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Thesis Titte Comparison of mechanical and macrostructural behavior of TIG

and friction stir welded dissimilar aluminum alloys SSM 356 and

SSM 6061
Author Miss Amina Mekharat
Major Program Industrial and Systems Engineering
Academic Year 2016

ABSTRACT

The objective of this research was to investigate the mechanical properties and
macrostructural analysis of dissimilar aluminum alloys, SSM 356 and SSM 6061 (as-cast and T6)
by using different processes: TIG (with filler), TIG (without filler) and Friction stir welding.
Aluminum alloys of 4 mm. thickness was used as the base material as for preparing a butt joint
welded. The preliminary results of aluminum alloys as cast condition showed that TIG (with filler),
TIG (without filler) and Friction stir welding were making a good welded joint of dissimilar
aluminum alloys. The result of aluminum alloys by heat treatment (T6) condition showed that
different welding process could make dissimilar aluminum alloy joints. The ultimate tensile
strength of dissimilar joint by FSW were 168.3 MPa superior to TIG (with filler) and TIG (without
filler) welding. The hardness in the weld zone was higher than other areas and would be reduced
until it reached the heat affected zone area. After that it would increase up to the base metal area.

The average hardness of FSW at the weld zone was at the maximum of 74.1 HV.
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Welding conditions No filler Filler

Current 140 A 140 A
Arc voltage 15.6 V 15.6 V
Shield gas Argon Argon

TIG Welding speed 350 mm/min 250 mm/min
Gas flow rate 15 Vmin 15 Vmin
Filler rod type - AA 4043
Filler rod diameter - 2.4 mm.
Rotation speed 1,400 rpm
Welding speed 112 mm/min

FSW Shoulder diameter 020 mm.
Pin diameter @ 5 mm.
Tool tilt angle 3 degrees
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gl 595°C nSeguugignaan vz 1¥voudsdosriia Ao ozgliflou(Al) WaNny
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2.2.1 9 @AIHENKADHNAN A356 (Aluminium Casting Alloys A356)
Aa A [ I A A 1 Aaa a =
pzglitlounaonay A356 1iuezglilouvaenansanoy Tag@nunaniia
o < Y A A wa Y [ a A 1
Suuanides (Uszunm 0.35%) INOINNENUAAIUAMNUTIII 02 QiIloNHADHEUHNIIAY

9 aa Aaa wa A
356.0 U3£NOUAIY FANDU 7% UNNULHEY 0.35% lasgFanoulaulia lumsmuAuaIuIs
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' Y Aa A a dy Aa oA 9 9 =
Gluﬂ’lﬁ’ﬁa@ L!a$L!,llﬂuLC]ffJiJi]g‘Vnsh/f'E]gallLuﬂuﬂfuﬂuﬁ’lu?iﬂﬂgﬂﬁﬂ?ﬁﬂ'ﬂllf!'@uhlﬂ C]NI@]EJ

INTFIUVOIRLQUIINNADNAN A356 DA IUNAUMUANAUAAITUA13199 2.1 nazlian
ANVAUFINAAINITIN 2.2

a A

M50 2.1 AIUNANNIVANVDIDLQUILBNHETY SSM 356

Element Si Fe Cu Mn Mg Zn Ti Cr Ni Al

SSM 356 | 7.74 | 0.57 | 0.05 | 0.06 | 032 | 0.01 | 0.05 | 0.02 | 0.01 | Bal.

nn Tehyo et al. (2011)

A 1 wa A a = <
ANTNN 2.2 ﬂTL’flI“UG]LG]Nﬂﬁﬂlﬂﬂﬂggﬂlﬁﬂhﬂﬁ@ﬁdlﬁld SSM 356

Hardness Yield Strength Tensile Strength Elongation
(HV) (MPa) (MPa) (%)
68.5 96.15 168.50 1.92

' 9 H
iHosnnautiavesezglitiou-Faneu-uuntiiFouraonauiu Iuauiian

[ 1 A < o A
mmmmumﬂ%’dmmﬂma YU ?ﬂiJﬁﬂLWiJﬂ’ﬂiJLl"lNLliﬂﬂElﬂﬁ"VﬂLf]ﬂﬂ\‘i W?iﬁ)ﬂ’ﬂllﬁﬁﬂiﬂ
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2.2.2 azgINTIAdNAN A6061 (Aluminium Casting Alloys A6061)
9z lIloNAONEY A6061 ABNITNANLUNTITIN (0.6 - 1.2%) HazFanou
a A I Y a A Y J Aa A A A
(0.4 - 1.3%) Tuezgiition 1Jumstaezgimionlvod lunqu 6XXX exglitlsunauuun ey
aa A 2 ' 0o q ¥ o 4 A A < <
tagganaunrmIuMIvuuINeY M INa1II0NNITEITUNDINIANUITIALAINUTILTI
Aa o A A A A aa I o o o

aungienhmsevraioannuuntideutazsanowiusiglusiuiusignll ludegiiv

ti' % % a . & a .
Nawsaswanulugluuvvesmsisgneuralans Mg,Si Bassenoulans Mg,Si

e

I 2 a 4 a X a A A A aa
U Lﬂuﬁﬂ'lWﬂﬁlﬁﬂfJi (Metastable) mﬂﬂmucluazgmuﬂwﬁuuuﬂm%mmzmaﬂau UN
= A = A o ° ¥ A 3 A
WjJ'lfJLa"lJ@'liliJﬂ'lil‘WiJTﬂﬁlﬂJleIL‘W’OG]f’JfJ“I/HGl,WL‘WiJﬂ'ﬂlILHJ\‘IL!iﬂlla$ﬂ3‘]Jﬁ]llﬂlu1@ﬂl’0<llﬂ5u'ﬂi@
=\ A 9 A A I A Y] [ o Y
@ﬁ]iwhﬂ'liL‘W1]1/]@\‘ILL@]\“ILGU'IUl‘]JGlu‘]J'NWN'IEJLa"U IWDIWUAITULUUILIUTUDUNU umz%ﬂwmm

