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Influence of Control Parameter on Tensile strength in

friction stir welding of AA 3003 aluminium alloy

Kang, Na Yeong

Department of Mechanical Engineering, The Graduate School,
Pukyong National University

ABSTRACT

Recently, as interest in energy efficiency and environmental issues is
increasing around the world, research on welding technology is becoming
important. In this study, friction stir welding (FSW) was applied to AA3003
aluminum alloy to investigate the effect of process variables on mechanical
properties. The material used in the experiment was 2t x 100mm x 150mm
and friction stir welding was performed by the butt welding method, and the
process variables were selected as rotation speed, feed speed and shoulder
diameter. The friction stir welding was performed in three levels, and a total
of 27 experiments were performed three times. In order to quantitatively
analyze the tensile strength results, a three-way factorial design was used.
Variance analysis showed the correlation of process variables with tensile
strength and the optimal process variable combination. As a result of the
analysis of variance, all the parameters selected in the experiment affected the

weld tensile strength, and partly the interaction was detected. The effect of

Vi



process variables on the tensile strength of the weld was confirmed in the
order of shoulder diameter, rotational speed, and feed speed of the tool. In
addition, internal defects were found to have a large influence on the feed
rate. As a result of the main effect and interaction analysis, it was estimated
that the highest tensile strength was obtained when the shoulder diameter
level was 2, the rotation speed level was 1, and the feed speed level was 2.
Finally, the SZ hardness of the optimum level combination through main
effects and interactions was 75Hv. And the SZ hardness of the maximum

tensile strength combination was found to be 60Hv.
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Fig. 2.1 Schematic of the friction stir welding process

Fig. 2.2 Various microstructure regions in the transverse cross section of
a friction stir welded material. (A) base metal, (B) heat-affected
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Table 2.1 Chemical composition of AA3003-H14(wt.%)

Material Mn Mg Si Fe Cu Zn Cr Ti Al

AA3003-H14 1.5 0.05 0.6 0.7 0.2 0.1 005 0.05 -

Table 2.2 Mechanical properties of AA3003-H14

Tensile Yield ’
i Elongation Hardness
Material Strength Strength
(%) (HV)
(MPa) (MPa)
AA3003-H14 140 115 5 40




B
<

o

B
ey

oy

A & ¥ (Design Of Experiment, DOE)S &

44

5% 58

I8

5%

I 1l

=

—

Hoh g&do2 veda, A

=

AAE

1 9]

&
=

3

c

o}
it
o

B

)

}ith. Table 2.3

°

=

21\l %]

LA 1%

v %

]

I
R

o] £

A,
vl X] ] (three-way factorial design)< =l €

] | =

I
R

[e]

we} ol

0
NR

AT o714 A,

°

10

o]i1, 1zt7} 37HQ1 FaAMA A KTk



Table 2.3 Three-way factorial design

Experiment
Factor A, A, A,
Number
1 L1111 Lo111 L3111
2 Gy L1112 La112 L3112
3 L1113 To113 L3113
4 T T T

1121 2121 3121

5 B, G,y L1122 Lo120 L3190
6 L1123 Lo123 L3103
7 L1131 La131 L3131
8 G L1132 L9132 L3132
9 L1133 To133 L3133
10 L1911 Too11 L3211
1A G L1212 Toa12 L3212
12 L1213 Loo13 L3913
13 L1901 L9291 L3901
14 B, Gy L1922 L9292 L3292
15 L1923 L9293 L3293
16 L1931 L9931 L3931
17 G L1232 L9932 L3232
18 L1933 Loo33 L3933
19 L1311 Lag11 L3311
20 G T1312 To312 T3319
21 L1313 Lo313 L3313
22 L1391 Logo1 L3391
23 B, G,y L1390 L9390 L3390
24 L1323 L2323 L3323
25 L1331 Ta331 L3331
26 G L1332 Ta332 L3332
27 L1333 Ta333 L3333
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Table 24+ #AHEA R R, SS= Alwd, DF= AHrk, MSE B A

