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Mitigation of the effect of variations in the electrical conductivity of the material via
two-frequency eddy current testing of the thickness of the electrically conductive wall
under significantly varying influence parameters

The paper analyzes feasibility of the two-frequency eddy current method for measuring the thickness of an
electrically conductive wall under significantly varying test and influence parameters of the test object — the
lift-off between the eddy current probe and the test object surface, and the electrical conductivity of the material.
An analytical solution was used to determine the dependence of the two-frequency signal of the surface eddy
current probe on the influence parameters of the test object. The informative parameters usedto simultaneously
mitigate the effect of the two influence parameters were the amplitude of the added high-frequency voltage to
determine the lift-off, the phase of the added low-frequency voltage to determine the«wall thickness, and the
phase of the added high-frequency voltage to suppress variations in the electrical conductivity of the material.
The calculated dependences of the informative parameters on the test and influence parameters were analyzed.
The use of nonlinear functions of the inverse transformation of the informative parameter into the test parameter
was shown to efficiently mitigate the effect of variations in the lift-off on measurement results. A method to
suppress variations in the electrical conductivity of the test object material is proposed. It implies the correction
of the phase of the added low-frequency voltage by the correction value calculated from the parameters of the
lift-off and wall thickness, and high-frequency phase variation caused by varying the electrical conductivity of
the material.

Keywords: thickness measurement, surface eddy current probe, signal hodographs, stray parameters,
suppression in eddy current testing.

Introduction

Eddy current non-destructive testing methods are widely used to test the electromagnetic and geometric
parameters of multilayer electrically conductive products [1, 2].

Technical implementation of the eddy.current method used to measure the wall thickness of light alloy
drill pipes using a surface eddy current-probe (ECP) is described in [3]. It is shown that along with the wall
thickness parameter t, the main parameters of the test object that affect the ECP signal during measurement
are variations in the lift-off h between the ECP and the surface of the test pipe and the electrical conductivity
o of the pipe material.

Significant variations' in test and influence parameters complicate mitigation of the effect of these
parameters on measurement results. The most effective solution to this problem is to use a multifrequency
magnetic field [4—6]. For two-frequency eddy current testing, the excitation current frequencies are chosen so
that the penetration depth of the magnetic field approximately equals half the wall thickness at high frequency
f; and exceeds the wall thickness at low frequency f.. In this case, the added high-frequency voltage of the
eddy current probe depends on the lift-off h and material electrical conductivity o, and the added low-
frequency voltage depends on the lift-off h, material electrical conductivity o and wall thickness t.

As shown in [7], conventional methods used to mitigate the effect of stray parameters (phase, amplitude,
amplitude-phase) do not always yield the desired result, and the use of nonlinear functions of the inverse
transformation of the informative parameter into the test parameter is far more efficient under the specified
test conditions.

In [3], it was proposed to use nonlinear functions of the inverse transformation of the phase of the added
low-frequency voltage into the test parameter to mitigate the lift-off effect, using the amplitude of the added
high-frequency voltage to determine the lift-off values required for computation transformation. The study
subject of this work is mitigation of the effect of variations in the electrical conductivity of the wall material
on the results of measuring the electrically conductive wall thickness.
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Methods and Materials

Figure 1 schematically shows the design of the surface ECP used in the study, which consists of the
excitation winding w1, measurement winding w1 and compensation winding w-,. The number of turns in the
measurement and compensation windings is equal: w1 = W2, = Wo. An opposite connection of the measurement
and compensation windings in the absence of the test object mutually compensates their initial electromotive
force (EMF). Eddy currents generated in the electrically conductive test object located near the ECP cause a
signal at the ECP output. The amplitude and phase (complex components) of the applied EMF generally
depend on the amplitude and frequency of the excitation current, ECP design parameters, electromagnetic
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Figure 1. Surface ECP mounted over an electrically conductive plane wall

characteristics of the material and geometric parameters of the test object, and the position of the ECP relative
to the test object.

A mathematical model of the interaction between the magnetic field of the eddy current probe and the
test object can be created based on well-known analytical solutions proposed in [8, 9]. To simplify the model,
it was assumed that the winding cross section is infinitely small, the radii of the excitation winding r, and these
of the measurement and compensation windings r. are equal to the radii of their middle turns, and the test
object is of flat shape. In their mathematical structure, the results of the interaction between the ECP and the
electrically conductive object having a curved surface (pipe) are similar to mathematical expressions for a flat
object, which are adjusted for their numerical values [8].