9 % ] a ! o v
AMUMUNITNANITDUAAR W’lﬂ‘WFﬂ’lim'ﬁ]']ﬂllwuﬂ’lwauﬂaﬁ\iﬁuﬂaﬁaq Al- Mg,Si ﬂ\igﬂﬁ 2.1

a

wnuNezgiitiensonldaisdsznousaTans Mg,Si azategegai 1.85% Ngmmngil 595°C

@

'
a A .

nazIHUfRogmaAnNaIukEN Mg,Si 13% uatijogurniand1aiu1nin 595°C 1z1/51ng

U

M5aza18v04 Mg,Si Tuazgilitiondasauman 0.2% Ngauvigil 200°C Faluidgezgiitioy

Y
=2 @

1 aS A 1 =~ U (% ] Y a 1 < 9
Waonan A6061 NS madiungumunaiiuanannu liuegiudnaa ualasnaliudy
MUNIATFIUVDAUNITA 6061 VNI WALIDIATIUHANMIAALAITAITUAI1TIIN 2.3 naziia

avtnrananduaadluas1an 2.4

M1319% 2.3 AIURNANNIAANVDIBLYUTIBNHETN SSM 6061

Element Si Fe Cu Mn Mg Zn Ti Cr Ni Al

SSM 6061 | 0.60 | 0.70 | 0.28 | 0.15 | 1.00 | 0.25 | 0.15 | 0.20 - Bal.

11 : Tehyo et al. (2011)

{ 1 wa A a = <3
GﬂiN“ﬁ 2.4 ﬂ1ﬁll°ﬂm°b'\1ﬂﬁ%ﬂdﬂ%gmﬁﬂuﬂﬁ@ﬁdlmq SSM 6061

Hardness Yield Strength Tensile Strength Elongation

(HV) (MPa) (MPa) (%)

56.0 83.72 138.90 2.67
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2.3 Msviaelanzuuunave e (Semi-Solid Metal Casting)

' & 2 & 2 ! 4 a

msvas lanzuuunavewd s Wumsvugllanzlasmsnae luvazsnlansing

3 o J [ { 1 { 2 o [~ 4
udadadunaaiu Tasn lanzdrunudadindri Inseadrunsu ludluuumaulasd (Non-

.. . A A ! Y . =) . (4
dendritic grain) ®3938NIUNTULUUNDUNAN (Spheroidal 139 Globular grain) aauaaslu bl 1/
| v H ' H { o ; 3 . .

2.2 (n) insudeunaninuivaseeglutinTanz v ld Tanz Navends (Semi-Solid Metal

1 %’ [ 4 I o
%30 SSM) Ianuniiauinniniilanzvaremi uaznsnlassadrensuiludounansi 19i

Ay ' 2 I = A~ 9 s ™
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Tu 51022 @) wagsh i Tane lva ldadousanszviindesna
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=1

141 : Wannasin et al. (2006)
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2.4 malulagn1svaslanznisnIsalemananunIzUIUNS GISS (Gas Induced

Semi-Solid)

I ax ] a : < v aw a
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%’ A 2 o = o ~ o Y 9 A
W lang luvagn Tansuian $anszuiums GISS awaadlugdn 2.4 ilvlassasiansun
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Inject inert gas
Graphite ’ 9

diffuser
] |

Molten metal Slurry

|
Ladle “
Inert Gas
Bubbles

JU7 2.4 ANMIINNUVDINTLUIUMNT GISS

M - 9B 2TIUAUT (2556)
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Heal-affecled

]
|
Ij e : Max. temperature
| | during welding at
: | ! cach location
2 onl ' | | 260°C
2 90" 520G 4 ' 200°C
- |
s |
=85 —r
g
—
S0l
3/0°C
1 1 1 I 1
0 5 10 15 20

Distance from fusion lne (mm)

{ J < § ] 4 a
311 2.5 MANULTINNITTBRGUUIUNFEND QIITIENNAN 6061-T4 (Yamamoto 2008)

U

~ A o J
N1 szne 0adunsa3 (2555)
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%UBIFIUNANNIAUAL IaIAeN

NAABUMIAL

INIAAIA
4 nsmezgiidlon | AnuudansIAe
1y Si Cu | Mn | Mg Cr \4 Zr Ti g
naaou (N/mm’)
1070 55 min
1100-O or
1100 0.13
1200-O 75 min
1200
2219-T62 or
2319 6.3 0.30 0.10 | 0.18 0.15 245 min
2014-T6
4043 53
6061-T6 165 min
4047 12.0
5554 0.75 2.7 | 0.13 0.13 5454-0O 215 min
5654 35 0.25 0.10 5254-0O 205 min
5356 0.13 | 5.0 | 0.13 0.13 265 min
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Thickness (mm)

Edge preparation

Remarks

20 swg = 0.9 mm
uag

16 swg = 1.6 mm

—

Flanging should be
used only where

square edge close butt

(a) 2 or 3 runs

welds are
impracticable
3.8 mm Where a backing bar
cannot be used,
welding from both
sides is recommended
4.8 mm 70° to 90°
\/_‘y
i
|
T 1.6mm
6.4 mm ﬁ_g\‘i If no backing bar is
X d N
used, it is good
AN | ) )
PR— T1 p— practice to chip back
to sound metal and
add sealing run
9.5 mm 70" 10 90° 707 fo 907 (a) If no backing bar
Y ~T
\/—‘ } is used, chip back to
| | I
Tosmm > amm sound metal and add

(b) 2 or more runs

sealing run
(b) Chip back first
run to sound metal
before welding

underside

117 : Mathers (2002)
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M3NN 3.1 AIUNANNIUATVDITANAADI (Wi%)

Element Si Fe Cu Mn Mg Zn Ti Cr Ni Al

SSM 356 | 7.74 | 0.57 | 0.05 | 0.06 | 032 | 0.01 | 0.05 | 0.02 | 0.01 | Bal

SSM 6061| 0.60 | 0.70 | 0.28 | 0.15 1.00 | 0.25 | 0.15 | 0.20 - Bal.

