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ABSTRACT

A Study of Nondestructive Inspection System for Fastener Structure in
the Aging Aircraft

Sejin kim

Advisor: Prof. Jinyi Lee, Ph.D.

Dept. of Control and Instrumentation Eng.
Graduate School of Chosun University

This thesis presents an inspections system of far-side corrosion and fatigue crack around
rivet fastener holes in skin layer of a multilayer structure and fatigue corrosion crack in the
rivet under countersunk head. The inspection system is integrated by two sensors which are a
linear-type magnetic camera and an ultrasonic probe. The magnetic camera is used to real-time
inspect the rivet center, the far-side corrosion and fatigue crack in the skin layer. The center
position of rivets is then sent to the movement system of the ultrasonic probe for inspection of
fatigue corrosion crack in the rivets.

The magnetic camera consists of a linearly integrated Hall sensor array (LIHaS) and a
yoke-type magnetic source in the sensor probe. The LIHaS helps to perform the inspection with
a wide area and a high spatial resolution. 64 Hall sensor elements were arrayed at interval of
0.52 mm that makes a scan width of 33.28 mm. The location of rivets, far-side corrosion and
fatigue cracks are inspected via measuring electromagnetic field distribution in multilayer
structure which is induced the yoke-type magnetic source by using the LIHaS. Detection
algorithms have been developed and integrated in the software that allows automatic detection
and evaluation of the damage size, location and shapes. The ultrasonic probe has a high

operation frequency of 13.3 MHz which helps to measure the fatigue corrosion crack with a

Xiv
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high resolution. The ultrasonic probe uses membrane containing water so that the ultrasonic
wave can be transmitted to the rivet head with a variation of the probe lift-off during the scan.
The A-scan and B-scan modes can be performed and will be presented in the thesis. The
ultrasonic signal will be analyzed in frequency domain and displayed in a spectrogram by using
short-time Fourier transform (STFT). The use of STFT helps to easy observe the presence of
cracks that is better than analysis in time domain as in conventional ultrasonic system.

A number of artificial damages with different size, shape and location have been produced
in the skin layer and rivet body of two layeres specimens. In evaluation of the magnetic camera
performance, receiver operating characteristic curve (ROC) and probability of detection will be
used. The ROC is analyzed to obtain a certainty threshold for detection status based on a
standard method, named “gold standard”, with 95% of specificity. The analysis of the POD
shows that the magnetic camera could inspect the artificial far-side corrosion having volume of
11.02, 12.49, 14.28, 18.85 mm3 at 90/95% POD for backward-, forward-, left-, and right-side
corrosion around rivets referred to the scan direction, respectively. For instance, with 10 mm of
corrosion diameter which is informed by Korean Airforce, the corrosion depth is about 0.14,
0.16, 0.18, 0.24 mm respective to 11.1%, 12.5%, 14.3%, and 18.9% of skin layer thickness can
be inspected at 90/95% POD for backward-, forward-, left-, and right-side corrosion,
respectively. All the artificial fatigues with length over than 2.95 mm from the rivet tip can be
detected. Furthermore, the evaluation of corrosion volume have been done with a standard
deviation of 5.00, 4.07, 2.39, 3.28 mm? for backward-, forward-, left-, and right-side corrosion
around rivets, respectively. And, the evaluation of fatigue crack length has a standard deviation
of 0.27 mm and 0.33 mm for forward-side and backward-side fatigue cracks, respectively. With
artificial fatigue corrosion crack in rivets, the ultrasonic probe can inspect the crack having
47.28% of rivet’s body section area at 90/95% POD. Also, the depth of the artificial fatigue

corrosion cracks was evaluated at 0.29 mm of standard deviation.
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VH=k|§Z|IC059 (4)

AZNAA k 1 6 27 BAS, QHAR, A HALF ZES e
t} B, AWMAEd ol g WNES =A5}7] 95te] RMS(Root-Mean-Square, ©] 3}
RMS)$ 22 B &3t 3|27 ARG o] gtk RMSA S (Vrys)©= DCAIZ R ofef o] 2

(5)°k Zel #dd + St
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H, dgow xUsHA wdE SAAM} SFFHI Rz wpeloj A e a1 A
gttt ol5 HASEY] S8kl A (6) ol Aol fli= FHelA e RMSAZA
Vems(Xo, Yoo 20)HS] 205 I, Avgel oJate] F3hde] A7) BEs

Astolet.
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AVg(x,y,2) = Vrus(x,¥,2) = Vrus(Xo, Yo, Zo) (6)

Scan area

Specimen

Fig. 2 -1 Simulation model for inducing current on a conductive specimen
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Table 2-1 Physical characteristics and sizes of simulation models

Components Material Magnetilc ANSYS Size (mm) Ele!"nent
properties model type size
Air Air MURX 1 117 60x 80 x 60 7
. 55x37x8
Coil-1 Copper MURX 1 117 0.2A 1
. 55x 37 %8
Coil-2 Copper MURX 1 117 0.2A 1
Silicon MURX 4000
117,1 1
Core Steel RVMX 4.72E-8 ! 10> 3420
Specimen Aluminum MURX 1.000022
117,1 . 1
(UP) Al2024 T4 | RVMX 5.766E-8 ' 40 %60 x 1.2
Specimen Aluminum MURX 1.000022
(DOWN) | AI2024T4 | RyMx5766E-8 | 101 | 40x60x1z2 !
Sensor Air MURX 1 117 20X 20 x 1 1

MURX: Relative permeability in x-direction

RSVX: Electrical conductivity in x-direction (Q - m)
Modeling type: 117 — no eddy current

Modeling type: 117,1 — With eddy current

ANSYS 11.0SP1 ANSYS 11.05F
CTOR oR

O0CeCoEN ¢
[ [RRIAN |

0011864

001303 351584

L
{

MU
EERTON

Fig. 2 -2 Simulation results of a hole-type crack; (a) magnetic flux density (b) induced
current density
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Fig. 2 -3 Simulation model of a rivet fastenr wihout crack
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RN00NEDmN &5

@ - (b)

Fig. 2 -4 Simulation results of a rivet fastener with crack; (a) magnetic flux density (b)
current density

Table 2-2 Physical characteristics and sizes of simulation models for no crack, far-side
corrosion, and fatigue crack

Components Material Magnetllc ANSYS Size (mm) Element
properties model type size
Air Air MURX 1 117 60x 80 x 60 7
. 55x37x8
Coil-1 Copper MURX 1 117 02A 1
. 55x37x8
Coil-2 Copper MURX 1 117 02A 1
Silicon MURX 4000
Core Steel RVMX 4.72E-8 117,1 10 x 34 x 20 1
40 x60x1.2
Specimen Aluminum MURX 1.000022 1171 Corrosion: 1
(UP) Al2024 T4 RVMX 5.766E-8 ' @7 x Dp.1
Fatigue:
5.95x 1xTh
Specimen Aluminum MURX 1.000022
117,1 . 1
(DOWN) | AI2024T4 | RVMX 5.766E-8 ! 4060 x1.2
Sensor Air MURX 1 117 20 X 20 x 1 1

MURX: Relative permeability in x-direction

RSVX: Electrical conductivity in x-direction (Q - m)
Modeling type: 117 — no eddy current

Modeling type: 117,1 — With eddy current
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Fig. 2 -5 Simulation model of a rivet fastener with a far-side corrosion
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ANSYS 11.0SP1
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281793
316993

Fig. 2 -6 Simulation results of a rivet fastener with a far-side corrosion (fastener in the
middle of yoke-core): (a) magnetic flux density (b) induced current density
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Fig. 2 -7 Simulation results of a rivet fastener with a far-side corrosion (fastener in the
side of yoke-core): (a) magnetic flux density (b) induced current density
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Fig. 2 -8 Simulaiton model for inducing current on a conductive fatigue
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ANSYS 11.0SP1
VECTOR

