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Characteristics and Strength of Aluminium 6061 Alloy
in Friction Stir Welding by Statistical Analysis

Lee, Dai Yeal

Department of Mechanical Engineering,
Graduate School of Pukyong National University

ABSTRACT

Recently, the energy-saving was growing up to interest of transporting
machine filed because of globally environmental pollution problem. In this
paper, welding of AL6061 alloy based on a representative sample of
FWS(Friction Stir Welding) are proposed to characterize welding parameter's
relation by DOE(Design of Experiment) of statistical estimation techniques. It
makes also high reliability data analysis and cost reduction up by applying for
FEM(Finite Element Method). In this case, the control factors of welding of
AL6061 alloy based on a representative sample of FWS are shoulder diameter,
travel speed, and rotation speed of tool. And the impact of tensile strength on
welding parameter analyzed using the each factor proceed with experiment by
changing 3 stage level. Also, The effects that each variable has on the
characteristic values were analyzed using the analysis of variance (ANOVA).
And temperature field and von mises stress were obtained and valid of

numerical analysis was verified by applying for SYSWELD.
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Table 2.1.1 Composition of the properties between aluminum alloy and steel

r Electrical Thermal Thermal Melting Elastic
Property Density ot 2 I ; g
Material (kg/in') conductivity. | conductivity | expansion point modulus
(%) (W/mfC) (107°°C) (26) (N/mm)
aluminum 2,700 62 oy 23.6 660 70,000
steel 7,850 10 46 12.6 1,350 207,000

AHo R AFRE A AJEE Al 6061-T62 &840 FZsta, A
4 3 7kEAol $etth Alme] 4shA At Table 2.1.201 YERSL
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Table 2.1.2 Chemical composition of AL6061(Wt.%)

Al Si Fe Cu Mn Mg Cr Ti
Rest 0.4~0.8 0.70 015040 0.15 0.8~1.2 | 0~03D 0.25
Table 2.1.3 Mechanical characteristic of AL6061
. . Elongation . )
Yield Tensile . Brinell Shear Fatigue
thickness
Strength Strength 16* Hardness Strength Strength
kgf/m kgf/m } (HB) kgf/mf kgf/mf
thick
Al 60610 5.6 12.7 25 30 8.4 6.3
A 6061-T4 14.8 24.6 22 62 16.9 9.8
A 606116 28.1 31.6 12 95 1\l 9.8
8
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Fig 2.2.1 Schematic diagram of basic principle of FWS
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(c) Probe indentation & (d) Traveling of tool
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Fig. 2.2.2 Process of FSW
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Table 2.4.1 The data array of three—way factorial design

A, A, A Sum | Average
X111 X 211 X n1
X 112 X 212 X n2
T 1 X

. . . 1. 1
X 11r X o1y X 1y
X 121 X 9221 X p1
X 122 X 222 X p2

. . . T , X 2
X 127 X 227 X pr
X imi X 2m1 X im1
C, Xt X om2 X 2

B, T .. X o
C n X 1mr X omr X Imr

Sum T, T, T, T
Average X1, X9 X, X

15
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Table 2.4.2 AB two way list

A A, A, Sum

B, T, Ty T, T,

B, T T 5 T . T ,

: T, :
B m T 1m T2m T Im T .M.

Sum T, T, T,. T

Table 2.4.3 AC two way list

A, A, A, Sum

C,y T 1a Ty, T, T,

C, 1 s [y £y T
Cn Tl.n T2n Tl.n Tn

Sum oy T, Ly T

Table 2.4.4 BC two way list

B, B, B, Sum

C, T, Ty Ty T
C, Ty Ty T T
C n Tln T?n Tln T n

Sum T, T, T,. T
FQAYl A MBe) Bel FNE 5, B 24 AR o W

Collection @ pknu
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Ao At @ = N-1=bm—1 ° HL @ ,, ¢, o, = 4

Zt =1, m—1, n—1 °lH, nZ AL 2 (2-5)¢ Zo] ALg
D =P xP g=(/—1)(m—1)
D e=P  xD =([=1)(n—1) e (2-5)

