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Abstract

Physical properties of the blends of polylactic acid (PLA) and natural rubber (NR)
were investigated in this study. PLA is a biodegradable polymer which shows high
modulus and strength. However, due to the brittleness of PLA, NR was blended to
improve its toughness. It was found that NR helped increase both tensile and impact
toughness. The toughness improvement was related to phase morphology of the blends,
as a result of rubber loadings and processing conditions. The blend with 10wt% rubber
mixing at temperature of 180°C with rotor speed of 50 rom showed the highest toughness.
At this loading, NR particles with the average diameter of 2.23 micron were evenly
dispersed in PLA matrix. The larger NR particle sizes and unevenly dispersed in matrix were
obtained at higher loadings as coalescence of the rubber particles were more likely to
occur. With this morphology, the blends showed poor mechanical properties. In the
presence of NR, degree of crystallinity of PLA was not significantly affected though the

more perfect crystal was obtained.
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=

1. woAuan@nueada (PLA) @9397n U. NatureWorks LLC 1n3a 4042D (4@ msuanuinidy) dady
WNSANANTALY hazinge 30510 (dd1nsuauidn) ToanwInavsdaadIunNuniin

2. W sTsuvRidutusiauenlanilogs (High ammonia natural rubber latex) #0370 u.lngsn

a

#1991 10 @nww) vinseuliuie Tnemnthensasly Petri disk dndngeuiigamgi 70°C

U

A a I3 I a ° v & & A v v P
Wowdsudurawds  219dmsvinlmduduidnifiatigansearianlunsauliniie  auaueNawia
ToeFuneanenula (MsVenawiesantienssssuanmdutul  asdusuimaiieldiiensan

Tnensale)

22 ASHASEUNDALUBSNEY

1. yInsuaRas PLA fugnafidndiunisuausine 9 lagldesesuanaunielu Haake 3u Rheomix

a

600p AILSITOUTBILNUL 50 rpm Tigaumnll 180 (30 200°C leAnwinavenunginay)

U

Juaan 20 il Ineneunanriiniseuriada PLA uageafignngi 70°

Y

C Hunan 8 Tlug

2. theenaninsasuaraunely Hanedwesnaulidunionmgiivies thanuadien3asun Retsch

Tifdnwazilude niulingamgiveaduiian 24 Hlus

v LY

3. wsgnfuieg I NelinnaeuandRing men1snAdaneduesNaNMEIAIRINASA Gotech U

o

GT-7014-A30 1uaifianivhiueseunnnsgiu ASTM DA68, type V (5U319 dumbbell) dwsu



NISNAHOUNNTAY hazdInIgIU ASTM 256 dmSUNITNARULTINTEWNNKUY Notched Izod

a

(3Useune) nglsinnudouionmgl 180°C 1Wuan 10 wnil Junaznadn 10 wifl lnenewniey

Y

Wnseuiianedwesnaufigamgll 70°

u

C 1 unan 8 tlug

23 N1SNAFIUANUALTNNE

2.3.1 n15a9 (Tensile test)

1. NAABUNSAIBIATEY Instron universal testing §u 5569 Tagld load cell wu1m 5 kN

v
[y Y

2. JUIATUFIDENAIBINTU (grip) TUIATOY gauge length WNAU 7.62 fadmas vinn15med
ANSITR crosshead 1 faduns/wni Naangivies
3. YINNSNAERUTUMDYNN 9898y 5 Tu Tuiinna

4. IUANANUAUTIIAVIA AIUATEATIYAVIN ANUIUNINBARE AIUNTEIFI

2.3.2 msnsztmnLLUUV‘hsaamﬂw%umu (Notched impact test)

1. YPABUNSNIZUNNFEIATE Atlas testing Ju BPI  lagld pendulum energy 2.7 J 7
BV ARVEN

2. ¥msvaaeuTusiete sg1say 5 Ty Tuiinua

3. AIUIUAT impact strength

24 ASNAdaUENUANIIAIUNSDU

1. nedevandinisnnuseusiewpses differential scanning calorimetry (DSC) ves Perkin Elmer
U DSC-7 3 run baseline F9gamgdl 25-200°C Mag1 10 °C/unil

2. ussnedwesadluaruegiillen (aluminum pan) Usuas 5-10 fadn$u Tdasluiaies DSC

3. yhmsvageulaeisulinauieuain 25 1 200°C fishsn 10 °C/undt (first heating) $nw

gamalilviasi 2 udl (isothermal) antuiidusnan 200 fia 25°C 7idhsn 10 °C/undl



(cooling) wazlvimnudeuain 25 s 200°C #9ms1 10 °C/udl (second heating) Tudinnis
WasullasuSinaanusou
4. AunasnuaNusSeunltlunsuasy (AH,) wasuauseunldlunisinandnvuglnning

Sou (AH.) wagUsununan (degree of crystallinity, %X.) AMUENNTS

B |(AHm —AH_ )/AHSJ
© )

%X
PLA
ne?  AH,, wu eunalussnisvasu
AH. wu eumatvesnisiinuanidleliminuseu (cold crystallization)
0 = A a ) A Y 56
AH_ uny teunialnisnaeuves PLA isunaman 100% fiewirtu 93 /g