A plane wall made of a non-magnetic:material with the electrical conductivity ¢ in the range of (14...20)
MSm/m with a thickness t in the range of (5...12) mm was used as a test object. The distance between the ECP
measuring winding and the test object surface h varied in the range of (0...12) mm.

For the mathematical model; the ECP.design used parameters were as follows: excitation winding radius
r. = 18 mm; radii of the measurement and compensation windings r> = 15 mm; the distance between the planes
of the turns of the measurement. and compensation windings located symmetrically with respect to the
excitation winding 2 hiy = 22'mm.

With regard to the above,the excitation current frequencies were chosen equal to f1 = 2500 Hz and f; =
125 Hz.

Results and Discussion

According to.[8], based on the assumptions, the added relative voltage of the measurement winding can
be calculated by the expression:

. .1 OO. h12+2h I I.
U, =j— exp| ————X |xJ,| [Xx|xJ, | [Zx|dx, 1
21 JF_c[(pto p{ 0, xXJp r xJy r1 (1)

where j:«/—l is the imaginary unit; J; is the Bessel function of the first kind and first order; x is the

integration parameter; F is the value proportional to the mutual inductance of the measurement and excitation
windings calculated by the expression:

K h r r
F=[exp| ——Z=x|xJ,| [*x|xJ,| [Zx]|dx,
fool )i
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¢y, is the function of the test object, calculated for a non-magnetic material by the expression:
-ipth(t X+ B
t = )
T iB(r B )+ 2x i+ i

where t'=t/r, is the relative wall thickness; B=r./oop, is the generalized parameter; o is angular
frequency of the excitation current; o is electrical conductivity of the material; Lo is the magnetic constant.
The expression for calculating the relative input voltage of the compensation winding can be obtained from

(1) by formal replacement of the value hi, by 3hi..
The resulting value of the added relative voltage of the measurement and compensation windings can be

calculated as follows:

1 * T * 7 *
U =Uz —Uy,.
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Figure 2 shows hodographs of the added relative voltage of the surface ECP versus variations in electrical
conductivity (dashed line), lift-off (dash-dotted lines), and thickness (solid line) calculated using the above
analytical expressions for excitation current frequencies of 2500 Hz and 125 Hz.

The phase . of the added low-frequency voltage is typically used as an informative parameter of the
added ECP voltage in two-frequency eddy current testing of the electrically conductive wall thickness t. The
dependence pattern (t) is monotonic. The analysis of the curves plotted in Figure 2 show that the value of
the phase ¢, depends, to some extent, on the lift-off h.

Figure 3 shows the dependence of the informative parameter of the added voltage ¢, on the test parameter

t for different values of the lift-off h.
The paper [3] proposes an algorithm for computation transformation of the values of the added voltage phase ¢
and lift-off h into the value of the test parameter t using non-linear functions of the inverse transformation of the
informative parameter into the test parameter. In this case, the electrical conductivity of the wall material was
taken equal to a fixed value co. In fact, the electrical conductivity o of the material can vary in a wide range.
Since o significantly affects the added voltage phase o», variations in the material electrical.conductivity during
measurement should be suppressed to minimize the measurement error of the test t.
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Figure 3. The informative parameter of the added voltage o, versus the test parameter t for
different lift-off values h
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Figure 4. The added voltage phase ¢z versus electrical conductivity o for different lift-off values h
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Figure 4 shows the dependence of the phase of the added low-frequency voltage ¢2 on the electrical
conductivity of the material o calculated using the above analytical expressions for different lift-off values h
at fixed wall thickness t =9 mm.
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Figure 5. The added voltage phase ¢ versus electrical.conductivity o for different lift-off
values h

Figure 5 shows a similar dependence of the phase of the added high-frequency voltage ¢ on the electrical
conductivity o for different lift-off values h.

—@2, rad T T

t=55mm
t=11mm
0.6 _’  t=18mm

04 7

0 1
14 16 18 o, MSm/m

Figure 6. The added voltage phase ¢z versus electrical conductivity o for different thickness values t

Analysis of the dependencies presented in Figures 4 and 5 shos that both dependencies ¢2(c) and ¢1(c) are
almost directly proportional. The dependences differ in a greater value of the proportionality constant in the first
case, and in the dependence of the added low-frequency voltage phase ¢, on the electrically conductive wall
thickness t (Fig. 6). The added high-frequency voltage phase o virtually does not depend on the thickness t.
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Based on the results of the analysis, a method was proposed for suppression of the variations in the
electrical conductivity ¢ of the material to minimize the measurement error of the test parameter t.

