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MISS JANJIRA SEESORN : STUDY AND COMPARISON MECHANICAL PROPERTIES
OF DIFFERENT POLY(LACTIC ACID) GRADES WITH FILLER AND PLASTICIZERS THESIS
ADVISOR : ASSISTANT PROFESSOR SUPAKIJ SUTRIRUENGWONG, Ph.D.

The aim of this research was to study and compare the effect of
plasticizer type and content including the addition of talcum on mechanical and
dynamic mechanical properties of poly(lactic acid). Two types of plasticizer were
Polysorb®IDa6 (PID) or Bis(2-Ethylhexyl) adipate (DOA). In the first part, the plasticizer
(0 - 14 wt% ) was added to PLA with different grade (PLA4043D, PLA2003D and
PLA3052D) and then was melt-mixed using twin-screw extruder. The influence of
plasticizer types and contents of plasticized PLA were then investigated. It was found
that the glass transition temperature (T,), cold crystallization temperature (T.) and
Young’s modulus of plasticized PLA with PID was reduced more than the addition of
DOA. This indicated that PID was more efficiently plasticized PLA than DOA.
Considering the .increase of both plasticizer contents when increasing, Young’ s
modulus and tensile strensth of both plasticized PLA were decreased while the
elongation at break was increased compared to that of neat PLA. In case of the
different grades of PLA, the addition of plasticizer into PLA4043D was most effective.
It might be because PLA4043D had the highest molecular weight. In the second part,
5 - 15 phr of talcum was incorporated with 12 and 14 wt% of plasticizer and then
was melt-mixed with PLA using twin-screw extruder. The influence of talcum on the
mechanical and rheological properties of plasticized PLA was then investigated. It
was found that the addition of talcum did not affect T, values of plasticized PLA. On
the other hand, Young’s modulus of plasticized PLA incorporated with talcum was
significantly increased. Furthermore, T, of plasticized PLA incorporated with talcum
was shifted toward the lower temperature indicating talcum could act as nucleating

agent for PLA.
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HARNARANY W liNALUNAFANTIgouaa BN endiag1utY nadwaslungunadioda

aa

W93 lAkn nadkaminwkadin (PLA) wodllhau

1Y

AgUALUA (PBS) NadUr7auarfUmnoLsn

nan (PBAT) wazwaamslusianlnu (PCL) Wudy

woduanfnuwadadunanafinfanuisadosaanglaniadiinin lneaiunsogesaasiad
Wovrlulanaulufu wdnainaszurunisusinfiediwnuts wundstnlng wosudrUsnds
d" I~ [ qd' a :g v v Ly a
Fadunsnenssssuyianauisanadulnyle (Renewable Resources) [1] Jaqiuned
wanfnuadamailgsuanuienduediwnn iewinsiangnnimaiafniiaunsagesaae

lonsginmelingu 9 dauantatievfaniula AuwIgs daudfdenais (venaa

'
[

LarAULTILTIRTAIEY) wifiaauausalunsamuRBNsNIZINN (impact strength) #in

o w =

wazdaddadndnlunislfiduussydadisg o dawnlianusizigumngives iwsied T,

= v = =

g9 56-65 °C Fepaiin1sUSudanaviaunielineduaninuedainiuavgu

©

gaumaiivios lnsmsihweduanfnuedauaudfunedwesuiadu Wy nednslusuanlay,
wodlnaudatiug, waz wedadafiduozAunlamalsnnian vislRunaialywes wu poly
(ethylene glycol), poly (propylene glycol), citrate esters, polyglycerol esters i @ ¥
oligomeric lactic acid Hudu Fslflunsiaanuauisalunsdavguuazauiuniu
A1SNTTUNNTBEALARRNLDTA uWinsFNEsla o warmshwedwefiuausiuduumidy
msuineldanglitunediwesdmnnsdududdiinisdneiedadovesn sinasiinuss

wazwanadnlyeindnanoaudfng o



£%
[

Fefuideiljatiudnuiisudieunanadluagesidnelunain enfidu Polysorb
ID46™ 91AUFEN Roquette UseinarSuaa (afuayulny Roquette Uszimadsdlusuaz
Uszmelng) wazwanadnloiwesiu o wu layofiata@assiing (di-2-ethylhexyl adipate,
DOALAZHATDINSIANANSIANUAS (filler) Tunaduanfinuedainiasie 9 wWu Insaendnge
s uazinsndn lngaulafiez@nuaut@idena wu anmudussonisiadn (Tensile
strength) we9da (Modulus) N158A a4 30Y1A (Elongation at break) AIUNUNIUABLTI
nszunn (Impact strength) wag@nwiautinisauiou Mulvdsdnuianudiiulauaznis

LNTDONTDINANAR L BIYOTUATNIALAARNFDNDALAARNLITALNTARIY

1.2 ngUssasAvuaIn1sITY

1. WadnwviawarUsuiuvamalanlawesnilnadeauTatnausinaduanfnwadn

2. eANYINATINISRNA AN oViaAadoaNUALTaNaTe plasticized PLA

1.3 YaULIAVDINISIVY

1.3.1 Januazansiadinly

ANS19N 1.1 WARSANSLANTILY

a19u Foasiad Wi Usuas (Yoweight)
1 | PLAn3A 2003D W MARN -
2 | PLA n%m 3052D ) NIANAN -
3 | PLA nSA 4043D nnavian -
4 | Polysorb® ID46 : PID wananliwos laiAiu 14
5 | Bis(2-Ethylhexyl) adipate :DOA WanaR llwes oAy 14
6 | Talcum ANILANLAY TaiAu 30

%

1.4 uAUluNITAIUIIUIY
1.4.1 AnwLenaswaLIIUIeNNYIVD4
1.4.2 90NLUUITNITNAADILAZINLHUNITNAADS

1.4.3 @ WuaulY



d49U¥ 1 ANYINAVDINISHANTENININDALAARNLTANUNANER lsas
- NRAkAARNWETAT LTI UNTANWIT LA 3 ¥l Usenaunile PLA 4043D, PLA
2003D way PLA 3052D @99sNaUnUNaI@Rboasiuensndiy 0, 2, 4, 8, 10, 12 wag 14

Wesiudlneunin lnewanadluwasnld@nwid 2 ¥8ia A Polysorb® ID46 38 PID uay

a

Bis(2-Ethylhexyl) adipate %39 DOA nouUNSHaLFOIDUNDALAARNLTATNOUNAN 60 D3P

9 Y

= I3 1Y) v
wadea Wuna 6 Tiluslugauayyinie

- drunaunmunvzgnuanlunIasdasawuuanse (Twin screw extruder) lagyas

gaumgilunisnauyszann 110 §1 190 esrneadea uarduguiluiuauneaaeulagldinio

9 Y
14
=

Juzluuudn

- ANwENURLTING USENaUmIg IAEUNISANER NAZBUNISNUNIUABDLSINTZLNN

aniin1enalialauniing Lagnisunseanvaanalan kuwesuas Plasticized PLA

dauil 2 AnwNareInIstiuaNsAuLasadly Plasticized PLA 9%

- nasuLsasaviasa luie 30 wWasiudlasyiminly Plasticized PLA

- AnwantAlgIna UsEnaunay NAgoun1san NAgeuNITNUNIUABLIINTEULNA

anUAnImenalalauing wazdagiuine,

1.5 Uselgainlasu
1. el urdawasdSun i dusenINanaIaf e wasnuneakanfinwnadn

Winlvilawednarfnkedaniauumidinassnalusyansninlunistirlulvau

2. WeanUSuiunisianadtanfntadaiazwalanlowas wWalin1siRuansiAuwLee 7

danalynanafndapstiuszansanlunisirlulganu

3. ansnmewanNInlaannnisIdeluansisagsy iWeliiauuiniduniside

L a [ o w !
meLLazmsmaﬂumﬂqmammsmLUuamumaiﬂ



uni 2
PNAITHAZIUIYNNYIVD

6" a a = wa al' o 66 ¥ ¥
woslunatafinnedwesiantd vareusensimanzauiunisuszandld lusu

| | H ) P Ao A ~ ) v ° v '
19 9 W dntniud wdssulen eamgiiandiewisudulansuazuii way i lvdsusig
patnualels wananddainuaiuisalunistesiunisduaiuvasii waza1nie (Barrier

properties) a1150fNNAIAAIA o) VuNURYTaR L waslaudRlunisUaninmeninusou

a a

198ndae Tullagtunaradndrulngndnuainingiuiilunds sugainiduiviazineg

q

o a 1

5550978 FAlnaRuwmaItas1mannudulndleaenn N1ESINARNUNLARYULDIAIUSTTUYR

q

!
a ll

foe odesrasay SynluunasingAuiiliaunsaasimaunuladld (Non-renewable
resources) wanaAnusUsELANasatndun v (Reuse) wiar1unIUUsTULBL
nduanldlva (Recycle) uidanlnggnirlumdnlnenisilenau (Landfill) iilonanidssnsd
ansundeutundnfuriandetulvl lutmmsruiiinanyyitefionsfauededsduld

[ [y [ a

Tianudraiunsiaiuwediuesaalafalanisdanin (Compostable polymer) ndnau

o

-

a o v v v 1 oA = = A
NnunasingAunasamaunulugdle (Renewable resources) a8199aLloTRTUN1NL

anunsatienitdyniveziazannisianmingnsUlnsidunas [2]

2.1 WOALAARNLIYR

woduanfnueda (Polyllactic acid), PLA) [21 ¥ unedimesdrnmudanisdnoglu
ﬂﬁjmwaﬁwama%ﬁﬁma‘[ﬁmq (Aliphatic polyester) duaszsilaainnsauanin (Lactic acid)
Fansanandnarunsandalininnisvinutviedmadeiufividudmiodinadu
asruszneunaniudlnadudilzndstnandansedesdsaunsadunliduingiulunis

nanlagansnensialtaiunsaasrsunannulilaegasaiiis

waduanfnwedadmdumesilunaiadin (Thermoplastic) @ausadugulane
nszuIun1IHannlYAuNIluidun1s2adugy (Injection molding) N13¥usUalgamTau
(Thermoforming) N138a%uU (Compression molding) N158A3A (Extrusion) kagn15iU1Uu

35U (Blow molding) tJusiu nenasnisldnundndueianneduanfinuedaaiunsagesaaiy

a

Tanstinmilsthludanavluduleelgszasnarduduilsguiunanafnnanaininanu

q

31NgAa N TsULesIAL T INTVINOTLARRNKETALARIAINING 2.1



Photosynthesis y Hydrolysis
wat“ ... b A A

" Starch Enzymes
Carbonic p;
acidges ) ™ " Glucose ) .
/ ;em\entatlon
Metabolisrf— Lactobacillus @
T e Q/hctobes
. Lactic acid
Lactic acid Cyclization
+ . reaction
Y 'Microbes Polycondensationf
Hydiehss Natural g hcude)
‘ environment Ring scission
| Ollga%'l:’cﬂc, ; Molding polymerization

O
Hydrolysis

< 4 4 Chemical reaction
@ @ @ Biological reaction
(0 process of biodegradation reaction in compost

d’ o o a a a
DN 2.1 1) INTYDINDALAAANLDYA [2]

lugfinnisldanuresneduaninuedndinegluranisunmdiugunsalnisugneny

[%
(Y] o

9782% (Implant devices) JanAqud1uiun1singlagsilaldeo (Tissue scaffolds) wagluny

9 9

agane (Sutures) psIndsununiskangemldonuagnedwe s minTuanasiiilid
gudfmenanidlolduundladmsimnmedaldgiitaeliaunsorndnneduaniinuedni
fuwinlnanagdluifsndstuldnsldnuremedmeiviniiaTumeseenluiiosnin
woduanfnuedadunadueinameilfuarnanldaningiuiiasrmawmilnléfenadiu
nslitanviadastasaniymasrasiduarautinnulsiduivias duiinstud wndon
vilvmeduaninuedaiuiaslugauaidmiusnuiuussydiusiuasndndnsiienisgulna

ALY 9 WazaNsalMAUNUNAIERNTINERIINKNARANUTATLAL

2.1.1 1A59a51999AUS £ NDULALNTAILATIET
CH3 CH3

C"l t'C
~~ \"OH HOWY ~ ™\
H \002H HOZC/ &

Ddacticacid LAactic acid

AT 2.2 1AS98519089N5ARaNAN [2]



weduanRnuadadaaswRtuannsasarilensend (a -Hydroxy acids) nuiageag
viioneusesveimeduaninuedafensauaninudelifemuaiiie 2-lensendlnsiledaue
@ (2-Hydroxy propionic acid) nsauandnileleiuaiasiguiuuAsiuuftazwea (1wl
2.2) aduduuudlowss (Enantiomer) Aifinnudadlasiauas (Optical active) shafunaife
fansiadmeuiuwadnesinluauiidlimiiouduuarinssuuiadnanlsdluiianiewiaiu
Tusssupddnlngnuluguuuuiealelgueivionulusuremauseninueatasilelowes
156N11909NENTIBAN (Racemic mixture, 8031d1U = 1:1 LWYULNUAIE DL)WIoa15UT2noY

wa a

filw (meso-compound) #slifiautAdnseurunaslnanlsd (Optically inactive) Jagiunis

nannsauaninordenisndnidundndeaiunsalindndueininnnuuiavsideuas (Optical

purity) 71

N1INaANDALAARNLETABIINITLYIRFUATIEINIRUFAT8 1N IAIVLULKUUETLE
InsUa (Azeotropicdehydrative condensation) UfiAzean1sAiuskuulaenss (Direct
condensation polymerization) Wag/n3an15&aAs1zie1unIsiinLanlng (Lactide for-
mation) (AW 2.3) Waéu,aﬂaﬂLLa%mﬂfWﬁfﬂImaqagﬂ (11nN37 100,000 Aasiu) Tulda

a do ! a . . ! " s
MardduaTEilalasnnunsilaag (Ring-opening polymerization) vasuanlneg

Low MW prepolymer
no/\(OP‘\WOWY (1000-5000 Dattons)
CH,

4 Chain Coupli
MOl Agents e
Y Direct condensation g
3 polymerization
L-Lactic acid
Azeotropic dahydranon condensation - W ),Yo\)L
CH.
Ho 2 °
o™
"o High I
}) Polymerization through igh MW polymer
D-Lactic acid lactide formation Ring Opening (>100,000 Daltons)
Polymerization
CH,
X \C
’YM WM s c' !
b X
ne' o Yo
Low MW prepolymer Lactide

(1000-5000 Daltons)

ANA 2.3 NMTFWATILANDARAARNLOTAINNNTALANANTDALDALALA [2]

Wesannsananfndaasleluwesarslgndnveswedmeinduasziladiulugens
UsnNauUIUINNUBULLBSYRALDA e UL UaSINDUNINLA (WoAkoakaNANLETA (PLLA)) %30

Usznauduainueusiwesiiiuveamausdin (wednuea-uaniinuada (PDLLA)) Tutlagiu



a

nsudnilelewesvaansnuaniniiuiguituinldenmanaanediuesiiaelandnuseneuly
meusuaiaivilafviienednuaninueda (PDLA) ludanndivdiadalilineduaninuetndl
Tssadundnanusuuuulfunuean (@) wan (8) uazunuan (1) Tuegifuasdusznaumas
Suuudleweiuoavion uealassaauuusariulasiasiiafiosiianvasmaifigamad

185 samwalgualurazilasiasisuimasuvat gl 175 semigalded

2.1.2 auURveInodlaninadn

ﬂ'g’mu‘%qw‘ét,%um (Optical purity) U9INDALAARNLOTAAINADE1NUINADANUANI
AUSouANURAITINaLazaNTRAIUNIIBUNILTDIA 1T ILaEURUNAT (Barrier properties)wad
Lanfnuednfiidnduresmenlelrwaigeninfosay 90 fuudldiudunedimesiawndn
(Semicrystalline polymer) lurazfineawosfililelswoslusidussnauiiniuinaig
U3qnSidauasiauasinualdundunediuesedngu (Amorphous) uenainigamgiins
waouaIguuinatansudtusasssiuauundnduuiliianawudndiuvouieale
Twesiianasineg dadruvetlelamasiunniuluaslonediwesvilinoduanfnuedni

FuasrznvutulauddlerainuateFeaiunsausulisessuanudeanisnisidaule nd197u

a o

44' ™ a ) a sa a o a a a aa
L@JEJLTJiEJUW]EJCUﬂUWE]aLN@iWNa@@Wﬂ@Wq@UW@JWQ'}ﬂ@qfﬂﬁ’]'ﬁﬂiifﬂiﬂ@]ﬁlﬂmLGUTJWEJaLEJVlaULV]LTV\l

Nan (PET) wazwadalniu (PS) wadwaninuadaianulatasiaudinianieninauds

WJanawazauUAMIUNITTNEUYRINlNALARaN W

2.1.2.1 duufnisazany

[
= [

N3ayagvednafLaninuednTue iy adruvemhefiduesduseneuly
aeldnedwoiuazsziuaiulunin weduaninwedaliazatsiiueansgeduay
asUsznoulelnsmfueudilifingunudiguieniau (Hexane) wazisunu (Heptane) favi
azanofindmiuneauaninuedaiiianuuiansidanasgs (Poly(L-lactic acid), PLLA) léud
Aanagatedunidnguaassiuavuazgaasiuey (Chlorinatedor fluorinated organic
solvents) laganiwu (Dioxane) laganlaiau (Dioxolane) waryisu (Furane) s13dAnaALA
ARNWETA (Poly(rac-lactic acid) wendanazasldlufvinasarsdmuneduanfinuedniidl
ANuUIgnsIdanasgeiildnanudiiredusazareldluesdlau (Acetone) IndAu(Pyridine)
lwfianantay (Ethyl lactate) Lofiaoe@iny (Ethyl acetate) tnnszlalasy sy

(Tetrahydrofuran) ldu (Xylene) waglawiiadanenlan (Dimethylsul-foxide)



2.1.2.2 @uUANIeNIEAINLAZNNNG

a a

woduaninLedainugas Iz UsELa 1.25 wodwesiiliiiunishaie
(Unoriented PLA) fianuilsnzannuaiininunsgy (Stiffness) uazaauudauss (Strength) a4
dlotluriunsiedin (Oriented) vxfiautAlndidssiunediofidumsnivniisg (Polyethylene
terepthalate, PET) wnnImeaalasuiitun1sAsdn (Oriented PS) UondaLIIRILAZLIINA

Y
(Tensile and flexural moduli) GuaqwaﬁLLaﬂﬁﬂLLa%mﬁmqqmwwaﬁLamﬁuﬂ’g’lwu%muqa

(HDPE) wodlnsiau (PP) wazwedalniu (PS) LAAIUNUADLIINTEUNA (Izod impact

'
| o

strength) wagn158ANgALANYIN (Elongation at break) fiA1dndnnedimesytingy q aulds
P19NIYAINVDINDALAAANWOTANHIUNIIAIE AL LUNIUNTAIE ALARIA 1915199 1 Tpedl

Y a A a A ¢ v
WNAALAZTDLNTALTINUYE [3] lown

1. U3t FKUR Toinsn Bio-flex®s953

2. U3¥W BIOTECH Fa1nsa Bioplast®105 uae Bioplast®2149

3. UTEm NatureWorks %'amﬁm Ingeo2003D, Ingeo3001D, Ingeo3051D, Ingeo3251D,
Ingeo3801x, Ingeod032D, Ingeod042D, Ingeod060, Ingeo5051x%, Ingeo6060D,
INge06201D, INnge06202D, Inge06204D, Ingeo6251D, Ingeo6302D, Ingeo6350D,
Ingeo6400D, Ingeo6751D, Ingeo7000D, Ingeo7032D

4. U3EW Natureplast %avmmiﬁmazmimNPClOZ, NPC201, NPC202

5. U Futerro Tainsm PLA extrusion grade, PLA fiber melt spinning grade, PLA
injection grade

6. UV Minima dawnsn FT1, GP1003, GP1025, GP3002

7. Total Corbion PLA Co. Lts. #alnga L130'L175 LX175 uag L105



P59 2.1 auURTnaveInedlanAnuadalnInaig ¢ [3]

Biaxially
- - . Extrusion | Extrusion oriented
SUUAUDINDALUDT dINIZU
film
2003D 3052D 4043D
D882", MD : 110°
Tensile yield strength (MPa) 60" 627
D638° TD : 144!
D882’,
Tensile strength at break (MPa) 531 57? -
D638°
D882", MD : 3.3!
Tensile modulus (GPa) 3.6' 3.7
D638° TD: 3.9
D882, 160"
Elongation (%) 6' 3.5
D638° 100"
Notched izod impact (J/m) D256 16 16 2.5
Heat distortion temperature(°C) E2092 55 55 -

2.2 wandnluwas (Plasticizer)

< A a v a d' o b4 a a < a A ' LY a
L‘Uua’ﬁ‘wLfﬂllaﬂl‘ﬂNﬁﬁJﬂULi“UULWEJVHIWWEﬂﬁGIﬂUJJL‘Uuﬂ’]’iLWQJﬁQJ‘UWIUWNQQUW’J NABY
ANULUATIEY LLAMUNUIURBAINNSDULANANUAUNUNTANTTE Lagyinlianusaiuila

w@astanduusunaundunuady o Useinm @9

Lywanaflewesugund (primary PlasticizershJunanadlaosniinuain g 1dla

TAYATI ALNIITIALNG

sala

2. nanaflewasnfond (secondary Plasticizers) Wunataflugasnilinunin

AaudaInIUssLanusn lvldlaense Wildagdesddavadunaradlowesugunll ud

a

waralueivisiasiiunnauiaianzagslannii [15)

9 9
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2.2.1 nalnaey plasticization [4]
wanainusznaumegluananediues (polymer molecules) usiagluianalausiaiu

AU vanderwaal Tnginatad biweslilainujiserdunefwesuiazunsndiiesag

sgrinsluananediuesingluviliuss vanderwaal anas

Plasticizer
Polymer Chain

Key .

e

AN 2.4 waraRlugesunsnimetnigluangleluana [4]

2.2.2 ¥ina9 plasticizer
waanbueas [4] anursanaduy

1) lluesananafluiges(monomeric plasticizers) fagvianengu laun

a

ngunnnanednes [Wunguildiuwanailowosuiniga (Ju
asUseneveglsmaniidvgaiiventian 2 vy Sanwaduveamar deaiiengauazain
dulos iuansiiadesuarazansluluiuldd winamedmeinaslugnaivinssuanainns
iufAsenseninmmanieulales (phthalic anhydride) fiukeanaged lnuiidaisefizen
(catalyst) 19U nsndasi3a viensamsilngdudalndanmtanioane sildidunanailowes
LU

- lawiannian (dimethyl phthalate, DMP)

- latefiannian (diethyl phthalate, DEP)

« laussindiiannian (di-n bytyl phthalate, DBP)

« Uaraiuudannan (butylbenzyl phthalate, BBP)

- loyiefiaie@anvan (di-(2-ethylhexyl) phthalate, DOP,)

- lauasdaseniianviian (di-n-octylphtghalate, DOP,)

- lalolalullanwnan (diisononyl phthalate, DINP)



11

- NHUBALNY (adipates) kaza@ian (azelates) NaRIINNIABATA (adipic acid) 158
nsnediadaiuwaaneded 1Wu layiefiale@ashinm (di-2-ethylhexyl adipate, DOA), lnlely
WaaofLwy (disodecyladipate, DIDA), wazlanuesiavaniialn@aoniny (din-
octhldecyladipate, DNODA) #27id1&qy7ign Ao DOA §909AN1501M15LALE1VD
avsgeusmeynelldlundndsiiussge s

ﬁ’;uﬂfjua%mwﬁ?u i layeiiae@asdian (di-2-ethylhexyl azelate, DOZ),
Inlelweaniiandian (disooctylazelate, DIOZ) waglagn@aedian (dihexylazelate, DHZ)
Fudusiesdnsemuazenvesaniseinmounnlililundnsusinussgesiudiu

