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Abstract 
 This research did a preliminary study in order to investigate the probability of preparation of 

thermoplastic rubber from poly(lactic acid) (PLA) blended with natural rubber or epoxidized natural rubber 

because there is no report in this topic. PLA and rubber were melt-blended by using 3 types of mixing 

equipment: an internal mixer, a twin screw extruder and a single screw extruder. Rubbers used were NR 

STR5 CV60, ENR25 and ENR50. Plasticizers of PLA were also employed, including dioctyl adipate, 

epoxidized soybean oil, poly(ethylene glycol), poly(ethylene adipate) and polysorbate. Sulfur and phenolic 

resin were used as a vulcanizing agent of rubber.  Melt blending was done under various mixing conditions. 

Tensile properties of polymer blends were investigated and used for comparison these blends. Blend 

morphology was determined by using a scanning electron microscope. It was found that NR was the best 

rubber and ENR25 and ENR50 provided similar properties. It was essential to vulcanize rubber for getting 

higher tensile properties and sulfur provided higher tensile properties than phenolic resin. Only mixing in the 

internal mixer under the appropriate condition yielded rubber thermoplastic characteristics: the rubber phase 

became a dispersed phase (dispersed particles) and PLA became the continuous phase when the blends 

contained rubber  50%. NR became the continuous phase when mixing in the extruders which is not the 

characteristics of the thermoplastic rubber. Rubber content must be higher than PLA in order to receive the 

high elongation at break as typical rubber and the rubber content should be 60% or more. The prepared 

thermoplastic rubber in this research showed low tensile strength (3.71-4.26 MPa) but high elongation at 

break (524-621%). Dioctyl adipate showed the improvement in the tensile strength and the elongation at 

break and became the best plasticizer. 

 vii



1.  

 

1. 1   

  

   

  

  

   

   

  

  (poly(lactic 

acid), PLA)  

  (natural rubber, NR)  

 

  

   

 

  

   

  

   

  

   (epoxidized natural 

rubber, ENR)   

 
1.2   

   

 

 

1.3     

  (thermoplastic elastomer, TPE) 

 

 TPE  (copolymer)  (polymer blend) [1] 

 TPE  

  

 NR/PLA blends  ENR/PLA blends Yew  [2]  ENR  2.5-

10%  PLA   ENR 

  PLA 

  poly(ethylene oxide)/PLA block copolymer [3,4], polycaprolactone/PLA block copolymer 

 1



[5], polycaprolactone/PLA blends [6,7], poly(butylene succinate)/PLA blends [8]  thermoplastic polyolefin 

elastomer-graft-PLA [9]  NR  10-30%  PLA  [10] 

 (toughness)  PLA [11] /

 PLA [12-13]  pneumatic tire  ENR 

  PLA polycaprolactone  polyalkylene succinate [14] 

 NR  ENR  PLA   

 

   

   

   

  

   

 

 

 

 2



2.    
 

2.1   

 commercial grade  

1.  IngeoTM 2002D  Natureworks LLC  

2.  (STR 5 CV 60)     

3.  (epoxidized natural rubber, ENR)     2 

  

3.1 EpoxypreneTM50 (ENR50)  50 % 

3.2 EpoxypreneTM25 (ENR25)  25 % 

4.  (stearic acid)  (Activator)    

 

5.  (zinc oxide)  white seal   Univenture Public 

Co., Ltd. 

6.  (antioxidant)  WingstayTM L   

  

7.  (plasticizer)  5   

7.1  (epoxidixed soybean oil, ESO)  VikoflexTM 7170 

 100 %  Arkema Inc. 

7.2  (dioctyl adipate, DOA)  Nan Ya Plastics Corporation 

7.3  (poly(ethylene glycol), PEG)  1500 /   

Fluka  Sigma-Aldrich Chemie GmbH Co. 

7.4  (poly(ethylene adipate) tolylene 2,4-diisocyanate, PEA)  2700 

/   Sigma-AldrichTM  Aldrich Chemistry Co.  

7.5  (polysorbate)  TweenTM20  RankemTM  RFCL Limited 

8.  (vulcanizing agent)  2   

8.1  (sulfur)    

8.2  (phenolic resin)  SP1045  Schenectady International Inc. 