The method is as follows. First, the added high-frequency voltage phase ¢1ois determined at the measured
lift-off h and the nominal electrical conductivity oo using the dependence shown in Figure 5. For experimental
determination of the conversion function, the value of the phase @10 corresponds to the test samples.

After that, we calculate the phase difference Ae: between the measured phase ¢: of the added high-
frequency voltage and its value ¢ioat the nominal electrical conductivity oo:

AP, =@, — ¢y -

Next, we determine the phase difference A, between the measured phase value ¢ of the added low-
frequency voltage and its value ¢z at the nominal electrical conductivity oo.

The mathematical and physical modeling show that the phase difference Ag> (due to.the difference
between the electrical conductivity o of the test pipe material and its nominal value o) is related to the phase
difference A1 (due to the same reason) through the directly proportional dependence of the form

Ap, =K Ag,,

where K is the factor.

K depends on the phases of the added voltages of low (¢2) and high (pz) frequencies, with regard to the
above proportional dependencies of the influence parameters for two fixed valuesof the electrical conductivity
o1 and o2

K = 9,(0,,t,h) — @, (ot ) '
(Pl(GZ’t’h)_(pl(Gl7t’h)

K is the function of the electrically conductive wall thickness t and the lift-off h. The dependence pattern
K (t, h) is presented in Figure 7. Continuous lines indicate dependencies K (t) for different lift-off values h.

With an acceptable degree of approximation, these dependencies can be described by polynomas of the
first degree (dashed straight lines in Figure:7):

K, h)y=a,+at+a,th+a,h,

where ap, a1, a;and as are the coefficients'depending on the values of low f, and high f, frequencies and the
structural parameters of the eddy. current probe.

The previously calculated values of the lift-off h and the thickness t are used to find the multiplier K,
which is necessary to calculate Ag.. Next, we calculate the corrected value of the added low-frequency voltage
phase, which corresponds to the nominal electrical conductivity oo:

Oy =0, — A, .

After that, a new corrected phase of the added low-frequency voltage o is used to perform recalculation
the thickness t using the dependence presented in Figure 3. The recalculated thickness t is used for consistent
calculations of K, Az, @2 and the thickness t. The described calculation cycle is repeated (2... 5) times,
depending on the required accuracy. The thickness t calculated in the last cycle is taken as the final test
parameter t.

Test samples of different wall thickness used for experimental verification of the results and evaluation
of the effectiveness of the proposed method were similar to those used in [3]. The nominal electrical
conductivity was 16 MSm/m. The electrical conductivity was changed through changing the sample
temperature in the range of (-10...+80) °C. The measurement of the high-frequency voltage phase showed
variation in the multiplier K used to correct the values of the low-frequency voltage phase in the range from
3.2t05.3.
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Analysis of the obtained results showed that the method proposed for mitigation of the effect of variations
in electrical conductivity minimizes this effect, and the measurement error of the wall thickness t in the range
of (5...12) mm with the lift-off changing in the range of (2...12) mm does not exceed 5 %.

K T T

0 \ 1

5 10 15 t, mm

Figure 7. Thefactor K versus the wall thickness t and the lift-off h

Conclusions

The two-frequency eddy current method can be used for effective measurement of the thickness of a non-
magnetic electrically conductive wall with significant variations in both test and influence parameters — the
lift-off between the probe and the test object surface, and the electrical conductivity of the material. The method
employs.such informative parameters of the signal as the added high-frequency voltage amplitude for
measuring the lift-off, added low-frequency voltage phase for measuring the wall thickness, and added high-
frequency voltage phase for suppressing variations in material conductivity. To mitigate the lift-off effect, a
method based.on the use of nonlinear functions of the inverse transformation of the informative parameter into
the test parameter has been proposed. The method proposed for suppressing variations in the electrical
conductivity of the metal is based on correction of the added low-frequency voltage phase by the correction
value determined by the values of the lift-off, and wall thickness, and variation in the high-frequency phase
due to the changed electrical conductivity of the material. The effectiveness of the proposed methods has been
evidenced by the results of mathematical and physical modeling.
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A.E. Tonpamreiin, X.X. AGakyMoB

oJcep eTeTiH mapaMeTpJIepaiH esiey i e3repicTepi KarAalbIHAA 3JeKTP 0TKI3Iill
Ka0BIPFaHbIH KAJBIHIABIFBIH 0aKbLIaY/IbIH €KIKULTIKTI KYIibIHIBI TOK J/IiCiH icKke
achIpy Ke3iHJe MaTepHAJIbIH JJIeKTP 6TKI3IiMITIri 63repicTepiHiH dcepiH aHBIKTAYy