D pc=0 px® c=(m—1D(n—1)

a3 o, B 4 (-6 o] Axkatt)

Table 2.4.5 ANOVA for three-way factorial design

Factor SS ) 174 F,
A Sa o ,=[-1 Va ViV
B Sg |Pp=m—1 Ve |V Ve
C Sc D =n—1 Ve Vd Vg

AxB San | ®ap=U=1D(m—1) Vag | Vas Ve

AxC Sac |Pac=0U—Dn—1) Vac | Vad Ve

B<C Spc | ®pc=(m—1D(n—1) Ve | Vad Ve
E Sg | ®p=U=Dlm—Dn—-1) Ve
T St |lmn—1

18
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Fig. 3.1.3 Dimension of the jig & fixture
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Table 3.1.1 Tool measurement used in experiment

Item Dimension

Shoulder diameter (727) 9, 12, 15
Pin root diameter (777) 3
Pin length (w#2) 1.5
Shoulder angle (°) 3
Shoulder corner radius (7z7) 0.5
Pin taper angle (°) 10

Material SKDG61 (tool steel)

|
|
| ><]
|
|
|
025 0
$35

5
J.2. 35 5 a0
g2
Shoulder diameter
1 5
Shoulder angle/‘ g Probe length
Probe taper angl&.\__L,
Probe root diameter Left handed thread

Fig. 3.1.4 Geometry of the tool
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Fig. 3.1.5 Tensile specimen (a) and wire cutting machine (b)
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Table 3.2.2 Experiment conditions for FWS

Run Factors
A B C

1 9 100 1000
2 9 100 1500
3 9 100 2000
4 9 300 1000
5 9 300 1500
6 9 300 2000
7 9 500 1000
8 9 500 1500
9 9 500 2000
10 12 100 1000
11 12 100 1500
12 12 100 2000
13 12 300 1000
14 12 300 1500
15 12 300 2000
16 12 500 1000
17 12 500 1500
18 12 500 2000
19 15 100 1000
20 15 100 1500
21 15 100 2000
22 15 300 1000
23 15 300 1500
24 15 300 2000
25 15 500 1000
26 15 500 1500
27 15 500 2000

Collection @ pknu
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Fig. 4.1.1 3D modeling of FSW

Table 4.1.1 Tool measurement for analysis

Item Dimension
Shoulder diameter (727) 9, 12, 15
Pin root diameter (777) 3
Pin length (w#7) 1.5
Shoulder coner radius (7#7) 0.5
Pin taper angle (°) 10
25
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Fig. 4.1.2 3D geometry for analysis

Fig. 4.1.3 Modeling and mesh geometry
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Table 4.2.2 The analysis plan of three-way factorial design

Run Factors
A B C
1 9 100 1000
2 9 100 1500
3 9 100 2000
4 9 300 1000
5 9 300 1500
6 9 300 2000
7 9 500 1000
8 9 500 1500
9 9 500 2000
10 12 100 1000
11 12 100 1500
12 12 100 2000
13 12 300 1000
14 12 300 1500
15 12 300 2000
16 12 500 1000
17 12 500 1500
18 12 500 2000
19 15 100 1000
20 15 100 1500
21 15 100 2000
22 15 300 1000
23 15 300 1500
24 15 300 2000
25 15 500 1000
26 15 500 1500
27 15 500 2000

28
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Table 5.1.1 Tensile strength ( Lever 1)

R Factors Tensile strength
A B C (MPa)
1 9 100 1000 189.18
2 9 100 1500 198.65
3 9 100 2000 193.49
4 9 300 1000 191.44
5 9 300 1500 233.49
6 9 300 2000 247.87
7 9 500 1000 192.63
8 9 500 1500 253.87
9 9 500 2000 268.39

29
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Table 5.1.2 Tensile strength ( Lever 2)

Run Factors Tensile strength
A B C (MPa)
10 12 100 1000 205.02
11 12 100 1500 217.26
12 12 100 2000 213.83
13 12 300 1000 238.21
14 12 300 1500 250.17
15 12 300 2000 268.23
16 12 500 1000 260.73
17 12 500 1500 266.31
18 12 500 2000 235.78

