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1.1  
 
  (poly(lactic acid), PLA) polylactide)

(aliphatic polyester) 

renewable resources)

PLA (polyethylene terephthalate, 

PET) 

(extrusion) (injection) (blow molding) (fiber spinning) 

(Pang et al., 2010) PLA 

PLA 

10 PLA 

(Rasal et al., 2010) - (polymer blend) 

PLA 

PLA  (low 

density polyethylene, LDPE) PLA (Anderson et al., 
2003) (polyvinyl acetate, PVAc) 

(Gajria et al., 1996) (thermoplastic polyurethane, TPU) 

(Feng Ye et al., 2010)  

  (natural rubber, NR) 

PLA NR 10 wt% 

(Juntuek et al., 2010) 

(epoxidized natural rubber, ENR) 

-

(methyl methacrylate, MMA) (NR-g-PMMA) PLA  

1 



2 
 

ENR ENR 

PLA NR PLA 

(Zhang et al., 2011; Bitinis et al., 2011; Somdee, 2009) PLA 

NR (immisible blend) -

NR-g-PMMA PLA NR

PLA PMMA 

solution precipitation 

(misible blend) solution casting (partially 

misible blend)  NR-g-PMMA

PLA NR PLA 

NR 

NR NR 

PLA NR  

      PLA  

NR ENR  NR-g-PMMA 

NR MMA 

PLA 

 

 

1.2  

 

1. NR PMMA (NR-g-PMMA) 

2. PLA 

PLA NR ENR NR-g-PMMA 1 

 
3. -

2 

 

 



3 
 

1.3  
 
  1. NR  MMA (NR-g-PMMA) 

(batch process) NR MMA 

 60 40  95 5 wt%

 (nuclear 

magnetic resonance spectroscopy, NMR) 

2. PLA NR ENR NR-g-

PMMA (twin-screw extruder) PLA NR 

ENR NR-g-PMMA 90 10 80 20 85 15  

3. 

PLA NR 

4. PLA NR 

- NR-g-PMMA  

5. 

 
6. (dynamic mechanical 

thermal analysis, DMTA)  
7. 

(scanning electron microscope, SEM) 

 

1.4  
 
  1. PLA NR ENR 

 NR-g-PMMA 

  2. PLA NR 

 

  3. PLA 
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2 
 

 
 

2.1 (poly(lactic acid), PLA) 

  2.1.1 PLA 
  PLA -

. . 1932 Carothers PLA 

 PLA 

(ring-opening polymerization) (Jamshidian et al., 2010) PLA 

(biodegradable) 

(renewable resourses) 

2.1  (lactic acid) (2-hydroxypropanoic acid) 

PLA (condensation polymerization) 

  (Lim et al., 2008) 2.1 

(catalyst) PLA 2.2 

2.1 PLA (Madhavan Nampoothiri et al.,      
       2010) 

Substrate Microorganism Lactic acid yield 

Wheat and rice bran Lactobacillus sp. 129 g l 

Corn cob Rhizopus sp.MK-96-1196 90 g l 

Pretreated wood Lactobacillus delbrueckii 48-62 g l 

Cellulose Lactobacillus coryniformis ssp. torquens 0.89 g g 

Barley Lactobacillus casei NRRLB-441 0.87-0.98 g g 

Cassava bagasse L. delbrueckii NCIM 2025, L casei 0.9-0.98 g g 

Wheat Starch Lactobacillus lactis ssp. Lactis ATCC 19435 0.77-1 g g 

Whole Starch Lactobacillus lactis and Lactobacillus 

delbrueckii 

0.93-0.95 g g 

Potato Starch Rhizopus oryzae, R. arrhhizuso 0.87-0.97 g g 

 4 



5 

 

 

 

 

 

 

 

 

2.1  (Lim et al., 2008) 

  
  

 

2 

 

 

(isomer) 2  (Rasal et al., 2010) L-lactic acid D-lactic acid

L-lactic acid  D-lactic acid

2.2 

 

 

 

 

 

2.2 L D  (Rasal et al., 2010) 
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2.2 PLA (Madhavan Nampoothiri et 
        al., 2010) 

Polymer Catalysts Solvent Molecular weight 

D, L PLA L-PLA Aluminium Isopropoxide Toluene Mn = 90,000 

D-L PLA Stannous octoate Alcohols Mw < 3,500,000 

L-PLA Stannous octoate Alcohols, 

carboxylic acid 

Mn = 250,000 

L-PLA Stannous octoate and 

compounds of titanium and 

zirconium 

Toluene Mn = 40,000  

100,000 

D-PLA Stannous trifluoromethane Ethanol - 

L-PLA Sulfonate, scandium (III) Ethanol - 

D-L PLA Trifluoromethane sulfonate Ethanol - 

L-PLA Mg, Al, zn, Titanium alkoxides Methylene 

chloride 

- 

L-PLA Yttrium tris (2,6-di-tert butyl 

phenolate) (in toluene) 

2-propanal, 

butanol, ethanol 

Mn < 25,000 

D-L PLA Zn lactate No solvent Mn = 212,000 

D-L PLA Butylmagnesium, Grignard 

reagent 

Ethers Mn < 300,000 

L-PLA Potassium naphthalenide THF, toluene Mn < 16,000 

L-PLA Complexes of iron with acetic, 

butyric, siobutyric and 

dichloroacetic acid 

No solvent Mw = 150,000 

  

 2.1.2 PLA  

 PLA 

(isomer) PLA 3 

poly(L-lactide) (PLLA), poly(D-lactide) (PDLA) poly(DL-lactide) (PDLLA) (Madhavan 



7 

 

Nampoothiri et al., 2010) 2.3 PLA PLLA  PDLA 

37% 

(glass transition temperature, Tg) 50¯C  80¯C 

(melting temperature, Tm) 173¯C  278¯C 

PLA PDLLA Tg 57¯C
L D ( , 2549) 2.3 PLA 

PLA 

PLA (dioxane) 

(acetonenitrile) (chloroform) (methylene 

chloride) (trichloroethane) (dichloroacetic acid) 

(alcohol) (alkane) 2.4 

PLA 2.5 PLA  

 

 

 

 

 

 

 

 

 

2.3 PLA 

 

2.3 L D PLA ( , 2549) 

 

 

 

 

 

 

 

% L PLA Tg (¯C) Tm (¯C) H (J g) Density (g cm3) 

100 60 184 - - 

98 61.5 176.2 56.4 1.2577 

92.2 60.3 158.5 35.8 1.2601 

87.5 58 - - - 

80 57.5 - - 1.261 

45 49.2 - - 1.2651 
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2.4 PLA (Madhavan Nampoothiri et al., 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

1: Nature-Works PLA® Nature Works LLC  
2: Biomer®  Biomer  

2.5 PLA  (Carrasco et al., 2010) 

Properties PLA PS i-PP PET 

Density (g cm3) 1.24 1.04-106 0.91 1.37 

Clarity Transparent Transparent Translucent Transparent 

Tensile yield strength (MPa) 48-110 34-46 21-37 47 

Tensile modulus (GPa) 3.5-3.8 2.9-3.5 1.1-1.5 3.1 

Tensile elongation (%) 2.5-100 3-4 20-800 50-300 

Notched Izod impact, 23¯C 

(J m2) 
13 - 72 79 

Glass transition temperature 

(¯C) 
60 95 0 75 

Melting temperature (¯C) 153 - 163 250 

Vicat temperature (¯C) 55-60 84-106 80-140 74-200 

Processing temperature (¯C) 210 230 225 255 

 

 PLA  Tg PLA -

(polycaprolactone) (polyolefin) -

Properties Nature work PLA1 Biomer PLA2 

Melt flow  rate (g 10 min) 4.3-2.4 3.6 

Density (g cm3) 1.25 1.35 

Haze 2.2 - 

Yellowness index 20-60 - 

Tensile strength at yield (MPa) 53 70 

Elongation at yield (%) 10-100 2.4 

Flexural modulus (MPa) 350-450 3600 

Heat deflection temperature (¯C) 40-45, 135 - 

Vicat softening point (¯C) - 56 

Melting point 120-170 - 
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(polyhydroxyalkanoate, PHAs)  Tm PLA 

(polyethylene)

(polypropylene)  6,6 (nylon 6,6) 2.4 

 

 

 

 

 

 

 

 

 

2.4 Tg  Tm  PLA (Lim et al.,        
            2008) 

 

  2.1.3 PLA (Rasal et al., 2010) 

  1. (eco-friendly) PLA 

 

 

  2. (biocompatibility) 

PLA  

 
  3. (processibility) PLA 

PHAs, (polyethylene glycol, PEG) 

- (polycaprolactone, PCL) 

  4. (energy saving) PLA 

25-55 

2.5 

10 
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2.5 PLA (Henton et al., 2005) 

 

  2.1.4 PLA (Rasal et al., 2010) 

  1. (poor toughness) PLA 

10  

  2. PLA 

 

PLA PLA 

 

  3. PLA 

 
  2.1.5 PLA (Lim et al., 2008) 

  PLA (extrusion) 

(injection molding) (blow molding) (blown film) -

(thermoforming) (forming) (fiber 

spinning) PLA  

  2.1.6 PLA (Madhavan Nampoothiri et al., 2010) 

  1. 

 

  2. 