SUB =1
FREQ=900

B

ELEM=14029
MIN=.270E-04
MAX=.001272
.270E-04
.165E-03
.304E-03
.442E-03
.580E-03
.719E-03
.857E-03
.996E-03
.001134
.001272
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Fig. 2 -9 Simulation results with fatigue condition; (a) magnetic flux density (b) current
density
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Fig. 2 -10 Simulation results with fatigue condition; (a) magnetic flux density (b) current
density
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Fig. 2 -11 Principle of UT A-Scan method
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Fig. 2 -14 Several ananlysis methods of UT signal: (a) time-domain, (b) FFT, (¢) STFT
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DC Power Supply: Sensor (0.12A)

Power Supply Signal processing (+12V)
AC Power Supply: 12V/250mA/900Hz

| Inspection system |

| XYZ Stage scanner |

Sensor module
Coil: $0.2, 135 turns
Measurement width: 33.28mm

Signal processing
Amplification 60dB, Low pass filter

|OIUOD D2EC-SY

AD converter (PCI6071E, NI)
A/D Channel 64, Resolution 12 bit
Maximum sampling rate : 1.25 MS/s

3

Computer (Windows 7)

Fig. 3 -1 Block diagram of the magnetic camera system
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Fig. 3 -2 Sensor probe components: (a) yoke-type core magnetic source, (b) linearly
integrated Hall sensor array
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Nondestructive#_ENREF_32

(@) (b)
Fig. 3 -3 Completed sensor probe (a) and 3D design (b)

Fig. 3-4+ (a) A1 & *]2l4-, (b) ADW 37](PCI-6071E, National Instruments)E YEFH
th32l. A 6alel T AA Sl AR AU I, AT g e e
9 ZZ9 g T RMS I EE EHAA A

ZH7te] & ASkE 60dBe] L
FATE Haegth ¥ Ao ADHE| VL 2441mVe] AEE A EE A

210 mm

(b)

Fig. 3 -4 Signal processing (a) and AD Converter (b)
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Fig. 3-5 UT System block diagram
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C)) (b)

Fig. 3 -6 Membrane-type UT probe (a) and housing
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(a) (b)

Fig. 3 -7 Digitizer (a) and Pulser Receiver (b)
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v AAAA AFAMAAEE EPATH33][34]. Fig. 3-9 (a)v HFE 9 AH[OIAE
Alojgk = = AHO|A AEZFo|T) Fig. 39 (b= A7|7HH el 2S935 FA

of TET 5 b A2US uehin, N53A9 2Fs] 98 T Az

(a) (b)

Fig. 3-8 XYZ Precision motorized stage
(At =% A : https://www.global-optosigma.com)
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Nondestructive#_ENREF_33
B-scan#_ENREF_34

Computer

UT System

Magnetic
Stage controller g
camera system

(@ | (b)

Specimen

Fig. 3-9 (a) Computer & stage controller, (b) auto-scan system
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A 44 4% Aswd gigE
Ll AR 4 ¢nEE

=9 el TH32]. Fig 3-109] Sue]E S

Fig. 3-102 ¥ Z49% 34 g
¥t} Fig. 3-11 (a)= LIHaSelA 53t dlo]H

HA gule] FH33E Rt HA HE
Z 2 @) ol AMwgow AR g Ayolty. FHUARE FH37] AsA
298 2ol Azre] MM (Veys(x,y, 2) X As TR G (Vems (X0, ¥y 20))= 7]
Fow ntojej 2 HeEE g HolH AV (r,y,2)E ©]& 3t Fig 3-119] (b)) Z#=
of el wpel o] wloloja A E 3 HolHE AWT() R HESI xF
WEFo R vwskd 7 e #3rk vebdth ol sae] A E Hrshd, &
A wFozo #ul FHAXA RxE FHT F Qivh AAMgFo R gl 9
Ry)E F437] dsto]l 2 (100 D ()T AVeys L AVpys @ AOiatE H53L
Fig. 3-11 (c)&] Surface 1= AVpyss YERNM, Fig. 3-119] (d)2] Surface 12|~
T |AVeys|E WERATH32]. ©FE GAlClA H A (Px, Py)s A (12)°] YERA uhe}

ol FEoH #F =M e A Jie Ne 1072 Adseld AdEE P
H

QAU (Px, Py)T S, Y ARE Auste] Figks TehE 44 W @Y
FANA RS AT F ek olgel Aelel dste] FHE PN FHAX

=
2
@
R
-z
Z
i)
&
Il
4
O
E

G} WEke sty 280 TRHE X

@) =220 Vaus () i=0~2N+1 3
Vg = f(0) = f(@) - £(0)
©
= Z?zo(VRMS(i'j) = Veus(0,)))
AVpys = Vems(E +1,j) — Veys(i,j) i =0~2N+ 1 (10)
j =0~63
h(i’j) = |AVRMS| (11)
P(Px, PY) = Max(h)leaxpoints (12)
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Setting: Rivet area length, 2N+1

(@) . Peak numbers, P o) Rivet area :
° Detect rivet l -« Find Ry Size = (2N+1) X (Sensor length) [#——
* Find Rx Rivet center, RX
Data acquirtion $
l Process differential, AV
Process backdata, " Then take absolute, |AV|
Sum data in sensor direction ¢
| Peaks detection | Find P maximum points, P(Px, Py) Repeat

!

Rivet center . Ry
Ry = Average of Py

Rivet detected
Rivet center (RX. Ry)
Rx = average(index of two peaks)
¥

Repeat Convert to mm scale

Rx =RxX scan step [—
Ry =Ry X sensor interval

| Count number, C

[No * X: axis in scan direction
* y: axis in sensor direction

v v
L Rivet detected Rivet area data
Counter number , C Size = (2N+1) X (Sensor length)

Fig. 3-10 Rivet center position estimation algorithm for (a) find Rx and (b) find Ry

(a) (b) ()

Scan direction X
Averag(Peak1, Peak2),R¢

Fig. 3-11 Estimation process of rivet center position: (a) Vrus (b) Ve (¢) AVrus (d)
[AVRMs|
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Fig. 3-12& 2703 $xk(Backward) 2 A ®¥(Forward)ell djst F2 Aghe]
2 AE WEHsH] Ssh daugEs YEpAT32]. AE G el e Hag (P)
E cAF R Attt A8 e P(Px, Py)d X A Ad9avt ¥l FA9A 4

3 9 RxEtt & 7-$ Forward group, 2F< 74-%- Backward group S = 3t} &

o 7§=#H] PReell = & Aotk AenizE AAs AR oS 29 A5
Ao w Adsty, xdetA] &S A FAFCR dFHsith B AToAM = PE
12002 27 st3lth Fig. 3-139] (a)v= 74T, (b)= Backward 2%, (c)= Forward 2
& YERATH32]. A dodeA AlE e Arrt FAT 99 A5 AxE Ho
A ST ojgk o] FA QlFeM e HauRe Mg FAAT o] EAEA

e Py FHu U A SHHEE AEd duelHe ol getel A wiol

oL

32

Collection @ chosun



Input : Rivet center Ry Indication

Cut-off threshold Cy, (%0) B: Backward side
Absolute rivet area data, |[AV]| F: Forward side
¥ L: Left side
Find maximum value R: Right side
Max =max(JAV]) Of scan direction

No
AV (. §) > Max X Cy,

I

i |

0

All rivet area data Y

Scan direction

No. of dataj. C
j>Ry

Yes

No

Ly = Sign(L,) X(Ly/+Lg))
Ly=1Lg

Lg = Sign(Lg) X (ILy|+Lg)
L=L,

Yes

Yes

Left corrosion crack

No crack Right corrosion crack

i

Instead of using a fixed number of
maximum points for each rivet, this

algorithm uses flexible number of
Left group Right group maximum points by using Cut-off
¥ L2 threshold Cy, (% of maximum data)
Distance L Distance Ly for each rivet.
L, = X(-Ry)/C L = X(-Ry)/C

i: index of point in x-direction
j: index of point in y-direction

¢ Lpq Point rate threshold for left side

corrosion (L g > 0)

L Point rate threshold for right
side corrosion (Lgy, < 0)

Threshold value can be found by
analyzing of receiver operating
characteristic (ROC) curve.

