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ABSTRACT

Development of Alternative Surface Non-Destructive
Evaluation Technique Based on Electromagnetic Method
Applied to Pipe Welding

Eunho Choe

Advisor: Prof. Jinyi Lee, Ph.D.

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

Pipes for transporting fluid are widely used in industry, and their lengths extend from several
kilometers to hundreds of kilometers. Welding is widely used as a means of applying a relatively
short length of factory produced pipe to such a long-distance pipe installation. Welding has the
advantage of having relatively few restrictions on the thickness and shape of the target material,
and of reducing the weight of the equipment. On the other hand, changes of physical properties,
deformation, and residual stress due to local heating and cooling accompanying welding may
exist and may cause defects. In particular, the possibility of defects is greatly increased during
long-term operation in high temperature, high pressure and corrosive environments such as
petrochemical plants, heat transport pipes, nuclear power plants, ect.

For pressure piping, carbon steel piping is used in most major sections, with the exception
of sections requiring particularly high corrosion resistance. It has good weldability, low cost and
excellent heat resistance compared to stainless steel and other alloy steels.

The non-destructive testing method applied to assess the strength of the carbon steel pipe
welds is divided into a surface volumetric testing. Ultrasonic testing (UT) and radiographic
testing (RT) are applied as volumetric testing methods. For surface inspection of pipe welds,

which is the subject of this paper, liquid penetrant examination (LPE) and magnetic particle

Xii
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examination (MPE) are applied. However, LPE and MPE have a complex inspection process of
pre-treatment (cleaning), application of penetrant and magnetic particle, residual penetrant
removal, developer application, inspection and post-treatment (cleaning and demagnetization).
As a result, the inspection time increases, and the use of penetrants, developers, and magnetic
particles, which are chemical substances harmful to the human body, is essential. However, when
magnetic powder and penetrant in the form of powder and liquid are applied to the lower part of
the pipe, which is a position against gravity, they are not applied evenly to the surface of the
welded part and fall off by gravity. In addition, when inspecting a welded part, a defect signal
and a pseudo-defect signal are mixed and appear due to material changes, residual stress, etc.
occurring during the welding process. The distinction between the defect signal and the pseudo-
defect signal is made by subjective judgment based on the inspector’s experience, which leads
to a problem of reliability of the inspection result.

Therefore, it does not use chemicals harmful to the human body, is not affected by the
inspection location, can scan the entire welding line in a short time and can improve the reliability

of inspection results Alternative Surface Examination (ASE) method needs to be developed.

Therefore, this thesis proposes an alternative surface inspection method applied to pipe

welding that can be converted in order to:

1. No use of chemicals.

Shortens the inspection speed by a simple inspection process.

Has a sensitivity equal to or higher than that of the existing surface inspection method.

Not affected by inspection position.

Use of artificial intelligence techniques for measurement results to improve the

reliability of defect detection capability.

6. Propose an alternative surface inspection method for pipe welds that can create a
database of inspection results.

ok~ wn

In order to achieve the proposed goal, a non-destructive testing system using an
electromagnetic method was developed. When magnetic sensors are arranged and used, the

residual magnetic flux density, leakage magnetic flux density, and time-varying magnetic field

Xiii
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distribution in a certain area can be measured and imaged. It has the advantage that it can be
measured and imaged. Therefore, using a magnetic sensor and an excitation coil, the method of
applying an electromagnetic field and the defect detection capability depending on the type of
magnetic sensor were investigated. As a result, we developed the optimal arrangement of the
magnetic sensor and the signal processing circuit that can measure the selected electromagnetic
field application method and the distribution of the generated magnetic field around the defects
in the welded part, and that can move and measure automatically along the circumferential
welded part of the pipe. We have developed an ASE system for pipe welds consisting of static
balance scanners. In addition, the possibility was confirmed by analyzing the defect signal using
various signal processing techniques and artificial intelligence techniques to improve the defect
detection capability and reliability. Moreover, the usefulness of the inspection system was
verified using a test piece simulating the welding of a carbon steel pipe, which is widely used for
piping in various industries such as petrochemical plants, heat transport pipes and nuclear and

thermal power generation facilities.

Xiv
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Fig. 1 -3 Rupture of district heating pipe near Baekseok station [12]
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Fig. 2 -5 Welded specimen and sectional shape
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Fig. 2 -10 4-point bending test mechanism
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Specimen : 56BA el
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Specimen : S6BA e
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Fig. 2 -11 Change of magnetic flux density due to stress;
(a) without stress, (b) stress of 157MPa, (c) stress of 314MPa, (d) stress difference
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Fig. 2 -13 Magnetic flux density distribution in the cross section of the welded
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Fig. 2 -15 Mesh of the solving domain and mesh quality according to the displacement
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Fig. 2 -16 Experimental setup
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Fig. 2 -18 Measurement of length and width of the cracks using microscope;
(a) depth 0.3 mm, (b) depth 0.5 mm, (c) depth 1 mm
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Fig. 2 -20 Impedance variation at 10 kHz
(a) depth=0.3 mm, (b) depth=0.5 mm, (c) depth=1 mm

0.03

o

0.01 0.02
Displacement (m)

(@)

Delta Z(%)

=
s

=
o

=
G

0.2

0.02
Displacement (m)

(b)

Delta Z(%)

Fig. 2 -21 Impedance variation at 20 kHz
(a) depth=0.3 mm, (b) depth=0.5 mm, (c) depth=1 mm
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Fig. 2 -22 Impedance variation at 40 kHz
(a) depth=0.3 mm, (b) depth=0.5 mm, (c) depth=1 mm
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Fig. 3 -1 Specimen and artificial defect drawings

-32-

Collection @ chosun

ki



Table 3 -1 Specifications of artificial defect

Group #1 Group #2 Group #3 Group #4 Tolerance
Number
of defect 4 6 6 8
N 0°, 22.5° o o o gne
Direction 45°, 90° 90 0 0°,90
Depth 15 0.3,05,1.0 0.3,0.5,1.0 0.3,05,0.3,0.5 +0.05
(mm) 0.3,0.5,1.0 03,0510 | 03,0503,05
Length 2.0,4.0,20,4.0
(mm) 5.0 5.0 5.0 2.0.4.0,2.0,4.0 $0.5
Width 0.20 0.20 0.20 0.20 +0.0,-0.1
(mm)

