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ABSTRACT

Resistance spot welding is widely used in the automotive industry. In the
fabrication of exhaust pipe, it is necessary to join SUS 316L austenitic stainless steel to
SUS 425 ferritic stainless steel due to the specific function and cost effectiveness.
However, because of different physical and mechanical properties of the base metals,
resistance spot welding of dissimilar stainless steels usually causes various defects in
the weldment leading to reduced joint strength, cracking and excessive noise due to
vibration. This dissertation focuses on choosing the proper electrode tip, finding the
optimal ~welding condition and clarifying the macro and microstructures, phase
transformation and solidification of SUS 316L / SUS 425 weldment.

In this thesis, full factorial design was used as screening experiments. Five
welding variables studied in this research were electrode force, welding time, weld
current, hold time and electrode geometry. The spot welding was achieved using a 50 Hz,
50 kVA spot resistance welding machine. Quality of the weldment was considered in
terms of penetration depth, nugget diameter and nugget area. Box-Behnken design was
performed to find out the optimal welding condition. It was 3.3 kN of electrode force,
25 cycles of welding time, 10.0 kA of weld current, 50 cycles of hold time and R30
electrode geometry.

Moreover, this research investigated effects of two major resistance welding
variables, weld current and welding time, on the macro and microstructures, tensile
shear strength, hardness, phase transformation and solidification of SUS 316L / SUS 425
weldment. The weld current was varied between 7.0, 8.5, and 10.0 kA and the welding
time was selected at 25, 38, and 50 cycles. The weldment characteristics were studied
using scanning electron microscopy and energy dispersive X-ray spectrometry together

with Schaeffler and Pseudo-binary phase diagrams. The penetration depth, nugget



diameter, nugget area and tensile shear strength tended to increase with the increase
of weld current and welding time. Among the fusion zone, heat affected zone and
base metal, the fusion zone provided the highest hardness value while the lowest one
belonged to the base metal. The microstructure of fusion zone consisted of columnar
grains of austenite, martensite and ferrite resembling to the Schaeffler phase
diagram. The solidification mode of fusion zone predicted by the Pseudo-binary
diagram was the F mode with ferrite and Widmanstatten austenite corresponding to

the experimental results.
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Electrode
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Type “A” Point Type “C” Flat

\ -

Type “D” Offset Type “E” Truncated Type “F” Radius
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1 I a a . @ 1 (% gj =3 1% Y a dyd a wa 4
walififiniAa (Nickel) Wudiunay daduminndnlfalussnniidadiauaudfinauaiuni
nsfanseuireud 1 uAlinuauTR ludiuveInuLlnse warnunuliesinidasueu
(Carbon) Uusaneiuamautfiogialsinundddeds fe Baudawnduiiusg was
waniindglaiguiu dnndntSatunquillignldnundesnisanuudawnss wu ldvinesedis
AnTudIu fin 1Wudu

a. wiannanlSatlugméng (Duplex grade) Wuwmdnnanlsatunilassassveundnndn
Satunes3fnnaniumannalsaduesamuifniisinlasdounauyUszann 18 G 28% 579
Unifauszann 4.5 3 8% [26] kags19INAUATNEINT 5% FwiANUAUNIULTIRINIAATING
wazANmEngs Jusenlainiinienundussuazauniles Tdnunnlunadieaelsdgs

=3 Y WY a & v = . Bh . . &)

5. maﬂﬂmliauuawuufuqm*amimﬂwaﬂ (Precipitation-hardening grade) +Uu
widnndlatuussnniifignsnauite o Ae sanlasidies (Chromium) Ussanm 17% [26] T519
finiia newns waghuledeu dauauifvein1smununsnanset kasAULTws Uy
197 wanndnquilanansavihnisguudalddamnzdmsurinunuiy ¥nad

wanndlFadulutannidoudimsunisldaulugnamnssunsudnsasuiiile
Wisuileuivianau q dwanndeuldmannndlSadulunguesamudin wazwlossan ns
dnwdnndlFatuanldlusnulugramnssunisuaasosud drulvgazldluszuuvielods lag
fiszaugaumginisldnulunidunisdunnisldounursidavesnanndiliadu n1s
denldiinnanlSatiuurasyiinluszuuveladesnsudfinasinnsansendu 2 dw mu
aadsl Yo 2 =y ! 1% =Y ! < [ =
QN ANTLULATY e YudnFou wastuandu [13], [27] uanadagun 2.5

- VI0AIUNAN
(e —
: {\ Exhaust center
N &7

f

yiodulany o

~ . Judusou
Exhaust tail ~

l;\ =N Hot end L
v o TN ~e .- yiolaidysy
NIBNNNAN g -

e B e

Muffler  Fudndu -~

: T Exhaust manifold
R
Coldend g Viaz‘h;;\
fenlody g J
& 1 laas Exhaust front
WWaLseUnse - , .

Catalytic converter

it
T
NDYANEU
Flexible pipe

g‘dﬁ 2.5 szuuvisladusagus [13]
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1. Judrudou-grumniias (Hot end) mneds dufivenannialessudduaeiidavonleide
FuseuAsentuduiashaumiegungll 600 esmwaida Ussnoudae vieloidesaa
(Exhaust manifold) viedauniin (Exhaust front) viegnngu (Flexible pipe) dananlatdeids
5URRTN (Catalytic converter) Sudiuviodidesleaidmaridowinuniuauiu (Creep
resistance) fumumsiinaina (Scaling) fgamgiias wazanusumusiomsiAnoondinduld
ATINNINBIANUAUNTUADAULAULTIAY WAZABIAUATUNIUABANUNTAKNTIVBIAIY
WunMsduaziiouldd

2. Fudrubu-gamgiivh (Cold end) wnef druvesioleidofinearndaenlowde ds
SeURASeaudsUaevie Wy wifewnnats (Muffler) uagviadiuuane (Exhaust tail) Sudau
wiehiagvhaungldigamngiishni1 400 ssaueaidea fatu TsfesnisaniasiAriumunis
fansouaneaslsdléd frumunisiansouatnmaaiuuiuléd Tusdldfdeanuiuda &
anuannsolumadenldd aunsanunufounaziumumstanieuld [24] dwmiuns
FonldimdnndnlFainusazailadwivvieleidesasud uansismnsied 2.1

A1519% 2.1 N1sidenlmannantsatudmsuvialaidssasud

(%

Fudruvavialaldssnaun nstdenldwmdnnantsady

AISI310S, AlSI430J1L, AlSI439
violawdusay | AlSldd1, AlSi4ad
SUS425, SUS429, SUS430

AISI430J1L, AISI439,
suUS425, SUS430, SUS439

YI9AIUNIN

€

2D

UAIUTOU N €. AlSI304L, AlSI316
NYANYU
! SUS304, SUS316L

Aalenledeida | AISIG09, AISIA30J1L, AISIA39
aUnsen | SUS409, SUS425

. - 2 AlSI304, AlSI316
violavdevulu
SUS304, SUS316L, SUS425
I AISI409L, AlSI434, AISI439
ARUDWNNATY
SUs409, sUusazs
E o L AlSI409, AlSIA36L, AlSIA39
FUAIULEY 7I9EIUNAN
SUS409, SUs425
D AISI409, AlSI436L, AlSI439
NaaIulany

SUS304, SUS316L, SUS409, SUS425

wuInmannalsatiuinesifin sUsazs avgnidenldiviudiurielodesasudifiounn
Fudrulosnninsusulsedinuseneumaaiiiitaiin anuaiusalunisiey lienuse
msfinnseu a aamgiiage wastilensuausdnuuensidnunfnindisfieuiumannal
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(%
v a Y

IFaliumessfndus suunsiidelasouiesnaiignniniesninUsuusiglasideuiives

a a

N1 dmsumdnnanlfatiuesanuiin SUS316L gnidenidlurudiuvieladesoeudised

N15PAaUlNT WaTFUNANUANINLINADNINNNITITIU annailsatuoaamuifnuiadil

D

)=

YSunasigasueuiiianuvumiuienisianseuseuveuinsuled ldauluaniisnsinag
fAnnsougs Jagnidentdiluvieaneu viedulate saumsdudiuniegluviennnats uazvisle
detuly

2.4 ANSIATIZARAZATIFUIATIEZ1 e langInen

msfinwilassadrsvedangannmaty awnsauusesndu 2 ¥ie

1. MsAnwlassaiwemnia (Macrostructure)
Junmsnsaaeulasadsasavefihunneiontunudonstanszniuwe dunsie
n3n Lagauawimdaueomliiiu 50 W n1sliasilagnsvaeulasiaamnieLdy
nsnmvaeulassadidonmesienidailiudnuagnmlnesnmunuddoyaild
MNMTAATEAlasEmae Yendnuazusinnuauysaivessesidon Wulszlevise
n3AIuANAMAIN (Quality. control) wagldlunisinmeiamudemefiindulududau
FAINTIUAN 9 HIDENNITIATIEN kaeAFPULATIAT1AUNATA LU NITATIAADUANNINVDY
souifou 19U THoint Lap-joint Wasvasumiuauysaifiiatuusinuamdon msunsnd
vos¥an gnsulusesdon mawdoudusumagoulnslifunuililfiiunmaaounssion
yhnsdautnssuinugadenduassdudiotuniinmsamarey duneunistniolans
sheasiatiiionavaeulaseadiganIALaRITIBaRIEEAMN MANYIN 3 dmTUNIATIIEEY
AndnwEMIRAINNYRsTeBLYelalA sEaznsTuAN (Penetration: t1, t2) SyEzn1snAAN
(Indentation depth: hi, h2) LATULIAVBITOLLTDY (Nugget diameter: di) 9198911915571
919849 JIS Z 31309 [28]

hLY =S
11y L} PE— 1 }\
o / &
—— h2¢ — ’ A

5UN 2.6 I inAP AN NYRITEEL BN [28]

INFUN 2.6 AUTAMTNTITLELNMITTUANVDIPALYEN WAzULIALEUHIUAUINAIVDITAL YO
1oRail
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9n31588EN15TUAN VANl UMLTWIU T, = (t1/T1) x 100% (2.3)
9n31588EN15TUANVRABNTULAUTWIIU T, = (t2/T2) x 100% (2.4)
e di A9 YUINUBITOBLTN (Nugget diameter)

T, uax T, A ANAUMUNTBILNLUTUIY (Plate thickness)

t, wavt, Ao svesnIITuAnvessenideu (Depth of penetration)
h, way h, Ao Sye¥MINAANTeITLLTou (Depth of indentation)

| Ao YuINYRIVRY warlnse (Length of pit and blowhole)

NSNANTUNANINYULNNAMAINANLLATZIUN JIS Z 3139 Aig UUIAVDLAUNIUAUENA9VEY
sesldeaudmiununmszdiuaana B founnnin 4vt viefluuinvessosidionsnnniy 5.0
fladung [29] Wlo t Anavmnueataniusanlunisiden sninstudndeadialisinit 20%
uazdasliannnin 80% vesamvuIvesTagiuIsgalunsiden viedesilszornisdudn
531379 0.3 T4 1.2 fiadlins dasnisnedndedliannii 30% vesarumuivesianiiunagn
Tunsidon viefidnisnadnlibnnnin 0.45 Taduns vaunielnsduseseusiodiaies
N1 1.5 Tadiung

2. M3AnwlATIET199a01A (Microstructure)
Humsnsaseulasadiseddaveibihuniseteutuiusenmsdanszaense dnazen
defindioaned uazrsorafurhunsianiandodafindunudeloooy udadienin
dwenegs vlifiuisdneaseinvedassasnnigluiolavedansaiuelasaia
malavgInelitaay wazusludunndu feassy rlunsdansndondenvinvesnsnuay
Tonglfmngaufulssanuastununndey waznalunaudnsalimauduniuly sy
iU sesfiulassaslaenn winldadsldnanioaiuly iszagyiliuedly
ilasaadne Tasvluagldnayssann 5-10 Jundl whusviinvedlane uagnsaild diu
msfinfntunudslesusosisetadveiastaintunuselosoulivyay 1uite
ilfuansroaziBoanismsdndafonsvenaiasinfintunuselosaumuniakuin a

WnslunsUszanadneaglasiaiiganirazivsandrunaununaivesnanndils
afislnensldununin Schaeffler diagram dlagufl 2.7 wupfiduandassadneildumsbus
ngamail 1,050 esmiwailea aulisgamgiivies iWensuUamesdulszneumanaditle
NMNMITIATRUTINUEIRNATETIATIEEN (EDS) uEWhmsmUSinasInauyauedsis
Tasidlen uags1gifa lnazAnaluaunisuiuusiglasideuauya (Chromium equivalent)
AT 2.5 uaganumsUSinasniifaauya (Nickel equivalent) Asiaunisi 2.6 muane
(9], [30], [31]

% Chromium equivalent = %Cr + %Mo + 1.5(%Si) + 0.5(%Nb) (2.5)

% Nickel equivalent = %Ni + 30(%c) + 0.5(%Mn) (2.6)



30

14

28 1
26 1
24 1
22 1
20 4
18
16
14
12
10
8

% Ni +30 x % C + 0.5 x % Mn

Nickel equivalent

6
4
2. dF
0

No Ferrite

Austenite

100%

0.2 46 8 10 12 14 16 18 20 22 24 26.28 30 32 34 36 38 40
Chromium equivalent = % Cr + % Mo + 1.5 % % Si + 0.5 x % Nb

31.]17; 2.7 WHUAIN Schaeffler diagram [30]

WHUNTI Schaeffler diagram euaniNavRITNaLsBNTSUAsuLUalATEs e lneNqus 197
duasulassairseeamuluniaziandusvrosdSuusinilifiaauys dunguidaasy
lassaanesisviasuandluguvesUsinnsinlasdutauya

1600

1400

Temperature (°C)
g

A AF FA F
Liquid
—~, AN @R T
P
Y3+l Do iy
o 5
Y s0fvus 4y
u
/ L l

SR

Austenite +
eutectic

ferrite

Austenite +  Austenite + Austenite + Ferrite +
skeletal lathy acicular Widmanstatten
ferrite ferrite ferrite austenite

sUfl 2.8 uwuAM Pseudo binary Fe Cr Ni 70%Fe [30]

Tuanenfinusadull 3nslunsmensaldnynelaseasganIATeITR BN IUNTEUIUNT
WoumUAIUNIULUUYAvauuannan tfatinazeSureatsununinnisnateiuveiuwda

(Solidification mode) laglduauun1n Pseudo binary diagram Faduusunniivisngas wagdl
PADRRdRRNNTgAlUNTeSUElATIEI AN IAYRsTREeY [32] WasnnseulouiuIuin
smvessnlasdley wagsndfailudunaunnudnnaliatudsia Weor1unszuiunis
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msaudeulunisidenanudununuugaaziinslamadinesls uaziladnuiluses
Fou [33] TnewlawmadieslsinanadnlulassadsesamuluidulassairaiiAnainnng
Wasuuva LLaSLLSﬁ\‘l@f’JﬁqquﬁQ\‘i [34], [35] mmaaé’w@amuLWﬁlmasLmsﬂugﬂﬁ 2.8 oy
wavgupivesmsudsiiorafumaseamiluiviemanadineslsidls eifinnisudesh
Juduooamulusivsugl wu viin A uazAF lassassiinnudnannsaduldiooamulu
fiavn (¥a A) ieUsznaudeimeslsvidunubndes gimedamosleiiatunanins
wdadrveseeamuluvivgugll (vlia AF) weslsvinszanedlumuveuinsunieveuinsug oy
[36], [37]

Vermicular %38 Skeletal ferrite iuguuuumeslsilagdnlngmulusesidenmanngn
Yatuooamudin iunamnanmsgnaugumaasuulamsnszaeiluanmussudewes
woslsvituesamuluiudmudensudsiveateslsisugf (iin FA) eslsviudailifn
muunurenaulasAvse Skeletal vadassaiinmsudsveneslsivgund

Lathy %39 Acicular ferrite waslsvivdntiinarnnisudsiavesoslsviugugiisae
e fuisiduandineglugursssuviefudazveenisudsinunsugos el
sutifurdiniioglusenidouiifinaslvigmiomeslsvididnisduiegwnniiatnag
dunaiulassadiawu Lathy wagVermicular naalfiy

Ferite U Widmanstatten austenite seeidonfifiuSunautoslsvifintu mamesle
wilmnunatiosionmgiias waziinsasuwasdumaseamulu Fsziinmiudeinedis
auysniuAnnagueslsi (sfin F) uasrdooamluiegluanwvesudaviniiu nafliAnty
ihlesamuluiasanudntuauvauinsussninanawaslsvisieiues wasliindvaves
Widmanstatten deviiaufunisseresadilumeluinsu weslsflusuidamduiusuuy
Livnilusesidenmanndliatuooamudan uwiduunalusiagmand [38]

Acicular & -fernte || Lathy ¢ -fernte

bt R

Skeletal § -fermte

e
grin Bourdefy

JUN 2.9 sUuuuwleslsvlusesweuvannanliatiueoamnuilan [14]
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2.5 ﬂ’]i‘i/lﬂ’dE]Uﬂ"]ﬂ’J']ﬁJLL%\‘i

fnquszasdlunmsnaaeuruudailednuimnssusulavy waglivaasuivauly
sugmavnssilanging q saenunmaitinanaveslavglusunsvaaeuiageng 4 A
Aunilouy wagdniulunsdsuanautivedlangionisinelusuyuioainuieu
dioaznsuilansiuudendeld lnsnnsldiaiemaaouniaranunds wasnaaaum
AuauUin1enavedlanglunIsmagaulsane NsAunIuAen1sdafivedlans N1SHIUNIY
n5inmse wararuindleavedlans Gudu msmndeuauudeiisitendsd

1. NINAGBULUUUSIWAA (Brinell hardness test) N1SNARBUANINLISUUUUTIUAS
o1fn1snAveiInAnTInauindnanmanndigundsvierisaunislud Aanuudaay
FUNNLIINLINATINSEiMT s T

2. msvegeuUUsanIaa  (Rockwell ‘hardness test) tunsinaauudswesian
Tnomsineadnesiinadwindhemusnsansie Amanuidazdunanusnainszsyimil
yhedaiiu

3. MsvnEBuLUUININGSA (Vickers hardness test) iunsiadianuudsiléinng
svisaRsEainagm 136 a3 grudivasudnda neasutRiununeaeudeusang dedvun
Faudt 1 - 120 kef Tnenaasiaanfuintuny msindeuiivesfaneaiinaasuudunuazldioa
15 Junit ustavaseusinaliBnsvesniltuiusdauesian wu winndayausanal sz
10 3 Tuvusitansouaseaussnaliuiundt desnagnentu sesnaiintuazgninuun
Tnamsindunussa di wazd? fMemnuevdennisin 0.002 ua. feguil 2.10

AANAUNWTINTI !

1]
Wiziiagu ‘
= \ '
- -
EETTH] P | g
v e - 4
~a . } I / ’ |
~— - ‘
; [ —p d;
3 \- ( !
o - ,/ |
TUIMUNARBY

5UN 2.10 nsnadeuLuUIninesa [39]

a Y

Aruudsazdnamnussnainssisentwheiuiiig 8dmnaduimesddianuuds
gaunn Fofulumsldnudsannsatammmudlafuilansfidusouasuddansiudann o 1l
FouddsurinalagaziUasuanzusinawinty Armuudasmldandnaineusdildly
nsnasefiufivesuasesnadimizeidu mm’ lnsmlFndunusssuvessesnaudunua

anseasialull
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HV = (1.854F) / d e (kef/mm’) 2.7)

my F = ussna (ke
d = ARALYBAAUNUENYDITEENA (mm) = (d1 + d2) / 2

desnsesnauuintunedevivunadnuinisiediiatunaaevinFeuusaainesnles
vierunsinnsnuneuiiefiazldiiulassairsgania wazannsadennauulasaained
Foensle arumunvestunumaaeuIsdefismeiililiAnsesldRatunaaey dvuals
ANNTUIAGR WU 1.5 Whassvunadunuesusesna (d) guvniiinaaeusgsyning 10-
35 parealTua seevvinsseninesesnaegtiayiian 3 WnuerANLBTIRABIE UL
598N

2.6 NSNAFBUKIINILRDUY

msnaaeuLsAadeuiingUsracdiile TanuaudRnnudmmuvesiansoussiadu
Usglewdlunisesnuuy wasnisdenidianlimuzauivanwuemsldan lunseaouas
Funsldusefsifintuegneasinauefaduulvdneon uazeialuiian Bnnsmaaeui
Funeulnedaudsil nisiwduutunageu (Specimen) Wisnuinnunasguilldensds wy
UIAIF1UYDY ASTM (American Society of Testing and Materials), BS (British Standards),
JIS (Japanese Industrial Standards) 38 wen. (WnsgIURERTUIRRaINTIUING) WHudu
mﬂuummma o1t unAanueIalinsEaenTILguiunaaauiotesiunisidoues
FuauaIniTumsiinsRe MnsaTaaeuaNEey anunsiestunadeulaeiuey
neaevIrieslilies Tnsin uarduiindvuiaiifvest unadeuudiiinisaeieeioss
(Tensile machine) dudlefuasadurinisannsn uasmuansng q %0913 [40] N3
edeuLTIAndeu uarmsfuluruAZoUTH UM T BNANLA ULV ALUURBLNE A
Juuanadaguit 2.11 sunpvestuauvadeuissindouas tusgfuuianumunveiuiy
NAADURUANINNAITUT 2.12 Uazmnedt 2.2 TasdnaBanasgiu IS Z 3136 [41] d1widns
ATI9EDUTOLL TN ITLA IR IUNIULUUAE19D3uMSgIU JIS Z 3140 [42]



RLISGRY

-

(a) Umeduanugniulagnsa (b) yaeTusugniulaeusiuses

sUM 2.11 MInAEauLsIALReY kagn1sIuTuUMAaeU [1]

18

B
A d
AR :
i o L5
| N
| | | '
A / 7>/} *
i, /| £ ;A=
A - 71
gﬂ‘ﬁ 2.12 pvestusTUNAGDU [41]
AN519% 2.2 mmmaﬁumwmaau Wuy: 4y [41]
AVIUAUIVDILANUTUIIY | AN SYYLADLNY AIUYD SYYTLARUIU
(t) (W) (L) (A) (B)
03<t<0.8 20 20 75 75
08<t<13 30 30 100 90
13<t<25 40 40 125 100
25<t<50 50 50 150 110
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navesnIadULUURada ULl AN e santauananstuly et uegfuaundauss
vosgauen Fanfiviin1smnaey pumuIveIHUTLNUNAAEY SrzmITuinuassenidon
PAreseELden ANt SrEseALien warATIBTITENIE Y HaLINY UARg
Flaguil 2.13

a) / o/ 7
b) /4S5 7
©) /oo 7
- {= 7
3 QAN LB 7 SNS_7

JUN 2.13 dnwarNISUINIINMITNAGRULIIARDU [1]

NNFUN 2.13 AwairmMsvInNMInadoukssoullline (a) uuunumageun
(b) UNUTUNUNAFOUAN (C) IATBUNALUUAMIBURN (d) IUNUNAFEUIIANTIALTBUYGA
Hug uay e) JununegeurnuUdouiienunnaay

2.7 N1792NLUUNIINAHDY u,azms%msqzﬁ%'aga

- g & Yl 1% aa A

MIoRNLUUNIINAaEY (Design of experiments) LUunsuseendliisnsnuatisie
panuuuNsnaaasladedie q Ninadednwusiamenaulaelinsuissiunvanvaunan
voelade@alady (Factor) wiseenilu2 Uszuan Ussavusn Ae Yadeiinuauld vuneds
Tadendmuamvesdadenuulalunisnde wu Anszuaweilunsden Jadeussnniiaeddie
Uadenmugulald vuneds Yadenimuadnzesladeiulililuniswds wu gaumgliannns
=~ o 19 | @ o &
Wou sruunIseennaaesnIluusenaunlgnistansneansiindulunisveassadluly
NIPUIUNINAaeItiY 9 uazlikandneoninduandluzui 2.14 nsnensiisndulunsmeaes
loun mgAu w3odns Wusu niwensndlulumsvessaduiedeninanonandnilagad
rrusdundesmunulilalussiuivengay fadunisesniuun1sveaefinfesaunsaindn
wieandvinavestadenliaunsamunula
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Controllable Factors

X1 X2 X3 .. Xp
Input Output
_p> Process _p>

T -1

2172 73 .. Zq
Uncontrollable Factors

(Noise Factor)

sUTl 2.14 UnUUsTUUMSYIARea Y [43]-[45]

mMseenuUUNTMAaeddunIseonuuulellinanfusintaumzaulagnismAf
wnzandiga (Optimization) Ssdnifiudiesenduiuudras svieaunisnsadiamansunedune
anuduiiudvestdeninadoannmusssdnsnsiansofnymavemats 4 Yadondouiu
TuanigaiumegIsiddiunsnaassdesninnsAnuiazdads n1seenkuuNIsNAaLRs
Huismaiudeyedifiusyansamlnenisasumlamisusumves Input (Factors) agnadl
Gq&]ljﬁ%mﬂil‘ﬁ‘{l%ﬁﬂLﬂmmﬁLUgEJULLUaQGU@ﬂ Output (Response) fiAnu

N1308NkUUkaENAUINEAA M WagnTeuIumsHaalagldnIsoeniuuNImAaed
wUszasiiemiulsdaszmdetiadenamisamunulumafiandnadesaulsnumie
nanaUausdlasanAaLUTUTIUTeMansuauadlitsfianlusaz v lvinanauausagly
WhnevesniseenuusNNfigadanisivundiuUsdase uarseiuvesiulsdaszioseglu
i%ﬁuﬁL‘mﬂ833J17i?;j®§ﬂ‘17?\‘1L‘WIEJLﬂuﬂﬂ’iaﬂﬂ’mmLLUiU’i’Ju“UEN(;hLLUiiUﬂ’JuM%QﬁDLLUiﬁIQJ‘
annsamusulilua fiRuseanaamunuusildluonzinmsnaass [43] wénnis
fugdenudidyduoshannlumssenuuummanemnuiuy udnmsiiugiud 3 wdnms
Aa NM3du (Randomization) M3 IMAaese ) Replication) wazn33nngu (Blocking)

Msdu Ae nslilenalunaiiudouavesteyausazinliviniu lenszanenaves
Haefinuaulallfeanlulifunmssesunisfnewin o fu

mMsvhnaveaest #o nmsvaassiluteyaiiieridnentiatefimuaulildesnty

msdnngu Ae nsdanguasimiloudulvioglunguidsniu eananuudsiuain
ALLANANYBINLNEFAIDENS

funumseeniuunimmaasaiieniseeniuy MIfmUWEATIS LagnTEUIUATS
WAmUsENBURBatuneY fo N15UTTENEdNUAEIULUY N1AIUAN LAENITHASNETRA
fign FunouusnmsusssednuursULuuNMAaesUsEnaufsnTInTeitlymlnend
wsBaserieiladeiiidennuuusunurestanoukuamsnIseanuuunnaaastu duneuil
paeniladis 6 Fonuguit 2.15 dail
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1. nsimvuadgym
2. MIMNUARILYT warseAuraladuluuummun WUUEN WaskUUREY
3. N9LEDNNITODNUUUNITNAGDY
4. AFYININITNARDY
5. MIlATIEVdoya
6. NMSATUNANITNARDY LagiaUBLUL
> nsmnualgn |
A4 A4
madentladedasy nsdentadunauaues

v

N13189NNTDIALUUNITNARE I

'

A1SNINTNAADY

v

eI PRATRGH

'

miaqﬂmamimaamazLLusﬁw

JU# 2.15 JULUUY0INITORNLUUNTNAREY [43]

fumeuilans Ao nsmuay nan1smaaeslindesdinsruannIseenuUUNITYIAARaTRTiNTg
mvuaulildnanvaaesiilifuanuidede duneufian Ao n1snmaiifiian nnsmyad
wnganfignvostladeanmsomldannsaiudiiusseninsansuaues waztladed
dvdrasenanaufoglusunuvaunsadinaans msisgimeaiunzaufignanansald
MENNTVOMNUA LR INaREU (Response surface plot) kazlAsisauasnanau (Contour
plot) vi¥eltinaiavesmsmaimnyayiian

nsnedeudulszansnisindule (R-square) WuN5IATITRINNITOBNRUUATS
naasfioonuuuIuIniinumnsandiodn Ssnsmaasmnedidesiinnuiuudsiiosus
13/l¢ vdo aruemaBouintuaie MssenuUUNINAaRsTiRFenAnm L sTioRUNY
ailgtieniian frdudszaninmsdaaulasi aunsaudlalasniafiusaudlumsaans ns

o A A A 9] a Ay a ) v !
mﬁ?%ﬁq{jf\]"ﬂﬂQUWLﬂU'}m@Q Vﬁ@ﬂqﬁaaﬂLL'UUﬂ’]TV]@a@QI%NﬂiaﬂqﬂqiLWN{jﬁ]QﬂLLa’J A1
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fsransnmsdnauladuined uansimanniafesumuiinndowhnisudeniiieanuaves
Uadgsuniu

NTIATIERAMULUIUTIU (Analysis of Variance: ANOVA) Ao n15inA1Asuianaigly
sUmMUUTUTIMLTIUAngogeanin AgagLsar AU BUEUMAIAIULANANLEIN T
aunansnslafidiuinnituansindadeniesssurestade v ldararuunnsineiu
AuaNTAGUTTINUAI L TUTIUTATIgR Ao Andsindsaes (MS) =SS/df. Tag MS
MNEde ARREidEes SS Mnede Anasddes df. e Sunrudasy

asaleszinnuslsusudueiodieldduaneeadinmand wazliasgsinng
add Ansgianuuandvesdadsiengngulagldnnuulsusulunisdiuam luns
Ansznnisannaldledudslunisdedulauanisdndulalaanuadngannsiiaszi

AITNNITIIANITNAGOU F Tun151AdaU Fo lun1siuSeuliisy F A1911A1A73
wUsUsLELNRLE o = 0.05 mnmsaan Fy lddasnindateainnisisdeindaseduliiing
anunsngeusuaNIRgWlE viemnnsman F Idnnndntladeanmansdioindededudna
ansoveNsuanufgIule n13EeNRUULNUNSINADY

1. UNUMSVARBILUUEN (Complete randomized design)isﬁﬁ’UﬂWimmaaﬂﬂa%’sJLﬁaa

1% (%
1Y

waziduiadofinualfuazmuanlililagdavdnnsuuvdalivinslneddwuduneunis
neageieil TwuaiuUseennuastafefinaueuls MNsnAaesLUUduaNysal (Complete
random) Tun1510AIATIZRIAENITIATIZRAIINLUIUTIU (ANOVA)

2. LNUNNTAaDILUULNANOLSYa (Factorial design experiment) ldfunisunaes 2
HaduRe Yadendn (Main effect) Ao Bvsnannntadeiiaulalrenisiadvesnainiadedu
T wazdadesiu (nteraction effect) fio svsnafiaulanmeldnmsddsundasununis

IV RIEER LLaxﬁg‘ULLUULqumsmaawaqLLWﬂmaSaaﬁﬁﬁm g 2 Tumsinunseu
Hadenfieaud 2 seiuwiniu wu 2° vie 2" \Hunisveasmatetadeiimnunseaudasels 3
seeulu k Yodowdu 3° e 30 1Hudu

n1sepALUUTeNg-lusiuLAY (Box-Behnken design) L“flumsaaﬂuwf%’m%’u?\lmﬁuﬁa
AoU msaaﬂLmuﬁgﬂa%ﬁﬁumﬂm'ﬁmmiaaﬂLLUULLWW@S&@ 2 fumseenuuuugenld
auysal nan1seentuuiuszansanuInludus I uIuYeInIsUssIaRafifaInIsuaT NS
a'emLL‘UUﬁé’qﬁmmmmsa’tumsmuw%LﬁaumuléjﬁﬂéhaLﬁaqmﬂmiaamwuﬁlﬂums
aaﬂqugﬂmmauﬁnmqmwasujuugﬂmqnam%ﬂﬁ V2 wagliisugala 9 ﬁLﬂu@maamm
QﬂU’]ﬁﬁﬁﬁ%’]\‘igﬁuf\]’m%mﬁT’]ﬁmUULLa%ﬂ'N%@QLLG]Iaz(gf’JLL‘Ui

MseeNLUURURINAREY (Response surface design)'3%‘ﬂ'rsmsaaml,wﬁuﬂwamau
(Response Surface Methodology: RSM) LfJumii'mi'JmmLwﬂﬁﬂﬁgqmaﬂaimmam% AN
adnffiuselonisenisadiawuusians LLazmﬁmeﬁ{]zymimaﬁmamauﬁaulﬂﬁﬁuagﬁu
Na8AUT LLa:ﬁﬁi’mqﬂﬁzmﬁﬁ%mmﬁﬁﬁqmaqmamau W naneavaues y Wuileituves
U3 xy, X, annsdeuaunsldesd

y =f(x, %) +¢ (2.8)
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X2

x4

Uil 2.16 nseenuuudend-wuviuieu d w3y k = 3 [43]-[45)

e & Aip AITUMURIDAIANURANAIATARTUTUATEUIUNTHAZINANTLIURDRARDUYBY v
ANANANIIVDINARDUYDY Y EIUNTARBUANNITLARIT

Ely) = f(x;,x2) = (2.9)
F9T NURINARNBUAINSUSEULUNLIUIY 2 Yadua1unsaldguauni1suaanuR7laee
= SO (2.10)

F992L39N31 NURINANBY (Response surface) ngdrulvg)asuansiuiinanauluguves
3700 Inedl n agnndeniussiuyed x; wavx, lienavgisliuessusnwesiuinanauls
aa A W= 2 P | 40 = a | '
ABITU F997199NaanLdUlATIT8 (Contour plot) vesiurananaulaenUeyniludiulug
2 NS IUANUAUNUETLIINNHARA UL ALALUTDATE A TUIULSNLADIMAIUTEUUN
Witz au M Ui nud nSULEnIn LU RUS LR35 1319 y Laziwnvesiiuysoasy
91292 JULUUTIa99UINanBUTAMUFLNUSLUULT L duAUs I UTDase Handuinldidu
LUUINADINAINLG AIAUANSA 2.11

Yy =PBo+Pix + BP0+ .+ P + € (2.11)

[
N o w

watildulanngtosluseuuagldilan dunyununimasgely 1wy nuINmaEes Aakand
luaunsi 2.12

k k
y=PBo+ ) Boa+ ) Prote (2.12)

i=1 i=1
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-1.007-1.00

SUN 2.17 HUHINDULUUATNR [46]

Jeymudgaduiuinaneudiuninazlduuudiassidmtamionuuiiaoimasdadlun1sm
NAMDU WALUUINADINIdsrtialia1usaldussuuaInLduNUSnaoANUR I NUAUD 5
a i r— P ' g a Aaa A o
wUsBase eniiuiimsaulaegiivwinlve) nsesniuuiurnansudisnisimhunldlunism
AANgnveIKaRoUagnAeIsAIEAU laun I5n1smdtarsdesgn nstumeniedy nns
ONLUUAINSUTH L UUTIADIOUAUNATY BaLNISDBNBUVAMSUNALUUIIABID U UNADI T
n3nkuLA I nTUnLUUT1aassusunaelidun s ulunnIsas1IuuUTIanIn1ansIA 0
YDINANDU

a v

2.8 1®nE15 hazauIdeninglvag

nsAnwIAgIRUNTTUINNIS T aNA N UM ULUUYailnude iR Te anane
UszLam LU MsAnwidvwavesiididalnsaiinareoquninvessesidenlunszuiunig
Feuanuduniuuuugn nsinwiiieniduminzanvesdadelunszuiunisidenainy
FuUMIULUUR MIAnINTEUIuMSIeNaui U uLuUIRd S lan ndumAnnanly
atu uennguanndliatiy ngunindoulavesinuia tenans wezenideiiAedosedune
vtad]

