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ABSTRACT

A study on status variation of fracture field of
friction stir welded Al6061 alloy

according to tension test speed

Yun Na Yeon
Advisor : Prof. Kim, Kyeong-Suk, Ph. D.
Dept. Mechanical System Engineering

Graduate School of Chosun University

In general, welding is a technique for bonding for two metallic materials by
heating. By various welding methods developed with the development of modern
industry it has been recognized as an important technique essential for iron and
non-ferrous metal bonding. however, the welding has a significant effect on the
destruction of welding structure due to bounding through an heat or external effect
in a short time. So, welding make the change of material property, residual stress,
deformation of the material or welded defects. Research on fracture prediction of
steel material has been reported in many different ways. The fracture portion is
deformed due to the heat caused by breaking materials and this heat causes
decreasing the strength of materials due to changes the mechanical and fracture
properties.

In this paper, aluminum specimen was welded according to welding speed using
Friction stir welding process. Aluminum alloys are lightweight, high-performance
characteristics in recent years due to energy savings and environmental dimension

has widened its application range. In addition, ships, railways, automobiles, aircraft,
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etc. is becoming an aluminum alloy used in the manufacture of car body parts and
aircraft

equipment are increasingly expanding. Due to this effect, the study of the weld is
made of an aluminum alloy continuously. Also useful as a welding method for
bonding the aluminum alloy is laser-welded, as well as the conventional arc
welding (MIG, TIG), friction stir welding (FSW), the study of the friction stir spot
joining (FSSW) are being actively investigated.

In this paper, aluminum specimen was welded according to welding speed using
Friction stir welding process. To produce a tensile test, the friction stir welding
specimen was added tension according to tension speed rate using MTS tensile test
machine. When friction stir welding specimen are tension rate, breaking section
shape, yield strength and strength change are shown in the specimen. The hot
cracking occurs in the welded part by a reduced cross section of the welded part.
In addition this heat frequently make problem such as the discontinuity of the base
metal cold cracking, stress corrosion cracking. This problem can be analyzed using
a infrared thermography camera. If the load receiving object radiation infrared heat
energy by the deformation, the stress can be reduced by using the infrared
radiation. Base on this principle, the temperature represents the highest stress value
for the part during welding, and movement of temperature that can
non-destructively predict the evolution of fatigue cracks.

So, infrared thermography were able to shown about relationship between the
heat-affected specimen when the local contraction at fracture part and it showed the
relation between the temperature change in the fracture rate and tensile speed of
the friction stir welding. In addition, as compared to the temperature change shown
in the graph of the volume of the specimen according to the relationship between
a tensile rate has been described.

In conclusion, notch, crack, was observed for tensile, infrared thermography
camera, the volume change to the welding conditions and this study will be safety,

health, promotes a conservative and expected to contribute to basic research.
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(TWI, The Welding Institute)ol A/l 7% 3 4HT} 7<=, F M9 +S J31 &
283 38 7hs) BAsA HeE npERdE F 3e HIAIE 71€0lth” Fig
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creates friction heat o
Direction
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creates friction heat and
welding pressure

Shoulder
Probe stirs—%

the material

Fig. 2-1 Schematic diagrams showing basic principle of FSW
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Fig. 2-2 Process procedure of the FSW
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Fig. 2-4 MIG welding and FSW welding
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Fig. 2-5 Compare welding deformation each length 1m
(Material : Al6061, Length : Im, Thickness : 3 mm)
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Table 2-1 Welding processes global market
(F4: $ Million, %)
W= N TR A9 7
A 2010 2011 2012 2013 2014 | BBE(%)
oA & FA 7,004 7,410 7,840 8,285 8,766 5.8
58T | 3,155 3,293 3,138 3,586 3,744 4.4
L3 494 503 511 519 528 1.7
8 EA 562 582 603 624 646 3.6
38 307 313 319 326 333 2.0
7184 34 244 254 264 275 286 4.0
Z A (Total) 11,769 | 12,358 | 12,976 | 13,615 | 14,296 5.0%

