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Study on the estimation of weld quality

using the thermal images during arc welding

]

o

g

1

2018

;O_l
Ho
TH

{]

~o
—_
fiTe)

%]

Nd



(<D

]

o

gyl

1

2018

Collection @ kmou



4

List of Tables

List of Figures
Abstract

LA &

11 A7ui7
1.2 H&

13 d7H&

2. =9 AR LE 4B

21 ¥4 Bax

A
i

22 4 74

221 43

=
=
222 M= dI9FH A

2.3 ¥4 23

3. B

. T

3.1

rl

i
SRR ()
N
N
il

3.2

(>

)
Job

©w
N
o

Mr

S
P>
[«
ful
L
2

W W
oo
w Do
>
-

3.24

op
m
B
.

Collection @ kmou

viii

I S

10

12
13
13
17
19
21



4. 4 3

41 B4 g
42 &4 v=
421 &7 w

422 A= BEIH| BA

Z 9 94 Eol
T

[
et
)
pans
>

43 -2 I3 s Exo AAHA
431 RTA¥}ol| mg 44 = &4

X
432 AgAF AN EFE &4

o

5.4 &

Reference

Collection @ kmou

22
26
26
35
36
42
47

92

o4



List of Tables

Table 1 Celsius temperature and thermal ENErgy «ssssessesssessersssssessserssenserssensersssnssens 11
Table 2 Thermal intensity Of DEAd Area swewseserssesserssessersssssenserssenssessenssssensensssssenssessens 13
TablE 3 SPECIIIENS +roersserserssersersssnserssensssssensenssenssessensssssenssssssnssessenssessensssssssssessssssessansssssssssens 20
Table 4 Welding Materials sewssewsseserssessenssrssensssssensensessenssessssssensensssssenssessensssssessenssssssnssessens 21
Table 5 Welding PArameELers «seseserssessesssessensssssensersssssesssnssensensssssensssssensssssessensanssssssnssessens 21
Table 6 Width of weld beads welded under normal CONAItion «ssssessssescssescssuscmsuscnseses 26
Table 7 Height of weld beads welded under normal CONAItION sesssessssesssesssesascaseses 27
Table 8 Width of weld beads welded under condition coated with grease s 29
Table 9 Height of weld beads welded under condition coated with grease s 29

Table 10 Width of weld beads welded under condition filled with slag pieces - 32
Table 11 Height of weld beads welded under condition filled with slag pieces -+ 32

_iv_

Collection @ kmou



FRRRR AR RRE AR AARRREARRRERE SRS R

O
Q.

