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ABSTRACT

This thesis was aimed to investigate the effect of the dielectric flushing system of
electrical discharge machining (EDM) on the machining performance such as material
removal rate (MRR), electrode wear ratio (EWR), gap clearance (GC), parallelism deviation,
machining time (MT), and surface integrity of the machined surface. The experiments were
carried out using a depth-to-diameter ratio over four. The machining parameters were
pulse on-time, pulse off-time, current, and electrode rotation. Copper electrode was
specifically fabricated for flushing via multi-aperture inner flushing. The performance of
the deep hole machining process with conventional side flushing and multi-aperture inner
flushing were investigated and compared. The results showed that pulse on-time, current,
and electrode rotation were positively correlated with the MRR, EWR, GC, and surface
roughness. The machining time (50 mm in depth) was reduced by 26.10% when using
multi-aperture inner flushing electrode. In addition, the application of multi-aperture inner
flushing electrode with electrode rotation at 150 rpm improved the MRR by 35.28 %. The
optimal condition to obtain a maximum of MRR (21.660 mm?/min), minimum of GC (0.196
mm), and parallelism deviation (0.107 mm) was 150 ps pulse on-time, 2 ps pulse off-time,
15 A current, and 70 rpm electrode rotation. The recast layer could be observed on the
workpiece machined with conventional side flushing EDM. However, no recast layer was

detected on the workpiece machined with multi-aperture inner flushing.
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Udeenszualuilt (Pulse Ontime) fisnuiudaalidnsinisvdniiosu (Material Removal
Rate, MRR) fe1gstunardnsnisinusovesdidnlngn (Electrode Wear Ratio, EWR) ansi1ag
NANIIVIABBITEY Pavani wazame [11] wandliiiudinszualvil (Current) danasiednsinisudn

Lﬁamul,l,azﬂmmwﬁfmm (Surface Quality, Ra) Inanss Tanjilul wagmug [12] WUIAMNEURUS



sevinnsualiihiuszesiainisudesnseualnii dwardenisiiuduresdesindlunisulssy
(Gap Clearance, GC) lazszuzlaalun15v191u (Machining Time, MT) wana1ntlauddeineanu
HANTENUTLAATUIINMSAzaNvaLAYaLNALeNY (Debris Particles) 1gaoanu1sEninanTg
AnlwzkazaluaisalunisShvaiesamluuiuiunnisaliialasunisdnuilae
! ! a & a 1 a < o v
Kamonpong uagaae [13] wui1 n1sudesansiadidnesniiuwnunatsdiantasadunissaingn
sumaavlanzaananiufinsalisedanaliinanuguisvesnsineziidiulaisdianlagm
dinundy Tnefinsauriativuiuntdiginzanasdamaliussaniamnisiaulugluuuves
a = ! [ ! a a ! a o ! ]
Anuveuidelignuiulstleenisdaseansladidnaindiuununaisddniagg egalsinny
nsanasain1sUIsaddalinisinsemiigianzanatartotingssninsiidianianlaeade
anaq
31NAINUMUNUIL AU TN I NaIEAIUNTEUIUN SR langaIY
InifinlneBnseenwuunisveassnuitssduimudsidentdaseglugie 2 - 5 sedu muay

o

wangaslunsiiasgd dwdusniudiusssduegiuiimminisieazitas Tnguss aadlu
MR Ieside Teiainnsfnsmuingifednmeaeusudsiitnaeusyansnmlunisuys
sutlepiigavielidamasd1elioddny Tngardovdnnisadaliinanduisieseinuduius
Yol UshuUINId (Gray Rotational Analysis) N153LAT18MiAILLUTUSIULRITOYE (Analysis
of Variance, ANOVA) 7i3on1siaulananispainmansiiiodneinnuduiusossiuysiina

pan1Imavausd \unu

2.1.2 wansAnwARuU SNz sug1838N1sIRNLUUNTMAGEA

Tuwideves Sagar uazaay [14] W@Anwamnimesimmganulunszuiunisiangg
AanszuIuNIsimizlangalelniln (EDM Drilling) d1nsudan Ti-6Al-4V Ingldisn1snyu
Sidnlnsa Ailinasieauniisvesesinanisuyssy (Side Gap Width) §75113825107 (Taper
Ratio) uagdmn15vinLiiosu (Material Removal Rate) Tngld35msiufinneuauss (RsM) Tu
nseonuUUNMINAaBsTaiLdsTldlunsAne fie (1) nala (2) mnusisdndlui (3) s
\fiuuszqlni (Capacitance) wag (4) M3MyUvIBantasm 91NN1SANIRIMUINUIIBNTNATDS
Armsinadngliin malfuuszaliih wasmanyuredidninsndamatenisiuiuresdngng
vidlenuegaiiudiy issiunnudesiu 95% (a = 0.05) Tnetoyaiiiuieseisida
Undedief R? wirAu 92.39 % Turazidiudsiianda msifvuszgluin uaznismyuves

'
a v [ = [y

dianlnsnddninasenisanasweiniiuninweesitanisuusgledrefiteddey Nseduainy
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o

Wasu 95% (& = 0.05) lngdayaninuninsgvida1audiiedon R? Wiy 88.39 % @13y

'
o w a [

mudsnandawaznisiivuszginihdnaliaivesdnsisergazanated niideddy Nszdu

AR 95% (A = 0.05) Inedayaiiiuniinsgdeiautndeiien R? wiiu 91.46 %
Tuauideve9 Habib [15] 1935015 NURINBUANDILUNISHAI U IULAANISANAANEAS LN

¥
Y [ A =

AnwIAUFURUSY L USNINARADENIINITUTIALTLDINU N1TENNTOVDIBLENLATA ¥99719A1T
6

wUs3U wazAmuveURedy Tlunseuiumsinwnzlaneaigliin dudsildlunisiesey

Usznauluie vanle nssualiin usedulnih uagdrunauvesddnauasluannanluiloTan

(%
=

ToewUadkUseamdu 5 seau (+2, +1, 0, -1, -2) WU Lﬁ@ﬂisLLﬁlWﬂ%ﬁquu (10 - 27.5 A)
dwalisninisudadonuuaznisinusovesdidnlnsaiiiuget uessidudfy Tunneidhe
nsvimilesuulsandutuinanda nanfe snmnsedadenuiluualinfiugatudents
uduresrinata (200 us) stdlsAnusnsnsudnitdenuiivunlfuanauiioseiuvasa
nandaiiisigeandl (400 ps)
nsfistuvesseRuAnandauasmnssualiia i liinnsadrandsnunnufounas
AramvuuuveInszualihdonheiuiiingtu dwaliiAansveomazansuaznisinniou
voudofanAntuluiinuniuasdudn sgnlsfnuidessiudnandafiugduiuniiai
wngan wssrulniiniglugeanaraniasiirnansas v‘iﬂﬁmwaamazmaumﬁa’j’a@mzmmq
AhausliiFudndsaldsnsmnsednilonuanas [16] venaniduseiilnilunssuaunisimens
Tangdglnihdadndudnsusiiddny Wosanusssuluiinduiiadesseeinasenindianu

U a a

fuiadanlasalmiaduauuudmvanluin (Electron Magnetic) TuuSnauiafaziinnisensa

=

meussiulnihgegelasluinssualvariu wazdisssuudutou (Servo) anunsasnwssugyini

£% |
= =

wnzanlfasAantsausatu Srgvinliussiulnihanaddaeiviianssudlvaniiumniu s
m%ﬂ%a'ﬂwaiﬁl,ﬁmiaangfgwmﬂﬁtﬁmmﬂm'ﬁxmasuaﬂaﬁlm%Lﬁﬂ@%ﬂtﬁ@lé’%’umm%ﬁm [17]
Fefunaginnisnaassuurussiulilinuds é’mwmﬂ%’mﬁamuﬁumiﬁmLﬁuqqsﬁmﬁaﬁzé’u
Ansanuliiianas

oehslsfinuAmanauresdninisuindo nuiigsoudmanszmudenvososinams
wsgUTigstuns nanRederiumaulssuiludndanlasnsstusnsmasdaitdeny wWer1n

LY [ a

N153ALLBNUNIEIT (200 ps) BUnIAvRLAElans (Debris) ivansaninanietanfaziuin
Tuny fawdidiavlangazgnudnesnilasansladidnainetvseiiiodluiiiveaiata (Pulse
Off-time) ustawlavzuisdrungnuineenlulinunavavauagluyiadnanisudssy (Machining

Gap) Wlefisrruaaivasslszyluily (Pulse On-time) Lewlavedsiiguautfunlninfazidu
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fndeuliAnnsensatuszninanedidnlnsniuniisgiane (Secondary Spark) danalinyes
toadnslumsutssUifiagedu (18]

Tua1uddBes Sanchez uagam [19] innsAnwiszozersailiudsuutanield
Sidnlnsnatifanats sy lummasesivantunudumdnndrudu AISI D2 Yandidnlase
\Jumewuns (Copper) wag n31lwd (Graphite) YuadUHILANINA1Y 10 Way 45 Tadluns 10123
3 fiadumsiiioszuisanuiounazadnims Tnsfassashsuasusiasdunoudiaiimandoud 0.3-
2 fiaduns vluntsfinwsensununeuiadiudaiiseuliiinduegluraesendng 2 fe 4
lulasiuns anmsveaesnuinisiisuilasestesinduegfvrundatinsindouiiiudn
w1z Tnensidsuutawestesiaasnnduniuauindidnlase (Bianlnsadnszozrinses
097319010 BLanlnsalnszerinmwestesinies) wazuusiunuseRuanseualnii (Discharge
Current) fuAraa1ila (Impulse Duration) fanansuanisnaaesluzudl 2.1 fenisimes

o =
ﬂ’JUﬂiJIUﬂ']iV]ﬂﬁ@ﬂ@ﬂ@’]i’NV] 2.1

w
=]

160
140

~ o
[= =]
L L

120
100 A
80 4
60 |
40

B
o
L

[A]
[=1
L

—e— 010

Gap variation (um)
[4)]
(=]

Gap variation {(um)

]
=1
!

= Q45
10 4 i 20 A -
o M
O g T T T T T T PH— T T
001 2.3 4 5,6 7 8 .9 10 1112 13 14 0 1.2 3 4 5 6 7 8 9 10 11 12 13 14
EDM regime as given by Ra (pum) EDM regime as given by Ra (pm)

a) 5L§ﬂ1@i@lLLﬂﬂWGﬁ"ﬂu’lﬂ @10 waz 4544, b) aLgﬂI@iWWQQLLW‘]%UWQ @ 10 wag 45 .

=

JUN 2.1 anuduiugseninenuneuiauasdiantnsaiiiinanenisiuasuiUasszevesa [19]

M13199 2.1 Mdiwesaauau (nseualiih, wante, wazaite) lunsshviA1ANureIURn

Tunsimnglaneae i [19]

Aune Uy | nseudlnd (Current : A) | 1@ la (Pulse time : ps) 1Ia1Ua (Off time : s)

(Ra: um/VDD) | M2au@a Cu | WNSWA G | noawas Cu | wnshild G 709Ad Cu | wNShilA G

12.6/42 32 48 800 150 100 20
10.0740 32 32 400 200 50 25
7.9/36 24 14 200 200 25 25

6.3/36 14 12 200 100 50 15
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5.0/34 12 12 200 50 50 15
4.0/32 8 12 100 25 25 5
3.2/30 6 6 100 50 25 5
2.5/28 4 25 50 5 5
2.0/26 4 4 25 15 5 5
1.6/24 4 4 5 5 5 5

= ¥

Kamonpong Lagamy [13]vi1n15Anwialauaiusalunssuiunisiatesanaieg
nszvunsiazlangdaelniln (Deep Hole Drilling) TngyinsiussulfisuUss@nsninnig
wsguseninadidnlnsauisfunssnszueniudidnlnsauvisdiuiinsasaiiannuinadudans
didnlasalaeiingussasdiflofiuUszansnmmsdnansldidnsdnuazadaimslony anuiunu
M34in Secondary Spark sEWINKIBLENIATANUAE G yenINLeVENaTewUINBLENATA
ﬁﬁLé’umuquéﬂma 3, 6,9, 12 fiadwins Adalesunsfinesaudu wud vanlunisenzgdnd
wunltndivgadunassduaiudnlunisiang ogdlsiaudinlnsawisiuiiinisasiaiiann
vinahuaeddnlssadusltumeswialunnaeinianas sninsviadonuiiduiy

A9 HRNIINNTANNTIVIIBDIAN N TALALADITTINITHUTTUTAERAY UBNAINTIUIATIBIANLATAT]

Y

&

a a 1 A aas

Svdwarenuaiunsalumsiazsan nandedidnlnsandvuimduniugudnans 3 faduns
mmaavﬁmingié’ﬁssﬁummﬁﬂ 8 fiadluns (8:3, 2.67 Wi flesannideseduanudniiia
asdunuamsolumsndaaslanzainnisdnansladidnaindudrad ululfenuazia
UszAnsam vilinsezuiunisadianesinenisudssy (Gap Spark) fAnannisUassussuludi
(Voltage) lilgnunsansyiinlsvdedulusgnslufivszaniam deswnananineiiuuizas (Non-

stable) dusuBianlasaiifvuadurugudngna 6, 9, uaz 12 Jadiuns a1unsaiz3antad

[y =

seAuALAN 50 Rafkns Wesmnuuindurugudnatdianinsafiiinduiinuivenduseuis

a & A a X o v a & a = v | i )
@Laﬂimi@mLWﬂJsﬂu V]']I‘Via']i‘lﬂal,aﬂm3ﬂﬁ']l|']5ﬂa@Lﬂqlﬂiu%aﬂﬁqﬁﬂqiLLU?E‘ULL@%GUQWLF‘TT’JI@‘VTS

(% (% '
=< o 1 1A A

sonuliegemaiiios wenanlvuiaduruaugnaaBdninsaiinuddamadoiunini sl

I a 3 [

AN Y vinliAnaututulunsiae1znanIaanlasaniduNIuauguuIaLan lag

Y

wndiantasanfiduriuaudnas 12 dadwns Widasnsvindenuasan snsnsdnnseves

danlasnuaziiaiunsiagsanfianas
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2.1.3 HaNSANYIINEWAVBINITOBNLUUNTTANETSIABLaNASNETULAUNATBLanTATA
mefimquﬂﬁdewaﬁiaﬂixﬁﬂ%ﬂ'lwmﬂunizmumsl,ulsgﬂﬁn

Tuauideves Lin wazamy [20] vinn1sAnwiusednsnimnisidnansiadianainly
n3zUIUNITWUTIUTER TiH6ALAY fgnszulunsiniglangaigliiilagnisussynald
Budnlnsnnoandomonariifiduiuaudnarsanslu 0.5 mm vianeq usnswtududidnlns
fifigunssnnmdsy (Bundled Electrode) Tudnwaizwes Multi-hole Inner Flushing Lilefinwn
auduRusvesiiuUsBaseldun snsnsinavesansiadidnasn nseualni waznande fidua
sodnnisvdaidonuuarnisdnnsevesdidnlagn Sswailldgnihanisudeuiudidnlng
neudotriafy (Solid Electrode) 91nn15k3iantnsauuy Multi-hole Inner Flushing Lilen
m‘zLLa"LWWWLﬁmqqﬁuﬁamaﬁaﬁmiﬂﬂﬂimﬁmLﬂfamuﬁl,ﬁuqﬁumu p819l5ARUsRIINTANUTOVDA

a & U a &

a & = < b4 A = = [ Y
@Lﬁﬂi@iﬂLWNéﬁ\WUL‘WSQLaﬂu%JEJLﬂJEJL‘IJﬁEJULV]EJUﬂ‘U’eJLaﬂIGﬁ@LLU‘ULLVNmu Iﬂﬂ@?LLUiﬂi%LLﬂlWﬂ’]

o 6

P3N MaveIEITiABLanAsN WarANUEURUSIM (Interactions) syninsnsyualiiinuagiia
L.ffJmﬁ@m%wa&iamiLﬁmgf’j’uﬁuaﬁmqmﬂ%’mLﬁmmaﬁmﬁﬁaﬁﬁﬁ@ YN INTIBNENAVES
nszualniinazdnsinisinavesansindlannindwanodnsinisanusevesdianininog19
HodFgy

91NN159188INaNTNNABIUBINIstrafavesastadLanain 35015 Mult-hole Inner
Flushing fnslvaisuvesaisladidnninediseiios slivilwansladidnssnifanisiuiiou
PNAIBIATTUBUMIROUNIALANE (Debris) Tupainan1sulssy dwalvlunszuaunisauisail
amnuafeslunng 19303 wannsannsliBidnlnsauisduinisanansladidnsdnvinlslaenis
Farusnuinsesdidniasauaglvaisusondsilonaifinnisavauveseunalangdsiaranms
Jmeddnnseulunssuiunsaliadmaliusyansamlunisatnsnandias [21]

Tuanuideves Kumar uavamy [22] iniseenuuutavasiedianinsawuulnddniu
UFuusanseuiunsinegmenseuunisinslagaeliiy (EDD) lnefluuwifnlunisasneyes
nslnadvesansladidnnin (Pathway Inclination) Mfisaidesunnsnaiu (60°, 75°) vuian

<

Bidnlnn usnanivurnvesdeanidinasavesasladidnaind (200, 300, wag 400 pm) fign
thanfiansanwiendunissuvesdidnlagail (500, 1000, kag 1500 rpm) HANTENUAINNIT
Buanlmsauuy Pathway Inclination Tunszuaunisianzgmelniln wud Bidnlasaursdunuy
sysuldiaantunisuussy (Machining Time) Indifesriudianinsawuu Pathway Inclination 7
fagiBeq 60° way 75° mudRU Aiseduaudn 2 mm (~25 minutes) agslsfinudeniudn

ugusudndiuveadunugudnatsiuaudniunisusgiunnndy 2.5 wih @iédnlasa 1 mm
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a &

ANAN 2.5 mm) BlanlasauvsduluuunAtudidnlnsauuy Pathway Inclination Nilyudes
60° lalaunsavinisudsgule egnalsinin Bidnlasauuu Pathway Inclination Nflyudes 75°
ansniinsneglaands 4.1 mm lagldiaan 40 minutes uonaNUvuInveItRIMalnaves
asladianmsnifvunaduriugudnanaladu (400 pm) dwaliarlunisuusslanas
nInyueediantnsn (Electrode Rotation) Aaesauilmunzausolimuduiiusiudnsn
n1sinavesasladidnmin Feazdimaioninuiilunisudssy [22] egrelsinunisnyuves
BlanlasnaunsaUsuUesns 38998939 shas AN INUBIRULe 1HB991NN1TYUDA
didnlnsnazidudmnszanenasnulnihliseus Sadvesasnauvilinszualvininuaitaue
% dya a a & ) v a & a ¥ [N 1
fu [23] wenanidvSwavesnisvyudianinsainliansindidneinaunsaluadngvesinduns
wls3UlAALaEIAELTUNILIIINAITNYUVTALAYEUNIALTNEABBNNINIIYBIIN9TENT
ddnlasaiurunuldedesins Gedwadednsinisadnilenuiawuagliaia wveuiiag
AN TunafgnudedanalinszuiIunIsaU1sAluLsaE ASITEDISAINALLINTY YN LA tunIg
wUsguanunsaanadls [24]

Tuau3T8904 Yilmaz wazaue [25] ANWINANTENUIDINISANEITIABLANASNHIY
wAuNaNeaLanlasALULYBdLAY? (Single-channel Electrode) wag#anutaanis (Multi-channel
Electrode) ‘ﬁﬁma&iaﬂszﬁm%mwluﬂmngas'wﬁmL%aé’aamzmumiﬁmLmziamﬁwlw%]
nmslddianinsndanneandesniivesdaaisiadidnesnuuumelidnsinisednilonu (0.10

. I ac Ao = a & a 1 . 4:911
gr/min) gani1Biantasndinis@narsindiannInuuunaieyamna (0.06 gr/min) wenaNilain
a a a a a v = a g ° | P a a
A5AAAI5LABLANASNWLUULAEILADNTINITANNTBVDIDLANLATA (45 %) HININNITAAETIADLAN
a 1 1 I3 = d,‘, a Qy [ 1
AINLUUNAIEYRINI (50 %) 2818l3AAIY 31NNITANWINURITUIUA1ENSINITUUTTUNUT
Audenieniinainnisauisamenisdnaisladidnainiuunaledomnegluliuue e
= = Y] a a a a a Y = . |
Wisusununisaaansiadiannsnuuutnel Yenainil sunasudurd (White Layer) Uaviaou
avany N1SVALLAzaBYDLUD AR LaYIEELANTIVLIALEGN LARTUNIEANEOYTINURIVDITUIL
yInnsanansladlana3nuuuifen ususnguuiuiatuemuainnsdaansladianasnuuunany
1 a ° P a a = a o a 1 v [ dy [
Ya9bulsinue Weaandszansnnlunisananslndannsndinabin1suinialanswazudn
imwlanzeaniindesintlunisuussulaegiwiaiiios vinlinisiin Recast Layer UWRIMUAAYY

TuUsunamwaziiuiiauaLLEue
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2.1.4 wansAnwanwiuiatuauuaziidnlnsanendsnisul sy

luauideves Dwivedi wagAue [26] 11N13053988Y Recast Layeruuﬁu%umui’aa
manndniaieaile AlSI D3 aendamsuusgusenszuumsimwzlanssgluih wasdsvan
N13A21UNUI0Y Recast Layer tngldnisuyuvasdianlasadududslunisieuiisuiu
Sidnlnsauuunsil FeaunAgIuresnsvaudldningnn1ailazaIun3aanAN LNLIYBINTTLAR
Recast Layer lgdin33idnlasauuuasdi daudsiithurfiansandrulaun wsadulada (75 v)
Aszualiiin (10 - 30 A) aWdn (150 us) aliBENRe (+) Bidnlnsaveua (Cu) wazans
VyuYeBaninsa (0 - 1000 rpm) U3 Recast Layer fianuduiusidauindunssualiiuay
nanda name FurrumuIes Recast Layer iinduidionszualndi (30 A) uaziandadia
Lﬁmqqﬁu (150 ps) wavanasdlornszualitii (10 A) uaziaandn (20 ps) anas eehidlsfnums
yayuva3Bidnlngadl 1000 rpm anansnshlituaIaMLIYes Recast Layer anadann 80.50 pm
Ju 46.44 um audau

fuin Yantusuildsuensouninmsdemusey (Discharge Current) luvairatrsnay
A9 AB UL LRI T AT U UL AL S8 UATL T UL ST AN T ENUTING AN TR 1)
$ou Fsanansnaduislddadie snralrirmninarmdougififismesenisnsouaraisuazuin
mmﬁai’aas‘?}’wu%’juuuqmaaﬂ (Spattered Surface Layer) U%nm%’uiaﬂmm%zlﬁ%JUﬂam%auﬁ
Jieswasiomviaeuazattvesiantusuuillansnudneentfideduantndnsnmsatide [27]
fanfiiantavasuasargaznaneanulusUiuureseynnlaniany (Debris) e Tanignudn
ponuELgnansladidnainitameonly visuvawvdeeglutesitinisulssuiasvudeulu
asladidnesniiilidusiuausuiiAnannsunnsvesansladidnasniidulelasasuouis
Uineidiininsansefinnu visdundudimsuisuietannaiedudunisudaslngg
(Recast Layer) wazluszuiiuinfianasnasld5udvsnaninmiudeuusliiinnisnassazans

(Heat Affect Zone) [1, 2] éﬁ’mamiugﬂﬁ 2.2

Electrode Spattered surface layer
i m\\ SR Recast layer
—_— i‘ ?‘i‘l g ik Dept of altered metal zone
‘:g{mt Toansi 6°° i — I changes according to the Heat affected zone
» ’ O Z’,) amount of current applied.

Base materials

a) ANUSAUINNTTDSAVINTELAINTN [1]  b) HansenuaINNAUSUNTIRTARTUIU [28]

9

[
o a

5UN 2.2 nssvaunsinwiglaneaigliihuasnansenuiiilse Tanduau
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Tuuddeues Muttamara wasane [29] innsaneransenuvasasuauluaisiadian
p3nuazTanTuuiinasanisiiin Recast Layer Tunszuaunisinanslansmelnil Janlunis
neaaudunannaiaisuausi JIS SS 400 (0.15 %C) wagimannaadini (3.6 %C) Yinnsieeie
melnineldansladidna3neiia Kerosene waz Deionized Water fiaudsniuauilldusznau
Tuse nszualadn 25 A Anus1edng19a50a 250 V Jadeuseansnin 50% Sanlnsanawna
gl duau wazduusudsiu Aaanle?l 9 waz 300 ps Hufvestunuiagmanvaed
WNenaINIskUIFUgnUNAaNAIe Recast Layer sauluieiignunniedluguvestoding (Voids)
A a E ) = = I | a
MmAnvINNIasuazalsvediledan tawinllenisauriavenasiuyiaweinida (Pulse Off-
Time) Janvzgnuineenuazsnwiaamgiilagaisindidnasnogssanss Milinuiivewninmse
a ~ @ o a0 1 =
dunvasuaraieuaviiudiasiivesseyvesuanastaraley (Craters) 53U (Porous) sauluiia
nsnefveaniaunsiitdunauuieg (Graphite Flakes) vulassasig Silicon-iron Matrix
3231898 MIR97U vl TuYes Recast Layer UNURITUUAI8MaIN St UAIaMANT oY
AN IBUIALENTIWIUNINIINNTRENTIVOBNSARNTING aealshmuuuiiuivesianmannd
A1SUBUA N UTRELANS1IYUIALAN UUTY Recast Layer Wiosannindnnaiansusunilad
AuUsznavvaunsantud

& : \ | ¢ L, o

UDNANUAIIULLANETERINE Kerosene 1lazy Deionized Water Aa Kerosene 1AM
AUMMUENTN Deionized Water danuanAausnunuiiawilinisaewlsegintulaann
Juin Gap lunisaursanmdmaliinduaudemnurg it fignd widnsinsvdaile
41NN Deionized Water fiflaausiuniutiaenin Kerosene Mlinsagindszasening

g

a & o & a X U Y Y] & 1 1 o °
dudnlasndunaneisvuladedunaligninisvindonugausninuwtugrlunisuusgusn [1]

' £
a1 v =2 a

wonNNHTY Recast Layer finofiduuufiagusuiilold Deionized Water 9xUszneauludne
Fo3319vuInlan (Microvoids) wazeyniavediawlany (Debris) nszagegvinRiny uslunsdl
Y4 Kerosene unuazlaiusingdounniosisnan Recast Layer gnnsianuuwanuannasding
famsudnuazanuvainaevediassasreiunnivinndnfueusi ilesnaanszmy
vosUFaniveuluiofanlasianizodnsBaniaunslid (Graphite Flakes) Tuwmdnvdadinn
wiAnnavaeuaraslussinssuiunsal sawagnduinssdaiuidelaneidelésunivae
Fulawansladidnesin uenaniaiveuluasladidinesnfiiusin Kerosene Audniadenis
fvlAnn1snesives Recast Layer fiunnninnisidansladidnesniidusiin Deionized Water

oslafiniu enandaifingsdu (300 ps) USuansdesaves Recast Layer asiiiy

AMunuNvestuTueg1uiuladasiulufieaviinsesunninauinldnuutdy Recast Layer
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wufeaiu syisgegiatlunmsUdesusegliiienuiudmwaliAnnisiesivesnuiou
wazthatlunsvasuazatsvenieTaniinaruiu shlvivenasuazatsfininunirauasin
(Deeper Craters) iloflstaianvasnisvaaidy (Cooling) Feansladidnninadesamsavinli
Annafuiaveaidelanznateiiu Recast Layer uonainiinuunnsisvosgumgiiniudou
3899 Recast Layer wazsudildsunansenumenudeuusliiinnisnasuazane (Substrate)

AaliAnANLAULI RIS UIM AR TesLANS 1 lATU Recast Layer [30]

2.1.5 walulagaunssuaunisnasnslaneaaelnii

N3¥UIUNTHUTTURUUTLAY Non-traditional Machining lunduveanssuiunisudsgy
AIUNEINUALTOU Thermal Energy DouthunuanTuaiukiiiun lnonnizeg198snsguiIuns
Anzlavgsngli Fadunssuiunmsuusguianduauidanuniauasdsunsifienaanis
LLUigﬂé’aaﬂismumimaﬂa LLazé’J’qﬁmiUizqﬂﬁl,ﬁaﬂ%’wqaauﬁamaﬁamulwumzﬁﬁmms
nasuazatsuazudeilnuveaia91u31nN1S Discharge Current auﬁmqmmﬁﬁqﬁmzﬁu

[ v a o a = a v o v o
wanau wazudneanmigastadianensn (1, 2, 27] lnganmsfnwenddeiliausaasuaisu
YINTHAU LA AISANYIAIVAINITVBINTZUIUNTINFUAUINAIS LEIAADLEaN A IARUY

<3 [ a £ [l (Y} a a = [y
553U nangLdudanralansdennssy wasnsliddanesiuiuansledidnasniioUsuusnanin
RulagalunsnasutaweadauUlanad

2.1.5.1 M3l Conventional Electrode dmsunusguiantuauiugnisuusn
Y9en13UTul e TRguamlumanndadmudiansladidnainviliia Carburization UuRa

< v Wl 504 A P R I3 Y A A & ° v ) =3
WANNA WU UTUATINTANURT ALY [31] ANNANTUSUIUANSUBULINIEIN IASEAUAINNAN

oh B S by | & £ o 8 a &
YDIAMULTUALTY N5 UATURUAIVDIAIANURTIALLNALUTEAU Micro Hardness kagsingu
wasua lniiiina1n8n3naves Heat Affect Zone [32] Aa9g19n13inw s Tanmannan
Wi AISI D2 TaelgTagdiantagn 75/25 Tungsten Copper Wuduiadeuiadaiuuian
ddnlnsadialtanumuiutuvesnszualuseausi (Low Current Intensity) uagtianlngniuiu
(Long Pulse Duration) LAnann1suandIvesalstalasaisuau LLazﬂ’]iﬁ'ﬂL%’]waqﬁmﬁLﬁu

a

druranveaTanTuILIgnniy [33] Rnautivestansliiasiunisidtansianiasauas
[ Qy [ = v O I = 1 1
TanBuanuunsaunaniloufiuinauagiinsdnrseuinnin 2-3 win [34]

215201514 Powder Metallurgy Electrode #91Judandianlnsniisinu
N33UIUNIS Powder Sintering azfimnulasonisilasunlasamisiimesuinnindianinge

555unvlY [35] FedinareauainnsalunisulssuiazderanansUSuUTAMAINEI9IUIN
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(%
o a

msvaaieuLardnrsevessaUsznaviidludidnlnsaluindouiiuinTantunuueraouazans
Tivildiiauudsusafinanniy Jeadennsyuiunisiin Electrical Discharge Coating (EDC)
136] nsldlangnalmmiouutssuianturuminndrasveuagiliiAndutuedouiin
Titanium Carbide dwasiaorgnisldmuveaifissifisduaniadanii (37] uazanmvasos
I Tandidnlasavivanunsludulsgudaguannaiaisveu H13 Anudvilinuudaimy
Atudeuiy [38]

2.1.5.3 11514 Powder-mixed Dielectric 1Jun15Usulgaftaulngnisiiuns
Tanzadluaslndidnaindsdmadenaifiushnnsvdnidenuuarannisinusevesdidnlng 14
dmsunsuuinasdeauutantunu lasnseunielaneymihiidaraenisalialasasann
5L§rﬂ:mmLLazﬂai’aq%mmﬁﬂﬁﬁmjNmiaﬂﬁﬂLﬂwﬁuuazwé’wumiam%ﬂ anasiosnniduy
Secondary Spark uazintuuuvdslaeiinseuniadufinas [39] vliaanisinsesuani
FuIRLnuaTunIsrastazatatazudeialul fegrngunstd Tungsten Powder-mixed
Dielectric U¥uussau AR89 TanT 11U Die Steel Materials ¥i1li1Ainn131adoudne

% ¥ -]

a15U5ENoUYes Tungsten Uay Carbon lusaushiuiiaianiidumannd vinldamudsvesin
silusgaulalasunsfiugsds 100 wWesidud [40]

2.1.5.41maflA Applications of The Technique tdun1susulgeRaeulag
nszuIuN1s EDM ladinnsuseenalglunulagenndosdunisusuarune viionas Texture
(Texturing of Rolls) [41] 31AR514 (Electrical Discharge Texting) lnalddianlnsa Powder
Metrology fifid1unanvas Ti wag W wi’aa%umumﬁﬂﬂé’wwudw‘%Lamﬁuﬂwmﬁmmiﬂluﬁﬁﬁ
ATy 1y WC, W3C uay FeC duilanuudsinamudiui [42]

2.1.5.5 Dielectric Fluid lusuauuiivnsiusewinfanedostofuiuaulals

U d‘ 0O =X =

dudanugadudedrdgyidesiistanazazfosinnsuaean Machining Gap wag Electrode

Wear Gap titglviiinadnuududilunisudsgy [43] mniuianisaursainnisiadousives
aunAlaved1uILyiliiin Secondary Spark [44] uazweuiandenassaiuuwduglunisuls
sUuarAmaiesveansladianain venaniifidmaduegnaunnsenisednilesuuaznisdn
wsovasTansiantasn (45)

INAITNA 2.2 F5URRNITRRLINTEUIUNNT EDM tieuTulsanaun i nuluus

A & Y aaa < o Aa ad o ! a s 1 LY Va @ Y

agdsgalulowuis 1 1Wunsanliumslagisusuamsfiwessiudunisldsianinsauvisdiu
Jioliinnadns MRR @9 EWR 61 wagiaeudsedn deunduisdnieg 2 10unisusulsilaeg

[ o

W tanddniasnannssansanswdivinnisiaeiz aglenuiioAny) MRR g3 EWR 61
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LazANNUTLAAVDIRINULAZALTRNINATIAANTULAT B UINNNITAN NTRVDIBLANIATA d1uSU

ax = I3 a I3 P Y va = X a
90190 3 L‘U‘Lm’ﬁLmuaqmﬂmia‘mwuﬂmaﬂL‘W’e)Lﬂﬂ‘d?ﬂiwmﬁﬂﬁuﬂismmmm%‘u AINLAR

n3rUIUNTAUISALUY Secondary TnganfeauniAN i1y dNaliAINUTEAIRRIULINEITY

vinlaunsaeuuuldinduwuimdunisimuiieliifona

Y5LANTNINNTZUIUNIS EDM

[

A15199 2.2 [T U UTULUUTRINITLUTIUMIENTEUINNS EDM

N

SNAfaAMAINEINULAE

Details

Process Diagram

Remarks

EDM : Electrical Discharge Machine

1. Conventional Electrode

-Solid Electrode Machining with

Conventional machine

Electrode Wear = Electrode Wear Ratio : EWR

Flushing

1 . :
f&elecﬁm

%

‘ =Discharge Current
Workpiece Wear = Materials Removal Rate : MRR

Evaluation

- MRR : Materials Removal Rate
- EWR : Electrode Wear Ratio

- Surface Quality (Ra)

EDM : Electrical Discharge Machine

(Surface Modification)

2. Powder Metallurgy Electrode

Electrode Wear = Element Separate from Electrode
R
3 2z

Flushing

Dielech—% “.

..................

Y= Discharge Current & = Combine C+Element
Workpiecce Wear = Materials Removal Rate : MRR

Evaluation

- MRR, EWR

- Surface Quality (Ra, Cracking)
- Micro-hardness

- High Performance and use for
Coating Surface Modification

(EDC : Electrical Discharge

(Surface Modification and Finishing)

3. Powder Mixed-dielectric

}1‘2 Secondary Spark & = Combine C+P/M
Workpiece Wear = Materials Removal Rate : MRR

Coating)
EDM : Electrical Discharge Machine Elechg g octrodt Wear Ratio (IR off Ml 1ation
Flushing Flushing
Dielectric + P/M Dielectric + P/M - MRR, EWR

- Surface Quality (Ra, Cracking)
- Micro-hardness

- Low Machining Performance
but High Quality for Surface
finish and Modification

ludagdunszuiunisiawiglangaiglnily (EDM) InsAnwiludednuindsdu inlv

NATBINTYLTUATUANAINYDITUNY 19U ARUUIUETUNLUTFU (Dimensional Accuracy)
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n15anYeeIelun1suusgy (Side Gap) NMsaataaulun1suusgy (Machining Time) saulutia
AN MEINUMETdINIUUTIU Yl sAndugUuuasIBnsuuln g ileneulandeu
faans fatu n1seenuuuuazaiiedidnlnsnguuudieg Jeldfuainufomduegiann
uananiinisesnuuuszuunsinaisuresansladidnaindsald sunruaulaaninidelu

P uEnufslagdu

aa a v
2.2 ‘VIi]‘U{]‘VI LNYIVDI

2.2.1 nszurunsnanzlanzaaglniln (Electrical Discharge Machining: EDM)
A159IUUANGHUNTLUIUNITHANALNATFIU (DIN 8580) Fanandluguil 2.3 daléin

nszvaunsiawgzlaneseliilunsyuiunisuen (Separating) aunaa (Particles) voean

q

(Materials) tielviiinn13viniilaianduau (Removal) lnen1se1duminusou (Thermal) ffin

v
a & [ a

NN1sNsaUsAveenszwa i ldinIsanemmauSausEINel@n s lanlnsa AU ARt uIIULEN

9 9

luviraneiusznisdudnvataynineenainiiiedaglnenisinigisaaanssualiii
(Electroerosion) #udun1sareuszyseninstaaasdaiiabiinnisiasluvesnarnduansia

fuinlniin (Dielectric Fluid) [1]

1. Basic forms - Cutting apart [‘ By way of friction [ Thermal removal
| I with solid tools

2. Shaping ‘ Machining with |
| determinate

| and non-deter- @ By way of i~Thermal removal
minate heat transfer with liquides

RELEIE] 1 gemetrical
cutters
4. Joining i Thermal removal
IEEE  Chemical | with gases
5. Coating ‘ . By way of high-
energy radiation | RREMERENNE]
6. Alteration - Taking apart & with sparks
of substance | (EDM)
properties Cleaning ‘
Thermal removal
Evakuation with electric arc
~ Electro-
chemical Thermal removal

by means of laser

Thermal removal by
means of plasma jet

5UN 2.3 MITUUNAGUNTLUIUNTNTNAAMUNINTZIY DIN 8580 [1]
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nszvaunsiazmenssualninduguiuuresnissdndlonuiondenisuiemig

i lfansaursaninudgedsaiunsanseibanslniinssuansawaslniinssuaadu

=Y

[ ! A [ Ao ] A @ d’ A @ LY £4
aﬂ‘iﬂmgLG‘I‘L!‘U’ENﬂiS‘U’Juﬂ'ﬁﬂaLUHﬂWiLLUiEUIﬂEJWJﬁ@Lﬂi@\‘l&l@ﬁ]fﬂ (Lﬂi@ﬂﬂ@ﬁ]ﬂiuﬂﬁiﬂ@lﬁm%ﬂ’w

q

(%
v v v a

T1Sen11818nTnsa (Electrode)) ldduiaiuianTuaiu (Workpiece) wiagiin1saulsaniu

9

younadiluarsneiniitendt asledianain (Dielectric) fuanslugui 2.4 edn1sadiia

Aananinainnsuaesuszanseualniin (Pulse Duration) adufiunisnenineuszanseualnii

q

a

(Pause Duration) figauvnilfigedis 8,000 fis 12,000 ssrnga@ua TuuSaiundie 39l

(%
[ a

antunukasdiantasafinnisvaey wazgnidnesnmeansindanniniiunaqueglneseulugy

suaﬂaymﬂmawﬁa Yauad Lazwng [1, 2]

EDM head

Servo control
v ;e spark

EDM Control
systems

. B — . . 1 .
P =3, Dielectric flushing
(Multi-aperturc)
. Rotary joint
Pulse | Motor
{ generator | 7%

0)

Rotational Y
direction Chuck

Working tank el

Electrode
Dielectric flushing

(Conventional) <
T

)

Workpiece

Tablc Machinc

Ul 2.4 nsvurumsinslaneseluiih (EDM) [5]

fuiTanBununlasuausauannIsaemysey (Discharge Current) lunaugaininay
A3 aguLUaiuEIYe TaAT U LLUIAINTEAUAINTULSIVBINANTENUAIN UM TAIN
Souanusaesuielansife vuraUrsaIsinALToUaTIEINERBaN1TRDNALAULATYIALAY

& o & a ] Yo o A
Lu@?ﬁﬂ%UQWUUU?ﬁ@@@ﬂ (Spattered Surface Layer) ‘UiL'Jﬁlﬂfus@ﬂaﬂll']‘Uglﬂﬁﬂﬂ')']lﬁ@u‘mLWENWE)

[ d'

fon1suaaavangvedianiuLdliaunsavdnesnld wWeduanigininisalria Janivaey

9

v v Y

L d' LY d' & a & a [ PN
asany Lﬂﬂﬁaﬂﬂgﬂﬂlﬁ]ﬂ@@ﬂLLEW@Hﬂ’]ﬂiﬁ%%i’lﬂuwaus[,uﬂ']ﬂﬂ@LaﬂﬁﬁﬂQSQ‘U TAUATTUDUNLARM

NNITWANEIvesasindianasnidulalasa1suou vdrunduldiusudlInaneLdutunig
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a a } %

udesnlual (Recast Layer) warlusyduiuinianasnaylésusvsnaannanudeuusldiinnis
waeuavany (Heat Affect Zone) Inslunsazsedutuilasusnsnaananudouasiinlusysiv
luimmml,ﬁmmngﬂﬂﬂﬂqmé’wmﬂm%lﬁﬂﬁ%ﬂ
nsvdaidenuannssuiumstaezielifindutgdnsnmsiameaigldnnsunagy
foansladidnmsnlasanivsuduianfunisadnessosvessnindhnufuindidnlnseindy
auukndnlil (Electron Magnetic) Tutgnniuiinflazifnnisatriadsusaduluiligegn
Tnglsifinssualnanndsgud 2.5 uazifleszuuiutlou (Servo) anmnsn¥nwiszezvinldaziAnns
aUnsadsasviliuseuliinanadeefiUSuimnseualuaniuinniu Tnonisauisravdenaliie
sziaqqty,tywmmﬁl,ﬁmmmissmaﬁuaqmﬂﬂéLﬁﬂ@]’%ﬂLﬁ@lé’%’umm%uﬁqLLamiugﬂﬁ 26 il

(%

dugansauniatesinayyinirzra iliansledidnasniieglaeseudnunudnmvlansuas

9 9

srueANseu (1] duanslugun 2.7

Electrode Electrode Electrode

S
I

Pl oy et B o s s VTR
piece ‘Morkpiaca:

Work

2.6 anzlunisaursamensewatnin [1]

CaN
<
=3
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JUN 2.7 an1iennsdnuuazssuigauseunnsalniamensewalnii [1]

ndginsmsaliailiiinanuduiussenitanaivdesyseanseualiinisends

[

1aUn (On-Time) AuiamendneUsegnseualnihiiseninaa1la (Off-Time) Aegun 2.8 log

U

a1u13aInUsEdnsnmaeintsinnulunieindns (Duty Cycle) [2] vasnisalnsawiiuiante

serasalunileindng (Total Cycle Time = On-Time + Off-time) fauandluaunisd 2.1

Duty Cycle = Rl S d X 100(%) (2.1)
Total Cycle Time
A IL'\ IL: ’L\ 'L\ Voltage
= gy, 1 [ 2\ [ | Curent
8)
Qo
g
.C.:"’.

