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Abstract

The questions about metrological assurance and evaluation of the reliability of decision-making on the state of a metal
control object during eddy current testing of surfaces with complex structure are considered in this article. The target of
the research is the complex surfaces from position of their geometry and electromagnetic characteristics, that are formed
on the surface of metal products during the formation of welded joints.

During the quality control of state of welded joints, first of all, the special attention is given to the identification of
internal and external defects of the joint weld. However, the quality of the joint weld, from position of its mechanical
characteristics, is no less affected by the shape, size and composition of the joint weld. The task of controlling the size and
shape of the joint weld is quite successfully solved by applying the visual-optical method of nondestructive control. With
regard to composition of the joint weld, the eddy current method of control allows to determine the composition of the
material of the welded joint by measuring the magnetic and electrical characteristics of the metal.

The use of eddy current method of control allows to determine the geometrical parameters of a metal object and its
electromagnetic characteristics. However, in this case, the uncertainty appears that is associated with the impossibility of
determining which of the factors (the geometric dimensions of the object of control or the change in its electromagnetic

characteristics), to some extent, has affected the measurement result of the signal of the eddy current transducer.
This article analyzes the influence of these factors from the point of view of their metrological characteristics and
provides the formulas that allow to estimate the risks of the customer and the executor in the case of control of complex

surfaces by the eddy current method.
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Introduction

In the practical application of the eddy current
method of quality control of electrically conductive
objects with a complex surface structure, as a result
of measuring informative parameters (amplitudes and
phases of the output signal of the eddy current trans-
ducer), the decision on validity or non-validity of the
control object (OC) is made depending on whether
the monitored parameter is within the permissible li-
mits [1]. Typical examples of such surfaces are welded
joints, to which technical requirements are established
regarding the dimensions of the weld bead and its
surface roughness. The limited measurement accuracy
of the output signals of the eddy current transducer
(ECT) and the impossibility of providing ideal con-
ditions for testing often leads to erroneous decisions,
i. e. to the recognition of the object fit for operation
as unfit and vice versa. In most cases, the decision is
made by the operator, who in the process of control
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compares the signal of the eddy current transducer with
a set of reference signals, i. e. signals from a weld with
known geometric and mechanical characteristics [1]. In
this case, the correctness of the decision will mainly
depend on the qualifications of the operator and the
possibility of producing standard samples.

The objective of this work is to obtain dependen-
cies for calculating the reliability of control of welded
joints, taking into account the metrological characte-
ristics of the instruments and the characteristics of the
welded joint.

Research results

When adjusting the sensitivity of the eddy current
transducer to the expected surface size, standard sam-
ples simulating the surface of the welded joint are used
as a reference measure [2]. At the same time, in the
process of monitoring an unknown parameter (height,
length, width), the excess (or compliance) of the ECT
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signal level is fixed above the ECT signal level from
the corresponding model weld [3].

From the point of view of the measuring proce-
dure, in this case the differential method of compari-
son with the measure is used. The relative error of the
result of the comparison with the reference measure
satisfies the expression:

8X =L 5 H+5M,
X )
where 6X — relative instrumental error of the measuring
device; OM — the relative error in the calibration of the
measure, i. e. related to nominal value XM; a=X—XM —
the difference between the measure and the real object.
In this case, when comparing the amplitude of
the signals of the eddy current transducer from a real
object and a reference sample, in the case of using
the amplitude method, one can set the dependence of
the relative error in determining the size of the weld
in the form:

2

U = ULSUW +(3U,), 2
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where dU — the relative error of comparing the size
of the real and the reference surface, or else, the error
of comparing the correspondence of the level of the
ECT signal of unknown size against the corresponding
size of the reference sample; 60U, — the relative error
in measuring the amplitude of the output voltage of
ECT from the real surface of the weld; SUS . — the
relative error in measuring the output voltage from the
ideal surface of the standard sample; a= UW—6 U, — the
difference between the signals of the converter from the
real and the reference surface.

