moduli (see [4],
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Sections 3.2 and 4.1). For a given distribution of phases on
pores, interphase layer, and bulk there is no uncertainty of
the topology and, consequently, expressions ((50) to (53)) for
the properties are unique.

5. Applications

5.1. Fractal-Like Pore Structure. Porous media may have
fractal features (see, e.g., [73–75]). We consider here a model
for surface fractals which is based on the Boolean model
described in Section 3.1. This model is tunable with respect
to the fractal dimension of the internal surface, and explicit
expression for the geometrical characteristics defined in
Section 2 is known [68, 76]. The size distribution of spheres
used for the construction of the model is defined by self-
similarity rules for the radii 𝑟

𝑢
and the partial number density

]
𝑢
of spheres 𝑟

𝑢
:

𝑟
𝑢
= 𝑢
𝑠
𝑟
1
, ]

𝑢
= 𝑢
−𝑡]
1
, 𝑢

0
≤ 𝑢 ≤ 1, (55)

where 𝑟
𝑢
and ]

𝑢
are radius and number density of spheres

belonging to the interval (𝑢−𝑑𝑢, 𝑢). Parameter 𝜅 = 𝑟
0
/𝑟
1
= 𝑢
𝑠

0

describes the ratio of minimum and maximum sphere size.
The normalized size distribution 𝑓(𝑟) is then given by

𝑓 (𝑟) =

{
{

{
{

{

𝜂𝜅
𝜂

(1 − 𝜅
𝜂
) 𝑟
1

(

𝑟

𝑟
1

)

−𝜂−1

, 𝑟
0
≤ 𝑟 ≤ 𝑟

1

0, otherwise

𝜂 =

𝑡 − 1

𝑠

.

(56)

Number density of spheres, volume fraction, specific
surface area, and correlation function are given by ((14), (15),
and (16)) and

] = ]
1

1 − 𝜅
𝜂

𝜅
𝜂
𝜂𝑠

, (57)

]𝑉 = ]
1

4𝜋

3

𝑟
3

1

1 − 𝜅
3−𝜂

(3 − 𝜂) 𝑠

, (58)

]𝑆 = ]
1
4𝜋𝑟
2

1

𝜅
2−𝜂

− 1

(𝜂 − 2) 𝑠

, (59)

]𝛾 (𝑟) =
3 − 𝜂

1 − 𝜅
3−𝜂

ln 1

1 − 𝑉
𝑉

× {

1 − (𝜌/𝑟
1
)

3−𝜂

3 − 𝜂

+

3

2

(

𝑟

2𝑟
1

)

1 − (𝜌/𝑟
1
)

2−𝜂

𝜂 − 2

−

1

2

(

𝑟

2𝑟
1

)

3
1 − (𝜌/𝑟

1
)

−𝜂

𝜂

} ,

0 ≤ 𝑟 ≤ 2𝑟
1
,

(60)

where

𝜌 =

{

{

{

𝑟
0
,

𝑟

2

< 𝑟
0

𝑟

2

, 𝑟
0
≤

𝑟

2

≤ 𝑟
1.

(61)
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Figure 10: Volume fraction (insert) and specific surface area of self-
similar Booleanmodels versus self-similar parameter 𝜂; 𝑟

1
= 1, ]

1
=

0.01, and 𝑠 = 1; 𝜅 = 0.1 (dotted), 0.01 (dashed), and 0.001 (solid
line).

The self-similar model described by ((14), (15), and (16)) and
((58), (59), (and 60)) exhibits the properties of a surface
fractal if the specific surface area tends to infinity while the
volume fraction remains finite for 𝜅 → 0. This is the case for

2 ≤ 𝜂 < 3,

𝑑
𝑓
= lim
𝜖→0

ln (𝑃 (r ∈ 𝑆
𝜖
) /𝜖
3
)

ln (1/𝜖)
= 𝜂

(62)

is the dimension of the fractal internal surface of the model
according to the Minkowski-Bouligand definition [77, 78].
Quantity 𝑆

𝜖
is the same as in (8). Fractality of a porous

medium can be detected by means of small-angle scattering
methods [73]. In such cases the limit 𝑟/𝑟

1
≪ 1 is of interest

which determines the behavior of the scattering intensity at
large scattering angles. One obtains from ((7), (60))

𝐶 (𝑟) − 𝑉
2

𝑉
∝ (

𝑟

2𝑟
1

)

3−𝑑𝑓

(63)

which is in accordance with [73, 79].
The behavior of the self-similar system is illustrated by

Figures 10 and 11.The volume fraction of pores increases with
increasing values of the self-similarity parameter 𝜂 and also
with decreasing ratio of radii 𝜅 of smallest to largest pores
(Figure 10). Of course, 𝑉

𝑉
keeps limited in the fractal limit

𝜅 → 0, where 𝜂 takes the meaning of the fractal dimension
of the internal surface (see expressions ((14), (58)). In the
extreme case of 𝜅 = 0 and 𝑑

𝑓
→ 3 the porosity 𝑉

𝑉

tends to 1. The specific surface area given by ((15), (59)) is
controlled by the term 𝜅

2−𝜂. Clearly, 𝑆
𝑉
tends to infinity for

𝜅 → 0 independent of the value 2 < 𝑑
𝑓
< 3 of the fractal

dimension of the internal surface. The behavior of 𝑆
𝑉
in the

fractal limit appears also applying (9) to (63). Obviously, 𝑆
𝑉

tends to infinity for each fractal dimension 2 < 𝑑
𝑓
< 3 of the
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by 1); 𝜅 = 0.05, and 𝜂 = 2.5 (solid line).

internal surface. Figure 10 illustrates the dependence of 𝑆
𝑉
on

the self-similarity parameter 𝜂 for different values of 𝜅.
The scattering intensity of the self-similar system can be

calculated [11, 68, 78] using

𝐼 (𝑞) = 4𝜋∫

∞

0

𝑟
2
[𝐶 (𝑟) − 𝑉

2

𝑉
]

sin (𝑞𝑟)
𝑞𝑟

𝑑𝑟, (64)

where 𝑞 is the absolute value of the scattering vector defined
in the usual way [74]. If the size of pores is on the nanometer
scale, 𝐼(𝑞) is called small-angle scattering intensity. Inserting
((16), (60)) in (64) an explicit expression for the small-angle
scattering intensity can be obtained. The limit of small 𝑟-
values given in (63) becomes apparent in 𝐼(𝑞) in the form

𝐼 (𝑞) ∝ 𝑞
6−𝑑𝑓 (65)

in the fractal limit for not to small 𝑞-values.
Figure 11 shows scattering intensities of a self-similar

system with fractal-like behavior for small 𝜅. The scattering
intensity is dominated in the region log(𝑞/𝑞

0
) < 0.5 by the

largest pores of the system (𝑟
1
= 1 in suitable units, e.g.,

in nanometers). The curve for the system with small range
𝜅 = 0.05 of self-similarity follows approximately expression
(65) in the interval 0.5 < log(𝑞/𝑞

0
) < 1, and for log(𝑞) > 1 the

scattering intensity 𝐼(𝑞) is determined by the smallest pores
of size 𝑟

0
= 𝜅𝑟
1
. Systems showing such scattering curves are

sometimes called fractal-like. Seriously speaking, the system
is self-similar over about one order of magnitude of length
scale. The curves for 𝜅 = 0.001 represent systems which are
self-similar over 3 orders of magnitude. This is reflected by
the linear behavior in the log(𝐼(𝑞)) versus log(𝑞/𝑞

0
) plot for

0.5 < log (𝑞/𝑞
0
) < 2.3 where the limit (65) applies. Here, the

term fractal-like would be justified.

5.2. Optimization of Porous Dielectric Materials. The
improvement of silicon based microelectronic devices
like microprocessors has been a continuing process over
decades [80]. This includes the further development of many
components and also the replacement of components by new
materials, for example, the replacement of aluminum wires
for connecting billions of transistors in a microprocessor
circuit by copper wires. This replacement was necessary
because the performance of microprocessors is increasingly
affected by the on-chip interconnect design and technology.
Signal delay caused by the resistor-capacitor (RC) interaction
in the system of copper wires and insulating layers becomes
more and more important compared to the transistors’
signal delay [81, 82]. Additionally, cross-talking and power
dissipation worsen due to increasing RC coupling caused
by continuous reduction of device dimensions [83, 84].
The introduction of the copper technology was one step
to reduce these unfavorable implications of continuous
miniaturization. Another one concerns the reduction of
the dielectric constant of the insulating layers separating
the copper wires. Manufacturable materials with effective
dielectric constants of 2.90 to 2.60 are available at the present
time; however, feasible solutions with 𝑘 < 2.60 are difficult to
obtain [85].

Research is in progress to define dielectric materials
with extremely low dielectric constant. Besides dense low-
𝑘 materials like organosilicate glass and the challenging
airgap technology, insulating materials with porosity on the
nanometer scale are considered as a promising way to reduce
the above problems [85]. Among possible nanoporous insu-
lating materials [86–88] nanoporous silica has the advantage
that it can be implemented comparably easily in the current
silicon technology.

We consider the following problem: optimize the struc-
ture of nanoporous silica in such a way that the dielectric
constant 𝑘 is as low as possible, for example, less than 2
(vacuum: 𝑘 = 1, SiO

2
: 𝑘 = 4), and the Young’s modulus

𝐸 as high as possible, for example, higher than 5GPa (SiO
2
:

𝐸 = 74GPa) which would match future technological
requirements. Using an interphase model specified by the
volume fractions of pores, 𝑐

𝑝
, and interphase, 𝑐

𝑖
, and choosing

a favorable second material additionally to silica, effective
properties can be calculated for the models with ((50), (51),
and (52)) and (53) with the corresponding values for 𝛼𝑘

𝑎
; the

Young’s modulus is given by

𝐸 =

9𝐾𝐺

3𝐾 + 𝐺

(66)

for isotropic systems. The properties of the components used
for the simulations are quoted in Table 2. Figure 12 shows
contour plots of effective property combinations in the plane
spanned by 𝑐

𝑖
and 𝑐
𝑝
for amodel consisting of porous Parylene

coated with SiO
2
. Due to the porosity and the low 𝑘-value of

the bulk material very low values of the dielectric constant
can be achieved. However, the Young’s modulus is too small
for pure porous Parylene. Coating with SiO

2
improves the

effective modulus with the result that for 𝑐
𝑖
≈ 0.2 and pore

fraction of at least 0.65 excellent values for 𝑘∗ < 1.5 can be
combined with reasonable values 𝐸∗ ≥ 5GPa. The required
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Table 2: Properties of the structural components for models of
coated porous ultralow 𝑘 dielectrics.

Component 𝐾 (GPa) 𝐺 (Gpa) 𝑘

Parylene 4.7 1.0 2
SiO2 36.7 31.2 4
Vacuum 0 0 1
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Figure 12: Effective property map for porous Parylene coated with
SiO
2
versus volume fractions 𝑐

𝑝
and 𝑐

𝑐
of pores and coating layer,

respectively. Properties of the components are given in Table 2.
Regions with 𝑘∗ < 1.5, 𝐸∗ > 5GPa (yellow), 𝑘∗ < 1.6, 𝐸∗ > 4GPa
(light blue), 𝑘∗ < 1.7, 𝐸∗ > 3GPa (blue), and 𝑘∗ ≥ 1.7, 𝐸∗ ≤ 3GPa
(dark blue).

porosity of at least 0.65 is, however, very high and cannot
be achieved with random hard sphere packing models with
equal spheres. Instead, the pores must have a polydisperse
size distribution to obtain 𝑐

𝑝
> 0.65. The parameters of

the required size distribution can be determined using the
methods described in Section 3; see also Figure 2.

Starting with porous silica and coating it with Parylene
another effective property map appears (Figure 13). Systems
with an effective dielectric constant of 𝑘∗ < 1.8 can be
achieved at moderate porosity of about 0.60 for values
of the effective Young’s modulus of not less than 12GPa,
which appears as an excellent combination of dielectric and
mechanical properties for the purpose under consideration.

5.3. Simulation of Coating Processes. The previous section
showed for a specific case that introducing an interphase layer
into a porous system may come out as a useful method to
improve effective properties of a porous system. Coating of
porous media has been proven to be a successful method to
modify their properties in many fields of application. This
applies not only to the properties discussed above but also
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Figure 13: Effective property map for porous SiO
2
coated with

Parylene versus volume fractions 𝑐
𝑝
and 𝑐

𝑖
of pores and coating

layer, respectively. Properties of the components are given in Table 2.
Regions with 𝑘∗ < 1.8, 𝐸∗ > 12GPa (yellow), 𝑘∗ < 2.0, 𝐸∗ > 10GPa
(light blue), 𝑘∗ < 2.2, 𝐸∗ ≤ 5GPa (blue), and 𝑘∗ ≥ 2.2, 𝐸∗ ≤ 5PGa
(dark blue).

to flow and transport in porous media [7], percolation [89],
enzyme immobilization [90, 91], adsorption processes [92–
94], and others. Different methods of coating and surface
refinement of open-pore materials are known, for example,
spray coating [95] and microarc oxidation coating [96] of
metallic foams [97], and atomic layer deposition [15, 98–101].
The latter method is of special interest for media which are
characterized by open-porosity on the nanometer scale.

