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Research on Multi-frequency Eddy Current Non-Destructive

Testing Based on Variable Distance T-R Probes

ABSTRACT

Carbon Fiber Reinforced Polymer (CFRP) is a core material in
modern engineering technology, possessing advantages such as high
strength, light weight, and superior corrosion resistance. It is widely
applied in industries such as aerospace and automobile manufacturing.
Many uncertainties during the manufacturing process of CFRP make it
difficult to completely avoid manufacturing errors and internal damage.
Eddy current non-destructive testing technology is widely used in the
detection of CFRP and other materials due to its advantages of fast
detection speed, high degree of automation, no need for coupling agents,
and low detection costs. Multi-frequency eddy current testing is an
innovative non-destructive testing method, which has the advantage of
effectively eliminating information interference during the detection
process while achieving comprehensive measurement of various
characteristic parameters of the object being tested. It is realized through
the excitation of a composite signal of multiple different frequency sine
signals, thus effectively detecting materials and components. This has
become an important research direction in current eddy current testing

technology. This paper evaluates the sensitivity of eddy current testing
111
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(ETC) to cracks beneath the surface of CFRP and proposes a quantitative
scheme to characterize the effectiveness of variable-distance
transmit-receive probes. The main contents of this paper include:

(1) This article expounds on the basic principles and theoretical
foundations of eddy current testing, including Maxwell's electromagnetic
induction law, the working principle of eddy current sensors, and the
detection of internal defects in conductors through the interaction of
induced currents and magnetic fields. The circuit model and equivalent
circuit analysis provide a clear framework for explaining the operational
mechanism of the eddy current testing system. Finally, it introduces
methods for processing eddy current signals.

(2) A T-R (Transmit-Receive) probe was designed based on the
shape characteristics of the test piece, with a reasonable arrangement of
the positions of the excitation coil and the receiving coil. By optimizing
the probe size, noise interference was suppressed, improving the
signal-to-noise ratio and the reliability of detection. Through parameter
analysis of the working principle of the transmit-receive coil, a simulation
model for coil spacing and coil direction was established, and the values
of various coil parameters were determined. Parametric scanning was
performed at different frequencies, different coil directions, and with or
without damage. By comparing the changes in current density mode and
voltage curves, the optimal detection frequency and the direction of coil

v
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placement were determined, thus achieving the detection of hidden
defects at different depths.

(3) A multi-frequency eddy current detection embedded system
based on frequency modulation has been established, including a PC host
computer, an encapsulated embedded hardware system, and a three-axis
displacement platform. The software for both the host and slave
computers has been designed. The host computer's functions are to
control the movement of the displacement platform, data acquisition, and
storage, and to save the detection results in real-time. The slave computer
is mainly responsible for signal generation and excitation, outputting
different frequencies and voltages. The multi-frequency eddy current
detection system can detect defects at various depths in a single channel,
and the frequency band is concentrated within a known range, facilitating
signal processing and analysis.

(4) Utilizing the integrated eddy current detection system to conduct
damage experiments on CFRP, based on the simulation content, coils
were excited at frequencies of 500kHz and 2MHz, and the carbon fiber
reinforced plastic plates and laminated structures were inspected in
different directions for crack damage. It was found that the low frequency
of 500kHz could detect deep-seated defects, and the experimental results
were consistent with the simulation results, verifying the system's

feasibility and practicality.
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I 2 PP TIN &, Pos Py Pay PRRUER RIIEF S8, ay R MH RHL.

N AR R 3

(2-41)

AP =C (2-42)
a4, 4 dyy I X

A= ay) Ayy Gy3 Aoy . p= P, . C= Y (2-43)
a3 Ay, sz Ay A Xy
Ay Ayy Qy3 Ay P, Ya

A, A NFRASE, CAURAISCINEGRI AR IR IE S8 AR : &
S EHR R P, REWMFAHERSE C, HEMRMARIE 4, 22 KI5 ER
UEe = A fEBEJE, BIRTKHE S € 2 2O SEBR G I G A R S5 P St A
I o
P=4"'C (2-44)
EZ BRI, SKPRTERE B R, MmARRKEE B EH. vk, ak
F A T FEBERERE adj[4] BAREAERE 471, RIEAN:
P=adj[4]C (2-45)
FTBL,  wieterxt G i 2 ol EAS 2

