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1.Introduction
Porous materials are widely used in various 

technologies and spheres of life [1]. The features 
of such materials determine the possibility of 
creating products with special properties. In 
particular, such materials can be used for ther-
mal insulation, vibration insulation, and sound 
insulation [2]. At the same time, the structure 
and distribution of pores play a decisive role in 

the formation of thermal conductivity indica-
tors. Filter products [3] use porous materials. 
The pore sizes determine the purity of the fil-
tration and the performance of the filters [4]. 
The distribution of elastic deformations in such 
materials is also related to their structure [5].

In modern conditions of large-scale aggres-
sion, the problem of treating purulent wounds 
is becoming very urgent. Special porous ma-
terials establish a rational level of removal of 
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The purpose of the work consists in substantiation and creation of porous materials with 
given parameters of size and structure of cavities. Nanocomposites based on a mixture of di-
valent and trivalent iron oxides are the basis for such materials. Methods of synthesis of nano-
components are based on chemical reactions of iron sulfate and iron chloride with the addi-
tion of ammonia hydrate. Nanopowder was added to the polyurethane mixture during the 
formation of the foamed porous structure. The porous material was formed under the condi-
tions of a magnetic field with induction of 5-6 mT. As a result, structures were obtained in 
which the pore sizes depend on the content of nanocomponents and the induction of a mag-
netic field. Based on the theory of elasticity, the necessary parameters of the magnetic field are  
determined to ensure the specified pore sizes. Application of a magnetic field with an induction  
of -6 to +6 mT to the finished material leads to the occurrence of hysteresis effects, resulting in final  
values   of 1-1.5 mT. The obtained results demonstrate the possibility of adjusting the porosity 
parameters of the material during creation and operation.
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Наномагнітні технології при створенні розумних пористих матеріалів. 
М.Л.Рябчиков 

Мета роботи складається в обґрунтуванні і створенні пористих матеріалів з заданими 
параметрами розмірів і структури порожнин. Основою для подібних матеріалів виступають 
наноскладові на основі суміші оксидів двовалентного і тривалентного заліза. Методи синтезу 
наноскладових основані на хімічних реакціях сульфату заліза і хлориду заліза з додаванням 
гідрату аміаку. Нанопорошок додавався до поліуретанової суміші при формуванні спіненої 
пористої структури. Пористий матеріал утворювався в умовах магнітного поля з індукцією 
5-6 мТл. В результаті були одержані структури, в яких розміри пор залежать від вмісту 
наноскладових і індукції магнітного поля. На основі рівнянь теорії пружності були визначені 
необхідні параметри магнітного поля для забезпечення заданих розмірів пор. Накладання 
на готовий матеріал магнітного поля з індукцією від -6 до+6 мТл призводить до гістерезисних 
ефектів, що реалізуються в появі остаточного 1-1.5 мТл. Одержані результати демонструють 
можливість регулювати параметри пористості матеріалу під час створення і експлуатації. 
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harmful exudate from wounds [6]. It should be 
noted that the treatment process determines a 
certain intensity of exudate removal individu-
ally for each wound [7-8]. It is desirable that 
such porous structures additionally have me-
dicinal or bacteriostatic properties [9].

In some cases it is possible to create porous 
structures with given structural parameters 
[10]; changing such parameters during opera-
tion requires the use of smart approaches. One 
of the few publications on this topic [11] pro-
vides data on the use of special aerogels in the 
formation of porous 3D structures.

Some approaches to the formation of such 
structures in humidity control devices are given 
in [12]. Structures of porous materials that pro-
vide special properties are described in [13-14].

The formation of structures of porous materi-
als with given parameters in a number of cases 
is associated with nanotechnology [15-16]. The 
peculiarities of the formation of porous materials 
in special environments, including electromag-
netic fields, are of particular interest [17-18].

Under such conditions, the use of magnetic 
nano-components in porous materials becomes 
relevant [19]. The creation of nano-components 
based on a mixture of divalent and trivalent 
iron oxides is described in [20-21]. Such mate-
rials, when exposed to a magnetic field, exhibit 
specific properties and can influence the struc-
ture of the mixture in which they are located 
[22-23]. Traditionally, magnetic nanostructures 
are used in purification systems, which show ad-
ditional promise in creating filter structures [24]. 