nun Tehyo et al. (2011)

3.1.2 a3A150¥ (Electrode)
A 9 ] o a a I o dy a
A2AUFOUINTA 4043 VAT URIUFUINAN 2.4 aawas HuTagqilodnlu
A a a ~ aa I k4 [ = A 1
nszUIUMIFeNRNUDLANAIN Taslisgdanewiluesdlsznourndanuazlisindu o nauoy

aauaaalumsiean 3.2

A1519% 3.2 AIUNTUMAUANVD 1aNSIAY (Wt%)

Filler metal Si Mg Cu Fe Mn Zn Ti Cr Al

AA4043 5.0 0.05 | 030 | 0.80 | 0.05 | 0.10 0.2 - Bal.

i Tehyo et al. (2011)

y d o Aav
3.2 in5esienazginsainlFlunuive
d A a Y s o A A A
3.2.1 qﬂmm‘lumswaum sznounaleginsaindinty Ao 1NT03F0N (Power source)
Yy . 99 . . o A 4
JTUVUICUIEANNIBU (Cooling system) uﬂaﬂﬂﬂ’qu (Shielding gas) mwamquﬂﬂim

1529V (Welding Torch & Equipment) ﬁ’maﬂﬂugﬂﬁ 3.2
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51 3.8 Anvmzvesiingives (Fixture)
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3.2.10 1A30INATDUANNUTITING (Tensile testing) 810 HOUNSFIELD auanadly
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N1TONUUUNITNANDI

(Experimental design)

pvgiidlounauvannaudia SSM 356 pyvgiiflounauvannaudia SSM 6061
(SSM 356 LLag SSM 356 — T6) (SSM 6061 ttay SSM 6061 — T6)

v v

. ) v )
A = 4 a a 4 a =Y
MIFDUAIAN ULV IY MIFPUNAUDVIANAIA maounnuu luhuaie
(Friction stir welding) (TIG with filler welding) (TIG without filler welding)
J J
~N \ 4 N
Y < I =
As9aeu IATIAsNUNMA NATOUAINUU NAFOUANNUVILTIA
(Macro structure testing) (Hardness testing) (Tensile testing)
J J
I |
v
ANTILHHAMINAADY
(Analysis)
A\ 4
ajUwamInaaes
(Conclusion)
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< A 1 a A TR <
NNITNATDUAINNUUIVDILUNFON TSV INOSGUIUIUHNTUVIADNILUY SSM 356

ez SSM 6061 114 18H1IUATZUIUMTNIANVT DU T6 HAZNHIUNTLUIUNITNINANNS 01U

4 1

' A f < 4 =
T6 ﬁ?ﬂlﬂ%ﬂﬂﬂﬂﬁ@ﬂlm‘ﬂqmiﬂﬁﬁﬂlﬂ@i W‘]J’J']Fﬂﬂ’J']iJL!.ﬂl\i‘llf)\i‘l/!ﬂﬂi%ﬂﬁuﬂ'lilglﬂf@ﬂUil’)ﬂ!ﬂﬁ\i

A~ = A A Yo ) A 2 o
ﬂa’]\illujl%auuﬂ']ngq@ilagﬂﬁlﬂﬂlﬂllﬂﬁ‘llwaﬂﬁzﬂlm’]ﬂﬂ'ﬂilﬁﬂu (HAZ) 4A1AULUIAT

d' d‘ d‘ a A d‘ a dy d‘ a = ] d' a
nga L‘L!'B\T“”lnﬂﬂ"lil;"]f@ll’i]ggllluﬂllNﬁlﬁ/]'ﬂ5L3mlu@tﬂf@ﬂlﬂﬂﬂ1§@ﬂNﬁﬂiWﬂJ!Lﬁg‘IUﬂTil"]ﬁ@N‘V]ﬂ
A a Ay Yo 9y J o Y a @ 1 <
ﬂgﬂﬂﬁlﬂmﬂl‘lﬂﬁ‘ﬂNaﬂﬁz‘ﬂﬂﬂ’lﬂﬂﬂ’lﬂﬁ@u (HAZ) ﬂ1ﬂlﬂﬁ'§i’]'l§ﬂVl'liWUiL'Jmﬂ\iﬂa'l')ﬂa'lﬂlﬂu

U ' a a 1 J = 4 1 < '
EARNAGTRRA!! ﬁﬂwaiﬁjﬂggﬂlﬁﬂj\lWﬁ'llLﬂ@ﬂ'ﬁ@@ug’nlla$°U5L'Jil!LLH')L%@?Jﬁﬂ'Iﬂ'J']lILLGU\HJ'Iﬂﬂ'J'I
A [ J
(szma 1aaduNs$y3 2555)
' <3 4 a = < A o 1 @
ﬂ']ﬂ')'llll!éll\u!u'll‘%@M@ggﬂlﬁﬂﬂNﬁiﬁ"ia@ﬁ\iLHNﬂWQ%UﬂﬂUﬁgTT'J'N SSM 356 N1 SSM
~ m Y 9 [ ~ 1 < A =
6061 1/]UlllUlﬂW'luﬂig‘]J'Juﬂ'liﬂ'l\‘lﬂ'ﬂiJﬁﬂu T6 mu’dﬂﬂugﬂ% 4.7 (1) MANUUVUR[YUTLINU
dy a a A = I a dy
LuﬂiaﬂgmlﬁlﬂﬂﬂgQMLHFJ?JWﬁ?JW@@ﬂ\?LHJQ SSM 356 Usgun 68.5 HV !,l,m‘lJﬁnmLuaTawz
a a A X < a A
L@Mﬂl@ﬁ@ggﬂ\lluﬂﬂWﬁllﬁﬁ@ﬂilll"l]\? SSM 6061 SIEERTRLY 56 HV uanmmﬁﬂawuuamamiu

4 a (=Y < 1 a 1
ﬂi%‘U'J‘LlﬂTil%’[’)ll‘ﬂﬂL!‘iJUulilmila')ﬂﬁﬂWﬂ'ﬂll!Lﬂlﬁlﬂaﬂqqq@ﬂﬁ$u1m 83.4 HV uazusnua

