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PSI Pre-Service Inspection
ISI In-Service Inspection
NDT Nondestructive Testing
RT Radiation Testing

UT Ultrasound Testing

MT Magnetic Particle Testing
MFLT Magnetic Flux Leakage Testing
ECT Eddy Current Testing

PT Penetration Testing

LT Leakage Testing

VT Visual Testing

AE Acoustic Emission

IRT Infrared Ray Testing

C-MFL Cross-type Magnetic Flux Leakage
DC-MFL Direct Current Magnetic Flux Leakage
V-MFL Vertical-type Magnetic Flux Leakage
STIC Sheet-Type Magnetic Induced Current

CIC-MFL  Combined Induced Current-Magnetic Flux Leakage

MFPT Magnetic Fluid Penetration Testing
MR Magnetic Resistance

GMR Giant Magnetic Resistance

FSO Full Scale Operational range

AC Alternating current

DC Direct current



SSS Single Hall sensor scanning

LIHaS Linearly Integrated Hall Sensor Array

AlHaS Area type Itegrated Hall sensor Array

HPF High Pass Filter

LPF Low Pass Filter

CMRR Common Mode Rejection Ratio

RMS Root-Mean-Square

A-STS Austenitic stainless steel

MAX Maximum value of the differential RMS of Hall voltage to the STIC

direction[ V/mm]

MIN Minimum value of the differential RMS of Hall voltage to the STIC
direction [V/mm]

S/N Signal-to-Noise ratio
Magnetic Flux Density [Wb/m?]

\'% Hall Voltage [V]

S Sensor-resoluation

OVRrMms/OXx The Differential of Vrys to Scanning Direction(x-direction)

L Length of Crack [mm]
W Width of Crack [mm]
D Depth of Crack [mm]
1 Skin depth [mm]

—

Frequency [Hz]
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ABSTRACT

Non-Destructive Evaluation of Paramagnetic Metal Using the Sheet
Type Induced Current and Matrix Type Hall Sensors Array

Youngmin Park

Advisor: Prof. Jinyi Lee, Ph.D.

Dept. of Information and Comunication Eng.
Graduate School of Chosun University

Large mechanical structures such as aircrafts and power generation plants are operated in
corrosive environment under high temperature and high pressure. In such conditions, cracks
can easily develop, initiate and propagate. These cracks lead to various types of fractures in the
abovementioned large mechanical structures. And the fractures not only result in the loss of
economy and even worse, of life but also environment pollution. Therefore, cracks need to be
inspected with equipment having high detection capability before they can initiate fractures.

In this paper, a non-destructive testing method of metallic structures by visualization of
alternating magnetic field is proposed. Up to now, the alternating magnetic field has been
visualized by using the yoke-type magnetizer and linearly integrated Hall sensors array. Also,
the static magnetic field has been visualized by using the matrix-type Hall sensors array.
However, the 2-dimensional alternating magnetic field has not been visualized in real time.

To realize the visualization system of a 2-dimensional alternating magnetic field, that is,
an AC-type magnetic camera, a sheet-type induced current, matrix-type Hall sensors array and
signal processing circuits were developed. An alternating magnetic field is distorted by a crack

on a metallic structure. Therefore, the AC-type magnetic camera can inspect cracks.

viii



The crack inspection ability of the developed AC-type magnetic camera was verified by
non-destructive testing of austenitic stainless steel and aluminum alloy. Austenitic stainless
steel is used in nuclear power generation plants. Austenitic stainless steel is a paramagnetic
metal, but it can have a ferromagnetic structure in certain environments. This ferromagnetic
characteristic has obstructed the inspection of cracks in the previous non-destructive testing.
Also, aluminum alloys are used in aircrafts. The fatigue cracks and corrosion of an aging
aircraft have to be inspected and evaluated quantitatively.

The developed AC-type magnetic camera and crack inspection method of metallic
structures can be used in the non-destructive testing of large mechanical structures.
Furthermore, this inspection method, with its accurate prediction ability, can also be used for
damage tolerance engineering. The lifetime evaluations of aged structures and machines, which

have a high accident probability, can be carried out more accurately.