List of Figures

1 TR thEIrMOMELET seesseessesseenssanssnrsssssnssnsssnssnsssasssasssassasssasssassasssasssnssasssassosssasssasssasssnssnnes 5
2 Arrangement Of hot p]ate TESE  ceeererrecaectntntiantiitiitiitiiiiiiiiiiiiiiiitiiiiiiiiiiiitiiieiieinanes 5
3 Result Of NOt Plate fESL swrsserserssessenssussensensersenssnssensenssasessensssssenssnssessensensssssenssessensens 6
4 Arrangement Of MEASUTING At HAZ sesersserssesserssessenssensensseusenssensensensssssenssnssensssssense 7
5 1st measuring of HAZ(15mm far from center of the bead) «wwsesessesssessueens 7
6 Result of measuring of HAZ(15mm far from center of the bead) -eseesesees 8
7 2nd measuring of HAZ(10mm far from center of the bead) «wswesssesesessesenees 8
8 Result of measuring of HAZ(10mm far from center of the bead) swssseseeeer 9
9 Relation between thermal energy and celsius temperature «sssssseessseesscecses 10
10 Welding experiment system to obtain the thermal image «sssessesesesescusess 14
11 KAWASAKI 6axis Welding TODOL ssessersserssesserssensessssnsstsenssessenssensenssenssnssensssssensense 14
12 DAIHEN welding MACHINE sssersssssesssesseusensssussnserssessssaseaseusenssnssensenssssssnssessessensssssenss 15
13 NIT TR CAIMEIA +ssétetsserstthnsscessiitoressresssibinnssosessiihosersastivesesssseasessasessasonsessasessasonsossase 16
14 NIT ViSUAlZAtION SOFLWALE +eweresssssessessasssssuassesansntsnissnssassassassassaassassassassassassassassansns 17
15 Data loading usSing THEIMOANALYZET swrssersssrssssssssssssssssssssssssssssssssssssssssssssssssssnsees 18
16 W, Ap 2D plots Of Selected data sessswsemssssrsseumssesssimsscsusseusssessssisasnissssesssenss 18
17 Specimen with normal CONAItION sersesserssersseserssenserssensernssnssensssssenssessenssenssensenssense 19
18 Specimen coated With GIEase sewssssesserssessessenssrssensensssssensensensessessenssessensensssssessense 19
19 Specimen filled With Slag PIECES swsewsserserssessessensersenssnssensenssssenssnssenssnssessensssssense 20
20 SPECIMEN NUITIDETING seesereserserssrssensssssensersssssenssensenssssssssenssssssnsssssensansssssenssessensssssenss 20
21 Definition of the specific evaluation parameters Wp and A sesssseseesseeess 22
22 3D DIOtS Of SEleCted data swswseserssessemserssessenssmssenserssnsensenssensensssssssensssssenssssssssenss 23
23 Wy, Ap 2D DIOts Of Selected data wseesssessssessssemssseussssusssissssusssenssssssnisssscussssnns 24
24 Plots for each frame and transition of CONtINUOUS frame -swssssssseesssscsssaee 25
25 Weld bead of specimen having no gap and no defects—1 seeeeeeeeeesescnscncene 27
26 Weld bead of specimen having no gap and no defects—2 «eeseeeeemessescnncncene 27
27 Weld bead of specimen having 1.6mm gap and no defects—1 -«eeeeeeeeseeeeeeee 28
-V -
lection @ kmou



FRERRAERRARRARE SERARREREARRAEBREEEE O

28 Weld bead of specimen having 1.6mm gap and no defects—2 -«s-seseeeeeeeee 28
29 Weld bead of specimen having 3mm gap and no defects—1 «eeeeeeeeeesensencenes 28
30 Weld bead of specimen having 3mm gap and no defects—2 «eeseseeseesensencenes 28
31 Weld bead of specimen having Omm gap and coated with grease-1 ---- 30
32 Weld bead of specimen having Omm gap and coated with grease-2 ----- 30
33 Weld bead of specimen having 1.6mm gap and coated with grease-1 ---+ 30
34 Weld bead of specimen having 1.6mm gap and coated with grease-2 ---- 31
35 Weld bead of specimen having 1.6mm gap and coated with grease-3 ---- 31
36 Weld bead of specimen having 1.6mm gap and coated with grease-4 ---- 31
37 Weld bead of specimen having 3mm gap and coated with grease-1 ---- 31
38 Weld bead of specimen having no gap and filled with slag pieces-1 -+« 33
39 Weld bead of specimen having no gap and filled with slag pieces-2 -« 33
40 Weld bead of specimen having 1.omm gap and filled with slag pieces-1 -33
41 Weld bead of specimen having 1.6mm gap and filled with slag pieces-2 -33
42 Weld bead of specimen having 1.6mm gap and filled with slag pieces-3 -34
43 Weld bead of specimen having 1.6mm gap and filled with slag pieces-4 -34
44 Weld bead of specimen having 3mm gap and filled with slag pieces-1 -- 34
45 Weld bead of specimen having 3mm gap and filled with slag pieces-2 -- 34
46 Relationship between W, and the measured bead width eeeessssseseessesrsssseeces 35
47 Relationship between A, and the measured bead height seessesessesseseesessneneas 36
48 RT result of weld bead having no gap and no defect=1 «seeeemseescscescenes 37
49 RT result of weld bead having no gap and No defect=2 «wweeeemmeesesceisene. 37
50 RT result of weld bead having 1.6mm gap and no defect-1 «eeeeeeseeseceneees 37
51 RT result of weld bead having 1.6mm gap and no defect — 2 «eeeeseeensenenes 37
52 RT result of weld bead having 3mm gap and no defect-1 «eeeemseesncencinenes 38
53 RT result of weld bead having 3mm gap and no defect-2 «eseeemssesncsncinnnes 38
54 RT result of weld bead having no gap and coated with grease-1 -sse- 38
55 RT result of weld bead having no gap and coated with grease-2 -sse-- 38
56 RT result of weld bead having 1.6mm gap and coated with grease-1 -« 39
57 RT result of weld bead having 1.6mm gap and coated with grease-2 -« 39
58 RT result of weld bead having 1.6mm gap and coated with grease-3 -« 39