 

  3.  
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2.2 (natural rubber, NR)  
 

 -1,4- cis-1,4-polyisoprene)

2.6 

(benzene) (hexane)

( , 2547)  

 
 

 

 

2.6  (Oliveira et al., 2005) 

 

  2.2.1 NR 2550) 

 1.  (elasticity) 

  

  

 2.  (tack)  

     

 3.  (tensile strength) 
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 4.  (tear strength) 

 

 

  

 5.  (dynamic properties)  

 

 (fatigue resistance)   

 6.  (abrasion resistance) 

 (styrene butadiene rubber, 

SBR)    

 

 7.  (insulation) 

  (specific resistively)  1015  1016 

ohm.cm  

  8.  

  

   

 3 

  

  

 

 9.  (aging properties) 

 

 (oxidation)  
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 (anti-degradant)  (wax)

  

 10.  (low temperature flexibility) 

  

 2    (butadiene rubber, BR) 

 (silicone rubber)  

 11.  (compression set)  

compression set   

compression set 

  compression set 

 compression set  

 12.   (rebound resilience) 

   BR 

   hysteresis  

  

  

 13.      

-55¯C  70¯C  

  

    

 2.2.2 ( , 2547)  

 1. 

 

 2. dynamic properties) 

heat build-up) 
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 3. 

 

 

2.3 (natural rubber latex, NRL) ( , 2548) 

 

 
(colloid)  0.975-

0.980 g ml pH 6.5-7.0 0.05-5 mm

2 

2.7 

 2  

 1.  35% 

   

     86% 

     10% 

      3% 

    1% 

 2. 65% 

  2  
       55% 

  10% 
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2.7 (Ferreira et al., 2009) 

 

2.4 (polymethylmethacrylate, PMMA) ( , 2552) 

 

  PMMA 

2.8 Tg 105¯C (toluene) 

(ethyl acetate) 

 

 

 

 

 
 

2.8  (Ebewele, 1996) 

 

2.5 (polymerization technique) ( , 2552) 

 

  4  (bulk 

polymerization) (solution polymerization)  (emulsion 

polymerization) (suspension polymerization)  

  2.5.1  
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  2.5.2  

  

-

  

  2.5.3  

  
(emulsifier)

-

 

  2.5.4  
  

-
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2.6  (graft copolymers) 
 
  

( , 2548) 

2.9 

 
   

 

   

 

 

2.9 (Ebewele, 1996) 

 

2.7  
   
  1.  (chain transfer and 
copoly merization) ( , 2542) 

  
(benzoyl peroxide) 

2.10 

+ CH2 CH CH2

X
CH CH2

X
CH
X

RH + CH2 CH CH2

X
C
X

CH2R

CH2 CH CH2

X
C
X

CH2 + H2C CH
X

CH2 CH CH2

X
C

H2C
CH2 CH

X

CHX

X

 
2.10 ( , 2542) 
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  2. (high-energy radiation technique) 
( , 2548) 

  2  

  1.  

  2.  

  2 

Co-60

 

  3. (photochemical 
synthesis) ( , 2548) 

  

   

  4. (redox polymerization) ( , 2542) 

  -

(polyvinyl alcohol, PVOH)  

(ciric ion) (oxidizing 

agent) 

 

 

2.8 (polymer blends)  
 

  2 2 

 3  
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  1. (miscible polymer blend) 
(Gibbs free 

energy, Gm) Gm @ Hm ¢ 0 

(polyvinyl chloride, PVC) (polybutylene terephthalate, PBT) 

  2. (immiscible polymer blend) 

 Gm @ Hm > 0  

  3. (partially miscible blend)  -

 

 

  2.8.1  

  1. 

 
  2. 

 

  3. 

  
  4. 

  
  2.8.2  

  3  

  1.  

  2. 

 

  3. 

 

  2.8.3 (rubber-toughened 
plastics)
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 3  (Mansion and Sperling, 1976) 

  1. PVC -

 (poly(butadiene-co-acrylonitrile)  
  2. 

(high impact polystyrene, HIPS) 

  3. 

(acrylonitrile-butadiene-styrene, ABS)    

 
2.9  

 
  2.9.1 PLA  
  Yuan  Ruckenstein (1998) PLA PU 

(PLA PU) PU 3 OH diol triol 

10 0, 9 1 7 3 (PU-0, PU-1 PU-3) PU 5 % 

PLA PU PU-0 PLA 

PU-0 PLA 

PLA 

PLA PU-0  PU-1 PLA

60 % 18 MJ m3 PU-1 PLA 

semi-interpenetrating polymer network (SIPN) -

PU-3 PLA

25% SIPN 

PU PLA 

SIPN PLA  
  Jin (1999) PLLA -

(polyisoprene, PIP) (PLLA PIP) PLLA (polyvinyl 

alcohol, PVAc) (PLLA PVAc) Tg 2 1 

 PLLA PIP -
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 PLLA PVAc

PIP  PVAc (PIP-g-PVAc) PLLA (PLLA PIP-g-PVAc) 

PLLA PIP-g-PVAc 20 80, 40 60, 60 80 80 20  

PLLA PIP-g-PVAc Tg 2 Tg PIP Tg

PLLA PLLA 40 

Tg PVAc 

PLLA  PLLA PIP-g-PVAc

PLLA PIP 

  Wang Hillmyer (2001) PLLA 

PE (PLLA-b-PE) NR LDPE 

(NR LDPE)  NR LDPE 80 20 

PLA 

LDPE

PLLA 

PLLA-b-PE 2% NR LDPE  

LDPE PLLA-b-PE 2 10 % 

  

  Anderson (2002) PLA 

PLA LLDPE (PLA LLDPE) -

PLLA PE (PLLA-PE) 

PLA LLDPE 2 PLLA 

5 kg mol [PLLA-PE(5-30)] PLLA 30 kg mol [PLLA-

PE(30-30)] PLA LLDPE 80 20 

6.4 mm 

PLLA-PE(5-30) PLLA-PE(30-30) 4.3 

0.9 mm PLA LLDPE
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 PLLA-PE(5-30)

PLLA-PE(30-30)

 

  Li  Shimizu (2007) PLA 

- (PU) PLA PU (PLA PU) 

PLA PU 90 10, 

80 20, 75 25 70 30 

PU PLA 

PU PLA 

PLA PLA PU 

90 10 225 

47 MPa 

PU 70 30 

315 J m2 

PU PLA   

  Ishida (2009) PLA 4 

(ethylene-propylene copolymer, EPM) -

(acrylonitrile-butadiene rubber, NBR) (ethylene-acrylic 

rubber, EAM) (isoprene rubber, IR) 

PLA EPM, PLA AEM, PLA NBR PLA IR 

PLA 

DSC 

IR > EPM > AEM > NBR

 NBR > AEM > EPM > IR 

 NBR PLA  2 

IR 2 PLA  
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  Li  Shimizu (2009) PLLA 

(acrylonitrile-butadiene-styrene, ABS) 

PLLA ABS (PLLA ABS) 

 PLLA ABS -

(styrene acrylonitrile glycidyl 

methacrylate, SAN-GMA) 

(ethyltriphenyl phosphonium bromide, ETPB) 

ABS Tg PLLA ABS 

PLLA ABS 

 PLLA ABS   

  Oyama (2009) PLA 

(reactive blending) PLA -

(ethylene-glycidyl methacrylate, EGMA) 

210¯C 30 200 rpm PLA 

2 PLA (PLA-L) PLA (PLA-

H)  PLA EGMA 95 5 80 20 

EGMA PLA 

EGMA  200 rpm EGMA 

PLA PLA-L EGMA 

(80 20) 200% PLA-H EGMA 

(80 20) 5-10% 

 PLA EGMA

72 kJ m2 

  Somdee (2009) PLA 

NR NR 0 20 wt% 

NR 10 wt% 

NR 
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Tg 

NR PLA PLA 

(4042D) (3051D) 

  Afrifah Matuana (2010) 

(ethylene acrylate copolymer, EAC) PLA PLA 2 

(PLA2002D 3001D) (PLA8302D) 

PLA EAC (PLA EAC) 

PLA EAC 95 5, 85 15 80 20 

Tg 

EAC 

PLA  

EAC EAC 

EAC 5 wt% 

EAC ²10 wt% 

 

  Feng Ye (2010) PLA TPU 

PLA  TPU (PLA TPU) 

95 5, 90 10, 85 15, 80 20, 75 25 70 30 

PLA TPU TPU 

TPU 

TPU 30 wt% 58 kJ m2 

PLA TPU TPU 

PLA TPU PLA TPU  

J J 

PLA TPU PLA  
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  Hong (2010) PLA 

- PLA TPU (PLA TPU) 

Torque Rheometer PLA TPU 100 0, 90 10, 80 20, 70 30, 

60 40 50 50 170¯C 10 min

TPU PLA PLA TPU

90 10 3 

PLA 

PLA TPU 

PLA 90, 

80, 70 60 wt% - 2 PLA TPU 

TPU 1-2 mm PLA -

50 wt% PLA TPU 

  Juntuek (2010) NR 

(glycidyl methacrylate, GMA) (NR-g-GMA) 

PLA  NR (PLA NR) 

95 5, 90 10, 85 15 80 20  PLA NR-g-GMA (PLA  NR-g-GMA) 

NR-g-GMA 0-5 wt%

 PLA NR NR 

10 wt% NR 

NR NR-

g-GMA ( 4.35)

PLA NR -

PLA NR

PLA NR -

NR-g-GMA 1 wt% 

  Bitinis (2011) 

PLA  NR (PLA NR) NR 

 PLA NR 5, 10 20 wt% 
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NR>10 wt% NR NR 10 wt%

