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ABSTRACT

Purpose: The primary objective of this research is to develop the optimal operating conditions as well as
their associated design spaces for a Cryogenic Submerged Arc Welding(SAW) process by improving its quality
and productivity simultaneously.

Methods: In order to investigate functional relationships among quality characteristics and their associated
control factors of an SAW process, a stepwise design of experiment(DoE) method is proposed in this paper.
Based on the DoE results, not only a multi-dimensional design space but also a safe operating space and
normal acceptable range(NAR) by integrating statistical confidence intervals were demonstrated. In addition,
the optimal operating conditions within the proposed NAR can be obtained by a robust optimal design method.
Results: This study provides a customized stepwise DoE method (i.e., a sequential set of DoE such as a
factorial design and a central composite design) for Cryogenic SAW process and its statistical analysis results.
DoE results can then provide both the main and interaction effects of input control factors and the functional
relationships between the input factors and their associated output responses. Maximizing both the product
quality with high impact strength and the productivity with minimum processing times simultaneously in a
case study, we proposed a design space which can provide both acceptable productivity and quality levels
and NARs of input control factors. In order to confirm the optimal factor settings and the proposed NARs,

validation experiments were performed.
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Conclusion: This research may provide significant contributions and applications to many SAW problems by
preparing a standardization of the functional relationship between the input factors and their associated output
response. Moreover, the proposed design space based on DoE and NAR methods can simultaneously consider

a number of quality characteristics including tradeoff between productivity and quality levels.

Key Words: Submerged Arc Welding(SAW), Response Surface Methodology(RSM), Stepwise Design of
Experiment(DoE), Normal Acceptable Range(NAR)
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2.1 SAW(Submerged Arc Welding)

SAWE 8549 el §1de] FuA(flux)E 7lE] A2k, Uit &4 9ol
o] ekt B Atole]l o} (Are)E BAAIA ofAH e ofs EA| B gfoje], I HAE &
WS et (Lee, 2011). ob2l Figure 1914 Bz nle} 2ol ofA5 A} HFe] 3542
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=
l
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m, o] T &4 FH 7P & 4TS VA= 54 FAAEIT SAUEE 84 dEFe B TS v
Hr, &4 #8234 249 ASME SEC IX QW-409(ASME 2017)°14 AA8H= vbe} o] &4 =S ol
21 (DF 7ol AXtE
. o Voltage X Amperage X 60
Heat Input|J]in.(J/mm )] = Travel Speedlin/min (mm/min) (1)
+
AC or DG flux
current
= p—
Weld metal Molten pool Workpiece
Figure 1. Schematic diagram of submerged arc welding (Weman, 2012)
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Figure 2. Procedure of the proposed stepwise design of experiment(DoE)
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Figure 3. Composition of experimental design points and stepwise DoE for a
central composite design(CCD)
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Notation

Table 2. Input factors and their levels for a two—level factorial design(FD)
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Table 3. Experimental results for central composite face—centered(CCF) design

Input factors Output responses
Optimization SO | EO fvl x, Ty y, (Impact strength) _ Y
Amperage Voltage Speed | Yo Yis o " | (Weld time)

1| 14 450 26 8.5 80 73 8 | 79 | 6.0 961

2 |13 750 26 8.5 18 18 17 | 18 | 0.6 552
23 Factorial point| ° | © 450 40 8.5 18 15 44 | 26 | 160 | 1095
with a center | 4 | 15 750 40 8.5 8 20 21 | 16 | 7.2 611
point 5 | 16 450 26 125 83 111 76 | 90 | 185 | 1570
(Characterization | g | 10 750 26 125 93 65 73 | 77 | 144 567
results) 7 12 450 40 125 | 68 92 83 | 81 | 121 993

8 750 40 125 18 13 24 | 18 | 55 612

9 | 5 600 33 105 | 36 40 29 | 35 | 56 679

10 | 18 450 33 105 70 78 87 | 78 | 85 939

11 | 11 750 33 105 14 39 25 | 26 | 125 822

S 12| 3 600 26 105 | 106 76 107 | 96 | 176 730

Axial points

13 | 17 600 40 105 | 37 30 47 | 38 | 85 678

14| 2 600 33 8.5 29 18 27 | 25 | 59 890

15| 8 600 33 125 | 47 102 82 | 77 | 278 739

16 | 4 600 33 105 19 16 19 | 18 | 1.7 833

17 | 20 600 33 105 | 39 14 21 | 25 | 129 633

Center points | 18 | 7 600 33 105 23 20 16 | 20 | 35 677
19| 9 600 33 105 81 50 46 | 59 | 19.2 729

20 | 19 600 33 105 | 39 14 21 | 25 | 129 630

1.2 HAH3 WA AY A 24

A3 A A3l AnE nfgo g 7 vb ] giek B 2 Faa s I 54 &
th WA, FAZE(Y) ek Bakta] A= ol Table 49F o, 2& 9] p-valuet 0.000L
R-square® 71.93%% el A=y

o

|
. TA%
7

o=z, RATHY el teh FAHEA A= ofgl Table 59F 2o, B3 e] p-valuerw 0.001
R-square 73.33%% YEISTh a9 wea-g gof tjgt #4 Az &3 AF7}
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Figure 9. Main effect plot for impact strength Figure 10. Main effect plot for weld time

Table 4. ANOVA Table for Impact strength(Y;)

Terms Degree of freedom Sum of square Mean square F-value p-value
Model 4 11580.35 2895.09 9.61 0.000
Ar Amperage 1 3960.10 3960.10 13.15 0.003
B: Voltage 1 3276.10 3276.10 10.88 0.005
C: Speed 1 3204.10 3204.10 10.64 0.005
B+B 1 1140.05 1140.05 3.78 0.071
Residual 15 4518.20 301.21
Lack of fit 10 3358.87 335.89 1.45 0.358
Pure error 5 1159.33 231.87
A 19 16098.55

S =17.36 R-square = 71.93%




p-value
0.001
0.000
0.396
0.418
0.043
0.091
0.019

F-value
7.70
28.78
0.77
0.70
3.30
4.95
7.55

Mean square
153302.81
573123.60
15288.10
13838.40
65703.13
98560.80
19911.28
28851.39

3819.10

Sum of square
766514.03
573123.60

15288.10
13838.40
65703.13
98560.80
278757.98
259662.48
19095.50
1045272.00

R-square = 73.33%

14

Table 5. ANOVA Table for Weld time(Y»)
19

Degree of freedom

Terms
A: Amperage
B: Voltage
C: Speed

AxA

BxC
Pure error

Lack of fit
7
H A3} dAl A

Model
Residual
S =141.11
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Figure 15. Multi-dimensional design space
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Table 6. Normal acceptable range
Level
Input factors(Xs)
-1 +1
1 Amperage 630 690
2 Voltage 27 29
Speed 11 ~ 125
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Table 7. Optimization results
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