B =b,x, +b,y, +b;x, +b,y,

P, =byx; +b,,y, +byyx, +b,,y, (2-46)
P, =b,x, +b,y, +by;x, +b,y,

P, =b,x, +b,y, +bsx, +b,y,
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A, R AR

2) MALERFAR L LB TR TIUE 5, EfE ERIMR)E, FFiLH
AR AR, 2P TS S A R AR A A

AT RO B TR, e Xt i B s P LA 1R S BT A% e A2 e S L 48
PR, A HTPom SRS I EAREB ) TPURAEAR UL EC, B e P BB A
R AR B ST

B B AZ O A B D SRS DU B - el B o B s B I 7 B x,
My, SEMAGRARES, S, REEE, BT IR E 2, AL
BET R EE R € A, A PTIIUR T EARGLXS 55 HIn T, AN T, (KT, Sk
B 22 (B s B g s Bt 5 A 2 (1 Sl B A AR B, 3R A5V
FRTIRRERES .

x, =x,—[(S,x,cos0+S y,sin0-T )] (2-47)
V., =y,-[(=S.x,sin0+S y, cos0-T,)] (2-48)

e,y 4850 R AT B 1 Fh B4 B R A8, x, Ay, 430
A B E BRI AR 2y AU &, x My, R4 A 5 P R 7 &
Mgpin s, S, S, WREZRMRE, T, T BN RE, 0 Nk
2H ARSI R /DN ZFINE TR E -

s 2 S i A S 5 AL 32 L2 N IRUR Y, 3B S U R 7 &1
SRR Gy SEIL, PSR FAAE L AR 350 I A 5 St MU 8, 3 T 5 PR A il
B RS AT o A8 BB AL PR SRER, — 4E(F ST kAR b B AR L R RS VR R
LB RAT S .

BRI £(x) R ER AR 40 R s

F(w)=R(w)+ jl(®) (2-49)

TR NIRBOL AN T PR

Fo-Jrofe oo

\
/|
|
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|F(@)|={R@) +1(c) (2-51)
4, ()
¢(w) = tan
R(w) (2-52)

P F (o) FRAE () BIE 555, o(w)FR A A .
24 KRB

T IR T IR AR ) R A SR B AN R AR A, A4 2 5 T FRA SRR s
L IR A IR AR AR S B, 38 I BN FE IR AN RS AR ELAE F, SEBIGE Sk P S5 e
(PRSI, FE SR A 2R 56 200 F B o AT A R i it A ) 2R 4 R A AR AL AR B AL 1 3 b 1)
HESR, NAimiis 5 BT,
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£3E AN ERTEEGE

FEMIE T-R KK AT, B 56l e RO S HNZ B A SR 2t RS 4 24
FLRFIF COMSOL 1/ LA g 5207 BB, R dE 2k Bl T PEARAL A 3 RSk 7 )
i, ALK CFRP )= 5 BagER b 734 o
3.1 kBESHIERE

24 BB 10 5 R B2 R AR S B I SR8 P RS U P e ) A 1 TR 3 o e e 11
JURTEARFI R AN TE T B NEAE 5 (10 5 58 01 725 18] 3 2 1R DK/, 38K 2 B ) RS T
CASE IR RS 5 BB EE , v Al SR AR ) I 22 BRAIR 1 7 ) 23 e . FE A
28 P T, % REIN T AR P [R) ST A o 2 P ) o P R, S RIS N T 2 g
DR R F12 vt 26 B PR RS W s PR R WA 5 1)

R R B (R e T A, TR R, B O BRI ELE B x AR IR R
I 558 P55 0 A F(3-1) T3

B :,uoxleer (3-1)

z 2(]/_2 +x2)3/2
X B NMERGREE, BTSSR uy=4rx107-H-m™", NAMEL, r NE
WA, T ONHIRGRIE . BN SRIE B, MAEC S BE R x =7 Buk b, HAE
BEE x 5 ALY R T bR T
A el E AT A XG-2)F H, ERR—E AT, 525 TR IRLK
2Bl AR BRI G B, A 2 i 42 e ) I B8 B T AR
®=|B,-ds (3-2)
FE U TG AT R I AR LR IR L E A 3 T AR O 3 B R S RA A TN 4 L
i RN R T, O TGS, (BT Bl R AR T o 2> M RS, AE [ AR T AR B