_Vi_

Collection @ kmou



59 RT result of weld bead having 1.6mm gap and coated with grease-4 -«
60 RT result of weld bead having 3mm gap and coated with grease-1 -«
61 RT result of weld bead having no gap and filled with slag pieces-1 -----
62 RT result of weld bead having no gap and filled with slag pieces-2 -----

67 RT result of weld bead having 3mm gap and filled with slag pieces-1 -
68 RT result of weld bead having 3mm gap and filled with slag pieces-2 -
69 Pore-occurred location on the bead of specimen NO. G32 «eeseeseseesnesnssesasnes
70 RT TESUIL OF POFES—1 serserssessersssussonssrusenssessonassnssenssessenssensseusenssenserssenssensssasenssensenssss
71 The change of thermal strength at the pore-occurred location «ssssssesessees
72 Location of Slag inclusion on the bead of specimen NO. G12 «seseesesecsrsecnse
73 RT reSUlt Of Slag inClUSiOH ...................................................................................
74 The change of thermal strength at the predicted point of slag inclusion
75 Pore-occurred location on the bead of specimen NO. GI1 «eeeeseeecseeescssense
76 RT TESUIL Of POIES=2 sesssrsserscrusssssessssusstasenseassuastnsnsssossssssssuserssenserssensssssssasensssssansss
77 The change of thermal strength at the predicted point of pores ssssssese=
78 The change of A, on OMmM gap With Grease-1 swwwsesemmsscunssscussssuese

79 The change of A, on OMM gap With Qrease-2 «wwsesssessemsemsemssenssensenssens
80 The change of A, on 1.6mm gap With grease-1 «sesscmemcsssscussssuese
81 The change of A, on 1.6mm gap With Grease-2 «swssscmssmmissscusssuese
82 The change of A, on Omm gap With slag pPIECES—1 wsesssersseeussessserssscussssunse
83 The change of A, on Omm gap With Slag PIECES=2 wsewsssersseussessssssasscussesunse
84 The change of A, on 1.6mm gap With slag pIECES—1 sessssesecesescssuscnsuscacureaes
85 The change of A, on 1.6mm gap With slag pIECES—2 sessssesesesescssusensusencurenes

FERRARARARARERTARARARERRTARRRE ®E S

86 The Change Of AT on Smm gap Wlth S]ag pleces_l .....................................

- Vil -

Collection @ kmou

63 RT result of weld bead having 1.6mm gap and filled with slag pieces-1 -
64 RT result of weld bead having 1.6mm gap and filled with slag pieces-2 -
65 RT result of weld bead having 1.6mm gap and filled with slag pieces-3 -
66 RT result of weld bead having 1.6mm gap and filled with slag pieces-4 -



Study on the estimation of weld quality
using the thermal images during arc welding

Kim, Woo Seong

Department of Naval Architecture and Ocean System Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

The thermal image of weld pool and its adjacent area contains many
useful information related to the weld quality. Occurrence of weld defects
such as porosity, slag inclusion, or crack or during welding causes the
change of thermal distribution since they have a different thermal
conductivity from the weld metal. The different root gap cause the change
of bead shape and it makes the different thermal distribution also. This
research aims to estimate the weld quality such as bead shape and
occurrence of weld defects from the thermal image of weld area through
the analysis of the thermal image. For this object the continuous thermal
images of flux cored arc welding were obtained by use of a high speed
infrared camera. The 3 kinds of specimen group were used for welding
experiments. The first group consist of I-groove specimens with different
root gap to get the different bead shape. The specimens of the second
group and the third group were partly filled with slag pieces or partly
coated with grease to generate the pore or slag inclusion. To effectively
analyze the thermal image the specific evaluation parameters, W, and A,

were introduced. W, value indicates the width over the specific thermal

- viii -
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intensity and A, indicates the area which means the summation of the
thermal intensity over the specific value. The analysis result showed W
has the linear relationship to bead width and A, to bead height. A, value
on the places where weld defects occurred increased meaningfully
comparing to one of the adjacent area. The analysis result showed the
weld quality can be estimated by the W, and A, value extracted from the
thermal image during welding.

