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COMPARATIVE PERFORMANCE CHARACTERISTICS
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Abstract

Currently, the development of electrochemical energy storage systems plays a key role in meeting the
growing demand for electric power. Metal-air batteries (MAB) with high specific energy capacity are considered
as promising solutions for use in power plants as backup power sources. One of the main limitations of their
widespread implementation is the need to improve the efficiency of anode materials. In this paper, we propose the
use of porous aluminum electrodes to improve the performance of MAB. Two types of porous anodes manufactured
using different technologies were studied. For the powder aluminum anode, the current density was 20-30 mA/
cm?, which is comparable to the performance of a monolithic (standard) anode. At the same time, foam aluminum
demonstrated higher current density values of 52-64 mA/cm?. An additional advantage of porous anodes is their
reduced weight (by 10-30%), which helps to improve the weight and size characteristics of MAB and opens up
opportunities for creating more efficient energy systems.

Keywords: metal-air battery, aluminum anode, porous electrode, aluminum foam, electrochemical
performance, specific surface area, energy storage.

Introduction

At the current stage of energy development, the problem of energy storage during periods of
sudden decrease in its generation is of particular relevance, which is necessary to ensure a stable quality
of power supply and meet increasing demand [1-3]. Among various energy storage technologies,
electrochemical systems demonstrate the best compliance with the key requirements of scalable
solutions, such as a long service life, high efficiency, and the ability to adapt to different consumption
levels. Of particular interest among electrochemical storage devices are metal-air batteries (MAB),
which are distinguished by a significantly higher theoretical energy capacity compared to traditional
battery systems [4]. However, their practical application is limited by a number of technical
problems associated with the design of the metal anode, air cathode, and electrolyte stability [5].
Considering that MAB have the highest potential energy capacity among known types of energy
sources, environmentally friendly and affordable metals, such as iron, zinc, and especially aluminum,
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are considered promising materials for electrodes. Aluminum, in particular, has a high degree of
recyclability, significant energy density (8.1 kWh/kg) and electrochemical potential (1.7 V), making
it commercially attractive for use in MAB.

The study of metal electrodes in metal-air batteries (MAB) faces a number of technical challenges,
including dendrite formation, electrode deformation, corrosion processes, side reactions, and surface
passivation [6]. Currently, active attention is paid to anode materials based on zinc, aluminum,
and iron. For example, Parker et al. proposed a three-dimensional zinc sponge-type structure with
interconnected porosity and high conductivity, which made it possible to effectively suppress the
formation of large-scale dendrites [7]. Another study presented a Zn anode with a developed specific
surface area obtained by bubble synthesis [8]. It was found that reducing the pore size contributes to
an increase in the efficiency of zinc-air batteries. Aluminum anodes are also the subject of intensive
research. A series of studies by Wen and colleagues [9-11] showed that alloying aluminum with
Mg, Ga, Sn, and Mn metals increases its electrochemical activity compared to pure Al. The study
describes a simple method for producing a porous aluminum anode by applying Al powder onto
aluminum foil [12]. The resulting powder electrode ensured a decrease in local current density and
contributed to uniform deposition of aluminum. It should be noted that there are significantly fewer
publications devoted to porous anodes for MAW compared to studies of porous cathodes. The latter
are actively being developed using nanomaterials such as nanotubes, graphene, and others [13—16].
However, cathode catalysis is not considered in this paper.

Metal—air batteries (MABs) find applications in both automotive and portable electronics,
demonstrating potential for widespread implementation in various technological areas [17-19]. In
particular, aluminum-—air systems are considered as promising solutions for highly efficient energy
storage. However, despite active research, a number of fundamental scientific and engineering
problems that limit the commercialization and large-scale implementation of MABs remain
unresolved [20-23].

Thus, the key tasks in the development of new electrode materials are to minimize corrosion
processes, suppress dendrite formation and improve electrochemical characteristics, including
specific capacity. One of the effective approaches to improving the anode properties is to increase
the specific surface area of the electrode. Expanding the contact zone between the electrode and the
electrolyte promotes an increase in the number of active sites, which in turn reduces the local current
density and stabilizes electrochemical processes. Porous materials, having a reduced density, allow
reducing the mass of the electrode while maintaining its geometric parameters, which can be useful
for optimizing energy characteristics. However, questions related to the behavior of exothermic
reactions in such structures, possible local heating of the anode body and the magnitude of the total
current remain open. The study of these aspects and the assessment of the practical efficiency of
porous anodes under real operating conditions of metal-air batteries is the main goal of this study.