(octyldiphenyl phosphate)
- nguvleaws Joeniialailaneainn (octyldiphenyl phosphate) Fievindud

BIANITOMTHALEIVRIEANITOTNY DU IR lUNGN S NUTT9e1MT

2) wedmesanaiaflaiwes(polymeric plasticizers) lnannuisenszuinensale
waa(dibasic acid) U nsAeAfia ©se nspedasanulnmoalslycol) 1wy Insndulnaea
(propylene glycol) azlé’wawaﬁl%wna%ﬁﬁﬁmﬁaiuLaqaqaﬁﬂ 20 wirvesiialuluiessa
wazarilomangaainnanadnldiosninfigamgiige 4 wezdmudonisazarsveninduuay
vinazane

2.2.3 pnuduiy

wananluiwe s donldunian Ae ngunnmianieawes. FaannnsgAnuniinsei
Iouazindngruniznsanuaduiviudunadeuniniign famaradluweslungy
Aand1tenueglusienisatsuaiiy (priority pollutants) 10903ANTAVNYAUInE 0N

= A

ansgeLdsni (US Environmental Protection Agency, USEPA) %QMEJ&‘J:%EJ U 6 67 Ao DMP,

A A

DEP, DBP, BBP, DOP; way DOP, lagianiy DOP, ﬁaﬂ%ﬁumﬂﬁqmmamiﬁﬂﬁuiu%a Loy
iawndannuandadunuazsaiulauesiaseniiannian (DOP,) ansuafiwmanilides
wanspudufivedraudoundy ursuandudnvasiividesudunaliiinonisanidenly
Uon (lung hemorrhage), $iuln (hepatomegaly) [uiiwmsiwalusnsnie (cytotoxicity) vl
\Anugi5e (carcinogenicity) LAnn1snenaleiiug (mutagenicity) wagnisnluassadgusng
AnUNR (teratogenicity) wanad luiwos7ildlundnsusinarainasluildiniuszindfuned
wosifissuszundunsnidiluegsevialuanadinanudidieiu fuduindanistieng
Aaandeulddny §11991unIATIaNUESIWETIUL 99nnA Au Uan 915 1Aon uas

NaEdn
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Stalling, Mayer wazaase [5] ldanwnnufufivvemmianeanosluadidinlud
A529nU7nil DBP way DOP, luvauaziiusnmewinmile uonaniaddinluings
ansoazaunnanoameslaendsain 7 fu ananduduresmmianeanesluddivines
Wasuatn 350 Wy 3900 wiwasiiwuluth tuuanyih DBP waz DOP, anmsaudluagly
anlde1mms (food chain) lade wardamuimmmianesanesazsuniussuuilnawasiy
Sunseseaaiitdnludn Wy daphnia lusziuanudududululasnsusodns (ppb)
uenaniiningrmansamuindddialuihagldernudufivainnindn idssgnieus
uazifionuuaonfeveauywd USEPA Idfmuausinaummianeaneifiougaliilu

1Y

faiiAe DMP 313 adn3u/ans (ppm), DEP. 350 Ladn3u/ans, DBP 34 ladnsu/ans

- a s i o a I Y] = v va
Wownnanad lgwaslungunniian Wunatadleiwesndudunsie Jalaiinng

Fuasnzvinanadlegesufin phthalate-free Feanuisananlaanntlasidonnasnaniu

(%
a o A

Mensinens uenanidedinarafluwessia phthalate-free Mdunanadluweosnianisan

[6] D191

Dibenzoate plasticizers 13y dipropylene glycol dibenzoate (DGD) aelddenis

N15A1 Benzoflex 9nUSEW Eastman Chemical

- Diisononyl cyclohexane-1,2-dicarboxylate (DINCH)

_  Di2-ethylhexyl) terephthalate (DEHT, a/k/a DOTP).snelé@an9n158n Eastrnan
168 271nUTEN Eastman Chemical

- lIsosorbide diesters #an31nnsalusiuyesin wag isosorbide derived 31nnglaa
nel#don1an15@ Polysorb ID37™ or Polysorb 1D46™ 91nU38W Roquette

—  Acetylated monoglyceride of fully hydrogenated castor oil (COMGHA), A1ula

¥an1an15AN, Grindsted Soft-n-Safe™ 91nUS¥M Danisco/DuPont

2.3 yuAdeiliieadas
Buong Woei Chieng wazatig [7] la@nwinisnaradlenadianfniodnnigned
033ulnanea (PEG) Aifimdnluanasi Tnsidonld PEG-200 TnsAnuinmadidena
autAnennudou wardugruivervemeduaninuedafifinisi@y PEG-200 Usuallsiiu

10 Wosiduslagiiiniin wuln Plasticized PLA M13in15464 PEG-200 TudSunuiiuindudena
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9 tensile strength waz modulus fifanas Tuvasdl eloneation at break fiAniuduetg
17 (413.19%) wandlifuiainduauiian elasticity Afinannay duninededinnuysied
anas a1unsadudunalarienisnageunadugIuing annsegeuandaninmiou
wansliifiuingamgll T, SAranaadlefinisifiu PEG-200 ilesinanelyluianavesmodua
ARnuodALRAoullHFTY wazdalainunisuenvetammngiivasuinaiwazgaumunilunisin

wan Wunistudunisiniulaess PEG-200 Aunednanfinkadn

AN9197 2.2 waneen Tensile strength, Elongation &g Tensile modulus U84 Plasticized

PLAs [7]
Tensile strength (MPa) Elongation (%) Tensile modulus (MPa)

PLA 57.98 +2.86 5.37+0.06 120961
PLA/1 wt% PEG 5453+1.34 553+2.44 1135+32
PLA/3 wt% PEG 4913 +1.37 6.93+1.63 1077 26
PLA/S wt% PEG 4290+2.69 817+0.72 1016+ 58
PLA/7 wt% PEG 31.13+2.90 70.30+15.60 827 £122
PLA/10 wt% PEG 2076 +1.62 4131 +14.30 424 +17

PLA

J

B

PLA/1 wt% PEG

PLA/3 wt% PEG
PLA/S wt% PEG

T i

\/¥ PLA/10 wt% PEG

40 60 80 100 120 140 160 180

1 1 L 1 1 L

/

Normalized Heat Flow Endo Down (W/g)

N
o

Temparature ( °C)

A 2.5 DSC thermograms ¥es PLA/PEG i PEG USunausing 9 [7]



(a) 100
90

80 -
70 -

60

Weight (%)

10

—
o

~—
w

Derivative Weight (%/min)

mwﬁ 2.6 Hav89d PEG ABL@nesnInymIemInusauYee PLA/PEG (a) TGA wag (b) DTG. [7]

50 -
40 -
30 -
20 -

] ——PLA
1 ——PLA/1 wt% PEG
~———PLA/3 wt% PEG
——PLA/S wt% PEG
| ——PLA/7 wt% PEG
——PLA/10 wt% PEG
100 150 200 250 300 350 400 450 500
Temperature (°C)
100 400 450 500
——PLA
——PLA/1 wt% PEG
1 ——PLA/3 wt% PEG
——PLA/5 wt% PEG
1 =——PLA/7 wt% PEG
~———PLA/10 wt% PEG

Temperature (°C)

14

Ce'cile Courgneau wagnaug [8] laAnwuUSaUBUNSIAY Acetyl tributyl citrate

(ATBC) wae poly(ethylene slycol) 300 (PEG) Fufunarafluiweslunaduaniinuedn

USunal 2.5, 5, 9, 13 uay 17 wWesidudlaguutn 99nnan1311eA Interaction parameter

NUIT PLA 7ATN151AL ATBC @unsanaudnnula luuazinisdy PEGA00 f9a310alun1s

Wrnulaguivdsunualsiduasll 21nn1svaaeu size exclusion chromatography (SEC)

A ~ = H o i a | xS o ° P
LW@ﬁﬂ‘U']LTJﬁEJ‘UL‘VlfJUu’]MuﬂIllLaqa WUINNTERL PEG aﬂNalﬂu’]ﬂUﬂiﬂLaqaaﬂmqaﬂ LUBNYIN

n1swaneenvadaglgluianaved PLA wagn1siinufjisen transesterification wagnisiiy

ATBC denalimiinnisanasvasiminluanaiesdntos luraginisdu ATBC Tudiunm

wnnImisewindu 13 Wesidudlaeumindmanonisanasvesguugil T, waznsiiuduves

Elongation at break 8813110 (LN 300%) 31AN1TNAFBUANTANITAIUNIUNITTURIY
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vouigalaeluSeulfisu Helium, an inert gas, oxygen kag o1 NUIN@IN1TaAIUNIUAIS
Furuwes Helium 19dvigadioifiu ATBC 17 Wesdudlaeumin wazdinaliduuszdnsnis
WNsUes0enTlauLazdnsinisasulodniutudy 2 win wiiuduwlu 4 windledy

PEG400

M19197 2.3 audBanaves neat PLA wag formulated PLA [8]

Plasticizer Storage modulus  Young Elongation Strength at
content (wt%) DMA (MPa) modulus (MPa) at break (%) yield (MPa)
Neat PLA - 1,730 1,291 + 62 8§8+5 47.1 £ 6.9
PLA + PEG 2.5 n.d. 1,335 + 143 5+1 41.1 £ 88
5 n.d. 1,338 £ 84 5+2 38172
9 1.670 908 £ 36 72 206 = 2.8
13 924 547 £ 34 99 £ 43 181 £ 1.5
17 731 323+ 42 137 £ 34 158 £ 1.2
PLA + ATBC 2.5 n.d. 1,300 + 69 4+1 400 £ 7.6
n.d. 1,306 + 64 8§+3 41.1 £ 85
9 2,530 1,039 £ 55 16 £ 10 297 £ 45
13 2,490 615 £ 41 300 £ 179 21.6 £ 42
17 1,250 69 + 18 503 £ 45 -
n.d. not determined
(a) (b)
0.01Wi/g Heat PLA
Neat PLA _ 0 U‘IW«’Q
— 2
g —_— S
z __PLA+ 5 WI%PEG TN 3z
g \_\ T
w — AN . . " T -
= T— AN L PATESWERES | 2| PastswmaTee
T |PLA+15wW%PEG ™~ Sl T pARLl
H e S \%_ﬁ PLA+ 10WEeFEG T -
4N . T
g_hi“‘*-.\\ \'“'*——__ _______ ——— . —_—
S __PLA + 20 WRGPEG e PLASZ0WIRATEC
20 30 40 50_ 60 0 10 20 30 40 50 80
Exo Up Temperature (“C) BeoUp Temperature (°C)

AWl 2.7 MDSC thermogram 8¢ neat PLA way formulated PLA

(a). PEG 300/PLA; (b) ATBC/PLA. [8]

Mohamed A. Abdelwahab uagamz [9] laviinsiuaun PLA U3una 75 Wosidus
Tnerimiin fu PHB USuia 25 Wesiulaetnidn uwazldnedieanofiiufnaranlowes
(Lapol 108) Tngldmrnududunnnssiu 2 annududu fe 5 waz 7 phr aanduild
M319d0URAY TGA, DSC, XRD, SEM, aui@ifiananasfnwinisgasaals wuin PLA/PHB
waudinsnszedififuariiusingnisuenina sansmaaeu XRD wanslassaiiendnves

PHB T PLA75/PHB25 tuaus DSC curves 984 PLA ¥3e PHB Miiumanadlotwosuans T, 1
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A1 wansliifunisuandrduld Welinuimunaiaileweddn T, Taranaslaouans
ANFNRUSTLAIN Fox Equation gauniilun1snasumaives PLA/PHB waunliiinis
WasuwlaudiernsiinuSnamaiadleges wazlidwaseiadssnmnisniiudounes
PLA waz PHB #n Elongation at break w8 PLA/PHB waus axiiiutuidlofinsifunanadly
W8S INNISNAFBUNITEDYAAENUIN neat PHB LAANISEE@A18UIGEIU WA PLA,

PLA/PHB/Lapol liiAnnisdesaansluanngnisvageu

PLA ! P A
PLA-5%Lapol : !

PLA-7%Lapol

PLA75-PHB25-Lapol7
PLA75-PHB25-Lapols;

PLA75{PHB25 = M

PHB-7%Lapol /5 \—;——

Heat Flow (mW)

PHB-5%Lapol

IIIIIIIIlllIIIIIIIIIIlll'lllllllllllllll-lllll
-20 0 20 40 60 80 100 120 140 160 180 200

Temperature ( ‘e )
A9l 2.8 DSC 7 2" heating scan 483 PLA, PHB, Lapol way PLA-PHB-Lapol blends.[9]

AN5799 2.4 Tensile properties U8y PLA/PHB/Lapol[9]

Code Young’s Tensile Elongation
modulus (MPa) strength (MPa) at break (%)
PLA 1400 4+ 130 42 + 18 72 4+ 2
PLA-5%Lapol 1450 + 180 14 + 2 144 £1
PLA-7%Lapol 1200 £+ 60 16 £ 1 13.7 £3
PHB 1950 + 140 31 +4 73 +£1
PHB-5%Lapol 1750 £ 110 29 £ 2 72 +£1
PHB-7%Lapol 1830 + 140 26 +2 56 +1
PLA75-PHB25 1270 £ 110 16 £ 3 71 +£1
PLA75-PHB25-5Lapol 1150 £ 40 13 £2 155 £ 2
PLA75-PHB25-7Lapol 1120 + 60 15+ 1 151 £ 3

4 Errors were calculated at 95% of confidence of student’s t-test.
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P. Boonfaung, uagAuy [10] IgvinnsAnueinvenanad o snmunauiunes
wanfnueda (PLA) WiounlUuszgndlfiduiidy Famaradlowesnldlunis@nuide
Polypropylene glycol (PPG), Poly( ethylene glycol-ran-propylene g¢lycol) (PEPG),
Diocthyl Phthalate (DOP), Tributyl citrate (TBC) hag Adipic acid 8ns1aulunisuaudu
3,5 ua 7 Wesurlaetmiin nansnaaevantinieanudeulnsiadies DSC wuile
Fuwanadluiwes gamgll T, dAranauilewfisuiu neat PLA uazéidsnasonisanadyos
aaunnil T (cold cystalline temperature) s T, uay TCCﬁﬁhamaaLﬁmu’m%w,ﬁaﬁmil,ﬁu

9 U

YSinamanadileges iesmnaneldluanawmdeulmlaieunay

» e o) ~ N ° Pa -
v . N Ny
L TB . TBC e ThC
v Vs s [TV s Y - A
] DoF R - — por & — DOP
- v Ve I L v N
SRR AN . I b 3 U PN
PV AL Y e | A I A
— 7 v - vy
v  rmms y—————

40 0 0 100 120 140 160 180 20 N P
€ L L “ 40 60 B0 100 120 140 160 180 200 a0 60 B8O 100 120 140 160 180 200

Tamparature { °C) Temperature ( °C) Temperalure ( °C)

AN 2.9 DSC 1aslunnsy 1omns1nishianusau 10 °C/unil ¥99 neat PLA Wag

a) 3 wt% b) 5 wt% Wag ) 7 wt% plasticized PLA blown films.[10]

Al 2.9 Fnamdtuiinisia 7 Wesifudlaetdintnus manailewes uand
melting temperature 2 s ileaannsusnnanas PLA fu nanad luwesiiudily
Vlanunsadaunniiu T wag T, fdaau Lﬁmmﬂwmam%L%@%‘UiswqaﬁaL“f]u nucleating
agent denalef crystallizability wag enthalpy vasildu PLA flanfindy ludiuvesnis
NadasuauURALTINg NAaaUAT Tensile strength wag Young’s modulus T 2 fiAn1s Ao
machine direction (MD) Wag transverse direction (TD) wuInnstidnanad letwesanuise
Freanruudauszuaziiuanumdeliiuiidy PLA nsidunanadluwesdanali Tensile
strength a2 Young’s modulus dAnanas iesannanadlewesundidnluseninsansly
luanavesmediwesuagluanussseninsluanadaluanmainefniuesanslaneduwes e
W3buLigumn Tensile strength wag Young’s modulus vesnanad bigesanewdaiu wuin
PPG finaunnsenisanasvasandienan aseusunisiiy 7 Wesiudlagdmtnues adipic
acid dawaliddananfidniivdy 1esen adipic acd lfinanudundnly PLA Tudqy

484 Elongation at break N34 PPG dsnalviildiiudugeanioSeuiisuiunaiaile
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a

B39 L1B9aIN PPG Usenausie Poly(alkylene ether) hagdiuminluianauinnimman

AR bR 9 wazausadniu PLA 1ad

3250 400

3000

w
5
E

@2
]

.

2750

N
&
S
u
.

2500

o
3
™~

2250

Tensils strength (MPa)
Young's modulus (MPaj
Elongation at braak (%)

[~]

=]

a8

2000

1760

]

o o
S &
|
|
|
|
w
I

3250

3000

o
2750 ~

=]
a

2500

2250

Tensils strength (MPa)
Young's modulus (MPa)
Elongation at braak (%)

50 /

2000

20 P T 1750 — 0 .

s 7 8 o 1 2 3 4 5 6 7 8 0 1 2 3 4 5 B T 8
Plasticizers (wi%) Plasticizers (wt%)

2 3 4 5
Plasticizers (wt%)

Al 2.10 Tensile strength, Young’s modulus &g Elongation at break ¥83 PLA &g

plasticized PLAa) MD Wag b) TD [10]

Zhongjie Ren tagpuz [11] lasiinsfineauiaidsnanadd (Dynamic Mechanical)
way andAniennudeuvemeduaninuedafiinnaiadleowes lnevinnsuansening
PLA/TAC/PBGA lng TGC fie triacetin Way PBGA fie poly(l,3-butylene glycol adipate) R
Usgngddudunaranluveiiazarsvdodurosmeduaninieda nuan1svnaeuauth
Fenana i wudtand 2.11(A) uansen Tan(delta) voiwadiuadiuaud F3a1nnsmlagny
51N & -relaxation eaenndasfiugamnginisddsudniuzadiaui (glass transition
temperature, T,) ﬁuaqdauﬁlﬂuaé’mgmmaq PLA (amorphous phase) Fawuinan T, dA1
anaudioUmamanailumefifintu uenandmefisedmudninderunarailowesd

IS

USuauiles tan(delta) peaks aildnwauzgeavunay Tunmssiuduonatadlogesi

a o

I1UUNN tan(delta) peaks FeTANBULAILAZNTIN BUBITTYLIIITEUUNSNANITNAAR

lgwaslininazdaudidulauuuiduiiiowsaiu (homogeneous) wagiilofasandag

a [

gauninasann T, udrazusngiindniunianis Fafindrundsiuorndunaroinisiia

cold crystallization waga1nnsIW Storage modulus (Wi 2.11(B)) veaneduesivaus i

[ [y v

NEUENAAYAULENIIEIUNITNALR1AU InEWUIAT Storage modulus HAanasLile
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& o

USunauwanadlawasiiuiu wiasannwaradlawasaslutirelnarunidusdusiuves PLA

e

[

wdsulmladedu uasdmudnimile T, A1 Storage modulus fiAnadu Wunau1aInNNIs

LR cold crystallization

4 4
3]
)
3 2.
=
1 4
0 i -20 0 20 ::m::’::':BBQIB|OBIIII
20 0 20 40 60 80 100120140160180200220240
Temperature {centigrade)
1000 -
800 - B
T 600 -
= |
é 400 -
o 4
£
o 200 4
<)
& | .'\*-—-l——ﬁ:%
@ 0 - NS o —— R,
-40-20 0 20 40 60 80 100120140160

Temperature (centigrade)

A7 211 uang T, (Tan delta) wag Storage modulus U89 PLA liag Plasticized PLA

Alexandre RUELLAN wazaue [12] Anwinisiasuslasauimdsnakasauinnig

AMNSIUVDINDALAARNLDTANNIUNTT Plasticization A28WaNad klyasanavianu 5 ¥l

1% '
o =

lneddnsdnlunisuanegsening 5-20 Wasiwuslaeuindn dawlinisanwidu 2 dwu du

(%
a o

wsnAnwiluianadfiuszneusnonyiladduifitigeuasivgsafadu (Wu ATBC, PEGA00 uas
PID37) uazduil 2 iuansnduiiidadesuasiivygdadaduanelden (gu DOA) 9nHaNS
nageuanUANI9AIINFoUNUIN A1 T, 189 PLA SAnanauilefinisiuaus PLA fu ATBC,
PID37 uay PEGA00 lnefidinisanasiilndifssiuiisaiildainismaaes wagadldainnis

AN Fox equation @31 PLA NTIN15LHN DOA way Squal &A1 T, N lidiinnis
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Wasuwlas nnisvaasudugiuineiiad@nwianudidulanuin n1siiu ATBC way
PID37 @nunsastniudiu PLA laaianidaiioudunatailaigesdadu 9 Tuvaen PEG4OO,

DOA uay Squalene fimusndalunisidnlanu PLA sladiiu 15, 5 uway 3 Wesidudlng

901 L o U
UINNUNATUATNU
60
1 wppy 4+ Whlast
40
Tg TBPLA THPlrzst — .
g g
" = 20 ©] &
Theoritical T,
(Fox equation) 0
T 0 It
@ Experimental T 0% 10% 20% 0% 10% 20%
9 ATBC content (wt%) PEG 400 content (wt%)
60 60
o o oo
40 _ o 40
g g 5
& 20 & 20
0 o] T 0
0% 10% 20% 0% 10% 20% 0% 10% 20%
DOA content (wt%) PID37 content (wt%) Squalene content (wt%)

AN 2.12 WAR3AT T, v04 PLA Rifimsiiunanadlegesinsuiiniu [12]

Hayati Samsudin wagag [13] vinn1sAneinstadsudievedans Antioxidant 8an

1nWaN PLA Taevagdoun s migration 984 astaxanthin 1‘1Jf;j food simulant Tu 95% 1

yuea (USuAS area ratio W 0.9375 ml/em?) 3012 °C way 40105 °C @y Fick’s

second law #3011 2.13:59uansn sUanUdes Astaxanthin 1 95% Levnusaneuliige
amaaﬁ'iwmm 8 i’uﬁqmmﬁ 30 °C LLazwumﬁUamUéaaﬁqmmﬁ 40 °C %L%gjau@aﬁ
JreElIan 3 U @1N159AUINAT partition coefficient, K¢ WU 61.75 uag 18.7 waz
FuUseanansunsiian 12.744.1 x 101 cm¥s way 22.844.3 x 107! cm?/s 41 30 was 40

°C puaey



21

== PLA2M_40°C_95%ETOH
—8— PLAZM_30°C_95%ETOH

0.08

’y
s

2 &

0.06

0.04

0.02

M; (rg Astaxanthin/mL ethanol)

0.00@
0 5 10 15 20 25 30

Time (Days)

A 2.13 Audiuduaes astaxanthin Aunsoeniilu 95%Levuea 7 30 wag 40 °C [13]

Fengmei Yu Lazatie [14] @nwa Polylactide (PLA) composite U talc TRIEERE
$19 9 (0-24.3 Weddudlautivign) wazyinnisdnwiaudinieniiuiou, dynamic
mechanical, tensile, flexural kazdug1UING1901 neat PLA wW3guilguiu PLA/talc 910
NANISNAABINUINNITLAL talc Anasan1siAnndniazdsnalit cold crystalline temperature
299 PLA anas uadinalinisaaioiiniga usoulas Heat distortion temperature 31
Wty tale Seusengadadnaisasuuswazdawmals PLA Saumieafiuunntu vild
tensile strength, flexural strength Wag Modulus ﬁﬁ’lLﬁNMﬂ‘ﬁuLﬁaﬁmiLau talc 9013
B tale 18.1 wWedidudlasdmindwaliinausegaiianisiagunlasnisuaninain
wuussdunisuaninuuumies uideiauSunn talc WJu 24.3 Wedidudlaetndn
Funuoganduiian elongation at brake figh aanmsnadeudugWIne U talc s
N3z9EfILUU exfoliated Wionauiu PLA waya1nnsvadey SEM waz FTIR Budunanis