—
Time (Js)

Offtime

|-

sUN 2.8 Yaeszeziianln uazUaiioliinnisaiewmyseq [1]

naunIsuInaaalaiissantesazyinli Duty Cycle getuuaziinanonisuiu
anmwandenlunisauiia Jandanlnsn JanTuau wazaninwindeuveastadiannin
AADAIUANLAINNTAIUN TS NEEN AT NN wazauadeslunseviunsvdalionudu

281910 [2]
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2.2.1.1 11U

nanla [1] fevrwiarfinnisanemussyuanseualiihviliifianisauise
nanevduauseuavaunldlunisadniienuainnisadassezrinessniniaianduauiuian
didnlasnainanusumuesnszia wagldnszuadudiiiandn uanuseulunisviiliau
o & i - 0§ ¥ a & = aa v A
d1159a4 szezaveINsinemUsEINguiiAnnsaeuarate Juraudniidinaundnegm
Annisugaseuainnisorsailuwssvuinluguazdnnudnunn Jsdmalifinguaudannuveiy
gandnszeznaINsaemlszanidy uenaniiandaigeasiliinnisuaouazatenasud o

N a ] Ay va & ) o § v = a &
YBININUMIENTT Recast loglunsalitddianlasmdutivinasyilvinisdannsevesdiantnse
a

= a & Aa a' v W s a i 1
ANANLUBDNYINLNANTILAADUNNIDLEA Iﬁ]iﬂ 2] E‘U‘Vl 2.9 ANMUFANNUTVDINAIUANDNTVIALUDINU

LLagﬂ’]iﬁﬂﬁi@‘?@ﬂaLﬁﬂI@i@

..................
.......
.....
......
.....
. .

.....

.o .
.....

ee’
0e®
.

0 MRR : Materials Removal Rate

Low ~«————— Impulse Duration ——> High
= v w6 a 1 [ d,‘, = a c
g‘iJ‘VI 2.9 mmamwuﬁsuaﬂnmLﬂﬂmamsmﬂmamuuazmsammamaqaLaﬂimm [1]

2.2.1.2 1anun
na1da [1] Aedinainneainnisatemiseuasnseualniy deldvinliiang
P o X ' ° Y a a ) P =~
AU WAENISVIMLLBINU wRAzYINlAARANUEDESIUNSEUIUNNSARNEa28 1N Taeile
nardaundwilianusilunisudsylanas wiagriliAnnisszuieauiou wazsudaiey

aunAvaneenINTUUlsIInTwlmAnaEisslunsinwAmauiunIuYeEsled

o w 1

wnm3ndadudsdrryedrannlunsadnsdesinessniniinuiudianlase elindenlunns

[ 77
v A

alrsaludndnsdaly MatinalafidnasyinliAnniseindonunaiuaznisdnusevesdianingn
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i eannndsusenihenavazaemuszgaduvasinarssuisauioudadunarlam

d' v o a ' LY & =2 a
SUN 2.10 Anudusiusvesiatlasen1sedailianularnisanisevesdianingg

Y

-_——
. -—

..............
.............
........
..........
......
.........
............
.......

0 MRR: Materials Removal Rate

Low -€—————— Pause Duration =———————> High

JUN 2.10 anuduiusresaUasenisednilesuuaynisanvsevesdiantase [1]

2.2.1.3 nszualnin

aszualni 2] Fedumidavemdinuildlunsimeizvoinszuauns Taedl
sheindunouuys (4) sisiiaTes EDM azdunamnsviaganildseiuiiniigie (SA Section
Area) ﬁm%’umuﬁuifmLﬂfammwum’mf\]ﬂ%ﬂizLLaﬁLLamLL‘LJ%qﬁammzﬁ’mmﬁlﬁﬁmms
wazBuaiantn AuEsalunIs IEIAIAMLEuNIuYesasiad line3nneuSudy
nsaulsa féhmzLLaLLazﬂ’;mﬁﬁqammzﬁUﬂﬁﬁ’@meﬂaﬁmmu Hesmnianisnszanasives
ANTEUYILiAN sYaemAIENkaEN 319 dwmabilianuisaniuaunssuIunsnsnuiouly

sUreIRaneANLAY vsan1seudeuls Weldngnsvuagegandnluinagdesuudesinesewing

(%

<

Tanyuauiudianiasalidanunieuinige laeilenssiainainduazsyinlyinisudaiany

q

LarNANVToTeIBIANIATALRNEY

2.2.1.4 Al
A [2] WunaiiiAnuiainande waznaiUalaeninuaunned19ain Duty
Cycle assfimudALINAINTINTAARTUsBNLIBLIAT (Sec) Aeaunish 2.2 [2] Feaunilae

dmalaunIameANUREIURITUIULAENISUIALLE (Total Cycle Time = On-time + Off-time )
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1
Total Cycle Time

Frequency (2.2)

nandagenandamazhliiAsdinudsmagsilifitunudanuneuann waeiing
m%’mﬁaamﬁ'qa [esainnavdesuszafisnuwiliaudeuiiinainns fawiznszaie
Huussnisuardn nasnsudwwaliinduduniswasumaiuazudsslmifiiZondn Recast il
AnuvLngs SadumaliAausnadlafunansenuainanuiou (HAZ : Heat Affected Zone)
Fnasluluidenu mnnardaandiasagiliifnauifgailiinnisreouazaisvesnis
aUnsadunsafifianuniuasauananas devihlirnuvenuinnunase i lunsedade
Nuanas uiBEnInsAaMsANTsLNNNNTY WnnananassunnasinlniAnduaud

I v — < o & [ I
gannazdamalinnuveuiTuIkasaustunMviaienuananduegiwnn [1, 2]

2.2.1.5 @5ladLannsn

ansloawdnniniduveavaifnansdifuseninsdunuiudianlase deensladudn
n3nfineuldlauntangu (De - lonized Water) uazanslalasaiduen (Hydrocarbon) Tnsansle
Sidnainazvimihfidnuanmnishlnil wastioszuonnuieunaensurineyniaslans

29NINNUIHIURINUNDTDINI5:AA Overcut LHa9a1NNISHIAITB Al AN LaLS NEIAULADNYS

=

Tunsaursa lnsanstalasaisusuilioatsmazunndinateanindulalasaudaivseaiduuin

9

1
(% s

¢ = a & ¢ LU o H I o
wazAsUauaaliussduay [1, 2] lneansuauagdsdnmaauan anddntasadutiuinaisuau
I a v a @ = ' ¢ a 9 Y a & Ay v & I3
A9l TUBLANINSA TI9LVIANNNSANNTDVDIDLANLATALA WAD1DLANLASANLTUUAUANSUB UL
FlUFuRrnui iRt unulidneusidudsinal auLanfNe9sEriNealslalasasuauLazi

naume aslalasarsueuliainnuiumuganiingy dwmulunssuiumsiaeizslangme

Y =

01’ = a ¥ I3 I~ 1 v d‘ o
nszualiihiluedenldarslalasmsveuduvedraidinals WeInA1ANAIUNIUTIGn

insaemuseiadulaenduin Gap lunsauriaiawihiiaguauinnuwaazidengs us

Y '
% % A o

gn3IMsvinLiianuaraInInhnaunlaumunutenituiiu vildnisaemuseasening

a

mamimmﬁu%ummﬁm%ﬂﬁdwEJLi“]umaiﬁé’m’]miﬁ@LﬁamuqqLLGiﬂmszm'im%ﬁaa szuule
a & a 1Y) a g a o Y 4‘ o a & a a g

BANNINUITNOUAILATIABLANATN YRAIUNATEINTEY LazaIuTsastndidna3n a1slndian
Asniivatevin wiUnAenulnAetsulalasAsuaL WTuBaNeu kazt1ndnleaay Ineuntng

[

a o a a dy
Y99a15tndLannINTeail
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1) a2 (nsulation) Wuauiusewinedidnlasafugueu ns Discharge laia23
wifnduuniiszertosistesfiganidullddolfldanuandeagniounniian

2) looau (lonization) asladianpinarsiazairateuleiimanzaudmiuns
Discharge 15 7ignuaziileaindaan (Off-time) ansladidnmindndudesirdnlosouludumnia
Discharge \ialiiinnns Discharge Tnallusumisdusioly

3) AsuasLiu (Cooling) adidnn3nyhthiisyuneanufeuanduay

4) MswanieyniAlane eun1AlaNEIINNTTUINNTBALENIUYeII1N Discharge
sgnansladidnsiniianieanyn 3saenssuaunisimndululaunffivssavsain dnisluaen
synelavglifagiliAamaveaisvesasladidnain vilitloynalanylutesinuazeiaas

\Ain Secondary Spark L#

2.2.1.6 NsEUIUNITANAI5IABLANASN [46]
I~ a © a A Y 1 =
nsruIUMsanansiadianasniliunuinidrdglunsinwndessninlunisudsgy
wazddnasennuudugluiuiiagunss uenaintinsyurunisdaansladidnasndsldvana
AOAMNIMAINUNIENEINSWUITTY BgelsinunsinanslaBildnesnnlimunzauaunsodang

Aonsyuiunsausarilididnlasaianisdnnselulsnaauasdsdmalinailunisudsgy

[ [
= a 1Y a ad v A

aawuBneny nszuIuMsanaslaBianasnaunsanuseantaidu 4 35 dsil

1) nsanuuulnaund (Normal Flow) 33nm1silduiBnisfifousniiandimiv
nssUIUN1TAaN tagarsladianainazgnimualilyanisussiuunfnugodinesening
Budnlnsafuiusiuenatiosnisfianiy sglsfieniinistonses hivanzandwiunssuauns
wsgusAnifesnnazdsmalisianeiidnunsSeionsldsinuinamunanweamiigian:

2) m3daluulvadaundu (Reverse Flow) BBnstiagdenldfunssuiunsuys
sufiidaduesituiindidadidninsatosnitnrudnlulinugs Se8msiasuidymiGenie
msldsinuinadunatmesmiigiangld Inetunuiasdidninmazegmeliansladdnedn Tu
sginmaudsgudidninsnasgnenditugeninunivhliasledidnesngniadigrosinasening
Sudnlnsatuiunu Wedsnaimsatriadidninsaazgnnamaslndiuindununniian
vilansladidnaingniueenunmutesinasnudndsinliaunsovdamseyniaeenunléidy

1 a
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v
ada

3) N15AARIELIILEY (et Flushing) 3Biilunsdnansladianaindiaunsiiug
A 1 a a Y = b4 ¥ 1 ! s E4 1 < o
wiensnuansladidnesnlidures ielviaunsaiingdesinmisatiialdegrasiniuazgndy
sonldegeTInsutueiy
4) N32ALUVUTULY (Immersion Flushing) 38 stiimungdmniunsezuiunisuls

X a da = | o = Y Aa A a
iﬂWUN?WNﬂ?WﬂJﬁﬂI@JNWﬂUﬂ ‘Vﬁ@ﬂig‘U'JUﬂ'ﬁLLﬂss‘U%UQ']UWQJﬂ'l']ﬂJU']\‘iiJ']ﬂ6] Iﬂf]llﬂﬁll']ium@ﬂ

Y Y

[ '
v v A )

gnsn1svdnilenuiin dnsuisnisiiavnserimugiunsanansladidnsinasluusnaian

yoensalisa lneraavdnmsazduiusivrisainisugaUassnssualiiiuazdidnlnsnen

[ [ £%
U = o U v

Mgy dwmsuisnistidnagldlunisudssuduanaing uenaniin1syuiunsBanuunddaninse

q

A ¥ a a v
gnangnisldnuvesdiantasale

a &

2.2.1.7 Ta@ndantase [9]

9

[y wa

anusiazaladandinuanaieiu Jeihliodniasnawisaadneiuainfanvae

¥ 1 1
o a a v a aAaa

il auAumvaniuiandunuiihnsosasazansladdnvinild lnelandidnlasafind

v ¥
va v ad ! I

auUffilAe desonsuussumenssaisniialedngsn Ysednsanlunisvdailonugs 8ns

o w A

N3ENUTETDIBLANIATAM EnTansEareaNsoulaziinlaf NdAmReausanumuse

a 1Y a o = ° ' = o @ aw =2 & aa
n1singU Tanuisviiaddnsinsdnused wieinfiszinuwdsdidudianingnd sladdundey

a &

dnsudandianlasenldlunszuiunisinensase i Amuizanduwdnnaifenaawns [1,2]

q

(Copper) Aauanslugud 2.11 Fulusaniinivuigiavesnon 29 wasdyanualfie Cu Hould

Y a g A v B a a ° A Tty 8 M |
L‘Uu’;ammaﬂimmLummmwigﬂlmmLLazIMUizaWSﬂ1wmimquq DNVNIENLNANTENUND

q

A15aUSALREUINLAENDILAILENURAINISIN 2.3
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JUN 2.11 dnvaizgunsswedidniasaviouns [1]

'
waad o

M13197 2.3 AnadRnd A veIneIuAg [9]

G NBIAY (Cu)
ALY (kg/cm®) 8.96
AnaauLal (°C) 1084.62
AIWATUNIY (20°C) (na.m) 16.78
n1511Au5au (300 k)(w/cm.k) 401
AT HV (MPa) 369
wasulesauluwdy (Ki/m) szau 1 fo 7455

2.2.1.8 NNy uveBaning
o a a Y a Yy = v
nsuyuretiandianitasalaeuniuaidesldiunssuiunisinganseaululas

(Micro-EDM) nsuyuasdianiasaaninsatieiinussdniamessnszuiunisdaansladidnasn

'
= 1

FedawabinisdnnsevaBianiasaintululsuaniaduausiu uenanldnsnaveanisvyu
a o v a o a =L TR T ' vl o =

didnlnsavilvianslagidnasnanunsalvaiiigresindlunisuussulanuazondeunsemieninnis
wyurdnLAveynAlingneanuINIItesI NI Banlasa uiunulieg 1959057 Jedinasie
9n5INsvIntlonungRuLaylidauveuRne lunanaginuddmalinszuiunisalisa
luwsagasailiafiosnmiuunndu vilinatunisudsgdainsaanasta inlundtduninnis
wyuvesBianlasadanuduiusiunszuiunisngavasenszualiliitaznisendivesdianlng

iinssuIudAduiiussavsnnesan (18, 23, 24]

2.2.2 NAIZFANRILNTZUIUNTOALDY

(% '
v =

nsrurunsimzlanegsgliiidunssuiunisudsgudugandeuldiuegian i

Y
- o A @ A < [ = o < !
Wewnndulaudnuazianiy AstlunsyuiunsulssuianBuauniniiuudags wagensdenis
wUsgUimenszuIunIImang lngedeanuieuniinainnisudesnseualiinuludeiansia
M3und Bdnlase [1] Jvimiidvuesunssuasdnvariuinvesianiunulaediulnges
a v d' o ya A ! ! v
HannTannaunsainliilafadgavasunadge wasd1eson1uUsIUMENTEUIUNITNINNG
iy Jaansabild allanuwmsnzaud msunmsudsuianngunislud wagdanveuas Fallniny

wangaudmsunisulsguiannquinanndnasusukasimannainay [27] uenaintlnmudnua
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(%
YY)

wuvesnszuunsinizlangislnih Ao Tandidnlnsnaiidudaniuiantunumiiounisuys

<

sUBUUUNG Feazgnnsziinegnigldansladianasn delugluuuvesiandidnlnsn 3sa1u1se

Uszandlanainvanegunssewdnseriaunvesddninsaiiaunsadivunduriugudnaiale

<@ =

Wanands 0.1 fadwues (17, 47] Tulagiuaaavnssusisglaiieinszuiunsdmdudilunlsgy

q
¥ [

Fuauliinendu gramnssuudiun eanee1u geamnssududiu Wusu Jaduaunldain

¥ a < =

MswUssUmedRduaziinnuwiuggs (High Precision) dmsunszuiun1sdfiduanunsauys

ganlanmuananvurvensuUsiUladawandluun 2.12

EDM
Sinking Cutting Grinding
by EDM by EDM by EDM

!—‘_\ I I | |

Drilling Die sinking| | Slicing by Shicing by Wire External | | Internal Form
by by EDMusing| |EDMusing| | cutting EDM EDM erinding
EDM EDM rofary disc a ribbon by EDM| |Grnding| |Gninding| |by EDM

JUN 2.12 MsPMUNUSHANUBINTEUIUNITBAEY [9)

nsrUaunsineesanaelniin (Electrical Discharge Drilling : EDD) lngUnfuaieuls

1% =

Tunsudssuuifinridugunss (Die and Mold) wenanninszuiunisiangsiudaaudagniian

Y Y

wUsgUsanTEANasdyaRagwseludmneInAensuUTUaeia n1sun nilsdununuseend

Y

v £

aa aa 4 ¥ A & o U Qy 1 ¢ v A
L©135N159ALOULTINNLTIUAD miLLiJigUmammammwﬂmmmwumumuaum NINA

'
Gl A

\ASesBUARE vionstazgiteUszneuluiinwesiuilueseseusiin Wudu JadugnAunudy
Juisnsudsgunangauazdalirirnusiugrlunsudsguiigs nsussendldisnisnisgie

u
nszvunsaasuaninluldeg1sunsranslunszuiunisiangssesululas waly (Micro-Meso

Y Y

EDM) euunatdusinuaudnanavesgiatzlaiiiu 3 Iadiuns (48, 49]

2.2.3 msﬂizLﬁuﬂsxam%mwn'mtmgwaen‘szmumsﬁ’ﬂwqxé’qalﬂﬁq

o

nszvrunsianzeeliiludunszuiunisivinlmannisdaenzdainnisannsenaian

9
[y

Funuwaziandiantasn JaTuegiuloulavaanszuiunis Inevaluudrasussidiuauaunse

Y

Tunsinwizilieanuegluglvasdnsnisvdnllenuuasysaliunisdnnsevedidninsneglugy
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o

Y049n3INANNseveBLaniaIn naenauinUszdnininnsinnuniinasetagtunuluglves
AN (Surface Quality) wagluguvesauvieuiaie (Ra)

2.2.3.1 9n51N15vlaau [1]

a o

nsudsgumeainmenslnihdnsnisedalienuasiunndiefisuiuisnis

d' ! Y [ =2 P I v PN o a 1 ¥ [ L4
auq WU N1sdn NMsiakarninds WesnndunsldReulainiswdssuandiuldegadng vinl

gnsInsvdailenu udanunsaldlanuiantunuieindenisuussuimenseuiunismiana Tu

q

¥ v ¥
A [

nsusuldReulunvilvansinisudniienugienavilia1Aune1URIE9TU BnsIN1TUIRL

o A

Nuaziinbeadulunsveaiiataniignadnessnlusemienaifsaunisi 2.3 [10, 15]

Y

MRR (mm3/min) = W x 103 (2.3)

\ila Material Removal Rate (MRR) fig §n31n135udnLliodnu (@nuimiiadiunsseuii), W, wae

W, A8 dmiinvesBununoulasndansuyssuan (n3u : 9, P, Uag M A AUVUILULYEY

Tanuau (AISI P20, 7.786 ¢/cm®) uagiiatlun1siussuan (Wi : min) aud1su

2.2.3.2 §95IN15ANNTOVBIBLANLNTA [1]

= d'

mafianeiantunuazyitiididninsaianisdnnseiasuwdasiuniuiade

v
[ a

#1991 Reulumsinng Wienisidenldianuesdianlnsanuiantusu wazdninnisinaves
arstadidnesn setudaandusesdwnsnsinisdnnsetliarmiiiomvuauiinadugaine
= o Ay A A [ = a a ~ v a [l ) a wva v
Y8310 AN TanFuUTNedn I sdnnsevesdianiasane lilavuiaiududn Tunsd JURe
) P a & Ao | o, e P | a P Y] I |
MNansINSANusevesdLaninsannndy 1 Wesidus wwdiodnliiianisdnuse uazinegluyia 1
- 10 Wesidud uansdnsnnsdnvseiiiavusgluszaudn mnguiunit 10 wWesiduduansin
finsdnnsogs TalneunAudanisudssuneruagliindnusevesdidnlase widnlunisuusgy
azLﬁamé’mﬂmiﬁﬂmamm@Lﬁﬂimmsagﬂummsﬁﬁw 1n89MIINITANNTOVIDLANIATAAILNT
Amuadleanaunis 2.4 [10, 15]
_ (Wg1 —Wg, xPW)

EWR (%) = m x 100 (24)

\ile Electrode Wear Ratio (EWR) fia 8m31n158n1589898L8ntasa (WWasidus), We, wag W,

(% (%
a

Ao ﬁmﬁfﬂﬁuaqﬁLé‘ﬂimmaul,l,awé’amst,l,ﬂigﬂ (N4 : 9), O, AD AIUNUIUUYBITAATUIIY

9
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(AISI P20, 7.786 g/cm?), W,,; ke W,,, Ap dmtinvesununeuwasnainisudssuan (nfu : g),

P Ao Anunuuiuresiandiantnsavieuns (Copper, 8.94 g/cm?) auddiu
2.2.3.3 AIANUBEIURILRAY [1]

ANANNNYIURIRAY (Arithmetical Mean Roughness : Ra) #ungils Aladsain

Y =

NIANUIUAINANTENINNYAKATIANULBY LNBAIMUALEUNINGIN (Mean) U84 HUR
(Profile) ka3uNAIMPI9INAUNINANIANUUUNITNANAUAINAIIINEUNINA1IBIA LAY U

fusgegnetanandluguin 2.13 Feanunsalisuaunislumsanaladaunis 2.5

Ra\\\H % j:|f(x)|dx (2.5)
i
y
mean
| d P ]
ezl 7 Al %W -
10 A wf Ww U x

SUN 2.13 N1sAIAIAIINVENURIAAY [50]

2.2.3.4 98a34m w55y

394174 Aeszozvinsznituniesdedaiuiandidninsalidudaty Suidean
9110 nsulsguiendenisinmsmaliiiniutagisiininfitoninaisladidnnin IeinldiAn
Yosisszninindidninsasuiinusuandlusui 214 Sstesinsianansntalianaiusa

mawmm%Lé‘ﬂimﬂﬁ’ummlmaagmzuui’a@%umu [27, 51]

Input lateral
Overcut

Electrode E
Electrode Tdeal Diameter | 77 77 ) ront
Diameter Clearance Overcut

Workpiece/

Outlet lateral
Dia. of Hole Overcut
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a) Yevindlugaumd  b) n1stAim Overcut Tun1s EDM

gﬂﬁ 2.14 4937749 (Gap Clearance)

2.2.3.5 Bvswavnanudoufiiadeiuinfunu
fuinYantusuildsumnuiounnmsdiemuse (Discharge Current) luvaiza
UndnasifinmaiUAuilasiuinue s Fan T U ULUm L SR UATTULTIITBIHAN SENUAINUMNT
Aoy Geanunsneduslddaiide anraurfnaninaufeugiiiismarianisasuaras
LLazﬂJﬁ'@mmﬁai’aq%umu%uuuqmam (Spattered Surface Layer) U3tiaidusasasmnazlisu
anuouiiiissnesonsvasuazarevasiagiunuushiaunsovineeniideduaniginsnsa
Uhia fanfiAnnisvasuazasazvanesnulugiuuveseyninaslany (Debris) s taniign
wineenuisdiugnatsindidnasninniesnly vidrunaunioaglutesitanisuussuuas
vulouluansladidnasnilisusafuarsveuiiinainnisuandivasasladidnainiiiu
lalnsansvenisluinigindidninsnvieinnu vidundudunsmsatuidatagnaadutuns

a a

wleia g (Recast Layer) wagluseauiiuinfianasuiazlasudnsnaainainusoundlaiinnig

ranuazaiy (Heat Affect Zone) Inslulmagseautuntasudnsnaainaliusouaziinluseau

£ !
a I

lulasiumsiliesningnunaquineansladianmsnaaoniia Mufduunlisunansgnuneeiny

Founauanaluzun 2.15

Spattered Surface Layer

Recast Layer

Heat Affect Zone

Base Metal

JUN 2.15 FuRuunlasudviinaniseusouannszuIun1s EDM

[
[ a

wana il N1suUssuiantuulaenssuiunisinwigiigliindunisiasustas

q

v

nszwaliihluidundssuanuiouainnisaUrsafianuigs Fsoravibminainudougeds
10,000 saraidua neluamidudnduiwiiasledidnesnssmenatedule uas
Werungaseusenilueyniafilvuiabn mesungingahliianisvasuazaisuazudein

Tnlpgresandaluvsnuidnuing JevihliAndudunasuduns (White Layer) [29, 30] uStae
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R1911 Fafnannmsisesinvesanduuuigniluaiunnssuduiulignmunsyuiunsseune
AU5eU (Cooling) Feazdimumnun 10-30 lalasiuas waznelddumasudviaviinduusiim

AlPsuNansznuaINANNIaU (Heat Affect Zone : HAZ) @3lunisvasuialwasidudingns

[ a

Sy lninanuessnansuaLazvenefves Tanauiadusesunndnvualan ULy

9

ATuu Feunasldanunsanesiiumenilal Anudewsimendesganssaudiannsou

[
v A [ v

WUUABINTIA (Scanning Electron Microscope : SEM) muﬁﬁmmaﬂmaLLmuﬂﬂﬂuﬁﬁuﬁﬂ%
Ansesuaninvuiaidnainnisuiataguszary iesn Yanuszaiu Aelauednaziigumgiilu
mMsnasumaii NI Taguamdn (Matrix) Jaileifinmsnasuazatsaziinnisvanieusonidy
ualiiAnfusesunniauuRrianduauldde laglunisinsesunndmunadniuagfinnsanin

L‘ﬁUFﬂ’NlIﬂU’]LL‘IJ“I«!%EN?E]EILLGW%’]’J“UU']@L%?]

2.2.4. N1599NLLUUNITNAEDY

N1599NkUUN1TNAABY (Design and Analysis of Experiment : DOE) [52] Wumadiania

%
Y

adftuganldlunisusuatan nevanszuaumsivelildnaneuavend uluauiseanis 3ade
waNA9RE I LAUlITATE 111935015 e LU AU ATATDINITRALUUNISNAADIADITNNS
Im&JﬁﬂﬂﬁﬂL‘flmimaaaLL‘U‘Uﬁaﬂﬂmaaagﬂu‘%d%’ﬂTﬁ‘vlmaaw%’ué’qmmgmumiﬁazm (One-

'
| 1 =

Factor-at-a-Time, OFAT) #saglvinansuauaudidyngwmuieiisonisiatiunnuasauides

3

ninenslunsiesiziudseaiutoyadiuaumn

Y aa a ¢ @ a do & Awv
ﬂ’]ﬂ“ﬁ‘ﬁ’ﬁﬂﬂﬁiﬁﬂ@]hm’ﬁ@@ﬂLLU‘ULL’ﬁ%’JLﬂi’]%%ﬂﬂi‘ﬂ@ﬁ@%ﬂuﬁﬂﬂﬁﬂL"LJ‘LW]E]I‘VI’mWiVW]aEN

Aosdanutladsnisinudeyanaonaun1siaseiteyafliunTduneuveIn10enkuuNIg

Y

1Y

yaaosanunsnasUlffed

2.2.8.1 mstignudaymn (Statement of the Problem) iunsssyiiarudonis
Tunswanfeoslsunsiosnisdorlstdlunisnan GamstontlaymianielsduiingUszad
YDINTNARDY

2242 n15aenUadunayseauvedlade (Choice of Factors, Levels, and
Ranges) LHunsldndnnsmanguiuazuszaunisalainauidesnsqitessyintadelatied
thariinasensmaassuarlundazaseiuniseriidadlunisvnassedsls (Range) msfvun
sefuvpsiladuaninsoutld 3 wuuded

1) uuuAinua (Fixed Effect) nunefeszduvesdadoiaiuisonivnunie

ﬁmumﬁﬂﬁwuau‘lmQ’mamﬁwu@LEN
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2) WuUgu (Random Effect) nanefaszduveaiadoiliatuisaaiugunie
suamvesiadolduiueuimanmaassitldanduiunuwentidadedlfushunuesseiv
Tnsesunils

3) wuuRan (Mixed Effect) manefenisnaunaiusssuvesdadoiduiiuuy
MNUALAELUUENTIUAY

2.2.4.3 M9iaen@usnovauss (Selection of the Response Variable) Tun1s
Fondulsneuaussiteazdendensiuusiiannsaliteyaiiduusslonilunisfnyinagnis

¥

faanifuagdoafimnuuiuuasgndemaneiueosdiainaiosdnuuiuduargnioaiae

2.2.4.4 N1580NWUUNI1TMAABY (Choice of Experimental Design) e
NIMUUG (Treatment) LazdilusnoUAUDY (Response Variables) wd2a09i11n15andula
Aefuruingeaninaaesdavanefiesiuiurheivein1amnass (Replicate) ANLNZANTDY
Srulunisnnassdediinlunisda (Randomization) uaznisuden (Blocking) MAsadosisil
dosthuniAelosiulusuaudeuassuuildlunisnaes

224501901t 8UN15NAAB (Performing the Experiment) Tusz1%314013
fuiumsnnassiidoaziesfinumquastdlnddn UfTRnmmanmsildesnuuuly femsszs
Tuvazsihnismaassfendnugnieseuniedloiauasmnuainauolunsnasesfiolviinany
AneLARouTioeTian

2.2.4.6 NTIATIENTOYA (Statistical Analysis of Data) lun1siiasiznideyaas

Y

¥

Tanudmasuadfduiinseivarasunasisnduaugniesesioyaiiiin Turoufiay
Anudeyanarisnismsadatdaiunsaventaiitadesing (Effect) winlauuueuumluiiies
wesdlofliuuamdunsiinsginigldtesnndeivlunisasusa

2.2.4.7 n1sasunauazatauaiuy (Conclusions and Recommendations) e
INMsTnTeitoyaundiaziesaiUnanisinsiet enauandlugunsam a1519 waugll JWudu uas
Tiifeiauauuzfioufusinszvaunisudaliatu Weaguraudimsinmasoufiofusunasn

NISNARDIBNASINT
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Y
ad A a

2.2.5 WNUHINANDUHUDY

Brsufonanouauas [53] WuABNsTUTEINATATIAdamanSuagsaRaAT
fuslovidensaiauuuiasasmslinneillgminefinaneuaussiinaulatuegifunae
ﬂai’]’aLLazg’{maaaﬁi’mqﬂizmﬁﬁ%mmﬁaﬁmmzamaamamauauaﬂﬁ Wuranauaues y {u

fanduves X, uag X, Aiurganunsadeuluguuuvaunisiansl

y=f(X,X,)+¢& (2.6)

lne# ¢ 1ludrAuAaIAREoUNtnaINN1TNAGEY A1AIINAIANIIVEINANDUALBIGN

ARSI

E(y)=n=E[f(x,%)]+E(s) (2.7)
losan e = NID(0,0%) (2.8)
Namauauaqwgmmmﬁw & OgnX) (2.9)

a

FUTenINudINanauaUes (Response Surface) AuUs x,x, bUUAILUIDATE

'
a0 =

(Independent Variables) taziion@anisdgyansal (Code Variables) gslifinuiguaiaaie
= 4 = oA | T < v 1 =3 o
Juauduazdinisnsgangiuvanlesuusnnsgiuy x, dandu 1,0, -1 iy agslsiniud
wUs xuag x, a1unsaeulveglusuvesiiiysese (Natural Variable) @eiiviiy 19U x, uans

Duiuusase Ao & uae x, wanududuusase fe & lasunnudlssuansiuinanaulugy

1
=

109N 1TN B9 7 ALNNARATUTZAUTEY X, Uay X, WoNsztelitauiuUivesiuing

' ¥
Yaa =

noulandedu lnedauluaiualazsinnisndenduidulanseing (Contour Plot) voefi Uiy

' '
17 | a

Hanauauadlun1Tasudulases e llEUNTAIY0INAN D UALBIAITINEYNINABYUUTEUIU X; LAY

X, WulpsesuAazidulziiaaIvesiuinanauviniuAmids Awansdugun 2.16
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Surface roughness, pm

[ L - -

JUN 2.16 LansiurINanaUaneauilf [15]

[ h N, [
a a v a A Y o

NMFATIERNURINGRB VAN UEATIINISUTEInuA1 R ula i NigaL Uadudmsy

v A =i

szuunhnisfinwiazegvitlnaanngaiiangesiase 3an1sTuuiennsfidungaduisnisnvia
U L U Idl

liinnisiadeufiegrndududuuuidunianiinauduuinigalufinn19niinisiinduves

NanauaLDIgIEn Twaaeiiisn1sUuasmennidunaaduisnsiiiiinansifieufiognadu

v o ¥ = a

FUAUULAUNNTANUTULIN DA LUAANIINTNITANFIUBINANDUAUBIANGA T4 TN5H7

NARNDUAUBINSINTNaNsneSuglamsaNnIs 2.10

A

glzﬂAcﬂ‘ Bixi+e (2.10)

k
j=1;
TullgynineiuiiudnanevalssdIulninaglins uaNUdNI UG TE NI INAnIULAZAY

wUsdaseasiuduusnfedvaassdemisissunaimanzauivelddudunud mivuans

) [

o o ea Y a I ! ) a = a v v s o A o
AIUANNUINLUNYINIENIN Yy LLagﬂEleGUENGﬂLLU?EJE’I?S‘?NG]']&IU?W\LLa’J"USI‘U‘WQﬂGUUW‘KFUWZJ‘V]llﬂ'] N

m9iegnelimanununsdinesiiulsdaseiuuuiiaeemanauinuduiusiduwuud

5

duduiulsBaseiandunagllunisusenimenuduiusdfsuuudtaonyuiuigaile

i ¥
aa o w =

agdlsinumndiduldadunierdeddussuudnluasdodddnuuififdgedu wu wyuu

[

NN84a04 (Second Order Response Surface)
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2.2.6 Hanguanunawala

Herdunuiiansla (Desirability Function) Wuilendunldlunisiansananng

[
= 1

Yoananoy Bedusgivinuiuusdasy lasmeuiiswelaveskaney (Desirability : o) azdlen
0g38139 0 — 1 FaudleAn d Wiy 0 Mg wamauﬁ?uagiuaﬂsuauLsumsuaqmsaau%'u 1
ynen d Sanfindu drenufimelafesfiugeludoudonty uaglunsdiid d wity 1
e naneuiildunnufianelasgrsanysal feenarufimelavemanauanusonle
mndoulavideaunisenag sl

2.2.6.1 nsdiimanevillilunisfiarsanilidfissaneuifen

aa PN a N A = ! = Y
ﬂﬁm%ﬁ\lama‘UﬂIsﬁUﬂqﬁwgﬂqﬁmqmL'WEJQNﬁG]E]‘ULﬂEJ'J ﬂqﬂUWNWQWQI‘UM'{L@QWﬂaNﬂ'ﬁ

1ne
fNFRINSNANBYEIEA (Maximum) m1ldRnauns
w
. ANy (2.11)
: Ti—L; yi>T; :
1
wazinAesNINanBUR1ga (Minimum) ldannaunis
w
4 ﬁ 25D ) (2.12)
p Ui=T; yi>U; :
§ 1
1o
d; fo anuisnelavowmansy
y; A8 AIUeINanaU
T; fo andmungvesnanau (Target)
L, o esgdudvasmanay
U; fe A158AUEIveIHanay
w fo Anvdnueskaney (Weight)

FINIANUAAIUNNTNYBINANBUTAILITIENANUAAIYBIUN TN LA AI5UN

Y

2.17



INAUNTT

4 Weight Weight
0.1
0.1
d 1 d 1
10 10
0 0
Lower Target Target Upper

5UN 2.17 M3 muaiininyeHanaunIaliinanauLfe?