H pud

F= dl9d5E TRAA AEd RPY B2 =429

ol AT 9B%ollA Z Q1akgko] 147
Lo mA= 9Fgs AESAH
Table 2.4 Three-way ANOVA
Source SS DF MS F
A SS, -1 MS, S, /MS,,
B S5 m—1 MS,, S8, /MS,
c S5¢ n—1 MS, SS,, /M,
AXB 5545 (1=1)(m—1) MS, . 5 SS, . /MS,
AxC SSyxc (1-1Dm—1) MSyoc | 8S,.c/MS,
Bx<C SSpc (m—1)(n—1) MSy.. ¢ Sy ¢/ MS},
AXBXC | SSj.pxc - Dm=1Dm-1) | MS, g | MS,, 5y o/MS,
E SSg Imn(r—1) MS,,
T SS Imnr —1
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Table 3.1 Basic experiment conditions for FSW

14

Factors Rotation Feed _Shoulder
speed(rpm) speed(mm/min) | Diameter(mm)
AiB\C 500 50 12
AB,C, 500 100 12
ABsC, 500 350 12
ABsC; 500 300 20
A:BIC 1000 50 12
AsB,C, 1000 100 12
A,B5Cy 1000 150 12
A,B,C, 1000 100 16
A,BsC, 1000 400 16
ABLC; 1000 100 20
A;B,Cy 1500 100 12
A;B3Cy 1500 150 12
A3BsC, 1500 250 12
A3B,C, 1500 350 12
A;B,C, 1500 100 16
A;B5C, 1500 150 16
A;B4C, 1500 200 16
A;B5C, 1500 250 16
A;BsC, 1500 300 16
A;B,C, 1500 350 16
A;3BLC; 1500 100 20
A;B5C; 1500 150 20
A;BsC; 1500 400 20
A4B,Cy 2000 100 12
A4BsC, 2000 400 12
(Continue)



AB,C, 2000 100 16
AB;C, 2000 150 16
A4B4Cs 2000 200 16
A4BsC, 2000 250 16
ABC, 2000 400 16
AB4Cs 2000 200 20
AsB3Cy 2500 150 12
AsBsCy 2500 250 12
AsB,C, 2500 350 12
AsB;C, 2500 150 16
AsB4C, 2500 200 16
A;sBsC, 2500 250 16
AsB,Cs 2500 100 20
AsB;Cs 2500 150 20
AsBeCs 2500 300 20
AsBsC; 2500 400 20
A¢B;C, 3000 150 12
ABgCy 3000 400 12
AeBsCs 3000 250 16
AeBsCs 3000 400 20

15




Fig. 3.1 Machining center tooling system

Fig. 3.2 Exclusive use jig of FSW
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Rotation speed(rpm)

D= 12mm

3500 -
3000 4 X
2500 - o 6} 0]
2000 A X (0]
1500 - b3 0] O o
1000 4 X X X
500 A X X X
0 T T T T T T T T 1
0 50 100 150 200 250 300 350 400 450

Fig. 3.3 Basic

Feed speed(mm/min)

experiment graph for FSW of shoulder

diameter 12mm
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Rotation speed(rpm)

D = l6mm

3500 -
OSuccess
3000 A X
 fail
2500 - (o] (o] o
2000 4 X (o] o] o] o]
1500 - L S M-8 oo
1000 4 X X
500 4
0 T T T T |

0 50 100 150 200 250 300 350 400 450
Feed speed(mm/min)

Fig. 3.4 Basic experiment graph for FSW of shoulder

diameter 16mm
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Rotation speed(rpm)

D =20mm
3500 A

3000 A X
2500 A X----Q o] o]
2000 - (o]

1500 - X o] o
1000 A X

500 X

[ |

0 50 100 150 200 250 300 350 400 450

Feed speed(mm/min)

Fig. 3.5 Basic experiment graph for FSW of shoulder

diameter 20mm
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(d) 1500rpm, 300mm/min

