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KASEMSAN SAENGSAN: THE STUDY OF PLASTIC INJECTION MOLD GRADE P20
REPAIRING BY USING ND: YAG LASER WELDING PROCESS.
THESIS ADVISOR: ASST. PROF. DRJONGKOL SRITHORN. 75 PP.
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Laser welding has become a widely adopted technology in modern industry
due to its precise heat control and minimal thermal impact on surrounding areas.
These characteristics make it particularly suitable for repairing plastic injection molds,
where precision and preservation of the original structure are critical. This study
investigates the influence of welding parameters-namely pulse frequency and pulse
duration-on the weld quality of AISI P20 mold steel using an Nd: YAG laser. Macro and
microstructural metallographic analyses, as well as hardness testing, were conducted
to assess the effects of these parameters.

The results show that increasing both pulse frequency and duration leads to
wider weld beads and significantly improves weld continuity. Optimal conditions were
found at a pulse frequency of 7 Hz and pulse durations of 5-7 milliseconds, which
reduced incomplete fusion defects and ensured effective coverage of the repair area.
Heat input values ranged from 116 to 468.3 J/mm, correlating directly with parameter
changes and influencing the microstructure. The weld metal (WM) exhibited a coarse-
grained acicular martensitic structure, while the heat-affected zone (HAZ) displayed
finer microstructures due to rapid cooling. Weld hardness ranged from 320.4 to
413 HV, higher than that of the base material, indicating microstructural transformation
post-welding. These findings demonstrate that appropriate control of laser welding
parameters can significantly enhance the quality of mold repairs, making the process
highly applicable for precision maintenance tasks.
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2.1 VIZ]‘U{,]VILﬂEl'J"?.la\ﬂu\‘i']u'JQEJﬂiS‘U'Juﬂ'ﬁlﬂiaﬁJLﬁlﬂi@i
madeuawesilumaiansdenduas Tdndanuanduanasesiuwnaiida
AMUTOU dANUrUILYNYaINaINgwIni eI suLisuiun S aue s NI BN SL oY
wanaun ibiananse Wedludnvaedudn seediouwau Wensierusigs wavannsidegy
vosuUIINANTaul (Taan SAUa1IT LazAug, 2560)
NsgeLLLNUimENSWeNawesABwAUAlURUMILTINLDYD AR ¥ N IR Y
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Nannse WIoldenIY NAIN158U AUALEILaLYas (Laser beam) laan1sidioudl 2 wuu
2 . = v = N v
A WUU Manually wagiluu Automatically 99Uy Manually QL%@N@@@ML%MI%M@W
WoauRatufludAunuSnauAdensifenualde Idawesiianile nszuiun1styinlaisi
uwalinad nunladauazidengs waziteusadlvinyeainu gIuIyaIL Uy Automatically
nMsWeNdalwld syuvarteumaeudnludfuasUsuanusonlul® Feihausiuiy wagdl
o [V Y a v s 6 a = a <@ a ¥
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Mniuaranasndsedu 3 fafussiuldesuas noussUaosuanaweifinnuenaiy
1064 Ulung
iwesuinil ddefdeausaliiaduadldd Sanuefuauidesnis
ANNUAILENGY WU MITeuLsfins n1sdRlanzus vidensidentaguunidn
2.2.2.1 Wefdlou-uin wawes (Nd: YAG Laser)

Nd: YAG \luaieflednainaiiiiamnlag J.E. Geusic, HM. Marcos
uaz L.G. Van Vitert Tl w. /. 2507 msvivauvaslangmeiawas Nd-YAG 1unszuiunis
douuzitugedsimuiavnguas Inounuiwesszuunisdniaees Nd: YAG duandluguil 2.1
Hundsnufignadiadulu 4 szdu nsgulossu Nd 9namugiulusiaausuuiisedu 4
vililaeltlaslnerfnniuneu (ieFundn sdnrimasauiay) lnglduawosanuennniu
7200-8000 A 9n3ediuil 4 loseuarluiunisiddazanndsadiuiisesiu 3 Fafunsddes
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Total Reflector Output Coupler
1 Flash Light } |
\j
Nd:YAG Crystal Ly Laser
Output
em—— | Flash Light —
Power Supply

E‘U 7 2.1 UNURIBIsEUUNSNARLaWeS Nd: YAG

2.23 awaslnuas (Fiber Lasers)
awoiliuesifuawesveudwiandsiléiduloufnihuanieasueniin
W Yeterbium (Yb) Wusianansiilauas Inegniauilviluszansnmasazannisaade
wasluszu uasawesazgnudeseaniudulefiansnsaldaeld vilideudangugs
Tun1sldau wdanugndeinuleleaaees (Pump Diode) lugudulovuasd sazvens
wasuudadsieludeiandivane lawesliuesinnuenedulnesilueglurae 1030-
1100 unluing fautusnurunedingiiadn o1gmsldaueniuiu uagfesnisnistigenm
1 Sﬂﬁ’jﬂé’ammaﬂﬁ’wé’qmuqqLLazﬁUizﬁm%mwﬁﬂLLmﬁﬁﬂ’jﬂLamai‘%ﬁ@ﬁu WIsNgAUU
dnlavs NudenifesnsnNIIgs uarszuusalusiAlugnanssy
2.2.4 aweslalen (Diode Lasers)
aweslalenduawesantugveudadildasiaiuilunsndauanaees
Tneflawimdnuarldndanusundedieuiuamesefindu 9 nmsieuvenawesialen
Aaannsinavesdidnaseusznineta P uas N lua1siasaih fudefin Recombination
sgUanslvnousanunduduasaimes awosialoadnldiuwmnasiudanaslussvuiames
du 1w Mdus Pump dmduiamesliueduio Nd: YAG agnslsfnmu Jagtufinisaun
Lamaﬂmiamﬁwé’amﬁmmmﬁwmiiﬂumﬂ%aﬂawimamq Tastawizlusu Cladding,
Hardfacing Wa¢ Micro-Welding ﬁ]mLmuﬂauﬂﬁvammwmuwawum msmmmmum
wazdvwadn iz miunsdenvinaiiihteenn
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2.3 qmﬁuummmuwamawai
= v s = a ' a a ! °

nszuun1sLT auddetatges i und Slumaluladnnsid eud daauus uegn
wasfinaunings naanglunuidesnisanuuszaln wu gaanunssuwliin Sidnnselind
LAZDINIALIU PALAUVBINISLYBUMELALEDSADAINTNAS 19T BN TN vasAnuazuAY
A s v o v & ° ) a L A=
Wesnawesanuisalniaawaslidvwingmanuin i linasnundaaslylunuiibn «
fimnuvuiuiugs dewaliannsanasulavgliodesiniuasanniglusseznaidudu
(Steen & Mazumder, 2010) UBNIINT NULYDULALDSSITLYAN LA URNANTENUINNAINUSDU
(Heat-Affected Zone: HAZ) Aaud19uAU i 9aa1ntatgesiduunamdsauilvainuseu
wuulamzauazliiaandes Jaanansenurenuautidainavesianudluusnatiadeds
pg19dUsed@nsnn (Ready, 2001) virlwarud oud ladanuudansaiazainuud sundas
1ASeEs199lang e snINNTEUIUN S ONLUUALAL

AaaudAnInaredLundauilaannszuiunsdeuawesinazdninuud auss
IndiAganIoudnseisaanindanusl ¥Inin13AIUANNISIENDINITABUBELMIZAY 19U
ANILSIVOINITTOU AUTUVDINGIY Lazdn1znIsUnAgualsLiaday (Katayama,
2005) agelsfiny Msloumeiawesdldenisseds lnsanzlusaawesnsifingnyu
(Porosity) wags8517 (Cracking) fimnalinduainnsvasun liaiiaue wsonsidudegig
msuAull Jymunarilannsoanaslasmenisauauaninwindes wu n1slduialnagu
Awnzay 1w Argon %39 Nitrogen (Schudcker, 2012)

Snnsnsnsiudinadlunseuiunsifonawesdidmaselasiaineganinvesud
Fou FaTnaviinlasewEd1aiavidenuayruiiiuy d9annonULTse ANUWTe) warau
v ' = A
AUNTURBDNITANNTDUDILUILTDN (Duley, 1999)

AU euaesiauan AN lannuluATUAMAINYDITOBIT BN AL UL
ANULTIRTINGNG UATNANITNUADIARLAESOUNTURY WiADIONAEN1TAIUANNIIINLADS
pYNNRLNZAN LWanAniaestounnsasionafnTulunszuIunsIdou

[ ra ¢ <
2.4 'Jﬁ@!LL&IW&IWL‘Viaﬂ mmgﬁu AISI th9d P20

wianinsa P20 (AISI P20) Wumaniesesdenlasumiudanegrsnnlugaannssy

| a & a I a ¢ o ) a a < & < aa

WUNUN Lagan1zlunszuIuNSHARLINUNENTUNITRANAIERAN Wwan P20 LJuwmaniial
NINANNENUTEWITUAANNAIANSUDUALALIRANNA108aD8R FIRaUURANS 9 Twunza
AUSUNTYUURLN WU AUNUNIURDNITANNTD AMULTITT LAZAILALNIUF BNITHANITN
= v PR P < a Y] Y]
Wegnldauluaniienianuaugs (N3350, 2560) wian P20 Tduusznaumdan uanan
A1599 2.1 dduNaLNILATIvawran AlSI P20



A1599 2.1 druNaunIATivaardn AlSI P20

a9AUsENBU d9U5una
ASUBU (C) 0.28-0.40%
WA T (Mn) 0.60-1.00%
Fanou (Si) 0.60-1.00%
TAsudlay (Cr) 1.30-1.70%
luduata (Mo) 0.03-0.30%

Tnefidunaunianivonndn AlSI P20 9¢lamaud A fludunis? ugudRus
Imammsa%’ﬂmmmLLsﬁaLLazmmwumum'amsﬁﬂmaLLmuamwﬁ'ﬁqquﬁqa
Tunszuaumawan (Poli, 2001) Bnitatan P20 fanuasiiAid gy anuduniudeniaiia
mi‘umL‘U@'uu,azmaLﬂas;luLLUaﬂgﬂmﬂuizijmﬂfé’fﬁu swunsansasuanusoulan il
wan P20 utanimuzavlunsiulfisidmsunaiadinifenududou uenand
wian P20 s']’ammaalﬁﬂ'mmmwﬁqqaLﬁaﬁwmsaummm%’au Faroifiuaununiy
m'amﬂsi’fmuuﬂﬂiuﬂwmumiﬁugﬂ (Altan et al., 2001)

wognslsiny wian P20 fifesdalusemasnisnuniusensinnseu Tnsanis
Tuanmeifinmsdudatuansiaiviewdn Senvdmaliiinnisidouan nueausdfusilgigdu
faiu nsldaumdn P20 Sedesidafsaninuindounisldiuuassesinainisld ey
Lﬁ@lﬁﬁﬁMWialﬁawulé’aéwqﬁﬂﬁxﬁw%mwgaqﬂ (Swift & Booker, 2003)

2.5 mi‘vmaawjmamﬁ'amﬂna (Mechanical Properties Test)

msvageunuauiAnIang (Mechanical Properties Test) tunisveaeulunsuseidiiy
ﬂmamummmamq 7 vosian §sanansavivenienisnevausvesiansdensinisuen
finszviseiy mimaa‘uummmmﬂmiummmLaamam‘wmmvammmumﬂmwﬂuaﬂnv
719 9 Ingaziansanaantfsg 9 1y AMUAIENILLIIAT (Tensile Strength) AuBAnEL
(Elasticity) auwilen (Toughness) wazauuds (Hardness) Inanisnaaeunaaudfiniang
Fdealaisd.

2.5.1  NSNAEBULTIAY (Tensile Test)

MsvagouLssR szl iievAANIEuMULS R sgegaesian Tasnisannian

W8 mponaunsziafinnisuaniin Sﬁaaﬂaﬁiﬁmﬂmwmaauﬁazﬂizﬂauﬁaammméfmmmmﬁq
498m AINITEAGT WaLAINITUAGT Farelismauiseruudaniauasanuaunsnvesian
TunsAumuwsIneuen




2.5.2 msnadauAuwtien (Impact Test)
n1snaasuanuwiledagldlunisuseduanuaunsavesian lunisnu
sousanszunniiind ulussazia1dy 1wy n1svageu Charpy wie Izod Feamnsntsueanis
AYINENINTOVRETAR NS ULSINTEUMNLAENTUANIEN
2.53  nsnagauAudangy (Flexural Test)

ManeaeUANLE AV LAElElUNTUTHEUNTNUAUDIVRII AR BUIIRAYT D40
Tnsnsthiaquinaaeunegldnisdauioussedldluiianissing q feyadldastiousd
AVIULTINTAZAINEANEUVDITER

254 negauA Ll (Hardness Test)

msnaaeum Nl adumsnaaouivssilunnuiuuvesTansemsint iy
wensiane lngealdisnmsmaasusng 9 Wi Seniad (Rockwell) UStuad (Brinell) v3oininesa
(Vickers) FuagfudnunuasssnvvasTaniinadey

Tnensnaaeuimanildaudidnlunsussdiutagdmiunsldausig
dislsianmnsaidenian vsnzasiigelunsldandifomnis auaansolummaaeunaesi
yanatelfaninsoianuasfulssTanuasn sz ssaala Ay uenanidmaelums

a

Ussidiuongnisldnuuasdsyand amuastanlunisvhauaiald wilunsmeasdidelundsd
wjaiunsmaseunuaNdATsnanMINAaeuANLuTs (Hardness Test) Sadumannaaey
fifignwaeivihas Jddifsurveusaduaamuud e ian iy uddaunsoasou
flanuant@d u q vesusarian WY ANudIuNIUNSAENNTe ANAMUNIUA N5 ond
ATIRIUMIULSIAS wazasiiornesianlddndne TneAreuutavestanasiuey fu
yanedase iwu drunaumand Tassawnalavying sUuuuMsTuzUTuML uagnszUILms
mamuSeuidlunmsndntunuiiy 1 dmsumsmeaeunnudaildiulaeiall T
2.5.4.1 mavageuanuLlawuuIontIad (Rockwell)

svadeULULSenad (Rockwell) lumsnaaeuiia¥arimnuuds
vosd e lnon1sldgunsninang 2 Ussinn Tdun inamesmssnsisuagianagnindn
n3anay viauazvuinvesiinadildlunsnaasuazgnidenauaiuudwesian it
neday lngnismnaauaziiuannsnadioussnaaluluduneuusn antuasifiudinin
L3INAMILIINTFILT AR fananslunmd 2.2 wansnsmageuaunduusoninad
(Rockwell) tlaUssfiudiaudniiiAnduvuiiuiatanfunudedesifiedln nsmaaoud
Paglianmnsamainnuudsvesianldegauwiugl Jenadiliazasvioufsninuduniu
somsdntauuaznisdesuuesiantu o



Gauge

Major load

Major load

Major load

Minor load

Minor load & ball applied, Maijor load added, Major load removed,
surface "B" indented, surface indented to "D* leaving minor load,
gauge set at zero indentation recovers to "R"

Distance RB is used to calculate Rockwell hardness, or read directly from the gauge

gﬂﬁ 2.2 MINAFRUATINLTILUUTENIAd (Rockwell) (E. Alfredo Campo, 2008)

2.5.4.2 NMINAFUANULIIUUUSILEE (Brinell)
MSAABUANUUTIMUUUS LA (Brinell Hardness Test) Wunmsnaeey
ﬁi%’i’mmmmLL%qeuaai“amImsmiﬂ@aﬂmﬁm/mﬂamﬁ'ﬁsummLLavﬂfmﬁﬂﬁﬁmumaquuﬁuaa
Ya9Tan i faen1snaaoy L aﬂmaﬂmaﬂaqiﬂimam oF mimﬂmmsaumwwummm
mimmaauuﬁ]uammmaﬁaaumnmmmﬂmiﬂmaﬂmaﬂimam 1AUNNSATUIUAIAULTS
wuuTuadalignasieluil

Hardness (HB) =

N |

loe?l  F Ao wsafildlunisnagnindn (N)
A flo Wuvessesyuiiinannnsnagnmvén (mm?)