An additional problem arises in determining 
the parameters of liquid penetration through 
such materials. Processes of liquid sorption 
through porous materials have been studied in 
a number of publications [25-26]. In this case, 
it is necessary to take into account nonlinear 
effects during the sorption of liquid in pores of 
different structures [27], and the possible influ-
ence of a magnetic field on this flow is noted 
[28]. A number of studies [29-30] provide data 
on the possibility of changing the geometry of 
porous structures under the influence of vari-
ous factors. The authors of [31] prove the ef-
fects of changing geometric parameters when 
using magnetic nano-components. Additional 
three-dimensional properties of porous struc-
tures to ensure the necessary parameters are 
given in [32-33].

The analysis of the conducted research al-
lows us to draw a conclusion that it is relevant 
to create porous structures with adjustable ge-

ometry. The potential possibility of changing 
the parameters of porous materials using mag-
netic nano-components has been revealed. Real 
methods of ensuring the parameters of porous 
materials using external regulation have not 
been fully studied and implemented.

The purpose of the work is to prove the pos-
sibility of real adjustment of the geometric pa-
rameters of porous materials by regulating the 
content of magnetic nanoparticles under elec-
tromagnetic field conditions.

2. Experimental
The technology for the production of nano-

components consists in the synthesis of a mix-
ture of divalent and trivalent iron based on 
chemical reactions in an aqueous solution of 
iron sulfate FeSO4 and iron chloride FeCl3. The 
synthesis takes place in a reactor at a constant 
temperature and with the addition of NH4OH 
ammonia hydrate [34-35]. As a result of the 
synthesis, it is possible to obtain a nanopowder 
of iron oxides, which has magnetic properties.

The first method of research is electron mi-
croscopy [36]. Scanning electron microscopy is a 
method of imaging materials at the atomic and 
molecular level using electrons instead of light. 
Since the wavelength of electrons is much short-
er than that of light, electron microscopes allow 
for much higher resolution images. This allows 
the investigation of structures inaccessible to op-
tical microscopes, such as nanomaterials. On the 
other hand, this method is quite expensive and 
was used in this work only to ascertain the pres-
ence of nanostructures in the resulting mixture.

The main directions of research were re-
lated to digital microscopy [37]. Digital micros-
copy is a method of obtaining and analyzing 
images of objects using a microscope equipped 
with a digital camera. The image of the object 
is projected onto the digital sensor and trans-
mitted to the screen, which allows for storage, 
processing and analysis of the image with high 
accuracy. This method is convenient for remote 
monitoring, research documentation, as well as 
for detailed analysis using software.

Unfortunately, optical methods, even digi-
tal ones, are unable to detect nano-objects. 
Therefore, only clusters of nano-objects can be 
recorded and measured. Statistical analysis of 
micro-sizes obtained during observation in an 
optical microscope allows them to be extrapo-
lated towards nano-sizes. Thus, it is possible 
to use optical microscopy to predict nanoscale 
dimensions [38].
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Magnetic technologies using direct and al-
ternating current ring electromagnets [39] were 
used to create conditions for the interaction of 
magnetic nanoparticles with polyurethane mix-
tures that form foamed porous structures.

The obtained porous materials with the ad-
dition of nanocomponents based on oxides of 
divalent and trivalent iron acquire magnetic 
properties. Magnetic hysteresis is the main in-
dicator of magnetization of the materials [40]. 
The magnetic properties of porous materials 
containing nanocomponents were studied in or-
der to determine the final magnetic induction 
in the material with an increase and decrease 
in the magnetic induction of an external mag-
netic field from -6 to +6 mT.

As a result of the action of the magnetic field 
on the magnetic porous structure, elastic de-
formations occur that deform the pores. In the 
case of cylindrical pores, such deformations can 
be determined as a result of solving the Lamé 
problem [41]. For spherical pores, under these 
conditions, the corresponding equations of the 
theory of elasticity in spherical coordinates can 
be solved. It should be taken into account that 
for the solution of these equations of the theory 
of elasticity, constants for the main material 
are used, which determine the micromoduli of 
elasticity [42] in contrast to the macromoduli 
characteristic of the entire porous material.

