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Chapter 1 : Introduction
- Background of this research
- Objective and contents of this research

1

Chapter 2 : GMAW sensing system with near infrared CCD
camera
- Optical structure of molten pool sensing system
-Image processing method
- Correlation between image of molten pool and

welding conditions

Chapter 3: Visual inspection system for welding bead with
CCD camera using stereo vision method
- Structure of CCD camera
-3 dimensional shape measurement process
- Automatic distinction for weld defects

|}

Chapter 4: Development of fully automatic GMAW system
-Concept and system configuration
- Adaptive control function of welding condition
*Weld quality confirmation function
- Verification for functions of welding system

Chapter 5:Orbital narrow GTAW system with visual sensors
*Molten pool sensing system
- Adaptive control of welding condition
*Application to power pipe welding

Chapter6: Robot system for on-site remote welding of nuclear
reactor component
- Penetration sensing system
-3 dimensional shape measurement system
*Robot system operation and application to actual welding

A

Chapter 7: Welding in-process quality control system
*Molten pool and bead shape measurement sensing system
« Laser ultrasonic testing system forinner defect
- Application to actual welding of steam turbine rotor

A

Chapter 8: Visualization and degitization system of welder skill
*Molten pool sensing system
*Welder behavior measurement system
- Application to welder training and analyzing skilled welder

\/

Chapter 9:Conclusions

Fig.1.1 Outline of the thesis.
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Fig.2.1 Object of sensing and control items.
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Fig. 2.2 Spectral distribution of radiative intensity in MAG arc and molten pool.
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Fig.2.3 View of IR-CCD camera.

11



100% — .

Relative sensitivity
&
—

dil 500 60D 0 €00 900 D0
Wave length (nm)

Fig.2.4 Spectral sensitivity of CCD camera.
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Fig.2.5 Spectral sensitivity of
band pass filter.
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Fig.2.6 Measurement items of molten pool image by image processing.
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Fig.2.7 Image processing algorithm.
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Fig.2.8 Image processing algorithm for brightness distribution pattern on molten pool.

14



N W
o O
T

X coordinate

\r\\__‘_/— _F‘F:b:L,.J B g ————————————

—
o O
T T

L
o

s

;Y coordinate

| | |
HW N
o O o
T T

NN TN TN T T N [N T N TN T N T T T WY N N TN T TN [N T Y TN T N T ST T T N N TN TN T N T Y T [N TN T T Y [N N T 1

Arc center coordinate (pixel)

|
(&)
o

40 60 80 100 120 140 160 180 200 220 240
Threshold value of brightness on arc region (level)
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Fig.2.10 Measurement accuracy of molten pool width.
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Fig.2.11 Welding system and groove shape used.
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Fig.2.12 Relationship between molten pool images and cross sections of fillet welds.
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Fig.2.13 Correlation between vertical deviation of torch position and weld

pool inclination.
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Fig.2.14 Correlation between horizontal deviation of torch position

and weld pool inclination.
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Fig.2.15 Correlation between deviation of torch position and weld pool

inclination in butt weld.
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Fig.2.16 Comparison between molten pool inclination and cross section of

root weld with and without deviation of torch position.
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Fig.2.17 Comparison between molten pool image and cross section of groove

weld with and without deviation of torch position in weaving pass.
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Fig.2.18 Correlation between welding voltage and molten pool shape in butt

welding. (Welding speed: 150mm/min, Wire feed speed: 8000mm/min)
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Fig.2.19 Correlation between welding voltage and molten pool shape in

weaving welding.
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Fig.2.20 Correlation between welding voltage and molten pool area in

fillet welding.
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Fig.2.21 Correlation between root gap and molten pool shape.
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Fig.2.22 Correlation between root gap and molten pool length in U groove joint.
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Fig.2.23 Comparison of molten pool temperature distribution pattern.
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Fig.2.26 Response of molten pool shape by changing welding voltage.
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Fig.3.8 Results of measuring weld bead shape by twin lenses parallax CCD camera.
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Fig.3.9 Results of measuring porosity on weld bead.
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Fig.3.10 Result of measuring reinforcement shape.
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Distance image  Quasi color image Distance image Quasi color image

Spatter Porosity

Fig.3.11 Test results of distance transformation processing for spatter and porosity.
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IMBGE PROCESSING IMAGE PROCESSING

Spatter Porosity

Fig.3.12 Test results of automatic defect distinction for spatter and porosity.
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Fig.4.1 Concept of fully automatic welding system.

