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A Study on The Development of High Deposition

Automatic Welding for Erection Stage in Shipbuilding

Woo-Hyeon Choe

Division of Ocean System Engineering, Graduate School,

Korea Maritime University

Abstract

The Korea shipbuilding industry continues to design and build the most
advanced commercial vessels in the world and has the global
competitiveness in the world shipbuilding market recently. Big vyards
maintain their competition capacity by develop and control the new block
assembling and erection technologies among them. Unit block size and its
weight has been larger and larger, and working day in dry dock, berth or
grand block assembly area has been shorter and shorter.

However, to keep their competitiveness the shipbuilders must develop and
improve new technologies not only ship design part but also production
processes. Especially in erection stage, by application of high deposition
heavy duty welding processes such as Electroslag and Electrogas welding
can reduce working time and enabling to get more cost-effective and
competitiveness.

As the conventional method of high efficiency welding of vertical joints,

there are known various methods, such as electroslag welding, electrogas
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welding and consumable nozzle electroslag welding methods, and these
methods have been employed in the art. In each of these known welding
methods, since a groove gap 1s necessary, the sectional area of the groove
1s large, resulting in disadvantages such as excessive heat input and
relatively low welding speed.

Accordingly, problems are left unsolved as regards the welding efficiency
and the toughness of the heat-affected zone. Disadvantages of these
conventional welding methods, there has been proposed a vertical welding
method in which a small diameter wire electrode is oscillated and welding
is conducted in an atmosphere of carbon dioxide gas and/or other inert
gases, and this method is practiced in some construction work.

The objectives of this study and experimental research are to review
current welding processes that are applied to pre-erection and erection stage
of shipbuilding construction for instance high heat input or high deposition
rate processes such as electroslag welding, electrogas arc welding and
multi-pole submerged arc welding using smaller diameter electrode wire and
to improve its mechanical properties, especially V-notch toughness to extend
application range for actual fabrication work. Modified base materials and
filler materials, weld preparations, weld qualities, qualification of welding
procedures, qualification of welding personnel and, fabrication and inspection
requirements for welds are included to the study with many experimental
testing to gain the remarkable result of proceeds.

Welding work in pre—erection or erection stage of shipbuilding
construction to be carried out in flat and vertical upward position mostly
and Electrogas welding is actively applied especially for vertical butt joint
of thicker steel plate recently.

In this study considered how to develope and improve mechanical



properties of weld metal and HAZ in high heat input welding processes
such as Electrogas welding and Electroslag welding with its welding
equipment i1n order to extend the application range to the longitudinal
members and hatch coaming parts of container ship. higher reliability, larger
scale, and reduced weight are required for the welded steel structures,
lately, in view of social requirements such as enhanced safety,
environmental protection and energy conservation, and also of severer
resource development conditions.

Moreover there has been a strong need for the development of a heavy
steel plate product that is excellent in the toughness of heat affected zones
of a welded joint and that meets the requirements of high heat input
welding, high strength, large thickness, and high toughness. Some
components of welding system and parameters were modified to get the
faster travel speed and reduce weld heat 1nput, and also by adding
additional filler rods or tubes increase the amount of deposited weld metal.
With the test get some good date can apply to actual fabrication work and
recommend items to manufacture welding materials make better.

Above all things 1it's a fruition that to prepare the possibility of
application of Electroslag welding to the shipbuilding construction which fill

up the gap of stoppage days of more than 20 years.
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Table 1.1 Historical development of

manufacturing unit processes

Year Casting Deformation Joining Machining Ceramics Plastics
; Bending, Stone, Emery o
4000 |Stone & Clay Forging(Au, Riveting corundum, Earthenware WOOd’ Natural
BC moulds . . fibers
Ag, Cu) Garnet, Flint
2500 |Lost wax Shearing, Sheet |Soldering, Drilling. Sawin Glass beads,
BC (bronze) forming Brazing g € |Potters wheel
1000 Hot Forging Forgg Glass.
BC (iron), welding, Iron saws pressing,
Wiredrawing Gluing Glazing
Coining(brass), Turning(wood), |~ .. .
0AD Forging (steel) Filing Glass blowing
Stoneware,
1000 Wire drawing Porcelain(Ger
many)
Sand casting - |Water . Majolica,
1400 casting hammering Sand paper Crystal glass
1600 Permanent Tin plate can, Wheel
mould Rolling (Pb) lathe(wood)
Steam hammer, Boring. turnin Plate glass,
1800 |Flasks Tin plate S g mng, porcelain(Ger
. crew cutting
rolling many)
Centrifugal Rail rolling, 4 IS Window glass
1850 |moulding Continuous ggapliqulg, l?tlligng’ form slit Vulcanization
machine rolling pying cylinder
8 Turret lathe, Rubber
1875 eTXutiurs?(l)lﬂgﬁ) universal mill, extrusive
vitrified wheel moulding
Geared lathe,
Oxyacetylene, |Automatic
. Arc welding, |screw machine, s
1900 mifn owder) - |Electrical Hobbing, High Qﬁg‘;ﬁ(m
b resistance speed steel, g
welding Synthetic SiC,
A1203
Bakelite, PVC
= casting, Cold
1920 |Die casting Extrusion Coated moulding,
(steel) electrode Injection
moulding
Acrylics,
L ) EMMA, PE,
ost wax for Nylon
engineering Cold extrusion |[Submerged b
1940 pastes, Resin— |(steel) arc f&fbnggretlc
bonded sand Transfer
moulding
Ceramic mould . AB-S’
Nodular iron ’ TIG welding, Silicates,
1950 Sem: ’ MIG welding, |EDM Fiber
emi ) -
) Electroslag carbonates,
conductors Polyurethane
1960 El’ectr(’)gfis Mfmufactured Float-glass A’cetalﬁ, Poly -
Plasma arc diamond carbonates
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Fig. 2.2 Work flow for shipbuilding construction
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Fig. 27 Large stem part of the ship erecting by one mass