\A9 interfacial adhesive S99 talc wag PLA 1of
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35N HUIUIY

3.1 Yaquazasiadnldluanuide

3.1.1 woduamRnwa@a (Poly(lactic acid), PLA)
NOAWAARNLETAN I UIIUITEUUTENBUAIY 3 NTA ABLNSA 4043D, 1NSA 2003D
wazinsm 30520 danwueiduilie divdedla ndnlaguSen NatureWorks LLC Useine

anigelsn

O
O

Al 3.1 Tnssaaaadiveseduaninueds (Poly(lactic acid), PLA)
3.1.2 Wanadluiyos

3.2.2.1 Polysorb® ID46 30 PID Wuasuseneu isosorbide diesters Faifu
nansaaiannsaludu (fatty acid) vewln ddnwasiluvenaddindes lasunsaduayu

NUTEN Roquette® Ussinadsalus

Al 3.2 Tassadremaaiives Polysorb® ID46

22
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3.2.2.2 Bis(2-Ethyhexyl)adipate %38 DOA @m3n19LAil CyHqy00 Ui
lwana 370.57 nsusielua Janveluvesnas dla luiindu dmiielaeuion wese d1in

Juansuseiam diester lnvdulngjazgnléidunanadlewesliiu PVC (plastic wrap)

1 \/QSA/
H
Hsc/\/\E\ok/\/Yo C 3

CH
3

Al 3.3 Tassasemaiives Bis(2-Ethyhexyladipate

3.2.3 @SLAULAY

[

3.2.3.1 Viafa (Talcum) Sdnwaizduns 19717 azden Nana1nUsem nenedipiinea 311n
Tansusznaumandl Wy 63.5% SiO,, 31.7% MO way. 4.8%H,0 WALIINFUFIUINGIA

A9 3.5 wudwiafadivwineunaliiu 50 luasen

A7 3.5 FUFIUINY VI TIRNLAWTETIRA]
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3.2 InTaenaNLasiATasilanldlun1susy

3.2.1 Lﬂ%ﬂé’ﬂ%‘ﬂLLUUﬁﬂgﬁ (Co-rotating twin screw extruder) L/D = 40 3u HRJ-25
USun Enmach Co.,Ltd. Useinalu

3.2.2 Lﬂ%aé’@%ugﬂ (Compression molding) J14PR10-W300L350 UTE™ La3eyvie
Uszindlng

3.2.3 \p3esandiih (Injection moldine) U HYF-350 U3¥% Ningbo Jiangdong

Xiazhou Plastic Industry Co., Ltd. Usgineau

3.3 |A3paiio A TeH

3.3.1 NADIYANIIAUBLENATBULUVABINTIA (Scanning Electron Microscope, SEM)
U Tescan Mira 3 Tdins1eiduguine1ves plasticized PLA

3.3.2 1A309 Universal testing machine (UTM) 31 5969 Load cell g9dm 50 kN
3383%’@\‘1’@@ 1212 mm U399 Instron Engineering Corporation Ussmmm%’gam’%m it
npgoUANTRNSAEnT8T LY (Tensile test)

3.3.3 1A39NAADUAINAUNUABUTINTEUMN (IMpact tester) Fu Zwick
Pendulum impact tester B5102.202 Wé’qaﬂuQQQWTUﬂﬂiﬂﬁzLLMﬂ 4 989

3.3.4 \ppsmadeUsviinigiva (Melt flow indexer) $u Plastometer: MFR1 U3t
L3gyvieYd Ussimelng

3.3.5 iA309 Dynamic Mechanical Analyzer (DMA) 31 MCR 302 U3¥% Anton Paar
GmbH Tedwmsuiesgiaud@nisnadislauning

3.3.6 \A50351ABIAN 1Y

3.3.7 thdleyanansvaaeusite q flsuilangianuunnsisesaadslngld
adf One way ANOVA fiszunnuidesiu 95% TagldnisiuSeusiou Tukey’s pairwise
NsLansHanIsaRAREi M Iunuiedydnuainwdinge dwhdnusimieutulansing

v o w

ARAsNanANeuaeEN ke d A

o
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3.4 YUMBUIUNITAININIIUIRY

3.4.1 nszvaunslunsnauuasTugUdunudmsiunsmaaeu

3.4.1.1 neufl 1 TuneunsNaNLALTUFU Plasticized PLA i3 PLA/PID uaz
PLA/DOA fgLA3assainuuuanse

a

wissunadwesdmiunisnay lngeu PLA figamall 60 °C Junian 6 Falus 91ntiy

Y

1 1 v

way PLA funanadlewesiisnsndiunisnausiig 9 (PID e DOA) Fim151sit 3.1 wwele
nszaevhisiueuatiiane wagivliidunm 6 dalus neutleudhdiniossniauuuansd
Ima&gaqqumuwumq 7 10y 100/130/140/150/160 /170/180/190/180/175 831
wadea mudanemes 300 soudeunit antusainasnaus el iudu ndewdu
eth widelndutugn q feteiesinde

3.4.1.2 foufl 2 %umaummamaz%ugﬂ Plasticized PLA #ifinsifivansifiy
WASeTTada i PLA/PID Wa¥ PLA/DOA PBLA3DIIREALUUANSE

a

wssunedwesdmsumsnan lngau PLA igangdl 60 °C ilunian 6 9alug 9 niiy
WEd PLA AUNaNER Lol asNons1datun1snauang 9 (PID w58 DOA) e lnnsganenifanu
agatans waznabnduan 6 $alus whuatsiiunes (Talcum) (auﬁqmmﬁ 80 94A1

= o:/ %3 1 1 o d' 1 ;4 1 dl' v a a
walgea 4 Filua) mudnrdiun1snande q femsen 3.2 neudeuidnginiesdnsnviia
an3e nensgungTlulousig 910y 100/130/140/150/160./170/180/190/180/175 °C
AMULSINBLNDS 300 SaURAUIT ANNTUSASAF1SNANR Ul T uAY raaLfuaieiin
Y v egvg & & Y a v

WAAATATUTULAN 9 FELATDIARLIR

AusUBUIU plasticized PLA Uag plasticized PLA Niln1siiusiada d1m5unns
NAFDUANUAIUITOLUNTAIUNIUABLTIAIER (Tensile) %umugﬂma dumbbell WazTuUIU
A1SUNITNAGBUAINNANNITALUNITATUNIUABLTINTZUNA (Impact) A18n153aLTLUY
(Injection molding) Migauvni 180-190 °C fIeAUGU 40 U5

3.4.2 ATEUVIUNTIUNINAABUALURAIUAS

AnwdugIuIne1vasplasticized PLA saenatin SEM lagvinn1sveageu plasticized

PLAT AT U UNLANFNAINAISNAADUNITAIUNIUABLT I LasriIn1snadaunielalnum

back scattering 7in1usnedng 5.00 KV fifdawens 1000 wih
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1NFUUFUNTE dumbbell AlFlunaaouauamisalunisduniuseussiede
(Tensile) lnglgLA3a9 Universal testing machine AUNINTFIU ASTM D-638 Type | Tl

wminne 5 Alatihdu (Load cell 5 kN) wazdnsisilunisie 50 Tadunssound

[
o a

UNBUNUEINTUNIITNAdBUAMNAINITALUNTAIUNIURBUSINTZUNA (Impact) U
neaeulagldlaTad Impact tester MUNINITFIU ASTM D-256 Iaenaaauwuy Notched-1zod
impact testing Wﬁﬂﬂﬁuqmﬂiumiﬂ%uwﬂ 4 3a

=2 o a s ¢ v a .
ﬂﬂUW@%UﬂqﬁlﬂﬁﬂJaﬂW@aLll@iLUau@ nIYLATDY Melt flow indexer PINUINTYIU

a

ASTM D1238 lneldinviinna 2.16 Alanu gamgil 190 ssewaldea

U

N v K

Anwranifideslelad A281A389 Dynamic Mechanical Analyzer (DMA) lag1in

FUNUIAMUMUIUTEIIM 1 Ta8Wes LHuruaudnana 25 Tadwns 11 nsmaaeuLuy

Plate-Plate Fatduni1snaasuiuullasuniainiiug depnudnldlunisvegaeu Ao 0.1< W

a

<100 rad/s Ngaunil 190 esAnaaIBed wazlit shear strain WU 0.1% wagvinn1snagaey
. = = a = a

LUU torsion Badunisnaaeuiuuivisuluasgumgil lng¥usulivuin 40 x 10 x 1.16

anuANHadiuns YIgunYINNAasy 30-120 BeAngaldya 1Al 11851 dns1nsiv

AMUSOU 3 DA AT UARDUNT



5971 3.1 Sws1du plasticized PLA 73 PLAZPID uaz PLA/DOA

UG
gnINITNEN wanaleiwes (Uasidudlneviutn)
PLA (g)

DOA PID
neat PLA 100 0 -
NDOA2 98 2 -
nDOA4 96 4 -
nDOA6 94 6 -
nDOA8 92 8 -
nDOA10 90 10 -
nDOA12 88 12 -
nDOA14 86 14 -
nPID2 98 - 2
nPID4 96 5 4
nPID6 94 6
nPID8 92 > 8
nPID10 90 - 10
nPID12 88 - 12
nPID14 86 o 14

MR : n MEeansaved PLA ag n=4 Ao PLAG043D n=3 @ PLA3052 uag n=2

fa PLA2003D
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AN37991 3.2 SmsdIuTeq plasticized PLA 113 PLA/PID uag PLA/DOA fifinnsifnansifisuss

Y

afia
GURIGH
ANINITHEY wanaRlylwes wt.%) @1l (phr)
PLA (g)
DOA PID Talcum

nDOA12T5 88 12 - 5
nDOA12T10 88 12 - 10
nDOA12T15 88 12 - 15
nDOA14T5 86 14 - 5
nDOA14T10 86 14 - 10
nDOA14T15 86 14 - 15
nPID12T5 88 - 12 5
nPID12T10 88 - 12 10
nPID12T15 88 . 12 15
nPID14T5 86 7 14 5
nPID14T10 86 y 14 10
nPID14T15 86 - 14 15

MEWe : n nUeiansnved PLA lag n=4 Ao PLAG043D n=3 @ PLA3052 uag n=2

A9 PLA2003D
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NANISNAADY LAZIANSTAINANITNAADY

ATt IuNMsAnwLezIUS s UTisuaLTRIBInave sweALanRnLaTaRwn AU
Insiiunanadlawesuavviana WmediuwsninnisanwilssuiisusiauarUsuianisiia
wanadluaes lnenaranluwesiidnuil 2 ¥fin fie bis(2-ethylhexyladipate %30 DOA uaw
Polysorb® ID46 %3 PID wauasluneduanfinueda (PLA) drufigesdnwidioudivunis
Funaaflogesasluneduaniinuedanieudaiu FeUsznousie PLAGO43D PLA2003D
LAy PLA3052D daugavine@nminanisiuaisifuussiiadaadly plasticized PLA fifinns

WRuNaad lwlwes

4.1 fnwwazilSeuiisusianazUsunuvasnaidn loasnilnaduunvasnaananiin

wagANsA 4043D

Tudiuusneesulfe awimsfinewasesnIsunalanlswes 2 via Ao bis(2-
ethylhexyl) adipate %58 DOA Wag Polysorb® 1D46 %56 PID lunweduamafinueda (PLA)
\n5A 4043D laelRunanafloiwesluusunm 0,2, 4, 6, 8,10, 12 uay 14 Wasidudlaey
drnifn wanluindosdaTauvuansgg (twin screw extruder) g vigin1snay
100/130/140/150/160 /170/180/190/180/175 °C A11x15248tA S 300 S0URBUIT L&Y
extrudates Aildin1snaaiBudasti fewiilusndudia arnduii Plasticized PLA l3usy
Fuiununadeusenszuannisdadaa M‘%@ﬂizmuﬂﬁé’@%@ﬂ Wevhnsnedeuaush

Tusueng q Asld

A7 4.1 uanadmtnluianalndereameduaninkadia e 4043D NlAIINNTT
nageumewmaila GPC Fuduinsanldludiuusnveanuide wuinainnisvadou PLA
4043D ddadgvesiminlutanalagiinin (M,) Wiy 169,500 Daltons Anafues

Umnluanalagduiu (M,) Wiy 115794 Daltons wagA19uiinsnsyaedivesdivin

luana (PDN) winifu 1.46

29
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1'4Ut % jﬂOO.DO
] g’ o E 3 i
1207 8L S 8 -
i [ = =2} ‘F — —80.00
] @© © o o _
o - -
1.00 @ 4 = = N
T = ]
, N s
S o8 = 6000 =
g -2
g R
= A -
3 ow] 0w &
040 :
i —20.00
020+ -
0.0&: —0.00
e e PR P o —
Slice Log MW
Distribution Mn Mw MP Mz Mz+1 ] )
Name | (Daltons) | (Daltons) | (Daltons) | (Daltons) | (Daltons) | FOYASPersity | MzMw | Mz+1/Mw
1 115794 | 169500 130219 | 237852 308382 1463800 | 1.403256 | 1.819363

AT 4.1 dtinluenaeie waeA1NsNsyaemvasiIvinluanaves PLA 1nsa 4043D

AINNITNAFDUMILNALA GPC

4.1.1 navaINIsAY bis(2-ethylhexyl) adipate %38 DOA
4.1.1.1  msuesvvaulanisnadslauding  (Dynamic  Mechanical
Analysis) 984 PLA/DOA

manadeuantinnadslaundng (OMA) wdadu 2 Tuua Uszneudiens
Inuafivils negeuwuuUisuwlasguunil innsnadeufiaumgil 30 esrwaidea fe 120
BIAgATEd AIEdNIINTTIIAINTOUMNNY 3 asrwaIduanenilauil ANURLRNAT 1
as 1 = ~ & I3 . d' = =
FSnsenilauny Junumeaeulduluy torsion uaglruaiidemageuluUUAsuLUAIALA
a P o - a A = o a a a v o
Wayunlglunislvinse Ngaumgiai 190 ssmwaldva 1AeyinNTMAaUANATRITIALT
100 185% 89 1 1859 lnedidnsnn15anatuesnnuddeauwintu 1 @indeund ludnvauenis

NAFDULUY plate and plate

a

Iuaiivils Megeuluuisuwlatgumall Inevinnsnaaeuiigamni 30

Y

'
| =

DIALYATYE D9 120 DIALYAYE AI8TRITINISTIANUSDUNINAY 3 DIALTALYLARDNT

1191 9NN A1 Damping factor (tan(delta)) az Storage modulus
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AW 4.2 ua@nsA Damping factor #39A1 Tan(delta) UsuaniednsnaIuves
Loss modulus #® Storage modulus lngfipiitinduagiinlugieesnisildsuaniugaans

WAUBINDAWDS Fenedasazdsuanaaewnudundieed 1e9INNIsAARUNvDIENe

a

lgluluanalulpssasiamediues 3a99agegavens i tan(delta) vasapaeafiuel Glass

9 Y

Y A o

transition temperature, T, 984 plasticized PLA [15] 31nNsnA@euNUn 4Neat (1udan)
uanaAn T, Wiy 66.6 ssmiwaidea wazidefionsanei T, ve plasticized PLATIEINTAN
DOA iumanafloiwes wuindn T, ddnanaadleifisuiu neat PLA uavilranasnndigaiilo
fimsiiu DOA Tutsina 8 wWediudlnetmin Tneildanasde 51.7 swrnwalva usile
G DoA TutBinasnnnt 8 wWeddudlpetuin a1 T, SnsuFsuwvasiendnios
Wufeiunuideues A, RUELLA uagaae [12] Anwinisidsundasausfidenauazauda
MeeLSeuveALaRRNLenTiHIuANS Plasticization  snewanaRlumessnwiaty 5
wiin Usznoulusie ATBC, PEGA00, PID37, DOA Wag Squal Fawu T, UBINDALAARA
wodafifinmsin DOA finsanausos 9 aufsdl 10 Wohdudlapimiin wazdlofiuySuna
489 DOA 31TU AN T, Tyiinn1silasundat waznisanaswes T, Tudunaiiownainwan

aploaasiintuwnsnluaislgyes PLA vinlvatalavay PLA wasulmladiedu

—a—— dNeat

—e—— 4DOA2
—a—— 4DOA4
——— 4DOA6

——— 4DOAS8

Damping Factor

—<— 4DOA10
—— 4DOA12

—e—— 4DOA14

—
30 40 50 60 70 80 90 100 110 120

Temperature I°cl

ATl 4.2 Damping factor (Tan (Delta)) 89 4Neat Loz plasticized PLA 4DOAx
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R5UNNA 4.3 LanaAn Storage modulus FIUIUONDTIANMUUTILTIVBIND

a d‘

Aueigumniising 9 WeRNansae1 Storage modulus veawedAwesngaumgil 30 8
walea  FeegludiemmgiiininaumginsUdsuaausaaieniivenadues At
dNeat uay PLAG043D/DOA (4DOAX) dxagluanugiiiy glassy state 21NWANITNAGDY

WU dNeat 3lA1 Storage modulus Useanad 2526.3 MPa Fafigaungifiningamgiinig

= Y v & = = | a s 1 o o P A o °
Wasuanuzaasumil axdinisiedeulmvesasldnedimlesodednnn 1e1ninasusn
Mlinedwesdailanuudanie dwlunsdlves 4DOAx Felimsifunanadluwesasly PLA
WUIHAN Storage modulus 1aen3n dNeat isaanteslneiialuiunnanaiusnfsnsiaiu
MIWaENndy  Wunauannisiin DOA TulSinaiifingnndutiu iinn1sanadvesen T, 39
danalyl o gl 30 eeAwALPed  plasticized PLAJallAY Storage modulus 7NN

ANeat

#91350019071 Storage modulus finsanasesngiag Fadusuminisiie
o Telaxation fumisnsAafINg29zintL o samvgiinisdsuanusadionin Jadu
A | a s A v X i o ] a1 A W
Prnaslenedwesindeulnilaiiedn [16] lnvusasdnsidiun1snanasdANLANAIiy

< Vi a ! A a A 1 o [

Mnnraziulahaamgiludisiifanisivisuluasegadunduyes Storage  modulus
1y fiAnanasdousinunsifiy DOA Winsnnu (Raus 2 fi 6 wWasigudlaginntinyes DOA)
uwinudndediy DOA saus- 8 LWedidudlaethminduly eamafiiviliAenisideundas
pgdunFuTiuY - IReTuneumilnaAgaiy  wasiidnsidiunisanianadllan

Storage modulus tnatAgsiusnee
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—s— 4Neat
3

10 ] —a—— 4D0OA2
E —s— 4DOA4L
=
" —as—— 4DOA6
4 10"+
_:3 ] sy —— q’DOAS
_8 teiiiiig it T
= —as—— (4DOA10
)
) 101'5 ——a— 4DOA12
‘5 ]
A —a— 4DOA14

10’ -

. I T T T T T T

. . . . . —

30 40 50 60 70 80 90 100 110 120
Q

Temperature [ C]

ATl 4.3 Storage modulus U84 4Neat wag plasticized PLA 4DOAx

PntuResan S Storage modulus ﬁﬁi’nﬁmqﬁu FuAntulugag
gaungfl 70 f9 110 sy neaLina n13Tien Storage modulus iugstulutsgangiisng
T enadunadlewnananelenedwedues PLA mduRanssasewniu Sudmwalined
wedfimuudusafinannty wara nnisadeunuin. dNeat (Eude) fivnagaumniiiin
MsAsuulaseglutas 95 ssrmaldua fis 105 ssrwalua deaenndosiugamyiilunis
LAANANUDY neat PLA (Cold crystallization, T) [17] ntusieRansan plasticized PLA7IfI

nsidn DOA aslu PLA Tugnsndiusne 9 wudniieu3unal DOA WWinsnnTu 4gaumiing

THARNSIANUUYDY Storage modulus AA18Aa1 kazdlA1rInIT dNeat

M1597 4.1 wansgaunginisiudeuaniugaatewm (glass transition temperatre, T,) 984

dNeat waz plasticized PLA 4DOAX 91nn15nagaumeLnatin DMA

Glass transition temperature [°C]

4Neat 4DOA2 4DOA4 4DOA6 4DOA8 4DOA10 4DOA12 4DOA14

66.6 62.4 59.0 54.3 51.7 53.0 52.8 52.3

WefAnwanifIeslagved plasticized PLA fidaugnasu 39vn1ANEINIe
waila DMA Tulvuanisnageunuudsuivasanunidauintdlunisliuse ngamgil 190

e gaLTYE InefiansanAl Complex viscosity, Storage modulus Wag Loss modulus Wa
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NINABMARIRINING 4.4 war nmil 45 lefin1saneA1 Complex viscosity ves
plasticized PLAWUITIANRN 9 plasticized PLA %LLaquaﬂiimﬂuLLUU Newtonian
‘\]Wﬂﬁ?ut.ﬁaﬂ’s’m?]lLﬁﬂﬂ’lﬂ%ﬂﬁ]%LLaquaﬂﬁMLLUU Shear  thinning  wawlofinnsan
plasticized PLAWUT1A1 Complex viscosity fifnanadilau3unanisiin DOA WAy 39
wnefsnnumiinues plasticized PLA fidnantiosas Wunailesnainnisidunanadlowes

dswalii plasticized PLA # Free volume LLLnTu

—=a—— dNeat
. —a—— 4DOA2
é —=—— 4DOA4
2 1031’_‘—‘—*—‘\-—\\\‘\ = 4DOA6
R R PRt
% —s=—— 4DOA10
_g' —a—— 4DOA12
8 —-—— 4DOA14
10° ——— -
1 10 100

Angular Frequency [rad/s]

ANl 4.4 Complex viscosity U89 4Neat Way plasticized PLA 4DOAx

NN 4.5 FIaRIAT Storage modulus 48y Loss modulus U89 4Neat
ey plasticized PLA  4DOAX WUiﬂW}ﬂQGﬁﬂ?iNﬁﬂJﬁﬁ Storage modulus ag Loss
modulus ﬁﬁ%ﬁuqaﬁﬁmﬁlammﬁL‘ﬂ'mmn?tgfu LLazﬁnﬂ 9 ABluN1INAAe e plasticized
PLA 4DOAx 9zuanAn Storage modulus waz Loss modulus Aifiaing aNeat 1ilosann
N5 DOA dawaliinisiieniuiures PLA fidnftanas (molecular entanglement) 4910
maéﬁ’mdnﬁﬂawuﬂiaﬂwaﬂ5qamaﬂumiﬁﬁugﬂﬁum plasticized PLA Aeoo1aslufiazsias

angaunnilunszuIunsTuuananifiuves dNeat [16]
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—a— qNeat

— _ A ‘..; A ’;

& =28 * "? — ——=—4DOA

— = _A- - a

w - e — —m— 4DOAG

= .?:?' 0

= é./‘ ;8 —=— 4DOA8

)

on “8" —m— 4DOA10

S S

R —m— 4DOA12
—A— 1DOA14

10
Angular Frequency [rad/s]

Al 4.5 Storage modulus (1du7iu) wag Loss modulus (1@uUse)

U8Y 4Neat Wag plasticized PLA* 4DOAx

4.1.1.2 mmatinslnaves plasticized PLA 4DOAX

nmsAnwAInTtinasuages dNeat Lag plasticized PLA  4DOAX vn@audl
gaunni 190 BIALBALTEA LARIHANIINARDUAIN NG 4.6 WU dNeat HArdviinsiva vise
MFI Wiy 6.6 + 0.08 nsumeALUNT ntulloRa1sanaAfinisiuaves plasticized PLA
Aa a a2 A a d’{ | a é{ Y & 1 a
N5y DOA TudSunauiliiuunny. wanspsstnsivang@y wandiiuinnisiunal
anlgiresaslunedianfnio@nluUsunaiiuundu - vdsalinnunilaves  plasticized