D, wnu dndrulaeiutinves PLA

25  MsAAsIERaNUAenanadn (Dynamic mechanical analysis)

1. NPdaUsIEASe dynamic mechanical analyzer 984 Perkin Elmer ’iq'u DMA 7e Tuluum 3-
ooint bending Tnewsdendunusionisnasaluwifusisednedu Wldvuavesdunu nda x 813 x
MU WINAU 6 x 19 x 1 AUy

2. Ymavadey TunaANaAEn 0.02% Yisenmgil -100 f9 80°C enuRmgMvniisie

Tulasiauwian ansinshiauseu 5°C/min fAud 1 185m Yuiinua

26  nseTadeuduguinedremeieaunuisdiaanseululasalatl (Scanning electron
microscopy, SEM)

1. Fudhethefiriiunsadeunsinssunn aNNUARBURINTMENEY 3 WTINUNITIATIEY

2. 1andeasiendas SEM (SEM, JEOL model JSM 6400) fiden Acceleration voltage 20 kV

3. %meﬁsuummémmaqmq‘ﬁﬂszmsﬂuwaauaﬂaml,a%mﬁw Computerized image analyzer

wag Axio Vision software A1uInsmvmIneunaaslaey3umg (dy Jauaunisdneansi

10



_ Zif(Di )ViDi _ ziniDi4
Zif(Di)Vi ZiniDis

el D WU YWIAEURNUANENA19Y9IR LN
N WY UIUBYAATIINNATIVUA D,

Vi uwny USesTiuviinunvesauniaiivung D,

2.7 159 IN8INszUE (Rheological measurement)

nsiadmenseua vilaeg
1. 9 small amplitude oscillatory shear (SAOS) 9381ATBIINYINTLUAYDS TA Instrument U

AR-G2 TifindauruAvuIY (parallel plate geometry) YWIMEUFNUALENANG 25 TaGLUAT AUV

a

Fuau 1 Tadluns Neaumgil 180°C Audleyu 0.1-100 rad/s YU % AIATEA YU 2

JuUnNa

'
v a aa

2. 39 steady shear fgLASaINeINsELaLAUTaans (Kayeness) 1oWidnsanidl L/D 15 (auaLdu

a

FuAugnans 1 fadwns) yumad 120° neaesiigaumall 180°C 8nsudau 500-7,000 1/s

Y

11



una 3

Nakazn15aAUs18

Tuunil agnantawauaziimsziinavesdadesie q suldun aaumaglimanay snsduns
HEl 9RIEINANUNLR (viscosity ratio) AINLL5ITEUTRINSHaNATReauTRTIna audRnisay

Fou wavdugIuIneIvsINedosHaN PLA/NR

3.1 auun)in1sHay (Mixing temperature)

a

oamgiimsnauduiafovilefiiinadonuminuemedines Teazdmasioduguineuay
autAveawodmeinauiild mevdsnisuay wihweswaniléfomiunszuaumanadalunistugy
Jumedou iAanisvanudnady losnwodwesiinnuniiags nsundistulden aunseld
amdgiuhaneldmanada  dugivevemediesualliudsuuvasnduneunsiay  u

nudeldgamaiinaui 180 way 200°C WeAussda (torque) Tunswauasiidua 5 il fe

NedesHauagluanauna (equilibrium)

3.1.1  @uUnena

3.1.1.1  @uuAn1sAe (Tensile property)

NANSYIAABUNNSAIWORIDSHANTEING PLA WAy NR (PLA/NR) finauena 5, 10,
15 uar 20% (aptwidn)  (fUsinmensnnndt 20% wui wediesuauildanmieafaie woud
Aendas Sss1AnUsaEnsgeani 20%) Tieamgiinay 180 wag 200°C uansfsgud 3.1 Faudy
NIINTENIIAILALLAZANAATEN (stress-strain curve) 13U dziiudn gaungRlluniswans
naseanTAn13AIves PLANR Tnefl 180°C audduanumiendianin 200°C uaziigamgi
Mawamils 9 UTnas NR dawasioandinisises PLA aghaunn Ransanldanmaruneioniign

10 (€,) HATANUMTLIAY (tensile toughness) @amumniuUNlansT W AssruTInlunissi

12



=

3.1 Ay 3.2 uenINd Awenad (B) S4AuInInAnudureans niauesenil Seuanid

ANULDY  UaTANIAUNININ (C,) Fuwansdanunusenisie Agnausadlumsedangn

L uiY
70
Pure PLA
60 | —s— PLA/NR5S
—a— PLA/NR10
50 | — = PLA/NR15
— - - PLAINR20
€ sl
=3
g
% 0 ¢ T - l
- A J
20 | 1
. |
10 .
v \
0
0 5 10 15 20 25
Strain (%)
60
(b)
50 -
< 40 ~
o
=
n 30
%)
g
»n 20 —e— Pure PLA
—=— PLA/NR 5
10 - PLA/NR 10
—*— PLA/NR 20
0 " - T T T T T T
0 2 4 6 8 10 12 14
Strain(%)