Table 5.1.3 Tensile strength ( Lever 3)

Run Factors Tensile strength
A B C (MPa)
19 15 100 1000 213.39
20 15 100 1500 238.57
21 15 100 2000 219.55
22 15 300 1000 239.78
23 15 300 1500 247.64
24 15 300 2000 260.42
25 15 500 1000 239.19
26 15 500 1500 249.06
27 15 500 2000 263.43
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Table 5.1.4 ANOVA for tensile strength
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Table 5.1.5 Estimated tensile strength for each factors

Factors [Point estimation| Confidence interval 3 -
Al 218.78 14.73 233%% 204.04
A2 Zat) 50 14.73 254.24 224.77
A3 2 4N2 3 14.73 255.96 226.49
B1 209.88 14.73 224.62 195.15
B2 241.92 14.73 256.65 227.18
B3 247.71 14.73 262.44 232.98
Cl 218.84 14.73 233.58 204.11
C2 239.45 14.73 254.18 224.71
C3 241.22 14.73 255.96 226.49
90% 287.89 14.73 302.62 273.15
95% 287.89 18.27 306.15 269.62
99% 287.89 26.58 314.46 261.31

¥ : 79 €UAF 15mm, °|FEE 500mm/min, 3]FAEE 2000pm
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Table 5.1.6 Quality view results of FWS (shoulder diameter 9mm)

Factors Level 1
Shoulder diameter 9
(), A
Travels ‘speed 100
(n272) 72iv), B
1000 1
Rotation speed 1500 9
(), C
20007 A, 3
Travels ‘speed 500
(n272) 7aiv), B
1000 | 4
Rotation speed 1500 5
(), C
2000 6
Travels ‘speed 500
(n272) 7aiv), B
1000 | 7
Rotation speed 1500 g
(m’ C — T V\T\“'\T‘-‘.TI!CE_ r“f_ P o
2000 9
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Table 5.1.7 Quality view results of FWS (shoulder diameter 12mm)

Factors Level 2
Shoulder diameter 19
(), A
Travels speed 100
(n272) v, B
1000 10
Rotation speed 1500 11
(o), C
2000 | 12
Travels speed
(n272) 7aiv), B
1000 13
Rotation speed 1500 14
(Wa C "
2000 15
Travels speed
(n272) v, B
1000 16
Rotation speed 1500 17
(o), C
2000 18
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Table 5.1.8 Quality view results of FWS (shoulder diameter 15mm)

Factors Level 3
Shoulder diameter 15
(), A
Travels ‘speed 100
(n272) 7aiv), B
1000 | 19
Rotation speed 1500 | 20
(1), C
200021
Travels speed
(n272) 7av), B
1000 | 22
Rotation speed 1500 | 493
(1), C
2000 | 24
Travels speed
(n272) 7aiv), B
1000 | 25
Rotation speed 1500 | 26
(1), C
2000 | 27
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Table 5.1.9 Tensile specimens of FWS after tensile test (shoulder diameter 9mm)

Factors Level 1

Shoulder diameter

9
(), A
Travels speed 100
(n272) v, B
10004 1
Rotati d
otation speed |/ SL¥ /"
(1), C
2000 | 3
Travels speed
(n72/ v, B
1000 |« 4
Rotation speed 1500 5
(1), C
2000 | 6
Travels speed
(n72) aiv), B
1000 | 7

Rotation speed | 154 8
(1), C

2000 9
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Table 5.1.10 Tensile specimens of FWS after tensile test (shoulder diameter 12mm)

Factors Level 2
Shoulder diameter 19
(), A
Travels speed 100

(n272) v, B

Rotation speed 1500 | 11
: -
Travels ‘speed 300
(n272) 7aiv), B
1000 | 13
Rotation speed 1500 | 14
(10, C
2000 | 15
Travels speed
(n272) 7aiv), B
1000 | 16
Rotation speed 1500 | 17
(1pm), C
2000 | 18

(“)Collection @ pknu
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Table 5.1.11 Tensile specimens of FWS after tensile test (shoulder diameter 15mm)