Li wazmaz [25] lavinn1sAnwidvdwavesyuuesidiaalnsnviaiidia (Type “E”
truncated) AlHlun1ndounnuiuniunuugavesiidasnoud lasfiansannuaniiinis
HandlagldismaluluidawwiieAnwinsnszaremvesliiin nsifaauiuusimanli
nslva wagmsuanidsuanuieuninagadula dsnsvaasazAnviyuuesididalnga
Wu 4 yu laun yu 15, 30, 45 wazyy 60 83A1 NAN1TNAABINUIT BnBnaveanisly
didalnsafifuuuansfuiinasonnnwvessesiden uavergnisldinuvesiadidalnen
nslduiirnazAnAnamnuiuesnssuadonunaveuresindidalngm iAnauiuusiman
i figedsaztaelfiAnnisvaeuarasveailolansia viliidolaveiivasuazateifinnis
i wanvanesUuuudadunafnennnmuassenifon Snvievididalnsngumdsanuns
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Usugsanuanansolunisszuienudeu anauifeiyusdidalngn 30 e uazds
09 vl mvessenlendian engmslinugniuiu wagAldaneglunisudniieiman

Mazur wazansz [47) Iehin1sfnn uazUSeuifisunanisaaessainnisidennin
FumuLuugaild Copper backing bar fumslivdidalnsafiluumdurigugnalsuen
wihfurwa 16 fadins uidiiufiddaatuaesunalduivuaduinuguinas 6 uaz10
fadwns Inetnnunmaesiiufindusnuressesdendiiunindouaudiunusuugn
dmSumdnaniueus wazman hich strength Al¥lunsUsznaufdsasus nansnnasdd
a1 sedendiininiadidalnsafidiuiidudaduiuaudnatsouin 10 faduns 4
aunmsesdemieuriiunmsdeumuiunusuuauUUR AT Copper backing bar
Tnelvinssuadoulunadeniiasiu aunmiluiasesidend uasiiov Ul lunisudnanuns
anAlgTglunsuaEnas

Luo waanuy [48] nsdnwmanszvuiuauieuniidvswaremsvnavessesion
Tunszurunsifeuanudumuuuugelagnsd i uAALEUIUNamans (Dynamic
resistance) uarAnwnaiatutaInansEnuAIuANTau nTzuaunalenld Tdidainie
Gurhugudnansuesiuiifuianuin 6 fadluns Wondonszumdon 2.0 51 8.5 Alawouus
THusanasididalnsnasi 3.0 Aladadu wandew 12 leda sanmsnaaewitlinsiuin ms
Aasegidenlunmsidonnuduniuluugnazdifauims 3 ﬁﬁ’gumau CERRNECRIEHEY
(Initial stage) ¥9IAINIILAA (Grovvmg stage) LLaummmmmm (Stable stage) Tnunszud
Feulunisdenaziinadonaiinvuinvessosdoudadinuduiusfuaiadevesniy
fumuwarman fidunuuidunsanaade WeldnssuadeslunisieusagiiliaiAiade
YIANUAUNILNAAI AN TR hazaudNRUSLUUInGual veafuAIAINSaNIINAIY
fumunaeians fedinnuddyeranniunisussiudsinsniulnvessesifondaiaing
Aeadesiuiladoitinarornutou Tneduidinnmdnsarrsmainnisovesguises
Fou Tavanudeuarnaudiuniunasansidefidrgsiuagsildianulanidude
mnuduiusuuulndusiiveaduidurinuguinansvessesidenuazanudumuusidey
N13AUIUAIAIINTBUIINANUAIUM L NAAIERTEIa1UTa U LUl sEendldiunisnsiaaey
anunmvessestdonnuUhivhaneliane

Rawal uazAni [49] liFnwiilemadeiivanzaudmiunsdionanuduniutuy
yaveavannantialuiinesanuiiings 304 lnen1sesntuunisnaaewuuiend-Luuau
LAz A8NNIMIDONUUUNUAINARDY HAREUYBINISANYNE IHlA AR IUNLLIIRY wavLIAYes
seuiBen nammpaaniTlivsuin msldusene 0.49 Aladhdu nszuaden 597 Alausuuus
nandley 45 luida azviliaduniuuseiagean 5.29 Aladadu uarvuinvessesidoudian
4.47 Jadns

Muhammad wazaue [50] lﬁﬁﬂmiﬁﬂmLﬁamﬂﬁsﬁmmvamﬁm%’umﬂ%u
mmmumuLl:umWuaamaﬂmsuaummmwm 1.5 adwns Wneldisn1nTuasisnis
msaamwuwummamau NAMBUYDINIS AN A ANAN YL IAUA MR sTaB TR lFLA
yupmassosiday (Weld nugget size) wagauninsvasiuiivinaldsunansenuainainy
You (Width of HAZ) wanisnaaesasulsin Jademsideniivanzanszneuse nszuadon
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6.0 Alawouuus andou 14 laida anads 4 lufa nansveaeiledudunansuaues
eufuAInsAauanmsldiBmnddaAanain 0.30% dwmiurunnvessosiden wazen
Aawann 1.89% dwisumnunsesiuiivinaldfunanszuanaudou

Hamidinejad wagani [51] Iivind@nwiiovariusnaufigavesiadenmsdenni
FumuLuuedmiumdnyudsngdnnumn 0.67 Saduns sudumaniililunisuszney
mdssnsud lneniseaniuunismeastwuuwlaneiseaiiugy (Full factorials design) wag
nseenLUUEILUTTALNAT (Central composite desion) Hadunsileniivhnisfneie s
nnvesBiaalnsn nszuadon aTe uazalun1snafis Jenanaufo ANULTIRY
Fou anuanisvaassasuldin nslddadenisiden ussnavesdidalnsaian 201 Ala
n3urledey nszuadenilen 11.3 Alaueuuus nandendia 12 luida waznailunisnadis 12
lwifa azlviAmunssiadeu 3,858.62 Ty delmmnuaaandeuannsineg 1.5%

Kianersi Lagaals [30] msanunsdsumavessesifouiiiiunsdensem
Aunukuuyaennannaliatusineeanuifinnee 3161 ANuE 1.0 fadiunas 1oy
fisanvunvessesidon manuunuusRadou Andnnunnidnvaraudens
fiAnaInnmaaeuusIA uazmsilaneilasiaiganiavessesidon Yaduniadou 2
Jadudo nszuadon LLa“LamLsﬁaumﬂﬂ%’uLﬂﬁaumﬁmﬁwﬁm‘?umimam iam%amvmumi
nagauAuantAnInaliui n1snaaURsIAtLRau mimmaaummmLLsuwaasawm
mﬂuul,aaﬂsuumuwawlmmﬂm{j%wwamiumimama 1aa1nA 20 191Ag L’amwam 4
lofia narlunianadne 30 laida nssuaibon 8 Alawouuus ussna 4 Aladinu Sustudiiunis
Fouavinfesgilassaiisganialudiuvesmainnsiasumialusosiden 91nsans
npaevagUnaliin AaufumusiAdouressesidouiilelinssuamdou 4 Alawouuuias
fiAn 2,450 Tadiu waziilonszuaien 8 Alawouuusian 8,070 Tadu nanisnaassdainld
yuhmadunssuadeslfgtuiasiinandeniothimegeuissindoutunuiinaaey
wineenanfulneuainiasiuudinmsey q Auifldiunanszuananuiou Funuee
Y1neennduduiuy Pullout failure mode dnwazn1sdn wazuenaenaNiudnuuy
fananidufiveyiudosnidunisdnnasnatagiu dmsunsmsradeulasainsgane
yessesidounulassaansunuuaeduu itvuldfufianwsinauesindideingn lag
dnvazlassaiiagamavessenidendild nszuaidousnit ¢ Alauenuuivzifiulaseaing
Skeletal uag Lathy delta ferrite Hulnssasrmdn dmsulinszuadoniigeaiiiulasais
Acicular delta ferrite, Skeletal uag Lathy delta ferrite mMssiiuapuseulunsidenssh
Tusnnseadeuinnsuiitivunlvgdu waveziialaseade Acicular delta ferrite nan1s
Uszsnasndildaniiaszianniedes EDS vilvimsuinnisldnssuaden 8 Alawouuusas
yhlrAnmsnofvesmamlesls Tasusinasinlududdy uasddnougnasianuludiuwd
gaduiy nanmsnseasuamudslusesidounuin anuudslusesidoniidiiniiuiim
fuiflFsuansznuandou uaragiumnuisuifisumanuudatunislénszsuadonay
wiudn mslinszsuadengaazvilvisnanuudduses deudmanaiesainvuinveansuves
seusdoniivualna/ty
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Jagadeesha [52] 1an15ANWIAIAINUATUNIULIIALEOU LazaNEMEN1ITANUIA
yessosdeuiiiumaidenseanuiumuiuugaveandnndliaiuvinooamuianing
3161 AIAMUT 1.6 TadINT MIsenLUUNAABILULLHANBGBalingy 3° Jadunisidond
USuideuie nadou 7, 8, 9 luifa uasnszuawion 7, 8, 9 Alaueund drudadunside
finafildun vana 10 leda nailunisnade 10 Tewda wsene 3.2 Aladdu nanisnaaes
agUlin mafiunszuadonszdu 9 Alaueuuds wagnandonsedu 9 lufa agvilvianm
Soulunszurunadeuiingaiude viliAnauavessesdondigssvana 7.55 faduns
ylvarudunuissindougessina 13.4 Aladadu nsvineenainiuvesduaiy
nadoULuLUU Tearing type Sognslsfnunisfiunseuadonseiu 7 Alawauuus waziian
Feusziu 7 leida aviliAnuuiavessesidenanasniousyana 6.98 fiadwas A1ad
FumuLsiAadouanas MvIReenantuvestuumnageuiuLUY Shearing type

Moshayedi agSattari-Far [53] Tolusuasu ANSYS Tunaseeniuu wagilseuliieu
MsVAaedUeINTLToNANLAIUMIULIUIATavEnnAadueeamuiAninga 304L A
v 1 fadwns fnsiivuetlasdunisdenldad ldud wsana 5.4 Aladadu natlunis
nafne 30 loiAa uwdnldsunUainseuaidousedu 6 89 10.5 Alawouuds wWasuwlawian
Feuseau 8 1 26 luifa nkanIsnaaes wazn1sSouiisussdouiinsadinaansan
TUsunsu ANSYS asuléin dleriiunszuaidenlunisidon Qquﬁu’%nmamé’mﬁaazqasﬁuaéw
smﬁmuﬁﬂﬁtﬁmmwaamsmsﬁuaaLﬁaﬁ’a@LLé’aLﬁ@midaﬁwﬂusam%m S RRRIGERLY
sesideuudrguugiazanatos iriasa annsmaassmuInsldiandentesnia 26
lwfia aglivhlfiAansunnnssanevenielanvinas (Expulsion) dlonssuaidenlunsiiey
s¥U 6.0 PlanenuUsazsilisnsnmsiinsestdeniintusd1esandianiuez ey 4 sty
FonszuaBenlunsdengedeszdv 8.5 Alawonuliasiinnisuannsyaevoaiolansman
dwSumuduiudvesnszuaion uaviandon fiduldesuieliin nezuadendivdaaiy
TAnmsinvessesidey wandeuthefinysuimaiiuseutiausnresnsiianisiefves
soerdeslaouunilild nssuateu 8.0 Alauouius andeu 8 leda Weaanlymnisuan
ﬂszmmmﬁdammmSﬂﬁgqszhwswé’mna'ﬂ,umwémia:uﬁqLﬂuﬂwsﬂ%“wqa@mmwsuaa
seuidoulHity

Kocabekir wagmaug [54] AN INANTENUAUAINSBUUDINITTEUIUAIIUT DU
USENNA WaZAEsEULTEUNER L ousaen TunsidoueuduusuuAYeamMannd)
1Safiueoamudfnnsa 3161 aruvun 1 fadwns Jedonadeudmusliad 1oud usaine
0.6 U$ nanlunisnadie 30 lada nszuaden 7.0 Alasenwdsasunlatiandousesu
10 fis 20 lwiAa Inwansmeaenudy lildsesidougnszuisanusousieisimuinmile
nadeugetuashlianufeulumadendidgeiu uasilvisosdeudvunalngiusae s
THaadeu 20 lfadmalisoadoniimnuudaussgsgn mafinanudeulumsidesasyinld
UAYDLNTUUT AR LTTLESUANteu wavusnalanswasuazareilvuialatu n1siin
ﬁzj'avj'msluiaaL%amL‘ﬁuqmmwﬁawaﬁaﬂL%auﬁmmimﬁm%ﬂé’ Tngaziinannisldusenad
HouiAuly v3e mﬂ%mm%f@uiumsﬁamﬁgqLﬁulﬂ nsszuteAsounslulnsiauazlien
FumuLsIRsgeninssEUIsmNSeufeisu
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Feng wazan [55] livinnsfinu wagnaasaifiolUSsuifisunadnvazmagunin
Wisuieuamauiininaveananndilsadueoamuifininsn H1000 (Nickel-free) wieuriu
wmannEnaealaLnsa DP590 uagmanndafusumyudsngdingn GMW2 91nHan1sMAaed
yilvimsudn H1000 fienuannsalunisidonsesnitiandu wazianisuanin ielnsdy
sesrdoudadugaunnsadlunisiden Tngdl H1000 Titaanszuaidon waznandouaunii
mMsdeudeiandu 50% wWovuiavessesidoniaviiiu lassairsganiavessesideuiy
Columnar nsusznaumemlasssamulus uazVermiculate iaslsy arauudauiinsey
Fouflidndiniiudinataniiu 20% dnvaznisinvessesifeuinnmadeunsaiaien
H1000 §n158nUWUY Interfacial fracture d2ufanduiinnsdnuuy Interfacial fracture Wz
Waswdun1sinuuy Button pullout fracture

Alizadeh-Sh wagany [17] IinsAnuinisagumavessesidouiiunisidouse
ANAUMIURUUATEsanna L SalinmlasiRninse 430 mnunwn1.2 fadwns Jadems
Fourvuaduanasiife usann ¢ uas naaa 30 luda naluaisanda 20 loifa 1an
Fou 12 lalfa nszuaiieadsundasszdiu 7.0 By 11.0 Alaweuuus Mnsanisnaassvils
n31U31 Uihalavsvastazateilassaiiaduasduuisineslsv waznumsluvianaznou
PavBLTBLNTY Laznuinslevilinay vinamuilldsunanssnuaudeuau oty
Hu 3 Fufio FulugaiFenia HTHAZ lasagnuandmulwilulassasraneslsvias insufloun
Tng) Hosnfiufidldsuaudeugean sunaradondn MTHAZ Wuuinadinanuuds
aan lasaneanuilasled wazanfmuley uuenamidondt LTHAZ Wuitufifinsany
Tandouenslugaeluingy wanisnageuusefsinlimsuimndununnasuinisinues
%umumaaummwu DoubLe pultout fail lure Iﬂamiaﬂm@mﬂumaﬂwu AMAINFTUNIU
usaivgetuiiienunnvesTosdongetu fanfunsifiunssuadonglunsifivmuiavesses
Lﬁjaﬂ%qwumu

Bina Wazanz [8] Iiinnsfnwlassainsqania uardnunrasdnuinvessesiies
iunsileNsmgALFumMLLUUgavesmanndlFadues3Aningn 430 uazimanndls
afuooauTAnNTA 304 ANUVLNL5 daduing Wensneiiendoumdumuiifiama
30 kvA TagldaBidainsasdnmdafiufidudaduingudnais 7 Sodiums nszuadon
WasuuUassziy 2.5, 3.75, 5.0 Alakeuuus asiusena 4 Alafiadiu 1ane 6 Jund 1ian
Fou 1.2 3unit uaznanlunisnafie 2.8 dunit namsvaassnuindloiiunszuaideslunis
Fonvuavessesifonszivuiniiinty wisesidouiltveandnnd ldadueoanuifnegd
gwndivgniniliveuninndlSatunesiin ownminndnl¥aduseanuifniiAiniy
fumumalihgenin Tnssaireqaninvessesienazdsznausoaua Ae soamulus
wloslsvt insmulert maifunsuadenasilfvmavennsuiaiuiilldsunansenuain
$ou wazvinalavevaonazarsfivuiadingdu msnassuidinsadugaunnieduses
FosdaRnanmslinszuadoniiguiuly (ska) Aenudummuusiadoussiimgeudiold
nszuaidenlunmaifougelu uidanudunuisiiadoussidanaudeifngaunndady
seuidlenannsldnseuadiend 5 Alauenuus dnuaizn1sdnvinvessesilienainmnaaey
L39RaNUI1 dnuaznsnn Interfacial failure mode 1Ana1nnnsldnszuaidon 2.5 Ala
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wouwls dnwaiznisuia Pullout failure mode Rnvnmstdnszuaidon 3.75 d 5.0 Ala
ueuuls Amnudumuussiadougeaaiinannislinsuadon 3.75 Alawouuys

Aghajani LagPouranvari [56] ¥n1sAn¥ NS LA ULLUUAYRMANNED
1Satuansmulest 420 aunun 1.5 Sadwns lagld Ni interlayer Aumun 0.5 aduns
HutaguigUszanuiioannsnedvearainfimulsiannsinaniveu uaglasidey Tuudim
waeuazay (Fusion zone) lnepsiitadunisifonde wsesnasediu 5.0 Alafiafu nszuaidou
sz 10 Alauenuus nandeu 0.24 Jundl natlunsnada 0.20 Junit nansnaassazule
1 lassafeganmavinavastazaeUszneumeassamuluifuasludinsuasidunds
F18003 U TUNIVBITOELANKILUTIAINGTT  dnvaen1sBnvinvessesidouiuuuy
Pullout failure mode ﬁu’qmﬁmaamwu Tensile shear test W@y Cross tension test A9
Waguulasauvunues Niinterlayer fnansynusalassaiisgania wagaanuudwesses
oy

Subrammanian Wagaly [57) YinsAnwianaNdiniana uasnsiudsuutasmaly
seuLdouruMIIauseanuf U uLUYIAYesanndSaduooamuiiningn AISI 301
wazwAnndlSatiuwmessAnnga AlSI 209M panamiun 2.0 Tadwes Iaglddadunisdey wsina
4.0 Aladasu vanden 15 lefa natlumsnadie 20 loda nseuadeu 7 G 14 Alauouuys
nan1snnassagUlein sunvessestenliauduiusiunseuaidon nizuaiendigainly
swzmiﬂmﬁﬂméﬁu Tassadaganiavessosifoutsnoumoanfnulsyt uazwamaslsy
mmmmeaﬂuummwaama a’l‘tiluﬂ’lﬁﬁﬁﬂLll’e)L‘VlEJ‘Uﬂ‘UﬂWﬂT]@JLLW‘USL’J&!‘WUWMIGWU
HANTEVUAINAIUSOU LLakuwusnmamwu

Mousavi Anijdan wazAgg [58] ”memiﬁﬂmLﬁamﬁﬁﬂmiL%auﬁmmzauimi%
107 wazdnmlassaineganinvessesidenriunisifondeaud LN IULUUAYE
wiannanlSatuosanudinnge 304 wavrannatd@eunansa DP600 AILLN1.0 fadluns
Tneusuasutasomadendu 3 syau ldun Ao usinm 3, 4, 5 Manduese atlunisnadig
30, 35, 40 lovia andeu 14, 15, 16 luifa nsvuadeu 8, 10, 12 Alausuuls nan1snaass
agulai Artadefmunzaudmsunisiden Ae usang 5 Alansuvlese arlunisnadis 30,
35 40 e nadey 16 luida nszuaien 8 Alaweuwys Imaiﬂsqa%fwagamﬂsuaaiaaL%'am
axranulamnslent nisanvinvessesdoniiiiunsuedauussiaiouidnune Pullout
failure mode

Vignes wazaae [18] lafnwiiiomdadeiivunzaudmiunisidenanudumiuiuy
nvennannanliaiuesamuifinnga 316L uazmannailtiaiugunandingn 2205 A3
v 2.0 Tadwnslagliisning Tnsusuasudladonsidendu 3 szdu Idud Hdidalnse
ﬁuﬁé’uﬁammmé’umu@uéﬂmq 6, 7, 8 fadluns andex 7, 8, 9 luida nszuaidon 7, 8, 9
Alauouuys wansmaassasuldiadadeiimnandmiunaden Ae naudex 9 lufa
nszuaidon 9 Alawouuus uasshdidelvsaiiuiiduiavuaduinugudnans 6 Taduns I
Aanuudassiadon 17.6 Aladafu mavadeumuuduswasseadounuin nsvuadon
Jutladendniifidnsnasemauuiuswossoaiden nandouuasvuinvesiuiiduiavos
didelnsalutiafeifauddysosaunaud iy mimsadeulassaiisganiavesses
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Foumuin Vinaiuifldsunansenuanaufeuvesiavdnndliaiugmandarnuia
véniduameslsy (67%) dullandnndliaduesamuddnnuinassamuluviinsuveny
Hundnlnefimameslsvinaneguisdiu (7%) Uinaduiiildfunanssnuanmiudourisans
Hafvunmnsulagiade 100 lulasuns Uinavsuneslsilasarinanavinnlavgvasy
azangnINUlaNausznIavlaseanulun wazmaduneslsn

Alenius waganiz [59] IdAnwamauifivanatestununnaauannisifeuaii
funukuugnvesrannanlatiuesamuiin LLagmﬁﬂsqué’qnz%mﬁwmLL@ﬂGiNﬁ’ﬂg%’@LWi
0.70 §4 1.95 fadns nanmaasmuilassairsganiasesidondumamnimuley ng
YIAEOUATINFLIULTIRIUDITDEL RN 72% T 78% Tuunndey 11A8aNaNULUY
PlLug failure mode uazauLdtussvasseadontuogfumundns uasanumuvastan
iy

Essoussi wazaniz [60] liAnwilassaiisgania wazquauvinienavesnisiden
AIUAUULULAYBIIANNAT L Salusoanuiiiningn AISI304 (ASS) wazdniwesiAn
1n3A AlSI 1000 (FS) 3nnmsngassnuin sesidouilinnusiumuusedegsgalumenanie
souauuD I AN ASS LagASS souIdonvpsTanuHU ASS LaFS soulTeuTanusiu FS uay
FS nMsmnandanudn nsnadoudnuuzademerassesiienaziuodiuruinueds oy
Fou wazgUs1avesseniden

Fu wagYang [61] Anwinssuaumsilensildsuuvasanturainveavadluiu
yosufsvaamdnndliatuseamuiinnga ASl 304 Tngrunisyuudsluomaasaiifiufa
915npuYNAUIIANANTITNNA YN IUIT MsiAsuuUasaniuganvesmarluily
voauds lnssadrsgamedasanulseneuse dilavewad inadweslsi uaveeamulus
nswastulasdanuzarnveanaluiluvendailelansnaouduilanewan Lathy delta
ferrite azfaddungufiou dousaudetilangva swilfAansdsuady Lathy
delta ferrite U poamlug KuUfn3eume3An (Peritectic reaction) MIUAsULUAsEN LY
Mnvesnaliiiuvesudeiugaiimanans ussamluvidugy

Leone wazkerr [62] Idvinsfinwimaiasuaauzanmtamoslsiiumaseamiluy
Tumdnnédnladu nanaeaenilivsuddunsuasuulas As nsdulavgman madu
Tanzmansuiunadiaeslsi madulansmasuiunadweslsvivuivesamulun wad
wloslsvismiueeamului gaiheznaedunaduvesled uazosamuluyi nswdsu
a0uzAana1inannszuaunsunsvessiniiia wagnisanasvessiglasidiey e
Wisuiflsuiumadsuulasaanuzanaseamuluiidumameslsilumannd13aduay
WU Widmanstatten Lty

1NMsAnwILeNas uaziuddeiiAsatenilinsuiinndenindidalnga waz
Hademaideninzantdnidoarltinaialunisiden 2 meda Ao

1. msidensiididalnin uazladonisdeniiinunzanainnisuszanananis
poufianeslaslilusunsudisagy wu Tusunsu ANSYS tilevnnsAnuwiminisnszaes
yosauulii fanisnslvavesnszuaien muinisuandsunudeulunszuiuns
WFoumnuiumuLuuge WuaAdeues Li uazany [25) wieauiduves Moshayedi uas
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Sattari-Far [53] 1usu ndnldamdedadunsidenfinannsusznianannpeyiinnes
Wizhnsneasadenslaiiensiutuanismaasidnads

2. Madenidideina uazlademsdonfivinzautannisveaes IneuUin1svaaes
Ju2 Useinde mimaaaLLUU?{@T&J@"&LazﬂmamimamLLuuaaaﬁmaamﬂ WU $1UITEUDY
Zhang uawAnz [63] fmmsmaaaquuﬁ]ummmumwmaawmn wazhadildlunismaaes
ﬂaumamswmmmmLsnaaaﬁuaqmsmaaqm drunisnaaesdnnislseinnfe A3
PONLUUNITNAADY LUumwmaEmnLUuwuauiﬂu{]ﬁ]ﬁguui’mmmm'ﬂaimmmuwumauu
#e esnndumaianisesnwuunismeasdaserfofuuunisadaamansiailisiu
nannaasdites Usendadildaslunmsveasssuisdaiuindefiogininimaasiuuy
avsfinanign NsvENLUUNTVAARLiBLdanTAdRInTA wazladunadonivanzans]
NANNANELTT LW N1senkUUkUUdILUITaNnas MslEIanIng visudusiniseaniuunis
npaswuuTend-uviutay fadunisesnuuunisnaaosidluinendnudiduiiduiiontu
Rawal wazmueg [49] @enldlumuise WDudu

dwdumsnunisidesnradunutuugateananndiliaiulagnidunisdnw
Tnssadamana Wednwnswiydvlnvessuiasesidendifauduius futadunisidon
1Hud nszuafon aloy wazusinarawndidalnsn lngTanaainA1 ATUE UM ULIIR
dougsanuesseniion 1wy $1uIdeves Jagadeesha (52 wagiveninusidudfidusuiily
vhmsfnwilasasmmaessesde iovnauduiusseninsladunisidentuganmn
1995061701 drunisdnuwilasiaiiganiavesuinasesiondinidonareviauld
ynsfneinisiieua nsnateiduveuiwessenidon 1wu widees Alizadeh-Sh
wazAnly [17] ynAfuves Kianersi wazany [30] a¢ldndnuasnisnennsainiswdsunanes
soodonlnenisldununin WRC-1992 wagnisnensainisnaneJuveudsvassasidenann
Pseudo diagram @usuideues Bina wazaay [8] azldwdnuainisneansainsidsuima
vassesifonlnenisldununn Shaeffler phase diagram Wudefunsanuinisieua
Tudnenfinudiani winauuanssiiulddaauvasinerinudiduine neufiazinig
wensain1siasumalaenisldununn Shaeffler phase diagram waznisneInsainig
nanenfuresudalngly Pseudo diagram avhmsnmaeudunauaaiivestagiu uazly
flufivessesidorlnwadediinrevisn Seilinansiawernsaidiaugnies uasdianu
Undette
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3.1 A15LHSEUB9IAUSLNaUTUNISYBUTUIIUY HAZNISNAFDUTUIY

3.1.1 \n3asilanazgunsniitldlunimeaad

1. 1A30 A BNANNFUNLILUUALATBIVINENSAN PANASONIC 1 YR500-CM2 %iln
wihnssuaadu 50 Hz Rate capacity 50 kVA ssuUszUEAT IS audetngesnsmsina 10
Anssioul muaugamgitivdn 23 esrueaifa natuudaeszual wissdeuai
FuvnusuugaadgnnuALNIsTon PANASONIC $u YF-02175 gpaiuauildusaiiuatiade
nsifeusing 4 Tuseunamesmsidon Wy nanatunuaestuliAniu (Squeeze time) nszua
eu (Weld current) naniion (Welding time) uazsianlun1snadng (Hold time) Wugiu

2. ¥didalnsalunimmaassldiadidalninriianianneaunananlasion was
waslaulea (CuCrzr) vwnduluAudnauen 13 Tadluns ANNe13 20 Tadns diunay
maedlvesiidlaalnsnuansumsned 3.1 sUnswasnddainsanldlumsvaassd 3 wuy
B HUULUN WUULASSAI 16 Tadims uagwuulAsseil 30 Jatuns

A1519% 3.1 dunaunaadueaindianlnse (wto%) [64]

Composition Wt%
Fe <0.08 %
Si <0.1 %
Cr 0.5% - 1.4%
Zr 0.02% - 0.2%
Cu Balance

3. Fununaaeu Yaniuldndnndldaduooanifningn SUS316L fu wdnndnladu
WaITANNTA SUSA25 YuInANend 125 Hadiuns vuInAIuning 45 Tadiuns wagadnumun
1.5 fadwns dusznoumandl Auaudivina uazauautiniidndveunanndilsady
SUS316L warSUSA25 Lansmumsnd 3.2, 3.3, 3.4 A ua iy
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A15197 3.2 drulszneumaniiveanannanlgaiy (wt%) SUS316L waysusazs [64]

Composition Material
SUS316L SUS425

C 0.030 Max 0.02 Max
Si 1.00 Max 0.8-1.4
Mn 2.00 Max 0.2-1.2

P 0.040 Max 0.040 Max
S 0.030 Max 0.010 Max
Cr 16.00 -18.00 13.00 - 16.00
Mo 2.00 - 3.00 0.40 -0.60
Ni 10.00 - 14.00 -

el 3.3 AuautRvnanavesvanndnl¥aiy SUS316L wagSUSA25 [64]

Material
Mechanical properties
SUS316L SUSa25
Hardness test (HV) 218 Max 200 Max
Yield strength (N/mm?’) 205 Min 205 Min
Tensile strength (N/mm’) 520 Min 410 Min
Elongation (%) 35 Min 25 Min

5197l 3.4 anandRvneilandveamanndnldata SUS316L LaySUSA25 [64]

Physical Properties M

SUS316L sSusazs

Specific heat (J/kg e 500 400

Density (kg/m’) 8000 7720

Electrical resistivity (uQ.m) 75 61

Thermal expansion ('C") 1.7x10° 1.6 x 10"

Thermal conductivity (W/m °0) 15 24.2

Magnetism Non Magnetic Ferro Magnetic

4. LATRIFIATUIIUNAADULUUTEUIEAINTOUAIBUNLATBIVUIENTTAT METACUT U

M-250 LNaARTUINUNBUYINNNTIAN LN TEATENT Y
5. 1A3039ANTEAYNTIE/TALN LATOIMUENTITAT METKON u FORCIPOT 1S Liladn

FUNULUUNEIUAIENTEA NI waglTTnTuNULUUAZIBEAM UKD gt
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6. NdossnnMANNALIBAG LADMLNBNNSA1 KEYENCE DIGITAL MICROSCOPE
U VHX-600 gagunsalusenaumendas 3CCD ANNazden 2.11 a1uiniaadnsiawnunsy
54 WsURDIUNY]

7. \n3ompaaeuanuudauuiaines 1aTosmn1en1s#1 FUTURE TECH §u FV-700
wanswan1seuAduLuuRLaY

8. LABINAFBULIIAY U39NA (Universal testing machine) 138181561 SHIMADZU
JU AG-100 AfinALsIRgaan 100 kN.

9. ipSeainRatunusaelessy (lon miling) w3eswunensén HITACHI U IM4000

10. Nd9I9aNIIAUBLANATOULUUEDINTIA (Scanning Electron Microscope, SEM)
Lﬂéawm&lmiﬁ’l JEOL q'u JSM-6510LV LLazLﬂéaﬁmeﬁﬁm (Energy Dispersive X-ray
Spectrometer, EDS) \A3D9VHNENT5AN OXFORD ﬁu X-Max [E350

3.1.2 Msifeutusunagou

MsideNTuNUIynIsUSUS st ni1sden Wy nsAmruaLsIng nsiivuntade
Msion TIuINTsiALaTe AU B MNLANNAIAAINANSIE BN N TN L E oy
%umw,wuajmmmiaaﬂLLUUmimaaaLﬁaammmLau@awaamimaaa MIRNTUT U
9UUINITATIVADUANWEUSNNNILAIN AR ULATIATIIUNAA A51FBULATIASS
801A ATIVADUNYANTIUNIVaRNETAEUBILanY AUNISERNLUUNISNAADTImua LY

3.1.3 NSASIVEDUANBAULYNNIBAIN LaZn15AIvdaUlATIES 19U

FUNUTNHIUNTTBUILNITIVADUANWUEN1INYAINLAYN1TA1NINTILNDNS
M3IIABUANNANY TV YRLLALAN YUY NINEATNYBITBULYDUTFAIMI TN 3.5

A5199 3.5 SNBULNINYNINYBITRBIBUNR [23], [65]

ANYAULNNNIYNINVDITDULT DY NYULNA

1. @v89508LT0Y AA9999NUIPNA

IS 1%

AANULVUVDIEA LA NELD

TLEUTBUNNTAU LUV AL

2. AvessesLtey fianuseu Widuilhvgese

Liflrwlangainniseanvestnlaneman

Lifiawa1niisanlngg

Liidly (Ins9) viSeseeumn

nsnsavaeulassadraunninazihdunuludadionisddulasinnes uazsanasdudae
wiaslulpsmsaiieliiiesenisdn vnistasenseaumseiuss 400 600 800 wax1,000
AU WEIENTUIIURTaTen TunuREunsasazluinsinnsalulag 25%
(Nytry 25%) T,msﬂf?ﬁ%miﬂizéjuiﬁtﬁmﬂﬁﬁ%miszﬂqmiazmﬂﬁ’uﬁa%umuéf’gEJLméTuIWWW
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nszuanse 12 hadanuwinnisnsisaeulasiasiaunniamendesganssaulaen1sfinyiae
NN 5 aeAUTENOU AegUR 3.1 wawhnstuiinian1svegey dmSuduneun1sini
laneaigasindlitonT3aaeulATai AN IARNYITIFLIINAIANLIN <

hl1T

T1 | sus3ieL

T2 SUS425
J h2 T

di

JUN 3.1 AnuagedAUsznauren1sngiaaeulATIasumnIAvesTesitey

3.1.4 ﬂﬂiﬁli?ﬁ]ﬂ@UIﬂiﬂﬁ%’]\iQﬁﬂ’]ﬂ LLazmsﬁmeananssumwaauazm%aﬂam

msmmaauimqa%’wqammﬁumiﬁﬂmé’ﬂwmsmiuﬁLam%fa@ﬁu (Base metal)
U3naufilesusvsnannnausou (Heat affected zone) uazuiiaalansmasuazans (Fusion
zone) Iilanuwanansiuludnuarlatne mslnseinaandnuaelasaigamaagldnges
agamiﬂﬁﬁﬁwé’qﬁfqa %umugﬂ%’mﬁwﬂszmwswL‘U@s‘ 400 600 800 1,000 2,000 Laz4,000
AUETU ntuimstagaeinlnaELleatn e’ wasnsezaiuu1n 1.0, 0.3, 005 lulasung
pddu AaTunuisthareaud i liui deunsnsnasulavadsganiaTuusiog
Numsieintulany eI sinRadaesuaisiaiiviaiamsfnin tusiuse lessuiiads
dnfudunounisiaidlanedemaeiiitensisdeulnsadimanaaansafnyifaiuan
AANIN 3 drunsiuaanilateesnisiafasiesisloseuiiadeauisafneisinain
AANLIN 2 daun1sAnsngAnssinsvastazatevaslavsdunisiiansansesdonannis
Wasuwlasenadenisden nssualion (Weld current) waziandeu (Welding time) Fadu
Havovdnididvswadensiianudeulusesdon Funuidenazsiuntsdatunuuioaiu
msnsralassaiingana uazshunsiafitulavesslosenfiads wdnhnsadeunmunmses
Feuondesansimidiannsouuuudeansin (SEM) ¥inmsitnsigvisnn (EDS)

3.1.5 nsvadaUAMANTANIINAYBsTELI oY

Furiiunisdontsiimmagoumunds uasn1sNAdEUANLANITARUNIULTIA
Fou maveaeumuudsazinnismageu 3 Uinufe UnTaniiu (Base metal) u3nmitlésu
BMENaINAINTOU (Heat affected zone) wazusiadlanenasuazans (Fusion zone) A
sveziweImsnaiivi 4 fuite 0.5 fadwns saenuusealdouTsRandnndlsadunessin
wazoRALTRN MINAFRUAMNATINIaFUNLLSRLSauvessesdeu fersena3amndey
WS97 w39nA (Universal testing machine) anundnnseenuuuisnisvadeunsiiwessoaidion
ETTM%JUmil,%aummﬁmmmwmgm (Method of Tension Shear Test for Spot Welded Joint)
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JIS Z 3136 waglUIguLiiguaIfiumuLsIneInggIuaINIsN1snTIER IO BNE T UNNT
WouANUAUNTLLUUYA (Method of Inspection for Spot Weld) JIS Z 3140

