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171.43 = 28.93
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Modulus, TD 201 + 21 213+ 5 213+ 9 241 + 17 237 + 21
PE
Modulus, MD 221 + 17 234 + 14 221 + 12 226 + 28 230 + 15
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210 59 MPa 1Ty 32-40 MPa widsannuay 15-20% lagtwidnues HENR Feanfuueutufusie
uazUnaves HENR #ild uaﬂmﬂﬁ"&"quumiﬂﬂﬂgﬁiwqmwgﬁLﬂﬁauaﬂwwLLﬁ’A (Ty) 2 A wadlarin
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o19aguldindanduiiivanzanyes PLA : HENR : PBAT Tumswdeudugagnnsnisinuasie 60
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ABSTRACT

In this work, modified natural rubber powder was prepared and used to increase the
durability and the elongation of poly(lactic acid) (PLA) film. PLA and hydroxyl epoxidized
natural rubber (HENR) was blended via a melt mixing process using twin screw extruder and
film blowing machine. The influences of types and amounts of HENR and the addition of
additives on the microstructure, thermal and tensile properties have been investigated.
The morphology of PLA/HENR blend showed coarse surface with obvious particles of HENR
dispersed in the PLA matrix. After blowing, the dispersion of small particles of HENR in the
substrate was seen. The size of the remaining HENR particles was smaller than that of the
starting powder. The compatibility of HENR and the remaining rubber particles may
synergistically contribute to the improvement of the elongation at break of PLA films. The
tensile strength, elongation at break of PLA film increased from 2.8% to 60-230% while the
tensile strength decrease from 59 MPa to 32-40 MPa after blending with 15-20% by wt. of
HENR. On the other hand, all blends exhibited 2 glass transition temperatures with lower
values than that of pure PLA films. It can be concluded that the blend is partially
compatible and may help the flexibility of PLA films. The addition of reinforcing additive
(clay) and heat stabilizer (Ti,O and Irgarox) reduced the tensile properties of the PLA/HENR
blend films. In addition, blending with PBAT (PLA/HENR/PBAT) enhance the elongation at
break to 215-240%. During field aging, the elongation of PLA/HENR blend film was
decreased from 45-114% to less than 10% after 3 months of usage except the
PLA/HENR/PBAT formulation that retained 170-240% elongation at break after 3 months. It
was concluded that the suitable ratio of PLA, HENR and PBAT in preparation of agricultural
planting bag is 60, 20 and 20% by weight.
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Tuusiazdiinsldgeslumsmnzugniimdusuauann Bisnin 30 dwludel dagadanan
ydsnmslinuieznaaduvesnanaindnnniigosaaeldon  wedwestinmguneduanin
wedn  (PLA)  Fdldfumwaulannmansanadilunisihsimunlimaunuggnitldingiuan
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YosanMzoIMa wazdadedug serinamisldan vilvigaugnivdouain PLA o1aianisuIunneen
Y9I fouAsUMMUALAITeINIsUgnnalll Manauansiufvadluimuaudinmunistadisenves
99 PLA Wunuiynandeiitnidevanevinudensiamn
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andundsnuitazshlinediwesifieunsuandnldly dealiwodwedtug fanumiendiui
Sanalawesildlunsfiunnumiedlitunoduanin weda (PLA) Svannvianes vdanalawiesiiun
Mneaamnsndlnaiall Wunedlelusdanalawes wedgSudaalawed wazdanalaweifiann
555UV 19UB95TIUNR (NR) enasssnvdwendlad (ENR) 1usu Semniiarsandendndusindy
fnsfudanedey uazannsagesaasld  Saralawesfiunansssumiiazldsunseensuunnnd
sanalaesmnangramnssulinsied egslsfnuitgmuesdaralaweifunansssund wu NR
vi3o ENR AeandRsunisiniuiesgs (Tack) vivluansauiu PLA 1¢e1n Taeie3osdnia (Extrusion)
slsiensentsedeudnneunnud  wasmandslutiinamn  swidensitayldesssseivnen
Fladlonsenda (HENR) Faldannainnisilimsdnenles viliiivylensonTauazmdwonloddnoy
snuulassainewniens Seens HENR Sdnwausnduns Tehedenswausaufu PLA uenvnidd
aATeues X. Shi uagany (2014) AldFnwnaresanswedesaroauifnisiudsunamgingsues
woAweasNaNsErienefadullaosfmniiasunsieiedany/weduanin wedn (EVM/PLA, 80:20
wtos) meldmssunsenauuulauniing (Damping) Tnenedesafilfifunedosauuuis fivylonsenda
F1uau 6 wy Tergaumgiinsiasuaanugadneuin (T,) 22.1°C Mnuansnasmuimedooately
EVM infu PLA 18Ty Taenefooaaunsnviesuiusylelasausiufunyieamesues PLA 1¢ T

a 1

msvegeuiinamaiigenitaamginisiasuanuzadiouiives PLA (Uszanal 57 - 60°C) neleiuss

Y Y
[ U

nswhuuulaunfind Wuselelasiauseninimedesauar PLA annsafanisiadeuiieenaindu iia
mMsuaniuse  waziian1swesuuseludld  (move-break-reconstruction  of  intermolecular
hydrogen bonds) dwaliiuegaaaade (Loss modulus) anas wazen Tand TumaUSine
wedeeadifisdu (10 - 30 phr) [1] FsrnAeiiauevenulundeilions HENR Faenasananding
lanson@adnuaunnlulaseasne  Jsmenividnsianswesuiusylalasauseninaglansenda
93 HENR fumyjasuatiaves PLA 1# Sethazdwmaliléfduidantfidanaiia famssuuss waens
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* Joiaualasin1sseyilitesnd 6 Wweu wildveusudsumuawuziivedlasiniamanilvideys
Imsldnudugeuagndmsulanuziliomezldinaiuszann 3-5 weu

1.3 YAULIAVDIUIY
1. W3gnenesssusRanandladlansanda (HENR) vdang
a =3 a I3 1 d' v a a 1
WsHLIANANARNABNNTIUATENI PLAHENR lngia3essninindeviuous
WhgananadneeLased Blow film

A e

naaauanyfAnIual dugiuiven audinieanuiou wasnaadevaudagina (Tensile
property) vesidunediesHauinTesls
5. neaounsldanudugsugnuesiidunediueiunan sufugamaiainiiinienain PLA
U3avs uarnegnilvdsnainnediefau®
5.1 waaumsldeudugeuandudu Wunan 15 %0 1, 2, 3 uax 4 dou Anwitufives
Ty wazaudR@enakarauiAineduguingrvesilaunediueinauiussuisuiugs
fl3euan PLA U3qns uazqenwedlofiau
5.2 Bongnsimunzauiludnunslinuatdasnsveasslgnuzideme u gudiam
lasamsvadsisdantvid aldaues o.uilEy 2.3uslnl
5.3 nadeUMsEeLaMevesiduneAosHaufiaulan N mssIuNEoaany
(Compostable test)
6. ajunaLarInyingI89IUNITINY

MNeWe * - dalauslasinisiauege wildveusudsunuduzinvadlasinisanilideyain
nsldnudugaugniulagiuredasinsvaisfiegeUaninseunnwedieniay
- QaUgnimssuInwedeiaulAnyIUSUE UM ZauTRNITNULTIAG karn15U3

9 Y
v
U

LANYDIEINNTIY
1.4 Uszlgvinmndnazlasu
1. lgeugnianunsaldeuldasaannnediuesdinim (PLA) Ineflenssssuniiduesdusenay
2. viiwwananisldusslevivassnasssurftunisiuasiiuanudangy uazaisannis
Nnuisenlalasladavesnediwesdinmngunedeavos



UNa 2
av a4 ¥
J1UAIYNENYIVD

[

2.1 UIeMNYIVBINUNITIATEN PLA HEd

mAfedifunsinunavesssssumidauusroautfiinavesiduneduaninuedn

edunumaimundedrfalugumsudadnzves PLA el PLA annsaldamudugagnld
Tneluuniiaznanfeanuiteiidedestumanan PLA Saufuenssssund ensssumidaus uag
anseuq Mietesiunuddeluadedl

U a.A. 2011 C. Zhang agae [2] lé’ﬁﬂmmammmsmmmqﬁL'Ja'whm A (0, 5 waz 10
il sresesuanaunelu figamgll 145°C deUstavsamlunsifiuanumdedlidu PLA Toe
ATeiilanan PLA funafirihunisuanlunansineg fu Qudasidiunaues NR 0, 1, 3, 5 way 10
wtos) Feindasuanauniglu figumnd 170°C Wunan 10 wift dmeAweswaniniouldlugugy
FreiATRsEnTUNUA WS UNAAEUNIYIUABLTIAY LAZNITNUABLIINTZUNN IINHANITNARBINUIINT
Nasl PLA $9uAU NR fiduusadoudunan 10 unit lushsdiu 3 wt 928l PLA fidnanudngsgn
& 99910 Ap 196% Tuvaue?l PLA mausandu NR Akunsadoudunan 10 wiit ludnsnd 10
wto TsiAnsnusiousansEungan fe 6.0 ki/m” sistimnuanunsalunisiiuauudedliify PLA
V9989595UYIR UhaziAnainauieunazusadouluduneunisuinens dewavinliensinii win
Tuwanaanas sadafanyfsiduainnnisunvedenedlelendufuiy - yansueiauasny
lensenda) Famissnatnazannsaindunsidonsufuvyieamosues PLA 16 Ssdsnaliiinaany
difuldes PLA wagsnasssumidintu dwalitununauamsouansginssudanguiaingin
druved NR i

U A.f. 2013 K. Pongtanayut wagAni [3] 10YINsANYINAY89e1953IUYIR LageNEITUYIR
dnondladsodugiuinet audininnuiou LazaudRidinavenedmesnaussning PLA/NR wag
PLA/ENR TneinSesmedumosnay luswsidin 90:10 80:20 waz 70:30 lneldiedosuauuuuln
(Internal mixer) mﬂﬁ?uﬁmwﬁmié'ﬂeﬁugﬂ (Compression moulding) AnwdguIngvesned
woswan wudtlugns PLA/NR sesssumddianvasnisnszatedidunen (Droplet) lnsvuinves
nenaglngjnusnanesesiiiuiy FuAnnUsngmIninissanivessns  (Coalescence
phenomena) Tuwauzdignsves PLAENR linuusingmisaifanany Taewudn PLA uaz ENR annse
duldd Teeusngulafisaradien edenaifesnanlulasadieves ENR daannndn NR T
aunsadiiu PLA 1d@ndn naseunginssunmaiiaudnnuin NR uay ENR ansnsoiduiumilen
needulst PLA aunsafiondnld §9 NR anansodudundeniliAesdnléfind ENR naaeu
AaudAnAUTeY  (TGA) WudﬁwaaL:ua'%mam%ﬁqmgﬁiumsamaﬁ@i’ﬂﬂiﬁﬂﬂiu%qméﬂﬁzuwm
300C  wadoriomnanlunssuusadlneldiedouuunaunuulniusadou  Ssoravsriiliansle
Tuianawes PLA WRanisnia dwaviliwedwesuandonannlfiidu naaevautfidnaveswed
wosnay  wuhemmnudenssisemoimeinauanawm At siiftnntudefeuty
PLA U3avs Tuvaigiidnistingagn as 9nuinwes PLA/NR Aidhsndan 90:10 flenfesaznisdngenia
PLA U3guiste 4 wi uasdlendaegdalulufiamadeafumaiunusiousdis



U A.f. 2013 C. Zhang wazanz [4] lavinsfinwinanisausou audfdana waznginssy
msluaves PLA fifinanumilensie ENR Tngld ENR AifluSunadwenledsinetu 2 a1 fia 20% uaz
50% epoxide content Tagl¥snsnarulunsuanves ENR daust 1 — 20% frewrdesunnauniely
(Haake internal mixer) mﬂﬁ?uﬁwwaaLuaéwauﬁlﬁlﬂﬁﬂquﬁﬂismhq‘*] NUANITNAABINUIN
PLAVENR50 ldm&aanlunisuas (Torque) gsndn PLA/ENR20 Gsffidenandmmydwenlediiunnnii
ansnfindumsisendumimivetiaves LA Tduinnd1  Taevuselelasauiiiedurilsiedd
wdslunssaufigand Anvidugiuiverdiemaia SEM wudnindiu ENR 1 20% uay 50%
epoxide content Wfies 5% Iuimedwesideuilou Fuansdemudiuld (Compatible) ves
PLA way ENR Fwwadildlimiloufusmuideuss R Jaratrotkamjorn  @senatinainnsldansiaiu
wazwalelunsuanfiwansneiy wazdlodiuusunas ENR Wu 20% wuin ENRSO wassaadniuld
fiu PLA 1111131 ENR20 gﬁﬂ@’]ﬁ]Lﬁ@]ﬁ]’]ﬂﬁ/il;lj5W®ﬂ1%ﬁﬁﬁ’]ﬂﬂ’j’1LMﬁEJ?ﬁ’ﬂﬁLﬁﬂéJuGﬁﬁ%EJ’l warnaL Ay
#u (Entanglement) fu PLA flunnndt Tudiuvesautivaaudou wudn ENR20 duwalinedued
NeLLinnsaaNefaEand1 PLA uay PLAZENRS0 Usyanas 10°C waznisiiiu ENR v 2 adialuuSana
s1eq fu lifinademsidsundasingamniinsiuasuaniuzadioniues PLA wag ENR fdnidunis
Favramsiiananues PLA iasmndnsisetves ENR AU PLA fiintu nedeuausinisnuseussi
wuBAAIMURLIIRY AuegdavasdianawuUTinaesiiinty lurasiidnisBadieon o qa
919 indy Tnensiiy ENR lutsinadisnndt 10% ENR 20 uanseudfinisnuseusais uaznsingh
genindIn1sld ENRSO wnudilasiinuSinaenady 20% ndunuiinisld ENR 50 Tsenisnusionss
Flafigandinisld ENR 20 fsuszanas 10 MPa lusaigiidnmsdadeen a aunveanisly ENR20
waz ENR50 31A1 32% waz 27% anuaisu

U 2013 K. Y. Huang uazamdg [5] 1avINn19ANwINaU99819555018 (NR) Hanean1seee
aangveInedLanAnLadn (PLA) et (hydrolysis degradation) Ifﬂﬂ@ﬂ’]iL‘LJalEJULLUaQ“ZJENgmgWU
e audAiniennudou wavauURidainaveamediuesnausening PLANR TagviinisAnen PLA ivih
Aswaufu NR Tusnsidau 100:0 99:1 97:3 uaz 955 lnawssunediweinauluedosuanaunialy
(haake internal mixer) ?Tugﬂﬁ]umiuﬂéué’wLﬂ‘%lmﬂmé’m (compression molding) NAFEUAIIAA
Yo IHLTIduRoIASes  contact  angle WuUAIUSHNM NR Tiiiudy dwwaliminuiidaveia
wHuTiduanas naoun1sgaduth (water absorption) wiufidy wuinidlunelufueusniy
muUSutas NR Tiiatu seidmsztunuiiniuldidives PLA fu NR (phase separation) elming
gurLEnluduanu (microvoid) dqmaiﬁl,ﬁmmﬁ@msﬁuﬁﬂé’mnsﬁu NAEEUNISEaBAANERIBN
(hydrolysis) vaausulas] Imamwﬁfwﬁqmmﬁ 40°C Hunaneineg fu wuihdunuisiuiafivgese
waziingesinaneluiuauinntuniuiadlunisueiiunniu wazezsianismeluresiminues
Funuidledunanlunsuediunnni 25 Yu Tned NR azlddwasensdosaarsvestunuusazdng
sensiinnan Tag NR ¥l PLA nsiiananenniu

U af. 2014 C. Xu [6] wazangAnuiniaway PLA Saufu NR ngldindesauuuudn 4
gamgll 150°C TneUsudnatdiu NR fausl 0 - 40 phr 9ndurhnstugufewadesda (njection
molding) INKANTNARBINUINAINITNUABLIIMNATENU (IZod impact strength) WagAIN1TEAZIER
o 9000 (Eb) windumuuTinm NR fiiudy TnefusnuanunsaBamesntdds 70% el NR Tu

Sws1dau 40 phr Ingludnsndn PLANR = 65:35 lothiunuldainiaves PLA senlaeldlanasls



o wuildlaseadnaves NR wuus1aun dassadiafenanunsedidnddgiivilinedwesnauin
froonldd egslsimumnismusonsis (TS) uasArmuudwesdununuinanamudiuia NR 7
i Tngdn TS Sianasannuszana 60 MPa wdelfieaszana 15 MPa iiewia NR 40 phr Sein
TS fasassenanihasinanaruliditussninunlaves PLA war NR dwaldumumusionss
nszvlaanas

U el 2014 X. Shi wazan [1] MHFnvinavesanswedesaroautinisasuudamgingsy
YomedmesaLsEwieaefiaaulhlaeydimaiiasuusssedan/meauanin wodn (EVM/PLA, 80:20
wto6) neldnssunsanawuulawfind (Dampine) Tnenwedeeaiildidunedesanuuis fivglansonda
$1uau 6 vy Tiengamgiimswasuaniuzadieui (T,) 22.1°C MnmansnnaamyuImedesariely
EVM iy PLA 16Ty TaeneBooaaunsnviesuiusylelasausiufunyieamesuas PLA 1¢ 1
nsvaaeuTigumgiiginitgamginisiasuaniuzadioniives PLA (Uszanal 57-60°C) aelduse
nsgvhuuulaundng Wuselalasiauseninimedonauas PLA aansafinnisindeufioanaindu An
AMsueniuse  wagiianiswesuiuseluails  (move-break-reconstruction  of  intermolecular

hydrogen bonds) dwalvixendagayds (Loss modulus) anas kazA1 Tan O WNTUMUUSUUWOR
DALY (10-30 phr)

U A.f. 2013 Y.X. Weng uazany [7] uazauzladnuIngfngsuniseosaaleniaginImaes
NOATMAU BLANN-LA-wLsWsn  (PBAT), PLA LaswaduasHausening PBAT/PLA (9nsidiu
40:60) FanTeulaglATOIdATALULINALIURY NFTUSUNEALIBIIY 3 gnsinenis casting Anw)

i A 2 | o a | i
NSURBULUMINIINIENNVBRUTIAN (VWA 5x10 cm’) NoukAsnaINIiediy wudansidianey
PRAT flduiinisilaeud (Judvniiutawnniy Wetlwumnuduiar 1 Weu Adusuianisanyia
Wonuly 2 wWeu wazavaunsagsvaanslen Iﬂamﬁa%udauagjLﬁ&JQLﬁﬂﬁaﬂLﬁaﬂaauLﬁuLJm il
& A A ~ ' = A a a a = a P &

WU wasauiwseuann PLA esagraunen Wausuiianisanuiadaileduldiies 1 Hou way

| Py a & L & v = a & a oA o as a o
ausagevannglaflasmfetudiuegiisadntesilioldudunm 4 ey wuReiuauinSey
910 PBAT Tuwauzifldunedwesnaunuifdusuldsuanmandangulandusslelaaiull 3
& a < al A 1 = 1 a6 1 [ a <
W kazisuwiunisanvisianaiiiull 4 Weu Awee SEM veaildunauwarviaanisilenudy
981 4 Wfieu WUITHANTWSENINRNIE PLA wae PBAT waensiefunumfiduininuvgussanniu
wagnUIBEWANYUIA e eg uuiuiaay Tuvasiuiivesiaunediuesnauuliinvziinuysusean
P wadalinuseswanfiuiveslay Anwilaseasraaivesiduvadlmudunal 4 wau wuin
Hauva 3 gesiinsiudsundasnnieuilaiulidunin wu nunsidsusunises C-O stretching

o 1 -1 -1 a [ 1 . .
RNFWnLY 1750 cm - W 1748 cm wagmsildsusunisves CH5; asymmetric bending 310
) 1 -1 [~ -1 d“ d' (v 1 Ya o 1 1 ] a ]
ALUUY 1457 cm LU 1455 cm - 99N19LUAsULUaInINaNIRIIuNAIUINAINNITUDYERY
(degradation) ¥asaelgwediodasiintu

= wa ¥ a6 a 6 gj (Y a [~4 =

AnwiAantAnieeuseu (DSC) vesaunadwaing 3 gns nasnsiruduna 4 ey

Al 1 1 a6 q' ¥ U Y a d‘ = d‘ 1 1 a a
wudaliuansnsanildususuanndn  enduiduiwienann PBAT fAnudiAaamailunsiin
AN (T) fenanas 90 80°C 10w 73°C uazArgamgiiviaoundn (T,) danfindu a0 120°C 1Ju
124°C TuvueAdunessuaIn PLA LLavwaaLmaﬁ‘mamﬁﬁﬂﬂﬁlﬁmﬁuﬁqﬁauLLavwﬁqﬁlﬁu Tnedun
WSBURIN PLA mmum@mmmmimaauamwmwle (Ty) i 60°C wazAn T 7 153°C uarildud
WwlgNIINWeAWaIHaNA T, i 60°C flen T. @ 78°C @ Tt 488 T 7 117 °C waz 155°C



gy Anwinsaneiadionuiou (TGA) vesiidumedmedine 3 gns wdsnsilfuduna 4
wou wudndaliunnssanfiduFudunntn wueitunaves DSC lnsfiduiie3ouain PBAT i1
gumglinsaaesigean lnefinisaaneia 5% 50% uay 95% flgaumgil 364°C 409°C uay 435°C
sosadluFofldunedietnan wagiiduinienain PLA audidu Tagnsaanesa 50% fdunedies
N Wunsaanesa 2 Ysgamniife 360°C FauanaiansaaieiivesduiiAndunsizeves PLA
fu PBAT way 403°C Fauansdsnsaanedaues PBAT luvawiflduiinienain PLA wumsaaned
50% figaunnil 351°C



uni 3
A5ALEUIIUIRY

3.1 @156

1. 5’18’1&%‘146{1?4%8&@@8@\1 (60%DRC) (High Ammonia Concentrated Natural Rubber
Latex) ; Thai Rubber Latex Co., Ltd.
2. w9330 [Poly(ethylene oxide fatty alcohol), hexadecylether, Terric]

; Commercial, East Asiatic (Thailand) Plublic

Co. Ltd.
3. lelasiaumeseanlen vlln 50%  ; Commercial grade
4. nsanesin (98%) ; Analytical reagent grade, Fisher chemical

5. waakan@Ankadn (poly(lactic acid), PLA) ; 4043 D grade (biaxial oriented film),
Nature works

6. wodtriduszAwn-la-lnisuyian (Polybutylene adipate-co-terephthalate, PBAT)
; Ecoflex F blend C1200, Unic technology
(Thailand) Co.,Ltd.