a

UM 3.1 NIMANUAULAZANATEATDY PLA/NR NIUTINME19619 9 Ngaungiin1snas

U

(a) 180°C uag (b) 200°C

13



asedl 3.1 audAidanaues PLA wag PLA/NR figauvniinay 180°C

PLA/NR | wondafs | admiAud Amsdail | mnuminnds | anuvusionss
(Wt%) (MPa) Y Pl (MPa) nIzUNn
(MPa) (%) (KJ/m’)
100/0 751.1 55.1 9.3 3174 2.3
95/5 644.0 35.2 14.9 503.1 58
90/10 593.8 26.8 20.1 609.6 6.7
85/15 543.9 233 10.7 234.7 3.7
80/20 430.1 12.5 3.7 333 3.2
asedl 3.2 auldAldanaves PLA wag PLA/NR figauvindisay 200°C
PLA/NR uendans | AALALT AdaBai ANUMTEINT | ANUNURBLT
(wt%) (MPa) AU AUIA (MPa) NIgWNN
(MPa) (%) (KJ/m’)
100/0 658.9 52.8 10.4 335.8 24
95/5 653.3 40.9 8.2 196.9 3.1
90/10 581.0 274 53 98.9 4.9
85/15 N/A N/A N/A N/A N/A
80/20 462.9 177 4.4 404 1.4

Moamaiinan 180°C U n1swau NR Tu PLA iUSunalaiiiu 10%(aetnmniin) faeinaudd

anuwmiledliiu PLA 16 9906 €, 109 PLA wiriu 9.39% sy 20.1% 7iusunaens 10% dudu

fnasgn lnefiruendaunuazlideuudas egnslsinnn WeuSunaeaindy wuin annumnded

14



LavAuendanduanas uonaInil srdunaiiun1sasn (yielding) indunusunaeawintu 5 uaz
10% vmeiv3unmens 15% war 20% navldnumsasnd 3lidudn wginssuanuAu-

ANUASEATDY PLA aunsalasuanndnemswuusng (orittle) Wukuumilen (ductile) 1ol

[

NALFIYINSITUTIRLUUS U TN EL NaransnIsLantin (fracture mechanics) Asnafuilidu

[

Seandudounaziiauly BeguanrauunueInITIdedl

3.1.1.2  aulvfn1snszunn (Notched impact property)

UONNANTANITAY SN ITVAGOUANUNUABLIINTZUNN (impact strength) YBINeALLDS

a

Hauw3EuTIguinay 180 way 200°C wefinwianumies wafilddlawfine1asssuiinusun

U

A9 9 uaRdluUT 3.2 uarTIuTINAIAIMandlunNSeR 3.1 wag 3.2 azLiud N1SEN NR Feuiy

8
71 ---@---180C
e .-0-:200 C
Nﬁ6 |
9% L.
€ o
X ; Q
=5 . 0
% 4 | .
= T 2 U ®
Q- |
E @
2 | :
o]
1 -
0
0 5 10 15 20 25

NR content (W%)

a

gﬂﬁ 3.2 ANUNUABLIINTEUNN (impact strength) ¥s PLA/NR ﬁqmmmau 180°C way

U

200°C

15



AVIUVUABUIINTEUNNVDY PLA Tnenediwesuaunioufionvgll 180°C aud@nandn 200°C uaz

' 1%
d Y

IS 10% (eedmidn) aglaaiAnunusensinssunn (impact strength) geilgavivaes

9

gaun)dl (gl 3 Winnsdin 180°C Wiawlsuiuneduanfinuadn) ANUNUFBLIINTELNNTFRAASDY

Y

fuanumienlaannmaaeunsie Awanstusuil 3.3 FauaninumideInsiaves PLA/NR 9

1%
Y

gaumainiswan 180°C sl N1INAADUNNSTAILALNITNAGBUNIINTEUNNANNTAWIRATIUIUEN

anuwmileaieg  wanseiuludesdnsiswensliug Fwzaennrdasiunmsillduselovin
LANAIGNL
MnanURBINale auiiudn gaumniinisaud 180°C wnzaudmsunisuaunoduansn

LOTANULITTTUYIR

700

600 | e ---@--- 180
---©--- 200

500

@

400 | .
300

200 | o,

Tensile toughness(MPa)

100 | o

10 15 20 25
NR content(wt%)

a

SUAl 3.3 Anuwileansiewes PLA/NR flgamgiinas 180°C uay 200°C

Y

16



3.2 USu1ue19 (Rubber content) #50905189UN1SHEN

Pnuanlanngamgiinandiedy  MsfinwnavesdSunaensasiionigamgiilunisnay
180°C TneUsunauenssssumanidluniswaniuneduanfnuedadawiniu 1, 3, 5, 10, 15 way

20% (pgtmin)

3.2.1  audAanakazdagIuIne,

NnradauandlugUfl 3133 uazansnedl 3.1-32 dedu amdfudn dlefimsuauen
s3sumAde 10% Tnetmidn feiivandiidena lneameduanumierldiu PLA 18 fivsua
g19g9n771 10% nduhliauiBdenadosas uansin A 10% (Judwsngas (optimum) luns
USudgeaudnves PLA 78 NR Juiivsudui uenuilonnUimnaesansyaneudn
SIMVPVRLUNIAG  (matrix)  wazanszane  (disperse  phase)  VUIALAZNITNTZANUA
(dispersion) Yoananszae AvtinafeaudRvesnodiueSHa