Fig. 2.8 Large stem part of the ship erecting by two mass
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Fig. 2.14 Bulbous bow block erection of an aircraft carrier
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Table 2.1 Number of block per ship and dry dock working day

Process | Block umt |, Namber of | Doy dock | pemar
(Vo) | 1500 - 3000 10 15 Large barge
crane,
Giga | 4000 - 6000 6 27 Floating
dock
Tera 12000 2-3 10

Table 2.2 Increasing productivity both value and production

Year 1985 1990 1995 2003

Value added

per Man 14.3 26.3 52.6 94.9
(Mil. Won)
Construction

weight per 38.6 91.9 112.9 192
Man (GT)
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Fig. 3.1 Conventional Electroslag Welding
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Table 3.2 Comparison of Welding parameters of NGI-ESW and
Conventional Electroslag welding for 50mm thick steel plate

Item Conventional ESW NGI-ESW
Root opening 32 + 2mn 19 + 1mn
Amperage 600 + 100 A (18%) 1,000 + 100 A (10%)
Voltage 39 +1 V (25%) 35 + 05V (1.5%)
Welding speed 28 mm/min 55 mm/min
Heat input 50 kJ/mm 37 kJ/mm
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Table 3.3 Number of wires and size of guide tubes for plate thickness
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Table 3.4 Welding productivity comparison for Narrow gap welding processes

: Travel
Welding Pl.a te | Root El?Ct' g QI Welding | speed per | Number
rocess thick. | gap % LS Veligag position | each pass | of pass
b (mm) | (mm) | (em) |  (A) (V)
(cpm)
Narrow
300 9 1.2 260 30 Flat 22 70
gap
FCAW | 75 | 8 | 14 | 159 | gggy | Vertical 8 50
220 up
BGwW | 75 | 8 | 16 | 907 | 49 aq | Vertical 4 1
440 up
Remark Groove angle;
Narrow gap welding ; 0°, FCAW ; 35°, EGW ; 20°
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411 4718 Ao

1) G718 AAdY 484

AA Azxg E71F Ao} (Thermo Mechanical Controlled Process, TMCP)7

< A5 YI(AWS) 27 7+ A= S0kg/miw ¢l AH320 A4 EH40+ 7+
A, Absa glew, EH36E7hA = BAsE A ds o] Fdo] wol
AL E = ey S SHor &ws] A gEa
g8 JErh @ 9 wo EHAR 2L @F Qve 29 24AE A9
it ofn Aol BAROR ojFoAXL YAE B AHolT.
Table 413 4.2+ EH36w AAl1x8& A7l A7 38 =43 7] A4
S @ o E 247 el Rl
Table 4.1 Chemical composition of EH36 (wt%)
C Si Mn P S Cu Ni Cr Mo Vv
EH36 | 0.07 | 0.21 | 1.54 | 0.005|0.001| 0.01 | 0.19 | 0.01 | 0.001 | 0.001
Table 4.2 Mechanical properties of EH36
Yield Strength |Tensile Strength Elongation Impact absorbed
(N/mr) (N/mr) (%) Je?i%yoc)
EH36 466 577 25 327
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Fig. 4.3 Comparison of tensile strength of TMCP with conventional rolled steel
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Mo

Cr

0.02 | 0.02 10.001]0.001

Cu

Mn

1.55 {0.006|0.002| 0.01

Si
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Table 4.4 Mechanical properties of EG36 of high heat input steel
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Minimum preheating temperatures ["C]
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Fig. 44 An example of Preheating guide line for welding

(a) Preheating guideline for high low input welding

(b) Preheating guideline for high heat input welding
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Table 45 Chemical composition of EH40 (wt%)