*2+ 5 &*]: BCC Research, 2010, Welding Equipment And Supplies “The Global Market” KISTI(2013)
A4

Collection @ chosun



Al 2 A AR ZIAH 54

Hg7le] BAo] solt AF0E FROlY ABA] AFoT AGHE B

Tensile Stress vs.Engineering Strain

Ultimate
/
By
Yield Point \
| F
[
KQ\\
£ Plostic Necking \ /
§ Deformation \ki_.l_) /
2k
g
A
c
8%
. §
[}
Strain () (%) ¢ Strain

Fig. 2-6 Stress-strain curve of the material
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Al FREZAQ BEoA dHAHo] TaAstE @S or|dth o= A4 A
g4 &3] BT, A4 AN E UEIA gt
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5) 3ASH-ZHAHUPESN WSHY-XIHPE (Engineering stress-strain & True

True

\—E nginaenng

Ultimate Tensile Strength

Stress

Elastic Region

N S S L S S

Straim

Fig. 2-7. Comparison with the normal stress-strain curve and

true stress-strain curve

Table 2-2 Normal stress-strain and true stress-strain curve

Stress Strain
Ensincerd _ P Al 1=
ngineering O, = —— €, = —F=
A, L L
P l;
True UtEIZU(l—i_ee) EtEh’l -— :1H(1+6€)
i lo
- ’|2 -
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A 3 A 3EZolg H] (Poisson’s ratio)

3.1 3o} H](poisson’s ratio) ©|&

A4 R EAle 3 BFoE & Thete dFAINAY S BR
A 71 o] W FA% UmA F B E2E EAVE R E soluAY &2
A=FHT. olHd AFS EolF EIK(Poisson’s effect)etil FEZ=U|, o] A&
Hzx2 A 29 R} EZ ol (Poisson, 1781~1840)2] o] &S mAl &g
A " Aot} E3 & Jieke WFO R ZA|9 Ho] Wl dig &
T WO RO ol Fio] o3k do] WSIE AHTiAQl B &S EolF H

R 5L HF 03 2AY @&
Ao g 7R HEHR HgEd A5

=A47F sbFolyt 1%l

7HA ™

E/J | (material properties)

o} A EE 015025 W
IFE 059 s 7HAG. ol w7t Eue A2
gk Aol &S gty EZolg Hl= B3 A S (elastic modulus) AT &
’J Al (shear elastic modulus)$} HE] A2 ¥ E(strain)Z -8 (stress)A}o] 2]
FABAE FHt=H AMEEHE =49 —T’—%ﬁi A=
ojt}?
elong=— ©| at=— ©]H,
Elat )
n = - M4 > poisson’s ratio
glong
& e
| H“" L.

{ Orieinal Shape o
> Final Shape riginal Shape =

Tension Compression

Fig. 2-8 Principle of poisson’s ratio
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3.2 A ZWM3}-E (Unit volume change)

TEE Ao 3 &4AIs E9F Eobg B pE il 9low I AR=E 7
Solxl TR A sholAe) Ass} Ao waE ANT F Ak F,
W Aol 1 89 dolrk L, @Al A ™, I A2 V=ALoIdS Ao
o, AAEsEL e 2ol vEhd 5 Ut

AV _ Ale(1— 2u)
v i e(1—2p) (D
A mm— L
T o)
| P
Fig. 2-9 Test of tension members
wel o] Lol tE MAES WMPE TEA)el tatel Eolde] mE Uehd

& T
ghe U o ARAEE e 22),3) 2ol Tl

L €r_ 5t/b: 5,/b 2
€ &/l L+06

v=Lebet v=Lsb ot
, / 3)
%:iﬂ@ sk v =Av
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A 4 A Al A3 (Infrared thermography) 7] <

4.1 HLA

Aol el AL 0.74~1000 um AEE 8 Foll Hols 7AB3A mgrT
2H Ai H #e cdUAE Zen sHAIN o] Foert 2859 AR e
9} A9l H]Z=5ly] W R ML wom THo EAES £ZAA L 7K
A HH, B2 ko] A o o RE o] BEHIE Ik

