
                                                         
 
 
 
 

 
 

 การศึกษาผลของออร์แกโนเคลย์ทีÉมีผลต่อสมบัติเชิงกล 
พฤติกรรมการเกดิผลกึ และสัณฐานวิทยาของ เทอร์โมพลาสติกวลัคาไนเซท 
ทีÉเตรียมจากไดนามิกส์วลัคาไนเซชัÉนของยางธรรมชาติกบัพอลพิรอพลินี 

 
 
 
 
 
 
 
 

โดย 
 นายชารีฟ  บารู 

 
 
 
 
 
 
 

วทิยานิพนธ์นีÊเป็นส่วนหนึÉงของการศึกษาตามหลกัสูตรปริญญาวศิวกรรมศาสตรมหาบัณฑิต 
 สาขาวชิาวทิยาการและวศิวกรรมพอลเิมอร์ 

ภาควชิาวทิยาการและวศิวกรรมวสัดุ 
บัณฑิตวทิยาลยั  มหาวิทยาลัยศิลปากร 

 ปีการศึกษา 2553 
ลขิสิทธิÍของบัณฑิตวิทยาลยั  มหาวทิยาลัยศิลปากร 

 
 
 
 

 
 
 
 

 
 



 

   

 

 

   

 

  

 

   

  2553

   

 
 
 
 

 
 
 
 

 
 



EFFECT OF ORGANO-CLAY ON MECHANICAL PROPERTIES, 

CRYSTALLIZATION BEHAVIOR AND MORPHOLOGICAL PROPERTIES IN 

THERMOPLASTIC VULCANIZATE PREPARED FROM DYNAMIC VULCANIZED 

NATURAL RUBBER/POLYPROPYLENE 

 

 

 

 

 

 

 

By 

Charif  Baru 

 

 

 

 

 

 

 

A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree 

MASTER OF ENGINEERING 

Department of Materials Science and Engineering 

Graduate School 

SILPAKORN UNIVERSITY 

2010 

 
 
 
 

 
 
 
 

 
 



 บณัฑิตวิทยาลยั มหาวิทยาลยัศิลปากร อนุมติัให้วิทยานิพนธ์เรืÉอง “การศึกษาผลของ
ออร์แกโนเคลย์ทีÉมีผลต่อสมบติัเชิงกล พฤติกรรมการเกิดผลึก และสัณฐานวิทยาของ เทอร์โม
พลาสติกวลัคาไนเซททีÉเตรียมจากไดนามิกส์วลัคาไนเซชัÉนของยางธรรมชาติกบัพอลิพรอพิลีน” 
เสนอโดย นายชารีฟ  บารู เป็นส่วนหนึÉ งของการศึกษาตามหลกัสูตรปริญญาวิศวกรรมศาสตร
มหาบณัฑิต สาขาวชิาวทิยาการและวศิวกรรมพอลิเมอร์ 
 
 

……........................................................... 
                                                                      (ผูช่้วยศาสตราจารย ์ดร.ปานใจ  ธารทศันวงศ)์ 

         คณบดีบณัฑิตวทิยาลยั 
วนัทีÉ..........เดือน.................... พ.ศ........... 

 
อาจารยที์Éปรึกษาวทิยานิพนธ์ 
 1. ผูช่้วยศาสตราจารย ์ดร.จนัทร์ฉาย  ทองปิÉ น 
 
 คณะกรรมการตรวจสอบวทิยานิพนธ์ 
 
.................................................... ประธานกรรมการ 
 (ผูช่้วยศาสตราจารย ์ดร.ณฐักาญจน์ หงส์ศรีพนัธ์) 
............/......................../.............. 
 
 
 
..... .................................................. กรรมการ        .................................................... กรรมการ 
     (ผูช่้วยศาสตราจารย ์ดร.จนัทร์ฉาย  ทองปิÉ น)                          (ดร. จิตติÍพร เครือเนตร) 
............/......................../..............                                     ............/......................../.............. 
 

 
 
 
 

 
 
 
 

 
 



49402216 :  

 : / / / /  
     :   

 
 (EFFECT OF ORGANO-CLAY ON MECHANICAL, CRYSTALLIZATION 

BEHAVIOR AND MORPHOLOGICAL PROPERTIES IN THERMOPLASTIC VULCANIZATE 

PREPARED FROM DYNAMIC VULCANIZED NATURAL RUBBER/POLYPROPYLENE)  

 : . .  .105 . 
 

 

(Thermoplastic vulcanizate, TPV)  (Natural rubber, NR)  

(Polypropylene, PP)  (Dynamic vulcanization)  

    

(Organo-montmorillinite, OMMT)   

 

 (Tensile strength)    Tensile stress at 

yield   PP/NR  60/40   (Ultimate elongation) 

 PP/NR  50/50  

  

 PP/NR  80/20  

 

 (Morphology) 

  

 

  

 

 

 

              2553 

........................................ 
   1. ........................... 

 
 
                                                                                           ง  

 
 
 
 

 
 
 
 

 
 



49402216 : MAJOR : POLYMER SCIENCE AND ENGINEERING 
KEY WORDS : NATURAL RUBBER/POLYPROPYLENE/THERMOPLASTIC VULCANIZATE/ 

MECHANICAL PROPERTIES/CRYSTALLIZATION BEHAVIOR/ 
MORPHOLOGY 

 CHARIF  BARU : EFFECT OF ORGANO-CLAY ON MECHANICAL, 
CRYSTALLIZATION BEHAVIOR AND MORPHOLOGICAL PROPERTIES IN THERMOPLASTIC 
VULCANIZATE PREPARED FROM DYNAMIC VULCANIZED NATURAL RUBBER/ 
POLYPROPYLENE. THESIS ADVISORS : ASST.PROF.CHANCHAI THONGPIN. 105 pp. 

