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Abstract. In recent years, much attention has been paid to research in the field of increasing resistance to external influ-
ences, including the corrosion resistance of steels and alloys exposed to aggressive environments or high temperatures. Interest
in this area is due to the need to increase the service life of steel products, which will reduce the cost of most technological
processes. The most promising methods for improving the strength characteristics, as well as resistance to corrosion degrada-
tion, are the application of various protective coatings to steel, among the variety of which one can single out nitride coatings
that are highly resistant to corrosion and degradation caused by exposure to aggressive media. Also, one of the ways to in-
crease resistance to external influences is the methods of changing the dislocation density in the near-surface layer, which
make it possible to create a barrier layer for the penetration of oxygen and moisture through the protective coating. Based on
the proposed corrosion protection methods, this paper considers the possibilities of combining the methods of applying nitride
coatings and subsequent ionic modification in order to create a barrier protective layer against corrosion of 316L stainless steel.
During the studies conducted, it was found that the magnetron deposition of a nitride coating (TiN) on the surface of stainless-
steel leads to a hardness growth by 10-13 %, and the subsequent ion modification, performed by the action of low-energy N2+
ions on the nitride coating with different irradiation fluence, leads to an increase in strength by 50-70 % compared to the initial
value. As a result of corrosion tests to maintain the stability of strength properties, it was found that the most effective influ-
ence of ion irradiation is a fluence of 5x1013-1014 ion/cm?, leading not only to maximum hardening, but also to an increase in
the corrosion potential, the alteration of which indicates a decrease in the degradation rate.
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1. Introduction ance of destructive inclusions [10, 11]. In the case of using
thin-film coatings that are highly resistant to degradation when
interacting with most various external factors, this technology
makes it possible to increase wear resistance, as well as service
life, which entails a reduction in economic costs and energy
resources [12, 13].

However, despite the prospects for using thin-film coatings
as anti-corrosion protective materials, a number of problems
remain, the solution of which will increase the service life of
materials, as well as enhance their resistance to mechanical
damage and high-temperature heating. One way to solve this
problem is to use the methods of ion or radiation modification
using low-energy ions or electron radiation [14-16]. This mod-
ification is based on the hypothesis that, during the interaction
of incident charged particles (ions) with the crystal structure of
thin films, energy transfer processes, accompanied by energy
transformation of kinetic energy into thermal energy, lead to
structural changes in film coatings and their hardening. Hard-
ening effects in this case are associated with changes in dislo-
cation density and size factors, which leads to an increase in
resistance to external influences, a decrease in the rate of struc-
tural degradation as a result of corrosion or high-temperature
heating.

The aim of this study is to explore the prospects for the use
of ion modification (low-energy irradiation with heavy ions) to

As is known, one of the most common types of steel is
316L stainless steel, which has high mechanical strength,
electrical and thermal conductivity, which allows it to be used
in a wide range of various practical applications, including
operation in aggressive conditions (exposure to aggressive
environments, acids, alkalis, high temperatures, etc.) [1-3]. At
the same time, the possibility of forming a passivating film on
the surface of the steel makes it possible to use this type of
steel under aggressive conditions of exposure, including inter-
actions with acids or alkalis [4, 5]. However, the protective
film that does not always form on the steel surface leads to
complete protection against corrosion processes, and in most
cases the degradation of the steel surface occurs through the
formation of pitting, accompanied by partial destruction of the
surface layer and subsequent volumetric degradation [6, 7].

One of the most promising ways to increase the resistance
to degradation processes caused by environmental influences
or external influences, including aggressive media, is the use
of thin-film coatings based on nitrides or carbides [8, 9]. This
modification method is based on a number of technological
solutions aimed at applying protective thin-film coatings to
metal parts of devices that are subject to corrosion or external
influences that can lead to surface degradation and the appear-
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change the strength properties of nitride coatings, and to de-
termine the effectiveness of the influence of magnetron sput-
tering of titanium nitride followed by ion modification to in-
crease corrosion resistance in aggressive environments.

2. Materials and methods

Thin-film coatings based on titanium nitride (TiN) ob-
tained by magnetron sputtering on the surface of steel 316L
were selected as objects for research. The thickness of the
deposited coatings was no more than 500 m. The thickness
determination was carried out using the ellipsometry method.