C/S Specimen
(SA106)

S R |

.-

Fig. 3 -2 Specimen
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#7 #8
(b)

Fig. 3 -3 RT result of welding pipe specimen; (a) all area, (b) defect area

Table 3 -2 Defect type and position

No. P(gﬁgig; Defect

#1 10° &4 F=(1P)
#2 25° | AF-=(1P)
#3 80° & 4F=(1P)
#4 110° & 4F=(1P)
#5 125° | AF-=(1P)
#6 165° | AF-=(1P)
#7 195° | AF-=(1P)
#3 225° 71 (Porosity)
#9 285° | S4F=(1P)
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Fig. 3-5¢l YEbA mRsl o] A4 Q1XE smm# o] F3dto] HAZ(#L), &

HAZS) AA@2), S SHE) el doleE A5k,

-9}

Fig. 36 #1 9149 A% A%e Jehdd, 4% Uy A% 9 HAZ B9

2 548 ol A5 e ATl Fig. 37 #2 9149 ¥

* Scan distance : 1020 mm

* Scan Speed : 60 mm/s
¢« Scanstep: 1.7 mm

¢ Frequency: 5 MHz

+ Gain:35dB

+ ESE YA 60°

Fig. 3 -4 Ultrasonic testing system
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#1 2 3

-
[ e e g

Ultrasonic
Sensor

Weld

Fig. 3 -5 Ultrasonic sensor position

o *
270° =14
180°— ‘
E|
920° —| 1L
0° =i
H ) \ ; d
= 120 I 1 18 N |
Specimen Time (s} / Distance (mm)

Fig. 3 -6 Experiment result #1
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T
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180°~| '}

90° -
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1

Specimen Time (s) / Distance (mm)

Fig. 3 -7 Experiment result #2

270°=

T —

180"~ '}

90° -

0° -

il
H

I % ! y ] )

Time (s) / Distance (mm)

Fig. 3 -8 Experiment result #3

Specimen
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Fig. 3-99] (a)oll “eRd whel o] 253 AME 3% T A7 F,
Zod PSS 9 A0 BES AT s S48 Fig. 3-99] (b=

ZgAstolth. $A% WPAT 2 RHAT A5E 54T ol st e

sk,
—
\‘—-.__
Weld
Ultrasonic
Sensor
—
t Lotation

@)

270° =

180°—| |

90° =i

0 ‘zlu
Time (s) / Distance (mm)

(b)
Fig. 3 -9 Welding line direction test result;
(a) sensor position and measurement direction, (b) result
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3. ZFA3 HA
7. TMR AAE o] &3t 35 AFAS 53
Fig. 3-102 TMR(Tunnel Magnetoresistance) A4l 4 ECT AlA & o] &3slo] &A%
A vt AEHe S 2 AFAs) 22 9 Jd[F BExE SHs] 9

T AP pdF HAIME SEEH Y

g FYOR FB QYA F] Aol 25 YO 1nm AH A
g o15A71Y 3 domme] G AFAFE S5t

Fig. 3 -10 Measurement system using TMR sensor and ECT probe
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@ axis  z axis r axis

270° — .:_
180° — : :
90° — E:
o |
Specﬁnen RT Result - TMR

Fig. 3 -11 Residual magnetization measurement result using TMR sensor
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+  Scan distance : 1020 mm

+  Scan Speed : 30 mm/s

+ Scanstep : 0.1 mm

+ LIGiS Gain : 34 dB

+  LIGiS Number of Ch : 24 ch r

Fig. 3 -12 Residual magnetization measurement system using LIGiS

_ Heat Aftected Zone
llmm |
Ilmm |
[l Section Lk
Z [l Section C
)_. 1% I Section R

Fig. 3-13 LIGiS mesuerment position
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LIGiS Color Scale

0 W +015
- | 285°— IP )
270°—| 1 1H
225%— IP
. 195° — Prosity
180°—| |, :
| | 165°— IP :
125° — IP
|| 110°—= IP
90°—| L =
= | 80°— IP 1=
25°— IP
I 10°— IP
0°—| |{f -
| H
Specimen RT Result

Fig. 3 -14 Residual magnetization measurement result using LIGiS
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4 FERE AN

Fig. 3-15, Fig. 3-16-> &4t A& e] vl AJ@d 8] 45 xHe] o- 4oz
100mA, 200mA°] AFAAIE QI7FeE §, ¢-9}F r-ake] 2b7F 457 2 7]golzl A F
Hjd GMR A4 (LIGIS, linearly integrated GMR sensors array)oll 2]3}o] FAxt&5d =
(MFL, magnetic flux leakage) 35 57435 Aoty AEo] EAo] 7]t 4zt
&2 WEgsHA AAHA dgkeh $9, 100mAE 7S A $-9F 200mAE 17+ 7
$-9] ZpolE Fig. 3-17¢] YERATE o= Age EA o] 7|Q1e FAAE] JFS
Frretr] f1sk Zlow Wi HolElE AAss myE 7Hth shARE, ol gk Al
AR Bty Aol AEHA &Skt
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LIGiS Color Scale

0 B W +025
| |
! I
= | 285°—
270°—| {1 JE
: :
|| 225°— |
|
A1 ] 195°— |
)| il
180°—| ] |
: : :
| |
| |
|| 128°=
|| 110° = i
90°—| |1 =
| = 800_ : =
i i
| |
| |
25° — |
o | B | 1
e I 3
| .'
i i
! i
I i
- |
Specimen RT Result '

Fig. 3-15 MFLT result using LIGIS (100mA)
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LIGiS Color Scale