Yo 9 Aa o dy a Aaa = <
"lﬂ'iUWﬁﬂﬁgVI‘Ufﬂ']ﬂﬂ'Nllﬁﬂu (HAZ) ‘vmﬂﬂ‘ULuaTaﬁzmmlmﬂzamuﬂuwﬁuﬁaaﬂdmm SSM

U

[ v
= o

4 a A [ <3 4
606111!ﬂi%’]J’J‘L!ﬂ”lﬁl%@ll‘ﬂﬂLL‘U‘UW]lIﬁ’Jﬂﬁﬂ?ﬂ??ﬂlﬁl%ﬂﬁﬂ@ﬂgﬂﬂigm1i1! 51.1 HVL‘ﬁ’E)
= J < A = A 1 2 ~ Yo
L“]EJ'EJUL‘VIEJ’]Jﬂ'Iﬂ’NiJL!"lNLﬂﬁ‘(’J’UiL'JﬂW]iQﬂﬁ'l\?LllJ’JLG]f@iJiZ‘H'J'I\‘i"HuQ'Iu‘ﬂhliJllﬂNTLlﬂiziJ’Juﬂ'li
' 9 1
maanudeu T6 awaaslugiin 4.7 (n) AFUNUNFAIUATZUIUMITNNANVSOU T6 AUAA

{ 1 3 { a 4 a2 { ! H
Tugi 47 (v) sranuudundeusnuasinartsuunyevvesozgiiioni luldnu

J 2 A a i
ﬂizuaumimamm%}au T6 fl$§lﬂ']ﬂ’J'UJLHNﬁﬁQﬂ'J']@gaNLﬁﬂﬂJ‘ﬁW']uﬂﬁgﬂ’luﬂ1§1/11\3ﬂ’31ﬂ

U LT}

$ou T6 1HpanMIFouLUUMaDNaza N Uozaltlounauyi ldnaanyue M UNA e

U

g U U < a 4 S 1 % ' < =
(Artificial Age) 9059 aemaliA1nNUuIIVTNULUAFOUTIA1aAAY FIA1ANNLTIRAY

v 9 I v v
Uinuasnaruuaren luFunwseuimunszuIumIneanuiou Te awaaslugla 4.7

A <3

' ] o Il

v) ﬂizmumm%m?{mmmmumuﬁmmwwyuu,%m 1,400 'iﬁ)‘]J/lﬂﬁ UATAITULLU
a A Yo Y Aa @ g a

qqqﬂﬂixmm 74.9 HV LLﬁS‘]JiL’Jm‘ﬂ"lﬂi‘]JNﬁﬂi%‘lﬂ‘ﬂmﬂﬂfﬂlﬁ’ﬂu (HAZ) naanuiile lavisiau
a A 1R < A 2 ~ 3

VDIDZQUIUYUATANHADNILUI SSM 356 T6 TunszUIUMTFOMFTIAMULUUNIUNAIINIED

A A A <3 A o
HHULTBDY 1,750 59U/4N ummmummaﬂmqﬂﬂizmm 44.6 HV



73

Vickers Hardness, HV

95.0
90.0 ~l-FSW

—a—TIGI

85.0

—a—TIG2
80.0
75.0
70.0

65.0

60.0

Hardness (HV )

55.0

50.0

45.0

40.0

Distance from the weld center (mm)

(M

NI : TIG1 Ao MIABUNAUULIANAIA , TIG2 A MIeunauuy lunuaa uay

. ) .
FSW flo MIFoudoanuuuunIuanuEmyuson 1,400 50U/

Vickers Hardness, HV

—8—FSW 1,400 rpm
—8—TIGFre
—4—TIG NFre
=—FSW 1,750 rpm

Hardness (HV ;)
&
b

SSM 356 T6 SSM 6061 T6
14 13 1211 109 8 7 € 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9 10 11

Distance from the center (mm)
(V)
A A A a A A a ' a
LA : TIGI a9 MIIEDUNDLUULANAIA , TIG2 Ao ﬂ']'il“]ffJ?JVlﬂ!HJUlliJmiJﬁ'Jﬂ Iag

. . .
FSW 1,400 rpm A0 MIFOUTIANUULULNIUANUG IHUTON 1,400 TOU/UIT

. . .
FSW 1,750 rpm flo M3 30uFeanuiunIua1uGE Wy udon 1,750 sou/u1i

a A

{ J [ 4 1 = [
qﬁlﬂﬁ 4.7 ﬂ'lﬂ')'liJllle!Lu’Jl%@ﬁJigﬂ'N\iflggllluﬂllﬁlﬁllﬂﬁ@ﬁﬂ!ml\? SSM 356 1ag SSM 6061
2 Y Y Y
(m %umum“lu“lﬂmuﬂi:u’Jumimqmmmu T6 1o

y HE
v) %uQWHﬁNWHﬂiZ‘LI’Juﬂﬁ‘VINﬂ’NiJ%}’E]H T6



74

4 a 1 <3 a ¥ 4 4 [ 4
WoN1IUIAANULUIVT Nautioron TasuenmIuATLUIUNTIAON WLIINTIATOL

= 2 A 9 2 A 1 FR
Fean U U I UF U UAFIUNTLUIUNITNINANNT DY T6 tazFuarun lu'lar1u

Y Y < A ~ Y A v W ~
N3EUIUMINNANNTOU Te Timanuuisewuaieni Indifesnuawuaaslugii 4.8 (n)
1 = (% AI =) =) % d' o o d‘ =) 1 a

uRgInumMsFeuAnuuuANaIaawdaslugln 4.8 () dusumareuinuuy luAvain

2 A nm Y 9 = 3 A &' A 1 ay A
Tuguamdn lulamunszuiumsnieanuiou Te imanuudeiiiodongannsuauiciu

Y @ ~
ATITVIUNMINNANUIOU T6 ﬂ\ulﬁﬂ\islugﬂﬂ 4.8 (9)