X



fu
po
o,
)
ofrt
1o
=
ofl
N
)
e
)
ofX
-
BN
iGhl
offl
rlo
i

2011 4 1w A ol Ry vy A gl 4 118

S ARSAAAEGE 737 WY A ELcl AAGAER Fohi

Bu)
o
=
S
Hu

Z 71y Fgol £ F el oF 150em FEo Fo] v Abart HAE
oF (1] v g lEiE o, A7 3008 o] el AR AAETTF 9
wEAAF] HAEHI, 19018 ARSAAAEFGTIVE o]Fo] FrkEl A elA
Arket A, 1 F 2l wigv)elA o] WA Zlo] whE i, 19019 F37I
= EAZE A kol thA] &F8kAl =Gl

3, 1) =983 3 (Federal Aviation Administration, FAA)2] =}l ¢8FH 2010
@ 399 AAAT 1598 A2 FF7] HAAbelA 1othe FF719] FAA T

do] ¥, 1= T3] AF-E AAAF= S ddo] AT Ae B

O

iy

ojgf FAFE Ao w1988 MASGE dEatEy wAEAE AluE
Uk 2], 1988 49 28%, shsjo] dAw g} i
2

<
% 2439 FF71(B737-200)00 A et HakE HA Addk dRRo] oyl A

shEo] AETolZ Pl HFHAF AL of HFAN AUSTA 19o] FFI] 9

W2 owel ke Aot VA g AR,



A} 5 % A http://www.koreadaily.com/news/read.asp?art_id=1178949
Fig. 1-1 AAS-ANAEFF 4% HY 737-300 AL

A} 5 % 2] http://www.hansfamily.kr/1107
Fig. 1-2 423FF &% 2439 FATGEA I



@ {b)
Life from inspectable crack Life from inspectable crack
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A1 A7 zE
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MF : Magnetic field
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DCIAC MF
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TR VETCR ST —

IMagnetic lens
filetal plate %

(3D magnetic fluid)

Interface  4—_ AJD Converter
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(Amayed hall sensors) |
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71kl A7) gf3pe] Attt oY dfpe FIHFel A|Fe] A E
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Al2d A4

ll

A oA e Al W BAe] wet fastl A%E BT 5 RS o
7FAl FEfe] A} (magnetic source)s AT EEFe] . Al wHo

S} (C-MFL, cross type magnetic flux leakage) [23], 423 27 AF3HH(DC-MFL, direct

)

W =FA}

current magnetic flux leakage), <=2 A3} (V-MFL, vertical type magnetic field leakage), -

EHAFR(STIC,

sheet

type

induced current) [14-21],

lﬁ_ 61—
\ T

SRR S

(CIC-MFL, complex induced current-magentic flux leakage) [24-26] %! Ad A% 5

(MFPT, magnetic fluid penetration testing)©]tF. 212+ Alg] th’dAlol that Aol A

g gl 545 Table2-19] vhebdict.
Table2-1 A4 £F
Magnetic Source . Specimen L
Type Abbreviation Material Character Application
Cross type Crack inspection .
magnetic flux C-MFL Ferromagnetic regardless of crack ISTof sttreetl z;nd fron
leakage direction structure
Direct current Srtne:nll SSIZ?t:IiIl)Tin PSI in the steel-iron
magnetic flux DC-MFL Ferromagnetic system. Suttabie 1 production line. ISI in
scan type mangetic .
leakage camera train wheel
Plate type magnetic . ISI of steel structure.
flux leakage P-MFL Ferromagnetic NDT of pipe. ISI of wire production
Tn-side solenoid Suitable i'n area type
magnetic flux IS-MFL Ferromagnetic magnetic camera ISI of steel pipe
leakage
Vertical type
. NDT of metal.
mazlg;ekt;;é‘lux V-MFL Suitable both of ISI of aircraft and
Sheet type induced — s;:na;-eé;rglc acr:;gfe nuclear power plant
current Ferromagnetic, g |
Improved sheet Paramagnetic . . .
type induced L-STIC and Mixed Suitable in scan type ISI of aircraft and
. mangetic camera nuclear power plant
current ferromagnetic &
paramagnetic NDT of metal :
Combined induced regardless of kinds. mani?;cltrllxrsifelline
current-magentic CIC-MFL Suitable in IS of aircra§ an. d.
flux leakage scan-type magnetic
camera nuclear power plant
Magnetic fluid MFPT All material Opened surface ISI of aircraft and
penetration testing crack nuclear power plant

11



WA Fig. 2-2(a)¢] 1.2}FAF3}H (C-MFL, cross type magnetic flux leakage) [10] 74
A} &2 (MFLT, magnetic flux leakage testing) Bt A& ¥4 9 (MT, magnetic particle
testing)®] 4% A Ho] Wo] AT A w, 43S e 2 e
Ae ®metstr] fste] AAlE ot vieReE 5 79 A=5E HAE T Y
=304 As1E AAE nW AFE JYskd, A9 AdEe AR A7
o] H&= WEow wak AstEvt olw, A Zo| wrgko] o] Fojzpi szt
L, REEAl FARESS flete] S ¢ QA HY, A or A9s e
%= Atk ®E3H Fig. 2-2(b)Y] A5 AF3FH(DC-MFL, direct current magnetic flux leakage)
& 2RSS 2detA wMdE AAA L olwe] Mk, AEAA A2