Obviously, for the case of using the phase me-
thod of defect control with eddy current transducer, a
similar relationship can be established for the error of
comparing the phase signal:

a
g =—0¢,, +00, 3)

w

where ¢ — the relative error of comparing the phase
of the output signal of the ECT from the real and ideal
surface of the standard sample; 5(pw — the relative error
in measuring the phase of the ECT signal from the real
surface of the weld; 5(pst — the relative error in measuring
the phase of the signal from the ideal surface of a stan-
dard sample; a=¢_—¢_  — the phase difference between
the signals from the real and the reference surface.

As it can be seen, formulas (2) and (3) are iden-
tical and reflect the behavior of comparison errors of
an unknown parameter of the weld surface with a mo-
del surface when using an amplitude or phase control
method. A similar expression can be written for the
case of representing the complex signal EMF of the

eddy current transducer on the oscilloscope screen in
the complex plane.

Let’s carry out an analysis of the error compo-
nents of determining the characteristic size of a curved
surface using the example of determining the height
of a weld bead by measured ECT signals (amplitude,
phase, complex EMF) with the amplitude method and
the basic formula (2).

The measurand, namely the nature of the am-
plitude of the signal from the real and the reference
surface, is a complex and often uncertain function of
the form:

Uy = f(H,0,{0} MOy Pody ), (4)

Ust :f(H’(Da{Q}5“’rst’cst’lst’hst’dst)’ (5)

where H — the intensity of the probe sample of the
electromagnetic field; w — cyclic frequency of a va-
riable in time probing electromagnetic field; {Q} — a
set characterizing the converter parameters (dimensions
and mutual arrangement of the coils, the distance to
the sample, parameters of the windings of the coils,
etc.); u, o, — relative magnetic permeability and
specific electrical conductivity of the material of the
object under study; u_, 6, — electromagnetic cha-
racteristics of the standard object; [, 4, d and [,
h,, d, — geometric dimensions of the investigated and
reference surface.

The difference a between the signals from the real
and the reference surface in the numerator of expres-
sion (2) characterizes the degree of proximity of the
signals and serves as a criterion for the correspondence
of the dimensions of the studied surface to the refe-
rence surface [4]. In expressions (4, 5), the magnetic
field H, the frequency w, the set of transducer para-
meters {Q}, as well as the parameters of the measuring
circuits of the control circuits, when the experiment
procedure is carried out correctly, are stable and have
the same effect on the measurement result of the
voltage of the ECT signal from the reference and real
surface. In this case, the expression for the results of
comparison a will have the following form:

a=U, (Mrw’cw’[w’hw’dw)_Ust(l’lrstﬁcswlst’hst’ st)' ©6)

In this case, the signal from the reference curved
surface has a strictly determinate character, the signal
from the real surface is a random variable, which is a
function of the geometric parameters of the weld bead
and the sample material with five degrees of freedom
[5]. Typically, variables u_, 6, [, h, d, can take spe-
cific fixed values in a narrow range of the measurand;
in the general case, variables u_, o, [, h , d are con-
tinuous functions of the corresponding parameter.

In this case, it is possible to minimize the
value a, provided that one or a number of sets
v, (v, o, L, h, d)} are matched to the set, which
can be realized by enumerating the corresponding pa-
rameters.
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The probability of making a decision that the un-
known size of a curved surface in terms of parameters
corresponds to one of a number of reference ones, it
is necessary that the relative comparison error is equal
(close in magnitude) to the relative measurement error
of the signal from the reference surface (according to
formula (2)).

|5U —8U | = min. (7)

For example, as a characteristic size of a curved
surface, we take the characteristic of the heights of the
weld bead. The decision on whether the parameters
of the curved surface, namely the height of the weld
bead, satisfy condition (7) is taken according to the
results of monitoring the output signal of the ECT
based on the ratio:

hiw = hist + Siw’ (3)
where Siw — error in measuring the height of the weld
bead; h — actual value of the height of the weld bead,

which is determined by the visual-optical method.

Due to the limited accuracy of eddy current con-
trol, it is impossible to make an unmistakable decision
about the true value of the height of the weld bead.
According to the results of measuring the ECT signal,
the possible values of the parameter 4 can be eva-
luated, the probability density distribution of which is
determined by the formula [6]:

“(h.\g. (h. —h
i (hyfhy) =~ f(hy) g (B — )
.[ fl (hist)qi (hiw _hist)dhist

rq; (Siw)» )

where f, — probability density distribution of the con-
trolled parameter; 8, — probability density distribution
of measurement error /.