Vickers Hardness of FSW, HV

—@— As Cast
——T6

@ 700

-13-12-11-10 5 8 7 6 5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

Distance from the weld center (mm)

(M

Vickers Hardness of TIG with filler, HV

85

—— As Cast
80

—a—T6
75
70

65

60

Hardness (HV )

55
50

a5
80 -7.0 60 50 -40 -3.0 -20 -10 00 10 20 30 40 50 60 7.0 80 9.0 100

Distance from the weld center (mm)

(V)



75

Vickers Hardness of TIG without filler, HV
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Probability Plot of RESI1
Normal
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Material 1
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Error 12
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S = 6.98702 R-Sq =

Seq S
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92.45%

S

U1 0 W U1 O
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General Linear Model: Tensile versus Welding, Material

F P
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Individual 95% CIs For Mean Based on
Pooled StDev

Level N Mean StDev ———+4-———---—- fomm fom———_—— o
Not Te 9 127.09 19.46 (------- * o )
T6 9 153.52 14.09 (——————- [T —— )
—— Fom Fom to————
120 135 150 165

Grouping Information Using Turkey Method

Material N Mean Grouping
T6 9 153.52 A
Not T6 9 127.09 B

Difference SE of Adjusted
Material of Means Difference T-Value P-Value
T6 26.43 8.008 3.301 0.0045
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ATTUIUMINANUTOU T6 A1875 Turkey’s HSD test

Individual 95% CIs For Mean Based on
Pooled StDev

Level N Mean Sthev ———4-————————- - e o ———
FSW 3 147.068 3.71 [CE—— * )
TIG1 3 126.79 8.17 (————- *m )
TIG2 3 106.80 13.44 (—-—=——- e —— )
———tmm o ————— o ————— -
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Grouping Information Using Turkey Method

Welding N Mean Grouping
FSW 3 147.677 A

TIGL 3 126.790 A B

TIG2 3 106.803 B

Welding = FSW subtracted from:

Difference SE of Adjusted
Welding of Means Difference T-Value P-Value
TIG1 -20.89 7.617 -2.742 0.0751
TIG2 -40.87 7.617 -5.366 0.0041

Welding = TIGl subtracted from:

Difference SE of Adjusted
Welding of Means Difference T-Value P-Value
TIG2 -19.99 7.617 -2.624 0.0872
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Grouping Information Using Turkey Method

Welding N Mean Grouping
FSW 3 168.317 A

TIGL 3 155.617 B

TIG2 3 136.640 C

Welding = FSW subtracted from:

Difference SE of Adjusted
Welding of Means Difference T-Value P-Value
TIGL -12.70 2.661 -4.77 0.0074
TIG2 -31.68 2.661 -11.91 0.0001

Welding = TIGl subtracted from:

Difference SE of Adjusted
Welding of Means Difference T-Value P-Value
TIG2 -18.98 2.661 -7.132 0.0009
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Dimensions
Standard Specimens Subsize Specimen
Plate-Type, 40 mm Sheet-Type, 12.5 mm 6 mm
[1.500 in.] Wide [0.500 in.] Wide [0.250 in.] Wide
mm [in.] mm [in.] mm [in.]
G—Gage length (Note 1 and Note 2) 200.0 + 0.2 50.0 = 0.1 25.0 = 01
[8.00 = 0.01] [2.000 + 0.005) [1.000 + 0.003]
W—Width (Note 3 and Note 4) 40.0 = 2.0 125 £ 0.2 6.0 £ 0.1
[1.500 = 0.125, -0.250] [0.500 = 0.010] [0.250 + 0.005]
T—Thickness (Note 5) thickness of material
R—Radius of fillet, min (Note 6) 25[1] 12.5 [0.500] 6 [0.250]
L—Overall length, min (Note 2, Note 7, and Note 8) 450 [18] 200 [8] 100 [4]
A—Length of reduced section, min 225 [9] 57 [2.25] 32 [1.25]
B—Length of grip section, min (Note 9) 75 [3] 50 [2] 30 [1.25]
C—Width of grip section, approximate (Note 4 and Note 9) 50 [2] 20 [0.750] 10 [0.375]

Note 1—For the 40 mm [1.500 in.] wide specimen, punch marks for measuring elongation after fracture shall be made on the flat or on the edge of
the specimen and within the reduced section. Either a set of nine or more punch marks 25 mm [1 in.] apart, or one or more pairs of punch marks 200
mm [8 in.] apart may be used.

Note 2—When elongation measurements of 40 mm [1.500 in.] wide specimens are not required, a minimum length of reduced section (A) of 75 mm
[2.25 in.] may be used with all other dimensions similar to those of the plate-type specimen.

Note 3—For the three sizes of specimens, the ends of the reduced section shall not differ in width by more than 0.10, 0.05 or 0.02 mm [0.004, 0.002
or 0.001 in.], respectively. Also, there may be a gradual decrease in width from the ends to the center, but the width at each end shall not be more than
1 % larger than the width at the center.

Note 4—For each of the three sizes of specimens, narrower widths (W and C) may be used when necessary. In such cases the width of the reduced
section should be as large as the width of the material being tested permits; however, unless stated specifically, the requirements for elongation in a product
specification shall not apply when these narrower specimens are used.

Note 5—The dimension Tis the thickness of the test specimen as provided for in the applicable material specifications. Minimum thickness of 40 mm
[1.500 in.] wide specimens shall be 5 mm [0.188 in.]. Maximum thickness of 12.5 and 6 mm [0.500 and 0.250 in.] wide specimens shall be 19 and 6
mm [0.750 and 0.250 in.], respectively.

Note 6—For the 40 mm [1.500 in.] wide specimen, a 13 mm [0.500 in.] minimum radius at the ends of the reduced section is permitted for steel
specimens under 690 MPa [100 000 psi] in tensile strength when a profile cutter is used to machine the reduced section.

Note 7—The dimension shown is suggested as a minimum. In determining the minimum length, the grips must not extend in to the transition section
between Dimensions A and B, see Note 9.