We study the growth of a layer on the internal surface of
open-pore systems within the framework of the cherry-pit
model. Expression (37) for the volume fraction of a coating
layer is written in the form

𝑐
𝑖
= 𝑉
𝑉
(𝜆
0
) − 𝑉
𝑉
(𝜆
𝜏
) , (67)

where 𝜏 denotes the coating time. For simplicity we consider
a system with narrow pore size distribution. In a continuous
coating process the radius 𝑟

𝜏
of a given pore reduces accord-

ing to

𝑟 (𝜆
𝜏
) = 𝑟
0
− 𝜇𝑟
ℎ
𝜏 =

𝑟
ℎ

𝜆
𝜏

, 𝑟
0
=

𝑟
ℎ

𝜆
0

. (68)

One obtains

𝜆
𝜏
=

𝜆
0

1 − 𝜆
0
𝜇𝜏

, (69)

where𝜇 is the growth rate of layer thicknessmeasured in units
of the pit radius of the cherry-pit model. For discontinuous
processes like atomic layer deposition, 𝜇𝜏 has to be replaced
by Δ𝑡𝑛, where 𝑛 is the number of the deposition cycle and
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Figure 14: Volume fraction of pores (circles) and ALD layer
(squares) of Al

2
O
3
coated polypropylene. Experimental data points

taken from [15]. Curves calculated using formula (36).

Table 3: Properties of the structural components used for the atomic
layer deposition process.

Component 𝐾 (GPa) 𝐺 (Gpa) 𝜎 (W/mK)
Polypropylene 6 0.6 0.12
Al2O3 165 124 18

Δ𝑡 is the increment of layer thickness achieved by one cycle
measured in units of the pit radius. We apply the present
approach to experimental results for atomic layer deposition
of Al
2
O
3
on porous polypropylene [15]. Figure 14 compares

the evolution of the porosity and the volume fraction of the
Al
2
O
3
layer with the number of deposition cycles. The cycle

numbers are corrected for the induction period [15]. The
model curves reproduce the trend of the experimental data
with an accuracy of about 20%.

The estimated volume fractions can now be used to
predict effective properties of the coated material. Using
known data (see Table 3) for bulk, 𝐾, shear, 𝐺, modulus,
and the thermal conductivity 𝜎 of polypropylene and for
Al
2
O
3
the effective elastic and thermophysical properties

of the coated material are calculated. Figure 15 shows the
results for the effective thermal conductivity and the Young’s
modulus. Both for the Young’s modulus and the thermal
conductivity the essential increase is achieved within the
first 20 deposition cycles. These results supplement the
experimental data obtained in [15] by predicting the change
of physical properties during the deposition process.

6. Conclusion

There are appropriate theoretical tools for a consistent de-
scription of the structure and effective properties of isotropic
random porous media. These tools provide impr-oved facili-
ties to develop suitable models for porous materials from ex-
perimentally obtained structural parameters and to optimize
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Figure 15: Effective thermal conductivity and Young’s modulus of
Al
2
O
3
coated polypropylene versus ALD cycle number.

effective properties by simulating the response of effective
properties on structural modification.
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The present paper describes the manufacturing process of open-pore metal foams by investment casting and the mesostruc-
tural/morphological evolution resulting from a new technique of modifying the precursor. By this technique, the precursor is
coated with a polymer layer whereby a thickening of the struts occurs. Relative densities in the range of 1.85 ≤ 𝜌rel ≤ 25% of
open-pore metal foams can be achieved with high accuracy. The samples investigated have pore densities of 𝜌

𝑃
= 7 ppi, 10 ppi,

and 13 ppi. The relevant processing parameters needed for a homogenous formation of the polymer layer are determined for two
different coating materials and the resulting open-pore foam’s mesostructure is characterized qualitatively and quantitatively. The
alloy used for investment casting open-pore metal foamsis AlZn11. The microstructural evolution of these foams is evaluated as a
function of the mesostructure. Differences in the microstructure are observed for foams with low and high relative densities and
discussed in terms of cooling subsequent to investment casting.

1. Introduction

Open-pore metal foams possess attractive properties due to
their highly porous and light weight structure in combination
with their base material. Hence, this group of materials is of
great interest for different fields of application, such as in the
sectors of heat engineering [1, 2], biomedical engineering [3,
4], electrical energy storage [5, 6], or lightweight design [7, 8].

Common processing techniques for manufacturing
open-pore metal foams are based on sintering or casting
[9, 10]. The method used in this investigation is a modified
investment casting process which offers great advantages
due to a targeted adaptation/tailoring of the relative density
𝜌rel, structure of the cells, geometry, and alloy composition
for any specific application. The open-pore metal foam also
acts as an exact copy of the precursor—whereby also highly
complex component geometries are possible—, and regular
structures and pore-size distributions can be achieved

[11–13]. Typically, a reticulated polymer foam [14] is used as a
precursor. In many investigations (cf. [15–17]) these polymer
foams are used for the metal foam production in as-received
conditions leading to a relative density of 𝜌rel = 2 ± 0.2%
for samples in a range of pore densities of 10 ppi ≤ 𝜌

𝑃
≤

40 ppi. However, for some applications such a low metallic
portion is not adequate and hence the relative density needs
to be enhanced. One common method of doing this is by
thickening the struts of the polymer foam by dunking it into
liquid wax [16, 18–20]. However, this method requires a high
level of experience to achieve a homogenous structure in a
repetitive accuracy and to avoid blocking of the pores [18, 19].
Furthermore, thickening the struts can just be conducted
within narrow confines.

For these reasons an alternative method for a mesostruc-
tural design of open-pore metal foams is developed. Using
this method any required relative density 𝜌rel can be
achieved through a homogenous thickening of the struts.The
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Figure 1: Schematic diagram of mold preparation process: (a) modelling in terms of mounting precursor on gate with feeding system, (b)
embedding in terms of infiltrating the pattern placed in a steel cuvette by molding material, and (c) burning out in terms of dewaxing the
gating system, pyrolyzing the precursor, and hardening the mold.

thickening is a thermal-additive process where the struts of
the samples are firstly coated with an adhesive layer, followed
secondly by powdering them with polymer granules and
thirdly treating the samples above the melting temperature
𝜗
𝑀

of the polymer granules. In the present study the basics
of the modified investment casting process for open-pore
metal foams are described briefly. Furthermore, the influence
of treatment time 𝑡th, treatment temperature 𝜗th, diameter
of polymer granules 𝑑

𝑝
, and quantity of treatment runs 𝑛th

on the open-pore metal foam’s mesostructure and its relative
density 𝜌rel is investigated. The microstructural evolution
resulting in the investment casted open-pore metal foams is
identified.

2. Experimental

2.1. StrutThickening. The precursors for the modified invest-
ment casting process used in this investigation are com-
mercial reticulated open-pore polymer foams (brand name
“Regicell”) with different pore densities of 𝜌

𝑃
= 7 ppi, 10 ppi,

and 13 ppi, obtained from Foampartner Reisgies Schaum-
stoffe GmbH in Leverkusen, GER.These as-received samples
have a relative density of 𝜌rel = 1.95 ± 0.05% representing the
reference condition for this study.The thickening of the open-
pore polymer foam’s struts as a three-step process is achieved
via the following:

(1) spray coatingwith a synthetic elastomer based aerosol
glue with the brand name “Scotch-Weld Spray 77”
from 3M Deutschland GmbH in Neuss, GER as
an adhesive layer in an apparatus with a rotating
sample holder at standard conditions, resulting in
a homogenous distribution of the adhesive on the
polymer foam’s surface,

(2) powdering with polymer granules in diameters of
𝑑
𝑝
≈ 290 𝜇m (PG1) of the type Abcite X1060 from

DuPont Polymer Powders Switzerland Sàrl in Bulle,

CH and 𝑑
𝑝
≈ 32 𝜇m (PG2) of the type FA-7035-

SG412 from Ganzlin Beschichtungspulver GmbH in
Ganzlin, GER in the abovementioned apparatus at
standard conditions, resulting in a homogenous dis-
tribution of the polymer granule on the polymer
foam’s spray coated surface, and

(3) thermal treatment of the coated samples in a batch
furnace at 𝜗th = 160

∘C for 𝑡th = 14min (PG1) or
𝑡th = 12min (PG2), respectively, followed by cooling
at standard conditions.

2.2. Mold Preparation. The precursor in its dimensions of
50 ⋅ 50 ⋅ 20mm3 is mounted on a gate with a feeding system
made of wax which represents the pattern in its final state
(Figure 1). Thereupon this pattern is placed in a steel cuvette.
The molding material is a sulfate-bonded investment, sup-
plied by SRS Ltd. in Riddings, GB, which is mixed with water
and stirred to form a ceramic slurry which gets evacuated
until reaching a residual pressure of𝑝 ≈ 25mbar tominimize
trapped air. After drying for 𝑡 = 1 h at standard conditions,
the mold is heated in an incineration furnace in a multistep
cycle, shown in Figure 2. The first step at a temperature of
𝜗 = 110

∘C is conduced to counteract the hygroscopicity. In
a second step at 𝜗 = 240∘C the gating system is dewaxed
and in a third step at 𝜗 = 360∘C the polymeric precursor
is pyrolyzed. The final drying and hardening of the mold is
achieved at 𝜗 = 720∘C in a last step followed by furnace
cooling. Due to phase transitions and volume changes, these
temperatures are kept for at least 𝑡 = 1.5 h and a heating rate
of max. 𝑇/𝑡 = 6K/min is chosen to prevent crack formation.

2.3. Casting. The alloy used for all castings in this study is
AlZn11. The starting materials are Al granules with a purity
of ≥99,99% and Zn pieces with a purity of ≥99,995% from
Chempur Feinchemikalien und Forschungsbedarf GmbH in
Karlsruhe, GER. The metallurgical processing of the open-
pore metal foam is carried out by centrifugal casting. Both,
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Figure 2: Process of dewaxing, pyrolyzing, and mold hardening.

Al and Zn in the mass ratio 𝑚Al/𝑚Zn = 89/11, are placed in
a preheated crucible and inductively melted under vacuum.
At a temperature of 𝜗 = 750∘C, the casting is induced and the
mold, which was preheated at 𝜗 = 650∘C for 𝑡 = 5 h, is infil-
trated by the melt. After 𝑡 = 3min, the mold is removed from
the casting machine whereupon it is quenched in water (𝜗 =
20
∘C). In a last step the samples are cleaned by water jet and

Tetranatriumethylendiamintetraacetate (C
10
H
12
N
2
Na
4
O
8
).

2.4. Mesostructural Characterization. The mesostructure of
open-pore foams includes the geometric parameters of the
foam-like structure such as strut width 𝑠st and cell diameter
𝑑
𝑐
and general foam parameters including pore density 𝜌

𝑃

and relative density 𝜌rel. To determine the effects of strut
thickening on the foam’s mesostructure, the digital micro-
scope “VHX-500FD” from Keyence NV/SA in Mechelen,
BEL, is used.The conducted investigations are focused on the
degree of wetting of the struts by the polymer layer and the
interaction of successively added polymer granules, which is
analyzed qualitatively. Furthermore, quantitative correlations
of polymer granules diameter𝑑

𝑝
, strut width 𝑠st, and relative

density 𝜌rel are deduced.The relative density, which is defined
as

𝜌rel =
𝑚
𝑓

𝑚
𝑠

, (1)

the ratio of the foam’s mass 𝑚
𝑓
and the mass of a solid body

𝑚
𝑠
with the same basematerial in identical outer dimensions,

is governed by weighing the open-pore AlZn11 foam sample
with a microbalance (type “AB104” from Mettler-Toledo
GmbH in Gießen, GER).

2.5. Microstructural Characterization. To evaluate the influ-
ence of the relative density 𝜌rel on the microstructural
evolution of the open-pore AlZn11 foams, microscopical
studies are carried out.Therefore, the metal foam samples are
partitioned at a distance of 𝑠 = 25mm to the deadhead by
a wet disc grinder. The single sample pieces are embedded
in a cold polymerizing plastic (Scandiplex in addition to
Varioplex from Scan-Dia Hans-P. Tempelmann GmbH &

Co.KG inHagen, GER) for further mechanical sample prepa-
ration.This is carried out by an automatic grinding/polishing
machine (TegraPol-21 from Struers GmbH, GER) in two
main steps, namely, wet grinding and diamond polishing as
well as chemic-mechanical polishing, as described in [21]
in detail. Subsequent to these preliminary steps, electrolytic
etching according to Barker is applied (cf. [22]). The micro-
scopical studies of the prepared samples are obtained by a
light-optical microscope (DMI 500M from Leica GmbH,
GER) at amplifications of 𝑉 = 100 : 1 in polarized light
for evaluating the microstructural morphology.

3. Results and Discussion

In the following, the results of the experimental investiga-
tions are pointed out. The processing quality is examined
to determine the optimum processing parameters for strut
thickening and the mesostructural evolution is character-
ized by quantifying mesostructural parameters. Moreover,
the microstructural evolution in consequence of the varied
mesostructure is evaluated for the investment casted foam
samples.

3.1. Processing Quality. Thekey factors for themesostructural
design of open-pore metal foams are the processing parame-
ters of the thermal-additive method for thickening the struts.
Particularly temperature 𝜗th and time 𝑡th of thermal treatment
affect the quality of the precursor considerably.

