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A Study on the Optimal Design of a Robotic Welding System
for a High-strength Steel Amor Plate
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ABSTRACT

This study proposes an optimal design for a robotic welding system for a high-strength steel armor plate. In
order to identify the welding defect parameters, we analyzed the 4M (man, machine, materials, method)
characteristics diagram, as well as a cause and effect matrix, to improve the productivity and quality of welding
defects. From these analyses, we designed optimal welding conditions and carried out welding tests -- such as
mechanical testing and macro structure tests — with positive results. We determined that it was possible to obtain
a quality similar to manual welding with our robotic welding system. In the future, we expect that the system will

be used as inspiration for future welding system designs.

Key Words : Amor Plate(ZHZHEHAN), Welding(8%), Robot System(AFS2}), Optimal Design(E| 25}

# Corresponding Author : kjbshh@dtaq.re.kr
Tel: +82-55-279-4035, Fax: +82-55-279-4780

Aeltt. o]

et

2AE Aolste FHE 7IAE S
2 e 23e 5

5 Qlzto] A28 4 Yt I BANAE Aol
esAn wd £l 7FealAA
5ol AT AlzFgol Al

of we} 714 AAY Ao} AE TA o] F

A=A

il

J

Copyright © The Korean Society of Manufacturing Process Engineers. This is an Open-Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 3.0 License
(CC BY-NC 3.0 http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

- 31 —



ABE, ZIA, AA- - FF71AZFESE A, A5, ASE

=3, g4 e dEAQ 714y Hof 3 3

U2 48 84714 Aol 4y Fola dnh

AT ABR, 2, WA, OaBeol, AR

4 5 84 He Agel Fu=w: Yo} §7 Rof

o wEel w84 B&A B 5e T 83

Qe WO MeEw glon, HTt We
4

e

2 A FA=ZRR AFE, M3}, A7
Zpof| Al ] 15 A 5(Ballistic Performance)= 3l
g5 2l 130Kegd =339 33 50007
ol LdFuE ARTA Sol HEFoiH, olgh
F21AAE A AA AL Al 24 2 I 5§
AT2EE AY 522 &3 Aol olFoiH
oh aEv o At g A e 9lE BE
3 FHAA A 2 T F2E T oA
Agoz Wale] "ado] tlFE AL
A NE 2kl g 2Eo magdow ¢ ZYwt
S dEel & FZF BAsHE A9 H o)
HE] ek M7t oga 2] AA] gk A
AZ 2EE wAsE YA sHxdd wet
2] Fdo] AA FHPoeE EAES AU Utk
a7 "l 2EI 2 tdES] ARV fE
2l Aol WA A WA B 2H o
Ago] ARHY T FHAS BAT 5 QA A
oh =3 s FANA Ae dlalstaa ke
e = A FARSE 1A 5
o] gl7] wEol 1 HHE A o]F7] ofF&
SA%E0] ag AA =

b
I
2
o
(i)
A

5 99e
A Q7 WP FESHIN AFEHOR
3] q ]

2. A gkot

2 AFeAE 13 Aol g o3 AF
3 A" HHxAS =2E3taa 3193, ol
3l WA T @Al HAAHol e §HEE A
28 A& AW RYTE Table 12 SHBE Al
B2 loH, Fig 12 34 &4
28 g d3-S Yep) o) Table 1 B Fig 1
AA B F Uxol 84 2R F 37|oH, AF
2 1054 175714 F28Y + JdoH, 22 1
7l 1718 253 409 AdFor 745 9
. 27], 371= 1R9 2RI 279 FAYAoZ 9
FojA gtk =R 25 17]= t¥ SUB TE=, 2
71+ 7098 Main 7% E, 37]+= Box® Main 7+%
S & & Ut o] W, & &F AssEe
67%2 A=, A iy F2E AFEFHNA
LYEE EFES 5% WA, EFE 0% &
H A5 Azglo] ZHHAA =HH AL Hof
Ho=w ZF7) 3tA 2 Aotk

|4 AEst Azd HA s AAeks 9
SR A BAE= BHEAE 2 & o
Ae 89l 55 E435te AESAT

Table 2= 4M(Man, Machine, Materials, Method) 7]
F9 83 Bl Ui AL AAE =% X
UetdH, & Ad3deA A 5= vlg
3 ZHAFI RT(Radiographic Testing)&3l I3}t
AL e 2A) 85 27 (Welding Condition),
ZA|(Base Metal), &7A)| S (Welding Materials), &
ZAKWelding operator)Z £7F & 4 dow, b
Al SHETNLE 8F7IM, Aol ToE, A=
sietzAd 9 gadd 2494 27 5o, 84