 Thermoplastic vulcanizate material or TPV is a type of material exhibiting excellent 
properties between thermoplastic and elastomer. In this study, the blends containing polypropylene 
as matrix phase and natural rubber (NR) compound as dispersed phase was melt blending in an 
internal mixer. Rubber phase was sulphur dynamic vulcanization during melt blending. It was evident 
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well dispersion of rubber phase in TPV. 
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(hydroxylamine)   

  

 

 2  (Standard Thai Rubber, STR) [3] 
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STR 

5L 

STR 
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STR 

5CV 

STR 

10 

STR 

10CV 

STR 

20 

STR 

20CV 

 44 (max%wt) 
0.02 0.04 0.04 0.04 0.08 0.08 0.16 0.16 

 (max %wt) 0.40  0.40 0.60 0.60 0.60 0.60 0.80 0.80 

 (max %wt) 0.50  0.50 0.60 0.60 0.60 0.60 0.60 0.60 

 (max %wt) 0.80  0.80 0.80 0.80 0.80 0.80 0.80 0.80 

 Plasticity  (P0) (min.) 35 35 30 - 30 - 30 - 

 Plasticity Retention Index 

(PRI) (min.) 
60 60 60 60 50 50 40 40 

 (Lovibond scale) (max.) 4.0 6.0 - - - - - - 

 ML 1+4@100°C - - - * - ** - *** 
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  (semi-EV system)  2 

  

 
 EV  x  1  2 (mono- or disulphide)  
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vulcanization system) 
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(scorch) 

 

2.6.3  

  (Saturate) 

   EPM  

    
 SBR  NBR   

  (radicals) 

-   
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 10 -  

 

   ZnO   
MgO  

 2    
 

(  1) 
 (  2) 

   

 (Quinonedioxime) 

  

    (p-benzo 

quinonedioxime, CDO)  (dibenzo-CDO) 

 (Diisocyanate)  
  

  
 (block diphenyl methanediisocyanate) 

 (Diamine)    
(hexamethylene diamine)  (MgO)  (CaO) 

 (PbO)  
  

 
  -  (bisphenol AF)   

MgO/Ca(OH)2   
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 -  

 

  

 

2.7  [8-10] 

  100   (layered 

silicates) 

 2:1  (phyllosilicates)  2  

   2 

  
 1   30    

   
   
  Al3+  Mg2+  Fe2+  Mg2+  Li+ 

  1  2 
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 3  2 : 1 [7] 

 

2:1 Phyllosilicate  
CEC 

(meq/100 g) 

Particle length 

(nm) 

 Mx(Al4-xMg x)Si8O20(OH)4 110 100-150 

 Mx(Mg6-xLi  )Si8O20(OH)4 120 200-300 

 MxMg6(Si8-xAlx)O20(OH)4 86.6 50-60 
a M=            x =   0.5  1.3) 

 

 
 

 11  2 : 1  [9] 
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   3  11 

 (cation exchange capacity, CEC)  meq/100 g  
 

 

  

    12 

 

 
 

 12  [10] 

 

  
 
  

  
      

   
 X-ray diffraction (XRD) 

 
  

(paraffin-type)  13 
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 13  (a) monolayer; (b) bilayer;  

(c) paraffin-type monolayer  (d) paraffin-type bilayer [7] 

 

  FTIR  
 CH2 

  
  

 gauche/trans  

 
 

  14  
 

  

 
 

 14  

(a)  (b)  (c)  [7] 
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2.8  (grafting)  [2] 

  (silane group)  
(silanol group)  (layered silicate)  
Silylation   

 
 15 

 

 15  [2] 

 

      (silane group)  (silanol 

group)   Silylation 

 

  

 
 

 

 

2.9  

  
    

 16 
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  16 (a) 

 

  16 (b) 

     
 exfoliated 

 16 (c)  

 
 16  (a) phase separated 

microcomposite; (b) intercalated nanocomposite  (c) exfoliated nanocomposite [8] 
 

 
  XRD 

  
  Bragg (Bragg’s 

law equation) sin2d  
 

 (Transmission Electron Microscopy, TEM)     
  17  
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 17  (a)  WAXD  (b)  TEM  [8] 

 

2.10  [8-11] 

  4  

2.10.1  (Solution blending) 

 

 
 Ganter  

  (SBR)  

2.10.2   (In situ polymerization) 
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2.10.3  

(Exfoliation adsorbtion) 

 
  

  
  

  
(coagulation)  

 
 

2.10.4  (Melt compounding) 

   

    
 

 
 

2.11  

 Joy K. Mishra   [18]  TPV/organoclay 

nanocomposite  maleic anhydride functionalized polypropylene  compatibilizer 

 Polypropylene (PP)  Ethylene propylene diene terpolymer (EPDM) 

 Haake Rheocorder mixer  190 °C  50 rpm  10   

 intercalation   XRD  TEM 

 clay  TPV nanocomposite  5 wt%  Tensile 

modulus  97%  clay  storage modulus  nanocomposite 

 clay  dynamic 
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mechanical analysis  glass transition temperature (Tg)  EPDM phase 

 PP phase  

 C. Nakason  [16]  vulcanization  

Thermoplastic vulcanizates  epoxidized natural rubber (30 mole %) 

 polypropylene  phenolic modified polypropylene (Ph-PP)  compatibilizer 

  Brabender Plasticorder  180 oC 

 ENR/PP  75/25  vulcanization  3 

   sulfur cure, peroxide cure  mixed cure (sulfur  peroxide)   

final mixing torque, shear stress, shear viscosity, tensile strength  elongation at break  