A3 AEF 9 u%AT 2H5) vnty At A& uh gk

(a) WA+ (C-MFL)

\ Specimen (d)
Y !/
Magnetic flux

<«——— Permanent magnet

7
|

Differential-type
LIHaS

/ {
4 (a)
/ Specimen v

(¢c) = AF3H(V-MFL)

HallSensor

Specimen (d)
Core (b) L

2nd Copper Sheet (c)

(d) F=HHFH(STIC)

Fig.2-2 A9 F57
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Fig. 2-2(c)¥] 4] A} 3}¥ (V-MFL, vertical type magnetic field leakage) A-7] A4 &
T 8 A FZY <ol A A7, e wEF AYS AVt SRS Wl Al o
of Ao r wH AAZE fE= frh olw] Astel ot 2| Wk}

TEAFY BEHYE S dde 3 5 Ak

Fig. 2-2(d)9] %% % 7R (STIC, sheet type induced current)> A ¢ H ] Fwo] =
AFE Fusty, 28] EA 7|Qlsh: AAF AS Fushs Wolth =

F(coi)oll TFHFE Yk, A A Z(core)ell WFH A7 o] WA SHT]
o] W] FoE TS FH(copper sheet)oll= WFHF WAF7F FEEY [14-21]. =

VX7 WsleA d ol d A 2] WstE AATFOoEM, FAIA, At
2
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= 7 9 GMR AlA = 200795 mEEE s s s GMR Bl 7123 2
2% AZVAAZA, v atF hAAREoke A 2 857 ZIdEH I Aes Tl =8
ol ®asta ek v, EAAE 911w FF)yel oJEtd, £4mTo] AHE
W 2(FSO, full scale operational range)°ll A 2.51V/mTS FEE AHAS Q= v, Bl
¥ GMRAIA] E3= SDT(spin dependent tunneling) 14 o] H]3}o] 5~10u1 2] FSOE 714
AL 10~1000) o] npEE Atk tEo] REHAE 001V JREA oF

4pT AR SAYEEE 7Hth

! 3l 2 Onin
(b) Single LIHaS(Linearly integrated Hall
sensor array)

I
I \l

nnW\\\\\m'lY\\ i m\.w
L

L

|

(c) Differential LIHaS(Linearly integrated Hall ~ (d) AIHaS(Area type integrated Hall sensor
Sensor array) array)

Fig. 2-3 o271 Fele] A
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wbA, 27|17k kel = F2 FAAE AFESte] fhth =, Fig 2-3(a) 20l
1708 AZIAAE 22k FldelA] AsiAl A7k W (SSS, single  sensor
scanning), Fig. 2-3(b)$} Fig. 2-3(0)AH Aoz WA mdst A7 AAME 1244
O 7 A& W (LIHaS, linearly integrated Hall sensor array), Fig. 2-3(d)2} #2o] A4
Foz wjddt A7 MAE o] 35k W (AIHaS, area type integrated Hall sensor array)
o] qlth W3 AMAME vl 3= W ol Single LIHaS(Fig. 2-3(b)), Differential
LIHaS(Fig. 2-3(c)) 7+ 74 W& Agste] A% ©2dstal Stk Single LIHaS+
InSb ZAIAE 0.52mm EE 0.78mm7ACE 192 WA Fo RN Fefo] FEoR

= 71 EAAMGHA, HEI2AFIU12)S AFE3E Ao Ble) %o 38

3%, Ao | F¢k 71A e =7], PCBOl wWlEF AAMZEO] o] xjo], FALR
Qlgk mpojojx @} 9 7w 95 K S WHoltl [6]. AN, Single LIHaS®]
A% A AES T A W ASTE] Aoz B Al s
ol 3}y = whES JFA L gtk o] 5 1. ¢H3k W o] Differential LIHaS®] U [7].

Differential LIHaS+= InSb =41A4E 0.52mm T+ 0.78mm7+4 0% 242 H s}

A WASRAE, A5 FAAE o] FAAsE ge) ¥akuA du 747k

A

(2) 0.78mm 23HEa 50 10247) E414 w)ed

Fig. 2-4 0.78mm 49 FNE5S 7HE 1024718 FAA W
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B3 0.78mm 2 0.52mme] FIHEEs S 74 = AlHaSE 1,02470] InSb &4l
el olal A =7 ¥t} NiZn ferrite wafer®] InSb Hall sensors 0.78mm 7F2Z 0 & 32X
3270(1,0247H)E Wi skar, AFA Al Al A8 PCBel AAEE F, wire ball
bonding®l ¢&te] AAEO 2 24.96%24.96mm* 2] Gl 0.78mm2] FIHEHN
= 7Hth