Felunrsnaaeull gnianildaziivuinmig o wWu 10 uy. w3 5 .
TuegiuTaniivadeusazarrundaieania lnednagldgndniidawa 10 ww. lumsvageu

[N

[

fanifaruudsunanmiogs nmsvadeuaruudsuvuuiiuadiy mungdmiuiag
fiflassadrmeruvdedifuiafliiGeu wu winude lavguay uaztagiifnisnddlanden
NANITNAGOUT b e nUSuaa Tvuaeudu "HB' (Brinell Hardness), § 99z @z audq
AuFuueNsTatIuLar s degUesanilelatunsenn
2.5.4.3 m3vageuAuLlaLuuininesa (Vickers)
Tiwdnnsieriummaaeunuuuiiuag uiinisiwasuulasing
nngnueaguudaduinadvharnmesieslunseiiseindiyn 136 am dauanslugud 2.3
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NFIINTUNAAILLTE F ARINAUTUNUNAgeY seenafiinduazgninluindunueayy d
Ao IiNUAIEANALLBYA 0.002 Tadkuns Anadsvaadunuesuasgniiluauin e
ANAIULTIVDITUIY

WINRWTTNT
Wizilagm

fndow d
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U 2.3 NMSNAABUANULTMUUINNBSE (8A%M Wiuna, 2562)

2.6 mInsvaaulaseas1amelanzingn (Metallography Examination)

nsasiaaeulassasimslansinel (Metallography Examination) Wunsguiunis
fddnlumsnunuantiveslany iiesanlasiadamalavying dnalnensssonuaula
11411801 (Physical properties) ¥893a9, @ 1320891159A13 8970908 ABNUALINTY
voslang msfnwlassairondangivefaduduneviiuguildlunisnsnasugunm
voslanzuarssannsaldlunisiiassdimannn vesmantif uansoonvedlangiy 1
Tnglunsfinuil Insudsnmsameseulassarmlavgineeniduaessydundn THud

2.6.1 M1INIVEBUITAVUYNATIA (Macro-scopic examination)

msnsvdeulussivanaadunmsfineinisdaiseddassasisedane Tagld

ndosqanssminiimdavees dsenaldnsnsiaaeudenian (Visual inspection) 3ol
Adsveneliiiy 10 W n139519auUsEavunn1ainldlun1snsiamsessnd Weseinie
vioruRaUnfsy o Nvurlngwasuesiuldiisnwlamsededenes

2.6.2 N13ATNEBUITAUANTA (Micro-scopic examination)

msnsivAeUTERUanAetlindeanssmindmdweege tiednwilassaing

Aflvnadnniuaglianansaveadiulddieniuan Tnsnisveneazeylugag 10-1,000 Wi
nsnsrvaeuluszivivagliansodunmnsulany (Metal Grain) iaveslave (Phase)
vidensnszaeivesannainielulavels falanuddlunsussifiunuandiviazdon
vesian msldnugunsallmnzandmiunsnsiaaey Wy ndesganssmidmivaulans
Inen (Metallurgical Microscope) n3onda33anssaduuulduas (Optical Microscope)
fauanslugui 2.4 Fandesganssmiuuulduasazarelinis@nvndulusgreusiug
wazdiUsednsnw
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Eygguus 10X Eyepieces (ocular)

\ P , Trinocular port
)
1

Zoom control
Head| ™

Focus arm

‘. |Arm
b Focus control

— T

Objective lens

Upper illumination

Stage clips \

Stage plate \ Power on/off

L

- \\\ -
- Transmitted (lower)
illumination control
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illumination control

E‘Uﬁ 2.4 ﬂﬁ@ﬂﬁgﬁ%iiﬂﬂLLUUWLLm (Optical microscope) (Sina Ebnesajjad, 2014)

2.7 USuRanIsznuiay (Heat Affected Zone)

U3mnansznuieu (Heat Affected Zone, HAZ) Ll uii uiiluTaniildsunanseny
neufoulunszuiunaden Tnsvinndwfadusznitnszuiunisilany i3y
Amnufeugsnuuaadon (W tawes o15a wieliin) uililffsseduiivilianazane
vionaedureaan Wotaqbuas Uinaildsuamufeutaninnnudsundadassadig
n19lanzInen (Metallurgical Structure) wazAMANUANI9NG (Mechanical Properties)
Fafinasemnuudausauazaumumuvesiagudaainnisides

M9An Heat Affected Zone (HAZ) induiflasarnnisldsuanudoudigs ulide
magumal Tasuinudwutseandunaisleniiidnvuedsdunugumg i anld sy
Tunszuaunsiden Yszneume:

1) Tyuazane (Fusion Zone): iluusnailavegnvassavanelasnsslunszuiunsidon
FadudniiAnmsnauiusgnindaveideniulavggu

2) lgun1sanwan (Solidification Zone): L‘fJuu’%nmﬁiamﬁmé’mjamumaqufﬁq
SnAsmdminnisvasazany

3) Twudilsivaouazans (Unmelted Zone): tuuiiindilignvasuazans usldsy
AwsouaInmsiden deazfinnsivasuudaslaseainslane Wy nsveedivesinsy
vidomsuudeulumaveslans

U3 aNaNTENUToU (Heat Affected Zone, HAZ) Ll ufluii ilavgld Sunanseny
mnauferlunszurumaiden FuiliiAensasuulamdlangineuwazauasinisna
vos¥anluuinmi Tnevildunansenuiiddgfens venefveansu (Grain Growth) fifn
namufeugs dsannsoviliinsuredansuseiuazananundusmosianadld uenanil
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381315010 N151UA suwdasueaia (Phase Transformation) 11 n5uA aurlauns wles
(Martensite) w3aifisalad (Pearlite) vo1avinlTandanuutged uudanaumideaas
Turazifiertu auudsluusing HAZ sinazanas Wafisuiuus i ldlsSunanssny
9nAudeu 1ee9nnsUa suudamislassadieiiind uluseninanssuaunisid ey
mMsAnwLariiase HAZ Sadudsddnlunmsussidunuadinianavesiaguasnisidon
512U Al Tralnensen oAund awss AU o) LazAUNUNIUA BNISLANITA
m%amiﬁﬂmasuaﬁaqﬁ%au

av o4 v

2.8 JMUYNENYIVDN

Aazned aumAtad lavihns@nwanudululalunisteunenudfuiiingnain
wannane3esonudu leeldnszuiumsifiousiiawes lneliinguszasdiiodnsisi
NansEnulsnafiiintuainnszuunslen InsdudnwiAanuudavesuundoutazuiian
lasuNansenuanAuseu (Heat Affected Zone : HAZ) saudstgymnisuandniiiinau
WA9INEIUNTZUIUNITYULTY N159Aa03UTTNBUAIY 2 NTzUIUNIsUAN Teun n1sidey
melaeswazNseuLUUTin (TIG Welding) Inglunsieuseiaiges §3delaldainize
PUINAN ] TIUIU 6 IUIA AIUA 0.25 89 0.7 TadlunT NToNvImRuUAAIAIILRNANE
5 58AU agAdun1IMAa0utoNdIuIU 3 Yuraseau saudenvaasudeniintagldain
Fouwun 0.8 Tadwns Fewdadunuundnissuivaunewdon wazwuunlifinisgu nasiu
Y8 uUAlElUN1INAREWINARTININ 100 Tu FeuddelinudrAnydeiitaveyide
WesnuansliiiuisdalmuTsvresnmsfoumeiamesiunisanuuin HAZ uazaauLdes
Tunsuand Fadudeyaiugiuddglunisfinunisdendeuwifiningnnd P20

angy weglaan laandunisnaaeaiefnwinavesyluuunadvuasiaiyes
nonszulrun1sfaulanslurudyudinazns 03Useau lnsanizlansnauunasnos

I &, o ey 1 o o A v ¢ X
nMIneaetUeanity 5 sUkuurasiad laun Waddwdeu (Square Pulse Shape) Wadv1uu
Wuuan (Positive Slope Leading Pulse) Wadviasiduau (Negative Slope Trailing Pulse),
waddunavasegsrsedureoyly (Position Bridge Pulse) LagWaduuumeiiles (Sequence
of Square Pulse) lngltiasosawesyiaiilonfionuensnglunisvaass MsIATIERTooLE ol
audunsiagldndesindarene 90 wih uaz 500 Wi IngHANULYILLETUBIAAIUTATUNG
vaaguwuuiadsenganssunisvasulany Feaunsainludssendlunisusuamisimes
6 1% 1 1 ra 14 <@ ¥

Yoaaes Nd: YAG mngausanisgauuiiunauadnle

Uszasd Muwis nAnwinswisumeuaussaugvasianilindnuliunadananadin

! a a [y 13 1 a 1% v a

seninvegililluningn A7075 Auwmaninge P20 tnesallasesituiiuiununisnantagiian
Xt a & a A ¢ - & = 3
nlglunszuiun1s@adugy lnensnaasandaudiusiisassuuuiiveldlun1stusuninesy
wand@@n PET u1A 350 dadans A19nszuiunsidiluvdansdunoy (Two-Stage Blow
Molding) 1A3msiu 30-35 U135 Teyavnauideiiusslevidlunmsitilavsunnisldanuass
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I a 2 -d‘ LY o £ o 1 d' v 0 = = v
YauuRun P20 §aduiiladidyvesnisivuauuiniinisgeud s esandadiunu
warUseanSn1nnstdaunaInIsLeu

ey %isﬁ’aqum wa nu UIgnona TP AN NAYDILENALLDSTRA YAG ABNTZUIUNT
dl' a £y 1 a 1 <@ % Y a a a U a aa
WouRnianisvlinsenitanannailialiy SUS304 auvun 0.5 dadwns Aunediefiau
WIalnLan (PET) AU 1 Jaawns lneulinsvnasiesniduassdnums A n15379uH
PET Visuuusnawesanunsavganuludausnanteuls waznsinawiuy SUS304 Lisuuuy
= ' o ¢ e a o - S0 v @ = ' o
Feldanunsabiuaaweinggiesesdouls nansAnwUTliudnalnnsaiemngsnu

¢ aaa ~ ~ = v v A )

YUALLRS YAG warunumveslfisenailuniswen Feglndnlanalnnisienvesian
nigauaudfseiy sululsleninen1seoniuunszuiunsdeuiiinnuanizaIzas

BNINUY Sagar H. Nikam wag Neelesh Kumar Jain IAAN®IN159 00U LUUNUN

a A a 9 = & v oA a |

waziesimdgmelagldmaluladiaies lnawdui (1) Ussinnvesaiundemeiazans 1y
AMULAINNEANNNYTIIUYIR NITHAM LAZNITEITIU (2) B1AUNTLUIUNITEOUTY (3) 35T
FOULYN LUU NITITOUDITA WAIENT Lazlalyes (4) N15UTeULBUNITZUIUNITAN 9 LU
@Y 9150 awasdtanmsau warlulaswanaul (5) 519829 8NURINTLUIUNITLALYDS
YRULYY FIUDIUTELANVDNALDIN LY L8UW CO,, Nd: YAG way Yb: YAG 911338% 31819095
umelulagffenuudugn Wisesdeugmuaings vnaldiuanuiown wasmunzdmiu
ugannrundudou Ingdldnuaunsadenmalulagnivangauiuningnsiasdodnin
nzanule

auzeiu Ventrella V. lo@nwnskiaiwasnaduin Nd:YAG @sunisidauanu
yudn lnadinguszasalunisi@eaminaiauauag AISI 3161 A31U%WI 100 um visly
anvazlandnnegd u1sluan1nkIAa aUNANT B U kaZN15I U DM N TAINUNULLLYINAY
MAFBILdUNMSANwIHATBING 1 UWad (1.0-3.0 J) denunnsesouilaian neglindes
qavsIAl edeuksIdou kIR wazaNulEAUganIa KanVRaesdliiiuiin1sAuA
nasuNadlinadrdysionuaudadinavessesday lauanizoy1agdunsaliiyesing
FYRINTUIU
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3.1 ieseile Yan gunsal Aldlun1sade

wiesile Yan gunsal Mdlumsduiumiads Wumsafuauuazsrnemnuagan
Mnemiiaiesile 6 orraiedesdle 10 waveasieiesdle 11 veuminedumaluladasui
Tnelumssifuanuiselundsll $¥an gunsal dwiedl

3.1.1 p3safioaawas EIT Laser Schweissen System igu Smart 225iL

fidwlszneuveuai e é’aLLamﬂugﬂﬁ 3.2 uaziA3 aald outaleasUszneusiudIY
d1Agy 4 dn it

U7l 3.2 dudseneulaesiiiesnalwes EIT Laser Schweissen System §u Smart 225iL

gl 1 Usznausae 3 dauges leun 1.1 Jandnaisiaiwes (Laser Medium) 79
fldlumsnszduiiolifouanawes Tuiitldfnasibuninvouds Yetrium-Aluminium
Garnet (YAG, Y3A5012) 1.2 aaUf A aLslawuinas (Optical Resonator) @7udt vinlwiin
nsUdesnanawasinenanszdud Tlassaiatsznoudensyandosusudivuniiidmiu
lneilTandinans YAG egaglu 1.3 unaeniidandsan (Energy Source) T%Lﬁamzﬁuawam
ludaninanliianisUdeslasaes

d2ufl 2 svuudunnsesideu (Dual System CCD & Microscope Welding Pattern
Recognition) Usznausieas CCD Auavndosganssaiidamasnsalunisiuszesinda
Isiledannsesiden

dufl 3 szuvvivaniunazdumesiedlfuuunsiiin (Touchscreen & Graphical
User Interface) 1ddmiunsdsnuuazmuguginaasanuivesiaives

dui 4 1T pawaniUd suaNToueInIA-1UIA8uen (Exteral Air Water Heat
Exchanger) dwsusaniUdsuanuioukazniaindiaamal 8nsinisiva
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3.1.2 wianwdlanwdananain nsa P20 muunsgIu AlS|
Tavizg1u (Base Metal) dmsultlunmaaesadail Aousiumdndmsunisadns
duudfiuridanatafninga AISIP20 Tned uaruiidunldlunisnaaesdauinndig
100 fiadiuns 12 200 fadung uazyun 10 dadiuns dauandusui 3.3

gﬂ‘ﬁ 3.3 laviggu (Base Metal) 1na P20 Musnmsgu AlS|

%qﬁdaumaumamﬁmaﬁumu‘lamgm aansouanslanenised 3.1 Tneneunis
ANIUNTNAG DY ;3"35]’&1LG}?&J;J%mmmmﬂszmuﬂmﬁaiﬁ%umuﬁmmmmsamdaumiﬁﬂﬂ
naaed Tnen15ta3oud ua1uazLs 115 lduUssinalnma ndnA A e1R RN
suaa%umuLﬁam%’@?qaﬂﬂsﬂﬁmmmzﬁ@aa“J' ntulaldansavarwerdlnu (Acetone) 1in

YMANNADIANURIVDIT U UaZNNT U U TN auL U g lun1sneaes

A5 3.1 drunaunATivewranulRuRaanaain (AISI P20)

wianudRuNwanain AlSI P20 (3aeazlngsig)
avgiliflen (A) 0.84
MU (V) 0.03
TAsidlay (Cr) 1.37
wusnta (Mn) 1.13
wian (Fe) 96.20
uniAa (Ni) 0.30
299 (Cu) 0.09

3.1.3  a%AlaulALile 1nsA P20 ANUNIATEIY AlSI
andeunldlunisveaeduasiililuaia@ounsa AISI P20 wudeaiulans
ulavaindeuiivnalduruaugna1d 0.6 fadluns duandugui 3.4
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JUT 3.4 aaeuLAsLile Lnsa P20 muu1nsgu AlS|

