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Abstract. The research is devoted to solving the problem of regulating the porosity parameters during the
manufacturing process under magnetic field conditions. The process of synthesizing magnetic nanocomponents based
on a mixture of divalent and trivalent iron oxides was given. The use of nanocomponents allowed for improving the
conditions for creating porous materials. A device with adjustable magnetic induction was developed to produce porous
materials in a magnetic field. The study of the porous material’s structure with the nanopowder content in the magnetic
field conditions showed a clear dependence of the structure on the magnetic parameters. When the content of
nanocomponents increased to 0.3 %, and the magnetic field induction increased to 2.5 mT, the dispersion of pore sizes
decreased by 8-10 times, the density of pores — increased by 15-20 times, and the average diameter of pores — decreased
by 12-15 times. Mathematical dependencies that determine the porosity parameters for different values of the magnetic
nanopowder content and the level of magnetic induction in the ring electromagnet were proposed. The obtained
dependencies allowed for assigning the level of magnetic technological parameters to ensure the given porosity
parameters. The developed methods of magnetic technology for creating porous materials can increase the quality and

ensure the required porosity level.
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1 Introduction

Porous materials are used in many industries. This fact
applies to thermal insulation materials, materials for
passive cooling, adsorption of hydrocarbons in
petrochemicals, materials and products for energy storage,
porous sensors, medical porous materials, and imitation of
natural materials.

In many cases, the value of the porosity parameters,
which include the average pore size, the number of pores
per unit volume, and the dispersion of pore sizes, can be
substantial.

In most cases, existing technologies for producing
porous materials cannot provide the specified values of
porosity parameters and have a relatively high level of
dispersion of values.

In several studies, improving the parameters of porous
and foamed materials is associated with nanotechnologies
[1, 2]. A well-known approach uses nanomaterials based
on a divalent and trivalent iron mixture. This approach is

currently limited to updating the characteristics of porous
materials for the magnetic cleaning of liquids.
Simultaneously, using magnetic properties at the stage
of creating porous materials can create conditions for
controlling the process of pore formation, including
creating conditions to ensure the necessary parameters.

2 Literature Review

Spheres of use, manufacture, and determination of
parameters of porous and foamed materials are studied in
several publications [3-5].

The study [6] describes the procedure for changing the
thermal conductivity depending on the structure of the
porous material and its fractal characteristics, particularly
the structural elements’ size, shape, and density.

The work [7] describes methods of chemical synthesis
that create conditions for ensuring the desired pore
structure, which has the best characteristics of materials for
passive cooling.
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The detailed pore size for the adsorption and
productivity of light hydrocarbons was studied in the
article [8]. The existence of an optimal pore size for these
processes has been proven.

Providing the required pore sizes is very important for
porous materials intended for energy storage. Ensuring the
required pore sizes is substantiated [9]. Methods of
synthesis of porous materials to ensure given structural
parameters are discussed. The primary indicator is the
capacity of porous materials.

To ensure the operation of triboelectric
nanogenerators, porous materials that provide the required
level of air conductivity and other electrical properties are
needed [10]. These properties are related to the structure
of the materials, which is desirable for the effective
operation of the specified structures.

Pressure sensors with a porous structure [11] provide
good characteristics under the condition of the necessary
structural parameters of the materials.

The pore size is crucial for thermoscatalysis processes.
The paper [12] describes the production of 3D porous
materials with different pore sizes, but it is unclear to what
extent it is possible to control these sizes.

The pores’ sizes are decisive in forming artificial body
elements, particularly bones [13]. They affect both
strength and biochemical properties. The size of the pores
determines the effectiveness of treatment of wound
infections, in particular exudate suction [14, 15].

In some cases, porous materials imitate natural
structures. The properties of similar materials are related
to the morphology of pores. In [16, 17], attempts were
made to determine the influence of the shape, size, and
orientation of pores on the mechanical and other properties
of the porous material. Practical methods of providing
these parameters are described very fragmentarily.

The use of magnetic porous materials with iron oxide
nanoparticles to separate water and oil is described in the
following several publications.

In [18], recipes for creating an effective emulsion
polymer foam with magnetic properties for electronic
devices were studied. The research work [19] describes
foamy materials that absorb microwaves using
polyurethane saturated with iron oxide nanoparticles,
which are promising for use in stealth systems.
Magnetomechanical porous materials are also used in
active vibration reduction systems [20].

Magnetorheological materials based on a porous
matrix and magnetic structural elements can be used in
engineering applications, e.g., intelligent systems [21]. For
the first time, the use of a magnetic field in the
manufacturing process was proposed in the study [22] to
regulate the parameters of foamed materials using
magnetic nanopowders.

Most publications indicate the importance of creating
specified pore sizes to ensure functional and mechanical
properties. In particular, the pore parameters affect the
porous material’s ability to resist destruction [23].

The main parameters of porous materials are provided
at the stage of their synthesis.

In the study [24], the effectiveness of creating porous
materials for particular purposes increases due to the
immobilization of enzymes. To a certain extent, the
necessary structure is ensured. The study [25] describes
creating porous materials using various foaming agents.