HAA 0.5mm 352 SSS, 0.52mm ¥ 0.78mm2] ¥ 7HE3]5S 7}FA]+= LIHaS,

0.78mm % 3.5mme| FIHEd S 7FA = AlHaS(Fig. 2-3(d))7F 71EE o] 9lth.
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A48 AZHIFIR

FANE AeelE 209 dFRAG 24 FHUAR YA gl
Y e AAR TE etel A71%E Wiy, AAE WATFeR A
N1%E A, EHUAL ALAT A1 Al vdstel Srbach o

2hA, 7138 AZIE AgH e S48 fslMe AseHa 2t Bes 9@
o 8o, Bed Fodgddge] A3E FEIAY Fee AAS AsiME
310 9] % 2} E] (HPF, high pass filter)$} #] o] 2 %3} E|(LPF, low pass filter)S %] %3]
ol gaffof gt wEh, Aol wHAFC 9t FEE= CIC-MFL, STIC °lA+=
Aol E8Hs A7t uFdFe Farel $dahA HruE 94k, W5Hs)
HojxWMskso] Adte] A4 % 2719 B

= AWM AF7E 25 5 e A 24

B

£ <17}3bH Lorentz ForceZ} #

Wol AT WA ol @ Aelt AN Wel FAOE SAlSE P
of A7lel wlEsA ek oldF & AGVi)S AET vheh gol Eq. (DR e
Witk o714 ki & Ageln, o AR AT 2718 ol

B

Z}7.Z A thttp://www.allegromicro.com/en/products/design/an/an295044. pdf
Fig.2-5 & &3¢ 44
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V,=k-1-B-cos@ (1)

W 2ts 35S 98kl 2 541 E A AH|(CMRR, Common Mode Rejection Ratio)
= Zk= INAI2RE =91% Fig 2-69F #2 3|27} o] &% qlth INAI28 & 79

9 AT RS AZdstE Avto e 47 0~80dB2 o]53e 98 F otk A%

Gain=Rs(1+2R4j _40kQ {1+ zzsm}

R, 40kQ R,
_ | S0k
R
¢ (2
W+
] 0.1pF
V+ =
Q
= INA128
i v’!‘ <| Over-Voltage
R, W l | Protection
G 40kex
I IH (Ry)
Hall Sensor TRG
- R Vi Over-Voltage
YW “_Protection p s s

e

o -
V=

Fig. 2-6 INA128S& |43 EAA 4359 FEIIZE
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A3y wF WYY 2|

g9l Holo Aol 14 HAL AL, 27 TAEMS FIAAE FHz AE
i

kel HEATIE, AR WY fEARI WAy, Al AP FEAR
o s R A7) BEL AskeA Wk s A ge) BEE FHFORA,

Ao i, oA 9 AvlE 42 5 A "1y [21,22]

— Magnetic Flux
— Induced Current

Coil

Copper sheet



MAT NWM

Coil

Sensing area

Specimen

Sheet type copper plate

ELEMENTS

Environment AUG 10 20D
10:02:06

Core

Coil

Fig. 3-2 =84 2d
of FEHARTE TAARS W, A9 Fakgol @A o] w
oy A Wstsh=AE &7 918k, Fig. 3-2

Hpop e 39l male] Sl £AMAsAE. FANN S HE A%

] 32 722l ANSYS Program (Ver. 11.0 SP1 UP20070830, EMAG)el| o8k

2 Sgatgich 72 249 Beld 54 9 249 37 Table 319 3

20



Table3-1 2} 94°] £¥13 54 9 37
Magnetic :
Item Material 8 Size [mm] Meshmg ANSYS
Properties size[mm] model type
) ) MURX1.000022
Specimen | Aluminum 40 x 100 x 1 1 SOLID117
RSVX 2.82¢-8
C Silicon | MURX4o00 | 22 %70 2 SOLID117
ore Steel RSVX 4.72¢-8 2 cores with 30
’ slides of each.
ol . MURX0.999994 | 2% 28711 , SOLIDLI7
oi opper ;
PP Rsvx 168e-g | 2Coils X 17
turns X 2.5A
MURX0.999994
Sheet type Copper 28 X 126.4 x 44 1 SOLID117
copper plate RSVX 1.68¢-8 thickness 0.2
Sensing area Air MURX 1 40 x 100 x 1 1 SOLID117
Crack Air MURX 1 1x10x%x4 2 SOLID117
Environment Air MURX 1 50 x170 x70 5 SOLID117
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Fig. 3-3, Fig. 3-4 4 Fig. 3-52 45 AGAGEA smm)ell Aol ¢l wle}
ZAol7b 2mm 2 10mmel AgrelA Fupgro] whE 7b ol W72l $=4 8|
A A¥vg vepdit

