HAIIOHAJIbHUHM TEXHIYHUI YHIBEPCUTET YKPAIHN
«KUIBCBKUM NOJITEXHIYHUM IHCTUTYT
imMeni I'OPS CIKOPCBKOI'O»

XiMiKO-TeXHOJIOTIYHUT PaKyJIbTeT

Kadenpa Texnosorii eiekTpoXiMivHUX BUPOOHUIITB

«Ha npaBax pykonucy»
YK

«J10 3aXuCTy TOMyIIEHO»

3aBiqyBau Kadenpu
O.B. JlintoueBa
«__» 05 2018 p.

Maricrepcbka qucepramis
HAa 3100yTTH CTyNeHs MaricTpa
3i cneniaabHOocTi 161 XimMiuHi TeXHOJIOTII Ta iHAKEHepid

Ha Temy: «IliTuHrocriiikicTs aycreHiTHOI ctaji AISI 430 B yMmoBax yJabTpa3ByKo-
BOI BiOpauiin»
BukoHas:
ctyaent VI xkypcy, rpynu XE-61m
[TinOypTHU Muxaitno OnekcanapoBuy

KepiBHuk:
K.T.H.
Bacmiwe I'. C.

Peneunsenr:
cr.H.c. HIY KHY im. T. IlleBucHKa, K.X.H.
Bacuinea O.1O.

3acBiiuyto, 110 Y ik MaricTepchKiil AucepTari
HEMae 3aro31yueHb 3 Mpallb 1HIIUX aBTOpIB 0€3
BIIMOBITHUX ITIOCHJIAHb.

CryneHr

KuiB — 2018 poky



HauionanbHUM TeXHIYHUI YHIBEPpCHUTET YKpPaiHH
«KuiBcbkniil nmostitexniyauid incTuTyT iMeHi Iropst Cikopcbkoro
XiMiKO-TeXHOJIOTIYHUT PaKyJIbTET
Kadenpa TexHoJiorii eieKTpoXiMiYHMX BUPOOHUIITB
PiBeHb BUIIOT OCBITH — APYTrull (MaricTepchbkuil) 3a OCBITHLO-HAYKOBOIO MPOrPaMOI0

CrneuianbHicTh (cnenianizanist) — 161 Ximiuni TexHosorii Ta inxeHepist (Eneproedexru-
BHA TEXHIYHA €JIEKTPOXIMIS Ta 3aXMCT METAJIIB Bl KOpPO3ii )

3ATBEPIIXXYIO

3aBigyBau kadeapu
O.B.Jlintouena

« _» 05 2018  p.

3ABJAHHASA
HAa MAriCTePCbKY JUCEPTALII0 CTYAEHTY

Hin0yprHomy Muxaiiny QekcaHApOBHYY

1. Tema aucepramii «IliTuarocTiiiKicTs aycTeHiTHOT cTtami AISI 430 B ymoBax ynbTpas-
BYKOBOi BIOpallii», HayKoBUW KepiBHUK auceprauii Bacunbe I'eopriii CrenanoBuy,
K.T.H, 3aTBEP/KE€HI HaKa30M IO YHIBEPCUTETY BII « 23  » 04 2018 p.
Ne 1208-¢c

2. Tepmin mogaHHs CTYACHTOM AUCEPTAIli
3. O0’€exT nOoCHIHKEHHS — MPOoIIeC MITUHIOBOT KOPO3ii HepKaBitovOoi cTalll B IJIACTHHYA-

TUX TETUTOOOMIHHHX armaparax.
4. [IpeameT DOCIIKEHHS — 3aXUCHI BIACTUBOCTI yJIBTPA3BYKOBOI BiOpallii, mpukiaaeHot

Oe3rocepeIHbO 0 MOBEPXHI HEPKABIIOUOI CTall.

5. Ilepemnik 3aBanb, sKi MOTPiOHO po3poduTh: 1) Po3pobuTn nu3aitH Ta yMOBH €KCIIEpH-
MEHTY ISl IEPEBIPKHU MOKIIUBOCTI MPUTHIYSHHS MITHHTOBOT KOPO3ii i JI€I0 YIbTpa3-
BYKOBOI BiOpaitii. 2) JIoCTiuTH eNeKTPOXiMIYHY TTOBEIIHKY HEPIKABIIOUNX CTaJICH y ar-
PECUBHOMY XJIOPUAHOMY cepeoBullli. 3) OuiHuTi MOp(OJIOrito MOBEPXHI Ta XapaKkTep
pYHHYBaHb 3pa3KiB HEP>KABIIOUMX CTaJEH.

6. OpienToBHMII Nepenik rpadiyHOro (UIFOCTPATUBHOIO) MaTepiay:
[Tpe3enramnis Power Point (20 cnaiimis)

7. OpieHTOBHUH TIepeTiK My OIiKaIii:



3

e Vasyliev G. Influence of ultrasonic vibration on corrosion resistance of austenitic
steel/ G. Vasyliev, M. Pidburtnyi//Materials Today Proceedings — 2018.

e Vasyliev G. Influence of ultrasonic vibration on corrosion resistance of heat
exchanger plates from AISI 316 steel// G. Vasyliev, A. Novosad, M. Pidburtnyi,
O. Chihirin —in proc. of X1V International Conference "Problems of corrosion and
corrosion protection of structural materials"

e [linOyptHuii M. O. BB yapTpa3ByKOBHX KOJIMBaHb Ha IPOTIKAHHS MITTUHTOBO1
Kopo3ii Hepxkasitouoi ctam AISI 316 /Iliabyptauit M. O., Bacuibes I'. C. —
30ipka te3 gonosinei VII MixHapoaHoi KoH(pEpeHLii CTyI€HTIB, acipaHTIB Ta
MOJIOAMX BUCHHX 3 XiMii Ta xiMiuHOT TexHoorii (11-13 kBiTHs 2018 p., M. Kuis).

Vxmanay [Naiigait O. B. — ¢1.101.

8. llata Buaadi 3aBnanus: 23 kBiTHa 2018 p.

Kanennapuuii ninax

Ne Ha3Ba erariB BUKOHAaHHSA TepmiH BUKOHAHHS €TarliB .
. " . . ... | IIpumiTka
3/m MaricTepchKol AucepTaiii MaricTepchKoi AucepTariii
1 [Tomyk miTepaTypHUX JaHUX 01.09.16 — 01.12.16
2 [TpoBeieHHs OMepeTHIX JTOCTIKEHb 01.12.16 - 01. 06.17

3 Bubip ontumanbHUX YMOB J1OCIiIKEHb, TTPpOe-
KTYBaHHS YCTaHOBKH

01.06.17 -01. 11.17

[TpoBeseHHs TOCIiKEHb HA CTAIl MAPKU
4 AISI 316 01.11.17-01.08.18
[TpoBeseHHs TOCIiIKEHb HA CTaIl MAPKU
5 AIS| 430 01.08.18 - 01.01.18
6 OOpoOKa pe3ynbTaTiB JOCIiPKSHHS 01.01.18 — 23.04.18
7 Harnmmcanns po6otn 23.04.18 — 17.05.18
CryneHr M. O. ITlinOypTHuii

HaykoBuii kepiBHUK qucepTarii I'. C. BacuibeB



PE®EPAT

[Titunrocriiikicth aycteniTHoi ctam AISI 430 B ymoBax ynpTpa3ByKoBOi BiOpariii.
[Tin6yptauit M.O., Kuis: HTYY «KIII imeHni Irops Cikopcbkoroy, XT®D, XE-61m

Maricrepcbka auceptaris, 2018 pik, KiapKicTs cTopiHOK — 99, Tabnmuie — 24, pu-
cynkiB — 30, mkepen — 73, nogatkis — 1

[InacTrHYATI TETNIOOOMIHHUKH 3aBISKH sy NepeBar HaOyJM MIUPOKOro 3acTo-
CyBaHHsI B IPOMHMCIJIOBOCTI Ta € OCHOBHUM BHJIOM TEIUIOOOMIHHHUX amapaTiB B Cy4aCHUX
CUCTEMAax rapsiyoro BOJIONOCTaYaHHs KUTIOBUX OYTUHKIB.

TemnooOMiHHI TOBEPXHI JAHUX anapaTiB BUPOOJISIIOTH 13 TO(PPOBaHUX JIUCTIB HEP-
xapitounx cranei tuiry AISI 304 ta AlISI 316, ckinageHux B MakeT 1 pO3aIICHUX T'yMO-
BUMHU NPOKJIAAKAMU. TEXHOJOTIYHI CepeOBHINA, IO MOJAI0THCS HA HArpiBaHHS 4acTo
MICTATh B CBOEMY CKJIa/Il XJIOPHI-10HU. 3HAUHA KOHLIEHTPALisl XJOPUIIB, IABUIICHH] Te-
MIIepaTypy Ta HEBEJIMKa TOBIIMHA CTIHKU MPU3BOMASATH JI0 MIBUIKOTO PyHHYBaHHS ILJIac-
TUH 3 YTBOPEHHSIM HACKPI3HUX OTBOPIB. TOMY akTyaJlbHUM MUTAHHSIM € po3po0OKa MeTO-
JIiB ITABUIIEHHS CTIHKOCTI HEP)KABIIOUMX CTajiel 0 JIOKAIBHUX BUIIB KOPO3ii.

bynu nmpoBeneHi monepeaHi TOCTiHKEHHS KOPO31MHOT CTIMKOCTI IJIACTHUH 13 CTal
AISI 316 Ta neranpHi qocmimkeHHs noBeAinku craiai AISI 430 npu HakTamaHHI yIbTpa-
3BYKOBOI BiOpairii. BunmpoOyBaHHS TPOBOIMIN METOJaMU TTOTSHITIOIMHAMIYHO1 Ta TIOTE-
HI[IOCTATUYHOI MOJISIpU3aIlii B XJIOPUA-BMICHUX PO3YMHAX 3a CTAaHAAPTHOI TEMITepaTypH.
PesynbratamMu €1eKTpOXIMIYHUX JOCHIIKEHb Ta aHaiizy Mop(osorii NOBEpXHI MOKa-
3aHO, 110 HAKJIQJIaHHS YJIbTPAa3BYKOBOI BiOpallii MpU3BOAUTH 10 301IBIIEHHS CTIHKOCTI
HEP)KaBIIOYUX CTajiel O MITUHTOBOI KOPO3ii.

KittouoBi cioBa: HepikaBitoua CTajb, MITHATOBA KOPO3is, YIBTPA3BYK, IUIACTUHYA-

THI TEIUIOOOMIHHHUK.



ABSTRACT

Pitting resistance of austenitic steel AISI 430 in ultrasonic vibration conditions.

M. Pidburtnyi, Kyiv: NTUU «lgor Sikorky Kyiv Polytechnic Intitute», ChTF,
group XE-61m

Master's thesis, 2018 year, pages - 99, tables - 24, pictures - 30, sources — 73, sup-
plements — 1.

Relevance of the research topic. The steady growth of world energy consumption
and stringent safety requirements for all the industrial processes necessitate continuous
improvement of equipment in order to increase its efficiency and reliability. In Ukraine,
the problem of energy conservation and reduction of capital and operating costs in the
energy sector is most acute. Therefore, the efficient usage of heat and the trouble-free
operation of the equipment are the priority tasks.

It is well-known, that the heating inside buildings in Ukraine is mainly carried out
with the help of centralized heat supply systems made of carbon steel. Because of its low
corrosion resistance, the presence of impurities in the heat transfer agent (water) is unac-
ceptable. Therefore, before its usage, a special treatment that reduces aggressivity is car-
ried out. The ingress of unprepared water into the system results in a sharp decrease in
the operating period of the equipment due to corrosion processes and scale deposits for-
mation inside the system.

The biggest amount of unprepared water gets into the system in heat points, where
tap water is heated by heat transfer fluid through special equipment, such as plate heat
exchangers. Because of the difference in pressure, if there is a through-holes, untreated
water can get into the heat supply system. Through-holes on the heat-exchange surfaces,
in most cases, are caused by corrosion processes. And though, the plate heat exchangers
are made of extremely stable material, as stainless steel, they are also sensitive to local
types of corrosion. The searching for solution of the pitting corrosion problem is the key

purpose of this work.
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The purpose and tasks of the work: To solve the problem of plate heat exchang-
ers pitting corrosion in hot water systems by ultrasonic vibration superimposing. To
achieve this goal, it was necessary to solve the following tasks:

1. To develop the design of an experiment and choose experimental con-
ditions for checking the possibility of pitting corrosion suppression by the in-
fluence of ultrasonic vibration.

2. To investigate the electrochemical behavior of stainless steels in cor-
rosive chloride-containing solutions.

3. To evaluate the morphology of the surface and the nature of destruc-
tions.

The object of research is the process of pitting corrosion of stainless steel inside
plate heat exchangers.

The subject of research is ultrasonic vibration protective properties.

In Section 1:

1) The main reasons of widely usage of plate heat exchangers in various fields of
production, their structure, features and the application in systems of centralized hot water
supply were explained.

Over the last two centuries, the price of energy has been continuing to grow stead-
ily. This is due to an increase in world energy consumption and the stringent requirements
of environmental safety legislation. In Ukraine, the issue of reducing energy expenditure
Is important to achieve full energy independence. Therefore, the Government of Ukraine
Is actively developing new programs to reduce energy consumption by improving energy
efficiency in the industrial and municipal sectors. The main purpose of such changes is
to save the maximum of energy resources.

In addition, each production has certain requirements for profitability and effi-
ciency of production, and the optimal usage of heat in particular, is a key factor which
determines the overall efficiency of any production process. In addition, the efficient us-
age of primary energy is an important contribution to the protection of the environment
through the reduction of carbon dioxide emissions. For the effective use of heat energy,

more and more advanced heat exchangers are being created.
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Although today the most common heat exchanger is a shell-and-tube heat ex-
changer, the usage of plate heat exchangers has increased significantly over the last dec-
ade. Such heat exchangers are widely used in the food and chemical industry, utilities,
construction, power engineering, as well as in various cooling systems. This is primarily
due to their significant advantages over other types of heat exchangers: lower capital and
operating costs, higher reliability, safety and ease of maintenance.

It is plate heat exchangers that are often used in hot water supply systems (HWSS)
for tap water heating. HWSS are intended for supplying hot water to consumers.

The system consists of two circuits: the heating circuit, where the hot coolant cir-
culates, and the circuit of hot water in which the tap water is heated. The heating circuit
operates at a slight excess pressure up to 2 atm. At the same time, the hot water circuit
works at much higher pressure up to 11 atm. The exact pressure depends on the number
of floors in a building, the pressure in the system is supported by pumps. The constant
temperature of water, is ensured by its continuous circulation through the heat exchanger.

2) Also, the problem of plate heat exchangers corrosion in HWSS and the choice
of materials for production heat exchanger plates was discussed. The main problem with
the operation of plate heat exchangers is the formation of through-holes on metal plates
that causes the mixing of coolants.

As already noted, the HWSS consists of two circuits: the heating circuit and the
circuit of hot water. Unlike the circuit of hot water, from which water is being used by
consumers, the heating circuit is closed-loop. This is due to a number of reasons. At first,
due to high operating temperatures (about 100 °C), the rate of all chemical processes,
including corrosion, increases. Secondly, salts of temporary hardness that are present in
natural water are capable of forming scale on the inner surfaces of heating circuit.

Therefore, in order to avoid formation of the water scale and prevent the corrosion
of heating circuit, the water supplied to the circuit is proceeded through several prepara-
tion operations. Such operations include: water softening down to 20 umol/dm?®, removal
of dissolved oxygen (not exceeding 50 ug/dm?), maintaining pH within 8.5-10.

So, it is unacceptable to enter improperly prepared water in the heating circuit. But,

as noted earlier, the pressure in the inner circuit is much higher than in the external one.
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Therefore, the appearance of any perforation on the plates of the heat-exchange equip-
ment leads to a significant increasing the amount of unprepared water in the external
contour. Most often, perforations on the plates are caused by corrosion processes.

As a result, one of the main requirements to ensure the stable operation of plate
heat exchangers is the high corrosion resistance of metal plates, which are in contact with
coolants. Due to the high aggressiveness of water in the inner circuit, most of these plates
are made of stainless steels, which provide high corrosion resistance in such conditions.

These steels have high resistance in many environments. However, they are still
sensible to local destruction: crevice corrosion and pitting corrosion. In addition, the high
cost of such steels causes the need to find alternative solutions to the problem of low
corrosion resistance. One of these solutions is the use of cheaper stainless steel, such as
AISI 430, which is also sufficiently resistant to general corrosion, with an additional pro-
tection against pitting corrosion. One way of the protection is offered in this work.

3) The mechanism of pitting corrosion and features of each of the following stages
were revealed:

1. Pit nucleation

2. Metastable growth of the pits

3. The stage of stable growth

4. Repasivation of the surface

4) The methods, used for studying the process of pitting corrosion and estimation
of stainless steels stability are given.

Methods for studying pitting corrosion can be divided into two main groups: elec-
trochemical and chemical. Typically, chemical methods allow us to assess the corrosion
resistance of steels only in comparison with other ones. With regard to electrochemical
methods, they can be used both for assessing assess the pitting corrosion resistance of
steels, and for the study of the phenomenon in order to understand its causes and mecha-
nisms of leakage. In addition to the listed methods, several techniques for the evaluation
of surface state, such as optical microscopy and scanning electron microscopy, are widely

used.
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There are also a few new approaches, such as electrochemical impedance spectros-
copy, the studying of electrochemical noise and the scanning reference electrode tech-
nique.

5) The basic methods of protection of stainless steels from pitting corrosion were
given and analyzed. The advantages and disadvantages of each method are listed. It has
been shown that promising for use in HWSS is a method of ultrasonic treatment, which,
can be an effective and inexpensive method of protection an equipment.

6) The influence of the ultrasound treatment on the rate of metal corrosion was
explained. In recent years, the interest of researchers to the pitting corrosion of stainless
steel in the ultrasound field has increased, but the results remain controversial. The rate
of metal corrosion in certain environments in the presence of acoustic cavitation, which
could be caused by applying of ultrasound, is accelerated. However, in many papers, it
was noted that ultrasound treatment increases the rate of corrosion of a metal only if the
solution by its nature can cause corrosion. It was also noted that stainless steel is fully re-
sistant to ultrasonic erosion.

On the other hand, pitting and crevice corrosion of stainless steel in NaCl can be sup-
pressed by ultrasonic cavitation. It has been discovered that ultrasound stimulates the re-
passivation process.

But, in practice, it is not appropriate to create conditions for the solution cavitation,
which is due to the rapid decay of oscillations in the liquids. However, ultrasonic oscillations
in metals can propagate over longer distances.

Therefore, this work is aimed at studying the influence of ultrasonic vibration, applied
directly to the surface of stainless steel, on pitting corrosion.

In Section 2:

1) Materials, reagents and concentrations of working solutions were chosen. The
process of sample preparation was presented.

In order to investigate the possibility of suppressing pitting corrosion by ultrasonic
vibration, two steels were chosen: the more stable AISI 316 — for preliminary studies, and
the less resistant AlSI 430 — for more detailed.

2) An apparatus and methods which were used for the study were discussed.
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The polarization curves on the AlSI 316 steel were obtained in the range of poten-
tials from -1 to 1 V/NHE with the following scanning rates: 1; 2; and 5 mV/s. As for the
AISI 430, the range of potentials was from -1.2 to 0.6 V/NHE. Scanning rate was 2 mV/s.

To obtain chronoamperometric curves on the AISI 316, samples were kept in solu-
tion for 1 hour at a potential 0.4 V/NHE. On the AISI 430, curves were obtained at the
following potential values: 0.2; 0.25 and 0.3 V/NHE.

Scanning electron microscopy (SEM) for studying the surface morphology of sam-
ples after polarization, was used.

3) The construction of electrochemical setup, used in present study, are presented.

In Section 3:

The results of preliminary tests, carried on plates of a real heat exchanger, made of
the stainless steel AISI 316, are shown.

1) The results of determination the optimum scanning rate for potentiodynamic in-
vestigations are given and the optimal one was selected.

2) Polarization curves, obtained in NaCl solutions with concentrations of 0.5; 10
and 35 g/dm? were discussed.

In the 0.5 g/dm® NaCl solution the stationary steel potential without ultrasonic vi-
bration almost coincides with the potential of the vibration electrode and is equal -250
mV/NHE. At the cathodic polarization without ultrasound down to the potential -650
mV/NHE, the limiting current is observed, corresponding to dissolved oxygen reduction,
with the current density of 10° A/cm?. On the curve with ultrasound, the current density
of oxygen reduction is higher and equal 10° A/cm?. It is due to the intense mixing of the
solution near the electrode. Further cathodic polarization leads to current rise due to the
hydrogen evolution.

There is a passive area on the anodic part of curves. The current density in this
region is 10->2 A/cm? for both with and without ultrasound. The pit nucleation potential
without ultrasound is 360 mV//NHE. On vibrated electrode, the potential of the pitting
increases to 560 mV/NHE, that indicates an increase in the pitting resistance of the AlSI
316 steel.
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The transition to more concentrated solutions leads to a shift in the stationary po-
tential of the steel, both without ultrasound and with it. Stationary potential without pro-
cessing is -130 and -140 mV/NHE for a NaCl 10 solution and 35 g/dm?, respectively.
The stationary potential of the vibrating metal shifts by 180 and
160 mV, respectively, in the cathodic side.

There is also a passive area on the anodic part of curves. The current density in this
region without ultrasound processing is the same for both concentrations and is 1072
A/cm?. With ultrasound the current density in the passive region, with increasing the chlo-
ride concentration, increases and is 10° and 108 A/cm?, respectively. This increase in
passive current may be due to the effect of cavitation and the simultaneous action of ag-
gressive chloride ions, which in combination causes damage on the passive film. How-
ever, such damage is negligible, and the film is renewed quickly.

The pit nucleation potential without ultrasound is 250 and 200 mV/NHE, respec-
tively. Under the ultrasound treatment, pit nucleation potential increases to 380 and 320
mV/NHE. To sum up, ultrasound has the same effect, as in 0.5 g/dm? solution and allows
to increase the pitting corrosion resistance of the AISI 316.

3) The results of potentiostatic studies were discussed. Anodic polarization to the
stable pitting area (400 mV/NHE) in the of 10 g/dm® NaCl solution leads to a gradual
increase of the sample current density to 102° A/cm?2. Under the influence of ultrasonic
vibration, anodic current density decreases to 103> A/cm?. The termination of the ultra-
sound leads to the restoration of the anode current density to the previous value.

4) The results of the surface morphology analysis after potentiostatic studies are
presented. Without ultrasonic vibration on the steel surface, after 1 hour of polarization,
numerical local dissolution sites of 1-5 um in size are uniformly distributed along the
surface of the sample. Similar changes are observed in mechanical mixing conditions. At
the same time, under ultrasound vibration conditions, no dissolution sites were detected.
The surface of specimens after ultrasonic treatment is covered with not deep cavities that
do not become into pits. On all the samples there are local dissolution sites of 50-100 um
in size, but they are different. Thus, in the absence of ultrasound and with mechanical

agitation, products of corrosion around the dissolution zone are observed. At the same
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time, in ultrasonic vibration conditions, products of dissolution are absent, and all the

inner surface of the pits is covered with smaller cavities, like the main part of the surface.

In Section 4:

The results of studying the AISI 430 ferritic steel are shown.

Since it was possible to achieve a significant reduction of pitting corrosion by the
influence of ultrasonic vibration, it was decided to repeat similar experiments on a less
corrosion-resistant but three times cheaper ferritic steel AISI 430 with the minimum pos-
sible power of ultrasound. It would allow to conclude whether this method can be used
for low-alloy steels in high concentrated chloride solutions.

1) The polarization curves were obtained. The stationary potential of a steel without
ultrasonic vibration is -175 mV/NHE and does not depend on the solution composition
(NaCl or NaHCO3). At the cathodic polarization without ultrasound down to the potential
-680 mV/HBE the limiting current is observed, corresponding to dissolved oxygen reduc-
tion, with the current density of 10 A/cm?. Further cathodic polarization leads to current
rise due to the hydrogen evolution.

There is a passive area on the anodic part of the curve in the solution of 35 g/dm?3
NaHCOs, the current density in this area is 10° A/cm?.

In the 35 g/dm?® NaCl solution, cathodic pat of curve remains almost the same. The
only difference is a bit different hydrogen-evolution Taffel slope, which is associated with
a more alkaline medium (pH 8.5) and lower overpotential of this reaction.

The anode curve changes significantly in the NaCl solution. There is a zone of a
stable pitting formation due to the breakdown of the passive film by chloride ions. But, it
is difficult to determine the pit nucleation potential. However, visual analysis of the sur-
face after polarization shows the presence of pits.

Applying of ultrasonic vibration leads to an increase of current in the cathodic re-
gion up to two times, which is due to the acceleration of the oxygen delivery to the elec-
trode surface. The stationary potential of the vibrating metal shifts by 45 mV to the anode
side, to -130 mV/NHE. The anodic part of the curve under the ultrasonic vibration shifts

to 50-100 mV in a positive direction, compared to the without-ultrasound curve.
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3) Potentiostatic measurements have been carried out. The results indicate that for
all of the investigated potentials superimposition of ultrasonic vibration leads to the de-
crease of the dissolution current. But the effectiveness of pitting corrosion inhibition in-
creases when the potential becomes more positive. Thus, at the potential of 200 mV/NHE,
the current density under the ultrasound applying is reduced only by 1.5 times, and at 300
mV/NHE by 50 times. Also, fluctuations of current on the curve with ultrasound are ob-
served, which associated with the repassivation of pits.

The results of electrochemical studies were justified by the weight loss data. The
weight loss of AISI 430 was determined after one hour of potentiostatic polarization at
300 mV/NHE of both vibrated and non-vibrated samples. The results appeared to be in a
good agreement. Ultrasound superimposition reduces the dissolution rate by almost 50
times.

4) The results of the surface morphology analysis after potentiostatic studies are
presented. Without ultrasonic vibration on the steel surface, after 1 hour of polarization,
numerical local dissolution sites of 200-400 um in size are uniformly distributed along
the surface of samples. At the same time, under ultrasound vibration conditions, practi-
cally no dissolution sites were detected. Higher magnification of non-vibrated samples
shows that dissolution sites have sharp edges with irregular shape and significant part of
pits is located under the outer metal surface. At the same magnification, on the vibrated
samples only few dissolution sites were detected only on small piece of the surface. These
sites are different in shape and size. The size does not exceed 250 pum, the shape is mostly
hemispherical. The sharp edges and dissolution under the outer metal surface are absent.

5) The reasons of pitting corrosion suppression under the ultrasonic vibration are
discussed. The pitting corrosion of stainless steels occurs through three consecutive
stages.

The first stage is the pit nucleation. On this stage the passive film is pointwise at-
tacked by the aggressive ions. This process is not stable, and the surface can be repassiv-
ated. Based on current knowledge about the mechanism of this stage, ultrasound treatment

IS not able to influence the process in any way.
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The second stage is the metastable growth of the pit. It is controlled by diffusion.
In order to maintain the growth, the presence of an aggressive acidic solution is necessary.
It is possible only by the formation of a diffusion barrier above the pitting, which slows
the delivery of ions between inner pit volume and bulk solution. It is the products of
corrosion or remains of the metal acts as the diffusion barrier. So the removal of them
leads to fast repassivation of pits on this stage.

The third stage is the stable pit growth, which is also controlled by diffusion. How-
ever, the role of the diffusion barrier during the stage is performed by the pitting cavity
itself. On this stage, the repassivation of pits is also possible when the aggressive solution
IS removed.

Summarizing obtained results, it can be argued that the local dissolution of AISI
316 and AISI 430 stainless steels is significantly slowed by applying of ultrasonic vibra-
tion. Moreover, in accordance with modern knowledge about the mechanism of nuclea-
tion and growth of pits, ultrasonic vibration can only affect the second and third stages of
pit growth. At the second stage, the bonding between the pit cover and the metal surface
Is weakened, resulting in the pit repassivation. Intensification of mass transfer processes
in the vicinity of the vibrating surface causes the rapid alignment of concentrations in pit
and bulk solution. It stops the pit growth on the stage of stable growth. To sum up, the
superimposition of ultrasonic vibration reduces the rate of local dissolution of stainless
steels.

Comparing the test results for two steels, we can conclude that the higher stability
of the steel, the greater effect can be achieved by imposing of ultrasonic vibrations. How-
ever, even for low-alloyed steel AISI 430, in a sufficiently concentrated chloride solution
and a minimum ultrasonic power, a significant increase of pitting corrosion resistance has
been achieved.

6) The prospects of this method application for protection of equipment from pit-
ting corrosion are considered.

Since this method provides a significant increase of the stability even for low-al-

loyed stainless steel, ultrasonic processing can be used to protect various equipment in



15

many branches of industry. Ultrasound vibration in the long run can be used for two pur-
pOses:

1. For additional protection of already installed equipment and, as a result, to
increase the service life and decrease the number of repairs.

2. To reduce the cost of equipment at the design stage. When additional protec-
tion by ultrasonic vibration is used, it is possible to use a less expensive stainless steel.

For further implementation of this method, additional studies, including calcula-
tions on the distribution of ultrasonic vibrations inside the metal, definition of the effect
of amplitude and frequency on the protection efficiency, are required.

In Section 5 the analysis of the startup-project has been developed.

In Conclusions, obtained in the work results have been summarized.

As a result of studying the influence of ultrasonic vibration on the stainless steel
pitting corrosion the following conclusions were made:

1. Application of ultrasonic vibration with frequency of 28 kHz and power of
60 W to the steel plates, made of AISI 316 steel with thickness 0.4 mm, leads to a shift
of the pit nucleation potential at least on 120 mV/NHE in the positive side and reduces
the rate of dissolution of steel up to 30 times.

2. Application of ultrasonic vibrations with frequency of 28 kHz and power of
10 W to steel plates, made of AISI 430 with thickness 0.5 mm, reduces its rate of disso-
lution up to 50 times.

3. Decrease of dissolution rate is related to the destruction of the pit cover over
the pit zone, which causes the repassivation of metastable pits, and mixing the solution in
the pit zone, which leads to leveling of concentrations inside pit and bulk solution.

4. Application of ultrasonic vibration to the stainless steels is a promising
method to increase their pitting corrosion resistance. For example, it can be used for pro-
tection of plate heat exchangers, used in hot water supply systems. However, for the in-
dustrial implementation of this method, further researches of distribution of oscillations
along the plate’s surface, as well as the effect of frequency and amplitude on the protec-
tion efficiency, are required

Keywords: stainless steel, pitting corrosion, ultrasound, plate heat exchanger.
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BCTVII

AKTyaJIbHICT TeMH AO0CHiIKeHHs. HeBluHHE 3pOCTaHHS CBITOBOTO CIOXKHU-
BaHHS €HEprii Ta )KOPCTKI BUMOTH 3aKOHOJIaBCTBA MO0 0€3MEeYHOCTI TEXHOJIOTIH CIIpH-
YUHIOIOTH HEOOXITHICTH ITOCTIHHOTO BJIOCKOHAIEHHS 00JIaJHaHHs 3 METOIO MH1IBUIICHHS
Horo epeKTUBHOCTI Ta HaAlMHOCTI . B Ykpaini npobiema eKOHOMIi €eHeprOHOCIiB Ta 3HU-
YKEHHS KaIliTaJbHUX 1 eKCIUTyaTallfHuX 3aTpaT y chepi eHepreTUKH CTOITh HalO1IIBII TO-
ctpo. Tomy onTuManbHe BUKOPUCTaHHS TeIula, Ta 0€3B1IMOBHICTh POOOTH OOJIa HAHHS
€ IPIOPUTETHUMU 3a/1a4aMHU.

