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PAISAN SAEYANG : INFLUENCE OF COOLING MEDIA IN FRICTION STIR WELDING
ON MECHANICAL PROPERTIES OF AL7075. THESIS ADVISOR : ASST. PROF. DR.
SURADET TANTRAIRATN

Keyword : AL7075, FRICTION STIR WELDING, CUTTING FLUID, CRYOGENIC.

Regarding various part manufacturing in industrial scale, one of the most
popular processes was welding, especially in automotive and aircraft industries. It was
well known that these industries have an increasing rate of atuminum consumption
every year. There was due to aluminum has many outstanding properties such as light
weight, high strength to weight ratio and very good elongation. One of the most
popular aluminum alloys was AL7075, which was suitable for highly stressed structural
applications in aircraft structural parts. However, fusion welding techniques were
usually yielded poorer strength for such grade of aluminum compared to based
material. Friction stir welding is a solid-state welding technique that joins two
workpieces without melting the workpiece material. Heat was generated by friction
between the shoulder of the stirring tool and the workpiece. The probe was to stir and
mix two metals parts together. However, the Thermo Mechanical Affect Zone (TMAZ)
and Heat Affect Zone (HAZ) were reported as the weakest area of welded parts.
Therefore, this study was aimed to improve the joints by cooling processes during
welding using Cutting fluid and cryogenic cooling with different parameters such as
welding speed and shoulder size. At the significance level of 0.05, it was found that
cooling and the size of the shoulder were a significant parameters on the tensile

strength. Cutting fluid cooling was found to yield remarkable increase of tensile

strength.
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FLUINLAS5 DINIUNUT UINUKALAINNS DUNLNATUAIY NI5LD B9LAS 998 BNIUUNA LD 81

Uszanal 1-5 aseniielvinurasvadniadiloaginitnuntiiedieluisesrainseuiuns
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(%
[

nedauungen Tumenduiu anudnvesnisauuiniiulienvdamalimyndsadiu iy

JRWRINTRAUVUIVBITRERNANI MBI s UAUTang U

2.3 avplilounsy

' 1%

a a a £ Aa o 9 ' =
svgiliflonuiansilulanenfuivdniun (anunuiwiy ~2.7 ¢/cm) Syavasumad

<

660 °C uazaainan 1,800 °C lAseas1ananves oxgiiifleuiduluulen@d (Face-Centered
Cubic, FCO) Fudulasaasandni vinlilangezgiidoniiannunieaigumgdaiuin
Liwsizunnindte daudeiliesgiidenaziiuliitviedswevianudulussuuyiu

91NAENARINYIe exgiiien nievodwas Fedszuundnilunuy WNET Wuheadu

svaliflononauuslsuanlavatednuue 1wy ezglifonuIavsnay exgiiiflneuyuaiy

Y

Fould wazeuguanudeulild wivezqiifivy nas-3a udu lunisuuavszianves

prgdideumunannisuusuenyeauay argdideuuraanigaiusni (Aluminum

= a A

Association, AA) Fauusezgiifeweendu 2 naulng Ae svgiiidenldusa@ugy (wrought

= =

aluminum) lagusaznquisedsuazdenaw131ei 2.5 kazerqililounastugy (cast

aluminum)

)=

M5NT 2.5 ansensuusUszinnvesergiiileulduselugy (8 naulvg))4o]

azgﬁtﬁauﬁugﬂlﬁuwau (Wrought Aluminium Alloys)
Foyanwal s ludiunauvdnluezglidon
1xxx ovafidoniifimnuuianslaidesndn 99.00 %
2XXX 723ke (Copper ; Cu)
3XxX uu9n1ia (Manganese ; Mn)
Gxxx fanau (Silicon ; Si)
5xxx uunige (Magnesium ; Mg)
6XXX wunil@es (Magnesium ; Me) wag@dnou (Silicon ; Si)
XXX dangd (Zinc ; Zn)
8xxX ou 9 1y difa (Nickel ; Ni) Tnndles (Titanium ; Ti) Tasiday
(Chromium ; Cr) & (Bismuth ; Bi) LazmYi (Lead ; Pb)
9Ixxx galaiily




16

231 2¥ailfleuuIans (1w
AT sIADUT 1A Anamdletgs n1sdiliings nuseanizuInde

Afinnseunnuszan anuansatun1stusvaenuauisaveddanslunisiieusy

waradnleglidene anuansavedansuiunsusunmusenisiagliunniia

a

2.3.2  9LallUdUNENNDILAY Al-Cu (2xxx )

Y

neawndlinuulusireutgungliansarateiudlulasaNua1unsn

Tunsvilimnazneundedy arudunusenisianseuluduusseinmeldfvinergiifiey

a

U3and lanenau 2o 8131300n13uaN31991nnsinnseuaInAuAien (SCC) NSYULls

9

WUUANAZNDUIBLNAUAIUNIURD SCC LAanAURTEEILarANLUTYY

a a

233  ezaliounguiisnita Al-Mn (3xxx)

Y

wuan1dalianuudwsuiud uisudntdoswiinanuaienazud i
widAansnsalunstugUiaraumileadeudiege numuienisianseuldgannluiey
NNANNKINae lavenauevailileuuusnlaiuenilagaia 1.2 % dauaunsalunisen
anlas vieudeuldd deudrunvingunsalyaianuiu Judiueiueus wn3edldlnd

+ a4 A
NTrUadAI89nNnIge

2.3.4 evgillleunaudaneu AL-Si (xxx)

a =

TEUNENIDIWINTITENBUNINEY 12 % LWVl 19n1srasuLRaIanad

a A

ag139u1n gl liiAnausie aewanatl lavenavezaiillo-ganeu Jagnianld
TuandeunazifulavenauUszaudmsunislionsrgliden Jadoenisvrmasumadiin

nilavegu lansnandiulnglunsailliauisosiunssudsnennuiouls wiidieldly

[y

A aulaneuaui U1TAA8AIU5 U TaneNaNNaIdIuaIUUTLNBUVDINISLIDUNIEIY

[y

NAINNFATADUANBIABNITRUYUAIEANTBUlUsEAUNTR Tavenaunidaneuly

USunaunvssiiuanlaaznanadudimniduaudsds wendsurimealuladeanlas wazm e

1%
=3

=1 & Ay ° o v 1% % =3 N o a £ Y
LWVJ‘UQQL‘UCLW]@@Qﬂ"liaqﬁﬁUﬂqjﬁlﬁﬁqqumqua@LLﬂJﬂ 4032 UANFANUTEANTNITVYIYAINIAIU

(%
v U = 1

Sowsuagnusion sanvses Auuuminzategnlsdmiunmnangnauinleseuivaoy

2.3.5 orgiiflsunauuuniidey Al- Mg (5xxx)

= a a (3 v A ] v IS
Nﬁ’JUNﬁNLLQJﬂ‘UL‘(JEJ@JL‘ﬁu%Nﬂ‘Ui%ﬂ@U%a nlunswanmniasuAuuusnila

v eal

v aa 3 = a = a a i
WA N WlﬂﬂaiaﬂgwﬁmﬂNﬂ')']ﬂJLLSU\‘]LLﬁi'HJ']Uﬂa'NﬂQEjJQ WAL NN USZENTAINNINAIN

wuenflaegnaunn Tugiugansviliuds Ussuia 0.8% Mg iy 1.25% Mn wazd1u1n
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a v

Waludinamaindiunnle lavenaulunsalfidnwarnsieunfuasnumusonisiansey

Tuussonmeananeialag

[y

2.3.6 orgilifleunauwunti@euiuaanau Al- MgSi (6xxx)
Usgneusedaneunazuuniifeslaousssnaludndiuisndudmiunsmo
svowuniifenddles Feinliawnsadiunisundaauseuls widragliwdusariidu
Tavignan 2xx way Too UAlaVgHALINGA 6xx ATAMLANIaluN1TuzUfid Anuannsn
Tun1si@en mnwanansalunisudssy wazanudumunisdanseu Tnedamudsusaiy
nans lavgnaulunguiivrindisamnufeutenadesdulugamgll T4 @sasansiiiiunis
Urinsaeanudeuns lalasunisuidaiennusouainnisanaznaw) wasgnyvinlidaiy

WSININTUNAIIINNINTZUIUNNT T6 ngUuuulaenstidnanuseuienisanagnen

a

237 eraldvunaudansd Al- Zn (Txxx)

