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Abstract

Existing pipeline networks used for transportatidroil and gas are being exposed for operationdfrades resulting
serious material degradation process occurs in sases. In this research results of expernital investigation aimed
determination of the electrical resistivity of sttural steels used in gas transmission pipelindis thie help of the develop
experimental unit that implements the four-pointime was studied. Multi-parameter approadswitilized in the study whi
neural networks were used for nlimear approximation of yield strength of pipelines a function of hardness and elect
resistivity. Samples with special heat-treatmentrfiicrostructure distinguishing as well as antner of samples taken from-
long-term used pipelines were selected. Destructiveléetesting was performed for all samples undeestigation and resu
were used as references in the study. It was shibatnthe four-point method can be used terail metal structures, since
measured value of electrical resistivity does rfteca the whole width of the object of control, bortly socalled conditione
effective width. Under the conditional effectivedih of the sample should be understoaat fart of the sample, in which
density of direct current passing through the dbjicthe largest and which actually affects theasueed value of electric
resistivity. Combined measurement of the hardnegstiher with electrical resistivity afteeural network processing showe
achieve 26 MPa accuracy for yield strength deteation at real-life pipelines.

Keywords:electric resistivity, hardness, neural networks gtiipes, yield strength.

I ntroduction technological processes, which influence physical a

The problem of ensuring oil and gas transmissiomechanical properties formation requires strictligga
pipelines reliable and safe operation is becomirgigh  control of products. Additionally significant numbef
priority in the last decades because their weartaad equipment such as pipelines with lost operational
essentially exceeds the rates of technical re-esgrip. documentation and operating under variable contio
During the operation metal construction materialsef are still used in production facilities of many dkrian
damages, nature of which depends on the load tyge aenterprises. This aspect is also essential for tmomg
operation conditions (cyclic loading, extremeactual mechanical characteristics of materials.
temperatures, corrosive environment etc). Combined Industrial experience [1] shows that for a long-
effects of these factors in operational conditioesult term operation for several decades mechanical
in changes of microstructure and mechanical pragsert properties of metals vary in comparison with their
of pipeline materials. nominal values. In particular:

Crucial need for such a problem solutions can be durability (hardness, vyield strength, tensile
confirmed by its correspondence to the main promsi strength) increased mainly by 10-15%;
of the Ukrainian State Scientific Technical Program  visco-plastic parameters (relative elongation,
"Resource”. According to the Program Concept forelative narrowing) — reduced by 5-7%;
2010-2012 one of the priority research areas was indicators of resistance to brittle fracture (impac
"development of effective non-destructive methodd a strength and fracture toughness) — reduced to 2620

instruments for evaluation of construction stresdes In our research we have focused on the most
and physical and mechanical properties in operatinmportant mechanical property of oil and gas
conditions”. transmission pipeline materials with expired life the

In addition, a wide range of steel materials, usegield strength.
for critical components manufacturing and variefy o Significant role in determination of entire complex
of mechanical properties and quality of manufaature
products have non-destructive physical methods of
testing, development of which attracts attentioomfr
researchers [2—-4]. However, existing non-destractiv
evaluation of physical and mechanical properties is
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assumptions concerning its theory and practicalpplies only to non-magnetic metals, because thgubu

implementation [5]. signal of eddy current transducer is affected by
magnetic permeability of magnetic material. Therefo
Problem statement the most appropriate is usage of direct currerdtite

Main idea of research stands on the fact that stembntact methods, which, moreover, allow receiving
mechanical properties are predetermined bipformation on the resistivity of the metal volume,
microstructure of the steel, which from the anotbide which can’t be achieved by eddy current method tdue
can be evaluated by resistivity measurements. ¢h fathe presence of skin-effect.
changes of mechanical properties are usually caloged Electric-contact methods include two-, four-point
structural changes in metal, thus the strengtheats probe methods and Van der Pauw method [11]. Use of
are being changed together with plasticity redurctio two-point probe method on real steel objects fesiin