o
-
o,
o
T

0

o}

I A
5

oot

o

o

—_

il

Table 1 The composition of robot system

. . Ist Robot 2nd Robot 3rd Robot
Classification
(#1) (#2 ~ #4) (#5, #6)
#5 : 1-R,
. 1-Robot 1-Robot .
Basic 2-W/Station
. 4-Work 2-Work
Composition . . #6 : 1-R,
Station Station .
2-W/Station
Operating | 10shaft(Basic | 17shaft(Basic | 17shaft(Basic
axial 6 + 4 shaft) | 6 + 11 shaft) | 6 + 11 shaft)
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Classification Ist Robot (#1) 2nd Robot (#2 ~#4) 3rd Robot (#5, #6)
Installation SUB Structure Main Structure, Open Main Structure, Box
Automatic ratio (%) 20 50 67
7 N
*"ﬁp # 9;;1 h"\-\‘
Side 1(left, righ
el rlfq _t} / ChaSS|s(Bo1.'tom) 1
_— ~ Hull Marriage 1
Ground 1 EES & h’w
Process Cupola Chassis(Top) Cargo SUB
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i #2
Side 2(1(left, right) T~~~
===
Chassis(Bottom) 2 Hull Marriage 2 Cargo
Ground 2 Marriage
Fig. 1 The application of welding robot process
Table 2 The Defect parameter of welding(4M) Ags $HAR 48, €U B 5o, 84
e U)W, SHE AENEH S0 AEF
1o -
Welding Base Welding Welding ool Ak AT A= A& i
. . = Ezy =R L= = ol E
Condition Metal Materials operator Fig 2= $d#e 712 7 = o ° kel 5
Hagle AdE Asted §4 AF wAUe o
_ Ae B ST ol 93l 84 ARs R WA
-Chemical .
-Shielding gas " Workimanshi AEo] 2o HYAAEW(Brain Storming) A&
composition -wWorkmansni, -
type and flow | o 0183k} AR 2elE Relsignt Fig 2904 ek
-petac 111 -Cleanliness
“Welding s RO T el g4lolA wAR £ Qe Y w4 Fa
-Larbon ol slaj - c O = - .
sequence alent Di tg . tg . AAE AFEA 3 B A3} 7]323HGas Cavity)
Air humidity egl:va‘enl ) lan;z‘er ¢ . lf’;c ‘ o =2 nEsle AA7)S Ad(oiny FA, o]E
~Current e e l‘nlg ) afl rat:n 2 gl AR/Aske] Aol §8EH(Lack of
Voltage ct():rl:osn?on n;atenai Co 1torc ) Fusion)e Hxzol W3 slolo] £x o]E2A EX
- - - t
Weldng specd | " i WO Ao 38 29l ol
-Grove shape o e mf ; t:;c ES AFE 23 dadd 2 AAIRE B4
-Preheating Arrn at]:r Nmate:l:i _:te ijlce 371 913l C&E(Cause and Effect) WlEH~ XS
nd post | e P | oI | of WIS Sjgich CAE MEE e 4915} A3} Aol
temperaure | P S0 | soldfaton | ele, W), sseh el BAL HaL gl dua
Wind velocity | oot | O podit 4 gRizke] @A) U@ ARE AFHL olE
Working ange | P | veldng | ook Gougng - giAo) gy GERRZ) 91 AR8Bhe
Meripulation materials | Gind condion 12 370}, 2.4 A7he Fig. 3, 4] L)k
of electrode —Manulf’acturmg WA &-ol YIS v|X= g_o](o]%zé ‘:’XH At
Time P, A, AF S WFE Aol AEzo=

Jasn Ausont oldd Wil GE A%

— 33 —



AWz, ZEA, AN - F=71A7FEEE A, Al5HE, A5E

Slag 5 Fine Scattered
[ ki sz ] [ Gas Cavity ] [Worm Hole ] [ Pty ]
P

Analysis of

@ ft pfis S
i et Arclength ) —— Joint conﬁgumu@ y o
Rt dvel S — Wire Impurities
Inclusio /—,Vohage_ e ififfy "_gp;t;_vp[ heati
e oint configumtion s T sTelcatn Moisture
¢ Cument TR T :
— (Shielding gas ﬂouﬁ— Moisture
Slag —— -\_\_=-=q_\_\__'—'_ k SR
Spatter “Wire feed@ :AP_H__E,.I@B