Fig. 3.6 Joint surface for FSW of shoulder

diameter 16mm
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Table 3.2 Process control parameters of FSW

Rotation Shoulder
Feed Speed .
Factors Speed . Diameter
(mm/min)
(rpm) (mm)

AiBIC 1500 200

AB,Cy 1500 300

AB;C, 1500 400

A,B|C, 2000 200

AB.Cy 2000 300 12
AsBsCy 2000 400

A;Bi1C 2500 200

A;B,Cy 2500 300

A;B5Cy 2500 400

AB;C, 1500 200

A1B:C, 1500 300

AiB;C; 1500 400

A,BiCy 2000 200 16
A,B,C, 2000 300

AB5C, 2000 400

A;BC, 2500 200

A;B,Cs 2500 300

A;3B;Cs 2500 400

A1BG; 1500 200

A1B,C; 1500 300

A1B;C; 1500 400

A,BC; 2000 200

ArByCs 2000 300 20
A,B;C; 2000 400

A;B1G; 2500 200

A;B,C; 2500 300

A;B5C; 2500 400

22
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Table 4.1 Weld bead for FSW of shoulder diameter 12mm

Factors Condition Weld Bead

1500rpm
ABC, 200mm/min

12mm

1500rpm
AiB,C, 300mm/min

12mm

1500rpm
AB;C, 400mm/min

12mm

2000rpm
ABIC 200mm/min

12mm

2000rpm
A»B,Cy 300mm/min

12mm

2000rpm
A»BsCy 400mm/min

12mm

2500rpm
A;B,C, 200mm/min

12mm

2500rpm
A;B,C, 300mm/min

12mm

2500rpm
A3BsC 400mm/min

12mm

e K 40 4 —— o 7,

24



Table 4.2 Weld bead for FSW of shoulder diameter 16mm

Factors

Condition

Weld Bead

AB.C,

1500rpm
200mm/min

16mm

AB,C,

1500rpm
300mm/min

16mm

A1BsC,

1500rpm
400mm/min

16mm

AsBC,

2000rpm
200mm/min

16mm

AsB,C,

2000rpm
300mm/min

16mm

AsBsC,

2000rpm
400mm/min

16mm

AsBC,

2500rpm
200mm/min

16mm

A;B,C,

2500rpm
300mm/min

16mm

As3BsC,

2500rpm
400mm/min

16mm

25



Table 4.3 Weld bead for FSW of shoulder diameter 20mm

Factors

Condition

ABiC;

1500rpm
200mm/min

20mm

AiB,Cs

1500rpm
300mm/min

20mm

AB;Cs

1500rpm
400mm/min

20mm

ArBiCs

2000rpm
200mm/min

20mm

A»B,Cs

2000rpm
300mm/min

20mm

AsB3Cs

2000rpm
400mm/min

20mm

Weld Bead

(Continue)



Factors

Condition

AsB,C;

2500rpm
200mm/min

20mm

A;3B,Cs

2500rpm
300mm/min

20mm

A3B3Cs

2500rpm
400mm/min

20mm

27

Weld Bead
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Fig. 42 Tensile strength test machine
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Table 4.4 Tensile strength(MPa) of each conditions

Factors

Condition

Tensile strength(MPa)

Average
(MPa)

Standard

deviation

AB,C,

1500rpm
200mm/min

12mm

120.05 121.1

119.65

120.27

0.74889

AB,C,

1500rpm
300mm/min

12mm

121.76 123

124.67

123.14

1.46029

AiB;Cy

1500rpm
400mm/min

12mm

127.09 133.86

130.6

130.52

3.38577

AzB]C]

