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ABSTRACT

This dissertation provided the methodology of optimizing plastic injection
parameters and annealing treatment process to achieve the minimization of warpage.
The techniques that were implemented to optimize parameters during injection
process were the design of Experiment (DOE) by using composite Central Design (CCD),
screening factors, and analyzing of variance (ANOVA) and was employed to select
the significant factors. Then, there were the implementation of response surface
methodology (RSM) and firefly algorithm (FA) to optimize the processing parameters
for warpage reduction. The results found that injection flow rate, packing time, packing
pressure, melting temperature, mold temperature, and cooling time were indicated to
be significant parameters for warpage and FA methodology could present suitable
values 6 factors. FA method could reduce warpage more than the recommended
condition method. The second section of this dissertation was a post-injection part
treatment for more warpage reduction. The results found that General Purpose
Polystyrene (GPPS) injected parts could relieve warpage at 76.32 % compared with a
part without annealing treatment through annealing process at 85 °C and 120 mins.
Furthermore, this research investigated residual stress that annealing process could
relieve residual stress at 42.57 % by the measurement of residual stress via the
photoelasticity method. In conclusion, the warpage could be handled perfectly
through this research methodology and this research could be a guideline for the
plastic injection molding industries to avoid and reduce the warpage during

manufacturing process.
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2.1 AN UFINVBINTEUIUNTE ANATARN (Foundation of Injection molding
process)

2.2 A A ug1ui e1uisniseenuuunismaasslunszvaunsd anaain
(Foundation of Experimental design method in plastic injection molding process)

2.3 mmi’ﬁyugmlﬁmﬁﬁ%msaaﬂLL‘U‘Ums‘vmaaa‘mmﬁﬁLLasé’aﬂﬁﬁmﬁ'aﬁaa
(Foundation of Design of Experiment amd Firefly Algorithm)

2.4 woAanssunenawazladennsenuiunsineevesdueu (Mechanical behavior

and factors that effected to warpage)

a a

2.5 NuTsMAgdesnunsmdatslunssuiunsdeiiningauioandeymaiunig

v
a

nadnazinieesduinulunszuiunis@anaitain (Optimized plastic injection molding
process and minimized warpage, volume shrinkage)
2.6 91UTTNLA YAV OIAUNITANAIULAUANAINUATNITOUD DUT AIHANTENUAD

N150M99989% UITUNAE@AN (Residual stress and annealing process that affected to

injection molded parts)

[
= '

2.7 ASLUIUNMTAATIZVANULAUANATIRRNAUITINEHSIHDA15aAN15UNIDVBITUIY
wanadnlnadSTWlndaadnd @ (Inspection of residual stress that directly indicated

warpage phenomenon on specimen via photoelasticity methodology)

2.1 A7143 WUFIUVDINTEUIUNTITAANATEAN (Foundation of Injection

molding process)

2.1.1 ANURUBVDINANERAN
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asvauiuiglalasiau WedtenasusznevuiazyiauvilfnIenliidnvasnenuy
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wihgiannauadszninnaiwesaelideazdntumeiusslanaud duandlugun 2.1 [19]

A
KA A-A

\p7 \
A A A\A/A/A\A/A\A

A 153 Monomer unit

= represents a covalent bond
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(a) (b)
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SUN 2.2 nanalaseasiavasluiananadannna 3 siene

v q

(a) BUULEURSY (b) WUUINIEIYT (C) hUUT 9N

wananAuantAvenarainziuey funeusiues uazlassainweadluiana

v
£ 1

e §afuegiunisiiesdiimesasldluannzvewding tnglunisiseadivesasly sziu
N131384A732QNL38NI1 The degree of crystallinity @adnuwaizn1siniseavesnarainaglud
nslesdnduszdould 100% lnganunsauvingunisiseadivesanslenaraineanidu 2

nau dauanslugud 2.3 [19]



3UN 2.3 (a) uanen15i3eeiavasaslguuy Amorphous

(b) uanINI3L389vBIEIBIEWUU Semi crystalline
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wanafnanunsanuseantmlu 2 Usstnneadl
2.1.2.1 waslunarain (Thermo Plastics)
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2.1.2.2 wanafnmasluws (Thermosetting Plastics)

wanafnefntiayassundsainniskiuamdounieussiufiosaiaden ifeify
frasariinnuudausann nunnuoutazauduls Welgsuauiouazldsoudualsl
annsodsususnld uadldsuauouiigamefazunniaglni Judidhds wanadin
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2.1.3 nddlu
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3UTl 2.4 dansnygnamenkavansnuaiivesingalasu [20]

2.1.4 NMIAANAERAN
nsldwanadnlunsguiumsndnduduogisaninnmaisnassuiu
Tasianzogvdaiusausminanluasu Tud af. 1939 Tngussy Du Pont de Nemours &
Coin LHusumnaudimnduil Usnufdmismanvengurdedasinatainiaudesnisld
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na1afnAenIzuIUNITAANATERD [22] 1135 u3UT uaudaensruaun1san (njection
machine) gnAnduiulud ae. 1872 InsaosfidasinUssAnguniewmsiu John Wesley
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ansonAntunuiiiguhaagsiminivarnvansld Sniedsiifuyudeniselunsndns
LLazé’J’mmiamﬁm%y’aazmm (Mass production) 61
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Control Unit

2.1.6 YAa9AUTENBUN13EA (Injection Unit)

nsviuueada fe Wanarainfieglunsiedinazaoey anaddloanjmyu
willanaafneentuiinszvengu wazidanaiafnazgnuasuazaielunssuengud e
ANFouvesdnnes anjasiulanagniad idanatafinfiasarsud biduilefeaiu
wiauiutuiilinanainuvaiviseanania@aidguaiian geasausznaunisaauseneulume

2.1.6.1 n9aeL#u (Hopper)

a A Y Ao o < a S g v o =~

nseRndnhnafesdanaainiugdowialiniuludnsyuanidn (Barrel)
o < \ o & a 4 & I 5
aanandluguit 2.6 Inglugramahaudanaiainigndewasniu winlidssuuimdeldy
\esiivinumeleu (Throat) Aziilvieungivessleaudingsiu vilwdianarafinzuvaey
azanaingaaiuinUu dewalinnslnaasesdananadnlyaddniane Awudwewiinis

M99 UTTUUMABLTUDE AT LELD

, N8l (Hopper)
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nszvandansuandlugun 2.7 avddnvaziduvionsanssuani fnd sog i

J
N5y wazaetou AIRuLenTeINsEUBNdnaziing sUasnuIeuausinaiiudeu Band
Heater) it olianusoulunisuasuiianatafin druvarsvensyuenazaadiduiaan
(Nozzle) uaznneluvasnszuandnaziang (Screw) mmagjLﬁaﬂdwiuﬂﬁwaamﬁmwmaaﬂ
wagdadananafnailingusliiu

2.1.6.3 Yasnnisuauinannuiou

fndfivhaudounazaisludinszuanda wieldlunisuasuazaiedia
wanain Inevhluagvhnsiadstlasnisieviuognisuenvesnszuenda Tasn1susnaiua

gaunniivaniudiue

q Y

Barrel Band Heater

Nozzle

Thermo Couple

3UN 2.7 nszvenananasin (18]

2.1.6.4 ang
lenaluansnidiuinsas@anaafiniy dnseenuuuiiuanaeiuluiiol
VAN AN LN N15EF 91U 9 alaev aludiunsanuseenta 3 @1unan Ao Feed Zone,

Compression Zone Wag Metering Zone fiauansluun 2.8

Flight Land

Pitch Flight Depth Spline

Diameter \ \

Metering 25% \

Transition 25%

|7 Flight Length |

UM 2.8 anglaenlunldiuiniesdananadin [24]
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1) Feed Zone 1 uta9fi vindrfilunisadsadanaradini naasunain
nvedutupetleu Wefivzdieluswae Compression Zone Fapnnudnvasieanaentasi
wwhifuyniennden madsuulaseudeulurstsintufsndniosainnsdendiu
voudfananafin defy mm%’auﬁmmmﬂaaﬂﬁwfmm%’au’lmﬁ'aqﬁﬁaal&iqqmmmﬁuiﬂ
wszazvilinatafinnasumaimsenmedududeusasiietostunisdniondananadin
Lilvnaavieriannuseiiios

2) Transition Zone \Jugasiivlinanafininnisnasumailiasraunaiuiy
I§aBetu Inesiiliiinnsidendfureadanarafneiasiiliinanudeuavaunisly
diananafniinnisasuiaiuasdnuuiuing sty mumm’mﬁﬂﬁumLﬂﬁmezmﬁ”%ﬁaaS]
anadllegemaiio ievhlmAnnisdnfveinmvasuandanatadin Ssdaunnsinses
AruAnuatiesndeatisiisuienia Compression Ratio Ineviluazagiivszana 2 : 1 970
174984 Transition Zone U3xnaimanadniignuasnazalsazgndsludidiugavinode
Metering Zone alu

3) Metering Zone \Hurhsiifimsideufunomatafinuiniign wavasiiaaniy
syienszUBNdnfuang LAz NI TR Az A EYeIMAAA NUNA W S maouazanglifine
\iteiiasvinisaanel mIvaevararslutisdavsuinmsavaurdauasusauiiaanniu
fisuUanevesnszuenan luris Metering Zone flagviwinfiu nanafiniivaesazasfiuda
H1uNzg Non-Return Valve ldsduniianvesansuaylazauiueguatvanvesnssuania
IusumzLﬁmﬁumiazammwmaﬁﬂma’;ﬁﬁﬁ]zﬁﬁwﬁuﬁumﬂﬁuﬁ'aaG] Tuvniedi angmuies
viaussfuilanfumisuliansoesndsluaufvszesos SM (Mumimynnisuauvesany)
puitasenld SadunmsavauSinamaainuaiiidnuiidesnisiteiszinsandrlul
ulunluLAazsoUNITINNIY

2.1.6.5 ¥an

Fa3ad 19l oA uniesuve manadnunanannssuendadaluly
wifinst Famdnnfuideudesswinuaenszusnaniu Sprue bush veswlfvmluvauy

(YY)

ynrsaanatafinid lUTunl A aunsaiveslaeidnd aelivulANeRN AL aILns o FUNa

@
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1) adauuuida (Open Nozzle) Wumadauuudildiunaiadndidainunia
Aouthegs dalvalsienidlefaganasuivar Wuuuuiidesldiuegisniswnadoninsaign
finnudsanulunislnatosunn wavilfAanmsgadeussiudosmnnideIsuiiisudu

v a v a =

Aaakuuln LHe91nmdawuullaluissuuie - Uasveeriiandse1aazvinlvinanisiva
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founduvamanafiniivatei@ale Jededddismsdesiumensfanduvesang (Suck Back)

Juwnasgunisidnuindauuude dsgun 2.9

JUN 2.9 WRauuuUa (Open Nozzle) [25]
2) Wadauuuln (Shut-off Nozzle) {Wuilafilenldiunarafiniidauming
Falyalddreiflatganasuinal Mdakuuidaziinalnviessuunivaunisde - Yasda
iedesiuldlvmanadnuvailyadesenuiivaieida dnalavseszuumununiada - Un

FAntullaguninevatgl Uy fagun 2.10

sU# 2.10 vdauuulln (Shut-off Nozzle) (25]

2.1.7 gnasAusznaula - Uausiduw (Clamping Unit)

v '
a I

Juyngunsalffintanlunsfiasswlinad Ua - Yaudfiuvivaznssysfuanud

LasaLa290nINLUNUN Tasan1zn1sUABURNNTY ¥adn — UanURuNIzFaIdlns

9

lunstananuisafunusssiuvesnatainiuadlutunaunisaala laenaluyada - Un

=l '

wifaiazdieg 2 svuulvg) fell

2.1.7.1 Direct Clamp
Wuszuunisila - Tawdunlanensaduduiids §eidog
(Hydraulic Cylinder) syuuiidusyuunfeuldlunsesdnssuulonsedn Tann

naulansedn
DANNTOAAA

1odne dawandlugy 2.11()
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2.1.7.2 Toggle Clamp

= a a a1 = ¢ = Yo
Wusguunisilla - U(51LLQJWM‘WNquﬂﬂlﬂﬁiaiﬁUUﬂaﬂqﬁmﬁ G?NﬁqﬂqﬁﬂielﬂﬂﬂU

#UN189910 Servo Motor waranaulansadndaidenmonsstunisUnkilNunaziewnsaas

Y Y

aiane fuandlugy 2.11(b)

lell.al'r]“ﬂlﬂxl
Movable Platen

(a) Direct Clamp (b) Toggle Clamp

[
& o

Ul 2.11 Yailntausifusivisaesuuy [18]

2.1.8 YA2AYTENBUNIIAIUANLATAY (Control Unit)

Tt luMsAIUANNIIUNNTEUUYDUATEIER LU MIAIUANIMNYIYEY

<

nIzUeNdn MInIUANLIULazAMSILUNIsn nasruauAuEalunsTn - Daudfivs

mInuauIaIMIulutuneuie veuaIede Auansdugiin 2.12

< Nissei m/c
“TACT” controlier
(NEX500, NEX50)

Toyo m/c =»
“PLCS-11" controller
(Si30-1I, Si50-1i)

UM 2.12 gamuAuvedATesRANANERN [18]

2.1.9 piNUNIANAERN
piRuWandundRun N du g lun1siaRT UL Usg 1L NI Va8 lagLa NI

waraAnUszinnimeslunatadin (Thermo Plastics) karludagiuinisusudsauasimun
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\A3 pedananafnuavualiuiaal¥arunsadad ueunatainfiviannwanadnUszian
wasluleni e (Thermosetting Plastics) ta8ndae vildveuwnnisldmuvesufiuan
n1eBatu miaaﬂu:uuLLﬁﬂuﬁamﬁﬂ%ﬁmimmﬂé’ﬂwngﬂiwﬁuaq%ummﬁwé’ﬂ

wiifiuidananadin (injection Mold) Ineviiluanunsadautsussinneanaiy
anwarlaseasaladu 2 Useian Ae wafium 2 uku (2 Plates Mold) Laguafiun 3 wau (3
Plates Mold)

2.1.9.1 WUNUN 2 whiid

i viialazdiunfuguiunuegassila@cluseninesounisda uliturag

Unganiiszunuiienlagndnssu1uasaniiuasegiuATeddng ssuiuvesnsiavseilisondn
LEUWUS (Parting Line) 2ndusiumadniinaafin laseasnsudfiunagusenousme 2 au fe
A1 Cavity Mold waga1u Core Mold @93gilszuvian (Ejection) TUIIUTLANF 1A UM

AnwargUTe uartorimunueatuny duusenaunee vesiiuielatuanslugui 2.13

Parting line
Moving Stationary
plate I plate

Ejector pin

YA @ Ejector system

BRI
| .

e

Az
%

77

Ul 2.13 Fudquusliiasd 2 Plates [25]

2.1.9.2 hURUA 3 by

'
a

wiitE 3 uky PawiiuviaviUneanludesszuny diuiediunveuiiiunay

USENOUMIY U 2 W InekdRusihuy 3 wHu Snasldmadnuuudy wiRundneuei

ee

WukUALRAR A uRdniadiinatafinrnaten1elud uauf 8995 sl Al A daan1svane
Fuu Inedaanislimiadiinnatafinazdun1sanuuy Hot Runner feaauliliiuses Gate

Iaisadnifeeuuiiunu dwusenousy veaudfiuivlinluansluzun 2.14
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. Parting line
Moving Stationary
plate £ plate

N
\

7
&Z // Ejector system
- ...V &%\%;‘;é_ Stripper bolt
/ \\ ? @ Cavity

7

SO0

Ul 2.14 Fudruwifisst 3 Plates [25]

@ Runner
@ Sprue

I
777

2.2 AU WU IUALITUISATRRNLULUNITNAASTUNTEUIUAITAANAIERN
(Foundation of Experimental design method in plastic injection

molding process)

2.2.1 n3zUUMIRANAIERAN (Injection process)
Tunsyuaunisdananainaiuisasdsduneunisanesnidy 5 nszuiunnsman
A® NTTUIUNNTVADULNAILIT ANAIERA N (Plastication process) NSEUIUNITAANAERAN
(Injection process) nsTUIUNSANEN (Packing and holding processes) nsyuauNINaniiu
(Cooling process) LLa3ﬂ§$mum§ﬂizﬁ\1°§umuaaﬂ (Ejection process) Tnelensguiunis
FUATUTR 5 SuppusIng mmﬁgﬂiﬂumiﬁwmﬂy’wmasgﬂL%&Jmh FOUMIVINUVOI
n133n3uau (Cycle time) §vaggnaruauliiiaimnzauinszdsmansgnusofunuly

nsrvIUMIRARAUaRdluFUN 2.15

Plastification

o

5UN 2.15 WanasaUNsnaUYeINIIanTUIY
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1. Mold
Closing

] ‘ 2. Filling

VP
Transfer

3. Packing-

holding

r

( Gate

Freezing
4. Cooling
4. Cooling stage
{Plastication)
5. Mold
Opening

5. Mold opens and part ejected

3UM 2.16 Lanan1svieYeuAIesdanataRniazn s ua Az ITUIUNT [26]

2.2.1.1 p3gurumMIvasuvafianatafin

TunszurunsmesuwaaadnazisasewsifiazyinsUandn uaznsfs
Fenanafnasgnaieiiu mndudenatainazgndswiuludnssuendanarain narainag
gnuaeumanidnislinnuiouaingawmesiinuieudenssuandauwagnsidendsening
luanavesdanarafnduanguasnianszuendananadin unaafnvasuval uaziinns
LU5'smufdaaﬂmauﬂ’ﬁmaqwmaﬁnﬁm6] LU A1AIURLR (Viscosity) taunial (Enthalpy)

Y3umsdmeg (Specific volume) tludu Tnglunszuiunisnasumaivesianaadiniaay

v
= 1 wva

yinazdlounginimvasuwainliviiuiusgivamaudfivesiagiug dwuanddusuin 2.16

Tudumoud 1. Mold closing
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2.2.1.2 NSzUIUNTTAA

dleradlunseuiunsvaeumaniienisvasumaivemarainifiunszuenia
anjavyinsvgan1snauwazlinuTeunTviaavan ndntuazThnsndounszuanan
Tufusifiivazddlisheussiinewnziiodosiuyndnnssvdauazsinisyuansuazsn
wanaRnvesuwiad W lnaiguad fuiaudnuuy é’aLLam‘LugUﬁ 2.16 Tudumeuit 2. Filling stage

2.2.1.3 nspUaun1sangn

Jugrenisansnsnmanuiiliiunanainmaineluudfion el letuny
ﬁﬂqgﬂ Liiinsesgudinsednge (Shrinkage and Warpage) fiRnvesdunu Samensing
Lﬁa%’ﬂwﬂﬁaﬂuﬁulﬁﬁ’uwaﬁaaﬂiuLinﬁmﬁLLamﬁquﬁ 2.16 lutumeuit 3. Packing-holding stage

2.2.1.4 nsyviunsvaniu

lutuneuvosmisndautiumuiegluusifod wifsllangazvhmslidiow
AuseusInIununaraR ko liAnn1snsiivest uay nglunssurunisnaeduayli
veuman Wy tsethdudumsmnarslunsaiemanadousuuinasn gt unury
viendeiiu (Cooling line) fauandlugui 2.17 Fuslonszuiruvasifulianiauy nszuiums
Fudawarafnidinszuondnaniutiu uasyadnazunesudinduifieotestugumgives

iananmauiuly dauandusun 2.16 luduneuil 4. Cooling stage

Mojld Base

! Cooling Lines

Heat Conduction 7/
g e ;
(L

L

Heat Convection

T T T consows

at Conduction

UM 2.17 wansnsvaetulunsyuaunisdananaiin [27]
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2.2.1.5 NavUuMINTsTuaLoeN

Tutumeuiiyansruendnaznesndsugauasusifuiandnesnudsainduge
watunisvaeLdu LL@zﬂﬁanﬂ%uawuaaﬂQWﬂLLa,Jﬁmﬁﬁ]xgﬂé’ué’wﬁaﬂizﬁﬂ (Ejector) Liteuan
Funuoona LR ﬁ'&LLamﬂugﬂﬁ 2.16 Humeuil 5. Mold opens and part ejected

[

222 W'li']ﬁma%ﬁ'lmuﬂun'ml%'ué'aLﬂ?ﬁmaﬂwmaan
2.2.2.1 gumnilnszuanda (Barrel Temperature) [24]
Tneialuudrmsligungfivesnsyuendanarafinazgnudsesnidu ¢ diu
wdne fanandluguil 2.18 fe dniligumgliusiinide dwmth (Front) dunans (Center)
wardunds Rean) T szt unruliaanudoufnoy duie ddau G elaesialuuds

msviudsmgamaiiniuasvesiulinnufouveany 4 dufaziivannsased 3 nannisde

Nozzle

Front Center Rear Feed

3UN 2.18 uansyamsiassusulvauseulunsyuiunsiaananasin [24]

1) JUsUUNIR AU VMg finszuendananafindosq geiuegiaiilos
ndunsoudananain Fearldssuviiilessosdnuasansiidnssudng 1 fs 1.5 whaeq
vaduinuguinatsans lnsagdaudnaiidadoamgivirfugnmnivasumainaiadin
wazYsd Uit amnaneiatusEana 10 °C d1unansaniias 20 °C iisuiugung
yaouwad uasluduihenirgumgiamiangungivasumaiyszana 40 °C

2) UnuuMIRIALUUgAmMgiinsrUsndananaindesq sasaindumstou
Gananadn TeagldszuudfossdnuosanydiArsendng 2 89 3 wveswuin
duriugusnanaans lasakeuinuiidnigaumglvinfugumnivaousamaiafin wasyag
drunthaumpiviiugamgiivaomman dwnarafistu 10 °C sufugunginasuivad
warludninedsdgungiifinduangaungivasmaiszana 20 °C Suilesaniiszey

PNITEAUNNVDIVBIUINANARNTIT LN 1AL AANITONENAINUS BUTENININTLUBNAAN U
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v
o a

thwanaiin Fefimaiugungitufienslimarafnegluanisvaeuvanssnitnssuiums
Annanamn

3) LU Tinszuendanatafnasil Teasldsruuilidesyes
Fnvpsangicnsgwing 1.5 81 2 wihwaswiadusugudnaniang Tasasdagangilunndan
winfulgaumgiimasuimanveasinnanadn

2.2.2.2 gouuiiwiifiami (Mold temperature)

QquﬁmaﬂLLﬁﬁuﬁLﬂuﬁﬁ’sLLUﬁﬁﬁﬁ@iuﬂWiﬁwwumQmmwmaﬁjyumuwmaaﬂ
n13iUA suuUasuesguvgdudfurissdswadsnnudulund fiud fefunisd gungd
fnansznudemudusndwmadode msdnduanunarainld wu o1anelAnnisdaluif
Fusnlunsdiidunuivanunnarieuisenn viafiannaduanddutuelddiden
gaunnvosifunlaanzay
2223 Qmwgﬁﬂam%umumm&ﬁuﬁ (Demolding temperature)

v
a v Av Y

gaumnivantuanundumiiinsuaannvestunulddnd eameduinnis

U 9

%

Uanduauesnainuaifianiluvsisigamgiaasyilieamgiangusniveamg i3uauiaiig

wanesiuLIniagaIdmalvdunuinnsinenionamandeuianuuafinesnisla

fatumauvgivantunuignindsdananaindmuamuinsgiveamginnlsuiioan

|
o |

Jamdumadesd neazdonlfaamgiisiningamgifivanadndenistader nieves
MiIn1sUantuUBEN WAL (Heat Distortion Temperature, HDT)

2z mmfhia‘uﬁﬂg (Screw speed)

ANUSITRUENT HBvSnansaunglinalafnnasunaiazszeziiaitunis
vaeuwiaIwarleunanain nnAusIseuansa ﬁ%ﬁﬂﬁqmmqﬁwawaﬁﬂqﬁuum3ﬁﬂﬁ
narlumsvassvauaztounmainduas TnensduA LS TaUTIENI AR I

Taanaunseelyil [28]

A a o 0.2X1000%X60
AN 1 wanamnialyd e (2.1)
XD
A A A ' P9 0.05X1000%60
AN 2 wanarniltisernudau n= ———— (2.2)

XD

ASITOUANT (1pm)

,_
pmd)'S
©
>

1l

YUIALFURUAUINAEANT (mm)

o
I
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2.2.2.5 a131598n (Injection speed)
3 a Y & I3 o .24' =
Anustunsdalaeiiluasduausilunisindouninuwuiunuvesansin
N & "y = = = 2 v 1 a
@Evthedu mm/s) widuavesaniinisdsuudadiUlaenanusnuwuiinudaingy
giliensnisinavesnatadnnaifieonainiidadsuldasluse deazdwananis
Waguwasnun I uau fadudanslddnsinis@anieadnsnan (njection rate) (@diniie
u mm/s) agiimnumungaunin szd i ualiens1dnyinan AU amuLLILAY

vosaniNazdsuuladlunusuiamiulnvesans Juniesdagulumie sxdeuldnisuen

' '
a a

AS Ui fusniy eswinnisiisnsaninnundulufiintuasstuwanainJud
mmzamﬁqm

2.2.2.6 AMUAUAA (Injection pressure)

ausulunisan aunsandnsuazudusaladuanusuresindulensedn
(dwsuiesnadnszuulansednmly) wezanuduremaainivaifieglunszuendavinuane
ang @miuieiosdngulmivissuminiu) Tnedunadien Aeduanaduntuduresiniiy

lansednarruiugianazliiiuy 160 urs (M7lU) wae 200 - 250 V1T (UI9TU) UATILARS

'
= 1

ANLFUNEIERN AN U T AR sus 300 U1% Fuldaudie 2,000 - 3,000 U9 e
mwmﬁ”uﬁmmmamLﬂummﬁuﬁwmaaﬂmm%gné’aqmnﬁqm

2227 Anusudng (Packing pressure)

n1sdngndutunoulunsdaidionaraingnimdaguaaniiuudadssana
90-95% auddalumsandiretesiulilimanafnuanluwifmlvadoundu Wewinly
TnssudRunifiaiudugandt Fauduaunguesnsguiivesduiiu iosmnnismadives
wanadnwadfLduda wavauliifioemswesd Uy NsEUIUNITERL agYnaun ST
wanadnwarusnamatiinnisudsiaaudeadn nsdnenegldmadudssann 40-60%
vosaudusz Uy Taevinise manainmandiumdednUszann 5-10% 415 ud Raniauda
dwsuAmusuEnsivhnmsUsus s Rl 50% ve3nududn

2.2.2.8 atlunisand (Holding time)

nalumsanghilnadennniwrestunu Insmearuniisnswestuau 6
manalumsanetoaiuly axvilrnusuluwifusiliiie ez ldwarainmaiuiy
Wand e anudululnsulfiviazanateg1esansa ol esnnisinadounduves
wanadnan vild s uaeuldldvuauazdininaudeanis wiwnldinatlunisang
wnnAulyagrilinnuduluwifiviasanmunsiuly vldnanafingndauiudunaiuiu
el unuRsauEsgld natlunsansivzandulaeialueziiinseaeu
Tnensvaaesdnsienatlunsinsiunnsiieiu wasdaiminvesiuay FelgymAde nns

AIUANNISIIME3DUY Tnnaeniial lnsuusihlildhnalunis@ngissunn 1-3 Jundl
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winldnaiununing avrinld g uruiAsauesoanndidud uauld §afiofiansan
ALdUTUEsEWIIIMLIYesT uuRunalun1sangn warauduRuSsErInsimn
yestunuiunalumsang wuitaildlumsandriauduiusidadunsaiuninumun
YBITUINY A0 LilBTUINUMUNNN aNBRERReINNTUe

2.2.2.9 us9UAWNALN (Clamping force)

I a = Y] 9 Y 1a & ° a a o a
LU‘ULL?\?‘U@LW@ﬂ@ﬂﬂuVLﬂJIWLLlIWlI‘WLNEJ'P]'P]ﬂGUﬂJﬁ‘V]']ﬂ"liaﬂwaqﬂmﬂ ALUTNUNE

€

[V Y]

URUSAUAUBSITALUNLA Ao AUNLAvINaTIERNMEAT BNTIAIUTENINTLELNINT IS
FUANUNUITDITI Qg Iviasumalvadinnatain gauugiuifiud Nunnidaues

Fua 1Judu Fsaunsaruannsng lnainaunisaeluil [28]

LI/ PcavityXA
= ha (2.3)

Wo  F = ussUaULRUN (ton)
Penty = AR TUMINUN (kg/cm?)

v

A = NURAINRDVDIUNUA (cm?)

2.2.2.10 hanlunisuasiiiu (Cooling Time)
nsusundlasdulvgudlyhnisuiunaasewinasldisnisiUauagnnaes
dnauninaglialunisraeduimnay Jazilidsaisariagivlunimeasaniy

ageun ednisihansunldlunisduaumnatiunimaeidu gesnldlunsuiadud

v
= v @

FuagfiudnuuriUsveITuIg FuUnTanvuzwUuilanseail [28]

2
e, 4 Tmelt—Tmold
tk = _nzal S/ —r (2.4)
ejected(max) ™! mold

a = MIUNAINIBY (Thermal diffusivity, mm?s)
s = AUNUIVDITUIIY (mm)
Tre = QEUVDHANAERAAD (C)

Toots = QEUUIUIALA (°C)

Tojected o = BNNNGIGAVDITUINUATINANAUNUN (°C)
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2.3 Ana3iuguNgINUITN1TeRNLUUNINIARR M NNERALasdana s Uiy

(Foundation of Design of Experiment amd Firefly Algorithm)

2.3.1 1A599399ATILINN9RDR

@

We9annauIved

£

palimInTziveyaiionageulnauAgIuieInuALade

Y

vaatayaniuinnda 2 Yadeiduaswmiely fedn1sTinsigviaanuudsusiu (Analysis of
variance, ANOVA) 111131501 1un 32 UUN15A53988U LagfiwuiAni e3iun153tAs1en

ANUKUTUTINTRITBYA AR NITANWIUMIAIALLANANYBs B aUTEY NI TIIn U UY D

6

ANAIULUTYTIY s asRasaneduseneuiiiniu tneidaAinnuudsusiulugud
v & v Ao a | v/ 4 A Y Y% ¥
wandbiiuintadeiinisiatsunlifinadearlady Tuneseiudaiaianuudsdsi
Lilugud wanehdadeninmsiiansanuazavnvesdadeenafinansenu Taevdnnislunis
AaTRANULUIYTINYBITRYa [29] Ao MSATIAMIANKUTUTIUTIN WaWNSHENMT
AATILYRENANNRUTUTILLARENIALIUA LagllAsT1eANLUTUTINS WL RINa LA T

Lilasunismiuan Fa5enin SHnnedan wagyitn1siarsunindadeanuuysusiudu

\Wenvsawunisuinnusslidlawssufisuiunannavgilignalugulusening

U 9

N3z UIUNTHBUlUNISNAADY K38 STUSAITTAR NTTUIUNISIASIEAILLUSUTIUDY

1
(Y]

fsandnwdadeiieatadunellagNovdsnuiuseauandaulavesnisanwvasadedn

(%

a SYAU LNBNAISUIITEAUNLANA A UTDIUITIUY FLAINANTLNUABALRABUDIHILUS

o w =

movaues (Y) sgraiidudAawiell uansdeyauastadedmsnad 2.1

o



A1319% 2.1 ununsivdeyanasadeiinsenusieradevesiulsnouaues [29]

sl WUHUA
1 2 3 q i a
1 Y11 Y21 Y31 Y41 Yiq Ya1
2 Y12 Y22 Y3, Ya2 Yiz Yaz
3 Yi3 Y23 Y33 Yy3 Yis Ya3
J Yy Yy Ys; Yai Yij Yaj
8] Yln an Y3n Y4I1 e Yin e Yan
Nas (Th) Ty T, T; T, €973 ™ Ta
(e5au)? (T2 | (T1)? | (T)2 | (T3)? | (Tw)? (TD? 17 (T2 Z(Tl)z

i o

logh T, D NATINYRIVBYANNTDUJUAN i;i=1,2....,a

Vi Yy s ny Ao SuudeyaluIBURURT i

= eI R

T.. D WATINUBYAYNUNG 3, XY
S [ ¥ 5 a

N AD TUIUVDYAVINUA 171 0y

TneiAd1inAum199 Tu ANOVA fio

Sample Size : nq,n,,ng, ... ..., Ny
Sample Means : X;,Xy, Xy, ovv eov) Xk
Sample Variation : S;%,5,%,S5%, ... ..., Si2

Total Sample Size : n = n; +n, + nz + . +ng

Grand Average : X = Average of All n Responses



23

lnedi X Ao AeduvemasiuAadsvesdoyausasUszains Ssdinslianiminuse

§m37dn Sample Size W3BUiBURU Total Sample Size fauansluaunisd (2.5)

Inwau1501IAT Between-Sample Variation I§anaunisd (2.6)
SSTI‘ = nl()_(l i )=()2 + nz()_(z - ?)2 + n3()_(3 = )=()2 + A + nk()_(k - ?)2 (26)

1ae? SSTr Aa Treatment Sum of Squares Faduni1sUINAUTBINIUASIEdDIVDS

AULUSUTIU WaZENNIORLIaIm Within-Sample Variation téfsaunisit (2.7)

SSE = Z?:H(Xu —%1)% + Z?ﬁ1(xzj 3 K, NIk 2;;31(X3j — %)+t Z;Lkl(xkj —x)? (27
Fsanansoudassuuuulsidveunisi (2.8)
SSE = (n; — 1)SZ + (n, — 1)S2 + (ng — 1)S2 + -+ + (n, — 1)S? (2.8)

Taelunszuiun1sIATIZ AIULYSUSIU A1Y84 Variation LD UATT wWanaAI1y
AAALARRUYRITYA TUNTEUINNITNITUIFENTIEA1I Error Unue1an Variation uae

NAUINTOAUNIT 2.6 WAE 2.7 @111507192a59aun159 (2.9) F9158n971 Sum Square Total

SST = SSTr + SSE (2.9)

Tnedl Between-Samples 3o Within-Sample Yur1 Sample aznunediann Level
uag Treatment 8 dunszuIun1s Between-Samples Ao NMAINITUIAITEELUNNTERING
Level @9u Within-Sample 9ziansantoyaluusias Level ¥9n55U2UN"1591 Degree of
Freedom (df) A \lowasaaianun (SST) Tnedl df = n-1 uae n fo maiamaa%’ayjaﬁgwm

09N Level Tuvagh SSTr Ain nasiusendng Level lnaf df= k-1 wag k Aod1uiu Level
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WAy SSE ABHATINAINNNY Toyavenn Level lagdl df = nk Feanunsadrdeyauin

ANRAEYDILAATNIULARIENNITN (2.10) way (2.11)

SSTr
k-1

MSTr =

(2.10)

MSE = 35E
K

n—

(2.11)
dlo MSTr e Mean Square for Treatments (Between - Sample)

MSE 78 Mean Square Error (Within — Sample)

'
=~ o 1

FIDNF1FIUTLNI19 MSTr wag MSE Tunig ANOVA 98158071015NA@8U F test @19

ansnazulanansnadn 2.2

AN999 2.2 LEAINITIATIERANLILUSUT Y (ANOVA Table) [29]

Source of Degree of Sum of Mean Square
Variation Freedom (df) Square (SS) (MS) i\
Between
Sample k-1 SSTr MSTr= SSTr/k-1
(treatment) MSTr/MSE
Within Sample
e n-k SSE MSE = SSE/n-k
WNATIUN n-1 SST

2.3.2 NSNATUANNRFIUNIEDA

NSNAEBUANNATIUNNEDH a1u1savibalaen1sinuatadeveInIsuanias
aruniasiureanguuszinsaesnauiuly wevhmsinsgiauuansemiemiiouiy
Y9INGUUTLYINT FEal MIvageuA A sreInguUTzvINTIvi dawinfuinde
Guamq’uﬂwmmﬁéaw%‘alm’ arusardouuaunsiased HO: ul = u2 uas
H1: pl # u2 laofl pl Wudadsvosnguiiegeinianay u2 1dudnedsvesngy
Fregnafiaes laedl HO waneds auuAgIuvan (Null hypothesis) way H1: pl # p2
39071 aunfgiused (Altermative hypothesis) 39152 UIUNTNATOUAINNTANATDULUUADS

auld ul < u2wnieo pul > p2 Ale lunszuiunsiasziauufgiue denszuIunis
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[

duiieg1e Inen1slnsisinadnsvetauufgiuazende A1 P-Value Tunsnnasuauufgiu
lagen P-Value Ao Arud1zidunvadifvasnisvegay andaag1ady damuiity
NILUIUNIINAADUANNAFIUNEN HO = pl = u2 fAszeutedfsy P-Value winfiu 0.05 N
wansIweniu H1 visenaniliin Yeyavesnguiiegrsiindedinnudesiudes silvain
auufgIuItwausuaNNAgINTe NIBlunINduAUa U3 P-Value 11nN31 0.05 WAAII1
Aenudesiuluanufgiu HO uinndn H1 hlkagdlédn fimseensvanudgiundnuas
U LasauuAgIuTes

'
o w A

TUABUN 1 MUUAANNATIUNGN duNRFIUTES wavseautudAynldlunis

o

Fndula
HO: ul = u2
H1: pl # p2
@ = adauNsTAutuaIAgy 0.05
AL pl = AaderaenguiIeg1eiuile

U2 = Aedveingushodisiiaes
Funeudi 2 funeunsiaszieng Paired samples T Taglusinsy Minitab
1) Stat -> ANOVA -> One way Analysis
2) \Bendioyaiisaesyalunsovaoding
3) ldAnAudiosuluges Confidence level: Faramudeasiumintu 1-a
vidolAuvinfu 95% uasidenUssamuesauufgiusesiidesmmaaay udaden Ok
4)1d9n Ok 815 un1sUseanana @ 93501514 Minitab 9gna 7

1eazdunL iRl uRITaN 2.3.7

o '
o a

YURBUN 3 NANSIASIZAN9EnR P-Value Algainnseiuia

fAnnninsvautedrtyi 0.05 : Weensu HO wagdfes H1

'
o o A

fmdeuninerutuddnm 0.05 : ufias HO uazgeusy H1

2.3.3 M3AATIREANNGNABIYaITaYA
Tunszuaumsinsesinugniesvesdoya auaudandwesdoyafidosiide
auUnfvasdoua (Normal) wazanududaszunsdaya (Independent) sauviananusdl
wdlggnmaIuANLUsUTINYeTeLa tnenseuIuNIsATIRaeUIIteyalinnuminasly

NILUIUNITIATIENANYNABINI 0N Y 92 DvIIN1TIATIEVLALINGD (Residual) Ves
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Toyalaglidyanual e; Gevuneiis Residual dwsutoyait j wazseaudaden i awnsaleu
eRsaunisn (2.12)

ei]- = yij - )71'1' (212)

lng¥l §;; Ao Aszan 3eliendn Fit vesdeya y;; lnenszuiunsmaaeull

[

LU UM SIS IE R T
2.3.3.1 MTIATILYAIANNEUVOITBYA (Run Test)

Tnen15tensIn Residual test N andINANUAUNUSVDIANLARNE DLAZLIAN

v

vsediuvestayalunsruunsiasan dwivegeluzuin 2.19 Tngniddeyaiinnuguue

Tayaszaealinisnszaediunarliidnvasidugaredies (Run) nialiveyaseiiouluy

Y

@

Wil (Trend) visedideyailuigdng (Cycle)

Versus Order

(.01 1

Residual
=
3

WA
V

-0.01 4

AW LEDCE -2 14 16 %7 2
Observation Order

Ul 2,19 heg1ans 9l | Chart of Residual

2.3.3.2 NMTIATIZRAINITHINLILUUUNR (Normal Probability Paper; NOPP)
nsmnsuanuasvedoyailunssznIindeyaifinnsansmiuanudazan
luanareIn1skankatkuuUnd wazviinisnsivasudeyaninuiuunilagendendn
anudsiiukardnwaznsv drdeyaiinisnszaeduuuund gavesdoyavziiessiaiv

IndiRssiuiduninuninasludauandugui 2.20
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Normal Probability Plot

Percent
&

1071

1 L] L] L] L] L]
-0.02 -0.01 0.00 0.01 0.02

Residual

5UN 2.20 fMsganiinaaeunIsuInLIwUUUNG

2.3.3.3 MIAATIEAIAMLLENE TURIANLUTUTINYRI YA (Test for Equal
Variance)

TngfimsaiaseimmuusunuaRaIsanaaduiusszmnite Residual uas
Fit vesdeya Ingadeyaiiniuaiiosaznudn Jeyaiinisnszangdivastoyauuduivilowas

10 0 nllanulndifgaiuselianuamendeiutaanslusun 2.21

Versus Fts
[ ]
0.011 4
b . L™
: i
o
2 0.00 i
o .
- ® @
0,01 ] = .
[ ]