C Si Mn P S Cu Ni Cr Mo \%
EH-40| 0.07 0.21 154 | 0.005 | 0.001 | 0.01 0.19 0.01 | 0.001 | 0.001
Table 4.6 Mechanical properties of EH-40
Yield Strength | Tensile Strength Elongation Impaz;ea;lf;?orbed
2 2 )
(N/m) (N/mnt) (%) T (-40°C)
EH-40 446 577 25 327

Table 47 An example of chemical composition for YP460 (wt%)

C Si Mn P S Cu Ni Cr Mo \%
YP460 | 0.09 | 0.33 1.50 | 0.014 | 0.002 | 0.08 0.06 0.02 | 0.001 | 0.003
Table 4.8 An example of mechanical properties for YP460
Yield Strength Tensile Strength Elongation Impaecr‘:ejgjorbed
3 2 )
(N/mnf) (N/mn) (%) T (~40°C)
YP460 475 565 28 358
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630
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Table 4.9 Chemical composition of YM-55HF for ESW (wt%)
0.08

YM-
55HF
55HF
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Table 4.11 Chemical composition of SC-EG2 (wt%)

C Si Mn P S Mo

SC-EG2 0.08 0.30 1.45 0.016 0.013 0.12
Table 412 Mechanical properties of SC-EG2
Yield Tensile Strength Elongation Impact absorbed
Strength N/ (%) energy
(N/mif) d J (-20C)

SC-EG2 510 560 27 60

Table 4.13 Chemical composition of DWS-43G (wt%)

C Si Mn P S Ni Mo Ti
DWS-43G 0.08 0.35 1.63 0.014 0.010 0.02 0.17 0.02
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Table 4.14 Mechanical properties of DWS-43G

. ) ) Impact absorbed
Yield Strength | Tensile Strength Elongation energy
N/ma (N/mir') (%)
/) ’ J (-20C)
DWS-43G 470 600 27 62
Table 4.15 Chemical composition of EG-3 (wt%)
C Si Mn P S Mo
EG-3 0.08 0.29 1.85 0.011 0.008 0.15
Table 4.16 Mechanical properties of EG-3
Impact
Yield Strength Tensile Strength Elongation absorbed
(N/m ) (N/mm) (%) energy
J (-207C)
EG-3 510 620 30 150
Table 4.17 Chemical composition of DWS-1G (wt%)
C Si Mn P S Ni Mo Ti
DWS-1G 0.05 0.25 1.60 0.009 0.007 1.40 0.13 0.05

Table 4.18 Mechanical properties of DWS-1G

Impact absorbed

Yield Strength Tensile Strength Elongation energy
2 2 [0)
(N/m) (N/mrr) (%) T (=60C)
DWS-1G 500 615 25 100
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Table 4.19 Chemical composition of DWS-50GTF/R (wt%)

C Si Mn P S Ni Mo
DWS-
S0GTF 0.08 0.24 1.54 0.012 0.008 1.83 0.10
DWS-
50GTR 0.09 0.29 1.60 0.008 0.006 0.65 0.2
Table 4.20 Mechanical properties of DWS-50GTF/R
Yield Strength Tensile Strength Elongation Impa;t’learl;yorbed
2 2 )
(N/m) (N/mnf) (%) T (-60°C)
DWS-
50GTF 535 652 22 72
DWS-
S0GTR 471 620 22 89
Table 4.21 Chemical composition of EG-3T and YM-55H (wt%)
C Si Mn P S Mo Ni
EG-3T 0.05 0.36 1.65 0.008 0.003 0.17 0.47
YM-55H 0.08 0.44 1.36 0.006 0.002 0.18 -
Table 4.22 Mechanical properties of EG-3T and YM-55H
Yield Strength | Tensile Strength Elongation Impaz;;l;iorbed
2 2 o)
(N/m) (N/mnr) (%) T (20°C)
EG-3T 525 662 22 137
YM-55H 590 630 31 120
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Fig. 45 Non-consumable guide Electroslag welding test and its equipment
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Fig. 46 Solid wire and its feeder for Non-consumable guide Electroslag welding
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<4

Fig. 47 Schematic view of wire guide tube installed with filler rod

Fig. 4.8 Welding sequence of Two-run method with Double V-groove

[

Fig. 4.9 Welding completed for one side of Two-run method with Double V-groove
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1 magnetic screaning

2 metal powder addition

3 tandem electrods

4 water cooling

5 copper shoe (water cooled)

6 slag pool

7 molten pool

2 solidified slag

10 9 welding powder addition
10 weld seam

1 magnetic screening
2 metal powder supply
3 three-wire electrode
4 water cooling
5 copper shoe (water cooled)
& slag pool
7 molten pool
8 solidified slag
Swelding powder supply
10 10weld seam
11 first pass
12 second pass

Fig. 410 Two run method in Electroslag welding process(Double V-groove)
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Fig. 411 Welding power supply, wire feeding unit and water cooling equipment
for Two-run method