NALAYNINITAEveansyane NR luamdnd PLA & anansafnundemaiaawnu
ddannsoulalasalal  (SEM)  TmeRnwaniamthuestunedeudiiunsageunisnssunn
(impact fractured surface) fauanslugudl 3.4 dunaiuin dnwvaimihes PLA Aeuinaseu
Fadudnuasnmsuaninuuusne (britte fracture)  ioflnwmauey dnuawimivesiu
yaaeurTIIsifindy Tnefinlanszars NR nszansludewing PLA  fiusinas NR teendn 15%
wanszae NR dnwaznanvnadneii 4 funseavesainaueluaming  vuedl 15% uay
20% anseany NR %ﬁmumimyjuazmzmaﬁﬂaiaﬁ'u,am YUAvBIHEDS (dy) AU3aueng
A LLaméﬁ’quﬁ' 3.5 lefinnsaniiudinaens 10% Jliinsfdauasanumuiensinszunn
aufian wuth vwaveaens (dy) Sewiiy 2.23 llaswes mneaiild diiud Weusua
grafintu Tonafimavesenaassauiaii (coalesce) yauzsanluanugvaouazganInilediuiunm

pstes vililaansgarendoualg

17



sUNl 3.4 AW SEM 983HantNIINNTuANTANTNIUNSAFDUAMNUNURDNITN TN (impact

Y

fractured surface) 189 PLA/NR iUSu0uen9614 9|

18



30

= N N
(&) o (&)
T T T

NR particle sizg(rr
|_\
o

0 5 10 15 20 25
NR content(%wt)

JUN 3.5 unveuilaens (dy) AiUSNQIEN9HNS 9

n3UN 3.5 Wundunaledn vueveandesiusunnmens 3, 5 uaz 10% TelndAssiu
VUNANUNUFBLTINTEUNNT 10% Hfgean 019na1ledn Nuunevearanszaelndifesiu
Usunasenganinaglianumilengandt  anuwllenduaudfisssumfivessn  sadufedviunm

gegeaziianumilengeiues Tumsd s msuenunumsenitmauayUsuaeslansyae

'
[

soaudianumudeilesin a819lsAny 91nddentiuineudednwantRinishwemediues

=3 ' 1

Nauszinedlnsidudueadifoy wui lunswaunedwesgil vuneuniavesensdfinduly

dl a v H o 57 & = a
WaguwUaamuuTinnens (@eaald 24% laeuwmidn)’  BesienisfinviunuimvesuSunaveana

N3LATINNITLYLVNTENINOUNIA  (interparticle distance)ldl Fanuduaweunansyae

1%

(81987FL8Y) gavilinedweinaunusenIsuanin iRy

19



3.2.2  @uUAn19A21u5eu (Thermal properties)

AUUANIIAINUSOUVDINDRLUDINALTENING PLA 1az NR @ Anwisewmadaannelsudea

=l

aunuiennlsaing (0SC) leelsimanuseu (first heating) ¥nlwAdu (cooling) wazlvianusaudnass

(second heating) AlEsnsINIsWANNSEN 10°C/uT  meldatuneudanarn wanlaainnisle

Ly

AMNSDUATITINTIATdUNUSAUUTE IRN9ANSaU (thermal history) inedlueslasunauLasy
lpsupnufoull  ndsnnshimnudeull  wedwesvaeugnvitbiiluas  wafildezduiusiu
nszuunsinvudloananmgl lunidl aeldnmainbidunisnsanuioutd dwsu PLA uazwed

[
(%

woskay PLA/NR linulenlewefinfiuanstensinanan (crystallization)  Wislinusounssi

be

a9 HafladunusfuUseianiennuseunnedwasissuriansvinlidulazvus lasuanuseaudl

=

wasluknsunlaannshinnuseunsiiasssremaiafnineosudsaawnuisanlsaing

< 1 a

(DSC) veswadlaiNay PLA/NR N8nT1duse 9 Wansiasguil 3.6 awiiiudn PLA uandgumngil

Y

[ <

wael (melting temperature, T,,) faluweulameia (endothermic) fdnwugziduiingessen 9

= =

146.68°C way 151.87°C uansdslassasandniiinsdnsessunnsnetudeuy Swdni qmmﬁ
g (T, wansiawdnfifianuasysaininfigamaidn (T, —° uasnugumgll cold-
crystallization (T..) Fudwenleweiia (exothermic) A 116.06°C UNAU fiuansdsnnsifnnan
yuzifinislfenudon nuisgamgiiuAsuannuda (glass transition temperature, T,)
52.14°C dlormwinmuSunamdn (X) 909 PLA agldlvindu 25.23%

dlenauenssssuwd wuih Wetsinaeafindy nedwednauduans T, Wudnwasiia
GONAR]Y Imaaamﬁqmm g0 (T fdnaudfiuty wasdnwarues T.. 99Ty v T, i
IndlAeeiu PLA - A1gaumgiising 9 i swsfesanamdn (degree of crystallinity, %X.) las1usIu

Tum15197 3.3 iU N1seEn NR v liuSununEnuee PLA Wasuwdadhiunn vusivigliuani

AnTuilauauysaiy

20



ails INMINAGRUANNUREANNTEUYRY PLA I8n150U8eU (annealing) Mgumgil
o EL v I = & a6 I as s - A
1007C lugau lnanssudunay PLA wual Wau PLA 9ginan1sldauanIw (degrade) WkIUNIT