KEY WORDS: Arc welding ©tZ-87; Thermal image €3}d ©|W|A|; Thermal
intensity €74 %; Bead shape BIE37; Weld defects 8523 Weld quality &7
#74; Welding signal &35
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Fig.4 Arrangement of measuring at HAZ
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Fig.5 1st measuring of
HAZ(5mm far from center
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Table 1 Celsius temperature and thermal energy

Celsius temperature(C) Thermal energy
400 414
500 734
600 1235
700 1964
800 2969
900 4298
1000 5999
1100 8119
1200 10708
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20mm

Fig.10 Welding experiment system to
obtain the thermal image

® KAWASAKI 6= &85 =&

Fig.11 KAWASAKI 6axis welding robot
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NIT IR(Infrared) Camera

Fig.13 NIT IR camera
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® NIT(R camera maker) visualization software

=

File  About this software

File information | Quick analysis | 2-point NUC | 1-point offeet correction | Image data |

Graph [« view (fle; ‘case1-2.dat)
00-

o0

500 .ﬂ/%' First frame to view |0 < Palette| Thermography []
signal &l i

S0 Bl 2@ Nbr. of frames to view 6441 £ Invert image []
Plot1 |/

Plot2 [ Step (in frames) |10

Reset
max min Visualization delay (ms) |0

o 0

Interpolation parameters 1% []

Interpolation method | Bilinear [=]

Pause video Stop Ve

Statistics temporal axis |Frame £ ]

S i ol o e e et
D 40 60 %0 100 120 19 160 18 20 20 24025
ch

Image information
8000

Maxvalue [
6000 Min value [,
4000 pixel value [/
2000-|
7] Show image statistics
20004 (7] s+t statistics

0 200 400 600 @800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3300

L ﬂnm Save statistics. |

Fig.14 NIT Visualization software
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Aoz FEA3tr] 93 olglel Fig.15¢t 22 CH 7|¥Fe] ThermoAnalyzerE 7Y
sl oh ol Fig.1l63 Zo] &3l 72 RE A3l HolHE nig o
2= AAHe] wy, Ax9 2D plot 7hestH EZE 3D plot®t £ Z g Yo A9

#ge 4L + Atk

bsatel BAG plot FoEH 5 Tel 3y WS 44 BT £ ok
HEol Wy BY F8 AAES 4A s s vk ZAES 71
£ e pixel WEe AFEES ATeel BEA BAo] JlsaEs T

Fig.15 Data loading using Thermoanalyzer
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s

Fig.16 W, A, 2D plots of selected data
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S 2 J-groove HW ] &3 o &
grak ﬂ}i% AFE3R T I-groove HH 7] 8412 =Ale] FAV) ¢k 4
o —1%“3}“% V-grooveel Hl3] =AY 8§ AErl worg As st

|

Ae Figl7sh o] wze] Z3t kole] Ho|F AL F UAEE 77 |,
1.6mm, 3mme] A& zte= AH 153 Fig 183 #o] 7]

L3 Aol $HAZLH 1TE1 10~20mm F3Y, 40-50mm T3,
AIE, vHAHe2 Figl9eh 2o] <1 &4

| Al
Ade F=37] s s A €L =4 A ARIF] F 3T
[e)

90mm N

»

Fig.17 Specimen with normal condition

« 90mm N
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Fig.18 Specimen coated with grease
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Fig.19 Specimen filled with slag pieces

T
G Omm
11 1.6mm
3: 3mm
i : normal
g : with grease
s : with slag

umber of experiment

Fig.20 Specimen numbering

DA TF23t7] S8l Fig.2000 A

2 % gt uie} zol

1&7 25242 285 e Al Hes 7o #2S dedn. A i B4 A
+ 5 S #7]38l= n(normal), s(with slag), g(with grease)® T H W F
HA = = mAAte] A AL Ytk A WA eAE 593 24
7 e JE AR AFE dehlr] 99 2A2R ®71590
Table 3 Specimens

