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59402211 : Major (POLYMER SCIENCE AND ENGINEERING)
Keyword : Poly(lactic acid), PALF, composites

MISS PAPHADA KANTIPONGPIPAT : THERMAL AND MECHANICAL PROPERTIES
OF POLY(LACTIC ACID)/PINEAPPLE LEAF FIBER BIOCOMPOSITE THESIS ADVISOR :
ASSISTANT PROFESSOR SUPAKIJ SUTRIRUENGWONG, Dr.Ing.

Poly(lactic acid) (PLA) is one of bioplastics having great potential in
production and application in industry. However, the using of PLA is still limited due
to its poor resistance to high temperatures. Therefore, in this study aims to explore
the effect of different PALF content on properties of PLA/PALF biocomposites to
utilize of agricultural waste. The PALF was prepared from milling technique and melt
blended with PLA using multifunctional epoxide as a compatibilizer in single screw
extruder. To improve the heat distortion temperature (HDT) of PLA composites, using
hydrophobic fumed nano-silica as a reinforcement and poly(D-lactic acid) (PDLA) to
crystallize in a stereocomplex crystal. From DMA analysis, the additional of PALF lead
to higher storage modulus at glass transition region. The additional of silica showed
the storage modulus slightly increased from PLA/PALF biocomposites. The flexural
modulus was increase with increasing PALF contents. The PF30 sample had the
highest value (increasing 72% from PLA). From cooling process on DSC analysis, the
crystallization temperature (T.) of PLA/PALF biocomposites was lower than PLA.
However, the silica contents has no significant effect on flexural properties, thermal
properties and HDT of PLA composites. Furthermore, the homo-creystal of PLLA was
reduce by addition of PDLA 4-6 wt% while finding the crystallization of
stereocomplex crystal. The existence of stereocomplex crystal after first-heating can
induce PLLA to crystallize faster which corresponding to the higher T.. In addition,
the synergistic of PDLA and PALF 30 wt% can be improve the HDT of PLA

composites.
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IlfaUselev saudajadunisusulseataamgiinnsasgunisanuiouvesnaulngn
5811719 PLA wazidulodudgsalagnisiinansiasuuss laun 8801 waznisusudss

AMUAILNSAIUNNSANNANUDY PLA



1.2 TnUsraeAvasuIY

1. \fiefnwndvinavesUsnandulodulzsafidnoaudfideng wazautinisminusou
YpInaUlNANTINNTEIING PLA waziduledudyse

2. vileUsuUgsrgamgiinisassUnIAnLieu (HDT) vasmolndndaninsening

PLA wagidulodulysn

1.3 LUIAAYD9IUIIY

Asasunasautiniennnudeu wazaudiidnaii awsainonnisiuduly
Fuuzsmaslu PLA nefnudasdruveaduleduuzsn dieuansdnanmlunisihweadsain
mensinuasilldliAnUsglend sadamsuiulserngumiinisasgun1anusoues PLA
ANTANANLLT T (Siffness) 1}?\‘1?\]7ﬂﬂ’]iﬂ%UUEQﬁWINQﬁﬁ“U@Qﬂ@@JIWﬁW [GEEHERE
WESULSY kagn1sUSuUTIAsaIInsalunTnnnEnyed PLA VANENLUY Homo-crystal lag

WUU Stereocomplex crystal @nhludnisantedniamugaumailunsiiluldauves PLA

1.4 YaULYALALTaINNAVDINIUTIY

1.4.1 Yaquazannesildlusidosuanslumsisd 1.1

1.4.2 vmaedeuaeuindnszaing PLA uasidulodutzaaiilifinisusudseiuia
youdule Tngusulgedn HOT vesreslndnannifudanideimihidumsiatuuse uazid

PDLA LaLiuAMNa1u1salunIsanNanuas PLA

A15197 1.1 k@nes18n15asARkarUSUN U Ny tide

a1nu Foasiadl T USNRY (wtoe)
1 PLA 13 L175 (Corbion) MAnEN -
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szuinameduaninueda Laviduloduuzanangnifilaudfdenaiiian 1 gnsiildaindaud
1 Tnevhnisidvansasuwsdldun 8801 fsnsdulaiiu 2 phr luieSosnay Single screw
extruder uazdndasiniosinifanarain 3ntuiinistusuiduiuauneasudae
ASTUIUNINASA WazNIEUIUNISER SntuilunndevauTRdng dutinisnudeunas
daugIuInen
daudl 3 ﬂ%’UﬂqwhqamqﬁﬂwsmgﬂwNm’m%faumﬂﬂﬂiLﬁummﬂqmaﬂumam
wAnvesneulndnsznitmeduaninueda wasidulodulzmaingasifiandmdnadian 1
ansildandiud 2 lnvhnswedwesnausewing PLLA uay PDLA Ae PLA 1n3a L175 uay
D070 muddulag PDLA (D070) TdUsurasldiiu 10 wWesiwudlasindnluindosuay
Single screw extruder wagsngiewA3osaaNa1ERN mﬂﬁ?uv‘hmiﬁ??ugﬂLﬁu%quuw@aau
FensEuIuMINash waznszuiumsan ntuhlunadevandfiideng audinieenudou

[y

LAY AN IUINY
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1.6 Uszlevunaininazlasu

CensudaUsunuvenduledulzsanianumuizaulunisldasunssly PLA
Winllameulndndinmidiuseansnnlunisunluldau

dl = < o = Qi/ Y a 6

- edsanuduldlalunisinveanasiaainaanensunlaliinusslevy

- AUl TRt ungiin1sAegun1eAuTouve PLA lileantadinluns
P lUTgenu

- anunsagkanuiNlaanns3delatssussu WeliAnuwImluniside

v a [d o w 1
‘WGN‘L!’]LLﬁ%ﬂ?iNﬁﬁiuﬂﬂﬂQ@ﬁﬂﬁﬂiiNLﬂua’]ﬂU(ﬂ@l‘U



= awv A a v
UNN 2 LBNEITLaSITUIIYNLNYIVDY

[y

moulndn (Composite) MioTanauesrusenauiluianiiinainnisnaniansaus 2
a X = o £ a1 o w 1 1% 5 A & a ¢
yiaduly ien1siiluldauaniziaizas ddwddny 2 du lawndannduwning 3ee1a
Junedwes lane wiawsdlin uwazdagivitninilunisiaduuss nsdinedwasiuving (s
wnsnduszinninesluege wazmeslunatasin) dniinisledanasuuseUssnnidule wevin
Y Ao a o . . a A a a Y v
MIATULaEnI¥8Lse ABUINERTINIM (Biocomposite) Aaaulndniieeulaanidule
a a sy v a = = a say v
sysuTIfLazneaesnlaanllnsidey (Petroleum-base polymer) sanadiuasnlaain
@157107% (Bio-base polymer) saufsnaslndnfiwivulaainduledunsizilaznodiuasi
laa1nanstanin Nidimeulndndaniminassulaanndulesssumivasnodiuasnlaain
=~ g & a I a 1% \ = a v A P
a3t e dulinsdedwinaenuin (Eco-friendly) Fsanunsaisentadntenisin Aaxln

AndTe (Green composite) [6]

2.1 wadnandnkadn (Poly(lactic acid))

Junanafndrnmlungunedioaimesiilareldnss (Aliphatic polyester) finous
wodAensauanin (Lactic acid) n3e8ndede 2-lensendinsilodauweda (2-Hydroxy
propionic acid) 34l 2 lelowesfouuui uazuea ausaduazilaanraeuizen (A9
wandlunndl 2.1) Ifud YAsennisaunuuuuesdlelnsda (Azeotropic dehydrative
condensation) Ufjisenismivsiulagnsa (Direct condensation polymerization) kagn1s
Fuasevrnunisiinwaning (Lactide formation) @dluidsmalvdaginisdaasigsiinuns
\Ua4 (Ring-opening polymerization) vesuanlng weduanfnuedafiidndiuvaslelswes
wuuULea (L-Lactic acid) 1nn3190% Fuualtudunediwasfswdn (Semi-crystalline
polymen) luvaiefinisiindndinvesleleiuasuuud (D-Lactic acid) vilrduusldunduned
Woasadug1u (Amorphous polymer) [7] nsalaudfidang audinisninusou waznis
A4a18AINIIAINTOUVDI PLA %uﬁuﬁwwﬁﬂIuLaqa AUEINNTalUNITANKEAN LayA1Y
U3avidves PLA Fsaut@iBsnalneiialuyes PLA wudidn Young’s modulus fidnoglutas 2

- 5 GPa fi1 tensile strength dA10glut3e 30 - 65 MPa Ua¥A1 strain at break dA19¢

Tura1 -7 %[2]



CH, 0 CH, 0
A X Low MW prepolymer
“o/\[fo{\g/u\‘f)'\lfo\;)j\oww (1000-5000 Daltons)
i X i
0 CH, 0 CH,

HCy i OH A Chain Coupling
e’ Direct condensation Agents
Hoo ¢ onde
g polymerization
L-Lactic acid CH, & cH, 5
o, Azeotropic dehydration condensation > HO WO)’\KO\Q)LOH
Ho c' LOH -H,0 5 eH, n 5 (':H,
Ho' ¢
8 Polymerization through High MW polymer
D-Lactic acid Y, lactide formation Ring Opening (>100,000 Daltons)

Polymerization

CH
EH! o SH, o OQC/O\C,‘H’
ANt o — T
0 CH, 0 CH, ae N o
3
Low MW prepolymer Lactide

(1000-5000 Daltons)
d' U 6 a a a
AN 2.1 NTALATIZURNDALAANNLDYAINNATALAARNN [7]

2.2 vdulasssuvn@ (Natural fibers)

Tngluanunsadwunduleoaniiu 2 Ussian Aevdulusssuwd (Natural fiber)
waztduladunsien (Synthetic fiber) @miutdulusssuvifanuisadnnungaylasnann
unaefia Wi dlelsaniie, 401 wazussts (Fuanddunmi 2.2) Fensdlaeulnds
Fanmiidnsasuuseedulesssumddningliidulenldmnfindundn wu fe
(Cotton) Yanszian (Jute) Ui (Ramie) twana (Sisal) s (Flax) uazduizsa (Pineapple)
Judu Fadulowiazeindesduszneumaniifiuandrsiuly Tnsesdusenoundnveadule
nAivlaud wwaglaa (Cellulose) tadiwaglaa (Hemicelluloses) @ndlu (Lignin) twARy
(Pectin) uazlvsiu (Wax) fauandlunsnsil 2.1 Geuimaisaglaaludule uazanudundn
Wulladendnvesauansalumsiasuuswosduloaindias (8]

uenntaudRdnanazantinanmenmvendulousazednasiinruuansaiuld
muanuinGn (Jaduaingiusema) uagauesdusznaumaaiifiingn anumuiuiuyes
dulefunumdndnsoantidna wu ileifanuvuuiugeilifianuudausannndi
dileifarnumuiuiu sudsBinuenuturendilledaiumainanuinasgmguresdu

1o asAnaumaall Wudnuilstadendwaneautfvosduledaanslasanisnad 2.2 Tafvaq



msldduleaniivfedisnnign AnurUIKLL AIAULTILIITNNIZES (specific strength)
FensurlUldulivainnag ULuune anamnIsuame uaunssueIueus nseay

wazamamnssuneas e iWudu (8]

A15199 2.1 99rUsENaUNIAivaRaulaaniy [8]

Chemical constituents
Fibres Cellulose Hemicellulose Lignin Pectin Wax
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Abaca 56-63 20-25 7-9 1 3
Pineapple 70-82 - 5-12 1.1 2
Sisal 67-78 10-14.2 8-11 10 2
Cotton 82.7 5.7 = 0-1 0.6
Flax 71 18.6-20.6 2.2 2.3 1.7
Hemp 70.2-74.4 17.9-22.4 3.7-5.7 0.9 0.8
Jute 61-71.5 13.6-20.4 12-13 0.2 0.5
Kenaf 31-39 21.5 15-19 3-5 -
Ramie 68.6-76.2 13.1-16.7 0.6-0.7 1.9 0.3
Bamboo 26-43 30 21-31 - -

2.3 duleduuesa (Pineapple leaf fiber, PALF)
Fuleduuzsmdudulesssuvalaandiulusesduissa (Species : Ananas
Comosus, Family : Bromeliaceae) fianansavgnlaluuszmaaniou 19y Ussmaduife
Us%a Bulafide uade i Usenalng Wudu anevdinsfuienilifsvende
fnmmnussuaundneliindgmilunisida uasildldseiutureanunsnsldl
duloduusadmduduleanlueaglaa (lignocellulosic fiber) Aifiosdusznouvas
waglaagedia 80 wi% (asAuszneunadfuanddunised 2.1) wazdmdudulens
auveul faduisaduledonisiidmaeautfidnareaduloduizen Semuindlody
Tefiaudusily bundle strength anasiiy 50% gamunIwuautRFnavoaduledulysn

(A" tensile strength agﬂmﬁ& 413-1,627 MPa wazA1 modulus agﬂwﬁw 34.5-82.5 GPa)



vilianuaulalunniunldlunsasuusdutagwedwes Sadunauannisiviua
waglaafigs Snitail microfibrillar angle fim (Fauandlumsafl 2.1 wag 2.2 mugiu) [1]
2.3.1 mawssuauleduussn
inlududzsnaauidaluiianisvinsarnuevesluliiiainueiuszuiu 5-6
fadwns antuihluaniidalidundunualagldlaifiu (stone grinder) wiawp3osunduq
wzaziBoaudailumnuisiigungivendunm 3 Ju Ihdutasdsiulunisinluuends
39138071 Whole Ground Leaf (WGL)
dmsunisuenesiuszneuiludulovedlududese vldlaenisirdmify wel
unusheiniestuifianuisiseugs (WUseanal 25,000 rpm uan 30 Jui) AntuLE
filgluseu (sieve) Iadudmuiiifudule (Pineapple Leaf Fiber, PALF) uavaqudiliiiduidu

T (Non-Fibrous Material, NFM) [4, 9, 10]

Natural fibres

Plant fibres Animal fibres Mineral fibres
(Wool, silk) (Asbestos)
Wood fibres Nonwood fibres
Softwood —— Leaf (Henequen, sisal, pineapple, abaca)

(Spruce, pine)
—— Bast (Flax, hemp, jute, kenaf, ramie)

Hardwood |
(Oak, beech) Seed (Cotton)

—— Fruit (Coir, kapok)

—— Straw (Rice, wheat, corn)

L Grass (Bagasse, bamboo, switch grass, elephant
grass)

ANN 2.2 wurauanansInvanavyvesdulesssui (8]



