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MISS SIRAPRAPA THAPTHAM : PROPERTIES OF POLYMER BLENDS BETWEEN
POLY(LACTIC ACID) AND POLYAMIDE11 THESIS ADVISOR : ASSOCIATE PROFESSOR
NATTAKARN HONGSRIPHAN, D.Eng.

Poly(lactic acid) (PLA) is a biodegradable polymer but it is brittle polymer.

This drawback could be resolved by blending PLA with tougher polymers. Polyamide
11 (PA11) is a bio-based polymer that has high toughness. The purpose of this research
was to study the influence of polymer blend ratio and to compare the polymer blend
with and without addition PLA-g-MA. The research consisted of 3 parts. The first part
started with the preparation of PLA-g-MA by using the reactive blending process, and
then the grafting was characterized by FTIR and NMR. The degree of grafting was also
determined by titration. From characterization, it indicated that PLA-¢-MA was
successfully prepared via reactive extrusion having the degree of grafting of 1.17%. The
second part was the preparation of polymer blend between PLA and PA11 with weight
ratios of 100/0, 70/30, 60/40, 50/50, 40/60, 30/70, and 0/100 wt%, which PLA-g-MA of
5 phr was added as the compatibilizer in the reactive blend formula. For the last part,
the polymer blends with and without PLA-g-MA were characterized using SEM, impact
testing, tensile testing, rheometer, DMA, DSC, and POM. SEM results indicated that the
addition of PLA-g-MA could decrease the pull-out of the dispersed phases. At the same
weight ratio, the addition of PLA-g-MA increased impact strength and elongation at
break of the blends. Complex viscosity and storage modulus were also increased.
Moreover, Tan (8) was shifted indicating the improved compatibility when added
compatibilizer into polymer blends. DSC results showed that the T.of PLA was
observed when adding PA11. This implied that PA11 phases acted as a nucleating agent
for PLA crystallization. POM studies correlated well with the DSC results showing that
PLA molecules could crystallize faster and had smaller spherulite sizes when added

PAl1.
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Y



1.1 anuduiuazaudiAgveses

lutagtunuinidnisldaululenediues (Biopolymen filitugsduatssaiiiodluus

' ' v
LY IS Y A

ag¥ duilloswnansenirdiulunaialandeudieduniy uasduwiliunasdu J9e1avilv

al

nodasnanaINUlnsdsudaunuigeniulunle sadululenediuesindnaningfunia

q Y 4

nMsinuasasldsuanuauloegeunn Wesnnsardunulifuauluag sianiiduly
aanelan wasfiddnyAedudulinssedawindondne Inslulenedwesinisuassufadon
nszantiosnimedweifldanntlnsndeslisinifesas 20 [1] waziiesduduvamaiiing
Tnululewedwesunntu dlulonediesinaslFntaghiunisninnuasldud weduandin
wodn luloweddnnauda@ius uily lulanediodau wasluasu 11 1Jusu

woluanfnuada (Poly(lactic acid), PLA) tululonedwesnunanlaainingaunia

v

n15inwas legr1unszuaunsndadngiudinandes 419lne swdadudiniaiu 9ty
wWasudaalilunsauaaiin (Lactic acid) udr3ainsataninilaluaiunssuiunisnis
o ¢ a s = » = a a A X = ) '

duasizninadiues (Polymerization) unangidunadwannniadnty [2] daludagdunuii
PLA Teignihanldemuintu lidasdumadiuussadue dunmsuwmd uaziunisinuns
Taelud 2016 Uszwnalneipslatinisdnnslsserunannaid@ndanin (Polylactic acid

bioplastics plant) Fuduvignlun3enquassien (Corbion b v) Uszieuisasiaus [3]

[

nsaauiiesiinliussmalnedusnasnisudndanarafinne duanfinuedafidfy wazd

wuNduNTNsIuLInTUluauan 1aglufaNanINISUIT1INANUTLNA ItV

v I

1 PLA finstdauiivainvatsunTulua1uuesanannssueueus uaggnaInnssy

Ya o =

idnnseiind fIdedsaulaniaziluasy 11 (Polyamidell, PAL1) d1¥insviasuna Lag

Y

<

PALL WululenediueinudnlaaningAuninisinensegiaunduasys (Castor oil) &l
AUUANANIIUATUYOINITNUABUTINTEUNA ALLTILTUTING N1TNURRETLATIANGY kagds
@hesrouas vseSedoansliloan (UV) 8nade [4] winlainaudfansves PALL Nlananiunil

=2 [ wa 1 vdd’( gj 14 ! 1
QQﬁWNWiﬂUiUUEQﬂN‘U@WN‘]“UEN PLA T#A7 Ul UAIUI8INISNUABLSINTZUNN ATTULTILTS



' [
v a v

ATU NsnuReaITaiianeg sauludenisunsuamsesidsansililewan (UV) laann

2D
Zo
)
D)
=b

2619157073 NUINNITNADUNALIINAUTENING PLA hag PATT 1Aaanuldidniumnse
Annsweniadu AiuIdeesddunAnagiasiiaaudiiula (Compatibilizer) a

TuTunsuaaunay Falaendnniswalriisnistiuansiiuanudniulees 3 35 lawa 1) n1s
U

[

WusasUsznauauaslUlulsunanantasiiavinlinediuasiiaaanatndulauind uidiana
WJunisiiudlvinazanesiy seeratdunisiduaisnan Plasticizer 2) n1siiy Core-shell
a ¢ & H v = & a ¢ ' a
copolymer Usune <35 Wesi@udlasumin dadulanedusisynindsalunediueslussuy

N1SHAN war 3) nszuluAISIuAIE A ulAlaen 1sAnU ARS8 (Reactive

s 13

compatibilization) FadunssuiunIsiiiiudunsiseIseninaneduesiuaunuazyinlidugiu

(%

a a a f:’f{ v (% = 1 a 6 -d! o o
IenfanuazdenunTulagnsas 19N UsEIATSErNaluNeALe9EeY T9o13vlalaeln
lelunedwasvyiausnuwhnisdaudsielvivgianduinieshsionisiinu] isen lagwy
landuildesaunsaiinufiselafunedwesviinniaowie [5, 6] lngideidoniauansiiiy
A duldlutuuianeidunszuaunmsdineimdnduldlosnisiiaujisen ddlasinas
danlduadnueulalnsn (Maleic anhydride, MA) 1luansiitdlunisieunediuasvieaes
a P v a ug.// 1 a & [y 1 1 A’ | '3 aa a A

il Ineilasiasenes MA dnsduniduiuseauardiuidungnsveniaauedniiaiunse
a aaa Y a I3 gj Y 5 5 o Y 6 o"g o
AnuAseiunediwesisaasla auuluguneunsnyinisdaasiendinsamaau tnedn PLA
Wi ufAseiu MA deudsazinufaseafidunlaiussavos MA lailuneduaniinuedn
nslauadnueulalasa (PLA-g-MA) aanuudsthlunasunauiu PLA uag PALL Gediud

Junyesvenddanednanunsaiaufiseweiiladumosiluves PALL [7] Fa1nnsifiuans

Y

(%
6 o = Y

dnrudniuldtiesitasvinlinavesmediwediassdmudh il dunnu
wazanmguaildnanuidiefuiaifligidetiuulAniaguvgeantives
woalanRnwadn (Poly(lactic acid), PLA) PfaudRseslusowosmnumilen wazlinude
L59nsEUNn Setiitonsldeuiivannraioves PLA Tuf1u98990 a8 MmN SUNEIUEUA LAy
gnanunssudiannseling lneih PLA umasunauiuluasuy 11 (Polyamidel1, PA11) wazld
noduarinuedansvsuasnueaulalase (PLA-g¢-MAH) Juansiiimanudiuld 31 PALL

91919 PLA Jauv@annduluisaswesaudfaiuainumiden wal3avinnisaneaudmidana



anvsndugIuIngn autinisinunisina audiniemnudou Hulutenisfnudugiu

i%
Y

a a = a s a X v XA g = = I3 ¢
ANYINTINANSAVDINBALUBDINLNAVUNIY WQULW@LﬂUﬂqiﬁﬂﬂqﬂﬂﬂmNLﬂu‘lﬂlmUﬂ']ﬁUiSQﬂm

[

inedwesivauntlUldlugnainnssunlanaralutnssiula

1.2 IngUseaeAvan1sivy

1 a

1.2.1 wie@nwrdnSnavesdndiunisiniounediesivausfidwmanoaudfidna
anwuEnINdugIuIngt andiniwwiunisive audinieninuiou wazdugiu
IYINSINARENVRINBRLNBSIUAUATEIINRALAARNLETALaL LA 11

1.2.2 WiowSeuifleunediuesiuaudseiinameauaninuodauazluaou 11 9idnns
dunazliifuneduanfinuedansvisunadnusulslasafidmadoaudfidena Snvus
Mg Iuine) andinieiiunisiva audinieeiiuieu wardugiuing1nsiin

= a sl a X
NANUDINDALUBDINENAYU

1.3 NIDULUIAAYDINIUINY

[y

a =P a o = a s s ) = a ]
MUY UULUIAANASANYINDALUDTLUAUATEIN PLA Ly PA11 YINDALUDINIEDY

yatidululonediwosNNaninaInTIua. (Bio-based) Aevilraruisandanadiuaslalaely

[
v o 1

#9991F8NTEUIUNSNIULATIAT BNVIETINUIN PLA 898111508 adans lannatiininadns e

(Biodegradable) wsini1 PLA fiilaneenidifgms dauiusizann 3ailulidedninlunis

(%
£ X%

THarusineg fadugidedsiitudnfiavimedimesffnudangugsegna PALT uvihnng
waudsmmeiieufuupauniifdutesesdinan egrelsfinunuin PLA uag PALL 1in
mlildurdeinnsuenmaty Sedinsduasztansiiunnudfuls (Compatibilizen)
agremeduaninuedansniuadnuoulslased (PLA-c-MA) ilasilimediwesnaoalad
ansariildunnty sideiiudseendu 3 %y’umaumé’ﬂe] it

1. Msdans1esi wagnsfigatiiondnvaivesansifiuauiiniuls (Compatibilizen)
pgnamedLanfnuedansnddutadnuoulalase (PLA-g¢-MA)

2. MswssuneAweiUaURsEINg PLAPALL Tediintsifunaslaifinnsiiia PLAc-

MA Tauvian1siugudmsunisnieusiegamagey



[
v aa

3. MIfigaienanvainediuesivaunsening PLA/PALL endnmsiuwaglifinnsidiy

PLA-g-MA

1.4 YaUIANISANYILAZTDI1NAVDIIUITY

141 1dawanafn Polyllactic acid), PLA LnSA Ingeo biopolymer 3052D
(NatureWorks LLC)

1.4.2 diawana@nluaeu 11 (Polyamidell, PAL1) 1nsm BESNO TL (Arkema)

1.4.3 ¥n1sdansigiansifivanudifulduuunisiinufiasen (Reactive
Compatibilization) neduandniedansinauadnueulalase (PLA-g¢-MAH) Inanns
TdUSuna Luperox®101 XL45 (2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane
Favaudfuueadsunifueiuntardanidumsiulunisiiaufazer Tusnadi
asiTiUSIna 0.5 Wesiuslnethuiin Gewt) saufunisldansiiunnudhiuldedns

Maleic anhydride (MA) Tushsrdiunsiiil 2 wWasiduslnemiin (%wt)

1.5 YupauaiiuauIdelagagy

1.5.1 ANWLBNANSLAZINUAENNLTB4

(%
v

1.5.2 990LUUIGNISNAGD 2N UNITNARD LLaS‘ﬂﬂ%a?ﬁiLﬂﬁﬁi’N‘]

1.5.3 A HUINI9Y

aaa

1.5.3.1 n1swesguarsiiuaudinulabuunisiinuiisen (Reactive-
Compatibilization) Tnan1sl4 Luperox®101 XL45 1Jussizuufizen wazld Maleic

anhydride (MA) luansifisasdniuls

a

- dndaneduaniinuedainsn 30520 luviniseulaanuufioamgll 60 °C
uinan 8 Falusneut uInansansu MA USuna 2%wt wag 2,5
bis(tertbutylperoxy)-2,5-dimethylhexane tnsa Luperox® 101 XL45, LU USuau

0.5 %wt MBLATEIIAIALUULNGAYINUBUA (Co-rotating twin screw extruder) lagly



gl 160-180 °C AIM5ITOUANT 60 FRUEUIT wavasldiiaieglusomay
Useaad 6 U9l

Jlgfinaiia Fourier transformation infrared spectroscopy (FTIR) haginaila
a a s a s P~ . P
Tumdssunniuanislgnuugaunlnsalat (Nuclear magnetic resonance, NMR) 1o
A v = aaa d' a dy
guduisfiseiinuy

1438nslvnsn (Titration) Tun1smusuanisnsig

1.5.3.2 N15LA38UNBALNBTUAUARIULATOITNSARUULNAEIMUBUR (Co

rotating twin-screw extruder) tngldaaumafl 175-235 °C avaniasevany 70 sou

v
= ¥ a

soundl uazvinsintiugusnemiesianandin (njection molding) Tneldgaumai
235 °C fvuadasdausnagdellil (e 14 FASNTHAL)

Nodwesuaudsening PLAPALL (lifinasifinansiiiuaudndulé) (PLA-
oMAH) Tae i ns1dauTu PLALOD, PLATOPA30, PLAGOPAGO, PLASOPASO,
PLA4OPA60, PLA30PATO kay PA100

NoRluesiuausdsening PLA/PALL (@n1sihnansifinaiudniuld, PLA--
MAH) Tneilansarudy PLA100G5, PLATOPA30GS5, PLA60PA40GS, PLASOPA5S0GS,
PLA4OPA60G5, PLA30OPATOGS g PA100GS

1:5.3.3 nnsvedeuauURvaIwedlIeSiuaUa

N1sAngrautAidenalasdaunsgiunlIsnaaoy ASTM D638 Ade
1389 Universal testing machine

nsnedeuauUAnisina (Dynamic melt rheology) faeLa3as Rotational
rheometer Tagnsldusiuguuny (Parallel plate) figaumadl 235 °C

-MFATIERANSoUTINawUUlauding (Dynamic mechanical thermal
analysis) FeLA3s Dynamic Mechanical Thermal Analyzer (DMTA) ﬁlqmwgﬁ 25-
100 °C

-NSANYIANBAENFUg AN TRINBRWRSIUAUAMIBINATIA Scanning

electron microscopy (SEM)



-ASANYIANURNIIAIINUS D UVDINDALUBS L UAUANILATDY Differential

a

Scanning Calorimeter (DSC) Tulyun Heat-Cool-Heat gmumgil 20 °C Tuauds 230

Y

°C MEensINISIANNSauN 5 °C /min

-NsfnwduguIneInsiiandnvesnediuesivaudlaglindesgansse

=)

wuulduasinanlsed (Polarized optical microscope, POM) Imﬁﬂmﬁqmmﬁmﬁ
130 °C

1.5.4 Apseiaragunanside

1.5.5 Yauediunisosnuddsluiiuszyidvms

1.5.6 3995 I8UNANITINY

1.5.7 N1580UlASINISINY

1.6 Uszlpaiifinnndnazldsuannauise

1.6.1 @35aNUIERT @ LY INeAuaURsTINe PLA wazluaeu 11 fumunza
dwmsunsthlulgauls

1.6.2 aasae3enansiinaI g Auld (PLA-g-MA) Wiaiiiuaudriuldsening
PLA wazluaen 11

1.6.3 anuisasfinadnuuiien (Toughness) Wiy PLA Tilnensiivluasu 11 uas

MSANESANANMYIUlBENS PLA-g-MA



uni 2

LPNAITHAZINUILTINYIVDY

2.1 wadnannnkada (Poly(lactic acid), PLA) [2, 8]

woduanfnwadn wse PLA ueasegnisundtmeduaning (Poly(lactide)) &4 PLA

a [J 1%

Jululenedwesfnasldaningiunisnaineas lngrunszuiunsniningiusmandes
Frilne auinduihaaty sndudsuimalidunsauanin (Lactic acid) udrdninse
wanRnTildlurunszuIunITELATIzinedmes (Polymerization) aunatewduneduanin
LoBaTu Feusnainit PLA 1y Biobased polymer udadaiuindunediwesfianusades

ganglanisinmdneie (Biodegradable polymer) lnelaseaingwes PLA LaAAIHININA 2.1

CHs CHs

o) OH
HO o

@) CHs (@)
AN 2.1 LanlASIASIIVDINDRLARANLITA [9]

luianaves Lactic acid

wapfnuedn visawantnausenaulusie 2 lelwwesfe L uas D lnsdnuauelasaasng
wansdanwdt 2.2 ehliuaninuedailluanaianun 3 wiede

1. L-lactide (LL-lactide) Fsluanavsznaulufelelewes L iy

2. D-lactide (DD-lactide) Fslananauszneulueloluaes D winy

3. Meso-lactide (LD-lactide) Fsluianauszneuluselolemes L uag D



CHs
L-lactic acid D-lactic acid

AN 2.2 wandlassasalalamasaiia L waz D [9]

a a v N v % ad
NTEUIUNTINAANDALAARNLLBYAVAN UAIUNY 3 onanalull (WanananIng 2 3)

1. Direct condensation polymerization
2. Azeotropic dehydrative condensation

3. Polymerization through lactide formation

Low MW prepolymer

o,
A 0
HO {\/U\ )’YO \/U\ODO'V (1000-5000 Daltons)
CH
HCu £ iy Chain Coupling
Co s Agents
upl e Direct condensation
g polymerization
L-Lactic acid CH3 0 .CH, 0
Azeotropic dehydration condensation . Ho/\]/ (\;)ko)/\r(o\g/u\OH
H oo -H,0 2 n =
¢ ,OH 2 O CH, O CH,
7
C
HO .
4 Polymerization through High MW polymer
D-Lactic acid p, lactide formation Ring Opening (>100,000 Daltons)
Polymerization

CH
O§C/ \C 3
Sty — 1]
H=»C Ca
CHa \ / \O
Lactide

Low MW prepolymer
(1000-5000 Daltons)

AN 2.3 LAASLAURINSNAANOALAARNLITAAIBNTZUIUNITAIN [8]



lunseuaun1s Direct condensation polymerization [unsdaasizsinedimesiuu

[ [
[

U (Step polymerization) Fewiliila PLA inninluianadi uddahluenlvluianase

' 1%
aa

fuluanglde1iuse Chain coupling agent vl PLA Mifluwiinluanaas

d1ulunsgeuaunns Azeotropic dehydrative condensation 1 unsyuIun15Adinig

[y

Audinavareasluiiadunisanaumialiiussuy anntugnilunduwuy Azeotrope

Aa o

A H 1% H g Yo
Wedsteilusyuueen ke PLA nflumdnluianags lnenssuiunisiifinisldeiaise
UfAseieteliufiseransaialaisdu Jseravihlindansuwleutiosandasale

waglunszuluns Polymerization through lactide formation 1unsyuiun159a
Y o = P 0o g va & s 1 A g
AuRAIEAUNIEUIUNSWSA Wadnisiadusalunmsmiiiadusanlndnswieidunisan

Anunialinuszuu ntuRsyinIsduaTIzRaIn1siUnsweLanlva (Ring opening) v

Wile PLA Nilwiinlauanags Gededivasnszuaunmsillddeddimihareviliiianuuigvsgs

Y

2.2 luaau 11 (Polyamide11, PA11) [4, 10, 11]

& = v 6

a s N A ! [ o & | a |
wodielud 11 vsosenitluasy 11 Wuayiusvamynediolus Feynusvamy

a s v o A 3 a s v Y
wodielud Usznauludenuselalasiaunilamiuudeusgs Inenedieludinieiurainvane
wiinldy PALL, PAL2, PA6,10 Lag PA10,10 10ud uansasn i 2.5 dluasu 11 1Ju

a saa a a . P a Y Y] a

WaaLalmwﬂizamﬁquﬁ (High-performance polymer) wawmmmamlmmmmqmmq
M3NERs 100% agasinduazyy (Castor oil) Ingazyduiviiasyiulalaaiuusaiiuig

Y a1 Y] P A A o § v ° | Y a ] a
waenlimanziunisigdgniwaiinaus il siagvianlndndudanaainluasu 11
Rsliidamasioaldemnslussuuiia uwliinluaeu 11 dndnaningAunenisinms (Bio-
based) ualdlidunedmesNamisagesaaislainisdinin (Non-biodegradable polymer)

v a a o

Falutagiuiusenivinnisnantuasy 11 ag19U3EM Arkema taglg@an19n15A131 Rilsan

q

FlAs9a519vesluany 11 LanIRInIng 2.4
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H

N_(CHz)m_(':

O

AR 2.4 uandaseaisvedluasy 11 [11]

smi 7
in s BN o Wl
WARVESTING ll = NG I : -
Ricin seed -igii Naphtha i

N THE S¢: A NOMER 5 1! I
OLERIS
oA

DC 10 e o I I I
Ll HMDA DC 12
monomer monomer
DA 10 < 10 | 7
MONOMEr menomer : E
\ H
: :
1
W

1 ]

| 4 e
LJ o L) w % L
RILSAN HiPROLON HiIPROLON HIPROLON HIPROLON RILSAMID
RILSAN

AN 2.5 WARINUNINSNARNAL lug [4]

Tuaau 11 angnsandnlaanunduasialaguansunuran snanasnng 2.6 ngludu

wsniifuazvisgnlalaslad (Hydrolyzed) 1Ay Ricinoleic acid wag Glycerol 9nuwyiing
Wis Methanol asluiiieiludusaugisevilnindueyiusvemyieamesdufie Methyl
ricinoleate wa13slvinuougsfiusvuia 500 °C 1aJu Methyl 11-undecanoate fiu
= o a a [ . . & a aaa
Heptanal #4vi1n15lalasladaauiinidu 11-undecanoic acid a1nUuLAinUAsen
Bromination AulusfiufidiunusWuszgues 11-undecanoic acid 1atdu 11-

bromoundecanoic acid ka13sbinufAseseiuweuluiiisauia 11-Aminoundecanoic

acid Fadunouswesvasluasu 11 wazaavieyimsnedweslswdussawinduluasu 11



11

o}

CH20R > s \/|oi/
Hydrolysis 3 HO OH
CHOR RGN ¥

OH " Ricinoleic acid Glycerol
CH20R
Castor Oil Met:‘aml
catalyst
i, L;/‘\\/\\/A\/"\\/Ji v (o]
NN SN :
, Z /A\/Locm
OH |
YW\CH3 Methyl ricinoleate
OH
H;;;o C Fragrances,
( ) other applications
0 /
’\\:/"\,/\/\/\‘/u\ o CH + /\/\/\ro
Methyl 11-undecanoate Heptanal " PA 11
Hydrolysis P
- CH,OH /
2 0 NH, —
\/\/\/\/\)J\OH —— Br > /\-"“v/\\/\\,ﬂ\ — HZN NN v N

