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INFLUENCE OF PLASMA IMPURITIES
ON THE FUEL RETENTION IN TUNGSTEN

A. Kreter, Ch. Linsmeier, S. Moller,
M. Rasinski, G. Sergienko, A. Terra and B. Unterberg

Forschungszentrum Jilich GmbH, Institut fir Energie- und Klimaforschung - Plasmaphysik,
Partner of the Trilateral Euregio Cluster (TEC), 52425 Jiilich, Germany

The retention of radioactive tritium in the wall materials of ITER is an economic and a
safety issue and one of the aspects defining the availability of the device. Tungsten is foreseen
as the plasma-facing material in the divertor region of ITER. It will be subjected to mixed
species fluxes containing hydrogenic isotopes (H/D/T), helium produced in D-T reactions, as
well as radiator gases such as argon, neon or nitrogen applied for a redistribution of power from
the divertor plasma to a larger surface area. It is therefore necessary to test how tungsten
performs with respect to hydrogen retention under the mixed species plasma conditions.

Helium has a prominent effect on the fuel retention in tungsten. In the range of wall
temperatures 400-800 K the admixture of helium reduces the hydrogen retention by a factor 3-
100 [1]. This effect is related to the formation of a layer of interconnected helium nano-bubbles
with a maximum thickness of about 20 nm [2]. He nano-bubbles can effectively trap deuterium
and provide a large effective surface area for the recombination to deuterium molecules. The
open porosity of the layer provides pathways for D2 to escape [3]. The nanobubble layer also
reduces the D diffusivity [4]. A combination of diffusion barrier and interconnected porosity
accounts for the reduced D retention when He nanobubbles are present.

The database on effects of other impurities, i.e. argon, neon and nitrogen, on the fuel
retention, is not nearly as broad as for helium. Investigations exist on the effects of argon and
neon, including permeation studies [5,6,7] as well as Molecular Dynamics simulations [8]. It
was shown that, unlike for tungsten exposed to helium at an elevated temperature, fuzz
structures are not formed with neon or argon. However, there is an effect on the hydrogen
retention depending on the sample temperature. Nitrogen, unlike the above mentioned noble
gases, forms chemical bonds with tungsten. N enriched layers appear to serve as a diffusion
barrier for D [9,10]. The addition of nitrogen can significantly increase the hydrogen retention
in tungsten [11,12] and the permeation flux [10].

Linear plasma devices are excellent test beds for investigating specific questions of plasma-
material interactions (PMI) [13]. The materials can be tested under well-defined plasma



exposure conditions relevant to a fusion edge plasma. In this study, the influence of helium,
argon, neon and nitrogen as plasma impurities on the deuterium retention in tungsten was
investigated in the linear plasma device PSI-2 [14]. The main idea of the experiments was to
vary the plasma composition by seeding impurities in deuterium plasmas, keeping all other
parameters as reproducible as possible. Thus, this study provides systematic data on the
influence of different impurities on the fuel retention.

Tungsten samples provided by A.L.M.T. Corp., Japan were mechanically polished and
recrystallized at 2070 K for 1 h before the exposure. The recrystallization was done to exclude
the possible influence of the W structure on the fuel retention. After the recrystallization, the
typical grain size was of a few tens of pum.

In the experiments in PSI-2, plasmas with following compositions were produced: pure D,
D+0.03He, D+0.07Ar, D+0.1Ne, D+0.05N and D+0.03He+0.07Ar. While varying the plasma
composition, other exposure parameters within the experimental series were kept as similar as
possible. In the first experimental series, two samples were simultaneously exposed to incident
ion fluxes of the same order of magnitude of 102 m?s, but different by a factor of two,
resulting in different sample temperatures Ts. The incident ion fluences were 5x10% m2 to
1x10% m-2 for the samples at Ts of 500 and 770 K, respectively. In the second experimental
series, samples were exposed to a fluence of 5x10%° m2 at Ts of 500 K. The incident ion energy
Ei was 70 eV in both series, above the W sputtering threshold for Ar and N, but below it for D
and He. The mass loss technique was applied to determine the amount of sputtered material
after the exposure.

After exposures, the surface morphology was analysed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The D retention was determined by
nuclear reaction analysis (NRA) with a probing depth of 4.2 um, and by thermal desorption
spectrometry (TDS). A high resolution mass spectrometer was used for TDS to separate the
contributions of deuterium molecules and helium at mass 4. The total amount of outgassed
deuterium was the sum of D atoms in D2 (mass 4) and HD (mass 3). The contribution of other
D containing molecules was less than ~1% and therefore neglected.

Investigations of the surface morphology for the samples exposed at Ts=500 K were
recently published [15]. TEM observed a damaged near-surface layer in all cases, but of
different thicknesses: 18 nm for D+He, 14 nm for pure D, 10 nm for D+N, 7 nm for D+Ne and
5 nm for D+Ar. The thickness of the damaged layer appears to correlate with the sputtering
yields for Ar, Ne and N.



Figs. 1 and 2 summarize the deuterium retention in the samples exposed in PSI-2 at 500 K
and 770 K, respectively. For all samples, the value of the total retention measured by TDS is
higher than the retention in the first 4.2 um, as determined by NRA. The ratios of the retention
measured by TDS and NRA are 1.3-4 and 4-10 for 500 K and 770 K, respectively. This can be
related to the diffusion increasing with the temperature and leading to a higher fraction of
deuterium stored deeper than the NRA probing depth. Exposures in pure D, D+He and D+Ar
plasmas were performed within two experimental series, showing a good reproducibility of the
experiments. The values of the retention for the pure D and D+He cases are in agreement with
the available database [1]. The amount of retained D for the pure D cases drops from

5x102°m2 to 0.9x10%° m2 when the temperature is increased from 500 K to 770 K.
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FIG. 1. D retention measured by NRA and TDS for different plasma compositions at Ts=500 K.
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FIG. 2. D retention measured by NRA and TDS for different plasma compositions at Ts=770 K.

Thermal desorption spectra of D atoms from mass 4 for the cases of pure D, D+Ar and
D+Ne plasmas from the first experimental series, Ts=500 K, are shown in Fig. 3. The effects of
Ar and Ne appear to be similar, both leading to an increase of the deuterium retention (cf. Fig.
1). However, at Ts=770 K (TD spectra are not shown here), the effects of both Ar and Ne invert:
the D retention drops (Fig. 2).



The temperature dependent influence of Ar and Ne on the D transport in W was also
observed in the permeation experiments [7]. It was attributed to effects of sputtering and
impurity precipitation. In fact, at 500 K the Ar impurity enhanced the D permeation, while at
temperatures around 770 K both Ar and Ne decreased it (Fig. 4 in [7]).

Thermal desorption spectra for the cases of pure D, D+He, D+Ar and D+He+Ar plasmas
for Ts=500 K from the second experimental series in PSI-2 are shown in Fig. 4. As shown
above, the admixture of Ar at this temperature leads to an increase of the D retention. In the
D+He case, the D retention is reduced by about one order of magnitude. For Ts=770 K, the
retention dropped below the detection limit of ~1x10'8 m-?, indicating a decrease of two orders

of magnitude or more compared to the pure D exposure.
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FIG. 3. TDS of W samples exposed to pure D, D+Ar and D+Ne plasmas at Ts=500 K.

The results were expected taking into account the available database on the effect of He
[1]. However, if in addition to helium also argon is admixed, the D retention returns to a value
similar to the exposure to pure D (cf. Fig. 1). The effect of He reducing the D retention appears
to be overridden by argon. It can be attributed to the effect of sputtering. The reducing effect of
He is based on the formation of a near-surface nano-bubble layer providing a network with
open porosity. However, sputtering by argon does not allow the layer to develop. In turn, He
prevents Ar from enhancing the D retention as in the case of D+Ar.

Fig. 5 shows the thermal desorption spectra for pure D and D+N exposures at both sample
temperatures in PSI-2. For Ts=500 K, the D retention measured by TDS increases by a factor
of 8 when N is admixed. Even more dramatic is the effect of nitrogen when the temperature is
increased to 770 K. Here, while the retention for the pure D case expectedly drops by a factor
of 6, in the D+N case it even increases. It results in an increase of the D retention by a factor of
~100, when comparing the exposures to D+N and pure D plasmas at Ts=770 K.
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FIG. 5. TDS of W samples exposed to pure D and D+N plasmas at Ts of 500 and 770 K.

In conclusion, the influence of argon, neon, helium and nitrogen impurities on the
deuterium retention in tungsten was studied in a systematic manner in the linear plasma device
PSI-2. The effect of Ar and Ne was similar at the incident ion energies well above the sputtering
threshold. At a surface temperature of 500 K, both impurities increased the D retention, while
at 770 K the effect was opposite. The measurements are in agreement with the results of
permeation studies [7], where the effects of Ar and Ne were attributed to sputtering and
precipitation. When the incident ion energy approaches the sputtering threshold, neon can also
reduce the D retention at 500 K. The admixture of helium reduced the D retention by a factor
of 10-100 depending on the temperature. However, in the exposure to D+He+Ar plasma, the
value of D retention was almost restored.

The observations suggest that the competition of two processes may be the key to
understanding the effect of non-reactive impurities on the hydrogen retention in tungsten. On
the one hand, the impurities damage the near-surface W layer, possibly making it porous and

thus providing an escaping channel for hydrogen. Helium is the most prominent example of the

1"



effect. On the other hand, by sputtering, the impurities can remove the damaged layer and
prevent the formation of the additional release channel for hydrogen. The latter was observed,
when in addition to helium argon was admixed and prevented the development of the layer with
He nano-bubbles. The ambiguous effect of neon, when operating near the sputtering threshold,
can also be attributed to the influence of sputtering.

Unlike the non-reactive impurities, nitrogen forms chemical bonds with tungsten. As
observed in [9,10], nitrogen significantly reduces the diffusivity of hydrogen in tungsten.
However, this diffusion barrier appears not to decrease, but to increase the inward flux of
hydrogen. It can be explained by the difference in particle energies of the in- and outflux. The
energetic incident particles have a significantly higher probability to penetrate through the
nitrogen-rich layer than the particles stored under the layer. Therefore, nitrogen can change the
balance towards the influx of hydrogen. The effect can be especially dramatic at elevated
temperatures. While in the absence of nitrogen the fuel retention is expected to drop with the
increasing material temperature, the desorption barrier caused by nitrogen can prevent the
hydrogen release. Therefore, the use of nitrogen as a cooling gas can potentially have severe
consequences on the fuel retention and the tritium cycle in a fusion reactor.
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Deuterium trapping in co-deposited layers of ITER-relevant materials

S.A. Krat", A.S. Prishvitsyn, Ya.A. Vasina, E.A. Fefelova, Yu.M. Gasparyan, A.A. Pisarev

“Plasma Physics department, National Research Nuclear University MEPhI, Moscow, Russia,
e-mail: sakrat@mephi.ru;

Hydrogen isotope accumulation in fusion devices is a serious problem. Because
deuterium-tritium mixture will be a working gas in future fusion devices, including ITER
tokamak, tritium accumulation is an issue from the perspective of radiation safety. In total,
only 700 grams of tritium are allowed to be present in ITER vessel at any time, with
additional 120 in the cryopumps, and 180 grams allocated to measurement error, to the total
of 1000 grams [1].

Besides radiation safety concerns, accumulation of hydrogen in near surface layers of
fusion devices is also problematic from the perspective of plasma performance. During the
discharge, accumulated hydrogen can desorb from plasma facing components (PFCs), which
would result in cold (thermal energies) hydrogen being inserted into plasma, cooling it. This
process of hydrogen circulation between the reactor wall and the plasma is called recycling
and, ideally, should be negligible.

One of the main channels of hydrogen accumulation in fusion devices is co-deposition of
material eroded from PFCs with hydrogen particles. The process of co-deposition is as
follows: after being eroded, the particles of PFC material migrate through plasma and get
redeposited on a surface in some other area of installation; simultaneously, the same surface is
subject to hydrogen bombardment from plasma. The result of these two processes is a
continuously growing hydrogen-rich co-deposited layer.

Co-deposited layers are problematic due to a number of reasons. Because the hydrogen
accumulates in them as they grow, rather than being implanted into an already formed layer,
the co-deposited layers have high hydrogen content throughout their whole depth. Such layers
can, in principle, grow arbitrarily thick, increasing with discharge time, and can form in hard
to reach places. All this means that co-deposited layers in fusion devices might accumulate
arbitrarily high amounts of hydrogen isotopes, including radioactive tritium.

Because of their highly disorganized and full of defects structures, co-deposited layers
often contain large amounts of hydrogen per atom of redeposited PFC. For ITER-relevant
materials, deuterium content as high as 40 at. % was observed in Be layers forming in
shadowed areas of JET tokamak divertor [2], and tungsten layers with deuterium content up to

D/W =5-10 at. % were produced in laboratory devices [3,4].
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Carbon co-deposits, with hydrogen content over unity (H/C>1) were observed due to
carbon’s ability to form long hydrocarbon molecules, which, coupled with high rate of carbon
erosion by hydrogen, resulted in carbon being discarded as candidate material for ITER.

Hydrogen isotope content in co-deposited layers is determined by the deposition
conditions, such as the temperature of the surface on which co-deposition occurs during co-
deposition, the fluxes of both hydrogen and re-deposited material, the energy of hydrogen
particles implanting into co-deposited layers, etc. Deposition conditions can vary strongly
from fusion device to fusion device and even within one installation. This makes it vital to be
able to predict the hydrogen isotope content in the co-deposited layers depending on the
deposition conditions, so the areas of fast hydrogen accumulation can be identified, and the
rate of tritium accumulation in fusion devices can be calculated.

The approach to predicting hydrogen isotope content in co-deposited layers currently in
most widespread use if is using variants of G. De Temmerman’s empirical scaling [5], shown

below for deuterium content in a metal co-deposited layer:

D If 8
—~—EV ex (—) @
Me ;ﬁ n &P\ e

where E,[eV’] — the energy of implanted deuterium particles, lo — deuterium flux,

. [m:i?“] — flux of deposited tungsten particles, T [K] — substrate temperature,

a...e — empirical scaling parameters. This approach was first developed for beryllium
layers in 2008, and has since been improved upon [4], and adapted to predicting
deuterium content in tungsten layers [4,6] for a wide range of deposition conditions,
including ITER-relevant ones.

A more physics-grounded approach, for which extrapolating beyond experimentally
tested deposition parameter ranges can be justified, was desired. Based on particle balance

equation, a system of equations was formulated [7]:
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where €, — hydrogen concentration in solid solution and ¢} — hydrogen concentration
in an i type traps in the material bulk (dislocations, vacancies, vacancy clusters, etc.),
D — hydrogen diffusion rate, v — the rate of the material movement as a whole, ®=lo/h —

hydrogen particle flux at an x depth below the layer’s surface, lo — total hydrogen

implantation flux, h — maximum implantation depth, R — effective trap radius, ni = Z;n,

i''me

volumetric concentration of available trapping sites of type i, m,,, — volumetric concentration
o Bl N ) ) )
of material, n}, = un,,.e *@ — a coefficient incorporating Arrhenius factor for detrapping

from traps, u = % — the ratio of detrapping attempt frequency v to trapping attempt

. . D
frequency under the assumption that trapping attempt frequency ver = A—;’, where A —

characteristic interatomic distance.
In a steady-state situation, where all variables are time-independent, equations (2) and (3) can
be solved analytically as follows:

c. = niCe s
z ni +Cg s @

I,h rbx x
— (— +e?— e“(i_lj)—k Cy x<h
Db*\h
CS - IU h (5)
W[b +e_"—1)+6‘0, x=h
where b is a parameter comparing rates of diffusive and convective transfer of hydrogen
through the layer calculated as
vh Ze Tli
sz( n*ff t ©)
Eoers )
wheren, = pun,, e ¥ —acoefficient incorporating Arrhenius factor for detrapping
from one trap with a binding energy Eyrpr which is calculated from equation
N . N .
Z D g
= H.:‘I + Cs n:‘ff + Cs (7)

The obtained solutions were verified experimentally both for beryllium and tungsten.



In case of tungsten the primary verification was carried out using MD-2 device [8], which
is a magnetron deposition and in-vacuo thermal desorption spectroscopy analysis device
allowing for production of co-deposited films with a wide variety of deposition parameters,
most of all with substrate temperatures varied from room temperature up to 800 K. In addition
to tungsten-deuterium co-deposition, additional experiments with molybdenum and aluminum
co-depositions were performed. The resulting deuterium content against deposition

temperature curve are shown in figure 1 [9].
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Figure 1. Deuterium content in atomic percent in W, Mo, and Al co-deposited layers

against substrate temperature during deposition [9].

The experiments, performed with high temperature resolution, uncovered a characteristic
step-like structure of the temperature dependence curve, where each step corresponds to one
distinct trap type. This structure was well reproduced by the developed model.

In case of beryllium, the verification was conducted using experimental data from a
number of publications, due to the danger of working with beryllium [10]. The developed
model’s predictions were tested against experimental results on a composite dataset. G. De
Temmerman’s scaling equation was also tested against the composite dataset and compared to

the developed model. The results of comparison are shown in figure 2.
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Figure 2. Expected deuterium content in co-deposited beryllium layers in various
experimental conditions (vertical axis) against experimentally observed deuterium contents in
those experiments (horizontal axis). Empty circles — G. De Temmerman’s empirical scaling,
blue squares — predictions of the developed model, red diamonds — developed model with an
added energy scaling factor for the total number of available traps [10].

It was observed that the developed model did not correctly predict experimentally observed
deuterium contents in experiemnts where high (D/Be>20 at.%) deuterium content was
observed. In many of those experiments, deuterium implanation energy was the variable
parameter. Two likely explanations for this deviation are formation of a distinct hydride phase
in D-Be co-deposited layer, which is not reproduced in the model, and increase in the total
number of available traps in the co-deposited layer with increase of deuterium implanation
energy.

In order to overcome this issue, an empirical scaling factor similar to one observed in G. De

Temmerman’s scaling equation was introduced for the total number of available traps, given

2=z (B
i O Eu 8

When this factor was added to the solution (4)-(7), the resulting match between model’s

as

predictions and expeirmental data was no worse than the fully empirical scaling formula.

As such, at the moment the developed diffusion-based model is considered capable of
correctly predicting deuterium content in co-deposited layers of ITER-relevant materials
(beryllium and tungsten), including in ITER-relevant deposition parameters.

Work is being conducted to develop the model in two distinct ways in order to make it more

relevant for ITER. Firstly, accounting for hydride formation in order to more accurately
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predict deuterium content in Be, is being attempted by means of changing equation (3) to a

more complete trap-solution balance equation. Secondly, competition between several

simmultaneously implanted hydrogen isotopes is being described, in order to more accurately

predict tritium accumulation in layers from a D-T mixed plasma with trace amounts of H in it.
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Dust in tokamak and related safety open issues.

C. Grisolia®?

9CEA, IRFM, F-13108 Saint Paul lez Durance, France
bNational Research Nuclear University “MEPhI”, Moscow, 115409 Russian Federation

corresponding author: christian.grisolia@cea.fr

During fusion machine operation and due to plasma wall interaction, particles/dust will be created
(size ranging from nanometer to tens of micron). Different morphologies of dust are expected to be
produced from spherical particles induced by melting of metal after high heat flux interactions
(unipolar arcs, ELMs,...) to fractal ones created by accretion. The later point is confirmed by dust
collection in a full tungsten (W) environment machine, the WEST tokamak. Indeed, among the
collected particles, spherical and complex shape submicron-sized ones are found. Their high specific
surface area can be associated with high physico-chemical reactivity.

The first part of this presentation will be devoted to describe the processes of powder creation in
fusion machines. It will also be recalled how the production of powders is currently estimated
according to the processes involved. A critical analysis of the results predicted for the future fusion
machines (ITER and DEMO) will be made, focusing in particular on the creation processes that may
have been neglected due to the different plasma operation of the current machines.

The consequences of the presence of these tritiated and activated dust in the tokamak on the safety
of the machine will be then detailed.

In the rest of this presentation we will focus on the study of relevant W tritiated particles.
Experimental results of tritium loading/desorption carried out on W particles having a wide range of
surface topology will be recalled.

These experimental results are reproduced by using a kinetic surface model suggesting that the bulk
contribution is very low for such particles. With this approach, the desorption kinetic is explained by
the change of the desorption energy with the coverage of the surface by hydrogen which is highlighted
by atomistic simulations: on bare surface, the desorption energy is 1.4 eV while for saturated surface,
it drops below 0.8 eV.

This approach has numerous experimental consequences that will be described in detail in the
presentation.

It will be shown, especially, that W dust placed on the bottom floor of a fusion machine and exposed
to tritium gas will be loaded with tritium even at very low in vessel tritium pressure. Surface saturation
can be reached rapidly at 1 Pa and 373 K. How the trapping on W massive material can be modified by
the presence of fuzzy structure will be also addressed.

However, this saturation can be mitigated by isotopic exchange. Tritiated dust exposed to D, or H; at
300-373 K will lose their total quantity of tritium as soon as the H, or D, are the main isotopes in the
vacuum vessel.

Some consequences of these observations will be discussed in terms of safety for the machine.
Especially, we will investigate if this capacity to release tritium modifies the approaches that must be
followed in the analysis of a LOVA (Loss Of vacuum Accident). Consequences expected on the
measurement of tritium carried by dust and the evaluation of the tritium source term will be also
reviewed.

19



STUDYING PLASMA-WALL-INTERACTION PROCESSES IN THE
LABORATORY USING A SENSITIVE QUARTZ CRYSTAL MICROBALANCE

C.Cupak’, R.Stadlmayr”, H.Biber", P.S.Szabo", R.Cserveny”, M.Fellinger” and F. Aumayr”

“Institute of Applied Physics, TU Wien, Fusion@OAW, Wiedner Hauptstrafe 8-10,
1040 Vienna, Austria

E-mail: cupak@iap.tuwien.ac.at

In nuclear fusion research, ion-solid interaction processes between plasma ions and
relevant first wall materials like W are under continuous investigation. During operation of a
magnetically confined nuclear fusion device, erosion of the reactor’s first wall is occurring
due to the continuous bombardment by energetic ions, called sputtering. This process is
disadvantageous since sputtered wall atoms penetrate the fusion plasma, increase radiative
losses and thus reduce the plasma temperature. Furthermore, retention of radioactive tritium
due to ion implantation in the first wall has critical safety issues [1]. Since W has a
comparably low sputtering yield and low hydrogen solubility, it is a promising candidate for
application in fusion devices [2]. However, precise determination of material properties by
laboratory experiments is crucial for the development of future nuclear fusion reactors.

In plasma-wall interaction research facilities, linear plasma devices are often used to
mimic ion bombardment on materials inside an operating nuclear fusion device [3]. These
experiments allow reaching similar ion fluxes and fluences like expected for the fusion reactor
ITER [4]. However, the intense conditions can also form limitations for very filigree
measurements, which may demand better control of experimental parameters and dynamic
processes.

At TU Wien, we therefore established an experimental setup for investigation of first wall
relevant material properties with special focus on parameter control. A simplified scheme of
the setup is provided in figure 1. The key feature is the implementation of a highly sensitive
Quartz Crystal Microbalance (QCM) technique in combination with an electron ionisation ion
source in an UHV chamber, which allows measuring very small mass changes of a sample
under ion bombardment in-situ. For this approach, the samples need to consist of quartz
crystals coated with a thin layer (several 100nm) of the desired material of interest. During the
experiments, a dedicated electronic circuit allows to record the resonance frequency of this
quartz crystal during ion bombardment, which is directly connected to the mass change [5, 6].

For the special case of W, detection of erosion rates as small as 10 monolayers per second
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are possible, which is especially useful for precise investigation of materials with relatively
small sputter yields [7]. A Faraday cup allows to measure ion beam fluxes, which are
necessary for sputter yield determination. Our ion source (SPECS IQE 12/38) enables a
precise, liberate choice of ion energy, and is furthermore equipped with a Wien-filter module
that allows both to choose a certain ion species while excluding transmission of energetic
neutral particles. In addition, the flux of ions can be varied in order to mitigate dynamic
modification of irradiated samples if desired. A recent experimental upgrade furthermore
allows us to control the Wien-filter remotely via PC. In combination with the opportunity to
supply selected working gas mixtures to the ion source, more complex irradiation procedures
are possible, i.e., using a fast variation of ion species. By exploiting two sequential
differential pumping stages, which are realised at the Wien-filter and at the deflection plate
module, influences of the working gas on the background pressure are kept to a minimum.
Usual pressures during operation are in the E-9 mbar range for Ar'* irradiation. Further
systematic manipulation of the background pressure can be performed using an additional fine
tunable leak valve connected to a laboratory bottle with desired gas mixture, which allows
adsorbate dependent sputter yield measurements.

The implementation of the so-called 3™ mode QCM technique [7] stipulates another key
upgrade of the experimental setup. For this method, both the casual ground resonance and the
third overtone frequency of the quartz crystal are recorded, which allows to determine a beat
frequency that is only dependent on temperature variations and not on mass changes [7].
Using this quantity in our measurements, a convenient method for measuring actual quartz
crystal temperatures without need of a thermocouple is available. Moreover, this technique
also allows to compensate any temperature related effects on the recorded signal. An
application of this method is important for determination of small sputtering yields like i.e.,
for D ions on W targets, where laboratory temperature variations can significantly contribute
to the recorded frequency signal. Furthermore, this compensation technique allows to operate
the QCM also at elevated temperatures using an ohmic heating system and to investigate
outgassing processes of retained ions. For the latter purpose, a quadrupole mass spectrometer
(Pfeiffer Vacuum PrismaPlus) enables to perform Thermal Desorption Spectroscopy (TDS)
measurements, while the total mass loss during the temperature increase can be recorded
using the 3™ mode QCM technique [7].

Since an application of the QCM requires special samples consisting of quartz crystals
with a thin coating of the desired material, experiments in the past were limited to rather

idealistic surfaces with smooth textures only. In order to liberate this constraint, a so-called
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Catcher - QCM (C-QCM) apparatus was implemented to the experimental setup. Based on the
work of Berger et al. [8] and by usage of a manipulator with four degrees of freedom, our C-
QCM can be freely positioned with respect to the irradiated sample. The C-QCM is used to
investigate the angular distribution of sputtered atoms from the target, which leads to a net
mass increase on the catcher crystal. Therefore, any kind of target samples, i.e., plain bulk
sheets of W metal, advanced coatings with special surface structure but also full pieces of
plasma facing components from prior studies in real nuclear fusion devices can be

investigated in our setup.

Vacuum Chamber

Figure 1: Simplified scheme of the QCM Setup at TU Wien. A - Reservoir for working gas mixture;
B - Electron impact ion source (SPECS IQE 12/38) supported by a thermovalve (TV); C - Wien-filter
with remote control for ion selection; D - Deflection plates for beam scanning; E - Target QCM
irradiated under ion incidence angle ¢; F - Catcher QCM; G - Quadrupole mass spectrometer; H -
Fine-tunable leak valve.

An exemplary demonstration of the strengths and capabilities of our QCM setup is
presented in figure 2. Here, two individual C-QCM measurements were performed using both
a comparably smooth W film with 29 nm RMS roughness for comparison and a bulk sample
with complex W fuzz morphology under Ar'* irradiation and an angle of incidence of 60°
(respective target surface normal). W fuzz, which is a fibrous network on the nm-scale,
develops under special irradiation conditions within a certain surface temperature regime and
He plasma exposure [9]. Recent studies revealed that virgin W fuzz structures show severe
reduction in effective sputtering yields by a factor of 17 in comparison to flat W surfaces due
to enhanced local redeposition in this fibrous network [10]. With continuing erosion of the W-
fuzz sample (i.e., by applying a certain Ar'* fluence), the measured yield increases again but
does not reach that of a smooth sample [10]. SEM measurements of the fuzz samples after
irradiation show the formation of a scaly structure facing in the direction of the incident ion
beam [10]. In figure. 2, results for such a W fuzz sample are shown after application of a total

Ar'" fluence of 2.3 x 10?° Ar/m? (corresponding to approx. 7 nm erosion) and compared to the
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measured trend for a smoother W film. Sputtering of the pre-irradiated fuzz is about 50 to
60% lower over the whole investigated angular range than for the smooth W target. This
indicates that a considerable reduction in sputtering yield remains after alteration of the initial

fuzz structure. These results are in good agreement with previous measurements [10].

0.08 0.06 0.04 0.02 0.00 C-QCM Signal [W/Ar]

Figure 1: Polar plot of the Catcher-QCM signal, measured along a circular path around the target.
Experiments were performed with 2keV Ar!* ions under 60° ion incidence for both a smooth W
film (blue) and for a pre-irradiated W fuzz sample (green). The positive signal values correspond to
a net mass increase on the Catcher-QCM due to deposition of sputtered atoms from the target. The
shaded areas illustrate experimental standard deviations. The sketch in the top right corner
highlights the geometrical conditions of the experiment. The lower signal for the pre-irradiated W
fuzz sample indicates a reduction of the sputter yield by a factor of 2. Pre-irradiation of the W-fuzz
target with Ar'* ions can modify the original fuzz structure into a scaly structure (see [10]).
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MODERN ETCHING TECHNOLOGIES IN NANOELECTRONICS
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Plasma etching is a key process of so-called dry technologies in modern semiconductor
electronics (aka nanoelectronics). Even though low-temperature laboratory plasma was
generated firstly over about a hundred fifty years ago, we are still working with those well-
known types of gas discharges referred to as: capacitively coupled plasma (CCP) and
inductively coupled plasma (ICP). Microwave (MW) discharges occupy their small niche in
this huge industry and are preferentially used for only downstream free-radical processing.

Positive ions play a key role in mechanistic momentum and energy transfer between
plasma and surface. They generate a lot of physical and chemical consequences affecting
material and energy exchange between the plasma and surface. Depending on the mass and
kinetic energy, the ions control mainly physical processes leading to the destruction of
chemical bonds. It leads to material transformations and initiates a great variety of chemical
reactions. In this sense ions control a majority of semiconductor manufacturing plasma
processes.

From another hand, it is also known that the highest chemical selectivity of the target
processes can never be achieved at high ion energies when the destruction of chemical bonds,
sputtering and ion implantation prevails. It means that ion density, ion energy control and
especially ion energy distribution function are the key characteristics of manufacturing plasma
technologies. Those characteristics are determined by the gas discharge type with numerous
parameters and process chamber configurations. Hence, any progress in this area is finally
determined by the particular features of the discharge or plasma generators (sources).

Looking back at the history of CCP and ICP industrial gas discharges it is rather difficult
to find out a fundamental reason of their preferable use in various applications in the past.
Both had been utilized for the batch processing of small semiconductor wafers in 1950-1970
years in large quartz cylinders with a discharge excitation in volume by surrounding coil
inductors or large external RF electrodes. It was practically no difference between the two
visible discharge plasma types. The plasma was long time used as a media similar to a gas or
liquid chemically active media like acids and bases diffusing between the wafers loaded in the
batch.
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When the nature of anisotropic etching as that determined by the anisotropic ion flux
through the plasma-surface sheath was understood, clear merits of CCP discharges were
associated with this feature forever. The first industrial differentiation was introduced with a
classic planar capacitive design known as “Reinberg reactor” [1] used initially for PECVD
(Plasma Enhanced Chemical Vapor Deposition). Semiconductor wafers were placed on the
bottom electrode around the pumping orifice in its center. An opposite gas in/out structure
was then also widely used until the introduction of a single wafer manufacturing with silicon
wafer of about 100 mm (four inches) diameter. The single-wafer design determined the
roadmap of further CCP development as equipotential electrodes and relatively narrow flat
discharge gap for anisotropic etching utilizing an RF sheath between the bulk plasma and
wafer surface as a kind of wide “ion projector” with ion energies typically up to several
hundreds of electronevolts.

The next step up has happened with the introduction of two RF generators of high and
low frequencies in order to split the plasma density generation and the RF sheath control.
Such CCP planar reactors became the mainstream in microelectronics plasma technologies for
many years ahead till nowadays. A challenge for the best High Aspect Ratio Contact (HARC)
etching was started and did not finish yet even with a modern “more than Moor” trend. Today
all advanced CCP processing chambers have at least three or even four RF generators of
different frequencies in order to control separately not only ion density and energy but also
lon Energy Distribution Function (IEDF) and their radial flux distribution across the wafer
using the transmission line and skin effects.

Meanwhile ICP reactors were still behind and did not approach high technologies of
anisotropic etching. Their main development was in so called downstream chambers applied
to photoresist strip and plasma enhanced chemical vapor deposition (PECVD). ICP is known
to be easily operating in a very wide pressure and power density ranges but having a
substantially radially non-uniform axisymmetric structure being generated by a vortex electric
field.

A breakthrough in the use of ICP sources for anisotropic etching has happened with an
introduction of so-called Decoupled Plasma Source (DPS, Applied Materials - AMAT, USA
[2]). This plasma source represented a bell-shaped plasma volume excited by an inductive coil
(antenna) while the processed wafer was as usually on the capacitively coupled pedestal.
Plasma uniformity at the wafer surface was achieved due to an averaging of the ICP generated
as a donut-shape ring. This plasma density distribution needs long enough diffusion path to

the wafer from the coil to become enough uniform. That is why all ICP discharges have
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enough bulky large chambers. The wafer RF bias and according ion accelerating sheath was
generated as usually.

Since the introduction of the DPS, the industrial etch applications had been split for two
groups of CCP and ICP technologies as follow: CCP — high-end silicon oxide etching of high
aspect ratio contacts (HARC), self-aligned contact etc., and ICP — for metal, silicon, poly-Si,
polymer etc.. It is thus a current status quo between two technologies. CCP planar reactor —
small volume (fast chemical kinetics), relatively higher gas pressure; and ICP — larger volume
and higher pressure range (especially low-pressure limit).

The next great challenge from the ICP side happened when Ogle [3] introduced so-called
Transformer Coupled Plasma (TCP) source with a flat or pancake excitation inductive coil. A
new way of development projects appeared as very attractive: ICP discharges showed up as
flat shape similar to CCP planar reactors being capable not only to substitute them but also
substantially outperform. A lot of plasma laboratories Worldwide started experimenting in
this new research field. However, TCP could not reach those heights as it was believed in for
a very basic reason mentioned above: radial nonuniformity of the donut-shape plasma.

A ring-shape current picks up the whole inductive field from the coil and therefore it is no
adsorption of the RF power in the middle of the antenna. The external plasma ring is shielding
the central zone. The axial plasma density is achieved by the diffusion from the exterior
plasma ring. Hence, the discharge gap cannot be compressed to the same low level (15-40
mm) as a CCP planar gap. Indeed, the plasma density distribution becomes substantially
radially nonuniform because of the suppressed plasma diffusion.

Another basic problem of ICP- including TCP-type discharges is non-ideality of antenna
inductors: they generate not only magnetic fields but also very high potential electric currents
flowing from the inductor to the wafer thus generating an RF sheath at both the discharge
vessel and wafer surfaces. This capacitive current brings about substantial erosion of the
dielectric plate separating the TCP antenna from plasma. In some sense, a high-power ICP
discharge with an air inductor (no-core) is a hybrid type discharge generating both inductive
circular (vortex) plasma and potential (capacitive) electric sheath. This problem was long time
not understood until the general method of phase push-pull balancing was discovered
invented [4,5].

Overall, TCP sources operate in their main niche of middle to high plasma density and
low-pressure range while CCP planar reactors operate like very high ion energy projectors for
dielectric etching. It is indeed difficult to imagine but modern 300 mm dielectric etchers

deliver to their narrow-gap planar reactors up to about 30 kW of RF power.
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The next realized ICP technology was so-called “GroovyICP” [6]. It was the only
successful attempt to design a narrow-gap planar type ICP reactor overcoming the drawbacks
of known ICP and CCP technologies. The idea was to combine in one plane several
independent embedded one into another ring-shape inductive discharges like “matryoshka”
and thus generate a narrow-gap uniform inductive plasma over the whole wafer surface with
local control of the plasma density.

Therefore, precise local control of both chemistry and ion density, which was a goal of
the basic trend in manufacturing plasma technologies, was achieved. As a result, a universal
type of narrow-gap plasma reactor was successfully applied for several manufacturing
technologies demanding substantially different internal discharge parameters in terms of ion
and radical density, ion energy, gas pressure and ion directionality, etch selectivity etc..

Initial target of the new technology was set up for HARC as the most difficult and demanding
case with a high-energy (~10 keV peak-to-peak) ion sheath. Surprisingly, it was also
discovered that the same tool is applicable for extremely low etch rate processes yet operating
in a stable low-power inductive mode. A precise, uniform and highly reproducible angstrom-
level controllability of oxide and nitride etch (~50 A/min) using GroovyICP for spacer etch. A
very low ion energy but very high plasma density regimes are also available in the same
reactor thus embracing practically all fields of plasma manufacturing conditions. A chemical
situation in the chamber is controlled by selected materials of the plasma sources which range
from quartz and various ceramics to monocristalline silicon (for SiO2, ONON and low-k
HARC).

Plasma probe diagnostics show a simple discharge structure with indeed additive plasma (ion)
density within the whole discharge gap from the independent antennas, which are pumping
RF energy locally.
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The processes of manufacturing a microstructured silicon substrate for 3D SSLIBs

is described. The substrate with an array of truncated microcones array was

fabricated using a modified Bosch-process. Then, smoothing bosch scallops on the

sidewalls of the microcones was performed using plasma etching of Si in SFes and a

wet chemical etching of silicone oxide layer. The resultant tapered structures make

deposition of a thin-film functional layers more conformal and layers itself more
uniform.

OCHOBHBIM HEIOCTAaTKOM TBEPAOTEIBHBIX TOHKOIVICHOYHBIX JIMTHI HOHHBIX
akkymyssatopoB  (TTJIMA) sBnsercs Hu3kas yaenbHas emkocts (~100 mAw/r) [1].
Hcnonb30BaHHe MHUKPOCTPYKTYPUPOBAaHHOW MOMIOKKKA it u3roroenenus 3D TTIIMA
NO3BOJIAECT YBCIUYUTH YJCIbHYIHO €MKOCTb U MOIIHOCTH aKKyMYJIsITOpa IO CPaBHCHHUIO C
aHAIIOTUYHOM SJIEKTPOXUMHUYECKOM CHCTEeMOM B IUIaHapHOM ucnonHennn [2-3]. Dro
YBEIIMYCHUE GYZ[ST TIPAMO IPOIIOPIHUOHATIBHO YBEIUYCHHUIO TUIOMAAN ITIOBEPXHOCTHU MMOMJIOKKH
3a cuyeT (OpMHUPOBAHUS MHUKPOCTPYKTYp. OmHaKo, popMa MUKPOCTPYKTYP OrpaHHYHBACTCS
TEXHOJIOTHEH HaHECCHMS AKKYMYJIATOPHBIX  CJIOCB. Tak Ipu  HMCIOJIb30BaHUH BY
MarH€TpoOHHOI'0 paclblICHUSA Ha6II}OHaCTCH CHJIbHass HEOAHOPOAHOCTH CJIOEB MO TOJIIIMHE Ha
OGOKOBBIX CTEHKAaX M T'OPU3OHTAIBHBIX MOBEPXHOCTSX BBICOKO aCMEKTHBIX CTPYKTYp [4-5].
PemenneM nanHO# mpoGIeMbl MOXKET OBITH HCIIOJIB30BaHUE KOHHUECKUX MUKPOCTPYKTYp. B
HaHHOﬁ pa60Te npeacTaBj€Ha TEXHOJIOIHA H3rOTOBJICHHUA IIOAJIOKKH B BHAE MacCHUBa
YCE€UCHHBIX MHKPOKOHYCOB, CCI)OpMI/IpOBaHHBIX Ha TIOBEPXHOCTH KPEMHHA METOAOM
TUIa3MOXUMHUYCCKOT'O TPaBJICHHUS.

TexHOIOrHYECKU MapuIpyT U3rOTOBJICHUS MOIJIOKKHA CXEMAaTHYCCKUA MPEACTABJICH Ha
pucynke 1. ®orope3ncTuBHas Macka co cepuueckuM HpoduieM ObUTa U3TOTOBICHA B JBa
sranma. Ha mepBom sTame, ¢ momompio (oTonuTOrpaguu Ha MOBEPXHOCTH KPEMHHEBOH
MIacTUHBl OblT cOPMHUPOBAH PHCYHOK B BHJE MaccuBa Kpyro amamerpoM 10 MM H

nepuogoM 15 Mxm. Jlaee miacTiHa oMenanack B CyIIMIbHBIH IKa() U BBIACPKUBAIACH TaM
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npu temmeparype 145 °C B TeueHMH 25 MUHYT Uil OIUTaBICHHs (orope3ncra. Pexmm
oruTaBJIeHHs ObLT MO00paH KcIepuMeHTanbHO ats oTopesncta Microposit S1813. B atux
YCIOBHSIX (DOTOPE3UCT NMEPEXOMUT B BA3KOE COCTOSIHUE M MpHOOpeTaeT chepudeckyio Gpopmy
3a c4eT CHJI IOBEPXHOCTHOTO HAaTsDKEHHMS [6]. M300paskeHnst Macku 10 U MOCIIE OIIABICHHS

MpeCTaBJICHBI Ha pUc.2, a, 0.

1. 3KCNoOHUpOBaHue 2. NMposBneHune 3. OnnaBneHue macku
uv 0.7% KOH 145 °C 25 MuH

| Ofnoluaﬁnoﬂ
v

6. Tepmuyeckoe 4. dopmupoBaHue
OKUCIeHUe KpeMHUs 5. CrnaxumBaHue cTyneHek MWUKPOKOHYCOB

&

Puc. 1. TexHonornueckuit MapIpyT U3roTOBJICHHS MHKPOCTPYKTYPHPOBaHHOMN Mooxku Jutst 3D
TTJINA.

10.3 MkM

R=5.7 Mmkm

Puc.2. POM-n3o6pasxeHns pOTOPe3UCTHBHON MacKH: @) HCXOHast Macka 0) Iocie OIUIaBICHHS IPH
Temmeparype 145 °C B TedeHun 25 MUHYT.

IT1a3MOXMMHYECKOE TPABJICHHE KPEMHHUsI Yepe3 OILIABICHHYIO MAcKy BBIIOIHSIOCH Ha
ycranoBke Plasmalab System100 (Oxford Instruments) ¢ maxyktuBHbIM HUcTouHHKOM (ICP
380). st popMUpOBaHHUs KOHHYECKHX MHKPOCTPYKTYP HCIIOJIB30BAIICH MOACPHU3UPOBAHHBII
Bosch-nporiecc TpaBnennst kpeMmuust [7]. B raHHOM MeTO/Ie yrosl HaKIIOHa MEX/y OCHOBaHHEM
1 o0pasyroleil KOHyca 3a1aeTcsi BeTNYMHON G0KOBOTO CIBHIa MACKH M TIyOMHOW TpaBICHHS
KPeMHHS 33 OJIMH LUK M300pakeHHe H3roTOBICHHO CTPYKTYpPBI CO CPEAHUM YIJIOM HaKJIOHA

~ 48° mpencraBineHo Ha pucyHke 3, a. I[IoBepXHOCTh OOKOBBIX CTEHOK B BHIE CTyIEHEK
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(scallops) obpa3yeTcs BeieICTBHE IUKIMYECKOTO XapaKTepa mpoliecca TpaBieHus. B raHHOM
Cllydae CTyIeHbKH He)XeNaTeIbHbI, TaK KaK OHU IIPUBOJIAT K pa3pbiBy (pyHKIIMOHAIBHBIX CIIOCB

AKKyMYJIATOpA.

Puc.3. POM-n3o0paxeHus KOHUYECKHX MUKPOCTPYKTYp: &) MUKPOKOHYC IIOJTyYeHHBIIl 3a 6 [IUKIOB
MoJiepHI3MpoBaHHOro Bosch-npouecca 6) MUKpPOKOHYC mocie criaxkuBanus B miasme SFg B TeueHnn
30 c 6e3 cmemnieHus.

CrinaxuBaHHe CTYNEHEK BBINONHSIOCH 33 CUET M30TPOIHOIO TpPaBICHHE KPEMHHS B
mwiazme SF6 06e3 pomonnuTenpHOro cmenieHus. Ha pucynke 3, © mokasaH pe3ysbrar
criaxuBaHus ctyneHek 3a 30 ¢ TpaBnenus. M3 pucyHka BUAHO, YTO pa3Mep MHKPOKOHYCOB
YMEHBIIWICS, HO YroJl HakIOHa OOKOBBIX CTCHOK B IIEJIOM coxpaHsercs. DuHuIIHOE
CIIaXHUBAHUE JIOCTUTANIOCh 3a CUET TEPMUYECKOTO OKHCIEHMs KPEMHHUS M IOCIETYIOIIETO
CEJIEKTUBHOI'O TpaBJIeHHUs clios okucia B pactBope HF:H20 5:1.

Tocne criaxuBaHUs TOJUIOKKa OBbUIA MOBTOPHO OKMCIEHA [0 TONIIHUHBI ~ 1.0 MKM.
JanekTpuyeckuid Cioil, HAaHOCUMBIA Ha IOJUIOXKKY, CIYXKHUT B Kau€CTBE 3JIEKTPUYECKOrO

H30MIATOpa W 0aphEpPHOTO CJIOs, KOTOPHIH MpensarcTByeT Au(dy3uu IUTHA B MaTephal
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ouT0XKKN. Jlanee Ha ITOUI0KKY ¢ momoIibio BU MarHeTpoHHOTO pacibiIeHUst ObIIN HAHECEHBI
¢ynkuuonansaele cnon Si-O-Al (anox)/LiPON (TBepmsrit anextpomut)/LiCoO2 (katom) ¢
METAJUTNIECKUMH IUIeHKaMHU Ti, BEIIOIHABIINMH POJIb TOKOOTBOJIOB (CM. pHC.4).

Taxum 00pa3oM, CTPyKTypHpOBaHHas IMTOBEPXHOCTb KPEMHHS II03BOJMIA MOIYyYHTH
crutonHele  ManofedekTHsle (yHKIHOHAIbHbIE ciaon. OmHako Ha COM H300pakeHUsIX
HaOMIOAIOTCS PA3IMYMs B TOJIIUHE IUIEHOK (B cpexHeM Ha 20%) B 1onnHAax ¥ Ha OOKOBBIX
CTeHKax KOHycoB. Kpome TOro, IJICHKH UMEIOT MEeXaHHIeCKHe HaNpsHKEHHs Ha meperudax y
BEPXHEro M HIDKHEr0 OCHOBAaHMII KOHycoB (oTmedeHbl mudpamu 1 u 2 nHa pucd). Ilpu
LUKIMPOBAHUM aKKyMyJsITOpa B OTHX MeCTaX MOTYT OOpa3OBBIBATHCS  TPCLIMHBI

H30NUpYoLIKe (QYHKIMOHAIBHBIC CJIOM Ha TOBEPXHOCTH MUKPOKOHYCOB.

—

Puc. 4. POM-u3o6paxenue nonepeynoro ceuenusi 3D TTIIMA ¢ MUKPOCTPYKTYpHUpPOBaHHON
TIOJUTOKKOM.

PaGora BbmonHena mnpu QuHaHCOBOW moanepikke MunoOpHaykn P® B pamkax
rocyaapcreenHoro 3aganust Spl'Y um. ILI. emunosa Ne 0856-2020-0006 na 06opynoBaHun

IIKII «/lnarHocTHKa MEKPO- H HAHOCTPYKTYP».
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COMPARISON OF DEUTERIUM RETENTION IN TUNGSTEN AND WCrY ALLOY
IN THE PRESENCE OF HELIUM

Z. Harutyunyan!, Yu. Gasparyan®, A. Pisarev?, A. Litnovsky?, F. Klein?, Ch. Linsmeier?

!Department of Plasma Physics, Institute of Laser and Plasma Technologies National
Research Nuclear University MEPhI, Kashirskoe sh., 31, 115409 Moscow, Russian
Federation
e-mail: Harutyunyan@plasma.mephi.ru

2Forschungszentrum Jiilich GmbH, Institut fiir Energie- und Klimaforschung, 52425 Jiilich,
Germany

During operation of the future fusion power plant, the plasma-facing components (PFC)
will be exposed to intense fluxes of particles of deuterium, tritium, helium, as well as neutrons
arising in the process of the D-T fusion reaction. In this regard, one of the important
challenges is to minimize the accumulation of radioactive tritium in the PFC [1, 2], as well as
to study the effect on the accumulation of helium impurities in the plasma.

Tungsten is one of most promising material for PFC due to its many advantages such as
high melting point, low sputtering rate, and high thermal conductivity. On the other hand,
various W alloys and composites are under development to improve its resistivity to high
thermal loads and radiation damage [3]. In particular, W-Cr-Y Self-Passivating Metal Alloys
with Reduced Thermooxidation (SMART) are proposed to reduce risks in the event of severe
accidents [4].

In this work, we investigated deuterium and helium retention in pure W and W-Cr-Y
SMART alloy (produced in Forschungszentrum Julich GmbH, Germany) under sequential
irradiation with corresponding ions. The energy of He ions was 3 keV and the energy of Ds*
ions was 2 keV (0.67 keV/D, which is below the threshold for the formation of Frenkel pairs)
in all experiments. Experiments were carried out in the ultrahigh vacuum dual-beam
installation MEDION, which allows for irradiation of samples placed in the chamber with a
mass-separated deuterium and a helium ion beams. The presence of a differential pumping
system allows for an analysis of helium and deuterium trapping by thermal desorption
spectroscopy (TDS) directly in the irradiation chamber without contact with the atmosphere.
In the experimental series, 6x6 mm? samples were used, cut from polycrystalline tungsten foil
with a thickness of 50 microns and a purity of 99.95% (produced by Plansee, Austria). All
tungsten samples were pre-annealed at a temperature 2000 K for 30 minutes, and then loaded
to the installation for irradiation, where they were additionally heated at 1500 K after the

contact with air. Samples of W-Cr-Y alloy were manufactured using mechanical alloying
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followed by Field-Assisted Sintering Technology (FAST), cut to the size of 10x10x1 mm,
and then polished. Due to limitations in operation temperature of W-Cr-Y samples, these
samples were annealed at 1200 K for 5 minutes after the contact with air.

The first series of experiments was done with a pure W sample. One sample was
irradiated several times by the same fluence of D ions (10%* D/m?), but with a different
fluence of He ion pre-irradiation in the range of 1x10%°-7x10%2 He/m2. TDS up to 1000 K was
performed 45 minutes after each D irradiation with the heating rate of 2 K/s. This temperature
was sufficient for the complete release of deuterium from a pure W sample. He fluence was
gradually increased from 1x10%° to 7x10% He/m?. Such irradiation conditions correspond to
active surface modification and saturation of the tungsten surface layer with helium [5].

The second series of experiments was carried out with the sample of W-Cr-Y alloy. In
this case, the fluence range of preliminary irradiation at room temperature with He ions was
1x10%°-1x10%> He/m?. The TDS analysis was performed up to a temperature of 1200 K, since
the temperature of 1000 K was not enough for the complete release of deuterium from the
sample.

The D and He release from the sample was recorded using two quadrupole mass
spectrometers (QMS). To resolve D2 and He gases, we used a Hiden Hal 51 QMS, which
allows measurements with varying the energy of ionizing electrons. For helium and
deuterium, the threshold ionization energy is 24.5 eV and 15.4 eV, respectively. In this work,
measurements were carried out with an electron energy of 19 eV (Hiden-19 eV), which is
lower than the helium ionization threshold and allows one to measure only the deuterium
signal, and with an energy of 31 eV (Hiden-31 eV), at which the sum of the signals of helium
and deuterium is measured. To measure signals of other masses, which include Hz, H20, and
deuterium-containing masses (HD, HDO, D-0), we used a Pfeiffer Vacuum QME 100 QMS
with the fixed electron energy 63 eV. After each separate TDS measurement, the sensitivity of
both QMS was controlled using a helium leak.

Figure 1 shows the total D retention for both materials depending on the He pre-
irradiation fluence. The D retention is higher in the W-Cr-Y alloy for the entire fluence range.
At the same time it should be noted, that the W-Cr-Y sample was annealed at much lower
temperature. All general trends however, are very similar for both materials. At low fluence,
the increase of the He fluence was accompanied with the increase in the total D retention
(figure 1).
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Figure 1. The total D retention as a function of the fluence of He pre-implantation.

After the fluence of 10%* He/m?, one can see an opposite trend. The efficiency of
deuterium trapping drops down sharply. Our previous experiments [5] demonstrated that the
surface layer is saturated with helium at this fluence.

Thus, the D retention in W-Cr-Y is not much different from that of pure W that is a
good news for potential use of this material in fusion devices.

1.J. Roth, et al., J. Nucl. Mater. 390 (2009) 1-9.

2. R.A. Pitts, et al., Nucl. Mater. En. 20 (2019) 100696.

3. Ch. Linsmeier, et al, Nucl. Fusion 57 (2017) 092007.

4. A. Litnovsky, et. al., Plasma Phys. Control. Fusion 59 (2017) 064003.
5. Z.R. Harutyunyan, et.al, J. Nucl. Mater. 548 (2021) 152848.
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CHUHTE3 MHOTI'OKOMITOHEHTHBIX IOBEPXHOCTHBIX CJIOEB B TUTAHE
MO JEUCTBUEM KOMIIPECCUOHHBIX IJIASMEHHBIX IOTOKOB
MULTICOMPONENT SURFACE LAYER SYNTHESIS IN TITANIUM UNDER THE
IMPACT OF COMPRESSION PLASMA FLOWS
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Structure and phase composition changes in the Ti surface layer doped with Nb, Zr

and Al atoms under the impact of compression plasma flows on “coating Nb-Ti-

Zr-Al/Ti substrate” system were investigated in this work. The findings showed

that plasma impact resulted in partial dissolution of coating in Ti surface layer and

formation of Ti2N and BTi phases. Decrease of the friction coefficient after plasma
treatment was found.

B HacTOAICE BPEMS IIUPOKO IMPOBOAATCA UCCICAOBAaHUA 10 CUHTE3Y U UCCIICIOBAHUIO
CBOMCTB MHOT'OKOMIIOHCHTHBIX CILIaBOB. B YaCTHOCTH, OJHHMM H3 BHAOB TaKHWX CILIaBOB
SABJIAKOTCA BbICOKO3HTp0HPIﬁHI>I€ CILJIaBbI, COCTOAIINEC U3 5 u Gojee DIEMEHTOB C IPpUMEPHO
PpaBHBIMHU KOHLEHTPALIUAMU OKOJIO 5-35 ar. %. Takue CIuIaBbI 06naz[a}0T 6oJiee BBICOKHMH
TIPOYHOCTHBIMU CBOMCTBaAMHU T10 CPpaBHEHUIO CO CTAJLIMU U JPYTMMH KOHCTPYKIHOHHBIMHA
crutaBamu [ 1]. Kpome Toro, BEICOKOHTPONHUITHEIE CIUIABBI HE UMEIOT TEMIIEPAaTypHOTO IIOpora
XJIAAHOJIOMKOCTH, KaK CTajld, U IIO3TOMY MOI'yT HCIIOJIb30BaTbCA IMPU OTPHUIATCIIBHBIX
TEMIIEpaTypax. I/IHTepec PICCJICI[OBaTeJ'Ieﬁ IIPUBJICKAIOT TAaKXXE MAardnuTHBIC, SJIEKTPUICCKUE U
TePMUYECKHE CBOWCTBA BBICOKODHTPONHMHHBIX crutaBoB [1]. Llenbio manHOM paGoThl ObLI
CHHTE3 MHOI'OKOMIIOHCHTHBIX HOBerHOCTHLIX CJIOCB B THTAHC, nonyqume l'IyTeM
ocaxnenus mokpbitus Nb-Ti-Zr-Al na turan mapku BT1-0 u nocnexyromiero Bo3aeicTus
KOMITPECCHUOHHBIX TVIa3MEHHBIX ITIOTOKOB, TCHEPUPYCEMBIX B aTMoccbepe a3oTa.

MHOrOKOMITIOHEHTHOE TIOKpBITHE HaHOcHIOoch Ha ycraHoBke QUINTA wmeromom
I1a3Ma-aCCUCTUPOBAHHOI0 KaTOAHO OYTrOBOIrO OCaXACHHUA C HCIOJB30BAHHMEM KaTOI0B
UUPKOHUsL, HUOOUS, a Takke komnosutHoro karoma 50% Ti — 50% Al [2]. Ocaxnenue
MPOBOJIMIIOCH C TPEIBAPUTEIbHON OYHCTKOW IMMOBEPXHOCTH C TOMOIIBIO Ta30IIa3MEHHOTO

rereparopa [ITMHK-II B atmoctepe aprona npu masinenun 0.3 Ila. IlomxydenHsie 0Opasisl ¢
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MTOKPBITHSIME  00pabaThIBAIMCh KOMITPECCHOHHBIMH IIa3MeHHbIMU 1toTokamu (KIIIT) Ha
MarHMTOIUIa3MEHHOM KOMIIpeccope KOMITaKTHOH reoMeTpun B atMocdepe azora. OdpadoTka
00pa3sIoB OCYIIECTBIUIACh TPeMs HMITyJbcaMH Ha PAcCTOSIHUAX OT Karoma 8-12 cMm mpu
nasnennn asota B kamepe 400 Ila. ITmoTHOCTE >HEpPTUM, MOTJTONMIEHHOH MOBEPXHOCTBHIO
obpasua Mensach B nuanasone 30-45 Jlx/cm?. HampsbkeHue Ha KOHECHCATOPHOI Gatapee
cocraBsno 4 xB. CtpykTypHO-(ha30BO€ COCTOSIHHE MOBEPXHOCTHOTO CIIOSI MCCIIEJOBANOCH
METO/IOM PEHTIEHOCTPYKTYPHOIO aHaimM3a ¢ moMoieio audpakromerpa Rigaku Ultima IV B
n3nydesnn Cu Ko B (hOKycHpOBKe mapaiienbHBIX Iy4KOB. M3MepeHHe MHKPOTBEpIAOCTH
BBINOJIHSJIOCh HA TI0JIyaBTOMAaTHYECKOM MHKpoTBepaomepe Bukkepca 402MVD Instron
Wolpert Wilson Instruments mpu zarpyske 100 r. u Bpemenu Boiaepxkku 10 c. Koaddumuent
TpeHus ompene/suics ¢ momouibio Tpubomerpa TAY-IM npu Harpyske Ha HHJACHTED,
usroroByieHHoro u3 criasa BK8, 50 r. Jlns onpeneneHuss mapaMeTpoB LIEPOXOBATOCTH
MOBEPXHOCTH HCIONb30Batics npoduaomerp MarSufr SD 26.

CoracHO JJaHHBIM PEHTTCHOCTPYKTYPHOTO aHalu3a (PUCYHOK 1) MCXOIHOE IOKpBITHE
IpeJcTaBiIseT co0Oi NpenMyIIeCTBEHHO OxHO(Aa3HBIH TBEpIbI pacTBOp (B Hpenenax
paspewienuss meroga) Nb-Zr-Ti-Al nwa ochoBe OIIK KpHCTAUIMYECKOM peIIETKH C
napamerpoM 0.3409 HM. DHEproaMCrepcHOHHbIH MUKPOAHAIU3 1TOKa3all CIEAYIOIIUI cocTaB
nokpsitusi: 27.3 ar.% Al, 26.4 ar.% Nb, 26.8 at.% Zr, 19.5 ar.% Ti.

B pesympTaTe mIa3MEHHOrO BO3JCHCTBHS TIPOMCXOIAWT IUIABICHHE IIOKPHITHA U
MIOBEPXHOCTHOTO  CJIOSl  MOJUIOKKH, JKMAKO(Aa3HOE MepeMellMBaHUe paciulaBa U ero
KPUCTAUIM3alUsl B YCIOBHSAX CBEPXOBICTPOrO OXJIXKACHHUS, YTO NPHBOINT K H3MEHEHHIO
(a3oBOrO COCTaBa MOBEPXHOCTHOTO CJ0s1 00pa3uoB (pucyHok 1). Habmomaercs yBemmueHue
MHTCHCUBHOCTH JAWU(PAKUMOHHBIX JIMHUHA THTaHA, YTO CBSI3aHO C [EPEeMEIINBAHHEM
Martepuaia OKPEITHS U TIOBEPXHOCTHOTO CIIOS THTAHA B PACIUIaBE U YBEIHYEHHEM 00BEeMHOM
JONM THTaHAa B aHAIM3UPyeMOM cioe. Taxke HaOIIOJAaeTCs yMEHBIICHHE WHTCHCHBHOCTH
nmuHuii TBepmoro pacrBopa Nb-Zr-Ti-Al. IlpucyTtcTBue 51oit (asbl oOHapyxeHO IpH
MAaKCHMaIbHON IUIOTHOCTH 9SHEPIMH, HCIOJb30BAHHOW B OKCIIEPUMEHTE, T.C. IIOJHOTO
PacTBOPEHHUS MOKPHITHS B aHAIU3UPYEMOM CJIOC HE MPOUCXOIHUT. TaKkKe MOXHO 3aMETHTh,
YTO MOBBIIICHHE IUIOTHOCTU IOIVIOMIEHHOW sHepruu mpu BosfedictBuum KIIII mpuseno k
yBenuueHHI0 nHTeHcHBHOCTH JimHnn (221) B-Ti. auaas ¢asa Moriia GbITh cTabNIM3HPOBaHa

npu KOMHATHOMU TEMIICPATYpPEC aTOMaMu, BXOSAIIUMA B COCTaB MMOKPBITHA.
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Pucynok 1 — PentrenoBckue qudpakrorpaMmbl 00pasioB CILUIABOB ¢ HOKPLITUEM JI0  110CTIE
BosaeiicTus KIIII ¢ pa3nuuHOi MIOTHOCTBIO MOTIOMIEHHON SHEPTHN.

Ipu BosxeiicrBun KIIIT mpoucxomut dopmupoBanue uurpuaa tutana Ti2N ¢ OLK
KPUCTALIMYECKON pELIeTKOH B pe3ylbTaTe B3aUMOJICHCTBUS THUTAaHA C OCTaTOYHOM
aTMochepoii BakyyMHOU Kamepsl [3]. IIpr 5TOM HHTEHCHBHOCTD JIMHHUHA HUTPUAA BO3PACTAaeT
C YBEJIMYCHHEM IUIOTHOCTH HMOIJIOMEHHOI 3Hepruu. CrefyeT OTMETHTh, Y4TO HaOJI0JaeMble
nudpaxiponHbie TMHAK Ti2N IPaKTHYECKH TOYHO COOTBETCTBYIOT JIMHHUAM dTasioHa. OQHaKo
9TH K€ JIMHHK MOT'YT COOTBETCTBOBATH M TBepIoMy pacTBopy Ha ocHoBe I'LIK Hutpuma dTiN,
(opmupyromemMycs Ipy B3anMOJEHCTBUH TBEPJOro PacTBOpa HA OCHOBE TUTAHA C a30TOM U3
OKpyKaroIeit aTMochepsl.

N3 pucynka 1 BumHo, uro mocie BosxedctBus KIIII wHabmromaercss cmereHue
mudpakimoHHBIX JHHUA oTi B o6macte Gonmbmmx yrios. [lo BemmumHe cMemieHust ObLTO
OTIpeJIelIeH0 M3MEHEHHUE ITapaMETPOB PEIIETKH THTaHA. YCTAHOBJIEHO, YTO C yBEIWYCHUEM
IJIOTHOCTH TIOTJIOMIEHHOH 3Hepruu oT 30 110 43 JIk/cM? IPOMCXOAUT YMEHBIICHHUE TapaMeTpa
pemetkn ¢ ot 0.4677 no 0.4668 HM. DTOT 3heKT MOXKeT OBITH CBA3aH C HOPMHUPOBAHHUEM
TBEPAOr0 PacTBOpa THTAHA C DJIEMEHTAMH aTOMHBIH PaanyCc KOTOPHIX MEHBIIE, YeM y TUTaHa
— HampuMep amoMHHHEeM. Takke BO3MOKHO BO3HHKHOBCHHE MAaKpOHANPSDKCHHI B
AHATU3UPYEMOM CII0€.

Tpubonoruyeckre UCHBITAHNUS TTOKA3aIX (PUCYHOK 2), 4TO NP yBEJIHYCHUH IUNIOTHOCTH
TIOTJIONIEHHON YHEPTrHM HAOMIOJAaeTCs TEHJICHIMS K yMEHBIICHHIO KOd((HIMEHTa TPEHHS.

OpHuMu W3 OCHOBHBIX IIPHYHMH, BIMSIOMIUX HA IOBeJeHHE KOI(hQUIEHTa TPEHUS
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MaTepuajoB II0CNE TUIA3MEHHOTO BO3JCHCTBHS, SBISIOTCS W3MEHEHHE MHKPOTBEPIOCTH H
penbeda moBepxHOCTH. [IpOBEICHHBIC H3MEPEHUSI MUKPOTBEPIOCTH MTOKA3ali YMEHBIICHHE
Mmukpotsepaoctu oT 303 Hv B ncxomanoM obpasie ¢ mokpsitreM 1o 207 Hv mocie o6padoTkn
KIIIl ¢ mIOTHOCTBIO MOTJIONIEHHON dSHepruum 45 Jx/cm?. B Toxke Bpems, yBelMYECHHE
IUIOTHOCTH TIOTJIOLICHHON OSHEPruM BEAET K YBEIMYCHHIO BOJHHUCTOCTH ITOBEPXHOCTH
(mapametp Wa) ot 0.518 o 4.049 MKkM, 9TO yMeHbIIACT IUIOMAAb (GAKTHIECKOTO KOHTAKTa B
mape TpeHust i 00yClIaBiInBaeT yMeHbIIeHHE Ko QUIIHEeHTa TPEHHUSI.