PLA fimnanas denAdesnunanisnaaedludiurad Complex viscosity Tunwi 4.4
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a0

m
al

. g

254

\¥o

20 4

MFI [¢/10 min]

- §
10 4
1 A /
5 - Z
0 |\"" LI I SO A RS A SR |
v
SIS

A 4.6 Adriimslnaves dNeat uag plasticized PLA 4DOAX

4.1.1.3 MFASIENENTRRINAVES PLA/DOA
AMsneEeuanUAdInaUsneuluAi8nISNAAaUALAUNIUADNISAIER
(Tensile test) LATNISNAGBUANUMIUNTUABLIINSEUNN (Impact test) FeautRiTanaves

PLA/DOA Tusasiaiusng o agthluiiauiigudu neat PLA

aulRaIUAUNIURENITANEAYeY Plasticized PLA ¢RI INALenda
Y8384 (Young’s modulus) Anunusawsife (Tensile strength) waznisa o 9Av0

(Elongation at break) PRI

defansannsam stress-strain FatsuaniangAnssuvesmediuesieldiuuss
feBa wansfanmil 4.7 wud1 dNeat (Fudeh) Weld3uussRdnazuananginssunisuaniin
wuuse wasidefinnsan plasticized PLA #ifin1sifiu DOA TuuSunausng 9 wudn fivsuna
nsiin DOA TutSinaeus 2 § 6 wWeddudlnetmiin  plasticized PLA figinauans
WORANTTUNMIUANFNUUUW TS UAEITU  dNeat  usdefimsifunatadlowes DOA Tu
USiasaust 8 wWesidudlpetdmidnduly plasticized PLA asuanswgiinssunisuaniinidu

WUUWTHET B9azlaninisiin cold drawing NFUNUNAGDU
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70
dneat 4DOAZ
60 4DOAG 4DOAG
o 4DOAS 4DOA10
(a8 50 4
g 4DOA12 4DOA14
e
5, 40
c
v
w304
9
i
|
5 2 M
|_
10 4
0 T T T T T T T T T
0 10 20 30 40 50

Elongation [%)]
ATl 4.7 N3 stress-strain U84 ANeat way plasticized PLA 4DOAx

WoaNA158UA7 Young’s modulus  kagAn Tensile strength FIUAAIAINING 4.8
WazAINY 4.9 AIUAIRU WUIIAT Young's modulus tagaT Tensile strength 989 neat PLA
4043D %39 dNeat JAW1AU 1878 +90.94 MPa wag 62.27 + 4.09 MPa AUa1AU LiiaLfx
DOA TuuSurmuyinin wua1an Young’s modulus kagA1 Tensile strength dAanas
al a al [ gj = d' I [} 14 1 a [
Wasnnisiunaran lestuluanuseamtensenineluans dwnalaisldnodiues

AUl IAINETU @DARADINUNUIIBVDI M. Baiardo nasams [18]
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20004 &
— . G S
@ 1600 4 /
% % D D D
= T /T/ T Q
(V2]
= 1200 o / _
o]
(@)
-
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[e7p]
[
]
(@]
> 4004
0 l’\., Ir\/ Ib‘ I(o ICb IQ Ir\/ Ib‘
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ATl 4.8 Young’s modulus ¥9¥ dNeat Loy plasticized PLA 4DOAx

70
A
6041774 a
_ ’ .
— T B
& 50- 7 om
= % ¢
c
e
£ 40- /
3 RN S
£ 30 % . 7
G
2 2
2 20
|_
104
O |& l(\/ Ib‘ lb ch lQ I(\/ |°‘
¢ 5 & & & F F &K
e & & F S
O ™ O W @ @ @

Al 4.9 Tensile strength U89 4Neat UWag plasticized PLA 4DOAx

WaNa158u1 AT %Elongation at break F9UaAIRININA 4.10 WU dNeat &

A1 Elongation at break winiu 7.22 + 1.11 wWesidud a1ntum Elongation at break
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wwdltisEduileUSinunsiin DOA 1y lagifiuasaniiiaiiy DOA TudSunas 10
Woesidudlaeyiviin Fanuindawwindu 45.15 + 8.39 wWesidusd Wunaiaduiannniswiy
Nanad lasaNa bksEnwmteiserninsanelenedwesiainanas  wialasulssrataanaly

A 1 [y v X = & 1
mmaaLaaumuﬂﬂmwmnw FUUUNAUIIINNITANAIVDIAN Tg [19]

60

50 4

40 -

Ce

Elongation at break [%]

L B

3 Vv > b ® S 9 o
¢ & & F FFFF
N & & SNV RS

AN 4.10 %Elongation at break ¥83 4Neat Way plasticized PLA 4DOAx

AUURNITVIAADUANUA U IUADLIINTEUNNTDY dNeat way plasticized PLA

= v Y] v < o N

4DOAX  BUTUNINAADUMIETNTININITLUNAMILAINLIIGY  LAAIHANITNARBUAIN NG
4.11 Tagnudn dNeat den Impact strength AU 3.60 + 0.48 Alagasien1snauns Weliy
DOA TutSunaufiiusnniuan  Impact strength LiiAan1siasuudasensiitodfy aziia
msasuwlasnngn Wewin DOA Tulsuna 14 Wesidudlaeumiin a1 Impact strength
fAinauileiieuiu dNeat TneliAuviniu 6.45 £ 0.82 Alagasensuuns (WLTY 79
WesiwudidlaWieuiu dNeat) wansbiiiuiinisidu DOA dadunaadlywesliinasenisgn

FUWTI VAL AIANUNUNUFBLSINSENNTAlnaLABaU dNeat



40

AB

ABC ABC
T

Impact strength [kJ/ mz]

Al 4.11 AUAIUNTUABITINTZLNA (Impact test) U89 4Neat ez plasticized PLA
4DOAX

4.1.1.6 MIBATEATUFIIMEIVI PLA/DOA

AW 412 uansdnigiine1ves plasticized PLA  4DOAx Midasdiuves
DOA daust 2 4 14 Wosiduflagthmin sestunuithunssuiumvageuaumumuse
usanszumnudd. aannnyiTlugnsnisaNTiEiUSina DOA daudt 10 wWosiduslaetmin
tu wugnsraeeglunediuesiuvsng Imaﬂ‘%mmmmgﬁwmzLﬁumﬂsﬁuﬁas q leUiinal
193 DOA Wiunniu legsinviufntuiosnnmssuitueses DOA Wusynianay
unsniegsevitmedwes  legldaunsadhluunsnluangldvesneduaniinuedalauay
HesniivFmaiinnidunediazunsnidily vinls DOA 1’7imﬂLﬁuwafuawﬁ]%Uizwqaﬁ’sLﬂu
ansfivaglunsruaumanistugy (Processing aid) ununisUszngidudunanarlowes s
aonndosiunaresnIadBUA T, 7ildininalia DMA Gewudnen T, axlidanaudleing
i DOA quiisil 8 wWesdudlastwiin dfinnaifn DOA wnnh 8 wWedidudlastwiin 4y

liuwanenisideundasues T,
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(n). 4DOA2

SEM HV: S.0KV WD: 10.37 mm LLLnd MIRAS TESCANE  SEM HV: 5.0 kv WD: 10.37 mm LLnd MIRA3 TESCAN]  SEM HV: 5.0 kv WD: 10.02 mm 1
Vicw ticid: 104 pm Dct Vicw ticid: 104 pm Dct: SE View ficld: 104 pm Det: SE 20 pm

() aDOAB -

SEM HV: 5.0 KV WD: 10.98 mm I
Vicw ficl: 103 pm Det: SE View fiela: 104 Det: SE 20 View fleld: 104 ym _ Det: SE
S o7 ¥

pm Det: 20 pm

AN 4.12 A5 1UINYIV03 plasticized PLA 4DOAx YOIUUTHILAISIAdOUAIL
VUNIUABLSINTEUNA TiFNdaw878 2000 Wi Ine (n). 4DOA2, (). 4ADOAS,

(m). 4ADOAG, (3). 4DOAS, (3). 4DOA10, (7). ADOAL2 way (¥). 4DOA14

4.1.1.5 NaNSYAABULENYTAIMNNIIAIIUTDEUDY DOA

INNINAFOUERETN NI ISoUTaT DOA TilFanna3as TGA Feuaniss
Al 413 wuil DOA eeuaaesiudeileldsumuieuigamgiinnnnin 200 o
walea Tuuandiifiuin DoA lifinsaanesalulusewinsnssuiumsnaLwasnsEUIunIS

Jusy
Y



a2

100 -

80

60

40 4

Weight loss [%]

20

I ' T T I ' I T
100 200 300 400 500

Temperature [°C]
Al 4.13 w@dgsnimnisaudounes DOA fewaiia TGA
4.1.2 #avaen1stiy Polysorb® ID46 %58 PID

4.1.21 ansapsagnauvantenaidalauiing (Dynamic Mechanical
Analysis) ¥4 PLA/PID

finrsannsnageuivuasuutasguvall Turae 30 esmwaldea 8 120
pePniwalfua 9INAMA 4,14 uansdn Tan(delta) ¥e9 plasticized PLA @siifusisgegn
yosngivsuenisgaminisasuaniuzadenia Glass transition temperature, T,) 199
plasticized PLA wuiien T, firnanasioogaiiios e plasticized PLA fidnsndrunsiiu
PID fifianntiu wumsasanuesen T, sndtaslugnsnisnay 4PD12 Tasen T, feanas
waeiies 48.1 esrivaliua F9anasnn T, ved dNeat G4 185 asrwaida (T, vod
aNeat WU 66.6 ssrwalToa) Gsnsil T, vesnedumiiaantosas Wunasnananely
Tuanavesmediuesiinnnadoudildietu wasll free volume WusnTu aenndosfiy
NUiTeves ARuellan wazamy [12] Fadnwdvinavesnisiunanadluwesodining 9 lu

PLA



a3

—a——4PID4

—v——4PID6

—— 4PID8

Damping Factor

—<—4PID10
——4PID12

—e—4PID14

—
30 40 50 60 70 80 90 100 110 120
Temperature °C]

Al 4.14 Damping factor %39 tan delta ¥04 dNeat uag plasticized PLA 4PIDx

M397 4.2 wanagaumninisiuaeuanIueaa1gum (glass transition temperatre, T,) 984

4Neat Wae plasticized PLA 4PIDx

Glass transition temperature [°C]

4Neat 4PID2 4PID4 4PID6 - 4PID8 ~ 4PID10 4PID12 4PID14

66.6 64.8 61.9 60.0 55.7 53.7 48.1 51.0

WasauTludIuvey Storage modulus was plasticized PLA  4PIDx (m‘W‘ﬁ
4.15) ﬁqmﬁﬂ”ﬁ 30 DIALEALTEE WUIIAT Storage modulus U89 plasticized PLA #ifl PID
Tudnsndusng § feflndfestu uaz Storage modulus fimananileuSunanisidu PID
WusniuiiewSsuiiieuiuan Storage modulus wes dNeat Taewuin plasticized PLA
aPID12 fiAn Storage modulus MgailewSsuiisufugasmsnandy q Fadunaiosnain

N3AARIVRIAN T,

WATUNYNT Storage modulus LANNITANAIBENNTYIUIU ¥I0T19VOINTT

AN« -relaxation AMNANNUIIFNQUNNITIUNITARN o relaxation Y89 plasticized PLA

a

wiindulugivesgumgiinisiisuanugadeund Jadeiansandiveimavasuiam

ado

Storage modulus ¥8¢ plasticized PLA 9znumsiUdsunlatluriaveguuiiianag Lile

ad a

~ = o a N X A Ao |
WIgunegunu 4Neat LLazll“U'NQﬂJVIQNVlLﬂﬂﬂ'ﬁlfuaﬂULLUaQaﬂaﬁﬂJqﬂﬂJu LURHUDAINFIUVDY
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' ' ¥

PID viinau uaglugnsnisway 4PID12 waneian1sanasuaden Storage modulus Tutas

gaunilenfige WewSeuWieuru plasticized PLA Tugnsdu o

ntufinnsansnl Storage modulus Tutasgmmgii 70 ssriwadea fa
110 sarwadua Jsaenndostutianisiiin Cold crystallization w84 plasticized PLA [20]
wuhmsiy PID  ludhsduiiduinnty  dwaliguugimafendnddanas  Husa
iesnanmsidy PID Fsusgngddaudunanadloweslifu PLA dsmalianeldluianaves

PLA 1aaaulmbadedu waziinn1sinseasitadngay

—a——4PID4
———4PID6
—— 4PID8

—<—4PID10

Storage Modulus [MPa]

——4PID12

—e— 4PID14

100 T T T T T T T T T T N T N T N T T
30 40 50 60 70 80 90 100 110 120

Temperature e

Al 4.15 Storage modulus ¥99 4Neat Wag plasticized PLA 4PIDx

soluidunanismaaouantfives plasticized PLA aommaielssuusadou
Fuhmsfnwisemaia DMA Tulnansvageunuuiasuuvasnraii@asuitlilunisl
u59 AABUTgAIMAT 190 ssrwaLdEa 91nAmil 4.16 wans Complex viscosity U89 dNeat
ey plasticized PLA 4PIDx wuilonnudfidfiaunnty plasticized PLA La@nangAnssu
WUV shear thinning uaziiioU3unas PID usnntu e Complex viscosity A1anas 139
p19nanlsimnmiinvemedesimananiewsuifioudiu Neat uazwuingmsnisea
4PID12 #iA1 Complex viscosity ﬁwﬁqm N158Aa3Y0IA1 Complex viscosity Antwidesan
msiunanaRlwesdmavliusdnmissewhaluanaiivhanas aelgindoulmlfiedy

ANUYAYeY plasticized PLA 3silAanad



a5

—a——4PID4
———— 4PID6
10’ — +——4PID8
——«—4PID10

——4PID12

Complex Viscosity [Pa.s]

—e— 4PID14

1 . IIIIHIO | 100
Angular Frequency [rad/s]

Al 4.16 Complex viscosity 499 dNeat Wag plasticized PLA 4PIDx

F915009 M9 4,17 2INAWHUI 1715@ Storage modulus kag Loss modulus
fuunlthuuiediu plasticized PLA- 4DOAX fiofinn 9 ANud A1 Loss modulus il
11NN Storage modulus L&@xe wazdiem N LN U Storage modulus Wag
Loss modulus %ﬁﬁ%ﬂluqﬁu dlefiansananes plasticized PLA wuin plasticized PLA
hqmmiwﬁu 4PID2, 4PIDA- WAy 4PID6 WangA) Storage modulus ke Loss modulus 1'7i
IndlAgariu ONeat - Beanmnsnszyliiignsnssansinaiuagiianiiglunstugy
Wuieatuiu aNeat 19 luvsizdl plasticized PLA- 4PID8, 4PID10, 4PID12 waz 4PID14 e
fandmiisiing1 aNeat winldgamnilunsaudiendy enavililiaunsetuguld Tunts

& = o & v  a A & 2 v
U"JUﬂ'TTUUEUQQ"inL‘Uu@]aﬂuﬂqiaﬂqmﬂﬂUNIUﬂqiﬂuzﬂaﬂLaﬂu@ﬂ



46

T T T T T

‘@, 8 —
o 10 3 & —m—aNeat
5 Vi —m— 4PID2
= =
5 > —m—4PiDa
) ©
S O  —m—aPID6
Py =
on v —um— 4PID8
o e
o N —m—dPID10
) 2
105 —m—4PID12
—A—4PID14
1 1
10 : —— : ————10
1 10 100

Angular Frequency [rad/s]

AT 4.17 uand Storage modulus (\du7v) wag Loss modulus (1duUsy)

UDY dNeat Wag plasticized PLA 4PIDx

4.1.2.2 Awwtinsinaves plasticized PLA 4PIDx

Adatinisinaves plasticized PLA 4PIDX udnasanmd 4.18 wuinandiadl
nsluaves plasticized PLA - 4PIDx dimannainatneiinasinawss dNeat lngan MFI azdan
Lﬁmqﬁwﬁ%‘aa 9 euUIUIUNISHN PID ﬁLﬁmgﬁu Juralesanmafumaiadluges
(PID) dwmalviaslaluanandeulmlddety vhldamuniaves plasticized PLA anad
(@onndesiunaued Complex Viscosity) 2inmnaaesmuiasviinisinasszifisiggailo
B PD lutsing 12 Weddudlaedwdn snduilevsina PD Wy 14 Wedidudlne

wwiln edviinislvaves plasticized PLA fananad dWulumunavesen T,
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Al 4.18 eadainisinaves dNeat way plasticized PLA 4PIDx

4.1.2.3 auUnaanaves plasticized PLA 4PIDx
MMsNAFRUANUALTNNaUsENaUlUAIENISVNAADUALAUNIURDNSAIER
(Tensile test) LAZNITNARDUANIUAIUNIUADLTINTEUIN (Impact test) FsauvALTInNaveos

plasticized PLA 4PIDx ludnsndiunie 9 aziluilseuiileudu neat PLA

AN 4.19 waRINTIN stress-strain W99 4Neat waz plasticized PLA 4PIDx
9INNMNUT dNeat FzdwgRnITNISULANENUULLUIIZ AolalnsunnuLAY (stress) Wod
¢ v Ao = a aAa X 1 a a Y] ..
weswanuuuriuiviule Fensdesunietulifingin neck Tuvasifieniu plasticized
PLA #fimsiin PID TutSunm 2 f9 10 wWesi@udlaedmidn AuansngAnssuniswaniin
WUREINU dNeat ABIWORANIIUNITUANFNLUUIUTIE WAN1SWANIiNTes plasticized PLA

[ 1 a dy J A a dy 3 A 1 al 1A a
ANAITUAAINITAA neck VU wil neck 7MAATUTYU neck Nliadss wAlloRaITaN
plasticized PLA fflmsidy PID TuuSuna 12 wer 14 wWesfudlasuwiin (4PID12 wag
4PID14) WUIMNOALNBTUANINGRANTINNITUANINTLANAILUIINNITUANTENTDY dNeat DEN9
& Yo A = a v & = a . .
wiuladn Aoasunginssunisuaniniluwuumies wun1siin necking waz cold drawing

ARTU WoNAINUTINUNITLAR stress induce crystallization [21]



a8

70

dneat 4aPID2

60 4pIDa 4PID6
2 4PID8 4pID10

50
=2 4pPID12 4PID14
e
Bn
o 40 4
g
7
o -
B
-
T 20
|_

10

0 T T T T T T T T T T T T T T T
0 10 200 250 300 350 400 450 500

Elongation [%)]
AT 4.19 N30 stress-strain U89 dNeat way plasticized PLA 4PIDx

PINNANITNAABY  tensile testing WuU1IAT Young’s modulus, Tensile
strength Wag Elongation at break U89 4Neat iANVIIAU 1878 + 90.94 MPa, 62.27 + 4.09
MPa waz 7.22 + 1.11 Wesidud sy ludiureswanisuageuves plasticized PLA
4PIDx Wu1A1 Young’s modulus tagA1 Tensile strength (A7 4.18 wag AW 4.20) &
wnldululuiemadeadude WeuSuimmsify PID Ly 8 Wesidudlagtwmiin A1
mananilaanasiissaniesiiofiouiu dNeat Wioonananlaldinuunnaisiueened
Hod1Ay  WeznUn198naUBIAT Young’s modulus  WazA1  Tensile strength Tu
plasticized PLA 7ifinsifiu. PID wnn3n 8 wWesidudlaetnin lnewunisanasunniigely
plasticized PLA @ns 4PID12 laganniaiiies 982 + 49.73 MPa Uag 33.19 + 2.75 MPa

o w = 1 y . aAa X @)

ANUANY FIN15aRA9YBIAT Young’s modulus wag Tensile strength viNaTU B19UUNA
= ! | v | a ¢ A Yo = A a A Y
Wewnannsanaswesen T, dwalvianslenedwesidolasuusitsin ansiedeulnls

eU
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AT 4.20 A Young’s modulus U89 dNeat Wag plasticized PLA 4PIDx

70

——
——i>
——>

>

——i>

60 -

H- @

50 4

]

40 -

——in

304

20 4

Tensile strength [MPa]

104

AW 4.21 A1 Tensile strength 183 dNeat wae plasticized PLA 4PIDx

NA150UA %Elongation at break FIUAMIAINING 4.22 WU %

Elongation at break ¥84 plasticized PLA #ifinsifiu PID tipenan 12 wesidudlagtimdni
AlnALAEeUAT %Elongation at break ves dNeat uallowdn PID Tuusuna 12 wWesidua
It widn AdunuInen %Elongation at break WingWusg1un aidis 479.8 = 19.01
¢ @ [ A A @) | A oa 4;( P = [y a [y A a 1
Weosiun  wisefadu 66 wihiliuTudloisuiu  dNeat Tuvazihwaduidlofiansane
%Elongation at break ¥@1 plasticized PLA @ns 4PID14 WudAWIAU 290.93 + 29.65

Wasius viseAndu 40 Wihves dNeat FensiiuluvesAn Elongation at break g1
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2 & a al sag v A S o« a 2
5'3@Lﬁ')u‘LJL‘UUNalI']‘U']ﬂﬂiﬂ']mwa']aﬁl“m‘fjaiwslsﬁ 139 PID UU Nﬂ'ﬂquaqmqiﬂiuﬂqiwaqaﬂlﬁfﬂ

anelgluianaved PLA ¥3aMsNausewdng PLA fu PID tudniulad (kaa1nn1snaaey SEM)

B
500 4 T
1
§
Aré 400 4
v
o
4 C
(1]
2 3004
R
—
(18] - i
© -
C
S 15
L
104 & A S S
i 1L 1
54
0 |& Il‘\/ Ib\ I‘() |% |Q Il‘\( Ib\
54 Q ) Q ) ™ - N
2 N = S
oF S & & & & @Q ég\()

ATl 4.22 61 Elongation at break 983 4Neat gy plasticized PLA 4PIDx

TUAIUYBINANTYARDUAIUNUMUADLIINTZUNN  (Impact  testing) VB4
plasticized PLA 4PIDx WAAISINIWA 4.23 WU31A1 impact strength 483 plasticized PLA
ludnsdrunsuauiiinnaisiy dalndidesiu wasiatlndlfesiuaiu dNeat lnggnsnis

NANTILARAIAT impact strength gugnma dPID12 Faflansiniu 4.20 + 0.48 kl/m?