Bromine OH 0
11-undecenoic acid Source 11:biomaiindacanoic acid 11-aminoundecanoic acid

Peroxides

AT 2.6 UaRsuEURINISKEA WAy 11 anngiuagie [10]

Qlﬂl o U
GEGNINIGHE] tyﬁuaﬂuaau 11

1. @snsanumsusInszunnlaninn (High impact resistance) Wewfisuiunediolum

YUADU AALENILUN NG 2.7
a al 1 v a v @ Yl

2. fimnuddesranad kavsdsansatiledn lng

3. 1AN158AAINYAUIANFS (High elongation at break)

4. AUNTANUADENTLAL LR LIUNINLDANDTDA, tELASANSUBY, LOaR bR, 1N way
= 1 < £

QBERIZENIRVRIEM]

5. Hiadesninnieanusounannluaau 12
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Impact strength
(KJ/m3?)

PA 6

PA 11 PA 12 PC PA 6.10 PA 6.6 PBT POM

@ isisssisieiasassassssstsaiesanans Better impact resistance
dl 1 ! a 13 a 1
AN 2.7 LLﬂﬂ\‘lﬂ'WmGl@LLiﬂﬂixLLVIﬂ‘UﬁNWEJaLEJbLiJWUuﬂG]’Ng] (4]

2.3 wadwmasiuaun (Polymers blends) [5]

wodesivaudnontsnalsmedweinus 2 iatululnerunssuiunisua
Tuguuuuningg lddeslunisvesunay vienisiwausedviazatedudu lnowedwes
waudagannsawvsesniiy 3 ngumdngmisanuidifureininauiude 1) Miscble
polymer blend Aanedimediuausitamisadrfuldiomalussduluanauasiiniuie
W3ty 2) Partial polymer blend Fanediuasivaudfianursaidrfulaluuisdiu 3)
Immiscible polymer blend Aetediasivausildanuisardniuld Jsdulvaudmuiimed

westuauadlulng datdu Immiscible polymer blends Tasfin1sldnannisnianesly

launding (Thermodynamic) snlglunisesuie Tnsgunsilglunisesuienuannisy 1
AG..= AH, -TAS (1)
We  AG, A MaUdsunlaandsnnudaszvesnisnan (Energy of mixing)

AH., A9 mMswasuulaseurialvasnisuas (Enthalpy of mixing)

AS,, A9 mMswasuuaseulnstvesnisuay (Entropy of mixing)

o))}

T fe gauuiiduysal (Absolute temperature)



13

Feo1n15UAsULUAI NS 91U ATLVRINSHEL (Energy of mixing) AA1duuan
nungANIINedNestuaumtduluy Immiscble polymer blend Lagf111n031015
a (% a .. a < 1 a I3
WA ULUAINAIUDATEVBININEY (Energy of mixing) AANTUAUNUIEAINUIINBALUDT

waumduuuu Miscible polymer blend @alasdiulngudinuiinediuosivaunininig

YIUUN

Aa

= v a & = 1 I a ¢ 1 1
LU@EJ‘ULLTJ@QW@NWU@%?SLUUU’JﬂLUQQQ’]ﬂ’J’]ﬂ’]UI‘UT,NLaqa%@QW@amaiﬁ’lusLﬁi’w&J

luanaiawihlvianglgvasmediuesininueiuin Jedrinnisiadeunvesanglduiniagdsa

| a A

TiluwmauvawsulnsUia1fnau 1omauuawaulnsULAnauIsvinliaun1sn194nes Ly

v A

Taunfindfidanduuin Jaduaumsdrdgiuansdiifiuimnedwesivaunduluginiswau
.. = a ¢ s 1 v u v v aaa PN )
WUU Immiscible polymer blend &sweatmesivauniiliiiniulad f35nsnaiunsalmaniy

Taunndussnazesureluivednty

2.4 @suiuaudiuley (Compatibilizer) [5, 12]

asiNAULNUlAnTe Compatibilizer ApasiiglyinlinediuasivaunauIsadn

A o

Y v X Y] 1% Y . ~ a ) '
dniuldunnau dufievililanszaresa (Dispersed phase) fiuwafidnauaznszanesiog

¥
Y 1 o

Tuavsndndnladty uazderhliilaudRidnamegiintunaluse Fandng wdaiisnis
Lammﬁmmwm%ﬁ’ﬂﬁagj 3 35k

1. Addition of a separate compatibilizing agent Aonisifuesdusznauiianuasiy
TuUSunaudntiosifiornldneauofasunadnfulinniugenadunisiiudvinazaiy
521 wseeradunisiAuarsnin plasticizer, filler A3ousinsyien1siAuneaLuesn
venwitloaniitlussuuniswey

2. Addition of a copolymer of a two immiscible polymers n15tR 3 Core-shell
copolymers Usunas <35 wWedidudlaetntn dadunsdunszdlaneduessenidlsla
woAwesluszuuNsNaNTunAoudr T lunausuAluss U aansd g 2.8 34

£

Toidgveismstferinsdunmeieiniarisnangs dnianseuiunsnantsewiliinnis

5%
Y=

LR lAnnsuiuAmnAulandy
3. nszvrumsiinAuiiuldlagnsinU)isen (Reactive compatibilization) &4

Junszurunmsfiiiindunsiserszninamedwesivaunuazyinbidugiuine finuaziden
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1%

wnTulagnisadaiussiaisenindlalunedwesvisass Feravilalagiilalunediussyin
wsnuvinsaawdsiitelitingfleidundeslinenisifndjisen Tnevgilsiduiidesaunsa
AU iselaiunedimesyiiafiaessiy Fee1atinisinasiininieseanlansiigg wievae

Tuseswesnsiauvnaiiuaule

Compatibilizer

L W W o

A: connection with polymer A
B: connection with polymer B

-+

A/B polymer blend Compatibilized blend

AN 2.8 WERINSHANAMUINN UL UUNSYNlaNedLLes [13]

2.5 WeRNISUNSINANANYBINDALNaS [14, 15]
= a = a 6 a 2/ ¥ 6 E%4 4
nsfnwngRnssunisanaanvenediuesiesltnaesqanssaiuuulduainanlsd
WaRARIUNITANNANYBINDALLBT (Polarized optical microscope) dlasuUn@LaInIsnnNan
n em o X
YaInedilesH 2 TunsuRmelul
2.5.1. n1sisunandn (nitial crystal nucleation) TutunauveIn1snenaneIned
wasaunsauwvaeantaldu 2 Useinnde
2.5.1.1 msiindafgawuuianius (Homogeneous nucleation) FsUni
wadunisiinfiaAdeanu1annn1srasuinalvetanslgnediuesios ¥9vinlud
Jupdeainlunlnaontian AsunuIEanuIsd@Iuiulaluunnuds Tuvusingn
1 QI a 1 Y] 4;( = o v gj = Ao 1 = d'd < [ 1
UEisuRemUY Jeihlinunsdnndvunlyg wasndniivuiadnsiuiueg
dndamunmsiielinedeanuuieniuganansafialiein uagedddnaiuiulung

e Wewnaneldluanadusmneiaedeaies diuanelanediuesdelasundsanu
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= v o a & a = Aa = ~ a X
V]W@LV'&I']%GL‘Uﬂ'ﬁ"U@ILTEJQWQQULﬂQLUUUQLﬂaﬂﬁWNTUWWWL'Vill']gall LASHANULANYIVU

(Critical size)

I3

2.5.1.2 msiiafinedeadunuuiiswug (Heterogeneous nucleation) @

a ~ a a A av g ' a s a _a = AL a a

Tmdsainanddunlilvaslgvomedmes Inensifeduadvaluniifaunainds

wlanUasudug Wy arsnendn asiiuuds lWudu fansiindundeaduwuuiis
o & a _a = v | a v | & = 0§ v e a Y

wlaunsainliuedualdianizyaiansuduminuu Juilindnatunsivlale
P 9 % Av v o N9 v Y}

wiouiu nanyladsiivualnalAesiu

2.5.2. waniAan1st@ule (Crystal growth) LienaniAnfiaadeadundalutunsn

JunaudnluAenanaziin1siulnaniaedeanindu kasiulalaunseNananiinnisounu

FuNANLNALAL

NITUIUNMIANBINGANIIUNIINHENAN B LAlpanIstiA NS auL NN R oS INa lYiNe

v

dweinasuaunun MnUuangungiasegnTInTluNgungiideanisfinw (sothermal

condition) WaI3viMsAnILAkaEUTIIMNEN T AATUNuvTIRenaTT Tagn1ni 2.9 ag

U

a

wanINsAnwINsaUlavasman PLA Nigamindl 120 °C lagldiaas POM

U

Time (min)

‘ﬂl = v a =
AN 2.9 LEAPNAINAIANYIFUTIUINYINITANNAN VB PLA

flgaumail 120 °C Wuan 60 undi [14]
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2.6 MUIBNNYIVD4
G. Stoclet uagany [16] laAnwnediuesiuaunseing Polylactide fiu Polyamide

11 TaglufinnsTdasiiiuanudniuls InenaaInnIsnagauautfinIamIuns Malaewandng

a =

AN 2.10 wudnigaumainismaaaui 200 °C wudn PALL A1 complex viscosity 915931

Y
v99 PLA eoratdunaniain
1. “Dynamic” hydrogen bonding uStaunyjialudves PALL Ndsasileglusening
nIMaBY

2. miinlaianasening Entanglements 484 PA1L (Me=2 kDa) fidtfosnitues

PLA (Me=10 kDa)

10%+

Complex viscosity (Pa.s)
5

T=200°C

o (Hz)

Ad 2.10 uans Complex viscosity 103 PLA waz PALL Aiduileriduresnnnudd 200

DIATLALTYE [16]

NAAINNIINAFDU WAXS WU Pure PA11 9glana Stable alpha triclinic crystal %4

lunngnsnisnauuanindniindeadeiundnues PALL F3 PLA wansliiudsguuuy

1%

Amorphous TUnN1SHALT FINAANATNAFDULEAIFINING 2.11
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1 | —————  Ppa11 |
PLA/PA 20/80 |
PLA/PA 40/60

—————— PLA/PA 60/40 '
PLA/PA 80/20 :

PLA

Intensity (a.u.)

-
O el T PRV e ~

26 (°)

AR 2.11 uanansiilaatnnisnaaeu WAXS vesmaaiosiuaunsewing PLAPALL [16]

dnwarnedugiuivenuindinissan PLAPALL ludnsidau 40/60 wuin PA11

Usingeguinadddasaniinisadniases PLA eanlduds Baudunisuansliiiiubs

Physical adhesion #9138 sznansaanail uazlugiegnsndgunil PLA Uszunu 50-60%

Y

wulaseasraluudnsiilas (Co-continuous phase) kagNensIdI1und PLA 110071 80%
! < <@ Y [ a ¢ = a A 2
Wud PALL nanguiadnnszatemegluuyindues PLA @l0umaveas PALL Huu1afién

a ‘:1' P A U W owee Y oy vaAaX a s o
APNUUITNIUYDY PLA NUINYU SUQL‘UUﬂ’ﬁEJUEJuVLﬂﬂQﬂ'NlIL‘?ﬂﬂuvl,@ AVUVDINDALUBINIE B

AILAAILUNINGA 2.12
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SOMD

Fig. 3. SEM images of the PLAJPAT] Blends (scale bar = 5 pm).

AR 2.12 Lanenndildannnisueaeu SEM vasneallasiuatdseing PLAPALL [16]

Vahid Heshmati-wagame [17] IavinisAneinediuasiuaunssning Poly(lactic
acid) iu Polyamide 11 Iaaiin15l4 Polyethylene oxide (PEO) %38 Polyethylene glycol
(PEG) WJu Plasticizer \fioan Interfacial tension waziiiewfiy Interfacial interaction iy
PLA uay PALL 3991009 2.13 wansauduiussening Interfacial tension fusesidus
arududuves Plasticizer §2633n15 Neumann triangle (NT) swun Plasticizer ¥ia PEO
fin1sanves Interfacial tension 8191 nluIIUZHUNSRY PEO 7 5-15% aealsfinnu
WUINin1sifin PEO U3unas 25% ¥iliiAn Interfacial tension v83 PLA/PALL anatagisd]

Hod1Any @aun15LAu Plasticizer wila PEG Wu11A1 Interfacial tension fin1sanasnusuiu

A154AU PEG 108N 15%
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3.9
_
£
53
’
% Xl [ . ,
— \‘ ] rs
B \ : ’
£ W ! ’
g " / ,
= 29 W\ / ’
= \ 7’
‘5 AR i .
& | /
| ™ , . L
5] -
‘E 20 -~ - o
o - -
B Plasticized with PEO
® Plasticized with PEG
1.9

0 5 10 15 20 25
Plasticizer Concentration (vol%)

AN 2.13 LAAIANNANNUE 21N Interfacial tension A asidus A NN L9

Plasticizer @2&R5n1s Neumann triangle (NT) [17]

Lz nauUATNNaYeINe AW e SiUauAkanIRInIseT 2.1 Fudefiansannisiy
PEO nu1en Tensile strength Senanasmnunrmiduduiidiutures PEO waifivudulugns
nswauiilaifinasdu Plasticizer Fslunsilvesnisiiiy PEG wudnuwasuientuy wauilev
nsTleusEmInansiiy Plasticizer Tadosylinuds nuiwannsiial PEG vl Tensile
strength fiAnfianasnnilieifisviivsunaaaududuiiiuwindu duda Elongation at
break wuiTluyngnIntsnamyinlife Elongation at break 1o PLA fidngenniulnstans
Tugmsfisimsiiu PEO USanas 15% vinlvin Elongation at break iy 275% Waifivuriu
Neat PLA ﬁﬁmagjﬁ 5% Wity uarludauwes Impact strength 1uﬂqﬂqmmimauﬁﬁmilﬁu

Plasticizer 9 PEO wag PEG vi11%A1 Impact strength qﬁmﬁ'mﬁauﬁjuﬁu Neat PLA

I A

Immawwﬂugmﬁﬁmi@u PEO USunad 15% vihlvie Impact strength geiigadie 212 J/m

9
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A15197 2.1 uansaudRidanayes Neat PLA, Neat PA11 way PLA/PALL fisasnau 50/50

[
v

viagms7iAnlaiiAn PEO way PEG 1 Plasticizer [17)

Sample Izod Impact (J/jm) &* ag* E*
(%) (MPa) (GPa)

PLA 121 +3 5+3 65+1 43+0.2
PA11 694 + 4.6 23540 412 14x0.1
PLA/PA11 50/50 11+2 6+1 50+2 27+0.2
PLA-15PEO 14+3 300+40 27+1 20+0.1
(PLA-10PEO)/PA11 50/50 40 + 8 100+20 34+3 18+0.1
(PLA-15PEO)/PA11 50/50 212 + 20 275432 31+1 16+02
(PLA-20PEOQ)/PA11 50/50 62 + 10 25+10 20+3 13+02
(PLA-10PEG)/PA11 50/50 15+ 2 8+2 28+2 17+03
(PLA-15PEG)/PA11 50/50 18 + 1 12+3 23+3 1.4+0.1
(PLA-20PEG)/PA11 50/50 16 +4 10+5 18+1 1.1+0.1
d

¢: Elongation at break, o: Tensile Strength and E: Young's Modulus.

Fatma Walha wazaue [18] YinisAnenediuesiuaunsening Poly(lactic acid)
U Polyamide 11 Imafn151d Multifuntionalized epoxy t¥uasiinmInudndule
(Compatibilizer) lagyinsAnwnianun 3 JULUUAMARIANING 2.14 fi 1) wuuiliiinas
WNASHANAMUTULA 2) NasNaIsLAu N ubeaslUNaunsauiu PLA way PA11
war 3) n1stnasiaadnfulagiin1susuYgeiu PLA feuwdrdainlunaudu PALL
o a = = ) ) a ! PP a a
LAASAINING 2.15 Banaannmisfnsanwasmsduguinemuitlugasnlidfinisidvasiiy
ANMUTNAULANUINNENIIFUNISHAN PLA/PATT 1 40/60 Wul@ssas19wuuanaciiag (Co-
. 1 o/ 1 P ! s = % ; s
continuous phase) d@ulugnsaindu nuiluuesinaiinisnszagieglusiesing g
dnwagnduguInernnuliawnsavsveniveuliiiihiures PLA wag PALL dlugns
aa a a v o = a a a v o 9
ASNENNTINSIRNANSIANANUIIN UL LLLUUR 2 Aanisiuatsiiuauiulaaslunay
N3aUAU PLA kag PA11 wunasiiuanudniulanivadludusievinliluiuesmaliauini
dnasleiiiasannaunsalian Interfacial tension seninamwauad PLA waz PA11 ¢ dnviad
WUINBRIIEIN 40/60 Linulaseasrsuuuinasiewiiod (Co-continuous phase) waglugns
ANSHAUNTNSLANATIALANWLIIN WA T ULUUN 3 ABNTSUasANANNETUleL1INN1S
UFUUgeiU PLA nouuaddstlunauiu PALL wudnil Adhesion 91RTusening PLA wag PALL

dl' 1 1 a a L% 1 = [ =
L‘LJE]\‘H]'IﬂWUﬂ’TiVT’]EJVLUGUEN“UEN'J’NU?L'JEUN?M‘LJ']?%%’J’NLW?‘ (Interface) FUUUNITHLANININT

anaveY Interfacial tension sevinuWaved PLA way PALL la Jaarursaasuladiinis
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Usulgeanale PLA sagansiiuaudniulanesuaiunsadglvimedimesivauainisidniule

1NNNINNSHANANSRILTI AU ULA NS aufunedLu s UaUs

[l’ncompatlbillud]
blends

[ Joncryl ] PLA PAll

I Modified m,,\ \ /

( ompatlbillzed blends:
(( ompatibilized blends: ] First route

Second route

A 2.14 dandwkuianisradlussuuninmsldansiiuanutnnula [18]

AMNA 2.15 LEAININAINAITVAZDU SEM Y0Ineallasiuaunsening PLA/PALL N1ons1dIu

(a) 80720, (b) 60/40, (c) 40/60, (d) 20/80
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Sung Wook Hwang wazae [19] ld@nwnisafunavesnisldunadnueulalasd
(Maleic anhydride, MA) Tuvhnsnsmdasuuneduaninuedaiielfiduasifinainudniu
Ieluswian Fan1siden MA uldlunmsiduaisfinaudifuldifesanndu Reactive
compatibilizer #3 Chemical reactivity i wazdsliifufivae Felusuddeiilainnsly
Dicumyl peroxide (DCP) tHuans3i5alun1sviufAzen (nitiator) SsvinseTeusaesnade
wSesnanuuuda (Internal mixer) 8191nn15MIUTINRNSNT AR 83T Inmsanuinly
gns71in1sle DCP U3una 0.2 phr $aufun1sld MA U3una 3 phr sinlsildiesidusinag
nsmTigefiande 0.43% lngldinisiauedsujisonaifiintusendng PLLA fu MA &
wanslunmd 2.16 Jsarnnansvaaesduduliin MA aunsainnsnsndldauy PLLA Tng
fuduldannuaves FTIR wag 'H-NMR Bnsiadswuindlefiniaiiu MA dswavilsigaumgdfinde
uft (T, wazAndesidudrnundundn (%X ddanasidesainnaresnsiifisiiinginnng

N519Av99 MA Fedanaluaralaguae PLLA fn1swpasulnadu druaudmdinanulininig

a Aa X o
LWasULUAINNAYUUBENIN

CH; O CH; O
|l DCP |l
H 0
PLLA (0]
0 Y
MAH
T
wvwwn C——C——Qvv\Wn
\ o
HC
/
Hzc\(o
(0]
Maleated PLLA

[

A 2.16 MsiauefaufAsenAliNinYusening PLLA fiu MA [19]
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Cevdet Kaynak wazamug [20] lavinnisAinwinediuesivaunseninanedianfinuede
wazimeslunatafnanisvdaralaueslnefinisdunsisiarsiivaiudfuls
(Compatibilizer) aganeduanfinuedansmiunadnuoulalasd (PLA-¢-MA) Faaannsi
Fuasziansiuanudisuldtiesdvhnisfigaiiondnuaiiafasediindu lnonisld
ATR-FTIR 3391007091 2.17 waems1af 2.2 wuiunadnueulalasd (MA) anunsansmsiae

asuuaglavad PLA Talaeduduannaiuniantaainnsiyd FTIR F95n1ssiuIuyessiiwiuaia

al

NdAgyAeNdunds 1774 cm™ G luiinfidAyues Asymmetric C=0 stretching uagf
A 1850 cm™ FaduiinfidrAgyred Symmetric C=0 stretching lnevisansiinnananil

JuiiatendnwaifidrAvewniadnueulalass (vA) Fadunsiudulaimednueulalasa

JuansansNaRnasuuanelaves PLA la

| PLA-g-MA

Pt hrmtinie, . ras St moere AN I

C=0

Transmittance (a.u.)
°
5
CH,

C-C(0)-0 —

T T
2925
1385
127
d_—i
L3
! !