> Welding Defect

S —Wire feeder . Wire impurities Cause
< Welding Deformation Distance of nozze Wire feeder ~=Base Material purity >
—— = ——— / “—andbase material— urrent
< Angle of torch— Base Material purity> /< Shielding gas flow>  Arclength - ;
=T e = Shielding gas purity cldimg spee
G:}ength eaving velodity) < Wire impurities PO
o T el e of torc
/fomtconﬁgm:an eaving width Gas cable Preheating Voltag
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Fig. 2 Analysis of characteristics
Rating of Importance 7 5 3 9 3 3 1 3
to Customer
C
3 Fine Scattered i Linear Cluster | Incomplete
No Key Process Input TJr Gas Cavity | Worm Hole Porosity Lack of Fusion Porosity| Prosity |Penetration Crack | Total [Rank]
1 Wire impurity C & 7 5 1 3 7 3 3 167 | 19
2 Wire quality U 9 7. 1 Z 1 9 5 3 225 | 11
3 Base material C 7 9 5 7 3 7 3 3 247 | 7
4 Slag u 1 1 1 7 3 1 1 3 129 | 23
5 Torch angle C 9 9 9 9 9 9 9 3 315 | 1
6 Current C 5 7 7 9 9 5 9 7 267 | 4
7 Voltage C 5 7 7 9 9 5 9 7 267 | 4
g | Distance of nozzle and | o 9 9 3t Robot(Process #5) 7 5 | 289 2
base material
9 Joint structure C 9 9 & - 7 5 289 2
CSP Crack 1
10 Arc' length U 7 9 6.5% e G 3.?;0 isagg/c. 5 5 231| 10
11 Welding speed
12 Wire feeder speed S
(Parameter) 3.3%
i GC
13 Wire feenl:ller' speed
(Ir on)
14 Shielding gas
15 Wind velocity WH
16 Torch condition 20.7%
17 Preheating
18 Moisture
V;ry Critical(9), Critic‘alm, Normal(3), ka(s), Na(l), C: Controla‘ble or U: Uncomrol‘able ; i ; '
Fig. 3 Analysis C&E of 3rd Robot (Process #5)
7%, 9%, vA 48 VE, §REE, 4971 & LF(Lack of Fusion) 35.9%, GC(Gas Cavity)
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Rating of Importance 1 3 9 1 9 5 3 1 3
to Customer
C
Slag . Fine Scattered 5 Linear Cluster | Incomplete
No Key Process Input t:' Trdlicion Gas Cavity | Worm Hole Porasity Lack of Fusion S| g et Crack | Total |Rank
4 Slag U 9 1 1 1 7 3 1 1 3 113 | 27
5 Torch angle C 3 9 9 9 9 9 9 9 3 291 1
6 Current C 3 5 7 7 9 9 5 9 7 259 | 4
il Voltage C 3 5 7 7 9 9 5 9 7 259 | 4
Distance of nozzle and

8 C 1 9 rd 9 7 5 265 | 3

b catesa 34 Robot(Process #6)
9 Joint structure C 3 9 9 9 5 273 | 2
10 Arc length U 1 7 7 5 5 219 | 10
11 Welding speed € 3 3 3 9 7 207 | 12
1p)| Wire feederspeed Bl ) 3 3 3 7 | 115 26

(Parameter)
13 Wire feeger. speed

U ) WH
14 Shielding gas 36.4%
15 Wind velocity
16 Torch condition
17 Preheating
18 Moisture

1 L

: : : : i "
Very Critical(9), Critical(7), Normal(3), Weak(3), No(1), C: Controlable or U: Uncontrolable

Fig. 4 Analysis C&E of 3rd Robot (Process #6)
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Table 3 Mechanical Properties of welding specimens

Mechanical Standard 16t 19t
Test andar Robot Manual Robot Manual
Tensile
Base Metal
Strength 908.5+12.5 807.5+£10.2 891.8+8.8 867.3£9.4
(T.S 70%, 689.0 1)
(MPa)
Impact Energy Base Metal
. 66.3+£5.2 61.0+4.2 67.2+2.5 56.7£2.8
(-40C, ) 46.21)
Hardness Weld Metal 251.3+£0.5 213.3+4.5 255.3+8.5 229.7+4.5
Heat Affected Zone | 400 | 334.7+3.5 341.3+£2.5 314.3+4.5 308.5+2.5
(HmV) Base Metal 366553.1 | 3715224 | 367.54105 | 3883+125
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(a) As-is (18m) (b) To-be (12m)
Fig. 6 Redesign of wire feeder system
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Fig. 8 Macrography of manual and robot welding