AN5199 2.2 anURnakazatUAnIsnIen I nsaduleanivwazEule &A1z [8]

Physical properties Mechanical properties
Fibres Diameter Density Moisture Microfibrillar fensite E-modulus Hongation
content strength at break
(Km.) (g/cm?) (degree) (GPa)
(%) (MPa) (%)
Plant fibres
Abaca - 1.5 5-10 400 12 3-10
Pineapple 20-80 - ,11.8 14 413-1627 34.5-82.5 1.6
Sisal 50-200 1.4 10-22 10-22 468-640 9.4-22 3-7
Cotton 12-38 1.5-1.6 7.85-8.5 a6 287-800 5.5-12.6 7-8
Flax 40-600 1.5 8-12 5-10 345-1100 27.6 2.7-3.2
Hemp 25-500 y 6.2-12 2-6.2 690 30-60 1.6
Jute 25-200 1.3-1.4 12.5-13.7 8 393-773 13.0-26.5 1.2-1.5
Kenaf - - - 930 53 1.6
Ramie - 1.5 7.5-17 7.5 400-938 61.4-128.0 1.2-3.8
Bamboo - 0.6-1:1 8.9 8-11 140-230 11-17 -
Synthetic reinforcement fibres
E-glass - 2.50-2.55 - - 2000-3500 73 29
Aramid - 1.40-1.45 = 3000-3150 63-67 45-48
Carbon k 1.40-1.75 F < 4000 230-500 164-171

a s & ¢ v Yo ¢ % o Ay v
MITNN 2.3 LLa@ﬂLﬂ@iL‘ﬁu@Na‘l@LLGSGU‘U'W]Laum’]u@uaﬂaqﬂ‘ﬂaﬂLﬁueLUaUUgi@Wl‘lﬂ'ﬂ']ﬂ

NILVIUNITNITANARAILG [10]

Range of Average
Fiber Fiber
Methods diameter | diameter
designation | yield (%)

(Km) (Km)
Retting R-PALF 1.8 5-166 58.98
Scraping S-PALF 1.4 5-129 57.36
Ball milling BM-PALF 2.9 3-95 8.66
Milling M-PALF 2.8 3 -68 18.70
Milling of dried leaf MD-PALF 3.0 5-194 63.43




[l '
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2.4 $199UNaNUITeNEDUlAIILE?

ANTUNEN LANIRSHY wazAME [10] ¥nnsAnwInsidduledulssalunisiasunss

9

a aa

weansafau (Polypropylene, PP) Tngvinn1siUSoulfisunauesnseuiunsnisana lalaidu

'
v

Tofidnednwuzvonduleiils naonauautivesmenindnideunlasly F993lunsanails
Aan1s wiidule (Retting, R-PALF) yawdule (Scraping, S-PLAF) nsuasiegnuaad (Ball
milling, BM-PALF) n1sumaintutlan (Milling, M-PALF) warnisuaainluuie (Milling of

dried leaf, MD-PLAF) @siinnsuiasidusnalavaadulodulssansaunis

weight of dry PALF (g)

Fiberyield (%) = weight of fresh pineapple leaves (g)

x 100

Wosidusnaldvenduleduizsndldannseuaunisangg wansiansad 2.3 diovi
AsnedeuanTRnIsAsdnvasneulndnsznias PP uay PALF Wu@mnsasfinal modulus
wiilsldanasiadn tensile strength vasneslwdnuindn venanidulefitiusyansanluns
La%mmmﬂﬁqmﬁa M-PALF ey S-PALF, BM-PALF, MD-PALF Lag R-PALF anasnuansiu
idlefinnsandnwasfiuinnsiannve sneslndn saandunni 2.3 wuin S-PALF way R-
PALF lumaulndndidnwusilude (fiber bundles) aunalug wazinisngaesn (pull-out)
NUNINDG d1915U M-PALF waz BM-PALF wuldulpdiflvuindn @saonadasiuadinuly
15197 2.3) Tuwadziingdl MD-PALF Linunisngeeenvauduleusinunalnnisuaniin

Y] = Y g = va a A A
GUENLauFL'EJGUQLLa@QIVTLcVTanﬁlJUG]L‘?Nﬂa‘mlll@

ATiueN newnsiv wasane (4] innsfnwianudululalunisldmnduvesves
widofsanmanumslunmstgniulzsaduiiawesluiannenindn Tneldduildannisun
Fana WGL) dufitdudule (PALF) wazdaufiladiBwduls (NFM) USunad 10,20 wag 30
wt% funeansefidu (Polypropylene, PP) wuinnswasuuse PP sreduleduissadiang
UFuusalvi PP composite faud@ana (tensile, flexural wag impact tests) Wazgumnail
n3AIgUMMInIFeY (HDT) Aigsiiando PALF, WGL waz NFM mud iy uazgegaiinisifa
ule 30 wto uennaniinisld MAPP (Maleic anhydride grafted polypropylene) Wuans
YSuusemnudniulasenitadule waznedwesiunsndludnsidiu 5 wt% aruisadie

=

Usuupsaudfanalaegnalidedfyauanslunisn 2.4

o



2011/06/02 15:338 L x150 500um

L x150 500 um

TM-1000_0374 201105030 16:05 500 um TM-1000_0452 2011/06/02  18:00

L x150 S00um

TM-1000_0457 2011/06/02  16:29

AN 2.3 SEM photograph waasuRaninveInaulndnszwing PP uay 5 wt% 1o9

PALF : (a) S-PALF, (b) R-PALF, (c) BM-PALF, (d) M-PALF wag (e) MD-PALF [10]

11



AN 2.4 hanENURAaNaYaInaulnansyiing PP aziduladulysaniinnsiiy MAPP

Haglunsuuuzmnudiule [4]

Properties Tensile Tensile Flexural Flexural
strength modulus strength modulus
(MPa) (GPa) (MPa) (GPa)
PP No 29.09+0.69 1.13+0.05 33.16+3.66 1.12+0.15
MAPP
5%MAPP 29.63+1.01 1.08+0.04 36.31+353 121+0.15
30PALF  No 4243+121 262+012 6396+2.00 3.51+0.09
MAPP
5%MAPP 44.55+0.73 2.15+0.08 65.59+0.68 2.78 +0.06
30WGL No 2447 +£061 1.69+0.04 41.83+195 1.74+0.14
MAPP
5%MAPP 3569+0.69 1.72+0.03 61.11+1.86 2.29x0.17
30NFM No 23.03+0.86 1.48+0.05 3863+247 1.41+0.16
MAPP
5%MAPP 34.44+0,79 159+0.06 5736+1.88 2.12+0.17

12

Aunasenua Jyaaeans wazane [9] vinnrsAnwpeulndnsenitanediolus 6

(Polyamide 6, PA6) wagtduladuuzsn (PALF) Imaﬁmiﬂ%’wqaﬁuﬁ’;Lé’uiaé”swm (NaOH)
uaz latau (3-Aminopropyl(diethoxy)methylsilane , APDES) USu1ad 5 wt% vinnsinses
nouTndnlaglda3aq twin screw extruder ¥an1sanwautinisnudou wazaudiidna
WU PALF lidinasioautfinienanusouvatnoulndn (T, T, kag %X,) wivieusuuss
auUaLgang A1 modulus ey tensile strength Aty lunsiian elongation at break

anad Aakandlum15199 2.5 Inenuannstia PALF 30 wt% vinlalaaudfidenananas way

q

WoRinsumavesn1suTulsudulenuitnnisusuuaiuiimeloaudwmalidnisdndn

58131977 (interfacial adhesion) MA7dn 1es3a1n NsUsuUssuRdulemenadunis

'
a

Mdndewdeu wazyiliiuiivesduledinnuneivuintu dnnadletnluiinisusuls

o

NuRmelgauneiiliiie Siloxane linkage Auszwinaduluuaznediuosiunsng
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AN519% 2.5 @UURNISANEAUDY PA6 hazmaulndnsening PA6 way PLAF [9]

Young’s modulus

Tensile strength

Elongation at break

Sample (MPa) (MPa) (%)
PA 6 1.007.7 514 62.3+2.1 46.8+4.1
R-PALF 20 1.420.0+41.0 67.6+1.8 10304
R-PALF 30 1.600.0 +27.7 709+ 0.9 82+0.3
R-PALF 40 1.962.5 +50.1 68.6+22 52+023
Na-PALF 20 1.540.0 = 36.0 73.7+1.5 95+0.3
Na-PALF 30 1.820.0 +49.1 782 +2.1 8.0=+0.3
Na-PALF 40 2.040.8 +40.1 73.5+2.2 5.6=+0.3
Si-PALF 20 1.570.0 £35.9 753+14 10.8 0.3
Si-PALF 30 1.848.5 +48.1 81.8+1.3 79+02
Si-PALF 40 2.091.3+£49.6 796 +2.7 6.0=0.3
3.5
3.0+
©
o 2.5-
=
:_-——‘
Ll
o 2.0 -
9o
1 Neat Polyester
1.54 2.1/d 200
3.1/d 400
10 4.1/d 600
' 5.1/d 800
' 1 ' I ! 1 v |
40 80 120 160
0
Temperature( C)

Ml 2.4 uansAn Storage modulus ﬁLﬂﬁauLLﬂaelﬂﬂﬁuqmwgﬁmaa PALF/polyester

composites N13A1 aspect ratio vasuwanA19Y (Usunauduleasiiil 40 wt%)

wﬂaauﬁmwﬁmﬁ 10 Hz [11]



L.Uma Devi lazaaig [11] virn1sAnwaudfdsnatvulaunfinvesnsulndnsening
wodleawosuaztdulodulzn lnaiansundndnavesauintdule (Aspect ratio %39 L/D
ratio) wazUsunanduledussalumaulndnsant Storage modulus MUasuudasium
oaumgfl 9na il 2.4 uandifiuinnsaduuswheiduleduussalidmasionuudauss
vosnouIwdndivrsgaungiia ﬂgﬂﬂfﬁqmwgﬁgaﬁmiamawmm Storage modulus N3
w@sunsameduledulzsnvivannisanasvuesan Storage modulus ANAINITATUANS
sunswondulodiaTunudn Aspect ratio %aqaqmﬁm Aspect ratio 600 (Eulefifinanu
g1adsUszana 30 mm.) winldduleddanueuindulverarlmianisfesiuiu
(Entanglement) vauduly denadanisnsyaredveadulalunenlngn

AuSAAnIa Tusinse kagane [12] insfnwautfvasnadioamas laun PLA,
PHBV uaz PBS uazaeulndnvemedieanesinaiuiiiinasdu hydrophilic fumed silica

Aau 0.1 — 5 wt% Tunsaluasumnsng PLA WUINSWRNISIRNTaN1Nons1aunnee) lidwa

o A

#9A1 modulus ¥INUN WONWAITUIAY impact strength WUIINSANTANIUTUI 0.1 - 0.5
wt% lidswasgralidudaey uadliowdluusunafunnnin 0.5 wt% vinlian impact strength
= = [ a s a £ oA a ] 1Y aa o 1% =) [
anasdlawiguiunafiiesusans Wewiniani1ssudidunguieuvedani vilvailoudu
PTANUAUNEIUIUIUAIBEI 31NENTIA 2.6 NUTINISHUTENT 5 wt% T PLA vl

A1 HDT amasan neat PLA tanter Bandilsifansglutae T, vos PLA fio 55-60 °C

M1399 2.6 A1 HDT Yoameduesuias wasraulndnveanediwesivaiiu [12]

Samples HDT (°C)

Neat PLA 57.3+06
PLA/silica 5.0 wt% 553+02
Neat PBS 87.8+03
PBS/silica 5.0 wt% 90.3+£0.6
Neat PHBV 1400+1.0

PHBV/silica 5.0 wt% 1457+4.0




1. 15

Jyh-Hong Wu wazmnie [13] vnnsinwaudfivesnonlndnsswing PLA uwas@anadi
fin15U¥uU9R18n3a (Stearic acid modified nano-silica) tiasinlddnwaelaive v
(Hydrophobic) USafuiivesdant annsAnwdemada DSC Tulnun Isothermal 7
125 °C wanNananngeil 2.7 nafindsuna@anwildreuindadinmuaiuisalunisanndn
dindu TasUsunundngeaaiiodudani 0.8 wi% (Usunundn 48.44%) uazanaudisd
Usaausnniiy esindnsmginssufiustudusening (1) msifiuanuasnsalunisan
HANAIN Heterogeneous nucleation (2) N158AANAILNTALUNSLAANANINNITTAVIINNIS
\ndouiiveslinana dmiuautRdinadinsei 2.8 wuimaiudanfiviinusedesase
A1 Young’s modulus Tneifiuduann Neat PLA Uszana 2.7 - 21.7% wleldudani 0.1 -
1.5 wt% mudsiu uenaniinisiiudangaelireuingniinanumien (Toughness) anniu
Faandluan Impact strength Aiagan 157 48U 5.13 kl/m? (RuTudszanas 227%) o
Buganiinde 0.8 wtoe lefiasainan HDT wuinsiAedanuiintui 1.5 wtd il

HDT wasmaulndnfiuduuseaa 25 °C feain neat PLA 55.2°C (i 80.2 °C

NSl 2.7 Melting temperature (T,,), Absolute crystallinities (X.) oz Peak
crystallization times (T,) 489 neat PLA hagasandnsziing PLA wag 3301 (SI0,) 7

U3uauweedanienag (%laaiamiin) 91nmsanetuluue Isothermal 71 125 °C [13]

Sample T (°C) X (%) 7, (min)
Neat PLA 167.6 42.60 18.81
Si0; 0.1% 167.4 43.05 17.28
Si0, 0.3% 167.4 43.12 16.67
Si0, 0.5% 167.3 43.33 11.48
Si0, 0.8% 167.1 48.44 6.94
Si0, 1.0% 166.9 47.35 8.45

