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ABSTRACT

Integrity Evaluation of Welded and Bolted Joints through
Electromagnetic Nondestructive Testing Techniques

JuHyun Park

Advisor: Prof. Jinyi Lee, Ph.D.

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

Large-scale facility structures, such as power transmission and distribution facilities,
nuclear and thermal power plants, petrochemical plants, high-speed railways, and ships, use large
bolts for welding or fastening their main parts. Welding causes material change, deformation,
and residual stress due to local heating and cooling of the joint. In addition, the large bolts used
might be exposed to vibration, shock, and cyclic loading during operations, resulting in
mechanical degradation and fatigue cracks. Enormous economic loss and casualties can occur as
a result of the damages caused by material change, corrosion, degradation, and fatigue cracks in
the welds and bolted joints in large-scale facility structures. Therefore, periodic inspection of the
welds and bolted joints, which are the major joints of large-scale facility structures, to evaluate
structural integrity is important to increase safety levels in society. This paper proposes a system
for rapid inspection of welded and bolted joints of large-scale facility structures using
electromagnetic fields without contact.

To evaluate the integrity of large-scale facility structures, the different types of defects
occurring in welds were identified and the effects of stress changes on magnetic flux density
distribution were theoretically investigated. To verify the validity of the theoretical approach, the
magnetic flux density distribution in the weld cross section based on the external load or

magnetic field application was measured. With the use of magnetic flux density distribution that

Xi
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changes with load, residual stress was observed in the stress concentration zone and weld cross
section. Based on these theoretical and experimental considerations, an inspection system was
constructed as a prototype to test the welds of tubular-type transmission towers, which are part
of large-scale facility structures. The measurements obtained from the inspection system may
indicate changes in magnetic flux density due to the weld defects. In addition, the results
measured using the inspection system was verified by comparing them with the results obtained
through ultrasonic testing.

Further, the various types of defects that can occur in bolted joints were examined and the
effects of mechanical degradation due to cyclic loading on magnetic hysteresis were theoretically
investigated. The non-uniformity of the materials during the fabrication process and degradation
and fatigue of the specimens due to prolonged use cause distortion of magnetic hysteresis by
changing the shape and distribution of the domain were investigated. To verify the validity of
this theoretical approach, a pulsed magnetic hysteresis inspection system consisting of a pulsed
magnetic field application device, sensor capable of measuring the time variation of magnetic
flux density, and signal processing circuit was constructed. Based on the results obtained from
the inspection system, the primary factors indicating the change of magnetic hysteresis due to
mechanical degradation were derived. For accurate determination between the integrity and
degradation specimens, two lines on the same slope were randomly set as thresholds and these
acted as boundaries between integrity and degradation during the evaluation.

To verify the validity of the algorithm based on these inspection systems and experimental
considerations, the results were compared with that of ultrasonic testing. Further, welds and
bolted joints of tubular-type transmission towers, which were broken during the actual on-site
operation, were used for the experiment and verification purpose. Apart from this, the usability
was examined through a broken specimen collected on-site and a transmission tower mock-up

specimen fabricated in real size .

Xii
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Fig. 1 -1 Rapid increase in aging structures for over 30 years [6]
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Fig. 1 -3 Large structure collapse case: Investigation of failures of 154kV tubular-type
transmission tower [9]
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Table 1 -1 Failure type of the fastening bolt
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Fig. 2 -11 Experimental setup for measuring electromagnetic distribution of welded cross
section (external load)

a) b)

Fig. 2 -12 Experimental conditions (conceptual)
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Fig. 2 -13 Experimental conditions (external load & magnetic fields)
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Fig. 2 -14 Measuring residual magnetization using Hall sensor (without external load)
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Fig. 2 -15 Measuring residual magnetization using Hall sensor(with external load)

FAWEEO] 7] 4o] 917t S Fig 2-160] LFERA upgl o] 7]