3araapHOBIIOMHUM € (hakT, 110 MOCTaYaHHS Teria B YKpaiHi B OCHOBHOMY 3JIiHicC-
HIOETHCS 3a JOTIOMOTOI0 CHCTEM IIEHTPAIi30BAaHOTO TEIUIONMOCTAYaHHSI, SIKi BUTOTOBIIS-
I0Th 3 BYTJIEIeBO1 cTaii. Yepes ii HEBUCOKY KOPO3iiHY CTIMKICTh, HASIBHICTD Y TETUIOHOCIT
(BoJIl) TOMIMIOK € HEAOMYyCTUMOIO. ToMy Mepell MoJavyero B CUCTEMY BOJia MPOXOIUTh
crieniaibHy oOpoOKy, 110 JO3BOJISIE 3HU3UTH 11 arpecuBHICTh. [loTparnisiHHs HEemAroTo-
BJICHO1 HAJIG)KHUM YHMHOM BOJM B KOHTYP MPHU3BOAUTH /IO PI3KOTO 3MEHIIECHHS MEPioay
eKCILTyaTaIlii o0Ia/IHaHHS Yepe3 KOPO3it0 Ta YTBOPCHHS HAKUITY BCEPEAMHI CHCTEMH.

OcHOBHA YacCTHHA «CUPOI» BOJAM B CUCTEMY MOTpAIUISIE Y MyHKTax MiAITpiBY, A€
BOJIOTIPOBIAHA BOJIA 3a JOTIOMOTOIO TEIJIOOOMIHHHUX amapaTiB, TAKUX SK IJIACTHHYATI Te-
MJI00OMIHHUKH, MIIITPIBAETHCS TapsurM TEIJIOHOCIEM. Yepes pi3HUII0 TUCKIB, PU Hasl-
BHOCTI HACKPI3HUX PYHHYBaHb B TEIUIOOOMIHHUKY, HEOUHUIIICHA BOJIa MOXKE MTOTPAIUTH Y
TeII0BY Mepexxy. HackpizHi pyitHyBaHHsI TEIIJIO0OOMIHHUX IMOBEPXOHB YaCTIIIIE 32 BCE BU-
HUKAIOTh MiJ1 AI€I0 MPOIIECIB KOPO3li, 1 X04a MIACTUHYATI TEMJIO0OOMIHHUKU BUTOTOBIIS-
I0Th 13 HAJ3BUYAMHO CTIWKOI HEPXKaBIFOYOi CTalll, Ha iX TUIACTMHAX YacTO HAsIBHI PyHHY-
BaHHS, BUKJIMKAH1 JJOKAJIbHUMH BUJIAMHU KOpO3ii. BupimeHHs npobieMu ogHOTo 3 BUAIB
JIOKaThHOI KOPO3ii — MITHHTYBAaHHS, JIGKUTh B OCHOBI JTAHOTO JTOCITIKEHHS.

Mera i 3apaui nocaigxenns. Bupimutu npo6iieMy miTHHTOBOT KOPO3ii MIacTHH-
YaTUX TETUIOOOMIHHHUKIB B CHCTEMaX Tapsdoro BOJOTOCTAYaHHS ILISXOM HaKJIaIaHHS
yJIBTPa3BYKOBOI BiOparmii. J[s mocArHEeHHS MOCTaBiIeHOI METH HEOOXiTHO OyJo BHpI-

HINTH HaCTyrIHi 3aBJaHHA:
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1. Po3pobutu au3ailH Ta yMOBH €KCIIEPUMEHTY JJIsl MEPEBIPKU MOMKIMBOCTI
INPUTHIYEHHS MITUHTOBO1 KOPO3ii Mij J1€0 YIbTPa3ByKOBOI BIOpaLIii.
2. JlocniauTy eNeKTPOXIMIYHY TOBEIHKY HEpXKaBIIOUMX CTaJIeH y arpecuB-
HOMY XJIOPUJAHOMY CEpPEIOBHUIII.
3. Omuinuté MOp(OIIOTiI0 TOBEPXHI Ta XapakTep pyWHYyBaHb 3pa3KiB HEpHKaBi-
IOYHX CTaJICH.
O0’€eKT HOCTiTAKEHHS — TPOLIEC ITUHIOBOI KOPO3ii HEP>KaB1rOYOi CTall B IJIaCTH-
HYaTUX TEIUIOOOMIHHUX amnaparax.
IIpeameT nociaiTKeHHsI — 3aXHUCHI BJIACTUBOCTI YIBTPa3BYyKOBOI BiOparlii, MpHK-
Ja7eHo1 0e3rmocepeHbO 0 MOBEPXHI HEP)KABIFOUOI CTall.
HaykoBa HOBH3HA OTPMMAHMX pe3yJIbTATIB.
1. IlpuknageHHs yabTpa3ByKOBUX KOJUBAaHb 4acTOTOO 28 KI'II Ta MOTYKHICTIO
60 BT no Topiis craneBoi uractunu 31 ctaii Mapku AISI 316 ToBmuHoM0O 0,4
MM TPHU3BOJUTH JO 3CYBY TOTEHINANly MITHUHTY IoHaiiMeHme Ha 120
MB/HBE B aHO/HY CTOpPOHY Ta 3HMKY€E IIBUAKICTH PO3UMHEHHSI CTaJll B 00-
nacti mituHTy A0 30 pasis.
2. IlpuxnaneHHs ylbTpa3ByKOBUX KOJIMBAHb 4acTOTOIO 28 KI'11 Ta MOTYXHICTIO
10 Bt g0 Topus craneBoi rmiactuau 31 ctam mapku AISI 430 ToBuHoO 0,5
MM 3HIDKY€E MBHUAKICTS ii po3urHeHHS 10 50 pa3is.
3. 3HWXKEHHS MIBUJIKOCTI PO3YMHEHHS MOB’s3aHE 13 PyUHYBaHHSIM IIapy Mpo-
JTYKTIB KOPO31i HaJ 30HOIO MITUHTY, IO CIPUsE pernacuBallii MeTacTaliib-
HUX MITUHTIB Ta IEPEMIITyBaHHIM PO3YUHY B 30HI MITUHTY, 110 BEJE 10 BU-
PIBHIOBAHHS KOHIIEHTpALlii B MITHHTOBIM M1 Ta 00’ €M1 pO3UUHY.
4. 3HMKEHHS IBHJIKOCTI JIOKAIBHOTO pyIHYBaHHS HEP)KaBIIOUMX CTaJeH € me-
PCIEKTUBHUM METOJOM 30UIbIIEHHS 1X KOPO31MHOI CTIMKOCTI, SIKUA MOXKE
OyTH BUKOPUCTAHUU ISl 3aXUCTY IUIACTUH TEIUIOOOMIHHUX amnapariB CHUC-
TeM TerioBojonocradanHs. [Ipore, 1uist poMuUCIOBOrO BOPOBAIKEHHS J1a-
HOT'0 METOy HEOOX1/IHE MPOBEIEHHS MOAAIBIINX JTOCHIKEHb III0JJ0 PO3IIO0-
JIUTY KOJIMBAaHb 110 MOBEPXHI IIACTUH TEINIOOOMIHHHUKA, a TAKOXK BILUIMBY Ya-

CTOTHU Ta aMIUTITY/IM HA €()EKTHUBHICTh 3aXHUCTY.
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IIpakTHyHe 3HAYEHHSI OJlepP:KAHUX pe3yJbTaTiB. [licis npoBeneHHs OB Je-
TaJIbHUX JOCIIKEHB MO0 PO3MOIiTY KOJTMBAaHb BCEPEANHI METAITy, TAaHUH METOJT MOXKE
OyTH BUKOPHUCTAHO JIJIs 3aXUCTY TEIUIOOOMIHHOTO 00JIaTHAHHS B CHEPTETUYHIHM, XIMIUHIT
Ta IHIIUX BHUJIaX MIPOMHCIIOBOCTI BiJl MMITHHTOBOI KOPO3ii, 110 BUHUKAE 11T JI1€I0 arpecuB-
HOro cepenoBua. J[aHuii METO 3aXUCTy HE MOTpedy€e OCOOIMBUX YMOB JUJIsl BIIPOBA-
JKEHHS Ta, B IEPCIIEKTUBI, MOXE 3aCTOCOBYBATHCS SIK HA HOBHX BUPOOHHUIITBAX, TaK 1 Ha

BXKE ICHYIOUUX.
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1 TIPOBJIEMH KOPO3Ii TA TIPOTUKOPO3IMHOT'O 3AXUCTY OBJIAJJTHAHHS

1.1 bynoBa Ta ekciuiyaTanis IVIACTUHYATHX TeIVIO00OMIHHMX anapariB

OcTtanHi /IBa CTONITTS BapTICTh EHEPTOHOCIIB MPOJAOBKYE HEBIUHHO 3pocTaTu. Lle
00yMOBJIEHO 3pOCTaHHSIM CBITOBOTO CIIOKMBAHHSI €HEPrii Ta >KOPCTKUMU BUMOTAMHU 3a-
KOHOJIAaBCTBA 111010 O€3MEYHOCT] TEXHOJIOT1H J1si HABKOJIUIIIHLOTO cepenouiia. B Ykpa-
iHI MUTaHHA CKOPOYEHHS BUTPAT €HEPril € BAXKJIMBUM JIJIsl TOCSITHEHHS IIOBHOT €HEPTOHe-
3a7ekHOCTI. ToMy YpsiaoM akTUBHO CTBOPIOIOTHCS HOBI MPOTPAMH OO0 CKOPOYCHHS
CIO’KMBAHHS €HEprii LUISIXOM MiABUIIECHHS €Heproe()eKTUBHOCTI B TPOMHUCIIOBIN Ta KO-
MyHalbHIN cdepi. 3okpema, npuiiHaTo Konueniito peanizaiii Jep:kaBHOI MOJITUKH Y
cdepi Temnonocrayanns [1], 3akonu «IIpo komepitifiHuMiA 00K TEIUIOBOT eHepril 1 BOJIO-
noctadanus, «IIpo enepreTudny epekTuBHICTH OyAiBenby, «IIpo ®oua eneproedexTu-
BHOCTI» [2—4] Ta iH. ['0JI0BHOIO 3a1a4€i0 TAKMX 3MiH € MaKCUMaJIbHa €KOHOMISI €HEPro-
HOCIiB.

Kpim TOr0, KO’KHE BUPOOHHUIITBO MA€ TEBHI BUMOTH JI0 PEHTa0EIHHOCTI Ta eek-
TUBHOCTI BUPOOHUIITBA, ONTHMAaJIbHE BHKOPUCTAHHS TEIUIA, 30KpEeMa, € BUPIMIATHHIM
bakTopoMm, 1110 BU3HAYAE 3arajbHy e(heKTUBHICTH OY/Ib-KOT0 BUPOOHUUOTO Tporiecy. J{o
TOTO X, €EeKTUBHE BUKOPUCTAHHS MEPBUHHOI €HEPrii € BAXKJIMBUM BHECKOM Y 3aXHCT
HaBKOJIMIITHROTO CEPEOBHIIA YepPEe3 3MEHIIIEHHSI BUKH/IIB BYTJIEKUCIIOTO ra3y. s ede-
KTUBHOTO BUKOPUCTAHHS TEIJIOBOI €HEPTii CTBOPIOIOTHCS BCE OUTBIN JOCKOHAII TETI00-
OMIHHI anaparu.

Xoua 10 CbOTOJiH1 HalOIbII MOIIMPEHUM TEIIOOOMIHHUM arapaToM € KOXKYyXOT-
pyOHMIT TETIIOOOMIHHHK 3 TEII0130JIA111€10, 32 OCTAHHE JECATUIIITTS 3HAYHO 3PIC MOMUT
Ha TUTaCTUHYATI Ter1000MiHHUKH [5]. Taki TemI000MiIHHUKH MTUPOKO 3aCTOCOBYIOTHCS B
XapyoBid Ta XIMIYHIN IPOMHUCIOBOCTI, KOMYHaJILHOMY TOCTIOJIAPCTBI, OY/IIBHUIITBI, €JIe-
KTPOCHEPTEeTHIIl, a TAKOXK PI3SHOMAHITHUX CHUCTeMax oxonokeHHs. Lle nacammepes 3y-
MOBJIEHO 1X 3HAYHUMHU NE€pEeBaraMu y MOPIBHSAHHI 3 IHIIMMH TUIIAMHU TETIOOOMIHHUKIB:
MEHIIOK BapTICTIO, HUKYMMHU 3aTpaTaMH Ha €KCIUTyaTallilo, BUCOKOK HAaAIMHICTIO, 0€3-

MIEYHICTIO Ta JIETKICTIO B 00CIYroByBaHHI. Tako Takl TEINIOOOMIHHUKH JEMOHCTPYIOTh
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YyJIOBl XapaKTepUCTUKHU TEIUIoNepeaayl, € KOMIAKTHUMH, 1 MOXYTh OyTH JIETKO 3YIIH-
HEH1 JIJIs1 00CIIyTOBYBaHHS, YUCTKUA a00 MoAM(IKaLli IIJIIXOM 3MiHU KUTBKOCTI IUIACTHH,

TunoBy Oy0By IJIACTHHYATOTO TeriooOMiHHHKA 300paxeHo Ha Puc. 1.1. Yepes
BIAMOBIAHI BXOaW 1 Ta 2 MOJar0ThCs TETUIOHOCI, IO TIOCIIIIOBHO ITPOXOIATh Yepe3 s
poOounx racTvH 4. 3a3BUyail Takl IIACTUHU € TOPPOBaHUMH, 110 3a0e3neuye TypOyJi-
3aIlif0 TOTOKY Ta BUCOKY MEXaHIuHY MIITHICTH [6, 7]. JI7s 130511111 HOCI1B BiJ cepeoBHUIIa
BCTAHOBJIEHO CTapTOBY IUIACTUHY 3 Ta KIHUEBY IUIACTUHY 5. HampsiM pyXy TemioHOCiiB
3aJIa€THCSA 3 JOMOMOIOI0 130JIF0F0UMX NPOKIAJO0K 14 TaKUM YMHOM, 1100 rapsiuuii Ta Xo-
JIOJTHUN TETJIOHOCIH 3HAXOIUIIUCS Y CYCIJIHIX KaHallaX. Y Cl MJIACTUHU BCTAHOBIIOIOTHCS
MDK (PIKCYHOYOI0 TOJIOBKOIO 9 1 33 IHBOIO CTIHKOIO 10, 1110 BUKOHYIOTh POJIb KOPIYCY Te-
I000MIHHUKA. 3a3HAYCHI €JIEMEHTH HAHU3YIOTHCS Ha HAMPSMHY 0ajKy 6 Ta CTATYIOThCS
6ontamu 8. MexaHiuHa MIITHICTb 3a0€3MeUy€eThCs MATPUMYI0UO0I0 Oankoro 7. KpimieHHs

TEIIO00OMIHHUKA 3I1MCHIOETHCS 32 JTOIIOMOT OO CTiiKM 11.

Puc. 1.1 — byoBa miacTUHYATOro TEII0OOOMIHHUKA: 1 — BX1J Tapsiuoro TEIIOHO-
cis; 2 — BX1JT XOJOTHOT'O TEIVIOHOCIS; 3 — CTapTOBA IIaCTHHA; 4 — poOOUl IUTACTHHH, 5 —
KiHIIEBA TUTACTUHA; 6 — HanpsAMHa O0anka; 7 — maATpuMyroda 6anka; 8 — cTaryrodi 60JTH;
9 — ¢dikcyroua ronoBka; 10 — 3agus crinka; 11 — cTiiika ans kpituienss; 12 — Buxin raps-
4Oro TeIIoHOCIs; 13 — BUXi/1 X0JI0/1HOTO TeruioHocis; 14 — mpoknanka. CTpiakaMu Mmoka-

3aHO HaIpPsIM PYXy TEIJIOHOCITB.

CaMe niacTUHYATI TEMI00OMIHHUKH YaCTO 3aCTOCOBYIOTHCSA B CUCTEMAX rapsiuoro

BogonoctayanHs (I'BII) s migirpiBy xonoanoi Boau. Cucremu I'BIT npusHaueni s
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MOCTAYaHHs CIIOKMBaYaM rapsiaoi BoJiu, Temieparypa sikoi mae cranoButu 50-60 °C. Io-
Java BoJu 3 Temneparypotro nonaj 60 °C 3ad0poHeHa yepe3 MOKIIUBICTb OTPUMAHHS Te-

PMIYHUX OIIIKIiB.

Wutnoenii ByguHok

=
Tennoeuit nyHKT J &
5
MnacTMHYaTHIA
B TenAoobMiHHUK 3
3 Tennomepei 5/
Kontyp FBN
Y rennomepemy
. NigmueneHHa
Bopgorin
1KoHTtyp XBM ~

Puc. 1.2 — Cxema rapsi9oro BoJIONOCTauYaHHS KUTIOBOTO OYyAHMHKY

TunoBy cxemy I'BII HaBeaeno Ha Puc. 1.2. Cucrema ckiiaiaeTbcesi 3 IBOX KOHTYPIB:
KOHTYPY TEIJIOHOCIS, TI0 SKOMY IHUPKYJIIOE Tapsiauid TETUIOHOCIH, Ta KOHTYPY Tapsdoi
BOJIM, B IKOMY IIJIITPIBAETHCS BOJA 3 BOJIOTOHY. KOHTYp TETIOHOCIS Tpalfoe 3a He3HAay-
HOT'O HaJIJTUIITIKOBOTO TUCKY — 710 2 aTM. B CBOIO 4epry, KOHTYp rapsuoi BOJu IMpallroe 3a
BHUCOKOTO THCKY — /10 11 aTM., B 3aJIeKHOCTI BiJT KIJTbKOCTI MIOBEPXIB KUTIOBOTO OYIMHKY.
Tuck B cuctemi miarpumyetbest Hacocami. [locTiiiHa Temneparypa Boiu, HaBITh 3a BiI-
CYTHOCTI BOJIOPO300pYy, 3a0e3MeuyeThes il HEMepEePBHOIO MUPKYJIIAIIEID Yepe3 TEeImI000-
MIHHUK. BuTpara nupkyasuiiHoOro Hacocy 3Bu4aitHo craHoBUTH 20-40 % BiJ HOMIHAJIb-

HOTO BOZOPO300pY, IO AJIs 0araTOKBAPTUPHOTO OyAMHKY ckianae 1,5-3 m3/rog.
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XapaKTEepUCTUKH TETUIOOOMIHHMKIB JIJIs1 TTIITPIBY BOAM 3a3BUYail BUOMPAIOTh Bij-
MOBIJIHO /10 MOTpeO 3a0e3neueHHs CroKuBayiB. Bukopuctanus 06y1aiHaHHS MaJIOl TOTY-
YKHOCT1 MOXE MPU3BECTH JI0 HU3bKOI TEMIIEpaTypH rapsuoi BOJH, KOJIU SIK BCTAHOBJICHHS
3aHAATO MOTYXHOTO OOJaJHAHHS € EKOHOMIYHO HEIOUIIFHUM. TeruioBa noTykKHiCTh Te-
IJI000OMIHHHKIB 3BUYAHHO 3HAXOMUThCs B Mexkax 20-40 kB1/m2.

OCHOBHOIO TIPOOJIEMOIO TPH EKCIUIyaTallii TUIACTMHYATUX TETUIOOOMIHHUKIB €
YTBOPCHHSI HACKPI3HUX KOPO3IHHUX pyHHYBaHb METAJICBUX IUIACTHH, IO CIPUYHHIOE
3MIIIyBaHHS TEIUIOHOCIIB. Take siBulle € HeOaKaHUMHU 4Yepe3 psij NPHUYMH, K1 OyIyTh

00roBOpEHI Jai.

1.2 IIpo6Jiema Kopo3ii NIACTUHYATHX TENMJI000MIHHUKIB B CCTeMaX rapsiuoro

BOAONMOCTAYAHHA

Sk Bxe Oyno 3azHaueHo, cucrema ['BII ckimagaeThcst 3 1BOX KOHTYpIB: 30BHIIII-
HBOT'O JUISl MiAIrPiBY BOAM, Ta BHYTPIIIHBOTO AJIA MOJA4l MiAIrpiTOl BOAM 3 BOAOTOHY /10
cnokuBadviB. Ha BiAMiHY BiJ KOHTYpY rapsidaoi BOJH, 3 IKOTO BOJIA BIIOUPAETHCS CIIOKH-
BayaMM, KOHTYP TEIUIOHOCISI € 3aMKHEHHUM, a 3a0ip BOJIM 3 IbOTO KOHTYPY HE JT03BOJIS-
eThesl. Lle moB’si3an0 3 psamom npuunH. [lo-niepire, dyepe3 BUCOKI poboUi TemmepaTypu
(6mu3bko 100 °C) MBUAKICTD YCIX XIMIYHUX MTPOLIECIB, BKIIOUAIOYH KOPO3iI0, IKa B TAKUX
yMOBax 3a3BUYail MPOTIKA€ 3 KUCHEBOIO a00 BOJIHEBOIO JenoJigpu3allieto, 3pocrae. Ilo-
JpyTe, HasiBHI Y PUPOJTHINA BOJII COJII THMYACOBOI TBEPIOCTI 3/1aTHI YTBOPIOBATH HAKHII
Ha TIOBEPXHAX 00JIaIHAHHS, 1110 BUKOPUCTOBYETHCS JUIS MiTITPiBYy BOJH.

Tomy st yHUKHEHHS! HAKUTIOYTBOPEHHS Ta MOTIePEPKCHHS PYHHYBaHHS KOHTYPIB
TEIJIONOCTAaYaHHs, 3 BOJOIO, 10 MOJAETHCS Y KOHTYP, MOMEPEAHHO BUKOHYIOTh MATOTO-
Bul omepairii. Taki ornepariii BKIIOYaIOTh: MOM SIKIIEHHsS] BOJAU 10 20 MKMOJIB/J, BUaA-
JICHHSI PO3YMHEHOT0 KHCHIO (710 3HaYeHHs He BUIe S0 MKT/1T), miarpuManHs PH B Mexxax
8,5-10.

ToMy moTparuIsTHHS HEMiATOTOBICHOT HAJIG)KHUM YHHOM BOJIM B 30BHIIIIHIA KOHTYP

€ HEMpUITyCTUMUM. Aule, ik 0yJIO BIAMIYEHO paHille, TUCK y BHYTPIIIHBOMY KOHTYpI €
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3HaYHO BULIUM, HIX Yy 30BHIIIHbOMY. TOMy 10siBa HACKPI3HUX MOLIKO)KEHb CTIHOK TEIl-
JOOOMIHHOTO OOJaJHaHHS MPU3BOJAUTH 0 MOTPAIUISIHHS 3HAYHOI KUIBKOCTI «CHUPOI»
BOJIM y 30BHINIHIA KOHTYp. YacTiiie 3a BCe MOMKOHKEHHS TEIJIO0OOMIHHUX MMOBEPXOHb

BUHUKAIOTh CaM€ 3a PaxyHOK KOPO3ii.

Tabn. 1.1 — Ckiiag Ta BapTICTh TUTIOBUX HEP)KABIFOUMX CTAJCH JJI BATOTOBICHHS

IUTACTHH TEIJIOOOMIHHUKA

Mapka craii AISI 304 AISI 316
Ximiuanii  ckian, | C — 0,08 makc. C - 0,08 makc.
Mmac. % Mn — 2,0 makc. Mn — 2,0 makc.
P — 0,045 makc. P — 0,045 makc.
S - 0,03 maxc. S - 0,03 makc.
Si — 1,0 maxkc. Si — 1,0 maxkc.
Cr—18-20 Cr-16-18
Ni—8-10,5 Ni—10-14
Fe — pemra Mo — 2-3
Fe — pemra
[TpubnuzHa Bap- | 66000 124000
TICTh CTAaHOM Ha
2018 p., rpH/T

Tomy muist 3a0e3neueHHs cTablIbHOT pOOOTH MIACTUHYATUX TETIOOOMIHHUKIB O/1-
HI€I0 3 OCHOBHUX BUMOT € BUCOKA KOPO3iifHa CTIMKICTh METaIEBUX IUIACTUH, 1110 KOHTAaK-
TYIOTh 3 TEIUIOHOCISIMU. 3Ba)Kal0uM Ha BUCOKY arpeCUBHICTh BOJU Yy BHYTPIIIIHBOMY KO-
HTYpI, HalyacTillle TaKi MJIACTUHU BUTOTOBIISIOTH 3 HEPXKABIFOYMX CTajleil pI3HUX MapOK.
Came HeprkaBitodi cTam 3a0e3MeIy0Th BUCOKY KOPO3iifHY CTIHKICTh B TaKKX yMOBax [8].
3a3Buy4ail BUKOPUCTOBYIOTh cTasli Mapok AISI 304 a6o AISI 316, ckiian Ta BapTICTh SKHX

HaseqeHo B Taoum. 1.1.
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Opnak, Xxoua Taki cTaj i MarOTh BUCOKY CTIHKICTb Y 6aratbox cepeI0BUINAX, BOHH
BCC )X € YYTJIMBUMH JI0 JIOKATBHUX PYHHYBaHb: KOPO3IHOTO PO3TPICKyBaHHS Ta MITHH-
roBoi kopo3ii. Jlo Toro x, BUCOKa BapTICTh TAKUX CTaJIEd 3yMOBIIO€ HEOOX1THICTh TO-
IIYKy aJIbTEPHATUBHUX BapiaHTIB BHUPIMICHHS MPOOJEeMH MaJloi KOpPO31MHOI CTIHKOCTI.
OaHUM 3 TaKUX PIIIEHb € BAKOPUCTAHHS OUTBII IEIEBOT HEPKAB1OYOi CTajl, HAPUKJIIA]]
deputHoi cTam AISI 430, Bce mie 1OCTaTHRO CTIMKOI /10 3arajibHOI KOPO3ii, 3 BUKOPHUC-
TaHHSM JTOJATKOBOT'O 3aXMCTY BiJl MITUHIOBOI KOpo3ii. CaMe Takuii crioci0 3aXUCTy Mpo-

NOHY€ETHCA Y 11 pOOOTI.

1.3 IliTuHroBa KOpo3isi HepPKABiKYHX cTAJIel

[TiTuHrOBa KOPO3isl € OJIHIEIO 13 OIIMPEHUX Ta HeOe3MeyHUX (POpPM JIOKAIBbHOI KO-
po3ii, 1Mo xapakTepHa JjIsi METaJliB y NMMaCUBHOMY CTaHi 1 3a3BUYail BiIOyBA€ThCS B Pl
arpeCUBHUX CEepeJOBHIN. Xoua HEpKaBiro4l CTajl BOJIOJIIOTH BHCOKOI KOPO31MHOIO
CTIAKICTIO, BOHM TaKOX € CXMUJIBHUMHM JI0 TAKOTO TUMY Kopo3ii. OCHOBHA HebOe3Ieka Ta-
KOTO BUAY KOPO3ii MOJSIrae y BUCOKIN MIBUAKOCTI JJOKAJIBHOTO PO3YMHEHHS, 110 TPU3BO-
TUTh 110 niepdopallii Ta po3TPICKyBaHHS METay Iij] HAlPY>KEHHSIM BHACI1JIOK BTPATH Mi-
riHocTi [9]. Lle mpu3BOAUTH 70 JOAATKOBHX €KOHOMIYHHMX BTPAT, IO BUHUKAIOTH Yepe3
aBapii Ta BIZIMOBH, PEMOHT 00JIaJIHaHHSA, Ta HEOOX1AHICTh YCYHEHHS HACTIIKIB aBap1iHUX
CUTYaIlIN.

[TiTnHTOBA KOPO3is METANIB € CKJIAJHUM MPOIECOM, IO CKIATAETHCS 13 TIOCIIIOB-
HUX KpokiB. Lli kpoku 1oOpe BUAHO Ha MONSAPU3AIHHUX KPUBHX, [0 YACTO HABOISTHCS
B smiteparypi, Hanpukias [10]. Ha Puc. 1.3 HaBenena tunosa nossipu3aiiiiiHa KpuBa Jist
HEPKaBiIOYO1 CTaJll, OTPUMAaHAa B XJIOPUIHOMY PO3UHHI.

[Tpu HeBeTMKOMY aHOIHOMY 3CYBi MTOTEHIIIATy BiIOyBaEThCS pyHHYBaHHS MMacHB-
HOT TUTIBKHM Ta YTBOPEHHS, TaK 3BaHOT0, METACTAOUIBPHOTO MITHHTY 3 HACTYITHOIO HOTO
HIBUIKOIO PETacHUBAITI€T0, 110 B1I0OPaKAETHCS CTPUOKAMH CTPYMY Ha KpuBiid. Taki cTpu-
OKM 3HAYHO BIJIPIZHSIOTHCS, K MaKCUMAJIbHOIO BEJIMYMHOIO, TaK 1 CBOEID TPUBAIICTIO.

[Tomanpmmii 3cyB MOTEHLIATy B aHOJHUN OIK, SIK MPABUJIO, MPU3BOJUTH 10 3POCTAHHS
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KUIBKOCTI YTBOPIOBAHUX IMITHHTIB 3 GBI BUCOKUMH MIKOBUMHU CTPYMaMH Ta JOBITUMH
nepiojlaMy 1ICHyBaHHS, 110 BKa3y€ HAa YTBOPEHHSI CEPHO3HIIIMX MOLIKOHKEHb. 3HAXO-
JUKCHHSI METaTy B JAHOMY Jl1alma30H1 MOTEHIIaIiB Ta YTBOPEHHS METAaCTaOUIbHUX TITHH-

I'iB HE BBOXAETHCS HEOE3MEUHUM 3 TOUKH 30py KOPO3ii, OCKIJIbKU BiI0YBAETHCS MIBUIKA

penacuBalis IOBEPXHi.

current [InAl]
1 10 100 1000 10* 10°
1500 [ror—rrrrm—rrrrm—rrrr—rrrrr—rrr——
I 470
. stable pitting E
1000 T
ﬁ T T T T T 32310 460
O
N 450
>
E 500} |
8 metastable g
= 3
2
=]
o 30?“0 360

10°° 10°° 10°* 10" 10" 107" 10° =@

Current density [ mA /em?]

potential [mV(SCE))

Puc. 1.3 — Tunosa nonspu3zaiiiiiHa KpuBa HEPKaBIFOYOi CTaJi B XJIOPUIHOMY PO3-

YHHI, 1[0 XapaKTepU3ye pi3Hi cTaiil TokaibHOT kopo3ii [10].