Si0; 1.5% 166.9 46.97 8.67




Intan S.M.A. Tawakkal wazang [14] inn1sAnwineulndnszning PLA, kanef uay
thymol #4fin15USuUseiluRa Kanaf fiber faeasazats NaOH 5%(w/v) fouviinisede
aoulndn Taewiy Thymol eviwinfidunanafinlowes 5 wag 10 wio nanluiados
Internal mixer MnLUNsANwELTAGING LarauTRnisaudou 99N nMadeUANTR
\Fananuinnsel 0 uaz 5 wtd% Thymol wudne tensile strength Sirinududndesiaiy
Usunandule 10 - 30 wt% wavasiilewfiuysunandulode 40 wto% ssinsdhiy 10 wto%
thymol fnsiasunlatesshififedfayuese Tensile strength lofiansanan modulus
wutmndnsrauees Thymol fuultiumileutufion Modulus dstudeifiuyiaunadu
Ty TuwauediAn Elongation at break fid1anas dmSuaudinieminudeu 91nn15197 2.9
wudnsiuidulelddmadiann T, LLGiﬁﬂ%mmeﬁuiaqaﬁa 40 wt% vinlian T anasann
neat PLA (310 107.8 °C 481 101.7 °C) 109970 Kanaf fiber uiiaiidu Nucleating
agent N15LAY Thymol uAnTuvialeren T, way T, vosreulndnanawilonin Plasticzing
effect Waiin5.iuTlaiaesiasansiunsstenanlidmasnoniuaiuisalunisiiandnyes
AouTndn uonaninisaanefvnsaeseuveddnulltufiviuiiofusadulean
auliliadsnsnnudeusaadulotasanudure adule Fsnsaaredminudeunes
AoulnanAnty 3 923 ludaausn (Reu 100 °C) Wunissymeasin anndulugag 100-200

°C WWumsaaedines Thymol gavnerdunisaanasives PLA Tugig 280-350°C
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Tao Yu uazae [15] Anwinswseuuazautivesneulndnves PLA fiflnisiaSuuss
Fodulosssumidindulodu 16un Ramie uag Jute wudrouindniausRidenadindia
dewuduleduusina 30 wi% waznuinsdveadule Ramie vilkaeulndnvos PLA i
A1 Tensile strength, flexural strength tag Impact strength Qﬂﬂdﬂﬂszﬁﬁ@mﬁﬂa Jute 7
Fnduwiiu dmdunsfine Vicat softening temperature WAASHARIAISIT 2.10 WU

o w

nsfuduleduvinliien Vicat softening temperature 499 PLA WiisiiusgsiltiodAsy

#5799 2.10 AN Vicat softening temperature ¥e< neat PLA wazaaslndsues PLA [15]

Composite Vicat softening temperature/ C
Neat PLA 60.4+433
PLA/Ramie(70/30) 103.5+2.5
PLA/Jute(70/30) 93.5+1.7

Zongyan Gui kazAy [16] ANYINGRNITUNITHNNANLALNITNADNNAIVDY PLA il
Asnasnenaniinisnandanidvd Tneseteaisaondniilduanssemisnsd 2.1 dev
MsiuasienanUiunm 5wtk wasfinwdemada DSC 990 Cooling curve igmsinnsan
gungdl 10 °C/min wuansAeunAniianswasie PLA 1nfigade TMC way PETC 33
Wnisane iy lneuSuasudssimaisienaniu 0.2, 0.5 way 1 wt% uaz
VTwmﬁﬁﬂmﬁé’mwmiamqmmﬁ 25, 5 way 10 °C/min satanwalumsnsii 2.12 PLA fiify
TMC @unsannuanlugng 123.5 =138.9-°C %qgaﬂ'jmizﬁﬁ@m PETC Usgunas 15 °C
weNANLNUINAY Half crystallization times (t;,,) U84 PLA fafiutuiloansnsinisan
gl uazen t,, voshegeiifinansiendnyiia TMC flrngeninnsdlidy PETC ludadd
winiu wandlidiudn PTMC $8ns1n1sanrandanin PPETC usnanndnuinnisifivdsuna
ansnendnviln TMC 11niu viilsien t,, 99 PTMC anad win1siiiuusunas PETC lyidswase
A1 1, V89 PPETC 0e19iltiudnAgy Wage ty,, 183 PTMC tay PPETC fenlnaAestudiody
a13noNdnUINIA 1 wt% NaNABANINONANTINFUAINARADNANITINNITANNENTDS PLA
Aafufo TMC Pransansiindandealainit PETC Tuvaiziil PETC freissmsiiivlavowadn

1a@anI1 TMC



AN5197 2.11 518F0a1sNaNANNLYluN1SAN® [16]

Code Name Component General use

M3988 Millad 3988 sorbitol derivative PP

HPNGSL Hyperform carboxylic acid PP

HPN-68L sodium salt

WBGII WBG-II rare-earth PP
organometallic
derivative

TMB TMB-5 amide compound PP

P22 Bruggolen P22 mixture of organic PA

and inorganic
nucleation agents
P250 Bruggolen P250 mixture of organic PET, PP
and inorganic
nucleation agents

PETC PET-C organically modified PET
montmorillonite clay
TMC TMC-328 amide compound PLA

A5 2.12 Toyan1nnnantulnug non-isothermal ¥4 neat PLA , PTMC Way
PPETC [16]

Sample @ Te AH: X At ti2 n Z:
(¢C/min) (°C) (J/g) (%) (min) (min) (min™"/
UC)
Neat PLA 10 - - 0 - - - -
5 979 62 7 180 - - -
2.5 102.2 284 31 349 41 2.22 0.25
PTMC-0.2 10 1235 438 47 6.7 1.1 2.25 0.94
5 1316 470 51 125 13 224 0.82
25 1369 500 54 236 18 2.12 0.55
PTMC-0.5 10 1253 459 49 68 08 226 1.02
5 1326 473 51 126 09 226 094
25 1379 505 54 235 14 235 0.62
PTMC-1 10 1263 469 50 6.8 06 210 1.07
5 1339 491 53 124 08 2.29 0.98
25 1389 510 55 232 13 225 0.67
PPETC-0.2 10 1093 354 38 84 0.7 2.04 1.08
5 1169 405 44 159 08 210 1.02
25 121.8 436 47 301 12 238 0.74
PPETC-0.5 10 1108 353 38 84 0.7 226 1.07
5 1178 407 44 157 08 224 1.03
25 1224 426 46 300 1.1 218 0.77
PPETC-1 10 1109 353 38 83 06 232 1.07
5 118.1 390 42 157 0S8 2.15 1.05

25 123.0 420 45 296 1.2 230 0.75
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T Tabi wazAniz [17] Anw1dvidwavesgUiuundnves PLA (UWUU OL uag Q) Tiin
MnnsWasuulasaiuazgumniluniseuseu (Annealing) Turas 0-60 Wil wag 80-140
°C AN 2.5 wuindaeene PLA fidn T, Uszanm 60-65 °C dmiu PLA filiuniseu
gaunuiia Cold-crystallization Tu¥1¢ 80-100 °C uazyisgunail 147-160 °C wuiia
Exothermic Usuannisiasuntasguuuusdnan afu a luanizvesuds wuideaiud
wuiuﬁaasmﬁmumsauéauﬁqmmﬁ 80, 90 way 100 °C uAdn1sidouvosiialufisunis
pumgfigeludniiosnuddu (Hasindgungdlunisvasumar) aniuianisvasy
Tuting 160-174 °C Tuvauzdidhogafiinuniseuseudigamgil 110, 120 waz 130 °C linuiia
exothermic flaunTsviasuivan uagnufinnavaeuvaidu 2 feuandiiituinfnudntuss
2 5UuUU foens PLA Thinumseusouiigaumail 140 °C wufinnsvasumandufiaifieodves

HANIUKUU O nadmensiidgamvgiiluniseugawitliduwilunlunsiiandnsuiuy o

1N
2,5 1 Crystalline structure:
140°C at 1h o
2,0 - N
130°C at 1h o’ and o
’E 1,5 4120°C at 1h Wa’and o
A
= 110°C at 1h Va’ and o
= 1,0 1100°C at 1h eI
o
&= 90°C at 1h \/ o
= 0,5 - \[—
E 80°C at 1h o
0.0 Unannealed retergc/q\ \ / o
'0,5 T T

40 60 8 100 120 140 160 180 200
Temperature [°C]

Ml 2.5 DSC curves Tunislianusaunsausnues PLA fiinunseuseuiigamgianiagdu

Y

nan 1 9904 [17]
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ueNNHYMSANwANTR HDT 983 PLA 91namdl 2.6 nud1 matiiunailuniseu

goufl 80 °C Fafunaifiuyiinaminannis 35% deualien HDT Wutudntosann 55 1y
58 °C TurneilidloUsuawdnifiutuiiu 35% (Wngn 49%)asdanalia1 HOT 189 PLA
dintuegnafitddy (910 58 Wy 97 °0) uazdlefinnsundviwavessuuuunEn mnvhms
Wasuuasgamgiluniseuseuain 80 1y 120 °C (UTunuwan 40 wag 42% mud1du) i
HDT fiAfisduain 97 u 140 °C uansliifuingungilunisanudnude T, lidwase
aruanssalunsanudn uddssaegnannded HOT dslunuAdedanusaifiuain HOT 16

gagana 151 °C

160 -

120°C at 1h (m|
N\
140 A 110°Cat1h-.B L 1:0>cw11
50 100°C at Th—> e 1]
90°Catlh/D 130°C at Th
'; 100 A 80°C at Th — D
— 80 -
a)
T 01 g o0 00 &
40 -
o : Annealed at 80°C
20 A for 0-60 minutes
0 L} L} L) L} L} L]
0 10 20 30 40 50 60

Crystallinity [%]

a

AN 2.6 ANUAUTUTIENIN HDT Wag %Crystallinity ¥as PLA MiH1uN150U80uiIgauugll

Y

=

80 °C a4 1781614 LLazﬁqquﬂﬁquﬁunm 1 Flus [17]

Xin-Feng Wei wagaug [18] laviin1sAnwinavesnisiialaseadiauanuuy
Stereocomplex crystal ApdRIINITANKANLUYU Homo-crystalline Tagluswidulavinnis
Weyl PDLA 7iUSunas 0.5-5 %wt. 11U PLLA wudn annuan1snaaeu DSC n154isl PDLA a¢
yhlAnlassad1andniuy Stereocomplex crystal Fulasusngfintuiigamgd 220 °C uay
dlonsiaaeusiomaila XRD aznuinuuy sharp YOIWENFINA1IT 11.8°, 20.6° LAy 23.8°
Fedonndeciuiinvadasadrendnuuuingn snsannuantsageu DMA (wandlunni
2.7) wud1 matialaseadanEnuUY Stereocomplex crystal Huazihlsmginssunisinaves

nodwesnauvavuudadly Tnelefin1siin PDLA AIUSu1amnnndn 2%wt. agvinlanginssy
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Asluadeuann Newtonian fluid [uwuy Shear thinning Lﬁaﬁnﬂﬁwmaauﬁﬂaﬂmﬁﬁm
Fauanailassairendnuuudnanazivihiidusynirveands vieduilaaesivaeis
anundanss 1esnnlaseafrawdndenanigungfivasumaiginitgamginldlunis
naaou vilnidleflassairendndanann avilvinediesnauanunsonevausauudaneuls
fAnn waziilefansannavesmnNAnNUINISRLUSIN PDLA faunntuasyinlian t,, fiAd
anshas Bnitaannsmaaey POM aeBuduiinmsdl POLA agluszuuasiliifnmannudn

51T unasnanladuuadnas

a 10° b
10° ;f;ﬁm 10°}
a
Y
10 / ~
= : =,
& 2 g 10 —u— neat PLLA
10°F e % —u— neat PLLA - neat PLLA
s e 2 50 —eo— LD-0.5 —e— LD-0.5
Ra2ans —A— LD-1.0 - —A— LD-1.0
S pel }V; —v— LD-2.0 Qo —v— LD-2.0
v’ﬁ{ 2 —<4— LD-3.0 —4— LD-3.0
10'F A",.;‘r‘ —»— LD-4.0 —»— LD-4.0
?’:/' A —e— LD-5.0 1ol —4— LD-50
10°k . . i " " L i A n :
107 10" 10° 10 10% 107 10" 10° 10’ 107
Frequency (Hz)
C dre
.‘I\
u, —m— peat PLLA
1oeesl, o~ LD-0.5
Aaa, —A— LD-1.0 -
i =
P —v— LD-2.0 o
P b3 s —4— LD-3.0 a
PR “v. — - y
O s T I et
+o000 L —¢— LD-S. = AD-0:
§ aas 10°F —a— LD-1.0
b —v— LD-2.0
—<— LD-3.0
100k —p— LD-4.0
3] —e— LD-5.0
10° 10" 10° 10' 10° 10* 10" 10° 10’ 10°
Frequency (Hz) Frequency (Hz)

AW 2.7 nsAsunUasesen (a) Storage modulus (G”), (b) Loss modulus (G”),
(c) Loss tangent (tan 8), uay (d) Complex viscosity (|N*)) dlefinswasuuvasenud
YOINDAMDINANTZIN PLLA/PDLA 7iu3unay PDLA #ige)

i Strain ASAT 1.0% gaumgil 180 °C [18]
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Rui-Ying Bao uazaai [19] lfinsanwinavesgmgiiildlunisnausenayeanis
AnlATIa319INENLUY Stereocomplex crystal UaeWoRLasNANTENING PLLA waz PDLA i
dndau 50:50 Imﬁwmiﬁﬂmﬁqmmﬁ 160, 180, 200, 210 wag 220°C fauanslunni 2.8
Tngannsamsmaaounud1 nskanfigungi 160°C azvhliiAausnalasarmdnuuy
Stereocomplex crystal Lﬁ@lﬁ%umqﬂﬂdﬂﬁqmmﬁéuq wazilofarsaunaresnisvaaeu
DSC Wy azifnfiavesnisvasuimalvessanluguuvuiananiigumgiilutis 223°C uaxdl
USinamdnunniigafigumgll 160°C uazidlevinnsandndiueau3unas PDLA anas wuin
idlefiusunas PDLA anasazvirliifnlassad1andnuuy homo-crystalline tnsnniy urasdl
USinmues Stereocomplex crystal anas Snaiofinnsaunatiosnmemudouvemed

4

wesnaunud gaumgiinldlunmswauiigunniy avvilienmgisusulunisaaieiivesed

9 Y

weskaudAaniaInIINNENgarglinn wazudinazddndiu POLA Nanauilu 30%wt.
' o = a0 o § v a o A v o a o~
winnganauigauniinn asvitligaumailunisaanedidailndiAesiunisidy PDLA 9

U3uad 50%wt.

sc(110)

$¢(300)/(030)
160 °C

sc(220)

Intensity
Endo

‘ 180 °C

200 °C 200 °C J/L
s\ Sy 173
M casting =\ L

; ; ; A ; ; A : : ) : ; ; ) ; : ;
10 12 14 16 18 20 22 24 26 80 100 120 140 160 180 200 220 240

20(%) Temperature (°C)

A 2.8 WAXD profiles (a) waz DSC melting curves (b) UDINDANOINAUTENIN

PLLA/PDLA flgamgfilumsnanunnsnsfuiisufiunszuiunis Solution casting. [19]