2000rpm
200mm/min

12mm

100.07 102.58

103.54

102.06

1.79177

A»B,C,y

2000rpm
300mm/min

12mm

104.61 110.6

117.69

110.97

6.54770

A»B;C,y

2000rpm
400mm/min

12mm

105.35 123.76

120.05

116.39

9.73638

A3B1C1

2500rpm
200mm/min

12mm

8524 938

90.6

89.88

4.32518

A;sB,C,

2500rpm
300mm/min

12mm

96.86  92.8

98.2

95.95

2.81186

AsB;Cy

2500rpm
400mm/min

12mm

110.25 98.25

100.6

103.03

6.35931
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Factors

Condition

Tensile strength(MPa)

Average
(MPa)

Standard

deviation

AB,G,

1500rpm
200mm/min

16mm

112.59 114.05 113.34

113.33

0.73009

AB,C,

1500rpm
300mm/min

16mm

123.23 126.87 124.44

124.85

1.85376

A B;C,

1500rpm
400mm/min

16mm

110.12 109.45 100.3

106.62

5.48640

A>B1C,

2000rpm
200mm/min

16mm

11859 120 119.6

119.40

0.72666

A»B,C,

2000rpm
300mm/min

16mm

130.11 12846 132.5

130.36

2.03126

A»B;C,

2000rpm
400mm/min

16mm

116.17 115.5 117.88

116.52

1.22729

AsB,G,

2500rpm
200mm/min

16mm

116.6 115 116.8

116.13

0.98658

A3sB,C,

2500rpm
300mm/min

16mm

121.81 12531 124.5

123.87

1.83222

A;sB;C,

2500rpm
400mm/min

16mm

11475 111 112.8

112.85

1.87550
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Factors

Condition

Tensile strength(MPa)

Average
(MPa)

Standard

deviation

ABiC;

1500rpm
200mm/min

20mm

111

114.75 114

113.25

1.98431

AB,Cs

1500rpm
300mm/min

20mm

121.88

120.7  121.5

121.36

0.60026

A1B;Cs

1500rpm
400mm/min

20mm

122.75

123.14 122.58

122.82

0.28447

AsBiCs

2000rpm
200mm/min

20mm

110

108.05 110.12

109.39

1.16202

A»B,Cs

2000rpm
300mm/min

20mm

116.24

112.5 111

113.25

2.69862

A»B;C;

2000rpm
400mm/min

20mm

119.63

115.5 117

117.38

2.08780

AsB,C;

2500rpm
200mm/min

20mm

116.63

114 115.15

115.26

1.31595

A3B,Cs

2500rpm
300mm/min

20mm

120

117 118

118.33

1.52753

A3B3Cs

2500rpm
400mm/min

20mm

120.38

121.13 120

120.50

0.57291
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Table 4.5 Three-way ANOVA results (o= 0.05)

Source SS DF MS F P
A 1075.22 2 537.86 49.75 0.000
B 721.50 9 360.75 33.36 0.000
C 979.51 2 489.76 45.30 0.000
AXB 25.81 4 6.45 0.60 0.666
AXC 2950.75 4 737.69 68.23 0.000
BxC 1237.97 4 309.49 28.62 0.000
AXBXxXC 74.95 8 9.37 0.87 0.550
E 583.87 54 10.81 10.81
T 7650.09 80

38




o
<!

e
Nd

e

O
Ho

Table 4.59]

FEVNEE £2390) Fig 46748 S5& 2

Q

9l

S

12 A, B, C ¢ 3

o
il

of g

|
—~

o

e

ol

o2 uEstTh

™

ol

=

5|
pud

b ogrez 1

9]

o]

Fig 497410 & 95%

EUAF

1500rpm  Z71 3}

= 1207126MPaz 7+ =&

12mm, 3

EXAAMe EUAF

d

X

al

el
T

Jmu-o

&4

2000rpme] <!

SR

16mm,

i E9AE 16mm, ©]

of| A
132MPaco] 9] =& Jdgo 7 eyt o

F s

~©

EUAF

SE=gt)

jr,]_.?_
=

o

I

AARe7 dojur] oz AT gyuz v

54

39



™
2!