Tngadndouiudotfidunaumauedlndifssiulanggumanudfiundananadin

1N5A P20 TAEIUKNANNNWATUDIAINYDULAULLD LARNIFINNTIN 3.2

AN 3.2 FAVUNFUNATVDIRINLTOULBULLD LNSA P20

anadeuiuiiawan inse P20 ( foearlnuia)
avgillily (A) 1.29
NULAL (V) 0.04
Fanou (Si) 1.18
wusnE (Mn) 1.43
wan (Fe) 89.27
dntAa (Ni) 0.59
299 (Cu) 6.20
TuauAtiy (Mo) -

3.1.4 1A399An EDM Wire cut 8%@ Mitsubishi §u MV1200R Wire EDM
Tunszurunswssuduanuialiinluusenaulussuduau 92e8LA3997u

FoUTUNU TumenslaIosdnlanzalsalnliiin (Electrical Discharge Machining, EDM

Wire Cut) Aguandluguil 3.5 lun1sdamuvisvesuiden Wilduuinning 10 dadiuns

817 15 TadLuns 31U 9 U
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SUT 3.5 LA03sin EDM Wire cut 898 Mitsubishi §u MV1200R Wire EDM

3.15 nsessatuiFeulavineuuudou 8% IMT u G1-10
Tudupeunswiondumny avihd uanuidiunisdaudunlslunseuaunig
JuFoutuau 1w 9 Ju Ineldiedsdndudoutuanude IMT $u G1-10 (U 3.6) Fail
M5l usaniURasdy (Phenolic Resin) Wiel#ldd uaui sz audmsunszuiunsin
fonseaenselutuneusely

JUT 3.6 insesdntuseulaning wuuseu 8ve IMT Ju G1-10

3.1.6  1AT09TANTIATENTITUUUIIUNYL
Tunisnsraasulaseadiamnslangingt aefinsldiad osdanszaiumsne
wuuTL (3U7 37) lunssuumasesiuisdunuiiodluieneilasaimaania
wazunnn Inen1sinseud uiiadianudda esanazdeliaunsaiuseaziden
voslassainaduauldegredniau 1ndsadnnseaunmenuuaunguasgnldaus iy
nsEAENIIETiiAuneULarasBauananiy Tnesuannseanuseiifannamenunn
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flanluauiansznuneiiienuazndeniian WeldldfuindunuiiFoudousazndon
dmsumsilenzimsganaLazanna nseaTenseildaulseneufeiues 80, 100, 320,
400, 600, 800, 1000 way 1200 Feuraziussaziidnvazianizlunstaiiuanaeiu Tnasy
Mnwesfineuiian (wes 80) fuvesfiaziBuniian (wes 1200) ieatefiuiafiFou
JeusazrUnaansestatiutunouiifutuneuddylumawdsniunudmiunsasaaey
Tassasamqaniawazamang ifesaniuifildsumaniouedieiazdelfausouediu
anwagnRanIaLaglassaiumnialiedadaay gaslinisiinsgiiduliegegndios
wazdlusydnsam

UM 3.7 1A3299ANTEAUNTIBLUUR UL

317 n3esdansazgiiun
&I T BUR UAT LA BN TEAYTILED 21T ueTUINTRT 197
Tnglfindosdnunuuuaumuiiiindnvanineg fauandugzu 3.8 medauniiasyhdui
nsldusezgiu vunm 0.3 luaseu Fslidnunsfunsasdon itodafiuinvesduslans
wnsevididnuamdunuarbifisosdat B esesiinamii Ssmsdnnseirdesdauuuumy

'
a =

wazasozaiunshelildiuiitoudouwan lnefdmainastaelunisnszaiousedn
Tashiane uaznsezgfiundifivunnidnaztiglunisdniiazidon silisesdadiunazsesdn
Adaanmsldnszarenset ufumell Yuneuil dauddydueannlumsms o
fufnFunuieunisaTdeunegamAkazamann esnituiafieudoulsosdndiy
wdaelvansnueafiussandonveslasiadanisluiuauldogudaaunazgndos
denstawiasa ssthiuauluiiuduneunisdafimiidaeniadsagelunalaii
Tassadrslananelurestuau shldannsoifuneasdoavedasiaiiagameauazavaig
i daaudadu nawiounaznsdaiafifsdnalasnssronnugniesiazaudaion

“U@Qﬂ’]i’jLﬂiﬂ%ﬂiﬂiﬂﬁ%’]ﬂ%ﬂ‘\!aﬂ’]ﬂLLﬁ%iWi.ﬂ']ﬂ‘UENIﬁWS%V]Eﬂ
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JUN 3.8 IAs0sdnntezgiiun

3.1.8  nsA Nital AMUTNTU 2%
wIInEsaaunsEUINMSMS B U (Surface Preparation) #28n1340
N5EANENIIBUATAL TunsudalUAan15UNE usuLAa (Etching) Aaensa Nital 2%
éfmamiugﬂﬁ 3.9 Wuszezan 5 Sunfiuazdseendsuoanesedias i ununiain
dewdundeudmiuiunounisaraasufendosmansad

U7 3.9 n3a Nital Anaitutu 29%

3.1.9 néesganssafuuulduasdie Carl Zeiss ju Axio Scope Mat
Tnethdunuiivdesinouiosudundedasaiamneemuideudiondes
qanssauvulduas Fauansiigy 3.10 Tngldmdawens 10-50 win 1 edainmlaseadne
wasswazdunveundesruauduesndawanssm Tuiinnmuadoyaild Wiensinsgh
wunden wieuieinreunine mugeesiasuuadon felusns Image)
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JUN 3.10 naesganssAluulduas

3.1.10 NapdganIsAUBLANATEULUUERINTIA (SEM)

n&sndldviniseieuimimesdunudeuiosuds Sahdunuimunly
dfiunisnsraaeulnsiaiiaganiavinauuund en Ingldndesanssmiuvudensia
(Scanning Electron Microscope) siauandluzuil 3.11 iiedaunndnuvazvoslassainsgania
Tuwdazuundonognsandon mInmraeudinanaseunqusuinaLLLdey dlolaveidu
(Base Metal) waziuavanuazans (Fusion Zone) Taudaunsassoszuindlaneviaesdiy
(Heat Affected Zone) a i uldvinsuiinaimgsannisdendas nieuantuiin
swanidoavedlasiaireganmaiinuluwiasiuiu deldidudoyalunsiieseiaunim

= = = A a ! a s dl' el' 1 U
VDIULUATDN WAL UTYULNYUNANLNAINNATNNTIUADINITLYBUNLANANNU

I 1 fa @ !
E‘U‘Vl 3.11 NABIYANIIAUBLANATDUABINGIA
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3.1.11 1a3aednAAnaudeganiawuuininesiu FM-800

nsnageuAanuuduuululasinnesdudunsiagldiedemaaousu Fv-
800 fanandluguil 3.12 1n3emeaeuauuduuululasinines lnevinisnaamaaey
asuuuudonvestueiluusagiumisimuasiui 6 99 wiseenidu vinalavzidon
(Weld Metal) 313U 2 30 USIMIANTENUTBU (Heat Affected Zone: HAZ) 91u7u 1 99
warvinalanggiu (Base Metal) $1u2u 3 90 Insldusana (Test Load) i 1000 of uaz
szezia1lun1sne (Dwell Time) Wiy 10 Fuil

Tagsumisnisnaasi uainuinunsenuiou (HAZ) Juludslansd ey
(Weld Metal) uazainiudanmadlugsuiinalavgsiu (Base Metal) Tnefszegvineseninega
fivnsnausaziundavady 100 lalasies dawandusud 3.1.12 nsnaaovil
fimquszasAiieUszifiudanuudadaluudazudnaveundenssauiug Tngdeda
MINANTFIU ASTM £92-82

Famsaaouiadianuudauulalasinnes fu FM-800 (§Ufl 3.12) vilne
msnaBuNu 1 6 90 deutnidien Uszneudae Uinalaveifion (Weld Metal) 1umu 2 99
USLIUNTENUSoU (Heat Affected Zone #1358 HAZ) 3117 1 qn, LLazu'%nmIamgm (Base
Metal) $112u 3 90 Tagldusslunisna (Test Load) 7 1000 gf tuiaan (Dwell Time) 10
Junit lneisuannuinunssnudeu (HAZ) wasduluTansidon (Weld Metal) 9nntiuasanil
Uinallanggmu (Base Metal) Tnefiszagsindlunisnausazqadi 100 lulasims mugud 3.13
dieuszdiumanuudsesiuinvestusuiidesnsinluutas i

JUT 3.12 insemagdeuinAinuwlwuululasinines gu FM-800
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Weld Metal

— HAZ
100 ym

Base Metal

SO0

P ° 1 ! < =
;JTJV] 3.13 GﬂLL%NQ"\!@W]@ﬂ@UﬂWﬂT}MLL‘UQ‘U@QLLU’JLGUGZJ

3.2 ﬂ']iﬁﬂﬂqﬁqwqﬁﬂﬁLﬁa%ﬁﬁNaﬁiaLLugL%QN
TumsvaassAnuiimsiwesiinadeuunion msidenuazmuaurimisiines
sz ndeniauddyeddsienmanvesiuaiien Tnslunsdnwdmniines
fifnasouundeuaziiatelunisdniunisfnu futelud
321  nsAnwwmnsfivesidesdulumademaises viia Nd: YAG

nsfnwmmsiwesidesdulunsdeudisaiesaiia NdYAG yuliy
ﬁmaﬁmum’wwwawﬁmas‘mé’ﬂﬁ'ﬁmam'aﬂsvmuﬂﬁL%am FeUszneudie nszualii
104,03 0¥ By SzEzaad (Pulse DuratIOﬂ) LLa“mwmwaa (Pulse Frequency) Imamw
IEifiunsfineminges (Pilot Study) Wovmeuaiivansaudmivmydwesvat

nansAnwiI eyl madmdiinedAniisefuiiAvunazdenali
msvasuaiaid eulsianysal vagdivnmadimesaaiullazvildiAndymnisnseidiu
vaslany (Spatter) 4 sdsnaideronunnvesuunidon daunisiuuaamisfines
fumnzaniafudssndudmiunmsnuauauamnadon sdunisinuni §iduldtmun
Amsfmeifiiedestuniadeonawesiwolud

e nszualiitvesniaaden (Current) : ifn 3 sey leun 120, 140
uay 160 wouuwys (A) ifistuiiay 20 ueuuys

2. SegzAwesiad (Pulse Duration) : fmual3dl 3, 4 uay 5 fadiui
(ms) istuiiay 1 fadiunii

3. AuRveIad (Pulse Frequency) : fvuadl 5, 7 way 9 1B3A (H2)
Wudufiay 2 (B

Tnsmvnaedldindesdomaiweduiin Nd: YAG Awan Ytrium-Aluminium
Gamet (Y-A:01,) Ludnanuawwes uarldufaondneudmivunaauuuadonuasdesiu
mafneanfindu sarnsluavewufaoiinougndalifl 8 Anssowd (L/min) vusdiaind)
Tunsdeugnimundl 50 fadwnsdoundt (mm/min) fagldlunimaasadosiude
wanndA1UBUsn (Low Carbon Steel) 1A SS400 mummgmqmammimﬁﬁu WaLaIn
\Wonaunulaalnsn 316 vuradusugudna1a 0.4 fadwuns (mm) 351518 eudildde
MafoNLIUALIULELNY (Bead-on-Plate)
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3.2.2  NISANEINISIALAINTNANTENUADAN WL VB ILUILYDY

139NN LAY NNSAN YIS TmasiUaenulunisi@suiaweasyin Nd:

Y

YAG Tushite 3.2.1 wazlaaidunisAneninsawNefAnaanseaunisIimesimusay wuin
PINAIVBINITITLABSHININANTAINUR Azdsnalvalntouvasuazatelalif wandaluiiy
n119e91inveaAI ol ouawes EIT Laser Schweissen System Su Smart 225iL Gadu
A3 0971 Ldlun1sneaesll annan1sAnwiuises HI33elamruavoulunAINIS NN 03
MAYIVDINUNSLTDULALYDS A9
1) s¥8¥na1veIad (Pulse Duration, PD) Myua?l 5, 6 wag 7 Jaaiud (ms)
2) AMuUBINad (Pulse Frequency, PF) fuua? 5, 7 wag 9 1850 (Hz)
ANSNAADILTLAS DT DULA DS TR Nd:YAG F9LUNAN Yttrium-Aluminium Garnet

(Y3Al5015) Wudinanwawes wasildnuuenisid ounuuLA UL LI LT U (Bead-on-Plate)
Tagansehalnil19iuzaudnsun1sdaui bvinisvasuazalefna As 160 wauwls (A)
n1sesuildufaaisneuiioUnaguuiundasuiazannisiineandndu launisivavesufa

° a a [ = . I = o v val a a ! =
gnimueil 8 Anseaudl (L/min) wazarnusilunsideugnaslif 50 adiunssouni
(mm/min) Aauansa1nnslnesnidlunisfinumeasdlunisen 3.3 Fedanldlunimaass
L a < = 2 o a la o a
dAowmaninsm P20 a1uu1nsgiu AISI Gadumani ldlunisudmduudduidanatadn
F AT UNUIUNITNAABITYUINT LUITUNT S 100 TaALUAS 817 200 TAdLUAT LATUUD
10 fiadwns dmsunisvaaesil adenildidumaningn P20 vuimdur1ugudnan
0.6 4adwuns (mm) Inen1563 Ul 5115 AULUIVUT W91 (Bead-on-Plate) @ 98 Nwaly

a = A v ) a
MsAuLUITeN LA suAnaagUR 3.14

a ! a 5 = a sala W 41'
MITNN 3.3 ﬂ’]WWi’]llLG]E]iVIIﬂUﬂqiﬂﬂ‘H']WWT]ﬂJLm@ﬁﬂﬂmﬁﬂigﬂUm@aﬂﬂmgﬂ@QLLL!']LGUEJZJ

1915003 A UG
STeLLIANvRINad (Ms) 5,6 uay 7 Wauulas
AR URIAd (Hz) 5,7 wag 9 Wasuwlas
anszudlniihvesaIeadomawes (A) 160 Al
gnsINsraveswianisnay (L/min) 8 Aafl
aaslumsiden (mm/min) 50 Al
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Laser head ——
Filler wire LaSer beam —. +— Shelding gas
— Melt poo!_ _Weld
— _—Weld
Base Metal

JUT 3.14 MSIBNKUURIUMNULILIUMEIATOLTRIAIYES

a 4 va a
3.3 ﬂ']i')LﬂiqzﬂﬂmﬂNUﬁWqﬁiawz'JVIﬂq
lumsfinwiasall MaeseiauaudividlansIng1vetumnuinsmaaenlasy
msiWensmelawesviia Nd: YAG luduneudiAglunsuseiiunanssnuvenssuiunig
dll 1 v wa o a 6 % LY v} 1 Q’lj
WeowsolassaduarAanURvesian lnensinsenizdsenaulumeiitenwalull

3.3.1  N1SASIEBUNINIASIESI9NI9lansInen

¥
2 a a

nsfnwilassadiamidlanginerlusuided ingUseasdii o
Tassad1aumnin (Macrostructure) waglasea$negania (Microstructure) UeduuaLd o
wazlanegiu daaztasliansalseiunansenuvasnsrurunndouiifind ulutanld
g gNRas NawTsuiied sdmsunsfnunislassadias uannisind uedlésy
mMadeumuineiiivun Tagldiaios EDM Wire cut $u Mitsubishi MV1200R Wire
EDM iielléTusiifivuamngandmiunisnssasunlangine Tnsdusuazgniu
3ou (Mounting) fauansluzuil 3.15 iiletiosfunsunninuieldeguestuaulusening
nstauagiansn solu Furuikiunistudouazgndaneny (Grinding) Faenszaumae
WoliASeu newazdnien (Polishing) AREHIFNVAIALATNIBEgiiuiTuIn 0.3 luAsey
WawmSeuiiuialimnzaudmiunisinnse (Etching) daensalumea (2% Nital) §eazqe
Dawelassairondanginewesnuideuuaslanegiu