AZ1I7F A =729 MekE AR sk esisivh a8y, AN g AdE Al

9 §AAA)NA AFARI dehdeh 2o, 25 ARANE ST 47130
o|ato] @AY ARHoR 25 WFOE AFE R F AANM, 25
WEel Y SACEE AshE AT XF L YE B3 ANF e 2

=1 O o~
S Ut

-29 -

(“ICollection @ chosun



| 10 mm

-12.57 R T 10062 Oe 16,35 W 6.28 Oe -88.04 W 12.57 Oe
— =

QT |

R
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Fig. 2 -16 Magnetic flux leakage distribution of welded joint by applying vertical magnetic
field
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Fig. 2 -17 Magnetic flux leakage distribution of weleded joint after vertical magnetic field
removal
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Fig. 2 -18 Magnetic flux leagage distribution after horizontal magnetic field removal
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Fig. 2 -19 Singularity observation of magnetic flux leakage after horizontal magnetic field
removal
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1=

B

et
-32-

Collection @ chosun



= mﬂ T oo W % B
o i
RN
X W o RE 0
N oo o L ogm @ M oo
~ W i ~ < ﬂ_ﬂ
WX Gy oo N T ST
g BOE Ty .
P Exw 5w T s
~ . —_—
umw o o) o nouc m o T g
X0 3n ~ Q o o)
Wom oL OB M g
— . S
m ¥ e 8 £ 20 o
NN ) ' o N, ¢
BN o oor W oa 8 .
B I R S Z 4 -4
= 7 TR o Mo S % g
T o W = oy X3 g T
=T = - X % my X g O > <
R = weo~ 2
o 7
= ™ R’ 9
Mo oy T o4 T2
p T T LT W T g
m R 7R = o g
Qv MM Y 7., m \M) N R rnlM
o H S S ow B k=
7w N O 5l -
EL O_O 11 lo [ WUHL @)
= RO ) my O
S To o) o) 3
o|J m O R W £ o g
G Aﬂ o 2 g @ =
L S B R
< e S - B S
= X 2 =T
o '3 W %mmaﬂ%
oo W B e o A N x0T
) ~ oo @
L -
1 X O < T B N

oM ¥ =

He
= —

A4

©
.

t}.[60] Fig. 2 -21
Kot

]

-33-

=

=

AL

-

0]
pul

AF7E B3k AXA

R

Fig. 2 -20 Examples of stress-corrosion cracking in PWR power plants [59]
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gtal =2l rhl6l] ol =g A7I7F SUHet] A9 WETF EobAA ¥
oh AUET FolAA HW HEAES AAHA R g4Ea, A5 st
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A A EFA sk AR gAY shEo] wAsith s, v R o] did

o= A (rachet) = = 7 ok AR AFor AW RN AlFske

oA 77wl ddo] Asks WEFo® o] Hrh[62]

Sy
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Final fracture

Ratchet
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Fig. 2 -21 Fatigue failure of a bolt due to repeated unidirectional bending [61]
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e HFE 5 Qv ol st d2 AAHA Eed wizkA] ALE, 42 3

1 A ol IS e dakel Adds Shrh[ed] o W ZdA

A= A el FEwgor Addn g, Ul d9e sds dds

ol 7kl He W dxte} FAFe R ALt yEhdth ASdES FAoRS WA

2 Z 2AWE S GoltA Sttt o] o shute] 9ol

2~ ¥ E(burgers vector)Z}il st 1 A7 YA S

el kA G Tolth[65] Fig. 2232 oA elel WAdds7t Edd EqAAE

Eplith A9l WAL HE e ke AxrE s wide WEge R XA
Hol = A99 A7ls st

\ -’
Unit step
of slip

Fig. 2 -22 Movement of edge dislocation through a crystal [64]
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Fig. 2 -23 Movement of mixed dislocation through a crystal [65]
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2. A7IB|EHZAILTF A3t mAE ¥