7. iaAu (Hydrous magnesium silicate, Talc); Minerals Technology

8. lnmillelaeanlun ; Ti-Pure R103; DuPont

9. Irganox 1010

10. Bioadimide 100 ; Rheinau chemi additives

11. ax@lau ; Commercial grade

12. LLﬁ”ﬂluImiLauU%qwéqa - USem Inedudawseania 31190 urivu

13. n3adanien (98%) ; Analytical reagent grade, Carlo erba reagent

3.2 Janaunsal

SUBALMBSIAT VWA 2 GRS

Tnines (Beaker) 3119 50, 100, 250, 500 Hag 1,000 mL
N3xUoNA (Cylinder) 3u1n 50 tag 100 mL
Yuw/lulastiun (Pipette/micropipate)

wlntu@Anuis (Magnetic bar)

wSeatunau (Mechanical stirrer)

AauALTou (Hot Air Oven); Memmert

8. E)'Nmummmmﬁu (Temp controller); Elela cool ace ca - 1100
9. §anAau; (Dasiccator)

10. wSeadsaziBen 2 waz 4 fus; Sartorious

11. wSeamuasavarewuulfuaimes

12. w3adlianudoundeuniuaisazany

N o RN



13, inseswTieasnsunesy Surlsusnanlnsiines (Attenuated total relecrance
Infrared Spectrometer, ATR-IR); Perkin Elmer system 2000

14. Nd999aNIIAUBIANATOULUUEBINTIA (Scanning Electron Microscope, SEM); §u
Leol1455VP

15. napsganssaiuuulduas (Optical microscope); 1 SZ2-ILST T5 SN 1002459 Olympus
Corporation

16. LASDIVARDULIIFS (Tensile test); Instron Model 5965 Universal

17. \3eednInndemviuewiien (Single Screw) Labtech Engineering Co., Ltd. U LE20-
30/C

18. Lﬂ%@ﬂﬁﬂ%ﬂLﬂﬁaawuaud (Twin Screw) Labtech Engineering Co., Ltd. 34 LTE16-40
FAC

19. \3aathldu (Blow Film) Labtech Engineering Co., Ltd. U LF-250

20. in3esnviosuToaaunuilanassiwes (Differential Scanning Calorimeter, DSC)

21. Lﬂ%ﬁLquﬁma@mﬁﬂﬁf’]ﬁﬁﬂLﬁ'aléf%'umm%’au (Thermo Gravimetric Analysis, TGA)

3.3 NSM3EUINITITUVIRAALUS

{]umummaﬁﬁmm%uﬂLLaaﬂmuam (NR) 52uAULas3n (teric) Lwamﬂwmmwmm
l@ResINTY mmumammwmi&aﬂmuaﬂLmaiLLm mmai’jumummmu 60°C Luaammummm
mManeansanesiin wazlalasaumeseenledadliegneting Juniuseiduiaan 10 mIm dleasu
ﬁmumnaw‘hmsaﬂqmmﬁﬁuaqﬁwmqaa (Useanay 40 °C) warIudunsaasly U%’ULﬁmqmmﬁéﬁuLﬁu
50°C Lﬁaﬁaqmmﬁﬁﬁmumﬁ’mimm H,0, asl dunmuseifunan 6-7 $alus mﬁiﬁwﬁamnéuqm
UfAsensenineesssumilensendadwendlad (hydroxyl epoxidezed natural rubber, HENR) Wil
nanlumsiAaufizeiunnssiuazyilildsasduvemylansenda uazvydnensladaiunnsnaiiu

3.4 mawseuisunadwasnaudmsuldlugelan

NI TaUlRS I UNDALLDSHANTENING PLA NU8N955sUdnnLUslansandadnendlag 7
fidnduvylansondasienyBnenluniunneeiu 3 f1 Ae HENRL HENR2 uag HENR3

3.4.1 NMSHTEUNDALUDIADUNIIUA

W3uumeame AN ILsEIne PLAHENR Tudnsndiusine saandlunisne 3.1-3.3 viil
rouvimsnausin PLA azvhniseuiigamgll 80°C 1fuan 8 alus Tuwaedl HENR agsihnseud
gaumindl 50°C unan 24 Halus

Himswieundaneunmudarldiniedle 2 vin Aewrdednamndsmusuien Tnevhnis
ADNNIUAGIBMI T 50 seusewdl 9ntuvhnsraudnassdierdosdaiandenuoug de
SN2 100 seUsionndt Teiilornensdidnvasdunsundn luvasidin PLA Saundilugndn
yilwmnldintessninindemusudlnonsaziinnsasiibiminanessnitsedauysuazida PLA Tu
hopper euAIBIsA3AINALIMUBUE Tuvnzil hopper YaATBIdnIANAEILBURLIREIANANS A
$1eni1 wenaniiilesnniaiesiiont 2 veseaEinermansivuinidnunn wodwoieglurinnay
Tunandu nswaalne 2 wissdofwaofiuaudfuldsewing PLA uazensiauusléiiatu 9aq
Qmmﬁﬁumm%mamﬁ”’q 2 1309 fauandlun1sng 3.4-3.5



A1519 3.1 USunuansengg Aldlunisiwdeudinaeunniug dvmsunisnaaeunssi 1

ans USnauitld (wt%)
PLA PE HENR1 HENR2 HENR3

PLA 100 - - - -

PE* - 100 - - -
PLA/HENR1-10 90 - 10 - -
PLA/HENR1-15 85 - 15 - -
PLA/HENR2-10 90 - - 10 -
PLA/HENR2-15 85 - - 15 -
PLA/HENR2-20 80 - - 20 -
PLA/HENR3-10 90 - - - 10
PLA/HENR3-15 85 - - - 15

* 15N TiO, 2 wt%

A1579 3.2 USunaansnngg AldluniswSeudaneunniug éusunmadaunsai 2

ans USInauiild (wtoe)
PLA PE HENR1 HENR2 HENR3
PLA/HENR2-15 85 - - 15 -
PLA/HENR2-20 80 - - 20 -
PLA/HENR3-15 85 - - - 15
PLA/HENR3-20 80 - - - 20
PLA/HENR3-25 75 - - - 25

A159 3.3 YSinaansingg Aildluniswseudianeunniug dusuneaeunisldlunisugnuziiome

a AuginulasinIsvaduantyg

USunaild (wit%)

12k
PLA | HENR2 | HENR3 | PBAT | PE | talc | TiO, | Irganox | Bio100

Yol 1

PLA/H2-20(1) 80 | 20 . . - 3 | 2 0.2 .
PLA/H3-20(1) 80 . 20 . - 3 | 2 0.2 .
PLA/H3/PBAT-20(1) | 60 . 20 20 - 3 | 2 0.2 .
PE(1) 100 | - . : - - 2 : :
Yol 2

PLA/H2-20(2) 80 | 20 . . - 3 | 2 0.2 2
PLA/H3-20(2) 80 . 20 . - 3 | 2 0.2
PLA/H2/PBAT-202) | 60 | 20 . 20 - 3 | 2 0.2 2
PE(2) 100 | - . . - - 2 : :
PLA 100 | - : : - 3 | 2 0.2 2
PLA/PBAT-20 80 . . 20 - 3 | 2 0.2 2

dlo PBAT #lo Polybutylene adipate-co-terephthalate
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M99 3.4 QUUNIVDIUNTALULATOIBAIALUUINGLINUB ALY

Extruder (°C)

Zone 1 Zone 2 Zone 3 Zone 4

160 170 180 175

M1919 3.5 QUNNTVDIUNTALULATDIOATALUUNGEINUB S

Extruder (°C)

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

160 170 175 180 175

3.4.2 MsWhaunwadisasuay

thiflneduesnaiinioslsnniswiuamihnsgeieedoadiidy (blow film machine)
Y9IUIYN Labtech Engineering Co.Ltd §u LE20-30/C sednsnss 80 seusiewnd (U 3.1) Tl
Aunaveaganuimue Tnefmumunuszann 50 luaseu Yrgampivenaieath fauandly
A1 3.6

U 3.1 iwsoahildurunnidn (olow film machine)

M1379 3.6 gaumgifldlunisiilauves PLA uasildunefiuesnay PLA/HENR

Extruder ("C)

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 (Annular)

180 190 190 190 200

3.4.3 nsiasENgIUgn u,asmsfﬁﬂaaaan'\azn'\ﬂ%’muqeﬂgn%ué’u
ihilduiiwdenldainds (3.4.2) unuiuia 2 419 Idgeiflowin nfe x &1 wdaiudu
Uszanm 4 x 9 1 (ANQaAUNIe 8 fh Fudhundues 2 19) MmnumuiUsyana 0.5 dadluns @
BUR AU 4.35 vnmiszjaﬂummmmawamﬂmwmLaﬂ MMsAEgAUTNveIgIUgnauag]
Imamwum"lmmmawammyi‘maq i mmﬂiawaﬂum fmmaimamﬂaﬂsmna'm]uaqmﬂwu
Uszana 2 T
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nsneaeuarlinegnitanan 75 guiogns lnsudazgnsasrhninfufogiesiuou 5 ads
f9 15 Tu 1 iftou 2 Weu uay 3 ifou Tnsusazasrsiiufogesiuou 15 g

nsdraesanznisidnuagldnuuesninuwuuuanerudutanugn inisugninuensnaly
ihijodunm 2 fu nduthnmusendnldadugean Tnefmuelinuuendrlfiaugsssana
3 Tu 4 dauvesgagn (5U 3.2) ﬁfmﬁsmf']ijanﬂi’u fuaw 2 ady adsar 200 faddns e‘z’iaLﬁaimfﬂﬂa
wfithisegluuinadinigiane (U 3.3) deasudmuananiniafuiegugagn viiniséli
aven dunnsesunn/d Raliuisiigumgiivies dauimdnfiudsuluresquiisufuthmiinguey
Guduneuldniuunin

Fatiefldiduhisdmivsnzdomavadasmanas femmdunsarsszam 5.5

A biiUszana 2 ms/cm

5U 3.2 MIneassUgndunu

5U 3.3 geugnuassatide

3.4.4 Msin3eugelan u,azmsmaaun'\ﬂ%'\‘nuﬁ]uqeﬂgnml,%amr’iﬁiﬂiamwma
ihildufiwieuldannde (3.4.2) sniuduiis 2 409 Idgeiidiauin nhe x o1 wdaiuiv
Uszanad 5x10 19 (ANQaAUNI1e 10 1 Fudhanduay 2.5 §2) AnumunUsana 0.5 Jadluns
A1 BUR Wiy 5.41 mmi%aﬂummaLmawamﬂmﬁummaﬂ M IIUTTesglanauass
Imsm’mum’mmmawaaiwLm‘ft‘wm q mmﬂsaa%aﬂum ﬁmLuaiaaaﬂﬂaﬂiﬂaﬂmfmvmmﬂwu
Uszana 2 i
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nagaunsidnuilduneiweinaundugagnuzidomn lnewiudnwanuulase (n153nuin
yoeneUgnieulazvdInITUgn) uazkanszvusiousilomAnviaaes o guiimuilaInIMaIsiLa
Tyl 0. T0oues o.usl3y .43edlml saiinmameaesaziinsdudunslu 2 dasnan Aethadounsngiau
- ganAY 2560 (49dl 1) uazTILABUNgAAINIEY 2560 - funpa 2561 (4l 2) ) Wneinseuniwedieeg
wan (Mugesfauandlune 3.3) sunandeiudu 5x10 47 $1u7u 4 nRiBY Ay 5 919 ax 10-13
ge anflumsvgnanglalsaseumdieiuuuann 6x30 was Ugnluszuudanuan (substrate
culture) Tibmfeutenniuluzlvesasarassigemsida EC 1.9 ms/cm Tngldssuutimen
Tngldgnstodmivignuzdommvesyadslasimvals msdaudeis dausdefauauseen ivde
anzddundn nslina dndennaiifvuawinfulaglivdetoay 3 ua drunafifoundndausaiia
Suiinuansludiuresnagn  IWudrruuduswesgagndosans  uazmstenanevasignees
dany  warludiuwveswandsn  launnisiasgiAvleanieaidu  waznslinenuasmziloma  Lazau
USHUUAS AN NHARER

3.4.5 MavagauMagasdaefimsdanwludiody

yagoun1sgosaaeimisTnmlulou (In-house method) MuAsgIL ASTM D5338-
98: 2003 uar ISO 14855-1:2012 leeAudinwayliasizviandiiveian (Ani) a@a1duide
InenmaniuazmaluladuisUsmalng (12) Taemsfauiinauiensusulneenludazauiiinain
Aanssunisdesaanelaqdunidaningueaey  dalduniidunediesnaniinnsungesliduns
azldaprwInan Ingdedadiauan (Cellulose microcrystalline) wawingensdudsau (wodlofiaw)
yunaliiAy 1 fediwes wenmfvlentn AfvinanuaiiGesu 7-8 log CFU densuvestenin)
Tudmsndn Yemsfn-Ingnagey wirdu 99:1 Uuluannzdaiigamgdl 37 + 2°C Wunan 49 Yu wasi
gangfl 58 + 2°C \Juan 56 Ju v 3 dsonilsganndey uanwaldufesaznisaanesmaiinm
nneasverlutanmaseuiideuduieensueulneenlasrefensueulasenlediiintuess
wiindlflunismaaey dsaunis

NTAAWAINNTINMN (%) = (C02 COZ_COH__mL) x 100

. sample B

de  Co, sample A U'%mmﬁwm%UaulmaaﬂlsaﬁazamﬁLﬁmmﬂﬁﬁ]ﬂiimawﬁum?émaamwzL’J’m
NTNAFDUNISUBEAANYVBIAIDYNY

CO,, control AD U'%mmﬁwm%waulmaﬂlsaﬁazamﬁLﬁ@mﬂﬁf\miimamﬁum?émaamzamm
nsneageun1steaatgludevdn

3.5 N15LATILALATIET1NI0AT FUTRANINIEAIN LaaNURLTIINAVDIFITAIAY tianaALNDS
NEY hasHANWDANDSNEY

3.5.1 msdaszindileidunianiisewmaila ATR-IR Spectroscopy

N19ATIERlATIES1919ATIU9819 HENR A28LA399 Infrared Spectrophotometer U89
Y . ] 1% ' a -1
U3 Perkin Elmer 3u Spectrum GX lagl¥ ATR v Tugasnisganiiuueas 4000-400 cm
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3.5.2 NN5ASIVFOUNURIVDINAUND AU NAUANADIFLNDI 1D

AnviiuRivesiidumoAuosnan warnsisunlamosiiduneduesnan wansugna
nandifvun drendesamesle B%e Olympus microscope digital camera Tngldidavens 2 wi
fatlgntssundsiingAnwoonidu 3 dumis AeftuRavilulusumidsids (1) ses@avesns (2
wazsumienaviuannisladan (3) Guhumisingg fuandugd 3.4

° ¢ oA
ATLNAUIN 1

o o Fuved 3
AUNUSN 2

5U 3.4 sUseTunukanirisinvuedmiuinnunsiuasulUaseselanmendesdnesle

3.5.3 n1snsI9daUsNYMT iU ve e AlesAILA IS uNeAasHad e mATa
SEM

Anwiuiinvemediwediay uavildunedwoinaudioe3os SEM : LEO 1455 VP siad
fhogmedwosnanazfuluduneugaieresnisaudieiedosdniauuuindeiueug  Tasasu
Furulugnuasidu *1/‘1"1m‘sajm%umu‘l,uluim'ﬁLﬁ]ummﬁm%mmLL%a MnTyhsTntuny vhns
\nAeusienestounsegey  Tuvnsdishegdiiduneawed  avasivdeuiiuiveildulnenss
NAIANATARDURIN LN

3.5.4 N15A52EBUANUANIIAITUSDUVBINDALNDSNANLATHAUND ALNDINAUAeATlA
DSC

Anwravesmsiasuutamannuieuvediiduneduesay fuwses Perkin-Elmer DSCT
TnedsiegneUszana 10 fadndu adludvozalidey (Aluminum pan) wieuavinnisDandn
niuddlimudoututunilurisumad -50 f 200°C Fedasusa 10°C/min ngldussennme
lulasiau Haidumodwesnauazfnuifios 1 cycle MsfuamUFinaman fauandduaums (1)

(AH, - AHD) 4
X (%) = ||—o < x 100 (1)

X —
AH m ¢PLA

do AH L =930/8  AH s = 290 J/g
(I)pLA = weight fraction of PLA
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3.5.5 N15A529daUANURNI9AUSauvasiauneAasNauRamaTln TGA

AnwN1saanefIneANNSauTaIaNNeRLesSHEN  tauIad  Mettler Toledo model
TGA/DSC1 STAR® system lutisaamgiiies fis 600°C Mmwdnsuda 10°C/min aeldussenie
Tulasiau

3.5.6 mﬁmﬂzﬁmsm?{auuﬂmﬁ'mﬁfnwaqqaﬂgn

Fndnveageugnudinisléou  lesthfaqugnoen  dwharwazenn  Adfued
aumgivios FelwiinvesgeuiaieuiuduiinSusuvesudnaeuldnu (10-15 g1 nmagev)
ds  anduthamiudnidsldimmunumintniviesduonagn  (residual mass) 013
ﬁwmmmmﬁwﬁﬂﬁmﬁaagJJ'sumqw@Jﬂﬁaammi (2)

W
Residual mass (%) = —= x 100 2)
W2
naewig W, A Umiinisuy
W, Ao dminiimvdesy

3.5.7 NMINAFUANURANISNUABLSIAY (Tensile properties)

wmaauamﬁamsmﬁaLLsaﬁwaaquﬂImswhmsﬁmqqm@ﬂIﬁLﬂu%uﬁmﬁ'ammm A9 X 8710
wihdu 10 x 90 fladluns Tagldszovduiueu windu 40 faduns Tnodaluuwiss (Machine
direction, MD) agluiueu (Transverse direction, TD) ¥8499 A1UNIMT51U ASTM D882 (W191951U
NSUU9) ¥R USRS INARULSIRIUDIUSEM Instron Tagldwhluan 1 kKN frednsisa
A3fl 50 mm/min nsnaaeuansay 10-15 Fu/unidesnsngey



U 4
NANISNAADILAZNITIATAINANITNAADY

MiAdoizes mawwuggnuiingesaaneldanneduaniinuedn wazeessuvARALUS
wUsmsnaaes eandu 4 du fiddey il
4.1 MImsgLLazNTIATIERsRaLUBnendladlansenda (Hydroxyl epoxidized NR,
HENR)
4.2 AnwautRvesiidumediesuay PLAHENR flanuuin HENR #e Ball mil
4.3 AnwiaudAvesiidumedinesna PLAHENR flanuuin HENR she luila
4.4 Anwnsnageunislaiduneiwesnaudugalgnuzdomea wazn1smageunistosdany

\UoeAu
4.1 MsRssULazNsIASIzERnuUsdnandladlansenda (Hydroxyl epoxidized NR, HENR)

4.1.1 ANWAZNINNIEAIN BAZA1SIAIIHLATIFI19N11AT VD895 TUBIRAALUS

mu%’aﬁau%Lm%mmaﬁiimﬁﬁmLLU5‘171'511/13418@mﬂ%auuimaa%ﬁwmmqaiimﬂamu
UfA5e1n19.Un19e0nTL5uveee19s T Rdnendlad tnensuuessruviadawlslviiusunamy
swendladuaznylansondasneiu 3 ¢ Tae HENRI Fadussssuvadauusifiamenylonsenda
fidnwazuds léfaymmumLﬁﬂ&guwiﬂé’qguqmﬂﬁﬁ%m MN15ARYUIN HENRL  A8n155aur1uY
AEUNTITOUTLIA 80 1y (180 luasew) Tuvnedl HENR2 waw HENR3 %ﬁﬁgamglamaﬂ%auawg
nanled densiivydnenledluanslenediuesaevlionaiinumieniuiu ssiliddnuundy
HIYUIALAN wasuunlrgnIn HENRL adfaianumnainvangvesug

TuaAdedislévhmsanunnues HENR2 uay HENR3 iaiiu edsasdunismuelid
PunlnaAesiu lnan1sanvuinaznszyinlag 2 35 Aon1sanuuinnie Ball mill wazn1TaATWINGIY
Tufia Fsn1sanvunadae Ball mill agifunisanuuinuuuisiugiu WeyneesuualndiAesiu us
Tnanlunisassuauiu Wssina 2 Susenisua 1 ade) luuefeyniansilldainnsanauinde
Tuinasdeuadnanetosnit uildatlunsasuuindundt QudSuaensiiviiuisiesldna
Uszan 1520 wifl) - eghslsfinnumdanisteudauunn srsiwIouainis 2 3nuinfidnuasnis
MEnMIINNIsEunafeaenliuananaiu sedens HENR2 waz HENR3 frunisanuuinagiii
nsdnualasnsteusumzunssuutiahiiy sumeeeiaudeie 3 f duandugd 4.1

5U 4.2 wansdnumevasens HENR iledosiendosameile Mdswens 2X wudn HENR i
3 ¢ flanruadie Ball mill fisunssldurueu Aeulunimsinau Tng HENR2 wag HENR3 Hwuin
Tn&festu warllvuelvgndn HENRL Aeudnaann Turaedl HENR3 flanvuiadasluiie fuiad
NAINMABUINNTINITAATUIAAE Ball mill
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(a)

5U 4.1 Use HENR 3 faiilflumsinioamediuesuau PLA/HENR 1o
(a) HENR1 (b) HENR2 uag (c) HENR3

V'J’

LY L
u";t"l’
L ) . s
L] \J
20% <
LY ’\ (Y l'_ :"“..'
e 3 &
* . \.‘ ‘.‘io
R TS . R ‘u “ S
? L) “ﬂ.h - *

R
L

+ o,

4““
2

A ad
) 3E N

L] .‘.:.
ey os' _’

2»5

T
L]
v
-
»
®
!
e
)
.
P

¢
[\ 73

© | (@
U 4.2 3Uthe OM f&swenes 2X ¥8371395351ARALUS 1l () HENR1 (b) HENR2 uag (c) HENR3
anvu1ame Ball mill waz (d) HENR3 ianvuinmeluiln
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sU 4.3 uansdursnsnaunniuvns HENR v 3 6 Tag HENR 919 3 6fa Usingawnafy
‘ﬁyugﬂuﬁLLamﬁqmaﬁssmwamﬁauﬁ’u IHundryaadfiniunts 2862 cm ' wag 2926 cm Fau
Fuey104109 CH, CH, stretching dqyeyiaufisiumiia 1448 cm waw 1376 cm daludyaynmes
CH, CH; deformation uaﬂmﬂﬁ?ué’awué’cy@mﬁ%mm 3032 cm dadudyaiawes O-H
stretching vaevylansanda wardnyaadisiuvis 1066 cm’ Faududuaiaes C-O stretching 104
asvouiinnfumylensenda viafl HENR2 waw HENR3  LHusnadaudsiiduydnenledindent 3
Uiﬂﬂgé’igﬁgmﬁLLamﬁwgﬁwaﬂlfﬁﬁﬁ@hLmﬁa 875 cm (Asymmetric stretching of epoxide ring)
way 1250 cm” (Symmetric stretching of epoxide ring) Ing HENR2 wiUTunamydnenledivioad
ffound1 HENR3 luvaus? HENRL  Faifugnsfauusifianenylansendadalivsingdya o