Unfortunately, the physical foaming technology using
gas filling creates pores with a very wide range of sizes
(from 0.9 to 30 um) [26].

The synthesis of polymeric materials using porogenic
solvents is described in [27]. The resulting pores appear as
microspheres with a reasonably extensive size range.

Extrusion of polyethersulfone foam provides an
approximate porosity of 51% and an average pore size of
5 pum [28].

Using concentrated emulsions as a basis for creating
structures with a given porosity [29], adding oil and other
components to improve the structure of porous materials
[30] can be the basis for practical applications.

The article [31] describes the bubble writing
technology. It is claimed that it can ensure the given
structure of porous materials, although this thesis was not
proven.

Polymer materials occupy a special place in the system
of porous materials. Polyurethane porous structures can be
effectively used in regenerative medicine [32-34]. The
technology of operational determination of structural
parameters of polyurethane foam by measuring the speed
of sound in the material is described in [35].

The possibility of regulating the size and morphology
of the pores is declared with the help of emulsion
polymerization using polystyrene nanoparticles [36].

Attempts to provide a given structure of porous
structures using 3D printing followed by tomographic
control [37, 38] should be considered exploratory.

The relevance of using magnetic nanocomponents in
other industries should also be noted. They can be effective
for medical purposes [37] for targeted drug delivery [38]

Prospects for using porous materials include the
possibility of adjusting their parameters, particularly the
size and density of pores. Modern technologies allow for
adjusting these parameters to a limited extent.
Technologies for creating magnetic nanomaterials can
potentially influence the forces that create pores in
materials, but these possibilities are not yet being used.

The study aims to determine the impact of magnetic
technologies on the processes of creating porous materials,
considering the use of magnetic nanomaterials based on
ferric and trivalent iron oxides.

The object of research includes the process of pore
formation in foamed materials containing magnetic
nanocomponents under the action of a magnetic field.
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3 Research Methodology

The synthesis process of nanopowders based on a
mixture of ferric oxides takes place in a reactor using
FeSO4 and FeCls as inputs [15]. After mixing and adding
NH4OH, a mixture of divalent and trivalent iron oxides is
synthesized, forming a powder with magnetic properties
(Figure 1).
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Figure 1 — The design scheme of the magnetic
nanopowder synthesis

Magnetic properties compatible with the actual nano
size of the powder ensure the appearance of new properties
capable of determining the direction of use of such
substances [39].

In most cases, producing porous materials involves
their foaming, characterized by the appearance, and
increase of cavities inside the material.

The experience of determining the properties of
nanocomponents indicates their high adhesion combined
with the ability to concentrate in the surface layer. The
appearance of additional forces on the surface of the

cavities from the inside can provide the possibility of
regulating the process of creation and growth of these
cavities. When mixing the synthesized magnetic
nanopowder with the raw material, it becomes possible to
control such a process in the case of carrying out a
technological process of changing inside the magnetic
field.

The foaming process was carried out inside this
installation by adding magnetic nanopowder to the raw
material while changing the magnetic field voltage.

The magnetic field voltage H, measured in A/m, is
related to the magnetic induction B = uo-H, T, where
Mo = 4x-107 T/m — the magnetic constant. The force of
attraction arising in this case can be defined as
F = 0.5-A-B?/uo, where A — the attracted surface area.

Magnetic induction changes when the current passing
through the electromagnet windings changes. At the same
time, the force acting on the magnetic balls also changes.
The research allows for building a diagram of the change
in magnetic induction depending on the rods’ separation
angle.

The porous material was created by methods of
foaming inside the electromagnet in addition to materials
for foaming magnetic nanopowder in the ratio of 0.1, 0.2,
and 0.3% of the material mass. Simultaneously, the
foaming process is carried out in a magnetic field with a
voltage B of 1.0, 1.5, 2.0, and 2.5 mT.

Using magnetic nanocomponents to form porous
materials in a magnetic field produced foamed
polyurethane using isocyanate, polyol, and blowing agent.

The synthesis of nanopowder based on a mixture of
two and trivalent iron oxides, its combination with raw
materials, producing porous material under magnetic field
conditions, and determining properties using microscopic
studies [22] led to the results summarized in Table 1.

Table 1 — Microstructure of porous materials containing magnetic nanopowder under magnetic field conditions

The magnetic
nanocomponents
content, %

B=1.0mT

B=15mT

B=20mT B=25mT

0.1

0.2

0.3
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4 Results

During the experiment, magnetic nanocomponents
were added to the input materials in a 0.1 to 0.3 % ratio.
The foaming process took place in an annular magnetic
chamber. The strength of the current in the windings of the
electromagnet was changed with the help of an
autotransformer and converted using the diagram “current
strength — magnetic induction” into the induction of the
magnetic field to ensure values in a range of 1-3 mT.

The analysis of the structure of porous materials
formed under the conditions of the action of a magnetic
field indicates the following:

— increasing the content of magnetic nanocomponents
in the composition of raw materials for the production of
porous materials increases the density of pores while
reducing their average size;

—increasing the induction of the magnetic field in the
presence of magnetic nanoscales significantly reduces the
dispersion of the dimensional parameters of the pores. At
the same time, the average pore size decreases when the
density of created pores per unit volume increases.