Fig. 9 Robot welding macrography of represen-
tative joint region

TS B3] AT YR FE& Aol wWE EHE
2 FH fE AEHA AFRE deha Atk

Fig. 5914 Yel}Ro] 1.0m/s o2 9F F<4%
S 83 FHY R/ X 5 2 S 7k f
Soll s 7] Wl §H=d A Al HH
Aozt o stk AAR o] £4E B3 EX &
o] H& HA L JtafEFE T s, Wy
&2 MET ¥dE NSt Fig 6ol = &4
sfolof 3l FAE I Arc HHAEES A

£ 19 A9 57 Aol 2olF A= 1smol
A 12mE BESET, AYRS A4 A5EF
BAe) HHAL 2B Golol FF FUYE A

Je SHAT B AJS2 Al BREHAA T
AE = e Alelet FA4D 71 T2 AAct
€ A HEAA ofa As8A Aad A =
e =239

3. Alg dxaf

2 A F85+ 85382 GMAW(Gas Metal
Arc Welding)°]™, A= MIL-A-125602] "ekaA],
LRHABEE  MIL-100S-1, H3I7}AE Ar(98%)+
0:2%) S A4 3tk HAsE A585 Al=E
o2 AFdE SHAEHE P42 Fig. 709 YEZ
AUTE Fig. 7914 YUefxo]l &R AHAA T4, 4
=, A9 AgAES A A Macro ZAARRS
HAZ(Heat Affected Zone) F-&©] XZ3E FHolA
AFsAT 71AH A4 AlY A3 Table 390
EF|2 ST} Table 3914 HXo] A= 16t, 195
77y Abgete] 2EI o2 §X% AFE M
A B Gtk Table 3904 B F Axo] &3F9
FARA 712 AAAZ7} 689.0MPaz EA|hH
70% ©1, FAAE0T)= ZAS 553 4621
o1, HAHEE 400HmV ©J35t2 SAHZAY F4&
2E 9= AZT Fig 82 839 HAAdS
s 8 e 2 AEER & FEd
(Olympus GX41) ZZAARS YeERT gtk Fig
9o (@~d)lA E 5 Aol 16t E 19t FHA 9
5 2 84 & Macro 234 ARRA of
HEEA o ALY L FFo] o]Fo]

B oo

&
ol
it
o

Stz o PN WL T Ay o X 2

S #FF T 5 Ut =3 2EEF FHS <
71 918l 2 I AANA B & 5 UdE dFE
JE FEo i3] vatZZHA & Macro Z2AH
g A3} Fig. 99F o] U Wit 2"edA

T A%o] HFE RRIE FEL VAR B/F T
pom, WAAEI AlE(Radiography testing) 23}

le)
MIL-STD-12640 2|4 4 T3 2A Grade |

- 37 —



ABE, ZIA, AA- - FF71AZFESE A, A5, ASE

O F FZ4(Grade ll°)’hHS F=F AIF AL, Macro =

AAPINE Y B 2 284
9 gitol olRojW AL BF Y & A &
T Bol 14 A AFEHIN WAL
S ol $HAT B 2ol o AANLE 3
st Has slgw, YBAPS T FESUD
ymste] §HEL] FEF £EUL & 5 9

ooER, SR A% SHA Z1Fel Fdol
99t v 2R B2eE Ao s
of mel #YW FA Fuk 45T o wud

2
>
2
o
=
o
N
rlo
i)
il
o
i -
ey,
2

2) HHgE 2R §HEUOE A EHTEE
of g WAMIFES HAKRT), & A= A, F
AANE, A= AF 9 Macro 232 AdS T3 o
G A=olAM AFEAL AL TS AN 2
T AR

% 7]

=T Ve EA 9 AdE wol A3
FUth AHe ddo] opygt FFYyt”

REFERENCES

1. Kim, O. K,
Condition  for

"Study on Optimal Welding

Shipbuilding ~ Steel
Journal of the Korean Society of Manufacturing
Process Engineers, Vol. 10, No. 6, pp. 128-133,
2011.

2. Lim, J. Y., Yoon, M. J, Kim, S. Y. and Kim.
T. G,
properties of Structural rolled steel and Stainless

Materials,"

"Characteristic ~study of mechanical

steel for MIG welding," Journal of the Korean
Society of Manufacturing Process Engineers, Vol.
13, No. 1, pp. 100-106, 2014.

3. Cho, J. H.,, "Variable Polarity Arc Welding of
Aluminum Thin Plate," Journal of the Korean
Society of Manufacturing Process Engineers, Vol.
13, No. 2, pp. 89-93, 2014.

— 38 —