The aim of this work is development of methodmeasurements is quite problematic. The method of Va
and instrument for evaluation of steel mechanicaler Pauw allows to measure electrical resistivify o
properties and establishment of the dependence sdmples with arbitrary geometrical form, but it is
mechanical properties (yield strength) with infotiva  difficult to realize technically, as it requiresdimidual
parameters (resistivity and hardness). In this papplacement of probes depending on the sample form.
results of investigation aimed on relation estdislient Therefore, the most universal method of measuring
between electrical resistivity and yield strengthreal- materials resistivity should be a classic four-pgirobe

life pipeline steels are presented. method.
For accurate determination of the resistivity
Theoretic investigation mathematical modelling of control resistivity ofaff

specimens of rectangular shape by four-probe method
was carried out, so it helped to establish anaitic
Nowadays a significant attention is given toexpressions that describe the influence of metal
development of integrated approaches to pipelim@nstruction finite size on measurement resulty [12
mechanical properties evaluation involving
simultaneous consideration of several informative
parameters. Special interest is given to methods th At first stage authors showed that yield strendth o
take into account informative parameters relateth wisteels can be determined by electric resistivityhimi
different physical phenomena (magnetic, electricathe structural groups [13] using correlation and

Multi-parameter complex approach

Theoretical investigation of the method

thermal etc.) [6]. statistical analysis. Such dependence was founieto
Elaboration of new methods for multi-parametenon-linear and positive.

evaluation requires solution of two major problems: In order to check the above mentioned theoretical
selection of optimal set of control parameters; idea data for 142 carbon steel grades which wédwenta
development (or selection among available) of thtom [www.matweb.com] and divided into following

instruments. structural groups:
Usually relationships between the mechanical, austenitic steels (88 grades);

physical and structural properties of materialskzeimng ferritic steels (12 grades);

established based on statistical methods. Thedegoneet duplex steels (26 grades);

allow to process large amount of information, ofedi martensitic steels (16 grades).

during long-term investigations as with taken from For the parameter complex selection the following

material databases. properties were taken into consideration:

In practice of non-destructive testing electric yield strength (145-1,800 MPa);
resistivity measurements are used for metal sqrting hardness (140-332 HB);
alloys composition identification and crack detestby electric resistivity (500-1,450 nOhm).
local changes in conductivity of the material. Alsp According to the previously developed approach
change in resistivity we can point out microstruatu neural networks were used for establishment of
changes in metals [7], especially used in oil aad gstructural dependence with hardness and electric
pipelines. Recent research [8] indicates the pogibf  resistivity considering its non-linear nature. Naur
determining impact strength of steels on the meakurnetwork require training procedure and testingsthll
values of resistivity. steels grades were divided into three differenniing
Electrical resistivity varies with the change adfedt and testing sets of data:
microstructure and thus influence on mechanical 1st set includes austenitic and duplex steels
properties of steels as proved by [7]. Considerin@fraining set — 90 grades, testing — 5 grades)
structural dependence with steel physical and 2nd set contains ferritic and martensitic steels
mechanical properties, it is expedient to usefdis for  (training set — 37 grades, testing — 3 grades)
selection of structurally sensitive informative 3rd set includes all steel grades of all structures
parameters. Detailed discussion to this issueviengin  (training — 127, testing — 6).
[9]. Neural network of the defined architecture was
For accurate determination of the resistivity thérained for approximation of yield strength as adton
most widespread are eddy current and electric-contaof two informative parameters — electric resisyivéind
methods [10]. Application of eddy current methochardness.
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Table 1 — Neural network testing results

Steel 1| 2| 3| a| 5| 6| 7| sprcstngeror
MPa %
Data set| Real yield strength values 275 310 4850 (2850 275/ 350 56( - -
1% Neural network outputs 271 313 492 283 430 |- |- |-74 3.52
2" Neural network outputs - — — - + 2¥3 384 562 12.64.42
3 Neural network outputs 276 316 483 273 379 38285 [3478| 28.3 9.92