Aurdenanan (§U 4.3(@)

a

Transmittance (%)

20632926

2861

29632925 1377 10661032

4000 3200 2400 1800 1400 1000 600

Wavenumber (cm™)

3U 4.3 ATR-IR alnasuved (a) HENR1 (b) HENR2 wag(c) HENR3
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AATIERNTUABULUABIsR TN UNLATA (Absorption band ratio) vasdgygia C-O

o

stretching GU'eNm%uauﬁamﬁuwglamiaﬂ%aﬁﬁ%mﬁq 1066 cm leufudyaiaves CHs
deformation ¥e4895I5UUIR FIUNUIL376 cm LLazé’mi’]ﬁ'guﬁuﬁié{ﬁﬂmaqé’fgcgmsuaqmﬁwaﬂ—
Taffisuamis 875 cm ' ileufudayiaives CH, deformation 8987195550817 109 HENR W 3 wile
wui1 HENRL - Bafugnsdauusiifionznylensenda ddnsdiuiuildfinduansdog O
stretching YaanfuauiAnfumflonsendagsiian sesaslufie HENR2 uay HENR3 audu lne

HENR3 fignsauiiuiilafinvemysnenlensenywfiavetenssssuiifasn »1519 4.1)

* Wawne1ws 3 iiadiuminluanaas uasdivaas siividslaiannsamdviazateld n1s
AwInUSinamyilsidulaewata NMR Jsldaunsanseiile

AnspiiauiinisauiouresesssamidauUsie 3 siafiedeuldfemada DSC wud
HENRL  Fsfliowznylansendatnasiiusaingaszminsanslege  vihlidedldndanulunsudiuves
duedugunnn dwaliranmgiiuasuaninui (glass transition temperature, T,) g9 Wagn13il
myBnenledifiutudmalian T, vosenssssumidanlsanaadofisuiuonssmsidauusidifios
mylensenda fudu HENR3 delivyjlonsondaiitiosiian uasiivadwenludfiunnndn HENR1 uay
HENR2 Fadlen T, itfeedign (m1313 4.1)

a

M58 4.1 gasauiuilafiaveadasueunfniunylensenta uwavvydnenlenveenesssuya
AnuUs (HENR) sftuillaiinvemiuiiavede1esssuyia

Atoss P
1066 275 ]
A13—‘: Al?ﬁv\ Tg,midpoint ( C)
HENR1 9.30 . 19.54
HENR2 7.15 0.73 480
HENR3 5.31 0.90 1332

4.1.2 NM15IASITIIASIES1MIATvINAUNDAKANAN LaTA tazNAuNDRNDIHAY

sU 4.4 wansdunlsnsnaiunaiflas PLA wazildumedumosnan AfUunas PLAHENR2 =
80:20 (PLA/HENR2-20) wudniia 2 ainasuliidayaaiilaiunnsinetu Sadudyaaves PLA wiidngu
4.4 (b) wAUTUIUL19EDT 20% Heiena g dyaadiulngvesic PLA way HENR Zuly
fumisilndifestu Tneduaavdnues PLA %Ui'}ﬂgé’muzgmﬁﬁ%mm 1746 cm” Sududnyeya
4949 aliphatic C=0 stretching &qyayiauiidiuvus 1452 cm” uay 1380 cm - dududuaiaves CH,
deformation a’mmﬁmm 1180 cm’’ %uﬂué’aumpmsuaq symmetric C-O-C stretching wag
?ngzgmﬁﬁfn,mm 1079 cm’ %uﬂué’aumpmsuaq C-O stretching (ester) ﬁu'qﬁﬁzgzgmsuaﬁ\léuwaa
wosnandug Widuaanduieitu PLA/HENR2-20
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3“‘\\
2995 7946
1452 / ;-
~ 13821360
S
9
c
1]
E
£
:
e 2094 2851
= 2944
1746 -1127 '
1079
4000 3200 2400 1800 1400 1000 600

Wavenumber (cm™)

5U 4.4 ATR-R awnaSuvesildu (a) PLA (b) PLA/HENR2-20

4.2 Anwnauvivesildunediuaingy PLA:HENR fianvuin HENR @28 Ball mill

4.2.1 nsAnwaudRanInIenInvssiaunaduasnaunauldaualgaieni

NuTelaulafinyiniswleunefinesnaundng PLA  AugnasssufanulsniuTunamy

anengladuazvylanson@asieiu n1379 4.2 uansgumevesiiaunarainiiwseulanin PLA, PE uay
| aa o =3 ) [ | a s a a <

PLAZHENR gnseinae Aidn1sanilugedmiunmmeasslgn annanisveaeanuiiilauinseuainida
wanafn PLA Busiu Tanwazla lddangu wnaziuiuldein dsesduguuuuiuiiaudiuiun g
Alaanunsadaunasouduuugaladneg Aduiwseuain PE 18y Muwas Bangud 1nladny genwIey
Iaanvauesey Tuvaeniauiwionan PLAHENR fdv1igu Tuseas iladendnilay PLA lag
WauMwmIaua1n PLA/HENRL Tuva 2 8ms1d@u (10 wag 20 wit%) WnuRfadnianvugseuiau

Wudaimeidu weailduiwseuain PLA/HENR2 wag PLA/HENR3 LHUN1TN52A18A089819UUIRLEN

' (% 1%
Y

MNsIiaY willdudinslidnuazisouidouy MadgeainIenaing s 3 @ns nuinlisesduuugs
<@ v

LNUBDY
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f1319 4.2 gﬂdwqqﬂqﬂﬁm%mm PLA, PE uay PLA/HENR gn3sin99 A3en91n HENR Mianvine
me Ball mill

Samples gevannaunsldeu

PLA

PE

PLA-HENR1-10

PLA-HENR1-15




A58 4.2 JUrensugnillienann PLA, PE uaz PLA/HENR gnssnaq (se)

21

Samples

gedgnnaumsldeu

PLA-HENR2-10

PLA-HENR2-15

PLA-HENR2-20

PLA-HENR3-10

PLA-HENR3-15
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¥
A A

4.2.2 ANSANYINURIVBINAUNDALNDINAUAIBNADIALNDI 1D

[
a

Anwdnvaziiuinvesiiduwediuesnay uaznsidsuulawesiidunodiuesnay vasnis
Ugnifunaineg fu Tnefiansan 3 dus Aeiuia (1) sesBavesns (2) wagsumianaiuainnis
1d7an (3)

P13 4.3-0.7 uansguiluinfidureuagvdansldou dondesaneile hdsets 2X Tay
rouldeuaegifios 2 fuvis Aefuin (1) uay sesdarens (2) Tuvneiinddddauazaulafums
naviuLfisifin MnsansAnwnuigUeiiduneduesneulFnunnans a 2 dumds lddeiuann
i Tnefiufia (1) uazsesda (2) vamngagSouiou

7
A a

waansidau 15 fu nudgangesiiasivdiimaresniuienig wastdideinigegNug,
Mailnagns PLA wudnlisesunnding 15 Tu lngseuuaniavaniinUsnnseediauednd Lagsesnariu
a v -dyo.l IS a 1 ! [ :.’I [ ! I
USUYaUYRINUYY wannidadigegninediuesnausening PLA U HENRL 4 2 8ns1du Ag
10% uag 15% WINUNISLANYeLe lagnudigelinisuan 6 uag 5 lu annvavungnsay 15 Tu
PINAIFU BaoeuandIul e infIiurLeTeeda warTPENAUUTINYBUYRINUYIYUALINUYS PLA

Tuvaiziinsgnsduq (PLA/HENR2 uaz PLAZHENR3) dilimumsunnsivesgandsmsidon 15 u

ndsldeu 1 6ou g3 PLA SnsUTumn uasilesgueenainduuniu nsamelusiumis
YDININATIU WazgIgnIneadiuosHansendte PLA AU HENRL 74 2 §n91dau Ao 10%  wag 15%
wuhilduuandufiuiu Andu 87% wag 67% mud iy Tuvneiiggnsdug (PLAHENRZ uay
PLA/HENR3) §lainunsunniavesgs

ASLEIU 2 WP faanswedilosHaNTEndg PLA fu HENRL %3 2 §n51d9u In15usuen
100% UagQaiiiid HENR2 uay HENR3 Tudnsidiu 10 phr wun1susuanuedna 20% luvugiignsind
819 HENR2  waz HENR3 udiunau 15 uwag 20 phr deaslinunisuaniivesgs sgdlsinugns
fanananuinsuandiadudu 50% Werunsldnuduna 3 Weu wazgmngasiinisunniives
A v & - v A a aa
g9 100% Wanunsldenuduia 4 ey snriugeiwseainnedieiay

Milgeiiwsenain PLA fimsilesduauliannsadunaieninlandmiunisldanudunan
3 1hou luvagiiAoun 4 gunansiimauans Jaldlavinisargnnganmunludioun 4



A1319 4.3 sUseiuildunediuesnan ¥ae PLA, PE wag PLAHENR @nssinee neun1sldeu

gns AuLauR (1) AunlTEYareens (2)

PLA

PE

PLA/HENR1-10

PLA/HENR1-15

PLA/HENR2-10
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71919 4.3 sUseiuildunediuesnas ¥09 PLA, PE wag PLAZHENR gnssnee naun1sldau (de)

gns AuLauR (1) AunlTEYareens (2)

PLA/HENR2-15

PLA/HENR2-20

PLA/HENR3-10

PLA/HENR3-15




A1919 4.4 sUseiuRIidunediueinay ¥ae PLA, PE uaz PLA/HENR anssineq nasldenu 15 Tu

gns FunieuRa AuVeTeETaVRIYe ARUINANU ﬁhmuqu
(1) 2) (3) WAN/39
: - 15
o - - - |
o - - - |
o - - - |
o - - - |
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A1919 4.5 sUdeiuildunediueinay ¥oe PLA, PE uag PLAZHENR anssines nasldau 1 e

403 Aumiaiuia AuVeTeETaVRIYe Aunenaviu WU

(1 2 (3) unn/37
PLA 15
PE 0
PLA/HENR1-10 13
PLA/HENR1-15 10
PLA/HENR2-10 0
PLA/HENR2-15 0
0

PLA/HENR2-20

PLA/HENR3-10 0
PLA/HENR3-15 0




27

A1919 4.6 sUAeiuIldunediueinay ¥ae PLA, PE uaz PLAZHENR anssineg nasldnu 2 e

403 Aumiaiuia AuVeTeETaVRIYe Aunenaviu WU

(1 2 (3) wAn/52
PLA 15
PE 0
PLA/HENR1-10 15
PLA/HENR1-15 15
PLA/HENR2-10 3
PLA/HENR2-15 0
0

PLA/HENR2-20

PLA/HENR3-10 2
PLA/HENR3-15 0




28

A1919 4.7 sUseiuiildunediueinas ¥ae PLA, PE uag PLAZHENR anssineg nasldnu 3 o

ans Aumiaiuia AuVeTeETaVRIYe Aunenaviu WU
v v
(1 2 (3) uan/$n
PLA - - - 15
0
15
PLA/HENR1-10
15
PLA/HENR1-15
15
PLA/HENR2-10
8
PLA/HENR2-15
-
PLA/HENR2-20
15
PLA/HENR3-10
8

PLA/HENR3-15
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4.2.3 NMsANFUFIUIMEINAWDINEN UasiaunaAwsNaNAIBALiA SEM

Mmadlunseseuidunedwes Adumwsouain PLA azlddiawanafin PLA Tunisinilay
Tnonss Adufwsouan PE agvhnswaudin PE saudulnnuidedlnoenlesaeiniessninnien
puaufeINaut U dy  TuvaeANAuNe AL NALILHSIUAINNNTADUNIIUATINAUYDY  PLA
LAy HENR @uafin hazUSunasuad HENR ANNUR AgLAIad0nInnaginiuauie) wasAsndonan

ndgmueugnuaiu neuthidinaeunauaila by

Lwiﬁu’aﬁiuﬂ’ﬁﬁﬂmé’mgmiwmsuaq PLA Tudhuvesnisindunuasindonanaiin PLA i
wnadimnduougiieliidnuundudy  deutluduudlullanauman  anifudaiinisin
Funuiielimiloutumetsemedwesnauduy nefnundagnineilaserlinediuesnaundmin
ponINIATeIdsAINALIMUBUg Jsazinsiiufiedisludnvasiduduiionty

Ao a A e a ¢ 1y a el a A a «
Tuvagiduguing1vesfiadnediwesnay 1Au1a1nn1s3RTeiNuRIveIlEaNIkn3euaINnIg
Pdanedwasrounnusudmeadas iaulnens

5U SEM vasnedieinay uavildunediwesuan dauandlun1sng 4.8-4.9

913U SEM veanediuesuas (m1319 4.8) wudn HENR1 Fefidnvazuds Wonautu PLA lu
Sns1du PLAHENRT = 90:10 Iidnwawmsdnuestunuuuuilse egnalsimudioiumdwens
maqiﬂa“aqmmmuaﬂwmvmiaﬂmmmmﬂuaﬂwwmumu (elongate fibrit s) UsIngunsnagny
3awﬂ%wmmmmﬂuaa Leziilofinusinas HENRT Wy 15 wit% wuindusnuiinisinuuumilen
Kty Imaaqmmmuwummaﬂwmzm?ﬂizmmu Tuvausfinediosnansenite  PLAHENR2
PLA:HENR3 ﬁuﬁaﬁé’ﬂwmmgmiﬂuﬂqﬂé’mmu u,azﬁmwm':;mimﬁmmﬂs?gjjumm%mmawﬁLﬁu%u

P1979 4.9 wanagl SEM vesiuinfiduiiwdenldainniaith wuhiluiovesiidu PLA uay PE
fdnvuediFou feumaruindnUszana 1-5 lueseu nsvaigegitaluistueu Tunsdl PLA ayna
fananeduansiiuusisivisndnanfuasiuiioufuugentives PLA sz PLA nsaidentd
Hunsadmsunsudngs luvasiieynialugy SEM veaqa PE haznidulvideulnoonlediifuas

Tulugns

uonINifamudn U SEM vesiiduneduesnaunngns (39 4.9) wuaynAvLIALEN
mzmﬂa@jﬁaﬁgﬁmm Fseymadsnaniasdu HENR luduiiveonlivanainnssuiunsnoumug
ﬁqﬁwudﬂgmﬁﬁmitﬁumﬂué’mﬂdw 10-15 wt% eymewiinszefdnanilvnneynausyan
10-20 lumseu uagnueymavalvg Wsznas 40 luasew) sgsamiuoymavuadnilesinisifiuens
Tudhsrdmwiiutu Gnnndn 20 wto) Sseymadsnaniauiadnniuevesenaiudy Juand
Wiuanelanedwesues HENR vdansanssanedmauiniuduiiamentu PLA I (partially
dissolve) usinszuunsnAnfiroudrsduihly HENR luanansovasuldvun Fsang HENR nszane
ogaluuuintus edwlsfinn HENR fwdedinanduwadnuin geillésuluyngnsdadsnad
dusianiSeuden
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A1979 4.8 5U SEM ¥4 PLA uagwedieinas (PLA/HENR) 989Rntihannnsinduauiniu
nsrUIUNIHANlALLATEISATANRL LB UG lUTURBUAAYINY

Samples 100X 500X

PLA

Meg =« 100X EHT = 2000 kv Signel A « SE1 Fill= 2680 A
Sean Spead = 9 WD= 9mm Spot Swe =180 Senal No. = LED 1455VP-00.27 — ScenSpesd= 10 WD= 9mm Spot Size = 100 Serial No. ® LED 1455VP-05-27

10pm Mag = 500 X EHT = 20.00 KV Signel A= SE1 Fill= 2689 A

PLA-HENR1-10

30um Mag= 100X EHT=1500kV/  Signal A= SE1 1= 2669 A 10um Mag= 500X EHT =1500KV  Signal A= SE1
ScanSpeed=8  WD= 10mm SpotSize=200  SerialNo. = LEO 1456VP-05-27 ScanSpeed=8  WD= 10mm Spot Size =200 Serial No.

PLA-HENR1-15

20 O 000w  SoAs IR
— L R Spot Sow « 200 Sesete » LEO WVIOG 3T WO N Soct e = 180 Sene Mo

[ T R T T ——— I

PLA-HENR2-10

. ) e J -
Mege 100E BTN = Feie 230 A 10pm Mag= 500X EHT = 20.00 KV Signai A = SE1 Fil= 2709A
oo Tewed s 1 WD B oot B = 190 Sevw o+ LD 1456V9.06-27 ScanSpeed=10  WD= 9mm Spot Size = 180 Serial No. = LEO 1455VP-05.27

PLA-HENR2-15

2
30um Mag= 100X  EHT=1500K/  Signal A= SE{ Fill 10um Mag= 500X  EHT=1500K/  Signel A=SE1 Fill = 2.
ScanSpeed=8  WD= 9mm Spot Size =200 Serial No. = LEO 1455VP-05-27 ScanSpeed=8  WD= Smm Spot Size = 200 Serial No. = LEO 1455VP-05-27
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M99 4.8 U SEM ¥89 PLA uagwedwesway (PLA/HENR) Y@siivinainmsvindunufiniy
NIrUIUNSNaNlAATOISATANGL U UA lUTUROUGATINY (D)

Samples 100X

PLA-
HENR2-20

30um Mag= 100X EHT = 15.00 kv Signal A = SE1 Fil= 2669 A EHT = 20,00 kv Signal A = SE1 Fil= 2699 A
ScanSpeed=8  WD= 10mm Spot Size =200  Serial No. = LEO 1456VP-05-27 — Scan Speed=10 WD = 10mm Spot Size = 180 Serial No. = LEO 1455VP-05-27
—

PLA-
HENR3-10

S A = 301 IR
Bewn Spae s ¥ WO toww S S+ 200 St o+ LD LA TT

P Feie Teem
St Srw « 200 Bt oo = LB MSEVR08.27

PLA-
HENR3-15

Mag= 100X EHT=2000kv  SignalA=SE1 Fil= 2709A
ScanSpeed=10 WD = 10mm Spot Size = 180 Serisi No. = LEO 1455VP-05.27

Mag= 500X  EWT=2000kv  SignalA=SEI Fii- 2709
Scan Speed =10 WD = 10 mm Spot Size = 180 Serial No. = LEO 1455VP-05-27

10pm

i

71319 4.9 3U SEM YosIUANTIEY PLA, PE waynoduesuas (PLAHENR)

Samples 50X 300X

PLA

Magr 50X  EWTA1000KY  SignelAwSEY

e 200A Mage 300X  EWT=1000N  SgowA= 56 Fill = 2680
ScanDpead=9  WO= 10mm  OpolGien =200 SerslNo = LEO 1486VP.06.27

ConOpesds8  WO= 10mm  GpolGwe =300 Sersl No. = LEO 1485VR08.37

PE

Megm GOX  EHT=1500K  SignaiA=SE{ Magr 00X  EMT=1600W/  SignalA=SEf Fill= 2660

Scancpeed=9 WO f0mm  SpotSie =200 SersiNo.® LEO 1456VP05.27

Fil= 2.
Scangpeed=s  WD= f0mm  GpotSie=200 SerialNo. = LEO 1466VP06.27




A1919 4.9 5U SEM vasiurildu PLA, PE uaznediuasuau (PLA/HENR) (sia)

Samples 50X 300X

PLA-HENR1-10

Mege 300X  EMI=1600KY  fignslA s SEY Tils 20004
Scntpred=9  WO® 11mm  SpotGee=200 SersiNe = LEO 1456VP-05-27

EHT=1500KV  SignalA=SE1 Fill= 2680 A
ScanSpeeg=9  WD= 10mm  OpotSice=200 SerinlNo. = LEO 1466VP-06:27

PLA-HENR1-15

Megs WX  EMT=1600KV

2 Mag= 300X  EWT=1500AV  GgelA=SE! il 2060 A
ScanSpeed =0 WOD= 10mm  SpotSze=200 SersiNo.= LEO 1455VP-05-27

ScnSpeed=10 WD 10mm  SpotSizm=200  SeralNo = LEQ 1455VP-05-27

PLA-HENR2-10

Mige 50X  EMT=1500K  SgralA=SE1 Fill= 2669 A
GcanSpoed=® WD 10mm  SpotSize=200 SerisiNo = LEO 1455VP-05-27

Mag= 300X EHT=1500KV  SgnaA=SET Fill= 2680 A
— ScanSpeed=0 WD = 11mm  SpotSie =200 SerslNo = LEO 1455VP.05.27

PLA-HENR2-15

M- 30X BNT-1500N  OgnalA-SEY Fils 2000A
ScmOpesdsd  WOe 11mm  SpotSues200 Dedsl Mo = LTO 14BOVA0B3T

Mage DX DNT=1500RV  SigwlA=SE1 Fil= 26804
ScanSpesd=§ WD 1lmm  SpetSue =200 SedslNo «LEO 1488VP.O53T

PLA-HENR2-20

Mige S0X  EHT=1500W/  SgeelA= S Fil= 2668
ScanSpeeds8 WO 9mm Spot Sioe 190 Seral No = LED 1455VP.05-27

Mag= 300X  EWT=1500kv  SignalA=SE1 Fil= 2699A
ScanSpeed=8  WD= 9mm Spot Size = 180 Seriai No. = LEO 1455VP-05.27

F

32
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71519 4.9 5U SEM YoIUANTIEY PLA, PE wasnedmesuay (PLA/HENR) (so)

Samples 50X 300X

PLA-HENR3-10

Mag= 300X EHT=1500kV
Sean Speed =8 WD= 11mm

PLA-HENR3-15

EMT= 100K  GignaiA=OE1 Fai- 20004
SeanSpeed=g WD Spot Sine =200 Serisl N = LED 1486VP.06-27

I

11

4.2.4 MsANYIANUANIIANNGDUYRIHANNDALLBSHANAIIMALIA DSC

AnwauURAn19AINSouYesilay PLA, PE  warWaunedwweswausewing PLA/HENR Tu
dasnausngg fu fewalia DSC (M9 4.10 uaz U 4.5) nudwedwesuaudian T, Anine T,
vosfida PLA Tneflanshninuszana 2-6 °C uenaintumsnausiufu HENR2 wag HENR3 Ssaing
T, 2 A Fslog T, wsn Tegsening T, ¥e9 HENR wag PLA dauamadanistavanemsvauvediaves
HENR 1109970 PLA 301amamnlédn HENR uaduanunsaazas (solubilized) Wiy PLA I wax
oej32uu PLA WU thermodynamic compatible Tnslamsilodnsainvosnafiaiu 8]