4.3 LEHBESRTLOER
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AEBIR, W~y FEFNICEYTTTZIR—CCDHI AT GOFRNED A T) LM

CRT CRT
Pointing device Keyboard (main (par.ams.;ter
controller)| | monitoring)
Near Infrared camera
Main controller | Twin lenses
Ethernet RS-232C parallax camera
| [Image processor Monitoring
© —
Light power | & computer
source g"
<[] 18C | TBC
=
3 Video ol s
signal é’ § -lg
s ol 3
& o 5}
CCU CCU &%n 2
[
Q
o

Twin lenses
parallax camera

Near infrared
camera

Fig.4.2 System configuration.

[— Weld controller
. |~ |Weld power source|
Lights |

Fig.4.3 Appearance of welding head.
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Fig.4.4 Appearance of main controller.
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Fig.4.5 CRT display.
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4.4 ZEBBEEIATLOMEE
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Table 4.1 Sensor and sensing items.

Purpose Sensing item Sensor
Torch position Weld pool shape
: control (Weld pool inclination) IR-CCD camera
Adaptive Welding parameters Weld pool shape
control of control (Weld pool area size)
welding Setting of torch Width & depth of groove,
conditions position adjustment Width & height of bead Twin lenses
Weld deposition Width & depth of groove, parallax camera
control Width & height of bead

Width, depth, root gap & root

Groove shape check i
discrepancy of groove

Twin lenses

Unevenness of weld bead shape
parallax camera

Weld bead sh
¢d bead shape (concavity, undercut & overlap),

Weld quality check

. porosity
confirmation
Current, voltage, speed, Current meter,
Welding parameters wire feeding rate, voltage meter,
check shielding gas flow rate & encoder &
torch driving axes flow meter

Last edge position Pool length Input Ima.ges from different
/ view angles

Input image(left)  Input image(right)

Matching same point
Determination of m
matched points

Calculation of 3D coordinate by
le measurement method

/

Determination of 3D
ition
Fig.4.6 Measurement items by tri F:OS ; t Groove shape Bead shape
g.4. y triangle rtT;]eadsuremen — —
. metho Bevel
of molten pool with ¢ e angle Groove width
Discrepancy :
IR-CCD camera. <1— :__:Ofgroove e |dt;| .
Measurement of grove . Y Y
and bead shape N 'l’ Groove depth v
thg‘ap_ Bead shape Groove depth

(Undercut,overlap,
concavity,porosity
and crack)

Fig.4.7 Processing flow for measurement of bead shape.
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Measurement of leg Calculation of target Calculation or correction
length or bead width with > deposition value at next P> | of welding speed at next
sensor layer layer to match target

deposition value

| VW(N) =C X VF(N) (W yp)*W n.1(a)(h nagay D ive)) |
Vw(N): Welding speed at Nth layer
Vf(N): Wire feed speed at Nth layer , C:Constant value

W N-1(A) WN(D)
hN (D)
hn-
N1 B N th layer
® :Measured point
WN-1(A) WN(D) _
: Bead width at N-1th layer : Bead width at N th layer
(Actual value measured with sensor) (Target value in data base)
hN-1(A) h N(D)
. Leg length or groove depth at N-1th layer . Leg length or groove depth at Nth layer
(Actual value measured with sensor) (Target value in data base)

Fig.4.8 Processing flow of welding condition setting for weld deposition control.