 

2.2   

1.  (two-roll mill)  6   23   

 

2.  (twin screw extruder, TWSE)  PrismTM TSE 16TC 

3.  (single screw extruder, SSE)  BrabenderTM SSE19/25D 

4.  (internal mixer)  BrabenderTM Mixer 350E 

5.  (pelletizer)  PrismTM TSE system 

6.  (compression molding)  Kao Tieh  KT-7014 

7.   ASTM D412  Die C 

8.   LLOYD instrument  LR10K 

 3



9.  (Hardness Shore A)  Shore DurometerTM PTC 408 

10.   Shore ResilionmeterTM SRI74000 

11.  (scanning electron microscope, SEM)   JEOL 

 JSM-5800LV 

12.  12 x 12 .  2 . 

 

2.3  

2.3.1  

 NR 

 NR  NR   2     

  2.1 

 

 2.1  

 ( )  

 
   

STR 5 CV60 100 100 

stearic acid 2 2 

zinc Oxide 5 5 

Wingstay TM L 1 1 

MBTS - 1.5 

phenolic resin 4, 8 - 

sulfur - 1, 2 

  (phr) 

 

2.3.1.1  

 NR  2  (16 )   PLA   

NR   

    

   140-160 .  100  

 

2.3.1.2  

i)  

1.  NR  20  (16 )   5 x 5 

.   NR  talcum   

2.  NR  PLA  

 distributive mixing   (dry blending) 

 4



3.  2   

 (extrudate)   (pelletizer) 

   110-160 .  150-200  

4.  3  1-2   

 

5.  

 

ii)  

   

  2.1   17 

    

 3     

 5 x 5 .   talcum  

 2-5 

 

2.3.2   

   2 .  6 x 6 

  300 ./ .2  

 

2.3.3  (Tensile properties testing) 

 ASTM D412C  50 ./  

  6   

(stress at break, b)  (tensile strength)  ( )   

(elongation at break, b)  (yield point)  

(plastic deformation)  (toughness)    (yield 

stress, y)     (yield strain, y) 

  

2.3.4  (Tension set)  

    ASTM D 412 Method A Die C  

 10 . (L0)  50 ./   (strain) 100% 

 10   50 ./  

  10   (L) 

  (Tension set, 

E = 100 x (L – L0)/L0)  

 

2.3.5  (resilience) 

 ASTM D2632 

   

(resilience)  

 5



% Resilience = 100  (H1/H0) 

 

 H1  

H0  

 

2.3.6  (Hardness testing) 

 ASTM D2240  Shore A 

 6 .  (calibration)  

   40 Shore A 

  40 Shore A   

 40 Shore A   

  (1 .)  30   

 

2.3.7  (Scanning electron microscopy, SEM) 

   6   

 24   50 .  PLA   

 

 

 6



3.  
 

3.1   

3.1.1  

 NR  60%  2.3.1.2 (i) 

  1, 2  3  100 ., 140 .  140 .  

 1, 2  3  150, 190  200   

 (resident time)  1   155 .  300 ./ .2 

 6   15  50 ./  

 (  16 .  24 .)  

1    2-3  

   

 PLA  NR  

 PLA  140 .  PLA  150 . 

  

  PLA    1   

 2-3   

  2-3    

  15  50 ./   PLA  

  500 ./   

 3.1 

  

2  3       

  2   NR   PLA 

   

 PLA  NR 

 

 3.1  (60%NR)  

No. Extrusion 
Testing speed 

(mm/min) 
y    

(MPa) 

y    

(%) 

b    

(MPa) 

b    

(%) 
15 2.16 ± 0.29 4.32 ± 0.95 2.27 ± 0.24 15 ± 1 

2 
50 2.62 ± 0.28 4.67 ± 0.46 2.73 ± 0.23 12 ± 3 

15 2.76 ± 0.20 5.03 ± 0.55 2.95 ± 0.16 17 ± 3 
3 

50 3.05 ± 0.35 4.38 ± 0.65 3.26 ± 0.36 15 ± 4 

 

3.1.2  

 PLA/NR  PLA 

 1 (PEG)  PLA : NR : PEG  40 : 55 : 5 ( ) 