This formula is valid for statistically independent
parameters 8 and A as the rate of change f(h, ) is
quite small.

Due to the finite accuracy of measuring the ECT
signals, as well as the methodological errors embedded
in the conversion function that connects the geometric
parameters of the weld bead and the ECT signals, two
types of errors are possible during control [7]:

1) recognition of the height of the weld bead such
that satisfies the condition (8), which in reality is not
such, or otherwise — the risk of the customer R

2) rejection of a suitable control object — manu-
facturer’s risk R_.

These risks can be managed both by reducing the
measurement error and by narrowing the control tole-
rances.

If the measurement results lie on the border of per-
missible values, the individual risks R and R cannot
be made smaller than % irrespectively to the extent of
increase of the measurement accuracy. Also, with the

removal of the controlled parameter 4, the risks be-
come dependent on the distribution f(#, ). Taking this
into account, it is advisable to introduce the concept of
averaged customer’s risk and manufacturer’s risk:

Hf )y, — by ) dhydh,
R=1- . (10
j j f(hy)q(hy, —hy)dh,dh,
-0 A
BB
—h)dh,dh,
R -1- Mf " ) ooan

jf

where 4 and B — lower and upper limits of acceptable
values for the height of the weld bead.

As it can be seen from the formulas for calculating
risks and choosing the required control accuracy, it is
necessary to know the probability density distribution
of the controlled parameter f{h,).

The random size of the height of the weld bead,
subject to the welding technology, must comply with the
geometric characteristics of the permissible limits that
are established by the regulatory documentation for the
performance of certain types of work. In this case, the
normal distribution of the probability density can serve
as a model of the behavior of the controlled parameter.

The height of the weld bead 4 is estimated by the
output (amplitude and phase) of the ECT signal. Since
the ECT signal depends on a large number of fac-
tors, namely U, =f(H,(D,{Q},urW,GW,lW,hW,dW)
we will consider the distribution law of random errors
in determining the height of the weld bead at different
points on the surface to be normal.

RO

1w waver

Lo e (12)

- 2no
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where Siwmr — the average value of the error in de-
termining the height of the weld bead; ¢ — standard

deviation o

iwaver®

Summary

Classically, the distribution parameters 6., _and o are
determined by the statistical processing of multiple meas-
urements, i. e. during experiments with a wide variety of
characteristic sizes of curved surfaces. The implementation
of this approach is technically very complicated and re-
quires the manufacturing of a wide range of reference sur-
faces on materials with known electromagnetic properties,
as well as the conditions of the experiment (intensity, field
frequency), sizes of ECT coils. In the future, it is necessary
to replace the complex and expensive procedures for the
manufacturing of model surfaces by modeling the ECT
signals based on theoretical studies of the interaction of
ECT with curved surfaces with desired properties.
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AHoTamis

VY cTarTi po3rasaalTbCs MUTAHHS 100 METPOJIOTIYHOro 3a0e3MeUYeHHs Ta OL[iHKM JOCTOBIPHOCTI MPUUHSTTS pillleHb
MPO CTaH METaJeBOro O0’€KTa KOHTPOJIO Tl Yac TMPOBEACHHS BUXPOCTPYMOBUX BUIIPOOYBaHb MOBEPXOHb 3i CKIIATHOIO
cTpyKTyporo. O6’eKTOM JNOCHTIIKEHHS € CKJIalHi, 3 TOUKU 30py FeOMeTpii Ta eJeKTPOMArHiTHUX XapaKTEePUCTUK, MOBEPXHi,
SIKi YyTBOPIOIOTHCSI Ha TMOBEPXHiI MeTajeBUX BUPOOIB ITid yac (OpMyBaHHSI 3BapHUX 3’€HAHb.