Input - Fuzzy rule
Weld pool inclination (6 ) 9

Time differential » DB [DM DS |ZR |US |UM |UB | | UB:+Large

Ofe (Ae ) DB |ZR |ZR |ZR |ZR |ZR |ZR |ZR UM:+Medium large
DM |US |ZR |ZR |ZR |ZR |ZR |DS

US:+Smal |
ZR:0
DS |UM |US |ZR | ZR |ZR | DS | DM
DS:-Smal |
<« —_—> ZR |UB |UM |US |ZR |DS | DM | DB DM:-Medium large

AB

jlf US |UM |US |ZR | ZR |ZR | DS | DM DB:-Large
UM |US |ZR |ZR |ZR |ZR |ZR | DS

Arc center
UB |[ZR |ZR |ZR |ZR |ZR |ZR | ZR

JL

Output

Torch position (mm)

Welding direction —> \

Last edge position

Weld pool inclination (degree)
of molten pool

Fig.4.9 Fuzzy rule for torch position control.
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Input - Fuzzy rule ——
Molten pool area(S) S

i difF tial » DB |DM |DS |ZR |US |uM |uB UB:+Large
ime erenua DB |ZR |[ZR |ZR |ZR |ZR |ZR | ZR UM:+Medium large
of S(A S) DM |US |ZR |zR |zR |ZR |ZR |Ds US:+Smal |

R0

DS |UM [US |ZR [ZR | ZR | DS | DM

DS:-Smal |
ZR |UB [UM |US [ZR |DS |DM | DB DM:-Medium large

US |UM |US |ZR |ZR |ZR | DS | DM DB:-Large

AS

UM |Us |ZR |ZR |ZR |ZR |ZR | Ds
Weld direction UB |zR |ZR |ZR |ZR |ZR |ZR | ZR

Welding voltage (V)

Molten pool area (Pixel)

Fig.4.10 Fuzzy rule for welding condition control.
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Start I

Yes Torch position
irst layer2 control
(weld line tracing)
No
N.G, _ Welding parameter
ead judgme control
Ty
Stop Good
N.G.
Groove
judgmen
Good ./
Stop Welding parameter|
set
Y

Torch position set

Y

Welding execution

Fig.4.11 Basic process sequence of fully automatic welding system from

start to finish of welding.
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7 B 450A, 2L AR— ZEHE 50A, 2V A B — 7 B 2ms —E & LT,

300

J320.5
30% 2.5 30 2.5
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A
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Detail “A” #
8
< A" o
[ AVAN ) "
g = 250 500
240
Butt weld Fillet weld
Fig.4.12 Groove shape and dimension of test piece used.
Table 4.2 Chemical composition of base metal and welding wire used.
(wt%)
C Si Mn P S Cu
SM400 0.16 0.16 0.73 0.012 0.011 -
YGW-16 0.09 0.75 1.38 0.012 0.015 0.24
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FHIaBROLEEREZ R L CWD, Eo, BHEET M & BEA RN LRE 52 DEAN
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Twin lenses
paral Iax\ camera

Welding direction IR-CCD camera
— 0o
J' .
tomm 3B
* D D ’D_‘ metal

Welding torch

| L
o TN/ N

—I 20mm

Fig.4.13 Test procedure for influence of changing distance from tip to base metal.

Groove width

I

Welding direction

>0

Welding start point

Without restraint plate

Fig.4.14 Test procedure for influence of changing groove dimension.
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Welding head A

\Welding _c_l jrection

\

”L/ 500

Test piece
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< .
- Airflow generator
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Fig.4.15 Lay out for air flow test.
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Without control ® With control Deviation:2. 5mm

) y Torch position
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"""""" Weld pool inclination
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Fig.4.16 Test results of torch position control at fillet weld.
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Fig.4.17 Test results of torch position control at groove weld.
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Fig.4.19 Test results of welding condition control at root pass in groove weld.
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Fig.4.20 Test results of welding condition control to change large molten pool area

to standard molten pool area at root pass in groove weld.
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Fig.4.21 Test results of welding condition control at weaving pass in groove weld.
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Fig.4.22 Test results of welding condition control at root gap 6mm.
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Fig.4.23 Test results of welding condition control at 1mm root gap.
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Fig.4.24 Test results of welding condition control for change of the distance from

tip to base metal.
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Fig.4.27 Result of measuring weld bead shape with overlap.
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Fig.4.28 Result of measuring weld bead shape with concavity.
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Fig.4.30 Result of measuring weld bead shape with porosity.
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Fig.4.31 Test results of changing the distance between tip and base metal.
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Fig.4.33 Test results for change of groove dimension.
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Table 4.3 Air flow test results for confirmation of wind influence.