There are several ways to create porous materials. The standard method is to obtain metal foam
in a gas flow with various manipulations. Depending on the pore structure, namely open or closed, the
metal foam can be multifunctional, which makes it suitable for highly specialized applications [24].
The analysis conducted showed that the porosity of aluminum foam can be in the range from 55 to
70%, and the maximum energy absorption capacity is achieved in a metal foam with a porosity of 57%
[25]. Recently, studies have been conducted on the preparation of porous intermetallic compounds
containing Al using the combustion synthesis (CS) reaction [26]. The reaction mechanism for the M—
Al system (M = Ti, Ni, Fe, Nb, and Cu) is closely related to the state of aluminum (e.g., solid or liquid
phase) and largely depends on the processing parameters such as particle size, Al content, heating
rate, pressing pressure, sintering temperature, content and type of pore-forming agents. It should
also be noted that porous materials are successfully used not only as anodes, but also as cathodes in
metal-air batteries. 3D catalyst film made of copper and carbon with a double 3D porous structure
was manufactured [27]. The finished composites were used as an air cathode in an aluminum-air
battery, which demonstrated good water resistance and air permeability.
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Materials and methods

In this work, two types of porous materials were used. The surface appearance of the anodes of
the first and second types is shown in Figure 1. A cast electrode (hereinafter referred to as a monolith)
of the same size, cut from an AQ aluminum sheet, was used as a comparison (Figure 2). All samples
had the same area (20x30x4) mm3.

The first type of samples was obtained by self-fabrication from metal powders. Pressed powder
materials used in this process also have a porous structure, which makes them promising for use as
anodes. Chemically pure aluminum powder with a particle size of about 30 um was used to form
porous aluminum anodes. The process included the following main stages: preliminary mixing of
aluminum powder with 10% copper powder, loading the resulting mixture into a collapsible press
mold and subsequent pressing at a force of 12 tons until a dense blank was obtained. Then thermal
annealing was carried out in a vacuum electric furnace at a temperature corresponding to the formation
of an equilibrium eutectic (about 0.6 of the melting point), followed by cooling until it solidified. As
arule, pressure in the range of 250—400 MPa is used to press aluminum powders. If it is necessary to
calculate the force required to press a platform with a given area S at a pressure of 25004000 kgt/
cm?, the following formula is used:

F=PXS, 6]

Thus, to press disks with a diameter of 2—5 cm at a pressure of 2500—4000 kgf/cm?, a force of ~8
to ~79 thousand kg/f is required, which corresponds to approximately 879 tons. In the experiment, a
force of about 12 tons was used, which corresponds to pressing a disk with a diameter of about 2.5-3
cm at medium pressure.

a b C

Figure 1 — Samples of porous anodes of type 1 (a) and type 2 (b)
and Cast aluminum anode (c). Sample dimensions 20x30 mm.

Samples of porous anodes of the second type are aluminum foam (hereinafter referred to as
foam) obtained by industrial gas spraying (manufacturer - Kunshan New Materials Corp., China).
Foam density characteristics are given in Table 1. The key parameters determining the physical and
mechanical properties of the foam are its density and porosity, i.e. the volume of pore space. Porosity
is calculated using the following formula:

n=(1—%)100, 2
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where I1 is the porosity in %, po is the density of the finished (sintered) material, p is the density
of the cast material. The density of the foam metal (g/cm?®) was determined in a standard way using the
formula: po =m/V where m is the mass of the sample, V is the volume of the sample. Traditionally, in
the production of foam materials, the main characteristic of porosity is designated PPI - the average
number of Pores Per Inch. The data for our material are as follows: PPI =45, the average pore size is
0.5 mm. Figure 1 b shows the foam surface at an optical magnification of 10X, from which it is clear
that the pore sizes are indeed about 500 um. The free surface area is determined by the pore size and
the bulk density of the foam material [28]. The nature of the dependence of these parameters is linear
and is presented below by the formula

2
S =k x (PPI) |%l (3)

For the given PPI value, the specific area is in the range of 2500-3500 m2/m3. Then, according
to formula (1), for our foam material, the effective surface area will be Sef = (32000+3000) cm?2.