Tranusoudunaiuiunin 96 1lus Insdvesilduaziiudukasiidnwauznduusisinuau

13

10 B 0%

Heat Flow, endo u
|_\

209

25 50 75 100 125 150 175 200

Temperature (°C)

JUN 3.6 DSC wasluunsuannnshiniuseunsaiaes (second heating) a4 PLA/NR 1
USU00819619 9 (MUARaYAINY)

ANS199 3.3 auURN19AINNSDUVDY PLA war PLA/NR 21NN1SHAANNNSDUASINED

Tm(°O)
(Wt%) Tm1 Tm2
0 52.14 60.62 116.06 146.68 151.87 25.23
5 53.31 59.91 118.55 146.34 151.69 20.80
10 54.40 60.35 118.39 146.17 152.03 23.96
15 54.99 60.50 118.14 144.76 151.45 30.04
20 54.58 59.51 117.31 144.93 150.96 27.34
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JUN 3.7 wanamesluwnsuilaninnisiinnuseunsausn (first heating) veswadiuesinay
PLANR 9i8asidiums ¢ Fewedwesnauiiluiunageuililagnsiainnssuiunisnadn wed
wosvantl wans T, T wag T, wudu dewSeuiieudugui 3.6 dadunmslienudounssn

o 2 1 Ao < a a PR ) ) % v ve
goq  azdunaiudn T, Tanvauzilueulaveiiniia lulvdnwusduiu  dw T, swiulddaly
nstives PLA  Weiluwedweswan wiu T, lalidaau wae T, Wuiinvualraidanwusiinges
gonweniulidnian Inevily dmsunediwes Neamaiiandt T, Arnuganuioudsiigaindng

a o ! o9 v & o ) al' o 2 o Ay oA
gaumalenndy T, vivbiiiu T, Sdnuwazilutu nsi T, ddnvasluiiall Flidui dnszuiunis

a

ganasnuruioudduniilydluguanudounds  (latent heat) wagdnduldieiiiugamgil

Y

T, Jugamalidafeadesiunsimdeulmvesasldluananedwesludiuedugiu @morphous

S
phase) enuidululiin mudouigauinluililunisindestesmelddlefinmedoulnvessas
14 vio  IHlunsedeulmuesaelalinananedesluduedugiudaunsnegludunan
(crystalline phase) %ﬂﬂmﬂﬁ'auimgﬂﬁﬁm (restricted) 1n dwdu T, fidiuldlddn Ysueni
melgsammsliaudouluedos 0sC & uwnulihofuiinundnredunundanfieiould

NN3NASA FadlAnadogudd (9a1n %Xc Tumse 3.4) @ T, Gweniaueniulidaau [y

'
a

Aneumgiiiseniingsiian) WeuTunaenanay 10-20% wuansenmgiilndifeiu T,, (M3
i 3.3) ¥ilisin meldnszuiunmsnede axlinedwefnauiiauauysaiveswdniiosninilowiou
fuanmzuosmsvilidu (cooling) wazmslianutoundefiaas (second heating) luipdes DSC
oghdlsfinu srssssurRdinaderonafandniiauysaity

Taoa enanamlidn meldiannzveanszuiunsnndn silildwodiue fnaniduiuna
wAngan1 windniléfiawanysaltdeniiniglddnsnislieuiou 10°C/und (u DSO) uaedl

nsdnsesivasmeldluanavemedwesliudwedugiuiigndrdauinnit  agalsinny nswaw

megessIunAtuwlilaliUsinundnnanuanysaive e dLanAnuaTnunTu

22



0%

20%

Heat flow, endo up

30 50 70 90 110 130 150 170 190

Temperature (°C)

gﬂﬁ 3.7 DSC wsluunsuannnsliannudeunsausn (first heating) 283 PLA/NR 7iu3unauens

AN 9 (MUAaYAiv)

A5199 3.4 AUURANI9AINNSDUVBY PLA ke PLA/NR 91NN IAAINUS0UATILSN Y DSC

NR content
T, (°0) T CO T, (O X. (%)
(Wt%)

0 55.11 118.07 147.35 41.07
5 54.24 100.00 148.68 39.23
10 56.00 101.97 150.02 39.10
15 57.44 107.10 149.13 36.50
20 56.42 108.44 150.12 42.99
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3.2.3  auUAlananadn (Dynamic mechanical properties)

waflfnnsAnuanTRiBsnanataues PLA uaz PLA/NR Tugisgamail -100 fs 80°C
uamasagURl 3.8 lugUvesrnuendaayay (storage modulus, E') Augamail (3U (a)) azdiud 4
gauniishn1 40°C ér £’ asAoudnensl ntueuondatianasosadiuléda (andas 10 ag
17929 10° Pa) Fauansdsgamniiiuasuan mi (glass transition temperature, T,) A1 T, 716
mnmnasedldnusalumned 33 deifugungll Auesdanduifingdudnads wansa
Nnanmedug1ily Lﬁauaqé’aazamﬁamaﬂumq T, Wi azdigieiinuensdwendas
Aoutanadl) asdunsedefiugumngll Bolk PLA andntu vilfewendadintuld denndos
fuitmuasnsiin cold-crystallization vauzlvaudeulu DSC Fifinanneunthil

fSinneneng 9 f T, vesmednaninuedaliuansineiu (~ 60°0) wansin sk
liamnsathfuldiu PLA (asiunsuddudn 9 Agaumndidng -80°C Ssihanlugamgingu
Aduuiivesens esnndvwadn enafennuemaedou Jdliszy) e T, fildan oma §
uanFnsanAldan DSC iflesannszuaunisnieléinisindne DMA uaz DSC umnenefu Ao
n3eves DMA ueanann1sliausawvilou DSC wad duiinslviauaien (strain) Audanee
UBNNNTARAIBIAMIBNSAAYANLET 1519198 A1 T, anFdwiswendinues tan & AldTsls
wanadunmugnstisgampiivasuanmiiilugivesd tan O (loss tangent, E”/E") Tusy 3.8