Y

[ =}

danedilunsduszneundnuesezgiiflomnsn Tox luusunm 1 81 8% waz
WiaUsyneuiuuunil@uuludadiulosndnavdmaliianfiiuniseugumeninusoulinng

waussdrunansisgennn lngunfeeiinisiius1ndu 9 wu nesunsuaslasdeyluliuin

a

< ¥ a = A v o/ va &
bNUDY ﬂ'ﬁLG]llﬁ'ﬁLLﬂ‘L!L@‘EJlILQ@QWQHQ‘UUHﬂiUUEQﬂmﬁll‘UG]“UEN asamumﬂur@mu Ty

Y

1% '
a ] a

Tassasrawisy TassadamsesdunazomAsuaunlvg wastuadiufifeasuuseises udu

= [y 1

Y
fauddnezgiifleninsn 7o Wiauudunssgegaluussnnezgiidendansy unfdeduan
WAIEANNATlUAISITBNTIAT L1UB931NAM1INBNITUANTIIVBILUIT BN Al 7075

FaUsznouMiey Zn 5.6%, 2.5% Mg uaz 1.6% Cu ilulanzuaunldiuialy lnofiqanasy

aganeUszann 660 °C Fegenindangdnilyavasuazarsnvszann 419 °C lnedansdiy

q

a

a1nsaazansluergililonugean 31.6% WaUdnsenginanesn 78% vosdenzd gumy

Y

)

Usvanay 275 °C wastialinuisengmaiai 95% vesdaned gaumgiussunas 382°C fesy

fio2
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Al-Zn  Aluminum-Zinc

°C Atomic Percentage Zinc
700 5 I(') I? 2‘0 3'0 4.0 5.0 6.0 ?.O 8‘0 9’0
660.37° [
1200F F ]
T \_
ooor | \ H"“‘«\ L
500 |- ] P~
h‘“"""'---._._.__ \
BOOF | 419.58°
400 (AN 3820 S
700F | 3530, 82.8 o
 6L3% 99
300F /“/ 275° \V 78 994
S0OF - 36
2002
300F - (Zn)—=
100
Al 10 20 30 40 50 60 70 80 90 Zn
L. AW, Weight Percentage Zinc

a =

JUN 2.2 ununnaunaergiliflounaudangad]

Y

a

2.3.8 azamuﬁlmammﬁlu Al- Miscellaneous (8xxx)

Y

UsgnausigasdaUsznaumaadivainuaiy dieg1ady 115Uy

a

UszdnSnmvesgaumgiiguinldlaenisldlansuay Al-Fe-Ce Miaumnuundawnsesiienis

Y

N8 LU 8019 wselavenay Al-Fe-V-Si i 8009 Fevinlagnsyuiunsuusgulaneng
! ° < = o Aaa a ! '
ANURuALaEANLdaguasnsavilalulavenauniiaisey wu 8090 lavenauguy
o = < vy > a o <
vaageausayundalaainnisanagneu laununlanguas 200 Uag 7o NHAINUTINTY

Urunansdiegalumsldnuaueiniaeiu eana

2.4  MINAFBUAMENUANINNG
Tnevhlulszavsnmaessosdeudivnzaudvionisiilulden ssfiansanain
AosantAnIIng Feusznaume ALl wazAuLdaLsaRa
241 AUl (Hardness)
N13MAAOUAILLTIV9TaR (Hardness test) A n13ina1nAmaImnTaly
mié\’mmuﬁiaﬂmﬂﬁﬂugﬂufuumai 5ﬂf’?ﬁé’ﬁmmﬂmigﬂmﬂﬁamaﬁaq Feanusavedeu

ANuLdvatianlavainane s Wy Msldusng ga wiznseunn 187 AIANULTINeITan

(% '
A a U A

& v < 2" YV wa [ gj ¥ d" a 4:911 %
doladuanugiunaiunsodliviuauantilaesiuvesianuula ddluaideiibenldnis

9

NAFBUANULIUVINNGS MIULIATFIL ASTM E384 — 17 Vickers hardness test Al 35013

nagauA1nNLdvesianlagldusinaiioinsesguuuian MamaaauAULILULINNGS
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= XY a A a 2 oA °0 ¥ =
widenlimnawuunsunysUsiiag udvasnsuinan Jaesmveslatgunay 136° Aegui
2.3 udldndesansiaidunnsosnaiioguay IATUINYLUIAUNUEHTNAATUIINTOUNA
° ' R a ao Y ¢ axd o o A oo
a1usAINAIAINRDlARIENNITA 2.1 3N15TRMIANULT T HmEnsd MU U
< ad A Y 2w a d' = Y < o
yuakdnuazinunlunsinauudaley wavdeuunigafenisinainuudaedasea s
[ a < v < ~ ! 2 o 4 = 1
yanAluTan MUYURILDE LagnTInANLTIRLITeN tneA1ANLTINInlaasiinle

v HV (Hardness Vickers)

.. 136°
__2Fsin—— 18544 F

HV = 2 2 (2.1)

Tnen
HV Ao ANPULTALUUINNDS
= v
A9 L3INA (ASY)

d AB YUIAFUNUESN d; wag d, 1ady (Hadluns)

________ \» -
B8

d;

JUN 2.3 inedaines

NSWSELTUNUNAGOU tWoRNKILE luNIsTaNMINzaNTign AIsvinNIAaRURU

1% '
I

FUNULS YUNTNURIMNIUNITTANILNTLANENTIEUDS 100 UDUBDS 2000 nUU U1 lUan

e

Y

URdNvaan RNy IiTeNtar gL oanMEINIIUTIAIINTRE ARG TN3dINasD
n1sigewmsen sindunkesdluNends suriiveliniuazdewihyuaIniuiing uaz
Y 1 « a o o b4 Ay ! =

Junuldasinfouivaeii Msnanaaey msizanvilvisesnanlmduguiruuaeuluan

[d a a 1 P I 1 v
ANULUUAN V]@’WENNﬁiﬁﬂ?ﬂ’ﬂllLL“UﬂillQﬂmaﬂ
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(n) (%)

SUN 2.4 N¥ULI8NAYRIMINAIALNDS

Y

(n) SnwaueTRYNANgNADd (V) dnynzsesnaningy

242 AIVAFOULTIAY (Tensile testing)

=2 v

N1INAFBULTIAY L‘f] UATLUIUNITNAADUT 1 b UN1TTAAILSIAIUDITdn

9

v

Ingnsiadieg1eianuazdddiilinnisiusignisunnaeiuiednausadaniinduly

ATTUIUNITE NTTUIUNTNAABULIIRINUALTTIAS DannaaULTIR I a1 ud1undna o

'
A =

Aa0819MAdaU (Specimen) Ngndinkazusinduainniowoufiudazisau uaziasog

YY)

Aa s a ) L | = Y d'
W@ﬂ@UW@Jﬂ@UaaﬂEWa']ﬂi’]iﬂﬂiUﬂ’J'uJﬂTJi@ FUUUNIUAIDY1ILATHUNITIALIINBDNNY

[y

195U uenntidaiinsindsgunsaldmivinnistindivessitegiaielviaiuisassyaita
milaluvaenaaey luN1sAAoULIIAY AIBE1aNARBUILYNUUUIININTULATDINAAB ULAENEN

NE0IUIRI0819920NA88NANAULABNITUSUAIEIVBUATDIVAEBU NSAIRIDEN9E VIR

Y

WANISEARILAZVLIYAT DINUULATBINAABUILUUTNALIIN U b UNTLUIUNITA ILATAY1D
9950819 ULAATI IR awa%@;@ﬁlﬁ%um‘%awmaaummmﬁmmLLazLLammaLﬁumﬁw

WSIR9-817 WD LARATYNI B MY AIUITOILAS I ALAAIUNATNG bR NITNAFDULIIA 5]

Y Y

AuddglunsUsziliunuandRresTan 1wy ANRDHST ANNEATEY AIUNUNIUABLSY

= 1 Y Va v

Y uazN1sBUAYEILYRNIan TatielviiITouaziranannsadenldianivangailunisly

&

supuvsnedidmuals

TumawSeugununageunssislunadendoanuuuuniu Sududosfoiam
wmsguiiimuaiielildnannaeuiigndeuaziussuiisuldseninsnsmaaeuiuansnaiu
¢ dvansuasguililuninndoudununadeuussiis 1y ASTM (American Society of
Testing and Materials): ASTM E8 1usnasguildiusanlans deimunuunauazsusnaves
Funaaouillflunsmadeuussis 1y U ILazIuInTRITIaE MARBULUULAY (round bar)