As basic conditions for identifying the optimum thermal
treatment temperature 𝜗th, the chosen temperature needs
to exceed the melting temperature 𝜗th > 𝜗𝑀 of the
polymer granules or coating material, respectively, and needs
to be below the temperature where the skeletal structure
of the polymer foam collapses, 𝜗th < 𝜗𝑐. According to
manufacturer’s data and DSC measurements the relevant
temperatures for both polymer granules 𝜗

𝑀
and the polymer

foam 𝜗
𝑐
are determined. The melting temperature is 𝜗

𝑀
≈

93
∘C for PG1 and 𝜗

𝑀
≈ 95
∘C for PG2. The foam proves to be

inherently stable until reaching a temperature of 𝜗
𝑐
≈ 255

∘C.
In a series of experiments, thermal treatment in a tem-

perature range of 120∘C ≤ 𝜗th ≤ 200
∘C was conducted. The

results show at 𝜗th ≲ 155
∘C that the desired effect of strut

thickening can be achieved. However, the process needs up
to half an hour to be finished. At 𝜗th ≳ 165

∘C, the process
can be accelerated which is yet coupled with the negative
side effect of mass stratification of the polymer layer due to
gravitation and a nonhomogenous relative density within the
foam, respectively. The best results are determined to be at
𝜗th = 160

∘C for PG1 and PG2.
The required duration of the thermal treatment is inves-

tigated in another series of experiments. For this purpose
several polymer foam samples are prepared using the first
and second process step mentioned in Section 2.1 and
thermal treatment at 𝜗th = 160

∘C in a time range of
4min ≤ 𝑡th ≤ 14min is applied, whereby all minute sa-
mples are taken and qualitatively analyzed by the digital
microscope. The evolution of strut thickening is shown in
Figure 3which demonstrates the formation of a polymer layer
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Figure 3: Evolution of strut thickening by PG1 at 𝜗th = 160
∘C after thermal treatment of (a) 𝑡th = 4min, (b) 𝑡th = 6min, (c) 𝑡th = 8min, (d)

𝑡th = 10min, (e) 𝑡th = 12min, and (f) 𝑡th = 14min using the example of a polymer foam with a pore density of 𝜌
𝑃
= 10 ppi.

by agglomeration of the single powder granules as a function
of time leading to the result of a homogenous layer after 𝑡th =
14min for PG1. Using PG2, a homogenous layer is formed
after 𝑡th = 12min.

3.2. Mesostructural Evolution. To quantify the mesostruc-
tural evolution aroused by the thermal-additive process for
strut thickening, all the polymer foam samples are charac-
terized in consideration of the overall mesostructural key

parameter: the relative density 𝜌rel. It can be observed that
𝜌rel is in a linear relationship as a function of the quantity
of thermal treatment runs 𝑛th, as shown in Figure 4. By
comparing the pore densities 𝜌

𝑃
of the foam samples, it can

be seen that the increase in relative density Δ𝜌rel with each
treatment run 𝑛th rises by a higher pore density𝜌𝑃 or a smaller
cell diameter 𝑑

𝑐
, respectively. An increase of pore density by

Δ𝜌
𝑃
= 3 ppi leads to an approx. 0.325% higher relative density

per treatment Δ𝜌rel/𝑛th.
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thermal treatment runs 𝑛th of strut thickened (by PG1) polymer
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This can be explained by considering the specific surface
area of the foamwhich is available for coating by the polymer
powder. Using the example of a simple expression for the
specific surface area

𝜉f =
𝑐
1

𝑑
𝑐

, (2)

(see [23, 24]) with 𝑐
1
as a constant and 𝑑

𝑐
as the cell diameter

and the relation between the relative density and cell diameter

𝑑
𝑐
=

𝑐
2

𝜌
𝑃

, (3)

with c
2
as another constant and inserting (2) in (3) leads to

the relation

𝜉
𝑓
∝ 𝜌
𝑃
, (4)

between the specific surface area and pore density with the
consequence of a higher relative density by increasing the
pore density.

As another mesostructural parameter, the strut width 𝑠st
is characterized by measuring the distance between the outer
edges of a single strut, as the example depicted by Inayat et al.
[23]. In each sample batch with identical pore density 𝜌

𝑃
and

identical quantity of thermal treatment runs 𝑛th, at least 150
single struts are measured to achieve a representative mean
value, since the mesostructural parameters, such as the strut
width, are normally distributed [23]. For a sample batch with
𝜌
𝑃
= 10 ppi, which was treated by 𝑛th = 2 runs with PG1

(resulting in a relative density of 𝜌rel = 9.86%), the strut width
distribution is shown in Figure 5.Themean value of the strut
width is 𝑠st = 0.834mm and the standard deviation amounts
to 𝜎st = 0.037 mm for this foam. The corresponding strut
widths resulting for the other samples coated by PG1 are listed
in Table 1 and the ones coated by PG2 are listed in Table 2.

The increase in strut width 𝑠st shows, similarly to the
relative density 𝜌rel, that it is in a linear conjunction with the
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Figure 5: Strut width distribution of open-pore foams with a pore
density of 𝜌

𝑃
= 10 ppi and a relative density of 𝜌rel = 9.86%.

Table 1: Mesostructural parameters of strut thickened polymer
foams by PG1.

Pore density
𝜌
𝑃
(ppi)

Quantity of thermal
treatment runs 𝑛th

Relative
density 𝜌rel

strut width 𝑠st
(mm)

7 0 0.01922 0.362
7 1 0.05335 0.595
7 2 0.09088 0.849
7 3 0.12906 1.190
7 4 0.17593 1.536
7 5 0.21794 1.820
10 0 0.01918 0.322
10 1 0.05694 0.541
10 2 0.09857 0.834
10 3 0.14421 1.141
10 4 0.19211 1.423
10 5 0.23721 1.797
13 0 0.02060 0.278
13 1 0.06205 0.531
13 2 0.11053 0.796
13 3 0.15899 1.011
13 4 0.20870 1.383
13 5 0.25196 1.706

quantity of thermal treatment runs 𝑛th and can be expressed
by

𝑠st,𝑥 ≈ 𝑑𝑝 ⋅ 𝑛th + 𝑠st,0 (5)

in which the strut width resulting for any thermal treatment
run 𝑠st,𝑥 increases by the product of the polymer granule’s
particle diameter 𝑑

𝑝
and the quantity of thermal treatment

runs 𝑛th. However, this expression is, in this investigation,
only valid for the polymer granule PG1. For the other polymer
granule, PG2, the function

𝑠st,𝑥 ≈ {
𝑠st,0 𝑛th ≤ 2

𝑑
𝑝
⋅ 𝑛th + 𝑠st,0 𝑛th > 2

(6)
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Table 2: Mesostructural parameters of strut thickened polymer
foams by PG2.

Pore density
𝜌
𝑃
(ppi)

Quantity of thermal
treatment runs 𝑛th

Relative
density 𝜌rel

strut width 𝑠st
(mm)

10 0 0.01918 0.322
10 1 0.02296 0.320
10 2 0.02803 0.325
10 3 0.03210 0.360
10 4 0.03592 0.391
10 5 0.04162 0.420
10 6 0.04510 0.438
10 7 0.04860 0.486
10 8 0.05361 0.507
10 9 0.05921 0.554
10 10 0.06412 0.587

results. This can be justified by the small particle diameter 𝑑
𝑝

of PG2 (compared to PG1) which forms just a thin polymer
layer on the foam’s surface in conjunction with the fact
that the polymer foam in reference conditions or untreated
conditions (𝑛th = 0), respectively, exhibits a strut cross
section which can be described by a concaved equilateral
triangle (Plateau border). Treating the polymer foam by 𝑛th =
1, its strut cross sections result in an equilateral triangle
(Figure 6(a)) and by 𝑛th = 2 the strut cross sections become
shaped as a convex equilateral triangle (Figure 6(b)). In all
three conditions, 𝑛th = 0, 1, and 2, the outer tips of the
plateau border remain as the outer edges by applying the
above namedmethod for measuring, resulting in an identical
strut width 𝑠st. In comparison, a strut of a polymer foam
treated by 𝑛th = 3 is shown in Figure 6(c) at which the strut
cross section emerges in a circular-like shape.

Furthermore, it can be deduced from Table 1 that a lower
pore density 𝜌

𝑃
leads to a higher strut width 𝑠st for each

treatment run. This fact results due to the already higher
strut width 𝑠st of low-pore density foams in untreated or as-
received conditions as the consequence of a lower amount of
struts in total by an approx. identical relative density 𝜌rel.

3.3. Microstructural Evolution. The evaluation of the
microstructural evolution as a result of the varied
mesostructural parameters is investigated for the open-
pore AlZn11 foams with a pore density of 𝜌

𝑃
= 10 ppi. The

sample illustrated in Figure 7(a) represents the reference
conditions and is hence not strut thickened (𝑛th = 0). The
ones shown in Figures 7(b) and 7(c) are strut thickened by
a quantity of thermal treatment runs 𝑛th = 3 and 𝑛th = 5
with PG1. The increase in strut width with each treatment
run Δ𝑠st/𝑛th can be seen clearly through these macroscopic
photographs.

Sample preparation and metallographic analysis are
applied as mentioned in Section 2.5 whereby the investigated
sections of the foam represent a strut orientated parallel to
the sample plane. The micrograph illustrated in Figure 8(a)
shows a strut in untreated conditions (𝑛th = 0) with

two comparatively large grains. In contrast, in the investi-
gated sections of the samples strut thickened with PG1 by
𝑛th = 5 (Figure 8(c)), a dominant dendritic microstruc-
ture with small grains is visible. The samples treated by
𝑛th = 3 (Figure 8(b)) partly exhibit a distinctive dendritic
microstructure and there are partial zones at which no casting
structure is evident.

These differences in microstructure can be explained by
the fact that after solidification in the mold, the cooling rate
is higher in foam samples with a higher relative density since
a higher volume fraction of AlZn11 is existent and more heat
can be dissipated due to the high thermal conductivity 𝜆 of an
Al alloy. In contrast, the thermal conductivity of the plaster is
much smaller but its heat capacity 𝑐

𝑝
is much higher which

leads to a lower heat dissipation in foams with small relative
densities 𝜌rel.

4. Summary and Conclusion

In the present study, a newmethod of thickening the struts is
proposed to achieve defined relative densities of investment-
cast open-pore metal foams in the range of 1.85% ≤
𝜌rel ≤ 25%. This method is a three-step process, where the
open-pore polymer foams need to get spray coated by an
adhesive layer, afterwards powdered with polymer granules,
and thermally treated to achieve a precursor in its required
relative density with homogenous struts. Subsequently, the
common procedure of investment casting has to be applied.

For evaluating the processing quality of the strut thick-
ening process, two polymer powders with different particle
diameters 𝑑

𝑝
≈ 290 𝜇m (PG1) and 𝑑

𝑝
≈ 32 𝜇m (PG2) are

investigated. By varying temperature 𝜗th and time 𝑡th of ther-
mal treatment, the optimum parameters for a homogenous
mesostructure of the foam and for a uniform formation of
the polymer layer are identified. The processing temperature
is determined to be at 𝜗th = 160

∘C for both powder types.The
formation of the polymer layer occurring by agglomeration
of the powder granules is achieved after 𝑡th = 14min for PG1
and 𝑡th = 12min for PG2.

With respect to the mesostructural parameters resulting
from this method, the relative density 𝜌rel and strut widths 𝑠st
as a function of the quantity of thermal treatment runs 𝑛th
are determined for open-pore foams with pore densities of
𝜌
𝑃
= 7 ppi, 10 ppi, and 13 ppi. A linear relationship between
𝜌rel and 𝑛th is observed whereby the increase of 𝜌rel with each
treatment run is more dominant as the pore density 𝜌

𝑃
is

higher which is a consequence of the foam’s specific surface
area 𝜉

𝑓
. Furthermore, the strut widths 𝑠st also show a linear

dependency on the quantity of thermal treatment runs 𝑛th
in compliance with the requirement of a circular-like shaped
strut cross section which can be ascribed by the product of
the polymer powder’s particle diameters 𝜌

𝑃
and quantity of

thermal treatment runs 𝑛th in addition to the strut width of
the foam in untreated conditions 𝑠st,0.

The microstructural evaluation indicates differences in
the microstructure of the open-pore AlZn11 foams as a
function of the mesostructural parameters. A dominant
dendritic structure in foams with high relative densities is
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Figure 6: Cross section of a single strut of a PG2-treated polymer foam with a pore density of 𝜌
𝑃
= 10 ppi by a quantity of thermal treatment

runs of (a) 𝑛th = 1, (b) 𝑛th = 2, and (c) 𝑛th = 3.
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Figure 7: Open-pore AlZn11 foams with a pore density of 𝜌
𝑃
= 10 ppi (a) in untreated conditions (𝑛th = 0), (b) strut thickened with PG1 by

𝑛th = 3, and (c) strut thickened with PG1 by 𝑛th = 5.
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Figure 8: Microstructure of open-pore AlZn11 foams (a) in untreated conditions (𝑛th = 0), (b) with PG1 strut thickened by 𝑛th = 3, and (c)
with PG1 strut thickened by 𝑛th = 5.

observed whereas no indications for that are evident in foams
with low relative densities. The reason might be a higher
cooling rate resulting from the higher metal portion with
its high thermal conductivity in foams with high relative
densities.
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The results of this study highlight the role of foaming agent and processing route in influencing the contamination of cell wall
material by side products, which, in turn, affects the macroscopic mechanical response of closed-cell Al-foams. Several kinds of
Al-foams have been produced with pure Al/Al-alloys by the Alporas like melt process, all performed with and without Ca additive
and processed either with conventional TiH

2
foaming agent or CaCO

3
as an alternative one. Damage behavior of contaminations

was believed to affect the micromechanism of foam deformation, favoring either plastic buckling or brittle failure of cell walls.
No discrepancy between experimental values of compressive strengths for Al-foams comprising ductile cell wall constituents and
those prescribed by theoretical models for closed-cell structure was found while the presence of low ductile and/or brittle eutectic
domains and contaminations including particles/layers of Al

3
Ti, residues of partially reacted TiH

2
, and Ca bearing compounds,

results in reducing the compressive strength to values close to or even below those of open-cell foams of the same relative density.