Gap Normal Coated with grease Filled with slag pieces

Omm n01, n02 g01, g02 s01, s02

1.6mm nll, nl12 gll, gl2, g13, gl4 sl1, s12, s13, sl4

3mm n3l, n32 g32

s31, s32

o]& utgro & Table 37 Zo] F 21719 A Al

ST
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Table 4 Welding materials

Wire KISWEL 1.4mm Flux Cored Wire
Shielding gas 100% CO,
Base metal Mild steel(250 x40 <X 87)

ot A8 &4 A3 FAsh7] Hs e Table 494 o] FCAW &
ofoloj9} 100% CO,7}2~E A&-3tHTh.

Table 5 Welding parameters

Parameter Value Units
Current 220 A
Voltage 24 14
Travel speed 27 em/min
Measuring speed 300 frame/s
Measuring area(l frame) 0.48 X 132 mm?®

#19] Table 59 o] A/, A4 R EHE=E= 8T F49

Ae A4 vk =3 I3 7 = 2% 300frame®] %

% 230mmAcolel F3b& Pt oF 15333709 =

2] Eaﬂ%‘% & 1x256709] A= FAHH 256719 = 7SI wEhA

g A3E WPl o] F 3,925,248(15,333 <256 pixeDW el &7
29

_ﬁ
=

d= 9 Ao

—

rok
>
_L‘.'_‘L
2
o

H
2
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Fig.21 Definition of the specific evaluation

parameters W, and A
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Fig.24 Plots for each frame and transition of continuous frame

ARA AFE W stetsty] YA W) ZdYl utek Wsshe 5
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Wt 3 Az ool R oD
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42 &3 vE £ gl gii Folo} QPR EEE A

421 £ W= E 9 g o9 =4

Fig.25 ~ Fig.45< 37}A &7/ Ao 2 £33 LHNE Axolth o}y 9
Table 6,8,102 7 Al EA AHFoAe HIE H(mm)e =43RI Table
7911 ZF AHe 54 AAHAAY HE Follmm)E SAsAT. 58 AR
o - ANFHoZRE 50, 70, 90, 135, 165, 195mm g "olx oz AH
skt AlH™E el g9 sol A= 135, 165, 195mm A Ho| I A(EFEh)et &
O zZtow AgS FEIATh

o Y AdH &2

Table 6 Width of weld beads welded under normal condition

Location n01 n02 nll nl2 n3l n32
50 10.9 11.0 11.3 11.7 8.8 8.8
70 11.0 11.0 11.3 10.7 9.3 8.1
90 10.9 10.8 11.6 11.1 9.0 7.6
135 11.1 10.4 10.4 10.9 9.6 9.4
165 11.6 10.9 114 10.4 10.0 9.9
195 11.5 10.9 9.7 10.2 9.9 9.8
- 26 -
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Table 7 Height of weld beads welded under normal condition

Location n0l1 n02 nll nl2 n3l n32
50mm 2.8 3.0 2.2 2.8 0.7 0.2
70mm 2.8 3.0 24 2.9 0.9 0.3
90mm 2.8 3.0 2.3 2.8 11 0.5
135mm 2.9 31 2.2 2.7 1.2 0.8
165mm 2.9 3.0 1.9 2.5 11 1.2
195mm 2.5 2.7 1.2 2.1 1.3 0.9

o

Table 69} 7 AFHFEZA7} §l AR A% HE E3} Gi Fo| g
etk 8= Ee ommet Lémm AelA MlmA SAR A% dehige
U 3mm el AE omms} 1.6mmel s} Eo| Holhe wAT 4 Ytk Gl
ol Ao A/ 7t Aol we} sk gk

Fig.26 Weld bead of specimen having no gap and no defects - 2

Fig.25¢} Fig.26S A3 =zx7F flar T 2AAto] o] 7ho] fle AAAH

=

i gHul =t co, 100% BE7k2 AFgAlo Yehtes 297 92 3l
Ak W= HLe HmA Fud deolth £3 F Wi E v BRE A
Hol] WolA o= ke 7o) Ueh} HERo|rt wopxl o] AL &
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Fig.27 Weld bead of specimen having 1.6mm gap and no defects - 1