The surface area of the powder material was determined based on the following considerations.
Unlike 3D foam, here by the surface area we mean the area of the microscopic relief on the surface
formed by the natural roughness due to the structure of the material. If we assume that the powder
particles are ideally sintered and form spherical structures, we can assume that the surface is covered
with microspheres (more precisely, hemispheres). If we discuss about the effective surface area
Sef, we understand that its assessment should be conducted in this study. This parameter cannot be
measured directly, but we can model the relative increase in the original (flat) surface area S. The
surface relief of aluminum powder compound showed in Figure 2 (a). At the surface level, white
particles of sintered aluminum powder with sizes from 60 to 80 um are visible, located in a matrix of
black oxide. The average size of spherical aluminum particles is 70 £10 um. 5-10 particles fit on the
1000 pum line. Then the degree of filling of the surface with aluminum particles will be 60%. Let us
assume that the roughness of the surface is conventionally sphere-shaped and distributed uniformly
over the surface. Then, using the square of the semi-sphere, we can determine the coefficient of
increase in the surface area using the following formula:

Sef _ NSgph

S 2Shu (4)

Where Ssph and Sflat are the areas of the lateral surface of the spheres and flat base, respectively;
N is the number of spheres pleased on the flat square of sample S = ab; If N ~ (ab)*d2

K_abndz_n
d?2ab 2

According to equation (4), the coefficient K is 1.57. Thus, according to the calculation results,
the effective surface area S of the aluminum sample exceeds the nominal area S by 57%. In this case,
the calculations assumed that the spherical particles uniformly cover the entire surface. The image
shown in Figure 2a visually creates the impression of dark gaps between the spheres. However,
this is not true: similar particles are present in these areas, but they are located at a lower level. The
uniformity of the surface relief is confirmed by the profilometry data shown in Figure 3a. As can be
seen, the vertical profile is an alternation of protrusions and depressions, while the maximum depth
of the depressions reaches Rz = 67, which is consistent with the previously obtained microscopic
data.

An experimental cell of a metal-air battery (MAB) was developed to test the anodes. A schematic
cross-sectional view of the device is shown in Figure 4. The electrolyte (position 1) fills the reaction
chamber (2) located between the air cathode (3) and the anode (4). The anode under test was immersed
in the electrolyte and fixed at a distance of 2 cm from the cathode surface. An aqueous solution of

)
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potassium hydroxide with a concentration in the range of 0.1-1.4 mol/l was used as the electrolyte.
The air cathode was made of cardboard based on porous carbon fiber. Current collection was carried
out using a metal grid fixed to the cathode using a metal plate.

A. Scale 1000 pm B. Scale 700 pm

Figure 2 — Particles of aluminum powder (a)
and Pores in aluminum foam (b) at 10X optical magnification.

Figure 3 — Roughness of powder alumina surface Figure 4 — Elements of the design of the
experimental cell MAB for testing anodes

The current was measured using a Fluke 8655 multimeter. Optical images of the surface were
taken using a digital camera in macrofocus mode and an AM Scope 580 T microscope. Roughness
profile measurements were performed using a device MahrSurf 10S. The device has an induction
reference sensor, tip radius 2 um. The measurement ranges of the roughness parameter are: Ra from
0.02 to 10 um, Rz, Rmax — from 0.1 to 50 um. The length of the probing path is 0.56 - 16 mm.

Results and discussion

When powdered aluminum (see Figure 1) interacted with a 1-mol KOH electrolyte, an intense
exothermic reaction was observed. During the experiment, the sample significantly lost weight,
and white spots characteristic of oxide compounds formed on its surface. Foamed aluminum also
demonstrated an active reaction when in contact with the same electrolyte, accompanied by intense
gas evolution. In order to preserve the integrity of the three-dimensional structure of the material,
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it was decided to reduce the alkali concentration to 0.1 mol for subsequent tests. Unlike the above-
mentioned samples, the anode made of cast aluminum demonstrated more stable behavior when
interacting with a 1-mol electrolyte solution — the oxidation process occurred uniformly and without
pronounced turbulence.

Table 1 shows the mass losses of different electrodes after 30 minutes of operation in IM KOH
electrolyte.