Penetrates Earth's
M
Atmosphere? | N
Radiation Type  Radio Microwave Infrared Visible Ultraviolet }(Aray Gamma ray
Wavelength (m) 107 1072 10 0.5%10°° 1o 1o 107

e ||l %? e 4 @ @

Buildings Humans Butterflies Needle Point Protozoans Molecules  Atoms  Atomic Nuclei
| | |

Frequency (Hz}

1 1
10* 10% 104 104 10 10 107°

Temperature of
objects at which g
this radiation is the
mostintense W
wavelength emitted

1K 100K 10000 K 10,000,000 K
-272°C -173°C 9727 °C ~10,000000"C

Fig. 2-10 Spectrum of electronic wave

A7) 9 Fig. 2-100] B FE wbsl o] Azl B& & gl wWS e
%

Fahgo] gubol AR Aztste] 2gu 9o, grie, Aeul, FUE, dolt

oA AgshE Briest 9o, Ao o, ANBA G, A e, XA
e, 23 $FA G99 B WS PEAG JHS ARV APl 2 5
A& AR e 7%]%@ G, ol AA|Me] FeolH & o
WS Fe Gejol Eahsirh
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Collection @ chosun



3 EiFdel % AE T AA FEEG gAe] 21 FEe] glewn, <
o o

HAsAT. o =8 Y

A BAl] HIH PADGE olop B

7 1
+ 18009t = F=9 L8 & (Wililam Herschel)oﬂ

1890~1900d T %
Aol g LEE o|&3TE ‘SAo]E o|g=
[e]

o gl AL o] &7 2= FA] JHestAl Hol AAFRE o] o] A

W, AREe A9d BAZS it &, 57 Lehd Hede] et
2

mTAANA Hgre 7

800 [ -
— 600 |- -
E i |
X
z B 4
< 400 |- —
= [ .

200 |- —

6 ; R o
o 500 1000 1500 2000
A [nm]

Fig. 2-11 Relation between blackbody and temperature
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PEAh AW, Lol FA WRE FUHW AL WO oA gop AT
Al WA A3 FLES Fihe O UE B Folsw
2 bk o] e mF A6 FrHel F4E 4 AMeld: P £

Fig. 2-11¢} 2t} 71252 93 (Wavelength)S UEM

< %o olFsty BT} B o) Hodo] Yon, &

Ao Aozt 71 B 2o 7 o]FsH UoE AHM U4
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23.1 A 7}E (Infrared Heating)

Aode AT FEHE oAUAE HAEAZ W Fhe] AGE A% EAE
8= 3] 7] "o duAE ALste AAdAAE E &4do] gl o]}
2ol dof o]Fo] AHAHola &4do] gl7] wiiEel HJAAE TFEAT = o
7FA o] F o] Qo HejHdog B EA JtEe I EAY ZHATE H 835}
= ©Ho] Atk & HoAH JtEe He muFe gk EAE JMEdteE Aol

Ay,

232 & WA} (Thermal radiation)
=4& FAste dAH-EA, &4, o) F o] dof o3 7tEE w 1 A

3 AE PESE Aotk o WAL LLULE BASY AL @ Ao
AE BA7F AULECK)OIEY EeAE BEA dojun, E3 Bk 5 A
AZRE PAE Rl Dol

Ao dAstE WA T, dAbske Bk, TR SOl BAIglel dAkE
AFE AR Fehe EAE SRtk =3 oW 259 HAap doe oA H
2| 2 &2 I (Plank)dAHA 2FaL gkt
stANE A Ao 2 HAIAE EASHA Fow uvl o] e ZH e WAL
AE Be SA st o BAAE A8t Aot

)
2
oL
>
>,
i
ol
ok,
rlr
oL
>
>,
é
i
o
Y
’@
o)
o
o
o
[oN
=
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jmi