T
1756

1090

1 1 1 1
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

AT 2.17 uansaiunesu ATR-FTIR 909 PLA waz PLA-g-MA
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mswﬁ 2.2 LAMIAILIAUIUDY IR bands 984 PLA, MA, TPU way TPE

Materials  Position (cm™")

Assignments

PLA 1190-1090
1300

1385

1760

3000-2940

MA 1590
1774

1850

TPU 1220, 1530
1528-1504

1475-1600

2340

TPE 900
1220

1455

1720

C—C(0)—0 stretching

CH; bending

C—H deformation
Symmetric C=0 stretching
CH; stretching

C=C stretching

Asymmetric C=0 stretching
Symmetric C=0 stretching
—C—N— (amide in urethane)
—NH (amine in urethane)
—C=C aromatic rings
—N=C=0 isocyanate group
C=0 bending

C—O stretching

CH; bending

C=0 stretching

LAZAINAING 2.18 LARININAINAITNAFOU SEM 904M0aLU851UauAvad PLA AU

TPU wag BioPE vislunsaindinisidy saglifinsiinansiiiuanuidniula lngannainnuin

aaa a

Tunsalfdinisdnasiiumunfuls g1 e dnandnwadnnsinduiad nuaulalase (PLA-

¢-MA) FlAnansg 186 (Dispersed phase) flivuiaiianasly Feuanadianisiindues

Interfacial interaction S$MANUNANTEINYFINULUNINGUEN

AT 2.18 LARININANNNITNAZBU SEM UDIND[UD5UaUATBY PLA U TPU way BioPE

PalunsaNTdn1sdy wazludinisiuansiiuaugniula
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Calistor Nyambo wagane [21] lavinnis@inwnediuesmeunadnseninaneduanin
wednuazredand Tnednsduaneasiiunnudfuld (Compatibilizer) ognanadua
afnuadanswiiunadnueulslase (PLA-g-MA) LiloU3uUss Interfacial adhesion 5¢%319
PLA wagvouvdofildainnisinuns Tnsnmil 2.19 LLamﬂﬁﬁ%mﬁLﬁﬂéﬁmde PLA fu MA
Taensld Luperox® L101 Wuans3dulunsinfiter duhmsdunszinigumndl 180 °C
Junan 3 wadl wasyilild PLA-MA fanmiiuans sa1nnanisnagaunuindn Tensile

modulus lugnsnsnauniinsiu PLA-g-MA vilifimunnian@euansnanimi 2.20

Polylactide, PLA Maleic anhydride, MA | H
y © Luperox, LU —C 0—(|3—C
*‘fo_c_c * + — O | Cl

' O 180°C, 3 min
CH;z In OVO ! Y PLA-g-MA
—— (0]

White PLA pellets,
before extrusion Yellow PLA-g-MA pellets
obtained from the extruded strands

Ml 2.19 uansUisenTiintuwes PLA fu MA Inan1sld Luperox® L101 Wuanssisuly

AsANYANIEN

PLA-g-MA Wheat straw

™90 o1 |
i 0_$_ 1, PLA e
(o) Cc H |
e o o—?—ci»*
le) + CH;3 In
o ﬂ ‘
| & Tensile modulus

PLA/Wheat straw

o

N
i

Tensile modulus, GPa

. [PLA+30%WS]-
+5phe PLA-g-MA

N

L
——

|

Yo |

o

AN 2.20 UaRaAN Tensile modulus vasnauNeERlULAREENTNITNEY
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AT 2.3 Bauaastoyanlaain GPC uwazhanavsinaueulalasaniiogluy PLA-

'
=

o-MA 1agfin15NAdRUNENTNEIUTENIN MA #iD initiator AuanaeiulagnuIisnsdIun

&l

Anvasiduduaulalasan aﬁ 1P 3.8% Wag NANA 2.21 Sanuind

jmd)}

20:2

=).

= =
Wgnfe

e

Sn5nduTEning MA sie Initiator fNnTuuiiliten Tensile strength gsdumalusne Tae

~

S5 20:2 fAn Tensile strength 7 gangndnene

M19199 2.3 A51auandaailaan GPC uasuansUSunaueulglasanioglu PLA-g¢-MA

Formulation M, PDI Anhydride
content
[%]
PLA unprocessed 218167 19 N/A
PLA extruded 186834 1.6 N/A
PLA-g-MA (2:1) 157567 19 0.5
PLA-g-MA (8:2) 142633 2.5 16
PLA-g-MA (10:5) 129773 2.0 1.7
PLA-g-MA (20:2) 131416 2.6 3.8
80 {3 Tensile strength # Tensile modulus [T 8
70 - -
a ' a
B 2]
© 40 - 3
@ £
2 30 1 o
10 -
0 :

A B

A7 2.21 wanadeyailaainnisnagaeu Tensile AN15AY PLA-g-MA As#ifl 5 phr lagiinis

Ta9ns1d1UsE1INg MA Lag Initiator AwANFAI9AU
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LaZIINAITNA 2.4 Fawansdayailaannisnaaay DSC InenuinnusuiunIsay
PLA-g-MA 1udSuna 5 phr anunsavillieesidudenudundnifivaanniudedieuiv
a a 5 PRy a @ a = a a
VgnsNITHANBUY SIUNIGATNTNITAL PLA-g-MA WudSunas 3 phr §931nnsaiein PLA-g-
MA WuuSune 5 phr uenandawalrdamanudundninnnniuuds Sedwmaisand@idng
nlasnaag Inen1ni 2.22 uanstayaiilaninnisnaaay Tensile Inenuifin1siAu PLA-g-
MA Wud3unas 5 phr vinlsian Tensile strength geludnieeoiiauiunisiiiu PLA-g-MA
a a A = A v | A a
YN 3 phr Waza Ay 2.21 Fuaasnmilaainnismageu SEM Tagnuinginisiiu
PLA-g-MA JutU3una 5 phr wudnwasnsdagiuineifideud auseu (Smooth) 11nn3nns

Byl PLA-g-MA 71U3anau 3 phr

M19199 2.4 wansdeyaiilaannnisnagey DSC

Formulation T, T, AH, AH,, T X

[l [l D-g7l I-g7l [°cl [%]

PLA e)ctruded/injection 61+1 110+0 28+1 46 +2 171+0 49

PLA +30% WS 60+0 97 +1 17+1 34+1 17040 51

[PLA +30% WS] +3 phr PLA-g-MA (20:2) 58+1 99+1 22+1 360 170+ 0 55

[PLA + 30% WS] +5 phr PLA-g-MA (20:2) 58+1 98+0 201 38+1 170+1 58
80 [ Tensile strength @ Tensile modulus—- 8

D
o
i

Tensile strength, MPa
N H
o o

Tensile modulus, GPa

A B C D

A 2.22 wanadeyailaannnisnageu Tensile lnedimslagnmadiusening MA waz

Initiator 7RSI 20:2 wagfin1si@u PLA-¢-MA USunau 3 uae 5 phr
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AN 2.23 wansnnnlaannnnsnaaay SEM Ineiin1siaansndiusening MA wag Initiator

fineiifl 20:2 wardinsifis PLA-g-MA U3uneu 3 1ag 5 phr
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uni 3

A5ALIUN153Y

3.1 Jaquazarsadnldlunuidy

3.1.1 woakanAnLadn (PLA) 1n3A Ingeo biopolymer 3052D (NatureWorks LLC),
AIAILANTWNE (Specific gravity) WiNAU 1.24, A1ens1n15ina (MFR: ¢/10 min, 210 °C,
2.16 kg) Wiy 14, gaumniin1svaeunan (Crystalline melt temperature) 11U 145-160
°C uazaumninaeum (Glass transition temperature) 55-60 °C

3.1.2 wedlolun 11 (Polyamidell, PA11) thsm BESNO TL (Arkema), A1A314-
NUILUY (Density) 111U 1.02 ¢/ml, A18M51n15678 (MFR: ¢/10 min, 235 °C, 2.16 kg)
Wity 1.0, Lazaaumgiinisvasunan (Crystalline melt temperature) winfiu 186 °C

3.1.3 14 2,5-bis(tertbutylperoxy)-2,5-dimethylhexane fiiuaudsiufuunaaidey
ANSUBLUALAZEANT 1n3A Luperox® 101 XL45, LU 970 Sigma-Aldrich (St. Louis, MO, USA)

3.1.4 19 Maleic anhydride (MA) 15063210 puriss; 298.0% 210 Sigma-Aldrich (St.
Louis, MO, USA)

3.1.5 paslsnesy (Chloroform)

3.1.6 WMIUBa (Methanol)

3.1.7 ¥ndu (Distilled water)

3.1.8 Wueann1au (Phenolphthalein)

3.1.9 Inuna@eulansonlas (Potassium hydroxide, (KOH))

3.1.10 Tnuna@eulalasiaunniian (Potassium hydrogen phathalate; CgHsO4K,

(KHP))
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3.2 1n3eaflafldlunuise

3.2.1 insesiledmiuyhmsnanansiiumnudriuls uazwedmosiuaus

- 1PRISAIALUUINABIMUBLE (Co-rotating twin screw extruder) 91NUFEW Haake
Useineiyasly

- 1p393dnInnUULNABInUeug (Corotating twin screw extruder) §u SHJ-25 910
US¥W Yongteng UsinAiu YunaldurIuAuENagans 25 Hadung 817 360 WURIAT Lay
fiein L/D 10w 14.4

3.2.2 \ndestiodmiudntusuduay

_ ipSesdananahin (Injection molding machine) a1nU5%" NISSEI Uszmmﬁujﬁu

- 1A3998ATUFUNANERN (Compression molding) 31NUTEM Labtech Engineering
Company Ussindlng

3.2.3 \n3osilovnap AL TR
3.2.3.1 i3edledmsunmsinssinisiasuwlamaed
- Fourier transformation infrared spectroscopy (FTIR) ijum?ﬁ'aﬂ VERTEX70
NUTEN BRUKER Uszinrteasiy
3.2.3.2 \pseslodmsunisinsieilassasianiaadl
Lpdasdinedesuunudnislguuudaiunlngalall (Nuclear magnetic
resonance, *H-NMR) $uLe304 ADVANCE Ill HD 91nU3%v BRUKER Ussinagasiiy
3.2.3.3 IesasilenadoUdnuaizmedagiuiven

—ﬂﬁ@ﬂﬁ;ﬁ%iiﬂﬁ@Lﬁﬂmamwuﬁadﬂim (Scanning electron microscope,
SEM) 31 TM3030 21nU3¥W Hitachi High-Technologies Corporation Usginegiuu

3.2.3.4 \a3esilonndeuaudRiauvusonssnssuwnn

- LATDIVIAABUAIINNUROLIINTZUNN (Impact testing machine) 21NUTEM
INSTRON Corporation Usineanigaisnn

3.2.3.5 Insesilenndeuautinunusensng

- m%wmaammﬁqLLaszﬂmaLuﬂstaqﬁ (Universal testing machine)

JULATBY 5969 91NUTEW INSTRON Corporation Useinaanigalaing
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3.2.3.6 W3esiledmSunaaauanURnisiva

- insewmnaauantAnisinasuuldukudguuu (Parallel plate rheometer)
U ARES G2 910U TA Instrument Useineanigaidsnn

3.2.3.7 wsedledmsuiemsienudoudnanuulauniing

- Dynamic Mechanical Thermal Analyzer (DMTA) ﬁu EPLEXOR 100 N
INUTEN GABO Uszinaleasaiu

3.2.3.8 insesdledmsunmsinmauiiiniamiuiou

- Differential Scanning Calorimeter (DSC) g1 DSC 1 31nU3¥M Mettler
Toledo UssnaUszmAaInEDILAUA

3.2.3.9 iesesiled mTunsAnwidngiuaenainugn

- ndesganssauwuylduasinailsd (Polarized optical microscope, POM)

3U B-600 MET 9nUT8N OPTIKA Usginadma

ad [ a a o
3.3 33N15ALIUIUIY
3.3.1n15eaTeuarsingaddrdulauuunisiiaujisen (Reactive
I . a 4 4 (4
compatibilization) LagN15AATITINITUITBEALNITNTING
Tudumnauin 1 Aen1smssuarsiiuaudafulanuunisiinufisen (Reactive
compatibilization) #1138N1LATENUALANEIUBY Denise Carlson wagAmy [22] Wayn1s

a 4 b4 i3 = a a [ ! Q’lj
AATILUNITUITOYALNITNIING IfﬂEJlIi'WEJagLEJEJ@ﬂ’ﬁLGﬁEJiJ@\W]EJVLﬂU

3.3.1.1 11 PLA Weuldanuduiioamail 60 °C ifunan 8 $lus routhluvasuly

LATDIRTALUULNGYINUBUE (Co-rotating twin screw extruder) S3UUNTSIAYN Luperox®

101 XL45 U3uau 0.5 %wt wazr MA USuna 2 %wt tnefgamgiisausdiudeudnauii
Aesdu 160, 170, 175, 180 wag 175 °C wagAmSIsauanswiniu 60 sausoulil
3.3.1.2 dmednanfnuadansvinunadnueulslase (PLA-g-MA) 7ilaa1niaIessnsn
a I o % . v A = (% % 1% o [
LUUNAEINUBUANIYINNTAR (Pelletizer) lriflvunailianas Fandeainnisdaudiduda
wanainilaluaulamnuduludevagyiniafiaungll 60 °C \Uwan 8 Falus neuly

naaauludusall
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AT 3.1 ULaAuATBIBATALUUINAEINUBUR (Co-rotating twin screw extruder)

NUSEN Haake UseLnee eIy

3.3.1.3 AnwinsnsmaAnres MA vuaielgved PLA lagnisiigationdnuaianie
wAllA Fourier transformation infrared spectroscopy (FTIR)

11019819 PLA-g-MA 19UA53UAU KBr foulannuauudrlusnsidudszana 1:9
Mntusaieniesdalalasanauldununatuisinasanunsadesiiuls Tnenadoulugas

AMNY1IAAL 2200-400 cm T IAUITUARLNUNILA 32 ASI

mwﬁ 3.2 mem'%"aa Fourier transformation infrared spectroscopy (FTIR)
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3.3.1.4 Anwin1snsnasnves MA vuatelgves PLA lngnisiigadiendnualnig
wAilA Nuclear magnetic resonance (NMR)

thsheg1s PLA-¢-MA Uszana 7-10 fadnduldadlunasanaaey NMR anntuldsn
¥azane d-Chloroform U3unas 1 fiaddnsasluseaunseits PLA-o-MA azansaunun Nty

YINASNAADULUY H-NMR

AN3.3 LanaLA3ae Nuclear magnetic resonance (*H-NMR)

3.3.1.5 msmdeaznisnynaiilalagldnslnmse (Titration)

11f29819 PLA-e-MA Usuied 2 ndu dnagaelu Chloroform Usuies 80 Jadans
Mntunentndy 3-4 veaadly el flsiiunoulelasd (Anhydride group) gnlelaslad
(Hydrolized) T dunyilsriFuaisuenddnuadn (Carboxylic acid) 91nturiin1sniudae
Magnetic stirrer {uiaan 12 $alu leasuianiniswisansazatseanin 20 fadansed
wWa wdrdahlulnmsadieansazanslnunadeulansonles (KOH) luwnueaidudy

Uszaua 0.01 Tuans TaeldAuednnidudududianes densuld KOH Mduaisazans

wnsgIusuRuNaesdenilufisuivaisazatsuinsgususiu 1 egalnunaeulalasiaumn
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N1as (KHP) Nauiialins1uanusutunkuuauesd KOH Aauld tnaaulumuaunis (1)

(23]

98.0xNy o XV oy X0.001x 100
%G = (1)
2Wp i pgmn

3.3.2 Msnseuazn1sTusUinalddmiunismadeunadimesiuaun

Tudunausl 2 voIN1SANY T UNITIASIUNDRLLDSLUAUAPIULATDIDATALUULNAEN

wuaue (Co-rotating twin screw extruder) WIoUTINITATEUFIDE NNAADUMILNTLUIUNNT

[

AnTugy (Injection molding) wagn138nTu3U (Compression) A1ntudutunauil 3 Aon1s

adovaNURfNIInedltesuaunnle Tnefisnvaziduanismdsunsneluil

a

3.3.2.1 11 PLA Way PLAg-MA luauldanudufignmadl 60 °C 1lutian 8 alus

q

wazoulanudu PALL aamadl 80 °C tlunian 12 Falus nouthunaumiein3odnsawuy

[
U

\ndeviueug (Co-rotating twin screw extruder) lneflaamainusdrutoudnauivinig

w175, 185, 175, 195, 210, 235, 230, 220, uaz 210 °C sawpanuiiaseuanjivinfiu 70

[

SAUMDUNY TIFAFIUVDINISHAULARIANINNTIN 3.1
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(%
Y

AN5199 3.1 LEANITRYD LaTERAIUNLYIUNSNANNDRLUDTUANANINTNSIRY o luRuans

WLANLNAULADE19 PLA-g-MA

4 . PLA PA11 PLA-g-MA
UYaud
(%owt) (%owt) phr

PLA100 100 - -
PLATOPA30 70 30 -
PLA60PA40 60 40 -
PLA50PA50 50 50 -
PLA40PA60 40 60 -
PLA30PATO 30 70 -
PA100 - 100 -
PLA100G5 100 ~ 5
PLA7OPA30G5 70 30 5
PLA60PA40G5 60 40 5
PLA50PA50G5 50 50 5
PLA40OPA60G5 40 60 5
PLA30PAT0G5 30 70 5
PA100G5 - 100 5
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AN 3.4 UARUATBIBATALULINGIUBUE (Co-rotating twin screw extruder)

INUTEN Yongteng Usuinadu

3.3.2.2 JugunediuesivaunniuiAsesdanalain (Injection molding machine)

(%
Y

A1mMTUNISIATEUNBUOULUUGULUAS (Dumbbell) wagihuy Flexural lngdgumgiinsuidaiu

Jaudinluaudsdudadu 225, 230, 235, kag 235 °C wazlvnnusulunisaadu 85 bar

AT 3.5 uansLATOIRANANEAN (Injection molding machine)
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3.3.2.3 Yugunedwesivauniduwiuilduuaiielddmsunisfinudugiuineinis

(%
a

\Wiandn Inginn1stugumeiaTasdniugunaiadin (Compression molding) lael¥gumngil

Y

200 °C szazanluni1srasy 4 Ui altunislasinidaean 20 U9 La1lunIsnAdn 4

1 I3

Wl wagiarlunisvastu 4 uii Inglduru PET Ussinmnuaiufouganduluadsenu

¢ aa °

(Mold) alauauiaunininuuig dmsuldlunisneasu POM

Scientific

AW 3.6 LanuATBIBATUFUNAERN (Compression molding)

3.3.3 nMIvadauanUALaigatiananualvamwasiasivauaila
3.3.3.1 MsAnwIan w1 IdugIInNe,

lndosganssaidiannsaunuudnansn (Scanning electron microscope, SEM)

[ '
o a a

Tagihdusnunneasuldwrslululpsiaumanduingl 60 u¥ e lrduaundsda ntuLn

(% '
a Y % 1 a

FugunlauuIniinnisuanin Bnvsdidiegiaiunninaiendinisnagey Impact W

v
= o LY

NaaaUAIY laaduanuiiinannnisuaninisgesuuulianinliindeuaigunanftuniu

Y

N38UIUNIS Sputtering kazvinn1sfnwdugiuineinielanislvdndluil (Voltage) 71 15

kV
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TM3030

Al 3.7 LanaLA3eBlanATaLULUUEDINS A (Scanning electron microscope, SEM)

3.3.3.2 NMINAAUALURAANUNUABLIINTE LN

NARDUMIELASOINAADUAIINNUABLTINTZWNN (Impact testing machine) Tag
NaEdULUU Notched Izod Impact Test A1uAT51U ASTM D256 Tngsin1suInduany
MniuTanun e Lz IUITeRTuL Tnevinsadeuean 10 feths wasdend]

YnAwIniavun 5 fegie tngldreuruin 1 yalumsvegeu

AN 3.8 LAAILATDIVAFDUAIINNUABLIINTZUNA (Impact testing machine)
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3.3.3.2 MU TRANUNUABULIIR

ynsnAaeuMBLASeINnaauL IR sLAsTINABIUAYAad (Universal testing
machine) AuIAsgIU ASTM D638 Tnstusuiildfetuaususuiuad (Dumbbell) w3ogy
Tensile bar fiA118121na (Gauge length) 50 fadwns AuEluA15As 50 Jadunsneund
LAZINIINAREUGAINTHANDE 10 F20879 uaztdendegrufiothunduantavan 5

A9Y19

AN 3.9 LARAILATDINARBULIIAILAZITINABLUNUTEESA (Universal testing machine)

3.3.3.3 Msnaaevandiinisiva

1n19@N®¥1 Rheological property feA304 Rotational rheometer wuuldusu
Auuu (Parallel plate) Ssgunuillflunamaasudinanuiiam Grip vestusu Tensile bar
melasesfinnuuialees Sedaliiidusiugudnans 19 fadiuns MWeamailunsveasud
235 °C Tut13A2738 (Frequency) 10 < w < 10? Hz wagyian1sAnwilugi9ves Linear

viscoelasticity i@ %strain 111U 8 ldszuzvain1sdnveu (Trim gap) NANge 1.45
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fiafwns Frnugenanananunsaiiisunulvalivuunuguuuivuinduriuaudnang

25 fadluns WnIiNsnaaeuNseee Gap Nnuad 1.35 Jaduwns

mwﬁ 3.10 mem%q Rotational rheometer

3.3.3.0 MFAATIEVIAINSouTnaLuulaudng

Anw1 Dynamic mechanical thermal property CEVILEGE Dynamic Mechanical
Thermal Analyzer (DMTA) %umuﬁistﬂumimaau(Efmnﬂﬁ'?iyumuﬁlé’mmﬁﬁm%uguLLUU
Flexural Tngldip3osdnuuuiaiwed dadalifauinniiauseuias 1 wufiuns Anuei
Uszanas 4-5 luitums Tnemaaouiigamgdl 25-100 °C fimad (Frequency) 1 Hz waz@inun
Tug29984 Linear viscoelasticity Inafidnsinasliaiudeunsfil 2 °C/min nagaunield

annelvussluluundnsowuy 3 90 (3-Point bending)
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mwﬁ 3.11 LLamm%\‘l Rotational rheometer

3.3.3.5 Anwaudiniminuseu

AsAnwIaNTANINAINSouINeAIESIUALRIBIASeY Differential Scanning
Calorimeter (DSO) Tnggaag wildnnaousnanniuaiu Tensile bar lH3usuiidmiineg
Tutis 7-10 fiadn3u werAnwlulunn Heat-Cool-Heat Tnstuusnligamgiann 20 °C 1y
ufla 230 °C fedmsmslinnufeudl 5 °C/min Suiidesiuntsangumgiann 230 °C 1

UDY 20 °C MEdRIINITIANEBLEUN 5 °C/min kazduiaiuilanisifeinuaniizusnaal

gaumnann 20 °C lUaudile 230 °C mudnsanshinauseuil 5 °C/min

A0l 3.12 wanap3es Differential Scanning Calorimeter (DSC)
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3.3.3.6 MIANYIFUFIUINGINITAANEN
n1sAnwdgiuineinisiiananlyiaias Polarized optical microscope (POM) &4

WSENAI081991NIATEISATUTUNANERN (Compression molding) uagldusiu PET Uselannu

Aa

AnueuguduluaUsznu (Mold) weliliduwiuiduniiannuuie udidddidwens 20

[
o

wirlunsAne wagldaniznisneasusanalull Tuwsnlirnusauwnflagainaaaunie

a

8n3IN15WAMUToUN 20 °C/min Auiisgaumall 235 °C ntuvinsAsuun il iNgamall

Y

[y 1 < oA J [ a 1 < o aa
MINANUULIAT 10 U LmaﬂiummmmmiamqmmmamﬁmLiﬂﬂmqmwgmwisﬂumi

nagauil 130 °C AaednsIn1snaetdui 20 °C/min wazyiin1sAnwINgungIfInan

a

unseiainnanlaegauysal (Fnewwuu Isothermal Nigaumail 130 °C)

U

AT 3.13 uanap3es Polarized optical microscope (POM)
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undl 4
NANISNAABILAZITAUNANITNAADS