A o ]
3.2 N1SNRaBwNaLaaN tNIBLAAINGA
Jun1sveaediloAne1AnaN BN 19NN LaTAMNINYBITOBLTEN 91NNTT MY
BiaAnsagunswanaaiy 3 sllaliun fe wuuwuy wuuldssed 16 Tadwns wazhuy
1Assadl 30 Dadns dansuserudadslunsloumuualnians? Ao wsana (F) windu 3.0

Alafadu nszuaau () windu 8.8 Alawauwus andiau (Tw) winnu 30 laAa

a [ [ [y = [
A58 3.6 Uy LL’ﬁZiZﬂU“Ui’N{]Qﬁ]EJG]’]lIﬂ’ﬁ’eJE]ﬂLLUUﬂ'TﬁV]@@@GLLW@V]@LiEJﬁLG]iJEU

UsZANVaIdLaalnge

Uade x
#1 (-1) na73 (0) a1 (+1)
1. PhdEanIasuuu (UT) Flat R16 R30
2. daelnsasuans (LT) Flat R16 R30

nsesnkuuNINAaedLlaneseaiiugy (Full factorial experiment design) Uadai
insfine 2 Yade lnausaztadeuszneudie 3 su nMsvaaswnAnesuafugUwiniu 9
NINAaed Wayingl 3 ATITILNITVAGBITIUNAWINAY 27 n1Ivaaes Uade uavseauves

Javsuandlunisneai 3.6

a o v & a <
M990 3.7 a’]ﬂU“UUﬂ’ﬁVl@aENGI’]JJﬂW%J@ﬂLL‘U‘Uﬂ’]TVl(ﬂaE’JQLLWﬂVIE)LﬁEJ@LG]&JE‘U

1RUNISNAR DY SFUNISIRGRINY | BEANSAIIULL | TRBLEAINIARIUANa
UINTFIU QURTGH (UT) (LT)
1 22 UT R16 LT Flat
2 14 UT R16 LT R16
3 19 UT Flat LT Flat
4 10 UT Flat LT Flat
5 UT Flat LT R30
6 UT R30 LT Flat
7 17 UT R30 LT R16
8 8 UT R30 LT R16
9 16 UT R30 LT Flat
10 11 UT Flat LT R16
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M1509% 3.7 (D) A1AUTUNITVABBINNLNITEDNLUUNITNAABILNAIDISBALANTU

ARUNIINARDY PUNSNAARINNY | IBLEAINSARIULY | TRBEAINIARIUATS
UINTFIU QUG (uT) (LT)
11 26 UT R30 LT R16
12 1 UT Flat LT Flat
13 23 UT R16 LT R16
14 25 UT R30 LT Flat
15 27 UT R30 LT R30
16 5 UT R16 LT R16
17 15 UT R16 LT R30
18 9 UT R30 LT R30
19 20 UT Flat LT R16
20 21 UT Flat LT R30
21 24 UT R16 LT R30
22 2 UT Flat LT R16
23 12 UT Flat LT R30
24 13 UT R16 LT Flat
25 4 UT R16 LT Flat
26 18 UT R30 LT R30
27 6 UT R16 LT R30

nMsoeNLUUNINAaRRLldlUsINTL MINITAB Release 15 dua1fiutun1snnaes lievdnady

[ !
|

11984 (Bias) N197199%AAVY NAIINTUNARDINUA R UTUN b aankuunIsneassl) Wisldna

aaeslulAazn1MAaY Unannaesnlaunie e ileialagmnruaseAutiedfny o = 0.05

NaveINTIRsIzideyavzvilainsadenlisunsiwesiiBianlnsniddvswas onudnwuy

NRMEATN LAEAMN NIRRT Ted Ay dvutunisnnaewandluns1an 3.7

3.3 N15NNABWNDNIANNNUILEUVDIUIY

nseaniuunAReiiomA g igauesladeiinaegeiited Ay renanousidvy

Benniseanuuunisnaaetuuuiend-iusiuiau (Box-Behnken design) Lilosainanunsa
naapIuUATlUSEAUA SEdunans LaETEAUES 1ilnglifesfinsusudounvetadeln o
uonnRsLdun1seenuUU 3 86U dmsuadeiufaneu LLazQﬂa%'mﬁﬁumﬂmsswrm
penuuuwlAneiSea 2" funiseenuwuuuden navesnisesnuuuiiuszansainannludu
Suruveamsiuiidesns §ideldimunade seivvestiads uasddnualuansianisned
3.8 N13ReNLUUNINAaeILUUTond—uuAuuandlunns el 3.9 naneuveINITERNLUY
nMsvaaeiAe AudNvurveTosdouiumsdeufensruunsdeuaud LI
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dnsuwmannanliadu SUS316L ffu SUSA25 Tewn szezn1studnl (t1) seeen1sauan2 (t2)
seaznsneant (h1) szeen1snaan2 (h2) kazIunveesasLyay (di

A15199 3.8 Uade szev seuauavdydnwal Tunseenuuunisveasswuudend-LuiuAy

S¥AU
Jadu/vmuy : Heydnuod
A1 (-1) | nae (0) | g9 (+1)

1. usena (Alatldu) F 2 3 a A

2. nawdeu (loida) Tw 25 38 50 B

3. nsvualdon (Mlaweuuls) | 7.0 8.5 10.0 C

4. anaA (laAa) Th 0 38 50 D

5. sUnswidiaalnsnuy Up ET 0 16 30 E

6. JUNTIHIBAALNTAG Lo ET 0 16 30 =

A5 3.9 AM3PDNLUUNTNNADILULTONT—LURLLAY

§1AUMS | a1aunIg A B C D E F

vl JAL (Ma (leAa) Ma (losiAa)

WPIT | AENTE UIRU) wauwys)
1 6 2 38 10.0 25 16 30
p 24 q 25 8.5 0 16 16
3 31 2 38 7.0 25 16 30
a 14 2 28 10.0 25 16 0
5 A 2 38 7.0 25 16 0
6 28 8 25 10.0 25 0 16
7 LT 3 50 10.0 25 30 16
8 26 4 50 8.5 50 16 16
9 33 4 38 8.5 0 30 16
10 34 2 50 8.5 0 16 16
11 35 3 38 10.0 0 16 30
12 27 3 38 8.5 25 16 16
13 23 3 38 7.0 0 16 30
14 q 3 50 10.0 25 0 16
15 20 3 25 10.0 25 30 16
16 21 2 38 8.5 50 30 16




A15199 3.9 (§19) N1300NLUUNISNAABILUUTBNF—LURLLAY
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819UMS | a1aunIg A B C D E F
10aD4 N0aD4 Mla (lesiiia) (Ala (lesiia)
ywsgU | aumsd Tas) wawUs)
17 5 3 38 10.0 50 16 0
18 2 3 50 8.5 25 0 0
19 8 4 38 8.5 50 30 16
20 7 3 25 7.0 25 30 16
21 25 3 38 10.0 50 16 30
22 9 3 50 7.0 25 0 16
23 16 2 25 8.5 0 16 16
24 29 3 25 8.5 25 0 30
25 19 3 50 8.5 25 30 0
26 22 3 25 8.5 25 30 0
27 13 %, 38 10.0 0 16 0
28 18 3 38 7.0 0 16 0
29 10 = 38 7.0 50 16 0
30 1 %) 38 8.5 25 16 16
31 12 3 50 7.0 25 30 16
32 32 4 50 8.5 0 16 16
33 15 Z 25 8.5 25 30 30
34 30 2 38 8.5 50 0 16
35 11 2 38 8.5 0 0 16
36 6 3 25 7.0 25 0 16
37 24 3 38 7.0 50 16 30
38 23 B 38 8.5 25 16 16
39 14 4 38 7.0 25 16 0
40 3 3, 38 8.5 25 16 16
41 28 3 25 8.5 25 0 0
42 17 4 38 10.0 25 16 0
43 26 4 38 8.5 50 0 16
44 33 2 50 8.5 50 16 16
45 34 3 38 8.5 25 16 16
46 35 2 25 8.5 50 16 16
a7 27 3 50 8.5 25 30 30
48 23 43 38 7.0 25 16 30
49 4 4 25 8.5 50 16 16
50 20 4 38 8.5 0 0 16
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A15199 3.9 (§19) N1300NLUUNISNAABILUUTBNF—LURLLAY

819UMT | d@1PunIs A B C D E F
ZEhLN NARDY @la | (wfa) (Ala (CTER)
WNTFIW | IunEY i) wouuys)
o1 21 3 38 8.5 25 16 16
52 5 4 38 10.0 25 16 30
53 3 50 8.5 25 0 30
>4 8 2 38 8.5 0 30 16

3.4 nsveaRuuAIMNIzaNvasUaTuNeB U UNaAIUAMAIN

dielgrmnmunzngaveusazdadeainnsusualmmungdunisldanuasaudnily
dll = 5 QA' (7 ) % Y @ 1 d' 5 dll Qy
Wounnaadanasateelasuklaatads it lmnduluauafiminngdy 91nuuautuany
NeaaududIuIu 3 JuNeFa UM iU UNalAENSHTIEeULATIATNUNNAUDIT 8L TaLA
SYYLANSTUANL (t1) 58NS TUAN2 (t2) Svazn1sneant (h1) s2een15nnan2 (h2) wasvuln

N . & o I ~ 1 [ o N = = A &
V8350848 (di) TIunshaAmtizngavesuiasladuluiniswenvuasestenmly
LASOINENTAT wazguMsNanReaiy Jadensteunnngadsldnaasaioutiuimanndils
atluwes3AnnTn SUSA39 MTL A9uviud 1.5 Taduns uasmangudanzdinsn SP791Q A
WU 2.3 UAALINT

3.5 msAnwIngAnIsunaadasatevadlansuazauauTANIng

\unisesnuuunismeaeaiiefinuingdnsunisastazaisveslan slneasdnw
ANBULNNAIYAIN (Appearance) mim’maauimqaiwwmﬂ (Macrostructure) 19
n979A0ULATNEIIANA (Microstructure) yess0slTeuiiiiuns BNy nsuaiion uas
nandeuiiuandety nsfinnsandnuasnanenineessoadauannsnesuieduiiugiu
yaan1svegeukuulivianglaegdideddgy nsfnwnginssunisnastazatevadlansg
Tavginguitonsnaaeulassadaumniaaginisda 4a nisiaialaneiiearnail lagas
ﬁﬁmmflamé’ﬂwmzmq@mmwwaﬁaaL%'auﬁu’q 5 ogapnuinanluirsiulneazlindesqavsamd
Afndswened 50 i uliiAu 100 Wi dunsnwnlasiaiiaganiavessesidouarldisns
fnfalavzshoansiadl uaznnsldlesuiiads (on miling) nMwdikandlassaiiaganinvesses
Foul¥ndesganssminfiindsvenogeqn 200 i1 daunmiiimamwereuinniiagldndos
anTsrmiBiinaseunuudednsin (SEM) uaznisiiasgidrunanmanivonieTandous
wedanisianisnsenendsnuvesiadiond (EDS) Tassainqaninvessesienaziionsan
mmLmﬂ@hwaqé{ﬂwmxmiuu%nmi’a@ﬁu (Base metal) USnauiildsudvEnasnamien
(Heat affected zone)uarudiinlangvaouarans (Fusion zone) TauvienaiUdsuuuag
Tassasama auandinianafilasudvinanndadonisidenazgaiiansanArnudumiy
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Lsandeu wazAamuudduuinasesdon Jadensideniivindnwsadondudadedils
IINAITBONLUUNISNAABITaMIANTLzaNaInNT e 3.3 Tneasfidasaiiainsinasesy
3.3 Alafidu nainadeseau 50 lewda JUnseididalnsauu-ais aunsedl 30 Tadwns
Lz USuABunsTLad auRaLAsERU 7.0, 8.5, 10.0 Alawauuus LAz LT auRIUATERY
25, 38, 50 loiAa mudIdunITAane seutladeluniseenuuunIsnasILanslunIId
3.10

A1319% 3.10 arwunsneass wazszauladuluniseonuuunisvaasdilefnengfnssy
nsvaeNazateveslany wazAauURANIaNg

a9u , nandey
SN nsziadon (Alawonuus) (ida)
1 7.0 25
2 7.0 38
3 7.0 50
4 8.5 25
5 8.5 38
6 8.5 50
7 10.0 25
8 10.0 38
9 10.0 50




unil 4
HAN13398 LaziATIzdaya

4.1 wan1snnaaaiataanldiadianlnsa

Junsmeassilefnuiamudnuurnianenin uasaunnessesiieuainnisly
didelvsnsunssiuandtetu 3 vl loud wuulou wouldsiasl 16 Sadiuns wazuuuls
$mil 30 fladms 9INnTeRNKUUMIVAaBsIAVBSBAWiLT UL 9T 3.7 Taonsiiansan
NansTERUlATESIEnATeTeu 5 eidUszney Ao 7 ¥8¥N139UAN (Penetration: t1, t2)
5¥8¥N15NAAN (Indentation depth: h1, h2) wwmaaiaawau (Nugget diameter: di) 3Unw
LaRIFIBEMTIANAIINSATIIdUAMN NI 0BT ON LLﬁmmi‘U‘Vl 4.1 LazNaN1INAABY

wanslumsei 4.1

5UM 4.1 fegalaseaineunnInINnIIMaaes

A13197 4.1 NANNIVAABINIINTIAFDULATIAS NN AR INNITNAGRILNAVIE IS BALANSY

aeu SY8YAIS SYEYAG JY8EAS SYELAT YUNAVDITOY
A9 Fuant (t1) guan2 (t2) | neanl(h1) | nedn2 (h2) Fou (di)
NAABI 3. 3. U, . 3.
1 0.769 1.264 0.428 0.000 8.242
2 0.871 0.874 0.510 0.499 8.192
3 1.067 0.948 0.000 0.000 8.474
4 1.065 0.946 0.000 0.000 8.403
5 1.068 0.962 0.000 0.291 8.131
6 1.171 1.216 0.328 0.000 8.618
I 0.907 1.043 0.285 0.538 8.365
8 0.902 1.045 0.272 0.476 8.269
9 1.182 1.204 0.356 0.000 8.666
10 1.128 0.742 0.000 0.531 7.483
11 0.909 1.041 0.277 0.579 8.327
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A13797 4.1 (f) HansVAaeIN1InTIdeulATEIAIRIINMIIAaeILIANaISBaLiNgY

aeu SYEYAS SYELAT PR LARE SYELAT YUIAVDITOEY
19 Fuant (t1) guan2 (t2) | neanl (h1) | nean2 (h2) Few (di)

NAQBY 3. 3. 3. . 3.
12 1.076 0.962 0.000 0.000 8.493
13 0.888 0.872 0.435 0.504 8.142
14 1.186 1.212 0.348 0.000 8.618
15 0.923 1.095 0.330 0.381 8.196
16 0.872 0.887 0.497 0.509 8.169
17 0.646 1.076 0.484 0.238 6.831
18 0.925 1.103 0.344 0.340 8.198
19 1.121 0.754 0.000 0.397 7.476
20 1.085 0.977 0.000 0.332 8.107
21 0.666 1.081 0.595 0.405 6.859
22 1.129 0.762 0.000 0.464 7.481
23 1.083 0.951 0.000 0.380 8.122
24 0.774 1.261 0.456 0.000 8.243
25 0.769 1.262 0.478 0.000 8.241
26 0.931 1.087 0.330 0.350 8.201
27 0.678 1.092 0.523 0.288 6.853

Lﬁalé’miumms%mﬁﬂ (Penetration: t1, t2) szaznaan (Indentation depth: h1, h2) vu1A
yass08idon (Nugget diameter: df) m%LaaﬂIﬁUiLmu MINITAB Release 15 LUuLmawa
Tunsisgsideya iieliazsideyaiinasonunnvessesideust1eil doddy Jsnns
APTIERANUWITUTIU Fnsiauisus p - value fuA1999 Alpha () Taeen p - value
vasiladeifu q wsdesdidiiosnia 0.05 Swylidadeiiionsnastadlsyiutedny

4.1.1 N1SANRI5UI5LELN15TUEN (Penetration: t1, t2)

#1301 FYLUUNIINTEAIBAIYBNANEIUANATY (Residual) mugﬂﬁ 4.2 LLazg‘Uﬁ
4.3 WuINInTvEeudeaLNAtuns NI I8RAULUSUT LR UARANAIATNITHIN
wasUnf eadowindugud euulsunuesivasdudassdotu Jeaguliinimaaesid
ANNQNABY wavindedold 9nans1efl 4.2 uazensnedl 4.3 vhniswSeudisudn p - value
fudwes Alpha (@) Tned p - value asiladetiu 9 wsfosdimtosndn 0.05 Swayladaded
fisvsnasgadseAutd 1Aty naa1nn1sIeuliieu JUNsiBiaalngauy - 819 uazduns
A381 (Interaction) seninegunssiiBiaalnsauy - a19 fdnSnasediseautvdfyrosses
NTUANT (t1) uagszeznsTUAN2 (t2)
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Residual Plots for t1
Normal Probability Plot Versus Fits
99
L]
.
00 . 0.01 -
€ E . . o® s
8 0 g 000 g 3 .
2 g ¢ o
10 -0.01 .
L] L]
1 -0.02
-0.02 -0.01 0.00 0.01 0.02 0.60 0.75 0.90 1.05 1.20
Residual Fitted Value
Histogram Versus Order
8 0.01
T T }\a"\
£ [}
g 3 000 'v Y
=3 4 n
g & w
w -0.01
2
0 -0.02
-0015 -0010 -0.005 0000 0005 0010 0.015 2 4 6 8 10 12 14 16 18 20 22 24 26
Residual Observation Order

JUN 4.2 JULUUURIANEIUANAI9YBINTTHANTNSEBENSTNENT (t1)

A5199 4.2 HAILASIZIIANURUTUSIUTBINAREUSEENNSTNANT (t1)

Analysis of Variance for t1

Source DF Seq SS Adj SS Adj MS F P
Upper tip 2 0.495805 | 0.495805 | 0.247902 | 775.16 | <0.001
Lower tip 2 0.064534 | 0.064534 | 0.032267 | 491.38 | <0.001
Upper tip*Lower tip 4 0.14897 0.14897 0.037242 | 567.14 | <0.001
Error 18 | 0.001182 | 0.001182 | 0.000066
Total 26 | 0.710491
S =0.00810350 R-Sg =99.83% R-Sq(adj) = 99.76%
Residual Plots for t2
Normal Probability Plot Versus Fits
% 0.011 o P, .. o
§50 é 0.001> . - : 3
10 -0.011 o ” - ’
%0.02 -0.01 0.00 0.01 0.02 0.8 0.9 1.0 11 12
Residual Fitted Value
Histogram Versus Order
10.0
0.01
7 75 =
1 Ll
AV
-0.01
005 ot obor 0000 0004 0008 0012 2 4 6 8 10 12 14 16 18 20 22 24 26
Residual Observation Order

JUM 4.3 JULUUUBIANEIUANANNYRINTTHANTUN TR EENISTNAN2 (12)



AN51997 4.3 HAIATIEVANUBUSUTILYDINANBUTLITNISTUANL (12)
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S =0.00808748 R-Sqg = 99.81%

Analysis of Variance for t2
Source DF | SeqSS Adj SS Adj MS F P
Upper tip 2 | 0.262375 | 0.262375 | 0.131187 | 2005.7 | <0.001
Lower tip 2 | 0.288165 | 0.288165 | 0.144082 | 2202.84 | <0.001
Upper tip*Lower tip 4 1 0.062564 | 0.062564 | 0.015641 | 239.13 | <0.001
Error 18 | 0.001177 | 0.001177 | 0.000065
Total 26 | 0.61428

R-Sqladj) = 99.72%

4.1.2 MINa1saUNszeznaan (Indentation depth: h1, h2)

#2131MNFULUUNIINTZAUAIVRIAIEIUANAT (Residual) ugun 4.4 uaggui
4.5 WUINITHTIFABUTRANLALUNISITR1319ATIZHRAMNLUTUTILEIUAIRANAIAIN1TUAN
LUNA AadewAugud ANNWUsUTINAN wazludasredu Jagulainnmnaesdd

o A Ay A cs' ° = a i o
ALGNADY Warwenals INANTIN 4.4 UagmMINN 4.5 imsilSeuiieudn p - value fiu

A8 Alpha () NaRINNTBUSEUTIBUTUNSIIBIAAINTALY - 319 Wadunsi3e (Interaction)
FeMINgUNsIBiaansauy - 19 dndnasedlisgauisdfusosseznisnadnl (hl) way

v a { aAa a ' a U o o ' =
sUnseiBlinlnsaaiiensnaseeilsyauladdnsesseznisnaan2 (h2)

Residual Plots for hl

Normal Probability Plot

90

50

Percent

-0.05 0.00
Residual

0.05 0.10

Histogram

Frequency
- (=2} ©

N

1

-0.06 -0.04 -0.02 0.00 0.02
Residual

0.04 0.06 0.08

Residual

Residual

0.10

0.05

0.00

-0.05

0.05

0.00

-0.05

Versus Fits

0.00 0.12 0.24 0.36 0.48
Fitted Value

Versus Order

Ner ]\./\/\AA ,

/V\j WV T~

2 4 6 8 10 12 14 16 18 20 22 24 26
Observation Order

UM 4.4 sULUUTRIANEIUANANYRINTTHATANSEEENNINAGNT (h1)



AN5197 4.4 KAILATIEIANULUTUSIUYBIHAaRBUSEEEN1SNRant (h1)

a6

Analysis of Variance for h1

Source DF | SeqSS Adj SS Adj MS F P
Upper tip 2 1.11145 1.11145 0.55572 874.13 | <0.001
Lower tip 2 0.00621 0.00621 0.00311 4.89 0.020
Upper tip*Lower tip 4 0.0114 0.0114 0.00285 4.48 0.011
Error 18 | 0.01144 0.01144 0.00064
Total 26 1.1405
S =0.0252139 R-Sg = 99.00% R-Sg(adj) = 98.55%
Residual Plots for h2
Normal Probability Plot Versus Fits
9 0.10
90 = Ab.05 :. .
§ 50 g 0.00 ‘. L L]
. 10 ¢ -0.05 ¢ }
}0.10 -0.05 0.00 0.05 0.10 20 0.00 0.12 0.24 .0.36 0.‘:8
Residual Fitted Value
Histogram Versus Order
10.0 v
g ;z :g Z:zz ...»-«v/( //\«Vh /\y/\“
z 2:5 < -0.05 v W \
> {07 b S P S &° R RV Er S R R e
o 9'6\ ,5'6)0 ,Q'@/ o st N Q~6\ ! " eivatli‘::m1 r1 ler e
: Residual 9 N
Ul 4.5 JULUUYRIdIANAITBINNIRRNTANTEBENINRAN2 (h2)
ﬁl’]i’]\iﬁ 4.5 HaIlATIENANNLUSUTIUYDINANDUTEELNNTARGN2 (h2)
Analysis of Variance for h2
Source DF Seq SS Adj SS Adj MS F P
Upper tip 2 0.00457 0.00457 0.00229 1.21 0.321
Lower tip 2 1.16589 1.16589 0.58295 308.79 | <0.001
Upper tip*Lower tip 4 0.00551 0.00551 0.00138 0.73 0.583
Error 18 | 0.03398 0.03398 0.00189
Total 26 | 1.20996

S =0.0434494 R-Sq=97.19%

R-Sq(adj) = 95.94%

4.1.3 NMTNATUIVUIAVDITRELTBU (Nugget diameter: di)
ﬁmsmwmﬂgﬂqumiﬂizmaﬁmmmd’mmﬁw (Residual) mmgﬂﬁ 4.6 WUINNIS

A529@DUIDANUR LUNIT bTNNF1976AT1ENANULUTUSIURNIUATRANAIATN1THINBIIUNF
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Aedsiiuaud AnuuUsusiuaiwasdudasesedu Jwasulidinisneassifinnugnies

A A vy =i o = = i TV
wazietiald 3nM151N 4.6 vin1sIeuiieuen p - value fud1s Alpha (o) K831NA1T
WiBueugUnsaiadiaalnsnuy - 819 wavdunsisen (nteraction) 5¥Wi193UNT S

Wddalnsaul - a19 Idvdnasdradissiutisddarovunvesseaidon (di)

Residual Plots for D
Normal Probability Plot Versus Fits
0.50 ?

0.25

0.00 ]

Percent
[%.)
o
Residual

-0.25

. .
0.50 .

-1.0 -0.5 0.0 0.5 1.0 7 7.8 8.1 8.4 8.7
Residual Fitted Value

Histogram Versus Order
8 0.50

AL
| 0.00 . V" 7 1
-0.6 =0l -0.2 0.0 0.2 0.4 2 4 6 8 1012 14 16 18 20 22 24 26
Residual Observation Order

o

Frequency
-
Residual

N

JUN 4.6 JULUUYBIAIAIUANAN9Y9INITRANTNITLIRYRITRELTRY (d)

A157197 4.6 WAAATILRAMULUTUTIUTDIHANDUVUIAYBITBELTBY (di)

Analysis of Variance for di

Source DF | SeqSS Adj SS Adj MS F P
Upper tip 2 |1.81081 |1.81081 |0.90541 | 1279.89 | <0.001
Lower tip 21239999 | 239999 |1.19999 | 1696.33 | <0.001
Upper tip*Lower tip 4 13.072 104 0.768 1085.65 | <0.001
Error 18 | 0.01273 | 0.01273 | 0.00071
Total 26 | 7.29554

S =0.0265971 R-Sq =99.83% R-Sq(adj) = 99.75%

NSNATUIHANITNAGDY Uard198399UAINNTIATIZLALTUTUNTU MINITAB Release 15
lins1UAT RC 90ananauszesn1sauant A1 99.83% szezn1sdudn2 fiAn 99.81%
S¥u¥N1TNAAN1 3A199.00% S¥EA1NAAN2 A1 97.19% WaTIUIAURITBLTON SR
99.83% lneA1 adjusted R* Y0ananauszesn15Tuan1 fiA1 99.76% svezn155uan2 fan
99.72% syuzn13nAanT A1 98.55% SxeEn13nAAN2 SIA 95.94% wazuNnUeITaELT oL
fiAn 99.75% FeagUldinismaassifiarugniosuazindeield nisudntudusneusiiii
ﬂszmuﬂwiL%aummﬁmmumegm @mé’ﬂwmwwqmmwmaaiaaL%amﬁaamumummgm
ns\dou JIS Z 3139 [23], [65], [66] 5 QmﬁﬂwmmaﬁaaL%auﬁchuﬂm%aué’aaﬂizmums
Lﬁ?‘iammmﬁmmuuwﬁg@ﬁm%’umﬁﬂﬂé’ﬂ%’aﬁmmﬁwm 1.5 Jadlums 1nsa SUS316L AU
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SUSA25 laun seesnsauand, 2 (t1, t2) seegn1snean, 2 (hl, h2) LagauInveeseetou
(di) Ingszazn1sTudnsedialifingd 20% uwazdoelininnia 80% vaanNunUIveLIani
U@ U w3adA19EnINg 0.3 89 1.2 Tadiuns seeen13naanfadliunnd 30% ves

a1

Amumuvesiagiuigalumsidenndefiailsiiinndt 0.45 fadwns vuiaveudusiiy
Audnanvessesldonsionnnnin 4Vt vidediamnnit 5.0 Sadiums 1o t mnuvuvestand
vrsaalunisiden [42) anuduiusvesnuninsesidensia 5 eadUszney fu JUN9
ThdidalnsausarUssianuansmusUi 4.7 (a), (b) uanspuduiiusuesssornnsduant uas

J2HENIITUEN2 AU JUNTIHIBLaALYNIN

Upper

124 tip type
—@— UT Flat
—®— UT RI6 T2y

1.1 /‘\. UT R30
-—

Penetration t1 (mm)
Penetration 2 (mm)
B

LT Flat LTRI16 LT R30 LT Flat LTRI6 LT R30
Lower tip type Lower tip type

JUN 4.7 (@) Auduiusuedszeznsduint Au sunsemdaalnsn
(b) pauduiusvedseaznsTuan2 fiu sunssidiaalnsn

IANANITNARDIA1 T2 8¥NTTUANTR 50T e TIA1g9nT1 0.3 Tadluns 91n5UT
4.7 (a) Arszozn1sBudnvossosilendiAgegatinannisldaidalnsauusuinsail 30
fiadwnsiuiBiaalnsaaisiuuiuy fasseynisBudn 1.18 fadwns drud1szuznsTudn
vessesionmaniinainnislimdidalnsauurunaiadl 16 Taduns AU Mdidalnsaans
yuasail 30 Tadiuns fAszernsBadn 0.66 Tadlens 9In3UT 4.7 (b) AsgaznsTudnves
seerdoniiangaminannsldvdidalnsauuvuiniedl 16 fiaduns fu sdidalnsnaruuy
wuu fldsgeynnsdudn 1.26 adluns drud1szoznsudnvesseslianmaniinainnisld
WBanlnIauuLUULUY AU Fadianlnsaasuunsail 16 Jadwns Iszuzn13Tudn 0.75
fiadums srozmstudnusssenideuimanndnliaduils SUSA25 sziiszaznisdudniiganingle
SUS316L iilesannmdnndnladinnse SUSE25 Sanuudeuss (Tensile strength) nsEash
Y3340 (Elongation) ANAUKT8IIER (Hardness) sndmdnndl¥adngn SUS316L 9],
[65] wansvaaesdanuIliusng szeznnednvessesideniinanmslivididalnsn uag
asuvuuu delaeitiludidalnsauuuiuuasldlunsdfitunudonisldusslonian

A a

WURITY (Surface) MMUNAIWNIUNITHBURUUAILAUNIULUUYA
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o — —®— UT RI6 054
- UT R30

o
&}
n

Indentation depth hl (mm)
S
n

Indentation depth h2 (mm)
S

0.14

=

0.0

0.0

LT Flat LT RI6 LT R30 LT Flat LTRI6 LT R30
Lower tip type Lower tip type

JUT 4.8 (a) Anuduiusuesszeznisnadnl fu junsaididalnn
(b) AruduuSvRIsTEZNINAGN2 U JUNSBiaalnIn

a0

IN3UN 4.8 (@) waggun 4.8 (b) seezn1snadnvessesllouiligegainainnisly

4
a & a a =

AaaAnIAvL wazdvunsail 16 Tadwng dszezn1inean 0.53 Hadiuns Hedny

v
LY U a a IS

dudavosidibalnsavunsad 16 SadwnsiiAnas wazusaiundudadunuiaimgnain

winrafanaviinsTuIumswenlinsssuigauieusiesnsimsdudinisinss Bdlundn

WUNNMINARBINUINANNITNTEIBVENUNLaNEWAT (Expulsion) drusyeen1inaanvedsey

€

= a Y U a @ v A a a Y v a & v
WOUNAIINNIT LYW ADLAALNTAUUIUIATAL 30 HAALUNT DU KIDLaALNIAYUIASAL 30

a IS

Tadwns I528gn1SNAGNNIUANNANATEINNSWRN JIS Z 3139

D

8.01

Nugget diameter di (mm)

LT Flat LT RI6 LTR30
Lower tip type

a v o ¢ = (Y] U a
E‘U‘VI 4.9 ANMUAUNUSVDIVUINVDITRULYDU AU EU‘I/IN‘VT'JEJL@@IV]?W

mﬂgﬂﬁ 1.9 UANINANIINTITABUVLINYDITEET BAIAEYNHANITNAABITLIAYDITEY
\BouiiAngendn 5.0 fadns vunvessenideniiigsaninannslisdidalnsavusuia
$ail 30 fladuns U FBdelnsnaUULUY Suweuessesidien 8.63 Tadluns uLavAwian
Anannsleisiaalnsauurnnsall 16 Sadwns nu mddalnsnansuinsald 30 Jadwns
finunnvessesilon 6.85 fadluns AudNvUvITEsIlaLTR UM TTeNfmensEUIUME Yoy
ﬂ';mé]"mmmmmmﬁﬁﬁig%ﬂﬂizmiwﬁqﬁa NWENINNIENIA (Appearance) Fadugued
Sesdutn senideuiignunniesvidedinuniniia madeude Tdidalnauuviedisuu
$ail 16 fadiuns vildiingososvesnisuannszatevesinlans n1sieudaensley
WddAvsauuSoawndall 30 fadwas vliAnseslnivenduseulsiifianudeios
Lazmsiieudiensldtisidalnsauundeansuuunuuasfunssnuiiuive s ol
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AueUaLELD 21NRANISVAREY LasHan1TIAszlasTUsWASY MINITAB Release 15
AndnwUENIRUNNYBITsITannMslihBidnnsauialdsial 30 Tadwnaslvnans
npeesTinnIwingy 9 wazandnuarnsidauiunsasturiolodevesasudiidnuasd
Huenldadised fufuiadenlisunsmonididelnsvialéssad 30 dadwmslunsvaass
aunell wamiwmaaﬁﬁﬂﬂ%’ﬁ’umsL%ammmé’mmmwmgmaﬁudaumauﬁ%mﬁﬁmﬂ
Jaquana15uaunaInsn SPC440 AUNU 1.6 NAALUAT (WAUIIUAIUUL) AU 1R8N
ANSUBLNANLNTA SPCAA0 ALY 1.8 TaALLAS (WHUUFUEY) $119U 3 Tusumadey
Tdsidrlnsaeuuy wazduaradurdnldeded 30 Sadwns Inofvuadadelunisiden
1gun usena (F) wiiu 3.0 Aladasiu nszuaidon () wihiu 8.8 Alaweuuds Landeu (Tw)
Wity 15 leida dnvazmnsmenmesssesdeuiulunudnvaznenisnnaessosiioud
Alun1571991 3.5 N3P T1980UTASIAS1IUNNIATDITOULTOULANIFTINISIT 4.7 Fawanis
asrvaeulpsEsamansesdoulaadsliszasnsTuant den 1.15 faduns sze8nsTy
an2 1A 1.31 Aadluns szernnsnaant 41 0.16 dadluns Szuzn1snnan2 dan 0.18 Jaaiuns
LasULIAYeITetian 5.41 JaBuns

A1519% 4.7 NANITNAARINIIASIAULATIASNUNAIATRURDUVDLNANAISUBUNAILNTA

SPC440
Z‘?’]@‘]’U PAA NP ILYTNT LYLNT ITYLNI3 VUNRNVDITIDY
g Fuant (t1) Fuan2 (t2) nnanl (h1) | andn2 (h2) o (di)

12BN . . HU. . .
1 115 1.24 0.18 0.19 5.41
2 115 1.42 0.15 0.18 5.32
3 1.14 1.26 0.15 0.16 5.51
Wit 1.15 131 0.16 0.18 5.41

4.2 NANISNAADILNINIANNNUIZEUVDIUIVY

NM5ENLUUNTTNAABREn A TIminzduvesladeniidninasssdtudfnyse
A messesidon Jadslumaidendldlunmemaass ldud wsane (F) nszuaidon () 1an
Fou (Tw) annadns (Th) JUnssiididalnsauy (Up ET) sunseididalnsaans (Low ET)
Tnnsfinnsanmanisnsvaeulasiaiaumaiaseniden 4 esduszneu fe szeennsdudnl
WAYSTYTANSTIUAN2 (t1, t2) YN UBITOLLTOU (di) Laviufivessosideu (area) a1nN3
penuUUMINRaeUUTend Ul (Box-Behnken design) Taeiinisidontunadeuniy
nsnnaetuudonduiuaumunisieil 3.9 $1u3u 54 Msnaaes AntuiunadeUi
rumsdenluhmsasaseulasa I IAfeNdo99anssAiHANITNIAABILANIA 1A
4.8
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A15197 4.8 wan15nsIvdeUlATIES19urAIAIINNITNRaBLUUTRND-LUTLLAY

a1PunIg SYELAS SYEEAS VUIAYVBITOY Nutvesses
NABBY guantl (t1) Fuan2 (t2) Few (di) Fou (area)
UINTFIU 3. 3. 3. 9.9,
1 0.802 0.924 7.370 12.081
2 0.816 0.826 6.362 9.868
3 0.843 0.854 7.423 11.979
4 0.833 0.915 7.650 12.716
5 0.835 0.975 7.261 12.439
6 0.919 0.746 7.001 11.062
7 1.009 0.809 7.985 13.807
8 0.844 0.934 7.525 12.701
9 0.957 0.946 7.600 13.686
10 0.826 0.821 7.176 11.237
11 0.849 0.936 6.876 11.590
12 0.803 0.828 6.682 10.327
13 0.881 0.848 7.718 12.703
14 0.894 0.678 7.395 11.094
15 1.105 0.934 7.834 15.081
16 1.056 0.945 7.619 14.386
17 0.923 0.981 7.769 14.014
18 0.935 0.631 6.416 9.521
19 0.964 0.961 7.691 14.010
20 0.923 0.806 7.268 11.925
21 0.951 0.929 71.566 13.465
22 0.964 0.801 7.212 12.060
23 0.891 0.840 7.070 11.595
24 1.100 0.736 7.718 13.447
25 0.968 1.148 8.470 16.362
26 0.913 1.115 8.411 16.175
27 0.887 0.972 7.670 13.517
28 0.891 0.981 6.397 11.223
29 0.813 1.062 6.420 11.283
30 0.827 0.698 6.682 10.691
31 0.967 0.860 6.977 12.030
32 0.841 0.924 7.712 12.943
33 1.026 0.902 7.864 14.364
34 0.998 0.843 6.432 11.114
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A15199 4.8 (7i9) HANNSMTIEEUIATIASNNANAIINNSNAABLUUTENG-L LAY

a1PunIg SYELAS SYEEAS VUIAYVBITOY Nutvesses
NABBY guantl (t1) Fuan2 (t2) Few (di) Fou (area)
UINTFIU 3. 3. 3. 9.9,
35 0.902 0.845 6.401 10.527
36 0.920 0.726 6.218 9.653
37 0.819 0.810 7.720 12.006
38 0.826 0.695 6.893 9.988
39 0.756 1.035 6.042 10.133
40 0.724 0.702 7.012 9.562
41 0.867 0.608 6.272 8.784
42 0.844 1.016 7.871 13.890
43 0.924 0.608 6.382 9.273
44 0.875 1.022 7.068 12.636
45 0.829 0.698 6.857 9.970
46 0.892 0.842 6.985 11.467
47 0.968 0.947 8.183 14.883
48 0.852 0.827 6.972 11.101
49 0.824 0.864 6.793 10.855
50 0.901 0.705 6.211 9.421
51 0.824 0.691 6.976 10.076
52 0.882 1.023 7.869 14.212
53 1.011 0.854 8.368 14.860
54 0.938 0.868 7.487 12.821

mylaszdeyalagldlusunsy MINITAB Release 15 9zfaefiansandnguuuunsnszany
FresrndIunnAs (Residual) LiteBusumsveassiniinmgnies uaziliniuindede desdl
A3AIEBUNISNSEBUYULANUKASUAR (Normal distribution) iileuandlififiuindiunndig
PnuansvaaedhiuanidinUnd feslinisnsivaeuninududasy (Independent) Tngld
uHugiin13NTEae (Scatter plot) deyadivsnszartesnsasinanes uazdeyaiinududass
sofi fewinInTINMUANNETETVBIANKUTUTIU (Variance stability) Iagldununiinis
nszABIRIAIAIIAAIALAGRY (Residual) Tulsiagsziuaesilade nanmsinevideyanuin
dunnfsreananisnaassiinisnszaneegeainate uansideyaiiamiaiosvesainy
wsdu aguldhnmamaaesifimugndes uasiidedeld

4.2.1 Msmafivianzauvastlaseditinadoszeznisdudnt (t1)

dlevhnshesiiitemandulssansidlunsasivdeuunauusiurewuusasdly
NDURATY 9 maqﬂai’aﬁﬁﬁm%wammamamammmwsaaL%amﬁmuﬂ'm%amé’wﬂssmums
Boumnusiumuuuuadmiuimanndnliaduseamuifiningn SUS316L fu mdnndnl3ads
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WasIANNTA SUSA25 HaNIMIAaszndayatiomenduussavsvesranausseymMsduant
(t1) Wain9Fi9m159 4.9

AN5197 4.9 N1SIATITIANEUUSTANTVRINARDUSEELNISTUANT (t1) IINNITNAFDILUU
Uand—turiuLAY

Response Surface Regression: t1 versus F, Tw, |, Th, Up ET, Low ET Estimated
The analysis was done using uncoded units.