st vkob o] e W AV|RUHEm)E HE o] FHYE ot
o A o7 JA3e S AF-(magnetic domain)g} 3FaL, AFFe A A A
E A9 (domain wall)o] 2t 3ok £]3ol A AHA(H)7F Q17bEE, A o] o] Ele] 9]
FAA S e WFe] Ao WHo] WolxAM AsM)E . olw A3t A7)
QI AHA L] M7 S 5o A& (xp)el vlEEt, 4 (22)2 2 € Fig
2247 AFEEE 7IREC®E S 243} (magnetization curve)e WERATE HF
JF-AA oI, FFHL A 3Hmagnetization) S LEMATE 27|27 47t FU
WA S THAEA AE 9050 WEE THAE AVIRHME ot F Ashe (07
ojt, ojuf, FAAT} VbW S W] AV|RHEES JHA = A WA o]
Wolxa, F Aske 4o #s ok AAAA A FAAe e Wl
AZ7NEAES 7EAA i, o ol A oled gtk uwhebA, x3tA}E)
(saturation magnetization)®] ©] 27 ®t}. ojuf F-AA S A77F FHAsHdE 2 W
o) A7|RHES 7HA = A WAL vdste] At o, AHRHoR 9]
FAAMH) 2717F 07 o] Hgol® Beta, AskM)E 07 o] HX F

(22)

S
Tl

=Xm
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Fig. 2 -24 Magnetic domain model and magnetization curve

S, AEUE(B)E the Aol vebd vkl o] 9 RAA(H)S} A M) F
o7 A, BFAE(u,) v FAE@wel vl gtk

B= poH +ueM = po(1+ xo)H = pou,H = pH (23)
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flo

Fig. 2-25v 7<%t dgle g3 528 A5 #AE Herdn 2
ARAA(H), EHE ASAE(BIE LEth 99 AA7 A74HR, 276 A
A57E olFol T, olu, GRAAe] o AL 2/AES 275 A&(nidal
permeability)©] 2}al sttt 2 F-2HA L] A7) 7 AR el whet z2pstrE golsk Al o] Foj A =
FolM o] MskEs o7 A (maximum permeability)©] 2} ghvh. 2 F-AHA7F A A A
W, Asuze] ekl Eakuo] Eato] o2 A Hrk oF ¥8h44  (saturation flux
density)2} gttt ThA] QIF-AAIE A A8] fHAske] 07 o] Hugte AEHULE7F RS
o} ]2 #F A4 % (remanent flux density) 2 &tk A& EIE €07 o] A 317) 93
M 58 AFAAE ForeloF sk, o] & KA (coecive force)o] 2t FHTE. o] 2] gh #AY,

S Q)FAA ] tist §o] ujAdE A ddS A7) 0] 2 (magnetic hysteresis)©] 2} ST},

)
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He Magnetic Field
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= lim p \ 7
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Minor hysteresis Loop

Fig. 2 -25 Magnetic hysteresis loop
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HMMZS] A}starAef ostd, ¥Esle] o]27] 3= SMMol Hlste] AFdjzl o=
Z RAA 7} st oo vt wE HMMO A3 W ®xbEe SMMeol| H] &)
o] At =, HMMS #3477 Yaid= vt 2 oYX 2 o7 s} o

stoll A% A7 A= va A or it
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Fig. 2 -26 Magnetization curves according to magnetic characteristics
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gE Azlele@sel Ah=e Fueti, HMMe] 542 =7 Btk Fig
7} HMM, NMM, SMM2] 27]5] 22 22 3o Azke] o2 A4&use] 7]
Ueith &, F7140% dkel o)RAAe] W] wE A&UEst s
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AARe A H WaE 24 5 Atk E o
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FEE AL AIREE 48 Ao, = 7 WAA Aol 2] A5 As Aol 7 WA
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Fig. 2 -27 Periodic magnetic hysteresis phenomenon
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Fig. 2 -28 Differential amplification signal by material
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Fig. 2 -29 Permeability variation by material