24 Ao GG AN=He de

Projection of
Detector Array

Horizontal
Lens System Scan
/]
Target/Scene
Detector
Array
Vertical g

Sean

(a) scanning type-Serial scanning

Target/Scene

Detector
Lens Syst
mRRTA And Readout
Circuits
Image Space
Projection of Signal
Detector Array Processing

(b) Staring type
Fig. 2-12 Detection principle of IRT
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g

AYE &3t F 7k W FEAE

2-12 (@ 22 ¥, £ ALS THA AAE JAHse FAF HH
(scanning type-Serial scanning)¥} (b)3} o] ¥, 3 AL glo] UA s}
W (staring type)©] U TF FAF W (scanning type-Serial scanning) EUE | 4
v EAE AANNOE BRuA s 9, FF ALSS LEK50E FHEF
glok ot st ZUH FAAE 250402 By, F4S FE §lo] Ba
A4 3tH Y 24 frameS Fojof SRR, J|EZFHOZE AZFHOZE 24x250 O

o3l =9 60008 w2 ofof gttt I8a VtEEHE 2 HEE fF ook 3}
g A2 6000x250 o o3l ¢ 1 MHz o4 F7|E2 £Fook dtt= A
2o =23t Ago] olFA W HolHH FF FiEo] 55 HAR oF
ool 3t HEo HHUALSEE o] 55 =A% ¥ F §l7] Wi 84F

ol o] HHEG= FA WHOR 7]E9)

FA(staring) B FA HHA= 2

o
A
o
o
S|
rlr

g Aol Al
b7t mUB S @ Pixelol slPEES HAHo Utk LHmE MM 2%
A57h Bow Bess el s sde IuE PAsn, Bid 33
A7 97 WRel 271 8 RACA e olde 2a Atk FA PHl Ag

]
He= Ao AlA = 256x256 o742 o]zt wiE S Zhe A FastH, A

AAe] Aze wel hZA T PSiE AHETE 9 1024x1024 vlE-E ZHe AlA]
7F sl AgstEgloen, /Mg Aeo]l 43 HeCdTe BF=AE Al H
- 512x512 W EZRA] AEEO ok FAF H FA WP o R FEHA A AlA
o Mg HAEAA FH AAs Fgd7 jEgste] Ay =5 AF/FE DA
k. 298 AMAe & Tt BobAA HW & A7) EAdEo] YAS
2 7] W& AsHYANAME 7 224 AE A7]E B FAY RHES
37 e Ao AEE B Fol RUE I Pl FHHES ok
gt} o] dTeo] &S Fig 2-120]1 YRS A WA 28 7+ 219
EQE AE O 5E4& 213 IS YET g, 9 2= Wl o

3 HFS3tE AEol 7|EHQ offseto] BT THET)
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Image
Difference

=Offset | Processing Calibration|

1 2 3 4 5 122 3.4 5 12 3 45
R R, R

=

i
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Temp” Tc Temp Tc Temp
Fig. 2-13 Temperature calibration
oJAL F WA IHNA 7IEHA offsetS BF D, Al WA 1A A
4 e B4E B FUsp) RFo FH, exust @ we Y=t
T FLsHA UdEtUA Hol MRS e dS F Ae Aotk A
7oA AL Ho)d olm|A|olA Aol A3t e FAaF(Pixe)E A
71E dEFH g AT £ Utk Iy or A3te A5 S A HA
ANAE ol &3tel HM A Flviere] szhol] wet whl shae] e
A Aol AHgste WS Argdth &, 43S A7|(mm) DE 2 2.5)%
o] xHAT
_ L
D= Mx (%) (2.5)

o714, L A Al AK(Calibrator)e] ZAol(mm), P= A AR Aojo] t)-§3t=
324 (Pixel), M Aol AAeHe 3}453(Pixel)o| th.2
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A3 AFA R AAWH