Unfuwdamswan PLA waz PALL tuinmnuldiniurdeiinnisueniaty faiused
nsduansiiefiuaudniuly (Compatibilizer) egneduanfinuednnsnduiadnueuls
asel (PLA-g-MA) asluiitedviils PLA uaz PALL Smnudhiuldunniu Snvaiten/3euiion
wavoInsiiukagliiiiy PLA-¢-MA fdswadsand@idana dnuugniedugiuivne auda
masumsina wazmsivlnvedn selucuddeduvsosndu 3 %u’umauwé'ﬂe] i

1. NMFUATIENR L.Lazﬂﬂiﬁqa]ﬁl,aﬂé’ﬂmi%mmaLﬁmmmLsi’hffulé’ (Compatibilizer)
ogameduaninuadansviduladnusulalnsd (PLAe-MA) 196515uuiA3edu Luperox®
101 XL45 U3unay 0.5 %wt wagldansiiiuaudfuldidu MA Usuna 2 %wt Tagldiedes
gn3AkUUINALINUBUR LaTefigatliendnualdeinallia FTIR NMR waznishnnse

2. ASOSEUNOBUDTVAUATENING PLAPALL viandnsiduuazlidnisiiy PLA-g-

MA LagldinTednsauuuLnde aviuaue TIN5 UUamiunsns sudieg1amaaa Ui

¥
=

\AT0IRATUTY UazlATISRTUSY
3. Msiigatienanualnediuesivaunsening PLA/PALL yieninsiiuuaglifinisidiy
PLA-g-MA lag@nwaneinaiia SEM Impact testing Tensile testing Rheometer DMA DSC

ez POM
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4.1 m3daaszid waznisigatiiendnuaivasansiiaaaadrfuld (Compatibilizer)
agnanednaninuadansiauadnuaulalass (PLA-g-MA)

anseiiunnadrfuld (Compatibilizer) finsldsnsndrusening Luperox 101 XL45
#e Maleic anhydride U 0.5:2 %wt feiadosdainuuuindeivusug tnenuin Extrudate
foenuniuayiirnumiindn wasiidroudrandouiloioutiufu Neat PLA Tng PLA-g-MA 7
wisulgiuarihluimsmssdinsnsmdanues MA 28 FTIR uwaz NMR @aunnsiasize

MUSUIUNSNSINAITNATANISINWMSH fanan1snaasssalul

411 WANNNITNAEBUNAYLNALA Fourier transformation infrared
spectroscopy (FTIR)

NN 4.1 wanansIil IR spectrum W3t UWEURUIENING Neat PLA uag PLA-g-
MA Taen151971 4.1 wane IR spectrum Tosnoduanfinuadn (Neat PLA) wagai351il 4.2
Wans IR spectrum asneduaninuedansadauiadnioulalase (PLA-g-MA)

[

NANTNN 4.1 La@ne IR spectrum 989 Neat PLA WURALONSNBEINEIAYAIA LA

¥
a A

wuraunalul Aavaau 2999 cm 1 lufinlonanealves symmetric uag asymmetric C-H
stretching Aivuneravad 1754 cm™ iluiialenaneaivanynisueila C=0 stretching 7
wuAaY 1459 cm ™ L Juiiatendnwaived C-H bending (methyl group) wagiiaumay 1189
I = (% 4 5 a 1 & o
Wunaenanwaas C-O stretching mag‘tumﬂﬂaﬂ%u ester

LaZAINAITNN 4.2 NILand IR spectrurn U89 PLA-g-MA WulALondnwalNd1A A9
fuvisavaiiu 1759 cm ' Wuiialendnvalveangaisueila C=0 stretching uagfisums

aumau 1193 1uiialonanwalaes C-O stretching 93109 1udTuu89 Arpaporn

[ '
2 = =

Teamsinsungvon warAmy [24] wudmyilsiduiiddguesunadnuoulalase Fostud
ﬁWLLMﬁQLamﬂﬁlu 1780 wag 1850 cm™ %ﬂLﬁuﬁﬂLaﬂé’ﬂwajsuaﬂ symmetric LLag asymmetric
maawgﬂwﬁuaﬁaﬁaguu Cyclic MA wilflaanfisuniaiavaiy 1780 uay 1850 cm™ 1y
ﬁT’leﬂaﬁﬁmi%’auﬁuﬁ’uﬁumgméuaﬁa C=0 stretching ¥09 PLA 3silnliiaunsavenls

agedaauIdnTnTvAinves MA viselil deluddesfigaiiendnualiiufiuiemnaile

Nuclear magnetic resonance (NMR) fisagnaniluiivatinly



Neat PLA
—— PLA-g-MA

Transmittance (a.u.)

T T \ T T T T T T T 1 T T T T T l
2200 2000 1800 1600 1400 1200 1000 800 600

=
Wavelength (cm )

AT 4.1 uang IR spectrum vad Neat PLA wag PLA-o-MA #ildannnisvaaau FTIR

A1997 4.1 LaAd IR spectrum Upnaatanfinta®n (Neat PLA)

Functional group Wavenumber (cm™)
C-H stretching 2999
C=0 stretching 1754
C-H bending (methyl group) 1459
C-O stretching 1189

A1519% 4.2 Lans IR spectrum vaanednanfnuedansindntasnueaulslase (PLA-g-MA)

Functional group Wavenumber (cm™)

C=0 stretching 1759

C-O stretching 1193
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4.1.2 Ha1NN153LATIERIASIES 1M ATl ve e PLA-g-MA Aa8wnaiia Nuclear
magnetic resonance (NMR)

\Wesannsedeumenatia FTIR launsadudunisiinufisensening PLA way

[
v =2 L = =

MA 1998199nL9U AU a9fneDelasIas1am1eivesalsnduasisiatamatia NMR
a a0 . . a o 1 1 al [ [ a

INNANNA 4.2 way 4.3 TA1 Chemical shift AHLAUIUTEUIU 7.2 WWULAEINU taguUNA

Wendnwealras CDCls; (Deuterium chloroform) Aldudavinazatglunisnagey annng

[ [

4.2 uanans1ml NMR 104 Neat PLA Taedidunisiiddudonansdiodaydnval () aien
Chemical shift 1Ju 1.57 ppm Fadufirtendnuaives Methyl proton wasfisuus (b) 34
fifn Chemical shift \Ju 5.16 ppm Fuduiiaiondnuaives Methine proton vuanelgvas
PLA

Lara1nnId 4.3 uanans il NMR 989 PLA-g-MA TnailA1 Chemical shift fid Ay
FREITuRU Neat PLA fisumus 1.57 ppm Jadufiniendnuaives Methyl proton wagil
F1unie 5.1638 ppm Fuduiinondneaires Methine proton vuaslgvas PLA kazain
A 4.4 Bunnfivhnisversnsanves PLAG-MA Tngnufirdisifufidiunds (a) e
Chemical shift {0u 2.1-2.2 ppm Sudufiriendnuaines methyl proton fiRafu quaternary
carbon Asuvs-(b) uag (©) SA1 Chemical shift W1 3.5 ppm g 3.7-3.8 ppm Jadudia
\endnuaiues Methylene proton way Methine proton a1xiddiu fifintsislewundansluag
4849 Succinic anhydride wagfisumis (d) fifn Chemical shift 194 1.8-2.1 ppm Jadudia
londnwalues methyl proton fifinfuma1sustiavuanslevdnues PLA uidedniain
vsdudansinanelelusywinsmswasunay vhldiinsdnansld usnasumaugtua

Anlulassasrenaiilauans [25, 26] FsanfiaAnuisdniidunisiudulatelfisennis

NSMATART UV MA Uuanelguea PLA [24, 27]



Neat PLA

PLA-g-MA
CH3 O
|~ |l
v ——(— 00w\
CH —-CH
] ?
oéc\o/ =0

J X Jo

T T T T T T T T T T T T T T T T 1
7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15 1.0 05 0.0 ppm

A 4.3 uans HNMR spectrum 83 PLA-g-MA
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PLA-g-MA

a d a d
CH O CH. O

|° | |l

wnr (—— —Qwvwvwn O0—(C——(—0wnnn

b | c
CH_—CH
C! ) \(_
= =
\O/ O

N

T T T T T T T T T T T T T T T T T T T T
39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 oppm

AT 4.4 waRsnInUE1e THNMR spectrum 283 PLA-g-MA

4.1.3 HaanNsAATIEINIUSUITeIn1snsINAfematiansnmsa (Titration)

Hosannauisnisnaldfiaues MA Uuasldves PLA Tuilanmninuds Jedes
AU TUSIaII MA @disansdRnuianeleues PLA Wudsunawinlvsannnis
mUSHnaunsnsNRTes MA aaedsnistnnse Tagyinnisiiguanaduduresansazale KOH
Aduasumsgrususuiiaesnenslnmsaiiouiu KHP duduasunnsgiususui 1 dald
ALt uedses KOH ag’ﬁﬂizmm 0.01047 mol/l 8¢ KOH wdesilddinldlnmsaite
mUSHIUN1INIT NG Immam%’aa&aé’qmiwﬁ 4.3

91015197 4.3 wUIUSHNITn I NATe9 MA vuaeled PLA La‘ﬁ'aagjﬁﬂizmm

1.17% Feanansaruiniléainaunisaeluil [23]

98.0% Ny 1y XV oy X0.001x 100
%G = (1)
ZWPLA-g—MA
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5197 4.3 uansdeyanislmingn PLA-g-MA ¢e KOH

4 .| PLA¢-MA | KOH
AN %G
(ml) (ml)
1 2.00 11.9 1.1750
2 2.00 121 1.1947
3 2.00 11.5 1.1355
AVG - - 1.1684

4.1.4 n153iAs1ziUnsenlun1sdaasizi PLA-g-MA anwalaannisingad
nanwal FTIR wazn1sinmsn
NN5ENATIEA PLA-g-MA Tnanisly Luperox101 XL45 1ui3i5udiasendssian

Peroxide wazld MA [Huansiiumudifulanaznsmafnasuuaeldves PLA Falufisen

' v '
a a a a = Aa

ARnTumuAmMA 4.5 Tnenuin Peroxide igamgil 180 °C f1A3973m (Half-lft time) wihifu
2 und uagldunndandiu Tertiary alkoxyl radical (ROs) 91miiu RO lUTuUsTawn (Protonate)
lelnsiauiifumis 2° Carbon ved PLA simidu Free radical uuaneldves PLA 9 ntu MA
dluAawuse (Trap) U Free radical figunsssenaniuudnslgues PLA fuunde Free

radical UulATIa39089 MA &9 Free radical danamilulustawum (Protonate) lalasiauwes

¥ [
[

Peroxide vinliiinn1s Terminate Tusumisisna wazanufisenfiinduiinlmamdu
Tertiary alkoxyl radical (RO») #saifintlu Alkyl radical (Re) ¥u Ine Radical wailluidvi

UAATeHU 2° Carbon ¥e4 PLA Miduvtisdusiely [28)
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Luperox101 XL45

CH CH CH CH
| 3 | 3 | 3 | 3
H,C—C—0=0—C-CH CH~C—0=0—C—CH = R—0—0—R—0—0—R
CH CH CH CH
3 3 3 3

Heat .
R—O0—O0—R—0—0—R ———» 4R—O0

CH3 0 TH3 ﬁ
V\J‘U“C|:—|(!—O\f\j\f\ + R—C') —_— VAN C—C— 0w+ R——OH
H
H/C:C\H
Pl o P

S N— (C— 0o ————» v ——C—— Qv

HC—CH
c/ \C
= =
o= \O/ O
H L]
(|ZH3 ﬁ (|:3 |C|) (or RH, R)
v (—C—0Owvvwn + R—OH > wa—c—om + R—O
'_| CH —CH
H/C C\H clz \C
LN e 0=\~ =0

AR 4.5 LanaUfAzeNAInIRsienIsNsINAues MA vuaeldves PLA laadl

Luperox101 XL45 uf3iFunsifaujazen
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IS a

4.2 msRgaviendnuaiwedwasiuaussudng PLA/PALL seiiinisifuuaslaifinisia
PLA-g-MA

4.2.1 ¥83INN15ANYIANYALNITUFIUING1VaINANBSIUAUARI8NATIA
Scanning electron microscopy (SEM)

NN 4.6 UANININENWULNIITUFIWINIBS Neat PLA Fafifsuarlaifiy
PLA-6-MA fndsvene 1000 Wi Sighwasfiuindiiirudeu drunedwesivausiinisane
Af1&ave1s 3000 i1 LARIFINING 4.7 - 4.8 9NN1TRMTUHAVEITATIEIUTENING PLA

warluasu 11 wuinfinisiiuluasu 11 USuam 30% wWiuwansyaiesa (Dispersed phase)

vostuaou 11 1Wudnuwaensinaunszanemegluuvdngnan (Matrix phase) 983 PLA 8nvia

a

Fanudnuaizedn1s Pull out vaaanszaiedafig waziilefiansansiuluasy 11 7
Usnanndudu 40% uaz 509 wudnnisiinluaeu 11 Usina 40% Suunnimanszanesh
ﬁﬁlwszﬁmﬁmﬁwﬁuﬁ’ums@mluaau 11 U3unes 30% wafiuSinainsiinluaeu 11 Yo
50% NEUNUINNENIIAIEAIBFITUUIATLENNIITINISARL 0% Fewansliidiuinnisif
Tuaey 11 daudu3unn 40% Fuldinanmsndumaiulng PLA Wasudumanszaneds uas
Tuaew 11 Wasuluwav3ndudn Safiunanseatadines PLA fidnasauusuna PLA
Towas Ssnsiiwluaeu 11 USuna 60% waz 70% wuwlanszatedives PLA fiflvuindn
wnnszareitedlulunsngndnvesliuasy 11 audIAU tagnudIdugIuIne1vee Neat
PALT WudnwalziuRnRilrnu S U wReadiufu Neat PLA Tngananuideves Gregory
Stoclet wazAuy [16] wun1snauLla violassadisuutinasaiiies (Co-continuous phase)
fisnsrdunsiinluasy 11 Yua 40% waz PLA 60% deuansliidiiuinfinisiduluasu 11

1Y

USunad 40% aziianduladulaedluaou 11 1Wuwnsngndn wazil PLA iWuianszanedi

v
Yac o

Feanan SEM Alenhunasudsuiuununmasnini 4.9
waztloINIINaNEISNAITAULA (PLA-g-MA) WUINAN Yz UIdugIUINg)
a [ o‘c{' @ o a v d' v [ (Y] dd' 1 a & d' [ 1
vpanadiuesivaunnnuidimsiianwasinaneiuiunsanladiiy PLA-¢-MA Aefl 8nsidau
nsidluasu 11 USuna 30% Adeaaiiumanszaiedivadiuasy 11 dunswuluasu 11
AUSUIUNINTUTU 40% 50% 60% Waz 70% AWILWENTEAN8F VDI PLA WULAL LANUIN

anusdUFIUINGIVBINTUNTNITAY PLA-¢-MA 983013 Pull out veunanszaefiNanas
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aghaiuladn uansbirutsnudiulannTuves PLA uagluaou 11 diuiigns PAL00GS
A a dao < & v v & [

nuurInIanvauziluiag uazdadlianssatedives PLA MUusyniansanauvwindn

nsznemagluiandnuetluasy 11 Faanam SEM Ailalunsdinfinisidin PLA-g-MA A

Wnnasuilsuduwnunmdanini 4.10

Without PLA-g-MA With PLA-g-MA

H D52 x1.0k 100 um

H D3.7 x1.0k 100 um

AN 4.6 wanINNENwsMsEugIAneNlinnIsinBusnulululnsiaumaives PLA

o
Y

iarwaslalifiu PLA e MA Taeifidswene 1000 i
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Without PLA-g-MA

With PLA-g-MA

D4.1 x3.0k  30um

D39 x3.0k  30um

PLA60PA40

D38 x3.0k  30um

PLA60PA40G5

H D41 x30k  30um

PLA50PA50

L LR

D42 x3.0k  30um

PLA50PA50G5

H D3.8 x3.0k 30um

MW 4.7 uLansnnanwagnsduguInenliannisinunulululasaumaivened

o
Y

WBSLUAURTENING PLA wazluasu 11 V9L

Aunagliify PLA-¢-MA N8nsnaIun e

PLA70PA30 PLA70PA30G5 PLA60PA4O PLA60PA40GS PLASOPAS0 way PLASOPAS0G5

Tnedinndsvene 3000 ¥
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Without PLA-g-MA

With PLA-g-MA

PLA40PA60

D3.8 x3.0k  30um

A PLA4OPA60G5

L

H D44 x30k  30um

PLA30PAT0

D4.0 x3.0k

30 um

PLA30PA70G5

D3.6 x3.0k 30um

PA100

H D44 x30k  30um

PA100G5

H D38 x3.0k 30um

AN 4.8 uanannanwasduganenlannsintunulululasiaumraivewed

I
Y

WBSIUAUATENING PLA wazluasu 11

NaANLazlalRy PLA-g-MA M18ns181UnSHaL

PLAGOPAG0 PLAGOPA60G5 PLA30PATO PLA30PA70G5 PA100 tag PA100GS5 laesl

ANS9VLIY 3000 L1
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Nylon 1|1 content

|
100

0 30 40
[ ] ®
] .. ®
....
o9 L) ®
PLA
@ Nylontl

AN 4.9 LAAIUNUNINAN B NAUFIUINGITONTIEIUANY VOINDANDSLUAUATENIN

PLA uarluaeu 11 (lsilfia PLA-g-MA) shomsuaufigaumgil 210-235 °C

U

| | | | | Nylon11 content

[ I | [ [ |

0 30 40 50 60 70 100

[ ] o
o o

® 90 *

® o ® ®

PLA
@ Nylonii

AN 4.10 UAALHUNTNENBUEN NFUFIWINGINTNTIAIUAY) VBINDRLUBTUAUATEWINS

PLA uazluaeu 11 (i PLA-g-MA) fensuandigamnil 210-235 °C

Y
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4.2.2 NAANNITADUAIIUNUADLIINTSUNNVDINDALUDILUAUAAIBLATEY Impact
tester universal testing machine
NIANYEANTRANUNUABLIINTELVNVDINOAILBSIUAUATEWINS PLA wazluaou 11 7l
nsfunaglilin PLA--MA faeiased Impact tester lngnageaunuu Notched Izod impact
test ATUNINTZIU ASTM D256 9I8ABUIUIN 1 30 NUITNBRLUBTIUAUATS 14 gRIn1THaws]
n1suaninuuuanysal (Complete break) tudafuaunldlunisnaaauaiuisaunnin
[ Y G 1 ¥ ] 4 o <3 1 1
ponlu 2 Junseunninlaegvauysal lneannisnaaeulsnailuriaumnudensinsewnn
(Impact strength) 31AAMNT 4.11 LAASEIAINLAIINAITNAGDUAMIUNUADLIINTZUNN LAY
] a ¢ sav 1 a o A o '
WUIWeRLLBSIUAUAT LUTnSLRY PLA-g-MA 1A1 Impact strength 1811171 Neat PLA wag
Neat PA11 vistiifiosannanuliinduussnediueinsdaunail didunalaaindnuwuznig
Fugninerinuidudnvaugnsinaunszaiefieg s ngnan wagnuindnsaunisiiu
luaeu 11 Y3 40% uaz 50% ien Impact strength Ngangailewiieufiungnsiadiuduy
\esanfidnsidrunsnaraiiinandnifuluasu 11 uazgiansyanednlu PLA Favinlw
ANUNTNUABLIINTZLNNLAR DNYIIINWATDY SEM WU UAIwesn1suaninfislidnwas nenu
Y & = & oa a ¢ saa =~ ' v = a ) Y] v
wansliudeiuiivaanediueiivaudniinistaeeniounsuaniin Jdinsgadundenulan
‘:1' a ~ Ao | = Y} 1 a a Y o Yy o § v
wazLiloUTeuiguonTIdIREANUNUIINISENEISNANIA A D819 PLA-g-MA inlu

A1 Impact strength @1¥u Tneainuaves SEM Aguduldiniadinisifin PLA-¢-MA danals

A3 Pull out anad yinlueedi19seminavaanasn ulumey f9uuLalASULSINTEUNNTY

[%
v

anunsodeiunssnanielusananieldfity Fevilian Impact strencth 7idinnsifia
PLA-g¢-MA Sanunntudeiisufuiilaifniaiy uagmafvarsifisanudifuldedisgns
PA100G5 nuluvilsd PA100 fdn Impact strength fianas Faaenndasfiunares SEM il
nsiuduranszanesvundnues PLA vuiluihvesluaou 11 Sananszanesitlidiiu

Aulunsngnantliosadswaliiilen Impact strength anas
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10

without PLA-g-MA
] [ ]
6] [ ] with PLA-g-MA

Impact strength (kJ/m )

PLA100- ~ PLA70/30 - PLA60/40 PLA50/50 PLA40/60 PLA30/70 PA100

Ratio

2T 4.11 LERSAUNUABIIINTEUNNYOINDANDILUAUATEWINS PLA wazluasu 11 7

nsiAnLezlU@y PLA-g-MA

4.2.3 NAINANTHOUAIUNUABLTIAIVDINDALUDSLUAUARIELATOY Universal
testing machine

NNSANBIAINNUABILIIRIVDINDALUDTLUAUARIBLATDINAdBUDIUNUTEEIA (Universal
testing machine) AuIn3gIU ASTM D638 Tasausuilldfetiunuguduiuagd (Dumbbell)
303U Tensile bar #A1819109 (Gauge length) 50 dadwns AUFITUNIAY 50 Radluns
i a = v & = a a s ¢ i v =
AOUNT B991NNTISNAFRULARSLAALAINGRNTTUYBIND AU SIUAUR Uz NI 5T IR
TaglaaLanInUdUNUSTENINEATIAIUANN ADAIVDIAIUATUABLTIAY (Tensile
strength) wagALUasi@udnsin o 9Y19 (%Elongation at break)

PNANT 4.12 LEAAIAIAUAIUABLIIAG (Tensile strength) UBINOANOSIUAUATENING

i a s cav 1 a = v ' .

PLA wagluasnu 11 wuimwedmesivauanliuiinisidu PLA-g¢-MA fuuiliuuesan Tensile
strength Nanaadioifinusunavesiuaoy 11 Meiideswnnainanuliidniuvess PLA uay
luaau 11 Ingdudulaanuaves SEM Afinsiumsuenwlaegnsdaauvesnanszanadinil

anvazilunsananvuimdnnszaeeguuiaresnunindndn uwasidefin1sungnIsveenis

saa a a Y o vy A v A U v Ay MY a a
L‘Uau@mllﬂ'ﬁLmllﬁ']iLWllﬂ'J'uJLﬂnﬂu‘lﬂaﬂlﬂ ‘W‘U’J']llLLU'JIUNL%UL@EJ'JﬂUﬂ‘UVleQJl@L@Nﬁ']ﬁL‘Wll
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A 1

AU Ule YuAeA Tensile strength anasdiatinusunavesluasy 11 wasiile

W3gulgufNonsdiuieniu nuinnsiinasiiiuaudiulaegne PLA-g-MA vinlvien

=

Tensile strength fivAu tHosnansifiveudnfulddamnsoludfusseudnsuldlfi
HauvavemoAmsiuaudiides

NNAMT 4.13 uansAndesidudinisia u 999 (%Elongation at break) vaamedies
LUauAsEHINg PLA wae Tuaou 11 wudmedwesivausiiliinisiiy PLA--MA fignsndau
A3uan PLATOPA30 flein 9Elongation at break fiinnd1 Neat PLA usinuinfignsnisaasd

[ |

gnsrdrunsiinluaey 11 YSua 40% Uag 50% wuansen %Elongation at break 7igq

<

a0 Faduluauwunldufeiuiual Impact strensth 119iliiasa1nHaves SEM Uananis

=b.