2.2.6.2 NSNANDUNITIUNITRAISUNNADINANDU
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NSNARBUN T LUNITAINT U TADINANDUAIAINUTIND LAVDILABENANDUNLA

d; @ anuninelavewmansy

)

y; A8 ANUDINaNDY

T; Ao Aawdmungussnanau (Target)

L; fo eisgdudwamaney

U; fo Asguadvesnanay

wl Ao Auinvewaneudad 1 (Weight)
w? o Anvtinvesmanausai 2 (Weight)

(2.13)

FIN1IANUAANUN AT NVDINAN DUNIEBIRANNUITALEDNANUAANUBIUN NN LA fa
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Weight
0.1 0.1

Lower Target Upper

5UN 2.18 nsmuuadminvamanaunsililaemwanay

LANANNNINDTRVRINANDUTA8AT AARIVIN1TIIAIANRINDlAlAeSINVDINE

[y

nau (Composite Desirability : D) YINANNT
D = (dyxdyxdsx.xdy)’m (2.14)

D @p ATsnelalagsinuesnanau (Composite Desirability)
d fs anuiiswelavetunazuanay (Desirability)

m Al PUIUVDIHANDU

LaZIBANUNINBlaYINaNUTEIALAET ANANNNINEllAYSILYINaRDU

I v 1

azdavnuatrnuianelaveswanauly

2.2.7 NMINFTIVEDUNURITUIIUAWNAINTZUIUNNS EDM
2.2.7.1 NM3ATIAOUAN B NURIVBW U UM ENABIFANTIAUBLANATOULUY
d04n31m (Scanning Electron Microscope : SEM) ﬂﬁaﬂqawiiﬁﬁaLﬁﬂmamwuda\m'ﬁm \Ju
v cay va o g I o A [ = A Ay v [ [ o
ﬂﬁ@ﬂf\!aﬂiiﬁUVﬂGﬁ@Lﬁﬂ@iEJULUULmﬁﬂﬂ’]LuﬂLLﬁQ LﬂuLﬂiaamaw%ﬁﬂmaﬂwmzamgmmanaﬂu

szaugania FedusivaziBuaildnuin waziiiesandediinvendesganssaduuuiasniinig

E1IMBULAIVUIAIEY NINFNYUEAUFILUINTLANABINITANY WAEMAIAILEINTALLATITLEN

€

LY 3

AYBINARIFANTIAURVULASSTIUAEAAT Lo Tnquananyssua 0.2 lulasiuns waglv

q q

1Y

Maweegeaaldiiu 3000 Wi Feldannsansirseuneazdunvesingfidiauindnuinagle e

LTS} 4
d'dou a

AnudnduegsBafivzdeddndesganssaididnnsounings venegs Sauaunsalunisuwen

o ~ [

Fnfl Wosnndarugrieiudy ietiglunsiiassvianuvaedugiuvesian nendesganssal
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SLANATOULUUADINIINTAFIVE18UINNTT 3000 1917 AU DI52AULINATT 100000 L1 WAL
ANUSOLANBAITIIALLDUAVDININ BIVUNUANWULFIDE1LIRILE 3 9 100 WIlUIAST BN N8
a11150199UTWAUNATANITILATIZRDU LTU Energy Dispersive Spectrometry (EDS) thag
Wavelength Dispersive Spectrometry (WDS) ﬁLﬁu%agaMWQLﬂﬁ e lvindesqanssmil
didnasauwuudaansailunienldiuegrininensdutegiu

PANNITYNIIUVDILATDI SEM 22 UTENoUMI8LNaIn 1L in DL aNAToUTIVIN NI NNEe
a & ~ DAY | a & AV v I o a %
danasewiielouly Auszuu Ingngusianaseuiilaanunasniilinaggnisemeauiului
MnUunqudinaseuIziUaudsIUTINGE (Condenser Lens)itevinlingudidnaseunanesdu
avanaseu Feanunsalsulinuinvessndidnaseulvavsaantaniuienis mndeanisning
a [ [y Yo a & a < (% :.}1 o a & o o
fianuautnazUFulvadidnaseulivuiadn vasainduaidiannseussgnuiusseslialag
wudlnding (Objective Lens) atlUuuRaduauiiden1sfny 1awIna18iinaseugnnsna
vuunuIsiliiedidnaseunienil (Secondary Electron) Jusdgyay149ndiannseuyie
niitlazgniuiinuazuladlliludayaramediédnnseniinduay gnihluasadunmunasinsiam

salUwazaiuisaduiinamanninensiadlaas

FUN 2.19 AME189INNABIRaNIIALBENATEULUUEDINTIA (SEM)

2.2.7.2 MINTIADUAIUNANVDITINTANAUUNURITUIUA NS IN15DADY
penasenesdaualasalalLuunIzUIuNWa 19U (Energy Dispersive X-ray Spectrometer :
EDS) Wugunsalnldinsnziesduszneunaznisiioguessiguuiiuinnu laensldanudnagly

FAUNTFUIUNTT SEM Faagyilvinsliasigiuazn1snsisdeuanysaluinguy
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W Spectrum 1
Co c
C Fe w o w w W
Fe F= Co W W W
T T T T T T T T T T 1 T
o 1 2 3 4 ] 53 T 8 9 10 11
Full Scale 14403 cts Cursor: 0.000 ke

5UN 2.20 amengarnnaeaenvisdalalasalatiuuunseuienaanu (EDS)

2.3 AuNAgIUAUNITEDNLUUBANTRTALUURENBYRIEN

a

2.3.1 nénnsesnwuudidninsaiosneasiadidnasnuuunaledosdn

iumiLLUigﬂ%umuﬁﬁé’mwﬁaumaaﬁuﬁmﬁnﬁm%Lﬁﬂimm@iammﬁﬂiumiﬁ’mLemziu
U31nauga (EDM Drilling) @adndiuvesuuimdusinuaudnaagiany fuszezanudneiaiiiu 3
WIUIBUINNIN a'awam'ammmmmiunwuﬁgﬂﬁamammmmﬁﬂmaqgtmz o910
ANNAINITAVBINISVIALAEANNNISAAATSIABLANASNA 1 uT1awuUUNG (Conventional Side
Flushing) WulUldenn uenanfinsimwieiifiannudnunn shezdszauamnisiianisidain
YIUAIMLLNAMLENYBINITAUISA

nnsAnensinavesansladidnasnlunszuaunisudsgunud mwaymmﬁ'wqmaﬂm
annszvaunsalrinaziinnisiuaruluusnaiuinassuinddnlnsaduiueny vilfiaa
Secondary Spark kagdinailueg9unsenNgINITalUATTULUTIY izsjmaﬂummﬂsgﬂﬁ

a1 IS

§17U1U N5ANNTTRIBIANLATA AABAIUATIAMEINUTMAL 2INNTNUTIUNLIToTR L]
MsAnAUIEsAMIVYSUUTINTEUIUN MU TUTINAINMAI87s iU nsanasladLdnnin
Fuiefiiiussiuga (Side Jet Flushing) msliinaiiamsszuisansladidnmdnniana (Electrode
Jump Height) [46] wipudinsgiisn1sesnuuugunsedidnlnsauuusing ileidesuisdentsdn
asladidneinuazadarveunialane egnelsinudsnsdinanddidedidnlumanessulunis
WUSU LU AIAMRINY ATUINE1IVBIIUNTE wazatlunsulsy s

Kliuev waganuy [54] vinn1sAinwimammansnisivavesaistadidnasnlunssuiunisineiy
Tavgsngluiinlaeld3i8nlnsailivesdnansladidnainrununarsdidnlasaluguuuusiieg
1¢uA Yeaiien (Single Channel) manetias (Multi-Channel) salUfsvurnsanuagsunuuves

| A A a a & a da ] a a
YDIRALUU | Type wag Y Type LW@ﬂﬂHWNaﬂﬁ%W‘U“U@Qﬂqia@laq{l’@@Laﬂ@iﬂ%m“a@@ﬂigﬁ‘ﬂﬁﬂ’]w
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Tunsudszu mnnsdiednszinisivavesansladidnasniiuununaisdianiage luvienause
38 Reynolds Number Calculation lagdiasiginisluaainnisildsundasnisivanuuaniiung
(Laminar Flow) lugnslnawuud uuau (Turbulent Flow) Wudi auinvesgesdafisivuin 1
Tadwns wazvangyesdnlvirin1sivadiNgniinisdauuutesnyd Yanaintamuduiusves
u1dLANIATA (Outer Electrode Surface) ffUve9aa (Inside of Electrode Channel) 91 6.4 i1
Na1AD VUIRDLANIASALYINAU 6.4 TaALUNT sieneluiniu 1 Taduns gnsinsinaves
a a 4 o a
ansladidnnsniiadiaseuniian
Tur197aMNILLINISANYITIUIUL IR AT LA BLANHS N UBNUNA1IBLEN TR SASINTUR
1 = Yo = [~ o d' o 1 a
sUnsevesesdalasuanuaulalunsfnyiduiiuinuniiesindiuiudednuas Junsaves
Gzimammivl,m@Lﬁﬂm%ﬂa'qmam’ammamyjmﬂuazmmﬁawaaﬁwqmgmz L9991NdNTNan1U
1 a & a ::4'::1 1 (v 1 1
waransn1sivaresansindianeinilinason1svinaylanyoenaindesitglunisuussy sauly
5ami‘via4usaaa§Lﬁfﬂlm@ﬁdﬂmaﬁawaﬁﬂﬁmiﬂammﬂmsﬂauaQU%LamdauanaaLé‘ﬂImw%
4’1’1 a 4 1 a a 4 a & P YU a a a
Hun1saUnsa uaglnelnnneag NBIUTINANINA10RENIATATNENILATUBNENAVRILTUMIBS
NNIAUBENIATA FeuSanina1tenssslifausumemiguduazyinaslaneoanule
Sebastian warAE [55] Anwiauaiuisalunsdnansladidnasnluguuuuiiuansieiu
o Ao o '

muiﬂﬁﬁﬂmwdaqamﬁmmzamﬁ’umiu,ﬂﬁgﬂaﬂmuamwmmaaﬁuﬁuﬁﬁm%Lﬁﬂimwiammﬁﬂ

Tunsinzluusunngs (High Aspect Ratio) wu31 n1sdnansiadidnasnuuutediiedsiniu

'
= a

wserudnnasdeanonduliauysalvesunausiatzlusiuuurasnsiinfsusiiaany
8ianlasa (Under Cut) uenaintidiunanisdnnsevssdianlasauinmdiuvaigaiuise
[ 3 14 1 v ! [ a ! = . oy
dunaiuldegistaau agrelsimudidnlasauuunaisyesda (Multiple Cavities) lnianie
91984 4 Fae@aviu 90 a1 uAnuauyseivanuvquiazliiinn1snemvesRsusnaUae
a ® o 1 a a ' [ o & r-zl' [
didnlnsn wenanididmadeusyansninnisudssUlundresdnsnisedniilonuiigs 8ns1ns
dnnsevedianlnsnuazdesininisuusgy (Side Gap) luuSuias

Tudnenfinusil szuunsinaisuvesansladidnaingnesnuuuiazasisurissuy 39
Usznaulime szuulnadouansledidnedn srabduledidnesn gunsalduBatiuau sului
HAUBLEANLATANE1N150918813 A BLENATNAILLALNATIN NEBNAUAINITATOITUNITUYUVDY
a v U vy N o s A o agd a a = ! ¢
aianlnsalunfouiuld laeiiinguszasdinelvarsladidnasniinnisivaieuegvauysaluuy
wagldliAnnisnnagnauvarveunAlaneioanu1aInnsinwie tneiisniseiel

1. nsveaesduduiiefnwinisinavesansladidne3nfiiinadeusz@nsainnis

MaureInsuIuMsialzag i lagAnwinaznaassainjukuuvesn1sannudig (Side



aq

Flushing) n13@asugianzluuvadidnlagm (Injection into Electrode) wagnsgasiugiatzluuma
81dnlmsa (Suction into Electrode) TnpazUseiiiulszdnsnmaingnsinisvdnilonu uazdns
N13ANYT8TRIBIANLATA AADATUANAINRINUIINAIAINMEIURINBLG T uTayadmSun1s

sanwuudianlnsalaeinisizgiieliasiadidnasninadiu neddedandnnislvavewmadd

a0 1

\nApuiutoruInEnadiefunsinavesisuilinthetuth mnusve swea il Sudsiu
Tngludruiarinnisdneanuideiieveaiieninisérsdaresnuuudnenedidnlnsady
dfey

2. mineasiladneinisnavesasinddnninlneadaiuiinsineziadion
939 MNTUINSAnIEasINISIve LazLsIiy naenIuTYaLineY astasnedivhlfiAnnisiva

fhegsasianevuesasiadianssn Tuusnunuifenafinnisinwie

v
o a <

3. NNSNAABINAEIZIAATUIUMANNAIFAN VS UM TUA I UL ALANaaRnlae Ty

9

[

unauldneeanLuUisdIrsuNTiAITuazas1esyuulrauesansladiannsnTuu el

2ee

Anmslvanulaslifinnannngneugessilansluasladidnain luduiidumvassaileusu
msrfimevesadaing lasUssliulssansnmmadsguann Snnisvdnidesuiigs she
Msnusevesdianinsndian nasnauvhmsAnwnazesnuuunsivavesansindidnssnuuulngl
siivdnnishaulasnislvadouansladidaninannielugnisusnununsinsudne tileudiy
Uizﬁw%mwmsﬁwmu’[ﬁqasﬁu anantunisudssy maamuammwﬁﬁaa%mm%aﬂszLﬁuiugﬂ

Y99ANNBIURNAAY (Roughness)



uni 3

A5N15ALHUIUIY

uniin

mimmaaqﬁlﬂum'iﬁmsnﬂizmum3U%’Uﬂ§wﬁz§m%mwmiLLUi'gUﬁﬂ (EDM Deep
Hole) AfidmdruvesszazaLAnlunIsUUTTURVTUIALEUUAUENaT93L9EIANTN 4 19
(Bdnlasavunatduniugudnais 12 fafwns, anudnluniswdssy 50 Tadwns) vudan
wianNALIRNRUEY AISI P20 fenszuunsinglanesieliill (EDM) lnensAinwidade
fidenarenisudsgd leun 1na1dassnszualida (Pulse Ontime : us), LiamgaUdes
nszualniln (Pulse Off-time : ps), nszualudln (Current : A), uazn1snyuvedLaningg

(Electrode Rotation : RPM) Tagdnendnusiinnisesniuunisivavesansladidnasnuuulni

= o Y o

% waﬂmiﬂn’muimmﬂwaL"iaumﬂm@Lﬁﬂm‘%ﬂmﬂmef[,ugjmauaﬂmmmuﬂmqaﬁﬂimw A¢
[ p 5 Y a & a 4 ¥ a
3L1IALEN (Multi-aperture Flushing) AIUARUNTMAUBENIATALNUNTTRAATUTIHUUUNE
(Conventional Side Flushing) tieusuugsanuatunsatuntsvinawlane (Debris) lviaanain
dy d‘ % ] 6 % a I3 % ! 1 a
NUNNITNALLIEBY1ETUY e Josnun1siAnn1saursan1uYne (Secondary Spark) 58111957
ddnlnsaduniagiane duaziirludnisiiuyssanaammlunszuiunsulssudnamenssuiunisia
1eaaglndin nan1snaaesUssliunUssansainnisuusulann ansinisviaiile (Material
Removal Rate : MRR) 891510152 N1509098948n1a5e (Electrode Wear Ratio : EWR) fasnay

AU UIIMIIUANAFUNTY lakn Yoedeiiinduainaisauisa (Gap Clearance : GO) A

v
(Y] a

AMUTEAVUAILANUNANYBI5LA1E (Roundness Error) Asn i Tantuuluguvesniy
NeIURURAY (Surface Roughness) saluianisiansannsiindumasdlvg (Recast Layer) Ad
195UN1sRTUILAZIUSBULNEUNATUNSTENANS IABENATNATUTNLUUUNR Beis18azidenuay

Junaulunsaduanusanalui

3.1 MsfnerAITIlimesidnadaUseansanlunszulaunisuyszuan

3.1.1 YaAuazITNISATENTIUNUNAGDY
lunisneaesiiefnwiAmisiwesilesiuniinade Ussansanlunseuiunisudssy

dndnenszuiunisineizlangalgluiln (EDM Deep Hole) Taginanndusiininaiadin

.38 AISI P20 (Plastic Mold Steel) #iflauudslasiodsuszana 30-33 HRC ANNUINTZTU
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483 DAIDO STEEL (THAILAND) CO..LTD. gniuntdlunisnaass illasarnmdnnaiuaifius
wnIaRenandinuantiniuaumilel FuniuaNsoukazn1sinnaunILaling sauluis
AaauURfuNIsAIUMIUNSIAaaNddvarliu uenaniindnndudfiuriinsa AISI P20
geanunsauussulaiemenssuisnimisainudeu Iaraune vl dgden1sinis
= A 1% 1Y) g v a
aztdun laglanizag1adansrurunisulssudlenisiniegnislniilirianiuneui
Aenaen1swUsuRauagivuiaiiuiugias vinlideugniiniudssuidundfininanadin

A15197 1 wansaruUsenaumaAiivaurannatuifiuinatadn 1nsm AISI P20

A15199 3.1 AUUTZNOUNIUATVOLNANNALUALNNAIERN 1TA AISI P20 [56]

drulsznaunIaall C Mn Cr Mo Si Cu S Fe

Wesudlngthmdn Wo % | 0.4 1 12 1 0351 04 | 025 |<0.03]| Bal

¥
[ a

lunisneassiliansdansendantueiuaigipioanaizlangaioainlniy (Wire
Electrical Discharge Machine : WEDM) 8@ Aristech 314 CW30 (Taiwan) 1#iaafiusuiyuin
AINUNIN 57 Tadluns ARMETY 55 Taduns vun 12 Tadiwuns naaanuuvinnsusuinguau
> - N o4 9 v = | S o P & Y
mewwsondesylusiu welviduaulivnauiiunndy duaaslugun 3.1 Medlumsiawiglans
Mgl Tagunuasgaiagigluseauaiudn 50 dadums dauneldaiuisadielunig
AsvdeULasUTaYe Tunuvzgniunly 2 @ @e-v17) nasndulzidununusenuiu
Wuuvainlagn1sdvdasmeuinnduau unuagdssuuigaiuiiesnnmsduadesslulsu

RS auAUlUIUADUNSHTILTUIIU

& oo
PYUNUNAADIAIUN 2

& >l
YUNUNAABIAIUN 1

Unnduia
3
FUIUNAADY

JUN 3.1 nswsenianiuaunnaes manndudfiu AlSl P20
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o o

andidnlasalunismaaeslunensuigns (99.60%) lneitnisndsusuauinanie

wsenduudnlud@vuiadn (PC TURN 50) 8 EMCO dauansluguil 3.2 MailTandianingm

9

a & Y

nldlunmaaeiivuiaduriuaugnats 12.00 £0.03 dadkuns lnedandianlnsannduagyinnig
wUsgunmeldReuludeniu lunsnaaesiiansladidnesnuszinningiu 8%e TOTAL gu DIEL MS

700 (France) gniuldiduvesmaidiinaismasanisnaaes

JUN 3.2 nMswseniandanlnsnneduas

3.1.2 nMsuudundasiiouazgunsal
insosdnsidlunimeasaduiniesdaimzlavgsneliin Bve Aristech u EDM CNC
430 (Taiwan) fuanslusudt 3.3 Fdunmmnaedfifizannilunissuiatagtuau warliviy
Yandidnlnsaiivinnisesnuutlasaiunsavyulasnenisiuvesuaweslwin DC 24 Thad uay
anunsausuaaasoulunsauldfaus 0-175 seusiowl SagnavandenssBidnnseting
s a & v

wuvvsuusaduliiladas 0-24 1aad Andudnduyaiiiasedineizlansieliin dmsu

1882 9unYITNTUBANIATANYIINITeRNWUUALVRRS BT R LU
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U 3.3 insesimenslangsneluliingiio Aristech §u EDM CNC 430

[ a «

WodugniandianlnIAkaININITATIIAOUAIIULTEIRTVRINITATOUNTULLIA VDS
BLaNtAIATINY X kaznl y fewIRn iakuunihdudasu (Dial Indicator) danansluzun 3.4
(N139539@0UIsMINIsARUN BLanInIATualuLUIAIWAIBUAIAIILRE IAGDUTINTN TR

winInnuuinstulsumdulvegluuuing)

ay I

R X

Ny AN

o\ o &
#IUBianTnse

AN
SyZy L)
Ynndudatuau o~

ATIVFADUAIU

Al )
- 4 = o NMIATIAEBUANMULTNBINTIVDS
Fuunaaeg wiin1iansadouns dgansslusuaunu rduindu
1 =l s,
! indouitluuuiuny X, Y uaznvyu

a) b) )
U 3.4 NIATIVABUAIUNITHAADUANULLILNUYDIDLAN A TALALTUINUNBUNITNAGDY F28

a o aa = a o4& a s
UNWNTIANUAIAIUALLRYA + 1 ‘llliﬂil,llﬁﬁ a) NMIAARITUNULAEBLANLATA b) NSATIADUNNT

LARDUTIULUALNUURIBLENTATA ) NMseTIaauseuulunsTuEaTuIY
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3.1.3 NMSAAUAAIARLUTIAZNTSINUNANISNAADY

MNNANYILAENUMILITTAINTIHTIAsTesfunsiatezlans faolnfindae ag
BANTATANDILA Uuﬁfa@%mmmé‘ﬂﬂﬁ%mﬂuﬁ AISI P20 [3, 5, 10, 24, 51] wuq1 laeviluudn
UszdnSnnnmsvinnuazgnuseilivegluguves $nsn1svdniilosiu (Material Removal Rate :
MRR) 8m31n158n1509091aABLANTATA (Electrode Wear Ratio : EWR) 57ulU@eA1 081U
Asiaadn (Roushness Average: Ra) TnefidauUsndnduusznausie randa (Pulse On-
time : ps) seAunszualniin (Current : A) wagtianUa (Pulse Off-time : pis)

1IaUn (Pulse On-time) Ag SU'NL’Jm‘ﬁLﬁﬂmiméauﬁ%mﬂi%ﬂi/\lﬁﬂ (Pulse Duration)
Felun1sneaei tadesineiylanzdaelndln (Electrical Discharge Machine : EDM) 8%e
Aristech $u CNC-EDM 430 ansnsavinisuiudrnandalduuudunan ddl 2 4, 8, 10, 16,
20, 32, 50, 80, 100, 150, 200, 400 tag 510 lalas3unii [57] aenalsianu Iumsmaauﬁaﬁﬂw
mwwswﬁma%ﬁﬁwaﬁiaﬂixﬁm%ﬂwwiunizmummﬂigﬂﬁﬂﬂﬂ%’ﬁ'ﬁmslﬁaﬂﬁmmnmﬁm Ao 2,
10, 20, 32, 50, 100, 150, 200 waz 510 MulAsiunl lneasiivnadai 32 lulasiund Fauansdy

ANS197 3.2

a P | a fala ' a 5 P Y
151490 3.2 miﬂmmmwwmLmaivmmamaﬂizﬂmﬁmﬂumzmunﬁLL‘Ui'gﬂJaﬂimEJmi‘U'ium

natawazAiIants

1aaUn (Pulse On-time : ps) 1981Un (Pulse Off-time : ps)

2 32

10 32

20 32

32 32

50 32

100 32

150 32

200 32
510 32
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1na1Tn (Pulse Off-time) Ao Yrana1vganisindeudivesyszqliii (Pause Duration)
Felun1smeaesi tn3eedmanzlansdaelniln (Electrical Discharge Machine : EDM) 8%e
Aristech U4 CNC-EDM 430 aansavnnsusussAnadalduuuiunan feil 2,4, 8,10, 16,
20, 32, 50, 80, 100, 150, 200, 400 kaz 510 lulasiundt egrdlsfnu lunisnaasafiofny
ﬂ"ﬁ/\ﬂiﬁﬁL@@%ﬁﬁwaﬁiaUiza‘ﬂ%ﬂ’]wiuﬂizv’mmiLL‘USE“LJ’gﬂﬁ]ﬂ%’qﬁﬂ’]ilﬁaﬂ%"lﬂﬁ’]lﬂaﬁﬂﬂ Ao 2,
10, 20, 32, 50, 100, 150, 200 uaz 510 lulasiuft Ineasinandad 32 lulasiund Faanddy

ANS19% 3.3

dl = i a saa ! a a = Y
M1319N 3.3 ﬂqiﬂﬂ‘@qﬂqwqiqmW]@3‘1/]1]NaW@Uﬁ%amﬁﬂ’]WGL‘Uﬂig‘U'JUﬂ']QJLL‘Uig‘UaﬂI@?Jﬂ'ﬁﬂ?Uﬂ']

naUakarAINLIALUA

1naUa (Pulse On-time : ps) 11a1Ua (Pulse Off-time : ps)

32 2

32 10
32 20
32 32
32 50
32 100
32 150
32 200
32 510

nszualnil (Current : A) Ao 8ns1nsiAfounveelseqbninseniisial gelu

nszuIUNIsHazlanemgluiinnisidenlarnnsealiinagfiansunananudunusyaarue

[
| A

duanlasaseiunniidn nIelugvresniiuvuintduvesnszualniy (Current Density) Aie
fufintirdnvesdianingm (Sectional Area of Electrode) [2, 27] §3111nA1AIUNUILLUTBY
nszualihdenuividngeardmaliirdnsnisvdalonuiiauegseiiios agnelsinuae
! Y 1w = a a & 1 I~ [ Ny Yo a o <

danalvirdnsinisdnvsevedianlasaiivaauduiediy lunsnldiandanlnsadunauns
wazdanTuanulumannainisueu [3, 27] Flaeuniudalunssuiunsiawnzlansiegluihag
donldrnseualniingeganiung 65 wenuuideiui 1 1191987 (Useana 0.1 wauuUidanisng

fadwns) [2] Welrlardnsin1svialleuLaysnsINIsansaveIBlaninsafiaanndadiy
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[
a Va v o

Tuingninusatull {3devinisidenldvuindidniasaifvuianduriugudnans 12

Y

Y '

faduwns @Wuiinidauidy 113.097 a1519iadiuns) Faannernszualniingaaaniung 65
wouuUssofud 1 st azldanszualifihfimanganiiu 11.375 A ~ 12 A agrdlsfiany
delinanismaasadulusgagnies fiseinihmameaeurnszudlnihiiduaseuszansamly
msuusgulneimualinandansd 32 lulasiundl waznadani 2 lulasiuni Ysuiaeu

nseualiinfgng 3, 6,9, 12, 15 way 18 waunUs aud1su lngaziarsadanainsewaning

1 % =2

Tipdnsnsvinionuiigeduiiusivadnsnisdnnsevesdiantasaiuusunas

wanIniluinerdnusaduiiiinisnsisaeunansenuvesnisiiagesinglunisudssy

[
R a

(Gap Clearance) fiszfiumaIndn 50 Jadns AetunIsRAITUUToNVUINTDIBLANIATAT 12

= adao |

S GRIRE] é’ﬂé’mﬁuﬁ‘ﬁ’ummamﬁas[,uﬂ'mmigﬂaﬂmamwmmaaﬁuﬁwﬁﬂé]’@@LﬁﬂImmamm

[

Anlumsimwnzluuiinags (Audn 50 dadums) Ssddiuvesmunduriiugudnalsgianziu
szegaNEnDIaWinIAY 3 hmeninndn desasieniuanunsalunsudsiuianasmuaudn
¥993491¢ [7, 13, 18] Taeyhilunnsasisasvanyisaiuinisiasuudasivrasdosiidlunns
wUsgUluseduaudnaneg toegndaau (5, 13, 24]

sl (Polarity) $alnlirdrusunisimanylansdhelidudnvasidoaiunisidoy

a ¢ Y 3 N & o & v & v & & o )
ind (TIG) lagingUszasdvaamsiienrevastazangdanduauliielane sauiiuiilobeniu

=S v o

winsimgisselihiingUszasdiieueniiietaniisanssinaieldnisunaguvesansindian

q

m3n Jausaeduenavestaliihvesian didnlesaniduuandnavirlinanuaiunsalunisuys

v
[ a I

v 1y} = a & 13 o 44' & a &
EUQaQ%UQWUL‘WﬁﬂﬂﬁW%QLLa%@ﬁ]ﬁqﬂqﬁaﬂ‘Vﬁ@G{Jaﬂ@Laﬂi@iﬂ@qﬂ')’]GU'Qa'U Luaﬂ‘iﬂﬂﬂJ’JiWﬂ’]@LaﬂIm@

v
[ o a

Mmduuan (DCEP) aziinAusousinnsalrsauuiuiafan w1y 30 Lasidus drutalnil

(%
[y a

ianlasaduau (DCEN) TuaziAnAISauNiITanT LIy 70 wWasidud [58] walldgnsIn15uan

9

v Y v
A a = C% a

° i ~ Y el' =~ = & o 2 o
LUBNITURNTANIN Luaﬂﬁnﬂﬂ'ﬂqﬂi@umLﬂWSUUU'ULﬂ@ﬂqisﬂ@iaﬂaﬂlﬂl‘ULuaﬁaﬂsﬁuqqu [16] WQLLaWQIUEU

'
P

7 3.5 1DV TALALDDNA28E1S A DIANASNTUALARNISVIAD BN WIS N LRI AUS I UVDINS
Fuaninnisidudaln (Recast) smgmillusunaaasazdonlddalnivesdiantnsadutauan

=y )
LagguIuduIau
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Recast Zone ) Recast Zone

Workpiece Polarity + Workpiece Polarity -

a) ANUSDUNTUIU 70% b) ANUSBUNTUI 30%

U 3.5 gilavasialwihdidnlasaiifinaseaiusou [58]

MIAWINSasINIsIIRoULa NI INTENYTaTRIaRBIaNLATA A nn1sinLNL Tae

q

Fuanumanndn AISI P20 sedandifinlasaveunsuiaidunigudnans 12 Jadwnsaieldinig

Unpauuazdnausneasladianainuuuaniudenagusinu 0.098 MPa d1miusnInisudn

al

19911 (Material Removal Rate : MRR) Tuaiumaassll AmulraainUsunssilsnuignuinean

Y

sombenanidlunisuusgudeannisy 3.1 [15, 49] lngnistaniinaieinIestsninea 8ve

Jadever 31 SKY-150 (Taiwan) Feflmeuazidun 0.001 nSu

MRR (mm3 /min) = W x 103 (3.1)

=

ilo Material Removal Rate (MRR) Aig 8n51n1303nLleau (@nuiAniiadwnssiaundl), W, wae

1% v
A o L% a

W,, A dmtinvesdudunauuaznain1sudssuan (nSu : ¢), O, kag M, fin AUNUILLILYDS

(%
a

Tanuu (AISI P20, 7.786 g/cm?) uaglianlun1sulssuan (Wi : min) anudndu

2

M558 150VRIBLANTATAIUAISNARBINATLINIINTLELAINL1IVBIDLAN L ATANEN
2

VIBFBAILTEHLANUANYDITLUAAGIANNTTN 3.2 [15, 49]

EWR (%) = WL We2ry) 10 (3.2)

(le ) xPE)

\il® Electrode Wear Ratio (EWR) e 8m511158n115898981a0I050 (WUasiGun), We, e We,

(%
a

Ao Umtnvesdiantnsnnauiagnaaniswlsgd (15U : g), O, A AUNUIRUUTRITARTUITY

9

1%
o
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(AISI P20, 7.786 g/cm?), W,,; ke W,,, Ap dmtinvesununeuwasnainisudssuan (nfu : g),

P Ao Anunuuiuresiandiantnsavieuns (Copper, 8.94 g/cm?) auddiu

3.2 MsAnwuazAnsiziAfLUsimanzanlunszuaunisulssuandeisnisin

a & a v [74
a15lADLanasNAIUT4

3.2.1 JAAUAZIENITNAGDY

Tuduiin 15T uTUIUNAaDd N1SUTUALATDITNTLAEITNISIAUNANISNARDIRY

a

vdiunislugusvuiisatiuduiade 3.1 udludiudasilunisihadmudsildainnisveaes

Y 1

WU99AU 11AAILUSTIUNNE @NAIRITNTOONRUUNIINAGDY (Design of Experiments : DOE)

a

G NuRINANDUAUDY (Response Surface Methodology : RSM) kuUN15NAasUsaunan
(Central Composite Design : CCD) s¥AuUfuUsunIsnnass 3 seau (3 Levels) nnaldgenuag

Minitab 19 (License of Faculty of Engineering, RMUTK) gniunldlun1sinsigvinazaiuna

3.2.2 N1IAHUUAZNITETUNE
Tuunaulinn159eN U UNISNARBLNB L ANEN1ILNITYINNUN LD ASINI1SVIALLD I UN

[ = a o = a ! ! -
g9 gmsIsanusevesdianiasandn uludsnisiansangesdnslumsuussuimunzay (Gap

4 o

Clearance : GO) aganauneInsalsgiumuUsimuzaud miunsiaunz Janmannduafiun

1Aga1AEITNISNAADININAT AN INTNTNURINANBUAUDY (RSM) wara1den1589nwuUUNIS
NRaILUUUsZaNNa1 (CCD) Wuniseantkuunisnaasddasldiuuiianineadinaians 1ie
= L% o & LY} 1 Qll d‘ U L% q" QI = | LY} dll

AN NdNNUSI09AMUTA9Y Tlladanusladandsniadunisanal dauusdueia
WasuwlaslUTudnwazaldidudunse vinlndeeiinis@nwianudunudidadulas (Quadratic

Relationship) lnan1snnasitagnnuadikusnu 4 @auls uaazaalusil 3 sAunIsnnase A

v A I T— Y

wanalun13199 3.4 (seeuin 1 AeA LU AARSNIIN1SVIALTUNBURIYAgIER TEaUN 2

AaFmILUTYIITARSNTINTVIRLaugean wazsEaun 3 ArAdLUsINIARSnsINIS

ﬁmﬁamua@aa) WAEYININITNABBIANINAITINNITNARBINLABBNLUUALIE N1SBBNWUUNITNAAB

! [}
=< o v a

wUUUSZANNA19 (CCD) F9UN1SNAADINIEU 31 NSNAABI AILEAAILUAITIN 3.5 1A8i1Ng
NFUNFONFUIUAL TEAUVBIRILUT VNN INUMILNWITe MU Ty uuIiaINaneau
nszvIunsinelangaglih (3, 5, 10, 24, 51] swiunsivteyanisfivwesiugiuning

(%

soUszAnSaimnisuusuaniudiun 3.1 uenaniludluineriinusduinisesnuuunisdnas
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TadlanmsnuuuvaietdaitoninnslSauieulsesansamiusanlasakuuniasy vinla

mMsdendinusuazsviuvesiuUsiosmilifnnumisanveBianlasaniaasisuuuy

A5199 3.4 FLUSAU 4 1 WaYSEAUMBUSIUNISNAADY 3 S¥eU

Factor el Factor Symbol Low (-1) Center (0) High (+1)
On-time (us) A 50 100 150
Off-time (us) B 2 10 20
Current (A) C 9 12 15
Electrode Rotation (rpm) D 0 35 70
A151971 3.5 WNLNISYIAABILUUUTTANNAT (Central Composite Design : CCD)
RUN On-time | Off-time Current Electr.ode MRR EWR o
No. (s) (us) (A RS (mm?*/min) (%) clearance
(rpm) (mm)
1 50 2 9 0
2 150 2 9 0
3 50 20 9 0
a 150 20 9 0
5 50 2 15 0
6 150 2 15 0
7 50 20 15 0
8 150 20 15 0
9 50 2 9 70
10 150 2 9 70
11 50 20 9 70
12 150 20 9 70
13 50 2 15 70
14 150 2 15 70
15 50 20 15 70
16 150 20 15 70
17 50 10 12 35
18 150 10 12 35
19 100 2 12 35
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20 100 20 12 35
21 100 10 9 35
22 100 10 15 35
23 100 10 12 0
24 100 10 12 70
25 100 10 12 35
26 100 10 12 35
27 100 10 12 35
28 100 10 12 35
29 100 10 12 35
30 100 10 12 35
31 100 10 12 35

nsvyuvesdintnge (Electrode Rotation) Inaunfudafeuldiunsyuaunisianzsan
szaulalas (Micro-EDM) nsnyuaesdianinsnanansatieiinysednsnnueinszuiun1sanans
lodidne3ndsdanabinisdnusevasdianlnsaintululsunaiadtauenu uanannidninaves
a g o § v Sy 1l R Yo i val ) a
nsnuuddntasaviiiansladdnasnanuisalyadngvesindunisudsulaauasorfonswmies
IINMINYUVIALAYIUAIAIINGADDNNIN YD1 MINBENNsATUTWIULABE19TINLS) T
denaradnsinisvdnienungslunazliaiauneiviang lunanferdudedaualy
nszvumsadrialuusiazasailiafesnimiuinndu biarlunisudssuanuisaanadle fadu
TunauIaINTeBnLUUNalnnIsuyuTesdianlasaiiosessun1sanansladidnainluasifeatiu
1% 3 a = 1 1 1 ~ = ] Ao o L4
Whdaudnanesdianinsauaglivaisuesngnieusnagiwieiiosdadutuneuididsy gunsal

[y

d
Y
v

adlanlasafiviin1ssansuuaunsanyulanisnistusetuanesiiii DC 24 Tiad way
[ < v o 1 1 act 1% a o a ¢
aunsaUsumusseulumvyulanaue 0-175 seudeunidegnaiunuaielsasdiannsednd

wuuUTuuserulnihlanausd 0-24 Taad danandlugun 3.6
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unuwarduBaiuyn
LI |
W09 EDM

T o =
unuuama%mgu dpsdwasladian

Sidnlnsa ATNETULNUNATY

Yndudianinse

v v oa a

JUT 3.6 hdudidniasnfignesniuulisessunisryuresdianiagn

3.2.3 N1IATIITBULAZNITIATIZING

mwé’qnmmsgﬂ%umumaaq%Qﬂﬁwﬂfmﬁumé’mwmssﬂé’wﬁmm (MRR) kaons
nsdnusevesBifinlasm (EWR) fshded 3.1.3 luaunisd 3.1 waz 32 mwdsu ludiuves
Foei19n15uUssU (GO Agvmsinduagiiuran snaaesriendodawosaknuwuy 3 If 3D
Handy Scanner 8%a Creaform U REVscan 700 (Canada) Aanuaziden + 20 lulasiuns 1oy
NM3ATIFRUANRANANTBIELUANENAT Iz e INIsLUs U UE LR RALdBianinTn
ﬂ'aumiu,ﬂigﬂ %ﬂuﬁﬁﬂzﬁﬁﬂ’]imﬂﬁlaaum’mLLU’JLLﬂUﬂ’]iLLUSEUﬂz\‘MMﬂ 6 9@ (1, 10, 20, 30, 40,
waz 50 mm) lauagideneteddnniswusgugegatudiuiy 6 9aunfiansun (Maximum Gap
Clearance) fauandluguil 3.7 Madldusunnasmniuneuiinisnsraasuazgndisiia
avendgLefianoanoses (Ethanol 99.9%) Litadsasutinfuazeiaaulanylunisudsyy

(Debris) UaaunsiinA1Nianantun1sin
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i

N N

N N

\\ 2 20

\\\ §— 30 50 mim.
N N 40

NS

NN [s0

a) b) @)
SUN 3.7 N2UIUNMINTIAR VLAY IANAYRI19bUNTUUTTU (Gap Clearance) a) NM3AT3I9d8Y
WINBANIATANBUNITHUIIY b) N1INTIRARUTAIEAEMIINITUUSTY

) NANIINISATIIADUNTEAUANNAN 50 Ladiums

lnsnsagunanisneaesludinizdsenaulume Ardawdsimnganlunisudssudn
Y ad a a & a v P = | vy [T ¢ a . Y]
MEIENMIRANA1TIBLENATNAULI TdINanednI1NIsedaLesIuTas (Maximum MRR) 8031
nsdnusevesBiantnsniinl (Minimum EWR) karArtasindlunisudsguiial (Minimum GC) #n

ANUFUNUSY RIS MU TAINEaNLUUTAIY TN UIEEIR (Multi-Objective Optimization)

a

3.3 N15ANEIDNSWAVINITDINUUUNITANEITIADLANASA HIULNAUNAN9BLANTATA

wuunangaanidanarausgansanlunsrurunsuysuan

3.3.1 wann1seanwuun1sdaansiadiana3naiunnunanedianinsauuunaieyn
Tuinendnusiissuunisivaieuvesansladidnasngnaenwuunazassuiaszuy ¥

Usznaulime szuulnaBeuansledidne3n sraduledidnesn gunsalduBatiuau saului

Vv v a x

HUBLANLAIANA1UI50T18875LABLENATARILLNUNAY NFaUAUAIN150T8IFUNTNY VDS
a v U vy I g ¢ 1% ad a a = 1 ¢
didnlnsalunfouiuld laelifngussasdiialiansladidnasniinnisivaieusgauysaiuuy
wazldliifinnisanagneuverveunialanesioanuaNnsineie Inelindnniseaniuunall

N3UT 3.8 (a) Tandianinsanesunsiiivuinduriaudnais 12 fadwns Aue1 100

a a o

fiaduns gnvinisesnuuukazainstulagadendnnisiteasladidna3niiuununany

[ a &

aanlasa TanBlanlnsanelaigniatzdlgaduniyuin 8.4 Tafiuns UuIATRINAITEUY

q

nlusl@ CNC fiflanusnaudas 8vo Mazak $u Quick Turn NEXUS 100 (Japan) fiaanudn 95
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fadwns Tudussilldudnnisiiugiuifeatunssuiunisanzlansaeliin (Super-drill) Ing
a a o [ ' a1 a a s a | = =
diinlnsnasiidnuaziluvionaneninaonuuiwnu d¥einsdnasiadidneiniuutodnsl ¥
a a a o & [ 1 < = a a a a
anansadaansladidnesnludeiiuiilunisinglaenssegnesin iweudseansnmlunisia
arstadidnmsnidnledaaylanzeaniindesindlunisudssy swludssnweanuseidedunis
a a & a = v L a v .
Ana1sladianmin FedonAaoIiuIUITEY8Y Kuppan kagamg [4] wag Kliuev Lazang (8]
1 o a a ¢ o &g va @ A a a a o | 1% oA
agalsianuludnerdnusaduilledianinsaiivuin 12 Tadwns ilvldaiunsoasisgesia
Y% o § V1 a & o & A v ©oal a A =
pasakwknula Juildiudaredidaninsndnlunazdeseanwuulmiiendnidsnis aunde
vaallanuandedinlunisiaee (Under-cut)
w9 INtuBIanTAIAazg NN ILIAENATIE YA U0 BIAN AT AILLATAY
langelniln Super Drill 8%8 JOEMARS $u JM325D (Taiwan) 313U 12 § wiaggivuiaidy
Augudnand 1 fadwes 39lunszuiunisianggdianinsnnedaignivdnnigauwlsvinli
a & 14 1 1 o g L !
anusavyudidnitasalinsuseu 360 aee agnuwiugn Tutunsuiilunisesniuudiulaieves
Bidnlasn Inevhn1sUssgnanuAnues Lin Wazamg [20] wae Li wazeng [21] ild8ianinsavie

Na19911A 1 Jaans Audasuiuauivuinsianiase 25 Jaduns 138011 Bundled Electrode

'
a

P saiuUsEaMTN MM TUUITUAUNSIN RN 1N TYRaY antiatunisulssy

¥
Va o <2 o

wazmIdnusevadianitasald sewnididedvinnisizguuin 1 Jaduesiduuundunss

Y

U 8 § seuununandantaseiieiiulszdnsnmnisdnasleddnesnidigiuninenzedig

'
| A

soidlesuaznszaeseudidnlagn agrdlsfimuitounismandssnisaandeveuieauain
Fodrialunisioeny (Under-cut) sailudsnsdnvsovesdidnlninfionaintuuinndiuiany
fidnlnsa Jeldfinsianesludumisununansdidnlasaudldnsvyuvesdidnlnsaiieannis
avauvenAvlansuinuduUaiedianinsaunu aenndotiuiuidess Risto wazamg [23]
Rerfuuszansamwnisuyuuesdianinsnfidwase nsdnusenazavanvoumslansuindiy
Uanedifinlasn uenininndeyanisieneinsinavosansladidnainduununarsdidnlagn
Tuvienausieds Reynolds Number Calculation 198 Klivev wazaniz [54] Wgnfunislvafues
asladidna3nannmisiasundasmsinauuuaniiung (Feudv) lugnsinauvuuutu (ang
Y03dn) WU VUIRvesTRsdaTTvun 1 Tadwnsuazanetesdsliinisiuadaiiginiinisdn
LUUTRRE?

Tudinsssuuengaesdiudatedidninsniinisianzgawin 1 dadwns viuudes 109

[

839A1 913U 4 3121 FeuLwILnuBLanlasadalandlugun 3.8 (b-o) lneliingUszasAiiveLiiy

(% '
a

Uszansnmnisanansladianasnidndnuinisiawnzlaensiuazvinaslanylieonainaeding

Y
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] < a 1 % [y v a &
N15wU3U0E14590L57 aAnTsiAn Secondary Spark sevinaniagianeiiunaBianitngg lngianiy
98198IUTIULNTeBIEaNIATA (Conner) LB NN1sdnusevesdiantnsniinaziinvuluusiin
yuvesdiantasalulinaganinannisazanvenaylansluasladdnnsn (12, 44] uenaind
INNTNUNIUITIUNTTUABITBINUIN Asas1ereanisivadvesarsladidnnsn (Pathway

. . Aa a B a & a a a = v
Inclination) NdyutBEeAIUATUNTYUBLANLATA [22] ausawiiuysednSaimnisianesanta

L a s Y o a Ao a d'
WINNIBENIATALUULYIAY wananTideslanviyudesd 75 asmaiunsaanalunisuusgy
wazn1sdnusevesdidntasals MeuwAnuazmgraUsznaudinanvhliiianisadsdianlng
7in153na15lABLanAINNIULANNAILUUMAI89A (Multi-aperture Inner Flushing) Tulu
a a ¢ o & A = = a a X U a | o aa
Weniinusadull ieSeuliisuraveuseansanlunisudsguaniudianinsauuuuwvisdund
nsanasiadiannsnaiutiaiuuuni (Conventional Side Flushing) d1Sun15iAS eu@ueY
MAR09 AlSI P20 9gasiunsiiulfefuiite 3.1
Tunisveassdmsuiide 3.3 gunsaldudadianlasauuunyulandoudieaisladiannsn

\ -1 ° A = a a = ad a ]
duwnunanasiduazgninnldlunisaaesivefinwidvisnarenisdnasiadianain ludu
Yosasladianssnaunsalaruwnunasvesdidnivselnelddasoiuunyu (Rotary Joint) waz
fligunsalindnsanasina (Flow Meter) iialdaiuaudsuiunisinasesaisladianainlaeg
° 1Y = v o v v a a < [ = (Y
dwniunnguiuumneaes dmdnnisvhauvewnduddniasassduldludnuaeieiuide

3.2 3U 3.6

T
8.4 mm
f D <4203

LN I

lee 1 mm |

12 mm

a) b) )
JU7 3.8 JUuuUBianinsanesunsiviiniseenuuukazaisulunsveass a) susuunieluzes

a A o % . . a < 1 PN 1% d‘(
dianlasanyvinnIseanuwuu b) AenaUINN (Section View) ‘ZJENEJLaﬂimiﬂﬁ’lu‘ﬂaﬂﬁwgﬂﬁiﬂsﬂu

c) gUdrwanesuans (Bottom View) vasdianinsniignasnavu
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3.3.2 N1INTIVADULALNITIATIZIHS
v v ¢ ! = a a a o =2 Aa !