[Ticnst fOCATHEHHSI KPUTHYHOTO 3HAYEHHS aHOHOTO MOTEHIT ATy BiJOYBa€ThCS T1e-
pexin A0 cTafii cTabiIbHOro pocTy MTHHTY. OHAaK HAaBITh IPH OUIBII aHOJHUX MOTEH-

1iajax Ha KpUBid MOMITHI MIHIMYMH, 11O CBIIYUTH PO CTOXACTUYHUMA XapaKTep TaKUX

KOPO31MHUX MPOLECIB.
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Ha npakTuiil HaBiTh 3a BiJICYTHOCTI 30BHINIHBOI MOJISpU3aIlii BiI0YBa€ThCS 3CYB
MOTEHITIATY 32 KPUTHYHE 3HAYCHHS Yepe3 YTBOPCHHsI Ta 30UIBIIICHHS TOBIIMHU Ha MTOBE-
PXHI MACUBHOT TUTIBKHU.

3Bakalo4yM Ha CKJIQJHUM XapaKTep MPOIECy, AJisi HOro pO3yMIHHS B IIIIOMY, KOXKHA
CTaJlisl MOBUHHA OyTH PO3IJIsIHYyTa OKpeMo. Sk Bxke OyJi0 3a3Ha4Y€HO, MEXaHi3M MITHHTO-
BO1 KOPO3ii MOKHA MOAUIMTH HAa HACTYITHI €Taru:

1. PyiiHyBaHHS MaCUBHOI IIJI1BKU

2. Cranist MeTacTablJIbHOTO POCTY HMITUHTY

3. Cranis cTablIbHOTO POCTY

4. PenacuBallis oBepxHi

Oco0JIMBOCTI MPOTIKAHHS KOXKHOT 3 ITUX CTaiid CHIIBHO 3aJIe)KUTh BiJ CKJIQay Me-
Tajy Ta MPUPOJIU CEPEIOBUINA, a TAKOXK JACIKUX 1HIIMX YMOB. MeTasieBl Ta HEMETaleBl
BKJIFOUEHHSI YacTO BIAIrPalOTh BUPIIIAIBHY POJIb Yy IMPOLECI 3apOKEHHS MITHHTY. Y Oi-
JIBIIOCTI BUTIAJIKIB HASIBHICTh arpeCUBHUX aHIOHIB € HEOOXI1THOTO /Il PYHHYBaHHS ITacH-

BHOI IUTIBKU Ta CTaOUIBHOTO POCTY TITUHTY.

1.3.1 PyiiHyBaHHS TaCUBHOI ILTIBKU

Kosnotupkin BCTaHOBUB, 110 TiepeOiraHHs MITUHTOBOT KOPO31i MOXKJIMBE JIMIIE 32
HasBHOCTI TaK 3BaHUX «HOHIB-aKTUBATOPIB», IO CHPUUNHIOIOTh PYHHYBaHHS MAaCUBHOI
TUTIBKH Ta TIPU3BOMSTH JI0 IHTEHCUBHOTO JIOKAJILHOTO po3unHeHHs MeTaiy [11]. [lo Takux
HOHIB BIIHOCATHCS TaJIOTeHIIH, OKpiM GTopy. Hailbinbi cepiio3ni mpobiemMu BUKIMKA-
I0Th XJIOPHU]IU Yepe3 IX MPUCYTHICTh y 6araThoX MPUPOIHIX CEPEIOBUIIAX, TAKUX K BOJA,
sIKa IIUPOKO 3aCTOCOBYIOTHCS B IPOMUCIIOBOCTI Ta HAPOJAHOMY IOCIIOAAPCTBI.

Jlist HOHIB-aKTHBATOPIB OMUCYIOTHCS PI3HUMU MexaHi3Mamu [12], HaiiOibIn 00ro-
BOPIOBaHUMH 3 HUX € MEXaHI3M MPOHUKHEHHS HOHY y MacUBHY IUIIBKY, MEXaHI3M pyi-
HYBaHHS TUTIBKH Ta aacopOuiinuit mexanizm [13].

MexaHi3M IPOHUKHEHHSI, BIiepiie o0roBopeHuit Xoapom Ta iH. [14] i nependayae

nepexiJl aHIOHIB Yepe3 OKCUAHY IUTIBKY /10 MOBEPXHI METaly, /1€ BOHU i CIPUYUHSAIOThH
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arpecuBHYy Jit0. MexaHi3M po3pHBY IUIIBKH, BUMara€ BUHUKHEHHS PO3PUBIB y NTACUBHIN
IUTIBL, SIK1 3a0€31e4yI0Th MPSMUMA JOCTYI aHIOHIB 10 HE3aXUIIIEHOI METaJIeBO1 MOBEPXHI1
[15]. AxcopOriitHuii MexaHi3M MoJisrae aacopOIii arpeCMBHUX aHIOHIB Ha MOBEPXHI OK-
cuiy, 10 KaTali3yIOTh MEPEHECEHHs KaTIOHIB METally 3 OKCHAY N0 eleKTpomity. Llei
e eKT MPU3BOANTH 0 3MEHITICHHS TOBITUHU ITACHBHOTO IIAPY aX 10 TOBHOTO BUIATICHHS
Ta MOYATKy IHTEHCUBHOTO JIOKATi30BaHOTO po3unHeHHs [13].

Bapto nonartu, o 4iTke po3ISICHHs YCIX EpeTiueHUX MEXaH13MiB MOke OyTH He
3aBXIU TOLIIBHUM, OCKUIBKYA TPOHUKHEHHS MOHIB 10 TACUBHOTO IIapy Yepe3 HasBHI Jie-
(dbexTH He 000B'I3KOBO CHIIBHO BIJIPI3HAETHCS B1JI OSBH TPIIIUH Y IUTIBIIL, 110 3a0e31euye
JIETKUH TOCTYN arpeCUBHUX aHIOHIB 10 TOBEpXHI MeTainy. ToOTo, pyilHyBaHHS TAaCUBHO1

IUTIBKK MOJKE BIIOYBATHCS 32 KOXKHHM 13 IIUX MEXaHI3MiB 3aJI€KHO B1JT TOYATKOBUX YMOB.

1.3.2 Cranuist MeTacTab1lIbHOTO POCTY MITHHTY

[Tonganbiie 3pocTaHHsl MITUHTY Mependayae YyTBOPEHHsI JTOKabHOI aHOAHOT 30HU
Ha aKTUBHIHN JUISHIN Ta KaTOIHOI 30HM Ha MAaCHBHIN MOBEPXHI MeTaly. Po3unHEeHHS Me-
Taly B 11iii 06acTi BigOyBaeThCs 3 Iy’ke BUCOKOIO mBUaKicTIO (10 100 A/cm? [15]), mo
MPU3BOUTH 0 YTBOPEHHS MOPOKHUH. BCTaHOBIEHO, 1110 PO3YHMH B TAKHX IMOPOKHUHAX
€ BUCOKOArpeCUBHUM Ta ICTOTHO BIIPI3HSAETHCS BiJl PEIITH 00'€MY €IEKTPOJITY 3a CKJa-
noM. XoapoM OyJio Brepiie 3adikcoBaHO MiAKUCICHHS BHYTPIIIHLOTO CEPEOBUIINA ITi-
tuHTY[16]. [TpH mpssMuX BUMiproBaHHSX pH B IITyYHHX MTHHTaX HA HEPXKABIIOUIN cTasi
y HEHTPaJbHUX XJOPUIAHHMX pO3YMHAX OyJio oTpuMaHo 3HaudeHHs pH Oiumsbko 0 [17].
["asibBesIE BCTAHOBUB 1[0 OCHOBHOIO MPUYMHOIO MMIIKUCIIEHHS CEPEIOBHUIIA € Mepeodir pe-
aKIlii TiIpoJIi3y 3a y4acTi KaTIOHIB METalliB, 110 YTBOPIOIOTHCS B XO1 aHOJHOTO PO3YH-
HenHs [18].

Came miaTpuMaHHS HU3BKOTO 3HaueHHs pH y wiii 30H1 3a0e3medye 3HaXOIKEHHS
MeTaly B aKTUBHOMY CTaHl Ta 3yMOBIIIOE€ MOJANBIIMKA picT mTHHTY. OTXKe, I POCTy

MITUHTY HEOOXiJIHEe 3a0€3MeUeHHs] YMOB, KOJIU npolec Audy3ii HOHIB 3 MOPOKHUHU 10



30

00’eMy PO34YHHY € BIIOBLIbHEHUM. baraTtbma 10CiiuKeHHIMH, TakuMu sk [19-21], miaT-
Bep/iKeHa HEOOX1IHICTh HasIBHOCTI AUQY3i1iiHOTO Oap'epy, 110 3HAYHO BIIOBUIBHIOE PO3-
OaBJICHHS pPO3UMHY BcepeauHi mituHry. Lle miarBepmkyeTecs hakToMm, 110 IPH 3HAYHUX
AQHOJIHMX TMOTEHI[la]aX MBHUAKICTh POCTY MITHHTY HE 3aJIKUThH BiJ] MOTEHITIANY, 10 CBI-
TYUTH PO AUQy3iiHUN KOHTpOoIb peakiii [10].

Ha mpaxtumi nudy3siitauii 6ap’ep siBisie cO00I0 MOPUCTUI KOBIAK HAJ 30HOIO TTi-
TUHTY. POJIb KOBITaKa MOKYTh BUKOHYBATH COJIbOB1 a00 OKCHUIHI TUTIBKH, YTBOPEHI1 B MPO-
IIECi aHOJTHOTO PO3UMHEHHS, 3AJUIIKN OKCUAHOI IUTIBKH Ha MOBEPXHI MeTairy abo 3aimu-
mKku Metany Haja nituHrom [19]. PyiinyBanHs nudysiiHOTO Oap’epy NMPHU3BOIUTH 10

IIBUJIKOI peracuBailii moepxHi mtunry [20].

Mositpa

Puc. 1.4 — CxematuuHe 300paskeHHS MPOIIECY MITHHIOBOT KOpo3ii [22]

Hwxue HaBeieH1 OCHOBHI peakilii, 0 MPOTIKaTh B MPOIIEC] MITHHTOBOI KOPO3ii.
Peakmii B kaToqH1M 30HI:
0,50, + H,0 + 2e = 40H™
Peax1iii B aHOH1M 30H1 HA IPUKJIAI 3aJTi3a:
Fe = Fe?* + 2e
Fe?t + 2H,0 = Fe(OH), + 2H*
3Fe(OH), = Fe;0, + 2H,0 + H,



31

Sk Bxe Oyso 3a3HAa4YE€HO, L0 3apPOJKEHHS MITUHTY € HECTAaOUIBHUM IIPOLIECOM,
TOMY OUIBLIICTh 3 3apOJKIB PENACUBYIOTHCS, 110 XapaKTEPU3YETHCS MOCTYNOBUM 3HHU-
KEHHSIM JIOKAJIbHOI IIBUIKOCTI PO3YMHEHHS METay. SKIIO MITHHT 3aJIMIIA€ThCSA aKTHB-

HUM, BIH [IEPEXOUTH 10 HACTYMHOI CTali poCTy.

1.3.3 Craxist cTabiIbHOTO POCTY MITUHTY

Cranist cTabUIBHOTO POCTY MITUHTY TAKOX KOHTPOMIOETHCS nudysiero. OnHak Ha
BIJIMIHY B1J] METacTaOUIbHOI CTalii, B SIKii qu(y3is BHOBUIBHIOETHCS 33 PaXyHOK HasIB-
HOro Oap’epy Ha MOBEPXHI HITUHTY, poib Au(dy3iitHOro 6ap’epy Ha crali cTadLIBLHOTO
pOCTy BUKOHY€E caMa MITHUHIOBa MOPOKHUHA, 1110 Ma€ Maly ILJIOLLY CIYHOTO Iepepidy Ta
BenuKky rimOuny. Ha il cranii penacuBaiiisi MITUHTY TaKOX € MOXJIMBOIO MIPU YMOBI
BUJIAJICHHS arpeCcUBHOTO po3unHy [19].

SIx BUIHO, pOLEC MITUHIOBOI KOpPO3li € JOCUTh CKIaJHuUM. ToMy ais Horo BH-
BUYEHHS pO3POOJIEHO PAJT METOIIB, K1 T03BOJISIIOTH TOCHIIUTH SIK KOKHY CTaJlII0 OKPEMO,

TakK 1 nmporiec BIioMy. OTJIs] TAKUX METO/IIB HABEACHO B HACTYITHOMY PO3IiTi.

1.4 MeToau noc/iiIzKeHHsI MITUHTOBOT KOPO3ii

MeTonu BUBYEHHS MITUHTOBOT KOPO3il MOKHA TIOJIUJTUTH HA JIBI OCHOBHI TPYIIH:
CJIEKTPOXIMIYHI Ta XiMI4uHI. 3a3BUYail XiMI4HI METOJH JO3BOJISIOTH OIIHUTH CTIHKICTh
CTall 10 KOpOo3ii JIMIIE 32 PEUTHHIOBOIO IIKAJIO0K, TOOTO BIAHOCHO iHIIMX cTanel. Lo
CTOCYETBCS €IEKTPOXIMIYHIX METO/IIB, BOHM MOXXYTh OyTH BHKOPHUCTAaHI K JJIsI OIIHKU
CTIMKOCTI CTaJiel A0 MITUHIOBOI KOPO3ii, TaK 1 JUIsl TOCTIKEHHS SIBUILIA 3 METOIO PO3Y-
MIHHS HOTO IPUYMH Ta MEXaHI3MIB MPOTIKAHHS. ICHYy€E TakoX METOJ JTOCHIIKEHHS, 3a-
CHOBAHUM Ha 3MiHI MEXaHIYHUX XapaKTEPUCTHUK, OJJHAK BIH HE HAOYB IIMPOKOTO MOIIH-
penns [23]. logaTkoBO 10 MepeliueHUX METOJIIB 3a3BHUail 3aCTOCOBYIOTh METO/IH, IO

JO3BOJISIOTH OLIHUTH CTaH MOBEPXHI 3pa3Ky, SIK B X0/l €KCIIEPUMEHTY, TaK 1 Imicis HOro
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3aBepIeHHS. JIo TakuX METOJIB BiJHOCITH ONTHYHY MIKPOCKOITIO Ta PACTPOBY €JIEKT-
POHHY MIKPOCKOIIIO.

Jam OyayTh omucaHi Ta 0OTOBOpPEHI pi3HI METOJIU, 1[0 BUKOPUCTOBYIOTHCS BXKE
TPUBAJIUM Yac, a TAKOXK HOBI IMIIXO/IU, TaKl K €JIEKTPOXiMIUHA IMIIEaHCHA CITIEKTPOCKO-

M1 Ta TEXHIKA CKaHYIOUYOTO EJIEKTPOy MOPIBHSHHSL.

1.4.1 EnexTpoxiMiuHi METOIN

BUIbIIICTh €1eKTPOXIMIYHUX METOMAIB JOCIIKEHb MITUHIOBOI KOPO3ii IMOB’s13aHi 3
BU3HAYCHHSM MOTeHIiany mTuHTy Enir (Enp — y aHTIIOMOBHIN JiTepaTypi), aHOAHIIIE
SIKOT'O BiIOYBa€ThCS CTAOUIBHMI PICT MITHHIIB, a00 moTeHIiany penacuBailii Epen (Ecp),

KaTOJIHIIIIE SIKOTO BiOyBa€eThCs iX pernacusaiis [24, 25].

LOG (CURRENT) —=
LOG (CURRENT) —»

] | :
Enp, {"J Eﬂp EEP {'}
POTENTIAL FOTENTIAL

Puc. 1.5 — CxematnuHe MpeACTaBICHHS AaHOHUX MOJSPU3ALINHUX KPUBUX, OTPH-
MaHHUX 3 BUKOPUCTAHHSAM MOTEHI[IOKIHETUIHUX METOMIB [26]: 1 — po3ropTka B aHOAHOMY

HanpsMKy; 2 — 1 — po3ropTka B aHOJAHOMY HAlpsSIMKY 3 HACTYITHUM PEBEPCOM;

Cunix 3a3Ha4YNTH, 110, KOAEH 13 IMX MTOTEHIIAIIB HE MMOB'sI3aHUH 3 4acOM, HEOOXI1I-
HUM JIJI51 3apOKEHHS CTa0lILHOTO MTHHTY, a00 3 KIHETUKOIO Horo pocty. Lle ocHOBHUH

HEJOJIK ICHYI0YOi CHUCTEMH, L0 BUKOPUCTOBYETHCS ISl OLIHKM MITHHIOBOi KOPO3ii.
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[IpoTe 111 MOTEHITIAN TO3BOJISIOTh MEPEBIPUTH BIIHOCHY CTIMKICTh MaTepialy B TaHOMY
cepenoBullll. MeToau BU3HAYEHHS 1IMX MMOTEHIIaTiB HaBECH1 HUKYE.
Ilomenyioxinemuuni Memoou — Tpyna METO/IB, CyTh SKUX MOJSTAE Y BUSHAUCHHI
cTpyMmy sk ¢yHkiii Bix moteniiany (I=f(E)) Ta moOymoBi monsgpusaniiHuX KPUBUX, K Ha
Puc. 1.5.
IcHye Tpu criocobw, 3a TOMTOMOTO0 SIKHMX OTPUMYIOTh TaKi KPUBI:
1) moTeHIioAMHAMIYHHIA METO/I, B IKOMY TOTEHIlIAT 3MIHIOETHCS B Yaci 3 (ik-
COBAHOIO MIBUAKICTIO.
2) KBasicTal[ilOHAPHUI METO/I, KOJIM KOYKHA TOYKA BUTPUMYETHCS MPOTSATOM I1e-
BHOTO Yacy.
3) crarioHapHHUI METO, KOJIHM KOKHA TOYKAa BUTPUMYETHCS IO MOMEHTY BCTa-

HOBJICHHSI TIOCTIMHOTO 3HAYEHHSI CTPYMY.

- -

CURRENT ——
LOG (CURRENT ) —

o = o == = = =

-]
POTENTIAL POTENTIAL

m
A
-

(-)

Puc. 1.6 — CxematnuHe npeCTaBICHHS aHOAHHUX MOJIAPU3ALINHUX KPUBUX, OTPUMAHUX
3 BUKOPHCTaHHSIM raJIbBAaHOKIHETUYHHUX METO/iB [26]: 1 — rapBaHOIMHAMIYHUIA Ta KBa-

3icTaIlioOHapHUM METOJT; 2 — CTaIliOHAPHUI METO/I.

Enir Ta Eper MOXKYTH OYyTH BH3HAUEH] B OJJHOMY €KCIIEDUMEHTI IIPU BUKOPHUCTAHHI
P

peBepcy([us. Puc. 1.5 (2)) Onnak, ix 3Ha4eHHS 3aJ1€KaTh BiJl IIBUAKOCTI CKaHYBaHHSI:

YUM BUILIE MIBUAKICTh CKaHYBaHHs, TUM OnaropoaHimie Eyir. Ile mos'si3ano 3 Tum, 1o ic-

HY€ NEBHUM 1HAYKUIMHNUN NIep10J IS 3apOKEHHS MITUHTY. [IpryoMy, unM BHILE MOTe-
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HITIaJI, TAM MEHIIUH 1ei nepioj [26]. Konu mBUAKICTh CKaHYBaHHS Ay)Ke BUCOKA, 3apO-
JUKEHHS CTablIBHOTO MITUHTY B1OYBA€THCS JIMIIE MPU MOTEHI1a7daX, 3 KOPOTKUM 1HIyK-
[IHHUM T1epi0/1oM. BUHATKOM 3 IIbOTO MpaBuia € GakT, 0 AKIIO IMIBUIKICT CKAaHYBaHHS
3MEHIIIUTH, TO TTACKBHA IUJTIBKa MaTUMe OLIbIle Yacy Ha TMOHOBJICHHS, THM CaMHUM OIIip
MeTaly /10 MITUHIOBO1 KOpo3ii 3pocTe. PekoMeHA0BaHO0 € IBUIKICTh po3ropTku 0,5 —
2 mB/c.

T'anveanoxkinemuuni Mmemoou — rpyrna METOIB, CyTh SKHUX IOJSITa€ Y BU3HAYCHHI
norteHmiany sk Gynkuii Bix crpymy (E=f(l)) Ta moOymoBi monspu3amiitHuX KpUBHX, K Ha
Puc. 1.6.

Icnye Tpu croco6u, 3a TOMOMOTOIO SIKUX OTPUMYIOTh TaKl KPUBI:

1) rajxpBaHOIWHAMIYHHIA METO/I, B SIKOMY CTPYM 3MIHIOEThCS B Yaci 3 (hikcoBa-
HOIO MIBUAKICTIO.

2) KBasicTalliOHapHUN METO/I, KOJIM KOYKHA TOYKA BUTPHUMYETHCS IPOTSATOM IIe-
BHOTO 4acy.

3) cramioHapHHIA METOJI, KOJIH KOXKHA TOYKa BUTPUMYETHCS 10 MOMEHTY BCTa-
HOBJICHHS IOCTIMHOTO 3HAYCHHS ITOTCHITIAITY.

Xo4a O4IKY€ETHCS, 10 3 BUKOPUCTAHHSM TaJIbBAHOJMHAMIYHOTO METOJy MOJKHA
BU3HAYaTH E,im Ta Epen B OTHOMY ekcriepuMeHTi, sik mokazano Ha Puc. 1.6 (1), oxnak,
METOJMKa HE € HaATO HafAlitHOW0. Pe3yapTaTu JOCTiAIB AyKe CUIIBHO 3aJieXkKaTh Bl yMOB
CKCIICPUMEHTY, 30KpeMa MMOYaTKOBOI TYCTHHU CTPyMY Ta IIBHJIKOCTI po3roptku [26].
KBazicranioHapHuii METOJ JJa€ JOCUTh HEMOTaHy BIATBOPIOBAHICTh, a pe3yJIbTaTH CIIiB-
NajalTh 3 pe3yJbTaTaMu, OTPUMAHUMH 3a JIOTIOMOTOI MOTCHIIIOKIHETUYHUX METO/IIB.
3a J0MOMOTOI0 CTAI[IOHAPHOTO METOAY MOKHAa OTPUMATH BENUYUHY E.in. 3aramom, 1
METOJIH HE Ha0yJIM MTUPOKOTO MOITUPEHHS IJIs1 JOCIIHKEHHS MITHHTOBOI KOPO3ii.

Ilomenyiocmamuuni memoou — Tpyna METOMIB, CyTh SKUX MOJSTa€ Y BUBHAUCHHI
cTpyMy sk (yHkmii yacy npu moctiiiHomy notenmiani (E=const; 1=f(z)), Ta moOymoBi
XPOHOAMIEPOMETPUUHUX KPUBUX, sIK Ha Puc. 1.7. [CHYIOTb JIB1 METOAUKHU:

1) nnst BU3HaYCHHS E,ip MUIIXOM 3HSTTS XpOHOAMIIEPOTPaM Ha MACHBHUX 3pa-
3Kax MpH KIJIbKOX 3HAUYEHHSAX MOTEHIlaTy, BUKOPHUCTOBYIOYH HOBUU 3Pa30K

JUTs1 KOJKHOTO 3HaueHHs noteniiany (Puc. 1.7(1)).
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2) st BUSHAYCHHS Epen IUTAXOM 3HSTTS XpOHOAMIIEPOTPaM Ha 3pa3Kax 3 aKTH-
BHUMHU IHITHHIaMU TPU KUTbKOX 3HaUeHHAX noTeHmiany (Puc. 1.7(2)).
[{i MeToan € OgHUMU 3 HAUOLIBIN HAMIMHUX JJIS BUSHAYCHHS E.im Ta Epen, TOMY
BOHH ITUPOKO BUKOPUCTOBYIOThCA [25, 27]. 3a3Bruaii 3HaYCHHS, OTPUMaHI [IMM METOJIOM
€ OUIbII HEraTUBHUMHU, Y MOPIBHSIHHI 3 OTPUMAaHUMU MMOTEHIIOKIHETUHYHUMH Ta rajibBa-

HOKIHETUYHHUMM MCTOJaMHM.
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Puc. 1.7 — CxeMatuuHe 300pakeHHsI XPOHOAMIIEPOMETPUYHUX KPUBHUX, OTPUMa-

HUX TOTEHIIIOCTATUIHUM MeTOIOM [26]: 1— BusHaueHHS E,in; 2 — BU3HAUCHHS Epen.
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Puc. 1.8 — 3ayiexxHICTh KpUTHYHOT TemIiepaTypu miTuHry craii AISI 316 Big koH-

HEHTpaIlii XJIOpUAY B HEUTpaIbHOMY po3umHi [26].
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Meron BusHadyeHHs E,in Oys10 aBTOMaTH30BaHO [26]: npu 3a1aHuX 3HAYCHHSX I10-
TEHIlaIIB OTPUMYIOTh CEPil0 XPOHOAMIEPOMETPUUHUX KPHUBUX 3 JIOJATKOBUM IIiJIBU-
HICHHSIM TeMIEpaTypu 3 IEBHUM KPOKOM, JO YTBOPEHHS CTaOlIbHUX IMITHHTIB, 10 BH-
3HAYAIOTh 3a PI3KUM 30UIBIICHHSM CTpyMy. TakuM YUHOM, OTPUMYIOTH TEMIIEpaTypy,
NpU SIK1M 3HAUYCHHS MOTEHI1ally BiANOBiAA€ E,in Ta OyAYIOTH TEMIIEpATYPHY 3aJICKHICTD.
Taka Temneparypa Ha3UBa€ThCA "KpUTUYHA TEMIIEpaTypa MITUHTY", TOOTO TeMIeparypa,
3a SIKOi MU JTaHOMY MOTeHI1all BiAOyBaeTbest yTBOpeHHs mitunry. Ha Puc. 1.8 300pa-
KEHA 3aJIKHICTh KPUTUYHOI TeMIlepaTypu MHITHUHTY BiJ KOHLEHTpauli XJOpUIy IpHU
TPHOX PI3HUX MOTEHITIAAX.

B Metoni Bu3HaueHHs Ep., aKTUBHI MITUHTY MOXKHA 1HIIIIOBATH MPY NOTEHIlIaNaX,
O1sbI 6JTAaTOPOTHUX 3a MOTEHITIAJ MITHHTY, 200 3aB/ISIKA CTBOPECHHIO MOAPSIIHH Ha TIOBE-
PXHI.

l'anveanocmamuuni Memoou — rpyna METOJIB, CYTh SIKMX IOJIATAa€E Y BUZHAYEHHI
noteHmiany sk (GyHKIii yacy npu noctiitHoMmy ctpymi (I=const; E=f(z)), Ta moOymoBi
XPOHOMNOTEHIIIOMETPUYHUX KpUBHX, sIK Ha Puc. 1.9. IcHytoTh AB1 MeTOAMKU:

1) nns BuzHaYCHHS Enim Ta Epen TUIIXOM 3HATTS XPOHOIIOTEHITIONPAM Ha TIPH
MOCTIMHIN BEJIMYHUHI CTPYyMY, TOYMHAIOYH 3 KOPO31HTHOTO MOTEHIIIANY.
2) i BU3HAYCHHS Epen 3HATTSA XPOHOMOTEHIIIOTPAM Ha MPH MOCTIHHIN Beu-

YUHI CTPyMY, IOYNHAIOYH 3 33IaHOTO MTOTEHITIATY.
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Puc. 1.9 — Cxematuune 300pakxeHHs] XpOHOMOTEHITIOMETPUYHOT KPUBOi, OTpUMa-

HOI rajibBaHOCTATHYHUM MeTo10M [26].
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JList focTipKeHHS JOCUTD IIBUAKUX MIPOLIECIB JIOKAII30BaHOT KOPO31i TAKOXK 3aCTO-
COBYIOTb Memo0 e1eKmpoxXiMiyHo2o wiymy. Takuil MeTo A03BOJISIE BUBYATH MPOLIECH Me-
TaCTaOUIHLHOTO POCTY MITHHTY IUIIXOM PEECTpallii CTpyMy MK OJHAKOBHUMH EJIEKTPO-
JaMH 3a IMOTEHIliary Kopo3ii ognoro 3 Hux [10, 28].

3acTOCYBaHHS e1eKMPOXIMIYHOT IMNEOaHCHOT CneKmpoCKonii 171 BUBYEHHS JIOKa-
JBHUX BHUIIB KOpPO3ii BCE IIe AOCHIKYyeThesa. CTaTUCTHYHA Bapiallis 3apOJKEHHS ITiTH-
HT'Y 1 BIICYTHICTb CTAI[IOHAPHUX YMOB MEPEUIKOAKAIOTH IOBIOTPUBAIIUM BUMIPIOBAHHIM
B HU3bKOYaCTOTHOMY Alana3oHi. Kpim Toro, niarpama HalikBicTa € CKJIaJHOIO JUIsl 1HTe-
prpeTarii. Onnak Mancdenba Ta ciiBaBT. [29] mokaszainu, o B 00J1aCTi HU3bKHX YacTOT
OyJniu BUSIBJICH1 XapakTepHi 3MiHu. Ciij 3a3HAYUTH, 110 IMIIETAHCH] CIIEKTPH IS TIITUH-
B Ha HEPKABIIOUMX CTAJIIX Ta MarHii BiIpI3HAIOTHCS Bl IMIIEJAaHCHHUX CIICKTPIB Ha aJTfO-
minii [10, 28].

Texnixa ckanyrouoeo enekmpooy nopieuanus (TCEII) 3 BUKOPUCTaHHSIM MIKpO€-
JIEKTPO/IIB J03BOJIIE BUMIPIOBATH JIOKAJIbHI TYCTHHU CTPYMY KOpO3ii Oe3rmocepeHbo
01514 30HU MITUHTY. [lo€THAHHS 1aHOTO METOJY 31 CTATUCTHUYHOIO OLIIHKOI €KCIIepUMe-

HTAJIbHUX PE3YyJbTaTiB, MOXKYTh JaTH OLIbII MTMOOKE YSIBICHHS MPO MEXaHI3M MpPOLECy

[23].

1.4.2 XimiyH1 METOOA

B XxiMiYHUX MeTO/1aX, 1110 BUKOPUCTOBYIOTHCS JJISI OI[IHKHU CTIMKOCTI 10 MITUHTOBOT
KOpO3ii, 3aCTOCOBYIOTh PI3HOMAHITHI PO3YWHH, 110 MICTATh aKTUBATOP, SIKUM 3a3BUYaAl
BUCTYNIA€ XJIOPUA-WOH, 1 OKMCHHUK. XO04Ya Il METOJU HE JI03BOJISIIOTh BU3HAYATH KOPO-
31iHY CTIMKICTh B MPUPOJHUX CEPEJOBHILNAX, BOHU MOXYTh OYyTH BUKOPHUCTaHI MOPIiB-
HSIHHS CTIMKOCTI PI3HMX Mapok cTayieid. [lepeBaroto Takux METOJIB € MPOCTOTa BUKO-
HAaHHS Ta BIJICYTHICTh MOTPeOM B cremiaabHOMy oOnaananHi [29]. HaiiGinein yacto B
SIKOCTI PEaKTUBY B XIMIYHMX METOJIax 3acTOCOBYIOThH xyopun 3aiiza (I11), ograk, Takox

MOXKYTh OYTH BUKOPHCTaHI 1HIII peareHTH, Mpo 110 Oyje 3rajaHo Jai.
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Xnopuo 3aniza (I1l). Yacto BUKOPUCTOBYBAaHUM METOJOM 13 3aCTOCYBaHHSIM Jia-
HOT'O peareHry € Tect, onucanuii B ctangapti ASTM G48 [30]. Tect Brirouae B cebe
3aHypeHHS JOCIiHKyBaHoro 3pa3ka B 6% po3und FeClz Ha neBHuil mepiof yacy, Hampu-
KJ1a7] 72 TOJIMHU, Ta HACTYIHE BU3HAYCHHS 3MEHIIIEHHS Macu. YacTo 3aCTOCOBYIOThCS Ta-
kox 1HII koHueHTpauii FeCls, iHomi 3 nogaBanuam NaCl 1 HCl. Yacom takox BTpata
MacH BH3HAYAETHCS BIPOJOBXK EKCIIEPUMEHTY, Hanpukiaz micis 24, 96 1 168 roxa. Ori-
HKa CepHO3HOCTI MOMIKO/KEHB B YCiX EpETIYeHUX CITOc00axX BU3HAYAETHCS 32 3MEHIIICH-
HSIM MacH 3pa3ka. BrpaTa Macu BUKOPUCTOBYETHCS SIK TAPAMETP Y PEUTHHTY CTIHKOCTI.