04 05 06 07 08
Fitted Value

5UN 2.21 fpgansminedeuaNudRus eI Residual kae Fit
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2.3.3.4 MyIATIERTalaunTY (Histogram)

Hunsuannisnszanedvestoyaluusartastuvesoyayaiiug Tnednuas
yosBalaunsuiisheiuvanevin 1wy viagunseunfviesedlendn wiaguiluin wdadaan
yiaide vliafisiuge wiovarsven Wudu Faa1ndiegeguil 2.22 1unisuansnis

nsvemvestayaludnuanIsEdaadn

Histogram

Frequency
.Y

15y S

_0.0i5 -g0i0 -0.005 0000 0005 0010 0015
Residual

SUN 2.22 fegrans ndalawnsy

v

¥
Y A

2.3.4 ﬂ’]’]ﬁJEWUﬂ"luLﬁﬂ’JﬁUﬂ’]ia'i)ﬂLL‘U‘Uﬂ'ﬁ‘VIﬂﬁﬁN

2.3.4.1 KaNNITDDALUVUNIINARDY [29]
ASZUIUNTOBNLUUNITVIAGDILTIAENRA (Statistical Design of Experiment) A

N3¥UIUNITRONHUUNTNAABANBILATaYAN 1INARDIIINZaY A1NNIAUHANTILAT 12 lY

a aal ¥ = 1< v a £ 1 < <
L%aanmlm GziwmﬂumamqaﬂumsmsﬂaagﬂaamLUuLmLﬂuma 1a8N1588NLUUNITNARBS

' '
a o o o

FeatAdudsdnlulunssuiunisasuna Tnatanizegedadnlunseuiunisaaesiinas

aa

Wasudnatigatesiuauidanainlunszuaunsnaase (Experimental Error) 35015

naaeudsadAluiSifeafisvannsadinsieinazaunanisnaasdld Jenszuiumsndes

#15uluTuABUNITBONLUUNITNARBUT AT ALY 2 UT¥n1s A N158BNKUUNITNARBS
wazn1sIeTevtayaleaia Inefivdannisiugiulunssuiunsnsesnuuunmaaesd 3

Us¥ns Av

Y Y a

1) Replication A8 N1TNAADIYT FINaT LT UnUT 9zl Wa158un

Y

'
a

aunIMmAINITUTEINYRIANEANA1IATe AN TVIRaedld wagliAadsvesteyaiazgn

Y
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illdiieUssinansnaiiinandadenicdunszuiumsmaass e Replication @111%0
yhllduadnsvosssnuafigniesdstudieldlunmsfinnsandmansznuresmvnans

2) Randomization #o ns¥UIUMINARDITINNTadY ﬁgﬁaamzé”] TUNISNARDY
Tuusiazafaduuuudu (Random) Tasfiniseenuuunismaassuvuidsadivuadn foya
sgdeafuiuusuuuguifiniinszaeuuudasy Taensruauns Randomization aziiu
nszuaumsfitelvannanszmuvestiaduneusniienaazusnglumsnnasdls

3) Blocking fis NS2UIUNITT LT uA1LLT BenselunszuIunIsNIAG DS
msudentadvusduiiiefinnsandiuniwesiadonieiaglunszuiunmeassazdiely
nsznumaUisuisuleulafitnaulameg agluusazugen

2.3.4.2 TumeuNTEUIUNSRATNNITEINLUUNTNAASS [29]

Tun15¥1n1sMeaswleanfinnseonwuULarILAIEY Fndusdadiiazdaadl

I
[

anudlanasfiny nudeyauazimszideyn tunaulunszuiumsinnsalnasieludl

Y

1) My latgnineasy Tunszuiunisinanudilanazinsisi
Haymitagvhnismaassiiy JzdommeenmmuInNTEUUNs AR e Ui Uszasdus
nsneaes Ingeraazdundeyaduns (nput) 91nnuideiiAeatemsenuisanusingg
fifeatos Wenmsaguussiuiymlvidenudaadlunssuaunismassnniy

2) 119,897 AT TLAVVIUVLYAVDINTEUIUNITNAADY T UTUADUT LT Y

o o I

ATTUIUNSNEIRY LAUATZUINAITATNUATEAY (Level) Nagsinn1snnasy SIURINITRIANTUN

1)

n1sarvandadelvegluveuvaiimun azdesyinnisiiarsauazyiaNudladsdym

Ao o

AMdaiatsan sdeingussasalunszuiunisnsastade (Screening Factor) ASEUIUNS

7AABIAITLABNYBULIAT NI NUINWBN L UINANITNAABIUINITSUIAANTBIUIT YN
AR wazIEAUYeIladenzne lARNAaNSIANER
2.3.4.3 mstaendkUsnanay

lunsgurunisidanaziewilaindadedun Wdeyarigndes wagdiuuin

A

ALRAYE0a I B ULIIATEIUTBINTTUIUN T TUAILUINANBUTBINITVINADS
2.3.4.4 NMSBNNTEUIUNTORNHUUNITNARDS

NISLABNUHUNITNARBY A2ABINIITUTITAUILAIATDINTEUIUNTNAR DS
TunTEUIUNITNARBIRIUNENIAINTTH ABINIIVRITITNANANTENUNBUYINNNTEBAWUU
woradns Al dutduniswanaioliiuitadonsasJadeiaunana1ahasNanseEny

wAneNeiueengls
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2.3.4.5 MIINIINNADY

TunsyuIunITaastzdesinmunarsinsefeludunaunismaasaiioan
Jadesumuunaztasnunisiinnsianainvaeinn1snaass

2.3.4.6 MynaTgvinadeyaludaia

Tutuneuil BnsyuIumsmaasLazNIseBNLUUNISINa NS YLnoE 1 fy
Suneu navssmstwadnsuinziidaanasinlildnadnsAimsnsinuai ol
Prefifuszansam szvhlnadnsalsianuauvnaunataziinnanidete

2.3.4.7 asUnauavdalauowuy

dlerunszurunsnaassuasiiesinaiaufesud szdomndeasulums

U URkazuuziuuIn1evesfianssuiintu uenaintudinesiinisiudunanimeaes

(Confirmation experiment)

2.3.5 ANT9RNLUUNTSNAABLTIUNANDLIEa (Factorial Experiment) [29]

nsrUINMTORNLUUBLAVeSEa Ao nIseanuuUNISAaedidoIrTatina
7 azifinsauruvesseau (Level) sowumasdasedmidululdlunssuiunisnaaes i
msvnaes 2 Y938 Uszneusie Uade A fivssnousie a seiu wastlade B fivszneudie b
susu Tunsnnans 1 Replicate avUseneulufasnisnaassianun ab n1snaaes Tneiiile
thundniseslunsmeassuuunavelSoa axsesiinslad (Crossed) dadtlunisnnasaiieg
Anuduiusvestafe sUkuuvesmseanLuulwavassauy 2 Yade lulsas Replicate
YDINTHUIUASNARDITY 926 89UsENOUAI8NITNAABISINFINE1D ab MINAADI UAE
fivsans1uan Replicate v n ass Tnefmuals yik fie naneufidunnldiiodade A
Hseau (=123 uwusd Jads BIsyau jG= 1,2,..,n) @195V Replicate 7
k(k = 1,2,..,n) Inofigduesnisdanmis abn adq AIRLRFGIRINIGEY fatfu nMsppnLUY

yiniifegnisendn n1seenwuuduuiysal (Completely Randomize Design) lasuanaidu

wsunwldfaguil 2.23 (29]
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Factor B
| i b
Yur+ ¥ | Y Yios Yior Yo »
|
+ Yita » Yz + Yita
Yo ¥a2e Yar1+ ¥Vom Your s Yoz »
:
'f' -
ke » Yo Y22 * Yatw
o
L]
=]
'r=|
Yar=Yar+ | ¥ ¥oo ¢ Yars Yauo »
a
Xard ‘}n.‘_'t v s Y b

JUN 2.23 uansgunuunseenkuuidaunanees 2 Jade

2.3.5.1 MsoenuuuNIvnasiavaiieafiugy (Full Factorial Experiment) [30]

AsEUIUNIINAaeIsuULNAnas sanusUssdenldinefnwnansenusening

v
2

Uaduetetes 2 Jaduduly lneqaussainnanvain1snaaadiuuilae Aedn1snaisu
HanTenusw lnesgavvesladesztuediumudnnyvestady tnendadenings (Critical
Factor) 3¢/ 84¥11N17ANWI8E 1Az uAkarIzinITN ATl seAvvesladei aedy

FaawsadoudunisiiuuuresnIsnassld feaun1sil (2.13)
Vijk = K+ ap+Bit(aB)i+ei (2.13)

lagf yi Ao ANTSREUALDY (Response) YBINT¥UIUNMTNARDY LaefiTady

A fiszdunisnnas | wariads B iszdiunisvnaes jimaﬁmﬁmaaw};’]ﬂ%ﬂﬁ k;l=12;
j=12:k=12..n

m fie nakAusan (Grand mean)

a; fie Amansenudade A fisedu i

Bi Ao AansznuUade B sz j
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(aB);; Ao AdunshIen vienansenuTImseninedade A uag B wariiseauilade |
uag j
gjr Ao AMANURananveINImaaesdaty A uay B fiszautlade i way j Taevi
MInaaeIsAs k
2.3.5.2 N1599ALUUNIINAABILNANDLT 8aUNIdIU (Fractional Factorial
Experiment) [30]
lunszuiunisesniuunInaassiianeligau1sdiu druunazgniian

=

Uszgndldiianisiinsieiiiieadiu (Screening Experiment ) fio tun1snaasuiiafinnsan
dl =

Jadenmueifeatesieyviieananauauswsiossuuinnige Fesdouldnsyuiunisi

Tunsnaaestunounsn ﬂi%U’JUﬂ’ﬁVlﬂaENLL‘UULLWﬂV]E]L%‘EJa'U'NﬁI’JuLﬂuﬂiﬂU’J‘Hﬂ’li'ﬂﬂa@Q

\loangUasnnnisnnassiuuuWAnelisaIfiugULUY Ao MIneass 2877 = ;—:Imaﬁ p=1
Imaﬁi’wmumimamﬁgwmwwhﬁ’m%wﬁwmmsmamLLUULLWW@L%@Lﬁugﬂ (% (2%)
484 k 938 Tngi38n31 One-Half Fraction Factorial Ingé p=2 §110133Msnnaoeamun
YN 2—: = (i (2%)) 139031 One-Forth Fraction Factorial
2.3.5.3 Inseas 19919 ouuazIwa LS onuNuNITTIAGes (Alias Structure and
Design Resolution) [30]
TunszuaunIINeaesluuLNANets saudud I nazdendnwitadelu

Y]

NIZVAUAMINARDIN 2 S¥AU LavinisAadaniadeniusd1Ag (Screening Experiment)
war@nwUaded 3 sgau 1 afeIn1TMIAMUF NS TngannisAuduRus naaes
(2" Oder Modeling) Ingillunszuiun1svnassuvaniulzdeddnmnuduniusseninedade

P v P o v & | ) Y] . ) o v e
N19ZADIANWIAMUFUNUST Sen119Uuuan (Main Factors) LazUavuAINTNEUNUS T4

v
3

(Interaction Factors) Tagfini1s@nunlassasanggautuaisnsadunalaainaisivaziden
YBIUNUNIINABB (Design Resolution) T aLdui 19 r8i vunuayiden Generator 1ag

= a
i’]EJaSLE]EJmJENLLN‘uﬂ’]i‘ﬂﬂaaﬂLLﬁﬂﬁIu&‘lTﬁN‘V} 2.3
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A19199 2.3 LALATIAS T TIULALIIUALIDIALNUNITNAADS [30]

Resolution P-Factor (R-p) Factor dguaruning
_ @95V Resolution Tunaudl Hansenu
1 (Main 2 (2-Factor . o,
, nanagll g ouny weaze g auny
Effects) Interaction)
nansenusayu 2 Jade (Two Factor
I .
2) Interaction) ¥ U 2 > lag | =ABC
(2-Factor (1) NUIN C LY GDUNUNANTETNUSINVD
Interaction) AB 1Wusiu
. ! Resolution IV lunguil nansgnumnan
sgluedouny waslyedauny
\Y; . g NANSENUTINNG 2 U998 1w 2“1 wile |
= ABCD 1ng# A agg1goufuNansenu
573 BCD Wanssnu B agaMad auiu
3) (1) | -
NANIENUIIUVDY ACD L JuUsU
1 a dmsunauil wansenunanazligdon
2 y AUNANSENUNEN wazliegauny 2-
\
Factor Interaction LANANTENUIIUY
(3) @) FdfoURUNANIENUTINTENIN 3 Yoy

2.3.5.4 N1999ALUUNTNABBILUUAIUNALNAT [30]

AUSUNITPBNILULNITNAABILUUEIUNENNAHAMILUNNE E 1S UNI SRSl
ieasuMmuuuvestymnsvausstuulnalulleanng (Second-Oder or Quadratic Model)
Faflanudangulunsldausasivszansamgadewdsuifisufuununivmoassyiadu
msaaﬂLmudaumammqmmmﬁ%Lﬁaﬂiﬁ’ﬂﬁﬁg&éauﬁlﬂumiaaﬂqum'ﬁmaauwmﬁmgﬂ
(2XFull Factorial) WagN1590ALUUNITNAABDILUUUINEIU (25P Fractional Factorial )
Inganusaneaedliidudiug Ae n1svhnisnaaesdu Factorial wag aAudnane (Center
Point) NaU WAWINNISNAABIFILUUENNISITLEU aunsfadulivingauduinnisnaass
wisludruresgaunu (Axial Portion) Fsagsilleaunssmuuulnaludiuading 2 (Quadratic

Model)
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TngUnAn159NLUUNTNAaBILULAIUNENNa1sazUsENOUAIY 2K unnvalsea
A1 ne fu Tunwinnunielugduuuni (Stan) wag n. Suf 9agudnalsvesnisesniuy
drunaunany lunsdfuRagviinismeasswuuilusdudu fe n1sesnuuy 25 aggniun
W annasLaznadeuRUUTIaessuRundanou waziilonuiuuusiassldmunzaus i
msnaassiivlutunnuiielfiianatassiuuuidaes Inglunszuiunmsmeassazdod
N13A1MUATEEENIE O ¥8IN155UIURUILNUYDITAR U NA19VBINITODNKUUNITNARDS
Wazd11IUIAANENAE N TUNTPUIUNITRONRUUNITVIAGBILUUAIUNANNAI foseaniuy 2¢

Factorial Tagdin157aaouf L@ Ui oun U suAEuUTEENS VAL UUANNISOUAU 2

2ol
_Xl XZ X3 .Xk_
0 00 .0
-a 0 0 - 9
a 0 0 - 9
0 —a 0 “0
0 a 0 L,
) A
ORI X Ve
O 0 0 e — (L
L. 0 0 O o

loed o vJuasveznisvesnissulunwinnudveasndufidon wunsdl

Y

(%

Funutady (k) = 3 3¢k Matrix n1sneasssail

[xl Xy x3]

— L1224
=1 a1 =1
-1 +1 +1
+1 —1 =1
+1 =1\ 91
D= +1 +1 -1
B I N e |
0 O 0
—a 0 0
a 0 0
0 —a O
0 a«a 0

0 0 —«a

L 0 0 a -
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lng¥l 8 9ausn Aen1seankuu Full Factorial 2X 9a91 9 fio InAUENA19YRINTT
8aNLUUN1INAGBA (0, 0, 0) (Center Point) Uargail 10 fis 15 Ao aluuwIuN (Axial Point)

Tned1uinugeaeinfiu Full Factorial 2° uaglaemiluyn Center point az@aniuunnii 1 90

B1 B Bs  Bu B22 B3z Biz Biz 3]

Bo
1 -1 -1 -1 1—-¢c 1-c 1—-¢ +1 +1 +1
1 -1 -1 +41 1—-¢c 1—-¢c 1-¢ +1 -1 -1
1 -1 +1 -1 1—-c¢c 1—-¢c 1—-¢c -1 +1 -1
1 -1 +1 +41 1—-¢c 1—-¢c 1—-¢c -1 -1 +1
1 +1 -1 -1 1—-¢c 1—c 1-¢ -1 -1 +1
1 +1 -1 +1 1—-¢ 1-c 1-¢c -1 +1 -1
¥ = 1 +1 +1 -1 1—-¢c 1-c 1—-¢c +1 -1 -1
174+ +1 +1 1—-c /I'—c 1—-c +1 +1 +1
1 0 0 0 —C —C —C 0 0 0
1 —a 0 NN A o . 0 0 0
1 «a 0 0 a’—c —c —¢ 0 0 0
1 0 —-«a 0 —coa?—¢c ——c 0 0 0
1 0 a 0 7/ [ce\\ Nad—¢ ~—¢ 0 0 0
1 0 0 —a —C —c a*—c 0 0 0
L9 [ 0 & | &8 NIV % o [N 0 0 |
[ Bo b1 B- Jo Bi1 B2z Bsz P12 Pz Pas ]
N 0 0 0 0 0 0 0 0 0
0 F+4+2a? 0 0 0 0 0 0 0 0
0 0 F+2a®? 0 7 (0 3N A 0
0 0 0 F+2a®> 0 0 Neo 0 A 0
X'x&1 0L oy <0 D W yu K4y 0 0 Jf0
0 0 0 0 q q q 0 0 0
0 0 0 0 q p p 0 0 0
0 0 0 0 0 0 0 F 0 0
0 0 0 0 0 0 0 0 F 0
0 0 0 0 0 0 0 0 0 F |

Tnemuuslv k = 9uutade
F = 2¥ §1u7uiuunisnaassuwuy Full Factorial
T =2k + n¢
ng = FruuMIVIAaesdl Center point YBINTBBNLUU
C = (F+2a®)/(F+T)
N = Shunumsvaaeiavan = F + T

p = [(FT —4Fa? — 4a? + 2)(F + T)a*|/(F + T)
q = (FT —4Fa? — 4a*)/(F + T)
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agnudn X/X ldldduuedndunsayy Jsdawalivinisdnlden Jude
M30BNWUUANEME Orthogonal Central Composite Design) aansidenanfinzaulned
mMuuali o = (qF /4)Y/* (2.14)
q=[(F+T)Y? - FY?]? (2.15)
2.3.5.5 ¥lAN1590NKUUNTNARBILUUEIUNANNAS [31]
awnsauuseandu 3 ﬂmﬁﬂwmmaqm‘am@aaﬁuaeﬁummmmzaﬂumi
BonldlumsUiua duandlunsned 2.4 Fdunssuiunsiseadvilldfinnsundennis
pONLUUNINARDILUUAILURANNa1TUNTTUUNToRNkUUMINARD L iBann L udouly
nszvIuMsinsuntladefiinanssnuienanovaues

A5197 2.4 LAMITUAVBINITEBNLUUNISNAABILUUAILNENNAY (CCD) [31]

4 Kol ¥ v sUlanIaN B
¥llavas CCD | deydinwal anvazuasyiin CCD
N1398NLUY
N13500NkUUN1TNAABIA DI UNAN e W\
nasuuunay umseenuuy
Tnemuuali 52een13 O U99013 £ T
C \
SulukuIkNUTBIAAUENAIIYDY 1{ }
. : N13BBNKUUNITNARDIILLNNY /
Circumscribed CCC AN " -
Sailvovnaudanandlusy wazlu

ASLUINNITODALUUNITNAG DS
LA BININUATEA U (Level)
AISNAABILVIIAY 5 hazd1u158

fia¢14 Resolution V 'I&

ANYULNITOONLUUNITNAA DY
AAUNFUNANILUUINNANY DA IU

eilsuleuisnsuuRnaaneiu

yipnay uiaggediuasunlvieg

Inscribed Ccd
TuveulnueIsEaznIe Ol Y89N1S

Sulunuiunuvesyaaudnaland
A1oENIN £ 1 usiseau (Level)

Y99UadudansRngldivindu 5
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A15197 2.4 (D) uansTlinveIN198NLUUNTAADILUUEIUKELNANY (CCD) [31]

- v oo . . - sUnanIan LY
YUAVaY CCD | deyanwad anuwasYassun CCD
N1592NLUU
ANYMUINITEDNLUUNITNAAB .1| 1

drunaunarawuunidagug nars | (CF

Amualy seeenie o veanssuly
Face .

LUILNUYBITAA UL NA19VDINTS " l
Centered CCF —
PONUUUNITNARRNZIIAY + 1 1oy
#a13aulusUnuuves i un nida

LA UULATNINUATLAUNITNAADY

(Level) 7 3 szaiu

o s a ‘;’ 3 a
2.3.6 ANSNIRUARILUUA IUTSN UN HINBUAUDY (Response Surface
Methodology, RSM) [29]

aa a '3 & da & q' a

ABN1ATZALUUN UNERIRDUEUDS (RSM) 1TUN3zUIUNITNTIVTILLNALA
NIATNAIEN T LN NARANMINITATIIA L VUT B osuazAasIzid i lnefinadws
ia1sduegiunaledads Ineliingusvasdiemaangaveanadns lnodiulvafly

[
[ 2KY)

N3LUMNITATUIIES DeAINFUNUS eI ws A vdadedasy Ay luduneuusn
LA DIUTLUIUAIT AU AUT LU D UA N T NAI NS UAAIAI LT UNUS 1 L9125 9521319
I @ U a = & % Y Ao w o ¥
ANaNOUAUBY () kavidnvesladedase Tadaunaliagldflsidunnununimaiuasangld
HoulvvaUA UE LRI U SD5aY Tasd I ILuUTI1a99vaNaans TAUduN LS TuAds
o A & A Y u W a su o & v o ¢ I3
WRUINE NI DLUULTAAUNUA U T TY NINYUHUNZAWTOU TTU AN UNUS AU TY

FLUUANPANEANSI T AUTSntlAeaalnIsn (2.16)
Y = Ay + 3K AX; 2.16)

Ine?l X; Aeduusdasy Y Aemilenduiluiigay (waawsvestgymniansun)

o,

=3

k 9 FIUIUVDINS AN NOBNUUU Ay AB AFUUTLENTVDIAAIA A Ao A1duUsEEns

Wavdu weaidatensvaussliiduldadulaznadnsveesnuudsdulidanuduiussde
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v
o ! o

Uadedasy lunseuiunistuinaesdie nslinyunandmasgey Wy nuinmasaediionis

'
(%

Uszanaumuduiusseninadadedaseiunad nsinansanaw@unisi (2.17) wazianagy
Mogail 2.24

Y =A+ 3k AX + T JAXX + Sk AXE (2.17)

1ag?l X, AesuUsdasy Y Asmiflenduilivang (A1n150n99 130A1IN159067
YT UIIU) k ABTIUIUYBINISIANDSTOBNUUY Ay ADAIFUUSLENTVRIAIAIT A, ABAN
duUsvaAnNTRdU Ay ADAFUUTEAVEUDNNBNVIHARTIINGDS A; AvAdUUTEENTVRY

WOLYDINARNUANG DS

Surface Plot of Yolume shrinkage (%) vs D, B

Haold Yalues
A 190
an
3
45
21

(e

4,385

valume shrinksge (16 | 1984

4,382

[
A aa

5UN 2.24 fegreguiiuniineuauasuua i

2.3.7 M5hIUHNSY Minitab TuNS2UIUNISRBNLUULALILATIZINISNAGBY [32]
A uluswnsy Minitab L0ulUsASUNA I IUNIT09NRUULASILASIEY NG

Meadia tnegusilusunsudsianslugui 2.25
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sUN 2.25 Meghalusunsuuayesrusznaunavedusingy Minitab

2.3.7.1 Toolbar ey Menu bar

Juilsituesdusgneundniiussadds Standard Toolbar, Worksheet, Graph
Editing, DOE Toolbars (Factorial), Response Surface Design, Mixture Design wag Taguchi
Designs) uu

2.3.7.2 Session Window

Wunthsnanlduansuadnsnieain lnpaunsaidonAide Data way Display

Data \awaninadeyansuanduiieg1aguin 2.26

S - v o Y v - = [ 1 ) 1y v v
nansiiluenansianulidmiumsldnuiions@nwiviniu leugnlvdluldusslevdaunisen

Lidnsdlla visdu Bnnsnuilvdnudalien uagsesanedsisdivesenaisynasandnistluly



1022049:19:40
Welcome to Minitab, press F1 for help.

Plackett - Burman Design

Factors: i) Replicates: k
Base runs: iz Total runs: iz
Base klocks: 1 Total blocksa: 1

1022076:27:35

Welcome to Minitab, press Fl for help.

Retriewving project from file: 'D:\FOR PHD\RE-START“FINAT.
FROJECT wdwrSikmiaaw 20160720\NEW_TEST_SCEENING FACTCOR_030859.MFJ"

Factorial Fit: Total warpage versus Melt temp. Mold temp, ...

Estimated Effects and Coefficients for Total warpage (coded units)

Term Effect Coef SE Coef T
Constant 1l.4644 0.08193 17.87 0.
Melt temp —0.0358 —-0.01739 0.08193 -0.22 0.
Mold temp 0.2032 0.101& 0.08&193 1.24 0.
Inj. speed —0.18l15 —=0. 0807 0.08193 -0.339 o.
Inj preasure —0.0285 —0.0142 0.08193 -0.17 [+ A
* o

Velcomme to Minitab, press FL for help.

3UN 2.26 Medramsuaninauy

2.3.7.3 Data Windows
L'ﬁu@l’ﬁ’NLLa@ﬂﬂﬁﬂ (Columns) Lagian

wazhAlulayanImIoENlanINagui 2.27

oW ko

~1 WO
ODWwomom

Session Window

40

(Rows) &dlupssannsaiaglddoya

5UN 2.27 deg19n1suanInauL Data Windows

2.3.7.4 Graph Windows

1

b 1 6 7 s W 9 c10 c11 c12 | c13 c14 c15
T nj iomer; Switching over Packing time I;aEking pre;u-r;al Melting -rature | Mold temp FC:mi‘ng ‘Warpage x (mm)fv_\ranage mim) Warpage Z (mm)
AN Y@ T N A<\ W #9| /[ L = 09323 0.10030 0.05186
3 —‘ 60 98 15 60 170 70 60 0.4962 0.05830 0.01071
4 80 98 15 80 170 30 20 0.4706 0.05620 0.01726
5 60 a0 3 60 170 55 20 0.6971 0.08257 0.04177
6 60 98 15 60 210 55 20 0.6225 0.07435 0.02313
o 80 98 3 60 210 55 60 0.6810 0.08045 0.01485
8 80 90 15 60 170 55 60 0.4469 0.05210 0.00961
9 80 90 3 80 210 55 20 0.8585 0.10190 0.05438
10 80 90 3 80 170 70 60 0.5624 0.06581 0.01218
11 60 90 3 60 210 70 60 0.6926 0.08156 0.01511
12 80 98 15 80 210 70 60 0.5096 0.06014 0.01103
13 80 90 15 60 210 70 20 0.6155 0.07425 0.02239
14 60 90 15 80 170 70 20 0.3769 0.04476 0.01830
15 80 98 3 60 170 70 20 0.6695 0.07828 0.04222
16 60 90 15 80 210 35 60 0.5572 0.06568 0.01205

Wuilandunldanins vl Fea1unsonandnale 200 ns1 wazdvainvanesia

NIMTBINSHARINaTUBE FUNTIdeNldNa T e innsatiAna

a v

wandluguil 2.28
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Il IR e+ R
X T2ON - L1t]

AN

Half Normal Plot of the Effects
(response is Total warpage (mm), Alpha = 0.05)

Effect Type

Percent

# Not Significant
m Signfficant

ToM MmO o ®m s

Factor Name

Injection Flow rate
Injection pressure
Switching over
Packing time
Packing prassura
Mefting temperature
Mold temperature
Cooling temperature

0.00 0.05

Lenth's PSE = 0.03165

0.10 0.15 0.20
Absolute Effect

Welcome to Minitab. oress Fl for helo,

U 2.28 fo819n13UAAIFULUY Graph Windows

2.3.7.5 Project Manager

ldiennsuanssivaztden Files Tu Project Ingaiunsaidan Folder litauans

nthaeanee IinuaueeInts Auansiiegelugun 2.29

Jo=5 ST el P | 1TSS o ey e | lodg
| = [P ferel & 2 =H > | &
| = L1 ]
TEST_SCEEMING FA | Session [ Worksheet
————— 1029644:15:58 <o Warksheet 3
----- 1029708:24:5]  =--mmmm - mmme e Worksheet 3
Factorial Fit: Thermal Stress W, Total warp, Worksheet 2

- Worksheet 3

i _[Z73 Related Documents == Effects Pareto for Thermal Stress Von (... Worksheet 3
£ Worksheets EEl  Half Mormal Effects Plot for Thermal St... Worksheet 3
EI [E3 Worksheet 3 Factorial Fit: Tetal warpag versus Injection... Worksheet 2
R Columns - Effects Pareto for Total warpage (mm) Worksheet 3
EF  Half Mormal Effects Plot for Total warp... Worksheet 3
{20 Constants z
E3 Matrices Factorial Fit: Velume shrin versus Injectio... Worksheet 2
IEI 21, e ! Effects Pareto for Volume shrinkage (%5) Worksheet 3
SVl PAacten B Half Mormal Effects Plot for Volume sh... Worksheet 3
(3 Worksheet 5 - Scatterplot of Thermal Stress Von (MPa) v... Worksheet 3
~@3 Columns =) . 26/06/2019 10:26:44 AM  ---------- . Worksheet 3
-1 Constants Factorial Fit: Total warpag versusInJEctlon .. Worksheet 3
(I3 Matrices EA Effects Pareto for Total warpage (mm) Worksheet 3
IEI 2-Level Factori | Half Mormal Effects Plot for Total warp... Worksheet 3
EI Worksheet 4 Fractional Factorial Design Waorksheet 5
@ Columns Factorial Fit: Total warpage (mm] wersus L..  Worksheet 5
[ Constants Factorial Fit: Total warpage (mm) wersus L...  Worksheet 5
.[Z7] Matrices Factorial Fit: Total warpage (mm) wersus L..  Worksheet 5

Factorial Fit: Total warpag versus Injection... Worksheet 3
Factorial Fit: Total warpag versus Injection... \Worksheet 3
Factorial Fit: Total warpag versus Injection... Worksheet 2
- Effects Pareto for Total warpage (mm) Worksheet 3

=l  Half Mormal Effects Plot for Total warp...

Waorksheet 3

Uﬁ 2.29 fpgemsuanaguLu Project Manager

&2 - Y o 1Y £4 = =2 3 1 ¥ o v ¢ v v
nansiiluenansianulidmiumsldnuiions@nwiviniu leugnlvdluldusslevdaunisen

Lidnsdilag vsdu BnvsinudilvdauUaaiion uasaesdedaduinvetenalsynasaisinisunluly
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2.3.7.6 Watur Open Worksheet

v o [

Wuunasiivtoya 4 9lulusunsy Minitab a1u1505835udoyadimsy

Y

(X

Worksheet la 3 3Uuuy Ao jUnuudeyasiiiay (Numeric Data) JUuuuday a8 nys

'
= (9

(Text Data) waz¥03av1uIu 1 1381 (Date/Time Data) @ ¢8 nwaz4 83 alu Directory

nanafagul 2.30

il Open Worksheet -&J
Look in | Data L] & B of B
I Name g Date modified Type Size *
i |=
s Ieet MINITAR 10/02/201812:38 ... - File folder :
Recent Places ;i
17 ABCSales 13/09/2003 3:10 AM - Minitab Worksheet 5KB
B Aad 13/09/2003 310 AM Minitab Worksheet £KB
Deskiop '@ Acicl 13/08/2003 310 AM  Minitab Worksheet 4 KB
e '@A(idz 13/09/2003 3:10 AM  Minitab Worksheet 4KB
=l '@Alfalfa 13/09/2003 3:10 AM  Minitab Worksheet 4 KB
Libraries '@Auto 13/09/2003 3:10 AM  Minitab Worksheet 4 KB
§ ! @ Autogage 13/09/2003 310 AM  Minitab Worksheet 4 KB
> '@ Azales 13/09/2003 3:10 AM  Minitab Worksheet 5 KB
Compter. /8 Batteries 13/09/2003 3:10 AM  Minitab Worksheet aKB
l."\. 178 Bears 13/09/2003 3:10 AM  Minitab Worksheet 9KB
Heaitl '@ Bears2 13/03/2003 2:10 AM  Minitab Worksheet 6 KB
@ Beetle 13/09/2003 3:10 AM  Minitab Warksheet 4KB -
File: name: J _‘_] Open
Flesoftyps: ~[Mintab " mtw: ) A =
Help
B | Lookin Miitab Sample Data folder
Pescrpkion _‘ Opkic _] Prewigw j " Merge % Open

;Z‘U‘ﬁ 2.30 #19819N7151aA3 Open Worksheet

2.3.7.7 N3¥UIUNNTBANKUUNSNINADILAL AT IEINAN1INAaRIH I UTUT LAY
Minitab

Tunszuiuniseenuvunisnaassly Minitab @a1u1safi aztdenuszian
nseanwuuledy 4 Ussan Ae Factorial, Response Surface, Mixture, kg Taguchi
Method Tnglunssurumssenuuunsnaaesdhiiasdenisladuneuresnisnsendeyaly
Minitab fagadneq fu @vlu Minitab annsofiaziesizideyaldlunaiedd desduduly

A5k Minitab TunsguiuniseankuunIsnaaasileadl

1) NMIVAADUARIIY AADUFONITTINLNZAUABNITNARDUNDNITIATIZH

Ngndousiug
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2) MsasuaznsendeyaiionsiiuAIN1maaeeg198mlula ey

v <

enguuuumananesiouisssydeyafisniy
3) wansuazdaiuoyansadififioltlunsfinnsanuazuanianismaas
4) uanawanswitetaslunmsiiausuazianinadnsueinIsmaaes
dulunszuumseneitasuussanismaass Wednsaiudeyauazyiins
nnaedaiunaTeIfaNaN1TVIAARILET ATANTAMAILUULaYaS 1IN TINKARIANANTUS
vesadonaznaneuausivesnInnaes lage @y Session uaznsm a3urnadldainns

nAasd lAglT uINNITUUAIHAlAEA N Session ANAI9Y19NITUAAIHAUY Session

Tuguil 2.31

Factorial Regression: Hours versus OrderSystem, Pack
Analysis of Variance
Sourge SS -Value P=Val
Model 3 40,25 0.00
Linear 2 915 $0.32 0.00
QrderSystem 1 6 64,46 0.000
Pack 1 47 36.18 0.000
2-Way Interactions 1 979 2012 0.002
OrderSystem*Pack 1 87979 8.97 20.12 0.002
Brror 8 3.5 0.4463
Total 110 /97464
del Suvmmary
S R-8g- R=8g(adj) R=sg(pred)
0.668069 ,93.79% 91.46% 86.02
efficie s
Elfect Coef SE Coef T=Value R-Value VIF
Constant 312.573 0.193 65.20 0.000
1.548 8.03 0.00 1
-1.160 =69201 0.0 1
0.885 4.49 0.002 1

JUN 2.31 feg19MTUARIHAUY Session

Fauwuuilaan Minitab 1udnsnaaniadendn (Main effect) wazitladesqu

5¥n319@09U33y (Two-Way Interaction) Ingazladan P=values 7 lAa1nn1519 Estimated

v daa

Effects wazilAndulssans (Coefficients) wialdlunisnaisaneadantadeniidnsnawasi

I v o W o w

ABdANISERR 9nAeg9eAY dn1sAunliseauatedifey (O = 0.05) Tnanui

o
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I v o o

Main effect wag Interaction effect vessaastladuiiaeod neaEnAwnsIzdan P-value
oA 0.05

Tunszuruniswlananisidedrryveadadalaglynsin Minitab a@1unsaviay

o

€

Ynauensav Normality Probability waz Pareto chart iiienisuanenavasafodfeyd L6

Standardized lngnmswlanadnSnavasdadsannsinaiuisaasuielasanaludl

Aa

1) MsfRasana1nnsm Normality Probability adefifiansan (Term) fislan

= (YY)

vAndyvneadfzgminauessddnuaidmasy feegndlugul 2.32 faziuldintade

'
o v 1w a o

A, B 1ag Interaction (A*B) didvonasgnaiitedfumaiunsgsu o = 0.05

<

Normal Plot of the Standardized Effects
(response is Hours, a = 0.05)

| EffeaType

“ l u Significant

* ——

™ uA | | Factoe Name
= A OrderSystem
§= WA : Rk
&5

»

: 1

-
3

.