AuduiussEnieteulunisinansiadidneinduanudnlunsuussuninaseanly
N1swUs3U ggnussliunaziUSeuiieurasenitananlun1suussy (Machining Time) fuAdnw
anlunsuussuitseAuanudn 1, 10, 20, 30, 40 wag 50 Hadluns lagnatlunisuussuasyinnis
[ ! a 2 = LY £4
uAvssnuiLesesinnzlanegi el

LYK 1 ' Y a a a ' LY a & Aa '

AuduTussEnIteaulun1sdnansladidna3niindunisvyuredidnlasaninase
[ [ dy a a a 1 a < .
anIINSVIALLBUAEgNUIEIHULAIUTEUEUNATENIN1IN1 59 UYe9BLaNtAsA (Rotation
Speed) seAUAIMILST 0, 35, 70, 105, 140 Way 175 sauneuil Nilnanednsinisedaiionu
(MRR) i5gfuAu@n 50 Fadkuns dusumsmuina1oninsuiaiionuaganiunisnigle
aun1si 3.1

AMEVRINTRUIIUTUNUNAREY AISI P20 98gniinnTIdaukazIlnseinaludn 2 du
eun Anaduiusseninudeulanmsdeasledianesnsauiunimmyuvedianiasafiinanae
AMUNEIURIRAY LazAnuduiusszuinnlaulanisdnaisindidnainsiufunisvyuves
duanlasniisikasion1A e wuNYDIANVNLAUTAN1IN15WUTIU NNIRTIvdRULAE AT IS
AIAIMUNYIUAIRAYVBINTIFL1TIINITATIVFBUATILLATRIINAINNGIURY %18 Mahr Ju
MarSurf PS1 (Germany) Tunisasiaaeuldszurlunisnsesaininud (Cut-off Length) uazyig
N"saRNU (Scan Length) Wi 0.80 Waw 5.60 mm mxa sy Ineiivumauluniswisunuiian
Fuaugrensanesvasladidnainmendiateaneges wasinisiianiouiiolaninuiuudy
= o a a o o o T S A o 1 A =2
FedaAranuneuiuede lagvinisiadiuiu 3 asswdduiinduanaietastiailalufinw

mmé’uﬁuﬁ‘ﬁ’umﬁmgusuaq&ﬁﬂimmﬁﬁzé’ummL%"J 0, 35, 70, 105, 140 wag 175 SaUsau?

'
=

JUT 3.9 uansguuuudnuagiuiaivihnmsiawanadunsin (Profile)

F000_001.PCD: R [LC ISO 13565: 0.8 mm] MRC 04.16.2008, 11:22

B 4374 ym

JUT 3.9 NInTIAERUANUVENURIAGY (Ra) LuududanmelaTesiladn 8o Mahr Ju PS1
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msitarUssidiudaudssuuresmuvuuAUiienansuUssy (Parallelism
Deviation) lngn15ldndensiaaeuniuiseuitmetaasuuuliduda Noncontact Laser
Scanning Confocal Microscope ve Olympus 1 LEXT OLS 5000 (Japan) Fumdosdlefilday
anunsaaununulysinduvesgiangldsng Scan Mode vilanunsaldansefinnnunaulngauasian
aneananiifaruutugigs fuandlusuil 3.10 dafulunsneassiagussgndldvannmsveinis

[ '3 =

Anuadydnwal GD&T M11U1AT51U ASME Y14.5-2009 31@28A2 19U Y (Parallelism) Ag

o

[ [ (%
Y

ANMENNURILABZ LI UUNURITZUIUNANN LAUNANN WisosyunUdula dszezvindluiianisiaain
Welisuiuaiausnsdadussesmngiu Tneanausiedsaiunsaidulanessuiundu (Datum
Plane) #38UNuARY (Datum Axis) N13AIVANAINVUIUINBEIUNGUVBINITATUANTIANIG AliU

M3AIUANANUINUTI L TudeIUAN AN S 1B ENE

1

Tw NNy AR Y AT AT\RII® Ehapohpoahy W® 9° BE T T
0 1003.8 /2007.37 1301117 40148 '5018.6,, 6022.1 7025.9 'B029.7 19033.2| 10037.0p11040.8| 12044.5 13048.1 14051.f

JUN 3.10 nMIngidevAIAnUdstuuiuALnaNTessatlnenisidndemsRasuAUSEY
Raelaiesuuuldduda Noncontact Laser Scanning Confocal Microscope

Bt Olympus 34 LEXT OLS 5000 (Japan)

drusunasuusgudnienseuiunsiaizaiglnilusnuineinusil [unisuiulss

nszuIuNsanaslaBidnasniienivauiiingunswnuanuvuINveNigasluLwIirnianig

(%
Y

wUs3U (MUY 2) Aetun1siinuanisy (Datum Control of Feature) 9¢14A1A181989A1Y

WWIMAY (Datum Axis) S1gagtdean1simuansanslusun 3.11
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@ Multi-hole Flushing
z With Rotation
:;\ , Electrode
»

e

777 771>

« \_Depth 50 mm+_

4
™

2 )
v
-

NN

S { ,/’_/—/, 7,
s

SUl 3.11 uansiidpadusneBamuiuainy (Datum Axis) tnglinsdnaslngidnasn

NI’]ULLﬂuﬂa’NLLUUMa’]EJQG]

A13797 3.6 JURUUNTSAUTELAAN DB LULAUATILNANYBITAE

K 1l Aeuideduy | Armnudesuy
SEAUATILAN | AN

mm mm Datum A (+x) Datum B (x)

mm mm

1

10
20
30
40
50

dusunisneaesludiuiinisesnuuudianlnsalaen1anansiadlannsANILLANAATS
Buinlasauuunansyn (Multi-aperture Inner Flushing) asgniuU3euiiiunasiuiunisia
asladidnminaudsuuuund (Conventional Side Flushing) iefnwiauduiusvessunuy

= a « a a. ! a a =2
nsAnanslaBianeinidwadeussansamlunseuiunisudssuan
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3.4 wan1sfnenazdaTsiadawlsimnnzanlunszuunsuUssuandien1san

d13ladiana3nauwnuNa1IBLanlnsALUUaIEYA

3.4.1 FHAUALIDNIITNAGDY

¥
a

Tuaun1snaaeell NsMSENIAATUIIUNAADT AISI P20 98AILRUNISIUa NwMLLRINY

q

[ a &

msnnassluiide 3.1, 3.2 way 3.3 dwiuiandidnlnsaneunsiildasdniunisludnuue
Feafumsneaasduide 3.3 uiluduisduinsinewuarimssiadudsiimnzeanly
nszuIuNITRUsgUanAIen1sdnaisladdnaIndiunnunanedidniasauuunaleyn (Mult-
aperture Inner Flushing) A1838nN1500nuUUN1TNAaBY tagnisidanldfinlsiasseauuadsi

wUSKIULRERINUNSNRaRIlUITaT 3.2

3.4.2 N1SASIVFIURATAITAATIZING

N15M519FBULAYNTILASIZINAlUEILT e dunsiiiaununisnaaadluiven 3.2
PIUAIUVDINITBBNRUUNITNABDY FLUT FEAURILUT '3'§msl,ﬁwﬁau“a M5ATIEIENE SaulU s

A = ¢ i ) | = va & = a o a |

wnIeslonazaunsal wansiuludiuvasnisidenlddidniasawuunsdeansiadianasnaiu
L.LﬂumafmﬁLﬁﬂimmwwmﬂf\;@ (Multi-aperture Inner Flushing)

lngn1saguranisneassludiniozysenaulume Al sivnzaulunisulssuan
meisn1sdeanslndiana3niusnunadianinsauuunaizan (Multi-aperture Inner Flushing)
A Y o & el' - [ = a A o ..
MdarategnTIN15vdnenunas (Maximum MRR) 8n31n138nnseveddianlngafisn (Minimum
EWR) wagAe3319tun1suyssuaina (Minimum GO) miadnuduiusvuasdiiusimungauiuy
waneInguszasn (Multi-Objective Optimization) wanaini n1sdnansledidnasnaudisuwuy
Un# (Conventional Side Flushing) azgninuUseutisunasdinsizvinadiuiuludiui g

wrunInnsnaaedlagaguslufshuusamnldlunsnaass wanslugun 3.12



Dielectric
flushing

Conventional side flushing

Rotational direction Rotational direction

Dielectric

flushing é I
\J

Electrode

Multi-aperture flushing
with electrode rotation

Conventional side flushing
with electrode rotation

Constant parameters

- Polarity (electrode) + (Positive)

- Voltage 150 V

- Electrode Copper (9990 % Purity)

- Workpiece AISI P20

- Dielectric fluid EDM oil-TOTAL DIET MS 700

- Flushing pressure 0.098 MPa(side and multi-aperture flushing)
Note* Design scheme of machining parameters is refer to table 2

65

EDM head

Servo control
gap spark

Dielectric flushing
(Multi-aperture)

EDM Control
systems

Pulse
generator

Dielectric flushing

(Conventional) Q
W
Al

!

1y

| Table Machine

JUN 3.12 uwunmnisnaaedavasuuazimudsasinldlunismeass

3.5 nan1sAnwanIWNURaTLILLazBanTasaneaInIsLUsTU

3.5.1 IHAUALIBNITNAADY

nsneaesludiuiiluiuneugnentendinisulsguineasaduas Wialiitesents

ASIAERU TUNUNAABY AISI P20 AiHunszuIumMIwUsjuanannsdnansiadidneasndiudia

wuuUnA wagn1sdnansladidnasniiusnunansdianinsawuuransyn avgnianuuaiu 2 @

[

(% [

Aeuanslusun 3.13 ienTIadeuAmNAINEINURaenaNanlun1uUssy 50 dadiuns lng

FUIUNAADINTUABUNIINIATINAUILYNAWINANUALBIANIELETIALEANDES (Ethanol

99.9%) LileaneAs Ut UkarUaaeliwialuaInIe
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& . d
PUUNAADEIUN 1 l

|
Fununeaesdaud 1 ‘

& 3ol
| FUUNAADIEIUN 2 l

& . d
YU UNAADIEIUN 2 ‘

g‘uﬁ 3.13 Buawmnaed AlSI P20 aneuasnisulssu

Bifnlasnvieaundiis 2 JULUU Mendn1suUszUaEgnIIInsITdevAN LRI uaY
AUTUITIVDINTTNA Secondary Spark AaBAAIINEAN 50 aRLUNT ludunoniididnlninay
grhAnuazenfeLoanagesL e aledasiAusulinndsuuiivesdidniage

n1snsredeuTunanslyl (Recast Layer) vuiTusuRzsiunsiaensintudues
wisgianedasiaiosialangdelifisgduaaedn 30 Sadwns fuandluzuil 3.14 Fusu
yaaesnendimIrnargninlundestuiioioromanteufianu lnetuseusesnisieuiin
gy sianienszawnsgiues 600, 800, 1,000 kag 1,200 AUaWU ATAIENI02 QU

(ALO,) WA 0.3 vukndnvanalaeldipTastatusunagauEie Struers U DAP-V n89INTY

FunuzgnIshaNazImEAse s ANRgIteu lUn T uTUTADY

v‘,/ﬁ‘\x
/
X NR()
o z >
USUATIVEABUTY N al
. | NN
viaoulus N N
NNy |20
N N
o & 4 o \ U
fATUNUIBINIY AR X
' 4 N 30
A39980Y Q &
A<
N N
N
N \ 40
N\ N
N
\ \\
N N 50
N
O N
N\ \\ & \\ N

UM 3.14 dundinsindunumegeuiietilunTiaaeudunasy
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3.5.2 N13ATVEDULALNITIATIZHNS

ﬁm%"umimwaaummamyszﬁsumﬁuﬁ’a%umuuazﬁLé‘ﬂimﬂmwé’qmmﬂigﬂ naog
M513d8UAINLSEURIAYELaLgesSuUuldduNa Noncontact Laser Scanning Confocal
Microscope %@ Olympus §u LEXT OLS 5000 (Japan) gniinuinsiaaeunmnIniI9es
Bianlasn uaﬂmﬂﬁﬂﬁaq@amsﬂﬂ Measuring Microscope 8%® Olympus U STM6 (Japan) 7
Y91189v818 3X - 20X nAllgy 4 funis gniutuiasIvasuyesinelunisudssy (Gap
Clearance) Wiofufiunanisnnans N&vIaNIsALLULATINEA Digital Microscope S Olympus
U DSX1000 (Japan) gnununsivaouadauysaivemigazwaragluvesdianinniuy
uanslaBaNASNNIULAUNENS

lunssuaumsnsrvaeutunaslvi %umumaaumwé’qmiLm%mﬁamuwgﬂﬁ’mﬂa
#ednlenau (lon Milling) B%e Hitachi $u SU8230 (Japan) kagns13daulasiaiiegania
fdswenegewhendesgansseiuuudeensan (Scanning Electron Microscope : SEM) B%e JEOL
JU JSM-5800LV (USA) msfinwiesadsenaunieiailld Energy Dispersive Spectroscopy (EDS)

¥ a

B0 OXFORD INSTRUMENTS $u X-Max (USA) dwSunisnsiraeuazifiunisiigaldeauuiigiu

«
[
]

deasduinnszuaunmisiaizlangsaeliiilaanisuszandldisnisadnasladianasniiu
wnunansdianiankuuvategnsiumsnyudianiasn ssiianisnefivesturaenliniel

WawSsuisuiunssulunsanansladidnssnaudauuuyn
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NANTIINN A

= ' a ¢ & vy da ' a a =
4.1 wanisAnwAwIsiinesiliasuniinasauszansnwlunszuiunisudssuan

4.1.1 HANSENUVBINISUSUAIANUANTNARDRTINISVIALUDITULAL DNTINITAN
“50v9IBLANIAA

138110 (On-time) Ao Yasrailiianisindounasszalnd (Pulse Duration) 4310

a &

Han1snaaelagldiansianlnsanasunaruaduiiuaudnas 12 dadunsiaeizianduay

q

WMANNAT AISI P20 fhe3snistsuideuszauataada 2, 10, 20, 32, 50, 100, 150, 200 waz
510 ps lneAanaa1ln 32 ps wazssauainszualnin 9 A nausingin §nsin1sedailaaiull
WAL ARAURUTEAUAIIA TR AgdonIIn15aIniiougega 3.882 mm*/min iania

100 ps egalsinudlonantafiadui 200 ps Sasinisadaiienuiuilivanas duandugy

= a

7 4.1 TudruveIonsinsannsevasiandantnsaduiliiluuanaddorianUaiuundulu

9

ANWAULNHNRUNUDATINITVIALLBDITU

4.5 45.00
o A 4259 ——f— MRR «cccpeeee EWR
g B 40.00
~
20 F 3500 .
= X
= 3 30000 5
3 S
5 ©
SN,25 2500 &
-3 ©
% 2000 @
g =
o 15 15.00 3
[as o)
T 1 1000 ©
9] Q
g 0.5 500 W
0 : 0.00

2 10 20 32 50 100 150 200 510

Pulse on-time (us)

5UT 4.1 nansenureansuiuAialniinasiosnsnnisudnilonuy

LAZIRNIINITANNTOVDIBLANTNTA
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4.1.2 HANTENUVDIN1ISUSUAINANUANNKNARDENTIN1ISVINLLDITULAZBATINITANNTD
Ya9BLanlAIA

nanln (Off-time) Aa HaaLIa1meAN1sLAaauAvasUszqlifin (Pause Duration) 3310

a «

nan1snaaaslagldiandidnlnsanewunivuiaduiiugudnats 12 Tadwns dawgianduay

9

WaNN&1 AISI P20 #aedinisuSulUasussduaaala 2, 4, 10, 20, 32, 50, 100 WAz 510 us

=

Tnsasinanln 32 ps uazssaunszudalnii 9 A nausingin dnsinisvdndoauiiuuliuanas
dloszavaandaiinundu Fudurasnannailadunaineansiienseualnihddlivinli
Annsviadenu mnusdurisalunissdnasiasszuisnuiounasnausnyauLEies

lunsinne lneddnsnisvdniilonnugegna 5.783 mm?/min Maala 2 ps dauanslugu 4.2

a &

TudruvesdnsinisanunsevesiandianinsauuieurlduanadiiorianUaiuunaudeseaunia

q

FudlonarUaauinndd 100 ps Sasansdnusevesiandianiasaiuwaliiannduy

7.000 10.00

6.000
8.00

5.000

4.000 6.04

3000 4.00

2.000
2.00

Electrode Wear Ratio (%)

1.000

Material Removal Rate (mm?/min)

0:000

2 4 10 20 32 50100 150 « 510
Pulse Off-time (us)

5UN 4.2 nansgnuvainsusuaanUaiinasednsnisvdniiiony

LLﬂ%ﬁ@ﬁ’]ﬂ’ﬁﬁﬂ‘ﬁi@%@ﬂalﬁﬂiﬁﬁ@
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4.1.3 wansznuvaanisuiuanszualiiifinadesnsnisvdaionuuazdnsinis
dnusevasdianlngg

nszualil (Current) fie é’emmimﬁauﬁmaaﬂisaﬁw%ﬁwmm’;m Inglunisnaasuy
nszualnliniifinasionnuanunsnlunisuussudenisimuaainandansi 32 us uaziaia
ATt 2 us w§1nTunsUSULUBsuAn s Lalniiag 36,9, 12, 15 waz 18 A wuinile
nszualwihfingady Snsnsvindonuargsdunalaeidonssualnihgstuiunds 15 A wui

9n31N1593RLDUITTUANAIRAATLUTUN 4.3 FIN15anA9U8IdNIIN1TVIRLEBWAARN

(% ' '
=l a Y v A

USunanszuaseuninthdafigwinliiandianiasalasuausenlulnanunisvilbiinns

v

dnvsennuiiianddninsngs [27] Meliusunansualiingeiliinanuuesweanisin

q

17 v
A a v oA

wnzidunauinuuiiuioJaatua [58) duandluzui 4.4

q

=

= 08

&
o ) %
€025 B
£ 0
02 t©
5 <
= 0.15 o
> =
Q (O]
GEJ 0.1 )
o e
— 9]
© 0.05 7}
] !
g

<~ 0 0

3 6 9 12 15 18
Current (A)

JUT 4.3 Hansenureinsusuanssaliniinasednsinsudniiony

WaZNIINISANNTOVDIBLEANTATA
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(n) nseualudn 3 A - () nszualiin 12 A ) (@) ﬂxLLﬂl‘V\Iﬁw 18 A

JUN 4.4 dnwaugilinuminainnisuiumnseualiih (Masweny 35 i)

4.2 wan1sAnwuazAiaseiainulsimangaulunszuiun1suusguanaieisnis

a a a a v v
Qﬂﬁ’]ilﬂ@l;ﬁﬂﬁliﬂﬂ’]ﬂ’ll”l\‘l

' (% [
= U =

NANSANYINANTENUYRIRIWUITNadoNTEUILNTLUTIUANTluTunouiidunis

gankuUNIMARBIneunivrinisiiudeyalayldisnismaddnsenindsiuinanauaues
(RSM) waza1fenN1599nLUUNIsNAaduuulsEaunaid (CCD) Wun1seentuunisnaasdlaald
LUUINABINIAMAFIERNS iBANYIANNANTUSVBIAwUSoUYsEnaulUM e a1 ln 1ianTn

a

nszuabiiuagnisvyuvedidningg lnedrdaudsidenldasunainnismeaemianislines

EN

D

dosuluiaded 4.1 ludruvesmisidentdnisvauddnlasngrsdaninnisdnueuide
Rendasdmdunssuiumandssuan Suregdudsgnivusliiainuuandie 3 sefu fedu
wlidnnuresmansvaaesiaian 31 nManeaet lasazhnislsydiunadnivainisnouauss
03U 3§ WuA Snsinsvdniionu (Material Removal Rate - MRR, mm?/min) 9931115
dnnsevesdidnlnsa (Electrode Wear Ratio : EWR, %) LLazsﬁaﬂ’j’lﬂuﬂ’liLLﬂﬁ'gU (Gap Clearance
: GG, mm) nenisidenldyduuunisdnansladianaindiudasuuuuni (Conventional Side

Flushing) HaMMAaBIQnKandbuAITIN 4.1
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A151991 4.1 NANTNAGBIIINAITEBNLUUNITNARBILUUUSEANNAN (CCD) dmTugunuunisan

a15ledannsnauawuUUNA

A B: C >
R On-time | Off-time Current Hectrode IR P o
No. ) ) W Rotation | mm?/min (%) mm.
(rpm)
1 50 2 9 0 7.094 1.339 0.156
2 150 2 9 0 8.104 0.276 0.199
3 50 20 9 0 6.158 1.454 0.154
4 150 20 9 0 7.166 0.272 0.196
5 50 2 15 0 11.568 3.056 0.187
6 150 2 15 0 17.168 0.595 0.21
7 50 20 S 0 9.820 1.732 0.191
8 150 20 15 0 15.488 0.583 0.238
9 50 2 9 70 4.636 1.034 0.166
10 150 2 9 70 7.930 0.132 0.204
11 50 20 9 70 4.799 1.829 0.164
12 150 20 9 70 6.192 0.084 0.198
13 50 2 15 70 10.672 1.988 0.175
14 150 2 15 70 18.965 0.389 0.236
15 50 20 15 70 9.224 1.895 0.171
16 150 20 15 70 15.805 0.371 0.208
17 50 10 12 35 8.361 1.493 0.173
18 150 10 o2 35 7.223 0.230 0.206
19 100 2 12 35 8.575 0.662 0.182
20 100 20 12 35 9.258 0.575 0.184
21 100 10 9 35 3.725 0.546 0.171
22 100 10 15 35 18.784 0.887 0.194
23 100 10 12 0 8.667 0.678 0.180
24 100 10 12 70 10.912 0.619 0.191
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25 100 10 12 35 8.922 0.561 0.190
26 100 10 12 35 8.679 0.644 0.185
27 100 10 12 35 8.999 0.660 0.190
28 100 10 12 35 9.092 0.715 0.190
29 100 10 12 35 8.853 0.638 0.186
30 100 10 12 35 10.005 0.658 0.183
31 100 10 12 35 8.049 0.526 0.192

4.2.1 HANISANEIAIDNTINITVIALUDIY

A153ATIENAULUSUTIU (ANOVA) U UUENNISNISAADBYUBINISIHLAD SN

N

BEAYADN1TROUAUDIDITNTINITVIAL LD TULEAIUANTISN 4.2 HANNTVIAADIUERASLALTALIN

a v

Snsnsudalienuiinuduiusegaditudiduiuiande (A) nszualui (© nszualnii
fdsaed (C) wageUduiussau (Interaction) syminaandatunseualiit (AC) Fafuunliiu
Hulvlufirmafeaiudunaresan P-value fiseiunnuidosiu 95% (@ = 0.05) Iasteyaiiinn
Ainsedtimanuindeden R? wirfu 85.33 %
dmfumsUsznasdnsnissdadierulagld msiesednisanaeslaidunisten
o8 Un (A) nszualni (O nszualiiamasass (C) wasmufduiussiussninananlaiu

nszualAAn (AC) @3n50a519auNIsYuIglaNaRIaNNISA 4.1

saa o o 1

M13197 4.2 #ansieseauiUsUTulugluuuaunsaaneyvean e snided Aty e

o

a

NNIMBUALBIVBIDATINTYIABNUd T UNSRnasindldnns N U awuLUNR

Source Sum of Squares DF Mean Square F-value P-value
Model 364.13 4 91.033 37.80 <0.001"
A 55.86 1 55.859 23.19 <0.001"
C 269.82 1 269.816 112.02 <0.001"
c’ 14.85 1 14.846 6.16 0.020"
AC 2361 1 23.612 9.80 0.004"
Error 62.62 26 2.409
Total 426.76 30
R? = 85.33% R? (adlj)= 83.07%

MRR = 22.0391 - 0.0619 A - 3.2590 C + 0.1558 C* + 0.0081 AC (4.1)
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NaNszNUTTENINa TR (Pulse On-time) waznszualuiln (Current) fisnasiodng
n5udaiiles1u (Material Removal Rate) uansluguil 4.5 wudrdasinisedmidesiud
Anuduiusideuanfunisviuaniandauaznszualiih nandeiiledvesnanlauay
nazualwiufingaty anfnnmsaimdsnuauiousazmsUdosUssqnihiifanududugeds
Feamestensviaeuaraevaniotan annzundonsinarideliAnmsviniotanoanldotig
anysalnieldansladidannin INNsAnwIRuAuaRIHanTENUINTERIIa N Tauay
nszualwihdifuadosnnisudnidenuuandiifuiidamnsindonuasaaamsaldan

mMsUsuAa Al 150 s wazmnssualiiiail 15 A

, 7T 7L/
e A
T

MRR (mm?®/min)

[

JUN 4.5 Nufuansransenusinseninanlasaznssualiih Niinadednsinisedniiony

4.2.2 HaN1SANYIANONIINITINNTBVRIBLANLATA

NM59ATIZAANLUSUTIL (ANOVA) WUUaNNISNISanaeeueamn s iwesnittuddyse
ANIMOUAUBIOISNIINISANNTovaIEnlasakanslun13 il 4.3 nan1svnasnandliifiud
ns1nsannsevesdanlnsainnuduiusesrslivediduiuiande (A nseualada (©) nns

wyuvesBianiasn (D) nanlamdsaes (A% uazAUfdunussau (Interaction) sEninaaanle
Aunszualndly (AC) uazianUnaiunseuald BC) deiluuildulullufismaiediuiunaves
A P-value NTgsuAUTRITL 95% (& = 0.05) Inedayanituniiasigiiiaiainaniigeten R?
Wihilu 93.24 %
° [ v = a ¥ a ¢ I
dmiunisuszanuegnsinisdanrsevesdianinsalaglinisianeinisanneslaedu

n1siirvewIanda (A) nszualii () nisuyuvedidantnge (D) nandaiasass (A uag
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AUGFUIUETI (Interaction) senitananUanunseualifin (AC) waziaUafunsewalnii

(BC) aunsnas1saunsvinunglanasaaunisy 4.2

M15197 4.3 HAN15IATIEIANULUTUTINIUFULUUANN SN0 08 YRINITITIND

sad o o o 1

INUUYAIAEYR

o

N1IMOUAUBIVDITATINITANNTOVRIBLANIATAAINTUNITANFTLABLANAS NAIUT

wuuUNG
Source | Sum of Squares DF Mean Square | F-value P-value
Model 11.8348 7 1.69069 45.31 <0.001"
A 8.5257 1 8.52570 22848 | <0.001”
B 0.0730 1 0.07301 1.96 0.175
C 1.3916 1 1.39160 37.29 <0.001"
D 0.2554 1 0.25537 6.84 0.015"
A2 1.0609 1 1.06094 28.43 <0.001"
AC 0.3425 1 0.34252 9.18 0.006"
BC 0.1979 1 0.19793 5.30 0.0317
Error 0.8582 23 0.03731
Total 12.6930 30
R? = 93.24% R(adj)= 91.18%

EWRsf = 0.887 - 0.0320 A + 0.0423 B + 0.2355 C - 0.0034 D + 0.00015 A% - 0.000975 AC -
0.00412 BC (4.2)

NANSENUIIUTENINaL TR (Pulse On-time) Aunseuabnili (Current) waztianla

(Pulse Off-time) funszualniin (Current) idnanodns1n15annsovesdianlnsa (Electrode

)=

Wear Ratio) kanelugu 4.6 (a) uaz (b) auaisiu WUIENIINISANUTOUDIDLANLATA]

[
=

Anuduiusdmniuluaunsusuaaanle 903U 4.6 (@) awiulddndenandaiiugau
970 50 ps LUy 150 ps 8msin1sanusevesdianinsaduuilduanasesraiuladn Tunsalil
a1u1saeduielanein 2 dauussaudu nanfelunszuiudalanzag i lagnisainunla

dianlasaudauan (Positive Polarity) Wagasiiainisindeuivesiszyluiadaisi (50 ps)

¥
a =

nalnN15UaALe UM ANTULBNENANIINNITLARDUNVDIBLANATOUAINDLANATOUTIAY
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@uam) Widalihun Fandidnlnge) dwalididnlasaiinnsazauvemdsnuaiuion
wnnindusu tlvgnsfisturesshnnisinnsovesdidnlasn [10] ogslsfiniu Woraan
Uanfingadu (150 ps) vdarinnsiadouiivesuseglaiihflenuudsalisadivosdoamdssuly
szdunananinnsveneiuduisning sihldasindeuiivedlessuuinaindidnlasn (Positive
Polarity) TUfsTunu (Cathode) iuluageiiuszansam danalnvesnisvinionuinannis
\Aoufluazruturaslonouuin fedeufiandidnlnsnludduau dwaliiAansazauvos
n¥suaudounuiunugs tilugnisanasmesdnanisdnusevesdifinlasn (15]
dmdunseualnilndudusidavesmdinuainudou Wonisifiutuvosnszualui
(15 A) Sms1nnsdnvsenrasdidnlnsaiivualiinfiugety Hesamguugivasuazarsvesian
BudnTnsAnoauna (1084 °C) TArtiagnitgmuyiviastazaisvos¥aniuaiu ASl P20 iilo

a &

nsvualiiiuaaduasilvinn1sasaurInd 1 IuANTauUL Tan AN n sALNLE W um 1Y
! Y a = a o = [ A ! a v

dewalviiinnnsdnnsevesdianlain 21n3UN 4.6 (b) kanspnudusiussinsgninnalaiy
nsrualiiln nudnfiszAvaantagi (2 ps) 9ns1n1sannsevedianiasaiinisiiutuegnail
WodrArysdloAnszualuilniugedu lunaseiudiuny wWeseduaiaaUaiingstu (20 ps)
[ = a = £ = ! a &£ P a < =
dnsnsdnusevesdianinsnduuiliianaaiiernssualniuiindy WesnnnaUadunaiy
weamsdnenszhalnihishivilimianisedadonu mousdutiaaarlunisuinrvuazszuns
ANuTaunaenlIushwIANLENesluNsAREIY duningaddnaUadaivinzauas
daalvinisaunsalunaswiolduldegreauysal 2nnsAnwiiuialannanseusuiduase
dnsn1sdnuseresdidniasn wandsiiuimdnsinisnusevesdianiansnfigaaiuisaliain

mMsuSuAnIandndi 150 s 1a1tn 20 us wazAnszudlniihg o A
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1.0
0.8

EWR (%)
EWR (%)

0.6
0.4 ‘

1
D, ey g
Pulge Off-time (us ?

JUN 4.6 TuRwansransznusniiinaresnsinsdnusevesdianingm (a) Anuduiussy

serinanadaniunszualnidn (b) Anudusiussauserananlatunseialidi

nnsAneInIsannsevesBianinsalagn1siiarsaiadianiasaniendinisuusgudn
Tngn1sananstadidnasnanudnauuudnd wudn Aseiuanada 150 ps kagAnsewalnin
15 A finsnedivetuiiduasveuuuianedidninsaneduasnasnninudntunisuusy (50

(%
1Y a

mm) aLanana1susuludedantusuniuszanislidnduaviadmnsidniansaniuszadu

q q ]
v

U3 FlnianisiadaufivostuidunIsSuauuuRBdninsanaaadlusenIansEuIUNISAA
Lsawsiaugé’aaiw%ﬁﬂLLamﬂugﬂﬁ 4.7 (a) Feiuildumsuouuuinsidnlasaannsatlostunisan
novesdidnimsnlddnnadivis (591 uenaindnminmvaeussdUsznoumuad (EDS) 104579
m’%uauuu"’a’aa@Lé‘ﬂimﬂﬁﬁsé’ummﬁﬂ 40 mm WudnldrulsznauTedsIgAIsuay 51.89%,
519UsEnauaanlyn 9.85%, 519UsENBUNBILAY 25.51%, 519Usenaulans 11.85% wavs1e)

Usznaudus muddusauandlugui 4.7 (o)
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Carbon element on the
@'/ electrode surface

| Spectrum 1

Fe S
Mo
m P Cr ke F Cu
e
A vV €r H A Cu
T L T T T T
L3 0 2 4 6 8 10
600 um Electron Image 1 Full Scale 18193 cts Cursor: 0.000 keV

(@ (b)

JUT 4.7 FuilduesuenuuiaBidninsaneuns (@) dnvurnisadeusivesiufiauaisuaun

AMUAN 40 mm (b) N1595I9ABUBIAUSEABUNINATIVRITUANTUSE NB UL lany (EDS)

4.2.3 nanmsAneIAtYasInglunsudssy

s aa

N1531AS189 AU UTUTIY (ANOVA) Y949 UVUEUNITNITAADDEUYDINITILLADINY

v 1 I

ffoddryrionsnevalesuestesinansuUssuuandlunssi 4.4 namsnaasiandliifiuii
H94719N1 58U U AT LS ee sl AR iU A (A) nszualnil (C) wazpuduius
321 (Interaction) 213719281 UnAUNINYUVDIBLANTATA (BD) waznszualnihdunisuyuves
Sianlnsn (CD) Faluunlimdullufiemadortufunaese Pvalue fiszfiuanandesiu 95%
(@ = 0.05) Inedoyaiianiiaszidamssindeion R? iy 90.26 %
dwsunisuszanmuangesisnsussulaldnslinszinisanassdadunisiidves
nanda (A) aszuatnil (O wagmufduiugsiu (Interaction) s¥ndnanalniunisviyuues
didnlasn (BD) waznszwalviiiuniswyuvesdianiase (CD) anusaasisaunisitunglinads
aunsi 4.3
A1574991 4.4 mamﬁmmzﬁmmLLUiﬂsaqugﬂquaummmammvmﬁﬁLm%ﬁﬁﬂaﬁﬂ Y69

MInevaueearistunswlsgudmsunsdnansladidnasniudanuuund

Source | Sum of Squares DF Mean Square | F-value P-value

Model 0.039611 6 0.006602 37.05 | <0.001"
A 0.028481 1 0.028481 159.84 | <0.001"
B 0.000019 1 0.000019 0.10 0.750
C 0.008889 1 0.008889 49.89 <0.001"
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D 0.000001 1 0.000001 0.001 0.999
BD 0.001246 1 0.001246 6.99 0.014"
CD 0.00097 1 0.000977 5.48 0.028"

Error 0.004276 24 0.000178

Total 0.043888 30

R? = 90.26% R%(adj)= 87.82%

GCsf = 0.0843 + 0.000398 A + 0.000434 B + 0.005006 C + 0.0006 D - 0.000014 BD -
0.000037 CD (4.3)

HANIENUTINTENINIANTA (Pulse On-time) Aunszualill (Current), 13a1Un (Pulse
Off-time) fiun1suyuvedianlase (Electrode Rotation), uagnszualuii (Current) funiswyu
193818n1A 30 (Electrode Rotation) wandluzufl 4.8 313U 4.8 (@) ga3inalunisuuszud
ANNANITUSTIUINAUNISUSUAa ULz AUAINsTIE LN na19RD NISLINTUTDITEAUAN
nanda (150 ps) waganszualnin (15 A) MAANNITE519NENIUAMNTOULAL A LAWY
voansgualientiguniiiuguu dwalitinnisuasuazaie kaznisingnzvesilodan
Aevuluuinanine Wumslitesindunisuds juiivasumunandawagnssua b

wennflidlefiansanainAmvessuysninaderesindlunsuysgy wuindumduysi
= o o o v 1 [ o & = % ) av .
mzm‘uLmmﬂuﬂ‘umﬂwmqqqmmam'}mimmLuamu YIADNANDINUINUINYVBY Habib. 2009

o vy ' ' ' 1 I [ v @ o & 1 A 4{'
[15] Tlvdeasuinavestesinamsudssuidudndilagnssivensinisvdaiiienu nanfe Lile
AN8RIINTVIALBNULTINGTY sunaveaslane (Debris) Mvgagenuianiiledanfazduin
= = O ) ad a ! oA | a
Fuay fadavlavzasgnuineenlilagaisladidnasnegwdeiiatlugisvesianla (Pulse

Off-time) utAwlansundiuiignudneenlulinunisazauegluyiciien1suyussy (Machining

' '
= a

Gap) Wlofstiaaiaesysealuil (Pulse On-time) Lawlavedaniinaaudfunluihnazdu
o A Y a & 1 U a 1Y £ 1 P

meulriinn1sesaiusenInmilaBlaniansaiuntiesiang (Secondary Spark) denalviAnves
Foeinglunisulssuiingsdu [60] 91ngUR 4.8 (b-o) wansliuinnisvyuvesdianinsniidvsnag
sonsanasvestoritdlunisulsiuiiosnnifieBianlnsanyuaziiausaiemilaudvinlians
lpdidnasnauisaiinneteuniavenavlanzeananesitdlunisudssulangdu (18] Fwan
nsianisensafusznImtsdianinsaduniagiany Wuanmgliridesirdunisuusgvanas

NNSENNURIRER AN TENUTINNTNadeYeII1dluN WYY wansliiuinAgesinglunis
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wUsgumanaunsalannmsuiuaiandai 50 ps 13a1Ua 2 us ANseualiiin 9 A uaznis

WYUYBIBANLATAN 70 rpm

0.390

0.385

- : s,
E =]
E £ 0.380 T ST
Q 0 3
v 8 0375 W‘( 70
D
03700y, . &
L 35 &
&
2 — Q_o\"
10 0 ¥

0.40

0.38

GC {mm.)