AnbTEepHATUBHUHN BapiaHT TECTY 3 BUKOpPUCTaHHAM XJjopuay 3aiiza (III), B sskomy
TeMIlepaTypa BUKOPUCTOBYEThHCS SIK MapaMeTp pedTUHry, OyB 3amodatkoBaHuil bpira-
mMoMm [31]. B maHOMy MeToli 3aCTOCOBYETHCS MOHATTSI KPUTHYHOI TEMITEpaTypH HITHHTY
(KTII), sixa BU3BHAYA€THCS SIK MiHIMaJIbHA TEMIIEPATypa, MPHU SIKId BUHUKAE SIBUIIE TITH-
HT'Y Ha JIOCIIKYBaHOMY 3pasKy micis 24-roguaaoi 00pooku y 10%-my po3unni FeCls.
[Tpu npoMy, iHII BUIU KOPO3IWHUX pyHHYBaHb, sIKi MOXKYTh Tparuiatucs Hiwkde KTII,
He OepyThest 10 yBaru. ABTOP JIaHOTO JOCIIKEHHS TaKOX 3a3Havae, 110 MPU TECTyBaHHI
HUKY€ KIMHATHOI TeMITepaTypy HEOOX1HO, TIOTIEPETHRO OXOJIOIUTH 3pa3KH Mepe]] 3aHy-
pennsiM y po3unH. Ha Puc. 1.10 HaBegeHo mpukiaa pe3yibTaTiB TECTYBaHHS 3a JTAHUM
METOJIOM;

PesynbpTaTi TecTyBaHHS 3 BUKOpUCTaHHAM xyopuay 3amisa (III) BigHOCHO TiTHH-
rOBO1 CTIMKOCTI B peaJIbHMX YMOBaX € JICII0 CYMHIBHUMH. 3aJICKHICTh PEAOKC-TIOTEHIII-
any y 10%-my posuuni FeCls Bin konuenrpauii Fe?* 300paxeno na Puc. 1.11. Ogpa3sy
micis 3anypennst y FeCls, konu maiike BiJICYyTHI IBOBAJICHTHI WOHU, MOTEHIIIAT 3pa3Ka
ctaHoBuTh 6sin3bk0 900 MB/HBE. ToOT0, sIKIII0 MOTEHIIal MITUHTY 3pa3ka B TOCTIIKY-
BaHOMY PO3UHHI IMEPEBUIIYE IO BEITNINHY, TO MITUHT He BUHUKaE. OTHAK, HA TIPAKTHUIT
y OLTBIIOCTI CUTYaIlil, TOTEHIIIAJl HE IOCATAaE TaKUX 3HAUCHb, SIK Y PO3UYMHI ITi/T 4ac Tec-
TyBaHHs [26].

[HIIMM METOIOM XIMIYHUX MPUCKOPEHUX BUIIPOOYBaHb € HaB’I3yBAHHS MTOTEHIII-
ally 3a JOTNOMOIOI0 pedokc-napu; HailOinbll 4acTo 3aCTOCOBYIOTH € PEIOoKC-TIapy
[Fe(CN)e]**/ [Fe(CN)s]?*, 3 nonaannsam NaCl. [lana napa 103B0JIS€ OTPUMATH PEIOKC-

noreniian 700 MB/HBE B HeliTpanbHuX Ta nykHUX po3urHax [32]. [lepeBaroro mporo
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TECTy € TIOMITHICTh IITUHTIB Ha TTOBEPXH1 Yepe3 YTBOPEHHS B MICIISIX YpaKeHb «OepIIiH-
CBhKOI J1a3ypi». Llel TecT 4iTKO MoKa3ye CXUIIbHICTh CTaJll A0 MITHHIOBOI KOPO3ii Ta J10-
3BOJISIE OI[IHUTHU TPUBAIICTH IHIYKIIHHOTO nepioay. [lepeBaroro mporo MeToy, y mopis-
HSIHHI 3 TIOTIEPETHIM, € MOXJIMBICTh PETYJIIOBATH KOHIIEHTPALIIIO XJIOPUI-HOHY Ta KUCIIO-

THICTh CEPEJOBUIIA Y IIUPOKUX MEKAX.
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[Ile omqHUM XIMIYHUM METOJOM € GUKOPUCMAHHA Cepii pO3UUHI8 05 XIMIUHO20
mpasnenns [35]. B AKOCTI TpaBIWILHUX PO3YMHIB BUKOPUCTOBYIOTH IIIIIIEPHHOBO-ETAHO-
abHI cymini 3 nogaBanasam cojeit FeClz, AICI; ta LiCl. 3miHor0un cKiiaj TaKHMX PO34H-
HIB, MO’KHA 3MIHIOBATH 1X arpeCUBHICTh Ta XapakTep KOPO31HHUX MOUIKOIKEHb. ABTOPU
poOOTH CTBEPIKYIOTh, IO TaKl TECTH Kpalle BiAOOpaXaroTh CTIMKICTh HEP)KaBIIOUMX
CTaJIei, HI’K MOTEHII0CTaTUYHI TECTHU, OCKIJIbKA OCTaHHI HE BPAXOBYIOTh KATOJHHUX Xa-

PaKTEPUCTUK METAJICBOT TOBEPXHI.

1.4.3 MeTonu BUBUYEHHS MOP(QOJIOTii TOBEPXHI

JInst ouiHKM MOPQOJIOTii HOBEPXHI IPH JOCIIIKEHH] TITUHIOBOI KOPO31i 3a3BUYail
3aCTOCOBYIOTh ONTHYHY MIKPOCKOIIIIO Ta CKaHYI04Y PacTpOBY MIKPOCKOIIIIO.

["o510BHOIO MEpeBaror0 METOAY ONMUYHOI MIKPOCKONII € MOYKJTUBICTh OLIIHKU 3MI1H
Ha TIOBEPXHI 3pa3KiB Oe3MocepeIHbO B X0l EKCIIEpUMEHTY. Takuii MeTO 3a3BHYAM 3a-
CTOCOBYIOTh JIJISl CIIOCTEPEIKEHHS 32 IMPOIIECOM POCTY IITHHTY.

Pacmposy erexmponny mikpockoniro (PEM), sika BoJIOJi€ OLIbIII BUCOKOIO PO3/1i-
JIIOBAJILHOIO 3JJaTHICTIO, 3a3BUYail BUKOPUCTOBYIOTH JIJIs1 O1IBIII TOYHOTO BU3HAYEHHS (O-
PMU Ta PO3MIpiB MOMIKOHKEHB, a TAKOXK, 1X XapakTepy. PEM Takox J103BOJIsI€ OIIHUTH

CTaH MOBEPXHI BCEPEANHI MITHUHTY, 0 BAKKO 3pOOUTH 1HIIMMH METOJaMHU.

1.5 MeToau 3aXucTy HepP:KaBilO40I cTaJi Bil MITHHTOBOI KOPO3il

Haiikpamum crioco6om mornepeaKeH sl MTHHTOBO1 KOpo3ii € BUOip CTIHKUX MaTe-
pianiB. ToMy Branuii miadip MapKu cTajll Ha eTari MPOEKTYBAHHS JO3BOJISIE€ 3HAYHO MiI-
BUIIIUTH KOPO31HHY CTIAKICTh 00JagHaHHs. Tak 301UIbIIEHHS] BMICTY aTOMIB XpOMY, HIT-
poreHy Ta MoJiiOJIeHy y CIUIaBi 3abe3reuye 3HayHe 3pOCTaHHS CTIMKOCTI 10 MITHHTOBO1
KOpO3ii, uepe3 3CyB MOTEHITiaTy MITUHTY B MO3UTUBHUH OiK. HasiBHICTH JOCTaTHBOI KiJTb-

KOCTI HIKEJIO B CIUIaBl TAKOX MOKPAILY€ MTHHTOCTIHKICTh, OCKIJILKHA HIKENb CTa0lIi3ye



41

¢dazy aycTeHiTy 1 o0OMexye BMICT (DepUTy, IKH B CBOIO YEPry MOXKE 3HUKYBATH KOPO-
3ilHYy CTiHKicTh [36]. JlonaBaHHs MapraHIfo CIIPHYUHIOE HEOJTHO3HAYHMI €(EKT: BiH Ta-
KOX TJIBUIIYE KOPO31HHY CTIHKICTh, OJTHAK YTBOPEHHS CyJIb(]iay TaHOTO METANy MPHU3-
BOJIMTH J0 1HIIIFOBAHHS MITHHIOBO1 KOpo3ii [37]. Takox citiji BAKOPUCTOBYBATH CILIABH
13 MIHIMaJIbHUM BMICTOM KPEMHIIO, CIPKU Ta BYIJIEI0, OCKIJIBKH BOHM TAaKOX IMOJIETIIY-
10Th yTBOpeHHs MTHHTIB [38]. Jlo HeMomiKiB METO Ty 3aMiHM CTaji Ha OUTBII CTIHKY CITij
BIJIHECTU ICTOTHE MiJBUILIECHHS COOIBAPTOCTI MPU BUKOPUCTAHHI BUCOKOJIETOBAHUX CTa-
JEN.

[HmuM pakTopom, 110 ICTOTHO BILIMBAE Ha MPOTIKAHHS KOPO3IWHUX IMPOIECIB €
CTaH MOBepxHI MeTany. Tak JOMIIIKY Ta HEMETallIYH1 BKIIOYEHHS CIIyKaTh MICLEM MPO-
TIKaHHS JIOKAJII30BaHUX €JEKTPOXIMIYHUX peakiniid. [le mpu3BoauTh 10 MOSIBU 30H aHOI-
HOTO pO3YMHEHHS. TOoMy TOipyBaHHS TTOBEPXHI JI03BOJISE MIIBUIIUTH KOPO31MHY CTIM-
KiCTh criaBy. Uepe3 BUCOKY TBEPIICTh Ta TEMIIEPATypy IUIABICHHS, /ISl HEPKABIIOUNX
CTaJiei 3a3BUYail 3aCTOCOBYIOTH €JIEKTPOMOJipyBaHHs. BIMB enekrpomnosipyBaHHs Ha
MITUHTOBY KOPO3it0 Hepkaitouoi ctam 304 (CC) nociipKyBaau METOIOM MOJIsIpU3aliii-
HUX KPUBHX Y TIOE€JHAHHI 13 HACTYITHUM JOCIIHKEHHSIM MOP()OIIOTii MOBEpXHi 3a JIOTIO-
moroto PEM [39]. 3HauHe 3HMKEHHSI BETUYUHU MTACHBHOTO CTPYMY, a TAKOX 3CYB TOTeE-
HI1aJy NITUHTY B OaropoaHuil 01k Oynu 3adikcoBaHi s MOJIIPOBAHOTO 3pa3Ka, y mopi-
BHSIHHI 3 HETIOJIIpOBaHUM. Pe3ynbTaTi TaHOTO MOCHIKEHHS TaKOX CBIT4aTh PO 3MEH-
IIEHHS KUIBKOCTI Ta PO3MIpPIB METAcTaOlIbHUX IMITHUHTIB Ha IOJIPOBAHOMY 3pa3Ky.
ToOT0, 3HMKEHHSI LIOPCTKOCTI MOBEPXHI 32 JOMOMOTOI0 €IEKTPOXIMIYHOTO MOJIPYBaHHS
€ OJIHAM 3 MOXJIMBUX METO/IIB, IO MiABHUILYIOTh KOPO3iliHY CTiHKicTh [39].

OCKUIBbKH FOJIOBHOIO YMOBOIO CTIHKOCTI HEPKaBIIOYOi CTalll 10 MITUHTOBOT KOPO3ii
€ 3HaXO/DKCHHS 11 MOTEHLIady KaTOIHIIIE MOTEHIIaly MITUHTY, KaTOJAHUN 3aXUCT MOXKE
OyTH 3acTOCOBaHUM 7151 €(DEKTUBHOTO 3aXUCTy KOHCTPYKIIH Ta anapaTtiB. B Takomy Bu-
najJKy HEraTUBHUM BUBIJ CTaHIIl1 KATOJAHOTO 3aXUCTY 3’ €AHYETHCA 3 00’ €KTOM, 110 3aXH-
Ial0Th, @ MO3UTUBHUHN 3 KEPTOBHUM aHOJIOM, IO 3a3BHYail BUTOTOBIISIIOTH 31 CILJIABIB
UHKY a00 agrominito [38]. OgHak, BCTaHOBJICHHS aHOIB KOHCTPYKTHBHO HE 3aBXKI1H MO-
KIJIMBE, a HASBHICTh MPOAYKTIB iX PO3UMHEHHS B TEXHOJOTIYHHMX CEPEIOBUIIAX MOXKE

OyTu HEOaKAHOIO.
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JlocuTh 3py4HUM METOJOM € 1HT101TOpHMI 3axucT. Hampukiaa, ekoaoriuno 6e3-
TIEYHHUI Ta MalOTOKCUYHUN Moni6aar-iion, M0O.%, € yHiBepCaIbHUM Ta 3py4YHHUM iHTi-
O1TOpOM KOPO3ii, OCKUIBKK HOTO MOKHA 3aCTOCOBYBATH B PI3HUX CEPEIOBUIIAX: B HEUT-
palbHUX BOAHUX po3unHax [40, 41], B po3unHax, 1110 MiCTATh HoHM Xjiopuny [42, 43], a
TaKOXK y KUcIuX cepenoBuinax [44—48]. Monibnatu BIUIMBAIOTH HA TPOIIEC YTBOPEHHS
3apOJKIB MITUHTY, IE3aKTUBYIOYH JUISHKY, HA SKUX BOHU BUHUKAIOTh. BHACIIIOK 1IHOTO
BUHHUKA€E MEHIIIE METaCTa01IbHUX IMITHUHTIB, 1110 PO3BUBAIOTHCS 3 IIMX 3apoJIKiB. Lle mpus-
BOJUTH /10 3MEHILIEHHS UMOBIPHOCTI PO3BUTKY CTAOUIbHUX MITUHTIB. E(heKTUBHA KOHIIE-
HTpaIlis MoJi0aaT-HoHy 3aJIeKUTh B1J KOHIICHTpAIli XJIOPHUIIIB, KUCIOTHOCTI Cepeso-
BMILA T4 CTAHOBUTH O1u3bK0 107 Mons/am® [48]. Ananoriunuii eekT YuHATH XPOMATH,
OJTHAK Yepe3 TOKCUIHY JII0 3aCTOCYBAaHHS XPOMATHHUX 1HTIOITOPIB € oOMexxeHuM [44].

[Ile ogHMM crIOCOOOM 3aXUCTY € 3MiHA TapaMETPiB TEXHOJIOTTYHOTO CepeIOBHUIIIA:
Temrneparypu, pH, KoHLIeHTpallii arpecuBHUX WOHIB. Takuil METOJ 3aXHUCTy € 3PYUHUM,
aJie He 3aBK/I1 MOXJIMBUM Yepe3 0COOIMBOCTI TEXHOJIOTIYHUX MPOIIECIB.

OcTaHHIM YacoM TaKOX 3piC IHTEpeC JO BUKOPUCTAHHS MOJIMEPIB K aHTHUKOPO-
31MHUX 3aXMCHUX MOKPUTTIB JUISl TACHBHUX METAJIB. Tak 3py4yHUM CIOCOOOM iX OTpH-
MaHHS € eJeKTpoXiMiuHa nomimepu3ariis [49-51]. Hanpukinan, TOKPUTTS 3 MOJiaHTIHY
Ta ol (0-GeHuIeH1iaMiHy), 110 OTPUMYBAJIM Ha HEPXKABIFOU1N CTasl MUISIXOM UKJITYHOT
BOJIbTAMIIEPOMETPUYHOI MOJISPHU3AITii 3 KUCIOTO PO3YMHY IMOKa3aIl BUCOKI 3aXHCHI BJIa-
CTHBOCTI ITPOTH MITHHrOBOI Kopo3ii [52, 53].

[lepcieKTHBHUM TaKOXK € METOJ1 yJIbTPa3BYKOBOI 0OpOOKHM MOBEPXHI, 11O MPH Ipa-
BUJILHOMY 3aCTOCYBaHHI MOK€ OyTH €(peKTUBHUM Ta HEJOPOTUM METOJOM 3aXHUCTy 00-

nagHaHHs. Jlanuit Mmetoa Oyjie pO3TIIIHYTO OB AETAIBHO JIaJIi.

1.5.1 BiuiuB yibTpa3ByKy Ha Ipolec KOpo3ii HeprKaBilovuoi cTall

B ocraHHI poku 1HTEpec JOCIIIHUKIB IPUBEPHYJIA MITUHIOBA KOPO31s1 HEPKABIIO-

4oi cTajil B yJIbTPa3ByKOBOMY IIOJIi, TPOTE PE3YJIbTATH 3AIMILIAIOTHCS CYNEPEUWIMBUMHU.
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[IBuAKICTH KOPO3ii METaTy B IEBHUX CEPEJIOBUILAX MPUCKOPIOETHCS 3a HAIBHOCTI aKycC-
TUYHOI KaBiTauii. EhekT kaBiTalii nojisirae y yrBOpeHH1 KapitaiiiHux 0ysibp0anok, Ta ix
HACTYITHOMY CXJIOITyBaHHI 3 YTBOPEHHSM 30HH Jy»€ BUCOKHMX THUCKIB 1 TeMrepatyp. Te-
OpETHUYHI OCHOBH YJIBTPa3BYKOBOiI KaBiTallli B TOMOT€HHUX CHUCTEMax IMPEACTaBICHO B
poGotax [54-56]. B rereporeHHUX crcTeMaxX HasBHICTh TBEPIOi MOBEPXHI MOOIH3Y KO-
Jarncyoyoi MOPOXHUHU MPU3BOAUTH 0 ACUMETPUYHOIO CXJIOIMYBaHHS 3 YTBOPEHHSIM
CTPYMEHS BHCOKOI IIIBHJIKOCTI, CIIPIMOBAHOTO 710 MoBepXHi [57-59]. ExcniepuMeHTanbHi
cnocrepexenns [60, 61] miaTBepKYIOTh TaKHIA MEXaHI3M, BUCYBAIOYH IIPHITYIIICHHS, [0
T TaKUX CTPYMEHIB PIAWMHU BiJIrpae Ba)KJIWUBY POJIb y KaBiTaIllMHIN €po3ii MeTaliB.
OckiIbKH KaBiTalliliHa epo3is CIpusie 3Ha4YHINA BTpaTi MeTally HaBiTh y YUCTIH Bomi [62],
Oys10 6 po3yMHO OUIKyBaTH, 1110 YIbTPa3ByKOBa 00poOKa BILIMHE Ha IPOIIEC KOpOo3ii HepxKa-
BIFOYOI1 CTaJIi, @ 0COOJIMBO B OUIBII arpeCUBHUX CEPEIOBHUIIAX.

Y pobotax [63, 64] Oyiio JOCIIPKEHO BILTHMB YaCTOTH KOJMBaHb, BiJICTaH1 BiJl BUIIPO-
MiHIOBaYa JI0 3pa3Ka, TeMIIepaTypH 1 TUCKY Ha KOPO3i10 HEPKaBIFOUO1 CTaIl, KA MITAEThCS
BIUIMBY YJIbTPa3BYKY. YJIbTpa3ByK (Y 3) 3011bIyBaB MIBUIKICTH KOPO31i IPU BCIX JOCIHIKE-
HUX yMoBax. [IpoTe OyIo Big3Ha4YeHO, 110 YIBTPa3BYK 30UTBIIYE MIBHIKICTH KOPO3ii METaTy
JIMIIIE SIKIIIO PO3YMH 32 CBOEIO IPUPOIOI0 3AATHUI BUKIIMKATH KOPO3ito MeTalty. Takosx Oyio
BIJI3HAYEHO, 110 HEPXKaBit0Uya CTAJIb € MOBHICTIO CTIMKOO J0 YJIBTPa3BYKOBOI €po3ii. Y po-
0oti [65] ynpTpa3Byk OyB BUKOPUCTAHUI 151 TIEPEBEICHHS METATY MiXK aKTHBHUMH 1 ITacH-
BHUMHU CTaHaMU Kopo3ii. Ko MeTan akTUBHO KOpojye, 00poOKa yJIbTpa3ByKOM 30UIbIITY€E
HIBUJIKICTh KOpo3ii y 3-6 pa3iB. O0poOKka yJabTpa3ByKOM TaKOX CIIPHSIE MPUIIBUALLIEHHIO
nacuBaiii. Komu MeTan 3HaXoIuThCsl B TACHBHOMY CTaHi, 00poOKa yJIbTpa3ByKOM CITPUSE
PYWHYBaHHIO MACUBHOCTI 1 MPUCKOPEHHIO KOPO31i MpY MOAAIbIIIH 00poO1Ii.

3 iHmroro 60Ky, B po6orti [66] BuB4YaBcs BIUMB Y3 Ha MITHHTOBY 1 HIUTMHHY KOPO3it0
Hepxkagitodoi ctan SUS304 y pozunni NaCl 3 konnenTpartiero 3,5 mac.%. byno BcraHOB-
JIEHO, 110 00M/IBA BUIU KOPO31i B 3HAYHIM Mipi IPUTHIYYBAJIaCh 33 paXyHOK YJIbTPa3ByKOBOI
KaBiTailii. B moansimmx 10CiiKeHHIX OyJI0 BUSBIECHO, IO YABTPA3BYK CIPUsIE pEeracuBa-
il MeTany BcepeauHi mtunry [67, 68]. EdekT mosScHIOETHCS 3MEHIIICHHSAM KOHIICHTPAITiT
MOHIB BOJHIO Ta XJIOPUA-MOHIB B MITHHraX LUIIXOM BUJIAJIEHHS 3 HUX MPOJYKTIB KOPO3ii 1

NepeMIITyBaHHS €TICKTPOIIITY.
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OpHak, Ipy IPaKTUYHOMY 3aCTOCYBaHHI1 CTBOPEHHS YMOB JIJIsl KaBiTallli pO3UMHY HE
€ IOLJIHHUM, 110 3yMOBJICHO IIBUIKUM 3aracaHHsM KOJUBaHb y piHax. ToOTo, He 3aBK 1
MOJKHA PO3IIMPHUTH KaBiTallliHE TI0JIe Ha BEJIMKI BIJCTaHI — PaJIlyC OIS KaBiTamii 3a3BUJaid
He repesuirye 100-700 mm HaBKOJIO BHIIpoMiHiOBada [69]. Ilporte, ynbTpa3ByKoBi KOJIH-
BaHHS 110 METATY MOXYTh ITOIIMPIOBATUCH HAa OUTBII BicTaHi. Lle miaTBepaKyeThCs HUpo-
KAM BHKOPHCTAHHSM YJIBTPa3BYKy JJIsl HEPYHHIBHOTO KOHTpOITIO Marepiaiis [70].

Tomy, 1151 poboTa cipsiMOBaHa Ha BUBYEHHS BILUIMBY YJIbTPa3BYyKOBOI BiOpallii, MpuK-

JasieHoi 6e3nocepeHbo 10 OOKOBOT MOBEPXHI HEPKABIIOUO1 CTaJll, HA IITUHTOBY KOPO3IIO.
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2 METOJJUKA TTPOBEJEHHS JIOCJIJKEHD

2.1 Marepiaju Ta peakTHBHU

JInst mocmiKeHHS MOYKJIIMBOCTI IPUTHIYCHHS M THHTOBOT KOPO3il IMiT AI€I0 YIIbTpa-
3BYKOBOI BiOpaiiii Oyyo oOpaHo /1Bi Mapku crtaii: 6ubi cTiiikoi AISI 316 — ans nonepe-
HIX IO0CHiKeHb, Ta MeHmI cTifikol AISI 430 — mua Outebmn neranpHUX. EneMenTHUMit
CKJIaJ] cTanier mpeacrasiennii B Tadm. 2.1.

JIist IpoBEICHHS MTOTNIEPEIHIX JAOCTIKeHD IJIACTHHU 3 PEajbHOTO TEII00OMiH-
HUKa TOBIIMHOIO 0,5 MM Ta po3mipamu 2x200 MM nonepeaHbo 13010BAIN 32 I0OMOTOI0
BOJIOCTIHKOI eMaJti JJ1si 3a0€3MeUeHHs YITKO B1JIOMOI IUIOIII PoO0Y0i MOBEPXHI Ta rOTY-
BaJIM 33 HACTYIHOIO METOIUKON: Tpapuiu y po3unHi HCI 3 konuenrpauiero 100 r/am,
MIPOMHBAIA B TIPOTOYHIN BOJI1, 3HEKUPIOBAIH 130MPOINAHOJIOM, IOBTOPHO IPOMHUBAIIU B
JTUCTUIILOBAHIHN BOJII Ta BUCYIIYBAIH (QUILTPYBaILHUM TarepoM. B sikocti poGodoro ene-
KTpOJIITY 00paHO BOJHUN PO3YMH XJIOPUIY HATPIIO 3 KoHUeHTpauisamu 0,5; 3,5; 10 Ta 35

r/mme.

Tabn. 2.1 — XimiuHu# cKiIaa AOCTIKYBAaHUX CTalen

Mapxka Ximiuaui cknaa, Mac. %
craii C Mn P S Si Cr Ni Mo Fe
AlSI
316 <0,08 <20 |<0045| <008 | <1,0 | 16-18 | 10-14 | 2-3 | pemra
AlSI
430 <0,012 | <0,7-1 | <0,045 | <0,03 | <10 | 16-18 0 0 | pemra

J11is ipoBeIeHHSI IETATBHUX OCIiKEeHb 3pa3ku y (hopmi rmiacTuH ToBmHO© 0,4
MM Ta po3mipamu 2x200 MM aHaJOTIYHO 130JI0BAJIM 32 AOMOMOTO0 eMal Ta TOTyBaIH
32 TAKOI0 METOJIMKOIO: MPOMHUBAIM B MPOTOYHIA BOJI, 3HEKUPIOBAIN 130TPOIAHOJIOM,

MOBTOPHO MTPOMUBAIIH B IMCTUIILOBAHIM BOJII Ta BUCYIIIYBaJU (PLIBTPYBaJIbLHUM MAIIEPOM.
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B sikocTi po60ouoro enekTposiiTy 00paHo BOJHUM PO3UMH XJIOPUIY HATPIKO 3 KOHIIEHTpa-

miero 35 r/am® ta pozunn NaHCOs3 3 aHAIOTiYHOK0 KOHIEHTPALIECIO.

2.2 Ipuaagu Ta METOAU AOCiZKEHHS

Ak Bxke Oyno 3a3HaYeHO, OJHUM 3 HaWOUIbII 1HGOPMATUBHUX METOIIB JOCIHI-
JUKEHHS [TPOLIECY MITUHTOBOI KOPO31i € METO/1 OJIAPU3ALIIITHUX BUMIpIOBaHb. /111 ix mpo-
BEJICHHSI O0OPAaHO KJIACHYHY TPHOXEIEKTPOJIHY cxeMy. POOOYNM eJIeKTpOoI0M BUCTYIIATH
3pa3Ku 3 HEPKaBiloYvOoi CTajl, IO SKMX CTaHOBWIIA 1 cM2. B SIKOCTI TOTIOMI»XKHOTO eJ1e-
KTPOJy BUKOPUCTOBYBAJIHM IIAAKY IUIATHHY 3 ILIOLIEIO MoBepxHi 8 cm?. EnexTpomom mo-
PiBHSHHS OyJ10 00paHO HacHYeHUH Xmopua—cpiouwmii exextpon, E = 0,2 B/HBE.

[Tonspu3ariiini BUMIpIOBaHHS MpoBoAwiIM Ha mnorteHmiocrari [TM-50-1.1 3
KOMIT IOTEPHOIO PEECTPAIIEI0 Pe3yJbTaTIB 3a JOTOMOTOK PEECTPYIOYOr0 MPUCTPOIO
UNI-T UT61D. [ins BuganeHHs 3 MOBEPXHI €JIEKTPO1y HAasBHOT MACUBHOI ITIBKH, TIEpe]]
KOXXHUM €KCIIEPUMEHTOM JOCITIKYBaHUH 3pa30K BUTPUMYBAIH MPOTATOM 3 XB TIPH TI0-
tenmianax -1 B/HBE Ta -1,2 B g AISI 316 ta AISI 430 BignmoBigHO, ofpa3y micis
[[bOT'0 MOYMHAJIN MOJISPU3ALINAHI TOCITIKEHHS.

[Tonspu3amiitni kpuBi Ha cram AISI 316 3HIMaaum B miama3oHi ITOTEHINATIB
—1...+1 B/HBE 3i mBuukictio posroptku 1; 2; Ta 5 mB/c Ha cram AISI 430 miamazon
cranoBuB —1,2...4+0,6 B/HBE. llIBuakicts po3roptku — 2 MB/c. 3HATTSA KpUBHUX AJIs1 KO-
YKHOT cTam OyJI0 IPOBEIEHO HE MEHIIIE 5 pa3iB, 3 BUKOPUCTAHHSM IIIOPa3y HOBOTO 3pa3Ka,
JUTS TOCSITHEHHS BIITBOPIOBAHOCTI PE3YJIbTATIB.

JI1st oTpUMaHHS XpOHOAMIIEpOMETPUYHUX KpuBHX Ha ctaii AISI 316 3pa3ku BU-
TPUMYBAJIKCS Yy pO34MHI BOpoAoBX | rox mpu 3HaueHHi norexmiany +0,4 B/HBE. Ha
crami AISI 430 xpuBi oTpuMyBajdu 3a TakuWxX 3Ha4YeHb morteHmiany: 0,2; 0,25 ta 0,3
B/HBE. Pe3ynbratt NOTEHIIIOCTATUYHUX JAOCIIHKEHB MTOPIBHIOBAIN 3 JTAHUMU MacOMe-
Tpii. 3Miny Macu Bu3zHaudaau 3 TouHicTio 0,0001 r 1 mopiBHIOBAIIN 3 KUTHKICTIO €JIEKTPUKH,

10 MPOMIIIa Yepe3 KOMIPKY Mij yac MmoJspu3aiii.
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Jns mocnimkeHHs BIuBY Y 3 BiOpartii Ha moBeAinKy ctani AISI 316 B akocCTi JiKe-
pena KoJIMBaHb BUKOPUCTAHO Y 3-TeHepaTop Ta BUIIPOMIHIOBAY, 1110 MAIOTh TaKi mapaMe-
TPH: 4aCTOTa yJIbTPa3ByKy 28 kIl 11, BuximHa notyxHicTh — 60 Bt. 5 nocnimkeHs mose-
ninku ctani AISI 430 cucreMa Mana HaCTyIHI MapaMeTpH: YacToTa yibTpa3ByKy 28 kI 1,
BHXIJIHA MOTYXHIcTh — 10 BrT.