Note 8—To aid in obtaining axial force application during testing of 6-mm [0.250-in.] wide specimens, the overall length should be as large as the
material will permit, up to 200 mm [8.00 in.].

Note 9—It is desirable, if possible, to make the length of the grip section large enough to allow the specimen to extend into the grips a distance equal
to two thirds or more of the length of the grips. If the thickness of 12.5 mm [0.500-in.] wide specimens is over 10 mm [0.375 in.], longer grips and
correspondingly longer grip sections of the specimen may be necessary to prevent failure in the grip section.

Note 10—For the three sizes of specimens, the ends of the specimen shall be symmetrical in width with the center line of the reduced section within
2.5,0.25 and 0.13 mm [0.10, 0.01 and 0.005 in.], respectively. However, for referee testing and when required by product specifications, the ends of the
12.5 mm [0.500 in.] wide specimen shall be symmetrical within 0.2 mm [0.01 in_].

Note 11—For each specimen type, the radii of all fillets shall be equal to each other within a tolerance of 1.25 mm [0.05 in.], and the centers of
curvature of the two fillets at a particular end shall be located across from each other (on a line perpendicular to the centerline) within a tolerance of 0.2
mm [0.01 in.].

Note 12—Specimens with sides parallel throughout their length are permitted, except for referee testing, provided: (a) the above tolerances are used;
(b) an adequate number of marks are provided for determination of elongation; and (c) when yield strength is determined, a suitable extensometer is used.
If the fracture occurs at a distance of less than 2 W from the edge of the gripping device, the tensile properties determined may not be representative of
the material. In acceptance testing, if the properties meet the minimum requirements specified, no further testing is required, but if they are less than the
minimum requirements, discard the test and retest.
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M319 1.1 MAanundsueauunFensynitezgitfiounasray SSM 356 A SSM 6061

n Yo 9
Tuldmunszurumsniaanuion T6

Hardness, HV
Welded
Point
FSW (Part No.) TIG1 (Part No.) TIG2 (Part No.)
(from center)
1 2 3 1 2 3 1 2 3
-11.5 65.9 58.6 67.4
-11.0 67.6 59.7 62.2
-10.5 63.7 75.2 68.2
-10.0 71.8 63.9 63.7
-9.5 63.0 61.9 68.4
-9.0 63.8 68.5 62.9
-8.5 55.2 65.3 67.8 54.8 54.6 72.7
-8.0 67.8 63.6 57.4 57.8 571 69.2
-7.5 66.6 59.1 59.5 67.4 56.4 71.4
-7.0 76.5 66.6 70.3 72.4 67.3 63.8
-6.5 66.7 77.0 61.3 53.4 49.6 87.3 60.5 74.2 68.2
-6 61.0 59.3 70.1 63.0 61.7 80.1 65.0 63.9 67.3
-5.5 57.9 75.5 51.6 61.8 65.7 73.5 75.0 79.4 79.1
-5 65.8 70.6 61.1 70.8 69.8 59.9 62.7 64.9 83.0
-4.5 62.1 58.2 53.8 86.1 79.9 78.5 62.3 80.7 56.6
-4 82.1 60.9 68.6 77.7 66.1 74.3 66.5 60.9 62.9
-3.5 69.4 64.0 55.9 71.9 62.1 78.0 73.7 65.1 70.9
-3 75.5 64.6 62.9 71.1 77.3 72.3 79.1 98.0 71.1
-2.5 74.5 58.6 76.2 73.3 75.2 71.1 64.9 571 82.5
-2 69.2 62.8 61.1 77.4 77.3 67.2 90.8 67.9 84.8
-1.5 68.8 67.5 59.1 67.3 68.8 74.2 94.8 80.2 89.8
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M9 1.1 MANuLdseanuIFeNsy ez giifiounasHal SSM 356 A SSM 6061

TuldiunszuumMInaNnuiou T6 (¢19)

Hardness, HV
Welded
Point
FSW (Part No.) TIG1 (Part No.) TIG2 (Part No.)
(from center)
1 2 3 1 2 3 1 2 3
-1 77.5 63.0 52.0 67.4 78.2 76.6 95.7 88.6 85.2
-0.5 81.9 59.6 55.8 74.5 74.6 80.7 60.2 92.7 80.0
0 72.0 67.3 69.1 72.4 65.9 76.7 933 91.5 87.2
0.5 89.6 61.5 82.8 75.3 77.1 79.2 91.3 84.3 85.5
1 73.9 80.1 65.5 78.7 76.2 77.2 90.6 88.4 68.8
1.5 76.8 75.0 63.1 71.9 71.7 71.5 93.6 46.8 84.4
2 78.4 71.2 62.3 82.0 71.1 76.4 73.4 63.3 85.7
2.5 82.6 77.6 83.1 72.5 72.4 83.0 80.3 59.7 65.8
3 66.4 77.7 82.0 66.3 74.9 79.5 78.4 59.8 60.9
3.5 81.5 76.9 47.4 58.3 70.3 80.8 63.3 66.3 58.2
4 60.4 59.6 75.5 68.2 60.4 61.5 45.7 75.6 67.6
4.5 60.5 58.2 62.0 58.3 54.8 48.9 59.4 70.4 65.9
5 54.3 62.5 84.7 56.9 493 63.5 50.6 63.5 74.8
5.5 68.1 58.6 65.8 73.3 49.2 70.0 51.0 46.1 58.7
6 533 65.0 53.7 66.9 57.2 50.2 49.3 47.8 56.1
6.5 52.8 86.6 53.6 53.1 54.9 51.1 59.9 55.8 53.8
7 81.2 48.9 51.5 60.5 53.8 62.6 49.2 50.3 59.4
7.5 52.1 51.1 79.1 67.3 59.7 63.8 54.6 47.0 56.2
8 53.5 56.8 77.2 61.3 51.7 55.8
8.5 49.1 61.1 72.2 74.2 52.8 63.9
9 54.6 62.4 59.1
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M9 1.1 MANuLdseanuIFeNsy ez giifiounasHal SSM 356 A SSM 6061