Fig. 4.12 Completion of welding with Two-run method Electroslag welding
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(Grain-boundary ferrite)9] A2 A3 =7 W&o Aoz FAokgt),
Fig. 414~416& dHE=ZSH 4ol olojA &4 A 2 AR/, 2elof A

=9 &5 Zojol W& §5A9 Gl viste] vEbia Av11]

Fig. 413 Comparison of weld pool geometry on susceptibility to hot cracking

(a) (b)

Fig. 414 Weld pool comparison depending on voltage
(a) High voltage (b) Low voltage
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Fig. 4.18 Schematic drawing of Tandem electrode type Electroslag welding with
Double V-groove

Fig. 419 One-power two-wire Electroslag welding system
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Fig. 420 Two-power two-wire Electroslag welding system
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Heat
input
(k]/cm)
235
200
280
320
310
550
420
345

Wire electrode
(& mm)
YM-55S (1.6)
YM-55S (1.6)
YM-55HF(1.6)
SES-15/NES-53 (2.8)
SES-15/NES-53 (2.8)
YM-55S(1.6)
YM-55S(1.6)
YM-55HF(1.6)

Voltage
(V)
37
38
42
42
48
45
44
45
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Current
(A)
395
290
370
440
440
480
430
455

20

Groove
angle(®)
35 V
35, V
20, V
20, V

Root
gap
(mm)
23
23
23

Table 4.23 Welding condition for Non-consumable guide Electroslag welding

plate
25
35
37
55




Table 4.24 Welding condition for consumable guide Electroslag welding

Pl Type | Root Heat
.a te of Groove | Current | Voltage | Wire electrode .
thick. 1 ide | 8% | angle®) | (A) (V) (@ mm) mnput
(mm) | M | (qm) | €€ (kJ/cm)
tube
25 | Typical | 23 0 400 42 SES_1(52/ gI)ES_‘BB 410
Typical | 23 0 420 44 SES*1(52/ ;ES%B 580
37 '
Wing 23 0 420 4 |OFS 1(52/ ;ES 3| 700
Typical | 23 0 440 42 SES*1<52/ ;ES%B 830
55 | Typical 8 20 440 48 SES*1(52/ ;ES%B 790
Typical | 23 20 420 46 SES_L?;;?S_SB 1000
Typical 8 20, V 440 48 SES*1(52/ ;ES%B 930
65 | Tvoeal | 8 20, 420 46 | SES-15/NES-53| 440
ypiea Dotble-V- | 420 44 (2.8) 410
Improved | 10 20, V 420 48 SES’1(56/ ‘(;“)utocon 1070
75 Wing 20 0 520 48 SES_1(52/ gI)ES_‘BB 1290

Table 4.25 Impact test result of consumable guide Electroslag welding

[25mm Plate thick./I-groove/23mm Root gap]

Plate thickness, Grade 25mm / AH32
Consumable combination SES-15/NES-53 / I-groove / Typical guide
Temperature of test (C) 0 20
Shift of test Upper Middle Upper Middle
center center center center
Impact 1 150 94 63 53
absorbed 2 119 97 61 50
energy (J)
3 132 55 47 50
Average 134 82 57 51
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Table 4.26 Impact test result of consumable guide Electroslag welding
[37mm Plate thick./I-groove/23mm Root gap]

Plate thickness, Grade

37mm / AH32, TMCP

Consumable combination SES-15/NES-53 / I-groove / Typical guide
Temperature of test (C) 0 20
Shift of test Upper Middle Upper Middle
center center center center
Impact 1 56 56 35 29
absorbed 9 92 53 34 32
energy (J)
3 65 57 35 35
Average 71 55 35 32

Table 4.27 Impact test result of consumable guide Electroslag welding
[37mm Plate thick./I-groove/23mm Root gap]

Plate thickness, Grade

37mm / AH32, TMCP

Consumable combination

SES-15/NES-53 / I-groove / Wing guide

Temperature of test (C) 0 0 20
Upper ? Middle .
Shift of test UPeag fusion piddle fusion Upper | Middle
center . center . center | center
line line
Impact 1 92 31 75 11 27 24
absorbed
energy (J) 2 79 24 64 30 38 32
3 105 36 52 54 30 29
Average 92 30 64 32 32 28
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Table 4.28

[55mm Plate thick./I-groove/23mm Root gap]

Impact test result of consumable guide Electroslag welding

Plate thickness, 55mm / EH36, TMCP
Grade
Consgmaple SES-15/NES-53 / I-groove / Wing guide
combination
Temperature of
test (C) 0 0 20
Shift Upper part . Middle part . Lower part .
of Fusion Fu.s1on Fusion Fu.s1on Fusion Fu.s1on
test Center| . line | center| _. line | Center . line
Imo: line line line
pact +2mm +2mm +2mm
absorbed| 167 | 25 | 74 | 139 | 139 | 180 | 80 | 43 | 153
energy
n 2 54 24 165 220 220 190 50 32 160
3 79 24 105 23 23 24 47 154 43
Average| 100 24 115 127 127 131 59 76 119