Surface modification in order to create a barrier layer in the
applied coating was carried out by ion irradiation, by irradia-
tion with low-energy N2+ ions with an energy of 40 keV and
fluences of 1013-1015 ion/cm?. The choice of the irradiation
fluence is due to the possibility of dislocation density for-
mation as a result of the interaction of incident low-energy
ions with the crystal structure of the deposited coating. The
formation of the dislocation density in this case is due to the
effects of energy transfer with subsequent transformation of
the Kinetic energy of the incident ions into thermal energy
along the ion motion trajectory with the formation of structural
changes, initialization of recrystallization processes, and grain
crushing. The maximum possible projective range of ions in a
film based on titanium nitride is no more than 100-150 nm,
while 49% of the total incident ion energy is spent on ioniza-
tion processes, which indicates that structural changes associ-
ated with the processes of electron density alteration (as a
result of ionization during the interaction of incident particles
with the electronic subsystem), and deformation distortions as
a result of the interaction of incident particles with nuclei,
leading to the formation of primary knocked-on atoms are
equiprobable. In this case, the variation of the irradiation flu-
ence can lead both to hardening processes due to structural
distortions and changes in the dislocation density, and to the
opposite effects associated with partial sputtering or peeling of
the deposited coating at a high concentration of deformation
distortions in the structure associated with ion implantation.

The hardness assessment was carried out using the indenta-
tion method. The measurements were performed on a Duroline
M1 Metkon microhardness tester (Metkon, Turkey). The
measurements were carried out using the Brinell hardness
method at a maximum load value of 100 N. The measurements
were performed in the form of series (at least 25 measurements
on the sample), which made it possible to determine the aver-
age value of hardness, as well as the values of the measure-
ment error and standard deviation. The hardening effect was
calculated by comparing the hardness values of the modified
coatings with the hardness value of 316L steel measured under
the same conditions.

Corrosion resistance tests were carried out by measuring
the corrosion potential (CP) using the corrosion potential ver-
sus corrosion current method. The experiments were carried
out using a 0.1 M solution of sulfuric acid (H2SO,). The meas-
urements were carried out using a three-electrode cell in which
the sample was used as the working electrode, the platinum
electrode was used as the counter electrode, and the silver
chloride electrode was used as the reference electrode.

Measurements were made using a PulmSenc 4+ gal-
vanostat potentiostat, corrosion current was measured using a
galvanostat, and corrosion potential was measured using a
potentiostat. According to a number of works [17, 18], it is
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known that the corrosion potential is directly proportional to
the corrosion resistance, i.e. the higher the CP value, the high-
er the resistance to corrosion and, accordingly, the lower the
rate of degradation and corrosion.

3. Results and discussion

One of the important factors determining the modification
efficiency of 316L steel is the determination of its strength char-
acteristics, the change of which indicates a positive effect of the
proposed surface modifications. The results of this assessment
are presented in Figure 1 as a dependence of the change in the
hardness values of the samples before and after ion irradiation.
As a comparison, the hardness value measured for uncoated
316L steel is 1.53 GPa, which is in good agreement with the
data on the strength characteristics of this steel grade. During
magnetron deposition of a thin TiN film with a thickness of 500
nm, an increase in hardness from 1.53+£0.05 GPa to 1.74+0.06
GPa is observed, which indicates a strengthening by more than
10% compared to the original steel (see data presented in Figure
2a). Such a small increase in hardness during the deposition of a
thin film can be due to the fact that the thickness of the applied
coating is rather small, and the coating itself, formed by magne-
tron sputtering, consists of rather large grains (more than 80
nm), which does not provide high resistance to external influ-
ences. In the case of ionic modification with a fluence of
1013 ion/cm?, a more than twofold increase in hardness is ob-
served in comparison with the initial value for steel and by more
than 13% in comparison with the applied coating.

The maximum efficiency in hardness increase is achieved by
irradiating thin film samples with a fluence of 5x1013 ion/cm?,
for which the hardness value is more than 2.6 GPa, which is
more than 70% higher than the hardness value of the original
steel and is 6 times higher than the hardness of coated samples.
Such an increase in hardness can be explained by the effect of
the so-called dislocation hardening associated with a rise in the
dislocation density in the modified layer, as well as a decrease in
grain size as a result of their crushing and recrystallization pro-
cesses (see data in Figure 2b) [19, 20].