VY npolieci MpoBeneHHs KOHTPOJIIO SIKOCTi CTaHy 3BApHOTO 3’€IHaHHS B IepLIy Yyepry ocoOJuBa yBara MpPUIISIETHCS
BUSIBJICHHIO BHYTPIllIHIX Ta 30BHILIHIX Ae(eKTiB 3BapHOro mBa. OQHaK Ha SKiCTh 3BapHOIO 3’€IHAHHS, 3 TOUKU 30py MOro
MEXaHIYHUX XapaKTePUCTUK, HE MEHIIMM YMHOM BIUIMBAIOTH (hOpMa, po3Mip Ta CKJIaJ] 3BAPHOTO I11BA. 3aBIAaHHS KOHTPOJIIO
po3Mipy Ta (opmMu 3BapHOTO IIBa LIJIKOM YCITIIIHO BUPILIYETHCS IUISIXOM 3aCTOCYBaHHS Bi3yaJbHO-ONTUYHOIO METOIY
HepyliHiBHOTO KOoHTpomo. Lllo crocyeTbest ckimamy 3BapHOTO IIIBa, TO BUXPOCTPYMOBUIA METOI KOHTPOJIIO JO3BOJISIE BU3HA-
yaTu CKJIaJ Martepialdy 3BapHOIo 3’€IHAHHS ILJISIXOM BUMipIOBAaHHSI MarHiTHUX Ta €JIEKTPUYHUX XapaKTePUCTUK MEeTaly.

IcHYIOTH OTHO3HAYHI KOpPEJSALiiiHI 3B’SI3KM MiX €JICKTPOMATHITHUMM Ta MEXaHiYHUMM XapaKTepUCTUKAMU MeETaiy.
3acTocyBaHHSI BUXPOCTPYMOBOIO METOAY KOHTPOJIO TO3BOJISIE BU3HAUYATU FE€OMETPUYHI MapaMeTpu MeTajleBOro o0’eKTa Ta
1iOTO0 eeKTpOMarHiTHI xapakrepuctuku. OQHAK Y IIbOMY BUMAIKY 3’SIBJISIETHCS] TIeBHA HEBU3HAYEHICTD, TIOB’S13aHA 3 HEMOX-
JIUBICTIO BU3HAUEHHS, SIKUI i3 (hakTOpiB (reOMETPUYHi po3Mipu 00’e€KTa abo 3MiHa HOT0 eJeKTPOMArHiTHUX XapaKTepUCTUK)
Ti€I0 YW {HIIOIO MipOI0 BIUIMHYB Ha Pe3yIbTaTH BUMIPIOBAHHSI CUTHATY BHXPOCTPYMOBOTO TEPETBOpPIOBAYA.

Y poboti nmpoBeneHo aHalli3 BIUIMBY LKMX (PAKTOPIiB 3 TOUKMU 30pYy iX METPOJIOTIYHUX XapaKTepUCTUK Ta HABEJIEHO
dopmynu, sIKi NO3BONSIOTH OLIHUTUA PU3UKU 3aMOBHMKA Ta BUKOHABIISl y Pa3i KOHTPOJIO CKJIAAHUX MOBEPXOHb BUXPO-
CTPYMOBUM METOJIOM.

KinrouoBi ci0Ba: BUXpOCTPYMOBUIA METOJ; ilealbHUIl 00’€KT; SIKiCTh; METPOJIOTIUHE 3a0e3MeUeHHs; HaliiiHICTh; 3BapHa
TTOBEPXHSI.

OnpenejieHne JTOCTOBEPHOCTH KOHTPOJSA KPHBOJMHEHHBIX
NOBEPXHOCTEll BUXPETOKOBBIM Npeodpa3oBaTesieM

C.H0. Twna', N.B. Twona?, Canam byccu®

! HayuoHanbHbIl Hay4HbIl ueHmp “UiHemumym mempornoeuu”, yn. MupoHocuykas, 42, 61002, Xapbkos, YkpauHa
stiupa1978@gmail.com

2 YacmHoe akyuoHepHoe obuwecmeo “XapbkosaHepaocbbim”, yn. [lnexaHosckasi, 126, 61037, Xapbkos, YkpauHa
igortyupa9@gmail.com