~—— UCXOQHOE NOKpbITUE
—30 IIl)KICM2

1,6 37 Ow/em”
—— 43 w/em’

KoadpmumeHT TpeHms

MyTb TpeHUsA, m

Pucynok 2 - 3aBucuMoCTbh K03 GHIMEHTa TPSHUS OT JUIMHBI Ty TH NPOIICHHOTO HHACHTEPOM
HCXOJHOro 00pa3ua ¢ HoKpeITHEM 1 06pa3ioB, odpabotanubix KIIIT ¢ pa3inyHOil IIOTHOCTHIO
MOIJIOCHHOM YHEPIHHU.

Takum 00pa3oM, YCTaHOBIICHO, 4YTO BO3/ICHCTBHE KOMIIPECCHOHHBIX IUIA3MEHHBIX
[IOTOKOB Ha cHCTeMy «mokpbitie Nb-Ti-Zr-Al/momnmoxkka BT1-O» npuBomut K
[EepPEMEIIMBAHUIO MaTepHana IOKPHITHS M HOMIOKKH. C  yBEIMYEHHEM IUIOTHOCTH
MOTJIONICHHON JHEPTHU B aHAIM3UPYEMOM ClIoe HAOIIONAeTCs yBelIHdeHne 00bEeMHOM 101
¢a3 Ti2N u BTi, a Takke yMCHbLICHHE HapameTpa perierkd ¢ B oTi. YMeHblIeHHE
ko3 ¢unuenta tperus obpasuos mocie BozxaeiicTBusi KIIIT cBsi3pIBaeTCsi ¢ yBEITUYCHHUEM
BOJIHMCTOCTH OBEPXHOCTH.

Januast pabora OblTa BBIIOJHEHA B paMKax rpanTta bBemopycckoro pecrnyOIMKaHCKOro

¢douma bynmamentansHbix ucciempoanuii NeT20P-030.
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STRUCTURE AND PHASE COMPOSITION OF Ti-6Al-4V ALLOY SURFACE
LAYER DOPED WITH COPPER ATOMS UNDER THE IMPACT OF
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Structure and phase composition changes in the Ti-6Al-4V surface layer doped
with copper atoms under the action of compression plasma flows were investigated
in this work. The findings showed that plasma impact resulted in formation of a-
Ti(Cu) solid solution in the alloyed layer and formation of 3-TiN at the surface.
Increase of the energy absorbed by the surface during plasma impact (30-
43 Jicm?/pulse) led to diminishing of Cu concentration (1.3-0.3 at.%) in the
analyzed layer.

TuTaHOBBIE CIUIAaBBI IIMPOKO HCIIOIB3YIOTCS HPH HM3TOTOBICHUM OPTOINEANYECKHX M
CTOMATOJIOTHYECKHX HMIUIaHTaToB. Hambonee pacrpocTpaHEHHBIM CIUIaBOM Ha OCHOBE
tutaHa sBisiercss (ot+P)-crmaB Ti-6Al-4V. CruaBer tuma Ti-Al-V  o6mamator BBICOKO#
CTOWKOCTBIO K COJIEBOH KOPPO3MH M XOPOIIEH TeXHOJOTHYHOCTBIO — IOJBEPratoTCsi KOBKE H
TepMOo0OpaboTKe, 00padaTHIBAIOTCS pe3aHHeM JIydlle YHCTOro Turtana. OgHaKo B psge pabot
OTMeYaeTcs, YTO UCIONIb30Banue ciuiaBa tuma Ti-Al-V B MeauiiHe B KauecTBe KOMIIOHEHTOB
9HJIONPOTE30B MOXXET BBI3BIBATH OCIOXHEHHS B OPraHM3Me 4YelOBeKa HM3-32 TOKCHYHOCTH
BaHAIMs M ATOMHHUS, COACPXKALIMXCSI B COcTaBe ciutaBa. Kpome Toro, GakTepuanbHas
nH(EKIHS — O/IHa U3 PACIPOCTPAHEHHBIX MPHYKH BBIXOJa U3 CTPOS MMILIAHTATOB Ha OCHOBE
TUTaHa. VI3BECTHO, YTO JaXKe €CIIN ONeparys IPOBOAUTCS B CTPOTHX aCCIITHYCCKHUX YCIOBHSX,
CpeIHUI ypOBEHb MH(UIMPOBAHMS OPTONEIMYECKHX THTAHOBBIX HMILIAHTATOB JOCTUTACT
5 %. Ilostomy paspaborka crutaBoB Ti ¢ GakTepuaIbHBIMH HHIHOUPYIOLIMMHU CBOHCTBAMH
SIBISIETCS AKTYaIlbHOM 3amadeil. YIydllleHHe aHTHOAKTEPUANbHBIX CBOMCTB MOXET OBITh

Z[OCTI/[FHyTO HyTeM JOIIOJIHUTECIIBHOT'O J'IeFP[pOBaHI/ISI THUTAHOBOTI'O CIJIaBa aTOMaMu Ag )5 Cu
[1-3].
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Henbto nmaHHOW paOOTHI SBIANOCH H3YYEHHE CTPYKTYpHO-()a30BOTO COCTOSHHUS
MOBEPXHOCTHOTO ciosi cruiaBa Ti-6Al-4V, nernpoBaHHOrO aTOMaMH MeJM TOA JeHCTBHEM
KOMIIPECCHOHHBIX ~ TMasMeHHbIX  moTokoB  (KIIIT).  JlermpoBamme  oCyIIECTBIANIOCH
MIpeBapUTENBHBIM OCAKICHHEM TTOKPHITHA MEIM TOMIHUHON ~ 1 MKkM Ha o0pasmpl cruiaBa
KaTONHO-OYTOBBIM ~ BAKYyMHBIM  OCKAGHMEM M MOCIENYIOIMM  BO3JEHCTBHEM
KOMIIPECCHOHHBIMH TITa3MEHHBIMH TOTOKaMH. B pesymprare mmasmMeHHOro Bo3ACHCTBUS
MPOMCXOJUT IUIABICHUE IOKPBHITHS M IIOBEPXHOCTHOTO CJOSI HOJIUIONKKH, >KHAKO(a3HOE
[epeMeIIBaHNe PacljlaBa M ero KPUCTAIU3ALMS B YCIOBHUIX CBEPXOBICTPOTrO OXJIAKACHHS
[4]. O6paborky o6pasuos KIIII ocymiecTBisid TpemMs HMMIyJIbCaMH IIPU  HA4aJbHOM
HaNpsDKEHHH Ha KOHJAeHcaTtopHoi Oartapee 4 kB. PaccrosiHue Mexay o0Opasiom U cpe3oMm
KaToJa SJIEKTPOPA3PsAHON CHCTEMbl BapbHUpOBalIoCh B quamasoHe 8-12 cM. YBenudeHue
9TOTO PAcCTOSHUS O0YyC/IaBIMBAET YMEHBIICHHE SHEPrUH, IOINIOIACMON MOBEPXHOCTHIO
obpasua IIp¥ IIa3MEHHOM BosielicTBuu B  juanasoHe 30-43  Jx/cM?/uMITyIibC.
DKCIIEpUMEHTHI IIPOBOJMIIN B PEXUME “OCTATOYHOrO Tra3a”, IPH KOTOPOM IPEBAPUTEIBHO
OTKa4YaHHYIO BAaKYyMHYIO KaMepy 3aIlOJHsUIN pab04dMM ra3zoM — a3oToM Jo aasieHus 400 ITa.
Da30oBBIil COCTaB HCCICAOBANCS METOJOM PECHTTCHOCTPYKTYPHOTO aHajiu3a C HOMOIIBIO
madpakromerpa Rigaku Ultima IV B usnyuenun CuKa B ¢(okycupoBke mnapaieibHBIX
my4koB. Mopdoioruss M 3JIEMEHTHBIH COCTaB MOBEPXHOCTH O0pasloB H3y4alnuch C
HCTIONB30BAHMEM PacTPOBOTO NIEKTPOHHOTO MuKpockorna LEO1455VP.

Ha pucynke 1 mpencraBieHsl pe3yibTaThl aHain3a (a3oBOro cocTaBa HCCIELYEMBIX
oOpasnoB. B ucxomHom 00pasiue ¢ MOKPBITHEM JH(PAKIHOHHBIC JIMHUK - T1 CMEIIeHbI B
CTOpOHY 0ONBMINX JU(DPAKIIMOHHBIX YTJIOB OTHOCHTENIBHO 3TAJIOHA, TaK KaK OCHOBHOH (ha3oil
crunaBa Ti-6Al-4V sBisercs TBepblit pacTBop 3amemtenus o-Ti (Al, V).

Ha mudpaxrorpammax obpasuos mocie Bosaedictsus KIII mudpakumonnsie mmHMR
ME/Ii OTCYTCTBYIOT. B To)ke Bpemsi, Ha JIeBOH CTOpOHE BceX MU(PAKIMOHHBIX JHHUHA o-Ti
MOSBIISTIOTCS.  «IIJIEYM»,  KOTOPBIE ~ MOTYT  CBHJIECTENBCTBOBATH O  (hOPMHPOBAHMHU
IOIONHUTENBHOH ()a3bl Ha OCHOBE -Ti ¢ GONBLINM IAapaMEeTPOM DEIICTKH, HAlpHMep,
MapTeHCUTHOH WIIM TBEPIOrO PacTBOpa C y4acTHEM AaTOMOB IIPHMeCH OOJBLIEro, YeM y
THTaHa paauyca. VHTEHCHMBHOCTb JHHUHA O5TOH (a3l YMEHBIIACTCS C YBEIHYCHHEM
IJIOTHOCTH 3HEPIHH, MOTJIOMAEMON MOBEpXHOCThI0. Kpome Toro, HabmomaeTcs MosBICHUE
nuHnii 8-TiN, MHTCHCUBHOCTh KOTOPBIX YBEIMYMBACTCS C YBEIMYCHHEM IOIJIOLICHHOM
sHeprur. DOPMUPOBAHKME MOBEPXHOCTHOrO ciiosi HuTpuaa Turana O-TIN Kak pacrBopa
3aMeIEeHHs] IPOMCXOAUT C YMCHBLICHHEM €ro mapaMerpa pemierku. [losiBieHue HUTpuzaa

nocie BosneiicrBust KIIIT 06yCJ’IOBJ’l€HO B3aUMO/ICHCTBHEM aTOMOB THTaHa Ha TMOBEPXHOCTHU C
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aroMaMHd  OCTaTOYHOMU aTMOC(i)CpBI BaKyyMHOﬁ KaMepbl Ha JTane  OXJIAXIACHUA

TIOBEPXHOCTHOTO CJIOs IOCIE pacriaza MmiIa3MEeHHOI'0 IIOTOKa [5]

7000 -
T T T 1 Cu
. 60004 T T T T T 1 oTi
& 18T
S 50004
c
a4
= 4000
9 43 Ow/em®
3 3000 -
— 37 Dx/em
T 2000 T i
':E 30 Ox/cm
= 10004 2
ncxogHbIn
0 T T T T T T 1
30 40 50 60 70 80 90 100

20, rpagyc

Pucynok 1 — Yyactku qudpakrorpaMM HCXOIHOTO oOpasiia cIuiaBa C IOKPBITHEM B 00pas3IoB,
obpaboTanubix KITIT.

@dopMUpOBaHHE HHUTPUAHON IUIGHKH Ha [OBEPXHOCTH O0OpasLoB ClulaBa IpH
BO3/ICHCTBUM IOATBEPIKAACTCS JTAHHBIMU PACTPOBOM DJIEKTPOHHON MHKPOCKOIHH (PHCYHOK
2). Kak BumHO M3 pucyHka, mocie Bosaeictsus KIII mpu 30 [[x/cMZ/UMIyibC IJIeHKA
COCTOUT M3 3€peH Pa3MepoM [0 2 MKM C JCHIPHTHOH CTPYKTYpOii, CBHAETEIbCTBYIOLICH O

KPUCTAIIN3ALUH B YCIOBHAX OBICTPOTO OXJIAXKICHHUS.

KoHueHTpauws, at.%

0,2 T u T T T T T y
28 30 32 34 36 38 40 42 44

MNOTHOCTb NOFMOLEHHOI SHeprum, [x/cm
Pucynoxk 2 — Mopdosorust HoBepxHOCTH PucyHok 3 — 3aBHCHMOCTb KOHIIEHTPALIMU ME/U B
o06pasLa CIUIaBa ¢ HOKPHITHEM MEIH 1OCTIe aHAIM3UPYEMOM CJI0€ 00PA3LOB OT IIIOTHOCTU
o6padorku KIIIT npu miioTHOCTH SHEPrUn DHEPIUH, MOTJIOIIEHHOI TTOBEPXHOCTHBIM CJIOEM.
30 JTx/cM?/uminy ibe
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HccnenoBanne 37€MEHTHOTO COCTaBa TOBEPXHOCTHOTO CIIOS TONIIMHON ~ 1 MKM ¢
MTOMOIIBIO YHEPTOANCHEPCHOHHOTO MUKpOAHAIN3a TOKAa3al0, YTO B TOBEPXHOCTHOM CIIOE
THUTAHOBOT'O CILIaBa MOCIE OCAXKIECHHS MOKPHITUS MEIH M mociexytomero Bo3aeiictaus KIIIT
NPUCYTCTBYIOT ~aTOMBl ~ MeIH. YBENIWYEHHe IUIOTHOCTH DHEPrHH, MOTJIOIIEHHOI
TIOBEPXHOCTHBIM cioeM npu Bo3zaeiicteun KIIII, BexeT x yMeHbIIEHHIO B HEM KOHLICHTPALUI
meau ¢ 1.3 mo 0.3 ar.% (pucynok 3). OCHOBHas NMpHYMHA TAKOTO MOBEACHUS CBs3aHA C
9po3uell MOBEPXHOCTHOTO CJIOS TpPH IUIA3MEHHOM BO3AEHCTBHM. MeXaHH3MOM 53po3uH
SIBJIICTCS THUIPOAMHAMHYECKOE TEYCHHE paciljaBa MOJ JAaBICHUEM IUIA3MEHHOTO IOTOKa,
PacTEeKaloIEerocs: paauaibHO BIOJb HOBEPXHOCTH, NPUBOAsALIEE K BHIOPOCY YacTH paciuiaBa
3a mpexensl oOpasua [6]. Takoii MexaHM3M OJpO3WH INPEBATMPYET HAI HCHApEHHEM
[IOBEPXHOCTH IIPH YCJIOBUHM, YTO AHaMETp 00pasiia MEeHbLIE JUaMeTpa IUIa3MEHHOr0 II0TOKa B
00JI1aCTH €ro B3aUMOJCHCTBYS C IIOBEPXHOCTHIO.

ConocraBiieHUe JaHHBIX (A30BOT0 U 3JIEMEHTHOTO aHaIN3a M03BOJISAET IPEAIONIOKHUTS,
YTO TBEPIBIil PacTBOpP HAa OCHOBE O-Ti ¢ GOJBIIMM IIEPHOLOM PELICTKH, (HOPMHUPYIOMIUHCS
[P TUIA3MCHHOM BO3/ICHCTBHH, COJICPKUT aTOMBI MEIH, PAJyC KOTOPHIX OOJblIE pajuyca
aTOMOB THTaHAa. YBEJIMYEHHEC IUIOTHOCTH IIOIJIONIEHHON SHEPrHH, MpPUBOJSIICE K
YMEHBIIEHNIO KOHIEHTPAllMM MEAN B MOBEPXHOCTHOM CJIO€, 0OYyCIIaBIMBAET YMEHbIICHHUE
00BEMHON JIOMM 3TOTO TBEPJAOTO pPAcTBOpa W yMEHBIICHHE HWHTEHCHBHOCTH €ro
IM(PAaKIMOHHBIX JINHUH.

Takum 00pa3oM, BO3ICHCTBHE KOMIIPECCHOHHBIX IIa3MEHHBIX IIOTOKOB Ha CruiaB Ti-
6Al-4V ¢ nokpbiTHEM MeIu IMO3BOJISCT JErHpPOBaTh MOBEPXHOCTHBIH CIIOH CIlaBa aTOMaMH
MeZu ¢ KoHIeHTpanuei 10 1.3 at. % (B HCHONB3yeMBIX PEKIMAX BO3AEHCTBH). ATOMBI MEH
MPEHMYIIECTBEHHO BXOASIT B COCTaB TBEPJOTO PAacTBOpa Ha OCHOBE o-Ti. YBenuueHue

TINIOTHOCTHU ]'[OFJTOH.IeHHOﬁ OHEPIruM BEACT K YMECHBIICHUIO KOHIICHTPAlUU MEIU.
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K Bompocy o0 kpaTepax Ha HOBePXHOCTH METAJIJIOB IOC/Ie HMMEPCHOHHOW HMILTAHTAUA
M3 JIa3MbI BAKYYMHOT'0 IYyTOBOT'0 pa3psijaa
H.H. HI/IKI/ITCHKOBI), A H. CyTLIFI/IHal), B.C. CLIH‘{eHKO]'), 10.1. T}oanl), Jle Yxau®

1) Tomckwmit momuTeXHUYeCKHit yHIBepCHTET, ToMcK, Poccus

On the issue of craters on the metals surface after immersion implantation from the
plasma of a vacuum arc discharge

N.N. Nikitenkov?, A.N. Sutygina?, V.S. Sypchenko?, Yu.l. TyurinV, Le Zhang?
DTomsk Polytechnic University, Tomsk, Russia

The paper presents the study results of the craters formatting on the surface of stainless steel and Zr-1%
Nb alloy during plasma-immersion ion implantation of titanium from the vacuum arc discharge (VAD)
plasma. The interpretation of the results is given under the assumption of the presence in VAD plasma

of significant number of a titanium heavy clusters Tin (n> 10 is the atoms number in the cluster).

IInazmenHo-uMMepcronHas nonHass umruiantauust ([IMMM) u3 BakyyMHOro JIyroBOro
paspsza (B/IP), kak u Bce BakyyMHbIC HOHHO-TUIa3MEHHbIE TEXHOJOTHH HAaXOJIAT Bce Ooiee
MIMPOKOE TIPUMEHEHNE, HECMOTPSI Ha HEKOTOPOE KOINYECTBO HEOOBACHEHHBIX HAa HACTOAIIHI
MOMEHT siBneHWH. OJHMM W3 TaKWX SBICHUH SBIAIOTCA KpaTephl, oOpasyrommecs Ha
MOBEPXHOCTH MMIUIAHTHPYEMBIX 00pasloB. B mokimaze NmpUBOIATCS SKCIEPUMCHTAIBHBIC
3aKOHOMEPHOCTH (IIOJIy4eHHbIE HaMU IIPU HCCIEIOBAaHUM HOSBIECHHUS KPAaTEpOB), KOTOpHIC
MIPOCTO OOBSCHSIOTCS, €CITM MPHUHATH THIOTE3y O HAIWYUS B IJIa3Me BaKyyMHOTO TYTOBOTO
paspsiza TsKembIX KinactepoB Mn<* (M — meramn, n=10-100 u Gomee — 4HMCIO aTOMOB B
Kiactepe, K — 3apsHoCTh). OU3HYECKMMU OCHOBAHMSIMHU TSl BHIIBHXKCHHUS TAKOM THIIOTE3bI
MOCITY)XHJIU: 60-NEPEbIX, HATNYME MHUKpOKarenb Merauia B masme BJIP (nanpumep, [1]),
KOTOpBIE TaKXKe MOSABIISIOTCA Ha MoBepxHOCTH 00pasios mocae ITMWN u3 BIP, u pasmepsr
KOTOPBIX BapbUPYIOTCS OT CJUWHHUI[ MHKPOH, IO MCYC3AONIC MAibiX (HA H300paKCHHSX,
MOJTyYEHHBIX CKAHUPYIOLIHUM 3JIEKTPOHHBIM MHKpockoriom (COM)); 0-émopbix, 0coGeHHOCTH
MPOLIECCOB B KAaTOJHOM IISAITHE, B mporecce popmuposanus miasmel BJP [2] (B wactHOCTH,
BO3HHKHOBCHHE BEICOKOMHTCHCHBHOI 2JIEKTPOHHOM aMuccnH [3], KOTOpast MOKET HOHH30BaTh
U J@Ke paspylIuTh MeNbyaiilliie MHUKDPOKAIUIN), 6-MpembUx, PEe3yibTaThl HCCIEIOBAHUI
MEXaHU3MOB B3aHMOJECUCTBHsI KJIACTEPOB yKa3aHHBIX Pa3MEPOB C MOBEPXHOCTHIO METAJLIOB
[4]. BMmecte ¢ Tem, 3KCHEPUMEHTAIBHO MACCOBBIH (KIIACTEpHbIN) cocra miasmel BIIP B
HACTOSAIIEE BPEMs HE HCCIECAOBAaH M3-3a OONBIIMX 3KCIEPHMEHTAIBHBIX CIOXKHOCTEH,

o6ycn03neHme BBICOKOU TeMnepaTypoﬁ B KaTOAHOM IISITHE, YCIOBUAMHU BBICOKOTO BaKyyMa,
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u MansiM o6beMom mnasmel BJIP. Tlostomy mpuBoguMble HHXKE OOBACHEHHUS MONYYEHHBIX

OKCIICPUMCHTAJIbHBIX 3aKOHOMepHOCT€ﬁ SIBJISIFOTCSI BCETO JIMILb THITOTE30M.

B Hacrosiem Joknajge npuBeleHbl pesynbTaThl ucchenosanust [IMUN Ti B o6pasisl

cruaBa nupkoHus D110 n Heprkaeromed cramu. IlapameTpsl NMITAHTAINK TIPUBEICHBI B

Ta6muua 1. TTapamerpsr ITMHN.

Tok 2y A
Jlabeme B Kavepe (Ar) 015TTa
TloTeRImAT CMemeRus S00-1500B
acTora e1e70BAHHS HMIYT5C0B 10°mim /e
JImTeTsHOCTS M Tha Ine
Tlnorocts Toga S /o’
Tevmeparypa Mimmen (00pa3ia) 300-400°C
Bpews o0padorkn 330 vm

Ta6.1. Ha puc. 1 nmpezcTaBiaeHbl, MONTy4eHHBIE METOIOM
BUMC, npoduii KOHIEHTPAIMU TUTAHA U [UPKOHHS,
nonmydennsie nocne ITMHUW Ti B obpasen Zr mpu
Pa3HBIX BENWYMHAX CMEIIEHHUs (M3BECTHO, 4TO, HpH
IOCTaTouyHOM  Oombmiom  Bpemenu [IMWHM, Ha
MTOBEPXHOCTH obpasia HapacraeT IUICHKA
MMILUTaHTHpyeMoro meTamna). M3 pucynka BHIHO, 9TO

qeM MCHBIIIC TIOTCHII AT CMCIICHUA (3Hepms{

NOCTyMNaromux Ha MOBEPXHOCTb qacmu), TeM OGoJbIIe TOJIIMHA TUIEHKH. Hpnqu npu

yYMEHBLICHHU MOTeHIa a cMemenus B 1,5 pasa (ot 1000 no 1500 B), TosmiuHa mOKPBITHS
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yMmeHbIaercst B 2 pasa ot (~ 0,2 no 0,4 mxm). B
TI€4aTl yMCHBIICHUE TOJLIMHBI UMIUIAHTAPOBAH-
HOTO CJIOS C YBEIMYCHHEM SHEPrUM 4acTo
OOBSCHSIOT ~ YBEIMYCHHEM  BKJIaJa HOHHOTO
pacnbuICHHST TIPpA YBEIWYCHHUHA ODHEPrUu HOHOB.
Opnako, Takoe OOBSACHEHHE HE BBIICPKHBACT
KPUTHKH, €CIM pe4b HAET 00 OJHOATOMHBIX,

OAHO3apsAAHBIX MOHAX, MPUYEM, B HAILIEM Clly4ac

e OJJHH M T€ )K€ HOHBI (THTAH) OTBEYAIOT U 3a POCT

© mmenkm u 3a eé pacmbutenne. To ecTh, HajIO
YUHUTHIBaTh, YTO HAJICTAIOIINE HOHBI OCTAIOTCS B
TUIEHKE, CO371aB KacKaJl aTOMHBIX CTOJKHOBEHHH,
npuBoAAmuil kK pacmeuieHuio. IlosTomy, 4TOOBI
MpoLEeCcC HapacTaHWs TIIJICHKHM mepemén Kk eé
PpacIbUICHUIO (YTOHYCHHUIO IIEHKH ), KO3 PUIIHEHT

0,8
pactibuieHus (S) IpH yBEIMYSHHH SHEPTHH HOHOB

Pucynok 1 — BUMC npodunu pacnpeneneHus
Ti (a) u Zr (6) B obpasuax Zr-1%Nb mocre ot 1000 go 1250 B momkeH CKauKkoM YBEITHIHTHCS

[MMHWM TuTaHa ©OpH pasHBIX IIOTEHIMAIaX .
cmewermsix: 1) blank, 2) 1000B, 3) 12508, 4) A0 3HaueHuil S>1 (Mpuyem, 3HAYUTENHHO GOJIbIIE

1500B. Bpems ITMUU 30 MuH Beex ciaydasx.

1, YTOOBI KOMIIEHCUPOBATh HapaCTaHUE IVICHKU 3a

cuér BHEAPEHHUE TEX XKE HOHOB, KOTOPLIC MHUIUUPYIOT ITPOLIECC paCHLUIeHI/I}I). O,I[HaKO,

45



OOLIMpHBIE YKCIIEPUMEHTANIBHBIE JaHHbIe (Harnpumep, [5, r1.4]) mokas3sIBaioOT, YTO 3HAYECHHE
K03 (HULIHEHTA pacTIbUICHHS B 00IACTH SHEpruil Hanetaronmx noHoB 0,1-2 k3B npu Gmu3Kux
BEJIMYMHAX MAacC HOHA M MHUIICHH COCTABIISIOT TOJIBKO AECSThIE 10JH OT 1.

Ha pucynke 2 mpencTaBieHbl, MONyYeHHBIE METOJOM CKAaHUPYIOMIEH >IEKTPOHHOH

oL s N G 1o e MHUKPOCKOIHH, N300paKeHUs
noBepxHocreil cruiasa Zr-1%Nb
M HEp)KaBEIOIIeH cTanu 1ocie
§ [IMNU turana u3 miasmel B/IP,
B 33BHCHMOCTH OT BpEMEHH
R pnk : o0JydeHHss NpU CMENICHHH Ha
obpasmax —1500 m -2000 B.
BuaHo, B 4aCTHOCTH, 4TO TOCIE

BpEMEHH OO0IydeHHUs, OOJIBLIAM

" 25wem Ve Ae Y 415 MUH Ha TNOBEPXHOCTH Kak
Pucynok 2 — COM-u306paxxenus nosepxHocreil nocie I[TMUU tutana:
nosepxnocth Zr-1%Nb nocne UMK Ti npn nanpsxennu cvemenns CTUIaBa 9110, Tak 1 Hepxapero-
1500 B B Teuenue, BpeMenu t, MuH: a) 5, 0) 15, B) 30; 1) moBepxHOCTH

HeprKaBeIOIIeH CTaju, NpU HanmpsbkeHnu cmentenus —2000 B, t=30 mun. UIEH CTamM HAGIONAIOTCH Kpa-

Tepbl. B pabore [6] npu Benmumne cmemienust Ha oOpasiue —1000 B kparepos He ynanoch
HaOmrofaercst mpu BpeMeHH paBHOM 30 MuH. Takum 00pa3oM, NOSBICHHE KpaTepoB INpU
IMHHN xapakTepusyercs ABYyMs MOPOTOBBIMH TapaMeTpaMH OJHOBPEMEHHO: 1) BenwdmHa
CMeELIEHHsT Ha TOMIOXKKE JI0DKHA ObITh Gosbine —1000 B (mo aGconoTHOM Bennuuue), 2)
BpeMsi o0rydeHus Oombiie 15 MUHYT.

Kpome mpencrapieHHbIX Ha puc. | m 2 pe3ynbTaToB, METOJOM AaTOMHOW CHIIOBOM
MHKPOCKOIIWH B KOHTAKTHOM DEXHMeE, OBUIM HCCIIENOBAHbI pasMepbl KpartepoB (puc. 2B)
(cooTBETCTBYOIINE PE3YNIBTATHI OYAyT HPEACTABICHBI B T0KIazae). B memom, popma kparepa
1I0X0%a Ha BOPOHKY OT B3pbIBA IPaHATHI IUPHHOI Ha MOJIOBUHE BBICOTHI ~ 100 HM, a cpenHeit
riryouHy ~ 20 HM (M3MepeHus JIeNalich Ha 3-X BBIOpaHHBIX KpaTtepax). [loixyuennsle gpopma,
IyOMHA ¥ MOMYIIMPHHA KPaTepoB OUYECHb IOXOXKH HA Te, YTO IOMYYEHBI M M3MEPEHbI IpPH
B3aHMO/ICHCTBHHU KJIACTCPOB CPAaBHUMBIX C HAIIMMH HEPTHH M Macc (0 BO3MOXHBIX Maccax
kiacrepoB nipu [TMAU cM. Huske), HO Ha apyrux Metawiax [7,8]. Takum 00pa3oMm, MOIydCHHbIE
pe3yJIbTaThl JAl0T OCHOBAHUS HPEICTABUTH MPOLECC MOAM(PHKALNK TTOBEPXHOCTH METAJLIOB
nyrem [TMUU u3 merannnueckoit miasmel BJIP, cienyronmm o6pasom.

1. Ilpu noreHimane cMelieHUs Ha oOpasue HIDKe MoporoBoro (oueHouno, <1 kB),
COOTBETCTBEHHO, SHEPTUs W3BJIEKaeMBIX M3 IUIa3Mbl MOHOB MeHbIne | k3B) mpoucxomur

Ppaspymi€Hue MOBEPXHOCTHOI'O CJIOS 06pa3ua W HapaCTaHUE CJI0S UMIUIaHTHPYEMOI'0 METajlia
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(cootBercTBYeT KpuBoil 4, puc 1). IIponcxomute 3T0 MOXET 3a CUET HAIH4HS B IIIa3Me
HMOHHM30BaHHBIX MUKPOKAIIEb HAHO METPOBOTO pa3Mepa U (HJIN) KJIacTepoB, (POPMUPYIOIIUXCS
NpU paclIMpeHUU aroMapHOW cocraBisitolied rasmbl B/IP B BakyyM B NpUCYTCTBUH
Oydeproro rasa (Ar). Ilpn Takmx SHEpPrUsAX, MOCTYNAIOMUX HAa TOBEPXHOCTH KIAaCTEPOB,
MEXaHM3M HX B3aHUMOJICHCTBHUS C TIOBEPXHOCTh B KOHEYHOM CUETE MPHBOAUT K MX OCAXKCHHIO
Ha TOBEPXHOCTh (YCIOBHS HPH KOTOPBIX pPEATM3YIOTCS Pa3IM4YHBIC MEXaHH3MbI
B3aUMOJCHCTBHUS KIACTEPOB C MIOBEPXHOCTHIO 00Cy)kmatoTes B [8]).

2. IMpu sneprusax >1 k3B BKio9aeTcs Apyroil MexaHW3M B3aMMOAEHCTBHUS KIIACTEPOB C
MIOBEPXHOCTBIO, IPUBOAAIINHN K PacIbICHUIO HAPOCILIETO CI0s (CM. KPUBBIE 2, 3 OTHOCHTEIBHO
kpuBoii 1, puc. 1). Ilox «IpyruM MexaHU3MOM» MBI IOHUMAEM IIOSIBIICHHE B IIOTOKE YACTHII,
TOCTYMAOIIUX Ha TOBEPXHOCTD, TSHKETBIX MOT0KUTEIBHO 3apsKEHHBIX KJIACTEPOB CIIOCOOHBIX
co3naBarh TemyoBble MUKH. CormacHo [4] ycnoBHEM CO3[aHMS TEIUIOBOTO MHKAa KJIACTEPOM
SBIISICTCS BEJIMYMHA SHEPIUH CTOJIKHOBEHUS KJIacTepa ¢ MOBEPXHOCTBIO, KOTOpast B pacyeTe Ha
OZIMH aTOM KJIacTepa, JOoJDKHA ObITh >10 5B/amom. Ilpu yckopstomeM HanpspkeHun >1000 B
9TOMY YCIOBUIO OyIyT, O4€BHIHO, YAOBIETBOPATH KJIACTEPHI ¢ yrcaoM aroMoB 1o 100 (u 6ornee,
NpH YBEIMYEHWH DHEPrHu). 3aMeTHM, 4TO B pabore [4] TepMUH «TEIIOBOM IHK» HE
HCTIONB3YETCS, Pedb B HEil HAET O CO3AaHUH B 00JIACTH CTOJIKHOBEHUsI KOPOTKO XUBYIIeH (~10—
100 ¢hc) cpensl, ¢ Temmeparypoii >10*-10° K; miotHOCTbIO B 4-5 pa3 Gonblueii MIOTHOCTH
TBepsoro Tena; nasnenueM >10* M6ap; cxopocth Harpesa Moer jpocturarh 10° Kicex.
IlonsiTHO, uTO peus uAeT 00 00bEME, BKIIOUAIONIEM caM pa3pyIIMBAIOMIUIiCSA MpU ynape o
MOBEPXHOCTh KJIACTEP M HPHIOBEPXHOCTHYIO 00JacTh YAaCTHYHOTO BHEIPCHUS KiacTepa.
IonaTHO TakXke, 4TO NpUBECHHbIE BbIe (M B [4]) SKCTpeMalbHbIe MapaMeTphl IPH CTONb
MajbIX pa3Mepax HarpeBaeMoro 00b&éMa JTOKHEI MPHBOANTH K B3PBIBHOMY Pa3JIeTy aTOMOB B
BaKyyM U (hOPMHPOBAHUIO KpaTepa.

3akimouenue. CoBpeMEHHbIE YCTaHOBKHM, wucnonb3ytomue ITMUW w3 BJP, co3nanbl
HCKITFOUUTEIIBHO JUTS TEXHOJIOTHYECKHX 1eseil. C MX HOMOIIbIO HEBO3ZMOXKHO U3MEPSITh MHOTHE
mapaMeTphl, [O3BOJSIOLIME pa3o0Oparbess ¢ (Gu3MKOi siBIeHW. BbiBox: HeoOXomuMbI

HWHBCCTUILIANA B COBCPUICHCTBOBAHUEC UMCIOIINXCA U CO3IaHNC HOBBIX YCTAaHOBOK.
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3AXBAT U YIEPXKXAHHUE I'A30B B CJ1051X, OFPA3YEMbIX HA METAJUIAX, ITIPH
MNJIASMEHHOM OCAXJIEHHUA ATOMOB AJIIOMUHUSA
TRAPPING AND RETENTION OF GASES IN LAYERS FORMED ON METALS DURING
PLASMA DEPOSITION OF ALUMINUM ATOMS

Berpambexos JI.b., Josraniok C.C., Pykuna FO.I'., Kacumosa H.H.
Begrambekov L.B., Dovganyuk S.S., Rukina Yu.G., Kasimova N.N.

Hayuonanvnwiil uccredosamenvckuil soephuitl ynusepcumem « MUDHy

In this work, a thermal desorption study of the formation and modification of layers formed by the
deposition of aluminum atoms on the surface of tungsten, molybdenum, titanium, nickel, iron and stainless
steel was carried out. The features of the capture of hydrogen during the formation of surface layers on

various metals and the nature of its retention are revealed.

B pab6ore [1] u3mepsinack TepMoaecopOLusi BOIOPOIa U aproHa M3 MOBEPXHOCTHBIX CIOEB,
c(hOpMUPOBAHHBIX Ha IOBEPXHOCTU BOJIb(pPaMa aTOMaMH OCPUILIHS U aJFOMHUHHMS, PaCIbUIEHHBIMH
HMOHAMH aprOHOBOH IJIa3Mbl C TIOBEPXHOCTH COOTBETCTBYOIINX MHIICHCH.

B npezcraBieHHON paboTe pacHIMPEHBI 3TU MCCIENOBaHUA. M3-3a TOKCHMYHOCTH OepHins
9KCHEPUMEHTBI BBIIOJIHAINCH TOJBKO C alltoMuHHeM. V3yuaercs GopmupoBaHue u Moaudukanus
IIPH TIOBBIIICHUW TEMIIEpaTypbl CIIOEB, 0Opa3yeMbIX IIPH HAINBUICHMHM aTOMOB AalIOMHHHS Ha
MTOBEPXHOCTH BOJb(paMa, MOINOAEHA, THTAHA, HUKEIIS, IUPKOHHS, XKeJle3a 1 HeprKaBeroleil cTaim.
BeIcKa3bIBaOTCS MIPENONOKEHNS 00 0COOEHHOCTSX 3aXBaTa BOJOPOAA U aproHa B TOBEPXHOCTHBIC
ciou, c)OpMUPOBAHHbIE HAa Pa3IMYHBIX METAUIAX U 00 YCIOBUSX UX TEPMHYECKON JECOpOIMH.

HambuieHre aTOMOB aTIOMMHHMS ITPOBOAMINCH B MHUI[HMPOBAHHOM 3JIEKTPOHAMH TICIOIIEM
aproHOBOM pa3psje B ycranoBke. OOpasmpl mepe] HambUIeHHEM He obe3raxuBanich. Ilapamerps
HAIBUIEHNS: JABJICHUE OCTAaTO4HOrO rasa 2,6x10** Tla, maBnenue pabodero raza (Ar) 1,3x10°! Ila,
Temmneparypa o6pasuos 500 K, ckopoctb ocaxienus aromoB 3,3x10'* ar/cm’cek, MIOTHOCTH
ocaxkaenns atoMoB amomunus 1,2x10'8 ar/cm?. TJIC aHanu3 NpOBOAMICS NPH CIEAYIOLIMX
napamerpax: JaBleHue ocraroyHoro raza <Ix10-° Ila, ckopoctb HarpeBa obpasuoB 5 K/cek,
TeMIeparypa Harpesa oopasuos <1600 K.

Cpasrenne TJIC criekTpoB 00pa3LoB METAILIOB [0 U MOCJIEC HAMBUICHHS aTOMOB aJIOMUHUS
CBHETENBCTBYIOT O 3aXBaTe B IPOLIECCE HAMTBUICHHS apTOHA M BOJOPO/IA M3 0CTaTOYHOTO Ta3a. 3axBar
BOZIOPO/A MPU HATBUICHUH aTOMOB QJIOMHUHHS Ha BOJIb()paM HPOMCXOMI B BHICOKOTEMIIEPATYPHBIC
JIOBYIIIKY, HE XapakTepHble 11 Boibppama u amomuuus. Crexrpsl TJIC aprona BKiIo4Yann OauH
WJIA HECKONIbKO pe3kuX mukoB (puc. 1 a u 6). Comocrasnenue $pa3oBoii AuarpaMMbl coeiuHeHUs Al-
W [4] ¢ nonoxennem nuka B TJIC criekTpe aprona u3 o0pasiua Boiab(pama ocie HalbUICHHS aTOMOB
AJTIOMHHUSI TO3BOJIMJIO CUUTATh, YTO JecopOuus aprona mpu temmeparype 1040 K Obuia Bei3Bana

o0pa3oBaHHEM CTPYKTypbl HHTepMeTauuaa AlsW. Bropoii, He cTosb pe3kuii, MaKCHMyM JIecopOLin
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aprona (T=1400 K) conmpoBokaascs aecopOuueii, mpakTUIeCKH, BCEro 3aXBa4eHHOT0 BOJ0poa (prc
1 a), a Taxke ucrnapeHueM 95% aOMIHUS, COIVIACHO PE3yJIbTaTaM SHEPIoIUCIIEPCHOHHOTO aHAIN3A.
OTH pe3ynbTaThl yKa3bIBaIU, YTO BOAOPOJ 3aXBaThIBAJICA B 0Opasylomyecs Npy HAallbLICHUH aTOMOB
amromunust Al-W cion u coxpamnsiics mpu ux kpucramumusanuu npu 1040 K. A Beizenenue Bogopona
M ocTaTkoB aproHa B paiione 1400 K ObUTO BBI3BaHO pa3ioeHHEeM MHTepMerauuaa. Ha ocHoBe
PEe3yNbTaToB HHTEPIPETAMU 0COOCHHOCTEH CIIEKTPOB aproHa M BOJIOPO/ia U3 CJI0s1, Ha TIOBEPXHOCTH
BONB(pama, TIPOBOAMIICS

AaHaJIU3 MPOLECCOB HA MMOBEPXHOCTH APYTIUX METAJIOB IIPU HAIIBUICHUHA aTOMOB aJIFOMUHHUA.
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Puc.1. T/IC cnektpsl (a) Bogopoaa u (6) aprona u3 odpasiia Boiabppama

[pi HamBUICHUH aTOMOB AJIFOMHMHHSI HAa MOJHOJCH TakXKe MMPOMCXOMI 3aXBaT BOAOPOAA B
obpasyronieecs coenrHerne Al-Mo. OHako, B OTIIMYHH OT IPOLIECCOB Ha MOBEPXHOCTH BOJIb(pama,
BOJIOPOJI AeCOPOMPOBA, B OCHOBHOM, BOJIM3M TEMIIEPATYPhl KPUCTAIIN3ALNH HHTEPMETAIUIHAA IIPU
960 K. O Temmeparype pasjio)KeHHUs HHTEpPMETaJUINJa MOXKHO OBUIO CYIWTH IO TEMIleparype

necopbimu octatkoB aprosa (1300-1550 K) (puc 2).
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Puc. 2. TAC cnektpsl (a) Bogopoaa u (6) aprona n3 obpasua MonubaeHa.

TJC cnekTpsl A0 U TOCIE HAMBUICHHUST 00Pa3Ii0B METAIIOB, HMCIOMINX MPOYHBINA OKCHUIHBII
[TOBEPXHOCTHBII CIIOW — Hep KaBEIOIIEH CTali, TUTAHA U LUPKOHUS, U HUKEJIS, HE MMEIOIEro CJIOst
OKCHJIa Ha TIOBEPXHOCTH, MAJIO OTJIMYAIOTCS APYT OT JApyra MO BEIUYUHE H 1O (opMme. DTOT hakT
MO3BOJISICT MPEANONIOKHTh, YTO HAMBUICHHE aTOMOB BOJOPOJAa HA 3TH METAIUTBI MPOHCXOJMUIIO,

MPaKTUYECKU, 6e3 3axBara BOZOpOaa.
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Puc. 3. TAC cnexrpsr (a) Bogopoxaa u (6) aprona u3 o0pasia HepKaBerome CTaim.

BMecte ¢ TeM XapakTep YaCTHYHBIX H3MEHCHHI (OPMBI CIIEKTPOB, H3MEPEHHBIX IMOCIE
HanbUICHUS, MOXET paccMaTpUBAaThCS Kak CBUJETENLCTBO IMEpexoja 4YacTd BOJIOPOAA U3
MEPEUYUCIICHHBIX METAJUIOB B COOTBETCTBYIOIIME MHTEPMETALIM/IBI IPH MX oOpazoBanuu. Hauvano
JIecopOuul  BOAOpOAa W3 00pasloB HEP)KABEIOMIEH CTald H THTAHA MOXHO CBS3aTh C
KpHCTAIH3aIHMeil HHTEPMETAIUTHI0B, COOTBETCTBEHHO, pH 830 u 940 K, a okoHvaHue aecopOuu

¢ ux paznoxenueM rnpu 1300-1400 u 1150-1400 K.

137 m — 510 HaMBLTEHHS 407 W — JI0 HaNbUICHUS
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Puc. 4. TAC cnexrpsr (a) Bogopoxaa u (6) aprona u3 o0pasia THTaHa.

307 m — 10 HAMBUICHUS
25{ M — MOCJIC HAMBUICHUS

12| :
i W — 0 HaMbLIEHHUs
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Puc. 5. TAC cnexrpsr (a) Bogopoxaa u (6) aprona u3 o06pasia HUKEIs.
MakcumyM JecopOLMi OCHOBHOM 4acTH BOAOPOAa U3 HukeneBoro oopasua u u3 Al-Ni cnost
ormeuarncs mpu 700 K. JlokampHble MakcumyMsl Habmrogamucs mpu 800 K m mpm 1030 K.

MaxkcuMyMbl B CHEKTPE aproHa MO3BOJISAIOT MOJIaraTh, YTO MPU ATUX TEMIIEPATypax MPOUCXOIUIH
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cTpykTypHble ipeobpaszosanust B cioe Al-Ni. TTonnoe o6esraxusanue (1030 K) npousorwio 3am01ro

JI0 pasioxeHus naTepMmerauinaa npu 1220-1480 K.

351 W — 10 HAIBUICHUs

¢/ W — 10 HATIbUIEHUS !
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&
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Puc. 6. TAC cnextpsl (a) Bomopoaa u (0) aprona u3 obpasia HUPKOHHS.

CkopocTs aecopbuu,
x10'® H/em?c
CkopocTs aecopbuuu,

Jlecopbumst Bomopoda w3 00pasia IUPKOHHA HAYMHAIACh YK€ TIOCIE PAa3JIOKEHUS
nHTepMeTamanaoB mpu 1200 K, uemy crioco6cTBOBa, TO-BHANMOMY, CIIOH ITOBEPXHOCTHOTO OKCHJIA,
COXPaHSIOIUI CBOM CBOMCTBA [0 BHICOKUX TEMIEPATYP.
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Puc. 7. TAC cnexrpsl (a) Bogopoaa u (6) aprona u3 odpasia xenesa.

B oTnmumu oT BCexX pacCMOTPEHHBIX CIy4aeB CyMMapHOE KOJIMUECTBO BOJOPOAa B oOpasie
JKere3a v B 00pa30BaHHOM IOBEPXHOCTHOM CIIO€ OKa3aI0Ch HAMHOT'O MEHBIITMM, YeM ObLIO B 00pasie
110 HambUTeHUs. MOYKHO TI0JIaraTh, 4To AeCOpOIist BOIOPO/Ia H3 HAMBLIEHHOTO 00pasiia MpOUCXOoInIa
emé 10 Havana CTPYKTYPHBIX MpeoOpa3oBaHuii B CIoe.
3akiouyenne. [loayueHbl CBUACTENHCTBA 00PA30BAHUs MOBEPXHOCTHBIX CJIOEB aIFOMUHHMII-METAILT
MOJVIOKKU TIPH HAIBUICHHH B aproHOBOM IUIa3Me aTOMOB aTIOMHHHUS Ha BOJb(pam, MOIHOJICH,
HEP)KaBEIOLIYIO CTallb, HUKENb, TUTAH, IUPKOHUN M 3aXBaTa B HUX aproHa U BOJOPO/A OCTATOYHOT'O
raza. CrenmaH BBIBOJ O TOM, YTO TeMIepaTypbl MHTEHCUBHBIX NHMKOB B TJIC cmekrpax aproHa
YKa3bIBAaIOT Ha TEMIIEPATyphl KPUCTAJUTH3ALIH ¥ PA3JIOKEHUs] MOZOOHBIX CTPYKTYp. PaccMoTpeHsI

0COOCHHOCTH yaepxanusg BoAopoaa u I[CCOPGLIPII/I 13 IMOBEPXHOCTHBIX CII0€B Ha Ppa3sHbIX METaJLIax.

[1] - L.B. Begrambekov, A.S. Kaplevsky, S.S. Dovganyuk, N.N. Kasimova, Journal of Physics: Conference Series,
1396 (1), ctatba Ne 012008 .

[2] — H. Baker, H. Okamoto et. al., ASM Handbook Volume 3 Alloy Phase Diagrams, Materials Park, Ohino 44073-
0002.
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BJIMSIHUE MOHHO-TLIABMEHHOM OBPABOTKH HA
DJIEKTPOIIOBOIHOCTD IJIEHOK BOJTb®PAMA HAHOMETPOBOIA
TOJIIAHBI
EFFECT OF ION-PLASMA TREATMENT ON THE ELECTRIC CONDUCTIVITY
OF NANOMETER THICKNESS TUNGSTEN FILMS

U.N.Amupos, P.B. Centokos, B.B. Haymos
I.I. Amirov, R.V. Selyukov, V.V. Naumov

Apocnasckuii punuan @TUAH um. K.A. Banuesa PAH, 150007, yn. Yuuseepcumemckas, 21,
SHpocnasns, Poccus, e-mail:ildamirov@ yandex.ru

It is shown that a more than two-fold decrease in resistivity of nanometer-thick W
films as a result of treatment in the RF inductive discharge plasma in Ar is due to a
change in the phase composition of the film, suppression of the B-phase, and an
increase in the highly conductive a-phase W. Such a transformation of the phase
composition, a decrease resistivity is result of plasma heating.

BonbppaM  HaHOMETPOBOI  TONIUMHBI ~ SBISETCS  OJHUM  KaHIWAATOB IS
HCIIONB30BaHUA B KauyecTBE MeTaula MeTaulM3anuyu cy6-10 HaHOMETPOBOH TEXHOJIOTHH
M3rOTOBIICHUS] HHTErpabHbIX cxeM [1]. DnekrponpoBoauocts mieHkd W tommmHoi <10 HM
BCJICJICTBUE MEHbIICH JIMHBI CBOOOJHOTrO Mpodera 3JIEKTPOHOB CTAaHOBUTCS OOJIBIIE, YeM Y
00bYHO Hcroab3yeMoil Meau. Kpome Toro W mmeer mpemmyiecTBo B Gosiee BBICOKOIT
Temrieparype ruiaBieHus. OnHako rieHkr W HaHOMETPOBOH TOJNIIHMHBI, MONYYEHHBIE TPU
0OBIYHO HCIIONB3YeMOIl TEXHOJOTHH MX HAHECEHHS METOJOM MAarHeTPOHHOTO HAaIlbUICHHS
HMEIOT BBICOKOE yJIeNbHOE eKTpryeckoe conporusienue (YIC), rnaBHbIM 00pa3oM, u3-3a
HaJIM4Usl B HEH KpoMe BBICOKOIIPOBOASAIIEH a-(ha3bl ele Hu3Konpososmer B-dazer W. s
[IOJTy9YEHHUS BHICOKOIPOBO/ISILINX, COCTOSIUX TONBKO O-(asbr W pa3pabaThiBarOTCS METObI
aTOMHO-CJIOEBOTO OCaXACHWs [2] M HaHEeCeHHMs WX C HCIOJIb30BaHHEM OoJiee IUIOTHOM
mra3mel [3]. YMenbmenne YOC IIEHOK METaUIOB MOXKHO JOOHMTBCS TaloKe IyTeM HX
TEPMHYECKOTO WM HOHHO-IUIa3MeHHOro omkura. B [4] Obuto Mmoka3aHO, YTO HOHHO-
ia3MeHHasi o0paborka 1mieHok CO HaHOMETPOBOH TOJIIMHBI IPHBOANT K W3MEHEHHIO HX
VY3C. llenpto maHHOH pabOTHI SBISUIOCH HCCIENOBAaHUE BIHMSHHE HOHHO-TIIa3MEHHOM
o0paboTku Ha YOC mienok W tonuunoii 5, 10, 20 u 40 HM.

ITnenku W HaHOMETPOBOH TOJIIMHBI HAHOCWJIM HA YCTaHOBKE MAarHETPOHHOIO
pacnbuienust SCR-650 ¢pupmsr Alcatel ¢ ucnonszoBannem mumern W arcroroit 99.95% u Ar
(99.995%). Ocrarounoe gaBnenue cocrasisio 5 107 Ila, pabouee nasnenne Ar — 2 102 Ia.

Momnocts 300 Br. Ciion W HomuHansHOM TonmuHoi 5, 10, 20 u 40 M ocaxianu Ha

52



MOBEPXHOCTH okucIeHHbIX iactuH Si (100) nnamerpom 100 mm mipu temmneparype 300 u 750
K 6e3 momaun BY cMerenus. [lanee ruiacTiHbI Si ¢ IUICHKOH MeTauia paspe3any Ha 00pasiibl
pasmepom ~10x10 Mm. AHamm3 MOpQOIOTHM TOBEPXHOCTH IUICHOK MPOBOAMINA C
ncnons3oBanrneM COM Supra 40 (Carl Zeiss). Pertrenoctpykrypasiii anamus (PCA) mienox
POBOIMIIH ¢ McTonb3oBanueM audpakromerpa JTPOH-3M (cvemka 6-20 muppakrorpamm).
OH mokasai, 4to wieHK: W, HaHECEeHHbBIC IPH KOMHATHOH TeMIeparype BKIIOYaId Kak O-
¢dazy W tak u B-pazy W, a miuenka W mosydeHHass OpH BBICOKOH TEMIIEpaType TOJIBKO Ol-
a3y (puc. 1 ). [ToBepxXHOCTHOE U YACIBHOE DIIEKTPUUECKOE conpoTuBieHue Rs u p menoxk W
OIPEE/sIN YeTHIPEX30HA0BEIM METOJOM. TOJNIIMHY IJIEHKHM H3MEPSUIM C HCIOJIb30BaHHEM
COM Ha ckoste m1acTuHbl Si C HaHeceHHOH I1eHKoi W.

O6paboTky 00pas3ioB MPOBOAWIN B pPEAKTOpPE IUIOTHOW aproHOBOM miasmbl BY
uHaykumonHoro paspsaa (f=13.56 MI'u, 1 kBt) moapo6uo onucanuom B [4]. B kamepe
Haxonwics BY snekrposa, Ha KOTOpBIM C MCIIOJIB30BAHUEM 3arpy304HOr0 YCTpOWCTBA
ycranaBnuBaigack Al minactuHa ¢ ofpasuamu. Ha omexktpon mopaBanu 3amannyro BY
moraocTh cmetnerus (f=13.56 MI'n). Bo3Hukaromuii mpyu 3ToM MOTEHIHA CAMOCMEIIEHHUS
ompenensul  dHepruro najgaommux uoHoB [4]. WouHo-miasmenHyio o6paborky (MIIO)
OCYIICCTBIISUIM B CTAallMOHAPHOM pexuMe Hpu KoMHaTHO Temmepatype ~ 300 K n
HECTAIlMOHAPHOM PEeXMMe, KorJia 00pasel] Harpepaics B miasme B nponecce MITO. B mepsom
ciydae oOpasen nmomemaicst Ha Al geprkarerne Ha TEIUIONPOBOIAIIEH BaKyyMHOI cMa3Ke, a BO
BTOPOM OH JIeXKall Ha Jepikarene Oe3 OOecHedeHMs TEIUIOOTBOJA. YCIOBHS IPOBEJCHHS
JKcIepuMeHTa Oputn cnenyromumu. Padouee masienne P= 0.15 ITa, pacxon raza Q paBHsuics
20 cr. cm®/mMun, BU MomHOCTB, T0/1aBaeMast Ha MHIYKTOp, paBHAnacs800 Br. BU MomHoCTh
cmemnienns m3mersm ot 0 o 150 BT. Bpems nnasmenHoit o6pabotku n3mensnu ot 15 10 60
¢, B 3aBucumoctd o1 BY momuaoctn cmemennst Wey, mogaBaemoit Ha sektpon. st Toro
9TOOBI BBIIEIUTH 3(P(EKT YUCTOro HarpeBa 00Opasla Ha IEKTPONPOBOJHOCT MieHKH W Ha
JieprKaTeNb MOMEIIAIN TAKKe MEepPeBEepHYTHI 00pasen. B oToMm cirydae MOHHO-TIIA3MEHHO
00paboTke moaBeprajcs KpeMHHi, a He Boib(ppam. Kpome Toro, ncromnbp3oBanu o6pasisl ¢
HaHECEHHOM IeHKoi W, HaHeCeHHO! Ha NUIEBYIO U THUIBHYIO CTOPOHY IIacTHHBI. OOBIMHO
Ha MOIOXKKO/IepIKaTelIe yCTaHABINBAIN TpU 00pasiia, OMH U3 KOTOPBIX ObLT Ha BaKyyMHOIt
cMasKe, a ApyTHE ABA JISKANU IIEHKOH BBepX - peskuMm UIIO n BHU3 - pexxuM IMIa3MEHHOTO
narpeBa (IIH). Ilocme ompeneneHHoro BpemeHH o00paboTku m3Mepsuin Rs, p, a 3atem
MIOBTOPSIIN MPOLIECC.

[Mnasmennbie 00paboTku o0pasnoB ¢ mwieHkamd W tommuuoit 20 u 40 HM

JUTUTEIILHOCTBIO 0 2 MUHYTBI IOKa3aju, 4TO Rs PE3KO YMEHBIIACTCA 6ostee uemM JIBa pasa yxe
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rocIte mepBoit 00padoTku (puc 2a). PEHTreHOCTpYKTYpHBIH aHai3 00padoTaHHBIX IeHOK W

oKa3aJl i3MeHeHne (a3oBoro cocTaa IuIeHOK TommuHoH 20 1 40 HM. [Tnenku cramm

(a a-W(110) (6
sl 3
200) 110) Si(200)
L6 2
:
- —1
2r -W(200) B-W(210
B (200) B-W( )Ii Wil
30 35 40 45 30 35 40 45 50
20, deg. 20, deg.

Puc. 1. Judpakrorpamms 006pa3uos ¢ mieHok W tommunoi 20 um, ocaxaeHusix mpu 300 K - (a), u
750 K — (6). 1- myeHka g0 06paboTKH, 2- IIEHKa 1ocie 00paboTKH.

coziepxarh ToIbko o-(asy (puc. 1). Ymenbuienue Bpemenu oopadotku m10 90 u 60 cekynn

MHHYT I10Ka3aJI0, YTO PE3KOro M3MeHeHMs Rs mieHku He npoucxoamio. Ilpu tr = 60 ¢ Rs

JIMHEHHO YMEHBIIAJIOCh TOJBKO IpU 00paboTKe B PeXHMME IUIa3MEHHOro HarpeBa (puc 2,

npsimeie 3 u 4), a ipu UITO o6paboTke Rs ocTaBanock NOCTOSHHBIM (puc. 2, mpsimble 1 1 2).

C yBennuennem BY momHoctr cMmemenns Ha 20 Bt peskoe ymenbienue Rs npouncxoanio

yxe B mepBble 60 ¢ oOpaborkm Tonbko B pexxume ITH, a pexume MIIO nHabmronamoch

HeNnuHelHoe yMeHblleHHe Rs (puc. 26). Rs ABYX TepMOCTAaTHPOBaHHBIX 00pa3loOB He

n3MeHsiack (npsmeie 1 u 2).

90
80 u
70
60
50
40
30X 1,2
20 7\

3,4

T T T T T T 1
50 100 150 200 250 300 350 400

t,s
tr

o

1104 R
1005_°
—
90 —— N N 4 1,2
8.
80 T
— 3
70 \
60 \,\'
50
40 V4
30
20
10
0 50 100 150 200 250 300
t,s

tr

Puc. 2. 3aBucumocts Rs miernok W tommusoi 20 uMm (1,2) u 40 um (3, 4) 06paboTaHHBIX B PEKUME
HIIO (1, 3) u TTH (2, 4) ¢ neprogom obpabotku 120 cex — A) u 60 cekyn - B). Wey= 0

®azoBas TpaHchopmanus 1eHkn W oOycioBieHa HarpeBoM o0pasiia, KOTOPBIH

MIPOMCXOJMUT B Mpolecce IUIa3MEeHHOH 00paboTKH, a He MOHHOW OomOapaupoBKoi. MoHHas
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60oMOappoBKa, HA0OOPOT, CIOCOOCTBYET COXpaHEHHIO (Ha30BOTO COCTaBa. JTHM MOYKHO
00BSACHUTH HEM3MEHHOCTh Rs mieHkn W nmpy HOHHO-TUIa3MEHHON 00paboTKe, B TO BpeMsl Kak
IpH IUIa3MEHHOM ee¢ HarpeBe Rs ymenbmanoch (puc. 26). OLEHKH INOKa3bIBAIOT, YTO
TeMIepaTypa, 10 KOTOpOH HarpeBaianch o0Opasipl MpH miasMeHHoH obpaborke (We=0) 3a
nee MuHyThl He npesbiniana 330-340 K. Dto cBunerenscrBoBaio, uro f-dasa W ssisercs
HecTabnapHOH. Pa3oBylo ee TpaHChOpMaIns HAOTIONAIH JAaKe IPU KOMHATHOH TeMmIepaType
[5]. Moxuo ormerutsb, uto asoBoit Tpancdopmaruu wienok W Ttommuno#i 5 u 10 HM,
coctosimx u3 [3-¢assl, IPH HOHHO-TUIA3MEHHON U [UIa3MEHHOM HarpeBe B TeueHue 120 ¢ He
npoucxoauino. Bpems daszosoit Tpanchopmanus mienok W (20, 40 uM) 00paboTaHHBIX B
pexxume 1azmMeHHoro Harpesa npu BU momuoctu cmemenus 100 Bt ymensimnocs go 15
cekyHJl. MUHHMaIbHOE MOIy4eHHOE Y enbHOoe conpoTuBaeHue mienok W ronmunoit 20 u 40
HM cocrtaBisuio 27.5 u 12.8 MkOM cM, cooTBeTcTBeHHO. OHO ObLT0 cpaBHMMO ¢ YOC MICHOK

nosy4eHHbIx B [2,3] u Obu10 B 2.4 paza Gosbine YIC 06beMHOr0 Bojbhpama.

70 R

»
60 -

50 4. N A A A A

w0l v v v v v2
| 3
30\ . . ) 3

20

T T T T
0 50 100 150 200 250 300

Puc. 3 3aBucumocts Rs mwienok W tonumuoit 35-40 um (1, 2, 5,6) u 20 uM (3, 4) 06paboTaHHBIX B
cranuoHapaoM pexxume MITO npu T=300 K (1, 2), B pesxume UIIO (3, 5) u ITH (4, 6) ¢ neproxom
obpadorku 60 cexynn. Wey= 20 Br.

Takum 00pa3oM, MOHHO-TIIa3MEHHass 0OpabOTKa U IIIa3MEHHBIH HArpeB SIBISIIOTCS
3(1)(1)6KTI/IBHBIMI/I criocodoamu yupaBJieHUA Cl)a3OBBIM COCTaBOM IIJICHKH W, YMCHBIICHUA €TI0
YACIBHOTO JJIEKTPUIECKOr0 COITPOTUBIICHUS.

PaGora BbinosHeHa rpu mojepxkke rpanra POOU Ne 18-29-27017\18.
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MATEMATHYECKASI MOJEJIb MOJU®UKAILIUA ITOBEPXHOCTH
IOJINITUJIEHA CJJABOUHTEHCUBHBIM IOTOKOM
HU3KOSHEPI'ETHYHBIX HOHOB B BY PA3PSAJE IOHUXKEHHOI'O
JABJIEHUSA

B.C. Xenryxun®, .11 A6aynmun?, JI.J1. Hukoncon®

V.S. Zheltukhin?, 1. Sh. Abdullin, D.D. Nicholson!

! Kagh IIHTBM, ®I'EOY BO KHHUTY, yn. K.Mapxca, 68, Kasans, Poccus,
e-mail:vzheltukhin@gmail.cov ;
2 000 «Ilnasma-BCTy, yr. Kypckas, 0. 27, ogh. 1000, Kasanw, Poccus

A molecular-dynamic model of UHMWPE surface modification by a low-intensity
flow of low-energy Ar ions generated by a low-pressure RF discharge is considered.
It was found that ion bombardment initiates the rupture of intramolecular bonds and

the formation of radicals on the UHMWPE surface, it hydrophilic as a result.

Beenenne.

O6pabotka matepuanos B BU paspsiie nonmxkennoro aasienns (1,33-133 Ila) sisusercs
3¢ PEKTHBHBIM CIIOCOO0M MOIU(MDUKALUH MOBEPXHOCTHBIX HAHOCTPYKTYD [1, 2]. OCHOBHBIM
(akTopom Bo3zelicTBuad BY miasMbl HOHMWKEHHOTO NABICHHMS Ha MaTepHAIbl SBISETCS
6oMOapapoBKa MOBEPXHOCTU HOHamu ¢ dHeprueit oT 30 xo 100 3B mpu mI0THOCTH HOHHOTO
ToKa Ha nmosepxHocts ot 0,3 1o 1,5 A-m-2 [1].

CBepXBBICOKOMOJIEKYJISIpHbI  nomaTiiieH (CBMIID) mpuobperaer ruapoduibHbie
cBoifcTBa mocie oOpabotkn BU pa3spsie NMOHMKEHHOTO JaBIE€HHS B CpPEAe aproHa, 4To
CYIIECTBEHHO YJIY4IIaeT aAre3HOHHYI0 NPOYHOCTh KOMITO3UIIMOHHBIX MaTE€pHAIOB Ha OCHOBE
CBMIID [2]. B pesynbrare 00paboTKH Ha TIOBEPXHOCTH 00pa3ytoTCsi CBOOOAHbBIE PaIHKAIbI,
KOTOPBIE PEarupyroT ¢ KHCIOPOAOM BO3/yXa M 00pa3yroT ruApoduiIbHbIe (yHKINOHAIbHbIE
TPYIIIBL. le/l OTOM OCTarOTCAd HE€ BBIICHCHHBIMH PsI BOIIPOCOB, KacaroIIUXCsA MEXaHHU3Ma
MOZ[I/I(i)I/IKaLII/H/I. )IeTaJ'ILHO HCCIICA0BATH MCXAaHU3M B3aHMO}:[eI>’ICTBPIﬂ TU1a3Mbl € TOBEPXHOCTBIO
MTOJIMMEPHBIX MAaTEPHAJIOB, B TOM YHCIIE B MPOIIECCE IIa3MEHHOTO BO3/ICHCTBHS, BO3MOXKHO C
MOMOIIBIO METOZIa MOJICKYIIPHON AuHaMuKH [3].

Llensro HacTosimied paboTsl siBIAETCS mccnenoBanue moandukanmn CBMIID B BU-
paspsaac MOHNXKEHHOTI'O JaBJICHUS METOAaM1 KJIaCCHYECKOU MOHCKyHﬂpHOﬁ MCXaHHUKH.

Mopeib mi1a3mMenHoii 06padorku CBMIID.