The dislocation density alteration in the case of irradiated
samples is associated with the following processes that occur
when the samples are irradiated. Firstly, during the interaction of
low-energy ions with the crystal structure, due to the equiproba-
ble contribution of the ionization processes and displacement of
atoms, as well as the transformational transition of kinetic ener-
gy into thermal energy, the damaged layer structure undergoes
large changes associated both with a change in the electron
density distribution and with the displacement of atoms from the
crystal lattice nodes, which leads to the accumulation of defor-
mation distortions. In this case, the effect of the irradiation flu-
ence or the density of interacting ions with a crystal lattice per
unit area plays a very important role. When the calculated val-
ues of the diameters of the damaged areas that appear along the
ion trajectory are equal to 3-5 nm, the effect of deep overlapping
of these areas will be observed at fluences of 5x1013 ion/cm?
and higher. As a result, a sufficient concentration of deformation
distortions and residual stresses associated with the displace-
ment of atoms can accumulate in the structure of the damaged
layer due to deep overlap, which can lead to the initialization of
recrystallization processes and grain fragmentation, which in
turn leads to an increase in dislocation density (see data in Fig-
ure 2b).
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Figure 1. The evaluation results of the change in the hardness
value of the samples depending on the modification type (after
coating and after ion modification with different fluences)
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Figure 2. a) Results of the samples’ hardening as a result of the
deposition of thin films and subsequent ion modification with vary-
ing irradiation fluence (the data are presented as a percentage of the
strengthening efficiency in comparison with the hardness value for
the original 316L steel); b) The evaluation results of the change in
dislocation density depending on the irradiation fluence
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An increase in the dislocation density, the value of which
is inversely proportional to the square of the grain size, leads
to the creation of additional obstacles to the propagation of
microcracks under external influences, which leads to
strengthening and the creation of a modified layer of increased
hardness. However, at a high concentration of deformation
distortions and residual stresses arising from high irradiation
fluences, the effect of supersaturation with dislocations can
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occur, which will lead to the appearance of deformed inclu-
sions in the damaged layer, which are in a metastable state, the
impact on which can lead to embrittlement or partial peeling of
the near-surface layer. In this case, hillocks can form on the
surface of the coatings, which are characteristic of the defor-
mation extrusion of the volume onto the film surface due to
structural distortions or the implantation effect.

Figure 3 reveals the data on the change in the corrosion
potential value obtained by analyzing electrochemical corro-
sion curves using a potentiostat-galvanostat. As is known, an
upward change in the corrosion potential (shift to the passive
region) is due to an increase in degradation resistance and a
decrease in the rate of formation of corrosion inclusions in
the form of pits or passive films. According to the data ob-
tained, the most dramatic increase in the value of the corro-
sion potential is observed for modified samples with fluences
above 1013 ion/cm?, for which, as shown earlier (see data in
Figures 1-2), an increase in hardness and hardening values is
observed. At the same time, the corrosion potential increase
in the case of unmodified coatings is no more than 4.5%,
while for samples with ionic modification, the corrosion
potential increase is more than 20%. Such a difference in the
values of corrosion potentials may be due to the fact that the
modified coatings have a barrier layer consisting of disloca-
tions and defective inclusions in the form of small grains,
which leads to an increase in degradation resistance during
corrosion.
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Figure 3. Dependence of the change in corrosion potential on
the modification type
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Figure 4. Comparative analysis of changes in hardness before
and after corrosion testing
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Figure 4 shows the data on the dependence of the change
in the hardness values of the test samples before and after
corrosion tests, reflecting the dependence of the change in
hardness and the degree of softening of the samples in the case
of corrosion and degradation. As can be seen from the data
presented, the most pronounced differences in hardness values
before and after corrosion tests are observed for unmodified
steel and coated samples. At the same time, in the case of
samples modified by ion irradiation at fluences above
1013 ion/cm?, the differences in hardness values are no more
than 2.5-3%, which indicates a high resistance of these sam-
ples to degradation of strength properties and softening during
exposure to aggressive media.