5% 200% 

NR DSC 

Tg NR 

PLA NR  
  Han Huang (2011) PLA 

TPU (PLA TPU) PLA 

PLA TPU 90 10, 80 20, 75 25 70 30 

 PLA TPU

PLA TPU

TPU TPU PLA TPU

 PLA TPU 70 30 

PLA 

 PLA TPU

PLA TPU  

  Kim (2011) PLA 

PLA (polybutadiene, PBD) 

(poly(lactide-b-butadiene-b-lactide), PLBDL) PLA  

PLBDL (PLA PLBDL) PLBDL 5, 10  15 wt% 

PLBDL

PLBDL

PLBDL 10 wt% 4 

PLA PLBDL PLA 

  Sun (2011) PLA 

ABS ABS-g-GMA GMA 1, 3, 5, 7 

wt% ABS  ABS-g-GMA 30 wt% 

ABS PLA ABS PLA ABS-

g-GMA GMA 1 wt% ABS-g-GMA
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GMA 

ABS-g-GMA -

PLA ABS PLA ABS-g-GMA

Tg GMA 

PLA ABS GMA

PLA 

PLA  ABS-g-GMA GMA 1 wt% 

27 PLA 

  Taib (2011) PLA Biomax® 

(ethylene acrylate copolymer) (PLA  Biomax®) 

190¯C 5 Biomax® 1, 3, 5, 10, 20, 30, 

40 50 wt% DSC Tg 

Biomax®

Biomax® tan d Biomax®

1 wt% tan d

 Biomax® >1 wt%

Biomax® Biomax® 30 wt% 

 
  Zhang (2011) PLA -

NR (butyl acrylate) (NR-g-PBA) -

NR NR-g-PBA 1, 3, 5 

20 wt% PLA NR (PLA NR) 

NR 

NR PLA NR 

NR PLA NR-g-

PBA (PLA  NR-g-PBA) PBA -

PLA

 PLA  NR-g-PBA - PLA NR
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  2.9.2 NR-g-PMMA 

  Oommen (1996) NR PMMA

(NR-g-PMMA) CHP TEPA 

PMMA 60% 25% 

IR 1H-NMR IR 1730 1140 cm-1 

C=O C-O PMMA 1H-NMR

1-2, 3-4 4.6-4.8 ppm 

Tg 2 NR 

-50¯C PMMA 135¯C 

  Nakason (2000) 

MMA

(Semi-batch emulsion polymerization technique) 

 TEPA  TBHPO 

MMA  95 5, 90 10, 80 20, 70 30 60 40 

MMA 

FTIR 

C=O C-H  1732 cm-1 835 cm-1 

MMA 

PMMA 

NR 

NR  

  Thiraphattaraphun (2001) 

NR MMA K2S2O8

MMA 

0.75 phr 



29 

 

0.75 phr

55¯C 

8 h 

core-shell NR 

core PMMA shell 

MMA 

MMA  

  Oliveira (2005) NR 

MMA (dimethylaminoethylmethacrylate, DMAEMA) 
1H-NMR -

seeded emulsion polymerization TEPA 

CHP 1H-NMR NR 

DMAEMA 5.12  4.06 ppm -

NR DMAEMA NR 

MMA 5.13 3.61 ppm 

NR MMA 1H-NMR

hairy-layer core-shell NR-g-PDMAEMA 

fruit-cake core-shell  NR-g-PMMA 

  Kochthongrasamee (2006) -

MMA NR (NR-g-PMMA) 

3 CHPO  TEPA (CHPO TEPA) TBHPO TEPA (TBHPO TEPA) 

 (potassium persulfate, K2S2O8) (sodium 

thiosulfate, Na2S2O3) (K2S2O8 Na2S2O3) 

FTIR C=O C=C 1736 1153 cm-1 
1H-NMR H OCH3, C=CH2 

3.58, 5.1 1-2 ppm 13C-NMR C=O 
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MMA 178 ppm OCH3 MMA  57 ppm C=C 126 

136 ppm CHPO TEPA

CHPO TBHPO K2S2O8 CHPO

 TBHPO -

K2S2O8 Na2S2O3 -

PMMA (vinyl neo-decanoate, VneoD) 

CHPO TEPA, TBHPO TEPA K2S2O8 Na2S2O3

84.4, 74.5 61.1 PMMA CHPO TEPA, 

TBHPO TEPA K2S2O8 Na2S2O3 7.2, 12 17.9 VneoD

 CHPO TEPA

NR-g-PMMA 

  Anancharungsuk (2007) MMA 

NR 

NR 

(peroxide) 

- (hydrogen peroxide) (hydroxy) 

NR 

MMA  13 wt% 60 min 

MMA NR ATR-FTIR 

1730 cm-1 C=O PMMA  PMMA 

NR NR 

peroxide  

hydrogen peroxide  

  Kongparakul (2007) NR 

MMA (NR-g-PMMA) TEPA CHP 

50 ¯C 8 h 1H-NMR

1.64, 2.01, 3.57 5.15 CH3, CH2, OCH3 C=CH2 

Soxhlet extraction NR -
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PMMA  NR 24.8, 22.7 

52.5 MMA 

83.2 51.6  

  Arayapranee Rempel (2008) 

NR MMA (NR-g-PMMA) 

TEPA CHO FTIR 

C=O 1732 cm-1 MMA 

NR 

5 h 5 x10-2 

mmol g 

NR NR MMA MMA -

NR MMA NR 

TEM SEM NR 

core-shell NR core PMMA shell 

shell 

71 %

shell 15 nm 

  Budchar (2008) NR 

MMA (NR-g-PMMA) NR-g-PMMA 

2  CHP TEPA 

K2S2O8 

NR-g-PMMA CHP TEPA K2S2O8 40.86 97.18 

K2S2O8

 CHP TEPA 

K2S2O8 0.5 mol% MMA 20 mol%
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70¯C NR-g-PMMA FTIR 

1722 cm-1 PMMA NR 

  Kalkornsurapranee (2009) 

NR MMA (NR-g-PMMA) 

(emulsion polymerization) CHP 

TEPA 50¯C 3 h MMA 2 

MMA 

MMA 

NR MMA 50 50, 60 40, 70 30 85 15 MMA 

NR 

 FTIR 1H-NMR 

FTIR C=O  1732 cm-1 PMMA 
1H-NMR 3.5 ppm 
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3 
 

 
3.1  
 
  1. (natural rubber, STR5LCV60) 

  

  2. (epoxidized natural rubber, ENR)

25 mol% Epoxypreneã25 

 ENR25  

  3. 50 mol% 

Epoxypreneã50  

ENR50  

  4.  (high ammonia concentrated latex) 

60%  

  5. (polylactic acid, PLA) Nature-Works 

PLA® 2002D Nature Works LLC  

  6. (antioxidant) 

Wingstayã L  

  7. 99% (methyl methacrylate, MMA) 

Sigma-Aldrich  
  8. cumene hydroperoxide, CHP) 

88% (initiator) Sigma-Aldrich  

  9. (tetraethylene pentamine, TEPA) 

85% Fluka  

  10. (potassium hydroxyl, KOH) -

(emulsifier) Lab-scan Asia Co., Ltd. 

  11. (lauric acid)   
33 
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QReCã       
  12  (sodium hydroxide, NaOH) 

MMA Ajax Finechem 
  13. (petroleum ether) 

Lab-scan Asia Co., Ltd. 
  14. (acetone) PMMA 

 Zen Point 
  15. (deuterated chloroform, d-CDCl3) 

NMR Sigma-Aldrich  

  16. (tetrahydofuran, THF) 

Lab-scan Asia 

  17. (calcium chloride, CaCl2) -

NR-g-PMMA Carlo Erba 

 

3.2  
  3.2.1 (NR-g-PMMA) 
  1. 5 1  

  2.  

  3.  

  4.  

  5.  

  6.  

  7.  
  8. (Soxhlet) 

  9.  

  10.  

  11.  

  3.2.2  

  1. (twin-screw extruder) Prismã TSE16TC  



35 

 

  2. (compression molding)  Kao Tiehã KT7014 

Kao Tieh 

  3. (universal testing machine) Instron 

5569  LLOYD 

  4. (impact testing machine) 

ZWICK I  ZWICK 

  5. CH S16 Chin Chuen Incoporation  

  6. Toyo Seiki 

  7. (scanning electron microscope) 

 JSM5800LV JEOL Quanta400 FEI 
  8. (fourier 

transform NMR spectrometer 500 MHz) UNITY INOVA Varian  

  10 (dynamic 

mechanical thermal analyzer, DMTA) Rheometric Scientific®  

Rheometric Scientific Co., Ltd. 

  11 (differential 

scanning calorimeter, DSC)  DSC7 Perkin Elmer 
  12. (gel permeation chromatography, 

GPC) prominence Shimadzu 
  13. (two-roll mill) 6 inch 

 

  14. (Mooney viscometer) MV 2000 

Alpha technologies  

  15. (vacuum oven) Precision Co., Ltd. 

  16. (oven) Memmert 

  17. 2 4 Mettle Co., Ltd. 