[Monuotunen [-CH2-]n siBisileTcss MpOIyKTOM TMOJMMEpU3annu dTHieHa. [lonamaTuiieH
OTHOCHTCSI K KPHCTAIO-aMOPGHBIM IOIUMEpaM, B HEM UepeayloTcs aMOpQHbIe H
KPHCTAIMYECKHE YYaCTKU (KPUCTALIUTHI), IPH 3TOM A0S KPHCTAIMYECKUX YYaCTKOB B

CBMIID jocruraer 95-97% [4]. VYmakoBka MakpoMOJEKYl B KPUCTALIATE —
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opTopoMOmueckas. [103ToMy Impu Co3IaHUM MOJEKYJSIPHO-THHAMUIeckoi Moaenn CBMIID
paccMaTpuBaiCs KPUCTAUIMYECKHMH y4acTOK B cilydae, KOTJla IUIOCKOCTh —3HI3ara
OpPHEHTHPOBAHA NAPAIIETEHO TIOBEPXHOCTH.

MopenupoBanue TNPOBOAWIOCH UL DJICMEHTapHOH SMEHKH IIOIMMepa pa3MepoM
4,7x5,5x5,3 um®. Ucnonw3oBansl moaenu oobenunenHoro atroma (UAM — United Atom
Model), B xotopoii 3BeHo -CH2- paccmaTtpuBaeTcsi Kak OJHA 4YacTHIA M IIOJHO-aTOMHAs
mozens (AAM — All Atom Model).

Mogens OnuchIBaeTCS CUCTEMOM YpaBHEHUH IBUIKCHUS B3aUMO/ICHCTBYOIMX YaCTHUIL:

avy 1
E=m—k;ﬂd, k=1,...,N+1, E=Vk, (1)

0, k=1,..,N,
Vk(o):{m,k=zv+1, O = k=

31ech Vi, — BEKTOp CKOPOCTH K-0if 4acTulibl, Iy, — ee pajiyc-BeKTop, Io — KOOPAHHATHI

@

Ha4aJbHOrO I0JI0XkKeH s YacTuL, Fy,; — cuia, neiictyromas Ha K-yro gactuiry co cropoHst |-oi
4acTulbl, My — macca K-it yactuusy, k = 1, ..., N, my,, = m; — mMacca 6GoMGapAUpPYIOLIEro
noHa, W; — ero kuHernueckas 3Heprus, t — Bpemsi, N — KOIMYECTBO aTOMOB B MOJEIBHOI
saeiike marepuaia, dactuia ¢ mHaekcoM N+1 coorBercTByeT HameraroiieMmy woHy. CHIIBI
B3auMo/ieCcTBUs k-T0 1 [-ro atoMoB Fy; 3a1a10TCs1 € TOMOIIBIO MAPHBIX MITH MHOTOYaCTHYHBIX
noteHuuanos, F; = —grad Uy, rae Uy, paccanThiBaeTest Kak CyMMa MOTEHIIHATIOB BAJICHTHBIX
1 HEBAJICHTHBIX B3auMo/eiicTuii [5].

CunoBoe MojJ€ 4YaCTHL B MHOJMITHICHE M1 MOJACIH OOBEAMHEHHOrO aroma
aNnpOKCUMUPOBAIOCH  MOTeHnUanoM Jlpeliauura [7], Uit IOJHO-aTOMHOM — MOJENU
HCIOJB30BAICS MHOIOYACTHYHBIH  modysMnupuueckuii  norenmuan  AIREBO-M  [8].
BzaumopelicTBue aToMa aproHa ¢ MaKpOMOJEKYJaMU IONHITHICHA MOJEIHPOBAIOCH C
nomouisko norexniuana Jlennapa-Jxonca [9, 10].

Iust pewenust cuctembl ypaBHenuil (1)-(20) ucnons3oBan anroputM Bepne [11, 12].
Moyuens peannszoBana ¢ nmomomuipio makera LAMMPS [13, 15]. UncneHHOe HHTErpUpOBaHHe
cucreMsl ypaBHeHHi (1)-(2) mpoBoamiocs ¢ marom no Bpemenu 8t = 0.1 ¢c. Busyanusanus
pe3ynbTaToB pacuera npoBoauiack B nakere VMD, OVITO [15-17].

Pe3yabTaThl MO€IMPOBAHMS.

PesynbraTel MOIECTNPOBAHHS [TOKA3AIH, YTO KOI(P(UIHUECHT PaCIIBUICHHS COCTABIISIET OT
1 1o 5 wacTu, B 3aBHCHMOCTH OT SHEPrHH HaleTalomell JacTulbl. PacnbuieHHBIC YacTUIIBI

[PEACTABISIIOT CO0O0M KOPOTKO-Lierodednbie pagukansl [-CHz-1n , n=2+6.
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Taxum obOpaszoM, mpu aecTpyKuuu Moiekyisl CBMIID B pesynbrate 60MOapIMpOBKU
HOHOM aproHa MOTYT BO3HHKHYTh YaCTHI[Bl HH3KOMOJICKYJSPHBIX COCAWHEHMII (QJIKECHOB,
ankuiaoB). YacTe M3 HUX HaBCET/a TMOKUIAIOT MOBEPXHOCTh SYEHKH, YaCTh OCTACTCS BHYTPH
sdeiikn. IIpp 3ToM B ciydae BHONB TPAacKTOPHM MOHA OOpasyeTcs 3aMETHBIH TpeK,
MIPEACTABIISIIONINH cO00I pa3pylIeHHbIe NEMOYKH MoNeKyl [13, u HanmoIHEeHHBIH KOPOTKUMH
panMKaIbHBIMU OCTATKAMH, B COOTBETCTBUH C TEOPHUEil IOKaIbHOrO TeIIoBoro nuka [18].

I'my6una BHenpeHus noHA Al B JIEMEHTApHYIO SYCHKY ONpeensanach Kak pacCTOSHUE
OT TNOBEPXHOCTH, Ha KOTOPOM HOH TEps] DHEPTHI0 IO MOIHOro 3amemneHus. [myOuna
BHeapeHus cocrasmia 0,85 uM npu sueprun nona Wi=10 5B, 1,81 um npu Wi=50 3B u 2,8 um

mpu Wi=100 3B.

3akiouenne. Takum 0Opa3zoMm, MOJEIHPOBAHIE IOKA3BIBAET, YTO BCIEACTBUE pa3phiBa
MEXMOJICKYJISIPHBIX U MEKAaTOMHBIX CBSI3¢i U HU3KO’HEPreTHYECKONH HOHHOI MMIIIaHTalUH, B
MIOBEPXHOCTHOM HAHOCJIOE BO3HHKAIOT HECKOMIIEHCHPOBAHHBIC YIJICPOJIHBIC CBS3H C
JUIMTEIHBIM BPEMEHEM JKH3HH, CHOCOOHBIE K 00pa30BaHMI0 (PyHKIHOHAIBHBIX TPYIII 110CIIE
I1a3MeHHOW 00paboTku. B ciiydac MeXMOJICKYJSIPHOTO IMOHAJAHUS HWMILUIAHTHPOBAHHBIX
HOHOB BO3HUKAIOT HAIIPSHKEHHBIC COCTOSIHYS B TOBEPXHOCTHOM CJIOE, 33 CUET ATOr0 BO3PAcTaeT
MOBEPXHOCTHAst 3Heprus. COBOKYITHOE AEHCTBHE 3THX (DaKTOPOB CIIOCOOCTBYET aKTHUBALIMK

TIOBEPXHOCTH U YBEIIMUCHUIO aAr€3UN CBMIID BOJIOKOH K MaTpunam.
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UCCJIEJJOBAHUE CTOMKOCTH MOJIMUMUIHBIX KOMITO3UTOB K
BO3JIEMCTBUIO IIOTOKA KUCJIOPOIHOM IIJIA3MBI

V.C.Anaponosa’, O.A.Cepenxo?, B.H. Uepnux?, JI.C. HoBukos?

YMHD0C PAH, Mockea, Poccus
2HUUSAD MT'Y, Mocksa, Poccus

It is shown that in situ filling of polyimide contributes to an increase in the order
of material resistance to the effects of atomic oxygen flow, reducing surface
degradation during irradiation in comparison with the unfilled matrix.

IpoGnema moBbimenust croiikoctd nomuumuaa (IM) u Opyrux MOJMMEpPHBIX
MaTepHaIoB K BO3AEHCTBUIO aToMapHOTo kuciopoaa (AK) siBisiercs BecbMa aKTyalIbHOM.

INepcrieKTHBHBIH  CITOCOO TOBHIMICHUS CTOMKOCTH MPEACTABIsSET co0OW BBEICHHE
KOMIIOHEHTOB, YCTOMYMBBIX K Bo3zaeiicTBHIO AK, HEIOCPEICTBEHHO B MOIMMEPHYIO MATPHILY
11t (POPMUPOBAHMS 3ALIUTHOTO CJIOSI HE TOJIBKO Ha TIOBEPXHOCTH IOJIMUMHU/A, A [0 BCEMY €ro
obbeMy. B Hacrosimiee Bpems caMbIM pacIpOCTPaHEHHBIM CIOCOOOM MOJIYYEHHUsS TaKHUX
KOMITO3MIIMOHHBIX MAaTEpHAIOB SBISCTCS 30Jb-Telb METOJ M, B YaCTHOCTH, METOJ
HAIOJIHEHHS NOJMMEPHOI MaTPHILBI iN Situ, IPH KOTOPOM 3aIUTHBIE YaCTHIbI (OPMUPYIOTCS
HETIOCPEACTBEHHO B 00beMe monuMepa. B n1aHHOM paboTe MpoaomKeHbl HCCIeJOBAHUS 3TOTO
MeTo/Ia, HayaTble aBTopamMu B paborax [1, 2], B KOTOPBIX paccMaTpuBaIKCh TTOJTUMMUIIHBIC
HAaHOKOMITO3UTBI ~ C  BBEJICHHBIMH  IPEKYpCOPaMH-METAJUIOATKOKCUCHIIOKCAHAMH €
ueHTpaibHbiMu atomMamu MetaimioB Al, Fe, Zr, Cr. B jomonHeHue K 3TUM MeTaiam
uccnenyrwres Hanokomnosutel ¢ Hf, Ti Ga.

Metogamu VK- n KP-criekrpockonuu ObUIO yCTaHOBIEHO YTO BHE 3aBHCHMOCTH OT
THITa IIEHTPAJIEHOTO aTOMa pa3Mep 00pa3yroIUXcs B MOJIMMEPE YaCTHIl HE IPEBBIIIAET 15 HM.
Tak e ObUTO OKa3aHo, 4To npH iNSitu HarmonHeHnu [TN u co-IIU B yacTHIaX HAIIOTHUTEIS
Ha OCHOBE METAJUIOAIKOKCHCHIOKCAHOB coxpansiores cBssu M-O-Si-O-Si, 1. e. yacruua
nUMeeT THOPUIHYIO CTPYKTYPY, COCTOSIIYIO U3 CBsi3aHHbIX 0110k0B (M-O-Si-O-Si) u (Si-O-Si).
VYCTaHOBNIEHO, YTO OTCYTCTBYET B3aWMOJACHCTBHE MEXKIy IIOBEPXHOCTBIO YacTHI[ H
TTOTTMMEPOM.

Vcrnonb30BaHne MEPEYNCICHHBIX IPEKypPCOPOB MCIEPCHON (ha3bl He yXyAlaeT
YHHKaJbHBIE TEPMHUYECKHE CBOMCTBA IIOJIMMEPOB, IIOBBINIAETCS HUX TeMIleparypa

CTCKJIOBAHHUS, KaK 9TO BUAHO U3 JaHHBIX, IPUBEACHHBIX B Ta6n.1, 2.
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Ta6auna 1. Tepmuueckue cBolictBallld, MeTamI0aIKOKCHCHIOKCAHOBH KOMIIO3UTOBHANX OCHOBE

O6pasent Konuenrpanus | Tg, °C Td, °C | Tsy, °C | Tgm'> °C Coneprxanue
npeKypcopa,ma KoKkca, Mac.%
b
I 0 381 497 570 - 0
Al-cunokcan 100 - 268 310 - 86
Fe-cunokcan 100 - 235 290 - 80
Cr-cuiokcan 100 - 271 367 - 56
Zr-CUIIOKCaH 100 - 278 362 - 87
Hf-cunokcan 100 247 416 90
Nb-cunokcan 100 - 259 334 - 86
ITHU-Al-cunokcan 3 390 538 497 13
14 390 456 497 6
ITU-Fe-cunokcan 3 395 476 415 8
14 389 450 420 14
IMU-Cr-cunokcan i 386 480 457 4
14 371 407 445 7
I-Zr-caoxcar 3 387 550 497 10
14 386 507 497 17
e e e p
3 381 566 497 12
ITU-Nb-cunokcan 14 386 572 502 13
25 387 525 511 26

Tdm-— TeMnepaTypa Havasaa TEPMOOKUCIUTEIbHON AECTPYKIIMM MATPUUYHOTO IOJIMMEpA.
Tab6aunna 2. Tepmudeckue cBoiicTa co-IIN* 1 KOMIMO3UTOB Ha €T0 OCHOBE

Oo6pazen KonnenTparus Ta, °C Ta, °C | Tse °C
npekypcopa,mac.%

co-IT1 0 224 433 442

co-IT1-Cr-cuokcan 3 224 381 437
14 224 381 379

co-TTN-Hf-cunokcan 3 224 391 455
14 224 391 450

co-ITN-Nb-cunokcan 3 224 382 450
14 - 382 450

*TepMOrpaBUrpaMMa MaTPUYHOTO MOIUMEpPA COAEPKHUT JBE CTYIIEHH C Pa3HBIMI
Temreparypamu HavdanapasnoxeHus (TyuTgy)

Jlnst ompenenenust croiikoct kK AK o0pasisl o0mydanuce ImydKoM KHCIOPOIHOM
m1a3Mel, GOPMHUPYEMBIM B TJIA3MEHHOM YCKOPHUTEJNIE YCTAHOBKH, HMUTHUPYIONIEH yCIOBHS Ha
HU3KOH OKOJIO3eMHON opOuTe. YCTaHOBKAa COCTOUT M3 BaKyyMHOH KaMepbl, B KOTOpPOH
pasMelleH TIa3sMeHHbIH yckoputenab. C MOMONIBbIO BaKyyMHOH OTKAuKH KPHUOTEGHHBIMHU

HacocaMH B Kamepe mojjaepxkuBaeTca gaienue (0.5-2)*102 Ila npu pacxone
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mrazMoobpasyromiero rasza-kucinopona 0.5 m*Ila/c. Ilpu sToM 3¢ ¢exTHBHAs IUIOTHOCTH
notoka AK 10 noiMMMHUIHOMY SKBUBAIEHTy cocTaBseT (3-4) *10%6 ar cm?/c.

B okcnepumenTe U ONMpEENeHHs WHTEHCHBHOCTH BO3JEHCTBHSI HCIOJB30BAIICS
Mmeron sdderruBnoro ¢uroenca (ID)]. [lo 3ToMy MeTOAy pealbHbIA (GIIIOEHC YaCTHIl
MPUBOJUTCA K HEKOTOpoMy (urroeHcy atoMoB O, BBI3BIBAIONIEMY SKBHBAICHTHBIE MOTEPH
Macchl 00pasiia mpu dHEpruu paBHoit 5 3B. DD ompepensercst MO MOTEPsIM MacChl 0Opasia-
CBUJIETEJISI U3 3TAJIOHHOTO MaTepualia — MOJUUMH/IA C U3BECTHBIM KO3((PUIMEHTOM 3PO3UH
4,3 10% r/cm? mpu 5 3B. UsMepenue Macchl 006pa3loB MPOM3BOJMIOCH BHE BAaKyyMHOM
Kamepbl Ha aHanuTHueckux Mukpoecax HR-202i ¢ uneHoit nenenust 10 MKr g0 u mocie
KaXX/IOr0 [HKJIa OOydYeHHs TIOTOKOM Iuia3Mbl. 110 M3MEHEHHUsIM Macchl 0Opa3IoB C y4eToM

31<cn01-11/1p03a1-u-10171 TUTOLIAIN BBIYHCIIAIMCE YACIbHBIC IIOTEPHU MACCHI.

Tabmuua 3. YjenbHele NOTEPH MacChl B MI' CM-2 JIi HAaHOKOMIIO3UTOB C Pa3HbIMU LIEHTPAJIbHBIMH
aToMaMH npH yBennuenun dmoenca AK

drroexc, TTomuumm g
102 cm? Ti Ti Ti Ga | Ga | Ga |mer |Hf Hf | IIM

0 0] 0,00 0 0 0 0 0 0 0 0

380 019 014 |005]031]0,419 012 | 120,16 | 0,25 1,63

74| 032] 027012043037 /019 | 1,7|0,24 | 0,45 3,17

105 | 0,33 03/012|044 | 05/028| 180,25 0,52 4,49

1340 | 0,37 ] 0,37 (0,16 | 052|067 | 03| 190,32 | 0,64 5,74

KonudecTBeHHass OLEHKA CTENEHHW pa3pyLICHHs IOJIMMepa IPOU3BOJMIACE 10
Benm4nHe Kodddumrenta 3po3un (Rm), BBIYHCIAEMOMY 110 OTHOLICHHIO YAEIBHBIX MOTEPh
Macchl Matepuaia Kk 3(GGeKTHUBHOMY (IIIOCHCY aTOMapHOro KHCIOpOJa, KOTOPBIl B CBOIO
odepenb  ONpeJeNsieTcss [0 yASHbHBIM — MOTEpsIM  Macchl  0o0pa3sua-CBUICTEIS.

3KCHepI/IMeHTaJIBHO JOKa3aHO, 4YTO HET

£ o6t (Al) TIpSIMOit 3aBHCHMOCTH MEX Ty
Q
s Cr
g o5 .( ) TEOMETPHICCKUMHU napameTpamu
3 (2r) e
2 oaf = HaHOPa3MEepHOTO HATIOJTHUTEIS,
=} L ]
2 ol (Hf) ° & TEPMHYECKUMH  CBOWCTBAMH  T'MOPHUAHBIX
s oo s (Fe) o
% o2l ® g YACTHIL u HaHOKOMITO3UTOB co
Z o, _
= 1L E 1 1L 1

0,20 0,24 0,28 0,32 0,36 CIIOCOOHOCTBIO TOCJICAHUX BBIACPKUBATH

Filler concentration, mmol/g
TOTOK IJIa3MbI KACIOpPOJa. I/ICXOD}I U3 TOro,

9r0 3¢ (EKTHBHOCTh 3alIUTHl IIOJMMEpa HAMOJHUTENEM OT BO3JICHCTBHS aTOMAapHOTO
KHCJIOpOJa 3aBHCUT OT 4YHCIA «3AlIUTHBIX DJIEMEHTOB» B IIOJIMMEpPE, B KadyeCTBE
KOJIMYECTBEHHOM XapaKTePUCTUKH «UMCIIA 3aIIUTHBIX dJIeMeHTOBY» [1M-IeHku mpeanoskeHo

HCIIONB30BAaTh ~ YUCIO  Mojeil  oOpasyromierocss B pe3yiabTaTe  THAPOIUTHYECKOM
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MOJIMKOHAEHCAIIMM ~ CETYAaTOTO  OPraHO-HEOPraHWYECKOro  IIoJHMMepa,  (OPMUPYIONIEro
awucrniepcHyro ¢asy B ITH.

Ha pucynke mnpuBeneHa 3aBHCHMOCTb KOd((HUIMEHTa 3pO3UN HAaHOKOMIIO3UTOB OT
KOHIICHTPAlUH HATIOJIHUTENS B MMOJIB/T Ha OCHOBE PA3IHIHBIX METAIIOATKOKCHCHIOKCAHOB.
THun HeHTpanbHOrO aTroMa-IpeKypcopa yKa3zaH B CKOOKax. HaHOKOMIIO3MTHI IOJTydeHBI
meTozioM insitu HamomHerns [TH. KonnenTparms npekypcopal4 mac.%.

Ilpn Omm3koM BecoBOM copepxkaHuu dacTi] (~8 Mmac.%) KOHIIEHTpaIHH
HAIOJIHUTENS, BHIPAKCHHBIE B €JUHUIAX MMOJb/T, PA3INYaOTCs. XOPOIIO MPOCIS)KUBACTCS
BIIMSIHUE TIPUPOABI LICHTPATBHOTO aTOMa METala MPeKypcopa Ha IPO3HOHHYIO CTOMKOCTD
HaHOKOMIO3UTOB. Hampumep, Bbicokas 3()(eKTHBHOCTD 3allUThI, XapaKTepu3yeMasi HU3KUM
KO3((HUIHEHTOM 3pO3UHM HAHOKOMIIO3HMTA, AOCTUrAaeTCsl NMPU MEHBILIEM YHCIE «IJIEMCHTOB
3aI[UTh» HAIOJHEHHOI! IUICHKU B Cllydae IPHMEHEHHs B Ka4ecTBE IIPEKypcopa AUCHEPCHON
¢azel Nb-cunokcana. DddekruBHOCTD UCTONb30Banust Al-cuiioKcaHa, 0 CPABHEHHUIO C HUM,
B PEILEHUH 3a/1a4y HOBBIIEHUS SpO3HOHHOH cTolKkocTH IIM-IOKpBITUH, MEHBIIE.

Takum 00pa3oM, 3KCHEPUMEHTANBHO MOKA3aHO, 4YTO BBEACHHE THOPHIHOTO
HAIIOJIHUTEIS HO3BOJISIET KKOPPEKTHPOBATEY IPO3HOHHYIO CTOHKOCTh K AK HaHOKOMITO3UTOB
Ha ocHoBe [T u co-IIM, npu 3TOM He BIMSAA HA HCXOJHBIC TEPMHYECKUE IOKA3aTENH
nonumepoB. [Ipe/UloskeHHBIE HaMm paHee IOJXOA K OIeHKe 3()(EKTHBHOCTH pPa3HBIX
HaHOpa3MEePHBIX HAIOJHHUTENeH, OCHOBAHHBIH Ha MOCTPOCHUH 3aBHCUMOCTH KOd((HIHEHTa
3pO3UM KOMIIO3UTHOH IUIEHKH (TOKDBITUS) OT KOHLEHTPAI[MM HAIIOJIHUTENS, BHIPOKCHHOH B
MMOJIB/(T TOJIMMEpa), MO3BOJISAET CPaBHUBATh 3((PEKTUBHOCTh MPHUMEHEHHS HAaHOPAa3MEPHBIX
HAIOJHUTENEH pa3HOTO 3JIEMEHTHOIO COCTaBa IPH pa3pabOTKe HOBBIX MaTepuaioB Ha
Pa3IHYHbIX [0 CTPYKTYpe MOJMHMHIHBIX MaTPUIIaX.

3amuTHas QYHKIWS THOPUIHBIX HAHOYACTHI] HA OCHOBE METAJIOAIKOKCHCHIIOKCaHa
OCHOBaHa Ha KOMOWHAaIMM HECKOJBKUX IIPOIECCOB: INPENOTBpAIeHHEe NpOHUKHOBeHHS AK
BHYTpb TTOJIMMEPHOH IUICHKU U a0JISIUN MaTepraia, N3MEHEHHE OKUCIUTENbHON NECTPYKIIUI
rmoJauMepa U3-3a PeKOMOMHAINU 0Opa3yIOIUXCsl PAAMKAIOB HA IOBEPXHOCTH HAHOYACTHII,
CaMOBOCCTAHOBJICHHE 3aIllUTHOIO BHYTPEHHEro cnos mox JeiicrBueM AK 3a  cuer
MIOCTPEAKIIMOHHON KOHJCHCAIMM THAPOKCUIBHBIX TPYIMI, CKOPOCTh IPOTEKAaHUS KOTOpPOH
3aBUCHT OT XHMHUYCCKOH CTPYKTYphl 3aMECTHTENsl y aroMa KPEMHHS B HAHOYACTHIAX.
KaranuzaropoM 95TOl peakiuu SBISETCS aToOM MeTauia, Bxoisumii B 6mox M-O-Si

THOPUIHOM YACTHUIIBL.
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O MPOLECCAX HOHU3AIIMU U ITEPE3APAJKN HOHOB B KATOAHOM
OATHE AYT'OBOI'O PA3PAJA B BAKYYME
B.H. Apycramos, X.b. Amypos, N.X. Xynoiikynos, b.P.Kaxpamonos, A.M.XKypasines.

V.N. Arustamov, Kh.B. Ashurov, I.Kh. Khudakulov, B.R. Kakhramonov, A.M.
Juravlev.
I/IHcmumym UOHHO-NJIA3MEHHbBIX U N1A3EPHBbIX mexHono2uil

AHPY3, Tawxenm, Yz6exucman, arustamov@iplt.uz

HOK3,33.H0, YTO IIPU TNIOTHOCTHU SJIEKTPOHHOI'O TOKa 106 21/CM2 BEPOATHOCTb HOHU3ALIUHU

3

OyM3Ka K eIMHULE BIUIOTh 0 KOHIEHTPALU 7.5%10%° cm® u HauuHaer nmaxath mpu GOIBIIHX

KOHILIEHTpalusX. B pesynbTare nepesapsaku MOHOB Ha paccTosHuu ~5%107 -10- cM or katoza
BO3HHKAET CJI0H MOHOB, CO3AaI0NIMiA moms 10 5*107 B/cwm.

It is shown that at an electron current density of 106 A / cm2, the ionization probability
is close to unity up to concentrations of 7.5 * 10'° cm™ and begins to decrease at high
concentrations. As a result of the recharging of ions at a distance of ~ 5 * 1077 -10-% cm from
the cathode, a layer of ions appears, which creates fields up to 5 * 107 V / cm.

W3zydenne mpomeccoB KaTOJHOM IISTHE BaKyyMHOTO QYTOBOTO paspsiia yIemsercs
MOBBIIICHHOE BHHMAHHE HM3-32 IIMPOKUX BO3MOXHOCTEH (OPMHPOBAHMS HHHOBALMOHHBIX
TEXHOJIOTMYECKUX METOJIOB 00pPabOTKH OYMCTKH, METAJUIMYECKON MOBEPXHOCTH, HAHECEHUS
AQHTHKOPPO3HOHHBIX, H3HOCOCTOMKMX MOKpPBITHH, pealn3allidl HOBBIX CXEM IIPOLECCOB
CHHTE3a MEJIKOJUCIICPCHBIX, HAHOMATEPHAIOB. 00CCIICYNBAOIINX CYLIECTBEHHOE YBEINYCHHUE
cpoka ciyObl M3IENUHA 3HEpPro- pecypco cOepexeHue. Pemratomas posib B JOCTHXECHUH
BBICOKO3()()EKTUBHOTO TEXHOJIOTHYECKOT0 BO3ICHCTBYS MPHHA/IC)KUT HOHHOI KOMIIOHEHTE B
IIa3MEHHOM 00pa30BaHUH KaTOIHOM IISITHE
Oco06oit uHTepeceH MpeAcTaBsieT (HakT HAIUYKs OBICTPHIX HOHOB, C DHEPrHEil Ha ypOBHE
1003B, nBuraromumxcs K aHOAy M y4acTBYIOIIMX B TOKOIEPEHOCE HapsLy C 3JeKTpoHamu. M
cocraBisiromuit 10 8% or Toka paspspa [1]. DToMy sBICHHIO M y/eNeHO BHHMaHHE B
HacTosmer padore. IIpu aHAMMTHYECKOM M3YYEHHM 3TOTO BOIPOCA MCKIFOYMM HAITMYHE
MHOTOKPAaTHOH MOHHU3ALNH, U OTPAHUIUMCS PACCMOTPEHHEM OHOMEPHOIT 3a/1auH.
ITnoTtHOCTH TOKA F 3MHMCCHU 31eKTPOHOB ompeznensercs ypaBHeHueM Daynepa-Hopareiima,

OJHA U3 3aluCceil KOTOporo umeer Buj [2]:

(A em?) (1)

_ 1,55-1075E2 [_ 685107 /26(y)
e 22 Ec
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Ine E, - HANPsSOKEHHOCTD JIEKTPUYECKOTO MOJIs, B B'cm; ¢ — paboTa BbIX0Ja JJIEKTPOHA, 6

3,62:107%
[

9B; t(y) = 1 u 6(y) — bynkuun, tabyauposanusie Hopareiimom, rae y =

3aBHCHMOCTb BEPOSITHOCTH HOHHM3AIIUK ATOMOB B KaTOJHOM IISITHE OT KOHLICHTPALMH IS
UMEIOT KpyTOil HAKIOH. A Il peanu3alluy IIIOTHOCTH Toka F smuccuu j, > 10 A cM™2
HeoOX0IUMO CHIbHOE dnekTpuyeckoe mone (E, > 107 Bem™1).

Koropoe B Hamem cirygae B KIT BakyymHO# tyru co3/1aeTcst 00b€MHBIM 3apsI0M TOKa
noHoB Ha katon. CormacHo (opmyne Mak-KoyHa, HanmpsHKeHHOCTb IEKTPUYECKOTO OIS

omperensercs Bolpaxenuem [3]:
2 5770,5 | (Me 05 . . -2
E2 = 7,57+ 105U [(;) ji - ]e] (B om?) @)

(2) cnenyer, uro st HOPMUPOBAHHS IIEKTPUYECKOro 10JIst Ec He0OXO0AMMa IIIOTHOCTh TOKa
HOHOB, ONpezessieMast CICAYIOIHM BEIPRKCHUEM

_ 3,07-1078%E2
i UOBATS

(A em?) 3)

Pazgenus (1) Ha (3), 11 OTHOIICHUS TIIOTHOCTH TOKA 3JIEKTPOHOB K IUIOTHOCTH TOKA HOHOB

T10JIy4aeM BBIPAXKCHUC BUIA

je _ 505U2°4%° 685107 /20(y)

= exp )

Ji P E¢

Kak cnenyer u3 (4), 3aBUCHMOCTDb OTHOIIEHHUS jelji OT ¢ U E, 04eHb cuibHasL.

IIpy OTHOCHTENBHO MAaJbIX TOKAX JIyrH HaOIIOJAIOTCS MHTCHCHUBHBIC KOJICOaHHS
KaTO/HOTO MaeHus moTeHmana ¢ aMmmiuty a0 10 Uc=100-150B. I1pu atoM a5t mosBICHUS
Uc=10°B npu L<10®T'm tpeGyercsa cxopocth cnama Toka I >10°Ac 1 TTonmaraem uTto
¢dopmupoBanue ummyiascoB Uc sBisiercs BHyTpeHHHM cBoiictBoM KII.  OcHOBHBIM
MEXaHU3MOB TeHepaluud BCIuleckoB Uc MOXKET CIIy)XKHTh HHTCHCHUBHAS pPE30HAHCHAs
repesapsiJika HOHOB Ha BCTPEYHOM MOTOKE MCHAPeHHBIX aToMOB. C pOCTOM HHTEHCHBHOCTH
HcrapeHus 001acTh MOCIEAHNX Mepe3apsIoK HOHOB MPHOIMIKACTCS K KAaTO/LY, YTO BBI3BIBACT
POCT OJIEKTPUYECKOTO IOJIsI y TOBEPXHOCTH KaToJd. YBEIMYCHHE HAlpsHKCHHOCTH
JJIEKTPHUYECKOTO II0JIs1 00yCIIaBIMBAaeT POCT IUIOTHOCTH Toka F (wmm T-F) ommccun, w,
COOTBETCTBEHHO, MOIIHOCTH JUKOYJIEBOTO HAarpeBsa.

CedeHre pE30HAHCHOW Mepe3apsiIkKi HMOHA TNPHUMEPHO Ha JBa MOpsaka Oolblie
ra30KMHETHYECKOT0 CeUeHHs COyIapeHHst aToMoB. [1oaToMy Ha mnuHe cBOOOAHOTO mpobera

aToMa MOPOUCXOAUT Oostee JAC€CATKAa aKTOB MNEpe3apsiIKul HOHOB. Ha pacCTosTHNH ~\a OT
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MOBEPXHOCTH KaTo/la OCHOBHAs Macca aToOMOB [BMXKETCS IO TPACKTOPUSM, OIHM3KUM K
HopMmanu. CiefoBaTelbHO, B Pe3yJIbTaTe MHTCHCUBHOM IIepe3apsiiki MOHOB Ha BCTPEYHOM
MIOTOKE aTOMOB CJION MOHOB OTOpachIBacTCs OT KaToja, paboTa MO pa3BEICHHIO 3apsioB B
ciyuae KIT ocymiecTBisieTcst 3a C4eT YaCTH KUHETHUECKOU HEpriuu aToMoB. Bpems npornecca
HWHTCHCHUBHON Iepe3apsiiku OyJeT ONpenesThcsi BPEMEHEM IOCTYIUICHUS MHTEHCUBHOTO

IIOTOKa aTOMOB IIPU B3PBIBHOM HCIIAPECHUHU KaTO4a, KOTOPOEC MOKHO OLICHUTH U3 BBIPAXKCHUA

4h 1
Atn~v—gexp (— ﬁ)

(3mech Ah-TONmMHA TEPErpeToro cios, Vs-CKOpPOCTh 3Byka). OUeBHIHO, YTO MHUHHMAJIbHOE
ah .
3HAYCHHE ALy ~ = (B ACHCTBUTENBHOCTH OHO MTPHUMEPHO Ha MOPSIOK Oosbiree). Eciu npuHsTH
3

Ah~1mxm, To At,,~3 100, a neiicrBuTenshoe 3nauenue At, ~3-5uc. Peanusauus BCmieckos
Uc BCIIGJCTBUE PE30HAHCHOM TMeEpe3apsiKd HOHOB COOTBETCTBYET 3aKOHY COXPaHCHHS
9HEPIUH, UMILyJIbca U 3apsja, a OONbIIOE 3HAUCHUE CCYCHHS B3aUMOJACHCTBYS, NENAeT 3TOT
MIPOLECC BIIOJIHE BEPOSTHBIM.

B xonTekcre konebanuit Uc Cireyer yuecTb HEpaBHOMEPHOCTH ITOCTYIUICHUS HapoOB,
00yCIIOBIIEHHOE, BpEMEHEM JKH3HHU KaTOIHOTO IIATHA

Ipu pocTe MHTEHCHBHOTO MCIAPEHHUS KATOAHOE MaACHHUsI TIOTEHIHala CHIYKACTCS /10
ypoBHst Uc= Uc min. Ipu cHmxennn UC yMeHbIIaeTCst SHEPrus (Temiieparypa) 2JIeKTPOHOB.
DTO NPUBOJMT K YMEHBIICHHUIO CEUCHHsI HOHM3AIMU aTOMOB. CIIeI0BaTelIbHO, KOHIICHTPALIHSI
HMOHOB He OyeT M3MEHSTBCS CTOJb pe3ko. [Ipy CHIKEHNHM HHTEHCHBHOCTH UCIIAPEHUSI KaTo/1a
pacter UC, COOTBETCTBEHHO, PacTET CPEIHSS BEPOSTHOCTh HOHH3ALUH aTOMOB. XOpPOLIO
W3BECTHO, YTO CEYEHNE MOHM3ALMU IPHHUMAET MaKCUMalbHOE 3HaueHue npu Ec=(4-5)Uc , a
3aTeM YMEHbIIAeTCsl. PacueTsl MmoKasaiy, 4T0 CHIKECHNE MHTEHCHBHOCTH MCIIApPEHMs KaToja
Ha 50-60% OTHOCHTENPHO HOMHHAIBHOTO YPOBHS emé He mpuBoauT rudemm KII.

Takum 06pa3oM, KaTOHOE MaieHIE MOTEHIHaa KPOME TAKUX BaKHEHIINX (YHKIHH,
KaK yCKOpEHHE 70 HEOOX0AMMOM SHEPTHHU DIIEKTPOHOB, YCKOPEHHS HOHOB OOMOapIUpy FOIUX
W HarpeBaoIIMX KaTox [0 TEMIIepaTypbl, oOecreunBaronIeii aTOMHO-HOHHBI OataHc U
«y4actus» B (POPMHUPOBAHUM CHIIBHOTO MOJISI, BBIMONHSIET POJb «PETYISTOPa» BEPOSTHOCTH
noHu3anuu atoMoB B KII. B pesysbraTe KOHIEHTpaUus HOHOB U INIOTHOCTH TOKA HOHOB Ha
KaToJl U3MEHSIOTCA He O4YeHb cuibHO. KII, Oyayuu OTKpBITOW CUCTEMOM, B 3HAUUTEIbHOMH
CTENEHN CIOCOOHO K CaMOPETYJIMPOBAHUIO U CAMOCOIIACOBAHUIO MTAPAMETPOB IATHA. B 3TOM
MIPOLECCe YYACTBYIOT HPHYNHHO-CIIC/ICTBEHHBIC CBS3H (IOJIOXKUTEIBHBIC U OTPHLATEIIBHEIE),

Bo3Hukarouue B KII.
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C yuerom Toro yro KII mOCTOSHHO TE€HEpUPYIOTCS M OTMHUPAIOT  KAaTOJHOE IajcHUE
MOTEHIMANa TOJIBEPIKEHO Xa0TUUHBIM KoJieOaHusM ¢ amruiutynoi no 100-1508. BpemenHoit
MacmTab u3MeHenus napamerpos KII cocrasnser ~10°-10® ¢. Bpems TymHemupoBanus
9JICKTPOHOB ~ CKBO3b  IIOTCHIMAIBbHBIH  0apbep MOXHO OLEHMTh U3 COOTHOLICHMS
neonpenenennocty  ATe~h/AEc. Ecnu npunste AE~@, 1o AT~10"%c. CneposarensHo,
3JIEKTPOHBI MTPAKTHYECKM CHHXPOHHO “pearupyror”’ Ha M3MEHEHHE 3JIEKTPUYECKOTo IO H
TI0JIS TEMIIEpaTyp.

IpukarogHyro 001acTh paspsna MOXKHO pa3JeiInTh HA TPH OOJACTH, ONpejeiseMble
CCYEHMSIMH TIEPEe3apsIKH, YIIPYroro COyAapeH s aTOMOB ¥ HOHH3AIHH 3JIEKTPOHHBIM YAapOM.
Ipu 5TOM 31MEKTpUYECKOE MOJIe, ONpenelsieMoe ypaBHeHneM MakkoyHa [4], mokanu30oBaHO B
obacTi cBOOOIHOTO Ipobera HOHOB, H 3JIEKTPOHBI JOCTUTAIOT 00JIACTH T'PaHIMYHYIO0 00JIacTh
HMesI SHEPTHI0 KaTOJHOTO MajeHUs.. BeposiTHOCTh HOHM3ALMK KaXXI0r0 aToMa B KaTOAHOM

nsaTHe OyzeT paBHa

P = nete0,T,

rje N, U U,— COOTBETCTBEHHO KOHIEHTPALUs U CKOPOCTh DJICKTPOHOB, O, — CEUYCHHE
HOHM3ALMK aToMa »JJICKTPOHAMH C JHeprueil FEe, T,— BpeMs HAXOXACHHS aromMa B
HMOHHU3ALUOHHON 001acTu. Eciin monoxkuTh x = Ae, TO MOXKHO MOTY4UTh 1is Pi.

— gyjeo—i
' 2ewvn,o,
raey =(Ae/ A )% Ny ¥ 0, — COOTBETCTBEHHO KOHIIGHTPAIIUS M CEYEHHE YIIPYTOro COyIapeHHs
atomoB. Tak kak y u v, (npu Ee > 1038 u T = (3-4.5)X 10° K) u3MeHs10TCA HE OYEHb CUIIBHO,
T0 P; nmpumer Buja

p =4kl

a

rne A=3y/2e v, g, (s Menu 4 ~ 3-10% at*cem3).
Ipu 6;=2.5-10"16 cm2 [4] MO3KHO TIOIY4HTH (pHC. 2), YTO BILIOTH 10 (n, =~ 7.5%10'° cM™ npu
je=105 a*cM2 BepOATHOCTb MOHU3AIUH, PABHAS €IMHUIIE, HAUMHAET MAJATh PU N, > 7.5*10%°
cm 3, [To-BHAMMOMY, STUM U OOBACHSETCS 3HAUMTENLHOE CHIKEHHE CTENEeHH HOHH3AIMU TIPH
Hepexo/ie K MaTepuanam ¢ BLICOKOH ynpyrocThio mapa (tuna Zn, Cd).

Oco60 BakHa 06JaCThb, TJIe MPOMCXOJMT MHTEHCHBHAS DE3OHAHCHAS Mepe3apsika

MOHOB (CEYEHHUE Ope; = 10 cM? [5]), B pesynbTaTe KOTOPOM MPOMCXOAUMT OOMEH 3apsAaaMu
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MeXIy HoHaMu U atomamu. Ilocie mepesapsiiku MOH IBUKETCS HEKOTopoe Bpems At ot
KaToza (T. €. IPOTHUB TI0JIS) ¥ OKA3hIBACTCSI CMEIIEHHBIM Ha PAacCTOSHHUE AX,9TO OOBSICHIETCS
TEM YTO Macca aTOMOB JIBHXKETCS OT KaToZa, a HOHBI K KaTOy 1O TPACKTOPUSIM, OJIM3KUM K
HopMaiy). Eciin monoxuTs £ = const (4T0 BO3MOXKHO pu Ax < 4;), TO

. kT
*T GE
Bpemst Mexmy [OByMs COYAApCHUSMH, TPHBOMSIIMMH K IIEpe3apsiike, ONPEIeiseTCs
BBIPAKEHHEM BUJIA Tpes = 1/My V01 0pesy  TIE Vory — OTHOCUTENBHAS CKOPOCTh HOHA M ATOMA
(Uory = 10° cm*cex?). Ecu 24t > Tpeg» TO TEPE3APALIKA TIOBTOPSETCS, & MOHHBIA TOK Ha
KaToJ| CyIIECTBEHHO CHIKaeTcs. [IOTOKM aTOMOB M CKOPOCTH MCIIApeHHs, IPH KOTOPBIX
BBITIONHsAETCS ycnosue At > (1/2) Ty, , ONpenensiores

Eg; Eg;
,G =
Opes Vorn ngea Vorn

Yy =
a Zmi

riae v, 1 G — COOTBETCTBEHHO ITOTOK aTOMOB M CKOPOCTh MCITAPEHHs U3 IATHA.

Ilpn yBenuueHMM TeMIepaTypbl KaTOJAHOTO MATHAa 00JacTh Mepe3apsiku  HOHOB
HpUOIMKAETCS K KaToTy /10 paccTostauit ~5*1077 om. [Ipn kaToHOM majieHun noTernuana 10
— 20 B Bosnukaior nons ~ (2-5) *107 p*em .

Ipu OOGHEIX TOJAX TPOMA/IHEIE TIIOTHOCTH ToKa (107-108 a*cm2) TepMOaBTOSIEKTPOHHOM
9MHUCCHHU Pa30TPEBAOT KAaTOJ [PKOYJIEBBIM TEIUIOM | TerioM HoTTuHrama, mpuBoas K B3phIBY
sMuTTepa B pesymprare B3phIBa KaTOMHOE ISATHO Pa3pyIIAeTCs, YeM, IO-BHIUMOMY, U
00BsCHAETCS OUeHb Manasi (HECKOJIBKO MUKPOCEKYH]I) MPOJOKUTENRHOCTD CYIIECTBOBAHUS
9JIEMEHTAPHBIX KAaTOAHBIX IATeH [1] m ayroBoro paspsma B o0mactd Maibix TokoB. IIpu
YBEJIMYEHNUH TOKA YT (yBEJIHMUYCHNUH YHCIIa MIATEH) OTAEIBHBIE B3PHIBBI — PACTIajbl HE UTPAIOT
GonpIIoil ponu B 00mEM MyroBOM IMKIE, YTO NPUBOJUT K YBEIHYECHHIO BEPOATHOCTH
CYILIECTBOBAHHMS pa3psza.

Jluteparypa
[1]W.T. K e c a e B. KaroaHble nporeccs aekrpuueckoit ayru. U3, «Hayka», M., 1968.
[2]1E. A. JlutBunos, I'. A. Mecs, A. ©. Illyoun. U3s. By3oB, Ne 4, 147, 1970.
[3] A. OunkensHOYp T, I'. Mekke p. DiaekTpuueckue Iyru U Tepmudeckas miasma. U1, M.,
1961.
[4] S. S. Mackeown. Phys. Kev., 34, 611, 1929.
[5] B. M. CmupHO B. ATOMHBIC CTOJIKHOBECHHS M 3JICMEHTApHBIC MPOLECCH B ILIA3ME.
ATtommsaat, M., 1968.
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AHau3 yc10BHii (OPMHPOBAHHUS AHOJHOIO NATHA BAKYYMHOM Ayrd H peakuus
AHOAHOIO MaJACHUSA MOTCHIMAJIA HA HHIKCKIHIO IJIa3MbI
B.H. Apycramos, X.b. Aurypos, N.X. Xyznoiikynos.
V.N. Arustamov, Kh.B. Ashurov, I.Kh. Khudaykulov.
Hucmumym uoHHO-nIA3MEHHbIX U 1A3EPHBIX MEXHON02UIL

AHPY3, Tawikenm, Y3bexucman,; arustamov@iplt.uz

B mponecce ucCjeaoBaHusd HU3Yy4YaJIOCh BIMSIHHUC WHXKCKIHH KOHTPOJIMPYEMBIX ITIOTOKOB
IUTa3MBI B IPUAHOHYIO 00JIacTh pa3psiia Ha aHOJHOE MaJeHNue MOTEHI[HANa.

In the course of the study, the effect of injection of controlled plasma flows into the near-
anode region of the discharge on the anodic potential drop was studied.

B kadecTBe aHOJa HMCMoib30BaHAa MonuOieHoBas donbra tonumao 120 mrMm. s
orpaHHuYCHUs pabodeil MOBEPXHOCTH CO CTOPOHBI MCCIEAYEMOTO pa3psia aHo] MOKphIBAaJCs
CIIOSIHOW TIJIACTHHKOW, B KOTOPOM HMelloch oTBepcrue 6,2 MMm. B kauectBe kaTona
HCIOJIB30BANCA MOJMOACHOBEINH MPYTOK @ 4 MM, PacHoNOXEHHBI COOCHO C OTBEPCTHEM B
aHOJA€ Ha pacCTOSIHHUH 12 mm. 21115[ WHXCKIOHWUHN IIJIa3MbI HCITIOJIB30BaJICA BCITOMOTaTeIbHBIN
paspsii ¢ MPOTHBOIOJOXHOW CTOPOHBI aHOAA. DJEKTPOAHAS CHCTEMa BBHINONHEHA TaKUM
00pa30M, 9TO aHOIBI y ITUX Pa3pPsAA0B ObUTH OOIMMHU. VICTOYHHKOM NUTAHUS Pa3ps0B SABISAIACH
HCKYCCTBeHHasl JUIMHHAS JIMHHUS Z1, AJIUTEIBHOCTH pa3psaga KOTOPOH cocTaBisiia 35 MKC.
BcenomorarensHelii  paspsj] HMHULMUPOBAJCA IUIa3MOM OCHOBHOIO paspsga. XapakTepHBIE
OCIUJIOTpaMMBI TOKA U HAINPSIKCHHUSA IIPUBEACHBI HA pI/ICl Kak CIEAYyEeT U3 OCHUIIOTpaMM
paspsia, HavajdbHas CTaAus HANOPsOXKEHHUS paspsana XapaKTEpHU3yeTCs OTCYTCTBUEM
HecTaOMJIbHOCTEH, a B 3aBepuIAlONIeil CTAAMM BO3HMUKAIOT KOJEOAHHS HANPSDKEHHS C
pasmepom AU= 20 - 25 B. Ha ocHOBaHHH HanpsDKEHHs cTaOMIbHOM (a3bl pa3psaoB cTpouIach

BOJIbT-aMIICPpHAA XapaKTCPUCTUKA UCCIICAYEMOTO OYTOBOTO

Puc.1 OcunitorpaMm TOKa U HaIPSDKEHHS AyTOBOTO paspsja.
paspsina. PesynbraTel, nonydeHHble TP 00paboTKe OCIMIUIOrpaMM pa3psiioB, IPUBEICHEl Ha

puc.l, kpusas 1. Kak BugHo u3 puc. 1, HanpspkeHHe paspsiia ¢ pocTOM TOKa paspsiga oT
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50 no 80 A Bospacraer or 60 B 1o 140 B. OueBujHO, TakOoe BO3pacTaHHUE HANPSIKEHUS
CBs3aHO ¢ ()OPMUPOBAHHEM TOJIOKUTEIBHOTO AHOAHOTO MAaJCHUs MOTeHnHana. Eciin npuHsATh
Uk =20 B, To Ua =40 - 120 B. Hecmorpst Ha 6onbine  Ua, aHOHOE NATHO HE ()OPMUPOBATIOCH
BCJICJICTBME MaJlOil JUIMTENBHOCTH pas3psja. B Jpyroil cepuu SKCIEpUMEHTOB, KpoMe
HCCIEIYyeMOro paspsifa, BO30yXKAancs BCHOMOrarenbHbIM paspsa.  [loTox  rmurasmel,
NOCTYMAIOMUil B IPHAHOAHYIO 00JAacTh, OMPEACIACTCS TOKOM BCIIOMOTaTElIbHOTO paspsja.
XapakTepHble OCLMIIOrPAMMBI HANPSKEHHUSI U TOKA NpUBeJeHbl Ha puc.2. Kak ciaenyer us
pHUC.2, TIPU WHXKCEKIMHU TUIA3Mbl NPU AHOJIHOI 00JACTH TNPOUCXOAUT PE3KOE YMEHbIICHHE
HanpsDKEHUs paspsifia, CJIEIO0BATENbHO, U AHOAHOrO mageHus. VIHTepecHO OTMETHUTh, UTO
ycroiuuBas (a3za HanpspKeHUs (GOPMUPYETCS C 3aMO03AaHUEM 8 MKC, 4TO 00YCIIOBJICHO, MO-
BUJIMMOMY, KOHEYHOH CKOPOCTBIO pPACIpPOCTPAHCHUS IIa3Mbl U (OPMUPOBAHHEM BCIIO-
MOraTeJIbHOI'O paspsja. HOHy‘{eHHbIe pe3yipTarhl 3aBUCUMOCTHU HAINPSXKECHUA UCCICAYEMOI0
paspsza U 0T TOKka BCIOMOraTelIbHOro paspsiia Is mpuBeaeHs! Ha puc.2 kpusas 2. Kak
cienyer u3 puc., 3apucumocts U = f(l) B Hccne10BaHHOM Mana3oHe TOKOB HAIIPSKEHU S

uzMmensiercs ot I1 5B 1o 45 B npu u3MeHEeHUHU TOKA BCIIOMOTaTeIbHOTO pa3psija ot 150 A

150
7 <7
i
e
50
70
50 2
30
92 24 a4 99, ka4 10
50 60 70 80 77,; 80

Puc.2. Bonbr-amnepHasi XapakTepHCTHKA IyroBOTO paspsiia, KpuBas 1 — M 3aBUCHMOCTb
HanpsHKEHHs pas3pssia OT TOKa BCIIOMOIaTENIbHOTO Pa3ps/ia OCYIIECTBIISIONIET0 WHKEKIUIO MIa3MBbl B
HPUAHOJIHYIO 00NACTh HCCIEAYEMOro paspsijia, Kpupas - 2.

IIpu popMupOBaHMM aHOAHOrO MATHA HAMPSDKEHHE JYroBOro paspsja oObldHO cocrasiser 40 -
50 B. TakuMm o0Opa3oM, IpH TOKax BCIIOMOTATENbHOr0 paspsna [s=1kA HHXeKTHpyemas
mia3mMa o0ecrne4yrnBaeT B MPUAHOAHON 00JIACTH YCIIOBHS, XapaKTEePHBIE JUIsl AaHOJAHOTO MATHA.

OmpenenuM KOHIEHTPAIMIO TIJIa3Mbl BCIIOMOTATEIbHOTO pa3psna, MOCTYNAIONIYIO B
KanuGpoBaHHOE OTBepcTHE aHoAa. COrllaCHO BBIPAXKCHUIO 2, ONpPEICISIONEMy KOHLEHTPALUIO
KaTOJHOI IIa3Mbl Ha pacCTOSHUM L OT MOBEPXHOCTH, MOJyYUM, 4TO B IPUAHOAHYIO 001aCTh

B €IMHULY BPEMCHH ITOCTYINACT IOTOK HOHOB, paBHin/'l

algdd

L7 s12g;

M
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rae da - JMaMeTp OTBEPCTHS B aHOJE.
Jlnst Toka BCIIOMOTATENBHOTO AyroBoroo paspsaa ~1 kA mmeem Ni = 102 ¢t C
yueToMm “Vi; = 10% cM/c TOIyYHM KOHIIEHTPAIUIO HOHOB, 00ECTIEUMBAIONIUX HEHTPATH3AIIUIO

00BEMHOr0 3apsija TOKA ICKTPOIOB HA aHOJ, OJIM3KYIO CMHUIIC

Otlg

n =t~ (25 -3)10Men® ()

TakuM 00pa3oM, KOHIIEHTpaUUs HOHOB, O0ECHECYHBAIOIIAs yMEHbIICHHE AHOTHOTO MaJCHHUS
nortenuuana Ha 40-50 B, cocraBaser ~ (2,5-5) 10 cm3. Ilpu yuere HeHTpambHOI
KOMITOHEHTBI KaTOJHOW I1a3Mbl, IIPOHUKAIOLIEH Yyepe3 OTBEPCTHE B aHOJE C MOCIEnyollel ee
HOHM3alMeld B MPUAHOTHOW O0OJNACTH MCCIENyeMOTo paspsiia, HCKOMas KOHICHTpAaLus
HECKOJIbKO Bo3pacraeT. OJHAKO yBEINYCHHE KOHIICHTPAIIMH HE MOXET OBITh CYIECTBEHHBIM,
TaK KakK CTelleHb MOHU3AIMK KaTOoAHOU rura3Mbl 6nuska k 100 % [1].

DKCHEepUMEHTAJIBHO MOJyYeHHAasl BEJIHMYHMHA OTHOCHTEIBHOW HOHH3ALUU dPOJHUPOBAHHOIO IO-
TOKa B, juist monubaeHa cocrapisier f =90 %. C yueToM MHKpOKAIEJIbHON COCTaBIISBIIEH
9Ta BEMYMHA pacCMaTPHUBaeTCs KaK HIKHSS TPaHHUIla OTHOCHTENbHON HoHu3anuu. Mcnapenne
K€ MHUKPOKAIIeJIb Ha PACCTOSHHSAX, 3HAYNTEIBHO MPEBHINIAIOIINX KATOJHYIO 00J1aCTh, HUYTOXHO
mano. CremoBaTenbHO, HENb3sS O0XHIATh 3aMETHOTO YBEIWYCHHS KOHIICHTPAlMM HOHOB B
MIPHAHOJHOW 00JacTu paspszaa.

TakuMm 06pa3oM, XapakTEepHBIH MaciiTab KOHIEHTPALUH HOHOB B MPHAHOAHOW obnacTH,
COOTBETCTBYIOLIMI YCIIOBHIO (DyHKIMOHHPOBAHHS aHOIHOIO MSATHA, DOJKEH ObITH He Goiee
ni=10%cm3. DTM KOHIEHTpalMU COOTBETCTBYIOT aaBinenuto 5,10 Ila u Temmeparype
anoaHoro nstHa T = 3500-3600 K. (ais Mo)

3akaoyeHue

IIpoBenennoe 9KCIIEPUMEHTAIBHOE HCCIICIOBAaHHE BJIMSTHU S WHKEKIIUU
KOHTPOJMPYEMBIX TIOTOKOB IUIa3Mbl B MPHAHOAHYIO 00JacTh Ha MPHAHOAHOE MAJACHUE
MOTEHIHMAana TOKa3alo, dTO TpPH KOHIEHTpamuu HoHOB Ni=  5:10Mcm 3nponcxomut
HeHTpanu3anus 00beMHOTO 3apsijia TOKa AIEKTPOHOB. [Ipu 3TOM aHOJHOE MaieHIe MOTeHIIHATA
YMEHBIIAETCS [0 YPOBHs, XapaKTepHOro st paspsga ¢ aHogubiM msatHom ~ (20-30 B).
CoOOTBETCTBYIONIASE 9TUM KOHIEHTPALUSIM TEMIIEPATypa aHOAHOTO MATHA JJISI MOJTHOIEHOBOTO
aHona okasbiBaeTcs He MeHee T=3500 K. Bepxuuil mpenen temmeparypbsl ONpeensercs
BEPOSTHOCTHIO HOHU3ALUH MMAPOB B MPUAHOAHON 00JacTH pa3psaa.

JIuteparypa
1. BapBunok, B.A. ®usmuyeckre OCHOBBI M MaTeMaTHYeCKOE MOJEIHPOBAaHHE IPOIECCOB

BaKyyMHOTO MOHHO-TITa3MeHHOro HambuieHus / B.A. bapsunok, B.U. bormanosnd. — M.

MammaocTpoenne, 1999. — 309 ¢
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BakyymHo- 1yroBasi 00padoTKa NoBePXHOCTH KOHCTPYKIIHOHHBIX MAaTEPHAJIOB.
B.H. Apycramos, X.b. Amypos, 1. X. Xynoiikynos, b.P.Kaxpamonos, A.M. Xypasnes.
V.N. Arustamov, Kh.B. Ashurov, I.Kh. Khudakulov, B.R. Kakhramonov, A.M. Juravlev.

HHcmumym UOHHO-NJIA3MEHHbLX U J1A3EPHbIX mexHono2utl
AHPY3, Tawkenm, Y3bexucman,; arustamov@iplt.uz

B pabote uccnenoBanocs BausHHE 00pabOTKH 00padaThIBa€MO ITOBEPXHOCTH IIa3MOMH
BaKyyMHOTO JyroBOro paspsiga paboueil MOBEPXHOCTH H3IENMS Mepel HaHeCeHHeM

(YHKIIMOHATBHBIX TTOKPBITHHA.

The work investigated the effect of processing the surface to be treated by the plasma of
a vacuum arc discharge of the working surface of the product before the application of

functional coatings.
O0BbeKTHI H METOAbI HCCJICAOBAHUS.

B  KkauectBe  OOBEKTOB  HCCICOBAaHWS  BBIOpDAHBI  CIEAYIONIME  MapKd  CTalei:
HHM3KOYTJIepoaucTast xonoxHokaraHast crans 0810.. 10XH/IIL, 08 KIT u crame OXISHIT.
OneHnBanack BO3MOXKHOCTb MOBBINICHNS aJAr€3WH M, COOTBETCTBEHHO, 3AIIUTHBIX CBOICTB
JIAKOKPACOYHBIX TIOKPHITHH T110c/e 0OpabOTKM TOBEPXHOCTU DJIEKTPOIYTOBBIM METOJIOM.
HMcronp30BaHO 5 JTAaKOKPACOYHBIX MOKPHITHH. Are3MOHHAs TPOYHOCT M JOITOBEYHOCTH
TOKPBITUSL MHOT/IA B OONBIICH CTENEHH 3aBHCAT OT TIATETHHOCTH IOJIrOTOBKU MOBEPXHOCTH,
4yeM OT KadecTBa Kpacku. B nmaHHOI paboTe B KauecTBE NPEABAPUTEIBHOH IIOATOTOBKU
MOBEPXHOCTH MEpe/l OKPAIIMBAHUEM MPEJIaracTcs HCIOJIb30BaTh METOJ 3JICKTPOMYrOBOM
ounctky. Crioco0 ypaneHus ¢ HOBEPXHOCTH METAUIOB U CIUIABOB OKAIMHBI M 3arpsI3HCHUH C
HCIIONB30BAHUEM YCTOHYMBOrO 3JIEKTPOAYTOBOTO paspsijia B BaKyyMe 3aKII04aeTcs B TOM, B
peXUME C XOJIOIHBIM KaTOJOM, OCHOBHAsI SHEPIus paspsia BHIICISETCS B 001aCTH KaTOMHBIX
HATEH, TIEPEMENIAIONIMXCS XA0THYECKM [0 TOBEPXHOCTH 3yekTpoma. (no 107 Br/cm?),

IIPOUCXOIUT

B kadecTBe mapaMeTpOB OLEHKH COCTOSHHSI TIOBEPXHOCTH CTAIBHBIX OOPAa3IoB IOCIE
DJIBO paccMarpuBany IIEpOXOBAaTOCTb, MHKPOTBEPIOCTh U COJEPKAHHE IMOBEPXHOCTHOTO
yrnepopa. lllepoxoBatocTs —ompenensiack M3Mepsiu  Ha mpubope  mpoduiorpade-

npoduromerpe (Mozens 201 3aBoaa "Kamubp')
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Pe3yabTaThbl HCCIe10BaHUI

B Tabmume 1. mpuBeneHBI pe3ynbTaThl ONPEACICHUS [UIMTENBHOCTH HCIIBITAHUI
00pasIoB [0 MOSBICHUS IMy3bIpeH Pa3IUYHBIX pa3MepoB. AHaiuu3 pe3yipraToB. IlTokasan 4ro,
a¢pdexTruBHOCT Hcmonb3oBanus DJIBO konebnercss B 3HauMTeNbHBIX mpepenax -ot 0,15mo
27,0, Bpems 110 TIOABIICHUS MEIIKHX POCTA ITy3bIpeit 1uaMeTpoM 1MM, CBSI3aHHBIX Yallle BCETO C
nedexTaMu MOBEPXHOCTH MeTailIa, Ha oOpadoTtanHeIx D/IBO oOpa3nax cocTaBiseT UIs craiei
O08KII u 10XH/AII Benmmuunst 7196 - 37164., Ha 06e3xHUpeHHBIX - 264,7204.,CO0TBETCTBEHHO.
OO6HapyxeHs! ciydan, korga 3/IBO yBennmuuBaeT ckopocTh pocta mmyssipeit. IIpu stom juis
OJTHOTO U TOTO K€ BHJA IIOKPHITHS () (HEKTUBHOCTH OUMCTKH PE3KO MEHSSTCS ITPU CMEHE MapKu
OKpammMBaeMoi cTamu. Tak, Juis CHCTEMBI W3 OJHOCIOHHOTO 3JIEKTPOOCAKICHHOTO
TPYHTOBOYHOTO HOKpPBITHA 13 TIpyHToBKH OII-0190 mepexox OT XOIOZHOKATaHOH
Manoyriepoaucrond kumsieit cranu 08KII k Xxon10JHOKaTaHOW HU3KOJETMPOBAHHOW CTAlK
10XHAIT npuBoanT ysenmuernuto 3¢ dexruBrocTr npumeHeHns JJIBO BTpoe, Torna kak mms
OJJHOCJIOIHOr0 MOKPBITHs U3 rpyHT-3Mann D11-4312-86 nmepexox ot cramu 10XH/II k cramu
08KII npuBOAUT K JECATUKPATHOMY yBEIUYEHUIO BPEMEHU [0 MOSBICHUS IIy3bIpeil AuaMeTpoM
1 MM Ha TOBEpPXHOCTSX, 0OPaOOTAHHBIX JIEKTPOAYrOBBIM METOMOM. [Ipovepk B HEKOTOPBIX
rpadax TabIHIBI CBUAETENLCTBYET 00 OTCYTCTBHU Iy3bIpel JAaHHOTO pa3Mepa Ha MOBEPXHOCTH
MOKpBITHH. Bce mpouepku OTHOCATCS K MOKPBITUSM, C(HOPMHUPOBABLIMMCS Ha MOBEPXHOCTH

ob6pasios mocie J/BO.

Bpems 10 nosiBiIeHNs My3bIpeii Ha TTOKPHITHSAX.

HcnpiTanue B Z[HCTPIHHHpOBaHHOﬁ BOJC.

Ta6muma 1
Mapka Mapxka Huametp Bpewms 1o nosiBinenus myssipei Ha Bennunna
JIaKOKpac. CTanu y3BIPsi, MM obpa3uax, gac. OTHOIIECHU
Marepuan C be3 o6paboTku k4
00paboTKoit
1 2 3 4 5 6
I'pysT O8KIIT 1 7196 264 124
IMalb
2 7196 720
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DI1-1236 5 - 7000
8 - 8500+12476
IOXH/IT | 3716 336 11,0
2 7196 7196 1,0
I'pysT 08KII 1 336 264 1,3
SMalb
2 - 720
DI1 -5287 I0X18HIT 0,5 - 12476
Cocras 08 KII 0,5 - 8396
XI1-5274
I'pynroBka IOXH/IT 1 3716 1244 3,0
0810 AHO 1 - 8396
SIT0190 08 KII 1 3716 3716 1
I'pynr- IOXH/IIT 1 1244 8396 0,15
SMallb 08 KIT 1 12497 1244 10
DI14312-86 3 - 8396

B rabmuue 1. npuBeneHb! pe3yibTaThl 10 OLIGHKE [OJIM IIOBEPXHOCTH, 3aHSTOMN
MPOIYKTaMH KOPPO3HMU B MPOIECCEe HCIBITAHUS 00pa3IoB, 0OpaOOTaHHBIX AIIEKTPOIYTOBBHIM

METO/IOM M 00€3XHUPEHHBIX OPraHNYECKUMHU PACTBOPUTEIISIMH.