Confrimation test results
. . after welding Evaluation of
Direction .
. Flow rate Results of welding Bead macro system
of air flow Bead .
PT RT section performance
appearance
test
Whole passes .
1.5m/s Good Acceptable | Acceptable Good Effective
completed.
Weldin
. . e Automatically
direction .
stopped by quality Not Not
20 m/s check function N.G. acceptable | acceptable N.G. Effective
after the 6th. pass P i
finishied.
Whol .
1.5 m/s ole passes Good Acceptable | Acceptable Good Effective
completed.
Right angle
g . e Automatically
direction .
stopped by quality Not Not
20m/s check function N.G. N.G. Effective
acceptable | acceptable
after the 4th. pass
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Fig.4.35 Display of stop for next pass welding in air flow test.
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Fig.4.36 Porosity occurred by air flow test.
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Fig.4.37 Welding condition record.
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Fig.5.1 Configuration of orbital automatic narrow gap pipe GTAW system with visual
Sensors.
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Fig.5.2 Detection points of Fig.5.3 Measuring items of groove and bead shape.
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Fig.5.7 Measurement of bead shape.
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Fig.5.10 ND filter with transmittance distribution changed partially.
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Radiation of moltegopool
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Fig.5.11 Selection of band pass filter.
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Fig.5.12 Comparison of molten pool image by each filter.
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Fig.5.14 Measuring items for welding condition control.
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Fig.5.15 Molten pool image of typical defects for hot wire orbital welding.
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Fig.5.16 Distinct features of molten pool shape by defect factor.
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Fig.5.17 Cross sectional macro with Fig.5.18 Cross sectional macro with

insufficient wetting. poor previous bead shape.
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Fig.5.19 Comparison of molten pool shape parameters between proper condition

and unsuitable condition.
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Fig.5.20 Relation between previous bead shape and welding peak current.
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Fig.5.21 Correcting welding current for poor previous bead shape.
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Fig.5.22 Correction of welding current for insufficient molten pool size.
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Fig.5.23 Sequence of welding condition control.
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Fig.5.24 Process sequence of hot wire orbital narrow gap GTAW system.
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(a)Welding operation (b)Control unit

Fig.5.25 Application to thermal power plant piping in shop welding.

. 5

Fig.5.26 Groove shape. Fig.5.27 Cross-sectional macro
photograph of test specimen.
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Table 5.1 Example of welding condition.