< &
Al

)

dFuE FEe A vle) 139 dEE HA A ok WEe] de-eFatd

oo duk FPE A, EE, A5, 24, 315 2 A F 5 WS FY Eokdd 4

2] AMEETH EFPES pH 45 ~ 85 9 oA 4ts} Fdo] RAE HE3}

7] W&o WAEe FFskA o] 238F Aol 7] wjEel tr]se 4t vk

ol A B2, 5250 AAd vl doerz do Wisivds 54<
o}

ek e
Cu, Zn, Cr )& H7Isle A& st AFEET Table 2-32 94
A Fu)Fo = 3o F#Es] YERRAT

Table 2-3 Effect of the aluminum alloy element

BFS a9 ¥

- 54 B a3 ke TR Ade] AFH Uk
Si |- 9%4E 9 A% A4 daAAY ARPAFE AT
- A AYEAT Age JuAn 228 37}
- AAE f, Pl BAglel 4=, AEE 37}
WSS BEAAE A A
ol geae g stn dn A4 9o He

o
- 03~1.0% 3+ Al WAl UmAE 11% ol Al AEade] AAF
- sigt FESAE AP 93] MpSivt 4EH F= o] dA T
Mg |- Mg=sogs =9t 4o 713
- WA, A e FAEAT 227 A7) A FE5A] Yy

- AAY vARE A3 0.05-02% F7hs BEo] FEFH vASAA} 2

L 1A A, B3] 4285 MAAsH dAxAde] Ym
- 28 23 AF 753 MAEAE f=

Fe |- "AISE A4AH Y ALFeEH A&
- Al-Fe-SiZX A& Z 7Y Fer Z=AIe] U<
- A%old 1gHo TS FAAZ

Mo |- Feo] &0l 93 &S MAstar 23S FAaAZ
- Al-MgAlA A= WAA 3

3

AREA: AFAT N EA
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)

32 npEHELSH A

32,1 A5 9 AdH

B AYA AEE dFHF ASs 2ol 150 mm, 7 6 mme] Al6061
Aoltt. sshd A2 Table 3-29F 2o FEH(yielding point)? 1784
(tensile stress)®] A2 247 o, = 274 MPa®t o, = 322 MPa °|H, A&
(elongation) 16.63 % ©]3 HIAXHEE 112 Hvolth ©]& Table 3-39] YERY
ATt

Table 3-2 Mechanical composition of Al6061-T6

Si Fe Cu Mn Mg Cr Zn Ti

0.65 0.4 0.23 0.07 1.0 0.16 0.03 0.02

Table 3-3 Mechanical properties of Al6061-T6

Tensile Strength Yield Strength Elongation Hardness
[Mpa] [Mpa] [70] [Hv]
340 295 13.5 112

Welding direction

" N60B1-T6

3 m;nl'l]

150 mm L

Fig. 3-1 FSW specimen of Al6061-T6
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FANFS &4 & WFo R st npFuREEHE TIPS o T I
AFE AAREFCW)OIH, tool®] 3T ZZF 800, 1200, 1600 rpm= AR-&
AT olF SEE 3 mmso 2 747 SYEA FALeH z3F Zole= 3.15 mm
°|t}. Fig. 3-29} Fig. 3-32 3% FAZHE AZAIHS AFAT BA=%
AA AP 9l AR AZAEH BEolnh

Extruding Direction g

Walding Diraction

150mm

150mm

a0mm

Fig. 3-2 Schematic diagram of the tensile specimens

Fig. 3-3 Welding specimen of FSW

_24_

(“)Collection @ chosun



Fig. 3-4 Welding process of FSW

$18

Fig. 3-5 Shape and CAD drawing of FSW tool
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Fig 3-45= 505 BA0] wolo] HASERZ vjEeHe AT ¥ ehg
Hl=e] gabolh,

Table 3-4 Welding bead geometry of FSW welding specimen
according to FSW rotation speed

Rotation .
speed [RPM] Welding bead geometry
800
1200
1600
dFrE FAE gr] rpRuRrEHS AW T ASTM ESM-04 1149 1%
ANEHOE Fig. 3-63% #Zo] A&etAth. Fig. 3-7& IALEEE=E vz wvkgF
g Ao mge UEhim gl