AHanmu3 pe3ynbTaToB TAONHIBI 3. TMO3BOIMI 3aKIIOYUTh, YTO BEIMYMHA S(P(PEKTHBHOCTH
npumeHeHust DJIBO xosebnercss B mpemenax IByX mopsakoB or 1 mo 124. Ilpu sToMm
MaKCHMaJlbHbIe BEJIMYMHBI JOCTUTHYTHl HA TMOKPBITHAX  C  XOPOIIMMH 3allUTHBIMH
CBOMCTBAMH, TaKMX KaK 3MOKCHAHOE MOKpPBITHE afare3noHHoro tuma OI1-1236, rae 3a 12476 4
WCIIBITAHUH 7071 TOPaKGHHOM TIOBEpXHOCTH He mnpeBbimaer 1% wHa cramm O8KIT m
OJIHOCJIOIHOE SMOKCHIHOE MOKpbITHE U3 TpyHT-3Manu DOI1-5287-86, rae B Tex xke ycnoBHsX
JI0JIS1 IOPKEHHON MOBEPXHOCTH He mpesbicuiaa 5%. [ToKpeITHE M30IMPYIOLIEro ACHCTBHS Ha
OCHOBE XJOpCYJIb(pHUpoBaHHOTO moymdTHIeHa DI1-5274 Ha BceX HMCIOJIB30BAHHBIX CTANSX HE
AMeEN0 TopaxkeHHMH 3a 12476 9 wucObITaHWMIl TpH  DIEKTPOLYTOBOM OUYHCTKE Iepen

okpamrBanueM. OHOCIOHHOE TOHKOE IEKTPOOCAXKACHHOE MOKpbITHE U3 rpyHTOBKH DI1-0190
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/ronmmua 17-18 MKM/ OKa3agOCh OYCHb UYYBCTBHUTECIBHBIM K COCTOSIHUIO MOBEPXHOCTH
okpammBaemoil cranu. Tak, Ha cranu 080mokpbITHE, HAHECEHHOE Ha MoBepxHOcTh ¢ DJABO,
yepe3 12476 u ocranoch HenmoBpexaeHHbIM. Toraa kak mocie 7000 4 MOKPBITHS Ha CTaIsAX
08KIIu 10XH/IT umenu 5% mnopaxkeHui. JlecATHKpaTHOE yBENIUYEHHE CPOKA HUCIIBITAHUS
mokpeiTust w3 dSMmamu  Ol1-4312-86 ormeueno Ha cramu O8KII3a cuer mnpuMeHEeHUs

JNEKTPOIYTOBOH 00PaOOTKH.

Z[OJ'I?[ TIOBEPXHOCTH 3aHATOMN KOPPO3HOHHBIMU ITOPAXKCHUSIMH.

3akJ/oueHnne.

VYcranosneno, uro 3¢ dexruBHocTs npuMenerus DIBO mepen okpamirBaHueM CBs3aHa
C HUCXOJHBIMM IIApaMETPaMM CTaId M COCTABOM JIAKOKPAcOYHOH KoMmmnosuiuu. Pesko
BO3pACcTalOT ~ BOAOCTOMKOCTH ¥  3alIUTHBIX  CBOMCTBA  JIAKOKPACOYHBIX  ITOKPBITHH,
9KCIUTYaTHPYIOIIUHCS B JKECTKHX YCIOBMSAX BO3JEHCTBUS IOJKMCIEHHOTO PAacTBOpa XJIOpHa
Hatpusi. OGHapyKeHa BO3MOXKHOCTh PUMEHEHHUS] HU3KOJIETHPOBaHHbBIX craieii mocie 9/IBO B
OKpamieHHOM BHJE, Torjaa kak oOedxupenHsle cranu tuma [0XH/IT mocne okpammBaHUs
TIPOSIBIISIIOT YPE3BBIYAIHO HU3KME 3alUTHBIE CBOICTBA BCIEACTBHE BBICOKOTO COJEPKAHMS

TIOBEPXHOCTHOTO YTIi€poaa mocje NpoKaTKu.

B pesynbraTte MpoBEJEHHOTO HCCIENOBAHHS yCTAHOBIEHA BO3MOXKHOCThH ITOBBIMICHUS
JIONTOBEYHOCTH  JIAKOKPAaCOYHBIX ~ TOKPBHITHHT 32  c4eT  0OpabOTKM  IOBEpPXHOCTEH
HU3KOYTJICPOAUCTBIX H JISTUPOBAHHBIX CTaJlell METOJOM DJIEKTPOLYrOBOIl BaKyyMHOH OYHCTKU
(BABO). OCHOBHBIMU MOJNIOKXHTENBHBIME d(P(EKTAMH DIEKTPOAYTOBOM BAKYyMHOW OYHCTKU
SIBJIIIOTCS: - YMEHBIICHHE CKOPOCTH POCTa IMy3bIpeH - OCHOBHOIO Je()eKTa JTaKOKPaCOYHBIX
MOKPBITUHf, BO3HHUKAIOIIETO B OKCIUIyaTallUOHHBIX YCJIOBUSX; - CHIDKGHHE pOCTa
PacpoCTpaHEeHUs] KOPPO3HOHHOTO ITOPAXKCHHUs HA OCHOBHOW YacTH OKPAIICHHBIX 00pa3LoB; -
POCT JUIMTENBHOCTH JIATEHTHOTO IEPHOJa 10 MOSBICHUS IEPBBIX KOPPO3HOHHBIX MOPAKCHUI

Ha OKpAaIIE€HHBIX TOBEPXHOCTAX.
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OOPMUPOBAHUS HAHOYACTUIL KAPBUJIA BOJIb®PAMA IIPU CUHTE3E
NJIASMOXUMHWYECKHUM METOJ0OM

FORMATION OF TUNGSTEN CARBIDE NANOPARTICLES DURING SYNTHESIS
BY PLASMOCHEMICAL METHOD

X.b. Amypos, B.H. Apycramos, M.1. Xynaiikynos, J)K.P. PaBmanos, /I.T. YcmaHoB
Kh.B. Ashurov, V.N. Arustamov, I.I. Khudaykulov, J.R. Ravshanov, D.T. Usmanov

Hncmumym uonno-naasmennvix u aazephnwix mexnonocui AH PY3, yn. /lypmon iynu 33,
100125, Tawxenm, Y36exucman, e-mail: usmanov@iplt.uz
Institute of lon-Plasma and Laser Technologies, Uzbekistan Academy of Sciences, Durmon

Yoli street 33, Tashken, Uzbekistan, e-mail: usmanov@iplt.uz

In this work, the formation of tungsten carbide nanopowders directly from tungsten oxide
using plasma chemical reduction synthesis method are discussed. An experimental setup has
been developed for plasma-chemical synthesis of tungsten carbide nanopowders, which

allows them to be obtained directly from tungsten oxide to create nanostructured hard alloys.

HoBble HampaBieHHs HayKHM M TEXHOJOTHM TAaKHE KaKk HAHOTEXHOJOTHM M HaHOMAaTepHAIbI
cTanu OBICTPO Pa3BUBATHCS B KOHIIE NMPONLIOro Beka [1]. DTo 00ycnoBIeHO cTpeMiIeHHeM K
MUHHATIOPU3aluy M3JeNUH, YHUKAJIbHBIMH CBOWCTBAaMH MaTEpPHAOB B HAHOCTPYKTYPHOM
COCTOSIHMM, HEOOXOJMMOCTBIO pa3pabOTKM M BHEJPEHHS MAaTepuaIoB C KadeCTBCHHO H
KOJIMYECTBEHHO HOBBIMH CBOMCTBAMH, Pa3BUTHEM HOBBIX TEXHOJOTHYECKHX IIPUEMOB U
METOZIOB, 0A3UPYOIIUXCS Ha MPHHIUIAX CAMOCOOPKH M CAMOOPTaHM3ALMH, MPAKTHYSCKUM
BHEJIPEHHEM COBPEMEHHBIX IIPHOOPOB HCCIENOBAHHSA, AWATHOCTHKA MU MOJU(UKAIUH
HAHOMAaTepUaIoB (CKaHUPYIOIIAs 30HA0Basi MUKPOCKOIINS ), Pa3BUTHEM U BHEPCHHEM HOBBIX
TEXHOJOTHH, TIPEJICTABIAIONIMX CO0OH TMOCIE0BAaTENBHOCTE MPOIECCOB  JHTOrpadum,
TEXHOJIOTMIl NOJNy4YeHHs HAHOMOPOIIKOB. K  HacTosiieMy BpeMEHH HalpaBlCHHE
HAaHOCTPYKTYPHBIX HCCIECJOBAaHUH YK€ IIOYTH IOJHOCTBIO CMECTHIOCH OT IONYyYCHUS H
H3YYCHUS] HAHOKPHCTAUIMYECKUX BELICCTB M MAaTEPHAIOB B 00JIACTH HAHOTCXHOJIOTHH, T. €.
CO3IaHMS U3/IENUH, YCTPOICTB U CHCTEM ¢ HAaHOPa3MEepHBIMH dIeMeHTaMH [2]. B HacTosmeee
Bpemst, kap6u Boibhpam (WC) sBisieTcs: OJJHUM H3 HCIOIb3yEMbIX CIUIABOB B TEXHUKE IS
U3TOTOBJICHHS PA3IUYHBIX HHCTPYMEHTOB, TPEOYIOIINX BEICOKOH TBEPIOCTH H KOPPO3UOHHOM

CTOMKOCTH 6]'1&1"0[[3[)5{ CBOMM HEOOBIYHBIM CBOﬁCTBaM, TAKUM KakK BBICOKas TEMIICpaTypa
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IUIABJICHHMS, IPEBOCXOJHAS TBEPAOCTh, HU3KHUH KOI(P(QHUIIMEHT TPEHHsI, BHICOKAsi CTOMKOCTD K
OKHCIICHHIO 1 XOpoIIas dJIeKTpuieckas npoBoaumocts [1].  Kpome storo npumenenne WC B
00JaCTH KaTaJMTHYECKOW IPOMBIIIIEHHOCTH O4YeHb mepcrekTuBHO [3]. Oxnako peskoe
MOBBINIEHHE  (M3UKO-MEXAHHMYECKUX CBOICTB MAaTEPHAIIOB  OXKHIAIOT TOJNBKO MU
HCTIONB30BAaHUU MOPOIIKOB HAHOMETpoBOro pasmepa (MeHee 100 um). [Tostomy, paspaborka
W Pa3BUTHS TEXHOJIOTHS CHHTE3a M aHAIN3a HAaHOIOPOIIKOB KapOuaa BoJb(paMa SIBISFOTCS
aKTyaJbHOU B 3TOU 00IACTH.

OJHIM U3 pacIpOCTPaHESHHBIX XHMHIECKIX METO/IOB MOITyYESHHUs BEICOKOIUCIIEPCHBIX
HOPOIIKOB HUTPHUJOB, KapOHI0B, OOPUIOB U OKCHJIOB SBIISICTCS IIa3MOXMMHUYECKUH CHHTE3
[4]. On ocymecTBIseTCS C MCIOIb30BAHUEM HH3KOTEMIIEPATYPHON TIa3Mbl JyTOBOTO MM
TICIOEero pa3psigoB. IIma3sMOXMMHYECKHiI CHHTE3 00ecHe4YnMBaeT BBICOKHE CKOPOCTH
o0Opa3oBaHMS M KOHJACHCAIMM COEAWHEHHWS ¥ OTIMYACTCS JOCTATOYHO  BBICOKOM
MIPOU3BOJUTENBHOCTEIO. B Hacrtosimeil pabote oOcyxnaercss pa3BUTHE METOAWKH U
TEXHOJIOTHSI NOTyYeHUS! HAHOIOPOIIKOB KapOHAa Bolb(ppaMa IIyTeM INIa3MOXUMHYECKOTO
BOCCTAaHOBHTEIBHOTO CHHTE3a HEMOCPEJACTBEHHO W3 OKCHAA BONb(pamMa I CO3IaHUS
HaHOCTPYKTYPHBIX TBEP/BIX CIUIABOB.

Jl1s  OCyIIEeCTBIICHUS IOCTABICHHBIX 3a/ad pa3paboTaHa 3KCIIEPHMEHTAIbHAS
YCTaHOBKA HU3KOTEMIIEPATyPHOH IIa3Mbl JyTOBOTO pas3psiia Ul MOTyYSHUs] HAHOIOPOIIKOB
WC nyreM 1ia3sMOXMMHUYECKOTO BOCCTAaHOBHTEIBHOTO CHHTE3a HENOCPEICTBEHHO U3 OKCHAA
Bonb(pama. [l peann3anuy MmiIa3sMOXMMHUYECKOTO MPOIEcca CHHTE3a HAaHOYACTHIl Kaponaa
Boib()paMa  BaKyyMHO—IYrOBEIM  METOAOM,  pa3pabOTaHa  3JIEKTpOJHAs  CHCTEMa
KOAKCHAJIbHOTO TUHa. B 3TOM cucTeMe 3a)KMraHue SJICKTPHUUYECKOM Jyru, MMEIOIEH TOK
pa3psana, paBHblit 80-200 A, u HanpsbkeHue paspsana, pasHoe 20-30 B npousBoauTcst MexILy
rpaUTOBBIM DIEKTPOIOM (KaTo[) M KOMIIO3UTHBIM (aHOA) 3JIEKTpoxoM. KoMmIosuTHbIH
JJIEKTPOA TPEACTaBIIeT COOOH TPadUTOBBIH CTEPKEHb C IPOCBEPICHHOH IOJOCTHIO IIO
LEHTPY U HAIOJHEH KHCIOPOJCOJACPKAIMM COCIUHEHHEM Boib(dpaMa, BHIOPaHHBIM W3
rpynmbl, conepxkameir WO3, W(CO)s, mpuuem MaccoBoe coJepkaHue Trpadura u
coeMHEHHsT BOJb(pama BRIOHPAIOT B COOTHOIEHUH, paBHOM OT 1:0,5 1o 1:2. [Mognepxanue
YCIOBHH TOpPEHHUS IyTM OCYIIECTBICHO ITyTeM BapbHPOBAHUS  MEXDIEKTPOIJHOTO,
PACHbUICHUS. KOMIIO3UTHOTO JICKTPOAA B DICKTPUYECKON Jyre M OCaXICHMS IOJIY4CHHBIX
HAHOYACTHI] Ha OXJIAXIAaeMblil 5kpaH. TeXHWYeckuil pe3ysbTaT JOCTHUTaeTcs pearn3anueit
mpolecca CHHTe3a HaHOYacTHI[ KapOuaa Bojibppama, B IIa3Me, FEHEPUPYEMOil B KaTOAHOI
o0JlacT pa3psaa KaTOAHBIX IISITHAX, HA OTPHLATENHEHOM DJIEKTPOJe KaTOIe U COCTOSIIEeH M3

Marepuaia KOMIOHEHTOB COCTaBHOTO KaTo/a - OKMCH BoJib(hpama U yriaeposa.
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Pucl. Mukpodororpadus nopouika, CHHTE3UPOBaHHOTO B IIPOLIECCE FEHEPALIMH TIa3MEHHOTO TTOTOKA
BaKyyMHBIM JTyTOBBIM Pa3psioM

BbIsicHEHO, 4TO TeMmepaTypa IUIa3Mbl CHJIBHO 3aBUCHT OT pabouero BakKyma B
kamepe. PabGounit Bakyym B TexHomorudeckoit 3oue cocrasisut 0.1-0.01 ITa u temmeparypa
m1a3mbl Obuta mpubnmsurensHo 4000 K. 'eHeparys miIa3MEHHOTO IOTOKA C ITOBEPXHOCTH
COCTaBHOTO KaToJa OCYLIECTBILUICS HEHMOCPEACTBCHHO BO BHYTPEHHEM MPOCTPAHCTBE
LHIMHAPHIECKOTO  BOAOOXJIAXKIAEMOro OSKpaHa. Pa3paboTaHHBIH MeToJ JIOKaIU3aluH
KaTOJHBIX IISITEH Ha TOPLEBOW MOBEPXHOCTH COCTABHOTO KaTOJa M3 YIJIepoja M BCTaBKU
OKHCH BoIb(pama 00eCreunBaIOT UX yAEPKaHHE HA TOPLEBOH IMOBEPXHOCTU KAaTOAA U TeM
CaMbIM peaJM3yIOT Hpolecc CHHTe3a KapOuna Boib(ppama. Ha pucynke 1 mpexacraBieHb
MHKpodoTorpadusi MOpPOIIKA, CHHTE3UPOBAHHOIO B IIPOLECCE IEHEPalUM IUIa3MEHHOTO
MOTOKA B TOPIEBOH NMOBEPXHOCTH COCTABHOTO CTEP)KHEBOTO KAaTO/A U3 YIJIEPO/ia CO BCTaBKOM
B LIEHTPAJILHOM €ro 4acTu M3 OKUCH Bonb(pama. 31ech He HAOMIONACTCS HUKAKOE CIHSHUE
HAHOYACTHI] KapOujma Bomb(paMa M pOCT KPYNHBIX arperatoB. HaHowacTuusl kapOupa
Bojb(ppamMa HUMEIOT chepuucckue (GOPMBI, XOTS €CTh HECKOIBKO KPYIHBIX YaCTHIL,
HapyIIaloIue 3TU IpaBmia. Pa3Mepsl YacTHI 3aBHCAT OT TEMIIEPATYphl MOMTOKKH JUIS
ocakieHus: HaHodyacTHl. YeMm Ooublie TeMmepaTypa, TeM ObICTpee HMPOMCXOAUI IIPOLECC

arjoMepanunm, CjIen0BaTeJIbHO, pa3MEp YaCTULl CTAHOBUJICA 0oJIbIIIe.

1. Jeevanandam J., Barhoum A., Chan Y.S, Beilstein J Nanotechnol., 9 (2018)1050.
Zheng H, Ou J. Z., Strano M. S., Kaner R. B., Mitchell A., Kalantar-zadeh K., Adv. Funct. Mater., 21
(2011) 2175.

3. CamconoB I'B., Vmagxas I'IIl, Hemmop B.C., ®usnueckoe MarepuanoBeneHue kapOumos. Kues:
Hayxkosa Iymka (1974) 456.

4. Hcaea H.B., bnarosemenckuii 10.B. u 1p., V3Bectue BY3os, [IMu®Il, 3 (2013) 7.
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THE INFLUENCE OF TUNGSTEN COATINGS TEMPERATURE AND DOSE
OF IRRADIATION WITH He* IONS ON HELIUM ACCUMULATION

N.A. Azarenkov, V.V. Bobkov, L.P. Tishchenko, Yu.l. Kovtunenko, A.A. Skrypnik, and
L.A. Gamayunova

V.N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022, Ukraine,
E-mail: bobkov(@karazin.ua
The processes of helium accumulation and thermal desorption in tungsten coatings
deposited on a stainless steel substrate were studied at various temperatures

of the samples irradiated with He" ions to various doses.

In this work we studied the effect of the tungsten coatings temperature during bombard-
ment on the accumulation and thermal desorption of helium into vacuum for various doses of
irradiation with He™ ions. This work is a continuation of the study of processes accompanying
the implantation of He* ions into the W coating of functional composite structures [1-5].

The coatings under study were formed by magnetron sputtering of W targets in Ar atmos-
phere at the pressure of 1.0 Pa and deposition at a rate of 0.6 nm/s onto a stainless steel substrate
with an predeposited intermediate Ti layer with a thickness of less than 10 nm. The thickness
of the W coatings was ~ 1.0 um. They had a polycrystalline structure with an average grain size
of ~60 nm. The samples were irradiated with 20 keV He" ions at the current density ~ 5 pA/cm?
to doses in the range from 1.0 x 10'7 cm? to 1.0 x 10'® cm? at temperatures T,: 290, 370, 470,
540, 570, 670, and 870 K. The methods of studies were the thermal desorption spectrometry
(TDS) and electron microscopy.

In fig. 1 the spectra of helium thermal desorption into vacuum from W coatings irradiated
with He" ions to the same dose from the range of small values of ® <4.0 x 10! cm™ for dif-
ferent temperatures 7, are shown. The thermal desorption spectra have one peak. The highest
thermal desorption of helium was recorded at temperatures Tmax = 1520 K. In Fig. 2 there are
shown the spectra of helium thermal desorption from W coatings irradiated with He* ions to a
dose @ ~7.0 x 10'7 cm™ from the range of large values 4.7 x 10" em? < ® < 8.3 x 107 cm™,
for various temperatures T,. The results are presented for two sample temperatures during irra-
diation: room temperature 7, = 290 K (curves 1 and 2) and increased 7, = 570 K (curves 3 and
4). As seen in Fig. 2, the character of spectra of helium thermal desorption from the W coating
changes significantly with increasing the temperature 7,. For room temperature (see Fig. 2,
curves 1 and 2), the thermal desorption spectra of helium from the W coating have the main

region of helium release in the peak with Tmax = 1520 K as well as another region of its release
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in the temperature range 450 K — 1300 K. For the elevated temperature (see Fig. 2, curves 3
and 4), the helium thermal desorption spectra have the form of dependences with one predom-

inant peak at Tmax = 1520 K.
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Fig. 1. Spectra of helium thermal desorption Fig. 2. Spectra of helium thermal desorption
from W coatings irradiated with 20 keV He" from W coatings irradiated with 20 keV He"
ions to the dose @ = 2.0 x 10'7 cm at tempera- ions with doses of @, 107 cm™: 1-6.1,2- 823,
tures To: 1-290K, 2-370K, 3-540K, 3-6.5,4 - 7.0 at temperatures T,: 1, 2 - 290 K,
4-670K,5-870 K; a=0.8 KJs. 3,4-570K; a=0.8 K/s.

With an increase of the dose of He' ions irradiation, the helium concentration C in the
tungsten coatings irradiated both at room temperature and at elevated temperatures increases
monotonically (see the Table). The dependences of helium concentrations C in the W coatings
on the temperature T, of the sample under irradiation with He" ions for small values of ® are
shown in Fig. 3, curves 1, 2. Similar dependences at irradiation with He™ ions for large values
of @ are shown in Fig. 3, curves 3, 4. A decrease of concentration C with 7, increasing is
observed for both low and high irradiation doses.

The dependence of the helium capture coefficient nue on the temperature 7, of the tungsten
coating at the irradiation with He" ions to the dose 1 x 10'7 cm™ is shown in Fig. 4. The decrease
of nue is observed within the experimental error with the increase of 7, for the other ®. The
temperature interval AT of the observed thermal release and the peaks temperature Tiax in the
helium thermal desorption spectra, its concentration C and the capture coefficient nw. in the W
coating, and the temperature 7, are given in the Table.

Studies of the microstructure of W coating containing helium implanted at a temperature
T, = 290 K have shown that the formation of interstitial dislocation loops and dislocation net-
works was observed in irradiated coatings with He* ions (® <7.0 x 10'7cm2). At the same time,
the formation of helium bubbles was not noticed. Helium bubbles with an average diameter of

2.5 nm were visible at ® > 7 x 10'7 cm™ [4].
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Fig. 3. Dependences C = f (T,) for W coating Fig. 4. Dependence of the helium capture coeffi-

under irradiation with 20 keV He' ions for doses ~ cient nue = f (T5) for the W coating under irradia-

@, 107 em? 1-1.0,2-2.0,3-6.5,4-17.0. tion with 20 keV He' ions with a dose
of ®=1x10"7 cm?

Table. Parameters of helium capture and thermal desorption for W coatings

Compo- Irradiation condi- Parameters

site struc- Ton tions AT, K Tmax, K

ture To, K | @,107cm? | C,107em? | n,£10%

Stst.+W | He" | 290 1.0 0.82 0.82 700-1750 1510
He" | 290 2.0 1.64 0.82 700-1750 1520
He" | 290 3.1 2.51 0.81 700-1750 1510
He" | 290 4.0 3.16 0.79 700-1750 1520
He" | 290 4.7 3.59 0.76 500-1750 | 900 1520
He' | 290 6.1 4.36 0.71 500-1750 | 900 1525
He" | 290 7.0 4.77 0.68 500-1750 | 900 1520
He" | 290 8.3 5.31 0.64 500-1750 | 900 1520
He" | 290 10.0 6.00 0.60 450-1750 | 900, 1200 | 1520
He' | 290 1.0 0.82 0.82 700-1750 1510
He" | 290 2.0 1.64 0.82 700-1750 1520
He" | 370 1.0 0.68 0.68 750-1750 1520
He' | 370 2.0 1.40 0.70 750-1750 1520
He™ | 470 1.0 0.57 0.57 8001750 1530
He" | 470 2.0 1.22 0.61 800-1750 1530
He" | 540 1.0 0.52 0.52 800-1750 1530
He' | 540 2.0 1.00 0.50 800-1750 1530
He" | 570 6.5 3.87 0.60 900-1750 1520
He" | 570 7.0 4.10 0.58 900-1750 1520
He" | 670 1.0 0.47 0.47 800-1750 1540
He' | 670 2.0 0.94 0.47 800-1750 1540
He" | 870 1.0 0.40 0.40 950-1750 1520
He' 870 2.0 0.80 0.40 950-1750 1520
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According to [6], at elevated irradiation temperatures in the tungsten foil, along with inter-
stitial dislocation loops, helium bubbles with a size of about 5 nm were observed for 7, ~ 873 K
and the irradiation dose ®@ue+ = 1.5 x 10'7 cm%; and for T, =~ 1073 K and the irradiation dose
@yt =5 x 105 cm2, bubbles with a size of about 20 nm were also observed. It is assumed that
in the studied W coatings irradiated with He™ ions at 7, = 870 K, small helium bubbles can

form.

CONCLUSIONS. The effect of the temperature 7, of a sample under bombardment with
He" ions up to various irradiation doses on the physical and structural properties of W coatings
of functional composite structures has been investigated. The spectra of helium thermal desorp-
tion into vacuum were studied, the concentration and capture coefficient of helium in the coat-
ings were determined. The helium concentration and capture coefficient in the studied W coat-
ings decreased with 7, increasing at He™ ions implantation into the samples. It is assumed that
the following types of radiation damage are formed in the coatings as a result of irradiation:
vacancy-type defects, interstitial dislocation loops, gas-vacancy complexes, and helium bub-
bles.
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THE FIRST WALL AND DIVERTOR SPUTTERING IN THE ITER
P.Yu. Babenko, M.I. Mironov, V.S. Mikhailov, A.N. Zinoviev

loffe Institute, 26 Politekhnicheskaya, St Petersburg 194021, Russian Federation
e-mail: babenko@npd.ioffe.ru

Beryllium fluxes into the ITER tokamak plasma due to sputtering of the first wall
by D and T atoms leaving the plasma were estimated. The flux of beryllium atoms
entering the plasma was calcuted to be 6.5x10%7 atoms-s™!-m2. The concentration of
beryllium impurities can be 2.5%-4.2% of the mean ion plasma density. Such a high
content of beryllium ions in the region close to the separatrix can lead to significant
sputtering of the divertor with multiply charged beryllium ions. The proposed model
allows estimation of the flux of sputtered tungsten atoms into the near divertor
plasma.

The interaction of high energy plasma with the tokamak wall materials lead to the
material destruction and formation of impurities. If their concentrations are high, these
impurities may radiate enough power to decrease the plasma temperature below the limit
necessary for the thermonuclear reaction. Low-Z materials minimize the effects of impurities
radiation in the plasma. Beryllium has a low atomic number, which is the main rationale for
using Be as a material for the ITER tokamak first wall [1].

The typical (“inductive”) scenario [2] of the ITER operation with the fusion power of
500 MW was analyzed. Our calculations of the energy spectra of the deuterium and tritium
atoms leaving the plasma were performed using the DOUBLE-MC code [3]. The observation
point is located at distance r=8.5 m from the central axis of the torus and at height Z=0.5 m
relative to the equatorial plane. Angle 0 is the angle between the direction to the center of the
torus and the observation line. The angle ¢ is measured from the horizontal plane.

Fig. 1 demonstrates energy spectra dN/dE of deuterium and tritium atoms bombarding
the tokamak first wall.

To estimate the fluxes of beryllium atoms knocked out from the tokamak wall, it is
necessary to know the beryllium sputtering coefficients during bombardment by hydrogen,
deuterium, and tritium atoms. The energy dependences of the sputtering coefficient were
obtained by us normalizing the Yamamura's calculations to experimental values for the case of
hydrogen and deuterium. Experimental data for the beryllium sputtering by tritium is
unavailable, and the dependence will be that defined by the Yamamura's formula. Taking into
account our normalization to the zero angle of incidence, we used the Yamamura's formula [4]

for the sputtering coefficient dependence on the angle.
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Fig. 1. Typical energy spectrum dN/dE of deuterium and tritium atoms bombarding the tokamak first
wall. 8 is the angle of incidence relative to the surface normal, ¢=0°. DOUBLE-MC code.

Our calculations showed the main contribution to the Be sputtering is made by particles
with energies of 100 to 2000 eV.

To calculate fluxes Q of beryllium atoms sputtered from knocked out of the wall, it is
necessary to integrate the energy spectrum multiplied by the sputtering coefficient over the
energy and incidence angle of the incident particles. We have calculated the beam fluxes for
different © and o.

The mean relative concentration of beryllium in plasma is defined as:

_ (Q+Qr)- St

Npe Vo, (€Y
where S is the plasma surface area, t is the plasma confinement time, V is the plasma volume,
and ni=8.6-10*° m is the mean ion concentration in plasma.

Calculation of the yields of sputtered beryllium atoms gives the following fluxes: Qo
=2.97-10" atoms/(ssm?) for deuterium, Qt=3.54-10'7 atoms/(s-m?) for tritium, and
Qz =6.54-10%" atoms/(s-m?) in total. Assuming that the ITER first wall area is S=939 m?, plasma
volume is V=837 m? [5] and average particle confinement time is t=3-5 seconds [6], obtain
beryllium concentration nee = 2.5-4.2%. The obtained estimates of the fluxes are consistent
with the results of [7], where the value Qgee~3-10%" atoms / (s:-m?) was obtained for the same

geometry.
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In case of the plasma density is 2-10° m? and electron temperature 170 eV, the
beryllium atom free path may be estimated as 2-10 cm using the data on electron impact
ionization taken from [8].

Moving along the separatrix, the beryllium ions get ionized down to bare nucleus. Being
accelerated by the plasma-surface potential U, multiply charged ions with charge z bombard
the divertor. The presence of multiply charged ions causes enhanced sputtering of the divertor.

The divertor sputtering depends on the electron temperature and charge distribution of
beryllium ions on the separatrix. The analysis of the charge distribution dependence on the ion
retention time on the separatrix shows that the coronal approximation cannot be reached at
Te=50 eV, while at Te=170 eV plasma parameters are very close to those in the coronal
equilibrium. For the Be fraction of 2-5%, the accelerated Be ions make a considerable
contribution to the divertor material sputtering that exceeds the sputtering by D and T fluxes by
10-25 times.

To estimate the impurity fluxes into the plasma, it is necessary to know the probabilities
of particle penetration through the gas-plasma targets located near the tokamak wall and the
divertor. To make such estimation, we need to know energy spectra of sputtered particles and
projected ranges of these particles in the deuterium gas target.

Using SRIM, the energy spectra of sputtered atoms were calculated for two cases: a)
when the Be wall is sputtered by fast D and T atoms and b) when the divertor tungsten plate is
sputtered by Be ions of different initial energies. Analysis of sputtered atoms ranges led to the
following conclusions: (a) Be atoms sputtered from the wall are able to reach the separatrix
without absorption in the gas target everywhere except for the near-divertor region; (b)
thermolized Be ions accelerated in the plasma-wall potential can reach the divertor with the
probability higher than 73%; (c) the absorption of sputtered tungsten atoms in the gas target
near the divertor plays an important role and reduces twice the flux of sputtered atoms.

Taking into account the calculated ionization balance of Be ions and the attenuation of
ions by the gas target, we estimated the tungsten atoms entry into the plasma for two cases:
without and with the gas target.

Our estimation of the relative beryllium concentration in plasma gives 2.5-4.2% of the
plasma ion density. For such a Be fraction, the accelerated Be ions give a considerable
contribution to the divertor material sputtering that exceeds the sputtering by D and T ion fluxes
by 10-25 times.

The concentration of W in plasma is proportional to the fraction of Be ions in plasma.
Further in our calculations the beryllium concentration nge/ni was assumed to be 5% of the ion
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density in the plasma center. Taking into account the calculated ionization balance of Be ions,
we estimated the tungsten atoms entry into the plasma at different values of plasma-wall
potentials U=0-200 eV and ion temperature Ti=170 eV (Fig. 3) for two cases: without and with
the gas target. The plasma lethal concentrations of tungsten [9] without the gas target near the
divertor can be reached at electron temperature Te >100 eV (see Fig. 3, upper curve). At the
tungsten concentrations higher than 0.2%, the plasma ion temperature will be reduced by the

impurity ions radiation, and the ignition of the thermonuclear reaction will stop.

lethal concentration of W

Il Il Il Il Il
0 50 100 150 200 250 300
U, eV

Fig. 3. Our estimates of the W concentration produced by the Be ion divertor sputtering at different plasma-wall
potentials U. The ion temperature was Ti=170 eV. The upper curve was calculated for the gas pressure of 10 Pa.
The lower curve corresponds to typical parameters of the gas target near the divertor.

The lower curve in Fig. 3 corresponds to typical parameters of the gas target near the
divertor: P=10 Pa, Lg=5 cm. The changes in the beryllium charge fractions during passage
through the gas target were taken into account. Fig. 3 shows that, when the beryllium
concentration on the separatrix is 5%, a significant influx of the tungsten impurity into the main
plasma can take place, although the presence of the gas target near the divertor significantly

reduces the impurity entry into the plasma.
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MOJEJb TEPMOIIOJEBOM JIEKTPOHHOM SMUCCHM U3 KATOJA
C TOHKOM JUSJEKTPUYECKOM IVIEHKOM B TJEIOIIEM PA3PSJIE

A MODEL OF THE THERMO-FIELD ELTCTRON EMISSION FROM THE
CATHODE WITH A THIN INSULATING FILM IN GLOW DISCHARGE

I'.T. Bounapenko*, B.M. Kpucrsa?, MboTu Xa?, M.P. ®umep?
G.G. Bondarenko?, V.I. Kristya?, Myo Thi Ha?, M.R. Fisher?
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A model of the thermo-field emission of electrons from the cathode with a thin
insulating film on the surface is formulated. It is shown that it describes the
emission characteristics of such cathode in wide intervals of variation of its
temperature and electric field strength in the film.

OmHO W3 HalpaBICHHH YCOBEPLUICHCTBOBAHHMS IYTOBBIX Ia30paspsAOHBIX MPHOOPOB
COCTOHMT B YMCHBIIECHHHU MIPOMEXYTKA BPEMEHH O BO3HHKHOBEHHS B HHX JYTOBOTO pa3psiaa,
9TO MOXKET OBITh JOCTHTHYTO IyTeM (OPMHUPOBAHHS Ha OBEPXHOCTH HX JJIEKTPOIOB TOHKAX
JIMDJIEKTPUYECKUX TUIEHOK. I[Ipu GOMOGApIMpOBKE IUIEHKH Ha O3JIEKTPOJE, BBINONHSIIOMIEM
GyHKIMH Karoja, HOHAMH B TICIONIEM pa3psiie MPOUCXOAUT HAKOIUICHHE Ha Heil
TOJIOKHUTENBHOTO 3apsia, NPUBOJISIIEE K BOSHUKHOBEHHIO B IUIEHKE JJIEKTPUYECKOTO OIS,
JIOCTaTOYHOTO JUIsl TTOSIBJIEHHS MOJIEBOM SMHCCHH DJIEKTPOHOB U3 METAUIHYECKON TTOTOKKHI
KaTo/ia B IUIEHKY. YacTh TAKMX 3JIEKTPOHOB MOKET IPEO/I0IEBATh MIOTEHIHAIBHbIN Oapbep Ha
rpaHuLE IUIEHKH U BBIXOJUTH B Pa3psAaHbIA 00beM, yBennuuBas 3(ekTuBHbIH K0 HUuneHT
OMHCCHM DJICKTPOAa M PaspsAHBIA TOK, 4TO 00yclIoBIMBaeT Goiee OBICTPBIA pa3orpes
amektpoma [1,2]. B mpomecce ero HarpeBa ImoneBas OMHCCHS W3 IOMIOKKA B
IIMBJIEKTPUYECKYIO [UICHKY JIOJDKHA IEPEXOANTH B TEPMOIIOJNIEBYIO, A 3aTEM B TEPMHYECKYIO.

MozenupoBaHue HMHCCHOHHBIX CBOMCTB KaTOJOB C TOHKHMH [OBEPXHOCTHBIMH
JMBIIEKTPUYECKMMH TIICHKAMH BBITIONHAIOCH B PaboTax [3, 4], T1e moyYeHbl aHATHTHIECKUE
(bopMyIbl JUISl TUIOTHOCTH SMHCCHOHHOTO TOKAa TIPU TEMIEpaTypax MOpsiaKa KOMHATHOIA,
KOT'/Ia BKJIA/l TEPMOIIOJICBOrO MEXaHH3Ma DJIEKTPOHHOM IMHUCCHH MaJl.

B nanuoll paGoTe MpemioKEeHA MOJENb, MO3BOJAIONIAS PACCYUTATH 3aBHCHMOCTH
OMHCCHOHHBIX XapaKTEePUCTHK KATOAA C AMAJICKTPUUYECKON IUICHKOM OT €ro TeMIepaTypsl B

LIAPOKOM MHTEPBAJIC €€ U3MEHEHUA.
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ITycTs Ha TIOCKOM METalIMYECKOM KaToJe Ta30paspsaHoro npubopa HaXOJAUTCS
TOHKas JMAJIEKTpUYeckas IUleHKa TommuHoi H;. Ilpn ero OomOapaupoBKe HOHAMH B
paspsiie Ha BHELIHEl MOBEPXHOCTH IUIEHKM HPOMCXOIUT HAKOIUIEHHE MOJOXKUTEIbHOIO
3apsi/a, TeHEPUPYIOIIETO B IUIEHKE JIEKTPUUECKOE IoJie ¢ HanpshkeHHocThio E¢ . Korzma ona
JIOCTHTaeT BeMMuuHBI mopsjaka 10° B/M, mMpHHA TOTEHIMANBHOrO Gaphepa Ha TPaHHUIE
METAIT—IUYIEKTPHK CTAHOBUTCS JOCTATOYHO MAIOH M HaYMHAETCS TYHHEIMPOBAHHE UYepes3

HETO D3JICKTPOHOB, T.C. BOZHUKACT TCPMOIIOJICBAA JJICKTPOHHAA OMHUCCHA U3 METaLia B 30HY

MIPOBOAMMOCTH  AUDJICKTPHUKA. HpPI OTOM pPaCIpeaACICHUE OMUTTUPOBAHHBIX B IUICHKY

9JIEKTPOHOB I10 NIPOOJIBHOI KOMIIOHEHTE MX JHEPIUH €, OIpPEAeNsieTcs BbIpakeHueM [5, 6]:
fi(e,)=N(e,.T)D(e,.E(), ©)
B kotopom N (sz ,T) u D(SZ, E; ) — (GYHKIMS pacHpeleNiCHUs M0 €, TYHHEIUPYIONMIHX

9JIEKTPOHOB U KO (YHUIMEHT IPOHUIIAEMOCTH Oapbepa, T — TeMIepaTrypa KaToza.
Ha rpanuie MeTami—AuaNeKTpUK OOBIYHO CYIIECTBYET HEKOTOPBIH penbed, Ha
BEpIIMHAX KOTOPOTO IPOUCXOAUT YBEIUYCHHUE HANPSHKEHHOCTH HICKTPUYECKOro IO,

xapakrepusyromieecs koddduuuentom ycunenus nons - [7,8]. Tak kak MIOTHOCTH
SMHCCHOHHOTO TOKA SKCIOHCHIMANBHO 3aBUCHT OT E; [5, 7], MOXKHO cUHTATh, 4TO HOJEBas
9NIEKTPOHHAs] YMUCCHUS TIPOUCXOHT JHUIIb ¢ HEKOTOPOIT MaJIOi I0JIM MOBEPXHOCTH S BOIM3H

BepimH penbeda. CrenoBaTenbHO, MakKpocKonmuyeckas (CpefHss IO MOBEPXHOCTH
9JeKTPOJa) IIOTHOCTh TOKA IOJIEBOH JIEKTPOHHON dMUCCHH M3 MOMIO0XKKH JIEKTPOJa B

30HY MPOBOJAUMOCTHU JUIJICKTPUKA OIIPEACIACTCA BBIPAXKCHUCM
o
Jf(Ht):esf.[ft(ez)dez. 2
0

Toncranoeka B Hero Beipaenus (1) g f (g, ) naer [5, 9]:

_ Amems kT
-

[h(e)+12(e)]s ©)

i (Hy
rae

4 - -1 T & —¢
1(g) = [In| 1+exp| ZE =52 |{(1+Q(e,, E()) de,, 1,(g )= [In| L+exp| EE =22 ||de,,
1( I) _(‘J. ka ( ( z f)) z 2( I) J. ka z

&
BBIPOKEHUE IS Q(sz,Ef) npuseseno B [5], & = &g + @ — Xg — KEE; /2, k=1/4nepes

€ U Qp —dHEeprus (DepMI/I u pa601‘a BbIXO/la IO/UIOXKKH, Y q U €¢ — DJIIEKTPOHHOE CPOACTBO
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1 BBICOKOYACTOTHAS AMIIEKTPUUYECKAs MPOHMIIAEMOCTh MaTepuaia IUICHKH, € — BelIMYnHa
3apsiza 2JIeKTPOHa, €, — AMdJIEKTpUYecKas NOCTosiHHAs, Ky — nocrosiaHas BoibiumMana.
DJNeKTPOHBI, TyHHEIHPOBABIINEC U3 METaUla B IJICHKY, ABUTAIOTCA K €€ BHEIIHEH
rpasuie. [Ipu 95TOM IPOUCXOIUT UX YCKOPEHHE JIEKTPUIECKUM MOJIEM M TOPMOXKEHUE TIPU
paccesiuuu Ha poronax [10]. B pesynbrare, QyHKIHs pacpeaeneH s MOTOKa IEeKTPOHOB B

IIJICHKC fe(Z,SZ) s (¢] HpOHOHLHOﬁ KOMIIOHEHTE €, HX DHEPrUM Ha pPACCTOSTHUU Z oT

IPaHHULBI C MOTOKKOM ONpeernsiercs Beipaxenuem [3]:

i f.(z.e,—eo(z)+nAe)=

n=0

i (z-H exp —Z;H‘ f (s, +nAc—ep(z)),
e

e n'k”

rae H, — wmmHa TyHHEIMpOBAaHMUS JIEKTPOHA Yepe3 HOTCHIMATBHBIH Oapbep, A, — CpeaHss

4

JUIHa Hp06era DJIEKTPOHA B IUICHKE BJOJb HOPMalu K €€ MOBEPXHOCTH MEKIAY
CTOJIKHOBEHHSIMU C (DOHOHAMH, Ag — SHEPrus, TepseMasi JICKTPOHOM MPU KaXJOM TaKOM
CTOJIKHOBCHHMH.
HOBTOMy TUIOTHOCTBE 3JIEKTPOHHOI'O TOKA, BBIXOIAIIETO W3 IUICHKH, OIPEACIIACTCSI
BBIPDAXKCHUEM!
o0 Enmax

je(He )= ESfZI 2(Hr.5.—eo(H ) +nae)ds,, ©)

n=0 Lout
Emin

e Enmax = 6F FEEfH; —NAe, e =er + ¢y,

ToncranoBka B (5) coorHomenus (4) AaeT BBIpaKEHHE JUIS IUIOTHOCTH TOKA IOJIEBOM

SMHUCCHUH, BBIXOIAIIETO M3 IJICHKU B pa3psia:

L = £ T
Jo =i (Hy)| 1-exp 770 nZ 'Xn((Ef,T)) : 6)
rae
0 npu gy, <0,
A(E¢.T)=1y(a)+15(2)), By (g T) =11 (20n) mp 0< &g, <8,

I (e)+15(e)~ 15 (80n) P 0n >,
Ho=Hy —Hy, g0y =8¢ + 0y —(€EH¢ —nAe).
Breruncnenus MPOBOAUIIUCH IJIA BOJ'IL(i)paMOBOFO Karoza ¢ HPDJIGKTpI/I‘-IGCKOﬁ IUICHKOM

OKCHJIa aJTFOMUHHUSA TOHLHHHOﬁ Hf =7 HM Ha €ro TIOBEPXHOCTH, TaK KaK I OKCHUIa
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A ATIOMUHUS U3BECTHBI 3Ha4YeHHs
10°
HeoOXoMuMBIX mapametpoB  [3, 4, 10]:
102 1200 K TIID
//—’//T O =4,59B, x4 =29B, g; =3, p=338,
e~ -1
= 10 Ae=0,1255B, A, =0,3 uM.
T~
- TID .
.5310* 400 K 5 IInotHOCTH TOKA Je C TOBEPXHOCTH
II
107 KaToJa Kak (QYHKUUS HaIpsHKEHHOCTH
101 ‘ ., OWCKTPUYECKOrO MO B IiicHKe Ef mpu
7 8 9
E,, 10° B/w JIByX 3HAUEHMSAX €ro TeMmIepaTypol T,
fr

Puc. 1. 3aBHCHMOCTB IJIOTHOCTH TOKA 3JIEKTPOHHOKH ~ PAaCCUUTaHHAA  HAa  OCHOBC  MOACIH
SMHUCCUH KaTOJia C JIUIIIEKTPUYECKOMN MIEHKOH OT
HaINpPsKEHHOCTH 3JIEKTPUYECKOTO MOJIS B IJIEHKE

npu T =400K u T =1200 K smucenn  (I1D) [3] wu Tepmuyeckoii

TepmonoieBoil amuccun (TI13), monesoit

smucenn (TD) [11], npexcraBnena ua puc. 1. Bugso, 4To 3aBHCHMOCTD (Ef ) , HallJeHHast

U3 MOJETH TEpPMOIONEBOM OMHUCCHH, IPH HHU3KHX TeMIepaTypax coriacyerci c
pe3yiabTaTaMy, IIOJYYEHHBIMH C HCIOJIb30BAaHHEM MOJEIM IOJNEBOil SMHCCUHM, a IpH
BBICOKHX TEMIIEpaTypax — ¢ pe3yJbTaTaMH, MOJY4YCHHBIMU B PaAMKax MOJEIM TEPMUYECKOMH
9MHCCHH.

CnenoBarenbHo, cooTHouieHus: (3) u (6) TO3BOJSIOT pPacCYMTaThb 3IMUCCHOHHBIE
XapaKTePUCTUKH KaToJa C TOHKOM JM3IJIEKTPUYECKOH IUIGHKOW B LIMPOKUX HHTEpBajax
HU3MEHEHUS TEMIEPaTypbl M HANpPSHKCHHOCTH BJICKTPUYECKOrO IOJS B IUICHKE M MOTYT

HCIIOJIB30BATHCA ITPU MOJACIIMPOBAHUH ITPOLIECCA HAarpeBa KaroJa B TICIOIEM pa3psic.
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PHASE COMPOSITION OF TUNGSTEN ALLOYED WITH COPPER BY
COMPRESSION PLASMA FLOWS IMPACT
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In the present work the surface structure, phase composition and mechanical properties
of the tungsten alloyed with are presented. The tungsten samples with copper coating were
treated by compression plasma flow with different absorbed energy densities. The influence of
the compression plasma flows leads to melting of the near-surface layer of the Cu/W system
and mixing of the components. As the result the tungsten alloying with copper atoms leads to
formation two-phase alloy and decrease the microhardness of the modified layer.

Bonbdpam u ero cruiaBbl paccMaTpHBAIOTCS KaK MEPCIECKTUBHBIC MaTepHabl IS
MIepBOi CTEHKH TEPMOSIEPHOTO PEaKTOpa, OJHAKO BCIEACTBHE HEYCTOMYMBOCTEH B ILIa3Me
MIPOUCXOJMT €€ B3aMOJCHCTBHE CO CTEHKOH, YTO IMPHBOAUT K CTPYKTYPHBIM ITPEBPAICHUSIM
B HOBEPXHOCTHOM CJIO€ BOJIb()paMa M BBI3BIBACT JCTPANALUIO €ro (HH3MKO-MEXaHHYECKUX
cBoiictB  [1]. Jlmsi moBbImeHHs (PU3MKO-MEXaHMYECKHX XapaKTEPHCTHK BoJb(pama
HCTIONB3YIOT METO[ (OPMHUPOBAHHS CIUIABOB Ha €ro ocHoe. OjHaKo, BBHUIAY OONBIIOH
pa3HMIBI MEXIy TeMIepaTypaMy IUIAaBJICHHS Bosb()pamMa M JICTHPYIOIIMX KOMIIOHEHTOB,
TPaJUIMOHHBIC METOABl (OPMUPOBAHHS CIUIABOB, HAINPHUMEpP, C IIOMOIIBIO JIUTCHHBIX
TEXHOJIOTHH, JUIi HEro Manonpuroguel. IlosTomy B jgaHHOW paboTe mpemaraeTcs
chopmupoBars crutae W-CU 1pu  [OMOIIM  HUMITYJIBCHOTO — BBICOKOIHEPIETHYECKOTO
IUIa3MEHHOTO BO3JCHCTBHS, KOTOPOE II03BOJSIET OCYLIECTBHTH IUIABICHHE KOMIIOHEHTOB
cruiasa [2]. Beibop Mean B KadecTBe JISTHPYIOLIEro 3JIeMeHTa 00yCIIoBIEH 0ojiee BBICOKON
TETIONPOBOAHOCTEIO MEAM IO CPAaBHEHHIO C BONB(PAMOM, 4YTO IIO3BOIHT IOBBICHUTH
3(}eKTHBHOCTh TEIIOOTBOAA IIPU «CPBIBE» ILIA3MBI B KaMepe TEPMOSIEPHOIO peakropa H
CHU3UTh YPOBEHb TEPMHUYECKHUX HAIPSIKEHHI B NMPUIIOBEPXHOCTHOM cioe. Takum oOpasom,
LeTTBbI0 HACTOSMIEH pabOoTHI ABIIANOCH N3YUEHHE CTPYKTYPHO-(ha30BOr0 COCTOSHMS cucTeMbl W-
Cu, HoBEepruyTOi BHICOKOIHEPTETHYECKOMY TUIA3MEHHOMY BO3/ICHCTBHIO.

B paboTe ucosbp30BaIuch 00pa3ibl TEXHUUECKH YUCTOr0 Bosib(pama pazmepom 10x10
MM U TOJIIMHOW 2 MM, Ha ITOBEPXHOCTh KOTOPBIX HAHOCHJIOCH MOKPBITHE MEIN TONIINHON
okono 1 mkMm. IlomydeHHbIe cucTeMbl 00padaTHIBATUCh KOMIIPECCHOHHBIMH IUIA3MEHHBIMHU
notokamu (KIIIT), reHepupyembIMH B MarHMTOIUIA3MEHHOM KOMIIPECCOpE KOMIIAKTHOM
TEOMETPHH B CPeJIe OCTATOYHOTO rasa (a3ora) npu pasiernu 400 Ila. JmmrensHOCTS paspsana
cocraBisuia 100 mMkc. HampspkeHue Ha cucteMe KOHAEHCATOpoB cocramisiio 4,0 kB, uro
[03BOJISIIO, U3MCHSISL PACCTOSHUE MEKTy TOBEPXHOCTBIO 00pasia 1 cpe3oM 31ektponos (L) ot
8 10 12 cM, M3MEHATH IUIOTHOCTH IOIJVIONICHHOH SHEPrUH B IIpe/enax, HEOOXOMMMBIX IS
IUTaBJICHHSI KaK IIOKPBITHS MeIH, TaK W YacTH IOMJIOKKH Bosib(ppama. Da3oBbIi cocTaB
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MOAN(UIIPOBAHHOTO [IPUITOBEPXHOCTHOTO cnost u3ydancs c TTOMOIIIBIO
PEHTIEHOCTPYKTYpHOro aHanu3a Ha qudpakromerpe Rigaku Ultima IV B MenHoM usnyuenun
(mmua Bomuel 0,154178 HM) B reomerpuu bporra-bpenrano. C moMmompio pacTpoBoOi
JNIEKTPOHHON MHKPOCKOIIMM HPOBOAMICS aHanu3 Mopdoiorun mnoBepxHocTH. V3mepeHne
MHKPOTBEPIOCTH IIPOBOAMIOCH 110 MeTo ke Brkkepca Ha tBepromepe Wilson Instruments.

BospeiictBue KIIII ¢ BbIOpaHHBIMH DHEPreTHYECKHMMH PEKAMaMH IMPUBOIUT K
IUIABJICHUIO TIOBEPXHOCTHOTO CJIOS, B CHIEACTBHE 4YEro IIPOUCXOAUT H3MEHEHHE €ro
mopgonoruu. Tak, Ha POM-n300paskeHHMH HMCXOMHOTO COCTOSHHS (PUCYHOK la) MOXHO
3aMETUTh HaJIM4UE KaleJdbHOH (a3l Meau, chOpMHPOBAHHON NP HAIBUICHUHM MOKPBITHS, a
TaKKe OCOOEHHOCTH penbeda IOBEPXHOCTH, COBMAJAIONIET0 C MOJIOCAMH HITU(OBKU
notoxkku Bonbppama. IMocne BozzmeiictBus KIIIT mpu L=12 cM NpOUCXOAUT YaCTHYHOE
IUIaBJIEHHE MOBEPXHOCTHOTO CJIOS, O YEM CBHCTEIBCTBYET COXPAHEHHUE KalelbHOW (ha3bl U
CIII&KHUBAaHHWE TIOBEPXHOCTH (pHUCYHOK 10). YBemmuenue paccrosHust L 1o 8 cm mpm
BoszeiictBun KIIII mMeer MecTo MOMHOE IUIAaBIEHHE IOBEPXHOCTH (puUCyHOK 1B). Ha
COOTBETCTBYIOIIEM POM-uzobpaxkenun MOXHO 3aMETUTh COBOKYIIHOCTb
Pa30pPHEHTHPOBAHHBIX TPELINH, MOSBICHHE KOTOPHIX O0YCIOBICHO CKOPOCTHBIM IIPOLIECCOM
OXJIAKIEHNS M KPUCTAUIU3ALHMU, CIIOCOOCTBYIOIIMX BO3HMKHOBEHHIO BBICOKOTO YPOBHS
TEPMOYIIPYTUX HANPSDKEHHH, IPEBOCXOAIIMX MIPE/ies IPOUYHOCTH MaTepuaa.

Pucynok 1 — POM-u3o06paskenus mosepxaoctd cucteMs! Cu/W B HCXOIHOM COCTOSHUH (2) U Iociie
BozzeiicTust KITIT mpu L=12 cm (6) 1 L=8 cm (B)

B pesynbrare IUIaBieHHs HPHIIOBEPXHOCTHOrO ciosi cucreMbl Cu/W mpoucxomut
HepeMeIlMBaHNe JIBYX KOMIIOHEHT CIutaBa B xuiakodasHoM pexume [3]. Ilpu nposeneHnu
(ha30BOro aHaNKM3a C MIOMOILBIO PEHTTEHOCTPYKTYPHOTO aHAIH3a B MOAN(ULIUPOBAHHOM CII0€
obHapyxeHb! (a3l Meau M Bosb(pama (pucyHok 2). COrjacHO paBHOBECHOW Juarpamme
COCTOSIHUSL Me/Ib U BOJIb(PaM MOJTHOCTHIO HEPACTBOPHUMBI JIPYT B APYre KaK B JKHUIKOM, TaK U B
TBepnoit  (pasze. JleHWCTBUTEIbHO, Ha IIOAYYCHHBIX PEHTICHOTpaMMax OOHApyIKEeHbI
nudpakioHHbIe pedIeKchl, COOTBeTCTBYIoNME (asam Mean u Boabdpama. Ha momydeHHBIX
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pPEHTreHOTpaMMaX  MOXHO  YBHICTb  CHIJKCHHE  HHTCTPAIBHOW  HHTCHCHBHOCTH
JU(PAKIHOHHBIX JIMHUH MEAM C MOBBIIICHHEM IUIOTHOCTH TIOTJIONIEHHOH 3HEPruH, 4TO
YKa3bIBaeT Ha yMEHBIICHHE €¢ 00bEMHOI0 COJCPKaHHs B AHATHM3UPYEMOM CIIO€, IIPHYEM TIPH
MaKCHMAaJbHOM IJIOTHOCTU MOTIIOUICHHON dHepruu (mpu L=8 cMm) andpakunoHHbIE JTHHHK
MeIn He oOHapyxkeHbl. OJHAaKO COIJIACHO — pEe3yibTaTaM  PEHTICHOCIEKTPaIbHOTO
MHKpOaHaJI3a KOHIIEHTpAIMs MeJIU B JaHHOM oOpasiie coctaBisieT 1,3 ar.%. CnenoBatensHo,
MOXXHO OXKHJIaTh, 4TO OOHapy)XEHHas MEIb PAcTBOPSETCS B pEIICTKE BOIb(pama, O ueM
CBHETENILCTBYET TAKXKE M CMCIICHUE eT0 JU(PAKI[HOHHBIX JINHUH OTHOCHTEIBFHO TaOIUYHBIX
3HayeHni. COrjgacHO PaBHOBECHOH JMarpaMMe COCTOSHHMS BOIb(paM M Melb IMOIHOCTBIO
HEepacTBOPUMEI APYT B Apyre Kak B JKHIKOM, TaK U B TBEPAOM COCTOSHMAX. TeM He MeHee,
HEPABHOBECHBIC MPOLECCH KPHCTALTH3ALMU PACIUIABICHHOTO IIPUIIOBEPXHOCTHOTO CIIOS
MOCJIE  MMITYJIbCHOTO BO3/ICHCTBHS TITa3MEHHBIM TIOTOKOM, CIIOCOOCTBYIOT HYacTHYHOMY
PACTBOPEHMIO aTOMOB MEJM B KPHUCTAUTMYECKOH pemieTke Boab(pamMa M MOCIEMYOIIEMY
(dopmuposanuio tBepaoro pactsopa W(Cu). Takum o6pasom, B pe3yibrare BozaencTus KIIIT
npoucxoauT popmupoBanue aByxdasuoro cruasa W(Cu)-Cu.

50000 - 1-W/Cu
2-KIML=12 ¢

45000 - s 3 -KINIL=10 cm

40000 ; 4 - KIT L=8 cm

35000 4
30000 4

25000 4

Cu(iiny

20000 4

15000

10000

S
0

30 35 40 45 50 55 60 65 70 75 80

Yron anchpakunn(20), rpaaychl
PucyHok 2 — PentrenoBckue audpaxrorpammbl Cu/W mociie Bosaeiictus KIIIT

VINTCHCHBHOCTD, Np.CIL

fapofol s

OO6HapyKeHHbIE U3MEHEHHs CTPYKTYPHO-()a30BOr0 COCTOSIHHS MOIUPHUIMPOBAHHOIO
citosi Boib()pamMa 0OECIICUYMBAIOT M3MEHEHHE €ro MHKPOTBEPJIOCTH, KOTOpas COCTAaBIISCT
6,7 I'ma (mocne Bo3zeiictBust KIIIT npu L=12 cm) u camkaercs mo 4,9 I'Tla (mpu L=8 cm). B
HCXOHOM COCTOSIHUM 00pasiibl BOJb()pamMa XapakTepu30BaIuch MUKPOTBepaOCThio 7,2 ['na,
KOTOpass Moria ObITh JONOJHHUTEIbHO OOecledYeHa MpeABapUTEIbHBIME  [IPOECCAMH
nedopmanu  UCXoqHOW  ruracTWHbL.  OOHapy)XCHHOE  CHIDKEHHE  MHKPOTBEIOCTH
00yCiaBIMBaeTCss BHEAPEHHEM B MOAM(DUIIMPOBAHHBIA CIION 0ojiee MSTKOW KOMIIOHEHTBI
(Menn).

Takum 06pa3oM, B paboTe moKa3aHa BO3MOXKHOCTh (DOPMHUPOBAHUSI CILIaBa BOJIb(Gpam -
Me/Ib TIPU TOMOIIU BO3JECTBUS KOMITPECCHOHHBIMH IITa3MEHHBIMH [TOTOKAMH.

[1] V. Philipps, Journal of Nuclear Materials, 415 (2011) S2

[2] B.B. Yruos, H.H. Yepenaa, B.M. Auniuk, B.M. Acramuuckuii, H.T. KBacoB, Moaudukauus Matepuaion
KOMIIPECCHOHHBIMH ITa3MEHHBIMH ToToKaMu. Munck: BI'Y, 2013.

[3] B.B. Vrios, B.U. Ilumauckuii, H.H. Yepenna, B.M. Acrammusckuii, H.T. KacoB. KoHBeKTHBHbII
MacCoIlepeHOC B IOBEPXHOCTHBIX CJIOAX THTaHA, MOABEPTHYTOTO BOZHCﬁCTBHm KOMITPECCHOHHBIMH
IUIa3MEHHBIMH 1oToKaMu. Pusnka u Xumus 00paboTku Matepuanos. — 2012, — Ne6. — C. 31-39.
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O®OPMUPOBAHUE HAHOPA3BMEPHBIX MATPUIl AHOAUPOBAHHOI'O
AJJIOMUHUA OKCHJA C UCHTOJIb30OBAHUEM METO/JIA JIEKTPOJIMTHO-
MUJIASMEHHOW OBPABOTKU MATEPHAJIOB

FORMATION OF NANOSCALE MATRICES OF ANODIZED ALUMINUM OXIDE
USING THE METHOD OF ELECTROLYTE-PLASMA PROCESSING OF
MATERIALS
E.A. I'pymesckuii’, H.I'. Casunckuii?, B.W. Bauypun?, JI.A. Masanenxuii?

E.A. Grushevskit, N.G. Savinski?, V.1. Bachurin?, L.A. Mazaletsky?

1 bazoeas kagedpa nanomexnonoauii 6 anekmponuxe, Apl’Y um. I1.T. [lemudosa, ya.
Cosemckas 14, Apocaasns, Poccus, e-mail: yaregor@mail.ru
2Apocnascruil unuan @Puzuxo Texnonocuveckoeo uncmumyma Poccutickoii akademuu Hayk
um. K.A.Banuesa yn. Yuusepcumemcxasn 21, Apocnagnw, Poccus

Abstract

Recently, porous anodic aluminum oxide (AAO) formed by self-organized anodic
oxidation of metallicalloy A5 with 99,75% aluminum has became one of the most popular
template materials for nanofabrication.The submerged plasma glow discharge under
surface of electrolyte applies to polish the surface of the aluminum foil before anodizing.
As a result of a two-step process of anodizing aluminum in 2M solution of sulfuric acid at
a temperature of 1 °C, aluminum oxide matrices with a maximum ofdistribution of pore
diameter 61 nm were obtained.

ITnenxu IMopucroro Anoguoro Amomuuus Oxcuna (ITAAO), BeposiTHO, SIBISIOTCS
HanOosee MIMPOKO NPUMEHAEMBIMU IMaOIOHAMH JUIS MONYYEHUS BBICOKO YHMOPSIOYCHHBIX
HAHO BOJIOKOH M MAacCHBOB HAHOTPYOOK METaJUIOB, ITOJIYNPOBOJHHUKOB M IIPOBOJIIUX
TMOJIMMEPOB C YETKO ONPE/IETEHHBIMA Pa3MEPAMH MPO/IYKTa MPH TUIOTHOCTH ymnakoBkh 10%-
10" emummm/cm?.  OOWENpU3HAHO, YTO JMAMETP M  IUIOTHOCTH TPyOUaThIX  TIOD,
PACTONOKEHHBIX  BIGHTPAIBHON 4YaCTH TEKCArOHANBHBIX SYEEK IJIMHO3EMa, MOXKHO
[IPOCTOKOHTPOJIMPOBATh, W3MEHSIS HAMpPSDKCHUE aHOAWPOBAHUS AIFOMHHHS, B TOBPEMs Kak
JIMHA TOp, 10 BPEMEHH AaHOAWPOBAHMSA, PETYIMpPYyeTCSAAecATKaMM MHKpoMeTpoB. Ha
TeOMETPUYECKHE IapaMeTphl S4eeK NPH ITOM HauOOIbIIee BIMSHHE OKA3bIBAIOT COCTaB
JNIEKTPONUTA, DJICKTPUYECKHE PEeXKUMBI  (HOPMHUPOBAHUS, TeMIepaTypa, Bpems H
LIEPOXOBATOCTh MOBEPXHOCTH 00pasia.[1]

[Topel mpeAcTaBisioT coO0i MpsAMbIe HUITHHIPUYSCKUAES KAHAIBI, KOXKABIA U3 KOTOPBIX
MEePIeHANKYISIPEH MOBEPXHOCTH. Ilopbl OOBIMHO H3rOTABIHMBAIOTCSA IIyTEM aHOJHOIO
OKHUCJICHHSI BBICOKOYMCTBIX JIMCTOB aIIOMHUHMS B PacTBOpax CEPHOro, LIABEIEBOrO WU
(hOChOPHOKHCIIOro 3IEKTPOTUTOB.

KauectBo wusroronieHHoit Marpuubl [TAAO u ee CTPyKTYpHOE COBEpIIEHCTBO B
NIepBYI0 Odyepe/b 3aBUCHT KaK OT MapKW CIUIaBa CyOcTpara allOMHUHHS, TaK M KadecTBa
noBepxHocTH.B ocHOBHOM, 1u1st u3rotoBiienus: [IAAO ucrnons3yercst Gosbru ¢ cofepKaHueM

Al 99,999%. Opnako, B mocliie[iHee BpeMsi 0OJBLION HHTepec MPOSBISETCs K cybcrparam,
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BBIITOJTHEHHBIM H3 CIDIABOB C TEXHWYECKHM COJCp)KaHHEM alioMHHHS. B aToil pabore
ncronp3oBana amomuHueBas Gomsra OI° 0,050 x 50 H AS M I'OCT 745-2014 Tommunoit 50
MKM cIulaBa A5 ¢ cofep:KaHHEM aTrOMUHUS
99,75%. HeoOX0auMOCTh  HCIIOJIB30BAHMS
Gonpioi TomuMHBL  (oneru obycroBieHa
WCIIONB30BAHUEM [IBYX CTaluil TpaBIICHHS —
aHOMUPOBAHUS W  3HAYUTENBHOH IOTEPH
TOJIIMHBI ISl KA4eCTBa IEJICBOM MATPHIIBI

IMMAAO.

Puc.1 O6muii Bujt 1a60paTOPHOI YCTAHOBKH
3JIEKTPOIIA3MEHHON MOJUPOBKH.