Fig. 3-3°] Yebd wpel o] Fokrt H&5E wuave] oste] AlgH ]
AW FEARE AFHL A5 & F SUvh =, Fogr show, Al
A2 A FEAFE Qb whebA, Fig. 3-4 2 Fig. 3-5¢ vERA vRel gho)
AT s Ashe] EAC] 71e bR AlEH mHelA Rk AAnkA

=

WS, v no ge Avlgel EyA wAstAl frk we

R

50058 100042 150025 200008 75 50058 100042 150025 200008
25067 75050 125033 175017 225000 25067 75050 125033 175017 225000

(a) 1kHz ‘ (b) 5kHz

50058 100042 150025 200008 5 50058 100042 150025 200008
25067 75050 125033 175017 225000 25067 75050 125033 175017 225000

(c) 10kHz (d) 20kHz

Fig.3-3 Crack §1& W FrEF2] Wdle] fE JFo] FA|3)4
(XY section view)
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35390 68775 102159 75 50058 100042
18698 52082 85467 118852 152236

(a) 1kHz (b) 5kHz

225000

2506

50058 10004 150025 200008
75050 17501

125033

(¢) 10kHz

75 50058 10004
225000 2508 75050

50025
125033 175017

(d) 20kHz

225000

Fig. 34 F958 E@ARY 920 7|A% A71% 284 A

(crack : L2, W1, D4 [mm])

Fig. 3-5:= Aol7F 10mm<l Aol A Fapape] wpE zh zlolo M o] d717de)

AN AREA, FA4T doldFE GEAR A8 do] wFow uy

wol whAskar Qlaa vebdth ok, Ao fukelM FERAFo gl Vle

ePAFrF wAsk, 7 S 74zt vk CumebA, Aol dojrt grew

MR A A HAEsol At
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Zo]

1kHz

1mm

SkHz

HEHE

b 7 SE

ANy

3mm

Smm

YZ

Secti-on

view
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Zl 0] 10kHz 20kHz
Imm [=

2mm

3mm

4mm

Smm

YZ : @A AN

Secti-on

view

Fig.3-5 T35 FEHARFY d=F 71Qg A7) #2134 A5
(crack : L10, W1, D4 [mm])
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Fig. 3-6, Fig. 3-7 ¥ Fig. 3-8 354 7} Zolol|A 8] FEHAFE] gi=el 7]
FA A ARA, bl e W, ¥4 4|7k 2mm % 10mm
)

Q) 77hel B9ol AN AnE epan,

QA% 27149

g vehith 4713 471 FHQ PFOR wAse, nrt olsF §ols
71 fstel A% ANARE AZEE DR F, A WS A, @

A Es AL B AR

i
o
2
o
W
=
s}
=
=~
jan)
N
o
N
o
w
3
g
l
oZ
S
>

=
2 2719 A7 7F FAe] YA T Qe oF 5= glon o= I Fite] 7
018t} YZ section-view R 5 EH & B3 g3s B3 5

Fig. 3-72 w92 4°] 2mm, % Imm, Z°]7} 4mm¢l o Fa58 F5d
A5l si=rel 7191% A1l sAeY das etk 1kHzol A= Zlo] 4mm
HA S Aol BAH L JEE & lou, A AddelA AE wbiy
o] A fFIE dAste] 7)ol Aol Astel] 7d A7 AVle AT

dol7b 31 Zg-oll wlste] A vk gk, AV AR mya o] ot w2 FU

o

Astt, A Zol7k 10mmel 7

FAEA A debdch A
grel dolzk 11 Aol AR AvelN AE
MR AAE] 2dFo R, A% dolrt 11 At AY AES
1kHz, ImmellA] A1 ek wkel o] tp& Fupgeo] nlste] 247139 27t A

oF AeelM F WA wgsy 9 ¢ 5 Ak

°
48
2
T
&
k
et
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o]

1mm

2mm

3mm

4mm

Smm

L

Secti-on

view
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20kHz

10kHz

¢ P —

o]

1mm

2mm
3mm

4mm

Smm

L

Secti-on

view

34 Az

T3]

5

& A

el
£ 39)

(crack {1

Fig. 3-6 T3 FEHAFY fFd 7]
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B P il iiall |

s

———v

Imm
2mm
3mm
4mm

4ol

Smm

YZ

Secti-on
view
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o]

1mm

2mm

3mm

4mm

Smm

YZ

Secti-on

view

Rt

o7
"o
Y
Z)
=
o £
ol B
<
a
-
=
N
=
-
(2]
<
St
<

Fig.3-7 3548 FEHAFY ¢ 7
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o]