JUT 3.15 Fuauisiunisduseu (Mounting)
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deturuaiaiunszuiunaeioudesnaud awgnilunsaaeulassadig
uvnasendesganssriuuultuasisie Carl Zeiss Ju Axio Scope Mat ilaAnwndnwas
yaslassaddluseivavnng Tnsanglassaavosuuidounarnsuenusssenindlanggu
werloveiden sudsmsUssdiuauauysoivonuaden Tutuneusisly agvhmsiadmmunds
nazamgesuundonlagldlusunsy Image) dsuanslugud 3.16 ilomAnmTea
(%Dilution) Fudunidlugiusdfiddnylunisussidunanssnuresnszuiunmaidon saufs
nsfuuAeufeuiitidgiunu (Heat Input) Faduiladeiifinadonuanifindlans
Ingrvesianfifon FansnsraaeulassairamanauagnssiuanARng q waidazdal
ansaUsziuaun LAY UsE VB A MYRsnsTUIuMadeulfegsaziBunuas Tusyuy

| AUNIY |
-1 | | ‘Weld Metal
A2EA _
{— HAZ

{— Base Metal

JUN 3.16 BM3inA1ANNnIauaEANgLLTeN

3.3.1.1 lAssasaunnia (Macrostructure)

N19M52989ULATIAT19N19U1AIA (Macrostructure) AAud1Agy
og198sluaided iosmnlassadmmniaraeliisansndsy fiudnuasuas e aaus
vouund onluserufianunsaneniulddennuan wu vwin anussudsu sauds
mnuaysalvesuuIden mainwilassaiamninazdaelunsussiiununinueinisidon
iy Msuenuersnindlanegulaglansdon aaenaunufinInsiadeunsiindaunnsos
Tunuaden 1wy m3uanvsenisvaeulilauysal (incompletely Fused Areas) #3an1siingnguy
(Porosity) Fio19aunanen LT we By

nsnadeulassassunaIndansaglunsinTzinanszny
gaamsfiwesine q Aldlunsidon wu nszualiiih Anudvesiad warsreznavosiad
fionatinasonuanysaivesuanden lnonsfnwidnvazvesassaiiaomamaaiiusng
Tuuwad en sxvaelfaunsalsudunisnszaevesaudouluiuiinne q vesduay
uazaTaeUAMNdIRLS s iweililagauninveinisidon

uenanideanansaldlaseamniaiedssfiuninieswedany

(Dilution) FalutladedAylunsias1esiuss@nsnneenssuIunsidion INs1EN15130919
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fmnzanazvaslinind enfianuudeusuaza uant@i dnuiseinis nsnsvasy
Tassarvmanniedssiunumddglunisssfiugaamlasuvesmaideuuas i
wadlalunsmuauauatRvestanideu
3.3.1.2 las3ain99ania (Microstructure)

n1sAnwnslansineluseaugania (Microstructure) Hunuin
adlunsiinssdnansgnurenssuiunsdeondidnelasaienigluvedans nsane
Tutsnauuadon wadlld$unanszvuainarmieu (Heat-Affected Zone: HAZ) uazlavizgiu
(Base Metal: BM) 4 slassadrsqaniawmaniidsmalasnsssonuauiidna anuudauss
LAEANUMUNILTIT U LN N T 0w

Tnglunsnuil §33uldldndesganssmididnnsounuudasnsin
(Scanning Electron Microscopy: SEI\/\)“Lumammaauimaa%’wqamﬂsuaaLme'?'am
Tng SEM 1duiad osdofilinnauazidongeniindesganssmiuuulduas (Optical
Microscope) aelanunsaiinsiziseasidonvesiasiasiamdn susuunsiduiivedlany
uavdnunzvenietanlusziuganialdedetaauunndelu nsasaaeusie SEM el
awsaUszfiuunwvesuuIdonldegiausiudy Wy nmsnszanefiveanalunuiien
mswAsuaedlassaiadEn warmsiiawansnRanTioNvdsaronuuds o
vosan el maFeuiieulassadsganiafldannmsdivedmsdouunndteiu e
Tumsdeniteulsivnzanfigndmiunssuaumaidesdeunsifinn P20 felawes Nd: YAG
IlonanIngan

33.2 mInssunuauiAvatuden

uananMslaTzRlasasamlanginevislusyiuamaauazgan AL
MsnsIseUAmaITALsnavesIt endsilauddneg1addunsussifiuussansam
¥94n55UIUN19L7 ou TasauandAidsnaaiunsaazyioudaniiuud swse arununiy
LarAMNINYBITEELT ouTi i ann1sUTuA sumsdimessine 9 lunszuaunisidex
TunsAnui3eldvhnisiinsiedaininanionns (Dilution) Aranudouiitoundigdusu
(Heat Input) waz@nwAinuudesdunuiiiiunsden weldidunasilunisusaiiv
uaziUuiisunavesanzmadeniiuandatuograduszuy

33.2.1 MTIATILVAIAIINTBN (%Dilution)

Aranudeansvelany (%Dilution) luf T TaUsunalanygiu
fnaudrglansidunendinnden dsdmadenuansivinavesuuandon wu anuuds
wazaumier MsnsuatanagisliamsanuaunszuIun sl ealwldaunmn
AIUA09N1T wazUsunsiiwesiiinungaulsd lasa1Ai1uieansveslany (%Dilution)

anasaAaleNaun1Ti (1) asUSRNINUTNITAIWIY Lansdssun 3.17
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B

% Dilution = (100) (1)

(A+B)

/-Weld Metal

Penetration

Base Metal

5U# 3.17 anadeansveslane (Dilution)

3322 maleneiaaudouiiteudngtunu (Heat Input)
Tumsideudasiaieed Nd: YAG Usmnanrwdouiivoudigiuau
(Heat Input) fiunumardaseamnimuauuaBosuaranauRnaTesiuy 1wy At
wsaBamieaseninddane uazlassadnegania msmuauUTiunueulieylusydu
flimuizautisannisiindeunnses 1y n15uAni1 n3egngu wazdwaliuuidey

A uAINgsLazaa1Laue (Bhardwaj et al, 2019) nseulsiA1AIuTouluuIdeil

Tgdmsunseuiuns@ouwuy Nd: YAG Pulsed Laser @9a1unsasunadlaainaunisi (2)

o (PxTxf)
= y x N (2)

lagfl HI Ao YSinaueniuSeudngfunu(Heat Input; J/mm)

P f ﬁﬂﬁﬂlﬂﬂ’]iﬁd@@ (Peak Power; kW)
Ao svagIauead (Pulse Duration; ms)
Ao AuDvead (Pulse Frequency; Hz)

Ao Arusilunisifuwuaiden (Scanning Speed; mm/S)

S < T

Ao UszdnSnmnsitien (Welding Efficiency) winfiu 1
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Tunsnaaes §Adovinsinnszualiiiveanionawesiounandiitnes (Clamp
Meter) §u Keysight Technologies U1213A @senitldageaglumitenouuus (A) usiilesan
AUN15AIUIR Heat Input Aosn1sannastii 1 Tunulealates (kW) Tedeea1ulen
Wedsuulammheveanseudlni Insanunsafualdanaunisi (3)

P=VxI (3)

Taofi P = el (W)
V = ussiulaih (v) veurdonion
| = nazuali (A)
3.3.2.3 mManadeuaANLdIvestuIL (Hardness Test)
nsfnwnmautinInavesuuidomutuneuddlumsusidu
AMAIMYBINTEUIUNTE oudagtalres Tnglanivesed srarnuuds daazsiouds
arwannsolunsiumunsdeslrestagmeldusneditmun Tumsfnwaded §3deld
afunsnageuanuudsvesundoudeislilasinnes (Micro Vickers Hardness Test)
WeSeuiisunnuudsluusazuinaseanideunngamiinesnisidoniuandnaiu
Furudmiunimadensgnaudisdiuiuianun 9 Gu lnedudunis
nagoumeiniasinAAuLdanawuInines u FM-800 Falinaumysmsiisfingil
4UBaR 136 91 TMAIINAAIUUAB LU HuNSEUIUNISWTBuTiuAY 1dud n1silageu
mMstamey uazdnazidonauldiviidiSsuaiiaueuazagyiounadldfmummnsgiu ASTM
E384
mMsnegauALLdeniunisneglansang 1000 n5uusae (gf) Ineilsyaviian
Tunana Owell time) WU 10 3unft dmiuusiastunuazinmsiaanuudesung 6 0
Tunuvnawesuunden TnatsuduainuInadvdnanuieu (Heat Affected Zone; HAZ)
$1uau 1 90 daludsudnuidedon (Weld Metal; WM) $1uau 2 90 uazuiialavggiu
(Base Metal; BM) 91u3U 3 90 lagtiuszesyinaseninaunazaawiniu 100 lulasiuns

ﬁmmﬂugﬂﬁ 3.18

‘Weld Metal

— HAZ
100 ym

|— Base Metal

OO0

JUT 3.18 AuniIUeANAEUAINNLTY
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Teyaranuudeildannisialundazaaazgninunduianiad suazuanina
TugUuuulusividmnuudagania (Microhardness Profile) ilouamauualifunaynsia sundas
YOIAIAIULTINADARIITINVBUNTON NTTaTziaauwdluuTsig q finann
PglansaUsziiunansnunnmaiinednisidoudelasiainganiauazanautiiana
yoaseeid eunldotrauiugr dadudeyadidydmiunisusvuguazifiuussdnsam
YoInsTUILNSIToNMeIaees Nd: YAG
3.4 MFIATILIKAGILEAANINANAAIENS

Tumsidvadsil {3deldiiliunfieneitoynisaifidolinmsiinmginimaaes
LUULNYIBSea (Factorial Experiment) WieUsiiunanssnuvassiulsiuusazs siud
Ufduiusseminsiuninadenanmuesuideniliainnszuiunmadeuseiawes Nd: YAG
Tnsmsingvideyadidunisiulusungy Minitab nostu 21.4.2 Jaduedesilionsadia
Aldsunssensulusmidemsimnssusgraunsvats Tngnisvnassesnuuualuguiuy
winne3uatfugUiuy (Full Factorial Design) @ a1 uuuy 2° §wmunedadunisnnass

ANITUIRMUTAUTILIU 3 U238 Lawn

Yado A: szevnavesiad (Pulse Duration: PD) i5esu 5, 6 wag 7 fadiunfl
Y998 B: Audvesiad (Pulse Frequency; PF) fisesiu 5, 7 uae 9 15509
ade C (mndl): sganunsoszyidnldnuiunnsveaes
Ms3Aseinansed A sanisedunnud ey 95% lasBanasian P-Value < 0.05
L‘ﬁaiﬁumaﬁmauiaadﬁﬁﬂ%’w%ﬂﬁé’mﬁuéﬁwdwq{ja%’aﬁ?uﬁmaﬂiwuaﬂwaﬁﬁ’aﬁﬁmmﬂaﬁﬁ
3ol uazlunsiaszvinadws mwlé‘lmmmﬂwammq 0 WieUszIiungnieq
YOI AR ALAT IR UANRT UL il
1) n31M Normal Probability Plot
Idmsunmadeunswanwasaesdeyadnduluaunisuanuasnuuind
(Normal Distribution) 138l SadudeauufiddueinsimssimnuuwUsusnuwasnsines
nInneY
2) N9 Versus Fits
19 dmiunsvaeuaunlsUsIuvesteyaldauaianeniolyl
(Homoscedasticity) Inggainn1snszanesesAnaiaiadeu (Residuals) sousfininnisal
(Fitted Values)
3) n51% Histogram
[fiansadnumen1InNIZeveIAIAaInRa s I lNAAEITUNITLANKIIRUY

Uninsali
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4) n319 Versus Order
iemsavaeuamiudaszvesioya InegnsnszanevesAinainiad ou
AINEIAUNTNARDY
FamsiengidinanilinguszasdiiessyUadofidmaronadnsveanszuiunis
Jenetnsflduddn nasnsuannsaideyaluldlunstauiuvudiasmisadamans
ioviuenadns wasltidunumddunsimuamsfimesimngauiigalunssuiunis
Fousald



uni 4
NANISNAADILAZILATICANANITNAADY

mAdeilddidunsmassnfiolinmsinansenuremniweimadenfiuansng
fudenuinuuzvosunion aludulassairondanginelusefuannaiauazgania
ifmﬁq@mamﬁ’&%ma%aﬁumu TaglomgAauLiaweauiinueig q vesuuden nmsfnw
dldnsednasninisnmusauaden 1wy mnuniie erwgs uazAuAnvaIUINN
AAan1IMasNazay Lar LINYBIUIINT LA UNANTENUIINANTOU (Heat Affected
Zone: HAZ) iloUssifiunmuninaasuuidouiildannisldmsiivesiivarnvans visludu
Szuz1Ia1v8INad (Pulse Duration) wazaudvesiad (Pulse Frequency) tneseaziden
YomaNINARIArNTIATinaathiausludesselud

= F% a
4.1  wan1sANEIlASIES19IelansIngn
Tun1sAne It A A UnNITILASISVNANTLNUVDINTLUIUNITT B UAIELALYDS FTA
Nd:YAG solaseas1slanginervasndnuwdiuidanaiafin AISI P20 Tney sidufne
nswWguwlasiiiafudnuuriwieuidlusgiuumaia (Macrostructure) Wagseaulania
(Microstructure) Wi @UsELIUNATBIAINITITLADTNITLT DUNTANUUANANA U DA NN
YDILUYDY
4.1.1 WanN1SANEILASIAS19NNN1A (Macrostructure)
Tun1sAN®IANEBULNIINIBATINVDILUIT oL TUAITNARDIT TANIITUINE
a sal o o v U o 6 . a o s
YoIN151dmesidIAey laun szezaaiiad (Pulse Duration: PD) wazAi1udwad (Pulse
Frequency: PF) lagdin1sA1nuaa1nis1dinosn1un1s9n15eenikuun1snagasd 1neiin1saad
ANNTEWE AN UL ANAINTUNISLIT DU L N1SUaRUaLANe7A AB 160 waukls (A) ki
¢ =~ a & a a ] a . & N
g1sneuUnAquLUIBNnIslvaveuian 8 Ansrewndl (L/min) wazadnusilunisiieugn
50 JadLUAseaulr (mm/min) TagaNPUENIINIgAINYDILUT 8N T UALTNISILATIZY
LaznTIvde Ui aANAIundosganssaduuulduas tieliiunmlassasanisludusu
28197741 1AUS18ALLDUAVBININIASIAS N LEAINNITNAADIAILERIIUANTIST 4.1
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AN5199 4.1 NSRS ULUAILASIASIIUNNIAVDILUILY DU A BNISITLNDT SraLIaWad (Pulse
Duration: PD) wagaudiwagd (Pulse Frequency: PF)

W’Ii']illfﬂa% ﬁ’]l,a?iltlﬂ’a’m

7 | Pulse Duration | Pulse Frequency ANlATIE3N9 NI19Y09UUD

(ms) (Hz) 19U (um)
1 5 1,672
2 5 7 1,781
3 9 1,895
q 5 1,760
5 6 7 1,850
6 9 1,983




35

AN5199 4.1 NSRS ULUAILASIASIIUNNIAVDILUILY DU A BNISITLNDT SraLIaWad (Pulse
Duration: PD) wazamudWad (Pulse Frequency: PF) (5i9)