) A o \ o \ =~ o vy o & ° v oA v ¢
nauanons@uNIsHaNAana I rRwmananiuluasu 11 vinlidlefinnslinsanads
= P A a a I ) Vo
anusadneantan wazilefinistiudSuralusau 11 +JU 60% waz 70% naUNUIIAN
. a1 e o & A Y aa < ¢
%Elongation at break 4A1ANAY VNULLBIAINLNENITNTLINYAIVDY PLA NUVUIALANAY 29
Wiluunsnnszarsegluinavestluasy 11 dwalvinisineenveunaluaeu 11 ugas uaziile
WU UNERTId@IUAEIAUN YN SIRDENSIANAI L ULA D819 PLA-g-MA vinl¥iAn

%Elongation at break g3u lewainasiiiuaadiiulatimunsaluuuusmnudiule

v
Y [y

Tnusaewa F9annata SEM sudulatsaitudndulaniiedu Aon1siiy PLA-g-MA

a

Y28ann1560A Pull out 89 il Anedlesiuananinis/hgalsiiuaudnfulaa1usade

feanlandudiaieuiuilifiy
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I vithout PLA-g-MA
[ with PLAg-MA

Tensile strength (MPa)

PLA100- ~ PLA70/30 - PLA60/40 PLA50/50 PLA40/60 PLA30/70 PA100

Ratio

AT 4.12 LEAAIAUALABLSIASUDINBALLBSUAUNSENING PLA wazluaau 11 Ainsidy

wazlaify PLA-g-MA

1000 - without PLA-g-MA

800

600 [ with PLAg-MA

400 H
200

40

30

20

Elongation at break (%)

10 4

PLA100  PLA70/30 PLA60/40 PLA50/50 PLA40/60 PLA30/70 PA100

Ratio

A 4.13 uanalesidusinistin o gavianediuesiuaudsening PLA uarluaeu 11 91fl

nsAunazliiy PLA-g-MA
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4.2.4 waann1saneraudanisluadieades Rotational rheometer wuuldusiu
AvuU (Parallel plate)

¥n1s@nwn Rheological property faelA3ae Rotational rheometer wuuldusuguu
(Parallel plate) Tneldgaumaiilunisnaaoud 235 °C Tugr3a1ad (Frequency) 10 < w <
10% Hz wasyhnsnulugaees Linear viscoelasticity 7ifiAn %strain wirfiu 8

INAINT 4.18 waz 4.15 wanInTINnAuFURUSTENI19A Complex viscosity AU
Angular frequency TeneRiuesiuauRIsnIe PLA uwagluaou 11 vensdindnsiuwayld

LAY PLA-g-MA 21001091 4.14 WUITWO AU LUAUATINUALAAINEANTINWUY Shear-

thinning AaLilalyiAunge (Ens1n1ideugy) denalvagldwediuesiinnisaaisinde?

(%
= = o

(Disentanglement) walasnsalvialumunuansslafaudsinlianunilaiiriianainiusnsn

[
Y

nslauiuntu aeg Neat PA11 Spiunilafiaanian Madilesainitluaeu 11 dunsizen
syninglutana (Intermolecular interactions) LYy uuiuszlalasiau Jeiuszdiindu
senitmyeludvasanelsluaey 11 Ndirslogluseninnssuiunsnasuinal [16, 18]
& = a ¢ < a ~ £ =
NTUANUNTEAYBINANDTIUAUAIAAININUTUIAL PLA M10InT U Uazainanwi 4.15 Ty
Aaa a a . ) | YY) aNay 1 a
NIEUNLNITAY PLA-g-MA NUNgANTIULUU Shear-thinning wulAgfuiunsainlainisidy
PLA-g-MA Fanuattuaeu 11 fiasdipuntiangeian wazaiuniaietanainiuuiunm
4. &
PLA #ixnay
PN = i . . = = Aaa a I a
1NANTNN 4.4 FAULFAY A1 Complex viscosity Wisuisunsaindnisiiuiaz s

PLA-g-MA #imn3@ 10 rad/s war 100 rad/s wuinlunsdives Neat PLA fidnaanumilafisna

antipaiiiefinisiiiu PLA-¢-MA 921091135884 Denise Carlson wagmug [22] wudnwug

[ RS
v a A

vpsmuniniananieiinisld MA WuReady sidesanluduneuvesniswasunas
luanaves MA finswlddauuaslsves PLA linnsinemmusinea (Free radical) lUg
fumidlasea vildUSnaiuMLaAUE (B) ¥es PLA 1Annsinansle uananidmudi PLA
sansauinnsinaelefiusnaaislondnls (28] sawanslunindl 4.16 waznuiwed

¢ sal o | = Y] aNaa a a o A i aan 1 a
LBILUAUAN Gﬁ']a'JUWIEJ'JﬂUIUﬂimwuﬂqiLmﬂJ PLA-g-MA ummmmummjﬂmmimwimLmJ
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v '
v IS !

asuinAa A ule Neflieaa1nin PLA-¢-MA viliindunsnsen (Chemical reaction)
55139 PLA uazluaau 11 Jedwmalvanslaluanadnisesinuwuinsslaeinvuileinigiv

= = val A A !
LbIILRDUAIEN Naivm QQWNWUWWQQ 131

PLA100
500
450 PLA7OPA30
400

P 30 PLAGOPA40

l'.U 300

o 250 PLA50PA50

~ 200

2 7 PLA4OPAG0

(%]

9 PLA30PAT70

2 304

> PA100

X

Y

Qo 204

£ |

o \

S Sixcy;

T T T [ T T T z T
20 40 60 80 100

Angular frequency (rad/s)

AN 4.14 LanInIINAMNELRLSIZNIN9A1 Complex viscosity iU Angular frequency

YoINORIDIUAUATENINN PLA wazluaew 11 AlNfins@u PLA-g-MA Niaaumgil 235 °C

" PLA100G5

50 | PLATOPA30G5
~
w
é 80 PLA60PA40G5
= PLA50PA50G5
b 70 H
3 o PLAJOPA60G5
P
2 o] PLA30PA70G5
2 so-
CI>§ " _\ PA100G5
g‘ 30 _\
S 2]

° _\

0

T T T T T T T T T
20 40 60 80 100

Angular frequency (rad/s)

AN 4.15 LaRINIINAMNEURUSIENIN9A1 Complex viscosity iU Angular frequency

YDINBAUBTUAUATENING PLA wazluaou 11 NinsiAN PLA-g¢-MA Tigaumail 235 °C
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M15199 4.4 uansAn Complex viscosity 1A2738 10 wag 100 rad/s vpIwediuasivaua

5891979 PLA wagluaau 11

Complex viscosity (Pa.s)
ﬁ\‘!(ﬂ‘iﬂ']iw’dﬁl
Frequency Frequency
10 (rad/sec) 100 (rad/sec)
PLA100 10.09 2.22
PLATOPA30 11.49 2.79
PLA60PA40 13.96 7.07
PLA50PAS0 15.18 8.37
PLA40OPA60 21.67 10.37
PLA30PATO 3257 19.15
PA100 428.96 193.77
PLA100G5 10.00 1.52
PLATOPA30G5 32.07 12.24
PLA60PA40G5 32.19 13.74
PLA50PA50G5 34.16 19.25
PLA40PA60G5 43.82 23.14
PLA30PAT0G5 50.43 32.71
PA100G5 90.43 68.41
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CH O (0] CH O
‘ ‘ | ’ | | [3-scission | | ’
a W (—0—(—C—0vwvn ———> Ce + O—C——C—0wv\n
CH, O CH, O Vel
i [ P e
wworQ—C—C—O0vv i — v O——C——C—Quvvn —» +
C/HZ-—CH HzC—C\‘ HC ﬁ
0=\ =0 0= L0 e C—0mn
0 0 //

AT 4.16 uanan1sinaglaluy B-scission U89 PLA a) 1ile Free radical inustaoianele

aNUa9 PLA b) 1ila Free radical iAnUILIRHILALILATIAS 19009 MA

4.2.5 HAaINNITANVINITAASITIAINUS B ULTINALUUIAUIAN AR I8LAT DY
Dynamic Mechanical Thermal Analyzer (DMTA)

MMnsAnwIaNseulBenatuulauiindsieiaias Dynamic Mechanical Thermal

a

Analyzer (DMTA) Imamaauﬁgmmu 25-100 °C finud (Frequency) 1 Hz tagyinn1sAnu

Y

Tut9199 Linear viscoelasticity Inafisns1n15ln1usousnig 2 °C/min §3ainn1svagou
lomnuduiusseninsgnmglinul Storage modulus (E') uaza1 Tan (8)

PNANA 4.17 Lay 4.18 LanInTINAINUFUNUGTEIN9AT Storage modulus (E') AU

a

gaunilvesnadiasiuauasening PLA uazluaeu 11 vianduazlifinisidiy PLA-g¢-MA wuin
Tudrsguugiisuusn Uszuas 50-60 °C) wuitnediuasivauaieasansiliiuullduy
AA18ARTUAD Neat PLA fi1 Storage modulus g3¥1an 91n1ue1 Storage modulus A1

(%
Y

anasnnuUsuunsHvluasy 11 fundu Medidlesanninlassasiwadivesluasy 11 day
ganguuinnitues PLA duiliesunaintuasu 11 filassadna Backbone 1luny Methylene

(-CH,) Fevililladinisiinluaou 11 asld vl Storage modulus dAranas wazlutag

a

Suusngaumniuseunns 50-60 °C nunndilifieamgiinisidsuaniusaaiowid (T,) veq

Y
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PLA 39viliaelavas PLA §eluiinnisdul (Free volume #n) 39vinliidiaansniiiudn PLA

[

9¢ilAn Storage modulus Ngsfian uaznaangumgivasussuas 70-100 °C Wusuly wu

wainssuMUasuulasly Tnenudnluasu 11 fd1 Storage modulus geigna1NtUA"

[ TR
v a A

Storage modulus fiAnanan1uUTuIas PLA As1nu vieililesainingamgitlugie 70 °C

Juduluirgeningamaginiswieuaougadiewin (T) v0e9e PLA uasluaeu 11 Fwili

£
= = 1

anglgves PLA ian1sndeulmlauinidu visewiiu Free volume @su JedanaliiA Storage

(%
Y

modulus U84 PLA fifnanas dnvisdanuinluaeu 11 densdiinavesnaned (Crystalline

o

phase) Asundnffinsannegil inhndeeiasuusaviiuluasu 11 (Reinforcement) 34

danalvien Storage modulus Yasluaau 11 g4n31ve9 PLA wazliloilIeulfigunaraenIsiiy

a a

warlidiiy PLA-¢-MA fauanalunisnen 4.5 asnuimgamgiviaiusiy (Uszuia 60 °C)

9

WoRloIUAUANINTHAY PLA-g-MA difn Storage modulus genimmediuesiuaunnliiinis

A PLA-g-MA &391n6n Storage modulus Wiganiniuandbiliiufsninuaunsalunismusie

[ 7 T
N A

v A o 1% a s e a a Y vy o '
AuTewilolinsliusaes PLA Tunduleinsidgansiiuaudiiule Metiillesaindy
PLA-g-MA Tyl indumsAse (Chemical reaction) seningaislaluianaves PLA wag

luaou 11

PLA100

3000

PLA7OPA30|

2500

PLA60PA40

PLA50PA50]

PLA4OPAG60|

1500

PLA30PATO|

PA100
1000

500

Storage modulus, E' (MPa)

30 40 50 60 70 80 90 100

Temperature ( C)

AN 4.17 UanansMAUENTUSIENINee Storage modulus (E') fiugamgil

YDINDALNDIIUAUATENIN PLA uagluasu 11 Alafinisiiiu PLA-g-MA
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500

2000 —— PLA100G5

_ — PLATOPA30G5
& o500 4

= — PLA6OPA40G5
N—r

T 2000 4 —— PLA50PA50G5
) —— PLAGOPA60G5
—3' 1500

3 ——— PLA30PA70G5
o)

g 1000+ —— PA100G5

&

©

—

S

+—

2]

1
30 40 50 60 70 80 90 100

Temperature ‘o

a

NN 4.18 LaninIAINENTUSIENIN9AT Storage modulus (E') Augamnd

Y

YDINOALNDIIUAUATENIN PLA uagluaou 11 fiin1siin PLA-g-MA

PMNAITNA 4.5 AN 4.19 tag 4.20 LanIATLaznIaNANNFURUSTE1I9AT Tan
(8) fugaumgivesnefiuosiuaudszning PLA uasluaeu 11 viariduagliifingfiy PLA-g-MA
FanuI1AN Tan (8) a11sauenAl T, Yosnediuasia Snnedsannsavanasaudnuldves

woRleiluausaniaY Geanansainafiuarlaiinnsdn PLA-e-MA wansdnwazuualud

1
14 = o A A =< 1 1

AALARNNUABILAN T ?JEJSL‘H"U’N 55-70 °C 1ne Neat PLA fan T ‘V]E‘Nd Gk FANNINY 70.5

Y

a

°C uazwuinen T, tdeulUdumisiigumgianaadesinsiduluasy 11 undu Feunfnd

]
luaou 11 ik T, egfiuszana 45 °C [18) Fatunsien T, fnadeuldsiunisdisas
wansliiudamnudniulaunsdin (Partially miscible blends) 989 PLA wagluasu 11 uag
Seissuiisunavesnsifiuuazliifn PLA-g-MA wuinfisnsndufiodtu wedlesiuaudd
1n151AY PLA-g-MA a0 Tgﬁaﬂaqmmdﬂuﬂiﬂﬁlmau PLA-g-MA Fauansliifiuin PLA-o-
MA aunsauueanudfuldues PLA wagluaou 11 Fevinlvian T, finnsideuludl

Autsmamindnuan T, vesluasy 11 o9
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2.5 4
PLA100

PLATOPA30,

2.0 H
PLA60PA40

PLA50PA50

1.5 4
PLA40PA60

PLA30PAT0,

1.0 4

Tan (O)

PA100

0.5 4

30 40 50 60 70 80 90

Temperature (O

o v o § I 1 % a a s 3 1
AN 4.19 LAAINTINAIUANNUTTENINAT Tan () NUUNHNVDINDALNDILUAUATZIIN

PLA uazluaou 11 Alifinsifin PLA-g-MA

29 PLA100G5

PLATOPA30G5

2.0 H
PLA60PA40G5|

PLA50PA50G5|

1.5
PLA40PA60G5

PLA30PAT70G5|

1.0 4

Tan (O)

PA100G5

0.5

30 40 50 60 70 80 90

Temperature ( C)

tdl L v 6 1 1 (% a a s (3 1
AN 4.20 LEAINIINAIUFUNUTILIINNAT Tan (8) NUPUNAUVBINDALUBDILUAUATSITIN

PLA wazluaou 11 fiflnnsiin PLA-c-MA
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A519# 4.5 uansAn Storage modulus (E') igaumgdl 60 uag 90 °C uagAn Tan(5) vosmed

WS UAUATENING PLA wazluasu 11

gNINITEN Storage modulus, E' | Storage modulus, E' | Tan(8)p.a
At T= 60 °C At T= 90 °C (°0)
(MPa) (MPa)
PLA100 2353.68 2.78 70.50
PLA7OPA30 1241.04 14.72 68.50
PLA60PA40 1502.30 34.69 68.25
PLA50PA50 1060.79 80.99 67.50
PLA40PA60 663.90 112.29 67.50
PLA30PATO 555.78 136.44 66.00
PA100 332.79 195.87 55.90
PLA100G5 2290.38 2.98 70.50
PLA7OPA30G5 1710.16 44.98 68.00
PLA60PA40G5 1575.46 54.65 68.00
PLA50PA50G5 1191.97 66.28 67.50
PLA40PA60G5 551.40 114.86 67.00
PLA30PA70G5 495.86 118.01 64.50

PA100G5 331.41 190.34 55.90
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4.2.6 naa1nn1sAneraudAnisaaudoudruia3es Differential Scanning
Calorimeter (DSC)

AsAnwantRinIanuSouresnediuasiuaundieia3as Differential Scanning
Calorimeter (DSC) lulyn Heat-Cool-Heat Tnetuusnlifgamagiiann 20 °C luauils 230 °C
Frednsnislimudoud 5 °C/min duitaendunmandeidugungiian 230 °C luauds 20
°C ghedammandaibuil 5 °C/min wastuflanSannefeafuannzusnieligumnian
20 °C Waudls 230 °C fedasnsliaiudoud 5 °C/min

PNAITNT 4.6 WAzl 4.21 4a 4.22 wand DSC thermogram %’jmmmwda@u
Nnemmgdl 230 °C Tauily 20 °C fedasnisvasiduil 5 °C/min Fs91nnw 4.21 Fauang
nsnaofureimedimesivausiladinisiiy PLA eMA nuinsaes Neat PLA Tudwufia
V2IUNNANIANNAN (T) Ued PLA o997 PLA fidhsannsanwd@ndisn [29] 3lalanunsam
algluanzildlumsnnaeuil waznuiiidnsidaunisiinluaoy 11 USuas 30% 40%
ez 50% aEnsanugunginIsannanves PLA 1g (ﬁqmmﬁﬂszmm 100-102 °C) %391
UAT883 Gregory Stoclet wazaniz [16] WU T, U8 PLA fisnsadunsiidluaeu 11 tee

a =

11 60% Meililloaaindrtuasy 11 Uudgamginisanudnigeniives PLA Aetuiiiad
qmwgﬁmimﬂwﬁmmluaau 11 (Uszanaii 164-168 °C)hbviluaen 11 anansaiindiiadesa
wuuten#ugla (Homogeneous nucleation) Taenintdudnuazves Droplet wwinidny &

6

=} é’l
Liﬁﬂﬂiﬂﬂaﬂqimujq

[

‘Droplet erystallization” wag Droplet AtindutaiioutJuds

£ [
=% v v =

wUanUasy (Impurity) vesssuusddluumdenilv PLA Snsanndntu deduisanunsoiu
T. w04 PLA IH lnednuauzveanisifiandniizoniinisfadnedsaduuuiisiug
(Heterogeneous nucleation) tngluaeu 11 vudhiadeusuduaisnendn (Nucleating
agent) Wy PLA usnuiniivsunanisiialuasy 60 %wt 3uld ndulainu T. ves PLA &
donndesusuddedilanaaly wiidesanidlousunaluaey 11 wniv 60% vl
\AnUsINg 138l Droplet crystallization

LaTaNAMNT 4.22 Fauaninisnaeifuveaneduesivaudfifinsiy PLA-¢-MA Tng
wuiidnvazeinsiinndnuisafutunedwesivaudiilifinsifiy PLA-e-MA Sufe

Neat PLA linufinvesgaumginisanadn (T) uagnudmsnsdrumsiiuluaeuy 11 Ui
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30% 40% way 50% @udunsnsrdriunsnauifeinuiunliinis@y PLA-¢-MA) @13113a

nugaumiinIsanuanves PLA lelduideniu (Mgaumgiiusesnas 99-104 °C)

Heat flow (Exo up)

Heat flow (Exo up)

-1 PLA60PA40

1 PLA100

PLA7OPA30 o~

PLA50PA50

PLA40PA60

PLA30PAT0

PA100

NEaua

— T T T T T T T T T T TYRSZ L%
20 40 60 80 100 120 140 160 180 200 220

Temperature (OC)

/\ PLATOPA30

Lo~
PLAGOPAAD
FLAGOPAS0

T T T T T T T T T T T
60 80 100 120 140 19

Temperature {"C)

AT 4.21 wang DSC thermogram TudunentasnswaeLdy (Cooling)

YosweRLlesluaunliinisiin PLA-g¢-MA

,PLA100G5

PLA7OPA30G5

|
S

“IPLA6OPA40GS Y

|PLA50PA50G5

PLA4OPA60G5

PLA30PAT0G5

PA100G5

T T T T T T T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 ° 160 180 200 220

Temperature ( C)

PLAGOPA4QGS
PLABOPABOGS
T 17 T 17 LI
80 80 100 120 140 18

Temperature (°C)

AT 4.22 wang DSC thermogram Tuduneuvesnisuastdu (Cooling)

YDINOALLBSLUAUATIINITIAL PLA-g-MA
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PNAITNT 4.6 UazN WA 4.23 uwag 4.24 uane DSC thermogram TutunauYDIN1g
1 A1U5aUATIN 2 (Second heat) vasnadiuosivaunaniuazlifinnsifiy PLA-g¢-MA 7

gaumniann 20 °C Tauds 230 °C frgdnsnsiiauseui 5 °C/min #@ina1ni 4.23 &

a

wanan13N1siiauSounsan 2 wedwesivauailufiniswiy PLA-g-MA wudn PLA Hgaumgd

Y

a =

nswdguanugAfeRI (T,) Uz 60-62 °C BnMsdanudn PLA faaumiinsvaound

Y

[ 1

(T,) MUszanas 147-158 °C Tagusinglfiufuassfin (Double peak) igaumgiifanan

M9iliilosa1n PLA anunsadndesiauinlundnld 2 sUuuu Inefigumgiisingt Uszuna

Y

o a = , =g = ada v v A v 1 § o § v a
147 °C) inpnaniliuu o SZNL‘UumaﬂV]llﬂqﬁf\]ﬂﬁﬁl\imamwu’]%uuu@EJﬂ']ElIu%u’]EJLSUaa ‘V]'ﬂfWLﬂ@

[
I N =

I3 = av ¢ U o A e a o , a o X =
LUUNaﬂV]lelﬁinjiﬂJ WQUULQJQQQQWWQN@QﬂaWQUNaﬂLLUU Q" LARNIINRABUNANVUNDUUNTT

o Y ' . y . Y 2 a o = A = N a
Jauseeiilval (Melting-recrystallization) wedaailunanuuu o nilanuaiesngumgiia

a

Ingnuiinvasudniligamgiiusyann 156 °C [30] wazidoiasaniiluaou 11 nugumniinig

9 Y

viaeuwan (T,,) MUszanas 181-183 °C Fsusangliiiudufinassiumis (Bimodal shape)