-43 -



A 3& A" AL

A 2geld J1ed o EA WA W AFPH 1L wEow YETE
B0 BEAAY 28T 5 i vlSAAAAARS AL $HY 4
AN AREFEY AANAE Teld 2, A%d A8dTY H5L

o WAy 7T HEEA 76 2}7) AlA

ot

AASD AR BEADT AAAADE et A719 BES AdE o)
AN A7) A% AMZEH B AT S AHE AR A7 WEE SR
A% 20% odE1UAYADRREANE FANA ol 7 AxgEE A

Q45 AHAlE] ARt

-44 -

Collection @ chosun
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IS AEstel dmulel £Ue AANRL, Se@ AR st FHRE w
w

A 5748 7Fsstes shivh olefdt FxolM AU rZE 45 &

AM ddd YrEeZS JHd F JUEF FEOR £AH0] Jted YTELTE
227195 F7HH o2 At AlAE 3270 A€ el LIGiS(Linearly Integrated

GMR Sensor array)® T4 E v, FwHurgke] 714 A7E A4S F JEE 33

th LIGISE= % 32714 GMRAIAE 1.2mm (HA o= wjQd 35kt
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Fig. 3 -1 Design of scanner for measuring magnetic flux density distribution of chevron
shaped weld
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Fig. 3 -2 Scanner for measuring magnetic flux density distribution of chevron shaped weld
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2. BEE g3AE AZAHIAZA

Fig. 3-32 &4 AAM A" BEd vdasAd Aaxe A &5 tolo]
e Hebdv Az A g, AA(LIGS) 2 Al
oJeto] A ® Aojelrt AA sz JHE AN Vo= A E T E
(LPF, Low Pass Filter), x}-5-3 <3 7|(differential-type amplifier), ZZ 1™ E o] =
5% 7](PGA, Programmable Gain Amplifier) & A* &9 =3t dH 4 $3%7|& &
el 2859 A AFE ]S dHolE =4 42 (DAQ, Data Acquisition System) =
deE=a, A%, 943 9 A9 te] &8skt d9, A A d s 8y
Easgleto] ERF o Al a8, & 419 £3% EES v REd

ddsto] 219 oY AT E FAIC HAEAAYE ¢ AE=F stk 4, LIGIS
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Triggering T

Fig. 3 -3 Parallel multichannel signal processor block diagram
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o= A AH EAS(LED), A4 A&t USB A& w7k Sk A9 A
BEASS #%3%E Main, SPB(Signal Processing Board), PGA,  Sensor,

EM(Electromagnetic) source=A], A2 x| AHHE HddojFfs g 4
Atk AlA HEGEA o= AESUE S48 A S AVEZE 23 H 1, USB
+ DAQAH| 9] HEwatel HQl B HEWAE FFE O dAdsto] 380 AL
g3t AEAE A Fded: dAddYs FFE] AT dLEAfA
(100~220VAC)E ® A&t 1, & 3E7]el oJsto] AE A g W7hs Bz}
Aok T, o714 AFEE DAQE AMEF, SAELE, FARST §old W ATE
ol 338 3188k, NI(National Instruments)A} USB-62555 S=%138Faith A4

USB-6255°] AbeF- Table 3-10f] YT,

SEREERES

AA A9 R4 ORt

Fig. 3 -4 Parallel multichannel signal processor external case (front and rear)
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Table 3 -1 NI USB-6255 specifications

Analog Input

Number of channels

40 differential or 80 single ended

ADC resolution

16 bits

DNL No missing codes guaranteed
INL Refer to the Al Absolute Accuracy section
Sample rate
Single channel

] 1.25 MS/s
maximum
Multichannel maximum

750 kS/s

(aggregate)
Minimum No minimum
Timing resolution 50 ns

Timing accuracy

50 ppm of sample rate

Input coupling

DC

Input range

+0.1V,+0.2V,+05V, 1V, +2V,+5V, +10V

Maximum working voltage for

analog

+11V of Al GND

CMRR (DC to 60 Hz)