TPVs  mixed-cure system  sulfur  

peroxide-cured system  peroxide-cured system  shearing 

 PP  ß-scission   dynamic crosslinking  

ENR phase  peroxide-cured system  final mixing torque, tensile strength, 

elongation at break  shear flow properties   mixed-cure system 

 sulfur cured  peroxide cured  dynamic 

crosslinking  degradation  PP phase  

 vulcanization  hardness properties  solvent resistance 

 TPVs  morphological properties  peroxide cured 

system  dispersed vulcanized rubber  

 degradation  PP phase   mixed cure 

system  dispersed vulcanized rubber  peroxide cured  

sulfur cured system  dispersed vulcanized rubber  

 C. Nakason  [15]  compatibilization,  

 cure system  natural rubber (NR)/high-density polyethylene (HDPE) blends 

 Dynamic vulcanization  TPVs  Brabender Plasticorder  

LNR compatbilizer  compatibilizer  TPVs  un-

modified phenolic resin (SP-1045  HRJ-10518)  tensile strength  elongation at 

break   tension set  TPV  compatibilizer 

  Chroman ring  NR  Phenolic 

molecules  modified phenolic resin (PhSP-PE  PhHRJ-PE)  compatibilizer 
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 tensile strength  elongation at break 

 NR  HDPE  tensile strength  elongation at break 

 

   NR  elongation at break  

tension set   tensile strength  hardness   

NR   vulcanizated natural rubber dispersed phase   

mixed curing system  TPVs  shear stress  tensile strength   

peroxide-curing system   sulphur-curing system  

 P. Bala  [12]  organomontmorillonite (OMMT)  

dodecylamine   melt blending 

 OMMT  4% wt  tensile strength  elongation at break  

 modulus  100  200%   OMMT  

1  4%wt  pure MMT  

 Siby Vaghese  J. karger-Kocsis [13]  pristine MMT  

OMMT   melt blending  clay 10 phr 

 X-ray diffraction (XRD)  Transmission electron microscropy (TEM)  

OMMT  exfoliated   

intercalated  aggregate  OMMT   

OMMT  curing  pristine MMT 

 K. N. Madhusoodanan  Siby Varghese  

 

 

 
 
 
 

 
 
 
 

 
 



 3 

 

 

3.1  

3.1.1  (Natural rubber, NR)   RSS 1    

 

HH3C

C C

CH2 H2C* *
n  

 18  
 

3.1.2    (Polypropylene, PP; P700J Injection Grade)  
   melt flow index (MFI)  12.0 g 10-1 -1 min  (2.16 Kg load at 

230 oC)  0.91  

 

CH C

CH3

* *

n  
 19  

 

3.1.3  (Zinc Oxide, ZnO) 

   

3.1.4  (Stearic acid)  
  

 34 

 
 
 
 

 
 
 
 

 
 



 
35 

 

3.1.5  (MBT) 
   

 

S

N

HS

 
 20  MBT 

 

3.1.6  (curing agent)  (sulphur) 

 (Innovation Group) 

3.1.7  (Antioxidant)   
Wingstay®L   1.08 

  Eliokem Material and Concepts  

3.1.8  (OMMT)  Closite®15A  
Southern Clay Product, Inc   modifier content  43 

 

 

H3C N +

CH3

HT

HT  
  HT : Hydrogenated tallow (~65% C , ~30% C , ~5% C ) 18 16 14

 21  (Cloisite 15 A) 
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3.2  

3.2.1  (Brabender Plasticorder; PLE331)  75 

 Brabender OHG Duisburg  

3.2.2  (Two-roll mill)  150 x 400  
  XK 06 

3.2.3  (Grinder)  Bosco engineering  

3.2.4  (ARBURG Injection molding)  320 C 600-

250  ARBURG Co., Ltd  

3.2.5  Universal Testing Machine  LLOYD 

Instruments  LR50K 

3.2.6  X-ray Diffraction (XRD) 2 kW  JEOL  JDX-3530 

 XRD 18 kW  Rigaku  TTRAXIII 

3.2.7 Perkin–Elmer DSC 7 analyzer  
Perkin–Elmer  

3.2.8  Scanning Electron Microscope (SEM)  
Cam Scan  MX 2000 

3.2.9  Dynamic Mechanical Analyzer (DMA)  QC 25 

 GABO QUALIMETER  

 

3.3  

  
 (Dynamic vulcanization) 

 (Melt mixing)   (Thermoplasstic 

vulcanizate, TPV) 

 
    

20, 30, 40, 50  60     
   

 (OMMT)  
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    2  

NR PP + 

Various blend ratio 

TPV 

Testing 

NR PP + OMMT + 

TPV 

Mechanical 

Properties 

Crystallization 

Behavior 

Morphology 

Testing 

Part I Effect of blend ratio 

Morphology Mechanical 

Properties 

Crystallization 

Behavior 

Part II : Effect of OMMT on TPV 

 
 22  
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 1   
 

3.4.1  

 
(Brabender Plasticorder)  Melt mixing 

  
 

 4  
Ingredient Quantity (phr) 

NR 100 

ZnO 5.0 

Stearic acid 1.0 

Wingstay L 2.0 

MBT 0.8 

Sulphur 2.0 

Waxa 10 wt% 

 Wax 10%  

 

  
  20, 30, 40, 50  60   

  
 80°   24  

 (Brabender Plasticorder)  180°  
 (Rotor speed)  60  

 3  
 3   
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 5  
Ingredient Mixing time (min) 

PP 3 

NR 3 

ZnO 1 

Stearic acid 1 

Wingstay L 1 

MBT 1 

Sulphur Until optimum cure  

Wax 3 

 
 

 (Grinder)  (Injection 

moulding)  180°  

 

 2  

3.4.2  

 (Cloisite 15A)  Southern Clay Product, Inc 

  (test sieve) 
 (ball mill)  74  105  

 48  

 

 23  (Ball mill) 

 
 
 
 

 
 
 
 

 
 



 
40 

 

 24  (Sieve shaker) 

 

  (Master 

batch)  60   
 (Two roll mill)  master batch  3.4.1  

 