RauMINISIAANENWUY cold crystallization temperature (T.) YoINBAMBIHANIEDINTT
Wasuanzanedugmulundnlusenitanszuiunisliniuieu (heating analysis) Vetnudn Tec
yosmpAmeinanianUAsuiadluan Tec vesiidu PLA U3qvs Faenanamlidiimsusngues
oymA HENR Teuddnsenginssumsifondnues PLA Tewansenusananaenadesiunuide
289 Pongtanayut wazAy [2] inuinnisuan PLA $3uifu NR %ﬂﬂiﬂﬂgmmamﬂmm NR 981310
PLA deranianusionsifasdnues PLA Tunigil ENR Gadndu PLA 16Andn (ldusingnisueniva)
liwunasienan deluemidded HENR visduansaavaned fuldty PLA Tuvaiedl HENR wisdan
fansinsnszaesveseynevuindnegluvindues PLA  Fseyniadananiiasiduddnse
nswdsuudamgAnssunsiinndnues PLA uenninailadenadasiunisuiiuves T, Failis
MsUsINGAN T,, Mandaduazmsd T, 2 A1 Faadanaauanifenisiasuredilasssawdnvoses
PLA 910 o veosu (Julassadiawauwes o uay B asy wasnsiasuwlasianadunansznuan
270 HENR Iu%umauﬂniLﬁﬂ T 999 PLA [9-10]

athalsfmuUSinandniidwamnnsinauiures AH, way AH . analdanunseldle

=1 =

Mdonallownnlaeilieesssugd  wasesIsumAsnendladddiiiesdiuedugiuaslsing

Qe

] 1

WiesA T, (A1mewan v §U w-2.1 DSC wesTuunsuluyigamall -50 - 200°C v ENR) lusidedl

VYA o =

AAdedieneiauiiniannudeuves HENR Tugae -50 - 100°C wagsenunaanizal T, 189819

Y
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HENR (nnewan @ U 1-2.2) wasilafidelafnwaudinisainuieuvemediuesnaunuinaiusun

WENvDY PLA fidnuanmuaunis 1 luide 3.5.4 Sadnau Ssliundululdimdsmilunsifnsdn
99 PLA asfidnganimdseulunisveoundn §3deTahens HENR TUnsgiauinisnufoud
Tutnsgaumgl -50 - 200°C (MwWwan ¥ §U 1-2.3) WUI1819 HENR iindim exothermic Auanadianis
aaiusslutisenmgil 110 - 200 °C Feenaiinandunsizenserinamylensondadiuauinnuuans
TenealolunIuvesens HENR Fsdyaasdinanenssumudyaianisadiedn (AH ) wasduaio

MsvauNan (AH ) 989 PLA denaluAinisimuiaiaifnay

A15719 4.10 FAUUANI9AMUSDUVDINAY PLA WAL PE wasidunwediwasuay (PLA/HENR)

(¢}

(¢}

Formulation Tgmigpoint (O Icc AH T (O AH Xe
Tominor | Tamain (O (J/g) Tt T2 (/9 (%)
PLA - 60.42 117.32 23.28 149.67 - 24.39 1.19
PE - - - - 106.54 - 75.76 26.12
PLA/HENR1-10 - 58.01 112.16 22.76 | 147.50 | 152.34 | 23.04 0.33
PLA/HENR1-15 - 53.66 127.61 2.38 151.42 - 3.13 0.95
PLA/HENR2-10 31.51 57.05 119.49 2548 | 149.22 - 16.39 | -10.86
PLA/HENR2-15 21.92 57.87 117.51 24.85 149.91 - 15.52 -11.80
PLA/HENR2-20 2.95 54.41 119.64 14.63 150.68 - 21.17 8.79
PLA/HENR3-10 34.52 57.46 120.33 28.84 | 149.09 - 1596 | -15.39
PLA/HENR3-15 39.81 58.26 112.83 23.23 14587 | 150.36 20.01 -4.07

(a) PLA

(b) PLA/HENR1-15

(c) PLAVHENR2-15

v

* (d) PLA/HENR3-15

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

s 4.5 DSC wiasluunsalutsgamgil 20-170°C vosildumedines (e
(a) PLA (b) PLA/HENR1-15 (c) PLA/HENR2-15 wag (d) PLA/HENR3-15
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4.2.5 A5ANEIANURANIIAINSaUVRINDALLBSHEN wasHANNDADSNANA8WALA TGA

AnunsaaneimanudeuvesensiauUshad 3 4din (HENRL HENR2 waz HENR3) gy
PLA uagildunediuesnay PLA/HENR2 #ifiuSunas HENR2 #neqiu annsan1svinaasnuindy PLA
ﬂifmgﬁﬂﬁLLamﬁqmsamawaqfwuﬁ’ﬂLﬁm%uﬁm (one step of degradation) Fawansfisnisaanss
PoilATsasNUDINoALanfnLeTANeE1uAen  Tasdinsaaiediieou  100% dazlA1nsaaIuaa
Sudu (T,) Meriuansiinsinnisaaefvomeawesil 5% 71 314°C ersauusine 3 495 uae
fau PE Umngfiafluansfansanasmesiminfiesdudenduty lneddgumoiaaefnn
PLA Uszanas 50 waz 100°C muddiu luvaisfifidunediuesnaues PLA/HENR2 7ifluSunas HENR2
feiu 3 Sms1dau Usngnisanasvesiiniin 2 du Tnetuusnidumsaaeivesweduaninueda @9
wuhiidumodwednawita 3 flgamgilunisaaneslndifesty wasddvniiidy PLA Ulavs
Enties lusaizfinisanasweniminlusud 2 wfumsaaemifigamgiiuszana 405 - 415°C
nsaanesluduiunasfunisaanefuesens wazeneiiinsunsisoTuduiu PLA wenannids
wuhiidumodmesnauianisaniesisuiuigungiishninfidy PLA U3qns visiiZsonanamildien
S3sUTRFARUSTIsnIznisanslenedwesves PLA onafidiudislunisaanedives PLA dswaly
TldsmedeinanizunAnnsaanefifigumaifinias (5U 4.6 uazmsne 4.11)

PLA

HENR2
PLA/HENR2-10
PLA/HENR2-15
PLA/HENR2-20

PLA
HENR2

PLA/HENR2-10
PLA/HENR2-15
PLA/HENR2-20

(@) (b)
sU 4.6 TA wasluunsulutasgaumail 250-500°C tile (a) TG wae (b) DTG curves vasildy PLA
uay PLA/HENR Tudnsndiusngg fu

M13719 4.11 Yoyagaumnginisaaneiivesilay PLA, PE uag PLAHENR lusnsndiusiies fu

Temperature of degradation co Char at
Samples On set of degradation and degradation yield (%) 600 °C
temperature, T; (CC)
P ° Tpeak,l Tpeak,z (%)
PLA 314 359 i 0.24
(99.76%)
PE 420 469.87 i 2.29
(97.71)
HENR1 343 411.58 i 1.35
(98.65)
HENR2 315 41.96 i 0.79
(99.21)
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M1919 4.11 Jeyagaunilnisaaesivesildu PLA, PE wag PLAZHENR Tudnsidiusineg fu (se)

HENR3 317 406.38 ) 0.82
(99.18)

PLA/HENR2-10 292 31 406 1.97
(93.26%) (4.71%)

PLA/HENR2-15 302 352 a1l 1.44
(90.02%) (8.44%)

PLA/HENR2-20 304 351 416 1.53
(88.49) (9.98%)

4.2.6 dwiinvasadsnimaseumsldoudadu

Farimiinvesnegnieu wagndnisldonu Tnendsnsldnuasiifanugneen d1evianm
aven Adliuiaigumgiivies duiminvesgauiadsufuimidnSuduresusazgenoutiluloy
faiflusargansmeaesasldiediedium 15 g9

MnuanInaesnIsiugaugnudenisldan 1 deu nudunagesimsanasuesimiingsly
Gntios (11319 4.12) lurugiivisgaslifinmadsuuasesimiin Tnefidrdmingafindestiade
99.77-100.00% il iMu19gnsasiAnnIsunn/aavena (g0 PLA uag PLA/HENR1-10) usttiwiin
yosgemuindasuulasdiutesann senananldiusiinggnuragnssBudnuaileldauld 15 fu
- 1 ifeu Fsnsinviaiuenaiinainnisnasiu viensiiauiisenlelasladadaaneisues PLA ud
nsanuevidemsgesamesinanilidmaliAnmane lvesimdnvaagsugn

nasanarndululurvenfienfuinuddeves K Y. Huang  wazamz [4] 3ald@nwinis
AnufRselelaslafavesiidy PLA finausnssssud nudnimdnluanaves PLA anassiausidssi
voamaiFiselelnslada withminvesgesnsdasiiliiuisundas uasisudanmiunisanas
vosimiinvasnudioasls PLA fhwdnluanamdeidios 20% vesiwiinlianaisudu

ogdlsfmundsnisléonmnnnd 2 dou twdnitmeluvesgenuindintu fedenaidlesnn
mnmameluresndlutumeunsifiuazdind dealvhmindiielddeinioanas

M13719 4.12 dwndeuudasluvesgegnsene neukasnaanisldau

Residual mass (%)

Sample
0 day 15 day 1 month 2 month 3 month 4 month
PLA 100.00 99.98 +0.08  99.37 +0.23  98.85=0.10 97.92 + 0.45 97.90 + 0.51
PE 100.00 99.77 + 0.31  99.12+0.82 9847 = 0.53 98.09 + 0.05 97.91 + 0.03

PLA/HENR1-10  100.00 99.96 + 0.07 9931 +0.46  98.48 + 0.37 97.96 £ 0.72  96.62 + 0.53

PLA/HENR1-15 100.00 99.86 + 0.13 99.61 + 0.35 98.70 + 0.63 96.86 + 0.47 95.62 + 0.33

PLA/HENR2-10 100.00 99.86 + 0.52 99.14 + 0.29 98.67 + 0.49 98.08 + 0.15 96.54 + 0.21

PLA/HENR2-15  100.00 100.00 £ 0.00  99.95+ 056  99.81+0.10  98.91 + 0.48 97.58 + 0.27

PLA/HENR2-20 100.00 99.85 + 0.18 99.15 + 0.53 98.52 £ 0.71 97.62 + 0.94 96.46 + 0.12

PLA/HENR3-10 100.00 99.85 + 0.37 98.95 + 0.86 98.24 + 0.72 96.92 + 0.68 96.21 + 0.42

PLA/HENR3-15  100.00 100.00 £ 0.00  99.92 +0.17  99.24 + 0.63 98.80 £ 0.52  98.10 + 0.07
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4.2.7 auURn1svusausInsvasiauneduas

yaaeuauiRmnueussisemminouwasviainsldoudunaidie fu Tnedndunuly
Frumlsfisnniisesang (@uidniidadevinissedy) slusiueu (Transverse direction, TD)
Lazluass (Machine direction, MD) vaagalagldiiluan 1 kN FunIUEIAT 50 mm/min

sU 4.7 uazansng 4.13 uanssansnaaeuantAnisiusonssfawesnsinIenain PLA, PE
waz PLAHENR rounisldamudugeugn faillugl 4.7 © wae (d) IdnranuBagaan a qnun
v99 PE oonluidlesangefivionann PE flrimudngean o 9av1a gen (460-470%) silviliiunis
WasuuUaswesgagnsdue iululden

IINNANITNARBINUIINTLANE1AARUT HENR aslunausiniu PLA denalininusnuniuwss
74 (tensile strength) vasgaiiAanas Tnsdd1anasain 57-58 MPa 1fu 35-48 MPa Juffuriia was
§n91duveens HENR Tnediduendavesddlndifestu Vadfldumediuefnaunngnsiidinisvuse
W399 uazendavesdigenigefivFenann PE uenaniswuinnmaiiin HENRL uag HENR2 Safiny
andulansanlendiuiunin Tudnsidiuvesnefimesuan 10 wit% wag 15 wt% Lilalidugegl
faufinnsBinfafitu us HENR 2 Feiivyanenledlulassairsnauogsmiunglensenda ludhdau
20 wt% waz HENR3 Fsilngjdwonledlulassaiisanniian ludnsidiu 15 wt% wuinanansagiels
Tdunedluesuaudadoants 47-64% way 112-120% AuaGU

80
70 B HENR-10% EIHENR-15% ¥ HENR20%
60 T
50 A
40 A
30 A
20 7
10 7
0

Tensile strength, TD (MPa)

PLA PLA/H1 PLA/H2 PLA/H3 PE

(@)

80
70 A HENR-10% B3 HENR-15%  [4 HENR-20%

Tensile strength, MD (MPa)

PLA PLA/H1 PLA/H2 PLA/H3 PE

(b)
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4000

3500

3000
2500
2000
1500
1000

500

Modulus, MD (MPa)

HENR-10%

PLA PLA/H1

(f

B HENR-15%

PLA/H2

HENR-20%

PLA/H3

PE
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5U 4.7 audAnisnusieuseisvasildy PLA, PE wag PLA/HENR feunisldeluiia TD uaziia MD
18 (a), (b) ANUMUNTLLTIAS (C), (d) AIUBAZER B AN A (e), (f) NonRaYBIL

A1979 4.13 AUURNITNURBWIIRIVDINAY PLA, PE way PLA/HENR naunnshaany

Transvers direction, TD

Machine direction, MD

Sample Tensile Elongation at Modulus Tensile Elongation at Modulus
strength (MPa) break (%) (MPa) strength (MPa) break (%) (MPa)

PLA 58.54 + 1.10 2.85+0.32 2812 + 68 57.43 + 0.89 2.81 £0.39 2719 + 64

PE 12.07 £ 0.89  473.50 + 42.79 201 + 21 12.76 £ 0.68  463.50 + 37.37 221 + 17
PLA/HENR1-10  45.85 + 1.80 243 + 0.34 2421 + 55 48.42 + 1.55 3.50 + 1.00 2638 + 55
PLA/HENR1-15  46.42 + 1.59 2.06 + 0.09 2613 + 72 40.36 + 1.53 2.08 £0.18 2428 + 57
PLA/HENR2-10  41.38 + 4.58 233 +£0.23 2322 + 207 37.36 + 1.04 321+ 133 2234 + 54
PLA/HENR2-15  38.37 = 2.70 293 +0.48 2373 + 155 39.17 + 3.05 3.09 + 0.37 2374 + 166
PLA/HENR2-20 4097 +2.84  46.59 + 12.72 2289 + 113 35.61 +4.31 64.11 + 27.61 2149 + 77
PLA/HENR3-10  48.01 + 4.54 3.47 + 0.62 2909 + 252 45.56 + 3.19 335+ 1.21 2843 + 197
PLA/HENR3-15 3991 + 230 11225+ 36.00 2170 + 103 36.18 £ 4.16  119.69 + 28.55 2138 + 95

[V
Y

Matimsneaauluduiiisivazdennisnadaunadl

HansedoUantinisuReusifsvesgdinisldudunansigg duandluniss 4.14

Tudiuwedgs PLA wudngasuinnisuiuan Wenunisldmudunat 15 Ju waznunisuan

YDIQIINTY AuIaNNTY Iagludioun 3 ldaunsansdnuasvegils Jslianunsawioudiogng

Fuaudmsunisnageuludwild wenanllaziiuiiAmmuiunusensifeigidmageunisly

U 15 U wa 1 ey JAUuNIN 2 WBUABUT NN N9l eIun1N UL 19ALYIN1SNAADY

\SRIMAFBUNINUABRI IR Rnaliudnase {ITedelinuiegalisenaaey Fldvinnisveaey

Tugrnfgriugamiunsmageunsldnuy 2 e Fafidenuingeiciunisidau 2 weuudinig
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v a1 e =2 o a1 ' a 4 U A = [ 1%
NAFRUTLYT A1AIUAUNIUITFEIRiAge uigeiIunisldau 15 Tu uag 1 b wazdnisiull
sreplianile (Usznna 1-2 Wwsw) neuthumaaey galldnuvaeilszunty dawaliaiaudiunig

= P o 9 - ° ] a > - & Auao v myo

WI9F9URRINHILNTIEY 15 Fu wag 1 ey Andgeiunsldnu 2 weu Nalldidelilainis

! XY 1% va a av o o = d' < Yo a v
naaedtudiutigunszgs PLA Iandfganailifin Tuvaeigegnsdug mnuliwudeddiuge PLA
Adelivihmswiedlnivianun eananuianainainnisinugeluuneunsmagey

P ' =~ a i i = =

aNwSENN PE nulimaensyezna1Uaninaudsuelasdinanudensi anungegn

a1 A0 havNanAavIfitosNn Malanaioanainal T, i audingevaaielaenn wazeuly
Youuwedlasaslalasaiveuaeeives PE Fevhlvmusensldnu ldifiansiuasuidasuens
NnTunaenTEeIAIN AU

ganwIsLINNEReIHAY (PLA/HENR) Wultgeiinauens HENR Miun1sldau 15 Ju uag
1 Wi IA1audAnsnusensefie MAINITNUROLIRY ANUERgeEn o 300 waztanaauasds Lyl
fafuAINIUABLIIPYeenauUgninntin entiugns PLAHENR2-20 uay PLA/HENR3-15 7ings
TdnuaanuBngean o gen daanasegruiulitn lnefidanudngian o gaun Tnddesiu
gosou  vanmsdunanuigeuasldnuiesden  quimsdadifineaunis  udidedeihaiy

= b4 ' A o v v o & < V1 v S 4 2o

dvon  uaziaisnugadadilidesatnn valloradululadvueldnu  dideddllessuvesans
uunn edidlanmznilunsn nwhateusdsgaseritmylansendaveteaiumiaisueiaves
PLA  wiluvaldaluanadsanunsavduladennluanavenihiunsniiegsenitvanelgluana
Y99 PLA wag HENR viligedamsldann uay i‘ULmﬂmmmamﬂaﬂl@mﬂ’mamau6] Fegldarnnisumn
fhittisanilusumisnaity Tusseznamslfnuivhiu widotumuuis suiidunsisesswi
PLA U HENR fignvhangliilosannin Saiiliiiduuisdnfauniiouns PLA Unffidaseenléiion
o & % =~ - - = = ) a 2 & '
1N Metinansvegeulasenuiies 3 Weoulesnniieudn 4 galnsUsuanifeuniavan llaunse
naawala

U 4.8 uansnsmandunsiseniilululdsswinamylansendauazmdnenlydveenady
mijmivetiauarnynsnnivendanimunialaleras PLA ABulasnaIinIsinul Heneun1snaaes
Uan 9ailnsdadinfliesandunsisensending PLA fiu HENR usidledinisldau (sain) dunsizen
fananusdgnyaneas  vhligelianunsosananginssunistadidaduanifvesenssssuynle
an

1 [ 2 1 A a 2 7 = 2 A a & ! a
agelsfinuudingeiinay HENR auiinn1sUSuanviavan 8n15Usunniinudiuannasiin
USNITBURULAETRENAYTIU Win1sAsanInvednilaeanizn1sHausiuiu HENR2 uay HENR2 §ip9
a v a1 ! =% Ao < ! Y1 i 1 U
401A afaliAIN1INUABUIIFWR F91ananiledn HENR anunsatisannsteaatudives PLA
Wennnuisenlalaslagavesidela
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U 4.8

nsAagunsisewuuiuselalasiauseniaylensendauasynenladves HENR Ay

nyasustiauaznynsnansuendaniisurialatgves PLA Laznsiindunsisenlvasiududl

A5 4.14 auURNISNUROLSIRIweIEaY PLA, PE waz PLA/HENR fauwasndanisidanudunan

m199) N
Sample SrEIATU (1How)
0 0.5 1 2 3
TS, TD (MPa) 5854+ 110 2840 +690  2358+9.69 1508 + 4.08 -
TS, MD (MPa)  57.43+0.89  29.20 = 9.64  27.20 +597  13.27 = 3.36 -
Eb, TD (%) 2.85 + 0.32 1.55 + 0.43 0.82 +0.35 1.52 + 0.36 -
PLA Eb, MD (%) 281+ 0.39 126+ 037  1.23+0.50 155 + 0.22 -
Modulus, TD 2812 + 68 2980 + 501 3013 + 173 2650 + 237 -
Modulus, MD 2719 + 64 2704 + 591 28312 +382 2991 + 281 -
TS, TD (MPa) 1207 =089 1296+ 152 1267+ 181 1405+ 147 1252+ 1.18
TS, MD (MPa) 1276+ 0.68 1183+ 151 1139+ 156 1264 + 163  10.40 + 1.27
PE Eb, TD (%) 47350 + 42.79 50238 + 44.04  489.80 + 58.26  471.40 +38.09  485.70 + 51.51
Eb, MD (%) 46350 +37.37 39550 + 59.04 38829 + 69.32  461.80 + 57.06  293.43 + 60.55
Modulus, TD 201 + 21 213+ 5 213+ 9 241 + 17 237 + 21
Modulus, MD 221 + 17 234 + 14 221 + 12 226 + 28 230 + 15
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A5 4.14 auTRNISNURBLIIRIVEINaY PLA, PE wag PLA/HENR Aauwazndanisidanudunan

#1499 NU (si0)