Estimated Regression Coefficients for t1

Term Coef SE Coef T P
Constant 1.68926 0.598251 2.824 0.009
F -0.11752 0.118408 -0.993 0.330
Tw 0.00046 0.009473 0.048 0.962
| -0.01132 0.010226 -1.107 0.278
Th -0.00963 0.00399 -2.413 0.023
Up ET -0.02703 0.00665 -4.065 <0.001
Low ET 0.00454 0.005849 0.777 0.444
F*F -0.01033 0.012312 -0.839 0.409
Tw*Tw 0.00013 0.000079 1.658 0.109
I*] 0.00006 0.000055 1.009 0.322
Th*Th 0.00006 0.00002 2.887 0.008
Up ET*Up ET 0.00055 0.000055 10.096 <0.001
Low ET*Low ET 0.0001 0.000055 1.892 0.070
F*Tw 0.00127 0.001117 1.137 0.266
F*l 0.00134 0.000931 1.442 0.161
F*Th -0.00056 0.000395 -1.412 0.170
F*Up ET 0.00002 0.000931 0.018 0.986
F*Low ET 0.00131 0.000931 1.406 0.172
Tw -0.00014 0.000074 -1.871 0.073
Tw*Th 0.00002 0.000045 0.385 0.703
Tw*Up ET -0.00002 0.000053 -0.336 0.740
Tw*Low ET -0.00018 0.000074 -2.418 0.023
*Th 0.00009 0.000037 2.489 0.020
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AN51997 4.9 (fiB) NNFIATIEVANFUUSEANTVRINANBUSLELNISTUANT (t1) 1NNISNAABY

WUUTDNG—tURULAY

Response Surface Regression: t1 versus F, Tw, |, Th, Up ET, Low ET Estimated

The analysis was done using uncoded units.

Estimated Regression Coefficients for t1

Term Coef SE Coef T P
*Up ET 0.00016 0.000062 2.641 0.014
*Low ET -0.00003 0.000044 -0.652 0.520
Th*Up ET 0.0000 0.000037 0.054 0.958
Th*Low ET 0.00003 0.000037 0.734 0.469
Up ET*Low ET -0.00011 0.000062 -1.755 0.091

S =0.0394847 PRESS = 0.179889

R-Sq = 88.17% R-Sqlpred) = 47.52% R-Sq(ad)) = 75.89%

A15199 4.10 MFIATIZNANULYSUTIUYBINANDUTEEZNISTUANT (t1) 91NNITNABDILUU
UONF-LUAULAL

Analysis of Variance for t1

Source DF Seq SS Adj SS Adj MS F P
Regression 27 | 0.302238 | 0.302238 | 0.011194 7.18 <0.001
Linear 6 | 0.035452 | 0.036757 | 0.006126 3.93 0.006
Square 6 | 0.213513 | 0.213513 | 0.035585 | 22.83 | <0.001
Interaction 15 | 0.053274 | 0.053274 | 0.003552 2.28 0.032
Residual Error 26 | 0.040535 | 0.040535 | 0.001559
Lack-of-Fit 21| 0.03211 0.03211 0.001529 0.91 0.611
Pure Error 5| 0.008425 | 0.008425 | 0.001685
Total 53 | 0.342773

P57l 4.9 nundadiuvesasendn anden (Tw) nszuaden () a1nn@is (Th) JUNTS
Widlaalnsauu (Up ET) gﬂmaﬁa&ﬁﬂimméw (Low ET) Lagdunsnsenseuning (Th * Th),
(Up ET * Up ET), (Tw * Low ET), (I * Th), (I * Up ET) ifn p-value toeninA1ves a = 0.05 &9
Fudadefifnansenusiossuzn1sdudng (1) egniided ey nsnsivaeuduusydnivens
fnaula Tnensfiansanandwes R fldainlusunsuandiailndidssdu 100 % ol
wandbiiuiuuuinassinnuneiisdlunisiindoya wazifunuusiassfinsiudsauisa

lvafaumshugiiemananaulaegignisiazivuivay 3NYayan1TIATIEa7
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SulszansesnanauszesmsauEnl (t1) nnsmeasswuulond-tukuaulunisned 4.9
A1 R veen1snaaedlnn = 88.17% feinduarduuszans msdndulaiiunfianela wazk’
IF5unsusuaudadien = 75.89% n1siasizianuudsusiuiiodunisnsivdeuunasiiv
LUSVBIRUUTIEeT mdsanUszananandslaae 9 AR5 4.10 TUsunsuRseua
A1 pvalue wilidmsusudieutua o Atmua dwiulumsmanesiliideldfmund
999 o = 0.05 3991NA1519 4.10 aeuiiuléinen p-value 183 Lack-of-Fit = 0.611 Fefiay
dgsnevasiudsluaunislunsiasziannuulsusiu sasdunstusuinwuusiassd
afatufianumnandmiunsiune ssesnnsTuant (t1) 91nnsieseRaduUsyana
YOINANBUTZEYNITTUANT (1) 91nnsNeaeswuuend-usiuaY Aua151991 4.9 @wnse
ad1saunsyuesTesMsTuEn1 (t1) vesseadon Wethaumsiunedilaluldmeniimanzey
yoetlade feaun1sd 4.1

Penetration 1(t1) = 1.68926 + 0.00046(Tw) = 0.01132(1) - 0.00963(Th) - 0.02703(UpET)
+0.00454(Low ET) + 0.00006(Th)"+ 0.00055(UpET)” -
0.00018(Tw*LowET) + 0.00009(*Th) + 0.00016(*UpET) (4.1)

4.2.2 nMsfnvsnzauveslIReNinafesTen15TNAN2 (t2)
nmsinseiteyalagldlusunsy MINITAB Release 15 lvinan1snisansgidayaiive
MAFUUTEANSYBINANUTEHZNITTUANZ (12) UaR9RenNT19 4.11

a o c 1w A A ke
AN97 4.11 MTIATIERASUUSEANSUDINANBUILEZNNTTNAN2 (£2) 21NA1TNAFDILUU
Jand—LunuLau

Response Surface Regression: t2 versus F, Tw, I, Th, Up ET, Low ET Estimated
The analysis was done using uncoded units.

Estimated Regression Coefficients for t2

Term Coef SE-Coef T P
Constant 3.12350 1.00371 3.112 0.004
F -0.55063 0.19866 -2.772 0.010
Tw -0.00074 0.01589 -0.046 0.963
I -0.03245 0.01716 -1.891 0.070
Th -0.00370 0.00669 -0.553 0.585
Up ET -0.00607 0.01116 -0.544 0.591
Low ET -0.02602 0.00981 -2.652 0.013
F*F 0.06678 0.02066 3.233 0.003
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AN5199 4.11 (5id) NISIASIEVANGUUSEANTUDINANBUSLELNISTUANL (t2) 1NN1SNAABS

WUUTDNG—LURULAY

Response Surface Regression: t2 versus F, Tw, |, Th, Up ET, Low ET Estimated

The analysis was done using uncoded units.

Estimated Regression Coefficients for t2

Term Coef SE Coef T P
Tw*Tw 0.00024 0.00013 1.847 0.076
] 0.00020 0.00009 2.132 0.043
Th*Th 0.00010 0.00003 293 0.007
Up ET*Up ET -0.00003 0.00009 -0.283 0.779
Low ET*Low ET 0.00052 0.00009 5.648 <0.001
F*Tw 0.00007 0.00187 0.037 0.970
F] 0.00139 0.00156 0.891 0.381
F*Th -0.00078 0.00066 -1.177 0.250
F*Up ET 0.00391 0.00156 2.503 0.019
F*Low ET -0.00074 0.00156 -0.475 0.639
TwX| -0.00021 0.00012 -1.719 0.098
Tw*Th 0.00007 0.00007 0.913 0.370
Tw*Up ET -0.00005 0.00009 -0.532 0.599
Tw*Low ET 0.00007 0.00012 0.571 0.573
I*Th -0.00001 0.00006 -0.219 0.829
*Up ET 0.00010 0.0001 0.961 0.346
*Low ET 0.00018 0.00007 2.423 0.023
Th*Up ET 0.00006 0.00006 1.019 0.317
Th*Low ET -0.00004 0.00006 -0.72 0.478
Up ET*Low ET -0.00042 0.0001 -4.083 <0.001

S =0.0662454 PRESS = 0.541574
R-Sq = 86.61% R-Sq(pred) = 36.46% R-Sq(adj) = 72.71%
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AN5197 4.12 NSAATITIANULUSUTIUVDINANBUSLELNTTUANZ (12) 91NNISNAABILUU
Uand—turiuLAY

Analysis of Variance for t2

Source DF Seq SS Adj SS Adj MS F P
Regression 27 | 0.73829 0.73829 | 0.027344 6.23 <0.001
Linear 6 0.29867 0.07252 | 0.012087 2.75 0.033
Square 6 0.27226 0.27226 | 0.045376 | 10.34 | <0.001
Interaction 15 | 0.16736 0.16736 | 0.011158 2.54 0.018
Residual Error 26 0.1141 0.1141 0.004388
Lack-of-Fit 21 | 0.09969 0.09969 | 0.004747 1.65 0.305
Pure Error 5 0.01441 0.01441 0.002882
Total 53 | 0.85239

A1 4.11 wudndedruvesdadendn usena (F) nseuaey () 1anaa1s (Th) 3Unss
Wisaalnsauu (Up ET) gﬂmaﬁﬁlﬁﬂimmdw (Low ET) uagdunsnseseundng (F * F), (| * 1),
(Th * Th), (Low ET * Low ET), (F * Up ET), (I * Low ET), (Up ET * Low ET) A1 p-value Hae
1 1 ‘:! I~ (v d‘d 1 e Ack ] a v o 2
nAMas a = 0.05 Fudullaneniinanszsnusoseesn1Tauan2 (t2) a8 sliuedAgy NVBYA
NMTINATIZANEUUTEEVSURINANAUSLEENNSTUANZ (12) AMNN1SVRaRIwuUland—tuiuALly
a f 2 a A (Y] —~ o a a1
A5199 4.11 A1 R U99nsneanadlal = 86.61% nernduardulseansnisdaaulafufianela
29 v o9 ¥ | — d i
waz R Iasun1susuAaaiian = 72.71% n1saasieianuiusunudioidunsasiaasuwmas
HULUIV0 I UUTNa09 T A nUssanananal lA1si1e o mun1s199 4.12 A1 p-value U89
Lack-of-Fit = 0.305 @93A10LNEaNBUDIAUSIUANNISIUAISIATIZNANNBUTUSIU waY
Wunstuduiiuudtasstasaduianumunsandniun1svinune seezn1sTuan2 (t2) 210
NI IATIZAANAUUSTZANTURINANDU SEEENITINEN2 (£2) 3NNN1SNAADILUUT NG -LUNULAY
ANUANSIN 4.11 ANUISOFSNFNNTYNUNIYSLELNISTUAN2 (12) V89508001 WaUNANNS
° P B oA v o =
yueflalultrmaniungauvesdadefsaunisi 4.2

Penetration 2 (t2) = 3.1235 - 0.55063(F) — 0.03245(1) - 0.00370(Th) — 0.00607(UpET) -
0.02602(LowET) + 0.06678 (F)* + 0.00020() + 0.00010(Th)’ +
0.00052(LoWETY’ + 0.00391(F*UpET) + 0.00018 (I*LOWET) -
0.00042(UpET*LowET) (4.2)

4.2.3 N15AIAMNNIZENVRIUIYNANAADVUINVD TR (di)
nyinseiteyalagldlusunsu MINITAB Release 15 lvinan1smsiinsigvideyaliie
ANAUUTEANTVDINANDUIUNINVDITRELTDN (di) LARIFINNTIN 4.13
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A5199 4.13 NNFIASIZRAEUUTLANTUDINANDUIUINVDI5RELTDN (di) IINNITNABDILUU
UDNG—LURULAU

Response Surface Regression: di versus F, Tw, |, Th, Up ET, Low ET Estimated
The analysis was done using uncoded units.

Estimated Regression Coefficients for di

Term Coef SE Coef T P

Constant 12.3727 3.98101 3.108 0.005
F -2.1227 0.78794 -3.455 0.002

Tw -0.146 0.06304 -2.317 0.029

I -0.0149 0.06805 -0.219 0.828

Th -0.0145 0.02655 -0.546 0.590

Up ET 0.0321 0.04425 0.726 0.474
Low ET 0.0555 0.03892 1.425 0.166
F*F 0.0108 0.08193 0.131 0.897
TwW*Tw 0.0016 0.00052 3.110 0.004
*1 -0.0001 0.00036 -0.185 0.855
Th*Th -0.0001 0.00013 -0.360 0.722
Up ET*Up ET 0.0007 0.00036 1.786 0.086
Low ET*Low ET 0.0021 0.00036 5.631 <0.001
F*Tw 0.0189 0.00743 2.547 0.017

F*| 0.0199 0.00619 3.216 0.003
F*Th 0.0013 0.00263 0.510 0.614
F*Up ET 0.0035 0.00619 0.572 0.572
F*Low ET 0.0087 0.00619 1.408 0.171
Tw*| -0.0001 0.0005 -0.213 0.833
Tw*Th -0.0003 0.0003 -0.863 0.396
Tw*Up ET -0.0006 0.00035 -1.850 0.076
Tw*Low ET 0.0005 0.0005 1.031 0.312
*Th 0.0003 0.00025 1.028 0.313
*Up ET 0.0003 0.00041 0.818 0.421
*Low ET -0.0014 0.00029 -4.750 <0.001
Th*Up ET 0.0000 0.00025 0.028 0.978
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AN519% 4.13 (5id) NSIASIEVANGUUSEANTURINANDUILIAVDITREBN (di) 31NAT
NAADILUUTNT—LUNLLAY

Response Surface Regression: di versus F, Tw, |, Th, Up ET, Low ET Estimated
The analysis was done using uncoded units.

Estimated Regression Coefficients for di

Term Coef SE Coef T P
Th*Low ET 0.0002 0.00025 0.767 0.450
Up ET*Low ET -0.0024 0.00041 -5.695 <0.001

S =0.262747 PRESS = 8.99743
R-Sq = 91.26% R-Sq(pred) = 56.17% R-Sq(adij) = 82.18%

a a I 44' .
135199 4.14 N15AT1ENANULUTUTIUYDINANDUVUIAVDITBELYBL (di) 31NNITNAABY
wUUTand—LusuLAL

Analysis of Variance for di

Source DF Seq SS Adj SS Adj MS F P
Regression 27 | 18.7325 18.7325 0.6938 10.05 | <0.001
Linear 6 9.6185 1.4431 0.24051 3.48 0.012
Square 6 3.4548 3.4548 e 8.34 <0.001
Interaction 15 5.6593 5.6593 G20 5.47 <0.001
Residual Error 26 1.7949 1.7949 0.06904
Lack-of-Fit 21 1.6945 1.6945 0.08069 4.02 0.064
Pure Error 5 0.1005 0.1005 0.02009
Total DL 20) 35

NN 4.13 nuirdadruvesiladevdn usina (F) nandeu (Tw) nszuatiou (1) jUnss
WBdAlnsauw (Up ET) 3Unssiidianlnsnais (Low ET) uwaedumsizensewing (Tw * Tw),
(Low ET * Low ET), (F * Tw), (F * ), (I * Low ET), (Up ET * Low ET) a1 p-value Hoanin
Avesa = 0.05 Fuduiladeninansemuserunvessesidion (di sgriiedidn 1ndeya
MsinseiAdulsravs veskanauvnnvessesdeu (di) 9nnsnaReILUUT and-tuAY
Tup597t 4.13 A1 R vesmsnaaesiian = 91.26% deindurdudszaninisdndulaiiuii
wola uay R ldsun1suiuaudadien = 82.18% n1siinsigsinnnuuussiudieidunig
ATIVADULNA UL TVBUUUTIA0T M nUsananawdd IiAdng 9 ausnsedl 4.14 én

p-value 989 Lack-of-Fit = 0.064 Fsauiisanevessinusluaunislunisiasizinam

wU5UU taztdun 15U Uil uUIIa0INas 19 Ul AU ANE NS UNSYN U Y UIAYD

saeLYaY (di) AINAITIHATIENAAUUTLENTVDINANDUTUIAVDITOLLT RN (di) 31NNITNAAB

WUUTBNG—LURULAY ANUANTIN 4.13 FIUITNFSNANNITVINUILVUIAYDIT8 LT oY (di) V94
= A o ° =~ Y A o W ~

s8N Wnthaunisviwlenlatuldmafimunsauvaatadesaaunisy 4.3
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Nugget Diameter (di) = 12.3727 - 2.7227(F) - 0.1460(Tw) — 0.0149(1) + 0.0321(UpET) +
0.0555(LowET) + 0.0016(Tw)" + 0.0021(LowET)" +
0.0189(F*Tw) + 0.0199(F*1) — 0.0014(*LowET) -
0.0024(UpET*LOWET) (4.3)

4.2.4 nMsmAvnzauvasladeninadanuisosiyey (area)
myaszvideyalagldlusunsy MINITAB Release 15 inanisnsiiasizvideyaiive

Y

AAUUTEANTVDINANDUNUNTBELYDYN (area) WAANIAINITIN 4.15

AN5199 4.15 N5ATIEIAALUSLENTVRINAR B UNUNTBELYaY (area) A1NNISNAADILUY
UDND—LURULAU

Response Surface Regression: area versus F, Tw, |, Th, Up ET, Low ET Estimated
The analysis was done using uncoded units.

Estimated Regression Coefficients for area

Term Coef SE Coef 7] P

Constant 36.4043 10.5321 3.457 0.002
F -8.71522 2.0846 -4.199 <0.001

Tw -0.2320 0.1668 =939 1 0.176

I -0.2226 0.1800 -1.236 0.227

Th -0.1093 0.0702 -1.556 0.132

Up ET -0.1626 0.1171 -1.389 0.177
Low ET -0.0547 0.1030 -0.531 0.600
RR 0.3204 0.2167 1.478 0.151
Tw*Tw 0.0049 0.0014 3.522 0.002

] 0.0010 0.0010 1.005 0.324
Th*Th 0.0008 0.0003 2.199 0.037
Up ET*Up ET 0.0045 0.0010 4.639 <0.001
Low ET*Low ET 0.0075 0.0010 7.743 <0.001
F*Tw 0.0411 0.0197 2.090 0.047

F¥| 0.0541 0.0164 3.300 0.003
F*Th -0.0063 0.0070 -0.900 0.376
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A15199 4.15 (519) NM1AATIZVANFUUTLANSUDINARBUNUNIRETBY (area) INNATNAADI
WUUTaNG—LURULAY

Response Surface Regression: area versus F, Tw, |, Th, Up ET, Low ET Estimated
The analysis was done using uncoded units.

Estimated Regression Coefficients for area

Term Coef SE Coef T P
F*Up ET 0.0286 0.0164 1.748 0.092
F*Low ET 0.0199 0.0164 1.213 0.236

Tw*| -0.0025 0.0013 -1.909 0.067

Tw*Th 0.0001 0.0008 0.152 0.881

Tw*Up ET -0.0017 0.0009 -1.817 0.081
Tw*Low ET 0.0007 0.0013 0.513 0.612
*Th 0.0010 0.0007 1.530 0.138

*Up ET 0.0025 0.0011 2.284 0.031
*Low ET -0.0015 0.0008 -1.978 0.059
Th*Up ET 0.0005 0.0007 0.738 0.467
Th*Low ET 0.0002 0.0007 0.316 0.755
Up ET*Low ET -0.0074 0.0011 -6.761 <0.001

S =0.695120 PRESS = 62.9095
R-Sq = 93.09% R-Sq(pred) = 65.39% R-Sq(ad)) = 85.91%

A5199 4.16 NITIATIZNAULUSUTIUYDINANDUNUNSULIDY (area) 3INNISNAADY

] 4 3
BUUUBDNY—-LUNULAU

Analysis of Variance for di

Source DF Seq SS Adj SS Adj MS F P
Regression 27 169.186 169.1855 6.2661 12.97 | <0.001
Linear 6 83.714 10.5262 1.7544 3.63 0.009
Square 6 44.085 44.0854 7.3476 15.21 | <0.001
Interaction 15 41.386 41.3859 2.7591 571 <0.001
Residual Error 26 12.563 12.563 0.4832
Lack-of-Fit 21 11.843 11.8427 0.5639 3.910 0.068
Pure Error 5 0.720 0.7202 0.1440
Total 53 | 181.749
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PNENTNT 4.15 nuidadiuvesladendn using (F) nandeu (Tw) nssuaide () ainads
(Th) sUnswiBidalnsauy (Up ET) sUnsaiidiédalnnand (Low ET) wardunsizenssning
(Tw * Tw), (Th * Th), (Up ET * Up ET), (Low ET * Low ET), (F * Tw), (F * I), (| * Up ET),
(Up ET * Low ET) flfn p-value foenindnwes o = 0.05 faduiladeiifinansenuseiiuiisos
Hou (area) pgfituddy MndeyansiemesiadulsyAvsvomanouiiufisenden (area)
inmsneassuuiend wuuaulunsed 4.15 A1 R assnisnaaesdien = 93.09% ferudu
Andulszansnsinaulefiunfionela uar R 16SunsuSuaudaiian = 85.91% n1s3As1en
auUsUsuiiadunsasivdeunrasiuUsvesuuusiansdmdminusyaranands Tee
F19 9 AUA13197 4.16 A1 pvalue 109 Lack-of-Fit = 0.068 Ffimnuiieanevesiiuusly
aunslunsiaseiauudsusiu wasdumstuduinuuusassiiadistuiiannumunya
dmFunsyinuneiiufisesidey (area) 91NN 1A MR AU SEENS U IManBU USO8 T 0N
(area) 9INNN5NNABILUUT BNTLURULAUANATTIT 4.15 dransaadrsaunisinunefiufises
o (area) tlothaumsineiilglldmeniivansauvestiade fweunsi 4.4

Nugget area (area) = 36.4043 - 8.7522(F) ~ 0.2320(Tw) — 0.2226(1) — 0.1093(Th) -
0.1626(UpET) = 0.0547(LowET) + 0.0049(Tw)” + 0.0008(Th)" +
0.0045(UpET)” + 0.0075(LowET)” + 0.0411(F¥Tw) +
0.0541(F*1) + 0.0025(1*UpET) - 0.0074(UpET*LowET) (4.4)

4.3 nsmdeuriunuvaadulasisisnanauduas (Overlay contour plot)

IINNISATIVADUANILLREINBTOILUUT A0S UaznFItAsIEhmulsUs e ldly
nsvhsamamuessesidey Tutuneuseluadldmatiamsdouiufursnsmidulase
Yoenanauauas (Overlay contour plot) Fudumefialunsinnanevaussnsiuiuniely
YounvaLlsiisiuieiUseuiioy wazesnuuulildnansvaussmnudidesnis Tny
drusneziiuluduilinansvaussgsiignuiniidululdvesmn § fuus Tasdmusveuis
YOINANDUAUDINFBINITUBIUAATNANDUAUDS 6‘3@ﬂﬁﬁmumﬁ'juﬁaﬁﬁmamuaumas;jmsf[,u
saunitmuaiioliAnnsiufuvesiufineuaussiigonis fefuvinlimsuisinuned
Tnafivnzauiian dwsuudasnanovauesinaidolvifnunnansuaussosiamntuiie
Iﬂé’Lﬁaqﬁ’uﬁﬁ]ﬂé’ﬁuﬁﬁLLamﬁauﬁiﬁwamauaumﬁﬁiﬂﬂéﬁENﬁuagﬂus&haﬁﬁmumaqﬁmm
YDINANBUAUBY
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Overlay Plot F-Tw
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fadums aziuledn Nundvnansaietulailsldnszuation 8.8 Alawauwus 19ainaena
50 lai@a viseldnseainu 10.0 Alawauwds Tnainadiaszring 22 04 50 luwda

4.4 anmunzauvasdaldeninanonnn1nuassasLtau

NnauMIIsANNveITesienusarad muaunsi 4.1 fe 4.4 Yraunnsly
mefnzauvesisartade lutunouthzdesimunveunuanay Tiun alusdusan
(Lower) Adwane (Target) wageluszsugaan (Upper) sasimunatvinvemanay
(Weight) wazA1ANd1AyYaINanay (Importance) Imamﬁ”’qaaqﬁﬁmagiwdw 0.1 99 1.0
TunmiAfedldhwminuasaruddguesmanouwindy 1.0 iWesndosmisiilinanevegly
youwaiitmua uaziilnditimanemniian Aivsnsauiigavesiadeiinasonnninves
seuideuiiiunsifermnuiumusuuaatesmanndl¥atiuinga SUS316L fu wmanndnld
ally sUsazs iLﬂiwzﬁ%’agaimsi%’Waﬁ% Response Optimization l@fiunzauvesusias
Hadeiinanenmunimuessosidonnaninsed 4.17

msivundmngvamanau (Goal) WurnEs (Maximum) Jedusaskanaues
@mmwm&%am ANYRULINEN (Lowen) YB35y MSTNANT (t1) UavszeennsTUEN2 (t2) Qv
AN 20% TBIPAMUTBTUNUMAdEU Al sne (Target) LazA1vaULAUL (Upper)
FILINIAN 25% YOIATNUEBUNLYAABUA MIUATIEUAETS (Lower) Tosunnsasiioy
(di) aEFnann 3 Wiwessnfidesesmnutestunungey Anihuine (Tarcet) wazen
YOULUAUU (Upper) ATUINaTN 4 YNUOITINTEeIMI ALV UNUNAFOU LaTAmSUA
YoULIREN (Lower) vosiiuiisonidenl (area) THdounssemnmavnasadosiuilliaiuiisos
Lﬁ?j'aw?ﬁq@ Aming (Tareet) wazAvauwauY (Uppen AIuiaainnsssesnsaudnii 50%
YOI TUIILTATED

A1519% 4.17 N1T3LATIZY Response Optimization

Response Optimization

Parameters
Goal Lower Target Upper Weight Import
t1 Maximum 0.30 0.375 0.375 1 1
t2 Maximum 0.30 0.375 0.375 1 1
di Maximum 3.674 4.899 4.899 1 1
area Maximum 8.784 10.435 10.435 1 1
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Global Solution
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Predicted Responses

t1 = 1.2048 , desirability = 1.000000
t2 = 1.0472 , desirability = 1.000000
di = 8.1159 , desirability = 1.000000
Area = 16.8040 , desirability = 1.000000
Composite Desirability = 1.000000
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gﬂﬁ 4.16 n3LkEns Optimization plot
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4.6 WAMINARBINIANYINANTIUNTVARNATATEYRIlaNE WasAmENTANINa

nanIInARedlFIINNITERNLUUNTSIARRINANTET 3.10 WefnungAnssunsvaey
azanevedlanslaeasAnednwaen1aN1unIN (Appearance) N13M3I9ADULATIATINNNNA
(Macrostructure) msnsraaeulassadsganma (Microstructure) vesseeifouiiiiunsidense
nszuaden uasnadeufiunntet

4.6.1 aNWULNINI1BATN (Appearance)

NANIVPABITLANIENYEINMEBMYBsTBdBaAnaINMsTtadundenlnens
laud Yadeusanasgsiv 3.3 Aladadiu nannadesgdiv 50 luda uaggunsaiddalnsauu-an
vunseil 30 Tadwns wizdSulAsunssuaden Russydu 7.0, 8.5, 10.0 Alauosuys uaz
nadeuRausisyaU 25, 38, 50 laAa anuasu gﬂ'ﬁ 4.17 LARIANYIENINENNUDITOELT oY
Tnefaniiuagvastaraafisduanduluresfagiu wardnsendugtismmu 3 alaeusng
HusondoulnpiSesrussil wlugadnamutenaeuazats (Melt ring) 2awmunataiug
WnuseEIEeN (Fusion zone ring 3o FZ ring) wagaswnuuangaidinaumuuinadilisuam
fouannisdon (Heat affected zone 3o HAZ ring)
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dnwairnsmenmvessesidondiinunsdeusenszuaien waznandeuiuandatunans
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I =10 kA

NO.7 (25 cycle)

NO.8 (38 cycle)

NO.9 (50 cycle)
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4.6.2 M3nsavdeulasEieemnin (Macrostructure)
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Fewsnetladumsdouinneiu Tassadiaumninaintadenindenduandsiuazusing
sUvassosdoufunnsrsiulasgunmaesseadonduuliugaudonssumion uay
nendouidiudu wanmaveaesldainnsesnuuuntsnaaesmunIed 3,10 Wethiunaaeud
rumsdeslUhnInsaseulassad N 1A eNdoI9ansAlHANITNARBILANIA 391379

4.20

a v Y] a )
ANS190 4.20 WANNSNRABINITNTAFDULATIFSHLNNIANAISNAGaRINISUSUAsuTade
NILWATO HAZIIANYDY

aeu SYHEAS SY8YNIS SY8EN5 SL8¥NIS YUIAVDITOE
A9 Fuant (t1) guan2 t2) | neanl (h1) | Anan2 (h2) Fou (di)

NAADY 1. 1. . 3. 3.