JIytst mocipKEeHHS TTOBEPXHI 3pa3KiB MICIIs MOISpU3aIlli MPOBOIUIN METOJIOM pac-
TPOBOI €JIEKTPOHHOI CHEKTPOCKOIII 13 BUKOPUCTAHHIM Mikpockomna Selmi POM-1061.
3pa3ku nepen A0CTiA0M MTPOMHUBAH JUCTHIHOBAHOKO BOJIOI0, CYIITHIIM Ta TIEpe1aBaid Ha

aHais.

2.3 YcTaHOBKA /1J1s1 IPOBE/AEHHS A0CTi/IZKeHb

J1y1st BU3HAYCHHS BIUTMBY YJIbTPa3BYKOBOI BiOpallii Ha KOPO31iHY CTIMKICTh HEpKa-
BIIOYOI CTaJIi po3pobiieHo 1aboparopHy yctaHoBKY (Puc. 2.1). CkisiHa éMHICTB 00’ €eMOM
0,2 nm® TepMocTaTyBagaca Ha BOoAAHIN GaHi mpu Temmeparypi 25 °C. Enexrpoa mopis-
HSTHHS TT1JIBOJIMBCS JI0 TMIOBEPXHI poO0OYOTo eJIEKTPOIy 3a JOTIOMOror Kamiisipa JlyriHa.
V3 BUIIPOMIHIOBAY MPUTHUCKABCS JIO0 TOPIIEBOI YACTUHU POOOUYOTO SICKTPOY Ta ITiIKITIO-

YaBCs 10 TEHEpaTopa yIbTPa3BYKY.

) ¥Y3-reH.
Y3-BUNpOMIHIOBEY
___—puTucKay

TepmomeTp
Y [ &
1 i Norswyioctar
1 I nK
(Y
Po3quH
Pobosua Harpieau [onomixuui Enextpog,

NOEEPXHA ENnexkTpos NOPIBHARHA

Puc. 2.1 — Cxema yCTaHOBKH JJIsI MOJIIPU3AIIIAHUX JOCITIKEHb



48

3 IIOIIEPEZAHI BUITPOBYBAHHA HA CTAJII AISI 316

JInst BU3HAYEHHS HEOOX1THOT IIIBUJIKOCT1 PO3TOPTKH JIJIs MOJABIITUX JTOCIIIKEHb,
o e . . . 3
OyJ0 oTpuMaHo mosspu3ailiiiai kpusi B po3unHi NaCl 3 konnentpartiero 0,5 r/am° 6e3 aii

YIIBTPA3BYKY.

lg i, Alem®

E T T . T ’ 1
-1000 -500 0 E ; 500 1000
P

Puc. 3.1 — BruuB miBUaKOCTI pO3TOPTKH Ha XiJ1 OJSPU3ALIMHIX KPUBUX, OJIepiKa-
HUX Ha Hepskapitouiil crami AISI 316 B posumni NaCl 0,5 r/am3: 1 — 1 mB/c; 2 — 2 mB/c;

3 -5 mB/e.

SAx BuanHo 3 Puc. 3.1, 301abIIEHHS TIBUAKOCTI PO3TOPTKH MPU3BOAUTH O 3MIMIEHHS TI0-
TEHI1aJy MITUHTY B OLIBII OJIarOpOJIHY CTOPOHY. 3HaYEHHS MOTEHI[IaNIB MITUHTY CTaHO-
BIATH 320 360 Ta 480 MB/HBE BiamoBigHo 3a 3011bIIEHHSIM KOHIIEHTpAIIil po34nHy. Sk
BXKe OyJI0 3a3HAYCHO, 1I€ BIJOYBA€ThCS Yepe3 HASBHICTh 1HAYKIIWHOTO TMEPIOAy, 4Yac
SIKOI'0 3MEHUIYETHCS MPU 3POCTaHHI aHOJHOI nosisipu3anii. Takox 3 KpUBUX BUAHO, 110

3HAYEHH$ CTALIIOHAPHOT'O MOTEHI[IANY MIPU 3pOCTaHH1 IBUIKOCTI PO3FOPTKH CTA€ OLIbII



49

KaTOJIHUM, 110 MOK€ OyTH MOB’sI3aHO 13 PI3HUM CTaHOM MTOBEPXHI1 3pa3Ka: MpH 3pOCTaHH1
IIBUKOCTI PO3TOPTKH MTACUBHA IUTiBKA HE BCTUTAE YTBOPUTHUCS. Lle miaTBEepIKyEThCS Ha-
SIBHICTIO Ky OJM3bKO moTeHIiany -250 MB npu mBuakocTi po3roptku 5 MB/c, 1m0 imo-
BIPHO $IBJIIE COOOI0 00JIACTh AKTUBHOTO PO3YMHEHHS, sIKAa MEPEXOJIUTh Y MACUBHY 00-
JacTh. AHAJOTIYHUHI MK MOXKHA MOOAYUTH TAaKOX MPHU HIBUIAKOCTI po3ropTku 2 MB/c,
OJIHAK HOT0 BEJIMYMHA € 30BCIM HE3HAYHOIO. 3POCTAaHHS BEIMYMHU CTPYMY HaIPsSMY
OB’ 3aHO 13 MIBUJIKICTIO MOJISIpU3aIlli — 4YuM O1JIbIlIa MIBUAKICT MOJISPU3AIlii, TUM BUIIA

BEJIMYHMHA CTPYMY, L0 MOB’A3aHO 13 NPOTIKAHHIM NEPEXITHUX MPOLIECIB.

lg i, Alem®

| | . |
-1000 -500 0 500 E 1000

Puc. 3.2 — BruiiB mBHAKOCTI pO3TOPTKH HA XiJ] MOJIAPU3ALIHHUX KPUBUX, OJIEprKa-
HUX Ha HepxaBirouiit cram AISI 316 mig niero yapTpa3BykoBoi BiOparrii B po3unHi NaCl
0,5 r/mm%: 1 — 1 MB/c; 2 — 2 MB/c; 3 — 5 mB/c. [Tapamerpu ynbTpasByky: yactora 28 kI I,

notyxHicts 60 BT.

Taxi % 3a7eXHOCTI OTpUMAaHO MpH Aii yiabTpa3BykoBoi BiOpamii (Puc. 3.2). ns

HUX TaKOX CIIpaBeJIMB1 BUIIICHABEACH] CypKeHHs. [loTeHIan mTuHTyY, y TOPIBHIHHI 13
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KpUBUMH 0€3 yIbTPa3BYKY € OJaropoHIIIUM JJI KOKHOT IIBUAKOCTI pO3rOPTKH Ta CTa-

HoBUTH 550, 560 Ta 610 MB 4 1, 2 Ta 5 MmB/c BigmoBigHo.

—7 T T T T T T T
-1000 -800 -600 -400

I X | X | % | v 1 v 1 ¥
200 0O 200 400 600 800 1000
E, mV

Puc. 3.3 — BruB ynpTpa3ByKy Ha XiJ NOJSPU3ALIMHIX KPUBUX HA HEP>KaBIrOUiH
crani AISI 316 B pozunni NaCl 0,5 r/am®: 1 — 6e3 V3; 2 — 3 ¥3. [LIBUAKICT PO3rOPTKH

2 mB/c. [1apameTpu ynbTpa3ByKy: yactota 28 k1, motyxHicTs 60 BT.

Haii0inb1r Bana mBHAKICTh PO3TOPTKH MOBHHHA 3aJ0BOJIBHSATH 1Bl BUMOTH: MaTH
MaKCHUMaJIbHO BHCOKY IIBHJIKICTh JJII CKOPOYCHHS Yacy JOCIiAy Ta JaBaTH JOCTaTHIN
nepiof yacy ajs nepediry npoiecy 3apoakeHHs mtunry. Buakicts posroptku 5 mB/c
HE JIa€ JOCTaTHLO Yacy JUIsl 3apOKCHHSI METAaCTaOlIbHUX MITHUHTIB, III0 BUPAXKAETHCS Y
IUIABHOCTI KpUBOi, 6€3 Oyab-sakux mikiB. [Ipu mBHuakocTax ckanyBaHHsa 1 Ta 2 mB/c Ha
KPUBHX BHUJIHO MPOIIECH 3apPOJIXKEHHS MITUHTIB, a MOTSHIIAIH MITUHTY PI3HATHCS HE3HA-

qyHO. /{7151 mogansImmx T0CHiHKeHb 0yJI0 00paHo O1IbIN MBUIAKKUHN pexxum — 2 MB/c.
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[Tonspu3zamiitni kpusi, orpuMani Ha ctami AISI 316 y po3unHi 3 KOHIIEHTPAIIIEO
0,5 r/nm® HaBeneno Ha Puc. 3.3. CranionapHuii HOTeHIian cTani 0€3 yabTpa3ByKoBOi Bi-
Oparii maibke CHiBIIaga€e 3 MOTEHIIATIOM BiOPYHOYOIrO €JIEKTPOAY Ta CTaHOBHUTH -250
MB/HBE.

[Tpu kaTonHii nonspusanii Ao noteHmiary —650 MmB/HBE na kpusiit 6e3 yapTpas-
BYKY CIIOCTEPITa€ThCsl TPAHUYHUN CTPYM, IO BiJIMOBI/IA€ BITHOBICHHIO PO3YMHEHOTO Y
BOJIi KMCHIO, BeTMYMHa cTpyMy cknazgae 10° A/cm?. Ha kpuBiii 3 yIbTpa3zByKoM CIIOCTe-
piraeTbcsl BULIMI CTPYM BigHOBJIEHHS KUCHIO — 10° A/cM?, 110 MOB'SI3aHO 3 IHTEHCHB-
HUM TIepeMIlTyBaHHsIM pO3uMHYy Oi1s enekTpony. [loganbiia katoqHa MoIApu3allis Beae

JI0 3pOCTaHHs CTPYMY BHACI1IOK BiJTHOBJICHHS BOJIHIO.

—7 T T T T T T T T T T T T T T T T T

| 1
-1000 -800 -600 -400 -200 O 200 400 600 800 1000
E, mV

Puc. 3.4 — BriuB ynbTpa3ByKy Ha XiJi MOJSIpU3ALIAHUX KPUBUX, OTPUMAHUX Ha
Hepxkasitouiil crami AISI 316 B poszunni NaCl 10 r/am3: 1 — 6e3 V3; 2 — 3 V3. llIBuakicTs

posroptku 2 mB/c. [Tapamerpu ynpTpa3Byky: yactora 28 kI 11, moTykHictb 60 BT.

Ha aHOgHMX KPUBUX CIIOCTEPIra€ThCs MacHBHA 00JIACTh, TYCTHHA CTPYMY B IIiid

o6mnacti — 10°? A/cm? Ta € 0HaKOBOIO I 000X pesxuMiB. I[loTeHnian mituHry 6e3 i
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ynbTpa3Byky ckiagae 360 mB/HBE. Ilpu yasTpa3zBykoBiii 00poOili MOTEHIIIan MTHHTY
3poctae 10 560 MB/HBE, 1110 cB114UTh 1IpO MiABUIIEHHS CTIMKOCTI 10 PO3YMHEHHS CTall
AISI 316 B pozunni NaCl nipu ynbTpa3ByKOBiii BiOpaitii.

[Tepexin qo 61BN KOHIIEHTpOBaHUX po3unHiB (Puc. 3.4 Ta Puc. 3.5) nmpuszBoauth
JI0 3CYBY CTalllOHAPHOTO MOTEHIlaTy CTall, sIKk 0€3 yIbTpa3ByKOBOi 0OpPOOKH, Tak 1 3 00-
pooxoro. CrarioHapHui moTeHmian 6e3 o0podku ckimanae -130 ta -140 MB/HBE niist po-
3unny NaCl 10 ta 35 r/nm® Bignosigno. CranioHapHuUii NOTEHIIaN BiOPYIOYOro MeTay
3cyBaeTbes Ha 180 ta 160 MB BigmoBigHO B KatogHuii Oik. AHanoriudo no Puc. 3.3, Ha
YCIX KPUBHUX CIIOCTEPIralOThCs MIISHKU BITHOBJICHHS KUCHIO Ta BUALJICHHS BOAHIO. [Ipn
HaKJIaJaHHI yJIbTPa3ByKy, CTPYM BiJTHOBJICHHS KHCHIO € BHIIUM Ta CKJIQJA€ Ty XK caMy

seauunHy 107° A/cm?, mo i npu xonnentpanii NaCl 0,5 r/am®,

_7 L] I L] I L) I 1 l 1 l L] l L] l 1 l 1 l 1
-1000 -800 -600 -400 -200 O 200 400 600 800 1000
E,mV

Puc. 3.5 — BB ynpTpa3ByKy Ha Xija MOJNSPU3ALIMHAX KPUBUX, OTPUMAHUX Ha
Hepxkasitouiil crami AISI 316 B pozunni NaCl 35 r/am3: 1 — 6e3 V3; 2 — 3 V3. llIBuakicTs

posroptku 2 mB/c. IlapameTrpu ynbTpa3Byky: yactora 28 kI 11, notryxHicts 60 BT.
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Ha aHOIHWX KPHBHUX CIIOCTEPIra€Thcs MacHBHA 00JIACTh, TYCTHHA CTPyMY B IIid
o6macti 6e3 Y3 06po0OKH € 0qHAKOBOIO 11 000X KoHueHTpauiil — 10°2 A/ecm?. 3 V3 06-
pOOKOIO TYCTHHA CTPYMY B MACHUBHIN 001acTi npu 301IBIICHH] KOHIICHTPAIIll XJIOPUIIB
3pocrae i cranoBuTh 107° T2 1048 A/cm? BimnoBiguao. Take 3p0CTaHHS TACHBHOTO CTPYMY
MO>Ke OyTH MOB’S13aHO 13 €PEKTOM KaBITallli Ta OJJHOYACHOIO JI€I0 arpeCUBHUX HOHIB, 1110
B TIO€JIHAHHI CIPUYMHIOIOTH ITONIKOKEHHS Ha MacuBHIHM 1wiiBIi. OJHAK, TaKi MOIIKO-

JKCHHS € HC3HAaYHUMHU, a ITIBKA IMBUAKO ITIOHOBJIIOKTHCA.

D

lg i, Alem®

Puc. 3.6 — BrumB KoHIEHTpaIlil XJIOpUI-HOHY Ha XiJ MOJSPHU3AIHHUX KPUBHX,
onepxkaHux Ha Hepxasirouiit cranmi AISI 316 6e3 ynbrpazBykoBoi 06po6ku. Konmenrpa-

uist pozunny NaCl: 1 — 0,5 r/nm3; 2 — 10 r/nom3; 3 — 35 r/mve.

[ToTtenmian miTuHry 0€3 aii yapTpa3Byky ckianae 250 ta 200 MmB/HBE BianosinHo.
[Tpu ynpTpa3BykoBiii 0oOpoOIli moreHmian mrtuary 3poctae mo0 380 ta 320 mB/HBE.
To6To, Taka 06pobKka, aHanoriuno Jo edexry y poszuuni NaCl 0,5 r/nm3, nossonse mia-

BUIIUTH CTIAKICTH cTaii AISI 316 no miTuHroBoi Kopo3ii. biibil HaoYHE MOPIBHSHHS



54

X0Jly KpMBHUX IIPHU PI3HUX KOHIICHTpaIisx HaBeaeHe Ha Puc. 3.6 Ta Puc. 3.7. B 060x Bu-
najKax 30UIbIIEHHS KOHIIEHTpAIlli arpeCUBHUX HOHIB MPU3BOJIUTH JI0 3CYBY MOTEHIlIATY
MITUHTY B KaTOJIHHH OiK.

Pe3ynpTaTi MOTEHIIIOCTATUYHUX JOCIIKEeHb HaBeneHo Ha Puc. 3.8. Haknaganus
aHOJTHOTO noTeHuiany B ob0nacti mituHry (400 MmB/HBE) npusBoauTe 10 MOCTYNOBOIO
3pPOCTaHHS T'YCTUHHU aHOJHOrO cTpyMy 10 Benuuunu 1072° A/em?. Tlpu aii yneTpasByko-
BOi BiOpallii ClIOCTEPIraeThCsl 3HIKEHHS TYCTUHU aHOJHOTO CTPYMY Ha OJIMH MOPSIOK,
mo 103 A/cm?. TlpunuHenHs Oii yabTpa3sByKy BeJe IO BiIHOBIEHHS aHOAHOI T'yCTUHH

CTPYMY JI0 TIOTIEPEIHIX 3HAYECHb.

-2 7 3

lg i, Alem?

Puc. 3.7 — BrumuB koHIIEHTpalii XJIOPUI-HOHY Ha X1J MOJISPU3AMINHAX KPUBHUX,
oJiep>kaHuX Ha HepkaBitouii ctani AISI 316 3 ynberpasBykoBoro 00poodkoto. KonieHTpa-

mig posunny NaCl: 1 — 0,5 r/nm3; 2 — 10 r/av®; 3 — 35 r/ave.

VYabTpa3BykoBa 00poOka — BijoMuit pakTop iHTEHCU(IKAIlT MACOOOMIHHUX TIPO-
LECIB, TOMY MMOBIPHOI IPUYMHOIO MIABUIIEHHS CTIMKOCTI CTall 0 MITUHTY € Iepemi-

IIYBaHHS PO3YUHY B MIPUEIEKTPOIHOMY Iapi. ToMy, €epeKTUBHICTh YIbTPa3BYKOBOI BiO-
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pariii TOpiBHSJIM 13 BIUTMBOM MEXaHIYHOTO INepeMinryBaHHs po3uuny (Puc. 3.9). Bussu-
JI0CSI, IO TIPU MEXaHIYHOMY ITepeMIlTyBaHHI pO3YHUHY CTPYM aHOIHOT'O PO3UYNHEHHS 3HHU-
KYEThCS y 2 pa3u, MpoTe yJIbTpa3ByKoBa BiOpaillis € HabaraTo O11bIl e()eKTUBHOIO — aHO-
JHUW CTPYM Ha BIOPYIOYil TuracTUHI 3HMKY€EThbCs 10 30 pa3iB. AHAJIOTIUHI pe3yJbTaTH
OTpUMaHO NUIIXOM MacomeTpii. Sk BugHO 3 Puc. 3.10, pe3ymbratn MmacomeTpii 1o0pe
CITIBBIJTHOCATHCS 31 3HAYSHHSIMH KIJILKOCTI1 IIPOMYIIECHOT €JICKTPUKH, PO3paXxOBaHOi 3a Me-

TOJIOM Tpamneliil 3 XpoHOaMIeporpam.

2.0

25 § i

5

> 3,0+

.c__j';

_3’5_

_4,0 L l L l L) l L] ' Ll I L) l L) l
0 200 400 600 800 1000 1200 1400

t, c

Puc. 3.8 — 3mina ctpymy anogHoro po3unaenHs ctam AISI 316 npu maknamanxi
yIbTpa3BykoBoi BiOpartii. [lorenmioctatnuna sutpumka npu E = 400 MB/HBE B po3uuni

10 r/am® NaCl. Crpinkoro nokaszana nijsHKa, OTpMMaHa IiJl Ji€l0 yIbTpa3ByKoBOI BiOpa-

mii.

EdekTuBHICT TPUTHIYEHHS MITHHTY MIATBEPIKYETHCS JAHUMH aHani3zy mMopdo-
norii moBepxHi (Puc. 3.11). be3 ynpTpazBykoBoi BiOpallii Ha mMOBepXHi cTaii 3a 1 ronuny
NOJIApU3aLlll YTBOPIOIOTHCS YUCEIbHI JIOKAJIbHI YPa)K€HHS PO3MIpoM 1-5 MKM, piBHOMI-

PHO PO3MOAUICHI TTO MMOBEPXHI 3pa3ka. AHAJIOTTYHI 3MIHU CIIOCTEPITalOThCS MPU MEXaHi-
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yHOoMYy niepemimryBanHi (Puc. 3.12). B toli ke "ac, mpu yJIbTpa3ByKOBiH BiOparllii Ha 1o-
BEpPXHI METally YTBOPEHHS OCEPE/IKIB JIOKAJbHOTO pyiHYBaHHS MPAKTUYHO HE B1JI0yBa-
etbest (Puc. 3.13). 3aMicTh 11bOTO, TOBEPXHS 3pa3Ka, 1110 MiIaBaBCs yIbTPA3BYKOBIH 00-
poOIIi, CYyITFHO BKpUTA HETJTMOOKUMHU BITaIMHAMM, SIK1 HE TIEPEXOATh Y MITHUHT.

[Ile oaHI€0 OCOONMBICTIO € HASBHICTh BUAUMMX I'PAaHEN 3€pEH METaly Ha 3pa3Ky
0e3 BiOpaIlii Ta Mpu MEXaHIYHOMY TIEPEMIITyBaHHI, 1110 € CBITYCHHSIM PO3YHMHEHHS CTal
1o rpaHulsaM 3epeH. [licist anoiHOo1 moJigpur3aitii 3pa3ka mpu BiOpailii, Taki 3epHa He CIo-
CTEpPIrarThCsl.

Ha ycix 3pa3kax mpuCyTHI JIOKallbHI OcepeaKr po3uruHeHHs po3MipoM 50-100 Mxm,
pOTE 32 CBOIM BUIJISIZIOM BOHM pi3HI. Tak, 3a BIICYTHOCTI YAbTPa3BYyKy Ta MPU MEXaHi-
YHOMY MepeMillyBaHHI HAaBKOJIO 30HU PO3YMHEHHS CIIOCTEPITatOThCS 3ATHIIKH MTPOIYK-
TiB KOpo3ii. B Toii ke yac B yMOBax yJIbTpa3BYKOBOI BiOpallii MpOyKTH PO3UUHEHHS Bi-

JICYTHI, a BCS BHYTPIIIHA MOBEPXHS AMH BKPUTA HEMTMOOKUMH BIaJMHAMM, K 1 OCHOBHA

YaCTHHA ITOBEPXHI.

X —
0 1000

T T T T T
2000 3000 4000 5000 6000 7000

t,c
Puc. 3.9 — Xponoammeporpamu, otpumani ©Ha cram AISI 316 mnpu
E = 400 mB/HBE B po3uuni 10 r/qvm® NaCl B pizaux ymosax: 1 — 6e3 aii yisTpasByKy; 2

— i J1€10 YIbTPa3BYKOBOI BiOpalii; 3 — 3 MEXaHIYHUM MEPEMILTYBAaHHSAM PO3UHHY.
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Am,r Q,Ac
0,14 1 500
0,12
-4 400
0,10
L -4 300
0,08 1006747244
0,06 |
. 0,05000 1 200
141
0,04
4 100
0,02
0,00225 7
0,00 —— 0
be3 ¥Y3 MepemiLu. Y3

Puc. 3.10 — KinbkicTh enektpuku Ta 3MiHa macu ctaii AISI 316 micns 1 rox Bu-

tpumkn y 10 r/aqm® NaCl npu norenniani 300 mB/HBE.

WD=15.Smm

Puc. 3.11 — Mikpodororpadii nosepxni crani AISI 316 micns 1 rox nonsipuzariii
y 10 r/nm® NaCl 6e3 V3. E = 400 mB/HBE. ITapametpu ¥3: 28 kI'j, 60 Br. 306paxeHnns

B PEXKHMMI MMOTJIMHEHUX €JIEKTPOHIB (JIIBOPYY) Ta BTOPUHHHX €JICKTPOHIB (ITPaBOPYyY).
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WD=14.8mm 20.008V__ %500 T DS AR 20,008V x 100m

Puc. 3.12 — Mikpodororpadii nosepxni crani AISI 316 micnst 1 rox monsipuzariii
y 10 r/nm® NaCl 3 mexaniuaum nepemimryBannsm. E = 400 mB/HBE. IlapameTpu yibT-
pa3Byky: 28 kI, 60 BT. 300pakeHHs1 B peKUMI MOTJIMHEHUX E€JIEKTPOHIB (J1BOPYY) Ta

BTOPHUHHUX €JICKTPOHIB (TIpaBopyY).

OpHak, OCKUIbKM OyJI0 BUKOPUCTAHO IJIACTUHU TEIUIOOOMIHHMKA, 10 OYB y €KcC-
TuTyaTarlii, BAKKO OLIIHUTH SIK1 3 YIIKOJKEHb OyJIH MPUCYTHI 10 €KCIIEPUMEHTY.

OCK1UTBKH BIAJIOCS TOCSATHYTH 3HAYHOT'O 3HMXKEHHS IIBUAKOCTI KOPO3ii 3a JOTIOMO-
roro il yJabTpa3ByKOBOiI BiOpallii, OyJi0 BUPIIIEHO MOBTOPUTH aHAJOTIYHI JOCHIIA Ha
MEHIII KOPO31iHO CTiMKiN ane BTpu4i aemeBiniid peputHiid crami mapku AISI 430 mpu
MIHIMaJIbHO MOXIJIMBIH MOTY>KHOCT1 YJIBTPa3BYyKy, IO JO3BOJUIO O 3pOOHUTH BUCHOBOK
PO MO>KJIMBICTH 3aCTOCYBaHHS JAHOTO METOAY JUIsl HU3bKOJIETOBAaHUX CTaJIeH B pO3UH-

HaXx 3 BUCOKOIO KOHIICHTPAIIIEI0 XJIOPHUIIB.
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WD=17.2mm 20.00kV %500 100jm WD=17.2mm 20.00kV.__ %500 100pm

Puc. 3.13 — MikpodoTtorpadii moBepxni cram AISI 316 micnsa 1 rox nonspuzamii
y 10 r/nm® NaCl mig miero ynerpassyky. E = 400 MmB/HBE. ITapamerpu ynsTpasByky: 28
k[, 60 Bt. 300pakeHHsI B peKUMI MOTJIMHEHUX €JIEKTPOHIB (3J1iBa) Ta BTOPUHHUX €JIe-

KTPOHIB (CIIpaBa).
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4 NOCJIIJDKEHHSA HA CTAJII AISI 430

[Tonspu3ariiiini KpUB1 JOCHIIKYBaHOi cTam HaBeaeHo Ha Puc. 4.1. CramionapHuit
MOTEHIIa) cTam 0e3 yapTpa3BykoBoi BiOparlii cranoButh —175 MB/HBE 1 He 3anexuth
Bil po3unHy (NaCl a6o NaHCOs). Ilpu karomguiii mnomsipuzamii 10 HOTEHIaTy
—680 MB/HBE Ha kpuBiii cioctepira€rbcsi TpaHUYHUN CTPYM, IO BIJIIOBIJA€ B1JIHOB-
JICHHIO PO3YMHEHOT0 Y BOJI KUCHIO, BenmmurHa ctpymy — 10 A/em?. [opansmia kaTogHa
noJIsIpU3allisl BeJIe /10 3pOCTaHHS CTPYMY BHACIIIOK BITHOBJIEHHS BoAHI0. Ha anomHii
KpuBiit B posunni 35 r/am® NaHCO3 crioctepiraeThest macuBHa 00J1aCTh, TyCTUHA CTPYMY

B i o6macti — 107 A/cm?.

0r

NW

L

-8 M | L | s | . | s | L | L | L | L | L |

-1400 -1200 -1000 -800 -600 -400 -200 O 200 400 600
E, mV/NHE

Puc. 4.1 — Tlonspu3zamiitai kpusi, oTpumani Ha ctam AISI 430 B po3umnax: 1 —
35 r/mm® NaHCOs; 2 — 35 r/am® NaCl; 3 — 35 r/nm® NaCl 3 ynsTpa3sByKkoBo 06pOOKOI0.
[IBuakicts posroptku 2 MB/c. [lapamerpu ynabTpa3Byky: yactora 28 kI, MOTYyXHICTh

10 Br.
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3mina po3unny Ha 35 r/nm3 NaCl npakTHaHO He 3MiHIO€ X0y KaTOIHOT KPUBOi, Ha
JIJISHI BIIHOBJICHHSI KUCHIO, alie JCIIO 3HIKY€E MEpeHanpyry BUIJICHHS BOIHIO, IO
OB’ s13aHO 3 Okl JTy)KHUM cepepoBuieM (pH 8,5). AHonHa kpuBa Tipu TIepexoil 10
XJIOPUTHOTO PO3UHHY CYTTEBO 3MIHIOETHCS — 3’ SIBJISIETHCS 30HA YTBOPEHHS CTIMKUX IMITH-
HT1B BHACIIIIOK pyHHYBaHHS MTaCUBHOI IUTIBKA HOHAMU XJIOPHUIY, OAHAK TOYHO BUZHAYUTH
MOTEHITIa)I MITUHTY BaXXKO. BizyanpHuil aHami3 TOBEpXHI MICIs TMOJSIPU3AIIii MOKa3aB Ha-
SIBHICTb IITUHTOBUX YPa’KEHb.

HaknamganHus ynbTpa3ByKoBOi BiOpallii 10 TOpLst poO0YOTro eIeKTPOo1a MPU3BOAUTH
JI0 3pOCTaHHs CTPyMY B KaToJHIKM obyacti y 2 pasu (Puc. 4.1, kpusa 3), 110 3yMOBJICHO
3MCHIIICHHSM TOBIIUHU TU(Y31HHOTO Mmapy Ta MPUCKOPEHHSIM JOCTAaBKU KHUCHIO JI0 TI0-
BepxHi enekTpoay. CTarioHapHU MOTEHITIAN BIOPYIOUOTO METaly 3cyBaeThes Ha 45 MB
B aHoHM Oik, 10 —130 MB/HBE. AHoHa KpuBa mif Ji€0 yIbTpa3ByKY 3CyBa€ThCs Ha

50-100 MB B mo3uTuBHU# OiK MOPIBHSIHO 13 KPUBOIO, 3HATOIO O€3 YIBTPa3BYKY.

O_
g - 000 . 3
. I
(®]
< 2f : 2
k=) 7 X e~ —
' -~ b  ——

4 ‘ | " 1 . | . | . | . | : | ‘ 1 . |
0 800 1600 2400 3200 4000 4800 5600 6400 7200

t, s

Puc. 4.2 — XpononorenuiomerpuyHi kpusi ctam AISI 430 npu pi3HHX TOTEHIia-
nax y 35 r/mm® NaCl 3 ynsrpasBykoBoro 06pooOkoro ta 6e3: 1 — E = 200 MB/HBE; 2 —
E =30 MB/HBE; 3 — E = 300 MmB/HBE. Ctpuikoro noka3aHa KpuBa, OTpuMaHa mij A1€0

YIIBTPa3BYKYy.
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Pe3ynbpTaTi XpOHONOTEHIIIOMETPUYHHX JTOCTIHKeHb HaBeaeHo Ha Puc. 4.2. [lpu
BCIX JOCIIPKYBAaHUX BEJIMYMHAX MOTEHIIAy CIIOCTEPIra€ThCsl 3HUKEHHS aHOJHOTO
CTpyMy IIpY HaKJIaJaHHI yIbTPa3ByKOBOI BiOpailii, aine e(eKTUBHICTh IPUTHIYCHHSI MITH-
HTY 3pOcCTae 31 30UIBIICHHSIM aHOJHOTO ToTeH iany. Tak, npu norenmian 200 MmB/HBE
CTPYM Tif Al€10 yIbTPa3ByKy 3HWXKY€EThCs numie B 1,5 pasu, a mpu 300 MB/HBE —y 50
pa3iB. Takox Ha KpUBIH 3 yJIbTPa3ByKOM IOMITHI KOJIMBAHHS CTPYMYy, 11O MOB’s3aHi 3
peracuBalli€ro MiTUHTIB.