1. Introduction

Remarkable absorbing ability resulted from capacity of
closed-cell aluminum foams to undergo large strains (up to
60–70%) under almost constant stress offers significant per-
formance gains for crash protection and other applications
where effective utilizations of impact energy are required [1].
For instance, in aluminum foam sandwich (AFS) structures
composed of metal/ceramic coversheets and Al-foam core,
the last one is an efficient impact energy absorber that limits
accelerations in crash accidents, providing crash protection
for terrestrial and marine vehicles [2, 3]. That is why there
has been an extensive interest in the production [1, 4–10] and
mechanical performance of Al-foams [11–16].

Despite continuous efforts, the production processes for
Al-foams suffer technical and economical limitations. As
applied to the high-usage production methods based on
handling of amelt and powder compact technique [4, 10] eco-
nomical limitation arises particularly due to the employing of
costly conventional foaming agent, titanium hydride (TiH

2
).

In addition, expensive granulated Ca used as thickening
agent contributes in material cost of Al-foam produced by
conventional melt processing like Alporas route [17] while
rather expensive gas atomized Al/Al alloy powder leads to
increasing the material cost of the precursor and therefore
products manufactured via powder compact technique [4,
10]. Because of this there is a strong motivation to develop
cost effective processing routs. At this point cheap calcium
carbonate (CaCO

3
) as alternative foaming agent has been

originally proposed by the researches in Japan in the devel-
oping the Alporas route [6] and later its applicability has
been extended for powder compact technique [5, 6, 9]. In
addition, melt processing like Alporas route that provides
the increasing melt effective viscosity with no admixture of
granulatedCa has been recently developed [18]. Nevertheless,
transfer of Al-foam in engineering practice cannot be done
without a detailed knowledge of the Al-foam properties
(includingmechanical ones) and limits of foaming processes.

It is of common knowledge that the most important
microstructural feature affecting the mechanical properties
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is relative density, the ration of density of the foam to that
of the solid, 𝜌/𝜌

𝑠
. Several approaches based on an idealized

representation of a defect-free cellular structure have been
developed for interpreting mechanical behavior of foams.
Among those are the high-usage approaches for describing
mechanical properties of ideal open- and closed-sell foams
which are summarized in [11]. The simplest approach is
based on dimensional arguments and gives the dependence
of properties on relative density and on cell wall properties
but not on cell geometry [19]. The complex cell geometry
of foams is difficult to model accurately. At this approach
the constants relating to cell geometry are usually found by
fitting the model equations to experimental data. The second
method that approximates the unit cell as tetrakaidecahedron
is capable of estimating geometrical constants by using either
structural mechanics or finite element analysis [20–23]. The
third approach based on spatially periodic arrangement
of several random Voronoi cells by using finite element
analysis [24] provides the best representation of foams cell
geometry. Cell unit with flat faces are usually used in the
models.

However, the actual profile of mechanical properties for
real Al-foams is far removed from theoretical predictions
based on idealized representations of defect-free cellular
materials [11]. In particular, a number of available cellular
materials and especially closed-cell foams yield at a relatively
strength that is lower than that predicted by theoretical
models [11, 19]. The scattering of the mechanical properties
impedes practical applications of foams [25, 26].

It is commonly considered that disagreements between
experimental results and theoretical predictions arise due
to different structural imperfections existing in real metallic
foams. Combination of synchrotron X-raymicrotomography
and mechanical analysis including finite element simula-
tion elucidates the influence of structural imperfection on
mechanical performance of foams [11, 27–32]. In particu-
lar, deformation mechanism of foams depends strongly on
the cell morphology whilst the effect of the cell size is
negligible [27, 29, 32]. Irregularities in the cell shape on
mesoscopic level can induce localized bending. For instance,
X-ray microtomography indicates that highly elliptical cells
with T-shape can induce bending in the neighboring cell
walls, initiating the collapse of deformation bands [11, 27].
Finally, curvature and corrugation of cell faces [26, 28] and
micropores and their spatial distribution in cell walls [33] as
well as nonhomogeneous density distribution [29, 34] and
fractured cell walls [11, 35] are considered to be the key
factors in control ofmechanical behavior of aluminum foams.
However, it is difficult to quantify the precise significance
of these factors because of microscopic features such as
foreign particles, precipitates, and solute elements present
in the cell wall material, currently thought to be also of
great importance, resulting at least in the nonhomogeneous
stress/strain distribution. Nevertheless, the microstructural
aspects (especially those referred to mechanical properties
of the cell wall constituents) are still largely ignored in
most studies, despite the known fact that microstructural
features would have dramatic effects on the performance
characteristics of corresponding bulk material.

This problem becomes increasingly pronounced when
foaming processes are performed with gas-releasing agent
and other additives, resulting in unconventional matrix
alloy comprising great number of various intermetallic com-
pounds and other foreign particles [2, 8, 11, 36]. Great number
of various intermetallic compounds and other foreign parti-
cles formed in the course of the foaming process substantially
affect the micromechanism of deformation, degrading the
mechanical response of foams [2, 14, 15, 36]. Unfortunately,
evidence concerning the mechanical response of Al-based
intermetallic compounds and other particles, typical for the
cell wall material of aluminum foams, is few in number
[16, 36].

This effort is to elucidate the role of processing additives
in influencing the mechanical performance of Al-foams
processed with different kinds of parent Al-alloys via Alporas
route. Attention is primarily concentrated on the effect
of damage behavior of cell wall constituents induced by
processing additives onmacroscopic compressive behavior of
Al-foam.

2. Materials and Experimental Procedure

2.1. Materials. Several kinds of closed-cell foams marked
as F1–F14 and listed in Table 1 were used in experiments.
Pure aluminum (purity 99.95) and several conventional
Al-alloys were used as matrix materials. Foams 1 and 2
were processed with pure aluminum, whereas the foams
F3–F6 were processed with cast Al-7Si alloy (similar to
A356 alloy). Wrought alloy with elementary composition
of Al-1Mg-0.6Si-0.28Cu-0.2Cr (similar to 6061 alloy) and
Al-5Mg alloy (similar to 5356 alloy) were employed to
produce the foams F7, F8, F9, and F10, respectively. In
addition, Al-Zn-Mg alloy with composition of Al-5.5Zn-
3Mg-0.6Cu-0.5Mn doped additionally by small amount
(<0.6 wt.%) of Sc and Zr (similar to 7075 alloy) was also
chosen as a parent material for fabrication of F11–F14
foams.

All kinds of Al-foams were produced via Alporas like
route in which either titanium hydride TiH

2
or calcium

carbonate CaCO
3
were employed as foaming agents [9, 14,

15]. In addition, both hydride and carbonate Al-foams were
produced either with or without Ca additive introduced
usually into melt as thickening agent. All kinds of Al-based
foams were performed by cylindrical blocks of 90mm in
diameter and 180mm in height. A number of samples were
directly machined from each kind of as-received foamed
materials to use them for structural characterization and
testing. Sample dimensions were about 20× 20 × 30mm3 and
30 × 30 × 45 mm3.

In addition, several solid alloys of compositions roughly
corresponded to those formed in the cell wall materials of the
studied Al-foams were fabricated by casting to use them in
the experimentation. Approximated values of yield strength
for these solid materials, listed in Table 1, were determined
by the conventional mechanical tests in tensile to use them as
input data in theoretical models for interpreting the behavior
of foam under compression.



Advances in Materials Science and Engineering 3

Table 1: Characteristics for different kinds of Al-based foams produced by Alporas like route.

Foam
code

Processing variables
(alloy and additives) wt.%

Relative density
(𝜌/𝜌
𝑠
)1 Cell size, mm Solid yield strength, 𝜎ys

(MPa)
F1 Al + 1TiH2 + 1Ca 0.21–0.37 3.1 ± 0.9 42.8 ± 4.89

F2 Al + 2CaCO3 + 1Ca 0.24–0.09 1.5 ± 0.6 43.5 ± 7.12

F3 Al-7Si alloy + 1.5TiH2 + Ca 0.17–0.30 3.0 ± 0.4 220 ± 20.54

F4 Al-7Si alloy + 1.5TiH2 0.17–0.24 3.2 ± 0.5 180 ± 21.68

F5 Al-7Si alloy + 2CaCO3 + 1Ca 0.18–0.29 1.5 ± 0.5 195 ± 19.53

F6 Al-7Si alloy + 2CaCO3 0.18–0.27 1.7 ± 0.6 140 ± 15.67

F7 Al-1Mg-0.6Si alloy + 1.5TiH2 + 1Ca 0.15–0.26 2.1 ± 0.6 120 ± 14.82

F8 Al-1Mg-0.6Si alloy + 1.5TiH2 0.25–0.43 2.3 ± 0.7 100 ± 9.85

F9 Al-5Mg alloy + 1.5TiH2 + 1Ca 0.18–0.32 3.6 ± 0.5 180 ± 19.73

F10 Al-5Mg alloy + 1.5TiH2 0.31–0.40 3.5 ± 0.6 160 ± 17.13

F11 Al-Zn-Mg alloy + 1.5TiH2 + 1Ca 0.22–0.38 2.1 ± 0.7 560 ± 28.24

F12 Al-Zn-Mg alloy + 1.5TiH2 0.19–0.40 2.3 ± 0.6 540 ± 26.15

F13 Al-Zn-Mg alloy + 2CaCO3 + 1Ca 0.20–0.34 1.1 ± 0.5 575 ± 29.48

F14 Al-Zn-Mg alloy + 2CaCO3 0.20–0.33 1.2 ± 0.6 531 ± 15.14

1
𝜌 and 𝜌𝑠 correspond the density of foam and bulk solid, respectively.

2.2. Structural Characterization. All samples machined from
the studied kinds of Al-foams were characterized by their
relative density 𝜌/𝜌

𝑠
(where 𝜌 and 𝜌

𝑠
correspond to the

density of foam and solid, resp.), cell morphology, and cell
wall microstructure. Relative density, 𝜌/𝜌

𝑠
, was measured

by weighing a sample of known volume. Range of relative
density for the samples machined from the studied kinds
of Al-foams is listed in Table 1. Cell morphology, including
cell size and shape, was studied by using scanned images of
cellular structure for each kind of the studied Al-foams. Cell
size indicative of the studied kinds of Al-foams is presented
in Table 1. Microstructure of cell wall materials for the
studied Al-foams was investigated using scanning electron
microscopy (SEM) in both secondary and back-scattered
modes. Material elementary composition was studied using
energy dispersive X-Ray spectroscopy (EDS) and electron
probe microanalysis (EPMA).

2.3. Mechanical Testing. Deformation behavior of Al-foams
was examined under uniaxial compressive tests performed
on prismatic specimens with dimensions either 20 × 20 ×
30mm3 or 30 × 30 × 45mm3. The minimum dimension of
particular specimen in each of three directions was seven
times more than the cell size to avoid size effect. The com-
pression tests were performed on a servohydraulic testing
machine under displacement control and static strain rate of
1.5 × 10−3 s−1.

3. Results and Discussion

3.1. Material Characterization. All kinds of the studied Al-
foams were believed to have closed cells of roughly spherical
shape [14]. However, homogeneity of the cellular structure
and mean cell size for carbonate foams (F2, F5, F6, F13, and
F14) are found to be at least two times smaller than that for

hydride ones (F1, F3, F4, F11, and F12) processed with the
same parent alloys, as evidenced from Table 1.

Figure 1 shows microstructure of cell wall materials for
several kinds of Al-foam. Cell walls of foams (F1–F10) based
on pure Al and Al alloys with compositions Al-7Si, Al-1Mg-
0.6Si, and Al-5Mg consist of coarse Al dendrites rounded by
a network of eutectic domains (light grey), as was originally
shown in [8, 14, 16, 36]. Interdendritic network of redundant
phase being emerged in a matrix of Al solid solution with
randomly scattered Al

3
(ScZr) intermetallic particles is char-

acteristic for the foams (F11–F14) processed with Al-Zn-Mg-
alloys [14, 15, 36].

Excluding carbonate kinds of Al-foams (F2, F6, F13, and
F14) cell wall materials for all other foams exhibit a lot of
foreign particles. In Al-foams (F3 and F5) based on Al-7Si
alloy and processed with Ca additive, coarse crystals compo-
sitionally corresponded to Al

2
CaSi
2
intermetallic compound

(1) and are presented in the cell wall material besides E (Al
+ Si) eutectic domains (2), as can be seen in Figure 1(a).
Formation of needle-shaped Al

2
CaSi
2
crystals (5) is also

detected in the cell wall material of Al-foam based Al-1Mg-
0.6Si alloy (F7), as shown in Figure 1(b). Foreign particles
of partly converted TiH

2
and/or its reaction products such

as particles/layers Al
2
Ti/Al
3
Ti (12) are randomly distributed

in the cell walls of hydride kinds of Al-foams (F1, F3, F4,
and F7–F12). In line with [14] the above Ti-rich particles are
mainly presented in the cell wall material of hydride kinds of
Al foams (F4, F8, F10, and F12) processedwithoutCa additive,
as can be seen in Figure 1(d).