Factors Level 3
Shoulder diameter 15
(), (A)
Travels‘ speed 100
(o] ), (B)
1000 | 19
Rotation speed 1500 | 20
(), (©)
2000 | 21
Travels speed
(o n7), (B)
1000 | 22
Rotation speed 1500 | 23
(), (©)
2000 [~.24
Travels speed
(w7, (B)
1000 | 25
Rotation speed 1500 | 26
(), (©)
2000 | 27

(“)Collection @ pknu
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5.2 3|4z

£ =0l A= Table 5.2.1, 522, 5237 o] npzt

Table 5.2.1 Temperature ( Lever 1)

Run Factors Tempoeratme
A B C (O
1 9 100 1000 148.14
2 9 100 1500 215.08
3 9 100 2000 302.74
4 9 300 1000 175.25
5 9 300 1500 237.07
6 9 300 2000 314.15
7 9 500 1000 199.65
8 9 500 1500 257.07
9 9 500 2000 324.49
41
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Table 5.2.2 Temperature ( Lever 2)

Run Factors Tempf;rature
A B C (O
10 12 100 1000 200.75
11 12 100 1500 317.89
12 12 100 2000 476.91
13 12 300 1000 220.49
14 12 300 1500 319.46
15 12 300 2000 465.86
16 12 500 1000 238.47
17 12 500 1500 323.36
18 12 500 2000 456.06
Table 5.2.3 Temperature ( Lever 3)
Run Factors Tempf:rature
A B C (O
19 15 100 1000 279.09
20 15 100 1500 491.87
21 15 100 2000 607.30
22 15 300 1000 278.84
23 15 300 1500 485.75
24 15 300 2000 590.92
25 15 500 1000 283.62
26 15 500 1500 4717.73
27 15 500 2000 582.20
42
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Table 5.2.4 ANOVA for FWS maximum temperature
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Table 5.2.59} o] Z+

1 2%
W el shEREE K% AN BT S0 AR, olés

X 578.8448.74, 99% A F|7rollA 578.84+12.72% L4Fn|E dFeol A4

g 2ok S84 Aol Alo® e

Table 5.2.5 Estimated temperature for each factors

Factors | Point estimation | Confidence interval + -
Al 24182 7.05 P45 57 234.46
A2 335.47 7.8 34 3%0% 328.42
A3 453.03 .09 460.09 445.98
B1 337.75 f 344.80 330.70
B2 343.09 7.05 350.14 336.06
B3 349.18 7.05 356.24 342.13
Cl 224.92 7b 231.97 217.87
C2 347.25 7.05 354.31 340.20
C3 457.85 7.05 464.90 450.80
90% 578.84 7.05 585.90 571.79
95% 578.84 8.74 587.59 570.10
99% 578.84 12.72 591.56 566.12

# : T €UAE 15mm, o|FEE 500mmymin, 3] FEE 2000pm
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Fig. 5.2.2 Graphical illustration of the contribution on all factors (Temperature)
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Table 5.2.6 Temperature by analysis (section view : shoulder diameter 9mm)

Factors Level 3

Shoulder diametet]
(nm), ()

Travels speed
(o ), (B)

—
()
()

CONTOURS CONTOURS CONTOURS

Comput Ref Global Comput Ref Global Comput Ref Global

1000 |1

Min = 201361 Min = 20.112 Min = 20.0654
Max = 148.142 Max = 215.076 Max = 302.738

- 37.836 - 45.7629

55.56 71.4605
73.284

91,0079
108.732
126.456
14418

161.904
179.628
197,352

Rotation speed

(), (C)

1500 | 2

148553
174251

2000 |3

124.968
136,505

CENERRENERD
CENRRRENNED

Travels speed

300
(72 i), (B)

CONTOURS CONTOURS CONTOURS
Tenp Tenp Tenp

4

CNRRRRERNDT

1000 | 4

Time 1 Time 1 Time 1
Comput Ref Global Comput Ref Global Comput Ref Global

Min = 20.084 Min = 20,0493 Min = 19.9938
Max = 175.248 Max = 237.072 Max = 314.152