-

-S0 -25 00 25 50 75 /100
Standardized Effect

U‘ﬁ' 2.32 g nItaninansIw Normality Probability

[

2) N5H91507 Pareto Chart AiLansA1vuavonilTaddaroatade s

<

Main Wa¢ Interaction effects lngziflguINLAUO19BIRIRIBE1TUN 2.33 Tnefiillanivun

v o o

SLAUUYAN ”zg a = 0.05 Aagnuniatiade AB waz A*B uawﬁwamaﬁmmma’m
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Pareto Chart of the Standardized Effects
(response is Hours, a = 0.05)

Term 2306
- Factor Name
A OrderSystem
B Pack

0 1 2 3 4 5 6 7 8 9
Standardized Effect

SUN 2.33 Feg19NshananansIn Pareto chart

Y

3) Wena1nNN15h0 Normality Probability wag Pareto chart Tun19Wansan
Main and Interaction effects lu Minitab §3R158A15Wa150018 NS Navesdadenan (Main
Effects) Nun15Ha15019 100579 Main Effect Plot Aasiaod1dbuguil 2.34 Auansliiiiugs

Y
[

M3lsEuLiUAmAessuUlmiLaz iU UAYN $30VINITUTIRAUAILUU A WiBUkuU B

Fadeannnaulemd Main Effects Plot for Hours
ssuuiuiddaiiy | oy A 8
, Pack uapsANARLYEHA
| A EGIETES
g |
2 l
s =
| 2 |
Fuademmnauleildssuuiui ; g
dedouutlni
Adeuutm s l
‘ [

5UN 2.34 dsgumsianswansininseviladendn (Main Effect Plot)

A | o o o & aa Aaa a \
T’U']ﬂ?ﬂ_h/] 2.34 QSWU’JWSU‘U?UW]&Q“UE]LLaS’JﬁmiUiifq&JaVlﬁwam@L’Jaﬂ,‘u

' '
I a YA

ATEUIUNITINAS IUFUAINDUIAENIA TLAULYOUVDIANRALUDINAANS (Hours) 1asaunse

Y

1%
v

a3unavnns vl Main Effect Plot lainsil ssuunissuads@ouuulvd (New) agldiianieon

aa

nifleiieuiussuuiuuLAy (Current) kagdsussquuu B agldiianlunisdavesionnin

o w

ABUTTUUY A wanannisiasududdyvesdadendn n1sia1sans I Interaction

o
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Effect Plot flduBnuilsns il Minitab anansauiausnanIsinsziiiennugnaedlunis

VAR IAeAI0819N13HNTAN Interaction Effect Plot AeguR 2.35

Interaction Plot for Hours
Fitted Means

OrderSystem * Pack L ..J
-3

wRUFRHaRUEURY (Hours)

&5

\
/

Ped duaneniuans

Aadennynideulailly

Mean of Hours
o~
N\
N\
)

y TEAULALTE
SEUUMSTUTIYTA A uazidy = ~
! 10 s
| 7
9 g
New Cumrent

% N \ : OrdeiSystemi/ NN

A AT oo sk
wnwnadseinndeulelaserduideelu

FECATLI

JUN 2.35 fMpganishansuans naias1enladesiu (Interaction Effect Plot)

PNNHATRINTNAIUTDIATIENaNTENULR Tnefin1sasuseauvasadanils

v a

AUdnUadenileouiiadanndnsnavesladesiue1ddauanatasenan WdA ALY UiSaanaa

° a

16 ¢l Interaction effect fufududrfgsionstiasize neainnsngual 2.35 wansli

P dl o

Winan nswsendudineudignanaeiinisussgduduuy B Muanduiigai 9 9alus

q

'
v o w a

Tuvuen1susTRRuy A agldiatdssunm 13 93lus M3nssumdawuulnaineg luvue

'
o o

NSUTIIUVU A thag B MIsnssuAmdwuuinagldnalunszuiunisinisudumnuinign
Uszanas 13.5 Talusuas 145 2lus F9a3Ula9138n015us999eddnswaninnindudely

nszvIunsfuiduulvg Fsuusihldsyuuiumduuulniuaziinisussquuy B fagld

P Y
[

= a v A al'
L'Ja’]SLUﬂig‘U'JUﬂ'ﬁWﬁﬂﬂau@’]maum'ﬁjﬂ

2.3.8 Sanasiiuiistion [33]
dwiudanesiiufisrios uBnsmAneufinzailnedusatunialaunain
wanssuvesisiesiiltuasunnimadienguiomens gandu Ao Xin She Yang 911
uAnendeiauuind Tud a.a. 2007 Tnefisanesiuilivinsdeunuunginssuesision
unfuisnsmdneuiivanzan nefimstnusauuigiusiisnsdwiolul

1) fvualvinavies ifliwauas iaviesynianusafpaimdsiunagiula



ar

v
'

2) AFRAURITIRYAzURY IUAILTLYaLLAEI g NUARY0BNY 1ned

9 Y

a v oA

AwfepfiudesAnuaitsveuaseeniNINNNaLigaiviesifmudesainseenuteeitn
s Inefiszoznsseninefiaesidutladondniifinadonnuaing wagmnlaififisfonsh
TaflanudesainsenunmnuansinaannddufaziinsliiiatesiimandeuiiuuuduluiFoss

3) T.ﬂEJé’qﬁﬂ&in’jwmméaaadwamaaﬁaﬁaﬁuagﬁ’uswzmﬁw’mﬁqﬁassﬁq%
agluilsituingUseasd (Landscape of the objective function)

2.3.8.1 Aeudinazanudesainawesiisrien [33]

Aenaduvesnsdesainwesiisiosargnuasseenunaindiiisies lasfis
Awoiiudenuasenumnnniniiduazidugnanla sihlsifistesfitimsudesuasesnunainu
dutfosningnisgadin Tnesnaauduild Sunasiuastusgfuszesynassninsiiaios

Mo lapanunsaaguduaunslansaunisi (2.18)

7%
Thst 1o M (2.18)
WATAINYIAINAY DRI T B NH AN TURANIN LT UDY AUAINUTUUAS

Tneansadeuoenynuauniss (2.19)
2
B =Poe Vi (2.19)

ol [ Husnudunasifieiesdisunadldsy

I, WusnudiuaiifeiossiUassua

B Wumnuinfagaesiiesiiuuaslis

By Wurnuihisgnvesiisviesdaiuualssy

y lusdussAnivesnsnsasuasasnginans Tasanunsodalddous
0 fia 0

rHussssmaswiniisiesisaosiiifagadmiiu Tned Ao i Tum
Feviey j

1PN MM YENNTENINRRaINsa Nz ALl LaLNST (2.20)

Tl']' = \/(xllj - xl,l-)z + (lej - xz,l-)z (220)

A a

lnoivuald  x,; Ao WARLUMWNY x; VBIRiBfINlATULAS

xy; fie Ainaluunu x; vesiiviesdiiniaues
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A a

Xy; A9 AOALULAU X, VOIRIDIAINIASULES

)

Xxy; fie Aaluunu x, vesisvieeiilaueg

Ingnannistunisiafeufivesiisiosmauy Tumiuiseimndaanuiiaula

[

1IN FEINNAIMNUMMUUVDIEIVRIAREAINY dansaAInlaiInaunsh (2.21)

Xp=x;+ [ * (xj - xl-) + a * (rand — 0.5) (2.21)

v '
1 ! a

Taordmuelsl @ fio Annsiivesnsguuesistiosarduegy fudszoznis 1y 75
wadensgiinuesdney rand AoAimsdu 0§11 lnensruiunisqunnadsdifieteniinng
\ndoufinazmnsduiasunnsnaiudmsuiiviossays

Tngandildesusannisanuduiusvemainssuvesfiniosasnudn d1mn
feresliifinisdesuas (B = 0) ﬁqﬁaa%ﬁwqﬁﬂssumim?%auﬁuwzjmaawL’Jm Tnefiaglal

finnsguimnpiuasduvionisgimirneuiivanzauliias fawidifisiesaziaernaui

=D

winzanwadlifAn1sdemasiazlianansafgeiisresindug indsiunisiuls luvae
AININTRIAVBTINGAINA1T () Fsinarennuhlunmsindounvesiaviesls tngfidniiul

[

vouilsituinguszasduiniiaiosas fdumisiiegvinefuann Aduussanivesnsnseuad
psagiimiisiiionslifeiosiummsndesuasiagavnfuld widinissuuaddulseans
209n13n5eaniuly (y » o) Auiesfionnavedliviuduwazaznatsdunsnien
AmeunuvdulFes Judieuaiiousivnesbifiudsdeseaninyiilvlifinisfegadu Tunis
ndutudamuIndudssans nsnsesuasdaesiuly (v > 0) wasainfisioseiainis
Usingenuidugeimilons fu dudssalinginssunisindeuiivesiisiosisdmiulagl
wumeuimngald §alneialuardulssansiidenldlunszuiunisnsesuauosing
fnansazeei 0.1 fla 10

dvfunssuaunismmnasuiivansaudsTusgfutiadonsdy (@) Taemnd
nsimunAinsduiinnnessegminsindoufivesieiosluuiazadsfiazinnauldaeg
dwalifaiosannanfivsdnatuiiilaiduingussasdlfesrsdussaninm widruunen
Jademsguanniiuluenassdmaliifisiosindeuiiiuuninasfisgaanuasiisionsiidug
yilinnsmaneunaelunuuduliigiimmmeuiivanzay Tumansadudumndmun
Hadenrsduiiton awvinliszssmaninadouiiluusazadaios vinlddsameariiaziden
1ty usagldSuauadslunsidumanniy Ssenrdmalidrsaiuiliasuuazeald

rmeundaldlimmauimunzauansianla
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a v 4:4'

ANWULLAUYBITANBSTuA el TedidenldAe N1SA1SINUAIRBUN

A Y

Wazauanznviane W etlunisduduimgfAnssuvesiisiesaiuisafuniAineuil

v
= o o

WINE AN IRg 1k UuaUld InestndesduiunIsiIruasuIuieies (N) dlUseansues

o o 9 ) N 9 v &g
miﬂimLLa\‘i‘UEN’mQWJﬂaN ()/) ﬂﬁ]%miqm(a) VlWTlI']BaQJﬂ‘U{]QJJM'] IWEIQ‘LUQ']U'JQEJUL‘UUﬂqﬁ

'
oA

uAdguuiiveuwninia (Constraint handling control) Tnadadanesvinayliseusuaii
oguonilsritunazdorvuaiiinisdely uazazvhnisiedeudimearfimnsaulufiuiiuay
gaulwaiifinisfvualy
2.3.8.2 TuRBUMITILTBINMSMAREULUUTTTeY [33]
Tngannsasuuntunoumsmeneukuuiviesldian 8 nssuaums sl
1) fwmailsdtuinguszasd (lafduainistneastue) fvuatediin
wazvauluavetladerneg AMuuaAINshsavaIfInuilnuas (By) Srunuvesfisiey (N)

AduUTEANSVTRRAINAIIAITATRILES () MruAAINISEN (@) ALUTILEENI9NIS

'
a

wdeuil Suaundiniaedeuiiviedeuliwesvgaruvesdaneifuiies

2) Sugdunisuiaiudurasisieslaslinszaieiisiuiivoaflad dudis
farsan (iafuanisdnsovestuin) wifansegluveuivniidmun wagsinisiiudiain
nsiadeuTliinulugne duvits

3) hn1smsieaeuisviesiitadeuiiiniatermuaviel snlsalvinisgusy
g slaiiulmiaunsensegluieridy

4) vnmsiad sufinavasiiaviessidesainsfosnindimdafidanuduves
LLammqmﬁwaumiﬁ 2.21)

5) vnmsiiaidudsynesegluveuevselil minld Tiusuaweglureuiun
LaznsIaaeUITweeyndiegluilsidunazvauiun mnlisgAvinisiudsuuioueylu
voulunaridu

6) Wisuiiiguanadnsldanfisiesynda Wovndrfivinzanfigalunis
\Fiunsvesitavion

7) e adenivuanisnganisiiunie vinkudemnualiadiunis
fusioly wnldindindulusuiunistuneud ) Snads

8) Tienitldndunoudl 7) dvuadudidney (An1staseiitosiian) i
WaNEELTign LarauMsAuInmessane’iiu

Inendnmsmameusuuiaiesanunsaasuilunmlafsgun 2.36
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Generate initial population of fireflies;

X, (i=1,2,...n)
Evaluate fitness; f,(x), (k = 1,2,...N)
!
Rank fireflies according to fitness and
:_> find best fitness
|
|
|
: Yes | Move firefly i towards firefly j,
: Xi=X;+ B (X - X)) + &’ (rand — 0.5))
Gen = Gen+1

f No

Evaluate fitness; f(x), (k=1,2,...N)

l Yes

Best solution

gﬂﬁ 2.36 LAAINENNISHIIUVDINTUIANTIAUN L ALUWU VAT DE

2.4 WaAnTsuN19nawazUadeN nsznunun15UAI9YaIBUIU (Mechanical

behaviors and factors that effected to warpage)

2.4.1 weAnssavasdaninsEnuiun1sUineevasiuy
2.4.1.1 WeAnIsuNIIARIEAALYBdlnAWeS

dviuianniiidavguuiansasliiinsranefmvasanuduns iz ianauise

L3

& v v A a £ Y] Aa = a My vy &
ﬂuzﬂl@auyjim ﬂ']'iﬂa']EJV?I’J']llLﬂumqqE]'F\]"U3Lﬂ@GﬂusLuaaﬂWNﬂjquﬂuﬂUiqmﬁlﬂLW]?]‘@V]’]EJﬂ

Y

= 1% v 1% ° a s & o aa o e
ﬁ’]uqﬁﬂﬂuzﬂﬂaqﬂﬂaqﬂLﬂuQULquiﬂaﬂuuglﬂ ')aﬁ!qn‘v\nﬂIWﬁLN@?LquaﬂWN@maﬂUmgLﬂuaﬂ 2

Uszms Ae WWutanifinnudevguas uasilutaniniinnuvie Indwesluaniugnisivanuy

q q

Jaunieaiunsafiazaatganueuaudlndaudlanasainldiiarlunisaaiefives

Y
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[

AuA wilalndesegluanniznisivafienndiuinagdanaliniseaneduaziyndnnn
[24] Fauandlugzun 2.37

T (a) elastic

@

pobyrner reaterial with Little or oo wiscous Low

polymer ratecial with viscovs Gow

(L) (c)

Viscous

Time

SUN 2.37 wamangAnssunisrangnduruvedlndiesuiasUseny [34]

uanlanilunsdifiindwosldsuanuaioadunanuazdmariliansls
wdnvesluanaluiasiianisugnoenainiy Feavdiwansznulaonssdesnsinisnais
ALY Fsanmsfing [24] nuidvatetadefinsenunagmuanuiizentanendives
Luanaluanglyvedlndiues wu anwauluaisly Uiasersuniumaed U§isenis
idouievesaslglinana anngmariiduavguesnistmuaiinisaas anud ezl
wils Feannnsfnwiiniuan n1seateasduvesindes awrouq anamddldinan 24
Fludlauda 2 dUnni wenlaind Hadefiensdmalisnsmspmsaruduiunltuanas

(%

N a = = ) &, = & v a = ) A a s
Ae mi‘waLmaimmilﬁmmmmimaqaLﬂuwamjﬂ i')ll‘VNﬂ']llﬂ'ﬁLiENW]‘U@QI@JLﬁQaV]lIVLWLUE]?

v
o %

wagthvinvedluanagedly a1admansenuRednIINIIAINERNeSEnvaslnawesla [24]
2.4.1.2 JadeNadananssnuden1sAa1uAILLAY
Uadendnsznuasngfnssun1sinn1saateANuAUYadlNawmes asUsznau

Tumevanedade Wy el ANNTY sedvvesAIALATeavasian Tnefiamgnlyly

a

NITUIUNIAAEAAUIZYNISENTT Relaxation time N8 13T [24, 35] wuh
annraumnnige naﬂuﬂszmumiﬂawmmLé’u%ﬁ'mdwﬁaqummﬁﬁw neldaned
laifinswasuguinmestuey wasidlefinnsanamutuduinsnui fanmzanutuduivg
100% 9zdwalinatlunisaarsanuauldiianindiefiouiiannyanududuimg 0%
wswlusaesteduannsagemaudoulsa
2.4.1.3 Mmsnanedslugdataneuy
NEUIUNTANNISLNNNS DR8I UIUNANERN Awilefidefinnsandivdy

'
o =2

AaauURveslndwes Ae Ardslugdadanguvedndwes Fulunuautididydawdud

o 1 |

UsuanAULTaLse anvsdedenananisineevasduaunatainlnense
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=

Ineauautfng uniln (Viscoelastic) 7iduidunse azdmaliaiiuinien

9

wUsiunsenne luvasiidnuautAngunila lidudunsmsedanuudsusiugaasinty

9

Wemanuagaguiuladinan1suusiunse (Proportional limits) [25] lnuRauaud@neu

]

@

wilnfUudunsavesdan (linear viscoelastic material) @unsafvuAaNN1TYRINTARBES

Tupdadangulanaauns (2.22) [36]

t
E@) =22 (2.22)
€o
g7l gy AD AIMNUATEAAIN Lay o (E) PR ANULALTBITANTLUSHURIUIAY
wag E(t) Ao Amsaaedlugdadanguinisduniuian

2.4.1.4 JUUTIABIURIANUNEUNin (Viscoelastic model)

' o
aa v v

AU unidndunivstnuauifivesianidvnadnvasvesrinunia

wazAuEavdy Faazganulailiedandiganienisivfiousy Fanginssuveansiinaiy

weuniinluniislugudfnenavesianfitusdivian Wnensnageuaiumgunila Ao el

Y

1%
U [ 0

WSIseRNULAUNTEYs odan i AnN1 8RR IMaRINUUUARELS BN TaRawyiINsAuY

100% dmutaniidannudanguuians uidmiutagidanuveuniailonaitanasll
awnsafusUnduldauysaluagdoddszoznalunsiui suidosnnnmusmeyuniai
lassaenauvvedlnamwesiusanszsindunaunusudmalianmsuenduaglianinsody
sUAsle [24]

fnddevarenduingieiauiLuusaswesnuvegunin 1w Maxwell
model, Kelvin-Voigt model, Four element model, Modified Two unit Maxwell model,
Standard linear solid model 1udiu Tnsidunuudiaamanavesianiesuielddndszneu
fugTuresIrIUAUR LAY ST UUMLAS Fawansluguil 2.38 nefiszuvatsaasdusunuvosdn
mnudavguuiavsvesian uazssuumhadufunuresamnuniavesianuians laei
aunsvesAABAnguLavEmungued Hook Ao o = Ee Tagfl o AedAnundu ¢ Aosn
felugda uaz € Ao Aramaioavesian lurauziaunisainundauiansamngues
Newton fg o = ngimaﬂl o A9 AIAULAY AL N AD ﬁwﬁmﬂszamémmwﬁmaﬁaq uay

e « o | a dl o
E AD DATIAIUVBIANULATYANILU THUANLLIAN
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=]

3UN 2.38 szuvauTdavegunagsEuUnag

1) wuudnaeeuu Maxwell (Maxwell model)

wuusansignitamalag James Clerk Maxwell 1T a.a. 1867 Tngldudnnis
DMLV LIUNIINN P83 Hook TaBadursa1mnEnngu waznguas Newton lun1s
a5 ugNgRnsIuAUniauDTan T,maﬁwﬁaaaaﬂgm&iaaumumﬁ’u Tnsuuudassiannsn

ABUNENGANSTUVRINIANEANULAUYRITARLAR Auaniguuuuinaedluzuin 2.39

s

o
T

3U# 2.39 uyuitaesmnumeguninas Maxwell [24]
103U 2.39 Adelunad (e) vesaue waverduuseansanunilavesian (n)
gnlglun1sAmInaLLULd1aes INEHATINTRIAIAMULALLATAIULATEATDITANAINTTD

Aunlersaunisil (2.23) way (2.24) [23]

Ototal = Op = Og (2.23)
Ly Etotal — €D + Es (224)

1A 0 ABANAINUNUIG WY s AD ANVBIAUSI WALAIAINULASEAYDITTUUN

wUsHURUnaIa1LNs MU lUALNIST (2.25)

détotal _ dép , des (2.25)
dt dt dt ’
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Tgi ANAULATERYRIAUSI A € =% LALAIAINNUINLUTEURINLIAT A

o Feanunsodnguaunisvaileilu aun1si (2.26)

g
dt n

detotal _ O 1dos

dt n E dt (2.26)

fimualidasnsiuasuwlamesainnuesendugud fay aw1sedngy

aunsu

o 1do
; + T 0 (2.27)
~ o ZEr ¢
%38 —=e 1"=¢ 1 (2.28)

089 T = % A9 LAlUNISARIEAIIULAY

2) LUUT1a83UU Kelvin-Voigt (Kelvin-Voigt model)

Unidnduasieinsy1189ngey William Thomson wasinildndyiteesdu
Woldemar Voigt léamnuuusiassi Inglutuusrasidosuansiesainues Maxwell Aonis
tiesruuaUTeesuufuszuumiag fuandugud 2.40 laendnnisveslunail Ao Wied
uss N IvRe s UUTIssUUAUT AT AN e wnA URLgaNIzLAY ussyuUay

ausanduAuvsemenuAule 100% wdintlinnaAunnAviiest [24]

Ak

35U 2.40 wuudaesrnungunilaves Kelvin-Voigt [24]

HATINVBIAIANUALLATAILASEATRYTaRA N TaMuIalaRaaun1sh (2.29)

ey (2.30)
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Ototal = Op t 0Og

LAY Erotal = E€p = & (2.29)

TngNANANUAUBAZALLASEAAZLUAULUAIR UL sU LA A9EUNIS
71 (2.30)

deg(t)

T (2.30)

o(t) =Ee(t)+ n
TULUUTIRIRAANUALA A1ANLLASEAAST Al RSN UABULUASUBY

AuAsenazluaud aunisaaiuanidy o(t) = Fe nasnia

3) LUUINABILUY Standard Linear Solid (Standard Linear Solid model)
wUU1809 i1 unSRAUILAL INLVUT A0S Maxwell wag Kelvin-Voigt

TngazUsenaulumesyuuausa 2 ause uagviiag 1 damas daandlugun 2.41

Ul 2.41 uuurapsmunguniiaves Standard Linear Solid [24]
AUNNSYBIUUSAesEEsafwaldaunsi (2.31)
Ototal = Omaxw T Os2 M8¥ Erotal = Emaxw = Es2
Omaxw = Op + 051 W8% Emaxw = Ep + &1 (2.31)

e maxw Ae wuuInasd Maxwell, D Aa AINU s1 D dUSIHIN 1 Lag s2

Ao aUSINT 2 F9E1UNTDANLIMNATINYIANUAULS AYaNN1ST (2.32)



1089 0gy + Ogy = Oy UAT A, A, AB ANASY WA T =

AULAY
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t
Ototal = 0p1€ T+ Op3

Z = Are T+ 4,

0]

(2.32)

Ao atlunspaiy

SIE

4) LuUNaeakuyU Four element model (Four element model)

< ° A 9 vy = v v XA v
LUULLUUQ']a@ﬂVlNﬂ'ﬁWWu'ﬂﬁﬂﬂ'}"maglﬂﬁlﬂLLagﬁU‘U@umqﬂTULwaimﬂﬁ’]ﬂ']ﬁ

ARNEAULAULAZLIATIUNISARIEANUAUN INALAEININTY TasszuuazUsenaulusie auss

2 aUTauagsimiua 2 i agluwuudiaes [24] Fawnsauusesnidu 3 slinReguil 2.42

o Kﬂ-ﬁﬁ?E‘-‘ﬂ%‘xm

(a)

sUf 2.42 (a)

v

e
v

LR R e
% Eu

ﬁ*ﬁ;; R

Mu

Ay

(h;

wWuUTIaeIAvEUNTIALUY Four Element Maxwell

(b) LLUUﬁ?ﬂaaﬂmmmju%ﬁmLUU A Maxwell model & a Voigt Model series

(0 suvdnassrunguviaiuy A Maxwell model with a spring & a dashpot [24, 37,38]
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5) WUUT1a8UU Four element Maxwell model (Four element Maxwell
model)

wuut1aesii3endnd oudedn Two unit Maxwell model [37) Tnsdnumus
Tassadsveauuudiaswandugud 2.42 () Tunuusiassuuy Maxwell Aauiduazeglu
sUueninuwuugailenduresian wasiifieanain1snateanuAuAGYd wiluani1izn1s
AR18ANLALTIINTLY Maxwell model Tun1simnenisaanganuaue1avzdilanalifine
FedanunerguuTuuswuudaesves Maxwell Ingliinisiiansanlduuudnasives
Maxwell LLUU@J'GuumeuLL‘U‘UﬁyaLﬁ:uLﬁ'aﬁmimwﬁﬁ]ﬁ’amiﬁaWamwmﬁuﬁ'mm’imﬁﬂ

faanunsarularaNN1SN (2.33)

deg 1 dog oy _ 1doy ()

= = (2.33)
dt E1 dt e Ez dt N2

a

laed £ uay £ Ao Adalugdavesvia 2 aUSe uag n, uae n, Ao ArduUTEENS
APUNLAVDING 2 AINUIT NILAIUITOATUI UFUNITAIULAUNAN 1IZHATINVDIAINULAT YA
A9? 1aed & = 0 lensaunis? (2.34)
o= o0qy+o0,

£ t

& D n
V38 0 =agge T4 oge 2 Ty =L uaz VSl
Eq E;
o o _ o 143
V]%a _=Le T1 +$e T2
() 0911002 0011002
t t
» 4 e -
N8B ~X Aje "1+ Aje ™2 (2.34)
0

1087 69, + 0gy = 0y WaT AL A, ADAIALA LAY T =% AoliantunisAany

AULAY

6) WUUT1aBILUU A simple Maxwell Model and a simple Voigt Model in
series
anunglassaiivesuudnaesiluanslusy 2.42 (b) MAnIINNITHAY

wuUTIaeves Maxwell & Voigt [38] Faanusaruialldanaunisi (2.35)
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EMEV dgs Eym Ey Em\ do d?c EmEy
E = (M 2V SN 82y BT MY (2.35)
M dtZ ny dt nv My nm/dt o dt? mynm

1AgNNISAAIEAIIULAUAIT WaTdRIIN1TATUBIAIUDIANULATEANLUSAUAY

L

VANVINATUAUY F9UU 9LE1UNSANUIULAANNENNTTT (2.36)

U

do d?c EmEy
(B4 24 D)y T2 4 g = (2.36)
Tnofl &, £, fio Andelugdavesnuudians Maxwell & Voigt

n,, N, ABANUITENSAMUNUATOWUUTIADY Maxwell & Voigt

7) LUUAN@BUUU A Maxwell Model and a spring and a dashpot

Tnednuarlasadiswesuuusiaesiuandluzuil 242 (© Tagluwuusiassi
wldduuuudnans Maxwell uasifinssuvaUTaayimsiofuuueynsy Wednsiuuse
ziin1sdndivesdannieiy 3 dauae A nauIedIunsn £ wazid1ad1uvedszuy
WUUSIEe Maxwell Aodinsszuvausuasiamnia g, uaz N, waziddnszuiunsdaveu
apviiefi N, (23] lnsguuuudiassvesnisvg unilad a1uisadiazeduiengAngsunis
ABNEAITBIAILALLATNISALYDIIAR LR Inganunsoazasunlunauvaamiueseale
Faesinsh (2.37)

9o

— % 4 %04 _ ,-t/T %
£ = —+ 1—e ot 2.37
total Ey E ( ) 75 ( )

2

a & Y a ¢ v ° E
laufl 0, fedauAuiszgnadilulussuuuuudnaes way T = = flevian

2
lunmsaaeaaAy Wsusansegnuaegseniingi ¢ n1sAusUIzAse AusUeniiuusiiu

Favaed 2 (n,) NonvardwalbynugylianysainungAnssuvesian

8) wuudnaeawuy Modified Two-unit Maxwell
ANEUEYaIL LTIz nWRILINIINLUUTIA0UUY Two-unit Maxwell
lpain15ue1n)ued Hook Atenssuvalsadiundreusuuiaielirinisaaiennudud

Indaudunngsdu [37] Ingszuuignuiuluansfagun 2.43
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e

LY

W) (Lo

'

gﬂﬁ 2.43 uanauuud1aesiuu Modified Two-unit Maxwell Model [37]

NASINYBIANANUAUYBILUUIADENNITOA UL A AUN1SN (2.38)

g = 0_1+O'2+O_3

t t

4 sy VA
M3 o = 0‘018 @1 4 0-028 2 4+ 0-03

4 O o S o i o
Mia_=$e T1+$e T2+$

) 001+002+003 001+002+003 00110021003

5 o IT e

NID 0__ = Ale T1 + Aze 2 + A3 (238)
0

1089 Ggq + Gop + Og3 = Tp WA A, Ay A, ABAIAST LA T, Tp ABLIATIU

ANSARNYAINULAL

Tnsuuusnassasanunguudatudunisidiladavesvesrududaiafin
(Elastic) uazaranida (Viscosity) M lauduiusdenulagefurgluguvesusina

(Mechanical force)

2.4.2 NYANSIUMNATINSTNUAUNTON D VD ITUIY

mafnmsDnserestununanainaingudne fhagiinaineuidunndnsusiami
yestunusulUawmnudunnAsiinanmsdusiawedurunanainiilyaiiaueyiily
Lﬁmm'mLﬁumﬂﬁwaazaﬂu%umu%qLﬂuawwwruaamiﬁmauawmé’wm%umuwmaaﬂ 1oy

AN1N5ALENANUAUANANSILUTUUAANaaRN I TY 2 USelnn [39] Ao
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2.4.2.1 edusnénsiiinandvinanisiva (Flow — induced residual stress)
Tuannefgamnilunszuiunsdananainginitgumainisvasuinaives
Indwes ImLaqa’[,umahimaﬂwﬁmai‘ﬁm's (Long polymer chain molecules) agagluaniig
Eanufunazassdaszegluanizauna lnsaniizmslnaluanavziesdiluaiuiiang
mslva uazidlelndwediirganiuzvods AaziinmsSessveduanailinieuiuuasiin

% @

mslinsgneivediianadmaliiinanuduanaduiinaunatain [40] dsasnsaiula
NIUN 2.44 Tluanaveamanainivsiaiinzdudusinitdunalveusuuaziinig
Seaiiluannzvesdsegeniasiluaniiznisiddnsinimaeidugs lngazdwmaliine
AAURNAAvsaiIt e iian1sineve@urunaiadinld lnedlediau
weniinmsiiuiazivisuaniugegesindy Nagdawalinisiesivevedduanauazns
a a g @ o < vy
Wasuanurvematainanvedmailuresuwdsuinalanaradululddnd

Temperature  Frozen Shear Molecular
Profile Layers Stress Orientation

W, (A= KB

U 2.44 nszuiumsiaauAunAsiiinInan nen1smilenslua

Coolant .
Tempersture

(13 (2, Sty @

Tagdui (1) wansnisidussagdsuanuzainveaanduveawdagiasing

duil (2) uananadudn waznisidsunlasanusse e duresudseg1adig [40]

2.4.2.2 avandunndsiliinandyinanisinunsaiemanudeu (Thermal-
induced residual stress)

ANLLAUANA1STLARIINENENAF NS s enaLAaldainvas
AN ANNREAY Ao mwméfnaq’ia@ﬁlﬂaﬁflLauasluszmwﬂ'ﬁawﬁugﬂ LAYV DINTT
maiitliasiiane fAefleuinuinvedtunuldiunsdemanudounnnssuiunsvdeldu
wazdnimanadvesluanananain wilusnsuinaidonaraindwiludinsfousguar iy
nsangmaueuitiniwinlinsiFosivesluanaunndnsiu SedenaliAnamuiiy
andsluduau dasduldlugud 245 DAvinandeduluresd unuaninaning

ANULAURBANVUIUVULNUSIUNRIDLANANULAUNADALNAUY
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Free Frozen Constrained Thermal- Induced
Contraction Layers contraction Fesidual Stresaes
sl el 5
B a
7 @
Heat Heat ;/"f,ﬂ
e s
S T : E
r 3
Early Cooling Later Coaling 51 Past-Malding
Stage Sage - Stage

JUN 2.45 ANALAUANASTIAARINBVE AR UM SAEIMYB UM IS U LD INA WS

mnasmvesianiliainaueluseninmsdavusy [40]

NNIIEIMA@INTUNISAAALILAUANANTIANIINENTNANIUNTEBN VDS
gamall Ao nszurunnInaeuiiliainane lagenizedeBeindnsnisudeduldviniu

YDINTEUIUNITNADLIUTIADIVWNVDILUANN Av1adenalimAnarinusunnAI9aunalmin

nsnsevasuaule asuandluguin 2.46

Lo Cooling  High Coaling
Rate Rate

3
¥

x
L
g
o
Heat ’ 2 o
i
[
[=%
£
=]
=]

Early Cooling Stage:

Fost-Mdding Staye Warped Part
Lreren Saoling

Aayrnmetriz
Therrmel - s col
Rcaidual Stresace

Coaling
Channel

JUN 2.46 MNAUANASTILAAINBNBNARIUNSENEIVIVEIgUNN IS UTDIN NS

v Y 9

o L g A ' o & o ia ¢
dnsnsvaeiduiiiannaeni Nty 2 T1eUpuURuN [40]

¥
v

WONIINTT W BNNTIANVNVINTAAANUAUANANTRAIINBNTNAAUNIS
fngmvesgumall Aemaviadiiudaeiuluudaztuvesnaiain sullewnanmewmgumngl
Alawindui o aunuIvesduauang InednaziinAuduaundanunuiAeut 9

Fauandluguil 2.47
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Te mperature
Frofile F [
gy
Pe "
E
v =
& £
il 7 :
“F s o
Pa 2
Y fs 15 T ts Tempersture
Tim=
(=) (b} (e}

Uﬁ 247 mimm%msuumw”luamaua d FNLUIAUAU aamﬂu LLa”L’Ja’WILLWﬂG]Nﬂu [40]

NISVARIYBITUIIY B AU YINUANAIANAINNIAILTUUNNE ANTTH
msnadaeandu 2 Siumdn Awandluguil 2.48 @) uaz 2.48 (b) Ballonaintulana 2

nsl lnetninainmsnaaduiiliausasiieiotniindegui 2.48 (o)

(a) i) (c)

U 2.48 nsvaesBusuiliainaue o AN TNUANGNSAY [40]

2.4.3 15IAANSTNI8YDIBUIIUNEINTZUILNTIANAERAN
lunsguIuNISAanaIainuseNouA 1UNTEUIUNITUABULMAT NISLAUNANERN
N5EUIUNNTENEN N13naaLdU 1ALnI5UNE ULVOIALL LW ?fqﬁwt,ﬁailmwﬂuvlﬂ
nsrUIUMSHILLHUAN PVT diagram guas suuBdnsnisasuslamesUSunsdiou

[

Vgl wagnANuAuIgY fauanslugui 2.49
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GPPS POLYREXPG-22 CHI-MEI Tg= 97.00 oC
;l'l’l"l‘l"l"l"l"l' L0 N P e T AL L U L D N B L (PR Er e N L M L S R T I"I'E P "‘dPa]
E 240

E R
E s : 5100
E / ~©-150
E 3 54200
P ﬁ

= Ejection & 9\34005 o = 3

E Shrinkage - M«“‘g

= n y-? 3

E oolj $ 3

E o 1

S M AWM 3

; ;3 36 o Jrommr A SSal ad :-E

10 68 126 184 242 300

Temperature [oC]

JUN 2.49 wansunugil PVT vosindalaiu

NuEUNS PVT waslndalniu (General Purpose Polystyrene (GPPS) azdunaladn

Wenarafnisudgnizuiumsiiasuguanduaanssuiun1san snsnisiisunlaives

USunsazivdguniaslunmuan1izvesgumiuagai iy 89aninsaninaaen1sunives

FunulngAnfianig Uniform shrinkages laigaaunis (2.39) snuanadl [28]

Av = U(Tno_ﬂowv Ppack) N\ v(Tend_use' Pend_use)

(2.39)

g7 Av = Has19e9dsunsnanafnmuasuwdaslurdanssuiunisaanaiann

V(Tho flows Ppack) =USHasnanadinian1ignauisunszuiunsia

V(Tend user Pend use ) =U3HIASWAERANTNAN1I2nAINTZUIUNTAN

1nauNSA (2.39) a1ursavifeusdilududnsdiuvesusnnsdunizues

ATEUIUNTNAERANLAAIAUNITN (2.40) Anuaedl [28]

=

— U(Tno_fIOWvaaCk)
V(Tend use-Pend use)

(2.40)
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TRENNTAILIUNINITUA S ULUAIUDIUSUINTTINIEVDINANER NI AN1ILAINUA U

WargauM a9 @nsamlavinauns (2.41) vea Tait [28] suaail

V. T) = Vo(T) [1 - 0.0894 n (1 + ;5]

VoD = { big + by (T —bg); T<T, (2.41)

B(T) = b3mexp[—bum(T — bs)]; T > Tg
b3sexp[_b4s(T — bs)]: T < Tg

108N Bimy bom, bs, bis, bas, bam, bis, bam, bas P8 A1AIVIAMANTRVRITAR
T fo o gounilningg

Ty Ao qquﬁﬂmam']u%ﬁffu (Glass Transition Temperature)

Failafiarsandu Cubic element YaINa1ARNAIITAUINITUAFIVDINANAR NLLUU

AY9 (Consistency Shrinkage) @s@u15083UNENITNARWOINAEARNLAGIFUN 2.50

{=

L(1-s)

L Unit cube L L(1-5) Shrinkage

cube

UM 2.50 wanan15rafiuesusinnsIngUesnataRNKuUAIT

91n3U7 2.50 aganusaaguiiudnsduvesusuinssnzniounsnafiwazngds

nsnalasaunis (2.42) uag 2.43 [28]
L} 1r,=[L(1-5))3 (2.42)

s=1-3n (2.43)
Taedi L fio auinvedamudund (mm)

1Y

a ) & PN
S A9 9RIINITNANIVBITUNUAIN (%)
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WALl NATUINITUAIDVBITUINUS U UNANTLNULIINTNTINSUA sULUAIVD
USUIRNTTUNIEHALT ANULAUANATILUT UIIUNAIEAN LI BNA1UINITUIAVDIT LY

UszlanAuiazaunsaueiunginssuni1sineess usundsinnseuiun1snastiu

@598 uasdunuvesnuifuiduandugui 2.51

Non-uniform temperature
and shrinkage

Warpage with radius of curvature

JUN 2.51 4anIn150A90ITUNUUU UM UNEINTEUIUNTAALESEY

NUN 2.51 vilvienansaruanesadaalawetuay suluiimsiinnsinge

YITUNULVUAULARIENNNT (2.44) wag (2.45)

2'h
i A P 2.44
Warpage — (score—S cavity) | |

S 2.45
Rwarpage) ( )

o=W- sin(
1087 Ryarpage A0 SN 5URI0YDGUU (Mm)
h A9 ANUVUNIVBITUIURUUASNA (Mmm)
Score A8 8MIINITNARIVOILLNUN (%)
Scavity f1® 8n51NSUARYBIFUTIUWATERN (%)
W fB AUMIN9UBITUIIU (Mmm)

§ Ao ANUTAWYRITUIY (Mmm)

FanszvrumstnsaMiudnelumuddedaiunsaiazyinunedesdulaeandeaunis

1%
a

vo4 Tait [28] lilagedunisiiasigingan PVT diagram amgudl 2.49 Usznoulsiiteltly

ASEUIUNTUSELEUDINLUUNTZUIUNITAANANERNLU 89AUNBUNTZUIUNTTEARS LA 19
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aun13ves Tait Lagnussglulusunsy Moldex 3D HIBNSIATILVNTEUIUNTAARUMENNIS

A5IATITNUSUMTIR 1A (Finite element volume)

2.5 uengrdasnunisnidadelunszurunisdanmunzauinoandeyinn
¥ (Y a Qy = a . .
AuNITHAALazUinavasduulunszuIun1IsAanNaain (Optimized
plastic injection molding process and minimized warpage, volume

shrinkage)

%

Wewhelagtulugauanisudadulunipgaaivinssulunisnauaussninudednis

q

Audidoinisdunmilinunin 31a19n wasdenurainnale nasidenldndndueingy

9 Y

a = & a a ::4' 3 1% o Y] A
WaqamﬂC\NLUu@ﬂW’NLa@ﬂmm@UI‘ﬂWﬂw'N@’]umuwu E‘Uaﬂ‘wmxmﬂmsmwvmmmwmm/imEJ

wazAuauURlunsldaudasnininenansldanu Wesuiunquudndusiutingus [36]

a a (2 6

waglungqunsndnnaai g uNaaRinn sEUINNSTUIUAIIBN53n (Plastic Injection

13 v 1

Molding, PIM) Atdudnnsguaunisilasuanudeslunisiiunldifien1seanduninau

9

WANEAN AIWMARAIT A TONERANaI8UTIENBAE LazauTONEATUNUAT JUI9

Y
v

Fudould dumunissdnsonues natlunszuiunskinieseudsudistios uagiatuay
AeutaziBenlaiieuiunssuiunsdun LwiﬁﬂLLﬁsﬁaaiumﬂ%’mzmumiamwmaaﬂsﬁugﬂ
Fusazamaed winsldiedesinsdilivngay nislduintagildunsautuiuany
matsrmrsfiweflunszuiunisdeildmnzanioratlugnmainveads Fuaulals
AW WU n13aalifuna Rusl (Short shots) 1insaseUL89% uITL (Sink marks) 508
Usvauidonanadin (Weld lines) 1iauSunsvasavesiuay (Volume shrinkage) 1iAN1S
Dnsovastiunu lus [41]

Fawnstumsmdadenumnganueniesdnsauisaszwenesnidu 2 naulvey

aad

Ao nquisAarunsamAneuiiafga (Optimal solution) wazngadiarunsamaineuls
Tnd\Anafudneuiiaiian (Nearest optimal solution) [35] GdlunsvAmeuLUUNGLLNDY
lefnouiifuazmnzanunninisi 2 uiderdefe feddsvoriia uavenaassiuisdiumy
TunsmeaeamfneuInnindsi 2 eg1an Jsanunsaaiiaununiinindenldislunsm

Amauvene 2 naulanuanduzun 2.52
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Optimization Tools and Techniques

4 v
Conventional Techniques Non-conventional Techniques
[Optimal solution] [Near optimal solution(s)]
I I
v < < <
Design of Mathematical Iterative Search Meta-Heuristic Problem Specific
Experiment Search Heuristic Search
(DOE) i v IS |
Dynamic Non-Linear Linear
Programming Programing Programing
(DP)-based (NLP)-based (LP)-based - -
algorithm algorithm algorithm | Genetic Algorithm (GA)
+ + + | Tabu search Algorithm (TS)
Taguchi Factorial Response surface
Method-based || Design-based || Design Methodology : . .
(RSM)-based L ,| Simulated annealing Algorithm (SA)

JUN 2.52 uansnduismdmeunianan wazngduisvnameuldlnaldgsiumneuivign [42]

?‘fm%"umiﬁmaLLazmﬁmé’hsuaﬂﬂ%mm‘?iyuamwmaaﬂLﬁu{jzgméhu@mmwﬁﬁwﬁzg
sunifadenils Insarnnisaneanuinileianisdnsetasrafivestunuiuunliuiiasyinli
funulunszuiuniandngsd ududesnannisufudsmsiweslunssuaunisiaill
winzay [36] lnewmedialunsmaiasefunzadlunszuiunmsaanarainiioannisnag
Lezdnsevosdunuanusauyseanid 2 nqulvg) s sl msvnaosiiom AT a
(Experimental methods) wag35nsniAmeuilmnzaulnenisiuiuassln (Modem

computational methods) danghelunismeniioneay [41] Feanunsnesunelasedl

2.5.1 mslgasn1snaaaainawIaimuzas (Experimental methods)
Ausunsntate MmaneauuedlunsEuINNISRANAIERN WBanN1SUAR LAY

a Y i & ax
UAIDUDITUIULUIDDNLUU 2 7D

2.5.1.1 FimMseanuuuituiineUaues (Response surface methodology, RSM)

Chiang wag Chang (2007) [36] lafin1sAne1ANUduRUSY8IN1SLARNTTUARY
wazdnsevasdunulunsruiumssanarainlnenisldisnisesnwuuiiuinnevauedunis
naaos uazlduanstadofidnansenulunszuiunsdn ldud gumgivesusifiant anluns

3¢ Auaulun1sang waziianlun1suasiiu Han1sITENUINNITUAFIALLANLUINTUAT]

NSt veINL wazdiMunguUnIveuNuNsA1sEnINe 45 83 55 °C Ayl
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nstinsaifintution mszirdgmumgiusfinsiganaiszusanudeudufiavdmal iy
Lﬁmmim?{augﬂ%ﬂé’ uonlUa i Chen uagamy (2009) (371 S5l§38n15uagnisoonuuy
fufmovausdlunimmaasaiieanninianisaivesdurumaainlnetadefifiansanay
WANEI93N Chiang Wag Chang, (2007) [36] nednsifiunisfiansanadefinansenu fe
arudlunisda wargamnilumvaenmvaimesdiananadnifinduin Inefunuingamgd