According to the adopted practice neural network
testing was performed on the data which were netl us
for training (e.g. unknown for networks). Pre-prssiag
of the input and output data was performed by
normalization. Levenberg—Marquardt training alduarit T
was used for all networks as being proved to fialsm goco oo
networks with good convergence [14]. . '

Neural network architecture selection, data pre- /7 h
processing and training algorithm has been donedbas -
on investigator prior experience [6] and strongly a
depends on complexity and nature of the problem as 2)
well on availability of statistical data. As basic
architecture 2 10x 1 was selected what means that

], 0
I 1
first hidden layer is composed of 20 neurons, sécon
layer with 10 neurons and 1 output neuron. Testing
results for three data sets are given in Table 1.
Thus determination of the steel mechanical
S|, S2 |S
b)

Four-probe measuring
transducer

-+

properties within groups with the same and similar
structure enable to increase accuracy of deterromat
2-3 times which strongly corresponds with known
structural state and their mechanical properties.

Experiments and experimental setup Figure 1 — Four-probe method for resistivity
measurements

Experimental procedure

As a result of mathematical modelling by applying

method of mirror reflections, formula for cdking

eometric correction function was obtained as

Pllowing:

Four-point probe method principle of measurinqhe
the resistivity is as follows [10]. On the surfacé
control object along a straight line measureme
transducer is placed, which contains four meta
electrodes-probes with a small contact area (Fig)l1 abh) [-2m ©ovv K [ 5
Two external probes pass an electric current gesetra f(m,g,g gj' {m+222|:(_1) {2 nz(b/S) +
by DC source. Two internal probes measure the gelta k=0n=0g=0
drop (Fig. 1, b). According to the measured valogés 2 2]—1/2_
differential potential and current it is possible t 4-(1(3/8)11) +492(WS) )
determine the resistivity of the sample material. 5 5 NET 1

In the case of a four-probe measuring transducer 2n?(b/'S)? +(K &/ S)+[m+1))?+ 4g%(W'S) ] }D ,
placing in the centre of the rectangular sampleyhich
the probes are placed along the centre line pataltae wherek, n, gare numbers of levels of perceived power
longest side of the sample (Fig. 1, a) electricalources that are entered for the spatial consbruaif

resistivity is calculated by formula [11]: mirror reflections in three-dimensional coordinate
U system in order to carry on all sides of the sangfle
p= |—27ES f(ma/ Sh/Sh/S), (1) homogeneous Neumann conditions (normal component

of current density on all sides is equal to 0).

where U is voltage drop,| is current intensity, .
> . . . In order to avoid separate measurement of current
f(m, A Sl SWS) is geometric correction function, . ; L i ;
intensity and voltage drop, it is advisable to osero-

which depends on real finite size (as lengftwidthb  5nmmeter, because the principle of electrical tasie
and thicknes#) of rectangular sample and the ratio of,easurement is based on four-probe method. In
the linear dimensions of probem=S,/S, S is addition, theoretical studies have shown that for
distance between the current and correspondinmtgtermination of small values of steel resistivifigh an
potential probes,S, is distance between potentialerror of +108Q i, a device for resistance measuring
probes (Fig. 1, b). should represent by micro-ohmmeter.
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Then formula (1) can be presented than as: To microohmmeter

p= 21RS(m, & SB SH'S), )
whereR is micro-ohmmeter readings. Spring Probe (¢5)
Loading
Experimental Setup |l| |l| ' h %
The main components of the developec A

information-measuring system are the unit fo
measurement of the resistivity by four-probe methot
which consists of contact and measurement unit
Requirements for a contact block are following:

oo

000000066000

000000000000
00000000000
00000000000

0000000000

a) Optimal size of probes relative position forthig 1.2 HH
method sensitivity X - ; ’ *J/f >

b) One-side access to the surface of the contr support n 60 n Probe
object (conditions of pipelines under operation) (¢10) line

c¢) High strength probes material.