341898 - 39.7792 - 46.7353

59.5084 73477

78.2377 100.213
98.9669 96

118.69 53.702
104713 138.425 180.444
118.825 158.155 207.186
177.684 7
197.613
217.342

Rotation speed

(), (C)

] J0@ 1D

2000 |6

60.669
287.411

[
[
[
=]
]
[
=

Travels speed

500
(72 i), (B)

CONTOURS CONTOURS CONTOURS
T_emp T_emp T_emp

1000 |7

Time 1 Time 1 Time 1
Comput Ref Global Comput Ref Global Comput Ref Global

Min = 19.4706 Min = 19.2964
Max = 257. M 1433

41,0703 47.0415
62.67 74,7866
84,2697 102532
105.863
127.469
143.069
170.668
192.268
213.868
235.467

Rotation speed

(), (C)

1500 |8

150.549
917
183.285

2000 |9

CNRRRREREDT
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Table 5.2.7 Temperature by analysis (section view : shoulder diameter 12mm)

Factors

Level 3

Shoulder diameter
(nm7), (A\)

Travels speed
(o a), (B)

—
()
()

11

12

1000

10

1
Comput.Ref Global
Min = 20.1134
Max .749

CONTOURS
Temp
Time 1
Comput.Ref Global

:471134

CONTOURS
Temp
Time 1
Comput.Ref Global

Min = 20.0017
Max = 476.912

-]

Rotation speed : "
Peed 11500 |11 el | LAl | —He
(npr7), (C) L i
-
209.579
2000 |12 : 7
7] ; 290.812 = 435.375
Travels speed
) 300
(nwref iy, (B)
- CONTOURS CONTOURS CONTOURS

Rotation speed

(), (C)

1000

13

«

—
I I N

1500

14

2000

I's

Temp
Time 1
Comput Ref Global

Min = 2

Temp
Time 1
Comput.Ref Global

Max = 319.462

= 47.2499
744711
101,692
128.914
156.135
183.356
210577

799
265.02
292241

Temp
Time 1
Comput.Ref Global

Min = 19.9901
Max = 465.861

= 605238
101.058
141591
182,125
222.659

-

- 384794
- 425.327
=

Travels speed
(o i), (B)

(]
(]

Rotation speed

(), (C)

1000

16

1500

17

2000

18

B
B
&
5)
1
B
B

OERRNEEERE]

CONTOURS
Temp

Time 1
Comput.Ref Global

Min = 19.4301

138.908
158.821
178.734

CONTOURS
Temp

Time 1
Comput.Ref Global

Min = 19.1122
Max = 323.364

467714
744308
102.09

129.749
157.408
185.068
212.727
240.386
268.045
295.704

CONTOURS
Temp

Time 1
Comput.Ref Global

Min = 18.7442
Max = 456.061

= 585003
98.2563
138.012
177.768
217.525
257.281
7.037
93
376.549
416.305

gEnnnnnn
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Table 5.2.8 Temperature by analysis (section view : shoulder diameter 15mm)

Factors Level 3

Shoulder diameter
(nm7), (A\)

Travels . speed 100 19 20 21
(17222 i), (B)

15

CONTOURS CONTOURS
Temp Temp
1 O O O 1 Time 1 Time 1
3 Comput.Ref Global Comput.Ref Global Comput.Ref Global
Min = 20.0628 Min = 20.0029 Min = 20.0027
Max 9.087 Max = 491.874 Max = 607.299
Rotation Speed g 436104 g 629003
1 5 O O 67.1581 105.798
C o 90.7057 148.695
), 191592
23449
277.387
285 3.
5 182 447.128
2000 - B 507 . 051
i - 255.539 - 448.977 - 553.909
' — | =] =]

Travels speed
(o i), (B)

CONTOURS CONTOURS CONTOURS
Temp Temp Temp
1 O O O Time 1 Time 1 Time 1
X e Comput Ref Global Comput.Ref Global Comput.Ref Global

Min = 20.049 Min = 19.9863 Min = 19.9765
Max = 485.751 Max = 590.915

Rotation speed S = s
Peec 11500 | = l=o
2 147.013

(), (C) o | '