TuldiunszuumMInaNnuiou T6 (¢19)

Hardness, HV
Welded
Point
FSW (Part No.) TIG1 (Part No.) TIG2 (Part No.)
(from center)
1 2 3 1 2 3 1 2 3
9.5 55.2 50.0 69.1
10 47.1 52.9 52.0
10.5 57.1 48.6 53.1
11 67.3 44.1 49.0
11.5 47.8 55.6 54.2
12 53.3 52.2 51.7
12.5 48.0 53.5 443

NI : TIG1 Ao MIAFBUNNUVVIANAIA , TIG2 Ao MIounauuy lu@uaia tag FSW

A A a
ADNIILFDULTIANTIULUUNIU
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1919 1.2 MANuudsvesnunFeusr ey giitlouriaonau SSM 356 U SSM 6061 firu

¥
ATEUIUNMTNINANUIDU T6

Hardness, HV
Welded
Point
FSW (Part No.) TIG1 (Part No.) TIG2 (Part No.)
(from center)
1 2 3 1 2 3 1 2 3
-11.5 61.9 53.7 53.2
-11.0 52.1 39.3 54.4
-10.5 53.1 48.9 53.8
-10.0 58.7 63.9 54.4
-9.5 57.2 48.8 53.1
-9.0 58.5 50.7 51.8
-8.5 57.5 54.5 54.7
-8.0 58.5 49.9 64.7
-1.5 62.2 57.1 52.9 52.0 61.1 55.3 53.2 56.5 50.6
-7.0 71.3 53.5 57.6 52.6 58.7 54.9 56.6 57.4 53.2
-6.5 73.7 59.2 63.9 53.0 60.3 54.6 51.3 53.5 53.4
-6 70.9 62.3 61.5 55.7 57.4 56.8 52.6 55.6 57.0
-5.5 74.7 64.8 62.8 69.1 56.8 55.6 55.9 54.7 54.6
-5 77.0 61.7 67.6 65.8 53.5 51.5 53.4 56.2 55.1
-4.5 80.4 77.8 77.0 79.2 53.2 535 62.3 58.4 57.9
-4 81.1 76.3 68.6 88.6 56.6 62.0 79.2 73.8 66.8
-3.5 77.1 82.5 74.1 82.9 57.2 71.4 83.2 78.6 78.9
-3 86.3 87.1 80.0 74.5 64.1 70.4 79.9 73.8 75.7
-2.5 90.1 78.9 82.3 68.4 80.1 68.7 78.5 68.2 67.0
-2 74.0 80.5 73.2 76.0 74.5 73.8 82.1 73.5 73.0
-1.5 68.4 83.8 75.2 68.8 80.7 66.6 82.9 70.3 73.0
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M99 1.2 MANuLdseanuIFeusyieygiitlouriaonau SSM 356 U SSM 6061 firu

ﬂi%‘U’Juﬂ'liVlNﬂ’Nll%}@u T6 (Gif))

Hardness, HV
Welded
Point
FSW (Part No.) TIG1 (Part No.) TIG2 (Part No.)
(from center)
1 2 3 1 2 3 1 2 3
-1 66.7 80.6 68.8 69.1 68.2 68.5 81.2 65.2 84.2
-0.5 73.2 81.7 74.1 67.5 67.8 78.4 79.4 79.1 64.5
0 77.3 68.7 78.1 72.5 65.0 78.9 84.4 78.7 62.9
0.5 72.6 67.5 70.3 70.2 71.4 70.9 78.4 77.2 83.3
1 69.7 75.8 78.3 74.1 67.7 75.1 74.7 78.1 79.0
1.5 68.4 73.2 74.9 70.3 72.0 76.0 80.3 73.2 78.7
2 70.1 75.5 69.6 553 68.0 77.5 77.3 73.2 80.3
2.5 71.8 70.7 72.1 64.8 67.3 78.9 80.5 61.3 79.3
3 74.2 61.7 70.5 77.1 67.6 60.1 84.1 86.0 79.5
3.5 69.5 85.3 76.2 80.7 73.5 62.5 79.0 70.5 82.6
4 66.0 74.3 82.3 69.9 72.9 74.7 68.5 72.5 82.7
4.5 70.3 84.7 70.2 64.3 68.6 75.7 74.7 74.7 64.5
5 81.6 77.7 71.1 70.9 70.5 77.3 75.2 71.4 68.8
5.5 67.8 70.9 70.2 65.2 66.7 72.0 68.6 68.8 72.9
6 68.6 72.0 78.3 63.0 68.8 77.5 64.9 69.1 70.8
6.5 72.2 75.3 77.0 65.9 67.4 71.2 64.0 75.3 73.6
7 74.1 68.4 83.6 62.1 73.9 71.8 62.7 65.6 72.3
7.5 68.1 78.0 76.4 68.5 65.7 65.1 61.4 61.5 68.9
8 71.7 74.9 75.9 65.0 57.4 62.1
8.5 67.9 68.9 72.7 64.4 58.9 63.7
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M99 1.2 MANuLdseanuIFeusyieygiitlouriaonau SSM 356 U SSM 6061 firu

ﬂi%‘U’Juﬂ'liVlNﬂ’Nll%}@u T6 (Gif))

Hardness, HV
Welded
Point
FSW (Part No.) TIG1 (Part No.) TIG2 (Part No.)
(from center)
1 2 3 1 2 3 1 2 3

9 66.4 69.8 62.7 62.5 62.2 65.8

9.5 56.7 62.4 60.6

10 61.9 61.9 59.8
10.5 57.9 65.0 60.7

11 61.1 62.4 61.7
11.5 59.9 63.2 63.7

12 62.6 64.5 63.3
12.5 56.4 80.9 66.3

13 62.9 66.3 66.8

NN : TIG1 Ao MIAFBUANUVVIANAIA , TIG2 Ao MIounnuuy lu@uala uag FSW

A A a
ADNIILFDULTIANTIULUUNIU
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M99 1.1 MANULTTIRseILuIFeNT IRy giitlouraonay SSM 356 1 SSM 6061