0 W +025

| |

I I
|s | 285°-
270°—| {1 |
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|

| | 225°— |

|

1| 1950 — |

i ! Hi
180°—| !
. y

i 165° — :

i i

|
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|| 110° = |
90°—| |1 5
E| 80°— iz

i i

| |

| |

25° — |
U] s
| '
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| i

: i

- |
Specimen RT Result '

Fig. 3-16 MFLT result using LIGiS (200mA)
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LIGiS Color Scale

0 W +03
| |
! |
|5 | 285°— H
270°—| {4 |
E :
|| 225°— |
1| 195°— |
L al
180°—| | af
" "
| 165°— "
| |
| |
|| 125°— |
|| 110°— |
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| |
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| 25° — |
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i E
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Specimen RT Result '

Fig. 3 -17 Difference between 100mA and 200mA
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5. SAF AHAL

ig. 3-19+= Fig. 3-18°] A3 A& wgoz vhav 2 XS HAAst A3
ojty. WA & mue] Aol TAsHE A%, 10kHz9l 40kHZzS] Fapofl A 9]
7w Afolzb wrAskAl vk whebs], A 310l yERA miel 3ol 10kHz9)
40kHz 91737t zkole] Adigh(ap)s T8kalvh. 1213 270" A3H1E<] Zlo] 0.5mm,
2ol ammel W A A A A0E DAR(ADrnresnoa) = A7 3ko1 AA
% olstel w2 0 Heala, AAZE ol 10kHz A3y} 53 A3E Fig.
3-12 (a)ell VFERUGITE Hgk A 3.2¢] vERA wkse} o] 40kHze] A ¥}= Fig. 3-12 (b)
of ettt AFA o g ojzfst A AT E Bsty A3 AsE 5HT F
AT

A(2)|10—40| = [Droknz — Daoknzl 3.1)
A(2)|10—40| = |®10kHZ - ®40kHz|

0 ABj19-40] < Drhresnola
V, =R X { 3.2
10kcHz 10kcHz ABi10-40; ADj10-40] > Drhresnola (32)

A(2)|10—40| < Q)Threshuld
Viokrs = Ruokity X { 33
#0kHz 40kHz ADj19-a0; ADBj10-40] > Drnreshoid (33)
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270°— h_
180°— I
90°— -EE
0°—| i
Specimen

Collection @ chosun

IP

Prosity

IP

IP
IP

IP

IP
IP

Impedance Phase

Impedance Phase

Impedance Phase

ECT 10kHz

ECT 20kHz

Fig. 3 -18 Eddy current testing result
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|

25° —
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el e s e )

Specimen RT Result (a) | (h)

Fig. 3-19 ECT Signal processing result; (a) 20kHz Result, (b) 40kHz Result
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A 374 A7) 7wl e}
1 Axd 74

B AFrelA A ZeE A7 et §F A= Fig. 3-200] WERA wRgl 7o) Folrt
= oA Y-S LIGiS(linearly integrated GMR sensor array) S ™o #l x| 3}o] A 2}a}
Atk oz ZAL> AR 02mme] FEAHCRE 1403] AAMSIITE ARHFE=
10~80kHzoll 4] 100~400mAS] AC HFE <A7te 4 Slth LIGiSel= 0.6~1.2mm 3t
7O % 16~32 7H9] GMR AAME widst3ith GMR AlM = oxF ) 9 A7 A
7178l el E3tE = As WA 918 wid ] Aol k] thsto] 45 & )
2 &k .

192

b

Y

A Sensing dir.
s

=——> X (Scan dir.)

e

Fig. 3-20 LIGiS and exciting coil
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Fig.3-212> A9 AAE vebdth wiek 845 A1gH, 3y 2AE o)A, LIGIS,
2717kt AEEY 2 AFHE A8 39 A olH] 9 AlA AAE o]

g31o], LIGISZ 7AF o] ZAAZ T 2immise] &

bt

2 st Sl

LIGiS 24ch

* Scandistance : 1020 mm

+  Scan Speed : 30 mm/s

+ Scanstep: 0.1l mm

+ LIGiS Gain : 34 dB

*  LIGiS Number of Ch : 24 ch

Fig. 3 -21 Magnetic camera measurement system

Fig. 3-22¢ 21338 &5ttolo13& YepbdTh NI-cDAQ tiHto]A 9] /0 7

EEZY 9 AE AZESOE o]&sto] A& FY, LIGIS ¥ Al A3z A
ALS FF3= SMPS(Switched Mode Power Supply) S 92 7|0 &1t} LIGISS] =9

ANz = 2k F357) 284Hz9) 119 FE(HPF, High-Pass Filter) S %33 % Gaino]
46dBS1 25

Ir

=

SET|E o]l g3ty 12 FE8ATE. o] % PGA(Programmable Gain
Amplifien) & o] &3] 2xF FEFak3int 22k T%§ PGAS] Gain NI-cDAQ2
HEEZEHE o]fsto] 24T Slt}. EESH RMS(Root-Mean-Square) 3| 25 Al-g-38}
o] A £YAFTE DC AT HE3I3 o, NI-cDAQA/D ZAHWEZ t]xd 35 o
SBE &3l PCoA AZES R AAE FHSsIAHh oAk Fdel /7= wF
J& v} 9HAl7](Sine wave generator) 2! PGAE E3l 5 3}4=(1Khz~300kHz) 2}
AAA AT 5 Sl

B C
0
flr

)
=i
i
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__ Magnetic Camera ___

Probe
AC Output Amplifi Si At
o | plifiers | ine wave
Exciting Coil | (PGA) < generator
- A F 3
B
h 4
. . 2%t Amplifiers -
[ [ st [ [
LIG1S »( HPF P 1% Amplifiers » (PGA) | RMS Circuits
3 -~ h
T DC Input
Motor SMPS y

NI-cDAQ

PC 4—|| 1/O Controller

44— | A/D Converter ||«

Fig. 3 -22 Signal processing block diagram

o

Az A7) b gE5Akeh s e 328 olge dds ISk wjd

LHR A YFH x| @-3O 7 10kHz, 20kHz, 40kHz 250mA2] A|HAHA S <17}

3 F, 0-9 el 247 457 2 7]goH LIGISe] <& &% Ewo] AwA
EEGYL ASAAT 0339 BF A 23T FEARE Arbeta, A
BHoE 0% wi 259 AoPFL M BE #AS 42T 5 Yt