 7



 3.1.1  5 ./  

  3.2  PEG 

 5%  (  3.1)   

   ( y)    ( b)  

   ( b)     

  5%  NR 

 ( )   

 ( b)  

  

 

 3.2  (  PLA:NR:PEG = 

40:55:5)   

No. Extrusion 
Testing speed 

(mm/min) 
y    

(MPa) 

y    

(%) 

b    

(MPa) 

b    

(%) 
5 2.73 ± 0.92 3.82 ± 1.02 2.28 ± 0.09 11.34 ± 1.70 

15 2.56 ± 0.12 4.14 ± 0.51 2.53 ± 0.17 7.41 ± 1.15 2 

50 3.18 ± 0.11 5.74 ± 0.87 3.17 ± 0.06 13.22 ± 1.89 

5 2.62 ± 0.06 4.67 ± 0.62 2.60 ± 0.07 9.50 ± 1.50 

15 2.97 ± 0.16 4.60 ± 1.05 3.00 ± 0.11 14.23 ± 2.45 3 

50 3.40 ± 0.28 5.68 ± 0.44 3.45 ± 0.28 12.79 ± 1.94 

 

 

3.1.3  

 8  (8 phr) 

 NR  2.1  2.3.1.2 (ii)  NR 60% 

 3.1.1 (100 ., 140 .  140 .  1, 2  3 

; 150, 190  200   1, 2  3 ) 

 (155 ., 6 )  1  

 2-3   (5, 15  50 ./

)  3.3 -  3.1 

     200-400% 

 10%         

  

       

  -   2-3  

 (5 ./ )  

 NR  
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2.1  (Rheometer MDR2000)   

    

 

 3.3  (60%NR)  (8 phr) 

  

No. Extrusion 
Testing speed 

(mm/min) 
y    

(MPa) 

y    

(%) 

b    

(MPa) 

b    

(%) 
5 0.58 ± 0.07 14.43 ± 6.99 1.24 ± 0.31 302 ± 61 

15 0.52 ± 0.15 9.14 ± 2.90 0.64 ± 0.16 307 ± 35 2 

50 0.67 ± 0.09 9.35 ± 3.30 1.13 ± 0.25 408 ± 64 

5 0.47 ± 0.09 5.09 ± 2.13 0.66 ± 0.14 212 ± 44 

15 0.52 ± 0.12 7.28 ± 2.47 0.90 ± 0.31 287 ± 96 3 

50 0.66 ± 0.07 9.08 ± 0.98 0.89 ± 0.09 291 ± 35 
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0.4

0.6

0.8

1.0

1.2

0 100 200 300 400 500
Strain (%)

St
re

ss
 (M

Pa
)

Extrusion#2

Extrusion#3

(c)

 
 3.1 -  (60%NR)  (8 phr) 

 : (a) 5 ./ , (b) 15 ./ , (c) 50 

./   

 

   

( )  2.1  60% 

 3.4    

  165 .  8 

  300 ./ .2  180 .  10  

 9



  

 

   

 5-50 ./   

 50 ./   

 3.5 -  3.2 

 

 3.4  

Temperature ( C) 
Vulcanizing agent Extrusion No. 

Screw Speed 

(rpm) Zone 1 Zone 2 Zone 3 

1 150 100 140 145 
Sulfur  

2 190 100 140 145 

1 150 100 145 150 
Phenolic resin 

2 190 100 140 150 

 

 3.5  (60%NR)  

 

Vulcanizing 

agent 

Concentration 

(phr) 
E100% 

 (MPa) 

E300%  

(MPa) 
b 

 (MPa) 
b  

(%) 

1 0.66 ± 0.02 1.11 ± 0.02 2.44 ± 0.34 656 ± 56 
Sulfur 

2 0.70 ± 0.04 1.32 ± 0.07 2.91 ± 0.49 648 ± 97 

4 0.68 ± 0.03 1.19 ± 0.04 1.80 ± 0.27 479 ± 59 
Phenolic resin 

8 0.98 ± 0.05 1.61 ± 0.09 2.21 ± 0.13 428 ± 17 

 

0.0
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Phenolic resin 4 phr

 
 3.2 -  (60%NR)  

 

 

        