3.4.3  

 (Tensile strength)  Universal Testing Machine 

 LLOYD Instruments  LR50K 
  2   (Gauge length) 115  

 Load cell  1   500   

 
 25  [14] 
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3.4.4  

 

 Perkin–Elmer DSC 7 analyzer 

 200°   1   -80° 
  10°   200° 

 10°   
 

3.4.5  

 
 (Scanning Electron Microscope, SEM)  Cam Scan  MX 

2000  
  30  

 xylene  30   vacuum 

oven  40°   3 [15-17] 

 Splutter coater 108  2   SEM 

  Chamber 0.001-0.0001   Secondary 

Electron Image (SEI)  Black Electron Image (BEI) 

 

3.4.6  OMMT 

  Silicate  OMMT 

 MMT  CTAB  X-ray diffraction (XRD)     
X-ray diffraction 2 kW  JEOL  JDX-3530 

  CuK  (  = 0.154 nm)  
1.00   1-10   OMMT 

 Bragg’s Law  3.1 

sin2dn                                                3.1 

    CuK   d  
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3.4.7  

  X-

ray diffraction (XRD) 18 kW  Rigaku  TTRAXIII 
 1   2 x 2   CuK  (  = 0.154 nm) radiation, 

 1.00   1-10   
Bragg’s Law  3.1 

 

3.4.8  (Dynamic mechanical properties) 

   
 Dynamic mechanical analysis (DMA)  Dynamic 

Mechanical Analyzer (DMA)  QC 25  GABO QUALIMETER  
 (-80)  50 ,  10.0 Hz, Static strain  1.0%, 

Dynamic strain  0.1 %  (Tension mode) 

 

 
 26  Dynamic Mechanical Analyzer (DMA)  QC 25 
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 4 

 

 

  
 (OMMT)   

 (Thermoplastic vulcanizate, TPV)  
(Natural rubber, NR)  (Polypropylene, PP) 

 (Dynamic vulcanization)  (Internal mixer) 
 (Melt mixing)  2  

  
 

 1  

 1 

 

4.1  

  
/  (PP/NR)  5   40/60, 50/50, 60/40, 70/30  

80/20  (Scanning Electron 

Microscope, SEM) 

 (Liquid nitrogen)  
 Xylene   90   

(Vacuum oven)  40°   3 [15-17] 

 Splutter coater 108  2   SEM 

  Chamber 0.001-0.0001   
Secondary Electron Image (SEI) 

 
 
 
 

 
 
 
 

 
 



    
(A)                                                                             (B) 

 27  SEM  PP/NR 40/60 

(A) :  x1000   (B) :  x5000  

 

 

     
(A)                                                                             (B) 

 28  SEM  PP/NR 50/50 

(A) :  x1000   (B) :  x5000  
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(A)                                                                             (B) 

 29  SEM  PP/NR 60/40 

(A) :  x1000   (B) :  x5000  

 

 

     
(A)                                                                             (B) 

 30  SEM  PP/NR 70/30 

(A) :  x1000   (B) :  x5000  

 

45

 
 
 
 

 
 
 
 

 
 



     
(A)                                                                             (B) 

 31  SEM  PP/NR 80/20 

(A) :  x1000   (B) :  x5000  

 

  27 – 31  SEM 
  

    
 PP/NR  40/60, 50/50 60/40  

   30  
70/30   

 70/30  80/20 
 (NR Phase)  (Dispersed 

phase)   (Matrix phase) 

 40/60, 50/50 60/40  
 

 40/60   
  

 50/50 60/40   
 (Co-continuous phase)  
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4.2  

 DSC (Differential Scanning Calorimetry) 
 

 

0.00
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D
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Blend ratio of PP/NR
 

 32  Delta H  
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 33  %Crystalline  
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100.0

120.0

140.0

160.0

40/60 50/50 60/40 70/30 80/20 PP

T
m

(°
C

)

Blend ratio of PP/NR
 

 34  Melting temperature 
 

 

  
 Delta H, %Crystalline  Tm  

  32  33  Delta H 
  Delta H   Delta H

  
     

 Delta H 
 

  %Crystalline 
  %Crystalline  

  34   Tm 

 Tm  

  
  (Amorphous phase) 

  (Elasticity)   
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4.3  

 
 

 
 (Tensile testing)  ISO 37 

  2   
(Gauge length) 115   500  

 

0

5

10

15

20

25

Blend ratio of PP/NR

Te
ns

ile
 st

re
ng

th
 (M

Pa
)

40/60 50/50 60/40 70/30 80/20

 
 35 

 

 

  35   
   

80/20  
  70/30 

 60/40  60/40  70/30 
  SEM   50/50  60/40 

 Co-continuous phase  70/30 
 Dispersed phase  
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  (weak point) 

 70/30   40/60, 50/50  60/40 
    

 
 

  Co-continuous phase 

  
 

 

 

0
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1
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3.5

Blend ratio of PP/NR

M
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 (M
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)

40/60 50/50 60/40 70/30 80/20
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  36  (Modulus) 
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 37  

 

  37  (Ultimate elongation) 

  50/50  Ultimate elongation  
  40/60  

 50/50  Ultimate elongation   Co-

continuous phase    Ultimate 

elongation   40/60 
  Ultimate elongation  50/50 

  

(Matrix phase)    
Ultimate elongation  50/50  60/40, 70/30  80/20 

 Ultimate elongation    80/20, 70/30 
 60/40   

  (Matrix phase)  500 
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 38  Tensile stress at yield 

 
 

  Tensile stress at yield  (Stress)    Yield 

 38  3   40/60, 50/50  60/40 
 70/30  80/20  

  
  

 (Tensile testing)  500  
 yield  40/60, 50/50  60/40  

 Tensile stress at yield 

 
  