#1597 2.13 A1 HDT w89 PLA, PLA composites Wag PLA fiiunisu3ulsamsannuiou

INNIINUNIUIITEUNITU
HDT (°C)
Recipe and condition Neat Composites/ Ref.
Polymer | after treatment

PLA/CreaMix-TC1004 (70/30) 64.5 73.1 [20]
PLA/CreaMix-R0083 (70/30) 64.5 72.5 [20]
PLA/CreaMix-R0084 (70/30) 64.5 73.0 [20]
PLA/Bamboo(80/20) 63.0 64.4 [21]
PLA/Talc (80/20) 63.0 62.8 [21]
PLA/ Bamboo/Talc (60/20/20) 63.0 66.3 [21]
PLA/5%Hydrophilic fumed silica 57.3 553 [12]
PLA/1.5%Si0O, 552 80.2 [13]
PLA/0.5%LAK (molded temp.110 °C) 56.1 88.3 [22]
PLA/0.75%LAK (molded temp.110 °C) 56.1 116.0 [22]
PLA/1.0%LAK (molded temp.110 °C) 56.1 140.8 [22]
PLA/2%EBS at 80°C for 15 min 58.0 71.0 [23]
PLA/2%Talc at 80°C for 15 min 58.0 76.0 [23]

24



uni 3 Bnsandiunuise
3.1 Yaquazansiadiildlunuide
3.1.1 wadlamAnLada (Poly(lactic acid), PLA) Faluaideiiusenoudne 2 1nse 7
nanlagAausen Corbion Purac Thailand lawn
3.1.1.1 woduaauaninueadn (Poly(L-lactic acid), PLLA) 1n3a L-175 &
anwaziliansanszuen 139y danunmunwiy 1.24 ¢/cm? wagdl %L-isomer > 99%
3.1.1.2 wedauamdAnieda (Poly(D-lactic acid), PDLA) \nsa D-070 dnweuy

W3 dwdedla Januvuiuwiy 1.24 ¢/cm’ wagdl %D-isomer > 99%

N
AW 3.1 gmslasiainewed Poly(lactic acid) (PLA)
3.1.2 Wulodudesa (Pineapple teaf fiber, PALF) fildannvesndefisainnin

N13NYATUTIUEINBUATINY Janinfivalan Usemelng Ak1unszuIunisdn ua Ju

nszaladuledudzsn anwaizluyds dvieuiiniaseu daanslunini 3.2

A 3.2 anvasEuduUssanldlunaulngs



3.1.3 §an" (Hydrophobic fumed silica) tnsa AEROSIL R-972 Pharma w@nlay
U3 EVONIK Industries Sidnwasifunsdan fhimdniun fen Specific surface area (BET)
90-130 m%/g Avmdansues SO, > 99.8%

3.1.4 a15UFuUeAudnduld (Compatibilizer) senitauninduagziduly vin
Multifunctional epoxide 811301567 Joncryl ® 1n5A ADR-4368F HAnlAEUSEN BASF
Corporation fidnwaziiuinanla 5mﬁﬂ1maqa 6800 g/mol A1 Epoxy equivalent

weight 285 ¢/mol

it 3.3 gmizﬂim%d?/m Multifunctional epoxide
3.1.5 paelsvlasu (Chloroform) 1A GPR wainlagu3®m RCl Labscan Limited 3
dnwazduveanadia finduendnwal dviinlinana 119.38 ¢/mol Anammnuyy 1.48

g/cm® PALEENS > 99% AURDN 605 - 61.5°C

|

C'U
A\ "Cl
Cl \CI

AN 3.4 gnslas3a319384 Chloroform



3.2 A5993aN Y luauIY

[ (%

3.2.1 Lﬂ%@ﬂﬁ@m‘ﬁUﬂﬁNﬁmLL@%%‘UEU%UQ’W

~ipesnmuaswuuluniy (Mechanical stirrer) iq'u EUROSTAR Power Control-Visc
Stirrer U9 IKA-Werke GmbH & Co.KG

- 1n3098nInangIAea (Single screw extruder) 1 SE-D28L540 USEw Laeyvial
1in Uszmnealny

- 1A303dATu3Y (Compression molding machine) 1 PR10-W300L350 U3
W3viAY 90n Uszinalne

-1A%3098ATu3Y (Injection molding machine) 31 PSA0ESASE UTH¥ NISSE
PLASTIC INDUSTRIAL CO,LTD.

3.2.2 \3esdlefldlunsinssiuasnaaay

- insesilefnuauifidenalagldieios Universal Testing Machine (UTM) u 5969
US¥M Instron Engineering Corporation Usgimaansgaisni naaeululnunaudfnainulag
s9veBu (Flexural test)

- nesilofnudnumrdugundinelagldiees Field Emission Scanning
Slectron Microscope (FE-SEM) $u MIRA3 TESCAN Amwnuinmiiuiusninvestusmuniy
NaNNAA UANTRLTING

~ irdesdlefnuuSunamdniaglia3os Differential Scanning Calorimeters (DSC)
q'u Perkin Elmer Pyris |

- idesflefnwantidnasuulawnfinlngldiaies Dynamic Mechanical Analyzer
(DMA) 31 MCR 302 U3#% Anton Paar nageululuue Torsion

- ipdosilefnugaumniinisnagunsaNdeu (Heat Deflection Temperature, HDT)

~desdlefnwvunadulelneldipies Fiber Quality Analyzer (FQA) U FQA Hi-

Res (LAD02116) US#" OpTest Equipment UsginalAuIng



3.3 JupauNIAiuUITe
3.3.1 ﬁﬂmﬁua%ﬁagalﬁmﬁu
3.3.2 Iusmideyanddnuazaenadeaiunuide
3.3.3 99NLUULAZINNLNUNNTEUSUMUITY

3.3.4 wssnansiailuazgunsaliiieiteaiuuidy

Fnsnssuddleduanduledulzsalaonisitluduusysadidunisdalidamg
g1aUsvana 5 mm. Wuavasdiivluan (udulvsnanididuesiussnoudssanadosas
85 [4]) Mniuhnmniildannsusludeeiarenn wasmnukadusezia 3 Ju navits
IEnnvesdutzsadanmi 3.5() Tnsmaseudulodulysaduilsouiives jifin1saos
Angneans uninendeuding Ignsamanet Smiauasusy mnnstnindldludulagld
\w30atuannuiev Hao Peng Usewaiu dsdudieainmiaseu 25,000 rpm Wuian
Uszan 30 Juil mnﬁ?uﬁﬂmﬂﬁlﬁlﬂi'aumumzLm'ﬁaﬁ:ﬁgmmm 2-3 mm. ¥n1sudn 3
afa ilomdanindnitliduduloeenliuniign (Fsnind 3.5(b-d)) euldanutunou
thluldnuiigamad 80 °C1lunan 24 F3la

n1swSey Pre-mix PLA/PALF Jadunenlndnszuitaneduaninuedauazdule
Fulesaludnsnda 40760 Tnavinein NNMsWENLUVATazaIeLfisanAvedule
duzan Tnemniwednaninuedainga L175 inazaneslunaslswosudigamadl 40 °C Ny
naendieLASes Mechanical stirrer aunssiianeduannnuednasarsaunun anuiudule
Fulzsaliiidnaan 60 wWesiwuflagtimin thansazaneneslndndilsivldezgiidoumend
waglfuisudundsliiidnsasduiiuuns Adiludgaetu a-6 dalus elsinaslslesy
svwmgeananasulndnsunue Wikunsdindailiudaduiudnqiiedlulioaady

AALTNTUA L UNTTUIUNITHAUAY Single screw extruder

o [

3.3.5 AiuuIde Fawvadu 3 dusail

AU 1 ANWINISHNAUNDARAARNLETALNIADAIAABLNTA L175 waztduleduUssnlagLfuLay
loasluliifu 30 Waswudlasuinidn srufsansdrsusudgennudiduliviin

Multifunctional epoxide Ustnas 1.5 phr [24] (asduUseneudauandlumnsnsd 3.1)

a

- feunsuavsulanuTuneALanfnueTa way Pre-mix PLA/PALF figavindl 60 °C

Y

Juan 12 daluslugey
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A 3.5 SnvazlduloduUssanniunszuiunis @) UnnnluaALazAINLIAY Lay

(b=d) AeNEINSTULALIDUTOUN 1-3

dunguisinazgnuasluiaies Single screw extruder igangii 160/190/200 °C
(310 Feed zone 4 Die Mud1iy) AIASISEUTBENT 40 rpm uasdindeinessn
inwanadin

ouldarutuaeslndniiléfigungii 60 °C 1Wuna 12 Faludlugevauiou
GTTu'giJLﬂu%uaﬂuﬁw%’umaaué’aaﬂizmumiﬂ@é’m flgaumgil 195 °C Tl #Fuann
19 40 x 10 x 1.16 mm® iiierhdusulunadevautiidnauuulauin
Juguidudunudmiunaaeudienszuiunsia fgamgl 195 °C mnudulunisda
(Injection pressure) 95 bar A1uEalun153a (Flux) 62-65% ausulunissndn
(Holding pressure) 80 bar THlETuIUILIN 12.6 X 3 X 126 mm? ieTueuly
negevanURgana audininuieou dugiuine) waraamnginisaguniening
Fouvosnaulndnsening PLA uasiduledulssn

AnwautAdanauuulaundin fewn3es Dynamic Mechanical Analyzer (DMA) U84
fhogstunuluaniuzvesuds Ingldadu Torsion (SF12) Tagldinufiagiiil 1.0 Hz

Wiausauan 30 - 150 °C MdnsNsiiagumail 10 “C/min.



30

Anwandidana Tulnue Flexural test (3- point bending) A11u1ASg11 ASTM
D790 lnaAmuaAl crosshead speed rate 3.55 mm/min kazA1 span length 80.0
mm.

Anunduguine: newada FE-SEM U3nafiufauaninvestuanuiignanionds
mMsnadeuantRBana tnnieesllindeuiindnenesdn Inglda3es Creeington
108 sputter coater AputilUnaaoufifdsensgaan 2000 i1 finnusnadng
(Acceleration voltage) 5.0 kV

Anwaudinianudeu lnemaia DSC lulvum non-isothermal wuy Heat-cool-
heat Tutsgamadl 30 - 250 °C AdwsMsiiiuuazangamniasiii 10 °C/min.
AnwiA1gnin1IALFUNIIAIIUTRY (Heat deflection temperature, HDT) Ay
15511 ASTM D648 Method B timmfouEuduaingamai 30 °C Mesnsniiu
guvindl 2 *C/min. fimnsandngumgdiiliBunuianindegunielduely 0.25

9 Y

mm. Wiel@unuiAL 0.455 MPa

dauil 2 YSuugeAaamninisassunnandnuseuainnisiiidanlugdavesnaulndnsening

PLA wagwdulodulysnnadl

ndwd 1 Ansasasdudiinadulefivnzandotunlding Fwinwanis
neasudonldusinanduledudzsanaiii 30 Wonwudlaeimiin (esusynauss
wandlun19d 3:1)

Fudlaiaes leud 8801 (Hydrophobic fumed silica) #insnaulaiiu 2 phr lu
GEGR Single screw extruder ﬁqm%g:ﬁ 160/190/200 °C (31n Feed zone 14 Die
ANUAIAU) AINSITOUTRENG 40 rpm warfnesAsaaanataRn
ouldmutuneulndntildfionmnd 60 °ctfuna 12 Faludludouaudon
%ugilLﬂusﬁumuﬁm%’wmaaué’wnssmumsﬂmé’@ LAZNTTUIUNIIAAIUANIIY
dentuildludiud 1

AnwaudAdeng audinisanuiou dugiuive) Lavaunginisaeguninusey

299AUINARTZNIN9 PLA wazidulodulysa

daui 3 USuuserngamiin1saiguniennuseuaInnIsiitataunsalunsanEan ves

AUlNAENTEINe PLA waztduloduissnsadl

NFIWN 2 NA5UNDNSEUUSUEUle NN B UL RN F9NKNANNS
naansdantiUsunaduladuUrsaean 30 Woaswunlnguvdn waglsusuiuani

A9 2 phr (99AUTZNBUAILEAIIUAITINN 3.1)



- YANSNOALUBSHANTENING PLLA (L175) wag PDLA (D070) Iae PDLA (D070) 14

a

UsunadlaiiAu 10 wWedwudlagtminluieies Single screw extruder figuuail
160/190/200 °C (310 Feed zone fi4 Die AMud19U) AIIN5ITOULDIANT 40 rpm
uazsafeiriosdaiiananadin

- euldnutusesindniildfigamgd 60 °C Wunan 12 Fludlugeuauiou

- ﬁugﬂLﬁu%umuﬁm%’umaaué]’wﬂizmumiﬂmé’m 90 waznITUIUNTTAnluan1Y
Fenfuildludnd 1 uag 2

a

Anwandadeng audinieanuiou dugiuinel wazaaniinisaigunieauiou

Y

299PUINANTZNI PLA nazidulodulysa

3.2.6 IPTeiLazaTUNeWItY
3.2.7 AAVINS189UNASIUITY

3.2.8 L@UDNAIIUINY

- NN5ARUIATIIUINY

- unanaAdersetauernanutElunIsUTgiTIn1sRTiseunsUsT et ULy

A1519% 3.1 SEUUNITHANYBY PLA wagaoulwdnuey PLA

PLLA PALF Silica | PDLA | Compatibilizer
Recipe
(Wt%) wt%) | (phr) | (wt%) (phr)
PLA 100 - 3 - 1.5
PF10 90 10 5 - 1.5
PF20 80 20 - - 1.5
PF30 70 30 - - 1.5
PF30Si1 70 30 1 - 1.5
PF30Si2 70 30 2 - 1.5
PF30Si2D4 66 30 2 a4 1.5
PF30Si2D6 64 30 2 6 1.5
PLA D6 94 - - 6 1.5
PLA Si2D6 94 - 2 6 1.5
PLA PF30D6 64 30 - 6 1.5