'
v a1

IumwaammamauﬁmwmaﬁﬂL{‘luﬂﬁmawmwaﬂﬁx‘mwiamsmﬁwaﬁmmmﬂﬁqm il
dieutudadedu nadenldisldiunitednvanevin (38, 43] Aldvihnsfinwnmsendi
wangaudisanmaiinmnediuag Dasevestunulaenisld T8nsuasnisoonuuuiuin
novdued uAteidsvesisiine foeamsodonmaassaidudiuiunaisaiauazenazsodld
walumMmeaaen

2.5.1.2 T8M5mAaeweng (Taguchi’s method)

INNSANYIVRY Mehat way Kamaruddin, (2012) [44] wuinisn15vaasdved
npdiEuinsldessunsvangluisnisdanatadin insganunsaseniuunMnaosTiteyas
WiewsuiumsvaasauuiingULuL (Full factorial method) Bnviaganunsalnadnsly
Bemnuduiusvestadlunisdananadinled Taodlud 2005 Erzurumlu wag Ozcelik [45)
1il435namnasAInszvIunTEanarafnmingauuuuisnannasivemind lne
werermannsiansinievestuanu Tasdafeildlunsdnyimanssnudunistese fe
pamgivonafiud gamginisnaemna anudulunisdngt sintesniudiomiondnu
uisussvostusu LUVDIATY HadNsUBINTITENU AN UM TR UL az e IGEFHEILE
ASUd wasensiinnstnsevesiy seunlull 2010 Chiang wazame [46] Livinisdne
nsdasovestusuns Insldsmamaaesomnd wenuin maldaamgiiniavanumais
arusalunisdngs uararwdulun1sdng g dwafronisanmaiAanisdatevesduay
wazsaulul 2015 Zheng wazaniy [47] lnld38vemnT wuu L27(3%) Tun1seenwuunis
naRoIazannIsAnNITatevest Iy Tneifiudadonaansaninddedinauudaie
firsansreynmaasundonsdafiudulag (WP Switching over) uagldumasuih dua

pan1stinn1singe Badin Switching Aagyinlin1sTnsedasasduiilesannnisaziinAINuLAY

v
adaa

ANANLUTUNUNTBEAY LATNUINANUFUNTANG T HNADE19UINFBNNSAANTUNID T35
JaffpaIN1saanILINNTNAaBdtesadlaliartadefdimansenumeni1sUnialas viae?
V09TUIU wadlloniaranatanaznstiladelunszuiunisuanaAsudilinuLUsUTIUNING

wisnzdlenalameeuideldmunzanigalunszuiunis
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2.5.2 33nsvnsneufimunzaulasnisaiuanasioTvd (Modern computational

Methods)

dnsunismiadeiimunzanlunseuiunisdananafiniii oannisuaduaz
Jnsovostuuuioonidu 3 33

2.5.2.1 3nsAuueg1anin (Hard computing techniques)

duisnsftomdmmeuuuiiugiuresaumsnisinduadigndoudluly
TWsunsud§asy dedmiulusunsudnsaguiideninnldifionisuivuenszuiunisdn
wanadn Ao Moldflow simulation program tag Moldex 3D program Felunsilusunsy
wiardinllunisdmaniiousulsanssuiumsdanarainiilianmsdnseuazraiaves
Fueuiiu Lam wazaniz (2003) [48] Wiin15ulusunsy Moldflow simulation anldlunns
martdadslunisdalimnzanlngnisdiassnisanuulusinsy Naauldenuinaiusaagla
Amfinesfimnzaniiagilimavadmed unuianiosiian nouasimnadmesild
mnmssaedluinaiatuedesing uenluani nguiinideues Cellere wawats (2010) [49]
wag Kurt wagasue (2010) [50] deladnisurlusunsuduiazy Moldflow snldlun1sinsss
\ioannsiinnsinoLaznafTeliuny nadnsannsiwalsnavesiadefidmasnanis
Jnseuasvnivesiununoudned warledundniidwansenu de anudulunsdnduas
gaumnilunsvaeumaIveLdananain

2.5.2.2 nskuLgennnouames (Soft computing techniques)

DuweladidiaednsgunsmmAntIaNsITuA wazanAnLYEE 331
lAsesennY1eUsEa Moy (Artificial neural network, ANN) 3501511948 49 ug N3
(Genetic algorithm, GA) 1§ n15AUMIAIRBULUUB AT ALLA (Ant colony optimization,
ACO) udu FiRwaniiazduiimsunaanmuandeuiliuusuuariimiududouves
Py FBnsuvvvensmeninmessulisumnnienlumsthinldualedamilunisusudan
Hadelunszurumsaananafin feanusautseonidu 3 ngudeye) [36] fo

1) nguiinddeldismslnssremeadsramidion (Artificial neural network,
ANN) tiioannmsiianisinouaznafwostuay fusu Qzcelik was Erzurumly, (2006) [51]
A38lnsesemeedszamiienlunsmifadeiidwansenusonisinevosd uuasnuin
HadufidmansznuAenudunisdng guvnivesuifind gumvginisvasumaiide
WaERN LIAIN3Engn wasnamsnaeldy wWuieaiud Yin wavaae (2010) (52) 1814
F5nslasssmdisUszamidienlunistisusudsinisifanisinsonasnadivesd udu
BIUUA FINaUINIINTBUARIHANTENUVRITaTNeY Wiiefu Qzcelik wag Erzurumly,
(2006) [51] find1737 wasauansualifiiuiinisldisiasesmigeyssamifiouaiunsa

Uszanawandadenmunzadlunssuiunisaaiioann1sinaokas nasmuaatuanulaie sy
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a1 0.001 Uit wazanunsaannalunszuIumsvasiduadls 50% luvaedl Shiuazaas
(2012) 53] Aldeszimaiinnsdasovestumilagliismslassmineussamidosly
nsmifadefinsznusonisaseresiunu wagnuitnatlunisingdnansenuunniian
uluiwailunsde samgilunisnasumaidanaiadin natlunisaadu wagaauau
Anehiidssansznudeniniinnistiasevestusutuiy

2) ﬂ&jmﬁﬂiﬁsﬁi{fiﬁmsL%ﬁ’i&ummi (Evolutionary algorithm, EA) iiteanns
AinnsTinteuasnafveaiuiiu Xu uazame (2011) [54] 131935 amamnzanfigauuy
naueuMA (Particle swarm optimization, PSO) aduisnilsvei8nsuuuiBidadfaumns
Tumamendadelunssurumsinnanainifioannismaduaginsovesiuu naazuiilei
naansveIn smdadelunssuaunsLuungueun 1AW EULTBUAUNITUIAIABULUUNGULSN
AON151ARDIN 1N Te (Experimental method) wuan Tdetadeiifinansenusianistnseuas
vadafilndlAseiy winssuaumsuuungueuniaainsalinalunismdneuiitesnii
ueNAINIEMIMAMAUTIWINEaUUNGNeYNASITAS M sA R e U BN T3 (Genetic
algorithm, GA) 71 Guo LazAmy (2014) [55] wazNauiIduYes Zhao wazaue (2015) [56]
Iiagmeiusnssumusliifiomatiadelunssuaumsdananafnimuigauioannis
\AnNInAR1909% LunSeuduann1sg Ui wazn1Tnseroed ua1u unasuldids
A mdustus futlgmidiuauainsts 3 sdanudn n1sdntenaznisnafive i usud
anuduuslulufiamaiiontu wiillewIouifisuanuduitusseninanmslasefunsguin
(Sink Marks) kagn1suaafiun1sgum wudi lfianuduiusdeny lnedadelunsyuiuns
wBaffiansan Ao Lailunisdn guvginmasuimaiveadananain nailunisdng
AufuNITEng gamniinsnaeidy woznalunivaefu uaswuingungilunis
vaguwaINA RN s Euliuin n1slni mevad uaznsyuivestusagldand
a wAENANILUO Kitayama Lagane, (2014) [57] way Wang, (2015) [58] laldi5n15m
A manzaulaen1sUsEun N sLUUE AU (Sequential approximate optimization)
\inann1slnsevostuaunatain kansvinassnudn anasiarsandadelunssuiums
wanmilouduinidevatsq e wud1 Yedeidmanszuinniiasiunisazannisiinnisnge
Ao aamginisvasumiadvendanalafin 91NNaN1VAaeIUea Kitayama wazan, (2014)
[57] wuiidlemeadefimnzauaniinamerfiangadlasnsUssanunsuuudidutu
uaglionmgivesmmasumaiananadinfisnazaimnsoannaiinnisnseadld 13.2%
\WieufuAunszuIumMsdauuuUnafiensinsgiunsdn

v

3) NaNUNITENlIS NSNANNATUAUVIIB LTI TAWINTS (Hybrid approaches)

q

Wioann1SiANN1SUN9ILANAR VBT U Qzcelik way Erzurumlu, (2006) [51]1 143815

HANHAUTENINIENTATIT U sEAMEN I AUTBR i ugNTTuLioann1stinN15Un 18 Y09
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Funu laekafe ausausulumameartadelunssuiunisdanaiain wagannisbneeas
leta 51% Lielisuiunisusuasnisdananafnuuuun® seulud 2010 Deng LagAeug,

(2010) [59] M lg3Suvunaunaulagd1 3T uUUNISIEaNNIATNDULUUANRT0E19 (Mode-

aa

pursuing sampling, MPS) ¥191u331AU3513 91 ugn 353 (Genetic algorithm, GA) \Wioannis
Aanmstnsevestunu lneRarsandadelunszuaunisia 4 dade de BRIV HETETE
gamginisvaonmandanaradin 11a1n3de uazaudulunisiagh wanisvaaeswyii
annsaannainnsaseldfuagldnalunsuszmanaielvlstadslunszuiunisdn
fas

nnAdeiiftedunsliiBmamdaouiuenzanlnonisduauasilnsl
(Modern computational methods) @1n§unismidaded mungauveslunszuiunisia
nanaRniiieanmanasuazdasevostuauneasuldi msliisilugadagiuiednduisis
UszAndnwiisludarosnsaunainisvinnu wazduyulunismaasadelilidiadslu
nsznumsBanaaRniwangan lueuideatuiiddidennguiznmmmeuiimansa
Tnensduniasislvidunidunszummamaiadelunszuiunsdaiivnzaiioannis

\inn1sUnseuasnafiavesd uauniaunsaruaunstnasulunseuiunisdnog19d

'
a

Uszangnm annmsnumiunudseningitesvesngiisnsmadneulagnisaiuinadelv

wuirdanaddnnaredslunquuesnsyuaumsaneulaemsdnadelningslilagniuimn

Y]

naaoLazUsuldiunsrulunsdanaiain vilalutufe JunsuismAvazauigaLuy

v v
a Ya ¥

Aoy aelnAnAWISE Yang (2009) [60] lA51841URAN1INAGBII13ENITIHIAIAIABUN

Y

'
a

wnzanfaawuuisiesaunsaagliudlagmndanududounazliiludedulad tnaanie
Ugnavl daunisid 1nunenateannis (Multi-objective function) Yang, (2013) [61]
AILAAINANITNAABITANAATAITNAAIALAR OULTTBUA UAIADUUDIT LA

TnensAuaailmiisous Tunisisi 2.5

A151991 2.5 uansnsiUSauLguen D, 91 n = 50 wag t = 500 iterations

Methods ZDT1 ZDT2 ZDT3 SCH LZ

VEGA 3.79E-02 2.73E-03 3.29E-01 6.98E-02 1.47E-03
NSGA-II 3.33E-02 7.24E-02 1.14E-01 5.73E-03 2.7T7E-02
MODE 5.80E-03 5.50E-03 2.15E-02 9.32E-04 3.19E-03
DEMO 1.08E-03 7.55E-04 1.18E-03 1.79E-04 1.40E-03
Bees 2.40E-02 1.69E-02 1.91E-01 1.25E-02 1.88E-02
SPEA 1.78E-03 1.34E-03 4.75E-02 5.17E-03 1.92E-03

MOFA 1.90E-04 1.52E-04 1.97E-04 4.55E-06 8.70E-04
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Taed ZDT1 &4 3 fe Yy inauiiudeuiieuaussausues Zitzler-Deb-Thiele [62]
LZ fo JgyminasiiUSeuifisuaussaugues Li and Zang [62]
SCH Ae Yaynnausiissuliiuanssauzves Schaffer [62]
VEGA fg I8n5mIAImoulUU Vector evaluated genetic algorithm
NSGA-Il fiz 7n1sMIAImaULUU Nondominated sorting genetic algorithm
MODE f® 35n15m1A1meuluu Multiobjective differential evolution
DEMO @ 35n1siAmeauluu Differential evolution for multiobjective
optimization
Bees Ap 15nN1911AIMBULUU Multiobjective bees algorithm
SPEA f® 35n1511AMBULULU Strength Pareto evolutionary algorithm

MOFA @B 35n13M1AMaUuLU Multiobjective Firefly algorithm

FIVLNUIITFTNISUIAINDULUUMAIGAUNTLT TNUIGUUUT 9% 88
(Multiobjective firefly algorithm) anunsalafinouniainurainnisutos fgadaiiay

agd o

AUIBNIINIAREUNANARITEY dana lAINNadWSAIMIINATIALARBUTIAINIINNIBAILERS

'
a

Tusnanedt 2.1 Sadufiimesnuddeilumadonmememeuiirfigauuuisiesunldluns
metadufivmnzaslunssuiunisdanaradn

2.5.2.3 A5MIAIUANLUUNBUEUBIIUT (Real time techniques)

3INNIFNYINNTINVBINTIITNITAIVALLUUABUANRILT LT W BELIaN
fausl 2001 F9 2013 W84 Mamodiya uaz Sharma (2014) [63] lagldasUlinlunisazaruam
AN MU ULUNAAAN I ATY naslfImUALLURBUALDILT L PID (Proportional
Integral Derivation) a55n¥AaULAT D (Fuzzy logic) uagn1sty 35015993 TmuIng
(Evolutionary algorithm) 14 sndremuniad ssdanatadnazdwwaliaunind usufity
Tuwauzd Lin wag Lian (2010) [64] 1938msmunuuuunevauesiud Tnsldmsauvauuuy
MIINTARULATORUUTANITADLOY (Self-organizing fuzzy controller, SOFC) Lﬁ'aiﬁ?ﬂ’mﬂu
Anusvesanslunszuandanatafnuarannuiuusnaniidananafnduwiiun lnenans
naaesnuIiionuaunsinnuiiadeiiimadanuunfuagmuauuuunevauesiud
dm3u 2 Jadedanandmalinininnisveivesduiuaniosasnnnilifinisniuau
\WBemauaualuuyiufl LinnsAnvinudl 3I5nNsAtuAdsneuaLaluU U el
guassadunsmvaudafomeuenlunsemunu dwalinmsfnduazainunumnsivnes
fi9q vhldein Snvtenszuiunisfad suaznisufuussssuumuaulagliisnnsmuaa

'
Y v

WUURBUAUBIIUT (Real time techniques) dn1sasnuuazldiiatuinninidaueina

v
[y aa

AetiulunuideiidsliiiSmsmvanwuvausiuinfiansanlunssuunside
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2.6 MU NNYATBINUNITAAAIULAUANAIUAZNITOUB DUNEINANTENUAD
N15UA99Y99T UIUWaIdAn (Residual stress and annealing process

that affected to injection molded parts)

nszvrun1seveswdunszuiunsusulsnun ez uaudRniinavesian

»

a

lunszuaunisdanatafin nszurunisevdewdunszuiunisusuuaduanulaegungd

Y

e

N150UBDUILDY T8 UI199 198 UNNIN15UA8 (Heat Distortion temperature, HDT) Lay
QUUNINIIVIARULMAIVBINAIERAN (Melting temperature, Tm) [65] lagnsyuiuniseusau
ffeuanldlunszurumsuSudgnunmduisidussansamamiunmsvililuanaves
Tndwesiinnisaansia viedsniin1saanennfuiuies Insnszuauniseusouasiiy
fuseiserliAnmarsiedaituniinisiitunundiioamgiives lneanelaseadn
pnevadindiues (Semi-crystalline chain) ssgnasliiiity Suasdsnaddenmautinana
La¥nI3ann3UnIavesTuY [66-69] anmsaneluvansq ity (66, 70-73] wudn &0l
nsltgamaififisaonazivanzanlunszuiunisouseuazdmaliiana elassaisnte
voslvdiwofifinnniu wesdidwaliivestunuiguamiuasninafnnsdnsetosas
uenlunisiidananearuide (66, 72, 741 ladnmadawein nisldgumgdly
nIrUINMIBUDauTina drdaRianITAaEAI LA Ui Uy uagnsldgma il
nIzUINNTEUTRLTIge drdsnalinanaRninnsFesuesmelasiaieneuenaadni
wndu wi s eatuidilinuidimauieudeutefuazdedeitaaulunndenl dgungd
TUNIZUIUNITOUB DUVDINAARAN Iumzmumaa‘ua’auﬁlﬁé’wﬁ’zyﬁ'dmaﬂiwum'a%yumu
Tnenss Ao Madsuulatazdniesdavesluianauazaelavesnarainiavdinane
AALTA AL FUTMEUeNYETLNY (T N13Dnseuastuy [67, 70-71, 75-83]
MUITBUNNG N [84-86] N1sAUNUTT TUATLUIUNITOUDOUTDINDF LN INAY
(Polypropylene) laiinszuaunisadisanesnadosfaimdudug snntu (Lamellae) luiiuil
Y993ngodngIU (Amorphous phase) Wang wazaniz [87] nudn lunssuiuniseusauaiy
MuWLLﬂuﬁlLﬁ‘wﬁlu%m Structural Relaxation of rigid amorphous Fraction (RAF) Hunds
wanafivrdnareAnaNTANIINALALIU 19U T LI UBNINE Li uazame (88] ¢ing
\Datsedn MseuseuiinmufuUITBINAgIUenINadmalinisUasulasuesndnyos
woduanindvdaiudn () \urdndan (@) wisuvdsuwlasmdnsdaudi (B) Wuvda
wnai (y) Bnde edsnaviliquantinisiuussnssunnueananainanuisavinlég sty

Wosnuanvaslndwesvidadam (@) kazunusii (y) azil@desnmannniinansiiaiue ()
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A v = ¢

9INMUTTETLA BTN ULz Seliusngeg1etanulunisinse

o

ﬂszmumiauéauﬁﬁwaﬂimum'am'iﬁmasuaaﬁ'ﬁyumuwmaaﬂ%qLﬂuﬂaé’aﬁmqmmwﬁmw
Fuduiivesdunilslunuided desvhnmessnfiefnvinadnsvesnslénszuiums
ougouieannnAnmstateresturmdinssuiunsiananain warlinnuiliadaaindd
TunsguIunsigal msanmLELANA R BunuNaaRnkIuNSEUIuNTaUseubuuna

PNATINDNTANAIVDINISUAIDVDITUITY

2.7 ASSUAUNITIATIZNAMULAUANAISNANAUIY IAEANTINBNITANNITUNIBVDY
Furunaaninlaneslnlndandain@f (Inspection of residual stress that
directly indicated warpage phenomenon on specimen via

photoelasticity methodology)

ludagtuiivaneinadiangaldivensinsieniainnuauana 1S uLnuf0819
YNAIYINTU WATANITIARIAIIULAUANA19ABELATULND (Stain gage measurement

technique) N15l4 598160 (X-ray technique) N5l 5 n1snaaeuava1sauIn1LAdl

a a

(Chemical probe testing technique) tUunu wanua3siWladaraindmduanisAmuigiu

NISNAABUTLNTUNAIERN UBNAIMNALIINAANSUDINITAUATIZING SanuInduiSaludasyinane

v Py o a

usui ovndeu ozl dunuiisudeiousudss ug Tnefinisiinseianududieis
Tnlndanafndfianunsnssynanszanesveseuiilut ueuldyodumdeaamzdueny
wanafnfidaaulusesas e ety Chang uazame, (2008) [89] ldvimsAnenisenisld
wadaliladanadnd A saudumadan1s3unIn (Image processing techniques) 1t 8115

Tinszinuiuandsluudazynuesdurnunegeu walatordead uwivdnluifign

Y

dowiuinglusaua Weliuaurediminanmsinimuazdesituvesaduudivdnliiiwiu

'
@ =

Tog FadunisuenialuanavesianiiinssesiailimTeuiuluisasyn uazdelmsdasiu

N 9

aa

YopduuiannivilmdaLaudninmesninuana1ei Gadusustmnusunnaisly
Fununuand uiuluudazyavesuny nelueidetlduiulnaasd dawnusiminminiu
(The dark-field polarization plan) lazlHuasdoIUTUNUNDIATIZAUOUAUAUANAIIUY

Fuau [90] Asuanslugy 2.53
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Light source

Polarizer
™~

Photoelastic model

v o
o

5U 2.53 uanalsmsieTgranduanAsUutunulasinataedawnuirdnmindeiy

AUAUANA1TEYNLARIENU T ULAUS WeIdUAZA1N T UNALAUSUAUT 1VBY
AMNUAULAKN U3 IV0UAVET LAAIINNITTNINYBILALLANIDBNNT [89] 113NTEALAIVRY
AULAUANAIENIL 3005 UIELAN TN LU SLALAZAINLAY (stress-optic law) laeTinguaa

ANUFUNUSTEMI NANPNUAULAL ATLNNTHNLAUBILEAL LEAIRIANNITA (2.46) [91]

n, —n = (c,04 — co)
n, —n = (c,0, — ca) (2.46)

Taoil 1 0, uay 0, A ArAaAumdn MAnanAIANIAUEIEARILLLILALENES
Way n; ey n, Ae sudifnuwesuainaeuiiinunainuuaknuvestnalad vaii n fo dail
ﬁ’ﬂqumLLaaﬁlﬂé’a@uamwﬁmmm”u ¢, WAy ¢, Ao ArdUUsYANS FuRNsvasLELaY
AULAY LﬁaﬂixmumiﬁmLmeu’imqLﬁmmiﬁmw'ﬁyu anmenAavesuasingy

6

Farnuvtduivss (The relative retardation () ) @unsaazesunsldnsaunisin (2.47)

6 = ? (ny —ny) (2.47)

1ne7 A ABAIANNEIREY A ABD ATANURUITDIT U UNAZDUAIT LALAIL1SOUN

v
v

Aunsi (2.46) way (2.47) sl daungi (2.48) nau

6 = ?(cl - Cz)(O-J_ - 02) (248)

W1 9970 ¢l wag 2 aunsadeulndleidu Arduuseans dunsvesnanay

ANAY C uaz (07 — 0y) Ao NarwoIANUAURaNAILansTUaLNTST (2.49)
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evnin 2z WseaeAluEuNsn (2.49)  araunsawlatdunIsHiemAIun U

(fringe order (N) ) aunsauansléiwaunsi (2.50)

2T B
AU150UadNNENNST 2.24 1ay 2.25 SauiiamaNas1eanuaulafsaunisn (2.51)

N+xA  6xA
hxC 1. 2mxh*C

(01 —03) = (2.51)

TaegduUseansvesnisuauiuuedlndwesaiunsauasannisiaseaunisi (2.52) [92]

21T*C
A

W= (2.52)
Tnef C A AdUUseanddunns vasuasnazAuiaL C hay K Aaandudsedand
A15UDIIUYRINALRS LaenAduUsLans nnsyaunuvesvadlnaalesy davatu 5000
Brewster 3 ailAL911U 5000 x 102 Pa [92] F 9115t la i uT uaun danwalzu1away
PNUVLNAST A9ty eusaasUaNnIsien1smAIRINAAUGIEALlARELN1TN (2.53) [92]

N=*A )
(D= =
hxC K+h

(2.53)

AeunsszummAnuAunnAsluurunatafniilunansznulnenswionisneliin
N5UABY0 W UNUNIEANALABNEINTTISUMITANINYBINTISIAABUAUTIVBIALLAY UayTey
WAIRTINALEURNST (The relative retardation (8) ) wieuludnniluaunisy 2.53 35l

N3EUMAANUNU NS aA1duAUTMannsassyldegeusiudn fie F5lvlndatafings

o
[ [

WUUEN37 (Three Fringe Photoelasticity, TFP) 38msvauvesiaiiae JULINNMTDRENY VB
widnTegawd fie Auns AT uarAtndu Wlevihnsuenueya TSN U
ASTM-D4093-95 Tuuil agq ans1aaouuud ueu wdsanlddundisarnd a vom
9rnsadeu YrAduns Ao uazduniiu (Red (R), Green (G), Blue (B)) vosd usunnasy
WiguAImNEANaIAiUAT N InsgIuUTsuisu tnevanlun1siiansaudenininumig
19T 910919379 UF U BUNIATFIUAUAITADTININNITNAADI VLA DI LA NATDIAN

ANUAAIALATOUYDIATINDTIIUANIRNSEIU AaNn1sh (2.54) [91]



Tl

Error = /(R, — R)? + (G, — G.)? + (B, — B.)? (2.50)

MNANNST (2.58) fruali e iufunumesdulduns W1 ity 7ldanns
yaaed wazimuely ¢ uiisdauifuns o1 diduildnmamanesgumsiieudiou
1193511 ASTM-DA4093-95 TpennsAuiniaunsil (2.54) agthend lfa1nnsvaassAuial
Wi suiisuduaunsgIuaunseisldaiaiiuaainiad ou (Eron aaa Ll aleAn
ﬁ’)’mﬁaﬁﬂLﬂﬁlauﬁbﬂﬁj‘ﬂ‘ﬁdiﬂé’l,ﬁEJQﬁJ‘Uﬂ"]Zﬂmﬁiﬁu FeimadeudyalAlasensd il o
AT EITS VRS uAUTY mumsedl 2.6 ndsntus s wadngsalusns
i (2.53) e nuidunndsgeaaosiuny Gadufuansmuduiusussauduandis
furmudnievesununanain Inefitmuianudunndsiasduiuslnenssenisiiams

Un90U9TUNUNALANF 1IN UNY [66, 70 - 73]



AN5197 2.6 AIAUNLINELTRNS (the relative retardation (0)) AUALOUE wAd W38

13U auanmsgu ASTM-DA093-95
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Colour lines

Retardation

Colour (6)(hm) R-STD G-STD B-STD
black 0 23 14 17
Grey 160 125 122 129
White 260 230 227 220

Yellow 350 255 233 189

Orange 460 245 158 16

Dull Red 520 210 79 71

Tint of

Passage 577 122 7 178
Blue 620 64 186 225

Blue-green 700 108 217 222
Green-Yellow 800 203 242 149
Orange 940 255 204 85
Rose Red 1050 255 135 204

Tint of

Passage 1150 109 223 198
Green 1350 142 240 153

Green-Yellow 1450 204 211 143

Pink 1550 255 189 199
Tint of

Passage 1730 255 164 221
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1) AALEDNLNUAIIVNIAGDY

2) Antaaniadsuazszautlade

3) MmunAINanEUALedlUNISINGes (AN150A19T8ITUIY)

4) a5aununIsinael oy
Suneudl 3 NMsASLUUSIABINsYUILNITEnNaTERRaElUSLASY Moldex3D
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1) 99NULUUNITNAFDIFIUNFNNAS

2) LSRR UR INan oAU (Response Surface Methodology, RSM)
wavassaunsAruaileituiivunyau (Fitness function)

%umauﬁ' 6 NsmIAINI oS A ean (Response optimization) 911N19
2ONLUUNTSVIAADIAIUHANNATE KA¥IINITNIIMAIADURUUT 38 (Firefly algorithm
optimization)

1) SrasenszuIunsdanaiainlneusuanuamasdimes fivunzay
Fganfiufianeuaues (Response Surface optimization)

2) $raeenszuIumsaanaERninsUsummumNIsSn e zaud
I§nisnmsmemeuuuUfisios

Funeudl 7 nmstudunauaziUiouiisunanisnaaasnisannisdnseuarias
YT

@

1) Judunan1sneasdlaeisnisinasenlgluswnsy Moldex3D

o

2) HUSUNANISNARDILAYNITNARBIANTUFIUIS
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3) LWSHUIEUNANSAA8IsEmIngians$1aeuaysNnaosantugdIy
funeuil 8 NSNAFDUANNAFIUN DA
Huneuii 9 m'ﬁﬁw%uﬁaumamLﬁi’hgjmzmuﬂ'ﬁauéau
1) fuunanisnaaeslaen1sTananisdatevesd usuas o LKy
ﬂizmuauéaum’?auLﬁsmﬁ’uwamiﬁmaﬁuaq%umuﬁmumzmumiauéauﬁqmmﬁu,az
nalunseuseuiiunneeiu
2) Butfuranisnaaedlagnstitueuas TaRAILALANAYBITUY
ADUNTLUIUNITOUDDULAYUSINTEUIUNITOUDDUNIUNTZUIUNT Photoelasticity

Jupauil 10 a3unNanImaaes

MnTURUMIALTuNTITediy §Iduaunsaadutuneulunsaniuaule

Faguil 3.1
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5.1) P9ALUUNTNAABIEIUNENNAT

5.2) AAsievinuRnanau (RSM) wavas1saunsinvuailsiduiiiugigeay (Fitness function)

v
Junaud 6
ANIATINIRD ST INZAUAINNITOBNLUUNTVIAABIAIUKANNATY karanITn1snmnau
WUy (Firefly algorithm optimization)
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NINAFRUANNRFIUNETA

gaNFUANLAIY

Funaud 9
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9.1) Budunamsnnasdaonisiananisdnievesd uauasdilinim
nszuIneUs suLUIBuLE U URan15 At veed uUA HIUNTEUILANS
suseuflgamniuaznarluniseusouiunansiaiy
9.2) Fudunanisnaasdaenisthd uausseinaiauduandies
FUUADUNSTUIUNTOUB DULAT M INTEUIUNN TOUS DUHUNTEUIUNNS

Photoelasticity

A 4

unauil 10

d@3UNanNIIVAaDY

SUN 3.1 WAAIANFUTUNBUNITAMRUIIUITY
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3.1n1snmundneuelUvestuuwadangunsallun1maaag

v
a

3.1.1 99NUUUVUIATUIIY
Fuarlunuised Whnsident unuildlunismeasmiuunsgiues
ASTM D638 Typel #3971% WINULUU Dog bone Ll 81LA nwn1snaFILar Tneved
wanain Susiimaumavindu 3.2 mm senuuuiurlaglusunsa Solid Work 2015 dus

fyupeaguin 3.2

ASTM D638 Type 1

ASTMD-638- 1
- i 155 A ~
- N— — ._51' !
—— N\
5 )
s i AP, i: é‘
| ona P %S¢ \ gy non ra S |

31]17; 3.2 %umu Dog Bone Muun3sg U ASTM D638 Typel

3.1.2 Jagildluntvmeass
Wanarafnildlunsnaassiidenld Indaladu (PG-22, CHI MEI corporation,

[

Taiwan) finaaudRsauanslunsen 3.1

A13197 3.1 AaduiRsne vesarafnindalaualdduianlunsmeaes

Physical Properties
Properties Method Unit Value

Melt Flow Index (5kg/230°C) ASTM D1238 g/ 10 min 17.5
CharpyNotchcd Impact Strength ASTM D256 Kg-cm/mm 1.4
(6.4mm/23°C)

Tensile Strength at Yield (6 mm/min) ASTM D638 kg/cm? 425
Flexural Strength at Yield (6 mm/min) ASTM D790 kg /cm? 540
Flexural Modulus (2.8 mm/min) ASTM D790 10°Kg/cm? 3.1
Rockwell Hardness ASTM D785 M-Scale 74
Heat Distortion Temperature (Unannealed) | ASTM D648 °C 75
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A13197 3.1 (sle) Aauau TR vesnanaRnindalasuiildduaglunsveaes

Chemical Properties

Chemical Name CAS Number EC Number Percent Weight
Polystyrene or styrene polymer 9003-53-6 Polymer > 95
Processing Technique
Ejection Temperature 108 °C
Processing Temperature 170 - 210°C
Mold Temperature 40 -70°C
Vicat Softening Point 87 °C

3.1.3 1A9RANAFRNN LY IUNITNARDS

\w3eadananadin (njection Molding Machine) 14 U Toshiba 1580 Aauanslu

Uil 3.3 LeSesdnnanaiin Ju Toshiba IS80

Y

3.211999NLUUKNUNTNAABIUBIAYN (Screening Experiment Design)

3.2.1 AALADNLAUNITNAADY

mMseenuuUNITMaaedewduluuised Wemndiudadefithunviinig
NAa8lTIuILLIN Lazii ans IuIuLNUNITNAaadli i otoras wAFuRanenanis
Tiaszrdninavestaderieg Auvaass JudenununisnaasiunanelseauIedIu
(Fractional Factorial Experiment) mﬁﬂmiwmaauﬁuﬁmﬁu WilefnwdnSnaveurazsziy
Pafosneg womdlesanuauntmeassuavedsausdutuliauaifduduiiansuinan
LHUNITEONUUUN IR AN BalAu gy Favanenudn MNanITIASIZREENaves
Jadedinadosunauliamnsannnsesladenisuennansenuvesdadesiu (Interaction

effects) panld AfsEnunsafiuuNunsAaaaziN1sAaaLiuFnlasn aunIRraINise
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ANNTIUATU NI DL NHANTENUVBIT85WeaNe LANINNITNARBIS UAUAILITAAANT DY
HJasele wnunsneasaliazisiuiunisnaass (Run orden) lauinawiuanusndu 1aan

warduulunaaIInIuRLuMINAaeILNAvaEEalNgU (Full Factorial Experiment)

3.2.2 aadaniadenazainuvastale

esannsdadendadefaginunfnsnansenumuLaun1IenUUUNIg
naaoudosfuiy Sufudossznouludetadefiamisaniuauldlunszuaunsdiass
nIzUIUNIsAANaNasn (Simulation) laelusknsaitaszinmsdanaiasin Moldex3D wazsoq
aoandosiudoyanmautinieg vesingauildlunisvaaes simsieseianngvos
Haymannwane g Vuideiiisadeduund 2 vldduesesdiolunsdndendadouazsesu
vostaduiiioldiduiladuiinda (Key Process Input Variable, KPIV) Tusnuni1saenwuunis
noaeudowiu Tnsthdviifinademsineuasmagavesiuem AenguifadefiAnainisnig
USuiaimdasdnslunszuaunsaanaain wazdmnsiimesfiandalunisususandosdn
wanain Faldnanaliluundl 2 wuin Armnsdwesfidenndullldiissiinasdonisinseuas
wndhve T eg e e 4 nqulvgs Ao

naudl 1 Amnandinesiiieatesiuia (Time) ldun

1) nalunssagh (Packing Time)

2) antunisvaeiiiu (Cooling Time)

nguf 2 AnfieesifgatesiunNiY (Pressure) L

a

1) MUAURA (Injection Pressure)

2) ANUAUANE (Packing Pressure)

'
1 a

AUl 3 Ansndwesineadeaiuanuiiuazszoznia leud

1) sgeednang (Metering Stroke)

o

2) 528281594 (Cushion)
3) srezitioudanydadudng  (V/P Switching Over)
a) mm%wa‘uaﬂg (Screw Speed)

5) 8m51A3538A (Injection Flow Rate)

'
o

ngquil 4 Awsiwesinestesiugaumngil (Temperature) lau
1) gaunninanainuaeuingl (Melting Temperature)

2) gaumniiwifiami (Mold Temperature)

a

3) grunilvaizUanTuaueananulitus (Ejection Temperature)

INToUAT AU FebaTayasInaIuIvinIsIasIeiieAndantasaugn

Y Y
v

Mgldlunisnaasadewiu Inglddeya 2 dumeriu fie
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1) Feyarnilwesddglunsuiunuesedanatain FEnwiiisdsuni 2)

2) anuanunsatunisauauatniweslunuuiassuulysunsuiia e

AsRANANEAN Moldex3D

lnawnaailunisandendadednirvesnmseenwuuiauniseasilewy 133y

[

ssidanmzdadenianudululianndeyaluy 2 dwdeiul sreaziBonsieg uwanad

AN5199 3.2

A1519% 3.2 N15AALaBNUATEUNN LB U SNARD L UTUNBUNITOBNLUUBNUNISNAR D4

\Unssu (Screening Experiment Design)

audululdannumaeiiunvas

1135
Uadn PIGEREN
a1 U33e / Awsndines WTEWeIN | Wdeesan | N1SNaasy
MsUSUR WUUTIAR I oedu
w3esin*
1 | sunginanadnvaeuinal (Melting i i \ian
Temp)
2| aaungiusifiud (Mold Temp) i i Wdan
3 | gunnfivaslaniunusenain 4 1aidi Lsiiden
LN (Demolding Temp)
4 | warfinanafnuaiutlunszuenia i Taigl Tlaiden
(Resident Time)
3 svezndnudomeandudng (v/P i i \den
Switching over )
6 | 8m3r27u5230 (Injection flow rate) i d \den
7 | awsiuda (njection pressure) i \den
8 | enuduliadh (Packing pressure) i d \den
9 | vanlun1sdag (Packing time) o i \den
10 | wanlunsuaeidiu (Cooling time) d a \den

£
o

* innsdmesidAylunsuiunsas e

* ALAINNIAINNTAUANATNIT e SinauuUdaeY

NNATN JIAvansadmdentadeindinazilunaassduununisesniuy

=

Msnnasuledru ternnsastadeniinansenulanaun 8 Jave fall

1) NN WAIERNVABULAAN

9 Y

a a

2) aeunnAwAUN

9 Y
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3) szpzasusmeandudnd

4) §951ANUS5EN

5) ANUAUDA

6) AUFUBAE

7) nalunsang
)

8) vialunisuaasdu

NToyaning a1nsaasiwnugineUaiinsenanvnvesdyniieldly

nsesgiamnvesdyninsdneua nafiveluaufeg19lun1508NkUUNITNAR DS

Wewiuladaguin 3.4

1 ANuAY

(Time) (Pressure)

AnuAudath

nalunsviaadiu
(Cooling Time) (Packing Pressure)
nalumsing AWGUAN
(Packing Time) (Injection Pressure)

1, Funuinw

Lazuas

syprnadyudunzdmiuiada

) qmuquwmaﬂnwaaumm
(Switch Over)

(Melting Temperature)

o Sl M
ASIEn /7 DR5IN13an i
wn/ —> Qg Hufend
Injection Fl
Ugiag-tion FLow et (Mold Temperature)

anuiuay i

TBYZNN (Temperature)

U 3.4 waugiifinalainszdanngesdymnstaseuaziasivedunuiiasiiludu

Y2981 UN S NAADINNUBHUNITN NGB UDIAU

msfadanseauvesadeiiagldlumsvaasinuuwnunisesnuuunIINAae
Sowtudndudesaenadesiutoyanmantfnne vesinghuillddnuagengg vesdunus
TUdurdesdnsildlunismaaes lunsimseiifiermuadmsifwesine weldlunns
npasutesulnoununsnaaalanealisaundiy 254 (254 Fractional Factorial

Experiment) Tutunaunaly 519821880 903AN1918LA0560199 AIUandlunIsen 3.3
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A15197 3.3 nisasuamisfiwesvestadenianudululdnazdmanenisdnseuaznady

SU'EN%IUQ'IU
Uady AR5 e

1. dm51Au523a (Injection Flow Rate) 20-70 %
2. AMUALAA (Injection Pressure) 60-80 %
3. szemUdvudanzandudag (VP Switching 90-98 %

Over)
4. wvalunsiadh (Packing Time) 3-15 Sec
5. mnuduiing (Packing Pressure) 60-80 %
6. punpinaERNuaBIw] (Melting 170-210 °C

Temperature)
7. gungluifius (Mold Temperature) 55-70 oC
8. walunsvasidu (Cooling Time) 20-60 Sec

RUEAR NNITNesANALdnLazANNALENgY 100% Windu 199MPa

ndeyailawu arunsadmunseauvesdadenidlunsneassdudunaunis

DANLUUNITNNADNUBINY AEBHUNISNAADILNANDLSYAUNAIY LARININIT 1N 3.4

A19199 3.4 Jadpuagseauaastladunieyg MUINvINISnAaeInINLAUNITIAa0ILNANDLITYE

Un9au 254 (284 Fractional Factorial Experiment)

Yadelummaasalosdu dyanwal | szivvesdady | wide
(Screening Experiment) M Gy
1. Au528m (Injection flow rate) A 20 70 %
2. AGUAA (Injection pressure) 60 80 %
3. szpmldudunzandudag (VP Switching C 90 98 %
over)
4. wvalunsiag (Packing time) D 3 15 Sec
5. mnusuiiagh (Packing pressure) E 60 80 %
6. punHinaaRNUaewmal (Melting Temp) F 170 210 °C
7. guuniluddiiun (Mold Temp) G 55 70 oC
8. walunmsvasidu (Cooling time) H 20 60 Sec

NUBLR 2NNIITRDITANUGUEALAEAUALERAET 100% WU 199MPa

wazimualirgumnglumaeduwiniu 55 oC
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3.2.3 MRUARINAADUAUBIIUNITNAABY (A1N15UNIDUAZRARIVDITUIIU)

Tun1s91aeenseuIUNSRATUdIUNaNERn 1UsLATH Moldex3D @unsauans

{ v YR

Anad NS A st psfuAInsIntenasnadivesd ununanain lunsnaasndesduite
Andandadey (Screening) Faldimmunrvenanavaues Ao nslneuasnadildeUagn
Yeatud esanaAfinanausainldannmaassdatudiussiuunedibeinadoy 3
sunidlumsinnsdnseuasafvesiunuluanssezuasuinvasusumuuuuly uay

[~ 1 % = =
arunsaldilummasnslunisiseuiisunanisnaass

3.2.4 a3 1aunun1manelady
PNURUNINARDINANBITgaUIE Y ITelaiFonununsvnaaulaneiiea
vdu 254 lun1seenuuumsrnaed ey ssnsadnsyosununtsnassdana i
Yoyauiinameiiozannsniiasizvinansenuvan (Main effects) wazransynuvesdadodom
(Interaction effects) I lagununisvnaasiiazdasvinismnassiaziudayaranun 16
N1591MAB3 51023 AT ILNUANTNNABILANIAIAIIST 3.5 ardnwaiz3Uuuunnsas
unun1snaasslngldlusunsy Minitab uansdsguil 3.5 via@nwidudsludoninisld

TUswnsU Minitab TUNSEUINNITIRNLUULALILATIEVNISNAR I UUNT 2
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Create Factorial Design

Type of Design
® 2evel factorial (Gefauttgenerators) (210 15 factors)
(" Mevel factorial (pecfy generators) (240 15 Factors)

(™ 2evel spltplot (hard-to-change factors) (2o 7 factors)
(2 to 47 factors)
(2to 15 factors)

Humber of factors: 8 7 Display Avalable Designs, .