The results of elementary distribution show that compo-
sition of eutectic domains formed in the cell wall material of
other Al-foams was found to be rather different compared
to those of parent alloys and dependent on the processing
additives. Generally, dissolved Ca is largely accumulated
within the eutectic domains/redundant phase, resulting in
their localmodificationwith formation of foreign Ca-bearing



4 Advances in Materials Science and Engineering

A4573 301

50𝜇m

(a)

301A6042
50𝜇m

(b)

50𝜇m
A5893 301

(c)

10𝜇m
A5560102

(d)

Figure 1: SEMmicrographs of cell wall materials for Al-foams processed either with (a) CaCO
3
or with (b)–(d) TiH

2
and performed (a)–(c)

with and (d) without Ca additive and performed with different parent alloys: (a) Al-7Si (F5), (b) Al-1Mg-0.6Si (F7), (c) Al-5Mg (F9), and (d)
Al-Zn-Mg (F12).

eutectic zones. In particular, besides E(𝛼-Al +Mg
2
Si) eutectic

domains (6) indicative of parent Al-1Mg-0.6S alloy, foreign
eutectic zones such as E(𝛼-Al + Al

4
Ca) (3), E(𝛼-Al +

Al
4
CaCu) (4), and E(𝛼-Al + Al

2
CuMg) (7) are formed in Al-

foam (F7), as shown in Figure 1(b). The same is true for Al-
foam (F9) processed with Al-5Mg alloy. Cell wall material
of Al-foam (F9) comprises Ca-bearing eutectic zones such
as E(𝛼-Al + Mg

2
Ca) (9) and E(𝛼-Al + Al

4
Ca + Al

3
Ti) (10)

besides E(𝛼-Al + Mg
5
Al
8
) eutectic domain (8) indicative

of parent alloy, as shown in Figure 1(c). In addition, small
amount (roughly about 0.26 at.%) of Ti solutes in Al matrix
of hydride kinds of Al-foams. The latter is also concentrated
within the eutectic domains, resulting in formation of Al

3
Ti

compound. As an example, Ti-bearing eutectic zones such as
E(𝛼-Al +Al

4
Ca+Al

3
Ti) (10) andE {𝛼-Al +T (AlCuMgZnTi)}

(11) are found in the cell walls of Al-foams (F9 and F12) based
on Al-5Mg and Al-Zn-Mg alloys, respectively, as shown in
Figures 1(c) and 1(d).

The important point concerns the difference in damage
behavior of cell wall constituents comprised by cell wallmate-
rials of different kinds of Al-foams. In particular, Al + Al

4
Ca

eutectic domains indicative of carbonate kind of Al-foam
(F2) processed with pure Al demonstrate quite high plasticity
that is close to 𝛼-Al dendrites, whereas those indicative of all
another kinds of Al-foams show low ductility and/or high
brittleness [14, 16, 36]. Crumbling out the brittle eutectic
domains/redundant phase occurs even after slightly slicing

the specimen, as can be seen in Figures 1(a) and 1(c).The same
is true for contaminations including particles/layers of Al

3
Ti,

as well as residues of partially decomposed TiH
2
and Ca-

bearing compounds. The data published in [16, 36] indicate
that the solidmaterials, which compositionally corresponded
to the above cell wall contaminations, demonstrate rather
low ductility. Moreover, the latter solids show extremely
small fracture toughness,𝐾Ic, although their strength is quite
high. In particular, fracture toughness (𝐾Ic = 1.71 ± 0.18)
of titanium hydride TH

2
is even less than that for technical

glass (𝐾Ic = 1.17 ± 0.09) [16]. This suggests that the presence
of low ductile and/or brittle cell constituents can lead to
impairing damage resistance of the cell walls, facilitating their
premature failure under loading.

3.2. Compressive Response of Al-Foams. All kinds of Al-foams
display a macroscopic mechanical response rather similar to
elastic/plastic behaviour [1, 2, 11, 19]. However, different kinds
of Al-foams exhibit considerable differences in microscopic
deformation events at the “plateau” regime, as can be seen in
Figures 2(a) and 2(b).

Figure 2(b) shows that carbonate kind of foam (F2) with
ductile Al + Al

4
Ca eutectic domains in the cell wall material

[14, 16, 36] deforms smoothly which is typical for plastic
buckling [11, 19]. In contrast to this slight hardening/softening
effects superimposed upon an increasing “plateau” stress level
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Figure 2: Compressive stress-strain curves for hydride (F1, F3, F4, F11, and F12) and carbonate (F2 and F14) kinds of Al/Al-alloy foams
processed with (F1–F3, F7, and F11) and without (F4, F8, F12, and F14) Ca additive: (a) Al-foams based on Al-7Si alloy (F3 and F4), Al-1Mg-
0.6Si alloy (F7 and F8), Al-5Mg alloy (F9); (b) Al-foams based on pure Al (F1, F2) and Al-Zn-Mg alloy (F11, F12, and F14).

is seen in deformation patterns of hydride kinds of Al-foams
(F1, F3, F4 and F9) processed with pure Al and Al alloys such
as Al-7Si and Al-5Mg. These deformation events are usually
ascribed to the cell walls local failure being stimulated by
crushing the low ductile eutectic domains and brittle foreign
particles [12, 14, 34]. Hydride kinds of Al-foams (F11, F12)
processed with Al-Zn-Mg alloy, whose cell walls comprise a
high fraction volume of brittle foreign particles and course
eutectic domains, show the most strong stress oscillations of
“plateau” stress level, as can be seen in Figure 2(b).

The high fraction volume of coarse brittle redundant
phase, large brittle particles of partly converted TiH

2
, and

particles/layers Al
2
Ti/Al
3
Ti impair cell ductility and tough-

ness. In addition, the presence of high fraction volume of
foreign strong particles results in relatively high stresses
required for hydride kinds of Al-Zn-Mg foams (F11, F12) to
commence densification. Because of this undesirable high
peak stress at the onset of global collapse followed by strong
load drop causes the plateau stress for the above kinds of Al-
foams to saddle shape. The presence of foreign Ca-bearing
zones within the domains in the cell wall material of Al-foam
(F11) causes the compression strength to decrease, although
the shape of stress-strain curve remains rather similar to that
for hydride kind of Al-foam (F12) fabricated without Ca. The
application of CaCO

3
foaming agent provides a remarkable

improvement of deformation pattern Al-foam (F14) based
on Al-Zn-Mg alloy. Figure 2(b) demonstrates that carbonate
Al-foam based on Al-Zn-Mg alloy processed without Ca
shows much smoother stress-curve which keeps peak-to-
peak amplitude of oscillations to minimum level.

Thus, a comparative analysis of compressive response for
different kinds of Al-foams elucidate the fact thatmicrostruc-
ture and mechanical damage of cell wall constituents have
a dramatic effect on the microscopic mechanism of local

deformation and failure, which in turn is thought to have
an influence on the macroscopic mechanical response of
Al-foams. Brittle cell wall constituents such as brittle par-
ticles of partly converted TiH

2
rounded by an Al

2
Ti/Al
3
Ti

layer and smaller Al
3
Ti particles as well as brittle eutectic

domains/redundant phase act as likely sites for the initiation
of cracks, propagation of which generates stress concentra-
tion in adjacent areas, intervening the Al-matrix, as can be
seen in Figure 3. The final failure of cell walls apparently
occurs by crushing the brittle cell constituents and their
bridging across intact ligaments. Again, the local fracture of
deformation bands causes oscillations of “plateau” stress, as
shown in Figure 2.

3.3. Comparison of Al-Foam Compressive Strength with The-
oretical Models. A comparison of experimental results out-
lined in this effort with theoretical predictions was fulfilled to
estimate the role of cell wall microstructure and mechanical
damage of cell wall constituents in mechanical performance
of closed-cell Al-foams. Among several models based on
idealized representation of a defect-free cellular structure
the most famous relations applied for describing mechanical
properties are published in [11, 19]. For open-cell foamsmade
of elastic-plastic materials, dimensional arguments give the
correlation of plastic collapse stress, 𝜎pl, relative to the yield
strength of solid cell edgematerial,𝜎ys, versus relative density,
𝜌/𝜌
𝑠
, as [19]

𝜎pl

𝜎ys
= 𝐶
3
(

𝜌

𝜌
𝑠

)

𝑛

, (1)

where 𝑛 = 3/2 is power index and the constant 𝐶
3
related to

cell geometry is roughly about 3 for a wide range of foams.
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Figure 3: SEM images of the cell wall material for (a) hydride and (b) carbonate kinds of Al foams (F12, F13) based on Al-Zn-Mg alloy and
performed (b) with (F13) and (a) without (F12) Ca additive: (a) cracks within partly converted TiH

2
, (b) crack lengthways the domain of

redundant phase.

For closed-cell foams, yielding of stretched cell faces
contribute to their strength. Because of this the additional
term on right hand side appears in the relation for the plastic
collapse stress:

𝜎pl

𝜎ys
= 𝐶
3
(

𝜌

𝜌
𝑠

)

𝑛

+ 𝐶


3
(

𝜌

𝜌
𝑠

) , (2)

where power index 𝑛 = 1.5.
For tetrakaidecahedral unit with flat faces, finite element

analysis gives slightly different values in (2). According to [28]
power index at the first term on the right hand side was found
as 𝑛 = 2 while the values of constants were determined as
great as 𝐶

3
= 0.33 and 𝐶

3
= 0.44.

Generally, compressive strength is usually defined either
by “plateau” stress relative to the yield strength or by com-
pressive strength at 20% strain [11]. Both yield stresses, 𝜎

𝑦
, at

the general yielding and plateau stress up to densification, 𝜎pl,
[14] are used in the present study. Approximate values of yield
strength, 𝜎ys, for solids which compositionally corresponded
to the cell wall materials were determined by conventional
mechanical tensile tests. The values of parameters 𝜎ys are
listed in Table 1.

Following [11] data for the relative compression strength,
𝜎
𝑦
/𝜎ys and 𝜎pl/𝜎ys, for different kinds of Al-foams are

plotted in Figure 4 along the lines representing (1) and (2).
Figure 4(a) shows that the data for carbonate kind of Al-foam
F2 processed with pure Al lie close to (2), as prescribed by the
theory for closed-cell foams. However, a behavior of all the
other kinds ofAl-foams deviatesmore or less from theoretical
predictions. Data for hydride kind of Al-foam (F1) processed
with pure aluminum lie below (2) and shift to (1), as can be
seen in Figure 4(a). Deviation of experimental results from
theoretical predictions suggests the decreased contribution of
plastic bending to failure.

The same is true for carbonate kind of Al-foam (F6)
based on Al-7Si alloy and processed without Ca as well as
for hydride kinds of Al-foams processed with alloys such
as Al-7Si, Al-1Mg-0.6Si, and Al-5Mg and performed either

with (F8) or without (F10) Ca additive. Figure 4(b) shows that
the data for yield stress of those Al-foams lie well below (2)
and shifted to (1), whereas those for plateau stress lie close
to the line representing strength for closed-cell foam. The
discrepancy between (2) and the data for hydride kinds of
Al-7Si foams (F3, F4) and carbonate kind of Al-7Si foam
(F5) with Ca additive is the most pronounced. Figure 4(b)
shows thatthe data for plateau stress of those Al-foams shift
essentially below (2) while the data for yield stress lie either
well below or at least along the line representing open-cell
foam. Compressive behavior of hydride kinds of Al-foams
(F7, F9), which were processed with alloys such Al-1Mg-0.6Si
andAl-5Mg and admixture of Ca, is very similar to that of Al-
foams (F3, F5) based on Al-7Si alloy, which were processed
either with TiH

2
or CaCO

3
and performed with Ca additive.

The noticeable difference is only that the increased thickness
of cell walls causes the compressive strength of Al-foams
F7, F9 to shift upwards when relative density increases up
to 𝜌/𝜌

𝑠
> 0.20. Figure 4(a) shows that both kinds of Al-

foams (F11–F14) processed with Al-Zn-Mg alloy exhibit the
most deflection of the experimental results from theoretical
predictions. The data for yield and plateau stressesof Al-
foams (F11, F13, F14) shift well below the line representing
open-cell foam, whereas those of Al-foam F12 lie close to (1).

Generally, one or another relation between compressive
strength and relative density, 𝜌/𝜌

𝑠
, could be adjusted to

approximate compressive strength of each kind of Al-foams
the same as it was shown recently [16]. For instance, the
compressive strength of Al-foams (F1, F2) processed with
pure Al complies reasonably well with relations prescribed
by (2) for closed-cell structure. However, it is noticeable
that the value of numerical coefficient 𝐶

3
for Al-foam F1 is

somewhat reduced as compared to that for Al-foam F2. This
is usually associated with a contribution of fracture mode
in the collapse of deformation bands. The same is true for
carbonate kinds of Al-foams (F8, F10) processed alloys such
as Al-1Mg-0.6Si and Al-5Mg. For other kinds of Al-foams
(F3–F7, and F9) processed with alloys such as Al-7Si, Al-
1Mg-0.6Si, and Al-5Mg the values of numerical coefficient𝐶

3
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Figure 4: Relative compressive strength, 𝜎

𝑦
/𝜎ys and 𝜎pl/𝜎ys, plotted against relative density, 𝜌/𝜌𝑠, for different kinds of hydride (F1, F3, F4, and

F7–F12) and carbonate (F2, F5, F6, F13, and F14) kinds of Al/Al alloy foams performed with (F1–F3, F5, F7, F9, F11, and F13) and without (F4,
F6, F8, F10, F12, and F14) Ca additive: (a) Al-foams processed with Al (F1 and F2) and Al-foams of Al-Zn-Mg alloy (F11–F14); (b) Al-foams
of Al alloys such as Al-7Si (F3–F6), Al-1Mg-0.6Si (F7 and F8), and Al-5Mg (F9 and F10).

relating to plateau stress are drastically reduced as compared
to that prescribed by (2). Moreover, the numerical coefficient
𝐶


3
relating to yield stress for the above foams is completely

degraded up to zero. The results of approximation show
that strength degradation for Al-foams (F11–F14) processed
with Al-Zn-Mg alloy is rather strong. Besides the values of
numerical coefficient 𝐶

3
relating to yield and plateau stresses

degraded up to zero, power index at the first term of (2) rises
up to 𝑛 = 3.