[
= adq [

y3auiNU (flat bar) 70D NsedaULazNISIANaaNsMAATUluNSEUIUNTNAdU[41] T4

[
a

anwasdununagoududaguil 2.5
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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—Gauge length (Note 1 and Note 2) 200.0 + 0.2 50.0 + 0.1 25.0 = 0.1
[8.00 = 0.01] [2.000 + 0.005] [1.000 = 0.003]
W—Width (Note 3 and Note 4) 400+ 2.0 125+ 02 6.0+ 0.1
[1.500 = 0.125, -0.250] [0.500 = 0.010] [0.250 = 0.008]
T—Thickness (Note 5) thickness of material
A—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 parallel section, min 225 [9] 57 [2.25] 32 [1.25]
B—Length of grip section, min (Mote 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]
a s =
UM 2.5 FUNAFOULITIANUINTGIU ASTM E8

Y

2.4.2.1 ANUFUNUSIEIING Stress wag Strain

lneUnfivad islanevsedanlasuunseda (Tensile loading) 983ng

[
Y =

WagusUILUL danafnuaziuuunanan (Elastic and plastic deformation) Iaglunauuwsn

Y

langasiinn1sagusuuuy Elastic nau lneiladuduiiusvesniussinseyinduiueu

(Applied load) Lagn1s8aR (Extension) i udunss (Linear relationship) A1 Load Way

Extension A4Na1HEIN1THNNIATUINRIAIANULAUNIIAINTIH (Engineering stress) Lay

ALULATEANIIAINTTU (Engineering strain) N19alA9 59URIAMULAUATY (True stress) wag

AMUATEADTY (True strain) Asuanslugui 2.6 Falunisnaaeu sglyiiesanuduius

SEMINAMULAULAZAIIULATIANIIAINTTUM YUY LAsTANUAUNUS AIFUNIST 2.2 hay

AUNNSN 2.3
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Stress

Non-Uniform
Uniform Plastic Plastic
Deformation | Deformation

Elastic
'Deformation

“\ I Elastic Strain
I

|_Strain |

| Ultimate tensile strength Necking

| Fracture strength  _—" | =~ Fracture

Yield : |

| strength | |

' | |

Lo I | I

I | 1

Necking  Fracture IYoung’'s Modulus I I

: = slope ! :

‘ = stress/strain : "

1 | |

| | |

| | |

I | |

I | I

Il !

T |

i

!

i

|

JU12.6 1dUlAIAILAL - A21ULATEA (Stress-Strain Curve) $Us1MUBRUNUURILLUS

FEMINNISVNARDULTIAG[42]

P

o =— (2.2)
Ag
Li—Ly AL

& = o M (2.3)

Lo Lg
Tne?

o A9 ANULAUNINAINTTY (TFuman1s19laaunsg)

£ Al AIULASYANIIAINTSY

P A9 LIINIINTEYINAIRINAUNUNAUIANVDITUIY (T511)

[ '
I N )

Ay A9 NUNNUIAALANTBITUIIU (M15198ladLINT)
L, D ANENILANTBITUIY (Original leneth) (Hadiuns)

Ly f® ANNEMgaevesduay (Final length) (fadwms)

v
(Y v S

2.4.2.2 alundavesdaa (Young’s modulus, E) Avdadinvesnnugangu
[ = [ N ' = EY o v ) A
Y8330 nieANanTavesiantunisdsususindelasuusenseyih Tugdaduen

NetaiunInevanavasianfausinsyyiiinnstaveunseausivasdan tneillodan

0 =

fielugaags waneindanuwduswazdanguios luruzidonlugdan uansiniand

9

ANUEAVEUFUALORULIIBITU FeanunsaAwIunaumsi 2.4

E=2 (2.4)

&
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2.4.2.3 9aAs7n (Yield point, 0y))
99A310 (Yield point) v3al3endndoinusansan (Yield strength) A

! v Ao Y & 1 a a N & = a a a Y]
f"’nLLiQ@]']UV]']u‘Vl'Ja@qLLﬁ@QlWL‘W‘UUWLiﬂJNﬂ’]iLUaEJ‘ULL‘U@Q@?QLLiﬂLN@QJﬂﬂ@IWi@L‘UﬁS‘ULWﬂ‘Uﬂ‘U

1 ) a

AATIN 9AATINLANITILTITITanaansovusionsnaviedareldneuiiaginnisuasugusis
ansusensinuia eTangnnaniedaluried dslifagansin azdinsvasuudad
mnuBavguresianlnedliiinnsuasuzusisans uiiefsqgansin JagazEuuanieonns
Wavugus1sansiitieninnisiasiennns (Plastic deformation) waganatfinnsinsdeuazns
sinannuastan 9nAsN (Yield point) ddalunisesnuuuuazldnuian esandfiilideya
Aeafumnuudusuaseudanguresian uonaind nsvaugeesndmaglunaden
Fanfimunzaudwmdunisldaui dfosnsanuudusitazaudanguluseduifeants
Tnganansaduanildssannsi 2.5

_ b

= 2 (2.5)

Oy

A1549 Yielding anunsanululansdifilassad1eudnwuy BCC
mdnuazmannamsielumdnnalasusus (Low carbon steels) dzanunsadanmgn Yield
leeg19tnlauaInnI A UFUN LS Ve Engineering stress-strain ﬁ’qgﬂﬁ 2.7 arlaned
liius1ng) Yield point AdAau 1wy szgiiilon Gaillassairandnifuuuy FCC orafmunlvily
0.2% wos Plastic strain Muind ulusnunmaudusarauaseaduaifmunlunism
Yield point #3e offset yield Inawldainaunisz.6 ldegrsdmauainnsmannudusius
Y84 Engineering stress-strain ﬁ'@gﬂ‘ﬁ 2.7

__ Pooy
00.2%y = Ay (2.6)
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y
L e = == l.
Steel 1
- 500
70 |—0.2% offset yield——F—1—
Upper yield point strength
= 60
Lower yield point A =400 g
g g
= 50 . Y
2 Aluminium ] £
g g / 300 i
g E 40 E
& =l
L%“ 30 = 200 il
0.2% offset
20 construction line
-1 100
10
0.002 T X 100% = 0.2% offset
_ 1 | I
ATHIATEA 0 0002 0004 0006 0008 0.010

Engineering strain (in.fin.}

(n) ()

JUN 2.7 ANUENITUETEMNANLIAULAZAIULAT YA

a a

(n) voumaniusyafiiivy (¥) A1971A1 Yield strength 71 0.29% offset

Y

25 N138NLLUUNTINAAD

NN50OALUUN1INAABY (Design of Experiment; DOE) LJuiSnnsnnsaiiflaeende
WuUIIaeInTREUNIINNALAFIans U TS U sALFuTUsYeeUaduUYY (Input factors)
fidemaronadnsH1unITUINNIIME g 935nsilauisadnutedeneuaues (Output
factors) voevane ] Jadendeutu Jsavdwmadosiuiunisaasniesniinisinuitaslade

(%
v K%

lunsguaunmamile wavenavzivedadenaivaulilansidadomaiuasiionansenusa

'
v a

nszUIUNSUY 9 Nen Tasdunnnuaiazsidutadenineadosivdunnaoulusssusd wu
& [ = ¢ 1 Ay N Y o
waskan AuulueINIA Juavess sauludagunsalsng q NlldruieitesiunseuIunis
1 Fadadumarilisendt Yadearuaulaila (Uncontrollable factor) dvuuisladenides
ATUANNTOAINANTENUF D UANEN 1IN TENTEUIUNIT LB nTadwmanduilnansenusie
(% s ! (% MYy = v = 4 a 1 o 1 1

waansunnIdademiuanlile Jaesdinisauauliudsundaseglusdumisuazyiele
1 = oa S 1 d' = o & v A

Prmilanfinaidesonssuiunisdesian Sendadewmaniiin Jadefianunsaseniuy

‘vﬁamuqﬂé’ (Design or controllable factor)
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AuUsaunule
X1 Xo X3 X

R

Yaduintn NAANS
L AEUIUNIS (Process) L,
(Inputs) (Outputs)

11171

mwdsmavaulila
Xpd Ka..X,

SUN 2.8 fuuuluveanssuiunislas)

U v

ﬂ?‘i@@ﬂLL‘U‘Uﬂ’ﬁ‘WﬂaaﬂL‘ﬂuﬂi%U’JUﬂﬂﬁﬁQ% YALINLNULAZAN LﬁUﬂWSVIWﬁ@QE’Jﬁj’NLﬁu

% s

STUULNOMIAUFUNUS LT 9aDATE1INTATEAN9) LAENAANGTADINITANTIANIOINATIZA
Ya o v Y o Aa Y a ¢ 2 Y o N g v o s
AIdevsniilininensiseglunisveaasdifnUselovigen viseldninensiinsilvinadng
d‘ L% o