N A RSEABESEM B ARy,

nz—gﬂsz—%ﬂauAyﬁj%Qﬂ (3-3)

b, B ONHLNIGREE ;s JuRril 26 Bl AT AR . A IR R & .
XTI OR UL, H SISV, R
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j j V (r,z,t)drdz
[[ drdz
R, vzt SRR AR ZR B I TE R AR R IR m A

FAGr I 1A o
Xf E I (3-3)M(3-4) P AT R B T, 133

A, (r,2,t,1, b
v ey=—{ A gt =y S L2 (3-5)
i < Ot ot

v, = (3-4)

XA, 7, hy 43 AR IR P R AR RO B i B o g IR AN A kA7 B 3
1521 B HIH Pl 2 S P I PR 38 3K

—2mz ” Az

V@)= = (3-6)

ZA:‘
i=1

A 4, A RIARER THBRITEE § BT OB B A R A S FL T AR

RO B b R AR, R WAL

—ZmZ ” Az
Vs =N (3-7)

ZAi
i=1

LA LRI GHE  T LA, Ko B P P PR LR BTLN A, A

5% BN R ML F R0 . 12 AT FRIGHT AR, al R PR Sk A6 A TE R /N,
NS i 54T S e U 24 Pl 7oy v P i PR, S 2E33E4T COMISOL 7 Hd 72
FNELIE BRI
RS PRI R SR P R IR, SRR A R, SR AN AR
HA s, 3 e 4 ) FR IR T R
I1=U/Z (3-8)
A, U RPN BT, 1R LB RN, Z&RMbt, HEHH

-y

Pi:

Z=JR+(X,-X) (3-9)
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A, XONZEIMADL, RN, X, RRE.
X Bk e T, TR AT

X, =2rnfL (3-10)

R, LR R RS, ORI R . FI S 2 T
TPEKE AR BIHARA R, ATHG-1DITE,

2

L=ppy S (3-11)

XA, N, Sl K MBI, 4 AN TR SE, LA
HAEWSE., BG-11)1H AN(3-10)155

_ 27Z'fﬂ,/l0SN2

X, ;

(3-12)

NG HG-12) RN B-9) i EAA 3
7 =R* +Qrf 1, 1,SN* /17 (3-13)

S e A IR RS (3-13) 1 A (3-8) R A5 31 HEL I -

U

I =
JR? +Q7f 1,14,SN* /1)’

(3-14)

TR (3-14) AT AN BBl vh IR KN SR s . RBE L RE . A A, A
WG A DG, I TR RV A TG H 22 P P e A L SR 4%
32 BRTIAESH
3.2.1 COMSOL {AERHF 4R

COMSOL 4= #: &y COMSOL Multiphysics, & J§ T MATLAB [£] Toolbox .
COMSOL # KIHE i B 2N B 01 5L Re 77, S0V F &0 78 S A
T e [ 25 BSOS (R AT I D B8, WY, BRSO AT
PR RN AR . X 2B E A M P A &N, AHE M, COMSOL
Multiphysics /i 5.°F G Rl FH TR AFX K2 MBI G 108, B8 kG Al ol
Fli- 25 A0 - 2 3 M AR R AL, @8 S50 i8R 25 P33 2 1R R R 0
.
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COMSOL ¥ A1 2 S B UM RO AR, Befg ik PR RA QIR L S iR
ROTEAER, Tof P BRI, BT MR, sedh, BAREiRpty
FEBALE, BAE SR RS R, XS SO RRIA R 8 M T LU
SRAIE 2 37 )7 F AR . COMSOL Multiphysics 115 .7 & (A% O AR A E T 3L B &
PR 43 Bk o B AN R S8 R SR LT A5 . PRS0 SOt AR F s B BT
TFIEEERAN . SR, AEALTE =447 PROTRRLN, B afi it i B 1) 4% m] BE X A
W RAEREER, I R N TP e RO B E . il R s AR A B,
FECRUETH SRS FE 1) [ B S22 2 PR T S B VR, X — A U RS I F TR K
S e 2 VIR & ) L