Table 4.29 Impact test result of consumable guide Electroslag welding
[55mm Plate thick./I-groove/23mm Root gap]

Plate thickness,

55mm / EH36, TMCP

Grade
Consqmable SES-15/NES-53 / I-groove / Stick electrode core
combination
Temperatoure of test 90
()
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion Fusion Fusion
Center| . line | center . line | Center . line
I test line line line
mpact +2mm +2mm +2mm
absorbed | 148 | 34 | 240 | 130 | 120 | 250 | 80 | 34 | 240
energy
QD) 2 57 39 265 94 65 79 147 33 230
3 33 43 240 69 22 24 82 230 179
Average | 79 39 248 98 69 118 103 99 213
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Table 4.30 Impact test result of consumable guide Electroslag welding
[55mm Plate thick./I-groove/Smm Root gap]

Plate thickness,

55mm / EH36, TMCP

Grade
Consumable SES-15/NES-53 / V-groove(20°) / Typical guide
combination
Temperature of 90
test (C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion Fusion Fusion
Center . line | center . line | Center . line
test line line line
Imbs +2mm +2mm +2mm
mpact
absorbed 1 135 51 19 51 183 300 59 45 80
energy
§)) 2 75 31 25 64 28 300 69 45 300
3 94 32 77 78 22 300 64 75 205
Average| 101 38 40 64 78 300 64 55 195
Table 4.31 Impact test result of consumable guide Electroslag welding

[65mm Plate thick./V-groove/8mm Root gap]

Plate thickness,

65mm / EH36, TMCP

Grade
Consumable SES-15/NES-53 / V-groove(20°) / Typical guide
combination
Temperature of 90
test (C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion Fusion Fusion
Center . line || center . line | Center . line
test line line line
Imbs +2mm +2mm +2mm
mpact
absorbed 1 39 28 270 34 69 300 75 54 262
energy
) 2 40 35 240 40 185 249 53 186 186
3 39 33 183 34 162 238 64 115 260
Average| 39 32 231 36 139 262 64 118 236

88 -




Table 4.32 Impact test result of consumable guide Electroslag welding
[65mm Plate thick./Double V-groove/8mm Root gap]

Plate thickness,

65mm / EH36, TMCP

Grade
Consumable SES-15/NES-53 / Double V-groove(20°) / Typical guide
combination
Temperature of 90
test (C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion Fusion Fusion
Center . line || center . line || Center . line
I test line line line
mpact +2mm +2mm +2mm
absorbed| 150 | 62 | 205 | 39 | 60 | 244 | 40 | 36 | 230
energy
() 2 164 192 216 34 53 54 58 180 216
3 140 94 230 46 60 220 80 48 188
Average| 151 116 217 40 58 173 59 88 211

Table 4.33 Impact test result of consumable guide Electroslag welding
[65mm Plate thick./I-groove/23mm Root gap]

Plate thickness,

65mm / EH36, TMCP

Grade
Consumable . .
L. SES-15/NES-53 / I-groove / Wing guide
combination
Temperature of 90
test (C)
Shift Upper part Middle part Lower part
of . |Fusion . |Fusion . Fusion
Center Fu.swn line || center Fu.swn line || Center Fu.smn line
I test line line line
mpact +2mm +2mm +2mm
absorbed | 4 25 | 37 | 230 | 40 | 220 | 256 | 31 | 52 | 223
energy
Q) 2 25 192 232 34 162 177 32 56 49
3 28 37 220 48 39 240 24 41 260
Average| 26 89 227 41 140 224 26 50 177
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Table 4.34 Impact test result of Non—-consumable guide Electroslag welding
[25mm Plate thick./I-groove/23mm Root gap]

Plate thickness,

Grade 25mm / AH32
Consgmaple YM-55S / V-groove
combination

Temperature of 0
test (C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion
Center . line | center . line
I test line line
mpact +2mm +2mm
absorbed| 4 9% | 26 | 14| 34| 38| 6
energy
() 2 143 18 16 130 12 7
3 62 12 10 28 24 7
Averagel| 75 14 13 48 18 5

Table 4.35 Impact test result of Non-consumable guide Electroslag welding
[25mm Plate thick./V-groove/8mm Root gap]

Plate thickness,

Grade 25mm / AH32
Consgmable YM-55S / V-groove
combination

Temperature of 0
test (C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion
Center . line || center . line
I test line line
mpact +2mm +2mm
absorbed | 4 36 | 145 | 118 | 48 | 189 | o1
energy
Q) 2 47 144 140 37 176 86
3 33 58 130 34 174 120
Average| 39 116 129 40 180 99
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Table 4.36 Impact test result of Non—-consumable guide Electroslag welding
[35mm Plate thick./V-groove/8mm Root gap]