0.36

034 |7

Curreny (A

(0)

JUN 4.8 NuRuansHansenuTwninadedarielun1suussy (a) Hansenusiuseninwanln
frunszuali (b) nanszvususzninaaUaiunsnuuesdidniase (o) NansENUIIUTTING

nazualnihiuniswyuveaddnlagm

nansAnuIRanTENUIBIILUTATNARDNTEUIUNSLUTFUANTAElEIB A IneadAT
ZoninAEiufiananevaues (RSM) LageIdun150aNLUUNINAABILUUYIEANNATS (Central
Composite Design : CCD) tunseonuuunisnaassinsliuuuiiamsadinaans iiofnw
Anuduiusveiulsdulszneuldiie anla vianln nszudliihuaznisvyuvesdianlagg

Feusariuusgnimualiiliaiauuaneg 3 seau Ndwraseuszansnmlunisuusuegiad
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Hod AN NszAuANUaiu 95% (0L = 0.05) laun §nsIn1sudaLieu (MRR) §n51N15aN1NTD

Y938LanTATA (EWR) wazdesinclunisuusiu lagldisn1sdnansladidnasndudiswuuund

(Conventional Side Flushing : sf) mmmaqﬂwalﬁmmmiwﬁ 4.5

d' o d‘d 1 a a o 1 o
135199 4.5 LLﬂfNGl’JLLUS‘VISJNW]E]U?%WIﬁﬂTWﬂ’]ii/l’]\‘i’]ml,asﬂ’ﬂuLLSJ‘UEHI‘IJﬂﬁLLUiEU

MRR EWR GC
Factors, Symbol
Significance Significance Significance
Pulse On-time, A v v v

Pulse Off-time, B
Current, C v v v

Electrode Rotation, D v

A x A v

CxC v

AxC v v

BxC v

BxD v
CxD v

4.2.4 wansAsziandusiuunzaalunszuruntsulsUanuuuane TnqUsaed
Tngnislgnanduanunanela

FBasHaddunnufianelafuitnisifennflanlunsmeimnzauve swanaud
AR ieranau (Multi-Response Optimization) Lissanamanetlunisnaaedii 3 nameu
1¢un Samnisvdnitloniu (MRR) Smsinsdnvsevosdidnlasn (EWR) uazdosindlunisuussy
(GO) Fuhmdnmsvesilsdduauilsnelammermsdimesivanzaslunszuiunsudsguan
Tnonsld@1daaas Response Optimizer lulusunsy Minitab 19 Fauanslumisnedi 4.6 3
anunsanuuaadinnie (Goal) veulunul (Upper) Y8utusans (Lower) YRIAWARDUIS 3 57
muAndauUsidentd uenanillunismeassdwhnsiuuasinsaasimin (Weight) ey
nsdnnsesantmedmiunaneuiiiuaiud Ay Falunrsnaassiiainisarsiminues
Poadnalunisulsgy (GO agiwiiy 1.2 dielfaudrdyfuidmnomndu nadsdimin

Aen1snIsnavauadievdulilnadmunemuideinsiunnian dmsua1dnsinisuiaile
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NuLarshTINITEnusevesdidnlasawiniu 1 anudisu Fadunisliaudftudineuas
youipiviiuniefunsdeaiidunans (53]

dmunsdlvesdnmang (Goal) fimemisvestansudmiudesitensulsgugnivusl
Jurresga-flgn (Minimum) WuiReriumdnsnisinvsevesdidningm daudasnisudn

Wenummua i dusnnga-aign (Maximum) dawansluaunisi 4.4 - 4.6 audeu

Objective functions:

Maximize MRR = f (tontors.I,N) (4.9)
and  Minimize EWR and GC = f(ton tors ], N) (4.5)
Subject to,
50 < tn< 150
2< tr <20
9<I<15
0<N<70 (4.6)

A1519% 4.6 L‘ﬁau%ﬁ’m%’umsmdwwwmﬁma%ﬁmmzaﬂuﬂizmumiLLUigUﬁﬂ dsunisan

a15ledanasnAIUTUUUNA

Lower Upper Weight
Output Response Goal Importance
(L) ) (w)

Pulse On-time (us) In range 50 150 - -
Pulse Off-time (us) In range 22 20 - -
Current (A) In range 9 15 - -
Electrode Rotation (rpm) In range 0 70 - -
GC (mm) Minimum 0.1545 0.238 1.2 1
EWR (%) Minimum 0.0840 3.056 1.0 1
MRR (mm?>/min) Maximum 4.636 18.9650 1.0 1

HANSANYILNeMAILUTAWMNZaY (Optimization) Tunszulun1suussuanuuumany
TngUseasd (Multi-Response Optimization) lagn1sldflanduaituiianala (Desirability

Function) kanalun15199 4.7 1Waneliinuinainn1siaseimnAdwl SMmunsaua183sn1s
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Response Optimizer Iﬁﬁhww}ﬁma%ﬁmmzanﬂumzmumiLLUigﬂﬁﬂe‘im%JumiﬁﬂaﬁimaLﬁﬂ
a3neudrauuUnd fall fhudsiande (Pulse On-time) Wiy 100 s Fuusiantn (Pulse
Off-time) winfiu 20 ps nszuallill (Current) Wi 15 A uay nsuyuvesdiiniasn (Electrode
Rotation) 11U 70 rpm &sarndudsinunzauiildliaianufianelawuuiien (ndividual
Desirability) 11U 0.7049, 0.8682, Wag 0.4503 vdusnsnsudndionu snsnsdnuseves
Bidnlngn wazYesinensuUssy auddiu TnArmafanelauuuieianunsameiaudis

wel9578 (Combined Desirability) Wiy 0.6508 fauansaguluzuil 4.9

A15199 4.7 Toyan1TIATIgrRans uNaNgaNdmMuUMTIATIgiRanaunatefiiul slagnsly

Bilsrdupnuiianala (Desirability Function)

Optimal Machining Condition Desirability
pulse pulse Electrode Combined
Response Current Value | Individual
on-time | off-time Rotation Desirability
(A) Desirability
(s) (ps) (rpm)
MRR (mm?*/min) 100 20 15 70 14.166 0.7049
EWR (%) 100 20 15 70 0.622 0.8682 0.6508
GC (mm.) 100 20 15 70 0.191 0.4503
Optimal on-time off-time current electrod
D: 0.6508 High 150.0 20.0 15.0 70.0
et . " [109.59601 {20.01 [15.01 [70.01
Predict  Low 50.0 2.0 9.0 0.0
Composite | Ik 25 ‘ |
DRy o T © | lf s suliB "y s

D: 0.6508 | i

™ W ANV N a0 &
|

e\, ¢ \
Minimum | O o _ﬁ_ ______ A A il
y = 01951, | / I ‘ / |

d = 045032 |

EWR
Minimum
y = 0.4757
d = 0.86822

MRR
Maximum
y = 147372
d = 0.70495

JUN 4.9 AmnsfiwesivunzauiaysyauAANLianel
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namsButulaziUTouifisunaseninemilldannsneinsal (Prediction) uagnsviadey
239 (Experiment) $1uau 5 A% Tnanasldaseiusuusildarnnismarimunzaulu
nszUINMsuUsTUANLUUMane agUszasAlasnsTdfladdumufianelauandunised 4.8 G
AruAmAlAAuIAETeinTINMTTInonuliAuvinfy 7.286 % SmsnisdnusevesBidnlnnd
AABIYNAY 4.856 % wazdasinamsuussuiiauadeiiiy 5.338 % mudidu denanismaaes
Fnuinmarunaiaadoundei 3 nameuiidei duuansiinisesnuuunsmnaesiagly
wuSassadamansiaumnzauuasideield uenainianmsamaaeutoyavesrag
AnuLdesiudmiusanismaaeuaie (Experiment) tazAann3al (Prediction) wandliifiuitey

Tug999n1591e 95% PI (Prediction Interval : PI) sauanslumsnsd 4.9

A15197 4.8 nan1siUSeuLiisuAInINAaNAAAB LN lARINNTTNEINTAILAENSNAABIRSIlABNNS

TN dimesNne aud s unszUIUN5anasladLane3nA UL UUUNG

Material Removal Rate Electrode Wear Ratio Gap Clearance
Parameters
Exp. (mm?/min) (%) (mm)
No. Pulse Pulse Electrode

Current Error Error Error

On-time | Off-time Rotation EXP. Prediction EXP. prediction EXP. Prediction
(A) (%) (%) (%)

(ps) (uis) (rpm)

1 100 20 15 70 15.100 14.166 6.59 0.620 0.622 -0.32 | 0.200 0.191 471
2 100 20 15 70 Y Y 14.166 8.37 0.675 0.622 8.52 0.204 0.191 6.80
3 100 20 15 70 14.851 14.166 4.83 0.639 0.622 2.73 0.194 0.191 1.57
[ 100 20 15 70 14.961 14.166 561 0.660 0.622 6.10 0.197 0.191 3.14
5 100 20 15 70 AN 14.166 1y 0.581 0.622 -6.59 | 0211 0.191 10.47
Average 7.286 4.856 5338

A5199 4.9 290159U18 95% Pl (Prediction Interval : Pl) 999015We1NSAILaLNISNAAD U

Response 95 % PI Prediction Experiment
MRR 10.803, 17.528 14.166 15.100
EWR 0.163, 1.080 0.622 0.620

GC 0.175, 0.207 0.191 0.200
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4.3 NANIIANHIDNSWAVBINITOBALUUNITANFITIADLANATANIULAUNANS

Sinlasauvuvaneyaiidmaneuszansnmlunszurunsuussuan
Nan1sAnwBnsnavesnsivaisuvesasladidnainiidsnaseUszansamnnsuusuan

Iagn1sussliuAaniattuniskussy (Working Time : WT) Snsmsvdaiiienu (MRR) wazen

AamEIUAIRY (Ra) 9Inn1svaaesinzantusundnndiudfisst AISI P20 avinsiin

Y a & = 9] a Y
Lgﬂqgﬂ']EJ@LaﬂImiWV]@ﬂLL@Qaﬂ 50 mm IﬂﬂﬂjUﬂNaﬂqﬁﬁLnﬁaaﬂquﬂJEU‘W 3.11 a’]uqiﬁLLaWQNalﬂ

AIM999 4.10 D9 4.12 PUAIAU TIkAnINanasa bl

4.3.1 anuduiusszninsloulynisiaansiadidnasafiuaiudnTunisuussuiising
dataanlunsudsgy
Tunisneaesiilunmsfinwmanuduiusseninadeulvnsdnansladianssniuanudnly
nswlssuinfinadenaitunisulsiy sadunsieuiisviuseninadianiasandnaisiaddn
a DY) = sl s U ¢ a & =
ssnneudeiunnsinansiaBianesndiugudna1adianlasa annan1maaedbunis1en 4.10
v o ¢ oA a ad a o = aa
ausaasuULuuanuduius senisReuluntsinansinddnesniuanudnlunisudssuniing
soratunisudsguluguit 4.10 anguuansliivinlessiunnudnueinisudsguiiindunis
= ad a v . ' A o = Y o Ao g
daansladiana3nitngresitmsulsslievdniavlavenvigaeanannisingsdudanindy
A dll = a a v d‘ 6 ¥ v v
Wn9ga Llesnideansindidnasnanansavinawivgaesnananmssusylilviinandaving
n1sUdensesaliiuinatesinmsauisalaegnivse@nsamuasanysaluuy danalv
§ A ° i ! z-:{l [l a o =<
nszvIUMTaUITAliaNTULSuAzadlaneeg1deliled [61] Inslanizeg1edsiniugn 50 mm
dilinlasandeasledianasndiuununavaiuisoanaaluniswdszuann 339.01 min 1lu

250.53 min AaLdu 26.10 %

o v v s ! d' = a a o =
f1919M 4.10 Naﬂ?iﬂ@ﬁ@ﬂﬂ’]’]ﬂﬁﬂWUﬁi%‘lﬁ’JNLQ@UVL“Uﬂ’ﬁQﬂﬂ’]{LWE)Lﬁﬂ@]iﬂﬂUﬁ’J']SJﬁﬂIUﬂ'ﬁLLﬂi

sUniinasiaanlun1sudssy

. . aINsHUTIUINNTRANANS
AuENtuNSLUITY LAINITEUIFURINNITRANEATT e
e mw lpdiana3nsuLNuNa1
(mm) lodiana3naudas (min)
(min)
1 7.63 6.53
10 52.13 48.3
20 114.23 95.16
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30 171.73 144.5
40 241.35 187.23
50 339.01 250.53
400 —I
350 »
fg 300 e
o 250 <
£
S 200
on
£ [
€ 150 -
<
é 100 --e-- conventional flushing
50
- . —a— multi hole inner flushing

1 10 20 30 40 50
Machining depth (mm.)

SUN 4.10 puduiusseninsdeulumsdeansladidnasniuanudnlunisudssy

Ninaseliatunisuysgy

4.3.2 anudunussznineteulunisdaasladidnasnsaununisuyuvasdianinsaid

NARBINIINISVAALUBITU

Tuntsneassiidunisfinwaruduiusssninaleulunisdeansledidnasniunismyu

v '
| % Y A =

a & A - a a o I ad Ao a
ﬂ@ﬂ@LaﬂI@i@WNNam@@@i’]ﬂ']iGU"_\]@L'UEN'TU ‘*ZNLﬂum'ﬁLUiUUL‘WEJUﬂuiSW'J'N@LaﬂImﬁﬂw{ﬂﬂa'ﬁlﬂ@

a & a ' g

Lﬁﬂm%ﬂmﬂéfmﬁwﬁumiﬁﬂmﬂmaLaﬂmﬂmu@ummq&ﬁﬂimm NNHNANITNAADILUAITIN

s ' =

4.11 anseaguusuuanuduiusszninaieulunisdeaisladidnnsnsiudunisnyuves
a a ! v [ & [ a £ a a & a '
dianlnsaniinasiednsinisviaiionudwanidusun 4.11 angldnis@easladidnasntiu
L4 a 5 a a [ o & a =
AUGNANIYRIBLANIATAMIVANUNITNYWVBIBLANIATAN 175 rpm BRTINTVIALLBUL AR
22.485 mm*min 910 16.621 mm?/min AaLdu 35. 28 % Fsausasstoduiivgulain naain
nMInyuvedianinsaniugiunisdnansladidnasniiuaudnalsdiantasn Bnsnavesnsvyu
a o b4 a a Y 1 ! val [ c{'
dudnlnsaviliansladidnasnanunsalvaiigiesidlunisudsiulafuazondonsemieninnis

WyUInLATaYNIALINEARDNNINIYDIINTENINBIANIAsAAUTUNUlABE1939L5 2 Fedenane
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gnsn1svdniionunguuaslunanietiuddmalinssuiunsalnialuusasassliadosnm

Lﬁmnﬂ%ulﬂw%mﬁ’u [25, 62]

A13197 4.11 nanisueassauduiusseninadoulunisdeansiadidnasniunisuyuaes

a & Aa v LY &
dlanlnsaninanednsINIsVIRLLey

. Lo L | dansvdaiienuainnis
. 8n31N13IALUBIUAINNTAR . L
NSVYUVDIBLANIATA . Anansladianasneiu
a13laBLlann3nAUTNg )
(rpm) AUDNANY
(mm?/min)
(mm?/min)
0 15.314 *
35 15.461 17.965
70 15.668 18.415
105 16.106 19.842
140 16.336 21.105
175 16.621 22.485

* muneme lanansaviinisneaedlaiiesninan s nisienulimangay

e &

Material removal rate (mm?2/min)

25

20

15

10

LIS e

o----0----&

cea@----@---"0

--@--conventional flushing

—a— multi hole inner flushing

0 35 70 105 140

175

Electrode rotation (rpm.)

! A

JUN 4.11 anuduiusszninateulunisdeansladdnsiniunisnyuuesdianingg

[
(Y [ =

PUNARDINITINITVIALLDITU
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4.3.3 avwdunussenineteulunisdaaisladidnasnsiuiunisuyuvasdidninsand

NARBAIAITNNYTUNILRRY

v 6 1 =

Tunsmeaastiunisfinwanuduiussenitndeulanisdnansladidanasniunisvmyu
a & S ] a & ' v & v g N a
YoddnlasaninadedInNueIuiwate dalunismaassneuniniuansliiuiini@nasind
AnesnilmungauausadnanednsnIsvdaLlenuiinglunazan naitunisulsglasla
wonInllfdealyinszuiunsalnialundaraseiii@ddesAniiuuINUu 1oa91NNTNYUYDY
ddnlmsmiilvansladianasnanunsaiadngresinessnindianiasniunisWuauldiedusasd
< ] a & a U 0§ v a & =~ ¢ o g v =
ANNTIASINIIUNG uanNLnITvyuvesdianla saduilvinusemigailaudinlmavlansi
waneenuIAINMsiAIzgnansladianasnianisenlusg195anisy
NHANIITNAABILUAITIT 4.12 aansaasusUeuuauduiussenitadeulunisida
a1sladianasnuiunisnyuveBianinsafiinasedinnuveuiede dewanslugui 4.12
nuulataRuIINIRYUYBiantasndBvEnasermINENURINanal na1Aelelinisia
a15ladiann3narnsudnslunieudunisnyuvedianlasndimaliiainnuveuinanasain
6.125 um Uu 4.345 um Fadunauiainnisuyuvesdianiasavinbinszualniinszaiadale
sgadate agndlsinuidiofiatsanaindianinnideansladidnasndiuaudnalinuii A
a a o Y A a £ g v a9 v a A Y a o A
ANUnguRade ksl duilingwuantdesanundudlviaiainuneruianindifeeiule
f91504191nN 15T eeBaNLA T Fannadinarnlunsizinnisdaarsiadidne3nndaiy

v 1 s

U3gvaiindaudnanavestesinenisalisaegemaiiod aaugiunisuyuaedianlasn dawali
1A

He7nswussulilidudandasutinilsvu lnglanigegsBuaylavesivaaeeninainnisin

= 1 ¥ v

eFelinadonuTuluveINTaUIsAianas [21, 25, 61] meanvgidwilalunisalisaves

(%
(% a o

wiavaTadlidesnngsan ilnAnausussslutiviiwesmsalisasgiwmeiiies vilaiaiy

a a a Y o a =3
‘VIE’J’]'UNﬁLQﬁU@JLLu@IUNWLWNQ\Teﬂu

A13197 4.12 nanisueaesanduiussenitadoulunisdnansiadidna3indunisnyuees

a aa 1 1 a a
dlanlnsaNinasaA1ANRYIURIREY

ANAIIUENURILRAYAINNITAN ANAIUVENURIRAEINNNITRA

NIy UUDIBaNtaTe . L
astadanasneudng ansladidnasneiugudnans
(rpm)
(um) (Lm)
0 6.125 *

35 5.637 6.11
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70 5.742 6.193
105 5.593 6.219
140 4.652 6.479
175 4.345 6.867

* Mg lanunsavihnismeaedlallesninanzmsinulimangay

Surface roughness (um)

‘.‘~~ ‘___._‘/‘/‘
-

———- el e
L J -..\

~
~

~
.'5---.

-=e---conventional flushing

—a— multi hole inner flushing

0 35 70 105 140 175

Electrode rotation (rpm.)

o v o ' A = a a o a
3‘1.]1/] 4.12 ﬂ')’]ﬂiﬁllWUﬁi%W)NL\‘i@ﬁﬂ%ﬂﬁi@@ﬂ’]ﬂﬂ@Laﬂﬁ]iﬂﬂUﬂWi‘MlﬂlU%@\‘i@LﬁﬂI@i(ﬂ

NINANBAIAINUNEIURLRAY

4.3.4 aradunussendnstaulunisdaaisladidnnsnsiuiunsuyuvasdianinsaid

NafaA1AUlgsULYaIANNTUIUNUNANIINITLUTTU

HAN1INARBINTIRInAIAUIT L UNYRIA NI UAUTIANIINSUUTTU Tnensuiudse

s2UUNS AN uYeIasladLann3NAeI5N15ana15 laBENAS AN LLNUNA1IBLEN T ASALLUUNANY

30 (Multi-aperture Flushing) 91NHaN1SNAABIINATY A1AMLTELUNAIINYWIY (Parallelism

Deviation) AuiiAn1an15uUs3U (Z Axis — Center Line) FAANTuaNt oy Lilafia15IAIY

LANANYIAIAINULTELUUAMUVUIUNTEAUAINNAN 1 mm 59 50 mm aziulataauIiming

W uuANUvuIUliaAlnaAgIi Y JununeAI1837 U lUuY99 AU D gUUUAINUUUIUT

a £ = 3 o = I a = A o
LAAVULAMMUULEUATY ‘Vﬁ@LLﬂU"U%VLlILﬂ@ﬂTnJL‘UENLUUGUEN?‘TJ']@JGUU']ULN@@Jﬂ']iUTU‘UE\Ti%‘U‘U 19

a a « a 1 a (Y d'
Qﬂﬁ’]ﬂﬂ@Lﬁﬂﬁ]iﬂN’]ULLﬂuﬂaN@Lﬁﬂi@]i@LLUUMﬁWU@G’I@QLLﬁ@ﬂUEUW 4.13
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0.075 ™
’ 0.057 0.064 0.065 0.059

€ 0050 | 0.057
£ 0.05
~ i e Datum A «={f}— Datum B
S o025 L
= = = Linear (Datum A) ecece-. Linear (Datum B)
= L
5 0.000 1 1 1 1 1 1 1 1 1 1 1 J
o
= -1 -10 -20 -30 -40 -49
@ -0.025 |
T I
© 0050 |
©
a L

-0.075 L

-X Machining Depth (mm.)

JUN 4.13 nanmsnaaeansivinaiadeauuvesmnuruiuiviiamanisiusgd lngldnisde

a3lABaNeINHULNLNANMUUMANEYR

Tunsdlvesmslddianlasauuuiisdulazanaisiadianasnaudrsuuung uanslndiu
= N PN Aa v o X | oA a .
fansiinAIm i dg ANkl Us g1 W BL LI UTIAN 19N THUTTU (Z-Axis)

1Y) =% A a ) = a = o d'
LagIEAUAIINENELeTR1ININTEAUAINANT 1 mm e 50 mm fawandlusui 4.14 g

A v a 1% 9 ) & A g va &

nsneaesflasuanunsaesurslanunannisuesnisinezneiniy Ae Welvdidnlnsauwuy
wissuazdnanstadianasnaudismuudndlunszurunsudsguan evlaneinaneenunain
nswlssuargnudneenmenisinaisiadidnnsnainaiutanisludnuauzn@naislndiénesn
nenuusnivadeungluresienisudssuuaslvatusanag1edng duisiaidinaavlans
Aa wa o I~ 1 1 { = a a 1
inaaudin sl e1avaaniesgnelureinanisulsy nsenisdnansindiannsnily

q
Ly

NU

[y

fusgAuaudntun1swssd inliiAnusIngnIsalvesn saursagseninaavlansiu

ﬂe

[y

6
9
a a o ‘: a | « 1 1 Y a a t:’f( | ‘NI
a@aLaﬂImmLama@%mm 58N “Secondary Spark ABLAAANTIANTUYBIANAIUTEUUY
ﬁuaﬂmwmmuﬁuﬁﬂmammﬂsgﬂ [63, 64]
| = = 1Y) = a & a | ] =
pg19lsAnY LM@ﬂﬂiﬂiUU?ﬂi%UUﬂ’]ﬂ‘MaL’J‘EJ‘IJ“ZJEN?I’]{L@@Laﬂ(ﬂiﬂLLUUELWJIG]EJI?Jﬂ’]iQG]mi
1@15Lﬁﬂ@‘%ﬂﬂiﬂuLLﬂuﬂaﬂaLLuuuawsqm mmiamu@umﬂmmmmﬂm&ﬁﬂm‘%ml,aw%’mwiam

nnswUsglennlvegnmiags ludnevugveansdnansiinaieludibininsauazadnryeenty

¥
=

Ingliianisivatuludesdnanisudssy damaliuwilinvesnnuletuuaiuuuuilindul

ﬂ’)’]llL%ULﬁumi\‘iﬁ%BLLO“U‘USIliLﬁ@‘lﬂ’l'mLﬂﬂ\‘IL‘Uu‘UENﬂ’NN“UUW‘L!
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0.160 +X e Datum A e=fil— Datum B

I = = Linear Datum A) ====. Linear (Datum B)
0.120 |

0.080 |
0.040 |

0.000

-0.040

-0.080

-0.120 -

Parallelism Deviation (mm.)

-0.160 L
X Machining Depth (mm.)

U 4.14 nan1snaaewsiainalnulesnuuresuviuiuianenisuusiulaenisly

SANTATAL UL ULAZEna1T DA NAS AU UUUNR

4.3.5 aAnugunusszninsiaulamsdaaisladidinasnsaununisyuvasdianlnsaiidl
HafaA1Yaeddlunsulssy

n1Inaasdiisfneinansenuauiingunssdmsunisuussuan lnsUseiiiunaain

4
a [ a

¥8497319n15UUSYU (Gap Clearance : GO) 5¥n31eTandlaniniafiuianuau agnainisiaieg

q

ANUNTORANIANUAUNUSTENINIAIINANVBINTSAAE I (Depth) Autedinenisudsy (GO) laevin

NINTIREBUATTAUAINEGN 1, 10, 20, 30, 40 Uag 49 mm AWEINU hanslugun 4.15

0.300 ~
| 0.264 0.265
S 0.250
- i
é -
v 0.200 0.192
v L
C
g 0.150 | 0.176 0.175 0.165
Q r0.15
U 0100 | e=fe=side flushing electrode
Q
S L ) )
=== multi-hole flushing electrode

© o050 |

0.000 1 1 1 1 1 1 1 1 1 1 1 )

1 10 20 30 40 49

Machining Depth (mm.)

JUN 4.15 nanmsnsivinavesitglunisudsgy
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nan1siUseufisunisusuugsssuunisivaieuvesansiadidnasnuuulnilagldnisde
anslBlanasnuLNUNaIwUUTaIeYn wazn1siBianiasauuuuiidiulaenisdnansladianssn
sutranuuUnAfiinadetesinisnisuussy uandiiuidiuualdhilulufiemadedtuaiany
\Wonuuveannuvuuiuiinnianisudssy dennsdivdeszuunsanaisladidnnintiu
LNUNANHUUTANERN a1U5aAIUANNTSAntasitansuUslvaensausalatiuseansnimndn

Va @ [ a a a a v v a
ﬂ?ﬁi%@lﬁﬂi@ﬁ@LL‘U‘ULLVI\‘IGMLL@SQ@EI’HIWBLaﬂ(ﬂiﬂﬂ’}u‘m\‘iLL‘U‘U‘Uﬂﬁ

4.4 wan1sAnelazIaTziAfuUsimnzanlunsTuIunISHUsIUANA8n1RA

a & a ] a a

ﬁqﬁlﬂ@LaﬂﬁiﬂNWULLﬂUﬂa'\\‘iﬂLﬂﬂIﬂﬁﬂLLUU‘Waqﬂﬁ]‘ﬂ
NNYNFINTANEIDNTNAUDINITEBNLUUNITANANSIADLANASNHIWLNUNANIBLANIATALUU
“a1839 (Multi-aperture Inner Flushing) fidenasiauszansamlunszuiunisudssuan
uaﬂmﬂﬁmiﬁﬂmLLaﬁmwﬁﬂ'w@hLLﬂi‘ﬁmmzaﬂuﬂszmumiLLUigUﬁﬂéﬁstiﬁmmslmﬁLﬁﬂ
m‘%ﬂﬂhul,muﬂaw@lﬁﬂimmLLuwmsﬁm (Multi-aperture Inner Flushing) @& 38n1580nLUUNNT
¥y o v w v 2 & a ) A YA v v A o P ~ v
naaeuduielivide 4.2 AidudnuilinimaaesngiduvianuaulaneihnauiuTeuiieul
WiudsUszansSnanluni1svinauresdidnlasaninniseankuukasas 19y seduludunauiiasl
FUIUVDINANITNAADIVNVUA 31 ANSNAADY IN1SUTELIUNATNEVDINISHOVAUDIVDIFILUT 3
#7 LAk 9n51n1599kiaa11 (Material Removal Rate : MRR, mm?>/min) 8%510158n150984
SL8n1m e (Electrode wear Ratio : EWR, %) LLawﬁa\‘i’jwiumiLLUigﬂ (Gap Clearance : GC,
= ;24 a a o a 1 a o .
mm) lngnsidenldsluvunisdearsiadiana3ndiuununatsdidnlasawuuratgyn (Multi-

aperture Inner Flushing) dsman1snaaesgnuanslunisnei 4.13

M13197 4.13 HANIINARBIIINNNTOBNUUUNITNARBILUUYTEALNAS (CCD) dmsuguuuunis

AnaslaBlanmanN TN UNaBIANTATALUUMENEYR

A B: &= D=
RUN | On-time | Off-time | Current | Electrode MRR EWR GC
No. (us) (us) (A) Rotation | mm?/min (%) mm.
(rpm)
1 50 2 9 0 8.52 8.691 0.176
2 150 2 9 0 10.092 0.65 0.149
3 50 20 9 0 8.112 8.704 0.121




4 150 20 9 0 8.819 0.623 0.162
5 50 2 15 0 11.998 8.133 0.149
6 150 2 15 0 17.173 2.874 0.189
7 50 20 15 0 9.83 6.766 0.134
8 150 20 15 0 16.203 1.294 0.211
9 50 2 9 70 10.319 2.857 0.112
10 150 2 9 70 10.34 0.668 0.151
11 50 20 & 70 7.366 8.742 0.115
12 150 20 9 70 9.237 0.644 0.164
13 50 2 15 70 12.89 8.368 0.139
14 150 2 15 70 21.66 1.588 0.159
15 50 20 15 70 10.054 8.664 0.119
16 150 20 15 70 18.415 1.471 0.183
17 50 10 12 35 9.694 6.5 0.136
18 150 10 12 35 14.704 0.369 0.139
19 100 2 AR 35 13.687 2.176 0.151
20 100 20 12 35 12.344 1.514 0.142
21 100 10 9 35 9.833 2.481 0.146
22 100 10 15 55 17.528 2.742 0.161
23 100 10 12 0 12.712 1.302 0.165
24 100 10 12 70 13.943 1.44 0.149
25 100 10 12 35 11.47 3.024 0.159
26 100 10 12 35 11.332 2.754 0.155
27 100 10 12 35 12.026 2911 0.160
28 100 10 12 35 11.605 3.002 0.153
29 100 10 12 35 11.739 2.776 0.157
30 100 10 12 35 11.871 2.594 0.16
31 100 10 12 35 12.103 2613 0.154
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4.4.1 HANISANYIAIDINTINITVINLUDUY
N193LAT121EAILLUTUTIU (ANOVA) 9830 UUANNITNN08 RIS ImesiltedAgyse
N1INDUAUDIVDIDNIINITVIA LD ULAASIUANTIN 4.14 NANITNAADILAAILAIILIT DRIINTT

vinllonuiianuduiusedaildeddyiuiaiide (A) ada (B) nszualni (O) nsvsuves

=

8ianlasn (D) wazAU{duiussau (Interaction) szninavandaiunszualill (AC) Fadiuwalidy
& a a v v ! A LY 4 o ¥ A o
JulUluiemafienfuiunaresn P-value Aisedumnudiediu 95% (& = 0.05) Inedeayafitun
AAIRLAANYNENeN R? WU 92.64 %
dwsunisuszanadnsnisuiadenulagldnisinsginisanass laaidunisuie
1931381100 (A) 1a1Ta (B) nszwalilia (O) n1snyuvesdiantngn (D) wazArUfduiussiy
(Interaction) suinatanUadunseialin (AQ) anusaasisaunisinwelanadaunisn 4.7
M13197 4.14 namTIATeraNwlsUTILlusUkuvansanaesvas e siiledAgyste

N1SMAUAUBIVDIONITINITVTAL LI UFMTUN15ANATIADLANASNHIULAUNEN

BanlasnkuUmaIegn
Source | Sum of Squares DF Mean Square | F-value | P-value
Model 295.459 5 59.092 62.89 <0.001
A 79.632 1 79.632 84.76 <0.001
B 15.127 1 15.127 16.10 <0.001
C 156.722 1 156.722 166.81 <0.001
D 6.438 d 6.438 6.85 0.015
AC 37.540 1 37.540 39.96 <0.001
Error 23.488 25 0.940
Total 318.948 30
R?=92.64% | R%*(ad)j) = 91.16%

MRR¢ = 8.90 — 0.0805 A - 0.1016 B - 0.038 C + 0.01709 D + 0.01021 AC (4.7)
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"‘ “

20 Lr T A AT T T LS

I AT T AT T T T T
i A A A

—
N

13

MRR (mm?/min)
MRR (mm?/min)

11

n
o
e,
&
3
(S8

Pulea 1
ulse On-time (us) -

JUN 4.16 fuiuaninansenuIuiinasednsn1svdaieanu
(a) PuduusTINsEnIIatndunsewalulin

(b) pmduiusssEInalanun sy ureddninsafiinasesnsnisvdnieau

HANTENUIINTENTIRIaNTA (Pulse On-time) fiunszualufii (Current) waziia1Un
(Pulse Off-time) ffun19uut83Bianlngm (Electrode Rotation) fidkadedninnsvdniiediu
(Material Removal Rate) kanstuguil 4.16 (a) waz (b) muei wudn Snsmsedailenud
mnudiniusidauaniunisuiudaauaznszudliia desnandauazanszualniifia
g9%u (150 s Pulse On-time, 15 A Current) ddual¥isnsinasudatiloiuiiingedunu Ui
4.16 (b) wanslyiiuinseAuvesdna e (2 ps) Tmruduiussmiunsnyuvesdidnlngnd
sedfUga (70 1pm) AwageAdnsimandmiasmiidniiugstu nsddnanmusaesusldie
nauivesnuilunsauasa (Frequency) fauandluannisd 2.2 namaeanidags a1Uns
agyiliAnaualunisaU$am %aﬁmaﬁiammwwmuﬁaLL@%é’mmﬂﬁm%’mﬁamuﬁgq
L‘fiawmnmﬂa'aaﬂiz@ﬁmamuimaﬁmL’;m%ﬁw (150 s Pulse On-time, 2 ps Pulse Off-
time) vhlfaudouiiiinainnisersanssaneduduusinirauasin naenaudmalmindudy
msnaeswaluazudsiilnifiFendy Recast FadumaliuinafinanldsunansenuiiAnan
Au¥au (HAZ : Heat Affected Zone) Anastuluiiioanu Tumandutudiousudaaninsii
11a1UnAgs (50 ps Pulse On-time, 20 ps Pulse Off-time) fosﬁﬂﬁLﬁmmmﬁiumiaﬂﬁﬂﬁqq
dwalinnaonavansuuieTandlaiamsatiiaduudeiifimuniuazarudniianas dawa
TenumeuiaagSnsnisvdnidenuansag [1] uaﬂmﬂﬁﬁm%wammmimuﬁLﬁﬂimmﬁﬂﬁ

a1staddnasnaiunsalnainggesitdunisulssulanuarondonsaniesninnisuyuadniey

Y
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sunalivgreanumsteriessnindidnlasnfuiunuliesis ag dwarednsnisudn
Honuiigetu lunaffussdmalinssuiunmsaursalustazaaiiadosnmifiuannty
MnnsAnyIiuiLanINansEUTNsErisnanfunszualaiiiuazinadatunis
mgumaﬁL%ﬂimmﬁﬁmaﬁiaé’mwmw%’@LﬁamuLLamﬂﬁLﬁu’iﬂmé’mwmw%’mLﬁaawuqaqmaWM'ﬁa
I@arnn1susuaIandadl 150 ps Aa1lafl 2 us Arnszualniiag 15 A WAZNITNYUVBY
3.8nTasadi 70 rom Faradilddululudnvasiieafuiunisanaisladdnasndudiawuuund
a&miﬁﬁmumi?mmﬂm5Lﬁﬂm%ﬂmut,muﬂmq&ﬁﬂimﬂwamaf\;miﬁmé’mwmim%’mLﬁamu
2940 21.660 mm?¥/min tiea1ndatUsvesna1lauaznimyuresdidnlnsadunisnina
2y Turngiinisdnasiadidnaindiudswuuunilidrdnsanisudaiionugean 18.965

mm>3/min NsEAUAILEN 50 mm

4.4.2 NANSANYIANOATINITANNTOVDIDLANIATA
NITIATIERANLLUTUSIU (ANOVA) 983 UUANNITNNR8 Y0NS HLAes NIl d 1 Agyse
N19AOVAUDIVBITATINITANNTOVOIDLANIATALENIIUMITIN 4.15 Nan1TnaasskansliLiua

[ =2 a & = v v § 1 Y Y a a o v 2
@ﬁ]i?ﬂ’]iﬂﬂ‘ViiE)sU@\‘i@LﬁﬂI@iﬂﬂJﬂ’J’mﬁﬂJWUSBEJ’N&JTJEJE‘N?’WQJJﬂUL’JaTL‘U\'ﬂ (A) aldannasand (A%

wagAUduusTIN (Interaction) seninsaitaiunseualniin (BC) uwaslianUafiunsvauves

= =

didnlnsn (8D) Fefhuunlifudullufienafefuiunavesd P-value fszdunnuidesiu 95%
(@ = 0.05) Ingdoyaiiwianeisiiim utidefon R2 whiy 91.31 %
dmsumsuszunamdnsinisdnusevesdianinsalagldnisiiaszinsanneslaadu
msihareIaila (A) ada (B) nszuali (©) nsvyuvesdidniase (D) nandaidades
(A?) uazAURFNTUSIIM (Interaction) s¥iInaniadadiunisuyuaaddiantngm (AD) aUaniu
nszudlii (BO) varladunisnuuvesdidniagm (BD) waznseualnifunisvyuredianingm

(CD) @1u150a319aun1syinue lanassaun1sy 4.8



M13197 4.15 NaNTIATIEANKYSUTIUTUIURUUANN1TANAREYRIN S TINE

NNSABUAUBITBIONTINISANNTBVBIBLANIATAG IS UNISTRRETIADL

LNUNANBLANIATALUUNAIEYA

971

s~ o o

SNvydAeysio

<

AnNMSNNIY

Mean
Source Sum of Squares DF F-value | P-value
Square
Model 227.120 9 25.234 32.82 <0.001
A 182.049 1 182.049 176.89 <0.001
B 0.343 il 0.343 0.330 0.570
C 3.312 1 3.312 3.220 0.087
D 1.110 1 1.110 1.08 0.311
A2 26.896 1 26.896 26.13 <0.001
AD 0.420 1 0.420 0.410 0.530
BC 4.560 1 4.560 4.83 0.048
BD 4.976 1 4.976 3.78 0.039
cD 2.874 1 2.874 2.79 0.110
Error 32.881 21 1.029
Total 248.715 30
R? =91.31% R? (ad}j) = 87.59%

EWR = 14.80 = 0.2181 A + 0.190 B + 0.219 C - 0.0843 D + 0.000756 A? + 0.000093 AD -
0.01976 BC + 0.001769 BD + 0.00404 CD

(4.8)
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EWR (%)

JUN 4.17 NuRuaninanssnusuiiinasadnsn1sdnnseradidningg

(a) AduTuSIINTERIIA AR UM IMYUYRIBIENLATA

(b) AnmduRLSIIMITHIIIaUatunMyuTesBianinsg

NANTTNUIINTININIWIUTA (Pulse On-time) Aun1suyuvesdianiase (Electrode
Rotation) waglaanda (Pulse Off-time) Aumsuyuussdidnlngm (Electrode Rotation) Milkasie
gnsMIn1sanvsevesdiantasn Electrode Wear Ratio) LLamdiugﬂﬁ 4.17 (a) uag (b) AuEsv
NN3UT 4.17 (a) WU SsImsAnusevesdidnlnsedamuduiusimndudumsuiuananda
finsusuAnandn 150 ps Sasn1sanvsevesdidninsafiuuiltuanategnafitodfey druns
viuvesdlaninndinafisadmioyransuuesdidniagm anguil 4.17 (b) fszduanade
2 ps Sms1msannsevesdianlnsndauduiusidenndufunisvauvesdidnlngm (70 rom) &
nMsanasesdnsInIsdnrseresdianinsniinaunainnsidnansladianaintituwnunansdianingm
vilriauannsolunsydsavlangiivgaooninainnisudssdidululfegiaiuszansam

IS 6

iosnnidledidnlnsavyuazinuswismiguivinliansindidnasnannsaiamienayainves
wawlanzeanaindosinslunisudssdldisedu Tnsangediadslunsdilseuniamyures
Budnlnsaifingedu (70 rom) egnlsfimuiiienadauasnsnyuvesdidnlasaifiugedu (20 ps
Pulse Off-time, 70 rpm Electrode Rotation) dswalisnsin1sdnnsevesdidnlasaiiindu
Antios mnmsfnwitufianansenuimseninaidatumanyuredidniasauazinalafiy

mMInyuresdianinsafiiinasednsinisnisdnusevesdianinsniian lnan1sdaansladianasn
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duununasdianinsanuunaleyn aunsalaainnisuuaantad 150 us Amadad 2 ps

a & t:ll
LLa%ﬂ’ﬁWiﬁu‘U@ﬂ@LaﬂImi@% 70 rpm

4.4.3 wan13fnyA1YesIelunisulszy
N19LAT1ZEAIULUTUTIU (ANOVA) 903UUUANNITOANDEURINT T3 me sTI T dAys
NMINEUALDIVDIYRIITUNITUYTTY wandlupnseil 4.16 nanisvaaeswandliiiuii Yeindlu

nsudsgufianuduiusesadifoddgduanda (A) nssualiih (O nsmyuresdianiasa (D)

wazAUREUNUSI (Interaction) s2n3193alnfunailn (AB) waznandanszualnili (AC)

=

Fetwulndululufienmadortusiurnaresdi P-value fissuanudosiu 95% (& = 0.05) Tag

Toyathiwiiesgidmenaiidetion R2 winfu 78.34 %
drufumsussanaantesittlunisulszulagldnisimsizinisanaeslaeilunisiia

o8 1Ta (A) pszualnii (©) n1svyuvesdiantasn (D) wazAURduNUSSIN (Interaction)

sernananlanuiianla (AB) waziianUansywaliin (AC) @1unsaasiaaunsyinuielanan

aun1s 4.9

A15199 4.16 wamﬁmwﬁmmLLUiUiaqugﬂquammiaﬂaamaqmﬁﬁLma%ﬁﬁﬁaﬁw vk

mwa*uauawaﬂiamamiLLUi'gUﬁm%’Umiammﬂm@Lﬁﬂ@%ﬂﬂiwmmuﬂaw

SLanlnsAwuUNaIEYn
Mean
Source Sum of Squares DF F-value | P-value
Square
Model 0.010194 8 0.001699 13.84 <0.001
A 0.005277 1 0.005277 43.00 <0.001
B 0.000038 1 0.000038 0.31 0.585
C 0.001217 1 0.001217 9.92 0.004
D 0.001503 1 0.001503 12.25 0.002
D? 0.000006 1 0.000006 0.22 0.829
AB 0.001616 1 0.001616 13.16 0.001
AC 0.000619 1 0.000619 5.04 0.034
AD 0.000093 1 0.000093 0.85 0.407
Error 0.002945 22 0.000123 - -
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Total 0.013139 30 - - .