<

UN 4 NANTSTINABILAZIANSAINANISNAADY

Aa o

noduanintadadndunislunataindinninddnannlunisedanas i luldnuass

o w

lugnannssudagiu uidsnslitodninluseswesgaumginiluldenuiliesnin PLA inside

Y

a a 1

sunandeuldiileldsuamgiguiuranmaiiadeui (Glass transition temperature;
T,) GeflAszanm 50-65 ssrvaLTea [2] ﬁqﬁumiﬂ%’wqqmqquﬁmsmgﬂmamm%@u
vosmeduaninuedaistngliiinnuvainuanglunisimanaindinwluldnueie ewided
\Humsfnwidviswavestinandulesssumafilreaudivesreslndnsznitmeduaniinie
Fauazidulodulean ethvesveiwmnianuasuldliAnysslon] dddiduledulzen
MmIouainnszurunistu (Miling wazfinsldarsvreufuusenanudafule
(Compatibilizer) Usznausqemnydnend (Epoxy functionality) semiradulowazunsndd
sufsUdudprgampiinsrsgunisenudouresnonlindn nuuAANSiLANEILNTD
lun1saszy (Modulus) vaspeulndn I1nnsiiuansiasuselaun Hydrophobic fumed
nano-silica $3lUAN1sUFUUTIANaTnsalunIsanaEnvenedLanfnweda tagvinnisiay

a

Wod-A-waninuada (PDLA) iieliifandndnuay Stereocomplex crystal Sauvsn1snaaes
oonidu 3 daussil

daufi 1 Anwinisnauneduaninuedainsadasnfe L175 fuiduledulesa 1
Shanduveadulesiiey Wneliiiu 30 Weswudlasdwin uasdinsldarsdisfuusnny
dniuléudin Multifunctional epoxide USsnauasiifl 1.5 phr aﬁﬂﬁuﬁﬂlﬂﬁﬂwﬂauﬁﬁﬁi’laﬂ

daufl 2 YSuugsdgamginisnssumeaufousesnesindnszinweduanfinue
3 wazidulodulssanfivsunaduleasfinnnuanisnaaesludiui 1 lnevinisifvans
w@Sunse Wiun 8801 (Hydrophobic fumed silica) sas1daulaiiiu 2 phr waziludnw
auURsnae)

daufl 3 USudgsrnenmgiinisnsgunsanuieuvesaeulndsmeduaninueda uaz
dledulesaifvsnandulendinnuanisnaaedhudiud 2 Tneviniswediesuausening
PLLA wagz PDLA fi® PLA 1nsa L175 wag DO70 aua1sulag PDLA (D070) Tgusunalaiiu

10 Weswunlaeuniln wazilUAnwaudfsieg



4.1 MsaszanUaianasuulauidin
nsAneautRdnawuulauidnaiginies Dynamic Mechanical Analyzer (DMA)
luanmzveswdalagldmdu Torsion naaeululyun Temperature sweep 1ANAASA 1.0

Hz Tuga9gaumgil 30 - 150 °C N8NTINTEANQUNYI 10 “C/min 31NAINT 4.1 LAAIAT

Y

(%
a Y

Storage modulus MUAsuLUaIRANgUNYT VB TUUAIBE719 PLLA Uaz PLLA/PALF
biocomposites Aifignsdmdle 10 - 30 wt% wazdinmaiiuansusulgnnuitniulduin
Multifunctional epoxide AMevdIn1stuzutuuieitnada nuimaudsuulasmos
Storage modulus 483 PLLA wag PLLA/PALF biocomposites dng@nssuuuady 3 499

AaeiU

1000 4

T T T

100 -

Storage Modulus [MPa]

T T T T

PF30

10

40 60 80 100 120 140
o]
Temperature [ C]

AN 4.1 A1 Storage modulus MURgukUaILgUN)IYes PLLA uae

PLLA/PALF biocomposites



1 34

YIUINNYIUNYAAINI 50 °C Fainingungiaaiguniveinefuanfinuade

anglgnefiuesved PLLA agluaniugadigum (Glassy state) wassuilldunwedmiuns

]
IS =

wasulvesanglaneiiues dwmalviAn Storage modulus dA1geignAautensil (Uszana

2 GPa d1m15uUf9819 PLA [25]) M19ilAn Storage modulus 98479819 PF20 way PF30 dan
° | =l ) a ~ A | [y [ dy i aq o A
#1n31n38 PF10 21 durasnannusinamdniiuanseiunendinstuguaieisnisnadai

Iaulunisangumgivestunuyillaunsoniuausns NI TangumniseniNnIEuIuIs

PusU Fednssangungidimasienuannsalunsnnnanyes PLA 8n11931nT1891U709

L. Uma Devi hazauz [11] 1anadwaannni1snaasd DMA d1usunaulndnseninanaaie

=

awasuazdulodulzsainnmsiiudulodulysaludenanannuudanss (Stiffness) vaeian

9

gaunilen usidawalunisiasuisnndunaumgigs (Auen T,)

9 Y

P29 2 iflegrungifintulugas 50 - 80 °C apnndosiutsguvgdiviliinnis
\Wasuulasaniug (Glass transition region, T,) ananugadnsufiduaniugadionns
(Rubbery state) anglgnadmeslasundsuauieusinfismediviiliin orelaxation
[26] vil¥iAn Storage modulus 909@a8819 PLA flwuilduanasednesinsa wulieatunsed
vesfieene PFLO wonandssnuiinisimidulodudesaunniy (nsdl PF20 way PF30) %1

%A1 Storage modulus fAANTY tesnEuladuvy savinntnasunssluiu PLA vinla

[l ¥
= a0 =

Tuaniuzadeen @1 Storage modulus fisiigaussnoulndniiAgedunuuIuandule
dulysn

2971 3 Lﬁ@qmmmﬁwﬁu’tmﬁw 80 --115 °C donAnesiuyIamngiin1siina Cold
crystallization V83 PLLA [26, 27] A1 Storage modulus ﬁmaﬁu%uﬁm%mmqmmﬁ Ju
mamﬂmdeﬁwaaLuaifdauﬁl,ﬂuaﬁmgm (Amorphous part) §n15dni3eadudundnifiuiy

Mnmsanuanildanysadlussnitnssuaunistugy

r-:ll ¥ [y [ o a A PN <
#1579 4.1 SU‘U"IG]LalﬂﬂaUUSﬁﬁﬂ']Uﬁaﬂﬂqﬁﬁﬂﬂﬂqﬂﬂ@u}wa@‘wN’IUﬂiSU'JUﬂ'ﬁNﬁNV]WJ’]uLi’J

FOUMNNE

Screw speed | Length (Um) | Diameter (Mm) | L/D ratio

40 rpm 605.2 17.0 35.6

80 rpm 578.6 17.5 33.0

120 rpm 545.6 16.6 32.9




(%
a

Waila1ns189uves L Uma Devi wazany [11] 1dnanl5ifeafunn Storage
modulus MiisdulursanuzadioenaesnenInanfiinisiasuusimedoanesdedule
duUgsndnen /D ratio dawadunisnszatedivenduledudrsnlunaulndniilug
Uszansamlunisiasunssiianeiudmiunismageu DMA ﬁqmwgﬁqa (gauninuA T,)
Tnganuansvaaesfisieanulian L/D ratio limsianiu 600 wWietestunisifeiiuiuves
il faulunisineedaiizeinnsatnduloduysaeanannietsrenlndnnienganisg
naniildarnudiseulunisnausie #8335 Soxhlet (14 Chloroform usviiazane
gamndl 60 °C Wunan 4 5u) MntudiduledlaluTavun Fuandunisied 4.1) de

9 Y

\A384 Fiber quality analyser (FQA) @snuinnisilasundasainudiseuillunisnaunie

o w

L34 Single screw extruder liidinamaa L/D ratio ag1eildudey

& 1000 4
g .
2]
=
>
O
o
=
Q
@& 100 4
o ;
)
wm

PLA

PF30 I

1= = = PF305i1 i
= = = PF30Si2 i
10 T . T . T g T g T . T
40 60 80 100 120 140

Temperature [°C]

AW 4.2 A Storage modulus ﬁm?iaul,mmmuqmmﬁmaa PLLA, PLLA/PALF

biocomposites Wag, PLLA/PALF/Silica hybrid composites



1. 36

nnuadandrhlilunuitedidensieunesTndnlunmaaesdiusolulnetinug
Usunanduleduuzanasiiil 30 wt% waziinsiiindana (Hydrophobic fumed silica) U3uay
1 wag 2 phr NN 4.2 ‘wmﬁLﬁ@ﬁﬂﬂiLUﬁauLLﬂaqqmwgﬁ A1 Storage modulus V89
PLLA/PALF biocomposites thag PLLA/PALF/Silica hybrid composites ﬁwqaﬂsmmi
WasuwawnugumnilndiAssiu Inefienusiadntosvasd Storage modulus iy
puUTIYesEanTLALasluaeslndn (21061 Storage modulus figruugil 30 °C v84
§i78819 PF30 A1 2,225 MPa g 3,390 MPa d@1%5UF9879 PF30Si2) wanananis

LEsUwsIvesdanlunaulngs [13]

& 1000 - -
= y :
» i
=] L
-]
3
O =
=
)
= 1004 L
© . »
R :
o PLA [
PF30 r
1= = = PF30si2 I
PF305i2D4 I
PF305i2D6| _
10 I L I L I e I U I L I
40 60 80 100 120 140

Temperature [°C]

AWl 4.3 /1 Storage modulus ﬁLUﬁsuLLﬂaﬂmuqmmﬁmaq PLLA,
PLLA/PALF biocomposites, PLLA/PALF/Silica/ hybrid composites L&
PLLA/PALF/Silica/PDLA hybrid composites



a v %

definrsandninavessunadanluneulndsdiediu Fudenmiouneulndslunis
naaesduselulneinuaUinadulodulssnuardaniusunnadii 30 wt% way 2 phr
AINSITU UBNINETRIN1TIHY PDLA USuna 4 waz 6 wt% 91nandl 4.3 wudn
PLLA/PALF/Silica hybrid composites wag PLLA/PALF/Silica/PDLA hybrid composites 3
A1 Storage modulus ﬁLLmﬂﬁiNaEhﬂajﬁﬁfsﬁﬂﬁiﬁunﬂﬁﬂiaaqmmﬁﬁﬁﬂm wansliiiuin N3

Wi PDLA fIUSunausine bidawasangfingsuidenaiuulauniinves PLLA composites

PLA
PF10 I
PF20
PF30
PF30Si1.0 | T
PF30Si2.0

PF30Si2D4
PF30Si2D6| [

tan 8

Temperature [°C]

AWl 4.4 A7 tan 6 ﬁLUéauLLUaamuqmmﬁmaq PLLA uag PLLA composites
dlofiensannn tan 6 n309MI1d7usE1919A7 Loss modulus oA Storage
modulus MUAsunUaugamni fanmd 4.4 ilildagamaiiadreuta (T) 91ndfia tan
5 Fauandlunsned 4.2 wuhmaduduledulssndmalvinoulndnien T, istudnios
910 68.7 °C U 71.1 °C dmdufiegna PLA uag PF30 suddu Lilesannnisinisdnuas
nsindeulmuesaelswediueiisaniinnig Relaxation ¥e4 PLLA [11, 21] denndadfunis

YLABN1TANAIVBIAT Storage modulus Nanaslutig Glass transition region LuULAEIAY



1. 38

nsdimsiiudaniadluneulndndmalinoulndniien T, Wisdudndosain 71.1°C 1u 74.1

°C @M5UF19819 PF30 way PF30Si2 Auansu Tuuaein1ssid PDLA astumaulndnadsnal

a o [

A1 T, In1sasuunUasegnsliiveddgy

o

a

ANS9N 4.2 ﬂlﬂqmwgﬁﬂﬁ’]ﬂLLﬁ’JﬁvLﬁﬁlﬂﬂﬂ’]iVl@ﬁE)U DMA M8ns1n1siiiagaumngiaeii 10

°C/min Y89 PLLA wag PLLA composites

Recipe T, (°O)
PLA 68.7
PF10 69.7
PF20 69.0
PF30 71.1

PE30Si1 13.2

PF30Si2 74.1

PF30Si2D4 74.2
PF30Si2D6 73.0

4.2 N15AS1ERANUALIINALUY Flexural

IINNITNAFDULTINALAAIAN Flexural modulus 999 PLLA wag PLLA composites
Fan i 4.5 Wefasandvinavenduledulzsaseautiidnavesnaulndnnuii dule
Fuursarininfivaeasuairundausaliiu PLLA (A1 Young’s modulus wae tensile
strength vaduleduussaiianUseunal 34.5-82.5 GPa wag 413-1627 MPa anuadu [1,
10)) Tneen Flexural modulus vasnesindndAfindumuusinasduledulssaluneulngs
Feftuganandulogan 30 wi% denalia Flexural modulus wisduda 72% (210 3,270
MPa 1Ju 5,638 MPa d15uf18e19 PLA uay PF30 mueansiv)

WoNAITUIBNTNaTeIn1TANTFAN1UTU IRy (1 waz 2 phr) aslu PLLA/PALF

' (%
a1 a =

biocomposites WU11A1TANTANI1AAT Flexural modulus ¥9saaulndndaAtnud
Wdnuay (370 5,638 MPa U 5,869. MPa @5usae19 PF30 way PF30Si2 anud1su @n
Wumsiinduuszane 4%) [12, 13] denadediual Storage modulus MANTUAINUTU

A15PUTANT Tunan1snadau DMA



1. 39

yanandainsunaulnadnniinisuiy PDLA wuq1 PDLA d@3ualyian Flexural

o w 1 a 1Y

modulus hiflkananeegneaiidedfn wunetun1snaaau DMA na1alainnissiy PDLA Tu

o

PLLA/PALF/Silica hybrid composites lidinanani1uudatss (Stiffness) a0inaulndnogig

=
e /ZéZZZZ
émf%//////
B

ATl 4.5 A1 Flexural modulus w84 PLLA Uag PLLA composites

ﬁaﬁmﬂm Flexural strength Fakanslun i 4.6 Vosi0613 PLA uarmouIndndia
nsiuduloduuzsauazdanlifiduandeegadidoddny luvasiinanisaasnodu
fioun9¥Adeiiviinns@inw Neat PLLA uay PLLA composites flsifinsiuanstasusuuss
anudfuldsenirnduledulzsanazuning Guandunmd n.2) nuinisiudule
Fuuzsndwnaliien Flexural strencth vesnelndnanauiioieufiunsdl Neat PLA wanei
AMenaINIsinastisusuaudfulaein Multifunctional epoxide ilduludulzsn
way PLLA wn3nd faduanuisalunisdidulussdunis [5, 15, 28] wedmuiinsd
PF305i2D4 1 Flexural strength sandipeulndnsindudntos Feeradunauiainnig

N52NUAIN LAV T8 USTUAMUDNAULA bUSENINNTEUIUNSHENIINLANSEARATE NI



1. 40

Yaudulgdulesanal PLLA wnsndindulalid deaSurefiuduludiuvesnanisdned

anwarduguIngmewmeaila FE-SEM

100

DN

80

N\

> AN

N

60

7.
Z
N
%
/.

Flexural strength [MPa]

20

AN

SO\

AMIMINN

> DN

Q (W
& %39
&
<

Qc.j\\

S N

c',)\

N}
4.