" Plackett-3urman design
" General ful factorid design

Restis:.

oK | Cancel |

Create Factorial Design - Designs

v 2¥(83)

64 v 748

112 fraction W v 2%-1)
Number of center points per block: 0 v

Number of replcates for comer points: | 4

| Naberofteds: [ 1 ]
e NI =

(reate Factorial Design -

Avalable Factorial Designs (with Resolution) ‘

Display Available Designs ﬂ ‘

]
)\

Factors -~ Runs
27 12,2048,
811 120,428,
1215 20,24.28,3,...
1619 04283,..

|

Factors
20-23
U2
2831
235

48
8
)
8

e 37475417

Available Resolution 11 Plackett-Burman Designs

Factors |
[RERETIRTAEFIEEIRT) _151 ‘

v v

] |
v
WOV NN 3
NV W ;

W

===

N
Ny
NN
|

Runs Factors
4.28,32,%,.,48 %39
BRJOHMB 404
32,%,94%8 447
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SUN 3.5 LandEuNIsnnapsnanassauedlu2®? Tnglaluswnsy Minitab

Y

1nglunszUIUMSE DNUNUNTNIARBIEMSU Screening factors Minitab TnenisnaAas

=

L@ en Stat -> DOE -> Factorial -> Create Factorial

[ [

MIvnAaes Aaguil 3.5

Design %18 991NU UNINTLE DAWHULUY 2

awu a3 uaziden Resolution Wuu IV lieanduaumMInaaes lausunsnaaemisvin 16
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A15197 3.5 uHuMINRaRIuNANasYausEIy 28

Factors
Run Inj Inj V/P | Packting | Packting | Melt | Mold |Cooling | Warpage
Order | Flow | Pres | SW Time Pres Temp | Temp | Time (MM)
(A) (B) | Over (D) (E) (F) (G) (H)
©
1 70 60 98 3 80 210 55 60
2 20 60 98 3 80 210 70 20
3 20 60 98 15 60 170 70 60
4 20 80 98 15 80 170 55 20
5 20 60 90 3 60 170 55 20
6 70 60 98 15 60 210 55 20
7 20 80 98 3 60 210 55 60
8 70 80 90 15 60 170 55 60
9 70 80 90 3 80 210 55 20
10 20 80 90 3 80 170 70 60
11 70 60 90 3 60 210 70 60
12 70 80 98 15 80 210 70 60
13 20 80 90 15 60 210 70 20
14 70 60 90 15 80 170 70 20
15 70 80 98 3 60 170 70 20
16 20 60 90 15 80 210 55 60

AN 3INMTTReTANNAURALAEANNAUEALN 100% WU 199MPa

wazrmusldaaumgiiwidabuinfu 55 oC
3.3 N15a319UUIIABINSTUIUNTTAANANERANLaelUSKASH Moldex3D

msafegUuuuiasmseesszuulunssuiumsiunisaisieulunasdnunizeing
voslfuidananafntudiuiogdlagldlusunsumreuiiunessiasssuu Moldex3D RL3
Designer 11 5¥UUNN3 WA @fin (Runner system) szuunaedu (Cooling system) (34
annsafnwnfisndnldlunianuan YuiauazsTUUNSI LTI MsfvuakagnIs
waedmudvssuuiasy Wudu Weldsuiuuvessyuuiassufiuiudrazihdeyails
nmssenwuUt R UsTnana (import) Tnglusunsy Moldex3D R13 luduneuiiazsi
asrmuadeulusngg fiferdestunszuaunisdanatadin iy NMIMNUATANAU (Assign

material) 13 oulvv9InTLUIUNTT (Process Condition) N1961 $AINI51TLADT (Setup
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P2

computation parameters) {iudu Tunssassnszuiunisaananaini A3deaglding v
GPPS LA3esdananadinuuin 80 Tf drwidoulauazAmnsiiinessieg azdmuanuguuuy
nseRNLUUMIMIARBILNAVBIS BaUIEIWITLA 16 mavaasmuiildeanuuuly vdan
Uszananan13dnaein1s@alaglusunsd Moldex3D uwawihnsasuuaziiaeideyarinis

Un90v098UY (Warpage analysis) tieagtdeyanlauniiaszidninavesdadusieg lag

TUsunsu Minitab siolUuuuinaesssUulliuiuansfssun 3.6

LEEETY PRI LT
SEaaETan- 0 -0 oveleins
b T T

& BRE eSO e E G2

BE ¢ el

3UM 3.6 sUnvUasInsEUIUNSRANaERnUUlUTIN SN Moldex3D

3.4 psnnasalesiuiadndendade
Tudunouiidensmeamisiwesiiideddasensiinnsntevestunuiildain

nsUsTInanaNITIasIMsaanatainlaglusunsy Moldex3D arudiwisdimesivinis

ponuuulimuLaun1TnassLANBLs8auIedIu (Fractional Factorial Design 28°%) lagag

foyafina 1A eiaelusinsy Minitab AMUUHUN1TIARDILNANSLTHAUIE UL
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nsAnnsestadeilifinansynvegreiidedrrgnisadfoon drudadeiinansynuagiedl

o o

HedAgvneada sxgninluiludadodndiluwnunisveastegnsasidenluduneusaly

3.5 N159NLUUNITNAADUNDILATIZIBNTNaVDIUITBUAZHS198UNITANRUA

NanYgUNAUZa

nsnaaedluduneuil sxvdadediinansynuildanununisnaassuranedea
vdnlutunounisaasndosfu (Screening experiment) 11VIA15NAABIAIBULAUNT
NPABITAzBATY AD FaA13EENLUUNINAABILUTAILNANNAY iievnsvaaedludunou
i Fawnunsveassuuudumaunans finnumnrasdiniuldlumsAnwvideadrssauuuly

Anwaurvadnaluileanns 2 (Second order %58 Quadratic model) Aakdnsluaunisy (3.1)

Y = Ao+ D1 A + B Ay XX + XIS AuX? (3.1)

Tnefi X, Ao fudsdasey ¥ A Aadleddudimang (@1n1sdasenssrinisiefiives

Fusm) k f9 §1IUVBINIITLADITADBALUY A, AD ANdUUSEANS vosA AT A Ao A

fuUsvantigadu A; AD mé’uﬂszaw‘émmmamawa@m@mmma% A; fo Andudszansves

WMOUYDINARANFNG 96BY MniLFauRunMMeaeIRina TN MITIAeINTEUILN T EAUAY

fudoyaiteiluiiessinuinanovaussasmsiuestiofo s avaiaduanns
aluileading 2 feaunsi (2.17)

3.6 A1SHIATNITIALABSTLANIZANIINNTIDAUUUNITNARDIAIUNENNANG LA

AINASN1TWIANMDULUURRY (Firefly algorithm optimization)

3.6.1 $1epsnsrvIUNEaNaEAnIAsUSUAM IR nes A sz aRT A NuAN
ADUHLDY

melesitiuiananouaues awvhmslieneinanoufinnyay mUssao

Ananouf iz anvesdadsesuy LfJum'ﬂi’wst’fa;iaﬂ'wmﬁﬁmaﬁumﬁz{umu filsann

N3EUIUNNTIIABINTEUINNNTEAT udIuA18TUTLNTY Moldex3D MLLKLNNTNARBILUY

dunannans InenadnsiananazgniuUszananasmelsunsy Minitab iieUszanamien

vossziutidefiomngauiidsalimnstinievedunuiidiosiian lneldinadaisiui

NARBUAUDY haYNITIATITINANBUNMUNLAY LDE1UNTANNUATEAUYDIUTE NN L EL
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#955UUbILA2391ANNN TR BSAINA1INYINNSNRaBLN B uduNaLkazNSIUS sULT s UNG

Msnnasdtutunaumaly

3.6.2 NIAINISIT A0S 7 LMaNTaNINI T N1TUIRIRaULUUT 9 oe (Firefly
algorithm optimization)
dmsunsamaeuressiweslunszuiunsiananafnfiungaudionis
MAAaULULT Vel A5 Ufensassaun1snIsALnzau (Fitness function) H1u
dumsinaludleading 2 faaunisit 3.1 lngazadrsaunsmsmenivsauvesiansonie
Y03TuIL MdIntulsegnEnudsuuuRiesnmudnnsluuni 2 Ao Tivanms
Tunsindeudivesiisvesiidu lWumiesdaifidananiaulasnniian Fainaindiem
MwuTetdwesitesfaty Sensammalldanannsdl 2.21) sarsvundsiuu
fatios (N) Wiy 50 6 é’mﬂszﬁwémmmiﬂimLLawaﬁmq(ﬁ’ma’m (y) wihiu 0.5 Jadenis
du (a) Wiy 0.2 LLa:ﬂ'wmmuﬁﬁq@mmﬁqﬁaaé{ﬁuLLaaiéw”%’U (Bo) WA 0.5 MLNITe
204 Lobato Wa Steffen , (2013) [93] wazrin1suszananavain1smaniladefivanyaud

vlvinsOnsevestusuiiamgariulusunsy Mathlab dsusasldelusunsailuniasuan n
3.7 MSYUSUNALALNISIUSUNISUNANISNAABINITAANITUAIBLAS AR VBITUIIU

nsEUIUNISNAaRdNaduduNanIsnaaodluIudfed WunisiusEauAuLY oy
YaINanIyaadludunoum1 Ingnasanyinnmsiasgiivenisuszanaauesseauladed
WL ZEUADTEUUN SIS N U INARNDULNBNITIATIEVHANBUTLMAULEL WALNITIIAINBUT

WUZANAEIBL LAY FUldnaansLa U madns il AeAmsiinesvastadesiigg

'
o a

Miliruanau Warpage fifigauyinnisnaaesieguduna waslsauiisunanisnaass

¥
Y]

fana lnedlsieazidunnadl

3.7.1 gudunan1svnasslagdsn1sdnaanlelusunsa Moldex3D
Bnstdunnhamniivesildnnnisinsesiianeufivangay wagain
nMsmfneUivINzausgIsuUUTisiey vilviAmaney Warpage Afigauiinisdiass
nsruauNMsBanataindaslusunsy Moldex3D udnfiuteyarinisdasenestueu ileld

Wisuisuranisnaassiudunausa by
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3.7.2 USUNANISNAADILAYNITNAADIANTUEIUDSY
350159 TUN15UAINN5 1M N LAINNITIATILRNAN D UTLNUNZEN kazaIN
NIMIARaUNMINgaNn eI hUUiay IliiAnanau Warpage ANidanu1viin1svaaes

QANAERN

3,7.3 W3BUITIHUNANNTNINABISEHINIENNSINABIMAZANTNIAABITATUEAI
33m156 azthAIn15Tn109098 LU lEanASARewie 4 35n15 nande
Fninssinanaufimunzay 33 n1smdineuiinzausie3suuuiisies 350159004
AsEUIUNITAANAd@Anlag Moldex3D Lag3sn1snaassdngs e uvinisiseulisunang

waNsNgveINanIseaBdialdlunIsVnge UANNAgIUNNERA LuTupaus o LU

3.8 NSNAFUANURFIUNENA

NI TNARBUANLAT WY AR A BTN 13 0nsDTBI T LLNATARNE LU SIS
Minitab Tagdm3uauddei 131deavinisiannsdnieg qaesd uanuainnszuIusians
n15anuNIulUILNTH Moldex3D wagH1unIzuIuN1ana3e 11dmuuanaaiuns el
\Fevesnadniusinisnieve ey Tnennaaudisyauiioddisy 0.05

Jumauii 1: MvusaunfigIundn auigiuses uavsseuteddaililunisiadula
HO: ul = u2
H1: ul = p2
a = naaeuTisyiutsdday 0.05
et Ul = fanudnsevestuaunanainiiliainlusungs Moldex3D
U2 - Apsdasevestusunanainildiniesdananafin su TOSHIBA
1580 ¥wn 80 A
%umauﬁ 2: %umaumﬁmswﬁﬁw Paired samples T
1) Stat -> ANOVA -> One way Analysis
2) Benyndoyatisaesyalusazaoding
3) ldrmnuidesiilures Confidence level: Geamnandosiuminiy 1-a
vidolAwvindy 95% uazidenUssiamvesaunfgiusesiideinisagey ududen Ok
a) iden Ok WieFun1sUszanana
Fupouil 3 : aMTIATIINERR P-Value Aldanmssun
fiennmitsedutiediayi 0.05 : Weewiu HO uay Ufas H1

o o A

firesninszauteddgi 0.05 : UGS HO uaseensyu H1
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PAI1NYINNTNARDLN DI UTUNANITNARDININENILED 3ZUIAINITUAIDVBITUINY

v
2

W3 4 n3TUIUMS ABENMTIRTIziRanauTmLzay NMSIAReuTimunzauA83EuuY
#9%as 331591883828 Moldex3D wazn1svnassdanalafndeud Aunass u1vinas
WIHUTBUAIAILUANATYBITBLAR N NN1TILATIENAINLUTUTIU (ANOVA) Lag
nszUIuNIInaesldlusunsy Minitab lunisuszananauas MuiamAssiuaudasiu
neadd ieldidunamidadulalunissensu Ho warUfies H1 wioufias HO wavgonsy H1

mydeluadail
3.9 M3tdudiunaasudrgnszuiunisaudau

3.9.1 Budunansmassslasnsiananisinsovasiunuaiedilirunszuauns
augauUSsuifisuiunanisiasevestunuiinilunssuiuniseuseuiigungiivasinaly
n1seusauTiuANAneiY

Mé’qmﬂmiﬁqﬂﬁmsﬁm%yumuwmaﬁﬂimamiﬂ%’uﬂﬁamqS] lunszuiunisan
welauinnstasesiian wuintunudsaainnmstneed Sdimsfunssuiumsuiulge
pdansiatununaainifieannudunndislutus Fulummardnvesnafinmstne
vastuI Insnmhfunudmsuiuuniunugamgifievhmssumearduandieves

Funusandlugy 3.7

JUT 3.7 LandgauTUNULAZNTZUIUNNTOUBUTUI UNAERN
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VAIINNTTUIUNNTOUSRUTUNUN AN MITR M LA uguvgdnsiaausy

a

yaslassaiislulanaveanaiadin (Vicat Softening Point <= 87 °C) 111A15319% uauly
ainAdfiessuIeanuSeufioamgivenlual 12 43lu9 uazriinisnsiainAnistnseves
FUNUNAZOUNAUIUIA Aa5UN 3.8

e

R A

3UN 3.8 Lan9nn13n 719 3A0ean T UnIeYeusAaYIANARD UYL URANANERN

3.9.2 BUTUNANISNAABILALNITUITUIIUDTITAAIAMULAUAN A9V ITUIIUN DY
N32UIUNITOUSDULAZUAINTZUIUNTITOVBIUNIUNTZUIUNTS Photoelasticity

v o

vaInYNsnTITaRNsdntevestuuisuiuuuusae g Jasudn Aty
Snusemsiiduiusdamnimmaiianstinsevesiunuie AauduandIsTe B udaiinn
andunnArsluduanudesas iudiusuenfsnuantfniana wazaunIngmnisan
1300909939 UULLAT unuEIFuAae TaslunszuaunisnsiatnatATIAUANADs

A TIVTIANIUNTZUIUNIS Photoelasticity

Light source

Polarizer
~f

Photoelastic model

Analyzer _

U 3.9 uanmdNN15InATMAUANAIUDITUILEIUNTZUILNNS Photoelasticity
3.10 miammuwaLLazaqﬂwamimaaa

Tuduneutlazifudunsuanringlun1sviiniside laeagidhunasuvenssuiuns
UFulgeunuielviiansinevasiunuliiesign HunseuILNITaonLUULaENIAIT
witnzauanlunszuiun138nTusl udenszuiunsusulisunuieann1sineends

nsruIuNsAnlagn1seudeu ialfiuguaniusiliianistnselidesnan
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Nawkazn15anUsIgnNa

[

HAN1IVNAaBIRNeY AlAsuaInnIsALuNsANLELNSAaesina1luuni 3 il

4.10AaNT5ILASIZUAINISUAIDLAZUARN AUDIT UITUA 18819828 TUSTIASY

Moldex3D muuaunIsTnaaaanaissauisdiu 25
9INNFEBNLUUIHUNISInaLl aei THEonIaN1TMAADIRIBUNLANTEBNKUUNTS
naapLlANBBaYIEI 25 (25%Fractional Factorial Experiment) i eldlun1s3iasnes
nansgnuvesdadeileiu §3smslunmsmasesivazidm e Aldeenuuuls
ud I ELRUASNARRsArUAduAI S TwesluwuuTIand (Simulation) nS¥UIUANTAR
Fudruazinssinavesnsnadanazdnievasdusruiiedieielusunsy Moldex3D a1n

NNSNAABITIABINTTUIUNTAANAIERAN HaN15VAaRanilunIse 4.1

M13199 4.1 #anTIATIENsineaidesUveudaIglusnTi Moldex3D AUEUS

AaDILNANOLSYaUINEIY 254

Run Factors Warpage
Order Inj Inj V/P Packting Packting Melt Mold Cooling (MM)
Flow pres Sw Time Pres Temp Temp Time
(A) (B) Over (D) (E) (F) @) (H)
©
1 70 60 98 3 80 210 55 60 0.56
2 20 60 98 3 80 210 70 20 0.84
3 20 60 98 15 60 170 70 60 0.50
4 20 80 98 15 80 170 55 20 0.47
5 20 60 90 8 60 170 55 20 0.70
6 70 60 98 15 60 210 55 20 0.63
7 20 80 98 B 60 210 55 60 0.69
8 70 80 90 15 60 170 55 60 0.45
9 70 80 90 3 80 210 55 20 0.86
10 20 80 90 3 80 170 70 60 0.57
11 70 60 90 3 60 210 70 60 0.70
12 70 80 98 15 80 210 70 60 0.51
13 20 80 90 15 60 210 70 20 0.62
14 70 60 90 15 80 170 70 20 0.38
15 70 80 98 3 60 170 70 20 0.67
16 20 60 90 15 80 210 55 60 0.56
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NUBLR 2NNISTRDTANUGUEALAZAUALERAET 100% WU 199MPa

wazimualirgunglumaeduwiniu 55 oC

A1NAITINITIATILIRNITUAIDLAL AR IVDITUITUATULNUNITDBNLUUNITNAADS
wiANaEEaUN9EIN 28¢ SIS NSALAAINNITNLUUNISNAADIUBIRULNYINNSIATIER

seaudnSnavewiazidade Ingldlusunnsy Minitab Tuwide 3.4

4.2 HAN15ALASIZV O NS NaveIU a3 8lun1509 N UUNISNAABILU 994 Y
(Screening Experiment) anuLAuUn1sNAaatnanatssau1sdIu 254 aae
Minitab

YnNan1saeInsEUILNIaRTududeTUswAsE Moldex3D Tngldrmnsifinesd
1§99N1500NUUUNISVAT IR ULHLNUAR R IHANELTsaUNdILLUY 204 Wfetnanis
npaeYIMIIAsIRinENavestiatusn Tiinadednstntevesdiuny felsunsy
Minitab sailleiaguil 4.1 - 4.2

Half Normal Plot of the Effects
(response is Total warpage (mm), Alpha = 0.05)

Effect Type
98 1 @ Not Significant
B Significant

95 BD Factor Name

Injection Flow rate
Injection pressure
Switching over
Packing time
Packing pressure
Melting temperature
Mold temperature
Cooling time

90

851
801

BF

BH
HAG

Percent
IO TTmMmoOO ® >

70 PY
60
50 1
40' ’
30
20
104
0 T T T
0.00 0.05 0.10 0.15 0.20
Absolute Effect

Lenth's PSE = 0.03165

5U# 4.1 Half normal plot Jwnevinavestdadeniidnsnaden1n1sineveuny

Tagluswnsy Minitab mUwEUNISNAaBUBIRAY
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Pareto Chart of the Effects
(response is Total warpage (mm), Alpha = 0.05)
0.0814
D i | Factor Name
A Injection Flow rate
F B Injection pressure
H | C Switching over
AGH | D Packing time
AB- | E Packing pressure
F Melting temperature
G G Mold temperature
£ E- H Cooling time
= AD-
[
F AR
A
ACH
AE—
C —
B
AH-
T T T T
0.00 0.05 0.10 0.15 0.20
Effect
Lenth's PSE = 0.03165

5U7 4.2 Pareto chart AT 1einavesladeniiensnasdedinsinevestuau

Taelusensy Minitab AUBNUNISNAaDLTUDIAY

9Intiesa 193 Half normal plot Waw Pareto chart iWefimsaniiianszvuvetiademan
(Main Effects) wuintlaseiifduddaiitoviawasonisUnsevesuausinmun 3 Jade fe

1) naInsandn (Packing time; D)

2) guniviapuwiaINanaRn (Melt Temperature; F)

3) antunisvaeadu (Cooling time; H)

LazdiansanBesmansenuveladasa (nteraction effects) Tugui 4.1 wag 4.2
AgnuinUadesIu Ae 90311132 (njection flow rate) SIufUg N Tusun (Mold
temperature) il dlanansaiiavued ldlnenseindunavesiadetanun @unsadne
disdleluuni 2) %aﬁmﬁmsmﬁwﬁ’u%aﬂamﬁmwﬂmqa%a%ﬁau (Alias structure)
YBIUHUN1TNARB Az Toyaly Interaction Plot Tun133iasginadninavesdadesay
(Interaction effects)

lesannuaunIsvaaesuilavasea (25 Fractional factorial) WUU 16 N15MARBY
(16 Run order) il lun1snaaosil fdnwuesuvulasaainag$ou Resolutiond (IV)
Femuningindvinavestadesmfiaunsananuldnuanisimsgsiainistasenie
nMvafvesduey lukiuniseassidandudninasiuiiiiasadesdou (Alias structure)

wuu 2 Tadesauaiudn 2 Yadesin Fddummauiudiasiiolainiisvsnasedansiasedoeuin



100

lnganunsadanansenuiloananmsiasizsinanisnaaesld Jayan1sinsesilaseasia

F1iou (Alias structure) YBIUNUNTNAGDY UAAIAIFUN 4.3

Fractional Factorial Design

Design Generators: E = BCD, F =

Alias Structure (up to order 4)

I + ABCG + ABDH + ABEF + ACDF +

BEGH
+ CDGH + CEFG + DEFH

A + BCG + BDH + BEF + CDF + CEH
B + ACG + ADH + AEF + CDE + CFH
C + ABG + ADF + AEH + BDE + BFH
D + ABH + ACF + AEG + BCE + BFG
E + ABF + ACH + ADG + BCD + BGH
F + ABE + ACD + AGH + BCH + BDG
G + ABC + ADE + AFH + BDF + BEH
H + ABD + ACE + AFG + BCF + BEG
AB + CG + DH + EF + ACDE + ACFH
AC + BG + DF + EH + ABDE + ABFH
AD + BH + CF + EG + ABCE + ABFEG
AE 4+ BF + CH + DG + ABCD + ABGH
AF + BE + CD + GH + ABCH + ABDG
AG + BC + DE + FH + ABDF + ABEH
AH + BD + CE + FG + ABCF + ABEG

Factors: 8 Base Designs: 8, 16 Resolution: v
Runs: 16 Replicates: 1 Fraction: 1/16
Blocks: 1 Center pts (total): 0

ACD, G = ABC, H = ABD

ACEH + ADEG + AFGH + BCDE + BCFH + BDFG +

+ DEG + FGH
+ DFG + EGH
+ DGH + EFG
+ CGH + EFH
+ CFG + DFH
+ CEG + DEH
D HE. LI
+ CDG + DEF
+ ADFG + AEGH + BCDF + BCEH + BDEG + BFGH
+ ADGH + AEFG + BCDH + BCEF + CDEG + CFGH
+ ACGH + AEFH + BCDG + BDEF + CDEH + DFGH
+ ACFG + ADFH + BCEG + BDEH + CDEF + EFGH
+ ACEG + ADEH + BCEFG + BDFH + CEFH + DEFG
+ ACDH + ACEF + BDGH + BEFG + CDFG + CEGH
+ ACDG + ADEF + BCGH + BEFH + CDFH + DEGH

3‘11‘17! 4.3 ;JULLUUIﬂNa%Gsﬁ']sﬁEJwUEN Main Effects iay Interaction Effects

Main effects plot wag Interaction plot AbA1NN15ILATIERNANITNAAD T DIAU

999914 8 UTuANANTUIIUNTZUIUNITEBNLUUNITNARDWN DA NEINANTENUAIUNITUAID

waznafmvesgundlunTsuunsaln daandlusun 4.4 uag 4.5
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Main Effects Plot for Total warpage (mm)
Data Means
0.7 Injection flow rate Injection pressure Switching over
0.6 —e L . 2 - —e
0.5 T T T T T T
20 70 60 80 90 98
Packing time Packing pressure Melting temperature
0.7
c
S [ —
0'5 T T T T T T
3 15 60 80 170 210
. Mold temperature Cooling time
.\
0.6 —_ \.
0.5 T T T T
55 70 20 60

U 4.4 Main effects plot S winavesiadeiiiavsnarorinisdasovesdusu
TnglUsinsa Minitab asusumsvnassdassu
9ndoya Main effects plot lusuit 4.4 asirlHifmnasifinundmnisimesves
wiazdade Tadlaseiifvedduarileteitlifdeddson Y (mmiﬁmalﬁagﬂmaﬁumu)
Jengunsiasginansenuvantadefitinasiernisdasonuinivienn 6 Jade fe

1) 8n51M152A (Injection flow rate; A)

3

o

2) 1Ian153ae (Packing time; D)

3

o

[

NUAURREN (Packing pressure; E)

o)

a a

panaeuLaINaNann (Melt Temperature; F)

I

9
5) gaupilualfiami (Mold Temperature; G)

9

)
)
)
)
)
)

6) Lialunisuaeidu (Cooling time; H)
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Interaction Plot for Total warpage (mm)
Data Means
60 80 90 98 3 15 60 80 170 210 55 70 20 60
1 1 1 1 1 1 1 1 1 1 1 1 1 1
Las Injection
flow rate
Injection flow rate l.><' ——p \. b—' /‘ .’—’:: \. - 06 - 20
[0S |- 7
o7 Injection
pressure
Injection pressure P<. \. .‘“‘. ./. —n .\' 0.6 PN o
Fos [—m- 8
| o7 Switching
—a over
Switching over .\' —p ./. h\. .\. ros |_@- ot
[0S |- %
—* / —e ‘\. o7 packng
Packing time . _-n - 0.6 O 3
~a o — —a = —m Los |- 15
o7 Packing
pressure
Packing pressure O//' o—p .\\' [%¢ |-@— Y
o o> (|- 8
B | Meting
== ~a g'; temperature
Melting temperature % |-@— 170
° S [ o5 | - 10
o7 Mold
temperature
Mold temperature - 06 o 55
Fos |—m- 2
Cooling time

a a '

3U# 4.5 Interaction Plot eldiinseinavestadesiunidvsnasonn1sUneeveguny

Taglusinsy Minitab mIUBEUNISNNaBLUBIRY

ﬁnﬂﬁt’faaﬂa Interaction plot 1u§ﬂ‘1’71' 4.5 Wunasawiosin Main effect fidosfiansan
anuduiuss e sladeifinansynussrnisdnsevestununatainineiainsiiansan
AT osi fhegtadi Interaction plot Usznaughe Packing time fu Packing
pressure, Packing time AU Cooling time, Melting temperature fiu Cooling time, Injection
flow rate U Mold temperature Wusiu Tuaasientuasnuindadefidanuduiussuiu
Injection pressure Way V/P Swichting over fshefumanaads U Injection flow rate iU
Injection pressure #3® Injection pressure iU V/P Swichting over WANANITILATIZY Main
effect Iugﬂﬁ 4.4 WUINANTENURANVBY Injection pressure wag V/P Swichting over lilg
daansznusionisinsovestunuidithiiiassan fuiudddnanisinssidasetmun
Dunasimuaamnsimesvewsaztiass nadedeiidvedfyuaseseilifiteddyse
A1 Y (FAnsdaseidegurestudin) ileldmunuamanfinesineg fiieatedunmaaes

[

WNDIASITIRIANSTN 4.2
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9 v ada

A15199 4.2 Andadendtddrfguaridadenliivedfgyniinasenistnieveadiuiu

IINATLUIUNIT Screening factors

Uadenlaidl
o o daw o w a o o W
INYaTLaun Jadenfitudn UABNIIUAID UYEAIAYAD
n15Una
Yadelu /P
Injection Packing Packing Melt Mold Cooling Injection
NITVIUNIT Swichting
flow rate time pressure |[Temperature [Temperature time pressure
7NAADY over
dryanwal A D E F G H B C
Ardadeiivin
Tinsdnge
#1970 Main
70% 15 Sec 80% 170 °C Lo=e 60 Sec 80% 90%
Effects uag
Interaction
Effects

4.3 NANISATIEVINENAVBIU U LAYLHNUNITNAADILUUEIUNFUNANS
INNISANEINANTINAA0 TR ansadawendaseidsvinadenisinsoazil
Yadenitoddny 6 Y98 uaz 2 Jadeitldiifedday Tunszuinisiaeiinisdini 6 Jadean

v a

MNTIATILNTLAUDNTNA YLD U LNDANAINUARIALARDUVBINAANSIINHANITNAGDS

a 6

Jesdu Freunun1sesnuuUN SN UdIUNEINa1Y Hesannantsieedidodu i
Snwazvasdinlfa (Curvature) Fanun1suaaesUUdILRaNNaTs TR foaunsadnse
Snunizfdsaes (Second orden) 1¢ifian wazuenindurunisvaassiana axliivihnas
VA903NNIA (Comner point) ndlauniseenuuunIsaaedsnnnaisea Jevihliazainiy
N1391N19M9A8 893 NAUTENE AR U ULaLalUN1TNAEDY WASIEa1N150TLATIEYNATY
dnsnavestaduegnazidenla awnsanwuaseiurestadelunisnnaswmnuELNITNIAas

WUUAIUNANNANY LUV Face centered (CCF) @nwudistinlaluuni 2)lasannsiei 4.3
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A15197 4.3 N15ANUATEAUVBIUITETUNITNARDINULEUNITNAADILUUAIUNALNANS

Uady deydnual seavvaslaly YAVel]
-a -1 0 1 a

9n351N1327 (Injection flow rate) A 20 20 45 70 70 %
naMsanen (Packing Time) D 3 3 9 15 15 Sec
AUAUARET (Packing pressure) E 60 60 70 80 80 %
grun)ivaesvaInaain (Melt
Temp) F 170 170 190 210 210 °C
gauniwifiuvi(Mold 55 55 | 625 | 170 70 ]
Temperature) © -
nanlunsuaeidiu (Cooling time) H 20 20 40 60 60 Sec

UL I1NNTNTAD5AUAURALALAINAUEALT 100% 111U 199MPa
wavimaliraamgiumaeduriiu 55 °C

1 e Y

nmuatladenlifidediney Injection pressure WU 80% wag V/P Swichting over Wiy 90%

Wlaruus 9

90 — @ Udz @ A NINAARINIALULLILNY (Axial point)uBINITEBNKUUNTNARDS

0 -1 uag 1 Ao N1soenLUL 2¢ uilnvelsya

0 0 A9 NINARBINIAAUINaIT (Center point) Y84N1TEBNKUUNTNARDS

TUN159PNUUULHUNITNAFOULUUEIUNANNATS 1Hosanditdadeund 1 AddsdAgy
Viavn 6 Y378 wagdfornkuuNIsnNARDIN NN LN TNAABILABATINNINARDITIRAAUENATS

(Central composite) AU WNLNITNAABITILIIUIUNITNAGDIVIIANA 53 N1TNAasY (53
Run order) AAuAMIRIAITINT 4.4 Uag 4.5 AIFIRY
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A1519% 4.4 ‘EULL‘U‘U‘UENLLNuﬂ’W‘JE]E]ﬂLLU‘UﬂTiVIWaENLLUUE‘huNaQJﬂﬁ’N 53 Run order

Run seaulale
Order | gasinsdn | wailums | enududn | gungll | ougfiuifiest | namvdeidu
(Injection aath 61 (Packing | vaewwan (Mold (Cooling
flow rate, (Packing pressure , BRG] Temperature time, H)
A) time, D) E) (Melting ,G)
Temp, F)
1 0 1 0 0 0 0
2 1 0 0 0 0 0
3 0 0 0 0 0 1
4 -1 % -1 -1 -1 1
5 -1 -1 1 -1 1 -1
6 -1 1 1 1 -1 1
i/ -1 il -1 1 1 1
8 -1 1 -1 1 -1 -1
9 -1 1 1 -1 1 1
10 0 0 0 0 0 0
11 0 0 1 0 0 0
12 -1 1 -1 -1 1 -1
13 0 0 0 0 0 0
14 0 0 0 0 0 0
15 =1 -1 -1 1 1 -1
16 1 1 1 1 1 -1
L 0 0 0 0 0 0
18 -1 -1 1 1 1 1
19 0 0 0 0 1 0
20 1 -1 -1 1 1 1
21 0 0 0 1 0 0
22 1 1 1 -1 -1 1
23 -1 -1 1 1 -1 -1
24 1 1 -1 -1 1 1
25 1 1 -1 -1 -1 -1
26 0 0 0 0 0 0
27 -1 -1 -1 -1 1 1
28 1 -1 -1 -1 -1 1
29 1 -1 1 1 -1 1
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A15197 4.4 (5i0) ’EULL‘U‘U‘U’ENLLNUﬂW‘JE]E]ﬂLLUUﬂ’]iVW]aENLLUUE‘i’JuNaQJﬂaN 53 Run order

Run seaulale
Order | gasinsdn | wailums | enududn | gungll | ougfiuifiest | namvdeidu
(Injection aath 61 (Packing | vaewwan (Mold (Cooling
flow rate, (Packing pressure , BRG] Temperature time, H)
A) time, D) E) (Melting ,G)
Temp, F)

30 1 -1 -1 -1 1 -1
31 1 1 1 -1 1 -1
32 0 0 0 0 0 0
33 1 1 1 1 1 1
34 1 -1 1 -1 =1 -1
35 -1 -1 1 -1 -1 1
36 0 0 0 -1 0 0
37 0 0 0 0 0 -1
38 A 1 1 1 1 -1
39 1 1 1 1 -1 -1
40 0 0 0 0 0 0
41 —> 0 0 0 0 0
42 1 1 -1 1 i -1
43 -1 1 1 -1 -1 -1
a4 0 0 0 0 0 0
45 -1 =1 -1 1 -1 1
46 0 0 =) 0 0 0
a7 i 1 1 1 1 1
48 0 0 0 0 -1 0
49 -1 -1 -1 -1 -1 -1
50 1 -1 -1 1 -1 -1
51 0 0 0 0 0 0
52 1 -1 1 -1 1 1
53 0 -1 0 0 0 0




A1519% 4.5 UWHUNITBNLUUNITYIAABILUUEIUNALNANY 53 Run order
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Run szaulade Warpage
Order | Susinns | wanlu | mowdu | gamgl | sauglwifiusi | vawde | (MM)
an Msang andh | veouwan (Mold 1Hu
(Injection | (Packing | (Packing | wana®@n | Temperature | (Cooling
flow rate, | time, D) | pressure | (Melting , G) time, H)
A) , E) Temp, F)

1 45 15 70 190 62.5 40
2 70 9 70 190 62.5 40
3 45 9 70 190 62.5 60
4 20 15 60 170 55.0 60
5 20 3 80 170 70.0 20
6 20 15 80 210 550 60
y/ 20 15 60 210 70.0 60
8 20 15 60 210 55.0 20
9 20 15 80 170 70.0 60
10 45 9 70 190 62.5 40
11 45 9 80 190 62.5 40
12 20 et 60 170 70.0 20
13 45 9 70 190 62.5 40
14 45 9 70 190 62.5 40
15 20 3 60 210 70.0 20
16 70 3 80 210 70.0 20
17 45 9 70 190 62.5 40
18 20 3 80 210 70.0 60
19 45 9 70 190 70.0 40
20 70 3 60 210 70.0 60
21 45 9 70 210 62.5 40
22 70 15 80 170 55.0 60
23 20 3 80 210 55.0 20
24 70 15 60 170 70.0 60
25 70 15 60 170 55.0 20
26 45 9 70 190 62.5 40
27 20 3 60 170 70.0 60
28 70 3 60 170 55.0 60
29 70 3 80 210 55.0 60




A1519% 4.5 (51D) WNUNITODNLUUNITNAADILUUEIUNANNANS 53 Run order
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Run szaulade Warpage
Order | Susinns | wailu | eowdu | gamgd | gauglwifiusi | vawde | (MM)
an Msang 3ne1 | vieeuwian (Mold 1Hu
(Injection | (Packing | (Packing | wana@n | Temperature | (Cooling
flow rate, | time, D) | pressure | (Melting , G) time, H)
A) ,E) Temp, F)
30 70 3 60 170 70.0 20
31 70 15 80 170 70.0 20
32 45 9 70 190 62.5 40
33 70 15 60 210 55.0 60
34 70 3 80 170 55.0 20
35 20 3 80 170 55 [0 60
36 45 9 70 170 62.5 40
37 45 9 70 190 62.5 20
38 20 15 80 210 70.0 20
39 70 15 80 210 55.0 20
40 45 9 70 190 62.5 40
41 20 9 70 190 62.5 40
42 70 15 60 210 70.0 20
43 20 15 80 170 55.0 20
44 45 9 70 190 62.5 40
45 20 3 60 210 55.0 60
46 45 9 60 190 62.5 40
47 70 15 80 210 70.0 60
48 45 9 70 190 55.0 40
49 20 £ 60 170 55.0 20
50 70 3 60 210 55.0 20
51 45 9 70 190 62.5 40
52 70 3 80 170 70.0 60
53 45 3 70 190 62.5 40

PNUNUNITODNUUUNITNAABILUUEIUNENNATS 53 Run order tilpundoulunis

naasd #1199 lUA19YMN1991a89nTEUIUNITAAT Ud I UNAERNLaz IR IziAINISUnB LAY

MARITDITUIUAELUTLNTU Moldex3D 8nAss waavinsduiindeyarin1sinteuaznasa

fanan1sAaesiLansluns1e 4.6
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A19199 4.6 NANISNABBINITINABINTLUIUNTRANAARNTUA WY1 9l nelUTNTU

Moldex3D AMHULNUNITNARDILUUAIUNANNAN

Run szaulade Warpage

Order | Shsinns | wanlu | mowdu | gamgl | gaugluwifiusi | vawde | (MM)
an Msangn andh | veouwan (Mold 1Hu
(Injection | (Packing | (Packing | wana®n | Temperature | (Cooling
flow rate, | time, D) | pressure | (Melting , G) time, H)
A) , E) Temp, F)

1 45 15 70 190 62.5 40 0.4849
2 70 9 70 190 62.5 40 0.4739
3 45 9 70 190 62.5 60 0.4868
4 20 15 60 170 55.0 60 0.4998
5 20 3 80 170 70.0 20 0.6575
6 20 15 80 210 55.0 60 0.5606
y/ 20 15 60 210 70.0 60 0.5655
8 20 15 60 210 55.0 20 0.6186
9 20 15 80 170 70.0 60 0.4385
10 45 9 70 190 62.5 40 0.5036
11 45 9 80 190 62.5 40 0.4675
12 20 15 60 170 70.0 20 0.5437
13 45 9 70 190 62.5 40 0.5036
14 45 9 70 190 62.5 40 0.5036
15 20 3 60 210 70.0 20 0.8354
16 70 ¥ 80 210 70.0 20 0.8631
17 45 9 70 190 62.5 40 0.5036
18 20 3 80 210 70.0 60 0.6835
19 45 9 70 190 70.0 40 0.5040
20 70 3 60 210 70.0 60 0.6969
21 45 9 70 210 62.5 40 0.5850
22 70 15 80 170 55.0 60 0.4337
23 20 3 80 210 55.0 20 0.8371
24 70 15 60 170 70.0 60 0.4524
25 70 15 60 170 55.0 20 0.4959
26 45 9 70 190 62.5 40 0.5036
27 20 3 60 170 70.0 60 0.5918
28 70 3 60 170 55.0 60 0.5721
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A15199 4.6 (7B) NANISNAADINITIIABINTTUIUNSAANAFRNTUAIUAIDE19bA8TUTHATY

Moldex3D AMHULNUNITNARDILUUAIUNANNAN

Run szaulade Warpage
Order | Susinns | wailu | eowdu | gamgd | gauglwifiusi | vawde | (MM)
an Msangn 3ne1 | vieeuwian (Mold 1Hu
(Injection | (Packing | (Packing | wana@n | Temperature | (Cooling
flow rate, | time, D) | pressure | (Melting , G) time, H)
A) ,B) Temp, F)
29 70 3 80 210 55.0 60 0.6997
30 70 ) 60 170 70.0 20 0.6844
31 70 15 80 170 70.0 20 0.4782
32 45 9 70 190 62.5 40 0.5036
33 70 15 60 210 55.0 60 0.5774
34 70 3 80 170 55.0 20 0.6481
35 20 3 80 170 55.0 60 0.5715
36 45 9 70 170 62.5 40 0.4608
37 45 9 70 190 62.5 20 0.5508
38 20 (s 80 210 70.0 20 0.6164
39 70 15 80 210 55.0 20 0.5691
40 45 9 70 190 62.5 40 0.5036
41 20 9 70 190 62.5 40 0.5259
42 70 15 60 210 70.0 20 0.6287
43 20 15 80 170 55.0 20 0.4806
44 45 9 70 190 62.5 40 0.5036
45 20 3 60 210 55.0 60 0.6820
46 45 9 60 190 62.5 40 0.5361
47 70 15 80 210 70.0 60 0.5207
48 45 9 70 190 55.0 40 0.5037
49 20 3 60 170 55.0 20 0.6988
50 70 3 60 210 55.0 20 0.8640
51 45 9 70 190 62.5 40 0.5036
52 70 3 80 170 70.0 60 0.5601
53 45 3 70 190 62.5 40 0.6591

NUBLR 21NNIITRDTANUGUEALAZAUALERAET 100% WU 199MPa

warimualdraaumngitmasduwiiiu 55 °C

fvundadelyl

RY

AtdednAny Injection pressure WINAU 80% wag V/P Swichting over 1infiu 90%
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4ANANISILASISHIABAIS N1SW UA AINanBUaUDY (Response Surface
Methodology)

INTBYARANITNARDIATUBHUNITNARDILVUAIURANNANS ¥TlA Face centered
(FCO) Tupn3197 4.6 Wethandnsevinalagidn1siuRnanauaued (RSM) wagdsiasien
Hanauausigay NliensinevestuauiaianiseaulvdAnyneadan 95%

(@ = 0.05) wadndlauansisnsned 4.7 wag U7 4.6

A15199 4.7 HaNT5IATIENANULUTUSIUNADAVDINTEUIUNTNURINANDUAUDIN

WNPITBINUNITUAIBVDITUITY

Source Df Adj SS Adj MS F-Value P-Value
Model 16 0.668949 0.041809 220.39 < 0.001
Linear 6 0.513717 0.085619 451.32 < 0.001
A 1 0.004446 0.004446 23.44 < 0.001

D 1 0.271883 0.271883 1433.15 < 0.001
E 1 0.012719 0.012719 67.04 < 0.001
F 1 0.160469 0.160469 845.87 < 0.001

G 1 0.000002 0.000002 0.01 0.920

H 1 0.064197 0.064197 338.40 < 0.001
Square 2 0.120453 0.060226 317.47 < 0.001
D*D 1 0.021157 0.021157 111.52 < 0.001
H*H 1 0.002639 0.002639 13.91 < 0.001

2-Way
8 0.034779 0.004347 22.92 < 0.001
Interaction

A*D 1 0.004960 0.004960 26.15 < 0.001

A*E 1 0.001368 0.001368 7.21 0.011
A*F 1 0.004460 0.004460 23.51 < 0.001
A*G 1 0.000053 0.000053 0.28 0.0400
D*E 1 0.004498 0.004498 23.71 < 0.001
D*H 1 0.013130 0.013130 69.21 < 0.001
EXF 1 0.003881 0.003881 20.46 < 0.001
F*H 1 0.002429 0.002429 12.80 0.001
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A15197 4.7 (58) HAN1IATIENAMULUTUSIUNEDRVDINTLUIUNTNURINANDUAUDIN

WNPITINUNITUAIBYDITUINY

Error 36 0.006830 0.000190
Lack-of-Fit 28 0.006830 0.000244
Pure Error 8 0 0

Total 52 0.675779

newg - S = 0.0137735, R-Sq = 98.99%, R-Sq (adjust) = 98.54%,
R-Sq (prediction) = 97.02%.