435.204

2000 1 4 o =

Travels speed
(o i), (B)

CONTOURS CONTOURS CONTOURS
Temp Temp Temp
1 O O O Time 1 Time 1 Time 1
i ! Comput.Ref Global Comput.Ref Global Comput.Ref Global

[VIEREREY Min = 18.5728 Min = 18.0468
3.617 Max = 477.728 Max = 582.198

ROtatiOﬂ Speed g 41812 g 603142 g 693333

1500 pue [ Qe S we
(1prn), (C) S '

3R

3

7.052
428.339
479.625
530.911

gEnnmnnn

2000 N = ==
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Table 5.2.9 Temperature by analysis (top view : shoulder diameter 9mm)

Factors Level 1

Shoulder
diameter(zz2), (A)

Travels

speed (wz1/nar), (B)

100

1000 1500 2000

CONTOURS CONTOURS CONTOURS
Temp Temp Temp
Time 1 ime 1 Time 1
Comput Ref Global . Comput Ref Global Comput Ref Global

Min = 20.1361 Min = 20.112

0654
Max = 148.142 Max = 215.076 Max = 302.738

Rotation

speed(npr2), (C)

ANNRNANN]

Travels

speed(wz72/nr), (B)

300

1000 1500 2000

CONTOURS CONTOURS
Temp Temp
ime 1 Time 1
Comput.Ref Global Comput.Ref Global

Min = 20.0499
Max = 237.072

Rotation

speed(pra), (C)

118.696
138.425

Travels

speed(wz72/nr), (B)

500

1000 1500 2000

CONTOURS CONTOURS CONTOURS
Temp Temp Temp
ime 1 ime 1 Time 1
Comput.Ref Global Comput.Ref Global Comput.Ref Global

Min = 19.6086 Min = 19.4706
Max = 199.652 Max = 257.067

Rotation

speed(p), (C) =:,
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Table 5.2.10 Temperature by analysis (top view : shoulder diameter 12mm)

Factors Level 2

Shoulder
diameter(z72), (A)

Travels

speed(wz/man), (B)

12

100

1000 1500 2000

CONTOURS CONTOURS CONTOURS
Temp Temp Temp
Time 1 Time 1 Time 1
Comput.Ref Global Comput.Ref Global Comput.Ref Global
Mi i Min = 20.0017
M ax = 317. Max = 476.912
Rotation
36.5348 = = 61539
103.076
SPCCd(S )’ <C) 144614
186.151
227.688
182,501
209579
Travels

. 300
speed (wz2/nar), (B)

1000 1500 2000

CONTOURS CONTOURS CONTOURS
Temp Temp Temp
Time 1 Time 1 Time 1
Comput Ref Global Comput Ref Global Comput.Ref Global
Min = 20,0286 | Min = 199901
Ma; 9.462 Max = 465.861
Rotation
- 38.2981 i 47.2499 = 605238
- - [
N CCd(Wf) (C) 2LET2 744711 101,058
bl 4.7363 141591
92.9554 182.125
222,659
Travels

. 500
speed(wz72/nr), (B)

1000 1500 2000

CONTOURS CONTOURS CONTOURS
Temp Temp
Time 1 Time 1
Comput.Ref Global Comput.Ref Global Comput.Ref Global

Min = 19.4301 Min = 19.1122 Min = 18.7442
Max = 238.474 Max = 323.364 Max = 456.061

Rotation
speed(pr), (C)

467714 585003
74.4308 98.2563
138.012
177.768
217.525
257.281
297.037
336.793
376.549
416.305

I

158.821
178.734
198.647

18.561

268.045
95.704

OERRREEERE]

-]
|
-
=]
-
-
-
-
-
=
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Table 5.2.11 Temperature by analysis (top view : shoulder diameter 15mm)

Factors Level 3

Shoulder
diameter(zz2), (A)

Travels

speed(wz/wan), (B)

15

100

1000

CONTOURS CONTOURS CONTOURS
Temp Temp Temp
Time 1 Time 1 Time 1
Comput.Ref Global Comput.Ref Global Comput.Ref Global