Fig. 3-232 10kHz®] AIRHAHAIE 1716kl wo A3E vetdrh & o ¥
stHAl AFAlsE Flstr] 918k, Fig. 3-24, Fig. 3- 3

Zb kel AgAe sdete 44 vlolEl o Fjste] mEstlth Ed
Fig. 3-27, Fig. 3-28°] Ytebdl whol o] :wAsh Exntk ofyet

)=
]
porosity Agtell thelA = AE 7Fsod 5 st on, dF irddde] 45 A

A7) Azl dFe AL Sles & g UTh
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Specimen RT Result '

Fig. 3 -23 Experiment result (10kHz, 250mA)

-55-

Collection @ chosun



il 285° — i
270°—| i
: E

| %

; 225°—

| i

I 195° — !

180°—| '|] i

: !

' 165°— .

i

| !

] 125°— !

H 110°— i

90°—| i B
1 80° — e

|

| 25° — Ny E

i 10°— .

S — T

0 ! i
| }

i

Specimen RT Result

Fig. 3 -24 Cracks in the left HAZ (10kHz, 250mA)
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Specimen RT Result

Fig. 3 -25 Cracks in the weld line (10kHz, 250mA)
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Fig. 3 -26 Cracks in the right HAZ (10kHz, 250mA)

-58 -

Collection @ chosun



15 285° = L 11;"‘ E
270°—| | : cen
g o
| 225°— I\t
| 1950 165° (IP)
180°—| i :
i 165° — o8
!
:
i @
} 125° —
i o _ A =
| 110 oTs B
90°—| |1k g
15 80°— E 80° (IP)
} 25°—
i 10° —
0°—|
1 10° (IP 25° (1P
Specimen RT Result U UF)

Fig. 3 -27 Internal defects (10kHz, 250mA, IP)
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Fig. 3 -28 Internal defects (10kHz, 250mA, Porosity, IP)
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Fig. 3-29 Experiment result (20kHz, 250mA)
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Fig. 3 -30 Cracks in the left HAZ (20kHz, 250mA)
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Specimen RT Result

Fig. 3 -31 Cracks in the weld line (20kHz, 250mA)
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Fig. 3 -32 Cracks in the right HAZ (20kHz, 250mA)
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Fig. 3 -33 Internal defects (20kHz, 250mA, 1P)
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Fig. 3 -34 Internal defects (20kHz, 250mA, Porosity, IP)

Fig. 3-35+= 40kHz2] A|HAAE <Q17belgls we] A3E vehdo &+ o 95
A AgAlsE F9lslr] 93k, Fig. 3-36, Fig. 3-37, Fig. 3-38¢l] LER ulg} o)
Al A el dgets 4 dHole gode ddiste] @8kt A A, 20kHz K
th A5 go] Heoppom, A FRl A5 AVlE FUFeRlth &, Fig. 3-39,
Fig. 3-40°] YebH vle} o] WA
IME HE Jteol s stk ol Ays} vusds W, A% AESlA

L 2 AolE FAT + Yotk
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Fig. 3 -35 Experiment result (40kHz, 250mA)
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Fig. 3 -36 Cracks in the left HAZ (40kHz, 250mA)
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Fig. 3 -37 Cracks in the weld line (40kHz, 250mA)
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Fig. 3 -38 Cracks in the right HAZ (40kHz, 250mA)
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Fig. 3 -39 Internal defects (40kHz, 250mA, 1P)
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Fig. 3 -40 Internal defects (40kHz, 250mA, Porosity, IP)
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A4 HE ©olE AFAT A
A1d Az DA
1. =EAF

Fig. 4-2:= Fig. 4-1°] AlgeS o] &3 A At o5 yehdth $52 45

oz A 0.1mmitAolH, A5 SWFoRA 1mme] FiEHe e THIH 5

s

AV(Q,j) = Vo(i + 1,)) = Vo(i,)) (4.1)

5 15 25
0 10 20 30 (mm)

Fig. 4 -1 Specimen
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Fig. 4 -2 Raw data

Fig. 4-3& 447 4 419 A% olg3to] Fig. 429 As+E AT S0l
WX ] Beld 54 o)t AxsPORM, AT K W X, ol 2

AN BAE F 9

_\1
Rl
M
%
rlo
r (]
i)
o
B
X
1o,
T
|
2k
o
i

A ABEE o] o]
o3 W ooyl gEe A AN 5 olrhs 54 7hachso)

Vi (i, j) = Vs (i, j) — Vs(0,0) (4.2)

d|fferenl|d prmesmng

Fig. 4 -3 Differential processing
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2. BZAA AzA=

Fig. 4-3°] Afollc 2% AE Wad 2 € dojEe BE SHor M=
Aebde Ak Baskal givk 2 delM dWsks AFAA AzAEs o HolH
o] BEV = g F e AZAYVIY T shuelv40]. FEFAA Az A
= A 4308 R olTHTE o838t 4 448 o] AAANz e AE

A= AU EHEE Y Vs @A T dae
AASEA A dolH e FE&s adE wkgstr] wiiel A% JRE AdeuA
o "ol o B&

PN
T
=9 WEygel Asa 4 vk

!
(o
i
?1_[

.+g
Vavr (@, j, N) = N Z Vo(@J) (4.3)
i= 1—7
VDT(i:j) = Vo(i»j) - VAVR(i»j» N) (4-4)

mean subiracilon with raw data

Fig. 4 -4 Mean subtraction processing
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3. AHE-AFAA-AAAE

Fig.4-3 9 Fig. 4-48] A-9ol= A% Fre] HEd 9 9 dolHe BE 59
oM Mz FREE wa Bista ok B oM 2 452 BIHE wiel 2
,Fig. 4-5¢] 1}E}