JIIst IOJIMPOBKM TIOBEPXHOCTH OBLI MCIIOJB30BaH 3JIEKTPOIMTHO-TIIA3MEHHON METOZI.
Ion neiicTBHEM HampsDKEHHs BOKPYT HMOTPYXKEHHOTO B BJIEKTPONHMT 00pasna BO3HUKAET
yCTOWYMBasi TMapoIula3MeHHass o0oi0uka © 10 Bceil 00OpabaTbiBaeMOi MOBEPXHOCTH
MIPOUCXOJAT JNIEKTPHUYECKHe paspsabl. BosxeiicTBHEe Ha MOBEPXHOCTH NETAN XMMHYECKOI
Cpe/ibl M JIEKTPUYECKHX PaspsiIOB IPUBOAUT OYKMCTKE M IOJIMPOBKE MOBEPXHOCTH 0Opa3noB
[2]. JlaGoparopHast ycTaHOBKAa SJIEKTPOIUIA3MEHHOW MOJIMPOBKM  HPEACTABISsIET co0Oit
perynupyemelii  MCTOYHMK  HampsikeHus o 300B mocrosHHOTO TOKa. PerymmpoBka
HAIpSDKCHHST TIPOM3BOANTCSI TaDOPATOPHBIM aBTOTPAHC(HOPMATOPOM Uepe3 raJbBaHHUYECKYIO
pasBsizky Tpancpopmarop OCMI1 - 0,63Y30,63kBA  50/60 T, mnepeMeHHBIH TOK
npeobpasyercsi B MOCTOSHHBIA THOJHBIM MOCTOM, CTJIQKHBAIOIIMM ITyJIbCaliii (pUIBTPOM
SIBJIIIOTCSL  [IBa KOHJEHCATopa, eMKOCThI0 680Mk® 400B. B »ieKTpOIMTHO-IIIa3MEHHOM
TEXHOJIOTHH 00padaThiBacMOE M3/CIUE SBISCTCS QHOJOM, a KaTOJ0M CIY)KHT HEeprKaBerolas
cTasb. BBICOKOro KauecTBa MOJMPOBKM AIIOMHMHHS M €rO CIUIABOB MOXXHO JOCTHTHYTh B
anekrponure, nporperom g0 70-85°C, npu nanpspkenun 250B [2]. Bpumn ucmonb30BaHbL
HECKONIbKO ~ Pa3MHYHBIX BOAHBIX 3JEeKTpoiauToB, a wuMeHHO 4%KCl+2% C2H204,
4%NH4Cl+2% C2H204 u 4%FeCls+2% C2H204. B pesynbrare moiydeHbl JaHHBIE
npuBesieHHble B Tabnuue 1.TexHonorus aHOAMPOBaHHMSA — ATIOMHUHHUS IIPEJACTAaBISACT DAL
MIOCIICI0BATENILHBIX craauii: a) moArotoBka obpasua (oibrM  [OIMPOBAHHE B
4%KCI+2%C2H204 amomunueBast (poibra HCXoaHoH Toamuusl 50 MkM. Bpemst 06paboTku 2
MUHYTBI Tipu Temmepatype 88°C, wnampsbkenme 280 B Tok 2,25 A. Ilepmas cramus
aHoupoBaHus nposoautcst B 2M H2SO4 B Tewenne 5 munyT 1pn temmneparype 0-1°C, 3atem

TpaBneHne okcupa amomuHus B H3PO4+CrOs mpu remneparype 85°C B TeueHue 15 MuHYyT.
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Ta6muna 1.
VcioBus POBEIEHUS 3JIEKTPOJIIUTHO - [J1a3MEHHOM NOJIMPOBKU IOBEPXHOCTH
AITIOMHHUEBOU (OJIBTU U KAYECTBO OBEPXHOCTH MOCIIE 00PabOTKH.

=) I
5 & s 8 g 28 g = = 2 g g
St |¥& | |E&|ff |¥L if
: S |2 (&% |d& |2°% |gE
cex B °C %* Rz, MKM

Ucxonnas 60 2,35
¢omnsra
4%KCl+ 30 280 8515 Caetnast 69 0,2
2%CH:04 | 60 | 75 0,12

| 120 | 75 0,10
4%NH,Cl+ 30 290 9045 Caemnas 55 0,55
2%CH:04 | 60 | 63 0,37

120 | 69 032
4%FeCls+ 30 280 90+5 Caeruast 21 0,9
2%CH.0s | 60 | MaToBast 22 0,85

| 120 | 20 0,70

e lI3MepeHus MPOBOJMINCE C UCIIONB30BaHueM npubopa ®b —2

Puc.2.JlanHble O IIEPOXOBATOCTH
TOBEPXHOCTH AJIIOMUHHUEBOH
¢)OHI>I‘I/I mocie DJICKTPOJIUTHO-
TUTa3MEHHON TIOJIMPOBKH B BOAHOM
pacTBope 4%KCI+2%C2H204
IIOTY4YEHBl MpPU  HCIOJB30BAHUA
MEXaHUYECKOro npodunomerpa
¢dupmbiTaylor Hobson«Talystep»

Bropast cramus aHommpoBanms mposomurcsi B 2M H2SOs4 B Teuenme 20 MHHYT HpH
temmeparype 0-1°C. [lnsg mosydeHHs CTaTHCTHYECKH IOCTOBEPHBIX NAHHBIX JJIEKTPOHHBIE
n3obpaxkenust I[TAAO Obum 00paboTaHbl C  HUCIONB30BAaHUEM YCIOBHO OECIIaTHOM
mporpaMMsl  00paboTkn  m3o00paxkenuit Image] Bepcum 1.52a. OOpaboTka HaHHBIX
npousBogutcs B MS Excel ¢ momompio naactpoiiknm «Ilaker amammsa». MakcuMym

pacmpenienieHusl IOp IO AUaMeTpaM COCTaBiseT 61 HM.
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Puc.2 a,b.a) Cuumok nosepxuocti [TAAO MeMOpaHsbI ¢ 3IEKTPOHHOTO MUKpocKora Supra -40
/b) pacmpenenenue mop mo AHaMeTpam

Takum 06pa3oM, yCTaHOBJIEHO, YTO MOTPY/KEHHBIN MIa3MEHHBIH TICIOIHI paspsy MO
MOBEPXHOCTBIO ~ DJIGKTPONIUTA MOXKET TPUMEHATHCA Ul  MOJMPOBKHM  IOBEPXHOCTU
AIOMHHUEBOI (ONBrU Tepe] aHOANPOBaHHEM. B pesynmpTaTe JByXCTYNEHYaTOro MpoIecca
AQHOAMPOBaHUsS ANMOMHMHUS B 2 M cepHoii kucnote npu temneparype 1° C ObutH HOIy4YeHbI
OKCH/IHBIE MAaTPHUIIbI ATIOMUHUSA C MAKCHMYMOM Paclpe/ie/IeHus namerpa mop 61 am.

Bbnarogapum Muxauna 'umiiHa 3a OMOIIB B U3TOTOBJICHHUH JIaOOPATOPHOTrO FeHEpaTopa
iasmMenHoro paspsiaa u Esrenus [loranosa 3a nposenenne ananusa Ha npubope«Talystep».
OT0 UccIe0BaHUE BBINOIHEHO NPH ()HMHAHCOBON MOIEPXKKE B PAMKAX TOCYIAPCTBEHHOTO
3aganus SlpocnaBckoro ¢umnnana Wuctutyra ®usuku u Texunonormn um. K.A.Bammesa
Poccuiickoit akagemun Hayk MunuctepcTBa oOpazoBanust U Hayku Poccuiickoit deneparun
No. 0066-2019-0003. HekoTopble IKCIEPUMEHTAJbHBIE pE3yJbTAaThl IMOJIYYEHBI C
HCTIONB30BaHUEM 000pyJ0BaHMs [[eHTpa KOJIEKTHBHOTO MOJb30BaHUS «/{MarHOCTHKA MHUKPO
U HAHO CTPYKTyp» NpU HOjanepkke MuHucTepcTBa 00pa3oBaHMs M Hayku Poccuiickoii

Denepary.

1.G.D. Sulka, L. Zaraska, W.J. Stepniowski, Anodic porous alumina as a template for nanofabrication, in: H.S.
Nalwa (Ed.), Encyclopedia of Nanoscience and Nanotechnology 2nd Edition, American Scientific Publishers,
Los Angeles, 2011, vol. 11, pp. 261-349
2. U. C. Kymukos, C. B. Bamenko, A. 5. KameHeB DieKTpoinTHO-IIa3MeHHas o0paboTKa MaTephaioB. —
Munck :Benapyc. HaByka, 2010. — 232 c.
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HccnenoBanue TermiooOMeHa BEICOKOIUIOTHOM IUIa3MBI HU3KOT'O
AaBJICHUA ¢ KPEMHUCBBIMU INIACTUHAMU METOJI0M nasepHoﬁ
nHTephepomMeTpun.
Investigation of heat exchange of high-density low-pressure

plasma with silicon wafers by laser interferometry.
M. O. UztomoB,
M O lzyumov.
1 ®TUAH PAH, yn. Yausepcuterckas 21, r. Slpocnasins, Poccust.
mikhail-izyumov@yandex.ru

AHHOTAIUSA
The heat exchange processes of a high-density RF low-pressure argon (Ar) plasma
with silicon wafers located on the cooled electrode are studied by laser interferometry (A=1.15
pm). The prevailing mechanisms of heat transfer from Ar plasma and the efficiency of
various methods of heat exchange between the plate and the electrode are determined.
Experimental and calculated dependences of the plate temperature and heat fluxes on its

surface are given.

HccnenoBanue B3aMMOJICHCTBUS HU3KOTEMIIEPATypHOU IIa3Mbl C IOBEPXHOCTBIO
[PECTABISIET MHTEPEC Kak /uisi PU3UKH ra30BOro paspsia, Tak ik MUKPO-
HAHOJICKTPOHHUKH M MHUKpOMeXaHUKU. KOHTPOJIb TemMiepaTypbl oy npOBOAHHKOBBIX
[UIACTHH Ba)KeH NPH MX [UIa3MeHHON 00paboTke B Bakyyme. Hanpumep, B mporueccax
TpaBIIeHHs BO HTOPYIIIEPOIHOIA M1a3Me CKOPOCTh TPABJICHHS, aHW30TPOIIUSI ¥ CEIEKTHBHOCTD
TPaBJICHUS CUIIBHO 3aBUCST OT TEMIEPaTyphl Si mIacTUHbL. B HalIMX HcciIe0BaHusX
H3MEpeHHe TeMIeparypbl Si IIacTUHBI IPOBOANIOCH AaBTOMATH3HPOBAHHBIM JIA3EPHBIM
tepmomerpom [1]. JIyu nazepa JITH-113 (A=1,15MKM) nagai Ha IUIACTHHY 110 HOPMAJIH,
OTPAXEHHOE H3ITy4YCHHE ACTCKTUPOBAIOCH (HPOTONPUEMHHKOM H PETHCTPUPOBAIIOCH
KOMITbIOTEpOM. [IpH H3MEHEHHH TeMIIepaTyphl IIACTHHBI H3MEHSIIACh €€ OITHYeCKast
TOJIIIMHA U HaOJIIoHaIack 1mocieaoBaTeabHOCTh pe3oHancoB ®abpu-Ilepo. O6padoTka
UHTEP(EPOrpamMMBl, C y4eTOM M3BECTHOM TEMIIEpaTypHOil 3aBHCUMOCTH K09 dHIMeHTa
[IPeIOMIICHHUSI MOHOKpHCTaumaeckoro Si [2] nmpuBomia k mocrpoetuto 3apucumoctd T (t).

OGb14HO 00pabaThIBacMyI0 Si INIACTHHY CTApAIOTCs TEPMOCTATUPOBATh MO[A4eH IelHs
He naBnenunem 500+1000 Ila mox miacTHHY WM MO KAcCeTy, K KOTOPOM 9Ta IIIacTHHA
MPHCOEIMHEHA C TOMOIIB TEILIOMPOBOAIIEro refist. [103ToMy Iuist HcCIeoBaHus
TermmoooMena Si IIACTHHBI ¢ BBICOKOIUTOTHOM TIa3MOW HU3KOTO IABICHUsI ObLITH IPOBEICHBI

IKCIICPUMEHTBI € SJICKTPOCTATHICCKUM MPHUIKUMOM ITACTHHBI (BCH) K OXJTaXXJacMoOMy
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aHOMPOBaHHOMY allFOMUHHEBOMY (Al) neprkarento npu ee oOpaboTKe B mIa3Me. Y CTaHOBKa
¥ TIPIKHM TTOApOoOHO onmcansl B [1] n [3]. DkcriepuMeHTHI TPOBOAMIACH TIPH CIIETYIOIIIX
ycnousix: BU momHocTs Ha nuaykTope Wind=850 BT, naBienne aprona par=0,18 I1a. BY
MOIIHOCTB Ha 31eKTpox Wsh 1 aBJIeHHE TeIHsl MO IITACTHHOM PHe BAPbHPOBAIUCH. [Topsimok
9KCIIEPUMEHTOB ObLI TakO: Si MIacTHHA 3arpyKanach Ha JIEKTPOCTATHIECKUI IPHKKM U B
peakTop rmojasajcs aproH. B Hauane nogaBanock pabouee HaNpspKEHUE Ha PYKAM
Uw=150+200 B, 3arem BY moruxocTs Ha nuaykTop Wind 1 BU MomHocTs Ha anextpoa Wb,
3aropaiacs Ia3ma (pexumM Harpesa). Uepes HEKOTOpoe BpeMs [I0CIIe BKIIOYEHHS pa3psaa

01 IUTACTHHY MOAABANICS TeIuil (PeXKUM OXJIaXKICHHSI) U TEMIIepaTypa CTabuIN31poBaach

npu Tst (cM puc).

D=cph (dT/dt),
Bt/cm? S

50 100 T,°C 150

Juddepenunposanuem 3aucumoctd T (1) moyyany IIOTHOCTD TEIUIOBOH MOLIHOCTH,
MOTJION[aeMOi Wi oTAaBaeMoit mwiactunoit P/s=D(T)=cxpxhx dT/dt. Tne ¢, p -
TEIUIOEMKOCTh U IUIOTHOCTH KpeMHHUs; h — ToniuHa KpeMHUEeBO# TiacTinbl [4]. JIuHeiHblii
xapakrep 3aBucumocteii D(T) (cM puC) CBUIETENBCTBYET O TOM, YTO OHH OMHCHIBAIOTCSI
3akoHoM Herorona must remonepenaun [5] D(T)=ax(To-T), rae o- koapuunent
TeruIonepesa4u, 1o — TeMIEepaTypa OXJIaKIaeMOro JIEKTPo/ia. 3aBUCHMOCTH XOPOIIO
anpokcumupytotes kak D(T)=A-BXT, rue A 6inuska k miotHoctd Mougaocta D(To)
I0JTy9aeMO B Ha4aJIbHbIII MOMEHT BPEMEHH, KOT/la TeMIieparypa Iactiuasl T=To 1 oTToKa
TeIUIa Ha 3JIEKTPOJI I0Ka HeT. B=a sBnsiercs koadduumentom remonepenaun u Tst=A/B.

Hccnenoanus mokasaiy, 4To morionaeMast Si IIIaCTHHON TeIIoBast MOIIHOCTD B
BBICOKOIUIOTHOW BY MHIyKIMOHHOI Al I1a3Me HU3KOTO IaBJICHNUS, ONPEALISIeTCs B
OCHOBHOM HOHHOH 00MOapANpOBKOi MoBepXHOCTH. TemrepaTypa ra3a B IiasMe ONu3Ka K
TEeMITepaType CTeHOK peakTopa, Tak kak npu Par=0,18 I1a uncio Kayncena 6mmsko x 1. [Jaxe

IIpU TEMIIEPATYPE CTEHOK 2500C HarpeB MJIACTUHBI 'a30M HE3HAYUTEJICH, BCICACTBUEC €T0
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paspexenHocTy. [TosTomy HauamsHas A=Ao+Wsn/S,,rie S miommaas DCII pasnas 230 cm?.
Benuunna Ao=0,137 Bt/cM? onpesienseTcs IIOTHOCTBIO HOHHOTO MOTOKA Ha IIacTuHy [6] n
mra3MeHHbIM noteHnuanoM Ur.=25 B. KoadpuumenT Termonepenatn o= dxonm+ otHe, 1€
Qeonm=0,00044 Brxcm?xK ! — koHTAKTHBIH KOI(Q(QUIMEHT TEMIONEPENAH YEPES YIACTKI
OCII, KOHTAaKTHPYIOLIHE C IIIACTUHOM, QHe - Ta30BBIH KO (UIMEHT TemIonepeaadn yepes
renuii moj acTuHoH, aHe=2,0%10"5xpre ([Ta) 61m30k k npusenenHoMy B [7]. Koapduument
TeIIonepeaayy TEMIOBbIM U3TydeHreM oT Si miacTubl o 150°C 3HaunTeNnsHO MeHbIIe.
ClielyeT OTMETHTb, 4To i Al kacceTsl oxnaxkaaemoil He oonn=0,00045 Brxcm?xKL, a
are=4,0x10-%pre (ITa).

OnpenenuB 3KCIEPUMEHTAIBHO Bee 9TH KO3 QUIHEHTHI, peiiB I depeHInaATEHOS
ypassenue st D(T) momy4aem BpeMEHHYIO 3aBUCHMOCTb TEeMITEpaTypbl Si IIIACTHHBI
T(t)=Tst-(Tst-To)xexp(-t/z), rae - siBIsIETCS KOHCTAHTON CKOPOCTH HarpeBaHus U r=cphla.

PaccunTaHHbIe 3aBUCIMOCTH XOpOoLIO COBIMagain € SKCIECPUMCHTAIbHBIMU.

250 T.0c OKCMEepuMEeHT u paccyeT HarpeBa 1 ¢cTbiBaHUA Si fNacTUHbI
cBobogHo néxallen Ha He npuxnme py=0
200
150
100 - |
—©— OkenepumeHT Ar 0,18MMa; Wind=850BT; Wsb=70BT i
¢ 30 cek Wind=0; Wsb=0BT1
50 —— paccuyeTT(t) Harpes npn Wind=850BT1; Wsb=70Br;
A=0,442; B=0,00045
P —— paccyeTT(t) ocTbiBaHve npu Wind=0; Wsb=0BT;
A=0,0315; B=0,00045
0 ; ; ; ;
0 50 100 150 200 t, cek 250

Crietyer OTMETUTD, YTO €CJIM BEIMYMHA A OIPEAEISIETCs TOJIBKO ITapaMeTpaMy IIa3MBbl,
U QHe OTIPEJICIISICTCS TOJIBKO JiaBieHueM He, TO Gown B 3aBUCUMOCTH OT H30THYTOCTH
IIacTuH Bapbupyercs ot 0,00025 no 0,00065 Brxem?xK ! . Ho 5To HecyIlecTBEHHO B
cirydae oxyaxaeHus Si mnactuHbl He, e aHe Ha J1Ba MOPSIIKa BBIIIE.

Korna nnactuna unm ee yacTh IpUCOEIUHSIETCS TEIUIONPOBOAAIIEH macToi k Al kaccere,

Qconm ATIS1 KacceThl Bapbupyetcs ot 0,00045 10 0,0005 Brxem?xK? |, u ore=4,1x10"5 x
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pre (TTa). Temmnepatypa Si mnacTunsl oTiHYaercs ot Temieparypbl Al kacceTsl He Golee YeM

na 6°C, mpu Wsh=100Br.

180 ———HgrpeB Al kacreTsI (IMM) HaxoasLWencs Ha OX. Hg
T, °C nepxatene Wind=850BT1
160 ==t
-B- T(t) npn Wsb=100BT ¢ B=0,001 npocTo nexut pHe=0lNa
140 —— T(t) npn Wsb=100BT ¢ B=0,011 npwkarta pHe=2500Na
—— T(t) npn Wsb=100BT ¢ B=0,021 npwkata pHe=5000Ma
120 —— T(t) npu Wsb=100BT1 B=0,042 npwkata pHe=10000Na
100
80
60
A AAAAAAAAAAAI\AA AAAAAAAAAAI\AAAAAAA )\A)\AI\AAAAAAAAAAAAA
40- NN I 1 T 1 v |
20
0
0 100 200 300 400 500 600 b cekzop

Jlnst mporieccoB MIa3MEHHOTO TPABJICHHUS MIYIIHUX C 9K30TEPMHIECKUM dpdexTom
BO3MOKHO paccuntath T(t), 3Has yAenbHYIO TEMIOTY MpoIecca U MIOIAIb, e HAET
peakius u ee ckopocTb. Hanpumep, yaanenue poropesucra ¢ 100% mromam miacTHHBL CO
CKOPOCTBIO 1 MKM/MHH J1aeT Takoe e yBenudenue A, kak npu Wsp=10 Br. Tpasnenue Si ¢
mna3me SF6 co cxkopocthio 3 Mkm/Mu ¢ 10% mnomaau skBuBaneHTHO yBenndenuo Wsh Ha

180 Br.

[1] A. B. ITocrhukos, . H. Koconanos, A. H. Kynpusinos, . M. Amupos., A. H. Marysos. I[TTD.. Ne 12
(2008). 173

[2]A. H. Marynos. Onrruka u criekrpockornust. T. 73 Ne2, (1992) 354

[3]M. O. Uzromos I1TD. 2009. Ne 6. 54.

[4] A. H. Marynos Tpyast ®TUAH T 12 (1997). 102.

[5]C. C. Kyrarenanse, Temmooraada 1 rHAPOAMHAMIYECKOE CONPOTHBIeHHe. M:DHeproaromusaar, 1990.

[6] P. D. Parry. J. Vac Sci. Technol. N 13 (1976) 622.

[7]H. Aiicnipyka, JI. Bpayn. M: Mup, 1987.

100



UCCJIEJJOBAHUE [TPOBOJIUMOCTU METAJJIMYECKHMX ITOKPBITUI,
OCAXJEHHBIX TEPMUYECKUM UCIIAPEHUEM U
MATHETPOHHBIM PACIIBIJIEHUEM
STUDY OF THE CONDUCTIVITY OF METAL COATINGS DEPOSITION BY
THERMAL EVAPORATION AND MAGNETRON RECHARGE
A.W. Kamapaus, A.A. Cumonos, b.JI. Uramos, O.T". ITak
A.l.Kamardin, A.A.Simonov, B.D. Igamov, O.G. Pak
Hayuno-mexnuueckuii yenmp ¢ KOHCMpYKmMopcKum 010po u onvimuwiym npouzeoocmeom AH

PV3, yn. Jypmon Hynu, 33, Tawxenm, Pecny6nuxa V36exucman, E-mail: kadmon@bk.ru

TIpoBeneHbI CpaBHUTEIBHBIC HCCIICOBAHMS CIOEBBIX CONMpOTHBICHHI mokpeituit Ag, Cu, Au, Co, Cr
tonuuHo# ot 0,1 10 2 MKM Ha mosMMepax, crekie u curamie. Ha copMUpOBaHHBIX pe3HCTOpax OMpeiesIeHbI
3aBHCUMOCTH CJIOCBBIX COHpOTl/lBHCHI/[ﬁ OT TOJIIIUHBI li)Ole/lpyeMLIX l'IOKpI:ITI/Iﬁ B CpPaBHCHHHU C 00BbEMHBIMH
MaTepHalaMH. OHpBHeHCHO KOJINYECTBEHHOE OTINYHUE IIPOBOJUMOCTH HOKpLITl/lFI OT paCcHYETHBIX 3HAYCHUH.

Comparative studies of the layer resistance of Ag, Cu, Au, Co, Cr coatings with a thickness of 0.1 to 2
microns on polymers, glass and glass are carried out. On the formed resistors, the dependences of layer
resistances on the thickness of the formed coatings are determined in comparison with bulk materials. The
quantitative difference between the conductivity of the coatings and the calculated values has been determined.

BakyyMHBIC MOKPBITUS M3 PAa3IHYHBIX MaTEpHATOB HE3aMEHHUMBI IIPH U3TOTOBICHHU
MIOJTyIIPOBOAHUKOBBIX CTPYKTYD, ONTHYECKUX M3ACIUHA, HHCTPYMECHTOB U MHOTHX IPHOOPOB.
Jnst  hOpMHpOBaHHMS TOHKMX MOKPBITHH HCIONB3YIOTCS pasiuynble Meroasl [1-3], B
YaCTHOCTU TEPMHUYECKOe HCIAapeHHe METalsIoB U MarHeTPOHHOE pACHbUICHUE KaTOMOB.
[IpakTuueckuii HHTEpeC MNPEACTABIAIOT NPOBOAAILINE IIOKPBITUS, OJHAKO, KOHKPETHBIC
JaHHbIE 110 MPOBOJUMOCTH TOHKUX METAJUIMYECKUX IIOKPBITUH CPaBHUTEIBHO PEIKO
BCTPEHYAalOTCS B TEXHHYECKOH JuTepaType. MHOrooOpasue mapamMeTpoB OCaXICHUS
MOKPBITHIT (CTENEHb BaKyyMa, CKOPOCTh OCAXK/ICHHS, TEMIIEpaTypa MOI0KKHN) TaKKe BEAET K
Pa3INYHbIM 3HAaYE€HHAM [IPOBOJAUMOCTH.

ConpoTHBIICHHE TOHKUX IOKPHITHH (TOJIIMHA ITOKPHITHS MHOTO MCHBIIC PACCTOSHHS
MEXIy KOHTaKTaMM) INpPUHATO CYUTATh YICIbHBIM CONPOTHBICHHEM Ha KBaJpar, HIX
CJIOEBBIM COIIPOTHBIICHUEM. Takoil mapamerp yano0eH TeM, 4TO CONPOTHBIIEHNE KBAJPaTHOTO
TONOJIOTMYECKOTO y4YacTKa HPOBOJSLIErO IOKPBITHS HE 3aBHCUT OT DPa3MEPOB 3TOrO
KkBampara. IIpm OSTOM CONPOTHBIEHHE YacTH IIOKPHITHS, €CIM OHO HMeeT (opMy
MIPSMOYTOJIbHHKA, HE 3aBHCUT OT €ro JIMHEHHBIX Pa3MepOB, a TOJBKO OT OTHOLIEHHs JJIMHBI

(M3MepeHHOM BJIOJIb IMHMI TOKA) K €T0 MIUPHHE.
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Jlnst ocaxaeHusl MOKPHITHH W3 Takux metawioB kak Cu, Au, Ag, Cr, Co meromom
Tepmudeckoro ucnapenus u Cu, Cr, popMuUpyemMbIX METOIOM MAarHETPOHHOTO PACTIBUICHHS
OblTa MCIIOJb30BaHA TEXHOJOTMYECKasi ycTaHOBKa Ha 0Oase xamepsl YBH-75P, Onok-cxema

KOTOPO¥ IpeJicTaBlieHa Ha puc. 1.

1-pabouas kamepa, 2-yCTpPOHCTBO TEPMUUECKOTO UCIIAPEHUS], 3- HCTOYHHK HOHOB C XOJIOAHBIM
KaTo/I0M, 4- yCTPOMCTBO MarHETPOHHOIO PACIBIICHHUS, 5-TI0/IBUKHASI OCHACTKA.

Puc. 1- B3anMHOe pacrionokeHne TEXHOJIOIHIECKHX YCTPOICTB B paboyeii kamepe

O6pasus u3 crexita K-8, curamna CT-50-1 ounmianuce B KOHIEHTPHUPOBAHHOM CEPHOM
KHCJIOTE, MPOMBIBAIMCh B AWCTHUIMPOBAHHOW BOJAE M BBICYLIMBAINCH Ha LEHTpHYyTE.
OO6pasnsl U3 MOIMMEPOB (MOIUCTUPOI, MONUMETHIMETAKpWIaT) OYMINAINCh 00paboTKOH
IIETIOYHBIM PACTBOPOM B yIbTPa3BYKOBOH BaHHE, IPOMBIBAIUCEH U BRICYIIUBAIHCH Ipu 80 °C.

CraproBasi CTeleHb Bakyyma mpu o6paboTke coctasisia 4-10° Ila. Tepmuueckoe
HCTIApEHHE OCYIIECTBISIOCh U3 TAHTAJIOBOH V- 00pa3HOil JIOM0YKH [P MPOITYCKAaHUH TOKOB
nopsizika 100200 A (o monHoro ucnapenust Hasecku). s ncnaperus CO uCronb30Bajcs
BOJIb()PAMOBBIN KaTOJ] U3 CKPYYCHHBIX HPOBOJIOK. s pacnbuieHus kaTtooB quamerpom 130
MM 13 Cu u Cr Obl1 HCHONB30BaH MarHeTpoH. PacrbuieHre MpOBOANIIOCH 3aJaHHOE BPEeMs
npu Hatekanuu Ar (3-1071 [Ta), Tokax paspsna 2,0+2,3 A u HanpsoxeHusx 450650 B.

Jlnst mpenBapUTENbHON OUYMCTKM (aKTHBALlMM) IOBEPXHOCTH 00pas3loB B BaKyyMme

MPUMEHSUICS HCTOYHHK HOHOB ¢ XoJoaHbiM Katomom (MU-4-0,15), obecneunBarouimit
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ITy4KOBO-TIIA3MEHHBIN pa3psi B aproHe MpH HANPsUKEHUHU Ha aHozie 10 4 kB u Tokax paspsna
100+120 MA (oOpaGorka 2+3 wmunyThl). Bpamaromiasicss BakyymHas ocHactka (20+60
00/MHH) HO3BOJIsIA YCTAaHABINBATH OOPA3Ibl B MO3UIMU OYMCTKH U OCAXKICHHS IOKPBITHH.
HaknoHHas Bpamiaromasicss OCHacTKa o0OecliednBana paBHOMEPHOCTh HAHECCHHS MOKPBITHIL
1o 5% B mpezenax kpaapara 150x150 mm. Temneparypa o6pa3nos He npessimana 110 °C.
HenocpencTBEeHHO MOCIE OCaXICHHS METAJUTMYECKUX ITOKPBITHIT 30HIOBBIMH METOIAMHU
OLICHUBAJIOCH CJIOCBOE CONPOTUBICHHE M METOJAOM (oTonuTorpaduu ¢ XUMHUYECKHM
TpaBJICHHEM BOCIPOM3BOINMO (POPMHPOBANUCH PE3UCTOPHI C 33aaHHBIM COOTHOLICHUEM

JUTHHBI ¥ IIUPUHEI (pHC.2).
a)

Puc.2- ®oTorpadus TOmoIoruu pesucTopoB U3 Meau (a) u xpoma (0) Ha cTeke

VI3MepeHHs CIIOEBOTO CONPOTHBIICHHSI Ha PE3UCTOPaX IMPOBOJUIHCH C UCIIOIH30BaHUEM
npubopos 111-300, GM-328, 2400-C KEITHIEY. TonmuHa MOKPBITHH OLEHHBANACh MO
ONTHYECKOMY IPOIyCcKaHUIo (U1 TommuH MeHee 100 HM) M IOKa3zaHUSAM HHTEphepoMeTpa
MUNU-4Y. Jlnst Gonbiueil TOYHOCTH H3MEPEHHs CTYNEHbKH Ha TOMOJIOTMYECKHH PHUCYHOK
JOTIOJTHUTEIIFHO OCAXKIAJICS CIUTONMIHOM cioit Ag Tommiaoi 20+50 HM.

Kax moka3sanu uccrienoBaHus, npu ToauHe mokpeituit Cu, Ag, Au mopsiaka | MKM
3HAYEHHMS IIPOBOJMMOCTH MTOKPBITHII HA MOJIMMEPax U CTEKIaX MPAKTHYECKH HE OTIHYAIINCH,
HE CMOTpS Ha pa3IM4YHYI ULIEPOXOBATOCTh IOBEPXHOCTH. AJre3HOHHAsh IPOYHOCTh
MOKpbITHit n3 AQ 1 AU ObLTa HAMMEHbBILIEH B CPABHEHUH C APYTUMHU MTOKPBITHAMH.

Wcxons U3 M3BECTHBIX 3HAYCHUI YIENBHBIX COMPOTHBICHUH OOBEMHBIX MATEPUAIIOB,
CII0EBOE COTPOTUBIICHHUE MOKPBHITUI TOMIHHON 1,0 MKM TEOPETHYECKH JOJIKHO COCTABISTH
mis Ag-0,015+0,016 Owm/kBagpar, Cu-0,0175+0,018 Owm/xBagpar, Au-0,023+0,024
Owm/kBazpat, Al-0,026+0,029 Om/kBanpar, cranb-0,11-0,14 Om/kBapar. OqHako cronbuaras
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CTPYKTypa BaKyyMHBIX IOKDPBITHH, OOBIYHO COCTOSALIAS W3 KOHMYECKHX KPHUCTAJUIUTOB,

YaCTUYHO Pa3aCiICHHBIX IIyCTOTaMU,

CO3/1a€T OTPaHUYEHUS POBOJUMOCTH,

CIIOCBOC

COIPOTUBJICHUE OKA3bIBACTCS OOJIBIIC TEOPETUYCCKUX PACUCTHBIX 3HAUCHUM.

B Ta6J'II/III€ 1 NpPEACTaBJICHBI 3HAYEHUS CJIOEBOI'O COIPOTHUBIICHUA HOKpLITPIfI Cuu Cr,

OCKJACHHBIX METOJIOM MAarH€TPOHHOI'O PaClbUICHUSA.

TaGJmua 1- CioeBbie COMPOTUBJICHUA HOKpI;ITI/II\;I OT BPEMECHHU HUX OCAKIACHUA

BI/IZ[ 1 BpEeMsA OCAXICHUA MMOKPBITUA, MUH

Croesoe compotusienne, OM/KBagpat

Cu /0,5 15-20

Cul/1,0 1,9-2,1

Cu /4,0 0,18-0,20

Cu /8,0 menee 0,1 (marpes o 110 °C)
Cr/1,0 20-30

Cr /5,0 1,5-2,0

Cr /10,0 menee 1,0

B rabnuue 2 mpeacTaBIEHbl pAacyeTHbIE M pealbHblE 3HAUEHHSA  CJIOEBBIX

COHpOTPIB.IIeHPIP’I Rs ot BUJ1a U TOJIIUHBI TEPMHUYECCKU OCAKIACHHBIX BAKyYMHBIX HOKpBITI/Iﬁ.

Ta6jmua 2- PacueTHbIe 1 OKCIICPUMEHTAIIBHBIC CIIOCBBIC COIIPOTUBJICHUS

Bun nokpeitus Tomnmmunaa, MKM Pacuernoe Rs, OM/kB Peanbnoe Rs, OM/kB
Cu Oxkouo 0,1 0,18 0,83
Cu 0,9+11 0,016+0,020 0,077+0,058
Cu 1,8 0,01 0,014+0,016
Ag 0,1 0,15 3,5+4,0
Ag 04 0,0375 0,096
Co 0,15 0,95 4,9
Co 0,6 0,23 11

PeanbHble 3HAUEHUST CIIOEBBIX COHpOTPIBJ'IeHPIﬁ METANIMYECKUX HOKpLITI/Iﬁ 3aBUCAT OT

BUJIa, TOJIIMHBI U TEXHOJIIOTNYECKUX (PakTOpoB uX (Gopmuposanus. [IpoBojsiune MOKpHITHS

ObLTH 0Hp06OBaHI>I IIpU CO3JaHUU DJICKTPOMArHMTHBIX SKPAaHOB Ha mjlacTMaccax.

[1] Bepnun, E.B. Ceiinman JI.A. MoHHO-IIIa3MeHHBIE IPOLECCH! B TOHKOIUIEHOYHOM TexHoIoruu // M.:

Texnocdepa, 2010. — 528 c.

[2] Martin P.M. Handbook of Deposition Technologies for Films and Coatings: Science, Applications and
Technology. — William Andrew, 2009. — 936 p.
[3] Smith D. Thin-Film Deposition: Principles and Practice // Boston: McGraw Hill, 1995. — 616 p.

Oring M. Materials Science of Thin Films. Deposition and Structure. London: Academic Press, 2002. — 794 p.
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AHMU30TPOITHOE TPABJIEHUE KPEMHMUSA B HUKJIMYECKOM INPOLECCE C
KUCJIOPOJHOM MACCUBAIIMEN: ONITUMHU3ALIUA CEJTEKTUBHOCTH
ANISOTROPIC ETCHING OF SILICON IN ACYCLIC PROCESS WITH OXYGEN
PASSIVATION: OPTIMIZATION OF SELECTIVITY

B.O. Ky3sbmenko!, A.B. Msaxonbkux®, C.H. Asepxunt, K.B. Pynenko!
V.0. Kuzmenko?, A.V. Miakonkikh %, S.N. Averkin?, K.V. Rudenko?!

L @eoepanvroe 2ocydapemeenioe 61odaicemroe yupescoenue nayku Puzuro-
mexnonozuyeckull uncmumym umenu K.A. Banuesa Poccuiickoii akademuu Hayx,
Haxumosckuit npocnexm 34., 117218 Mockesa, Poccus, e-mail: kuzmenko@ftian.ru ;

Modification and optimization of anisotropic silicon etching process with cyclic
passivation and etching were studied. Optimization of etching rate, selectivity and
undercut for specific application were investigated. Balance between etch rate and
scalloping was established.

IIpouecc riy6OKOro aHU30TPOIHOTO TPABICHHUS KPEMHMS aKTyaleH IS pa3InuHbIX
npuiaokeHui. OHO U3 HUX - 3TO TPABJICHHUE CKBO3HBIX OTBEPCTHH B KPEMHHEBBIX ILIACTHHAX
(TSV). Co3nanue Takux OTBEPCTHI HEOOXOAMMO MPH IPOHM3BOJICTBE yCTpoucTB ¢ 3D
HHTETpaleil yCTPOHCTB Ha IOIyNPOBOJHUKAX Pa3HOH HMPHPObI (HampuMep, IMpomeccop Ha
kpemHueBod minactuHe M CBY-ycTpoHCTBO Ha HUTPHUI-TAUIMEBOH) Ui YCTAHOBIICHUS
EKTPUYECKNX KOHTAKTOB MEXAY HUMH. JIpyrMM NpHIOKEHHEM, B KOTOPOM MOXKET
OTpeOOBaThCA CO3JMAaHUE TIIYOOKMX OTBEPCTHII WIM KaHaBOK B KPEMHHUH, SBISETCS
YCTpOHCTBA KanenbHONH MUKPOQITIONIHKH [1].

W3rotoBneHne TakuX CTPYKTYp C BBICOKMM AacIEKTHBIM OTHOIICHHEM Tpeldyer
TEXHOJIOTHH TJIyOOKOTO aHM3OTPOITHOTO IUIa3MEHHOTO TpPaBICHHA KpeMHUs. PasznndHble
TEXHOJIOTHH aHMW30TPOITHOTO TPABJICHUS KPEMHHUS HUMEIOT CBOM ocoOeHHoctH. OpHO# n3
TAaKHX TEXHOJOTHH SIBISETCS XOPOLIO M3BECTHHIN BOSCh mpouecc, B KOTOPOM aHHU30TPONUS
JOCTHTAETCS 3a CUET 3aIIUTHl OOKOBBIX CTEHOK CTPYKTYPHI (pTOPYTriepoaHoil mieHKkor. Maes
3TOTO NPOIECCa 3aKIIF0YAETCS B IUKIMIECKOM ITIOBTOPEHHH 3TAINOB MACCHBAIINH MOBEPXHOCTH
MOJIMMEPHOH TUIEHKOH BO (PTOPYTIAEpOAHOM TIIasMe M aHW30TPOIHOTO TPABIEHUS CO
cMemieHreM Bo (ropcozepikamel maasme. CTpyKTypsl, TOTydYEeHHBIE B JTOM IIpOIECCE,
MMEIOT THUNWYHBII Mpoduis OOKOBOH CTEHKH € XapaKTEPHBIM MEPHOANYCCKUM PHCYHKOM,
Ha3bIBAEMOM «CKAJUIOIHHIY.

B nacrosimei paboTe ObLT M3ydeH aTbTepPHATHBHBIN TOJXO0/ TIIyOOKOTO aHW30TPOITHOTO
TpaBieHHUs KpeMHUs, u3BecTHbIl Kak Oxucnenne-Tpapnenne (moaxox OxEtch). Panee on
ObL1 TIpeuiokeH [2] u 3anatentoBal [3]. Muest ocHoBaHA Ha 3aMeHE NACCUBALMK OIUMEPOM

I1a3MEHHBIM OKUcIeHueM KpemHus. [lockonbKy maccuBHpylolas IUICHKA o0pasyercsl U Ha
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JIHE CTPYKTYp, TO 1T €€ yaaieHuns TpeOyeTcss HoHHast 00MOapAupoBKa, OCyIIeCTBIsIEMast IpH
MPHIOKEHUH MOTCHIHAA CMEIICHHS! K IOJUIOXKKE OTHOCHTENBHO IUIasMbl. JTHTEIBHOCTD
9TOrO IIara ¥ 3HAYEHHE SHEPTHU HOHOB OIPEAEISeT CENEKTHBHOCTh MpOLEcca, HAKIOH
OGOKOBBIX CTEHOK, HOATPAB M CKOPOCTh BEPTHKATBLHOTO TPABICHHS.

MoxHO yka3aTh Heckonbko npemmymiectB OXEtch mepex Bosch mpomeccom. B
mpolecce TPaBIeHUs Ha OOKOBBIX CTEHKAaX HE OCTAaeTCs TPYMHOYAATIIEMOH MOIMMEPHO
IUIGHKH, 4TO OOJIerdaer HOCIeIyIONlne TeXHOJIOIHYeCKUe onepanuu. Taxke IOIUMEepHOH
IUIEHKU HE OCTA8TCsl HA CTEHKAaX PeakTopa, B KOTOPOM OCYIIECTBISETCS IPOLECC TPABICHHS,
B pe3yJibTaTe 4ero TEXHOJOT s COBMECTUMA C JPYTUMHU IpolieccaMu TpasieHus. Kpome toro,
(dropyriiepoHbie Ta3bl, UCIOIb3yeMble Ha dTamne naccuBauuu B Bosch mporecce, obnanator
BBICOKMM IOTCHIIMAJIOM IJIO0ANBHOIO IIOTCIUICHUS, W B IPOMBIIUICHHBIX MaciuTabax
[IPOU3BOJICTBA BO3HUKACT NPOOIEMa MX YTUIIH3ALMH.

DKcriepuMeHT ObLI MPOBEIEH B YCTAHOBKE IUIA3MOXUMUUECKOro Tpasienus Plasmalab
100 (Oxford Instruments). OGpa3ipl Ha IIIACTUHAX KPEMHHSI C OpPUEHTAalUel TOBEPXHOCTH
100 c¢ wmackoii u3 okcupa Kkpemuus TtommumHOW 200-2000 HM pa3mepoM 2xXx2 cM
YCTaHABJIMBAIKCh HA IUIACTUHC-HOCUTENIC C IOMOIIBI Macjia, O0ECHEeYUBAIOLIETO
TEMIIEpaTypHbIi KOHTAaKkT. B mnpenpiaymmx paboTax ObUIM YCTaHOBJICHBI BO3MOXHOCTH
MOJM(UKAINK TIPOIecca ITyTeM YBEJIMUYEHHs MOIIHOCTH Ha IlIare OKHCIIEHMs M J00aBleHuUs
Ar nipu BekpbiTHH OKeuza [4].

B Hacrosmell paboTe NpemIokKeHO BBEICHHE JOMOIHHUTEIBHBIX NMEPEXOJHBIX IAaroB
MEXIy MpOIecCaMi OKHCIEHHMS W TPAaBIICHHS JUII yYMEHBIICHUS BIMSHHS II€PEXOJHBIX
MIPOIIECCOB U JIydmIeil KOHTpoIMpyeMocTH mporecca. [ukn MoandunuposaHHoro mporecca
OXxEtch cocrosin u3 cnepyronmx mraros: 1) okucienue B miasme O2 ¢ momuocTeio 2000 Br
BioeHHO# B ICP 6e3 npuiioskeHnst aBTOCMEIIeHH s, 2) TIePEeXOHBIi 1I1ar, KOTOPOM B TEUCHHE
2 ceKyH/ KHCIOpOJ] B KaMepe 3aMentancs Ha cMeck SFe i Ar, 3) BCKpBITHE ITACCHBHPYIOIIETO
cnost B mrasMe SFe 1 ocTaTkax Al IIpU NPHIIOKEHUH aBTOCMEILCHHUS, 4) TPaBJICHHE KPEMHHUS B
mwiazme SFs 0e3 CMelLIeHHs ¢ MOILIHOCTBIO, BIOXXCHHOI B paspsan paBHoit 1750 Br u 5)
HepexXoJHbIH IIar, KOTOPOM B TeueHHe 2 CeKyHA B kamepe SFe 3amemancs Ha O2 mpu
MIOHMKCHHO MOIIHOCTH BJIOKCHHOH B pa3psia. Ha yeTBepToM mrare TpasieHus B miasme SFe,
KOTOpBIil MPOBOAMTCS 0€3 CMEILICHHMs, TPABICHHE IIPOUCXOAUT TOJNBKO HAa TeX
TOPU3OHTANIBHBIX YYaCTKaX CTPYKTYpbI, IJe ObLI BCKPBIT NACCHBUPYIOIMII CloOif, B
pe3yJIbTaTe Yero CTCHKH OCTAIOTCS BEPTHKAIBHBIMU. B paboTe BapbUpOBAIMCH IIUTEILHOCTH
LIarOB OKUCJIEHMS M TPABJICHHS KpPeMHHs 0e3 CMELIeHMs MIs ONTHMM3ALUK NapaMeTpoB

CKOpPOCTHU TpaBJICHUA, IOATPABA U «CKIJUIONKHIA» B IPOLECCE. Bein1 uccnenoBan mporecc
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TpaBJICHHS TTACCHBUPYIOIIETO OKCHIHOTO CIIOSi YCKOPEHHBIMH MOHAMH M3 IIIa3Mbl. Bribop
MapamMeTpoB ITIa3Mbl Ha MIare BCKPHITHS TO3BOJSAET ONTHMH3HPOBATH CENEKTHBHOCTH II0
OTHOIIICHHIO K MackKe.

Tlocne mpoBeneHnsT MPOLECCOB € PA3TMYHBIMH JUIUTEIFHOCTSIMU IIarOB OKUCICHUS U
TpaBleHHs OBUIO YCTaHOBIEHO, YTO YBEIMYEHHE NPOJO/DKUTENBFHOCTH JTamla TpPaBICHUS
YBEIUYHBAET CKOPOCTH TPABIICHUS, a TAKXKE MOATPAB M «CKAIUIONHMHT». YMEHBIICHHE IIara
OKHCIJICHHSI YBEIMUMBACT CKOPOCTh TPABJICHUS M3-32 YBEIHUCHUS JOJIU TPABICHHS B IIHKIIE.
OTO mMmO3BONSET HANUTH KOMIIPOMHUCC MEXKTY CKOPOCTBIO TpPAaBJICHUS H IIOATPABOM IS
KOHKpeTHOro npumeHeHus. Ha puc. 1 mpuenersl COM-u300pakeHHS MHKPOCTPYKTYD,
KOTOpBIC ObLIM MOJydeHs! mocie 50 LMKIOB mHpolnecca. XapaKTepHbIC 3HAYEHUSI CKOPOCTeit
TpaBJICHUS MOXHO HacTpaumBarh B amanazoHe 0.9-1.4 mxm/muH. Bennuuna noparpasa npu
rnyOune TpaBiaeHus ~10 MM m3mensiercs ot 120 HM g0 420 HM B 3aBHCHMOCTH OT
BBIOPAaHHOTO pPEXHMa. YBEIMYCHUE HANPSDKCHHMS CMEIICHUs Ha IIare BCKPBITUS OKCHIA

NPUBOJUT K YMCHBILICHUIO CEJIEKTUBHOCTH U3-3a YBEIUYECHUA CKOPOCTU TPABJICHUA MACKH.

300 nm
b

Puc.1 N3o6paxennss COM a) kaHaBku muprHO# 16 MM, b) kpait Macku
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C.B. Huxomun?, C.C. Bonkos??, B.B. Hacenxun', M.B. Unpkun®
S.V. Nikolint, S.S. Volkov?3, B.V. Nasedkin, M.V. Chirkin®

A0 «nazmay, ya. Luonkosckozo, 24, 2. Pazans, 390000, Poccus
2Pasanckoe zeapdeiickoe vicuiee 6030yUiHO-0ecanmmuoe KOMaHoHoe yuunuye, Poccus
3Pasanckuii 2ocydapemeennbiii paduomexnuyeckuil ynusepcument, 2. Pazamns, Poccus

volkovstst@mail.ru

In this paper, studies of physical processes in a reusable arc arrester are carried out.

The analysis of the main processes of the origin, development and transfer of the

discharge from the location of the beginning of the development of the discharge to

the place of the release of the main energy is carried out.

PazBuTue CHIIBHOTOYHOM BBICOKOBOJIBTHOW JJIEKTPOHUKU JUIS 3HEPreTUYECKOTro
obecnieyeHHs: OBICTPONPOTEKAIONINX MPOLECCOB HAlAraeT Ha XapaKTePUCTUKH HPHOOPOB
OTHOBPEMEHHO TPH TPYIHO COBMeEIaeMble TPEOOBaHHS O TOBBIIICHUIO HANIPSDHKEHHS, TOKA U
OblcTponelicTBusl mpuOOpoB. Hapsimy ¢ 93TUM  BO3HHKAlOT BONPOCH  OOECHICYCHUS
YCTOMYMBOCTH  DJEKTPOOHBIX MAaTEpPUAOB K MOINHBIM  BO3ACHCTBHAM  OONBIIMMH
KOJIMYECTBAMH 3JIEKTPHUECKON SHEPrHU. PacipocTpaHeHHBIMU MPAKTHYECKHMH TPOOIeMaMu
SIBJISTIOTCSI TEHEpaIMsl MOLIHBIX BBICOKOIHEPreTHYECKUX HMITYJIECOB, OBICTpOE NpephIBaHUE
TOKa, OBICTPOCHCTBYIOIMAS KOMMYTALUs HANPSHKEHUH ¥ TOKOB B MOLIHBIX CHIIOBBIX ceTsiX. C
PasBUTHEM HOHprOBOHHHKOBOﬁ TCXHHUKH B HaIpaBJICHUAX CHJIILHOTOYHOM n
BBICOKOBOJITHOW JJICKTPOHHKH OTMEUYCHHBIC 3aJayd PElIaloTcs C ITIOMOIIBI0 MOIIHBIX
TIOJTYTIPOBOAHHUKOBBIX HpI/I60p0B. TaK, JUIA pa60TBT ¢ OOJBIINMHA HaIpsODKCHUSAMA
HCTIOJIB3YIOTCA ITOCJIIEA0OBATEIBHO COCAUHACMBIC l'[pPI60pLI, OAHAKO HJIs1 YyHOpaBJICHUSI HX
paboToif HEOOXOAMMBI CIENUaTbHBIE OTOJTHUTEIbHBIE KOMMYTHPYIOMINE YCTpPOICTBaA.
HoBelif ummynsc pa3BUTHSL OIS CHIIBHOTOYHOM BBICOKOBOJIBTHOM DJIEKTPOHMKU MONYYHIH
ra3opaspsiiHble IPHOOPE], OCOOCHHO C HAYaJIOM HCIIOIb30BAHHUS COOCTBEHHBIX MArHHUTHBIX
noJnei JUISL YIIPABJICHUST MECTOIIONOKEHUEM pa3psaaa, B YaCTHOCTH B CHUJIIBHOTOYHBIX AYT'OBBIX
paspsinaukax [1]. Llenbro naHHOW paboOThl ABISIOCH MCCIENOBaHHE (PU3HYECKUX MPOIIECCOB
3apOXKIACHUS M Pa3BUTUSA  OYyrOBOIrO  paspsAal IOpU  OAHOBPEMEHHOM  U3MEHEHUU
MECTOIIOJIOKCHHUSI BCJIICACTBHEC BSaHMOLlCﬁCTBHﬂ MArHuTHOIO IOJIA TOKa IIJIa3Mbl C IOJJAMH
TOKOOTBOJIOB.

PaGora HanpaBieHa Ha  BBIICHEHHE  MeXaHM3Ma  JIGMCTBHUS, a  TaKke

COBEPILICHCTBOBAHUE M CO3JlaHHE HOBBIX YCTPOMCTB U DPEXKHMMOB pabOThI JyrOBBIX
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ra3opaspsiiHeIX 1puOOpoB [2], mnpenHasHayeHHBIX JUISI ABTOMATHYECKOrO BKIFOYCHHS
3aIIUTHON ammapaTypsl NPH BO3HHKHOBEHHH KOPOTKMX 3aMBIKAHHH B BBICOKOBOJBTHBIX
CHJIOBBIX  JJIEKTPHYECKHX CeTsX. [IpH TOSIBICHHH KOPOTKOTO 3aMBIKAaHUS BBICOKOE
HanpspKeHHe IIOCTyHaeT Ha ONMH M3 OJJIEKTPOAOB JBYXJIEKTPOIHOTO MHpHOOpa, BTOPOH
9JIEKTPOA KOTOPOTO 3a3eMieH. ABapuilHOe HaIpsDKEHHE CO3/aeT AYyTOBOH paspsiy MEXKIy
9JIEKTPOAAMHU HPHOOpa, CONPOBOXKIAAEMBIH HUMITYTECOM OOJIBIIOTO TOKA B CETH M B 3aIIUTHON
amnmapatype, KOTopasi OTKIIIOYaeT CeTh OT HCTOYHUKA YHEepruu. [Ipu HanpsDKeHUH B eJUHUIBI-
necsaTku k3B, Tokax mo 10 kA u 3apsme ummynsca 1o 1000 K smeprus mmmynbca Toka,
BO3/EICTBYIOIAs HA Pa3psAHUK JOCTHraeT COTHH KJ[XK, YTO pacIuiaBisieT METaINYeCKHe
IEKTPOABI B MECTaX U OKPECTHOCTSX KOHTAKTHPOBAHHUS C JYTOBBIM PaspsiioM U UCKIIOYAeT
BO3MOKHOCTb IIOBTOPHOI'O HCHONB30BaHUS Pa3psaHuKa. JIyroBoil pa3psiiHUK MHOTOPa30BOrO
neifcTBust ObUT CO3/1aH € HOJYC(HEPHUYECKUM IIEKTPOJAMU U YCTPOHCTBOM HMHMI[MUPOBAHHS
paspsza, ¢ paszeleHHeM MECTa Hadajla pa3BUTHA paspsijia B pUOOpe ¢ MECTaMM HapacTaHHs
u ropenus paspsa [2]. B mefictBun npuGopa MOXKHO BBIAEIUTH CIEIyIONMe npouecchl. Jis
MHUIUHUPOBAHUS Hadala paspsja HEoOXOIMMO CO371aTh MOHM30BAaHHBIM KaHAI MEXIy
UEKTPOAAMH IIPH 3aJaHHOM YPOBHE HANPSHKCHUS Ha 3JIEKTPOAaX. DTO OCYLIECTBISACTCS
IOCJICZI0BATENIBHO COEIMHEHHOW 1IEIIOYKONH HH3KOBOJIBTHOTO TA30HAIIOIHEHHOTO Pa3psiHUKa
U BBICOKOOMHOTO  MOJIyIPOBOAHMKOBOTO  pE3UCTOpa,  OOJNAJaoIIero  CBOWCTBAMH
MTOBEPXHOCTHOW HOHM3AIMH, CTUMYJIHPYEMOH JJIEKTPUYECKHM MOJEeM ¥ IOBEPXHOCTHBIM
ToKOM. [Ipy 3TOM pa3spsHUK COGAMHEH K KaToJy, a PE3UCTOP COEIMHEH K aHOmy |
PACIIONIOKEH MEX/y aHOIOM M KaTtonoM. C TOSIBICHUEM HAINPsDKEHHS Ha LEM0YKe pa3psaHUK
IpOOUBAETCS M MOAAET TOK HA MONYIPOBOAHUKOBBIA pe3ucTop. IloBepXHOCTHAs MOHHM3ALUS
ra3a Ha Pe3UCTOpe WHHIMHPYET BIOJb IOBEPXHOCTH HECAMOCTOSATEIBHBIN TEMHBIH paspsin,
KOTOPBIM C yBENMYEHHEM HaNpsHKEHHS KOPOTKOTO 3aMBIKAHUS Pa3BHBACTCS B TICIOIIUH
Ppaspsizi, TOK KOTOPOTO OTpaHWYeH TOKOM pa3psgHUKa HEerouKky. [Ipu 5ToM TOK paspsiia BIOIb
TIOBEPXHOCTH PE3UCTOPa, OOECTIeUMBAEMBIH DPa3pSIOHUKOM,  OKa3bIBaeTCsl 3HAYUTEIHHO
Gonplre Toka pe3nucropa. Tok pa3psaa HE3aBUCHMO OT TOKA PE3UCTOpa CO3aeT COOCTBEHHOM
MarHuTHOE IIOJIe, Ha KOTOpO€ JEHCTBYIOT MOHJICPMOTOPHBIC CHIIBI TOKOIIOJBOASIICH
apmarypbl [3], cospmaromieii BMecTe ¢ paspsAHBIM KaHAIOM 3aMKHYTHIH KOHTYP TOKA.
OCHOBHOW OCOOCHHOCTBIO TOHACPMOTOPHBIX CHJI SBJISCTCS COBEpIICHHE paldOTHl IO
MHHAMH3AIUH TOTCHIUAIBHOM YHEPIUH MATHUTHOTO 11015 [4], 4T0 mposBisieTcs: B BUAE CUlI,
coBepuIalomuX pPabOTy IO pPACUIMPEHHIO KOHTypa TOKAa, 3BEHOM KOTOPOrO SIBIISIETCS
paspsaublil kKaHai. [ToHaepMOTOPHBIE CUIIBI BHITAJIKUBAIOT HE3aBUCHMBINA pa3psiHbIA KaHaI ¢

€ro COOCTBEHHBIM MarHUTHBIM ITOJIEM OT TIOBEPXHOCTHU PE3UCTOPA B CBOGO,I[HOM HarpaBJICHUH
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B MEXIJIEKTPOJHBIA TPOMEXKYTOK. 37eChb TOKOMOABOMAIICH apMaTypod JUIs paspsia
SBIISIIOTCS.  DJIEKTPOABI, MolychepudecKHe KaTox W aHOX Mpubopa. YCTOWYIHBBIM
MPOCTPAHCTBEHHBIM TIOJIOKEHUEM Da3psIHOTO KaHajla SBISIETCS MECTO CHUMMETPUYHOTO
BO3JICHCTBYS MOHAEPMOTOPHBIX CHJI MOJABOJAIIEIO TOKA. Takoe MOoj0KeHUE yAOBIETBOPSIET
YCIOBHIO PAaBEHCTBA HYIIO CyMMBI IEHCTBHS CHJI IO HOPMadM Ha pa3psIHbIA KaHal B
TIONIEPEYHON IIOCKOCTH, YTO O00ECIeUMBAeTCS B CHMMETPHYHBIX JJICKTPOAHBIX CHCTEMax
(xonyc, monycdepa). B pacuerax nelCTBHS CHII pa3psiAHBIN KaHAT MPUHUMACTCS KaK SANHOE
TEJIO C 33IaHHOU YIPYTOCTHIO H IPEeioM NpodHOCTH. CHIIaMU COINPOTHBICHHS JBIDKCHUIO
cTonba Miaa3Mbl ABIAIOTCSA CUJIa MHEPLUU MAcChl, CHJIA 3JICKTPOMArHUTHON MHEPIHUU U CHIa
COIPOTHUBIICHUSI IEepeMELIeHHs] KaTOJHOrO IATHA. 3a BpeMs IIepeMelleHHs IIa3Mbl B
YCTOHUHBOE COCTOSHHE (EAMHUIBI MHJ/UIMCEKYHZI) TOK IIIa3Mbl, a COOTBETCTBEHHO,
MarHiUTHOE I10JI€ U MMIIEAAHC U3MCHSIOTCS OoJjiee YeM Ha TPH HOPsKA, YTO yYHUTHIBACTCS
BO30YXKICHHEM M JICHCTBHEM 3/C CaMOMHIYKUMH. IIpOBeICHHBIC 3KCIEPHMEHTHI C YYETOM
pe3yJIbTaTOB TEOPETUYECKOr0 aHaaM3a [10Ka3al, YTO IPH BeIMYHMHE aBapUHHOro Toka 2 KA
HAyajo 3apoKIEHHA JYIH C yY4acTHEM PE3UCTOpa IIPOTEKaeT 3 MKC, BpeMsl HapacTaHHUs
HMMITYJIbCa TOKA JI0 IOJIHOTO 3HAUYeHHs — 35 MKC, a OJIHOE BpeMs UMITyJibca Toka — 20 Mc.

Takum o0pa3oM, BBIOpaHHBIN CIIOCOO YIpPABICHHS MECTOIONIOKEHUEM CTONIOA
JIyrOBOTO pa3psijia C MOMOIIBIO MAarHUTHOTO TI0JIS TOKA pa3psijia 00ecrieynBaeT yIpaBJIsionee
BO3/EHCTBHE Ha CTOJNO IUIa3Mbl [JYrOBOTO paspsia B IpOIecce €ro pasBHTHA C
OBICTPOJCHCTBUEM 3JIEKTPOMAarHUTHBIX MPOIECCOB, YTO 3HAYUTENILHO IPEBBIIIACT CKOPOCTh
PasBHTHsA DPa3psOHBIX IpoleccoB. JlMHaMMKa Ipolecca IEPEMENEHHUs OINpeNeseTcs
B3aUMOJIEHCTBUEM MArHUTHOTO IIOJs TOKAa paspsja Ha BCEX CTaJHAX Pa3BUTHA IyTH C
MarHUTHBIM II0JIEM TOKa IPOBOJHHMKOB M JJIEKTPOJOB mpubopa. Hauamom mnepemereHus
paspsima sBIsieTcss 0Opa3oBaHHE MPOCTPAHCTBEHHO HENPEPHIBHOIO Pa3psAHOTO TOKa HaJ
TTOBEPXHOCTBIO TOIYIPOBOJHUKOBOTO PE3UCTOpa MO BCEH €ro UIMHE B MEXKIJIEKTPOIHOM
MPOCTPAHCTBE. Bpems mepeMerneHus OT Hadana 3apoXkICHUs paspaga 10 TMONO0KEHHS
MIPOCTPAHCTBEHHOM yCTOWYMBOCTU ONPEAEIACTCS WHEpPLHUEH [ABMXKEHUS MacChl HOHOB
pa3psiia, akTHBHBIM CONPOTHBIIEHHEM aTMOc(epsl rasa mprubopa ABIKEHHUIO HOHOB pa3psaa
U CONPOTHBIICHUEM JBWKCHUS KAaTOOHOTO TIIATHA II0 MOBEPXHOCTH OTPHULATEIBLHOIO
3JEKTPOAa.
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FORMATION OF A Mn4Si7 FILM ON A DIELECTRIC SUBSTRATE BY
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Annotation. In this work, for the first time, Mn4Siz films on mica and sitall were
obtained by the method of pulsed laser deposition and their thermoelectric properties were
investigated. It is shown that this method makes it possible to obtain perfect HSR films. The
obtained HSR films have the following characteristics: spectral sensitivity range - from 0.2 to
200 pm; conversion factor S = 500 - 2000 wV/W at radiation length & = 10.6 um; Seebeck
coefficient a ~ 300 pV/K; speed t < 10 s; the electrical resistance of the element is not more

than 200 Ohms.

IloBblIeHHBI HHTEPEC K TEPMOAJICKTPUYECKUM MarepualaM CBs3aH C Pa3BUTHEM
anbrepHaTHBHOW dHepretuku [1]. OmHum u3 Haubosee MEPCIEKTHBHBIX IyTEH IIOBBILICHHS
3¢ peKTHBHOCTH TEPMODICKTPUIECKUX npeobpa3zoBareneit CUUTAeTCs co3Janue
HAHOCTPYKTYPHPOBAaHHBIX ~ MaTepHaloB.  HaHOCTpyKTypupoBaHHE  OTKpHIBACT  HOBBIE
BO3MOXKHOCTH U1 MOJU(MHKALNK TPAHCIOPTHBIX CBOWCTB MaTEPHAIOB 3a CUET YIPABIAEMOTrO
H3MEHEHUS X CTPYKTypsl. PaboTa 1Mo co3maHMIO MaTepHalioB ¢ HAHOPa3MEPHBIMU CBOICTBaMHU
SIBIACTCS OJHOM M3 Hamboyiee aKTyalbHBIX 3alad B 00JacTH (U3MKM TBEpIOro Tela.
MHorouucieHHble paboTsl [2,3] HanpaBieHb! Ha TO, YTOOBI MOJIYYHTh HAHOCTPYKTYPHPOBAHHBIH
Marepuand C 3aJaHHBIMH XapaKTepUCTHKamu. JIad JOCTIDKEHHMS 3TOH Lenu HeoOXoauMmo
pazo0parbes B (PU3HKE HPOLECCOB, OOBSCHUTH MEXaHU3MBI M IPHYUHBI CICIU(PHICCKUX CBOHCTB
9THUX MarepuanoB. JUIs 5TOH LeMM CIYKMT H3y4eHHE CTPYKTYPHBIX M 3JICKTPOHHBIX
TPAHCIIOPTHBIX CBOWCTB B TakMX cucreMax. Beicmmii cuimmumy mapranua (BCM-MnSiiz-1,75)
obnazasi nake B HEIETMPOBAHHOM COCTOSIHMHM JIOCTATOYHO BBICOKOH TEPMOICKTPUYECKOM
9 }eKTHBHOCTBIO, MPEACTABISAECT XOPOUIYI0 OCHOBY i pa3paboTku  3¢deKTHBHOTO

TepMOJIeKTpuKa p-tuna. B pabore [4] oGHapyKeHHBIH MPH TEPMHYECKOM MIPOrPEeBE PE3KHMil
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pOCT  TEPMOAJICKTPUYECKOW  3(D(PEKTUBHOCTH  OOBSACHSACTCS C  HAa4ajJoM  Iporecca
HAaHOCTPYKTypupoBaHusi mieHkn CrSiz, HOTy4eHHONH METOOM MarHeTPOHHOTO PACIIbUICHHMSI.