 

3.3  
  3.3.1 NR-g-PMMA 
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  (i)  NR-g-PMMA 
Kalkornsurapranee et al., (2009)  
  1.  TEPA -

37 wt% 3.1 

30 min 120 rpm 50¯C  

  2. MMA CHP 

 3.2 60 min

2 h  3.1 

  3. 10 %w v 

 

40¯C 48 h 

3.1   

NR MMA (wt%) Natural rubber latex (g) TEPA (g) Potassium laurate (g) H2O (g) 

60 40 204.00 2.12 15.00 207.00 

95 5 323.00 2.12 15.00 207.00 

3.2  

 

 

 

 

 

 

 

 

 
  

 

 

3.1 NR-g-PMMA 

NR MMA (wt%) MMA (g) CHP (g) 

60 40 120.00 2.00 

95 5 15.00 2.00 
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  (ii) (% 

conversion) (free NR) PMMA 

(free PMMA) -

(grafting efficiency) 

  

10 w/v  40¯C
24 h -

3.1 
   100

MM
Mconversion%

01

2 ³
+

=
    

 
   M0   MMA (g) 

                     M1  MMA (g) 

                     M2   (g) 

 

  2 g 

Soxhlet

40¯C 24 h  40¯C 24 h 

 PMMA 

60¯C 24 h  40¯C 24 h 

PMMA 

3.2, 3.3 3.4  

 
                           

100
M

MM(%)NR free
3

43 ³
-=

     

        
100

M
MM(%)PMMAfree

4

54 ³
-=

     

   
100

M
M(GE)efficiency grafting%

3

5
³=     

(3.1) 

(3.2) 

(3.3) 

(3.4) 
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  M3  (g) 

  M4  (g) 

  M5 (g) 

  3.3.2  

  NR, ENR25, ENR50 NR-

g-PMMA 3 

NR, ENR25 

ENR50 10 wt% NR 

10 wt%, 15 wt% 20 wt%  

  3.3.2.1  

  PLA 105¯C 24 h NR, 

ENR25 ENR50  WingstayTM L 1 phr 

PLA  

1, 2 3 ( ) 120¯C, 160¯C  160¯C  

150 ( 1)  190 ( 2) rpm  

  3.3.2.2  

 NR 

20-240  

WingstayTM L 1 phr PLA 

3.3.2.1   
  3.3.2.3 NR-g-PMMA 

 NR-g-PMMA  WingstayTM L 1 phr 

PLA 3.3.2.1   
  3.3.3  
   2 mm 

1 mm 160¯C 200 kg cm2 9 min 

10 min  
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  3.3.4   
  ASTM D256 2 

mm 12.8 mm 

65 mm 1 2 

(v shape) 2.5 mm 

1 20 ( 10 )

2 Charpy Izod 

(pendulum) 4 J Charpy Izod 

Charpy

Izod

 3.2 

kJ m2 

 

 
  

 

 

 

 
 

3.2 Izod Charpy     

  (http://civilx.unm.edu/laboratories_ss/mechmat/charpy.html, 2011) 

  3.3.5  
  ASTM D790 2 

mm 12.8 mm 

120 mm 1  8 

1.3 mm min 500 N 

(modulus, E) (yield stress, sy)
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(yield strain, ey) (stress at break, sb) 

(strain at break, eb)  

  3.3.6  

   ASTM D412C 2 

mm  1  

8  5 mm min 50 kN 

 

  3.3.7  
  DSC

1 5 mg 5 

10¯C min 

20¯C  200¯C 100¯C min

200¯C 20¯C

10¯C min 20¯C 200¯C

10¯C min 200¯C 20¯C

10¯C min 

20¯C  200¯C 2 

(Xc1) (Xc2)

Xc1 Xc2 3.5 3.6 

PLA2002D 100% 93 J g (Zenkiewicz et al., 2009) 

 

    ( )[ ]X
93

100HccHmc1
³-

=
   (3.5) 

    [ ]X
93

100Hmc2
³

=
    (3.6) 

 
 Xc1     (%) 
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 Xc2    

  (%) 

 Hm  

 Hcc  

  3.3.8  
  12 mm 35 mm 

DMTA dual cantilever bending 1 Hz (strain 

control) 0.01% 20 185¯C

3¯C min   
  3.3.9 NR-g-PMMA 

1H-NMR 

  PMMA 

 1H-NMR 

 d-CDCl3 PMMA 

(-OCH3) PMMA 

(=CH-) NR  3.5 3.6 

( ) ( ) 100
I3I

3I
)(Ccopolymer theinPMMAofmol%

5.13.5

3.5
PMMA ³

+
=      (3.5) 

( ) ( ) 100
MCMC

MC
copolymertheinPMMAofweight%

NRNRPMMAPMMA

PMMAPMMA ³
³+³

³
=        (3.6) 

 

 I3.5 ( OCH3) PMMA 3.5 

          ppm 

 I5.1 (=CH-) NR 5.1 ppm 

 CPMMA %mol PMMA  

 MPMMA PMMA (C5O2H8) 

 CNR %mol NR  

 MNR NR (C5H8) 
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  3.3.10  
  2 12.5 g 

(roter) 100¯C 4 min  

  3.3.11  
  NR-g-PMMA 

PMMA 

GPC Shodex 

GPC KF-806M 8 mm 300 mm Shodex GPC KF-

803L 8 mm 300 mm (mobile phase) 

THF 1 ml min 40¯C 

(polystylene, PS) refractive index THF 

0.1 %w v 20 ml  

  3.3.12  
 (i)  

  1.2 cm 0.5 cm

4 h 

SEM 15 keV 

 (ii)  
  1.2 cm 5 cm

4 h 

24 h  

50¯C 24 h 1.2 cm 0.5 

cm

SEM 15 keV 
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4 
 

 
 

  5 1 

NR-g-PMMA 2 PLA 

NR NR 3 PLA 

NR, ENR NR-g-PMMA 4  ternary blend

PLA, NR NR-g-PMMA 5  

4.1  

  4.1 

(free NR) PMMA 

(free PMMA) (homopolymer) -

(grafting efficiency) PMMA 

(grafted PMMA) MMA  5 

wt% 40 wt% 97.45% 87.35%

PMMA 

MMA   5 wt% 40 wt%

94.02% 79.70% PMMA NR 
1H-NMR PMMA MMA 

  5 wt% 40 wt% 4.67 wt% 35.42 wt%  

G5 G35   
4.1  

Sample 

code 

NR MMA 

(wt%) 

PMMA 

conversion 

(%) 

Free NR 

(%) 

Free 

PMMA 

(%) 

Grafting 

efficiency 

(%) 

Grafted 

PMMA 

(wt%) 

G35 60 40 87.35 2.31 28.07 79.70 35.42 

G5 95 5 97.45 5.18 0.84 94.02 4.67 

43 
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   4.1, 4.2, 4.3 4.4 1H-NMR NR, PMMA, G35 

 G5   1H-NMR NR-g-PMMA G35 

G5 NR  

3.5 5.1 ppm (-OCH3) 

PMMA (=CH-) NR

4.2 G5 G35 NR 

PMMA (PMMA) NR 

PMMA NR 

G35 3.5 (-OCH3) G5 

MMA  
4.2  

 1H-NMR 
 d (ppm) 

-CH2 1.6 

-CH3 2.0 

=CH 5.1 

-OCH3 3.5 

 

 

 

 
 
 
  

 

 

4.1 1H-NMR NR 

CH2 CH3 

CH 
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4.2 1H-NMR PMMA 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3 1H-NMR  G35  

OCH3 

CH2 CH3 

OCH3 

CH 
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4.4 1H-NMR  G5  

4.2 PLA NR   

  PLA NR 

NR PLA 

NR NR 

PLA NR 10-20 wt% 

NR  

  4.2.1  
  PLA NR NR 

 10 wt%, 15 wt% 20 wt% 4.5, 4.6 4.3 

Charpy Izod 

Charpy Izod 

 

 

CH3 

CH2 

OCH3 

CH 



47 

 

  Izod 4.5 PLA 

19.24 kJ m2 PLA NR 

PLA 2.85 kJ m2 

PLA 10%NR 

PLA 2 

NR Charpy 4.6 10%NR 

PLA 

15%NR 20%NR PLA 

20%NR PLA 

10%NR 

PLA 

 

 

 

 

 

 

 

4.5 Izod PLA NR 

 NR 

 

 

 

 

 

 

 

4.6 Charpy PLA 

   NR NR  

2.85 

6.36 

4.19 

3.43 

0

1

2

3

4

5

6

7

8

PLA 10%NR 15%NR 20%NR

No
tch

ed
 Izo

d i
mp

act
 st

ren
gth

 (k
J/m

2 ) 

2.54 
4.29 

2.84 2.61 

19.24 

30.16 

19.74 

15.36 

0

5

10

15

20

25

30

35

40

PLA 10%NR 15%NR 20%NR

Ch
arp

y im
pa

ct 
str

en
gth

 (k
J/m

2 ) Notched

Un-notched
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4.3 NR PLA  

 

  

 

  
 
 
 

 
  4.2.2  
  PLA NR 4.7 

4.4  E, sy, ey  sb  NR 

 eb PLA eb 5.44% NR 

10 wt%, 15 wt% 20 wt% 7.26%, 17.68% 7.60% 

NR (ductile 

fracture) PLA (brittle fracture) 

 
 

 

 

 

 

 

 

 

Sample 
Charpy impact strength (kJ/m2) Izod impact strength (kJ/m2) 

Notched Un-notched Notched Un-notched 

PLA  2.54 ° 0.55 19.24 ° 5.22 2.85 ° 0.66 19.55 ° 2.67 

10%NR 4.29 ° 0.54 30.16 ° 5.90 6.36 ° 0.36 unbroken 

15%NR 2.84 ° 0.57 19.74 ° 2.18 4.19 ° 0.45 unbroken 
20%NR 2.61 ° 0.45 15.36 ° 2.06 3.43 ° 0.37 unbroken 

0

300

600

900

1200

1500

1800

PLA 10%NR 15%NR 20%NR

E 
(M

Pa
) 

(a) 
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4.7 PLA PLA NR NR:

   (a) E, (b) sy, (c) ey, (d) sb (e) eb 

4.4 PLA PLA NR  NR 

   