Woukel ol A% ARE Wesl AYF 5 vk B RelA ol d A

o] ARt e, BIFAAE T

K}
oo
=2
o
>
o
[
ik
=
2y
o
ke
l“.?‘l.’;
_O|h
(M

BEAA-AANA e E F&sto] A skl
VDT(irj) = |AVo(i:j) = AVyyr (L], N)| (4.5)

absnlute adpative after dlﬂ'erentlal prooesmrbg

100 200 300 400 500 &00 700 800 Q00 1000

Fig. 4 -5 Absolute adaptive after differential processing
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A 2d i o] 2¥EY 4 [42]
1. o]&3 w7

# olw ECT W4 wEx9 wa 3ole Auole WA we AHe] 9
ARE A 98l wRARI AT A=9 WAl g GAFE A

ol Mge Fal S o2 Fal AT olNE B F ok @, 9
A ARG FoAggGow wy wuE vehle AFeka, ol dldY AR
o At Fuol Zo), FAL(x), AEE(0), AT TN Wt 4 469 o)
AfAow gadth AT Aol(d)k A 473 2ol AEHH, JA45

skt ARE- TH43-45].

= =
= T

4>

Je = Joe~ WK (4.6)

1

—r (4.7)

§ =

AN AN EF = F A7 FBR)S A 487 o] BEAIBY), UZE
QX HEMBY), A8 D3HBp), oI AHENY) ZABs), ATl e AHAF(Be) L FA
Aste] o5t SfdFBr ol o3t A= THoE FAEH webA, AA e &
A2 2 499 o] AA xHe| A HA 271 zuEF Aol nl#E s
Nz AP IR 7 Al tis] otdEI-tAYE M3 d, RMS IZE AHE

stol AW AEE AFAEL AT neb, AFHow A5 AzE A
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+ Z Beo:Sin(2mft + Aa;) + Z Bro;Sin(2nft + AB;) (4.8)

Vy(t) = k X Iy X B,(t) (4.9)

T
Vs = f%f [V, (£)|2 dt (4.10)

ojFe] 7 A7 MdEe] AW AT v Al

h

ol

= R T L= o
Le] A71E Zbe A7AA wide] 2akd A7 SE V(p, 1) 2t akRb o714 Pe
A71A4 8] Mgolal, L& A7 Aol g iolty, vy Ho] AHAER sS4
(MSSA, multivariate singular spectral analysis) & x}+= Fig. 4-62] &5 t}o]oj 1313} 7+
o] ¥ @AZ FARL

Input V Qutput ¥

[

Y

Embedding, E Group selection

Yy

¥

Decomposition

h 4

Reconstruction

Fig. 4 -6 Block diagram of the MSSA algorithm [42]

A1HA (Embedding) : 7t - A A-A A 2l A5 (Vo) 2 4113 o]

Eefold 3t 25 (stacking)oll o3 EhA & g (trajectory) WA Ep (UWIE wid)=
ERdith 974 &efold x99 doj= Noli, A5 e =4

= 1o

i

[e) % =]
= W53k

<

[e)

& ZHTH46). M=LM# ol Tk etol) A= NI ol FaAEs g A

fol
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EFEA T FRE 2ok

d
m

g g s 49 drs

]_
S Austelop Stk RE AZAA A5 Gy WA 4

o e 99
A5ye Egshs

4129} 2ol AFHo] AA WY WA B2 FHAL

Ve (1) Ve(2) Ve(N)
VP(M) VP(M + 1) VP(L)
E=[E,, Ey -, Ep] (4.12)

A2A (decomposition) : AW WY E= 5o] #HE F3l(SVD, singular vector
decompositon) Wi ]3] FEaitAEE ek o WA AL Adwd &

=
4 EE Ay uHHE ] FEost= Ao}

e QWY 9d B9 PR
9 cold Soluy EaAMoZ S 5 Ytk FLAYL Cck 4 4139 o] ¥

L, SoldE Eallv A 4147 R@HA 97)4, U Ve A7 453 &%
ufaE et ok B so A LAM(AL 1 = 0 < Mol U Ao R

AR Dfgke]l ¥24E AN MANFe ZET} woldth QwE wd
EX 4 4150 XA viol go] PR IpAAR Hawy)

1
C=pr EET (4.13)
C=usv” (4.14)

E=E1+E2+"'+EM

= JLUVT + U,V + o+ [ Uy Vi

(4.15)
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A|3Al (Reconstruction) : 2] 4.15°] FEa3tlE Ei(l < i = M)Q Q45
HAd Bstete d8AsE AFAsk=d AR-E T M= min (M, N), N* = max (M
N), Hy (1=p=P)= A% Vo sidst= E' o] FiEdHolet 7Pt 5, Ef =
[HLHS, - HY| = Jqu v eItk efd, F2gad Elol gigshs 1,9 A4 A

S()E A 4160 mIHT

ZH(11—1+1) for 1<I<M"
) i
7,0 = MZ Hi(i,1— i+ 1) for M* <1< N* (4.16)
i=1
! HiG,l—i+1 N*<I<L
m. Z p(l, -1+ ) fOT' Sl s
i=l-M*+1
A|4<A] (Group selection) H AR s s AV 8 4, S5 1)

= A7) & (Weighted correlation matrix)ell 2l&l Fai= <= 2tk 97|94 (X, Y),
1 Xh1 0 X, D)Y@, D), 1Xlly = VX, Y)p, @ =min(i,M,L—i+1)°|th 7t o
ol ST E T G (series) = AbTo] v wjEo a7l ¥ fA o] FolXth

&y

= 4.17
XTolY s (410

oF AelX vhehdl AHLFFAA-AUAY S AT o JPow 5w

Stk AN ©FAF= 1020mm Zolo EHFE 0.1mm A s o At

¢
_l

&

Aot AAA o2 vy 5o AFEY &4 FH 9 1EAlF= PXL = 411000

AN
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o] A7E Ztevh A S (stacking) Aol M dnFA o ® Lo AntETt ZA AdE