Figure 5 shows the data on changes in the values of the
corrosion potential and the softening of TiN films after cor-
rosion tests. The softening value was calculated based on a
comparison of data on the change in hardness values before
and after corrosion testing and is presented as a percentage.
In general, the presented data have a good correlation be-
tween changes in the corrosion potential and the softening
value, which also characterizes the resistance of materials to
corrosion processes. An increase in the corrosion potential,
indicating a decrease in the rate of degradation and the for-
mation of pits, leads to a decrease in the spread in the values
of hardness before and after corrosion tests, which in turn
indicates an increase in resistance to degradation. In this
case, it is also worth to note that the maximum efficiency of
stability and degradation resistance growth is observed for
the case when the samples were irradiated with a fluence of
5x1013 ion/cm?, for which, according to the data on hardness
changes, the maximum increase in strength parameters is
observed. In this case, despite the decrease in the value of the
corrosion potential with a subsequent increase in the irradia-
tion fluence, the amount of disordering remains practically
unchanged, which indicates that the effect of hardening and
an increase in the corrosion resistance of the modified films
is retained even with a decrease in hardness values in com-
parison with the maximum achievable effect of hardening
with ionic modification.
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Figure 5. Comparison of data on changes in the potential of
corrosion and softening after corrosion tests

Analyzing the data obtained, it can be concluded that the
use of methods of magnetron sputtering of thin TiN films
leads to an increase in degradation resistance when interact-
ing with sulfuric acid by 10%, while ion modification of thin
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films leads to an almost 10-fold increase in resistance to
corrosion and degradation. This effect is due to the presence
of a high dislocation density, which leads to the creation of a
barrier layer near the surface, which creates obstacles for the
penetration of oxygen ions and the subsequent formation of
oxide inclusions or passive films in the surface layer, an
increase in the thickness of which characterizes corrosion
processes.

4. Conclusions

In this paper, the prospects of using ionic modification to
increase resistance to the external influences of titanium
nitride-based thin films obtained by magnetron sputtering
have been studied. N2+ ions with an energy of 40 keV and
fluences of 1013-1015 ion/cm? were chosen for modification.
During experiments, it was found that an increase in the
irradiation fluence leads to an increase in the hardness values
of coated steel from 1.74 GPa to 2.38-2.65 GPa, depending
on the irradiation fluence, while the steel hardness in the
initial state was 1.53 GPa. In this case, the strengthening of
the films is primarily due to a change in the dislocation den-
sity, as well as a change in the size factor associated with the
recrystallization and grain fragmentation processes caused by
irradiation.

In the course of corrosion tests, it was found that the
modification of TiN thin films by ion irradiation leads to an
increase in the corrosion potential and, as a result, a decrease
in the corrosion rate and degradation of strength properties.
The established dependences of the change in the value of
the corrosion potential and the resistance to softening of the
near-surface layer with the modified coating showed good
agreement between the change in the corrosion potential
value and the increase in stability.

Based on the data obtained, it was found that the most ef-
fective way to modify thin TiN films in order to increase
resistance to external influences and increase corrosion re-
sistance in an acidic environment is to irradiate films with
fluences of 5x1013-1014 ion/cm?. At these irradiation flu-
ences, the most effective improvement in the properties of
anticorrosion coatings is observed, while an increase in the
irradiation fluence above 1014 ion/cm? leads to a decrease in
stability, which is due to the effects of supersaturation of the
damaged layer with dislocations, which leads to the occur-
rence of deformation stresses and distortions in the structure
of the coating, and also reduces the stress resistance of coat-
ings to external influences.
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3eprreysepre kern KeHuT OeuiHzai. Bys OarbITKa jereH KpI3bIFYIIBUIBIK 0O0JaT ©HIMIEPiHIH KbI3MET €Ty MEp3iMiH apTThIpy
K@ KETTIIriMeH OalaaHbICTBI, OyJl KONTereH TEeXHOJIOTHSIUIBIK IPOLECTepliH ©3IHIIK KyHBbIH TeMmeHzaereni. bepikrik
CUIaTTaMajapblH, COHJAi-aK KOPPO3MSIIBIK JierpajalysFa TO3IMIUIIKTI apTTBIPYIbIH €H IepCHeKTHBANbI dicTepl OosaTka
OpTYpJl KOpFaHbIC >KaObIHIApbIH KOJJAHy OOJBIN TaObUIa/bl, OJIAPABIH apachlHAa arpecCUBTI OpTAJApAbIH CEpiHEH
KOppO3MsFa JKoHE Jerpaslallysra )orapbl Te3IMIUIrT 6ap HUTPUATI kKaObIHIapAbl axbIpaTyra Oonansl. CoHnai-aK, CHIPTKBI
acepiiepre TO3IMIUIIKTI apTTHIPYABIH Oip daici-KOpFaHbIC KabaThl apKbUIbI OTTErl MEH BUIFAIIIBIH €HyiHEe TOCKaybUl KabaThIH
KypyFa MYMKiHIIK OepeTiH OeTki KadaTTarbl TUCIOKAIMSJIBIK THIFBI3NBIKTHI ©3repTy omictepi. Kopposwsiman KoprayIbiH
23