Table 1 — Mass loss of different electrodes within 30 min at a concentration of 1 M

Material Cast aluminum Aluminum powder Foam aluminum
Initial mass, g 5.645 6.158 1.640
Final Mass, g 5.592 4.709 1.0145
Density, g/cm3 2.437 1.102 0.683
Specific area, Sef, cm2 12 18.75 33000
Weight loss in 10 min, mg 13 1450 622

The high mass loss coefficient observed in porous materials, especially aluminum foam, is due
to their developed specific surface area. This leads to an increase in the area of active reaction, which
in turn helps to reduce the current density per unit surface area. The current density was calculated
using the following formula:

) I
J Sur ’

where I is the short-circuit current measured by the device in Figure 3, and Sef is the effective
surface area of the anode, i.e. the area that is in contact with the electrolyte. To calculate the effective
area, we take both sides of the surface of the samples in contact with the electrolyte, both from the
cathode side and from the back side. Further in the calculations, we took S = 2ab =12 cm2.

Taking these considerations into account, the porous anode samples were tested in the MAB
electrochemical cell for all types of anodes in electrolytes with a concentration of 0.1 and 4 mol,
respectively. Figure 5a shows the time dependences of the short-circuit current I for anodes made of
aluminum powder (p), aluminum foam (f), and monolith (s) during testing for 10 min at 0.1 mol. A
characteristic feature of the current behavior for all types of samples is an increase in current at the
beginning of the experiment, then its saturation and decline over time. This is due to the activation of
the entire surface of the sample after the removal of the oxide layer on the surface.
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Figure 5 — a) Dependence of the anode current on time for monolithic (s) and powder (p) at a concentration
of 1 mol/l, b) aluminum foam (f) at a concentration of 0.1 mol/I)
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For the anodes of the first type, the highest current density was recorded for the aluminum powder
sample, reaching values of j = (25-30) mA/cm?. Let us move on to the analysis of the anodes of the
second type. The key observation here is that foam aluminum demonstrates a more than twofold
excess of current density compared to monolithic aluminum. This is explained by the capillary effect:
the electrolyte actively penetrates the porous structure of the material, which significantly increases
the effective area of the electrochemical reaction.

According to the measured values of current density:

¢ for foam aluminum — j = (9—-11) mA/cm?

¢ for the monolith — j = (3—5) mA/cm?

Considering that the electrolyte concentration in this case is only 0.1 mol, it can be assumed that
at a standard concentration of 5-6 mol, the current density will increase by an order of magnitude.
For comparison, according to literature data, cast aluminum anodes at a concentration of 6 mol
demonstrate an average current density of about 50 mA/cm?. However, for the first two types of
materials, the effective areas of the samples cannot be considered equal, since the foam material,
unlike the powder, interacts with the electrolyte not only on the surface, but also in the bulk structure.
Taking into account the above formulas (1-4), the current density for the powder anode decreases by
1.57 times, and for foam aluminum — by 32,000 times. As a result, we obtain the following values:
39 mA/cm? for the powder anode and 0.003 mA/cm? for the foam. Thus, an important conclusion is
that the powder anode demonstrates a high current density even at an extremely low concentration of
the working electrolyte — 0.1 mol/l.

Next, we will consider the data at an electrolyte concentration of 4 mol/l (Figure 5b). In this case,
the highest short-circuit current is demonstrated by foam aluminum. The current values exceed 1 A
and are not the limit, since in some experiments currents of up to 5 A were recorded at a cell voltage
of up to 4 V. However, at a high electrolyte concentration (4 mol/l and higher), the foam quickly
loses mass, and after 20 minutes the sample is completely destroyed. Unlike foam, the powder anode
shows more stable behavior: in the first 30 minutes, the current increases slightly within 190-220
mA, and then gradually decreases. This is due to a decrease in the anode mass, since the active area is
reduced when the lateral surface becomes thinner. The behavior of the monolith remains unchanged,
similar to that observed at a concentration of 0.1 mol/l. Taking into account the specific area, the
current density for the three materials is: 0.03 mA/cm? for the foam, 26 mA/cm? for the powder,
and 8.3 mA/cm? for the monolith. At the same time, the calculations did not take into account the
decrease in the surface area and volume of the samples during etching, so the given values reflect the
initial stage of the experiment. As a result, at a concentration of 4 mol/l, the current density of the
powder anode is again higher than that of the monolith.

Conclusion

Thus, porous materials demonstrate different current densities depending on their manufacturing
method. For powder anodes, this value is close to the values of monolithic samples (26-39 mA/cm?),
but the high etching rate leads to structural changes, which requires additional study. At the same
time, the mass of powder anodes is 10-30% lower, which is an advantage in the context of the mass-
dimensional characteristics for MABs.