=

Wudeaiuiu PLA usldigilufiendaaunioudu PLA tnefioamagfisindi (Uszunu 181

¥
(3

o a =< ! 233 v 41' :’( ! = o I dy
O) iandnuuuldanysniTuduiiiownannnseuiunisvugdsngg nendniiliauysaiiens
a = & a a . 7 & = av ¢ X
AnnN1sanEanTutuAegll (Secondary crystallization) 3ntunandlaauysaliinis

1389810 (Melting-recrystallization) kaavinliAaudnuuulasadiin (Stable triclinic

a

form) AAMEREsUINNI InendnfauysailetainnasankanlutuUgugid (Primary

Y

crystallization) Tnemufiavesuaniimeamgiiussanal 187 °C [16, 31]

(%
a Y

nazfiguvaiinsBeuantuzadioum (T, vemedwesivaudnsfifinnsiuuaglyl
LAY PLA-g-MA fisasaau PLA4OPA60 PLA30PA70 PLAGOPA60GS5 tay PLA30PAT0G5 WuU11
A T, fimsidouluaiumisigumafidnasuansdiifiufisnnudfulduisdiu (Partial

miscibility) 5¢%319 PLA wagluasu 11



TpLA100

{PA100

T s B e B e N N e e e |
20 40 60 80 100 120 140 160 180 200 220

Heat flow (Exo up)

Temperature ( C)

AN 4.23 uans DSC thermogram Tudumauesn1siinI5souasIN 2 (Second heat)

YoInoRLNoUAUATIINITIAN PLA-g-MA

1PLA100G5

PLATOPA30G5
PLA60PA40G5
PLA50PA50G5

PLA40PA60G5

Heat flow (Exo up)

1PLA30PAT0G5
PA100G5
T T T T T T T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200 220
[e]

Temperature ( C)

AN 4.24 uans DSC thermogram Tudumauuein1siANSouasIn 2 (Second heat)

YDINOALLBSLUAUATIINITIAL PLA-g-MA
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M15197 4.6 Uaneen T, T uag T, Nla1nnsinsandfiniminuiousienses DSC vaane

Aaswausying PLA uagluaeu 11

[V
v aa

nanfinsiAnuazluiAy PLA-g-MA

Sample Tepa) | Teern) | Teeatn) | Tmieea) | Tmaeea) | Tmieatn) | Tmaeatn)
°O °O °O (°O) °O °O (°O

PLA100 61.41 - - 147.99 | 156.26 - -
PLATOPA30 61.53 | 101.99 | 167.77 | 148.99 | 157.10 | 181.08 187.30
PLA60PA40 61.25 | 100.14 | 168.01 | 148.90 | 156.77 | 181.59 187.27
PLA50PA50 61.32 |100.64 | 167.55| 149.15 | 157.03 | 181.83 187.75
PLA40OPA60 60.14 - 167.61 | 147.11 | 15589 | 181.24 187.72
PLA30PATO 60.61 - 167.41 | 147.34 | 15597 | 181.48 187.89
PA100 - - 164.86 - - 183.70 187.53

PLA100G5 61.66 - - 148.90 | 156.84 - -
PLATOPA30G5 | 61.03 | 102.38 | 167.53 | 148.67 | 156.47 | 180.67 187.17
PLA60PA40GS5 | 61.51 | 103.65 | 167.06 | 149.15 | 156.87 | 181.73 187.37
PLAS0PA50G5 | 61.05 | 99.90 | 166.85 | 149.29 | 156.91 | 180.80 187.44
PLA40OPA60G5 | 60.87 - 166.64| 147.65 | 156.19 | 181.37 187.92
PLA30PA70G5 | 59.90 - 167.07 | 146,95 | 15575 | 181.08 187.46
PA100G5 - - 166.68 - - 181.19 187.68

NANTNN 4.7 LanAT Enthalpy 199 T T hag T,, 994 PLA wuavinisiiuluasu

11 Y3unad 30% 40% wag 50% a@13nsanuian1sAeausou (Exothermic peak) U8 PLA

Tutuneuvesnsvastiulanailananliudl waziuuilduvesdn AH. anasLUSUIAIg

1%
Y

Winluaou 11 Aiuduniuainiu drulutuvesnisliniiudounsan 2 Usingan AH. uay

AH,,, 999 PLA Nfluwnldaiguheniu

=Y

a a a P
AofdAanasmuusununisiinluaoy 11 MANYIY T

A5 PLA nuAn T, luduneurasnisvasdy wandbmiuinluaeu 11 diwanan1sdniseasn

yasanglaluana PLA Jeinlianunsannuanladinedu uagainaisneil 4.8 wansen Enthalpy
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99 Towag T, vostuaou 11 wuluwualidugesAn Enthalpy ve9 T wag T, daiindiuniy

[
[y

Ysunaluaou 11 Aiindumudisu waznuitluasu 11 Wivsingiianiseearufeuludu

I
[

99N15WANSauATen 2 (To) Faduldlainluduvesnisrasidu luasu 11 Insenudnla

ag ANy alLa v lilinuiian1sAneALTautue

A15197 4.7 u@nsA1 AH, AH. AH,, wagUSunundn (Xc) 989 PLA Alaannnisanwnaudf

[
Y

19PN DUMILLATOY DSC VYDINDALUDITNANTZUING PLA wazluasu 11 Nenfinsiiuwazlal

LAY PLA-g-MA

Sample AHcpra) | AHccpra) | AHmiera) | AHmaeia | AHmismaeia) | Xeewa)
(J/9) (J/9) (J/9) (/9 (/9 (%)
PLA100 - 26.88 10.86 31.47 42.33 16.49
PLATOPA30 6.88 18.16 7.33 21.31 28.64 15.98
PLA60PA40 3.24 16.92 6.54 19.11 25.65 15.53
PLA50PA50 1.90 14.92 6.28 17.43 23.71 18.76
PLA4OPAG60 - 8.65 1.94 11.31 13.25 12.27
PLA30PAT0 - 6.51 1.94 10.81 12.75 22.20
PA100 - : - - - -
PLA100G5 - 25.87 11.29 31.52 42.81 18.08
PLA7OPA30G5 2.20 12.34 4.61 15.36 19.97 11.63
PLA60PA40OGS 5.59 16.55 8.23 19.45 27.68 19.80
PLA5S0PA50G5 2.13 14.65 6.45 17.01 23.46 18.80
PLA4OPA60G5S - 7.68 2.25 10.88 13.13 14.54
PLA30PA70G5 - 4.94 1.38 8.94 10.32 19.14
PA100G5 - - - - - -
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A519% 4.8 LanIA AH AH,, WagUSunaman (Xo) vesluaeu 11 AlaannsAneaudanig

[
v aa

AuSeusieA3es DSC vasnediuodnausywing PLA uagluaou 11 vaiifinsifuwarldiiia
PLA-g-MA
Sample AHC(PAll) AHml(PAll) AHm2(PA11) AHm1+m2(PA11) Xc(PAll)
J/g) (/9 /9 J/g) (%)
PLA100 - - - - -
PLA7OPA30 4.24 1.71 13.50 15.21 23.81
PLA60PA4Q 12.74 3.89 19.59 23.48 25.91
PLA50PA50 17.00 3.22 20.24 23.46 21.42
PLA4OPAG60 25.24 6.57 28.82 35.39 31.21
PLA30PATO 24.58 5.95 28.30 34.25 25.89
PA100 34.85 16.31 38.05 54.36 28.76
PLA100G5 = : - - -
PLA7OPA30G5 15.31 3.80 22.61 26.41 46.58
PLA60PA40GS 8.57 2.57 18.10 20.67 27.34
PLA50PA50G5 17.02 3.98 22.78 26.76 28.32
PLA4OPA60G5S 24.49 5.74 28.52 34.26 30.21
PLA30PAT0G5 | 26.15 6.52 30.94 37.46 28.31
PA100G5 37.77 10.57 43.60 54.17 28.66
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4.2.7 Waanni1sAnerdaigruineanisiinudndlewnaila Polarized optical
microscopy (POM)
nsAnwdugiuingnisiiandnsieinaiia Polarized optical microscopy (POM)
Tneldiasase 20 i waldanignisnaasunsraliil Tunsnlianuounnsiiegn9i
naaumesnsINTsiianufoun 20 °C/min aufitgaumgi 235 °C nduvinisasgamaiild
d' a o 1 I a A o [ a 1 < LY aa
gaumgiidananilunial 10 wiil Weasuimuaiinisangamgiiegesinsiludgumaiin
Tlun1snaaeui 130 °C shednsinisuaetdui 20 °C/min wagyinsfnufigaumgiinanan
unsEuinHanlAegauysal HaNINAABULARIAININT 4.25-4.38
AN 4.25 LagnINTl 4.32 LanInINAITIAAKNANTDY Neat PLA visvilAunaz laiifuans
dinAAulaegne PLA-¢-MA fenunanuuuaileslas (Spherulites) Inendnued Neat
PLA laflvunafineudrananansiuiilosainia Neat PLA fidnwaznisiiadandsaduwuy
v 6 . = a = A a -dy dy (Y a
@nug (Homogeneous nucleation) FIUWAFYAMAAVUTUIIINNITNADUMAIVBIRINDE
4 v & = A a 1 a a i =2 1 a Y &
Wosted Asuilinisiinlutdvesdapdvdanasniian Windnuisdudulaluuntainaim

'
[

Adunalaannni 4.25 uagaInd 4.32 #taan 45 Wil lagwunsndniidouialng wazuan
a I3 ) A YW ! a_ a = o s a Y v %
lvwadnsiuiuey anvedanuiansiiniliefsaiuuioniugannsaiinlaen uassesly
a A I I % A a (% gj 1 a % Vs
naulunmsfelissannatsldluanaduinetamduaies Amuaelgnadiueifoslasu
Y] PN v a o a & a = A ‘:1' a a X
wasunnenglun1sdntssiauinduteasaniauiniingay taziaueiiosiu
(Critical size) 39vilvinanveY Neat PLA dnasidulanai Iagldiaanisvun 90 uailunis
duladundniiauysalaauanslunni 4.25 wazn1wi 4.32 Mivian 90 w1l
AT 4.26-6.28 LazAINT 4.33-4.35 LAAININAITLAANENTOINDALNDTLUAUATENIN

PLA wag PA11 Misiinuarliiduansiiuainuiiulaegns PLA-g-MA N9as1d@2UN15LAN

luaau 11 USuas 30% 40% wae 50% wuwanuuuaileglas (Spherulites) Wulagafiuiy

s v IS

Wesndwedwesivauafsnsidudinanddnvuznisiiaiiedeadusuuiisiiug

(Heterogeneous nucleation) #almdeaiinaindsauinlulyaielgvasnadiues (Neat PLA)

Y
a [

Tnen15tAndAdealundiAnu191nN1599L38982989 Neat PA11 @9971nNav89 DSC WU
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Neat PA11 fgamaiinnsnnwdn (T.) g 164.86 °C Badugumaiiiginiteamgiimsnnadn
184 Neat PLA Favinliangleluianaves Neat PAL1 anansadaiFesinasiinifuioedea
Eng Jureu Flumionilindnues PLA annsannlddonazsinisitutues tngldnatly
nssiuladusdnitauysaidesnit 60 widl Fsnuadindilaonadestufunaiildainns
nagou DSC Tnenuindignsdunisiivluaou 11 Ui 30% 40% waz 50% uiiiuuas
L3itfiar PLA-g-MA nuansnsanugamin1sanadn (T.) ves PLA 1@

ATl 4.29-6.31 uazn il 4.36-4.38 uansnMNISIAREENTeINERILBUAUATENIN
PLA uaz PA11 mafidunazliiBuansifiuarnudniulgodis PLA-g-MA fi§ns1daunisiiiu
Tuaeu 11 USunas 60% 70% uaz 100% Saenndestuiunaiildainnisnagey DSC lng
wudragldusingaaumginisanadn (T.) ves PLA U wazannuanisnagey POM linunis
Aefvesiuedvatues Gudulaudinawiuly 30 wiludadmslifnnsddsunasiag
Aaty Fudewnnannistiluaou 11 llanansadmdu Droplet udlumilionili PLA an

NANbIRINLANAIN WA URATDS DSC

AW 4.25 uansmsiAnNANTBY PLATO0 Migauvindl 130 °C shewmaiia POM

9

AW 4.26 uansmsiAnNANTBS PLATOPA30 flgaungdl 130 °C fewmadin POM



14

AWl 4.27 uansnsiAianEnues PLA6OPAGO figaumadl 130 °C shemaiia POM

a

AW 4.28 UansmsiAARANYBS PLASOPASO figainail 130 °C fewmaiin POM

U

--

a

AWl 4.29 uansnsiAnRENYBY PLAGOPAGO Tigauindl 130 °C shemaiia POM

Y
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--

a

AW 4.30 uanINTAARANTEY PLA3OPATO figaumgil 130 °C shemadia POM

Y

--

a

AW 4.31 uansmsiAnuENTRs PALOO figaungdl 130 °C fewmatia POM

U

a

AW 4.32 uansmsiAnuANTes PLA100GS figaumindl 130 °C shemaiin POM

Y
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a

AWl 4.33 uanIn1sAinNaNYea PLATOPA30G5 figauviadl 130 °C fewmailn POM

Y

--

a

AW 4.34 uansmsAnNANTBS PLAGOPAGOGS Tlgaimnil 130 °C fewaila POM

U

-‘

a

AW 4.35 uansmsiAnNANTBs PLASOPAS0GS figaimail 130 °C fewaila POM

U




--

a

A 4.36 uanInsIAARENTEY PLAGOPA6OGS figaumail 130 °C shamalia POM

Y

--

AW 4.37 uanansIAnRARTeY PLA30PATOGS fiaaiadl 130 °C shewmaiin POM

--

a

AWl 4.38 uansnsiAnnEnYes PA100G5 flgaumadl 130 °C fhewmadin POM

Y

80



81

uni 5
A3UNaAN153Y uazdalauanue

5.1 #3UNan15Y

[
v Al

NI ULAAN B FNTRUDIAAFIUNTHAUNDRLUDSLUAUATENING PLA wazluasu 11

[
v

dl a 1 a QI ¥ U ¥ 1 dl ! 1 va a v
namAusarliduasiiuanutiulaegn PLA-g-MA N@INa#D@UUALTING aNYUSNII

[

daugnuiven andinissnunisiva autivienuiou wazdugiuineinisiiandn 9910

o«

[

nsfnwIasaazuranITelanal

'
=Y

Snwaugnesneningas PLA Worunstusuudiasiannalusdda uasanunsodes
ruldvn wansdnungnenisamkuunedwefodugm Tuvneiluaou 11 faruilusua
Tnguasanansadeartuldtng wanadnwarnianioamuemediuesfman evnnauiy
WuimedosiuauAIENInd PLA wagluaau 11 fmuiluuay Sdvgulunndadiunisnay

5.1.1 nsdunsgdarsiiunnudaiuliony PLA-¢-MA Taanisld Luperox® 101
XLa5 Huisiunafaufiten wagld MA Wuasiinaadniuld annnsmeaeuse
wadla FTIR waz NMR a@snsagudulain MA andnsaiinufisealasnisnsindinuuansly
9949 PLA 9l wazanmsbmnsanuin MA f5eeaznnsnsandiauuansls PLA wiriu 1.17

5.1.2 990MIANISAYUENIFUF AN MUINEIFN PLA-g-MA danaliiinig Pull
out YeNaAnsz LA INanas Fauandliiiuia PLA-gMA a1gnsavudgsnandfuld
sgrhastaves PLA uarluaey 11 ity

a a

5.1.3 9InASANWIANUALTeNavesnealasiuauanuInleiinisiuaualuasy 11 Tu

PLA denaliinmussnsinszivniaanasidosainanuliditnduresisdound Laagnuing
Y] ! a Y] a ¢ saa a | v | N
AsEULRYINUNOAILSIUANANTINSIAL PLA--MA danaliilAvunsusInseunLiiaumin
U WazINNSANANTRTINARI8NITNAFBULUUNSILSIR S wulALUesidudnisin w
a A a a o q' a ] oA A a
yaIndAanadiledinisiiuluasy 11 Usinuen (imsddluaou 30%) winuindlednisidy
luaeu 11 AVTHI 40% waz 50% yhliliaUasidusinista a gauiaiuinduliodiey
ffu Neat PLA 8nviaiiulainfonsidiufediunediuesivaunniinisiiy PLA-g-MA danale
AasiduAn1sEn o 9AVIATA1gITN dauAANULELIRInNUILleinT s luaey

11 WNINTUVN e A e SHUaUA T kU LUUAIAINUATUNIUR DLSIA9ANAY



82

5.1.4 31nn15ANEENUANITInanUI PLA luasu 11 warnodluasiuaun wand

[
&Y

a . . & \ a A A a ]
WEANTITHRUU Shear thlﬂﬂlﬂg VINUNUR I@?J‘W'U'J']lua@u 11 Nﬁ']ﬂ')']mﬂu@miﬂﬁmq@ AMNUUA

2

¥ (% '
v o N ]

o a = = = Y} a s saa
AIMUAUADAININUINI PLA NUINTU BNVINEINUIMNBATIEIULASINUNBALUDILUAUANY

[

N15AN PLA-¢-MA fiAaunilafigelu Feuansbimiiuianisiinufizenadl (Chemical
reaction) MAnTusEnIanelgves PLA wazluasau 11

5.1.5 31NN13ANYINITIATIERANLSouTenawuulauiind (DMTA) NUINOALLDS

a0

Luausagilen Storage modulus anawmuusunumsiinluaey 11 Munduluylsgumngia

=

171 60 °C uagmaanngaungil 70 °C Yulunuinluaeu 11 de1 Storage modulus geign

q

Intue Storage modulus HAnanamidysua PLA fiinndu Liesanitgamgillugie 70
°C \Juduly fA1gendn T,ve9 PLA waza1naAd Tan (3) ves PLA wudianfinisidouluds

° I Ao A a a & Y & ¢ Y o vy !
fﬂ’]LL‘Vi‘UQWWWaQLll@llﬂill’]mlua@u 11 30U LLﬁ@QIV‘L‘VTuﬂQﬂ’mNLGUr]ﬂuVL@U'Nﬁ?u U9 PLA

(%
LYY 1

wazluasu 11 dnnedanuanlunsaliinagin PLA-g-MA vinliian Tan (8) 989 PLA anas
annndttunsdliiu PLA-e-MA

5.1.6 Ann1sAnwIANTAvNALSeunU ISR dunisnaluaey 11 AU
30% 40% waz 50% WTAnLar Ay PLAg-MA ansnsanugamginisanainves PLA 1¢
Fauandlifiuinluaeu 11 sevivihaiousuluatsnendn (Nucleating agent) Wiy PLA

i
a 6

a = % % a I3 N a " a
LLEW‘V]Qmﬂﬂﬂﬂ’]ﬂﬂaﬂuaﬂﬂugﬂaqﬂLLﬂ'] (Tg) YDINDADIUAUATINANSIANLA LAY PLA-

Y

o-MA Ut stAnluaeu 11 Ysuaad 60% Auld wuinan Tg Annsideuludesiuniai

[

gumpiiastsaenadeiufunaiilianmvaaou DMTA Jauansliifiufisaatniuls
VeEuvemedmeSaniues

5.1.7 nmsfnndugiuineinafasdnnuimadldzaenndestuiunisfinw
dutintennudou Tnenuinfisnsarunsinluasy 11 AUSIa 30% 40% waz 50% Wi
dunarlaiiy PLA--MA danalsk PLA finnsanadniidatiu uazsuinveswandlativunnd

Tnawdeanu
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5.2 UDLAUDLUY

[
[y = o

5.2.1 Weawntunuidelinuiluaeuw 11 Avuselalasiaueguin ilviaunsogn

(%
[ Y 1 =

ANuTulade Asluneun1smaaeuienlsiiniseuislanudunouynase azaIsings
v & < a v & v & A
nainAnusuneludanarafinaenIesinauBuNmIIgEy

o

5.2.2 11199910 1U1UITe TN NAN NI 1EUTENING PLA wazluaau 11 wilgauny
[y | 1 gj = ) Y] 1 = 3 =3 ¥ a d'v 1

dnsduity Juilndeldaseungunisfnuviavan Teaiulaainmetia SEM Ngslainy
lassasuuuaseLilay (Co-continuous phase) AYHUITIAITHINITANINUITNIUVDY PLA
Tuag 60-70% wiady iatnsiiuinalaidumandnuazialadunansyanasa e
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ATFIWUIN N.1 HIT1UARAIAT Impact strength wagATeLULNINTFIUNLAINNTNAGDU

AUNURBULTINTEUNA
gasnIsHEY Impact strength Sp.
(kJ/m?)