L
-~ = _‘"‘ '
— W = C
10 G.L o ____t
s P - T

Unite : MM
Fig. 3-6 Tensile test specimen of Al6061-T6
Table 3-5 Dimension of tensile test specimen

Standard L W G.L P R T B C

ASTM 120 12.5 50 60 20 3 20 20
E8M-04 mm mm mm mm mm mm mm mm
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(a) 800 rpm

(b) 1200 rpm

(¢) 1600 rpm

Fig. 3-7 FSW specimen according to rotation speed of FSW tool
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A 2 d AFAA

2.1 AZAIE7] (MTS System)

ATolA gl 25 9 e AFS sy 9 &FHE(Al606])
Holl S 7hshr] 913 AZAIF7I(MTS Co)E Fig. 3-83% o] A4-g3}
AZAE7]= vl= MTS AFS] MTS Landmark Servohydraulic Test Systems
A8-3 2™, H/W controller, S/W controller, PC, servo-valve controller, MTS

Cooling System©.Z ©]F0]2] It} Table. 3-62 AFAIF7]2] A Yolt},

>

]

0o Mo

tlo ¥

Fig. 3-8 Device configuration of MTS System

Table 3-6 Specification of MTS System

Description Technical data
Force capacity 100 kN (Monotonic: 120 kN)
Available actuator ratings 25 kN

Dynamic stroke 100 mm

Output voltage +10 V (full scale)
Excitation frequency 10 kHz (£100 mm)
Data sampling rate 122.88 kHz

- 28 -
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22 Ao d3sld 1M 2l (Infrared Thermography)

A AF7IE ol &3t AP AARstFTS
7HletE ol &3t 1A dtF& ol mo] HIZ|ZEA Y] AlFH ]
312 AT 2 Ao AHgE HoHd I3 shlEes ZE2 FLIR
systemsAFS] silverd80 RS ARE3FH 3, M FAFYFS Table 3-79 YER AT

Fig. 3-9 Infrared thermography system

Table 3-7 Specification of infrared thermography system

Description Technical data
Detector Materials InSb(QHEI &3} Q1 &H)
Cooling method W 2~Ed Z2(Stirling)
Spectral Response 3.7~5.0 um
Number of Pixels 320 * 256
Pitch 30 um*30 um
NETD 25mK@25C (20 mK typical)
Temperature measure range -15~2000C
Frame rate 5 Hz~380(400) Hz
Frame rate resolution 1 Hz Step
- 29 -
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2.3 CCD(Charge coupled device) 7}H| 2k

Z=A3sl7] 98] CCD 7HM S o] &3k

% gled ol
B ARONE 7 AgsEe sanneds Auu

]
Table 3-82 CCD 7tH el AlF ALEHS Ho

Fig. 3-10 Measurement of volume by CCD Camera

Table 3-8 Specification of CCD Camera

Description Technical data
Resolution 1392 x 1040
Sensor Type Sony I(?X267AL/AK,
progressive scan CCD
Sensor Optical Size 127
pixel size (ym) 4.65 x 4.65
Frame Rate at Full Resolution 18.7 fps
Video Output Type IEEE 1394a
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Al 3 d AR

ZF 800, 1200, 1600 rpme] &5 2 v WRFEHE Al6061 AFAIFHES dot
|

of P]EEE A HEHEE JAANTES MY T A, SH=AE AFH o
g S Ro A dstE 2 WIS =Aste] Hlwstgth

nPE LR HE AJ@He] g o]2Y|7tA] 2HEE FYE 1, 3, 5 mm/min
o QJIFAEERE AFH AAsFS AVFSH] sl MTS Ake] AAAIR7]

WAL 91 E(KRYLON 4290 Ultra Flat Black)
Z HY 0978 FAAZAL. A2"He =9
de FY3AT

s =
SEE 15TE LA fFAsH 4

Frame
Grabber

IR Camera

UTM H 0] PC

Fig. 3-11 Experimental setup
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Al 4 A32H