1.13  (  3.3)  2.21      
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    E100  E300 

 100%  300%       

   

  

 

 3.3  

 8 phr   1-2 phr  
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 NR       
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 3.4 -  (50%NR)  
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 3.6  (50%NR)  

 

Vulcanizing 

agent 

Concentration 

(phr) 
y 

 (MPa) 
y  

(%) 
b 

 (MPa) 
b  

(%) 

1 1.09 ± 0.04 2.63 ± 0.21 1.09 ± 0.02 18 ± 4 
Sulfur 

2 1.04 ± 0.16 2.66 ± 0.17 1.12 ± 0.06 129 ± 6 

4 0.74 ± 0.05 3.40 ± 0.99 0.91 ± 0.07 374 ± 54 
phenolic resin 

8 1.26 ± 0.22 2.84 ± 0.30 1.11 ± 0.13 208 ± 75 

 

 

78

93 91 91

0

20

40

60

80

100

120

phenolic 4 phr phenolic 8 phr sulphur 1 phr sulphur 2 phr

H
ar

dn
es

s (
Sh

or
e 

A
)

(a)

25 25 24
27

0

5

10

15

20

25

30

35

phenolic 4 phr phenolic 8 phr sulphur 1 phr sulphur 2 phr

R
es

ili
en

ce
 (%

)

(b)

 
 3.5  (a)  (b)  (50%NR)  

 

 

 

  NR  45%  2 phr 

 3.7         PLA 

 NR   45%  

100 Shore A   E100  E300 

    400%  1-2  

 

 

 3.7    45% 

 2 phr  

b (MPa) b (%) Hardness (Shore A) Resilience (%) 

2.89 ± 0.51 1.74 ± 0.29  100 ± 1 22 ± 1 

 

 

   

  PLA  

 

  3.4 
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3.1.4  

  PLA   

PLA/ENR  ENR  25 %  50 %  ENR25  ENR50 

 

  ENR50  60%  2 phr  8 phr 

 3.4  9  3.8  

 

 3.8    60% ENR50 

 2 phr  8 phr  

Vulcanizing 

agent y (MPa) y (%) b (MPa) b (%) 
Hardness 

(Shore A) 

Resilience 

(%) 

Sulfur 1.39 ± 0.11 6.60 ± 1.54 1.64 ± 0.14 104 ± 5 91 ± 1 8 ± 1 

Phenolic 

resin 
1.01 ± 0.01 10.83 ± 3.29 1.38 ± 0.06 129 ± 8 82 ± 1 19 ± 1 

 

  

  

 NR (  3.5)  ENR50  NR 

    NR 

 ENR  NR  strain hardening  

   strain-induced crystallization 

   NR 

  ENR50  NR  ENR50 

 NR   ENR 

 NR    

  ENR25  50%  60%  2 phr 

 PLA/NR  PLA/ENR50 

  3.9 

 

 3.9    50-60% ENR25 

 2 phr  

ENR25 y (MPa) y (%) b (MPa) b (%) 
Hardness 

(Shore A) 

Resilience 

(%) 

50% 1.54 ± 0.16 3.60 ± 0.44 1.30 ± 0.04 29 ± 10 97 ± 1 24± 1 

60% 1.13 ± 0.08 3.41 ± 0.54 1.30 ± 0.20 232 ± 55 80 ± 1 26 ± 1 
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   ENR25      

         

  

  (NR, ENR25  ENR50)  

 60%  2 phr  3.6 -   3.10 

   

  NR   ENR 

     

  ENR   

 

   

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 200 400 600 800
Strain (%)

St
re

ss
 (M

Pa
)

60% NR

60% ENR25

60% ENR50

 
 3.6 -  60%  2 phr 

 

 3.10    60% 

 2 phr  

Rubber 
E100% 

(MPa) 

E300% 

(MPa) 
y 

(MPa) 
b 

(MPa) 
b  

(%) 

Hardness 

(Shore A) 

Resilience 

(%) 

NR 0.70 ± 0.04 1.32 ± 0.07 0.50 ± 0.01 2.91 ± 0.49 648 ± 97 55 ± 1 43 ± 1 

ENR25 1.16 ± 0.10 - 1.13 ± 0.08 1.30 ± 0.20 232 ± 55 80 ± 1 26 ± 1 

ENR50 1.71 ± 0.11 - 1.39 ± 0.11 1.64 ± 0.14 104 ± 5 91 ± 1 8 ± 1 

 