Mndeyalumssil 4.7 amsnienesidonannuulsusuvesteya ndsaindo
Jadeitldfiaanuduiugaonssuaunisiianisineve st unundidadens 6 Jasoi
A9 09 Mn1500NwUUNTNAABILUUAIUNENNATY 9l Face centered (FCC) Aumui
AduuS v e 6 Uadadarnudunusluld i udaneuauosnen1siinnis

Tmsovestununsuanslmiiulus P-value toani1 0.05 NusuenisirfidedAvesunay

J998 M9ANNAUNUSIUTUEUNTI HAFNAAIED9 WaTANUAUNUS LT NTNanTeNUTIiu

SEARND
Residual Plots for Warpage
Normal Probability Plot Versus Fits
99 - =
0.021 °
90 .‘ P
g E 0.01 1 o .:. o o o.
g 50 % 0.00 3 o 00 .« v, o
& & -0.011 e o 'y
10 ) °
0.02{ ® 4
1 [ )
-0.02  -0.01 0.00 0.01 0.02 0.4 0.5 0.6 0.7 0.8
Residual Fitted Value
Histogram Versus Order
161 0.021
E 121 = 0017
o =
S S 0.001
o 8 0
Q [
fre € .0.014
4.
-0.021
-0.024  -0.012  0.000 0.012 0.024 1 5 10 15 20 25 30 35 40 45 50
Residual Observation Order

U 4.6 Residual plots vesdmanaunslnsefldlunmsiiasginanauauss
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9n3UT 4.6 aunsoiiaszidoyaldddl

1) foya91nn39 Normal probability plot Fefidnuwaiziiudunssuansindoyatinng
wanuaalunuuung

2) doyaanunundl Histogram fiasnsaainidulfefiddnuarlndifssiu Normal
cure wansfeyafinisuanuaaduuuuund

3) Y93a91nn510 Versus fitted value 3afidnwaznsidosiaiilsiniuouuaznszdn
nszaneuansideyalduiuuduuasunarnquiliauulsusauing fu

4) Fogaannaml Versus order filldnuarnanszanesisiuuuasiuaaiving fu
wazlsioglusnulafuvils uansindoyauaznguifudaszsionu

Faneazaguliinnisiesesinnauuusunuveseyatasasisaeunuilnunives
foyanisnaastriunsiaTsing i 4 Tugudl 4.6 auvmaunauazndunisiuduindeya

NN0RNLUUNIINARABILATNAANSNITUAIBURITUNIUT Bt oA

Response Optimization

Parameters
Goal Lower Target Upper Weight Import
Warpage Minimum 0 0 0.9 b 1

Global solution

Injection F1

Packing time 12.6969
Packing pres
Melting temp 170

Mold tempera
Cooling time

LI [ (| O [
[e2]
o

Predicted Responses

Warpage = 0.336789, desirability = 0.625790

Composite Desirability = 0.625790

JUN 4.7 UARINANTIATIZINAN UAUD LN T



114

Optimal Injectio Packing Packing Melting Mold tem Cooling
D High 70.0 15.0 80.0 210.0 70.0 60.0
Cur [70.0] [12.6969] [80.0] [170.0] [55.0] [60.0]
0.62579 Low 20.0 3.0 60.0 170.0 55.0 20.0
Composite s ey ol — —_—
Desirability B ol T —
0.62579
Warpage
Minimum
y = 0.3368 \
o = | Y M

seuANIEesu 95 % (0L = 0.05)

=)

3UN 4.8 nadmeuivinzaurasrINIlnge (y) ieign

lnga1ngui 4.7 uaz 4.8 Wumsiasgvinalagn1snnaneuil tMuNzau9in
Response optimization F3ajuldiirinisinsefisnfian (y) iy 0.3368 mm lagiian

JaduPiitedfuvia 6 Jadufe

17

1) 9m5711539 (Injection flow rate; A) wirdu 70 Wesidud

1%
o

2) LaInN15RAE (Packing time; D) Wy 12.7 3w

)
)
3) AuAuaRE (Packing pressure; E) Winfiu 80 Uasidus
)
)

uIARIMAINATERN (Melt Temperature; F) iU 170 841

u

q

5) gauniusiiui (Mold Temperature; G) ¥1fiu 55 99

6) atlumsnaeifu (Cooling time; H) 1Ay 60 w19
warildenlidToddnysenistne 2 Jade fe

1) Amnududa (Injection pressure; B) Wiy 80 tUa35LHuUnR

2) sze8n151Ua suanTamvamdududaga (WP switching over; €) wiafu90
wWosldua

LATAINNTIATIZY ANOVA anmnsaviliagumendutssanseuduiusuasaunis

naludleanns 2 (Second order 38 Quadratic model) AananIAtduUszanslun1s1ai 4.8
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A15197 4.8 LanINavBIAdNUSEANSVRINe 6 Jadelunatidunss wadeninasaad

warnaveIladesiy AhAaNnn15IATIZN ANOVA

Term Coefficient
Constant 3.42463

A -0.00279545

D -0.0420422

E -0.00944081

F -0.0260773
G -2.77235E-04
H 0.000446572
D*D 0.00210853
H*H 6.70173E-05
A*D -8.30000E-05
A*E -2.61500E-05
A*F 2.36125E-05
A*G 6.86667E-06
D*E -1.97604E-04
D*H 0.000168802
E*F 5.50625E-05
F*H -2.17813E-05

4.5 HANIAATITHIABITNITNURINANBUEUDY LAZNITIATITANANDUHUDIN
U AUTAYNA NNITNIIUVDINITHIAIN LUUSTNUUURA S 08 (Firefly

algorithm method)

] a ¢ Y] Yaa | A & da
PAIDINATLUIUNTIASIEHTIFELAULEITNSUIAT L NU T FU L AL U RIn D UALDS
ASEUIUNITABUIABNNSUINANITIIADIUAS 1L UUINABIN AL AFA1ERS Lae IS n1snI
AMBUNATNALAEYEANNITINNUVINTANWIINE AL UL Nt luuni 2 Feay

LR AUNITRUUIIBBINITATUIUNTUAIBBALUNAGIYBITUUNAERN LA RaEUNSA (4.1)

Minimize. f(X) = y (4.1)
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Find X = [D,F,H]
Subjec to: 20A<70%,
3<D<15s5,

60 < E <80 %,

170 < F < 210 °C,
556G <70°C,

20< H<60s.

9INASNARBIRIBUHUNISNARBITNALIE 8AT YU AD F3N1508NLUUNITNAABILUY
daunaunans tevhnnsnaassluduneuiiaununisnnassuuuduRaunan AL ey
drusuldlunis@nwini sasrsnanuvludnvagasslndluideoanns 2 (Second order or
Quadratic model) fauansluaunisi (3.1) Tgvir19inansnedt 4.8 agunadwslunisiuim

A1N15NN5UABLATYAMIYRITUIULARIENNST (4.2)

Warpage (y) = 3.42463 — 0.00279545 * A — 0.0420422 » D — 0.00944081 * E
—0.0260773 * F — 0.000277235 x G + 0.000446572 x H
+0.00210853 * D? + 0.0000670173 * F2 — 0.000083 « A * D

—0.00002615 * A *x E + 0.0000236125 x A * F + 0.00000686667 * A x G
—0.000197604 * D * E + 0.000168802 x D x H + 0.0000550625 * E x F

—0.0000217813 * F = H (4.2)

9

NN A AUNITNITHIUIENSAANITT R8T b 817 aer ud a3 8lun sUsURS

N5EUIUNsAATe 6 Jady Jnihmmeaeuaunslingnisgueinisususaae@anaiafinms 6

Jadglagyinisnaaes 8 ynAdadesauandlunisned 4.9
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A15197 4.9 HANISNAABUAINITUAIBTENINAINITUAIDN LHANAUNITHATAINITUNIDN be

nMUTN5U Moldex3D

% model

Moldex3D | predicted | deviation

A D E F G H simulation | models based on

" ) [sea | @) | O | €O | ed Moldex3D
Y Y Y
(mm) (mm) (%)
1 30 5 80 195 56 28 0.6524 0.64734 0.78
2 55 10 66 | 201 62 55 0.5154 0.50758 1.52
3 66 11 65 185 60 38 0.4875 0.47018 3.55
4 30 13 68 180 65 25 0.5204 0.49048 5.75
5 35 4 75 | 208 68 28 0.7523 0.75303 -0.10
6 53 12 72 199 69 40 0.5006 0.50658 -1.19
7 44 6 61 | 205 61 33 0.6682 0.65939 1.32
8 45 9 58 188 58 28 0.5585 0.54718 2.03

NUBLNAR 21NWITELRDTAVILAUAALAZANFURRAET 100% WU 199MPa

wasimualdpnaamgivvaeiduriniy 55 °C

v
°

mmupdadelifiteddy Injection pressure WU 80% Law V/P Swichting over Wiy 90%

NHNT19 4.9 WUTIAIAIULT bULVDIEUNITNISUAIDLE DL IUNANITU MDA

aun1silaantnaluiiganns 2 (Second order or Quadratic model) wagHad bwannns

FrasansBanarainiiulusunsa Moldex3D wuindenidesuuduysaleg 0.10 i 5.75

Woesigud Fseglunawingn vinbiasuldinaunisnisdaseiildanindludeadini 2 awwnse

i luiuaunmsidavranglunisidinssuiunisadasslunssurunisususaeIasdaie vl

ANNSUATOURITUNUNAEANTIIINIEENLAglIeN TN AIMB ULUUTANiEY (Firefly algorithm

.. . o v A v s ! a ' o A ~
optlmlzatlon) W’]Nﬂ'ﬁgUrJUﬂTﬁiu‘Vnm@W 3.6.2 WaansveIAIN1sUnseLazAN TN AU

1691n33n1511AR aULUUARIRES U s U UAINITWUELNYBINISUSUA AT DI NS Az AT

1aa1nNIsHuNRImDUaUD I akandluA15199 4.10
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A197199 4.10 HANITNAABINITINABINTLUIUNTRANAARNTUAIUF DLl ALTUTWATY

Moldex3D US8uigusenIneamINadnIsUSUAILASa99nswazio FA

Method A D E F G H Warpage
%) | (sec) | (%) Q) Q) (sec) [mm]
A a5 9 70 190 62.5 a0 0.50
B 70 12.7 80 170 55 60 0.39
C 70 12.6 80 170 65 60 0.33

U8R IINMNITRaTANNAURALaTANNAUEAL 100% WU 199MPa

v
a o '

wazimualdraumngiithnasduwiniu 55 °C

o

Amuatladenlifidednty Injection pressure WINAU 80% Wag V/P Swichting over Wiy 90%

A = 350150 UL11Y09N15US UALASBITNS

ax A L da
B = 35n15MA ML AL UNUTARINaUA DS
C

= FAsmANT N YN L UL AR Y

9NA597 4.10 FxwUsmMsmAIsiwesivmnyaslunisUsusslunssuaunsan
suldnadnsveinisinievesd uruna@inue s 3 38 n1smdmoudvangadlaeanis
Luzween1sUSuRaLAs 899ns (Recommended condition method) 9t ldnadws i1y d
TuwaigiiansmA TN sauwUuRuTiImevaues wezisnsmiilnsauwuuisies oy
Aaudraunnsnafudndes Tnoarnuadnglunisned 4.9 Uidinsidendsmsmeilmansay
wuuiaies (FA) daduisuuulssuunislanainudazilseufisutuisnismimneuwuy
N13919AABI3UKUY RSM Faduizuuunismeaesiuuiiunse (Exact method) wavuenliain
ddonvesnsdenldds FA Aoannsaiivzufuiadunieg wasmanivanzauldodsing
wazlifeninntmmnassiluseuiwniiiinueluds SssrasUssvdnfuyuuazinailunism

AuganlunsEuIUNISan

4.6 HAN15IATITRNITIATUIUNANERNIS S BUTBuAURAdNENISAANTS

Jnsavasdusustunissiaadlaglusunsa Moldex3D
Wﬁﬂﬁ]"lﬂﬁ’]ﬂ’]iﬁ??’hwqi’]ﬁL(ﬂ@ﬁﬁLUﬂ33U3Uﬂ73§®ﬂlL‘MMW$aﬂiﬂﬂﬂqﬁﬁf’]a@\‘mqiaﬂf}hu

Moldex3D 3atiA1nnsnilines i ldvinsusus et 1A 0s8 ananadn (njection Molding

Machine) §u Toshiba IS80 Fsuanssisguil 4.9
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5UM 4.9 LaAINIzUIUNITAATUNUIT

MA991NYIINIAATUIUNAIEANILLTIGN L UIUNNTNTIVIANTTAD VBT W ULTNE

a ¢

faanaveInIInaaersuiguiunanisandaedulysinsy Moldex3D fauanininns

Y

Tnaelugud 4.10 waysns1eil 4.11 - 4.13

— (] o =+ v
mb’?" A ~ = A

] 4

SUN 4.10 WEAIIANITIAAINUUUIVDITUUNIUAUSZUIUNITIA XYZ

v 9

M15197 4.11 HANIINTIVINAIUNUIVBIMAREIANAADUVDITWIIUAANAIAANNLARINAINTS

BUEv89N15USURRASBI9NS (Recommended condition method)

Dimension Measurement (mm)

"% P1 P2 P3 P4 P5
1 35 3.56 3.25 3.56 3.7
2 3.55 357 3.22 3.55 3.68
3 3.6 359 3.29 3.58 3.72
q 3.61 3.42 331 356 3.75
5 3.6 3.49 3.22 3.55 3.7
6 3.62 353 3.24 3.6 3.71
7 3.68 3.56 3.25 361 3.75
8 3.62 357 3.27 3.61 3.72
9 3.61 355 3.24 3.65 3.68
10 3.63 353 3.23 3.62 3.75
11 3.66 353 3.23 3.63 3.71
12 3.64 3.56 3.23 3.63 3.68
13 3.65 3.58 3.24 3.63 3.74
14 3.65 3.59 3.22 3.62 3.73
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A1519% 4.11 (s0) HANIIATITIAAIUNUIVBILA AL IANAABUVDITUITUEANAIEANT LARIN

ANITUELE189N15USUANLATBI9NS (Recommended condition method)

Dimension Measurement (mm)
o P1 P2 P3 P4 P5
15 3.62 3.58 3.24 3.65 3.71
16 3.69 3.57 3.28 3.64 3.72
17 3.63 3.57 3.22 3.59 3.71
18 3.61 3.59 3.25 3.59 3.76
19 3.66 3.57 3.26 3.61 3.74
20 3.62 3.57 3.25 3.6 3.74
ﬂ'mﬁla 3.62 3.55 3.25 3.60 3.72

M19199 4.12 NAN1TNTIIVIAATIUNUIVBIUABLIANAFUVITUNUTANGEANTLARINTTNS

WATIANNZANWUU Response optimization

Dimension Measurement (mm)

o P1 P2 P3 P4 P5
1 3.48 3.36 3.21 3.37 3.61
2 3.50 3.47 32 3.42 3.61
3 357 338 32 3.44 3.66
4 3.49 331 3.22 3.45 3.61
5 3.45 3.29 3.21 338 3.54
6 351 3.32 32 3.32 3.52
7 3.59 3.47 3.23 3.47 3.6
8 353 3.48 3.21 3.45 3.67
9 3.54 3.44 3.23 3.42 3.61
10 3.55 3.42 3.2 3.41 3.68
11 3.58 3.44 3.22 3.44 3.65
12 353 3.48 3.22 3.45 3.67
13 3.54 3.48 3.23 3.46 3.63
14 3.52 3.43 3.21 3.48 3.56
15 3.52 3.42 3.23 3.45 3.65
16 3.51 3.41 3.25 3.44 3.63
17 3.52 3.48 3.22 3.45 3.68
18 3.49 3.41 3.25 3.42 3.61
19 3.55 3.41 3.27 3.46 3.65

20 3.53 3.46 3.21 3.47 3.61

Aady 353 3.42 3.22 3.43 3.62
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M19199 4.13 HANIATIVINANUNUIVBIUFRLIANAFDUVITUNUEANAERANTLARINTTNIS

PIATLNEAULUUADY

Dimension Measurement (mm)

o P1 P2 P3 P4 P5
1 3.49 3.37 3.2 336 353
2 3.53 3.48 3.21 3.43 3.61
3 3.56 3.37 3.19 3.34 3.72
q 351 3.32 3.21 3.46 3.58
5 3.44 3.29 3.22 3.35 3.44
6 3.52 3.33 3.21 334 3.51
7 3.58 3.46 3.25 351 37
8 3.52 3.47 3.22 3.46 3.57
9 352 3.45 3.24 3.43 3.54
10 353 3.43 3.21 3.42 3.65
11 3.59 3.43 3.23 3.46 3.61
12 3.54 3.47 3.21 3.43 3.58
13 3.55 3.47 3.22 3.46 3.54
14 35 3.44 3.22 3.47 3.54
15 3.52 3.43 3.24 3.44 3.55
16 3.49 3.42 3.28 3.44 3.5
17 353 3.47 3.22 3.47 3.71
18 3,51 3.4 3.25 3.41 3.61
19 3.56 3.4 3.26 3.47 3.54
20 3.52 3.47 3.22 3.48 3.56

Anade 353 3.42 3.23 3.43 3.58

laA1NInla9E IR TIAINTLITITUIIUNAAOUNTAINMLY 3.2 TadiAT LagaIn
M13097 4.11 uay 4.13 3ENUIUTNgenTIdeudl P5Juganfunuiiaudaieuinian
FeaonnRDIATURNTIERUNTTATRvRIuUNliAINNTIIReINMIBana1aRnk LTSN SH

Moldex 3D fauanslugud 4.11
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5UM 4.11 wanawansiinn15nsevasiunurmulusingy Moldex3D ganuin

Mangvasdununaasuinisineeiings

913U 4.11 wansantaifinislnsemniigrasnudiegivaisvestununnaoy
Fefulsagud flan P5 1Bugaiivsvenianisasevesiunuiiniign duiudsihnaveanms
n3391nes s eudisuduanildainnissiasasulusunsa Moldex3D Tagyiinas
nedeuiAn1sdnseiliannnssuaunsUsus srmunnseusiivesnsUus eI eadns
(Recommended condition method) 5801591/ 17 19131 dalLUUResponse optimization
warAsTneefilinndsiinsmanfiunzauuuuiiies (Firefly aleorithm optimization)
TnsiAmAdeUTaUaNANANEMLIYBITUITY 3.2 Taawns
faanfguiesesiaadetiurestoyalasiinadaufgiu
HO = ul = u2
H1 = flegnatiosmilsfeyaiiliviviudeyadu
Tagnuua LA
ul = fArmsinsevesiunudilaadaseainnseuiunsuiussaniunis
Luzd1989n15USUR 1LAS 0983 (Recommended condition method) #1uTUsun sy
Moldex3D
12 = Armsinsevasiunuildaitadeainnszuiunisudussaniunis
LLuxﬁW‘lJadm‘JU%’U(f?ﬂLﬂ%\iﬁjﬂi (Recommended condition method) K1UNSEUIUNITRADI

Tngldip3asdawanafin Ju TOSHIBA 1S80 wi1n 80 fiu
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One-way ANOVA: Total warpage (Moldex3d result), Total Warpage From
Actual test

Source DF SS MS F P
Factor 1 0.000381 0.000381 0.62 0.439
Error 19 0.011600 0.000611

Total 20 0.011981

S = 0.02471 R-Sg = 3.18% R-Sg(adj) = 0.00%
Level N Mean StDev
Empericle warpage test 20 3.7200 0.0247
Moldex Simulation Warpag 1 3.7000 i

Individual 95% CIs For Mean Based on
Pooled StDev

Level < —SANN T/ /7757 T —— = RN T +-———=
Empericle warpage test [ — — )
Moldex Simulation Warpag (=-=-------==----- X e m—— " )
T TSN 3= = | NN
3.660 3.690 3.720 3.750

Pooled StDev = 0.0247

SUN 4.12 WEAINITIASIERANULUTUIIUVBINTISUAIDIINNITI1809N52A UL USBNSTY

Y

Moldex3D WguiunszuIunITana3 19115 US UAIAIMNNNIS UL N8 9N1USUR AT RIS

91NgUT 4,12 ndiansandAnuLAnAaTesRn1sindelaggInal P-Value 7ld
Wiy 0.439 a1nnd1 0.05 FodneglusziuiisensuausfgiuvdnuarUfasaunigiuses
(Tayalaiunneineiv)

wazduiilianInsmA T gauwUU Response optimizationﬁﬂmﬁgﬂagagm

Anszhenuidetiurestoyalnesfinafiausdgiud

HO = pl = p2

H1 = fedhavfosniladoyailsiviniutoyadu

Tngnmuuald

ul = A1N15 07199898 Wi AT 9389138 T AN T IMIZEN LU
Response optimization {1ulUskATY Moldex3D

12 = An50nsevesd usud laadasa1nIsnsmANT mufzaL LUy
Response optimization H1uNszUIUN15Ena3daeldiag osdanaradin 3u TOSHIBA 1580

U9 80 Ay
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One-way ANOVA: Total warpage(mm) From empirical compared between Moldex result,
Measurement(P5) results

Source DF SS MS F P
Factor 1 0.00101 0.00101 0.51 0.484
Error 19 0.03757 0.00198

Total 20 0.03858

S = 0.04447 R-Sg = 2.61% R-Sg(adj) = 0.00%
Level N Mean StDev
Empericle warpage test 20 3.6225 0.0445
Moldex Simulation Warpag 1 3.5900 *

Individual 95% CIs For Mean Based on
Pooled StDev

Level f R — —— AL g = —— — o5 e — — — — N

Empericle warpage test (===—*---)

Moldex Simulation Warpag Fi =8V 1. N RN )
B> 7 TN el 7 -3 T———— NN
3.500 3.550 3.600 3.650

Pooled StDev = 0.0445

JUT 4.13 uansnsiasigrinanlsusiuesnisineeainmsiaeansdaly
TUswN51 Moldex3D WigununszuinnIsanas9aInn1suSuRIaImInlsn1s A ImuNsay

ILUYU Response optimization

91n3UT 4.13 W TRNTIIIANULANANYDIAINTIAIEIAEN1NAT P-Value TILH
wirdy 0.484 Fa1nnan 0.05 FornegluszduiisensummAgruvdnuarUfiasaunigiuses
(Toyalaiunnengiv)
wagauitldan I memAungauwuisiosyinnsismigiuieesiao
Heshuwasteyalaeimsdisauufigiui
HO = pl = p2
H1 = fledraifosniladoyaiilsivhiuteyady
lngivualv
il = Ansdnsevestunudildatasuanidnsmanfimnzauuuuiisios
H1ulUswnsy Moldex3D
2 = AmsOntevestuuildateduanisnsmaivanyauuuuiios

H1unsyuunsdnasdlagldinias@ananasin su TOSHIBA 1S80 vun 80 6w
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One-way ANOVA: Total warpage(mm) From empirical compared between Moldex result,

Measurement(P5) results

Source DF SS MS F P

Factor 1 0.00233 0.00233 0.44 0.513

Error 19 0.09970 0.00525

Total 20 0.10203

S = 0.07244 R-Sg = 2.29% R-Sg(adj) = 0.00%

Level N Mean StDev

Empericle warpage test 20 3.5795 0.0724

Moldex Simulation Warpag 1 3.5300 *
Individual 95% CIs For Mean Based on
Pooled StDev

level f f @ e AN - LA = + — o me— - —— +-

Empericle warpage test (—==*-—-—-)

Moldex Simulation Warpag — (-——————=—=-=———=—-——-= F———— 1Y %% )
———————— Bt o ettt S

3.440 3.520 3.600 3.680
Pooled StDev = 0.0724

JUN 4.14 4anIn1sIATI1AHLUTUTINYRIN1T AN TR SEAtULUS LN TY

Moldex3D {Wigufiunssuaun1s@nasaInmsusuiidInuisnIsmiA Nz asL Uiy
N3N 4.14 MEeRITNIAMLLANA1ReAIN1T IRt laena1NAY P-Value 7ild
Winfiu 0513 Feunnda 0.05 fedreglusyaunigeusvauugunanuasUgiasauufgiuses

(Toyalsiunnsinaiv)

A13197 4.14 a3URaUTUNEUYRINTITUAIRUBI U

Recommended
Response optimization FA method
condition method
Moldex3D Moldex3D Moldex3D
Objective Experiment Experiment Experiment
simulatio simulatio simulatio
s S s S
n n n
Maximum
0.50 0.52 0.39 0.42 0.33 0.38
warpage
(mm)
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9NM597 4.14 Lﬂumiawmamsmaﬁmmiﬁmamaﬁmmswdwmﬁwaaqmi
Salulusunsy Moldex3D waznnsanass axuiuldinavesnisiinnsontevesdiunusening
Mssimesnsantunisinasddnaniulndidsetiuia 3 annzniseasinisan Tneilinany
ﬂammﬁauﬁwdwmiai’waaaﬁ’uﬁm%yumm%qaajﬁ 3.85%, 7.14%, wag 13.15% AUa16U
s?fqaﬁqﬂmaléffiwmaﬁuaqmimﬁﬁ]ﬁ’siuﬂszmumiﬁmwmaﬁn‘[,mamiaﬁammiﬁmLLazwamﬁ
dnaseiiuseansamlunsinsziuaiug iy 80% waznaveinisldisnismeandaded
winranlunszuiumsaalaedinsmandimunzaunuuiisioy ( Firefly algorithm) @13158
ann15LAAN150Ae LA NINNIINSEANAIEANLUUUNRD Y 26.92% Laru1nnILuU3D
Response optimization 9.52% 1ilo1leufuilan112nsaag ueunatannas a3 esan

NaERN 1 TOSHIBA 1S80 wun 80 ¢
4.7 HANISIATIZIRNTZUIUNNTOUDDUIUIIULABAS Photoelasticity

udsnimsiigadndiinnismandadoiimnzausaeis msmenfivnzauuuy
oy relimafansdaseanateswuindeieufuisnisiawuung Tudwrasiuneu
10U Ui stuundinssiaunsdananadnidl elinasiianistnseanas Tasld
nszUIuMIBUgoLTuUTigamgilugas 45 °C A3 90 °C auaiildentwgumailuniseu
soulugsil WWesnandsdannenmpinisdousiaves ndalsdu azegf 87 °C Tusmiaded
JudengumgiflndiAssgnoeusvemanadinlifuiniige wavdranailunszuumsevly
NIPUIUMINARDBIINITVIAABIRAUA 5 U aufls 180 uifl uaInnszUIUMINAADUNUT
pamafiffinansenusonsiwAsuuUaesAUAUANANsazog Ut 60 °C fla 85 °C uaz
nalunIyuINNTEUSIUAZRLIUYIN 60 W 120 UIW FLAUITOIATIEINAYINITANAIY
Wunndefidsransgnunansssonisannisinsenesd unundnszuinnsialdesied

Usgansnm dalanslugui 4.13
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E1 E2 E3
= R ey
-

- -.
E5 E6
-

LN
T EB E3

. e @

E1d E11 E12 \
s !

Ef3 E14 E15
LE N J

16 E17 E13
see

E9 E20 E21
LE X J

£22 =23 E24
s e

ERS E26 E27
LU
EZ8 E20 E30
LI I ]
E31 E32 ES3
L B
Kol

e : No.l. Aeduruiiliiiunsyuiunisoudeu

|
\

A
—

Nel Mo Nod Ned ok Ne.7 Mo No8
et no, of empirical tasts

No.2.4ag No.3. AduauNtuUnssuIunIsauaauaanadl 60 °C Aldiantunisg

t Y

2UBBUN 60 kay 120 W1l

a

No.4.wag No.5. At IufNIunsEUIuNITeusaungamnl 75 °C Mldiailunis

Y

2UDBUTN 60 hay 120 W

a

No.6.ag No.7. AafiuauinIunszuIun1seudeunaamnl 80 °C ldiailunis

Y

2UBAUTN 60 Ay 120 W¥

No.8.1ag No.9. ABTuIUNHIUNTLUIUNISaUUNRMUAL 85 °C MLy IaTtunIg

9 Y

2UBIUTN 60 kay 120 W%

UM 4.15 Uaninmagmunannig Photoelasticity U893uulIg uLiguIuNuH1Y

NTBUBIUNENTIEANNY AUTUNUAlUlAIUNTEUINMSaUBDUY

MAIINYIINNTRUIUUTAN LR UMYTLALF 1AW T mungnTIdnAIAIY

WAURNAILA LY T UNSUS S UL R B URNANSENUNIA SN F0AAA BIABN1SAANITUAIDVDITUINY

= a

Womgaumgiiuazdiaiatluniseuunuivangauiigadmiviunulndalaiu deanduy

a

JUN 4.15 §9NAMUAIANSITRAUE RG,B Land 33 3a F91101519n15AUINAT
AIUNY A UWNG (The relative retardation (§)) A1unanuInsgI1u ASTM-D4093-95
Aauandlun1sei 2.6 WennAwIumAIANEIELTImMS Werhludualduaunisn (2.53)

Aoy [oMIAANMILALANA1YBITUIIUEER
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MAI9INATIVINAIAIUAUANAIY 0 A199 IaglunseuIun1snsrvinaunannis
Photoelasticity fioaglddn Red Green Blue vastuiueanundus finwa (Pixel) waztiild
Aaumen Error Aosfigaiiisuiul Red Green Blue namnsgiluasedl 2.6 lng
aunInsA Eror Audadldainaunisi (2.50) ndsandiurasian Error luaunisil 4.4
algen Error AlndiAssiurruavddeay ndwrnduliimsiieusaaflasorsdssning
FHYDIMAUNUIEUINGS (the relative retardation (§) Jnumdnamsgiu ASTM-DA093-95
ilodnnamAnnumindivsyesgansndey nasanldmaamisdining Suily
Annaluaunisi (2.53) Lﬁ'aﬁm’gmmm;ﬂmmLﬁuméjwqaqmm%mm gNA29E19N1S
FuamAAMIEUANAINEIeuLikUNsTUILNIseusauTigngd 85 °C warldiiaily
nszUIUNITEUBeY 120 unfl wazatduaulueinafily 12 93lus wuinqensaaaeudl £22

fanuAuanANageaaluduium 0.058 MPa A1UIaN

N#*A )
Y= =
h*C K+h

(4.3)

Tnefmuals Auvunvesuny (h) Wiy 3.2 mm wazsvustly Avdulssananis
Lo iuveslnaalniu (O dAwviniu 5000 Brewster vi3eiA1LU 5000 x 10-12 [92]

NMI999TA 2 PNTI9FDUTUNLT E22 A1 Red winifu 250,54 pixel Green
Wiy 207.25 wagan Blue 1iniu 90.49 pixel 391A1 Red Green way Blue Tuuamman

Error Tugunsii (2.54) wWieuiuamnmsgiilunisen 2.6 agls

Error =/(Re — R)?+ (G — G.)? + (B, — B.)? (a.0)

lAENUINANNINIFINVEY RGB NINALASITUANAABUABYIAIAINUNLISENING

71940 WNlUWIAT WAL 800 WUNLULIAT 9L

Errorosomm = /(255 — 250.54)2 + (204 — 207.25)2 + (85 — 90.49)2)

Error =7.78

ErToTgoonm = /(203 — 250.54)% + (242 — 207.25)% + (149 — 90.49)2)

Error = 83.01

ETT0Te40_g00nm = v/ ((255 — 203)% + (204 — 242)2 + (85 — 149)2)

Error = 90.80
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1 o U s Y =

Walag29n1511AAIAIUTUNE LIRS LA 9N B U QR Le S819A 81192

v
¢ o

Y99A1 Error WarAIAIURLIELANSAIT

7.78 940 — 85y,
90.80 940 — 800

7.78

X (940 — 800))

8E22 = 928 nm

1

NFINLAAIANUNUWFURNNSA 928 YIRS F9UAIANNNUIFURNS A wI sl

= .:4' i v o &
AUNTIIN 4.3 LWDWRIATAINULAUAIU

{ 928 x 102
O928nm = 35°570-3 x 5000 X 10-12

nggnm - 0.058 X 106 Pa

feduaguipamadunnd e dusufiniunssuiunseuseuiiguvnd 85 °C wagld
narlunszuaunsauseu 120 Wi kezsdusnuluamaisly 12 $alus Aaemsanaeui
E22 feuviniy 0,058 MPa Falluandidruidugsanvosiuny wasilodisutunsguiunms
oudouluan1zdug wui1 nseudeuiigamndl 85 °C uarldnalunsyuiunisouseu 120
ut upgrstuuluenandly 12 Falus annsoanenuduanésldanas venluani
S80S EATBIAMIAURNAIIUDITANTIVADUE U UATANTIAABUTBIT UITUT LalH Y
nsrUIUNMTEUS DY Lanslunsnedl 4.15 uazgUil 4.16 Tnenismeaoudusudanaiadn
A401¥NNTOUBDY $1174 20 T usieanae LagiiausAIled sALEUANANIB LA AL YA

NG RIY)
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M13197 4.15 NaMIVARDINTTNAIPIAUANANYBRWUNU 9 AT U IANTINARUN E1 D19 E33

c —_ N @ < n o ~ Q S
2 T2 | s 2|ls 2| 2|22l 2w 2| 2
< e g g |l & 2| &5 &5 &5 &E| &5 &5
El 0.020 0.053 0.052 0.052 0.052 0.020 0.019 0.060 0.055
E2 0.094 0.020 0.019 0.021 0.017 0.017 0.017 0.018 0.018
E3 0.039 0.062 0.031 0.029 0.030 0.057 0.031 0.018 0.018
Ed4 0.020 0.051 0.040 0.040 0.043 0.040 0.022 0.032 0.053
E5 0.071 0.072 0.037 0.030 0.055 0.031 0.030 0.021 0.018
E6 0.064 0.040 0.071 0.034 0.063 0.031 0.030 0.018 0.018
E7 0.053 0.018 0.018 0.042 0.038 0.040 0.042 0.057 0.057
E8 0.039 0.042 0.041 0.061 0.061 0.032 0.031 0.017 0.018
E9 0.056 0.018 0.019 0.042 0.045 0.071 0.040 0.052 0.017
E10 0.054 0.052 0.052 0.018 0.019 0.040 0.019 0.064 0.056
il 0.018 0.051 0.018 0.056 0.040 0.034 0.036 0.057 0.017
E12 0.027 0.057 0.056 0.073 0.050 0.040 0.040 0.056 0.017
E13 0.101 0.021 0.054 0.052 0.020 0.019 0.045 0.062 0.055
E14 0.057 0.057 0.055 0.038 0.048 0.039 0.039 0.018 0.018
Ehb 0.055 0.052 0.057 0.087 0.081 0.040 0.042 0.057 0.018
E16 0.019 0.054 0.019 0.055 0.053 0.019 0.018 0.061 0.057
E17 0.056 0.056 0.056 0.080 0.052 0.039 0.039 0.018 0.018
E18 0.089 0.057 0.056 0.060 0.045 0.039 0.043 0.031 0.017
E19 0.017 0.053 0.020 0.055 0.053 0.018 0.018 0.061 0.037
E20 0.057 0.042 0.055 0.074 0.082 0.039 0.039 0.057 0.018
E21 0.056 0.052 0.092 0.044 0.043 0.040 0.039 0.058 0.021
E22 0.101 0.021 0.053 0.053 0.052 0.018 0.018 0.061 0.058
E23 0.089 0.109 0.056 0.039 0.071 0.039 0.041 0.018 0.017
E24 0.040 0.072 0.028 0.038 0.033 0.034 0.034 0.018 0.017
E25 0.052 0.055 0.053 0.045 0.019 0.037 0.041 0.062 0.057
E26 0.044 0.044 0.039 0.037 0.038 0.034 0.035 0.056 0.018
E27 0.040 0.021 0.039 0.034 0.061 0.071 0.060 0.017 0.017
E28 0.018 0.018 0.018 0.041 0.037 0.042 0.040 0.064 0.055
E29 0.038 0.034 0.038 0.031 0.031 0.072 0.071 0.052 0.018
E30 0.057 0.061 0.031 0.020 0.020 0.053 0.017 0.021 0.018
E31 0.062 0.071 0.062 0.056 0.061 0.029 0.057 0.031 0.017
E32 0.031 0.030 0.030 0.017 0.020 0.054 0.017 0.018 0.018
E33 0.101 0.109 0.092 0.087 0.082 0.072 0.071 0.064 0.018
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NAINTEUIUMTOUB UL UNTREIUANUAUANANTANAIVRHIUNTEUIUNNT AIUARS

TUNANTNARBIAINITIN 4.15 WazgUN 4.16 30N139T193AANTALOIIBUTENINT U

ANIUNSEUIUNSEALALNISTIAIT S 8 TuNTEUIUNSAAT I ANk UUR I B8 la e lup 1Y

N3¥UIUNNTBUBOUNUTUNUNYNEUNTEUIUNNTOUBR UTIAN1IZ YU ALaIAN LANF

il 20 Fusoaniz nanwandbunisen 4.16 wagguin 4.17

f15199 4.16 MI5VUTNRANSNAFBINISIANAIINUAIBVBITUNIU 9 @N1Ie (No.1 814 No.9)

RELERRR) NafALTRITBITUNY 9 FANE (No.1 8% No.9)
fus No.l. | No.2. | No.3. | No.4. | Nob. No.6. | No.7. | Nos8. | No.J9.
(mm) (mm) (mm) | (mm) | (mm) | (mm) (mm) | (mm) | (mm) | (mm)
P1 0.33 032 | 031 | 027 | 026 0.26 025 | 016 | 0.04
P2 0.22 022 | 021 | 017 | 0.18 0.21 0.16 | 007 | 0.04
P3 0.03 0.03 | 002 | 003 | 0.02 0.02 0.05 | 001 | 0.00
P4 0.23 0.22 | 022 | 019 | 018 0.19 0.17 | 007 | 0.07
P5 0.38 038 | 037 | 030 | 0.29 0.28 025 | 0.16 | 0.09
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Firefly algorithm Mathlab code

o)

% parameters [n N iteration alpha beta min gamma]

para=[50 200 0.2 0.5 0.5];

o)

% Simple bounds/limits

disp('Solve the multi-objective problem of Injection molding process
parameters ..."');

Lb=[20 3 60 170 55 20];
Ub=[70 15 80 210 70 60];
% Initial random guess
u0=Lb+ (Ub-Lb) . *rand (size (Lb) ) ;
[u, fval,NumEval]}=ffa mincon (Qcost, @constraint,ul,Lb,Ub,para);
% Display results| (best solution => wu, best objective value => fval
bestsolution=u
bestojb=fval
total number of function evaluations=NumEval
global w
J=5;
for k=1:7,
% Generate a weightingicoefficient:w so that wl=w

[

% Observations suggest that systematically monotonic weights are

o)

% better than random weights.
w=k/73;
end;

o
°

Put your own cost/objective function ---—-——-—--------"-""-"-"-"-—————————

o°  o°

o
°
o
°

oe

%% Cost or Objective function
% objectives

function [objl]=Funob]j (x)



159

objl=sum(((3.42463)-(0.00279545.*(x(1)))-(0.0420422.*(x(2))) -
(0.00944081.*(x(3)))-(0.0260773.%(x(4))) -
(0.000277235.*%(x(5)))+(0.000446572.%(x(6))) ...