Plate thickness,

Grade 35mm / AH32
Consumable YM-55HF / V-groove
combination
Temperature of 0
test (C)
Shift Upper part Middle part Lower part
of Fusion Fu.swn Fusion Fu.smn Fusion Fu.s1on
Center . line || center . line || center . line
I test line line line
mpact +2mm +2mm +2mm
absorbed| 155 | 42 | 62 | 169 | 16 | 14 | 170 | 84 | 70
energy
() 2 148 60 75 177 11 16 180 57 69
3 165 42 66 210 14 20 186 49 40
Average| 156 47 68 185 14 17 179 63 60

Table 4.37 Impact test result of Non-consumable guide Electroslag welding
[37mm Plate thick./I-groove/23mm Root gap]

Plate thickness,

37mm / AH32, TMCP

Grade
Consgmable YM-55S / I-groove
combination
Temperature of 0
test (C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion Fusion Fusion
Center . line || center . line | center . line
I test line line line
mpact +2mm +2mm +2mm
absorbed | 4 80 | 49 | 220 66 | 9 | 280 | 61 | 84 | 160
energy
Q) 2 60 37 37 22 83 278 46 126 300
3 54 47 36 51 137 290 71 51 300
Average| 65 44 98 46 76 283 59 87 254
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Table 4.38 Impact test result of Non-consumable guide Electroslag welding

[37mm Plate thick./V-groove/8mm Root gap]

Plate thickness, 37mm / AH32, TMCP
Grade
COHS‘?maple YM-55S / V-groove(35°)
combination
Temperature of 0
test (C)
Shift Upper part . Middle part . Lower part
of Cente | Fusio Fu§1o Fusio Fu§1o
test line n line|center i line n line
Impact r n +2mm +2mm
absorbed| 11| 65 | 46 | 158 | 90 | 48
energy
(N 2 136 71 55 115 118 30
3 128 78 55 165 62 25
Averagel| 125 71 52 146 90 34

Table 4.39 Impact test result of Non-consumable guide Electroslag welding

[55mm Plate thick./I-groove/23mm Root gapl]

Plate thickness,

56mm / EH36, TMCP

Grade
COHSl'lmajble YM-55S / I-groove
combination
Temperatoure of test 90
(C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion
Center . line || center . line
I test line line
mpact +2mm +2mm
absorbed
1 62 73 90 58 70 25
energy
Q) 2 90 25 61 59 57 20
3 100 25 110 47 14 62
Average | &84 41 87 55 47 36
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Table 4.40 Impact test result of Non—-consumable guide Electroslag welding
[55mm Plate thick./V-groove/8mm Root gap]

Plate thickness,

55mm / EH36, TMCP

Grade
Consgmaple YM-55S / V-groove(35°)
combination
Temperature of 90
test (C)
Shift Upper part . Middle part . Lower part .
of Cente | Fusio Fu§1o Fusio Fu§1o Fusion Fu§1o
test . i line n line|center i line n line|center line n line
Impact +2mm +2mm +2mm
absorbed| 4 35 | 155 | 63 | 37 | 50 | 177 | 50 | 67 | 220
energy
() 2 28 62 65 37 50 34 39 49 192
3 30 103 67 50 42 162 85 95 64
Average| 31 107 65 41 47 124 58 70 159

Table 4.41 Impact test result of Non-consumable guide Electroslag welding
[55mm Plate thick./V-groove/8mm Root gap]

Plate thickness,

56mm / EH36, TMCP

Grade
Consgmable YM-55HF / V-groove(20°)
combination
Temperature of 90
test (C)
Shift Upper part Middle part Lower part
of Fusion Fusion Fusion Fusion Fusion Fusion
Center . line || center . line || center . line
I test line line line
mpact +2mm +2mm +2mm
absorbed | 4 72 | 71 | 190 | 104 | 172 | 225 | 116 | 70 | 212
energy
Q) 2 71 204 182 92 90 58 125 65 67
3 105 50 180 83 122 215 68 74 219
Average| 83 108 184 93 128 166 100 70 166
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Fig. 4.22 Groove condition of combined and conventional electrogas welding
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(a) (b)
Fig. 4.23  Comparison of macro section of Electrogas welding combined with
FCAW and FCAW (a) Electrogas welding with FCAW (b) FCAW
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-
(a) (b)

Fig. 425 Macro section of Electrogas welding(a) and Reverse combined
Electrogas welding with FCAW (b) of 75mm thick plate

Fig. 426 Water cooled copper shoe for Double V-groove Electroslag welding
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Fig. 5.1 Electroslag welding test assembly for 656mm thick steel plate
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Fig. 5.2 Grove shape of Electroslag welding test for 66mm thick steel plate