Thus, discrepancies of actual compressive strength for Al-
foams and theoretical predictions reflect the difference in
their micromechanism of deformation. By considering the
evidence above it is easy to show that damage behavior of
the cell wall constituents affects primary micromechanism
of deformation, favoring either plastic buckling or brittle
failure of the cell walls. Compressive stress, whose Al-foams
can undergo up to densification, is proved to be actually
very sensitive to small defects induced by crushed brittle
constituents in the cell wall microstructure. An attention
should be paid to the fact that effect of brittle constituents in
the cell wall material on degradation of strength properties
is much stronger. As it can be seen in Figure 4, the latter is
comparable with that implemented by decreasing a relative
density of intact Al-foam that is free of defects.

4. Conclusions

Crucial role of foaming agent and Ca additive in contamina-
tions of the cell wall material by side products and, hence,

in macroscopic mechanical response of closed-cell Al-foams
being fabricated via Alporas like route was justified.

Correlations of relative compressive strength, 𝜎/𝜎ys, ver-
sus relative density 𝜌/𝜌

𝑠
, were obtained and analyzed. No

discrepancy between experimental values of compressive
strengths for Al-foams comprising ductile cell wall con-
stituents and those prescribed by theoretical models based
on an idealized representation of defect-free cellular structure
for closed-cell structure is found while the opposite was
believed to be true in the presence of low ductile and/or
brittle processing contaminations including particles/layers
of Al

3
Ti, residues of partially reacted TiH

2
, Ca-bearing

compounds, and/or modified eutectic domains. The latter
contaminations result in reducing the compressive strength
to values close to or even below those of open-cell foams
of the same relative density, 𝜌/𝜌

𝑠
. Considerable discrepancy

of actual compressive strength of Al-foams and theoretical
predictions resulted from difference in micromechanism of
deformation, which, in turn, is affected by damage behavior
of the cell wall constituents, favoring either plastic buckling
or brittle failure of the cell walls.

The results of this work bring about a better understand-
ing of the interplay between processing conditions, cell wall
microstructure, damage behavior of cell wall constituents,
and mechanical response of Al-foams.
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In this study, we present a promising approach for the rapid development of porous polydimethylsiloxane (PDMS) scaffold
prototypes, with outer geometry defined from the design stage, according to the form of conventional implants or adapted to
patients’ biostructures.Themanufacture method is based on phase separation processes using materials obtained by casting within
additive rapid prototypedmolds.We include a comparative study of PDMS sponges obtained by different simple processes. Final in
vitro assessment is carried out using hMSCs (bone marrow-derived human mesenchymal stem cells), cultured onto porous PDMS
scaffolds functionalized with aminopropyltriethoxysilane (APTS) and equilibrated with a trophic factors medium produced by the
cells. Results show that porous PDMS scaffold prototypes are excellent 3D platforms for hMSCs adhesion. Furthermore, this PDMS-
3D niche, seeded with hMSCs and chondrogenic incubation medium during three weeks, showed a successful chondrogenesis
determined by collagen type II expression. Thus, results show a versatile method to produce a 3D niche to address questions about
cartilage and endochondral bone formation or skeleton tissues clinical approaches.

1. Introduction

Tissue engineering combines biological, physical, and engi-
neering knowledge to provide artificially developed substi-
tutes for tissues and organs linked to repair and replacement
therapies. A key element involved in tissue engineering
processes is the extracellular matrix or scaffold which serves
as substrate or framework for cell growth, aggregation, and
tissue development [1]. These scaffolds must be porous so
as to allow cell migration during the colonization process
as well as the transport of nutrients and waste to and from
cells, and they have to be also resistant enough to withstand
possible mechanical demands, especially if final scaffold (or
device) implantation is desired. Additionally, as cells are able
to feel their microenvironment and substrate texture upon
which they lie by changing their morphology, cytoskeleton
configuration, and intra- and extracellular signaling, increas-
ing efforts are continuously being focused on advanced

design and manufacturing technologies, so as to generate
and modify the structures and surfaces of biomaterials.
Aspects such as porosity, pore size, and surface microtexture
promote cell adherence, migration, and proliferation within
the scaffold, for subsequent differentiation into relevant cell
types. Thus, tissue progenitor cells and the scaffold play a
fundamental role in most tissue engineering strategies as
their properties can deeply influence the global success of
new tissue formation and the controlled fabrication of the
scaffold structures is becoming increasingly important for
novel approaches within regenerative medicine [2–4].

Most processes for manufacturing microporous struc-
tures for tissue engineering [5] involve combination of mate-
rials in some step of the process and a final phase separation,
for obtaining a solid partwith distributed small pores. Among
most extended processes, gas-assisted injection molding is
an industrial method based on injecting a molten resin or
thermoplastic into amold cavity and then applying a quantity
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of pressurized gas into the resin, so as to help to fill out
the mold cavity and to create hollows and pores in the
polymer. The incorporation of foaming agents as additives
to polymers also allows the manufacture of polymeric parts
with pores. In many strategies including tissue strategies, to
obtain 3D porous structures is absolutely required to irrigate
the tissue and maintain an adequate liquid dynamics. The
use of porogens is also commonplace; normally, the process
involves mixing a liquid prepolymer with solid particles
(typically wax, sugar, salt, etc.). Once polymerization is
produced, normally by UV exposure or by heating, a solid
structure, formed by a polymeric network with dispersed
particles, is obtained. Final porous structure is obtained by
dissolving such disperse particles in water or other solvents
or by heating. The use of prepolymer-water emulsions is
also typical for obtaining a polymerizable mixture that after
thermal or UV-based polymerization provides a polymeric
network with pores according to initial water content (i.e.,
polyHIPEs).

Main alternative, for improving the control of scaffolds’
pore size and distribution, from the design stage, is the
use of micro additive manufacturing technologies (AMT),
normally working on layer-by-layer processes, following the
geometries obtained with the help of computer-aided designs
[6, 7]. Electrospinning can be also adapted to “layer-by-layer”
fabrication and used for obtaining 3D porous structures [8],
even though the process is not as repetitive as the use of
micro AMT.The progressive increase in precision of additive
manufacturing technologies, together with their improved
versatility, thanks to a continuously increasing set ofmaterials
available for layer-by-layer processing, is greatly promoting
applications linked tomicro- and even nanomanufacturing of
complex 3D geometries for very innovativemedical solutions
in several fields [5].

Several scaffolds with controlled microstructures have
been manufactured using different RP technologies, such as
selective laser sintering [9], layered hydrospinning [10], laser
stereolithography [11], digital light projection [12] or two-
photon lithography [13], and different materials including
hydrogels [14], gelatin [7], titanium alloys [15, 16], some
photopolymers [17], and ceramics [18]. However, in vitro
validation of such rapid prototyped scaffolds is not so com-
mon, as most processes/materials do not provide an adequate
combination for promoting biocompatibility and in many
cases generate toxic components. Nevertheless, some highly
interesting research has already been published, including in
vitro validation and toxicity assessment [19, 20]. Advances
in the field of biomedical polymers [19–21] together with
the possibilities of chemical/physical-vapor deposited (CVD-
PVD) coatings for biocompatibility enhancement [11] are
bringing new possibilities to this area, although access to such
materials and technologies is not always easy, as some of them
are currently under development.

In any case, it seems clear that a universal methodology
for tissue engineering scaffold development is not yet avail-
able, first of all due to the complexity of biological materials
and systems and also due to all the possible design resources,
manufacturing technologies, and related materials available,
whose results have not been systematically compared. For

instance, additive manufacturing technologies allow precise
control of final geometries from the design stage; however,
such designs are normally obtained by combining Euclidean
based (simple) geometries and final result does not mimic
adequately the complexity of biomaterials. On the other hand,
scaffolds obtained by phase separation andmore “traditional”
processes typically lead to more biomimetic sponges, even
though their final outer form and repeatability are more
difficult to control than using computer-aided strategies
linked to rapid prototyping using additive processes.

Therefore, further research is needed to address the
advantages of combining different technologies [22] for
manufacturing enhanced, even personalized, scaffolds for
tissue engineering studies and extracellular matrices with
global (outer) geometries defined as implants for tissue repair.
In addition, increasing data show that progenitor cell-niche
formation is absolutely needed for tissue development and
repair [23]. Indeed, the niche composition and 3D structure
play an important role in stem cells state and fate. The niche
is created by the specific combination of trophic factors
produced by progenitor cells to maintain capability for tissue
repair and regeneration and specific extracellular matrix.
Recent studies have helped to highlight the extreme relevance
of the incorporation of adequate growth factors, within the
scaffold, for promoting biological regulation, cell differentia-
tion, angiogenesis, and final tissue viability [24–26].

The term “adequate growth factors” makes reference to a
chondrogenic medium that was proposed at the laboratory
of Arnold I. Caplan who coined the term mesenchymal stem
cell, as described in Materials section. Such inclusion of
biochemical effects, derived from the incorporation of the
adequate growth factors, adds some additional uncertainties
to the already complex to understand interactions between
scaffolds’ structure, morphology, and mechanical properties.
Consequently, studies addressing these interesting synergies
between extracellular matrices and growth factors and their
impact on final tissue viability are needed, in the quest for
the aforementioned universal methodology for versatile and
successful tissue engineering scaffold development.

In this study we show an approach for the rapid devel-
opment of porous polydimethylsiloxane (PDMS-3D) scaffold
prototypes, with versatile outer geometry defined from the
design stage, according to different tissue strategies, to the
form of conventional implants or even adapted to patients’
biostructures. The manufacture method is based on phase
separation processes using parts obtained by casting within
additive rapid prototyped molds. We include a comparative
study of PDMS sponges obtained by different simple pro-
cesses, including sugar leaching after polymerization, water
extraction after polymerization of PDMS-water emulsions,
and water extraction together with sugar leaching after
polymerization of PDMS-sugar-water mixtures. By changing
the proportions of these agents, main mechanical properties
of the final scaffold can be tuned and adapted to the typical
density and stiffness of several soft tissues. Different porous
annuloplasty rings are also obtained, by means of example,
so as to show the potential of these manufacture processes,
towards free-form porous implants and scaffolds for tissue
replacement and repair.
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Results show that PDMS scaffolds functionalized with
trophic factors produced by hMSCs isolated from bone
marrow became a PDMS-3D niche for cells adhesion and
chondrogenesis. Furthermore, the PDMS functionalizedwith
APTS became an excellent niche for hMSCs for chondro-
genesis that was increased if the PDMS-APTS structures
were treated with trophic factors before being seeded with
hMSCs. Thanks to the described process, scaffolds became
buried of collagen type II, even within the porous structure
of the material. Thus, we recommend these scaffolds for
cartilage and endochondral bone formation/repair strate-
gies.

2. Materials and Methods

2.1. Materials. Microporous PDMS has already been pro-
posed as a functional material for cell culture where high
degree of porosity is required to improve cell survival and
functions. PDMS sponges have been obtained using pre-
cursor microemulsions [27, 28] and other processes based
on particle (usually salt or sugar) leaching [29]. Mixtures
of PMDS-sugar-water, for promoting multiscale porosities,
are less common. In addition, porogen size and content are
normally used as main control parameters for adjustment
of final mechanical properties, although assessment of such
mechanical properties is not so common [30, 31]. In this
study we try to provide additional details about these special
mixtures, considering also the proportions of the different
agents and their impact on density, stiffness, and tensile
strength, for additional comparison with soft tissues for
potential replacement of repair.

For obtaining the PDMS sponges, we use a com-
mercial Neukasil RTV-20 prepolymer, together with the
Neukasil A2 cross-linker, both of them from Altropol Kun-
ststoff GmbH (Rudolf-Diesel-Strasse, 9-13, D-23617, Stock-
elsdorf, Germany). Both components are mixed accord-
ing to manufacturer’s data sheets and introduced in a
vacuum chamber, at the beginning of polymerization, for
adequate degasification. Complete polymerization at room
temperature (25∘C) lasts around 24 hours, which helps
to manipulate the mixture with enough time for ade-
quate molding. As porogen material we use Native Organic
sugar (Balbo Group, Brazil), mixed in different propor-
tions with PDMS and with PDMS-water emulsions. The
mixtures analyzed in present study include the following
weight distributions: 50 : 50 PDMS/water, 33.3 : 33.3 : 33.3
PDMS/water/sugar, 50 : 50 PDMS/sugar, 40 : 60 PDMS/sugar,
33.3 : 66.6 PDMS/sugar, and 28.5 : 71.5 PDMS/sugar, which
lead to typical porosities used in tissue engineering and
studies linked to scaffold development. A summary of the dif-
ferent compositions andmorphologies studied and obtained,
after particle leaching and drying (see process description
below), is included in Figure 3, as brief summary.