Sample syeza gy (1Hew)
0 0.5 1 2 3
TS, TD (MPa) 45.85 + 1.80 41.38 + 4.58 42.96 + 4.66 37.03 + 6.82 -
TS, MD (MPa) 48.42 + 155 4423 + 617  29.66 + 577 33.56 + 5.86 -
PLA/HENR1-10 Eb, TD (%) 2.43 + 0.34 233 +0.23 1.72 + 0.15 1.83 + 0.38 -
Eb, MD (%) 3.50 + 1.00 2.64 + 0.50 1.32 + 0.20 1.51 +0.32 -
Modulus, TD 2421 + 55 2322 + 157 2798 + 220 2660 + 194 -
Modulus, MD 2638 + 55 2644 + 427 2569 + 113 2674 + 169 -
TS, TD (MPa) 46.42 + 1.59 41.16 + 4.97 29.79 + 7.05 33.65 + 4.58 -
TS, MD (MPa) 40.36 + 1.53 40.67 + 2.92 35.00 + 5.44 34.08 + 7.49 -
PLAJHENRL-15 £y 1D (9p) 2.06 + 0.09 1.83 + 0.17 1.91 + 0.29 1.55 + 0.22 -
Eb, MD (%) 2.08 +0.18 1.96 + 0.29 1.85 + 0.44 2.14 + 0.68 -
Modulus, TD 2613 + 72 2839 + 313 2123 + 262 2428 + 126 -
Modulus, MD 2428 + 57 2474 + 247 2447 + 260 2504 + 151 -
TS, TD (MPa) 41.38 + 4.58 4037 + 537  40.86 + 4.51 40.44 + 3.33 24.45 + 7.08
TS, MD (MPa) 37.36 + 1.04 4314 +4.92 3938 + 3.98 39.21 + 4.14 26.87 + 8.90
PLAJHENR2-10 b 7D (%) 2.33 +0.23 2.37 +0.21 2.26 +0.22 2.15 £ 0.18 1.43 + 0.57
Eb, MD (%) 3.21 + 1.33 2.39 + 0.39 3.68 + 1.14 3.04 + 0.68 1.36 + 0.31
Modulus, TD 2322 + 207 2359 + 207 2312 + 221 2340 + 199 2746 + 183
Modulus, MD 2234 + 54 2500 + 298 2184 + 248 2234 + 247 2579 + 232
TS, TD (MPa) 38.37 + 2.70 3850 +3.28  43.88 + 3.20 39.78 + 4.67 29.24 + 4.50
TS, MD (MPa) 39.17 + 3.05 3947 +3.32 3694 + 6.35 32.84 + 6.44 35.14 + 3.43
Eb, TD (%) 293 +0.48 2.14 +0.12 1.86 +0.10 1.88 + 0.21 1.56 + 0.18
PLAMHENRZ-15  Ep MD (%) 3.09 + 0.37 2.67 +0.31 2.10 + 0.48 1.62 = 0.20 1.85 = 0.15
Modulus, TD 2373 + 155 1.86 + 163 2770 + 224 2598 + 247 2347 + 206
Modulus, MD 2374 + 166 2286 + 137 2391 + 166 2405 + 219 2514 + 250
TS, TD (MPa) 40.97 + 2.84 4776 +3.68  46.26 + 5.48 28.40 + 3.03 36.91 + 3.73
TS, MD (MPa) 35.61 + 4.31 3803 £391 3882 +4.49 37.83 + 4.59 35.58 + 5.06
PLA/HENR2-20  Epy TD (%) 46.59 + 1272 2.37 +0.27 2.27 +0.20 2.45 + 0.32 2.79 + 0.41
Eb, MD (%) 64.11 + 27.61 1.97 +0.23 2.25 +0.14 2.41 + 0.40 2.96 + 0.92
Modulus, TD 2289 + 113 2568 + 128 2575 + 172 1813 + 168 2234 + 225
Modulus, MD 2149 + 77 2428 + 176 2317 + 207 2290 + 184 2060 + 285
TS, TD (MPa) 48.01 + 4.54 3949 £330  39.66 + 3.08 35.89 + 5.40 35.63 + 4.66
TS, MD (MPa) 45.56 + 3.19 3783 +383  34.82+ 3095 32.43 + 4.19 31.96 + 4.94
PLAZHENRS-10 Eb, TD (%) 347 + 0.62 2.26 +0.19 2.08 +0.19 2.14 + 0.38 171 +0.18
Eb, MD (%) 335+ 1.21 3.18 + 0.54 2.63 + 0.60 1.91 + 0.44 1.59 + 0.16
Modulus, TD 2909 + 252 2263 + 179 2390 + 156 2215 + 286 2448 + 228
Modulus, MD 2843+ 197 2205 + 246 2076 + 172 2386 + 327 2268 + 316
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A5 4.14 auTRNISNURBLIIRIVEINaY PLA, PE wag PLA/HENR Aauwazndanisidanudunan
#1499 NU (si0)

Sample syozalgau (1Hew)
0 0.5 1 2 3

TS, TD (MPa) 39.91 + 2.30 42.78 + 445 4220 +3.66 3146 +4.36  28.18 +8.26

TS, MD (MPa) 36.18 + 4.16 36.94 + 635 3687 +569 3682 +5.66  24.63 + 3.86

PLAZHENR3-15 Eb, TD (%) 11225 +36.00  1.84 + 0.11 1.86 +0.07  1.48 + 0.20 1.52 +0.23
Eb, MD (%) 119.69 + 28.55  2.29 + 0.35 210+ 041  235+0.34 1.23 +0.15

Modulus, TD 2170 + 103 2733 +214 2753 236 2439 + 230 2419 + 334

Modulus, MD 2138 + 95 2420 = 152 2453 + 130 2421 +229 2453 + 146

4.3 Anwrauifvasiauneadiuasuay PLA:HENR fianvuin HENR f28 Tulla
4.3.1 ANYIANUANINNITATN LAZANEUTNUR? VaINAUNDRNBSHANNDULAZUNAILTNS
auduansdneg fu

nsdnuludanuiibunsldenadauls (HENR2 uay HENR3) finisanvunadeluiln freiaan
Sudy Mnuanisasvwanuinstudeluiiandunatszan 1-2 il dends uagUszanm 5 und
feeneiaLls 100 nfu wuinldenditvuiadn aansaseuiunzunseseuldivudefunisanaue
¢ae ball mill &sldinaUszanm 2 Yu uenanimuineillddinsiduniesiiansundae ball
mill dswaligafiviouanersiiansuindeluieddnvusiituwasituguldheninediwiounn
g1aitanuLndag ball mill

AN 4.15-4.19 LLamgﬂﬁuﬂﬂéudauuawé’qmﬂﬁﬁmu AILNADIALNDTL ATy 2X
Tneroulfnuazgiiios 2 duns Aefiuin (1) uay sevBavesns (2) Tuwaeivddldnuazaula
frumsnariufisndy MnuamsAnwuhgUiieiidunedmeidouldoumngns w2 s T
snaffusnniin Taefiuia (1) uazsesda (2) yowngeildnuniradneeynAevLaEnnsEageginly

waansldau 15 U - 1 wiew nudgemnans daldnunisunniivedgs @1ngaisvan 10 Tu/
493) HaTUNUNITUANTIVONS 10% Wesunsldeliui 2 Weuvesgnsnd HENR TudSua
15% lagumin M3 HENR2 uaz HENR3 an1sunnsanana1afinusiansesnaviuresgs ag1alsinig
A & A & A v -
INNANINUIANTUANTUNBUTIMUA (70-90%) Wianumsldauuiu 3 ey

NnHadnanFITeemaingnsfithanie HENR wiinaztisannisuaniiuazeosaanssi
299 PLA anmsldauluananden (mssawasudogluthie) Wiy uwinadndnihaglifieswese
nsthllfounse Sudufesdnafuasiuiuiug Weusuusautflimnzautunsling daiy
fuansfilddmiuneaesgnaseiilasesnisvasiadugasfifimsiuansifnusia s



A1919 4.15 sUmgiuaiaunefiuesHay vea PLA/HENR gnssnee naun1sldeu

12k
Y

ALAUINUR (1)

AunlTEYareens (2)

PLA-HENR2-15

PLA-HENR2-20

PLA-HENR3-15

PLA-HENR3-20

PLA-HENR3-25
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M1919 4.16 JUdeiuidunediuesran vad PLA/HENR gassnaq vadldau 15 Tu

403 Aumiaiuia AuVeTeETavRIne Aunenaviu WU
(1) 2 (3) unn/3n
0
PLA-HENR2-15
0
PLA-HENR2-20
0
PLA-HENR3-15
0
PLA-HENR3-20
0
PLA-HENR3-25
M1919 4.17 JUdeiuildunefiuenal Y99 PLA/HENR gasinaq vidslden 1 iheu
gns Fusieiuia AUNUITRETAVRIY Auvenaviu Iuune

(1) ) (3) wAn/37

PLA-HENR2-15

. e
" .
"
o

PLA-HENR2-20
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M1919 4.17 gUdeiuridunetiueinal ves PLAZHENR gnsineq naslda 1 ey (se)

o ) g a o ] a o ] d 3
a0n9 ATLAUINUN ATNUITDY YA VDI ATLRUINANU MUIUN
1

(1) wan/3a

PLA-HENR3-15

0
PLA-HENR3-20
0
PLA-HENR3-25
0
M1919 4.18 JUdeiuildunefiueinal Y99 PLA/HENR gasinaq vidsldem 2 iheu
gns ety AUVLITRETAVRIYS AUALINAYIU U
(1) 2) (3) wAN/32
PLA-HENR2-15
1
PLA-HENR2-20
0

PLA-HENR3-15

PLA-HENR3-20
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A1919 4.18 JUdeiuinldunetiueinal Y99 PLA/HENR gasina vasldeu 2 1heu (de)

403 Aumiaiuia AuVeTeETavRIne Aunenaviu WU
(1) 2 (3) unn/3n
PLA-HENR3-25 =«
.!‘ : e (3; 2 0
"2'~ - d - .f- -. 1
M1919 4.19 JUdeiuildunefiue gl Y99 PLA/HENR gasinaq vidslden 3 iheu
a0s FULINUA AuVITeETAVRIYS AUNUINATIU U
unn/3n
PLA-HENR2-15
9
PLA-HENR2-20
;
PLA-HENR3-15
8
PLA-HENR3-20
8

PLA-HENR3-25
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4.3.2 nM3ANFUFIUIMINAWDINEN UasiaunaAwasNaNAIBIALiA SEM

5U SEM vaenafiuosnay uazilaunediuesunay aaandlun1sng 4.20-4.21

93U SEM vosmefiueinad (m1519 4.20) nuitnedwesnaunngasiuiildnuevivsy

¥
]

LLazé’qmmLﬁums@‘ﬂéffmaqmuﬁuﬁuaam%’mw Imamwwamﬁmamimﬁu HENR3 uonanildanuin
suumummsmmﬂ HENR wammmmﬂwm“mLﬂwumsaﬂmmmmlamﬂ (elongated fibrile) Tu
%umumwnmmmmﬂ% HENR #Laeniu Laanauianieg ball mill muawmaammﬂmsammm
se ball mill Wunaw lfendinisasauanudou Aamsdsunlawedlassadoilraudn
srueudavguvosensFuiudely  Tuvusiinisanuuadelufindinanismudenisidasunlases
lAssasetioann

1519 4.21 wanegy SEM vesiuRadlduiwSeuliainmsdl wuiniiuiivesildunediwes
HaudnsiioyniaenwuainnszaeegiTukWildy tnsaunaensdvwnivaudonauesluuiunn
A a & 1 < =i v v ! = < M vo = o Aa o o o
AU 8g19lsAin1u HENR Anszanegddanandvunadniin gailasulunngnsisdanilindudan
Seuiiley

4.3.3 gUUANISNUADLTINIVDINAUNDALLDS

AnEauURNISNURBLSIPIvBINALNeALSNAY PLA/HENR2 way PLA/HENR3 Tudnsidiu
HENR #inariu Ingld HENR fianvuinsiglulin 9nnansnnassmuinaudinisnumawsneuasiiaumn
goslunia 2 fiAne dansnusonseds wazAendavasdilnalfesiu InelA1sendng 33-40 PMa
Wag 1750-2200 MPa mia16iU WadlAnadnagngaan o 90210 Auansineiu Iagn1suay HENR3 wudn
YIAUNTTNAIVDINAUNDALDSHANVDY PLA 1Adn31 HENR2 wazU3uiey HENR wAuTu (15-20
wt96) WunWaudn1sias iy wauSunae HENR funniuly (25 wt%) adswalindunaduasuay
A U yy o X A a | am o v W a X a da X | o
gamilatasas atlonadeswnannyUsunaensdiuiluasatedniu PLA USHMUAURITWMILTY dualy
FUNUANNITVIAUSHILNAVDIE19AE PLA tod183u wariadluwuisa (Machine direction, MD)

| A @ vy I a6 . . <@ v Lo I a6

nunaunsadnsbeanIniladlulkuiueu (Transverse direction, TD) @ntay wananddanuiniay
P a v A A A I as A a
Me3ea91n HENR Nanvuiasigludindidianugagsn o 90010 @andauivionain HENR fan
YUy ball mill (5U 4.9)

A998 .22 wansauURnIsnuseusifsuasgandinsldnudunal 15 u wuigwmnaasen
=l Y U a0 =l U U } 24 v gj dy
Augaaan o gan IndiAesiu leediainisadiesnvdsldnutdesunn (1.5-3.4%) vile1a
Weunanmshangussdsgasenitmylansentavetens fuvdaiveliaves PLA dwwalvinistasm
Malandsldanuduainisiasvauanis PLA asmliﬁmfuqmﬂqmé’fqmﬁamwﬁwé’qmumimaau
nsldanutewuduna 2 Weou uasasanmgels wifinseeUsuaniinluy wadldauuiu 3 weu
lndAnnudensFanaUssing 15-30% vaeAnsuiu tuvaugniliuendavesdliiuasuuwlas

11NN
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M1919 4.20 JU SEM w9 wedwesway (PLAHENR) 09Hivinainn1sinduauiiiiunssuiunis
HaulaglATeIBnIANGE VLB UATUTURUEAYINY

Samples 100X 500X

PLA-HENR2-15

- 2.
EHT = 2000 kv ‘Signal A = SE1 Fai= 2699 A

Meg= 100X EHT=2000kv  Signel A= SE1 Fil= 2589 4 =
i ScanSpeed=10 WD = 11mm Spot Size = 180 Serial No. = LEO 1455VP-05-27

ScanSpesd=10 WD~ 11mm Spot Size =180 Senai No = LED 1465VP.05.27

PLA-HENR2-20

Vags 100K EWTeI000W e AsSEl Fain 20 A 10pm Mag= 500X  EWT=2000kv  SignalA=SE Fal= 2700
e Dpeed « 10 Whs e Bt Bw = V00 Baves bon = LEO L aABVR 83T Scan Speed = 10 WD = 10mm Spot Size = 180 Serial No. = LEO 1455VP-05-27

I

PLA-HENR3-15

Mag= 100X  EHT=2000KV SignalA=SE1  Fill= 2700A
Scan Speed =10 WD= 10mm Spot Size = 180 Serial No, = LEO 1455VP-

Mg s SOOX BT - 000w e Fiis 20 A
fmm Spead < 10 WD §h e St B« 10O S b+ LD AR OBTT

PLA-HENR3-20

. e A | % -
Mag= 100X EHT = 20,00 kv ‘Signal A = SE1 Fil= 2689 A
ScanSpeed=10  WD= 10mm Spot Size = 180 Seriai No. = LEO 1455VP-05-27

Mg+ 8502 B . smw
TewnGpesd=§  WO= S3me Boot S = 200 Savied Fen * IO LASORORTY

PLA-HENR3-25

EMT = 20,00 kv
WD = 10mm

10pm Mag= 500X EHT = 2000 kv Signai A = SE1 Fil= 2709 A
ScanSpeed=10  WD= 9mm Spot Size = 180 Serial No. = LEO 1455VP-06-27

Scan Speed =10 Spot Size = 180 Serial No. = LEO 1455VP-05-27




71919 4.21 5U SEM vesiiuiiiidunediuosnas (PLA/HENR)

50

Samples 50X 300X

PLA-HENR2-15

Mag= 50X ET=2000kv  Signal A=SE1 Fil= 2689A
Scan Speed=10 WD = 10mm Spot Size = 180 Seriai No. = LEO 1455VP-05.27

Mag= 300X  EMT=2000k/ Signal A=SE1 Fil= 2689A
Scan Speed=10 WD = 10mm Spot Size = 180 Serial No. = LEO 1485VP-05:27

PLA-HENR2-20

EWT=2000kv Signal A=SE1
ScanSpeed=10 WD = 10mm Spot Size = 180 Serial

Mag= 300X  EMT=2000k/  Signal il
Scan Speed=10 WD = 10mm Spot Size = 180 Serial No. = LEO 1485VP-05.27

PLA-HENR3-15

100pm Mag= 50X ENT=15000/  SgnelA=SE1 Fal= 2600 A EWT=1500kv  Signal A= SET Fil= 2699A
H SeanSpeed=8  WD= 10mm SpotSiza =180 SeralNo = LEQ 1465VP-05-27 H ScanSpeed=8  WD= 10mm ‘Spot Size = 180 Serial No. = LEO 1455VP-05-27

PLA-HENR3-20

100um Mag= 50X EWT=2000kv  Signal A= SEI Fal= 2709A
— Scan Speed=10 WD = 10mm Spot Sze = 180 Serisl No. = LEO 1465VP.05-27

10pm Mag= 300X  EMT=2000kV  SignalA=SEI Fil= 2709A
ScanSpeed=10 WD = 10mm Spot Size = 180 Serial No. = LEO 1455VP-05-27

PLA-HENR3-25

Mag= 300X EHT=2000kv  Signal A=SE1 Fil= 2689A
ScanSpeed=10 WD = 10mm Spot Size = 180 Serial No. = LEO 1465VP-05-27

Mag= 50X EMT=2000kV  Signal A= SE1 Fil= 2689 A
Scan Speed=10 WD = 10mm Spot Size = 180 Serial No. = LEO 1455VP-05-27




51

& BTD EMD
S 50 A
c

+

on

C

(0]

e

(V)]

9

‘0

G

|_

PLA/H2-15 PLA/H2-20 PLA/H3-15 PLA/H3-20 PLA/H3-25
(@)

BTD EBMD

Elongation at break (%)

PLA/H2-15  PLA/H2-20  PLA/H3-15  PLA/H3-20  PLA/H3-25
(b)

EBTD EMD

Modulus (MPa)

PLA/H2-15 PLA/H2-20 PLA/H3-15 PLA/H3-20 PLA/H3-25

()
5U 4.9 audfinisnusieusafiavesilay PLAHENR feunsidauluiia TD uagdim MD wle (a) A
AUNTULTIAG (b) ANUBREIEn 0 9AV10 Uae () NonRaYaId
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A1579 4.22 AuTRNTNUABLIIREITAL PLA/HENR Asuwazvainsidaudunainie fu

szezianlgau (Hauw)

Sample
0 0.5 1 2 3

TS, TD (MPa) 33.38 + 1.27 3164 £449 3041 +542 2119+ 563 2560 +3.99

TS, MD (MPa) 38.55 + 1.75 31.43 + 1.87 1421 +459 1576 + 6.80 2549 + 3.90

PLA/HENRZ2-15 £y 1) (9p) 4.29 + 0.63 1.54 + 0.20 1.48 + 0.19 102 £0.27 159 + 057
Eb, MD (%) 452 + 1.44 1.75 + 0.14 0.99 + 0.27 1.41 + 0.58 1.44 + 0.56

Modulus, TD 2079 + 67 2632 + 242 2568 + 267 2219 + 111 2234 + 245

Modulus, MD 2174 + 113 2283 + 107 2208 + 107 2074 + 112 2201 + 297

TS, TD (MPa) 34.84 + 2.12 3721+ 114 2359 +499 2396 +520 2867 + 2.84

TS, MD (MPa) 34.75 + 1.56 3465+ 1.36 2541 £299 2561 +313  29.60 + 545

PLAHENRZ-20 1D (%) 59.15 + 13.77 2.15 + 0.38 1.82 + 0.55 186+ 059 237 +0.22
Eb, MD (%) 88.37 + 21.16 3.42 + 0.44 2.12 + 0.54 2.14 + 0.58 2.64 + 0.86

Modulus, TD 1859 =+ 64 2653 + 46 1802 + 139 1800 + 149 1757 + 202

Modulus, MD 1876 + 93 2424 + 94 1790 + 103 1794 + 110 1762 + 376

TS, TD (MPa) 39.89 + 1.67 37.67 + 5.26 28.03 4.41 40.64 + 831  28.85 + 7.58

TS, MD (MPa) 37.18 + 1.77 30.56 + 4.24 26.37 3.54 39.74 + 335  36.06 + 5.94

Eb, TD (%) 91.60 + 28.64 1.87 + 0.04 1.89 0.45 2.10 + 0.35 1.58 + 0.33

PLAVHENR3-15 Eb, MD (%) 115.40 + 30.35 181 £0.23 1.78 0.36 2.10 +0.22 1.58 + 0.25
Modulus, TD 2145 + 46 2533 + 147 2053 331 2470 + 351 2020 + 689

Modulus, MD 2163 + 79 2476 + 226 2009 130 2362 + 217 2713 + 237

TS, TD (MPa) 32.26 + 1.76 38.46 + 2.61 3319 +328  31.93+7.02 3341 +550

TS, MD (MPa) 3349 + 2.14 4217 + 568 2857 +3.88  2625+936 2637 + 6.44

PLAHENR3-20 £ TD (%)  228.63+34.45 235+ 0.39 216+ 019  204+027 218 =077
Eb, MD (%) 229.25 + 3214 211 +0.20 2.80 + 0.53 1.76 + 0.13 1.99 + 0.43

Modulus, TD 1764 + 65 2468 + 101 2238 + 77 2298 + 120 2244 + 323

Modulus, MD 1865 + 63 2823 + 270 1776 + 146 2165 +228 2012 + 239

TS, TD (MPa) 39.91 + 2.30 3183+ 1.30  29.63+4.00 3612 +533  29.44 + 6.33

TS, MD (MPa) 37.18 + 1.77 3037 + 1.64 2356 +633 3119 +7.05 2931661

PLA/HENR3-25 Eb, TD (%) 106.14 +34.12  1.80 + 0.13 1.68 + 0.35 2.73 + 0.67 1.75 + 0.54
Eb, MD (%) 11879 £ 37.76  2.03 + 0.27 1.61 +0.33 2.55 + 0.99 2.14 + 0.54

Modulus, TD 2170 + 103 2377 + 65 2317 + 56 2169 + 252 2294 + 158

Modulus, MD 2123 + 101 2358 + 89 1926 + 177 2024 + 242 1968 + 239
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4.4 Anwmsmageumsidilaunefwesnauiugilgnuzsiliame wazmmadaunistosdany
\Uaesiu

[

nsanwiludiutigaiwseulavzusesndu 2 diu Ao geduin 1 agldianzianuan wie

9 Y
1 PN

st g dudassiil wusens WefamuauiRinismusdeusafawesngn uazgadnd 2 1z
deludagquéiiannlassnsvansusiannl o 1dawss o.usfby 2.13edlml Weldidugegndmivusie
et lugndi 2 ;:JLS?fsnmzyjuaﬂﬂNﬂ']wmwsLﬂuéﬁ%ﬁumsﬁy’wum §QLLﬁLﬁu§ﬁ1ﬂqimmaQQﬂqﬂ \iv
foya uazagUnavestoya Mmiudsmenunaasunidondinaans

5U 4.10 uanan1snaaesgnuzioma laegu 4.10 (@)  wanswUasmagaunaenisdrena
ug@omAnnuUasugnindagagn uazgl 4.10 (b) wansguuuasugnszninamaneaedluszezesn
NANAR

(b)
5U 4.10 wlaslgnuziWeamanuanlugelgndesanvanseings a aude udanlnl
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4.4.1 wan1snagaUnsUgNYail 1

eUgnaedl 1 didunisvageuseninaieunsngiau fs Wousanau 2560 Tned 1.uises
nNAgeU 3 gas A PLA/H2-20(1), PLA/H3-20(1) wag PLA/H3/PBAT-20(1) Tuvmuziigafids
Tnssnisvanazifiudiniuauiensfitnionan PE (PE(1) viedf3suldidon HENRS 1 Tugnsiinan
sy PBAT 1Jugns?l 3 nszsamsidefisiuannisnay PLA $auifu HENR 3 i1 E, gendnnis
wausiu HENR 2 waganndedrinsudiuugasiiansodslasamsvanléifios 4 gns (5au6n
AIUAN) 99ATl 1 Fera HENR2 1 gms wagway HENR3 2 gns