B Hacrosiieit paboTe paccMOTpeHa BO3MOXXHOCTb MOTYYEHHUS IUICHOK BBICLIETO CHIMLUAA
Mmapranna MnsSiz MeToIOM HMITyJIbCHOTO JiazepHoro ocaxaeHus. Ha ycranoske BVII-5 B
BakyyMe ~10° MM.pT.CT. ¢ HoMoIIbIo UMITyIIbCHOTO Nasepa JITH-403 mpoBoauIoch pacrbuIeHHE
kpuctaia BCM, 3akperuieHHoro Ha Bpamatomyto wmunrenb. Jlazep JITU — 403 umeer
creyromue pabodne XapakTepUCTHKH: JUTMHA BOJMHBI A=1,064 m 0,532 MKM; IIHTETBHOCTH
HMITYJIbCOB Ha monyBeicoTe 10-50 Hc; uwacToTa moBTOpeHHs mmmynbcoB 10-50 I'y; sHeprus
JIa3epHOTO M3NMy4eHus Ha amuHe Boausl 1,064 mxm —0,3-0,4 [k, a Ha aauHe BomHbl 0,532 MKM —
0,02-0,1 Jx. Pacnbiienue mpoBOAMIIOCH JIa3€PHBIM H3Iy4YEHHEM C ILIOTHOCTBIO dHepruu 3,18
Jix/cm? paunoit Bonuel A = 1,06 Mkm, (dactotoit v = 12,5 T'm). JMTeNnbHOCTh UMITYJIbCOB
coctaBisia T = 20 He, Bpems pacmbsiteHus t = 60 muH. Bo Bpems ocaxnenust mienku BCM,
MHUIIIEHB U MOI0KKA PABHOMEPHO BPAILAJIHCE.

Jins uccnenoBaHust MOP(GOJIOTHU MOBEPXHOCTH, MUKPOCTPYKTYPbI, XUMHYECKOTO COCTaBa
IUIEHOK HCIIOIb30BAHBl METOABI PEHTT€HOBCKOM 9YHEProJUCIEPLHOHHON CIIEKTPOCKOIHU U
pacTpoBOi DIMEKTPOHHON MHKpocKomuu Ha ycraHoBke Quanta 200 3D. [lns uccremoBaHwus
KPHCTAJUIMYECKOH CTPYKTYphl IUICHOK MnaSi7 mpumensumics Meroms! audpakmum GBICTPBIX
JJIEKTPOHOB Ha OTPaXXCHHE M Ha MPOCTPel, MPOCBEUMBAIONIAS DIICKTPOHHAS MHUKPOCKOIHUS
(TI3M) na muxpockone Titan 80-300 TEM/STEM [5].

POM usobpaxenue mieHkn MnaSiz (puc.1,a) moka3piBaeT, YTO MOBEPXHOCTD MOTYIECHHON
IUIGHKU TIJajKas ¥ ORHOPOJHAs. DHEProJUCIEPCUOHHBIH PEHTIEHOBCKHH CIEKTp o0pa3sua
(puc.1,0) cBHAETENLCTBYET O TOM, YTO OOJIBIIIE BCEro Kak IO BECOBBIM, TaK M aTOMHBIM

MPOLEHTaM B COCTABEC IJICHKHU COACPKUTCA MapraHel u KpCMHHﬁ.

430 530 630 730 830 930 1030 1130 oV

a) 0)
Puc. 1. a) POM — u300paxkeHre MPOM3BOJIBHOIO Y4acTKa 00pasia Il SIEMEHTHOTO aHallu3a.
0) DHeproMCIepCHOHHBII PEHTI€HOBCKHUI CIIEKTp oOpasma.

TemriepatypHsie 3aBucuMocTd TepModac (o) mrenkn BCM Ttonmmuoit d = 0,5 MM 110

oTxura u nocie oTxura npu 400° C B Teuenun 20 MUH. TIpUBEIEHb! Ha pUC. 2 1 3.
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Puc. 2. TemrepaTypHble 3aBUCUMOCTH TepM0d;IC (o) ruierkrn BCM tonumuoi d=0,5 MkM,
nostydeHHo Ha SiO2/Si momnoxke 6e3 oTxKHra.
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Puc. 3. TemnepatypHbie 3aBHCUMOCTH TepM0o3c (o) ek BCM ronmnoii d=0,5 Mxwm,
nonyyennoii Ha SiO2/Si nopnosxkke nocse omkura mpu 400° C B Teuernu 20 MuH.
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Puc. 4. TemnepaTypHble 3aBHCUMOCTH YIEIIBHOTO CONpoTUBIeHus (p) mienku BCM
tomuuHoi d=0,5 MkM, nostydenHoii Ha SiO2 /Si mowioxke 6e3 oTKura.

113



p.ML2ksm

cold
400 500 600 700
Temperature,K

Puc. 5. TemneparypHble 3aBUCUMOCTH YAGIBHOTO corpotuBieHus (p) mieHkn BCM tonmmHoi
d=0,5 MM, nonyuenHoii Ha SiO, /Si moanoxke nocne omxura npu 400° C B reuennu 20 MUH.

Bugno, uto mocne omxura o ménkn BCM Bospacraer mour B 2 pasa u pocrturaer 120
MKB/K. BeposTHO, 3TO CBsI3aHO C CYIIECTBEHHHIM YIUIOTHEHHEM H 00pa30BaHUEM
HaHOKPHCTAJUIMYECKHX BKModeHHH. [lonTBepxIeHMEM [NaHHOTO IPEANOIO0KCHUS SIBIISICTCS
pe3koe BO3pacTaHue yeJIbHOrO CONpOTHMBJeHHs (p) mocie omkura mpu 400°C (puc. 4) mo
CPaBHEHHIO C 3HAYCHHUSAMH 10 OTKHra (puc. 3).

Taxum oOpazoM, B paboTe BIEpPBBIC METOJOM HMITYJIECHOTO JIa3epPHOTO OCAKACHUS
nosydeHsl wieHkHn MnaSiz Ha cliiofie M CHTaUIe M HMCCICAOBAHBI MX TEPMODJICKTPHYECKHE
cBoiictBa. Iloka3aHo, YTO JaHHBIA METOA IO3BOJNAET IONYYUTh COBEpIICHHBIC IUleHKH BCM.

Iomyuennsle miéakn BCM uMeroT ciemyomue XapaKTEpHCTHKU: AUANAa30H CHEKTPaIbHON

qyBCTBUTENBHOCTH - OoT 0,2 10 200 MxM; K03 duunent npeodpasosanus S=500-2000 mxB/Bt

npu JunHe u3ny4denus A = 10,6 MkMm; ko3ddunueHT Tepmodac o = 300 MxB/K; GvicTponelicTBue

1 < 10 ¢; anexTpuueckoe compoTHBIEHHE d1eMenTa He 6oiee 200 Om.
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DaexkTpodopernyeckoe ocaxaenne rpad)eHo - MOTOOHBIX MIEHOK W MCCIeA0BAHNE HX
MeTOAaMH CTPYKTYPHOI'O aHAJIH3a

The investigation of electrophoretically deposited suspended graphene-based films by
means of SEM, EDX/X-ray diffraction, and Raman spectroscopy measurements.
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Abstract

We have described a method for electrophoretic deposition of graphene - like materials, which is an
attractive strategy for a wide range of applications. It has many advantages in the manufacture of
graphene coating, such as high deposition rate and controlled layer thickness, outstanding uniformity,
less restrictions on the material or geometry of the substrate, low cost, and ease of scaling.
Electrophoretic deposition is carried out in a neutral medium (pH=6.7) in the field strength range from
1.9to0 2.5V /cm in a two-electrode system, deposition is performed on a copper cathode, the anode is
a graphite foil.

Begeoenue.

MetoJ 3IeKTPOGOPETHIECKOr0 OCAXKICHUS SBISACTCA INPUBJICKATEIBbHOH CTpaTterued uist
M3TOTOBJICHHS CTPYKTYPHPOBAHHBIX Ipa)eHO — IMOJOOHBIX IUICHOK JUIS HIMPOKOTO CIIEKTpa
NPUMEHEHHH, HAalpuUMep, COJHEYHBIX OJIEMEHTOB, HAKOIMTENCH OSHEPrHH, IIOJEBBIX
SMUCCHOHHBIX TPHOOPOB, OHO-3JIEKTPOXUMHYECKUE JATUUKH , 3AIMTA OT 3JIEKTPOMArHUTHBIX
1oMeX, aHTHOJINKOBBIE ¥ KOPPO3SHOHHOCTONKHE MOKPHITHS, OMOMEANIINHCKAE UMIUIAHTATHI |,
JOCTaBKa JIEKapCTB M TKaHeBas HHXeHepus. OH MMEeT MHOTO IPEHMYIIECTB MpPH
U3TOTOBJICHHH TPa()eHOBOrO IIOKPBITHS, TAKMX KaK BBICOKAs CKOPOCTh OCAXKACHHS H
KOHTpOJIMpyeMasi TOJIIIHHA CJIOS, BBIJAIOMIASCS OJHOPOAHOCTh, MEHBIIHE OTPAHMYCHHs MO
MaTepualy MM T€OMETPHH IOJJIOKKH, HH3Kas CTOMMOCTb M IPOCTOTa MacIITaOHpOBaHHS
[1]. Onmmako, w3HavampHO TrpadeHOBas dHemryika TuApopoOHA, TPYAHO IWCTIEPTHPYETCsS B
pacTBope M, YTO elle XyXe, MO CBOSH CyTH OHa He 3apshKeHa; MOJITOMY OCKICHHE
rpad)eHOBBIX TOKPBITHI 3/1eKTPOYOPETHUIECKMM METOIOM BCE €IUe OCTACTCS CIIOXKHON
3amadei.

Ikcnepumenmanvnas wacmsp. Jxchonuanus rpadura IpOBOAUIACE B ABYXIJICKTPOIHOM
siyeiike, B BomHOM 3M pactBope cyibara aMMOHHS, KaueCTBE aHOAA HCIOJIB30BalIach
rpadutoBas onpra «rpadyiekc», a B KavyecTBE Karoga IUIATHHOBas MpoBojoka. Ilocie
9KCOMHAMK MONTYyYCHHBIH 00pa3ell IPOMbBIBATICSA Yepe3 (UIBTP JCHOHH30BAHHON BOIOM.

Janee oOpaser; ObL1 pasjieneH Ha 3 Gpakiuy 110 CISIyOIUM CXeMaM nporeccos. Oopasey 1
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3T0 OTQWIBTPOBAHHBIH 0CaJOK 3KC(OIMHUPOBAHHOTO TpaduTa, AUCHEPIHPOBAHHBIA B
JICHOHN30BaHHON BOJE B MPHCYTCTBHH MOBEPXHOCTHO — aKTHBHOrO BeriectBa «CHHTaHOI
23E4P5», ¢ unCmonp30BaHHMEM pPOTAIOHHO - HMIIYJIBCHOTO ammapaTa (KaBHTalHOHHOE
BO3/ielicTBHE) B TeueHue 5 yacos. [locne knaccudukaunu B uentpudyre npu 1500 o6/muH.,
B TeueHue 10 MuH. ObU1a 0TOOpaHa KpymHast oceBiuast (pakiys 1 BeICylieHa B mkady mnpu 50
°C B teueHnu 24 yacoB. Ofpasey 2 Ounbrpar obpasua | mocime craguu KiaccH(DUKALNAH
uentpuyrupyior npu 5000 06/mun B Teuenue 20 MUHYT, BbicylieH B rmkady mpu 50 © C B
TeueHuu 24 4acoB. Obpazey 3 Ounptpar o60pasna | moasepraics YiubTpa - 3ByKOBOI
obpaborke (20 x['m. 60 Br) 8 uwacoB. Ocagox otamensuics ueHrpudyruposanuem 7000
06/MuH 25 MUHYT, ¢ mocneAyrolei cymkoi B cymunbHoM mkady 50°C 24 gaca. Cycnensus
rpaduta I 3IEKTPO(YOPETHUECKOro OCaXACHUS TpadeHo - MOJOOHBIX IICHOK HMeEeT
cocTaB. ¢uiabTpar obpasima 3 ¢ comep)kaHueM yriepogHoro marepuana llrp/m u 5 %
cyibhara aMMOHUs. DIEKTPODOPETHIECKOe OCAKICHUE MPOBOIUTCS B HEHTpanbHOI cpene
(pH=6.7) B wunTepBane HampsbkeHHocTH moist or 1,9 mo 2,5 B/cM B ABYX3JIEKTPOAHOIM
CHCTEME, OCaXJCHHE IIPOM3BOAUTCS HAa MENHBIH KaToj, aHOAOM SBIISETCA TpauTOBaS
¢onbra. MccnenoBanusi CTpyKTyphl INICHOK MPOBOAMIKCH € UCToib30BanueM EnSpectr R532
CIIEKTPOMETPa KOMOMHAIIMOHHOTI'O PACCEsIHUS, AJIEKTPOHHOr0 MUKpockorna Zeiss SUPRA —
40 ¢ peHTreHOBCKHM AHeproaucrepcronHsiM ananuzaropom INCA  Energy Oxford
Instruments, nopomuikosoro perrrenosckoro audpaxromerpa ARL XTRA Termo Techno.
Pesynomameol u oocyicoenue

JIns OIEHKM 4YhCIa aTOMApHBIX CIIOEB YENIyWKH TIpadeHOrnomoOHOro Mmarepuana Obul
HCIIONB30BaH METOJ, OCHOBAHHBII Ha aHANM3e PEHTreHOBCKoW audpakmum.[2]. Ob6pabdoTka
[OJTy4EHHBIX PEe3yJIbTATOB IT0Ka3aja, YTO pa3Mep KPUCTAUIMTOB IS HEPBBIX TPEX 00pasioB
coccraBimsieT 12 + 3HM W MpakTHYECKH HE 3aBHCUT OT YCIIOBUI 00pabOTKHM MaTepuaia.
BeposiTHO, 3TO CBSI3aHO C YCJIOBHSMHM IIPOBEACHUS aHAIM3a, TaK KaK SKC(OIMUPOBAHHBIC
rpa)UTOBBIC YACTHIBI UMEIOT TEHJCHIHUIO arperupoBaThCs U YKIAAbIBAaThCA IPYr Ha Apyra
[ocjie BBICBIXaHMSI Ha IIOBEPXHOCTH MOMIOKKK Si/SiO2 W MenHOW ceTkH, KOraa OHH
HCToNb3yIoTCs Wit HaOmoneHuss SEM u TEM, 4To HpHBOAUT K pasiUyYHBIM 3HAYCHHUSIM
TOJIIIMHBIL, ITOIyYeHHbIM ¢ omolbio SEM/TEM u AFM-Busyanusanuu.

Cnekrpockonuss koMOMHanuoHHOro paccestHus (KP) sBisieTcss MONIHBIM HHCTPYMEHTOM

HCCIIEIOBAHNS YTIIEPOJHBIX CTPYKTYD.

LZ(nm) = (2.4 x 10~°) 2%, (j—';)_l I np (cm?) = 10“/(1&’2)) o)

OTn ypasHeHus 1 M 2, mMOMy4YEHHBIC UL ONpE/ieIeHHs pa3Mepa KPUCTANINYECKUX o0nacTeit
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rpadeHa La m mIOTHOCTH Ne(EKTOB, WIIM MHBIMH CIOBAaMH PAcCTOSHUS MEKIY Ae(heKTaMH
KPUCTAJUIMYECKON pemieTkd TpadeHa B 3aBHCHMOCTH OT SHEPrHH  HCIIOJIb3yEeMOro
BO30YKIAIOIIETO M3IydYeHHs B BHIWMOM JMala3oHe, TJie JIa3epHOe BO30yXKIEeHNE
WCTIONB3YeTCs B TepMUHAX MO0 Elaser 9B, mmm anuuel BonHel B HM. [ nasepa ¢ JUTHHOM
BOJHBI 532 HM MJIOTHOCTH Ae(eKTOB ND MOXKET OBITH MpeACTaBiIeHa ypaBHeHHeM 2. Jlns
COTOBOH MCANLHON PELIETKH YMCIIO aTOMOB YIJIeposia cocTaBiser N = 3.82 x 107 (Mxm2),
€CIIM HOPMHPOBATH YHCIIO Ie()EKTOB B ypaBHEHUH 2 HA Nc, MOXKHO IOIYYHTh KOHIICHTPALHIO

2

ne(eKTOB Ha MKM™® B MHJUTHOHHBIX J0JIs1X (PPM).

B tabnune 1 mpencrasiensl pe3ynbTaTbl 00pabotkin KP criektpoB 06pasios.

Ta6muna 1
Xapaxrepuctuku KP cnexrpoB 06pasnos

o La Np np /nc

o }ﬁ—gua D G 2D lofls | taolle | 01 e | opm)
11 123,5 773,0 146,2 0,160 0,189 34,6 766 129
1(A) 3051,0 | 20332,0 | 8050,0 | 0,150 0,396 35,8 520 136
2(1) 278,0 | 1073,0 67,0 0,259 0,062 27,2 431 115
2(A) 8523,0 | 29808,0 | 1888,0 | 0,286 0,063 25,9 476 125
3(1) 278,0 | 1104,0 323,0 0,252 0,293 27,6 419 110
3(A) 6862,0 | 30510,0 | 22162,0 | 0,225 0,726 29,2 374 98
ITnenka (1)* | 36,33 24,14 74,26 0,250 3,07 27,7 415 109
ITnenxa(A)* | 309 2172 3158 0,14 1,45 37,0 233 61

n WHTeHCUBHOCTh TONOCHI, (A) — WHTErpaibHas Iuomans monockl *IlneHka

chopMIpoBaHHAs AIEKTPOYOPETHYESCKIM OCAXKIACHHEM
OTHOCHTENIbHO HH3Kas ~ BEJMYMHA OTHOLICHWS  WHTErpaibHoil wuHTeHcuBHOCTH Ip/lG
CBUJIETENILCTBYET O HHM3KOH JeheKTHOCTH mpolecca. B maHHOM MeToze IOJIOKHTEIHHO
3apsHKeHHasl 4acTUIla MyinbTHrpadeHa ocaxiaeTcs Ha Karon (kxarodopes). YacTuaHblil
[IOJIOXKUTEIIBHBI 3apsi[i Ha 4YacTUIEe MYIbTUrpadeHa MoxeT ObITh COPMUPOBAH 3a CUET
Helitpanu3auny HoHamu dsektpointa NH4* 4acTHYHO OKHCICHHOrO MyJbTUrpadeHa,
HMMEIOIIEr0 Ha MOBEPXHOCTH KapOOHWIbHBIH aHuoH. Ha puc | mpencraBieH mporecc
anektpodopesa B pamkax mMojenu ['amakepa. B menom mporiece ocaxaeHust MyabTurpadeHa
METOZIOM  yekTpodopesa MpOTeKaeT [0 JMHEHHOMY 3aKOHYy BO BpemeHu. Ilpu
KOHIIeHTpauuu rpadura B cycneHsuu 11rp/n, oTa nuHEiHas 3aBHCHMOCTb COXPAHSETCS
npubiusutensHo 300-500 cexyHa mpoBeneHus mpolecca, Aanee rpaguk nporecca BHIXOJUT
Ha HAachIIEHWE W MAET C MEHbIIeHl CKopocThio. Takoe MOBEIEHHWE THITMYHO, JUISA

35eKTpohopesa U MOXKET ObITH OIMCAHO B paMKax Mozenu ['amakepa.

S =fuEAC, 3)
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e 1=2AV=4B I'nme :w-ocaxnenHas macca (xr) , t - Bpems

g 60 1=1A,V=3,8 B
g 50 =1A, V=3, ocaxaeHuss (c), U - daeKkTpodopeTndecKast
o
Eigg 114, V=48 noxsuxkHocTh (MA(B*c)?), E - mpunoxkeHHbIH
I o
§ 220 * LA V=38 norenmuan  (B*m1) , A - mnomans
s 10 1=4A,V=5B
& 0 noBepxHoct  anmekrpoma (M), Cs -
-200 300 806 Linear (I=2A, w3
spemn ocamaenns (c) =% aBr)(I=2A KOHIeHTpalus dactull B koyutonae (Kr¥m=), a
V=4B) f koadduumnent s exrusroctu [1].
Puc 1. MozgenupoBanue nporiecca nekTpodopesa
= d 1 - KoadhduumeHT 3DGEKTHBHOCTH y4YHTBHIBAET JIOJIO

YJacTull, KOTOpbI€ BCTYIIAaIOT B KOHTAaKT C
TIOBEPXHOCTHIO JJIEKTpOJa n BITOCJICICTBHHN
OCaXITAKTCA Ha MCTAUIMYCCKUX ITOIJIOXKKaAX, 4TO
MOJKET OBITh HCIOJIB30BaHO JUTSL KOJTMYECTBEHHOM
OIICHKN BIIASAHUSA TIIOABHUKHOCTH HaCTHII.

3aknrwuenue. OCyIJ.IECTBJ'ICH Tponecce

Wiatn=11734m

5o me_ Sysen

9IEKTPO(OPETHICCKOTO OCAKICHHUS W3 BOIHOTO

Puc. 2. Bux mienku Mmyastarpadena mocie

ocaxJeHHs IeKTpodopesom 30 cek.

pacrtBopa snekTpoiuTa cynbdara ammonnst. Ha HagansHOM dTane pocta (10 15 cex) 3ameren
POCT CII0sT M3 MENKHX OTAENBHBIX YacThll MyiasTurpadena meHeel 00HM B muamerpe. 3arem
(dopmupyercst croucrast crpykrypa (30 cek ocaxmenus) ¢ pasmepom ciost mopsiika 300aM u
JI0 HEeCKONMbKHX MHUKpoH. HakoHerr mpu Bpemenax pocra 800 cek HauMHAIOT (HOPMHPOBATHCS
croiabuarble CTPYKTYpsl C pa3BuUThIM pernbedom. [lpomecc xapakTepusyercs Kak

HU3KOJe(EKTHBIIA.

bnazooapnocmu. D10 WucCleOBaHWE BBINOJIHEHO IPH (MHAHCOBOH IOAIEPKKE B
paMKax  ToCylapcTBEHHOTo 3amaHus SIpocmaBckoro ¢uumana HWactutyra @Ousukn u
Texnonmorun Poccniickoit akanemun Hayk nm. K.A.BanneBa Munncrepcrsa 00pa3oBaHUS U
Hayku Poccuiickoit ®enepamuu  N0.0066-2019-0003. HexoTopsle 3KCHEpHMEHTaIbHBIE
pe3yIbTaThl ITIONY4YEHBI C HCIOJIb30BaHMEM oOopynoBaHHsA LleHTpa KONIEKTHBHOTO
MONTB30BaHusA «JlMarHoCTHKa MHKPO M HAaHO CTPYKTyp» TIpU ToAfepke MuHHCTepcTBa
obpa3oBaHus 1 Hayku Poccuiickoit @enepannu.

1 M.-J. Hwang, M.-G.Kim, S. Kim, Y.C. Kim, H.W. Seo, J.K. Cho, I.-K. Park, J. Suhr, H. Moon, J.C. Koo, H.R.
Choi, K.J. Kim, Carbon,v.142 pp. 68-77 (2019).

2 N. G. Savinsky, N. S. Melesov, E. O. Parshin, S. V. Vasiliev, V. I. Bachurin, A. B. Churilov, Bulletin of the
Russian Academy of Sciences: Physics volume 84, pp. 732-735 (2020)
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Effect of plasma treatment on chemical composition, structure and functional properties
of polymers

A.B. Capurkas, H.H. boxko, ®.A. [loponus, I'.O. Prrrukos, B.I'. Hazapos
A.V. Savitskaya, N.N. Bozko, F.A. Doronin, G.O.Rytikov, V.G. Nazarov

Moscow polytechnic university, 38 B. Semenovskya str., Moscow 107023, Russia, e-mail:
f.a.doronin@mospolytech.ru

The work studied the effect of plasma-chemical treatment on the chemical
composition, structure and functional properties of UHMWPE. It was found that
the modification contributes to a 6-fold increase in the adhesion of the screen
printing ink to the UHMWPE surface which is due to a significant transformation
of the morphology and chemical composition of its surface layers and is confirmed
by SEM analysis and IR spectroscopy.

It is known that ultra-high molecular weight polyethylene (UHMWPE) is used in
various branches of science and industry — from aircraft, automotive, oil industry (wear-
resistant parts, structural plates) to applied medicine (artificial knee and hip joints, vertebral
discs) due to the presence of a set of positive functional properties: biocompatibility [1],
chemical resistance [2], high impact strength [3], low friction coefficient, etc. [4]. Since
UHMWPE is a hydrophobic polymer by its chemical nature [5] there are problems with
marking, applying paint coatings and adhesives to its surface which is important for medicine
and a number of other fields. In this regard it is of scientific interest to study approaches to the
hydrophilization of the UHMWPE surface by methods of their surface modification.

So, within the framework of this work, we studied the effect of plasma-chemical
treatment on the chemical composition and structure of UHMWRPE, as well as its functional
properties. Modification of UHMWPE (FRC CP RAS, Russia) by plasma-chemical treatment
was carried out in accordance with the methodology [5] on a small-sized installation (Figure
1) developed at the Moscow Polytechnic University at a direct current of 60 mA and a voltage
of ~3.5 kV and a processing time of 60 seconds.

Glow in the
process of modification of UHMWPE

Anode a
m @ 1 00 nm 1 00 nm
Digital

SEM-images

vacuum  Cathode of UHMWPE

Figure 1. Schematic of a plasma-chemical installation for the UHMWPE modification (1) and
SEM images (I1) of UHMWPE surface before (a) and after processing (b)
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The application of an ink impression on the UHMWPE surface was carried out by
screen printing using a carousel screen printing machine Argon HT (lItaly). A screen-printed
ink impression is obtained by forcing ink through uncovered polyester printing elements
(Figure 2A). The necessary contact between the printing plate and the surface to be printed
(Figure 2B) and the ink transfer is achieved by pressing the resilient-elastic squeegee onto the

printing plate.
A

Squeegee Screen mesh
-~

UHMWPE
samples

Picture 2. Principle of screen printing (A) [6] and UHMWPE with an applied ink impression (B)

The strength values when ink is detached from the UHMWPE surface (o) was
determined in accordance with GOST 32299-2013 [7] on the tensile testing machine RM-50
(Mashplast LLC, Russia).

o, MPa A B UHMWPE initial
UHMWPE treated

60
B Transmission, %
1 100
45
80
2 60
30
40
20
15
0
3200 2700 2200 1700 1200 700
A cm?
0

Samples
Figure 3. Histogram of the strength values when ink is detached from the UHMWPE

surface before and after plasma chemical treatment (A); IR spectra (B) of UHMWPE without filler: 1-
initial, 2 — modified [5].
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It was found (Figure 3A) that the plasma-chemical treatment of UHMWPE made it
possible to increase the adhesion of the screen printing ink to its surface by 6 times which is
due to an increase in the surface energy from 28 to 44 mJ / m? [5] as a result of the formation
of oxygen-containing groups as a result of modification that is confirmed by the appearance
new absorption bands in the range 1600-1700 cm™, according to the data of IR spectroscopy
(Figure 3B). It is obvious that the change in the UHMWPE roughness (Figure 1 (1)), along
with the increase in surface energy, also makes a significant contribution to the quantitative
increase in the screen printing ink adhesion to the polymer surface.
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®OPMUPOBAHUE TPEXKOMIIOHEHTHOTI' O CIIJIABA Ti-Zr-Nb ITPA
BbICOKODHEPTETUYECKOM BO3JIEACTBANA KOMITPECCUOHHBIMU
IVIASMEHHBIMHA IIOTOKAMHU
TERNARY ALLOY Ti-Zr-Nb FORMATION BY MEANS OF HIGH-ENERGY
COMPRESSION PLASMA FLOWS IMPACT

B.H. LHI/IMaHCKHﬁl, H.H. ‘Iepeﬂ;[al, B.B. YI‘HOBl,
B.M. ACTamHHCKMﬁZ, AM. KystHuKI/IﬁZ
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In the present work the phase composition of the Ti-Zr-Nb alloys after compression
plasma flows influence was investigated. The ternary alloys based on both high-temperature
phase and low-temperature phase of titanium were formed in dependent on the absorbed
energy density. It was shown the compression plasma flows impact can be used for high-
entropy alloys formation.

HoBast mapagurma COBpEMEHHOTO MATEPUANIOBENCHUS CBsA3aHA C MOJXOIOM
(hopMHUpOBaHKST CIUTABOB HA OCHOBE YeTHIpEX W 0Ojee KOMIIOHEHTOB, BCE W3 KOTOPBIX
00J1a1af0T CXOKMMH KPHCTAUIMYECKHM PELICTKAMH M MX KOJIMYECTBEHHOE COJCPIKAHHE B
CIUTaBe HaXOAUTCs B MHTepBaie oT 5 10 35 % [1-3]. B naHHOM ciiyyae KOHIIEHTpALHU BCEX
9JIEMEHTOB COM3MEPUMBI IPYr C JAPYrOM U HE MPEACTABISACTCS BO3MOXKHBIM TOBOPUTH, O
(hOpMHUPOBAHUH CIIABA HA OCHOBE KAKOTO-THO0 M3 KOMIIOHEHTOB. Takue CIUIaBbI MONYYHITH
Ha3BaHWE BBICOKOIHTPONMHHBIX CIUIABOB BCICIACTBHE BBICOKOW JHTPONHM CMELICHHUS
OTZAENBHBIX KOMIOHEHT. Kak MOKa3bIBalOT MOCIEIHNE HCCIENOBAHUS, BHICOKOOHTPOIHIHEIE
CIUIaBBI O0NAJalOT TEPMHYECKON CTaOMIBHOCTBIO, BEICOKUMH IPOYHOCTHBIMH CBOWMCTBAMH,
HW3HOCOCTOWKOCTBIO, a TAaKKE€ MOTYT MPOSBIATH CTAOMIBHOCTH CTPYKTYPHO-(a30BOro
COCTOSIHUSI IOZT IeHCTBHEM OOJIy4eHHs] BBICOKOOHEPTETHIECKUX HOHOB.

DopMHUPOBaHHE  MHOTOKOMIIOHGHTHBIX ~ CIUIABOB ~ BO3MOXKHO  OCYILECTBIISTDH
TPaAUIMOHHBIM IYTEM MPH CMEIIMBAHUH HECKOJbKAX KOMIIOHEHTOB, HAXOISLIUXCS B
pacIUIaBIEHHOM COCTOSIHHH C TOCIEAyomiell wuxX Kpucrammsanuei. OIHAKO TpH
HEOOXOAMMOCTH  CHHTE3a  BBICOKOSHTPONMHHOTO  CIUIaBa, KOMIIOHEHTBHI ~ KOTOPOTO
CYIIECTBEHHO OTJIMYAIOTCS TEMIEPaTypaMH IUIaBJICHHs, HanOojee MepCreKTHBHBIMA MOTYT
SIBJIATBCS CIIOCOOBI, CBS3aHHBIE C UMITYJILCHBIM BBHICOKODHEPTETHYECKUM BO3JCHCTBUEM, MPU
KOTOPOM IPOUCXOAAT BBICOKOCKOPOCTHBIE HArpeB M KpuUcTam3anus. B mannoit pabore
npeyuIaraeTcsi MOJMYYHTh TPEXKOMIIOHEHTHBIN CIUIaB, COJACPIXKAIIMH THTaH, LUPKOHUHA H
HUOOUH, C TOMOIIBIO KOMIIPECCHOHHBIX ITa3MEHHBIX IOTOKOB.

OObeKkTaMu HCCIIEIOBAHUS SIBISUTUCH 00PAa3I(bl TEXHUYIECKH YHCTOTO CIUIABA THUTAHA
BT1-0, Ha KOTOpBIC OBUIM HAHECEHBI MOKPBITHS LUPKOHKS U HHOOWs. TONIMHA Ka)XI0r0o U3
TOKpHITHIT cocTaBisbia oT 1 10 2 MkM. Pazmeps! 00pasios coctasmsuti 10x10 MM 1 TonmmHA
3 MM. O6pa3ubl OABEPraluch BO3ICHCTBHUS KOMIIPECCHOHHBIMH IUIa3MEHHBIMH MOTOKAMH,
reHepanusi KOTOPHIX OCYIIECTBISUIACh B KaMepe MATrHHTOIUIA3MEHHOTO KOMIIpEccopa B
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OCTaTOYHOU aTMocdepe a3oTe, naBieHHe KoTopoil cocraBmsuio 400 Ila. B skcmepumente
BapbHPOBAIACh IUIOTHOCTH IOTJIOMICHHON 3HEPrHH, YTO JOCTHUTaloCh MHPH H3MEHEHHH
paccTOSIHUSI MKy TIOBEPXHOCTBIO 00pasiia u 3eKTpooM oT 8 1o 12 cm. B pabote usydaincs
(a3oBbIil  cocTaB MOAMGDHUIUPOBAHHBIX OOPA3lOB C MOMOIIBIO PEHTTEHOCTPYKTYPHOTO
ananusa Ha gudppakromerpe Rigaku Ultima IV ¢ ucnonb3oBanneM MemHOro M3iydeHus B
TEOMETPHH [apalIe/IbHBIX MTyYKOB.

Bo3zeiicTBHe  KOMIIPECCHOHHBIMU  IUIa3MEHHBIMM  TIOTOKAMH C  BBIOpaHHBIMH
SHEPreTUYECKUMH MapaMeTpaMy IPHUBOAUT K MOJIHOMY IUIABICHUIO MOKPBHITUH HUPKOHHSA U
HUOOUS, a TaKKe K YacTHYHOMY IUIABICHMUIO HOAJOXKKH THUTaHa. B3aumonelcTue
MIa3MEHHOTO II0TOKA C IOBEPXHOCTBIO PACIUIABICHHOTO CJIOS METala CIOCOOCTBYET €ro
MePEMEIINBAHUI0O U TOMOTCHHM3AllMH 3JIEMEHTHOIO COCTaBa, KOTOpAas COXpaHsSETCs IOCIe
CKOPOCTHOM KpUCTAIN3ALHN pacriaBa. Tax, COTJIACHO pe3yiabraTtam
PEHTICHOCIIEKTPAIBFHOTO MHKpOAHAIN3a, HPEACTABICHHBIX B Tabnuue 1, mpu yBenndYeHHH
[UIOTHOCTH TIOTJIOLICHHOW 3HEpruu, T.e. C yMeHblIeHueM paccrosiaust (L), ymeHbimaercs
KOHIIEHTpAlUs IMPKOHUSA U HHoOMs. OOMIast KOHIEHTpAls LHUPKOHUS 1 HUOOUS AOCTUraeT
MaKCHMAaJbHOTO 3HAUeHUs, paBHOTO 29,2 at. %, noctuuraercs npu L=12 cm.

Tabmmuma 1 — DneMeHTHBIH COCTaB CIUIABOB TIocie OOpabOTKM KOMIPECCHOHHBIMHU
IUIa3MEHHBIMU ITOTOKAMU
PexxuMm mna3sMeHHOMH Konnentpanus, at. %
06paboTku Ti Zr Nb
L=8 cm 93,1 1,7 5,2
L=10 cm 82,8 7,6 9,6
L=12 cm 70,8 7,9 21,3

Ha pucynke 1 npencraBieHa peHTTEHOBCKast AU(paKTorpaMma HCXOJHOTO 00pasia 10
BO3/ICHCTBHS KOMIIPECCHOHHBIMHM IUIa3MEHHBIMH IIOTOKaMH, W3 KOTOPOH SBHO BHIHO
TpUcyTcTBHE (a3 TUTAHA, TUPKOHUS U HIOOUS.
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Pucynok 1 — Penrrenorpamma cucremst Ti-Zr-Nb B nucxonsom cocrosHum

OpnHako, mocie MIa3MEHHOTO IUIABJICHHS, MPUBOAAIIETO K IUIABICHHIO KOMIIOHEHT,
MIPOUCXOIUT (HOPMHUPOBAHUE TPEXKOMIIOHEHTHOTO TBEPJIOrO PacTBOpa Ha OCHOBE THTaHA. B
cilydae, KOria CyMMapHas KOHIEHTpauus LUPKOHUS M HHOOMs cocrasiser 29, 2 ar. %, B
TIPUTIOBEPXHOCTHOM cJI0€ (hopMHUpyeTcsi 0HO(a3HBIH CIITaB HA OCHOBE TBEPAOTO pacTBopa f3-
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Ti(Zr,Nb), o6nanaromero OLK crpykrypoii. [lapameTp perieTku TaKOro TBEpPIOro pacTBOpa
cocraisietr 0,324 HM, B TO BpeMsi KaKk IapaMeTphbl PEIIETKH OTACIbHBIX KOMIIOHCHT PaBHBI
0,331 u™m (tutan), 0,354 am(tmpkonuiit) u 0,331 HM (HHOOHIA), T.€. IPOUCXOJUT YMECHBIICHHUE
CpE/Hero MapaMerTpa pPeLIeTKH TBEPAOr0 pacTBOpa IO CPAaBHEHHIO C €ro OTACIbHBIMU
KOMITOHEHTaMu. [Ipn yBenmM4YeHnH MIIOTHOCTH MOTJIOLICHHO HEPruH IIa3MEHHOTO ITOTOKa,
Korja ofmas KOHIEHTpauus LHUPKOHHS W HuoOus cocraBmsier 17,2 ar. % (L=10 cm),
MO I(HUUNPOBAHHBI PUITIOBEPXHOCTHBIN CIIOH sBJIsieTcsl IBYX(a3HbIM, B COCTaB KOTOPOTO
BXOQUT Kak TBepablii pactBop B-Ti(Zr,Nb), tak u tBepmpbiii pactsop a-Ti(Zr,Nb). Ilpu
JanpHeiIIeM YBEIMYEHMH IUIOTHOCTU IIOIVIOLICHHON OSHepruu oOmias KOHLEHTpaIys
LUPKOHUST M HHOOUS cHmkaercs 10 7 ar.% (L=6 cm), 4To sBiIsSETCS HEIOCTATOYHBIM IS
cTabUiIM3alMi  BBICOKOTEMIIEPATYpHO#i (a3bl THUTaHa W HMeeT MecTo (HOpMHpOBaHHE
0aHO(A3HOrO COCTOSHMUSI HA OCHOBE TBepaoro pactsopa o-Ti(Zr,Nb).
B (110)
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Pucynok 2 — Penrrenorpammel cuctemst Ti-Zr-Nb nocie Bo3neictus
KOMIIPECCHOHHBIMH IIJIa3MEHHBIMU TOTOKAaMU

IToMrMO TBEpIbIX PACTBOPOB HAa OCHOBE THTAaHA TaKkxke HaOiomaercs (asa HUTpHAA
turana TiN, chopMupoBaHHas B pe3ysibTaTe B3aMMOIEHCTBUSI OCTATOYHON arMocdepsl a3ota
C MOBEPXHOCTBIO MOAMGHIMPOBAHHOTO oOpaslia B KamMepe MarHUTOIUIA3MEHHOTO
KoMIIpeccopa.

Taxum 00pa3om, B pe3yibTaTe MPOBEACHHON PabOThI MOKAa3aHO, YTO KOMIIPECCHOHHBIE
[UIA3MEHHbIE  IIOTOKH MOrYT ObITh  3()(GEKTHBHO  HCMOJNB30BaHbl UL CO3JAHHS
MHOTOKOMIIOHCHTHBIX ~CIUIaBOB, [PHYEM H3MEHsSl IUIOTHOCTh MOTVIOMICHHONW 3HEpruu
BO3MOJKHO KOHTPOJMPOBAaTH (ha3OBBI COCTaB TAaKMX CIUIABOB. [IpHHIMNHATIBHO He
CYLIECTBYET OrpaHMYCHHH Ha KOJIMYECTBO KOMIIOHEHT B (DOPMHPYIOLIUXCS CIUIABOB, YTO
yKa3blBaeT HA BO3MOXKHOCTH HCIIOJIB30BAaHHE JAHHOIO I10AX04a Ui (HOPMHUPOBAHHUs
BBICOKOHTPOITHIHBIX CILUIABOB.

Paboma evinoanena npu gunancosoii noddepoicke Benopycckozo pecnybiukanckoeo
¢onoa gynoamenmanvhoix uccneooganuii (npoexm Ne T20P-030 na 2020 — 2022 z2).

[1] J. Chen, X. Zhou, W. Wang, B. Liu et al. Journal of Alloys and Compounds, 760 (2018) 15
[2] J.-W. Yeh, Y.-L. ChenS.-J. Lin, S.-K. Chen. Materials Science Forum, 560 (2007) 1
[3] Y.F. Ye, Q. Wang, J. Lu, C.T. Liu, Y. Yang. Materials Today 19 (2016) 349
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NCCIEOOBAHUE XAPAKTEPUCTHUK KOPOHHOTI'O PA3PAIA OCTPUIMHBIX
DJIEKTPOOB C PA3JIMYHBIMU BAKYYMHBIMU ITOKPHITUAMU
STUDY OF THE CHARACTERISTICS OF CORONA DISCHARGE OF POINT
ELECTRODES WITH VARIOUS VACUUM COATINGS
A.A. Cumonos!, K.E. Bacunskosckuit!, A. Y. Kamapaun?, U.IO. Kouemacos?

A.A. Simonov?!, K.E. Vasilkovskiy?, A.l. Kamardin?, I.U. Kochemasov*

JlabGoparopust JHEPreTHIECKUX YCTPOICTB U IEKTPOPA3PSAAHBIX TeXHONIOTHIA, HaydHo-
TEXHUYECKHI LIEHTP C KOHCTPYKTOPCKUAM OFOPO M OMBITHBIM MPOU3BoACcTBOM Akanemun Hayk

Pecny6nuiku Y36ekucran, Tamkenr, Y36ekucran, ayutor@mail.ru

I/ICCHCI[OBHHLI XapakTCPpUCTUKHA KOPOHHBIX pa3ps/ioB OT MHOFOOCTpHﬁHBIX DJICKTPOJIOB C HAHCCCHHBIMH
TEPMHYECKHM METOOM BaKyyMHBIMU IOKpbITHME 13 AU, Ag, Si, Pb, C Tommusoii 10 3-4 mxm. [TokasaHo, 4To
BOJIBT-aMIICPHBIC XapakKTEPUCTHKH paspsaa 3aBUCAT OT MaTepuala IOKPBITHA. OnruMabHbBIMH JUIs
DIIEKTPOPA3PSIHBIX YCTPOMCTB HAa KOPOHHOM pa3spsijie SIBISIOTCS OKpbITUst AU 1 Pb TonmumHoi cBbiie 2,0 MKM.

The characteristics of corona discharges from multipoint electrodes with thermally applied vacuum
coatings of Au, Ag, Si, Pb, C with a thickness of up to 3-4 um are investigated. It is shown that the current-
voltage characteristics of the discharge depend on the coating material. Au and Pb coatings with a thickness of

over 2.0 um are optimal for corona discharge devices.

JInst co3manmst AIEKTPOPa3PsIHBIX YCTPOHCTB C MCIIONB30BAaHHEM KOPOHHBIX Pa3psJIOB,
B YaCTHOCTH PA3JIMYHBIX TCHEPATOPOB 030HO-KHCIOPOIHOH M 030HO-BO3IYyIIHON cMecH [1, 2]
MIPUMEHSFOTCS  OCTPUWHBIE 3JIEKTPOJIBI, CO3JAONINE PE3KO HEOTHOPOIHOE SIICKTPHYECKOE
moe. OmekTpoAsl moja moreHmmanom 10+20 kB, co3maromue MONOKHTENBHYIO HITH
OTPHULATENBHYIO KOPOHY 00ECIIeunBarOT 3HAYNTEIbHbIE INIOTHOCTH TOKA Pa3psja, 9To BEJET K
IporieccaM, HW3MEHSIONIMM BOJIBT-AMIIEPHBIE XapPAaKTEPHCTUKH JJIEKTPOJOB M JETpajaliiu
MIOBEPXHOCTH HCHONB3yEMbIX MaTePHAIOB.

C menpl0  CPaBHHUTENBPHOTO WCCIEAOBAHUS BIMAHUS Da3sIWYHBIX MOKPBITHH Ha
JNIEKTPOAAX Ha TapaMeTpsl KOPOHHOTO pa3psia METaJIIMYeCKUe paspsaHbIe 3IEKTPOJBI
[OKPBIBAJINCH TOHKHMH CIOSIMH  Pa3lIM4YHBIX  MarepuanoB. LICXOmHbIE — 3JIEKTPOIBI
MPECTABISLIN CO0O0# MOIOCH U3 MOTHUPOBAHHON HepxaBeromiel cranu toimmuon 0,25+0,35
MM, U3 KOTOPBIX METOJOM JIa3epPHOI pe3KU (POPMUPOBAIUCE TPEYTOIbHBIC U NPIMOYTOJILHBIC
BBICTYIIBI BBICOTOH 460 MM C ImIaroM Mexmy ocTpusMu 2,5+4,0 MM. 3arOTOBKHU 3JIEKTPOOB

uMenu aecsatku octpuit Ha 100 MM [UTHHBI CHOPMHUPOBAHHON JTHHEHKHU JIIEKTPOJIOB.

125



IMoce mpenBapUTENBHON OYMCTKH 3arOTOBOK 3JIEKTPOJIOB B IIEIOYHBIX PacTBOPax C
HCIIONIB30BaHNEM YIBTPa3ByKOBOI BaHHBI, TPOMBIBKU M CYIIKH DJIEKTPOJBI 3aKPEIUIUINCH Ha
TIOJBIKHON BpAIIAlOIIeHicsl OCHACTKE B BaKyyMHOH pabouell kamepe. bpuma mcmomb3oBaHa
MOJIepHU3HPOBaHHAs BaKyyMHas pabouas kamepa YBH-75P-1 co cTaHmapTHBIM BakyyMHBIM
nocToM. /Iyl HaHeCeHHs MOKPBITHH HCIOJIB30BAICS METOJ] TEPMHUUECKOTO HCIApCHUs U3
TaHTAJIOBOM JIOJIOUKH, B KOTOPYIO TOMEIaIach HaBecka Mateprana (1o 3+4 rpamm).

ITuKs BakyyMHOTO OCa)XACHUS MMOKPBITUH BKITIOYAN CICAYIONIHE OEPaIlHu:

-CO3/IaHuE CTAPTOBOI1 CTENeHU BakyyMa B paboueii kamepe nopsiaka 4-107 Ia,
-Iy4KOBO-IIIa3MEHHasi 00pabOTKa 3arOTOBOK MCTOYHHKOM MOHOB C XOJIOAHBIM KaToaoM (TOK
paspsza 1o 150 MA, Bpemst 06paboTku 3+5 MUHYT),

-TepMHUYECKOEe OCAXKIECHUE MOKPHITHH 10 MOIHOr0 MCIApeHUsl MaTepuana IpU IPOIyCKaHHU
toka 100+200 A uepe3 V-00pa3HyIo JT0I0UKY.

PaccrosiHne Mexay wHcmapseMbIM MaTepualoM U 00pabaThIBaGMbIMH 3JIEKTPOJAMU
coctaBisuio 100+120 mm. Cxopocth Bpaienus: ocHactku- 1,0+1,5 06/c. LlenTpanbHas yacTb
OCHACTKH OblIa CMEIEHa OT LEHTPa JOJOYKH, YTO YBEINYHBAJIO PABHOMEPHOCTh HAHECCHUS
nokpeituii. Temneparypa siekrpopoB He mnpeBbimana 150 °C. TonmuHa MOKPHITHR
OLICHMBAJIACh 10 M3MEPEHMSAM Ha KOHTPOJBHOM IUIOCKOM oOpasne (miacthHa U3
MOJIMPOBAHHOTO KPEMHHsI) C HCIIONB30BaHHEM MHUKpomHTepdepomerpa. Takas TommuHa
MOKPHITUS (OPMHUPOBANACh Ha BEPLIMHE OCTPHUHMHBIX 3JIEKTPOJOB, Ha OOKOBBIX TI'paHIX
3HAYEHUE TONIIMHBI yMeHblnanoch B 1,5+2,0 pasa. Ha puc. 1 npencrasnens! ¢ororpaduu
YCTPOWCTBA TEPMUUYECKOTO UCIIAPEHNS] MATEPHAIIOB U OCTPHHHBIE 3JIEKTPOJIBI C BAKyYMHBIMH

TIOKPBITUAMH.

ARRA

*un—%-—- TVl s

B
A

Puc.1 - YcTpoiicTBO TepMHYECKOTO HCTIApEHUSI MaTepHaiioB (A) M OCTpHITHBIC
9IIEKTPOJIBI C PAa3IMYHBIM BaKyyMHBIM MOKpbITHeM (B 1 B)
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I[J'I}I HCCIICAOBaHUA BOJBTAMIICPHBIX XapaKTECPUCTUK Pa3pAIHBIX JSJIEKTPOIOB OBLT

WCTIONB30BAH CTEH], MPECTABISAIOMNA OO0l repMETHIHYIO KaMepy, C CHCTEMOH BBITSKKH,

C MaHUITYJIATOPOM IS TOYHOU YCTaHOBKH 3JIEKTPOJAOB OTHOCHUTCIBHO KaTOI[HOﬁ TIJTAaCTUHBI.

Ha crenne ObLTH TIOJTyY€HBI BOJIBT - aMIICPHBIC XapaKTEPUCTUKH KOPOHHOI'O paspsaa IJst

DJICKTPOZIOB C Pa3JIAYHb!

IM BaKYYMHBIM HallbUICHUCM, & UMCHHO C 30JIOThIM, cepe6p${H1,1M u

BaKyyMHBIM MOKDBITHEM (pUC. 2), C KPEMHEBBIM, TPapUTOBHIM IIOKPHITHEM, a TaKKe

9JIEeKTPOOB U3 Heprkaseromei cranmu 12X18H10T 6e3 BakyyMHOTo MOKpPHITHS (pHC.3).

~300

200

100

74
Ao 12

Puc.2 - BonbT — amnepHble XapaKTepPUCTHKU KOPOHUPYIOMIUX 3IE€KTPOIOB, C Pa3INUHBIMU

BaKyyMHBIMH ITOKPBITUSMUA

1 — 301m0TOC OKPBITHE, 2 — cepebpsiHoe MOKPBITHE, 3 — CBUHIIOBOE IIOKPHITHE

ILMxA

o

Puc.3 - Bonbr — amn

CPHBIC XapaKTCPUCTUKN KOPOHUPYIOIINUX IJICKTPOAOB, C Pa3INIHBIMU
BaKyYyMHBIMHU MOKPBITUAMHA

4 - mepxkasetomas crtanb 12X18H10T, 5 — kpemHneBoe mokpeITHE, 6 — rpaduToBOE

TIOKPBITHE

Taxxke B X0[€ DOKCIEpUMEHTa IIPOBOAUIINCH Ha6J'lK))ICHY/IH 3a HU3MCHCHHUEM

TIOBEPXHOCTHU DJJICKTPOAa C 3allUTHBIM IIOKPBITUEM I10J BOSHeﬁCTBHeM paspsaa u

XAMHYECKH aKTHBHBIX YacTuil. Ha puUCyHKax 4 TIpEACTaBICHBL ¢)0T0rpa¢n/m TIOBEPXHOCTHU
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DJIEKTPOZOB C Pa3sIMYHBIMU BAaKyyYMHBIMHU IOKPBITHAMU IOCIE 24 dacoB BO3/ICHCTBUS

KOPOHHBIM pa3ps0M B CPEAC BJIAXKHOTO BO31yXa.

T'pacuroBoe nokphITHE

KpemneBoe nokpseitie

Hepkaseromas ctanb, mapkn 12X18H10T

Puc.4 - ®ororpaduu OBEpXHOCTEH 3IEKTPOJOB C PA3IMYHBIMU BaKyyMHBIMH IOKPBITUSIMHU HOCIE 24
4acoB BO3/IEHCTBHS KOPOHHBIM Pa3psIoM
A - IOBEPXHOCTb JI0 pa3psza; B - HOBEPXHOCTH HOCIE paspsia

ITo pesympraTaM H3MepeHHs BOJIBT — aMIICPHBIX XapaKTEPUCTHK, IMOKAa3aHHBIX Ha
pucyHKax 3 u 4, caMble BBICOKHE TOKH JUISl JIMHEEK KOPOHHPYIOMINX 3JIEKTPOIOB ITOIyYECHBI
JUISL cepeOpsSHOTO 3JIEKTPOAa, 4yTh XyXKE JUIS 30J0TOTO MOKPBITUS U JUIS BICKTPOJIOB U3
HepkaBeromerd cranmu. Ho  XapakTepuCTHKM — CcepeOpSHOTO IOKPHITHA — CYyIIECTBEHHO
YXYAMMIACH (MaKCUMaIIbHBIA TOK yMeHbImIcA Ha 40%) mocne 24 4acoBOrO HENPEPHIBHOTO
TOpEHHs KOPOHHOTO pa3pAma. OIEKTPOJ C 30J0TBIM MOKPBHITHEM YXYAIIMI CBOH
XapaKTepUCTHKN Bcero Ha 5%.

OxwcieHre BaKyyMHOTO MOKPBITHS KPEMHHS B KOPOHHOM paspsjie HE MO3BOIHIO
COXPaHUTh BEIWYMHY TOKA HA HAdaJbHOM YPOBHE, B TO BpPeMs KaK Ha CBMHIIE M TrpadmuTe,
BEIIMYMHA MAaKCHMAJIbHOTO pa3psiHOrO TOKa ocTajack 0e3 u3MeHeHHi. l3meHenue
JNIEKTPUYECKHX CBOMCTB IOBEPXHOCTU 3JIEKTPOJA M3 HEP)KAaBEIOLIEH CTauM, NPUBEIO K
YMEHBIICHHUIO BEJIMYUHBI MPEIEIbHOr0 Toka paspsiga Ha 30% (depes 24 yaca KOPOHHOrO
paspsina). C npyroil CTOpOHBEI HE CMOTPSI Ha TO, YTO Ha IMOBEPXHOCTH CBUHIIOBOTO ITOKPBITHS
[IPOM30LUTH M3MCHEHUs, MaKCHMalbHOE 3HAYCHHE CPEAHEro TOKa IIPU JOJTOBPEMEHHBIX
HCIIBITAHUSIX IPAKTUYECKH HE M3MEHMIIOCh, M3 YEr0 MOXKHO CIENaTh BBIBOA O Xopoureit
JIEKTPOIPOBOIHOCTH (POPMHUPYIOIIEHCS HA HOBEPXHOCTH OKCHAHOM IICHKH.

ITosToMy ucHonb30BaHME CBHHLA B KayeCTBE Marepuaiga HOKPBITHS 3JIEKTPOAa
SIBJISICTCSI ONTUMAIIBHBIM, KaK C TOYKH 3PEHHsI YCTOHYMBOCTH Pa3psifa, TaK U ¢ TOUKU 3PCHUS

TEXHOJIOTMU U3rOTOBJICHUA DJIEKTPOIOB.
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OUBNYECKHUE CBOMCTBA IVIEHOK PYTEHMS, BBIPAIIEHHBIX METOA0OM
ATOMHO-CJIOEBOI'O OCAXJEHUSI
PHYSICAL PROPERTIES OF RUTHENIUM FILMS GROWN BY ATOMIC LAYER
DEPOSITION
E.A. CvmupnoBa!, A .B. Mskonbkux?, A.E. Poroxun’, K.B. Pynenko®
E.A. Smirnova?, A.V. Miakonkikh?, A.E. Rogozhin!, K.V. Rudenko®

L JTabopamopus MCCII, @uzuxo-mexnonozuveckuti uncmumym um. K.A. Banuesa
Poccuiickoti akademuu Hayk, Haxumosckuii npocnexm, 36x1,Mockea, Poccus
e-mail:smirnova@ftian.ru

In this paper, we study the mechanical stresses in ruthenium films grown by
plasma-enhanced atomic layer deposition using a Ru(EtCp)2 precursor and oxygen
plasma. The effect of the deposition temperature on the conductivity of the films
was also studied.

Pyrenuit - OmaropoAHblii MeTamsl, KOTOPHIH XapaKTepU3yeTcs CIEAyIOLIUMH
CBOWCTBaMHU: HU3KOE 00beMHOE yaenbHOoe conpotuBienue (7,1 MxkOm*cm), BbicoKasi paboTa
BeIxoga (4,7 3B), xoporas TepMUYecKast U XMMHYECKasi CTAOMIBHOCT TIPU OTHOCHUTENIBHO
HEBBICOKOH CTOMMOCTH. DTN XapaKTEPHCTUKH OTHACTH OOBSCHAIOT MOBBINICHHBII HHTEpEC K
9TOMY MaTepHainy Ui €ro MPUMCHCHHUS B COBPEMEHHBIX YCTPOHCTBAX MHKPOIJICKTPOHHUKH: B
KaueCTBE 3JIEKTPOJIOB B YCTPOWCTBAX JUHAMUYECKOMN MaMATU C HPOM3BOJIBHBIM JOCTYIIOM [1]
7 B KauecTBE METajula 3aTBOpa JUIS IIOJEBBIX HaHOTpaH3HcTOpoB [2]. Kpome Toro, oueHn
TOHKHE IIIEHKH PYTEHHsS MOTYT HCIIOJIb30BAaThCA I PA3ZleNieHHs MAarHUTHBIX CJIOEB B
YCTPOWCTBAX MAarHUTOpPe3UCTUBHOI omepatuBHOil mamsatu (MRAM) [3]. VYabrparonkue
CIUIOIIHBIE IIIEHKH O€3 ITyCTOT HeoOXOAMMBI, KOTJa PYTEHHI HCIHOJb3yeTcss B KadecTBe
1 dy3noHHOTO Oaphepa Ul COCAMHEHUH W3 MEM B MHTETpalbHBIX cxemax. Kpowme storo,
CBOICTBA PyTCHHUS AENAIOT BO3MOYKHBIM IIPUMEHEHHE €r0 s H3TOTOBJICHUS IPOBOJHUKOB B
cucremax Merammmsaruu VIC [4,5]. Takoe mpuMeHeHHE OKa3bIBaeTCsl BO3ZMOXKHBIM Oaromapst
OTCYTCTBHIO HEOOXOAMMOCTH mpHMeHeHHs Oapbepa. CyIecTByIOIHE BO3MOXKHOCTH
AQHM30TPOITHOIO  IUIA3MOXMMHYECKOTO  TPAaBJICHHUS  PYTEHHS  JENAl0T  BO3MOXKHBIMH
anbTepHAaTUBHBIE CXEMBI CO3JaHus cucTeM Metammsanuu MC.

Texnonorust atoMHO-croeBoro ocaxkaeHust (ALD) mnst pyTeHus He3aMeHHMa, KOTZa
TpeOyercs BBIpAlMBATh OJHOPOJHBIC KOH(GOPMHBIC IUICHKM Ha CIOXHBIX CTPYKTypax C
BBICOKAM  AaCIeKTHBIM  COOTHONIEHHeM. TumuuHblii mpomecc ALD  cocroutr w3
MIOCJIEI0BATENFHOTO JO3UPOBAHUS IIPEKypcopa PyTeHUs U CO-peareHTa (Ia3Ma KUCIopoa),
KOTOpBIE  B3aUMOJCHCTBYIOT C IOAJOXKKOM MOCPEACTBOM  CaMOOIPAHUYHBAIOIIUXCS

TOBEPXHOCTHBIX PEAKIIHA.
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B nacrosime#t pabore ObuIM McCleOBaHBI (pU3MYECKHE CBONCTBA IUICHOK DYTEHHS,
BBIPAIICHHBIX METO/IOM ILIa3MO-CTUMYyiupoBaHHOro ALD ¢ mcrosnp3oBaHHeM mpeKypcopa
Ru(EtCp)2 u mmasmel kucinoposa. [lnasma Kak OKHMCIAWTENb MPEAMOYTHTENbHA MOCKOIBKY
[IO3BOJISIET TPOBOJUTH OCAKICHHWE MpH 0ojee HU3KMX TEMIepaTypax o0pasiia, I03BOJSET
JI00uTHCs 6oJee BHICOKOHM YHCTOTHI IUICHOK U OoJiee OBICTPOro 3apoAbIIeOpa3oBaHus H, KaK
CIIEICTBUE, CHU3UTD MIEPOXOBATOCTh. AKTHBHBIMH YaCTHI[AMH B IIa3ME SIBIISIFOTCS PaJUKasIbl
ATOMApHOT0 KHCJIOPOJa U aTOMApHBIE ¥ MOJIEKYJISIPHBIC HOHBI.

B pabore mpenBapuTensHO OBLIM HCCIIEAOBAHBI MapaMeTphl IIa3Mbl KHCIOPOAA, B
YAaCTHOCTH KOHIIGHTpALlMs OJICKTPOHOB, OJJICKTPOHHAs TeMIeparypa, HOpH  I[TOMOIIH
CIEKTPAILHON YMUCCHOHHON CIIEKTPOCKOIIMH OLICHEHBI KOHIIEHTPALK MOJICKYJISIPHBIX HOHOB
kuciopona. Taroke HCClIeOBaHO, Kak TEMIEpaTypa IMOMIOKKUA M IOCICAYIOIIUA OT/KHUD
BIMSIIOT Ha POCT M 3apojbllIcoOpa3soBaHME IUICHKM M KaK OSTH HapaMeTpbl MOXKHO
HCIIONB30BATh IS YIIPABJICHUS CBOIICTBAMU MaTepuaa.

TIpoueccsr ALD npoBoaunuch B kommepueckoit ycranoBke FlexAl (Oxford Instruments
Plasma Technology) npu 6asosom nasienuu 108 Topp ¢ ucnonssosanuem ICP ucrounuxa
mwiasmbl 13,56 MTI'u. Tlpekypcop pyTeHust comepikaicst B 0OapboTepe, MpeaBapUTEIbHO
HarperoMm 10 70 °C, mapbl NoJaBajMCh B PEaKTOP IMOTOKOM ras3a aprosa c pacxozom 150 cr.
cm®/mun. KonnextopHble TuHuu Obuid Harpetsl 10 100 °C, a crenku peaktopa - g0 120 °C,
4TOOBI IIPEAOTBPATHTH KOHACHCALMIO TIpeKypcopa. OMH LUK aTOMHO-CIIOEBOTO OCaXKICHHUS
PYTEHHUS COCTOSIIA U3 CIIEYIONINX II1aroB:

1. Josuposanue Ru(EtCp)z, (2 c)

2. Orkauka, (1 ¢)

3. IlpomyBka aproHowm, (4 c)

4. Crabunu3anuu JaBlIeHHsI KUCIOpoa B Kamepe, (2 ¢ )

5. Boszeiicteue mia3mel O2 (maBnerue 0,065 Topp, 1 ¢)

6. TlpomyBka aproHowm, (4 c)

Msbl uccnenoBamy OcakAeHHME IUIEHOK B amamasoHe Temmeparyp 200-400 °C, u
0Ka3aJ0Ch, YTO TEMIEpaTypa MOUIOKKH HIPAeT PEILIAMOIIYI0 POjb B OMNPEACICHHH TOTO,
ocaxxpaercss 11 Ru mmu RuO2. IIpu 375 °C npoucxomuT pe3koe H3MEHEHHE MEXaHH3MOB
[TOBEPXHOCTHBIX PEAKIHH, YTO MPUBOJUT K M3MCHCHHIO COCTaBa M CTPYKTYpPhI IUICHKHA OT
MOJIMKPUCTA/UTMYECKOT0 OKCHJA PYTEHUS NPU HMU3KUX TEMIIeparypax [0 IUICHKH YHCTOro
pyTeHus npu Gosiee BEICOKHX TEMIIEpaTypax.

Panee 6but0 TOKa3aHO [4], YTO OJHOW M3 OCHOBHBIX MPOOJIEM POCTa IJICHKH SBISETCS

OTCJIauBaHu, KOTOPOE, NMO-BUAUMOMY, CBA3aHO C MEXaHUYCCKUMHU HAINPSHKCHUSAMHU B IICHKE.
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DT0 0COOEHHO CHIIBHO TIPOSIBIACTCS JUIS TUIGHOK TOMIMMHON Oonee 50 HM. [lnsa usyueHus
HAIpSDKCHUH B TUICHKE OBLTA M3MEPEHbI POTHObI INIACTHH MOHOKPUCTAIIHYECKOT0 KPEMHHSI
TonmuHOH 380 MKM ¢ HaHECEHHBIMU Ha HHX IUICHKAMH PYTEHUS Pa3HOI TONIIMHEBL. AHaIN3
HanpspKeHHH 00pasIoB MPOBOAMICS C ITOMOLIBI0 MHTEP(EPEHIIMOHHOIO MHKPOCKOMNa Zygo
New View 5000. V3mepenue mpoBOIMIOCH B MOJNE PasMepoM 5 MM X 5 MM; TOYHOCTH
M3MEpEeHHs 110 BEPTHKAIM COCTaBisina okono | HM. IlomydeHHBIC pachpeneneHust XOpOIIo
aMMPOKCUMUPOBAINCH CHepuuecKUM MpodHIEM, a MEXaHHYECKOe HAIpsHKCHHE B IUICHKE
paccunThIBanoCh 0 Gopmyne CTOHH.

JlaHHBIE O MEXaHHYECKOM HAMpPSDKCHHH COTJIACYIOTCS € ILIEPOXOBATOCTHIO IIICHOK.
MexaHU3M penaKcaly IUICHKH PYTEHHs! Ha MOBEPXHOCTH MOHOKPUCTAIUIMYECKOTO KPEMHUS
cBsi3aH Cc oOpaszoBaHHeM OmucTepoB. [lomyueHHble 3HAa4YeHHsS HANPSDKEHUN HAXOAATCS B
nuanaszone 2,8-4,6 I'Tla.