MoIN13AILUsEansnmgan MsuseillulssavsnimvesanuduiusiBatauuazldfidin
a A o o eav v a v a a . . P

Muazauiedanaans il lnen15Useidiudayaidsusuin (Quantitative data) Ay
A1Ueyaaliles (Continuous data) BaleannnisinlagldiaTesilone Wy 1aTeslensin

eIngmans n1sussdudeyadnmnin (Qualitative data) Mduardoyalisewos

(% ¥
v A

(Discrete data) @4l9a1nn1sTUNIONITFULNS FaTaNsATazde T8 lasUTauaLN LAY
Y Y

Y

= [ v v 6 ! LY o sa 1 @ L 1 v
LﬂEJ'JﬂUﬂ'J’]lIﬁSJWUﬁi%‘VT’J’]Q{jﬁ]?\]EJLLﬁSNﬁﬁWﬁV]ﬁ'LﬂﬁﬂUﬂ’ﬁVlﬂa@ﬂ pg19lsAnY VLNFL‘?ﬁ/lﬂ{]"\H]EJVI

s (%

INARONARNSOUAUDIVDINTLUIUNTNAABIANN T TR laanue Fedndudesdaninidade

N

'
a

o a a = o sa a &£ Y a a P
ﬁ@ﬂﬂﬂigaWﬁﬂWWﬁi'@NaaWﬁmLﬂ@muELUﬂig‘U'JUﬂ']i‘lﬂ@EnQLﬁiJ']%aﬂJLLa%llUi%ﬁVlﬁﬂ']Wqu@
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2.5.1  Useanueean1sesnkuun1snaaed (Type of experimental designs)

N1INAITAUINAONUTLLANVDINITOONUUUAITNABDY AITHAITUIDY
Tnquszasd vesmseenuuunIviaaes Snuvesiaduuazamduiusiuveusastaded
Wlumsine Ussinmvesmseenuuunsnaaesaansaudseentdifusai

2.5.1.1 manaasaLuudadeiien (Single Factor Design) Wunddluuszinw
yasnseensuumInaaesitdlunsfinvinaresadoiieirenadnsiauls Inedadefiauls
Tunmsvaaeswuuiidutladeienvindy adendn "fatfasde” (Factor) wie "faulsdade
(Independent Variable) fadadeiianunsaiszsuniedoulafiunnsaiuld lunsmaaeauuy

Taduiien fIdeasmmuamtadudenaulalunisfing wazvinisuSudeunsasudsuadi

Uadeiiu lnenguszasivasnisnaasianaduiienadouauufigny manuduiussznine
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JF8AUNBANS NS 0LNDILATILANANTENUVDIFI U8R DNARWSTNLN I NISNARDILUY

a

Tadaifertieligiduanusafinsamansenuvesinladeiisisenadnslalaense uazyae
Tifinnsmuauuardnnistladedu q Aeadinadenadng nvisddeliidoausatingei
wasfaunaansldegnafussuunazundede

2512 mﬁmaaumm%mwﬁq{‘]ﬁ’a (One Factor at a Time Design) W
Bnseonuuunmneassiildlunsinenavestadudasilaselnefiinsudsunlasilade
dWostaseiiolunrazads Fadunisnaasuuuidslsza@ns nndfinnudionazaiy
asdlumsaan lunisveassuuuadsazuiadasy t{{%’mzmaaw%LﬂﬁauLLazMﬁaaaaumamaa
adusastadelaefitadodu q A lnewdeuwlatladodisddadaietluusassouvenis
vnass MNtuI s TaLasTuiinnavessauUsmuiiaula nsveasswuunfsaynilsade
snfouldidleftadenaemuUsifinaronadnsfiaule wadilinsuisauduiussewning
Jadensonasn1sAne1UadaunazALenAnInnu

2.5.1.3 nseonuuuNIsInasudsinneidea (Factorial Design) 1Uu3sn13
sonwuunisveaesildlunsinwnansznuvestlasenansfulsuasanuduiusssnine
wUsivanty lunsveassuuuidausinneldsa f]a%’ann&hLLUﬁ%QﬂU%’ULU?{auLLUUL%ﬁ’m
(combination) iiafnwradiinannsulasulaswesdaudsnassanseuiu lnsUniuga
nMseenLUUNSIAaeLdsinneBsatuldaesdadorioninnii wasusdasiodefisesunis

USudeu (Level) Aupnsnanu wu a3 A dsedunisusudasumdu AL, A2, A3 waziade

B iszAun1susuUdeuidu B1, B2, B3 laun1snnaedazviinisasiangunisnaaes
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Useneudensiasunlasnuvesydunsusudswhanstade wy A1B1, A1B2, A2B1,
A2B2, 18" N1398nLUUNTRaRdawnnvatssagnunsaldlunisfinwiwazidelunaleaan
WU INYIAERSNNITNEAT N1TOAAINNTTU INYIANEATTININ NITIANITALNIN wardu
1 n1sneaetuudawinnassageatutsadluldlunisimuindadue n1susuuss
NSEUIUNISNNSHAR wien samnuIAnssulv Tnefiannsefnwinansenurestiadonans o
Jadendeuru uasdumdadeiiinansenuddyrenadnifiaulaldos 1adusyansainann

1%

QI = -d! a = a 1Y % v 1

89%U Fenseeniuuldanneaissatiogmeiunatenuy laun

1) NM15PBNLUULTMNNNaISYa 2 Uady

2) NM99BNWUULTILINNBLSsakUY 28

3) NMSERNLUUNNNaBsawUY 3
a a k = a = d' 1 v}
N1599NBUULTILNNNDLS8aLUU 35 A N15BNLUULTILNNNBLS vaTi wnas Uade
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2.6 NITUIUNTRADLEU
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(Cutting fluid) wazn1svaeidumelaslowiing (Cryogenic)
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2.6.1 Wdusanag (Cutting fluid)
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HIKUT W10 iutisfudandedigidedontdlunisidonded Tneditunds HIKUT
w10 Wuthifudanadansedananii insaiiiuns (Mineral) denautudrasdidnvasdum
A&gtuY (Milky) Hanarnihdundeduiugiusiamsn@iin (Paraffinic) AN NG INANETS
diununmgissudininasyivlnveadosuaruuaiise wungamiunaedunas s

ANusSaunudaanadlane iy Ingaudfannizvedfiiundunads HIKUT W10 #an15199 2.6

M5197 2.6 auTRUNIZYes HIKUT W10

Tests Methods Units Results
Appearance Visual Inspection Brown
Appearance after mixed with water | Visual Inspection Milky
Kinematic Viscosity at 40 °C ASTM D445-11 mm? /s a2
Emulsion Stability IP 263 Pass
Copper Strip Corrosion ASTM D130 la
pH Value pH Meter 9.1
Nitrate / Nitrite . None
Chlorine - None
Corrective Factor (Refractometer) Refractometer 1.2

2.6.2 laslewailng (Cryogenic)
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nsuastiumelulasinuraivisenisuasiduiuulesiewtng Asnsldian
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) RFIN Fin31 -150 °C ogalsnny arsivihliAnenmginem wu Sdey lelasiau
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teau lulpsiau Melastewrtind dinsldnuivanaelasenizegneddugaamnssy 1y

Sidnnsednd n1sude srusus wazgnainnssunistunazeinia lulnsauinan
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Wuesrusznauilduseiantulaslondng wanduludieana1nnssulaan1snduksnaiuyag
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9IMAWa wazsniSenseigon LN, lulasiuazanedl -210.01 °C uaziiionil -198.79 °C
Dufeifanniige Uszanadluin 78.03% laguiunsvesusseinia ufediluda
Lifinau ladfisa uaglifufin(s] snvaanmvvedulpsumaivarivhliduaswaeidud
#ean1s(ad] wihindnvesnsianufuseanudulunisdalavggniinualag Hong

waz Zhao[45] WunisvdneusousteliUsz@vinimesnainuinmnisdn semn i

angauuiinsin NMsUTulldeudnuznsidend nsiudeunlasnuaudRvestiuny

2.7 msmmaaumﬂawz’mm
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#1199 yousariuiivesendon Fasznaudae fudinou (Nugget zone ; N7) Hudinsenu