  4.2.3  

  PLA NR NR 

10 wt%, 15 wt% 20 wt% 4.8  

PLA NR 4.8b 

 

NR PLA 

NR 2.50±1.16 mm 4.5 

NR 15 wt% 20 wt% NR 

NR  NR NR 

15 wt% 20 wt% 2.66±1.62 mm 3.01±2.75 mm 

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA 1,638 ° 39 62.08 ° 0.48 5.31 ° 0.20 61.88 ° 0.48 5.44 ° 0.19 

10%NR 1,309 ° 122 39.89 ° 3.90 4.39 ° 0.24 32.16 ° 4.47 7.26 ° 1.20 

15%NR 1,240 ° 40 29.74 ° 0.52 3.93 ° 0.11 23.97 ° 0.52 17.68 ° 1.34 

20%NR 1,063 ° 20 24.05 ° 0.46 4.06 ° 0.13 21.26 ° 0.57 7.60 ° 1.08 

0

5

10

15

20

PLA 10%NR 15%NR 20%NR

St
rai

n a
t b

rea
k (

%)
 

(e) 
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4.9 4.5 NR 

NR (Bitinis et al., 2011) 

NR PLA 

NR PLA  

 

4.8 PLA NR: (a) PLA, (b) 10%NR, 

   (c) 15%NR (d) 20%NR 

 

 

 

 

 

 

4.9 NR 

   10 wt%, 15 wt% 20 wt%         

 (c)  (d) 

2.50 2.66 
3.01 

0

2

4

6

10%NR 15%NR 20%NR

Av
era

ge
 pa

rtic
le 

dia
me

ter
 (mm

m)
 

 (a)  (b) 
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4.5 NR 

   

 

 

 

4.3  

  3 NR, ENR NR-g-PMMA 
NR NR 

NR 

PLA ENR PLA 

NR-g-PMMA PLA 

PMMA (Zhang et al., 2003; Eguiburu et al., 1998)

10 wt% 

NR  10 wt% 

 
  4.3.1  
  PLA 

10 wt% Charpy Izod

4.10, 4.11 4.6 Charpy 4.10 NR, 

G5 G35 PLA 

 ENR25 

 ENR 50 

 Izod 4.11

NR G5 ENR25, ENR50 

G35 

NR, ENR25 G5 ENR50 G35 

Sample Average diameter (mm) 

10%NR 2.50 ° 1.16 

15%NR 2.66 ° 1.62 

20%NR 3.01 ° 2.75 
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Charpy NR, G5 

 G35 PLA 

ENR25 PLA 

Izod NR G5 PLA 

ENR25 PLA 

   

  NR G5 

PLA 

PLA NR 

PLA (G5)  

 

 

 

 

 

 

 

4.10 PLA 

 10 wt% Charpy 

 

 

 

 

 

 

 

 

4.11 PLA 

 10 wt% Izod 

2.54 
4.29 

2.55 
1.17 

3.67 3.49 

19.24 

30.16 

23.1 

12.01 

24.87 
22.39 

0
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10

15
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40
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2 ) 
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4.6 PLA  

 10 wt% 

 

  4.3.2  
  4.7 

4.12 NR, ENR25, ENR50, G5 G35 PLA 

4.12a 

ENR25, ENR50 G35 NR 

G5 

PLA PLA NR 

PLA G5 4.12b 4.12c PLA  

NR, ENR25, ENR50, G5 G35 NR>G5>G35>ENR25>ENR50 

4.12d 4.12e 

 ENR25, ENR50, G5 G35 NR 

7.26% PLA 5.44% 

PLA 

 ENR25, ENR50 G35 -

PLA 

NR G5 ENR25, ENR50, G5 

Sample 
Charpy impact strength (kJ/m2) Izod impact strength (kJ/m2) 

Notched Un-notched Notched Un-notched 

PLA  2.54 ° 0.55 19.24 ° 5.22 2.85 ° 0.66 19.55 ° 2.67 

10%NR 4.29 ° 0.54 30.16 ° 5.90 6.36 ° 0.36 unbroken 

10%ENR25 2.55 ° 0.88 23.10 ° 6.67 3.14 ° 0.36 7.96 ° 1.75 

10%ENR50 1.17 ° 0.19 12.01 ° 1.94 2.26 ° 0.66 9.77 ° 2.82 

10%G5 3.67 ° 0.61 24.87 ° 5.93 5.46 ° 0.65 unbroken 

10%G35 3.49 ° 0.80 22.39 ° 5.83 2.25 ° 0.77 9.42 ° 2.99 
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G35 NR (Somdee, 2009) 

PLA NR   

4.7 PLA 

 10 wt% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA 1,638 ° 39 62.08 ° 0.48 5.31 ° 0.20 61.88 ° 0.48 5.44 ° 0.19 

10%NR 1,309 ° 122 39.89 ° 3.90 4.39 ° 0.24 32.16 ° 4.47 7.26 ° 1.20 

10%ENR25 1,382 ° 27 - - 19.25 ° 0.36 2.31 ° 0.08 

10%ENR50 1,360 ° 46 - - 17.75 ° 4.60 2.25 ° 0.33 

10%G5 1,319 ° 28 34.50 ° 1.13 3.77 ° 0.14 31.50 ° 3.05 4.61 ° 0.79 

10%G35 1,375 ° 152 - - 26.42 ° 4.50 2.90 ° 0.30 

0
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4.12 PLA 

 10 wt%: (a) E, (b) sy, (c) eb, (d) sb (e) eb   

  4.3.3  

  PLA 

NR 10 wt% 4.8 PLA NR 

 PLA 

ENR25, ENR50, G5 G35 

0
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G5 G35 ENR25 ENR50 

ENR25, ENR50, G5 G35 

 ENR25, ENR50, G5 G35 

PLA NR 

4.8 PLA 

 10 wt% 

 

  4.3.4  
  PLA 

10 wt% NR 4.13 

 NR NR 

300 NR 

4.14 4.9 NR NR 

10%NR > 10%ENR25 > 10%G5 > 10%ENR50> 10%G35 

ENR NR-g-PMMA PLA 

NR ENR PLA NR 

(ENR50) 

PMMA 

NR PMMA (G35) 

PLA ENR PLA   

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA 3,739 ° 107 101.34 ° 5.41 3.98 ° 0.03 95.81 ° 5.95 4.42 ° 0.52 

10%NR unbroken 

10%ENR25 2,884 ° 98 - - 21.99 ° 1.78 0.87 ° 0.06 

10%ENR50 2,770 ° 138 - - 20.88 ° 0.37 0.85 ° 0.03 

10%G5 3,056 ° 99 52.03 ° 0.55 2.26 ° 0.19 50.21 ° 1.09 2.40 ° 0.24 

10%G35 3,162 ° 158 32.90 ° 4.31 1.18°0.15 31.46 °  4.52 1.20 ° 0.15 
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NR-g-PMMA NR 

NR 24 h NR 

4.15 

NR PLA 

 

 

4.13 PLA PLA   
 10wt% NR : (a) PLA, (b) NR,  

    (c) ENR25, (d) ENR50 (e) G5 (f) G35  

 
 

(a) (b) 

(c) (d) 

(f) (e) 
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4.14 PLA 

 10 wt% NR  

 

4.9 PLA 

 10 wt% NR  

  

 

 

 

 

 

 

 

 

Sample Average diameter (mm) 

10%NR 2.50 ° 1.16 

10%ENR25 0.45 ° 0.30 

10%ENR50 0.14 ° 0.09 

10%G5 0.25 ° 0.17 

10%G35 0.08 ° 0.02 

2.50 

0.45 
0.14 0.25 

0.08 
0

1

2

3

4

10%NR 10%ENR25 10%ENR50 10%G5 10%G35
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er
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m
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4.15 PLA ENR PLA NR-g-PMMA

    10 wt% NR 24 h: (a) ENR25, (b) ENR 

    50 , (c) G5 (d) G35  

 

  4.3.5  
   4.16 

GPC NR 

2  

ENR NR-g-PMMA NR 

4.10 NR 

ENR NR-g-PMMA 

PMMA NR

(a) (b) 

(c) (d) 
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PLA NR 

PLA ENR PLA NR-g-PMMA 

  4.16  

 

4.10  

    

  4.3.6  
  -  

2 

(loss  

Rubber Mn (g mol) Mw (g mol) 

NR 1,485,000 ° 32,000 2,702,000 ° 42,000 

ENR25 309,000 ° 4,200 780,000 ° 12,000 

ENR50 181,000 ° 15,600 558,000 ° 11,000 

G5 230,000 ° 8,000 849,000 ° 30,000 

G35 157,000 ° 12,000 618,000 ° 5,000 

0

20

40

60

80

100

120

3.5 4.5 5.5 6.5 7.5 8.5

M
.W

. (
%

) 

log(M.W.) 