&) LY ! Ly a

(b) @ tan O U Wudnsdruseninauendagade (loss modulus, E”) senendaazey (')

YRS

\Junsianisnszanewaasu (energy dissipation) dufedesiunisindeulnvesasldluana
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3.3 9ns1dauAunla (viscosity ratio)
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ANUNIAGRU (1) WagANUniinaNNITNAaeLRRULUUALT (1)) Tngande Cox-Merz rule ¥
Tildnnuduiusseninmnumilauazdnsidowveamedwesigy awdiudl PLA dmsunudh
Wldw (PLA-B) &1 Mo Ussana 3,000 Pas dagandn A1 1), ves PLA dwfuaudn (PLA) il
FUsanal 500 Pas sty lunswaufuenssssuAlaed PLA Wuawdnd nisld PLA dnfu
gy Sunliuarlimdamdmanmia M, = NN s PLA dmsunuda vl
ANUNTne9e1e ensudou 104.4 s ﬁqmmﬁ 160°C waz 180°C, My HAWAU 2,981 uaz

2,604 Pa.s Tapvaly e 1), fae duwildulivanszargvuinan

(3

3.3.1  auvAenauazdngIuIngl (Mechanical properties and morphology)

WIDANYIRIMLNTALANIINASNAADUNISNTLENAAIENATA SEM WUl Aelaan1ienis

WIBULUULALINAY TATsaT1svesnodmesiay (blend morphology) MUSumMe1s 10% ield PLA

'
L T

AUALINIANAULANAIATY AegUR 3.10 Tned vwinveamansyate NR Tunefiwesuauily PLA-B
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(viscosity ratio) seodugIuIng1vemediueinal uanaNi  LlenAABUAUNUABLIINTZUNN
] a s g v . W 2 = oA v
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= oAl 2 A a & o 2 1 Y
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v | | < S a & !

nszunnlaanitnanseatevuaivg  egalsiniy wwawanszmendnunniiulufaglianunse
nszAnendsuillan
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(a) Blown film grade (b) Injection grade

SUN 3.10 SEM ¥8afminfiunaINAIsAgeaun1snsewnn (impact fractured surface) ¥aaned
WosHaLTIUTLNA NR 10 wit% Lisld PLA @unsa (a) tnsadmsuaud#lay (blown film grade)

uaz (b) 91udn (injection grade)

3.4 AMUL5259U (rotor speed) UBININEN

wonnadeiindrundeunint  anudaseulunsnaunedwesfusndadeniisddma
Aelastasnavamediuesuay (blend morphology)  lagende Capillary number (Ca) Fadu
§17Ul385 (dimensionless number) fikansdnTdILTBIANEUNTNA (viscous stress) FamIN
Wuilszyianthduda (interfacial stress) suauns ca=1,_ y(T/R) 10 1), Wi Aunila
vouaving ¥ uvu Sasudeu I uvu wssfsi (interfacial tension) ez R unu Safiveaa
ns¥a78 (radius of disperse droplet) luannzvasy aelddasuiou e Ca fiAngandnAIngs
(Cac) ﬁ]%ﬁﬂﬁLWﬁﬂi%ﬁ]’wLﬁﬂﬂ’liLﬂgﬁJuLLUaﬂgﬂﬁ’lx‘l (deform) uaguanesn (breakup) Jula
nsraefidvwadnas  msdsuanuiiseuveinisnandunsdsusnsudounuaunis vili
Ca wWasuudas Tunmsinunifldnnugaseudas 40-100 rpm (rotations per minute)

ANANUMURBLSINTEWNN (impact strength) Veewedwesnaussning PLA waz NR il
Ui NR Wity 5 uag 10% Tnenwiin wsufiaanundiseusas 40-100 rpm wandlugud 3.11
sndiildin Wewdoumugiseu  Aenunusousinszunniialndifiesiu wasiivsina NR s

Vo1 1 1 1 U Idl 2
a0 imAumusansinTznn lluanAeiy agnuseaim 6 ki/m
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yYannauumdna LiANYINaTeIAIUSITEUMDLATIES 19BN eRILasNaN PLA/NR M
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A1599 3.5 FuanaMsnsEatemvealansza1s NR Tu PLA finnaisiseunsuansng 9

ANULEI5BU YuAvaHanszae (d,, um) AivSunas NR #n 9
(rpm) 5 wt% 10 wt%
40 1.15 + 0.30 2.42 + 0.67
50 1.43 + 0.39 2.30 = 0.79
70 1.60 + 0.43 2.65 + 0.67
100 1.35 + 0.36 2.82 + 0.87

i saniusanmen i 9 nsAsuUasussevdadunisiudeusnsnden (Y)
(M3fuuAdnsideuiiuiitiinneniseuvenaiesuanaunisluliaunsavildossusue
ogslsfnu Insfnuilagaunilisunsweaniasuanauneluaiiousunsaues two concentric
cylinders, Couette geometry #1agnat 11uwae Bousmina wasamz’ deindnsndowduna
AnvenIieu (N) Aushuusiiiendesiugunswonnieslouassuiiidmosian (K),