Saun19na (Thermo Mechanical Affect Zone ; TMAZ) ﬁuﬁmwu?au (Heat Affect Zone

1%
a o

: HAZ) 91n913389d1uunty TunmagiunianwaenvananenusonlUisdawalveaaz nund
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[

audAvnenaianety Slunsiessvamnsoudsesnlased
271 msdAnwrlassasisveslangvesninaiy (Metallographic) @18190LU
panilu 2 vl
2.7.1.1 nM15@nwlATIAT19UUIAA (Macrostructure) A N1SASIAEBU
TA5984197 HUN15LA3 BUT U URIBNISTANTEAENTIY HIUAISAANTA WALENEAINT
dawenei (< 25 wh) liiudnvuzamilasnudunu Sudoyaildandulslonide

n13AIUANAMATN (Quality control) Tdlun1sTtasigiaudeneniiaduluwuiig ou

Fagudl 2.11

JUN 2.11 lassasaumin1avesiuiliesdenniuiuuniufde)]
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2.7.1.2 nmsdnwilaseasiegania (Microstructure) i unisnslvaeu
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Y

3.2 msAnssgunsalduin yavaeldu wazyninenmgiivazdonduaynunuuniy
3.3 N1599NLUUNITNARBY

3.4 FIUNNTNAADINUNTOBNUUUNTNARDS

3.5 MsnsRasuAMaNdRnIInakayn1alansine

3.6 mﬁmmzﬁwamﬁmaaﬂ
= @ = A A a o
nswssudaguaziasaslanldlun1side

311 mawsenianuazaunsalnldlunsidy

azgiilouunuingn 7075 aua 1,220 x 2,440 x 6 uy. WJuianiigniden

dmsulelun939y wazgvinnsingesngld oua e nIULUAIUDY (Sahinler BMSO 250 Fully

Automatic Band Saw) Tsilswuna 105 x 55 x 6 s, Taguszana feguil 3.1 ndsndui

n137AUIANIT ueuRa8LA3 897A CNC Milling (VMC300) Toil@auan 100 x 50 x 4 uy.
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v

JUN 3.2 FunuiunsindiantiinlgiaTes CNC Milling
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3.1.2  gunsaliugatiuanu (Fixture)
~ P ac = P Au vy 0 v
o835 nszuiunis@anideaniusuuniulunuidel lauseyneld
A3 DINABUIRNILUNITNARDIT DUBALLN D LA AIUITATAT UINUN AR DI AL UAILALLY DU T
o 1 a [y} a 3 ~ < [ Ay =
AU BAEITUYNG N15VRaee BntaionuaznINTInsItuNIsneALazIunTuITY B

AIelaviNTeRnLUULAZATINTL AIFUN 3.3

JUN 3.3 gunsalfugatiuanu (Fixture)
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3.1.3  1A399lenIU visernIu
AINNTANYINUNIUUSTAUITIAUNTTY WUIINTHY DUAIUWTILE IANIU

WUUNIUANTALTVUIARINIU @ 3 UL, wazwuInul @ 9, 12 uaglh uyu. Tun1514 oul

¥
a (Y

avglilonvia 2 Fulidaiulaa7] Tneasranmannd SkDe1 Milumanndunudoununy
Mgldanuingamgiias wastiveliviniununiusenisanvas naaRINHIuATEUIUNNTNEITY

sUiads  hinuaggnildimsyuudddildaaanuwda 55- 60 HRC Asgui 3.4

Y 9

U 3.4 Ny

3.2 msfansgUnsaldvin naedu wazingaumglvasdeudeaniuiuuniu

321 Msfnfsgunsaldudntuau

av v Ui N = Y o v A Y] &
muilananaliin nseudeaniusuuniulauszgnd a3 oanauuIng

3 WAUNERLULTH (Lagun GUM 152) Tunisiten avduielimniuyinnisniulilauuiauiu
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Y

AUTOUADYUVBIYUIIUIT 2 T FILAALTUAUIUTIIATUAANITT DY FIRDIVIINITAAA
gunsalfudavuanulvivunuivwnu X veueiadin wazsiieliliiintaianainnsedndesds
ABINTIVABUAINYUIUYDINURIN T U UNIaRd ulilinuszuIunTavuuiuldzau

voasasinlagly lagana (Dial Gauge) lun1snsiaaey Asgun 3.5
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JUN 3.5 nsiinssgunsalfuBauuiasesin
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WasmenisvasifuldutiatendwaseaudiniinavaznislangIned Tuns
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laslotatind

3.2.2.1 viastdussuniudinnas Tunszuiunisilduisiusanas HIKUT W10
nand Aty 5 wWesidud lngldiniesinlesidudnnudutuinemasiduagui
3.6 lunszvunsiiligagaivaedunfsuniuniesiawwisslunisvaadu laegldyaviony
H ' = P & A o % =Y o v N
Wdaifunseuainusulauaziidnuwausiauuuungndne 5 1. 817 28 i, kazlisns
Y93n15nadl 1.5 8n5/wndl svern1snasidudeaIndy 5 uu. uagiieeInianau 15 uy.
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JUT 3.7 MsfinAsssuuviaaduseiniuinnas

Ya

J < a s [ v LY o dl' IS o o
3.2.2.2 vasidunuulaslawrind fiduldeeniuuazdnvinaiedied msu
@ ¥ ad a ¢ o a o a ¢ v
vaaidusigisnsiastewndnd Asgun 3.8 wansszuunisvaeiduwuulasleniind dnuuzves
o N 1 | v a o a 1 g

n1shaufe Juanazdawssiueinialufdslulasiaumaivuin 10 as Inesusiiaiuay
ANAU (Regulator) Tilgimanuau 5 psi maennisdenuaulidsduielnlafiniusuau
Auwtuweu uazAInsenainiaieg neludinuauanunuionsasli enandludds
Tulasiaumaddiauwiy Weonadllunuilulasumadfiegludud vlulasiauman
deralvlulasiuwmainegludelasenlunieienesuasuiaduriuaugnans 5.5 uu. A
AIBAUIY TYUZNITNEOLEUGIIINTU 5 1Y, WagriaNiInau 15 uu. lnenisvasiduasmiu

MUrRaATBItonIU AIgUN 3.9
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NITROGEN
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:. ./

U7 3.8 svuunsvasifunuulasiowiind
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U7 3.9 msfnAsszuuvaaidusielaslentiind

323 nsfansyansingamgilvasiieudsaniunuuniy n13ingung iy
nuIdpilldndesiuiinnnssdaausou (Thermal Imaging Infrared Camera: IR) 8@ FLIR

JU E50  7ilAuavidyn 240x180 Pixels AI1UUUUEN +2°C N30 +2% A1YOULYANIT

WBWTIU 25°x19° Y113 Ingaumaiiogit 20 3 +650 °C avgninsauulfiziA3Iedin wagsiean

Y

NMsYUYBINGesInteumgingnitnualife 0 81 650 °C Anudlunsduiindaya 30

AMABIUT (fps) wazn1sTuiinamduluy Live Stream W5oudauaadyg avoindod

] (%
faa v

WhiupeuiiinesnAnaslusunsy FLIR tiveduiindn fsgun 3.10

JUT 3.10 naeadufina wsadnnuseu
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¥
o Va v A

3.2.4 anusdlunmanyuniu lwawddeddidedenldanusmuuniy 1,580 sau/
uit Welisulainldamuslunismyuniuiinssnudesnismedideliinisnsieasy
AL EITaUTE AT DR ARIBLAT 09TAAULEI50U AT-6 / CEM Digital Tachometer 1
wierinauisiseusuulduas Saaldvansin 2 81 99,999 seu/unit faruaaiaadeu
Tunista 0.05 Wesdus Hiilsutuafinansuuntd1dnfdiavenndos nuin Weusu
mssseuiivihiaedeadu 1,580 seu/unil wadiinsnoiriosinausisevazedi 1,578

09 1,587 soU/U

3.2.5 S2UzURINITARDUTLAY X Y Z 984LAT8470 Lo lAludanTani1sandeslunis
AaeIkariinlun1meaes A338lAYIN1TATI9ERUTEEENITAG BUTIVDINY 3 WAUVBS
w3 03in Iaelaladaina (Dial Gauge) Tun15MTI9d@RVUIATNILTIBUAUNBNITLAAIATUL

v aa o = v @ PN
MNUARANAYDLATRING AIN1T19N 3.1

AN 3.1 HANISATIVILELNISLARDUN X Y Z

dns1teaulunisvaasainu X (u.) 045 | 050 | 0.55
Snsloufinsavaeuld () 0.45 | 050 | 0.55
snsoulunmsnaasainu Y (uu.) 0.45 | 050 | 0.55
Snstloufinsavaeuld () 0.45 | 050 | 0.55
snsoulumsneassinuy Z (U 0.45 | 050 | 0.55
Snstloufinsavasuld () 0.45 | 050 | 0.55
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3.3 A1DALUUNIINAE DN