R? = 78.34% R?(adj) = 70.46%

GCp¢ = 0.1758 - 0.000449 A - 0.002395 B - 0.00141 C - 0.00045 D + 0.000001 D? +
0.000022 AB + 0.000041 AC + 0.000001 AD (4.9)

GC (mm)

0.18
:‘.", 0.16
3
20 )
Q___\ 0.14
l -
Q
“ 10 &
| RS
50 100 /
Py 100 ol bl 2 \}\;}}
ulse On-time (us) i Q
(a)
," —— »
i | = 3
|
} |
0.18 |
’E: 0.16
S 014 ] ! -
| 3]
/ '
012 \p s
50 NS 0\’}\
; 100 N
), Ve 5 i .-
ulse On-time (us) % Gs}\
(o)

sUT 4.18 Nuihuaniansenuiuiidnaseyesindlunisulssy

(a) HANTENUTINTEIINIA TR UIANUA (b) HanSENUTILSEMINIANUANUNTEa b

() HansznUTINIEUIIIANTAfUNITIYUeIBIENnIa A

NANTENUSINTENINLIa1UA (Pulse On-time) NuLIaUn (Pulse Off-time) 13874Un

(Pulse On-time) Aunszualudln (Current) uazi1a14Ua (Pulse On-time) AUNTINYUVD S

81anlnn (Electrode Rotation) lnan1sdnansladidna3ndiuununansdidnlasauuunansqn ¢
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nandluguil 4.18 wudn 9oe3nansuussu (Gap Clearance) Smnudufusidauindunandauay
nanda namfe Wenandafiugstudssalimnuanasalunsuiademuiiugsduna S
AvpaATUAILLRLgaTU (150 ps Pulse On-time, 20 pis Pulse Off-time) wimnuilunisudssy
faoglusgdui (Faamunsil 2.2) fumnganuimfudsinandudsilidssdnsamnseia
Honugsdsdmalnenssonisnfinduvesidesitansuussy duandlusud 4.18 (a) wenannd
nsiuTuvessEsuAada (150 ps) wagAnszualnin (15 A) MliAnnsas1masuaIng
Sounaganumuuiuvaanszualihdemireiufifingstu dwalfiAnnisvasuazatsuaznig
fazvonietanintuluuinantis dumglfdesilunmssuifugatunuaiianda
wawnszualih [65] ﬁaLLamﬁugﬂﬁ 4.18 (b)
PnNsAnwANuduiuTInTesIEiuAa I UaLasn1sIuTedianingg Awandlugy

71 4.18 (0) w31 NMINYUVRIBENIAIATLANEITY (70 rpm) a@nasasilyirdesinenisudssy

'
o LY 1

anaadntioy assduraaDam (50 ps) wagsyivdnanlngs (150 ps) ilesainmavuves
ddnlasnsiuiunisanansladidnasninununadianinsnuuunaieya Wil sativayuns
vinaslangooniintosinlunisuussuiussavsnmingstu dwalsinnainnisonsaiy
senimtsBianlnsaiunilagiang (Secondary Spark) antiosas Luavelimgesinglunisuds
sUanasna Inginmzagadaioszdudinauanidiutu (50 mm) 9nn1sAnyIiuALAnINE
nszMUTILAtinasevesitslunsuUsy uandvidiuindrdesindumsuussuianannsalsan
MsUSuAa T 50 ps andia 2 ps Anszudliing 9 A wazmsuynveddidnlasedl 70
o Fawavesangulsildidululufiamafesfuseninnisdeansiadidnasndudanuuund
funsdnansledidna3niiuununasdidninsnsuuvateyn eglsinunanisfinwinanssny
vosulsiinasomtasitsmnlssulagliisnismsadflunsooniuummeasssaudunsld
wuudasmsadinaans lri1vesinsnsuussushgeildainnisdnasladidnninsudrauuy
Unfuinfiu 0.154 uag 0.112 mm dnu nsdeansledidnasntuinunalsdidnlnsauuunany

[y =

0 AUAIRY HANTANYINANTENUTDIIRUITATNGsBNTEUIUNSHUSUANReldT8 NIV 9adid

17
I aa A

MFYNINTBTNURINAABUAUDS (RSM) Ware1Aun1500nLUUNITIAARILUUYUIEENNAN (Central
Composite Design : CCD) tuniseenuuunsnaasslaglduuuiiasamienmndans wiofne

Auduiusveulsdulsenaulume nanle adn nszwaliiluaznismyuvesdianing

Y

Fausariuusgnimualiiiaiauuaneg 3 seau Ndwmareuseansainlunisudsguegned

' '
% a A % )

JodAN N5EAUANUTBLU 95 % (OL = 0.05) bon 8M51N15UALLBIY (MRR) 8915101580

o

#599098LanlaTA (EWR) wartesinglunisuusiy lnen1sussgndldnisdnansladidnasntiu



102

LnunaBLanlasauuunaleya (Multi-aperture Flushing : mf) @1u15aagunalaniunisned

a.17

M19197 4.17 uansiuUsninasieusydnsamnisinunazanuwsiugluniswlsy

MRR EWR GC

Factors, Symbol

Significance Significance Significance
Pulse On-time, A v v v
Pulse Off-time, B v
Current, C v v
Electrode Rotation, D v v
Ax A v
AxB v
AxC v v
BxC v
BxD v

4.4.4 wan1InszvAfuUIIWNZaNLUUAIEIngUszaR Tnenisldnsiduanuianela
Tnen1suszgndldnis@aansladianasnstuununaisdianlnsauuuvaieyn

dwsunsuszgnaldnisdnansledidnasniiuununansdidnlasauuunasyn @1u1se

'
o

AruaAdmuereinanouteaden1sulssv (GO) ursan-fan (Minimum) Hg3edidn
YoULYA 0.1125 = 0.211 mm wanausnsInIsdnnsevesdianingn (EWR) Luadga-fgn

(Minimum) NUNRNNVOULYVA 0.369 — 8.742 % UarNanaUIDIeRTINTUIALLDIY (MRR) WJu

Aannan-Aign (Maximum) iasidaveuiem 7.366 — 21.660 (mm?/min) uanslumsisil 4.18
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M15199 4.18 Waulvdmsumsmearmsiwesivanzaulunszuiunisuussuand msunisie

a3lnBLaNA3INNILLNUNAINBIANIATAKUUNAIEYA

Lower | Upper | Weight
Output Response Goal Importance
(L) (U) (w)

Pulse On-time (us) In range 50 150 - -
Pulse Off-time (us) In range 2 20 - -
Current (A) In range 9 15 - -
Electrode Rotation (rpm) In range 0 70 - -
GC (mm) Minimum 0.1125 0.211 1.2 1
EWR (%) Minimum | 0.3690 | 8.742 1.0 1
MRR (mm?>/min) Maximum | 7.366 | 21.660 1.0 1

NansAnw ik UsTmgan (Optimization) lunsruaunsudssudnuuunany
TngUsgasa (Multi-Response Optimization) Inanaslafanduairuiianala (Desirability
Function) wandlumsedt 4.19 Weawelimdiuinannaishaseimesaulsimanzaudieisng
Response Optimizer iﬁﬂ'f}wwawﬁma%‘ﬁmmzaﬂuﬂizmuﬂ’ﬁLLUigUﬁﬂﬁ’m%JUﬂﬁammﬂm%Lﬁﬂ
paNKLNUNaBEnRIAuULTaIEYR Geil FuUsnanla (Pulse On-time) Wiy ~130 ps &7
wUstaanla (Pulse Off-time) Ay 2 s mwdsnseialudln (Current) Ay 15 A wazsiwds
MIvyUveIBIaNtasn (Electrode Rotation) iy 70 rpm

sgalsimuedesaanslaveieliia (EDM) Aldlunsvnaesiidesinveinisususe
ATNITITLR DS Iﬂammﬁﬁma%nmL"?Jmt,a3naﬂm3gﬂﬂ%’u§’jﬂﬁmwusﬁ’mnm (Step-type
Controlled) l@#sd 2, 8,8, 10 16, 20, 50, 80, 100, 150, 200, 400 Lag 510 ps AUAIFU a8
wnilunsveassfifeiadenldrnaaniai 150 ps iesnibutasnanilndifsatudiam
afiaamsaioonuanniige

Faansulsiuanzauildlirianufianelawuuien (ndividual Desirability) sinfu
0.7976, 1.000, war 0.4441 drsudnsnmsvimilenu Shsnsdnnsovesdidningm uavteing
MsuUs3U auddu TagAranuiianelanvuiigramisameiaufisnelasay (Combined

Desirability) Winfu 0.7076 fauansaguluguil 4.19
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M13199 4.19 FeyansinTeinansulvingad miunTiaTsinaneuvaiefiiwusiaensly

Bilsrduanufianela (Desirability Function)

Optimal Machining Condition Desirability
Pulse Pulse Electrode Combined
Response Current Value | Individual
On-time | Off-time Rotation Desirability
(A) Desirability
(us) (ps) (rpm)
MRR (mm?/min) 150 2 15 70 21.660 0.7976
EWR (%) 150 2 15 70 1.588 1.000 0.7076
GC (mm.) 150 2 15 70 0.196 0.4441
Optimal N on-time off-time current electrod
Hi
DI07076 o (i35 az0] 201 (50 700)
Predict — Low 50.0 2.0 9.0 0.0
Composite | (Al B V2N Y.\
Desirability ‘/ ' ‘ '
D: 0.7076 | ‘ |
= el A/ W & be | g N N A |
GC Multi ‘
Minimum WO - - _,4/_{__ _____ ! ______ il
y = 01600 | | '
d=044414 ‘ :
\ - 76V (AN (aV /s » i ™ N
EWR ! ;
Minimum
y = 0.2555
d = 1.0000
MRR
Maximum
y = 18.7682
d = 0.79769

JUN 4.19 AsTmevaaLLar sEAUAAILREL

nan1studuazSouisuNasEnineAnlaann1snensal (Prediction) kagn1SNAEDU

239 (Experiment) 91u2u 5 A543 lngnasladarseaudndsntaainnisnia Muwansaulu

nsrutunswlssUanuUUane TngUszasAlagnisldfleidunnnuiianelauanslumisnei 4.20 &

ATAIUARIALARBULAAYYBIDNTINISVIALUBINTULANNINY 4.792 % DANSINISANNTDUDY

anlasaiiaedsvintu 6.505 % wazdaeinmsuussuiiaeieminiu 19.094 % anuddu
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NNanIINaaesaziiuliinAAuRaInedeuTesreIINITkUsFUTIA LA TIge B

£%
[ v a

91992IAN 2 @nvavian fail Usenmsiiviladleiansanansieseianuiususiuluguuuu
aun1sAneeveINlme Nt dAnyson1TnouaUeIreIYetien swUTTUd mTUNanans
ladidne3niuununalsdidninsauuuvalegn wuina R? daegluinadini (R = 78.34%) Wil
Wigutunisanansladannsnanndudawuuun® (R? = 90.26%) d@dnalinenaiininunainlaaou
VA v ¢ Lo a a Yy v oA o Y o w
¥p9Aflaann1sNensal (Prediction) Usen1sfansanninaldnundneduiieifutasnnnlunig
Ysumammnsflmasvanasaanmeizlangaigliin (EDM) Alglunisnaass G9anamanad

1A91NNITNEINTALYINTU ~130 us WAkASasa1U1saUsUR A LAoelus19v99 100 wag 150 us
y : b

[
LYY

PNUU

X

a o = A v a A = ~ o § v i A A ya
'J‘UEJﬁ]QLa@ﬂISUﬂ']L'Ja']LﬂWW 150 ps IUﬂ'ﬁV]ﬂa@ﬁ gﬁﬂ@ﬁﬂﬂma%ﬂi%ﬂqﬂqquﬂaqﬂLﬂa@u‘ml@u

De ©

A ! a [ a a c Y i oa [
gt durmsilinesiaaite nszualiihuaznsvywesdianinsaaunsaldanaediuiy
Arldanniswensal agglsfinnuainnisnsaeudeyavestisaiadedudmiunanis
NAABUITY (Experiment) wazA1m1An15el (Prediction) wansliiiuineglugasveinisiung

95% PI (Prediction Interval : PI) G‘ﬁLLa@ﬂumi’Nﬁ 4.21

a = a | a AN v ¢ a
A9 4.20 NanStUTIUAEUANAINLAAIALAZDUA LAIINNITHEINTAILALNITNAADIDITIALAIS
TFarnIssitmesMnunzandInsunszuiuniIsanasladdnmsneiuLNuNaId

BianlAsALUUNEEYR

Material removal rate Electrode wear ratio Gap clearance
Parameters
Exp. (mm>?/min) (%) (mm)
No. Pulse Pulse Electrode
Current Error Error Error
on-time | off-time rotation EXP. prediction EXP. prediction EXP. prediction
(A) (%) (%) (%)
(us) (us) (rpm)
1 150 2 15 70 21.660 20.236 7.036 1.588 1.737 -8.578 0.196 0.169 15.90
2 150 2 15 70 21.421 20.236 5.855 1.637 1.737 -5.757 0.201 0.169 18.86
3 150 2 4, 70 20.806 20.236 2.816 1.772 1. 487 -2.014 0.206 0.169 21.80
4 150 2 15 70 21.159 20.236 4.561 1.591 1.737 -8.405 0.205 0.169 21.23
5 150 2 15 70 20.983 20.236 3.691 1.602 1.737 -7.772 0.199 0.169 17.68
Average 4.792 6.505 19.094

A151991 4.21 9219N15VNUE 95% P (Prediction Interval: PI) YBINITNYINTULALNTNAABUIT

Response 95 % PI Prediction Experiment
MRR 17.950, 22.523 20.236 21.660
EWR -0.865, 4.341 1.737 1.588

GC 0.140, 0.197 0.169 0.196
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11395398 UKATNANTUINAYDIYB Il UNSWUSIU (Gap Clearance : GO) laen1sld
A5 fmesfildannisnensaluniinismaaeusde (Experiment) Tnonsiuisuifisusening
nsananstadianasnainaiudnanuuund (Side Flushing, sf) Auni1sanansladianasaniu
uAuNaaBLEnlnsALUUMA189A (Multi-aperture Flushing, mf) wansluguil 4.20 annguuandli
Wiugn imsldamsfiwesiieatuie ananlea 150 ps Ana1la 2 ps Anssualuill 15 A
LazN1sNYUYeIBLaniasA 70 rpm nsUszyndldnisdaansiadidnasndiuununaisdianingm
LuUTaNgYn Fa3319luniswyssy (GO) fanudsauuvesmndunsainszuen (Cylindricity
Deviation) vawtsgiizisziummanlunisuussy 50 mm fniinsdaansladidnsinsudig
wuvUnfegaiuldda Fsanmassnanannsoesungldanaiuunnsiisesssdnsnmnnsin
a15ladiana3n laansdnansladianasniiuknunaiedianlnsaluuraleyn BVENaveIns
Inaisuansindiana3nanaislugaieueniiuwnunansdianiansnaiggaizvuiman (Multi-
aperture) AauAfiunITMLBLaNlasAaNNsaUTUU IR IS lunsdnwewlans (Debris) Toi
penaniiLTin1sinwiz (Machining Gap) ageauysal dawalvianinsnannisiianisauisanu
414 (Secondary Spark) sgninsiaBiantasaiuniiagane nlugnisanasvesdesindlunisulsgy
maamummsaLﬁmﬂizﬁw%ﬂwwiuﬂszuauﬂWiLLUigﬂﬁﬂé’wﬂismumsﬁ’mmzé’wlﬂﬁﬁé’ [66,
67]

uananidlefinisanaudenuurssenuidunsinssusnvasuiiginnglaonisuiuss
Amsnfiwasiimungan (Optimization) dusunisinarsladidnainsiudreuuuund (@wan
Un 100 ps ARaa1Un 20 ps Arnszualiiy 15 A waznsnyuassdianlansn 70 rpm wui
ForidlumauusguianudenvurssnnundunsinssuonvesndigizidnuasindiAsstuns
dnansladidna3niiuununarsBianinsauuunatsga uwilunanduiundaraliussansamly
LLiJsgiJéfmﬁlus] fianni FwansmanisSoudieuluansd 4.22

uanniiiledinszsinansgnuresseiuanudniidaesroznisatiianuin sroenis
aUnsalunsazszdummanildvesitsmsuussuiiuandnaiu Tnglusumisioguinadiunans
(25-35 mm) agfiszozvasoritensulssuiineudisninsnitudnamiisnuuy (1-25 mm) uay
I uaUS M UIlUa1gaavesn1saUlia (35-50 mm) 3INN13ATIVEBUAIYBIYRIINlY
MsuUsgUsERuAINEn 30 mm veamslddmsiiimesinandn 150 ps Aaanda 2 ps A1
nszualnfin 15 A uazn1suyuaesdianiasa 70 rpm lnenisanaisiadidnasnaudisuuuund

WuIiA1g9aa 0.319 mm FeanAUINITNATEELYRIINNNITHUTUNRANAR Ul uLAae

a

szauANanveInIsingiy Wumguiannsdouiveaveynalaneignudneaninyans

Y
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\/Lnr:.fq I a1 v Y
7

dudnm3nazindeuiiiuntssitudisesiandidanlasn inlidanisausaszninidadan

v
v a o a

1 Y A & = = va o
nlasaduiiTanduauiiudinarsmiduaveuninvelans Fefiaudalunisunliin

9

™)
Da

b

[
[ a a

1 a [y < & v 1 I s Y o J
WuRenuianTuaulardaninga nsaursansnaridunisalisagnisenia Secondary Spark

q

[ ]

AW IAAANT A2V TR UTUA N YAUZVDINISTARTER dINalisyesve91999719n15wUs

q

- 1
FUWNNINTU
Electrode diameter 12 mm
-=-100,20,15,70 optimal condition
—-+-150,2,15,70 optimal condition —4-150.2.15.70 condition
Multi-aperture flushing ‘ L Side flushing

0 ]‘ T 0
—~F 10 | 10
g :
£ .
= 20 H'—n /A [ o o S I . 20
Q,
Q
= |
2
g & 1\
= |
Q
<
= 40 = e e e 40

i | |

50 - - : 50
035 030 0.25 020 0.15 0.10 0.0 0.0 0.10 0.15 0.20 025 0.30 0.35
Gap clearance (mm)

JUN 4.20 n1swSpuifisudnuauzeesgesintlunisudsiseninansanasindianainain

sudewuuUnfnun1sanasladlnasniuununa19BaNlnsALUUAI8YA

51971 4.22 wananan1siUIeuiisuUsEavsnmlunszuaunisuussuanlaud snsns
v¥audlosu (MRR) Snsmsdnmsavesdifinlaze (EWR) goeinglunisulsgl (GO) uazailunis
w530 (MT) Tnnsldsefuamnsdinesimngan (Optimization) &miunszuiun1sdnans
ladidneanlunsazsuuuy Faainnanisnaassuandliiiuin nszuiunisdnansladidnasninu
ununansdinlnsauuumaneeliadnsmsdnidesud 21.660 mm?/min 29N91N152AENT
lndudneindudrauuuunafiliadasnsdadenu 15729 mm¥min wwderfuailunis
wlsguiisERuALEn 50 mm nszuIunsanansladidnednriutnunansdidninsauuuvaisge
T#aan59mdl 250.53 min Arndnisdnansladidnansnudrauuuunid 339.01 min 1wy

Poe3ansuusgUlanaliuandeaiy 91ndeyadind1¥indn n1seenuuuLarUszynaly
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ﬂ'ﬁzmumﬁammﬂﬂ&éﬂm%ﬂmmmuﬂawaLﬁﬂimmufuwm&Jﬁ;mmmamﬁwiz%m%mﬂu
ﬂizmumiLLUigUﬁﬂlﬁﬁgﬂu@ﬂﬂ%mmLLasﬂmmw

ag3lsfiniy N1sdeansladidne3niiuununaddniansniuunaleyn liA1dnsInIan
vsovesdidnimsnAnidu 1.588 % ganiimsdnasladidnainduthauuuunddliasnsinisdn
nseresdidninsadnidu 0581 % iesanaruduturesnssualnihreiufivindadunnseiy
Tnglunsdvesdnarsladidnsiniunnunarsdidnlnsauuuvaisgn Bianlnsaneunsfiduuin
Gurugugnans 12 mm gniiinisanesaun 1 mm $1uau 12 5 iliiudirenszudlaidian
genindidnlnsaiinsdasudrswuutnd Weinisdaensiidinszualwiih 15 A wirfu du

q

U678%8Q5L5ﬂ1®5®LLU‘Uﬂ’liaﬂﬁﬁﬂﬂaLﬁﬂ@%ﬂﬁ\i’mLLﬂUﬂa’NLLUUMa’] 83A AAIAINURUILUUYDY
X o =

nsvualiias dewalviiinaamaiinufeunigniy drludnisiiaduvesdnsinisdnnseves

Banlnse [21, 23, 68]

A1519% 4.22 wamiL‘U‘%EJULﬁauﬂiz%‘m%m‘wﬂWiLL‘UigUﬁﬂiszwmiammﬂ@@Lﬁﬂm‘%ﬂéfmﬁi’m
wuuUnAuaznsaeaisiadianasndiuinunandianinsauuunalegaisteuly

MSYINUARNan (Optimal Conditions)

Optimal Machining Parameters
Machining
Pulse | Pulse Electrode MRR EWR GC
Current . Time
Flushing Scheme |On-time |Off-time Rotation |[(mm?/min)| (%) | (mm)
(A) (min)
(us) (ps) (rpm)
Side Flushing, sf 100 20 15 70 15.729 0.581 | 0.194 339.01
Multi-aperture
150 2 15 70 21.660 | 1.588 | 0.196 | 250.53
Flushing, mf

a & a A 1

Tunszvrunisiaezlanzdqgluia (EDM) nszuiun1sanaistadidnasnioindu

'
o w = aa v 1

nszvIumMsitanud A duegienn Tnsmzegnaddlunsdivesnisudssuaniiisndiuves
durruaugnatedianinsaduaatudnlunisuusy (Depth-to-diameter) 11N 3 1
mnuasnsalumsviniaslangesnaindosinslunsudssuidululdenn Tunsdfinszuiunisdn
asladudnainldvangan Wesedunnudnlunisudssuiingadumslangiingaooninainms
wUsgluaglianunsardneenlinunfvzazaunieluyiainanswdssy asdudinaidiinnis

prsafusEninamilganeduniiaddniase FusenUjisending11in Secondary Spark [69-71]
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wanaNUNsAnUA3en Secondary Spark fedamansynuseUszdnsainlunisvdniioanuves
Janiianas asnnnaslnihiazuusiasuludundinuanuouszanasainnisidusnaly
n1salrsaiinay dnvasguilazaangdunisiiinavesnsvualniinliaududueenis
aursaluwsiagininsuinadesninviseanysednsninas [72]

weanNl aunrveAslanesiignudneenuvzUulenegluasladianmsn uarasdudn
v s A a o a & a 4« s ' L 14
fuArsuauninannsuandvesasiadidnasnilulalasansuven winlianunsavdneenlule
v synIAvadAvlangudznauinTninatedutunisaeufmiviifiondn Recast

Layer wazuauazllinzuuiavesiandidninsnuasdaniuiiu (73] Fsvenanluidedall

4 v
a a Aa

4.5 NAN1SANIEMNNURITULLEEBIENInIANBRAIN1TUUSTU

v
a A

4.5.1 QUAWNURITUNULALBENIATANIEUaINISWUSU

INNTATIVAOUNURIVEIBLAN TR TANBILAINIBNAINTZUIUNTUUITFURNTINTZUIUNS
a a a ! v ¥ a ¢l '
Anansladlanasnuane1aniune 2 suuuy laen1sldamisidinesivanauveduaas JULUULARS
Tugun 4.21 - 4.22 numsiieduAdo uresiauaA SUaUULRIBIANINIAVIBILAY FuAnaInAISUaY
TutlaTanduruiivszgusliilnuavisdmddniasanduszaduuon vliAanisiedaud

$ o < a aa & a2 o @

YosduauM I UaUUURIBLEnlnIANBLas wenInlasiadidnasnildlunssuiunismaasady
wuulelasansueu Fadlaiinnisadisaazunnsinaeanimdulalasauddivsz g luuinuag

a

Asuaudailuszaduau [1, 2] Tnearsuauagiudnvndauin d1ddntasaduduinasusunay

9

3 s

aludusidnlnsaiadud: Tldnpsusufauandluzuil 4.21 uazmsnsndevssdusznaumaail
(EDS) vossigasuauuuiandidnlngm gnuanduguil 4.7 dsnuiifldulszneuvessinafuou
a9fis 51.89 % agnlsfnumndidninsaildiiuavarsueuarisluduianuriliintuaud
Snwaumluddadvesaniveu

wonnilerntuiiduntsuenuudidianinsauds nansenuresnisiiaufisen
Secondary Spark UurHevesRIBanlasadignnsaanunasnniudnlunisudsy (50 mm)
Tnsiamzagidenisdnaisladidnedndudrauuutnd 9annsasaaevuuiug 1798 x 1798
um YasiBianlnsnnusessegvesUanastazatsaInausauluvuzyiinisalisa (Crater) N3
nasuavaneedoTan (Melted Drop) uarnisinizdiveseynaLaulanefivaaeeninaInnis

R TGER TG PR NG TRTIRIGE
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Secondary spark area.
1

1798 um & X

=

JUT 4.21 fuiddnlasairiunssuiunisulsguaninensinansladiinasniudsuwuuund

(138100 100 ps, Laadn 20 ps, nszualnia 15 A, n1suyuvesdianiagm 70 rpm)

dy a a c z-s' [l =3 al a a ]
NNITNTIVADUN U BIANIM I IUATEUIUNITUUS UGN Ren1sAnansinBiannSna1u
a Y] = | ' Y a
LAUNANBANIATALUUTAIEIN FakandlusuN 4.22 wudndauuand1aiunseuIunsanans
1ABLANATNAIUT 1 UVUNR TnsduRauA1sUauLAnTuusSIudIulataveeddnlnsaiitdy
° ) a a ' a aaa a ° A
AMTVUINABU NUAPURUILULYBINISIANULATEY Secondary Spark TuuSuamn 1fieeain
lusgninansguIunisuussuan mﬂm%tﬁﬂm‘%ﬂﬁﬁmmazmmﬂimmﬂmiﬂutﬁaugﬂammu
wnunandianiasalvadidiuiinisauisalagasssindunisnyuvesddniasn Wameloynia
vouavlavglvasenduyesininsuUsslegsrailowannn1swdszuiiaugdn 50 mm dawal

U381 Secondary Spark szmnsnisdianinsanuntadusiuintuluy3uasi
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Secondary spark area.

1798 um - X

JUN 4.22 tuiBanlasafinaunszuiunswusiuiniaenisdaansladbnesn
NIUBNUNaNIBIaNIASALUUMAIER

(hanta 100 ps, L3871 20 ps, Assualuia 15 A, msmuﬁuaa&ﬁﬂimm 70 rpm)

4.5.2 wansaIasautuRaNIvsiuuRssaENenAINIsILU T3

M tanTunuiilisuamiusouainmaniewmseq (Discharge Current) luruzatinay
AnmsiUAsuntasiufiore TanTun uulm sy AUAIIATULI T IHANTENUIINgUMATAI M
$ou Fsannsnedueldeiiie vnraurinanAnmmougiifissweransaouaratouazin
wwileTantunuduuuaneen (Spattered Surface Layer) Uiimdusasatnagldsumudoudi

\igenaron1IaeNazansvesTag UL liannsavdneenlimdeduanininsnisaliia Jagh

Y )

\inn1svasuaratgzgeeanuluguiluuvessyniataylany (Debris) LilaTaniignidnesn

9 Y
v

vdgnansladidneinianiesntd visdunaaniosglutesinanisulsiuwaz vuleuluans
ladidne3ninliduiiuansveuiiinainnisuandivesasiadidnesnilulalasaisueuisly

nzABdnlasavseinau usdwndudiunsiudaiuleTannanelutunisudsial (Recast

¥
v A a a ¥

Layer) wazluszauiuiinanawmaglasudnsnaainanudounsliiinnisasuazany (Heat

[ |
v v A

Affect Zone) [1, 2] aglunmazseaudunlasudnsnaanainuseuasiinluseaululasuns

Wesangnuneauiieasladianasnnasniian
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HANIA TR UL TaRTuMUMenaInTHUT Ulnen1snsIaaeutunassivg (Recast
Layer) d1m5unszuiunisdnansladidnasnuansdaiuns 2 sUuuu Inenisldrmisimes
WgauYadaazULUY 1n3UN 4.23 (a)-(b) nMERYIN4 (Cross-Section) uana Recast Layer
wazalUnm3u EDS d1m5uiBn1s Side Flushing kag35n15 Multi-aperture Flushing #Wu31 Recast

a & o a vaa a a & a v v a

Layer gAATIINUUURITUNUNI8ndINsulT3ULleldisnsanansladianasniutiawuuund
(Side Flushing) #9 Recast Layer LAnduannnszuaunisnaizmelninssninedianlnsaiu
Fua dwarvinlioyniavesianiisaesgnienseninaieausougunuarlasueg1esimss 39
9193zagluguvenis veavan uiouiia wauiansaeNasaleTINfmiuTEnINeuN1ATeTTae
gj 5 o P Y 1 8 v Y . . . . I
a9 NUNALYNINMENFI98197IALTINILVBUMAIAINGI (Dielectric Liquid) aunatedy
) I3 i a v =3 = o - A v % ¢ o
Fuvewdsunagueguuivtvestiuny Jaldnuuiilaidudvniiledesgaiendesganssad v
Tignisend “dunasudu1n (White Layen)” [29] Funasnduridutulavenusznauduain
Tpssasaunsmuleddundn wazeedmului udrgnazatsaunaeunislug efiideduden
(Black Layer) ¥ilsludunasndunidulumigasuauludsunauin feauananisnad 4.23 fany
U3unamsuau (C) 46.31 % w/w uas sonles (0) 44.66 % w/iv muaIRu uonaINldmsiany

4 [ = 9/5 | a £ dsl’ [ A Yo
FR8LAN3IVUIALEN (Micro Cracks) latunasulniduinainnisuadiveutedannlasuniy
FouiunnseiuseniInetunaoulni (Recast Layer) Niounglaiuaziuiny (Base Metal) 71il
gaunisinndn [30]

9e19L3AAIU NANTIATITHOUNINAAVINVITLIUABNAINSLUTFUIREITN580a0s
ladianasnaiuwnunandianlasanuuvalaga (Multi-aperture Flushing) ldnunisnadves
Recast Layer UuRTWIU Aauanslugun 4.23 (b) wananniiilevinn1insiadeusiausenaunis
\A3l (EDS) vuiuRaTus unuUINIATsuau (0) 18.73 % wiv udliiusingaisuszneuves

2 a

oonlud (0) Mnanslumsnsi 4.23 Jsanunsaduduldiniismsdnansladidnednsiunnunai
Binlnsauuunanegpaimsnanmafiansteduesiunasylmild 180991038 Multi-aperture
Flushing a1unsaszungauou snyndesnmassaisiadianasnuazudnoyniavediaylany
pen9nFosinmsulsgulfednsliussansainnazdeiesnasnszornavesnisuyssudn
uanaNigUT 4.23 (OHd) Ssanmsndundngrulunisbudunavesuszaninnlunisdnans
lnBlanm3nMeas Side Flushing wag Multi-aperture Flushing @anamane SEM yasiuiat Uy
wudumasulul mvasuazarsvesiio¥an Uevaouaransuufintuau waedaunmiaauia
l9991nN191Ain Recast Layer mmsaﬂ%’uﬂqqmmmﬁauﬁa%mmié’ (Surface Modification)

Weld35n15 Side Flushing F9@0AAROIAUATNAAUINUDITUITUNINTIINY Recast Layer Ul
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¥ v '
ot a A ]

AFuau lunienssiudruduiuRidunufiniunisidnansladidnn3naie3s Multi-aperture

Flushing lanuseesasaesnisiintunasulyd wANUAMUMUILLUYBITOULANS1IVUIALEN

a

U a = LY v Yy a & a 4
NITINYNININTU LuaﬂﬂﬁﬂIUﬂiﬁ‘U’J‘Nﬂ'ﬁﬂﬂLGZJWSWJEJIWW']"LﬂiUﬁ’]i‘Lﬂ@Laﬂmiﬂﬂuﬂﬁﬂﬂ\lﬁﬁﬂ’]ﬂuag

#sunsituyaanigdnsmevhau vlfasladdnaindiaeumiuauiugs fadfunngindnslu
nsaunfraziiusyaniamuazanududuromdsnulniigs dwaliAnaufeuiidosons
vasuaratsveniotaquazgnuinooniaaisladidnedniiaunmasiadrdesiinisussy
Tnenssedsdafosnasminig femgivinlinalnniaifa Recast Layer Uufindunuaniiosas

[ o

wsonniindunazgnadneentuindnsdeglilainisalisn 91Nn13n52980U09AUYTENBUNIY

Y
[ (%

w3l (EDS) vuNuHITUIUNUUTIIATITUBY (C) 16.81 % w/iv warliUsingaisusenaures
snles (O) Fadanpdosiun13nTIVEUNINARNYIN aglsinunisinansla Biann3niaeis
Multi-aperture Flushing dinanaaI13td@en18ve s Ui TuuluguLuuvesrInuneI uian

AU NSANTEEWANT1IVWIAKNNTEI TR

Spectrum 4
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Deep hole surface of EDM
with side flushine

Fe
Mn
Ni

Spectrum 1

1 2 3 4
[Full Scale 11807 cts Cursor: 0.000

keV|

Deep hole surface of EDM with
multi-aperture flushing

Fe
Mn
Ni

[a)

Si

AL

Spectrum 1

1 @ 3
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Full Scale 11807 cts Cursor: 0.000

8n 30 mm d@1m3U38n15 Side Flushing Kaz35n15 Multi-aperture Flushing

5UN 4.23 nmieng SEM Uaghan13ngavdeu EDS Yaaiiuiifuanunievainisuusunssauay
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A13197 4.23 HANIIATIAUBIAUTENOUNIBAL (EDS) VBINURITUIIUNENTINITUUTTUN

FEAUAINEAN 30 mm @1115U75n15 Side Flushing kas35n19 Multi-aperture

Flushing
Top View
Cross-sectional | Cross-sectional Top View
of EDM with
View View of Multi- of EDM with
multi-aperture
of Side Flushing [aperture Flushing| Side Flushing
Element Flushing
Weight | Atomic | Weight | Atomic | Weight | Atomic | Weight | Atomic
% % % % % % % %
C 46.31 | 56.03 | 18.73 | 51.57 | 16.44 | 47.61 | 16.81 | 48.33
@) 44.66 | 40.56 - - - - - -
Al 1.54 0.83 7 > 0.18 0.23 - -
Si 2.44 1.26 0.42 0.49 0.31 0.39 0.30 0.37
Cr 0.12 0.03 1.85 187 1.66 1.11 1.88 1.25
Fe 4.94 1.28 | 76.58 | 4535 | 78.86 | 49.11 | 78.62 | 48.46
Ni - - 0.89 0.50 =07 0.63 0.83 0.49
Mn - - 1.40 0.84 1.29 0.82 1.34 0.83
Cu - - 0.13 0.07 0.20 0.11 0.22 0.12
Total 100.00 100.00 100.00 100.00
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A3UNANITNAABILASUBLEUBLUY

5.1 agunan1imaag

5.1.1 wavasrwniwesifasfuiifinadeuszansamlunszuaunisuussuan

nnnsnwamiwesidesuiiinadeuszansnmwlunsussuandenszuaunis
Aanzlangsmelni wansdidiuin vatda (Pulse On-time) wagnseualuiln (Current) fwasie
Fmsanisvdmilocu (Material Removal Rate) wavdnsn1sinnsevesdidnlnsn (Electrode
Wear Ratio) AaonduAAI1ame1uiivade (Surface Roughness) ae1aliiudfay 3nnnsvadey
A NTANUIN é’mﬂmiﬁmL‘lfamuﬁumiﬁmLﬁuqﬂsﬁummmiﬂ%’umnmL?Jmiuszj";a 2 - 100 ys
ohdlsfiunilossdurasdmianadiugadulurag 150 - 510 ps dwwalidmmviniiony
anasegeraiiios WuRearunsmeaeumnszualiianudn sasinisedmilosuiivun Tty
qqsﬁumumaﬂ%’whmmalﬂﬂ’] 31 3 - 15 A wagiuulfuanaadlonsusuanszualndag 18
A a8 1lsfmuAnszualnihiifisgdudmansenulersseniaiiniuwesdnsinisdnusoves
3u8nlnsnuazAIRINETUATREY NITAFBUATRaTR (Pulse Off-time) HUI1seAUTaIAIAN
Unflmunzay (20 - 50 ps) frardesnsinsdnnseresdidnlasm wavauveTuiedsfitesad

agdlsinuenaUaiseaus (2 ps) damaliandnsinnsviaioanuniiugsy

5.1.2 3vswavasArdulsimanzanlunszurunsulssuandaeiBnnsidnansladian
a b % b 7%
ASNATUTNY
INNSANYIBNSNATReAIRILUsTvazatlunsruIunswUT UanMeTBn158nansia

aada !

Bénm3nautng (Conventional Side Flushing) Tngldisn1snisataniseninisiuiananauauss

(RSM) az@1AENITEBNLUUNITNAFBILUUYSEENNA1Y (CCD) WUl fawusnseialnidntaziian

' ¥
o w A ! o £ S

e d90anan1sLNTUYD99#SINTVINLL DU ENLUYANAL LDA1DMTINISVIALLDINTULAL

o

qqsﬁuﬁﬂﬁlﬁmmiazammaqmﬂ‘[am (Debris) ﬁgﬂm%’maaﬂmﬁagﬂﬂaiuﬂiQQdWQﬂﬁiLLﬂﬁgﬂ
(Machining Gap) uazUuideuluasindidnasn IﬂaLawwasméqLﬁaé’mwmmﬁﬂiummﬂigﬂ
Aurdunuaugnadianiasnuinnda 3w (35 : 12 mm) ibiinUujAsen Secondary Spark
izmwwﬁfq%LﬁﬂimmmsmﬁﬁgmsdqmaGiamst,ﬁm%(mwdmdwma‘ufdigﬂ (Gap Clearance) Wag

AL LuNYeInUIUILAUAN19N15ULUS3U (Parallelism Deviation) wenainid1ves
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Fo9719n15wUs5UTAMuENTUS BmnduiuAIaIUakar N1y uveBiiningg lesainlle

] 6

dinlasanyuasiinusamiemiaudviliarsladidnesnaiuisaianieteyniaveaevlans

%
Yaa =

p0n91n983713lun sulsjUlaR B Ruluanrsidgeindlunsulssuanas dnsinisdnuse
ypsdianiasnileuduiusiBanduiuiuusnanlawaznisuyuresdianiasauaiinuduius
Bevanfudndsnszualnlih Sedrdnsnsinnievesdidnlnsnanasilodiananagnismyu
vosdiinlnsaifiugstu nanisdnuAfudsiiaunzas (Optimization) wutnansinguszase
(Multi-Response Optimization) Tngn15tdHsAdumIr1uianela (Desirability Function) Tu
nszvIumMsuUsgandmsunisdeansladidnaindudianuuund laud daudsiaante (Pulse
On-time) 11U 100 ps #atusiianda (Pulse Off-time) Wiafiu 20 ps nsgualuin (Current)
Wiy 15 A uaz Manyuresdianiasa (Electrode Rotation) winiu 70 rpm lngAauiianela

591 (Combined Desirability) v 0.6508

5.1.3 wavaeniseanuuumsanasladidnasnrtutnunansdidnlasauuuvategad
danadauszansamlunszurunisudsguan

NNIANYINVDINITEDNUUUNITANA S bBLANAS N WMNUNABLENIATALUUTAIEYA
(Multi-aperture Inner Flushing) 1’7ia'qmaf;\'aﬂizﬁw%ﬂmeﬂuﬂismumiLL‘UigUﬁﬂ wEASloATILIN
SosyiuanuinuesmsuUssuifindunisinasladidneindngddesininmailssiiiien iy
lavzingasenanmsiamzidudsdniunnian iesnisleansladidnesnanunsav i
waneeninanMLUsUldliddarinimsddeenssualiihusnadesinisaurialdegns
fiusydvsnmuazanysoiluy dsmalvnszuiunmsalisaiiausuusaazaiiauoogsdelies
TnglawzosBsiimudn 50 mm Bidnlnsedidnarsladidnsinsmaudnansanansaaniianly
n3uUs3UIN 339.01 min Al 250.53 min usnaniineldmsdnasledidnasnkiugudnany
vosBidnlnsamudiunsuyuvesBidnlaseil 175 rpm Shnmavdnuilonuiingeand 22.485
(mm?/min) esanmsvyuvessinlnsamugiunsdnansiadidnainsiuununansdidnlagn
wuunanegmsilfansladidneinanunsalaingdesinslunisuussuldfuazendousaniosan
msyuriaiaveunialigaonustesisssinsBidninsadutunildedimns egsls
Anu Msaeansladidnasnandudnalundoudunismyuvesdidninsndmaliirininume i
ana391n 6.125 um 1Ju 4.345 um usiflefansannsdaasladidnesniuuwnunansdidniagn
wuumateganyd AAaveuiaedefiuunltufifiugedudndes 910 6.110 pm Hu 6.867

v a

um auaneu Tudiuaesaianuiieauuaaueuiu (Parallelism Deviation) AUfAN19NISWUS
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a1

U (Z Axis — Center Line) dnsumsananstdidnasndiuinunarsdidniasaiuunalggaian
fiutudntosiiefiansananuunndiswesianudsauumumuuisysuauEn 1 mm &
50 mm Suraneanudn wnldwesmndesuumumuiudiistuiinandudunse viewou
srlinenudosuuvesrnuruudioSsufisutunsinansladdnnsnansnudndlunsen

fun1snyueIBLaninge

5.1.4 Bnswavasadaulsimanzaslunszurunisulssuandaenisdnaisladianain
HIukNUNA1eBLantnsALUURaNEYn

NNMsAnuENETavesAduUsTmnzaslunsyUuNsuUTIUENfensinansladian
pInRIuLNUNaBLanTasALULMAIB9A (Multi-aperture Inner Flushing) Tagl43Sn1svnsadai
Funiisiuimaneuaues (RSM) uazeduN158enNuUNSAABILULYsEELNA1S (CCD) WU
fuvsianda nssudlwihuagnsnyuresdidnlasadauduiusidauaniusnsnisinile
o eglsfmumafiuturesdasinisvindonudsaalasassdenisiiutureswosrinamsuls
suU Bsdmsnnsudndonugeaniifuldainnmeaesiaiiiy 21.660 mm¥/min Tagnnsld
A SiwesIa 1l 150 s 1a1dn 2 us nszualniia 15 A waznnsvyuresdianiasn 70 rpm
dnswavesiulsidnadodninsdnusevesdidnlnsanuin dasinisdnusevesdidningadl
ARUFuRUS TR uiULanUakazn1sryuvesBidnlase wilauduiusisuiniuan
nszudliin Gednsmsdnusevesdidnlnsamgaiifuldainnismaassiiauiniu 0.369 % lag

a

nsldAmisifimesiaanta 150 us liarda 2 ps asiinszualaifia 12 A waznisvyuves
S1anTasa 70 rpm SnSnavesiaudsiiinanevesinanisuussunuin ¥esinanisulssul
ANUFUTUSIIUINALLIEa TR wedaudiuswnduiuIaIUe sl waznisvyuYes
Sidnlasa Faveeinamsulssusmaniitivldannnisnaassiidnyindu 0.112 mm Taennsld
Ansfimesiiandait 50 ps a1ua 2 us Arnssualnding o A LLazmwgumaa&é‘ﬂImmﬁ 70
rpm NANSANEIAISIRUST AN AL (Optimization) quwmﬂi’mqﬂwmﬁ (Multi-Response
Optimization) lagn15ld#sAduninuiianala (Desirability Function) lunsguiunisuussuan
dwsunisdeansladdnssnduwnunansdidninsauuunanage lawa duusiandea (Pulse On-
time) 111U 150 ps Aaudstaarta (Pulse Off-time) Windu 2 ps nszualuin (Current) iy
15 A wag N1313uvaedianinsn (Electrode Rotation) ti1fiu 70 rpm lngAiAuienelasiy

(Combined Desirability) iU 0.7076
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5.1.5 RAYBENNNUAITUULAZBIANIATANBNEINTWUTU

INN1IATIVERVANINAUEITUMULALBIANTRSANIEMEINTLUTTU NUNISAGBUAIves
G o s s a aa = vaal = a a v 1% a
JuilauAsusuuuRidaninsaneslailioldisnsdeansladiann3inaudisuulnid 210019

'3 = 3 (% a o 1 IS DR

nTI9EBUBIRUTENOUNNALAL (EDS) ¥eesImasuauuuiandaninsanudl ddiulsenauvedss
A1SUBUEINN 51.89 % WBNAINT HANTENUVDINISIAAUNTET Secondary Spark UUKTSUBIHY
a Y] = 1 < dy a
didnlasadagnasianunasnnudniunisuussy (50 mm) ae19lsAnNINNITNTIEOUNURT
a A =2 a a & a 1 a a
didnlnsafiunsruINMILUsIUaNlneNsRnansladidneasnduLnunaaBianiasaluurateyn
nutudumSUsuAnTUUSNadINUa8YeBaNIATAMILY EUSUUSIAUDUS) NUAMUMUILLY
Y8N15LAA Secondary Spark TuUTu1AN NAN139TIAADUNURIIANTUNIUNENSINTUUTIY
WU LARNSABFMY8Y Recast Layer YuluAI3uLiinlg3sn15anastadidnnsnaiudnewuy
Unf eniadeussalsznounigiedl (EDS) wudiniaa1suau (C) 46.31 % w/w uag sanlya

(0) 44.66 % w/w MINAIRNU TIFNITADUTUNISLAR Recast Layer uuia@us1uls uananildy

v
A [

Y & A 1) = a )
FIIINUTDYLANIIVUIALAN (Micro Cracks) IWGUU Recast Layer FILNRVINNTIIUNAAIVDILUBDIA

'
=

9
q
nlasupnueuiuanaeiussnIvtunasulnligamgiiasuasiiiea (Base Metal) Nilgaumad

By
N 1umamasﬁmﬁ’uwamsmwaauﬁa%mmmsmé’ﬂmmﬂi;mima%%msﬁmmﬂm@Lﬁﬂ@]‘%ﬂ
duwnunansdidniasaluunansge (Multi-aperture Flushing) liwunisnesawed Recast Layer
VLRI LIY 9 INHMSRIIedaUaIRUsYReUNIaLes] (EDS) UuiiuindusmunuUSinamsuey (O)
18.73 9% w/w usiliiUsngansuszneureseanten (0) Jaanunsadudulainisnisdnaisladdn