The requirements for the measurement unit are
high input impedance of voltage meter to avoid the
influence of contact resistance on the measurement

results and possibility of measuring low valuesciive sprang with compression springs in the directionhef

electrical resistance. frame. Bar and probe springing allows self-positign

As the measurement unit certified micro-ohmmetegs e frame and probe line relatively to the seefalue

BSZ-010-2 (produced by Samaraenergo, Russia) Wgits minor inequalities. In addition, probes drads are

selected. As for the contact block, according e yegjgned with possibility of axial displacementatile
results of mathematical modelling a design of fourg, e frame that allows measurement on cylindrical
prqbe measuring transduce_r with one-side acceﬂaat_o surfaces (e.g. large diameter pipes). In ordestabdish
object surface control (Fig. 2) has been specially giapie electrical contact of probes with the mint

developed. o object, loading barbell (10 + 0.05) kg is placedtba
Probes of round section in transducer are made o egrated core of the transducer.

heat-resistant stainless steel of 95KH18 gradetiaan The benefits of the developed design of four-probe

additionally hardened. Probe diameter is 5 mm. Th@eoaqring transducer include: increased sensitivity
distance between the internal potential (measurofg) small operating measurement time, one-sided adoess

probes is (60 + 0.1) mm, and betV\fen current anfle control object surface possible. The patent of

corresponding potential probes is (10 £ 0.1) MMeSEN yraine was received for the design of the meagurin

linear dimensions of probes obtained as result ?lf
0

: i X ) ansducer.
mathematical modelling, are optimal in terms

h fthe f h General view of the experimental setup for
sensitivity enhancement of the four-probe method.  yetermination the physical and mechanical propedie

steels is shown at Figure 3.

Figure 2 — Design of the measuring four-probe
transducer

The corners of the frame contain four supports

Vil | A 1} v

%

i\

Vi I IX \'

| — micro-ohmmeter BSZ-010-8; — four-probe measuring transdudéir;— core;lV — loading barbell;
V — dynamic hardness tester TD-32;— digital thermometer Fluke 54-N/ll — contact thermocouple;
VIII — portable computetX — controlled object
Figure 3 — General view of the information-measurig experimental unit
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Technique for resistivity measurement using the  Each sample was held with ten fold measurements
developed measurement system is as follows. Fowf hardness and electrical resistance. Four-probe
probe measuring transducer with no-loading is set aneasuring transducer was placed in the centre ef th
the previously machined surface of control objext 8 sample, in which probes are placed along the cdinge
clearly positioned relative to the control objeatface. parallel to the longest side.

Using nuts on bars frame position with the probes a Measurements were conducted in the same
regulated so as to provide clearance 1-2 mm betwekaboratory conditions at temperature 20 £ 0,3 °Bictv

the surface and control object (Fig. 2). It is resegy to was registered by digital thermometer, equipped it
keep conventional parallel line running through ém&l  contact thermocouple. Measured values of electrical
of the probe and the surface of control object. iMTheresistance readings taken from micro-ohmmeter
gradually impose loading barbell on the core. As BZS-010-2 (Fig. 3). Calculation of resistivity was
result, the springs on bars will compress, progdelf- carried out according to the formulas (2) and (8)ao
aligning of the frame on the surface of controleathj laptop in MATLAB 7.0 environment. It should be
When stable electrical contact with the controleabj noted, that electrical resistivity is temperatuepehdent
and probes is set measurement system is ready @draracteristic, thus providing control in the real
measurement. Adequacy of the equation (3) faronditions, we should expect corrections in the
calculating the resistivity of rectangular sampigas resistance temperature coefficient.

tested on steel samples (grade 45) of differentgéac Real values of yield strength were determined
dimensions [15]. Such design allows measurement tfrough destructive tests on tensile of standard
the electric resistivity on real-life pipelines. proportional samples, made with full-size samphas,
tensile machine according to ISO 6892. Averaged
Samples and Results results of experiments are presented in Table 2.