4.4.1.1 audAnsnusowsinavednvan

maauauﬁ’ﬁms‘wueiaLmﬁwmqaﬂqﬂa'au‘ﬁm'%smﬁm%’uﬁq%ﬂmqmwa’mﬂﬁ 1 vosildy
WoRoINEL 3 GlE Imqmﬂy’a 3 1AUUANAINGATAOUNT Aofinsuiinansifiuwss Talc, TiO,
LavasFunIsdena1neendiau (rearox) INT12A1NMANELEITENE1297 Tale avanunsaviefiua
AETUMURUSIASIAUTEL PLA 18 %1 TiO, wa Irgarox Seanunsatieriiuaiesniwliiu PLA
favaugviaon (Aeunufuaslfidy) wagsgvinnsldan uenanidsanladiy PBAT duduned
awmasdnyiauinngaamnssutingell udarunsagesaatsls lag PBAT  dadnudangugs
dosndlen T, fish (:28°0) FathazdhefivenuBangulviuiidumeaweslaity

failiormnszernafisriadslilinnaeunavesnafvarsifundsimindewsouguiie
dvtulasiniavans nanmadeuiléTadugaiindedumnfeiu uazutsoondu 2 daw Aeveaaui
1455 UATNAFDUTIATINGNAN INHANTVAABUNUIAIMENGIEn &l 9A7n VesnaTinTenls
Tuadstlunansnsnnmavaaeufiiiuinfensmediuosuaniinas HENR3 fmnuBagean u gaam o
ninefiuan HENR2 wenanilgefinay HENR2 SafirnsBadifiganitgnsiilinauanfuuds sadua
fandmorninanuaeag fnaveImsinaafuu renatieniednuinnisusultves HENR
yierumunusitliviiuresgdafnnnmahgditivueiinidu @niuedougeddeuniie
Fayuareuiudu 8 §7 \Hugeifianuniie 10 ) anuniredanarndunnunhegeanvesenies
W Famaihadsilifunaiedusnesmediauntie 10 th Feenadimuguannumunuisressld
Lifanntin dwaligeunsdruiamnuvunuisesgsliviifu udidesangeiinldfiuiuudidn Fades
Tfgutamaficdly wenaniSmuinmaiiiu PBAT dewalvigeianisnuseusais wazAuondaves
faanas Tuvnsiifidnanudagegn o gev1a sty (U 4.11)

~ 60

& BTD BMMD
s 50 1

< 40

& R
9 30 - oy
a

o 20

G N
qc) 10

= 0 "

PLA/H2-20(1) PLA/H3-20(1) PLA/H3/PBAT-20(1)
(a)
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250
B TD MD

200

150 A

100 A

50 A

Elongation at break (%)

PLA/H2-20(1) PLA/H3-20(1) PLA/H3/PBAT-20(1)
(b)

3500
3000 BTD EMD
2500 A
2000
1500
1000
500 A

Modulus (MPa)

PLA/H2-20(1) PLA/H3-20(1) PLA/H3/PBAT-20(1)

(@)

sU 4.1 audinmIvusioussfsvasiidy PLAHENR deunisldewluiin TD wagiin MD 1o (a) mnu
AUMULTIFN (b) AUEAZIER B 3AU1A Uae (C) Nensavaed
sailidlethgeiwdeuldlulatanugnnfeusmirdodunawien fu (uduilfifvtoyadios
2 oy iflesanlufeudt 3 mdlasnsuandldudeigmnannianisiuaniiaan 3slalldvaaon
#9) W19 PLA inas HENR fansiiinmsnusionssis uazrwendavesdutasuuvadliinnidnile
Feufuiununoulgn uazAanuBngean m 9a919 vesgeasiididesqanas muszezafildau
FassangmsiiliiRuansiuudsinuindaudogan o e szddanadndidesiugs PLA
Uiqns siuiivdsldauuny 15 u Twwasdinsifuasfuudmuinngligsfsnsan mdangulsthg
pdsmvagouuIL 1 ey wagilalndiAssiugs PLA U3gnd wdamsldanludoud 2

NSWAN PBAT nudngadiasiiAnmnudaveudnaensseziian 2 neu lneleinnudngean o
i anadhilinnin edeadesunanwginssuves PBAT il T, d1 sesslaifdniiindunsien
yaedsmiu PLA vilfudfinavenirdenieaut Alidmadenisuduldves PBAT vilvigeiiiy
PBAT fansiimnufanguiifinaenszozinavadeuuni 2 ey (514 4.23-4.25)



M99 4.23 AINTNUABLIIFNVRITAY PLA wagiidunefiwesnaudmsulanasan 1
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Tensile strength (MPa)

Tensile strength (MPa) (after field aging)

Code (before field aging) 15 day 1 month 2 month
PLA* (TD) 58.54 %+ 1.10 28.40 + 6.90 23.58 + 9.69 15.08 + 4.08
(MD) 57.43 £ 0.89 29.20 + 9.64 27.20 + 5.97 13.27 + 3.36
PLA/H2-20(1) (TD) 43.49 + 1.86 36.50 + 1.49 38.66 + 1.54 34.67 + 4.34
(MD) 43.48 + 1.75 37.38 + 1.94 40.53 + 2.93 37.21 + 4.98
PLA/H3-20(1) (TD) 35.34 + 1.64 37.52 + 2.66 40.08 + 2.18 31.26 + 5.93
(MD) 38.09 + 1.61 3451 + 2.20 42.10 + 2.51 28.10 + 3.50
PLA/H3/  (TD) 24.47 + 0.90 34.05 + 1.87 35.58 + 2.02 32.99 + 1.20
PBAT-20(1)  (MD) 28.02 + 0.70 32.07 + 2.79 33.35 + 4.41 31.67 + 2.26

* Navesildy PLA Wunavens PLA Sudunlibuarsiiuuss wagldlddwulunaaesuan

M99 4.24 AANUEAGIEA 0 IAVIA VBITEN PLA uagilauneaditeinaudmiuugnasen 1

Elongation at break (%)

Elongation at break (%) (after field aging)

Code (before field aging) 15 day 1 month 2 month
PLA (TD) 3.39 £ 1.72 1.60 = 0.81 152+ 0.35 0.82 £ 0.36
(MD) 2.81 £ 0.39 1.24 £ 0.37 1.23 £ 0.50 1.55 £ 0.22
PLA/H2-20(1) (TD) 170.63 + 51.54 94.43 + 23.26 21.31 + 879 3.44 + 0.95
(MD) 108.25 + 19.92 68.67 + 19.56 10.78 + 5.42 337 + 1.54
PLA/H3-20(1) (TD) 15.84 + 4.10 10.44 + 3.38 4.61 + 1.00 3.02 + 0.54
(MD) 59.73 + 11.15 27.95 + 8.40 6.42 + 1.49 2.85 + 0.96
PLA/H3/  (TD) 114.84 + 17.74 7249 +11.12  72.80 + 14.03 72.28 + 13.53
PBAT-20(1)  (MD) 185.00 + 18.21 171.88 + 4821  149.10 + 24.54 15150 + 17.94

M1319 4.25 A1NENFAVRITIURITAYN PLA wavidunediuasnay

Modulus (MPa) Modulus (MPa) (after field aging)

Code (before field aging) 15 day 1 month 2 month
PLA (TD) 2812 % 68 2980 + 501 3013 + 173 2650 + 237
(MD) 2719 * 64 2704 + 591 2831 + 382 2991 + 281
PLA/H2-20(1) (TD) 2536 =+ 48 2069 + 62 2148 + 83 2133 + 177
(MD) 2576 + 102 2113 + 141 2364 + 192 2246 + 185
PLA/H3-20(1) (TD) 2220 + 95 2340 + 334 2719 + 247 1910 = 230
(MD) 2383 + 107 2048 + 135 2897 + 136 1811 = 137

PLA/H3/  (TD) 1482 + 60 1871 + 87 1899 + 93 1947 + 72
PBAT-20(1)  (MD) 1697 + 42 1792 + 115 1952 + 224 1764 + 143
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ogslsfinuuiingigns PLA/H3/PBAT-20(1) azdamsiinnuBavgudid udnsldomads (ae
namidluiteroly) gedsaafnnisUiuan Suhasfennmadeuiisenlelaslafares PLA uas
PBAT waznmsveneinvesiiy uiiin HENR aztsannisiinufiisenlslasladaves PLA 19 usfionaas
lifisewe §Afedsldifiunmaaouyail 2 Feimsfnasfnudaiindn 1 fAsansiazdisanns
AnufizenlalaslaTavemedmoingunedioanes dsaznandeluluinde 4.4.2

4.4.1.2 Msneaaunsidnudugelgnusieme
nsnaaevluduilasinisarsazfudeyariadnumenanisninussgalgn wazkann
uz\Tomnanles
nsufudeyarsdnuugnianisamazdunisnsvasunisinunvesgeugniiuiu 3 ass
oA 1. nassuneugelan 2. seminansendanugn wag 3. sewdrnisuaniuudasdan wudngadan

waafutey wazgaUanudsnsenianugndnuiumna 50 g¢ linun1sanuinvedns (1319 4.26)

P13 4.27 uananisinnauen/dnuinvesgndsnsldau wuiigasiifianis HENR v
HENR2 ua HENR3 gaflseudiunnintu Tnsfianssunnisnuadeudifounsnuesnisugn Tasses
wandulvgasiinuiiiusesiuLaziug 1ummzﬁqmsﬁlﬁu PBAT Qaiinnsuanuszanal 50% Lile
rrunsldnuluszna 2 Wou Ssnsuanfifistuiaainmsvenefmesnnuardifuresusidome
(5U 4.12) Famadsnanasnedesivauifminarestunuiinuignsiifians HENR asden £, ana
5Ty Serfinaniuararsararsdsluandunsizenseninonlensendaves HENR wae
vyjensuefiaves PLA as luvasdl PBAT uannavesudaveuiilosnind T, fisvosinsiuesda
I3unansgnulsinnidn egslsinuuiiingaiifisens HENR sgdautBnisdaifianas uinisuam
HENR $auffu PLA waz PBAT Fsiivgjieaweifiannsainufizenlelnsladalsie nuindeliin
ansndnwanmvegildinasanisvaaes uifiasinnisuiuenifndu Ssinaninnismaassneu
sihilfnuigaifiane PLA asdansuiusn/dests uarlianunsansaningdldndansldamlu 1
\Piau

P13 4.28 wananmEnEN1sUANYeIIgnYngnslurad 1 uenantianranimnaesds
wuidledsmsasunlamwesnsugnudansldnudunanseg fu qugniinauiamis HENR 9213
dunawiunisanamesimidigaudehunsldnuly 1 dou Tnefinsanasuszana 0.5-4% Tuvmed
Qufidista HENR wag PBAT awifunisAsuuiandonaninly 2 Wou ( 3U 4.13) eglsfiniunis
Wasuulasianuaiiodnligamanin Ssorainannisdnuavems esnnsnauresianuan
yiemsunisnuesiuusdemaseninuangs shlmAansanoenesdudiuvagagn shlsiimdn
fialfdaanag
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A1919 4.26 N15UTEEINTEAUNIIANYIAYEIRIUANAINNITHUNANRITUNBUNY WAETENINaNTaNTanad
9adan
9 Y

Fuugananva (u)

q

A55479 — ,
UGNETHGITGR JENINNTONGS
PLA/H2-20(1) 0 0
PLA/H3-20(1) 0 0
PLA/H3/PBAT-20(1) 0 0
PE(1) 0 0

A1919 4.27 N1sUsEliuseRuMI@nvinvesgalansenintamsvantundaslgn

o = L =
IuuPsUaUgn (1haw)

NSNS
1 2 3
PLA/H2-20(1) 100.00  100.00 100.00
PLA/H3-20(1) 100.00  100.00 100.00
PLA/H3/PBAT-20(1) 1.82 45.45 100.00
PE(1) 0.00 0.00 0.00
LSD (005 2.80 7.67 -
CV (%) 4.03 9.07 -

newve viasgn 5 ey gaugnainilaunediuesnauyngasiins@nuiannly

5U 4.12 dnwauganeq Tunisuanvesgalgnvdanisldeanu



f1919 4.

28 fnvaizn1sanvnveselgnidlenzamaiieny 3 weundsgneuan

n33NID sUn1mAaa9 suTuuuas

PLA/H2-20(1)

PLA/H3-20(1)

PLA/H3/PBAT-20(1)

PE(1)

EFUANT AR (%)

73
J

nlo

U 4.13

3 -
]

- o
|]J'E)'§.L°]ﬂ-li»’l‘la'I'H'HT]Q\] mﬂnwmmﬂmm |"|Jt’J|TIﬁHﬂ1U| -1|‘P'Iﬂl-l’l'i'NUlU]J€1ﬂ

100.00 116
98.00 W PLA/H2-20(1)

96.00 & PLA/H3-20(1)

94.00 M PLA/H3/PBAT-20(1)
92.00 M PE(1)

90.00

szpznouly 2

J\lJ

37391787 (1AoU)

(3 v a

Wosigus muﬂmwamawaamﬂaﬂm L‘*UE]LVIﬂV]E]’]EJ 1-3 mawaqmimaﬂaﬂ

q
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Tudrueskandanuidiioun liiaugaesiuusdema swaute Sunutuiiuoen
nonvesiuNzLomA S1urutena vuanauzTomelagiady AunnsAvewzToma wazdiuau
nanAnTImResy 9ngeUgniis 4 laiflauuansnsesnaiitodndy Fverananlddinisuiuanvesgslsl
denansynusenananusdomaildlunisnassadell

AN 4.29 LLammi%’m%uﬂmmwmamw‘ﬁamﬁmmmmgm@ﬁ%%mmwmq M54 4.30-
4.32 wansuanauzemealnoladsvaasadunInaaes AN INNIAVBILLLTDNA WAZIIUIY
nanAnTNdesu Tuvauiinansnageuduy fuwanslunimeman n

M1919 4.29 NMTIATUANAMYDIUITBNANNILATFIUYATEIATINTNAN

LN dwitin S198zL9Yn
1 130-250 n3u figmiidnnlsruazuuadldliiiu 5 Wedidud
2 100-129 nsu figmiiiAnanlsruazuaslaliliu 5 Wedidus
U 60-99 n3u figmiiiAnanlsruazuaslaliliu 5 Wedidus

[
Y Y an

1 - gilonsindununndnyaiislasinisma

A1519 4.30 VUIARANSDMANLASULAELRASNAINITNAADY

AN (LBUALUAT)

n33U75
a3 g™
PLA/H2-20(1) 587 5.18
PLA/H3-20(1) 572 5.32
PLA/H3/PBAT-20(1) 5.86 5.29
PE(1) 572 5.09
LSD (.05 - -
CV(%) 4.75 4.81

a o

" ldusneeifuegedideddynieada

s & & = a !
1914 4.31 Lﬂ@iwumﬂmm‘wmimaqmL%mﬁwﬂqﬂiuqqqmmq6]

AMNNLNTAVDINLTBINA (%)

55495 P - .
1nsm 1 Lnsm 2 nsm U
PLA/H2-20(1) 27.22 19.50 53.46
PLA/H3-20(1) 28.06 18.88 53.06
PLA/H3/PBAT-20(1) 22.56 22.12 55.34
PE(1) 21.84 24.12 54.06
LSD (0.0 B B ~
CV(%) 55.93 64.62 30.71

N o

™ lsduansnsiuedeiideddynisaiia
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A19719 4.32 UNRUNNAKNARLABLLNTA LASKNANANTIUADAU

- vhuidnrandnusazinse (n3a/6w) duinuanansa

e nsn 1 wsa 2™ nse U™ (nSu/gu) "™
PLA/H2-20(1) 100.8 65.02 76.02 311.1
PLA/H3-20(1) 116.8 68.22 92.92 308.7
PLA/H3/PBAT-20(1) 116.0 68.06 94.20 309.8
PE(1) 110.3 77.58 79.54 317.0

LSD (0.05) - 3 - :

CV(%) 60.32 62.16 35.15 26.86

o o

"™ hiuendneiueg1edidedgmiea

DD
=3)

4.4.2 wamsnasougeUgnyail 2

eUgnyail 2 AudumsmadeusEnInaieuUNgAINTEY 2560 F9 Lieuiiunau 2561 lagi
WUIAITILVININTNAGBY 3 gns Ao PLA/H2-20(2), PLA/H3-20(2) uay PLA/H2/PBAT-20(2) Tuvaue
efidslassmananafinsifiufaueuAogefia3suain PE (PE(D) uazsevinaieunguniay — Loy
fquiou 2561 Fsludruiagyiinimaaesanisil 1.usms $1uau 2 gas Ao PLA2 uay PLA/PBAT-
20 Tailunfeit 2 §fuldiden HENR2 Wugnsiinausaniy PBAT Hugasil 3 ins1znanisidovesns
Ugnaedl 1 AfmsiAnansiiausianuin HENR2 wansast@iBanaiidndn HENR3 uaﬂmﬂﬁlqugﬂﬁm
7l 3 Safiuansifuudedn 1 6 fio Bio100 ileann1nAaufisenlelaslafavesansngunodioaiwoding
PLA W& PBAT

4.4.2.1 guURnINURBUIIRITIIUgN

15N 4.33-4.35 LARINANITNAZBUNITNURBUIIFNYRIIUaN 2 dIu fig
A Lﬁuwamsmaawaqu@ﬂLﬁ@ls’&ﬂu%’agam%wLﬁauﬁquqﬂdauﬁ 2 3
e 3 403 fi PLAL FdufiwSenann PLA iwwilafien) PLA2 (dufiwSeuann PLA
NausIuAU Talc TiO, Irearox Wae Biol00) uay PLA/PBAT-20 (MdufiwIewsin
PLA:PBAT = 80:20)
fiatlnaUgngms PLA2 uag PLA/PBAT-20 LHudauiinmaesifiuifiu Ssfinantsvaaoadios 15
U way 1 ey
~ gl 2 Lﬂumamsmaawaqqqﬂqﬂﬁdq%ﬂmqmwmq Faslhaun 3 gns Aa PLA/H2-

20(2), PLA/H3-20(2) way PLA/H2/PBAT-20(2)

PNUANIINAFDINUINNITRNAITIAULAS (Talc, TIO,, Irgarox wag Bio100) U PLA (PLA2)
lidawansznusieAnuingsan o gan wazAwendavessuediidy PLA mndnileFeuiiiey
ulldu PLA AliildRuansitiuuss wastagldidy PLA SAaudumiuseussiafiuiudnios

nsHay PLA $aufU PBAT 20% Tnevawiin (PLA/PBAT-20) deralvilduilinainudumuse
u39PIanae uwiRtdufidnAuBagean o 9nuie utudeudnann 910 2-3% Bu 74-313% usins
dWinsenanuiniinisiinlufiduenesa (transverse direction, TD) 11nnifietA3esdng (machine

direction, MD) visdlnaiiieanainflauiilafidnwaz Banguundu msduivaunsanszyilaisau
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danalvin13dniseaa (orientation) vedlgwadiwasluiia MD gandrdia TD dewalvautinisnudeuss
favasilaulufia MD unnndt wilimstadaeenlatosas

Lﬁawmaa‘uﬂ’]iﬁi’waaﬂ%mqugﬂimmi'ﬁmf"lﬂmﬂmzammmmﬁﬁmum NUINNSLAL
asiAnusereloiilidy PLA2 way PLA/PBAT-20 nsusunnanas Tasfidu PLA Alsiifuansifuusieay
AansUIuan 100% iflenageunisugnuiu 15 3u TuvusAfldn PLA2 wag PLA/PBAT-20 §in1513
usnifies 70% Telldw PLA2 waw PLA/PBAT-20 Ssnsfirnannudnuyuslenssis wagamandavesdsdi
Liwasuwlasnndndeniiunsldauum 15 Yu Tuvugidu PLA  filiifuansfnudedidiaiig
Frumnustenssisanasnnil 50% egnlsfniunismaaeunisldauiiuiniu (1 ifeu) wuimsas
asiduuddliiu PLA (PLA2) Tnanisvaaeuant@iBanaianasliinanngnsilsiiuansifnss
(PLA1) snniin Tuvnzfignsuas PBAT (gns PLA/PBAT-20) Timausumiuseussieiiasuutas
Liynidn udinagiunisldauuu 1 weu

urioenslsAmuuiin PBAT szuanssavesnuBaneuiilosaind T, inwesiasiues uinns
Aaufisenlelasladaldievedasiaiamedioames ilrusiuasfuuiianujiselslasla
Faudrnau gedsaunsainnisusunnainnisldauld uaseraiinnisviaveddnedieameslasne
Wiy dawaligeugnudinisldauiiaianuBagean a a0 anadeg1esans naanisldanudies
15 3u

mswan PLA iU HENR #is 2 wila (PLA/H2-20(2) uag PLA/H3-20(2)) Wazniswas PLA
HENR2 $2uifu PBAT (PLA/H2/PBAT-20(2)) Tnenngasiinsifuansifuuss wuiiidudntuguldie
fénwazdy  favguldd e iidiluwdsndugsugnuaznaaeunsldanumuingasiiiuans
HENR geugndsnsanimfuuiiiunimageufuna 3 dou Tagliusingsesunniuindu (ians
vodeudl  uawsms  sadunsidufiesiagugn LLﬁ%i@ﬁ’]ﬂSLVi’]‘liIu) audrnsnusouwsamaly
Wasuuasnnin uafidarwdegean o 9a1n anaswssezansldnuiiduty et
ilesnandunsiensewinaylensendaves HENR wazvyjaisusiiaves PLA gndmunnslasluiana
voninasaraedy ilfeegadundsruan PLA ldanas fidudwansginssumstinsaeen
ilesanendlsanas

ELummvww/\Iamammwu PBAT WmﬂmmmmiaﬂﬁmmmmwaﬂmmlﬂL‘Uunm 3 oy
udenfugnsfifuiame HENR vidsfiautinsmusoussa faeanusuniusousis AEn
A% o 9110 uareuendAresuUAsuuadliinntnnnensysIa1UeININATEY UaNIINLEN
wudnisway PBAT faufu HENR helidanuingean o nnm vesiidumodmeiualusis
aoafiemsdalndiAeiuaintu s1zniawas HENR fu PLA Suualty (@ulva)) WeauBagage
o 9910 vesiidalufia MD genindie TD wisdilsfidudvuanfawiiuie 10 h luvaeiins
Hay PBAT fiu PLA TiAnanugngaan s 9nv1e vesilauluiie TD aandndia MD