Y =Nk 1udiu Fsnauniseziiiui Sasndeudasunvaswnudnnuseuludadiuieni) a

dawanor Ca Wednsndewiiu A1 Ca msazaiy agnslsimy Waiudnsidou anuviiaves

W3NG (1) 91998A7 (WansngAnssukuuimellon) vseanad (LanINgANTSY shear-

z:‘,vLyo./:jal &

thinning) Al ety Hanudululaiial Ca e199zfinTunsensit anuaild wud1 ANMEITEUT
Telunswanlifinareduguinenazauifnnumusows NIz NvInadwosuay PLA/NR U
wanadn AAIEITEUTILEN UndzegludiuvEnduanangfingsy shear-thinning (433 power

law) vilvien Ca laifia@ugaiuAnings (Ca,) vunnvasmlanszarentadsldunnseiu
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Abstract: This study aims to improve the toughness of
polylactic acid (PLA) with natural rubber (NR). Due to
their biodegradability, both PLA and NR are of interest.
Biodegradable blends of PLA and NR were prepared at
various concentrations (5-20 % wt NR content) by melt
blending in an infernal mixer. Mechanical, thermal
properties and phase morphology of the blends were
investigated. The percent elongation at break (%) and
tensile toughness of PLA/NR blends increased with
concenfration of NR up to 10 %wt/wt while tensile
strength and Young’s modulus decreased. At 90/10
2owt/wt PLA/NR, elongation at break is 20.13% and
tensile toughness is 499 MPa, which are higher than those
of pure PLA, 9.30% and 317 MPa. In agreement with
tensile results, impact strength of this blend composition
increases three fold (to 6.50 k.]fmz) compared to pure
PLA. Bevond 10%wt NR content, both tensile and
impact properties decreased. Morphological examination
by scanning electron microscopy (SEM) of impact
fracture surface showed spherical rubber particles evenly
disperse in PLA matrix up to 10%wt NR content. The
average particle size of NR (ranging from <1 pm to ~10
nm) increased with the NR content. From differential
scanning calorimetry (DSC) analysis, the glass transition
temperature (T,), crystallization temperature (T, and
the corrected crystallinity of PLA in PLA/NR blends do
not change with addition of rubber. The results indicate
that toughness improvement of PLA is mainly
contributed by NR content and particle size.

Introduction

Polylactic acid (PLA) is a biodegradable polymer
that has been widely used in industrial applications. It
is a linear aliphatic polyester which can be synthesized
by condensation and ring opening polymerization.
Commercially available high molecular weight PLA
resin is produced by ring opening polymerization of
lactides which are the cyclic dimers of lactic acids
[1.2]. PLA has high modulus and strength. but is brittle
[3]. Blending with other polymers is commonly used
to improve its brittleness.

Many studies on incorporation of both
biodegradable and non-biodegradable polymer into
PLA for toughness improvement have been reported
[4-7]. However. rubbers are always considered as the
best candidate for toughening. Various factors such as
the molecular weight, the crystallinity of the matrix,
type and content of the disperse phase, interfacial
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characteristic and particle size play important roles on
the level of toughening. For example. impact strength
of blends can be improved with increasing rubber
content in polymer blends [4.5.8]. Rubber phases
dispersed in polymer matrix with most particle size
less than 100 nm significantly increased toughness of
blends even at very small rubber content (<5%) [9]. In
addition to toughness, the incorporation of other
polymers also affected crystallization of PLA [5.8]. By
adding poly(vinyl butyral) (PVB). degree of
crystallinity (X)) of PLA did not change while
crystallization rate increased [10]. The presence of
poly(butylene succinate adipate) (PBSA) could
decrease X of PLA [8].

In this study. natural rubber (NR) was chosen for
toughening PLA. Besides its high toughness. NR is a
biodegradable polymer that is obtained from
renewable resource. Mechanical. thermal properties
and morphology of pure PLA and PLA/NR blends
were investigated.

Materials and Methods

Material: Commercially available PLA
(NatuwreWorks PLA 4042D) was used. From DSC
analysis, its glass transition temperature and melting
temperature are 52.14°C and 146.68°C. respectively.
High ammonia natural rubber (NR) latex was
purchased from Thai Hua Rubber Public Company
Ltd.. Thailand. NR latex was dried at 70°C in an oven
before use.

Sample Preparation: An internal mixer (Haake
Rheomix 600p) was employed to mix PLA and NR
using a rotor speed of 50 rpm at 180°C. Before
mixing. dried rubber and PLA pellets were dried in an
oven at 70°C for 8 h. The samples for tensile and
impact testing were prepared by compression molding
(Gotech model GT-7014-A30).

Thermal  properties: — Differential  scanning
calorimetry (DSC, Perkin Elmer model DSC-7) was
used for determining thermal properties of the sample.
All samples were heated from 25 to 200°C at
10°C/min (first heating) and kept isothermal for 2 min
to erase previous thermal history. They were then
cooled from 200°C to 25°C at 10°C/min and heated to
200°C again at the rate of 10°C/min (second heating).