) Peak Base |poak wire |Base wire | Po2K wire [Base wire |\ e | Welding Pulse
Location welding welding feed feed .
current current voltage speed peak time
current current speed speed
Pass number Bead width (degree) (A) (A) (A) (A) (mm/min)|(mm/min) V) (mm/min) (s)
0 220 160 20 20 1800 1800 9.0 90 0.20
90 220 160 20 20 1800 1800 9.0 90 0.20
1 140 220 160 20 20 1500 1500 9.0 90 0.20
(First layer) Straight bead 180 220 160 20 20 1500 1500 9.0 100 0.20
270 220 160 20 20 1500 1500 9.0 100 0.20
360 220 160 0 0 400 400 9.0 100 0.20
0 250 120 25 25 2000 800 8.5 95 0.25
10 250 120 25 25 2000 800 8.5 95 0.25
2 90 270 120 25 25 2000 800 8.0 95 0.25
(Second layer) Osccilation 180 270 120 25 25 2000 800 8.2 95 0.25
270 250 120 25 25 2000 800 85 95 0.25
360 220 120 0 0 600 600 85 95 0.25
0 320 170 40 40 2400 1400 8.5 95 0.30
10 320 170 40 40 2400 1400 85 95 0.30
Wbm <9.8 90 320 170 40 40 2400 1400 85 95 0.30
Straight bead 180 320 170 40 40 2400 1400 85 95 0.30
270 320 170 40 40 2400 1400 85 95 0.30
3 360 270 170 0 0 700 700 85 95 0.30
(Third layer) 0 280 240 40 40 1800 1800 10.0 90 0.30
10 280 240 40 40 1800 1800 10.0 90 0.30
9.9<Whbm 90 280 240 40 40 1800 1800 10.0 90 0.30
Oscillation 180 280 240 40 40 1800 1800 10.0 90 0.30
270 280 240 40 40 1800 1800 10.0 90 0.30
360 260 240 0 0 600 600 10.0 90 0.30
0 320 240 50 50 3000 2200 10.0 Calculation| 0.30
10 330 240 50 50 3000 2200 9.7 Calculation| 0.30
Wbm =938 90 330 240 50 50 3000 2200 9.7 Calculation| 0.30
Straigt bead 180 350 240 48 48 3000 2200 9.7 Calculation| 0.30
270 350 240 48 48 3000 2200 9.7 Calculation| 0.30
Pass number= 4 360 320 240 0 0 900 900 10.0 Calculation 0.30
0 280 240 40 40 1800 1800 10.0 Calculation| 0.30
10 280 240 40 40 1800 1800 10.0 Calculation| 0.30
9.9<Whbm 90 280 240 40 40 1800 1800 10.0 Calculation| 0.30
Oscillation 180 280 240 40 40 1800 1800 10.0 Calculation| 0.30
270 280 240 40 40 1800 1800 10.0 Calculation| 0.30
360 260 240 0 0 600 600 10.0 Calculation]  0.30
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Fig.6.2 Application area of welding robot system.
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Fig.6.3 System Configuration of welding robot.
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Fig.6.4 Welding torch head.
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Fig.6.5 Remote control cameras.
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Fig.6.6 Operating flow of off-line teaching system.
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Fig.6.7 3D shape measurement system.
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Fig.6.8 Image processing flow for 3D shape measurement system.
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Fig.6.9 Configuration of optical system for penetration bead sensing.
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Fig.6.10 Appearance of optical head for penetration bead sensing.
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Fig.6.11 Image processing algorithm for penetration bead sensing system.
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Fig.6.12 Measurement accuracy of shape measurement system.

99



RV TEBICBER~HED & 0% FHl LI R 273, X6 23R THH 0.15mm T
HV ., EHEFTDRFHREEEZA L CND I ENMERTE, £72, Fig6.13 1L, L— b
F v v TEHAIRE D 2 51706 ORG L MIER RAEFRT DY a Ol z R LIzbDT
b5, s FIEZE Fig.6.14 |27, £9, 2Ry MEFHIRgEIcBE S5, £ LT,
HONUOFT7IA T ar T I TSN 2 FRanbEigERET 5, T0%, 250
i FCR—DRERER L 72D 7 XM EDORFET D 3MEHRE L, BiGR OKTH AN E
BHET S, LT, fHAT A L— b=y P8y REO 2 8% R 2 >Omi T
LS SRBE D DIREREZ RO SANEOFREN S 3R TEEEZENT 5, Z0HA.
J— F ¥ ¥ v T, 1.03mm LEHAIE N TWS,

F 72 Fig.6.15 1T, [FERICHAL S A OREDOMEFHH 21T o o iR EZ R L2 b D TH Y |
SO 3 HEPEL, WREEZRD TS, ZOFENDL S, AV RAT AL 1EEEIT,
RS CERHIIZIT ) 2 ENARETH D Z b D,