3T levinisesnuuunisneasilagldniseenuuunismaasurinneliea
wuifiugy Tneddadesisnun 3 dade Usznouludetiaderuiavestiiniu 3 sedy fe
AU 9, 12 wazls uy. Jadevesruslumsiiuiden 2 sedu Ao 40 uaz 60 wu./und

[

[ 1 [ [ = 1 1 d' a v 1 < v 95 Y]
wazdadeluntsvaedu 3 sviu Ao lilinswaeidu (Wonlugaumniivies) nasidusigundiu
aande waznaodunuulaslowidnd lunuidedndidodondlazaaiiyudesves

a = a o < A A oA v ¢
1A3DINONINT 3° warAusIToUTuNITUYUNINN 1,580 SOU/UT LHIB9MI8AINN SANW
USHAINTSUNISUNLNEITDY NSTBUFLANIULUUNIUT 1,580 wag 2,220 58U/u17 tagly
ANUSINTRUT DULAZIWINYBIUINIUAINE 1IN ALSIsulun sryunIuianeiull
NANTENUADAINULD ISRV BULIN AT asilasuiudadevaninuL S lun9LhuY

LDULAEIUINVDIUINIU[4T]

N
$13199 3.2 N159DALUUNITNARD

. AMue7 | wwadn | annuEalunisifu
StdOrder R U N oy B naedu
(2361) - -
(sou/um) | (aa) (u./9)

8 3 1,580 12 40 difuginnas
6 3 1,580 9 60 laslowring
17 3 1,580 15 60 drafusinnas
4 3 1,580 9 60 laivaeidu
18 3 1,580 15 60 laslowating
3 3 1,580 9 40 laslotating
13 3 1,580 15 40 laivaeld
14 3 1,580 15 40 drsfusinnas
11 3 1,580 12 60 drsfudands
9 3 1,580 12 40 laslolading
15 3 1,580 15 40 laslolading
10 3 1,580 12 60 laivaeidu
12 3 1,580 12 60 laslolading
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= i
AT 3.2 N159NKLUUNITNAFDY (AD)

. d . ausalunsiiu
HULDEI | AMULIINYY [ IUIAUINIU y - o
StdOrder - Ly 9NN aLYU
(@3a) | (39U/UW) (ua1.) -
(U./9)

16 3 1,580 15 60 lyinaoLdu
7 3 1,580 12 40 lyinaoLdu
5 3 1,580 9 60 sudana
1 3 1,580 9 40 lyinaoLdu
2 3 1,580 9 40 sfusana
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3.4.4  UsENauiiniudusiilA309ia Laginn1snAIsEeE1e (AN 2) iua1eves
PINTUAUTUIU

3.4.5  USUMIAIUISITOULAE AN ALY UAINANTI9NITODNLUUNT

3.4.6  WARMULEITOULAZUNITINIUAILINALYAT UL UlPAMUANT 3.9 + 0.05

1 LY Y] a % 1Y Y @ a =1
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§19819 3 F9E18 INNITNAFDUAIULTILTIAIVITUNAZDUIILANANITNAADUFINNT 1N

4.5

AN519% 4.4 Uadelunisnaass

Ua3e = VL)
1 2 3

amaduiudey 40 60 mm/min

YUIAUINIY 9 12 15 mm
ansuanidu No cooling Cutting fluid Cryogenic -
mmﬁ%aﬂumwuﬁumu 1,580 rpm
ANSNT 4.5 ApaDausIRa
Welding|Shoulder| Cooling Tensile Strength
RunOrder -

Speed |Diameter Media 1 3 288

1 60 15 Cutting fluid | 446.45 | 444.73 | 448.38 | 446.52

2 40 9 Cuttine fluid | 42491 | 423.61 | 428.52 | 425.68

3 60 15 No Cooling | 399.32 | 406.43 407.2 404.31

a4 40 15 No Cooling | 379.93 | 378.44 | 374.19 | 377.52

5 60 9 Cutting fluid | 447.06 | 447.48 4333 442.61

6 60 12 No Cooling | 383.64 | 397.71 | 399.53 | 393.62

7 60 9 Cryogenic 351.4 351.38 | 358.45 | 353.74

8 40 12 Cutting fluid | 434.41 | 441.76 | 448.95 | 441.70

9 40 9 No Cooling | 376.22 | 359.38 | 364.05 | 366.55

10 40 12 No Cooling | 381.42 | 382.12 376.6 380.04

11 40 15 Cryogenic 372.24 | 377.45 | 375.03 | 374.90

12 60 12 Cryogenic 412.01 | 415.06 | 411.06 | 412.71

13 60 9 No Cooling | 288.35 | 288.58 | 285.61 | 287.51
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AT 4.5 ANAURTILTIAG (719)

Welding|Shoulder Tensile Strength
RunOrder Cooling Media

Speed |Diameter 1 2 3 Average
14 a0 12 Cryogenic 392.7 | 390.24 | 393.98 |392.3067
15 a0 15 Cutting fluid | 404.52 | 411.18 | 415.26 | 410.32
16 a0 9 Cryogenic 384.14 | 379.42 | 377.83 |380.4633
17 60 12 Cutting fluid | 448.4 | 444.15 | 44524 | 44593
18 60 15 Cryogenic 373.72 | 370.75 | 378.17 |374.2133

——No Cooling ——Cutting Fluid ——Cryogenic ——=Base Material
600

500
400

300

Stress (MPa)

200

100

0 2 q 6 8
Machine Extension (mm)

JUT 4.5 N9 MLERIANALTLS ¥ NI N9AIMIBLTILAL 528U VI TUNULTBNAIBTUA

1 < a =~ 4:1
UINIU 9 U aZAINUIIAULLDN 60 UL./UN

INFUN 4.5 Nuanemuduiusseninedmieuse (Stress) lavAszeztin (Machine

. 2 a v ' & a A -
Extension) 99T UNULLBUAIYYUIAUINIY 9 UL LATAINULITILAULLDU 60 UL./UY LUBDLNYU

[y

uAwesTanguwdraziuldimnuuadenlifisinintangiuiseinissussweiiuiiuay
l = l A o Yy A a = ] v & o
ANAIIATEA(AINTITEAAD) Ua Ll aNaITUIINLY oulvveINITUaBLd uLA 3 Yuundl

I 1< 13 goj CY Y] = . . a1 [ J d’il a 1 a 1%
ANTURBLYUAIYTUNNURANEN (Cuttlng fluid) ﬁ]%ﬂﬂﬂﬂ’]ii‘ULLiQG]@W‘LW]LLazﬂﬁﬂ’JWQJLﬂﬁﬂﬂ‘lﬂm’m

Ngn 393U 4.5 azdunaldinduaunsuusdagefazrilinaanueseadisuinduly

Y

v

n3Y
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Tensile Strength

500
= No cooling Cutting Fluid = Cryogenic

450 T I I I

400 I

350
300

250

MPa

200

150

100

50

Uitk

L
A
Vi
L

SH9 W40 SH12 W40 SH12 W60 SH15 W40 SH15 W60

SH =Shoulder (mm.) W =Welding speed (mm/min)

SU 4.6 N LAAINAAILRREAULTILTIA

Y

INNINAFBUAILLTINSIAIVRIT UUNAGOUTDITOELT DU LA T oL E BN
MuLUU NIuveuaaztiaului lelunisiien munIns1gIu ASTM-E8M 31n3U7 4.6
< ! < = A 3 Y ! = v = - o ! <
JuArmnundansiaadenndiuig 3 Meg1e dunganuteulvlunsweniinnsde.du
Areunfudandsasliannund ws i 19euund ouganiuund e aui i udaly
gaungivewwarnaoidunislulasiauralonadumsiznisvasidudig diiudandsan
gamailuvasdenlasiniudewSeudieuaamgi Aeguil 4.2 4.3 way 4.4 Jvhliwwidon
nfinsuasiudieiisiudanddafigainitegruiuladn Fadleseuiisuiunuideves
R. Ruzbehani wazamz[31] #ildviansidauii aa1miiammsuniu 800 wazl,250 50U/undl
WaYANUEARWTBY 25, 50, 100, 150, 200, 250 4az300 u./u1¥ Inevdedulugamniivios
waznaodulasnisidouldun agulain wwadeunideouldinlinruwd swsed sl uiy
sgraiuladalunniauluivinisi@esugewsediu liieainil Chaitanya wazmne (48]
M v oo = a o 2 v Y 5 v
Alsvinnswenuuergiifloy 7039 Niinmvasdumenssiuay ulasauwmen wazd laasy
TumafeafuduundounifinsnaedusmiendAauudwusifagandnninsnaadunie
wsenuanuaylulnsuman