3.1.5  

3.1.5.1  

 PEG  3.1.1.1  PLA/NR  55% 

 2 phr  5%  NR 

 PLA   PLA 

 NR    

   

 14



   NR 50%  2 phr (2 

 100 )  2 pph (2  100 

)  PLA : NR : plasticizer  50 : 50 : 2  

   PLA  

 PLA  3.11  3.7a 

 3.7  

 

 3.11 

 2 phr  50 %  2 pph  

Plasticizer 

type 

E100%

(MPa) 

E 300%

(MPa) y (MPa) y (%) b (MPa) b (%) 

- - - 1.04 ± 0.16 2.66 ± 0.17 1.12 ± 0.06 129 ± 6 

1 (PEG) - - 1.90 ± 0.21 1.93 ± 0.48 1.57 ± 0.20 4 ± 1 

2 (DOA) 0.89 ± 0.07 1.69 ± 0.07 0.46 ± 0.05 5.50 ± 0.05 1.49 ± 0.29 281 ± 61 

3 (ESO) - - 0.53 ± 0.08 1.73 ± 0.60 0.61 ± 0.14 35 ± 6 

4 (PEA) - - 0.77 ± 0.77 1.47 ± 1.47 1.01 ± 1.01 22 ± 5 

5 (Tween) - - 1.02 ± 0.07 2.93 ± 0.39 1.38 ± 0.06 129 ± 8 

 

0
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Plasticizer Type

H
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(a)
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1 2 3 4 5

Plasticizer Type

R
es
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en

ce
 (%

)

25

36

26
28

26

(b)

 
 3.7  (  a)  (  b) 

 2 phr  50 %  2 pph  

  

  (5%)  

  1  2 pph 

 50%   5 

 3.11  1   

   2, 3  4     

 1, 2  5     

 2    5  

 1  

   

 2 (DOA)  

 15



 3.7   

 2  

 

3.1.5.2  

  2 (DOA)  PLA/ENR25  50% 

 2 phr  2 pph (2 )  

3.12   29%  

432%          

 

 3.12  2 (DOA)   

 ENR25 50%  2 phr  

Plasticizer 

content (pph) 

E100%  

(MPa) 

E 300%  

(MPa) 
y 

(MPa) 
b 

(MPa) 
b  

(%) 

Hardness 

(Shore A) 

Resilience 

(%) 

0 - - 1.54 ± 0.16 1.30 ± 0.04 29 ± 10 97 ± 1 24 ± 1 

2 1.10 ± 0.22 2.93 ± 0.39 1.08 ± 0.23 1.24 ± 0.22 432 ± 95 90 ± 1  23 ± 1 

 

  

  PLA/NR 

 PLA/ENR  50%     

 (  2, DOA)     

  

 3.4 

 

3.2   

  

2.1  8 phr  NR  60%  PLA  NR 

 2  2.3.1.2 (ii)   1, 2, 3  4  110 ., 130 ., 160 . 

 160 .    100   

(residence time)  50   

  

   25 . 

    

 155 .  300 ./ .2  6  

  3.1.2 

  

 NR  PLA  1-2   3.8 
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(a)     (b) 

 3.8  NR-PLA (60 %NR)  : (a) 

 1  (b)  2   

 

3.3   

3.3.1  

 NR 60% 

  5, 15  20   

  

    

   65% 

 (  390 .3)   PLA 

 150 .  100   3-5  (

)  110 .  NR  5  ( ) 

  

 155 .  300 ./ .2   300, 

400  500 ./    

 

   

 3.13  

 

 3.13  NR 60%   

Testing Speed  y  (MPa) b (MPa) b (%) 

5 1.48  0.39 1.95  0.74 13  6 

15 1.30  0.33 1.39  0.34 26  9 300 mm/min 

20 1.76  0.25 1.79  0.17 23  6 

5 2.97  0.33 2.63  1.24 21  11 

15 1.26  0.33 1.39  0.34 26  9 400 mm/min 

20 2.04  0.23 2.10  0.32 29  9 

5 2.74  0.46 2.81  0.82 17  4 

15 2.48  17.90 2.85  2.39 11  5 500 mm/min 

20 0.68  0.12 0.67  0.12 33  11 
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  PLA  