Methodology for experimental investigations Discussion
aimed to evaluate physical and mechanical proedtie
steel was as follows. Made from real-life gas piped Figures 5 and 6 illustrate dependencies of yield
14 samples of flat rectangular shape of low-allogtrength with resistivity and hardness, respedtivel
structural steel of ferrite-pearlite structure (Fg were Also, the figure shows approximation curves.
selected. Metallographic investigations of samplese
provided with the support of the National Metalliceg 500F
Laboratory NML (Jamshedpur, India).

450+

'

=)

=]
T

Yield strength, MPa
&
(=]

150 2(30 25\0 3(30 35|0 460
Resistivity, nOhm-m
Figure 5 — Yield strength and resistivity dependene

500
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400F

350+

300f

Yield strength, MPa

250F

200

15 \ , 1 1 , .
%00 120 140 160 180 200 220 240
Hardness HB

Figure 6 — Yield strength and hardness dependence

Figure 4 — Metallographic photos
of the ferrite-pearlite structure samples
on the example of samples 4 (a) and 14 (b)

ISSN 2311—1399. Journal of Hydrocarbon Power Engin  eering. 2014, Vol. 1, Issue 2 119



M.O. Karpash, Ye.R. Dotsenko, O.M. Karpash

Table 2 — Results of experimental investigations

Sample Dimensional Geometric Electrical Resistivity Hardness Yield
No. relationships correction resistance | p (LC°, Q-m | Brinnel scale| strength
of samples t® functionf, ROLC, Q HB or, MPa
h/S a/S b/S | uniform units
1 1 34.6 9 0.2037 13.97 178 141.5 238
2 1.42 35 19.5 0.3156 10.00 198 114.9 251
3 1.47 33 3 0.1523 27.97 267 122.2 253
4 1.26 30 20 0.2870 18.25 329 175.6 349
5 1.63 30 16.4 0.3416 7.72 165 123.2 246
6 0.83 30 19.6 0.1990 11.28 141 133.1 294
7 1.17 30 19.7 0.2703 10.15 172 139.2 268
8 0.5 30 19.5 0.1216 22.54 172 160.6 269
9 0.7 40 27.6 0.1737 33.47 370 184.2 384
10 0.85| 39.5 7.4 0.1638 21.83 224 168.7 294
11 1.1 40 5 0.1703 35.66 380 215.2 470
12 1.17 40 6.5 0.2059 24.36 315 234.8 392
13 1.88 | 40.3 18.4 0.3805 16.75 398 221.2 472
14 1.65 28 16.2 0.3436 18.92 411 218.6 492
Approximation parameters are following: We conducted regression analysis in MATLAB

1) Dependence of yield strength and resistivity i.0 using functiorpostreg (t,x)in order to estimate the
approximated by function o f(x)= aexgbx), where accuracy of the network performance, wheres the
a=156.03, b=2.6910° Relevant correlation target vector,x is the output network vector. This
coefficient is 0.69 function compares the output network array with the

2) Dependence of yield strength and hardness @96t one (Fig. 7). The starting argument of this
approximated by functio f(x)=ax+b, wherea = 2.03, function is the correlation coefficient, which inrocase
b = —6.83. Relevant correlation coefficient is 0.91 is equal toR = 0.929. Absolute error of neural network

Dependence of yield strength with selecteélesung 's 26 MPa.
informative parameters has directly proportiona' s
character, which is consistent with previously
established theoretical correlations [13]. In adeoice
with the developed neural network approach the atkth
was applied to the gained experimental data because
the non-linear character of dependencies shown (&
Figures 5 and 6. Training set was composed of ]ﬁ“m-
sample data-sets as the testing set included 3lsamy $

T T T T T

4501

(2" 3%and 18, Table 2). E

Training of neural networks in four different S
architectures (161, 12x1, 14x1, 16x1) was carried out 8| |
for two input parameters (resistivity, hardness) gield =3

strength as output target. Neural network witt§
architecture 10x1 was found to be the best fc#=r
approximation of the yield strength as functionrgfut
parameters. Absolute error of neural network tgstin
26 MPa or relative error of 2,5%. Results of theraé =0
networks testing are shown in Table 3.