PesynbpTatu enekTpoXiMiuHUX JOCIIIKEHb IEPEBIPSIN BAarOBUM METOJIOM, BU3HA-
yaiu 3MiHY Macu B pe3yJibTaTi aHOAHOro po3unHeHHs npu notenmiai 300 mB/HBE 3a
OJIHY TOJMHY TOJISIPU3aIlil MpH yIbTPa3ByKOBIM BiOparlii Ta 6e3. 3MiHy Macu MOPIBHIO-
BaJI 13 KUTBKICTIO MponyteHoi enexktpuku (Puc. 4.3). BusiBuiocs, 1o 1aHi o0 aHo -
HOTO PO3YMHEHHS, OTPUMaH1 3a 3MIHOI0O MacH Ta 3a KUIbKICTIO MPOMYIIEHOT eNEeKTPUKH
Maixke 301TafoThCs. 3a BUICHABEICHUX YMOB YJIbTPa3BYK 3HIDKYE IIBHIKICTH PO3YH-

HeHHs Maibke y 50 pasis.

Am,r Q,Ac

0,1376 509,72

0,14 1 500
0,12
4 400
0,1

0,08 | 41 300

0,06 |
1 200

0,04
4 100
0,02
0,0025 10,17

0 ——

Y3 be3 VY3

Puc. 4.3 — KinbkicTs npomy1ieHoi enektpuku ta 3mina macu ctami AISI 430 micns

1 ron Butpumkn y 35 r/n NaCl npu noreniani 300 mB.
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WD=16.1mm

x100
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10.0CKV  xI1.00k S0pm WD=16.Smm 20.00kV  x1.00k

Puc. 4.4 — MikpodoTtorpadii noBepxni craim AISI 430 nicns 1 roa nonspuzauii y
35 r/n NaCl 6e3 naii (;1iBopyy) mif aiero ynbTpa3Byky (mpaBopyd). E = 300 MmB/HBE. I1a-

pameTtpu yabTpa3Byky: 28 kl'1, 10 BT. 300pakeHHs B peKUMI MOTJIMHEHUX €JIEKTPOHIB.

EdekTuBHICT MPUTHIYEHHS MITUHTY TIATBEPAXKYETHCS JAaHUMU aHalizy mopdo-
norii moBepxHi (Puc. 4.4), 11t MOPiBHSIHHS TaKOXX HABEJACHO BUIJIS IMOBEPXI J0 MPOBeE-

nennst gocmiais (Puc. 4.5). be3 yapTpa3BykoBoi BiOpariii Ha MOBEpXHi cTaii 3a 1 roauHy
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MOJISIpHU3allil YTBOPIOKOTHCS YUCEbHI JIOKaIbHI ypakeHHs: po3mipoM 200-400 MkMm, piB-
HOMIPHO PO3MO/JILJICHI [0 MOBEPXHI 3pa3ka. B Toii xe vac, npu aii yIbTpa3ByKoBOi BiOpa-
1[ii HA MMOBEPXHI METAly YTBOPEHHS OCEPEKIB JTOKAJIHHOTO PYyHHYBaHHS MPAKTUYHO HE
Bi10yBaeThes. [Ipu OinbiioMy 301IBIICHH] BHIHO, 110 HA MIOBEPXHI CTall, SKa HE Miajaa-
Bajacs BiOparllii, MTUHTH MalOTh TOCTPl Kpai HeMpaBUIbHOI (HOpMH, a 3HaYHA YAaCTHHA
MITUHTY 3HAXOJUTHLCS 1]l 30BHINIHBOIO MOBEpXHEI0 MeTany. Jms crami, siky Oyio mij-
JaHo BiOpariii, mpu OUTbIIOMY 30UIBIIEHH], TITUHTY OyJIO BUSBICHO JIUIIE HA HEBEIUKIM
TUTOIII MOBepxHi. BoHU CyTTEBO Bipi3HAIOTHCA 3a po3Mipamu 1 popmoro. Tak po3mip mi-
TUHTIB MIPHU yJIbTPa3BYKOBiH BiOparllii He nepesuiye 250 MM, popma — chepuuna. ['oc-

Tp1 Kpai Ta pO3UMHEHHS 1] 30BHIITHBOIO MIOBEPXHEIO METaly — BIJCYTHI.

WD=17.1mm 20.00kV x100 500pm WD=17.1mm 20.00kV x250 200um

20.00kV x500 100pm WD=17.1mm 20.00kV x1.00k
Puc. 4.5 — Mikpodotorpadii moBepxni cranmi AISI 430 mo mpoBeneHHs A0CIHi-

JUKeHb. 300pa)KeHHs B PEKUMI OTJIMHEHUX €JIEKTPOHIB.
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ToOTo ynbTpa3ByKoBa 00poOKa J03BOJISIE AOCATTH 3HAYHOTO 3MEHIIICHHSI ITBUIKO-
CT1 KOpO31i HaBITh JIJI1 HU3bKOJETOBAaHUX cTajiel. Sk Bxke OyJio 3a3HAaY€HO, 3T1IHO Cydac-
HUX YSBIICHb MMITUHTOBA KOPO3is mepedirae 3a TphboMa MoCaiJOBHUMU CTaT1SIMU.

[epiioro cTaji€ro € 3apoKEHHS MITHHTY, 1110 MPOSBISETHCS B TOUKOBOMY PYHHY-
BaHHI MACUBHOI IUTIBKY MiJ A1€10 10HIB-aKTUBATOPIB. Takuii mporec He € CTINKUM, OCKI-
JBKUA 3aJUIIAETHCSI MOXIIMBICTH MOBTOPHOI MacuBallii moBepxHi. ['0noBHUME (haKTO-
pamu, 1110 BIUIMBAIOTh HA MOKJIMBICTh 3apOPKEHHSI MITHHTY €: HAABHICTh 1€(PEKTIB CTPY-
KTYpH, IPUCYTHICTh JOMIIIIOK Ta MEXaHIYHHX MOIIKOKEHb 71, 72]. Buxomsuu 3 cyuac-
HUX YSBJICHBb IIPO MEXaHI3M JaHOi cTajiii, 00poOKa yJIbTpa3ByKOM HE 3/1aTHA OYJIb-SIKUM
YMHOM BIUIMHYTH Ha npouec. Jlpyra crajais — MeTacTabuTbHOTO POCTY MITUHTY, KOHTPO-
TO€eThCs Tudy3ieto. [[7s miarpumMaHHs TAKOTO POCTY HEOOX1THUM € HAasBHICTh BCEPEIHI
HITUHTY PO3YMHY MEBHOTO CKJIaAy, IO € MOXKIJIMBUM JIMIIE 3aB/ISIKH YTBOPEHHIO HAJT Ii-
TUHTOM AU(Yy31HHOTO 0ap’epy, AKUH YIIOBUIBHIOE JOCTaBKY HOHIB B 00’ €M po3unHy. [Ipu
pyiiHyBaHHI Takoro 6ap’epy BiIOyBa€eThCs mpoliec penacubariii. Tpers ctazgis — cTabiib-
HOTO POCTY MITHUHTY, TAKOXK KOHTPOIIOEThC Audy3iero. Ae, poib audy3iitHoro 0ap’epy
Ha CcTaJlli cTabUIbHOTO POCTY BUKOHY€E cama MITUHroBa nopoxHuHa. Ha naniit cranii pe-
MacuBallisl TMTUHTY TaK0X € MOXJIMBOIO MPU YMOBI BHUJIAJICHHS arpeCUBHOTO PO3YUHY
[19].

VY3araqpHIOI0UM OTPUMaHi Pe3yJbTaTH MOKHA CTBEPKYBaTH, L0 JIOKATbHE PO3-
yuHeHHs HepkaBitounx ctayet AISI 316 ta AISI 430 cyTTeBO CIOBIILHIOETHCS MPU Ha-
KJIaJlaHH1 yJIbTPa3BYKOBO1 BIOpallii, a BpaXOBYIOUM Cy4acH1 YSBJICHHS II0JI0 MEXAHI3MY
3apOKEHHSI Ta POCTY MITHUHTY, YIbTPa3ByKOBa BiOpallisi MOKe BIUIUBATH JIUIIIE HA APYTY
Ta TPETIO CTaali pocTy. Ha eTami meTacTabiIbHOTO POCTY Uepe3 yIbTPa3ByKOBY BiOpaIlito
BiIOYBa€ThCS MOCIA0NICHHS 3B A3KIB MK IIapOM MPOAYKTIB KOPO3ii Ta MOBEPXHEIO Me-
Tajy, BHACIIJIOK YOTO MITUHT PENacUBYEThCS 0€3 Mmepexony y cTabuibHy cTajito. [HTeH-
cuikamis npoueciB MacooOMiHY B OKOJI1 BIOPYIOUO1 MOBEPXHI TAKOXK CIPHSIE IBUIKOMY
BHPIBHIOBaHHIO KOHILIEHTpALli BCEpEANHI MITHHTY Ta B 00’ €M1 pO3YUHY, 1110 3yIIUHSE PICT
MITUHTY Ha eTari CTablIbHOTO pOoCcTy. TakKuM YHHOM, YyJIbTPa3ByKOBa BiOpaIlis 103BOJISIE
3HU3UTH HIBUAKICTH JIOKAJHHOTO PO3YMHEHHS CTaylel, CXUiabHUX 10 macuBaiii. [Topis-

HIOIOYHW pe3yJIbTaTH BUIPOOYyBaHb, MOXKHA 3pPOOUTH BUCHOBOK, III0 YAM BHIIA CTIHKICTh
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cTaji, TUM OUIBIIIOr0 e(heKTy MOKHA JIOCATTH MPU HAKJIaJaHH] yJIbTPa3BYKOBOI BiOpairii.
OpHak TIpu BUKOPUCTAHHI yJIBTPA3BYKOBOTO 3aXUCTy HABITh ISl MAJIOJIETOBAHOI CTal
AISI 430 y nocuTh KOHIIEHTPOBAHOMY XJIOPHUIAHOMY PO3YMHI 1 MIHIMAJIbHIN MOTY>KHOCTI

yIBTPa3BYKy OyJI0 TOCATHYTE 3HAYHE MiBUIECHHS CTIHKOCTI 0 MITHHTOBOI KOPO3ii.

4.1 TlepcrieKTHBY BUKOPHUCTAHHS YJIbTPAa3BYKOBOI Bidpauii AJ1s1 3axucTy

HepKABIIOYMX cTAJIell Bi MITHHIOBOI KOPO3il

OCKUTBKY JaHUH METOJI 3aXUCTY 3a0e3nedye 3HaUHE 1 ABUIIEHHS CTIMKOCT] HAaBITh
Py BUKOPUCTaHHI HU3BKOJICTOBAHWX HEP)KABIIOUMX CTallel, yJIbTpa3ByKoBa 0OpoOKa
MOke OyTH BUKOPUCTAHA JIJIsl 3aXUCTY PI3HOMAHITHOTO O0JaJHAHHS B €HEPTeTUYHIH, Xi-
MIYHIH Ta IHIIUX BUAX MPOMHUCIOBOCTI B1Jl IITUHTOBOI KOPO3ii y arpeCUBHUX CEPEIOBH-
max. Jlanuit Mmeton 3axucty He moTpedye 0COOJMBUX YMOB JIJisi BOPOBAIXKEHHS Ta, B IIe-
PCHEKTHBI, MOXKE 3aCTOCOBYBATHUCSA SIK HA HOBHX BUPOOHHUIITBAX, TAK 1 HA BXKE ICHYIOUHUX..
VYapTpa3BykoBa BiOpallis B MEPCIEKTUBI MOKe OyTH BUKOPHUCTaHa JIJIsl ABOX LIJIEH:

1. Jlnst 1oAaTKOBOIO 3aXUCTY BXKE MPAIFOI0UuOro oOJiaJHAHHS 1, SIK pe3yJibTar,
MIJBHUIICHHSAM TEPMIiHY €KCIUTyaTallii Ta 3MEHIIEHHSIM KiJTbKOCT1 TTOTOYHHX
PEMOHTIB.

2. Jlna 3pmemreBieHHss oOJlaJHAHHS HA CTadil MPOSKTYBAaHHS, OCKUIBKHA IIPH
BCTAHOBJICHH] JIOJIATKOBOTO 3aXHUCTY YJIbTPAa3BYKOBOIO BIOpaIli€r0 MOXHA
3aCTOCOBYBATH MEHIII JIETOBAHY, & OTKE 1 MEHIII IOPOTY MapKy HEPKaBitou0i
ctaui. Taka cTanb Ipu HaKJIaTaHH] YIBTPAa3BYKY IIOBHHHA MAaTH TEPMIH €KC-
IuTyartanii, noHalMeHIle, pIBHUM TEpMiHY eKCIUTyaTarii Oulbll J0pOoroi
cTaiil 0e3 T0AaTKOBOrO 3aXUCTY.

JIs moTaIbIIoro BIPOBAHKEHHS TAHOT'O METOTy HEOOX1THO MPOBECTH JI0JaTKOB1
JOCITIJIKEHHS 11010 BIUITMBY aMILIITYIA Ta YaCTOTH KOJIMBaHb Ha €PEKTUBHICTH 3aXHUCTY,
a TaKOX MPOBECTH PO3PAXYHKHU IMOJ0 PO3MOAUTY yJIBTPA3BYKOBUX KOJTMBAHb B METall
JUTsl BA3HAYEHHS HEOOX1/IHOT KUTbKOCTI, MICIIb BCTAHOBJICHHSI Ta ONTUMAJIbHUX MapaMeT-

P1B BUIIPOMIHIOBAYIB.
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5 PO3POBJIEHHA CTAPTAII-ITPOEKTY

5.1 Onuc inei mpoekTy

Tabm. 5.1 nae mimicHe ysSBIEHHS MPO 17110 Ta IMOBIPHI MOTEHINIHI pUHKH, B MEKaX

Tabmn. 5.1 — Onwc el crapTan-npoeKTy.

3mict ixgel

HaHpHMKI/I 34aCTOCYBAHHA

BI/II‘OI[I/I A KOpUCTyBada

CTBOpEHHS YCTaHOBKH JUIsl 3a-
XHUCTY arapartiB BiJ MTHHTOBOI

KOpO3ii 3a I0IIOMOT0I0 yJIbTpa-

3BYKOBO{ BiOpaii

CucreMu TEIJIONOCTAYaHHS

[TinBUIIIEHHS TEPMiHY EKCILTY-
atauii TerIo00MiHHOTO 00JIaz-

HaHHA

XiMiYHa IPOMHCIIOBICTh

[TinBUIIIEHHS TEPMiHY EKCILTY-
aTarlii o6iagHaHHS 3 HEpXKAaBi-

4ol cTaii

IHmm ramysi

-//-

VY Tab:. 5.2 HaBeIeHO aHaJIi3 TOTEHIIMHUX TEXHIKO-€KOHOMIUYHMX TepeBar iJiei.

Tabmn. 5.2 — BuzHaueHHs CUJIIbHUX, CTA0KUX Ta HEUTpaJIbHUX XapaKTEPUCTUK

171e1 IPOEKTY.

(moTeHIiitH1) TOBapy/KOHIIENIIi KOHKYPEHTIB w N g
Ne | TexHiKO-eKOHOMIUH1 - (cna- .
.. | Iari6itop- | Karon- | Hanecenns (ueiitpa- | (cunpHa
1/ | XapakTepUCTHKHU Miii - . . Oxa
R HUH 3a- | HUU 3a- | MMOJIMEPHUX JIbHA CTO-
o el MPOEKT . cTO-
XHUCT XUCT MTOKPHUTTIB CTOpOHA)| pOHA)
poHa)
Bapricts excrurya-
1. P y Husbka | Cepengns | Bucoka Cepenns +
Tauii
3aTpaT Ha BIIPO- . . . )
2. P P Hu3sbki Bucoki | Bucoki Husbki +
BaDKEHHS
MOKIIMBICTE BCTa-
HOBJIEHHS Ha ICHY-
3 JICH y _ +/- ] +
104l 00’ ekt 0€e3 TX
3YIHUHKU
BiuB Ha TexHOI0-
4. . . - + + +
T1YHUN PerJIaMeHT
HeoOxinHicTh
BCTAHOBJICHHS T10O-
5. A0 - + - +
JTATKOBHX aIapariB
y JHIO




5.2 TexHOJIOTIYHMI ayTUT NPOEKTY
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BuzHaueHHs TEXHOJIOTTYHOT 3/11IHCHEHHOCTI 1€l TpoeKTy HaBeaeHo B Tabu. 5.3.

Tab6m. 5.3 — TexHonoriyHa 311CHEHHICTh 171e1 TPOCKTY.

N | C . .. | JocTymHIiCTb TEXHOJIO-
w Ines mpoexty | TexHosortii ii peanizanii | HasBHICTb TexHOIOT1H ikt
CrtBOpEHHS
yJIbTPa3ByKoO- | 3a MOIepeIHbo po3poo-
BUX BUIIPOMI- | JICHUMHU cXeMamu Y 3-
HIOBauiB Ta | TeHeparopiB Ta migiopa- | HeobxigHo po3podutu
1. | reHepaTropiB | HUMH IapaMeTPaMH BH- | TEXHOJIOTiI0 BUTOTOB- JocTynHi
Ha 0a3i MIPOMIHIOBAYIB IM0YAaTH | JIEHHS BUIIPOMIHIOBAUiB
HTVY «KIII 1X BUT'OTOBJIEHHS HA
M. I. Cikop- 0a3i yHIBEpCUTETY
CBKOT'O»
3aMOBJIEHHS
TrOTOBHUX Te- 3amoBuTH Y 3-reHepa-
2. HepaTop.i BTa | TopuTa .BHHpOMiHIOBaqi TexHomorii HasiBH1 HoctymnHi
BUINIPOMIHIO- | 3 HEOOXiTHHUMHU Hapame-
BayiB y BHPO- Tpamu
OHHKIB
Burorosnenns ¥ 3-re-
Komo0inaris 1 HEPATOPiB Ha basi yui- . .
3. a0 BEPCUTETY, 3aMOBJICHHS TexHororii HasBHI JocTynHi

rOTOBUX Y 3-BHIIPOMi-
HIOBaYiB

OO0paHa TeXHOJIOTis peatizarii i1ei mpoeKTy:
KomOinaris 1 ta 2

5.3 AHaJIi3 pUHKOBUX MOKJIMBOCTEH 3aNyCKY CTAPTAN-NPOEKTY

PesynbraTn ananizy nonuty HaBejaeHo B Tabi. 5.4.

Tabmn. 5.4 — [lonepenHs xapakTEPUCTHKA MOTSHIIITHOTO PUHKY CTapTan-MpPOEKTY.

IToka3HMKM cTaHy pUHKY (HalilMEHYBaHHsI) XapaKkTepUcTUKa
KinpKicTh TOJIOBHUX TPaBIIIB, O] 3
3arasnipHU 00CAT MPOJaXK, MIP. TPH/PIK 1,2




[Tponosxenus Ta6. 5.4.
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JlnHamika puHKY (SIKICHA OIIIHKA) 3pocTae
HasBHicTh 00MEXeHB 7151 BXOy (BKa3aTH XapakTep oome- Bincyrhi
YKEHb)

CrnernudivyHi BUMOTH JI0 CTaHAapTH3allii Ta cepTudikarii Bincyrni
CepenHs HOpMa peHTa0eIbHOCTI B Tary3i (a0o 1mo puHKY), % | 20%

XapakTepuCTUKH IPYIl MOTEHIIMHUX KIIEHTIB HaBeaeH1 B Taoun. 5.5.

Tabm. 5.5 — XapakTepucTruka MOTCHIIIMHUX KIIIEHTIB CTAPTaIl-IPOCKTY.

L{impoBa ayuropist

BinMiHHOCTI y IOBeIi-

Ne | TIlorpe0a, mo ¢op- . . HIIl PI3HUX NOTeHLIH- | Bumoru crnoxusa-
(LITOB1 CETMEHTH . . .
n/n MY€ PUHOK HUX LUIBOBUX IPYII KJIi- 4iB J10 TOBapy
PHHKY) .
€HTIB
1. | Koposisg Tennoo6- Komnanii-nocraua- OOMexeHi periiaMeH- ToBap He noBUHEH
MIHHOTO OOJIaJTHAHHS | JIbHUKH TEIUIOBOL TaMH IOJI0 SKOCTI TeT- | MPHU3BOJUTH J0
3 HepXKaBilo4oi cTaii | eHeprii JIOHOCI{B Ta raps4oi NOpYIIEHb pera-
BOJIU MEHTIB
2. | Koposis pizHoro 00- | BupoOnuku ximignoi | OOMexeHi TexHomorid- | ToBap He mOBUHEH
JaHAHHS 3 HEpXKaBi- | MPOAYKILT HHUMU PETrIAMEHTaMH, CUJIBHO 3MIHIOBATH
10401 cTaji OJTHaK MOXYTh KOPEry- | perjiaMeHT
BaTH 1X Y IEBHUX Me€-
xKax
3. | Koposis pizHoro 06- | Inmii OIIHUTH BaXKKO OIIHUTH BaXKKO
JaHaHHS 3 HEepKaBi-
10401 cTail
®daxTopu 3arpo3 HaBeqeHo B Tab. 5.6.
Tab6mn. 5.6 — dakTopwu 3arpo3.
Ne . .
i ®dakrtop 3MICT 3arpo3u MoskiBa peakiisi KOMITaHi1
OTprMaHHS ATEHTY Ha
. . . . OTpuMmaHHS ATEHTHUX NPaB Nepea
1. Peax1isi KOHKYpEHTIB BUPI0 KOMITaHi€H0-KOHKY-
BUXOJIOM Ha PHHOK
pEHTOM
HemoxuuBicTs nocra-
) [lepe6oi 3 mocTauaHHsM | 4YaHHSA AeTaneid Big BUpoO- | Ilomyk anpTepHAaTHBHUX MTOCTAYAIb-
' neranei HUKIB, 3aKPUTTS MOTYXKHO- | HHUKIB, CAMOCTIHE BUTOTOBJICHHS
cTell BUpOOHUKaA
3pocTaHHs BapTOCTI Jie- | 3aBHCOKA BapTICTh ACSIKHX .
3. [Tomryk anbTepHAaTUBHUX BUPOOHHKIB

Tajieu

HEOOX1JHUX 3a4YacThH




dakTopu MOKIMBOCTEN HaBeaeHO B Tabu. 5.7.

Tabi. 5.7 — @akTOpU MOKIUBOCTEN.
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Ne . . .
i dakrop 3MICT MOKJIMBOCTI MoxxinBa peakiiss KOMITaHil
3pocTaHHs MONUTY Ha 00-
1 3pocTanHs nomiry Ha JaJHaHHA 3 HepXKaBiro4ol [TigBUIIIEHHS BUITYCKY TOBA
) oOagHaHHS P yeKy Py
craii
[TixBUIIEHHS BUMOIO 10
) KOPO31iHOi CTIIKOCT1 00- )
2. 3MiHa 3aKOHOJIaBCTBA : . [linBUILIEHHS] BUITYCKY TOBapy
JaJHaHHA 3 HEPXKaBil0voi
cTal

AHani3 npono3unii HaBeaeHo B Tabi. 5.8.

Tabmn. 5.8 — CtyneneBuit aHani3 KOHKYPEHIli Ha PUHKY .

Oco011BOCTI KOHKYPEHTHOTO
CepelloBUIIIA

B yomy nposiBisieTbes 1aHa xa-

paKTepUCTHKA

BrnuB Ha MisIBHICTE TiANPU-
€MCTBa (MOXKJIMBI 11 KOMMa-
Hii, 1100 OyTH KOHKYpPEHTO-

CIIPOMOYKHOIO)

1. Oxiromnodis

Xoya TOBap HE Ma€ MPsIMOTO

aHaJIOTy, KOHKYPEHLs Ha pU-

HKY IIPUCYTHS y JESKUX OKpe-
MHX BHIAJKAX.

3arasiom, Aii He TOTPiOHI

2. HamionansHuii piBeHb 00pO-
THOU

IcHy€ nuIe HeBEIMKHA MeperiK

KOMIIaHiH, 110 MPOTOHYIOTh

CXO0XI1 MPOJTYKTH, OJHAK KOMIIa-

Hii € IOCTaTHBO KPYITHUMHU

MoxJIMBUH CIIPOTUB IIPU
BXO/Il Ha MEBHI1 JTUISHKH PH-
HKY, TAKUX JUISTHOK CJ1JT yHU-
KaTH

3. 3a ramy3eBor0 03HAKOIO

KommnaHii-kOHKYpeHTH mpario-

3aran0M, HC BIINIMBAKOTH

BHYTPIITHBOTAJTy3€Ba I0Th B THX XK€ Tray3sx
4. KoHKypeHIIisi 3a BUJIaMH TO- .
) ToBapwu € pizHUMU 32 CBOEIO
BapiB: 3arayiioM, He BILJIUBA€E

- TOBapHO-POIOBA

MPUPOJIOIO

5. 3a xapakTepoM KOHKYPEHT-
HUX IepeBar
- HiHOBA

Jlesiki ToBapu MaroTh CXOXY

LIHY 1 YaCOM MOXKYTh 3aCTOCO-

BYBATHUCh B TUX K€ CUCTCMAX

[Tomryk BapiaHTIB 3HMKCHHSI
I[IHU BIIACHOTO TOBapy

6. 32 IHTEHCUBHICTIO
HE MapovHa

He BruiuBace

[Ticns monepenHbOro aHali3y KOHKYPEHLIT MPOBOJAUBCS OUIBII JI€TaJbHUN aHAII3

yMOB KoHKypeHItii. /lani HaBeaeno B Tao6:m. 5.9.




Tabmn. 5.9 — Ananiz KoHKypeHIii B raimy3i 3a M. [Toprepom.
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BYBATHCS, JI€ TO-
BapHU-KOHKYpe-
HTH HE IMiIX0-
IATh

36K0 12 Mics1iB
JUTSI BUXOJTy Ha
PUHOK

[Tpsmi koHKype- | IloTeHmilHI KOH- ITocrauans- Kotienmu ToBapu-3a-
HTH B TaIy31 KYpPEHTH HUKH MIHHHUKHU
Kommnanii, mo
CknazoBi | 3aliMarOThCsI iH- Buznauutu
. o Buznauntun Busnauutu ¢a- daxropu 3a-
aHamsy | ri0ITOpHUM, Ka- , baxTopu
. 6ap’epu BXo- KTOPH CHUJIH T10- rpo3 3 60Ky
TOJHUM Ta MOJIi- . CHIIU CIIOXKH- . .
JDKEHHS B PUHOK | CTadalbHUKIB . 3aMiHHUKIB
MEpPHUM 3aXHUC- BayiB
TOM
Bucho- Konkypenmis Bincyrnicts nips- | Aukrytots ninu | He aukrytots | Bincythi, ye-
BKH: HEBHCOKA, OCKi- | MOTO aHaJIOTy HA 3aITYaCTUHU | YMOB pe3 BiACYyT-
JIKY TOBap [Ticnst po3poOku HICTb TPSIMUX
MOYKE 3aCTOCO- HeoOXiIHO OH- aHAaJIOT'1B

Ha ocnoBi ananizy konkypeniii (Ta6a. 5.9), a Takox XapaKTepUCTHK MPOCKTY

(Tabn. 5.2), Bumor cnoxkuBauiB (Tabm. 5.5) 1 pakTOpiB MAPKETHHIOBOTO CEPEIOBUINA

(Tabm. 5.6, Tabmn. 5.7) BU3HAYCHO TH OOTPYHTOBAHO (PAaKTOPH KOHKYPEHTOCIIPOMOKHOCTI.

PesynbTaTn HaBeneno B Tab. 5.10.

Tabm. 5.10 — O6rpynTyBaHHS (HaKTOPIB KOHKYPEHTOCITPOMOKHOCTI.

Ne | ®akrop koHKypeHTOocTipoMO- | OOrpyHTyBaHHS (HaBeI€HHS YMHHUKIB, [0 POOIATH PaKTop
n/n KHOCTI JUIsL IOPIBHSIHHSI KOHKYPEHTHHUX MPOEKTIB 3HAYYIIIUM)
Hapa3si B CBITI He iCHy€ TEXHOJIOTIi 3 JIsl 3HY>KESHHS IIIBH/I-
1 BiacyTHiCTh MpssMHUX aHaIo0- | KOCTI KOpo3ii 00yiaiHaHHs 0€3 3MiHM XIMIYHOTO CKJIaIy ce-
' TiB penoBuiia. YacTo Taki 3MiHA HEMOKIIHBI Yepe3 YMOBH per-
JaMEHTY
. Mara BapTicTh JeTajeii A1 3aMiHH, a TaK0XX HU3bKE CIIO-
HeBucoxka BapTicTh ekcitya-
2. Tari KUBAHHS €JIEKTPOCHEPTIi 3HAUHO 3HIDKYE 3aTpaTH Ha eKC-
TUTyaTalio
3 Maui 3aTpaT Ha BIIpoBa- Jlerkuif MOHTaX Ta BIACYTHICTh IOpPOTOro OO lHAHHS IS
) JKEHHS BCTAHOBJICHHS
MOXIHUBICTh BCTAHOBIECHHS .
. S, . MoskHa BCTAaHOBHUTH yJIBTPa3BYKOBUHN 3aXHCT 0€3 3yMUHKU
4. | Ha icHymoul 00’eKxTH 0€3 iX 3y- .
TEXHOJIOT1YHOTO MPOLECY
NUHKU
5 BincyTHicTh BITUBY Ha TeX- | YIbTpa3BYKOBI KOJMBaHHS 3a3BUYail HE BIUIMBAIOTh HA TEX-
' HOJIOT1YHUH pErIaMeHT HOJIOTIYHUI MPOIIeC Ta HE 3MIHIOIOTh TAPaMETPH CePETOBHUII]
6 3HavHe MiABUINCHHS CTiliKO- | Bucoka eheKTUBHICTH TaHOTO METOAY HaBiTh /IS ciaadoJe-
’ cTi 00IaIHAHHS rOBaHUX CTajei
7 [Tonepennro mpoBeaeHe B cucremax, 1e MOXJIMBE BCTAHOBIIEHHS TOBAP1B-KOHKYPEH-
' BIIPOBAKCHHS TiB, BOHO BXK€ MOXE OYTH BCTAHOBJICHUM
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AHaJli3 CUJIBHUX Ta CIA0KUX CTOPIH MPOEKTYy HaBeseHo B Tabm. 5.11

Tabi. 5.11 — [TopiBHANBHUI aHAII3 CUIBHUX Ta CIA0KUX CTOPIH MNPOEKTY.