NR 
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G35 
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tangent, d) 
(glass transition temperature, Tg) 

modulus)  

  PLA 

 4.17 PLA  

4.11 2 

40-140¯C Tg TH

PLA Tg Tg

(immiscible blend) TH NR 

NR NR NR 

NR 

 

   4.18 60¯
E 

NR 

ENR25 ENR50 4.18a 

G5 G35 

4.18b

E PLA 

   4.19 60¯C
ENR25 ENR50 

NR 4.19a G5 

G35 

4.19b 
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4.17 PLA, PMMA PLA 

 10 wt% 

4.11 PLA PLA 

 10 wt% 

 

 

 

 

 

Sample Tg (¯C) TH (¯C) 

PLA 71.2 - 

10%NR 69.8 101.5 

10%ENR25 71.1 96.9 

10%ENR50 68.6 96.8 

10%G5 70.7 100.2 

10%G35 69.3 97.6 

Sample Tg (¯C) TH (¯C) 

PLA 71.2 - 

10%NR 69.8 101.5 

10%ENR25 71.1 96.9 

10%ENR50 68.6 96.8 

10%G5 70.7 100.2 

10%G35 69.3 97.6 

0
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40 60 80 100 120 140
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 de

lta
 

Temperature (¯C) 
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4.18 PLA, PMMA PLA 

 10 wt% 
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4.19 PLA, PMMA PLA 

 10 wt% 

 

  4.3.7  
  PLA PLA 

DSC 2 

(Xc1) (Xc2) 

 Xc1 Xc2 3 

1 4.20 4.12 

(Tm) PLA PLA (Xc1) 42.6%

14.7% Tm  151.3¯C 

147¯C (Tg) 58.9¯C 57.9¯C 

 (Tcc) Tg 

58-60.7¯C Tcc 

100.8¯C 113¯C Tcc

(nucleating agent) 

PLA Tg

Tm  PLA -

143¯C-145.2¯C PLA

0.00E+00

1.00E+09

2.00E+09

3.00E+09

4.00E+09

20 40 60 80 100 120 140 160

E"
 (P
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Temperature (¯C) 
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(b) 
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2 Tm Tm

Tm (Suksut Deeprasertkul, 2011)

 Hm Hcc

Xc1 (Xc1 < 4%) PLA 

  

 

 
 

 
 

 

 

 

 

4.20 DSC PLA PLA  
 10 wt% 1 

4.12 PLA PLA 

 10 wt% 1 

Sample Tg (¯C) Tcc (¯C) Tm (¯C) DHcc DHm Xc1 (%) Xc2 (%) 

PLA pellet 58.9 - 151.3 - 39.6 42.6 42.6 

PLA sheet 57.9 - 147.0 - 13.7 14.7 14.7 

10%NR 60.7 106.3 144.3, 152.2 28.6 29.7 1.2 31.9 

10%ENR25 59.4 106.5 144.3, 151.7 32.5 32.3 0.2 34.7 

10%ENR50 60.4 113.0 144.2, 151.0 29.3 32.7 3.7 35.2 

10%G5 56.0 104.0 143.8, 151.3 30.7 31.0 0.3 33.3 

10%G35 58.7 100.8 143.0, 150.8 32.2 32.2 0 34.6 
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4.4  ternary blends 

  4.3 

NR PLA SEM

PLA NR  

PLA NR-g-PMMA PLA NR 

SEM NR  PLA NR-g-PMMA 

NR-g-PMMA 

PLA NR  ternary blends (PLA NR NR-g-

PMMA) G5 G35 

5 wt%  

  4.4.1   

  PLA  ternary blends 

Charpy 4.21 4.13  

PLA, NR G35  

90%PLA+5%NR+5%G35 (5%NR+5%G35) 85%PLA+10%NR+5%G35 

(10%NR+5%G35) 26.33 kJ m2 35.55 kJ m2 

PLA 19.24 kJ m2 PLA, NR G5 

90%PLA+5%NR+5%G5 (5%NR+5%G5) 85%PLA+10%NR+5%G5 (10%NR+5%G5) 

NR, G5 G35  5%NR+5%G35, 10%NR+5%G5 

10%NR+5%G35  4.10 kJ m2, 3.09 

kJ m2 4.55 kJ m2 PLA 2.54 kJ m2 -

NR G5 5%NR+5%G5 

G35 

PLA -

 ternary blends NR G35

10%NR+5%G35 

PLA NR NR 10 wt%  
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  PLA  ternary blends 

Izod 4.22 4.13 

NR G35 5%NR+5%G35

29.21 kJ m2 PLA 19.55 kJ m2 

NR, G5 G35 5%NR+5%G5, 10%NR+5%G5  

10%NR+5%G35 

NR, G5 G35 

5%NR+5%G5, 5%NR+5%G35, 10%NR+5%G5  10%NR+5%G35 

3.78 kJ m2, 5.41 kJ m2, 3.72 kJ m2  8.45 kJ m2 

PLA 2.85 kJ m2 

NR G35 10%NR+5%G35

PLA NR NR 10 wt% 

Charpy Izod G35 

 

PLA NR 

4.21 PLA  ternary blends

 Charpy 

 

2.54 
4.29 

2.72 
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4.55 
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4.22 PLA  ternary blends

 Izod 

 

4.13 PLA  ternary blends  

 

 

  4.4.2  
  4.23 

4.14  5%G5 5%G35  PLA NR NR 5 

wt% 10 wt% 

Sample 
Charpy impact strength (kJ/m2) Izod impact strength (kJ/m2) 

Notched Un-notched Notched Un-notched 

PLA 2.54 ° 0.55 19.24 ° 5.22 2.85 ° 0.66 19.55 ° 2.67 

10%NR 4.29 ° 0.54 30.16 ° 5.90 6.36 ° 0.36 unbroken 

5%NR+5%G5 2.72 ° 0.63 13.19 ° 3.05 3.78 ° 0.48 16.29 ° 3.33 

5%NR+5%G35 4.10 ° 0.45 26.33 ° 3.41 5.41 ° 0.85 29.21 ° 4.08 

10%NR+5%G5 3.09 ° 0.52 13.76 ° 0.38 3.72 ° 0.49 15.26 ° 2.16 

10%NR+5%G35 4.55 ° 0.32 35.55 ° 1.11 8.45 ° 0.39 17.47 ° 3.54 

2.85 

6.36 

3.78 
5.41 

3.72 

8.45 
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16.29 

29.21 
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 ternary blends  ternary 

blends PLA -

NR G35 5%NR+5%G35 

PLA  

ternary blends (5%NR+5%G35) PLA NR NR 

10 wt%  
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4.23 PLA  ternary blends: (a) E, 

    (b) sy, (c) ey, (d) sb (e) eb 
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4.14 PLA  ternary blends  

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA 1,638 ° 39 62.08 ° 0.48 5.31 ° 0.20 61.88 ° 0.48 5.44 ° 0.19 

10%NR 1,309 ° 122 39.89 ° 3.90 4.39 ° 0.24 32.16 ° 4.47 7.26 ° 1.20 

5%NR+5%G5 1,298 ° 26 36.48 ° 1.22 4.32 ° 0.27 34.20 ° 1.91 5.40 ° 0.84 

5%NR+5%G35 1,331 ° 51 41.13 ° 0.35 4.35 ° 0.19 35.06 ° 2.54 6.86 ° 1.95 

10%NR+5%G5 1,186 ° 43 26.96 ° 1.93 4.10 ° 0.11 24.57 ° 1.70 5.37 ° 0.90 

10%NR+5%G35 1,230 ° 36 29.03 ° 0.25 3.69 ° 0.10 25.47 ° 0.96 5.74 ° 1.90 

 
  4.4.3  

   ternary blends

4.15 G5 G35 5 wt% 

G5 NR 5 wt% (5%NR+5%G5) 

-

NR 5 wt% 10 wt% 

 
4.15 PLA  ternary  

         blends 

*  

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA 3,739 ° 107 101.34 ° 5.41 3.98 ° 0.03 95.81 ° 5.95 4.42 ° 0.52 

10%NR unbroken 

5%NR+5%G5* 2,847 ° 78 71.29 ° 1.48 3.92 ° 0.08 47.28 ° 4.06 7.67 ° 0.64 

5%NR+5%G35 unbroken 

10%NR+5%G5 unbroken 

10%NR+5%G35 unbroken 
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  4.4.4  

  4.24 PLA NR 

 ternary blends  

G5 G35 5 wt% NR 5 wt% 10 wt%

NR 4.25 4.16 

NR 5 wt% G5 5 wt% (5%NR+5%G5) -

NR 5 wt% G35 5 wt%

(5%NR+5%G35) 5%NR+5%G35

5%NR+5%G5 NR 

5%NR+5%G35 0.09±0.06 mm

5%NR+5%G5 NR 1.23±0.82 mm

4.24b 4.24c NR 10 wt% 

G5 5 wt% (10%NR+5%G5) NR 

10 wt% G35 5 wt% (10%NR+5%G35)  4.24d 

4.24e 10%NR+5%G35 -

10%NR+5%G5 NR 

10%NR+5%G35  1.84±1.33 mm

10%NR+5%G5 1.98±1.27 mm  

   ternary blends

G5 G35 

PLA NR NR  ternary blends

G35 G5 

PMMA 

PMMA (G35)  
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4.24 SEM : (a) 10%NR, (b) 5%NR+5%G5, 

     (c) 5%NR+5%G35, (d) 10%NR+5%G5 (e) 10%NR+5%G35   

               

 

(b) 

(e) 

(a) 

(c) (d) 
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4.25  

 

4.16  

 

 

 

 

 

 

4.5  

  
PLA NR 

ENR NR-g-PMMA 

NR NR 

-

 NR-g-PMMA PLA NR  

NR 

Sample Average particle diameter (mm) 

10%NR 2.50 ° 1.16 

5%NR+5%G5 1.23 ° 0.82 

5%NR+5%G35 0.09 ° 0.06 

10%NR+5%G5 1.98 ° 1.27 

10%NR+5%G35 1.84 ° 1.33 
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NR 

NR 

 

PLA NR NR 10 wt%  

  4.5.1  

  NR 0-240 

4.26 4.17 NR 0 (NR0) 2 

 NR

NR 20 (NR20) 2 

20 
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4.27 0-240  

4.17 NR 0-240  

   