3 JlusaHckuli eocyOapcmeeHHbil yHusepcumem, 6573/14 Bbadapo, Mysel, Belipym, JlusaH
Salamboussi2008@hotmail.com

AHHOTaIMSA

PaccmaTpuBaloTcst BOMPOCHl METPOJIOTMUECKOTO O0ECIeUeHUST M OLIEHKM JOCTOBEPHOCTU MPHUHSATHSI PEIICHUIT O CO-
CTOSIHUM METaJUIMYECKOro O0ObEeKTa KOHTPOJISI IIPU BUXPETOKOBBIX MCIIBITAHUSIX CIOXHBIX MOBepXHOCTe. OObEKTOM HUCCIIe-
JIOBaHUS SIBJITIOTCSI CJIOKHBIC C TOYKM 3PEHMSI TEOMETPUM M BJICKTPOMATHUTHBIX XapaKTePUCTUK TOBEPXHOCTH, KOTOPBIC
00pa3yloTcsl Ha MOBEPXHOCTU METAIMYECKUX M3IEIMil Mpu (OPMUPOBAHUU CBAPHBIX COEIUHEHMIA.

[1py KOHTpOJIE KayecTBa COCTOSTHMSI CBAPHOTO COCIMHEHUS B TIEPBYIO odepelb 0C000¢ BHUMAHUE YICNSICTCS BBISIBICHUIO
BHYTPEHHUX M BHEIIHUX Ae(GeKToB cBapHOro IiBa. OQHAKO Ha KayeCTBO CBAPHOIO COCAMHEHMS C TOYKM 3PEHUSI €ro Me-
XaHUYECKUX XapaKTEpPUCTUK B HE MEHBIIEH CTeleHU BIUSIOT (opma, pasMep M COCTAaB CBAPHOIO IIBA. 3agada KOHTPOJIS
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pa3mepa 1 (OpMBI CBApPHOTO IIIBAa BIIOJIHE YCTICITHO PEIIAeTCsT MPUMEHEHMEM BU3YalbHO-ONTUYECKOTO METO/Ia Hepa3pylla-
IoIero KOHTpoJist. YTo KacaeTcst cocTaBa CBapHOTO ITBAa, TO BUXPETOKOBBIN METOI KOHTPOJISI IMTO3BOJISIET OMPEAEIISITh COCTaB
Marepuana CBapHOTO COCAMHEHUS MyTeM M3MEPEHMSI MAaTHUTHBIX M 3JEKTPUUYECKUX XapaKTEPUCTUK METaslia.

TIpuMeHeHe BUXPETOKOBOTO METOda KOHTPOJISI ITO3BOJISIET ONpPENeITh TeOMeTpUYecKre MapaMeTpbl MeTaThniec-
KOT0 O0OBEKTa M €ro 3JeKTPOMarHUTHbBIE XapaKTepucTuku. OMHAKO B 3TOM ciyyae TOSIBJSIETCS HEOIpeneJeHHOCTb, CBSI-
3aHHasI C HEBO3MOXHOCTBIO OIpenesieHrs], Kakoil 3 (akTopoB (reoMeTpuieckre pa3Mepbl 00beKTa WIM U3MEHEHUE ero
9JIEKTPOMArHUTHBIX XapaKTepPUCTUK) B TOM WJIM WHOM Mepe TMOBAWSUT Ha pe3yJbTaT M3MEPEHMSI CHTHajla BUXPETOKOBOTO
mpeobpaszoBaTers.

ITpoaHann3upoBaHO BIMSIHME NAHHBIX (HAKTOPOB C TOUKM 3PEHMSI UX METPOJOTMUYECKUX XapaKTEePUCTUK U MPUBEAEHbI
(opMyJIbI, KOTOpBIEC TO3BOJISIIOT OLICHUTh PUCKHU 3aKa3uMkKa M MCIIOJHUTENS B Cllydac KOHTPOJISI CIIOXKHBIX TTOBEPXHOCTEM
BUXPETOKOBBIM METOIIOM.

KioueBbie cioBa: BV[XpeTOKOBbe;I METO/; UaealbHbIN O6’bCKT; KayeCTBO, METPOJIOTUYECKOE OGGCHG'{CHI/IC; HaJI€>KHOCTb,
cBapoyHas IMOBEPXHOCTb.
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