A1 A NAANHE B3 = HU}

1o

UZAFZIMTS Co el ols] =xE= vhdunbgHd Ao AAM3] A%

g st mio]l E wf 712 SE-HYPE AXe dste] YeERA AT Al6061
= =

Amoln 8 AEE oA B olBoA 2ZA PES Ea AT 4 At
d, ol A8 70 2e evE 2E AML tuHEe ofn =4 A
(02 %e AYA & o A7le 28-H8s drsle] whow 38 F=s
ke Wil 0% Bala vlRwued 2ol =4

4-1& APE Tl 4L FEL A= 2 dagd=E Adigkes el
.
Table 4-1 Result of tensile test
gty | AREE FEA= Q7= G =
£% (rpm) (mm/min) (MPa) (kgf/mm?2) (kgf/mm?2)
1 184.2649 236.0627 217.4668
800 3 182.7409 237.0199 221.5601
5 176.1491 238.4855 232.2955
1 174.5733 240.4071 218.7982
1200 3 172.4988 241.5225 221.2681
5 169.7971 2427131 222.4887
1 189.3134 271.1928 248.9735
1600 3 188.4268 293.3802 277.8345
5 183.4890 290.3581 280.317
- 32 -
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= S(Mpa)
300

- =

200 1 mm/min
// s 5 VPV VT

150

. l/ e &, /T
o/

o T T T T 1

0.00.E+00 2.00.E-01 400.E-0I 600E-O1 B8.00E-01 1.00E+D30 EE‘::‘I,E
(a) 800
S 2(MPa)
300
250
300 — mmfmin

/ =3 mm min
150

/i s mm min
100

50

D T T T
0.00.E400 2.00E-01 4.00.E-01 5.00.E-01 8.00.E-01

(b) 1200

350

300

256 ﬁ — 1 S min
200

ﬁ' e 3 i LR
— 5 im0

150
100 /
50
= - ! - -
0.00.E400 2.00.E-01 4.00.E-01 5.00.E-01 8.00.E-01

(c) 1600
Fig. 4-1 Result of tensile test
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(b) 1200 rpm

—

-
t

- ‘

(¢) 1600 rpm

Fig. 4-2 FSW specimen according to tensile load test
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(¢) 5 mm/min

Fig. 4-3 Temperature measurement of rotation speed 800 rpm
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26

24 o

Temperature(C)

2% : Time (Sec.)
0 &0 100 150 200 2850
(a) 1 mm/min

26

25 -
o
o
5
m
-
o
£
@
2

5] : i : ‘ Time (Sec)

0 20 40 60 80 100
(b) 3 mm/min

26
3
o
5
®
o
(o8
=
@
=

Time (Sec.)

70

(¢) 5 mm/min

Fig. 4-4 Fracture field temperature graph of rotation speed 800 rpm
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oy

(¢) 5 mm/min

Fig. 4-5 Temperature measurement of rotation speed 1200 rpm
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26

b 0 TR B R s

Temperature(C)

5 i i Time(Sec.)
0 50 100 150 200 250 300
(a) 1 mm/min
v
T
3
g
@
a
£
@
=
2 i ; i ; : : Torettiee)
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(b) 3 mm/min
26
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T
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@
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£
(7}
2
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Fig. 4-6 Fracture field temperature graph of rotation speed 1200 rpm
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s
(¢) 5 mm/min

Fig. 4-7 Temperature measurement of rotation speed 1600 rpm
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26

254

Temperature(C)

2 Time(Sec.)
0 50 100 150 200 250 300
(a) 1 mm/min
26
%)
T
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E
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22 i i i : Time(Sec)
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255 4 —
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© 2404
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Fig. 4-8 Fracture field temperature graph of rotation speed 1600 rpm
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26

s | MmM/min
3 Mim/min
— 5 mirn/min

Temperature(C)

i Time(Sec)
21 + T T T T
0 50 100 1560 200 250
(a) 800 rpm
26
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s 3 mmi/min
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o
5
©
@
o
=
[
Fio
21 i ; ; : ; et
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=
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=
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o
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=
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(¢) 1600 rpm