PeliTunr ToBapiB-KOHKYPEHTIB Yy MOPIB-
Ne . banu HSIHHI 3 IPOIIOHOBAaHUM TOBAapPOM
w @DaKkTop KOHKYPEHTOCIIPOMOXKHOCTI 1-20
3|2 |-1| 0 | +1 | +2 | +3
1 BincyTHICTB NpsIMUX aHAJIOTIB 20 +
2 HeBucoxka BapTicTh ekcIuTyartanii 15 +
3 Mauti 3aTpaTi Ha BIPOBAKCHHS 15 +
4 MOXJIMBICTh BCTAHOBJICHHS Ha ICHYIOUI 18 +
00’exTu 0€3 iX 3yNUHKU
5 BiacyTHICTh BIUIMBY Ha TEXHOJOTIYHUIN 20 +
perjIaMeHT
6 3HayHe MiABUIIEHHS CTIMKOCTI 001a1- 16 +
HaHHSA
7 | IlomepenHbo MpoBeEHE BIPOBAHKEHHS +

Pesynpratn SWOT-ananizy Haseneno B Tabu. 5.12.

Tabm. 5.12 — SWOT- anaini3 crapram-mpoexTy.

CunpHi CTOPOHHU:

BincyTHiCTh psSMUX aHAIOTIB
Hesucoka BapTicTh ekcrutyararii

Mauni 3aTpaT Ha BIIPOBAKEHHS
Mo>HBiCTh BCTAHOBJIEHHS Ha ICHYIOY1
00’exTu 6€3 IX 3ynUHKU

BincyTHICTb BIJIMBY Ha TEXHOJIOTI1YHUHN per-

JIAMEHT
3HavHe MiABUIIEHHS CTIMKOCTI 00JIafHAHHS

Cnalxki CTOpOHHU:
[TorrepetHBO IPOBE/ICHE BIPOBAKCHHS KOH-
KyPEHTHOT'O TOBapy

MokIuBOCTI:

3pocTaHHs MOMUTY Ha 00JIaIHAHHS
3MiHA 3aKOHOJABCTBA

3arposu:

Peaxkriiss KOHKYpeHTIB
Ilepeboi 3 mocTauaHHsIM JaeTayien
3pocTaHHs BapTOCTI AeTaJIeH

AHBTepHaTI/IBI/I pI/IHKOBOI HOBGI[iHKI/I AJIA BIIPOBA/PKCHHA IIPOCKTY HABCIACHO B

Tabmn. 5.13.




Tabn. 5.13 — AnbTepHaTHBH PUHKOBOTO BIPOBAKEHHS CTAPTAI-TIPOCKTY.
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AnprepHaTuBa (OpIEHTOBHHMA
KOMIIJIEKC 3aX0/I1B) PUHKOBOI
MTOBETIHKU

VIMOBIpHICTh OTpUMaHHS pe-
CypciB

Ctpoxku peaizartii

[TocnigoBro: [Tomyk nmocra-
YaJgbHUKIB, Buimyck mpoOHOi

napTii, 3armyck peKkJiaMHOi
kammanii, [Tomryk kinieHTiB
Ha PUHKY

60%

12 micamiB

[Tomyk mocrayajabHUKIB, a-
panensHO: Bumyck mpo0OHoi
napTii, 3amycK peKkiIaMHOT
kammna#ii, [Tomryk KiieHTiB
Ha PUHKY

40%

6 MicALIB

[Tomyk mocravyaabHHKIB, I1a-
panenbHo: Bumyck npoGHOi
naptii, [lomryk KirieHTiB Ha
PHHKY

80%

6 MmicsiB

OOpaHo OcTaHHIM BapiaHT.

5.4 Po3p0o0.1eHHSI pUHKOBOI CTPATerii MPOeKTy

Onuc HUIbOBUX IPYI MOTEHIIHHUX CIIOXKUBaYy1B HaBeaeHO B Taou. 5.14

Tabs. 5.14 — BuOip 1i1b0OBUX TPy MOTEHIIITHUX CIIOXKUBAYIB.

Omuc podinro
IIBOBOI TPyNH
[MOTEHILIITHUX
KJIIEHTIB

I'oToBHICTH c1IO-
KUBaUiB CIpUii-
HSTH MPOAYKT

OpieHTOBHUH
MIOTIHT B MEXax
JTLOBO1 TPYIH

(cermeHTy)

[HTEHCUBHICTD
KOHKYpEHIIii B
CErMEHTI

IIpocrora Bxony
y CerMEHT

IlocTauaapHUKN
raps4oi BOOu

+

1000 ox./pix

Bincytas

IIpocto

XimivyH1 BUPOO-
HUILITBA (15 3a-
MKHEHHX CHC-
TEM)

+/-

100 ox./pik

Cepenns

Cepenns

XiMi4HI BUPOO-
HULTBA (1S Bi-
JTKPUTHX CHC-
TEM, ]I arpeCcHB-
HUM CEepPeIOBH-

IIEM € IPOAYKT)

100 ox./pix

BincyTast

IIpocto

SIki minmpoBi rpynu obpano: 1,3




ba3oBi crparerii po3BuTKy HaBeaeHo B Taom. 5.15.

Tabi. 5.15 — BusnaueHHst 6a30B0i cTpaTerii po3BUTKY.

OOpana anbTepHa-
THBA PO3BUTKY IpOe-

KTY

Crpareris oxor-
JICHHS] pUHKY

KittouoBi koHKypeHTO-
CIIPOMO’KHI MO3UIIiT BifI-
MOBITHO 10 0OpaHoi
aNTbTepHATHBU

basogBa crpareris po-
3BUTKY

[Tomryk nmocravasib-
HUKIB, MapajieJIbHO:
Burmyck npo6Hoi nap-
Tii, [Tormyk kieHTIB
Ha PUHKY

[IpononyBanHs
KOMIIaHiIM TOBapy
0€e30IU1aTHO Ha Iie-
BHUI NpOOHMIA Tie-
piloJi, BUCBITJICHHS

repesar

He Butpauatorbcs 3aiiBi
KOLITHU Ha peKIamy

[Toemnanus cTpaTerii
mudepenmiarnii Ta
crieriaaizanii

Bubip cTparerii KOHKypeHTHOT OBEIIHKY TIpeacTaBieHo B Taou. 5.16.

Tabn. 5.16 — BusnauenHns 6a30B0i cTpaTerii KOHKYpEHTHOI MOBEIHKH.

UYu € npoext «1ep-
HIONPOXiALleM» Ha

Yu Oyie komnaHist

IIyKaTH HOBUX CIIO-
’)KHBayiB, a00 3a0u-

Uu Oyne kommaHis
KOITIIOBAaTH OCHOBHI
XapaKTePUCTHKH TO-

Crparerisi KOHKYpEHT-
HOI HOBEIIHKHA

PHUHKY? paTu iCHyIO4HX Y Bapy KOHKYPEHTAa, 1
KOHKYPEHTIB? AK1?
Tax [ITykaTu HOBHX Hi Crpareris jizepa

Po3pobnena cTpareris no3uiioHyBaHHA npeacTaBieHa B Taodm. 5.17

Tabmn. 5.17 — BusnaueHHs cTpaterii mo3uIliOHyBaHHS.

Bumoru no to-
Bapy IiJTHOBOI
ayauTopii

bazoBa ctpa-
TETis PO3BH-
TKY

Kiro4oBi KOHKYpEHTO-
CTIPOMO>KHI TIO3HUIIIT BiIa-
CHOTO CTapTamn-MpoeKTy

Bubip acomiarniii, sxi MaroTh
c(hopMyBaTH KOMILUIEKCHY TTO3H-
I[if0 BIACHOTO MPOEKTY (TpH

KIIFOYOBHX)

Maua Bap-
TICTh, BUCOKHUI
TEpMi CITyKO0H,

BHCOKa edek-

TUBHICTB, MaJIl

3aTpaTH Ha yT-
pUMaHHS

Crpareris -
nepa

He ButpauaroTbcs 3aiiBi
KOIITH Ha peKIamy

Henoporwii, yHiBepcaabHUM, BU-
cokoe(eKTUBHUMN
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5.5 P0o3po0/1eHHSI MAPKETHHIOBOI NPOIPaMH CTAPTAN-TIPOEKTY

Pe3ynpTaTtu (hopMyBaHHS MapKETHHIOBOI KOHIENIIi TOBapy HaBeaeHO B TaoOi.

5.18.
Tab6. 5.18 — BuzHaueHHs KIII0OUOBHX MepeBar KOHIEIIii MOTEHI[IHHOTO TOBapy
No Morneta Buropa, sixy npo- KirouoBi mepeBaru nepe KOHKypeHTamMu (1CHYrO4i
n/n P IIOHYE TOBap a0o Taxi, 1110 MOTPiIOHO CTBOPUTH
SHIKEHHS IBU/I-
1 Kopo3is Temnoo- | kocti kopo3ii Ten- | He 3MiHIO€ XiMIYHHIA CKJ1a]l BOJH, JIETKO BCTaHOBIIIO-
OMIHHUKIB JI0OOMIHHHKIB B BaTH, HU3bKA BAPTICTh.
cucremax ['TIIT
Kopo3sis o6man- | 3HMKESHHS IIBH/I- . . .
) . MoOXIIMBICTh 3aCTOCYBaHHS 0€3 3MiHH TEXHOJIOT Y-
2 | HaHHSA 3 HEpPXKa- | KOCTI KOPO3ii XiMi- .
. . . HUX PErJIaMEHTIB
BilOYOI cTasi YHHX aIrapariB
TpupiBHEeBa MapKeTHHTOBa MOJIeNIb TOBapy HaBeaeHa B Tab. 5.19,
Tabm. 5.19 — Onuc TphOX PiBHIB MOIEINI TOBAPY.
PiBHi TOBapy CyTHiCTb Ta CKNlagoBi
|. ToBap 3a 3aay- . . . , .
MOM MigBuLLEHHA TEPMiHY ekcnnyaTauii 06nagHaHHA 3 Hep»KaBitoyoi cTani
BnacTnBoCTi/XapaKTepucTnku 1. Morysnicrs 100 Br
paKTep 2 Yacrora 28 Ky
AKiCTb: BiANOBIAHO A0 CaHITapPHUX HOPM Ta HOPM eneKTpobesneku
KapToHHi Kopobkn no 1 wr.
Mapka: AHTUKop + ¥Y3-1
lll. Toap i3 nigkpi- [o npoaaxy: KoHcynbTauii Wwoao ekcnayaTau,ii Ta BCTAaHOBAEHHA
MAEHHAM Micna npogaxy: MapaHTia 4 poku, cepsicHe 06CyroByBaHHA
3a paxyHOK YOro NOTEHLiNHWIA ToBap byae 3aXMULLEHO Bif, KONitOBaHHA: NaTEHTHE NPaBo

Pe3ynbpraTn BU3HAUEHHS IIIHOBUX MeX HaBeaeHo B Tabm. 5.20



Tab6m. 5.20 — BuzHaueHHsT MeX BCTAaHOBJIEHHS I[1HU.
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PiBens 1in Ha | PiBeHb 1iH Ha . . .
Ne . PiBenb noxoniB 1uiab0- | BepxHs Ta HYXKHS MEX1 BCTaHO-
TOBapU-3aMiH- | TOBapU-aHa- . ) :
n/m BOI IPyIH CIIOXKUBAYIB | BIICHHS L[IHU HA TOBAP/IIOCITYTY
HUKH JoTH
1 2000;);0000 i 1200000000 rpH 500-30000 rpH
2. ZOOOSI;EOOOO - 100000000 rpu 500-50000 rpu

BusHaueHHs onTuManbHOI cucTemu 30yTy HaBezeHo y Tabum. 5.21.

Tab6m. 5.21 — ®opmyBaHHA CHCTEMU 30yTy.

Cneumdika 3akynis

NOBeAiHKN LiNIbOBUX KNiE-

HTIB

eNbHoI

PyHKUiT 36yTY, AKIi Ma€E BU-
KOHYBAaTW NOCTaYaIbHUK

TOBapy

[NMnbuHa KaHany
36yTy

OnTnmanbHa cuc-
Tema 36yTy

besroTiBkoBMIA po3paxy-
HOK, TeHAepHa OCHOBA

Be3snocepepHin npoaax

besnocepesHin
npogax

besnocepeaHil npo-
Aax

Po3pobrnena KoHIEIIiss MApKETHHTOBUX KOMYHiKaIlii HaBegeHa B Tabm. 5.22.

Tabmn. 5.22 — KoHuenuisi MApKEeTHHIOBUX KOMYHIKallii

Crenudika mo-
BEIIHKH I1JIbO-
BUX KJIICHTIB

Kanamm komyHi-
Kalii, SIKUMHU
KOPHUCTYIOTHCS
LII6OBI KIIIEHTH

Kirouosi no3u-
1ii, oOpaHi st
MO3HIII0HYBaHHS

3aBJaHHs peKJa-
MHOT'O ITOBIIOM-
JIEHHSA

Konnenuist pexinam-
HOT'O 3BEPHEHHS

BesroTiBkoBUM
PO3pPaxyHOK, Te-
HAEepHa OCHOBA

VYeci Buau

He 3minroe ximi-
YHUH CKIIaN
BOJH, JIETKO

BCTAaHOBJIIOBATH,

HU3bKa BapTICTh.

€ MOXJIUBICTH
3aCTOCYBaHHS
0e3 3MiHM TeX-

HOJIOT1YHHUX PeT-

JIAMEHTIB

[TosicauTu nepe-
Baru ToBapy

be3 akTuBHOTO MIpO-
CYBaHHSA
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5.6 BucHoBku

Ha ocHOBI npoBeIeHOTO aHai3y MOKHA 3pOOMTH BUCHOBKH:

[cHye € MOXITMBICTh PUHKOBOI KOMeEpIlianizallii IpoeKTy, peHTa0eIbHICTh
Ha PUHKY Ta IOIUT € BUCOKUM,;

3 oIy Ha NOTEHIIMHI TPynu KJIIEHTIB € MOTEHI[IAHI MOXJIUBOCTI IS
BIIPOBAKCHHSI, 0ap’€py BXOKCHHSI BIJICYTHI, THIT KOHKYPEHIII1 - OJITOIo-
Ji51, KOHKYPEHTOCIIPOMOKHICTh MPOEKTY BUCOKA,;

Caig oOpaTu TpeTiil BapiaHT ajisi BOPOBAKEHHS, SIKUI 3a0€3M€UnTh JIETKY
PUHKOBY pealli3allifo MIPOCKTY;

[ToganpIa iMIJIEMEHTAITiSl IPOEKTY € JOIIBHOIO.
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BHUCHOBKHA

B pe3ynbTaTi npoBeAeHUX JOCTIIKEHbB 110 BIUIUBY YJIBTPa3BYKOBOi BiOpallii Ha po-
3UMHEHHS HEPKABIFOUHMX CTaJIeH MOYKHA 3pOOUTH HACTYITHI BUCHOBKH:

1. IlpuknageHHs yapTpa3ByKOBUX KOJUBAaHb YaCTOTOO 28 KI'11 Ta MOTYKHICTIO
60 BT no Topiis craneBoi muractunu 3i crani mapku AlS| 316 Tosmunoro 0,4
MM TpPHU3BOJAUTH JO 3CYBY TMOTEHLIady MITUHTY LIOHaMEHIIEe Ha
120 MmB/HBE B aHoHYy CTOpPOHY Ta 3HUXKY€ HIBUIKICTh PO3YMHEHHS CTaJl B
obnacti mituHry 110 30 pasis.

2. IlpuxnaneHHs yIbTpa3ByKOBUX KOJIMBAHb 4acTOTOIO 28 KI'11 Ta OTYXHICTIO
10 Bt g0 Topiis ctasnieBoi miiactuHu 31 ctaini mapku AISI 430 tropmunor0 0,5
MM 3HIDKY€E MBHUAKICTS ii po3urHeHHS 10 50 pa3is.

3. 3HMKEHHS LIBUJKOCTI PO3UMHEHHS OB s3aHE 13 pyHHYBaHHSAM IlIapy MHpo-
JDYKTIB KOpO31i HaJ 30HOIO MITUHTY, IO CIPHSE pernacuBallii MeTacTallib-
HUX MITHUHTIB, Ta MEPEMIUTYBaHHSIM PO3YHHY B 30HI MITUHTY, IO BEJE J0
BUPIBHIOBAHHS KOHIIEHTpALlii B MITUHTOBIH siM1 Ta B 00’ €M1 pO3UHHY.

4. 3HMKEHHS IBHJIKOCTI IOKAIBHOTO PyIHYBaHHS HEPXKaBIIOUMX CTaJEH € Tie-
PCHEKTUBHUM METOJOM 30UIBIIEHHS 1X KOPO31MHOI CTIMKOCTI, SIKUA MOXE
OyTH BUKOPUCTAHUU ISl 3aXUCTY IUIACTUH TEIUIOOOMIHHUX amnapariB CHUC-
TeM TeIroBoionocTadanus. [Ipore, 1715 MpoOMHUCIOBOrO BIPOBAIKEHHS Ja-
HOT'0 METOJTy HEOOXi/THE MPOBEICHHS MOAATBIINX TOCIIIKESHB II0]I0 PO3IIO-
JIUTY KOJIMBAaHb 110 MOBEPXHI MJIACTUH TEINIOOOMIHHHUKA, a TAKOXK BIUIMBY Ya-

CTOTHU Ta aMIUTITY/IM HA €()EKTUBHICTh 3aXHUCTY.
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Abstract

The influence of ultrasonic vibration (28 kHz, 70 W) on pitting corrosion of AISI 430 stainless steel was investigated using
polarization and weight-loss techniques in Cl- containing solutions at 25 °C with further SEM surface analysis of the surface.
Both polarization and weight-loss techniques revealed efficient dissolution suppression. The active dissolution potential
increased at least in 50 mV and the weight of dissolved metal decreased up to 50 times when steel was vibrated with ultrasound.
The mechanism of ultrasound influence on pitting suppression is proposed, considering the removal of corrosion products layer
at the stage of metastable pitting growth.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Pitting corrosion is one of the most widespread and insidious forms of localized corrosion of passive metals, and
commonly occurs in a range of aggressive environments. Stainless steels are resistant against general corrosion by
forming a passive film, but they are vulnerable to pitting corrosion, which is initiated by the partial breakdown of
the protective film on the metal surface [1]. The successful use of stainless steels in chloride-containing
environments depends on their ability to resist localized attack.
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Various approaches have been utilized to enhance the corrosion resistance of stainless steels. In recent years the
pitting corrosion of stainless steel in the ultrasound field has been intensively investigated, however the results
remain contradictory. The irradiation of water by ultrasonic waves gives rise to the formation of cavitation bubbles
[2]. It is frequently reported that the corrosion rate of metal in specific liquids can be accelerated by acoustic
cavitation. The effect of the ultrasound frequency, horn distance, temperature and pressure on the corrosion of
stainless steel exposed to ultrasound were investigated in the studies [3,4]. Ultrasound increased the corrosion rate
under all the mvestigated conditions. However, it was noted, that ultrasound enhances the corrosion rate of a metal
if, and only if, the solution is inherently corrosive to it. This also means that stainless steel is completely resistant to
ultrasonic erosion. Ultrasound was found to switch the metal between active and passive corrosion states in the work
[5]. When the metal is corroding actively, sonication increases the corrosion rate by a factor of between 3 and 6.
Sonication also encourages passivation to occur carlier than it would have done in the absence of ultrasound. When
the metal is passive, sonication promotes the breakdown of passivity and accelerated corrosion proceeds whilst
sonication is continued.

On the other hand, it was reported [6] that the pitting corrosion and the crevice corrosion of SUS304 stainless
steels were found to be largely suppressed by the application of an ultrasound. US was found to promote
repassivation of pits [7,8]. The reason is attributed to the decrease of the enrichment of hydrogen and chloride ions
in the pits by removing the corrosion product and stirring the liquid there. So, in general US accelerates corrosion of
metal in active state, while promotes passivation for metals in passive state.

Despite positive results being obtained in the works [6-8], in practical application it is not always possible to
expand the cavitation field far from US horn. Cavitation field radius usually does not exceed 100-700 mm around
horn [9]. However, US vibration of a metal can expand on much higher distances, i.e. US is widely used for
nondestructive testing of materials [10]. So, this work was aimed to study the influence of US vibration on pitting
corrosion of a stainless steel. The US horn was attached to the stainless steel plate, not immersed in the water, to
cause its vibration on the US frequency.

2. Experimental Procedure
Commercially supplied AISI 430 steel sheet (thickness: 0.5 mm) was cut into stripes used as material in the
corrosion tests. Chemical composition of AISI 430 stainless steel was C 0.08 mass%, Si 0.25, Mn 0.34%, P 0.033%,

S 0.018%, Cr 15.9%, Ni 0.13%, Fe balanced. The surface of the samples was cleaned with organic solvent, rinsed in
tap and distilled water, dried with filter paper and weighted. The tests were conducted in 3.5% NaCl and

3.5 % NaHCO;s solutions.
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Fig. 1. Apparatus for polarization and applying ultrasound vibration.

All tests were carried out in a cell connected to a potentiostat and an ultrasound unit (Fig.1). 28 kHz ultrasound
with electrical input power of 50 W was used. The US transducer was attached to the bottom of the steel plate and a
glass interlayer was placed in between to avoid any electric contact. The specimen was immersed in the solution in
thermostated cell and tested at 25 °C. 8 cm? platinum plate was used as the counter electrode and a saturated silver
chloride electrode (saturated AgCl) was used as the reference electrode (E = 0.2 V/ NHE). All potential values in the
present work are given vs. normal hydrogen electrode (NHE).

Once samples were immersed into the solution, the cathodic potential of —1.2 V/NHE was applied for 5 min to
remove any oxide layers. Polarization tests were recorded in potential range of —1200...+600 mV/NHE with 2 mV/s
scanning rate and repeated for 3 times to meet data convergence.

Potentiostatic tests were performed in 3.5 % NaCl solution at 25 °C. After cathodic treatment, the potentials of
+200, +250 and +300 mV/NHE were applied coupled with current recording. The polarization continued for 2
hours. During the first hour of polarization ultrasonic vibration was applied, while for the second hour the sample
remained non-vibrated. The results of electrochemical techniques were compared to the weight loss data. The
weight loss after potentiostatic polarization was determined with 0.0001 g accuracy and compared to the electric
charge carried through the cell during polarization. In addition, the surface morphology of tested samples was
investigated with SEM.

3. Results and Discussion

Polarization curves are given on fig. 2. The open circuit potential (OCP) of non-vibrated steel is —175 mV/NHE
independently of solution composition (NaCl or NaHCO3). During cathodic polarization down to potential of 680
mV/NHE the limiting current is observed on the curve, corresponding to dissolved oxygen reduction, with the
current density of 0.1 mA/cm?. Further cathodic polarization leads to current rise due to hydrogen evolution. On the
anodic part of the curve in 3.5 % NaHCOs the passive region is observed with the current density of 0.01 mA/cm?.
In 3.5 NaCl solution the shape of cathodic curve remains the same, while the anodic part shows current rise due to
passive film breakdown with CI™ ions. The visual observation of the surface after polarization revealed the presence
of numerous pits.

or —— NaHCO, Without ultrasound 2

—— NaCl Without ultrasound 3
—— NaCl With ultrasound

Current Density (Igi,A/cm?)

1 1 1 1 1 1 1 1 1 ]

-8
-1400 -1200 -1000 -800 -600 -400 200 O 200 400 600
Potential (E,mV/NHE)

Fig. 2. Polarization curves of austenitic steel AISI 430 in: 1 — 3,5 % NaHCO3; 2 — 3,5 % NaCl, 3 — 3,5 % NaCl under ultrasound vibration
(frequency 28 kHz, power 70 W); 25 °C; 2 mV/sec.
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When ultrasound vibration is applied to the edge of the working electrode, the limiting current on the cathodic
part of the polarization curve is doubled (fig. 2, curve 3), because of diffusional layer thinning and oxygen supply
acceleration to the metal surface. The OCP of vibrated steel is shifted on 45 mV in the anodic side to reach the value
of —130 mV/NHE. The anodic curve of the vibrated steel is shifted on 50-100 mV in the anodic direction comparing
to non-vibrated.

The current vs time curves are given on fig 3. At all tested potentials the current reduction is observed when
ultrasound vibration is applied, however the efficiency of pitting corrosion suppression is increased with the anodic
potential rise. The anodic current of the vibrated steel is reduced only in 1.5 times at +200 mV/NHE while at +300
mV/NHE the current is 50 times lower.

The electrical charge carried through the cell during potentiostatic polarization was compared to weight loss data
(fig. 4). The weight loss of the steel was determined after 1 h of potentiostaic polarization at +300 mV/NHE of both
vibrated and non-vibrated samples. The results appeared to be in a good agreement — the dissolution rate of vibrated
steel is 50 times lower comparing to non-vibrated.

0

—200 mV
Ultrasound on - = =250 mV
I~ 9 iy 300 mV
E
G 1A
< | ] - e
:E’
= ‘
z 2 !
() Z5NS . R A i
a PelS {
= Fe.. 3 '
- .
5 L0 e
il 3 W
4 n 1 1 1 1 1 1 1 1 ]
0 800 1600 2400 3200 4000 4800 5600 6400 7200

Time (t/s)

Fig. 3. Current vs time dependences of AISI 430 stainless steel at different applied potentials in 3.5 % with and without applied ultrasound
vibration (frequency 28 kHz, power 70 W). 25 °C.
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Fig. 4. Carried electric charge and weight loss of AISI 430 stainless steel after 1 h of polarization in 3.5 % NaCl at +300 mV/NHE. 25 °C.

The efficiency of pitting corrosion suppression with ultrasound vibration was confirmed by surface morphology
analysis with SEM (fig. 5). In the absence of ultrasound vibration after 1 h of polarization numerous local
dissolution sites are detected, with the size of 2-4 pm, uniformly distributed on the surface. In the meantime, on the
surface of the ultrasonically vibrated steel practically no dissolution sites were detected. Higher magnification of
non-vibrated sample shows that dissolution sites have sharp edges with irregular shape and large part of pits is
located under the surface. At the same magnification on the surface of the vibrated sample only few dissolution sites
were detected on the small part of the surface. These dissolution sites are significantly different in shape and size.
The size does not exceed 250 pum and the shape is mostly hemisphere. Sharp edges and subsurface dissolution are
absent.

20.00kV

=16.1mm 20.00kV__ x100 . 20.00kV__ x100

Fig. 5. SEM images of AISI 430 steel surface after 1 h polarization in 3.5% NaCl at E =+300 mV/NHE: a), ¢) — non-vibrated, b), d) — ultrasound
vibration (frequency 28 kHz, power 70 W). Magnification a), b) — 25 times; ¢), d) — 100 times

The pitting corrosion of stainless steel occurs in three consecutive stages. The first stage is nucleation, a
microscopically violent and unstable process. Nucleated pit enters the second stage, that of metastable growth. On
this stage the growth of pit is controlled by diffusion. Pit survival on the metastable growth stage depends on the
presence of the corrosion products cover over the pit. This cover slows down diffusion processes between inner
pitting volume and bulk solution thus keeping enough acidity to maintain metal dissolution. The removal of
corrosion products on the metastable growth stage leads to pitting repassivation. Second stage is also unstable, and if
the pit survives, growth enters the third stage and becomes stable [11,12].
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According to the results obtained in the present work, local dissolution of AISI 430 stainless steel is
efficiently suppressed when US vibration is applied. Considering modemn views on pit formation and growth,
ultrasound vibration can influence the second and the third stages of the process. During the metastable growth
stage, the adhesion of corrosion products to the vibrated surface is weakened. The removal of corrosion products
over the pit leads to fast repassivation and the stable growth stage is not reached. Intensification of the mass transfer
process in the vicinity of the vibrated surface also enhances solution concentration equalization between the pit and
bulk solution that stops pit growth on the third stage. So, ultrasound vibration allows to reduce the local dissolution
rate of stainless steels.

4. Conclusions

To summarize, the application of ultrasound vibration (28 kHz, 70 W) was tested for pitting corrosion
suppression of AISI 430 stainless steel.

1. Applying ultrasound vibration to the edge of the steel plate of 0.5 mm thickness reduces dissolution rate up
to 50 times.

2. The reduction of dissolution rate is attributed to removal of corrosion products layer over the pits, that leads
to fast repassivation of metastable pits and solution concentration equalization between the pit and bulk
solution that stops pit growth on the stable growth stage.

3. Reduction of local dissolution of austenitic steels with ultrasound vibration is a prospective technique to
increase corrosion resistance that can be utilised for corrosion protection of plate heat exchangers in hot
water supply and heating systems. However, industrial implementation of the proposed technique requires
further investigation of vibration distribution over the surface of heat exchanger plates.
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INFLUENCE OF ULTRASONIC VIBRATION ON CORROSION RESISTANCE OF
HEAT EXCHANGER PLATES FROM AISI 316 STEEL

National Technical University of Ukraine “Kyiv Polytechnic Institute”
Kyiv, prosp. Peremohy, 37, build. 4

AHOTAIIA

Plate heat exchangers are the main type of heat exchangers in modern hot water supply and heating systems
of residential buildings. The wide distribution of these equipment is the result of their numerous advantages: high
heat transfer efficiency, small size, simplicity of manufacturing and maintenance. Heat exchange surfaces of plate
heat exchangers are manufactured from corrugated sheets of corrosion-resistant steels such as AISI 304, AISI 316
with the thickness of 0.4-0.8 mm, packed in a package and separated by rubber linings. Tap water and heat carriers
supplied in heat exchangers often contain chloride ions. Increased concentration of chlorides, elevated temperature
and low wall thickness lead to complete perforation of heat exchanger plate during 3-6 years of operation. In these
conditions, the operational methods intended on reduction of the corrosion of heat exchange surfaces are of high
interest.

The investigation of the corrosion resistance of the heat exchanger plates made of steel AISI 316 have been
carried out in conditions of ultrasonic vibration of the metal. The tests were performed using potentiodynamic
polarization and potentiostatic polarization techniques in chloride-containing solutions at a standard temperature.
From the results of electrochemical studies, it was found that under the influence of ultrasonic vibration anodic
dissolution current is reduced in 30 times comparing to non-vibrated conditions. The results of electrochemical
studies have been confirmed by surface morphology analyses with scanning electron microscopy. The mechanism of
ultrasound influence on pitting suppression is proposed, considering the removal of corrosion products layer at the
stage of metastable pitting growth.

KEYWORDS: stainless steel, pitting corrosion, ultrasound, plate heat-exchanger, pitting suppression.

1. BCTVYII

IlituHroBa KOpPO3if € OJAHIEI0 i3 TOMMPEHUX Ta HeOe3MeyHHX (GopM JTOKadbHOI KOpOo3ii, 1o
XapaKTepHa IS METalliB y TACHBHOMY CTaHi i 3a3BHYAil BiOYBAEThCI B PAJIi ATPECHBHUX CEPEIOBHII.
Hepxagitoui cTami, mo cTifiki J0 3araidbHOi KOpo3ii BHACHiJOK (OPMYBAaHHS IIACUBHOI IUTBKH, €
BPA3HBUMHU J0 TIITHHTOBOI KOPO3ii 32 HASBHOCTI 10HIB-aKTHBATOPIB, Yepe3 PyIHY BAHHS IMACHBHOI IUT BKH
Ha TIOBEepXHi MeTaiy [1]. Veminme BUKOPHCTaHHS HEPAKABIIOUHX CTalel Y XJIOPHI-BMICHHUX CePEeTOBHINAX
BH3HAYAEThCA X CTIHKOCTI 10 TOKAJIBHOI KOPO3ii.