    (Stress at yield) 
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 2  

  
 1 

  50/50  2 
   

 
4.4  OMMT 
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 39  XRD  
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 6  2-Theta   

Sample 2-Theta (deg) Distance (nm) 

OMMT 2.84 3.1 

1 phr 1.97 4.5 

3 phr 1.98 4.5 

5 phr 1.99 4.4 

 

  39  40  XRD 

 (Layer silicate)  Bragg (Bragg’s law equation) 

  6 

 3.1  

  4.4-4.5  

  [8] 

 Intercalated 

 

4.5  

 
 41  

 0 phr 
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 42  

 1 phr 

 

 
 43  

 3 phr 

 

 
 44  

 5 phr 
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 45 Scorch time  
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 46 Cure rate  

 

  
(Dynamic vulcanization)  (Torque)  

  Scorch time  cure rate  45  46 

 
 Scorch time  

 OMMT  (cation 

exchange)  OMMT   Scorch 

56

 
 
 
 

 
 
 
 

 
 



time    46 
 (Cure rate)   

 
 [19]  cure rate 

 

 

4.6  

  
(A)                                                                            (B) 

 47  SEM  0 phr 

(A) :  x1000   (B) :  x5000  

 

 

  
(A)                                                                            (B) 

 48  SEM  1 phr 

(A) :  x1000   (B) :  x5000  
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(A)                                                                            (B) 

 49  SEM  3 phr 

(A) :  x1000   (B) :  x5000  

 

 

  
(A)                                                                            (B) 

 50  SEM  5 phr 

(A) :  x1000   (B) :  x5000  

 

 
 0, 1, 3  5 phr  47-50 

 
 1, 3  5 phr (  48-50)  47 
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 52  %Crystalline  
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 53  Melting temperature 
 

 

 
   51  52   Delta H  %crystalline 

 
 (Transfer)  
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 53   Melting temperature 
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 54  Storage modulus (E’) 
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 7  Tg  Tan   

NR phase PP phase OMMT content 

(phr) Tg (°C) Tan  Tg (°C) Tan  

0 -45.6 0.24 4.6 0.11
1 -44.8 0.25 6.0 0.14
3 -44.6 0.25 6.1 0.14
5 -44.2 0.26 6.3 0.15

 

  54  Storage modulus 
 Storage modulus   (Layer 

silicate)    

Intereaction    Storage modulus  

  55  7   (Glass transition temperature, Tg) 

 2   Tg   
 Tg  2   Tan 

   
 Intereaction  

Transfer 
 

 

4.9  

 

/  (PP/NR)  50/50 
 0, 1, 3  5 phr  

(Tensile testing)  ISO 37  2  
 (Crosshead speed)  500  
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  (Modulus) 

  57 
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  (Ultimate elongation) 

  (Elasticity)  
   58 

 
  

   
 (Co-continuous phase)   

  Ultimate elongation 
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 59  Tensile stress at yield 

 

 

  stress at yield  (Stress)    yield  
  stress at yield 

   yield  
 59   stress at yield 

 

 
 

  Stress at yield  
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 5 

 

 

5.1  

  2    1 
    
   2 

 
   

 

 1   

 

1.

 
 (Morphology)  

 

2.

 
 

3.

  (Tensile strength)  
  Tensile stress at 

yield   PP/NR  60/40   (Ultimate 

elongation)  PP/NR  50/50  

4.  2  
 PP/NR  50/50   
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 2  

5.  
 

 Intercalated 

6.  

   

Scorch time   Cure rate  

7.  

 
   

8.

   
 Delta H  %Crystalline   Tm  

9.

   Tan   Tg   2  
 

10.

   
(Tensile strength)   (Ultimate elongation)  stress at yield  
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 8  

 

1 2 3 4 5 Averg. SD
40/60 7.39 7.84 8.36 8.26 8.41 8.05 0.43
50/50 10.62 10.85 11.35 10.68 10.87 10.87 0.29
60/40 12.70 13.41 13.33 13.47 13.54 13.29 0.34
70/30 12.72 13.19 13.02 13.19 12.90 13.00 0.20
80/20 20.38 21.03 20.79 20.88 20.56 20.73 0.26

Tensile strength (MPa)Blend ratio

 

 

 

 9  (Ultimate elongation) 
 

 

1 2 3 4 5 Averg. SD
40/60 133.75 193.98 119.75 173.29 154.30 155.01 29.78
50/50 395.84 443.35 503.89 362.47 392.82 419.67 55.26
60/40 25.52 31.35 30.86 25.85 30.65 28.84 2.90
70/30 20.51 22.99 22.51 17.80 - 20.95 2.36
80/20 23.83 26.16 23.50 25.14 20.98 23.92 1.96

Ultimate elongation (%)Blend ratio

 
 

 

 

 10  Tensile stress at yield  

 

1 2 3 4 5 Averg. SD
40/60 7.34 7.70 8.34 8.20 8.40 8.00 0.46
50/50 10.09 10.17 10.55 10.27 10.38 10.29 0.18
60/40 12.03 12.75 12.65 12.75 12.85 12.60 0.33
70/30 - - - - - - -
80/20 - - - - - - -

Tensile stress at yeild (MPa)Blend ratio

 
 “-“   
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 11   (Modulus)  

 

1 2 3 4 5 Averg. SD
40/60 0.98 0.97 0.97 0.80 1.08 0.96 0.10
50/50 1.48 1.47 1.41 1.48 1.48 1.46 0.03
60/40 1.93 2.00 2.03 2.01 1.98 1.99 0.04
70/30 2.51 2.56 2.55 2.54 - 2.54 0.02
80/20 3.18 3.22 3.27 3.30 3.22 3.24 0.05

Modulus (MPa)Blend ratio

 
 “-“   

 

 

 

2.