431  MINTINFOUANNYNABIVBITULUUNITNAGRY (Model Adequacy Checking)

N139TIABUAIUMLIZANLATANUYNFBIveIToya tnelilusunsunie adid Minitab
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Tun1sTasievinanisnaasy 1Agyin150s3980UNI5N 818 UUYUNA (Normal
Distribution) @slgkan1snaaey feguit 4.7

Normal Probability Plot
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JUN 4.7 NaNIRTINADUNINTEANLMULUUUNR
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LWE]La@ﬂaﬂ@WﬂgieﬁUﬂqimﬂa@UﬂaHamaiﬂ a']ﬁiUﬂ’]ﬁV]@ﬁ@U’J"m@iﬂallﬂ']iLL‘i]ﬂLLﬁN
LUUUNATIAINGUT 4.7 Nan139T9d0UNsNIzatefkuuUnAaziiuladn Ardiunndnetuy
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432 ANFAATIZRAMNLUTUSIUYDIAIULTILTIA
PA9NLANANITNAADULTINIVDILUILY DULA AL DU UNITLY DUWAIUIHNALN
ATITAAMNULUTUTIU (Analysis of Variance, ANOVA) suaamim@aaal,%qLLWW@S%L&@JEU

[N AN D NTNAVITaTuNInLe 1A8fINUASLAUAMUTBNUNA 95 Waswud ( OL= 0.05)

HAILATIERANULUTUTIU AIR19197 4.6

a a ¢ < =
A1 4.6 HANTTAATIZNAIIULUTUTIUYBIAMIULTIL IR

Source DF | AdjSS | Adj MS | F-Value | P-Value
Model 17 | 80770.3 | 4751.2 | 209.17 0
Linear 5 569252 | 11385 | 501.23 0
Shoulder 2 | 11231.6 | 56158 | 247.24 0
Weld speed 1 22.8 22.8 1 0.323
Cooling 2 | 45670.8 | 22835.4 | 1005.35 0
2-Way Interactions 8 18012.1 | 22515 99.12 0
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AN 4.6 HANNTIATITIANULUTUTINTDIANULT TR GR))

Source DF | AdjSS | Adj MS | F-Value | P-Value
Shoulder*Weld speed 2 6592.8 | 3296.4 | 145.13 0
Shoulder*Cooling a4 9025.3 | 2256.3 99.34 0
Weld speed*Cooling 2 2394 1197 52.7 0

3-Way Interactions 4 5833 1458.3 64.2 0
Shoulder*Weld speed*Cooling 4 5833 1458.3 64.2 0
Error 36 817.7 22.7
Total 53 | 81588

a ¢ 13 =2 o P o a L4
ANNANITIATIENANULUTUTIUVDIAIULTILTIAIAIAITIN 4.6 NINITIATIEN

S o 4'

fiszuanudeiu 95 Wesidus niefiseiuileddny 5 wWesidud finawinsdadula fe
a1A1 P-Value maq{]a}é’fﬂﬁguq fimtdounia 0.05 Jadedenaniiioindmansznuneannuundaunss
wigiAadlen P-value 1101 0.05 wansidademaniuenadsanssnusonuudusads
wdnateanioasyailidwmanonanuudussfsegefiveddny avtfuRInmIeit 4.6

a 4 Y @ 1 1 [ 1 | o A I
waesun 4.8 19]LLﬁ@QI%LWU’J’]ﬁTﬁ%aBLﬁJULLaSGZJu'WTUWﬂ'J'uL‘Uuﬂﬁ]ﬁ]ﬂ‘ﬂﬁﬂmﬁﬂi%%ﬂﬁﬁ]ﬂﬁﬁu

Y

o w

udeusfsvesnudenegniivudiAyisvauiodiAg 0.05 Yadeilddmwansznusoninu

Y

2
&

WHITIRIVBIUNT oUBE1TTBA Y A AU AU RN TuAIUTINANTZNUTINTENIN

tadeiis 2 Jade waz 3 JadetudinansznunoA LTI IRII9nLN

Pareto Chart of the Standardized Effects
{response is Tensile Strength (MPa), « = 0.03)

Factor  Mame

A Shoulder

B Weld speed
C Cooling

I
1
i
0 2 4 ﬁl 2 10
Standardized Effect

JUT 4.8 N3N stauanananseuiiinason ULl sen
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Matin Effects Plot for Tensile Strength (MPa)
Data Means

Shoulder Wld speed Cooling

4404
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4204
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U7 4.9 Yadeidamansenunansonnuudusing

Interaction Plot for Tensile Strength (MPa)
Data Means
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Shoulder \‘ - "
Weld
spead
o —— a0
Wald spaad |-Gl

Cooling

UM 4.10 wnunndnsnavesdadesin Tunismageuaanunlusafavesuiiioy

ANNNAVDINTTILATIZR BN HANEN (main effect plot) e 3 Fass Uszneudae
AILS AT o1 (Welding Speed), 1u1AUNU (Shoulder Diameter) wagansnaaLfu
(Cooling Media) 91n3Uf 4.9 fuansfisdvwandn wui1 arwduvesiladevdnueaninuiia
Audeu (Welding Speed) fidnfuuan nuneanuin domusiifinduasiiliaang
wiaussimemuademiindy widunnanduldinnnudurenduiuiautuldunvie
p1aaldansuAudond 40 uay 60 uu/undt Tuseduauiadunuaglidmasie
Auudsusveanuid on Faduluniusuves Zhang uazame[28] Auaniininansy
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Microhardness FSW : Shoulder 9 mm. Welding speed 40 mm/min
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e No cooling + Cutting Fluid = Cryogenic
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Microhardness FSW : Shoulder 9 mm. Welding speed 60 mm/min
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Abstract— Regarding various part manufacturing in industrial scale, one of the most popular processes was welding, especially in
automotive and aircraft industries. It was well known that these industries have an increasing rate of aluminum consumption every year.
There was due fo aluminum has many outstanding properties such as light weight, high strength to weight ratio and very good
elongation. One of the most used aluminum alloys was AL7075, which is suitable for highly stressed structural applications in aircraft
structural parts. However, fusion welding techniques were usually yielded poor strength for such grade of aluminum. Friction stir
welding is a solid-state welding technique that joins two workpieces without melting the workpiece material. Heat was generated by
Jriction between the shoulder of the stirring tool and the workpiece. The probe was to stir and mix two metals parts together. However, the
Thermo Mechanical Affect Zone (TMAZ) and Heat Affect Zone (HAZ) were reported as the weakest area of welded parts. Therefore, this
study aims to improve the joints by cooling processes during welding using cutting fluid and cryogenic cooling with different parameters
such as welding speed and shoulder size. The results of these experiment indicated that the cooling process influenced the mechanical
propetrties of the joints. The micro-vicker hardness showed a significant increase in TMAZ and HAZ area.

Index Terms— AL7075, Friction stir welding, Cutting Fluid, Cryogenic.

size in stirred zone was reported and resulting in high
1. INTRODUCTION strength of weldment [4]. Friction stir welding causes serious
plastic deformation and frictional heating during the process.

airframes, sports equipment, member in bridge and rail This was an effect of recrystallized grain structure in the
transport system, safety equipment and parts in automotive ~ 1Ugget zone (NZ) [5]. The recrystallization was reported
sector. There was due to aluminum has outstanding because of strain gradient, strain rate and temperature of NZ.
properties such as high strength-to-weight ratio and good Some works were aimed to enhance the mechanical
corrosion resistance [1]. In the production process, it was ~ Properties of the weldment, friction stir welding was
necessary to assemble or increment materials together. The ~Performed on AlL050 alloy and a significant increase in
assembly can be divided into 2 types: temporary and hardness (37%) and tensile strength (46%) compared to the
permanent assembly. Permanent assembly by welding was ~ Starting material. Friction stir welding was a promising
one of the most popular permanent assembly methods. technique to increase the mechanical properties resulting
However, fusion welding techniques often yield low strength ~ {fom grain size control during the friction stir welding
for Al7xxx and Al2xxx aluminum, as they were susceptible = Process [6]. Many researchers .have also reportet':l ﬂ.lat
to hot cracking during solidification [2]. Hot cracking of Parameter optimization can effectively Fonuol the grain size
welded metal could occur in the fusion zome during and consequently improve the mechanical properties of the

solidification of molten metal. There causes uneven flow of weldmen.t [7-9]- _The sludge forming after processing was
aluminum which leads fo cause defects and affects the ~ alsostudied and it was concluded that the adverse event of

strength of the weldment as well. sludge dissolution or coarse grain size during friction stir
welding might be the main reason for showing inferior

(FSW) has become a key welding and manufacturing Properties. Although it deyeloped a ﬁne-gram(?d
technology [3]. Friction stir welding is a solid-state welding n'ucrostmcmre[lo].. In afid}“"“s Wwas ‘f°1md "_h"}‘ the grain
technique that joins two facing workpieces without melting 28 developed during friction stir welding exhibited a rapid
the workpiece material. Heat was generated by friction expal.ision of the grain size due to the slow cooling rate after
between the shoulder of the stirring tool and the workpiece ~ Welding [11].

material. This weakens the area near the FSW instrument. Many techniques were used to improve the properties of
While the tool moves along the butt joint of the workpiece, weldment. It has been made by using heat treatment method
the probe was to stir and mix two metals together. Fine grain [12, 13]. It was concluded that heat-treated weldments had

Al 7XXX series alloys were widely used. such as

Over 20 years of development, Friction Stir Welding
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increased tensile strength. Not only this, but there has also
been research on the use of Cryogenic treatment to increase
the efficiency of the weld by bringing the weldment to Deep
Cryogenic treatment[14]. There were showed that the cold
treatment was able to increase the strength of the weldment.
Submerged friction welding was used to control the
expansion of the grain[15, 16], by submerging under cooling
media such as air, water, dry ice and gas. [17-19].