Fig. 3-12 Far-side backward and forward corrosion detection algorithm

(a)

Scan direction

0.15 [V]

?
20.15 [V]

Fig. 3-13 Sample of scan image for: (a) no crack (b) backward corrosion (c) forward

(“ICollection @ chosun
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Fig. 3-14% 2703k e] H35(Left) 2 S (Right)yoll tist F2 A3ghe] {53 4
AAE dHs7] 9 dagFs vErdT32]. A8 P FelA HAGMax)= A=
st AAG(Cw)= woto] AdEE G dolxe 7Foz Aot & AFoA =
AT 25%= AT D9 Held VIeer AE gk ol AVewsl(, HE
FEoth A8d FE JHEEQ) ST e ® 2Bl FA9A 4 #H3EQ Rys}
5 Hlwste] j7F RyX ol A Left group 2 S Right group & % &3}, Left group
99 49 Right groupoll A FEH QldlA Yy AR jo} Ry 2= geta 7HEH
#@OoZ vrth gk Zdole] Hato] Hw ZH7b Ly, Leelth L Leoll ARtE F
st & A= vlasteh | Ly o] & A%+ | Lo | | Le [ dsko] Leell thdshet. | Le |

& A | Lo | Le [& ©ste] Leoll didstar, W3S Yepgr] S1s — F5
Aeletnr. #HF AduE doelde AAR(LLn, Lea)¥ BlIE sho] F2] AT

o]

i

4 A5 Hs Fig. 3-159] (a)= 23 (b)i Left A3, (o) Right A3
& vEbdT32). FAFR Aol Aol Hat Lt Le ©] fAHA dEbvE A
o] itk Agro] EASE Fig. 3-15 (¢), (1) FFolv= AgduFoz WA iy
= dAo] #EEER AFWFgorw ol Hite] vl AA vebdth whebA, A
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Setting : Rivet center Ry Indication
Cut-off threshold Cy, (%0) B: Backward side
Absolute rivet area data, |AVgy/ F: Forward side
¥ L: Left side
Find maximum value R: Right side [ B | O [ 7 |
Max = max(|AVayg|) Of scan direction

Loop (All rivet area data) — Y
AViys|(i. J) > Max X Cy, Scan direction

« Instead of using a fixed number of
maximum points for each rivet, this

i

No. of dataj. C
j>Ry

algorithm uses flexible number of
Left group Right group maximum points by using Cut-off
¥ L2 threshold Cy, (% of maximum data)
Distance L Distance Ly for each rivet.
L, = X(-Ry)/C L = X(-Ry)/C

+ i: index of point in x-direction
+ j:index of point in y-direction

Yes No

Ly = Sign(Ly) X (|Ly[+Lg) L = Sign(Lg) X (|Ly[+Lz)

Ly=lg -1, ¢ Lpq Point rate threshold for left side

corrosion (L g > 0)

¢ Lgy: Point rate threshold for right
— L ] b L e

Yes Yes side corrosion (Lgg, < 0)

Left corrosion crack No crack Right corrosion crack + Threshold value can be found by

analyzing of receiver operating
characteristic (ROC) curve.

Fig. 3-14 Far-side left and right corrosion detection algorithm

(®

5 X

Scan dir'ection 4 4
0.15 [V] -0.15 [V]

Fig. 3-15 Sample of scan images for (a) no crack (b) left corrosion crack (c) right
corrosion crack
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3. VEFE Wi dugE

Fig. 3-16> A~ 709F3Fe] vk (Backward) % AW (Forward)ell st 3= d o]

d

o SAE wdE] A dugss UERAT32]. olHRtA dugEa fA
st HuH TP = 12005 ARSI AEE HF P(Px, Py)el X A& PxE AF
g3t} px7t 2l S A 4 #EQ RxE U 2 49 Forward group, 2V 749
Backward groupl ® =F3otth Z+2be] TImelA AEldE X il Pxet RxS A&
3t Wo] scan step= wetTh AlAbE gk Aol Hito] ¥Hw Z}7; Ly, LgolTth. Ly,
LeE YA (Lem, Len)¥ Hlwstel HFAox ASH+ 2 Waks WEdt Fig

=

-

3-17¢] (= FAT b TEF 2 (o T 28S HEdHBE2] F B
d FEAEY A9 Le, a7t AR AR YA A d S d 289 7
o= wdol Qv WFOR SojA = Aol HEEH wEbd, d2dd W

FLE AT A

Tt Ael e MR ZHA e
A e s2dd o] Thsstit)

1o

A L7k o A derde o)
A%, FAR] BE Aol

rlr
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Setting : Rivet center Rx
Number P
Absolute rivet area data, [AVgys|

;

Find P maximum points | B |O| F |

ol Y
Loop (P time) Loop (P time) E
Yes No
¢ Scan direction X

A 4

A 4

Indication
Forward group Backward group

B: Backward side
F: Forward side
L: Left side

Lz = Mean(Px-Rx) Xscan step Lz = Mean(Px-Rx) Xscan step l;flzii];t ;;5:: tion

* Ly Threshold distance for forward
side (Lgg, > 0)

* Lpg: Threshold distance for
backward side (Lggy, < 0)

« Threshold val be find b,
Forward fatigue crack No crack Backward fatigue crack S ,0 vae can 'e y
analysis of no-crack rivet specimen

Fig. 3-16 Fatigue crack detection algorithm

(®)

s X

Cd
Scan direction

0.15 [V] -0.1?5 V]

Fig. 3-17 Sample of scan images for (a) no crack (b) 1 side fatigue crack (c) 2 side
fatigue crack
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4. a4 E F4 &g F
4.1 A-Scan

AHAER ML AutA o7 AZF-Fu4E T E P TH35]. Fig. 3-18 ¥ Fig. 3-19+=

247} STFT ~#EZ I8 o83 JNFIFH SuelZ 9 285 059 B4

of| & YERATH33]. STFTS] HIH, B (1o, fo)oll Al AAIATE 2] T35 13.3MHz
2 283 TRHo FAFVS ISMHzE T W 3142 Belth Fig 3-19 (b))

obefle] zEiZo] e A-A’ HE EE ¥E3 STFT AFEZ 739 UdH-E

WAzt AHA & A4S 7do] e AR wAFSAL, JAT EAYT B
wgol EAskE Ao A e At AEE AR, AFel v
Ehvbs Al e 935 el ARgERGinh 9] b Al A ool AY ow,
2l F=oll A HAZo kA meEE A ok oAl 93 HEAHTQR)
o A WA 33 HEAIZHTE)S TOF(Time-Of-Flight, ©]3} TOF)ll 2]&to] At
ok a7k Al R R B e HHEEZAA A-IAN ) 2T EH A AR 1]
A7A A-AAIZHT1)2 TOF] 9Jste] AAtETH36]. o E Zo] Lo 2] (13)~(15)
2 AES ot e AW mgshs ARk, Vs 259 SEo|th L

gElEdelA 05mm HAHAA -03mmE IR A5t HES AT

Sk
Lo = VUTZXtC (13)
R, = VUTZXtB (14)
tc
Le=%x1, (15)
tp
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Acquire A-scan waveform
L
STFT spectrogram, E
L ]

. Find maximum point, Ey(t, , )
. Take 1D array at maximum point (time direction)
. Extract rivet area: rivet surface to rivet bottom

L]

Peak detection, threshold = Ry, X E,
Obtained ToF of peaks array : T

te=T(3)-T(2)
!