6

Impact strength [kJ/mz]

ry a Q
& P & © >
8 & & 8 @ & &

Al 4.23 ¢ Impact strength 489 dNeat wag plasticized PLA 4PIDx



4.1.2.4 MINATILVFUFIVINGIV09 PLA/PID

AW 4.24 uanIFNgIUINe1ves plasticized PLA 4PIDx 718ns1dun15iA

PID winAU 2, 4, 6, 8, 10, 12 waz 14 Wosifudlaguinmiin 31N nwuIInIsiiy PID tulkand

[ & o U LY 1 v v
ANTNANLUULUULUBLABINU (homogenous) AU PLA IﬂEJ"L?LI‘W‘Uﬂ’]ii’mﬁl’)ﬂu%@ﬂ@uﬂﬂﬂﬂ@ﬂ

PID FwAns1991nnIsin DOA LAz INAINSINaITRTUAINUDITUNUNNIUNITNAZDU

AMUNUNIUABLSINTZLNN Tanun1siy PID Ty PLA wu  lldswasiamnuaunsatunis

NUNUADLIINTEUNA

) AR % \o e r~ p 4 /
: AR T Y O30 i e ;
SEM HV: 5.0 kv WD 2495 mm | | | | MIRAS TESCANJ SEM HV: 5.0 kv WD:25.15mm | 1 ! Il
e e

View ficla: 104 pm Det: SE 20 pm View ficl: 104 pm Det: SE 20 pm

(2). 4PID10 : (R). 4PID12

SEM HV: 5.0 %V wp:982mm | 1 MIRAS TESCANE  SEM HV: 5.0 kv woiesamm [} g 1) MIRAS TESCAN]  SEM HV: 5.0 kv
View ficld: 104 pm Det: SE 20 pm Vicw ticld: 104 pm Det: SE 20 pm. View ficld: 106 pm

{(v). 4PID14

)
SEM HV: 5.0 KV WD: 10.27 mm (UL

View ficid; 104 pm Det: SE 20 ym

AN 4.24 FUFUINE1WeN plasticized PLA 4PIDx UBaTUNUARIUNTNAFBUAUNUNIY

HOusINTEWNN Tifndsene 2000 Wi Iae (R). 4PIDA, (1). 4PID10, (A). 4PID12, (1). 4PIDS,

(). 4PID10, (R). 4PID12 uaz (¥). 4PID14
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PMNMSANYINAVBINSRUNA @R LS ndneauURvoInedLaninLadninge
4043D Tusiten 4.1.1 nawesn19tfiu bis(2-ethylhexyladipate, DOA Wwag 4.1.2 Havens
Wiy Polysorb®IDa6, PID wiawSsuiisunavesnisiunanadluwaslyidu PLA veeia DOA

WL PID kAMIAIITeN 4.1.3

4.1.3 Wisuidisuauifnisilunanaflaiwasuas DOA uaz PID dowaduanfinuadn
nN9m 4043D
a Al 4 a s g.J/ 1 o 4 a s 1 1 IS5
nsiunatadlowesaslunediuesiy dwavilvinedwesinnugeunuad Ay
NEAMEUTNNINTY (angaumiin1siuaguan U ARIeLMIYaINeFINesAY) Bnviaddwmaln
Young’s modulus vesnadiesinanas sauluiainnisiuisuwtasvesgauugiilunisiin
Wan 130 cold crystallization temperature (T..) Y9INOALBIINAY [22] LAZAIUEINITA

Tunsdunanaflawesdluedivyinuasmedines iy

dlovinisuan PLA 6043D ffu DOA 58 PID Tushsndiumsuausenisnedt 3.1 ua
nMsnageuLarUIsUeUALannsalunsunaailrieedsening DOA way PID fuas
U'Waﬂlé’mﬂmiLﬂﬁlauwawaqqmmgﬁmam?{suamumﬁwLth (Glass transition
temperature, T,) A1 Young’s modulus kag ¥33amvgilunisiiauédn (cold
crystallization temperature, T..) FIWanINanINT 4.25 89 andi 4.27 Tasarnuanis
‘Vl@a@UWU’jWLLUQIﬁMGMNﬂ’IiLﬂgEJ‘L!LL‘IJaG"UENﬂ;l’j\‘I Te Young’s modulus hag T UBI
plasticized PLA futaldullufiamiaionduie Asinamsiunaianlowesaud 2 8 8
Wosiduslagtmiin st DOA uay PID Snnsanasuasrmaans uswuinnsiiiu DOA Wunan
adlmiwesliiu PLA Ty uanin1sanasmede T, Young’s modulus Wag T Funning
G PID Wunanad loweslusnsdiunsuaudivingy wsegslsinuiofiansannisfiunan
amm%aﬂuﬂ%mmﬁgﬁmﬁu 10 waz 12 Wesifurlastmdn nsidy PID Wunaiaile
193 HIAILANINITANAIVBIAT T, Young’s modulus ag T fanasegraunLazanas
wnndieSsuiisutunisiiu DOA lushsidrunisuamiientu Tnslunsdvesnisiiu
DOA 1 unanaflyigasazuaninisanasvedal T, Young’s modulus wae T U7
USunanisiiiy DOA Wiy 8 wWaesiduslaetminwindu ndsndudiofinisifiuusunaman

o [

afluiwas DOA zhanin1sildsulUasaarnsinaniag1ehiivadan

o
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70.0
" PID
]
° DOA
]
60.0 4 n
U [ ]
Ol_l
~ (]
4+ L ]
s Lt
[ ]
Z 500
ﬁ? ™
40.0 = -
0.0

I T I 1 I I 1 I
0% 2% 4% 6% 8% 10% 12% 14%
Plasticizer contents [wt.%)]

A9 4.25 A1 Tan(delta) 3 T, ¥04 Plasticized PLA #ifinsiiumanadlawwassnsviiniu

2000
| % n PID
1800—- ? DOA
1600 -
1400 - i i %

1200 4

Young's modulus [MPa]

1000—- %

AN
A\
AN

800

0

T T T T T T T T
0% 2% 4% 6% 8% 10% 12% 14%
Plasticizer contents [wt.%]

AN 4.26 Young’s modulus 984 plasticized PLA filmsiaunanadlgisasasuiniu
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DOA plasticized PLA i . s

PID plasticized PLA

—71tr  r - 1~ 1 1 1 1 17
30 40 50 60 70 80 ,9 100 110 120
Temperature [ C]

plasticizer contents [wt.%]
— 0%
— 2%
— 1%

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

— 6%

Storage Modulus [MPa]

— 8%
—— 10%

12%

14%

A9 4.27 guniinisiiaxanes plasticized PLA Miflimsiauwanafluigairneilniy

nmssBuLeUANaInsalunsidunatadleiwosvasis DOA wag PID
wuinvie DOA ez PID wansautantsilunanadlvwosliiu PLA ud PID fimnuanunsalu
msfunanadlsosfiunnnia DOA iesanmsiia PID Wunatadlowesdawalmannis
anaIueAn T, A1 Young’s modulus kg ¥39uas T funAn3InIsifis DOA waz PID w3e
Polysorb 1D46 ﬁuﬁmmmuﬁﬂumm%w (Solubility. parameter) TnaiAgeiu PLA

1110177 DOA [12] F9dealsr PID iWunatadlaignsnania DOA uase1alsAniunisidanlan

(%
£ ¥ (%

anan ey Aesitliinuantivasianiifeniseie lngasuaninan1snaaeuaudisiig
5 gail

1. audFanaved plasticized PLA

auURALTNavey plasticized PLA ludiuwes tensile testing Y89V 4DOAX
waz 4PIDx LaAIA1 Young’s modulus Wag Tensile strength fianas Weousuamsiiunan
amlowwesifindu luvaefl %Elongation at break fiAMfinanntu fansangasnsuaudivily
\Aamswdsundamginssunsuansinuesweduanfinuedn tnevilu Neat PLA fingfinssu

nsuaninuuulUs1e 9ntuilliednsfunaiaflowesazildsuiungAnssunsuaninuuy
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wie1 ln plasticized PLA  4DOAx \Antulugnsnisuay 4DOA10 Bsfid1 Young’s
modulus, Tensile strength wagz %Elongation at break fAWNAY 1,439 + 30.42 MPa,
335 + 231 MPa uay 45.15 + 8.39 Wosldud awawiu Tuvaziinediweslugnsnisuas
¥99 4PIDx azinmaAsuulamginssunsuaninidunuumielugasnsnay 4PID12
waz 4PID14 lpglugnsnisway 4PID12 i1 Young’s modulus, Tensile strength uag
%Elongation at break iU 982 + 49.73 MPa, 33.19 + 2.75 uag 479 + 19.01 wWesidus
WazanINIINaN 4PID14 AU 1,337 + 80.39 MPa, 44.08 = 1.27 uag 290.93 + 29.65
Wesldud FanandRiBsnavesgasnsuauiing1nan azwuitlugnsnisnas 4DOA10 finns
anaYaY Young’s modulus ae Tensile strength dlowlaufu aNeat Uszanes 233
Wosiiud war 462 wWedldus mudwy waviiniafintuves %Eloneation at break
Uszana 525 Wosidud Tuvazdigasniswas dPID14 finsamasuasdn Young’s modulus
Uszanay 28.8 Wodldus nsanasves Tensile strength Usgangs 29.2 wWasidus Wawfieu
U aNeat Tuwausdiinsiinues %elongation at break &1 3930 Weddud Fufinguun

Waeununisiiy DOA

[ '

AUURANITVUNIUSBLSINSERINVRINERLTNIdedadlANtnameaty Tl
wanenauinn Aiilesgnanisnasl 4DOALA Nildn impact strength 6.45 + 0.82 kJ/m” &

WANTUAN ANeat Uszunad 70 Wosigus

o

2. #ug1uIne1ves plasticized PLA

<9

plasticized PLA Aunnsnstuisdesuiln definsiunaanlowosluusinm
fon (2 fa 8 Wesidulneniniin) szuansmsuanifnuuuiioy waedlefadituiumnsiia
Angauazianmgnssumsuaninuuumies lunsdvesaifiy DOA aslu PLA Tu
USuadinnnt 8 wWeddudlaetmiin azwugu'%a?iamfmﬁmﬁﬁu Fadunainanuiinames
DOA  annifiune  AAmsTmiiiuensnmeglu  PLA lagusgngamauduastaely
nsvUILNsTugUuun s dunanailoiges usswuiy plasticized PLA 74 PID iuwanad

lows Tnsnunisuauiinfuduilafe)sening PLA wag PID AnTu
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4.2 AnYINavaINISHNNANER LYwas NN aNURYaINDALAARNKETARIITUANY

Tudufiaesvesnudde vnsAnwnavesnisiiunanadlewes 2 vin fie DOA
waz PID asluneduandnueda (PLA) vllaf1s 9 3 1nsn Usznaulusie 1. PLA 1nsa 4043D
2. PLA \15A 2003D wae 3. PLA 1n3@ 3052D tneviniswaudian1isiiensusuided 4.1 &
PLA ustazinsmediiminluanafiunndraiu Tnenaaouviainluana dewaia GPC
Fennmaneaetiienesidemeaiafnanazldaes anadetiminluanalagdiuan (M),
ﬁﬂLaaﬁlﬁjﬁMﬁﬂImLﬁQﬁI@UﬁWMﬁﬂ (My), ﬁ’]LQ?ﬂIElﬂjlﬂﬂﬁﬂimaqaimlﬂmimﬁﬂ (M,) ag Anedl
miﬂﬁzmaé}’aﬁuaaﬁmﬁfﬂimaqa (polydispersity index, PDI) WaAIHANITNAADUAININT
4.28 &9 0l 4.30 wud1 PLA 1n3A 4043D S iadsvosimdnluanalasdimiin (m,)
WU 169,500 Daltons AeAstasiuiinluanalagsiuau (M,) wirfu 115794 Daltons

wazAsrinsnsEteivenminluana (PDN) Wity 1.46

1'4Dt % j100.00
] § E 3 |
120] g 0 g8 :
] » = gl 80 00
i g o g -
1.00 o = = L
i E L
S 080 = -60.00 TD,
3 -2
s ] S
s 4 i
¥ o] Lo S
0401 i
] ~20.00
0201 B
O.C[F: —0.00
5.IBU I ‘ 5.|60 ‘ I I 5.‘40I I I 5.|20 I I 5.|Cﬂ ‘ I I 4.|80 I I I 4.|60 ‘ I I 4.l10
Slice Log MW
Distribution Mn Mw MP Mz Mz+1 ) .
Name | (Daltons) | (Daltons) | (Daltons) | (Daltons) | (Daltons) | FOVdisPersity | MzMw | Mz+1/Mw
1 115794 | 169500 130219| 2378s2| 308382 1463800 | 1403256 | 1819363

A7 4.28 Wtinliianaane wagAIN1INTEAtemvasimvtnluanaves PLA 1nsa 4043D

NNSNAFDUMLLNALA GPC

#215841 PLA 1050 2003D wudnenaievesimtnluanalagdiniin (M,) Wiy

172977 Daltons Aedsvesimiinluianalagdiuau (M,) iy 132256 Daltons Lagen
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dainanszaredvesimiinliana (PDI) wiiu 1.31 wasiilefinnsannisnanadeues PLA
1n3m 30520 Tunnd 4.30 LLammLa?iasuaaﬁfmﬁﬂimaqaimaﬁmﬁﬂ (M) winfiu 147789
Aiadgvasiminluanalngsiuau (M,) Wity 105541 Daltons uagAdain1nszaes
vosimiinluana (PDN) Wity 1.39 Fudlowdsuifisy PLA %3 3 1n3a nud1 PLA 1n3n
4043D wag PLA 2003D fidnadsvestminluanalasdminlndifsstu luvned PLA
30520 11 M, esflan d99nnisnaaeuiismaia GPC 41adu Tnanismaaey

WULAINUAUNIS51897UU84 Jed Randall [23]

1601 10000
] N : I
: ; s 58 :
1.40+ © o) © o -
1 N & + o
1 x [ e -80.00
120 t b f -
] 3 =
1 = 2 = )
1o 6000 ®
) 1 - g
T 08 X i
3 ] .2
5 ] w00 O
060 e
0.40-
] 20,00
0201 I
000 -0.00
570 560 550 540 550 520 540 500 480 480 470 480
Slice Log MW
Distribution Mn Mw MP Mz Mz+1 ) .
Name | (Daltons) | (Daltons) | (Daitons) | (Daitons) | (Dattons) | FOVAISPersity [ Mz/Mw | Mz+1/Mw
1 132256 172977 146574 221175 269622 1.307896 | 1278636 | 1.558716

A 4.29 dmiinluianalade Lagainisnssangmvesdminliianaves PLA tnsa 2003D

PNMNINAGBUAELNATLA GPC
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ERRES
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© 060 —40.00
040] I
1 —20.00
0201 -
U.DDE —0.00
‘ 5.‘60 ‘ 5.‘40 ‘ 5.‘20 ‘ I I 5.(".’0 I I 4.IE\D I I I 4.;30 I I 4.‘40
Slice Log MW
Distribution Mn Mw MP Mz Mz+1 ) .
Name | (Daltons) | (Daitons) | (Daitons) | (Daitons) | (Daitons) | PO/YAISPersity | Mz/Mw | Mz+1/Mw
1 105541 | 147480 116540 | 200079 255206 1397463 | 1356568 | 1.730335

Cumulative %
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A9 4.30 dmiinluianaiade kagaAin1snsyleRivesdmtnluanaves PLA 1nsa 3052D

NNITNRAABUALLNATNA GPC

91NMI891UY Jed Randall [23, 24] lasyyl¥in PLA 4043D way PLA

2003D 1Tu PLA fiiunsnsnsn wie extrusion erade luvauzil PLA 30520 1u PLA 1nsa

2m 930 injection grade 1oy PLA 4043D waw PLA 2003D ﬁﬁmﬁfn‘lmaqaﬁlmé’ﬁmﬁ’u uag

171NN PLA 3052D w@ogidlsAniuilanansainds Disomer 489 PLA Leiazinss wuin PLA

P9@1ubn5A TUSUNUUBY D-isomer TussaumeIiy F9wandlasanIng 4.31

Increasing Molecular Weight

>

-n T
>

Increasing Level of D-isomer

Fiber and Injection

AN 4.31 WEAIANULANANIYDY PLA waazuiin [24]
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4.2.1 WaYBINTLAYU bis(2-ethylhexyl) adipate %38 DOA Tu PLA sinsvtinnu

4.2.1.1 NM5AT1ERaNURn1Inaelauning (DMA)

WTaINaNIIAd@eyU  Damping  factor  AawnIsuadeULUUUABULUAS

a

gaundl Tugae 30 esmuwal@ea 9 120 rwalled vee plasticized PLA nDOAX (n
vanefs favuansiinues PLA Mlduansmunnad 3.1) lnefnwnnsdsuuasiinves
PLA 714 Tnen T, 904 plasticized PLA WARIFINTIT 4.32 WaTLARIAIRIINT ISR 4.3 WU
f1 T, 984 Neat PLA winzwiiadialndiAsetu Tnsfidnoguszann 66 asmwaidoa a1nty
Slofiansan T, vwes plasticized PLA #1l4f PLA sisviiafu wunisanasuesen T, WeuTunw
s DOA fiaifiiiuanndu 2ntuagdidesiiviodsuudandondntios iWousuna
N15LAL DOA gedia 8 Wosidudlagiimin agwunisanasuosen T, asanluudazyiinves PLA
Fawuen T, v99 plasticized PLA Tuinsasing ) fiwihdy 51.7 ssrnwaidoa Tugnsniswa
aDOA8 lu plasticized PLA PLA 13 2003D tu niulugnsnisuas 2D0A8 Seusity 52.1
aLeaLiEa way 3D0AS dewhify 523 ssrniwalioa maanases T, Wstuiilosannis
GunanadlewefidluiudmaliussBamilinssiaeleluanadaanas aeldedeulm

lodneau wasmadunaafloeshuuSuauiiinay dwali T, Jaadainduvienia

Wasuwlasiuduieadntios wunediuauidevos A, RUELLAN [12]

lunsalraemn Storage modulus IMNNIsNAFBURUULUREULURMNAN Lans
o - ' a = N A a v ]
ARIRN5199 4.3 Tnguansan o VN 30 DIALTALTE (VIDNYUNHUNDI) WU Storage
modulus U84 dNeat ﬁmgmm 2Neat lgadntiosluvnz 3Neat fian Storage modulus
nesnindloieuiuniastedn uandliauianunlaus o gaumaiivies lnenuinnuuds
rannTaisedlalng dNeat > 2Neat >3Neat anuuidlevinisway PLA Wiy DOA Tu
U311ausn9 9 Wudn Storage modulus Hefanaddlousunas DOA wiuawy wazsiinvuly

wwdldadeniulunn 9 1nsaves PLA
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Al 4.32 Damping factor ¥84 plasticized PLA nDOAXx

(n). ADOAX, (). 2DOAX LLag (A). 3DOAX

61

—=—— 3Neat
—e—— 3D0OA2
—a—— 3D0A4
—v—— 3D0OA6
———— 3DOA8
—<— 3D0OA10
—— 3D0OA12

—e— 3D0OA14

#9797 4.3 A1 Damping factor waw Storage modulus ¥4 plasticized PLA nDOAx 71l

PLA sn9vinfiu

Damping factor

Storage modulus at 30 °C

PLA grade PLA grade
Formulation
4043D. 2003D -~ 3052D 4043D 2003D 3052D

nNeat 66.6 66.1 66.1 253x10° 218x10° 1.60 x 10°
nDOA2 62.4 62.7 62.4 1.10x10° 136x10° 1.25x 10’
nDOA4 59.0 59.3 59.6 146 x 10°  131x10° 1.09x 10’
nDOA6 54.3 56.0 55.8 121x10° 148x10° 1.07x 10’
nDOAS8 51.7 52.1 52.3 1.19x10°  9.74x 10> 1.30 x 10°
nDOA10 53.0 54.5 54.7 1.07x 10° 1.32x10°  8.52 x 10°
nDOA12 52.8 53.2 546 | 9.66x10° 1.29x10° 9.80 x 10°
nDOA14 52.3 53.4 53.9 119x10° 124x10° 8.89x 10°
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4.2.1.2 Aeastinisirares Neat PLA 1nsasng ¢ danvinu 6.60 + 0.08 ¢/10
min (PLA 4043D), 8.38 + 0.19 ¢/10 min (PLA 2003D) uag 12.19 + 0.03 ¢/10 min ‘\]Wﬂﬁfu
louiu DOA TuuSinadifissnntu e MFI Sanfiugstiu Tnslu PLA 4043D uag PLA 2003D
fenfilndifesiu Tuvnedl PLA 30520 fAwfiugetuosnann enaifunaidesnanany
uanssrasiminlana  uandofunanadloweslutiinadfiuintus MR Seudiy

£ 4
FNVULIDY €)
Y

60
50 4
=
~— —
> - nDOAG
. DOA
= 20 e
- NDOA10
104 B o
- nDOA14
04
PLAG043D PLA2003D PLA3052D
A9 4.33 Avgatinisinaes DOA plasticized PLA @sld PLA answilafiu
4.2.1.3 nMsiesgianimdnates plasticized PLA nDOAx #ild PLA #4
yinnu

fsannisnadeuauTinisnda e Tensile testing Fuwansrmn Young’s
modulus, Tensile strength uaz %Elongation at break fan il 4.3 fv awil 4.36 Tng
LAPIKANNINAFDUVDIALUANAIYasUSINainsiin DOA Ty PLA nsashe 9 Sanudndia
Young’s modulus Uag Tensile strength U89 plasticized PLA Iunﬂ 9 1NIATVOY PLA

wualtuiianas Wedns1diures DOA WNUU 1aNa158d1 %Elongation at break wuan

= a

%Elongation at break gilAfisigstuiieusinun1siau DOA INTY uazaLliuuNign

=

Imsndiunils  ntuaranaaileiiulsinaeanadlawes lag PLA nsa 4043D

%Elongation at break gefignlugnsnissay 4DOA10 fawviiy 45.15 + 8.39 wesidud Tu
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d1uves PLA 103 2003D Numsiiiduees 9%Elongation at break mm?izjm TugnsnI e
2DOA12 Fefleuiiu 38.42 + 6.35 Weosidus luvaisil PLA 1n3n 3052D i1 %Elongation
at break 1nnilanlugnsnisuas 300A12 fevinfu 30.76 = 1.69 iwedidud 9nfinaiing1

zula %Elongation at break w84 PLA 4043D > PLA 2003D > PLA 3052D

2000
] = PLA4043D
1900 -
] e  PLA2003D
— 1800 _
] i
£ 1700] 2 I A PLA3052D
5 1600 I
é ]
S 1500 |
€ 1400 %
_Ln
2 1300
=R | l
> 1200 - |
1100 & L
0 I % T (1/ I b‘ T (O I (b I Q 1 (1/ I b‘
& S & & & §F &F 5
< Q Q Q Q N & N

A 4.34 Young’s modulus 983 DOA plasticized PLA Tagld PLA answilafiu
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70
= PLAG043D
e  PLA2003D
60
L i A A PLA3052D
= .
< 50 ¢ #
&
()]
g |
o 47 .
‘0
: I R
= 30 ¢ 5
0 I % T q/ I b‘ T (O I (b I Q T (1/ I b‘
& S & & & §F &F 5
< Q Q Q Q N & N

A9l 4.35 Tensile strength 299 DOA plasticized PLA Tag/la PLA sinsustiniu

60
= PLA4043D
504 e  PLA2003D
= A PLA3052D
< 404
v
0
T 304 A °
5 I
+—
S 204 § % I
[
ke . L]
L § ®
10 . " i
¢ s i, :
O I % T q/ I % T b I (b I Q I q/ I ™
RN Q &8

Al 4.36 %Elongation at break was DOA plasticized PLA Tngld PLA sinavfinfiu

N3 UAIUTDINANITNAFDUNITNUNIUADULTINTZUNNTOY  plasticized

PLA 14 PLA snsrdiniu Tudnsidiuniswas DOA @4 9 31NN 4.37 WUINAINUTIUAE
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wsenszunniianlndifesiuluyninsnves PLA wazdianlndlAesiu Neat PLA Fauansliiiuii

ASLAUNAEAR LD lAINAR NSRS ULUAIAIAIMUNUNIUFABLTINTLLNNVDINDALLDS

10
L] PLA4043D
8 ° PLA2003D
A PLA3052D
6

Impact strength [kJ/rnz]

I
I
e
-
— -
HpH @
e
—p+em—
L.