W']i']ﬁlﬁa% ﬂ'ﬁtaﬁlaﬂ’s’m

7 | Pulse Duration | Pulse Frequency ANlATIE3N9 NI19Y09UUD

(ms) (Hz) 19U (um)
7 5 1,801
8 7 I 1,945
9 9 2,012

ANN15ANYITUAITIN 4.1 FIhaAAINaY8IN15 U sukUaInIs1Tnes
szezlanfad (Pulse Duration: PD) WazA N wad (Pulse Frequency: PF) sialassas1aunnig
VDUUWTON NUT WD TTNBILDNSNALALATHOTUT AT VUINVBILWITDN Tagianiz
Tusuaunitwazaudnveaiuid oy dadudadedrdny asioudsUssdnsam

A P ¢
YRINTEVIUNSIDUMBLAKDS Nd:YAG

lngdein1siiudl PD Ashansluguf 4.1 LanIAafunINundnaednun
Wl WasULUAIIINAISLELIa1Y9Rada1N 5 Hadiund Wy 7 $a33u1?l wuiiauning
DU DU U T UANTUDE9TALAU ULLBININNTLELIANVDINAAAINUSTOUNY1IUIY
Yy Mlilangdnatlunisgadundsnuiasvasuazatoiivuntu luvaeinisiiua PR
910 548509 (Ju 9 18309 dealidruiuiadaiuiouiiUaesoanuinenyisiang sty
Fallgnsaraundsanuanuauusnuluenin gy naansaina1iliiinuuiien
PP X o ' v = = v P )
nlvunlngdu Meluwivesmnunitauazanudn lnsanzileldan PD uay PF Nszdugs
52U LU PD WinAU 7 3ad3undl way PF Ay 9 185ad avdmaliuuidonsivunnlvey
a a
& A 2,012 um
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2,500
=
= 2,000 — "
3 e ] N
20| NI N\ &
= 18 N | § NN | PD=5ms
§ §§ ; N | i
S N
v N1} NN | AR
& 1,000 N\ \ | Y PD=6 ms
s N} NN |
& \:\\ ’ \ 3| B8 o
% 500 N N | & []PD=Tms
< I\\‘\ ) \l.\\.\
N[ N
0 N ] AN
5 6 7

Pulse Frequency (Hz)

JUT 4.1 ANLRRYANNINTBMUATBNMUNTHmE SNWANF1aY

= ! a 3 ! = & a o w a b4
FINIAIVANAINIIIANBS PD Uaw PF agramnsauiludsdfty nvaelv
lauwndauniananyuen1uifeIns NIULIVTEIAINNTIE AINEN KaTENITINITIBN

FILA AR DANN NI UTBNLATIN FMTUNUT aNYoURINUNAANAERANLNTA P20
AfInN15ANRI UG ILAZAULT T IWBIRUAT aNgY N15UTUAMITTwesTHmunay

)}

IS °

JeflunumirfyedisddumsifisdszdvBamiardneny msldnuveauifuindsnsdouues)

Inguena1nHaveIn15IUa suuUasA M58 1mes Pulse Duration (PD)
waz Pulse Frequency (PF) fidenanauunnainuninuaranuantesuuiidounds §amuin
msdenlinniimesuisneraneliiiatounnses (Defect) luuundou 7sazviouds
Aanuldwanzanvesa i sdmeslunisldaiuaie lnglunisnsiagevlaseasaunnin
yesuunTeudendosqanssminuunas fideldfansanawanysalvesuuadeslunsias
n3tlageneiden

NNANITIATIZN WuIuBd endiidnuazauysal Unmandeunnsos
voslassadiamnnn asfindudeldan PD 7 5, 6 way 7 TadTundl Sauffud PR 7 7 Bnd
fadurrdiidmwalimavasuwagnmaduiielansiaruseiiouarainae ogslsfin
doldan PF 4 5 18904 uag 9 1Bsnd lidnezdugduan PD lafima wuduwadoudlé
fidounnsomalaseaine deszyldindudnvarvosnaidudulianysal (Incomplete
Fusion) fauandlugudi 4.2
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Incomplete fusion defects

Ko £
]
200 ul.n j

B

U7 4.2 SnwagveswuIeNinn1sRullauy ol

Tounnsasfananagiouliiuionisvasuazareilifiemeniolideiiios
synindlanggruuaslavsiiu Jaoraiinainndauanuiouiinszedalimngauvioll
allanonaonnszUILNSLd ou denaliuinuuuind euldaiunsod oudszaudule
ogeauysal faifu wisfwesAneliifn Defect fananndsdednluiivunzan uazarlign
inlldlunsmeaeudauudowuidaslutunouseluvesniside

Fanrsisandeunnsewweswuid sududaruddalunisdaden
wisfiwesivszaniannazlinadniimnzauiiandenunmussuden Tngiany
TunszuIunisid eud suua Rum i f99115A210UL UGIGUATUTIAIINANUANT B9
malassad eiliieliuuaidoniinnuudusuarannsasesiunsonmanaldlussazen

4.1.2  wanmsAnelaseainegania (Microstructure)

Tun1sdnwidnuaelassasnanieaania (Microstructure Investigation)
vosuundon §iTelddndunsnioniiuivesd ununut ureunasgumslangineg
Tnsisunnisindamirenszatunsieiiaumgiuseausg  laanmeulvaziden
MUt uadersezgiiu (Alumina) idvuineynia 0.3 lulasiuns uagHiu
nsEvIUMSAAnIA (Etching) Lilawngliifiudnwarveslasiaiiganiaegsdaiay Aeuazih
fregefnisuaduddngnisnsivaeudiondeaganssaididnnseunuudednsia
(Scanning Electron Microscope: SEM) LﬁaiLﬂi?zﬁﬁﬂwmﬂmqa%ﬁﬂﬁ;amﬂiuﬁL’Jﬂm'w 3

YoduuIToNoE NaBEn N13RTIvdeUlATIEsIWNganIAauIsanUeenlaly 3 usiiu

[y

wan fawanslugui 4.3 Megrauinalunisnmsgeulasiasimdanginenseauania

YDIVUIU
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Weld Metal

JUN 4.3 ushadunisasiaaeulassaiandangine)

1) vinaudelansifen (Weld Metal) iuuinaiiinandonazarssuiu
Taviggu wazudeduduuundoulnl Tnednumglasiadluuinadinuandsifiuniain
wAnlvsifTan vz

2) usad ldSunansenuaina 1T eu (Heat Affected Zone: HAZ)
Wduvsnaililignuasuazatslaenss wildsunansenuainawioulussninenisidey
dwaliAnnsdsuadasaiiname deinadeauifidnavestuny

3) uStalangsu (Base Metal) WuuSinmvesianulfuniAud lau
wanszyuanALfoutioeiian adinsinwlassairsganmadulildluanimfumnian

MnmswUsitufioonuuiine 9 AUdnwEURINTEUINNS T on VI
annsniinneiuazUTsufisuanuldsunlasiiind uldesedaiou dadeyailé
Mnnsdnudarivsslenidenisvhanudilanalavenszuiuntsiden swiwanseny
soautAidinarosdunudinisdentng lnadeviinisnmadeulasiaiimisganinves
Furundosgamedidnasouiuudensia (SEM) S5eaxiduassil

0.1.2.1 vinmudelavsden (Weld Metal)

lassasrsganialuusadusingidu ezd@qa1s unsimuled

(Acicular Martensite) 15l nwauzinsuAau 19181 (Coarse Grains) Aauanslugun 4.4

anvazlassadimnganiavinanielazilon Fufnannisnlansnasuazalewd g

ludnsinisidudifiawnnaieldndsnuanuieuiidriaanzyavesunasiiilaaiges

lnssadnes@fians unsinuledluvinailinuaniandanuuduasanulsnzge Wewn
a ! < ) L4 =] !

nswWasumasgresiasinnesamuludllidunnsmiledlaglaiinisunsnszateve seznay

(Diffusionless Transformation)
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s

o

d Meta
o

JUN 4.4 dnwaurlaseasimeganiausinilelazideu (Weld Metal)

4.1.2.2 UShuRanTENUIeU (Heat Affected Zone: HAZ)

U3nal HAZ wansdnwaiglnsiadreiindondsdutuiiolansidon fie
avdmnans wsmules wuiy uadinnuunnsisludeswes swneunsuiiazdeania (Fine
Grains) Bufunaninmisiiusnaillildgrvaouaranslngnss udldsunrmdousuissdy
FAamsUasua wazdusmludnvazedstusulansidon wisnsmsduazlndifusiu
witilea91n HAZ Lifimswdesuaauzainvesudaduvosnar Iouihlitigaiudunisnes
YoENINNTY dawalifiAnnsuiidnni daanslunmi 4.5

Tnssasansulediisinsuasdonly HAZ Suuiliufiaglianuuds
figutuieatuusnadeden uiasdaruszdosnindndesdefioutuuinuiiing
WU LileaninsuTiasiBunaiinsatiensza BRI LAuLAZE U AnTes s ld AT
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PART T A SR

Weld Me‘ga

SUN 4.5 dnvaiglasaainmnganiausuunanseuieu (HAZ)

4.1.2.3 U‘%L’mﬂawg’lu (Base Metal)

nsnsrsaeunlangingiseduraninresd uud ey uang
lassadrsganiavesnanudinsinaiain AIS| P20 luusialansgiu (Base Metal: BM)
aelamdwens 1,000 Wi Tneusnganvaglassasiadu usmuledauln (Tempered
Martensite) fauandlugud 4.6 §udulassadneildainnszuiunisyuudawazaulv
Tunszuaunmswdaiuvesian lnelasiadedidnsasndundnasdoafiiiunisnansanin
wannfmledau sililauauddulusueuudagesniveumideiidlusefuni
wanganfumsldnunfe s ALUNUABLSINTINN 19U wifusidananafin

SEY 18KV WDT5mipSsss -
R TE R 2 IR st S e

JUT 4.6 dnwauzlassainmnaganiauiianlanggiu (Base Metal)
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Fevsialavegiu (BM) fogvinsainuund eusnnwe Falaldsu
NaNTEMUINANNTeUTBINTEUIUNMTIT oy dsnalilaseainaganindsnsegluaniniiy
v3easunlaafivadntios nande iy tempered martensite uLieaiuTag.fu
Aounsidlen aansduaiivsnmuesianneldnszuiunsifonsieiaines Nd:YAG fimun
nasuaNNFeulsegdinRnIzya

= wa =
4.2 HNaNIIANWYIAUENUAVDILUIILYDY
nasnlevinnsnwanwagnislassaiiwesulonlussiuyaniawazunnia
W TumausialuAen15iATIERAMENTANINALAZTINTEUIUNITVRIMUILTRN Fellunum
ARty oN15UTEITUANAINYDITRLLY BUT LA AINNTEUIUNTTY ouA8LaBS Nd: YAG
Tngiannzlunugeuudiinindoinisanuuldudgawasanuidenasinas
4.2.1 Wan13IATIIAIAIINTBRNN (%Dilution)
N153LAT1ENAIAINTB (% Dilution) dadudrAglunisusziiuamnn
L ey lognglunszuiunsieudonualiuineLaLe3 F9d0auANsnTIdIUNITHEY
sy n9lang i ugu (Base Metal) wazadniay (Filler Metal) T og Tused uil inungay
[ = A a o v a 1% g a
ArrMd e aaiulyeiavilvlaseassvesiuid eund1elane N ugiuuiniuly
A1 a0 a 1 dyd Al 1 6
YuenA A AulUeRUtanaeuTINtldanysal

va o

Tunuideil I3eldlusunsudszarananmganssallunsiniiuiuuiiey

Insutseanduaosdiu toun funiveslansfuiinenagivieflanegiu (Usn A) wagiui
Yodlavigguingnuasusin (Usa B) datandugun 4.7 Fadeyadnaridunlglunisdniu
9MTINSTBINN AN (1) togransenUsoauTRidnauazlaeasNawuIon

B

% Dilution = (100) (1)

(A+B)

Tnedn A A NUNNTUUNANISAaNazane (Area of Molten Parent Plate)
B

NUNNIMNAIARNIIHaRNazaiy (Area Enclosed by Red Line)



Weld Metal

=

JUT 4.7 USINMSAIERT118919 (Dilution Ration)
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lnglun1snaaeaidulaiinisinvuaiiui A uag B auaun1siiediunAuiaens,

115439919009 UNUTULFaEAMTISNLNS TANaNISAIUUAILERIlUANSINA 4.2

AN197 4.2 ARATNISHIDINUSIULBLaEIBN (%Dilution)

WIALnDS Aadensideansusnanilelansdou Dilution (%)
PD=5 ms, PF=5 Hz 28.7
PD=5 ms, PF=7 Hz 32.5
PD=5 ms, PF=9 Hz 32.5
PD=6 ms, PF=5 Hz 32.8
PD=6 ms, PF=7 Hz 28.5
PD=6 ms, PF=9 Hz 36.1
PD=7 ms, PF=5 Hz 31.0
PD=7 ms, PF=7 Hz 36.5
PD=7 ms, PF=9 Hz 33.2

ALade 324

Taga1nuani1seualunisei 4.2 wansliiuaininuideansadsusinaiidelany

o (%Dilution) NETANISITLNBSNLANANAUVDIAYI9WAE (Pulse Duration: PD) hag

Audvead (Pulse Frequency: PF) 3aA1A1i 99 1u@R e avinaglugiasening 28.5%

014 36.5% lagilA1adesIneg 32.4% WoNansanuwenauysiad (PD) agnui

1) PD = 5 ms ¢ Dilution ogllutias 28.7-32.5% laefluuiltuddefiuanud PF

970 5 Hz 10U 7 Hz An1staeaniiuau wadlaiiylus 9 Hz Anldiasundasunniin
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2) 7 PD = 6 ms wudien Dilution Seudusausnntu Tasdl PF = 7 Hz fdshanfio
28.5% waued PF = 9 Hz WWiehgeanlunauild 36.19%

3)4 PD = 7 ms A1N1513091908 U9 31.0-36.5% Taewuin PF = 7 Hz Twie
madergefignidodivuiunafime Buiamn

Gennuualiutnedu aunsolenesdldd mmadensdamudiniusiuisszesioa
Paaaduaraiufivesiad lnslanizlurag PD 128y (WU 6-7 ms) wagArmidigedy
(1 7-9 Hz) avdwmalvindsnunuiidut g unudeniisnaiminiu feo1aviliifa
nsvaendninnty dwaliuialaeguiineounaufumnfuiidadiuintuny dawal
Ansdennadfivgidu

ogalsfinn e Dilution figaAuluenadenalilassafrauundenddnulndides
fulanggrunniiuly eenalimngaudonuantfnngnisesainidy lumenduiu
AfinAulufonndwaliuuad eulufieruudusafivme dufunismuaumsfimes
nmadeullddnadenduisivmnraniadudd fydenunimvesmatioudouusifum
Fefumnafimesilimnndorsegludsfivmnyauiunisdoudouusifast Tiun

1) PD = 5 ms, PF = 7 Hz (Dilution = 32.5%)

2) PD = 7 ms, PF = 5 Hz (Dilution = 31.0%)

3) PD = 7 ms, PF = 9 Hz (Dilution = 33.2%)

Taganglunsalveanisidmes PD = 7 ms, PF = 5 Hz Gﬁﬂﬁmmsﬁamwﬁﬁqm
Tunguilfienanuieasedludiamngan viell arnsieanslurisUszana 30-33% Foudu
spfuivgausdenindondeuuifunt iesinainsamuaudinsdunsnauseninslany
grusazmadnlieglussiviilinssnusonuantfidenauaslnssaiswesuuidouunniuly
Snadsanlonalumsiindamainansenurennuden Wi Msuaniiannsas
vadlanzid ouuarmsidsuuladlassaieganialuuinunansenuieu (Heat-Affected
Zone) 3@1150na13e MM EWes PD = 7 ms, PF = 5 Hz danuangausanssuiung
Hovdeuusifaniunnfiaalusided

422 wamseneidanuieuiitoudigiunu (Heat Input)