&

S

AT 4.6 A1 Flexural strength was PLLA Wag PLLA composites

4.3 MINATIRENULNWAUFIUINGIUIIUNURINITUANTN

aNEUEN1FUFIUINGIUTIUNURILANTNN 18RI NAFoUaNUATINawUY
Flexural #laannn1sfinwisematia FESSEM Afdauens 150 witkag 20,000 194

Y ]

§19819 PF30, PF30Si2 Wag PF30Si2D6 Wansssn nd 4.7 (a-d) mud1siu a1nnnsanendi
fdmeneidanInd 4.7 (a) Aifidawes 150 wiwunisnszanesiegsatnausveadule
duvzsalu PLLA wmind widemuidulodudzseaiegidusia (Bundle) uandiifiuiusadou
AAnTusENIINsTUILNMSHELRN Single screw extrusion llanunsavhlddulowaneen
anfududulovundn Fine fiver) Tdnamnlupdo ey
dlortnisdnerdneaznisdenfinszninaduledulssanay PLLA un3ned
ﬁﬂé’q%ﬁagqsﬁuﬁ 20,000 wirdanwil 4.7 (b-d) unedinsngreenveduloseninenis
WANIAATLUNNUS IO WANINRRITUNUSUSRERDSYINReLdulaway PLLA luvsngwuIn

AN15UUTANUTENIN9RT TUNUTRIIINTALUTENINvedaad ansidulodulssa



1. 41

way PLLA wvi3nd fianuanunsalunsindulusesunils Ssdumiladunamannsiivans
Yreusuanudiulavin Multifunctional epoxide 1.5 phr (FE-SEM photograph U3t
fufiusninuosiiegeaeulndndlidnisifuarstisysudssanudifulduanduna
msanendesdunsnsyiisesnnd n.3) deseni Reactive epoxide group I1UIUNN
ﬁmmiaLﬁmﬂg‘jﬁ‘%mizmwﬂizmumwaamauﬁu Hydroxyl group YaadulesssufLag
niUateanglgved PLA fa Hydroxyl group kag Carbonyl group (3] -OH waguy -C=0

AUANU) [29]

/ ) A §2 V7 A £
P o i % ) o’ i o SN & o
SEM HV: 5.0 kV WD: 9.3 WD: 10.02 mm MIRA3 TESCAN
View field: 1.38 mm Det: SE 200 pm View field: 104 pm Det: SE 20 pm
BI: 4.00 Silpakorn University SEM MAG: 2.00 kx Bl: 4.00 Silpakorn University

NV ! ﬁ,‘/"/ﬂ!‘;‘ B 1T e
4/ B _&r-‘ e
T S % P s
1 . = /

R e S G i | ) s 3P it W o7 ! 4 r s
SEM HV: 5.0 kV WD: 9.76 mm MIRAI TESCAN| SEM HV: 5.0 kV WD: 10.35 mm MIRA3 TESCAN

View field: 103 ym Det: SE View field: 104 pm Det: SE
SEM MAG: 2.02 kx Bl: 4.00 Siipakorn University SEM MAG: 2.00 kx Bl: 4.00 Slipakorn University

&

AT 4.7 FE-SEM photograph UShasituRaunnsniimdwens 150 wh (2) ua 7
Masue1e 20,000 Winwes (b) PF30, (c) PF30Si2 wag (d) PF30Si2D6

Turue N oNINTUINURILANIFNVYDIAIDE1S PF30SI2DA A4AINA 4.8 HYp9i14

UInnsegsasenintadivendulonay PLLA wnsndluuisusnn dnvslisesngneanuisdiu



1. a2

voadule (Fiber pull-out) tansinluursusnuiaudidulaszuinanalifuianaag
donAdodiuA Flexural strength Nanaadlaliieuiufioene PLA tazaaulndndus (Fanm

7 4.6) Ananiidnany

vy
v a k%

ellfigidevanevinu [11, 14, 27, 30, 31] nandnisgadeinlidfsenitaduly
sITUIRkaTNeAeTUNING dwalitinguassavenisaemusiineulndnlasulusening

LAALeIRUTENaUVDIADUINAR ﬁﬂlﬂqjm'ﬁaﬂawaaauﬁ’&%aﬂamwizms WU A1 Flexural

1Y o

strength 138 Tensile strength TuvaigNu19UITeNTn1sUSUUTINURIveLdulusITUYRA

9

PIDRUAUIUTUAMWLUTU [1] B ALNITEARATENINRIVBLAULESITUVIRALAEWOA

6 1

wosunindyiguuleaudflananedan Tensile strength geluilaifisuiunsal Neat

polymer

¥ L apes)y s 2

mm 'MIRA3 TESCAN
View field: 104 pm Det: SE

SEM MAG: 1.99 kx Bl: 4.00 Silpakorn University

AW 4.8 FE-SEM photograph UshaituRauaniinfirdsens 20,000 wi

YDIFIBY PF30Si2D4



[ R VA
v a A

NANA 4.7 (c-d) lanusadananunisnseanefiveseyniadani Mallilesann
aunN1Ave@an1NlY dvuinegluseduuluwns aenadesduaini 4.9 Nnaves

Hydrophobic fumed nano-silica 11Y11115d@47IM1&99818g909 50,000 111 WUHIBANA

[ < [
aﬂHNBLUu@Hﬂ’]ﬂSUU’]ﬂLaﬂ

. 1"

SEM HV: 20.0 kV WD: 5.09 mm I v MIRA3 TESCAN

View field: 5.19 ym Det: In-Beam SE 1pm
SEM MAG: 53.3 kx BI: 13.25 Silpakorn University

AT 4.9 FE-SEM photograph #if&suens 50,000 wiwes

N4 Hydrophobic fumed nano-silica

Wuietutudiornismnsnszaeddan femaiia EDS wuu Mapping e
03AUsENBLVRISIUT AT AN AN vaEduguine iesnnluduleduizsailsl
k1u Chemical treatment §8anuHussduszneu Budulddauanslunind 4.10 wueynia
fidnvauzadensanasiliiegiminduledulzsnegvainaue Wevihnsisgimemain
EDS lUgagmdagnavis 4 qavililéuimnasinossussnaudansed 4.3 nuimenainny
5mA1SUaU (C) kareandiau (O) s‘z‘iaLﬂuﬁﬂaaaﬁﬂsgﬂauﬁugmmmLszjagiaauf’h WATNUS1T

an1 (Si) WuasrUsEnaultuiu



1 a4q

M3 4.3 YSinalegTevazvesnedusznauuinniidiledulsinainaindiegney

Tn@n PF30 dnewnadia EDS Aisumiesngg

Spot | Element of C (Wt%) | Element of O (Wt%) | Element of Si (wt%)
1 46.92 42.41 10.67
2 50.33 39.9 9.77
3 33.03 47.48 19.49
4 53.35 36.34 10.31

.

Area 5 EDS Spot 2 Area 5 EDS Spot 3

Area 5 EDS Spot 4 ‘

MW 4.10 AmszyiwrdinisfinusnesruseneuusnaRuduledulsasnigmaiia EDS

ANFvg1Paulnds PF30

4.4 N15ATITENTEA1ANI9AUSaU

13

NNaNIANYISINIRUTENRUMEIWATA EDS T1edwilimsuinluduledulzsndl

1
LY

Fanwduservsznau Tumuddetlwinisaneusuiadaniluasulndnainnisaaiedinig
ANuTeumemaila TGA Wiy lagvinisdnyilugisgumgil 50-700 °C dnsinsldaiy

Foumani 10 °C/min aelausseinia Tudeene PLLA/PALF biocomposites MIiins1fuLay



1. a5

TRNTANT Aakanalunns1ei 4.3 INN1SNARDINUSNBULNITAANYAIVDIFDE19ADUINER
714 3 ¥UANNITEANEA 1 TUULAEINUY NIRlufeg19nTinswudaniaslumaulnds 0, 1
uag 2 phr nuUsaa@dninienasnssuiunisvasunanandy 0.94, 1.69 uay 1.93 wt%

ANUAINU

AN 4.4 NANISANYINITARNYFINIIANUSUVRIABNINEANTINSRUEUldUUL SR Lasd

ann

Recipe Onset (°C) | Inflect point (°C) | Endset (°C) | Residue (%)
PF30 34356 352.89 361.18 0.94

PF30Sil 346.33 357.41 365.93 1.69

PF30Si2 345.18 355.96 364.09 1.93

4.5 NM5IATITHENTANIIAMUSDULBZAINEINITATUNISANKEN

NMsANwaNTAMIAuTaumemALlan DSC wuy Non-isothermal tagvinnisii
AuEDULUY Heatcoolheat (Fakanslunisnsii 4.5) lunislfaufoundusn (1
Heating) ¥l useuaIngavgil 30-200 °C Adasmsiitgamafiaeiiil 10 °C/min
diefnwUTuamdnues PLLA filiatunevdmnistusumensyuaunisin anduriilvidu
Fr9nganail 200-30. °CiileAnwingAnssuuazgaumgiilunisanndn (Crystallization
Temperature; T.) 7i8nsnsviliBusnnedia 10 °c/min andurhnisldrudeundeiias
(2" Heating) a1ngaumadl 30-250 °C fidnsinisifisgamaiiasiil 10 °C/min iilefAnw
WOANTIUNIANHANTDS PLLA Wagn15iin Stereocomplex crystal d1vsunoslndniiinis
Wisl PDLA 593938

a

nuanisliaudoundusn wudinsdl PLLA uag PLLA composites Angmmngd
ARELNT (Glass transition temperature, T, ), ﬁwqmwgﬁmimﬂmﬁﬂLﬁmﬁ'ﬂﬁmm%u
(Cold-crystallization temperature, T..) LLazquQﬁmwaamﬁﬂ (Melt temperature, T,,)
finsasuntasegndiifitoddey weiinsiaiia Cold-crystallization wandliiudn PLLA
lanmnsonnudnldeseauysalusenintenssuiunisdatugy esn PLLA Inginssuns
annAnTiraudned [22, 25, 32] dmsuUSIREN (Degree of crystallinity, %X,) Vo4 PLLA

MAnTunendInsdntuslasnsamwinlaansansiinueunsausnauaunisi 4.1
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AH-AH o
——x100 (@un1sn 4.1)

%X = _
Wi p ° At

e AH_ unuA" enthalpy of melting (J/g)
AH_. Aaen enthalpy of cold crystallization (J/g)
Wpa A0 dndulngvtinues PLLA Tunexlnén

AHS, A9 A1 enthalpy of melting 983 PLLA ﬁﬁﬂ‘%mmmﬁnag‘ 100% (93 J/g [33])

WeNarsanUsuundninlegludnnunienainszuiun1sdugd dannslining

(%
[ '

SounssusnuumaAuduloduizsanasddnlilidwmasoUsuiundnass PLLA o814l
HodAgy %umuéffsaﬂﬂﬂﬁﬂ%mwmwﬁﬂagiuﬂiaﬂ 29.1-32.9% luvauefin1siis PDLA dawalw
USinawdnues PLLA anasniiaiy Aeftusunmdniiintunendsnssuiunstugidssan
17% 1ilesananelsluianaved PLLA uag PDLA @1unsatinnisiaiosdainidu
Stereocomplex crystal kagn13LiA Stereocomplex crystal graianiaiaiioudu
Physical crosslink [18, 32] wadsliiAnn1stnvnnisindeuiivesasley PLLA 7iludndes
\Ju Homo-crystal @annassiuranIsnnaas XRD 1uve 20 se1ing 5-50° vaesieeng PLA

WAz PLA_D6 79naukazyaIn15oudou (Anneal) fliaaungdi 110 °C 1WWuiaan 10 widl 210

v
a =

A 4.11 nudiatevdanisdndusudunu PLA wag PLA D6 fdnwuzlusdugiu
(Amorphous) linuiinvesndndidpiau Sudevnisevsouiinvemdniaudaauiu e
Wt PLA wae PLA D6 WufiA Homo-crystal ¥8¢ PLLA fiu3tiss 20 wihiu 16.4° wae
18.7° uazdmiusegns PLA D6 nufia fiusiin 20 wirdu 12.0°, 21.0 ° uag 24.0° Fady
#AYDY Stereocomplex crystal [34] Lﬁaﬁmimmwé’qmiauéauﬁQmmﬂﬁuaznmmﬁ
WUINSERY PDLA 8n51du 6wto dsmarednuazndniiintures PLA lnefanisinises
Fudunuu Homo-crystal létasasannnisil PLLA @runilafnnisdmisesdnduwuy
Stereocomplex crystal

Matlnnismaassdinnssit 4.5 vnsliannudeuluadeusnis 200 °C vilelyl
annsanufinues Stereocomplex crystallization fandn1aiilesa1ndarsgaungiinismass
Stereocomplex crystal agllugaa 210-240 °C [32] Fsaenndesfunanisnaasinisiiay
$oulutag 30 - 250 °C figasnaifiugamgil 10 °C/min dsuanslunmd 4.12 dusuasuln
Aniiiinnsiin PDLA ynwidadanaifiufinnisuasundnues Stereocomplex crystal U3al

Wenulutae 210-240 °C



a8

PLA D6 _anneal 110°C-10min

Intensity

PLA anneal 110°C-10min

PLA_D6
PLA

T T T T T ]' '.l T T T T T T T T T

5 10 15 20 25 30 35 40 45 &0

AT 4.11 XRD spectrum 783670819 PLA ey PLA D6 niaulasndsniseusen

Tudunpun1sdUAINURAA Exothermic 210015LAAKNANYDY PLLA Li1afia15u1AN

a =

gauninsanuanuaginnisangumngil (Crystallization temperature, T.) Wu31A1 T Y89
aoulndndiaiinitdedousudiegne PLA Ussanay 25 °C wandliifuiinisidiudule
duvranaslunaulndniialiiAanistaudne (Hinder) nsdnsesiivasangleluiana PLLA
dm3Un1SLAN PDLA dainman T, yosnoulnEndAnfiutuainnsdildify widnsininie
deuifusiegng PLA asanludunounislinnudouatausniagamnd 200 °C laivili
WAN1TUaBUHANLUY Stereocomplex crystal dsnallusgnitaduda Stereocomplex
crystal Aifiegluduiudiegresimiiniiuatsnondnyifli PLLA [35] aoandosiy DSC
thermogram ¥84n 15 uIFInIng 4.13 91nnsdinedinesnauszning PLLA uay PDLA
(PLA D6) HreBudfunisifuasnendnues Stereocomplex crystal #ivilsien T, fld1gand
F10813 PLA i 131.4 °C way 125.4 °C anuddiu Tunazfinisifiudanilidwasdenisiia

Y [

NANUDY PLLA p8n9lideddgy

<
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I % I bl I

| PLA_PF30D6

E
3 PLA Si2D6
C - -
=
3 PLA D6
L
- PF30Si2D6 1
)
| PF30Si2D4 |
50 100 150 200

Temperature [C]

AT 4.12 DSC thermogram 31nN15MiANTBUASIIANENTINSHNAMYI 10 °C/min

U3 PLLA composites

PF30Si2D6 |

~~ T V

S PLA_PF30D6

-§ v

g | PLA_Si2D6

2

@]

T PLA D6 |

+—

(18] _ -

1]

: ~/
= PLA -
____ V -
50 75 100 125 150 17!