F9019na1le1 HENR uae bio100 ussduszneudfiitisannisUsunnvesgsugniliin
nnufizenlelasladavesiiduiinodioamediiussdusznoundn (PLA wag PBAT) Tuuniy?l PBAT
\Husaduszneuddgitiesuanudamguregiignaasasteznainismaaey udivial PBAT 4y
LR AnsIuAuANEangunaeanisidnulaaneslyeiu HENR
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Tensile strength (MPa)

Tensile strength (MPa) (after field aging)

Code (before field aging) 15 day 1 month 2 month 3 month
PLAT* (TD) 58.54 £ 1.10 2840 + 690 2358 +9.69 1508 + 4.08 -
(MD) 57.43 + 0.89 29.20 + 9.64  27.20 + 597 13.27 + 3.36 -
PLAZ™ (TD) 52.24 £ 1.87 4880 £ 598  27.72 % 3.60 - -
(MD) 63.69 £ 3.04 4838 £892 25521302 - -
PLA/PBAT-20 (TD) 46.36 * 2.69 5710 £ 1.57  46.86 £ 2.01 - -
(MD) 54.11 & 3.35 50.88 £3.17  32.81 £ 4.17 - -
PLA/H2-20(2)  (TD) 36.89 * 1.57 4357 £ 124 37371128 3467 X310 3256 X071
(MD) 30.79 £ 2.14 3097 £342 3718X1.00 3611%X175 3716 £ 276
PLA/H3-20(2)  (TD) 37.70 £ 2.03 3968 £1.75 2937 X121 3326%£694 3253 %203
(MD) 35.63 & 2.65 3549 £408 3920%532 35941200  39.24 £ 265
PLAMHZ/ (TD) 36.69 & 2.96 4597 +£319 4078%3.12 3634x 254 33461 2.45
PBAT-202)  (\D) 35.99 + 1.61 40.82 £ 1.83 3934%£203 3672%x523 34861%485
PLA* feofldudimionain PLA Wesudaufien
PLA** Aoflduiiwdeuain PLA nausauiu Talc TiO, Irgarox way Biol00
M99 4.34 A1ANNENGIEA 0 AR VBIHAL PLA uazilaunediuesuay
Elongation at break (%) Elongation at break (%) (after field aging)
Code (before field aging) 15 day 1 month 2 month 3 month
PLAT* (TD) 339%1.72 1.60 + 0.81 152 £0.35 0.82 = 0.36 -
(MD) 2.81 & 0.39 1.24 £0.37 1.23 £ 0.50 1.55 X 0.22 -
PLAZ™ (TD) 2.99 £ 0.47 1.73 £ 0.27 1.21 £0.62 - -
(MD) 3.18 £ 1.22 1.99 £ 0.31 182044 - -
PLA/PBAT-20  (TD) 313.30 £ 16.71 6.75 = 0.74 5.64 = 3.10 - -
(MD)  74.36 % 19.50 279 £ 061 2.16 £ 0.35 - -
PLA/H2-20(2)  (TD) 44.71 X 6.02 28.91 = 10.34 16.90 = 5.01 14.78 £ 5.63 8.01+4.28
(MD) 97.14 £ 8.96 43.56 £ 6.60 33.27 £ 5.49 17.14 £ 4.83 9.15 £ 3.87
PLA/H3-20(2) (TD) 55.93 % 14.60 30.19 £ 7.16 19.81  3.44 14.48 & 4.33 8.96 + 2.42
(MD) 114.43 & 11.37 64.81 = 7.66 26.81 = 7.76 15.39 + 3.62 8.84+ 273

PLA/H2/
PBAT-20(2)

(TD) 214.88 + 16.64
(MD) 240.43 * 13.60

206.25 + 36.07
219.71 + 30.02

246.00 + 12.62
213.71 + 19.02

24550 + 12.93

180.14 * 16.75

240.25 + 28.25

171.43% + 28.93




M1319 4.35 A1NENSAVRITURITaL PLA uavidunediuasnay

64

Modulus (MPa)

Modulus (MPa) (after field aging)

Code (before field aging) 15 day 1 month 2 month 3 month

PLAL® (TD) 2812 68 2980 £ 501 3013 173 2650 & 237 -
(MD) 2719 * 64 2704 *+ 591 2831 & 382 2991 * 281 -
PLAZ™ (TD) 2775 % 110 3220 % 61 2102 % 307 - -
(MD) 3306 * 163 3035 * 144 2001 * 404 - -
PLA/PBAT-20  (TD) 2247 % 58 2650 £ 98 2356 £ 77 - -
(MD) 2516 * 186 2533 * 36 1980 % 60 - -

PLA/H2-202)  (TD) 2071 £ 71 2443 £ 81 2068 * 42 2092 £ 170 1927 £ 42

(MD) 1797 % 106 1719 =+ 185 2038 96 2066 X 135 2129 £ 72

PLA/H3-202)  (TD) 2162 % 158 2344 % 174 1806 % 160 2104 £ 90 1967 146

(MD) 2019 % 151 2090 £ 39 2043 * 151 1891 & 149 2367 + 157

PLAMHZ/ (TD) 1931 £ 62 1537 £ 97 1953 & 104 1672 £ 63 1932 & 107

PBAT-202) (D) 1962 % 98 1489 43 1366 = 73 2105 £ 93 2001 = 112

4.4.2.2 Mmsnaaaunsidnudugegnusideme
n1nageuludiuillasinisvardsliladadetoyaludiuvesmaninuly Siigananis

MTIVFOUANWULNINIEAN 18U UEIUTET I8 URNIZEIUVDIBNYULIINEATNNTU

NHANITATIVABUNIIANVIAVBIQIUGNT WU 3 ATIY99UaNYATl 2 Nudngaugnundasy

way wazgelgnuaansendanuandiuiuia 50 g linunsinvinvesgs (11574 4.36)

15N 4.37 WARINISAANITLAN/ANVIATBIRIMAINITIENU WUIINITHAY Biol00 viseasnay

imide  wudausaYIsannTLanvasilald  Fay  imide  AINANIUBNIINALANNTAYILAANTT

Anufisenlalasla@aveanefiuesnqunedieanasudd vy imide fAsnanitiazaunsaindunsisen

Swiumylansen@aves HENR la dwaliiianiswesleaintu vilvilduianudangy wagiinnis

USunnvesgailesninaniznisidauanas Inelamzgegnsibia PBAT ainunanunsaldeulauiu

170171 5 haulagliiAnnisususn

M99 4.36 NMTUTEEILTEAUNNTANYIAVBIRIURNAINATHUNANRITULDURS Uagserinansonianas

oavan
q RY

F1urunsnanwia (u)

q

N30 " .
NEVHGITR JENTNNTONGS
PLA/H2-20(2) 0 0
PLA/H3-20(2) 0 0
PLA/H2/PBAT-20(2) 0 0
PE(1) 0 0
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M1919 4.37 MsUszdiuseaunsanuavesgelgnseninanisugnluwdasdan

R UNAIUN (1hau)

AN
1 2 3 4 5
PLA/H2-20(2) 52.00 94.00 100.00 100.00 100.00
PLA/H3-20(2) 42.00 96.00 100.00 100.00 100.00
PLA/H2/PBAT-20(2) 0.00 0.00 0.00 0.00 0.00
PE(2) 0.00 0.00 0.00 0.00 0.00
LSD (.05 21.35 5.48 - - -
CV (%) 65.92 8.38 - - -

e ndsUan 5 ey gaugnamsi 3 (PLA/H2/PBAT-20(2)) uazgaseuaudslalifinnisunn

4.4.3 mavadeunssasaaeiam B mludasiy

naaeuNIstoaangvaslaunefwesial 3 ans Ao PLA/H2-20(2) PLA/H3-20(2) uway
PLA/H2/PBAT-20(2) \ieuiuings1edaudeuin (Cellulose microcrystalline) wagingenedadaay
(wodleiidy) Tnefldumediuednay 2 gasusnil PLAHENR Tusnsndiu 80:20 Tuvasiignsanvinedl
§n3nau PLAHENR:PBAT Winfu 60:20:20 vhnsnaaeugamail 37 + 2°C uasfigamail 58 + 2°C
Hunan 49 Yu uay 56 fu muddy mdmsaaeimsiinludesiulasmsiauiuuie
msvsulnoenlediliinainfanssunistesaanewediuesnanaumeysinaiensusulneenludi
AnanAvnssuvesgdunidludentn  Anisaanefmedanmludesiudeonsaoudunm 49 Hu
uar 56 Fu uazeinsaaefimnstaninludesiunsonszerniaoimanagey duandunia
4.38 uazgU 4.14

NnHaMsMaassUIingEedadeuin awnsagndesameldinnnin 90% selenmtnild
Tunsnaaeu Wevhmsmaaeugamadl 37 + 2°C 1Wunan 49 Yu waziigumail 58 + 2°C (Hunan 56
fu Tnedlofinnsandnsusilumsdosaaenuiringdnadadeun fsnsuslunistesaasiigumd
37°C gendnitgamgil 58°C Taefigauvindl 37°C anansaaaemildannndt 50% aeluszeziaan 4 Su
Tuvnziitonmgii 58°C dodldnanuinndt 20 Yu Vailgaungli 58°C Smsdrlunisaanssamuin
diudundannsly 10-15 Fu Swadandmnernfiawnuanviaveniud mmeuazmaiule
YoaqauvEsuanastunugamnilumsvagey  lidanisilunsdosaanevosianluisazdisnan
A9y

duvsluleninifunumlumsdesameannsaduunld 2 UssuamAeqdunidiiveu

a

gamgiitunan (2545°0) wavqduvsdnveugamgiay (>45C) laenguqaunigvnaniifiunum

drfgflunisosaanefenuaiiise WWes wazweniiluludn vsluuaiieazilunguedun3dniiuindan

v 9 9
'

a

Iqum%qﬁﬂmﬂmﬂ LL‘UﬂﬁL%EJﬂ&j@J Bacillus sp., Pseudomonas sp., Cellulomonas sp.,
Flavobacterium sp., Micrococcus sp. wag Achromobacter sp. awlaseulalas wazilogumall
Wingugdunsdnguilavneamsasaivln - nemels  uavasiinsiasgyiulavesuaiiiiedn
Wihulalanngamgias wu Bacillus subtilis Wag Bacillus stearothemophilus wnu Tuvaisiye
A a a va a 2 & . .. .
3’114migLmuimlqummwmﬂmq%LUuLﬁnaﬁW’m Geotrichum candidium Wwag Aspergillus
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fumigatus LLauLsuasmmaJLmuimlmmmammmmm Cladospor/um sp., Aspergillus sp. Lae /\/Iucor
sp. aendlsfinuiigumnilng 60°C WU’J’]ﬂ’]iL%iiULG]UIGWENLGUE]TH]""MEJWGQ wazAnnIInEveteT
yngamnfislanannnit 60°C Tuvazfiuerilulud@ndugdunisiadyiulslddeudnedr udnusde
gamaiilagsds 75°C wonfiluludnasiinanonistoaansvesdunseinglutimdenistes uazd
druddalunsdesansduridfdesaanslsenn

Sofinnsaningdidadeay medlefidw) nuiudlevinuinaiweniusulasenladiingin
Aanssuvesgduvidlutlovinesn AmsaaefvnaiinmuinAntuldiiosunnie 2.7% wag 0.0%
flgnmndl 37°C wavgamndl 58°C muddy TsonanamliingAunidluleviindsfionmnidn was

Y
a

auvndlasligpeaans-gavaatanadeiaulatosunn

9 Y Y
a

Waszvinsaaeimatinnlulewureidunediuesnanry 3 ansnuingumal 37°C
a1 49 Ju gasiil PBAT mmmLﬁ@ﬂ’ﬁ&iasaa’mié’ﬁaﬁqm TRedAINITAANEAINITININ 11.7%
Tuvauegi PLA fnauanizens HENR2 war HENR3 finnsgssaansfilna@esnude 3-6% 14ie
Wewnannmyavduves PBAT vilviqduvisdanunsaynstesaaeneiiuesuaulaienin dawal
a 1 aa 1 1 I3 P P [e] d’{ o a
nnsgesaateindt egrelsinulegamaiilummedeugs (58 C £ 2) Ju Han1saaeUTUN 56
nsaaefmInInvesilduans PLA/H2/PBAT-20(2) wuindidnadewwiiiu 0 Feenavaneaiuiilyl
Winnsgesaaneiinly usllefiansannsmnsiudsuulasuyiana (5U 4.14) Az lureaull
1 a -3 1) 1 1 1 d a (o) [ v a
nsgeraaeindu (1-6 Tuusninisdesaanggeniinisdesaanegamgil 37 C) widieviney3ua
fapsusulaeanlenannnisgesaatslauiiatssninusuiuiiwansuaulaeanlanitinain
aunsdgesly dwalminrnsiuwininay vIewhiu 0 Antu Melienadlavateanve) Wi
° a & a A ¢ Al e ad a & & v
nsneavinau visemevedtedunsdnlilunismeaaeuluyniilosangumgiiniiivgadu 1Wudu
luvaugians PLA/H2-20(2) uaz PLA/H3-202) Henisaangdaiiiugeuilaiiguiunis
aangfgmn 37°C lpgansnilens HENR3 &adlen T, and1 HENR 2 wudndimsaaesialanndd
‘:2{’ 1% LY} al gj = a o) a a
waNIINUIINNTMToeazMTaaIefinITInm (5U 4.14) Nansnaaeuiigamgil 37 C wagigumadl
o] Y [ ¥ a é{ d a [ a é’ | =
58°C nyinmsaangdmedinmdadiunnlibnginiy lnenaunglgulidnsnnsiiaduiinnil 39813
naMleINHdunedwasNaNsINaNUNIIraLIsagasEaglafindu  wndnailunisessdangL iy
WAy m38asmmemammmw%mammmammmm

1%
a

uaﬂmﬂumﬂmimwmawmmmmawlmamww £919 HENR1 Fafugnafifitageanuayd]
aruudgaanluens HENR v 3 2iin Iunessunsameimadanmlnsan tumadey WAZHINIFIU
yaaouifrivemAfluadsd nud1 HENRL ansnsoaanefitenmniaaldfininfigamgdivn Taswud
HENR1 anunsaaanesmistanmiigamnil 58°C 16 23% wleldinanlunisaanesn 39 fu usifing
aanesitgumnd 37°C Titesnn fe 0.19% Weldanlunisaanes 24 fu denaidesnaindn T,
99 HENR1 wazusaiagnszminelefigs (H-bonding) wemylensendaves HENR Fevinlviqduviddeon
aaefigungll 37°C lden Famavanosiciu HENR2 way HENR3 Baidn T, fisnd wawdiuss
fagaszminlefitosndt Jnhesiinnisdesamsldivuieioniafinin HENRT Tiaevadou (M3
nAgeyU HENRL ngenedadauiniinisaaiesn 100% waz 97.9% Ingonedudeauiinisaaiey 0%
uaz 0% fanumgdl 37°C uazgamgil 58°C ileldlnamaaoy 24 Fu uaz 39 fu awawv)

Feenananlasagluidedlihgegnivdenldnnmuidetamsodesameldmnyiinsg
HepuluanizuaznaMysnzaunLansgIu ASTM D5338-98: 2003 ua 1SO 14855-1:2012
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YAAIUAY
N1SEA18AIMNINYININ (%)
WaR281 7l 37 & 2°C Wuraan 49 Yy i 58 & 2°C 1unan 56 Tu
Aade Andsauunnsgu Anady Andeauunnsgy
Control ' - - - -
R+’ 93.2 6.4 94.8 8.2
R-’ 2.7 15 0.0 15.7
PLA/H2-20(2) 5.8 12 14.1 19.4
PLA/H3-20(2) ' 3.0 35 24.0 95
PLA/H2/PBAT-20(2) 11.7 48 0.0 4.9

4' 1 a v s s A a a a = + o
5] Uimqmﬂqsﬁﬂqu@‘lﬂ:@@@ﬂlsﬁﬂﬂgﬁlmLﬂ@ﬂqﬂﬂ%ﬂiiﬂ%@ﬂﬂqau%ﬁfﬂuq&%ﬂﬂ

2 Banauinaensueulaeenlesfitinainianssumstosaats Cellulose microcrystalline

Tnggdunidludevin
* Sinaufwensusulaeenlasfiinanianssunstesanenediefiaulasgduvisludemin
* Unnafeeniueulaeenlediinainfanssunsdesamefiduwediue fnaslagqdunidiu

Jewiin
100
SR
s
s o0
i)
K
5 40
[0
3
@ 20

20

e —

e Cellulose microcrystalline

4 6 § 16

Times (days)

s PLA/H3-20(2)

(a)

27 35 42

49

PLA/H2-20(2)

e PLA/H2/PBAT-20(2)
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100
S s
[
.0
B 00
o°
g
40
°
.0
© 20 /_/
O _---_-—-___'-""--_-—"".
1 2 3 4 6 8 16 22 28 35 44 36
-20 Times (days)
Cellulose microcrystalline PLA/H2-20(2)
m— P A/H3-20(2) e PL_A/H2/PBAT-20(2)

(b)
5U 4.14 nylfegaznisaaiefinisdinmeesiieganegeuiieuiuingd1dadieuin (Cellulose

9
a

microcrystalline) 15l (a) nadouTigamgil 37 + 2°C uag (b) aaeuTignmgil 58 + 2°C

9 Y
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5.1 unaguauldY

nuATesdumsfnwmnmsUssgndenssssunadauusanondladlensonda (HENR) Lo
Wisinnsasaninuegagnivonain PLA Tnefnwiiiadesineg TardauarUiannmes HENR Aoauth
Tugusing vosildumedmesnauiiion1suszgndlfilugsugn

MnmansAnyImUI HENRL  Geidagean  amnsowdeslidunsuuadnldhedousinds
AuanUfizen us HENR AldTian T, g9 iesnusafsgavomylensendavuldwedlolsniu vl
wanILAY PLA usfinazsaundniu PLA wasilfldnlfdoninnisiniiduid PLA iWeswdafen  ud
fsuitlddndlaianansodafldftudodioutuiidy PLA ufasfiudamaiuves HENR]

Turniedl HENR2 uaw HENR3 wdsdugauffidenaslinsifowalvgnin HENRL deduds
Fududesiinsmunuuunalilliivunelvginnauiuly  Jawevesnsiauusasinaeanudiiu
16 wagnsnszanefiveseyniresuLidnfieseld 9nnsmnassanvunie 2 wala Aensld
pall mill wazmsldluiln wuirensildndsanvuaiidnuazmanonimannsdanaseanenilsl
uanssAusnnin uinsaavuInsie ball mill Malunsanuuaiiumniy

Wiawnenenie 2 Flunausindu PLA Weawlsuildunediwesuay wulnduin3suain HENR

4 2 38 ansaduguliie Tneilduiwsenanesiansuinmeluiadimanudngen o 910 g9
I as a a PN Y . = A ° oA =

NINAUNLATENIINYNNAATUINAY ball mill wazy19 HENR3 491AT T, #1011 UAIAIINEAGNER
9AvINNZINTe18 HENR2 wazdianiindunuy3unas HENR3 Aiiudu eg1alsinuensianuafiesey
lAa1niia 2 35 (ball mill waglulia) TAN15NumBLIR wazAtandavesds ldunnseiuuintn 73
galnnunusonisldanulndlfesiu  Aeanunsanusdeansazanedy  uaznisnavivvesiaguanla
Uszanas 2 1oy Tuvaueiigeugniln3enann PLA iansUSwanilerunsidauliifies 15 du 3918
nanledms HENR2 wag HENR3 anunsateannisiinujisenlalaslagaaniile dwald PLA @9
& a sl ] aaa = 1 a aa a9 vas =
Junedeamesibinusieufiselalaslada  vusensifaufisenlalasladalanau  lnenunisus
WANYRIINUDEAINTNNINWTENIIN PLA LileeagaLhen

MSHENENIAIRNNUIANaNTENUTA A soauURUNITEnfBanTasiauneflesNay Loy
NSWE PBAT 531U PLA uazensdnuus (PLAHENRPBAT = 60:20:20) thelvigeugnilmaiugn
4980 0 AR g9 (70-250%) ARDATEELLIAINITNAGRY 19gnsTiL uazlilifuansiufudue) ogsls
ANIUNUIINITRLATRLG (Talc, TIO,, Irgarox wag Bio100) ielvigeugnlifinnisusunnlinasn
2821819891519 (UgnueWemawiy 5 Wew) luvueigasiliduansifuudanunisusuan

a a v - & & v 9 = = 1 Aa ' o
YDINMANINNTVEEFITY NeludngvedinallnnnuBaneuia us PLA uag PBAT Ssaunse
Ann1svnvedlgnedioainesiosnnufisenlalasladals damaliiansusunnvegainiu

Tuvauziignsilainauifions PLA fusnsiauus (PLAHENR = 80:20) %38 PLA fu PBAT
(PLA:PBAT = 80:20) Wdudisnanilrinnudngedn o 99910 anatoeesinsd widawiesUszuna 2-
35% YAINIUAITIINULIY 1 Lhou Imaqmiﬁmaumi@mm (Talc, TiO,, Irgarox Wa¥ Biol00) &FN
AruBagagn o nuevdansldnuuny 1 Weufigendt fgedeinisuiuanditionn
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agalsinuainuanisiiudayasunisiasyiuln Usunauazaun nuesmandniile wuituwd
ganvhnsvadeuIinnIsUuan  uin1sUSuaniuuldunitn  unansdsnsaningeeglinasnssey
Ugn uwavlidemansevuegaiitdudAndensdnsinisasyiuls USunauasnnnnueINanGnuzide
A ove A = =~ Y o
wanlasulilaSeuifisuiugalgniiw3euain PE

Anwinstesamegsugniieienlsd  wuiiszuunsdesaaneiigamgiigaelifidumediues
wasiAnnstosaanelsiininfigamaiien Tasqsugn PLA 15 HENR Wussdusznouamnsadesaas
167 14-24% \dlevinnsdesiiguvndl 58°C 1unan 56 Ju luvagiidimuay (wedlefiaw) luiians
dovaans (0%) Tigamgifivhmaveasudingm Fsenananldigeugniivouldaniuidedannss
govanelindsnslinuilofisuiugaiinionanwodiefau
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1. AuMsasyYLiuln

1.1 ANUGAY
M99 K-1.1 AdEIvesAuLsllameieny 1-11dUamindaan

AL (LWUALLAT)

QEPHE Puduavindalgn (@)

1/ns 3/ns 5/ns 7/ns 9/r\s 11/n5
PLA/H2-20(1) 151  55.1 103.6 1395 1815 1935
PLA/H3-20(1) 16.6 558  106.1 1475 189.5  204.6
PLA/H3/PBAT-20(1) 159 550 107.6 1469 1827  197.3
PE(1) 162  56.8 1043 1413 1799 1978

LSD (0.05) - - - - - -
CV(%) 8.62  6.98 5.72 4.29 5.35 5.56
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PLA/H2-20(1) 3.9 8.9 12.3 17.6 20.2 22.7
PLA/H3-20(1) 4.1 8.8 12.5 18.6 21.9 24.2
PLA/H3/PBAT-20(1) 4.1 8.3 124 18.4 21.3 23.2
PE(1) 3.9 8.3 12.1 17.6 21.2 22.9

LSD (0.05) - - - - - -
CV(%) 5.49 7.95 8.13 3.63 9.46 7.94
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CV(%) 3.95
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5/ns 7/ns 9/ns 11/n5
PLA/H2-20(1) 2.1 6.3 9.9 11.2
PLA/H3-20(1) 2.3 59 9.6 11.3
PLA/H3/PBAT-20(1) 25 58 10.2 121
PE(1) 2.1 5.6 9.6 111
LSD (.05 - - - -
V(%) 26.48 1891  17.00 14.57
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CV(%) 62.90 63.59 34.17 23.54
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Abstract

In this work, modified natural rubber powder was prepared and used to increase the
elongation of poly(lactic acid) (PLA) film. PLA and hydroxyl epoxidized natural rubber
(HENR) was blended via a melt mixing process using twin screw extruder and a blowing
machine. The influence of HENR content in the blend films on the microstructure, thermal,
tensile, and optical properties has been investigated. The morphology of the blend showed
coarse surface and elongated fibrils of HENR in the PLA matrix. After blowing, the
dispersion of small particles of HENR in the substrate was seen. The size of the remaining
HENR particles was smaller than that of the starting powder. The compatibility of HENR
and the remaining rubber particles may synergistically contribute to the improvement of the
elongation at break and UV-vis transition protection of PLA films. The elongation at break
was drastically increased from 3% to 228% after blending with 20 wt% HENR. On the other
hand, all blends exhibited 2 glass transition temperatures with lower values than that of pure
PLA films. It can be concluded that the blend is partially compatible and may help the
flexibility of PLA films.