  

Sample Mn (g mol) Mw (g mol) Mw/Mn ML(1 4) 

NR0 1,485,000 ° 32000 2,702,000 ° 42000 1.82 ° 0.03   56.62 

NR20 1,200,000 ° 30800 2,169,000 ° 31000 1.81 ° 0.02 50.57 

NR40 992,000 ° 24000 1,668,000 ° 3600 1.68 ° 0.02 44.76 

NR60 225,000 ° 7000 705,000 ° 6500 3.13 ° 0.12 41.82 

NR80 210,000 ° 14000 538,000 ° 9400 2.56 ° 0.12 34.34 

NR100 202,000 ° 5000 468,000 ° 1000 2.32 ° 0.06 26.35 

NR120 190,000 ° 10000 416,500 ° 7000 2.19 ° 0.09 24.10 

NR140 189,000 ° 1500 389,300 ° 3000 2.06 ° 0.00 17.20 

NR160 187,000 ° 7400 368,500 ° 4100 1.97 ° 0.06 14.03 

NR180 176,000 ° 2700 343,400 ° 4400 1.95 ° 0.04 11.82 

NR200 168,000 ° 1400 319,400 ° 5000 1.90 ° 0.02 10.59 

NR240 158,000 ° 3800 271,000 ° 4500 1.72 ° 0.01 6.88 

56.62 

50.57 

44.76 
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  4.5.2  

  PLA NR 

0-240 4.28 1,000 

NR NR 

NR0 2.50±1.16 mm 

0.47±0.28 mm NR240 4.29 4.18 SEM 

NR 

NR NR  

 

 

 

 

 

 

 

 

  (a)  (b) 

 (e)  (f) 

 (c)  (d) 
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4.28 SEM PLA NR NR  
 10 wt%: (a) 0  (b) 20 (c) 40 (d) 60 (e) 80 (f) 

     100 (g) 140 (h) 180 (i) 200 (j) 240 

     1,000  
 

 

 

 

 

 

 

 

4.29 

 NR 10 wt% 

 

2.50 
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4.18  

 NR  10 wt% 

 

 

 

 

 

 

 

 

 

 

 

 

 

  4.5.3  
  PLA NR 

0 240 4.30 4.19 

Charpy 20-180

180 

 

PLA NR240 PLA NR0 SEM 

4.5.2 NR 

40-180 NR 1.76 ° 0.63 mm 0.62 ° 0.41 mm 
4.31 Izod 

100 14.7 kJ m2 0  

Sample  Average diameter (mm) 

NR0 2.50 ° 1.16 

NR20 1.88 ° 0.94 

NR40 1.76 ° 0.63 

NR60 1.48 ° 0.61 

NR80 1.28 ° 0.54 

NR100 0.95 ° 0.44 

NR140 0.86 ° 0.74 

NR180 0.62  ° 0.41 

NR200 0.56 ° 0.49 

NR240 0.47 ° 0.28 
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4.19 PLA  PLA NR 

  NR  10 wt%  

   
  4.5.4  

  4.32 

4.20 20-100 NR 

100 

20-100 NR 

60-100  

 

 

Sample 
Charpy impact strength (kJ/m2) Izod impact strength (kJ/m2) 

Notched Un-notched Notched Un-notched 

PLA  2.54 ° 0.55 19.24 ° 5.22 2.85 ° 0.66 19.55 ° 2.67 

NR0 4.29 ° 0.54 30.16 ° 5.90 6.36 ° 0.36 unbroken 

NR20 4.43 ° 0.36 32.87 ° 6.32 6.75 ° 1.43 unbroken 
NR40 4.51 ° 0.50 41.91 ° 5.35 7.13 ° 1.36 unbroken 
NR60 4.69 ° 0.54 42.51 ° 9.58 7.55 ° 1.33 unbroken 
NR80 5.38 ° 1.10 43.86 ° 4.04 9.74 ° 2.19 unbroken 
NR100 5.71 ° 1.39 44.10 ° 5.39 14.70 ° 3.33 unbroken 
NR140 5.89 ° 1.19 44.50 ° 4.76 9.58 ° 0.97 unbroken 
NR180 6.52 ° 1.13 45.95 ° 7.05 9.77 ° 0.97 unbroken 
NR200 4.57 ° 0.18 40.48 ° 6.15 6.47 ° 0.48 unbroken 
NR240 4.39 ° 0.46 29.17 ° 2.80 4.16 ° 0.51 unbroken 
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4.32 PLA PLA NR NR 

 0-240 10 wt%: (a) E, (b) sy, (c) ey , (d) sb  

    (e) eb 
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4.20 PLA PLA NR 

         NR 0-240 10 wt% 

 

  

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA 1,638 ° 39 62.08 ° 0.48 5.31 ° 0.20 61.88 ° 0.48 5.44 ° 0.19 

NR0 1,309 ° 122 39.89 ° 3.90 4.39 ° 0.24 32.16 ° 4.47 7.26 ° 1.20 

NR20 1,378 ° 31 39.35 ° 1.08 4.31 ° 0.43 28.10 ° 1.16 11.98 ° 2.98 

NR40 1,362 ° 31 39.76 ° 1.33 4.13 ° 0.16 26.48 ° 0.59 13.25 ° 3.43 

NR60 1,355 ° 43 40.33 ° 0.70 4.37 ° 0.31 28.90 ° 2.47 10.34 ° 2.53 

NR80 1,430 ° 53 38.24 ° 1.51 3.86 ° 0.09 22.70 ° 4.66 15.84 ° 5.58 

NR100 1,348 ° 31 40.37 ° 1.43 4.20 ° 0.26 24.44 ° 2.95 21.38 ° 4.59 

NR140 1,280 ° 46 40.23 ° 1.08 4.12 ° 0.11 24.59 ° 0.46 13.69 ° 1.47 

NR180 1,313 ° 24 37.90 ° 3.04 4.28 ° 0.25 24.65 ° 1.64 11.17 ° 3.78 

NR200 1,249 ° 40 39.10 ° 2.52 4.49 ° 0.32 26.87 ° 7.16 8.76 ° 4.13 

NR240 1,304 ° 32 40.08 ° 1.07 4.41 ° 0.24 27.23 ° 5.27 7.46 ° 2.17 
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5 
 

 
 

5.1  

  MMA 

PMMA NR 
1H-NMR 3.5 5.1 

(-OCH3) PMMA (=CH-) NR  

5.2 PLA NR 

  5.2.1  
  NR PLA NR 

10 wt% NR 

NR 
  5.2.2  
  NR 

PLA PLA

PLA 

  5.2.3  
  PLA NR 

PLA NR PLA NR 

NR NR 

NR 
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5.3  

  5.3.1  
  Charpy NR, G5 G35 

PLA  ENR50 

PLA Izod NR G5 

NR, ENR25 G5 PLA 

ENR50 PLA 

NR G5 PLA 

NR 

PLA G5   

  5.3.2  

  NR, ENR NR-g-PMMA

PLA ENR G35

 ENR NR-g-PMMA

NR

NR, ENR NR-g-PMMA 

PLA    

  5.3.3  
  NR PLA ENR 

NR-g-PMMA PLA

ENR  

PLA ENR  
  5.3.4  

  PLA NR 

PLA NR ENR 

NR-g-PMMA PLA NR 

PMMA 
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(ENR50) PMMA (G35) 

 
  5.3.5  

  NR 

(ENR NR-g-

PMMA) NR 

(ENR50 G35)   

  5.3.6  

  Tg 

PLA 

PLA ENR G35 

NR 

 

  5.3.7  

  PLA 

Tg Tm  Tcc 

 Tg Tcc

PLA 

PLA Tg 

Tm 2 Tm

(Xc1) PLA 

  

 

5.4 ternary blends 

  5.4.1  

   10%NR+5%G35 

Charpy 

10%NR Izod 
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 10%NR+5%G35 PLA 

10%NR G35 PLA NR 

 
  5.4.2  

  5%NR+5%G5, 5%NR+5%G35, 10%NR+5%G5 

10%NR+5%G35

 5%NR+5%G35 

PLA 
  5.4.3  

   5%NR+5%G35, 10%NR+5%G5 10%NR+5%G35

 5%NR+5%G5 

   

  5.4.4  

  G5 G35 

PLA NR NR  ternary 

blends G35 

G5 PMMA 

 

 

5.5  

  5.5.1  
  NR 

 

  5.5.2  

  NR 

 

  5.5.3  

  Charpy  
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20-180  

Izod 

100 

NR NR 

 
  5.5.4  
  20-100 NR 

PLA 

 3 

NR   

 

5.6    

  1. NR-g-PMMA NR 
1H-NMR PMMA NR 

NR-g-PMMA 

NR  
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NR .1 .2 FTIR  
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PLA PMMA 

  PLA PMMA PMMA  10 

wt% 1 2 

1, 2 3 ( ) 120¯C, 

160¯C  160¯C  150 ( 1)  190 (

2) rpm .1 PLA  

PMMA  

 

.1 PLA PMMA: (a) 1  (b) 2 

 5,000  
 

 

 

 

 

 

 

 

 

 

(a) (b) 
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PLA ENR50 

  PLA ENR50 ENR50 

10 wt%, 20 wt% 30 wt% 2 3 

1, 2 3 ( ) 120¯C, 140¯C  160¯C 

 100 ( 1 2)  120 ( 3) rpm 

.1, .2 .3  
  (i) ENR50 10 wt% 

 

 .1  10%ENR50: (a) 2   (b) 3  

 1,000  

  (ii) ENR50 20 wt% 

 