Fig. 5.3 The arrangement of test assembly and guide tube for Electroslag welding
65mm thick steel plate
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Fig. 5.4 Electrogas welding test assembly for 66mm thick steel plate
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Fig. 55 Grove shape of Electroslag welding test for 66mm thick steel plate
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Fig. 5.6 The arrangement of test assembly and ceramic backing with 65mm thick
steel plate for Electrogas welding
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Fig. 57 Welding equipment for 2-pole Electroslag welding test
(a) Power supply, wire feeder and water cooling unit
(b) Welding current, voltage measuring tools

(a) (b)
Fig. 5.8 Welding equipment for 2-pole Electrogas welding test
(a) Power supply and water cooling unit (b) Wire feeder
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(a) (b)
Fig. 5.9 A view of Electroslag welding test
(a) Flux feeding by manual during welding
(b) A molten pool almost reaching the run off tab

(a) (b)
Fig. 510 A view of Electrogas welding test
(a) Travel carriage and control unit
(b) Adjusting the welding parameter during welding
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Table 4.42 Welding condition for each test process

ProcessCondition Current (A) Voltage (V) Tr(i;i;?ie)ed He(;tj/icr;[;ut
215(5}32}5 362 370 » 133 3.75 432
215(;:?—_9 . 370 o a8 3.42 474
ESW-2P 440 50 b 48 257 968
ESW-1P 430 47 1.02 1189
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Fig. 511 A concept of mis-operation of water cooled copper shoe

(a) (b)

Fig. 5.12 Macro section of gaseous defect of Electroslag(a) and Electrogas welding(b)
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(b)

Fig. 5.13 Completion of welding
(a) Electroslag welding (b) Electrogas welding
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513 24 2 £8%0 etz
A, Y L S HAEYE mAES] Aske] AR Py ~
HEZ 4 7] (Spectrovac-2000A)= 33] FA st Hdgks 7|5 Aoy B
Aol 71 AA A AL Table 5.1~5.100] e AT}
Table 5.1 Chemical composition of base metal (wt%)

Base | ¢ Si | Mn | P S Cu | Ni | Cr | Mo | V
EH36 | 0.07 0.20 1.51 | 0.007 | 0.002 | 0.01 0.2 0.02 | 0.005 | 0.001
Table 5.2 Mechanical properties of base metal
Base Yield Strength | Tensile Strength Elongation Impaz;;];syorbed

metal ; 0
(N/mm) (N/mr) (%) 7 (-40C)
EH36 465 557 26 245

Table 5.3 Chemical composition and mechanical properties of weld metal (wt%)

Process C Si Mn p S Ni Mo Cu Ti Al
E((;(\)](&;?)P 006 | 021 | 166 | 0.013 | 0.005 | 1.37 | 0.12 | 0.02 | 0.03 | 0.01
ESW-2P| 0.06 | 0.21 | 1.69 | 0.008 | 0.002 | 0.12 0.2 013 | 0.01 | 0.01
EGW-2P 0.06 | 019 | 150 | 0.009 | 0.008 | 1.07 | 0.09 | 0.02 | 0.03 | 0.01

(EG-3)

ESW-1P| 0.06 | 0.26 | 1.40 | 0.008 | 0.008 | 0.11 0.1 0.03 | 0.01 | 0.01
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Table 54 Chemical composition of filler metal in Electroslag welding (wt%)

Filler metal

C

Si Mn

p

S Mo

NES-53

0.08

0.23 1.29

0.007

0.003

0.008

Table 55 Mechanical properties of filler metal in Electroslag welding

Filler metal C Si Mn P S Mo
SESTI5A 0.08 0.27 1.60 0.012 0.004 0.014
(Nozzle)

Table 5.6 Mechanical properties of filler metal in Combined-process

Impact absorbed

Combination Yield Strength | Tensile Strength Elongation energy
2 2 [o)
(N/muf ) (N/mir) (%) 1 (-20C)
NES-53 X
SES-15A 417 558 32 108

Table 5.7 Chemical composition of filler metal in Electrogas welding (wt%)

Filler metal

C

Si Mn

p

S Mo

EG-3

0.08

0.29

1.85

0.011

0.008

0.15

Table 5.8 Mechanical properties of filler metal in Electrogas welding

Impact absorbed

. Yield Strength | Tensile Strength Elongation
Filler metal (N (N/ar) (%) energy
° J (-20)
EG-3 510 620 30 150
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Table 59 Chemical composition of filler metal in Electrogas welding (wt%)

Filler metal C Si Mn P S Ni Mo
DWS-
50GTF 0.08 0.24 1.54 0.012 0.008 1.83 0.10
DWS-
S0GTR 0.09 0.29 1.60 0.008 0.006 0.65 0.2

Table 5.10 Mechanical properties of filler metal in Electrogas

welding (wt%)