Crack depth, L = t/tg XRy

No crack Crack detected, depth =L

Fig. 3-18 Rivet crack inspection algorithm for A-Scan

Riv?t surface Iiivet bottom

(a)
25 2 0% 2y
L]
Crack area
ty
h \
Maximum point
N

¥

2% 2 nsu 2
o =k = = - = - + T ‘ - — I

_2080u_2100u 2120 2020u 2180w 21304 2200u 22204 Oou. 2320 23,50 23.623.70u]

. 24000 21200 21I0V J150) 2100 22008 2200

Threshold =Ry X E,

Fig. 3-19 Estimation of crack depth using STFT spectrogram (a) signal of rivet without
crack, and (b) signal of rivet with an artificial pitting corrosion crack

39

Collection @ chosun



4.2 B-Scan

N
il
>
)
o
12
o
il
:?I:c'
1%
W,

T 259 A AHgME 2539 ASe YRbd o

FHATH3T7-39]. TS, 7D A= A-Scan ¥ B-Scan REA 53] TOFE
ol g3sto] 4= F SUTH37]. A-Scan 4159 Z3to] B-Scan Al&olw, ¥l &% ol
A tho] AA sk WAS sk A-Scan o] H]SF] B-Scano] A¥F % B 9
A5 2S¢ Qe gEo] ¢ Eu 3, STFT AHEZ 7L 2] (16) o FA|F
vkel o] STFTY] A3l F3p-A1ZE oA A58 Ay oz eRATH40, 41].
oA7INA x(e A GGl T3 AlFolil, w(t) + Hanning, Gaussian =+
Hamming window ¢} 72 Sliding window ©]T}F. 2 =X = Gaussian window & A}
& skt

E(t,w) = ISTFT(x(t))|? = | fjj x(t)w(t — r)e-fwfdt|2 (16)

Fig. 3-20:> A|ZF5oll A A-Scan H|O|E]7} =3} J oA B-Scan ©.F ¥ 35
v H8Es YERATH34]. A-Scan AZFYS A= A (90l GERA vReE 2
STFTE o]&go=2M Fu4 9 A-Scan AFEZ o7 HIHAY AHEFH)
9 FaaEEE) 999 A-Scan AYMER o] ok ¥l W @ AW wkAby}
9} A ol 93k Wk wkAl Al 7b Walkel A #EE T A-Scan A EZ 1o

A HU S e T3 (wma ) A3 vkel o] 13.3MHzo M, tdE |

N

=

A wpang )N BHaE T3 2 (17)9 B-Scan AFEZ 73 (E(T, W) )=
A-Scan AFEZ 70 747} A 7ko| A 12.3~143MHz the Q] HgkS A3 A
o]t}

B(r w) = o [gorer i EG o) (17)
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Rivet surface  Crack signal Rivet bottom

(a)

(b)

(©)

0.0+ D v D D D 0 D D D ' D p D v D g D '
1950 197u  20u  202u 205 207y 2lu  212u 215u 218 22u  222u 225U 228y 23u 2320 2354 2B7u X

Fig. 3-20 B-scan ultrasonic signal in frequency domain process: a) A-Scan waveform, b)
A-Scan STFT, c¢) B-Scan STFT

Fig. 3221 ¥l 995 FE3e ¢8-S WEbATH34]. B-Scan A E 1
< Fig. 3-22¢] Yebdl miel o] IAXE Ao ol HolHz weHn
[34]. AR = AFAEZ T (Bn) ol A HTHEEE] 20% 2 A&t o]x A e
A2 (ol dreRd miel o] A WrgFow gatE o], HFHOoR AWYFOR |
Al HEE dE 7 Y v AR (@Ol dERd vkl el ks doigk
(Mgyy (D)= TA] Alxbst = (e)oll YFERH HE9L o] [AAgyn(U)| = 20% Epqy
< dAIFeZ st oz dHoly ExE WgEnh A0 WFgo R Y FAHA®R)Y <
g2 dolEe 19 #= M= ol HolH e A wAel wix|ur Qe ao]
grolek. gHel T4 SIA7F vpetEd, 2l g9 S B-Scan AFEIH O ZHH
28tk o] Y92 2edErB o A3 glo] YHlTdids AesiA 7tR A
A 7] wel FAlelA 2l gof whHEth Zofof gk whebA, Ul 59
A AA (Lw)Z 4mmE T 22 3mm=E A BT dHd, Lwell A 2]l & & of| A 9

glolele] 4 Wy 27t 2] (18)8h (19)2 FHBCTE 7]01A teop(s) D V(mm/s):=

=)
12

e
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Lw
w = 18
tloop XV ( )
Erivet (1, u) = E (1, R-w/2: R+w/2) (19)
1. Rivet center position 2. Rivet body width
B-scan spectrogram, E(t,u) Crack area length, Ly (mm)
T Time loop, t (s)
- - Scan speed, V (mm/s)
Binary conversion, A(t,u)
with threshold = '
E(t,u) < 20% Epax = A(t,u) =0 )
Crack area data point, W
= 0 = 4
E(t,u) = 20% ETaxﬁA(r,u) 1 W= Lo/ (£XV)
Summarization, Ay, (u) T
& Perform differential data
& Absolute Crack area data
! Evet(T,0) = E(T,R-W/2 : R+W/2)
Binary conversion, A :

E(t,u) < 20% Epax = A(t,u) =0
E(t,u) 2 20% Epax =2 Aluw) =1
]

P1 = firstindex (Ay; = 1)
P2 = lastindex (A, = 1)
]

Rivet center in scan direction
R =(P1+P2)/2

Fig. 3-21 Rivet detection and crack area selection algorithm
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Rivet 0~ ' | ' , ' ' ' '
~ 0 20 40 60 80 100 120 140 160
Center Scan direction

line ( d)

bl

i1
O 5 100 15 200 290 300 30 40 430 500 S5
Time direction

20 40 60 8 100 120 140 139
Scan direction
(e)
o 08"
%o's- Rivet center
50.4-
02-
0 0 7 T 0 T T d
0 20 4 120 140 159
First mdex Last index

Fig. 3-22 Signal presentation for the rivet detection algorithm: (a) B-Scan spectrogram,
E(t,u), (b) Binary spectrogram, A(t,u), (¢) Summarization of (b), Asum(u), (d) Differential
& absolute of (¢), |[AAsum(u)|, (¢) Binary of (d), Ao,1

[l

Fig. 3-23% 24 247 A% & dane5d olF A¥aty] S A5E ve

WA TH34]. Fig. 3-24 ()= =3t gl 99 F5 dugFoz25 Y 549 gl 99
of tigh Axto|th34]. Fig. 3-24 (b)oll WrERH nie} o], AIZMFo R 1709 el
HIOTE] (Erivee(T,1)) 7F A BT A-g-olth 28l dl=9] A= (Eryer(t ) H 5k
oldl ~of o]&to] A A= 4= 9t} Fig. 3-24 (c)oll LFER Hbel o], #ul o tf
3 BN J9©)E U F=2ZRE 05mm, 5 ¥ dolRy)Y 90%744 2] Al
(Erivet(t 1)) 2 HdlZk 0.5%2] A %k(Th)

7} counter(C()NE 12 AFEch 28 mHOoRRE FH o] Da)s A
AWMA 2] Ftolth F e wante] AEHE Ao 7 e g3 A
gko] AbgETh 28R ¢kow, ol glvks A o® Skl counter £ Zlo]=
0 o] Atk 74 ZoldE A 20 @Dl st AxE. #99 FHAS F

sto] F37b FRArh FA AL st FAZolh AojArk AAE PA

4

¢
¢

N AFE o] et #Eo) WA e
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A9 F7F gl WA F E9] 209% olAo] HW, #Ho] = AoE FHI)
7] Zlo

THE Zol7b 0 o]l ANE ARG, 24 (22)e] ERH uwlel ol | "ol
o] FFHAS} Bats o] &9 AA WHel 9ste] #d ZolE AT =, 2
TAR T Zol&= 0 Bo & @ 7= P E ol Hytolo
T
Sta = LRXme (20)
dy = 1PUO-P(k+D)] (21)
Std
|D —mean(D)| < std(D) = D :=D?0 for D >0 (22)

A7) oA, Ty T 2ol ey Asel @R AW Abel el TOFelth T,
gAetel o] HEY £ue 45 e Az S50l S A 247
Ao Aol 13, PIOS Plk+ 1) A3 AE Fel il dojAn F
S22k Qe otk E8, FFD) % sdD)E #Q ol WA Do Fitd BE

AA gl
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Crack area, STFT(crack)
Time to distance scale:
S= T/ Ry X T)

.