Epoxy resin Accura 60 (3D Systems, 333Three D Systems
Circle, Rock Hill, SC, USA) is used as a base material for the
rapid molds, subsequently used for casting the PDMS-sugar-
water mixtures and for obtaining outer geometries controlled
from the design stage, due to restrictions imposed by the laser

Figure 1: Computer-aided designs of different valve ringmodels and
associated mold geometry.

stereolithography prototyping process used for suchmolds, as
detailed below.

2.2. Design andPrototyping Processes. Several state-of-the-art
implants aimed at tissue repair have circular or quasicircular
ring geometries, from artificial sphincters to annuloplasty
rings for heart valve (usually mitral) tissue reinforcement.
These implants can greatly benefit from having controlled
porosity and mechanical properties, as the pores can help to
promote drug-eluting approaches for minimizing postsurgi-
cal risks, as well as allow for scaffold-based tissue engineering
strategies. For instance, recent research has highlighted the
potentials of rapid prototyped porous scaffolds for cardiac
tissue engineering [32] and their adaptation to different
cardiac prostheses, such as reinforcement valve rings; even
using personalized designs [33] is almost direct.

As cases of study for present work, we have selected a cir-
cular ring, as possible reinforcement for tissues surrounding
different sphincters, and a couple ofmitral valve annuloplasty
rings (one closed and one open) for potential reinforcement
of valve tissue, as repair treatment for mitral valve insuffi-
ciency. These designs are aimed at verifying the possibility of
obtaining PDMS sponges, with controlled outer geometries,
by casting into rapid prototypedmolds of different emulsions
and mixtures including PDMS, sugar, and water.

The different implantable rings and associated mold
geometries, as shown in Figure 1, are designed with the
help of the computer-aided design software Solid Edge v.20
(Siemens Product Lifecycle Management Software Inc.) and
are saved as stl files for subsequent communication with
prototyping machines. The stl files with the 3D virtual CAD
geometry of the mold designs are transferred to a laser
stereolithography SLA-3500 machine (3D Systems, 333Three
D Systems Circle, Rock Hill, SC, USA) for subsequent rapid
mold manufacture and casting of the PDMS mixtures (see
also Figure 4). The process is based on an additive layer-
by-layer photopolymerization of an epoxy resin that ends
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Mixture Casting Polymerizationn Demolding Cutting Leaching Drying

Figure 2: Overview of the manufacturing process used for obtaining PDMS sponges.

Probe A

∙ PDMS

Probe 1

∙ 50g PDMS

∙ 50g water

Probe 2

∙ 50g PDMS

∙ 50g water, 50g sugar

Probe 3
∙ 50g PDMS

∙ 50g sugar

Probe I
∙ 50g PDMS

∙ 50g sugar

Probe II
∙ 50g PDMS

∙ 75g sugar

Probe III
∙ 50g PDMS

∙ 100 g sugar

Probe IV
∙ 50g PDMS

∙ 125 g sugar

Figure 3: Different morphologies, after particle leaching and drying, obtained by systematic modification of the sugar and water content
incorporated to the PDMS during the polymerization process.

up with a whole physical three-dimensional part. The SLA-
3500 system available at the UPM Product Development
Laboratory allows us to manufacture details down to about
150𝜇m, although more recent studies on the development of
microstereolithography are gradually increasing its precision
to submicrometric scales (NanoScribe GmbH), in spite of
greatly limiting final part size to only a few mm3.

The prototyping process, either for the manufacture of
porous PDMS scaffold probes or for the development of
porous PDMS implants, includes several simple steps detailed
further on and shown schematically in Figure 2. First of

all, the Neukasil RTV-20 prepolymer and the Neukasil A2
cross-linker are mixed and degasified, following manufac-
turer’s instructions, as previously explained. Subsequently,
the PDMS-water emulsion or the PDMS-sugar or PDMS-
water-sugar mixtures are obtained with the help of a Taurus
vertical mixer-blender spinning at 1200 r.p.m. during one
minute just before casting.

Both open and closed molds can be used, as well as
atmospheric and vacuum casting, depending on the desired
final level of detail (vacuum casting helps to fill themolds and
to promote replication quality). In our case, such mixtures
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Figure 4: Example of the obtained porous PDMS annuloplasty rings
aimed at valve tissue repair. Image from the PDMS rings casted into
the rapid epoxy mold and details from the final parts.

are casted into rapid LEGO molds and into rapid proto-
typed epoxy molds for polymerization during 24 hours at
room temperature. Once the PDMS mixtures are polymer-
ized, demolding is accomplished for obtaining the desired
implants or probes for mechanical testing, after adequate
cutting. Particle leaching is achieved by water immersion and
systematic squeezing of the material, probes, and prototypes.
Final drying leads to the desired probes (see Figure 3) and
implants (see Figure 4).

2.3. Mechanical Characterization. Mechanical characteriza-
tion is addressed by tensile testing using a MTS 835 Damper
Test System (MTS, 14000 Technology Drive, Eden Prairie,
MN, USA), capable of applying compressive, tensile, and
fatigue cycles (themachine and experimental setup are shown
in Figure 5). In our case, the different 48×10×5mm3 porous
PDMS probes obtained are submitted to tensile testing until
breakdown (see detailed view fromFigure 5) and the different
stress-strain curves, resulting from such traction tests, are
represented in Figure 6 for further discussion. The initial
probe length between clamps is 30mm and the tensile tests
are carried out at a speed of 10mm/minute.

The influence of material processing and of the different
proportions of components, on the final physical properties
of the PDMS sponges, are detailed in the following section,
together with a comparative analysis of the mechanical
properties of common soft tissues.

2.4. Cell Culture Processes and Imaging Techniques. The
specific composition of the adequate chondrogenic growth
factors, in comparison with other osteogenic or adipogenic
ones, is reported by Pittenger et al. [34] and used in some
references also aimed at chondrogenic differentiation [35–
37]. In our case, two to fourmilliliters of human bonemarrow
samples from healthy donors were provided by Dr. Benjamin

Figure 5: MTS 835 Damper Test System and result from a traction
test carried out with porous PDMS.

Fernández from the Fundación Jiménez-Diaz. The culture
expansion of hMSCs was carried out, as previously described
[35, 36].

Cells were plated and incubated using DMEM-L plus 10%
FBS of selected batches. Cells were collected by treatment
with 0.25% trypsin-EDTA. Cell culture media were prepared
by the research services of Molecular Biology Center “Severo
Ochoa” (CSIC-UAM). For the preparation of hMSCs trophic
factors rich medium we used 8–10 p100 culture plates at
80% confluence for each batch. Cells were washed with PBS
and starved of FBS during 24 hours. Afterwards, culture
medium was collected and cleaned of any floating cell by
centrifugation at 1.500 rpm in a bench centrifuge during
5min. The clean supernatant was cooled down on ice during
30min, centrifuged in a Sorvall to remove salt precipitations,
and kept in 2mL aliquots at −30∘C until use. We avoid any
samples with repeated freeze-thaw.

Cubic pieces of porous PDMS scaffolds were UV irradi-
ated, individually placed in 25mL Falcon tubes, and received
the following treatment: (i) thoroughly wash using 0.5mL
PBS and 5min centrifugation until porous PDMS float stops;
(ii) treatment with 2M acetic acid during 20min and then
a rapid neutralization and PBS wash; (iii) treatment with
hMSC trophic factors medium during 24 hours or DMEM-
LG as control; and (iv) seed scaffolds with 150.000 hMSCs in
0.5mL chondrogenic or control medium during three weeks
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Figure 6: Comparative mechanical performance of the PDMS sponges obtained.

at 37∘C in 5% CO
2
as early indicated [34–37]. When PDMS

sponges were functionalized with APTS it was used at a con-
centration of 0.025% in ethanol. The chondrogenic medium
was DMEM-LG with ITS (6.25𝜇g/mL insulin, 6.25𝜇g/mL
transferring, and 6.25𝜇g/mL selenous acid) (Collaborative
Research), 1mM pyruvate (Gibco), 37.5𝜇g/mL ascorbate
(WACO), 0.1 𝜇M dexamethasone (Decadran, Merck), and
0.06 ng TGF-𝛽 (R&D System).

Then, samples were processed to analyze by using an
immune fluorescence technique, as described previously [37,
38], with some modifications. Briefly, cubic scaffolds were
individually placed in M24 tissue dishes, cut in slices, rinsed
with ice-cold PBS, fixed in 3.7% formaldehyde in PBS during
30min at RT, and washed in PBS. Cells were visualized by
incubation with 0.5% Triton in CSK buffer containing 10mM
pipes, pH 6.8, 3mM MgCl

2
, 100mM NaCl, 1mM EGTA,

0.3M sucrose, and 1mM PMSF for 30min on ice. After
the treatment, samples were cleaned and fixed with 3.7%
formaldehyde and equilibrated in PBS. For collagen type II
immune detection, scaffolds preparations were blocked of
unspecific antibodies binding by incubation during an hour
with 3% BSA-0.1% Triton X-100 in PBS (PBSA) at RT or
overnight at 4∘C. As primary antibodies anti-collagen type
II at 1 : 200 were used, secondary antibodies were Alexa594-
conjugated from Molecular Probes, Eugene, OR, at 1/500
dilution. Nuclei were stained with DAPI (CALBIOCHEM).
Immune stainings of the cell preparations were determined
with an inverted IX81 Olympus with a DP72 digital camera.

3. Results and Discussion

Results from Figure 4, showing implant geometries with
scaffolding porous structures, have helped to validate the
design and rapid manufacturing processes, as relevant tasks

towards a systematic procedure for the development of free-
form, porous, and biomimetic scaffolds (as well as other
(micro) implants) for tissue engineering and repair.The term
“biomimetic” in this case makes not only reference to the
appearance, but also reference to the mechanical properties,
which are discussed below. The lower image of Figure 5,
after probe collapse during tensile testing, helps to show
the three-dimensional interconnected microporous network
and the efficiency of the leaching process, as all the sugar
particles have disappeared. Figure 6 includes the comparative
mechanical performance of the PDMS sponges obtained
and the most interesting values (tensile strength and Young
modulus), together with density, are summarized in Table 1,
besides interesting data about different typical soft tissues for
additional reflections.

According to initial expectations, an increase of porogen
loading (Probes I–IV) leads to lower scaffold densities and
to lower values of tensile strength and Young modulus. The
PDMS-water emulsion (Probe 1) leads to a density and Young
modulus similar to those of Probe IV,while its tensile strength
is quite higher. We explain such difference of tensile strength
due to the smaller pore sizes and more homogeneous pore
distribution of Probe 1, which helps to minimize the effects of
stress concentration at the connections between pores.

However, pore sizes obtained by phase separation, after
polymerization of the PDMS-water emulsion, are around
30 to 60 microns in diameter, smaller than the 100–200
microns in diameter pores obtained by particle leaching. The
smaller pore sizes, in our case, prevent the formation of a
three-dimensional network of interconnected pores, which
is necessary for adequate scaffolds. Such interconnected pore
network is obtained in Probes I–IV, with remarkable results
in Probe IV, which we find the most apt for final in vitro
validation via cell culture. Probe 2, obtained by a combined
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Table 1: Results’ summary from the mechanical characterization
tests of the PDMS sponges obtained and comparative data from
other porous polymers and natural soft tissues.

Porous PDMS
and tissues

Tensile
strength
(MPa)

Young
modulus
(MPa)

Density
(g/cm3)

Probe I 0.88 2.77 0.96
Probe II 0.71 3.70 0.82
Probe III 0.59 2.47 0.79
Probe IV 0.45 1.47 0.65
Probe 1 1.15 1.64 0.64
Probe 2 0.65 0.72 0.75
PolyHIPE [39] 0.17 0.88 0.15
Skin [40] 10 40 1.09
Pericardium [41] 25.8 156 1.8
Tendon [40] 80 1000 1.2
Carotid artery
[40] 0.8 0.97 1.3

Aorta artery [40] 0.9 6.5 1.39
Esophagus [42] 0.5 6 1.18
Parenchyma [43] 0.6 5 0.87
Cartilage [44] 10–30 0.45–0.9 1.05–1.2

approach using a PDMS-sugar-water mixture, can be used
formultiscale approaches, as different pore sizes are obtained,
although some pores reaching diameters of 300–400microns
lead to a much lower Young modulus.

In any case, it is interesting to highlight the possibility
of adjusting scaffold density, stiffness, and strength, almost
ad hoc, by incorporating different quantities and mixtures of
water, sugar, andwater-sugar, to the PDMS. Previous research
has verified the effect of scaffold stiffness on hMSCs differ-
entiation and final fate, showing that softer scaffolds lead to
softer tissues and that stiffer scaffolds lead to harder tissues.
In our study, the scaffolds developed show a wide range of
Youngmoduli, which can adapt to the requirements of several
soft tissues, from cartilage to esophagus, parenchyma, and
arteries, as shown in Table 1.

Regarding in vitro assessment via cell culture, results after
three weeks (summarized in Figure 7) show that cells are
well attached to the scaffold, even having penetrated into
the porous structure, forming a three-dimensional network
within the interconnected pores. For the cell culture process
we have used Probe IV, as usually scaffold manufacturing
processes for soft tissue repair pursue low densities and high
porosities. The figure shows details of the cells attached to
the scaffold surrounding and filling different pores. It is also
relevant to note that, during cell culture, cells developed
collagen, helping to show the potential for tissue repair of the
proposed approach.