PLA100 2.68 0.06
PLA7TOPA30 2.42 0.03
PLA60PA40 2.55 0.04
PLA50PA50 2.61 0.15
PLA40PA60 2.35 0.15
PLA30PAT0 2.34 0.08

PA100 9.57 0.06
PLA100G5 2.96 0.11
PLATOPA30G5 2.59 0.04
PLA60PA40G5 2.76 0.10
PLA50PA50G5 29 0.29
PLA40PA60G5 2.44 0.11
PLA30PA70G5 2.43 0.04
PA100G5 6.51 0.19




AARUIN N.2 UanItayaNldaInNNIsNAgaUAUNUABLIIAY

AN3IWUN N.2 A15194EAIAN Tensile strength LazA1 Elongation at break $31%19A1

D uulIAgIUNRaINN1TIAEBUAIIUNUR DKIIR
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Tensile )
gAsNISHAY S— <D, Elongation at break <D,
(%)
(Mpa)
PLA100 55.60 4.78 10.08 0.68
PLATOPA30 44.76 3.49 6.03 0.44
PLA60PA40 47.45 2.90 34.33 4.91
PLA50PA50 38.75 2.24 24.28 3.42
PLA40PA60 35.77 3.04 10.10 1.96
PLA30PATO 34.77 2.99 10.25 1.95
PA100 53.11 1.28 919.63 14.45
PLA100G5 57.56 3.94 13.03 0.86
PLATOPA30G5 51.17 8.21 8.20 0.65
PLA60PA40G5 42.80 2.51 41.82 4.12
PLA50PA50G5 42.36 2.11 35.72 8.96
PLA40PA60G5 37.71 1.76 17.96 10.13
PLA30PA70G5 35.17 1.96 18.15 6.47

PA100G5 49.02 2.55 797.15 17.33




AARUIN N.3 waRItayanliaINNIINAGIULETETAINNIIANNTOURIELATEY DSC

A
exo
Intsgml 18710 )
nermalized  27.12 J37-1
Onset
Fek
Glass Transition Endset
tegral
armaiized
Feak
‘l Endset
ST41_FLAID Glass Transition
1_PLALOD, 6.5000 my 61.24 °C
Widpoint 5513 “C
5 I
i — N
Intsgrl 184,95 m)
nermalized 26,80 1g-L '
] Onset 98,80 °C Intsgml S Integral  -217.14ml
RJE[1_PLALOO Glass Transition Peak 104,78 T normalized -10.86 Jgh-1  Normakzed -3L47 1g°-1
LPLAOD, 65000 mg B85 38 eC 1 Envdser 110.56 °¢ Onset 14423 °C Onser 151.57 o¢
Midpoint 58,61 °C Peak 137,99 <C Peak 15826 o€
Extrapol. Peak 6141 C | Endser 15085 <C Endset 15685 °C
I Endset 64,06 T A1
L — —_ | B
- v ; LR 1 [
e L L At e I o e B o
20 30 0 ES 60 70 80 0 o0 10 120 130 1% 150 180 1M led 130 200 20 @m0 °C

Lab: METTLER STAR® SW 10.00

AMWRUIN N.1 thand DSC thermogram F8snedlies PLA100

N
exo
Tass Transmon
59.10°C Integral 14428 m)
S8 C nemialized 16,39 1971
Extrapol. Pesk 6165 98,99 T tegal 12737 m)
Endset 84°C Peak 10520 °C nommalized -14.47 JgA-1
Endset 11142°¢ ; el gai0m) Dregel  1015m Onset 179.65 °C
nomalized 7,52 o _Momalized 21 Peak e
&J2[2 PLATOPAZD Gnset 14574oc  Onset ndsa! :
Feak 14065 c Pk

2_PLATOPA3D, 8.8000 mg el e
ndse! 0

Integral  60.59m)
nomalzed 6.8 39”1
Onset 7.
P=ak Integral 3734 ml
- nomalized 4,34 Jg*-t
&4(2_PLATOPAZD Endset Onset it
2 PLETOPA3O, 65000 o oL
Peak 167,77 °C
s . P Endset 16514 °C .
mi - " N
I
@ass Transition
nsal 5§7.38°C -
s Ttegal  -187.55 m3
&J6[2_PLA7OPAT0 Midpoine  56.87°C omalized 21,31 Jg-t
2 PLATORAI0, 88000 M3 Fuappol, Peak §1.53 °C oromalized 21,31 %7
Endset 64.10°C Pask 157.10 ¢

Endser 158,59 °C

f
Integral 1550 m]

Integal 153,65 m) nomalized -13.50 Jg°-1
nomalized 1916 Jg™-1 Onset 160,54 °C
Gnset 10063 °C Feak 16730 °C
Peak 10588 °C Inkegral 54.54 m] Endset 189.85°C
Endset 11005 °C nemalzed 7,33 Jg”-1 Int=gral 15,08 ml
145.02°C nomalized 171341
Peak 14899 °C Onget 17342°C
Endset 151,66 °C Pk 15108 C
Endset 182,36 °C
20 30 70 B0 20 100 110 120 10 1“0 150 &0 im0 1s0 100 200 210 220 C

Lab: METTLER STAR® SW 10.00

AINHNUIN N.2 LLane DSC thermogram YDINOAILBT PLATOPA30

88



“exo
Integral 105.37 m]
normalized 13.51Jg~-1 Integral " “151.95 ")\J Integral -169.66 m]
Onset 97.02 °C normalized  -19.48 Jg™-1 normalized -21.75 Jg”-1
8]2[3_PLAGOPA40 ne : Onset 15224 °C
Peak 103.75 °C g Onset 182.76 °C
3_PLAGOPA40, 7.8000 mg Peak 157.63 °C
Endset 110.89 °C Erdset 180,56 o€ Peak 187.93 °C
' 3 | 1 nase - Endset 191.25°C
Glass Transition Y * N Iy
Onset 59.08 °C Integral -45.53 m]
Midpoint 58.74 °C normalized -5.84 Jg~-1
Extrapol. Peak 61.66 °C Onset 145,38 °C
Endset 64.40 °C Peak 149,51 °C
- Endset 154.41°C
Integral 25.30 m] Integral 99.41 m]
normalized 3.24 Jg"-1 normalized 12.74 Jg"-1
Onset 106,55 °C Onset 17013 °C
Peak 100.14 °C Peak 168.01 °C
5 | _&]4[3_PLAGOPA40 P o
iy | 3_PLAGOPA40, 7.8000 mg __ ENdset P 2 ey Endset 16548 °C
Integral 131.98 mJ Integral -149.06 m) Integral -152.78 ml
normalized 16.92 Jg"-1 normalized -19.11Jg~-1 normalized -19.59 Jg~-1
&]6[3_PLAGOPA4D Onset 100.99 °C Onset 152.94 °C Onset 181.51 °C
-| 3_PLAGOPA40, 7.8000 mg Peak 107.19°C Peak 156.77 °C Peak 187.27 °C
Endset Endset 158.82 °C Endset 189.57 °C
Ghss Transition Integral 51,03 m)
Onset 57.11°C . ~
Midpoint 58.19 °C normalized -6.54 Jg”-1 Integral -30.36 mJ
o Onset 146.21 °C normalized -3.89 Jg~-1
Extrapol. Peak 61.25°C Peak 148,00 °C y
Endset 63.88 °C ’ Onset 177.23 °C
Endset 150,96 °C Peak 181,50 °¢
Endset 189.11 °C
i T T T T T T T T T T T T T T T T T 1
20 40 60 80 100 120 140 160 180 200 220 °C
Lab: METTLER STAR® SW 10.00
a s
AMMNUIN N.3 @A DSC thermogram UpIneatiuas PLAGOPA4O
“exo
Integral -140.29 m) Integral -203.25 m]
normalized -16.70 Jg~-1 normalized -24.20 Jg"-1
Onset 152,92 °C Onset 184.95 °C
&]2[4_PLASOPAS0 Paak 158.30 °C Peak 180.65 °C
d_PLAS0PASO0, 8.4000 mg Endset 161,04 °C Endset 192.01 °C
. 7 = TITIY
Glass Transition l IM
Integral 107.05 mJ J
Onset 59.64 °C norgmalized 12.74 191 Integral -44.91 m) |
Midpoint 58,95 °C Onset 96.77 °C normalized -5.35Jg"-1
Extrapol. Peak 61.47 °C Peak 10358 °C Onset 145.59 °C
Endset 64.49 °C Endset 112.26 °C Peak 149.84 °C
. ' Endset 154.71 °C
Integral 15.95 mJ Integral . 142.81 mJ
normalized 190 Jg™-1 normalized 17.00 Jg~-1
5 Onset 106.08 °C Onset 169.82 °C
MW ]4[4_PLASOPASO Peak 100.64 °C 'E’ﬂsk . igz;g :g
o ndsel .
4_PLASOPASD, 8.4000 mg Endset 92505C oo
3 1
Integral -146.40 m] Integral -170.03 mJ
_|&1604_PLASOPASO normalized -17.43 ]og"-l normalized -20.24 ]Qg‘\-l
4_PLASOPASO, 5.4000 mg Onset 15299 °C Onset 182.21°C
Peak 157.03°C Peak 187.75°C
et » 1 A 159.45°C 190.28 °C
' b i = - 7
GhssTransition ™ negral 125,29 m) INE
Onset 57.56 °C lized  14.92 Jg/-1 \
Midpoint segdec  nommlzEd e Integral  -52.74m) [
Extrapol. Peak 61.32 °C Peak 107'51 oc normalized -6.28 Jg~-1 Integral -27.03 mJ
Endset 63.83 °C Ee; 114'77 oc Onset 146.20 °C normalized -3.22 Jg™-1
ndset : peak 149.15 °C \ Onset 177.75°C
Endset 151.81 °C Peak 181.83 °C
Endset 189.83 °C
I T T T T T T T T T T T J T T T T T 1
20 40 60 80 100 120 140 160 180 200 220 °C
Lab: METTLER STAR® SW 10.00

NWHUIN N.4 LLans DSC thermogram YDINOAUBT PLASOPAS0
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A
exo
Glass Transition Integral 45.75 ml _
by Integral  -258.17 md
Onset 58.157C normalized 551 37~ Integral - -30.21 normalzed -33.53 Jg*-1
| &]2[5 PLA4IPAGD FMidpeint 58.13 "C Onset 93.53 °C nomalized -10.42 Jg*-1 Onset 180 87 °C
5 PLAGIPASD, 7.7000 mg  Extrapel. Peak 60.58 *C Peak 99.97 Cneet 151,91 °C Peak 180 &7 °C
Endset 62,83 °C Endset 108.93 *C Peak 157.15 °C e o
o s A Endsst 191,80 °C
T T e nds .
v Integral 2183 md :
rormalized  -2,85 Jg™-1
Onset 43.90 °C ‘i
Paak 148,43 °C
Endset 163,50 o€ |
i
10
my Intsgrsl 19432 )
M| normakzed 25,24 3g7-1
165.71 9C
_&J4{5_PLA4OPASD 167.61 °C
5_PLA4OPASD, 7.7000 mg I - 164.93 °C
- < o
- » |
Tntegral  ~221.50 md
21605 PLAGOPASD Intsgal  -87.00 M0 norralized -28.62 1a°-1
e st harmalzed -11.31 Jg7-1 Onset 182,24 °C
|- y Onset 150,62 °C Peak 187,72 %C
s _— ﬂﬂﬂ Peak Endset 190,02 °C
I - R Endset
lass Transition I A
4 Integral 6561 ml 1 ‘C [ TTTTTIT Tt I
Midpoint normalized  8.65 Jg*-1 R > !
4 Extrapol. Peak Onset 3.70 °C Interal 1401 M) |
Endset Peak 100.41 °C normalized -1.84 Jg~-1 |
Endset 143.55 °C y
Peak 1711 °C ntegral 500 o |||
Endset 15113 5C nornaized -6.57 Jg™-14| | |
Onset 177 .45 °C
Peak 131,24 °C
Endset 18955 °C |
(T B i e R R A e
20 30 40 50 au 100 110 120 130 140 150 160 170 120 190 200 210 220 “C

Lab: METTLER STAR® SW 10.00

AMWNUIN A5 Lang DSC thermogram U83neaLNes PLAGOPAGO

~exo

Glass Transition Integral 3417 m
Ohset 61.03 °C normalized 445 Jgn-1 Integral
| Midpoint 50.16 °C st 95,23 n¢ normalized 738 g™ -1 Inbegrel 228,88 m)
A]2[6_FLAIOPATO Extrapal Peak 6297 °C Peak 101.64 °C Onsat 15240 5C normalzed -32.70 1g"-1
PLAGOPATO, 70000 Mg gryeee 65,07 °C Endcet 10875 C Peak 157.50 °C Onset 16798 °C
— Endset 160.28 °C :E:“Et ii:; u‘g
I i i :
/ " I 4.—*:@ e Y i
Integral -13.18 m] V I
normalzed 1,88 Jg°-1
COnset 145,07 °C %
Peak 148,77 °C i
~ Endset 15353 °C i ‘
| | |
|
1]
Irtagral 172.05 m) |
normaized 24,58 Jg*-1
Onsat 169.55 “C | ‘
w | BI4I6 PLAZOPAZO Peak 167 41 © | | ‘
MW & PLA3GPATO, 70000 Mg Endset 16472 °C &
I — —m T Integral 45.57 )
Glass Tansiion ronmeioed 651 1gn-1 gl rsgam
neet aamc £4.29 °C rommakzsd -10.81 Jg~-1 Integral 198,10 md
&J5[6 FLAsOpAT) Midpoint 5020 °C 026 C oo eeL normalized 2830 Jgr1
6_PLASOPAT), 70000 my  Extrapal. Peak €061 °C e K P Pt '
-, _ Endset 6315 °C E::s i;; 3(7) “E Feak 18788 ¢
- 1 Endset 190.35 “C
& 7"{““1‘&1 i
Integral -13.57 ml |
normaized -194 Jgh-1 2
Onset 143.58 °C
Peak 73470 Integral — -4LE3 md |
Endset m2.20 °C norrnaized -5.95 Jg*-
Onset 177.72°C
Peak 181.48 °C
Endset 192,30 °C
Y
4
e L e A e B e L B
20 30 40 E3 60 7 50 e 100 10 120 130 190 150 180 170 1w 190 200 239 20 °C

Lab: METTLER STAR® SW 10.00

AINHUIN N.6 LLans DSC thermogram YDINOAILBT PLA30PATO
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~exo

Integral  -390.52 )

8127 _PALIC g‘“‘;m"j:“’%" w normaized -34.92 Jgh-1
| 7PATO0, 87000mg o TREC Cnset 182,00 °C
! Hidpoint 53.14 vC Peak 15961
Endset 192.60 %

Integral  303.22 m)
normalized  34.85 1g-1
Cnset 166.84 °C
Peak 164.86 °C
W Endset 151,14 %
my
_8]4[7_PALOD o
7_PA100, 8.7000 mg I . [
&J6L7_PAL0O Integral  -33L03 md
7_PAI00, 87000 mg normaized -35.05 J9°-1 '
| 65 °C
\ Peak 167.53 °C
T —— Endset 190.43 °C
- T — -[’rk —
Integral -141.92 mJ ‘l
normalized L1g~-1 |
Onset 15402 C
Peak 183.70 C
Endsst 183.70 °C I‘
Y
e e I Al B A L B T o L ma o
20 30 40 50 B0 70 80 av 100 110 120 130 140 150 160 170 120 130 200 210 220 C

Lab: METTLER STAR® SW 10.00

AMWKNUIN N7 Lane DSC thermogram 83wWedties PA100

A
exo
Integrl  l48.02m)
hormalzed 20.56 191
Cnset 552 °C
Peak 10171 °C
Glass Transition
oot 948 oC Endset 106.63 °C Ibegral  -195.05
Midpoint 5376 °C normalzed -27.00 Jg*-1
Extrapol, Peak 62,46 “C EWS: iié gi E
ac o 'eal “
o S PLALGGE s s Endset 15069 °C
| 8_PLAL09GS, 72000 mg
_ﬁ"*f—;fu_f — —_ — _—
A/ {
y Integral  -48.44m
# rormaized 6.73 191 ||
Cnset 122 % !
Peak 148,52 °C
Endset 154.02 *C
S4{8_PLALIOGS
10| 5 pLat00GS, 7.2000 my
m -
Integrl  185.30 m .
normalized 25.87 1gh-1
Onset 99,13 °C
Glass Transition Peak 115 T
Onset spa7ec  Endse HLEETE 4 Integral  -226.84 m)
Midpaint 59.10 *C ; normalized -31.521g~-1
GJ6(8_PLALODGS Extropol. Pesk 51,66 °C Onset 152,66 °C
B PLAIODGS, 7.2000 mg s piland Peak 156.84 °C
I . . Endset 159,33 °C .
5 i — - [ _
Integral -81.26 1
normalzed 1128 Ja-1 |
ns 145,56 °C
Peak 148.30 °C
Endset 15149 °C
L L S B e T R S St
w0 4 s s 7 s e 100 10 120 130 140 150 160 1A iea 190 200 20 20 °C

Lab: METTLER STAR® SW 10.00

NINNUIN N.8 LLeans DSC thermogram VYonediues PLAL00GS



A
exo
Integral  83.29m)
g\na:;t'hansmunw 48°C normalized 11733971 Integral ~ -10L.72md
Midpoint 50.79 °C e ] nermalized -14.33 JgA-1 Tntegral  -186.68 m)
_ 82(8_PLATOPA30GS Extrapol, Peak 52.33 °C et Onser 152,96 °C normalized 25,29 191
9 PLATOPA30GS, 7.1000 Mg Endset 64.85 °C Peak. 157.98 °C Onsek 183.13 *f

-+ F—

h ﬂ Endset 160.54 °C Peak 183.25 °C
- _ Tm’h Endsst 181,28 °C
R—fp,;\, AT %1{ L
4 ‘

Lab: METTLER

Integral  -3425m]
nomraized -4.62 Ja°-1
Crset 145.79 °C
Peak 149.76 %C
Endset 153,88 *C
I
|
i Tntegral 108.68 m)
1o Integral 15,50 m1 normalized 1531 Jg*-1
my normalizsd 2,20 Jg”-1 | anset 169,59 °C
—_— Onsat 106,95 % Peak 167.53 C
SHHIE_PLAZIRAZOGS Peak 102,38 °C Endset 165.14 °C
a_PLATDPA3IGS, 7.1000 Mg Endset 85,28 "C o et
— \
|
Integral 57.63 mJ |
Glss Transen 02?;"“*“ ;éé; J)gﬁ,t isgal 10904 0 MW“ , 10050
LJ6[8_PLATOPAIOGE Midpoint B3 0 paay 106.24°C rermalied -15.36 1971 normalized (@l
9_PLATOPAOGS, 7.1000 Mg Extrapol. Peak 61.03 °C 52 17
1 Ems; ;3_31 * Endset 112,62 °C Paak Lea e o Foak, 18717 o0
4 e Endset 158.58 °C Endiset 189.45 °C
B —
B +
Integral  -32.71 mJ
normalized ~4.61 Jg”-1
14545 °C
Peak 148,57 °C |
Endset 150,95 “C Int=gral -26.97 m)
normaized 380 1g=-1}
Onset 176,81 °¢
Peak 180.67 °C
Endset 180.83 °C
R B e L B B B LA A e B
20 30 40 50 B0 70 80 au 100 110 120 120 140 150 160 170 120 190 200 210 220

STAR® SW 10.00

AMWNUIN N.9 LaAd DSC thermogram Y89nWaALes PLATOPA30G5

~exo

Lab: METTLER

Integrl 12015 m)
normalized 16,50 Jg*-1
Cnsat 100.06 °C
&J2(10_ PLAGOPAS0GS ﬁ“dwm s Encleet 11364 °C nomaized 19641071 romalized -L303 3971 grog Py
! Cnset 1343°C  cnest 176.37 ¢
10_PLASCPAIGS, 730003 £ el 5252 7 onee mEr e Peak 19044 °C
. E 6547 T : Endset 16082°C  Endset
o —— - ra Emm—
Integral
normalized 7,85 Jg™-L
Onset 146 40 °C )J
Pealc 15033 °C
Endset 18427 °C
Interal  40.82m1 g
n normaized 559 Jgi-1 Intogral 4 2T
i Onset 108.30 °C ot 188.11%C
Peak 103.65 °C P&AK 1 5.‘;
| &J4[10_PLAGOPA40GS Endset 97.66 <C ;. .
10_PLASOPA40GS, 7.3000 mg ety R Frdeet et -
I - \
Integral 120 81 md ‘I
normalized 165530%1  Integrl 14196 )
Hidpeint 5874 °C Peak LA Onse 153.26 °C Onset T 55 o
&J5[10_PLAGOPAIOGS Iepein . Endlset 11430 °C Peak 155,47 °C Pk 1873 o0
10_PLABIPAJOGS, 7.3000 mg  XUrapol. Peak SL51°C A Endset 168 94 °C = .
| - Endset 5402 °C D Endset 169,59 °C
—\4‘*‘?—_‘_“—%« — —_—
Itegral  -60.05 m1 H‘ i
normalizzd -8.23 Jg"-1 Y
145.48 °C Y
Peak 149,15 °C |
Endset 15130 °C Integral 1876
normelized 257 Jg"-1
Ginset 173.60 °C
Peak 16173 °C
Endset 18173 °C
e e I e B S ST S
x4 s s A s 0 100 10 120 130 140 150 160 1A leo 190 200 20 220

STAR® SW 10.00

AMNHUIN N.10 LR DSC thermogram YoINoAlLes PLAGOPAGOGS
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A
exo
Integral  105.66 md
| Glass Transition D:‘:;m”m }é;j“i -
12711 PLASOPASGGS Onset 4 Pek L0807 % Integrel  -141.82 )
|\ 11_PLASOPAS0GS, 5.0000 mg  Midpoint 9 Endeet 117108 € nonralized -15.76 Jg*-1 Integrl 240,52 m)
Extrapol, Paak o = i 15277 °C normalized  -26.72 Jg~-1
L Erdset E Peak 158,11 °C Onset 182.48 °C
Endset 160.93 °C Feak 18928 °C
— Endset 19151 °¢
Ineegral  -49.40 M
normalized 549 Jg"-1
Cnset 146,02 °C
N Peak 150,49 °C
Endset 156,31 °C
Intsgral wmarm ||
Integral 1909 1 normalized 17.02 3971 | |1
5 normaized 213 Jgh-1 Onset 168 85 °C
o Onset 105.62 °C peal 166,85 °C
Peak 9850 °C Endset. 16435 °C /]
Erdset 92,61 °C vl
BJ4(11 PLASOPASDGS it |
11 PLASDPASOGS, 20000 mg — e e
- Integral 13184 mI
— Giass Trarsit 2
O TR 62 o normaized 14.65 Jg*-L
Hidpoint 55‘78 o Onset 9987 °C Integral -163.10 m) Integral -205.05 mJ
— Extrapol, Peak £1.05 °C Peak 10265 °C rormalized -17.01 Jg™-1 normalized -22.78 Jg™-1
T —_ Endset £3.59 °C Endset 116,84 °C Oniset 152.85 '¢ Onset 181.95 °C
] M . T\ 15681 ¢ 16744 C
&16[11_FLASOPASOGS — 3 i 150.06 °C 18984 °C !
11_PLASOPABOGE, 9.0000 mg : -
Integral
normakzed VI mmteomt 3501 m2
Onset | normaized 3.3 J9°-1
Peak .. Onset 176.97 °C
Endset 151.70 °C D111 —— 180.80 °C
Endset 181.08 °C
!
l
R At e L B i e
20 30 40 50 au 100 110 120 120 140 150 160 170 180 190 200 210 220

Lab: METTLER

STAR® SW 10.00

AMWKUAN N.11 uaAd DSC thermogram Y84wadiues PLASOPA50G5

A
exo
Integral 6084
s Transtin Y U
| Oneet s Onset 95.60 °C Integral -82.83 ml Integral -267.71 m)
| Hidpeint 50,03 °C Poak 10197 C A n
. 2112 PLAKOPAGIGS Extrapal Peak 6299 °C 8 normalized -9.10 Jg*-1 normalized -32.71 JgA-1
\_ 12 PLAOPAGOGS, 9.1000 M3 Enser G460 °C Endlset 108.66 °C Onset 152,43 °C Onset 182,91 °C
T —— Peak 157.47 C 183.58 C
B R v Endlset 16013 °C 192,25 °C
Y ’ - A E—
o Integrel
rormalized
Crset
Peak
Endset
il
|
; |
i
I
Intagral 20,82
il normaized 2449 Jg*-1
Onset 166.73 °C
_&4]12_PLAJOPASOGS 4l Peak 166,64 °C
12_PLA4OPASIGS, 8.1000 mg R R L Endset 163.56 °C I
i _— Intsgl  B9.90 m
normalized 7,68 Jg°-1 Integel  -90.00 m Integral  -259.54 ml
| Onsat 2484 °C horized 1088 ;';n,l normalized 28,52 1g°-1 |
(S Peak 10147 % Onset 150.98 °C Crset 182,34 °C |
i A Endsst 10713 °C Peak 15619 °C !
&JB[12 PLAAORABIGS e B - Endlsat 158.75 “C B
12_FLAGOPARNGS, 21000 mg D‘Mfﬂ‘l " é;? ;ﬂJM - +
normalzad -0.57 Jg~- ;
Onset g Memolied 374 7
peak 60.87 °C Inkegral 2048 m) Onset ATt
Endser 6433 °C normalized -2.25 Jg*-1 peak 18137 °C
Onset el Endset 1567 %
Feak 147,85 C
Endset 152,11 C
e i B A L I B A R T
20 30 40 E3 o 7 80 o0 10 110 120 130 140 150 180 1% 180 20 20 20