Select 1 lines in STFT(1)

v

Rivet surface location, Rs
Rs = Index of max (STFT(i))

h 4

Select crack area data, S

Arrayc, d

Number of crack: N
N > 20% size(c)

$ = STFT(i) [Rs+0.5Td, Rs+0.9R, |

!

No crack

Loop

Crack detected
Crack depth = average(d)

‘ Peaks detection: threshold Th & width: 0.5

A 4
No crack: c(i) =0
Crack depth, d(i)=0

Crack indicated: ¢(i) =1
Crack depth, d(i)=
max(3 first peaks distances)

[

Arrayc, d

Rivet length (R;)

Time fly in rivet (T)

Time multiplier (T,) =

1/Sampling speed of DAQ

Crack area data, S: limited from 0.5
mm to 90% rivet length (R;) under
rivet surface.

Fig. 3-23 Crack detection algorithm for UT B-Scan

(a) Rivet surface Crack signal repetition Rivet bottom
1 1 1 : 1 = 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500 550 601
Time direction
®) Rivet surface Crack area Rivet bottom
3.0e-3
s N Y
e é 2.0E-3-| T . I T :
4 | 1
'E. 1.0E-3- |
1
0.0E+0- - 1 - = T
0.00 100.00 20000 , 300.00 0.00 500.00 600.00}
8.0E-4 0.5 mm —» /
(©) S e 15 peak \5/ > 90% Rivet length (R;)
o ©
3 d 2% peak
-i GaE e — = crack depth
E 2.0E-4-] =
0.0E+0-

Fig. 3 -24 Signal presentation for the crack detection algorithm in B-Scan: (a) crack area,
STFT(crack), (b) section view, (c¢) crack area
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Fig. 4-1:> o]WHF-21& ZALel7] 9gk B AJfd S vebdth32]. 1.27mm 77
o] WAE Ao} S T FOoE o]FolA] vk AAl FFH3
W(AN426AD 473 95.85, A°] 9.45mm)¥} 2 A3 Aol lulme] Eeke] Fo
RoH, e gl 5% Y FUS Zo] gtk AN AlPAL olwef 25
Mol F-AAg-S 7hastith ¥ 482 A7 3, 4,5, 6, Tmm, Z°] 0.2, 04, 0.6, 0.8,
ImmZz AT AA 2= fARIES FA3 2uls EAF Al@H

AreIshsie.

r=—4.3
AE 1 *l {
S :1.27mm |
127

W& : 220l

Lﬁls 2 25 3 35
?3 x Dp]JL—N X Dplﬂ/ﬁ X Dp] /—¢6 x Dpf /—67 x Dp|

86 x DpOB $7 x Dp0.8

¢3 M Dp(Ld/—M X DD&,—QS x Dpo, e//—

o

d/—oa X Dp 4 x np;/—ﬁ X DPOG!/—06 x Dp06 —67 x Dpf

300

>

o3 x Dp0.4 94 X Dp04 #5 x Dp04 96 x Dp0.4/—¢7 x Dpd.
d ¢ e

4 x S0

o

<¢3 X Dpﬂ{fd/—ﬂ X DpO'c’ 85 x DpUE/—% X Dpﬂi/—¢7 x Dpl:

25 x @ 43 THRU ALL
CS¢ 62 X 100962

50

4 x 50 30

300

Fig. 4 -1 Sizes of artificial corrosion around rivet fasteners on a specimen
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2. YEd4E AEH

Fig. 4-2v Y Z2dYE AFAS YeEPATH32]. o]HF-2] AJFH] Ay 2o v
Arke] we] dukek 9 oek g2 g go] Qi) I E
495,595 mm, & 0.l mm, Z°]+= 127 mm=E & 10749 #<€=2 FAH Qe 2

A EFEE} FASES TAG @S 2 AZA FH5Y

TE2 7o) 295,345, 4.13,

o} 0 -0 -0 © No.5
o] o] -0 -0 © No.4
" © o} o O © No.3
— © o] O 0 (o] No.2
N .
@ o < o 9@ No.1
n
a0 __\__4 X 50__[
300

Notch Size
No. Length(mm) | Width(mm) Depth(mm)
No.1 2.95 0.10 1.27
No.2 3.45 0.10 1.27
No.3 4.13 0.10 1.27
No 4 495 0.10 1.27
No.5 5.95 0.10 1.27

Fig. 4 -2 Sizes of artificial fatigue crack around rivet fasteners on a specimen
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Fig. 4 -3 Inspection points in rivet head of A-Scan, rivet and crack size information
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Table 4 -1 Artificial pitting corrosion crack sizes

No. Depth(mm) Length(mm) %area Sides
1 1.5 1.35 59% 2
2 1.5 1.00 39% 2
3 1.5 2.65 70% 1
4 1.5 2.00 50% 1
5 1.5 1.35 30% 1
6 2.0 1.35 30% 1
7 2.0 2.00 50% 1
8 2.0 2.65 70% 1
9 2.0 1.00 39% 2
10 2.0 1.35 59% 2
11 1.0 1.00 30% 2
12 1.0 1.35 59% 2
13 1.0 2.65 70% 1

14(No crack) - - - -

1.5 2 =29 3 35
ba;} X n,%b—ﬂ X DplLﬂS X Dp] ,_—¢6 X Dp] ,_—¢7 x Dpj

e’/—¢3 X DpO;/—M X Dp;B/—os X ])pg—% X Dpa;!—W x Dp0J

#3 x Dp(l6 #5 x npo 96 x DPOQ]/_W x Dpl6
a4 =
™)
e/_os x npu.el—¢4 X Dpo;/—os x Dp04 —o6 x Dp04 97 x Dpl4
H B R R R =
[Tp)
x
93 x DpO 94 x Dp0.2 95 x Dp02 —96 x DpOé/—ﬂ x Dpl2 <
5 { ‘HY B .
csa 62 X moosz g

4 x 30 30

300

Fig. 4 -4 Multilayer specimen with far-side corrosion in first layer and artificial pitting
corrosion crack in rivets
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S F ¥ RkEste] 43Tt Fig 4-72 AA FHaE Hogkel %
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do.8
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do.4

do.2

meEs —

4 4 s Rivet |
015[V] 015 [V] Scan direction

Corrosion

Fig. 4 -5 Images of rivet with backward corrosion at 0° scan direction
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do.8 do.8
do.6 0.6
do.4 d0.4
0
- i . . 10mm
' + Scan direction Corrosion Rivet —
-0.15[V] 0.15 [V]

Fig. 4 -6 Images of rivet with backward corrosion at 15° scan direction

i =—0.08 @=-011
o =042 0 =027

15

10

Number of data
o (8]
Number of data
) o = >

-1 0 1 -1 0 1

Pasition error (mm) Paosition error (mm)
(a) (b)

Fig. 4 -7 Estimated rivet center position error histogram (a) Rx (b) Ry
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Fig. 4 -8 Images of rivet with backward-side corrosion
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Dpl.0