https://doi.org/10.1016/j.matlet.2020.129097
https://doi.org/10.1016/j.triboint.2022.108033
https://doi.org/10.1016/j.corsci.2014.04.025
https://doi.org/10.1016/j.corsci.2012.09.044
https://doi.org/10.1016/j.vacuum.2009.04.043
https://doi.org/10.1016/j.apsusc.2009.06.090
https://doi.org/10.1016/j.apsusc.2004.01.053
https://doi.org/10.1016/j.apsusc.2017.05.042
https://doi.org/10.1016/S0168-583X(03)01737-3
https://doi.org/10.1016/j.radphyschem.2023.110927
https://doi.org/10.1016/S0925-8388(00)00973-7
https://doi.org/10.1016/j.msea.2021.142330
mailto:kayrat.kadyrzhanov@mail.ru

K. Kadyrzhanov et al. (2023). Engineering Journal of Satbayev University, 145(4), 19-24

YCHIHBUTFAH 9JIICTEpiHE CYWEeHe OTHIPHIN, OV skyMbIc 3161 TOT GacmalThiH 0OJATTaH TOCKAYBUI KOPFaHBII KaOaTBIH KYpPY
MaKcaThIHIA HHATPHUATI KaOBIHOAPABI KOJNAHY OMICTepiH JKOHE KEWiHHEH WOHIBIK MOTUPHKANMAIAYABl OipiKTipy
MYMKIHIIKTepiH KapacTelpisl. JKypriziiren 3eprreyinep TOT OacnaiTelH OonarThlH OeriHe HuUTpuaTi xaObiHABI (TiN)
MarHeTpoHIbl KOJJaHy KaTThUIBIKTBIH 10-13% >KkorapbulayblHa OKENETIHIH aHBIKTa[bl, al TeMeH OSHeprusuibl N2+
WOHJIAPBIHBIH 9PTYpJi caylelieHy (iroeHci Oap HUTPUATI KaObIHFA ocep €Tyl apKbUIbl JKacaldfaH KeHiHIT HOHJBIK
MoaupuKanus OacTankbl MOHMEH cajbICcThIpraHzna OepikTikriH 50-70%-ra aprybiHa okeneai. bBepikTik KacueTTepiHiH
TYPaKTBUIBIFBIH CaKTayFa apHaAJIFaH KOPPO3HSIBIK CHIHAKTAPBIH HOTHIKECIHJIE HOHIBIK COYJICJICHYAIH eH THiMIl acepi 5x1013
-1014 von/cm? nroeHci GOJIBIT TaObLIATEHIHB AHBIKTAJIIBI, OYJI MAKCUMAII/IbI OEPIKTIKKE FaHa EMEC, COHBIMEH KaTap KOPPO3HS
MOTEHIMAJIBIHBIH J)KOFapbUIaybIHA JKENEIl, OHBIH 03Tepyi Aerpajays KblIJaMIbBIFbIHBIH TOMEH/ICYIH KOPCETE .

Heezizei co30ep: uonowvix moouurayus, TiN ocyka niewkaiap, OUCIOKAYUs mulebi30blebl, cmpeccke Mmo3iMOIiK,
KAmmulIblK, CoiHyed Mo3iMOIiK.