+(0.00210853.%(x(2) .72))+(0.0000670173.*(x(4)."2)) ...

-(0.000083.% (x(1).*x(2))) -

(0.00002615.* (x (1) .*x(3)))+(0.0000236125.* (x(1).*x(4)))+(0.0000068666
7.7 (x(1).*x(5))) -

(0.000197604.* (x(2) .*x(3)))+(0.000168802.* (x(2).*x(6)))+(0.0000550625
X (%(3) %% (4)))=(0.0000217813.% (x(4) .*x(6)))));

function z=cost (x)
global w;

[objl]=Funobj (x) ;

z=0bjl;

function [g,geg]l=constraint (x)
g=[1;

% all nonlinear egquality constraints.should be here
% formation geqg(l)= ...., geqg(2)=

% If no.equality constraint at. all, put geg=[] as follows
geg=[1]7
% Start FA

function [nbest, fbest,NumEval]=ffa mincon (fhandle,nonhandle,ul, Lb,
Ub, para)

% Check input parameters (otherwise set as default wvalues)
if nargin<6, para=[50 200 0.2 0.5 0.5]; end

if nargin<5, Ub=[]; end

if nargin<4, Lb=[]; end

if nargin<3,

disp('Usuage: FA mincon(@cost, @constraint, u0, Lb, Ub, para)');

end

o\

n=number of fireflies

o\

MaxGeneration=number of pseudo time steps

o
U]
-
o]
oy
]
Il

0.2; % Randomness 0--1 (highly random)



160

oe

betamn=0.5; $ minimum value of beta

o)

s gamma=0.5; % Absorption coefficient

o

n=para(l); MaxGeneration=para(2);
alpha=para(3); betamin=para(4); gamma=para(5);

% Total number of function evaluations

NumEval=n*MaxGeneration;

% Check if the upper bound and lower bound are of the same size
if length(Lb) ~=length (Ub),

disp('Simple bounds/limits are improper!');

return
end
% Calculate dimension
d=length (u0) ;
% Initial wvalues of an array
zn=ones(n,1l)*107100;
% generating the initial locations of n fireflies
[ns,Lightn]=init ffa(n,d, Lb, Ub,u0);
% Iterations. or pseudo| time marching
for k=1:MaxGeneration, $%%%% startdterations
% This line of reducing alpha is optional
alpha=alpha new (alpha,MaxGeneration);
% Evaluate new solutions (for all n fireflies)
for i=1:n,

zn (i) =Fun (fhandle, nonhandle,ns (i, :));

Lightn(i)=zn (i) ;
end

% Ranking the fireflies by their light intensity/objectives

[Lightn, Index]=sort (zn) ;
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ns_ tmp=ns;

for i=1l:n,

ns (i, :)=ns_tmp (Index (i), :);

end

%% Find the current best

nso=ns; Lighto=Lightn;
nbest=ns (1, :); Lightbest=Lightn (1) ;
% For output only

fbest=Lightbest;

% For debug and display,. you can uncomment the following line
% nbest, fval=Lightn(l)

% Move all fireflies-to the better locations

[ns]=ffa move(n,d,ns,Lightn,nso,Lighto,nbest,Lightbest, alpha, betamin,
gamma, Lb, Ub) ;

end $%%%% end -of ‘iterations
% The initial locations of n fireflies
function [ns,Lightn]=init ffa(n,d,Lb,Ub,ul)
% if there are bounds/limits,
if length(Lb) >0,
for i=1:n,
ns (i, :)=Lb+ (Ub-Lb) .*rand(1,d);
end
else
% generate solutions around the random guess
for i=1l:n,
ns (i, :)=ul+randn(1,d);
end
end

$ initial value before function evaluations

Lightn=ones (n,1)*107100;
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Q

% Move all fireflies toward brighter ones

function
[ns]=ffa move (n,d,ns,Lightn,nso,Lighto,nbest, Lightbest, alpha, betamin,
gamma, Lb, Ub)

[

% Scaling of the system

scale=abs (Ub-Lb) ;

[

% Updating fireflies
for i=1:n,

Q

% The attractiveness parameter beta=exp (-gamma*r)
for j=1:n,
r=sqrt(sum((ns(i,:)=-ns(j,:))."2));

o)

% Update moves

if Lightn(i)>Lighto(j), % Brighter and more attractive

Q

% Here betamin-is necessary. If betamin is too small (say 0)

o)

%.then, the movement towards the global best is too slow
betal=1; beta= (betalO-betamin) *exp (-gamma*r.”2) +betamin;
tmpf=alpha.* (rand(1l,d)-0.5) .*scale;

ns (i, :)=ns(i,:).*(1l-beta)+nso(j,:) .*betat+tmpt;
end

[

end % end for j;

[

end $ end for i

[

% Check if the updated solutions/locations arewithin limits

[ns]=findlimits (n,ns,Lb,Ub) ;

oe

This function is optional, as it is not part of the original FA

oe

The main idea to reduce randomness is to increase the convergence,

oe

however, if you reduce randomness too quickly, then premature

oe

convergence can occur. So use with care.
function alpha=alpha new (alpha,NGen)

% alpha n=alpha 0 (l-delta)"NGen=0.005

% alpha 0=0.9

delta=1-(10"(-4)/0.9)" (1/NGen) ;
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alpha=(l-delta) *alpha;
% Make sure the fireflies are within the bounds/limits
function [ns]=findlimits(n,ns,Lb,Ub)
for i=1l:n,
% Apply the lower bound

ns_tmp=ns (i, :);

I=ns_tmp<Lb;

ns_tmp (I)=Lb(I);

% Apply the upper bounds
J=ns_tmp>Ub;
ns_tmp (J) =Ub (J) ;
% Update this new-move

ns (i, :)=ns_tmp;

end

% d-dimensional - -objective function

function z=Fun (fhandle, nonhandle, u)

o)

% Objective
z=fhandle (u) ;

o)

% Apply nonlinearwconstraints by penalty method

o\°

z=f+sum k=1"N _Tam k g k*2 *H(g k) where lam k >> 1
z=z+getnonlinear (nonhandle, u) ;

function Z=getnonlinear (nonhandle, u)

72=0;

% Penalty constant >> 1

lam=10"15; lameg=10"15;

% Get nonlinear constraints
[g,gegl=nonhandle (u) ;

% Apply all inequality constraints as a penalty function

for k=1l:1length(qg),
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Z=7Z+ lam*g (k) "2*getH (g (k))
end
% Apply all equality constraints (when geg=[], length->0)
for k=1l:length(geq),

Z=Z+lameg*geq (k) "2*geteqgH (geq(k)) ;
end

o)

% Test if inequalities hold so as to get the value of the Index

function

% H(g) which is somethinc k X nctions as in interior-point
methods

mni'u'f—.
i
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Optimized plastic injection molding process and minimized the warpage and
volume shrinkage by response surface methodology with genetic algorithm
and firefly algorithm techniques

Supattarachai Sudsawat & Wipoo Sriseubsai*
Department of Industrial Engineering, Faculty of Engineering, King Mongkut's Institute of Technology
Ladkrabang, Bangkok, Thailand

Received 15 February 2016; accepted 27 January 2017

This goal of this paper is an optimization approach to generate suitable process setting of multi responses of the
minimization of warpage and volume shrinkage in the plastic injection molding (PIM). Central composite design (CCD) was
employed to handle the orthogonal array for experimental test runs and using the response swrface methodology (RSM) to
construct response surface equation model. Then the optimization methods of firefly algorithm (FA) that have never been
applied to minimize warpage and volume shrinkage in the plastic injection molding (PIM) and genetic algorithm (GA) were
employed to optimal parameter conditions with fitness function generated from RSM. Simulation software Moldex 3D and
plastic injection machine were used as the experimental tests to show the comparison of the optimal performance of both
metaheuristic algorithms. The results showed that the firefly algorithm created the suitable process parameters to meet the
minimization of warpage and volume shrinkage better than the popular genetic algorithm for this study. It can be concluded

that FA is very proper to approach the good performance in PIM.

Keywords: Plastic injection molding (PTM), Response surface methodology (RSM), Genetic algorithm (GA), Firefly algorithm

(FA), Moldex 3D simulation

Nowadays, plastic injection molding (PIM) is used to
form the major part in many areas of industry because it
can easily meet various requirements such as the wide
variation of geometry, low unit cost to produce
compared with others, short production cycle time, and
perfect surface quality of the products. Therefore, for
these reasons it is not surprising that PIM has been
mainly used to produce plastic products. In PIM
process, loss during the operation is an obstacle that
may lead to a tendency of higher product cycle time,
cost, and dissatisfied customers. Warpage and volume
shrinkage are among the most significant defects. The
intensity of these losses is highly involved with the
parameter setting in the injection molding operation'.
Many researchers studied, and recommended the
method to avoid an occurrence of warpage and volume
shrinkage based on the finite volume analysis method,
computer-aided engineering (CAE) simulation, and
practical experiments’. Chaing and Chang investigated
the relationship between shrinkage and warpage in
injection-molded parts via various process parameters

*Corresponding author (Email: wipoo.sr@kmitl.ac.th,
s.supattarachai(@gmail.com)

being mold temperature, packing time, packing
pressure and cooling time. It was found that mold
temperature was significant.

The volume shrinkage was increased as the mold
temperature increased, and the mold temperature
range from 45°C to 55°C was suitable or minimum
warpage values, but the velocity injection was not
considered. Zhao er al.” did a study of the correlation
of warpage, shrinkage, and sink marks. The research
result could indicate that warpage and shrinkage were
significant trade-off, whereas warpage and sink index
or shrinkage and sink index were not both significant
trade-off. Santos et al* tried to improve the volume
shrinkage and warpage problems of polymeric
composite reinforced by using short natural fibers.
The results found that the short natural fiber can
continually decrease the problems as the percentage
of short natural fiber increases, but this research did
not pay attention to the process parameters in PIM.
Chiang er al.® researched the minimization of warpage
by using material test between acrylonitrile-butadiene
styrene (ABS) and polycarbonate (PC)+ABS based on
process conditions such as melt temperature, injection
speed, and packing pressure. The results found that
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melt temperature was the most important factor to
minimize warpage and ABS was more suitable
material than PC+ABS. This research could not find
that mold temperature, injection pressure, packing
time, and cooling time were considered. Much research
employed a mathematical model to use statistical
analysis and optimization methods to manage loss
problems such as warpage, volume shrinkage, sink
index, and short shot. The optimization techniques can
mainly be classified as five techniques, namely the
Taguchi technique for design of experiments, modern
computational techniques, hard computing techniques,
real time techniques, and soft computing techniques’.
Zheng et al.” used the Taguchi experimental method to
minimize warpage by using an L27(3%) orthogonal
array to construct experimental tests. Then there was an
investigation of the process parameters such as mold
temperature, melt temperature, and packing pressure,
but cooling time and injection pressure were not
considered. There was use of computer-aided
engineering (CAE) to determine the extent of warpage.
The results show the warpage value from the Taguchi
method was less than the amount of warpage when
there was a recommendation of process parameters.
Erzurumlu and Ozcelik® studied the minimization of
warpage and sink index by using the Taguchi
optimization technique via process conditions such as
mold temperature, melt temperature, packing pressure,
rib cross-section types, and rib layout angles, but
packing time, cooling time and other factors were not
considered. The experimental result could confirm that
this technique gained the minimum warpage and sink
index. Lam er al’ used the modem computational
techniques wvia Moldflow commercial simulation
software to investigate the suitable process conditions.
The results indicated that software could find the
nearest process condition compared with the optimal
result, but the cooling system was not added in the
consideration. Lin and Lian'' used self-organizing
fuzzy controller (SOFC) for PIM operation by
controlling injection screw velocity and injection-
nozzle holding pressure. The results found that this
controller can reduce the loss problems such as
shrinkage and residual stress more than the controlled
process with fuzzy logic controller (FLC) and the
proportional-integral-derivation  (PID). The soft
computing technique that has been popularly used in
PIM operation can be separated into three parts as
artificial neural network (ANN), evolutionary
algorithm (EA), and hybrid approaches®. Shi et all,

used the ANN to solve the warpage problem and used
Moldflow Corporation’s Plastics Insight software to
analyze the problem. The results show the effective
optimization of parameters in PIM for producing TV
covers and plastic lenses as a quick approach. Guo et
al? investigated the minimization of sink mark depth
via design of experiment (DOE) integrated with
evolutionary algorithm (as genetic algorithm, GA) to
solve the problem by considering mold temperature,
packing pressure, coolant temperature, rib thickness,
etc., but injection pressure was not considered. The
results illustrate the good performance of minimized
sink mark. Xu et al."> used another evolutionary
algorithm (as particle swarm optimization, PSO) to
find suitable process parameters. The results found
that it was suitable for multi-objective optimization of
PIM process. Hybrid approaches were also another
choice for improving loss problems in PIM process.
For example, Ozcelik and Erzurumlu' used a hybrid
of neural network model and genetic algorithm to
seck the warpage optimization. This algorithm can
improve the warpage problem by 51%. Deng et al."
made a study of a hybrid optimization by combining a
mode-pursuing  sampling (MPS) and genetic
algorithm to minimize the warpage of injection
molded plastic parts. This approach considered mold
temperature, melt temperature, injection time, and
packing pressure; research results showed good
performance as minimization of warpage and the
time-consuming CAE simulation. Presently, soft
computing techniques were widely applied in PIM
process to improve process qualities as mentioned.
Another soft computing technique is firefly
algorithms that can afford perfectly complex
nonlinear problems'. Yang'® created the firefly
algorithm (FA) by simulating firefly nature behavior.
This algorithm was proved and compared with other
metaheuristics such as genetic algorithm (GA) and
particle swarm optimization (PSQ). The results found
that FA could give better and quicker convergence
answers toward the optimality'®.

The purpose of this research was to minimize the
warpage and volume shrinkage by seeking an
optimization model of process parameters via
metaheuristic methodology through the comparison of
popular genetic algorithm and firefly algorithm to lead
to better performance. Central composite design (CCD)
was used to design the experiment as 84 runs. Then an
example part was employed to simulation software
Moldex 3D to get the simulated data. Genetic algorithm
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and firefly algorithm were employed to minimize
warpage and volume shrinkage for plastic injection
molding process (PIM) and the results of both
algorithms were compared by empirical tests through
injection molding machine. Finally, the direct utilization
of this research work will provide appropriate parameter
setting for injection molding operators.

Materials and Part

To approach the finite volume analysis, a 3D wrench
model part in this study was illustrated in solidworks, as
shown in Fig. 1. The dimension of this work-piece was
121.33 mm x 4.01 mm x 72.85 mm. General purpose
polystyrene (GPPS) was chosen from the Moldex 3D
software, and the manufacturer was CHI-MEI Co. Ltd.
The material properties are presented in Table 1. The
size characteristics of model part, cooling, modeling
and meshing process performed by Moldex 3D shown

Fig. 1 — A 3D wrench example part

(a)

Fig. 2 — Mesh element (a) Part and cooling line (b)

in Fig. 2. The simulated model of the part consists of
191,786 elements. The pin gate and water cooling
system were established in Moldex 3D software
following common gate and cooling system design and
creating actual injection mold shown in Fig. 3 for
empirical tests.

Experimental Methodology

The research methodology can be summarized
clearly as a flow chart which is illustrated in Fig. 4.
The first step, experimental orthogonal array is
created by central composite design (CCD), and
second, the predicted model is established by

=

3. =2
Y

Fig. 3 — Toshiba 80T injection molding machine

Table 1 — Material propertics of general purpose polystyrene
(GPPS) (PG-22, CHI MEI corporation, Taiwan)

Physical Properties

Properties Method Unit Value
Melt flow index (5kg/230°C) ASTM g/10min  17.5
DI238
1zod impact strength ASTM kg-cm/cm 1.4
(6.4mm/23°C) D256
(Notched)
Tensile strength at yield ASTM kg/em’ 425
(6mm/min) D638
Flexural strength at yield ASTM keg/em® 540
(6mm/min) D790
Flexural modulus (2.8mm/min) ASTM 10 kg/em? 3.1
D790
Rockwell Hardness ASTM M-Scale 74
D785
Heat distortion temperature ASTM & o 75
(Unannealed) D648
Vicat softening point ASTM °C 87
(1kg/50°C/h) DI525
Chemical properties
Chemical name = CAS number  EC number ~ Percent weight
Polystyrene or ~ 9003-53-6 Polymer >095%
styrene polymer
Additives - - <5%
Processing technique
Ejection temperature 108°C
Processing temperature 170 -210°C
Mold temperature 40 -70°C
Freeze temperature 117%¢
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response surface methodology (RSM). Then the
predicted model is applied into Genetic algorithm and
Firefly algorithm to seek the minimization of warpage
and volume shrinkage. In the last step, the comparison
of the results of both algorithms is made to find the
smallest warpage and volume shrinkage through Toshiba
80T injection molding machine as shown in Fig. 3.

Central composite design of process parameters

In this research, central composite design (CCD) is
used to design experimental tests run on Moldex 3D
software. CCD is well known as a designer of experiment
arrays to produce the quadratic model of RSM"".

To indicate the effect of process parameters on
warpage and volume shrinkage of PIM, the

Table 2 — Processing parameters and levels

Number Factors Levels

Low Median High
1 Melt temperature (4) (°C) 170 190 210
2 Mold temperature (8) (°C) 40 5 70
3 Flow rate profile (€) (%) 10 30 50
4 Injection pressure (D) (%) 40 60 80
5 Packing time (E) (s) 1 5 10
6 Packing pressure (£) (%) 20 50 80
i Cooling time (G) (s) 10 215 45

Addition: Water coolant temperature is constant as 55°C
Maximum injection and packing pressures equal to 199 Mpa
following Toshiba 80T Injection molding machine specification

parameters in Table 2 are selected for consideration.
According to the CCD design experiment method,
seven factors are classified to be three levels as shown
in Table 2, and consist of fourteen star points, and six
central points, and a value of | according to Chiang
and Change’s research methodology'. Then the 84
experimental runs are established based on the CCD
method as given in Table 3.

Creating predicted model

Before going to the optimization methodology step,
the response surface methodology has to establish the
nonlinear mathematical model based on polynomial
equation for warpage and volume shrinkage as shown
in Eqgs (1) and (2), respectively.

£ & £ 5
W=dy + S AX, + AKX, +3 4,X° (1)
=1 i<j i=l
V=B,+SBX,+5B,XX, +5B X Q)
=l i<j i=1

where X, is independent variables, W represents
warpage response, F represents volume shrinkage
response, k is the number of design variables, 4, and By
are the coefficients of constant, 4; and B; are the
coefficients of linear, 4; and B; are the coefficients of
cross product term, and 4; and B; are the coefficients of
quadratic.

Orthogonal Array by Central comp

design |o »| CAE (Moldex 3D)

Produce Predict model of Volume shrinkage and Warpage by Respond Surface Methodology

CAE (Moldex 3D)

Compare results of GA vs. FA

CAF (Moldex 3D)

Getting Minimization of both Volume Shringkage & Warpage

Fig. 4 — Flow chart of methodology
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Genetic algorithm established

After creating predicted fitness model, GA is
implemented. GA is one of the stochastic search
algorithms based on natural genetic behavior. In GA,
each solution is encoded, which is called a
chromosome. GA will construct the initial population
of chromosomes from the predicted fitness model via
cost function, then crossover and mutation mechanism
will be employed in the algorithm®. Parato-optimal
solution will be selected for the best solution as
shown in Fig. 5(a).

Firefly algorithm established

In the same way as GA, after gaining fitness
function from RSM methodology, it will be employed
to be a multi-objective function (warpage and volume
shrinkage) in firefly algorithm (FA). Firstly FA
creates the initial population of # fireflies as
represented in the search space of solutions and sets
parameters of the attractiveness, light absorption
coefficient, and randomization factor. Then the
evaluate fitness is employed by calculating the
intensity, relative brightness, and attraction and next
the best fitness through firefly algorithm is ranked'®.
Then the methodology provides the best solution of
minimization of warpage and shrinkage. The flow
chart of the algorithm is shown in Fig. 5(b).

-
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Optimal model

Optimized plastic injection parameters and
minimized the warpage and volume shrinkage can be
stated in Eq. (3) and Eq. (4) respectively.

Find X =[4,B,C,D,E,F,G) w0 (3)
Minimize f(X)=W and f(X)=V (@)

Subject to: 170 4<210<°C,40< B<70°C
1=C<50%,40< D <80%
1SE<10s,20<F<80%

10<G <45s

Based on 199 MPa maximum of both injection and
packing pressures following Toshiba 80T Injection
molding machine specification, f(X) represents the
quantified warpage and volume shrinkage of the
experimental part.

Results and Discussion
RSM through CCD method

The 84 experimental tests were established
according to CCD method. Table 3 shows the results
based on Moldex 3D simulation. Then this result was
used to create the predicted models of warpage and

l Generate imitial population l

l Generare initial population of firefhies: X, i = 12,0

» ]

= T
] Fitness function l : Evaluate finess; / (x), (F=1.2,.M) j
- | -
| bxlukd l } F'[ Rank fireflies according to fitness and find best Imus;—’
| I
1 |
| Move firefly Mowards
L4 firefly LY =X, + s
| ! (X, - Xyt @« (rand - 0.5))
| Gen = Gent 1
no 15 1
J | [ Evaluate fitess, f(x), (k=1.2,.,
|
|
|

Pareto-optimal solution
Optimal solution

@

Best solution

(b)

Fig. 5 — Flow chart of multi-objective grouping genetic algorithm (a) and multi-objective firefly algorithm (b)
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Table 3 — Design and result of central composite design experiments
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Volume shrinkage (%)
5.497
4.953
4.382
4.102
4.055
5.472
4.953
4.383
4.668
4.907
2.852
4.953
5.219
4.383
5.497
7.189
7.206
3.622
4.383
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4.398
4.383
3.623
4.953
5.497
4383
4.907
6.546
6.546
4.045
7.206
2.809
4.044
3.612
2.852
4.044
4.383

Warpage (mm)
0.573
0.522
0.485
0473
0.528
0.569
0.522
0.485
0.496
0.514
0.444
0.522
0.551
0.485
0.573
0.704
0.707
0.516
0.485
0.485
0.487
0.485
0.516
0.522
0.573
0.485
0.514
0.618
0.618
0.526
0.707
0.436
0.526
0.514
0.444
0.526
0.485
0.569
0.454
0.618
0.457
0.485
0.528
0.573
0.616
0.454
0.485
0.516
0.616
0.514
0.514
0.570
0.528
0.516
0.570
0.707
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Table 3 — Design and result of central composite design experiments
No. A B G D E F G Volume shrinkage (%) Warpage (mm)
57 210 40 50 40 1 30 32 4.045 0.526
58 210 40 50 40 5 30 10 6.527 0.616
59 170 40 50 80 1 30 32 3.003 0.454
60 170 40 10 40 5 30 10 4.907 0514
61 210 70 10 80 1 30 10 7.189 0.704
62 210 40 50 80 1 30 10 7.189 0.704
63 210 40 10 40 5 30 32 3.613 0.514
64 210 70 50 40 1 30 10 7.189 0.704
65 190 55 30 60 3 45 32 3.151 0.455
66 210 40 10 40 5 60 10 6.546 0.618
67 190 55 50 60 3 45 24, 4.383 0.485
68 170 40 10 40 5 60 32 2.852 0.444
69 170 70 50 80 5 30 32 2.809 0.436
70 170 70 50 40 1 30 32 3.002 0.454
71 170 70 10 40 5 30 32 2.809 0.436
72 170 55 30 60 3 45 21 3.829 0.474
73 210 40 50 40 1 60 10 7.206 0.707
74 170 40 50 40 '\ 60 37 3.021 0.457
75 210 40 10 80 5 30 10 6.527 0.616
76 210 70 50 40 5 30 32 3.612 0.514
77 190 55 30 60 3 30 21 4.373 0.483
78 170 40 50 40 5 30 32 2.809 0.436
79 190 55 30 60 3 45 21 4.383 0.485
80 170 40 50 80 5 60 32 2.852 0.444
81 210 40 10 40 1 60 32 4.055 0.528
82 170 40 10 80 1 60 32 3.021 0.457
83 170 70 10 40 1 60 32 3.021 0.457
84 190 55 30 60 3 45 10 5.940 0.574
Table 4 — NOVA table for volume shrinkage (after backward elimination)
Source df Adj SS Adj MS F-Value P-Value
Model 9 152.124 16.903 28874.56 0
Linear 4 148.016 37.004 632134 0
4 1 27411 27411 46826.12 0
E 1 3.505 3.505 5987.89 0
y i 1 0.009 0.009 1547 0
G 1 117.091 117.091 200024.1 1]
Square 14 1.388 0.694 1185.13 0
A%4 1 0.086 0.086 146.1 0
G*G 1 0.111 0.111 190.45 0
2-Way Interaction 3 272 0.907 1549.04 0
A*E 1 0.127 0.127 2Vl 0
A*G 1 2.229 2 389 3807.85 0
E*G 1 0.364 0.364 622.18 0
Error 74 0.043 0.001
Lack-of-Fit 69 0.043 0.001
Pure Error 5 0 0

Addition: §'=0.0241947, R-Sq = 99.97%, R-Sq(adjust) = 99.97%, R-Sq(prediction) = 99.96%

volume shrinkage. Analysis of variance (ANOVA)
was selected to consider the significance of the model
terms for warpage and volume shrinkage in Tables 4
and 5, respectively. The term “Seq SS” is the sum of
squares for each term. It is used to validate of the
data. “df” refers to degrees of freedom used to

contribute to the error prediction. “Adj SS” is adjusted
sum of squares that is used to be a sign after removing
insignificant terms from the model. “Adj Ms” is
adjusted mean squared for a term. Then both models
are processed using the backward term elimination,
which means some of the terms that are not significant
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Table 5 — ANOVA table for warpage (after backward elimination)

Source df Adj SS Adj MS F-Value P-Value
Model 9 04754 0.052822 1999.64 0
Linear 4 0.407981 0.101995 3861.13 0
A 1 0.146981 0.146981 5564.1 0
E 1 0.028821 0.028821 1091.05 0
F 1 0.000281 0.000281 10.62 0.002
G 1 0.231899 0.231899 8778.75 0
Square 2 0.045778 0.022889 866.48 0
A*4 1 0.003 0.003 113.56 0
G*G 1 0.003482 0.003482 131.83 0
2-Way Interaction 3 0.021641 0.007214 273.07 0
A*E 1 0.001027 0.001027 38.89 0
A*G 1 0.00756 0.00756 286.2 0
E*G 1 0.013053 0.013053 494.14 0
Error 74 0.001955 0.000026
Lack-of-Fit 69 0.001955 0.000028
Pure Error 5 0 0
Addition: § =0.0051396, R-Sq=99.59%, R-Sq(adjust) = 99.54%, R-Sq(prediction) = 99.45%
Means
QS ==3 S—swT Y - by = = AW
an | !
| | !
- | | ‘ [
g ass

Z_ﬁ—' Ji
il/‘\""'

» 45 B

Mean of V

u./!\/:\/;\/! B

Fig. 6 — Main Effects Plots for warpage problem (a) and volume shrinkage problem (b) Addition: a gray background represents a term

not in the model

are cut. Finally, Tables 4 and 5 show that “P-value” is
less than 0.05 and the values of “R-Sq (prediction)”
were more than 99% of both. Therefore, these tables
of results found that melt temperature (4), mold
temperature (B), maximum velocity injection (C),
maximum injection pressure (D), packing time (E),
maximum packing pressure (F), and cooling time (G),
only four factors are significant, namely 4, E, F, G as
showing the main effect of warpage and volume
shrinkage in Fig. 6. Thus, it can be concluded that
these parameters have a tendency of effects that are
the same for both problems as shown in Fig. 6,

whereby  if the melt temperature inclines
continuously, the warpage and volume shrinkage will
lead to minimized values and vice versa. Also packing
pressure has a little tendency of effect, if it becomes
low value; warpage and volume shrinkage will be
minimized. Meanwhile packing time and cooling time
are high, warpage and volume shrinkage will reduce
continuously and vice versa. Moreover, Fig. 7(a) and
(b) show interaction plots of three interaction factors
that are significant with warpage and volume shrinkage,
namely A*E, A*G, E*G after backward elimination of
other interaction factors. They obviously are found that
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(a) Surface Plot of Warpage (mm) vs E, A
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(b) Surface Plot of Volume shrinkage (%) vs E, A
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Fig. 7— Interaction Plots for warpage problem after backward elimination (a) and volume shrinkage problem after backward elimination (b)

if the melt temperature inclines whereas packing time
and cooling time climb high, both warpage and volume
shrinkage will decrease continually. According to RSM
method, it can simply generate the polynomial equation
consisting of 4, E, F, G, 4%, G, AE, AG, and EG terms.
Thus, the final predicted models of warpage and volume
shrinkage are given in Egs (5) and (6), respectively.

Warpage (W) = 2.637-0.02329 A - 0.00505 E + 0.000137 F -
0.00857 G+ 0.000071 A*4 +0.000253 G*G - 0.000100 A*E -
0.000049 4*G +0.000649 E*G _REC)

Volume Shrinkage (F) = 11.63 - 0.09074 +0.0244 F
+0.000781 F - 0.03031 G + 0.000379.4*4 + 0.001431 G*G -
0.001114 A*E - 0.000848 4*G + 0.003429 £*G aes (D)

After created the predicted models, validation of the
models was carried out by using experimental random
tests of 18 test runs as shown in Table 6. The results
were the average absolute percentage deviation of
each model as 0.63 and 0.77, respectively.

Thus, these models that were used for GA and FA
implementation to seek the minimization of warpage
and shrinkage are reliable.

Optimization through GA and FA

Substituting Eqs (5) and (6) added into Eq. (4) to
optimize processes of both GA and FA, respectively,
all variable constraints were fed into an optimal
structure. Figure 8 show experiments of wrench

specimens. Table 6 compares the minimized values of
warpage  and shrinkage  problems  from
recommendation condition (medium conditions),
using GA and FA method. It can be seen that the
result of recommendation condition provided the
minimized values as 3.370% and 3.677% shrinkages
and 0.460 mm and 0.494 mm warpages via Moldex
3D simulation and actual experiment respectively by
providing 190°C melt temperature, 5 s packing time,
50% packing pressure, and 27.5 s cooling time. The
GA result found that the minimized values were
provided as 2.553% and 2.848% volume shrinkage and
0.426 mm and 0.447 mm warpage through Moldex 3D
simulation and actual experiment respectively by using
175.44°C melt temperature, 3.17 s packing time,
20.22% packing pressure, and 44.91 s cooling time,
and using the main control parameters as size of
population at 100, crossing-over rate at 0.6, aberration
rate at 0.2, and maximum generation at 600 iterations
aceording to Guo et al.’s research’.

Whereas FA result provided 2.377% and 2.556%
shrinkage and 0.409 mm and 0.433 mm warpage
through Moldex 3D simulation and actual experiment
respectively by using 183.63°C melt temperature, 10 s
packing time, 20% packing pressure, and 45s cooling
time and using control conditions of the method as
population size equal to 50, maximum number of
iterations equal to 200, the maximum attractiveness at
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Table 6 — Comparison of predicted vs. actual run based on Moldex 3D software
No. A E  F(%) G Volume Warpage Predicted Predicted % volume % warpage
©C) (s) (s) shrinkage (%) (mm) volume warpage shrinkage deviation
shrinkage (%) (mm) deviation
1 170 1 30 10 5.475 0.577 5.455 0.574 -0.36% -0.43%
2 170 2 315 13.75 4.872 0.522 4.829 0.524 -0.89% 0.38%
3 170 3 45 17.5 4.243 0.486 4.269 0.485 0.62% -0.11%
4 190 4 30 10 5.766 0.560 5719 0.555 -0.82% -0.86%
5 210 3 iffs] 21.25 5.186 0.550 5.134 0.559 -1.01% 1.59%
6 210 4 45 25 4.545 0.534 4.521 0.531 -0.52% -0.55%
7 210 5 52.5 10 6.513 0.612 6.521 0.623 0.12% 1.77%
8 170 1 60 21.25 4.076 0.488 4.058 0.485 -0.46% -0.61%
9 170 2 30 25 3.502 0.466 3.562 0.458 1.66% -1.71%
10 170 3 318 10 5.198 0.542 5.199 0.544 0.03% 0.46%
11 180 3 45 13.75 5.064 0.521 4.987 0.518 -1.55% -0.58%
12 190 1 315 25 4.136 0.480 4.115 0.483 -0.52% 0.81%
13 190 4 60 L7.5 4.727 0.496 4.705 0.497 -0.48% 0.18%
14 200 2 32 25 4377 0.502 4.362 0.507 -0.34% 0.96%
15 200 3 60 10 6.377 0.613 6.348 0.613 -0.45% 0.08%
16 210 3 30 2025 5.176 0.548 5.128 0.558 -0.92% 1.70%
17 210 4 37.5 25 4.532 0,532 4.516 0.530 -0.37% -0.43%
18 210 5 45 10 6.528 0.618 6.515 0.622 -0.20% 0.64%
% deviation was calculated using the equation: [(predicted value — simulated value)/predicted value] x100
Table 7 — Volume shrinkage and warpage values before and after optimization methods
Recommended condition method GA method FA method
. Moldex 3D Experiments Moldex 3D Experiments Moldex 3D Experiments
Objectives simulation simulation simulation
Volume shrinkage (%) 3.370 3677 2.553 2848 2.558 2.556
Warpage (mm) 0.460 0.494 0.426 0.447 0.426 0.433

0.5, the absorption coefficient at (.5, and the random
perturbation rate at 0.2 according to Lobato and
Steffen’s research'®. For the comparison of actual
experiments and Moldex 3D simulated tests found that
empirical results provide experimental values nearby
simulated values at 94% and 90% accuracy of
warepage and volume shrinkage respectively.

Comparison of RSM, GA and FA results

The results from both optimization methods clearly
show that the FA performance can generate better
results than GA and at recommended condition
performances as shown in Table 7. Warpage and
volume shrinkage that are provided from FA algorithm
achieve better minimized values than GA algorithm at

Fig. 8 — wrench example part from actual experiments

4.05% and 7.4% respectively, and better than the
recommended condition 11.33% and 41.73% for
warpage and volume shrinkage by Moldex 3D
simulated tests. Similarly, FA algorithm provides better
minimized values than GA algorithm at 3.28% and

10.26% respectively, and better than the recommended
condition 12.42% and 30.49% for warpage and volume
shrinkage by experiments through Toshiba 80T
injection  molding machine. Meanwhile GA
performance can provide minimized values of warpage
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and volume shrinkage better than at recommended
condition at 9.45% and 22.54% respectively. Therefore,
this research experiment can conclude that use of FA
algorithm can find suitable process parameters to
minimize warpage and volume shrinkage better than GA
implementation according to Yang’s research''® that
proved FA algorithm performance better than the
performance of the popular GA algorithm.

Conclusions

This research deals with the study of the
minimization of warpage and volume shrinkage
problems. An optimization model using FA was
successfully compared with GA by both algorithms
developed and based on the second-order response
surface regression methodology. This research seeks to
provide a flexible and better optimization model to
discover suitable process parameters to accommodate
moveable limitations, conditions, and constraints of
different injection molding machines. For this study,
general purpose polystyrene was employed for analysis;
it was found that melt temperature and cooling time
were the main influences for warpage and volume
shrinkage. Packing time and packing pressure were the
next priorities. This conclusion can be applied to
consider process parameters to reduce warpage and
volume shrinkage for global allowable ranges for the
injection molding process. Moreover, this research
illustrates that the Firefly algorithm for optimizing
process parameters is another one that can produce
better results of warpage and volume shrinkage
reduction than the previously favored genetic
algorithm, which has been widely employed in plastic
injection molding processes.

Acknowledgment

This research is supported by Department of Industrial
Engineering, Faculty of Engineering, King Mongkut's
Institute of Technology Ladkrabang, Bangkok, Thailand,
and CoreTech System Co., Ltd.

References

1 Chaiang K T & Chang F P, Int J Adv Manuf Technol, 35
(2006) 468-479.

2 Guo W, Hua L & Mao H, It J Adv Manuf Technol, 72 (2014)
365-375.

3 ZhaoJ, Cheng G, Ruan S & Li Z, Int J Adv Manuf Technol,
78(2015) 1813-1826.

4 Santos J D, Fajardo J I, Cuji A R, Carcia J] A, Garzén L E &
Lopez LM, Fromt Mech Eng, 10 (2015) 287-293.

5/ Chiang Y C,'Cheng H C, CF, Lee JL, Lin Y & Shen Y K,
Int J Adv Manuf Technol, 55 (2010) 517-526.