1 1.05 1.12 0.17 0.22 6.01

2 1.06 1.11 0.17 0.24 6.03

3 1.08 1.09 0.24 0.28 6.16

4 1.05 1.19 0.25 0.24 7.13

5 1.06 1.16 0.26 0.27 7.53

6 1.03 1.07 0.29 0.29 1.22

7 1.06 1.16 0.33 0.34 8.03

8 0.97 0.98 0.52 0.35 7.02

9 0.91 0.94 0.61 0.39 6.38




5UN 4.21 dnwuglassaiaumniavessesideuiinunsieumenssuades 7.0
Alauauwds Landou 25 lafa

5U# 4.22 dnunuglassaiaumnnAvesseslisuiii1un1sieumgnseualey 7.0
Alauauwds Landen 38 lufia

JUN 4.23 dnurlaseadaunnInTessesiauiii1uN1SieNnIenseualay 7.0
Alauauuyds Lawveu 50 luifa

1 mm

3UN 4.24 dnuarlaseaiaunn1AeesesiteuiiuNTeNaIeNsERaLTeN 8.5
lauouuus naweu 25 luifa
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1 mm

3UN 4.25 dnwurlaseaiaumnn1aveesesiteuiiun1siennlenseuaiteu 8.5
Alauauwyds nawdou 38 lawfia

JUN 4.26 dnunuglaTeasaunn1ATesseslteuiiuNITiaNaleNSELALYeN 8.5
Alakauwds nawiou 50 lafa

1 mm

JUN 4.27 dnurlaseaiaunninvedsegilieuiiIunIsieunIgnseuaey 10.0
Alateuws Lanveu 25 luifa

1 mm

3UN 4.28 dnwarlaseaiaunn1aveesesiteuiiunsieumenseuades 10.0
laueuuus naweu 38 luifa



1 mm

JUT 4.29 dnuarlassaiaunnnvesseeisuiiunsiieunignseualey 10.0

Alawauukus andiou 50 laAa
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NINANTUIANENWULNWAMNINANNNINTFIU JIS Z 3139 Ainanibitiedu Ae szeensdy

AnAoadlA15E1iNe 0.3 - 1.2 Haduns szuznisnadndasiianliiiy 0.45 Naduns wazauln

Yos508Ldoudedia1uinnit 5.0 Hadwns NYIYANIINARBINUI S¥EenISTUANL  (t1)
s28NITUAN2 (12) TezNINAGN2 (h2) uazaulnvessosidan (d) HIULIRNNINTFIY
dauszugsnadnl (h1) &2 Naﬂ’]5‘1/1(91aaﬂﬁﬁﬂlﬂLﬁuﬁﬁmﬁmiﬁ’]u‘ﬁlLﬁ(ﬂmﬂmﬂ{fﬂﬁsLLGL%E}:LI
10.0 Alawouwud nadon 38 lwfa wazannstdnssiadon 10.0 Alaweuuls adeu
50 loifa WeRnsanauduiusvasiadunssuadon wasnandonaziuldinvunvessos

Weoudlanauane19iy Wesannnasuamiouniinanmseudnisivisunyas sukuy

VBIBUNINILIVOINTEUAT DN UazLIAITaLIBVENaeE1eilsEaus Aty senmuaIMeITes

o [9], [67] TININTUNDUATNILNNLDVIENAFOHNANBUALBIAIH

Penetrationl (mm)

1.10

1.05 4

1.00 -

0.951

0.90

Interaction Plot for t1

K

Weld

current(kA)

—— 7.0
- 8.5
= 10.0

25

38 50
Welding time (cycles)

a 1

SUN 4.30 SUASNIYITEMININTELATON AT IANLYIUNLDNSNANDNANDUALD
SygyNISTUANT (t1)

U
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Interaction Plot for t2
1.201 -_ Weld
S~a - current(kA)
1.151 = — 7.0
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s lininvwdaldnantouiigitu fwegrdlsiniunislinszuaton 8.5 Alaweuuwds vian
Wau 50 loida sasn1stuan1 azanad dusunistanseraliay 10.0 Alakauwls seazn15ou
= ~ v P D] = P 1 a 2 b 1% A ~ 1 ° %
an1 duwilduanasileldiaiieniigeu 3Ui 4.31 auiudinisldnssuaoungsuasyinly
< < a0 o L% d' 2 ‘ﬂl a
SEEENTTUAN2 dAanasmuaisulilaldvaliou 25, 38 way 50 lwiAa

Interaction Plot for h1
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Interaction Plot for h2
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31n3UN 4.32 nastonseuaien 7.0 uav8.5 Alauwsuwls sveen1snaanl dzdlALiuTy
uasuiialdianday 25, 38 ways0 latda d1usunistenseieiday 10.0 Alakauwls szee
nsnednt azdAnAudInsguilaldiinteu 38 way 50 lawfia aangun 4.33 nislinszua
«:4' &4 X o § v = a1 oa X o v A % =
WeNgwuazyinli seeen1INnan2 sslAintunuanueltiiandeu 25, 38 wag 50
laifia

Interaction Plot for di
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JUT 4.34 dunsnsenseninanszualen Lagalounianinanenanauauas
YUAYDITBLYRY (di)

Y '
! a = IS

INFUN 4.34 msldnszuaiien 7.0 Alaneuuwds vuinvessesitey (di) azllAniuduilely

= a X v A a ¢ A . A X A v
WaTauLiNTN NslEnseuaeu 8.5 Alawauuus vuInvetTesteu (di) deliAgeluiield
LAY 25 ka3 lwlAa  wazaranadliianyay 50 twwAa Nshunseladau 10.0 Ala

¢ A . a Al v = a v A
LaNLUS VUIAYBITRELYDU (di) ﬁ]gﬂiﬁq@ﬂ?ﬂ@l&@ﬁhﬁna'ﬂﬁ@ﬂ 25 igﬁLﬂa LLaS‘ﬂga@a\ﬂ,“UL'JaqL“U@N
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38 019 50 ltAa N1SNANTUIANUALNUSYRISLELNISTUAN LAZTLEZNISNAANTALLNUAIN
N13N58318 (Scatter plot) wanwezUy 4.35 B3 UM 4.36

Scatterplot of hl vs t1
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oe ~~o - = 7.0KA/Tw
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3 1
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dieldnszuawauiisedu 7.0 Alakeuwds Wallinnadoulvigedu seuen1sTuanl (t1) uus

[
=

dulpenssiuszeynnsneant (h1) dufe mefiunssuadon wesmsiiunadouliasiuas
yilszaen1s@udnt (t1) wazszeynianadni (h1) fengetu maldnssumdeniisedu 8.5
Alaweuwds Wiaiunandomiinain 25 ludady 38 l9ifa ssozn1sduant (t1) wazszey
nsnadnt (h1) ﬁﬁhqasﬁu wileldandon 50 lotfa SzevnsTuant (t1) anas wavszes
MsaRan (h1) asdiAiudy osainmsldtadenisdeusanaininnndeuluuiinuses
Foufiguiuly uaziiansuannszanevesihlangivar dwisumslinssuadeuiissdu 100
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Scatterplot of h2 vs t2
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SUT 4.36 uansmnudiiusserinessomstudn2 (12) fu seaen1snedn2 (h2) aziuiide
finnszuadon wazfinanden seoensTuan2 (12) usiaiufuszeznisnadn2 (h2)
othadiulédn vieenananlidofunssuadon wasnandouligstuashlvszoenista
N2 (t2) uazszern1INAan2 (h2) IAanad

Boxplot of t1, t2

Value (mm)
—
(=)
(9]

£ 2

SUT 4.37 asmigunaos (Box Plot) U9eszesnsdadnt (t1) wassgernsauan2 (t2)

MnAuaNTAnRAndduansturauninndiliaiufiaoswie thun drdulszandnig
YenufveinNseuvenndnnadnlaiu SUS316LEAY 1.7 x 10° Aeesmwaldua wasan
SuUsvAvsnisvengfvesrnuSoureavannaldaiy SUSA25 A1 1.6 x 10° Aessrmwaldud
msthanuseuvaavannadlsatiy SUS316L a1 15 Tassawnssonsrwaded n1sunaw
Souvaundnndiliatiy SUSA25 fa 24.2 Tnddelunsfepsrlalad ANANNAIUNIUYB
wEnnalsatin SUS316L A1 7.5 x 10" ohm-m  WazAina ud umussanannailsady
SUSA25 fiAn 6.1 x 10" ohm-m 9nAndAMsANdLAnAeiY [68] fanandsinlidiam
Souanmsenianigluresndnndil¥ady SUsa 6L axiidmninudnnalsaiu SUsazs
Feudnilviszaenmsdudnt (1) Srnededesminszosmstuing (t2) uansiagudl 437 dau
ﬁummaﬁaal,%amﬁjqi’a@ SUS316L ﬁsuumimgﬂ’hiam%auﬁﬂﬁa@ SUSA25 1lpsa1nA1Aanm
Fnunuvemannaliatiu SUS316L fimasninmnannanliatiu SUsa25 [9]
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Boxplot of h1, h2

0.6 1

0.5

Value (mm)
o
s

=
w
Il

0.2 1 |

hi h2

gﬂﬁ 4.38 n31WlgUnae (Box Plot) vessvuzn1snaant (hl) wagszuzn1snaan2 (h2)

SUT 438 awituinszeznsnndni (h) vessesidenilssumanndliaiin SUS316L axilaade
Mnisyegnsnaan2 (h2) vessesilienilaiiumanndl¥aiu SUSa2s e nanaudAana
vpandnnantaiy sUS316L Andmannanliatu sUusa2s laun anuudanannailsady
SUS316L 1A 195 HY agmnuudandnnailaiiu SUS425 He1 167 HY AN TUNIuwsInawed
wannalsatn sUS316L atlaifinin 520 N/mm’ wasadunuwsshsasanannailsady
Susa25 Henlaisangt 410 N/mm”

4.6.3 AArudunIuLsIRadauvesTasiou (Tensile-shear force)

TuA15USEUAIAILAINNTINTHUNIULTIF Y095 8T BTN U LT B K e
nszvauMadona i LuLLUR YssidufeEmmeasuusadadeu fogsdunugn
FanTeamuasg I IS Z 3136 leRaIvns SUNART A0 URIRSS AT IRIE 95
wanndiSaiueumun 15 faduing $19990m3510 JIS 7 3140 Fusrudeudasiiuseis

11NN 7,650 UIGU
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E LI L L Trrrrrrrrop T
16000 - Max.15169.4 N Max.15197.0 N 3
14000 - / E

S 12000 4 Max.14500.9 N 3
£ 10000 4 3
- E
2 8000 4 E
v E

2 6000 4 3

T E
5 4000 4 3
@ 3
2000 4 1(7.0kA), Tw(25cycle) ‘
=———1(7.0kA), Tw(38cycle) 3
E ——(7.0kA), Tw(50cycle)__§
T T T T "y T 1
0 2 4 6 8

Stroke(mm)

JUT 4.39 n31viALseRudouressesliouinIunMadeuslenseLaden 7.0 Alalounys
Waday 25 luda 38 luwda wars0 lafa

mﬂgﬂﬁ 4.39 uanens ARG auYeIsesdaufinIuns T eudie nszuaden Al 7.0
Alaouuds attiou 25 loda 38 luifa waz50 lotha 9ANANITNAABINUIIAINSIRS
douvessesidouilen 14,500.9 Tafu 15,169.4 F26u uaz 15,197.0 S8y auardu 910
nanisnaresRL Ll mnRunadeashlidusiiudounessosdouidgetu

16000 3 Max.15189.8 N Arax 154 _
— O E Max.12623.2 N _
< ]
G 12000 E
£ 10000 3
— E
o E
2 8000 E E
L 6000 3 3
7] E E
S 4000
I—
2000 4 I1(8.5kA), Tw(25cycle) -
3 ——1(8.5kA), Tw(38cycle) 3
0 3 [——1(8.5kA). Tw(50cycle)|
E 1 1 T 1
0 2 4 6 8
Stroke(mm)

5UN 4.40 n319lALSIANRRUYRITBUTRNTIR I UNSWRNMENTELAYoY 8.5 Alatauuls
nanveu 25 luida 38 leifa wags0 luida

NIUN 4.40 ziiudAussfadouvetsesilouiunsiiousienaldey 25 uaz3s lufa
Jaussradaulnafgsiufe 15,199.3 170U war15,189.8 UIAUAIUAIAU LATALSINALIDUY
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azanasileldinaideu 50 loifa AwssRs@auilaainnismaaosliaAn 12,623.2 AU
Wesnnisldnsvuadeu 8.5 Alaweuuus nanteu 50 lewda Tirauseulunisieudias
WAuly [69] FeAnn1snsyateussilanginaiseninenisiden (Expulsion)

— — — N -
16000 _ o Max.15618.8N _
\ Max.13743.8 N}
14000 4 ) ;
% / g
©Q 12000 4 / E
2 3 | Max.12355.5 N
o E E
%= 10000 4 E
| E E
2 80004 ;
2L 6000 ;
B E 3
S

= 4000 — _
2000 4 [~ 1(10.0kA), Tw(25cycle)|
——1(10.0kA), Tw(38cycle)| 3
04 ——1(10.0kA), Tw(50cycle)| 3

E | . - :

0 2 4 6 8
Stroke(mm)
JUN 4.41 n3ATILIIAURRUVBNTRUBUTIHN NN SWBNMENTEILaYoN 10.0 AlaweuuUs

naYau 25 bkea 38 latAa wars0 LA

N3UT 4.41 aziusoe@euiiniunisieumienisidnsswaiden 10.0 Alaweuuds anteu
25 lwda Wudununeseuibiaussdadougsiigawindu 15,618.8 fadu dwmsunisldiaa
Fou 38 lovAa 1uiununaasuiibiawsstadausfgamianiu 12,355.5 Jau waznsly
natoy 50 luvda LuBununedaun A wsaeadewinny 13,743.8 fdu aziulainnig
- v o = a ¢ = A N1 o A gu - o X
Weourmensldnszuaion 10.0 Alakeuwds Aussdudeussiiarnnileldiianyeuiigiy
\auinn1snsEgveslargmalseninanisieu (Expulsion) [53] dnWagn1snTEIeves
UlaneinaIkannINgun 4.42

(b) (0)

Ul 4.42 Enwaznisnszansvesiilaveivadfiinanmsnssuaden/anden
(a) 8.5 Alawauwus/50 laida (b) 10.0 Alawauwls/38 laAa
(c) 10.0 Alakaunus/50 latAa
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AALENINTANTSELNTULS RS puTasToseNanInsaes UIBFBAE TS Te NS UA
Fou uwavandeu nanafe Arrudeuiiinnszuadon wazandeuiimaneauyiilviin
n3vEEUBUINTesTan e ANl LA N IIN ST UULS IR LBa gty [70] 1
Ararudeulunisideminaindnsitordeduves 3 Yadunisidoniufie usenaves
#i8uEalngn nszualen waziiandou [71] dmsueddeluidedlammualiusanaves
Hadidelnsndurasiidaiu nsvuadon waviandeuiaduladevdndiilfiauseiadon
s Wedadafisaunsrnanuiouresnindesmuiununuugaaumsd 2.2 i
Tenszuadenildlunsdenfinnudfyedslitudduninanien Yadunseuadouduy
fihlAamwdeulusesidon [72] nandemduladefitisliguvgiivinugadudiaves
Funu wazuinavasuazatsiiutust s sunarelusesidon maiudinsyuadon
wazhadeunniiuazilfifenginssunszasvenilansvarsewinninden (53] fey
vilvimnuudenssvessesidouanas (23], [73] feegrdlsinamananismaassAianuanuisn
FunuLsIRudeuveseat oL H AN ATINATEIU

SUT 4.43 dnurnTLENeaNINAUYBITRULYBNTIHIUNTNARDUKTIRLOY

NANTNAFOUANFIINLLSIPEeY uandluguTl 4.43 Snwazmsuenoenanfuessen
Fouiunmaaeuussisdewdunuuideuienunagen (Pullout failure mode) lae
Aetududnuusnfeafuiaanniunumaaey faednnsannnudunuusulausunis
(741, [75] lusuideditununaaeuiduaindnanuiunudumanndl¥aduiladu susazs
Tngsumisiidugadufuduninatagfufafuuinaiuiildfumanssnuananuieu
(HAZ) ilosnidugeiifiruudsussiiosiian [76] mﬂﬁ?u%Lst'sumaaaﬂlﬂé’a’ia@ﬁuLLé’aLﬁa
fapiuazaalufign n1sundsosunn/sesusnuuunssiuiuintuidesanenulaainave
Y9IMIANNNTTOBIT wazmnuAU AR UATI LR UsIF [71] Fumisvesnisngaeen
Mnfuinty o vinadaiulndfuuinuiuiidldsunansenuanaiufeu 91nwanis
naapstliiuiAanuuisuinafanfiuiniuinaiuidldfusanssnuananudou
uaruInmiiufisendon nsdnuievareenainfurestunuuinufnanansoiulss i
Anuudeusivassenidon nan1MAREULEINTUNUAAMUFIUNTULI IR LG DU LA
19531 JIS Z 3140 wazsiduimihdunaiukunusumdnndfaduileinu sus3i6L luin
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nsidegunieliilisuidensainnimaaeuidesnnauandinisnavosnanndiliaia
SUS316L Anwdnndl¥aduilednu SUSa25 [17] auuandlumssil 3.3 nsvaaauaIy
fumuusafdeuressesdouiiiiunmadendienszuiunsidonnnudumuLUULe
I@mﬁulﬂ%mmmaamgLﬁ@mimw‘%amﬂwﬂaaﬂmﬂﬁ’usuaqfia@aawﬁmﬁﬂ%Lﬁmﬁuiu
fufivieusnaiifauudusaies

PNNIseaeitefnungAnssunisuaetazatsvedlangyilinguing 3 wanis
neaeuinlanzmaILAnNnIZae (Expulsion) s¥wi1anaiden Jufnainnistvuailade
nsieu Ioud nszuaidon 8.5 Alaweuuds andey 50 loda nszuadeu 10.0 Alaweuwus
nadeu 38 luda uaznnslénszuaidon 10.0 Alawouuds andex 50 leida lun1siinrsan
AUAUNUSVDIAMSNYUEN AN INAUAIAIINATUNIULTIALEDU ALK UAINNITNTEINY
(Scatter plot) wanssiaguil 4.44 8 3U7 4.46

(a) Scatter plot of tensile shear force vs t1 (mm)
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(b) Scatter plot of tensile shear force vs t2 (mm)
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91N3UT 4.44 wansnuduiussznineseeemsTuaN 1,2 (t1, 12) AuA1AafuLLSIAe
owmnlafinsanuanmsvaassivinlfiAaiilangmaiunnnszans agfiuin manszanes
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wazazBznSTNAN2 (t2) fegetu asvhlimaudumuussiadoudunltgedy

(a) Scatter plot of tensile shear force vs h1 (mm)
16000 Tk
e 70
m 85
10.0
° omm
< 15000+
g
L °
=]
1)
& 14000 ~
<
2]
% Expulsion
3
= 13000
& Expulsion
- Expulsion
12000 - . - - ; :
0.2 D=3 0.4 0.5 0.6
h1 (mm)
(b) Scatter plot of tensile shear force vs h2 (mm)
16000 4 T(A)
e 70
’ m 85
10.0
[} m e
< 15000+
o
g °
]
©
$ 14000 ~
=
]
.ﬂ ’
= Expulsion
5
= 13000 |
8 Expulsion
Expulsion
12000, - ; ; .
0.20 0.25 0.30 0.35 0.40
h2 (mm)

JUN 4.45 ununmANANTUSIENIg (a) sEagnisnadnt (h1) AuAiAuduniy
L59R9L Y (b) s28¥N1SNAAN2 (h2) AUAIANUAIUNIULIIAULRDY
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(h1) fiArs agvirliarauiuniuussiadeuiuulgety lunansatfudiuaingud
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Scatter plot of tensile shear force vs di (mm)
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TUAIAINATUMNLLTIRLROY

QJ' v u e ' A Y ] = A
INFUN 4.46 LanIMUFUNUSIENINIUIAYOITOLTOY IUAIAIIUAIUNIULTIA U DY
Y09598@auMInliRINT AN 1INAaIN Y AR lars A LANNTED18 AzLTiUledn AN
ATUATUN TSR BUABLAE SN ST UNUT DUV INYRIT 8 RN HIuW A ey U [77], [78]

4.6.4 Arrnuudsvasdusudon (Microhardness)

Anuidarinenntunudenvinafaniiu vinniuiilssunanseuain
Armdou wagUnadiuisondon Taefiszesvisvausazan 0.5 Tadumsifiamafanuuw
vravusenidoutansililnesrzaud fo naudnaimuessesiieon dayantsnaed uandly
M99l 4.21 Fa a5l 4.23 wegnsmiuansrnaundanandugui a.47 fa Ui a.55

a | = = A & v & a ¢
AN5197 4.21 ANANULYIUDITOELYOUNHIUNSIBUAIBNTLLETDN 7.0 AlakauwkUs
AT 25 teAa 38 huvAa wars50 lada (e HY)

nszuadeu nandeu nadeu nandey
7.0 Ala 25 lwiAa 38 lelAa 50 leiAa
wauwus
SYULNITIN SUS316L Sus425 SUS316L Sus425 SUS316L Sus425
-8.0 194.3 165.4 194.2 164.7 195.3 164.6
-1.5 194.2 165.2 194.2 165.3 194.8 165.3
-7.0 194.2 164.9 193.5 165.1 193.9 165.3
-6.5 194.5 165.4 194.2 164.3 195.1 164.6
-6.0 194.1 165.4 194.2 164.2 194.7 164.8
-55 193.5 165.6 194.1 165.1 194.3 164.5
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A151991 4.21 (519) ANPULTIVDITRUTOUNNIUNITABUMENTEWALTDY 7.0 Alakouuus
natau 25 luwda 38 latfa wazs50 lowda (e HY)

ﬂi%LLﬂL%aiJ L'Ja'lL%E]ll L’Jﬁ’lL%E]ll L’JaﬁL‘?jIEm
7.0 Ala 25 leifa 38 loLfa 50 leifa
WouLUS
S¥EEA1sIn | SUS316L | SUSA25 | SUS316L | SUSA25 | SUS316L | SUS425
-5.0 193.8 165.3 193.8 164.3 195.8 163.0
-4.5 193.8 169.5 193.5 164.7 199.0 181.6
-4.0 194.7 171.4 209.3 196.9 206.3 186.0
35 199.4 176.8 239.9 225.0 230.9 223.0
-3.0 239.8 225.9 303.3 289.7 294.4 2733
2.5 309.7 312.5 316.8 316.6 312.1 314.4
2.0 312.5 312.2 310.6 316.4 320.6 321.7
-15 312.2 303.6 3128 315.4 317.9 315.2
-1.0 308.1 306.3 3128 315 3213 319.2
0.5 308.1 304.9 314.2 315.4 314.7 315.2
0.0 310.3 314.6 310.8 313.8 311.4 312.5
0.5 314.6 306.6 311.1 317.0 314.8 311.9
1.0 307.3 3115 3121 313.3 315.4 311.1
1.5 319.0 309.8 317.4 316.2 316.9 314.7
2.0 319.7 316.8 314.8 315.7 317.3 315.5
2.5 257.2 279.5 310.4 318.2 308.9 314.6
3.0 198.2 181.1 256.9 236.4 304.2 294.7
35 198.3 169.6 201.4 184.6 244.2 236.7
4.0 197.2 167.1 195.4 174.3 195.7 178.7
4.5 1953 167.2 196.2 164.2 194.2 166.0
5.0 194.7 165.7 194.5 164.3 196.9 164.3
55 194.8 165.3 194.3 164.2 194.6 162.9
6.0 195.1 164.8 193.4 164.7 195.2 164.3
6.5 195.2 165.1 194.1 165.3 195.0 164.3
7.0 194.8 165.2 193.6 164.3 194.5 165.1
75 194.4 165.3 193.5 164.2 195.1 164.8
8.0 194.3 165.4 194.1 164.4 194.7 164.9
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350 ] ——SUS316L side]]

] ——SUS425 side |;

7 300 4 E
= ] ]
= ] ]
[ 1 ]
> 250 ¢
192) ] 4
b3 ] ]
=] ] ]
= 200 ] ]
< - _
i M ]
150 :

Distance(mm)
JUT 4.49 NTNANANINUTBTUNITEUAN LN TOUMENTZUATOY
7.0 Alakeuys Ladoun 50 leifa

a f < a A A ) a a ¢
A15199 4.22 ANANULTNUDITOURBUNNIUNISWANMIUNT LAY 8.5 AlawauwUs
nadau 25 luida 38 laAa wazs0 letha (ruae HY)

nszuadion nandeu nadeu nandey
8.5 fila 25 luiAa 38 lelfAa 50 leiAa
TOEIRIH
SYULNITIN SUS316L Sus425 SUS316L SuUs425 SUS316L Sus425
-8.0 195.6 164.8 195.2 166.4 195.4 164.9
-1.5 194.3 165.2 194.3 165.4 195.4 164.3
-7.0 193.8 164.3 195.0 164.9 196.4 164.2
-6.5 195.3 164.9 194.7 165.2 194.4 164.6
-6.0 194.3 164.2 194.8 164.8 194.9 165.0
-55 195.1 165.2 195.0 164.8 195.1 164.3
-5.0 196.3 166.6 194.3 164.3 197.9 166.4
-4.5 197.8 174.2 194.7 177.9 203.9 169.7
-4.0 237.6 234.1 240.4 222.6 261.3 177.9
-3.5 307.1 310.9 308.9 314.9 310.9 287.1
-3.0 304.2 302.2 308.8 314.8 313.0 298.8
-2.5 305.9 313.9 313.9 311.1 301.3 301.0
-2.0 303.3 310.2 319.1 324.6 303.0 307.6
-1.5 307.1 304.1 315.9 324.0 299.9 301.1
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A151991 4.22 (518) AANULTIVDITOELTRUTEIUNSDUAENTELARDY 8.5 AlawauwUs
natau 25 lutda 38 latfa wazrs50 lowda (e HY)

ﬂi%LLﬂL%aiJ L'Ja'lL%all L’Jﬁ’lL%E]ll L’JaﬁL‘?iIEm
8.5 fila 25 leifAa 38 luiAa 50 leiAa
wouLUS
syeynsin | SUS316L | SUSA25 | SUS316L | SUSA25 | SUS316L | SUSA25
-1.0 312.1 307.8 334.5 322.8 312.2 304.5
-0.5 308.4 302.4 324.0 312.0 298.3 303.3
0.0 312.2 307.1 314.9 317.2 291.7 308.1
0.5 312.0 304.3 314.6 315.5 296.7 302.1
1.0 307.2 313.2 312.6 312.0 291.8 301.6
15 304.7 302.8 307.3 318.5 300.5 305.6
2.0 305.8 312.4 307.2 313.0 306.4 302.8
2.5 307.8 312.4 303.2 314.2 315.8 301.4
3.0 312.4 311.8 300.7 304.8 294.1 307.8
35 236.7 238.2 304.7 294.8 310.2 301.5
4.0 203.6 180.1 241.2 192.3 241.7 229.4
4.5 198.1 164.9 197.1 178.0 201.4 180.9
5.0 194.6 165.3 196.5 167.8 196.3 173.7
5.5 193.9 164.3 195.3 166.3 196.3 169.4
6.0 195.2 164.7 194.8 165.4 196.2 165.7
6.5 194.8 164.2 194.8 165.3 194.6 164.8
7.0 193.8 165.3 194.3 164.6 194.3 165.1
75 194.4 164.9 194.4 164.3 194.6 164.3
8.0 194.8 164.8 194.4 164.4 194.5 164.8
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gﬂﬁ 4.51 nswliAnuudwssiunudoniinumsiieudenssuaion
8.5 Alauauwds nadeu 38 luida
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3504 ——SUS316L side| 3
——SUS425 side | |

= 1 : ;
T 300 5
Q ]
= 3
E ]
> 250 :
& E
c ]
'E ]
S 2004 3
= .
1504 ]

Distance(mm)
U 4.52 N NANAUUDET UL eNAN TN WoNMBNTELALTDY
8.5 flawauUs vaandeu 50 loiha

A151991 4.23 ANANULDIIYBITBELTRUTNIUNISIBUA BN LAY D3 10.0 AlawauuUs
nadeu 25 luifa 38 lada wazs0 leha (dre HV)

nszuadeu nandeu nandeu nadey
10.0 Ala 25 i 38 leiAa 50 leiAa
LauWUS
JYULNITIN SUS316L Sus425 SUS316L SuUs425 SUS316L Sus425
-8.0 194.7 165.5 194.8 164.2 195.1 164.7
-1.5 194.3 166.1 194.3 164.3 194.8 164.8
-7.0 194.8 165.5 194.1 164.2 194.3 164.7
-6.5 195.0 165.7 195.2 164.7 194.4 165.2
-6.0 194.3 165.4 194.3 165.2 195.1 164.6
-55 194.3 168.3 194.8 165.2 194.6 164.5
-5.0 195.7 173.4 194.3 194.8 194.9 164.8
-4.5 242.0 252.7 232.6 234.0 233.2 222.2
-4.0 303.8 300.5 292.7 298.0 294.1 290.5
-3.5 306.9 300.4 300.9 300.5 301.4 297.4
-3.0 304.2 302.8 300.4 300.7 300.7 289.6
-2.5 311.8 302.7 308.6 305.4 312.3 301.9
-2.0 310.1 309.8 309.1 302.0 303.6 302.0
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AN51991 4.23 (f19) ANAULTIVDITRYTBUNNIUNISABUMENTLWALTBL 10.0 Alakaulus
natau 25 ovda 38 luiAa waz50 lada (MU HY)

ﬂ%‘%LLﬂL%E]@J L’Ja’lL%E]ll L’Jﬁ’lL‘?ﬁlaﬂJ L’JaﬁL‘?iIEm
10.0 Ala 25 leifAa 38 luiAa 50 leiAa
wouLUS
syeynsin | SUS316L | SUSA25 | SUS316L | SUSA25 | SUS316L | SUSA25
-1.5 319.8 313.6 304.3 301.1 313.3 300.3
-1.0 318.0 312.7 301.9 306.1 301.7 302.3
-0.5 318.8 321.1 302.0 307.5 301.9 312.4
0.0 319.4 317.3 303.7 305.2 300.0 305.9
0.5 317.3 318.3 307.6 301.5 301.4 303.1
1.0 313.3 311.3 307.4 309.5 303.2 313.4
15 314.3 308.8 305.4 308.9 310.5 304.2
2.0 312.9 309.9 304.3 303.8 301.8 300.3
2.5 310.5 302.3 304.0 303.3 3115 301.2
3.0 309.4 307.4 304.3 302.3 310.6 300.6
3.5 308.8 304.7 300.8 298.4 238.7 242.3
4.0 309.3 299.3 232.5 244.1 188.7 178.6
4.5 2493 250.3 194.4 165.4 187.8 168.8
5.0 191.1 178.3 192.1 165.3 188.9 168.4
5.5 192.8 165.3 195.1 165.3 194.8 165.1
6.0 193.3 166.0 194.7 165.2 194.3 164.6
6.5 194.3 165.4 194.3 164.4 195.2 164.8
7.0 1943 164.1 195.0 164.3 194.8 164.4
7.5 194.7 165.2 194.3 164.8 194.2 164.3
8.0 1948 163.6 194.3 164.9 194.3 164.8
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350 —=—SUS316L sidef;

] ——SUS425 side |;

7 300 2 :
T : ]
= ] ]
o . ]
= 250 3
w) ] p
b ] ]
= ] ]
= 200 3 ]
o] - ]
e ] ]

150 3 ]

Distance(mm)
JUN 4.55 N3 MANANIRIUDITUNUTRNAN LT TN NTZIa o
10.0 AlaueyUs Laey 50 luifa

A15199 4.24 ANAULTURALVDITEELTDL (MY HY)

Yadomadon | | X\ N : 1= : A T
5 ANALLTARRYUSIN | AIANULTLRABUSIIAY | A1AINULYLARLUSLIE
NSYLADY 1\ Y AN A g
Tai Nunnlasuausou laneviaauazans
(kA) /
AT B
SUS316L SuUS425 SUS316L SuUSsa25 SUS316L SuUsa25
(cycles)
oy 25 195.18 166.78 248.50 232.70 312.15 309.88
7.0/ 38 194.16 166.23 248.40 231.20 312.26 315.73
7.0/ 50 195.84 165.46 237.55 234.85 313.07 315.09
85/ 25 195.63 166.35 237.15 236.15 307.87 308.25
85/ 38 194.98 168.36 240.80 233.20 312.69 315.67
85/ 50 196.35 167.65 251.50 233.65 303.05 303.37
10.0/ 25 194.17 166.99 245.65 241.50 312.27 308.41
10.0 / 38 194.40 166.81 236.05 234.05 303.59 304.13
10.0 / 50 193.51 166.07 263.40 248.05 305.28 302.86

MnANENTANIINaverannantiatu SUS316L dnnnuudsliiiu 218 HV uasmannanliaiiy
SUsa25 fanuudalaiiiu 200 HY [64] fauaenndosiunanisnassiuandlumsnad 4.24
Mnuansnaassaiiuldiaauumowinuiuiiildiunnufeulidganiuinntan
fluvtsdnauudefiinainlandnndiliata sUs316L uazdaundnndnl¥aiy susazs
nginssudanannintulunssuiunadesenuiumusuuge nanfe Wenszuaunisden
ngaudesnszuaioudolangiivasuararsudraniinnindusdhonisssuisnnuieulas
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ihillvasiuluididalnen mabusvedlansiivasuarasasiuanqaaudnaisseniien
sonundaveuuengavessenidon [32] Fuilivuinvounsulaiianuinalansvaouazats
wazflanadnaduuinafiuiiléuanuiou mnuanismaaesasdiuliin vnuiuii
IgSunansenuanaudou Amnuudsddalndifiesiulunn o szauaiade vse e1anan
16 Aaruudsluvinuiuidldsuanuseuiidifindudefsufuanuudeiinntag
flnefidanuudeilndidesiudedunszuadon waznandon osnynssdudadely
nanasesilidianufeufivanefianuisanasuazarsmdnndnlSatuisaosiald [30]
fadu madeudenszuadouigaasiliinsuiivuedlndudesnindauioudisgeduly
nszUINMSToNANFUMULULYR MAnuudwesunalavevasuazaiaziiageaniile
Wisuifleufuusnauiuiinldiuanudou wesuinatasiudomninseuedasas
anensnuleiluuinasingn [79] mnmanuudandevessesidonmsnei 4.24 sy
Amanauduaisvesendoudundnndliain SUSA25 MusnaiunldsunuSeu way
vinalangnaouarasdlafisuiudmiuudaostaniy s iamuudedlndidssiuses
Fouilananndnl¥aiu sus316L iilesnuinaiinaruiandnuesmslud wagandinules
[10], [17], [80]

4.6.5 n13ns29gaulATIATIRanA (Microstructure)

Fpansnsidenanudhunuuvugaludasianden iusisnariiinauieulay
Tavzusnaiignnaezvastazaty mnuseuliagianluudinunsinalsvedsesilien uavas
anasaulUAugnfivnuauesTaniiu [72] Uinasesdeuazgnsruneauouaintiiilua
iurtdidnlnen wazuinaseu 9 shaidalnsaludianainade Wesesideminnisuds
Mot 1vanyIaiazdIngUeulIneEtnLay UinmiuAilEsunansgnuanudouasivug
Tngnddnntaniiu iesanldfumuionannisdeniiuandistu Tassadrsqaniames
seuidenuanafunnaneiidielnendesganssmi (OM) uazndesqanssmididansounuudes
n319 (SEM) ms"?Lﬂiwﬁimqa%ﬂq@aﬂmmaﬁaEJL%ML&J&L‘T]u 3 YBULYA FD U%Lamﬁfaaﬁu
Ushaflasunansenuainmindou (Area: A, B) Usalanzuaeuazais (Area: C, D) A
wansiiuinisiassiuansmusuil 4.56

Area: A Area: C

BN

I_ _\L it |
SUS316L
1
SuUs425 L=
T
R
Area: B Area: D

JUN 4.56 SUNMNUNATIA3199AN1AYDI508LTBUNVINNTANE
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Tnssadaganavessesidenuinnfaniiu wansmusuil 457 TnsUinuvesdiutsznoums
willfanmsiinesiUiinasmanieiesiingisin (EDS) dmiumanndl¥aiy SUS316L
aranulasdlen Wiy 18.21% uazsiniliia winfu 9.530% Tuwmdnndl¥ailu SUSA25 #91a
wulasilen Windu 14.02% wazsindifa Winfu 0.01% mMARansanamLRLAIN Schaeffler
diagram mugﬂﬁ 4.58 Lﬁaﬁwuamluauﬂﬁﬂ%mmm@Imtﬁﬂmuuﬂa (Chromium equivalent)
wavaunsUsunasIntifaauya (Nickel equivalent) dmsumannanliadu SUS316L asaanuy
USinausalasiilenaugawindy 20.84 uazUSinasmiifaauyawindy 10.06 Tumdnndl¥ady
SUSA25 msranuliinasnlasidiouauya Wiy 16,41 warUSinasigdifaauyamiiiy 0.18
NUHUN W Schaeffler diagram M1ugUT 4.58 Tnssa¥1sganiamannanl¥atia sUS316L 9y
Usgnaumeaesamulun wazwamesls lassasiganavesninndiliaty SUSazs ag
Gumaweslsidansuazneruiivuslngjrinlaseaisganiaveamanndiliaia SUS316L

5UN 4.57 Inssadsganirvasianiiu (a) lassasnagamedagiuvesminnalsady
SUS316L (b) Tnssasnsganiaianiuveuvinnanliaty SUS425

No Ferrite

Austenite

16 1
14 4
12 4
10

Martensite

Nickel equivalent = % Ni + 30 x % C + 0.5 x % Mn

= ]
PR

Z

0 2 4 6 8 10 12 1416 18 20 22 24 26 28 30 32 34 36 38 40
Chromium equivalent = % Cr + % Mo + 1.5 x % Si + 0.5 x % Nb

JUT 4.58 aRnuuuNun® Schaeffler diagram vesianity uazuTuunlany
asuazaiy (WN)
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lassaiganmausnununilasunansenuanudeu waglasiainganiauinalavevasy
AEANYUARIANNTUN 4.59 D JUN 4.67
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JUT 4.59 ununmlasainaganIavessesiliauiiIuNsWeNmen LA You
7.0 Alauouuds Landeu 25 leiAa
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JUN 4.61 UNUNMIATIASINTANIAYDITOLTRNTH LN T DUMIUN T LALTRY
7.0 Alawauuds Lanieu 50 luiAa
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SUN 4.64 UnunATIAT199AN1AYDITOLTBNTHIUNITBUMIEN T LALTRY
8.5 Alauauwys Lia¥eu 50 luAa
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(b) &
cHﬁﬁZ "
SUS316L

SEI 10!(\11‘,‘ WD10mm., SS50 x100 100 - o — & ‘7 SEl 10kV. WD10mm ~*S550
[ETRMUTA-KKW. # S = ¢ IET-RMUTR-KKW -~ - '