A1AuSautIdT (Heat Input) 1umisdmes dd i ldussiduysunn
n¥snueufousignandrgiunulussnitenszuiumaiden lasanunsodunldanaunis
il (2) fostolud




aq

Tagil H e Usinauaufeudigiueu (Heat Input; J/mm)
P Ao Adsliihgegn (Peak Power; kW)
T Ao SrazIa1vesnad (Pulse Duration; ms)
F Ao Audvesad (Pulse Frequency; Hz)
% Ao Ausilunisiiuuuadon (Scanning Speed; mm/s)
n Ao UsAnBamnisiden (Welding Efficiency) winffu 1

Taedn1sAunuLUasmuleaInsehal Nl v94A3 9 LaL DS N MU LDULUS
A Wunedladad (kW) Fanunsamuiulsainaunisi (3) gegaluil

B &R | (3)

Tnei P = masludl (W)
V = wssauluin (v) YoaLAsoT 0N
| = NSatNAn (A)

'
= v {

Feansnanandldlunisussinaianuieungnaemanuvasiiiaaiges

Y

a a

Lﬁi’hgjv'ﬁyuﬁl,l,ual,%'am'amaaL:um Tnefiansaniafidandany szoznainisUsesndsany
warAudlunsBavadiduius fuanudlunsiusuanden Jaduiaduddyiidnase
n1sviaeNazagvodlangIukarIanLAY iauﬁa@mmwmaqLLmL%amﬁLﬁWTTu wazludnw
npaeis lﬁﬁﬂmiﬁﬂmmmmm%’auﬁwﬁﬂﬁL%ﬂ@j%uQWuL%amaﬂﬂﬁwwwiwﬁLm%@i’m 9 Toeld
aun1siananlun1sfuin Fananisiuanwansldlunisied 4.3 m1519uanInIsiuIY

| 1% o v a a ¢l v o &
ATAIMTUIBUUNYINNITIULEODINLLEO AR INNU QQW@VLUU
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AT 4.3 MIAUINAIANTaULIL (Heat Input) IWNsNEnosiananei

No. Peak Power | Scanning Speed | Pulse Duration | Pulse Frequecy | Heat Input
(kw) (mm/s) (ms) (Hz) (J/mm)

1 53 1.2 5 5 110.4
2 6.7 1.2 5 7 195.4
3 7.5 1.2 5 9 281.3
4 57 1.2 6 5 1425
5 7.2 1.2 6 7 252.0
6 8.2 1.2 6 369.0
7 6.2 1.2 7 5 180.8
8 7.7 1.2 7 7 3144
9 8.8 1.2 7 9 462.0

1AANINNTAINT 4.3 wuiidiaudeuiudluudazyanindines
oglutassening 110.4 - 462.0 ya/iladmns (J/mm) lneiluwliufidaauin dranuiou
thidhagiutudedininfiueidslniihgsgn (Peak Power) szaziiaiad (Pulse Duration:
PD) wazA1ud vaerad (Pulse Frequency: PF) @ auansfeninuduwuslnensaseniig
wsfvefvaiiuuiinamdnuiidudngiun

TngAranufouindnidanumzandvanudoutonusfinifiviantas
P20 Sumsfimanufeuininiligufuluniesuauly wnegmnaaudoutdn guiuly
witldmanaeuazasvedansiatuinniuly SsorahliAenisueeduesuinadldsu
NaNTENUINAMLTOU (HAZ) nTenisazarodniiunudndu dawaliifinaanudeq
TunsiAndaunnses Wy nsuand1amsenuudeussanas vagddraiauFeuddn
auAull enavhlsinsvasusiuliiauysel dwaliuundeuiinuniwsiuas lsiaunsauszany
Fanldfvinias nsmuauainudeutnd liiunzandwdud sdrdglunisd ou
douufiud Kuiuanisdwmesiliainnuseutindroglugasdimnganduiunadou
Pouwliun taun:

1) Pulse Duration = 5 ms, Pulse Frequency = 7 Hz Gﬁlﬂﬁlﬂl’l Heat Input
Wiy 195.4 J/mm

2) Pulse Duration = 6 ms, Pulse Frequency = 7 Hz % 1@ 1 Heat Input
Wiy 252.0 J/mm
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3) Pulse Duration = 7 ms, Pulse Frequency = 9 Hz 1WA Heat Input
WU 462.0 J/mm

Tngnsiasgsiaausauld (Heat Input) Wudaduddglunisusediu
AanmvenIsidon fufunisianudrlaauduiussendtonafnesaig q
A1aabuinasan (Peak Power), sze¥i3a1Wad (Pulse Duration), LarAINA Wad (Pulse
Frequency) fuAnauseutndt Sadudsddylunisinundoulonisdeniivanyas
Famsemzimnuduiugseninmnaiinesiudanuseuing fineasdondal

4.2.1.1 ANUEURUSIZIING Peak Power WagA1 Heat Input

Anufeutiuiind uogadtudifgiiionn Peak Power gaiu

Tnefimnuduiuslaonss wu e Peak Power iy 5.3 kW 2ldAn Heat Input winfu
110.4 J/mm uwazidlowfisndu 8.8 KW 1 Heat Input islu 462.0 J/mm

4.2.1.2 Wavad Pulse Duration #9A1 Heat Input

M9l LANSEEEIIA1UBITad (Pulse Duration) dnalindssudondaiad
iy Feamdinen Heat Input auluse fhegradu Tunsdil Pulse Duration whifu 5 ms
@ udl 1-3) 2:1% A1 Heat Input Tuaae 110.4-281.3 J/mm amiziid e Pulse Duration
indu 7 ms @uit 7-9) fn Heat Input szifistudugag 180.8-462.0 J/mm

4.2.1.3 waves Pulse Frequency #19A" Heat Input

A5 uAIE voaTad (Pulse Frequency) winedesuauwadiiintuy
sotuifinndu dailugnafundinunafidadigiuny dediatu idedmun Pulse
Duration Asfif 5 ms wazifiy Pulse Frequency 3110 5 Hz \Ju 9 Hz A1 Heat Input Iz
970 110.4 J/mm 10y 281.3 J/mm

ﬁﬂﬁumﬂﬁ'uﬁwm Peak Power, Pulse Duration wag Pulse Frequency
wzdwmalirmiuseuidiutueteinau Sidenadesfundnnsueinisaismndsay
Tunssvrumadendisiawes egnslsfinm msdonldwisdmesivanimseguuiiugu
YBIANLANNATENINIUTE VBN MBI IMADNALANLUNIAIUANAMN TN IUU T oY)

Tngasuudanismuauainufouiiiliegludasimnzauioidutiady
ddnifnadonunnvesundonlunssuiunndendeunfind 9nnan1smaaemuIn
Ws1dmesiiliAn Heat Input TugasUszanas 195-260 J/mm lfnadnsimanyay waluud
YeInIIasyarateiifismenaranaudsdedeunnseandlanginen Seanunsaldiiy
wmslumsimuadeulumadenfivmngaudmiunsldiuaiduningranngsy

4.2.3 wamsvmaauﬁqm'mLL%waa%ua'm (Hardness Test)

N1INAADUINAIAIULTIVDITUINUNHIUNITRDUAIENTEUIUN LT DULALL DS
a gj I d' va a d' d'd 1 a 6 1 [y}
yiln Nd:YAG W iunisnadeuiiioganautfdnavesuuideuilammsilnesunnsineiu
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Tael¥3smsTnsnanuudauuulalasinines (Micro Vickers hardness test) Ingn1snaaeuil
ﬁ']Lﬁuﬂfliuu%umumﬁﬂLLﬁﬁuﬁamwmaﬁﬂmmgm AISI P20 fsunisidou Tagyinnnsne
NaAoUAUT LG Iwe LT pukarT Uy Fauandlusudl 4.8 IneFutadaanuud
1993 uUANUTIAIKANTENUToU (Heat Affected Zone w3a HAZ) Uinanilelanziiey
(Weld Metal %30 WB) uazuiiinilavzgiu (Base Metal vie BM) muddu Geudazuiiom
wflemnuudsiunndstuiesnuansznuannszuaunsidon

‘Weld Metal

HAZ

100 pm

Base Metal

S OC

Ql' o 1 <
E‘U‘Vl 4.8 ANV UIYDIYANATDUAINULLUY

FansimzinanisTaaianuudauulalasinnesssgionsradeuin
AmsifiwesTunisideudmanedinnuudslunrazuiinaeddls wazsdunsseuiiou
AMLLT oI oY §swanisneaeuauud wewund euilddndunisiaeiden
wudeufifiaszuziaiwad (Pulse Duration,PD) 71 5, 6 way 7 fiaddunfl wavarudwad
(Pulse Frequency,PF) i 7 18504 TneBuauiisl PF wiiu 5 way 9 Hz szlilldhumageu
AUAIAIULT 19998 UITY Lﬁ'aamﬂwusﬂ'amwiaqmﬂmiwaamazawlﬂammaﬂ
(Incomplete Fusion Defects) TneduanuiithumageuaauLd wostumuili Arauuds
mammﬁamﬁmmﬂugﬂﬁ 4.9

== PD=5 ms, PF=7 Hz

E- : i & PD=6 ms, PF=7 Hz
& PD=7ms, PF=7 Hz

HAZ v WM

-300 200 -100 0 100 200
Microhardness profile {um)

= [ I3 2 a s
E‘UVI 4.9 Nﬁﬂ’W’i’W’Iﬂ’]ﬂ'ﬂﬂJLL?JQ?J@Q“ZIUQWULLUUVLSJIﬂiﬁﬂLﬂ?zﬁ
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TAYANRA UNANITNAADUAIAIULT IVDIT U UG TUUS il alaneid oy
(WM) UShamansenuiou (HAZ) wasuiialanegiu (BM) a1unsouanalananisnan 4.4 ua
NINAAIUANAULTNRREVD UGB fasialUll

= i o = -
FAITNN 4.4 HANITNAFDUAIAIULUVURAYVDILUILYDH

Ny AAuudaade (HV)
No. WI51AULNDT
WM HAZ BM
PD=5 ms
2 337.2 413.8 320.4
PF=7 Hz
PD=6 ms
5 328.9 408.7 311.0
PF=7 Hz
PD=7 ms
8 322.4 403.8 306.0
PF=7 Hz

mﬂmams"’;’mmmmLL%aﬁuaq%uﬂﬁuTugﬂﬁ 4.4 warAnavAuLdwesTuIy
Tum15197 4.4 wansliiiunisvageuaInuLd wed svesuund ou (Weld Metal: WM),
UTNUNANTENUIINAIIUTEU (Heat-Affected Zone: HAZ) waglanzgu (Base Metal: BM)
aelddoulufifuualieaudwad (Pulse Frequency: PF) asfifi 7 Hz waziUdsuuias
S¥eELIa Wad (Pulse Duration: PD) Tuaiaa 5, 6 wag 7 ms aganansadaunalain
4.2.3.1 USIBHANTENUINNANNSDU (HAZ) ﬁmmwmvﬁuagaqqﬁqﬂ
Tunnyenisveaes TasAranuudadeildiuunliuanauies PD
Uy nafe Satauudandominiy 413.8, 408.7 way 403.8 HV @ wsua1 PD winAu 5,
6 uaz 7 ms MUY Lltaissnaaunsassuglean nislden PD Aiswilisnsinsidus
yosfanuian HAZ gs damaliiinlassairsansileiiddnvazasdoauasiauudegs
4.2.32 vSand elanzidon (WM) aznuindiararund wad vanasmy
nsiuauvesrn PD
Tneranuudaedediaiiiu 337.2, 328.9 uay 322.4 HV mudeu
wandlidiudndedn PD sty ndanuardouiignandigluamuiviinamniu dwali
nsnsidudianad LLazLﬁﬂimm%q@amﬂﬁmmﬂ'jwLam JedanalrirnAuLdanaa
4.233 Vnalanggiu BM) feanuudaadesiign
TnofiAranuudaadseylugag 320.4 - 306.0 HV saenndesiu
ArmuLSseamnan AISI P20 finunssuaunseuAulniugs wasuansliidiuinlassadi

o w

laveguldinsdsunuasninnssuiumsionsgaiitudAny
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nuwlfuiivsing awnsaasUlddn szeznaiad (Pulse Duration)
fisvsnasemmuudesiuundeuuarudinn HAZ egrsdniau Tngdn PD fidazaeiiu
Sasmsbui dwaliiinliaseadefinduswnniy nansmaaedundsiaenndesiuna
nsAnwluafin 9y S1891U84 Silva et al. (2008) Feszyinrudoutidiiug udwals
dasmafuiianas wazthlugmsnodveslaseairansmuleduuuvetuiifaianuuds
#1n11 waraInNn1sAnwIves Vedani (2004) Selddlsifiudn Ui HAZ ffidreundgs
nusnudu iesanlddunansznuanmsiasuulasvesgunnfieg1sanisa Fathy
nsfnuansIlmes nsd enlidan PD srluvued PF Al danaliifindiainuuds
Yo auLarUS I HAZ ﬁqqeﬁyu Feflanumnzausenisldavlusifiundananadin

AFDINITAULTUN DN UADNITANNTOTENINNIT LTI

43  WAMSIATIZRNAAYENANIAMAAIENS

nvaaesiliiinguazasdiiofnvinavestiadediuiuasdade léud seozinan
ve3Wad (Pulse Duration) waraudvesiad (Pulse Frequency) siarnAuninsatuIdoy
(Weld Bead Width) Inglan1seanuuunisnaassuuusinyelsea (Factorial Design) 31131 9
M3VAABY KALYNNNSNNABITISILIL 3 ﬂ%’jmasqmmﬁmaaq dielladeyaiifiauundedie
T 3delavinsiiaszriaunlsusan (ANOVA) kagnTiadeuAdugnaiedraInIsoeniuy
nsneaes tneieazsenddeluil

431 n15LAT1AMALUSUTIU (Analysis of Variance: ANOVA)

1891n11571AS18R ALY TUTIU (ANOVA) aaelusunsa Minitab 19

fsgfumnuiBesiu 95% nansiaTzsiUsnglun1ss ANOVA dauanslusud 4.3.1 Fauan
Tidtuinielasendn A (szevnaveniad) way B (rvdvesiad) finansenusgreiifodfy
ysadfsentrunwetkuadey oAl PValue wirfu 0.000 Fafesnin 0.05
uenanil Jadusanseming A uay B (AB wie PulseFrequency) fugnnansynusesiiiaddsy
nsadfrerAIn iUy Ineiian P-Value Wiy 0.000 Feawvioudniinaiinufduiug

AUT217I19809U28 T TUNTANUAAIAINUNIIUDILUILY DL
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Source DF AdjSS AdjMS F-Value P-Value
Model 8 304823 38103 48592 0.000
Linear 4 300943 75236 959.47 0.000
Pulse 2 85201 42601 543.28 0.000
Frequency 2 215742 107871 1375.67 0.000
2-Way Interactions 4 3880 970 12.37 0.000
Pulse*Frequency 4 3880 970 12.37 0.000
Error 18 1411 78
Total 26 306234

Model Summary

S R-sq R-sg(adj) R-sq(pred)
8.85515 99.54% 99.33% 98.96%

JUN 4.10 MTIATIEINNATATBIAIANUNTNVBLUITON

Tnormuudsusndiesunglilaslunaiiaigs Tnsmduussansnisindula
(R-squared) 087 99.54% 4 ausd 1 lapaausnes vieauLUsUTINveaT 0y A ld
Aeurome wazdlevnisusuadudszansnisinaule (Adjusted R-squared) uda Samadl
Ag9fa 99.33% UarAn R-squared (Predicted) LYnfiu 98.96% Fawansinlumaaunse
mansaiadilallfeglugadeyanisvnasdldediauiue