PACCONZ2009 (Pure and Applied Chemistry International Conference)
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Mechanical properties: Tensile testing samples
were prepared by compression molding. Tensile
testing was performed according to ASTM 638 using
universal testing machine (UTM, Instron model 5569).
The test was conducted with a crosshead speed of 1
mm/min at 25°C.

Notched Izod impact test was performed
according to ASTM 256 using an Atlas testing
machine (model BPI). Before testing. all specimens
were notched.

Morphological characterization: Morphology of
the impact fractured surface of pure PLA and PLA/NR
blends was characterized using scanning electron
microscope (SEM. JEOL model JSM 6400). The
samples were coated with gold for 4 min before
analysis.

Results and Discussion

Thermal  Analysis: DSC  second  heating
thermograms of pure PLA and PLA/NR blends are
shown in Figure 1. For pure PLA. the glass transition
temperature was found at 52.14°C. The cold
crystallizattion  temperature (T..) appeared at
116.06°C. The double-peak melting temperature (T,,)
was observed. Sarasua et al. studied and explained that
the melting peak at higher temperature (T,;) belongs
to more perfect crystalline structure than that at lower
temperature (T,,;). The less perfect crystals have
enough time to melt and reorganize into crystals with
higher structure perfection and remelt at higher
temperature [11]. The incorporation of NR did not
affect the glass transition of PLA. The T. was
broadened. The Ty, peak of the blends was clearly
seen and became comparable to the T,,; peak as NR
content increased.
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Figure 1. DSC thermograms of PLA/NR blends at
heating rate of 10°C/min. Data from the second heat:
(a) 0%NR. (b) 5%NR, (c) 10%NR, (d) 15%NR and

(e) 20%NR.

The data from the DSC thermograms are
summarized in Table 1. The X (%) of PLA in the
blend was calculated using the following equation:
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_100% (AH,, pra—AHc pra)

c =
93 % Dpr s

where AH ,, pra is enthalpy of fusion of PLA (J/g).
AH - ppa is enthalpy of crystallization of PLA (J/g).
KIDPLA is weight fraction of PLA in blend and
enthalpy of fusion of a 100% crystalline PLA is 93
(J/g) [5]. The NR content did not significantly affect
the degree of crystallinity. These results suggest that
the perfection of PLA crystalline structure can be
induced by NR without interfering the crystallinity.

Table 1. Thermal properties of pure PLA and PLA
blends.
cn:tlznt Tg Tee —TM()C) Xe
(Vt%h) O C) Tu T (%)
0 52.14  116.06 146.68 151.87  58.76
5 53.31 118.55 146.34 151.69  52.73
10 54.40 118.39 146.17 152.03 57.43
15 54.99 118.14 144.76 15145  58.68
20 54.58 117.31 144.93 15096  59.13

Mechanical analysis: Tensile stress-strain curves
of pure PLA and blends are shown in Figure 2. Tensile
strength is 57 MPa and percent elongation at break is
about 9.3% for pure PLA. Tensile strength decreased
with increasing NR content. Young’s modulus and
elongation at break (%) as a function of NR content
are shown in Figure 3. Modulus tends to decrease with
rubber. Elongation at break increased with NR content
up to 10%wt.
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Figure 2. Tensile stress-strain curve of the PLA blends
with different NR contents.
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Figure 3. Tensile modulus and elongation at break of
PLA blends with different NR contents.

Tensile toughness of PLA blends is also
maximum at 10 wt of NR content as shown in
Figure 4. Toughness value of pure PLA is 317 MPa
and 10 %wt of NR content is 499 MPa. From tensile
results. the optimum NR content for toughening
PLA/NR is at 10%wt NR.
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Figure 4. Tensile toughness of PLA blends with
different NR contents.
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Figure 5. TImpact strength of PLA blends with

different NR contents.
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Impact results are shown in Figure 5. The blend
with 10%wt rubber showed maximum impact strength
(6.50 kI/m?). consistent with the tensile results. Impact
strength of this blend composition increases three folds
compared to that of pure PLA.

Morphological analysis: SEM micrographs of
impact fractured surfaces are shown in Figure 6. It is
seen that fractured surface showed spherical rubber
particles evenly dispersed in PLA matrix up to 10%wt
NR content. When the NR content increased. the
average particle size of NR increased (1.19 pm at 5
2wt NR to 2.19 pm at 10 %wt NR). Beyond 10%wt
NR. coalescence of NR particles was observed (not
shown here). These SEM results indicate that the
toughness improvement of PLA when adding NR be
due to NR content and size. With evenly dispersed
rubber particles. the fracture energy can be effectively
dissipated.

Figure 6. SEM micrographs of PLA/NR blends in the
impact testing. (a) Pure PLA (b) PLA-5%NR and
(c) PLA-10%NR.
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Conclusions

PLA and NR were melt blended. The presence of
NR did not affect thermal properties of PLA. Tensile
strength and Young’s modulus of PLA blends
decreased with NR content. Percent elongation at
break and impact strength increased with NR content
up to 10%wt NR. The SEM results indicated that
toughness improvement of PLA is mainly contributed
by NR content and particle size.
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