SEL' DKV SWD{0mi~ —ccral LFd
IET-RMUTR-KKW -

JUN 4.67 urunmlATw@iganIAYedseslauii 1 uNSWeNMeN T LA YoN
10.0 Alauonuus na1weu 50 luiAa

NFURN 459 fa JUT 4.67 JUBesT () uar (b) wansnwUnadildsunanszmuan
awfouilumdnndl3aiy SUS316L gUbendl (O wansnmsesiien uaziiuiilusesidond
yhmsinwlaseaingania ugesd (d) uansnmuinalasaiqanavesuinalansvasy
azane Ugendl (@uaz (M uansnmuinadilddunansznuanedeuilavanndliady
SUS425

9n3UR 4.59 Fs JUT 4.67 MsiiansanguUdeni (a) uas (b) Msfimrsanusmildiu
wansznunALFeuilundnndliatn SUS316L mnamuandifiuinusagsesuiiadons
Foulizusrsiunndrstuiilesninanuuansiswemdsnuaufouililunadendedy
yavounsulusesdon waruinadlisunanssnuanarudoussiuldufifunlniy
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[81] mMsiiundsauauieulumadonazviiliflassairaganinvessesidenuinailisu
uanszmuInaufeunsonllaudsuinalansuasuaransasinnsuiivetutu 1nnis
Ansiviinauesdiuusznoumaadl IHannsiinseiuiinusInanes e sl
(EDS) Uinaudildsunansznuananudeuilandnndil¥atiu SUS316L nsramuuiinmusi
Tnsidlewinty 18.85% uazUianasmiliainiu 13.30% Wefuwnuinaslasidiouauya
uazaunsUsinasndifaauyassdiuldinlumanndliatu sus3tel Sumnasinlasidey
auyaminiu 21.89 wagdlUSunusg difaauyaiyiniu 13.34 3nukunn Schaeffler diagram #
U7l 4.58 Tassasrsanamdnndnliady sussilel Sanadumlanausznitaaosanilus
wazialaslsn

NgUT 4.59 Ts JUT 4.67 msfiansangudesd (e) uas () uananmuInadlasy
nansznuanALSeuilavinndlialy SUSA25 Mnamuansiiuininnsuneslsvivy
sgrinnszuaunadenlagaziivnalvauinasimiluan uazazivuadnaduuinuilisu
nansEvuAudeu uarluuinnianiiunnudsy Bnadldsuansenuanuseuilandnnd,
1¥adi SUSA25 agflunansuiivenuninilandnndldatia sussiel iewinlassaiiansuyes
Saniureaninndildatu sUsazs Sumnalngnilasai ansuveandnnddliatu SUS316L
Tnewnsufivenuniiendugeseuivhlifnaumier uaranuudaussanas (82) Tuudim
flssunanszmuauieu anmMAeTgivBnavesduYszneumaadl Tiannsinse
USINnsIn NI 8allAs evisan (EDS) Tumdnndnl¥aiu SUSA25 asaanuyiunasig
Tastiloaviniu 17.01% wazuSinasigiiiauiifu 0.01% wedunnuiuusiglasides
auya waraunsUTinasadifaauys wanndl¥aty SUSa2s fuunusnlalleuauya
Wity 18.61 uazUSunusIgdifaauyaviidy 0.62 91nuAUA M Schaeffler diagram AnagUR
4.58 Tpsvasnsqanirvennannantiatiu susa2s Samadunaoslsiuiy

N3UT 4.59 fs JUT 4.67 Msasangudosd (d) wansnmusnlasiainsgana
vosuinalangvasuazate vinafinaduuinuilavenasumardninaduiaign
Foflsuiuuinafaniu warunaildsunanssnuainauion suvedinnsdiemani
Youllufimmadeniu lnssaansuiiusingfdnvaradofilunsssutadonaden fe
Tasvadainsunedunts insuasiidnuvazenasyfvlalufienissaannfunlmesagiu
(Epitaxial  growth) [17] lenszuaidenifistiuanufouasifiniu uasnadnsiaginlivunn
vossenifenlniu Anruouszueesesntuluiiiotan lavefinasuararsazildsuuuag
fndruvoanadifindungluninafuilavevaouazats ainuanismnanseiungliina
audeuiiiuduasiliiinsasunlasaesadifoddy [30]91nn15n529U3 w89
dnuszneumaaiifildanmsilesgiviinusmaniaiesiingzisn g iaranuiinm
souiTumuTUT 4.56 Teyauanafianiuns1ei 4.25 wavAngaan - AgavesUTanusinleasidlen
fniAa lwdudthl wagdaneu luusnalavevaouasaonanifinumsei 4.26



M13199 4.25 YSinaussluusnalangvastasaiganmsiasigiuiinnsinain EDS (wid)

USunaw Cr Tuiui

USunaw Ni Tufiun

YSuaw Mo Tuilui

USunaw Si luiud

USunau Fe Tuiluf

YSunausmdu 9 Tuiud

Jady
msl,%au A B C D A B v D A B & D A B C D A B C D A B C D
I=7.0 kA 18.69 | 1995 | 18.16 | 1643 | 7.75 | 7.06 | 7.64 | 6.96 | 0.85 | 1.15 | 0.14 | 1.37 | 1.03 | 0.75 | 0.96 | 1.38 | 69.63 | 68.61 | 72.68 | 71.01 | 2.05 | 248 | 0.42 | 2.85
Tw=25 cycles
I=7.0 kA 16.83 | 19.34 | 16.55 | 1790 | 7.36 | 7.34 | 7.53 | 7.25 | 0.79 | 1.19 | 0.69 | 0.63 | 0.80 | 0.69 | 0.76 | 0.90 | 72.11 | 69.7 | 70.64 | 69.78 | 2.11 | 1.74 | 3.83 | 3.54
Tw=38 cycles
I=7.0 kA 19.41 | 18.61 | 16.16 | 16.64 | 7.03 | 7.56 | 7.09 | 6.83 | 1.08 | 0.76 | 0.73 | 0.74 | 1.08 | 1.35 | 0.70 | 0.79 | 704 | 71.43 72 7279 | 1.00 | 0.29 | 3.32 | 2.21
Tw=50 cycles
1=8.5 kA 19.68 | 1993 | 18.65 | 1747 | 7.42 | 7.08 | 7.66 | 8.16 | 0.62 | 0.38 | 1.11 | 1.00 | 0.56 | 0.55 | 0.67 | 0.91 | 71.58 | 70.49 | 71.91 | 71.48 | 0.14 | 1.57 | 0.00 | 0.98
Tw=25 cycles
1=8.5 kA 20.17 | 19.57 | 18.78 | 17.99 | 6.92 | 7.21 | 7.21 | 7.95 | 0.41 | 0.32 | 0.96 | 0.84 | 0.90 | 0.75 | 1.18 | 0.68 | 68.99 | 70.81 | 68.63 | 72.25 | 2.61 | 1.34 | 3.24 | 0.29
Tw=38 cycles
1=8.5 kA 18.35 | 20.22 | 18.65 | 1885 | 7.19 | 6.98 | 6.87 | 7.56 | 0.99 | 0.86 | 0.40 | 0.74 | 1.47 | 1.12 | 1.13 | 1.23 | 71.44 | 68.45 | 72.86 | 71.07 | 0.56 | 2.37 | 0.09 | 0.55
Tw=50 cycles
=10.0 kA 19.65 | 17.63 | 20.69 | 19.27 | 6.65 | 6.48 | 583 | 6.85 | 0.89 | 0.25 | 0.27 | 1.27 [ 0.70 | 0.61 | 0.61 | 0.90 | 70.03 | 70.85 | 71.99 | 68.66 | 2.08 | 4.18 | 0.61 | 3.05
Tw=25 cycles
1=10.0 kA 19.52 | 19.27 | 18.47 | 20.00 | 5.87 | 6.56 | 6.63 | 5.58 | 0.84 | 0.93 | 0.29 | 0.48 | 0.96 | 1.26 | 0.87 | 1.10 | 71.09 | 71.67 | 70.25 | 70.15 | 1.72 | 0.31 | 3.49 | 2.69
Tw=38 cycles
1=10.0 kA 20.54 | 18.69 | 19.52 | 19.07 | 571 | 6.96 | 6.44 | 7.19 | 0.80 | 1.23 | 0.68 | 1.21 | 1.11 | 0.76 | 1.09 | 1.18 | 68.86 | 70.9 | 69.06 | 70.3 | 2.98 | 1.46 | 3.21 | 1.05
Tw=50 cycles
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M13199 4.26 Faean - faavesUTinus Ay dnifa WaUAtY warddneu luvinnlavenasuara1eaNMTIATIERUTIUE19N EDS (Wt%)

[

£%

£%

N A T B i C fiudi D
USUaus79) AEaER Aean AEER Adnan GRGRG( Aenan AEER Aenan
nszuado szl AETIIE GH nszuadou nszuado nszuado nszuAol nszuAdol
(Wt%) (kA) 7 1ian (kA) / e (kA) / 1aa (kA) / a0 (kA) / aan (kA) / e (kA) / 1aan (kA) / 1aan
Fou (cycles) o (cycles) Fou (cycles) o (cycles) oy (cycles) Fou (cycles) o (cycles) o (cycles)
1 o 20.54 16.83 20.22 17.63 20.69 16.16 20.00 16.43
P 10.0 / 50 7.0/ 38 Sro~/ =5 10.0 / 25 10.0 / 25 7.0/ 50 10.0 / 38 7.0/ 25
o - 7.75 5.71 7.56 6.48 7.66 5.83 8.16 5.58
Hona 7.0/ 25 10.0 / 50 7.0/50 10.0 / 25 8.5/ 25 10.0 / 25 8.5/ 25 10.0 / 38
Tuauahy 1.08 0.41 v ) 0.25 1.11 0.14 1.37 0.48
7.0/ 50 8.5/ 38 10.0/ 25 10.0 / 25 8.5/ 25 7.0/ 25 7.0/ 25 10.0 / 38
- 1.47 0.56 1.35 0.55 1.18 0.61 1.38 0.68
vanew 8.5/ 50 85/ 25 7.0/ 50 8.5/ 25 8.5/ 38 10.0 / 25 7.0/ 25 8.5/ 38
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M1519% 4.27 YSunauselasiledauys, Usinasmiliiaauya wagdnsdiuvesdiinasalasidevauyadoUsinasatiiaauya luusnalanevasuasany

INMINATIIUTUIUEI9AIN EDS

{93y Nt A il B il C flufi D
msiden Creq | Nieg | Cre Nieg | Creg | Nieg | Creg/ Nieg | Creg | Nieg | Creg/ Nieg | Creq | Nieg | Creq/ Nieg
[=7.0 kA Tw=25 cycles 21.20 8.46 2.51 21.78 | 8.43 2.58 19.74 | 7.64 2.58 20.13 | 8.06 2.50
[=7.0 kA Tw=38 cycles 19.00 8.08 2.35 21.63 | 7.98 2471 1847 | 9.25 2.00 19.99 | 8.69 2.30
I=7.0 kA Tw=50 cycles 22.27 7.03 3.17 21.44 7.56 2.84 18.06 8.06 2.24 18.57 7.73 2.40
1=8.5 kA Tw=25 cycles 21.17 7.42 2.85 21.30 7.43 2.87 20.77 7.66 2.71 19.96 8.53 2.34
[=8.5 kA Tw=38 cycles 21.93 8.05 2LA3 21.02 | 7.43 2.83 2159 | 855 2.53 19.86 | 7.95 2.50
[=8.5 kA Tw=>50 cycles 21.67 7.19 3.01 2290 | 7.82 2.93 20.75 | 6.87 3.02 2145 | 7.56 2.84
[=10.0 kA Tw=25 cycles 21.68 7.46 291 18.80 | 7.83 2.40 2189593 3.69 2198 | 8.05 2.73
1=10.0 kA Tw=38 cycles 21.93 6.40 3.43 22.13 6.57 3.37 20.17 8.15 2.47 22.29 6.71 3.32
1=10.0 kA Tw=50 cycles 23.19 6.85 3.38 21.06 [/ e} 2.78 2191 7.75 2.83 22.11 7.64 2.90
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21nN9197 4.26 \flefiarsantTnasinlasidlesaziiulio U3naiiuil A fuilses
Fouila SUS316L Fruuugadne) anUiinasiglesdeslutagiiuiien 18.21% wiudsain
¥sumudouannisden Uiinusglendeilusesideudind nidgetudeldnssuadon
wazandenigatu Ageaaiingaanuiinainmislénssuaidon 10.0 Alauewuys nandon
50 leAa T 20.54% Ardnaaiinsanuanmsidnszuadon 7.0 Alaweuuus nanden 38
oA T 16.83% Umiiud B (Hufisosdouils sUsa2s Aua19LEI8) 1INUTUUE10
Tnsdloalutaniufian 14.02% Werhunisidenyiinavessinlesdoudiangatu Ageani
pranuiAnanmslinszuadon 8.5 Alauesuds nandeu 50 luida fld1 20.22% Adgn
psaanuannsldnszuaion 10.0 Alawouuus andeu 25 lewfa e 17.63% USuiiud
C (yraudnanavessesidienils SUS316L) Agsgaiinsaawuiinannslinssuaden 10.0 Ala
ueuudf nadeu 25 luda 11 20.69% AvvdaRaanmsldnszuadon 7.0 Alawouuus
naden 50 lufa fif1 16.16% @il D (@agudnatswessesidonils SUSA25) Argegn
finramuiinanmsldnszuaidon 10.0 Mlaueuuus nandou 38 luda flr1 20.00% A1sign
finsranuannmsldnszuaidion 7.0 Alaueuuus aniden 25 lnida a1 16.43%

U'%mmamﬁtﬁau%nmﬁyuﬁA mqﬂqmﬁmmwuLﬁﬂmﬂms"lsﬁﬂimaﬁam 7.0 Ala
LoNuUs naden 25 luiAailan 7.75% Awaainainnisldnszuadon 100 Alauenuys
naden 50 lufa fld 5.71% agiiuldin Usinuswmiifalusesideutidmaudelinssua
Adon uaznandouiigetu vnuiiull 8 mgweiinsanuiieainnislinszuaden 7.0 Ala
LONWUS naTou 50 lmAadian 7.56% Avamtinainnisldnszuadon 10.0 Alaueuuys
anidow 25 lafa fidn 6.48% USniudl C Agsgaiinsranuifninmsldnssuaidon 8.5
Alauauuds nandou 25 luidatian 7.66% Amaaiaannislinszuadon 10.0 Alauouuys
awdou 25 leifia TiAn 5.83% Uianiiiud D Agegaiinaanuiinannnsldnssuaifon 8.5
Alawsuuu$ nadou 25 lefadld 8.16% agaiinsiawuainnislinszuaiden 10.0 Ala
ueuuUs andeu 38 luAa e 5.58%

USinasliauRtiy Usnaiuil A dggaiinnamuisanmslinssuaden 7.0 Ala
ueuuU$ aden 50 ludadian 1.08% mvhaninanmslinseuadon 8.5 Alausuuus nan
Fou 38 luAn T610.41% vinaiuil B Agegaiinraawuifiannmislinszuaden 100 Ala
ueauU$ anden 50 laiRadien 1.23% fvngainannislinssuadon 10.0 Alausuuus nan
o 25 lwda fidn 0.25% Ulnaiiuil c Argeaniinsanuininnislénssuaden 85 Ala
ueauU$ adon 25 luAailen 1.11% mvnaainanmsldnssuaion 7.0 Alausuuus nan
dow 25 lwAa fid 0.14% V3nmiiufi D Agegeiinsanuiinannisldnszuaien 7.0 Ala
uenuUs naden 25 leAadlen 1.37% erngeinsaanuanmsldnszuaden 10.0 Alawouuls
nanidou 38 luida Tf 0.48%

USnusgBanouuinuiud A dgaaeiinsaanuiaainnslénssuadon s Ala
weuLU$ nanden 50 lewAadien 1.47% Angaiinannslinssuaidon 8.5 Alauouuus 1an
o 25 lenfia TA 0.56% UTamiiufl B Argegaiinsranuiinannisldnszuadon 7.0 Ala
LoNLUS adiew 50 luiAadiAn 1.35% Avdgainannisldnszuaidon 85 Alaueuuls
nanvdou 25 leifia fieh 0.55% Ushmiiud C Agsaadinsanuinannsldnssuaden 8.5



Alaueuudf nandew 38 luidadle 1.18% Avaninainnslénszuaion 10.0 Alaueuuus
nanwden 25 luida i1 0.61% USmiudl D Argsaaiinsranuiinainnislénssuaidon 7.0
Alawouuus nandew 25 luidailan 1.38% Fsnaaiananuanmsidnszuaidon 8.5 Ala
woNLU$ nadeu 38 luida A1 0.68%
mMsasuuasdunaumanilusesdoufinuduiusseninanssuaidon waziam
\Jou videenananin mslirmdanuanuieudigilunssuiunsidouassiliiAnnisunsves
dunanmaailuvinuilavenasuararsudafnismndislusesidenlutunounis
naneiduvesuds namsmaassmuIinadesidudivessinlasioy wazsiniiiaayila
astulusesdeuilavinnidnliatu susazs dalusesideutlandnndnliady sussieL
ﬂ%umﬂa%uﬁuﬁmaaﬁmiﬂﬂﬁw%ﬁﬁhqqsﬁulﬁnﬁaaLLmzLﬁumm%’mLﬁ]wuamﬁmmﬁmﬁl,ﬁa
Tnefidanasegnanniesannsnareifuvendwesianiinerominuiemannavesnis
Wwaluszuu [83], [84] ‘UENﬂﬁ%U’JUﬂﬁL%E]ﬂJﬂ’NiJé{’mﬂmuLL‘U‘UTQG] pgnalsimulasidunvuag
s luduATY LLazﬁms‘Bﬁﬂau%ﬁmLﬁuﬁu Slonssuadon uaziiandoufiutu anuanis

naaoaunsaduduliin Wawesidudvessisnlududtu uazsindanasudaniuduazyinli

USunaunamleslavilusasiouimmigauniu [30]

A AF FA F
o’ + '
Liquid
b— ___...--—""_-ai-l..—-‘
v+ L e e —
1400 B~
Y3k b solvus
E 1200 |-
o 8
g 1000}
g— v
= 800 |-
600 |-
L 2 U .,(,q
400 1/( lf/

/0-/ / 15 %\2 )\ \
Austenite + Austenite + Austenite + Austenite + Ferrite +
eutectic skeletal lathy acicular Widmanstatten
ferrite ferrite ferrite ferrite austenite

JUN 4.68 Nunnsiasuaniuziluresudesssidoulaguaunn Pseudo binary Fe-Cr-Ni

n3na1e JueudaveIsaalioufin U ioALAUN UK UIAE S UMRANNET
IFatiussviinazldununin Pseudo binary a1u3ul 4.68 lnefiansandnsadiuysunneig
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Tasifleuauyasouinusmiiaauyaluuinalansvasuazaie [85] Wlednsdquiirion
n31 1.25 Msnanerduveandaniln A(A Mode) 8nsnauilAm1giasening 1.25 89 1.48 mananewdu
Y0IuTvlin AF (AF Mode) 8nsnduiiAgaesening 1.48 64 1.95 msnaneiluveadwin FA
(FA Mode) uazilednsdniidnnnnii 1.95 msnaeduvesudeiin F (F Mode) [61], [86),
[76] MnmsAnUBnasnlasilovaya warUiinasmifaauyamumsned 4.27 sy
¢iAndnndssninTnusglesdevanyadeuiinusndifiaauyavesusnuiiui A
vosnmndeunnszduiiadediarseming 2.35 81 3.3 Vinmiud B fdsening 2.40 89 3.37
USaniudl C fesgwing 2.00 s 3,69 USanitud D fAnsewing 2.30 f 3.32 w3 019na LK
I8ndmszninuiinusialasilssanyaneuiinusigiifaauyaluvinalansvasy
avanedidnszwing 2.00 §1 3.69 muNufiuse HANSNAABINNANITNARBINUINIUILINTBY
FouildnandutiinasalasdlenauyadeUSinsgdifiaauyaddunnndi 1.95 faduses
doufimsnareiduveadeniin P nisdsuaniuzasiunnnisiiiolavevasuazats (L)
Segnmnanassiudsuulamoslsy warlavewar (F+L) vndunAsudunameosls
(F) uarlupeuinevesnisidsuanuziduvesudssond entssnoufemananszniaa
wieslsvi uaztaseamulus (F+A) wonaniudsdinausmulevidntuifosnnszuaunis
Bouanuiununuunlsnginisnis dudafige (541 91n3UR 4.69 1uamarean SEM
Tnguansnsiianisiasuudasaniugnisnaneifuvesnisvessesdouvinalanzvasy
azany 3UT 4.69(a) Wunmaean SEM Uihalansuasuazats anmsldnssuaidonsziu
7.0 Alaussudfazusing Lathy inadslaslsilusesidiesnilesaninisnosvessnnlasiden
Lagsludvdtiy AanAsluniiasuuazaisveseeamuluy 87 uanslidiuiinis
Wasuuasanugnsnmeduresudidimiaineis FAlafunseuadolfgetuss iy 8.5

v
=

Alawouuvsasiilireudeulusosidendiiaurily Acicular madeslsiisunesiu
Tnandun1ssausafuues Skeletal waslssi wasLathy nageslsilassadaveunsuiil
ANUTEIUANYrAdelaTInsEgn (30] mmgﬂ‘ﬁ 4.69(b) waniilofiunszuaifoussiuszau
10.0 Alawonuts MilFenufeulusesidouiinuntu Usinaveaeslsilursnalansvasy
azanefiaedianiiuiy vnfinnsandnduseninynasiglasdoauyadeusinusin
Lﬁaauuuamumswﬁ 4.27 a33’3@1’1@@%146’?5&wamsmaaqaamﬂé’aaﬁ’umu%%’maq Kianersi uag
Ay [30] wavannAdeatuiIuideued Alizadeh-Sh uae Marashi [88] e lufiansansaudu
WHUNIW Pseudo binary mmgﬂﬁ 168 aziiudnaeslsviiuAsuLUaL Ty Widmanstatten
aaamu"l,uﬁmmgﬂﬁ 4.69(c) Fsran1snnABIABARAe TUNUITEVDS Leone UaKerr [62] waz

A9nAABINUIMUITEUDS Vignesh [18]
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= viLathy d-ferrite

SEI  20kV WDT0mim. - SS505 = xi;ﬁﬂﬂ

\~

SEl \\205«\! WD10min . 5850

(c) TN Bley=
- Ferr1te+Wldn'Eanc tte

ustenite

SEl ZDkV VWD10mm / SS50 ” x1,000 10um

UM 4.69 nwige SEM vadlassasnganiauiianlavenasuaralgann1sned
naGen 25 luiha uaznszuaion (a) 7.0 Alaweuwus (b) 8.5 Alawsnuys

(©) 10.0 Alaauwus
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5UN 4.70 lassasianiauiinlangnasuasaieainnisiinseiaden 10.0 Alaweuuyds
wandex 25 lewda (a) Masene 100 wh (b) Mdsuene 200 Wi

Ul 4.70 gUanelaseairsganinvessosdionuiialansvasuazaislasaiain
néeaganssAiindsvens 100 wh uazidsuens 200 wih lunszurumsienm udumuLuy
yoveaannaliaiu 2 vin qquﬁﬁqqﬁqmsLﬁmﬁnmmqﬂmwaq‘ﬁuﬁimwaauazma
ldszdusesasnluviinuiuiiléfunansznuaufou uasviiutagiu nsnaeidu
vosdiazfntuonniuiennnszuiunisdonishnninduiinnSoilia
udmuleiAndulusosdonnuiivsingluguil 4.70 ) anufeufiindulunszuiunis
douazaeneseanluluieTanrilininnd daiuiianmasuazaissauiulutevaou
azans Tangiivasuararsasiudsunlasdndruveaaiintunisluinuiuilansvaon
azane lassadaganinvesuinalavgnasuavaslassaisinuiidnuazadeiulunnseiu
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Tadunswenlassafransuiiusingde lassairansuneduuns laswinqaninresuianium
TavevaeuavangUsenaumeaeaamulun wawleslsn waswausimulavianugui 4.70 (o)

4.7 n150AUsSI9NANISIAY

M3 FauAUIUNILLUUATBImANNa 1S ala SUS316L AU SUS425 vilinsiui
Tadelunsweuildlunisveasmntade laud wsena (F) nssuadou () Landeu (Tw) 1aan
AR (Th) JUNssMBidaAsAUL (Up ET) sUnswuiididalnseans (Low ET) I8viznasenmunm
989508 BUTIE USRS UNYLA ALl

o v d' 1 Ya & d' d' [y} o ay d' ] 1

w59n9 (F) ¥utnne2819aLaA I nsAuLLAA s UN N FUNaT UL Nl UL 19Ia N Y
nsUarenszuallion wsinadaintnfnadisliRndulanvasuazatsfniunairasusiudy
Wedenfudiniainisaesnszuaiden wazdaglidiaalnsauwadeunivuluyisgarine
Yaeininsniaden msldusinangailinididalnsmaiounTu - a99aeA1uTINEIEe N3
Tusanangedeviluafiunnisives uvSHuNuduHave 18 iNTUdINa T UNve T 08LTRY
YUIAYDITRLLTRY T8eN1ITUEN gy visvern1sneaniia gy Tunenssiudiumnnis
1Fu59naN@1v 199 BLEAINIALARDUNTY — AIR28AIULEIAT LazLTINANAIE IV 1L A
aunnsestusesiey Wy Msiiagvselnsdlusesiton Bnnsduilvivuinvedsesidon seuy

~ = a1 o ~ a1 o
ANTPUANUATIN AL IZHLAIINAANUAAT [23]

[y

nszLARRY (1) wazandau (Tw) wasstadedutladendiduuindmsunisidou

o

Y

AYIAUINULUUR LuaamﬂLUu{]mawﬂmﬂmmwmauwmammasuwml,mumumam
wiy odiinnsvuadon uazinandenasyiliay Sougituaulansvaouazas fvans
mu’msﬂ,mﬂanmmmmﬂﬁymmmmawamwLﬂum‘mﬂmmmmwmauimaamau [72] 3@
Lﬁ?j'amid]u{]ﬁ]%’aﬁﬁzi’;aiﬁqmmﬁu%nma;@é’mﬁamm%mm IO eI PR R HE O
smdunaefusenden 32 nsldnssuadeniigiliAnauouluses deoniigs fay
dafumssnnesnislinuuenhidelnsaldsrumiu evnasdomanaiiouas [89)
i‘]zymﬁLﬁmmﬂmﬂﬁi’fﬂizLLaLs‘f‘fauﬁqﬁﬂUizmwﬁaﬁa 115n3918TBNAENENAITENINNNS
Fouilesnnnislinssumdoniigeilaunuwiuvesnszuadousetuifluviinuses
FounniAuly nmsnszaneveihlanemaiifnnsaydedelans dwmaliauuduse
vossenideuanas uananmslinssuaden uazandelvinnas nsanmsnszatevesh
TangimarainnisidenanuiumuLuuanasnsnvildlag nsiiuusinavesidideing
aiilesnnnisliusanafivnzauasfefiuiivessesdondifivuelvguvildmeaud
 yaduiadaninas feuaevhlinssudliinlunisdesivasuléftu Snisasanauiou
ﬁﬁuﬁaﬁzmw%tﬁﬂiwm LLaSLLNumuL%@w [69], [90] maa@miﬂssma‘uaaﬁgﬂawmmmﬂ
madeulagmslimnudousiuiunudeunsidensss (Pre-heat) WWudnismanisiiasrasan
USnanisifanszaierenilansmaiseninmadenld [68] esannisliaueudy
Fununoumaidonadasdisyiiliiuivedunuinaiuiouiifismorsvasuavaneiile
TavguInaidudaseninaiibidaln uasiuiunuden Yisluniseudeuusiusmuiion
Feusiumudenldduaiufoudounadonaemmuiunuliinlunsdouasildanas



AramLLLTeInszLadeudeiulutTnusosdon TedailisnniAuluauilfiAnnis
ﬂizmasuaquﬂamma’mﬂmiﬁau [23], [90], [91]

nanada (Th) siliiAansinzBavedlavylusesiden iislvsesidouinnsiu
fneldusanansil nanafsagilisesidesiinanlunmsudsiogieanysal uazairan
udausdiifuseniden msldnannadsiiinavyinlisesidemAnnsudsiilianysallngaziin
unnsosnelusesiden 1wu Tnss 3 iinsosunnniglusesidon inn1snszatefveati
Tanz wagdidalnsnafnduiuau msldnanadsiias enavilfiAnnaidesy nsdade
vossenifion vidvoaaninsesunnvassesdonvusibui wagilinainisuaniunusde
59ULIa1 (Cycle time) iy [92]

sUnsaadidnlngn (Electrode geometric) Wdidalnsaidudninszuaionlug
Fusmidon didalniadasiinaau iRl id danuuduss wazanuudaitomerias
frumunsidesuiiaainnisldnue q veausenn shadalnsagnuuaduussinnauns
LisnguuesiBidalnsnananaudnaniasondeumuiunuluugn Wevhdidalnsagn
Tuevhlifndudaiuiunuresididansadiiufiunnty vilviaumuuiuresnszua
Houanas aunmnisideanas dafudeuduesiimaiion viednmnuseihaidalnse
Tninuszoznariivangan (6] Tnesludunmsideulndamsiuiunsonisidon
Wasulmainn 4 maden 500 genden il dwsusnuadmesnadeufnsauiueg
fusruuedsuniigaiivihdsilfauninuessendenflassndmanisassaaulaseaing
4MA1A LDENITIRABULLUTAIETRsToBI TN NIruIuNSHART U uTns udveATe s
fuupsRsg I TUAuBIEA N Tnefvunipsgiunisnaaetlassaiiamana
Tudmanvessendeuliin dawinisenseduruinvessonidoutudnuiaseduain
forhmusmesgndn 19U gnfimusnuAwYessenideusERUAaTE C YuInsoelToude 3vi
MIATIRdoUTLIATeIseBITaufadliiinsgTuaana B vuinsenidoufe 4vE 1usu nng
uasuauASveImsiAsuiiBialnanian 80% suaaﬁm’auﬂ%gwmmsﬁamﬁmaﬁqmﬁ
failigunnuessonidiond Tnedosrnunsiuauedinaidounounsidsuiibidalnse
Tvsilutenans Spot welding condition sheet n1sidenldgunsaiididalnsafivanzausu
dnunuganiiliAnnun mussudendd duusihdmiunisdenldididalnselunns
[Fournufum UL aKansluAAREIN

nsfulsefuamninmesseadelunmskdntudrusosudlneiluuiady 2 du fo
MsnageukuLIhate duiifunisiulssfuamnmvessenidouresununadn Tnedowh
nsmedeULULThanETesTuuieNet1eien 1 Funountsnan Fadeuldde nsidedeu
U'%L’;m%umuﬁam%am (Hammering test) ﬁaﬂ’ﬁmaﬂé‘hﬁa?{uLsﬁﬁhﬂumﬁﬁusijﬁwm%au
#0390 (Chisel test) mmaamvwﬂmﬂ@mﬁaﬂmmamammim%amsL’Jmau6‘] \lenaaey
Miunudeuiienuudausedeld @il 2 #o nsnmaseulasainaumniavessosdon diu
ifunsfuusefunmnmYeIgA e BIUNUNATINABUAMAIM YiiauNLNTUYTEuAmNIN

1AgADIINNITATIFDUIASIASNUNAADE19UBDE 1 TUADAUAY Y130 1 JUABLABU 191

LAIATBAIMUAIINGNAT N1TATIVADUANAINTBLLTDUAIUINNADIINITATIVABUAD

av A o

ANWULTNINIYAN (Apperance) Iﬂﬂ@é’ﬂwmvmaaamaﬁaaLéuamwu’maummiwammmu
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widnnanl3adiu SUS316L fu SUSA25 seeiiienazsealdnwaenisnieninyessesidou iy
p13afl 3.5 dufunadentutanduenaiidvessenidonunnnslutiedstuey fudvasian
fuivhmaiden dnuwasnameninvessesdeunuriavestaniuuandluzu 4.71 Fuseu
2vesseidanUsngdugtaaumu 329 ueadiudaauliviaunis UenaenavaneilimuiFe
lsifidssosmaunnnazneasilans warldusngaunnsadla 4 vassesidou n1siansan
Snwagynimenmvessesifonanansnosueduiiugiuresmavaaounuulivhargvassoy
e fuyuuuuaaldesnaiifd i niswdntudusosudlasiiludnvazmanenn

Faduihitousnanuen1snsrvaeunmnINveITosdey (3]

136)
9

ANYLVBNEVDITDUL DY

SUS316L

SuUS425

SUS439MT

SPC440

SP791Q

JUN 4.71 dnwagnaniennvesseslonnuviinesTan i

NATeidEidedunmnertunisuannszatevesinlaeNlnanonun M AULTINTT WAz
AULT Y95 TN 21NHAN1INAARINIIMTIUI AsuAnnsyatevesilaneiinduls 2
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nsel Ao mmmmLLﬁummﬂizLLaL%amﬁga LLagﬂ'wﬂ'gm%fauﬁi%‘l,uﬂ'm%auﬁqa Feaunsn
osunelaadl ﬂmmﬂﬂssmmaaﬁﬂamLﬁmsﬁumﬂmmﬂwmLLﬁumaaﬂisLLaLsﬁauﬁgq wn
$1989nseenuuUnmeassiiordenldididalnse lunuitedinisaitade usana (F)
Wity 3.0 Aladasu nszwadou () wirtu 8.8 Alaweuuys uaziandeu (Tw) wirtu 30 luida
Lwi‘ﬁmsﬂ%’uLﬂﬁaugﬂmwmﬁ’ﬁﬁﬂimm 3 sUku MsuANNsEEYetlansAnTuNY
fumslivdidalnsauiinldedad 16 faduns Wosndmnumnutuveanszuaonigania
msmwanlumsed 4.28

o 1 1 A ' & A LY v a &
M197199 4.28 ANAINUNRUILUUYDINTSLELY DU $1B Wum@ama%qmmaﬂimm

VURIUAUENaS |y ALV UBINTELALT Y flo U
. NUNA v o P 2 )
IUNH Y9 IBLAALNSA 5 U;{ Auna (LLauus Mo u.")
v a YY) NN
PDLAALNTA M INTUNE AL H 1= 7.0 = 8.5 I= 8.8 I= 10.0
9,
(131.) KA KA kA kA
Flat 13 132.73 52.74 64.04 66.30 75.24
R30 8.5 56.75 123.36 149.79 155.08 176.23
R16 6.2 30.19 231.86 281.54 291.48 331.23

Jelfyunsvidiaalnsntialasadl 16 Taduns nseuaiten 8.8 kA agiiinInumuILluYes
a W00 ' 2
NIZUALTOL 7D WUTTAN 291.48 WOUIUS #D 1L,
1 b2 -dl t-ﬂll -t:ll a v U £ d‘ ! [ 1 = U ¥
Arnuseunlylunsweniinanmsldsnuvestadsnaisiunanfe A1ausou
aeiurlinunInyesseueNm19iu §I3ulaiinsinAnssuadon wasussiulniiaig
Welding monitor tester LiounuAulaiaiaInsoulun1sieuluaunsi 2.2 m1unns
28NKUUNIINNABNLIDANYINGANITUNI IR Naza evelane uasamautAvIInaitedn
4.6 wanmsAnnlaglifnAINTTaAgANTEURARIRINITIAN 4.29

a ! % = v
M1951940 4.29 ?‘nﬂ’J']ll§QUIUﬂ73L%@MQUWNWWUWWULLUUQ®

ﬂi%LLﬁL%‘@N nmﬁam ﬂ’J']ﬂJ(;]j"]UVl']UTJﬂJ mmm%u

(Alawauuyd) (Qui) lnewady (lovia) (3a)
7.0 0.50 320 % 10" 7,840
7.0 0.76 315x 10 11,731
7.0 1.00 337 x 10" 16,513
8.5 0.50 282x10" 10,187
8.5 0.76 286x 10" 15,704
8.5 1.00 274%x 10" 19,797
10.0 0.50 269x10" 13,450
10.0 0.76 270x 10" 20,520
10.0 1.00 271x10" 27,100
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21nM157197 4.29 aziiuldinndeuanuiunutuugaveamanndliadu suSa16L fu
SUSA25 Aumun 1.5 dadiuns manuseulusedu 7,840 84 15,704 9a vihliaudnyuena
Qmmw&uaaiam%au lawn srern1sTudn s¥een15A1SNAAN munmawam%amﬁﬁwqqsﬁu
dmsunslainszuaidon 8.5 Alaweuus andou 50 luida waznszuadon 10.0 Alaweuuys
nadeu 38 latia waznsldnszuadon 10.0 Alawouus andeu 50 lowda Armudouly
nsideuazdA1uinnin 19,797 38 Annsuannszasvesinlangyilisyornstuan wag
yunvessesieniidnana LLG]ISSBxﬂﬂiﬂﬁiﬂﬂﬁﬂf\]%ﬁﬁ’]ﬁjﬂ‘%u NINAdUANAUUANIINAVDS
seuidenluniAdetiasnaaoumauiumuussiadeu wazAruuiwessesiden 91nua
nMsneaewilims Ui wnldfiansansesidenfitinnisunnnssaneveninlany vunvessey
FouiianinaremanuumuLsIRLEeu dutunislddasnisdeudiuanneiy ussinle
yunvasseideuiianlndifeaiudsihlrmnuduniusssadeuiinlndife ety [80] 33ms
NAADULIINLIDUILOWBIITNITNAABUAINUIASFIU IS Z 3136 nstUSeuniisuA1nu
Frumunssiadeunesseudendmsusiuuadouaurun iy 5 Sadwaslaiiaiy
1IN IS Z 3140 §msUlHuIunageuAIuuLi 5 Jadwns WikdisnsAiuinain
@un1s 4.1 [93]