100 dB
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3. HolHTFH £ZEH

Fig. 3-5= LIGISE 23t AA AUt WEY thaAld AsA g Ao 9
sto] FAEE 45 AFSE SHLAE FEsH] A HolEFH AXE 0]

o] | Folvh WA AN A A, dA4A dd 2E Bl <y T2

AR dde Flshy] S A ge @l 24l edRFHY AMAAYE

FEAS] §RT BAYY NEF ASU SHo guyd AFAHO

c\data®] 74 =] do]¥ 7} TDMS(Technical Data Management Streaming) 3} 32 ©

P

97% a1, quick analysis 2. =% T} quick analysis =5 S JAAA 25

UL RIE A Felgr 5= I}l w3t original, differential, adaptive backdatal] 4135 ]
7IHe AFESte] 7Aoo 7 S 9 Aed 4= gtk Az 7] ek z4A

st A& Al A AZEYoP oA AMestaal st
Fig. 3-6° YEMH HolHFHAATEo= AYRE, ST = 9 quick analysis

RER J3gdn, AYREE AZES O 3 ¢S] 1A% ‘scan setting” H

S

gAdztsv, A4 AE, Ao d4A, AEY S5, A T3 8l dIY $&

g = ot Aol ¢kn W dFT

(o
oX

—4
ul
AC)
Y
=

~ 1
gzo] dHolErl Argte® AAldn 4ol S5HW AAWES =52 4D
tolE = s AL quick analysis® =2 Akt 9, Fig. 3-6(c)2] quick
analysis 2. =olA = S tlolHE FA 7[EAR o] Thed S4S 7H.

A TAS (D waterfall 2813, @ 3d surface 2212, @ #A I waterfall, @
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DAQ configuration
(sensor channel, port,
encoder)

(!

| v

tick analysis > Original?
mode? 4
»| No
Yes
Adapt? Gabor?

l Yes

l Yes

End?

Adaptive
data

[ Yes

Gabor
data

v

Analysis mode

Additional
analysis?

End?

Fig. 3 -5 Data acquisition software flow chart
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Fig. 3 -6 Data acquisition sotfware for magnetic flux density distribution measurement of
chevron shaped weld
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Table 3 -2 Data acquisition software configuration and function

A
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AN SR BARAOIA AERt gee 3d
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- o BoM ANES ol st BYPe] =
O | BN ME Joja}
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Data Open
(TDMS)
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Y
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Yes
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. Gabor Adaptive Differential
Original FFT transform daF;a data
data data data
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Fig. 3 -7 Analysis software flow chart
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Fig. 3 -8 Analysis software for magnetic flux density distribution measurement of chevron
shaped weld
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Table 3 -3 Analysis software configuration and function

HAF A waterfall

7= ) 7 =
D ferfall 18] Est AA| oA 2 AMAME 4S5 waterfall
watertall Lot
Jjn2 53
© | 3 surface 1o}z E7st A FGolA AHSYUrE xS 3d surface
surrace _Lcojjit
2 54
AMAE E43% BAIGA) A dEsE 492

waterfall 2222 ®d

TDMS tlojE] md
AAE

5 B A FHoA Ao TE ZF AAe] ARt
@ | BN 99 JEZF an i
Eia]
T JAoA AFEUEE 72 3dsurface 122
® | =X 99 3dsurface ]
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Fig. 3 -9 Original data plot

AVG-) = V(i +1,)) = Ve(i-)) (25)

AVG - DI = VG +1,)) = V(i - ) (26)

X

Fig. 3 -10 Signal processed data plot (differential analysis method)
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Fig. 3 -11 Principle of detrend signal processing (detrend area setting)
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Fig. 3 -12 Results of adaptive backdata signal processing
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(a) N=5

(b) N=10

(¢) N=20

Fig. 3 -13 Results of adaptive backdata signal processing (absolute value)
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Fig. 3 -14 Principle of FFT data processing method

FFT result

Fig. 3 -15 FFT data processing result
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Fig. 3 -16 Gabor transform processing method
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Fig. 3 -17 Gabor transform data processing result
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. Coil Sensor

Fig. 3 -19 Sensor probe for magnetic hysteresis measurement
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2. & dAdAE IA-ZAH ASAT FA