Ha »snexTpuueckoe CONpPOTUBIEHME IUICHOK TOJMILUMHONM MeHee 10 HM BIHMSIOT
HU3KOpasMepHble 3(@dekTsl [5], YTO He MO3BOIACT OLEHUTH OOBEMHOE YJEIbHOE
CONPOTUBIICHHE Marepuana. Bce pe3ymbTaTbl 110  YAENBHOMY  JIEKTPHYECKOMY
COIPOTUBIICHHIO IUICHOK, NPEJCTABICHHbIC B Pad0Te, ObUIM IIOIYYCHBI YETHIPEX30HIOBBIM
MeronoM (derbipex3onpoBast cranuusi Cascade Alessi B Keithley 4200-SCS). Brisicauiocs,
YTO yJEIbHOE CONMPOTHBICHNE JIMHEHHO YMEHBIIAETCA C POCTOM TEMIIEPATYPhl OCHKACHUS H
IpH Temrepatype ocaxkaenus 375 °C oH JocTUraeT MUHIMATbHOTO 3HAUECHHSI.

Kpucraninueckas cTpykTypa, XUMHYECKHII cocTaB U MOP(OJIOTUS IUICHOK PYyTEHHS,
MOJTy94EeHHBIX B ONITHMAIBHOM PEXXHME, IPEeJICTABICHBI B pebITyei pabore [6].
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MCCJEAOBAHUE CTOMKOCTHU BEPHJLIIUA B YCJIOBUAX IKCIUIYATAIIAA
TEPMOSJEPHBIX YCTAHOBOK
RESEARCH OF BERYLLIUM STABILITY UNDER THE CONDITIONS OF
OPERATION OF FUSION INSTALLATIONS
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In ITER, there are two values of the heat load for the blanket, depending on the location
on the sectional plane of the chamber [1]: “normal” — 2 MW / m? and “increased” —
47 MW /m2. The aim of this work is to experimentally estimate the service life of a
beryllium coating after irradiation with an electron beam, hydrogen and helium plasma under
the operating conditions of a fusion reactor. The article presents the results of studies of
beryllium grade TGP-56, carried out on a plasma-beam installation.

OmHUM M3 caMBIX Ba)KHBIX TEXHMYECKHX pemleHuil B mporpamme MTOP sBisrorcs
OepuuineBbIe MOJYJH, KOTOPBIE MOJHOCTHIO MOKPHIBAIOT BHYTPEHHHE CTEHKH BaKyyMHOU
KaMephl, 3allMIA0T  HECYLIyI0 CTalbHYI0 KOHCTPYKIHIO UM  CBEPXIIPOBOASAIINE
UIEKTPOMAaTHUTHBIC KATYIIKA TOPOUJIAIBHOTO IMOJS OT TEIUIOBBIX HArpy30K M BO3ICHCTBHUS
BBICOKOIHEPT€THYECKHX HEHTPOHOB, 00Pa3yIONMMXCS B Pe3yJIbTaTe Peakiuil TepMOsIEPHOTO
CHHTE3a.

B TepMosiiepHBIX yCcTaHOBKAX OOJBIIOE KOJIMYECTBO TEIUIA IUIA3MBI IPOXOAUT BIOJb
CHJIOBBIX JIMHUI MarHUTHOTO TOJIsL. IIITOTHOCTB TEIMIOBOTO MOTOKA, ITAPaUIEIbHOTO CHIIOBBIM
JuHUSAM, MoxeT nocturate 1| I'Br/m?> B UTOP, MmiIoTHOCTH TEMJIOBOrO IMOTOKAa HAMHOTO
TPEBBIIACT TCXHUYCCKHEC BO3MOKHOCTH JII000H CTaHPIOHapHOf/‘I TEIJIOBOM 3alIUTHIL.
Ousnueckas peakuust B WUTOP HareneHa Ha JOCTIKEHHE BBICOKOTO Koddduimenrta
TepMmosiiepHoro cunte3a, QDT = 10, mis mmutensHocteil B ananasone 300-500 c. B takux
paspsiiax TEIuIoBask MOIHOCTh, MEPECEKAloNasi TPAHMIly IUIa3Mbl, cOoTBeTcTBYIommas ~100
MBT, nomkHa nepejaBaThes Ha ITAHENN EPBOi CTEHKH.

JlaHHBIA TEIUIOBOH MOTOK cHIDKaeTcs 10 2—4,7 MBT/M? 3a cueT CKONB3SIIUX YIJIOB
MaJieHNs] CHIIOBBIX JINHUKM MarHUTHOTO IIOJIS HAa MEPBYIO CTEHKY. YTOJI CKOJNBXEHUS IIIa3Mbl
BIONb TIaHENeH TIepBOM CTEHKH SBISIETCS  CNEJICTBHEM CHIIBHOH  TOPOMAAIBHOM
COCTABJIAIONICH MArHUTHOTO TMOJS. YTIbI CKOJIBXKEHUS COCTaBIAOT oT 1° o 5°. OmxHako, Ha

CTBIKaX MCEXKIYy MaHCISIMU HepBOﬁ CTCHKHW BO3MOYXXHO BSaHMOHeﬁCTBHe Tu1a3Mbl HA KpOMKax
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OCpH/UTHEBBIX TIaHENEH, MOKa3aHbl Ha PHUCYHKE 1, KOTOpBIE HMMEIOT MECTO BCIIEJICTBHE
PAcIIONIOXKEHUsT JTHAaTHOCTHYECKHX M TEXHOJIOTHYeckux moptoB B FWP. B aTux 30Hax
BO3MOJKHO BO3/ICHCTBHE IUIa3MBI U TEIUIOBOTO IOTOKA MpHU yriaax oT 15° mo 90° 4ro moxker
MPHUBECTH K JIOKAIBHOII TEIIOBO# HArpy3Ke 1 BO3MOKHOMY OILIABJICHHIO KOMIIOHEHTOB.

B pesymprare 5TOro CymecTBYeT BO3HHKHOBEHHE HEKOHTPOIHPYEMOH KpaeBoil
TEIUIOBOH HAarpy3KH, KOTOpasi MOXKET MEePepacTH B Cepbe3HyIo mpobnemy uis pabotst UTOP.
bonee BbICOKas TemmepaTypa MOBEPXHOCTH HAa Kpalo IUIMTKA U, CJIEOBAaTEIbHO,
BO3MOXKHOCTh DPO3UM WM IUIAaBICHHS MaTepuana BMECTE C IMOBBILICHHBIM PAaCIbUICHHEM

MOTYT YBCJIIMYUTD IJIa3MCHHOC 3arpsi3HCHUC.

Pucynox 1 — INonongansHoe nonepeunoe ceyenne Tokamaka MTOP ¢ pacueTHsIMU npeienaMu
TEMJIOBOTO MOTOKA

Llenbto paGoThl SIBISIETCSl JKCIEPUMEHTANbHAs OLCHKA [OBEICHMSI IMOKDPBITHSI U3
Oepriutis 1ociae OOJTydeHHsI TEIUIOBBIM MOTOKOM, a TAK)XE HOHAMH TelMS U BOAOPOJA.
JlaHHBIE MCCIICAOBAHMS TIPOBEICHBI C MCIIOJIB30BAHUEM IIIa3MEHHO-ITYYKOBOH YCTaHOBKH [2]
B PEXHME DJIEKTPOHHOIO ITy4YKa U IUIA3MEHHO-ITyYKOBOIO paspsija.

B pabore mnpoBeieHbI NpeIBapHTENIbHBIC TEIUIOBBIC pacyeThl Ul IPEICTOSIINX
HCCIIE/IOBAaHNM, KOTOpbIE OCHOBaHbI Ha JIUTEPaTYPHBIX MCTOYHMKAX M  IIPOSKTHBIX
XapaKTepUCTHKaX, IPH KOTOPBIX 3KCILTyaTHpyercst epBast crenka UTOP.

B pamkax paboThl peann30BaHBl 33fadd IO IKCIICPUMEHTAIBHOMY HCCIIEIOBAHHIO
6epwumuss Mapku TII-56. Ilpn BU3yanbHOM OCMOTpe OOJMYYeHHBIX 00pasoB OepHILTHS
00HapyXEeHO TOTEMHEHNE MTOBEPXHOCTH, OOPAICHHOM K IIa3Me, H3MEHEHHE IIEPOXOBATOCTH
moBepxHOCTH. OOIydeHHBIC 00pa3lbl XapaKTEPU3YIOTCS MOBBIICHHOW MHKPOHEPOBHOCTHIO

BBI3BAHHOM paclblIeHHEM HOBEpXHOCTH OoMOapaupoBkoi nonamu H, D u He.
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HccnenoBannss MUKPOCTPYKTYpHI OEpHILTHS Ha PacTPOBOM JICKTPOHHOM MHKPOCKOIIE
MOKa3ald, 4TO TI0Cie OONydeHHS OCHOBHBIM PaiMAI[OHHBIM JIe(heKTOM SBIACTCA
oOpa3oBaHne MOp Pa3NUYHOH OOBEMHON IIOTHOCTH, 3aBHCAINCH OT pexknMa OOIydeHHS U
1a3M000pa3yroNIero raza, kKak Ioka3aHo Ha pucyHke 2. Ilox BoszeilicTBHeM 00IydeHHS B
6ep1/mnm/1 TIPOUCXOOUT HAIOJHCHHUE IOp aToOMaMHu BOAOPOAaA, HCﬁTCpHS{ H Teiud, 4YTO
TIPUBOAUT K YBEIWYCHUIO [AaBJICHHUSA BHYTPU TIIOp M, CJIE€OOBATCIBbHO, K YBEIWYCHUIO

Pa3INYHOrO pojia HANPSHKEHUH Ha FPaHULaX 3ePeH.

HCXOAHBIH

PucyHOK 2 — Pe3ynbTaThl MUKPOCTPYKTYPHBIX HCCIIEOBaHMI Oepriuius

IMonyueHHble pe3yabTaThl IO3BOJIOT IOAPOOHEE H3YYHTh H3MEHEHHE CBOICTB
OGepwiIMs B Tpolecce B3aHMOACHCTBHS IUIa3MBI C IIOBEPXHOCTBIO TEPBOM CTEHKH
TEPMOSIIEPHOro peakTopa. [l peann3aliy JaHHOW 3aJaydl HCIOJB30BAHBI PA3IHYHBIC
METO/bl MAaTepHaloOBETIECKUX MCCIEOBaHMHA. B  mIpenBapuTenbHBIX  3KCHEPHMEHTaX
00Hapy»eHO, YTO B MHKPOCTPYKType OepHiLIHsA Mociie OOTydeHHMs IIasMoii BO3pacTaer
JUaMeTp TOp ¥ MX 00beMHas IIIOTHOCTH B 3aBUCHMOCTH OT TTapaMETPOB IIIa3MBlI.

PaGora BBINONHEHA B paMKax peaNM3alMi INPOCKTa TPAHTOBOrO (DHHAHCHPOBAHMS
«Komurera maykm MOH PK» AP08856026 «OKcmeprMeHTalbHOE MCCIEAOBAHNE BIHSHUSA
KPUTHYECKHX TEIUIOBEIX HATPy30K M IUIa3MEHHO-IyYKOBBEIX BO3JIEHCTBHII Ha OOIMIIOBOYHBIH

Marepuai nepBoii crenku UTOPy»

1. Raffray A.R., Calcagno B., Chappuis P., Zhang Fu, Furmanek A., Jiming Chen [et al.] The ITER blanket
system design challenge // Nuclear Fusion.— 2014.— Vol. 54, No. 3.

2. Skakov M., Zhanbolatova G., Miniyazov A., Tulenbergenov T., Sokolov I., Sapatayev Y.,
Kozhakhmetov Y., Bukina O. Impact of High-Power Heat Load and W Surface Carbidization on Its Structural-
Phase Composition and Properties // Fusion Science and Technology.— 2021.— Vol. 77, No. 1, P. 57-66.

134



JIOMUHECUEHTHBIE METO/IbI NU3YUYEHUS B3AUMOJIEACTBUA
ATOMAPHBIX IT'A30B C ZnS-Mn?**
LUMINESCENT METHODS FOR STUDYING THE INTERACTION OF ATOMIC
GASES WITH ZnS-Mn?**

Somun Ban, F0.U. Topun, H.H. Hukurenkos, B.C. Ceimuenko,
Yaoming Wang, Y.I. Tyurin N.N. Nikitenkov, V.S. Sypchenko

HATLL, Tomckuii nonumexnuyeckui ynugepcumem, np. Jlenuna, 30, v. Tomck, Poccus, 634050

E-mail: tyurin@tpu.ru
ISNT, Tomsk Polytechnic University, 30 Lenin Avenue, Tomsk, Russia, 634050

E-mail: tyurin@tpu.ru

Abstract. Heterogeneous chemiluminescence reactions has selectivity and high

sensitivity to surface type and excitation gas grade. The use of optical methods to study and

control in non-equilibrium gas—solid systems opens up new analytical possibilities in surface

physics, chemistry, plasma chemistry, semiconductor and phosphor technology, and in solving

environmental problems. The rates of the absorption and recombination of hydrogen atoms
and the desorption rate of the hydrogen molecules are defined.

Benenne. Metospl uccienoBanuii, ocHoBaHHbIC Ha siBnenuu [ XJI, mpusiekaoT k cede
BHUMaHHE HOBBIMH MEXaHHW3MaMH AaKKOMOJAIUM HEMETaJUlaMHd SHEPrHH TI'eTepOreHHBIX
(U3UKO-XMMUYECKUX PEAKIHd M IPOLECCOB HEYNPYroro pacCessHUsl aTOMHBIX YaCTHI
MIOBEPXHOCTHIO, NPOCTOTOH pealn3aluy, CEIeKTHBHOCTHIO M OTCYTCTBHEM BO3MYILICHHH
BHOCHUMBIX B HCCIIEIyeMYIO CUCTEMy IpoleccoM uzMepenus [1-3].

Kybuueckast pemerka ZnS—f (chaiepur) OTHOCHTCS K TpyIIE HPOCTPAHCTBEHHOU

cummerpuu T2, ZnS—a (Bropuur) K C;' . B pemerky ZnS maprasen BXOJAWT B BHJE HOHOB
Mn?*, 3aMernatomux HoHbl Zn?* B y3y1ax pemerky. JIokanbHas CHMMETPHS KpUCTALTHYECKOTO
HoJisl, B MECTE HAXOXKIEHUs MAapaMarHUTHOro noHa Mn?* B ZnS—f, oTHOCHTCS K Tpymie
[IPaBUIILHOIO TETPadIpa, a B ZnS—a — K rpyiie Terpasapa [4].

Mapraten ciayxut 3G(eKTHBHBIM aKTHBATOPOM B ciydae Bo30yxameHus I'XJI ZnS
aTOMapHBIM BOJOPOAOM - ceueHune Bo3Oyxaenus ['XJI mocturaer 10 20 cM2. U xots
KOHILIEHTpAlUs Mapraiua Obuia upessbluaiino Huskoi (107°%), mapradel 6bl1 0GHApYXeH B

cnektpax I'XJI.
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PucyHok 1. CeKTpbl CBeYeHHs] MEKPOKPHCTALIMYECKOTo JroMuHo(opa ZnS—-Mn?* (2,5 Bec%), 295 K

, TUIOTHOCTH T10TOKa atoMoB H B addysuonnom myuke 10 cm2¢t; Py =3-102 Topp ;

a) Bo30yxaenue namnoit (IAPT 125-1) ¢ punbrpom (YDC-06) murusmu 317, 339, 369 uwm;

6) BO030YXIEHHE aTOMapHbIM BOJOPOAOM KpuBble 1-6. Jluumu 1-5 pasnokeHHe MeETOIOM
AnenneBa—@®oka dKCIIepHMEHTaILHOR KPUBOH 7.

B) mocjie cKojia MOHOKpucTamia ZnS—Mn?* B atomapHoMm Bojopone [3]. Jlunuu 2-4 pasnoxenue
MeTo0M AneHneBa—Poka 3KCHEPUMEHTAIBHON KPUBOW Pe3yNbTaT Pa3ioKeHUs SKCIEPUMEHTAIbHOH
KpHBOiA 1.

B cnekrpe @JI obpasma ZnS—Mn ocHOBHO# sSBIIETCS OpaH)KeBas MONOca ¢ Amax=585
uM ((A1—*T1), pucynoxk 1, a. HeGobIoii nuk nposBuics npu 665,5HM.

B cnexrpe I'’XJIH o6pasua ZnS—Mn ocHoBHas nonoca Ama= 665 M (T=295 K) kpuas
3, pucynok 1, 6. [Toroca 665 um otcyTcTBYeT B ZNS-dhocdopax, He COAEPIKAIIUNX MapTaHEIl.
ATOMapHBI BOJOPOJl aKTHBHO B3aMMOJCHCTBYET C aTOMAaMH CEpbl Ha MOBEPXHOCTHU, YTO
NPUBOJUT HAKOIUICHUIO BaKaHCUH Cepbl y MOBEPXHOCTH KpHcTamia. BoccraHoienue
MOBEPXHOCTH ZNS-MN TMOHMXKAET CUMMETPHIO OKpykeHus Mn>* 1o Cav TeM cambiM
YBEIIMUYUBAET BepOATHOCTh mepexona ‘E—CA1 MHTEHCHMBHOCTH KPAcHOI MOJNOCHI B HOHAX
Mn?* pacrionoskeHHbIX y moBepxHOCTH ZNS .

B cnexrpe I'XJI ZnS—Mn npu ckosie B aTOMapHOM Bojopoje (pUcyHoOk 1,B) Hapsiiy c
OCHOBHO#H 10JI0c0H Amax=588 HM (mpucytctByer B criektpe dDJI) mMeroTcst 1OMOTHATENBHBIE
HOJIOCK Almax=065 HM M A2max=705 HM. Bce monocsl 10J0C € POCTOM TEMIEpaTypbl
CMEIIAIOTCS B KOPOTKOBOJIHOBYKO 00J1acTb. JTO XapakTepHO s moHa Mn?* (He3amonHeHHas

3d® o6onouka). onocer ®JT u I'XJTH Amax=588 HM - IPUTIOBEPXHOCTHBIE HOHBI Mn?* ; mosoca

I'XJIs Amax= 705 HM - HOBEPXHOCTHbIE accolnuarsl Mn? — Vs. .; mosioca 665 HM —accounuar
Mn?*-Ha.

MexaHu3MBbl B3aUMOJICHCTBHSI aTOMOB U MOJIEKYJI C IIOBEPXHOCTBIO, COCTaB U COCTOSAHUE

136



MOBEPXHOCTH, OINpEJENA0T CTAallMOHAPHBIE M JuMHamMuueckue xapakrepuctukun ['XJL
Iloctpoenne mexanmsma I'XJI  ompenmensercss pe3ynbTaTaMd — SKCIEPUMEHTATIBHBIX
HCCIIEIOBAHUI CTallMOHAPHBIX, CHEKTPanbHbIX, XapakrepucTuk I'XJL. Ecnu kuHeTndeckas
KpuBas WHTEHCHBHOCTM CBEYEHMS M 3aBUCHMOCTh MHTeHCHBHOCTH ['XJI oT mmoTHOCTH
IIOTOKa aTOMOB, MOJIEKYJ] M TEMIepaTypbl 00pas3lia COIrJacyloTcs C JKCHEPHMEHTOM, TO
CEUEeHHs], DHEPI'UH aKTHBALMH, YACTOTHBIHA (HaKTOp AecopOLUM U TEIIoTa aJcopOLMH aTOMOB
U MOJIEKYJI MOTYT OBITh ONpE/IENeHbl ITyTEM pellleH!s 0OpaTHOM 3a1aun.

MuHnManbHO HEOOXOAMMBIH HAOOp aTOMHO-MOJIEKYJSPHBIX MPOILECCOB B MEXaHHM3ME

H+L—5HL;

B030Yyxaenus I'XJI mpencrasnen: py, pp Y2 SH,L+hy

H,+L—C2 5,1

Kunernueckas kpusas pasropanus I XJIu ZnS-Mn?" npusezena na pucynke 2 (T=295 K).

7 OHT.]L.

WntencuBHOCTE* 107, OHT.C1.
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Pucynox 2. Kumeruueckas KpuBast JIOMHHECUCHIMH Pyoygox 3.  Marencmerocts  T'XJly

2 .
ZnS-Mn*" BO30y’KIaeMOH aTOMapHBIM  BOAOPOIAOM momuHOpopa ZnS—Mn?* IpH BHKTIOICHHH

2+
(momuHOBOp  ZnS-Mn" MpeABAPUTENBHO TPOTPET B i  prifodeHHH  ATOMOB BoZIOpOaA

106 o
Bakyyme 3.0'10°° Topp). 1- anmpokcuManys KHHETHYECKOM PasIMYHBIMK  KOHIGHTDALMSMH  aTOMOB

KPHBOIi JIIOMHHECUCHIMH paccuuTana 1o Gopmyie, 2= ponopoma. Temneparypa obpasua 306K,
OKCIICPHMCHT, 3- ANNPOKCHMALIMA KHHETHYCCKOM KPUBOH € napnenne B paspsanoii Tpybke 3.0-1072

yueTom sHeproobmena B azicopumontom cioe. T=295 K. opp.

IMosepxHocTh ZnS—-Mn?" HpeBapUTENbHO OUMINEHA IIPOTPEBOM 00pasla B BaKyyMe
3.0-107° topp. Kunetnueckas kpusas pasropanus I'XJI (pucyHok 2, kpupas 1) onucbiBaeTcst

3aBHCUMOCTBIO
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1 (t)=589.48[1- exp(-0.000563)+0.00041t exp(-0.000563 )]; (I -om.ex.,t -sec).

()

ITapametps! vi, v2 1 v-3 171t ypaBHeHus (1) mpeacrasiens! B Tadmune 1.

Tabnuua 1. 3HaueHnst mapaMeTPOB Vi V2 U V-3 KHHETHUECKOIT KpUBOH 1, pHCYHOK 2.

Vi V2 V-3
OTHOCHUTEIIbHbIE
BEPOATHOCTH HeL—15HL | H+HL—25H,L | H,+L—=3>H,L
3uauenns (ju= 104 cm2c). | v1-6,67-107* ¢! v2=4,25-1073 ¢! v3=3,26-107° ¢!

Ha pucynke 3 mNpuBeneHbl KHHETHYECKUE KPHMBBIE JIFOMHHECHEHIMH ZnS—-Mn?' mpu
«BBIKIIIOUEHHW» U «BKIIOYEHHH» AaTOMOB BOJOPOAA, 4YTO COOTBETCTBYET H3MEHEHHIO
MJIO0THOCTHU NOTOKa aToMoB H j Ha + j.

Mertozbl HCCIIe0BaHNs, OCHOBAHHBIC HA SBJICHUM I'€TCPOrCHHONW XEMHIIOMHUHECLICHIIUI
MO3BOJISIIOT ~ CO3/laTh  yBCTBHUTCIBHBIC ON-line MHCTPYMEHTBI HCCIIENOBaHHUSA COCTaBa
MTOBEPXHOCTH, MEXaHMW3MOB IIE€PEHOCAa JHEPTHH M MPOIECCOB JErpajallid MOBEPXHOCTH,
9((heKTHBHOCTH 3TEKTPOHHBIX H3Ty4YaTeIbHBIX IPONECCOB Ha TTOBEPXHOCTH

Bribop B kauecTBe akTMBAaTOpa ZnS MOHa C He3anojHeHHbIMU d-o6omouxamu (Mn2¥),
CHIIBHO B3aMMOJICHCTBYIOIIET0 C PEMIETKOH MOCIYXKHI HHIUKATOPOM OCOOECHHOCTEH
JUHAMHYECKUX CBOIMCTB MoOBepxHOCTH ZnS-Mn?' . DT0 NposSBUIOC, B CYIIECTBEHHOM
pazmuumnn criektpoB OJI u [XJT ZnS-Mn2*. OcHoBHasl, opamxkeBas nonoca 585 um ((A1—*T1)
n HeOombIoi muk 665,5 HM crektpa @JI B ciektpax I'XJI momensmics Mmectamu. B criextpe
I'XJIH OCHOBHO# CTAaHOBUTCS MIMPOKAs Tos1oca Amax= 665 um (T=295 K).

IMapamerpsl  kunetudyeckux npoueccos I'XJI dochopoB ZnS-Mn?* u  ZnS-Tm3*,
OIpeJieIeHHbIe TIOMUHECICHTHBIMA METOJAMHU, OCTAJIHCh IMPAKTUYCCKH HEHM3MEHHBIMHU, YTO

TOBOPHT O HX 00YCJIOBJICHHOCTH Matpulel Gpocdopa.

[1]. V.P.Grankin, V.V.Styrov, Y.L. Tyurin, J. Exp. Theor. Phys. 94 (2002) 228-238.

[2]. Yu.I. Tyurin, N.N. Nikitenkov, T.I. Sigfusson, A. Hashhash, Yaomin Van, N.D. Tolmacheva, I.J Hydr.
Energy. ,42(17) (2017) 12448-12457.

[3]. V.P. Grankin, V.Yu. Shalamov, N.K. Uzunoglu, Chemical Physics Letters. 328(1-2) (2000) 10-16.

[4]. V.P. Zakharchenya, A.A. Kopylyansky, M.: Science. (1966) 99.
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MOHHO-NTIJIASMEHHASI MOJJU®UKALIMSI IOBEPXHOCTH IVIEHOK
TEJJIYPHUJA CBUHLA-OJIOBA ITPU MAJIBIX SHEPI'MAX HOHOB
ION-PLASMA MODIFICATION OF THE SURFACE OF LEAD-TIN TELLURIDE
FILMS AT LOW ION ENERGIES

C.IL 3umun'?, L.U. Amupos?, B.B. Haymos?, 51.11. Benos'?, E. Abramof®, P.H.O. Rappl®

Upocnasckuii punuan Qusuxo-mexnonozuveckozo uncmumyma PAH, 150007,
ya. Ynusepcumemckas, 21, Spocraens, Poccus, e-mail:ildamirov@yandex.ru;
2Spocnasckuii 2ocyoapcmeennviii yuueepcumem um. I1.T. Jemudosa,
150003, yn. Cosemckas, 14, SApocraens, Poccus
3 Laboratério Associado de Sensores e Materiais, Instituto
Nacional de Pesquisas Espaciais, S&o José dos Campos, Brazil

The surface of PbixSnxTe (0<x<1) epitaxial films was plasma-treated for time
periods within 60360 s at low energy (25 eV) of Ar+ ions, which is close to their
sputtering threshold energy. The properties of the obtained material were studied
by the techniques of scanning electron microscopy and energy-dispersive X-ray
microanalysis. The formation and parameters of nanostructures on a surface of Pbi-

xSnxTe films are discussed.

B mocrnenHue TOIBI M3YydCHHIO TBEpAbIX pactBopoB PbixSnxTe (0<x<l), mmpoko
MIPUMEHSEMBIX B ONTOICKTPOHHBIX cuctemax VK-ImamasoHa, mpuaaH HOBBIH MMITYJbC B
CBSI3M C MPOSBISEMBIMH TIPM KOMHATHOW Temmeparype B oOmactu coctaBoB X > 0,6
CBOMCTBAMH  TOIOJIOTMYECKOTO H3oisTopa. Ilpm 5TOM BaXHOH CTAaHOBUTCS 3a1ada
ynpasisgeMod Monudukanuy MOp(OIOTHH TTOBEPXHOCTH KPHCTAUIOB M IUIEHOK TEJLTypHIa
CBHUHIa-0J0Ba. B pabote [1] onmcansl H3MeHEHHs Ha MOBEPXHOCTH MOHOKPHCTAJUIMYECKUX
wieHok PbixSnxTe B mporecce HOHHO-TITa3MEHHOH 00pabOTKK MpU SHEPrUH HOHOB aproHa
200 3B. B T0 e BpeMsI yCTaHOBIJICHO, YTO 00pabOTKa INICHOK M KPHCTAUIOB XaIbKOTCHUIOB
CBHHIIa M XaJbKOI'CHHUIOB CBUHI[A-0JI0BA NPU SHEPIUsIX HOHOB BOJM3H [OPOra PacCIbLICHUS
[2,3] mpuBOOMT K MOSBIECHHIO HAa IOBEPXHOCTH CHEHU(PUUECKHX CTPYKTYp € HAHO- U
CYOMUKPOHHBIMH pa3Mepamu. llenbio naHHOIT paboTHI SIBUIIOCH HCCIIEIOBAaHHE IMPOLECCOB
MOAN(HKALNN IOBEPXHOCTH OSIHTAKCHAIBHBIX IUICHOK PbixSnxTe mpu o6paGorke B

aproHOBOH ILTa3Me IIPH SHEPTUH HOHOB 25 3B.

DnuTakcuaibHble MOHOKpUCTaIHueckue IieHkn Pbi«SnxTe (111) ¢ X B momaHom
MOJISIpHOM Juana3oHe oT 0 1o 1 ¥ TOMUMHON 2 MKM OBbUIM BBIPAILICHBI HAa CBEXKECKOJIOTBIX

nognoxkax BaFz (111) ¢ ucnonb3oBaHueM MOJNEKYISIPHO-Ty4eBOMH SMUTAKCUU HA YCTaHOBKE

139



Riber 32 P (INPE, Bpasumus). CkopocTs pocta cocrapnsna ot 1,31 1o 1,56 A/c mna PbTe u
SnTe cOOTBETCTBEHHO; MOJISIPHOE COJICPKAHHE OJIOBA X JUTS UCCIIETYEMBIX 00pa3IloB MICHOK
cocrassuio 0,0, 0,2, 0,4, 0,5, 0,6, 0,8 1 1,0. CTpyKkTypHBIe TapaMeTps! IIEHOK X MOP(OJIOTHS
MOBEPXHOCTH B MWCXOJHOM COCTOSHMH MOApoOHO omucansl B pabore [1]. Ilmasmennoe
TpaBJICHHE TJICHOK TEJUTypUa CBHHIIA-0JI0BA OCYIIECTBIIAIOCh B PEAKTOPE BBICOKOILIOTHOM
1a3Mbl BeIcokogacToTHOTo (BY) mumykunonHoro paspsna (13.56 MI'mm) HE3KOTO faBiIeHUS.
IMapameTps! skcriepuMenTa Obutn crenytommmu: BU-momuocts nagykropa 800 B, pabouee
nasnenue 0.15 I1a, BU-MomrHOCTS cMeleHns Ha 31eKTpoie-TIouToKKoaepkarene - 0 BT, uto
COOTBETCTBOBAJIO CPeAHEil sHeprun OoMOapaupyIOIMX MOHOB aproHa 25 3B.  O6paboTka
00pa3IoB MPOMCXOIMIa MPU XapaKTepHBIX BpeMeHax mporecca 60 — 360 c. [Iunamuka
U3MEHEHUsI MOP(OIOruM IMOBEPXHOCTH M3ydanach METOJOM pPacTPOBOIl SJIEKTPOHHOI

mukpockonuu (SEM) Ha ycranoske Supra 40 Carl Zeiss.

Puc.1 Mopdosmorust HoBepXHOCTH HcCIeayeMbIX MeHOK Pbi-«SnxTe mocie o6pabotku B
teuenne 240 cexynn s pasmmansix x: 0 (), 0,2 (b) u 0,8 (c,d). M306paxenus (a-C) moiydeHsl mpu
CheMKe HOPMAJIbHO K TIOBEPXHOCTH, H300pakerue (d) — npu Haksione 70°.

Ha pI/ICI TIPUBCACHBI TUIIMYHBIC n306pa>1<eHm[ TIOBEPXHOCTH HCCIICAYEMBIX ITJICHOK

Pb1-xSnxTe mocie 06paboTKH HOHAMH aproHa B TeYCHHE 4 MUHYT Ha IIPHMEPE COCTABOB C X =
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0,0; 0,2 u 0,8. U3 puc. la-1c ciemyer, 9TO NPH TOBBIMICHHH COJIEPIKaHUS OJIOBA B TBEPIOM
pacTBope Ha IIOBEPXHOCTH IUICHKH 00pa3yloTcsi Bce Ooyee MeIKHe YacTHIbL. XapaKTepHbIe
pa3Mepsl HAHOYACTHI[ YMEHBIIAITCS OT 3Ha4YeHnit ~100 M wist x=0,0 mo 20 um s x=0,8.
TToBepXHOCTHAs TUIOTHOCTH HaHOOOpasoBaHmii yBenmumsaetcst ot (1-2)*101° em? st x=0,0
1o (3-4)*10 cm?  gns x=0,8. BaxkHO OTMETHTB, 4TO C YBEIMUEHHEM COJIEPKAHHUS O0JI0BA
CKOPOCTh pachbuleHHst ymenbmmaercs ot 0,5-0,8 Hm/c mnst temtypuna ceunna xo 0,27 HM/C
1t cocraBa ¢ x=0,8. [lyst TesuTypra ooBa mporecca pacibUIeHHUs INICHKH ¥ MOAU(UKALIN
MIOBEPXHOCTH HE HAOMIOAanoch.  XapaKTepHOH OCOOEHHOCTHIO HAHOCTPYKTYPUPOBAHHS
MIOBEPXHOCTH IIIEHOK Pb1xSnxTe B obacTu GonbLmx x SBUIOCH (POPMUPOBAHHE JOCTATOUHO
OJIHOPOJHOrO aHcamOuisi HaHOYacTHL. ECiu mpu MajioM cojiep)KaHuu 0JIOBa Ha MOBEPXHOCTH
OJJHOBPEMCHHO (DOPMHPOBAIMCH KPYMHbIE M MEJIKHE YaCTHIBI, TO MpPHU Ipeobiafarouem
COJEP)KAaHUU OJIOBA KPYIHBIX 4acTHL He 00pa3oBbiBaioch. PopMa HAHOCTPYKTYp HPH
BapHaluK X ¥ BpeMeHu o6paboTku Obuia pasiuuuHoii. Ha puc.1d npencrasieno nzo0paxkeHue
aHcaMOJI1 HAHOYACTHI] Ha IOBEPXHOCTH IUIEHKH Pbo2SnogTe. Apxurekrypa 3THX 4acTHI[
CBUJCTENCTBYET O  pealM3alid  MeXaHu3Ma  «map-)uakoctb-kpuctauy  (IDKK).
Merammnueckue KBasuchepryeckue Kuakue HaHokamun Pb—Sn B mporecce mia3MeHHO#
00paboTKH SIBISUINCH KaTaJn3aTOPOM-3aTPABKOM Ui pOCTa HAHOCTOJNOMKOB TEILTypua

cBUHIa-0J10Ba guamerpoM 10-20 HM u BbicoTOl 20-50 HM 1o MexaHu3my TDKK.

PesynbraThl JaHHOH pabOTHI MOKa3bIBAIOT, YTO HOHHO-TUIA3MEHHas MOJM(pHKAIUs
[OBEPXHOCTH JITHTAKCHAIBHBIX IIEHOK Phi1xSnxTe (0<x<1) mpu sHepruy HOHOB aprona 25
9B HMeeT cylecTBeHHbIe OTIHYHS OT 00pabOoTKU HoHaMH aprona ¢ sueprueit 200 5B [1]. B
JIOKJIajie aHAJIM3UPYIOTCS MPUYMHBI 3THX PA3INYHi, JOTOJIHUTEIBHO 00CYKIat0TCS BOIPOCHI
nU3MEHEeHNs! MOp(OJIOTHH M XMMHYECKOTO COCTaBa ITOBEPXHOCTH IIPH BapHallil BPEMEHM
Iu1a3MeHHOH o0paboTkn B mmamaszoHe 60-360 c, paccMaTpuBaroTCsi (GU3NYECKHE MOJEITH
HaOIroJaeMbIX sBJICHUH. PaboTa BBIONHEHAa B paMKax rocylapcTBEHHOro 3ajgaHus SO
OTUAH mm. K.A. BameBa PAH, npoekr Ne 0066-2019-0002 u B pamkax WHUIMATHBHOMN
HUP SIpI'y.
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CHALLENGES AND PROSPECTS OF HIGH PRECISION ION BEAM THERAPY
K. Parodi”

“Department of Medical Physics, Faculty of Physics, Ludwig-Maximilians-Universitat
Miinchen, Munich, Germany, e-mail: Katia.Parodi@Imu.de;

75 years after the initial proposition of R.R.Wilson to use protons and possibly even
energetic carbon ions for tumour treatment [1], ion beam therapy is still considered an
emerging form of advanced external beam radiation therapy, which can offer considerable
advantages in comparison to the widely used X-rays. In particular, the physical properties of
swift ions in matter may enable a highly conformal deposition of dose (i.e., energy per unit
mass) in a well localized maximum, so called Bragg peak, while considerably reducing the
burden to surrounding healthy tissue (figure 1). Moreover, especially for ions heavier than
protons, the enhanced ionization density toward the end of the ion paths can cause more
efficient tumour cell killing in comparison to conventionally used sparsely ionizing radiation.

Starting from the pioneering experience at research institutions able to accelerate heavy
charge particles up to suitable energies for the treatment of deep-seated tumors, first hospital
based facilities were established in the 1990s, and since then ion beam therapy has
experienced an exponential spread. Owing to the commitment of a rapidly growing
community of practitioners, industrial representatives and researchers, the continued
development in advanced methods for inversely optimized treatment planning, flexible
scanning beam delivery and, more recently, in-room volumetric imaging has considerably
enhanced the quality of modern ion beam therapy at state-of-the-art dedicated facilities.
Nevertheless, the potential therapeutic advantages of ion beams come at the expense of an
increased sensitivity to uncertainties in treatment planning and delivery. In particular, a major
unresolved challenge is the remaining ~1-3% uncertainty in the knowledge of the Bragg peak
position within the patient, forcing practitioners to choose more conservative and potentially
less effective treatment approaches with generous safety margins around the tumour.

To overcome this outstanding issue and unlock the full ballistic potential of ion beams for
high precision irradiation, vivid research is ongoing to develop and translate to the clinical
routine different new imaging techniques [2]. These methods can be classified into two types
of approaches: (1) imaging aiming to improve our knowledge of the patient anatomy and
stopping power properties at the treatment site immediately prior to irradiation, and (2)
detection of secondary emissions during or shortly after irradiation, providing a surrogate
signal of the beam stopping position inside the patient. To this end, several new detector
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technologies are being developed for pre-treatment transmission ion imaging, which can
provide two-dimensional information to refine the treatment planning patient model in terms
of daily anatomy and improved stopping power ratio of tissue relative to water (SPR), or a
full volumetric model of the patient already reconstructed in terms of SPR. Moreover,
different physics processes caused by the penetration of the therapeutic beam in tissue can
lead to emissions detectable outside of the patient. Here, the most extensive research has been
so far focused on energetic photons resulting from the by-product of nuclear reactions, either
from the annihilation of positrons released by irradiation-induced positron emitters, or prompt
gammas following the de-excitation stage after nuclear interaction. In addition to these
approaches, which have already reached the stage of clinical evaluation, additional methods
under investigation rely on the detection of thermoacoustic waves produced by the energy
deposition of properly pulsed ion beams, opening the intriguing prospects of combination
with ultrasound imaging for real-time control of both the Bragg peak and underlying patient
anatomy.

This presentation will thus review the state-of-the-art and ongoing physics developments
in modern ion beam therapy, with emphasis on the above-mentioned imaging methods which
promise new horizons in improving the volumetric patient model for treatment plan
(re)calculations, along with in-vivo verification of the Bragg peak location and possibly
reconstruction of the actual dose delivery to promote high precision irradiation and new
possibilities of treatment adaptation.

Spread-out Tumor
100 -~ Praggpeak ! Figure 1: A proton pencil beam releases
/ \\ most of its energy at the end of range in a
R 80 / narrow peak, the “Bragg peak”.
o Superposition of several Bragg peaks
0 . - <
S 60 - achieves an extended region of high dose
g . "
® 10 MV X-rays ~d delivery, so called “Spread-out Bragg
T 40 1l Peak”, which offers increased tumour-dose
2 | / conformity and better sparing of
20 i surrounding healthy tissue in comparison
Bragg peak (protons) L to X-rays radiation. Adapted from [3].
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Structure and properties plasma-chemical modified polymer substrates for additive
manufacturing

®.A. loponnn, A.B. Casunkas, H.H. boxxo, I'.O. Pritukos, H.A. bornanosa, B.I'. Hazapos
F.A. Doronin, A.V. Savitskaya, N.N. Bozko, G.O.Rytikov, N.A. Bogdanova, V.G. Nazarov

Moscow polytechnic university, 38 B. Semenovskya str., Moscow 107023, Russia,
e-mail: f.a.doronin@maospolytech.ru

The paper demonstrates the results of 3D printing of elements of printed planar
microfluidics on the surface of flexible PET substrates. It was shown that the
plasma-chemical modification promotes an increase in the adhesion of the PLA
filament to the PET surface from 1 to 5 + 1 kPa which is due to an increase in the
surface energy of PET, mainly because of the polar component, as a result of the
formation of oxygen-containing groups on the polymer surface during processing.

Due to the growth in the number of studies [1] in the field of biological and chemical
analysis using microfluidics devices [2] and the intensive development of additive
prototyping technologies, the share of manufacturing “laboratories on a chip" using 3D
printing technologies has significantly increased [3] including the use of flexible polymer
substrates. Among the many technologies of additive manufacturing the technology of layer-
by-layer fused deposition modeling (FFF) 3D printing is of interest. Due to the fact that most
polymer substrates have low surface energy values [4] it is impossible to carry out high-
quality printing with filaments on polymers because of the low adhesion of the filament to
their surface, and as a result, it is impossible to manufacture microfluidics devices.

Based on the foregoing, the purpose of this work is to use plasma-chemical treatment to
solve technological problems (filament adhesion) in the manufacture of printed planar
elements of microfluidics devices on the surface of polyethylene terephthalate-based
substrates (PET substrates) using FFF printing.

Modification of PET substrates (Tasma, Russia) by plasma-chemical treatment was
carried out in accordance with the methodology [5] on a small-sized installation (Figure 1 (1))
developed at the Moscow Polytechnic University at a direct current of 60 mA and a voltage of
~3.5 kV and a processing time of 15, 30, 45 and 60 seconds.

3D printing of planar printed microfluidics elements (Figure 1 (I1)) was carried out on
an Anycubic Mega S FFF 3D printer (China) based on a filament, based on polylactide (PLA)
with a diameter of 1.75 mm (FD Plast, Russia) at a temperature of 230 ° C. Microchannels of
«zigzag» configuration were selected as microfluidic elements (Figure 1 (I11)), according to

[6].
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Figure 1. Schematic of a plasma-chemical plant for PET modification (I); configuration of
microfluidic elements (1) [6]; schematic diagram of 3D printing (FFF) [7] (111) and quality control of
their printing on the original and modified PET (IV)

The wetting edge angles (Figure 2) for distilled water and ethylene glycol were

determined on the installation for a high-speed micro photography of the wetting process

(Moscow Polytech, Russia), followed by the calculation of the surface energy (Figure 3),

according to [5]. Quantitative control of the adhesion (Figure 4) of the PLA-filament to the

surface of PET substrates was carried out by means of the tensile testing machine RM-50

(Mashplast LLC, Russia) with subsequent registration of the ultimate tensile strength values

in the StretchTest program.
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Figure 2. Dependences of the wetting angle of PET substrates with distilled water (1)

and ethylene glycol (2) on the duration of plasma-chemical treatment
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It was found that plasma-chemical treatment has a significant effect on the surface
wettability of PET substrates and their surface energy. It is characteristic that the change in
the total surface energy for all types of substrates is achieved mainly due to its polar
component. This is associated with the oxidizing activity of the plasma and the appearance of
polar oxygen-containing (carbonyl, carboxyl) groups in the surface layers of polymer
substrates, which is confirmed by precision methods of analysis [5, 8].

It can be seen that the values of the surface energy of PET substrates are proportional to
the magnitude of the strength of filament detachment from their surface.

Thus the tensile strength at filament detachment from the original PET substrate is
1 kPa (Figure 4) while for the modified substrate the values of the tensile strength at
detachment are 6 times higher. The quantitative data of the tensile strength at filament
detachment from the PET substrate was also verified by optical microscopy (Figure 1 (1V),
marked with an arrow), where printing defects were recorded on the original PET and their
absence on the modified one, which indicates the strength of the joint “filament-polymer

substrate”.
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Damage of biological materials by heavy components of cosmic rays that form radiation
environments during interplanetary flights can be modeled by irradiations of cell cultures and
experimental animals with swift heavy ions of energies 0.1-10 MeV/nucl (SHI, M>10mp,
where mp is the proton mass) [1],[2]. Constituting the most of the energy loss (>95%), the
electronic stopping of an SHI can achieve values ~20-30 keV/nm. Subsequent multistep
relaxation of generated hot electrons results finally in formation of a structurally and
chemically changed ion track with a length up to hundreds micrometers [3]. A lack of
knowledge about physical, chemical and biological processes lasting for femto- picoseconds
and ranging in the nanometric spatial scale forms the basic problem in understanding of SHI
effects in biological systems [4].

Avoiding formation of free radicals due to decomposition of water molecules,
irradiations of dry DNA molecules clarifies direct damage of the DNA double helix by heavy
particles [5]. We used natural DNA instead of artificial plasmids [6] for studying effects of
cosmic rays on dry cells during a long stay in near-Earth orbit [7] as well as changes in Phage
Lambda DNA irradiated with 48MeV Ar and 158 MeV Xe ions at IC-cyclotron of JINR
(Dubna) [8].

This paper presents results of irradiations of Phage Lambda dry DNA samples with
carbon (128.4 MeV and 62.4 MeV) and iron (196 MeV and 515.2 MeV) ions by fluences
ranging from 108 to 10°%m2 at UNILAC accelerator of GSI (Darmstadt). A restriction
analysis of the irradiated samples is supported by modeling with TREKIS code [9] of initial
excitation of dry DNA in the vicinity of the ion trajectories. Phage Lambda cI857S7 DNA
(48502 b.p., MW 31.5x108 D, SibEnzyme, Russia) samples (110 pg) were dried at 37°C.
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These samples have thickness ~2um much less than ranges of the applied ions (~20-50pm),
and no perceptible changes of the linear energy transfer (Se) occur during passages of the ions
through the targets.

Site-specific enzymes restriction endonucleases followed by electrophoresis were
applied to analyze the size distribution of DNA fragments and to estimate dependencies of
DNA damage efficiency on the projectile energy and the beam fluence. Two endonucleases
were used: BsuRI and Sse9 I with GGTCC and AA1TT restriction genomic sites respectively
(SibEnzyme, Russia), that gives an ability to find pairs of nucleotides which bonds are weaker
to excitations caused by SHIs. The electrophoresis allows separation of DNA fragments of
different weights/lengths reordered due to fluorescent staining (ethidium bromide) in a gel
(see left Fig.1).
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For a quantitative analysis of the electrophoresis data we apply a linear (trend)
approximation of the experimental curves by the least squares method. In Fig.1b the trend
angle determines the ratio between fractions of large vs. small DNA fragments in a damaged
sample.

Figure 2 illustrates effects of different ways of increasing of the integral absorbed dose
on damage of dry DNA: by variations of the ion fluence (Fig.2, left part), and by increasing of
the electronic energy loss realized by different projectiles at an identical fluence (Fig.2, right
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part). For Fe ions causing much higher DNA damage, the trend angles changes by almost of
80% (BSU) when the fluence increases. Fe ions applied with the highest fluence of 10°cm-2
destroyed DNA molecules. Contrary, C ions changed the trend angles only up to 4%.
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Figure 2. Fluence dependence of the linear trend angles of the distributions of DNA fragments for the
applied BSU restriction enzyme (left). Dose dependences of the linear trend angles of the fragment
distributions in dry DNA irradiated with C and Fe ions with the fluences of 10°cm (right).

The accumulated dose is not the only parameter controlling damage formation by SHls.
Depending on the projectile velocity, initial spectrum of generated electrons governs spatial
expansion of excitation and, finally, the damage kinetics in a target [5]. Simulations with MC
TREKIS code demonstrate (see Figure 3) large differences between the radial distributions of
generated electrons and holes in valence orbitals as well as the energy transferred into ionic
system of DNA around trajectories of 16.8 MeV (0.3 MeV/u) and 515.2 MeV (9.2 MeV/u) Fe
ions realizing the same electronic energy losses in dry DNA (dE/dx=4.5 keV/nm).

These parameters form initial conditions for further structure and chemical changes of
the dry DNA target after cooling down of the electron system at 100 fs: the energy of valence
holes per a DNA molecule unit Ca0H27N7013P2 (up to 30 eV per molecule), heating of the
ionic subsystem in eV per atom and in Kelvin per atom (up to 900 K/atom), heating of the
ionic subsystem when it accumulates the excess energy of holes during their decay (up to
3200 K/atom). Fig.3 shows that the energy accumulated finally in the ionic subsystem of
DNA around the ion trajectory are much higher than that necessary for DNA decomposition.
Even at distances larger than 10 nm from the ion trajectory the damage kinetics cannot be
described only by relaxation of ionized and broken bonds because enhanced dynamics of hot
atoms must be taken into account.
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Figure 3. Temporal evolution of the radial distributions of the number and energy of generated
electrons and holes in the valence orbitals as well as the energy transferred into the ionic system of dry
DNA around trajectories of 16.8 MeV (0.3 MeV/u) and 515.2 MeV (9.2 MeV/u) Fe ions.

Summarizing, the presented results demonstrate a possibility of quantitative estimations
and modeling of effects of heavy components of cosmic rays on the genome.

This work was made in the framework of the International Biophysics Collaboration
(www.gsi.de/bio-coll) being a part of UNILAC GSI FAIR Phase-0 project. This work has
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http://ckp.nrcki.ru/,

1. J. Kiefer, J. Radiat. Res. 43 Suppl (2002) S21-5.

2. M.S. Turker, D. Grygoryev, M. Lasarev, A. Ohlrich, F.A. Rwatambuga, S. Johnson, E. Al., PLoS One. 12
(2017) e0180412.

3. R.A. Rymzhanov, S.A. Gorbunov, N. Medvedev, A.E. Volkov. Nucl. Instruments Methods Phys. Res.
Sect. B Beam Interact. with Mater. Atoms. 440 (2019) 25-35.

4. A. V. Solov’yov, Nanoscale Insights into Ion-Beam Cancer Therapy, 1st ed., Springer International
Publishing, Cham, 2017. https://doi.org/10.1007/978-3-319-43030-0.

5. Y.N. Korystov.Radiat Res. 129 (1992) 228-234.

6. M. Souici, T.T. Khalil, D. Muller, Q. Raffy, R. Barillon, A. Belafrites, C. Champion, F. M., J. Phys.
Chem. B. 121 (2017) 497-507. https://doi.org/10.1021/acs.jpcb.6b11060.

7. M.Y. Karganov, I.B. Alchinova, E.N. Yakovenko, V. V. Kushin, K.O. Inozemtsev, A. Stradi, J. Szabo,
R.V.. Shurshakov, V. A. Tolochek, J. Phys. Conf. Ser. 784 (2017) 012024. https://doi.org/10.1088/1742-
6596/784/1/012024.

8. M.Y. Karganov, I.B. Alchinova, M. V. Polyakova, V.l. Feldman, S.A. Gorbunov, O.M. Ivanov, R.A.
Rymzhanov, V.A. Skuratov, A.E. Volkov, Radiat. Phys. Chem. 162 (2019) 194-198.
https://doi.org/10.1016/j.radphyschem.2019.04.048.

9. N.A. Medvedev, R.A. Rymzhanov, A.E. Volkov, J. Phys. D. Appl. Phys. 48 (2015) 355303 (24pp).
https://doi.org/10.1088/0022-3727/48/35/355303.

154



RADIOLYSIS OF PYRIDINE-WATER ICES BY ION IRRADIATION

P. Ada Bibangl, AN. Agnihotril’z, P. Boduch!,
A. Domaracka', Z. Kanuchova®, H. Rothard""

!Centre de Recherche sur les Ions, les Matériaux et la Photonique,
Normandie Univ, ENSICAEN, UNICAEN, CEA, CNRS, CIMAP, 14000 Caen, France
’now at: Indian Institute of Technology Delhi, India
3 Astronomical Institute of the Slovak Academy of Science, 059 60 Tatranska Lomnica,
Slovak Republic
*rothard@ganil. fr

Introduction: Radiation Resistance of Complex Organic Molecules

Complex organic molecules (COMs) can be formed by radiolysis induced by ionizing
radiation of small molecules condensed as thin icy layers on dust grains [1,2]. Indeed, COMs
were found in different objects originating in the outer Solar System such as the Murchison
meteorite (nucleobases) [3] and comets (amino acid) [4-6], in particular by ESA’s ROSETTA
mission on 67P/Churyumov-Gerasimenko. An important source of organic matter are
micrometeorites, which deliver organic matter from space to Earth and thus may have
contributed to the emergence of life [7]. Once formed in space, COMs are themselves
exposed to the complex radiation field (UV, x-rays, electrons, cosmic ray ions) present in
space. Consequently, the question arises how long COMs can survive in space. It is useful to
investigate their radiation resistance in order to determine the survival times of complex

molecules [8,9].

We have studied the radiolysis of the complex organic molecule pyridine. Pure pyridine
(CsHsN) and mixed pyridine-water ices (T = 12 K) were irradiated with swift ions at two
beam lines of the GANIL facility (Caen, France): SME (650 MeV Zn?*") and ARIBE (90 keV
0%"). The evolution of the IR absorption lines of pyridine in the ices was monitored as a
function of projectile fluence with a FTIR spectrometer in CIMAP's CASIMIR device. From
the exponential decrease of the peak intensities, the destruction cross sections of pyridine
were calculated in pure and mixed ices. Also, the appearance of radiolytic products was
followed by in-situ infrared absorption. The destruction cross sections as a function of
electronic energy loss follows a power law, as also observed in the cases of other molecules

[8,9].

155



Destruction cross sections as a function of pyridine concentration

A pronounced dependence on the pyridine concentration (the percentage of pyridine in
H>0) was found: the destruction cross sections are significantly higher for small concentration
(see figures below). The water environment significantly modifies the radiation resistance of

the initial complex organic molecules: it enhances radiosensitivity, and destruction of

pyridine, with implications for radiobiology and astrochemistry [10].

normalised cross section 6

Experiments on the stability of COMs in solid water under ion irradiations have been
performed with amino acids (glycine, alanine, phenylalanine) [11,12] and the nucleobases
thymine [13], which resembles the structure of pyridine - it contains one aromatic ring. The
results reported with thymine show a similar behavior as those observed here with pyridine:
the radiation resistance of thymine decreases as the dilution of thymine in water increases
[13]. Furthermore, concerning the photolysis of PAHs (polycyclic aromatic hydrocarbons) in

water ice matrix, the destruction of the PAHs is more efficient for lower than for higher
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OBPABOTKA HOHAMH BBICOKOM SHEPT MM BHYTPEHHE ITOBEPXHOCTH
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JUAMETPA
HIGH ENERGY ION BEAM TREATMENT OF INNER SURFACE OF POLYMER
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This paper studies the carbon layer of a blood vessel prosthesis. The carbon layer
was created by ion implantation into the inner surface of the prosthesis. Fourier
transform infrared attenuated total reflection spectroscopy show the surface
structure transformations associated with the ion implantation. The protein
covalent attachment on the modified surface was observed. Shown
antithrombogenicity of the carbon layer in the experiment on rabbits.

CepredHO-coCy IUCThIE 3a00JIEBaHNUS ABISIOTCS OCHOBHOW NPHUYHHOI CMEPTH BO BCEM
mupe [1, 2]. ExeromHo ot Goje3Hell cep/ua yMHPAIOT OKOJIO 17 MHIUTHOHOB YeNOBEK, YTO
cocTaBisieT mpuMmepHo 29% Bcex ciaydaeB cMmepTH. HawmOoibliee KOJIMYECTBO cMepTed OT
CepCUHO-COCYUCTHIX IPUXOAUTCS Ha Bo3pacT 45-50 jer, To ecTh Ha TPYAOCHOCOOHBII
TIEPUOA. VBenuuenue TIPOAOJDKUTEIIBHOCTH JKU3HU IMAllMEHTOB C CEPACYHO-COCYAUCTHIMA
3360J'I€BaHI/[$IMI/I YacTO BO3MOXHO TOJIBKO IIPU 3HAOIIPOTE3MPOBAHUU COCYJIOB M KJlallTaHOB
cepana, YCTAaHOBKH CTCHTOB MJIM KapAUOCTUMYIISITOPOB. OI[HaKO CUHTCTUYCCKHEC MaTCpHUaJIbl
IIpA BXUBJIICHWA B OpPraHW3M IIAlIMCHTA BBIZBIBAIOT PEAKLINUI0 HAa HHOPOAHOE TEJIO, 4YTO
COIPOBO’KACTCST 00pa30BaHKEM BOKPYT HIONMpoTe3a (HHOPO3HON TKAHU U TPOMOOTHUECKUX
macc. Eme B 1979 rony H. Haimow, F. Giron u J. H. Jacobson B HabmiogeHusx 3a 362
MMIUTAHTATAMH M3 PACTSHYTOro moiuterpadropatiieHa mapku Gore-Tex, BKHUBICHHBIMHU
OONBHBIM pu onepanuun GGHPQHHO-HOHKOHGHHOFO LUTYHTUPOBAHHUA, OTMCTUIIN TPOXOAUMOCTH
npote3oB uepe3 3 roxa b y 58 % OGonbHbIX [3]. B urTOre, mpMMEHeHHE CHHTETHYECKHX
OHIOONPOTE30B CCleC'—IHOCOCyLLI/ICTOﬁ CHUCTEMbI BBI3BIBACT OIIACHOCTH BO3HHUKHOBCHHS
TpOM6030B u TpOM603M60IIH'—IeCKOFO CUHAPOMA U, KaK CIC€ACTBUEC, CHUKECHUE ITPOXOIUMOCTHU

KpPOBOTOKa M CMEPTh. HaubGounpiass yactoTa TakUX OCIOXHEHUH U TOCJICICTBUI
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HaOJIFOZIaeTCA y TAIMEHTOB C CHCTEMHBIMH 3a00JICBaHUSIMH (IMabeT, OHKOJOTHSA W JIp.), a
TaroKe IPH IPOTE3NPOBAHUH COCYIOB MAJIOTO IaMeTpa, MeHee 6 MM.

B nmanHO# paboTe OBLT HMCCIENOBAaH YIJIEPOMHBIA CIIOH Ha COCYIHCTBIX NPOTe3ax M3
monuyperaHa AauHOM 10 MM, BHEIIHMM auaMeTpoM 2 MM H TommuHOH creHkn 0,1 mm.
OO6pasisl MPOTE30B CHHTE3NPOBAIH B Ja0OPATOPHBIX YCIOBUAX M3 (OpHONIMMEpa HAa OCHOBE
TTOJHUIIPONIJICHTTINKONS C KOHLEBBIMU THAPOKCHIBHBIMH TPYIIIaMH, TEPMHHUPOBAHHBIMH
2,4-tonyuneH  gumsonpaHaroM. Jlus  oTBepxkAeHHs  (OpIOIMMED  CMELIMBAIM  C
MOJIUTETPAaruaApoPpypaHoM, MPUMEHSS JIMTHEBOH METOM ISl CO3[aHusl HEOOXOAUMON (HOPMBI
nporte3sa. [locie cuHTe3a 00pasiLbl OTMBIBAIIM B PACTBOPUTENE IENTaHe, CCPTU(GULUPOBAHHOTO
JUISL MEAMLIUHCKOTO IPUMCHCHHUS.

Jlns co3maHMsl yIJIepOJHOrO CIOsl Ha IOBEPXHOCTH IPOTE30B COCYAOB HCIONb30BANIU
METOJ IJIa3MEHHO-UMMEPCHOHHO# noHHoit nmrutantaunu (ITMVN). O6pasipl obpabaTsiBaiu
HOHaMH a3oTa ¢ sHeprueid 20 k3B co Bcex CTOpPOH B TpU IpUeMa € I0CIe0BATEIbHBIM
noBopoToM Ha 120° Ha kaxaom uiare. J[jas 3TOro LIYHTHl 3aKpeIUIUIM Ha IOBEPXHOCTU
BBICOKOBOJIBTHOTO DJICKTPOJa M BO3JECHCTBOBAIN TONBKO HA UX BEPXHIOI CTOpOHY. Bpems
00paboTku Ha onHOM mare cocTasisno 800 cek, uTO COOTBETCTBOBaNO (roency 106
HOHOB/CM?.

OpnHako HOHHO-TIJIA3MEHHAs CUCTeMa C IUIAHApHOW TIeoMeTpHed JIeKTpoJa He
Mo3BoOJIsIa 00padOTaTh BHYTPEHHIOK IOBEPXHOCTh ULIYHTOB IOTOKOM HOHOB BBICOKOM
sneprun. [loaTomy ObLT pa3paboTan cmoco® 00pabOTKM HEMOCPEICTBEHHO BHYTPEHHEH
[IOBEPXHOCTH IIPOTE3a COCY/A, IPH KOTOPOM MOTOK IIJIa3Mbl CO3JA€TCS B €0 HOJIOCTH MEXIY
BBICOKOBOJIbTHBIM ~ DJICKTPOZIOM ¥ CTCHKOH BaKyyMHOH KaMepbl C HCIIOJIb30BaHHEM
HMITYJILCHOTO PeXMMa 00paboTku. BOKpyr mIyHTa pa3Meliaercss MeTalIMYeCKUi dIIeKTPO,
Ha KOTOPBIN MOAAIOTCS MPSIMOYTOJIbHBIE UMITYJILChI BBICOKOT0 HanpsikeHust 10 kB ¢ yactoToit
50 T'y u mmpusol umiysbsca 20 mMxc (Pucynok 1). Yepes noasomsiyto TpyOKy B 1OJOCTbH
mpoTe3a cocyza nojaercs asor. JlasneHue Pl B moaBozsimeit TpyOke U B HIYHTE COCTABIISET
2-3 Topp, 4to Ha 4 mopsiKa BhIIIE JaBjIeHUs B peaktope P2. 3a cuer 3Toro odecrneunBaercs
yCIIOBHE JUIsl CO3JaHMS IUIA3MEHHOTO pas3psia B IOJIOCTU IIYHTa M €ro OTCYTCTBHE B
OCTAIBHOM peakTope. TakuM 00pa3oM MOHAMH BBICOKOH 3HEPrum 0OpadaThIBAETCS TOIBKO
BHYTPEHHSSI TIOBEPXHOCTh LIyHTa. Bpemss oOpaOOTKM BHYTpEHHEI MOBEPXHOCTH IIyHTOB
cocrapiser 10 MuHYT.

Ilocne wnoHHO-TIa3MeHHOH 00pabOTKM Ha mpoTe3ax HaOMIOJANOCh IOTEMHEe
MTOBEPXHOCTH, XapakTepHoe s KapbormsoBanHoro ciost [4]. Ilo pesympraram anammsa

®ypre MHPPAKPACHBIX CIIEKTPOB MHOTOKPATHOTO HAPYIIEHHOTO TIIOJHOTO BHYTPEHHETO
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orpaxennss (MK MHIIBO) moaTBep)KIeHO TIOSBICHHE YIICPOAHBIX CTPYKTYp B
oOpaboTaHHOI IIa3Moll BHYTpeHHeH MoBepXHOCTH IIyHTa. C moMorpio criekTpockornu UK
MHIIBO mnpoBeneHa oreHKa aJCcOpPOIMOHHOI aKTHBHOCTH YTJIEPOAHOTO ClIOS K OCnKy
TPOMODJIACTUHY, IOATBEPXKIAIOMIAsl €ro KOBAIGHTHYI0 MPHUIIMBKY K 00pabOTaHHOM
noBepxHocTH. Jlanuble MK-cmekTpockonmuu BHYTpPEeHHEH IIOBEPXHOCTH UIYHTOB M3
MoNMypeTaHa, oOpabOTaHHOTO MOHAMH BBICOKOW JHEPIMH, COTJIACYIOTCA C pe3yabTaTaMH

HAIIKMX MPEIBIAYIHX paboT 0 06paboTKe IOCKUX 00Pa3IoB MmoIuMepos [5].

Ocuunnorpad

BakyymHasa kamepa

®

BbICOKOBONBTHbBIN 3NEKTROA,

U,

las 1y VA A2

MopsopAwan
TpybKa

Iy

Pucynok 1. Cxema 06paboTKM BHYTPEHHEW TOBEPXHOCTH IIYHTA

Jlns OLeHKHM peaknuu TpoMOOOOpa3OBaHMSI MONHMEPHBIE IPOTE3Bl COCYIOB C
YIJIEPOJHBIM CIOEM M HAHECEHHBIM TPOIIOIACTHHOM, a Takke HeoOpaboTaHHBIE 00pasIbl
LIyHTOB, UMIIIAHTUPOBAIU B COHHYIO apTEpUIO KPOIHKOB Moponsl CoBeTckas HIMHIIHILIA.
OO6paboTaHHBIC MONUMEPHBIE IPOTE3Hl COCYIOB IOKPBHIBAIM CIOEM OelIKa TPOIOdIACTUHA
norpyxexueM B OyepHslii pactBop ¢ HeWTpaneHbiM PH. KoHuentparus Genka B pactBope
coctamsuia 100 wmxr/min. Bceero wucmonp3oBanu 2 00pabOTaHHBIX —IUIAa3Moi U 2
HeoOpabOTaHHBIX LIYHTA IS 4 KPOJIMKOB. AHTHKOAryJIIHTHYIO TEPAlHUIO MIPOBOMIH TOIBKO
Ha MOMEHTE OIIepaTHBHOTO BMemaTenabcTBa. [locie omeparuu mpenaparhl, pa3kiKaromye
KpOBb He NpUMeHsUIH. CPOK SKCIIO3ULUK IPOTE30B B KPOBEHOCHOM PYCJI€ COCTABIISII HEAEIIO.
Ilocne 3TOro >KMBOTHBIM HPOBOJMJIM 3BTAHA3HMIO, BBIPE3AIM IPOTE3 C (HparMeHTOM
OKpY’KaIOIMX TKaHeil n ¢ukcupoBanu B popmanuue. [lanee oOpasel TkaHei paspe3ain Ha
JIBE YaCTH TIONIEPEK COCYIa, MPOBOAMIHM CTAaHIAPTHYIO ITOJrOTOBKY I'MCTOJIOTHYECKUX CPE30B,

OKpalluBaJId I'€MaTOKCUIIMHOM U 303WUHOM. IIJ'IH OLICHKHU pE€aKUUMu Cpe3bl AcIaln C oboux
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KOHIIOB @aHACTOMO32 H TTOCEPEMHE U3BATOr0 cocyaa. JJIs MoryueH s OTHOLCHHON KapTHHBI
BIOJNb BCEr0 COCYIUCTOTO pyCla BBINOJIHHIN HCCIENOBAHUE IONOCTEl KPOBOTOKA C
[IOMOLIBI0 MUKPO(OKYCHOH CHCTEMBI PEHTTCHOCKONMHH C (PyHKIHEH KOMITBIOTEPHOM
tomorpadun Nikon Metrology XT H 225. Jlaunbie ¢ 060nx METOAOB NPUBEACHBI B TAOIHIE
1. OueHeHsI cpeiHne 3HAYCHUSI TIIOLIA/AN CEYCHHE KPOBOTOKA B IIPOTE3aX COCYIOB.