Yield

Table 3 — Neural network testing results

for yield strength determination o % £ £ e e 0
by electric resistivity and hardness values Ouiput network values, K°a
- . O - original network values
Yield strength Yield strength . ) T
Sample real value, neural network - line fo_r the ideal case (R = 1),
No —— line of regression for the network output vector
MPa value, MPa
(R =0.929);

2 251 230 _—
6 504 314 A, B, C — initial network values for samples noeds
13 172 286 during training

Figure 7 — Distribution of the network initial values
relatively to the regression line
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Results of experimental investigations using the  [6] Karpash, OM, Karpash, MO 2006, ‘New neural-
developed prototype of a measurement system probased method for evaluation of mechanical properté
that the parameters complex of hardness and @&btrizteels’: proceedings Iof 9th European Conference of Non-

ativ : : i i in, P.114.
resistivity can be used for evaluation of steelariats destructive testinggerlin, ,
yield strength. These results also confirm previpus [7] Horkunov, ES 1985, Interrelation between

btained th ical | . h hait magnetic, electric properties and structure corutiti of
obtained theoretical results concerning the chate thermally processed steels — as a basis for pradstength

informative parameters. properties determination by non-destructive methods
Guidelines, Sverdlovsk, USSR Academy of Sciences [in
Conclusions Russian].

[8] Nahm, SH, Kim, KMYu, Kim, A 2002, ‘Evaluation
An experimental unit was developed, whictof fracture toughness of degraded Cr-Mo-V steel gisin
implements four-probe method for resistivity of edte electrical resistivity’, Journal of Material Scienceyol. 37
measurements and repeated measurements on seleEt8Y Pp- 3549-3553.
gas transmission pipeline samples were provide%ew[g] Karpash, MO, Karpash, OM, Dotsenko, YR 2008,

c . p d val f alectrical . challenges for mechanical properties evalumatiblong-
onversion of measured values of electrical rest€a (o ysed metallic structures’:proceedings of 4th

to the resistivity is performed by using the depeld |nternational Symposium on Hydrocarbons and Chemistr
mathematical model. Ghardaia (Algeria), p. 64.

Based on the obtained experimental results the [10] Bowler, N, Yongglang, H 2005, ‘Electrical
existence and nature of dependence of yield sthengtonductivity measurement of metal plates using divaad
with the chosen set of parameters (resistivity anefdy-current and four-point method#leasurement Science
hardness) have been established — directly prapaiti and Technologwol. 16 (11), pp. 2193-2200.
for both cases. It was found that this complex i%lect[ll] Heaney, MB 1999 Electrical Conductivity and

. . . rical Conductivity and Resistivity. The Measneat,
Charaqterlzed by the parameter correlation Co_ef?“‘? Instrumentation and Sensors HandbpdkRC Press LLC,
with yield strength (hardness — 0.91 and resistivit Chapter 43.

0.69). [12] Dotsenko, YR 2010, ‘Mathematical modelling of
Modern methods of statistical informationcontrol resistivity materials by electric four-pebnethod’,
processing (neural network) were used to approximaProspecting and Development of Oil and Gas Fielas. 1.
yield strength of pipeline steels as a function ofp.82-90 [in Ukrainian with English Abstract avaie on
parameters hardness-resistivity. The absolute esfor http://www.nung.edu.ua/pub/rrngr/2010_34/10dyrectfj.p

neural networks testing was 26 MPa, the relativerer _ [13] Karpash, MO, Dotsenko, YR, Kaprash. OM 2010,
test — 2.5%. New methods for mechanical properties evaluatibrsteel