Fig. 4-9 Temperature graph of FSW specimen according to rotation speed
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26

e 500 rpm
e 1200 rpm
25 4. | w1500 rpm
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20 : : : i ; Time(Sec.)
1] 50 100 150 200 250 300
(a) 1 mm/min
26
el 500 rpm |
e 1200 rpm !
25 == 600 rpm |1 e
O’J 24
oy
S
@ 23
@
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= 22
20 ; ; i i : : Tihegeec)
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26
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:(3 24 e
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=
T 23
@
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£
@
= 22 4
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55 ; : ; : Time(5ec.)
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Fig. 4-10 Temperature graph of FSW specimen according to tensile speed
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Fig. 49 &
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Table 4-2 Temperature result of FSW rotation speed by tensile load

© pm 800 1200 1600
1 mm/min 22.79 23.58 24.1
3 mm/min 24.09 24.6 25.1
5 mm/min 24.76 25.1 25.6
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Fig. 4-11 Measurement of temperature and volume

by CCD Camera and Infrared Thermography
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Fig. 4-12 CCD Image of specimen of 3 mm/min by 800 rpm of FSW
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Fig. 4-13 CCD Image of specimen of 5 mm/min by 1200 rpm of FSW
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Table 4-3 Data comparison of volume and temperature by 800 rpm FSW speed

Volume (mm®)

Temperature (C)

32000 230
a0 | 20|
28000 4 226
26000 - 224
o I
& >
£ 24000 - o 222
1 E 2
@ 22000 - T 220
£ b5
2 £ 218
(mm/ o 20000 £
. —
min) 18000 216
16000 214
14000 A 212 o
12000 T T T T 210 T T T T
0 50 100 150 200 0 50 100 150 200
Time (Sec.) Time (sec.)
34000
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30000 -
235
28000 4 =
nE &
3 E 26000 4 Ry
£ ®
E 24000 { 3 254
(mm/ | S 5
. 22000 &
min) 220
20000 4
18000 o 2]
16000 : - - - - 210 . ! T T
0 20 40 50 80 100 0 20 40 60 80 100
Time (Sec.) Time (sec.)
40000 25
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21
. 30000 &
2 =
@
5 £ g
@ 25000 - = 234
5 3
(mm/ | 3 5
. 20000 =
min)
2
15000 4
10000 ! ! T T T T 21 ; : - - - -
0 10 20 30 40 50 60 0 10 20 30 10 50 60
Time (Sec.) Time (sec)
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Table

4-4 Data comparison of volume and temperature by 1200 rpm FSW speed

3 o
Volume (mm®) Temperature (C)
35000 2.0
30000 - 25 |
25000
= 230
“ 5
1 £ 20000 &
o T 225 4
£ 5]
S 15000 a
(mm/ | 2 =
. = 220
mlIl) 10000 -|
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0 - : - - 210 . . - - .
0 50 100 150 200 250 0 50 100 150 200 250
Time (Sec.) Time (Sec.)
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o £ s
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£ o
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= g 235
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. 20000 4 s
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10000 . . . . 220 - - - -
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Table 4-5 Data comparison of volume and temperature by 1600 rpm FSW speed

3 o,
Volume (mm®) Temperature (C)
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28000 | — a6
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1 E, 2 2344
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£ T 232
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F & s
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=y B 2404
% 20000 g
(mm/ | g E 254
. [
min 4
) 15000 Pl
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5000 T - T T 2240 T T T T
0 20 40 60 80 8 20 49 &0 80
Time (Sec.) Time (Sec.)
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Fig. 4-14 Combine with temperature and volume graph of FSW 800 rpm
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Fig. 4-15 Combine with temperature and volume graph of FSW 1200 rpm
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Fig. 4-16 Combine with temperature and volume graph of FSW 1600 rpm
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Table 4-6 Volume of FSW according to rotation speed and tensile test speed

; L 800 1200 1600
mm
| mm/min 29240 30555 32840
3 mm/min 32130 34256 35079
5 mm/min 36824 27608 38290
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