Filler metal Yield Strength| Tensile Strength Elongation Impaz‘;earbsorbed
4 (N/mr) (N/mr) (%) Jg Y
DWS- .
S0GTF 535 652 22 72(-60TC)
DWS- .
S0GTR 471 620 22 89(-20T)
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Fig. 5.14 Location of specimens in weld metal
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Fig. 5.15 Round tensile specimen(weld metal)
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Table 5.11 Mechanical properties of weld metal in each process
Weldin ocess Yield Strength Tensile Strength Elongation

ciaine proc (N/mi) (N/mt) (%)
EGW-2P(50GT) 484 565 225
ESW-2P 422 569 29.3
EGW-2P(EG-3) 639 462 20.7
ESW-1P 337 490 314
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Fig. 5.19 Comparisons of hardness traverses along 10mm distance from top surface
in Electrogas welding-2P(50GT) and Electrogas welding(EG-3)
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Fig. 521 Hardness traverses along 10mm distance from top surface in Electroslag
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Fig. 5.22 Comparisons of hardness traverses along 10mm distance from top surface
in Electroslag welding—2P and Electroslag welding-1P
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Fig. 5.23 Comparisons of hardness traverses along 10mm distance from top surface
in Electrogas welding and Electroslag welding
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Table 5.12 Results of Charpy V-notch impact test for weld metal in each process

Test ESW-1P ESW-2P
temp.

No.

of test Room 0 -20 -40 Room 0 -20 -40
1 158 137 60 21 180 165 65 30
2 155 Vo) 65 20 185 152 68 29
3 167 11583 51 25 165 160 73 27

Table 5.13 Results of Charpy V-notch impact test for weld metal in each process

Test EGW-2(50GT) EGW-2(EG-3)
temp.
No.
of test Room 0 =20 -40 Room 0 -20 -40
1 99 85 60 44 91 70 23 25
2 102 82 68 40 110 43 39 15
3 105 90 58 41 86 45 34 21
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Fig. 5.26 Results of Charpy V-notch impact testfor weld metal in Electroslag
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Fig. 527 Results of Charpy V-notch impact test for weld metal in Electroslag
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Fig. 530 Comparisons of Charpy V-notch impact test result for weld metal in
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Table 5.14 Chemical composition of weld metal for Electroslag and Electrogas
welding (wt%)

C Si Mn P <, Ni Mo Cu Ti Al

EGW-2P

(50GT) 0.06 | 0.21 | 1.66 |0.0130.005 | 1.37 | 0.12 | 0.02 | 0.03 | 0.01

ESW-2P| 0.06 | 0.21 | 1.69 |0.008|0.002| 0.12 | 0.2 | 0.13 | 0.01 | 0.01

EGW-2P

(EG-3) 0.06 | 0.19 | 1.50 | 0.009 | 0.008 | 1.07 | 0.09 | 0.02 | 0.03 | 0.01

ESW-1P| 0.06 | 0.26 | 1.40 |0.008 |0.008 | 0.11 | 0.1 | 0.03 | 0.01 | 0.01
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1) Electrogas welding-2P(50GT)

(C) X1000 (D) X2000

(E) X5000

Fig. 5.35 SEM analysis of weld metal in Electrogas welding-2P(50GT)
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2) Electrogas welding—-2P(EG-3)

(E) X5000

Fig. 5.36 SEM analysis of weld metal in Electrogas welding-2P(EG-3)
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3) ESW-1P

2]\

(C) X2000 (D) X5000

Fig. 5.37 SEM analysis of weld metal in ESW-1P process
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4) ESW-2P

(E) X5000

Fig. 5.38 SEM analysis of weld metal in Electroslag welding-2P
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1) Electrogas welding—-2P(50GT)

T
i 2 4
Ul Scale 27 cfs Cursor; 18,354 ke (0 cts)

e

@ X5000 and Spectrum

(A) Room temperature

Fig. 5.39 SEM fractographs of weld metal depend on test each temperature in
Electrogas welding—-2P(50GT)
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(D) -40C

Fig. 540 SEM fractographs of weld metal depend on test each temperature in
Electrogas welding—-2P(50GT)
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2) Electrogas welding-2P(EG-3)

(C) -20C
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@ X5000

(D) =40TC
Fig. 5.41 SEM fractographs of weld metal depend on test each temperature in
Electrogas welding—-2P(EG-3)
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3) Electroslag welding—-1P

@ X5000

(A) Room temperature

@ X5000
(B) 0T
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@ X5000
(D) -40C

Fig. 542 SEM fractographs of weld metal depend on test each temperature in
Electroslag welding—-1P process
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4) ESW-2P

@ X5000
(B) 0C
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(©)

@ X200 @ X500
(D) 40T
Fig. 5.43 SEM fractographs of weld metal depend on test each temperature in
Electroslag welding-2P process
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