structures with consideration of its microstructure
proceedings of 10th European Conference of Non-Dette
Acknowledgement Testing Moscow, Part 2, pp. 270-271.
) [14] Haykin, S, 1999. Neural networks. A
The study was supported by the funding oEomprehensive foundatipBecond edition. Prentice Hall, New
Ministry of Science and Education of Ukraine (pmje Jersey.
reg.no. 0111U002999). [15] Karpash, OM, Dotsenko, YR, Karpash, MO, Mitra,
A 2010, ‘Experimental investigation for electrigasistivity
measurement of metallic structures using four-paiethod’:
proceedings of 5th International Symposium on Hgdrbons
and Chemistry (ISHC5pBidi Fredj (Algeria), p. 112.
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Bu3Ha4yeHHA MexaHiYHUX XapaKTepUCTUK TpybonpoBoAiB HEPYUHIBHUM MeTOAOM
3 ypaxyBaHHAM MiKPOCTPYKTYPHUX 3MiH

M.O. Kapnam*, €.P. /loyenko, O.M. Kapnaw

lsano-Ppanxiscokuti HAYiOHATLHUL MeXHIYHUL YHIGepcumem Hagmu i 2asy;
15, syn. Kapnamcoka, m. lsano-@pankiscox, 16019 ,Vrpaina

IcHyroui Mepexi TpyOONMpOBOMIB ISl TpaHCHMOpPTYyBaHHS HadTH 1 rasy mepeOyBaloTh B eKCIUTyaTallii
JNECATWIITTAMH, IO B Pe3yibTaTi NMPHU3BOIUTL N0 CYTTEBHUX JeTpaJallifHUX TMpoieciB. HaBempeHo pesynbraTu
eKCIIEPUMEHTAIIBHUX JJOCIIPKEHb TUTOMOTO EJIEKTPHYHOI0 OOy CTaJiei ra30MpoBO/IiB 32 JOMOMOTOI0 CIeliabHO
PO3pOOJICHOTO MPHUCTPOIO, IO peani3ye YOTHPUKOHTAKTHHIA MeTolI. BukopucTtano OararomapaMeTpoBHH ITiaXim, 3a
SIKOTO HEHPOHHI Mepexki 3aCTOCOBYIOTHCS JIUIsI HENIHIHHOI ampokcUMaIlii TpaHuIll ITUHHOCTI TPyOOMPOBOIIB SIK
(yHKITIT TBEpJOCTI Ta MUTOMOTO E€JIEKTpUIHOTO omopy. Jis po3pi3HEHHS MIKpOCTPYKTYpH BHKOPHUCTOBYBAIUCH
CreliaJbHO TEpMIiYHO OOpOOJIeHI CTaneBi 3pa3ku, a TaKOoX 3pa3kd, B3ATI 13 TPHUBAIOEKCIUIyaTOBAHUX
TpybomnpoBoaiB. Ha Bcix 3pa3skax Oyio BUKOHAHO PYHHIBHI JOCIIJUKEHHS IPaHHLI IUIMHHOCTI, PE3yJbTaTH SIKHX
BUKOPHCTOBYBAINCH SIK 0a30Bi. [loka3aHo, 10 YOTHPHMKOHTaKTHUH METOJ MOXXE BHKOPHCTOBYBATHCH Ul BCi€l
METaJOKOHCTPYKIIii, OCKUIbKK i pealibHi po3Mipy HE BIUIMBAKOTH HA PE3yNbTAT BUMIPIOBAHHS 33 BUKIFOUCHHSIM
3BEJICHOI TOBIIMHU YaCTWHU 3pa3Ka, B SKifl TYCTHHA CTPyMy Csra€ HaiOiJIbIINX 3HAYCHb TAa BH3HAYAE 3HAYCHHS
MUTOMOTO eJeKTpUYHOro omopy. KomOiHOBaHe BUMIpIOBaHHS TBEPAOCTI Ta IHMTOMOIO EJIEKTPUYHOTO OIOPY 3
MOJAITBIIAM OOPOOJCHHIM HEHPOHHUMH MEPEKaMHU A€ MOMIIMBICTh HOCATTH TOYHOCTI 26 MIla 3 BH3HAYCHHS
TPaHHUIIl TUTMHHOCTI peajJbHUX TPYOOIIPOBOIIB.
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