AR IUILLSIRaEeU (KN) = [(T x di’) / 4] x Ts (4.1)
1o di fio vueesTEYlieN TS fe 1 Tensile strength was¥zn (N/mm°)

fp¥nsnindesrmuiuuuuuaaidenudeuistuluuinagaidon audsgavasuazans
voslany vilfuiunuiidesazaodulanzimandgnasuisanusoudiedasninbusi
snshaufadusesdeniianysallulassairsganavessesdenazusinglasaiie 3 dau
fio Usnataniiu Ushadildudninannauieu wazuinnlansvaearany anufeud
Andurilinsulusdarudnuiianuuendeiy lassaihanmeavessesdonsiliinsuia
insuUinataniiuaglifinsdsuasiaug uadlasiaiinania tinaildsudninaan
auFeuriinsiasuuianinn uiazlifinisasuulasdasiaiiegania 9nkan1svaaed
vilimswinvsnaldiuninasinamiouninatanilsfumnanndnlaiy susa2s
Tassafrganmiadinudulaseainianesls uaruInalddudvinannaudeuninuianls
aumnannantiaiu sussiel lassasisganiadinndulassadiseoanulud uazsineoslsn
udu vinalavevasuaratsfininudsuslasisuung uaglasiadisgania ewinmuide
fifunadouanudununuunvesninndnliaiueseia vinalavevaouazaisds
Usznaumelassasisesamulun wasls wazusmulen nmaasuruaudininavessos
Heudniuidlunuideiie amnuudwesseadon auudwessendouluudasiinmuas
feumndsuidosainanuiouinszaeiluuinusesidouiiauuansieiu el
szvwenufeunnifilaiuiidiansailiunalansivasuazarefsnsnisiusai
gevhliaaruudsgeaainduluuinadngn lumwssfudmdiaufounssanesily
vinutaniudesivilidamauudehanduinudndduiu mnfiasandaiuuds
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vinadldsudninannanudouasismauudiganiivinataniu idesnusnnilssy
Svdnaananuseuiusinavesiididalnsaunnseyilutiwianden (Welding time) vilvly
vinadinanidamiufeuginiiuinataniiu Snistsainmsssuisauioudaeth Add
LsINATAATUIINTIINAEAS (Hold time) (23], (80] A iivilsiAanuudausinadildsy
SvEwanaTwouaiimariudsganiuinataniufe surnrennsy mafnndnvesans
ludt (80] rnandefinasiornanudumuussiadeuasiiulfanmanismeaedunuidoiinng
ynsenaInfuvessosidenlunsmaasuussiadeuynaanisnaas e Usuivineenainiu
Huudnataniuilaiuninndnlatn susazs Tndfuuinamuiilisusvinanaiudeu
maiAsulassadganiavessesdeuininmaunsvesdiunaumaadvosiagia
aoslinldlunindensuslavswnivaeuazatsudafinimmndrdlusenidouvasdunounis
naneifuvesudsvessonidoun [88] M3nsraUTumdunaunaailusesidonainiaios
AAszitinasg (EDS) muituilassadsganiavessendondissylusui 456 Aitldazgn
thanduianfieniauiiasiaiifaanya uazyiuiasialasidevauya n13nsI9aey
lassaanavessesidonaz]dadaununun1n Schaeffler diagram IilonTadeulasaaing
9a07a dmsunisnangiiuveivesesidenazintsandasdimuvesUimnasiglasiey
auyadoUTinasniiaauyalusuiiuilangvasuazargudaldununn Pseudo binary
Fe-Cr-Ni tilemsaaaoumsnaneiduvesuds msdsuntasdiunaumaniluuinnlansi
vasuazareiimuduiusiumanudeulumadon nisldnssuaien wognandougeiuh
Tiaaufeugetu switdsasuliinlassasvesamulust Idun s1niiAa A1suou uas

I
Y

lulasiaw dausaidiasiliAnlasaaeslnildun swmlasidon waglududiu [30] Snvi
é’mﬂmmﬁuﬁaﬁqﬂusaEJL%amazﬁaaiﬁﬂsaa%ﬁaLWaLWaﬂiﬁLﬁﬂ%ﬂé’s’mL%q [94], [95] wagyin
Tivuavoansudauintng) [96]

dmsutadumandoniimnyaiigaiinadenmnmuessosidoudmiuasdenainy
Auvusuugavesnannaliatia SUS316L iu SUSa25 leun usanaviniu 3.3 Alaildu
nandeuiiiu 25 laida nszuadouyiiAy 10.0 Alawouuus narnadavindy 50 laifa
sUnssaBiAalyauL-davuaniail 30 fedes aunsniiluussgnaldlunisdntudau
sogudlagiluidenilanssindu lnefadolshafivinzasvesiadoluldfunndey
AIFIUNIULUUAYRITLTY 2 Uszinn I8ud Ussinnusniunadonmanndl¥atumes
3AnNTA SUSA39 MTL ANl 1.5 Tadkuns fouUULNg 2 Wiy $107U 3 Suduvadoy g
nrvaeulasiaannIATeTosidenLanIfIn1T1ei 4.30 HansnTaaeulassaaNnne
seudouiirindvesnunmsosiden loun szeynsudni fid 1.01 faduns svozn1sdu
an2 1A 1.02 faduns syeeen1sNAant 1A10.31 Jafiuns sezeen1nAan2 161 0.30
fadims wazruavessesidoutian 8.18 faduns mnIeuifisunanismaassesnsides
manndnlFadumes3Aningn SUSA39 MTL mun15197l 4.30 Ausnasg i JIS Z 3139 yjauanis
NARDIHIUANNUNIINTFIY



AN51991 4.30 NANIINAABINIINTIVADULATIASIUNNIRTOTDUVRIANNAT IS aTi
WBs3ANLNTA SUSA39 MTL
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. o SLYLNNT SLYLNNT SYELNNT IPOTNIT | VUIAUDITOE

a;zzzgs Fuan1(t1) Fudn2t2) | nadnithl) | edn2h2) | Weu (di)
3131, 3131, 3. 3. 3.

mj’:;m;azzm 0.30-1.20 wy. | 0.30-1.20 131, | < 0.45 14, | <0.4533. | > 5.0 1.
1 0.98 0.98 0.29 0.31 8.14
2 1.02 1.04 0.31 0.29 8.17
3 1.04 1.05 0.32 0.30 8.24
Aade 1.01 1.02 0.31 0.30 8.18
n3UTELila Al U Ay WU HU

MswenduLYsEIAny 2 1 Huniswenmanyudnzdingn SP791Q aunun 2.3 fadwns
AOLUULNY 2 WU INUIU 3 FUNUNAADUNITHIIAFOULASTIAS 19UNNIAVDITDULYDULEA IR

AN5197 4.31 Han15as9deulAsIds 19unNIAseeaulneaslAsseLnIsTUAN1 AN 1.52

TRAAT 528YNSTUAN2 TAT 1.42 TaawnT Szazn1snaant 1A1 0.35 Jadlas S2eLn1sne
an2 1A10.35 TALUAS LALTUINVDITOULTBULAT 7.55 Tadlums A1NNANITNARDNLD
W3 ULBURUANNASF MY NS IUIIAMAIN YR TRBLTRUNIUANULNMINNINTFIU JIS Z 3139

M1519% 4.31 HANIVREBINITIREeUlAsIai AT TeNTeRangUdInz e

SP791Q
ANAUNIS STEYANS S TALIARE] Syeens S¥YLNIS YUINVDITOY
7AADI guanl (t1) | fuan2 (t2) | nmanl (h1) | anan2 (h2) Wiy (di)
1030, 134, 1131, 934, 331,
ANUIATFIUAY 0.46 - 1.84 0.46 - 1.84
. < 0.69 u4. < 0.69 . > 6.06 U.
JIS Z 3139 131, 031
1 1.56 1.46 0.35 0.30 7.65
2 1.51 1.43 0.32 0.38 7.47
3 1.48 1.38 0.37 0.38 7.52
La?ﬁlEJ 1.52 1.42 0.35 0.35 7.55
ANSUTZLAI NIU N WY NIU NIU

1% PN °o g v ] ) - = = a
AMNVBUANTINNGDIRITINN 4.30 way 4.31 linsiuin ‘tqj"i]f\]EJﬂWiL%@@JVILMiJ']ZﬁMVIEj@V]@JNﬁ

AonunInveTasleNansatlUldiunisiwenaudunuwuugavesmannalsaty
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a a 1

WoI3ANNTA SUSA39 MTL AunUl 1.5 Tadins Asuuulng 2 udy wagauisaurluleiy

[ =

d' 4 <@ a a 1
NSWBUAUFIUNIULUUYAVBANANYUAINEENTA SPTI1Q AN 2.3 Tafluns Aaluy
e 2 wHule



unn 5

14

dyuNauasUBLauDILUL

= a 1

gninusatuil FITeAnvidaden1siieunidnsnadednuaen1aN1en N wagll
dvEnaseAMAIMYRITREITRN tld TEEEN1STUEN SEELN1INAGN VUINVDITOLLON Lay

[ '
~ =

fluilvessenidon ileidonldididalnsadmiunsideunudumuuuugaveaimanndd
1Safinonawmuiifininga SUS316L fu wdnndlSatumessinngm SUSA25 lneviniseeniuy
nsnaaeILNAnaEafiugU (Full factorial experiment design) smﬁamimmﬁmmzﬁqm
vosiladelunszuiunisdenlnonisoonuuunsnaassiuudend-uviuiau (Box-Behnken
design) Tumsmingianvestadoiileriluaiisaunsvinugandnuazvessesiiend
Wundeurenssurunsdonanufuuluugadmiumanndnliaiy SUS316L fu
SUSa25 lfud svazn1sBudini (t1) seern1s@ndng (12) vuavessesidon (di) wazituiives
sou1d (area) Tnefiansananaaianelavasnaney MsAnwIngAnssunsnasazany
lavy wazaaaniinianasssondonnunsiingilaseaineganiavesse sidouann
ANAIBNADIFANTIAUUUULET (OM) Na9anIsAUBIaNATOULUUADINT 19 (SEM) uazkanis
AR NINNIATDIILATIES W (EDS)

5.1 #@3UnNan1338

511 nsidenliiddidalnsadmsunisden

MylATzdoNanansnaaeudaiiannsidenldindidalnsngunsafiunndng
fu AfdvEnasodnvaurnNEAIY wazidniwaronaunnvesTosITansgliiod Ay
seU o = 0.05 annsaidonldwdidalnsnuuulfsiadl 30 fadunseduun wagdiuang

9
o

'

o [y A

v < v v a aa o <@ ¥ ¥
dusunswennINNUILLUURTBIannATlSatiuoaamulifiningn SUS316L fu wdnndnls
atlumassAnngs SUSA25

5.1.2 Afwunzauvasiademadoniitianiwadennniwvassesido

Arlmunzauvesiladeiiddninadenmuninvessosidoufiiiunisiiondae
nsrUINANTIToNANNA UM ULUUYAYemannan L falluooanuiAninge SUS316L Ay
wiannanlFatuassinnsa SUSA25 Tun

1. u3sn (F) Frflongan fe usena iy 3.3 Alatad

2. awdew (Tw) Arflwngan fe Landen ity 25 lafa

3. nszuadiew (1) Afwanzan Ae nszwadon wiriu 10.0 Alaueuuds

4. Enadns (Th) Fflungas fe Lanads Wity 50 luida



nMsnnapaiiefufunasIuIY 3 Fununnass lilensiadeuNaneuTioonunldauALT g
wiold MnranmsvaasmuImaansTlaannsnaesiudiuna szazn1sTuanl (t1) Saedey
1.16 fadwns szznsdudn2 (t2) feeds 1.06 fadwns suinvessesden (di aads
833 fadwns uaziiuiwessosidey (area) TA0An 16.15 As1eiiadwns aslndifostuna
mauwimmﬂammsmum Jeagulen nansnnaeafilduATimnsauvesnisieantadely
A1sLEeufIEnTe muﬂﬁLmaummmummwmmmmaﬂﬂmiiaumaaamuumﬂmim
SUS316L fu wiannanlatiumessinnsea SUSA25

5.1.3 ANANWAIYININEATWYBITELLITEY
msfinsandnvarnamenmduiiugumsnnaseugunwvessesifomdosiu vy
ynamenwYesToeLdeuyTIng 1ML 323 IngBesdidudsil 2dlugaluaumulenasy
azany (Melt ring)NLLmuﬂam‘meaLLmuiaaL%m (Fusion zone ring) LazeIUUDNERA
Wuawmuuinadildzumaudouannisdien (HAZ ring) Braumulusesidenanunsatsuen
faiinavomdsnuanudoufinsvaieilusendon Tnsenuduresdismuasiiigaty
Tusaisiduinugudnasanaumui 3 wilvuafiisduniussduiadonindeniigalu
mslitadonssuaidion waznadenunnmsiuasyilidvesseeideuinnuusndnaiuegiedl
DEGRGEY

5.1.4 Iassas19uun1a (Macrostructure)
Jaden1sieuuand19iuasysng 3Useuesses iosuanaNiulngAnaN vaE A UAMA TN
TAwn SLeLNISTUAN STELNAFN VUINVBITOETIBN 2T L1 LUUANTULL B IUNTEWELTOY WaY

d' QI &3’ o L% ::l' a [ dl' a
LANIDURNTY N1TANNUATATENTEWALTRL 8.5 Nlawauwls Laday 50 tolAa nsua
Way 10.0 Nlawsuwls Ladiau 38 luifa wagn1sinsswaoy 10.0 lakaukys aday
50 loiAa vinlmAnullanziiaIuannszae (Expulsion) Tunssuiunstioddsnaliszyznis
FUANANAY YUIAVDITOUTDUANAS BATILEENISNNANLANUY

5.1.5 AANEALNINNAYDITELYDY
nsAn¥INgANsIUNISRRNaranglarzwaAnaIURN19NaveITaeLaN INN1sMmUaTaly
LIINATEAY 3.3 Alailifu LanaA1eseiv 50 lefa JUnseididalninauuukarAIua1
UINSAL 30 Haaluns naaslasuniuasadadenseuavaunawssesu 7.0, 8.5, 10.0 Ala
WeNKUS UavliaWouRawasEAU 25, 38, 50 luiAa a1unsaasulansil

5.1.5.1 A1AINNANNITONTITATUNIULSINURBUVDITBLTBY (Tensile-shear force)
ANAIUS DUNLNANTE WAL DULALLIANY DU MU AUV IANANISVE UV ULIAVDITDELYDUT
danalvirnAduaInnsan1siunIuLsIRAleugu lunemsaiudiunsifiadilangmaiien
N52918 TUNTZUIUNSITDUAINA IAAIAIINAINITANITATUNIULSIALRDUANALLDINNNNT

a & & A a A Y 1Y a a s
gadelelanslusesiiou seuanuNsTaNmIEN1sIENsERaaN 10.0 Alawauuds van
d' a I ay d' Yo =3 & d' 1 [ a Ly d' d'
Weou 25 laAa luguanuvegeunlvirussfudeugaianiniu 15,618.8 11y seeiaui

pUNISaNMIEN1SINTELaa 10.0 Alawauuds natdeu 50 luiAa LWuduunaasuinli
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AussAadeuniigaindu 12,355 9y dnuazn1suenesndnniuedsesLiouiiniung
negeuLsradeulusuuideuilonunageu (Pullout failure mode) Tnerinduludnuas
Ferfutauanniuanunaaey dnuaedindnuandifuisendeuiiiiunndendai
wisussnnnirfaniu

5.1.5.2 AAuudswestunuiey (Microhardness)

A einAnnTurudenuinntaniiu Wnanuiildsusanssnunnaudon
LazUsuUTisedeu ﬁhmmLL%W@&U%L’Jmifaqﬁusummﬁﬂﬂé’ﬂ%ﬂﬁu SUS316L fAnade
195 HV ﬂ'wmmuﬁwaa‘u'%nm’j’amﬁmmmﬁﬂm’{ﬂ%’aﬁu SUSA25 fiAady 167 HV dmsuan
mwmwwmmwuwmlmwaﬂsmumﬂﬂmmauuﬂﬂﬂal,ﬂmﬂuiuwﬂ 5 S¥AUAIUAIY 10
91908171891 Aeuud dluusnaiuiflauanudeuiaiuiuiioisufuainiuuds
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Abstract: This research examines the weldment characteristics and mechanical properties of lap
joints of SUS316L/SUS425 stainless steels using resistance spot welding under variable weld currents
and welding times. The weld current was varied between 7.0, 8.5, and 10.0 kA, and the welding
time between 25, 38, and 50 cycles. The weldment quality characteristics under study were the
depth of fusions, indentation depths, and nugget diameter, and the mechanical properties included
the tensile shear force (TSF) and micro Vickers hardness. Phase transformation and solidification
were characterized using scanning electron microscopy and energy dispersive X-ray spectrometry,
together with Schaeffler and pseudo-binary predictive phase diagrams. The results revealed that the
weldment quality was positively correlated with weld current and welding time, as were the TSF
and micro hardness. The optimal welding condition was achieved under a 10.0 kA weld current and
25-cycle welding time. Under the optimal condition, the fusion zone exhibited compression-direction
columnar grains consisting of austenite, ferrite, and martensite and the solidification was of ferrite
plus Widmanstatten austenite.

Keywords: resistance spot welding; dissimilar stainless steels; phase transformation; solidification
mode; weld quality characteristics

1. Introduction

Resistance spot welding (RSW) is commonly used in the automotive, aviation, and manufacturing
sectors because of its simplicity, automatability, ease of maintenance, and cost-effectiveness [1-3].
Specifically, in the automotive industry, dissimilar ferritic and austenitic stainless steel grades are widely
utilized in exhaust pipes due to their attractive appearance, weldability, and corrosion-resistance [4].
More specifically, sections of the exhaust subjected to lower temperatures are made of ferritic stainless
steel, while those exposed to high temperatures are made of austenitic stainless steel. Applying
RSW to dissimilar stainless steel grades renders the weld nugget prone to cracking due to high heat
input, and the likelihood is multiplied if unsuited electrode caps are used, causing accumulative
residual stress [4,5]. In the automotive sector, solidification cracking normally develops in the welding
of stainless steels with different metallurgical, physical, and mechanical properties [6], leading to
excessive noise, vibration, and compromised strength [7].

Liu et al. [8] investigated the RSW microstructure and mechanical performance of austenite
stainless CRHS301LN and reported martensite transformation at interfacial fractures. Specifically,
martensite induced weldment fatigue and subsequent fractures. Moshayedi and Sattari-Far [9]
investigated the effect of weld current and welding time on the RSW quality of AISI304 stainless steel,
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and reported that weld current and welding time were positively correlated with nugget size, with the
weld current playing a more dominant role. In addition, the magnitude of residual stress in the inner
nugget was greater than that in the outer one, and the residual stress was inversely correlated with the
weld current and welding time. Jagadeesha [10] studied the effect of weld current and welding time on
the ultimate tensile shear strength of RSW of AISI316L of 1.6 mm in thickness; and reported two failure
modes: tearing for larger weld nuggets and shearing for smaller ones. Kianersi et al. [5] optimized the
RSW parameters of AISI316L stainless steel in terms of nugget size, mechanical properties, and phase
transformation. Alizadeh-Sh et al. [11] documented the relationship between the RSW thermal cycle
of AISI430 stainless steel and the microstructure, mechanical properties, and phase transformation
of weldments. Vignesh et al. [12] proposed the optimal RSW welding parameters for AISI316L/2205
duplex stainless steels and reported the presence of ferrite in the heat affected zone of both materials.
Bina et al. [13] reported that an elevated weld current for RSW of AISI430/AISI304 stainless steels
increased the weld nugget dimension and weldment strength. The weldment however suffered from the
pullout failure mode. Essoussi et al. [14] reported mechanical performance for austenite AISI 304(ASS)
and ferrite AISI 1000 steel grade (FS), and the three patterns of weldment of RSW (AS5/ASS, ASS/FS,
FS/FS) which were found to have the highest tensile shear strength were ASS/ASS, ASS/FS and FS/FS
respectively, and the failure mode depended on the nugget size and morphology. Alenius et al. [15]
studied the mechanical properties of RSW dissimilar joints for austenite stainless/galvanized steels,
and reported that the presence of full martensite in the weld nugget the strength of spot weld joints
depends on the strength and thickness of the base material. Sun et al. [16] investigated the effects of the
fusion zone size on the failure modes, static strength and energy absorption for RSW of DP800/TRIP800
under a lap shear loading condition. The study showed that fusion zone size is the most critical factor
in weld quality.

Despite numerous publications on the effect of heat input on the RSW of dissimilar stainless steels,
research on the microstructure and solidification of RSW weldment, particularly in the fusion zone,
is limited. This fact could be attributed to measurement challenges inherent in the RSW of two stainless
steels with diverse physical and mechanical properties, in addition to the rapid cooling rates of the
RSW technology.

Thus, this research investigates the weldment quality and mechanical properties of lap joints
of dissimilar SUS316L and SUS425 stainless steels using RSW under variable weld currents and
welding times. The weldment quality characteristics included the depth of fusions, indentation depths,
and nugget diameter and the mechanical properties under study were TSF and micro hardness.
The weldment characteristics were determined by optical microscopy, TSF by a universal testing
machine, and the micro hardness by a Vickers hardness tester. In addition, the microstructure analysis
of weldments was carried out to characterize phase transformation and solidification.

2. Materials and Methods

2.1. Materials and Welding Process

The base metals were SUS316L and SUS425 stainless steel sheets of 1.5 mm thickness. Tables 1-3
respectively tabulate the chemical composition, mechanical and physical properties of the base metals.
The base metals were individually cut into plates of 125 mm x 40 mm (LxW) in dimension and lap
jointed according to the JIS Z3139 standard. The weld configuration was SUS316L on top of a SUS425
specimen and spot-welded using a 50 kVA AC, 50 Hz RSW machine, with a pair of CrCuZr alloy
electrode caps with a 13 mm outer diameter and 30 mm radius. In the experiment, the weld current
was varied between 7.0, 8.5, and 10.0 kA and the welding time varied between 25, 38, and 50 cycles
(1 cycle = 0.02 s). Meanwhile, the electrode force, squeeze time, holding time, and weld atmosphere
remained constant (Table 4).
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Table 1. Chemical composition of base metals (wt %).

Element
C Si Mn P S Cr Ni Mo Fe

SUS316L 0.02 0.25 0.75 0.01 0.0003 17.07 10.46 1.64 Balance
5US425 0.01 0.83 0.09 0.01 0.003 13.48 0.06 0.02 Balance

Material

Table 2. Mechanical properties of base metals.

Mateiial Hardness Yield Strength Tensile Strength Elongation
A (HV) (N/mm?) (N/mm?) (%)
SUS316L 218(max) 205(min) 520(min) 35(min)
5U5425 200(max) 205(min) 410(min) 25(min)
Table 3. Physical properties of base metals.
= ; Electrical Thermal Thermal
Material Speciic Jat =21ty Resistivity ~ Expansion Conductivity
(J/kg °C) (kg/m?) (u2-m) cc (W/m °C)
SUS316L 500 8000 75 17x107° 15
SUS425 460 7720 61 1.6 % 1075 24.2
Table 4. Constant welding parameters.
Electrode Force Squeeze Time Holding Time Weld Atmosphere
(kN) (cycles/s) (cycles/s)
3.3 45/0.9 50/1.0 ambient

2.2. Metallographic Assessment

After spot welding, the lap joint was cross-sectioned in a transverse direction. The sectioned
specimen was prepared in accordance with the ASTM E407-99 standard. The five quality metrics
of weldment were measured by optical microscopy (OM, Keyence VHX-600, Wanaque, NJ, USA)
and the schematic is shown in Figure 1. The microstructures of the weld nuggets were respectively
characterized by optical microscopy and scanning electron microscopy (SEM, Jeol JSM-6510LV, Tokyo,
Japan). Energy dispersive X-ray spectrometry (EDS, Oxford X-Max 1E350, High Wycombe, UK) was
utilized to investigate the chemical composition. The micro hardness profile of weldment (i.e., the base
metals, heat affected zone, and fusion zone) was determined using a Vickers hardness tester (Future
tech FV-700, Kanagawa, Japan) with a load of 50 g for 10 s. The TSFs of lap joints were assessed by a
universal testing machine (SHIMADZU Ag-100, Kyoto, Japan) with a travel speed of 10 mm min~ L

hl1 ¥

SUS316L ( ) tl
N T e— o T SR N
' ; 2
SUS425 .

h2 3

di

Figure 1. Cross-sectional schematic of SUS316L/SUS425 weldment in a transverse direction, where t1
and 2 are the depth of fusion, h1 and h2 the indentation depth, and di is the nugget diameter.
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3. Results and Discussion

3.1. Weldment Appearance

Figure 2 illustrates the visual appearance of the SUS316L/SUS425 resistance spot welded joint,
consisting of three rings: the melt ring, fusion zone (FZ) ring, and heat affected zone (HAZ) ring.

Melt ring

Figure 2. Appearance of the SUS316L/SUS425 resistance spot welded joint.

Figure 3a—c respectively illustrates the visual appearances of SUS3161/SUS425 lap joints under
7.0, 8.5, and 10.0 kA weld currents, given 25, 38, and 50-cycle welding times. Ideally, the appearance of
a spot weld should be relatively smooth, round or oval, and free from expulsion, electrode deposit
pits and cracking [17]. The color of the lap joints varied, depending on weld current and time [18].
Specifically, with elevated weld current and time, the welding appearance exhibited a canary yellow
color due to excessive thermal energy. In the figure, the joint appearance was generally enhanced with
the increase of weld current and time, except the 8.5 kA/50-cycle, 10.0 kA/38-cycle, and 10.0 kA/50-cycle
conditions, where expulsion and electrode deposit pits were observed on the SUS316L side which was
attributable to the high heat input. In addition, the diameters of the three rings (the melt, HAZ, and FZ
rings) were positively correlated with the weld current and time.

ot i AP \ e 1L L
(a) . 25 cycles 38 cycles
i A A 1

SUS3161
< |
L
(—)
N .
n
SUS425 ,
' (b)
i SUS316L
< 9
-
n
o )
"
—
SUS425
(c)
SUS316L
<
-
(=]
=
=
]
SUS425

Figure 3. Visual appearances of SUS316L/SUS425 lap joints under 25-, 38-, 50-cycle welding times:
(a) 7.0; (b) 8.5; (c) 10.0 kA weld currents.
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3.2. Weldment Quality Metrics

Figure 4 illustrates the macrostructure of SUS316L/SUS425 RSW joints under 7.0, 8.5, and 10.0 kA
weld currents, given 25, 38, and 50-cycle welding times. The weldment quality was assessed by five
quality metrics: depth of fusion (t1, t2), indentation depth (h1, h2), and nugget diameter (di). Each test
was repeated three times and the average value was reported. As per JIS Z3140, the lap-joint depth of
fusion and indentation depth should be 20%-80% (0.3-1.2 mm) and less than 30% (<0.45 mm) of the
thickness of the thinner material, respectively, and the nugget diameter should be larger than 5.2 mm.
In the figure, the weldment quality generally improved with increases in the weld current and time,
except under 8.5 kA/50-cycle (Figure 4f), 10.0 kA/38-cycle (Figure 4h), and 10.0 kA/50-cycle conditions
(Figure 4i).

NO.1 Tw(25¢ycles) N0.2 Tw(38cycles) NO0.3 Tw(50cycles)
|

1(7.0kA)

I 4 ) W=NN— O = B—& 1t b &

| | (d) (e) GV |
[ NOZTw(Seycles) | 'NOBTw(3Bcyeles) | = N0 Tw(S0cycles)_

L_ e\ R o NI T T T iy AT TP 1 ¥ |
Figure 4. Macrostructure of RSW joints under welding parameters: weld current(kA)/welding
time(cycles) (a) 7.0/25; (b) 7.0/38; (c) 7.0/50; (d) 8.5/25; (e) 8.5/38; (f) 8.5/50; (g) 10.0/25; (h) 10.0/38;
(i) 10.0/50.

Table 5 illustrates the experimental results on the depth of fusions (t1, t2), indentation depths (h1,
h2), and nugget diameter (di) of SUS316L/SUS425 weldments. Figure 5a—e respectively illustrate the
contour plots of the effect of the weld current and welding time. The optimal operating condition for
each quality metric could be selected from the contour plot. However, the optimal operating condition
for each quality metric was not similar. The multi-objective optimization for all quality metrics is shown
in Section 3.5 of this paper. It should be noted that, in comparison, the SUS425 depth of fusion was
deeper due to lower hardness, tensile strength, and elongation [18] and for h1 and h2, the heat input
induced an expansion in the workpiece dimension, whereby the magnitude depended on the type of
metal [14]. Specifically, the SUS316L thermal expansion was greater than that of SUS425, while the
thermal conductivity was lower, resulting in greater t2 and h2 on the SUS425 side. In this current
research, the occurrence of weldment expulsion was observed, which was attributable to excessive
thermal energy. The expulsion increased the indentation depth and decreased the depth of fusion.
For the nugget size, by comparison, the weld current played a more decisive role in the nugget diameter.
In addition, the electrical resistivities of base metals influenced the weldment quality, whereby greater
electrical resistivity required a greater thermal input. Specifically, the electrical resistivity of SUS316L
at 20 °C (75 u0)m) is greater than SUS425 (61 p()-m).
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Table 5. Macrostructure of five quality metrics.
Average Values of Weldment Quality Metrics (mm)
Welding Parameters
Weld Current (kA)/ Depth of Depth of Indentation Indentation Nugget
Welding Time (cycles) Fusion 1 Fusion 2 Depth 1 Depth 2 5 g
g y (t1) ) (h1) (h2) Diameter (di)
7.0/25 1.05 1,12 0.17 0.22 6.01
7.0/38 1.06 1.11 0.17 0.24 6.03
7.0/50 1.08 1.09 0.24 0.28 6.16
8.5/25 1.05 1.19 0.25 0.24 7.13
8.5/38 1.06 1.16 0.26 0.27 7.53
8.5/50 1.03 1.07 0.29 0.29 V.22
10.0/25 1.06 1.16 0.33 0.34 8.03
10.0/38 0.97 0.98 0.52 0.35 7.02
10.0/50 091 0.94 0.61 0.39 6.38
(b) Contour Plot of t2 vs Tw, I

Tw(cycles)

(a) Contour Plot of t1 vs Tw, I
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Figure 5. Effect of weld current and welding time on weldment quality metrics: (a) t1; (b) t2; (c) h1;

(d) h2; (e) di.
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3.3. Tensile Shear Force

Test specimens were prepared according to JIS Z3139, and, according to JIS Z3140, the tensile shear
force for a metal sheet of 1.5 mm thickness should be greater than 7650 N. Figure 6a—c respectively
illustrate the average value of the tensile shear force of lap joints at 7.0, 8.5, and 10.0 kA weld currents,
given 25, 38, and 50-cycle welding times. In Figure 6a, under 7.0 kA weld current, TSF increased with
the increase in welding time. In other words, the TSF and welding time, given a 7.0 kA weld current,
were positively correlated. In Figure 6b, at 8.5 kA, the TSFs were almost identical (15,200 N) for 25- and
38-cycle welding times but decreased under an elevated welding time (50 cycles). In Figure 6¢, under a
10.0 kA weld current, the maximum TSF (15,618.8 N) was achieved at a 25-cycle welding time and
decreased with the increase in the welding time. In essence, TSF is governed by the weld current and
welding time. Specifically, elevated heat input increased the nugget size and TSF [13,19]. However,
excessive heat input induced expulsion, thereby decreasing nugget size and nugget strength [20]. In this
current research, TSF associated with all experimental conditions satisfied the JIS Z3140 threshold
(>7650 N). Meanwhile, the optimal TSF (15,618.8 N) was achieved under a 10.0 kA weld current and
25-cycle welding time.

160004 (Y i Max: 15,1570N I Max 151898 N '
(a) ‘ %93 (b) Max. 15,199.3 N
14000 - Max. 15,169.4 N § 14000 4 :
2 z Max. 12,6232 N
fg 12000 T 12000 3
£ 10000 .g_ 10000 -
- o
2 8000 Max. 14,5009 N S 5000
w [
B 6000 L 6000
z z
@ 4000 8 4000
2000 —(7.0kA), Tw(25cycles): 2000 4 —— I(B:5KA), Tw(25cycles) | §
\— I(7.0kA), Tw(38cycles) I(8.5kA), Tw(38cycles)|
4 7" 1(7.0KA}, Tw(S0cycles) L) (——I(B.5KA), Tw(50cycles)| 4
0 2 : s 8 0 2 H 6 8
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Figure 6. Tensile shear force of lap joints under 25, 38, and 50-cycle welding times given weld currents

of: (a) 7.0; (b) 8.5; (c) 10.0 kA.

Figure 7 illustrates the surface fracture of the pullout failure mode. The fracture failure occurred
in all experimental conditions and was initiated from the HAZ on the SUS425 side. The fracture was
attributable to the counteraction between stress and tensile force [21] and the low hardness of SUS425.
In contrast, no fracture developed on the SUS316L side due to high tensile strength [13].
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Figure 7. Tensile surface fracture of the pullout failure mode.

3.4. Weldment Micro Hardness

The micro Vickers hardness measurements were carried out on the base materials (BM), HAZ and
FZ of welded specimens. Figures 8-10 respectively illustrate the micro hardness profiles of welded
specimens under 7.0, 8.5, and 10.0 kA weld currents, given 25, 38, and 50-cycle welding times.
The overall results showed that, by comparison, the micro hardness of SUS425 and its BM and HAZ
were lower due to the full ferrite phase. The micro hardnesses of the FZ of SUS316L and SUS425
were almost identical. In general, the micro hardnesses of the HAZ and FZ increased with weld
current and welding time. Specifically, the micro hardnesses of SUS316L and SUS425 were 194.4 HV
and 165.0 HV, and the corresponding micro hardnesses of HAZ were 236-263 HV and 231-248 HV.
The micro hardnesses of FZ for all experimental conditions were 300-320 HV, which was attributable
to the presence of martensite.

(a) Sample Group 1(7.0 kA/25-¢cycles) (b) Sample Group 2 (7.0 kA/38- cycles)
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Figure 8. Micro hardness profiles of welded specimens given a 7.0 kA weld current: (a) 25; (b) 38;
(c) 50-cycle welding times.
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(a) Sample Group 4(8.5 kA/25-cycles)

9of 17
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Figure 9. Micro hardness profiles of welded specimens given an 8.5 kA weld current: (a) 25; (b) 38;

() 50-cycle welding times.
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Figure 10. Micro hardness profiles of welded specimens given a 10.0 kA weld current: (a) 25; (b) 38;

(c) 50-cycle welding times.
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3.5. Optimization of Welding Parameters

In optimization, this research took into consideration the weldment quality (i.e., five quality
metrics) with minimal expulsion and tensile shear force. In spot welding, expulsion normally occurred
in the event of high heat input, leading to the loss of molten metal [22]. Moreover, expulsion increased
the indentation depth while reducing the depth of fusion, nugget diameter and tensile shear force.
Generally, tensile shear force increased with an increase in the weld current and welding time. Based on
the weldment quality metrics and TSF, the optimal welding condition is shown in Table 6, and is
consistent with previous work of the authors [23]. In the microstructure analysis, the weld current was
varied between 7.0, 8.5, and 10.0 kA while the welding time remained constant at 25 cycles.