 DSC 

 

 12  Delta H  

 

1 2 3 Averg. SD
40/60 14.15 14.22 14.13 14.16 0.05
50/50 13.94 14.04 14.05 14.01 0.06
60/40 15.55 15.10 15.33 15.32 0.23
70/30 15.27 15.30 15.10 15.23 0.11
80/20 14.24 14.52 14.72 14.50 0.24

PP 62.23 62.27 62.36 62.24 0.07

Delta H (J/g)
Blend ratio

 
 

 13  %crystalline  

 

1 2 3 Averg. SD
40/60 22.74 22.84 22.70 22.76 0.07
50/50 22.40 22.55 22.58 22.51 0.10
60/40 24.98 24.26 24.62 24.62 0.36
70/30 24.54 24.59 24.27 24.46 0.17
80/20 22.89 23.33 23.66 23.29 0.39

Blend ratio
%crystalline
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 14  Melting temperature  

 

40/60 50/50 60/40 70/30 80/20 PP
Tm (°C) 156.5 156.5 157.33 154.67 157.17 156.8

Delta H (J/g) 14.16 14.01 15.32 15.23 14.50 62.24

Blend ratio of PP/NR
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 15 

 

 

1 2 3 4 5 Averg. SD
0 phr 10.03 10.46 10.46 10.03 10.14 10.22 0.22
1 phr 10.85 10.27 10.45 10.65 10.18 10.48 0.27
3 phr 10.30 10.70 10.46 10.18 10.36 10.40 0.20
5 phr 12.16 12.89 13.23 13.65 13.56 13.10 0.60

Tensile strength (MPa)

 

 

 

 

 16  (Ultimate elongation) 
 

 

1 2 3 4 5 Averg. SD
0 phr 154.78 176.86 179.31 164.75 154.61 166.06 11.75
1 phr 200.14 206.13 171.58 209.66 211.80 199.86 16.42
3 phr 221.81 241.14 228.80 223.61 226.54 228.38 7.62
5 phr 367.34 359.62 364.97 357.27 365.61 362.96 4.29

Ultimate elongation (%)

 
 

 

 

 

 17  Tensile stress at yield 
 

1 2 3 4 5 Averg. SD
0 phr 9.95 10.46 9.63 9.96 10.12 10.02 0.30
1 phr 10.27 10.26 10.03 10.43 10.47 10.29 0.17
3 phr 10.26 10.69 10.39 10.18 10.35 10.37 0.19
5 phr 11.55 12.02 12.48 12.82 12.69 12.31 0.53

Tensile stress at yeild (MPa)
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 18   (Modulus) 
 

1 2 3 4 5 Averg. SD
0 phr 1.49 1.56 1.63 1.60 1.59 1.57 0.05
1 phr 1.64 1.60 1.61 1.56 1.58 1.60 0.03
3 phr 1.66 1.60 1.70 1.57 1.70 1.64 0.06
5 phr 1.67 1.64 1.69 1.58 1.61 1.64 0.04

Modulus (MPa)

 
 

 

4.

 DSC 

 

 71 DSC thermogram  0 phr 
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 72 DSC thermogram  1 phr 

 

 
 73 DSC thermogram  3 phr 
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 74 DSC thermogram  5 phr 

 

 

 

 

 

 19  Delta H  

 

1 2 3 Averg. SD
0 13.94 13.84 13.90 13.89 0.05
1 15.43 15.40 15.53 15.45 0.07
3 15.89 15.79 15.80 15.83 0.05
5 15.80 15.79 15.94 15.84 0.08

OMMT (phr) Delta H (J/g)
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 20  %Crystalline  

1 2 3 Averg. SD
0 22.40 22.23 22.34 22.32 0.08
1 24.80 24.74 24.96 24.83 0.11
3 25.53 25.37 25.39 25.43 0.09
5 25.38 25.37 25.60 25.45 0.13

OMMT (phr) %Crystalline (%)

 

 

 

 

 

 21  %Crystalline, Delat H  Melting temperature 

 

0 1 3 5
% crystallinity 22.40 24.80 25.53 25.38
Delta H (J/g) 13.94 15.43 15.89 15.80

Tm (°C) 156.50 153.00 152.67 152.83

OMMT content (phr)
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5.

 

 

 22  Tg  Tan   0 phr 

 

0 phr 
Temp E' E'' Tan

-78 1.51E+03 174.6187 0.07314
-77.4 1.50E+03 169.7888 0.07078
-76.2 1.54E+03 168.3486 0.07086
-74 1.53E+03 174.0504 0.07521

-72.6 1.54E+03 181.0052 0.08071
-70.7 1.52E+03 194.0583 0.08869
-68.4 1.50E+03 195.5067 0.09017
-66.5 1.50E+03 197.5854 0.09224
-64.8 1.53E+03 200.883 0.09529
-62 1.49E+03 204.0406 0.09816

-60.7 1.50E+03 210.4272 0.10295
-58.3 1.48E+03 222.8747 0.11247
-56.3 1.44E+03 246.149 0.1298
-54.2 1.37E+03 277.2099 0.15488
-52.2 1.29E+03 320.931 0.19662
-50 1.20E+03 353.3025 0.231
-47.9 1.16E+03 342.202 0.24017
-45.6 1.10E+03 303.5711 0.24176
-44.3 9.98E+02 263.4924 0.24008
-42.2 8.27E+02 185.7786 0.22472
-39.9 7.40E+02 154.2623 0.20085

-38 6.96E+02 132.4781 0.18224
-35.8 6.48E+02 115.8647 0.16735
-33.8 6.08E+02 103.8461 0.15618
-32.7 5.71E+02 94.03979 0.14674
-29.5 5.42E+02 81.18726 0.13428
-28.7 5.11E+02 75.67832 0.12855
-25.8 4.85E+02 67.95115 0.12127
-23.9 4.61E+02 63.28494 0.11632
-22.4 4.36E+02 58.8753 0.11175
-20.3 4.14E+02 55.698 0.10854
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-18.2 3.97E+02 52.768 0.10582
-16 3.75E+02 49.709 0.103055