M [47-48], ¥ =M= M=50= AFE-sHRIT Fig. 4-78 A
e 2 MSSA A3 ¢AlE vEhdith

Raw data

N W b
o o o

Sensor [x0.6mm]
=

0 100 200 300 400 500 600 700 800 900 1000
Distance [x0.1mm)]

0.3

0.2

S
o

0.1

Sensor [x0.6mm)]

100 200 300 400 500 600 700 800 900 1000

0.02

600
Distance [x0.1mm)]

Fig. 4 -7 Example of reconstitution of input signal

Fig. 4-82> A4 A W& /%

o
Mo
H
lo
2
i
=
2
AN
=
]
Ho
)
flo
of
ot
2

gl gFsiEel 4wkl A7) A0 AF5 BA5ES Ve okl A R

A Azl e, UrA 22 gs 7

R

Bl AZRE] i EJE Al sjdshs 2 #he Rt 3] AfEES
s

-
=
Jo
)
iy
Mo
)
dlo
>
}-o{n

2

EUE AEE S IARER Qa4 THe] Mk, ¥4 R He AEY
@e s A 447k gk ol weh BB BE AE RelF S8 v

=779 (weighted correlation)S 712 AF-8-5FITH49-50]. Fig. 4-9° 7F5/d3 &4
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1o

AE AlFAstellt 1fEE T W2 Tk AdikelE =1

Fig. 4-10= 7Fa 3t del oJsto] o7k Eds, Ad, 45 Az L

A3E Bojgr A9 A3 FAEBw), F5A HEBy), AR D3 B), A 2
Be)o A7|Ho® A% ERE AF7t WA 1~10719) nfgtor FE2 5 9
Atk %o A An7E TEE UAAN, FHF BA B FAE RS AsE
FZo] FQtt A% A5 E 112h~16412 AR oE AT 0w FZo] HQrt
Z2 ] FFT, Gabor 3 9 Wavelet Al & a4 W A% 54 A4 Fo¢5
dglsfop stt}[51-61]. WhHe] MSSA FE = H| X2 (nonparametric)?! HHS AFE-

s el ek

0.6

05}
0.4 |
03f \
02 |

011 %

\

*

W&»&wbbbbhbﬁ;.;.;,4,;..».,»;.;,..,1..»..J.J.J.....J.J..;..J.J.J.;.
4 4 ittt

0 b 10 15 20 25 30 35 40 45 50

Fig. 4 -8 Example of eigenvalue distribution
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g -

200 300 400 500 600 700 800 800

[=]
3

Fig. 4 -9 Correlation matrix decomposition by MSSA
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MSSA - Eigene Value {1~2)

L1} 100 200 300 400 500 600 T00
MSSA - Eigene Value (3~10)
40
3 30
5 — e
2ol T
R 1) e " €
L1} 100 200 300 400 500 600 T00
MSSA - Eigene Value (11~18)
40
#* ap
B on = :
20 (LYY
‘% e .
10
0 100 200 300 400 500 600 700
MSSA - Eigene Value (17-36)
40
H:
e =
R Y TR T I
“ ol e
a 100 200 300 400 500 600 T00
MSSA - Eigene Value (37-50)
40
I 30
5 2aof = } el e
[
“ 10
a 100 200 300 400 500 600 T00

800

002
a
0.02
900 1000
002
aad a
-0.02
900 1000
ooz
a
-0.02
800 1000
002
: ‘o.;-_; 0
3 S0.02
Q00 1000
002
a
0.02
Q00 1000

Fig. 4 -10 Example of signal analysis by weighted correlation matrix group
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A AgE Fdd o R AHA FHAS5HE dolHe] 9 AdE ALt
ARE-BEFAA-A A e v dEare] dF)ew ad 5 Ak
A GEEFAE 1,020mm Dol SHEE 0.1mm A Rl oz AME . ut
2hA, AAA o ® g So] AHEY 4 dE 9 YYAlsE PXL = 24X10199
o] A7]5 zh=t) A3 (stacking) 2ol M2 dubA oz Lo Hutwc} 27 Ags)
o, B =RoaiE M=502 AFEEFATE Fig. 4-112 QAT -7 3kA A-E o) A

(5124 50,9070) W MSSA(S LA 50,9070)4 3= ERdTh

X
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Fig. 4 -11 Reconstitution of input signal
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Fig. 4-12= A4 <A wt& AA H54 dolH 1#a £X5 Hehdh
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Fig. 4 -12 Eigenvalue distribution
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(a) MSSA - Eigene Value (1~2)
T T T T

- w0 mFs 2

T To |

oaO_
£

i

o e @’

_ . 1 I ° 1 I OI I /F—‘Rm
200 400 600 800 1000 1200 1400 1600 1800 2000
Scan distance [x0.1mm]
(b) MSSA - Eigene Value (3~10)
T T T T T

N
S
T

il

0.02

w
(=]
T

0.015

0.01

Sensor #
n
(=]
v

-
o
Q ropT

0.005

0.015
o ! 0.01
I | I | I .um 0.005
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Scan distance [x0.1mm]
(c) MSSA - Eigene Value (11~20)
40 F T T T T T T T .| 0.01
3+ 30 4 0.005
&
220t 4 0
@
%]

-0.005

—
o
T

L

Sensor #
= e} @ B
[=] (=] (=] (=]
T T T T
<

<
1 1 il
- )
(=]
%]

L L L L 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Scan distance [x0.1mm]

(d) MSSA - Eigene Value (21~36) 10
T T T T T N

Sensor #
[»e] w P
o (=] o
T T T
-

—_
[=]
T

[ B

J Il - 1 | 1 1 ' 1A
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Scan distance [x0.1mm]

Attention : (damage number, shape)=(center)
(#1, C-slit)= (1130)
(#2, C-slit)= (1240)
(#3, C-slit)= (1340)
(#4, C-slit)= (1480)

(#5, IP)= (1533)

(#6, IP)= (1958)

Fig. 4 -13 Signal analysis by weighted correlation matrix group (section 0~200mm)
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(a) MSSA - Eigene Value (1~2)
[ T