6 Kashyap S & Datta D, Int J Plast Technol, 19 (2015) 1-18.

7. Zheng G, Guo W, Wang Q & Guo X, J Mech Sci Technol, 29
(2015) 4153-4158.

8  Erzurumlu T & Ozcelik B, Mater Des, 27 (2006) 853-861.

9 Lam Y C, Britton G A & Deng Y M, Int J Adv Manuf
Technol, 22 (2013) 574-586.

10 Linl] & Lian R J, J Process Control, 20 (2010) 585-595.

11 Shi H, Suming § & Wang X, [Int J Adv Manuf Technol, 65
(2012) 343-353.

12 XuG, Yang Z T & Long G d, Int J Adv Manuf Technol, 58
(2011) 521-531.

13 Ozcelik B & Erzurumlu T, .J Mater Process Technol, 171
(2005) 437-445.

14 Beng Y M, Zhang Y & Lam Y C, Mater Des, 31 (2009)
2118-2123.

15  Yang X S, J Eng Camput, 29 (2013) 175-184.

16 Yang X S, Am J Appl Math Stat, 5792 (2009) 169-178.

17 Chen C C.SuP L & Lin Y C. Int J Adv Manuf Technol, 45
(2009) 1087-1095.

18 Lobato F S & Steffen 1.V, Am J Appl Math Stat, 1 (2013)
110-116.



@ Springer

Fb

KSME

Journal of Mechanical Science and Technology 32 (10) (2018) 47874799

www.springerlink.com/content/1 738-494x(Print)/1976-3824( Online)
DOI 10.1007/512206-018-0926-x

Warpage reduction through optimized process parameters and annealed process of
injection-molded plastic parts ™

Supattarachai Sudsawat and Wipoo Sriseubsai”

Terahe

Department of Industrial Engineering, Faculty of Engineering, King M

kut's Institute of Technology L . Bangkok 10520, Thailand

(Manuscript Received October 20, 2017; Revised June 20, 2018; Accepted July 2, 2018)

Abstract

The objective of this paper is to achieve the minimization of warpage for an injection molded part. The techniques that were imple-
mented to minimize the warpage are the design of experiment (DOE), response surface methodology (RSM), firefly algorithm (FA), and
annealing treatment. The packing time, cooling time, and melt temperature were shown to be significant parameters and FA was em-
ployed to seck these suitable values by experimental tests based on simulation software Moldex3D and injection machine. Analysis of
variance (ANOVA) was used to validate experiments. Annealing treatment process was then applied to reduce more warpage phenome-
non; the results showed that warpage phenomenon decreased dramatically compared with popular optimized parameter methodology.
Moreover, the residual stress which was obtained by using photoelasticity showed that it has a direct relationship with warpage reduction.
Therefore, the best solution of warpage mitigation can be solved by popular optimum process parameters and also annealing treatment.

Keywords: Warpage; Design of experiment; Response surface methodology: Firefly algorithm; Photoelasticity

1. Introduction

Everywhere in daily life plastic products have become part
of our daily routine such as the covers of cellular phones, lap-
top housings, food boxes, and pen or pencil frames. The main
reasons that plastic products have become popular to consum-
ers are that they are lightweight, easy to form the parts, have
low manufacturing costs when compared with other processes,
and so on. The plastic injection molding (PIM) is one of the
plastic forming processes which can produce good plastic
products, provide high productivity, short cycle times for pro-
duction, and perfectly meet complex requirements such as thin
shell features and smooth product surfaces. During the injec-
tion molding process, the molding conditions are one of the
causes of the quality problems of plastic parts. One of the
most important problems is a distorted part referred to as war-
page [1]. Thus, warpage reduction is a topic of interest for
many researchers in secking the best solution for avoiding this
defect. Currently minimized warpage is a main topic in opti-
mized injection molding process conditions [1-22].

Many publications of research about optimized plastic in-
jection molding (PIM) parameters for reducing warpage oc-
currence have concentrated on computer-aided engineering
(CAE) simulation, finite element and volume analysis, em-
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E-mail address: wipoo.sr@kmitl.ac.th

* Recommended by Associate Editor Yengho Jeon
© KSME & Springer 2018

pirical practice experiments, and also a class of evaluation
algorithm optimization methods. Subramanian et al. [2] used
finite element volume analysis through C-MOLD simulation
software to minimize warpage of the injection-mold part as a
compact disc (CD) optical pickup. There was also use of
complex methods for integration with simulation software to
seek suitable process parameters such as injection location and
bridge rib. The result illustrated that the thickness of the rib is
the most effective constraint for avoiding warpage problems.
Ozcelik et al. [1] and Kurtaran et al. [3] tried to mitigate war-
page problems via genetic algorithm to find the perfect proc-
ess conditions. Packing pressure, mold temperature, melt tem-
perature, packing time, and cooling time are the terms of the
most important process parameters. The results of both re-
searcher groups found that packing pressure has the most ef-
fect on warpage, followed by mold temperature, melt tempera-
ture, packing time and cooling time respectively. Erzurulu et
al. [4] used Taguchi optimization method running on CAE
simulation to minimize warpage and sink index because this
method can reduce experimental test array better than the
usual design of the experiment, especially the full factorial
design experiment. This research considered mold and melt
temperature, packing pressure, rib cross-section types, and rib
layout angle. The results indicated clarify that the different rib
cross-section types and rib layout dramatically affected war-
page and sink index problems. Chiang et al. [5] concentrated
on a thin shell product to avoid shrinkage and warpage prob-
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lems by using the response surface methodology associated
with sequential approximation optimization (SAQ) method to
handle the optimal value of machining parameters (such as
mold temperature, packing time, packing pressure, and cool-
ing time). The main effects that were obtained from this result
were the sufficient time of packing and cooling beneficial for
minimizing shrinkage and warpage problems. Gao et al. [6, 7]
had researched the effective warpage optimization method by
using Kriging model and Surrogated-based process optimiza-
tion that is an adaptive method based on the Kriging model.
Two years of development research for minimizing warpage
concluded that packing time was the most important factor
and Surrogated-based process optimization can provide the
reduction of warpage at 38 % compared with the minimal
warpage value of specimens. Ozcelik et al. [8], Hakimian et al.
[9], and Zheng et al. [10] have been continually studying war-
page phenomena by using the Taguchi experimental method.
There was consideration of various machine parameters such
as mold temperature, melt temperature, packing pressure,
packing time, cooling temperature, fiber glass percentage, and
V/P switchover and using Moldflow simulation software
without empirical tests to seek the factors which affected war-
page problems. The results show that packing pressure has the
most important effect on warpage followed by other factors.
Farshi et al. [11] and Kitayama et al. [12] applied sequential
approximate optimization for mitigating warpage problems.
Outcomes from these pieces of research were melt tempera-
ture and packing pressure profiles being the main effects and
also during warped consideration, cycle time and residual
stress during PIM were of concern because they had an effect
in terms of quality products. Many researchers used neural
network modeling research group methodology to minimize
warpage defects of PIM process such as the researches of Yin
et al. [13], Shi et al. [14], and Chen et al. [15]. They consid-
ered melt temperature, injection velocity, packing pressure,
packing time, cooling time, and mold temperature that af-
fected the warped product. The advantages of this research are
short run time for verifying the warpage model and the re-
search concluded that packing time was the most significant
for warpage phenomenon. For practical experiment research
cluster, there was T h about hining parameters in-
volved in warpage climination. For example, Chaing et al.
[16] investigated warpage of electronic battery cover parts that
had a thin-wall part characteristic and verified practical results
through simulation software and experimental results. The
demonstration of this rescarch result illustrated that melt tem-
perature is a main process parameter for eliminating warpage
occurrence based on Acrylonitrile-butadiene-styrene (ABS)
and Polycarbonate + Acrylonitrile-butadiene-styrene (PC+
ABS) materials. Larpsuriyakul et al. [17] were concerned with
the warpage problem of plastic labeling parts that were pro-
duced by PIM process. This research solved the warpage
problem of production of packaging because there were injec-
tion tests to search for suitable process parameters especially
several of mold temperature to reduce warpage under accept-

able values. Sanchez et al. [18] defined the relationship be-
tween cooling factors and warped parts. The emphatic solu-
tion of this research was cooling time factor that was the sig-
nificant key to reducing warpage problem. Wang et al. [19]
studied the warpage problem of the rapid heat cycle molding
process that had a new design screw structure and was exter-
nal gas assisted. It can be noticed that warpage problem is still
mainly affected by packing time and cooling time even if this
research did not use conventional injection molding as previ-
ous researches mentioned. And Wang et al. [20] concentrated
warpage prediction of strip-like plastic parts by using thermal
finite element analysis associated with experimental tests to
define it. The result found that stress relaxation, or equiva-
lently, strain creep impacted warpage predicted phenomenon.
Yang [23] created Firefly algorithm for solving optimal values
problems and many researchers applied this algorithm to op-
timize various problem fields such as using Firefly algorithm
to seck process parameters of vehicle routing problems of a
newspaper distribution system [24], electric discharge machin-
ing (EDM) and abrasive water jet machining (AWIM) [25],
and the multi-pass turning operations problem [26]. Sudsawat
et al. [27] used Firefly algorithm to find optimal process set-
ting of PIM for warpage and volume shrinkage reduction.
While it has rarely been found that this algorithm has been
used to optimize injection molding machine parameters, there-
fore, the first step of the purpose of this research was to em-
ploy Firefly algorithm associated response surface methodol-
ogy to find suitable parameters in PIM process to minimize
warpage through Moldex3D simulation software and empiri-
cal tests.

All literature reviews as previously mentioned were pur-
posed deeply to provide good performance for warped elimi-
nation and all the researches provided the results with the most
process parameter adjustments through software simulations
based on finite element volume analysis theories, experimen-
tal corollary, and also non-conventional algorithm optimiza-
tion methods. Another main factor that impacted directly on
warpage problem is residual stress on the plastic injection
product. There were many researches that concentrated on the
effect of residual stress. For instance, researcher groups of

Chen et al. [28], Tang et al. [29], Acevedo-Morantes et al. [30],

and Kim et al. [31] had the same consideration of cooling
temperature and time analysis that affected residual stress of
the plastic injection part. There was a strong conclusion that
the warpage of injection molded parts during post-
manufacturing thermal cycling occurred because of the resid-
ual stress effect that formed during the cooling stage. Also
Guevara-Morales et al. [32] presented that the processing pa-
rameters that were of the most influence on residual stress and
warpage have been signed as an indicator of residual stress
phenomenon and vice versa. Some researchers concentrated
on residual stress of plastic transparent materials in the injec-
tion molding process; Lee et al. [33] and Weng et al. [34] tried
to mitigate residual stress by using numerical simulation and
creating a predicted model. The result presented that maxi-
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mum residual stress occurred exactly at or near the gate and
the processing parameters formed the highest influence that
might be directly affecting warpage phenomenon. From solv-
ing residual stress researches, it can clearly be concluded that
if the research aim really wants to mitigate warpage problem,
then this must be indicated also through residual stress on a
specimen. Thus, heat treatment is another good choice to im-
prove plastic product quality especially warpage defeat [35]
such as Prashantha et al. [36] who used polypropylene injec-
tion molding by using the Taguchi design of experiment to
optimize process parameters, then there was a comparison
before and after the annealing process of warpage occurrence.
Digital Photoelasticity has become one of the most popular
methods to investigate residual stress via birefringence meas-
urement system. Ramesh et al. [37] researched automation of
white light photoelasticity by using color image processing
hardware to evaluate equivalent wavelength of red, green and
blue (RGB) planes to define material stress fringe values to
define residual stress on a specimen. Ramesh et al. [38] tried
to separate the data acquisition techniques in digital photoelas-
ticity. One of the outcomes from this research was a technique
that used a direct evaluation of total fringe order to seek resid-
ual stress of transparent materials, especially the three fringe
photoelasticity (TFP) method. This method utilized the RGB
values for total fringe order determination before it was em-
ployed into the stress-optic laws to define residual stress on
plastic parts.

From all previous studies, they can be summarized that
warpage mitigated methodology offered two main solutions.
Firstly, they concentrated on optimizing process parameters
and secondly, heat treatment to relieve warpage phenomenon.
These two solutions have not found that these methods were
integrated to handle warpage phenomenon of plastic injection
parts. Thus, this research concentrates on warpage reduction
of transparent polystyrene parts by using response surface
methodology associated with firefly algorithm to seek suitable
process parameters including annealing process after post-
injection molding process for improving the quality of plastic
part occurrence by noticing residual stress via photoelasticity
methodology.

2. Materials and equipment

The design specimen is according to ASTM-D638 Type |
and the dimensions are 165 mm * 19 mm * 3.2 mm. The
model, cooling system, and setting process parameters are
performed with Moldex3D simulation and illustrated in Fig. 1.
The material setting is general purpose polystyrene (GPPS),
PG-22 that was manufactured by CHI MEIL corporation; an
80-ton injection molding machine was used to performed the
experiment, The electronic laboratory oven was used for an-
nealing treatment process. The specifications of the oven are
the maximum annealing temperature at 300 °C, power rating
at 240 volts and 200 watts, holding power at maximum tem-
perature at 800 watts, temperature stability with proportional

4789

Fig. 1. The specimen and cooling system design via Moldex3D simula-
tion and Toshiba IS0 Injection molding machine.

integral derivative (PID) control at 0.2 °C, using 25 minutes
for heat up time to 300 °C and using 4 minutes for recovery
time with door open for 60 seconds. The photoelasticity
method was employed using a polariscope and pictures were
recorded using a digital camera fitted with a polarized filter.

3. The research methodology

The methodology consisted of identification of machine pa-
rameters, screening important process parameters, response
surface implement, firefly algorithm implement, creating op-
timal process model, and annealing treatment for warpage
reduction can be concluded basically as a flow chart which is
indicated in Fig. 2.

3.1 Hdentification of process parameters

The research goal is warpage reduction based on the identi-
fication of critical process parameters and mitigating warpage
through heat treatment. The selection of machining set-up
factors can be performed starting from many previous scien-
tific research papers. Many studies [1-22] considered the rela-
tionship of several setting injection machine factors during the
injection molding process on final warpage reduction. The list
of related main factors that this research is interested to em-
ploy in experiment tests is: injection flow rate, injection pres-
sure, switching over, packing time, packing pressure, melting
temperature, mold temperature, and cooling time.

After there was a consideration of influent parameters that
impact the injection molding process, a fractional two-levels
factional was used for the initial stage of analysis. The vari-
ability parameter range was indicated based on two levels
being upper and lower limits as shown in Table 1.

Then fractional two-levels run and provide a good screening
performance through Moldex3D simulation software.

3.2 Screening experiment of process parameters

Factor sereening is used to evaluate main and interaction ef-
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Table 1. Process parameters and levels.
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Table 2. Screening experiment 2** fractional factorial experiment
through Moldex3D simulation software.

Screening experiment Level
([gjnjgm St Low High Run Factors Warpage
1. Injection flow rate (%) A 20 2 oder [ 4 [ glc] p [e]F|e|nu| mm
2, Injection pressure (%) B 60 80 ! 70 | 60 | 98 3 80 | 10 | 55| 60 | 056
3. Switching aver (%) C 90 98 2 20 | 60 | 98 3 80 | 210 | 70 | 20 0.84
4. Packing time (sec) D 3 15 & 20 | 60 | 98 15 60 [ 170 | 70 | 60 0.50
5. Packing pressure (%) £ ) 20 4 |20]s0|os| 15 [s0|170]55]20] o047
6. Melting temperature (°C) E 170 210 5 20 | 60 | 90 3 60 [ 170 | 55 | 20 0.70
7. Mold temperature (°C) & 55 70 6 70 | 60 | 98 15 60 [ 210 | 55 | 20 0.63
8. Cooling time (sec) H 20 60 7 |20)8 )98 3 [60]210]55 |60 | 069
Addition: Water coolant temperature is 55 °C. 8 70| 80 | %0 15 60 | 170 | 55 | 60 045
9 70 | 80 | 90 3 80 | 210 [ 55 | 20 0.86
10 20 | 80 | 90 3 80 [ 170 | 70 | 60 0.57
@) 11 _|70[60|o0| 3 |eo|210[70 [60] 070
= TR - 12 70 | 80 | 98 15 80 | 210 | 70 | 60 0.51
l Idantification of Procass Parameters - | 0 [:9 15 % |20 76 [ e
Scresning Expefiment o CAE 14 [70[e0f90| 15 |s0|10|[70|2]| o3
(2** Fractional Factorial Expariment) (3oldex3D) 15 | 70 [ 80 | 98 3 60 [ 170 | 70 | 20 | 0.67
* 16 [ 206090 | 15 |so]|20]55][60] 036
Orthogonal Array by CAE
(Moaldex3D)

Cantral Composite Dasien
*

Creating Warpags modsl by Raspond Surfaca Mathodology
to ba tha fitnass funotion

| FA implementation h‘ CAE (Mcldex3D) |
¥

| Empirical Tast Hl.njection molding machine

Compa.ré rds\:ltsFo
Exveriment vs

}Gemr.; Wazpage Mimization of Post-injecton manufactaring|

|r\n.nsa.ling treatment pmc&ss"—l Electronic labesatery oven |
¥
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warpage phenomenon via Photoslasticity
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Fig. 2. Flow chart of methodology.

fects without impacting the final second quadratic regression
model. For example, Tsai et al. [39], Mathivanan et al. [40],
Zhang and Jiang [41] applied fractional two-levels for ex-
perimental design to present the initial step of screening ex-

Table 3. Central composite design (CCD) as face centered composite
design type.

Level
Factors Symbol
- -1 0 1 o
Packing time (sec) D 3 3 9 15 15
Melt temp (°C) F 170 170 190 210 210
Cooling time (sec) H 20 20 40 60 60

perimental analysis.

The procedures of this step are an indication of the design
space, next the implementation of Moldex3D simulation ex-
periments and then the effected parameters are automatically
optioned. The fractional factorial design of screening 8 factors
with two-levels each is shown in Table 2, then all the design
experiments set for processing parameters in Moldex3D simu-
lation to investigate warpage phenomenon. The warpage re-
sults are screened for providing influent parameters through
analysis of variance (ANOVA).

T »
1P

3.3 R

surface i

Iz

After screening experiments, screened factors can be clari-
fied to use in response surface method as shown in Table 3.
Three main parameters as indicated in Table 3 are generated
from analysis of variance (ANOVA) that evaluates main and
interaction effects. Response surface methodology (RSM) is a
collection of statistical techniques that is employed to define
the warpage mathematical models. RSM used to evaluate the
relationship between machining process parameters that influ-
ence warpage phenomenon to be a two or three-dimensional
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Fig. 3. Flow chart of response surface methodology (RMS).

quadratic surface [42]. Fig. 3 shows the response surface pro-
cedure in this research.

3.3.1 Central composite design

Before becoming the forecasting model stage of warpage,
central composite design (CCD) is a necessary step to design
and run the experiments. CCD is a full factorial design with all
combinations of the important parameters and a suitable
method to build the quadratic model. In this research, one kind
of CCD being the central composite face-centered (CCF) is
used to design experiments. This design type for this research
consists of 8 cube points, 4 center points in the cube, 6 axial
points, 2 center points in axial, and a circle of radius (&) equal
to 1.0 according to Chaing et al. [16] as shown in the design
table in Table 4. The warpage results as illustrated in Table 4
are employed to evaluate the respective impact of three main
parameters and generated the second quadratic model.

3.3.2 Creating predicted maodel

After establishing CCF design experiments, the second
quadratic model has to be created based on warpage simula-
tion experimental results as shown in Eq. (1).

Y <e, 430X, + X6 XX, 45X m
=l i< =l

where X; denotes independent variables, } represents warpage

response, k is the number of design variables, ¢y is the coeffi-

cients of constant, ¢; is the coefficients of linear, ¢, is the coef-

ficients of quadratic, and ¢; is the coefficients of cross product

term.

3.3.3 Analysis of variance (ANOVA)
Filter step before Firefly algorithm methodology is the veri-
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Table 4. Design and results of central composite design (CCD) ex-
periments.

i Factors ‘Warpage
D F H (mm,)
1 3 190 40 0.66
2 9 190 40 0.43
3 9 210 40 0.52
4 2 190 40 043
5 9 170 40 0.36
6 9 190 20 0.48
7 9 190 60 042
8 15 190 40 0.42
9 3 210 20 0.86
10 9 190 40 0.43
11 9 190 40 043
12 15 170 60 0.33
13 15 210 60 0.51
14 18 210 20 0.56
15 15 170 20 0.37
16 3 170 20 0.65
17 9 190 40 043
18 3 210 60 0.69
10 3 170 60 0.56
20 9 190 40 043

fication by analysis of variance (ANOVA); to be specific,
either the warpage quadratic model was statistically reliable or
otherwise. All the most influent parameters are indicated in
terms of how they impact the warpage problem. The main and
interaction effects are provided in analysis of variance.

3.4 Firefly algorithm established for optimized process pa-
rameter

Warpage polynomial equation generated from Eq. (1) is
used as the fitness equation in optimization stage. Then Firefly
algorithm from Yang [23] created following idealized rules of
flashing patterns and behavior of fireflies algorithm is used for
optimized process parameters. This algorithm has to establish
the initial population of n fireflies as represented in a random
searched set of solutions, the same as warpage solution and
process parameters of the attractiveness, light absorption coef-
ficient, and randomization parameters. A firefly will move
forward to approve other fireflies by finding a firefly which
has a high proportion of brightness that can evaluate the dis-
tance of firefly / to another attractive firefly j in Eq. (2):

X=X+ A - X) +a*(rand — 0.5)) @

where f# and & are parameters of attractiveness and randomiza-
tion by which both parameters were affected from Cartesian
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Fig. 4. Flow chart of firefly algorithm.

distance (r;) (distance between two fireflies). The attractive-
ness factor can be generated from Eq. (3).

B=pe’". 3)

Given (3 is the attractiveness at distance (r;) = 0 and” isa
light absorption coefficient. The firefly algorithm can present
the step by step as shown in Fig. 4.

3.5 Optimal injection process model

After verifying fitness function via RSM methodology then
the objective model is employed to minimize warpage phe-
nomenon as indicated in Eqgs. (4) and (5), respectively.

Find X = [D, F, H]
Minimize Y(X)
Subjectto:3<D<15s
170=F<210°C
20€H<60s,

@)
(5)

All process parameters for an injection molding process fol-
lowing Toshiba IS80 Injection molding machine specification.

3.6 Annealing process for warpage reduction

After optimized process parameters, the annealing treatment
process has a role to improve product quality of plastic parts.
The annealing process is a secondary processing procedure
that is employed during post-manufacturing. The certain tem-

perature that should be below melting temperature points and
around the glass transition temperature is used to be the an-
nealing temperature. The purpose of annealing treatment de-
pends on the various properties that need to be improved. For
instance, improving dimensional stability and crack resistance
especially warpage, volume shrinkage and residual stress
problems. Plastic components can be classified to be crystal-
line and amorphous types, thus when amorphous areas be-
come more crystalline under melting temperature, the dimen-
sional accuracy can be shown as a better result. Also when
annealing process is applied, the molecular orientation of plas-
tic will adapt automatically and relieving residual stresses.
Another advantage of heat treatment is the improvement of
mechanical properties and heat resistance due to the annealing
stage; an increase of crystallization will occur then density,
tensile strength, flexural strength, glass transition temperature,
and heat resistance will also be better [35]. Therefore, this
research is concerned with using annealing treatment during
post-manufacturing of plastic injection parts. Annealing tem-
perature tests of 60 °C, 75 °C, 80 °C and 85 °C were used, and
annealing time at 60 mins and 120 mins and cooling down in
air over 12 hours, then the specimens are used to investigate
the relationship of residual stress and warpage behavior. Next,
use of photoelasticity to notice a behavior change of plastic
injection parts.

3.6.1 Inspection of residual stress that directly affected war-
page phenomenon on specimen via photoelasticity
methodology

Presently, several techniques are used to investigate the re-
sidual stress on a specimen including stain gage measurement
technique, X-ray technique, chemical probe testing technique,
and so on. The useful technique is photoelasticity and this
method can provide good practical results and it is not neces-
sary to destruct a specimen which can be used to determine
the stress distribution especially of a birefringent material. For
instance, Realpe et al. [43, 44] had confirmed that they used
the image processing techniques for photoelasticity methodol-
ogy for particles concentration and characterization of shape,
sizes of particles and shear stress. This testing methodology is
used based on electromagnetic waves that pass through trans-
parent materials. The dark-field polarization plan associated
light waves and shows the stress distribution on a specimen
[45] as shown in Fig. 5.

The stress appearance depends merely on the recognition of
color steamer and investigation of the order of stress values
via a color steamer [46]. The stress distribution can be deliv-
ered by using stress-optic law. Firstly, there must be a consid-
eration of a transparent model of polymer subjected to a plane
state of stress. The relationships between stress and indices of
refraction are as shown in Eq. (6) [47].

h, —n=c,0y=C,0;
1 1= 252
(6)

nz — :CID'I _Clo'l
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Fig. 5. The photoelasticity technique by the dark-field isochromatic of
a specimen.

where @, and o, are the principle stresses that oriented with
reference to a set of axes, n, and n, are the refractive indices
that vibrate from polarizing axes whereas n is the refractive
index in the unstressed condition. ¢, and ¢, are the direct
stress-optic and the transverse stress optic coefficients. When
this model is employed on a plane polarized light then the
relative retardation (J) can be provided as the refractive index
function as show in Eq. (7):

Yy
S=

f‘h (m,—n) 1)

where 4 is light wavelength, / is the thickness of a specimen.
Then combination of Eqs. (6) and (7) as shown in Eq. (8):

S 2rh

®)

(¢, —e, o, —a.) .

¢, and ¢, can combine to be C as referred to as the optical
activity coefficient or Brewster’s constant as shown in Eq. (9):

o= ZJL}'C(G, =0, )

)

‘When there are concerns to relate fringe order (), it can be
rewritten as Eq. (10):
N=

¢
“ (o). (10)

53
27

From Eq. (10) can be recast to be easier for defending re-
sidual stress as Eq. (11).

h O ALY
Y 2%hrC 2whxC’

a,

(11

The constant C for polystyrene has a value if 5000 Brewster
or equal to 5000 x 10" [48] and if there are uses of common
geometry such as a thin-wall part or a flat sheet, the stress
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should be determined as Eq. (12).

) N=2
o= = 3
h*=C h=*C

(12)

Before there is the determination of the residual stress on a
specimen that affects warpage problem, there must be identifi-
cation of fringe gradient direction via the relative retardation
(9) or defining fringe order (N) to implement into Eq. (12).
Common methods use it to investigate the relative retardation
(d) and defining fringe order (V) is three fringe photoelasticity
(TFP). The first step of this technique is creation of a color
code in terms of R, G, B by a procedure of calibration accord-
ing to ASTM-D4093-95. Then the total fringe order or the
relative retardation in terms of R, G and B at a point on a
specimen that is interested can be compared with the values of
R, G, B in the calibration table. The error verification of values
of R, G and B between the interested point and the calibration
table can provide an error at Eq. (13) [47].

Error=(R -R) +(G,-G.) +(B.-B,). (13)

Given, values of the experiment points are subscript “e” and
subscript “¢” denotes the values in the calibration table. When
a caleulation of “error” should seek till the minimum of Error
values, R, G, B outcome for Error equation is defined as the
total fringe order and the relative retardation for employed Eq.
(12). After it is able to seek residual stress on a specimen, this
research will compare the results of warpage and residual
stress of post-injection process parts and the parts that are
annealed.

4. Results and analysis

The following section illustrates the results of screening
process parameters, face centered composite design, opti-
mized process parameters via Firefly algorithm, and mini-
mized warpage through annealing treatment process.

4.1 Screening experiments step

After identifying machine factors based on an available ad-
justment of Toshiba IS80’s machine parameters, simulation of
warpage based on 2" fractional factorial experiment design
via Moldex3D was generated as shown in Table 2; next there
is analysis of variance (ANOVA) of eight parameters. The
significant terns of ANOVA that consider an effect are “df”,
“Adj 887, “Adj Ms”, “F-value” and “P-value”. “df” is a degree
of freedom. “4dj SS5™ is adjusted sum of squares that is used to
measure a variation of terms. “Adj Ms” is adjusted mean
squares that is used to measure a variation of terms. “F-value”
is a ratio of variation between sample means and variation
within the samples. “P-value” is a probability of finding the
observed results. Especially in this experiment, the factors that
“P-value™ is less than 0.05 are the most significant. Then the
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Table 5. ANOVA table for screening factors of warpage phenomenon.

Source df Adj §§ Adj MS F-value P-value
Main effects 8 0.240302 0.030038 7.80 0.007
A 1 0.001949 0.001949 0.51 0.500
B 1 0.000022 0.000022 0.10 0.942
€ 1 0.000074 0.000074 0.02 0.894
D 1 0.134176 0.134176 34.86 0.001
E 1 0.002357 0.002357 0.61 0.460
F 1 0.075598 0.075598 19.64 0.003
G 1 0.001163 0.001163 0.30 0.600
H 1 0.024964 0.024964 6.49 0.038
Error T 0.026943 0.003849 -
Addition: S = 0.0620408. R-Sq = 89.92 %, R-Sq (adjust) = 78.40 %, R-Sq (prediction) = 47.33 %.
Table 6. ANOVA table for warpage (after backward elimination).
Source df Adj 5§ Adj MS F-value P-value
Model 7 0.314192 0.044885 33247 <0.001
Linear 3 0.165577 0.055192 408.83 <0.001
D 1 0.069896 0.069896 517.74 <0.001
F 1 0.019151 0.019151 141.86 <0.001
H 1 0.000202 0.000202 1.50 0.246
Square 2 0.062784 0.031392 232.53 <0.001
D*D 1 0.037613 0.037613 278.61 <0.001
H*H 1 0.001202 0.001202 8.90 0.012
2-way interaction 2 0.004125 0.002063 1528 0.001
D*H 1 0.003374 0.003374 24.99 <0.001
P 1 0.000751 0.000751 5.56 0.038
Error 11 0.001485 0.000135 b -
Lack-of-fit 7 0.001485 0.000212 - -
Pure error 4 0 0 - -

Addition: $=0.011619, R-8q =99.55 %, R-Sq (adjust) = 99,23 %, R-Sq (prediction) = 97.02 %.

eight factors were presented in Table 5, it shows that the sig-
nificant factors that should be used in central composite de-
sign stage are packing time (D), melt temperature (F) and
cooling time (/) as noticed as the coefficient of determination
“R-8qg” at 89.92 %, “P-value” at less than 0.05 of three factors.

4.2 Creating modelling through face centered composite
design step

Gaining packing time (D), melt temperature (F) and cooling
time (//) being the main effects from initial screening step,
meant that the face centered composite design (FCC) was
simulated to provide warpage results as shown in Table 4.
Analysis of variance (ANOVA) is used to validate and ex-
pertly seck the predicted warpage models through a backward
elimination stage as shown in Table 6. In Table 6, the coeffi-
cient of predicted determination (R-Sq (prediction)) was more

than 99 %, which means high reliability of the warpage model.

Therefore, this table indicates a backward elimination situa-

tion that packing time (D), melt temperature (F) and cooling
time (/) mainly affected warpage phenomenon. There were
also square actions and interaction impacts of both D and H
factors that affected the warpage problem. Following response
surface methodology can produce a polynomial warpage
equation of the main three factors as established as in Eq. (14).

Warpage (/7) =0.072196 - 0.083144D + 0.00536F

- 0.002926H + 0.003090D*D

+ 0.00005H*H +0.00017 1 D*H

-0.000024F*H. (14)

Then the confirmable model was validated by using random
tests of 8 test simulations compared between warpage results
of Moldex3D results and calculated model as illustrated in
Table 7. The deviated percentage of warpage results between
model calculation and Moldex3D simulation were a range of
1.08 and -2.28 that means that the warpage polynomial equa-
tion is reliable to be employed in the firefly algorithm step for
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Table 7. Comparison of predicted vs. actual run based on Moldex3D software and empirical test.
- 5 = Moldex3D simulation Predicted models ;:‘; e";o::ll\::ﬂ?g;)
No. ©
(sec) o (sec) w W
(mm) (mm) (%)
1 4 175 38 0.5513 0.5545 0.58
2 5 185 40 0.5528 0.5449 -1.45
3 7 188 60 0.4499 0.4548 1.08
4 9 180 55 0.3850 03764 -2.28
5 10 195 44 04314 0.4323 0.21
6 14 200 48 04446 0.4451 0.11
7 8 205 52 05114 0.5019 -1.89
8 15 179 39 0.3792 0.3742 -1.34
% deviation based on Moldex3D was calculated using the equation: [(predicted value — simulated value)predicted value] * 100
Table 8. Warpage values before and after optimization methods.
Recommended condition method FA method
Objectives ':'ﬁﬁz:iﬁ Experiments ':f;id;:i? Experiments
Maximum warpage (mm) 0.43 049 0.33 038
seeking suitable process parameters. N
EL' LR A & &
4.3 Optimal step N
. o 5 —B= Mok ex 20 timulalion (Recommended condicn method) P5
Substituting Eq. (14) added into Eq. (5) to be a fitness equa- S Ty 8 CpuEmUR vl o »
tion, packing time, melt temperature, and cooling time were L 045 P gl (FAmatod) B =
optimized suitable values as shown in Fig, 4. Firefly parame- | G - 2
ters are set-up as the number of iterations equal to 200, the PN -\_\\ g »
size of population equal to 50, the absorption coefficient equal % Yol | —— A
to 0.5, the maximum attractiveness equal to 0.5, and the ran- -] L 4
dom perturbation rate equal to 0.2 according to researches of g 5
Sudsawat et al. [27] and Lobato et al. [49]. Then the optimal g 0201
results suggest as shown in Fig. 6 and Table 8, the measure- % 0.15 4
ment of a deflection used 5 positions, a long dog bone length = o104
compared to warpage results between Moldex3D simulation .05
and empirical experiment via Toshiba IS80 injection molding. ol i

The highest maximum of warpage was at P5 position as
shown in Fig. 6, and Table 8 presents the maximum warpage
equal to 0.43 and 0.49 mm that was simulated via Moldex3D
software and actual experiments respectively for recom-
mended condition (9 s packing time, 190 °C melt temperature,
and 40 s cooling time). Meanwhile the maximum warpage
that was generated from Firefly algorithm provides 0.33 and
0.38 mm that were simulated through Moldex3D software and
actual experiments respectively at 12 s packing time, 170 °C
melt temperature, and 50 s cooling time.

All the results were based on Moldex3D and actual expen-
ments provide the percentage of averaged error deviation at
13.95 % and 15.15 % of warpage measurement from a ratio of
recommended condition and Firefly algorithm method.

The Firefly algorithm performance can provide the better
warpage reduction than recommended condition results as

o
)
&
@
e
~
I
=
k-3
"
it}
&
e

Measured position (mm)

Fig. 6. Measurement of warpage on specimens at cach point compared
between experiments and Moldex3D simulations.

23.26 % and 22.45 % by Moldex3D simulation tests and em-
pirical tests respectively.

4.4 Annealing treatment step

In this step, heat treatment process is used to reduce war-
page phenomenon by using an electronic laboratory oven.
Heat provided the ecffective result of rearranging the amor-
phous structure to become the crystalline structure [35] that
directly affected the mitigation of residual stress on a speci-
men. After annealing treatment process, there is use of pho-
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Fig. 7. Photoelasticity measurement of specimens before and afier annealing treatment process.

toelasticity technique along with warpage measurements to
investigate whether residual stress affected warpage phe-
nomenon. Fig. 7 presents a set of 10 variable photoelasticity
tests at each annealing temperature and time. Residual stress
reflection via the pattern of the fringes show that no. 1 pro-
vides various colors more than others especially if there are
comparisons of no. 1, no. 8 and 9, it was the most difference
of colors. The colors that show on a specimen used to verify a
retardation of light wave and fringe erder according to three
fringe photoelasticity (TFP) methodology [47] by specifying
33 measured positions (E1 to E33 points) are as shown in Fig.
7. The residual stress results that generated a retardation and
fringe order by TFP methodology and added into Eq. (12) are
illustrated in Fig. 8. When looking at no. 1, maximum and
minimum residual stress outcomes that were calculated from
TFP methodology are 0.101 and 0.017 MPa while the speci-
mens which passed annealing process of no. 8 and 9 provided
0.064, 0.017, 0.058 and 0.017 respectively. These results pre-
sent that annealing process at a suitable temperature can be a
good choice to reduce the residual stress of plastic parts.

4.5 Comparisons of warpage reduction and residual stress
on specimens

Warpage measurement at 5 positions (P1 to P5) as shown in
Fig. 9 can provide good performance. This measurement sug-

0124
@
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:
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ﬁ ° 9 a e @ ] °
o
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Bl i bl wf 1] )
] °
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0 ynlbeaws 4 5,6 @ s 5
No. of empiricle tests
Fig. 8. Mi of residual stress on sp before and after

annealing treatment process.

gests that the maximum warpage reflection occurs at the end
of a specimen (P5). If there is a comparison of warpage occur-
rence between a specimen without annealing treatment and a
specimen through annealing process, it can be summarized
that more annealing temperature and time can provide a good
solution for warpage reduction. The specimens that through
annealing process at 85 °C and 120 mins can reduce warpage
at 76.32 % compared with an optimized specimen before an-
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Table 9. Warpage and residual stress values before and after annealing treatment process.
Maximum warpage (mm) Maximum residual stress (MPa)
Methods Before annealing | Annealing process | Annealing process | Before i 4 ing process | A ling process
rocess (60 mins) (120 mins) rocess (60 mins) (120 mins)
p p
Post-injection process 0.38 - - 0.101 - -
Annealing at 60 °C - 0.38 0.37 - 0.109 0.092
Annealing at 75 °C = 0.30 029 - 0.087 0.082
Annealing at 80 °C - 028 025 - 0.072 0.071
Annealing at 85 °C - 0.16 0.09 - 0.064 0.058
ot ing firefly algorithm (FA) and response surface methodolo
g y algs POl gy
EI s B P T o (RSM) and heat treatment are employed to minimize warpage
N of thin PIM parts according to ASTM-D638 Typel. The re-
sults of this study are illustrated as follows:
045 o i ot 80 oot (120 4D (1) According empirical experiment, packing time, cooling
0.40 4 v Anneaing at 80 cesus (120 ) time, and melt temperature are the most significant factors
= Anneaing at 80 o' (60 mins) P5 pe an
E i i - ﬁ::;‘::;::;;::: R » d influencing warpage reduction. .
T ] B A ol sosek (8 i) (2) According to response surface methodology and Firefly
g N S . algorithm optimization, it can seek suitable packing time,
S 0254 ™ . s 5
& 0287 iw P2 ke - cooling time, and melt temperature that provide a warpage
E ' r g pe; P arpag
£ 020 S % mitigation less than recommended factor setting at 23.26 %
[ - . - P
D 164 A v L - and 22.45 % by Moldex3D simulation tests and empirical tests
g ’
£ o NN ‘_“ - respectively.
A \ P::/ e (3) In annealing treatment process, warpage phenomenon
005 » - - ;
. H \i . reduced more from optimization stage at 76.32 % by using
0.00 — T T r—— T T 1 H o W
e . AT BT A | Ba annealing process at 85 °C and 120 mins.

Fig. 9. Measurement of warpage on specimens at each point compared
between experiments before and after annealing treatment.

nealing process. Therefore, it can be clarified as shown in Fig.
9 that if there is use of annealing treatment that sets the con-
sumption of more temperature and time for solving warpage
phenomenon, the warpage will reduce dramatically. Also,
Table 9 can indicate when enhanced annealing temperature
and time are from 60 °C to 85 °C and 60 mins to 120 mins
respectively, warpage phenomenon will successively decline.
Likewise, for residual stress, when it is given more annealing
temperature and time, the residual stress can be relieved con-
tinually at 42.57 % compared between a specimen without
annealing treatment and using annealing process at 85 °C and
120 mins. Therefore, the warpage can be mitigated dramati-
cally by using Firefly algorithm to optimize process parameter
during PIM process and also if relieving of more warpage
phenomenon is required, annealing treatment is the best
choice to reduce obvious warpage phenomenon from 0.38 mm
to 0.09 mm. Also annealing treatment can relieve the residual
stress from 0.101 MPa to 0.058 MPa which affected the re-
duction of the warpage problem and crack resistance problems
[35].

5. Conclusions

In this research, an efficient optimization methodology us-

(4) In photoclasticity technique, which is a practical, low
cost technique, it can notice residual stresses for injection
molding polystyrene parts. The residual stresses decreased
considerably with high temperature annealing at 42.57 %
compared with a specimen without annealing process and
contrasted with warpage occurrence.
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