Dp0.8

Dp0.6

Dp0.4

Dp0.2

: A A
rivet corrosion .
Scan direction -0.15[V]  0.15[V]

Fig. 4 -9 Images of rivet with forward-side corrosion

Left

Dpo0.2 Dp0.4 Dp0.6 Dp0.8 Dpl.0

corrosion
— A— -A

rivet ..
Scan direction -0.15[V]  0.15[V]

Fig. 4 -10 Images of rivet with left-side corrosion
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Dpl.0 Dpo0.8 Dp0.6 Dp0.4 Dp0.2
03
04
05
06
97 B g

rivet — A_ -A
corrosion Scan direction 0.15[V]  0.15[V]

Fig. 4 -11 Images of rivet with right-side corrosion

- X A A
Scan direction -0.15 [V] 0.15 [V]

Fig. 4 -12 Sample images of a rivet with no corrosion, and corrosion
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A4d A2FE AFHE 2

No crack 2 side fatigue crack 1 side fatigue crack

®© o o

Length

295

3.45
413
495

595

—— J— —

Scan direction 0.15[V]  0.15[V] 20 mm

Fig. 4 -13 Images of rivet with fatigue corrosion crack
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Scan direction X -0.15 [V] 0. 1‘5 V]
Fig. 4 -14 Sample images of a rivet with no corrosion and fatigue corrosion crack

Fig. 4-15% o952 9 J24d 4% A% dagsel st 33t doly
o} FAATY] AF 9 Fz2dde] dolE nlugt AiE veERdth32]. & dHolH
= 239 MEAYRS Foto]l Stk A, 15709 FEAS gElEe] HuE 9
sto] gt A3 dloleE gold HluwE fste] dds AHE sy
Attt @4, #5 9 =5 F249 A5-ol= Fig 4-159 (), (el 3 ¥ nfo}
Zol dolEl7} EAEA R BE(F, AG)H, ol #AF 9 59 Akl

A, AAH oz A A7)t FAEFF A

=

o>~
3
E
=
_l

=,
T
o
ne
[4-8{_11
oy
o
o
:

56

(“ICollection @ chosun



(a) A Backward Corrosion  #No Crack (b) AForward Corrosion 4 No crack
-0.5 4 L 3.0
A
- i e
1.0 :_’.or_ .0’0‘0_*:.,’_“’_ . 2.5 . 4
(21] 1 ‘ =5
LIS g
EREE At 520 .,
é : A A ‘ ch A “‘
= -2.0 1 A = 1.5 A
'g ] A ‘3 ?. l
=W L A A =¥
2.5 ry 1.0 LI R $os*te 1
] A A
-3.0 1 0.5 o
0 20 40 0 20 40
Corrosion Volume [mm?] Corrosion Volume [mm?*]
(C) A Left Corrosion  # No crack A Right Corrosion #No crack
5.0 —
4 -1.0 e ® *
* .. X * * oot
4.0 t o &t
a 4 at a2.0
g o4 g
"5230 *‘o‘}"‘c*"'t*""é .
. A%, (] *»
8 o P te o 53.0 ._‘_,“__‘___3‘_& _____
8 = 2
<] .4
&820 5.4.0 'y
A
A AA
A . ~.0 .
1.0 e -5.0
0 20 40 0 20 40
Corrosion Volume [mm?] Corrosion Volume [mm?]
(e) A Backward Fatigue 4 No crack (f) A Forward Fatigue 4 No crack
_10 3 | I S [N S NS N T SR S ()0 ]
5o S
.20 3 1 ] A
5 i»“\‘“p’.“.”"“ » 550 ]
E 3.0 e R 5 ] A
o i, 40 A
=40 ] " 5 ] *
E B ] ‘ A CE ] :
e ] 230 ; A
8-5.0: * 8 o ___ _‘ __________
= ] = * @
Z 6.0 ] L | 220 Fre™ 20 0"’“"‘ "
a a
-7.0 1 0
o 1 2 3 4 5 6 7 o 1 2 3 4 5 6 7

Fatigue Length [mm]

Fatigue Length [mm]

Fig. 4 -15 Detection data: a) backward corrosion, b) forward corrosion, ¢) left corrosion,
d) right corrosion, e) backward fatigue f) forward fatigue. The no-damage size is set as
random for ease of observation
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ROC(Receiver Operating Characteristics, ©]3} ROC)
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Fig. 4 -16 Receiver operating characteristics (ROC) curve and threshold point (TNF =
95%) (a) backward (b) forward, (c) left, (d) right
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Table 4 -2 “Gold standard” table of damage inspection result

Defect status

Inspection Present Absent
. False positive (FP)
Present True positive (TP)
. True negative (TN)
Absent False negative (FN)
Total without defect
Total Total of defect
Sensitivity (TPF) TP /(TP + FN)
Specificity (TNF) TN /(TN + FP)

ROC A0 FE Qojxl QlAlghe Bestel AT A%

e —

Al de A=

7} 7§23k mh1823 software V.4.0.12 ©]-&3}o] &
o] 91z Asto] thsto] 90%<] POD & zt
10.23, 12.97mm?® ©]™, 90/95%2] POD

14.28, 18.85 mm® ©] T},
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Fig. 4 -17 Fatigue & corrosion POD curves: a) backward b) forward c) left d) right
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Fig. 4 -18 Estimation of corrosion volume and fatigue crack length: (a) corrosion (b)
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1. A-Scan
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HNOZRE 0.5mm HHO=E 979 E

7135} SI TH33]. Table 4-2% A-Scan®] W]
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o] Ertsiglnh 2l 7 A2 zlo]l= 0.36mme
°] STFT4 #}o|t},

g4-20-24= ¥l E A-Scan

Fig. 4-19 A-Scan inspection points on a rivet head

Table 4 -2 A-Scan result
~Lase Al A2 A3 B1 B2 B3 C1 2 c3
Rivet
D1.0 0.92 091 0.94 1.07 0.86 091 0.95 1.04
xL1.0_2side : : : : : : : :
D1.5 1.42 1.45 1.34 1.74 1.44 1.27 1.43 1.48 1.16
xL1.0_2side : : : : : : : : :
D1.5
xL2.0_2side 1.39 1.31 1.42 1.42 1.42 1.45 1.46 1.43 1.39
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Fig. 4 -20 A-Scan spectrogram signals for rivet without cracks
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Fig. 4 -21 A-Scan spectrogram signals for rivet crack Dp. 1.0, Length 1.0, 2 sides
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Fig. 4 -22 A-Scan spectrogram signals for rivet crack Dp. 1.5, Length 1.0, 2 sides
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Cc2

Fig. 4 -23 A-Scan spectrogram signals for rivet crack Dp. 1.5, Length 2.0, 1 side
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2.  B-Scan
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Fig. 4-25= %A% 2% <] Scan B, Scan_F W&o AAMA S HeERdTE o]

Aol 257 H2E W HAl= Al et gledd Ases HEHA
skt
—_— — Rivet
Sean Scan_B Scan_F o cion
Fig. 4 -25 B-Scan spectrogram signals for rivet without crack (B, F)
Fig. 4-26< 729 2/¥ 9 Scan L, Scan R &2 AAE S Yepdth 259}
o] Zx® Qg i AS7 et Adom i WAbE = WS §HA, o

ol ANE WAtE L Shao] wEEt) eMEd ATt AFHA 2ok
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Scan L T Somamns " _ e

Fig. 4 -26 B-Scan spectrogram signals for rivet without crack (L, R)
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Fig. 4-27-> No.1-Dp. 1.5 L1.35 2side 2™ 2] Scan B, Scan F %

ebdith 2 vz ad AsTE W2 FeelM AN, 42 A=l s

ok ¥Ao] o8t A A4 AE b EbgTh

Lines 1 2 3 4 S
B 117 1.28 133 1.34 134 Ri
—_— P— vet
F 1.20 1.26 1.36 135 134 Scan B