Keywords: Poly (lactic acid); Hydroxyl epoxidized natural rubber; Rubber powder; Blown
film

1. Introduction

Flexible film packaging such as bags and envelopes needs to be considered not only
in terms of its utility but also in terms of its environmental impact. Packaging products made
of conventional plastic resin have been a cause of environmental problems because of their
inherent non-biodegradability. The substitution of plastic resins from petroleum resources
with bio-plastics has been investigated. Poly(lactic acid) (PLA) is one of these biodegradable
polymers that have been investigated for development into flexible films such as film
packaging for meat because it has been recognized as safe for food, especially packaging that
will be in contact with the product, which might be acidic or contain fats [1, 2]. It is also of
potential use in agriculture for the use as planting/mulching films because it can be
decomposed after use and thus reduce the plastic waste on cultivated land [3, 4]. However,
due to the relatively high glass transition temperature of PLA, PLA exhibits glassy state in
usage. As a result, PLA shows great tensile strength, but with little elongation resulting in
limitations for its use in food or agriculture applications. In order to address this toughness
problem, many approaches have been used such as copolymerization of lactides with other
monomers [5, 6], grafting with other polymers [7], adding of plasticizers [8, 9] and blending
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with toughening polymers [10-18]. Among these approaches for addressing the problems,
blending with other polymers is of big interest.

Elastomers are one of the materials recognized for their efficiency in increasing the
toughness of plastics by increasing the energy absorption of brittle polymers. Various
elastomers have been used in blends with PLA such as polyurethane elastomer [13],
thermoplastic polyurethane [14], synthetic and natural rubber [15-18]. Among these, natural
rubber and modified natural rubber have been of interest, because of their degradability and
environmental friendliness. However, the problem of natural elastomers such as NR or ENR
is their high tacking property, which limits their use in continuous mixing with PLA by using
extruder. Moreover, they also provide a relatively low elongation value compared to
synthetic elastomers.

Furthermore, another disadvantage of PLA is its high UV-visible light radiation
transmittance due to its colorless and transparent properties, which presents a weakness in
terms of preserving food materials [2, 19-20]. In addition in the field of agricultural and food
items, UV-visible light radiation may accelerate the laceration of planting/mulching films
prior to use [21-22]. Therefore, not only does the flexibility of PLA packaging need to be
increased, but also the UV protection properties need to be considered for food and
agricultural applications.

This work focused on the use of new modified natural rubbers containing both
epoxide and hydroxyl groups (Hydroxyl epoxidized NR, HENR) as the agents which increase
the flexibility and UV-visible light protecting properties of PLA films. It has been reported
that the epoxide and hydroxyl groups, which would be able to interact with polylactic acid,
show a significant effect in enhancing the compatibility and physical properties between
rubbers and PLA, therefore, giving rise to the adsorption energy of the PLA matrix [16, 18,
23]. In addition, the obtained HENR is available as fine solid powder, which can be easily
combined with PLA by mixing in solid state via twin screw extruder and shaped by film
blowing, respectively. The effects of HENR content on the morphological, thermal, and
mechanical properties of the blend compound and blend films are presented in detail.
Furthermore, the UV-vis transmission behavior is also investigated because it plays an
important role in food and agriculture applications.

2. Experimental
2.1. Materials

PLA (4043 D grade) was purchased from Nature works Co. Ltd., (USA). High ammonia
natural rubber (HANR) latex (dry rubber content, DRC = 60%) was supplied from TTN
Rubber, Thailand. Hydroxyl epoxidized natural rubber (HENR) was synthesized in our
laboratory following the procedure presented in the patent no. 12147 (Thailand) [24].
Briefly, the HENR was prepared via two reaction steps: epoxidation of natural rubber (ENR)
and oxidation of epoxidized natural rubber (HENR). Fine particles of the product were
obtained after finishing the oxidative reaction. The powder was dried by using a microwave
operating at 510 watt for 10 minutes and then in oven at 50°C for 24 hours.

2.2 Compounding and blown film preparation

PLA was dried at 80°C for 8 hours, in the hot air oven before being used. The PLA
and HENR powders were blended with twin screw extruder (Lab Tech type LTE 16-40) with
the screw speed of 100 rpm. The co-rotating screw diameter was 16 mm and an L/D ratio of
40 with five control temperature zones, which were set in the range from 160°C to 175°C (die
zone). The weight ratios of PLA/HENR used in this work were as follows: 100/0, 90/10,
85/15, 80/20, 75/25 % by weight. The blend filaments were collected for surface compatible
analysis. After that, blend films were prepared by blown film machine connected with a



single screw extruder with the screw diameter of 20 mm and an L/D ratio of 30. The five
control temperature zones were set to a range from 180°C to 200°C (annular zone) and the
screw speed was maintained at 80 rpm (Lab Tech type LF-250). The width and thickness of
the sac were about 10 inches and 50 microns, respectively.

2.3 Characterization methods

Chemical structure of HENR was characterized by an ATR-IR instrument using
diamond press on a Perkin-Elmer Spectrum GX Series spectrometer in the wavenumber
range from 600 to 4000 cm™.

The morphology of the filaments and film surfaces of neat PLA and PLA/HENR
blends were studied by Scanning Electron Microscopy (SEM) on a LEO 1455 VP instrument.
The filament blends were cryogenically fractured in liquid nitrogen before crack formation.
The crack surfaces and the films were sputtered with gold before the analysis.

The tensile properties of the blend films were measured using an Instron Universal
Tester (Model 5965 series) with a load cell of 1 KN. The crosshead speed was 50 mm/min
and the procedure was performed according to the ASTM D882 standard. The rectangle film
had the following dimensions 10x90x0.5 mm?®. The average of data for 10 specimens of each
condition is reported.

The thermal properties of the blend films were analyzed using a Differential Scanning
Calorimeter (DSC) (Mettler Toledo model TGA/DSC1 STAR® system). All film samples
were scanned from -50°C to 200°C with a heating rate of 10°C/min under nitrogen flow rate
of 20 mLmin™. The degree of crystallinity (Xc) of the PLA and PLA blend films was
calculated using the following equation:

[(AHm - AHCC)J
X, (%) = |—M x 100 1)

Wpa AHO,

Where AH, and AH. are the enthalpies of melting and cold crystallization during the
heating; AH®;, is the melting enthalpy of pure PLA (93.7 J/g) [15, 25], and wp_a is the weight
fraction of PLA component in the blend.

The light transition behaviors of the pure PLA and PLA/HENR blend films were
studied by using UV-vis absorption spectrophotometer (Jasco V-650). The UV-vis
transmittance of the films was detected in the wavelength range of 200-900 nm with the
resolution of 0.5 nm. The film color properties were measured by using color reader (CR-20
Konika minolta). The film color values (L* (lightness), a* (+60 (red) to -60 (green)) and b*
(+60 (yellow) to -60 (blue)) were recorded. Average values of ten measurements for each
five random locations of the film were calculated and recorded. Total color difference
parameter (AE*) was calculated in order to quantify the variation in the color of the control
pure PLA films and PLA/HENR blend films as follows:

AE* =+ (AL*)?2 + (Aa*)2 + (Ab*)2 2)

3. Results and discussion
3.1 Hydroxyl epoxidized NR

The HENR powder was obtained after a two steps, epoxidation and oxidation,
modification of natural rubber. The appearance of HENR as a final product is a fine powder.
Images of the resulting rubber materials can be seen in the Figure 1. The particle size of the
powder, measured by optical microscope, is approximately between 200-900 microns.



The comparison of infrared spectra of NR and HENR is shown in Figure 2. The
infrared spectrum of the hydroxyl epoxidized rubber (Figure 2 (b)) exhibits decreased
intensities of the bands corresponding to C=C stretching and C=C-H out of plane bending of
cis-1,4-polyisoprene at 1664 cm™ and 836 cm™ in comparison to the signal of CHs bending of
the isoprene units at 1376 cm™. This confirms the loss of the double bonds of natural rubber.
Furthermore, HENR exhibits new characteristic signals at 1250 cm™ and 875 cm™, assigned
to epoxide symmetric and asymmetric stretching and signals at 3436 cm™ and 1064 cm™,
assigned to —OH stretching and C-O(H) stretching, respectively. These signals represent the
presence of the epoxide and hydroxyl functional groups on the isoprene units of natural
rubber [26-28].

The ratio of hydroxyl content and epoxide content was determined using the ATR-IR
technique. The OH ratio (A10s4/A1376) and epoxide ratio (Agzs/A1szs) 0f HENR on the rubber
chain relative to the isoprene unit are 5.86 and 0.85, respectively. The glass transition
temperature was analyzed (Tgmidpoint) USing DSC and was determined to be -4.80°C (Figure 5).

665.3 um
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Figure 1 HENR (a) photograph and (b) optical microscope image (2x).
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Figure 2 ATR-IR spectra of (a) NR and (b) HENR.

3.2 PLA/HENR compound

PLA/HENRSs were blended by a twin screw extruder. The appearance of the blend
pellets is light brown, opaque, and softer than that of the starting PLA.

Figure 3 shows the SEM micrographs of fracture surfaces of PLA and PLA/HENR
blends. It is usually the case that the mechanical properties of polymer blends depended upon



the phase morphology. The fractured surface of neat PLA was very smooth, which
corresponded to a brittle fracture surface. The addition of HENR, in all studied ratios,
resulted in the observation of coarse surface without obvious particles of HENR dispersed in
the blends, except for the case of 25 wt% where obscure rubber droplet was observed. This
morphology is similar to the morphologies of PLA/ENR blends reported by several papers
[17-18]. Thus, it can be postulated that HENR is compatible with PLA [16, 23, 29].
Moreover it was observed that elongated fibrils remained in the fracture surface and that their
content increased with increasing HENR content. These morphology features and elongated
fibrils might have an effect on the toughening properties and increase the elongation of the
blend films [26, 29-30].
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Figure 3 SEM micrographs (500x and 2kx) of PLA and PLA/HENR blends with various
rubber contents.
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3.2 PLA/HENR films
3.2.1 Morphology of blend films

The SEM micrographs of film surfaces of PLA and PLA/HENR blends are shown in
Figure 4. It can be seen that all the blend films exhibit phase separation of small rubber
particles in the PLA matrix of the thin film. The amount and the size of the dispersed phase
increased with increasing amount of the rubber in the blend. The particle size of remaining
rubber was approximately between 5-30 microns, which was smaller than that of the starting
HENR particles. Thus, it can be concluded that HENR can partially dissolve and form a
compatible blend with PLA. The presence of the remaining rubber is probably due to the
high intra-action of HENR and short time of mixing between PLA and HENR due to the
small size of the twin screw extruder. Therefore, small rubber particles dispersed in the PLA
matrix are present in the prepared materials.

. PLA/HENR 90/10

J
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Figure 4 SEM micrographs (50x) of PLA film and PLA/HENR blended films with various
HENR contents.

3.2.2 Thermal analysis of blend films

The DSC thermograms of PLA film and PLA/HENR blend films are shown in Figure
5 and the transition temperatures are summarized in Table 1. Blends containing more than 15
wt% of HENR actually exhibit two T values, the first occurring in the 45-47°C range and the
others in the 57-59°C range. The first Ty lies between the values for HENR and PLA,
indicating that some molecular interaction between PLA and HENR is present and inhibits
chain mobility of the rubber component [16]. This trend suggests that some parts of HENR
which are solubilized in the PLA matrix are thermodynamically compatible, especially with
higher HENR content.



The cold crystallization temperature (Tc), a value that signifies the reorganization of
amorphous domains into crystalline ones, of PLA film and the PLA/HENR blend films has
been determined during heating analysis. The T.s of blend films resulted in weaker
crystallization peak (about 110°C). This is probably due to the remaining HENR particles,
which can act as nuclei and induce crystallization process of PLA. This phenomenon was
also observed in PLA/NR blends, where NR showed small phase separation in the PLA
matrix. On the other hand, it was not observed in compatible PLA/ENR blends [17]. The
lower cold crystallization temperature represents higher crystallization kinetics of the blends,
thus indicating the involvement of more flexible macromolecules characteristic for HENR
[31]. Furthermore, the reduction in crystallization temperature (AH,,) with increasing HENR
contents is attributed to the rate of reduction of molecular relaxation rate exhibited in the
abnormal formation of PLA crystals [32].

Another observation was the splitting of the melting peaks (Tn) with increasing
HENR contents. This phenomenon can take place due to several factors such as type of
solvent used for the preparation of PLA cast film [33] or heating rate of temperature change
for DSC analysis [32]. All of them lead to the change of the perfect PLA a crystal into a
mixture of o and B crystal forms. Thus, it can be concluded that the presence of two
overlapping endothermic peaks is probably a result of the formation of different crystalline
structures of PLA as a result of the presence of HENR nuclei during the cold crystallization
step and the reduction of macromolecular interaction of PLA [17, 34]. Moreover, the
appearance of the double peak may indicate a possible effect due to the reaction between
PLA and HENR. This possibility is evidenced by the formation of a broader and delayed T
during the analysis process, accompanied with a reduction in the melting enthalpy (AH,,) [32].

In addition, %crystallinity of blend film shows the slight increase containing 10 wt%
HENR and followed by low content of %crystallinity (0.5-0.7%) in samples with other
PLA/HENR ratios. This data was calculated from the cold crystallization enthalpy values
[35] and showed the same results as those that were observed for pure PLA (4043 D grade) in
another paper [10]. Thus, it can be concluded that the HENR can slightly induce
crystallization of PLA during our film blowing process.

Table 1 DSC analysis of PLA film, PLA/HENR blend films and starting HENR.

Samples T, Teo T AH, AHm Xe
(°C) {®) {9) (J/g) (J/g) (%)

PLA 60.47 117.32 149.49 24.16 25.92 1.88

HENR -4.80 - - - - -

PLA/HENR 90/10 58.26 112.83 149.09 21.83 23.76 2.29
PLA/HENR 85/15 | 47.33,5857 | 11049 | 14656, 15156 | 18.75 19.08 0.41
PLA/HENR 80/20 | 45.54,57.96 | 11199 | 144.38,150.04 | 2121 21.77 0.75
PLA/HENR 75/25 | 46.63,58.41 | 11148 | 144.40,149.07 | 16.35 16.67 0.46
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Figure 5 DSC thermograms of starting HENR, PLA films and PLA/HENR blend films.

3.2.3 Mechanical properties of the blend films

The tensile properties of PLA and PLA/HENR blend films are shown in Figure 6. It
was observed that tensile strength and elongation at break of PLA film measured in
transverse direction (TD) and machine direction (MD) were 57-58 MPa and 2.8-2.9%,
respectively. Incorporation of low content of HENR (10 wt%) resulted in tensile modulus
and elongation at break being slightly higher than that of the starting PLA film. The increase
of stress at low extension is probably because of the increased degree of crystallinity of PLA
in the blend and the interaction between the carbonyl and acid groups of PLA with hydroxyl
and epoxide groups of HENR [36].

The elongation at break increased with increasing HENR content in the blend film in
comparison with pure PLA, which indicates the decrease of intra-molecular interactions of
PLA and increase of inter-molecular interaction between PLA and HENR. After adding 15-
25 wt% of HENR, elongation of the blend increased remarkably in both directions to 100-
230% with the tensile strength of 30-40 MPa. These results indicate that the elastic
properties of modified rubber play an important role in the tensile deformation of PLA film
from brittle to ductile deformation. It should be noted that the maximum elongation occurred
with 20 wt% HENR in PLA, which gave the most appropriate amount of solubilized HENR
phase and the amount of dispersed rubber in the PLA matrix. In the case of the sample with
10 wt% HENR, the solubilized rubber phase might be too small for acting as a good
toughening agent. On the other hand, the material containing 25 wt% of HENR, might have
too many HENR particles, which may favor the possibility of acceleration of phase
separation and phase failure of the blends.

Figure 7 shows the stress-strain curves of PLA and PLA/HENR blend films with
different HENR content. It was observed that PLA film shows the obvious break point
before yielding. On the contrary, all the blend films show yielding and necking which was
observed and continued until failure. Furthermore, strain hardening occurred after the yield
point and continued until failure (except 10 wt%). Notably, when 20 wt% HENR was
blended, the elongation of the blend film is tremendously increased by 228-229 in both
direction.

The occurring of HENR presented an increase in elongation at break seen during
plastic deformation, which is the characteristic of ductile formation of the PLA blends that



was reported by other papers [16, 37]. It can be concluded that the presence of high number
of functional groups of HENR, such as hydroxyl group and epoxide group, in PLA matrix
played effective role in enhancing the elongation at break properties of the blend and changes
the failure behavior of the film in the tensile test from brittle failure of pure PLA film to
ductile failure of the blends.

From above of all analysis, a possible mechanism for interaction between the HENR
and PLA is proposed in Scheme 1.
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Figure 6 Tensile properties of PLA and PLA/HENR blend films in transverse direction (TD)
and machine direction (MD): (a) Tensile strength, (b) Elongation at break and (c) Young’s
modulus.
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Figure 7 Average stress-strain curves of PLA and PLA/HENR blend films.
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Scheme 1 Possible bonding between PLA and HENR.

3.2.4 Appearance and Optical properties

Polymer blends prepared in this research are intended for the formation of films,
which can be used in many applications such as food packaging and in agriculture for
planting/mulching films. Thus, the visual appearance and the transmission of radiation,
especially ultraviolet radiation, need to be considered. For example, ultraviolet radiation
(190-350 nm) and visible light radiation (400-700 nm) can accelerate lipid oxidation in food
systems [2, 19-20] and hinder plant growth [38].

In order to evaluate the effect of HENR on light transmission, the UV-vis
transmittance spectrum of PLA/HENR blend film (80/20) was recorded. This spectrum was
compared with that of neat PLA film. The addition of HENR resulted in a dramatically
decreased light transmittance in all light regions (ultraviolet and visible) (Figure 8 (a)). The
transmittance of UV-B, which has an especially detrimental effect in terms of lipid oxidation,
at 280 nm decreases from 80.2% for the pure PLA film to 6.8% in the case of PLA/HENR
80/20 blend film. Moreover, the decrease of visible light (400 — 700 nm) transmittance from
91% to 24% for the film made with addition of HENR can also help to prevent the spoilage
of the sensitive food materials especially vitamins and lipids [20].

The absorption of light is probably because of the presence of brownish color of the
chromophore isoprene in PLA/HENR blend films [39]. In addition, light blocking properties



might originate from scattering by the distributed rubber particles in the PLA matrix and lead
to reduction of light transmission [40-41]. The decrease of transparency percentage (%)
value for the film containing HENR in comparison to pure PLA film indicates that HENR
can act as a light absorbing agent (homogeneous blend) and light scattering agent
(heterogeneous blend) and prevents the transmission of light through the blend film.
Visually, the films containing HENR had a limited transparence and light brown color, while
the pure PLA presented more transparence and were colorless (Figure 8 (b)).

100
90 - . | “T_,_w
80 1 PLA film
70 1
60 -
50 A
40
30 +
20 A
10 A

0

PLA/HENR 80/20 film

Transmittence (%6)

200 300 400 500 600 700 800 900

Wevelength (nm)

(@) (b)

Figure 8 (a) Light transmission of PLA film and PLA/HENR 80/20 blend films and (b)
Visual aspect of films.

The values from the color measurement of the polymer films are shown in Table 2.
The CIELAB parameters (L*, a* and b*) and the total color difference parameter, AE* of
polymer blend films were evaluated in comparison with the pure PLA film. It was found that
both samples, pure PLA and PLE/HENR blend, showed insignificant differences in their
negative values of coordinated a* and b* parameters indicating a tendency towards green-
blue tonality. On the other hand, the L* value of the PLA/HENR blend showed significant
increase with respect to the pure PLA, resulting in a higher whiteness of the film. Given the
AE* value, it can be concluded that the addition of HENR resulted in a large color difference
when compared to the control PLA film.

Table 2 The CIELAB color parameters of the blown films

Film sample L* value a* value b* value AE*
PLA 23.62+1.83 -0.28 £ 0.04 -1.70 £ 0.07 -
PLA/HENR 80/20 31.93+0.78 -0.43+0.06 -0.83+0.06 8.36
4. Conclusion

In this paper, modified NR powder was synthesized and blended with PLA for the
preparation of blown film. Partially miscible blend was achieved via the melt blending
process and its analysis revealed fine dispersion of rubber in the PLA film. Furthermore,
DSC thermograms the of PLA/HENR blend films showed 2 glass transition temperature
points, which are lower that of pure PLA film. Increasing rubber content produced an
improved elongation at break of the film. This was attributed to the increase in active
function of hydroxyl and epoxide groups on the isoprene unit and elastic segment of natural
rubber in the system. PLA/HENR blend film with a compositon of 80/20 wt% showed




superior elongation at break, with a value 80 times that of the starting PLA film. The blend
film (80/20) showed significantly reduced transmission of UV-B, UV-A, and visible light
with transmission values of 6.8% 11%, and 24%, respectively. This was due to the UV
absorption and UV blocking behavior of the homogeneous and heterogeneous HENR
components in the blend.
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