40 = T =T
7T o . .57 e R
w307 o = =, DN g2 @ g
5 7 RSN G D
[a¥A4
§ 200 4 o 10
& o
"2 R e il |
- D e °
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Scan distance [x0.1mm]
0 (b) MSSA - Eigene Value (3~10) x10°
T T T T T L T § 7 W
" » = "f-n._”W j%ﬂe- 4 10
:E 30 - AT ™ s
8 20k i 1 r A
3 . - | ’
10 ' 2y 1 4
. s . ooy o, 2
2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Scan distance [x0.1mm]
c) MSSA - Eigene Value (11~20
40 T T T ( ) T 9 T -( } T T T 0.01
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1<)
220f 1 0
[
@ 10l 4 -0.005
1 1 1 1 1 1 1 1 1 _001
2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Scan distance [x0.1mm]
(d) MSSA - Elgene Value (21 ~36) x10°
Al R P T T DO, P A T .
a..... lm. ' r-. ot l’.wau.ﬂa ..”F.I.. u.,a.n.... T E e b el "'.l!,'
30 : " . oo iy 10
Sahap . ‘ . .
3 20 " . | o ) | 8
E . 8
10 T T - e A “.. ;" '.; ]!. L : 4
\":’ A ol u I 1 ’ |4‘.t.0 1 " 4 - "y .“':.‘ | tt 2
2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000

400.0

Fig. 4 -14 Signal analysis by weighted correlation matrix group (section 200~400mm)
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Scan distance [x0.1mm]

Attention : (damage number, shape)=(center)
(#7, IP)= (3464)

(#8, R-slit)= (3719)

(#9, R-slit)= (3789)

(#10, R-slit)= (3879)
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(a) MSSA Elgene Value (1 ~2)

40 12
3 30 10
g 8
52 6
w
10 4
2
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000
Scan distance [x0.1mm]
(b) MSSA - Eigene Value (3~10) x10°
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(c) MSSA - Eigene Value (11~20)
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220 ] 0
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1 1 1 1 1 1 1 1 1 _001
4000 4200 4400 4600 4800 5000 5200 5400 5600 5800 6000
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AR
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(d) MSSA Elgene Value (21~36)

4400 6000

4600 4800 5000 5200

Scan distance [x0.1mm]

5400 5600 5800

Attention : (damage number, shape)=(center)
(#11, C-slit)= (4069)

(#12, C-slit)= (4139)

(#13, C-slit)= (4219)

(#14, IP)= (4182)

(#15, IP)= (4607)

Fig. 4 -15 Signal analysis by weighted correlation matrix group (section 400~600mm)
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(a) MSSA - Eigene Value (1~2)

[= = T T raa T = T I n—
40 J L% — - o == D - :
=) . = 0.015
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(b) MSSA - Eigene Value (3~10) %107
40 o s
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Scan distance [x0.1mm]
(c) MSSA - Eigene Value (11~20)
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600.0
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' 6800 %obol : ‘72‘;'0 Al
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Attention : (damage number, shape)=(center)

(#16, IP)= (6076) / (#17, C-slit)= (6253)

(#18, C-slit)= (6383) / (#19, C-slit)= (6503)

(#20, L-slit)= (6733) / (#21, Porosity)= (6780)

(#22, L-slit)= (6863) / (#23, L-slit)= (6983)

(#24, IP)= (7628)

Fig. 4 -16 Signal analysis by weighted correlation matrix group (section 600~800mm)
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(a) MSSA - Eigene Value (1~2)
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(b) MSSA - Eigene Value (3~10)
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(c) MSSA - Eigene Value (11~20)
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Fig. 4 -17 Signal analysis by weighted correlation matrix group (section 800~1000mm)
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Fig. 4 -18 Automatic extraction of defect data
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2 =iollAE Deep Learning= $13F%d MNIST(Modified National Institute of
Standards and Technology database)E &-8&3F3lth. MNIST= £0.% & RA=E o]F
ofX g dlolgulo]olm, thekst s Al AAHE Efold 9 HAESH]
A8 Aoz de AMgE I QArH62-63]. whebrl, 7] el A&Ee wiel 7
o] A7) 7e} A3t w3k GAHolE R Fe S gorng wHAOR HiA H
g 4 Sl Wl MNIST dlojgHo]AE o] g3t FAHolx WA = 3le
o] AZHHS 53T AT EYo]= Deep Learning Toolbox (Neural Network
Toolbox)7} Al &%= Matlab 7]RFCo. 2 “d A = ¢l tH64-66]. Fig. 4-19°] b npo} 2
o] 28x287]2] AR o]FojX= o] ZpA] FEH Y o]t A4S 0~ F
1071 9] Classes® #3}o] 8t53ldth 7z Classi= Table 4-19] e L),

Table 4 -1 Classification of defect and non-defect signals

Class Direction Shape Location
1 axial slit weld
2 gradient slit weld
3 circumferential slit weld
4 axial slit HAZ
5 circumferential slit HAZ
6 - IP weld
7 - porosity weld
8 background - weld
9 background - HAZ
0 background - boundary
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shgol ARG olvAl= F 75007 A, 2 =ell A AFE-SHE 9,300~9,90071
o oF govell sidsttt. AN, ESA 9 o]d P FEi= v HEE b
of B =&elA didem &, A7zhvet G2 olxstEe] A ki, W EsA|
okobA Aol ofEgel Ut

wtebA], 27197 dlelE & Fig. 4-200] vrebd nhel o] o]xlshel &, Fig. 4-21
of YeEbd vlel -2 Deep Learning ©HAIS A <53 T}

Example

Classification digits from images : 0, 1,2, ... 9
Input images Output : classes of number
(Pixels : 28x28) (0,1,2...9)

Class 1

| |
- Deep Learning Model - P
Class 3 / \

|

Images of hand written digits : MNIST database

60000 Images for training
10000 Images for test

Fig. 4 -19 Classification of handwritten by deep learning [67]
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#1(C-slity  #2(C-slity  #3(C-slit)  #4 (C- slit) #5 (IP)
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#11 (C- slity  #12 (C- slit)  # 13 (C- slit) #14 (IP) #15 (IP)
-
#16 (IP) #17 (C- slity  #18 (C- slit)y  #19 (C- slit)  #20 (L- slit)
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#21 (L- slit)y  #22 (Porosity)  #23 (L- slit) #24 (IP) # 25 (C- slit)