3. Results and discussion
Nanocomponents obtained as a result of the 

synthesis were studied using electron microsco-
py. Fig. 1,a shows images of a structure with an 
average particle size of 40-60 nanometers. Par-
ticles converge into clusters that have a larger 
size. The structure of clusters allows them to be 
combined with macro-materials that have high 
adhesion.

Iron oxides have magnetic properties. They 
can be separated using a magnetic field. The 
separation procedure involves placing a sus-
pension of nanoparticles in a magnetic field. 
The magnetic particles were attracted to the 
magnet, and the liquid (with impurities) was 
separated. The magnetic particles were washed 
for purification.

Magnetic polyurethane foam was produced 
by a chemical reaction between polyol and 
isocyanato with the addition of nanocompos-
ite iron oxides. In the process, a polymer was 
formed with gas bubbles inside, which provide 
the properties of a foam-like material.

Unlike traditional technology, this process 
took place in a magnetic field. The reactor for 
the production of the material was placed in an 
annular electromagnetic cavity. The induction 
of the magnetic field was determined by the 
voltage of the electric current that was applied 
to the windings of the electromagnet. The in-
duction of the magnetic field inside the electro-
magnet reached 5-6 mT. The effect of the mag-
netic field on the process of formation of porous 

Fig.1. Image of the structures of a mixture of oxides of divalent and trivalent iron, a − nanoscale (cell size 
100 nm), b – microscale (cell size 5 µm)
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material is shown in Fig. 2. The right figure 
shows the result of the traditional technology of 
creating porous structures. The middle picture 
reproduces the structure of the porous material 
with the addition of nanocomponents. The left 
scheme defines the structure that is created un-
der the action of a magnetic field. The results 
show a clear dependence of the pore size, their 
density and dispersion distribution on the mag-
netic field strength and the content of magnetic 
nanocomponents. At the same time, by creat-
ing the required level of magnetic induction, it 
is possible to ensure the specified average pore 
size with sufficient confidence.

This result determines the possibility of cre-
ating a given structure of porous materials at 
the manufacturing stage.

An increase in the content of nanocompos-
ite oxides of divalent and trivalent iron under 
the action of a magnetic field reduces the aver-
age size of cavities with an increase in density. 
Studies demonstrate the presence of a critical 
content of nanocomponents. With this content, 
a qualitative change in the structure of pores 
is observed. Traditionally, closed pores are ob-
served in the form of spherical or pseudospheri-

cal cavities (Fig. 3, left diagram). At a critical 
content of nanocomponents, the bonds are bro-
ken and the cavities merge. As a result, the pore 
structure becomes open. Such pores are capable 
of creating a capillary effect, which allows the 
use of materials in the direction of providing 
negative pressure. Similar structures are used, 
in particular, in medical wound dressings to re-
move exudate.

Thus, it can be noted that the addition of 
nanocomposite iron oxides under magnetic field 
conditions significantly affects both the pore 
sizes and the appearance of the porous struc-
ture as a whole. The most valuable result is 
that this process is regulated. That is, there is a 
well-defined correlation between the content of 
nanocomponents, the induction of a magnetic 
field, the size of cavities and their structure. In 
this sense, we can note the first level of smart 
technologies that provide the necessary struc-
ture at the production stage.

Under a digital microscope, a more detailed 
structure of the cavities with introduced iron 
oxide powder demonstrates the presence of 
clusters of magnetic components (Fig. 1,a). A 
statistical analysis of the sizes of visible par-

Fig.2. Change in pore sizes in a material containing magnetic nanocomponents under the action of a mag-
netic field

Fig.3. Transformation of closed pores into open ones when the material is filled with magnetic compo-
nents
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ticles and their clusters was carried out. Con-
struction of the distribution polygon showed a 
gap at the limit of optical dimensions of 0.3-0.4 
µm. Such dimensions are limited by the ca-
pabilities of optical microscopes. At the same 
time, the discontinuity of the distribution poly-
gon indicates the presence of a large percent-
age of particles with nanosize. The real distri-
bution of magnetic particles incorporated into 
the structure of materials includes micro- and 
nano-sizes.

This fact is confirmed by macro experiments 
to determine the force with which the obtained 
material is attracted to a magnet.

Elucidation of the mechanisms of pore 
formation in materials containing magnetic 
nanoparticles leads to the scheme shown in 
Fig. 4,a. Magnetic particles located on the in-
ner surface of the cavity formed under the ac-
tion of chemical reactions acquire additional 
internal pressure from the action of the mag-
netic field. Depending on the direction of the 
constant magnetic field, such forces can com-
press or stretch the cavity.