4.3.2  N13ATIVFIUAINYNABIVDINITIBNUUUNITNARDS

W eUsziduANg NFBsLaT A IIMINEANT Dl LA AR AT L 97N
A1331As1E¥ANLUSUSIU (Analysis of Variance: ANOVA) Tunsnnassasadl 1dvinnns
mmaauamﬁgmﬁugmmmimmam'mmﬁmiwﬁumuqﬁﬁmqmﬁa (Residual Plots)
?fﬂﬂszﬂauﬁwLmuqﬁwé’ﬂﬁi’wmu 4 Uszian laun Normal Probability Plot, Histogram,

Residuals versus Fits Plot tlag Residuals versus Order Plot é’ﬁLLa@ﬂumW‘ﬁ' 4.11
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Residual Plots for width (lunsau)
Normal Probability Plot Versus Fits

89 . 20 7
(/; *

%01 4 10| =
'-' " L] - - L]
E 'g * - * L] [ ]
E 50 | A | ) . L
* / & 10 . T °
164 - 1 [ ]
_-,"' ' .
1 L4l 20
20 10 o 10 20 1700 1800 1500 2000
Residual Fitted Value
Histogram Versus Order
207
By n
= - 9 | B |II
LY = Nl e 1
l:.p & % , - * .II ||I || . |I I i .ﬂ__
2 8 J / \
ooyl - | Ve 'lF - Y.
g & of b1 \f
L 1] o &
.| I
o _l_IZI 20

FrEETEEEE s 10 18 2 4 & B 1012 14 16 18 20 22 24 286
Residual Observation Order

JUN 4.11 unu)in13nTEeMveAIAUNIuITey

NNMsieIziteyansmaaesieAnuiadeiidmasiomrnuninsve s
Weu Ieiinsdnviunugiinnsnszaieiivesdaunitwesunion Welsuiludnumy
yosMsuanuastioya uazATIIERUANLYNARBsALNAT IUMIARATIAL TR TUNST AT 89
Ameuaued lnsununfinisnszatedafidiauefianuszasd il ouansdnvazuestoya
BaUiuna warliusznoumsdnduladndnevaussiilidannisvnassiidnuasivanzan
demsnlUiinmginaianieli JessaziBeauaznisutaniuvanevosusazunund
annsnosuneldfarelull
4.3.2.1 Normal Probability Plot
wnunfiildnsaaouauuigiuitdinunie (Residuals) fn1uanias
wuuUn@ (Normal Distribution) w3elal @adunilsluauufsndfyueinisiiasizs ANOVA
mnyateyaisaiiaginaiduniesuandieaslivinuy uanatan1suankasuuUnAvesm
AuvAe Js9nunugifiusng nuigadningiiunliinienuuuidunse waaslifiui
Arnamdeddnvazidulununisuanuauuuund aduayuanugndesvesluinad 14
lumsiiasei
4.3.2.2 Histogram of Residuals
WU T FalawnsuY I8 udusUnuunNITHINLIIVBIA1ALNED

lngaaniviAinundeaznszaemludnvuzalinsaaeguseelandn (Bell-Shaped Curve)
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sududnuuzionzrean1suanuasuulni anusunfiild uansdnuazyosnisnszane
flndidsstunisuanuasund Tnefinnuauinasuesnsnsznenadudneuasavesanans
otamngay dadudnrdnguniliatuayuauRgunisuanuasinivesiaanie
4.3.2.3 Residuals versus Fitted Values Plot

wiupfielnilfiflensvaeuanufigiuinuilsUnuresaiaavie
finnuasiiaue (Homoscedasticity) na19fe A1Auvdenisaznszatefnvuguuazlsd
sULUUVRemInanefitaauTouAIauS Feainuaugiinuingaia 9 nezanefuuuduegidlidl
sULuUTiuduey axvieufvmnuaiauevesanuuusus fudutevsddenugnies
voslunaluudvasauuUsusuitlitusuaiivungld (Fitted Values)

4.3.2.4 Residuals versus Observation Order Plot

[ '
aada o & A

LU I TngUsrasAiansvaeuanududaseiuvesrinunie
(Independence) lngyneAtaundailauduius iunua1fureIn1snaaes asnuguLUY
v3ouualiuamglunnugd uianunugidlanuiirinavdenszaednuugu Tnglld
wualtiale q Adaau uansliAnandadudaszaindu Fadulumuanufgiurestung
BAGAD

1nMsTiesgiunundanaanders 4 Yssanandwanlugud 4.11
anunsoagulé luwadeadarlflumadeifienumnsauasdaugniesmuausigy
fugrunsadfogrensudau lunutgmidesniswanuasvesdiaanie arwliasiiaue
vosnuuUsTn visnrulidudassrestoyn Testinlnaiiadudrnuindeions

waraIL1salYluNITNEINSAINT DA IZURANSENUYRItade MiReIva dls agnaliusEaNS AW
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¥

mMsispefsiidunisfneinisid eudeund Auidanaafnfinanainudninse AlS
P20 Taeldnszuaunisidemawedadn Nd:YAG iiedasieinansenuiindurelassadng
mslanginguwazuandidsnavesuundon feusznaudemsfnuislusdulassadng
UnAIA (Macrostructure) wagszAugan1A (Microstructure) 39u891153AAIAI1ULES
Yo UNUAEUNSLT oY Lﬁ@ﬁﬁ%ﬂwwawﬁLmas‘mu%amﬁmmzamﬁamsﬂﬁzqﬂsﬂsﬁwm%q
Tun1sgenudfun@ananain

nmsharzilasadidussiuumnnin wuin Ushnadldsuransznuainaudou
(Heat Affected Zone: HAZ) fidnuaizuaunazsiiai uiliouninusnalansidey (Weld
Metal: WM) Fsazviouliiuiidnvazionzaanssuiunmsidouases Nd:YAG Alindsanu
Tuilufllan1zqn (Narrow Spot Size) wagu3nlniavosduaiuau (Narrow Focus Area)
denalirounves HAZ Svwadnaudl ofisutunsyuiunisdouuwuudu o deiedu
FoldU3puvesnssuiunsideuaweslumsannansenumenudeudaduay

Tudulasaasneganin nuinlanegiu (Base Metal) voaindn P20 §3assnun
TAssasauumanesunsnules (Tempered Martensite) laog1sdiadiosniw Tawiinns
Wasunlasaiauudaiisadndes azioudiniswdsunlamislaseaded ldunidn
nnsrriunmaden Tuvaefivinalansden (WM) wulassadsuuvesdnanfundinuled
(Acicular Martensitic Structure) fflyuansuAeut 191U (Coarse Grains) dutdunaun
ANNSUABNATAIEKATNISLEUAIBE195IALSY dIuUSn HAZ Adunuilaseaselianwey
\nsuaziden (Fine Grains) Faidunalagnssaindasnisidusiafias uazdanaliaiaanuuds
Tuusiu HAZ qquﬁLﬁam%sml,ﬁsmﬁ’w%nmiamL%au

mwé’aammm%’auﬁLsé'hicj%umu (Heat Input) danuuysiulugiesening 116.0 84
468.3 J/mm ImﬂﬁuaéﬁUivavLaawmQQWaé (Pulse Duration: PD) LLavmm‘ﬁﬂumﬁ’aﬁ (Pulse
Frequency: PF) mummamwuﬂummﬂ nanfe WeAvaonfiuty mmmaaummm
mmumummmumm mmaimsmwaiﬂiw Snwalz wavAunweIwIEou

A1ANDNITVNINA DY WmﬂmiLWumiuaunawmwaa (PD) LLaummaﬁumﬁaﬁ (PF)
danaliuuand suffuualduniredu neddnvurvesundondiveidosuazauysaity
Feiliriufmansenuiiuturesasmnniwesirenunmvonuaien vl wisdwes
funnzaniigadmiumadenlueided fo maufveaiadil 7 Hz uavszernavosiad
551319 5 89 7 Gad3und Tnemsifiwesdananansaliuuiieniiusiaandeaunns o9
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nnsvasuldanysal uasiiranuudslndifesiuaunsgiuveaninuifinidanatasin
13 P20

namsifeiaadlifiuiimnuddguesnmsmuauemniivesudn Wi svegina
vowtad (PD) wazanudvesitad (PF) wleliliuundenifnnnings fdnvazmslanginen
fvnzan uazArrundsiaenadosiuiangiu Seaonadostunuiseues Adams waz
Kwiatkowski Tiuansliifiuimiinesveanszuiunsdemawesiinalnonseiodnuus
TassaauaaandRiBanavosuuiden
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Abstract

Nowadays, laser welding is used in a wide variety of applications, including the production of automotive parts, aircraft, and jewelry.
Especially in advanced manufacturing mold repair welding. for close sufficient for the mold to be effective before it is damaged. The
objectives of this study were 1) to study the parameters affecting the weld bead, such as the arc current, pulse frequency, pulse duration.
2) to study the macrostructure and the microstructure of the weld bead. In this study, SS400 grade carbon steel was used with a Nd-YAG
laser and stainless-steel welding wire grade 316. The results from the study of the macrostructure of the weld bead are small at the
micrometer level. The average height of the weld bead was 332.01£36.06 [\m. which is smaller than other types of welding. The base
metal area of the weld consisted of a ferrite and pearlite structure, which was unaffected by the welding heat, according to the results of
the microstructure study. As a result, the microstructure of carbon steel of the $5400 grade is unchanged. It was found that the
microstructure of the weld bead consisted of a variety of structures. where the weld region is characterized by columnar grains and
dendritic ferrites are evenly distributed in the austenite structure. The dendritic structure is fine grain at the weld zone and the dendritic
grain grows in a random direction. According to research on this type of structure, the hardness and wear resistance of the weld line tends
to increase, and the results of the study of parameters affecting the welding line found that if the welding current, Pulse Duration, and
pulse frequency are low it will result in a smaller tendency of the weld line. But on the other hand, if the welding current, Pulse Duration,
and pulse frequency are higher, the larger the tendency of the weld line will be. This can be used as a guideline for repairing the welding
of industrial molds in future research studies.

Keywords: Nd:YAG laser process, Microstructure, Macrostructure, Carbon steel
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Abstract

Laser welding is widely used across various industries, including automotive, aerospace, and
jewelry manufacturing. Mold repair welding, in particular, has become a critical focus, aiming
to efficiently restore molds to their original state before any damage occurs. This study
investigates the parameters that influence weld integrity, specifically pulse frequency and
pulse duration, while examining the macro and microstructural aspects of the welds and
evaluating their hardness values. By employing a combination of plastic injection mold steel
(AISI P20) and Nd: YAG laser welding, the research reveals that increasing these parameters
expanded the weld bead, with optimal settings identified as a pulse frequency of 7 Hz and a
pulse duration of 5, 6, and 7 ms, ensuring comprehensive welds while minimizing incomplete
fusion defects. The heat input ranged from 116 to 468.3 J/mm, directly correlating with pulse
duration and pulse frequency. The welds exhibited acicular martensitic structures, with coarse
grains in the weld metal (WM) and fine grains in the heat-affected zone (HAZ) due to rapid
cooling, resulting in increased hardness. The hardness values ranged from 320.4 to 413 HV

Keywords: Nd: YAG laser welding process; Plastic mold steel; AISI P20; Repair welding

Introduction

The mold industry is a crucial supporting sector
that caters to almost every type of manufacturing
industry, as various manufacturing processes
rely on molds to shape and define the quality and
size of products. A well-made mold enables
manufacturing industries to produce parts
rapidly and in large quantities with standardized
shapes and sizes, reducing losses incurred during
manufacturing and enhancing competitiveness
(Poli., 2001; Altan er al, 2001; Swift and
Booker., 2003). Among the different materials
used for molds, P20 steel is widely employed for
making plastic injection molds due to its
desirable properties, including rapid resistance
to temperature changes, high strength at elevated
temperatures, toughness, and wear resistance.
However, prolonged usage of P20 steel molds

can lead to deterioration, resulting in cracking,
chipping, or surface damage, rendering the mold
unusable.

Repair welding of molds using the
same material (P20) via laser welding is an
effective method to restore molds to near-
original condition. Laser welding offers several
advantages, including the capability for
automated welding, high welding speeds,
minimal heat-affected zones, and the ability to
weld in deep and intricate areas without
distorting nearby workpieces (Adams et al.,
1994; Fotovvati et al, 2018; Katayama., 2013;
Dawes., 1992; Steen and Mazumder., 2010). In
Thailand, laser welding is extensively used in
mold  repair, automotive component




manufacturing, and even jewelry or accessory
production (Bridigum., 2008; Huda., 2016).

Despite its widespread use, there is a
need for detailed studies on the specific
parameters that influence weld integrity in the
laser welding process, particularly for repair
welding of plastic injection molds made of P20
steel. Previous research has primarily focused on
the general advantages of laser welding and its
applications in various industries. However,
there is limited information on the optimal
welding parameters, such as pulse frequency and
pulse duration, their effects on the weld's
macrostructural and microstructural
characteristics, and the resulting hardness
values.

This study aims to address this research
gap by investigating the effects of pulse
frequency and pulse duration on weld integrity
using Nd: YAG laser welding of AISI P20 steel.
By examining both macrostructural and
microstructural aspects of the welds and
evaluating their hardness values, this research
seeks to identify the optimal welding parameters
that ensure comprehensive and defect-free
welds. The findings of this study will provide
valuable insights and guidelines for effectively
utilizing these parameters in repairing plastic
injection molds, ensuring operational efficiency
comparable to or close to the original condition
before the damage occurred. Additionally, this
research builds on previous work by providing a
detailed analysis of the influence of specific
laser welding parameters, thus contributing to
the broader body of knowledge in the field of
laser welding technology.

Materials and Methods

Experimental Setup

The Nd: YAG laser welding process was utilized
to repair plastic injection mold steel (AISI P20).
The experimental setup is depicted in Figure 1.
The Nd: YAG laser emits pulsed light using the
generated heat to melt the material. The laser
operates in a square pulsed wave mode, with a
nominal output power of 200 W and a peak
power of 9 kW. The pulse duration range is 0.5-
20 ms, and the pulse frequency range is 1-50 Hz.
Argon gas was used as a shielding gas to reduce
oxidation with a flow rate of 8 L/min. The
welding speed was set to 50 mm/min (as shown
in Table 1).

Figure 1. Experimental setup of Nd: YAG
laser welding

Table 1. Experimental condition of the laser

Welding
Specification Value
Square
Laser mode pulsed wave
Nominal output Power (W) 200
Peak power (kW) 9
Pulse duration range (ms) 0.5-20
Pulse frequency range (Hz) 1-50 Hz
Shielding gas Argon
Gas flow rate (L/min) 8
Welding speed (mm/min) 50
Materials

The base material used was plastic mold steel
(AISI P20) with workpiece dimensions of 100 x
200 mm and 10 mm thickness. The chemical
compositions were analyzed by an Energy
Dispersive X-ray Fluorescence Spectrometer
(ED-XRF) and are listed in Table 2. P20-grade
steel welding wire with a diameter of 0.6 mm
was used for welding. ED-XRF also analyzed
the chemical composition of the welding wire-

Table 2. Chemical Composition of Plastic
Injection Mold Steel (AISI P20)
Plastic Injection Mold Steel AISI P20

(%Yomass)
Aluminum (Al) 0.84
Vanadium(V) 0.03
Chromium (Cr) 137
Manganese (Mn) 1.13
Iron (Fe) 96.2
Nickel (Ni) 030
Copper (Cu) 0.09
Molybdenum (Mo) 0.20
Welding wire grade P20 ( %mass)
Aluminum (Al) 1.29
Vanadium(V) 0.04
Silicon (Si) 1.18
Manganese (Mn) 1.43
Iron (Fe) 89.27

Nickel (Ni) 0.59
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Copper (Cu) 6.20

Furthermore, the research methodology was
divided into several parts according to the
research objectives as follows: 2.1 Parameter
value investigation affecting welds, 2.2 Study of
the metallurgical structure of welds 2.3 Heat
input Calculation 2.4 Testing the hardness of the
weld, and 2.5 Analysis of the effects of
parameters on welds using statistical methods.