Point of pad surface

1@* Root gap

= Root edge

Sl

m &8 x 000 ¥ [0.00
saE ¥ 000 y[1E

z oo
z
<3EB X [4%  y[f | z[om
z
z

0.05

L asg x [0z v [i6oz 000
s5&8 ¥ [335 v [1706 000
stE | s | meSteTos|

[OE TN e 2. @
4£EE  [000 4,@5%?0-00
[i]

cEBiE 0 sepmy P00
(B
A | sana | Iﬂm |
A=z f
| maea | If%ﬁ |‘
I

WPV Measurement result
—* Root gap: 1.03mm

V - - -
Reference points  Marking line
Measurement procedure

PC display

Fig.6.13 Measurement procedure of root gap.
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Fig.6.14 Measuring sequence for root gap.
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Fig.6.15 Measurement procedure of surface reinforcement shape.
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Fig.6.16 Image with variable welding current.
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Fig.6.17 Typical images of burn through by wide root gap and normal

welding condition.
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Fig.6.18 Test results of welding condition control.
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Fig.6.19 Operation sequence of welding robot system.

Fig.6.20 Appearance of welding robot system.
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Fig.6.21 Application of welding robot system to field welding

at nuclear power plant.

105



Riser

Right-Upper plate

Left-Upper plate (mm (mm
Outer Center Inner Inner Center Outer
0. 22 0. 20 0. 16 0. 32 0. 25 0. 06
Cent Inner InnerC )
ente ente

Outqr’/././ Outer -
Upper plate o e, Riser brace
Left side Right side
Lower plate ‘\.\‘ ﬁ
Measurement location
Left-Lower plate (mm Right-Lower plate  (mm)
Outer Center Inner Inner Center Outer
0. 23 0. 12 0. 13 0. 14 0. 32 0. 39
Fig.6.22 Measurement results of root gap in field welding.
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Fig.6.23 Measurement results of reinforcement shape in field welding.
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Table 7.1 Measurement items of in-process quality control system.

System

Monitoring object

Measurement item

Sensor

Monitoring system for
welding condition

Welding condition

Welding current,
Welding voltage, Wire

current, Welding speed,

Wire feeding speed

Electric signal

Sensing system for Molten pool, Electrode, | Weld pool shape, CCD camera
molten pool shape Wire, groove electrode position,

Wire position, groove

position
Sensing system for Molten pool of back | Size of molten pool | CCD camera
backbead shape bead Appearance of back

bead surface

Sensing system for
weld bead shape

Bead

Bead appearance, Bead
shape, Surface defect

Two CCD cameras (3D)

Sensing system for
inner defect

Welded region

Inner defect

LUT (Laser Ultrasonic
Testing)
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Electric device for
measuring welding condition

Two CCD camera for measuring Welding torch

weld bead shape CCD camera for sensing molten pool shape

Welding direction

LT

CCD camera for
sensing backbead
shape

Fig.7.3 Arrangement of sensors.
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Fig.7.4 Measurement items of molten pool sensing system.

Object

‘ ) Camera ot
/

S

Ef S

o ¢ M .l

Mirror

Side view

LED illumination
Camera

Top view

Fig.7.5 Configuration of back bead sensing system.

BHEE—RBIRE Y Y AT AT, 2O50CCDH AT ZHWT, A7 LAHRICK
D e — RIR 2 3Gt 5, Fig.7.61Z3RGtIROMEIFREL & 7 A T DB A<, 12
F2HDCCDA AT # M, ZANEDFHECH— a5t T25Y 7 7271280, £
TNDH AT OGN G 3IRTCIBIRZRIETE D, ZiUE, FIETRLIEBD LEETH
5o

WKMo 7 AT M, L—FREEFERIESS 2RV, FEEERNC TEBENET O X
fati 2 e LTV 5, NEIRIE Y v 7Y AT AW L— 8BSl EO R %

Fig.7.7127 %, L—HHEFEIZ, 7L AEEnsD L — ¥tz SRaEHI R4 5 & &
NOHATNMBEDEN T T XA~ bT 5, TOTTAORINT IV | AR EAEHBIZAR
TR 2 AT 2, BAELCBEERIL, BEREER L., kaHATZEN LV —FicTx

111



Behd, ZEV—FIEIMENTLZERE LoBERE., R REOWINENE LTIRAT

W5, ok, L—HiL, ND:YAG L —H#(1064nm), 7L AR I3 Ens, EE60Hz, L —W
i 77400md/pulsel) EIZCT%EhE L 7=,

Camera2
Cameral

Optical axis

Work position
8 {short)

tereo disparnity

- Work position
Cross point of {long)
Fieldof view optical axis

Fig.7.6 Configuration of bead shape sensing system.