#26 (C- slit)y  #27 (C- slit)  #28 (C- slit)  #29 (R- slit)  #30 (R- slit)
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#31 (IP) #32 (R- slit)  #33 (R- slit)

Fig. 4 -20 Binarization of magnetic camera images

< Training phase >

Y

Training images

Deep Learning Model

A Uptade A

parameters of model

Training labels

< Test phase >

A 4
F 3

Trained Model

Test images

Y
Test Labels Predicted labels

Y

Compare — Accuracy [+

Fig. 4 -21 Training and application process by deep learning [68]
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2. A¥ HolHE L AFAT MY

Ar<28l Fig. 4-209) Ho]E] S o] &3Fo] SAL06 nets T-%38t1, oty FTof 9

st A& ASES FH3 ) Fig. 4-22 AY 18 = Deep Learning WHE 3= (xF

of e PAEE vhebith WREF F4S] met YD} ol shu
R WERAFEE)] BE £2 dolEHE VERlH, WEAEt FFl w

A2 o7 8256%% FEr = fxHFo EAst: SWUEkwL), AAMYE#H2),
&£98 At doIFo =t SUEw)T dFUEHs) €9
#6) 71a#7), 183 dgo] g %

2R
BIPR@) U AARE)T TEF 5 At

%% Classify Validation Images and Compute Accuracy
YPred = classify(SA106_net,imdsValidation);

Yvalidation = imdsValidation.Labels;

accuracy = sum(YPred == YValidation)/numel(YValidation)

F3 T4 4#(2021-04-28 20:36:02)

/»M/‘\_w Sy AT J—__\,,,f:::ho{___,,;:v/“_ﬂu;

Wiy o .
AP

e

Fig. 4 -22 Classification result of defect and non-defect
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Fig. 5 -1 Static balancing scanner for inspection of pipe welding
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Fig. 5 -2 Distance adjustment part of static balancing scanner
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o4 Wide R OR Fig. 5-3°] WEhl= AAF-125 AA 9 AlFE3IH
GTEQT 44 W AME BE37] dste] ul 9 wHAE AR 7 nk
£ AR dEdo] dmug AFE} ojgd Fxi vl Y uke F o= shjut
APHe] FEFHGRE o)lF AYE ST 5 Ak

S, Fig. 5-4% AF3171-125 Yebdth zFshubg] Alolea] ojxtm e ]}
FRA9 A8 9 ol FEARE AL, FAALT FEARS o] o

o ASUEY RET FHT 5 Atk AHS wne ool £Eow AgrE

Fig. 5 -3 Assembly drawing of sensor unit-1 and sensor unit-2

- 110 -

{“ICollection @ chosun



Fig. 5 -4 Assembly drawing of magnetizer unit-1 and magnetizer unit-2
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Fig. 5 -5 Prototype static balancing scanner for inspection of pipe welding
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A 24 AXEFA

Fig. 5-67} Fig. 5-8] UEl = 7] -2 oA #Al2Hek LIGIS @ oIzt 7d S 44
st 28 vFAS AHse] BAHRES JFor AAT fTEQ Zo|A Ho]E s}
HAEH 5 JYE= 3ok A, A1AA L ARAAE ARz de ACHF 17t
oo w} A5 wA| o] ArgE F Q)
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Aol ACHFY QAstol el uheh 4 mAEC} FEAL EE PRz 97
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Fig. 5 -6 Assembly drawing of sensor case inside sensor unit-1

Fig. 5 -7 Assembly drawing of sensor case inside magnetizer unit-1
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Fig. 5 -8 Assembly drawing of sensor case inside sensor unit-2

Fig. 5 -9 Assembly drawing of sensor case inside magnetizer unit-2
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WP 8N E we FA eEEeEE A, HAY 5 AuF A
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Fig. 5-10 Prototype of magnetizer unit-1 and magnetizer unit-2
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Fig. 5-11-> LIGISE &2t AlAF-1 4 AlAF-28] AlA|5S WEFATE 4149
YTEQXS FAst7] fg Ul /e vFE dAAS dFuE A o] gh
TFz2E dl e v F o= Fuvt BAN HF3YEE ols AYsE SHT

Atk =9, Zh7be] migle Eeo R EEa] BAF9e] npEE S
=

Fig.5-12% Wl¥ £4% A48 44 BY A9 44 74 ek

Fig. 5 -11 Prototype of sensor unit-1 and sensor unit-2
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Fig. 5-12 Overall configuration of static balancing scanner
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Fig. 5 -13 Measurement and scanner control software

Table 5 -1 Configuration of measurement and scanner control software
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Move : =712 olF Ay A4
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DATA ANALYSIS SOFTWARE

3D Surface Graph

it type e , Gl
e | ([ :
Direction High Cutoff Hz Cokor Max
== e | F — =
Low Cutoff Hz MVisyrhdods. \_/5
@ [ — Gewviewtyptane — |
@ Plot style Anshysis e
e e 1 J
seecty  Sehectsime | 004 @
- - B e
[ P o |
b r-—-ﬂ 002
(= = o
A 5 eds obi] T3 s wdn o o wm e o an s ke s ko b wo o oo s o s e ok
- -
’[ﬁ o @ Wﬁm,lgnggmﬁ_l,, [ e D == B8 xemin 4 10200
| _— oo Y P | o— S o
I & Selected path )
i:" . I Ecwu

3 Areaviewvi THELS + - [m] X

Oigr BEE 22V EZRERER F30) "
ana
-

Image Save?  DATA CSV SAVE? ‘i"ﬁa,‘{ | L
/001 ‘0.09
i1 Min Min 2
Ao
S 44 EZE

_}. T | = |

< >

Fig. 5 -14 Signal analysis software
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