Tabumra 1. Inomaas ceueHus moocTei KpOBOTOKA B IMPOTE3aX COCY/IOB

Merton uccnenoBanus, el. u3M. | O6paboTaHHbBIC HeobpaboTanHbie
THCTONOTHS, MM? 0,943222246 0,384239765
Tomorpadus, Mm? 0,097220633 0,036679245

ITo pe3ynpTaTaM T'MCTOJIOTMYECKOTO M TOMOIpaMueckoro aHaiu3a HaOIogaeTcs
copMUpOBaHHBIIT TPOMO BO BCEeX MpOTE3axX COCYAOB 1Mo Bceil mHe. OnHako
BOCCTaHOBJICHHE KPOBOTOKA, T.H. pEKaHaIW3alHs, INpOTeKaeT OblcTpee B IIpoTe3ax C
YIJICPOJHBIM CJIOEM M HAHECEHHBIM OEJIKOM TPOIO3/1acTMHOM. PasHuIla B aOCOIIOTHBIX
3Ha4YEHMAX OOYCIIOBICHa TEM, YTO CPE3bl CIENaHbl C OTJCIBHBIX YYacCTKOB cOCyJa, a
ToMorpadus MO3BOJSIET OLECHHUTh CPEIHHE 3HAUCHHs IO Bcel JuiMHe mpote3a. OOpadoTka
CTaTUCTHYECKUMH METOJaMH HE MOXKET OBITh BBINOJHEHA 10 NPHYMHE MaJoro obbeMa
BeIOOpKH. o pesynbTaTaM MOXHO CIENaTh BBIBOJ O HEOOXOAMMOCTH M IEIeCO00pa3sHOCTH
IIPOBEJICHHs SKCIICPUMEHTOB B JAHHOM HallpaBJIeHHH. VICrionp30BaHNE HOHHO-TUIA3MEHHOTO
MeToza J11 00pabOTKM BHYTPEHHEH IOBEPXHOCTH IPOTE30B KPOBEHOCHBIX COCYZOB MallOro

JAuaMeTpa MO3BOJIACT YIYHUIINUTh UX aHTHTpOM6OFCHHOCTB.
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Pabota mocBsiieHa MoAM(HKAIMA TOBEPXHOCTH TUTaHOBOro cruiaBa BT6

nocpezctBoM Hanecenus: a-C:H:SiOx mnénku. Beuio mokasaHo, 4To HaHeceHue a-

C:H:SiOx ninéHky NpHBOAUT K CHIDKEHHIO B 24-4 in Vitro KyJabType NeHKOLHTOB

KOHIIGHTPALMH HPOBOCHAIUTEIBHBIX IMTOKMHOB M XEMOKHMHOB. JTO SBISCTCS

clie[IcTBHEM TIpoTUBOBOCHanurenbHoro neicreust a-C:H:SiOx mokpeitus, 4ro

HEPCIEKTUBHO JUIS IPHMEHEHHS B MEAULIMHE IPH CO3J]aHNH UMILIAHTaTOB.

Marepuansl Ha OCHOBE THTaHa MOJIB3YIOTCS IIOMYJIAPHOCTBIO B MEAULHUHE IPH
co3qaHMM  MMIUIaHTatoB [1, 2], TOCKOJBKY OONaaroT  BBICOKOH  KOPPO3MOHHON
YCTOWYHBOCTBIO, XOpOIIel OHOCOBMECTHMOCTBIO, HM3KOH IUIOTHOCTBIO, YTO CHOCOOCTBYET
YMCHBIICHHIO MAcChl M3JICNIHs, a TAK)KE BBHICOKOW MEXaHMYECKOM NMpPOYHOCThIO. OmHHMM U3
KPUTHYECKHX HEJOCTATKOB THTAHOBBIX MAaTEPHUAJIOB SIBIAIOTCS IUIOXHE aHTH(QPHKIMOHHBIE
CBO#iCTBa (BBICOKHI KO((UIHEHT TPEHHUsI 1 CKOPOCTh M3HOca) [3, 4].

brnaromapst  MoauMWKanWM  TOBEPXHOCTH  THTAHOBBIX  MAaTEPHAIOB  yAAeTCs
a/lanTHPOBaTh CBOWCTBA MOBEPXHOCTH I0J] KOHKPETHYIO MPUKIAAHYI0 3amady. OmHuMm u3
MIEPCIEKTUBHBIX CIIOCOO0B MOU(HKANK OBEPXHOCTH SIBIISIETCS HAHECCHHE TOHKUX TUIEHOK
M TOKpBITHH. B KauecTBe MOAMOUIMPYOMIErO MOKPBHITHS MBI HCIIOIb30BAIH KPEMHHIA-
yrnepoguyto  (a8-C:H:SiOx) mnéHky, o0nagaroulyro BBICOKOH TBEPAOCTBIO, HH3KHM
KOd()(PUIIHEHTOM TPEHHUSI U HU3KOM CKOPOCTBIO M3Hoca [5-9].

Panee vamu 6buI0 TMOKa3aHo, yro HaHecenue a-C:H:SiOx miénku Ha 06pasipl THTaHA
BT6 wm craim 316L mpuBOAMT K MOBBINIEHWIO MEXAaHWYECKUX, TPHUOONOTMYECKHX W

AHTHKOPPO3HOHHBIX cBoiicTB [10, 11].
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Llenp Hacrosmiedl paOOTHI 3aKIOYANach B MCCICIOBAHHH MEINKO-OMOIOrMYECKHX
CBOﬁCTB, B  YaCTHOCTH MOp(i)O(i)yHKHHOHaIIBHOﬁ p€aknuu MOHOHYKIICAPHBIX  KJIETOK
(HSMeHeHHe KOHIICHTpAlUU ITUTOKHMHOB U XEMOKHHOB B CyII€pHAaTaHTaX IIpHU 24-q KOHTaKTe)
Ha o0pasuax TuTaHoBoro crasa BT6 1o u mocie Hanecenus a-C:H:SiOx miéuku.

OkcrnepumenTsl 1m0 HaHeceHnio a-C:H:SiOx MéHKM MPOBOMMIKCH HA BaKyyMHOI
MOHHO-TITA3MEHHOH YCTaHOBKE C TypOOMONEKYISAPHOH CHCTeMOW OTKadkW. B kadecTse
TEXHOJIOTHYECKOI0 HCTOYHHKA BBICTyNaJI IJIa3MOTCHEPATOp C HaKaJCHHOMU HUTBIO,
OCHAIIICHHbII CUCTEMOM BBOJIA JKUIKOTO 1a3M000Pa3yIOIIEro TpeKypcopa
(monueHUIMETUIICHIIOKCaH), TIEPEBOAUMOrO B MApOBOE COCTOSIHUE BCIEACTBUE HArpeBa.
MOJ]CKyJ'IbI mapoB HOHl/lq)CHI/IJlMCTl/IHCI/IHOKCaHa HCIIOJIb30BAIMCH IJIA I'CHEpAlU IJ1a3Mbl, U3
koTopoii popmuposaiack a-C:H:SiOx mnénka. JleranbHas nHOPMALHA O TEXHOIOTHIECKUX
YCIIOBUSIX HaHeCeHus orucana B [12].

B pamkax wuccnenoBanust BiusHus a-C:H:SiOx HOKpBITHsS Ha >KU3HEAESTEIbHOCTD
KyJIbTYpbl MOHOHYKJIeapHbIX KieTok (MHK) kpoBu uenoBeka HpOBOAMIACH OLCHKA €&
CEeKPETOPHOH aKTHUBHOCTH. IIpH COKYJIBTHBUPOBAHMH C THTAHOBBIMHM oOpasuamu 0e3
MOKpBITUST Habmronmanack Hecneuuduueckas aktuBauuss MHK, dro compoBokmanoch
YCHJICHHEM CEKPELUH IPOBOCIAINTEIbHBIX [HTOKHHOB M XeMokuHOB (Tabm. 1). DOto
O3HAayaeT, YTO THTAHOBBIE O0O0pa3lbl 0€3 IOKPBITHS SIBISIOTCS —HECTeU(pHUUSCKUM

pasapaxuTesIEM KIETOYHBIX CUCTEM.

Tabmuna 1. KoHneHTpanmusi MUTOKMHOB M XEMOKHHOB (NII/MJI) B CylepHAaTaHTaX HpH 24-4

konTakre MHK ¢ tecrupyembivu o6pasuamu, Me(Q1-Q3), n=10

HuTOKMHBI XeMOKHHBI
I'pynnbt
IL-17 TNF-a IL-8 RANTES MCP-1 (MCAF)
9 39 1436 1035 164

! (5-17) (33-69) (1055-1725) (636-1166) (162-167)
21" 209" 1395" 433" 1445"

2 (18-22) (183-311) | (1242-1570) (363-659) (1324-1570)
12" 58™ 803" 220" 168™

3 (9-18) (34-81) (591-1152) (170-598) (125-177)

Ipumeuanue: 1 — xnerku 0e3 TECTOBBIX 00pa3lOB (KOHTPOJB), 2 — KIETKH ¢ 00pasuamu

turtana BT6, 3 — xierku ¢ obpasuamu thrana nocie HaHeceHus a-C:H:SiOx mienku
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toiuHo# 1.4+0.13 Mim; *p<0,05 mo cpaBHEHHIO ¢ KIeTkamu 0e3 06pasmos (1), **p<0,05 mo

cpaBHEHHIO ¢ oOpa3uamu TutaHa BT6 (2).

W3 tabmuuer 1 BugHo, uyro rpymnma oOpasioB TutaHa BT6 c  HaHeceHHO
a-C:H:SiOx menkoii (3) 3ameTHo mojasisieT cekpenuto xemokunos IL-8, RANTES, MCP-1
(MCAF). Ilpu 3TOM KOHIEHTpAlMUd LUTOKMHOB HAXOJSTCS Ha YpPOBHE IIOKa3arelei,
MOJyYeHHBIX 0e3 TecTupyembix o0pasioB (1). JleBATHKpaTHOe CHHIKEHHE KOHICHTPAIIUU
nabmonaercs st xemokuna MCP-1 (MCAF). MoHonMTapHbIid XeMOaTTpaKTaHTHBIH Oenok-1
(MCP-1/CCL2) siBisiercss OIOHHUM K3 KIIOYEBBIX XEMOKHHOB, KOTOPBIM YYacTByeT B
pa3InNyYHBIX 3a00NEBAHMAX M PETYJIHPYET MHIPAIMIO JICHKOLMTOB M3 KPOBOTOKA 4epes
COCYAUCTBI DHIOTENUH, HEOoOXOomuMyro Uil peryisiuuu BocmaneHust [13]. TlomyuenHble
pesynbrarel 03Hayaior, 4to a-C:H:SiOx mnokpbiTHEe OKa3bIBacT MPOTHBOBOCHAIHUTEIBHOE
JeiicTBHE B OTHOLIGHMH CEKPEMM XEMOKMHOB. HaHeceHMe Takoro IIOKpHITHS Ha
MEIMIMHCKME WMIUIAHTAaThl M YCTPOKMCTBA, KOHTAKTHPYKOIIHME C KPOBBIO, Oyzer
CIocOOCTBOBATh TOPMOKCHHIO MMOTCHIMAJIBPHON BOCHAIUTENBHON pEaKUHd Ha HHOPOIHOE
Teno. OCHOBHOE BIIMSIHME HAa CHI)KCHHE KOHIICHTPALMH IUTOKHHOB M XEMOKHHOB OKa3bIBacT
M3MEHEHNE CMaYuBaeMOCTH MTOBEPXHOCTH, pebeda N 3IeKTPOCTaTHYECKOTO TOBEPXHOCTHOTO
MOTCHIUANA.

Paboma svinonnena npu ¢hunarncosoii noooepoicke epanma PH® Nel9-19-00186.
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OB UCIIOJIb30BAHUM HU3KOTEMIIEPATYPHOM IIJIA3MbI B KOHTAKTE C
KUIAKOCTBIO JUIA NOJYYEHUA HAHOCTPYKTYPUPOBAHHBIX OKCHUJ10B
KEJIE3A
ON THE USAGE OF LOW-TEMPERATURE PLASMA IN CONTACT WITH A
LIQUID FOR OBTAIN NANOSTRUCTURED IRON OXIDES

A.B. Araponos’ *, H.A. Cupotkun?, A.B. Xmocrosa!, M.H. Illunko? **, M.A. Ctenopuy®
A.V. Agafonov® *, N.A. Sirotkin!, A.V. Khlyustoval, M.N. Shipko? **, M.A. Stepovich?

1 Tabopamopus xumuu 2ubPUOHBIX HAHOMAMEPUANOE U CYNPAMONEKYIAPHBIX CUCTEM,
Hnemumym xumuu pacmeopog um. I A. Kpecmosa PAH, ya. Axademuueckas, o. 1,
2. Msanoso, 153045, Poccus, *ava@isc-ras.ru;

2 kagheopa usuxu, Meanosckuii 20cy0apcmeeHHblil dHEp2emuueckutl yHUGepCcument
um. B.U. Jlenuna, yn. Pabgpaxosckas, 0. 34, 2. Useanoso, 153003, Poccus,
**michael-1946@mail.ru;

8 kagpeopa uzuxu u mamemamuxu, Kanysicckuii 20cyoapcmeennvlii ynusepcumen
um. K.2. Luoakosckoeo, yn. Cmenana Pazuna, 0. 26, 2. Kanyea, 248023, Poccus,
m.stepovich@rambler.ru.

Low-temperature plasma in contact with liquid was used to synthesize
nanostructured iron oxides. Powders of FeO, FesOs and Fe2O3 were obtained
depending on the study modes.

HccenenoBanus HU3KOTEMIIEpaTypHOH MIa3Mbl B KOHTAKTe C XKUAKOCTBIO MIPEACTABIAIOT
0OJIBIION MHTEpeC HM3-3a BO3MOXKHOCTEH NPUMEHEHHS B OMOMEIMIMHE, OYMCTKE BOJBI OT
OpraHMYecKMX M HEOPraHMYECKHX 3arps3HEHUH, CHHTe3e HaHOCTpyKTyp. Ilociennee mmeer
IIMPOKHE TEPCHEKTHBBI JUIS NOJYYEHHs] KOMIIO3UTOB, B TOM 4YHCIIE YIJIEPOIHBIX, METall-
MIOJIMMEPHBIX, ONMETAIUTHYECKHUX, OKCH/IHBIX.

B nmanHO# paboTe HuU3KOTEeMHepaTypHas IUIa3Ma B KOHTaKTe C IKHAKOCTHIO
HCIIONB30BaHA Ul CHHTE3a METAIMYECKMX OKCHIHBIX HAHOCTPYKTYD, NPEICTAaBISIOLIMX
MPaKTHYeCKHH HMHTEpeC KaK KOMIIOHEHTHl MArHUTHBIX JKHIKOCTeH, IPHMEHSEMBIX B
MEIUIUHCKON MpaKTHKe, a TAKke B Pa3IMUHBIX TEXHHUYECKUX 001acTaX. OKCHIBI jkene3a
MIPEJICTABIIAIOT OONBINON MHTEpeC, Kak C TEOPETHUYECKOW, TaK M C MPAKTHYECKOH CTOPOH
HCCIEeNOBaHNH M3-32 CBOETO NMOIMMOpP(U3Ma M MAarHUTHBIX CBOHMCTB. IlomydeHHWe YHCTHIX
CTPYKTYD SIBIISIETCS OAHUM H3 OCHOBHBIX HAaIPAaBICHUN HCCICIOBAHMUM.

HuskoTemneparypHasi m1a3Ma B KOHTaKTe C XKHUAKOCTHIO HCIIOIb30BaHA ISl CHHTE3a
OKCHJOB OKelie3a B KAyeCTBE OE3pearcHTHOro Meroja. Paspsiy 3axurancs MexIy
METAUINYECKUMH DJIEKTPOJaMH B AUCTWUIMPOBAHHOW Boxe. Ilmasma Bo3HHMKama BHYTPH
1aporasoBoro Imys3sIpsi, oOpasyromierocs B Boje. Ilocne BbIKIIOUEHHs pa3psiia pacTBOP C
00pa30BaBLIMMCS OCAKOM LEHTPU(YTHPOBAICS, 0CAJOK OT(GUIBTPOBBIBAICS, CYLIMICS MPU

150 °C B TeueHHH 2 4acoB, MOCIC YEro HCCIEIOBAICS METOJAMH PACTPOBOIl AIICKTPOHHON
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mukpockonnn B mukpockorie TESCAN VEGA 3 SBH, pentrenodasoBoro anammsa Ha
mudpakromerpe D2 PHASER, méccbayspoBckoii criekTpockomnu Ha ycraHoBke MS-1104
Em ¢ maTemarnueckoit 00paboTkoii criekTpoB no mporpamme Univem Ms, a takxke METOIOM
JVHAMHAYECKOTO PACCEsHUs CBETa s ONPEACNCHHs CpeIHero pasmepa dacTun u (-
noteHnyana. Bce mccnenoBaHMs BBINOMHEHBI IMPH KOMHATHOW Temmeparype. M3oMepHbIid
CIBHUT CIIEKTPOB ompesensin oTHocuTensHo Fe. SI'P-cmektpsr mpexacraBmsamm  coboit
CYNEepIIO3UIMIO KAPTHH CBEPXTOHKOTO PACIIeIUICHHUS siepHbIX ypoBHei 1is FeO-FesOa/FeO-
Fe203. CormacHO CTPYKTYPHBIM J[aHHBIM, PETHCTPUPYEMBIC OKCHIBI JKele3a HMEHT
pa3iIMyYHbIA JaJbHUH IOPSJOK B PACIONOXKCHUH HOHOB JKele3a M KHUCIOpOAa M, Kak
CJICCTBUE, PA3IMYHYI CUMMETPHIO MX KpPHCTALIMYecKOW peméTku. OAHAKO MO JaHHBIM
MEccOayIpPOBCKON CHEKTPOCKOINMH OHH COICPXKAT JIOKAIbHBIE YYaCTKH C OJMHAKOBBIM
OMMKHUM IOPSIIKOM B PACIOJIOXCHHM HOHOB JKejle3a M KHCIOpOoJa. DTO IO3BOJISCT
HCIIONB30BAaTh IPOCTYI0 TIEOMETPUYECKYI0 MOJENb Julsi  OOBSCHEHHMsS  MEXaHH3Ma
TpaHc(opMaIMU PemETOK OAHOTO OKCHAA B JPYrod a TakKe BO3MOXKHOCTH ()OPMUPOBAHUS
nx nomuMopdHbIX Moxudukammil. IloctpoeHHas reomerpuueckas Mojenb  ObuIa
HCTIONB30BAaHA JUI MHTCPIPETAlMM MArHUTHBIX CBOMCTB CHHTC3MPOBAHHBIX O0OPA3IOB.
YCTaHOBIICHO, YTO B 3aBUCHMOCTH OT PEKMMOB pa3psijia PEalTn30BaICs PA3IMYHbIA MEXaHU3M
B3aMMOJICHCTBHS HOHOB IIIa3Mbl C SJICKTPOJAMH, B pe3yJbTaTe dero MOJyqalliuch
HAHOCTPYKTYpHI pasnuyHoro cocraBa u cBoiicte (FeO, FesOs, Fe203). Hekoropsie

MOATBEPKACHUS 3TOMY HPEICTaBICHbI Ha puc. 1 u puc. 2.

Puc. 1. V300paxeHus MOPOIIKOB OKCHIOB JKelie3a, MOJTyYeHHbIX MpH Toke paspsiaa 0,25 A (a) u
0,8 A (0).
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Puc. 2. lndpakrorpaMmMbl IOPOILIKOB OKCHJIOB XKelie3a.

MuxkpocdoTorpadun CTPYKTyphbl TOPOIIKOB MOKa3aJld HAJIWYHE JOCTATOYHO KPYITHBIX
vactull (puc. la u puc. 16), 4T0 MOXKET OBITH CIICACTBHEM MpOLECCA arperHpOBAHUS MPH
BBICYIIMBaHUU. PeHTreHo()a30BbIi aHANIN3 MOKa3al, 4To npu Toke paspsaa 0,25 A mopomok
npezcrasisier coboit cmech FeO+Fe3Os (puc. 2, BepxHss audpakTorpamma), a HpH TOKE
0,8 A nudypaxioHHbIe MUKH OTHOCSTCS K Fe203 (puc. 2, HIKHS qudpakTorpaMma). AHaIu3
pa3MepoB YacTHIl METOJOM JHHAMHYECKOTO PACCESHUS CBETa MOKA3all, YTO MOCIE JACHCTBHS
IU1a3Mbl B PacTBOpE MPUCYTCTBYIOT YacTUIBI cO cpeaHuM pasmepoM 100-120 HM mpu Toke
paspsma 0,25A w 300-350 sM mnpu  Toke paspsma 0,8 A YunThiBas  naHHBIE
peHTreHo(a30BOro aHanm3a, JaHHAs TEHICHLHS YBEIHYCHHS pa3Mepa YacTHI[ XapaKTepHa
nust FesOs u Fe203 1 cBsizaHa ¢ TepMoanHAMHUKOH (Da30BbIX mepexoxos [1].

HccnenoBannst mpoBeneHBl NMpU YacTWYHOHM (uHaHCOBOW moamepikke Poccuiickoro
¢donza pyHmamMeHTaIbHBIX HecaenoBanui (mpoekt Ne 19-03-00271), PODU u npaBuTenscTBa
VBanoBckoit obmactu (mpoekt Ne 18-43-370012), a Takke POOU wu upaBurenbcrsa
Kayxckoit oonactu (mpoekr Ne 18-41-400001).

1. S. Sakurai, A. Namai, K. Hashimoto, S.I. Ohkoshi, J. American Chemical Society. 131(51) (2009) 18299.
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HUCCJEAOBAHUE AJAUTUBHOCTHU MACC CHEKTPOB CTUMVYJISATOPOB B
BUOPACTBOPAX METO/IOM NOBEPXHOCTHOM MOHU3ALIMUA

STUDY OF THE ADDITIVITY OF MASS SPECTRA OF STIMULANTS IN
BIOFLUIDS BY THE SURFACE IONIZATION MERTHOD

b.111. Kacumos, I11.J[x. AxyHos, /I.T.YcmanoB
B.Sh. Kasimov, Sh.Dj. Akhunov, D.T. Usmanov
Hnemumym uonno-naasmeHHuIX u aazepuwix mexronozutt AH PY3, ya. ypmon iiynu 33,
100125, Tawxenm, Y36exucman, e-mail: usmanov@iplt.uz
Institute of lon-Plasma and Laser Technologies, Uzbekistan Academy of Sciences, Durmon
Yoli street 33, Tashken, Uzbekistan, e-mail: usmanov@iplt.uz

This work describes the research of additivity of mass spectra of narcotic stimulants such as
amphetamine, methamphetamine and cocaine spiked in whole blood by surface ionization
method. The comparative study of pure stimulants and spiked samples were carried out. It
has been revealed that the associate ions of analyte and matrix were not observed in the mass
spectra of spiked samples. The mass spectra consist of the sum of SI mass spectra of the

analyte and whole blood ingredients i.e. they are additively accumulated.

IMoBepxnoctHas nonusauus (IIs1) - 06pa3zoBaHue MOI0KUTENBHBIX U OTPULIATEIBHBIX HOHOB
IpU TEPMOAECOPOIMM YacTULl C IOBEPXHOCTH TBEPIOrO Tela, SBISCTCS TEPMUYECKH
pasHoBecHbiM [1].  TIBU sBisieTcs BBICOKOCENEKTUBHBIM M 3()(PEKTUBHBIM CIIOCOOOM
HMOHM3ALUK a30TUCTBIX OcHOBaHMil. Ilo3TOMy TeopeTHyeckne WU OSKCICPUMEHTAIIbHBIC
HCCIICIOBAHMS aJCOPOLIMM MHOTOATOMHBIX MOJICKYJ, MX XUMHYECKHMX IIpEBpAIlCHUH Ha
MIOBEPXHOCTH, JeCOPOIUY MHOTOaTOMHBIX YacTHI[, B TOM YHCIE TEPMOJACCOPOLH HOHOB —
1B opranuveckux © OHOOPTaHUYECKHX COCAMHEHHH HMEET HE TOJIBKO BaXKHOE
(byHIaMeHTaIbHOE, HO U BaXKHOE NPUKIAJHOE 3HaueHue. [IBU He sBiseTcst yHUBepCaIbHBIM
METO/IOM H3-3a €€ BBICOKOH CEJICKTHBHOCTH K IOTCHIHWATy HOHHM3allMH BEIIECTB, HO
Omarofapss e¢ BBICOKOW UYBCTBHTEIBHOCTH TIPH AHAIM3€ AaKTHBHBIX OPraHMYECKHX
COCMHEHUH HMMEeT psi NMPEUMYIIECTB M MO3BOJSIET NPOBOJUTEH NMPSMOH aHAIM3 CIIEIOBBIX
KOJIMYECTB OPraHMYECKHX COCAMHEHMIT B CIIOXKHBIX cMecsx [2]. Tem He MeHee HccieoBaHue
I1BM momekyn HapKOTHYECKHMX BEIIECTB - CTHMYNATOPOB M MX cMeceil B OMOIOrMYecKHX
JKHIKOCTSIX TPH OTACTBHOW W COBMECTHOH aICcOpOIMHM Ha IOBEPXHOCTH TBEPAOTO Tela

mpefcTaBiAeT  OompIION  HayuyHBI WHTepec  (yHIameHTanmpHOrOo  Xapaktepa. OHm

169



HEOOXOMMMBI HE TOJNBKO JUIS BBIABICHHUS 3aKOHOMepHOCTH ajcopbumu n IIBU momekyn
CIIOJKHOTO COCTaBa, HO M JUISl pa3pabOTKH HAYYHBIX OCHOB HOBBIX BBICOKOTYBCTBHTEIBHBIX,
cenekTUBHBIX [IBY MeTomoB 0OHapy)KeHHMS M aHAIN3a CIEOBBIX KOJIHIECTB CTUMYIIATOPOB B
pasnuuHbIX oObekTax. IIBU sBmsercs omuuM u3 Hambonee HMHGOPMATHUBHBIX CpeId
MHOJ)KECTBA METOOB IO OIPEJCTICHUIO XapaKTEPUCTHK B3aHMMOJCHCTBHS MHOTOATOMHBIX
YaCTHI] C TBEpAbIM TeloM. Baxmuoii ocobeHHOcThIO MeTozma IIBU siBisiercst mH(poOpManus,
moiy4aemasi B TPYJIHOAOCTYIIHOW Ul APYTMX METOOMK 00JacTell BBICOKMX TEMIEpaTyp
ancopbOara. [Tostomy npumenenue [TBU MeTo0B aHanm3a U1 MCCIEAOBAHUS HAPKOTUYECKUX
[pernapaToB - CTHUMYJISTOPOB M HX CMeceil B pa3iIM4HbIX OOBEKTaX IIO3BOJIMUT MOJIYYUTH
HEOOXOMMMYI0 HH(OPMAIHIO KaKk O (PU3HKO-XUMHUYECKUX CBOMCTBAX HOHHU3UPYIOMINXCS
YaCTHI[ U MOHM3UPYIOLICH IOBEPXHOCTH, TaK U O XaPAKTCPUCTHUKAX MX B3aUMOACHCTBUS C
[IOBEPXHOCTBIO TBEPOTO TEJa.

Llensio Hacrosiiiel paboOTHI SBISUIOCH MCCIEAOBAHUE aJUIMTHBHOCTH MAacC-CIIEKTPOB
CTUMYJISHTOB TaKMX Kak amderaMuH, MeraM(peTaMHH ¥ KOKaWH CMEIICHHBIX B
OMOIOTMYECKUX KUAKOCTSIX PH COBMECTHOM aJIcCOpOLUH.

OKCIEepUMEHTHI ObLIM HPOBEJACHBI C HCIIOJIb30BAHUEM CTaTHYECKOIO MAarHUTHOTO
macc-cniekrpomerpa  MMU-1201B  monepHusupoBanHoro i IIBU  uccienoBaHuid.
VipouienHast cxema uoHHoro wucrounuka IIBM npuBenena B pabore [3]. [namason
MacCOBBIX uHcenl Ipu Vye=2.5-5 ¥3B cocraBnser 1-900 a.e.m.; pabouee naBieHHE
cocrapisio 1-3 x 10° Tla. B kauecTBe TepMOSMHUTTEpa HCIHOJIL30BAHA OKHCIEHHAS
TekcTypupoBaHHas BoibdpamoBas nenta 0.05 x 1.0 x 12.0 mm. Temmeparypa sMuTTepa
n3MeHsutack B puanasone ot 600 K nmo 1250 K Bo Bcex skcrepumenTax. MoneKymsipHBIi
MIOTOK HCCIJICIyeMBIX BEIECTB Ha IOBEPXHOCTH TEPMOOIMHTTEpA HAIPABILUICS C MTOMOIIBIO
CTaHAAPTHOTO UCTIAPUTEJISI — KBAPIEBOH aMITyJIbl ¢ IUIATHHOBBIM HarpeBaTelieM, BHEIPEHHOM
B TOJNIIy CTEHKH aMIyNbl. AMmyna ObUla CMOHTHPOBaHa B HOHHOM MCTOYHHKE BOJIM3H K
TepMOIMUTTEPY. Temreparypa aMITy sl perynupoBanochk B quanasone ot 50°C mo 150°C. B
9KCIIEPUMEHTAX HCIIOJb30BAHBl YHCThIe aM(eraMuH, MeTaM()eTaMHH W KOKaWH ¢
HCKYCTBEHHbIC 00pas3Libl, KOTOPHIC CMEIIAHBI C YETOBEYECKOI KPOBBIO.

Ha puc.1la npusenen I1B1 Macc-CeKTpsI UUCTOTO KOKauHa. BHIHO 1o pucyHKaM, 4To
Macc CIEKTp KOKaMHa IPH PpasfelbHoi ancopOuun coctout u3 auaHun noxos [M-H]*, [M-R]*
u [M-R-2nH]+ U coOTBETCTBYET YCTAHOBJICHHBIM 3aKOHOMEPHOCTSIM MEXaHH3Ma HOHU3ALUH
IIBU s a30THCTBIX OpraHHYeCKUX coemuHeHuil []. BbusicHeHO, 4TO (hparMEHTHBIC MOHBI
SIBJIIIOTCSI OCHOBHBIMH IIMKaMH B Macc-CIIeKTpax amderamuHa, MeTameTaMiHa U KOKAaHHa.

Hpezmono;l(eﬁo, YTO O3THU JIMHUUA MOTYT CIIyKUTb HHIUKATOpaMHU B CIOKHBIX CMECAX.
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HUccnenosanns IIBM mpn pasaensHON afncopOIMM MOJEKYN CTHMYJISTOPOB U BBISBICHHBIC
3aKOHOMEPHOCTH, MX BBICOKas 3(peKTHBHOCTh HOHM3alwu myteM [1BY mo3Bossiio nepeiitu K

PacCMOTPCHUIO UX CMCIICHHBIX B OHOJIOTHYECKHIX KUOKOCTAX. Ha puc. 16 TIpUBEACH Macc
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Puc.1. TIBU mMacc CrieKTpsI: @) YUCTHIH KOKauH 0) KOKaHH CMEIIAHHBINH B KPOBH

CIIEKTp KOKaWHa, CMEIIaHHOTO B KpoBH. [To Macc criekTpy BUIHO, YTO HOBBIC aCCOI[HATHBHBIC
JIMHAM HMOHA KOKaWHa C MHTPaJUeHTaMHM KpOBM He HaOmrofatoTcs. B Mace cmekrpax
am(eraMiHa 1 MeTaM(eTaMUHa CMENIAHHBIX B KPOBH TaKKe HEe HAaOIIOAAINCh HOBBIC JIMHUH.
Tak kak, npu IIBU npuxoautcs paboraTh NMPU MajblX CTENEHSAX ITOKPHITHS ITOBEPXHOCTH
(0~0,001), BHABI TreTEPOTCHHBIX pPeaKUMH M HX CKOPOCTH 3aBMCAT, B OCHOBHOM, OT
KaTQIUTHYECKOH aKTMBHOCTH TEPMOIMHUTTEpPA U OT €ro TEMIICPaTyphl. Tostomy
reTepOreHHbIe PEeaKIMU ACCOLHAIMY MEXKAY MOJICKYIaMH CTHMYIATOPOB M KOMIOHEHTaMHU
KpPOBH B TaKHMX YCIIOBHSX MAaJIOBEpPOSATHBI U B Macc-crekTpax [IBU Takux ClOKHBIX cMmeceit
HE TOSBISIOTCS JIMHUM HOHOB COOTBETCTBYIONIMX IPOMYKTOB PEaKIUM AacCOLMAlUM Ha
MOBEPXHOCTH BMHTTEpa MEXIy KOMIOHEHTAMH KPOBH M CTUMYJISATOPOB. OTO CIY)XHT
JIOKa3aTeIbCTBOM TOTO, YTO IPU COBMECTHOH aJcOpOLUM Ha IOBEPXHOCTH TEPMO3MHTTEpA
MOJIEKYJIbI CTHMYJIITOPOB M HHI'PEAUCHTOB KPOBH HE B3aHMMOJICHCTBYIOT MEXIY COOOI.
TakuM 00pa3oM, WcCIEIOBaHUE MAacc-CIEKTPOB YHCTBIX 00pasoB aMmderamMuHa,
MeramdeTaMiHa ¥ KOKaWHa M WX CMEHIAaHHBIX 00pa3IoB B KPOBH ITOKA3BIBAIOT, YTO Macc-
CIIEKTPhI OMOJIOTMYECKUX JKUJIKOCTEH CMEIIAHHBIX CTUMYJIATOPOB COCTOMT M3 CyMMBI ABYX
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1. U.Kh. Rasulev, E.Ya. Zandberg, Prog. Surf. Sci. 28 (1988) 181.
2. D.T. Usmanov, U. Khasanov, A. Pantsirev J.F. Van Bocxlaer, J Pharm Biomed Anal. 53 (2010)1058.
3. II.x. Axynos, B.I11. Kacumos, X.B.Aurypos, JI.T.Vcmanos, Macce-ciekrpom. 17 (2020) 185.

171



Structuration of titanium surfaces using He ions

F. Sanchez ', L. Marot !, R. Antunes ¢, R. Steiner !, M. Kisiel %, E. Meyer !, M. Astasov-Frauehoffer 2,
1. Hauser-Gerspach 2, S. Kiihl 8, J. Koser 4, R. Wagner ®, J. Hofstetter °, K. Mukaddam *

! Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland
2 Department Research, University Center for Dental Medecine, University of Basel, Mattenstrasse
40, 4058 Basel, Switzerland
3 Department of Oral Surgery, Oral Radiology and Oral Medecine, University Center for Dental
Medecine, University of Basel, Mattenstrasse 40, 4058 Basel, Switzerland
4 Institute for Chemistry and Bioanalytics, School of Life Sciences, FHNW, Hofackerstrasse 30, 4132
Muttenz, Switzerland
5 Institut Straumann AG, Peter Merian-Weg 12, 4052 Basel, Switzerland

Abstract:

Firstly discovered on Cicada wings, the surface
patterning with spikes shows interesting anti-
bacterial properties. By reproducing a similar
structure on titanium, premilinary work has
showed the possibility of developing antibacte-
rial properties [1]. Within the Nano-Argovia
grant A15.11, we aim at developing dental im-
plants with such antibacterial properties using
helium ions to produce spikes on a titanium sur-
face.

In this work, we used a Kaufmann high flux ion
gun source (eH1000) and a target electrode with
15 mm disc diameter samples to study the
inpact of the source parameters (eg., discharge
voltage, emission current) on the ion flux and
on the mean ion energy. The former was deter-
mined by measuring the ion current using home-
made Faraday cups, whereas the latter was

quantified with a Retarding Field Analyser Figure 1: SEM micrograph of titanium surface
(Semion single sensor by Impedans). We also  after exposure to He ions forming spikes of
studied the effect of the temperature using a about 600 nm height.

thermocouple attached on the electrode’s sur-

face. Throughout the experiments, the He ion References:

Keywords: surface structuration, titanium, He
ions, high flux ion gun, Faraday cups, Retarding
field analyser, ion mean energy, ion flux, Scan-
ning electron microscopy

flux was constant and equal to 1.03x10° m?s?, 1 K. Mukaddam et al., Antibacterial and Cell-
corresponding to a fluence of 2.04x10%* m? Adhesive  Effects of  Bio-Inspired
(time of experiment: 330 min). Nanostructured Materials, European Cells
We produced samples with different mean ion and Materials.
energies (70 to 130 eV) and temperatures (300 http://ecmconferences.org/abstracts/2017/C
to 380°C) and we characterized them using ollection3/collection3.pdf.

scanning electron microscopy (SEM). The re-
sults evidence the influence of the ion mean
energy and the surface temperature on the peak
density and its height variability.
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BUOUHTEP®ENCHI JJIsI KHIIEYHON MUKPO®JIOPbI HA OCHOBE
HOHHO-MOJUOUILIUPOBAHHBIX YIVIEPOJHBIX HAHOTPYBOK
BIO INTERFACES FOR INTESTINAL MICROFLORA BASED ON ION-MODIFIED
CARBON NANOTUBES
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In this work, biological methods are used to study nanomaterials based on
vertically oriented carbon nanotubes for biocompatibility with intestinal
microflora. As a result of the research, it was shown that the inhibiting ability of

the samples depends on the degree of roughness of the samples.

Beeaenme. Ha cerofgHsmmHMi MOMEHT aKTHBHO HCCICIYIOTCS HaHOMAaTepHalbl |
BO3MOJKHOCTh HX HCIIONB30BaHMs B KadectBe OuomHTepdeiicoB [l1] — moBepxHocTeit
B3aMMO/ICHCTBYIONIMX C OMOMOJICKYJIaMHU, KI€TKaM1, OMONIOIHYCCKUMY TKAHSAMH U JKUBBIMU
opranusMamu. IlocieHue HCCleNOBaHMS II03BOJSIOT MCIONB30BaTh HAHOMATEpUaibl B
Ka4ecTBE OCHOBBI JUISL DHAOIIPOTE30B, OHOCEHCOPOB U OHOPOOOTOB [2].

B kagectBe OuonHTepdeiicoB aKTHBHO HCCIeAy0Tes yriaepoausie HaHOTpyOku (YHT)
W JIpyTue yriepoAcofepkalue MaTepranbl. Tak HaHOTPYOKM MCIIONB3YIOTCS IPH CO3JaHHU
BBICOKOUYYBCTBHTEIBHBIX ~OHOCEHCOPOB [3-6] HCKYCCTBEHHBIX MYCKyJoB [7], mpu
HaNpaBJIeHHOW JOCTaBKe JIEKapCTBEHHBIX BemiecTB [8], B Owmomporesax [9]). Ilpu
ucnons3oBaHud YHT OHOTEXHONOrMM M MEOUIMHE BaKHO YYUTHIBATH TPEOOBaHUS K
©0€301acHOCTH TIOJyYaeMbIX MaTepHAllOB, M KaK Pe3yJbTaT, UCCICIOBAHUS B30OACHCTBHS Ha
JKHBBIE Opranu3mbl u Tkauu [2]. Co3manne OMOCEHCOPOB ISl CIM3UCTHIX KOXKHBIX MMOKPOBOB,
SHIOTENHsI — BaKHas 3a7ava. Lesbro TaHHOW paboThI SBISETCS MCCIIEIOBAHIE BEPTHKAIBHO
OPHCHTHPOBAHHBIX MHOTOCTCHHBIX YIJICPOJHBIX HAHOTPYOOK, MOJU(HIIPOBAHHBIX HOHHBIM
ITy4KOM Ha OHOCOBMECTHMOCTD C KUIIEYHOH MUKPO(IIOPOiL.

MarepuaJbl H MeTO/bI.
1.1 IIpueomosnenue 6axmepuanbHol cycnensuu
Jlns mpoBeneHust uccienoBaHui Obutd mpuMeHeHbl «KomubakTepun cyxou» u

MpoOMOTHYECKIE TPENapaThl, COJEp KaIie B CBOEM COCTaBe MUKpoopraHm3Mbl Lactobacillus
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u Bifidobacterium. [lnsi mojydeHusi CyCHEH3UWH COICPKHMOE (BIAKOHOB PAaCTBOPSUIOCH B
CTEpHIBHOM M30TOHNYECKOM (DH3HMOIOTHYECKOM PacTBOpE, B pacuere 5 M pactBopa NaCl na
1 o3y, mociie 4ero MpoBOJMIIOCH NMEPEMEIINBAHUE COAEPXKUMOro (1akoHa B TEUYCHHUM S5
MHHYT, [0 IOJHOH romoreHusamuu. [l omeHkn B3amMopjencTsus obpasmoB MYHT c
NPEICTABUTEIAMHM KHIIEYHOH MHKPO(UIOPHI, NPUMEHSUINCh CYTOYHbIE OaKTepHalIbHBIC
KYJIBTYPBI, BEIPAIICHHBIC Ha JKH/KNAX MMUTATEIbHBIX CPE/Iax.

CTepwiibHYI0 IHTAaTEIbHYIO CpEly pa3MBaldi B OJMHAKOBBIC mHpoOupku. B
HCCIIE/JOBAHMH MCIIONb30BAIN KOHEUHbIE pa3BelieHs GakTepuanbHoii cycnensun 107 u 10710
OT HavyaJIbHOM JI03bl, OJIy4CHHbBIE METOJIOM IIOC/IC/IOBATEIBHbIX pa3BeaeHuit. [t noydeHus
passenenus 10x10°" B mpo6Gupky Nel, comepxantyro 9 Myl CTEpUIBHOTO (PH3HONOTHYECKOTO
pactBopa, mepeHocmnid | M GakrepuanbHON cycmen3ud. Jlajee B mpoOHPKY €
¢u3nonornueckuM pacTBopoM Ne2 mepeHOCHIN | MIT MONYYEHHOH CyCIeH3HH U3 MPOOUPKH
Nel, mepememmBanu u Tonydamu passemeHne 10x1072, w Tak nmanee, 10 TOJyYEHHs
pasBeneHus GakTepuanbHON cycniensun 10x10710,

1.2. Buipawusanue 6akmepuanbHoil Kyibmypsl

BrlpammBaHue GakTepuaabHBIX KyJIbTYp MPOBOAWIHM B IPOOUpKax, coxepskamux 10
MJI CTEpWJIBHOTO MsiconentoHHoro Oymsona (MIIB). [lns storo m3 mnpoOHpok ¢
GakTepuanbHO cycrnensueil, Heobxomumoro passeaenus (107 u 107'%), mpu nomouwm
nabopaTopHoro no3umerpa, nepeocwan 0,1 M cycneH3uu B HPOOUPKH C NUTaTEIbHBIMU
cpemamu. 3aTeM B KaXOIyl0 INPOOMPKY  IIOMEINAINCh  OOpasmbl  BEPTHUKAIBHO
opuentupoBanHblx MYHT wmaccoit 0,015 1. IloMHMO ONBITHBIX HPOOHPOK, HMEIHCH
HOPOOUPKKM C KOHTPOJEM CpelIbl M KOHTPOJIEM KYJIbTypbl. BelpammBann OaxrepuasibHbIC
KyJIBTYpbI B TepMocTare npu +37 °C, B TeueHue 24 yacos.

Cytounsle 0akTepnaiabHbIE KyJIbTYyphl Ha OHOJOTHYECKYIO COBMECTHMOCTH C
BEPTHUKAIPHO  OPHEHTHPOBAaHHBIMH  MHOTOCTEHHBIMH  YIJICPOAHBIMH  HAHOTPYOKaMu
HCCIICIOBAIN METOJaMH H3MEPEHMs ONTHYECKOH IUIOTHOCTH OaKTepuaibHOH CyCIICH3HH,
KyJIBTYpaIbHBIX HCCICAOBAHUH U CIEKTPOMETPHH.

1.3 Hsmepenue onmuueckoll nIOMHOCU OAKMEPUATLHBIX KYIbMYP

ONTHYECKy0 IUIOTHOCTh CYTOYHBIX OaKTepHaIbHBIX KYJIBTYP H3MEpSUIH MPHOOPOM
Densilameter 11 — Mikrolatest, pabo4as qmuHHa BonHBI 535 HM, eauHuna u3Mepenust McF
(omTHyeckast IIOTHOCTH No cTaHgapTyMak®apnanna).

OueHKy ONTHYECKOil IUIOTHOCTH HPOBOAMIM IIOCIE KanuOpoBku JleHcHTOMETpA,
[yTeM TPEXKPATHBIX H3MEPEHHI CYTOYHBIX KYJIBTYP.

1.4 Memoo kynemypanbublx uccied08anuil
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KynbrypanbHble vccieoBaHus POBOJIMIIM COMIACHO ACUCTBYIOIIEH Meronuueckon
pexomeHnmanun  «l1.2. T'mrumeHa, Tokcukoyiorus, caHurapus. OmeHka 6€30ImacHOCTH
HaHOMAaTEPUAJIOB U B MOJIENBHBIX cuctemax» ot 10.12.2009 r. [10].

1.5. U3mepenue onmuueckux cnekmpos no2ioujeHus 6aKxmepuaibHoll Kyibmypol

CHeKTpOMETpHIO MPOBOIWIN MPU MOMOIIH crekrpodoromerpa ShimadzuUV-1800,
Ul 00paOOTKH PEe3yIbTaTOB HCIOIB30BAJIOCH MPOTPaMMHOE oOecredeHHne s 00paboTKH
crnektpoB UVprobever. 2.42.

Vi3mMepeHus CHEKTPOB MPOBOAMINCH Y OaKTepHaJbHBIX KYJIBTYP, BBIPAIICHHBIX H3
passenenuii 1077, 10710, B koTopsie nodasmsuuchk odpasusl MYHT, a taxke y KOHTpousei
Cpenbl ¥ KOHTPOIeil KyIbTypEhIL.

HccnenoBaHue NMpOBOAMIIOCH IyTEM IISTHKPATHBIX IOCIEAOBATENIbHBIX H3MEPEHHUIt
KaX710ro oopasia CyTouHbIX OaKTepHaabHBIX KyJIbTyp B HHTepBaje crekTpos oT 300 mo 1100

HM, war usmepenus 0.1 HM.

Pesyastarel. B quanazone m3mepenuii (puc. 1) or 300 mo 1100 HM ObLIH OTMEYEHBI
cieayromue ocodeHHocTH. Jlist BceX Tpex THIOB 00pasiioB PErHMCTPUPYETCsl HAIMYUE ABYX
IIMKOB Ha jiuuHe BONHBI 460 W 415 HM. DTH IHKH COOTBETCTBYIOT INPHCYTCTBHIO B
HCCIIEAyeMbIX  CYCNEeH3MsX  (pepMEeHTOB  mupyBataeruaporeHassl (460  HM) u
TpuanuHae3amuHasbl (415 HM). Oba depMeHTa y4acTBYIOT B METabONMUYECKUX IPOIECCax
Oaktepuii. Ilo pesynapraraM uU3MepeHHH MOXHO CAeNaTh BBIBOJ 00 OTCYTCTBUH
OTPHILIATEIIFHOTO BIMsAHHS 00pa3iioB Ne 1 1 3 Ha poct Gakrepuii. MOXKHO clenarh BBIBOA, YTO
00pasipl BEPTHKAIBHO OPHEHTHPOBAHHBIX YIJIEPOAHBIX HAHOTPYOOK ¢ ruapooOHBIMHU
MOBEPXHOCTHBIMH ~ CBOMCTBAaMH  oOnajatoT  Gosee  ONArONpUATHBIM  OHOJIOTHYECKHM
B3aMMOJICHCTBHIEM C Xu3HeAesTeapHoCcThi0 Oaktepuii E. Coli mrramma M-17. B pesynbrare
MO’KHO TOBOPHUTB O MOJIOXKUTENBHOI OakTepHansHOl 6rnocoBMecTHMOCTH 00pasoB Nel n Ne3

E. Coli M-17.

Sample 2|
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Puc.l CriekTp ONTHYECKOrO MOTJIOIICHUST OaKTePUAIbHOW CYCIICH3HUH, BBIPAILICHHON B

TIPUCYTCTBUH TPEX 00pa3IoB.

3akouenue. B PE3YIBTATE UCCIICAOBAHUA MBI IIPUIIUIA K CIICAYIOIIAM BBIBOAAM:

1. B 3aBHCHMOCTH OT CTPYKTYPHBIX OCOOCHHOCTEH ITOBEPXHOCTH HAHOTPYOOK OHH TO-
Pa3HOMY BO3/ICHCTBYIOT Ha OaKTepHAaJIbHBIC KICTKU

2. Ha ocuoBanum crtateui [11] MOXHO MPEAMOIOKUTH, YTO OGAKTEPHOCTATUUECKUI
3pdexr 00ycIOBIEH CTPYKTYpHBIMH OCOOCHHOCTSMM, a HWMEHHO HalM4HeM CIIOs
HEYTOPSI0YEHHBIX HAaHOTPyOOK Ha TOBEPXHOCTH 00paslia, HECOBEPLUIEHCTBOM, a TaKKe

CpEeHUM OOJIBIIINM AUAMETPOM HAaHOTPYOOK B CpaBHEHHE C IPYTHMH 00pa3iamu.
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BJIUAHUE HOHHO-UHAYIUPOBAHHOI'O JE®EKTOOBPA30OBAHUS B
MYHT HA CMAYUBAEMOCTb NIOBEPXHOCTH
INFLUENCE OF ION-INDUCED DEFECT FORMATION IN MWCNT ON
SURFACE WETTABILITY

A.P. Evseev!?, E.A. Vorobyeval, Yu.V. Balakshin'?,
A.V. Stepanov®, D.K. Minnebaev!?, A.A. Shemukhin?
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3 Chuvash State Agricultural Academy, Cheboksary, Russia

In this work ion irradiations of tablets of pressed nanotubes of two types with different
diameters were conducted by accelerated helium ions. The differences in the rate of radiation-
induced defect formation for different types of nanotubes are shown. The formation of cross-
links between the layers of nanotubes under ion irradiation was demonstrated by the
molecular dynamics simulation. Contact angle changes drastically with an increase in the
fluence for both types of nanotubes: at low fluences superhydrophobic surfaces are formed,
with an increase in the fluence a significant reduction in contact angle is observed, especially
for the nanotubes of smaller diameters.

VYrneponuble HaHOTPYOKHM (KaK OJHOCTEHHBIC, TaK M MHOTOCTEHHBIC) aKTUBHO
HCCIEAYIOTCS ¥ HAaXxoJAT OOJbIIOE 4YHCIIO TEXHHYECKMX TnpuioxeHuil. Hampumep,
HCTIONB3YIOTCS B KauecTBE JJICKTPOAOB [ TIOJNEBOM SMHCCHH 3IIEKTPOHOB, MOJIEBBIX
TPaH3UCTOPOB, B KOMIIO3UIMOHHBIX MaTepranax. OfHAKO KaKk CHHTE3 HaHOTPYOOK, TaK M MX
oCIIeAyIomas MOAU(UKAIHS CONPSHKEHBI ¢ JeeKTO00pa30BaHHEM, YTO CKa3bIBaeTCsA HA MX
cBoiicTBax. M3ydyeHne BIMAHHA Ne(EKTOB HA CBOWCTBA YIIIEPOIHBIX HAHOTPYOOK BaXKHO C
TOYKH 3pEHUS ONpeJeTIeHHsI CBOMCTB YIIIePOIHBIX HaHOTPYOOK. CyIecTByIOIIe Ha JaHHBIH
MOMEHT NIPEACTABICHHUS 0 MOHHOM MOAM(HIMPOBAHUH YIJICPOAHBIX HAHOTPYOOK HE BCeraa
MOT'YT TIpefcKa3aTh Kak Ta MM MHas J03a OOTyYeHHs] HOHAMH 3aJlaHHOW YHEPTHH IT03BOJIUT
HM3MEHHUTH CBOICTBA YIIIEPOJHBIX HAHOTPYOOK. B 0COOEHHOCTH HEZOCTATOYHO HCCIETOBAHMH

10 BJIMAHHUIKO HWOHHOTO O6Hy‘{eHI/IH Ha CBOWCTBa YraepoaHbIxX HaHOpr6OKZ U3MCHCHHUC
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CIEKTpa KOMOHMHAILIMOHHOIO PaccessHus, afcopOLHOHHON CIIOCOOHOCTH, CMaYMBAEMOCTH, H
1p. MlorHOe 00ydeHie TOBEpXHOCTH HAHOTPYOOK MPOUCXOANT B BAKyyMe, I/ie IPAKTHYECKH

HCKITIOYAaCTCA 3arpsA3HCHUC MOBEPXHOCTU HEKEIATCIIbHBIMUA (byHKI_II/IOHaJ'ILHLIMI/I rpynnamu.

B nmannoit paboTe mpoBeneHo nuccienoBaHue AeeKTooOpa3oBaHus B HAHOTPYOKax Ipu
HOHHOM OOJIy4EeHUH Ha CMaYMBAEMOCTh MOBEPXHOCTH. OOpa3Lbl MHOTOCTEHHBIX YTIIEPOAHBIX
HaHOTPYOOK (MYHT) OBLTH H3rOTOBIIEHEI B BUJIE IIPECCOBAHHBIX TaOIETOK pasmepamu 2,1 cm
B auamerpe u TommuHOoH B 0,35 cM u oOmydeHs! HoHamMu renust ¢ dHeprueil 80 kdB mpu
¢mroencax ot 2,5%10% 1o 4x10% uon/cm?. M3yueHue cMauMBaeMOCTH MPOBOJUIIOCH ITyTEM

aHanu3a GpopMbl Karu 1o MakpodororpadusiM, Kak MokasaHo Ha puc. 1.

Puc. 1. Makpodororpadust Karim u yroja CMauuBaHHs.

beun uccnenosansr KP-criextper o6myuennsix MYHT. IlokasaHo, uTo mpu Manisix
(uroeHCaxX CTENEeHb Pa3ylopSIOYMBAHUS, XapaKTepu3yeMas OTHOLICHHEM MHTErpalbHBIX
nnrencusHocteit [(D)/I(G), ne 3aBucur ot muamerpa MYHT (Puc. 2). D10 cBsizaHO C
HAKOIUICHHEM TodedHbIX aedextoB B crnosx MYHT. B mpouecce nedexroobpazoBanus mpu
HOHHOM OOJy4EeHHH MaTEpHAIOB OOBIYHO HAOMIONAIOTCS TPH XapakTepHble obmacti. B
nepBoil 00JIACTH MPOMCXOAUT HAKOIUICHHE TOYEYHBIX JC()EKTOB B MCXOMHOW CTPYKTYpeE, H
CKOPOCTh HAaKOIUICHUS TakUX JIe(EKTOB HE TaK BeNIMKA. TpeTuil Juama3oH COOTBETCTBYET
amopdHOMYy MaTepuany. Bo BTopoM nuamnasoHe (IroeHCOB HAONIIOJACTCS POCT IUHAMUKH
0o0pa3oBaHus paAHalHOHHBIX nedexToB. MbI mpeamnonaraeM, 4To HaOM0AaeMOe U3MEHEHHE
HakyioHa npu ¢uroencax Boiute 10 non/cM? coOTBETCTBYET IEPEXO/y OT MEPBOI 0OIACTH KO
Bropoii. [lpu BbicokuX (ulOeHcax IUIOTHOCTh OOOPBaHHBIX cBsizeil B ciosx MVYHT
JIOCTaTOYHO BBICOKA, YTOOBI 3TH CBSI3M HadalM B3aUMOIEHCTBOBATh JIPYT C APYrOM, H CIOH
Havyanu cmmBaTbesi BMecTe. PasHuna B otHomenun I(D)/I(G) mis obpasuoB «T» u «TM»
CTAaHOBUTCSL OoJiee 3HAYUTEIBHOM, 3TO O3HAYaeT, YTO HAHOTPYOKM MEHBIIErO IHuaMerpa
UMeroT 0Ooilee  BBICOKYIO CTEHEHb pPa3yHOpSJOYEHHOCTH IIPH OJIMHAKOBOM (hIIFOCHCE

o0TydeHus.
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Puc. 2. 3aBucUMOCTb OTHOLICHHS HHTEerpanbHbIX HHTeHCcHBHOCTEH [(D)/I(G) oT dutroeHca.

YT0oOBI MPOBEPUTH BO3MOXKHOCTh «CHIMBKH» cinoeB MYHT mpm wncmonb3oBaHHBIX
rmapaMeTrpax oOIydeHusi, OBUIO MPOBEIEHO MOJAENUPOBaHHE Ae(PeKTOO0O0pa3oBaHUS IIPH
nomomu mporpamMmmHoro makera LAMMPS. Pe3ynbTaTel KOMITBIOTEPHOTO MOJIETHPOBAHUS
SIBHO MOKA3bIBAIOT, YTO MOCIE OOITydYEHNs MOSABISIOTCS PAa3INYHbIC THIIBI TOMEPEYHBIX CBA3EH
(puc. 3). ATOMBI yriepoAa OTMEYEHBI CHHHM I[BETOM, a aTOMBI yIiepoia C M3MEHEHHEeM
JHEPrMH CBSI3M u3-3a oOpasoBanus nedexToB, Ommkaiime K Ae(EKTHBIM 00NACTAM,
OTMedeHBl KpacHBIM. bBesmedexraeie MYHT comepskar Sp?-THOPHAM30OBAHHBIE ATOMBI
yriiepoja: SHeprusi CBsi3M Ha OJMH aTtoM cocTaBisieT ~ 6 3B. Ilocne moHHOro o0myueHUs
obpasyrotest gedextsl: Bakancuu (7,8 3B), mexnoysnust (1,2 3B), mexcnoessle ciuBkH (5,5

3B).

i

Puc. 3. MopenupoBanue nedexroobpasosanus B MYHT mpu momormn LAMMPS.
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B pesynbrate npoBeieHHs] SKCIEPUMEHTOB MO CMAauHMBAEMOCTH C JUCTHJIMPOBAHHON
BOJIOH OBLIO MOKA3aHO, YTO YrOJ CMAYHBAHUS MEHAETCS OT THAPO(POOHOT0 K THAPODHIEHOMY
B 3aBHCHMOCTH OT (roeHca oOmydeHWs: 0Opu HH3KHX (uroeHcax obpasyrorcs
cyneprupo(oOHbIe MOBEPXHOCTH, C yBeIMYCHHEM (IioeHca HaONIoJaeTcsl 3HAYUTEIbHOES

YMEHBIICHHE YIiIa CMauHBaHUs, 0COOCHHO JUIsl HAHOTPYOOK MeHblero quamerpa (Puc. 4).
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Puc. 4. 3aBucumocTs yria cmaunBaemoctd MYHT Bojoii ot ¢uttoeHca o6iydenust: @) TayHut, b)

Taynut-M.

Yem Oompmne aumameTp HaHOTPYOOK, TeM Oonee BbicOkmil (moeHc TpeOyercs ams
YMEHBIIECHUS. yIa CMayMBaeMOCTH IOCJIE JOCTIXKGHMS CynepruipopoOHOCTH, 4YTO
coryacyercsi ¢ pa3HHIeit B CKopocTH 00pa3oBaHus 1edexToB, HabmogaeMoi ¢ momMorsio KP.
Ha puc.5 nokazano rpapudeckoe IMPEACTABICHUE CXEMbI 3KCIIEPUMEHTa U OCHOBHOIO

pe3yJibTaTa UCCICA0BaHUA CMaYBaHUA IIOBEPXHOCTH.

He* beam (low fluence) Water drops

— 2
/-' Irrad.. Pristine

. He* beam (high fluence)

MWCNTs
Tablet —)
Irrad.  Pristine

Puc. 5. I“pa(bnqecxoe MIPEACTAaBICHUEC CXEMBI OKCIICPUMCHTA U OCHOBHOTI'O pe3ysibTaTa UCCIICTOBAHUS

CMa4YuBaHUs IIOBEPXHOCTH.

PaGora BhImoNHEHa TpM (uHAHCOBOI moanepkke Poccuiickoro HaydHOro Qonzna

(rpant Ne 20-72-10118).
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LOCALIZATION OF IONIZING RADIATION
USING NANOPOROUS ALUMINA MATRICES

A.A. Shemukhin!?, E.N. Muratova?, Yu.V. Balakshin®3,
A.P. Evseevl3, D.K. Minnebaev!?, V.A. Moshnikov?

1 Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow,
Russia, e-mail: shemuhin@gmail.com;

2 Saint Petersburg Electrotechnical University "LETI", Saint Petersburg, Russia,

3 Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia

The topic of positive ions passing through a dielectric channel began to be intensively
studied in the 1990s since the discovery of guiding effect. One of the main expected
applications of micro beams was the irradiation of living cells, this stimulated an increase in
the number of works to implement the external beam. PET capillaries and porous membranes
are most often considered as a focusing device. Porous membranes are also used as the basis
for doping patterns when creating emitting matrices by ion implantation methods. Both types
of focusing devices (capillaries, porous membranes) are interesting from the standpoint of
their transmissive properties, a crucial objective being the dependence of the ion transmission
coefficient on the incidence angle of the beam.

The focusing coefficient is defined as the ratio of the densities of the input and output
currents. It depends on the type and energy of the ions and the shape of the capillary. This
coefficient varies in a wide range from 10 for Ar®* with an energy of 8 keV to 1000 for He*
with an energy of 2 MeV. The low divergence of the beam at the exit from the membrane

makes nanoporous alumina a promising material for use as masks for nanolithograpy.

Matrices of dielectric channels based on porous anodic alumina (PAA) were formed by
electrochemical anodizing. Aluminum foil was used as a substrate. The geometric dimensions
of voids are determined by the technological conditions of production in a wide range. Pore
diameters can vary from units of nanometers to units of micrometers. The structure of the
obtained membranes was examined using a scanning electron microscope (SEM). Examples

of the surface structure of membranes obtained in various electrolytes are shown in Fig. 1.
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Figure 1. SEM images of the surface of membranes PAA obtained in electrolytes based on H,SO4 (left)
and HsPOq (right).

To study the transmission of accelerated He* ions through dielectric matrices, two series
of membranes with pores of significantly different diameter sizes were obtained. When using
the electrolyte based on H2SO4, membranes with a thickness of about 10 pm are formed, with
an average pore diameter of 20 nm, a barrier layer thickness of ~ 200 nm, and their pore
concentration is 350 pieces/um?. In turn, the geometrical parameters of the membranes
obtained in an electrolyte based on H3POxs are as follows: an average pore diameter of 80 nm,
a porous layer thickness of 10 um, a barrier layer thickness of = 200 nm, a pore concentration
of 50 pieces / um?. In all the resulting membranes there is a barrier layer - the bottom of the

pore - a layer of dense alumina separating the porous layer from the substrate (Fig. 2).

20 pm

20 um

Figure 2. Cross section of PAA membranes before (left) and after (right) removal of the barrier layer

The presence of a barrier layer greatly affects the transmittance in experiments on the
interaction of membranes with ion beams. In this case, the transmittance is the ratio of the
intensity of the transmitted beam of helium ions to the incident beam. The difference in
transmittance with and without a barrier layer can differ tenfold. Taking this important point
into account, the removal of the barrier layer was carried out by chemical etching of the back
side of the membrane in concentrated hydrochloric acid (HCI) for 10 minutes.
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The accelerator based on Van de Graaff system is capable of accelerating particles
(protons and He* ions) to an energy of 2.5 MeV was used in this study. A collimated beam of
1.2 MeV He* ions enters the membrane: one part of the beam passes through the capillaries
and the current is recorded using a Faraday cup, while the other part is scattered and recorded
using a semiconductor detector. In all experiments, the detected scattering angle was 120°.
The diameter of the beam on the membrane was about 1 mm. The results of the ion beam
transmission through membranes obtained in an electrolyte based on H3PO4 are demonstrated
at Fig. 3 left. A small part of the ion beam passes through a porous matrix. Transmittance of
0.15 was registered by means of current measurement device, a significant current drop was
observed when the membrane deviates from the normal by 1.5 degrees.
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Figure 3. Dependence of the He* ions number passing through membranes on the angle of inclination.
Membranes obtained in electrolytes based on H3PO, (left) and H.SO4 (right)

At the same time, the results of accelerated beams transition through membranes
prepared in an electrolyte based on H2SOs (Fig. 3 right) showed that the intensity of
transmitted beam practically does not change within 2.5 degrees. The reducing of the signal in
two times corresponds to the rotation of the target by 3 degrees. Measured transmittance was
in range 0.50-0.625, depending on the sample thickness.

We have studied porous anodic aluminium oxide membranes with a system of ordered
nanoscale (pore diameter of 20 nm and more) capillaries with an aspect ratio of up to 500. It
was shown that the transmittance of high-energy ion beams for membranes made on the basis
of H2SOs4 is significantly greater than based on HsPOas. Nanoporous alumina-based
membranes were used successfully to provide the transporting of a flux of high-energy helium

ions.
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