  NR  

 

 

3.3.2  

3.3.2.1  

 (dynamic vulcanization)   

  PLA 

 2.1   5  

  155 .  100  

 70%   PLA  5-6   PLA   

NR  4    14  ( ) 

  1  30   15  30  

    

3.9    

 

 

   
(a)    (b) 

   
 (c)      (d) 

 3.9  NR 60% : (a) 

 1 phr; (b)  2 phr; (c)  4 phr  (d)  8 phr 

 

 

  

 1     75 . 

 100   3   
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 1  30   

   

    

 3.10  3.14  

       3.14 

       

 2 phr   

     

   

  

   

  

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

0 200 400 600 800 1000
Strain (%)

St
re

ss
 (M

Pa
)

Sulphur 1 phr

Sulphur 2 phr

 
 3.10 -  NR 60% 

  50 ./  

 

 3.14    NR 60% 

 

 

(phr) y (MPa) b (MPa) b (%) 
Hardness 

(Shore A) 

Resilience 

(%) 

1 0.54  0.06 4.32  0.94 885  72 53  1 34  1 

2 0.96  0.06 2.04  0.29 451  72 55  1 43  1 

 

    

 

  

  PLA  
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3.3.2.2  

 PLA 

  50%  60%  2 phr  2.1 

    17  

   

 3    

   150 .  100   70% 

  PLA  5-6   PLA  

 45 .   (150 .) 

 

 3   

  165 .  300 ./ .2  8  

 50 ./  

 3.11  3.15  NR 

60%       

 3.14   NR 50% 

   

(PLA/NR)  50%  PLA   

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

0 100 200 300 400 500 600
Strain (%)

St
re

ss
 (M

Pa
)

 50:50

 40:60

 
 3.11 -  2 phr 

 PLA   50 ./  

 

 3.15    2 phr 

 PLA  

NR 
E100%  

(MPa) 

E300%  

(MPa) 
y  

(MPa) 
b 

(MPa) 
b 

(%) 

Hardness 

(Shore A) 

Resilience 

(%) 

60% 0.82±0.05 1.90±0.08 0.31±0.03 3.23±0.74 567±68 53±1 47±1 

50% - - 1.84±0.29 1.95±0.29 74±18 81±1 37±1 
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3.3.2.3  

  

 

  

  

 155 .  145 .  150 .  

 

   

 NR 60%  2 phr  8 phr   

 3.16  3.17   

 

 3.16  NR 60%  

Blending temperature ( C) Curing agent/ 

content 1st Blending 2nd Blending 
y (MPa) b (MPa) b (%) 

145 - 0.79 0.20 3.71 0.53 621 88 

145 145 1.35 0.17 4.26 0.86 524 31 

150 - 1.05 0.37 1.54 0.41 74 10 

Sulfur 

2 phr 

150 145 1.35 0.17 4.26 0.86 524 31 

145 - 0.91 0.09 1.65 0.33 163 8 Phenolic 

8 phr 145 145 0.72 0.20 1.32 0.12 151 45 

 

 3.17  NR 60% 

 

 

Blending temperature ( C) 
Curing agent/ content 

1st Blending 2nd Blending 

Hardness 

(Shore A) 

Resilience 

(%) 

145 - 64 2 54 1 

145 145 62 1 58 1 

150 - 68 2 44 0 

Sulfur 

2 phr 

150 145 61 1 52 1 

145 - 68 2 50 1 Phenolic 

8 phr 145 145 78 1 42 1 

  

  PLA   145 . 