The main parameters of the porosity during the
research were determined in a unit of volume,
characterized by the area within reach of the microscope
objective.

Simultaneously, the average size was determined as a
mathematical expectation of the pore sizes d;, related to the
average pore size in the material created without the action
of a magnetic field with minimal addition of magnetic
nanopowder do. Here and in the future, the index i refers to
the number of experiments with different contents of
magnetic nanocomponents and different magnetic
induction. The index j — the number of separate pores.

Then, the average sizes are determined as follows:
_Ihdoj o Eady

No ) dl_ N )

_ 4

dO CTL - do’ (l)

where do, di, dij, d, — average size measures, m; No, N —
numbers of experiments; i, j — indexes.

The specific density of creating pores is determined by
the ratio of pores in the base volume for a certain level of
the content of magnetic nanocomponents and magnetic
field induction to the number in the case of a minimum
composition:

N
n= No, (2)
where N; — the number of i-the elements.
The root mean square deviation determines the
variance in each individual case. For the basic version, the

root mean square deviation is determined as follows:

©)

where do; — the j-th diameter, m.
For an arbitrary variant, the root mean square deviation

is as follows:
ZILO (di‘dij)z
0; = ”N—i' (4)

and the specific value of dispersion:

The distribution of pores was recorded with the help of
an optical microscope with a magnification of 100 times.
The pore sizes were determined using a dimensional grid
of a microscope.

The area that fell into the observation zone was used
for analysis.

Data on the determined parameters of pore formation
are given in Table 2.

Table 2 — Value of porosity parameters depending on magnetic technological parameters

The magnetic
nanocomponents | Parameter | B=1.0mT B=15mT B=20mT B=25mT
content, %
d,m 1.00 0.90 0.70 0.60
0.1 n 1.00 1.20 2.10 2.60
S, m 1.00 0.90 0.60 0.50
d, m 0.21 0.18 0.16 0.14
0.2 n 3.60 5.10 8.30 111
S, m 1.20 1.00 0.40 0.20
d,m 0.14 0.11 0.08 0.06
0.3 n 6.70 8.90 15.8 20.1
S, m 1.10 0.80 0.30 0.10

The data indicate a clear dependence of the pores’ size
and structure on the magnetic components’ content and the
magnetic field’s strength.

The results demonstrate a noticeable dependence on
the size of the pores and the structure of their distribution
depending on the nanocomponents’ content and the
magnetic field’s strength.

The pore diameter decreases with increasing content
and increasing power. At the same time, there is a clear
dependence on the change in the size of the cavities, which
allows for setting the necessary parameters to ensure the
required dimensions.
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In contrast to the known methods of creating porous
materials, the proposed technology using magnetic
nanocomponents can create conditions for ensuring the
necessary material parameters at the process planning
stage.

The obtained values make it possible to build a
mathematical model of the change in the main parameters
of the porous material from the technological magnetic
indicators.

The general analysis of the change in the average pore
diameter shows a gradual decrease with an increase in the
composition of magnetic nanopowder and magnetic
induction with a possible asymptotic approximation. The
following function can describe such a model:

d = e~ k1P +k2B) (6)
where p, B — operating parameters; ki, k> — regression
parameters.
Accordingly, the pore’s density increases with an

increase in both magnetic parameters, which the following
power function can describe:

n=A-p%-B%, O]

where A, ai, a; — regression parameters.
The expected pore size can be found from the
dependencies described by the surface in Figure 2.
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Figure 2 — The dependence of the pore size on the content
of nanocomponents and magnet power
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The formation of a given structure of porous materials
provides the necessary parameters of strength, porosity,
water absorption, which must be specified from the
conditions of use of these materials.

The values of the coefficients can be found by the
method of least squares. The obtained functions allow for
evaluating the magnetic technological parameters (the
magnetic nanopowder content and the magnetic field
induction) to achieve the specified pore sizes and their
density.

The study of the strength of the obtained materials
showed that this indicator depends both on the
composition of the material and the method of its creation,
as well as on its structure, in particular, on the average size
of the pores. Similar results are obtained for thermal
conductivity and hygroscopicity.

The presence of nanocomponents based on a mixture
of ferric oxides significantly affects the possibility of
applying magnetic technologies in creating porous
materials. The process of manufacturing porous materials
with magnetic nanopowder content in the conditions of an
adjustable magnetic field provides variable porosity
parameters.

6 Conclusions

Creating a variable magnetic field in ring chambers
provides the necessary technological parameters.

An increase in the content of nanomagnetic
components to 0.3% with an increase in magnetic
induction to 2.0-2.5 mT ensures a significant change in
porosity parameters. In particular, the dispersion of pore
sizes decreases by 8-10 times, the density of pores
increases by 15-20 times, and the average diameter
decreases by 12—15 times.

The novelty of the research is that the possibility of
creating porous materials with a given structure has been
proven for the first time by adding magnetic
nanocomponents and foaming in a magnetic field.

The developed mathematical model allows for
evaluating the parameters of the nanopowder content and
magnetic field induction to ensure the specified porosity
parameters.
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