-13.8 356.673 47.1497 0.101252
-12.1 338.328 45.0994 0.099861

-10 320.02 43.1729 0.099108
-7.8 302.051 41.3956 0.098029
-5.8 285.829 40.551 0.09905
-3.7 268.953 38.0493 0.096698
-1.8 254.569 37.4364 0.098178
-0.3 240.429 36.4781 0.099965
4.6 222.284 34.5559 0.114986
5.8 217.249 33.6605 0.111917
6.5 206.127 32.8521 0.1056

8 191.464 31.8844 0.100502
10.2 180.118 30.4399 0.099472
12.2 169.529 28.7627 0.098162
14.1 157.623 27.0743 0.096127
16.1 148.697 25.6716 0.09484

18 139.886 24.1884 0.093027
20 129.846 22.8897 0.091166
22 123.403 21.8327 0.089588
24 115.879 20.7901 0.087857

25.9 110.401 19.93 0.086836
27.8 103.792 19.1932 0.086042
29.9 96.289 18.3278 0.084612
31.9 90.078 17.6082 0.084189
33.8 83.373 17.1015 0.084235
35.9 77.146 16.5085 0.08412
37.8 70.772 15.9983 0.084412
39.8 64.791 15.5958 0.085044
41.7 58.886 15.265 0.08648
43.7 51.818 14.7773 0.086994
45.8 46.182 14.5782 0.088879
47.8 40.266 14.2209 0.090676
49.7 33.496 13.9586 0.093126
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 23  Tg  Tan   1 phr 

1 phr 
Temp E' E'' Tan
-79.2 1.57E+03 169.0375 0.08558
-79.4 1.57E+03 165.0817 0.08424
-76.1 1.60E+03 163.1734 0.08395
-74.6 1.59E+03 164.8 0.08559
-72.4 1.61E+03 163.6957 0.08593
-70.3 1.58E+03 162.2224 0.08576
-68.5 1.56E+03 164.6952 0.08828
-63.9 1.56E+03 167.8296 0.09089
-63.4 1.59E+03 171.6172 0.09311
-62.7 1.56E+03 175.8876 0.09682
-60.5 1.56E+03 207.1795 0.11671
-57.9 1.55E+03 233.9159 0.13527
-56.1 1.51E+03 259.6431 0.15529
-54 1.43E+03 290.9117 0.1816

-52.3 1.35E+03 311.9067 0.20781
-50 1.26E+03 319.8858 0.22856

-48.4 1.09E+03 314.1169 0.24258
-44.8 9.83E+02 291.9277 0.25114
-43.4 8.87E+02 260.3021 0.2352
-42.3 8.05E+02 232.0082 0.22365
-40.3 8.00E+02 203.2482 0.20866
-38.3 7.86E+02 177.5449 0.19434
-36.2 7.38E+02 156.9824 0.18091
-34.3 6.98E+02 141.5662 0.17139
-32.1 6.61E+02 128.5497 0.16336
-30 6.32E+02 118.5691 0.15771

-28.5 6.01E+02 110.6256 0.15338
-26.3 5.75E+02 101.8085 0.14929
-24 5.51E+02 95.76687 0.14595
-22 5.26E+02 91.09155 0.14479

-20.1 5.04E+02 86.44845 0.14258
-18 4.87E+02 82.17444 0.14141
-16 4.65E+02 78.20803 0.1411

-13.7 446.673 73.73361 0.14071
-11.9 428.328 70.13457 0.1357
-9.7 410.02 64.6598 0.13
-7.7 392.051 59.8458 0.128249
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-5.8 375.829 57.3906 0.127955
-3.7 358.953 54.9688 0.127459
-1.7 344.569 53.0738 0.128145
-0.4 330.429 51.0906 0.1283
3.4 312.284 49.221 0.1325
4.1 307.249 48.708 0.1365
6 296.127 47.4909 0.140798
8 281.464 45.4801 0.139183

10.1 270.118 43.2799 0.138323
12.2 259.529 40.8278 0.136252
14 247.623 39.3095 0.136269
16 238.697 37.3971 0.134217

17.9 229.886 35.5667 0.131806
19.9 219.846 33.9998 0.130552
21.9 213.403 32.5176 0.128851
23.9 205.879 31.3624 0.128464
25.8 200.401 30.2841 0.127303
27.8 193.792 29.2758 0.126835
29.8 186.289 28.2875 0.126222
31.8 180.078 27.3001 0.125442
33.8 173.373 26.3893 0.125329
35.8 167.146 25.3219 0.124171
37.7 160.772 24.6152 0.124673
39.8 154.791 23.9173 0.124882
41.8 148.886 23.1897 0.125622
43.8 141.818 22.3956 0.125885
45.9 136.182 21.746 0.126853
47.7 130.266 21.1418 0.128247
49.7 123.496 20.5118 0.129663
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 24  Tg  Tan   3 phr 

3phr
Temp E' E'' Tan

-78 1.71E+03 179.3112 0.10516
-77.4 1.70E+03 175.8843 0.10331
-76.2 1.74E+03 169.2175 0.0974
-74 1.73E+03 168.365 0.09742

-72.6 1.74E+03 166.3711 0.09547
-70.7 1.72E+03 169.6883 0.09893
-68.4 1.70E+03 173.3228 0.10215
-66.5 1.70E+03 175.2333 0.10314
-64.8 1.73E+03 173.4928 0.10048
-62 1.69E+03 179.766 0.10623

-60.7 1.70E+03 182.9658 0.10782
-58.3 1.68E+03 194.8211 0.11571
-56.3 1.64E+03 213.7451 0.13021
-54.2 1.57E+03 240.9781 0.1535
-52.2 1.49E+03 273.1784 0.1834
-50 1.40E+03 295.8732 0.21203
-48 1.26E+03 297.2134 0.23519