Lab: METTLER

STAR® SW 10.00
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AARUIN 2.1 waneIsn1sAuamasidudnisnsidves PLA-g-MA

ATHUIN V.1 WARIToYaNISNEULINSFIUYEY KOH g KHP

s 4 | VS KHP USurun15ty KOH | Anustudu KOH
AN
(9) (mU) (mol)
1 0.0581 27.4 0.01038
2 0.0617 28.9 0.01045
3 0.0488 22.6 0.01057
AVG - - 0.01047
A1919KUIN .2 wansdoyanishnings PLA-g-MA g KOH
3 YSuraun15ns1nAveag
» o | U3ns PLA-g-MA | U3unaunnsly KOH
AN MA uuanela PLA
(ml) (m\)
(%G)
1 20 11.9 1.1750
2 20 ! 1.1947
3 20 11.5 1.1355
AVG - - 1.1684
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NFUNS
SkHp Nikon*Vkon
MW, p 1000
AeSUNEAILUT IS
Gep = UMY KHP (9)

Mwip = 13aluanaved KHP (204.22 ¢/mol)
Neoy = AILUNTUYBY KOH (mol/)

Vion = Usunasuae KOH (ml)

IINAUNTAINTAMANUTUTUNRUWRUYEY KOH Laannnisiftuiuansuinsgiuy
JUAU 1 8879 KHP lnguaniddn1smuaaldnen1siaendiuinainnisimnsnase 1 (11319

9-1) FaTA g = 0.0581 8, M = 208.22 ¢/mol ke Viow = 27.4 ml

LYUAIFUANS

00581 Ny x27.4

20422 1000

NKOH = 0.01038 mOL/l

FAVNTINNTANINUA 3 AST NUULAALRAYAINULTUTUNLUUDUYDY KOH FeiiA1made

WINAU 0.01047 mol/L



98

LaSANNEUNT

98.0xNy oy X Vi oy X0.001x 100

%G =
2Wpi pgmi

AesuIIAILUsluauNg
98.0 = waluianaves MA (g/mol)
Neop = AMILUUUUDS KOH (mol/)
Vion = Usunasuae KOH (ml)

(%

W Untinway PLA-g-MA (g)

NFUNTENNTaMANUBSIEURN1SNTINAYRY PLA-g-MA (%G) laarnnisinimsn

= o

18 KOH 1aguanadisni1senuialagnisidenfiunaannmsinmsaasadt 1 (ns1afi v-2) d4i]
A1 Nyon = 0.01047 mol/l, Vioy = 11:9 mluwag M = 0.5196 ¢(2.0784 /80 ml >> 0.5196

g/20 ml)

LNUAANNTT
98.0x0.01047x11.9x0.001x100

%G =
2x0.5196

%G = 1.1750 %

Faymslmnsaianta 3 ase Mntuldatadeesiudnisnsndves PLA-¢-MA daade

v 1.1684 %



AMANUIN 2.2 LaAIIsNITAUINIasigudaudunanildannnisnagau DSC

AHyp - AH

o

%Crystallinity = x100

x F

m C

AesuIIAILUsluaNNg

AH, =deltaH i melting temperature (J/g)

AH, =deltaH #i cold crystallization temperature (J/¢)
0

vodluasu 11 dAwvinnu 189.0 J/g

Fe = Weight fraction 984 PLA w3avadluasu 11 Tunedimesivaus

fisnsarun1skay PLATOPA30 Sinmusausenas Festeldil
AH U89 PLA = 7.33 J/g

AH,, U89 PLA = 21.31 J/g

AH. %09 PLA = 18.16 J/g

H’. w89 PLA = 93.7 /g

Fc 989 PLA = 0.7

LNUAANNTS

(7.33421.31) - 18.16
%Crystallinity of PLA = ——  x100
93.7 x 0.7

%Crystallinity of PLA = 15.98 %

(%
LY

wuTiens1diu PLATOPA30 fiwesidusmnudundnues PLA wihfu 15.98 %

99

H. = Heat of fusion of 100% crystalline polymer 494 PLA §ANV1AY 93.7 J/g hay
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Abstract— One of interesting biodegradable polymers is
poly(lactic acid) (PLA). However, PLA is brittle that leads it
to be used in limited applications. This drawback could be
resolved by blending PLA with tougher polymers.
Polyamide 11 (PA11) is a bio-based polymer that has
excellent toughness. Thus, PLA was melt blended with PA11
in this study with weight ratios of 100/0, 70/30, 50/50, 30/70,
and 0/100 wt% using a twin-screw extruder. The in-house
poly(lactic acid) grafted with maleic anhydride (PLA-g-MA)
was added to be a compatibilizer for improving interfacial
adhesion. From characterization analysis, it indicated that
PLA-g-MA was successfully prepared via reactive extrusion
having the degree of grafting of 1.17%. The blends were
characterized by SEM, tensile testing, impact testing, and
DSC. It was found that the PLA/PA1l blends were
immiscible showing spherical dispersed phases of lesser
polymer content in the other polymer matrix. Adding PLA-
g-MA improved compatibility between phases as evident
from the change in fracture surface. For every blends ratios,
the elongation at break and impact strength of the blends
without compatibilizer were lower than the blend with
compatibilizer. The PLAS50PAS50 blend had the highest
elongation at break compared to PLA100. Furthermore, the
addition of PLA-g-MA improved elongation at break
compared with the PLASOPAS0 blend without PLA-g-MA.
The addition of PA11 induced crystallization of PLA because
crystallization temperature was observed at cooling step on
DSC result.

Keywords—poly(lactic
compatibilization

acid); polyamide 11; and

I. INTRODUCTION

Nowadays, the applications of the biopolymer has been
increasing each year due to the environmental concern and
instability of worldwide oil price. When the oil price is
subjected to increase, it leads to higher cost of the
petroleum-based polymers and products. Therefore, the
biopolymer production from agriculture material has been
an attractive alternative, because it can be the sustainable
route and is considered the green environment that reduces
greenhouse gas emissions [1]. The examples of
biopolymer produced from agriculture material are
poly(lactic acid), poly(butylene succinate), thermoplastic
starch, bio-polyethylene, and polyamide 11.

Poly(lactic acid) (PLA) is a biopolymer produced from
the fermentation process of sugarcane and corn. At the
present, PLA is widely used in packaging, medical, and
agriculture. However, the brittleness of PLA causes it to be
limited applied just for some applications, such as
disposable packaging and small appliances. Blending PLA
with a tougher biopolymer increases the possibility to be
used in durable applications such as automotive and
electronics. Polyamide 11 (PA11) is produced from castor
oil, which it provides good properties for the engineering
application, such as impact resistance, mechanical
property, chemicals resistance, and light or UV
stabilization. The melt blending of PA11 into PLA could
improve impact and mechanical properties of PLA [2].
Nevertheless, the melt-blending between PLA and PA11
is immiscible mixing or separated phase [3].

The compatibility between phases in the polymer blend
can be improved by the addition of compatibilizer through
a reactive melt blending process. This process increases
finely morphology and increases interaction of polymer
blends by creation bonding between homopolymers. Apart
from that, maleic anhydride (MA) is widely used as a
compatibilizer to improve interaction with several
polymers such as PLA [4], poly(acrylonitrile-butadiene-
styrene) (ABS) [5], natural rubber [6], polystyrene (PS)
[7] and polypropylene (PP) [8]. The MA structure consists
of a double bond part and a carboxylic acid group that can
react with suitable functional groups in the polymers [9].

The objective of this research was to characterize and
evaluate mechanical and thermal properties of the PLA/PA
11 melt blending with the presence of the in-house
compatibilizer. We prepared a compatibilizer via a
reactive reaction between PLA and MA (PLA-g-MA),
which it would improve compatibility between PLA and
PA11 phases where carboxylic acid parts could react with
amino groups of PAll. The prepared PLA-g-MA was
characterized by FTIR and titration analysis. The
properties of the PLA/PA11 blends with or without the
PLA-g-MA compatibilizer, such as tensile, impact,
morphological, and thermal properties were evaluated and
compared.
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Il. EXPERIMENTAL

A. Materials

Poly(lactic acid) (PLA), grade 3052D, was purchased
from NatureWorks, LLC, USA. According to the supplier,
this grade of PLA had a relative density of 1.24 and a
melting temperature between 145-160 °C. Polyamide 11
(PA11), grade BESNO TL Rilsan®, was purchased from
Arkema Innovation Chemistry, France. According to the
supplier, this grade of PA11 had a relative density of 1.02
and a melting temperature of 186 °C. An initiator
(Luperox® 101 XL45) and maleic anhydride (MA,
assay=98%) were obtained from Sigma-Aldrich. Luperox
was the blend between 2,5-bis(tert-butylperoxy)-2,5
dimethyl hexane, calcium carbonate, and silica.

B. Preparation of PLA-g-MA

The in-house compatibilizer (PLA-g-MA) was
prepared by grafting PLA with maleic anhydride in a co-
rotating twin-screw extruder (Haake, Germany). PLA,
MA, and Luperox 101 XL45 were mixed in the weight
ratio 97.5:2:0.5 wt%. The temperature profile was set at
160, 170, 175, 185, and 170 °C from feed zone to die with
a screw speed of 60 rpm. The extrudates was cooled down
in air and pelletized.

C. Preparation of Polymer Blend

PLA and PA 11 were melt blended in the weight ratio
of 100/0, 70/30, 50/50, 30/70, and 0/100 wit%. For the
reactive blends, the in-house PLA-g-MA was added at a
fixed loading of 5 phr in every blend compositions. The
melt blending was carried out in a twin-screw extruder
(SHJ-25, S/D 40, Yongteng, China). The temperature
profile was set at 175, 185, 175, 195, 210, 235, 230, 220,
and 210 °C from feed zone to die with a screw speed of 70
rpm. The extrudate was cooled down in water bath and
pelletized. Specimens were fabricated by injection
molding (NISSEI, Japan). The assigned abbreviation of
the hlends, such as PLATOPA30GS5, indicated the blend of
PLA 70 wt%, PA11 30 wt%, and PLA-g-MA 5 phr,

D. Characterizations

1) Fourier transform infrared (FTIR)

Fourier transform infrared (FTIR) spectra were tested
using a FTIR spectrometer (Vertex 70, Bruker, Germany).
Spectra were recorded from 4800 to 400 cm?, which 32
scans were recorded on each sample.

2) Titration analysis

Grafting yield was determined by titration analysis.
PLA-g-MA was dried at 80 °C to remove unreacted maleic
anhydride (MA). PLA-g-MA (2.0 g) was dissolved in
chloroform (80.0 ml), and then distilled water (3-4 drops)
was added to hydrolyze the anhydride groups into
carboxylic acid groups. The solution was stirred with a
magnetic bar for 12 hours. The solution of 20 ml was
titrated with KOH in methanol (0.01 M) containing
phenolphthalein indicator. The grafting percentage was
calculated according to the following equation (1).

98=N=xV=100

% Grafting = — ()

where 98 was the molecular weight of MA (g/mol), N was
concentration of KOH (mol/l), V was a volume of KOH
(1), and w was the sample weight (g) [10].

3) Scanning electron microscopy (SEM)

The morphology of blends was investigated by a
scanning electron microscope (SEM, Mitsubishi TM 3030,
Japan). The samples were fractured in liquid nitrogen and
were coated with gold/platinum.

4) Tensile testing

Tensile properties were performed in accordance to
ASTM D638 using a universal testing machine (Instron
model 5969, Instron Engineering Corporation, USA), at a
crosshead speed of 50 mm/min. Five specimens were
tested, which the averages and standard deviations of
tensile strength and elongation at break were calculated
and reported.

5) Impact testing

Notched Izod impact test was performed using an
impact tester (CEAST 9050 Impact Pendulum, Instron,
USA) in accordance to ASTM D256, using a hammer
loading of 1 J. Ten specimens were tested, which the
averages and standard deviations of impact strength were
calculated and reported.

6) Differential scanning calorimetry (DSC)

Thermal properties of the blends were investigated by
a differential scanning calorimeter (Mettler DSC I, Mettler
Toledo, USA). The samples were ramp heated from 20 to
230 °C with a heating rate of 5 °C/min under nitrogen gas.

I11. RESULTS AND DISCUSSION

A. Characterization of PLA-g-MA

TABLE I. FTIR SPECTRUM OF NEAT PLA

Functional group Wa\Esnmulr;ber
C-H stretching 2999
C=0 stretching 1754
C-H bending (methyl group) 1380
C-O stretching 1189

TABLE II. FTIR SPECTRUM OF PLA-G-MA

Functional group Wa\ﬁlr-lnglr;ber
Cyclic C=C stretching 1621

C=0 stretching anhydride 1759 and 1900
C-O stretching 1193
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FTIR spectra of neat PLA and PLA-g-MA are
summarized in Tables | and Table I, respectively. The
result reveals that PLA-g-MA has two essential peaks at
1759 and 1900 cm?, which are attributed to the C=0
stretching anhydride. Compared to neat PLA, the peak at
1759 cm? of PLA-g-MA cannot be significantly
distinguished, because neat PLA also shows a peak of C=0
stretching at 1754 cm™. Therefore, the absorption peak at
1900 cm* of PLA-g-MA confirms the grafting-reaction of
MA onto PLA molecules. Moreover, PLA-g-MA presents
the new peak at 1621 cm™ which is attributed to the cyclic
C=C stretching. This peak implies that there is some
amount of MA that is not reacted on PLA molecules. The
titration result of PLA-g-MA with KOH indicated that MA
was grafted on PLA molecules around 1.17%.

B. Tensile Properies

Fig. 1a shows tensile strength of the PLA/PALL with
and without the PLA-g-MA compatibilizer. The results
revealed that tensile strength of PLA and PA1l blends
without the compatibilizer decreased with the increase of
PAL1 content due to the incompatibility between PLA and
PALl. This correlated with the SEM micrographs that
spherical particles of dispersed phase clearly formed
within the matrix phase. For the same blending ratio, the
PLA/PALL blends with PLA-g-MA had higher tensile
strength indicating that adding PLA-g-MA improved the
interfacial adhesion between PLA and PA11 phases. In
addition, the blends with PLA-g-MA in all weight ratios
had tensile strength in the same trend similarly to the
blends without PLA-g-MA. However, the PA100G5
sample had lower tensile strength than PA100. It was
probably due to the phase separation of PLA-g-MA from
the PA11 matrix.

Furthermore, elongation at break of the PLA/PA1l
blends with and without the PLA-g-MA compatibilizer is
presented in Fig. 1b. The results showed that the
PLA/PALL blends without PLA-g-MA had the highest
%elongation at break at the weight ratio of 50% PLA and
50% PAL1, which had the increase of 140.87% compared
to neat PLA. Similarly, the PLA/PA11 50/50 wt% blends
with the compatibilizer also had the highest elongation at
break, which increased around 47.12% compared to neat
PLA. Besides, the PLA/PA1L blends with compatibilizer
had slightly higher elongation at break than the blends
without compatibilizer. Therefore, the PLAS50PAS50G5
had the highest %elongation at the break.

C. Morphologies

Fig. 2 shows that neat PLA (PLA100) and neat PA11
(PA100) had mostly smooth surface with localized
ductility. The PLA70PA30 and PLAS0PAS50 blends
showed spherical dispersed phases of PA11 in the PLA
matrix, and the pull-out of PA11 dispersed phase was
observed. This was due to the incompatibility of PLA and
PAL1l. For PLA30PATO0, the co-continuous phase was
evident that indicated the phase conversion between PLA

43

and PA1l. However, the co-continuous phase was not
observed in the PLA50PAS0 blend due to the difference of
melt viscosities between PLA and PA1l melts.
Furthermore, the morphology of polymer blend with PLA-
g-MA (Fig. 3) indicated that PLA100G5 had smooth
surface and presented wave feature in some area as same
as PLA 100. The PLA70PA30G5 and PLA50PA50G5
blends also showed spherical dispersed phases of PA11
similar to the PLA/PA11 blends without compatibilizer.
For PLA30PAT70GS5, there were fine spherical particles of
PA11 dispersing in the PLA matrix, which indicated the
influence of adding the compatibilizer. The PLA/g-MA
could effect on the melt viscosities of PLA and PA11l
resulting to the transformation of dispersed phase ratio. In
addition, the PA100G5 presented the strip feature and
showed small spherical particles of PLA dispersing in the
PA11 matrix.
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ig. 1. Tensile properties of PLA, PA11, and PLA-g-MA blends
a) Tensile strength b) Elongation at break.
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Fig. 2. SEM micrographs (magnification of 1000X) of cryo-fracture from blends a) PLA100, b) PLA70PA30, c) PLAS0PA50,
d) PLA30PA70, and e) PA100.
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Fig. 3. SEM micrographs (magnification of 1000X) of cryo-fracture from blends a) PLA100G5, b) PLA70PA30GS, ¢) PLASOPA50GS,
d) PLA30OPA70GS, and e) PA100GS.



TABLE 1ll. DATA FROM DSC ANALYSIS OF PLA, PA11, AND PLA-G-MA BLENDS

Tapew | Tepray | Tepary | Tmuea

Tezeeay | Tmpaw) | Tmepawy | Xepray | Xegean

Cc) (c) Q) ) | (%)

Sample ¢c) | ¢c) | o) | (o
PLAL00 61.41 - - 147.99

156.26 - - 16.49

PLA70PA30 61.53 | 101.99 | 167.77 | 148.99

167.10 181.07 187.22 16.05 | 24.34

PLAS0PAS50 6132 | 100.64 | 167.55 | 149.15

157.03 181.20 187.75 19.00 | 21.96

PLA30PAT0 60.61 - 16741 | 14734 15597 181.48 187.89 2220 | 25.89
PAL00 - - 164.86 183.70 187.53 - 28.76
PLA100G5 61.66 - - 148.90 156.84 - - 18.08

PLA70PA30G5 | 61.03 | 102.38 | 167.53 | 148.67

156.47 180.67 187.17 11.63 | 46.58

PLASOPAS0GS | 61.05 | 99.90 | 166.85 | 149.29

156.91 180.80 187.44 18.80 | 28.32

PLA3OPA70GS | 59.90 - 167.07 | 146.95

155.75 181.08 187.46 19.14 28.31

PA100G5 - - 166.68

18119 187.68 - 28.66

D. Impact properties

12

s

Impact strength (kJ/m?)
-

PLAION  PLATOPA30  PLASOPASD  PLA3OPAT0 PA1D0

@ No compatibilizer @ compatibilizer

Fig. 4. Impact strength of PLA, PA11, and PLA-g-MA blends.

Fig. 4 shows impact strength of the PLA/PA11 blends
with and without the PLA-g-MA compatibilizer. It was
seen that neat PA11 had a significantly higher impact
strength than that of neat PLA. Incorporating the PLA-g-
MA into PLA increased impact strength slightly which
correlated with the localized ductility as seen in SEM
micrograph. On the other hand, PA11 adding PLA-g-MA
(PA100G5) had lower impact strength than that of neat
PAL1. This was in agreement with the SEM micrograph
that small PLA dispersed phases were embedded in the
PA11 matrix. These small and rigid PLA domains became
stress concentrators inside the PA1l matrix. Due to
incompatibility of PLA and PA 11, all PLA/PA11 blends
had lower impact strength than neat PLA and neat PA11.
Comparison at the same blending ratio, the PLA/PA11
blends with compatibilizer had slightly higher impact
strength due to the improvement of load transfer from the
improvement of interfacial adhesion between phases.
Unfortunately, the interfacial adhesion was not strong
enough to overcome the influence of these rigid PLA
domains acted as the stress concentration in the polymer
blend.

E. Thermal properties

The DSC results of polymer blends between PLA,
PA11, and PLA-g-MA are shown in Table I11. Neat PLA
showed the glass transition temperature (Tg) at 61.41 ° C.

45

However, it could not report Ty of PA11 under this test
condition. Otherwise, other research reported the T, of
PA11 around 45 ° C [2]. Moreover, the polymer blends
with and without PLA-g-MA at PLA30PA70 had the T, of
PLA phase shifted to lower temperature, which the blend
adding PLA-g-MA had lower T,. This could be attributed
to the partial miscibility between PLA and PA11, and the
better miscibility could be achieved when blending with
the presence of PLA-g-MA.

The results revealed that crystallization temperature
(Tc) of neat PLA could not be detected in the condition
because PLA had a low rate of crystallization [11], while
PA11 had a crystallization temperature (T;) at 164.86 °C.
The T of PLA70PA30, PLA50PA50 PLA70PA30GS,
and PLAS0OPAS0GS appeared at 101.99, 100.64, 102.38,
and 99.90 °C, respectively. Since PA11 had a higher T,
than PLA, PALl could crystallize first and then may
induce crystallization of PLA. In the other words, PA11
acted as a nucleating agent for PLA crystallization. It was
seen that the T, of PA11 in both cases (with and without
PLA-g-MA) was shifted to higher temperature than that of
neat PA11. The degree of crystallinity (%Xc) of PLA
increased in  the  PLASO0PAS50, PLA30PA7Y0,
PLASOPA50G5, and PLA30PA70G5 blends compared
with neat PLA. However, the addition of PLA-g-MA did
not affect the %X of the blends.

PLA showed a double peak of Tr, since it could arrange
as the crystalline into 2 types which were o’ type (unstable
crystalline) and o type (stable crystalline). The o' type
would be occurred at lower temperature and then it was
melted and re-arranged to « type at higher temperature
[12]. In addition, PA 11 revealed that it had bimodal shape
crystalline as same as PLA, which was unstable crystalline
that would fuse and rearranged to be triclinic form that was
more stable crystalline [3, 13].

1V. CONCLUSION

The results of FTIR and titration confirmed the reactive
reaction for the preparation of the in-house PLA-g-MA.
PLA-g-MA enhanced the interfacial adhesion between
PLA and PA11 as shown in SEM micrographs. At the
same blending ratio, the tensile strength and elongation at
break were increased with the addition of compatibilizer.
Impact strength of the blends revealed the same results as
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tensile properties that they increased with the addition of
compatibilizer. The DSC results revealed that PA11 acted
as nucleating agent for the PLA crystallization.
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