1mm

2mm

3mm

4mm

Smm

N/

Secti-on

view
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o]

1mm

2mm

4mm

Smm

YZ
Secti-on

view

Fig. 3-8 53}

2
T

(]
R

TRARY 2o 71U A7F FAN4 2o
(crack : L10, W1, D4 [mm])

32




At vhel Zo] f- =W F(STIC, Sheet Type Induced Current)i= 8% 2] 0]
o FAlell 12 LS A3, 22k A (FE FHAYIE FEE AZEr 12 Z
e

atil, x4k iofel] 7)ol AAHM, olef 7|l

FEAF7E At olg sk delo] 7]k, Fig 3-90 yEbd vlo} 22 STICS
AlAZFsLA e do] 370mm, % 100mm, F7] 0.lmm¢! Fo] o] gFHQ o, E3
A o s 22 70mmE E45t0] AR AFHEE S =
o, Foj= AFAES e Al dste] AFsiglod, 1739 AFE vt
AE Yol 254, 1~20kHzS] AFE dgailch =3, 39 4 3ols s &3

= =X

st HEARFIE Bt Wol RENES S,

Fig. 3-9 AlA| &A% FEddF



2. AT AA wig

Fig. 3-10(a)i= NiZn #g}o]E glo]se] 2xd o2 mddt mShb SAAME e

b A4 s 780ume] 7HA o ® 328 324% wjdEo] 9low, Fig. 3-10(b)°l UHER
A owkel o] WA Eo] Qlvk &, ZH7e] EAlA = AW Eo R dAdFFAle], FW
9 4do] FEuldE Qltk olgfgt FRoAE AW st A

TEAE d4sty, FWFo R NeEFYAS WEY MsH IR oJste] 747t

o] FAE EHE vk webA, @] ddFads Wl 7hdAA A

2 o4, &5 A8Asta EEAASkel ud AsAIRE FTIsketH 2496 %

2496mm*2] 4 ololA 0.78mme FIFEA TS A= AV He BxE gJgHow

b A [¢b] p b
ISI—DSWIIJ ﬁl—usw:h Ia'—clswsb I—Dsmb

(A gor 224 Wdd A4 (b)TEdde] 293 4

e
i)
2
fol
BN
o
toty
feu

Fig. 3-10 TUE AlA Wi
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3. 29 9 AEAYIE

293 IRE FEs7] Yste] B AFeA s Fig 3-113 22 A9H 3=2E
sl 2913 32 TR, FET ¥ Decoder® 73 ¥ a1, 30ms2] 2297 H2 o]
o)&to] 450mA Sl AP AF7 A7) Fig. 3-10(b)9) sl dwrakor ZAlAel 948
e},

Cohull V-7 525V Cofull, V-2 53¢
H:mmv‘

PD

A

P2

M3

o 0 @m >
EEREEFELEE]

Fig. 3-11 29 A 3=



!
ro=ot [Lont oo oof o) [ oo HPF & 6071E
T i St | |27 Amplifier
R s =y T
g n T g R —— 1/0
= R oot-mean-square
1S e 1 S
ton. | T s — Interface
%%‘ i ;%‘{ — Power switching [<
S h 4 HE | !
|~ iTTETERTET e 1~ | | |Computer(Monitor & Memory
L tri'___f'___fr'”___f_'___u T pyteTt y)

Fig. 3-12 L7 3 A7|7Hd2t 75& A A3AF E5rolot1y

Jithed E 3} E|(HPF, Hihg-Pass-Filter), 2H53 QA3 2(OP-Amp) 9 I.5-
AF41% W3 8 Z(RMS to DC converter circuit) 2 74 5= WFF 27| 7w k2
£, Fig. 3-120 tFeEbd vFg} 7o)l OP-Ampe] XMW FWo] HPF ¥ wHF-AFAS
W 3w E Freroivh

Fig. 3-132 7A9AE, A& 9 OP-Amp= ©]Folxl udjd 5 odHE et

3|ZEolth HPFO cutoff F3+E TS 2 Eq. 3)°ll &lste] A=, & <70

A A3 2UAE 280 ZM, 100~10kHz9) cut-off T35 A7 5}ith,
1
fer = ame 3)
I
I
I
I
: R
l ‘l""
|
I
: i oo
E R
I
I W |
2 REF
1
I

Fig. 3-13 193 72H =&
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=gk, OP-Ampi= Fig. 3-140] WERH uhol o] Raals =