A3NEULAUNANBIANIASALUUNA BREITIaAN SRANsnafvesduaoulvila

5.2 JalEUBLUSLAZLUININISANY lUBUNAN
msiinmsanelud@dnfiuduietudssansamnisesnuuumsinaishadianasnniy
wnunansdanlnsauuunaayn (Multi-aperture Inner Flushing) Iﬂamimmmﬁ’awsﬁﬁwﬁ@
G mmé’mﬁuﬁma«»‘i’mwmﬂwamaqmﬂmélﬁﬂm%ﬁmmzaﬂuﬂszmumswﬁgUﬁﬂ wag
ANFLUR LS VIS IWIUYBY (Multi-channel) n15dnansladidnmsnfitinasdonisuszansninnis
w330 Belunerdnusisuissldld@nuliaseunguiivindedindgm osnluinerdnusidy
NSANEILALUS s UL UTINANTENUVRINISNISEAATSLABLANAS AR 1UT LU UUNR
(Conventional Side Flushing) azn13@nanstadidna3nkiuununalsdianininiuunaleqn
(Multi-aperture Inner Flushing) windy Famnfinsenwiiuisenaasenidsefiansatmun

dn1ranannssulalueuian
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= 1 a 4 dy Yy da 1 a aAa =
1. ﬂ’]'iﬂﬂ‘le}’]ﬂ’]W’]'i’]ﬁJLGIE]'iLUENGm‘VISJNa(ﬂ’e]‘USSﬁ‘VI551’1W11Jﬂ’i$‘1J’J‘L!ﬂ”I'§LL‘US§‘Uaﬂ

A15199 1 KanTEnueInN1sUSUAIIaUANINaRaonINNSYIMLBIULALIRIINNSEAN

%509090LaN1ATA
Experiments No. | On-time (us) | Off-time (us) | Current (A) MRR (mm?>/min) EWR (%)
1 2 32 9 0.187 42.59
2 10 32 9 0.942 13.11
3 20 32 9 2.274 8.34
4 32 32 9 3.106 5.66
5 50 32 9 3.788 4.52
6 80 32 9 3.882 4.23
7 100 32 9 3511 4.36
8 150 32 9 2.642 4.43
9 510 32 9 1.962 7.35

a QJ J a aa ! Y LY dy Y =
A5 2 HANIENUVBINITUIUAIIAIUANUHNANDBRNTINITVIALUBIULAZDATINIITEAN

N507090LaN1ATA
Experiments No. | On-time (us) | Off-time (us) Current (A) MRR (mm>/min) EWR (%)
1 32 2 9 5.783 8.70
2 32 10 9 4.835 6.17
3 32 20 9 4.492 4.04
a 32 32 9 3.112 3.04
5 32 50 9 2.928 3.17
6 32 80 9 1.492 3.09
7 32 100 9 0.777 3.34
8 32 150 9 0.341 3.58
9 32 510 9 0.032 7.41




A1 3 KANTENUYRINISUSUAINSELa TN NTNan20n51N1SUILLBIURALONTINTS

Anvisevesdianingn
Experiments No. | On-time (us) | Off-time (us) | Current (A) MRR (mm?>/min) EWR (%)
1 32 2 3 0.064 33.33
2 32 2 6 0.137 45.06
3 32 2 9 0.224 47.11
4 32 2 12 0.281 53.33
5 32 2 15 0.272 72.41
6 32 2 18 0.191 100




= a ¢ 1w o = Yy ad = acd a v v
2. ﬂ']'iﬂﬂ‘l‘.‘ﬂLL's’Ig'JLﬂi"lgﬂﬂ"lﬁnLL‘lJ'i‘VlL‘ViﬁJ'WﬁﬂJIun'ﬁg‘U'JUﬂ"l'iLLU?E‘Uaﬂﬂ?ﬂ?ﬁﬂqiﬂﬂﬁqﬁ‘lﬂaLﬁﬂfﬂ'ﬁﬂﬂ’]u‘ll"l\‘i
qus'lﬂﬁ 4 N15Y98991NNTBBNLUUNITNAADILUUUTLENNAY (CCD) ﬁ']V%JUEULLUUﬂ'ﬁaﬂ ﬁ'ﬁl@alﬁﬂﬁ%ﬂﬁ?u%’]\‘iLLU‘U‘Uﬂa

(Side Flushing) @wiuNanausns1n1svdatiiasu

13 mmm%umu T\TW’J“LJE “Lj;’mﬁﬂ Wy, (before) | Wy/lafter) | W,, (befor)-W,, (after) MRR Machining Time
Vnaosdi (mm) flansa | Fuow o) (mm>/min) (min)
1 24x53X90 1 891.341 891.341 845.322 46.019 7.094 833.170
2 Z 845.322 799.851 45.471 8.104 720.650
3 3 799.851 757.120 42.731 6.158 891.220
a4 a4 757.120 713.004 44116 7.166 790.683
5 5 713.004 668.868 44.137 11.568 490.033
6 24x53X90 1 891.343 891.343 843.496 a47.847 17.168 357.950
7 2 843.496 802.355 41.141 9.820 538.083
8 3 802.355 757.960 44.395 15.488 368.150
9 a4 757.960 720.956 37.004 4.636 1025.150
10 5 720.956 676.790 44.166 7.930 715.317
11 24x53X90 1 891.34 891.340 847.236 44.104 4.799 1180.367
12 2 847.236 803.072 4a.164 6.192 916.050
13 3 803.072 758.853 44.219 10.672 532.167
14 a 758.853 715.313 43.540 18.965 294.867
15 5 715.313 671.380 43.932 9.224 611.717
16 24x53X90 1 891.343 891.343 847.329 44.014 15.805 357.667
17 2 847.329 803.197 44.133 8.361 677.933




18 3 803.197 760.722 42.475 7.223 755.267
19 a4 760.722 716.584 44.138 8.575 661.100
20 5 716.584 672.426 44.158 9.258 612.600
21 24x53X90 1 891.341 891.341 823.525 67.816 5.7125 1521.400
22 2 823.525 771.866 51.659 18.784 353.217
23 3 771.866 726.546 45.320 8.667 671.600
24 4 726.546 682.518 44.028 10.912 518.217
25 5 682.518 638.316 44.202 8.922 636.300
26 24x53X90 1 891.34 891.34 847.166 44174 8.679 653.700
27 2 847.166 803.045 44.122 8.999 629.717
28 3 803.045 761.360 41.685 9.092 588.850
29 4 761.360 716.037 45.322 8.853 657.517
30 5 716.037 671.813 44.225 10.005 567.717
31 24x53X90 1 891.342 891.342 847.212 44.130 8.049 704.167




A1397 5 N1INAABIIINNNTORNLUUNITNARDIRUUUIZALNA1R (CCD) dmsuuiuunisan ansladidnesndudnsuwuuund dmwduna

MBUBNTINITANNTBVBIBLANIATA

FUNU 3‘171" YU AU density W | density Wy, We We (after) Wy, (before) W,, (after) EWR (%)
i dianlnsn (mm) (g/cm’) (¢/cm?) (before)
(mm)

1 1 12.042 100.005 8.94 7.786 101.864 101.327 891.341 845.322 1.339
2 12.041 100.02 8.94 1.786 101.862 101.753 845.322 799.851 0.276
3 12.006 100.004 8.94 7.786 101.255 100.714 799.851 757.12 1.454
4 12.01 100.001 8.94 7.786 101.319 101.214 157.12 713.004 0.274
5 12.014 100.013 8.94 7.786 101.399 100.225 713.004 668.868 3.056

2 6 12.013 100.007 8.94 7.786 101.376 101.128 891.343 843.496 0.595
7 12.002 100.012 8.94 7.786 101.196 100.575 843.496 802.355 1.732
8 12.05 100.004 8.94 7.786 101.998 101.773 802.355 757.96 0.583
9 12.007 100.011 8.94 7.786 101.279 100.946 757.96 720.956 1.034
10 12.017 100.002 8.94 7.786 101.439 101.388 720.956 676.79 0.132

3 11 12.009 100.001 8.94 7.7186 101.303 100.792 891.34 847.236 1.329
12 12.019 100.002 8.94 7.786 101.472 101.440 847.236 803.072 0.084
13 12.025 100.01 8.94 7.786 101.582 100.816 803.072 758.853 1.988
14 12.032 100.002 8.94 7.786 101.692 101.545 758.853 715.313 0.389
15 11.986 100.006 8.94 7.7186 100.920 100.195 715.313 671.38 1.895

4 16 11.996 100.003 8.94 7.786 101.085 100.943 891.343 847.329 0.371
17 12.013 100.014 8.94 7.786 101.383 100.810 847.329 803.197 1.493




18 12.04 100.002 8.94 7.786 101.827 101.745 803.197 760.722 0.223
19 12.016 100.001 8.94 7.786 101.421 101.166 760.722 716.584 0.662
20 12.016 100.004 8.94 7.786 101.424 101.203 716.584 672.426 0.575
21 12.014 100.003 8.94 7.786 101.389 101.067 891.341 823.525 0.546
22 12.048 100.006 8.94 7.7186 101.967 101.568 823.525 771.866 0.887
23 11.994 100.013 8.94 7.786 101.062 100.794 771.866 726.546 0.678
24 11.998 100.001 8.94 7.786 101.117 100.880 726.546 682.518 0.619
25 12.022 100.002 8.94 7.786 101.523 101.307 682.518 638.316 0.561
26 12.018 100.004 8.94 7.786 101.457 101.210 891.34 847.166 0.644
27 12.011 100.003 8.94 7.786 101.338 101.085 847.166 803.045 0.660
28 12.003 100.01 8.94 7.786 101.210 100.951 803.045 761.36 0.715
29 12.01 100.001 8.94 7.786 101.319 101.068 761.36 716.037 0.638
30 12.025 100.002 8.94 7.786 101.574 101.320 716.037 671.813 0.658
31 12.012 100.005 8.94 7.786 101.357 101.155 891.342 847.212 0.526




= a ¢ 1w o =2 v = acd a 1 a
3, ﬂ']'iﬂﬂ‘l‘.‘ﬂLtag'Jﬂ'i'lg‘l’iﬂ']ﬁ'lLL‘U'ﬁ‘VIL‘VIQJ']$ﬁ3J1Uﬂ'i$U’J‘Uﬂ"I‘§LLUigﬂaﬂﬂ'«lﬂﬂqiﬂﬂﬁq'ﬂﬂaLaﬂﬁliﬂwquuﬂuﬂaqﬂataﬂiﬂiﬂ

WUUKAEA
AN590 6 N15NARBIIINNNTBDNKUUNNINARDIMUYYSEANNAN (CCD) dmsuguuuunisinasindiansSnuuu Multi-aperture

Flushing U9WanausnIIN1IIIALLDIU

N9 PUIATUIY UG v Wy, (before) | W, (after) Wy, (befor)-W,, (after) MRR Machining Time
VA (mm) flansa | Fuow (o) (mm?/min) (min)
1 24x53X90 1 891.341 891.341 844.032 47.309 8.520 713.167
2 2 844.032 800.265 43.767 10.092 557.000
3 3 800.265 754.143 46.123 8.112 730.250
a a 754.143 710.370 43.773 8.819 637.483
5 5 710.370 660.675 49.694 11.998 531.967
6 24x53X90 1 891.340 891.340 847.203 44.137 17.173 330.100
7 2 847.203 805.955 41.248 9.830 538.933
8 3 805.955 761.798 44.157 16.203 350.017
9 a 761.798 718.605 43.193 10.319 537.600
10 5 718.605 674.563 44.041 10.340 547.050
11 24x53X90 1 891.340 891.340 844.852 46.488 7.366 810.583
12 2 844.852 801.016 43.836 9.237 609.517
13 3 801.016 760.291 40.725 12.890 405.783
14 a 760.291 716.252 44.039 21.660 261.133
15 5 716.252 675.684 40.568 10.054 518.233
16 24x53X90 1 891.342 891.342 847.972 43.370 18.415 302.483




17 2 847.972 806.580 41.392 9.694 548.400
18 3 806.580 762.587 43.993 14.704 384.267
19 4 762.587 719.005 43.582 13.687 408.967
20 5 719.005 675.502 43.503 12.344 452.633
21 24x53X90 1 891.343 891.343 849.985 41.358 9.833 540.200
22 2 849.985 798.351 51.635 17.528 378.350
23 3 798.351 755.054 43.297 12.712 437.450
24 a4 755.054 711.416 43.638 13.943 401.967
25 5 711.416 668.593 42.823 11.470 479.517
26 24x53X90 1 891.341 891.341 847.176 44.165 11.332 500.567
27 2 847.176 796.876 50.299 12.062 535.583
28 3 796.876 750.671 46.205 11.605 511.367
29 4 750.671 703.128 47.543 11.739 520.167
30 5 703.128 654.542 48.586 11.871 525.667
31 24x53X90 1 891.343 891.343 840.595 50.748 12.103 538.533




M15199 7 N1INARDININAITOBNLUUNISVABBILUUUTZALNANS (CCD) dmsugunuunisdnansiadiana3nuuy Multi-aperture Flushing

‘U’e]ﬂNaﬁ]@‘Uéjﬁi’]ﬂ’]iﬁﬂﬂi@%@ﬂ@lﬁﬂi@ﬁﬂ

FUNU 3‘171" YU AU density W | density Wy, We We (after) Wy, (before) W,, (after) EWR (%)
i ddnlasn (mm) (g/cm’) (¢/cm?) (before)
(mm)

1 1 12.002 101.654 8.94 7.786 58.665 54.876 891.341 844.032 9.196
2 12.002 101.482 8.94 1.786 58.530 58.175 844.032 800.265 0.931
3 12.001 101.55 8.94 7.786 58.219 54.654 800.265 754.143 8.875
4 11.995 101.341 8.94 7.786 58.530 58.200 754.143 710.37 0.866
5 12.008 101.707 8.94 7.786 58.985 55.400 710.37 660.675 8.283

2 6 12.012 101.75 8.94 7.786 58.015 L-E2E, 891.34 847.203 1.249
7 11.994 101.636 8.94 7.786 58.200 55.800 847.203 805.955 6.681
8 12.01 101.403 8.94 7.786 59.120 58.235 805.955 761.798 2.301
9 12.007 101.837 8.94 7.786 59.260 57.400 761.798 718.605 4.945
10 11.992 101.752 8.94 7.786 58.250 58.035 718.605 674.563 0.561

3 11 12.008 101.744 8.94 7.7186 58.355 54.700 891.34 844.852 9.028
12 12.01 101.805 8.94 7.786 57.900 57.120 844.852 801.016 2.043
13 12.019 101.301 8.94 7.786 58.935 55.800 801.016 760.291 8.839
14 11.993 101.808 8.94 7.786 58.030 57.055 760.291 716.252 2.542
15 12.01 101.645 8.94 7.7186 58.100 54.800 716.252 675.684 9.340

a 16 12.006 101.688 8.94 7.786 58.215 57.600 891.342 847.972 1.628
17 12 101.631 8.94 7.786 58.260 55.500 847.972 806.58 7.656




18 12.01 101.659 8.94 7.786 57.880 57.600 806.58 762.587 0.731
19 12.02 101.775 8.94 7.786 57.995 57.053 762.587 719.005 2.482
20 12.014 101.754 8.94 7.786 57.630 56.915 719.005 675.502 1.887
21 12.01 101.711 8.94 7.786 58.382 57.304 891.343 849.985 2.993
22 12.003 101.623 8.94 7.7186 58.614 57.200 849.985 798.351 3.144
23 11.971 101.573 8.94 7.786 58.400 57.695 798.351 755.054 1.870
24 12.03 101.735 8.94 7.786 57.810 56.815 755.054 711.416 2618
25 12.005 101.846 8.94 7.786 58.095 56.295 711.416 668.593 4.826
26 12.008 101.809 8.94 7.786 58.450 57.100 891.341 847.176 3.510
27 12.01 101.758 8.94 7.786 57.988 56.600 847.176 796.876 3.168
28 12.007 101.766 8.94 7.786 58.553 57.000 796.876 750.671 3.859
29 12.003 101.693 8.94 7.786 58.307 57.000 750.671 703.128 3.157
30 12.011 101.59 8.94 7.786 58.140 56.940 703.128 654.542 2.836
31 11.997 101.622 8.94 7.786 58.850 57.500 891.343 840.595 3.054
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Abstract: This research investigates the effect of machining parameters on material removal rate,
electrode wear ratio, and gap clearance of macro deep holes with a depth-to-diameter ratio over
four. The experiments were carried out using electrical discharge machining with side flushing and
multi-aperture flushing to improve the machining performance and surface integrity. The machining
parameters were pulse on-time, pulse off-time, current, and electrode rotation. Response surface
methodology and the desirability function were used to optimize the electrical discharge machining
parameters. The results showed that pulse on-time, current, and electrode rotation were positively
correlated with the material removal rate. The electrode wear ratio was inversely correlated with
pulse on-time and electrode rotation but positively correlated with current. Gap clearance was
positively correlated with pulse on-time but inversely correlated with pulse off-time, current, and
electrode rotation. The optimal machining condition of electrical discharge machining with side
flushing was 100 ps pulse on-time, 20 ps pulse off-time, 15 A current, and 70 rpm electrode rotation;
and that of electrical discharge machining with multi-aperture flushing was 130 us, 2 us, 15 A,
and 70 rpm. The novelty of this research lies in the use of multi-aperture flushing to improve the
machining performance, enable a more uniform GC profile, and minimize the incidence of recast
layer.

Keywords: electrical discharge machining; gap clearance; macro deep hole; multi-aperture flushing;
side flushing

1. Introduction

Electrical discharge machining (EDM) is a non-traditional machining method that
relies on the electro-thermal effect of the discharge current between the electrode and
workpiece to remove material in dielectric fluid. EDM is used to fabricate machining
holes in tool materials [1-3]. There are three groups of EDM holes, depending on the
cross-sectional area of the electrode: micro (cross-sectional area of electrode <1 mm?), meso
(<10 mm?), and macro (>10 mm?).

The characteristics of the EDM deep hole are subject to several machining parameters,
such as the flushing method and machining depth [4,5]. Non-ideal EDM conditions result
in gap clearance (GC) distortion. Figure la—c show three types of gap clearance distortion:
(a) reverse taper, (b) V-shaped taper, and (c) barrel taper [6-9]. The gap clearance distortion
worsens as the ratio of hole depth to electrode diameter (depth-to-diameter ratio) increases.

The non-flushing EDM technology is unsuitable for deep holes with large depth-
to-diameter ratios due to poor debris removal [10]. In [11], Tanjilul et al. investigated
the effect of debris particle size and flushing mechanism on debris removal efficiency.
The disproportionate depth-to-diameter ratio (i.e., the depth of the copper electrode is
excessively greater than its diameter) induced distortion in the cavity wall. Specifically, in
this research, the copper electrode depth and diameter are 50 mm and 12 mm, resulting
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in a disproportionate depth-to-diameter ratio. Meanwhile, pulse on-time and electrical
current influenced the deep hole profile [12].
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Figure 1. Gap clearance distortion: (a) Reverse taper, (b) V-shaped taper, (c) barrel taper.

Flushing plays a crucial role in the EDM process, since flushing removes debris from
the machining gap and affects the EDM performance and deep hole characteristics [13].
Side flushing is conventionally used in EDM due to its simplicity and relatively efficient
debris removal. The accumulated debris in the machining gap increases the electrical
conductivity of dielectric fluid, giving rise to secondary spark and poor EDM performance.

In deep-hole EDM with side flushing, the increased viscosity of the dielectric fluid in
the narrow machining gap hinders the removal of debris and air bubbles. The inefficient
removal of debris and bubbles induces a secondary spark, resulting in low EDM perfor-
mance. As a result, alternative flushing methods have been proposed, including linear
motor equipped [14], mono hole inner flushing [15], side suction flushing [16], and modi-
fied electrodes [17]. In [14-17], single-channel, multi-channel, and channel-less cylindrical
electrodes were comparatively investigated. The results showed that compared to the
multi-channel electrode, the single-channel electrode is less ideal for blind-hole drilling due
to spike at the center of the hole base. The channel-less cylindrical electrode is commonly
used in die sinking.

Specially designed electrodes were also proposed for specific machining tasks. In [18],
an inclined multi-hole electrode was proposed to reduce the accumulation of debris in
the machining gap. In [19], a novel flushing technique using multiple hollow electrodes
bundled together was investigated in comparison with side flushing using a single solid
electrode in machining titanium alloy.

The material removal rate and electrode wear ratio are commonly used to assess the
EDM performance. Gap clearance determines the dimensional accuracy and quality of
machined holes. The EDM performance metrics (material removal rate, electrode wear ratio,
and gap clearance) deteriorate as the hole depth increases. Nevertheless, the deterioration
could be mitigated by optimizing the machining parameters, such as the pulse on-time,
pulse off-time, current, electrode rotation, flushing method, machining depth, and electrode
different designs. Open-gap voltage also affects the size of the spark gap. Specifically, in
high-conductivity workpieces and electrodes.

The trade-off nature of the material removal rate, electrode wear ratio, and gap
clearance presents challenges to EDM machine operators [20-22]. In [23], a mathematical
model, based on response surface methodology and desirability function, was proposed to
analyze the effect of EDM parameters on metal matrix composite (MMC) material. In [24],
a response surface methodology based on a mathematical model was proposed to establish
the relationship between EDM parameters (pulse on-time, gap voltage, and current) and
material removal rate, gap size, roughness average, and electrode wear ratio. In [25], a
response surface methodology based on the desirability function was utilized to investigate
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the EDM of tool steels, and it was found that a longer pulse on-time increased the material
removal rate while reducing the electrode wear ratio.

The effects of machining parameters on the EDM performance and characteristics
of EDM micro deep holes have been extensively researched [26-28]. However, research
on the effect of machining parameters on the EDM macro deep holes is very limited. In
practice, in macro deep hole machining, EDM with side flushing is prone to gap clearance
distortion, and the distortion worsens as the depth-to-diameter ratio increases [29].

As a result, this research proposes EDM with multi-aperture inner flushing for ma-
chining macro deep holes with a depth-to-diameter ratio greater than four. In addition, the
effects of machining parameters on the material removal rate, electrode wear ratio, and gap
clearance of EDM with conventional side flushing and proposed multi-aperture flushing
were investigated and compared. The machining parameters included pulse on-time,
pulse off-time, current, and electrode rotation. Given the trade-off nature of the material
removal rate, electrode wear ratio, and gap clearance, response surface methodology and
desirability function were used to optimize the machining conditions of EDM with side
flushing and multi-aperture flushing. This study also examined the effect of side flushing
and multi-aperture flushing on the gap clearance profile and surface characteristics. This
research lies in the use of multi-aperture flushing to improve the flushing ability and re-
moval of debris from the machining gap during the EDM of the deep hole process, leading
to the EDM deep holes performance and integrity of the machined surface.

2. Materials and Methods
2.1. Experimental Materials and Setup

In this research, an ARISTECH CNC-EDM 430 electrical discharge machine (Aristech,
Taiwan) with a positive-polarity copper electrode was used to machine AISI P20 plastic
mold steel. The mold steel was 57 mm x 55 mm x 12 mm (W x L x T) in dimension, and
the electrode was of copper (99.90% purity) and 12 mm x 100 mm (& x L) in dimension.

Prior to machining, the mold steel (i.e., workpiece) was polished by a surface grinder
and rotated by 90°. The rotated workpiece was 57 mm x 12 mm x 55 mm (W x L x T) in
dimension, and the machining hole was 50 mm deep. The macro deep holes were fabricated
by EDM with conventional side flushing and proposed multi-aperture flushing. The
dielectric fluid was EDM oil of commercial grade (TOTAL DIEL MS 700, Total Lubrifiants,
Nanterre Cedex, France). The flushing pressure of the side flushing and proposed multi-
aperture flushing were carried out under the same conditions (0.098 MPa). Table 1 tabulates
the chemical composition of the experimental plastic mold steel.

Table 1. Chemical composition of AISI P20 plastic mold steel.

Element C Mn Cr Mo Si S Fe
wt % 0.28 0.6 2.0 0.5 0.2 <0.03 Bal.

Figure 2a shows the schematics of EDM macro deep hole experimental setup. A
specially designed rotary chuck was used in the EDM deep hole process and outfitted
to the EDM machine. The rotary chuck was employed to rotate the electrode, resulting
in improved flushing and debris removal from the machining gap. Figure 2b shows a
prototype of the multi-aperture inner flushing copper electrode. The inner and outer
diameters of the copper electrode are 8.4 mm and 12 mm, respectively. The electrode has
12 inner apertures at the base (1 mm in diameter). The flushing pressure was 0.098 MPa.
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Figure 2. (a) Schematics of electrical discharge machining (EDM) macro deep hole experimental setup (conventional side
flushing and multi-aperture flushing), (b) multi-aperture inner flushing copper electrode (electrode prototype).

Given the depth-to-diameter ratio greater than four (machining depth of 50 mm and
copper electrode diameter of 12 mm), the gap clearance (GC) between the electrode and
workpiece is susceptible to distortion. In this research, the GC profiles of deep holes
machined with side flushing and multi-aperture inner flushing were characterized by
using a 3D handy scanner (Creaform REVscan, Creaform Inc., Levis, QC, Canada) and
noncontact laser scanning confocal microscope (LEXT OLS 5000, Olympus, Tokyo, Japan).
The copper electrode diameter was determined by the 3D handy scanner, and the EDM
deep hole diameter was determined by the noncontact laser scanning confocal microscope.
To determine distortion, the GC was measured at six locations (1, 10, 20, 30, 40, and
50 mm) in the machining direction, as shown in Figure 3. The maximum distortion of
the six locations was used as the GC of a given EDM specimen because the maximum
distortion reflects the effect of the disproportionate depth-to-diameter ratio (i.e., >4). The
microstructure of the copper electrode and machined workpiece was analyzed by scanning
electron microscopy (SEM) (JSM-5800LV, JEOL, Peabody, MA, USA), and the elemental
composition was analyzed by energy-dispersive spectrometry (EDS) (X-Max, OXFORD
Instruments, Concord, MA, USA). The effect of a secondary spark on the copper electrode
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of EDM with side flushing and multi-aperture flushing were characterized by using digital
microscope (DSX 1000, Olympus, Japan).
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Figure 3. The gap clearance profiles: (a) dismembered AISI P20 tool steel workpieces, (b) maximum gap clearance (GC)
distortion measurement, (c) locations of GC distortion measurement.

2.2. Experimental Design

RSM-based central composite design (CCD) was used to individually optimize the
machining parameters of EDM deep hole that maximized material removal rate (MRR)
while minimizing electrode wear ratio (EWR) and gap clearance (GC). There were four ma-
chining parameters: pulse on-time, pulse off-time, current, and electrode rotation. Table 2
tabulates the design scheme of the machining parameters and their levels: low, center,
and high. The CCD generated 31 machining conditions, consisting of 16 factorial points,
7 center points, and 8 axial points. The EDM parameters and corresponding parametric
values were based on previous studies on EDM using modified copper electrodes [4,30,31].

Table 2. Design scheme of machining parameters and their levels.

Factor o . it Levels
. arameters ni
Symbol/Notation Low (-1) Center (0) High (+1)
A (ton) Pulse on-time us 50 100 150
B (toff) Pulse off-time us 2 10 20
cO Current A 9 12 15
D (N) Electrode rotation rpm 0 35 70

In this research, the workpiece and electrode were weighed before and after the
deep hole machining with 0.001-g precision scale. The MRR and EWR was calculated by
Equation (1) and (2), respectively.

(Wasr — Warp)

3
oot <10 )

MRR (mm3/ min) =

oy (WEr —WE X py)
EWR (%) (Wat = Wan % p£) x 100 )
In Equation (1), Wy1 and Wy, represent the weight of the workpiece before and after
deep hole machining; and p; and Mt stand for the density of the workpiece (AISI P20,
7.786 g/ cm?®) and EDM machining time (min), respectively. In Equation (2), Wg; and W,
represent the electrode weight before and after machining; and pr is the density of copper
electrodes (8.94 g/cm?) [20,24].
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2.3. Multi-Response Optimization

Due to the trade-off nature of the responses (MRR, EWR, and GC), this research
utilized the desirability function to collectively optimize the machining parameters. A
desirability function assesses the effectiveness of a collection of machining parameters in
satisfying the response goals. Specifically, the composite desirability function (D) is the
summation of individual desirabilities (d;).

The individual desirability scores (d;) range from 0 to 1, where 0 indicates a response
outside the parameter boundaries and 1 indicates an ideal response. Higher individual
desirabilities (d;) contribute to a higher composite desirability (D) [32]. The individual
desirability functions for maximum and minimum responses are expressed in Equations
(3) and (4), respectively. In this research, the response goals are the maximum MRR and
minimum EWR and GC.

w
U yi <Li
di=q| $=¢ Li<y <T, ®)
1 yi>T;
w
u_Q _ vi <Ti
di=1{ | u=t T; < y; < Ui @)
1 yi > U;

where di is the individual desirability function, L; is the lower limit, U; is the upper limit, y;
is the response, T; is the target response, and w is the individual desirability weight. The
desirability weight was varied between 0.1 and 10, depending on the emphasis given to a
particular response.

Likewise, the composite desirability function (D) scores range from 0 to 1, where 0
indicates a response outside the parameter boundaries and 1 indicates an ideal response.
The desirability weight (w) was varied between 0.1 and 10, depending on the emphasis
given to a particular response [33]. The composite desirability function (D) to optimize a
collection of machining parameters is expressed in Equation (5).

B2 (dlwl X do®2 5. X dnw”)l/" - [H (diwf)}l/w )

3. Results and Discussion

3.1. Effect of the Machining Parameters on MRR of EDM With Side and Multi-Aperture Flushing
Table 3 tabulates the analysis of variance (ANOVA) results of the reduced regression

model for MRR of EDM with side flushing (MRRg¢). MRR¢; was significantly correlated

to pulse on-time (A), current (C), current squared (C?), and interaction between A and C

(p < 0.05), with R? and adjusted R? of 85.33% and 83.07%. The reduced multiple regression

model for MRRsf is expressed in Equation (6).

Table 3. The ANOVA of the reduced regression model for material removal rate (MRR) of EDM with
side flushing.

Source  Sum of Squares ]13:egree of Mean F-Value p-Value Coefficient
reedom Square
Model 364.13 4 91.033 37.80 <0.001 22.0391
A 55.86 1 55.859 23.19 <0.001 —0.0619
C 269.82 1 269.816 112.02 <0.001 —3.2590
C? 14.85 1 14.846 6.16 0.020 0.1558
AC 23.61 1 23.612 9.80 0.004 0.0081
Error 62.62 26 2.409
Total 426.76 30

R2 =85.33% R? (adj) = 83.07%
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MRRyf =22.0391 — 0.0619A — 3.2590C + 0.1558C2 + 0.0081AC (6)

Figure 4 illustrates the MRR of EDM with side flushing as a function of pulse on-time
and current. MRRg; is positively correlated with pulse on-time and current. A longer pulse
on-time and higher current generated high machining temperatures and high-intensity
electrical discharge, resulting in efficient material removal. In Figure 4, the maximum
MRRg¢ was achieved under 150 ps pulse on-time and 15 A current.

10 4

MRR (mm*/min)

(7 /- 15
(LT 7777
| LT /
5 CLZTFAIT T T 7 / 2
— / P i‘\
— &
50 —r— §
100 < g— K

Figure 4. MRR; as a function of pulse on-time and current, given pulse off-time = 10 us and electrode

rotation = 35 rpm.

Table 4 presents the ANOVA results of the reduced regression model for MRR of
EDM with multi-aperture flushing (MRR,,¢). MRR ¢ was significantly correlated to pulse
on-time (A), pulse off-time (B), current (C), electrode rotation (D), and AC interaction
(p < 0.05), with R? and adjusted R? of 92.64% and 91.16%. Equation (7) is the reduced
multiple regression model for MRR,¢.

MRR¢ = 8.90 — 0.0805A — 0.1016B — 0.038C + 0.01709D + 0.01021AC (7)

Table 4. The ANOVA of the reduced regression model for the material removal rate (MRR) of EDM

with multi-aperture flushing.

Source = Sum of Squares Hegregsf Mean F-Value p-Value Coefficient
Freedom Square
Model 295.459 5 59.092 62.89 <0.001 8.90
A 79.632 1 79.632 84.76 <0.001 —0.0805
B 15.127 1 15.127 16.10 <0.001 —0.1016
C 156.722 1 156.722 166.81 <0.001 —0.038
D 6.438 1 6.438 6.85 0.015 0.01709
AC 37.540 1 37.540 39.96 <0.001 0.01021
Error 23.488 25 0.940
Total 318.948 30

R2 =92.64% R? (adj) = 91.16%

In Figure 5a, MRR,; was positively correlated with pulse on-time and current. A
longer pulse on-time and higher electrical current generated higher temperatures in the
machining gap, resulting in higher material removal efficiency. A shorter pulse off-time and
faster electrode rotation improved the material removal in the machining gap (Figure 5b).
Based on Figure 5a,b, the maximum MRR,,s was achieved under 150 ps pulse on-time, 2 us
pulse off-time, 15 A current, and 70 rpm electrode rotation.
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Figure 5. MRR,, ¢ as a function of (a) pulse on-time and current, given pulse off-time = 10 ps and electrode rotation = 35 rpm,
(b) pulse off-time and electrode rotation, given pulse on-time = 100 s and current = 12 A.

3.2. Effect of the Machining Parameters on EWR of EDM with Side and Multi-Aperture Flushing

Table 5 presents the ANOVA results of the reduced regression model for EWR of
EDM with side flushing (EWRgf). EWR¢s was significantly correlated to pulse on-time (A),
current (C), electrode rotation (D), square of the pulse on-time (A?), and AC and BC
interactions (p < 0.05), with R? and adjusted R* of 93.24% and 91.18%. The reduced
multiple regression model for EWR; is expressed in Equation (8).

EWRy = 0.887 — 0.0320A + 0.0423B + 0.2355C — 0.0034D + 0.00015A% — 0.000975AC — 0.00412BC (8)

Table 5. The ANOVA of the reduced regression model for electrode wear ratio (EWR) of EDM with
side flushing.

Source  Sum of Squares peasfedt e F-Value p-Value Coefficient
Freedom Square
Model 11.8348 7 1.69069 45.31 <0.001 0.887
A 8.5257 1 8.52570 228.48 <0.001 —0.0320
B 0.0730 1 0.07301 1.96 0.175 0.0423
C 1.3916 1 1.39160 37.29 <0.001 0.2355
D 0.2554 1 0.25537 6.84 0.015 —0.0034
A? 1.0609 1 1.06094 28.43 <0.001 0.00015
AC 0.3425 1 0.34252 9.18 0.006 —0.000975
BC 0.1979 1 0.19793 5.30 0.031 —0.00412
Error 0.8582 23 0.03731
Total 12.6930 30

R? =93.24% R? (adj) = 91.18%

Figure 6a,b illustrates the EWR of EDM with side flushing (EWRsf) as a function
of pulse on-time and current, and pulse off-time and current. In Figure 6a, the pulse
on-time was inversely correlated with EWR. Under 50 ps pulse on-time condition, the
high EWRsf was attributable to the movement of electrons from the workpiece (cathode)
to the positive-polarity electrode. On the other hand, a longer pulse on-time (150 ps)
expanded the plasma channel radius, leading to the movement of positive ions from the
positive-polarity electrode to the workpiece and the collision of positive ions. As a result,
the EWR decreased with increase in pulse on-time [34].
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Figure 6. EWRg; as a function of: (a) pulse on-time and current, given pulse off-time = 10 ps and electrode rotation = 35 rpm,
(b) pulse off-time and current, given pulse on-time = 100 pus and current =12 A.

‘ Spectrum 1

In Figure 6b, at 2 ps pulse off-time, EWRsf significantly increased with higher current.
On the other hand, at longer pulse off-time (20 ps), EWRsf was lower as the current
increased. Based on Figure 6a,b, the minimum EWRsf was achieved with 150 pus pulse
on-time, 20 ps pulse off-time, and 9 A current.

More specifically, in Figure 6a, given 50 ps pulse on-time, EWR significantly increased
with the increase in the current. Meanwhile, under the longer pulse on-time (150 ps), a
higher current had a minimal effect on EWR. The longer pulse on-time and higher electrical
current induced the formation of film-like carbon black on the copper electrode as carbon in
the workpiece migrated to the electrode [35]. The film-like carbon black protected against
the electrode wear, resulting in lower EWR [2].

Figure 7a shows the film-like carbon black on the electrode and the SEM micrograph
at 40 mm depth, given 150 us pulse on-time and 15 A current. Figure 7b illustrates the
corresponding EDS compositional analysis, with 51.89% carbon element, 9.85% oxide
element, 25.51% copper element, 11.85% Fe element, and other elements.

Carbon element on the
electrode surface

Mo Fe
9 Cr P Cu
; v crfife a cu
T T T T f T T ™
g 4 6 8 10
600 um Electron Image 1 Full Scale 18193 cts Cursor: 0.000 kev
(a) (b)

Figure 7. Film-like carbon black on copper electrode: (a) SEM micrograph at 40 mm depth, (b) energy-dispersive spectrome-
try (EDS) compositional analysis.

The ANOVA results of the reduced regression model for EWR of EDM with multi-
aperture flushing (EWR,¢) are tabulated in Table 6. EWR,, was significantly correlated
to pulse on-time (A), square of pulse on-time (A?), and pulse off-time (B), current (C) and
pulse off-time (B), electrode rotation (D) interaction (p < 0.05), with R? and adjusted R? of
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EWR,ys =

EWR (%)

91.31% and 87.59%. The reduced multiple regression model for EWR ¢ is expressed in
Equation (9).

14.80 — 0.2181A + 0.190B + 0.219C — 0.0843D + 0.000756A2 + 0.000093AD — 0.01976BC + 0.001769BD

+0.00404CD ©)

Table 6. The ANOVA of the reduced regression model for electrode wear ratio (EWR) of EDM with

multi-aperture flushing.

Source  Sum of Squares Degree of Mean F-Value p-Value Coefficient
Freedom Square
model 227.120 9 25.234 32.82 <0.001 14.80
A 182.049 1 182.049 176.89 <0.001 —0.2181
B 0.343 1 0.343 0.330 0.570 0.190
C 3.312 1 3.312 3.220 0.087 0.219
D 1.110 ¥ 1.110 1.08 0.311 —0.0843
A? 26.896 1 26.896 26.13 <0.001 0.000756
AD 0.420 1 0.420 0.410 0.530 0.000093
BC 4.560 1 4.560 4.83 0.048 —0.01976
BD 4.976 1 4.976 3.78 0.039 0.001769
CD 2.874 1 2.874 2.79 0.110 0.00404
Error 32.881 21 1.029
Total 248.715 30

R%=91.31% R? (adj) = 87.59%

In Figure 8a, EWR,¢ and pulse on-time were inversely correlated, and the electrode
rotation had a negligible effect on EWR. In Figure 8b, at 2 us pulse off-time, EWR ¢
was inversely correlated to the electrode rotation. The lower EWR ¢ was attributable to
greater flushing capability of the multi-aperture inner scheme, which resulted in higher
debris removal efficiency as the electrode rotation increased. At 20 us pulse off-time, EWR ¢
increased with increase in the electrode rotation. Based on Figure 8a,b, the minimum EWR ¢
was achieved with 150 us pulse on-time, 2 us pulse off-time, and 70 rpm electrode rotation.

3.0
@S
= |
AT 70
D
&(\
1.5 35 \C\\\
- &
y 10 0 g
ulse Ofﬁrmw (us) 20 ({\a}".‘é
(b)

Figure 8. EWR,¢ as a function of (a) pulse on-time and electrode rotation, given pulse off-time = 10 ps and current 12 A,
(b) pulse off-time and electrode rotation, given pulse on-time = 100 s and current = 12 A.

3.3. Effect of the Machining Parameters on GC of EDM with Side and Multi-Aperture Flushing

Table 7 presents the ANOVA results of the reduced regression model for the GC of
EDM with side flushing (GCgf). GCq¢ was significantly correlated to pulse on-time (A),
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current (C), and BD and CD interactions (p < 0.05), with R? and adjusted R? of 90.26% and
87.82%. The reduced multiple regression model for GCy; is expressed in Equation (10).

GCsp = 0.0843 + 0.000398A + 0.000434B + 0.005006C + 0.0006D — 0.000014BD — 0.000037CD (10)

Table 7. The ANOVA of the reduced regression model for gap clearance (GC) of EDM with side flushing.

Source  Sum of Squares ]l):egree of Mean F-Value p-Value Coefficient
reedom Square
Model 0.039611 6 0.006602 37.05 <0.001 0.0843
A 0.028481 1 0.028481  159.84 <0.001 0.000398
B 0.000019 1 0.000019 0.10 0.750 0.000434
C 0.008889 1 0.008889 49.89 <0.001 0.005006
D <0.00001 1 <0.00001  <0.001 0.999 0.0006
BD 0.001246 1 0.001246 6.99 0.014 —0.000014
CD 0.00097 1 0.000977 5.48 0.028 —0.000037
Error 0.004276 24 0.000178
Total 0.043888 30

R%2 =90.26% R? (adj)= 87.82%

Figure 9a—c illustrates the GC of EDM with side flushing (GCg¢) as a function of pulse
on-time and current; pulse off-time and electrode rotation; and current and electrode
rotation, respectively. In Figure 9a, GC¢ was positively correlated to pulse on-time and
electrical current. With side flushing, a longer pulse on-time and higher current gener-
ated higher temperatures and higher intensity discharge, enhancing machining efficiency.
Nevertheless, the enhanced machining resulted in the rapid accumulation of debris and
eventually wider GCyg;, given the limited debris removal efficiency of side flushing [25].
GC,f became disproportionately wider as the depth-to-diameter ratio increased.

| 0.390

0.4s |
| 0385 |
-~ E ‘
E 0.40 2
8 | g 0373
0.35 N ‘
0.370
\ |
0.30 / 12&@. 2
50 : / ;
100 ; N
Pulse On-~time (1s) ]50
: (b)

GC (mm.)

CU(Tcm (/\)

(0)

Figure 9. GCy; as a function of (a) pulse on-time and current, given pulse off-time = 10 pus and electrode rotation = 35 rpm,
(b) pulse off-time and electrode rotation, given pulse on-time = 100 us and current = 12 A, (c) current and electrode rotation,
given pulse on-time = 100 ps, and pulse off-time = 10 ps.
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GCyr = 0.1758 — 0.000449A — 0.002395B — 0.00141C — 0.00045D + 0.000001D? + 0.000022AB + 0.000041AC +

In Figure 9b, a longer pulse off-time and faster rotational speed resulted in narrower
GCqs as sufficient time was provided for the removal of debris. In Figure 9c, GCg¢¢ became
wider as the current increased. Nevertheless, the CG distortion was partially offset with
increased electrode rotation speed. The minimum GCg was achieved with 50 us pulse
on-time, 2 ps pulse off-time, 9 A current, and 70 rpm electrode rotation.