 .2  20%ENR50: (a) 2   (b) 3  

 1,000  

(a) (b) 

(a) (b) 



103 
 

  (iii) ENR50  30 wt% 

 

 

 

 

 

 

 

 

 

 .3  30%ENR50 3  3,000  
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  (i)  

  

PLA NR G5 

2 3 .1  3 

PLA  

.1  

   

  

 

 

 

 

 

* 2 2  3 3  

 (ii)  

 .2 E,  sy, ey  sb

eb NR 

eb   

.2  

* 2 2   3 3  

Sample 
Charpy impact strength (kJ/m2) 

Notched Un-notched 

PLA  2.54 ± 0.55 19.24 ± 5.22 

10%NR-2 4.29 ± 0.54 30.16 ± 5.90 

10%NR-3 3.43 ± 0.25 29.29 ± 2.92 

10%G5-2 3.67 ± 0.61 24.87 ± 5.93 

10%G5-3 3.02 ± 0.73 25.40 ± 2.91 

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA 1,638 ° 39 62.08 ° 0.48 5.31 ° 0.20 61.88 ° 0.48 5.44 ° 0.19 

10%NR-2 1,309 ° 122 39.89 ° 3.90 4.39 ° 0.24 32.16 ° 4.47 7.26 ° 1.20 

10%NR-3 1,294 ° 56 38.27 ° 1.03  4.16 ° 0.23 30.52 ° 2.91 8.22 ° 4.31 

10%G5-2 1,319 ° 28 34.50 ° 1.13 3.77 ° 0.14 31.50 ° 3.05 4.61 ° 0.79 

10%G5-3 1,391 ° 43 35.35 ° 1.98 3.72 ° 0.22 32.87 ° 4.36 4.05 ° 0.51 
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  (iii)   

 PLA NR NR  10 wt% 

2 3 1, 2 3 (

) 120¯C, 160¯C  160¯C  150 (

1)  190 ( 2 3) rpm .1 -

10%NR-2 10%NR-3 .1a .1b -

10%G5-2 10%G5-3 .1c .1d 

 

.1 10 wt%: (a) 10%NR-2, (b) 10%NR-3, (c) 

   10%G5-2 (d) 10%G5-3 2,000 5,000  

 

 

 

 

(b) 

(d) 

(a) 

(c) 
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PLA 10%NR  

  (i) 50 kN 

  10%NR 

1 2 mm 50 kN .1 .1 E 

2 mm  

.1 - PLA NR 

 50 kN 

 

.1  PLA NR 

 50 kN 

 

 

   

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

10%NR (2mm) 1,309 ± 122 39.89 ± 3.90 4.39 ± 0.24 32.16 ± 4.47 7.26 ± 1.20 

10%NR (1mm) 1,363 ± 32 - - 39.57 ± 1.26 4.19 ± 0.13 
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  (ii) 1 mm 

  10%NR 

500 N 50 KN 1 mm .2 

.2 50 kN E 500 N  
 

 

 

 

 

 

.2 - PLA NR 500 N 

  50 kN  

.2 500 N 50 kN 

 

 

 

 

 

 

 

 

 

 

 

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

10%NR (500 N) 1,273 ± 24 36.56 ± 0.64 4.25 ± 0.15 36.21 ± 0.52 4.34 ± 0.17 

10%NR (50 kN) 1,363 ± 32 - - 39.57 ± 1.26 4.19 ± 0.13 

0

15

30

45

0 1 2 3 4 5
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PLA NR100 

  (i)  

  PLA NR NR 

100 (NR100) 10 wt%, 15 wt% 20 wt% .1 

.1 Charpy 

NR 

PLA .1 .2 Izod 

NR100 PLA  

.1 NR100 PLA

   

 

 

 

 

 

 

 

 

.1 PLA NR100 NR100 10 wt%, 15 

   wt% 20 wt% Charpy  

Sample 
Charpy impact strength (kJ/m2) Izod impact strength (kJ/m2) 

Notched Un-notched Notched Un-notched 

PLA 2.54 ± 0.55 19.24 ± 5.22 2.85 ± 0.66 19.55 ± 2.67 

10%NR100 5.71 ± 1.39 44.10 ± 5.39 14.70 ± 3.33 unbroken 
15%NR100 4.52 ± 0.24 37.22 ± 3.67 11.96 ± 1.35 unbroken 
20%NR100 4.48 ± 0.19 36.58 ± 5.24 9.76 ± 1.51 unbroken 

2.54 
5.71 4.52 4.48 
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44.10 

37.22 36.58 
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.2 PLA NR100 NR100 10 wt%, 15 

   wt% 20 wt% Izod 

 

  (ii)  

  PLA NR100 NR100 

10 wt%, 15 wt% 20 wt% .2  E, sy, ey sb

NR100 10%NR100 

4 PLA NR100 

 

.2 NR 100 PLA 

   

  (iii)  

  PLA NR100 NR 100 10 wt%, 15 wt%, 

20 w% .3 PLA 

NR100 PLA

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA  1,638 ± 39 62.08 ± 0.48 5.31 ± 0.20 61.88 ± 0.48 5.44 ± 0.19 

10%NR100 1,348 ± 31 40.37 ±1.43 4.20 ± 0.26 24.44 ± 2.95 21.38 ± 4.59 

15%NR100 1,144 ± 27 31.20 ± 1.20 4.05 ± 0.31 22.48 ± 1.90 9.08 ± 3.19 

20%NR100 1,065 ± 22 27.74 ± 1.49 3.91 ± 0.18 24.52 ± 2.04 4.65 ± 0.45 

2.85 

14.70 

11.96 

9.76 

0
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NR100 0.95 ± 0.44 mm 

.3 NR100  1.00 

± 0.43 mm 1.28 ± 0.68 mm NR  15 wt% 20 wt%

NR100  

.3 PLA NR100 NR100 

 

 

 

 

 

  

 

  

 

 

 

 

 

 

 

 

 

 

.3 PLA NR100 NR: (a)10%NR100, 

   (b) 15%NR100 (c) 20%NR100 1,000  

Sample Average diameter (mm) 

10%NR100 0.95 ± 0.44 

15%NR100 1.00 ± 0.43 

20%NR100 1.28 ± 0.68 

(a) (b) 

(c) 
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PLA NR100 NR-g-PMMA 

  (i)   
  PLA NR100 NR-g-PMMA

.1 Charpy 

PLA 

85%PLA+10%NR100+5%G35 (10%NR100+5%G35) 

90%PLA+5%NR100 +5%G35 (5%NR100+5%G35) 

Izod 

5%NR100+5%G5   
.1 PLA PLA NR100 NR-g-

PMMA 

   

  (ii)  

  PLA PLA NR100 NR-g-

PMMA .2 

 

 

Sample 
Charpy impact strength (kJ/m2) Izod impact strength (kJ/m2) 

Notched Un-notched Notched Un-notched 

PLA 2.54 ± 0.55 19.24 ± 5.22 2.85 ± 0.66 19.55 ± 2.67 

5%NR100+5%G5 3.97 ± 0.24 14.45 ± 2.44 4.99 ± 0.67 22.15 ± 3.51 

5%NR100+5%G35 5.45 ± 0.77 30.72 ± 2.94 6.17 ± 0.11 unbroken 

10%NR100+5%G5 4.36 ± 0.39 14.19 ± 2.95 6.02 ± 0.27 unbroken 
10%NR100+5%G35 7.61 ± 0.60 36.33 ± 3.30 6.15 ± 0.14 unbroken 



112 
 

.2 PLA PLA NR100 NR-g-PMMA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample E (MPa) sy (MPa) ey (%) sb (MPa) eb (%) 

PLA  1,638 ± 39 62.08 ± 0.48 5.31 ± 0.20 61.88 ± 0.48 5.44 ± 0.19 

5%NR100+5%G5 1,313 ± 40 33.36 ± 1.22 3.86 ± 0.12 25.86 ± 1.51 8.29 ± 1.81 

5%NR100+5%G35 1,374 ± 44 39.30 ± 1.41 4.17 ± 0.21 27.43 ± 1.85 12.18 ± 2.03 

10%NR100+5%G5 1,184 ± 38 27.93 ± 0.61 3.72 ± 0.14 23.12 ± 1.06 6.05 ± 1.05 

10%NR100+5%G35 1,235 ± 35 30.38 ± 0.66 3.72 ± 0.06 20.90 ± 0.97 24.92 ± 3.53 
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PLA  

 
  (i)  

  NR NR ENR NR NR-g-

PMMA

NR 

.1 PLA 

2 h PLA 

 NR 

1-6 h .2 

PLA 

NR  

 

 
 
 
 

 

.1 PLA 2 h 

  3,000    
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  (ii)  

 

.2 PLA 

 : (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 5 h (f) 6 h 

   1,000    
 

 

(a) (b) 

(c) (d) 

(e) (f) 
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PLA NR-g-PMMA NR 

 

    PLA/NR-g-PMMA NR 

.1 10%G5 10%G35 

2 h 

 

 

.1 PLA NR-g-PMMA NR-g-PMMA 

   10 wt% 2 h: (a) 10%G5 (b) 10%G35 

 3,000  

 

 

 

 

 

 

(a) (b) 
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PLA ENR NR 

 

    10%ENR25 10%ENR50 

6 h .1  10%ENR25 10%ENR50

NR   

  (i) 6 h 

 

.1 PLA ENR ENR  10 wt% 

 6 h: (a) 10%ENR25 (b) 10%ENR50 

 10,000  

 

 

 

 

 

 

(a) (b) 
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