Therefore, in the present research work, was aimed to
investigate friction stir welding on Al7075. 3 Friction stir
welding parameters, shoulder size of tool, welding speed and
cooling methods (using cutting fluid and cryogenic cooling)
were investigated. Mechanical properties of the weldment
have been evaluated and compared with based material.

II. EXPERIMENTAL DETAILS

The 4 mm thick rolled sheet of A17075 alloy was used as
the base metal in this study. The density was 2.81 g/cm® and
percentage composition was shown in Table L Mechanical
properties of the alloy were shown in Table IL The base metal
is cut into 100 x 50 x 4 mm sheet for friction stir welding
process.

Table L Chemical composition of A17075

Composition (wt%)
Al Zn Mg Cu Si Fe Mn
Bal. 51 21 1.2 0587035 0.12

Table IL Mechanical properties of A17075

Mechanical properties

Yield Tensile Elongieth Vicker
Strength  Strength ) Hardness
(MPa) (MPa) (HV)
498 566 9 164

The strength of the FSW joint was greatly affected by
shoulder size and welding speed, Angkarn et al. There was
achieved in the welding speed range of 36-63 mm/min and
tool rotation at Z,580 — 2,220 rpm[20]. In this study, Full
Factorial Design technique was employed with two levels of
welding speed (40 and 60 mm/min), two levels of shoulder
(9 and 15mm) and three levels of cooling (No cooling,
Cutting Fluid, Cryogenic) were carried out and indicated in
Table IIL The stir tool with cylindrical pin 3 mm in diameter
was made by SKDI11 hot-work tool steel and hardened to
51-55 HRC, which is displayed in Fig. 1. The friction stir
welding (FSW) operation was operated with tool tilt onward
angle of 3° for all the FSW experiments.

Regarding the cryogenic cooling process, compressed air
at a pressure of 5 bar was poured into a liquid nitrogen tank.
After that, the coolant was supplied through an insulated 5.5
mm diameter copper tube. Flow rate of approximately 0.25
Vmin was applied to the weldment [21], the measured

temperature at the spray point was -130°C. For the cutting
fluid cooling process, HIKUT W10 was selected with mixing
ratio 5%, flow rate approximately 1.5 Linin, coolant spray
distance around 15 mm behind the stirrer, as shown in Fig 2.
The FSW machine in this study was a modified 3 axis milling
machine (Lagun GUM 152) with a welding fixture assembled
onit.

Fig. 1 Tool used for friction stir welding
Table IIL FSW process parameters

levels
Parameters Unit
2 3
Welding® 49 60 mnvinin
speed
Shoulder 9 15 —
diameter
: No Cutting .
COoNE cooling Fluid Cryogemie -
Rotation
epeed 1,580 pm

Fig. 2 Experimental set-up and cooling methods
(a) cryogenic cooling. (b) cutting fluid cooling.

The welded specimens were segmented for tensile testing
and polished for hardness testing in accordance with ASTM
E384-17, ASTM E-8 respectively. FUTURE-TECH Model
FM-800 Digital Micro Vickers Hardness Tester using a
pyramid-shaped diamond indenter, square base. It was used
to measure the micro hardness of different zones of the weld.
A 100 g load was applied for 15 second for the hardness
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measurement. The distance between the two notches was
measured at 0.2 mm as shown in Fig.3. The tensile test was
performed on a universal testing machine, brand LLOYD,
model LD100K, with a load cell size of 100 KN, using a test
speed of 1.002 mm./min[22].

25

0.2 0.2

——

Fig. 3 hardness testing

III. RESULT AND DISCUSSION

A tensile test was performed to determine the effect of
cooling on the % elongation and tensile strength of the weld
with 3 samples per condition. Fig. 4 shows that the average
ultimate tensile strength of the weldment. It was found that
cutting fluid cooling condition yielded the highest strength in
all conditions, around 78.9% of the based material which
obtained from the experiment of shoulder size 15 mm and
welding speed 60 mnvmin. Cryogenic cooling joints were
slightly higher than that of non-cooling joints.

Tensile Strength
500
mNo cooling Cutting Fluid ~ NCryogenic
450 I
% [
400 b
o e e
350
..
N | N N :
E 250 ‘ § E
200 ‘

g
(9.}
700

i otsssrssorssorssorssorssosssrsssossss

V2%

o e

V4272242442474

w/

V727

SHY W40 SHY W60 SH15 W40 SH15 W60

SH = Shoulder =~ W =Welding speed
Fig. 4 Comparison of ultimate tensile strength of FSW joints.

Main Effects Plot for Tensile Strength (MPa)
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Fig. 5 Main Effects Plot for Tensile.

The Main Effects Plot for tensile strength shown in Fig. 5,
there was found that welding speed has little or no effect on
tensile strength. Different shoulder sizes result in different
strengths. Different cooling methods have a noticeable effect
on the strength of joints. Cutting fluid could be considered as
very outstanding compared to other cooling methods.

Elongation of the weldment was showed in Fig.6. It was
obviously observed that the weldment of cutting fluid and
cryogenic cooling were the same level and higher than no
cooling condition. It might be caused by the cooling effect
which makes the TMAZ and HAZ zones to form smaller
grain size [15]. Increasing of welding speed and tool shoulder
size also found to increase the % elongation. The weldment
with a welding speed of 60 mm./min, shoulder 15 mm. and
cooled by cutting fluid showed the highest percentage of
elongation.

Elongation of FSW.
45
7 = No cooling Cutting Fluid ~ NCryogenic
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Fig. 6 Comparison of % elongation of FSW joints.
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Microhardness FSW : Shoulder 9 mm. Welding speed 40 mm/min
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Fig. 7 Microhardness FSW : Shoulder 9 mm. Welding speed
40 mm/min

Fig. 7 shows the distribution of microhardness across
the weldment at a welding speed of 60 and a shoulder of 9
mm. The specimen with Cutting fluid cooling showed the
highest hardness values in HAZ and TMAZ compared to
uncooled and cryogenic cooling. This might indicate that the
grains in such zones may be finer in size than the uncooled
one. Fig. 7 might imply that the rapid cooling after FSW can
significantly increase the hardness in HAZ and TMAZ, Fig. 7
and Fig.8. These results were also reported in the same trend
by Bocchi et al., there were concluded that joints with cooling
process can significantly increase the hardness values in
TMAZ and HAZ[23].

Microhardness FSW : Shoulder 9 mm. Welding speed 60 mm/min

Microhardness (HV)

Distance (nm)

*Nocooling - Cutting Fluid = Cryogenic

Fig. 8 Microhardness FSW : Shoulder 9 mm. Welding speed
60 mnvmin

IV. CONCLUSIONS

In this work, the focus was on investigating effects of rapid
cooling after FSW with cutting fluid and cryogenic on
mechanical properties such as tensile strength and the
elongation of the friction stir welding of alloy AL7075. The
results of the experiments were concluded as follows;

1) Cutting Fluid and Cryogenic cooling processes greatly

affect the mechanical properties of weldment. which
has the highest tensile strength of 446.52 MPa,

2

3)

representing 78.9% of the based material which
obtained by cutting fluid cooling, welding speed 60
mm./min., and shoulder 15 mm.

Rapid cooling after FSW increased the % elongation
in both cutting fluid and cryogenics coolings.

Both cooling methods affected the increase of
hardness in HAZ and TMAZ, but it seem to had no
effect in NZ.
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