Min = 20.0029 Min = 20.0027
Ma; 1.874 Max = 607.299

Rotation

speed(npra), (C)

= 62.9003
105.798
148.695

161.349
184.896
447.128
500.518
553.909

Travels

. 300
speed(wz2/nar), (B)

1000

CONTOURS CONTOURS CONTOURS
Temp e Temp
Time 1 i Time 1
Comput Ref Global Comput Ref Global Comput.Ref Global

Min = 19.9863 Min = 19.9765
Max 51 Max = 590.915

Rotation

speed(npra), (C)

:IT'I 88

123784
175.687
114154 22759
137.68

435.204
487.108
539.011

LD

Travels

. 500
speed(wz72/nr), (B)

1000 1500 2000

CONTOURS CONTOURS CONTOURS
Temp e e
Time 1
Comput.Ref Global Comput.Ref Global
Min = 19.1376 Min = 18.0468
Max = 283.617 a Max = 582.198
Rotation
g 43.1812 g 60.3142
S CCd(W (C) 67.2248 102056
p bl 91.2684 143.797

115.312 185538

530.911

WL

-
=]
]
-
-
-
-
=
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Table 5.2.12 Von Mises stress (Level 1)

R Factors Von mises Stress

A B C (MPa)
1 9 100 1000 76.24
2 9 100 1500 115.79
3 9 100 2000 132.88
4 9 300 1000 89.69
5 9 300 1500 121.00
6 9 300 2000 141.86
7 9 500 1000 101.15
8 9 500 1500 122.13
9 9 500 2000 151.75

53
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Table 5.2.13 Von Mises stress (Level 2)

Run Factors Von mises Stress
A B C (MPa)
10 12 100 1000 120.59
11 12 100 1500 175.33
12 12 100 2000 174.53
13 12 300 1000 122.71
14 12 300 1500 181.36
15 12 300 2000 173.31
16 12 500 1000 123.66
17 12 500 1500 189.85
18 12 500 2000 174.97
Table 5.2.14 Von Mises stress (Level 3)
Run Factors Von mises Stress
A B C (MPa)
19 15 100 1000 145.24
20 15 100 1500 172.93
21 15 100 2000 169.84
22 15 300 1000 147.71
23 15 300 1500 173.51
24 15 300 2000 171.67
25 15 500 1000 154.03
26 15 500 1500 172.52
27 15 500 2000 194.10
54
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Table 5.2.15 ANOVA for von Mises stress
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Table 5.2.16 Estimated von Mises stress for each factors

Factors | Point estimation | Confidence interval + -
Al 116.94 7.00 123.94 109.95
A2 159.59 7.00 166.59 152.59
A3 166.84 7.00 173.84 159.84
B1 142.60 7.00 149.59 135.60
B2 146.98 7.00 15385 139.98
B3 182,70 7.00 160.79 146.80
Cl 120.11 7.00 12711 113.12
C2 158.27 7.00 165.27 151.27
C3 164.99 7.00 171.99 157.99
90% 184.54 7.00 191.54 177.54
95% 184.54 8.67 193.22 175.87
99% 184.54 12.62 197.16 171.92

¥ @ 379 £UAE 15mm, ©]EFEE 500mn/min, 3]FEE 2000mpm
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Von Mises

stress (Mpa)

® Shoulder Diameter(A) ® Travels Speed(B)
® Rotation Speed(C) mAxC

Fig. 5.2.4 Graphical illustration of the contribution on all factors (Von Mises stress)
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Table 5.2.17 Results of analysis (section view : shoulder diameter 9mm)

Factors Level 1

Shoulder diameter
(), A

Travels speed

(n272) 7aiv), B

1000

Rotation speed

(), C

1500

2000 |

Travels speed
(n272) 7av), B

| 1000

Rotation speed |.