27

Fig.28 Weld bead of specimen having 1.6mm gap and no defects - 2

Fig.273} Fig.28& Agdf==xx ¢lo]l 1.6mm oA &HES W3 ATk ¢
©] Fig.25, Fig.267 wiz7ix2 ul=9] ojate nlwz Fdsht 83 wgoew
ZREo| Woje] WA o® HE Hol7h Wolxt Wgo] WAIHA
o Agtas FHsH 8ol IdH AR Fd F Atk

gk v =

Fig.30 Weld bead of specimen having 3mm gap and no defects - 2

Fig.293 Fig.302> A¥F==27F flo] 3mm AolA &F o] +hHAT. Al
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PMW TAstAE WM S HASH] Ha A2 ¢ 2 7R AAS)
ATt BE oH2 FAAAHY Fdgk AEFS Rola oy 3mm HOo=E <)
T 2A Aoz 89 Zol7k Aol wel wE Biake] Folsh WA woly g
gotoz el ¥ £ ik
o I1IXA(EEH EXE B3 2 A& &HZAH
Table 8 Width of weld beads welded under condition coated with grease
Location g01 g02 gll gl2 gl3 gl4 g32
50mm 10.9 11.1 11.0 11.2 10.9 10.6 9.5
70mm 10.7 10.9 10.3 11.0 11.0 104 10.0
90mm 10.7 11.1 10.8 11.0 10.4 10.5 9.7
135mm 10.8 11.1 10.9 11.0 10.7 10.6 10.2
165mm 10.8 10.7 11.3 11.6 10.3 9.8 10.3
195mm 10.6 11.0 11.6 11.9 10.4 10.7 10.0
Table 9 Height of weld beads welded under condition coated with grease
Location g01 g02 gll gl2 gl3 gl4 g32
50mm 2.9 3.0 2.4 2.1 2.8 2.8 1.5
70mm 3.1 3.0 2.5 2.3 2.7 2.9 1.6
90mm 2.9 3.1 2.6 2.4 2.9 2.9 1.7
135mm 3.1 2.9 2.7 2.7 2.7 3.0 2.0
165mm 3.0 2.9 2.7 2.8 2.7 3.0 1.6
195mm 2.8 2.9 2.6 2.5 2.3 2.9 1.1
Table 83 9+ ZAgE Fxstr] 98 54 F3tol gl 2E =23 AH
i3t HlE £33 iAo FolE Uehdth HlE F& oM BAAIEF mprrA
2 0mme} 1.6mm oA w2 FAEE AEFS Jeg oy 3mm oA =
Omme} 16mmeol] Hl3] Fo] oS AT 4 o A Eol= Omme}
- 29 -
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1.6mm Aol A B2 FARE FeFe UehI o gl2A|He] dF AH
w2 ge Ays Bolx ot 3mm AolA el TlA Fole= dA3] A
AH A

N rlo

AT s TN

Fig.32 Weld bead of specimen having Omm gap and coated with grease - 2

Fig.31% Fig.32& vlad Hl= Zo] dAsim Tg|xe d{7t HE=EE FA
o2 AR Boldg &9 & 5 Ytk Fig32 Hl=e IR AHAE H=
gHe A2 2719 §4 2L Bola gloy olt A% Tty Bd

Fig.33 Weld bead of specimen having 1.6mm gap and coated with grease - 1
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Fig.34 Weld bead of specimen having 1.6mm gap and coated with grease - 2

Fig.33#%} Fig.34= 919 Fig.29¢} Fig.309] Al Hlal T4te] o7t wEA| gt

HME Ee fAR %S Bolw Yk,

Fig.36 Weld bead of specimen having 1.6mm gap and coated with grease - 4

Fig.35¢} Fig.36-& Fig.33, Fig, 349} tlak Fol7l FARSE A de Yetxz o
AT T AH BT §HAE FHHRolA HlEdA FHe Edo] wiIigA X

S tha BFAFS WA £ Yok ok ExE JesE A £ F v
2% de wrewe oaE.