ATl 4.37 Impact strength 989 DOA plasticized PLA Tagld PLA sinswfiniu

4.2.2 nawaIn15tin Polysorb® ID46 adipate #3a PID

4.2.2 1 MsasienauTinanadalaunding

AP 4.38 Wang Damping factor w84 PID plasticized PLA laauwusnsan
ooniu PLA usiazvilln Fanmil 4380, WAnIKaNInAABUYRS PLA LN3A 4043D Faainam
wuhen T, fanenandleuiinumaiy PID fuuindu uaze T, fiAnengnlugnsnisna
apID12 fawvifu 48.1 earnwailva Tudiuves plasticized PLA 7l PLA 1nsa 2003 ua
maveaouiiuunltuuietuiiu PLA 4043D Tagagnunisanasves T, funndigelugnsnis
Nay 2PID14 Faflawiniu 47.9 ssrwadea wazly plasticized PLA 7114 PLA 1nsa 30520
fiAn T, shanlugnsnisuas 3PID14 Tauviiiu 50.1 esrmwaidua lnefinisanasues T, el
Snsrdauves PID Waanndu Tnerves T, luusiazgnIn1snaues PLA usiazyiinuansds

AN5199 4.4
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——— dNeat
——e—4PID2
———4PID4
———4PID6
——4PID8
—<«—4PID10
——4PID12

—e—4PID14

—a—— ?Neat
—e— 2PID2
—a—2?7PID4
——— 2PID6
—— 2PID8
—<— 2PID10
——2PID12

—e— 2PID14
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—a—— 3Neat
—e—3PID2
—a—— 3PID4

—— 3PID6

——3PID8

Damping Factor

—<— 3PID10
——3PID12

—e—3PID14

I T I T T T T T T N I T I

———
30 40 50 60 70 80 90 100 110 120
Temperature °C]

Al 4.38 Damping factor Y84 plasticized PLA nPIDx
(n). 4PIDx, (), 2PIDx wae (A). 2PIDx

aNgeT 4.4 Damping factor ez Storage modulus ¥84 plasticized PLA nPIDx

Damping factor [°C] Storage modulus at 30 °C [Pa]
PLA grade PLA grade
Formulation
4043D . 2003D 3052D 4043D 2003D 3052D
nNeat 66.6 66.1 66.1 253 x10° 218 x 10>  1.60 x 10°
nPID2 64.8 63.6 640 | 239%x10° 1.55x10° 1.59 x 10’
nPD4 61.9 62.5 615 | 260x10° 1.89x10° 1.39 x 10°
nPID6 60.0 58.4 59.1 223x10° 1.48x10° 1.39x10°
nPID8 55.7 54.9 563 | 250x10° 152x10° 1.39x 10°
nPID10 53.7 52.6 53.2 223%x10° 1.14x10° 1.19 x 10°
nPID12 48.1 49.4 50.4 1.44 x 10> 1.28 x 10> 9.89 x 107
nPID14 51.0 47.9 50.1 1.44 x 10> 8.19x10° 1.16 x 10°
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#1915041A7 Storage modulus &4 gl 30 BIMEATEEYeY plasticized
PLA PLA/PID 7l PLA sinssfiniu uansdans19il 4.4 wuinen Storage modulus ves Neat
PLA w94 PLA udtazwilafieniidnaiufie dNeat > 2Neat > 3Neat dsvsvenliirfigaumni
fananmnuiniunuves PLAGA3D dmnuudendn PLA2003D way PLA3052D awgndu @
aonndestuAiaievesiminlmanalaetmdnuasandsiinglva Mndudlefinnsun
plasticized PLA fifinsifinuSunaunisidin PID 9suaneen Storage modulus ﬁamaﬂiuwﬂ
N5 PLA Bafidnsndiunisifiu PID fiwindu PLAG043D Agasiin Storage modulus

971 PLA2003D Uag PLA3052D Mmua1siu LyuLAsl
4.2.2.2 Aetinislva

Angtin1sluaves PID plasticized PLA 7ifinsld PLA tnsasing ¢ Suualiuly
Tuiamafeaiu eedamudesnsidulunisnaunalaflowesiannuiu lnaaaviinig
Inaveansm PLA 30520 fe1gendnnga PLA 2003 uag PLA 4043D Tudnsidiunisway

a LY = & H Y 1
LAINU ‘ZNLU‘HI‘LJGH&IU']MUﬂIiILaqasﬂaﬂLLmazLﬂiﬂ

40 H
nNeat
nPID2
nPID4
nPID6
nPID8
nPID10

MFI (g/10 min)

nPID12

nPID14

PLA4043D PLAZ2003D PLA3052D

A1 4.39 Adwiinnslya (MFI) wes PID plasticized PLA 7ifinnsld PLA sinswfiaiu
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4.2.2.3 MAATIEVANURTING

AN 4.40 WaMAT Young’s modulus w89 plasticized PLA  PID
plasticized PLA lngiimsiUdsuwdasuiinves PLA 4 nudtluynuiinues PLA Al wwaldy
289A1 Young’s modulus TwuildaanasileUSuiunsifiu PID Usunasfinsnnty gy

nallosnanuaan lwesidluunsnluaislgnefiuesves PLA dwalw plasticized PLA i

ANULTITantiDYad
2000
% ] " PLA4043D
1800 . § { I e  PLA2003D
92_“_’ B i * A PLA3052D
= 1600
n 1
= |
3 1400
O
&
o 1200 -
[
)
(@]
>~ 1000 4 %
0 I % T q/ I b\ T b I (b I Q T q/ I b
%@’b X & Y X O O L
Q N < < N (il g g

Al 4.40 Young’s modulus wed PID plasticized PLA fin15ld PLA shswiniiu

A9 4.41 uansAn Tensile strength 989 plasticized PLA nPIDx 7fin 5l
PLA snswliniu fidasidilunsidy PID ds 2 89 14 wWesidudlagumidn wuiude
S PID Mdinasluiivsinandiugnnidu e Tensile strength de1vanas Tuyninsaves

PLA



70

80
= PLAG043D
70 4 I o PLA2003D
— L A
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£ . : ° i
on L ] ] i
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£ 50+ ] i
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C 40+
|_
} PY
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ATl 4.41 Tensile streneth vas PID plasticized PLA #ifin1sld PLA sinsuilafiu

AT 4.42 uang %Elongation at break U84 plasticized PLA fifinnsld pLA
fnafindu waginsfiu PID ludhsiaiusing 4 aana1mnuin - plasticized PLA 714 PLA
1SR 4043D uag PLA tAsA 2003D 9%il %Elongation at break ViLﬁwﬁuaéNimﬁa e
W3suiguann Neat PLA ﬂ’mﬁu%uéuaq %Elongation at break WuiuQMﬁﬂwswam 4PID12,
4PID14, 2PID12 way 2PID14 Lwﬂuqmmimamﬁﬁ PLA 1A5A 3052D wJuneduesunnsnd
Slevihmsiiy PID aslusuded 16 wWesidumlaeimitn axuansnisiiiuduzes %Elongation
at break isadndoasiaty ﬁf’uma}L“f]umt,mmmﬂmmmeiwuaaﬁmﬁﬂiuLaqa 3 PLA

WNSA 4043D way 2003D ﬁﬁmﬁfﬂiuLaqaﬁiﬂé’lﬁmﬁumzﬁﬁhmﬂ'jw PLA 1057 3052D 39

Y

wanangAnssunsuaninduwuumden esnwanaflowesidvadluly PLA Tudwwaln

v
= a

anglaluianaves PLA wdeulmlddedu ianisinsesialaistuinlasuwsafadn vinlvdl
%Elongation at break gty usludiuvesmediuasnly PLA 1nsa 3052D Tuwtdnluana
° a al s av & A . o 8 v A |

i1 nsiiuwanadlwesenssdsengiduluansnasdu (Lubricant) vilviangldiafousrinu

AusuAull denalvilaaunsadnseaslamialasunsana
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ATl 4.42 %Elongation at break v89 PID plasticized PLA #ifinns14f PLA sinswfinfiu

W150d1AN Impact strength 849 plasticized PLA nPIDx LaAINan1Inagaauy

FININA 4.43 WUINNISHN PID Tudnsidrumiunindu Lliinn1siuasukUadnanisnuniy
\ A a a 1 | a o a a a1 W '

ADLTINTELNN LALLIDNINTUINNITIY PLA AN9afinny o USuaaunstiy PID Awindu A1nns
I I I 1 o Y & 1 a ] [ wa

MU oS INTERINAIANA1IAL wanslidiuiinisiy PID ztelunmsususandainig

At welddsaniauanuasalun AU ULSINTEWNN FudlaSeuisudu Neat PLA A

FapadlanlnatAeaniu

.
= PLAG043D
64 e  PLA2003D
"E | A PLA3052D
S~
2 .
L n
5, ¢ I 1
C 4 A JT
y .
S 3 [ v
4 T 4
®
a 24
£
14
0 T % T "]/ T b‘ T [O T % T Q T ‘L T b\
& Q Y ) 9 ¥ ¥ >
& & & §& § ¢ & &

AWl 4.43 Impact strength ¥84 PID plasticized PLA #ifin154 PLA snswiiafiy
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InuanIsnaasUTeuTisuautives plasticized PLA fifinswasuudasuinues
PLA 3 Lnsm Aa PLA4043D, PLA2003D way PLA3052D %Q PLA ‘17]30 3 150 AANULANAINAY

vosiminluiana 49 PLAG043D fiwtdnluianalndissiu PLA2003D uag PLA3052D i

al

uninluanadesngn Narsanavesnsildguulasyilnues PLA Wailn1sidunanaily

q

[w9355EWINa DOA wag PID wuiwavesmsiasundasgamainisiasuaniuzadouives
plasticized PLA fid1anasuindigaiu PLA 4043D uag PLA 2003D (anaslndldgaiu) .
Tuvaiedl PLA 30520 uansnsanastieniian ierSsuifivuiu PLA insndu 9 uenainié
WuALLANA1IRuYesaNTRTINavey plasticized PLA Tuusiazinsnves PLA afluwaliiy

ARninlianaves PLA wiayvile

4.3 AnwINavaInIsIANESIANLAWsoTiana Ao plasticized PLA
NISANYINAVBINISIANESIANLAINS o ana (Talcum) Tu plasticized PLA 9

Mn1sAnwInaseInIsRNansIANnesaslu plasticized PLA TawagiinnisAnwinaiadluges

ﬁgaﬁawﬁﬂ (PLA/DOA/Talc wag PLA/PID/Talc) Feaannasineainunaiuidediieades

WU NMSLALaAatU PLA 3n15032318@208 9d@itdus uazananoauifnig o 1oy dew

2))

(%
v v @

1% PLA Sudnifinunniy Hlosniiadausengasidu Nucleating agent [25] nvisviada
amnsnusengAaaduaseSunse (reinforcing agent) 8nAae [26] Tneludruilazdnwinis
duiadaaslunaianluwosiusunn 12 waz 14 Wesiduslautmdnits DOA waz PID
losndeeniswiouiflsunavesnisiiadaly PLA Afn1siunanadlowesionsidiu
oty wasludnsdiunsuaudanaiidlduanisaaesiunnsisfuie n1sld DOA WWum
anadlowes o sasrdunsuay 12 uas 14 Wesduslagtimidn DOA axilunnifunedmsu
M3 plasticized PLA u&18193¢yldiluszuunisnauil DOA 1nnne 33 DOA Timdeainny
swanadly gy processing aid 14y plasticized PLA Tuvaugfinasld PID @unan
aflmweslusnsdiu 12 uae 14 Woddudlnetmin PID Hmanansmuidunaranleowes
AT PLA uagsemadananiswinninfuiadalusnsidiusiis 9 Ao 5, 10 uay 15 phr
WiowdouiiteuaudAviintuiie PLA/DOA/Talc way PLA/PID/Talc Tnauansdaydnualuaz

90518 UNTHANAIRITIN 3.2 WATNANITNAFDULARIAIFADLUT
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4.3.1 wavaInIstAuvianana DOA plasticized PLA

4.3.1.1 NM5ATIERaNURN1INaTelauning (DMA)

AT 4.4 Fauaneen Damping factor W@y Storage modulus UBY
PLA/DOA/Talc Tagldl PLA 4043D Tulvsmnismndeuuuuidsuutasgumgil daus 30 o9
waLgya 09 120 B9 gaLded IINNITNABUNUIIAT T, ves PLA/DOA/Talc Tunndnsidiu
mswauazdaflndfestu lduandgluan plasticized PLA Aigslifinnsiuviada usay
LARIANALANGNIDIANZWDTIA Tan(delta) Favsuandanisiin relaxation Tneazly
finsanludruvemanisnaaoua Storage modulus 9NN MazNUMTUALLUUAIYRIA
Storage modulus 2 %2¢ A9 1. 1247 Storage. modulus fidanaudlogamgfiasiu Fudu
Pl adsuanuznaieufuduadeens 83 PLA/DOA/Talc Tuusagdnadiums
wanfianiilndifestu way 2. Huraedi Storage modulus ddnfiuduslogamgiidiadu s
vanefarasil PLA/DOA/Tale mdafnndn ddundazdnsidrunmsnanazdaiiunnsaiy
Tnewedwesidvlisnmsiiutada (4DOAL2 uay 4DOALE) szmumsiiuduwosdn Storage
modulus ludagaumgil 85 03 95 BeAlwATyd Uazyagumn)ivedan Storage modulus
ﬂ"]Lﬁmqﬂgﬁu%Lﬁmﬁﬂuﬂmqmmﬁﬁamﬁ’mLﬁaﬂ%mmmi@uﬁaﬁmﬁﬁu Juwaiileaan
mafiuanafuuivieriadadulssngisaduastendnliiu PLA Tedmalvigungiilunis
Aendn vi3e Cold crystalline temperature (T fAnanas luvugfoasudlofinnsanlugag
93 Rubbery plateau (Y19gamniusvana 55 f¢ 80 ssriwaldoa) PLA/DOA/Talc #ifinng
Lﬁuﬁaﬁ’ﬂw%mmﬁﬁmmﬁu 9z3A1 Storage modulus fianas Faoravsvends softening
uag Heat distortion wad PLA wnaluntiiulugnaniswan 4DOA14T15 (Fudhdudu) o
Annsidsutasd Storage modulus Wisudnties Wogaugilunimedeuiidufiuminiy
Faunnsnsangmsnsnandy  enananldingesmisaay  4DOA1AT1S fanuannsalunis
yumusensdesUlfifunnty (HDT) [27, 28] #sgasniaway 4DOA14TI5 wanden
Storage modulus fiAN7igendn 255 MPa [29] Msuansmginssudsnadusaieanainia

AaUszngAsnduiiansiaiuusiwazansnondnliiu PLA saufsmnumnzanvesdnsidiuly

nswax dlugmsimunandidanaludiusiely
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4DOA12

B 4DOA1ZT5
4DOA12T10

4DOA12T15
« 4DOA14
4DOA14T5

Damping Factor

. 4DOA14T10

4DOA14T15

' ————
30 40 50 60 70 80 R 90 100 110 120
Temperature [ C]

4DOA12

. 4DOA12T5
4DOA12T10

4DOA12T15
« 4DOA14

4DOA14TS5
. 4DOA14T10
4DOA14T15

Storage modulus [MPa]

100—:

30 40 50 60 70 80 90 100 110 120
(0]
Temperature [ C]

Al 4.44 Damping factor () wag Storage modulus (v) ¥89 DOA plasticized PLA

ffimsiiusiada Tu PLA 4043D

flansan PLA/DOA/Talc il PLA 2003D wamsweaeusn T, Sunltiy

'
v v a

Wuleanuiu PLA 4043D wufe eUSunaumanailuigesuasviadaiindu a1 T, 1013

WasuwUaaienanias (Fan1nwi 4.45(n))
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farsannnd 4.45(v) Storage modulus ¥89 PLA/DOA/Talc 7l 30 o
wadea fatlndiAeaty Mnduidoguugiifisduianisanases Storage modulus usins
anadliviiulunsiazgasnisuay Tsgnsnisnan 2D0A14T10 fnmsanastiesiign 5o
fio 2DOA14T15 way 2D0A12T15 Fudunaunanmsfiuiiasa widwdasinnsanawes
Storage modulus laiann LLGimiamawmqmmiwamﬁﬂdnmﬁm Storage modulus 716

N1 255 MPa dunsnefawediwesiulidwmalvgaumgilunisideguves PLA Wingelu

(n)
«— 2DOAI12
S - 2DOAI12TS
ks — + 2DOAI2T10
on
5 2DOA12T15
(0N
5 «  2DOA14
O
2DOA14T5
-2
03 + 2DOA14T10
2DOA14T15
30 40 50 60 70 80 90 100 110 120
Temperature [°c
3 ()
— 10 3
S . 2DOA12
(o
= 2DOA12T5
wm
=10’ 2DOA12T10
=10
S 2DOA12T15
-
o «  2DOA14
on 1
g1 2DOA14T5
9
. + 2DOA14T10
2DOA14T15
10’ P —

30 40 50 60 70 80 90 100 110 120
O
Temperature [ C]
ANl 4.45 Damping factor (n) wag Storage modulus (¥) ¥89 DOA plasticized PLA

fsinsidusiada Tu PLA 2003D
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ATl 4.46 LARINANIINAEDY Damping factor wag Storage modulus U<
PLA/DOA/Talc lagld PLA 1nsn 30520 wudidr T, daliAsundasilefiinisfuiiada
it luyndnaduvemaailuees ludiuvesdn Storage modulus wutilugmsmsna
3DOA12T10, 3DOA12T15 Wag 3D0A14T10 uanInsanastiosiign ieifeudugnsnisnay

au 9 Wegamgilun1svegeuiiuuINTy

1

10 -

———<—— 3DOA12
3DOA12T5
3DOA12T10

3DOA12T15
« 3DOA14

Damping Factor

3DOA14T5

. 3DOA14T10

3DOA14T15

. ——
30 40 50 60 70 80 90 100 110 1z
Temperature e

()
S ——«—— 3DOA12
=
= 3DOA12T5
5
= 3DOA12T10
L2,
g 3DOA12T15
) «—— 3DOA14
S
o) 3DOA14T5
+
(Va)

. 3DOA14T10
3DOA14T15

w
30 40 50 60 70 80 90 100 110 120
(o]
Temperature [ C]

—
(&)
(<)

ATl 4.46 Damping factor (n) wag Storage modulus (¥) ¥89 DOA plasticized PLA

fsimsidusiada Tu PLA 3052D
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PMNEANINAABUNINATlAUANg Tagiin1snegeukuuiUasuLUas

gauniiluYae 30 asrwaidua s 120 asrwaidua vae PLA/DOA/Talc M3in1sly DOA Tu

CY Y

USuaw 12 uay 14 Wesiudleaeimdn IneinsiuiadaluuSunu 5, 10 way 15 phr uagdl

a

n3ld PLA 919 3 1nse wudnisiinviaralidmasiegumnginisiuasuaniusaaiania (T,) N9

Y

A095RINEIUVRINAER LB YRS UAEINNTATDY PLA witenunsiUfsuwlasuadan Storage

a é{ :.’/ A A a a 2 a C ! a1 a
modulus LNAYY UUABLLBUNITHWNUIUIUNITAUNAAR A1 Storage modulus ALUAILNY

& | a =2 = =t =2 2 o a & o a

wnBuludigumnil 50 fv 85 e waldd FaansemUWTINTY  Lazduinnis
Wiguresigauugiinisiiandndniianasdnme  lngaziindulunninsaves PLA laggns
MINENves 4DOALATLS uansAuaunsatun1sinununsdeguiiuay udliusingly
plasticized PLA 7il PLA w3adu 9 e1alunaiisainaneuunnavesininluana

ANULTIUDY Neat PLA Liazinsg wasauinfuleves PLA DOA wasviasa Wusu

4.3.1.2 MTIATIIENGIVINEIMEmATA SEM
AW 4.47 uanadugILINeYes PLA/DOA/Talc U89 PLA 4043D $391nam

wuMsnIEemveiadaluiliered plasticized PLA - Felldnwaziundudn 9 (dnag
a a

dl' = = v U o Ao [ P v v 13
LlIEJL‘IJiEJ‘UL‘VlEJUﬂ‘UNQ‘V]ﬁﬂﬁ‘VIEJ\‘thN’]Uﬂi%‘U'JL!ﬂ’]iNﬂll IUﬂ’IW‘Vl 3.5) NaAAITUDUNTIAVILANEGN

Dunailleanannssundunsiugl  onesinusuden - vilieuniavesiadaunndiuas

LYY

nsrangeglunedwesiunsng  Jamsnssnedivedfianaly-PLA U @13150nseneee1

(]

adnane  wazdlediudinaiafanidnadly - Afwnsdunniuwdiuiafanszaneiieng
adaueagluneduesiunind  usagnuviadauNdmnivalaegte  uwasilleainly
PLA/DOA/Talc wagaInawazdanaiuitdug wiveInas 4DOAL2 uay 4DOAL4 9xUsng

591399990A0UY  Fudunallewiaindsuiaves DOA AunAuly dswaliinnissius?

Y

[y

AuYe9 DOA Fadlafinnsiiuviaraadlu PLA wuan gﬁLﬁm%"uﬁmmmﬁLﬁﬂaaLLazﬁU%mmﬁamaq

NdY wazBaiiulSunaviada siietusziivunafianaswmuling Jsoradunaiiionnain

'
v v a

viadaniAnaslUty annsagadunanadluwesuse DOA il vilnsiiAnaINn1ssInsiIves

a c{'

DOA HUSunauvianieead 1losainieunssuiumnay nagidelavinisueay PLA fiu DOA

D

a

Aoavnilual 6 Tl PnduneudndgnszsuIunsHasisiuiafaatly  luuei

9 Y

[y

Wurafaalunauiy HodunndnYueIINIENTNYDIUBINEN NUITUSHIY8Ua I lUTDIN

= I

allUSunuandesas Wewnviadadadanvusilume annsavislunmsaaduresnadlile vh

v
a N N

Trlunszurunisuaudulilalaede dnvaarelinszuiunisuanwazanusaduluLEy

(%
a v v v v

extruded  leadauskazfafiasunnIdrunaunliinsiiuiara  Invieviaraleeddl
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(%
s

Ao
INAVUVB

Talcum content (phr)

SEM HV: 5.0 KV
View fleld: 104 pm
U
SEM HV: 5.0kV
Vicw ficla: 104 pm
View ficld: 103 pm

4DOA12Ty

WO: 9,08 mm
Det SE

WD: 9.07 mm
Det: SE

SEM HV: 5.0V
Vicw ficla: 104 pm

SEM HV: 5.0 KV
Vicw ficla: 104 pm

4DOA14Ty

WD: 9.08 mm
Det: SE

WD: 9.62 mm
Det: SE

WD: 10.07 mm
Det: SE

MIRAS TESCAN|

Al 4.47 #ugIUINY1V03 plasticized PLA 4DOAXTy
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4.3.1.3 MINATIEVANTMTING
4.3.1.3. PLA/DOA/Talc 171'168’ PLA 4043D

TudiuresaniRTnaazuUainTanIunTnes PLA lagaziiansunnives
Young’s modulus, Tensile strength, %Elongation at break Wag Impact strength Suse
PLA/DOA/Talc L4 PLA 4043D nanisvadeu tensile testing wanddannil 4.48 f9 n1wdl
450 lnsudranisneaessuualy 2 d@w Aediuves PLADOA/Talc Afinsiin DOA
Ui 12 wWesdudlnethmin way 14 Wesiuilaeimtn Fedimsiuriadalusnsd 5,
10 wa¥ 15 phr wui1 PLA/DOA/Talc waesdudlofinsnaniiadaiisndnluly plasticized
PLA a¥wufn Young’s modulus flkiitmnntusiiewieuiioutu plasticized PLA #ilsifing
Gariada enadunaflesnaniadailuasiaduuss 27 Foild PLA/DOA/Talc Seu
wiusadfinanntu wiludiuvesa Tensile strength ndunuindledurasadussiuszneu
Tu plasticized PLA @1 Tensile strength fifnanaiiewSaudisutu plasticized PLA Flyf
nsiiuada lunansafuduwumsiiistures %E longation at break (Nl 4.50) 8814
ey s‘ﬁqﬁmlﬁmqqsﬁumﬂ plasticized PLA #lléidinsiada (20.63 = 3.64 Wesiius
(ADOA12) uax15.90 = 1.50 1Wasi¥us (4DOA14)) Ineilan %Elongation at break 11Anin
200 Wodifust lugnanianas 4DOA12TS5, 4DOAL2TLO Way 4DOA1ATS snnlundduluges
N1INEL 4DOA12T15, 4DOA14T10 way 4DOA14T15 wans %Elongation at break 11nn77
400 Wodidud (fiwan plasticized PLA filufinasifiuviada 1anndn 1,500 wWedidus) nns
Lﬁ'm%uﬁuaam Young’s modulus #agA1 %Elongation at break mmﬁﬂsﬁulﬁaamﬂms
uswiuvesiarauazwaddlowes  AeviarasgUsengidunduaisiadunssliiu  PLA

14 [ a v & J = o Y 1 5 a £ d' a Y
wiaufuusengadluansnendn vialvien Young’s modulus tiingetiu Tuuaieinsiauiia

(%
[ A

Aatudslulunmsaadunanadlegesvise DOA w1lililuegad Turaedl DOA tute

s a s

TananansE e AR LN A DSUNINTANUNANISNAEDUMIY SEM  ddnaliiinAIuwn

[y

AUleUNNTUSENING PLA, DOA wasviana [28]

AUV INANSAFOUAI TN TR DL TINTUNNAAIR NN 4.51 WU
Tugnsnssaufifinsiin DOA Vw12 wWoeddudlnemidn uasdinisifusiadadiuiuim
15 phr Tu PLA 4043D (4DOA12T15) LaneNsIis T uYa I Impact strength ALVINAY
6.97 + 058 ki/m? luvaeiimsiuiadaluling 5 waz 10 phr Sadilndifseiu

plasticized PLA #ildfinsidusiana antuiansanediwesniinisin DOA Tuusuiu 14
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S
<

a
o
o

[1v]
T

Talc 0 phr

-Talc 10 phr
-Talc 15 phr

vlu plasticized PLA dwalvilinns

Wueesuszne
ngth agluis 6.5 fis 8.0 kl/m?