2AFOA, e
Eq. @O.% EHHE FH0E 45 + gov, B ATeNE 12dBY) FHHE

2§33l th
R .
GaineRe[ 1, 28] _40kQ(  2.25kQ
R\ R, 40kQ R,
50kQ
=1+—=
Rs @
+W
) = My
=F R v
i H - «
Hall Sensor : =Rs } —T—U A
_vl__ |o *_ ~ zshr.em @ . " %wad \-io
= W o Ay A W o
11 :._~| :’mmﬂ— + 40KQ 40D
R,
Fig. 3-14 2414 8} A FHFZF 3 Z(INA128)Y] 2%
g}

a-?r,

Fig. 3-15&= AD637(ANALOG DEVICE, Wideband RMS-to-DC Converter)S ©] &
Sk RMS-to-DC W3+ 3|2 XE0]1l, Chys AT SEHA DC EH 4L 2 E(Ripple)
Tk HPFE =9¢Jo 9Jste] DCAEo] AAEIL A

RMS-to-DC W3 3]Z o °ste] DCAITE HFHTE [29].

o =o] 2
=

CAE AEL

o EAlel AT FAF AZIE ADREY] L e o] Ao
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ADB37

+Vsg
o

[ 1

14 | NC
nesosure [ Hio AE5RRC
v 12| Ne
SQUARER/DIVIDER "‘1—11
4 25Kk0 -
1 10}

FILTER

rgj AV

300Hz_150mA

500Hz_150mA

1kHz 150mA

SkHz_150mA
Fig. 3-16 7% A7|7Hegte] o g ni{ 271329 7hA 3

10kHz_150mA
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e NEAYNZE olEe] WRAFE RS F AL FAFY)

atol, A7 6.5mme] 2 :Yol 300Hz~20kHzS] FFAF(150mA) S Y sto] 4
A7 BFAN S-S FAEE gt Fig 3-16& wFA1 e s AR
wHor nEd s veblH, 300Hzol A 20kHzS] FHe FabaEed o of A

[e] =& [e]
LA S GRS 5 QS & F ek
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A4 Ad R
A1E BARAEA =59 AL

1. A

i)

r'l

A3gelA Aedt FEHAR, L% 22k A, A90% 2 AsA R

= Agste] A9 A& FEAS T S5k, F37lelA de] &85 9

R

© 4FuE FHA7075)22 A AS dAAEAS] QA E(Fig. 4-1, Fig. 4-2) 2

v Zirdel wlsta Aol A -gagiv.

@ @ ® @ ®
od 0.20 od 0.65 o d o041 od 0.20 od 0.12

© 3.23 @ 3.55 © 3.38 D 384 © 4.03

Qdoss Qudoss Qudoar Qudoao Qadoos

D 448 @ 4.58 @ 4.66 D473 ® 4.80
do7o d 0.52 d 034 d0.14 do0.01
D 636 D 645 D 6.53 @ 6.64 D674

Od 0.90 Od 0.39
© 240 @© 8.44

Q

d 0.41 Od 0.22 Od 0.04
© 8.54 © 3.64 © 286

d o078 d 0.58 d 0.49 d0.18 Od 0.01
@ 10.50 10.46 ® 1047 @ 10.57 © 10.88

@ @ @

®

Fig. 4-1 F2A 8%

mA Ad ¥ AeE Fig 4-1°] YERA vkel o] 27 3.2mm~10.8mme] 91
A D (milling)oll 2J8te] =4tk 47t 2715 Table 4-1°] Akl
T3, Fig. 4-29F #2©] 200mm X 200mm X 5mm&] A2 @Aje| -3, A7hE 2 ek

S, W1 =

G| AFATEL WANTOR EQskgon, 22 G4 U TS Table 4201
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Table 4-1 93 dFdEe A7)

Crack No. | Diameter [mm] | Depth [mm] Crack No. | Diameter [mm] | Depth [mm]
1 3.23 0.80 14 6.64 0.14
2 3.55 0.65 15 6.74 0.01
3 3.88 0.41 16 8.40 0.90
4 3.84 0.20 17 8.44 0.39
5 4.03 0.12 18 8.54 0.41
6 4.48 0.84 19 8.64 0.22
7 4.58 0.66 20 8.86 0.04
8 4.66 0.37 21 10.50 0.78
9 4.73 0.19 22 10.46 0.58
10 4.80 0.04 23 10.47 0.49
11 6.36 0.70 24 10.57 0.18
12 6.45 0.52 25 10.88 0.01
13 6.53 0.34
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We=0.7, de=1 We=0.7, de=2 We=0.7, de=3

[ ) S— (3)