21 Study of parameters affecting welds

Pulse duration (PD) and pulse
frequency (PF) were varied. Preliminary
experiments indicated that parameter values
below the specified range did not melt the
welding wire while exceeding the range was
limited by machine constraints. Based on these
findings, the study was conducted with PD
values of 5, 6, and 7 ms and PF values of 5, 7,
and 9 Hz (Srithorn and Saengsan., 2023).

Bead-on-Plate Welding: The bead-on-
plate welding method was used, as depicted in
Figure 2. An appropriate laser welding machine
current of 160 A was set for effective melting.
Argon gas was used as a shiclding gas with a
flow rate of 8 L/min, and the welding speed was
50 mm/min.

Laser head

Filler wire L#%¢7 beam

| Base Metal

Figure 2. Bead-on-plate welding with P20
steel

2.2 Study of the metallurgical structure
of the welding

Welded specimens were prepared, cut
along the cross-section using an EDM wire cut
machine, mounted, and polished. Polishing was
done using alumina powder with a particle size
of 0.3 microns, followed by etching with 2%
Nital acid solution (Silva et al., 2008). The
macrostructure and microstructure of the welds
were examined using optical microscopy and
scanning electron microscopy (SEM).

For the % dilution, which indicates the
extent to which the original metal area mixes
with the welding wire, increasing dilution alters
the properties of the welded metal area. Dilution

is calculated using Equation (1) and shown in
Figure 3
I B
% dilution = prve (100) (1)
Where: A represents the area of the molten

parent plate, and B represents the area enclosed
by the bottom line.

Figure 3. The dilution of the metal

2.3 Heat Input Calculation

The heat input calculation in this
research, which involves welding with Nd: YAG
laser welding process, is represented by
Equation (2) (Kumar and Sinha, 2019). The
current value is measured using a clamp meter,
in units of amperes (A).

w-(T)n o

Where: HI is the heat input into the workpiece
(J/mm), P is the peak power (kW), T is the pulse
duration (ms), f is the pulse frequency (Hz), V is
the scanning speed (mm/s), and ) is the welding
efficiency, assumed to be 1 (or 100%) for
practical purposes and to simplify calculations.

24 Testing the hardness of the weld.

Vickers hardness tests were conducted
using an FM-800 Vickers hardness tester. A
pyramidal diamond-shaped indenter with an
angle of 136° was used to apply a test load of
1000 gf with a dwell time of 10 seconds.
Indentations were made at six points along the
weld seam to create a microhardness profile,
starting from the HAZ, moving to the WM, and
descending to the BM, with 100 pm between
points (Figure 4).

Weld Mtal
T MAE
100 ym
1 O

Figure 4. The position of the hardness
test points.
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The micro vickers hardness test aims to
compare the hardness of the weld metal (WM),
heat-affected zone (HAZ), and base metal (BM)
using different experimental parameters.

25 Statistical analysis of parameter
effects on welding characteristics
Statistical parameter analysis using

Minitab software to analyze statistical data,

demonstrating the relationship between each

variable in welding. It analyzes the 27 factorial

experiments at a confidence level of 95% (P-

Value<.05), considering pulse duration factors

of 5, 6, and 7 ms and frequency factors of 5, 7,

and 9. The analysis is conducted based on Pareto

Chart graphs showing whether Factor A (pulse

duration) influences Factor B (pulse frequency),

along with an examination of Normal

Probability Plot graphs for data distribution.

Versus Fits graphs examine data dispersion from

the mean, indicating data variability as a

measure of data deviation. Histogram and

versus-order graphs also observe continuous
distribution patterns, assessing data

independence, as shown in Figure 5.

Normal Probability Plot Versus Fits

[ i T T T
Residual Fitted Value
Histogram Versus Order

| Ry

ATh e A ve e e dn a4 an
Observation Order

Figure 5. Residual Plots Analysis Graph

By following this detailed
methodology, the study aimed to investigate the
optimal welding parameters for repairing plastic
injection molds made of AISI P20 steel using the
Nd: YAG laser welding process. The
experimental setup and procedures were
designed to ensure reproducibility and accuracy

in the results.

Results and Discussion
31 Impact of parameters on weld profile

Figure 6 displays weld beads obtained with
different pulse durations (PD) and pulse
frequencies (PF) using an Nd: YAG laser
welding process. Each sample demonstrates the

impact of varying these parameters on the weld
characteristics.

Figure 6. Shows the welding characteristics
obtained from pulse duration(PD)
and pulse frequency (PF)

The effect of welding parameters on the
weld was determined by setting parameters and
calculating the average weld width, as shown in
Figure 7. The average weld height was 437 um,
while the average weld width was determined to
be 1,855 um, and the average % dilution of the
metal was calculated to be 32.43% according to
Equation (1).

2500
£ 200
g
=
3 1 [JPD=5ms
z
gy o [EPD=6ms
z %00 [ PD=7ms

Pulse Frequency (Hz)

Figure 7. The average width of the weld for
each parameter

Table 3. Bead-on-plate welding and
macrostructure of complete welds

Parameters Bead-on plate Macrostructure

PD=5 ms
PF=7Hz

PD=6 ms
PF=7 Hz

PD=7 ms
PF=7 Hz
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The average width of the weld for each
parameter is observed. It is found that increasing
the pulse duration (PD) and pulse frequency (PF)
leads to a corresponding increase in the weld
width (Srithorn and Saengsan, 2023), as shown
in Figure 7. An example of the bead-on-plate
weld characteristics using laser welding and
similar macrostructure features is shown in
Table 3. Moreover, there is a close similarity in
the average %dilution, with an average of 32.43
and a standard deviation of 2.79.

Increasing Pulse Duration (PD) leads to
wider weld beads due to the higher amount of
energy delivered per pulse, resulting in more
material melting. Similarly, increasing Pulse
Frequency (PF) also results in wider weld beads
as the number of pulses per second increases,
thus increasing the overall heat input. The
combined effect of higher pulse duration and
higher pulse frequency maximizes the energy
input, resulting in the widest weld beads. The
image shows that both pulse duration and
frequency significantly influence the weld
characteristics, and their effects are cumulative.

Macrostructure analysis of the welds
was conducted using a microscope, providing
magnified images of the weld structure produced
by various welding parameters, as shown in
Figure 8, magnified 50X. This image reveals the
regions of the Weld Metal (WM), Heat-Affected
Zone (HAZ), and Base Metal (BM). The HAZ
appears narrower and smaller than the weld
metal region (Adams ef al., 1994; Fotovvati et
al.,2018; Katayama et al., 2013).

Weld Metal

- ngflﬁ i

B

, 3
Bt

Figure 8. Macrostructure of the workpiece
with a pulse duration of 7 ms and

pulse frequency of 7 Hz,
examined under a microscope.

While examining the macrostructure
under a microscope, researchers observed welds.
They found that these complete welds occurred
when the pulse duration (PD) was set between 5
and 7 ms and the pulse frequency (PF) was 7 Hz.
Furthermore, defective welds were observed to
occur at parameters where the pulse frequency
was set at 5 and 9 Hz, indicating incomplete
fusion defects. (Silva et al., 2008;

Vedani.,2004), as shown in Figure 9. These
parameters are inappropriate and will not be
considered in the weld hardness testing.

Incomplete fusion defects

Figure 9. The characteristics of welds with
incomplete fusion defects.

3.2 Effects of heat input on welded

workpieces

When calculating the heat input into the
welded workpieces, with parameters related in
Table 4, it is found that the heat input for all nine
experiments ranges between 116.0 — 468.3
J/mm. It is observed that there is a direct
correlation with both pulse duration and pulse
frequency, where an increase in these parameters
increases heat input. Therefore, the parameters
affecting laser welding are pulse duration and
pulse frequency. In this experiment, the optimal
welding conditions yield a heat input of 204.8
J/mm (PD=5, PF=7), 262.5 J/mm (PD=6, PF=7),
and 329.1 J/mm (PD=7, PF=9), respectively.

Table 4. Heat input values corresponding to
various parameters

Peak Scanning PD PF .Heat

No  power speed input
®W)  (mms) @ HD G

1 513 12 5 5 116
2 6.7 1.2 5 7 204.8
3 75 1.2 5 9 295.9
4 5.7 12 6 5 150.0
5 72 1.2 6 7 262.5
6 82 12 6 9 387.5
7 6.2 1.2 7 5 187.8
8 T3 12 7 7 329.1
9 8.8 1.2 7 9 468.3

33 Metallographic microstructure

analysis

Metallographic examination at the
microscopic level of the workpiece, conducted
after various testing processes and using
scanning electron microscopy (SEM), yields
microstructure images, as shown in Figure 10.
The weld metal (WM) microstructure and the
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heat-affected zone (HAZ) are depicted. The
weld metal (WM) exhibits an acicular
martensitic structure characterized by coarse
grains (Li et al., 2017), while the heat-affected
zone (HAZ) shows an acicular martensitic
structure with fine grains, primarily due to rapid
cooling.

Figure 11 shows the heat-affected zone
(HAZ) microstructure and the base metal (BM)
of AISI P20 plastic mold steel magnified 1,000
times. It reveals a tempered martensite structure
(Silva et al., 2008). The HAZ shows a transition
from the coarse-grained structure of the WM to
fine grains. This fine-grained structure results
from the thermal gradient experienced in the
HAZ, where the metal is heated to temperatures
below the melting point but high enough to cause
recrystallization and grain refinement upon
cooling. The rapid cooling in this zone leads to
the formation of fine acicular martensite.The
base metal (BM) appears unaffected by the
welding heat, resulting in minimal to no
alteration in the microstructure of the AISI P20
plastic mold steel.

Figure 10. The weld metal (WM)
microstructure and the heat-
affected zone (HAZ).
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Figure 11. Shows the microstructure of the
base metal (BM) and the heat-
affected Zone (HAZ).

34 Hardness testing results of the welds
Hardness testing results of the welds
were obtained using a Micro Vickers hardness
test to compare the hardness of the weld metal
(WM), heat-affected zone (HAZ), and base
metal (BM). The tests were conducted with
pulse durations (PD) set at 5, 6, and 7 ms and a
pulse frequency (PF) set at 7 Hz, with
measurements taken at six points along the weld.
The average hardness values of the welds, as
shown in Figure 12, are consistent with those in
Table 5. The HAZ with PD = 5 ms and PF = 7
Hz exhibited the highest hardness, with the weld
metal being harder than the base metal.
However, hardness testing was not performed
for welds with pulse frequencies set at 5 and 9
Hz due to incomplete fusion, rendering these
parameters unsuitable, as shown in Figure 9.

Table 5. Results of the average hardness

testing of the welds
Parameters Average hardness (HV1.0)
HAZ BM

PD=5 ms
PF=7 Hz 337.2 413.8 3204
PD=6 ms
PF—7 Hz 3289 408.7 311.0
PD=7 ms
PF=7 Hz 3224 403.8 306.0

Table 5 and Figure 12 show that as the
pulse duration increases, it leads to a
corresponding increase in heat input. Higher
heat input values result in lower cooling rates,
affecting the hardness. This is evidenced by the
fact that the hardness at a pulse duration of 7 ms
is lower than at pulse durations of 6 and 5 ms,
respectively. All hardness values exhibit a base
metal (BM) tempered martensite microstructure.
The heat-affected zone (HAZ) displays a
microstructure ~ of  fine-grained  acicular
martensite, while the weld metal (WM) exhibits
a microstructure of coarse-grained acicular
martensite, as illustrated in Figures 10 and 11.

The highest hardness values in the
HAZ are consistent with the rapid cooling effect,
which increases the hardness due to the
formation of fine martensitic structures (Vedani,
2004). The observed decrease in hardness with
increased pulse duration is due to lower cooling
rates from higher heat input, leading to softer
microstructures, as also reported by Silva et al.
(2008).
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Figure 12. Microhardness profile of the
welds under different parameters

The appropriate hardness values for
both WM and HAZ are within the range of 30 —
34 HRC (302 — 336 HV 1.0 kgf) (Silva et al.,
2008). Table 5 and Figure 12 show that the
parameters recommended for all three welding
adaptations have suitable hardness walues,
making them applicable for repairing plastic
injection molds.

35 Statistical analysis results of

parameters impact on welds

The analysis of weld width was
conducted by considering two factors: pulse
duration and pulse frequency. Weld width was
measured according to the experimental design
conditions, totaling nine experiments, with each
experiment repeated three times to determine the
main factors significantly affecting weld width.
Statistical analysis of factors A (pulse duration)
and B (pulse frequency) at a 95% confidence
level revealed that the main factors affecting the
experimental response or weld width were
factors A (pulse duration) and B (pulse
frequency), as they had P-values less than 0.05.
Furthermore, the combined effects of these
factors were analyzed, and it was found that the
interaction factor A*B (pulse duration * pulse
frequency) also had a P-value less than 0.05,
indicating that these combined factors
influenced the weld width in the experiment.
Statistical values of weld width were analyzed
using Minitab 19 software. The decision-making
coefficients were analyzed for variance
concerning the experimental response. The
decision-making  coefficient during the
experiment was 99.54%, and after adjustment, it
was 99.33%, as shown in Table 7. This high
coefficient indicates the reliability of the
response values resulting from the experimental
factors. A decision-making  coefficient
approaching 100% signifies greater reliability.

Table 6. The value obtained from the analysis
using MINITAB software

P-
Source DF F-Value Valu
e
Model 8 485.92 0.000
Linear 4 959.47 0.000
Pulse 2 543.28 0.000
Frequency 2 1375.67 0.000
2-Way 4 12.37 0.000
Interactions
Pulse*Frequency 4 12.37 0.000
Model Summary
R-sq
R- R-sq
S . rwd
sq (adj) ® )
99.5 o 98.96
8.85515 4% 99.33% %

This analysis demonstrates the significant
impact of pulse duration and pulse frequency on
weld width and their interaction, thereby
ensuring the reliability and validity of the
experimental results.

Conclusions

This research investigated the influence
of various welding parameters on the weld
profile of plastic injection mold steel (AISI P20)
using an Nd: YAG laser and P20 grade steel wire
(0.6 mm diameter). Both macrostructural and
microstructural examinations were conducted on
the workpieces.

The metallographic analysis of the
macrostructure revealed that the heat-affected
zone (HAZ) was narrower and smaller in
dimension than the weld metal (WM) area,
indicating a localized thermal impact from the
laser welding process.

At the microstructural level, the base
metal (AISI P20 steel) maintained a tempered
martensite structure with negligible changes in
hardness, suggesting minimal microstructural
alterations. In contrast, the weld metal (WM)
exhibited acicular martensitic structures with
coarse grains, while the HAZ featured fine
grains due to rapid cooling, resulting in higher
hardness in the HAZ compared to the WM.

The heat input to the welded
workpieces, ranging from 116.0 to 468.3 J/mm,
was directly proportional to pulse duration and
pulse frequency. Increased pulse duration and
frequency led to higher heat input, thereby
affecting the weld profile and characteristics.

The study found that increasing the
pulse duration and frequency resulted in a wider
weld profile. These two parameters had a
combined effect on the weld profile.
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Optimal welding parameters were identified as a
pulse frequency of 7 Hz and pulse durations
between 5 to 7 ms, which achieved complete
welds without incomplete fusion defects. These
settings produced welds that closely matched the
standard hardness values for P20 plastic
injection molds.

In conclusion, the optimal welding
parameters for Nd: YAG laser welding of AISI
P20 steel are a pulse frequency of 7 Hz and pulse
durations between 5 and 7 ms. These parameters
ensure complete, defect-free welds with
appropriate hardness for repairing plastic
injection molds. The findings underscore the
significance of controlling pulse duration and
frequency to  achieve  desired  weld
characteristics and structural integrity. This
conclusion is supported by Adams and
Kwiatkowski's investigation, which
demonstrated the critical impact of laser welding
parameters on weld quality, and Fotovvati etal.'s
review, which detailed the influence of process
parameters on melt-pool dynamics  and
microstructure formation.
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