(), C '-.1_.500

2000 |-

Travels speed
(n272) 7av), B

500

oo | 7 | S
Rotation speed

500 | & | N
(o), C ‘h

2000 | o | 0 N
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Table 5.2.18 Results of analysis (section view : shoulder diameter 12mm)

Factors Level 2

Shoulder diameter
(), A
Travels speed

12

o, B 100

0o | 10 |
Rotation speed
500 | 11 | W A
(o), C
2000 |12, | MM T

Travels speed
(n272) 7av), B

1000 | 13 N W .
Rotaton speed 1aso0 | 14| I O N

o), C . AR
2000 15 (TGS T

500

Travels speed
(n272) 7av), B

1000 | 16 | N 7
1500 | 17 |
2000 | 15 | N

Rotation speed

(), C
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Table 5.2.19 Results of analysis (section view :

shoulder diameter 15mm)

Factors Level 3
Shoulder diameter 15
(), A
Travels speed 100
(n272) v, B
1000 | 10 | & (O
Roraion s | 1500 | 20 | N A
(1), C
000 |21, | S
Travels speed 200
(n272) 7av), B
000 | 22 (N |
Roraton s 1500 |23 R A/
(1), C
200021 |
Travels speed 500
(n272) 7av), B
1000 | 25 |V )
Roraton sped | 1500 | 20 | I N
000 | 27 | Y

)Collection @ pknu
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FolHn] olF&r} S71FE ojH)

: shoulder diameter 9mm)

Table 5.2.20 Results of analysis (top view
Factors Level
Shoulder diameter(zz2), A 9
Travels speed(nz7/nun), B 100
1000 1500 2000

Rotation speed(rpm), C

300
1500

Travels speed(wzz/nzn), B
2000

Rotation speed(rp7), C

Travels speed(nzzz/min), B 500
1000 1500

2000

Rotation speed(rpm), C
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Table 5.2.21 Results of analysis (top view :

shoulder diameter 12mm)

Factors Level 2
Shoulder diameter(zz2), A 12
Travels speed(zz/n7r), B 100
1000 1500 2000

-

Rotation speed(rp), C

8O0,

Travels speed(z7z/nur), B

Rotation spieed(ma C

1000

Fale

2000

\__ &
Travels speed(m/#ﬁ@,?}? .

Rotation speed(rp), C

€)Collection @ pknu
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Table 5.2.22 Results of analysis (top view :

shoulder diameter 15mm)

Factors Level 3
Shoulder diameter(zz2), A 15
Travels speed(zz/n7r), B 100
1000 1500 2000

Rotation speed(rp), C

==

o

Travels speed(zz/mir), B

Rotation splsed(m, C

Travels speed (W/M% =

Rotation speed(rp), C

€)Collection @ pknu
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Table 5.3.1 Analysis and experiment result of FWS

Factors ) Von
Tensile Temperat )

Run | Shoulder | Welding Rotation strength ure Mises

diameter | speed speed (MPa) (CT) stress

(mm) | (mm/min) (rpm) (MPa)

1 9 100 1000 189.18 148.14 76.24
2 9 100 1500 198.65 215.08 115.79
3 9 100 2000 193.49 302.74 132.88
4 9 300 1000 191.44 175.25 89.69
5 9 300 1500 233.49 237.07 121.00
6 9 300 2000 247.87 314.15 141.86
7 9 500 1000 192.63 199.65 101.15
8 9 500 1500 253.87 257.07 122.13
9 9 500 2000 268.39 324.49 151.75
10 12 100 1000 205.02 200.75 120.59
11 12 100 1500 217.26 317.89 175.33
12 12 100 2000 213.83 47691 174.53
13 12 300 1000 238.21 220.49 122.71
14 12 300 1500 250.17 319.46 181.36
15 12 300 2000 268.23 465.86 173.31
16 12 500 1000 260.73 238.47 123.66
17 12 500 1500 266.31 323.36 189.85
18 12 500 2000 235.78 456.06 174.97
19 15 100 1000 213.39 279.09 145.24
20 15 100 1500 238.57 491.87 172.93
21 15 100 2000 219.55 607.30 169.84
22 15 300 1000 239.78 278.84 147.71
23 15 300 1500 247.64 485.75 173.51
24 15 300 2000 260.42 590.92 171.67
25 15 500 1000 239.19 283.62 154.03
26 15 500 1500 249.06 477.73 172.52
27 15 500 2000 263.43 582.20 194.10
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