Table 6. Optimal welding condition.

Electrode Force Weld Current  Welding Time  Squeeze Time  Holding Time Weld
(kN) (kA) (cycles/s) (cycles/s) (cycles/s) Atmosphere
33 10.0 25/0.5 45/0.9 50/1.0 ambient

3.6. The Weldment Microstructure

Figure 11 illustrates the schematic of the area-specific microstructure analysis, consisting of areas A
(sections of SUS316L and nugget), B (sections of SUS425 and nugget), and C (weld nugget). Specifically,
area A represents the BM (SUS316L) and HAZ; area B the BM (SUS425) and HAZ; and area C the FZ.
The microstructure analysis was carried out using OM and SEM; and the chemical composition was
carried out using EDS.

Area: A  Area C

AR RIA
SUS3I6L i

sUsdzs e

A\

Area: B

Figure 11. Schematic of area-specific microstructure analysis.

Figure 12a,b respectively illustrates the microstructure of SUS316L austenitic and SUS425 ferritic
stainless steels. The chromium equivalent (Creq) and nickel equivalent (Niyq) were then determined
using EDS. The EDS chemical composition was superimposed on the Schaeffler phase diagram
(Figure 13). The Creq and Nieq of SUS 316L were 20.84 and 10.06, and those of SUS425 were 16.48 and
0.37, respectively. The microstructure of SUS316L was austenitic and ferritic, while that of SUS425 was
fully ferritic. The grain of SUS316L was less coarse than SUS425.
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Figure 12. SEM images of the base metals: (a) SUS316L; (b) SUS425.
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Figure 13. Schaeffler phase diagram.

Figures 14-16 respectively illustrate the cross-sectional microstructure under 7.0, 8.5 and 10.0 kA
weld currents, given a 25-cycle welding time. Specifically, Figure 14a,b, Figure 15a,b and Figure 16a,b,
respectively depict area A (SUS316L and HAZ) of the welded specimens under 7.0, 8.5, and 10.0 kA weld
currents, given a 25-cycle welding time. The results indicated that SUS316L stainless steel exhibited no
phase transformation during RSW, giving rise to larger weld nuggets and HAZ. Figures 14c, 15¢c and 1léc,
respectively depict areas A, B, and C under 7.0, 8.5, and 10.0 kA weld currents. Figure 14d, Figure 15d,
and Figure 16d respectively show area C (weld nugget or FZ) of welded specimens under 7.0, 8.5,
and 10.0 kA weld currents, given a 25-cycle welding time. The FZ were identical for all experimental
conditions, exhibiting compression-direction columnar grains [9,24] containing austenite, ferrite and
martensite. The volume fractions of austenite, ferrite and martensite were positively correlated with
the weld current and welding time, contributing to the variation in the weld nugget microstructure.
Figure 14e—f, Figure 15e—f, and Figure 16e—f, respectively depict area B (SUS425 and HAZ) of welded
specimens under 7.0, 8.5, and 10.0 kA weld currents, given a 25-cycle welding time. The heat input
induced no phase transformation rather ferritic grain growth was exhibited (i.e., coarser grains).
The coarser grains of SUS425 HAZ weakened its toughness and strength [25]. Superimposed on the
Schaeffler phase diagram, the Creq and Nieq of SUS316L were 23.36 and 12.79 and those of SUS425
were 19.16 and 0.71, respectively. The microstructure of SUS316L was austenitic and ferritic, while that
of SUS425 was ferritic.
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Figure 14. Cross-sectional microstructure of weldment under a 7.0 kA weld current and 25-cycle
welding time.

(@) b T TS WA SUS 6L

Figure 15. Cross-sectional microstructure of weldment under an 8.5 kA weld current and 25-cycle
welding time.
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Figure 16. Cross-sectional microstructure of weldment under a 10.0 kA weld current and 25-cycle
welding time.

Table 7 tabulates the EDS chemical composition of welded specimens under variable weld currents,
given a 25-cycle welding time. The chemical composition of weldments was positively correlated with
the weld current and welding time. Specifically, elevated weld currents caused Cr content the SUS425
side to increase and Ni content the SUS316L side to decrease. In addition, the heat input resulted in
the presence of Ni in the FZ on the SUS425 side, and Ni continued to increase as the weld current
increased from 7.0 kA to 8.5 kA but declined under 10.0 kA weld current. However, Mo decreased
with the increase of weld current (7.0 kA to 8.5 kA) and then inclined under a 10.0 kA weld current
while Si decreased with an increase in the weld current.

Table 7. EDS chemical composition of welded specimens (i.e., fusion zone) given a 25-cycle welding
time (wt.%).

A Weld Element
Material
Current (kA) Cr Ni Mo Si Fe Other

7k 18.16 7.64 0.14 0.96 72.68 0.42

SUS316L 8.5 18.65 7.66 0.32 0.67 72.01 0.69
10.0 20.69 5.83 0.27 0.61 71.99 0.61
7.0 16.43 6.96 1.37 1.38 71.01 2.85

SUS425 8.5 17.47 8.16 1.00 0.91 71.48 1.00
10.0 1927 6.85 1.27 0.90 68.66 3.05

The microstructure of FZ of SUS316L/SUS425 RSW could be predicted using the Schaeffler
phase diagram (Figure 13), and the results are tabulated in Table 8, in which Creq and Nieq were
19.74-21.98 and 5.93-8.53, respectively, indicating the presence of austenite plus martensite plus
ferrite. The austenite plus martensite plus ferrite phase improved yield strength and hardness while
decreasing elongation [25]. Figure 17a,b respectively depict the 100x and 200x OM images of the FZ of
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SUS316L/SUS425 RSW at the optimal welding condition (10.0 kA/25-cycle). The microstructure of FZ
coincided with the prediction of the Schaeffler phase diagram (Figure 13).

Table 8. Cr and Ni equivalents and ratios of area C (the FZ of SUS316L and SUS425).

Weld Current (kA) Creq Nieq Creq/Nieq
SUS316L  SUS425  SUS316L  SUS425  SUS3I6L  SUS425
7.0 19.74 20.13 7.64 8.06 258 2.50
85 20.06 19.96 7.86 8.53 255 2.34
10.0 21.89 21.98 5.93 8.05 3.69 273

Figure 17. OM images of the fusion zone of SU5316L/5US425 RSW: (a) 100x; (b) 200x.

In Figure 18, the FeCrNi pseudo-binary diagram at 70% Fe [5] was utilized to predict the
solidification mode of the FZ of SUS316L/5US425 RSW. The Creq/Nieq ratios of FZ of SUS3161/SUS425
RSW were 2.34-3.69 (Table 8), which were sufficient to induce solidification by delta ferrite (3-ferrite),
followed by transformation into ferrite and austenite and some martensite, especially during rapid
cooling. In Figure 18, solidification initiated in the ferrite austenite (FA) mode, resulting in the
segregation of gamma from ferrite and alpha from austenite [26] and causing the solidification to finish
in the ferrite (F) mode.

Figure 19a-c respectively illustrates the SEM images of the solidification mode of SUS316L/ SUS425
RSW under 7.0, 8.5, 10.0 kA weld currents, given a 25-cycle welding time. In Figure 19a under a 7.0 kA
weld current, the solidification was in the FA mode, consisting of austenite plus lathy d-ferrite in the
FZ. In Figure 19b, under an 8.5 kA weld current, the solidification was of austenite plus acicular with
d-ferrite. In Figure 19c, given the optimal welding condition of 10.0 kA/25-cycle, the solidification was
of F mode with ferrite plus Widmanstatten austenite. Under the optimal welding condition, Cr and
Mo were highly diffused in ferrite, resulting in a substantial volume fraction of 5-ferrite in the FZ.
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Figure 18. Pseudo-binary FeCrNi diagram at 70% Fe.
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Figure 19. SEM images of the solidification mode of SUS316L/SUS425 RSW, given 25-cycle welding
time, under (a) 7.0 kA; (b) 8.5 kA; (c) 10.0 kA weld currents.
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4. Conclusions

This research investigated the RSW weldment quality and mechanical properties of
SUS316L/SUS425 lap joints under variable weld currents (7.0, 8.5, and 10.0 kA) and welding times (25,
38, and 50 cycles). The weldment quality characteristics included the depth of fusions, indentation
depths, and nugget diameter, and the mechanical properties under study were the TSF and micro
Vickers hardness. Furthermore, the microstructure analysis of the weldments was performed to
characterize phase transformation and solidification. Phase transformation was predicted using SEM
and EDS alongside a Schaeffler phase diagram and Fe Cr Ni diagram with 70% Fe. The results showed
that, with elevated weld current and time, the welding appearance exhibited a canary yellow color
due to excessive thermal energy. In addition, the diameters of the melt, HAZ, and FZ rings were
positively correlated with the weld current and time. The weldment quality generally improved
with an increase in weld current and time, except under 8.5 kA/50-cycle, 10.0 kA/38-cycle, and 10.0
kA/50-cycle conditions. The optimal weldment quality was realized under a 10.0 kA weld current and
25-cycle welding time. TSF was subject to the weld current and welding time, whereby an elevated heat
input increased the nugget size and TSE. However, excessive heat input induced expulsion and nugget
strength. In this current research, the optimal TSF was achieved under 10.0 kA/25-cycle condition.
Fracture failure nevertheless occurred in all experimental conditions and was initiated from the HAZ
on SUS425 side. Under the optimal welding condition, the micro hardness of SUS425 and its HAZ
were lower due to the full ferrite phase, while that of FZ of SUS316L and SUS425 were almost identical.
The micro hardnesses of HAZ and FZ increased with the weld current and welding time. Moreover,
the FZ exhibited compression-direction columnar grains, containing austenite, ferrite and martensite.
In addition, the volume fractions of austenite, ferrite and martensite were positively correlated with
weld current and welding time. The finding also revealed that the solidification was in the ferrite mode
with ferrite plus Widmanstatten austenite under the optimal condition. This could be attributed to
the high diffusion of Cr and Mo in ferrite, giving rise to a substantial -ferrite volume fraction in the
fusion zone.
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Selection of electrode tips for the resistance spot welding of

dissimilar stainless steels

Teerawur Khuenkaew and Kannachai Kanlayasiri *
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Abstract. This research sought to resolve the issue of electrode tip selection used in the resistance spot
welding for two different stainless steel grades under otherwise identical welding parameters: SUS316 and
SUS425. The study used a full fractional design in order to perform the analysis of the variables involved,
while the quality of the weld was assessed by considering the indentation depth, penetration, and nugget
diameter. The results of the study described the nugget diameter and penetration for all welds with the
various different electrode tips which met the specified requirements of the customers. A single type of
upper R30 and lower R30 electrodes achieved acceptable indentation depth. Ideally, good weld quality
would demand a large nugget diameter, shallow indentation, and good penetration, all contribution to an
acceptable overall appearance. Bath R30 electrode tips are able to achieve the desired quality requirements

in the spot welding process.

1 Introduction

Within the automotive and manufacturing sectors,
Resistance spot welding (RSW) is a common approach
when joining sheet metal. The creation of joint exhaust
pipe parts has made significant use of both ferritic and
austenitic stainless steel grades because they have an
attractive appearance, can be readily welded, and resist
corrosion [1]. When RSW techniques are applied to the
dissimilar stainless steel grades 316 and 425, problems
can arise when the nuggets are formed because the high
temperatures in the molten metal along with high current
density distribution can lead to cracking [2]. The
outcome can lead to problems for the vehicle parts in the
form of excessive noise and vibration, as well as
compromised strength. This particular spot welding
problem has its influence upon the nugget formation in
RSW. In addition, the geometric qualities of the
electrode tip are also able to influence the way in which
weld nugget formation occurs. This also has a critical
effect upon current conduction [3].

The electrode geometry has already been studied
for resistance spot welding parameters in terms of nugget
growth. Y. Li et al. presented the effect of the cone angle
of truncated electrodes in terms of heat and mass transfer
in RSW. The result recommended electrode cone angles
of 30" and 45 in vehicle body production [2]. W. Zhang
et al. reported that a planar circular tip diameter of 10
mm and spherical tip diameter of 70 mm were the
optimal tip electrodes morphology for dissimilar RSW of
galvanised high strength steel and aluminium alloy,
respectively [4]. Y. Luo et al. studied the calculation of
dynamic resistance of nugget growing in RSW. The
nugget growth in RSW can be divided into three stages,

* Corresponding author: kannachai ka@kmitl.ac.th

which were the initial stage, growing stage. and stable
stage [5]. T. Khuenkaew and K. Kanlayasiri investigated
the use of the Box-Behnken experiment design method
with 6 factors for quality characteristics, which are
penetration, nugget diameter and nugget area, on the
RSW of dissimilar stainless steel grade 316 and grade
425 [6].

The objective of this paper was to determine the
electrode tip for weldment quality characteristics, which
are penetration (t1, t2), indentation depth (hl, h2) and
nugget diameter (di) on the RSW of dissimilar stainless
steel grade 316 and grade 425. The variables used in this
study relating to the upper electrode tip shape (UT) and
lower electrode tip shape (LT) were flainess and radius,
which consider the appearance and macrostructure of
weld nuggets in the spot welding process. The full
factorial design method and ANOVA were used to
investigate the RSW parameter factors on the nugget
geometry of RSW.

2 Materials and Methodologies

The base materials used were austenitic stainless steel
316 (SUS316) and ferritic stainless steel 425 (SUS425)
sheets. Both materials were divided into plates of 45 x
45 x 1.5 mm. Spot welding was performed using a 50
kVA AC device, 50 Hz RSW machine. The spot welding
parameters were applied for experimentation as shown in
Table 1. The 13 mm outer diameter of the electrode tips
made from CrCuZr alloy was applied. The spots were
taken for appearance analysis. The characteristics of the
weld nuggets were measured for all samples of
metallographic cross-sections of the weld zone, as shown
in Fig. 1 (a). The metallographic samples were ground

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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and polished, and were then electrolytically etched by
30% nitric acid solution at 6 V for 10 - 15s at room
temperature. The macrostructures of all samples were
assessed using an optical microscope (OM), as shown in
Fig. 1 (b). The full factional experiment design was used
as the experiment technique (27 runs).

Table 1. Resistance spot welding parameters used in the study.

Spot welding parameters Value
Electrode force (kN) 3.0
‘Welding time (cycle) 30

Welding current (amperes) 8,800

[ b

T | SUS3I6

T2 | SUs4s

di |

Fig. 1. (a) Schematic illustration of the weld zone
(b) Cross-sectional macrostructure of the weld
Jjoint from the electrode UT R30, LT flat

3 Results and Discussion

3.1 The appearance of the weldment

The appearance of the weldment of SUS316 and
SUS425 using the flat type on the upper electrode and a
different electrode tip type on the lower electrode is
shown. Fig. 2 (a) and Fig. 3 (a) present the appearance
with similar results; the results appeared to splash at the
edge around the periphery of the contact surface. Fig. 2
(b) and (c) show that the splash of the weld joint
appeared in a circular shape. Obviously for each
examination, the indentation depth has not occurred. In
Fig. 3 (b) and (c) the indentation depth is shown. The
indentation depth of LT R16 is higher than LT R30. It
can be interpreted that the indentation depth increases
with a smaller contact area and higher cone angle of the
electrode tip.

Fig. 2 Appearances of the welded joints of SUS316 and
SUS425 by all of UT flat and LT different electrode shapes on
SUS316 side (a) UT flat — LT flat, (b) UT flat - LT R 16, (¢)
UT flat—LTR 30

Fig. 3 Appearances of the welded joints of SUS316 and
SUS425 by all of UT flat and LT different electrode shapes on
SUS425 side (a) UT flat — LT flat, (b) UT flat - LT R 16, (c)
UT flat- LT R 30

The appearance of the weldment of SUS316 and
SUS425 using R16 type on the upper electrode and
different electrode tip types on the lower electrode is
shown. Fig. 4 (a-c) shows the appearance of severe
expulsion on the SUS316 surface of the welded joint
which occurred during welding. This is because of the
high current density in a small contact surface, which
may generate excessive heat in the small area. The
expulsion reaches to the formation of diffused
indentation depth. Fig. 5 (a-c) shows the value of
indentation depth for LT R16 is the highest, with LT
R30, flat, respectively. The expulsion was shown only
for the LT R16 type, and clearly UT R16 and LT R16
induced expulsion.

Fig. 4 Appearances of the welded joints of SUS316 and
SUS425 by all of UT R16 and LT different electrode shapes on
SUS316 side (a) UT R16 — LT flat, (b) UT R16 - LT R 16, (¢)
UT R16 - LTR 30

Fig. 5 Appearances of the welded joints of SUS316 and
SUS425 by all of UT R16 and LT different electrode shapes on
SUS425 side (a) UT R16 — LT flat, (b) UT R16 — LT R 16, (c)
UTRI6-LTR 30

The appearance of the weldment of SUS316 and
SUS425 using the R30 type on the upper electrode and
different electrode tip types on the lower electrode is
shown. Fig. 6 (a-c) and Fig. 7 (a-c) clearly show the
appearance of the weld nugget. When the electrode tips
at each side of the joint are the same, the force delivered
is symmetrical, as is the distribution of the current
density. This allows the weld nuggets to develop
symmetrically within the welded sheets, as Fig 6 (¢) and
Fig. 7 (¢) show. However, during the heating and cooling
cycles the heat distribution is asymmetrical.
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Fig. 6 Appearances of the welded joints of SUS316 and
SUS425 by all of UT R30 and LT different electrode shapes on
SUS316 side (a) UT R30 — LT flat, (b) UT R30 - LT R 16, (c)
UTR30-LTR30

Fig. 7 Appearances of the welded joints of SUS316 and
SUS8425 by all of UT R30 and LT different electrode shapes on
SUS425 side (a) UT R30 — LT flat, (b) UT R30 - LT R 16, (c)
UT R30-LTR 30

In this study, good symmetry was developed in the
penetration when using the same electrode tips for each
side of the joint, as shown in Fig. 8: R16 (UL R16 - LT
R16) and R30 (UL R30 — LT R30).

o

Fig. 8. Cross-sectional macrostructure of the weld joint from
symmetry of the electrode tip geometry (a) UT R16 - UT R16,
(b) UT R30-LT R 30

Comparisons of the appearances were made for the two
different types. When the same R30 electrode tip is used
on both sides. the overall appearance is improved due to
good indentation depth, increased nugget diameter, and
lower expulsion. The parts for vehicle exhaust pipes are
predominantly welded on their curved surfaces, and
therefore the radius type of electrode geometry would be
the best choice for spot welding in these circumstances.

3.2 Weldment quality characteristics

MINITAB statistical software was used to create and
analyse the experiment data. The significance for the
welding quality (t1, t2, hl, h2, di) was evaluated using
the p-value. In this case the p-value was smaller than the
confidence level of 0.05, indicating the statistical
significance of the model. The R? values of this analysis
were 99.83%, 99.81%, 99.00%, 97.19% and 99.83%.
respectively, while the adjusted R? values of the model
were 99.76%, 99.72%, 98.55%, 95.94% and 99.75%.
respectively. These values were relatively moderate to
high.

3.2.1 Penetration

The effects of different electrode tips on the penetration
of the spot welded joints were illustrated in Fig. 9 (a) and

(b). Penetration should be kept greater than 20% (>0.3
mm) of the thinnest thickness of the material. Fig. 9 (a)
shows the penetration 1. The penetration 1 of all results
was higher than 0.3 mm. The maximum and minimum
values of penetration 1 used UT R30 — LT flat (1.18
mm), UT R16 — LT R30 (0.66 mm), respectively. Fig. 9
(b) shows the penetration 2. The maximum and
minimum values of penetration 2 used UT R16 — LT flat
(1.26 mm), UT flat — LT R16 (0.75 mm), respectively.
The penetration of the SUS425 side was higher than that
of the SUS316 side because of the difference in the
mechanical and physical properties.
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3.2.2 Indentation depth

In the general designs, the indentation depth was less
than 30% (<0.45 mm) of the thickness of the sheet. Fig.
10 (a) and (b) shows the indentation depth of the spot
welded joints. For both the UT and LT of flat electrode
tips there was no indentation depth. The electrode flat
shape was used to improve the weld surface quality,
conversely the indentation depth of UT R16 and LT R30
electrode tips reached the maximum value (0.53 mm) in
all experiments because the cone electrode R16 offers a
higher angle and smaller contact surface, which could
not improve the cooling ability of the electrode.
Obviously for each examination, the expulsion occurs.
The indentation depth of UT 30 and LT R30 achieved
the target (0.33 mm).

3.2.3 Nugget diameter

The nugget diameter was larger than 43t (> 5.0 mm), in
which t represents the thinnest part of the thickness of
the sheet. Fig. 11 shows the nugget diameter of the spot
welded joints.

Nuggel diameter di (mm)

e rhis TR
Lower ip type

Fig. 11, Interaction plot for nugget diameter

The nugget diameter of all results was larger than 5.0
mm. The maximum and minimum values of nugget
diameter used UT R30 — LT flat (8.63 mm), UT R16 —
LT R30 (6.85 mm), respectively. The customer
requirements demanded good weldment quality through
criteria such as good penetration, a large nugget
diameter, shallow indentation depth. lower expulsion,
adequate strength and a good overall weld appearance.
The RSW process used electrode tips of differing
geometry, while the welding involved the same materials
with the same thickness, under identical welding
parameters. Therefore, the main influence upon
differences in nugget formation would be electrode
geometry. The current density determines the contact
surface between the workpiece and the electrodes, and
the use of flat type electrodes to increase the contact
surface can serve to increase the nugget shape.
Concentric electrodes present one concern because of a
lack of homogeneity in the distribution of the current
density when flat type electrodes are used. This results in
the greatest current densities being found at the edges of
the contact surface. The outcome is that when weld
nuggets are formed using a larger contact surface
electrode on the face side, whether UT flat or R30, the
nugget edges will protrude from the electrode at the
smaller contact surface [7]. Expulsion occurs when the

upper or lower electrode is of the R16 type, because of
the increased current density within a small contact area,
since this can create excessively high temperatures. The
expulsion leads to the creation of diffuse indentation [8].

4. Conclusions

In this study, electrode tips used in the RSW process
were selected for use with varying stainless steel grades
in order to vary the quality of the nuggets formed.
Furthermore, the morphology of the electrode has to be
chosen on the basis of the task to be performed. In this
case, the welding of vehicle exhaust pipe parts must be
carried out on a curved surface, and therefore the radius
elecirode geometry should be selected for the spot
welding process. In such circumstances, R30 can be used
for both the upper and lower electrode tip geometry in
order to achieve suitable weldment quality in the RSW
process,
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Abstract. The objective of this study was to identify the ideal welding circumstances to
conduct resistance spot-welding in the case of 316 austenite and 425 ferrite stainless steels,
which offer the challenge of being dissimilar. The study examines a number of welding
variables, including weld current, weld time, hold time, electrode foree, and the upper and
lower electrode types. Initially, a 2°' fractional factorial design was used for the screening of
variables involved in the process. After this stage, the Box-Behnken design was employed for
analysis of those variables and in order to specily the multiple response optimizations
applicable to the size of nuggets through examination of the desirability function. The
experiment was run using a resistance spot-welding machine at 50 kVA, 50 Hz. The quality of
welded specimens was determined by their penetration, nugget diameter and nugget area. The
optimal welding conditions were found to be 3.3 kN of electrode force, 25 cycles of weld time,
10,000 amperes of weld current, 50 cycles of hold time, and both R30 types of up-low
electrodes. The optimal welding conditions provided nugget sizes of quality which were able to
pass the specifications of the customer.

1. Introduction
The use of RSW (Resistance Spot Welding) has become commonplace in many industries where sheet
metal must be joined. The technique is found in the manufacturing, automotive, and medical sectors
due to its simplicity and relatively low cost [1-5]. RSW of stainless steel is an efficient joining process
for the assembly of vehicle exhaust parts. Ferritic and austenitic stainless steel grades have been
widely used in joint exhaust pipe parts due to its high corrosion resistance, decorative appearance, and
excellence welding ability. RSW can be very complex when it involves stainless steel, since a number
of factors must interact, most notably the thermal, electrical, mechanical, and metallurgical elements.
The pieces of metal which are to be welded together are first placed in between the up-low electrodes
prior to pressurization and the introduction of the electric current. Weld strength and quality is directly
linked to the size and shape of the weld nuggets, whereby the nuggets of quality size can be produced
simply by following the guidance offered with regard to suitable measurements in the manual
produced by the Welder Manufacturers’ Association. It is thus vital to choose suitable welding
parameters for the welding process in order to achieve the optimal nugget size. However, the chosen
welding parameters are not assured of being optimal [6].

Process optimization in RSW has already been studied for resistance spot-welding parameters in
terms of nugget size. Muhammad, N et al. presented the use of a multi—objective center composite
design and the Taguchi approach tested a design method which put forward the response surface
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method for characteristics with multiple qualities, which in this case would be the weld nugget radius
or the HAZ width [7]. On the other hand, some research has shown multi-response optimizations
(more than 2 responses). Ruggiero, A et al. investigated the use of the Box-Behnken experiment
design method with 3 factors for 5 responses to a laser-welding process. It was necessary to perform
this step to establish the main parameters for the process which can affect the weld bead profile for
joints which have been welded [8]. Ragavendran, M et al. reported on the investigation of optimized
weld parameters on the weldments of a hybrid laser TIG welded 316LN stainless steel sheet using a
center composite design method with 4 factors for 3 responses [9].

The objective of this paper was to determine the optimal welding conditions for quality
characteristics, which are penetration, nugget diameter and nugget area, on the RSW of dissimilar
stainless steel grade 316 and grade 425. The variables used in this study relating to the welding
conditions were weld current, weld time, electrode force, hold time, and upper and lower electrode
types. 2° fractional factorial design method and ANOVA were used to screen the RSW parameter
factors on the nugget shape of RSW. Then, the Box-Behnken experiment design method for
optimization of the experiment using RSM (Response Surface Methodology) and a desirability
function were employed as multiple-response optimization tools. The tensile shear load and
microstructure of the weld sample, which was welded using the optimal conditions, was evaluated.

2. Experimental procedure

2.1. Materials and Methodologies

The workpiece material used in this study had a thickness of 1.5 mm. The base materials used were
austenitic stainless steel 316 (SUS316L) and ferritic stainless steel 425 (SUS425) sheets. Both
materials were cut into plates of 125 x 45 x 1.5 mm in size, which were lap joined according to JIS
73139 standard and spot welded using a 50 kVA, 50 Hz RSW machine [10]. Six welding factors were
selected for experimentation. The weld nugget attributes of all the samples were measured to analyze
their metallographic cross-sections in the area to be welded, as Figure 1 indicates.

Nugget Area b

- 45{ “‘I .
= —
T1 - e IV e ﬂ‘ﬂ&

- —

T2

a) b)
Figure 1. (a) Schematic depiction of the welding area; (b) Macrostructure of cross section weld
sample.

2.2. Fractional factorial and optimized experiment design

Fractional factorials are widely used in screening experimentation, so in this study the design was of a
general 2% fractional factorial type with an additional 3-center point. Table 1 presents the various
levels and factors applied. This experiment was created to identify the key welding factor among those
in the response surface study. The data were then subjected to ANOVA analysis using a confidence
level of 95%. RSM is a combination of a number of multiple regression methods and experimental
designs. It can be applied to analyze the various factors which can stimulate the response [11]. The
Box-Behnken design was used to optimize the main factors which can influence the development of
the weld quality via the fractional factorial design.
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Table 1. Experimental design factors and levels.

2% fractional factorial Box Behnken.
Factors Symbol "7 owievel  Up level Lowlevel Middle  Up level
-1 (+1) -1) level (0) +1)

Force(kN) f 2 4 2 3 4
Welding I 7,000 10,000 7,000 8,500 10,000
current(Amperes)

Welding Time(Cycle) Tw 25 50 25 38 50
Holding time(Cycle) Th 0 50 0 25 50
Upper Electrode Up ET 0 30 0 16 30
Lower Electrode Low ET 0 30 0 16 30

Applying MINITAB statistics software, the experiment data were assessed using RSM in order to
optimize the various response variables. The analysis makes it necessary to find a possible
approximation for the true relationship linking the response surface and the independent variable. It is
common to apply a second order model when analyzing response surfaces.

Y:E’o"'i Bixi‘*i Biixi2+z Z it £ € ()
i=l i=l

i<f

in which f, denotes the constant, B;, B; and f§; are the respective coefficients of the linear, quadratic,
and interaction variables; y denotes the response, or dependent variable; x; and x; denote the
independent variables, while the error term is given by € represents the influence of the parameters
which are not included. The coefficient of determination R” indicated the fitting quality for the
equation of the polynomial model.

The software can be used to measure the importance of each individual response and give a
suitable weighting. The basic method is to begin by changing cach of the responses given by y; to
become a desirability function d; which falls somewhere within the range of 0 - 1, in which a greater
value for d; shows the greater desirability of the response value y;. In the case when d, = 1, this
indicates a response which is wholly desirable [12]. In this study, the evaluation of each of the
individual desirability responses, d; was achieved through using the target for the responses y; at the
maximum value equation. Equation (2) reveals the overall objective function in conditions, where the
changing degree of importance is given to the different response.

D= (d*dy*ds®oXdn)™ 2
in which n represents the responses.

3. Results and discussion

3.1. 2 *' Fractional factorial experiment results

The significance of each of the factors was assessed using normal distribution based on the
standardized effect with a confidence level of 95%. The normal probability plot of standardize effect
for each response observed that the main effect are the most important factors affecting the welding
quality (tl, t2, di, Arca). The R? values of the model were 99.64%, 99.95%. 99.99%. and 100%,
respectively. The adjusted R’ values of the model were 93.89%, 99.08%, 99.85%, and 99.99%,
respectively. All of the factors were selected for optimization of the experiment.
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3.2. Optimized experiment results

MINITAB statistical software was used to create and analyze the experiment data. The data from the
experiments were subjected to multiple regression analysis applying a polynomial model of the second
order. The significance for each regression coefficient was evaluated using the p-value. In this case the
p-value was smaller than the confidence level of 0.05, indicating the statistical significance of the
model. The R? values of this analysis were 88.17%, 86.61%, 91.26% and 93.09%, respectively, while
the adjusted R” values of the model were 75.89%, 72.71%, 82.18% and 85.91%, respectively. These
values were relatively moderate to high. For each of the responses, the data fit well to the model
developed. The following second-order polynomial equation was used to explain tl, t2, di, Area
removal cfficiency, with the final reduced mathematical model in terms of both code and uncode
factors determined by MINITAB software. The uncode mathematical model is shown below as
Equations 3-6. The equations in terms of uncode factors can be given as:

Penetration 1 (t1) = 1.68926 + 0.00046(Tw) ~ 0.01132(I) - 0.00963(Th) = 0.02703(UpET) +
0.00454(Low ET) + 0.00006(Th) >+ 0.00055(UpET)’ - 0.00018(Tw*LowET) +0.00009(1*Th) +
0.00016(1*UpET) (3)

Penetration 2 (2) = 3.1235 - 0.55063(f) = 0.032450(I) - 0.00607(UpET) - 0.02602(LowET) +
0.06678 () + 0.00020(1)*+ 0.00010(Th)” + 0.00052(LowET) + 0.00391(F*UpET) +0.00018
(I*LowET) - 0.00042(UpET*LowET) (4)

Nugget Diameter (di) = 12.3727.- 2.7227(f) - 0.1460(Tw) - 0.0149(1) +0.0321(UpET)
+0.0555(LowET) + 0.0016(Tw)* + 0.0021(LowET) + 0.0189(£f*Tw) + 0.0199(£*1)
0.0014(I*LowET) — 0.0024(UpET*LowET) (5)

Nugget Area (Arca) = 34.4043 - 8 7522(f) — 0. 2320(TW) 0 2226(1) 0.1093(Tw) —  0.1626(UpET)
— 0.0547(LowET) + 0.0049(Tw)*+ 0.0008(Th)* + 0.0045(UpETY' +  0.0075(LowET)*+
0.041 1(f*Tw) + 0.0541(F*T) + 0.0025(1*UpET) - 0.0074(UpET*LowET) (6)

The optimization criteria employed in this study is shown in Table 2. The optimized graphics were
carried out by response optimization plot and overlay response contour plot. The optimal values for
RSW parameters were 3.3 kN of electrode force, 25 cycles of weld time, 10,000 amperes of weld
current, 50 cycles of hold time and both R30 types of up-low electrodes. Response optimization results
are for achieving 1.20 mm of penetration | (t1), 1.05 mm of penetration 2 (t2), 8.12 mm nugget
diameter (di) and 16.80 mm® nugget area (Area). Optimization desirability was evaluated to be 1,
showing that the parameters were all within acceptable working bounds.

Table 2. Optimization criteria used in study.

Condition Goal Lower Target Weight Importance
Penetrationl(tl) Maximum 0.30 0.375 1 1
Penetration2(t2) Maximum 0.30 0.375 1 1
Nugget diameter(di) Maximum 3.674 4.899 1 1
Nugget Area(Area) Maximum 8.787 10.435 1 1

3.3. Test for confirmation
The experiment required for confirmation involved testing using a particular mix of factors which had
already been assessed earlier. The calculation results of the object parameters based on the optimum
design parameters set are listed in Table 3. The percentage crror for penetration 1, penetration 2,
nugget diameter, and nugget arca were 3.33%, 0.95%, 2.59% and 3.87%, respectively. The small
percentage error demonstrates the efficiency of the optimization method.

In order to estimate the weldability of RSW, tensile strength was measured by the tensile shear load
test. The specimens were prepared according to JIS Z3136 [13]. The tensile shear load for material
sheet thickness was 1.5 mm, as recommended by the automotive industry. JIS Z3140 is greater than
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7.65 kN [14]. The results indicated that most combinations were satisfactory with the criterion,
assuring the reliability of the RSW of stainless steel. The tensile shear load values for specimens 1, 2,
3 were 14.76kN, 14.81kN and 14.51kN, respectively, meaning they achieved the JIS Z3140 standard.

Table3. Comparison of predicted and validation test results.

Response Predicted  Desirability Nol Nf_);p crlrrqn:.r;ta] Average le;sr
Penetration(tl) 1.20 1 1.17  1.15 1.5 1.16 3.33%
Penetration(t2) 1.05 1 1.06 1.07 1.05 1.06 0.95%
Nugget diameter(di) 8.12 1 833 848 8.8 8.33 2.59%
Nugget arca(Arca) 16.80 1 16.14 16.26 16.05 16.15 3.87%

The cross section microstructure of welded specimens joined at optimal welding parameters was
investigated by optical microscopic analysis. The type of microstructure of RSW for stainless steel
considers two distinct regions, base metal and HAZ (Heat Affect Zone), as shown in Figure 2. Figures
2a, 2b, 2c, and 2d show the microstructure of weld nuggets and HAZ. The grains sizes are greater than
the base metal and clongate parallel to the electrode force direction. Figures 2¢ and 2f illustrate the
fusion zone region and also as the ferritic microstructure with various morphologies.

Figure2. Microstructure of cross section weldment sample (optimal welding parameters).

4. Conclusions

In the present paper, multi-response optimizations of RSW process parameters for dissimilar stainless
steel grade 316 and grade 425 were successfully implemented to influence the quality of nugget size.
Six variables were employed as in experiment. The 2*' fractional factorial design technique was
applied in screening the parameter factors for RSW related to the nugget shape. Afterwards, the study
used the Box-Behnken design for the investigation, while optimization was sought through the use of
the desirability function. The optimal values of RSW parameters were 3.3 kN of electrode force, 25
cycles of weld time, 10,000 amperes of weld current, 50 cycles of hold time and both R30 types of up-
low electrodes. Under optimal conditions, the tensile shear load of specimens achieved the JIS Z3140
standard.
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