Scaffold’s porosity, through capillary action, helps the
growth factors to fill the three-dimensional interconnected
porous structure, which proves to be positive for promot-
ing cells to reach the inner cavities of the scaffold. The

incorporation of trophic factors produced by hMSCs isolated
from bone marrow is essential for cell adhesion and for final
success of the PDMS-3D niche. In addition, the stiffness
of Probe IV, used as scaffolding material, is very similar to
cartilage stiffness and cartilage stands out for its large amount
of extracellular matrix, mainly composed of collagen fibers.

In fact, the PDMS-3D niche, seeded with hMSCs and
incubated in a chondrogenic medium during three weeks,
realized chondrogenesis process expressing collagen type II
validating a new method to obtain an excellent scaffold, at
least, for cartilage and endochondral bone formation/repair
strategies. Therefore, we believe that our scaffold’s stiffness
may have had a relevant impact on hMSCs growth and
collagen generation, thus being potentially adequate for the
promotion of chondrogenesis and for cartilage repair.

It is important to highlight that MSCs are adherent cells
and rapidly die in suspension.Hence,mimicking the extracel-
lular matrix is absolutely needed for prosthesis development
and tissue repair biomaterials. However, cells do not usually
get into a biomaterial unless using a pair antigen-antibody
as hormone-receptor recognition system. To this end specific
laser treatment is normally used to get reaction inside a
biomaterial. Our novel approach shows a biomaterial where
the communication factors promote MSC adhesion, even
inside the pores. In addition, upon incubation in a regular
chondrogenic medium, cells expressed collagen type II and
most cells (whose nuclei are shown as bright red points in
Figure 7) remained buried in collagen (shown in red in the
images of Figure 7).

The design and manufacture process presented combines
rapid prototyping, for controlling scaffold’s outer geome-
try, with phase separation processes, for promoting porous
biomimetic structures, towards final scaffolds and implants
for tissue repair with desired physical properties and pre-
defined geometries. Such process constitutes an alternative
or a complementary approach to other recent solutions
for the development of tissue engineering scaffolds, based
exclusively on additive processes, which stand out due to the
possibility of controlling final geometries from the design
stage, although the CAD-based geometries are usually sim-
ple (typical wood-pile structures), soft, and not especially
biomimetic. The detailed procedure can also complement
or be combined with highly interesting nonintrusive 3D
reconstructions based on medical imaging [45]. Future
comparisons between niches directly obtained by additive
manufacture from medical images and those obtained by
casting with porogens in rapid molds will also provide
additional information towards future applications.

Due to the results obtained, we recommend these scaf-
folds for cartilage and endochondral bone formation/repair
strategies. We foresee relevant applications in several fields,
such as biomedical and tissue engineering, that is, for the
development of different (micro)implants and scaffolding
structures, mainly for soft tissue replacement and repair.
Personalized approaches are also possible, thanks to the com-
bination of medical imaging and medical software resources
with the capabilities of computer-aided design and additive
rapid prototyping, what constitutes a relevant advantage in
areas including aesthetic and reconstructive surgeries.
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(a) (b)

(c) (d)

Figure 7: Results from hMSCs culture upon the PDMS sponges incorporating growth factors. Images taken at different depths to show cell
penetration into pore (marked with dotted line). After a three-week culture process, cells (appreciated as prominent points in red) are well
attached to the scaffold, have penetrated into the porous structure, and developed collagen (shown in red), helping to show the potential for
tissue repair and cartilage generation of the proposed approach. Scale bar: 200𝜇m.

4. Conclusions

In this study we have presented a very promising approach
for the rapid development of porous polydimethylsiloxane
(PDMS) scaffold prototypes, with outer geometry defined
from the design stage, according to the form of conventional
implants or adapted to patients’ biostructures. The manufac-
ture method is based on phase separation processes using
parts obtained by casting within additive rapid prototyped
molds. We have included a comparative study of PDMS
sponges obtained by different simple processes involving
PDMS-sugar-water mixtures. By changing the proportions of
these agents, main mechanical properties of the final scaffold
can be tuned and adapted to the typical density and stiffness
of several soft tissues, as has been previously detailed.

Different porous annuloplasty rings have been also
obtained, by means of example, in order to highlight the
potential of the manufacture process towards free-form
porous implants and scaffolds for tissue replacement and
repair. Final in vitro assessment was carried out using
hMSCs (bone marrow-derived human mesenchymal stem
cells), cultured onto porous PDMS scaffolds functionalized
with APTS and equilibrated with trophic factors medium
produced by the cells. Results show that porous PDMS
scaffold prototypes are excellent 3D platforms for hMSCs
adhesion. Furthermore, this PDMS-3D niche, seeded with

hMSCs and chondrogenic incubation medium during three
weeks, showed a successful chondrogenesis determined by
collagen type II expression. Thus, results show a versatile
method to produce a 3D niche to further study questions
about cartilage and endochondral bone formation or skeleton
tissues clinical approaches.
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Lotus-type porous copper with long cylindrical pores aligned parallel to the solidification direction was studied for use as an
antibacterial material. The antibacterial performance of lotus-type porous copper samples with different specific surface areas
against Escherichia coliwas investigated.The results confirmed that the antibacterial effect gradually increased with specific surface
area. The correlation between the pore structure of lotus-type porous metals and their antibacterial effect was also analyzed in
detail. Our research proposes a new application of these metals in the water purifying system.

1. Introduction

In addition to offering convenience and many lifestyle op-
tions, industrial development has caused serious environ-
mental contamination, especially water pollution, which in-
creases the growth of various bacteria, viruses, and protozoa
that cause water-borne diseases. Removal of disease-causing
organisms from drinking water is, therefore, extremely im-
portant for human health. There are several conventional
chemical disinfectants such as chlorine and its derivatives
and ozone [1]. However, many of these agents are carcinogens
with potential harmful side effects [2].

In this regard, several researchers have recently inves-
tigated the use of inorganic antibacterial materials such as
silver and copper to inhibit microbial growth. In particular,
research studies on porous antibacterial materials are well
under way because the antibacterial effect is proportionate
to the increase in surface area [3–5]. Shen et al. [3] evaluated
the antibacterial characteristics of porous ceramic composites
that were decorated with ultrafine silver (II) oxide parti-
cles and fabricated by chemical oxidation. Chen et al. [4]
examined Cu-TiO

2
nanocomposites that could be created

by photocatalytic reduction and studied their antibacterial
performance in the absence of light.

Lotus-type (or Gasar) porous metals [6, 7], which have
long cylindrical pores aligned parallel to the solidification
direction, have many advantages over other materials for
antibacterial applications. For example, the specific surface
area of these metals can be easily controlled by manipulating
the porosity and pore diameter [6, 8–10]. These metals also
exhibit high fluid permeability because of their low pressure
drop [6, 11]. In addition, they are easy to manufacture and are
suited for mass production because their fabrication is based
on the casting process [6, 8, 10]. However, the antibacterial
performance of lotus-type porous metals has not been evalu-
ated.

Here, we show the antibacterial performance of lotus-
type porous metals with various specific surface areas that
were controlled by hydrogen gas pressure and solidification
velocity [6, 8, 10]. Lotus-type porous copper was selected for
the antibacterial test because copper hasmuch higher antimi-
crobial activity than other metals such as silver, aluminum,
silicon, and tin [12]. The correlation between pore structure
and antibacterial effect will also be discussed in detail.
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2. Materials and Methods

2.1. Preparation of Lotus-Type Porous Copper. Lotus-type po-
rous copper ingots with various porosities and pore diameters
were fabricated by mold casting [8] and continuous casting
[10] according to a previously described procedure. In brief,
the fabrication of lotus-type porous copper is a continuous
process comprising a series of hydrogen gas pressurization,
induction melting, and directional solidification stages. Each
ingot was cut into rectangular parallelepipeds (25 × 25 ×
2.5mm3) by using a spark-erosion wire-cutting machine
(A325; Sodick Co., Japan). Nonporous and lotus-type porous
copper samples were polished with a series of emery papers,
washed in ultrasonic cleaner, and finally dried in hot air.
The porosity of each sample was obtained from the following
equation:

Porosity (%) = (1 −
𝜌

𝜌
0

) × 100, (1)

where 𝜌 and 𝜌
0
are the apparent density of the porous copper

and the density of nonporous copper, respectively. The pore
diameter was measured in the cross-section perpendicular
to the solidification direction by using an image analyzer
(Image-Pro Plus; Media Cybernetics Co., USA). The specific
surface areawas also calculated on the basis of the assumption
that the pores were perfectly cylindrical.

2.2. Antibacterial Activity. Escherichia coli (E. coli; KCTC
2223) used in this study was a strain from the Korean Collec-
tion for Type Culture (KCTC, Daejeon, Korea). The nonpor-
ous and lotus-type porous copper samples were immersed in
100mL of phosphate-buffered saline (PBS) solution contain-
ing approximately 102 cfu/mL E. coli, for specific time inter-
vals of 15, 30, 45, 60, 90, and 120min at room temperature.
To obtain the bacterial concentration, the 3MPetrifilm E. coli
count platemethodwas used: 1mLof the bacterial suspension
was dispensed on Petrifilms by using amicropipette; the films
were then placed in an incubator at 37 ± 1∘C for 24 h. The
antibacterial ratewas determined using the following formula
[13]:

Antibacterial rate (%) =
𝑁
1
− 𝑁
2

𝑁
1

× 100, (2)

where𝑁
1
and𝑁

2
are the bacterial count, when using the con-

trol material (304 stainless steel) and the nonporous or lotus-
type porous copper, respectively.The concentration of copper
ions in distilled water was also verified with an inductively
coupled plasma mass spectrometer (ICP-MS; ELAN 6100,
Perkin-Elmer SCIEX, Canada).

3. Results and Discussion

Figure 1 shows the cross-sectional views perpendicular to
the solidification direction of the lotus-type porous copper
samples. In addition, the measured porosity, average pore
diameter, and specific surface area of the samples are sum-
marized in Table 1. The specific surface area of the lotus-
type porous copper samples was much higher than that of

Table 1: Porosity, average pore diameter, and specific surface area of
nonporous and lotus-type porous copper samples.

Nonporous
copper

Lotus-type porous copper
A B C

Porosity (%) — 72.2 71.4 47.8
Average pore
diameter (𝜇m) — 1128.3 670.6 222.1

Specific surface area
(cm2/g) 1.1 6.5 9.0 14.1

nonporous copper, and it depended on the average pore
diameter and pore distribution. In particular, the specific
surface area of sample C was almost 14 times the value for
nonporous copper.

Figure 2(a) shows the antibacterial effect of nonporous
and lotus-type porous copper with various specific surface
areas as a function of the immersion time. The term “ref-
erence” refers to data obtained without involving copper
samples. The antibacterial performance of copper gradually
increased with increasing specific surface area. Figure 2(b)
shows the antibacterial rate calculated using (2). It can be seen
that after 30min of coculturing with E. coli, the antibacterial
rates of sample C reached >99.999%, showing strong antibac-
terial functions.

Figure 3 shows the number of dissolved copper ions
in distilled water after immersing samples of nonporous
and lotus-type porous copper (sample C) for various time
intervals. These values were verified by ICP-MS analysis. The
number of copper ions from the porous copper sample was
much higher than that from the nonporous copper sample;
the numbers increased with increasing immersion time.

There are several reasons why lotus-type porous copper
showed better antibacterial performance when compared
to nonporous or conventional porous copper. First, specific
surface area affects antibacterial performance. The antibac-
terial mechanism of metallic antibacterial materials can be
classified by the action of metallic ions and active oxygen
generated on the surface [14]. This characterization was
expected in our experiment since more E. coli were exposed
to copper as the samples’ specific surface area increased. The
morphology of lotus-type porous metals comprised cylindri-
cal pores aligned parallel to the solidification direction.Thus,
this configuration yielded large surface areas when the ingots
were cut perpendicular to the solidification direction because
almost all the pores were open.

Another accelerating factor for the antibacterial perfor-
mancemay be crevice corrosion. Crevice corrosion is a rather
aggressive form of corrosion that arises in the narrow gaps
between a metal and another material, and it accelerates the
elution of metal ions. In general, the corrosion behavior of
porous metals is a very serious disadvantage when compared
to bulk metals, particularly in case of crevice corrosion.
Corrosion is also influenced by the morphology of pores
and the specific surface area [15]. However, corrosion may
offer a rather significant benefit from a different perspective,
especially regarding the antibacterial effect. Although this
experimentwas conducted in the PBS solution, which has low
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Figure 1: Cross-sectional views perpendicular to the solidification direction of lotus-type porous copper with various specific surface areas:
(a) 6.5 cm2/g; (b) 9.0 cm2/g; (c) 14.1 cm2/g.
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Figure 2: Time-course study of the (a) population and (b) antibacterial rates of nonporous and lotus-type porous copper against E. coli. The
term “reference” in (a) refers to data obtained without involving copper samples.
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immersing the nonporous and lotus-type porous copper samples for
various time intervals.

chloride ion concentration and buffering capability, lotus-
type porous metals have many narrow pores as noted above,
and the crevice corrosion effect cannot be overlooked.

4. Conclusions

In this study, the antibacterial performance of lotus-type po-
rous copper was evaluated and the correlation between
pore structure and the antibacterial effect was analyzed.
The antibacterial performance of lotus-type porous copper
gradually increased with increasing specific surface area.This
was because the specific surface area and crevice corrosion
behavior were influenced by the pore morphology of lotus-
type porous metals. Based on our research, we believe
lotus-type porous metals have potential applications in the
healthcare industry, especially water purifying system.
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