 PLA  10       
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  NR 

  

   

  (tension set)  3.18 

 10%  

  

   

 NR/PLA    (3.3.2.3)  

  

 3.18  

Mixer Rubber Curing agent Tension set (%) 

Internal mixer 60% NR Sulfur 2 phr 1.83±0.35 

Sulfur 1 phr 6.60±0.35 

Sulfur 2 phr 5.03±0.67 

Phenolic 4 phr 9.03±0.13 
60% NR 

Phenolic 8 phr 7.37±0.42 

Phenolic 4 phr 9.00±0.28 

Phenolic 8 phr break 50% NR 

Sulfur 2 phr 2.63±0.43 

60% ENR25 6.05±0.64 

50% ENR25 6.33±0.66 

Twin screw extruder 

60% ENR50 

Sulfur 2 phr 

break 

 

 

3.4  SEM 

 (morphology) 

    

  PLA 

(dimythyl formamide, DMF)  PLA   PLA 

  NR  PLA   NR  

  PLA   3.12  NR    3.13   

3.14  NR   NR 

 3.12   PLA 

 DMF  NR  
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(a)       (b) 

 

   
 3.12  SEM  60% NR  

 PLA (a)   PLA  DMF (b) 

 

  
   (a) 

 SEM  60% NR  8 phr 

 

      (b) 

 3.13 

  PLA (a)   PLA  DMF (b) 

   
   (a) 

 3.14  SEM  60% NR  2 phr 

  PLA (a)   PLA  DMF (b) 

      (b) 
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 3.3.2.3  

   SEM  3.15-3.18 

 

 
   (a) 

 3.15  SEM 

 3.3.2.3  145 .  PLA (a)   PLA 

      (b) 

 60% NR  2 phr 

 1 

 DMF (b) 

  

  
(a) (b) 

 
(c) 

 3.16  SEM  60% NR  2 phr 

 3.3.2.3  2  145 . (a, b)   PLA 

 DMF (c) 

 

 PLA 
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(a) 

 

  
(b) (c) 

 3.17  SEM  60% NR  8 phr 

 3.3.2.3  1  145 .  PLA (a)   PLA 

 DMF (b,c) 

 

  

   
    (a)             (b) 

 3.18  SEM  60% NR  8 phr 

 3.3.2.3  2  145 .  PLA (a)   PLA 

 DMF (b) 

    DMF  
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  NR 

  

  3.13b  NR  

  (etching) 

   

 DMF  PLA 

 

 NR  

  3.19  SEM  60% NR  8 phr 

(  3.13)  PLA   

 3.13  (co-continuous phase)   PLA  

NR 

  (  3.14) 

 3.14b  NR  PLA  

 

   
    (a)            (b) 

 3.19  SEM  tensile tested specimen  60% NR  8 phr 

  PLA (a)   PLA  DMF (b) 

 

   
(a) (b) 

 3.20  SEM  tensile tested specimen  60% NR  2 phr 

  PLA (a)   PLA  DMF (b) 
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  NR 50%  3.21-3.22 

 NR 60% (  3.19-3.20)  

  NR  

  PLA  NR  NR 

  NR  DMF  NR 

50%  4 phr  1 phr  3.23a  3.23b  

 

   
(a)          (b) 

 3.21  SEM  tensile tested specimen  50% NR  8 phr 

  PLA (a)   PLA  DMF (b) 

 

 

   
(a)           (b) 

 3.22  SEM  tensile tested specimen  50% NR  2 ph

F (b) 

 

r 

  PLA (a)   PLA  DM

   
(a)           (b) 

 3.23  SEM  4 phr  

(a)  DMF 

 tensile tested specimen  50% NR 

 1 phr (b)   PLA 
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4.  
 

  

  

 (internal mixer) 

  

   150-

155 .  

  (> 1 ) 

 

 

 

  

     (NBR) 

  

   

 

5.  
  2   

   

  

 6 (  RDG4950022)  

   

  

 PLA/NR blends  

 

 

6.  
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1.     2  7  

  

 4-5 
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8.  7-8 

9.    400%  100%  

300

2  

11.

12.   4.3   3.14  19 

 3.11  19-20 

  28 

 

2.  5  iv 

3.  vi 

 2.1  4  NR  STR 5 CV60 4.

.5

6  6-7 

 2.3.3  5 y y

 3.1.2  “  3.1.1” 

 

%  (1-2 )  12  

 1

10.  15    16   

 17  

13.  3.10  

14.
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2.  10  

5.

 

  

 

.   

 

3.  strain-induced crystallization   13 

4.  18 

 (  3.3.2.1) 

 

6.  45 .  20  7-8

 

7.  NBR 
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