The foam material showed significantly higher current characteristics compared to powder
samples. However, it is important to consider that intense current leads to accelerated destruction
of the aluminum foam electrode. Despite this, when developing MABs as energy storage devices,
where a sharp increase in current output is required while maintaining the overall mass of the device,
this parameter may be critically important.

A notable effect recorded during the experiment was the ability of aluminum foam to draw in
electrolyte due to the capillary effect. In the future, this phenomenon can be used to create high-speed
MABSs that operate without the need for forced injection of electrolyte.

In practical terms, the materials studied here can be considered for use in systems that operate in
intermittent or emergency modes, where a fast current response is required. Such metal—air modules

407



HERALD OF THE KAZAKH-BRITISH
No. 4(75) 2025 TECHNICAL UNIVERSITY

may become relevant for small backup power units, portable field electronics and communication
sensors that work away from centralized infrastructure. At the same time, the reduced mass of porous
anodes opens up the possibility of using them in compact autonomous energy systems, where every
additional gram is critical. These aspects outline a realistic direction for further development of the
proposed solutions.

The experiments conducted confirm the potential of using porous anodes in the creation of highly
efficient autonomous power microsystems (APM).

Information about funding. The work was carried out with the support of grants from the Ministry
of Education and Science of the Republic of Kazakhstan. BR21882187 and IPH AP19676182.
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'On-Dapabu arbiHnarbl Ka3ak yITTHIK yHUBEpCUTETI, ANTMarThI K., Kazakcran
2AHXaNBT KOJJaHOAIbI FRUTBIMIAP YHUBEPCUTETI, AHXaJbBT, [ epMaHus

KYHUMA )KOHE KEYEKTI DJIEKTPOJATAPFA HETI3AEJTEH
METAJIJI-AYA BATAPEAJAPBIHBIH OHIM ALJIK
CUHNATTAMAJIAPBIHBIH CAJIBICTBIPMAJIBI TAJITAY bl

Anjarna
Kaszipri yaxpITTa 37€KTp 3HEpPruschlHA JETeH OCiN Kejle jKaTKaH CYpPaHBICTBI KaHAraTTaHABIPYXa JIIEKTPO-
XUMUSUIBIK OHEPTUsl CakTay >KyHeslepiHiH Jamybl Herisri pen arkapaibl. JKorapbl MEHIIIKTI SHEPTUsl ChIHbIM-
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JIbUTBIFBIHA e MeTaul-aya Oarapesuiapbl (MADB) anekTp craHuusiapblHia pe3epBTiK Kyar Ke3Jepi peTiHe mnaii-
JlallaHyFa MepcreKTHBTI meliMaep s 0ipi 6onbin cananaasl. Onapabl KeHIHEH eHTi3y[eri HeTi3ri MeKTeylIepaiH
0ipi — aHOATHIK MaTepUATIAPIABIH THIMIUTITIH apTTEIPY KaxkeTTiniri. byt makaraga MAB-ThIH jKyMBIC THIMIITITIH
apTTHIPY MaKCaTBhIH/A KEYEeKTI aJTFOMUHHUN AJIEKTPOATAPBIH KOJIAAHY YCBHIHBUIAIbI. OPTYPIl TEXHOJIOTHSIIAP apKbl-
JIBI JKacalFaH €Ki TYpIeri KeyeKTi aHoATap 3epTTeinai. YHTAK alfOMUHUHA aHOABIHIA TOK THIFRIBIBIFE 20-30 MA/
CcM? JIeHTeiiH/Ie OOJIBIN, MOHOIHUTTI (CTaHAAPTTHI) aHOATHIH KOPCETKIMITEpiHe Colfkec Kemmi. Al aTtOMUHUEN KoOiri
TOK TBIFBI3/IBIFBIHBIH €/19YIp JKOFapbl MOHIEpiH — 52—-64 MA/cMm? kepceTTi. KeyekTi aHoaTapAbIH KOChIMIIA apThIK-
NIBUTBIFBI — OJapibIH canMmarblHbiH 10-30%-ra a3 Oomysl, Oy o3 ke3eringe MAB-TBIH MaccaibIK-rabapuTTiK
CHUIaTTaMajJapblH XKaKcapTyFa MYMKIHJIK Oepe/ii >KkoHe HeFYPIJIBIM THIM/II SHEPTHsl JKYHeJIepiH KypyFa Ol allajbl.