Scan_F Corrosion

Fig. 4-27 B-Scan spectrogram signals for rivet crack No.1-Dp. 1.5_L1.35 2side (B, F)

Fig. 4-28-2 No.1-Dp. 1.5 L1.35 2side 2™ 2] Scan L, Scan R %3] AAAR=

etk 2gvbe] Ztew Q% mw 4570 ek gu w2y 457 W

2 gdeld @ERAI, F9 AE0l bk

Lines 1 2 3 4 5
L 113 1.31 1.35 1.35 1.34
Corrosion

Scan_L Rivet
R 117 1.29 1.35 1.36 1.33 ScaniRT()l s

Fig. 4 -28 B-Scan spectrogram signals for rivet crack No.1-Dp. 1.5_L1.35_2side (L, R)
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Fig. 4-29% No.2-Dp. 1.5 L1 2side 2]®¢] Scan B, Scan F W3&Fe] AAFEIE o
Ehdlith sl Aol7) Frol F& FdelA A7 AEHL, F(side) A7t

PR $A o g A Arke] BaELh

Lines 1 2 3 4 S
B 271 247 119 133 137

—_— — Rivet
Sean_F* corrosion

F 2.40 2.07 1.18 138 132 Scan B

Fig. 4 -29 B-Scan spectrogram signals for rivet crack No.2-Dp. 1.5 L1 2side (B, F)
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Fig. 4 -30 B-Scan spectrogram signals for rivet crack No.2-Dp. 1.5_L1_2side (L, R)

71

Collection @ chosun



Fig. 4-313= No.3-Dp. 1.5 1.2.65 1side 2] Scan B, Scan F W3] AL A=
UEbdTh sl Aol7k AojA gElEuitel AuAte]o] AN WA
F-2Adgto] 2] wiol gAst At @S JEREA sttt

Lines 1 2 3 4 S
B 1.23 1.66 153 112 141 Rivet
F 133 1.60 155 1.40 1.41 Scan B Scan_F |FSie

Fig. 4-31 B-Scan spectrogram signals for rivet crack No.3-Dp. 1.5_1.2.65_1side (B, F)
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Uebdth 25390 Zte R Qs W AlsUF Yetgth o dolrb dojA gHl
ol A Abo]e] P T BA wEETh

L 231 1.37 1.25 1.13 1.26 Scan L Rvet
R 1.87 1.98 1.29 1.21 1.20 T@l -
can R Corrosion

Fig. 4 -32 B-Scan spectrogram signals for rivet crack No.3-Dp. 1.5_1.2.65_1side (L, R)

72

Collection @ chosun



Fig. 4-332> No.4-Dp. 1.5 L2 Iside 2]®! %] Scan B, Scan F %
Ebdint 2o sy AW Apole] Iz At dEEn fEdd fHE0]
7hsetdek F-2lel ot

o 3k

o oJ-o
F2 HERA ekttt
Lines 1 2 3 4 5
B 3.16 1.74 1.38 1.75 142
F 4.24 1.59 1.37 2.03 1.42 Scan B
Scan F B

1ere] AAATE U

— Rivet

Scan_F Corrosion

Fig. 4 -33 B-Scan spectrogram signals for rivet crack No.4-Dp. 1.5 L2 1side (B, F)

Fig. 4-34%= No.4-Dp. 1.5 L2 Iside 21" 2] Scan L, Scan R 32 AAA¥E 1}
edlith 259te] Zhe® Qlgh 29

ol Line 1 #|2)3tx ¥ =&

#9

wzol Ths

Az 7F veRg o dzad e dorr g1 o

sk,

Lines 1

3

S

1.49

1.48

1.87

1.44

Rivet

Corrosion

Fig. 4 -34 B-Scan spectrogram signals for rivet crack No.4-Dp. 1.5 L2 1side (L, R)
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Fig. 4-35% No.5-Dp. 1.5 L1.35 1side 2% 2] Scan B, Scan F W3] AL A=

Uebdch e A Abolo] HE#d Assh BAAT F9 7o)} Zo}l Waka

N

A AZEA B3k oA AT = YERA] ekt

Lines 1 2 3 4 S
B 248 1.83 1.38 1.55 1.31 R
— -
I 1.88 1.85 1.36 3.02 1.50 Scan_B Scan_F E——

Fig. 4 -35 B-Scan spectrogram signals for rivet crack No.5-Dp. 1.5_L1.35_1side (B, F)

Fig. 4-36= No.5-Dp. 1.5 L1.35 Iside 21" 2] Scan L, Scan R %3] AAAN=

Uehih, 293ke ZwE Qg BY AEs debdth #970] Fol dAHow

v2gde] AEHA X stk

Lines 1 2 3
1.16

B - - - N Scan_L Rivet
o e e e WO (@) | !
Scan_R @ Corrosion

Fig. 4 -36 B-Scan spectrogram signals for rivet crack No.5-Dp. 1.5_L1.35_1side (L, R)
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Fig. 4-37< No.6-Dp. 2 L1.35 Iside 2]%12] Scan B, Scan F W39 AAME & 1}
Ebdint 2o sy AW Apole] 2 At dEE, fEdE fHE0]
7hs s Ath Ak dAe] o] FA A5 7F YER T

Lines 1 2 3 4 5
B 244 1.47 1.59 1.87 1.85 Ri
5 —_ — vet
F 1.60 153 1.68 1.86 1.82 Scan B Scan F  corrosion

Fig. 4-38 No.6-Dp. 2 L1.35 Iside 2/®¢] Scan L, Scan R W3] HALEHE L}
edith 923 g AJEo] 7hsekdith 250 4r® 1d 3d A%t YERg
7 do] EA38H= Line 4%} Line 5014 7 QA 57} YEyt),

i:l
Z

Lines 1 2 3 4 5
L - - - 1.82 1.81

. . Scan_L Rivet
R - - - 1.82 1.86 ScanfRT(Ol Corrosion

Fig. 4 -38 B-Scan spectrogram signals for rivet crack No.6-Dp. 2_1.1.35_1side (L, R)
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Fig. 4-39% No.7-Dp. 2 L2 1side 2]®1¢] Scan B, Scan F %39 7HAlA#Z e}
ok gwle] Zuat AW Alole] w2gd NEsl BRI, degd AZo] s}
sttt Ak @] o|HR-A 7 A

Lines 1 2 3 4 5
B 1.92 1.98 1.86 1.83 1.85 Rivet
F 18 | 207 | 211 | 183 | 186 Scan B Scan_F  Gorrosion

Scan_F

Fig. 4 -39 B-Scan spectrogram signals for rivet crack No.7-Dp. 2 L2 1side (B, F)

Fig. 4-40> No.6-Dp. 2 L1.35 Iside 2/® ] Scan L, Scan R W3] HALAHE L}
Ehdit 2599 ZR® QI W A% 7 el o] EA 8= Line 4~5¢]

A Agd #dNsTr AEH AT

L - 3.39 3.12 1.97 1.91 Scan L Rivet
5 — 215 3.02 2.06 182 Scan_RT()l Corrosion

Fig. 4 -40 B-Scan spectrogram signals for rivet crack No.7-Dp. 2_L2_1side (L, R)
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Fig. 4-41< No.8-Dp. 2 1.2.65 Iside 2]%12] Scan B, Scan F W39 AAME & o}
Epdlith stde] dolrt dof H delA mH AW Alole] dzad A7t

HEE, A2ad AF0] JhsEoith A @49 ojdRA A5t Vst

Lines 1 2 3 4 5
E? 1.79 2.60 1.70 1.67 1.81 Rivet
F 1.80 2.02 1.73 171 1.82 Scan_B Scan_F  corrosion

Fig. 4 -41 B-Scan spectrogram signals for rivet crack No.8-Dp. 2 _1.2.65_1side (B, F)

Fig. 4-42+= No.8-Dp.2_L2.65_lside 2™ ] Scan L, Scan R *¥3°] HALANAE
Bt 25910 AR 1% 3W AS7 YRt @07t Zo] Line A 4]
o7 FEANF} YERL

Lines 1 2 3 4 5
L 249 | 198 | 176 | 178 | 1.83 Scan L Rivet
R 2.59 1.80 1.67 1.71 1.81 Scan RT@l Coronion
Scan_L - .