Fe 7HA A e =isrh H4sks

22-23)
ATt

sk
=

oF

%0

4
AN

el

G

Njo

=, °]F %% 300mm/minol A 400mm/minS.

oz
=

=7}

A 1Y

S

3}
=

A

gl

A

3

16mmel Al 4~

20mmol A= YE =9

FoH, &

oA 7}

Al
2

=
=

Hrph &4

Ee
=

i~

0

—

O

o

N

o}
s

vzl

T

lny

0
HH

]

Ao 2 137
16mm<] A;B>Co(1500rpm,

<A

e

N

N

300mm/min) &A1& F

EUAF

bl ot

)

2 29

)

1184

116
1144

(e ) y18uans opsua ],

110

2000 2500

Rotation speed (rpm)

1500

Fig. 4.6 The main effect plot for tensile strength (rotation speed)

40



120

Tensile strength (MPa)

110

200 300 400
Feed speed (mm/min)

Fig. 4.7 The main effect plot for tensile strength (feed speed)

1204

1181

1164

114

Tensile strength (MPa)

1104

12 16 20
Shoulder diameter(mm)

Fig. 4.8 The main effect plot for tensile strength (shoulder diameter)

41



20

Shoulder diameter(mm)
o

20

Shoulder diameter{mm)
o

Tensile
strength

MPa)

[ |
B «

W s -
g 102 -

108 -
B ous -
B 120 -
W 156 -

< 90
- 9%
102
108
114
120
126
132
> 132

2000 2500
Rotation speed (rpm)

Fig. 4.9 Response plots for tensile strength

(AXC : rotation speed><shoulder diameter)

3(I)0 400
Feed speed (mm/min)

Fig. 4.10 Response plots for tensile strength

(BXC : feed speed<shoulder diameter)

42

BEEZ =EE

114 -

- 114
120
- 126
- 132
> 132




& H|

" X
=

441 A IH

a

or

it

o

=
e

Al

]

3]
=4

PR o Al

)

HE 7|02 °F 20030mmo = Atk

KeR
T

ATt

S

mmo. 2 At

Fig. 4.11 Observation site of specimen

Fig. 4.12 Specimen cutting results

43



H

ERE RS

AAE 9138 E27% (polishing)
HE A3 e A= Fig 4130 yekd A3 o] GLP KOREAAL?]
POWER PRESS-S wt&®7]ol4 #i5¢ 3491 (phenolic Powder)& A}
£33t A& 30mm=E wHE F GLP KOREAAFS] GLP-S20/25 %%
M (polisher)S AF&3Fe] 807110rpme. 2 2 2] & 7}vlo]=(silicon carbide)
S AF&3] 220, 400, 600, 800, 1200, 1500, 200022 12}2] 9 (Grinding)
stat. HFdAvts &F vy 399 (Alumina powder) 1, 0.5um YA=
Ampatict. AlHel ARgE wiA R H 2 H0(20mL)+HCH(20mL)+HNOs
(20mL)+HF(GmL)S vigtsle] Keller's reagent=S 7Heo] 3027248 309l
A 10x HA R die BAREE Felst AT B2 A
A OlympusAte] BX60ME Y2 Fig 4.140] YelAe. A=A38 A #H
< A& 7hatol =2 220, 400, 600, 800, 1200 o= IeldS st &
Fig 4.16°] AA¥ AkashiAle] HMI14E =29l nfo]aA 2 H|AL HAEAZS
Ab&38ke] 0.5mm AR BEAIFS I Fig 416= 133 74
EARE YEd Fola Fig 4172 &35 Astazto] AE¥ JEOLARS
JSM-7001F 22 ¢l FAH AW 4 (SEM) & vheRdTh

44



oLpKorea ’ ;
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Fig. 4.14 Optical microscope
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Fig. 4.15 Hardness test

Fig. 4.16 Micro vickers hardness tester
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Fig. 4.17 Scanning electron microscope
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Fig. 4.18 Internal defects with respect to rotation speed(rpm)
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