Bakputay o0bekTiciHIH OaKbUIAaHATHIH JKOHE 9Cep €TETiH mapaMeTpiiepi — KYWBIHABI TOK TYPIACHAIPTIII MEeH
Oakputay OOBEKTICiHIH OeTi MEH MaTepHajIblH MEHINIKTI 3EKTP OTKI3TIIITIri apachIHAAFbl ANIaKTHIKTHIH
eJIeyJli e3repicTepi JKarIalblHIa IEKTP OTKI3Till KaOBIPFaHBIH KAJIBIHABIFBIH KYHBIHIBI TOKIIEH OaKblIay IbIH
SKDKUUTIKTI  OMICIHIH KOJNIAaHBUTYBl 3epTTedi. YcTeMe KYWBIHIBI TOK TYPJICHIIPTIlIiHIH eKDKUUTIKTI
CUTHAJIBIHBIH 0aKplIay OOBEKTICIHIH acep eTeTiH napaMeTpliepiHe TOYESIAUIIriH aHBIKTay YIIiH aHaJIHTHKAIBIK
IIeNIM KOJNAAaHbUIABL. bBakpuiay OOBEKTICIHIH €Ki ocep €TeTiH mapaMmeTpiepiH Oip Mesriime Tys3eryne
aKMapaTThIK MapamMeTpiiep peTiHAe CaHBUIAYAbl aHBIKTAY YIIIH YKOFaphl JKUUTIKTI KOJJAHBUIATHIH KEPHEYIIH
aAMIUTHTY IAChIH, KaOBIPFa KaJbIHABIFBIH aHBIKTAY YIIH TOMEH JKUUIIKTI KOJIAHBUIATHIH KEPHEYIiH (a3achH
JKOHE MaTepHaJIbIH MEHIIIKT 3J1eKTp OTKI3TIIITITiHIH e3repyiHeH KallblHa KeITipy YIIiH KOFaphl KHUIUTIKTI
KOJIIAHBUTATHIH KEpHEYIiH (asachlH TaiJalaHy YCHIHBUIFaH. AKIApaTTBIK MapaMeTpiepAiH MOHIEpiHIH
OaKplTaHATBIH JKOHE  acep »eTETiH mNapaMeTpiepre ecenrtey apKbUIbl AJIBIHFAH TAYENAUNrI TaljlaHFaH.
AKNapaTThIK MapamMeTpriepAiH MoH/iepiH OaKpUIaHATBIH apaMeTp MoHIHE Kepi TYPICHIIPY/IiH ChI3BIKTHIK eMeC
(GyHKUMIAPBl CaHBUIAYBIHBIH ©3repyiH Oakpllay HOTIDKEIEpiHe ocep eTyJeH KAbIHA KeNTipy YIIiH
naijanany THIMALIIC aTan oTinreH. MaTepuaiblH MeHIIIKTI 2JIEKTP OTKI3TIIITITiHIH e3repyiHe OaiIaHbICThI
CaHblIay MOHIEPIMEH, KaObIpFa KaJbIHIBIFEIMEH KOHE JKOFaphI KHUIUTIKTI (pa3aHbIH ©3repyiMeH aHBIKTAaThIH
Ty3eTy IIaMachlHa TOMEH J>KHIUTIKTI EHTi3UIeTiH KepHeyAiH ¢a3achlH TY3€Tyre HeTi3[enreH Oakpuiay
00BEKTICIHIH METATBIHBIH MEHIIIKTI 3JIEKTP OTKI3TIIITITIHIH 63repyiHeH TY3€Ty 9/IiCi YCHIHBUIIBL.

Kinm ce30ep: KalbIHIBIFBIH OJIIICY, YCTeMe KYHBIHIBI TOK TYPJCHIIPTII, CUTHAI TomorpadTapsl, Kexepri
HapaMmerpiepi, KyHbIHIbI TOK OaKpUIaybIHA TY3eTy.