Temperature [ C]

Wl 4.13 DSC thermogram Vgl usiangnsnsangaumgi10 °C/min va9 PLLA

ae PLLA composites
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4.6 NM13ATIYAUNYINTTATFUNANNTOY

100
80
— 60 T T T I
OI_I
™ ]
o
T 404
20 -
O | L 1 ] I L | L | Ll | Ll 1 e | S | L | Ll |
o O N O K b b b b
IR IR PO P S P R ST Sl
& & N\ N o &
& S S ¥

A 4.14 Agaumiinisasgunemuioures PLLA Uay PLLA composites

IINNTANYIAUNNTNITAIFUNIIAIUTBY ((Heat deflection temperature,
HDT)) ¥4 PLLA Uag PLLA composites 1331015514 ASTM D648 Method B liaiusou
Fusuangunil 30 °C fednsnisifiugungil 2 *C/min. RansurAigunn il
Furuinnindegunieldsely 0.25 mm. (AuaTen 0.195%) Weldsuanuidu 0.455
MPa fsuanslun il 4.14 9:9nnsmageunyU1 PLLA ffn HOT Uszanal 57.9 °C dwsuns

C- Y

Waduledudese wasdanludesiar HDT vaasnagemeulndnagalivedfny Tuvueiinig

o

v
=

\Aiu PDLA aslu PLLA/PALF/Silica/ hybrid composites @snalidn HDT winduu 70.8 °C
uay 80.3 °C dmSunsifis PDLA USinad 4 uag 6 wt% anuanau wansliiuiinisiiauan
WU Stereocomplex crystal saufun1siinduladulssn 30 wt% $19d9a3uauaNIse

lunisaegunieauseuwn PLLA composites
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ML NANTUIBNTNAVBINITAANEALUU Stereocomplex crystal fan1siiiuTy

994A1 HDT Laevinn1sAnuunUSunes PDLA AT 6 wt% NUIEINSURIBE19NYINNISHEY

]
Y 1 a o 1

387179 PLLA 18 PDLA (PLA D6) wagf1at19vinn1swansening PLLA, PDLA waz@ann

o w A

USunas 2 phr (PLA_Si2D6) wuinisdesiaegaiien HDT uansnsegnddifided oo
fuieEn9 PLLA (59.7 °C waz 60.7 °C mugddu) luvassdinisiia PDLA saufunisiiudu
Tadudzan 30 witoe dsnalimexindniian HDOT Wndwdu 80.9 °C
uaﬂmm’ﬁumwmaaammmmmiumimgﬂmamm%fau (HDT) 111119 5§
ASTM D648 Method B @eiiA1admidu 0.455 MPa nelddasinsifingamgil 2 °C/min
ansaisulAsslaeuszununual Storage modulus Tunisnaassaismaila DMA [21] Tu

AN12VLTIN1ATN15UD9 U, Scobbo [36] Insrunuadlndslunisnaasu DMA Tdaunis

ol
25db? |
= (@UN159 4.2)
3L
6Dy, |
E= . (BUN159 4.3)
Ly
gL’ |
£/ 7 (@UN159 4.4)
6d
| FL |
D'e (@un1s9 4.5)
4db?D
dle

F unuauseildlunsnssiuiielianeundueiug

S unuAAMIALTesTuNUluNSNAZeU DMA (0.455 MPa)

d wuANATR st UL eldlunseaey DMA (3 mm.)

b WLAAMUAIeTUNUTet sl lunIAZeU DMA (5 mm.)

L unuAszezeingszsndne Support fnsdueuinegefidlunsnageu DMA (40 mm.)
€ unueh Strain AMARTURUT WD lUNSIAEEU HDT

Dy WnuAnszevAlAegaaiiiniutunuiegslunmageyu HDT (0.25 mm.)
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by WUAIAINNAINYBITUNUT IR luN1TNAd@ay HOT (13 mm.)
Ly WVUANTEEERINIZAIN Support Mstuusiegsilglunismeagasay HDT (100 mm.)
D unuAnszezaulAea@ainiuiuuieg1dlunmagey DMA

E’ WnuA1 Storage modulus @usunisvageu DMA nlglunisiieuidssiunisnageu HDT

1000 4 —
© ] K
O_ . -
g B L
5 | I
= 1004 3
©© ] C
O 4 i
= : [
)

m - 5
©
S 104 PLA 3
V2! ] ‘ C
] PF30 \ r
1----- PF305i2 ] \ [
| PF305i2D6 \\‘ !
PLA_PF30D6 " - - .
1 I ) I ' I v 1 L I v 1
40 60 80 100 120 140

Temperature [°C]

AWl 4.15 A Storage modulus ﬁLﬂﬁﬂuLLanmmqmmﬁﬁum PLLA way PLLA

composites 18n5INIRNGUUNE 2 °C/min

FI91NNITAIUIUITWUINUASNAEBU HDT VUL NTUIIULAIANUATEA 0.195%

WavAIILAY 0.455 MPa SA1 Young’s modulus (E) Uszanas 233 MPa fstiuidliewfisuiies

fun1snaaeu DMA na1alddngumgiifidn Storage modulus anasdis 233 MPa LUuA"
gaunginsguneAuSouvasnaulndn Niiliieunisuszgndldiunisnaasy DMA Tu
A Torsion @9A1 Modulus AladuA1 Shear modulus (G) v19iA1 Young’s modulus

k8% Shear modulus HANUFUNUSAURIENNTSN 4.6 [37]
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F=2(1+V) G (@57 4.6)

a a

o V unudn Poisson’s ratio T8euuI0E1s (N3l Yagudianediueiien
Poisson’s ratio 8¢luv24 0.3-0.5 [37]) B85 PLA A1 Poisson’s ratio A1 0.36 [38]
Fefuilounuaimuannisit 4.6 wuiinsdifagmediuesa Young’s modulus 233 MPa
WigulAgaiuAn Shear modulus Uszanas 86 MPa

WeFouiisudgamainisnsgunanudeuresnelndniildainnismaaey HOT
ALIATIZIU ASTM D648 Method B uagiildnisnisvaaauseimnaiin DMA Jstindogn
Fusu PLA uaz PLA composites msmé’qmﬁugﬂé’aaﬂizmumiam LarfnsieAIassn
wuutaaslidvuin 3 x 5 x 40 mm* unaaeu DMA laglvusauuu Torsion Tulvu
Temperature sweep fianuaasil 1.0 Hz Tudasgmmgil 30 - 150 °C AdAsINsITiNgumMYd
2 °C/min Al 4.15 wane Storage modulus Fldarnnsneass

Fefiasungamginisasgunianiidfouiiviilsien Storage modulus anasiia 86
MPa wuinmsidsiduledulsse, 8801 way PDLA vilvisieganeulndnila1gamginigag
sUnsnnufeugiudntoadioisutunsdl PLLA feuiinain 64.0 °C1fu 67.5 °C (@
f19819 PLA Wa PF30512D6 mnd1siy) viaimsiirngamgiinisesgunnaniufoudiléann
n15MAABY DMA Lax9InNIsNagey HOT fidguugifiansiaiusiadunaniainnis
fudanfioldsunUatan Young’s modulus 1UuA1 Shear modulus auaunisi 4.6
esanaunssnaaumsgd vy lsotropic material [37, 3gustuuildlunmasaey
Aguvnfin1sAsgUemINEauIN AT 4.14 wagnasradey HDT l¢annsyuiunsdaty

sUsvhidauURdu Anisotropic material

Y
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=|i a o v
unn 5 ﬁqﬂwamsfmﬂuawamuaLLuz

o

5.1 #5UNan153e

1%
av

NuITetidunis@nurdnswavesUsunndulesssusaniseaudavosnoulngs
senInanednaninuwadanazidulodulesa wenansananuiduldlalunisiiveanasiani
maneasulgliiinusylesy deldiduleduvzsaimnisuainnaseuiunistu (Milling) wazdl

a @ =

nstdansheuuugmnudiiulassninadulowazum3ndnusenaumenysiiend (Epoxy

functionality) $3889USUUTIA19UNNTNITATUNNAIIUTEULDIABUINERN I1INWUIAANIT
WfinA1 Modulus vesreulndn 9nn1sfuasasuuseldun Hydrophobic fumed nano-
silica sawlufiansusulgsanuaunsalunmsanadnvesnedianfinieda laguenainnisin
NENwee PLLA w1 vn1siiiy PDLA iieliiianEndnuaie Stereocomplex crystal vy
Felumsinwutensvaasseandiu 3 il

dufl 1 n13@nwadndnanesusuianduledulssareautfives PLLA/PALF
biocomposites NHANTINAAEY DMA wudimsiisduledudysnudunannniuamalunis
YLADNITANAIVBIA Storage modulus T1u%29 Glass transition region vasABUINER
demndulefinmsinrnmisieaeuimesansldneaweidenadosiun 1niintudnios
V99A1 T, dmdunanisnageuaudilianauuy Flexural 21NA15 LT uraaA Flexural
modulus MuUnanduledulz salasiiangeandiusaanduls 30 wt% uandliifiuindule
Fulrsnaunsatioiinanuudause (Stiffness) Widnoulnda adnisiasuwlassua
dlodanalsien Flexural strensth wWasuulasegslifddadiedieutunsdl PLLA e
forsanaudineantseusaamiada DSC ludumounsliaadeuted 1 uas 2 wuims
wuduledulssnlddanadenn T, T, wae T, Tuyneiluduneunisyinlidudnuan T.
vosneulndndasnindledieutuiiesns PLLA wandlidtuindulevilmannisdauanenns
fnZusvesanslalinana PLLA fanaifiuduleduissaliiannsndisfuusedn HOT voq
ADULWER

d1ufl 2 n13AnwBnEnavesUTuudanideaudAves PLLA/PALF/Silica hybrid
composites IMNNANITNAZGBU DMA WUINNISIHANTANT 1 wag 2 phr dswaliAn Storage
modulus tRstuainnsdl PF30 Wntismaniununiaifiudanluyndisgumnd wandliiiy
MFdmMasadinanusdusdlineulndndnies warilmannstavinanisedeulves
arelenediwediiliia T, fdnfiutudndes feusuadanlunoulndnlidwadeaud

o w

WWanalkuu Flexural, audfnieninusou wagan HOT ag1eiidedAgy
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g2l 3 n1sAnw1BnSInaveIUTuI PDLA doautives PLLA/PALF/Silica/PDLA
hybrid composites 21ARAN1TNAADY DMA WUIINI5LAL PDLA USuiad 4 uag 6 wt% Ll
danarar Storage modulus wagan T, ognsfifedrfyileLiisuiuves PLLA/PALF/Silica
hybrid composites LHuLAgIRURANIITNAgUANTRLTINALUU Flexural 97nauURn13A3
FOUNUIINITLAN PDLA dawalst PLLA JUSUNUKANLUY Homo-crystal anas LANuAI5LAN
NANWUU Stereocomplex crystal LLazmsmagjﬁuaq Stereocomplex crystal A189aINITIR

=

arufaunsausnyilvidiemieniily PLLA endnlfisdu aenndasiuan T, figedu

N19LAN PDLA saudunsiiuduledudessa 30 wt% dwwalnneulndniia1 HDT
Windy Weseinmsdulevihmdhfiesuus il ueiinauudause (Stiffness) 1t uay
N154Au PDLA vantinfiviu Nucleating agent mnmsﬁagjéuaa Stereocomplex crystal
mevidansuan vl PLLA annsaanwanlaftu vatvnlaifinsldansdisuiuusamud
fuldszninadulowavwnindaaralivinlien HOT vaseeulndniinsidsuuwlaailosnind
audeninfivandsiuszninaduleduiesauay PLA wmsng viliiAngesingsening

Anduia (nterfacial) Fadugaunnseastiuny

5.2. YoLauBLuY

‘v‘hmaLm%’&mLLaz%(ugﬂ%umu@f’gasm PLA wag PLA/PALF biocomposites fidnau
Wulomngg (10-30-wt%) Ingvinlmiianisiunaeg1esansa (Quenching) Lagviin1seuseou
(Anneal) fnatsneg WeUieudiouuSinamanitintuntelutueu waziad1 HDT vos
Juau Liiefnudnsnavasduledulzsnrodngnisansdnves PLA uazmyaingaueswan

wazUTIauduledulzsadmiunisuTuusean HDT el PLA

a

ANWIBNTNAVDINITHANTENING PLLA uae PDLA INUN1T0USRUTIRMATLAZLIAN

Y

$199) FOANYUTHNANTVOIMARTULUY Stereocomplex crystal, Homo-crystal ¥94 PLLA Way

PDLA
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N13ANYIUBIAUNDUNITVINIAY (Preliminary) Minn1sAnwanUAlUosduaes Neat
PLA, PLA/PALF biocomposites way PLA/PALF/Silica hybrid composites #laifin1si@Auans
HeUFUUTIAMIAUL YinTskaurIunszUIuNSTReURameLATaINaNelY (Internal

mixer) Ngaungil 190 °C A1TIsaUYettunu 60 rpm Wuan 12 widl lnedldndiuves

AUINANAILARILUANSIN N.1

AT N.1 TLUUNTHANTBY PLA wazaoulndnved PLA (Preliminary)

PLLA PALF* | Silica
Recipe
(wWt%) (Wt%) (phr)
PLA 100 - -
PF10 90 10 -
PF20 80 20 -
PF30 70 30 -
PF30Si0.5 70 30 0.5
PE30Si1.0 70 30 1.0
PF30Si2.0 66 30 2.0

e (Ve

PLA/PALF nauunlunas

ntuiluuguaignssuIumsan aungil 195 °C audulunis@a (Injection

< al [5] [ 96’ .
pressure) 95 bar AIL53TUN15EA (Flux) 62-65% Anunulun1seaei (Holding pressure)
80 bar taunTuaulunaasvandRananuy Flexural (fakansualuning n.1 wag n.2)
LAZUNITUNUNLANTNANA1ITNAFULUAN YN URILANANA8WMATA FE-SEM AAR189v81e