COMSOL (¥ 2 W) 337 K 25 AR 1 (R OK, SCRES PR AL 1 7 7 723K A,
FREEA . B RMERAEL . Fa SRR 08, FH P AT DARYE B B 0 ik
Bl ISR AR S KA Pe i B, COMSOL B34 7 =32 % 1 Ja A BRAN W] AL T
Ho, HP Al DA e . sl dy, DMESEAFE 107 A . COMSOL
(R e e — AR IR 5, F P FTBLE & U B A, X sy v 1)
BEIE TSR, MEARBEFC S Tk i, M2 3 BE IR AT

5, COMSOL #4512 I E B A A 4L X, B FEHAEME L IRIR,
A P22 1A MNT 12K @ . 25 B Frid, COMSOL Multiphysics J& —/M5 K
M2 E, &R T 2800 TREMEENH, X2HEG . B
RFtTi, = MR, SRR SRAERS AT AL T A
3.2.2 LEEEMRLAES

CFRP MBI MWK 3-1()FT7R, & A& AN [FIAF4E 77 10 1 5 2 A RHH A ol
JR 2 R S5 A 2 IR BE A 0.125mm, $¢ 09T 90° 7 i) A ¥ 1Y 1E A8 4 15 - CFRP
A B LAY PR H % ) S VERA R, — RN Y VR ER 4R U7 ) ) HEL S % o S 5000~
50000 S/m Z [f], VHEFHETEEL T [ B3 R or A 10~100 S/m, & 7= 4540 AH Bl
JZ (8] ) B 5 oy N 10S/m 7247651, ] 3-1(b)H CFRP (147 E ARSI B R~ 2Ry
60mmx60mmx3mm, —3t24 5=, &EKERA 0.125mm. KRB & TR e
Ab, PPN 1.6mm, AMF4E04 0.6mm, =B 0.8mm, 25 S E N 0.5mm, [T
AL E N 100, A 10mA [ HEI, W€ 0°F )2 S 3 % E N (0L, o1, acp) = (50000,
10, 10)S/m, 90°%#H = K HL T Z % B N (o1, or, 6cp)= (10, 50000, 10) S/m.
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*® 3-2 AR HUE T

Wit BUEYE
218l [A) R d 3.2mm<d<15mm
HEURE h 1.0mm<h<2.0mm

LR P8 TAESIR £ 500kHz. 2MHz

DAL -T & A H Tsight 1 FH 2% Tl A0 R R AL Ar J7 3% i A I 0 R e
Edge3d SRULALLE R [AIBE . Ar RiE 3% — DB MR BUE R R AL, IR R AR
ZZ TR IS SR AR FEAC I A 4 B ME— R R T R . A iR
FHPRIANE 3-5 fon, Q FRoRiaF it B X, T, RSk 523 it
LB TR, TR OB KRIFIRI MDA T . 36T Ar J5ik iz 5 fE ] Rk
NUL T EEEE

0A

VlexA+U—=0 (3-8)
Y7, ot

VXLVxArzo (3-9)
Hy
K (3-8)FN(3-9)F 43l & TR SR IR ERENL R R TTHE . WLIKRIEE B
5 E E 0] Dl R\ A T H AR 2,

>
?fm‘

T

B 3-5  Ar VA0 R AR
Isight /2 —3 01 B B3k (SPA) MZFRbutiift (MDO) #ff, &
BT TR R U E s tr, flE 2R EIERIEA 2 2R it
L, FE KRBT N G 56 B TR B ) A B 5B A B AR A AT 55 . 3T Isight
B, 1E sim-flow 3B th % $¢ Application components, #RXJ5 2o 34 1 KIEIFx,
2 TAESH M 2 26 b3 57 Simeode; B AH A 2P JR 4 57 Simeode-1, 1EFE
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proess components, &% 1 FEbR, 2 2 1 TAEEA, W THE 3-6 s
& AR P AE A

"DOE1

g g
K 3-6 Isight #EMALTER
SR SBT3 A i 8 BT AR B RS R RO, e R RIS 2 P i R AR AL
D95 M LU IRAE ) RN E N R AER 2 R ST I 0 HE R s AR B S8 € LA
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Vi =Voa

SNR = (3-10)

Horb, v NIRRT A IS N B IR IRAE, v, IRk i

R WY R R A

Isight ik B Ax A

d’ =argmax SNR(d) (3-11)

N T RA Ll B, DA 4 b i I A5 e LR B 9 DAL H b, 3047 S350 1
it (DOE) 73#fr. il hidd K 7t (FFD) kg eE, Kk
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