A.E. Tonpamreiin, X.X. AGakyMoB

OT1cTpoiika OT BJIMAHUA U3MEHEHHH YJIEKTPONIPOBOAHOCTH MaTepuaJia pu
peajJM3anum IByX4aCTOTHOIO0 BUXPETOKOBOI0 METOAa KOHTPOJIA TOJIIUHbI
3JIEKTPONPOBOASIIEH CTEHKH B YCJIOBHAX 3HAYUTEIbHBIX U3MEHEHUI BJIMSIOLIMX
napaMeTposB

HccaegoBana MNPUMEHUMOCTDH JABYXYaCTOTHOTO METOa BUXPETOKOBOTO KOHTPOJIA TOJIINIHHBI
3HeKTpOHpOBOZ[HHIefI CTCHKHU B YCJIOBUAX 3HAYUTECIbHBIX H3MEHEHUH KaK KOHTPOJUPYEMOTO, TaK U BIUAIOMINUX
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MapaMeTpoB O0BEKTa KOHTPONIS — 3a30pa MEXAy BHXPETOKOBBIM MpeoOpa3oBaTeleM M TMOBEPXHOCTBIO
00BbEKTa KOHTPOJISI U YIENbHOH 37IeKTpHUECKON MPOBOAUMOCTH MaTepuana. [l ompeaeneHust 3aBUCUMOCTH
JBYXYaCTOTHOTO CHUTHaJa HAaKJIaJHOTO BUXPETOKOBOTO MpeoOpa3zoBaTelsi OT BIHAIOIIUX TapaMeTpOB 00bEKTa
KOHTPOJIS WCHOJNB30BaHO aHAJIMTHYECKOe penreHue. /Iyl oMHOBPEMEHHOW OTCTPOMKH OT JBYX BIMSIOLIHX
napaMeTpoB OO0BEKTa KOHTPOJIS IPEIIOKEHO HCIONB30BaTh B KadecTBE WH(OPMATHBHBIX IapaMeTPOB
aMIUIUTYly BHOCHMOTO HAIPsDKEHHUsS BBICOKOM YacTOTBI U ONpeleleHHs 3a3opa, (asy BHOCHMOTO
HaIpsDKEHHs] HU3KOHW 9acTOTHI JUTS OTIPe/IeNICHHUsI TOIIIMHBI CTeHKH | (ha3y BHOCUMOT'O HANPSDKEHUS BEICOKOM
qacTOTBl IJIsI OTCTPOMKM OT U3MEHEHHsA YJICNbHOH SJIEKTPHUUECKOM MPOBOJMMOCTH MaTepuala.
IIpoananu3upoBaHbl MONMy4YEHHbIE PACYETHBIM ITyTEM 3aBUCHMOCTH 3Ha4eHMI MH()OPMATHBHBIX NapaMeTPOB
OT KOHTPOJIMPYEMOT'0 U BIMAIOIIMX HapameTpoB. OTMeueHa 5 eKTHBHOCTh MCTIONB30BaHMS I OTCTPONHKH
OT BIIUSIHUS Ha Pe3yJIbTaThl KOHTPOJISI H3MEHEHUH 3a30pa HeNMHEHHbBIX QyHKIM 00paTHOrO MpeoOpa3oBaHuUs
3HAUeHNII MH(OPMATHBHBIX MapaMeTPOB B 3HAYCHHE KOHTPOJIMPYEMOTo Iapamerpa. [IpemnokeH Mmeron
OTCTPOHMKHU OT U3MEHEHUS YACIBbHON HIICKTPUIECKOH IIPOBOANMOCTH MeTaJIa 00bEKTa KOHTPOJISI, OCHOBAaHHBIH
Ha KOppeKIux (ha3sl BHOCHMOTO HANPSDKEHHS HU3KOH YacTOTHI Ha BEJIMYMHY IIONPABKHU, ONpeesieMoi
3HAUCHUSIMH 33a30pa, TOJIIIMHBI CTEHKH M H3MEHEHHEeM (ha3bl BBICOKOH 9acTOTHI, 00YCIIOBICHHBIM H3MEHEHHEM
YAENBbHOU 3JEKTPUUYECKOH IPOBOAUMOCTH MaTepHaa.

Kniouesvie cnosa: n3mepeHue TONMIMHBI, HAKJIaIHOM BUXPETOKOBBIN MpeoOpa3oBarelb, rogorpadbl cCUrHala,
MeEIIAoIIHUe TapaMeTphl, OTCTPOHKa TP BUXPETOKOBOM KOHTPOJIE.
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