Pa3paborka cnoco0a HanpaBJIeHHON MOAU(PUKANUYN TOHKOILICHOYHBIX
HUTPHU/IHBIX NOKPBLITHH /IJIsl MOBBIIIEHUS CONPOTHBJISIEMOCTH
KOPPO3MOHHBIM MPOLECCaM CTajiell U CIUIABOB
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AHHoTanus. B nociexnue ronsl 60JpLIOe BHUIMAHUE YIEISETCS UCCIICIOBAHUSAM B OOJNACTH MOBBIIICHHS YCTOWYUBOCTH K
BHCIIIHMM BO3JCHCTBHSAM, BKIIOYas KOPPO3HOHHYIO CTOMKOCTb CTaleil M CIUIABOB, IMOJBEPralOIIUXCS OKCIUTyaTallid B
YCIIOBHSIX BO3/ACHCTBHS arpecCHBHBIX Cpel WIM BBICOKMX TeMIeparyp. MHTepec K JaHHOMY HalpaBICHUIO OOYCIIOBICH
HEOOXOAMMOCTBIO TOBBIIICHUSI CPOKOB OKCIUTyaTalldd CTAJIbHBIX M3JCIHH, YTO IIO3BOJIUT CHH3HTH CEOECTOMMOCTD
OOJIBIIIMHCTBA TEXHOJOTHYECKUX IMPOIECCOB. Hau6Gonee MNEPCHOCKTUBHBIMU  METOAAMU  TTOBBIIICHUA MPOYHOCTHBIX
XapaKTCpUCTHUK, a TAKKE yCTOﬁ‘II/IBOCTH K KOppO3HOHHOﬁ Jcrpajainn ABJIACTCA HAHECCHUC Ha CTAJIb pPas3IMYHbBIX 3alIUTHBIX
MOKPBITHI, CpeA MHOT000pa3nsl KOTOPBIX MOXHO BBIICIUTh HUTPUIHbBIE TIOKPBITHS, 00NIagaonie BEICOKOW YCTOHYMBOCTHIO
K KOppoO3un u JAerpanaanuu, BBI3BAaHHOM BOSﬂeﬁCTBHeM arp€CCMBHBLIX CpEI. Taxoxe OJHUM H3 CI0co0OB MOBBIIIEHUS
yCTOﬁHHBOCTH K BHCIITHUM BO3I[eﬁCTBH5[M, SBIIAKOTCA METOAbI U3MCHCHUA I[I/ICJ'IOKaL[I/IOHHOf/'I TIJIOTHOCTH B IPUIIOBEPXHOCTHOM
clloe, MO3BOJIIONINE CO3/4aTh OaphepHBI CIOW I MPOHMKHOBEHUS KHCIOPOJA W BIArH CKBO3b 3aLIUTHOE IIOKPBITHE.
OCHOBBIBAsICh Ha NpEAJaraeMbIX METOAaX 3alIUThl OT KOPPO3UH B JaHHOW paboTe PacCMOTPEHBI BO3MOXKHOCTH COBMEILCHUS
METOZIOB HAHECCHWS] HHUTPUIHBIX MOKPHITHA M IOCIEAYIOUICH HOHHOM MOAM(HKALMU C LEeNbI0 CO3JaHUS OapbepHOrO
3aIUTHOrO CJIOsi OT KOPPO3WH HepxkaBeromiedl cramu 316L. B Xole mpoBeIeHHBIX HCCIENOBaHUIl OBLIO YCTaHOBJICHO, YTO
MarHeTpoHHOe HaHeceHHe HUTpuaHOro NokpeiTHs (TIN) Ha NMOBEPXHOCTH HEPIKABEIOIIECH CTalM HPHUBOJUT K MOBBILICHUIO
tBeprocty Ha 10-13%, a mociexyromas noHHass MOAM(UKAIMS, BBHITOJHEHHAs! ITyTEM BO3/AEHCTBUS HU3KOIHEPTETHYECKUX
noHOB N2+ Ha HUTPHUIHOE NMOKPBITHE C PA3INYHBIM (IIFOCHCOM OOJIydeHUsI MPUBOJIUT K ITOBBIIIEHHUIO MpoYHOCTH Ha 50-70% B
CpaBHCHUHN C UCXOJHBIM 3HAYCHUEM. B PE3YILTATE KOPPO3UOHHBIX HUCIIBITAHUN Ha COXpaHCHUE CTaOMILHOCTH MMPOYHOCTHBIX
CBOMCTB OBUIO YCTaHOBJIEHO, YTO HambOonee 3(PEeKTUBHBIM BO3JEHCTBHEM HOHHOTO oOmyudeHus sBiseTcs ¢ioeHca 5x1013-
1014 won/cM?, pUBOAALIME HE TOJNBKO K MAKCMMAIbHOMY YIPOYHEHHIO, HO U MOBBILEHUIO MOTEHIHANA KOPPO3HH, U3MEHE-
HHE KOTOPOTo CBUACTCIILCTBYET O CHMIKCHHUN CKOPOCTH ACTpaaaliuu.

Knirouesvie cnosa: uonnan mooupuxayus, TiN monkue nienku, niomHoCms OUCIOKAYUL, CMPeccoyCMOuYU8oCcms, meep-
0ocmb, CONPOMUBTILEMOCHb PA3PYULEHUIO.
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