Table 8 presents the ANOVA results of the reduced regression model for GC of
EDM with multi-aperture flushing (GCp¢). GCpy¢ was significantly correlated to pulse
on-time (A), current (C), electrode rotation (D), and AB and AC interactions (p < 0.05), with
R? and adjusted R? of 78.34% and 70.46%. The reduced multiple regression model for GCyy¢
is in Equation (11).

0.000001AD ()

Table 8. The ANOVA of the reduced regression model for gap clearance (GC) of EDM with multi-
aperture flushing.

Source  Sum of Squares Degegof Mean F-Value p-Value Coefficient
Freedom Square
model 0.010194 8 0.001699 13.84 <0.001 0.1758
A 0.005277 1 0.005277 43.00 <0.001 —0.000449
B 0.000038 1 0.000038 0.31 0.585 —0.002395
C 0.001217 1 0.001217 9.92 0.004 —0.00141
D 0.001503 1 0.001503 12.25 0.002 —0.00045
D? 0.000006 1 0.000006 0.22 0.829 0.000001
AB 0.001616 1 0.001616 13.16 0.001 0.000022
AC 0.000619 1 0.000619 5.04 0.034 0.000041
AD 0.000093 1 0.000093 0.85 0.407 0.000001
Error 0.002945 22 0.000123 - - -
Total 0.013139 30 - - - -

R? =78.34% R? (adj) = 70.46%

In Figure 10a, GC,,f was positively correlated to pulse on-time and pulse off-time. A
longer pulse on-time and longer pulse off-time increased the material removal efficiency
and accumulation of debris. By comparison, GC,,; was narrower than GCq due to the
greater debris removal efficiency of multi-aperture flushing. In Figure 10b, a longer pulse
on-time increased the width of GC,¢, and the distortion worsened with increase in the
electrical current. In Figure 10c, the GC, ¢ width increased with increase in the pulse
on-time, while increased electrode rotation speeds minimally affected the GCy.

3.4. Multi-Response Optimization Using Desirability Function.

The machining parameters (pulse on-time, pulse off-time, current, and electrode
rotation) were collectively optimized by using the desirability function to achieve maximum
MRR and minimum EWR and GC. The objective functions were mathematically expressed
in Equations (12)—(14), subject to the parameter boundaries.

Table 9 tabulates the criteria for multi-response optimization of EDM with side flush-
ing. The output responses were assigned equal importance, while the weights (w) were
1.2, 1.0, and 1.0 for GC, EWR, and MRR. The depth-to-diameter ratio greater than four
(machining depth of 50 mm and copper electrode diameter of 12 mm) rendered GC highly
susceptible to distortion, resulting in the greater weight for GC (1.2). The optimal machin-
ing condition of EDM with side flushing was 100 ps pulse on-time, 20 s off-time, 15 A
current, and 70 rpm electrode rotation.
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Figure 10. GC ¢ as a function of (a) pulse on-time and pulse off-time, given current = 12 A and electrode rotation = 35 rpm,
(b) pulse on-time and current, given pulse off-time = 10 us and electrode rotation = 35 rpm, (c) pulse on-time and electrode

rotation, given pulse off-time = 10 us and current = 12 A.

Table 9. Criteria for multi-response optimization of EDM with side flushing.

Output Response Goal Lower (L;) Upper (U;) Weight (w) Importance
Pulse on-time (ps) In range 50 150 1 -
Pulse off-time (ps) In range 2 20 1 -
Current (A) In range 9 46 1 -
Electrode rotation In Tangs 0 70 1 B
(rpm)
GC (mm) Minimum 0.1545 0.238 1.2 1
EWR (%) Minimum 0.0840 3.056 1.0 1
MRR (mm?/min) Maximum 4.636 18.9650 1.0 1
Objective functions:
Maximize MRR = f(ton, t, 1, N) (12)
and
Minimize EWR and GC = f (ton, t, 71, N) (13)
Subject to,
50 <ty <150
2 < typp < 20 (14)

9<I<15
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Table 10 tabulates the criteria for multi-response optimization of EDM with multi-
aperture flushing. Similarly, the output responses were assigned equal importance, while
the weights (w) were 1.2, 1.0, and 1.0 for GC, EWR, and MRR. The optimal machining
condition of EDM with multi-aperture flushing was 130 us pulse on-time, 2 ps off-time,
15 A current, and 70 rpm electrode rotation. However, the machining parameter of our
EDM machine was step-type controlled, the pulse on-time could only be set at 80, 100, 150,
or 200 ps. Therefore, in the following confirmation test, the pulse on-time was set at 150 ps,
which was the closest value of the optimal pulse on-time.

Table 10. Criteria for multi-response optimization of EDM with multi-aperture flushing.

Output Response Goal Lower (L;) Upper (U;) Weight (w) Importance
Pulse on-time (us) In range 50 150 1 -
Pulse off-time (us) In range 2 20 1 -
Current (A) In range 9 15 1 -
Electrode rotation Inringe 0 70 1 B

(rpm)

GC (mm) Minimum 0.1125 0.211 1.2 1
EWR (%) Minimum 0.3690 8.742 1.0 1
MRR (mm?3 /min) Maximum 7.366 21.660 1.0 1

To verify, experiments were carried out with five specimens of AISI P20 mold steel
under the optimal conditions of EDM with side flushing and multi-aperture flushing.
Tables 11 and 12 compare the predicted and experimental results of EDM with side flushing
and multi-aperture flushing, respectively. In the Table 11, the experimental and RSM-
predicted results were comparable, as evidenced by the average of error percentages
below 5.4%. Specifically, in Table 12, the percentage errors of GC of EDM with multi-
aperture flushing were noticeably higher than those of EDM with side flushing. The larger
percentage errors of GC could be attributed to two key reasons: first, the substantially
lower R? of the prediction model of EDM with multi-aperture flushing (78.34%; Table 8),
in comparison with that of EDM with side flushing (90.26%; Table 7); and second, the
machining parameter of our EDM machine was step-type controlled. The pulse on-time
of the experimental multi-aperture flushing EDM machine ranges from 2 to 510 ps (i.e.,
2, 4,8, 10, 16, 20, 50, 80, 100, 150, 200, 400, and 510 ps). However, the optimal pulse
on-time of EDM with multi-aperture flushing was 130 ps. Given the machine limitation,
the pulse on-time of 150 us was used in the experiment while the pulse off-time, current,
and electrode rotation were optimal values (2 us, 15 A, and 70 rpm), thereby resulting in
larger percentage errors of GC.

Table 11. The response surface methodology predicted and experimental results under the optimal machining condition of

EDM with side flushing.
Material Removal Rate Electrode Wear Ratio Gap Clearance
Parameters 3 o
(mm?/min) (%) (mm)
Exp.  Ppulse Pulse
No. on- off- Current ]IE{letc ttr.o de EXP. Predicti Error EXP. Predicti Error EXP. Predicti Error
Time Time A) otation 4 rediction (%) 4 rediction (%) 4 rediction  ~ o )
(rpm)
(us) (us)
1 100 20 15 70 15.100 14.166 6.59 0.620 0.622 —0.32  0.200 0.191 471
2 100 20 15 70 15.352 14.166 8.37 0.675 0.622 8.52 0.204 0.191 6.80
3 100 20 15 70 14.851 14.166 4.83 0.639 0.622 2.73 0.194 0.191 1.57
4 100 20 15 70 14.961 14.166 5.61 0.660 0.622 6.10 0.197 0.191 3.14
5 100 20 15 70 15.729 14.166 11.03  0.581 0.622 —6.59  0.211 0.191 10.47

Average 15.200 7.286  0.635 4.856 0.201 5.338
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Table 12. The response surface methodology predicted and experimental results under the optimal machining condition of
EDM with multi-aperture flushing.

Material Removal Rate Electrode Wear Ratio Gap Clearance
Parameters 3, . o
(mm3/min) (%) (mm)
Exp.  pulse Pulse
No. on- off- Current Electr.o de .. Error . . Error . Error
Time Time (A) R;)rtart:;n EXP. Prediction (%) EXP. Prediction (%) EXP. Prediction (%)
(us) (us) P
1 150 2 15 70 21.660 20.236 7.036 1.588 1.737 —8.578 0.196 0.169 15.90
2 150 2 15 70 21.421 20.236 5.855 1.637 1.737 —5.757  0.201 0.169 18.86
3 150 2 15 70 20.806 20.236 2.816 1.772 1.737 —2.014 0.206 0.169 21.80
4 150 2 15 70 21.159 20.236 4.561 1.591 1.737 —8.405 0.205 0.169 21.23
5 150 2 15 70 20.983 20.236 3.691 1.602 1.737 —7.772  0.199 0.169 17.68
Average 21.206 4.792 1.638 6.5052 0.201 19.094

On the other hand, the experiments with the EDM with side flushing were carried out
as per the optimal machining condition, resulting in substantially lower percentage errors.
Despite the considerably larger GC percentage errors of the multi-aperture flushing EDM,
its GC profile was more uniform than that of side flushing EDM, as shown in Figure 11.

Electrode diameter 12 mm

-2-100,20,15,70 optimal condition

-+ 150,2,15,70 optimal condition 1 L —a-150.2.15.70 condition

Side flushing

0 0
| ‘ \ |
: | 1 24
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E ' |
5 |
= :
L e a1 B S C o 1l {20
= |
SolsNhiN
é 30 ‘ 30
o ‘ |
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E 40 | | | \ 40
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0.35 0.30 0.25 0.20 0.15 0.10 0.0 0.0 0.10 0.15 0.20 0.25 0.30 0.35

Gap clearance (mm)

Figure 11. GC profiles of EDM with side flushing and multi-aperture flushing.

3.5. Comparison between the Performance of EDM with Side Flushing and Multi-Aperture Flushing

In practice, EDM flushing plays an important role in machining macro deep holes. In
addition to the removal of debris from the machining gap, the chosen flushing method
influences MRR, EWR, and GC. Side flushing is typically adopted in EDM due to ease of use
and relatively efficient debris removal. However, for a deep hole with a depth-to-diameter
ratio greater than three, the conventional side flushing suffers from limited debris removal.
The inefficient flushing induces an accumulation of debris in the machining gap, which
causes a secondary spark and GC distortion [30].

Table 13 compares the machining performance of EDM with conventional side flushing
and the proposed multi-aperture inner flushing under the optimal machining conditions.
The experiments were carried out with AISI P20 mold steel, and the machining performance
metrics were MRR, EWR, GC, and machining time (MT).



Metals 2021, 11, 148

16 of 23

Table 13. Optimal conditions and machining performance of EDM with side and multi-aperture flushing.

Optimal Machining Parameters

i Machinin
Flushing Pulse Pulse Electrode M3RR. E‘;VR GC Time 8
Scheme on-Time off-Time Current(A) Rotation (mm>/min) (%) (mm) (min)

(us) (us) (rpm)
Side flushing 100 20 15 70 15.729 0.581 0.194 339.01
Multi-aperture 150 2 15 70 21.660 1.588 0.196 250.53
flushing

The MMR of multi-aperture flushing (21.660 mm?®/min) was higher than that of side
flushing (15.729 mm?3/min), indicating the higher material removal efficiency of EDM
with multi-aperture flushing. The EWR of multi-aperture flushing (1.588%) was noticeably
greater than that of conventional side flushing (0.581%). The larger EWR was attributable
to the higher intensity discharge on the electrode and smaller surface area of the multi-
aperture flushing electrode in comparison with the side flushing electrode. Specifically,
the multi-aperture flushing significantly improved the recovery of dielectric strength in
the machining gap, which in turn increased the spark intensity. The higher spark intensity
subsequently increased the MRR and EWR [5,19,31].

The GC of multi-aperture flushing (0.196 mm) was minimally wider than that of side
flushing (0.194 mm), while the MT of multi-aperture flushing (250.53 min) was substantially
shorter than that of side flushing (339.01 min). The substantial shorter MT was attributable
to the more efficient flow of dielectric fluid of multi-aperture flushing and enhanced
removal of debris [36].

3.6. Characteristics of GC of EDM with Side and Multi-Aperture Flushing

The GC profiles of EDM with side flushing and multi-aperture flushing were charac-
terized at six machining depths: 1, 10, 20, 30, 40, and 50 mm, using a 3D handy scanner
and noncontact laser scanning confocal microscope. Figure 11 compares the GC profiles
of EDM with side and multi-aperture flushing under their respective optimal machining
conditions, given 50 mm machining depth and 12 mm electrode diameter.

The optimal machining condition of EDM with side flushing was 100 ps pulse on-time,
20 ps pulse off-time, 10 A current, and 70 rpm electrode rotation, while that of multi-
aperture flushing was 150 us pulse on-time, 2 us pulse off-time, 10 A current, and 70 rpm
electrode rotation. The GC profiles of both flushing schemes under the optimal machining
conditions were almost identical (0.194 and 0.196 mm for EDM with side flushing and
multi-aperture flushing). However, the MRR of EDM with multi-aperture flushing was
higher with a substantially shorter machining time (Table 13).

Furthermore, given the identical machining condition for side flushing and multi-
aperture flushing (150 ps pulse on-time, 2 pus pulse off-time, 10 A current, and 70 rpm
electrode rotation), the GC profile of EDM with side flushing exhibited large distortion
at 30 mm machining depth (Figure 11). The large bulge (0.319 mm) was attributable to
the rapid accumulation of debris as a result of enhanced MRR. The rapid accumulation of
debris induced the incidence of a secondary spark, resulting in the GC distortion [37].

Figure 12a,b shows the effect of a secondary spark on the copper electrode of EDM
with side flushing and multi-aperture flushing, respectively. In Figure 12a, large film-like
carbon black was formed on the electrode surface, in addition to ubiquitous secondary
spark craters. In Figure 12b, substantially smaller film-like carbon black was formed on the
tip of the multi-aperture flushing electrode. There were a lower number of secondary spark
craters but of larger sizes. The infrequent incidence of a secondary spark was attributable to
the efficient removal of debris (and low debris accumulation) as a result of multi-aperture
flushing and a faster electrode rotation speed.
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Figure 12. Craters and secondary sparks on the electrode: (a) EDM with side flushing, (b) EDM with multi-aperture flushing.

3.7. Surface Characteristics of EDM Deep Holes

Figure 13a,b shows the cross-sectional SEM images of macro deep holes at 30 mm
machining depth using EDM with side flushing and multi-aperture flushing. Figure 13c,d
illustrates the deep hole surface of EDM with side flushing and multi-aperture flushing.
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Figure 13. SEM images and EDS compositional analysis at 30 mm machining depth: (a) cross-sectional view of side

flushing, (b) cross-sectional view of multi-aperture flushing, (c) deep hole surface of side flushing, (d) deep hole surface of

multi-aperture flushing.
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In Figure 13a, a recast layer was formed on the workpiece machined with side flushing.
The recast layer was the deposition and re-settlement of melted material from the workpiece
and electrode and carbon from the dielectric fluid [38]. The EDS compositional analysis
showed the presence of carbon (46.31% w/w) and oxide elements (44.66% w/w) in great
quantity, as shown in Table 14. The carbon and oxide elements induced the formation of a
recast layer on the workpiece. Micro cracks were observed in the workpiece underneath the
recast layer. The cracks were primarily attributable to the differential thermal contraction
between the higher-temperature recast layer and lower-temperature workpiece [39].

Table 14. EDS analysis of cross-sectional view and top view of deep hole surface of EDM with side and multi-aperture

flushing at 30 mm machining depth.

Cross-?ectional .View Cros:s-Sectional View.of . fT]t:)]l;l\\/iiSv“i,th o ng]gl\\/iisv“iIth
Element of Side Flushing Multi-Aperture Flushing Side Flushing Multi-Aperture Flushing
Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic %
C 46.31 56.03 18.73 51.57 16.44 47.61 16.81 48.33
(@) 44.66 40.56 - - » - - -
Al 1.54 0.83 = - 0.18 0.23 - -
Si 2.44 1.26 0.42 0.49 0.31 0.39 0.30 0.37
Cr 0.12 0.03 1.85 1.17 1.66 1.11 1.88 1.25
Fe 4.94 1.28 76.58 45.35 78.86 49.11 78.62 48.46
Ni - - 0.89 0.50 1.07 0.63 0.83 0.49
Mn - - 1.40 0.84 1.29 0.82 1.34 0.83
Cu - - 0.13 0.07 0.20 0.11 0.22 0.12
Total 100.00 100.00 100.00 100.00

In Figure 13b, no recast layer was detected on the workpiece machined with EDM
with multi-aperture flushing. The carbon and ferrous elements were 18.73 and 76.58%
w/w without the oxide element, indicating the absence of a recast layer (Table 14). The
melted material and debris were efficiently removed with multi-aperture flushing, thereby
minimizing re-solidification. The incidence of recast layer formation on the workpiece
was substantially reduced with multi-aperture flushing. Nevertheless, micro cracks with
shallow penetration depths were observed on the workpiece surface (Figure 13d).

In Figure 13c, the recast layer, melted drops, and spark craters were formed on the
workpiece surface. The workpiece surface appeared smooth, as the recast layer mostly
concealed the spark craters. In Figure 13d, the micro cracks with shallow penetration depths
were observed on the workpiece surface. The shallow micro cracks were attributable to
the rapid recovery of dielectric strength in the machining process. The dielectric strength
induced strong spark and such high temperatures that the heat could not be drawn quickly
enough from the workpiece [40]. In essence, the recast layer formation was substantially
reduced by using the multi-aperture flushing. In addition, the cracks on the workpiece
surface were shallower than those on the side flushing.

Finally, the results of this research were compared to those of previous research as
presented in Table 15. In this research, the proposed multi-aperture flushing improved
the MRR and reduced the machining time. The EDM efficiency was also enhanced as the
electrode rotation improved the flushing of the dielectric liquid out of the machining gap,
resulting in a more uniform GC profile and lower incidence of recast layer. These findings
are consistent with those of Kliuev et al. [13]. They reported that insufficient flushing has a
tendency to increase the recast layer thickness, and the effect is significant for high aspect
ratios of hole diameter and hole depth. Furthermore, better flushing not only enhances
the abilities of deep hole drilling, but it also reduces the recast layer. Previous research of
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Dwivedi et al. [38], which used the same pulse on-time (150 ps), copper electrode, current
(15 A), and electrode rotation, found that the average recast layer thickness obtained from
the rotary tool EDM process is 40.26 um, whereas it is 69.03 um for the stationary tool
EDM. The results show that the rotation of the tool reduces the recast layer thickness
significantly. In case of the same workpiece material, Dewangan et al. [41] showed that
both brass and copper tools show significant influence on affecting the thickness of the

react layer formation when using conventional side flushing.

Table 15. Comparison of the machining characteristics on the recast layer.

Ref.

Electrode/Materials
/Process

Parameters

Key Findings

This research

-Cu-electrode

-AISI P20

-Side and multi-aperture inner
flushing (& 12 mm)

Current (9, 12,15 A)

Pulse on-time (50, 100, and 150 us)
Pulse off-time (2,10, and 20 ps)
Electrode rotation (0-70 rpm)
Polarity (electrode +)

Hole type (Blind)

The recast layer could be observed on
the workpiece machined with side
flushing EDM. However, no recast
layer was detected on the workpiece
machined with multi-aperture flushing.

-Cu-electrode
-Inconel 718

Pulse on-time (32 ps)
Pulse off-time (15 us)

Insufficient flushing has a tendency to
increase the recast layer thickness. The

[13] -Single and multi-channels- Polarity (electrode) effect is significant for high aspect
electrode Voltage (120 V) ratios between hole diameter and hole
-CFD simulations Hole type (Blind) depth.
The average recast layer thickness
gx{;:g;fi&ii’lé%’ ag)d 574 obtained from the rotary tool EDM
-Solid Cu-electrode Pulse off-time (58 35 s) process is 40.26 pm whereas it is 69.03
[38] -AISI D3-Stationary tool and Polarity (+) A\ V4 pm for the stationary tool EDM. The
rotary tool (910 mm) Tool ro}t,ar (0-1000 rpm) results show that the rotation of the tool
Hole ey(Blin d) P reduces the recast layer thickness
yp significantly.
. Current (2,4,6, and 8 A)
bSrzlslieClé)clzfjdreelectrode, Pulse on-time (50,80, and 100 ps) ~ Both brass and copper tool show
[41] -AISI P20 Duty cycle (75,85, and 95%) significant influence on thickness of the
_side flushing (@12 mm) Polarity (Workpiece +, —) react layer formation.
& Hole type (Blind)
-Metal tube Pulse on-time (20 us) .
-Nickel-based- super alloy Pulse off-time (12 ps) jv};fhlztfzai:ﬁ;l Of. EV?E/II? iolt;(;s_;g_verl:d
[42] -Tube-electrode high speed Polarity (electrode —) = ye s W

electrochemical discharge drilling ~ Voltage (80 V)

(ECDD)

thick, but the lateral wall of the hole in
ECDD is almost free of the recast layer.

With different workpiece and electrode materials, it was possible to produce different
machining characteristics, i.e., MRR, EWR, GC, and surface quality. Zheng et al. [42] used
tube-electrode high-speed electrochemical discharge drilling (ECDD) for the machining of
nickel-based superalloy. Their findings indicated that the lateral wall of the EDM hole is
covered with a recast layer, which is 20-30 um thickness, but the lateral wall of the hole in
ECDD is almost free of a recast layer.

A recast layer produced by EDM is named a white layer because of its color after the
etching process. Recast layers exhibit high hardness, good adherence to the bulk material,
and good resistance to corrosion. However, the structure of the recast layer is different from
that of the base material. Although it is favorable in terms of improved wear resistance,
defects such as voids, cracks, and residual stresses result in an overall deterioration of the
component mechanical properties [39].
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4. Conclusions

This research investigated the effect of machining parameters on MRR, EWR, and GC
of macro deep holes of EDM with side flushing and multi-aperture inner flushing. The
depth-to-diameter ratio was greater than four (the hole depth of 50 mm and the electrode
diameter of 12 mm). The machining parameters included the pulse on-time, pulse off-
time, current, and electrode rotation. The following conclusions could be drawn from the
experiments:

1.  The pulse on-time, current, and electrode rotation were positively correlated with
the MRR of side-flushing and multi-aperture-flushing EDM. However, a higher MRR
induced the rapid accumulation of debris and incidence of secondary spark on the
cavity wall, resulting in GC distortion.

2. The EWRs of side flushing and multi-aperture flushing were inversely correlated with
the pulse on-time and electrode rotation but positively correlated with current.

3. Under both flushing schemes, GC was positively correlated with pulse on-time but
inversely correlated with pulse off-time, current, and electrode rotation. The electrode
rotation played a crucial role in the GC characteristics. Specifically, faster rotational
speeds induced centrifugal forces and radial fluid outflow, which enhanced debris
removal efficiency. The higher debris removal efficiency resulted in narrower GC and
lower EWR.

4. Given the trade-off nature of MRR, EWR, and GC, the multi-response desirability
function was used to optimize the machining conditions that maximized MRR and
minimized EWR and GC, given the desirability weights (w) of 1.0 for MRR, 1.0 for
EWR, and 1.2 for GC. The optimal machining condition of EDM with side flushing
was 100 us pulse on-time, 20 ps pulse off-time, 15 A current, and 70 rpm electrode
rotation; and that of multi-aperture flushing was 130 ps pulse on-time, 2 us pulse
off-time, 15 A current, and 70 rpm electrode rotation.

5. The EDM with multi-aperture flushing, given 50 mm machining depth, achieved a
higher MRR and shorter machining time despite greater EWR. Meanwhile, the GC of
side flushing and multi-aperture flushing were almost identical.

6. The recast layer could be observed on the workpiece machined with side-flushing
EDM. However, no recast layer was detected on the workpiece machined with multi-
aperture flushing.

7. Inefficient flushing of dielectric liquid causes debris to accumulate in the machining
gap. The accumulation increases the electrical conductivity of the dielectric liquid, re-
sulting in secondary spark and unsatisfactory machining performance. The proposed
multi-aperture flushing improved the MRR and reduced the machining time. The
EDM efficiency was also enhanced as the electrode rotation improved the flushing
of the dielectric liquid out of the machining gap, resulting in a more uniform GC
profile and lower incidence of recast layer. In essence, the multi-aperture flushing
EDM effectively removes the debris and improves the performance of macro deep
hole machining.
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Abstract. Improper flushing of dielectric fluid adversely affects the dimensional accuracy produced in

EDM deep hole process. This paper investigates the dimensional accuracy (e.g. roundness error and gap
clearance) in EDM deep hole process of AISI P20 tool steel. The inner flushing electrode is newly proposed

in this study, using the multi-hole interior flushing technique coupled with electrode rotation. The results

showed that the multi-hole interior flushing with electrode rotation improves the deviation of roundness
error due to improved flushing. In addition, using multi-hole interior flushing with electrode rotation

provides the cylindrical shape in gap clearance. Finally, a more powerful flushing technique is achieved
with newly purposed multi-hole interior flushing technique on roundness error and gap clearance,

respectively.

1 Introduction

Electrical discharge machining (EDM) is finding a lot of
applications for machining certain materials which
traditionally have been more difficult to machine. Such
developments further enable the growing demand of
higher precision parts, for advancements in automotive
and other industries [1]. The dimensions and accuracies
resultant on machined a hole by EDM process plays a
crucial role when close tolerance components are
required for critical applications like plastic mould and
die part, automotive part etc. During EDM of a deep
hole, machining conditions can be optimized leading to
high process accuracy and greater machining
productivity. However, the flushing stage has been
identified as the most important factor in the determining
the dimensional accuracy [2-3]. In an Electrical
discharge machining operation, the flushing function is
employed to remove the debris in the machining gap and
to sustain the dielectric temperature well below its flash
point. In addition, the influence of electrode rotation
coupled with the flushing technique can increase the
material removal rate (MRR), assisting the removal of
the debris and assuring that the hole is round [4].

During the EDM process both the workpiece and
tool electrode are eroded simultaneously. When the
machining depth is increased, the viscous resistance
within the machining gap impedes in removal of debris
and bubbles from the eroding area resulting in reduced
extensive performance and dimensional accuracy. This
debris activation and secondary spark appearance on the
wall, result in a machined hole that is not ideally
cylindrical but concaved and tapered, which is
undesirable in the precision machining processes.

*Corresponding author: kkkannac @kmitl.ac.th

The study of the surface and accuracies produced
during EDM with rotating electrode have been reported
in [5]. It found that the electrode rotation improves the
surface finish and roundness. Diver et al. [6] developed a
new flushing technique to produce reverse tapered
micro-holes. Excellent hole formation with hole
diameter variations within 3 um were reported.

Recently the authors [7] developed a new
technique of flushing for deep hole by using a multi-hole
interior flushing electrode. We found that flushing
through the tool electrode and multi-hole interior
flushing are more preferred than side flushing. In
addition, the effects of improved flushing increases
material removal rate and reduces machining time.
Therefore, in this paper, an attempt has been made to
investigate dimensional accuracy characteristics of deep
holes produced by EDM using multi-hole interior
flushing technique like roundness error and gap
clearance, respectively.

2 Experiment

In this research, the electrode was designed with regard
to improved flushing ability to reduce the error of hole
dimensions caused by EDM condition and improper
flushing. As shown in Figure 1, the copper electrode of
diameter 12 mm, and 8.4 mm. in flushing hole. In
addition, the electrode rotation helps in flushing away
debris, preventing secondary spark phenomena and
enhancing the performance of EDM process.

Figures 2a shows the machined workpieces after
deep holes machining. To investigate the influence of
flushing condition on roundness error and gap clearance,
we considered an electrode rotation at 105 rpm and a
fixed machining depth of 50 mm

© 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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Fig. 1. Tool electrode and flushing system.

The dimensional accuracy was tested at six
locations (1, 10, 20, 30, 40, and 50 mm) through the
machining direction as shown in figure 2b. The precision
measurements of roundness error of the hole were
analyzed from 3D surface roughness, Olympus model
LEXT OLSS5000 laser scanning confocal microscope
noncontact. The measurement of roundness error of the
hole profile was defined by maximum inscribed circle
(LSC) method according to GD&T methodology.
Whereby, least square circle, it is a circle which
separates the roundness profile of an object by separating
the sum of total areas of the inside and outside it in equal
amounts. The roundness error then can be estimated
difference between the maximum and minimum distance

Table 1. Experimental conditions.

Process parameters Values
Pulse on-time 150 ps.
Pulse off-time 20 ps.

Peak current 15 A.

Electrode diameter 12 mm.

Electrode polarity +

Machining depth 50 mm.

Dielectric EDM o0il-TOTAL
DIET MS 700

Flushing pressure lkg/cm?

Workpiece Material AISI P20

3 Results and Discussion

3.1. Roundness

In this experiment, the electrode rotation and flushing
mode using a multi-hole interior flushing technique are
used to investigate the effect of dimensional accuracy in
terms of roundness error of the hole. In the roundness
measurement operation, the results of the deviation of
roundness error when using conventional flushing and
multi-hole interior flushing electrode are shown in Table
2 and 3 respectively.

Table 2. The deviation of roundness error when using
conventional flushing with electrode rotation.

from this reference circle. So, the roundness error is
defined as equation (1). ) Diameter Max. Min.
d osiﬁon of hoe Deviation | Deviation Eﬁf;
P (mm.) (mm.) (mm.) ’
Roundness = Rmax — Rin @)
-1 12.327 0.026 -0.035 0.061
The gap clearance profiles were examined using a -10 12.543 0.040 -0.057 0.097
laser scanning moFlel Crea.fc.)rm. REV scan 3D handy 20 12.545 0.048 20,061 0.109
scanner. The technical specifications are given in Table
1 -30 12.530 0.061 -0.059 0.120
-40 12.440 0.076 -0.098 0.174
-50 12.263 0.096 -0.151 0.247

N Wl
N RH Table 3. The deviation of roundness error when using
\\\\ % 20 multi-hole interior flushing electrode with electrode rotation.
NERNBE 50 mm.
N R 7 Diameter Max. Min. R
\ g\;_ 4 o;i tion of hoe Deviation | Deviation (n?t;gf):
N\ \ 50 p (mm.) (mm.) (mm.) ’
— -1 12.220 0.057 -0.066 0.123
a) b) -10 12.350 0.063 -0.070 0.133
-20 12.416 0.074 -0.047 0.121
Fig. 2 a) AISI P20 tool steel workpieces after deep hole 30 12.490 0.048 -0.061 0.109
machining.
b) Dimensional accuracy measurement on the test -40 12.409 0.059 -0.048 0.107
workpiece. -50 12.152 0.061 -0.061 0.122
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In Figure 3, a comparison of the deviation of
roundness error produced under the different flushing
conditions across the six depths were plotted.
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Fig. 3. The comparison of the deviation of roundness error
produced under the different flushing conditions against
machining depth.

It is observed that with conventional flushing the
deviation of the roundness error increases continuously
with the machining depth up to 50 mm. In conventional
flushing coupled with electrode rotation, the debris
particles of material are moving out slowly from the
machining gap and formation of secondary spark
phenomena between the debris particles and side wall of
the hole. As machining depth is increased, long-term
effects of the secondary spark phenomena result in
roundness error of the hole in higher depth [1]. In
addition, it might be due to improper flushing at higher
depths, as the debris particles are irregularly distributed
on the side of wall of the hole leading to roundness error
along the depth of hole. However, when using the multi-
hole interior flushing electrode, a more stable roundness
was observed. It is clear that the deviation of roundness
error is slightly decreased, a cylindricity deviation only
occurred due to the flushing as the multi-hole interior
electrode is flowed out of small gap between electrode
and side of wall of the hole to remove debris particles
continuously. In addition, the electrode rotation during
EDM deep hole process promotes cleaning of the debris
in the machining gap. Therefore, the deviation of
roundness error is uniformly changed. The 3D view
measurement of roundness from 3D laser scanning
surface roughness is shown in Figure 4.

Fig. 4. 3D view measurement of roundness from 3D laser
scanning surface roughness.

3.2. Gap clearance

For investigation of dimensional accuracy, the gap
clearance is another important quality. Figure 5 shows
the values of gap clearance with different flushing
conditions. The electrode rotation effect at 105 rpm was
investigated. It is clear that for each condition the gap
clearance increases towards the half-way depth and then
narrows towards the finish. As such, the characteristic
shape of the machined hole was concave. The figure also
demonstrates that when using conventional electrode by
side flushing the gap clearance is increased and that the
gap clearance increase becomes pronounced with the
depth of hole. However, the electrode rotation effect
coupled with side flushing causes a decrease in gap
clearance. = Moreover, using the multi-hole interior
flushing with rotational electrode causes a cylindrical
shape in gap clearance. It is explained through a
reduction in debris build up within the machining gap,
and by a more uniform distribution of debris from the
multi-hole flushing with rotational electrode during the
EDM deep hole process [7]. This means that a more
powerful flushing technique is achieved with the newly
purposed multi-hole interior flushing technique on
dimensional accuracy like roundness error and gap
clearance, respectively. The measurement of gap
clearance from 3D handy laser scanning is shown in
Figure 6.

Electrode
@7 ©12.00mm
0.00 —m=— Multi-hole flushing
with Rotational electrode

10.0 —e— Conventional flushing
" with Rotational electrode
£
2 20.0 —a—Conventional flushing
=)
=
=)
= | 30.0
=%
=3
=

40.0

50.0

0.00 0.10 0.20 0.30
Gap Clearance (mm)

Fig. 5 Effect of flushing condition on gap clearance
characteristic.

a) b)
Fig. 6. Measurement of gap clearance profiles was examined
using 3D handy laser scanning. a) Multi-hole flushing with
rotational electrode b) Conventional flushing.
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4 Conclusion

This paper investigates the dimensional accuracy
characteristics of EDM deep holes produced by a newly
purposed multi-hole interior flushing technique on AISI
P20 tool steel like roundness error and gap clearance,
respectively. This study shows that:

1. The multi-hole interior flushing with electrode
rotation improved the deviation of roundness
error due to improved flushing.

2.  When using multi-hole interior flushing with
rotational electrode causes the cylindrical
shape in gap clearance.

3. A more powerful flushing technique is
achieved with a newly purposed multi-hole
interior flushing technique on dimensional
accuracy like roundness error and gap
clearance, respectively.
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Abstract. In conventional flushing, when increasing the machining depth, the flushing ability
becomes insufficient for ejection of the debris from machining gap. Debris concentration in the
gap spark causes a process instability, low performance and high machining time etc. This
paper proposes an innovative method of flushing technique for electrical discharge machining
(EDM) of deep hole process. Tool electrode was specifically fabricated for flushing on the
efficiency and stability of machining to promote the ejection of debris from machining gap.
The performance of the deep hole process by electrical discharge machining under different
flushing condition are presented. The results showed that the flushing through the tool
electrode and multi-hole interior flushing are more preferred than side flushing. The result
include 26.10% reduction in machining time (50 mm. in depth) when using multi-hole interior
flushing electrode. In addition, the application of electrode multi-hole interior flushing
electrode with electrode rotation improves the material removal rate (MRR) by 35.28% with
58.04% higher surface roughness (Ra).

1. Introduction

One of the important factors in a successful deep-hole EDM operation is the removal of debris from
the machining gap. The flushing of these debris out of the machining gap is very important in
preventing secondary spark and enhancing performance of machining. In the EDM process, the
workpiece and tool electrode are submerged in dielectric fluid. The material removal process takes
place as effect of electrical sparks occurring between tool electrode and workpiece that are separated
by dielectric fluid [1]. The dielectric fluid is fed into small gap to remove debris particles that are
generated by EDM and maintain the stability of machining condition. If the debris accumulates in the
machining gap, the electrical conductivity of the dielectric liquid will be increased, leading to
secondary spark phenomena as well as process instability and poor machining conditions. The
influence of flushing of dielectric plays a crucial role during the whole process. Improper flushing can
result in sparking that high electrode wear, increased machining time and surface finish [1-2].

To enhance the flushing of debris, the desired machining can be achieved by using a side jet
flushing of fluid directed into the machining gap. However, the effectiveness of side flushing is
limited when the machined depth is increased due to the ejection of debris from machining gap is
extremely difficult and it produces a tapered opening in the workpiece [3—7]. L Li et al. [8], studied
flushing technique using bundled electrode compared with a solid electrode in machining Ti6AI4V. It
has been proved that bundled electrodes can endure a much higher peak current than solid electrode
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which results in a substantially higher material removal rate (MRR) and a comparably lower tool wear
ratio (TWR). R Nastasi et al. [9], proposed the application of deep slotted tools in EDM drilling
process compared with cylindrical and helical electrode. The results showed that at a machining depth
of 5 cm, the higher MRR could be obtained using deep slotted tool.

In the EDM deep hole process, the viscous resistance in the narrow discharge gap causes difficulty
in removal of debris and bubbles from the sparking area and abnormal discharge are occurred and
resulting in extensive performance of deep hole process. Since, several methods such as electrode
jump high, side flushing, mono hole inner flushing and reverse flow flushing have been established
[3—6], but the application of the flushing technique for deep hole drilling has been very less reported.

This research proposes an EDM machining technique for deep hole by using multi-hole interior
flushing electrode. The material removal rate (MRR), working time (Wt.) and surface roughness (Ra)
have been carried out on the AISI P20 tool steel. The performance of the deep hole process by
electrical discharge machining under different flushing condition are presented.

2. Experimental Setup

The experiments were carried out on 50 mm. depth of cylindrical hole in AISI P20 tool steel with
ARISTECH CNC-EDM model 430. The EDM was carried out macro-scale machining with copper
electrode as outside diameter of 12 mm, inner hole diameter 8.4 mm and the bottom of electrode was
specifically designed that the dielectric running directly through internal diameter of tool electrode
using multi channels inferior flushing (12 holes with a diameter of 1 mm.) as shown in Figure 1.

Flushing pressurel kg/crn3 [

O 8.4mm , Flowrate 15 I/min
o ‘
|
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Figure 1. Tool electrode using multi holes inferior flushing

The special rotary chuck has been fabricated for EDM deep hole process and mounted to the EDM
machine. The tool rotation helps in improving the flushing ability and removal of debris from the
machining gap during EDM of deep hole process [10]. During the EDM deep hole process the flow
rate of dielectric flushing was set on a constant value. The experimental conditions were shown in
Table 1. The material removal rate (MRR) is defined as equation (1)

MRR (g/mm?®)= (initial weight - final weight) / machining time Q)

Table 1. Experimental conditions

S.N. In put parameters Values
1 Pulse on-time 150 6.
2 Pulse off-time 20 k.
3 current 15 A.
4 Voltage 150 V.
5 Electrode rotational speed 0, 35, 70, 105, 140 and 175 rpm.
6 Polarity (Electrode) +
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7 Flushing Pressure 1kglcm?
8 Machining depth 50 mm.
9 Dielectric fluid EDM 0il-TOTAL DIET MS 700

3. Result and Discussion

3.1 Machining Time

When increasing the machining depth, the flushing of debris out of the machining gap is very
important problem. In this section, a comparison between solid electrode using side flushing and solid
electrode using multi-hole interior flushing is observed. As the results shown in Figure 2, it is evident
that the reduction of machining time resulted from the influence of flushing condition under multi hole
inner flushing. When the machining depth is increased, the multi-hole interior flushing disposes the
debris out of the machining gap. Consequently, the spark intensity becomes better than side flushing
and thus the machining time is reduced. At a depth of 50 mm, machining time is reduced from 339.01
minutes to 250.53 minutes when using multi-hole interior flushing electrode.

400
350
300
250
200
150
100

50

-=-@--conventional flushing

Machining time (min)

'_A L dE TUEEL 1 SR IS B 1

—— multi hole inner flushing

o

1 10 20 30 40 50
Machining depth (mm.)

Figure 2. Machining time VS machining depth with different flushing condition

3.2 Material removal rate

In this experiments, the obtained MRR under conventional side flushing and multi holes inner flushing
with different electrode rotational speed are illustrated in Figure 3. Under a multi hole inner flushing
electrode with electrode rotation, the highest MRR of 22.485 mm?/min. is achieved. It is assumed that
the effect of electrode rotation couple with multi holes inner flushing causes the increase in MRR. The
fresh dielectric is fed through multi-hole interior electrode and flowed out of small gap between
electrode and workpiece to remove debris particles continuously. Moreover, the electrode rotation
during EDM deep hole process promotes cleaning of debris in machining gap. As a result, complete
spark occurs and is better than side flushing electrode.
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Figure. 3 MRR under conventional side flushing and multi hole inner flushing
with different electrode rotational speed at a depth of 50 mm.

3.3 Surface Roughness

In this experiments, the effects of improved flushing increases MRR and reduces machining time. At
the same time, process stability is increased because tool rotation induces fresh dielectric into the
discharge gap as the used dielectric is forced out due to the centrifugal force. According to Figure 4, it
is observed that when using conventional electrode via side flushing the surface roughness is improved
with increasing electrode rotation speed. The surface roughness with the fixed electrode is 6.125 m,
whereas it is approximately 4.345 pm for the electrode rotation at 175 rpm. It is assumed that the
debris is uniformly distributed and re-solidified on the surface leading to smoother surface. However,
the flushing effect is limited when using multi-hole interior flushing electrode. Too much cleaning of
the spark gap always increases surface roughness because of the rapid recovery of dielectric strength
in spark gap. As a result, the spark intensity is very violent and thus higher MRR is obtained with a
higher surface roughness [3, 5, 7]. Figure 5, shows the surface topography analysis by optical
profilometer of the machined surface under different electrode flushing and electrode rotation.
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Figure 4. Influence of electrode rotation on surface roughness
under conventional side flushing and multi hole inner
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Figure 5. Surface topography under different electrode flushing and electrode rotation

4. Conclusion

In this present work, a new flushing method is proposed and the performance of EDM deep hole
process using newly proposed multi-hole inferior flushing is compared with side flushing on the AISI
P20 tool steel. The following conclusions can be drawn from the experiment.

e The improved flushing increases MRR and reduces machining time. At the same time, process
stability increases because tool rotation induces fresh dielectric into discharge gap as the used
dielectric is forced out due to the centrifugal force.

e 26.10% reduction in machining time (50 mm. in depth) when using multi-hole interior
flushing electrode is achieved.

e The multi-hole interior flushing electrode with electrode rotation improves the material
removal rate (MRR) by 35.28% with 58.04% higher surface roughness (Ra).
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