Further, it is convenient to consider the re-
sulting diagram in spherical coordinates with 
the pole coinciding with the center of the cav-
ity. We will solve the axisymmetric problem of 
uniform action of the magnetic field in all direc-
tions. For such a case, the calculation scheme 
of stresses of an elementary layer of material 
around a pore is presented in Fig. 4,b.

The diagram shows the stresses in the ma-
terial element in the radial and tangential di-
rections.

Based on the calculation scheme, the equi-
librium equation can be written down 

d
dr r

r r ts s s
+

-
=2 0 .

It is necessary to add deformation conditions 
and physical law equations to the equilibrium 
equation. At the same time, it is possible to ob-
tain a differential equation for radial displace-
ments.
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µ is the Poisson ratio of the base material [39].
The solution of the equation under the ac-

tion of constant pressure inside the cavity will 
have the form
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where E is the modulus of elasticity of the base 
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Given the relatively small values of the 
modulus of elasticity, the deformations of the 
cavity have a value comparable to the initial 
radius.

Fig 4. Load and calculated scheme of deformation of a spherical element
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The results of studies of the magnetic inter-
action of the obtained material with a magnet 
demonstrate a direct proportionality between the 
pressure and the induction of the magnetic field

p B B= ×

Under these conditions, the actual size of 
the cavity can be determined as
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Analysis of the average pore sizes in the 
material structure based on experimental  
(Fig. 2) and analytical dependences allowed us 
to determine the dependence of the sizes on the 
magnetic field strength. At the same time, an 
external magnetic field with strength of 5-6 mT 
can change the pore diameter in the range of 
0.8 to 1.6 from the initial one.

The indicated directions of creation of pore 
sizes and structures are provided by the mag-
netic properties of such materials. For this 
purpose, final magnetization was studied. The 
porous material containing magnetic nanocom-
ponents was placed in the cavity of the ring 
electromagnet. The induction of the external 
magnetic field was determined by the change in 
the electric voltage applied to the electromag-
net. The final induction of the porous magnetic 
material for different levels of the external field 
was determined as an attractive force. The hys-
teresis dependence of the obtained porous ma-
terial is shown in Fig. 5.

In the presence of its own magnetic field, po-
rous materials gain the ability to self-regulate. 
At the same time, it is possible to ensure the 
specified dimensions and structure of the cavi-
ties both during the production of the material 
and during operation.

The dependences demonstrate that when 
loaded with a magnetic field of 5-6 mT, the final 
magnetization is 1.2-1.5 mT.

The obtained results make it possible to cre-
ate porous materials with a given structure, as 
well as smart materials that change porosity 
during operation under the influence of a mag-
netic field. In turn, this determines the given 
parameters of thermal conductivity, water ab-
sorption and other parameters of the material. 
The creation of open structures makes it pos-
sible to provide negative pressure, which de-

termines the possibility of removing unwanted 
liquid according to a given law. In particular, 
similar tasks are relevant for wound dressings. To 
treat purulent wounds, certain exudate drainage 
regimes are required, which can be achieved by 
changing the size and structure of the pores.

4. Conclusions
As a result of the research, the technology of 

creating porous materials with the possibility of 
adjusting the size and structure of the pores is 
substantiated. Nanocomponents based on oxides 
of divalent and trivalent iron, added to the mixture 
during the production of foamed polyurethane, 
ensure the presence of magnetic properties.

In the process of synthesis of porous struc-
tures with the content of magnetic nanomateri-
als, a clear dependence of the size and distribu-
tion of pores on the powder content and magnetic 
field strength was discovered. A specific content of 
nanomagnetic components causes the appearance 
of open pores with adjustable size, which are able 
to create the effect of negative pressure.

When loaded with a magnetic field of 5-6 mT, 
the final magnetization of proposed material is 
1.2-1.5 mT. Under the conditions of an external 
magnetic field, the diameter of the pores can 
vary from 0.8 to 1.6 from the initial one.

The results make it possible to create porous 
materials with a given structure, as well as a 
structure that can change during operation. 
Prospective areas of use of such materials can 
be filtration and medical equipment.
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