Welding torch
Generation laser M Detection laser (Scanning)

Ablation kg, 4 I VAV
‘||P:V\.1|ll ‘YY;
LU SR SR '] P P
‘\ A \\—&/ L ‘,’I’ >
\\\\‘__’)‘;" ,A:.. ’_/:,,‘,
SeaaA RSt
Bulk wave vy, R AR
. \\. ,- ,; ‘//
) ‘\\‘ o /,j‘ '//.
TR\ a /‘I/' o
=W _,‘I-, R4
M S R
\ ./’ a
B Nw? \ SO
N
" \oid
Welded area {5

Fig.7.7 Basic concept of LUT.

112



PlbE, RUAT LAOEMATIE, HO0CoiEiE %%T%&%fﬁl%ﬁ ZPRE LT
il & 72 D8l % 5 2, M THICBIE 2@ L7-5a, WAL — 2 ~BErmod, &
TEDEED 2\ WIXEHO T Z21T9 Z & fﬁtﬁ%%‘é@%ﬂ%% IR TE D, E, NEIXM
T TR VRIS R R A R T RGBT LRI H L ThhE
DIRFEZATH 2B TE D,

7.4 JRATLBEBRAHABER

BRI =2 V) U TV AT KT, BHREIE, WRHEEN. W, U1 P,
TAVYERREDIEENNT AR T VX NVERGETFELTELEOTT —Xa H—IZ T
EW/%%ﬁLb XE SNV BEN D OB T2 Y 7 by =T HEEh S5 2 & T,
TEEFICRF Mo D L 01T,

USSR /\/1/2{49&‘(3?)571&5 NIV ADEYICRHS L, BE—7 EX—=2 251 TR T %
XoicL7, Fig7.8 1%, BUEL-E=XEEZ R LI DT, FIRERIFORERIT — ¥
MUTNHEALTRREND & & BICHEA RN LSS mIcEER IR TEH L
Wb, EHIZ, IhbOTF—HFitske L TRIEIS D,

8
i
H
r ol

Fig.7.8 Software screen of monitoring system for welding condition.

WRENIZIR B > o v 7V AT AORSRERREE L LT, B L @R OIREHIZ R O FHA
EATV. 2O EIT 572, Fig7.9 13, Wl RT X910, 7—27 OIREEE(LES
ﬁk%a®@wm%hﬁk%@%m—74%%ﬁﬁwﬁ%®ﬁww%%Lt%@f%a
AV 3 L, SRS — A Y e O BEEN KRE <72 - TED | ERlmg
DHTITLT U H AHEIS TE RVl & RFRFCOEV 2 ERBAICIEE TS Z L 23vbn
%, F1z, Fig7.10 1%, WRIMR T B2 v 7o A7 ATET 52 TOFHIE B ORI
B A = 2 FoREE ISR LB Th D, T X510, RO E BRI b & R
FIHIZEHRC X . Z L2 O HE B 2 RIE 2 i L 7= B A r e R R TX 3 2 L b

113



Do

Bt v VAT AL, EENRE VAL CCD Z ATIZLD, Rtz v
YT URAT N EFRRRC, V@R ORI AR U, G E 2R XERF S v T
HZENHERTE D, T LT, TOFHMEIC L 0, WRML A= E BV X i, ik
HEOBEERANRL—ZIZE0ITH 2 LN T& D, Fo, WHEHROEE E— NOINELE R
BECH AT CHERL, MEREkE L TUEHTE S,

200|- Inappropriate condition Appropriate condition

100 \—""vwww e,
Distance between : .
electrode tip and wire
so| b
Wetting angle Inappropriate condition

oL . v . v v
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00

Time (mm:ss)

between wire tip and torch tip (mm)

Wetting angle (° ) / Distance

Molten pool image
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Fig.7.11 Configuration of test piece.
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Fig.7.12 Test result of bead sensing system.
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Fig.7.13 Image of bead surface.
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Fig.7.14 Measurement result of bead shape with bead sensing system.
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Fig.8.7 Images of cameras and measurement items for MAG welding system.