~ n Yo 9
A luldrmunszurumsneanuiou T6

YS UTS Elongation
Joint Part No. Sub. No. Fracture Area
(MPa) (MPa) (%)
TIG1 1 1 85.12 102.10 6.25 SSM 6061
TIG1 1 2 93.70 124.00 9.37 SSM 6061
TIG1 1 3 99.65 127.30 9.37 SSM 6061
TIG1 2 1 101.39 117.30 10.63 SSM 6061
TIG1 2 2 86.53 93.32 8.12 SSM 6061
TIG1 2 3 117.51 121.20 10.63 SSM 6061
TIG1 3 1 108.16 146.00 11.25 SSM 6061
TIG1 3 2 136.08 138.10 8.12 SSM 6061
TIG1 3 3 108.71 122.30 9.37 SSM 6061
TIG2 1 1 74.55 128.30 10.63 SSM 6061
TIG2 1 2 86.08 115.90 11.25 SSM 6061
TIG2 1 3 97.62 118.00 6.25 SSM 6061
TIG2 2 1 67.48 87.81 11.88 SSM 6061
TIG2 2 2 73.95 97.56 11.25 SSM 6061
TIG2 2 3 79.50 96.39 9.37 SSM 6061
TIG2 3 1 100.43 121.60 12.50 SSM 6061
TIG2 3 2 85.79 98.87 9.37 SSM 6061
TIG2 3 3 76.91 96.81 11.25 SSM 6061
FSW 1 1 125.28 137.20 8.00 SSM 6061
FSW 1 2 122.02 145.40 10.00 SSM 6061
FSW 1 3 117.59 147.60 12.00 SSM 6061
FSW 2 1 121.66 153.00 10.00 SSM 6061
FSW 2 2 95.04 152.10 6.67 SSM 6061
FSW 2 3 74.33 143.50 8.00 SSM 6061
FSW 3 1 84.31 151.20 5.33 SSM 6061
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A9 .1 MANULTTIRIILUIFeNTY IR giitluuaDHEN SSM 356 1 SSM 6061

AluldiunszurumInannuiou T6 (919)

YS UTS Elongation
Joint Part No. Sub. No. Fracture Area
(MPa) (MPa) (%)
FSW 3 2 113.52 156.90 4.67 SSM 6061
FSW 3 3 106.49 142.20 12.00 SSM 6061

NINBIMA : TIGT Ao MIFOUNNULLANAIN , TIG2 Av M3weunauuy lumuaia tag FSW

A A a
ADNIILBDULFIANTIULUUNIU
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M99 1.2 MANULTTIRILU I FeNTY IR glitluuaDHEN SSM 356 N SSM 6061

NHUATZUIUMITNNANVS U T6

Sub. YS UTS Elongation Fracture
Joint Part No.
No. (MPa) (MPa) (%) Area
TIG1 1 1 125.38 155.40 10.00 SSM 356 T6
TIG1 1 2 149.58 163.70 8.67 SSM 356 T6
TIG1 1 3 139.39 157.00 5.33 WM
TIG1 2 1 76.91 91.37 1.33 WM
TIG1 2 2 87.60 155.50 8.00 SSM 356 T6
TIG1 2 3 104.91 149.80 4.67 SSM 356 T6
TIG1 3 1 81.42 99.72 1.33 WM
TIGI 3 2 110.52 157.30 6.67 SSM 356 T6
TIGI 3 3 128.78 152.00 6.67 SSM 356 T6
TIG2 1 1 135.73 144.50 6.67 SSM 356 T6
TIG2 1 2 111.75 136.20 12.00 SSM 356 T6
TIG2 1 3 116.47 137.40 11.33 SSM 356 T6
TIG2 2 1 36.39 90.41 1.33 WM
TIG2 2 2 99.54 128.60 10.00 SSM 356 T6
TIG2 2 3 105.57 134.90 12.00 SSM 356 T6
TIG2 3 1 36.98 114.20 1.33 WM
TIG2 3 2 119.87 139.90 11.33 SSM 356 T6
TIG2 3 3 109.03 137.70 11.67 SSM 356 T6
FSW 1,400 rpm 1 1 104.53 126.20 3.33 Sz
FSW 1,400 rpm 1 2 120.71 169.20 8.67 Sz
FSW 1,400 rpm 1 3 119.44 166.20 6.67 Sz
FSW 1,400 rpm 2 1 121.35 137.40 5.33 Sz
FSW 1,400 rpm 2 2 136.84 168.90 10.00 SSM 356 T6
FSW 1,400 rpm 2 3 141.51 166.40 10.00 SSM 356 T6
FSW 1,400 rpm 3 1 116.89 169.50 8.67 Sz
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M99 1.2 MANULTTIRBILUIFeNTY IR giitlouaDHEN SSM 356 N SSM 6061

NHUATEUIUMINNANVS U T6

Sub. YS UTS Elongation Fracture
Joint Part No.

No. (MPa) (MPa) (%) Area
FSW 1,400 rpm 3 2 119.44 169.70 4.67 Sz
FSW 1,400 rpm 3 3 88.66 139.10 6.67 Sz
FSW 1,750 rpm 1 1 78.61 126.10 3.33 Sz
FSW 1,750 rpm 1 2 118.05 144.10 4.00 Sz
FSW 1,750 rpm 1 3 122.44 164.30 5.33 Sz
FSW 1,750 rpm 2 1 100.82 114.30 6.67 SSM 356 T6
FSW 1,750 rpm 2 2 96.35 139.40 4.00 Sz
FSW 1,750 rpm 2 3 104.86 126.10 3.33 Sz
FSW 1,750 rpm 3 1 97.48 111.80 1.33 Sz
FSW 1,750 rpm 3 2 133.58 155.20 6.00 Sz
FSW 1,750 rpm 3 3 114.79 139.20 4.67 Sz

NN : TIGI Ao MIAFBUNNUVUIANAIA , TIG2 Ao Msounauuy luduaia tag FSW

AN UTIANIULLILINIU
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