Fig.37 Weld bead of specimen having 3mm gap and coated with grease - 1
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o ST RS B3 A = AR

Table 10 Width of weld beads welded under condition filled with slag pieces

Location| s01 s02 sll sl2 s13 sl4 s31 s32

50mm 11.7 10.9 10.2 10.8 104 10.5 9.8 9.8
70mm 11.7 10.8 10.5 10.9 10.4 9.9 104 10.2
90mm 11.5 10.7 10.2 10.9 10.7 114 9.3 9.5

135mm | 11.3 11.3 10.8 10.9 10.8 10.8 9.9 104
165mm | 11.4 11.4 10.4 11.7 10.5 10.5 10.7 10.1
195mm | 11.5 11.4 10.9 11.2 10.7 10.9 10.7 104

Table 11 Height of weld beads welded under condition filled with slag pieces

Location| s01 s02 sll s12 s13 sl4 s31 s32
50mm 2.8 2.6 2.3 24 24 2.8 1.3 1.7
70mm 2.6 2.8 24 2.5 24 2.9 1.4 1.7
90mm 2.8 2.9 2.6 2.7 2.6 3.1 1.7 1.8
135mm 2.8 3.0 2.9 2.6 2.9 3.0 1.8 1.9
165mm 2.7 2.7 2.8 2.8 2.8 2.9 1.9 1.9
195mm 2.6 3.1 2.2 24 2.9 2.5 15 2.0

Hell ik Hl= F3 iAol EolE Uehdt. vHlE # Omm9Jr 1.6mm 7§ ol
A vl FARgE AEES eIl oy 3mm el A= Omme} 1.ommel 1]3|
= o

m Aol A o] Al 3}

_1}'4_‘
o
g
O
s
N
m?_,l
T
%0
o
Nl
>
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A 8ASE AL A9t Aol AR wek gl =ol7f wolA e H ol
3mm A} AEL oW Aol Bk o] Aolrt MmA 2 AL HeITh

A

Fig.38%} Fig.39& A% FExX o o Hl=9 FAto] JFS w1 JSs
S el @ % ek vlEo] FAe WEst Qe olfE A FEE 9

s
# el m7o] $49A Wil IolE dolgle] ABF W= FHo e
* ZoE BoEt A9 FRoMel A% WA ¥ E 24T BRIt UL

HolEoh

Fig.41 Weld bead of specimen having 1.6mm gap and filled with slag pieces - 2
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Fig.47 Relationship between A, and the measured bead height
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50 mm

Fig.48 RT result of weld bead having no gap and no defect - 1

NO2

-
T
50 mm
4

Fig.49 RT result of weld bead having no gap and no defect - 2

N11

Fig.50 RT result of weld bead having 1.6mm gap and no defect - 1

50 mm

Fig.51 RT result of weld bead having 1.6mm gap and no defect - 2

Fig.48~Fig.51& A¥F=xA7F A A & AYAJ AHez §H3
o] tigk RTAR o]t} ARRloA] H = nie} o] Aoz Hol= HE
ANHo R SAHHYSS ¢ F Yot o Figd87 499 &
goz sl k40l A7 Aol Fig.h0 2 51«] FER Holz A
HHEAHA os) et AlH o FER9
soll o3 veles Aoz FHEATHE FES L"Jolﬁ‘r.

m{u:
JN'
r%
o)
[
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N31

Fig.52 RT result of weld bead having 3mm gap and no defect - 1

N32

50 mm

Fig.53 RT result of weld bead having 3mm gap and no defect - 2

Fig.52¢9} Fig.532 3mm <& Zbe Al 84 F9 WdgS 2] 938 7%
e AAR AHe R v FdatA §FEHASY AR o AE ERE
&

=i
Lo
M
=
N
ot
o)

=] Z
T =t

A ue A2 5 AA ded FES dEgHe s QI3 FE
=] =
T T

B3},

o IYAETNE SE 7|BAIHE AW 4 RT A3}

Fig.54 RT result of weld bead having no gap and coated with grease - 1

G02

50 mm

Fig.55 RT result of weld bead having no gap and coated with grease - 2
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Fig.549} Fig.55% 718 $%=
53 A" JE} F s
]