We=07 de=1 We=0.7, de=2 We=0.7, de=3

H—— ) ~——
We=0.7, de=3  We=09, de=3

g —

We=0.5, dc— 1.5 We=0.5 = 1.5 . el
NI I (10)\_\_} (Unit : mm)
Fig. 42 913 A% 2 37
Table4-2  JAFZAF] FF 9 F7]
Crack Shape Width | Depth | Length Section Crack Crack
No. P [mm] [mm] [mml] area[mmz] volume[mm3] angle[deg]
1 Rectangle | 0.8 1.0 10 10 8 90°
2 Rectangle | 0.8 2.0 10 20 16 90°
3 Rectangle 0.8 3.0 10 30 24 90°
4 Triangle 0.7 1.0 10 5 35 11.3°
5 Triangle 0.8 2.0 10 10 7 21.8°
6 Triangle 0.7 3.0 10 15 12 30.96°
7 | Cireular g4 3.0 10 23.55 16.5 61.9°
Arc
g | Cirelar g 3.0 10 23.55 212 61.9°
Arc
9 Step 0.5 1.5&3.0 10 22.5 11.25 90°
10 Step 0.5 1.5&3.0 10 30 15 90°
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Fig. 4-3& T|Z7 A2 A2 A& vebd o)tk 9279 Al6061(140mm X
70mm X 5mm, 70mm X 50mm X 5mm)2] FAje] QHE AP A A (notch)E =1+
=, 381 FPAIPe 9ete] FARTES IHAAHY FHRddo] FEN Tt

[e]

—
Ul

nNE 5 S, 2 4RE st Hut FEAPHESRE FE3TE webA,
Zh M Zrde] ol 9 Y AlFHe Q N Fof 4§35, Ilmm, 3mm,
Smm, 7mme] ZAo|E zZhi=t} w3 722 HA O F 200mm X 100mm X Smme] A o]
E91% 95mm dole] ARFAE B Ao g wiHAY At Fad
A3t 28kl &3kl

tilo

Fig. 4-3 279 Az 44

43



4% 2% 2 B}

FEAAR, uUE 23 A, 2903 2 AF A 2] % wFAF
g AZ)7hEre] FakeSA S gelsty] flete], Aol 9.5mme] AFvE =AY
g A= Fig. 440 HERASITE STICS]
UHARF, Iact 2.5A, T35 2H2 2.5kHz, SkHz, 10kHz % 20kHzE <Q17}skiar

Fort Behs mu Al oete] AWM Ty §

Al A7 93-S Sframe/secd] SEE F

A
Jlﬂ

9.5mm_2.5kHz 9.5mm_ SkHz 9.5mm_10kHz 9.5mm_20kHz
Fig.4-4 FEHAFE ALz AT /¥ A7|Fde] o J2d49 A&

Aded Freddidel o3 w7d Arizheiete] osto] dFrlE dael =
st 4ol 1mm, 3mm, Smm, 7mme] FZT L2 A3 HA THE Fig 4-59 2ol
7 bR FgIsity A oFdwel A ehdFRVE wAsa glow, 1 h7

24 A% Aol F4E + Aok 22y, do] 1mmel A-foll= ol g A el
A Holyton, d2dd EAIe Zeo ofste] At deolrp #i3 FHdE slow

stebgth o, A4 vhel gol ik skizelAd 4 AR 4719, 5
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3mm_2.5kHz

_ A . O &r.-. L ¢
7mm_2.5kHz 7mm_5kHz 7mm_10kHz 7mm_20kHz
Fig. 4-5 @3 o] 4 QI7} F3o] o3 A7 9%
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Fig. 4-67} Fig. 4-7<> Fig. 4-12] F-2A8H ] oA 5kHz 9 10kHze] FEW
el ok A7197%4S etk A os 2 Age] Jert 43S o4 F
Aom, 271 GelA FAATE velhdE A3 Arie A% A4% UA
3 WAEZ 7RAT 3, Pgo] Aolrt wu gAs A YEhe 31 Age 7o)
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No.l 5kHz

No.4 5kHz No.5 5kHz No.6_5kHz

No.7 SkHz

10mm

No.9 5kHz No.10_5kHz
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No.l 20kHz No.2 20kHz No.3 20kHz
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Table4-3  ZZe] A% 37] 9 A3

Crack No. | Depth [mm] | Width [mm] | Length [mm] | Volume [mm3]
1 2 0.79 10 15.8
2 4 0.82 10 32.8
3 6 0.82 5 24.6
4 6 0.61 10 36.6
5 6 0.80 10 48.0
6 6 0.98 10 58.8
7 6 0.74 15 66.6
8 8 0.80 10 64.0
9 9 0.80 10 72.0
100 140 140 100
r
7
+1 -® =) - ®
=

i3 -® -® -®
24 -@ -® -®

Fig. 4-11 LA EHUo)EA AH|Q# A7 AEH (Unit: mm, thickness: 10mm)
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