Fig. 320> BEAAFTE Alelr] 98t 14 ddxid FA-gA Al
2ol EE tolojaflE yebdn 33 7] (function  generator), 49
(power amp) 2 AT A s 2] Bad A HFE e ool 440w Aofatgl
o S e] ostol ¥ E dvl(square wave)= EEIA V& o, SA°0
AYSZIIZ JYHdrh $FE A E B34 J2E Tt ZUAAMZ A7ty
m, HAdte] ot IYAF L W= Ay ANFEIE AH 2315 AD WHE
71el oste] FAREAT Ed, xed AATEHT= dLALEE FEE 7 Qe
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Square Differential- 1
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L e —————— L 1/0 Control

Triggering T

Fig. 3 -20 High speed single channel pulser-receiver signal processor block diagram
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o] 2HHrh USB 3% @Az DAQ H&o% wERI AAsEs gt ¢,
AoAe] Zx Sl Mddds FEshy] 91k A9 (100~220VAC)E i
Aetlar, Ages7lel osto] Ao A A9 Whe HEsidn. of7A A

d DAQE WUAEE 400ksls S£EE HolEE FHE5S7] ¢38k  NI(National
Instruments)At USB-62165 =¢13t3lth. A7 USB-6216°] AL Table 3-4¢f

e,

ALl S #AIS

USB-DAQ A 4T}

B EELEE

- A9 A9%] (220VAC)

Fig. 3 -21 High speed single channel pulser-receiver signal processor
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Table 3 -4 NI USB-6216 specifications

Analog Input

Number of channels

8 differential or 16 single ended

ADC resolution

16 bits

DNL No missing codes guaranteed
INL Refer to the Al Absolute Accuracy section
Sample rate
Single channel

. 400 KS/s
maximum
Multichannel maximum

400 kS/s

(aggregate)
Minimum No minimum
Timing resolution 50 ns

Timing accuracy

50 ppm of sample rate

Input coupling

DC

Input range

0.2V, +05V, 1V, 2V, +5V, +10V

Maximum working voltage for

analog

+10.4 V of Al GND

CMRR (DC to 60 Hz)

100 dB
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DAQ configuration
(sensor channel, port,
trigger port setting)

Yes Max Min
Calibrati viax-2
Open da‘ta:on — " Algorithm
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Measurement
! ‘, l
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Save? Compare? Algorithm?
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Coil sensor signal
Multi plot display
v

Other specimen?

End

Fig. 3 -22 Data acquisition & analysis software flow chart
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Fig. 3 -23 Data acquisition & analysis software

Table 3 -5 Data acquisition & analysis software configuration and function
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4. Max-Min rate & 183
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Fig. 3 -24+= AH7]38] 2 H EA]

HolH 45 Az Eole] st ZEHANE shalem AT Hnks7

H#Max)> A JHFAAE A7kt & Al ALo] Hugkel sid
Positive areax= B~Y 2| F-AH7

Max rate® B8 95244 Qb &, A 197 A5 Hoears 20 9)H o

ru[m
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1o
e
o
=2
:?1:’
ofl
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v
&

stt), 71 o] 9Jel = 1ol Aok Hkel o] Max, Min, Rising point, Zero, Min rate,

Positive area, Negative areas =737 2] QIA= FE31Qlth

Table 3 -6 Factors for damage determination

No. Interests Components
1 Max Index, amplitude
2 Min Index, amplitude
3 Rising point Index, amplitude
4 Zero Index, amplitude
5 Max (rate) Index, amplitude
6 Min (rate) Index, amplitude
7 Positive area Amplitude
8 Negative area Amplitude
9 Max+Min rate Index {Max (rate) + Min (rate)}
10 Max-Min rate area 2 Substract {Max ~ Min (rate)}
-7 -
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Fig. 3 -24 Signal characteristics of facors for damage determination
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(b) differential