-44.6 1.15E+03 278.6127 0.25215
-43.1 1.04E+03 246.4284 0.23615
-42 9.72E+02 215.9886 0.22214

-40.4 9.04E+02 188.0023 0.20787
-38.3 8.34E+02 160.4601 0.19231
-36 7.82E+02 140.1786 0.17926

-33.9 7.43E+02 125.0639 0.16826
-32.3 7.10E+02 114.7551 0.16163
-30 6.77E+02 104.618 0.15454

-28.1 6.47E+02 96.4334 0.14903
-26.1 6.18E+02 88.86062 0.14371
-23.9 5.92E+02 81.92471 0.13835
-22 5.69E+02 77.33921 0.13583
-20 5.48E+02 72.57732 0.13244
-18 5.27E+02 67.7873 0.12853
-16 5.08E+02 64.35434 0.12678

-13.8 488.227 60.7909 0.124514
-11.8 471.256 57.7716 0.122591
-9.8 454.512 54.8569 0.120694
-7.7 438.542 52.4804 0.11967
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-5.8 422.841 50.641 0.119764
-3.6 408.401 48.6833 0.119205
-1.6 389.15 46.223 0.123
-0.3 374.363 44.815 0.1238
3.3 360.508 43.4522 0.1286
4.3 352.422 42.2322 0.129834
6.1 342.868 40.8466 0.142132
8.4 329.52 39.2944 0.1357
10.4 314.296 37.2561 0.1278
12.4 303.745 35.7334 0.1206
14.2 293.835 34.2526 0.116571
16.2 286.594 33.244 0.115997
18.1 279.246 31.6683 0.113406
19.8 273.378 30.6404 0.112081
22.1 265.304 29.4746 0.111098
24.3 257.893 28.0854 0.108903
26 249.18 26.8789 0.107869
28 242.893 25.9138 0.106688
30 235.734 24.9045 0.105646
32 228.213 24.0444 0.105359
34 220.829 23.2128 0.105117

35.9 214.66 22.3678 0.104201
38 207.504 21.7852 0.104987

39.8 200.572 21.196 0.105678
41.8 194.396 20.522 0.105568
43.8 188.032 20.1223 0.107015
45.8 180.281 19.5081 0.108209
47.8 173.233 18.9675 0.109491
49.7 165.733 18.4059 0.111058
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 25  Tg  Tan   5 phr 

5 phr 
Temp E' E'' Tan

-78 1.98E+03 216.0461 0.12863
-77.4 1.96E+03 213.621 0.13052
-76.2 1.94E+03 211.567 0.12839
-74 1.93E+03 211.0817 0.12352

-72.6 1.91E+03 208.4032 0.12559
-70.7 1.89E+03 208.5699 0.12607
-68.4 1.87E+03 207.5996 0.12565
-66.5 1.85E+03 208.5277 0.12732
-64.8 1.84E+03 208.549 0.12758
-62 1.82E+03 209.0221 0.12977

-60.7 1.78E+03 212.9592 0.13399
-58.3 1.73E+03 220.5036 0.14036
-56.3 1.67E+03 237.0064 0.15074
-54.2 1.60E+03 266.9702 0.17722
-52.2 1.50E+03 297.9683 0.20927
-50 1.40E+03 316.2629 0.2391
-48 1.29E+03 315.9883 0.2532

-44.2 1.20E+03 297.7178 0.26238
-43.9 1.11E+03 265.7267 0.25989
-42.1 1.04E+03 229.988 0.24478
-40 9.74E+02 200.5203 0.22916

-38.1 9.14E+02 177.194 0.21331
-36.1 8.68E+02 156.4706 0.19978
-34 8.26E+02 139.7315 0.18799

-31.9 7.87E+02 126.4099 0.17895
-30.1 7.52E+02 116.9206 0.17269
-28 7.21E+02 107.7975 0.16679

-25.9 6.82E+02 99.94566 0.16109
-23.9 6.56E+02 93.42394 0.15688
-21.9 6.29E+02 86.98588 0.15228
-19.6 6.06E+02 81.70457 0.14873
-17.8 5.81E+02 77.35941 0.14553
-15.6 5.54E+02 73.19026 0.14362
-13.6 5.24E+02 69.1332 0.140608
-11.5 5.02E+02 66.392 0.140266
-9.5 479.351 63.5769 0.139723
-7.5 466.639 61.6536 0.141067
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-5.7 448.521 59.7774 0.14
-3.6 431.265 57.9849 0.14
-1.8 414.17 55.7544 0.14
0.2 398.213 54.63 0.1405
3.7 377.483 52.1657 0.143658
4.2 364.066 50.9579 0.144664
6.3 337.299 49.0058 0.146006
8.1 326.765 45.9085 0.140623
10.2 312.89 44.1396 0.140073
12.1 299.65 41.8701 0.137491
14.1 288.471 39.0104 0.133313
16.1 278.631 37.2692 0.13137
17.9 269.841 35.1992 0.12805
20.1 260.432 33.0514 0.124795
22 252.366 31.8875 0.123402

24.1 244.134 30.2924 0.120745
25.8 237.891 29.6339 0.120757
27.9 230.817 28.1859 0.118035
29.9 224.11 27.1096 0.117211
31.8 217.631 26.0586 0.115776
33.8 210.561 25.1075 0.114975
35.9 203.928 24.2148 0.114142
37.8 197.438 23.5138 0.114271
39.8 191.518 22.844 0.114339
41.8 184.599 22.19 0.114449
43.9 177.906 21.5851 0.115541
45.8 171.427 21.0511 0.116188
47.8 164.852 20.5845 0.117447
49.8 158.194 19.9817 0.118589
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