128




8.3 BEBHEEIIEADERER

8.3.1 MbEINE

TIGEEHEERET ¥ Z by AT L2 BUGEUE 1 4F H OF NiEHE L OwEaIic @ Lz
FERIZOWTHIT 2, FlIE, RFEMVEA%L Ob—F¥r v 7 3.5mm), & IZHED
B IREE B BT 5 4 OF N E R RIAT - 72, Fig.8.8 1%, It OB 2 7 oty %7
A4 AT LA LI ABEHEFERFER LB EZRLIZbDOTH D, JIEIEX, RATAICED
B OWLG 2N gRk % . BIRFICALERAERIC L0 . Z ol EOEH T H 4 O8O iE &Y
IR R T X 5 LRIRFIS, & 572> U SRR 7o RS Ol O E B L o Fgk
M 2R, R L, [ ECH D OZFE) LR TE D,

Torch fixed

CCD Backbead
camera camera
Magnified Whole view
CCD camera
camera [JEEEES——"—

SUSHIL-E10s avi

Fig.8.8 Images of welding training by four cameras on a display.

Fig.8.9 I%. #EFM A Fhia L7t N (FLLH) & A ORRRIEIE O A L — % F v —
R CRLEBDOTH D, SR ILE D OFRBPAME L8 EORERLDD), E2I
R U CEETIVUIERER M ET 2002 BB IR T 5208 TE S, b2, 2oL
— X F ¥ — F &z, FIMIC L 2EREEAEO I L ARETH Y, Flficky, L2
DELRY, EIREEBEESNROVONEZALERMICEHKTHZ L bA[EE o7,
Fig.8.10 /%, FIfHIC X 5 EBEZHREA a7 TIHME L 72 b DT, AEIZH D2, K =
T AMERRITHEEAZ T4 00 Tho7oEMN, Jld#E TlE, 8 0 FTHEEN M EL T
D EWonb, £, MOFEE &L LB RE DR E{T/R ) LN TE S
W, AROETF = g U B EFICHED TH 72T,

129



Electrode-rod distance

Electrode—rod distance(mm)

Size of back

Weaving Size of back bead Weaving
. ~ . head pool
period (pool (mm~2) period
(mm)
elding Speed
ftm) Weaving )
3 amplitude Welding
Weaving Speed
amplitude(mm) d feeding

Rod feeding

45 Welding
Welding voltage (V) Beginner voltage speed
Process parameter Stability measure
(Average) Expert (Variation)

Fig.8.9 Quantitative comparison of behavior between welders on radar chart.
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Fig.8.23 Configuration of test piece.
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Beginner B

ExpertA

Beginner C

Fig.8.24 Image of horizontal position welding by expert welder and beginner welder.

Molten poollength ‘ Torch fixed Sideview camera
CCD camera

’ Ratio of molten pool width

Welding speed \l i

Magnified CCD Whole view
camera camera

Fig.8.25 Images and measurement items for vertical down welding.
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— :Exp.ertA ‘Welding position
- - BeginnerB : Verticaldownward

width length
Average Varnation

Fig.8.26 Comparison of measurement items among welders on radar chart.
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Camera2
(Fror;t of molten pool)

Camera3

(Electrode angle)
Cameral

(Molten pool)

Fig.8.27 Location of cameras for pipe welding by SMAW.
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Cameral Camera2

|

Fig.8.28 Image of pipe welding by SMAW.
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T BE L. U — B VBRI CHREFEIC B~ ERT S0k L, AIFREIL. — BT
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Expert welder Trained welder (middle class)

W \Weaving pattern

Upward Downward
at the edge at the edge

Fig.8.29 Comparison of weaving behavior.
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Bead Bead shapewith color |Bead appearance
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P ik
& 5%
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) 3I.5 7Imm

0
Color mapping of bead height
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Fig.8.30 Comparison of bead shape before and after grinding.
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