Fig. 3 -25 Pulse response according to the specimens
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Fig. 3 -26 Interrelationship of factors for damage determination
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SR AR 54 AAES A6 A AE A AIFHS d%elA
AA wpEHO F7lE AT §4F dFE AMFH s &8sHAnh Fig 4-100] o
Ebdl wRel o] A AlFA] AAL 'FATHAST2 grade 65)°]1 1, gt 7] g4 o
ojste] AAE T AE A AFA #12= FA7F 18mm, Fo] 400mmo]™ 150°C]
ABEE Felolth #2¢ #13} % 4l A FAsh, FA7F 22mmol T #1, #2 A E

Hell #& AAFE A7]= Table 4-10] W& vk gtof7] 8ol oeto] #sid &

o

A E2 20-25mmo] ™ FHH| =S Folk =AEHoIth & AFelM = A E

A Aol AAAAUE w1 SHFE wEh SAsAAM HAAReR AAEHE &

Table 4 -1 Size of weld specimens

Length Width Thickness Angle
#1 905mm 400mm 18mm 150°
#2 625mm 400mm 22mmm 150°
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Fig. 4 -1 Welded specimen
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Fig. 4 -2 Welded specimen #1 experiment result
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Fig. 4 -3 Welded specimen #2 experiment result
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Fig. 4 -4 Mock-up specimen (Tubular type & Circular type)
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Fig. 4 -5 Field experiment (welding line)
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Fig. 4 -6 Tubular-type R1, R2 welding line experiment result (Forward scan)
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Fig. 4 -7 Tubular-type R1, R2 welding line experiment result (Reverse scan)
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Fig. 4 -8 Tubular-type L1, L2 welding line experiment result (Forward scan)
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Fig. 4 -9 Tubular-type L1, L2 welding line experiment result (Reverse scan)
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Fig. 4 -10 Circular-type R1, R2 welding line experiment result (Forward scan)
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Fig. 4 -11 Circular-type R1, R2 welding line experiment result (Reverse scan)
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Fig. 4 -12 Distribution of magnetic flux density in welded specimen #1

Fig. 4 -13 Ultrasonic schematic of welded specimen
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Fig. 4 -14 Experiment results of ultrasonic B-scan measured in the welding line direction
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Fig. 4 -15 Experiment results of A-scan at specific locations
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Fig. 4 -16 Defect shape of bolt specimens
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Table 4 -2 Size of bolt specimens

Skk
normal artificial crack degradation @ degradation (®
D 78.2mm 74.8mm 64.6mm 75.4mm
L 36.2mm 30.4mm 26.8mm 30.6mm
H 181.5mm 180.4mm 75.5mm 165.6mm
(0] 51.7mm 47.7Tmm 41.7mm 47.8mm
T 7 I 1 !
Type M52 M48 M42 M48
A ZFAL XYLX 8.8 XYLX 8.8 DW 8.8 D%J 8.8

Fig. 4-17 A8 ~E| g A~ SHG AlAol olste] 7] Al

s Y9k, Ao Witshs AdAlze E9S HER
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Fig. 4 -17 Experimental results of bolt specimens using magnetic hysteresis sensor
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Fig. 4 -18 Algorithm results of bolt specimens using magnetic hysteresis sensor
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Fig. 4 -21 Magnetic hysteresis calibration method (sensor signal)
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Fig. 4 -22 Magnetic hysteresis calibration method (algorithm)
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Fig. 4 -23 Experimental results of tubular type mock-up specimens
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Fig. 4 -24 Algorithm results of tubular type mock-up specimens
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Fig. 4 -25 Experimental results of circular type mock-up specimens
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Fig. 4 -26 Algorithm results of circular type mock-up specimens
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Fig. 4 -27 Classification of abnormal signal for experiment results (Tubular-type)
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Fig. 4 -28 Classification of abnormal signal for experiment results (Circular-type)
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Fig. 4 -32 Measurement trajectory using ultrasonic testing of mock-up specimens
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Fig. 4 -33 Ultrasonic testing experiment result of mock-up specimens
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Table 4 -3 Magnetic hyteresis experiment result of mock-up specimenst
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Table 4 -4 Magnetic hyteresis and ultrasonic testing comparison of mock-up specimens
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