Fig. 4 -42 B-Scan spectrogram signals for rivet crack No.8-Dp. 2_1.2.65_1side (L, R)
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Fig. 4-432 No.9-Dp. 2 L1 2side 2]®¥ 9] Scan B, Scan F W3k HALA 5 e}

Aoy gule] ERy A Alole e dMEwd AU dEH, vEdd

AFEol 7hestith Ak A48 oA Aot F2 G ool et

=
b =]
Lines 1 2 3 4 5
B 1.84 1.70 1.78 1.82 1.82 Rivet
F 2.45 1.68 1.78 1.83 1.83 Scan_B Scan_F | eorrosion
Scan_F

Fig. 4 -43 B-Scan spectrogram signals for rivet crack No.9-Dp. 2 L1 2side (B, F)

Fig. 4-443= No.9-Dp. 2 L1 2side #®¥ 9] Scan L, Scan R W& HAEI}E e}
ot 2590 Ze® Qlst W A5 velwn glardo] #ol HEQ A}

e
Lines 1 2 3 4 5
L 2.23 3.13 - - - Scan_L Rivet
R 286 | 286 - 115 | 116 Jgcan RT@l Corrosion
Scan_L _

Fig. 4 -44 B-Scan spectrogram signals for rivet crack No.9-Dp. 2 L1 2side (L, R)
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Fig. 4-45% No.10-Dp. 2 L1.35 2side 2" 9] Scan B, Scan F W2 HAA¥=

etk Aozt doj v2gd Aot st #EEa, JELEYE AE

o Jbsargleh. oMol gt AEE vhehbA gt

Lines 1 2 3 4 5
B 1.72 1.85 1.85 1.79 1.86 N - Rivet
1.63 1.86 1.84 1.82 1.85 Scan_B Scan_F oo ocion

Fig. 4 -45 B-Scan spectrogram signals for rivet crack No.10-Dp. 2 _L.1.35 2side (B, F)

5 2side W] Scan L, Scan R W&o FHAMAIE

Fig. 4-46 No.10-Dp. 2 L1.3
W57} et #@el7t dudow 2

dehit, 2t e Q1% md
o] Line AA &0 & #9237} Uebuttt.

Lines 1 2

it 1.72 1.80 1.86 2.02 1.76 Scan L Ravel

R 1.94 2.02 1.87 1.60 1.77 T l .
Scan_R CO Corrosion

.....

Fig. 4 -46 B-Scan spectrogram signals for rivet crack No.10-Dp. 2_L1.1.35_2side (L, R)
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Fig. 4-47-2 No.11-Dp.1_L1 2side 2]%1%] Scan B, Scan F W3aFe] HAALEIE ek
it 2ele] iy A Aloleof] IR A7 #FET Imme] w2 Zlo] 9
HAE HEo] 7heekinh ojdF-2Aef ot A E 7t YERRT

Lines 1 2 3 4 S
B 0.88 | 080 - 0.74 5 — Rivet
F 0.88 0.77 0.84 0.80 - Scan_B Scan_F Corrosion

Fig. 4 -47 B-Scan spectrogram signals for rivet crack No.11-Dp.1_L1_2side (B, F)

Fig. 4-48% No.11-Dp.1_L1 2side 21®12] Scan L, Scan R 32 A4 3= e}
Ao 25398 Aes 1% A% 7F vEbstth ol wddelrt &
Agto] oFwtako] Qlo] Line 13} Line 5914 ¥t o] #H=E ot

1:L:l

L 0.97 - 117 - 0.82

. . . Scan_L Rivet
i 080 . 0.00 - 092 Scan_RT(Dl Corrosion

Fig. 4 -48 B-Scan spectrogram signals for rivet crack No.11-Dp.1_L1_2side (L, R)
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Fig. 4-491= No.12-Dp.1 L1.35 2side 2/"%1°] Scan B, Scan F W&o FAA ¥ =
vebdTh 2l I A Abolof Fdke] vEgd ASTF dEEnh izl

o7} AAw v Zols} dwow o] PEo] FH: ojuR A o

2% 7F YERskT

Lines 1 2 3 4 5
B 085 | 100 | 097 | 097 | 084 Rivet
F 110 | 117 | 092 | 082 | 085 Scan B Scan_F [aormoc s
S F

Fig. 4 -49 B-Scan spectrogram signals for rivet crack No.12-Dp.1_L1.35 2side (B, F)

Fig. 4-46 No.12-Dp.1_L1.35 2side "] Scan L, Scan R ®W3Fe] HAAMA Y E

uvebdth 250te] A5 e mW As7 vebdth ot g ew 7

o] Line AA Ao x #AA5 7} eI

Lines 1 2 3 4 5
i 0.84 0.81 0.75 0.88 1.14 Scan_ L Rivet
R 0.84 0.87 1.72 1.01 1.35 Scan_RT()l Corrosion

Scan_L

Fig. 4 -50 B-Scan spectrogram signals for rivet crack No.12-Dp.1_L1.35 2side (L, R)
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Fig. 4-51<> No.13-Dp.1 _12.65 Iside 2% Scan B, Scan F W3] AAMA A=

Uebdth 2o mus AW Aold] dead 157 g, 9o} 4A
W v 27 dojt o] AFe] AUt oW A5} tebeth

Lines 1 2 3 4 5
B 1.22 1.36 1.65 1.45 1.48 Rivet
F 124 | 135 | 139 | 154 | 123 Scan_B Scan_F i
Scan_F -

Fig. 4 -51 B-Scan spectrogram signals for rivet crack No.13-Dp.1_L2.65 1side (B, F)

Fig. 4-52i= No.13-Dp.1_1.2.65 Iside 2]®¢] Scan L, Scan R %39

AN =
Uebdith 28] Z4Ew QF EW 457 dehgth 292l dugew 2

o] Line AA Ao x #AAF 7} eI

Lines 1 2 3 4 5
L 1.64 3.38 1.63 1.42 1.05

Scan_L Rivet
L R 1.56 2.56 1.66 1.45 1.08 Scan_RT()l Corrosion

Fig. 4 -52 B-Scan spectrogram signals for rivet crack No.13-Dp.1_L2.65 1side (L, R)
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13 709 3w 2l 12708 5439 guls o] &3Fo, Scan_F/B/L/R 39
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=, UT 22187} 9o FAAE SetA &3, 23 £1.0 mmE 7HIthal 3t
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o, ofof tfst 41842 95%%0-S HERAL
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Fig. 4 -53 Probability of detection (POD) of pitting corrosion crack in UT B-Scan
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Fig 4-54 + 4 Zlo|& #7Is A3E vty 54 ex+= dnbzQl g5Y
T35 s A= s|AEaRMe R aEdt Hiy 5 HxE -0.07 mm
510.29 mmo|th. 19 129 @EF| YERd vRel o] 2jul 5
HA S 7= 7Y No. 1, 6, 113} o] A2 3HA S 7= d ol & 247}
Uetgth 53], 253 Z2H7F gBle g Y Hel "WojA glod, wtd e Zlo]d
it AFH7F oxk= S7Fstth B &9], Scan LY} Scan R Scan B$} Scan Foll H]
sto] @x7b Zgkth o]= skin®] olWF-A wjito|th =, AdA oA #ESH uf
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Fig. 4 -54 Measurement error of pitting corrosion crack depth
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