20,000 Wi (Fauansluninil n.3)



6000

5000—: //T/ / / / /

=
o
= 4000 ] 7
wn /
2 1
3
g 3000 /
E B
°
22000
L)
T l
1000 - /
O I M I i 1 ' I i 1 ' I I
O W] O \e] ) o
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A1l 0.1 A1 Flexural modulus 483 PLLA kag PLLA composites (Preliminary)

100

60

40 4

_ /
" /

Flexural strength [MPa]

0 1 d T

N N
SUEOS <

]

Al n.2 A1 Flexural strength 989 PLLA uag PLLA composites (Preliminary)
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y

WD: 14.69 mm ’ . | MIRA3 TESCAN

Det: SE 20 pm

A9 n.3 FE-SEM photograph U3hasiufinunniinfif1davens 20,000 wiwesiiog1a PF30

(Preliminary)
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~ wa a A v
AN5197 9.1 auUFRanantaann1snaaeu Flexural test

Modulus (MPa) Strength (MPa) %Strain
Recipe

Mean S.D. Mean S.D. Mean S.D.
PLA 3270.15 88.93 88.81 3.01 3.97 0.15
PF10 4129.58 | 162.30 89.60 3.46 2.99 0.29
PF20 4844.63 67.09 89.88 aTr 2.45 0.19
PF30 5638.73 | 180.01 9252 2.71 2.13 0.15
PF30Si1 5810.07 | 122.65 91.79 4.56 2.01 0.13
PF30Si2 5869.88 | 113.71 87.89 9.21 1.90 0.25
PF30Si2D4 | 6015.03 | 267.43 64.96 8.12 0.01 0.00
PF30Si2D6 | 6059.26 | 159.44 78.94 5.24 0.02 0.00

M5 ¥.2 audiniemnusenann1sagey DSC MnsInNIsiitgungiaii 10 °C/min

911 30-250 °C

1°" heating
Recipe Tec AH.. Tm AH,, T AH,,
(°Q) (J/9) (°O) (J/9) (°O) (J/9)
PF30Si2D4 88.4 -15.4 172.0 28.0 226.4 4.9
PF30Si2D6 89.4 -14.2 170.1 234 222.2 53
PLA Dé 92.8 -12.5 173.8 35.6 220.4 7.4
PLA Si2D6 91.1 -13.1 172.6 31.5 226.4 7.2
PLA PF30D6 92.4 -11.8 171.5 22.9 226.4 6.8

M1599 2.3 @uUFAn19ANNTEUINNITNAGEU DSC M19RTINSLTINgMTAINT 10 °C/min

193670819 PLA war PLA D6 Aendsnseuseuil 110 °C 1@unan 10 widl

1" heating cooling 2" heating
Recipe T | AH, | X T. AH. | Tm | AH, | X T | AH,,
o) | U/ | () | C) | U/g) | Q) | U/9) | (%) | (°C) | U/9)
PLA 1753 | 46.4 | 49.9 | 1190 | -28.3 | 174.1 | 419 | 45.0 - -
PLA D6 1743 | 34.6 | 39.6 | 129.6 | -26.8 | 173.8 | 33.1 | 37.8 2222 | 7.3
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Thermal and Mechanical Properties of Poly(lactic acid)/Pineapple Leaf

Fibers/Silica Hybrid Composites

Paphada Kantipongpipat
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Supakij Suttiruengwong
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suttiruengwong_s@su.ac.th

Abstract— This work aimed to study the mechanical
and thermal properties of poly(lactic acid) (PLA)
reinforced with pineapple leaf fiber (PALF) and
hydrophobic fumed silica. The hybrid composites of
PLA, containing up to 30 wt% of PALF and up to 2.0
phr of hydrophobic fumed silica, were prepared in an
internal mixer at a rotational speed of 60 rpm, 190 °C
for 12 min. The specimens were then prepared for the
flexural and thermal properties measurements. The
results revealed that upon increasing PALF contents,
the flexural modulus of the hybrid composites clearly
increased, but the changes in flexural strength was
less pronounced. This could be due to the poor
interfacial adhesion between the fiber and PLA
matrix as observed by SEM micrographs. The
flexural modulus of PLA/PALF composites slightly
decreased with the addition of fumed silica. The
crystalline temperature (T.) of neat PLA and its
hybrid composites, as revealed by DSC, differed only
slightly. This indicated that PALF and hydrophobic
fumed silica did not promote the nucleation for PLA
crystallization.

Keywords— Poly(lactic acid), Silica, Pineapple leaf
fiber, Biocomposites, Hybrid

|. INTRODUCTION

Due to the concerns about environment and
sustainability issues, biocomposites have received much
attention. Fiber-reinforced plastics are being successfully
used because of their combination of very high
mechanical strength and low weight [1]. The increasing
use of fiber-reinforced plastics also increasing
environmental awareness like land fillings. This lead to
the use of bioresources in fiber-reinforced plastics
instead synthetic ones [2]. Availability of inexpensive
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lignocellulosic natural fiber, such as pineapple leaf fiber
(PALF) and sisal in tropical countries, provides an
opportunity as candidate to replace currently used glass
or aramid fiber[3] PALF consists of cellulose about 80
wt% giving its high specific modulus and strength [4,
5].0n the other hand, Nanotechnology still tends to
rapidly growing with high performance especially in
plastics composites field. Nanocomposites are presently
considered as a high performance materials because of
creating a vary large interface between nano-particles
and polymer matrix. The silica nanocomposites have
been reported in several researchers. In case of an
addition of nano-silica led to increase crystallization of
PLA/SiO, nanocomposites [6, 7]. The nano-silica at low
content (less than 1.5 wt%) can improved the Young’s
modulus, impact strength, and heat deflection
temperature of PLA/SiO, nanocomposites [6].

The incorporation of two or more
reinforcing/filling materials into single matrix, or one
type of reinforcing/filling material is added in a different
matrices (blends) has led to hybrid composites8, (9. The

way to improve the mechanical properties of natural
fiber-reinforced plastics is to produce hybrid composites
by combining several types of reinforcing materials with
polymers. Hybrid composites that exploit the synergy
between nano-particles and natural fiber in a bio-based
polymer can lead to improved properties along with
maintaining eco-friendly appeal [10]. Polylactic acid
(PLA) is at present one of the most advanced bioplastics
in terms of its commercialization and easy processability
in standard equipment at temperatures below the point
where natural fibers start to degrade [11]. However, the
properties of PLA such as brittleness limit the PLA
polymer application [12].
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The present study was aimed at evaluating the
effect of different PALF content on properties of
PLA/PALF composites. Hybrid composites of PLA
reinforced with natural fibers (PALF) and filler
(hydrophobic  fumed silica) are also prepared.
Morphological study as well as thermal and mechanical
properties were examined.

1. EXPERIMENT SECTION

A. Materials

The fiber was prepared from fresh pineapple leaves
according to milling technique following Kengkhetkit N.
et al. [13]and the general characteristics of PALF have
been reported elsewhere [5, 13].

Commercially available, extrusion grade PLA
(PURAPOL L175; density 1.24 g/cm®) was purchased
from Corbion Purac. Silica Aerosil® R 972 was obtained
from EVONIK. It is the hydrophobic fumed silica with
silica content > 99.8%, specific surface area (BET) is 90-
130 m¥g.

B. Sample preparations

Prior mixing, the PLA were dried at 60 °C for
12 h, and the fibers were dried at 80 "C for 24 h, to
reduce the moisture content. The composites in this
study were prepared by MX 105-D40L50 internal mixer
operating at 190 "C and 60 rpm for 12 min. Formulations
of all composites are shown in Table 1.

Neat PLA and PLA composites were injection
molded for flexural test using a HY-350 injection
molding machine HY-350 with injection temperature
and pressure of 170-190 *C and 50-85 bar, respectively,
for the composites specimens. On the other hands, 170-
190 °C and 45-70 bar were set for neat PLA. Mold
temperature and cooling time were fixed at 30 "C and 30
s, respectively.

C. Characterization
1) Differential Scanning Calorimetry

Differential ~scanning calorimetry  (DSC)
measurements were performed on Perkin Elmer Pyris |
instrument by using 3-5 mg of samples taken from
compression specimens. The non-isothermal mode
(heat/cool/heat) were performed from 30-200 °C with a
heating rate of 10 “C/min under nitrogen atmosphere.

2) Flexural properties
The neat PLA and composites were tested for
flexural modulus under three-point bend in a Instron
5969 universal testing machine according to ASTM
D790. The size of the flexural testing samples used was
12.6 x 6 x 126 mm°. The machine was operated at a
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crosshead speed of 2.56 mm/min and a span length of 96
mm.

3)Composites marphology

For the study of fracture surfaces obtained as a
result of flexural testing of sample and morphology of
the composite, a scanning electron microscope (SEM)
was used; model MIRA3 TESCAN, with an acceleration
voltage of 3.0 kV. Before examination all sample were
sputtered coated with gold to avoid charging using the
Cressington 108auto sputter coater.

TABLE IV. FORMULATIONS OF COMPOSIES.

neat PLA 100 - -
PF10NF 90 10
PF20NF 80 20
PF30NF 70 30
PF30Si0.5 70 30 0.5
PF30Si1.0 70 30 1.0
PF30Si2.0 70 30 2.0

I11. RESULTS AND DISCUSSION

A. Flexural properties of composites

Fig.1 displays the flexural modulus and strength
of neat PLA and PLA-base composites. The flexural
modulus of neat PLA is much lower than its composites
having PALF as hardening agents (PALF has Young’s
modulus and tensile strength of 6,210 MPa and 170
MPa, respectively.[14])

The flexural modulus of the composites
improved by increasing the content of PALF (Fig. 1a),
but will not significantly improve the flexural strength
(Fig.1b) [15]. This could he the result of the poor
interfacial adhesion between the fiber and PLA matrix as
observed in the SEM photographs. On the many relevant
literature it is reported that addition of natural fibers to a
polymer matrix not improve the ultimate stress of
composite, explained by the quality of fibers and
adhesion with matrix [1, 12, 15-17]. PLA composites
containing 30 wt% of PALF showed the highest stiffness
(PF30NF has flexural modulus of 5,496 MPa),
corresponding to an increase of 64% form neat PLA.

The flexural modulus of PLA/PALF composite
with addition of hydrophobic fumed silica slightly lower
compared to the unfilled silica composites. Moreover, at
all content of hydrophobic fumed silica resulted in no
significant change to both flexural modulus and strength.
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B. Composites fractured surface morphologies

The fracture surface and interfacial adhesion
between PLA and PALF in the composites are
demonstrated in Fig.2. As shown in Fig.2a and b, either
in the PF30NF or in the PF30Si2.0 sample, the PALF

exhibit relatively homogeneous dispersion in PLA
matrix. On the other hand, many PALF bundle can be
clearly seen in both sample. The poorly wetted between
the fiber surface and

TABLE V. THERMAL ANALYSIS VALUES OBTAINED FROM DSC THERMOGRAMS OF NEAT PLA AND ITS COMPOSITES.

Recipe 1% Heating Cooling 2" heating
Te(C) | Tn(C) | X, (%) | T.(C) | Te(®C) | Tu(°C) X (%)

neat PLA 94.7 174.6 314 98.0 99.9 1746 452
PF10NF 95.7 174.4 34.3 100.5 - 174.8 46.7
PF20NF 94.4 174.1 33.9 102.7 - 175.3 479

PF30NF 89,5 173.8 42.3 103.7 - 174.9 475
PF30Si0.5 - 175.9 44.4 104.4 - 174.8 48.1
PF30Sil.0 90.5 173.8 44.8 103.2 - 1753 49.1
PF30Si2.0 - 174.1 42.9 103.0 - 175.1 457

the matrix can be further demonstrated at higher
magnifications. In PLA-base composites (Fig.2c and d),
fiber pull-out can be observed in both sample indicating
that poor interfacial adhesion occurred between PALF
and PLA matrix [15, 16, 18-20]. This poor adhesion
resulting in lack of load transfer between the composite
components, and hence reduced mechanical properties
such as flexural strength.

C. Thermal properties of composites

The wvalues of the cold crystallization
temperature  (T,), melting temperature (T,)and
crystallization temperature (T.) of various formulation
were determined from the complete DSC analysis and
these are summarized in Table Il. In addition, the
percentage of crystallinity (%X.) of neat PLA and its
composites were calculated from the first and second
heating scan by using Eq. (1) [3] :

%X, = (AHp-AHg) 100/@-AH )

Where X (%) is the calculated crystallinity. AH,, (J/g)
and AH (J/g) are the enthalpy of fusion and the enthalpy
of cold-crystallization respectively. @ is weight fraction
of PLA. AH", (J/g) is the enthalpy of fusion for 100%
crystalline PLA (93.0 J/g).

As shown in Table 11, It was found that the incorporation
of 30wt% PALF into the PLA matrix resulted in the cold
crystallization temperature that shifted from 94.7 °C to
89.5 "C. The %X, values for PLA/PALF composites
higher than neat PLA. This can associated with the
addition of PALF resulting in an increases the

crystallinity through heterogeneous nucleation [6]. In
case addition of hydrophobic fumed silica, the highest
%X, value for the 1.0 phr of silica. Furthermore,
PF30Si0.5 and PF30Si2.0 were not observed cold
crystallization peak because the PLA was already
complete crystallized in cooling process [21]. Both first
and second heating, the melting temperature of neat PLA
and its composites were no significant change. The
addition of PALF into the PLA matrix resulted in
slightly increases crystallization temperature from neat
PLA. From second heating, the cold crystallization peak
had disappeared by addition of only 10 wt% PALF. It
was confirmed that PALF promoted nucleation for PLA
crystallization Moreover, PLA with addition of PALF

can be complete crystallized in cooling rate 10 “C/min.

IV. CONCLUSION

The hybrid composites of PLA, containing up
to 30 wt% of PALF and up to 2.0 phr of hydrophobic
fumed silica, were prepared in an internal mixer. Based
on mechanical properties, 30 wt% PALF content was
selected for hybrid composites. Upon increasing of
PALF contents, the flexural modulus of the composites
clearly increased This can associated with the short

PALF can be used directly without surface treatment to
improve the flexural modulus of PLA matrix. From SEM
photographs, the PALF fiber were well dispersed in PLA
matrix. However, fiber pulled-out can be observed in
both PF30NF and PF30Si2.0 sample indicating that poor
interfacial adhesion occurred between PALF and PLA
matrix. The flexural modulus of PLA/PALF composites
slightly decreased with the addition of hydrophobic
fumed silica. DSC analysis shows that the PALF and
hydrophobic fumed silica promoted nucleation for PLA
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