99A1 Impact stre

A14Tx
plasticized PLA 4DOAxTy

R f

\

—
(9]
1
o}

fannn

m‘wﬁ 4.48 Young’s modulus 984

asguRlas N wuINSILYaAa
2500

ngth ¥4 plasticized PLA 4DOAXTy

mwﬁ 4.49 Tensile stre



N W U
o
o

" |

Elongation at break [%)]

Impact strength [k)/m’]
o — N w i wn (o) —~ 0] O

=N
o
@]

o
o
1 L 1

=N
o o O
PR TR

o
o
1 L

o
<
A\ L
AN

2

4DOA12Tx

4DOA14Tx

=
%ﬂ
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Talc 0 phr

///% Talc 5 phr

Talc 10 phr

Talc 15 phr

AT 4.50 %Elongation at break ¥®y plasticized PLA 4DOAXTy

4DOA12Tx

NN

)

Talc 0 phr
b

/////4 Talc 5 phr

Talc 10 phr

Q

Talc 15 phr

Al 4.51 Impact strength 989 plasticized PLA 4DOAXTy
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4.3.1.3.2 PLA/DOA/Talc #il4 PLA 2003D

Tudauves PLA/DOA/Talc 4 PLA 2003D LaANanISaaauauUmgInans
AMWMA 4.52 83 AT 4.55 WUIWlENYedAT Young’s modulus Skl 1o
Uunawiadaiingnniy  ifedudunsasdnsdivasnsiunatailawes  dulumeua

'
CY R 1

Weaunanmsiiuadadaduasiasuussaslulu plasticized PLA dwwali plasticized PLA
frnuudafivanniu delunindua %Elongation at break w9 plasticized PLA 7finng
a C Y Y= a X ' [y [y a =3 § 13 I YY)

WinviadanaulAfiausgadunay wasiiauinds 400 wWeosldud wilumanduiunaves
Tensile strength frianadlefiuSunamiadaiuuiniu Feraduamnuiannsiiingu

299 Young’s modulus uag %Elongation at break 7ifinTUD9UIN SULAALTDIRINNTT

£ =

pau i ulaRsEINg PLA DOA wasviara dedsnalvandfinnundauss PLA/DOA/Talc iy
= Y v wa A A Xy =& a X o Y] | 1Y)
LNTUNSDUNUTANURIUNISEATIRLTUARE FauArUuiunnEnsIdUNITHEAY Sl

2DOA12TS5 FlinunsyiinTuges %Elongation at break

LLa31u52i?uéuaﬂmaﬂquwu%qumlaLL'ﬁ\‘iﬂﬁgLL‘Wﬂ WquLﬁaﬁﬂqiLaﬁJﬁaﬁa
PLA/DOA/Talc fuwaldaiufeanuiuan Young’s modulus taz %Elongation at break

AotluwiliduiugulaiSeueuiiy plasticized PLA fildlinnsiduviada

2500 A
Talc 0 phr
= %
g 2000 - el
g’ -Talc 10 phr
= 1500+ -Talc 15 phr
o
o
£
- 1000 -
on
c
>
2
500 +
0 -

2DOA12Tx 2DOA14Tx

ATl 4.52 Young’s modulus U9 plasticized PLA 2DOAXTy
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40 - ;
< | Wy/ Talc 0 phr
© . / 7
= /// i /a5 pir
L / C - Talc 10 phr
] | / Talc 15 ph
£ 20- / v
= /
= 10- %

2DOA12Tx 2DOA14Tx
Al 4.53 Tensile strength Y84 plasticized PLA 2DOAXTy

600 -
: Talc 0 phr
.B_Q. 500 ;
: 7/l
% . -Talc 10 phr
£ 300 &
o
©
2 200
o ) A A
W g0 _@

o

2DOA12Tx 2DOA14Tx

Al 4.54 %Elongation at break 483 plasticized PLA 2DOAXTy
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7 4
6: Talc 0 phr
; 1 y////% Talc 5 phr
| -Talc 10 phr
-Talc 15 phr

Impact strength [kJ/ m’]

0 4
2DOA12Tx 2D0OA14Tx

AN 4.55 Impact strength 984 plasticized PLA 2DOAXTy
4.3.1.3.3 PLA/DOA/Talc 1l PLA 3052D

Nan1sMAdeUALTREInaT Tensile testing waw Impact testing ¥89
PLA/DOA/Talc (3DOAXTY) Waassan il 4.56 &4 NIt 4.59 Fewanisnaaeunuine
Young’s modulus wazAn %Elongation at break 84 PLA/DOA/Talc yndnsndu dlodl
Usinaunsiiuiadalifisanniy A Young's modulus uaw %Elongation at break duwaltiy
sty wiludiwwoma  Tensile strength sziiuwliiufianas Gleusinamsiiusiada
Wity WuRenfufuingn 40430 ey 20030 TudILLBINANTSIAGEUANLTILTNUABSS
NTELNNNUIUIINAUNAER [T D TANARDAMNUNIWABUIANIZUNA A plasticized PLA
sy DOA Tutsinu 12 wWeidudlnedwin Aifivadonausgsne 2wdid1 Impact
strength Tiiuduilowdieuiiu plasticized PLA #ilifimsiuiiada wazildn impact strength
Wity Weusmaadaiiuannty luvasfinedwesiinnfutadaid DOA Y 14
Wosiulaetmiin azuane impact strencth flanaadlewSeusfisudu plasticized PLA

dl e a U L a1 dl d‘l d‘ Ly U L QI &{
Aladfimsidudiana wazdan Impact strength NanadLIY 9 WaUIUUNRARLNLLINTY
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Elongation at break [%)]

Impact strength [kJ/ m’]
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700 -
600 -
1 Talc 0 phr
500 A -
%
] ///// Talc 5 phr
400 + - Talc 10 phr
300 4 - Talc 15 phr
200 4
A
40- R
20 -
0
3DOA12Tx 3DOA14Tx
AT 4.58 %Elongation at break ¥84 plasticized PLA 3DOAXTy
a
7- < 1
T Talc 0 phr
6 - . -
| % Talc 5 phr
5 A - Talc 10 phr
4 - A - Talc 15 phr
11
2
1 -
0 24
3DOA12Tx 3DOA14Tx

ATl 4.59 Impact strength 489 plasticized PLA 3DOAXTy
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4.3.2 pavaInIsiauYianasa PID plasticized PLA

Tuduilagiinis@ineinaves PLA/PID/Talc IneidonfnwUsunmunisi@u PID 91 12
wag 14 Wosidudlaeundn dntsiiuianaluusuna 5 10 wag 15 phr wagld PLA 9

WANANSAY 3 LNSA AB PLA 4043D, PLA 2003D wag PLA 3052D 1lurnunssuiunisuauly

a

a ) ] . & o X % Y% Y] -
\AT0edRTARUUANSA (Twin screw extruder) AnduiluTugUmensdanisnudu vse
30snTusy ievinduliusunadey Wenedeuantivinalslauiiind (DMA) waz

auUABana (Tensile test wag Impact testing)

4.3.2.1 MFNATIEHENTRMNaTILaung

TuduvemaresNIna@ey DMA w84 PLA/PID/Talc #imsld PLA 4043D
wul T, wes PLA/PID/Talc fiiimsiiaiadaiiansivdsuslanfisadntiosidefisudy
plasticized PLA #ildfinisifniiada uanssanindl 4.60(n) wazilefiansanaves Storage
modulus (Wl 4.60()) WU Storage modulus Tutsuesnsiin o - relaxation VoS
plasticized PLA Tuyndnsrdhudledilndifosiu  udaziinruusnsiisiuludiuveads
wanany cold crystalline temperature (T-o) %ﬁwud’@m%gmumiLﬁﬂwﬁﬂ%a\‘i plasticized
PLA ffnanas devsinmmsifiniadaiiuuinte sradusaidesnaniadaiuannsaiiay
Usgngamaduansnenanliidy PLA ¥l PLA flgamgilunisifiendniianasin uasfiunnly
n1dunun9fiatuTesA Storage modulus Tutdagamndl 50 81 90 ssrLEaITya vBignS

=

NsWaY 4PID14T15 Fan1siindnuwalell wanede plasticized PLA fananiiinnuudausade

¥
a =

lpSuanuseuionmniiay Waweuiudasdumswandy 9 Aslianuaiuisalunis

nunusiensidesuillalasuauseuiiay (Heat distortion)
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(n)

. 4aPID12
4arPID12T5
4rPID12T10
4PID12T15
4arID14
4arPID14T5

Damping Factor

4ariD14T10

4arID14T15

. ————
30 40 50 60 70 80 90 100 110 120
Temperature [°C]

— - 4PID12
A
= 4PID12TS
E 4PID12T10
3 4PID12T15
o
S < 4PID14
&
. 4PID14TS
o . 4PID14T10
(Va)
4PID14T15
0
10 9 1 ¥ 1 ¥ 1 Y 1 LA |

30 40 50 60 70 80 90 100 110 120
(o]
Temperature [ C]
Al 4.60 Damping factor (n) wag Storage modulus (V) V84 PID plasticized PLA

fsinmsiduviada Tu PLA 4043D

AW 4.61 Lane Damping factor WAz Storage modulus V89 PLA/PID/Talc
7fimsld PLA 2003D Hunediwesiuving wunisiasuwdasuasen T, iisadntoy ey
USunawiana M9 plasticized PLA 9131 PID Tusnsndiu 12 waz 14 wWesifudlasuwin umay

wumsiUdeunlases T, unlugnsnisnay 2PID12T5 Aewumsiiaduuesdn T, uazile
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#9150 Maves  Storage modulus  WumsURBULUANIURITUfUgRINITHENTLY  PLA

4043D WuAsawinnsiUAguLUaAn Storage modulus Tudigaumaniinsiindu w3ewiad

'
a

Storage modulus TANEWLEENTIALTY TanaannsiinTiarauUTinaiiugudang

Y

a1 A

Tigamgilunsifendndefianas waz PLA/PID/Talc #l4 PLA 2003D Algnsniswas

2PID12T15 wane Storage modulus Tuyegaumgil 50 f9 90 esrwaldea NA1EINIENS

NSHANDY 9 FauantapnuasnsalunIsmumuseauiouilog g luyy

(n)

2PID12

. 2PID12T5

£ e 2PID12T10
L

o 2PID12T15
3

: e 2PDI4

o 2PID14T5

~ 2PID14T10

e 2PID1415T

107' T T T T T T T T T T T T T T T T T
30 40 50 60 70 8 90 100 110 120
Temperature °c]

2PID12
S

£ - 2PID12T5
=

3 —+ 2PID12T10

1§ 2PID12T15
£

£ — ~ 2PID14
&

g 2PID14TS
A

+— 2PID14T10

e 2PID1415T

100 —71 % U % & % & & & & J

————
30 40 50 60 70 80 90 100 110 120
o]
Temperature [ C]

Al 4.61 Damping factor (n) wag Storage modulus (¥) ¥4 PID plasticized PLA

Afinsuiusiada Tu PLA 2003D
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AT 4.62 uARINANIINAEDY Damping factor wag Storage modulus U<
PLA/PID/Talc #ifinsld PLA 3052D WuwediuesumEng wudian T, ves PLA/PID/Talc #if
mafufiadaiunliifigdudofsuiunedwesilidmaiuiada  ludmwes  Storage
modulus aznuNsLiLTuTesen Storage modulus ludiigamiil 40 s 90 ssmwaLTea
dlowdsudieufu  plasticized  PLA  fildfinsifndiada  wandliduinnisiuiasaly
plasticized PLA 71 PLA 30520 \Juwedwesuwind azteifiuanuuiusmie

AMUAILITATUNNSNUNIURDAINNSDUVDY PLA/PID/Talc 1o

1

10" 5

(n)

. 3PID12
. 10 . 3PID12T5
£ e 3PIDI2T10
L
- 3pID12T15
=
Q o <
T s 3PID14
o 3PID14T5

« 3PID14T10

107 — ~  3PID14T15
T . T ] 1 L 1 * 1 ¥ T

: —
30 40 50 60 70 80 90 100 110 120
Temperature [OC]
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e 3PID12
- 3PID12T5
(n¥%
= —  3PID12T10
5
= 3PID12T15
3 3PID14
&
%, 3PID14T5
9 . 3PID14T10
(Va)

——— 3PID14T15

10 > I ¥ T * I . I ¥ I L I ¥ I s 1 4
30 40 50 60 770 80 9 100 110 120

Temperature [°cl

Al 4.62 Damping factor (n) wag Storage modulus (V) ¥4 PID plasticized PLA

Pilinnsifusiasa lu PLA 3052D

o

4.3.2.2 MTIATVRUFINIMEWIBIALA SEM

M 4.63 WaRFRUgIUINe1Wes PLA/PID/Talc vad PLA 4043D #sldain

FUNUNKIUNITNAFRUANUNUNIUFABLTINTEUNN. NUITUEATNITHANTSEATNSHANNE PID
¢ = 5 Y P a U o (Y ! a a = =

12 uay 14 Wesiudlagumin ensiinauviadaludnsdiuiiiiuanniy seiinsnszang

Mviafa nsranemegiunedwesiuvsndeaieate wagvadadnisuaneanduunuibn 9

agluiilovemefiues Faianae19agimIgatu PID 1o1lY Laziilaswign1snsyarennvesiia

Aatlu dawalyi plasticized PLA fanudniulansening PLA, PID wazviada diwanoauvi

Wanaludiumald



4PID12Ty

Talcum content (phr)

SEM HV: 5.0 KV
View ticld: 106 pm

10

15

SEM HV: 5.0V
Vicw tield: 104 pm

4PID14Ty

WD: 10.27 mm
Det: 5E

Al 4.63 dug1uine1ves plasticized PLA 4PIDxTy

92
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4.3.2.3 MAATIEVANURTING

audidnaves  PLAPID/Talc  dzwanwadausznaulusae Young’s
modulus, Tensile strength, %Elongation at break wag Impact strength lagazluinig
Ainszrinuviinues PLA ALY Sudae plasticized PLA PLA/PID/Talc L4 PLA 4043D am
7 4.64 waneFn Young’s modulus wuin plasticized PLA fifinisiiusiadaasiian Young’s
modulus g0 plasticized PLA aidmsiuriada FuinTuturiassnduewaman
afloimes msfinTuves Young’s modulus tJuinannmsiiuiiafa fansanaves
Tensile strength Fawanaanndl 4.65 wag %Elongation at break (A7 4.66) WU
plasticized PLA Tugmsnisway 4PID12T5 LansnITindutasAn Tensile strength P \dlo
Jleuiu plasticized PLA 4PID12 Taewfinann 33.19 MPa windudu 56.2 MPa uazdfny
N3aNa3v83A1 %Elongation at break anndaiied 6.35 wWasidud (479.8 Wosidus Tugns
nsuau 4PID12) Tuvausdl plasticized PLA lushsidaudu 31 Tensile strength fianasile
Wisuiitsuiy plasticized PLA #lsifinnsiduviada uddsasil %Elongation at break fige 39
WUGMINNIHEN 4PID14TS Wag dPID14T10 A1 %Elongation at break gefla 300
Wosidud  Balundidulugmaniswas 4PID12T10, 4PIDI2T15 upe 4PID1ATI5 i
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NanN1SNAgaUANUANIINAaLTIbauning

A1319WUIN 1.1 A1 Damping factor W@y Storage modulus at 30 °C 484 PLA/DOA

Damping factor [°C] Storage modulus at 30 °C
PLA grade PLA grade
Formulation
4043D | 2003D | 3052D 4043D 2003D 3052D
nNeat 66.6 66.1 65.8 | 253x10° |218x10° | 1.60 x 10°
nDOA2 62.4 62.7 62.4 | 1.10x10° | 1.36x10° | 1.25x 10°
nDOA4 59 59.3 59.6 | 1.46 x 10° | 1.31x10° | 1.09 x 10°
nDOA6 54.3 56 558 | 1.21x10° |1.48x10° |1.07 x 10°
nDOAS 51.7 52.1 523 | 1.19%10° [9.74 x 10° | 1.30 x 10°
nDOA10 53 54.5 547 | 1.07x10° |[1.32x10° |8.52x 10°
nDOA12 52.8 53.2 546 | 9.66 x10* | 1.29 x 10° | 9.80 x 10°
nDOA14 52.3 53.4 53.9 | 1.19x10° | 1.24 x 10° | 8.89 x 10°

ANTNUIN 1.2 A1 Damping factor Way Storage modulus at 30 °C w89 PLA/PID

Damping factor [°C] Storage modulus at 30 °C [Pa]
PLA grade PLA grade
Formulation
4043D. | 2003D ‘|- 3052D 40430 2003D 3052D
nNeat 66.6 66.1 66.1 253x10° | 218 x 10° | 1.60 x 10°
nPID2 64.8 63.6 64.0 239 x10° | 1.55x 10> | 1.59 x 10°
nPD4 61.9 62.5 61.5 2.60x10° | 1.89 x 10° | 1.39 x 10°
nPID6 60.0 58.4 59.1 223 x10° | 1.48x10° | 1.39 x 10°
nPID8 55.7 54.9 563 | 250x10° | 1.52x10° | 1.39 x 10°
nPID10 53.7 52.6 53.2 2.23%x10° | 1.14x10° | 1.19 x 10°
nPID12 48.1 49.4 50.4 1.44x10° | 1.28 x 10° | 9.89 x 10°
nPID14 51.0 47.9 50.1 1.44x10° | 8.19x 10? | 1.16 x 10°
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A1519NUIN N.3 Asiinisivaves PLA/DOA
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Melt flow index [g/10 min]

Plasticizer
PLA/DOA
content
PLA4043D PLA2003D PLA3052D
[wt.%]
average SD average SD average SD
0 6.60 0.08 8.38 0.19 12.19 0.03
2 11.88 0.44 8.43 0.33 18.93 1.53
aq 12.08 0.08 8.61 0.15 18.78 0.03
6 15.07 0.57 10.88 0.69 23.08 0.42
8 26.82 0.78 13.60 0.27 29.01 1.96
10 34.46 0.08 21.16 0.57 42.72 0.31
12 33.80 0.80 23.57 2.01 41.85 1.67
14 37.97 0.03 25.94 1.79 54.33 3.68
HITNHNUIN N.4 ?ﬁ’]ﬁ‘lﬁﬁﬂ’lﬂﬁa%@\‘i PLA/PID
Melt flow index [¢/10 min]
Plasticizer
PLA/PID
content
PLA4043D PLA2003D PLA3052D
[(wt.%]
average SD average SD average SD
0 6.6 0.08 8.38 0.19 12.19 0.03
2 7.04 0.15 8.31 0.16 13.83 0.32
a4 8.22 0.06 7.29 0.43 15.79 0.17
6 8.49 0.32 9.45 0.31 1591 0.21
8 13.1 0.20 12.8 0.10 20.11 0.60
10 15.8 1.10 17.6 0.20 30.53 0.01
12 27.63 0.34 26.6 0.40 35.03 1.81
14 20.1 1.90 31.5 1.00 37.35 0.79
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1919 UIN N5 Young’s modulus, Tensile

strength g %Elongation at break ¥84

110

plasticized PLA
PLA Plasticizer Young's Modulus [MPa] Tensile strength [MPa] Elongation at break [%6]
grade content[%wt]  Polysorb | DOA Polysorb DOA Polysorb DOA
0 1878 + 90.94 62.27 £ 4.09 7.29+ 111
2 1790 + 30.69 1645 + 68.85 6113 + 2.97 5430 + 2.82 886+ 156 6.05 % 0.88
9 4 1763 + 162.09 1669 + 53.97 61.09 + 249 5112 + 2.80 872+ 152 1019 * 1.48
S 6 1719 + 60.64 1610 + 88.27 6136 + 3.04 47.98 + 253 1125+ 184 1190 + 1.87
< 8 1651 + 148.92 1376 + 54.98 60.69 £ 0.72 4274+ 138  9.35% 092 23.80 % 595
a 10 1454 + 12270 1439 + 3042 54.97 £ 1.51 2851 + 326 950 £ 1.04 4515 % 8.39
12 982 + 4973 1404 £ 4973 3319 + 275 3136 £ 2.75 479.80 £ 19.01 20.63 £ 3.64
14 1337 £ 80.39 1353 + 38.82 4408 £ 1.96 2838 £ 297 290.93 £ 29.65 15.90 £ 1.50
0 1860 % 65.40 61.41 % 2.66 762+ 148
2 1772 £ 46.70 1819 £ 59.55 60.04 £ 3.14 55.70 £ 0.37 6.94 £ 091 1097 £ 1.32
Q 4 1775 £ 46.27 1715 £ 72.14 56.80 = 2.32 51.07 = 0.85 6.80 £ 0.54 1323 + 2.34
§ 6 1823 £ 42.59 1756 £ 86.73 55.27 £ 3.23 47.62 £ 0.70 799 £ 114 1552 + 3.12
< 8 1710 £ 37.63 1516 £ 67.93 4899 £ 3.11 39.24 £ 1.72 549 £ 173 16.22 + 1.89
i 10 1481 + 189.24 1366 £ 70.49 5296 £ 1.76 46.55 £ 2.29 6.46 £ 112 19.74 £ 2.23
12 1358 + 206.87 1439 + 37.41 4406 + 1.87 30.76 + 172 20852 + 1500 38.42 % 6.35
14 1240 £ 19.04 1405 £ 55,17 34.02 £ 153 3164 £ 270 51555+ 11.79 3116 £ 9.71
0 1751 £ 24.95 62.20 % 2.63 8.27 % 0.69
2 1772 £ 3053 1752 £ 78.87 59.82 £ 2.29 56.81 £ 3.66 694 £ 105 6.93 %+ 0.51
Q 4 1558 + 8411 1678 + 105.02 6841 + 157 5667 + 170 825+ 060 6.65 % 1.26
8 6 1604 + 6588 1760 + 8111 67.47 £ 0.69 5218 + 2.81 724+ 170 542 058
< 8 1526 + 100,77 1312+ 7570 63.95+ 2.56 4273+ 060 658+ 096 9.08 + 1.04
i 10 1531 £ 4235 1450 £ 75.62 58.65 £ 2.63 4890 £ 2.32 579+ 081 842+ 1.44
12 1378 + 87.82 1247+ 7221 5401 + 090 3556 + 1.85  7.15% 1.02 30.76 + 1.69
14 1408 £ 96.68 1361 £ 7855 50.42 £ 1.05 30.45 £ 2.17 2229 £ 494 2323 + 3.87
A1IWHUIN N.6 Impact strength U3 PLA/DOA
Impact strength [kJ/m?]
Plasticizer
PLA/DOA
content
PLA4043D PLA2003D PLA3052D
[wt.%)]
average SD average SD average SD
0 3.60 0.48 2.96 0.29 2.79 0.41
2 3.80 0.27 4.01 0.57 3.44 0.71
4 3.47 0.25 3.92 0.36 3.17 0.43
6 3.06 0.29 3.74 0.38 3.14 0.37
8 3.03 0.87 3.51 0.29 3.33 0.36
10 3.87 0.55 3.20 0.67 2.90 0.15
12 4.31 0.54 4.11 0.32 3.47 0.58
14 6.45 0.82 4.27 0.31 6.37 0.87
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M1IWUIN N.7 Impact strength ¥as PLA/PID