=

Fig.56 RT result of weld bead having 1.6mm gap and coated with grease - 1

50 mm

Fig.57 RT result of weld bead having 1.6mm gap and coated with grease - 2

50 mm

Fig.58 RT result of weld bead having 1.6mm gap and coated with grease - 3

50 mm

Fig.59 RT result of weld bead having 1.6mm gap and coated with grease - 4

Fig.56~Fig.59+ 1.6mme] o2 2lsf o]l Omm 3 @ F FA Alo]
o] 7S dA Moz &l & 4 Yt Fighto] Gl1 AlH 9] &3 HlEoA =
T, A Y] AFNA VlFoE FHHEE A HES TH € 5 AT AY
A s Ao yehue e FES A SAHA A g dFE nkek 2

=

o] ghuls] AARA Fatn wA Hwe] wEERe] dolgle &gty Byt
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Fig.60 RT result of weld bead having 3mm gap and coated with grease - 1

Fig60 Ad-e 3mm omx olde Aus thed &4 We Zge npy
27} 4Be) o]FolAA ke HAFH ol g2 @abe] o Aoz A
SGupe mgsity, £3 94 Figd7e] G32 Alme] kA AnEoel 87

2459 2R o 18mm AAE AYAA NEoe FARE AFL BAT &

[‘

AT

Al RT A#

50 mm

Fig.61 RT result of weld bead having no gap and filled with slag pieces - 1

S02

Fig.62 RT result of weld bead having no gap and filled with slag pieces - 2

Fig.613} Fig.62= AdF=E fd €1 =4S ¥2 Aot s Al
< A HE YA FFshe HIEY A4S UEhATh 7, Al 3ollA 9
a

S o] agaolA] Eaht ol SHA FahAL Pold: ol
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50 mm

Fig.63 RT result of weld bead having 1.6mm gap and filled with slag pieces - 1

50 mm

Fig.64 RT result of weld bead having 1.6mm gap and filled with slag pieces - 2

50 mm

Fig.65 RT result of weld bead having 1.6mm gap and filled with slag pieces - 3

Fig.66 RT result of weld bead having 1.6mm gap and filled with slag pieces - 4

Fig.63-Fig66 el 27< ol g3 <dl1 £9¢ F=8 AAE Z Imm
gape AN AW S|t g AHNESL Imm gapo 2 sl &3 Aol U
o Hio] wasigon o 2ol Wl 87

S FHol wolgl: wul 27O
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A
Fig.67 RT result of weld bead having 3mm gap and filled with slag pieces - 1

S32

50 mm

Fig.68 RT result of weld bead having 3mm gap and filled with slag pieces - 2
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mmEoAW T3t AR = HS Yehdth

o 7|& LA A 4, W3 1

Starting
Point 1 2 3

e , et

Fig.69 Pore-occurred location on the bead of specimen No. G32

Fig.70 RT result of pores-1
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=—g=—=Thermal energy - defectl

Fig.71 The change of thermal strength
at the pore-occurred location

Fig.692 & &4 Az F oF 18Imm A o) 7|Foz o= A% 7
A & £ Utk Fig.700] Uehd wkeh o] 84 wlso] £33 Awrl Fun o
25S B £ U o] EYE Fig713 o] B3 Ay Ago] A}

AoE qiEe AH 204 FH FIET JF R 52 dFEE %
A= Ao el o F JUAth AH 1S A% f = =9l grease’t &H

FFy w2 dede wel dFEe] Xe|7h A ¢k ez Jd4d
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AW

S X ko

o &E 1 £ T A Ho|Ae 4, WHI}

Starting
Point B - — e ) 1 2 3

Fig.72 Location of Slag inclusion on the bead of specimen No. G12
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Fig.73 RT result of slag inclusion

nnnnnn

2 3

=g==Thermal energy - defect2

Fig.74 The change of thermal strength
at the predicted point of slag inclusion
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Fig.75 Pore-occurred location on the bead of specimen No. G11

Fig.76 RT result of pores-2
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Fig.77 The change of thermal strength
at the predicted point of pores
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Fig.78 The change of A, on Omm gap with grease-1
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Fig.79 The change of A, on Omm gap with grease-2
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Fig.80 The change of A, on 1l.6mm gap with grease-1
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Fig.81 The change of A, on 1.6mm gap with grease-2
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Fig.82 The change of A, on Omm gap with slag pieces-1
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Fig.84 The change of A, on 1.6mm gap with slag pieces-1
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Fig.86 The change of A, on 3mm gap with slag pieces-1
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