Tipek ce3nep: Merani-aya 6aTapesichl, aTIOMUHAN aHOMBI, KEYEKTi 3JEKTPOM, aTFOMUHUHN KYHMAackl, SIEeKTPo-
XUMUSITBIK CUTIaTTaMalap, MEHIIKTI OETKI ayJiaH, SHEPTHUs CaKTay.

Kykemon A.M.,
1.¢.-m.H., mpodeccop, ORCID ID: 0000-0001-9153-323X,
e-mail: zhukeshov(@physics.kz
* Aonp10aii V.b.,
noktopant, ORCID: 0009-0002-5309-5827,
*e-mail: abdibay ulan@mail.ru
!Canumos E.E.,
nokropant, ORCID: 0009-0005-7712-6263,
e-mail: Salimov_ernar@mail.ru
’KapJaoc M.,
npodeccop, ORCID ID: 0000-0002-7374-505X,
e-mail: Carlos.meza@jieee.org

'Kazaxckuii HaIMOHAJILHBIA YHUBEPCUTET UM. alib-Dapadu, 1. Anmarsl, Kazaxcran
>YHUBEPCUTET MPUKIIATHBIX HAyK AHXaIbTa, AHXANBT, [ epManus

CPABHUTEJIBHBIE XAPAKTEPUCTUKHU PABOTbI
METAJIVI-BO3AYIIHBIX AKKYMVYJIATOPOB
C JIUTBIMHU U TIOPUCTBIMMU SJIEKTPOJAMHU

AHHOTAIUA

Ha ceropnsimnmii 1eHb pa3BUTHE JIEKTPOXMMHUUECKUX CHCTEM XPAHEHUsI SHEPIHH MMEET BaKHOE 3HAYCHUE
JUISl YIIOBJIETBOPEHUSI PacTyIIEro Cpoca Ha JIeKTpo3Hepruio. Merami-so3nyniasie 6atapen (MAB) n3-3a npucy-
el UM BBICOKOM SHEPTOEMKOCTH SBIIAIOTCS TIEPCHEKTUBHBIMU yCTPOMCTBAMH ISl HCIIOJIB30BAHUS B SHEPreTHIC-
CKHX YCTaHOBKaX KaK pe3epBHBIX HCTOUHHKOB. [Ipobiema nonHoneHHoro BHeaApenust MAB B 3T cucrems! ynupa-
eTcs B pelieHue Borpoca 00 d3ppeKkTUBHBIX aHoax. B Hacrosieit paboTe npeayiaraeTcsi HCIOIb30BaTh MOPHCThIE
Marepuaibl Al yBenudeHus dppekruBHOCTH paboTsl MAB. IlopucTbie aqroMUHHEBBIE AJIEKTPOJIBI IBYX THIIOB C
pa3Hoil TEXHOJIOTHEH M3rOTOBJIICHUS OBUTH MCIBITAHBI B KadecTBe aHo/oB st MAB. Jlnst aHoqa U3 MOpOIIKOBOTO
QIIOMUHUS TUIOTHOCTH TOKa cocTaBmia (20—-30) MA/cM?, 9TO CpaBHUMO C TOKOM ISl MOHOJIUTHOTO (CTaHIapTHOTO)
aHoJa, HO JJIsl TICHOATIOMHUHUS OBUTH MOJTy4YeHbI 00Jiee BHICOKHE 3HAUEHHs IUIOTHOCTH Toka (52—64) MA/cm?. Tak
KaK Macca MopucThIX aHooB OyzaeT Ha (10-30)% Hirke, 3TO ABISIETCSI IPEUMYIIIECTBOM B pa3pabOTKe HOBBIX THIIOB
MAB c yny4ieHHBIMA MaccorabapuTHBIMU MTOKA3aTEIISIMH.

KaroueBrnlie cioBa: MCTAJI-BO3AyIIHAA 6aTape${, AIIFOMUHHUCBBIN aHon, HOpHCTLIﬁ OJICKTPO/J, aJIIOMHUHUCBAs
NCHA, SJICKTPOXUMUYCCKUC XAPAKTCPUCTHUKH, YACIIbHASA IOBEPXHOCTH, HAKOIIJIICHUEC DHCPIrUu.
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