Impact strength [kJ/m?]
Plasticizer
PLA/PID
content
PLA4043D PLA2003D PLA3052D
[wt.%]

average SD average SD average SD
0 3.60 0.48 2.96 0.29 2.71 0.46
2 3.59 0.33 3.52 0.43 3.26 0.42
al 3.55 0.54 3.48 0.53 2.89 0.40
6 3.47 0.88 3.80 0.63 3.15 0.55
8 3.08 0.48 3.54 0.85 3.11 0.52
10 3.07 0.67 3.03 0.40 3.16 0.68
12 4.20 0.79 3.68 0.43 291 0.82
14 3.09 0.42 376 0.50 3.06 0.40

M1TNNUIN N.8 Young’s modulus, Tensile strength Lae %Elongation at break 89

plasticized PLA fill with Talc

PLA Plasticizer | Talc Young's Modulus [MPa] Tensile strength [MPa] Elongation at break [%6]
grade |content [%owt] [ [phr] Polysorb DOA Polysorb DOA Polysorb DOA

0 982| £| 49.73|[| 1404| | 49.73| [33.19(+|2.75||| 34.4|£[1.34| |479.80[%]| 19.01|[| 20.63|+|3.64

1 5 |2034|+| 54.86|||1978|£| 72.72| | 56.2|+| 1.8|[| 23.5|%| 2.5| | 6.359|+|0.565||]| 207|+| 44

a 10 |1570|%| 100.9{||1925|+[ 60.71| | 36.5|+| 2.5|| 29.4|| 1.8 | 543.6[+([20.01)|| 224[+[ 18
S 15 |1421|£| 149.1{||1867[+| 72.71] | 31.1|%| 0.5]|| 21.4|+| 2.2| | 485.7|%|21.45|[| 370|£| 50
% 0 [1337|+| 80.39|[|1353|%| 38.82| |44.08|%|1.96(|[ 33.0|%|1.27) [290.93|%| 29.65|||15.90|%|1.50
a 1 5 |1473|+[ 89.84|||1897|%| 117.5| | 38.2[%| 1.5|[[ 22.6|%| 2.9] [ 280.1|%| 19.19||| 254|%| 22
10 |1830|%| 140.6||[1948|+| 68.99| | 41.7|+| 4.8||| 25.8|%| 2.1 | 300.3[+[9.945||| 467[%| 52

15 |1837|%| 57.07|||2210{+| 90.06) | 30.3|+| 1.3||| 24.3|+| 1.8| | 547.6|%|7.632||| 442|£| 58

0 1358|+| 206.87||| 1439| | 37.41| | 44.06| +| 1.87||| 30.76| +| 1.72 |208.52[+| 15.00|||38.42|*|6.35

12 5 [1924|+( 70.59|||1836|%| 119.7| | 48.8[+| 2.6|[[ 37.3|%| 1.5| [ 11.81|%| 1.65||| 37.5|*| 10

a 10 [1856|%| 52.91(||1892[+[ 99.92| | 28.9|| 0.9]|| 27.2|+| 2.1] | 504.1|%|10.29||| 472|£| 74
§ 15 [1796|%| 72.75|||2470{+| 31.51) | 31.6|%| 1.9||| 25.7|+| 1.5| | 558.7|% | 11.69||| 448|£| 49
< 0 [1240{%( 19.04|||1405|+| 55.17| |34.02[+|1.53|[[31.64|£|2.70] [515.55|+| 11.79|||31.16/%|9.71
o 14 5 [1659|+( 131.6|||1667|%| 71.19| [35.85|%| 4.7 25(+| 4| | 270.1)%|43.06|[| 462|%| 61
10 |1644|%| 48.96|||1925|+| 49.62 27|+[ 1.3||| 30.2|+| 1.4 | 540.5(%(13.51|| 593[+[ 11

15 |1534|£| 32.83|||2241|%| 59.6| | 30.2|£| 1 29|+| 1.9| | 513.9|+|10.95|[| 569|%| 10

0 1378+ | 87.82|||1247|£| 72.21] |54.01|%|0.90]||| 35.56+| 1.85 7.15[+| 1.02|[]30.76| | 1.69

1 5 [1944|%+| 67.86|||1797|%| 85.87| | 50.6(+| 4.4[|[ 31.2|%]| 2.2 7.43|£| 1.603||| 33.7|%| 9.1

Q 10 |1574|%| 26.41f|[1919|+| 15.57| | 26.9|+| 2.5||| 20.8|%| 0.8 | 520.1{%(74.94)|] 333[%[ 32
8 15 [1583|%| 30.26(||2132[+| 64.32| | 27.6|+| 1.3||| 27.8|+| 0.7 | 537.2|£[9.111||| 626|%| 56
%’ 0 [1408|+| 96.68|||1361|%| 78.55| |50.42[+|1.05(([30.45|£[2.17| | 22.29|%| 4.94|||23.23|%|3.87
a 14 5 [1482|+( 50.67|||1786|%| 54.03| | 29.9|%| 1.6 27|%| 0.4| | 556.8|%| 16.4||| 421|£| 40
10 |1712|£| 72.72||[ 2071+ 51.38| | 32.5|%| 3||| 27.7|+| 09| | 567.3[+[15.96||] 435[+| 41

15 |1909|£| 29.93|||2217|+| 105.8 371  2||| 27.8|%]| 2.1] | 268.7[+[30.93]]| 580[+| 81
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Impact strength [kJ/m?]

Plasticizer | Talcum
PLA/DOA/Talc
content content
PLA4043D PLA2003D PLA3052D
[wt.%] [phr]
average SD average SD average SD
0 4.31 0.54 4.11 0.32 3.47 0.58
5 4.44 0.58 3.86 0.32 4.18 0.51
12
10 4.46 0.52 5.61 0.69 5.01 0.80
15 6.97 0.58 5.73 0.63 6.25 0.76
0 6.45 0.82 4.27 0.31 6.37 0.87
5 7.98 0.75 6.20 0.50 5.24 0.58
14
10 6.55 0.51 6.03 0.68 5.62 0.64
15 6.37 0.84 5.82 0.37 5.50 0.37
131NN N.10 Impact strength U89 PLA/PID/Talc
Impact strength [kJ/m?]
Plasticizer | Talcum
PLA/PID/Talc
content content
PLA4043D PLA2003D PLA3052D
[wt.%] [phr]
average SD average SD average SD
0 4.20 0.79 3.68 0.43 291 0.82
5 3.80 0.48 3.46 0.60 3.62 0.56
12
10 4.29 0.67 3.75 0.37 3.53 0.42
15 4.51 0.50 4.14 0.61 3.92 0.50
0 3.09 0.42 3.76 0.50 3.06 0.40
5 3.82 0.57 3.48 0.78 3.67 0.44
14
10 372 0.62 3.81 0.49 3.98 0.57
15 3.57 0.40 3.79 0.46 4.06 0.90
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Abstract

The aim of this research was to study the effect of plasticizer content and filler on the mechanical
properties of poly (lactic acid). The different poly (lactic acid) grades, PLA 4043D, PLA 2003D and PLA 3052D,
were selected and melt-mixed with 2 to 14 wt% of Polysorb®ID46 as a plasticizer via an internal mixer. The
melt flow index increased with the amounts of plasticizes added. The tensile results demonstrated that upon
increasing concentrations of plasticizers, it resulted in a decreased Young's modulus and tensile strength
whereas elongation at break increased drastically when adding of the plasticizer above 12 wt% (~330%) for
all PLA grades. Tan® peaks of plasticized PLA were shifted to the lower temperature with increasing plasticizer
concentrations. 3-15 phr of Talcum was then added to 12 wt% and 14 wt% of the plasticizer in PLA. The DMA
results showed that when Talcum contents were increased for both plasticized PLA ratios, the storage modulus
and the complex viscosity tended to increase. The effect on mechanical properties was less pronounced for
12 wt% plasticized PLA compared to 14 wt% plasticized PLA because it showed the slow decreasing rate of
Young’s modulus and tensile strength whereas the elongation at break was still very high compared with neat
PLA. For PLA 40 43D, the addition of even higher amounts of Talcum could increase Young's modulus and
tensile strength while maintaining the elongation property.

Keywords: polylactide(PLA), plasticizer, filler

Introduction

Polylactide (PLA) is a biodegradable aliphatic polyester with a good transparency and high tensile
strength. It has been recently used in a wide spectrum of applications; from single-used items to durable
products. However, its britleness and cost become the major drawback. Balancing between the mechanical
properties and cost with being biodegradable are important factors for PLA to be more competitive to existing
commercial plastics. To improve its brittleness, many methods such as copolymerization, blending with other
flexible polymers and plasticization have been extensively applied. A number of plasticizers have been reported
for PLA. These included glycerol [1], sorbitol [1], lactic acid oligomers [2], citrate esters [3], and poly(ethylene
glycol) [4].

C.Courgneau, et al, [5] studied Acetyl tributyl citrate (ATBC) and poly(ethylene glycol) 300 (PEG) as
plasticizers for PLA. The results showed the decrease in T, due to ATBC addition. When modeled with Fox's
law, it showed the absence of phase separation in spite of adding up to 17 wt% of plasticizer. This confirmed
the miscibility of PLA and ATBC. The contents of equal or higher than 13 wt% of ATBC yielded a substantial
improvement of the elongation at break, becoming higher than 300%. The choice of plasticizers employed
should also take into account its biodegradability, non-toxicity, low migration rates and good miscibility and
solubility with PLA matrix by producing a homogeneous blend and most preferable from renewable resources.
In the recent years, Roquette Company has introduced biobased plasticizers Polysorb®, which is a composition
of isosorbide diesters made from renewable raw materials. It was first recommended for plasticizing polyvinyl
chloride. Adding the plasticizer alone could to some extent improve the britleness whereas the cost of
compound is higher. The addition of fillers is one of the simple ways to reduce the cost of the compound

without any expense of desired properties. As reported in the literature, T.F. Cipriano. et al. [6] studied the
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rheological and morphological properties of PLA and Talcum composites. The results showed that the addition
of the Talcum to the PLA matrix decreased system viscosity, thus highlighting the filler’s lubricant effect. As
Talcum contentincreased, system’s viscosity also increased, providing material with higher elastic behavior. F.
Yu. etal. [7] studied the effects of Talcum on the Mechanical Properties of PLA. The results of tensile test
showed that the elongation at break increased with Talcum content up to 18.1 wt% with obvious changes in
fracture behavior, changing from brittle to ductile, when Talcum content increased to 24.3%. The addition of
both PEG and nano-Talcum in PLA was reported by X. Shi. et al. [8]. The results showed that the addition of
Talcum increased Young's modulus. PEG had the plasticization effect of increasing the break deformation
while sharply decreasing the stiffness and the strength of PLA. The synergistic effect of nanofillers and
plasticizer achieved the balance between the stifness and the toughness of PLA.

Amounts these reported, there have not yet been any investigations for comparing different grades of
PLA. The addition of both Polysorb® and Talcum has not yet been reported elsewhere. Therefore, this work
was aimed to study the effect of Polysorb® contents with and without Talcum on different grades of polylactic

acid. The mechanical and rheological properties of Talcum-filled plasticized PLA was investigated.

Objectives
- Study the effect of plasticizer (Polysorb®) contents on PLA properties.
- The mechanical and rheological properties of Talcum-filled in plasticized PLA was investigated.

- Study the effect of difference grade of PLA on plasticized PLA.

Methods

Materials

PLA NatureWorks® Ingeo™ 4043D, 2003D and 3052D having MFI 6, 6 and 14 g/10 min (210 °C,
2.16 kg) from specification data sheet of NatureWorks, respectively were purchased from NatureWorks LLC,
USA. Liquid Polysorb® ID4 6 (isosorbide diesters, PID) was kindly supplied by Roquette Singapore Pte Ltd.
Talcum with particle size <45 microns was purchased from Haichen Minchem Co., Ltd, Thailand.

Melt-mixed of plasticized PLA and plasticized PLA filled with Talcum

PLA and Talcum were dried at 6 0 °C for 6 hours and 80 °C for 4 hours, respectively prior to use.
PLA/Polysorb® and PLA/ Polysorb®/Talcum prepared by melt-mixed in an internal mixer with screw speed 60
rpm, at 190 °C for 15 min. The contents of Polysorb® were 2, 4, 6, 8, 10, 12 and 14 wt% of PLA, which were
then referred as PID2, PID4, PIDs, PID8, PID10, PID12 and PID 14, respectively. Talcum-filled plasticized PLA
was prepared with 3, 6,9, 12 and 15 phr of Talcum in 12wt% and 14 wt% plasticized PLA. These were
referred to PID12+3T, PID12+6T, PID12+9T, PID12+12T, PID12+15T.
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Table 1 Formulation of plasticized PLA and plasticized PLA filled with Talcum.

Ingredient
Formulation Plasticizers (wt%) Filler (phr)
PLA(g)

PID Talcum
neat PLA 100 0 -
PID2 98 2 -
PID4 96 4 -
PID& 94 6 -
PID8 92 8 -
PID10 90 10 -
PID12 88 12 -
PID14 86 14 -
PID12+3T 88 12 3
PID12+6T 88 12 6
PID12+9T 88 12 9
PID12+12T 88 12 12
PID12+15T 88 12 15
PID14+3T 86 14 3
PID14+6T 86 14 6
PID14+9T 86 14 9
PID14+12T 86 14 12
PID14+15T 86 14 15

Characterization and testing

Melt flow index (MF1) was measured 190 °C and 2.16 kg according to ASTM D1238.

The tensile specimens were prepared by compression molding at 190 °C. Tensile testing was carried
out by universal testing machine (Instron, Model 5969, USA) equipped with a 5 kN load cell at a crosshead
speed of 10 mm/min, according to ASTM D638 (type V).

Dynamic mechanical analysis of plasticized PLA and plasticized PLA filled with Talcum was performed
by using a Modular Compact Rheometer (MCR302), Anton Paar GmbH, Plasticized PLA samples were
analyzed from

30-90 °C temperature range at a heating rate of 3 °C/min and 1 Hz frequency. Rectangular samples
of size 40 x 10 x 1.16 mm3 in temperature scan mode. Plasticized PLA filled with Talcum were analyzed from

0.1-1000 Hz frequency range at 190 °C and using a gap size 1 mm in frequency sweep test.
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Results

Plasticized PLA

Mechanical properties

It should be noted that three PLA grades investigated in this work differ in terms of D-isomer contentsand
molecular weights. PLA 4043D, 2003D and 3052D have comparable D-isomer contents. The molecularweightof PLA
4043D is similar to PLA 2003D whereas the lowest molecular weightis PLA 3052D, as reported elsewhere [8-9]
These differences may influence the plasticization. The effect of plasticizer contents on mechanical properties ofthree
investigated PLA grades was represented in Figure 1. Young's modulus, tensile strength and elongation atbreak ofall
neat PLA grades were around 1,600 MPa, 100 MPa and 8%, respectively. It was found that upon increasing
concentrations of plasticizers (Polysorb”lDAs), it resulted in the decrease in Young's modulus and tensile strength
whereas the elongation at break increased when compared to neat PLA. It was also observed that the mechanical
behavior of plasticized PLA abruptly changed from brittle to ductile when adding 12 wt% (PID12)and 14 wt% (PID14)
of plasticizers. This was due to the fact that the plasticizer reduced the intermolecularforoes and caused the increased
mobility of polymer chains, thus enhancing the flexibility of the plasticized PLA. M. Baiardo, et al. [10] invesiigated
PLA/PEG 1.5K and PLA/ATBC systems and found that when increasing plasticizer content, the tensile modulus and
tensile strength decreased, while the elongation at break increased. Inspection ofthe elongation atbreak values showed
that a very significant change of elongation (5% to 194% of PEG 1.5K and 7% to 218% of ATBC) occurredat12.5
wt% plasticizer content, depending on the types of plasticizer employed. In this work forall PLA grades, the elongation
at break was dramatically improved above 330% when the contents of the plasticizer were above 12%wt However,
Young's modulus and tensile strength were slightly decreased when compared to neat PLA, as shown in Figure 1.

L 1104
1600 wo] D ha 2
= Sl IR . . = PLA4043D) ra
& - 5
& € %4 -~ \‘\ 2 «  PLA200ID)| i3
2, 1400 . et | o 2 300 - PLA30S2D)
5 § " S £
3 1200 i | -1
z g 704 \ ]
£ ;i | £ 200
,;‘Imu 2 604 K 3.
& g W :
= 80 -0: - =0
600 01 b ©) ‘
W .
neatPLA PID4  PIDS PIDIO PIDI2 PIDI4 nealPLA PID4 PIDR PIDIO PIDI2 PIDI4 ncat PLA PIDS  PIDS  PIDIO PIDI2 PIDI4

Figure 1. Young's modulus (a), tensile strength (b) and Elongation at break (c) of neat PLA and plasticized PLA
for PLA 4043D, 2003D and 3052D.
Melt Flow Index (MFI)
Figure 2a illustrated the melt flow index (MFI) of neat PLA; PLA 3052D, PLA 2003D and PLA4043D,and
plasticized PLA 4043D. MF| values tended to increase with the increase of plasticizer contents. Thisresultcould be
observed for all PLA grades (data not shown). The addition of plasticizers increased the polymer chain mobility which

implied a reduction in viscosity, hence increasing MF| of plasticized PLA 4043D.
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Figure 2. (a) Melt Flow Index (MFI) of neat PLA 3052D, 2003D and 4043D, and plasticized PLA 4043D
and (b) damping factor (tan 5) with temperature of the neat PLA and plasticized PLA 4043D.

Dynamic Mechanical properties

The damping peaks occurred in the region of T, is associated with the movementofsmall groups and chains
of molecules within the polymer structure. Figure 2b also showed that damping factor (tan5) of the samples asa
function of temperature. T, could be determined from the tan® peaks. Thus, T, decreased withincreasing plasticizer
content added. Tan® peaks of plasticized PLA 4043D were shifted from 65 °C to 47 °C with increasing plasticizer
concentrations. The width of the tan® peaks also became broader than that of the neatPLAwith increasing plasicizer
contents, suggesting that there were higher molecular relaxations in plasticized PLA compared o thatofneatPLA. In
addition, the width of the tand peaks was indicative of the increased volume of the interface with further addition of
plasticizer. Similar results were also reported by V.S.Giita Silverajah. et al. [4]. These results areingood agreement
with the elongation at break from mechanical properties and melt flow index.

Plasticized PLA filled with talcum

Mechanical properties

Figure 3 showed the mechanical properties of all PLA grades plasticized with 12w%and 14 W% and filled
with and without Talcum. For Young's modulus and tensile strength of Talcum-filled plasticized were presented Figure
3a and 3b, respectively. It was found that Young's modulus and tensile strength tended to increase withincreasing
Talcum loading for all PLA grades. The elongation at break as shown in Figure 3c, itresulted thatchanged depended
on PLA grade. Based on this finding, it could be concluded that different PLA grades also exhibited difierentbalances
of these properties. In the case of PLA 4043D showed increased Young's modulus and tensile strength when increasing
Talcum content while elongation at break was high value. For the mechanical properties of Talcum+illed plasticized
PLA 2003D. Young's modulus and tensile strength were similar to that of PLA 4043D, but the elongation atbreak
dropped when adding up to 15 phr of Talcum compared to plasticized PLA. The effect of Talcumon the elongation at
break of Talcum-filled plasticized PLA 3052D was most pronounced. It was drastically dropped afteradding 6 phrof
Talcum (dropped by 85.17% and 78.34% from 12%wt and 14 %wt plasticized PLA, respeciively). The results suggested
that Talcum acted as the reinforcement fillers while the plasticizer was effective at enhancingthe PLA chain mobility.
The balance of the stifiness and toughness of PLA was achieved by the combination of both Talcumand plasicizer
[8]. However, this balance was lost only after adding small amount of Talcum for PLA 3052D. This effect wasless
pronounced for PLA4043D and 2003D, probably due to their higher molecular weights.
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Figure 3. Young's modulus (a), tensile strength (b) and Elongation at break (c) of neat PLA, plastidized PLA
and Talcum-filled plasticized PLA for PLA 4043D, 2003D and 3052D.

Dynamic Mechanical properties
Figure 4 showed the complex viscosity, storage modulus and loss modulus on the investigated frequencies

of plasticized PLA and plasticized PLA filled with Talcum compared with those of diferentneatPLA grades. NeatPLA
exhibited the complex viscosity value around 2,500 Pa.s. The complex viscosity (Figure 4a) ofall samples exhibited
the Newtonian behavior at angular frequencies lower than 7 rad/s. After such values, the complex viscosity decreased
showing shear thinning behavior. Upon increasing amount of plasticizer it resulted in the decreased complex viscosity.
This was the effect of more disentanglement of PLA chain due to increased segmental mobility. On the other hand, the
addition of the higher amount of Talcum could cause an increase in the complex viscosity, where this such anincrease
generally depended on the concentration, particle size, particle size distribution and shape ofthefillers. The presence
of Talcum particles could disrupt the polymer flow and hinder the mobility of polymer chain segment [11]. The
corresponding storage and loss moduli were shown Figure 4b and 4c, respecively. The moduli of neat PLAwas higher
than that of the other samples in the all frequency range and showed more shear thinning behavior. As expected, the
moduli of plasticized PLA decreased with increasing plasticizer loading atall frequency. Whereas the increasing Talcum
loading resulted in the increased moduli. It might be due to the fact that the use ofplasticizer reduced the intermolecular
force and increased the mobility of polymer chain, at the same time Talcum hindered the mobility of polymer chain. All
samples exhibited the rheological of typical terminal behavior of polymer melt as characterized by lowerthe storage

modulus compared to the loss modulus. In addition, the storage modulus and loss modulus showed an increased

difference with decreasing frequency.
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Figure 4, Complex viscosity (a), storage modulus (G') (b) and loss modulus (G") of neat PLA, plasticized
PLA and plasticized PLA filled with Talcum for PLA 4043D.

Conclusions and Discussion

The tensile results demonstrated that upon increasing concentrations of plasticizers, itresulted in a decreased
Young's modulus and tensile strength whereas the elongation at break increased drastically when adding of the
plasticizer above 12 wt% (330%) for all PLA grades. PLA 4043D and PLA 2003D were showed slightly decreased
Young's modulus when increasing plasticizer content, whereas elongation at break was still high. Tan® peaksof
plasticized PLA were shifted to the lower temperature with increasing plasticizer concentrations. Dynamic mechanical
and mechanical properties of Talcum filled plasticized PLA samples were recorded. The results showedthatwhen
increasing Talcum contents in plasticized PLA of both ratios, the complex viscosity, storage modulus and loss modulus
tended to increase. The effect on mechanical properties was less pronounced for 12 wt% plasticized PLA, compared
to 14 wt% plasticized PLA because it showed the slow decreasing rate of Young's modulus and tensile strength
whereas the elongation at break was still very high compared with neat PLA. For PLA 4043D, the addifionofeven
higher amounts of Talcum could increase Young's modulus and tensile strength while maintaining the elongafion

property.
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