JIn4 i IBUIIEHHS KOPO3iiHOI CTIMKOCTI HEp:KaBIlOUHMX cTajicii BUKOPUCTOBYIOTHCS Pi3Hi ITiIXOJTH.
B ocTaHHI pOKH iHTEepec JOCHiHUKIB TIPHBEPHYJa TITUHTOBA KOPO3id HEPKaBiloYOi CTam B
YJIBTPa3BYKOBOMY IIOJH, IIPOTE Pe3yJIbTaTH 3aJMIIAlOThes cymepewmBuMH [2]. IIBujkicTh Koposii
METaJy B MEBHUX CEPEIOBHUINAX TPUCKOPIOETHCA 3a HASBHOCTI aKyCTHYHOI KamiTamii. ¥ pobotax [3,4]
OYJI0 JOCHIKEHO BIUIMB YacTOTH KOJIMBAHb, BiZICTaHI BijJ BUIIPOMIHIOBaYa JO 3pa3ka, TEMIICpaTypH i
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THCKY Ha KOpO3il0 HepXKaBifouoi CTall, fKa TIIJJa€Thcs BIUIMBY VIBTPAa3BYKY. YIbTpazByk (V3)
301JIBIIYBAB IMIBUIKICTh KOPO3ii MIPH BCiX JOCTKeHUX YMoBax. [IpoTe OyIiI0 BiA3HAUCHO, IO VIBTPA3BYK
30iTbIIye MIBUAKICTH KOPO3ii MeTajly JIHMIIE SKIIO PO3YMH 32 CBOCKO TIPHPOAOID 3AATHUI BHKIMKATH
Koposito Metany. Ile Takok o3Hayae, IO HEPKaBiloYa CTalb € IMOBHICTIO CTIHKOIO JO YJBTPa3BYKOBOL
eposii. ¥V poboti [5] yapTpa3Byk OyB BUKOPHUCTAHHH I TIEPEBEJACHHA METANIy MiXK AKTHBHUMH i
TIacCHBHUMU CTaHaMH Koposii. Komi MeTan akTHBHO KOpoJye, 0OpoOKa YIBTPa3BYKOM 301JIBIIY€
MIBUKICTh KOPo3ii ¥ 3-6 pa3i. OOpoOKa yIbTPa3BYKOM TaKO:K CIIPUSE MPUIIBUANICHHIO Macubartii. Ko
MeTaJ 3HAaXOJUTHhCA B ITACHBHOMY CTaHi, 0OpOOKa YJIBTPa3sBYKOM CIIpHSE€ PYHHYBAHHIO ITACHBHOCTI i
TIPHCKOPEHHIO KOPO3ii IPH MOAAJIbIIH 00poOII.

3 iHmoro 0oky, B po0oTi [6] mOBiqOMIISIIOCS, IO THTHHTOBA i I[UIMHHA KOPO3ii Hep:KaBiloyoi
ctam SUS304 B 3HayHiM Mipi IPUTHIYYBaJIach 3aCTOCY BAHHAM YJIBTPa3BYyKOBOI KaBiTamii. byno BuiBieHO,
1[0 YIBTPa3BYK CIIPHSE pertacupaiii MeTany BeepeauHi MTUHTY [7,8]. EQekT mogcHIOEThCS 3MEHIIIEHHAM
KOHIICHTPAIii BOJHIO i iOHIB XJOPHAY B INTHHraX IUIAXOM BHJAJICHHS 3 HHUX TIPOJYKTIB Kopo3ii i
IEPEMIIYBAHHS €IEKTPONiTY. TakuM YHHOM, B IIJIOMY, YJIBTPa3BYK IPHCKOPIOE KOPO3il0 MeTany B
AKTHBHOMY CTaHi, B TOH Yac fK CIIpHSE MTACHBALIl METAJy B IIACHBHOMY.

He3paxkaroud Ha TIO3UTHBHI pe3yJbTaTH, OTPHUMaHi B poboTax [6-8], mpH NpaKTHUHOMY
3aCTOCYBAHHI HE 3aBXKJU MOXKHA PO3IMIMPUTH KaBiTalliifHe TII0Jie JAJeKO BiJ YJIBTPa3ByKOBOTO
BHIIpOMiHIOBava. Pajiyc 1o KapiTaii 3a3puyaii He riepepurnye 100-700 mm HaBKOJIO BHIIPOMiHIOBaYa
[9]. Ilpote, yabTpa3BykoBa BiOpallif MeTajdy MOXKe IIOMIHPIOBATHCh Ha Oimpmn  Bifgctani. Ile
MATBEPIKYETHCS IMHMPOKUM BUKOPHCTAHHAM YJIBTPA3BYKy IS HEpYHHIBHOTO KOHTPOIIO MaTepiatis [10].
Taxum ynHOM, 1|1 PoOOTa CIIPIMOBAHA Ha BUBUCHHS BIUIMBY YJIBTPa3BYKOBOI BiOpallil, IPUKJIAJEHOI /10
0OOKOBOI TIOBEPXHI HEP:KABIIOYOI CTaJI, Ha I THHTOBY KOPO3if0.

2. METOJUKA ITPOBEJEHHS JOCJIIKEHD
JIng TipoBeieHHS KOPO3IMHUX Ta €JEKTPOXIMIUHHUX JOCIKEHBb 3pasku po3MipoM 20x200 mm
BUpizamH 0€3MOoCepeHRO 3 IUIACTHH TEIUIOOOMiHHMKA ToBmuHOKW 0,4 mm. EneMeHTHHMI CcKiIag
aycteHiTHIM cTam AISI 316 HaegeHmii B Tabimuii 1. ITifroToBKa ITOBEpXHI 3pas3KiB TMojdrana y
3HEXKUPEHHI OPTaHiYHUM PO3YMHHHKOM, TIPOMHUBII V BOJOTIHHINI Ta JHCTIJIBOBAHIN BOJi, CYIIIN
(impTpy BambHUM TIaTIepoM. EeKTpoxXiMiuHi JOoCi pKeHHS TpoBoaH B po3unHax NaCl konreHTpartii 10
Ta 35 g/l.

Ta6munga 1 — Enementrui ckiaan cram AISI 316.
Table 1 — The composition of AISI 316 stainless steel.
C, % Mn, % Si, % S, % P, % Cr, % Ni, % Mo, % Fe, %
0,08 1,08 0,28 0,02 0,04 16,1 10,8 2,15 perira

JIng BU3HAYCHHS BIUIMBY YJIBTPa3BYKOBOI BiOpallii Ha KOPO3iHHY CTiHKiCTh Hep:KaBirouoi cTaim
PO3p0o6IIeHO TabopaTopHy yeTaHOBKY (puc. 1). CKIgHa eMHicTh 06’eMom 0,2 dm® TepMocTaTyBanacs Ha
BOJMHIIN OaHi mpu TemriepaTypi 25 °C. Pobounii eneKTpo/ 3 Hep:KaBiloyol CTall i30JF0BATH BOAOCTIHKOIO
eMaJUTIo, 3aJUIIAIUH pobouy ToBepxHero 1 cm’. JIONOMiKHUIT eIeKTPOJT — TUIATHHOBA ILIACTHHA ILIONIEI0
8 cm’. EjleKkTpo/| OPiBHAHHA — HaCHYeHHI XIopua—cpibHuii, E = 0,2 V/NHE. Jln4 monapusawii 3paskis
BHKOPUCTOBY BaJH MoTeHIiocTaT IT—-50—1.1 3 KOMIT' FOTEPHOIO PEECTPALIER0 PE3YIBTATIB.

V3 BUIIPOMiIHIOBAaY NIPUTUCKABCS 70 TOPLIEBOI YaCTHHU POOOUYOTO €JIEKTPOIY Ta IMAKIIOYABCS 0
reHepaTopa YIBTPa3BYKy 3 HACTYIHHUMH IlapaMeTpaMu: 4acToTa YiasTpa3Byky 28 kHz i BuxigHa
MOTYXKHicTh — 50 W.

93



us
US transducer

Glass

Thermometer

Potentiostat

Working area  Heater ~ Ptatinum  Reference
electrode

Puc. 1— YeraHoBka JUlst NOJSIPU3ALIHHUX JTOCHI/DKEHb.
Fig. 1 — Polarization apparatus for polarization tests.

JUist BUJAICHHST 3 IIOBEPXHI EJIEKTPOJlYy MACHBHOI IUHBKH, NEPE] KOKHHM EKCIEPUMEHTOM
JIOCIIJDKYBaHHUI 3pa30K BUTpUMYBaJIH 1pH notenuiani —1,2 V/NHE npotsarom 3 min, onpasy micis 1boro
HNOYHHAIM TMOJSIpU3aLiiHi JtocaipkeHns. [loysipusaniifini KpuBi 3HIMAIM B Jiala3oHi NMOTCHIIATB —
0.8...+0,8 V/NHE. IllBujkicts  posroptku craHouiaa 2 mV/sec. Jlus  orpuManHs
XPOHOMOTCHIIOMETPHYHUX KPHUBHUX 3pa3kKd BHTPUMYBAIHCS Y PO3UYMHI BHPOIOBK 1 h mpu 3HAUCHHSX
notexiany +0,4 V/INHE,

Jlocnimpkennst Mopdoorii MOBEpXHi 3pa3KiB Micist MOJSIPU3alii MPOBOJKIM METOIOM PacTPOBOL
enekTponHoi crnekrpockorii (SEM) i3 BukopucranusiMm mikpockona Selmi POM-106M. 3paszku nepen
JIOCITiZIOM IIPOMHBAJTH JIUCTHIILOBAHOIO BOJIOI0, CYIIIMIIM Ta NEPEIaBajli Ha aHalis.

3. PE3YJIBTATH TA iX OBI'OBOPEHHSI

IMonsipusaniiini kpusi crani AISI 316 HaBeneno Ha pucyHKy 2. CraljioHapHH# NMOTEHIAN cTai
0e3 yibTpa3zBykoBoi BiOparii B 3asiexnocti BiJl koHueHrpauii NaCl cranosuts —200...—-170 mV/NHE.
ITpu katozHi monspuzanii 10 norexmiany —650 mV/NHE Ha KpHBiii clIOCTEpiraeThest TPaHHUHHN CTPYM,
IO Bi/NOBiIa€ BiHOBJICHHIO PO3UMHEHOIO Y BOI KHCHIO, BeMuMHa cTpyMy — 107 A/em?®. Tlopanbia
KaTojHA TIOJISIPH3allisl BE/IE 710 3pOCTAaHHS CTPYMY BHACII/IOK BiJIHOBJICHHS BOjHIO. Ha aHOIHUX KpUBHX
CIIOCTEPIraeThes MacHBHA 00J1aCTh, I'YCTHHA CTPYMY B Hil o6aacti — 10 A/em?. O6GnacTh noTeHIaNB
MAaCHBHOI 30HH 3aJICKHUTh Bil KoHneHTpauii NaCl. IToreHuian mituHry 3smeHmyeTbes 3 +400 mV/NHE no
+200 mV/NHE npu nepexoxi Bix 10 g/1 1o 35 ¢/l NaCl. Bisyaibuuii anaiii3 oBepxHi I/ MOJISpU3alii
MOKa3ye HasIBHICTh M THHTOBHX YPa&KCHb.
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Puc. 1 — BromB yasTpa3ByKy Ha XiJT MOJPH3AMIHHNX KPUBHUX aycTeHiTHOT ctam AISI 316 B po3unHax
NaCl, g/l: a) — 10; b) — 35. 25 °C; 2 mV/sec [TapameTpu yapTpa3syky: 28 kHz, 50 W.
Fig. 2 — The influence of ultrasonic vibration on polarization behavior of AISI 316 stainless steel in NaCl
solutions, g/l: a) — 10; b) — 35. 25 °C; 2 mV/sec. Ultrasound parameters: 28 kHz, 50 W.

HaxnagaHua yisTpa3pyKopoi BiOpalii 1o TOpLyl ITIACTHHU BeJIe 10 3POCTAaHHA CTPYMY B KaTO/HiH
00JacTi, M0 3yMOBJICHO 3MEHIICHHIM TOBIIHHH AHPY31HHOTO MIapy Ta NMPHCKOPEHHAM JOCTaBKH KHCHIO
JIo TIOBepxHi enekTpoay. CTalfioHapHHII TOTEHIHan BiOPYIOUOro MeTaly 3cyBaeTbcs Ha 200 mV B
KaTomHuii 6ik, g0 —350...—400 mV/NHE. Xix aHomHOi KpHBOi TaKOK 3MIHIOETHCS IIPH HAKJIAJAHHI
yibTpa3Byky. lloTeHiiian miTHHTY 3cyBaeTbes Ha 200 mV B aHOJHY CTOPOHY, IO CBIAYHTH IIPO
T IBUIIIEHHA CTifiKOCTi 1o posuriHeHHS cTam AISI 316 B posuuni NaCl mpu yasTpa3ByKoBiii BiOpariii.

Pe3ynbraTi NMOTEHIIOCTATHYHUX JOCJI/UKEHb HaBeJEHO Ha pUCYHKY 3. HakiagaHHA aHOJHOTO
noteHiianry B obmgacti mituHry (+400 mV/NHE) mpH3BOAMTH JO TOCTYIIOBOTO 3POCTAHHS T'YCTHHU
aHOHOTO cTPYMY J0 Benmuubn 1077 A/cm’. Tlpu BKIOYEHHi YIBTPa3BYKOBOI BibpaLlii criocTepiracThes
SHUDKEHHS TYCTUHU aHOJHOTO CTPYMY Ha OJHMH TOpAA0K, 10 107° A/cm’. BimkmroueHHS yiIbTpasByKOBOI
BiOpaliii Beje N0 BiTHOBICHHS aHOHOI TYCTHHU CTPYMY J0 TIOTIEPETHIX 3HAYEHb.

VisTpa3sByk — Biftomuii ¢akxTop iHTeHCH®IKalii MacoOOMIHHHX IIpoOIleciB, TOMY IHMOBIpHOIO
MPUYMHOK THJABUINEHHS CTilIKOCTI CTali JO IITHHTY MOXKe OYTH TIEPEMINIyBaHHA pO3UMHY B
MpUeNieKTpoHOMY Tiapi. ToMy, e(QeKTHBHICTh VIBTPa3BYKOBOI BiOpallii TOpIiBHSIM i3 BIUIMBOM
MEXaHIYHOTO TEPEeMIlllyBaHHSI Po3uuHy (puc. 4). BUSBHIOCS, IO TPU MEPEMIIIyBaHHI PO3UHHY CTPYM
AHOJHOTO PO3YHHEHHS 3HIDKYETBCH YV 2 pasd, MpOTe YJIbTPa3ByKoBa BiOpalis € Habarato OiJIbIIX
€(heKTHBHOIO, AaHOJHHIL CTPYM Ha BiOPYIOUili TUTACTHHI 3HIZKY€eThed 1o 30 pasib.

95



_2‘0 -
Ultrasound

N
o

L

)

Current Density, (Igi/(A/cm?))
A o :
(3] o
: :
\

-4.0 T T T T T T T
0 200 400 600 800 1000 1200 1400

Time, (t/s)
Puc. 3 — 3miHa cTpyMy aHOoAHOTO po3unHeHHS ctam AISI 316 npu HakIaJaHHI YIBTPa3BYKOBOI BiOpaIlii.
E = +400 mV/NHE. Pozuun 10 g/l NaCl. 25 °C. [Tapametpu yapTpazpyky: 28 kHz, 50 W.
Fig. 3 — The influence of ultrasonic vibration on anodic dissolution current of AISI 316 stainless steel in
10 g/l NaCl. E = +400 mV/NHE. Ultrasound parameters: 28 kHz, 50 W; 25 °C.
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Puc. 4 — Xporoamrieporpama cram AISI 316 mipu HakIIaaHHI YJIBTPa3BYKOBOI BiOpallii Ta B yMOBax
MeXaHiYHOTO IepeMinty BaHHA pozurHy. E = +400 mV/NHE. Po3uuna 10 g/l NaCl. 25 °C. ITapameTpu
yIpTpa3ByKy: 28 kHz, 50W.

Fig. 4 — Current-time dependence of AISI 316 stainless steel under the influence of ultrasonic vibration
and mechanical stirring in 10 g/1 NaCl. E = +400 mV/NHE. 25 °C. Ultrasound parameters: 28 kHz, 50 W.

EdexkTuBHICTh MPHUTHIYCHHS THTHHTY TATBEPKYEThCH JAHUMU aHAM3y Mopdoiorii moBepxHi
(puc. 5). Bes yaprpa3BykoBoi BiOpaliii Ha TOBepXHi cTami 3a 1 TOJAMHY TIOJAPH3aLii YTBOPIOIOTHCS
YHCEIBHI JIOKAJIbHI YPasKeHHSI Po3MipoM 1-5 pm, piBHOMiIpHO PO3ITOJiJIECHI TT0 TIOBEPXHI 3pa3Ka. B Toi xe
Yac, TPH VIBTPa3BYKOBiH BiOpallii Ha TTOBEPXHI METAXy YTBOPEHHS OCEPEJKiB JIOKAJIbHOTO PYHHYBAHHS
TIPAKTHUYHO HE BiI0YBA€THCA. 3aMIiCTh I[bOTO, TIOBEPXHA 3pa3Ka, IO IIiJAaBaBcs YIBTPa3BYKOBiH BiOpariii,
CYIJIBHO BKPUTA HETJIMOOKUMH BIIAJUHAMH, SKi He TiepexoaaTh y mituHr. Ille ofHielo ocobmmBicTO €
HagBHICTh BHJUMHX TPaHEH 3epeH CTPYKTYPH MeTaly Ha 3pa3Ky Oe3 BiOparii, IO € CBiJUCHHIM
PO3UMHEHHA CTaJI IO TPAHHUIEM 3epeH. Ilicad aHo HOI MmonMsgpu3alLii 3pa3Kka IIpU BIOpaIli Taki 3epHa He
criocTepiralotbes. Ha 060X 3paskax € JIOKaJbHI OCEPEJKH PO3YHHEHHS po3MipoM 50-100 pum, mpote 3a
CBOIM BHIVIOM BOHM pi3Hi. Tak, 3a BiACYTHOCTI YJIBTPa3ByKy HABKOJIO 30HH PO3YMHEHHSI
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CIIOCTEPIraloThesl 3aTMINKH TPONYKTIB Koposii. B Tolf ke wac B yMOBaX YJIbTpasBYKOBOI BiOparii
NPOYKTH POUAHCHHS BiZICYTHI, 8 BCSI BHYTPIIIIHS MOBSPXHS BIIAJIHHH BKPHTA HEITHOOKUMH BIIaJIHHAMH,
SIK 1 OCHOBHA YaCTHHA TIOBSPXHI.

Puc. 5 — Mikpogotorpadii moepxai ctami AISI 316 micius 1 rox nosispusaiii y 10 g/l NaCl: a) — 6e3
VIBTP3BYKY: b) — nipu yabrpasBykoBii Bibpauii. E = +400 mV/NHE. 25 °C. ITapamerpu yibTpasByky: 28
kHz, 50 W.

Fig. 5 - SEM images of AISI 316 stainless steel surface after 1 h of polarization in 10 g/l NaCl: a) — in the
absence of ultrasound; b) — under ultrasound vibration. E = +400 mV/NHE. 25 °C. Ultrasound parameters:
28 kHz, 50 W.

3riZiHO CYYaCHHUX YSIBJICHD, MITHHIOBa KOpO3isi epebirae 3a TphoMa MOCIiIOBHAMH cTajismu [11].
Tleprioro CTa/Tiero € 3apO/PKESHHS MITHHTY, 1O MPOSIBISETHCS B TOUKOBOMY PYHHYBaHHI MACHBHOI IUTIBKH
i) 1i€ro 10HiB-aKTUBATOPiB. Takuii mponec He € CTIHKAM, OCKUTBKH 3aJIUIIATHCS MOMKITHBICTH MOBTOPHOL
nacuBailii HOBepxHi. SIKIIO MOBTOPHA MacHBAallisl HE BiIOYBAEThCS, MPOLEC MEPEXOAUTD Y JIPYTY CTAMII0 —
MeTacTabiibHUH picT miTHHTY. Ha mili cTajii picT MITHHTY KOHTpOMOEThest mudysiero. Jlns pocty
HEOOXi/THE MiATPUMAHHS HU3bKOTO pH po3uMHY BCepe/lHHI MITHHTY, 1O € MOMIIMBHM 3aB/ISIKH HasIBHOCTI
Ha/l TTHHTOM Judy3iiiHOro O6ap’epy, MO MATPUMYE CTAIHN CKIAJ PO3YHHY BCEpEHHI MiTHHTY. Poib
mudysitiHoro Gap’epy MOXKyTh BHKOHYBATH SK 3aJMINKH TACHBHOI IUTIBKH Ta Meramy [11], Tak i
HEpPO3UHHHI MPOAYKTH Koposii [12]. [Tpu pyiitHyBaHHI Takoro 6ap’epy BiiOyBa€eThCs MPOIEC peracHBallii.

V3arajpHIOIOUH OTPHMaHi pe3yJbTaTH MOJKHA CTBEpP/DKYBATH, IO JIOKAJIbHE PO3UHHCHHS
aycteHiTHOI ctaimi AISI 316 CyTT€BO CHOBUIBHIOETHCS TPH HAKIaaHHI YIbTPa3sBYKOBOI Bibpartii.
BpaxoBylouH CyuacHi YsBJICHHS MIOJI0 MEXaHi3My 3apo/DKCHHSI Ta POCTY IITHHTY, YIbTpasByKOBa
BiOpamist Mo)Ke BIUIMBATH Ha JAPYTYy Ta TpeTio crajii pocty. Ha erami MeractabibHOrO pocTy depes
YIBTPa3BYKOBY BiOpalito BifIOyBaeThCs MOCHAOACHHS 3B’S3KIB MDK IMapoM MPOAYKTIB KOposii Ta
TOBEPXHEI0 MeTaly, BHACTIOK doro audysiiinuit Gap’ep pyHHYEThCSI 1 THTHHT pPENAcHBYETHCS.
BinmoBinHo, He BiAOYBAa€ThCS MEPEXOAy METACTaOUIBHOrO MTHHTY Y CTaOuIbHHH. [HTeHCHpiKaIls
NpOIEciB  MacooOMiHY B OKOJI BiOpYIOUOi TIOBEpXHI TaKOK CHpHsie IIBHIKOMY BHPIBHIOBAHHIO
KOHI[CHTpAIlii pO3UHHY B MITHHTY Ta Ha IIOBSPXHi METATY, IO 3YIHHSIE PicT MITHHTY Ha eTari cTabiIbHOTO
pocty. TakuM UMHOM, YIIBTpa3sByKOBa BiOpaIlisi JO3BOJISE 3HHU3HTH IMBHIKICTh JIOKAIBHOTO PO3UHHEHHS
CTaJIeH, CXWIbHHUX JI0 TACHBAITii.

MeTof yiIbTpa3ByKOBOTO TIPHTHIUCHHS I THHTOBOTO PYHHYBaHHS ayCTCHITHHX CTaleh MoyKe OyTH
BHKOPHCTAHHUH JUIS 3aXHCTY BiJl KOPO3ii ITACTHHYATHX TCILIOOOMIHHHX amapatiB, IO SKCILTYaTYIOThCs B
CHCTEMAaX TOCTIOZIAPCHKO-TIHTHOTO BOJOTIOCTAYaHHSI, TEIUIONOCTAYAHHS Ta CHCTEMaX OXOJIO/DKSHHS
MPOMHCIIOBHX MIINPHEMCTB. B MofaibIioMy, TOCTIPKESHHS CI1ijT CIpSIMYBATH Ha BILTHB iHTCHCHBHOCTI Ta
YACTOTH YJIBTPa3BYKOBHX KOJHBaHb HA CTIMKICTh CTali /10 PO3UMHCHHS B XJIOPHIHHX CEpPEOBHINAX, a
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TAKOK BCTAHOBUTH 3aKOHOMIPHOCTI ITONIMPEHHS Ta 3aTyXaHHA KOJHBAHb IIPU IX PO3IOBCIOUKCHHI
TIOBEPXHEIO CTaJI.

BUCHOBKHU

B pesyapraTi NpoBeACHHX JOCHIPKEHb IO BIUIHBY YJBTPa3BYKOBOi BiOpallii Ha pO3UHHEHHS

aycteHiTHOI ctam AISI 316 Mo:kHa 3poOHTH HACTYIIHI BUCHOBKH.

1. TlpukiageHHS YJIbTPa3BYKOBUX KOJMBaHB YacToToo 28 kHz Ta motyxHicTio 50 W 10 TOpLIA
CTaJIeBOi IUIACTHHU TOBIMUHOIO 0,4 mm TPH3BOAUTH JO 3CYBY IOTSHL{aNy IHTHHTY Ha
+200 mV/NHE B aHOJHY CTOpOHY Ta 3HIKY€ IIBHJKICTh PO3YMHEHHSA CTaJi B 00JacTi
mituHry Jio 30 pasis.

2. 3HIDKESHHS IIBUIKOCTI PO3UYHHEHHS ITOB’SA3aHE i3 PYIHYBAaHHAM IIApy TPOAYKTiB KOpo3ii Hajx
30HOI0 TITHHTY, IO CIIPUAE€ PETIacHUBAIlii METACTAOUTPHUX INTHHIIB Ta IEPEMIIIyBAHHIM
PO3YMHY B 30HI THTHHTY, IO BEAC O 3PiBHIOBAHHS KOHIICHTpAI[i B IHTHHTY Ta 00 eMi
PO3UHHY.

3. 3HIDKCHHS JIOKAJIPHOTO PO3YMHEHHS AayCTCHITHHUX CTajJiell € TIePCIIeKTUBHUM METOOM
301JIBIIICHHS X KOPO3iiHOI CTifiKOCTi, IKUil MOKe OYTH BHKOPUCTAHUI JUIS 3aXUCTY TUIACTUH
TEIUIOOOMIHHHMX ~allapatiB CHCTEM TEIUIOBOAOIOCTaYaHHA. IIpoTe, Uil TPOMHCIOBOTO
BIIPOBAUKCHHS JAHOTO METOIY HEeoOXi/JHE MPOBEACHHS IMOJANIBIIHX JOCII/UKEHb PO3IIOJiILY
KOJIMBAHb TI0 TOBEPXHI TUIACTHH TETUIO00MiHHHKA.
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3. TeopeTWyHi Ta NPUKNAOHI acnekTy eneTpoxiMmit

BILTHB V.IbTPA3BYKOBHX KOJIHBAHb HA ITIPOTIKAHHA IIITTHHT OBO{
KOPO3Ii HEPJKABIFOUOI CTAJII AISI 316
IMinoyprani M. O., Bacunees I, C.
HTVVY «KuiBchbkuil momiTeXHIYHAA iHCTHTYT M. 1. Cikopesroron
Vrpaiua, Kuie. npocn. Ilepemorn. 37. +38 (044) 236 9774
mihail pidburtny(@ email.com

IliTuHTOBA KOPO3iA € ONHIED 3 HAHNOIMHPEHINTHX Ta HAlHeOSINeUHIMHX (GopM
7T0KaTiz0BaHOI KOpo3il. BoHA MpoTikae HA BITHOCHO HEBeMHKIH IITAHIN MOBEPXHI METATY 3
BEMHKOK IIBHIRICTId TAa NPH3BOIHTE IO INBHAKOI mepdopamii Ta HacTymHO! BiIMOBH
PI3HOMAHITHHX amapaTiB. Taka KOpO3id XapakTepHA LIA METANIB, CXHIBHHX 10 MACHBAILl
Ta IPOTIKAE 33 HAABHOCTI ¥ CEPENOBHIN 10HIB-aKTHBATOPIB. OIHHM 3 TAKHX KOMIOHEHTIB
BHCTYTIA€ XIOPHI-10H, IPHCYTHIH ¥ 6araTe0xX IPHPOIHHK Ta IPOMHCTIOBHK CepPeIOBHINAK.

Jlna BH3HAYCHHA BIUTHBY VIBTPasBYKOBHX (Y'3) KONHBaHB Ha MITTHHTOBY KOPO3iH
310paHO JOCIIAHY YCTAHOBKY. 1€ POOOTHM eNeKTPOIOM OyiIa MIacTHHA 31 ¢Tami Mapka AIST
316. Sx mxepeno V3 KOIHBAHE BHKOPHCTOBYBABCA II'€30KEPAMIUHHI BHOPOMIHIOBAU 3
pesoHaHCHOK uacToToo 27 kIW. minx'enHaHHH Jo TabopaTopHoro V3-reHepaTopa.
VIBTpasBykOBHI BHIPOMIHIOBAY NPHTHCKATH 10 TOPLA IUIACTHHH. llomgpHs3auifiai
BHMipIOBAHHEA NpoBoauancd v posundi 6 r/n NaCl 3a 25°C 3a 10moMOT0R0 NOTEHIIOCTATY
TII1-50-1 ta undpororo npuaany 114 peectpamii UNI-T UT61D. [IIBHAKICTE POTOPTRE —
2MBle.

Tlepen 3HATIAM KpHBOI 3paskH KaTOOHO IONAPH3YBAIH BIPOLOBX 3 XB. IOpPH
morermiati +800 MB (HBE) 1nA BiTHOBISHHA [AaCHBHOI IUIIBKH. 3TiNHO OTPHMAHHX
NOMAPH3AMIMHNX KpHUBHX (pue. 1) yaBTpasBykKoBa 00pOOKA NPH3BOOHTE 10 3CYBY
MOTSHIIATY MTHHIOYTBOPEHHA IIoHafiMeHme Ha 200 MB aHozay cropory. Hakitazamnsa
VABTPA3BYKY IPH NOTCHUIOCTATHYHIN BHTPHMII 3paska 3a HOTSHLIATY MITHHTOYIBOPSHHA
I03BOIAE 3HU3HTH CTPYM po3unHeHHA 10 10 pasis (puc. 18).
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Puc. 1 — Pe3yIETaTH JOCTTKEHE:

3 — MOMAPH3AMIAHI KPHEL, OTPHMaHL ¥ pozunHi 6 r/n NaCl Ge: yaeTpazeykoBoi obpodkn (1) Ta 2
o0bpobkoto (2), MBHIKICTE po3ropTkH 2 MB/c.

f — XPOHOMOTEHLIOCTATHYHA KPHEA, 0TPHMaHa ¥ po31rH] 6 r/n NaCl npa 400 MB (HBE). Crpuikoio
M03HATEHO IPOMUKOK 3 VEIMKHEHHM V3-TeHeparopon.

TaxkHM UHHOM, YIBTPA3BYKOBA 00poOKa HEPKABIIOUNX cTaleil € MepCIeKTHBHHM

METOZOM 3aXHCTY PI3SHOMAHITHOIO OOTATHAHHA Bil MITHHIOBOI Koposii, oZHak ImA
CTBOPEHHA NPOMHCIOBC NPHIATHHX IPOTOTHIIB HEOOXIIHI OUIBII ISTATBHI LOCIILKSHHA,
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